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ABSTRACT

A characterization of the spent nuclear fuel (SNF) for its radionuclide (RN) inventory is vital for various back-end stages of the nuclear fuel cycle. It concerns both the
fuel and the metallic (i.e., cladding and structural material) components of the spent fuel assemblies, where different calculation approaches and methods should be
deployed for their characterization. This study concentrates on fuel traces and other impurities within the cladding. During the operating cycles, the Zircaloy cladding
is exposed to a considerable amount of irradiation. The impact of the exposure should be checked to assure the integrity of the cladding and thus the safety of the
stored spent fuel. Within the work package “Spent Nuclear Fuel Characterization and Evolution until Disposal” (SFC) of the EURAD project, dedicated samples were
produced, irradiated and the radionuclide inventory of the cladding was analysed and compared. In parallel a blind test was performed, in which different partners
used different codes to simulate the irradiation quantity. The blind test showed good agreement between most of the codes, in particular in view of the small amount
of the evolved fuel traces. Furthermore, the presence of actinides, caused by precipitation of uranium on the inner surface of the cladding during manufacturing, was
found to be negligible in comparison to precipitation of traces of fuel pellets on the cladding during operation. The good agreement between the simulating codes
enables to depict further the initial amount of alloying elements of the cladding material itself in a better manner. In particular specific isotopes of cobalt, nickel and
iron, which are directly connected to the unique properties of each cladding material can be better identified based on the accurate measuring techniques used in this
study.

1. Introduction

The licensing, construction and commissioning of a final repository
site for high-level waste, forces several countries to store their irradiated
fuel assemblies either in spent fuel pools or in dual-purpose casks in dry
interim storage facilities. For the latter conditioning of the fuel assem-
blies for final disposal, cladding integrity of the irradiated fuel rods is of
utter importance. However, due to the in-pile conditions, transuranic
elements come in contact with the cladding, which could cause defects
through energetic alpha emittance, that, in addition to hydrogen
embrittlement, impact the integrity of the cladding during interim
storage considerably. Furthermore, heat is generated in large amounts
due to decay of radioactive nuclides within the rods. The decay heat and
the radiation type are of high importance for disposal licensing
procedures.

Therefore, a proper characterization, by using neutronic calculation
and burn-up codes, of spent nuclear fuel (SNF) assemblies is required for
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operational and long-term safety assessments including prolonged dry
interim storage and final disposal. Many studies focus on identifying the
radionuclide inventory of SNF assemblies, as summarised by e.g.,
Sjoland et al.(Sjoland et al, 2023) Zerovnik et al.(-Zerovnik, G.,
Ambrozi¢, K., Cali¢, D., Fiorito, L., Govers, K., Hernandez Solis, A., Kos,
B., Kromar, M., Schillebeeckx, P., Stankovskiy, A.: Characterisation of
spent PWR fuel for decay heat, neutron and gamma-ray emission rate:
code comparison,” Proceedings of the International Conference on
Mathematics and Computational Methods applied to Nuclear Science
and Engineering (MC, 2019). or Rochmann et al. (Dimitri Alexandre
Rochman, 2023) where available radiochemical analysis-based mea-
surements (of the OECD NEA database (SFCOMPO2.0) (Michel-sendis
et al., 2017) were compared successfully with different burn up codes.
However, radiochemical analyses of irradiated nuclear fuel rod clad-
dings are scarce. Moreover, the extensive research towards new cladding
types the so called ATF (Accident tolerated fuels) cladding materials
(Steinbrueck et al., 2024; Kim et al., 2022; Alraisi et al., 2022; Doyle
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et al., 2023; Qiu et al., 2020), increases the need for reliable cladding
benchmarking, which eventually should help to avoid efficiently acci-
dents like the one in Fukushima. In particular, by developing new
methods for cladding radiochemical analysis parallel to improved
burnup codes, one could assess adequately a specific material compo-
sition under investigation. In view of the fact that for the new ATF,
FeCrAl alloys are to be used, which are not in general fission products,
one can estimate their activation products and calculate backwards the
original concentration of a certain isotope of the precursor nuclide.
Hence, the following study serves, among others, as a preliminary step
towards the future employment of ATF cladding materials. The goal of
this study is to depict the nuclide vector of the cladding of spent nuclear
fuel of a pressurized water reactor, for which a dedicated sample was
prepared and irradiated. The advantage of the current study lies in the
ability of using the state-of-the-art measurement techniques in the KIT
~INE hot cell facility, and to compare the experimental data with results
of different codes using different neutron transport and burn up mod-
ules. In particular, diverse stochastic and deterministic codes were
introduced.

