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EURAD SFC i Project Overview

EURAD is an EC-funded project with a programme of integrated work packages (WPs) spanning many
domains of radioactive waste management based on the needs and views of the mandated actors of
the Member States. The EURAD scope seeks to be beneficial to national waste management
programmes at all stages of advancement by supporting them in their RD&D activities. For that purpose,
EURAD has a strong focus on knowledge management with a view to making existing information easily
available and to provide means for transfer knowledge.

The project Spent Fuel Characterisation and Evolution Until Disposal (SFC) is WP8 within the framework
of the EURAD programme, aiming to provide a better understanding of spent nuclear fuel (SNF)
properties from the perspective of pre-disposal activities, but also exploring aspects having an impact
on long-term safety. The EURAD/SFC consortium brings together more than 20 partners with a range
of skills and competences in spent fuel assessment, from management to experimental work. The
consortium consists of national waste management organisations, research institutes, universities,
technical support organisations and commercial organisations.

The results obtained within the WP will provide a rigorous scientific approach to developing the technical
bases for continued safe and secure storage of spent nuclear fuel, in terms of transport, retrieval and
pre-disposal options. These achievements are intended to support national programmes and safety
assessments and are made available to all interested stakeholders. Safety aspects (i.e. better
acknowledgement of safety-related parameter uncertainties, the contribution and further development
of guidance on operational safety for both interim storage and fuel packaging facilities) and optimisation
aspects (i.e. optimisation of the number of assemblies for the loading of disposal canisters based on
precise determination of decay heat and reactivity of spent fuel assemblies) were addressed by the WP.
Extremely valuable are the combination of both numerical calculations and experimental methods, which
aims to provide a complete and thorough understanding of the mechanisms driving the behaviour of the
SNF in pre-disposal activities, for both normal and accident conditions.

For more information, please visit the EURAD website at: https://www.ejp-eurad.eu/
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Executive Summary

The final task of WP8 is dedicated to the update of the state-of-the-art (SOTA) report. Accordingly, this
report provides the progress made in the underpinning knowledgebase, it documents the identified
technical gaps and provides recommendations for future work. The target of this report is to become a
key reference in the field and to gain high recognition and visibility as a key resource for knowledge
management programmes and to contribute to demonstrating and documenting the state-of-the-art
character from a neutral and purely scientific viewpoint.

Depending on individual back-end country strategies, being programme-based within the framework of
their national strategy, spent nuclear fuel (SNF) can be destined for direct geological disposal, for
reprocessing or for long-term interim storage. For all cases, a proper characterisation of the spent fuel
is required.

A state-of-the-art review on characterisation of SNF properties in terms of source term and inventory
assessment (neutron, gamma-ray emission, decay heat, radionuclide inventory, elemental content) and
in terms of out-of-core fuel performance (cladding performance and fuel integrity in view of the safety
criteria for SNF interim storage, transport and canister packaging) using several numerical and
experimental approaches and methodologies is presented.

The ability to reliably predict spent nuclear fuel composition and SNF properties, namely radionuclide
inventory and source term, is relevant for both operational and long-term safety assessment in
geological disposal, as well as for disposal cost key factors, and relies on ad-hoc calculation schemes.

The calculations require a particle transport code coupled with a depletion solver. A large proportion of
the available depletion codes has been reviewed in this work. However, since the results also depend
on nuclear data and operational data as well as assay data, nuclear data libraries and uncertainty
aspects are also discussed. More specifically, the uncertainty of the fuel inventory can be dominated by
several factors: irradiation history of the fuel, exact composition of the fresh fuel/cladding especially the
level of impurities, and the large heterogeneities in the fuel design discharged from reactors, as well as
modelling limitations, nuclear data libraries and reactor core characteristics such as, e.g., void fractions
(in BWR's) and mechanical changes of fuel during irradiation. Therefore, the treatment of all related
uncertainties (quantification and propagation) has been part of this review. The availability of
experimental data enables testing and validation of codes and models in order to understand how
closely models could replicate reality. The updated SOTA focuses on the development of new
experimental techniques and on the improvement of depletion code accuracy using experimental data.
Also, new highlights on the validation of theoretical calculations and depletion codes with experimental
data are given, as well as recommendations to enhance procedures to further reduced related
uncertainties in the characterisation and validation process.