In the next sections, the two-step benchmark between the codes will
be presented. The first step is the blind test phase and the second the
correction phase and the discussion for the source of deviations. A
comparison between calculated and experimental data is presented at
the end. It leads to a practical safety analysis concerning the high quality
of the manufacturing techniques of the samples (Hakkinen, 2024) and
fuel rods in general, in which the integrity of the cladding of spent fuel in
storage facilities is only affected by the operation conditions.

2. Code-to-Code benchmark

The calculation of the radionuclide inventory within the cladding is

—
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by far more sensitive to the calculation methods as for the calculation of
fuel pellets. Within the cladding, one expects only traces of uranium
during manufacturing, as was assessed by (Hakkinen, 2024). Strictly
speaking, the concentration of uranium impurities within the cladding is
seven orders of magnitude smaller than within the fuel pellets. This fact
imposes obviously a corresponding challenge on the numerical solvers,
in particular those that deal with stochastic methodologies due to the
need of sufficient statistics for specific reactions.

The codes used for the benchmark were MCNP and its burn up code
module CINDER (Gallmeier et al., 2010) with ENDFB-VII library, the
Serpent code and its own burn up solver (Leppanen, 2015; Pusa and
Leppanen, 2010) with JEFF version 3.1.2, MCNP with the EVOLCODE
burn up option (Alvarez-Velarde et al., 2014)and JEFF library 3.3.The
Polaris (B.J. Ade. SCALE/TRITON Primer: A Primer for Light Water
Reactor Lattice Physics Calculations. Tech. rep. ORNL/TM-, 2012) and
TRITON (A. Shama et al. “Validation of spent nuclear fuel decay heat
calculations using Polaris, ORIGEN and CASMOS5”. In: Annals of Nuclear
Energy 165, et al., 2022) modules of the SCALE Code System using the
ORIGEN (ORIGEN2.2 ORNL, USA, CCC-371, 2002) burn up module. For
those codes the ENDFB-VII in its group structure form was employed.

Different users participated in the benchmark in a blind test manner
using the same irradiation conditions of a fuel segment that was irra-
diated in the Goesgen reactor in Switzerland (Stratton et al., 1991). The
results refer to the so-called plenum area in which the cladding sur-
rounds a stainless-steel spring on the top of the pellets as shown in the
schematic configuration in Fig. 1. The irradiation conditions included 4
cycles of total 1226 irradiation days reaching an averaged burn up of
50.4 MWd/kg. The segment was discharged on 17.05.1989 and the
cooling time was adjusted to the measurement day, i.e. 1.12.2020.

The output was the specific activity of several isotopes, expressed in
Bq/g. Fig. 2 shows results of the blind test phase concerning curium and
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Fig. 1. Schematic configuration of the benchmark. The segment located at position 4 in one of the rods of a 15X15 subassembly. The upper part of the probe contains
cladding around the stainless-steel spring. Figure modified from (B. Kienzler, V. Metz, L. Duro, A. Valls, 1st Annual Workshop Proceedings of the Collaborative Project
“Fast/Instant Release of Safety Relevant Radionuclides from Spent Nuclear Fuel”(7th EC FP CP FIRST-Nuclides), 2014).
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Fig. 2. A. log based blind test simulation results for am-243 and cm-244 isotopes from the plenum of the goesgen sample. b. log based blind test simulation results for

cs-137 and sb-125 from the plenum of the goesgen sample.

americium isotopes (2a), Cs-137 and Sb-125(2b) respectively. This
figure illustrates the largest differences, as one would expect, in the
inventory of Cm-244 using different codes. Differences of AM243, which
is in the build-up chain of Cm244, are of the same shape but to some
extent smaller. The differences between codes for Cs-137 (representing
the fission process) and Sb125 (mainly coming from Sn-124) show again
a similar shape to the actinides. Those results point out that there were
no preliminary errors concerning the input data and other ambiguities
within the definition of the benchmark. In such cases one would not
expect a consistence shape of the results. Further, the differences show
an overall acceptable agreement as far as nuclear data and different
codes and methodologies are concerned. Nevertheless, the need for ac-
curate results lead to an extensive analysis concerning the flux and/or
geometry distribution or specific burn up module methodologies which
are discussed in the next section
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In Figs. 3 and 4 results for other nuclides are presented. Fig. 3 shows
the results for the uranium and plutonium vector in the cladding at the
plenum. Fig. 4 emphasizes the discrepancies of the most important ra-
dionuclides contributing to the dose using a linear scale. The most
extreme case is the difference between the maximum and minimum
inventory value of Cm-244 which amounts to 58 %. For other nuclides,
the differences between the 5 different codes are by far lower. Conse-
quently, the agreement is in general good considering the small amount
of traces and the uncertainties expected due to nuclear data, in partic-
ular Cm-244, as will be discussed in the next section.

3. Analysis of the simulated nuclide inventory

A detailed analysis of differences between results of different codes is
performed in a conservative form. Strictly speaking, the maximum
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Fig. 3. Log-based simulation results for the uranium and plutonium vector of the benchmark.
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Fig. 4. A. linear based comparison for am-241 and cm-244 isotopes of the goesgen sample. b. linear based comparison for c¢s-137 and sb-125 isotopes of the

goesgen sample.

difference between results of the 5 codes is discussed without looking at
average results as each of the codes and calculation methods are legit-
imate, and therefore, each of those results should be dealt with, in an
equal manner.

In particular, Table 1 reports the calculated values obtained with the
different codes for Cm-244 and Cs-137. For Cm-244 the results of set 2
are by far higher so there might be a specific issue in one or more of the
codes. However, for Cs-137, there is no code which introduces extremely
low or high results. Cs-137 is an indicator for the quality of fission and
hence flux distribution. Thereafter for the blind test phase all data are
expectable in a sense that no extreme user error on the input data can be
identified and the differences come indeed from the performance of the
calculation tools.

The fact that the calculations deal with traces of uranium, seven
order of magnitude smaller than the density of the fuel itself can cause
minor discrepancies (few percent) which are for the investigation of the
cladding of negligible importance. More important is the diversity of the
codes involved in the current study. Out of the five codes, two are
deterministic and the stochastic codes are divided into two different
solver approaches used in MCNP and Serpent. Further, the depletion
codes used in connection with the above flux simulators are divided into
formally 4 types of the Bateman equation solution procedure, some of
which depend strongly on the chosen decay process, namely the periods
for which the nuclide inventory is kept constant.