Furthermore, when considering operational safety cases for the surface facilities where the fuel must be
encapsulated in special disposal canisters, studies and research activities are required to assess spent
fuel performance as well as developing concepts for handling of consequence scenarios. Therefore,
another part of the updated SOTA report reviews experimental campaigns developed to investigate fuel
integrity and highlights the advancements achieved in newly developed methodological approaches to
investigate the structural performance of SNF.
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DBTT Ductile-to-Brittle Transition Temperature

DDEP Decay Data Evaluation Project

DHC Delayed Hydride Cracking

DBRC Doppler-Broadening Rejection Correction
EGADSNF Expert Group on Assay Data of Spent Nuclear Fuel
EGBCC Expert Group on Burnup Credit Criticality

ENDF Evaluated Nuclear Data Files

EOL End Of Life

ESARDA European Safeguards Research and Development Association
FA Fuel Assembly

FCCI Fuel/Cladding Chemical Interaction

FDC Final Disposal Canister

FEA/FEM Finite Element Analysis/Finite Element Modelling
FIP Fuel Integrity Project

FP Fission Product

IAEA International Atomic Energy Agency

ICP-SF-MS Inductively Coupled Plasma i Sector Field i Mass Spectrometer
ICPS Inductively Coupled Plasma Spectrometer

IE Initial Enrichment

INL Idaho National Laboratory

JRC Joint Research Center

LWR Light Water Reactor

MCNP Monte Carlo N-Particle Transport Code

NDA Non-Destructive Analysis

NEA Nuclear Energy Agency
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Nuclear Power Plant

Oak Ridge National Laboratory

Passive Gamma Emission Tomography
Pellet-Cladding Interaction
Pellet-Cladding Mechanical Interaction
Post-Irradiation Examination

Pacific Northwest National Laboratory
Pressurised Water Reactor

Ring Compression Test

Radial Hydride Continuity Factor

Stress Corrosion Cracking

Studsvik Cladding Integrity Project
Spent Nuclear Fuel

Spent fuel Performance Assessment and Research
Thermal lonisation Mass Spectrometer
Transport Storage Cask

Used Fuel Disposition Campaign
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1. Introduction

The ability to reliably predict spent nuclear fuel composition in terms of radionuclide inventory, elemental
content, decay heat and radiation source term is relevant for both operational and long-term safety
assessment in geological disposal and has an important influence on the cost of disposal. Ad-hoc
calculations are thus required to fully characterise the SNF. The calculations involve a neutron transport
code coupled with a depletion solver. The results depend on nuclear data and assay data. More
specifically, the uncertainty of the fuel inventory can be dominated by several factors: irradiation history
of the fuel, exact composition of the fresh fuel/cladding, such as the level of impurities, and the large
heterogeneities in the fuel design discharged from reactors, as well as code modelling limitations and
reactor physics code characteristics themselves. However, the availability of experimental data allows
testing and validation of codes and models in order to be able to simulate the irradiation conditions quite
closely to reality, or at least to assess a solid baseline as a starting point for further uncertainty
assessments. If the baseline (i.e. code and fuel model) is known, being properly characterised by a well
determined uncertainty, further assumptions can be analysed and incorporated in such a way as to
encompass variables in a conservative way, but avoiding bringing the final estimates to a level of over-
conservativism.

Depending on individual back-end country strategies, being programme-based within the framework of
their national strategy, spent nuclear fuel (SNF) can be destined for direct geological disposal, for
reprocessing or for long-term interim storage. For all cases, a proper characterisation of the spent fuel
is required, even if the fuel changes its basic form, as in the reprocessing case where the final waste
form is a glass and/or compacted metals.

For the case of geological disposal, safety assessments are required to cover a temporal spectrum
typically of 1 million years, which implies the development of a qualification process using appropriate
research programmes to reasonably reduce the level of uncertainties in the characterisation of the SNF.
In particular, the spent nuclear fuel composition must be determined in terms of radionuclide inventory,
elemental content, decay heat and radiation source term. Some observables can be determined by Non-
Destructive Analysis (NDA) methods (such as decay heat by calorimetric measurements); however,
such assays are time-consuming and are almost impracticable for addressing the entire SNF inventory
produced over the lifetime of one or more Nuclear Power Plants (NPPs). Therefore, the ability to reliably
simulate and predict the SNF source term are extremely important.