From Fig. 3 it can be seen that all the above arguments are all of the
same order of magnitude, at quite low values. The relative deviations
sum up to about 25-30 % between the minimal and maximal values of
the compared simulations. Fig. 4a deals with americium and curium
where bigger differences are expected. Indeed, for Cm-244 the maximal
deviation between the codes is as discussed above 50 %. This value is

Table 1

Comparison between the cm-244 and cs-137 inventory within the cladding,
obtained by the five calculation approaches. (sets 2, 3 are with 750 ppm and sets
1,4,5 with 1500 ppm boron concentration).

obtained between the data set 2, which showed higher values for almost
all nuclides and data set 3, which showed stronger tendency for lower
values. One explanation for the differences can be deduced from Fig. 4b.
The differences between the codes and the solvers techniques can be
usually detected by Cs-137 and Nd-148. The maximal differences for the
calculated Cs-137 inventory is about 25 %. A similar difference (~25 %)
was also obtained for the calculated Nd-148 concentration. Thereafter,
all other comparisons of the burned up nuclides show differences up to
about 30 %, namely as expected in accordance with the Cs-137 and Nd-
148 results. Nevertheless, it is evident that the results should be further
improved, in particular for low concentration of fuel, at least to the level
of the nuclear data uncertainties discussed below.

In view of the comparison with experimental results and in accor-
dance with the deviations between the codes as discussed above, the
uncertainties of the nuclear data themselves were analysed, using the
well-known experimental benchmark of the Takahama-3 reactor (OECD
NEA, Evaluation Guide for the Evaluated Spent Nuclear Fuel Assay
Database (SFCOMPO) NEA/NSC/R, 2015). This benchmark was studied
rigorously in (Dimitri Alexandre Rochman, 2023) and can serve as a
good independent reference for the impact of nuclear data uncertainties
for PWRs. In particular, the issue of nuclear data uncertainties is
decoupled from other uncertainties in this study.

Based on covariance data for the eight relevant main nuclides:

U-235, U-238, Pu-239, Pu-240, Pu-241, Pu-242, Am-243 and Cm-
244.

600 random files were prepared, by using the SANDY code (Fiorito
et al., 2017), for multiple PWR fuel element calculations. In Table 1, the
uncertainty of a specific nuclide concentration from each original one, is
introduced for a burnup level beyond 30 MWd/kg.

Table 2 shows that uncertainties of nuclear data in a representative

Table 2

Relative uncertainty of the ratio between the cumulative result of 600 random
files and the reference case for several isotopic concentrations for the Takahama-
3 samples.

code Cm-244 Cs-137 (Bq/g)
(Bq/g)

set 1 5,623E + 03 3,509E + 04

set 2 6,955E + 03 3,682E + 04

set 3 2,967E + 03 2,719E + 04

set 4 4,300E + 03 3,071E + 04

set 5 5,785E + 03 3,684E + 04

isotope Mass within a rod in FE (g) relative uncertainty
Cm-244 5.355E-05 14 %

Pu-239 2.693E-02 1.3%

Pu-241 5.418E-03 2.6 %

U-235 7.278E-02 5.6 %

U-238 4.384E-00 1.48 %

Sb-125 3.016E-05 0.26 %
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PWR fuel rod are smaller than the differences that are observed in the
fuel traces within the cladding in the current study. Thereafter, for the
investigation within the cladding one has to look at other effects than
nuclear data uncertainties to explore the differences. In particular, a
difference between the average value and other results for Cm-244 are as
high as 50 % in extreme cases. Indeed, a more extensive analysis of
Table 1 reveals that set 2 overestimates Cm-244 in an unexplained
manner compared to other codes. In addition, it turned out that the
boron concentrations were doubled for sets 1, 4 and 5. For those cases
the calculation was repeated for constant 750 ppm boron (no boron
depletion) which suits better the boron concentration in set 3.

In view of the above and by excluding data set 2 the modified results
are given in Table 3.:

From Table 3. it is seen that the maximum deviation from the
average value for the Cm-244 inventory is reduced from 40 % to 21 %.
For Cs-137, the maximum deviation from the average values stays at
about 14 %. Those results emphasize the significant sensitivity of Cm-
244 to the neutron fluence and the chain production elements of Cm-
244. In particular, the uncertainty propagation was confirmed by ana-
lysing separately the nuclear data uncertainties of Pu-242 and Am-243,
within the production chain of Cm-244. It was shown that those two
isotopes increase by absolute value 5 % (out of the 14 %) the un-
certainties (Table 2) for Cm-244, which means that they relative impact
to other actinides is about 36 % on Cm —244 build-up.

In that sense one can explain the reason of excluding set 2 for
comparing the most sensitive part of the study namely, the Cm244
comparison for such low values. As was mentioned above the expected
differences between the codes could be explained by the different
methods, different libraries and the basic covariance data of relevant
actinides. As an example, the Jeff 3.1.2 used with the serpent code were
replaced by JEFF 3.2 data which improved the converges to other codes
for Cm244 by about 5 %.

However as seen in Table 1 the differences of set 2 could not be
explained by all the indicators that were mentioned above and were part
of this study. Nevertheless, an additional effort was performed to try to
locate the roots of the discrepancies of set 2. For this purpose, the
particular input of set 2 was isolated from its burnup code, cross section
library and inserted in the MCNP-CINDER version. By doing so only the
impact of the different geometry and cell configurations was empha-
sized. Strictly speaking set —2 used very detailed geometry of the full rod
and many smaller cells. This could call for very fundamentals problems
by Monte Carlo calculations such as statistic instabilities as well as
clustering effects (Congrove et al., March 2020). A direct analysis of
those geometric effects as far as the chain reaction isotope concentra-
tions of pro Cm244 nuclides is concerned, showed indeed numerical
instabilities which should be further investigated, albeit beyond the
scope of this study.

The small impact on the concentration of Sb-125 emphasizes that Sb-
125 is sensitive to a lesser extent to the fission process and thus to the
uncertainties of the above 8 nuclides. Indeed, it was shown in a dedi-
cated study that the Sb-125 is being produced almost completely from
activation of Sn-124 and the subsequent decay of Sn-125 into Sb-125.

Altogether, the theoretical part of this study shows that an overall
analysis can be done for all nuclides of interest and for extreme cases, the
maximal direct deviations of nuclides’ concentrations between codes is

Table 3
Comparison between the calculated Cm-244 and Cs-137 inventory within the
cladding, obtained by four codes with 750 ppm Boron concentration.

code Cm-244(Bq/g) Cs-137 (Bq/g)
set 1 5,279E + 03 3,249E + 04
set 2

Set3 2,967E + 03 2,719E + 04
set 4 4,080E + 03 3,029E + 04
set 5 5,354E + 03 3,577E + 04
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up to 25 % with the exceptional high discrepancy of Cm-244. For this
extreme case, the burn up simulation methodologies on one side, and the
boron concentration on the other, both have a non-negligible impact,
through flux fluctuations.

From the Cs-137 results shown in Table 3., one can deduce that the
fission processes within the cladding differ by 15 %. This value was
confirmed also for Nd-148, which is regarded as an optimal burn up
indicator.

The absorption of neutrons in U-238 in the sample serves as an in-
dicator for the flux. Thereafter, the relation between the U-238 mass at
the end and beginning of irradiation was compared between the codes
and found to be 3.7 up to 4.1 %. In this regard, the above-mentioned
fission indicators, Nd-148 and Cs-137, were compared additionally
within the fuel pellet of the sample. In accordance with the U-238, the
deviations in these burnup indicators within the fuel were also about 4
%. Consequently, the relative larger deviations seen in the cladding can
be explained by the large sensitivity to the flux and reaction rate fluc-
tuations. Strictly speaking, the different fission numbers at the cladding
itself, as seen by the Nd-148 and Cs-137 contents within the cladding,
results most probably from numerical and statistical factors due to the
small concentration of uranium traces within the cladding, based on the
fact that those differences are by far smaller within the fuel pellets. In
accordance, the build-up of actinides is also proportionally affected by
those effects. The general discrepancies between the simulating codes
grow up from Pu-239 through Pu-242, Am-243 up to Cm-244in which
the deviations are the largest due to multiple absorption reactions, each
of which are affected by an uncertainty due to the number of histories
within the Monte Carlo methods. In the case of deterministic codes, such
deviations are “hidden” further in the solution techniques, group
structures and correction factors (shielding etc.). Such analysis is more
complicated and is beyond the scope of this study.