Nevertheless, the assessment can have different levels of relevance when considering operational
safety cases at the level of surface facilities where the fuel must be encapsulated in special disposal
canisters, or for long-term safety assessment where the SNF is encapsulated in canisters embedded in
bentonite (or other buffer materials), surrounded by a host rock.

Pre-disposal activities such as SNF transport after interim storage and/or unloading/loading and
handling operations for the packaging of the SNF from the transport/storage casks (TSC) into the final
disposal canisters (FDC) are safety-relevant operations. Therefore, studies and research activities
aimed at assessing spent fuel performance, and developing concepts for handling of consequence
scenarios, are required by many countries. Experimental campaigns to investigate fuel integrity are
extremely valuable. Many aspects are indeed under observation: effect of hydrogen load, hydride
distribution and fuel/cladding interaction, mechanical performance of the cladding and cladding integrity,
deterioration of the mechanical properties of the cladding material resulting from Delayed Hydride
Cracking (DHC) for high burnup, whilst all are relevant for long term dry storage, many aspects are also
relevant to other back-end activities such as post storage recovery and transport.
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Scope and structure of the updated SOTA report

The report aims to provide an update of the initial state-of-the-art (SOTA) report published at the
beginning of this project. The updated SOTA provides the progress made in the underpinning
knowledgebase, it documents the identified technical gaps and provides recommendations for future
work.

The target of this report is to become a key reference in the field and to gain high recognition and visibility
as a key resource for knowledge management programmes and to contribute to demonstrating and
documenting the state-of-the-art character from a neutral and purely scientific viewpoint.

The report is based on the structure of the initial SOTA and is composed of three main sections: 1)
Characterisation of the fuel, fuel inventory and source term; 2) Performance of spent nuclear fuel during
pre-disposal activities and experimental characterisation; 3) Accident scenarios.

Chapter 2 focuses on the SNF properties characterisation and related uncertainty analysis. The main
objective of this task is to produce experimentally verified and validated procedures to determine reliable
source terms of SNF, including realistic uncertainties. The focus is on source terms which are of primary
importance for safe, secure, ecological, and economical handling, transport, intermediate storage, and
final disposal of SNF. The main advancements in this field are captured in this chapter. Those concern
the improvement of experimental methods for characterising spent nuclear fuel and evaluating the
performance of depletion codes. Key focuses include developing experimental techniques for neutron
and gamma-ray emission measurements, assessing the decay heat rate, and improving depletion code
accuracy using experimental data. New highlights on the validation of theoretical calculations and
depletion codes with experimental data are given, especially for different fuel types and conditions (e.g.,
UOX, BWR, PWR). Recommendations are provided to enhance the procedures and reduce
uncertainties in the characterisation and validation process.

The second section, Chapter 3, is devoted to out-of-core fuel performance, in particular to the
performance of the cladding and fuel integrity in view of the safety criteria for SNF interim storage,
transport and canister packaging. Insights on newly developed characterisation techniques are
provided, including both experimental and numerical approaches. In addition, an extended list of
recommendations for further studies is given. Emphasis is given on highlighting technical gaps,
indicating that experiments with irradiated fuel and corrosion studies are required to better understand
spent fuel integrity.

Finally, Chapter 4 provides updates in the area of accident scenarios analysis. Great advancements
have been achieved related to the development of different methodological approaches to investigate
the structural integrity of SNF during postulated accident scenarios, utilising state-of-the-art tools. In
addition, new insights are provided with regards to assessment of the probability and impact of various
postulated accident scenarios during dry storage on the structural integrity of the SNF. The chapter also
highlights the importance of enhanced collaboration between industry partners and regulatory bodies
aiming to integrate advanced methods into standard safety practices and ensure the continued safety
of SNF storage and transport systems.
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2. Characterisation of the fuel, fuel inventory and source term