4. Experimental facility and measurement techniques

The experimental method to measure the nuclide concentrations is
described in this section, upon which the experimental and simulated
results are compared to get an estimation of the accuracy of the calcu-
lations and to see whether there are further effects which should be
taken into account, like migration of nuclides, quality of manufacturing
of the rods etc.

4.1. Fuel rod specimens

Table 4 gives an overview on fuel, cladding and irradiation data. The
examined UO; fuel rod segment SBS1108 N0204 was initially enriched
with 3.8 % U-235 and manufactured by the NIKUSI process, which is a
fast oxidative, short-term sintering process at temperatures below con-
ventional fuel fabrication procedures (Assmann et al., 1986; Kutty et al.,
2004). It was irradiated in four consecutive cycles for 1226 effective full
power days in the pressurised water reactor (PWR) Goesgen (KKG),
Switzerland, and achieved an average burn-up of 50.4 MWd/kg as well
as an average linear power of 260 W/cm upon discharge in May 1989
(Kernkraftwerk Gosgen-Daniken, 2015; B. Kienzler, V. Metz, L. Duro, A.
Valls, 1st Annual Workshop Proceedings of the Collaborative Project
“Fast/Instant Release of Safety Relevant Radionuclides from Spent Nu-
clear Fuel”(7th EC FP CP FIRST-Nuclides), 2014). During irradiation, the
fuel rod segment was localised in central position within the 15 x 15 fuel
assembly lattice of KKG.

4.2. Preparation and digestion process of the cladding specimens

The irradiated plenum section of fuel rod segment N0204 in the hot
cells of KIT-INE is shown in Fig. 5. From the cladding segment, sub-
samples were cut using a low-speed saw (IsoMet 11-1180, Buehler Ltd.)
equipped with a diamond wavering blade. The cutting process was
performed at moderate speed in order to prevent further alteration and
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Table 4

Fuel, cladding and irradiation data of the fuel rod segment SBS 1108 N0204.
Data published by Kienzler et al. (B. Kienzler, V. Metz, L. Duro, A. Valls, 1st
Annual Workshop Proceedings of the Collaborative Project “Fast/Instant
Release of Safety Relevant Radionuclides from Spent Nuclear Fuel”(7th EC FP
CP FIRST-Nuclides), 2014).

Reactor PWR Gosgen, Switzerland

Fuel data UO, fuel with 3.8 % U-235

Pellet length = 11.0 mm

Pellet radius = 9.2 mm

Initial O/U ratio = 2.002

Density = 10.41 g/cm®

Cladding: Zircaloy-4

Cladding thickness: 0.725 mm
Fuel rod diameter: 10.75 mm
Initial radial gap: 0.17 mm
Internal He pressure: 21.5 cm®
Average burn-up: 50.4 MWd/kg
Number of cycles: 4

Average linear power: 260 W/cm
Maximum linear power: 340 W/cm
Date of discharge: 27.05.1989
Full power days: 1226 days
Cooling time: approx. 33 years
Fission gas release™ 8.3 %

Cladding data

Irradiation data

@ Fission gas release determined by puncturing test after 24 years of storage.
Previously published by Gonzalez-Robles et al. (Gonzalez-Robles et al., 2016).

Fig. 5. Irradiated plenum section of fuel rod segment N0204.

heating of the sample.

The obtained Zircaloy-4 specimens were digested in a mixture of 3 %
HF and 16 % H3SO4, which dissolved the cladding segments readily
within 30 min accompanied by the production of Hj. After digestion, a
thin layer of undissolved ZrO; was left as shown in Fig. 6.

The moderate dose rate of approximately 300 uSv/h, allowed for
performing the digestion of the cladding specimens outside of the hot
cell.

4.3. Analytical methods

Various analytical methods were used to analyse the different ra-
dionuclides in the digestion liquors.

Uranium as well as the transuranic isotopes, e.g., U-235,U-238, Np-
237, Pu-239, Pu-240 and Pu-242, were quantified by use of an induc-
tively coupled plasma mass spectrometer (ELEMENT XR ICP-MS,
Thermo Scientific and NexION 2000, PerkinElmer), equipped with a
secondary electron multiplier coupled with a Faraday detector. The
respective digestion liquors were diluted to a total volume of 5 mL with
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Fig. 6. Residual ZrO, layer after acidic digestion of the cladding specimen.

2 % HNOj3 with ranging dilution factors in order to reduce the back-
ground electrolyte concentration and to obtain the ideal concentration
in the range of 1 — 10 ppb.

y-spectrometry was utilised in order to quantify the different radio-
nuclides according to their characteristic y-rays, e.g., Co-60, Cs-137, and
Sb-125. The measurements were performed using an extended range
coaxial Ge-detector (GX3018, Canberra Industries Inc.) with an effi-
ciency of > 30 %. Energy and efficiency calibration of the detector were
carried out by use of a certified multi-nuclide standard (Mixed Gamma
7600, Eckert & Ziegler Nuclitec GmbH) and data was evaluated using
the Genie 2000 software (Canberra Industries Inc.).

Furthermore, activation products C-14 and Fe-55 were determined
after chemical separation from the digestion liquors by liquid scintilla-
tion counting (LSC) using an ultra-low-level spectrometer (Quantulus
1220, Wallac Oy, PerkinElmer). Separation of C-14 was carried out by
means of a gas extraction system, described in (Herm, 2015), whilst Fe-
55 was isolated using an extraction column (Grahek and Rozmaric
Macefat, 2006). From the obtained solutions aliquots of up to 3 mL were
mixed with a scintillation cocktail (Hionic Fluor or Ultima Gold LLT.
PerkinElmer) and the radionuclides were quantified by LSC with
measuring times of 3x30 min. The uncertainties of the applied analytical
methods are within a range of 5 - 10 %.

5. Comparison between measurement and simulation of the
sample’s plenum-cladding

A comparison of the measured and simulated data is shown in Fig. 7.
The relative differences are up to 2 orders of magnitude, due to the fact
that the absolute reference traces within the cladding are negligible
small (3.5 ppm (Hakkinen, 2024). Additionally, the pressing of the fuel
pellets into the cladding by the so called “vibrofilling” (Stratton et al.,
1991) process, which causes the precipitation of fuel traces on the inner
surface is of stochastically nature. As there were no other samples, it is
probable that at this specific tested zircaloy ring around the plenum that
more fuel dust, albeit to a negligible extent, has precipitated on the
cladding. Evidently, this leads to relative higher concentration of acti-
nides and fission products in comparison with the simulations.

Nevertheless, those negligible amounts of actinides were to a satis-
factory extent calculated by different codes as shown above. Strictly
speaking, the absolute measured amount is still very low as far as ra-
diation damage is concerned, about 4-5 order of magnitudes smaller
than the expected dose from the fuel itself. On the other side, the ability
to measure and calculate, those fuel traces at very high accuracy, in-
creases the reliability of the postulated cladding integrity at the re-
pository site.
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Fig. 7. Comparison of the calculated and measured inventory of uranium, neptunium and plutonium isotopes. The large differences imply clearly of fuel adherence

to the cladding, most probably during the fuel rod preparation and operation.

The measured concentration of Cs-137 is another special case. The
larger concentration ratio in Fig. 8 is corollary to the migration of
gaseous Cs-137 from the pellets to the plenum and its precipitation on
the inner side of the cladding. This migration for gaseous elements is
stronger within the pellets by temperature over 1000 °C based on the
evaporation temperature at 641 °C and by lower temperature in the
plenum it retains on the inner surface of the cladding.

The measurement of C-14 concentrations concerns the long-term
biological hazards due to its beta decay with 5730 years half-life. C-14
is mainly produced by neutron reaction with N-14 and to lesser extent by
0-17 and C-13. Thereafter, for the measurement serves as an indicator of
the initial nitrogen content in the Zry-4 cladding. This latter idea of
using measurements for re-evaluation of the original composition of
specific elements can be extended also to cobalt and tin. Based on the
relatively good results of all codes concerning Co-60 and Sb-125, one
can estimate, in a similar manner as for N-14, the amount of the Co-59
and Sn-124 concentrations respectively. One should mention that the

contribution of iron and nickel is by far lower (factor 500) as far as the
production of Co-60 is concerned. Nevertheless, some iron isotopes can
be estimated. For example, the enhanced measured Fe-55 value in-
dicates generally on the initial Fe-54 content. However, in this study one
should be aware that the cladding in the plenum was in touch with the
spring within it, so like in the case of the fuel traces, discussed above, the
measured results of the iron were affected by traces coming from the
steel spring in the plenum. Consequently, a clear quantitative estimation
of the iron content is not possible in this study in the manner that it is
done for N-14, Co-59 and Sn-124.

6. Conclusions

This paper presented the results and analyses of various calculation
approaches to calculate the radionuclide inventory in irradiated clad-
ding samples, resulting from activation of cladding base material and
impurities. A code-to-code verification is performed. Then, a
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Fig. 8. Comparison of the calculated and measured inventory of Cs-137 and other activation products. The large amount of Cs-137 indicates material migration from
the fuel to the cladding as function of the evaporation temperature. The reduced amount of Co-60 is mostly due to the enhanced estimated amount of Co-59 within
the cladding, by about factor 10. The differences by Sb-125 could be explained by the simulated concentration of Sn-124.
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comparison between all calculations and measurements conducted by
the KIT at the INE facilities is presented. Overall consistency between the
calculations is observed. Small differences were attributed to using
different methods, such as stochastic vs deterministic methods, nuclear
data, and different depletion modules. Most important, the consistency
between the various methods is considered sufficient for the practical
purposes of the relevant applications.

The usage of this new and reliable measurement technique, allowing
accurate and precise evaluation of the radionuclides in the analysed
samples is demonstrated. Comparing the calculated to measured C-14,
the consistency between the calculated C-14 and the measured values is
already promising, being a relevant radionuclide for the long-term
disposal of SNF that is produced almost entirely through activation of
impurities in the cladding. In addition, the ability of estimating the
initial contents of elements in the cladding as shown for Co-59 and Sn-
124 is quite promising.

Differences between all the calculations and the measured values of
the actinides and the fission products indicate the potential presence or
migration of fuel traces in the cladding samples (including actinides,
fission products, and possibly other nuclides). The most probable reason
for those differences is the stochastic nature of the “vibrofilling”
manufacturing technique, and contact between the fuel and cladding in
fabrication and operation. In any case, the additional amount of traces is
by far negligible compared to the actinides produced in the fuel. It is
only due to the high purity of the cladding with only about 3.5 ppm of
uranium, that the relative differences to the calculations are by up to 2
orders of magnitude.

Further investigations are required to analyse the extent of different
mechanisms attributing to the radionuclides reaching the cladding
samples and the parameters influencing these processes.

From a theoretical point of view, the differences between the codes,
which were performed on realistic conditions, and available input,
illuminate the need of improvement and analysis of the simulation tools.
In particular, the nuclide chain of building Cm-244 is very sensitive to
the flux fluctuations and to the stochastic nature of the solutions. In
parallel, further research should concentrate on the effect of energy
group based deterministic codes, the burn up module, the handling of
simulated number of shutdown days between each step and the nuclear
data libraries.
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