2.1.0Observables and nuclides of interest

Due to the number of radionuclides that are present in spent nuclear fuel, spent fuel assemblies need
to be characterised for their neutron and g-ray emission properties and decay heat in view of the safety
criteria for casks and canisters for transport, interim storage, and final disposal. Systematic studies in
[Hu, 2016; Ge r o v20l8lkreveal that these observables are the result of complex contributions of
radionuclides with strongly differing characteristics. This is illustrated in Figure 1 and Figure 2 for a
simulated PWR UO: fuel sample with an initial 235U enrichment of 4.8 wt.-% and a burnup of 45 GWd/t.
Figure 1 shows the specific total decay heat rate (or thermal power) as a function of cooling time together
with the contributions due to the emission of a- and b-particles and grays [ Ge r 02018]. e relative
contributions of individual radionuclides are identified in Figure 2. The largest contribution for cooling
times in the range of 1 1 10 years is due to relatively short-lived fission products (FPs), mainly the decay
chains 44Ce/*4Pr and 19Ru/'%¢Rh. For cooling times between 10 and 30 years, contributions from short-
lived FPs become negligible and the largest contribution is due to the decay chains of °°Sr/°0Y and
137Cs/137"mBa. With increasing cooling time the 241Am contribution becomes dominant. This is due to the
build-up of 21Am from 24'Pu decay. Other contributions are due to the decay of 238239.240py, The
contributions from light nuclides reduce over time and eventually become negligible for cooling times
longer than ~ 300 years.

Similar figures are reported in[ G e r 02018]fdk the neutron and g-ray emission properties of the same
simulated fuel sample. For cooling times in the range of 11 80 years, the spontaneous fission of
neutrons by 24Cm represents the largest contribution to the neutron emission rate, with a relatively small
contribution from (a,n) reactions due to decay of 238Pu, 242Cm and 2**Am. For cooling times longer than
100 years, neutron emission is mainly due to the spontaneous fission of 240.242Py and 246Cm and (a,n)
reactions due to 2*2Am decay. Hence, for cooling times in the range of 11 80 years, the observed total
neutron emission rate reflects the quantity of 24Cm. Decay of FPs is the main contributor to spent fuel
grays emission for cooling times between 10 and 30 years, with the main contributors being 3‘Cs,
137Cs/13’mBa and %*Eu. For longer cooling times, i.e. 30 i 200 years, the spectrum is dominated by the
661 keV gray due to 13’Cs/13’mBa decay. Hence, for such cooling times a measurement of the total ¢
ray emission rate provides information on the total amount of 137Cs, which is directly proportional to the
burnup.

In addition to the FPs and actinides, other dose-relevant and safety related radionuclides are generated,
mainly by neutron activation of fuel/cladding impurities (e.g. 14C, 3¢Cl, 41Ca, %°Ni, 63Ni, Mo and °*Nb).
These nuclides are of importance for long-term safety assessments in waste disposal conditions up to
about one million years. The different production roots are discussed below:

I The primary source is the cladding and related structural components; Modern cladding material
is generally Zr-based, with minor amounts of alloying elements (Sn, Fe, Cr, Ni, Nb, O). Structural
components (such as the spring material, guide thimbles, grids, hold down springs, etc.) are
manufactured from stainless steel, Ni-based alloys, and Zr-based alloys.

1 At the outer surface of the cladding (and possibly the inner surface of the shroud), surface
deposits generally coming from corrosion products (e.g. (Ni, Fe)OH*) from out-of-core regions
may deposit as solid particles (e.g. ferrous hydroxide (Fe,M)(OH):2 or ferrite M"Fe204 with M =
Fe, Ni, Co, Mn...). Various compounds may be formed and are collectively referred to as "crud"
or "crud deposits".

91 A further source of activation products stems from impurities in either the fuel or the cladding,
such as N, Mg, Al, Si, Cl, Ca, Cr, Fe, Ni and Th.

Activation products of the above elements are mainly b-active and, with the exception of 6°Co (estimated
to be of the order of 1%), their contribution to the spent fuel assembly decay heat is negligible (< 0.01%)
over the period of interest.
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Figure 11 Specific thermal power (or decay heat rate) of an irradiated fuel sample as a function of
cooling time

The total thermal power per unit mass together with the contribution due to a, b and g-ray emission is given for a
UO:2 sample with initial enrichment of 4.8 wt.-% irradiated in a PWR to a burnup of 45 GWd/t [Ge r o v2018]k ,
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Figure 21 Relative contribution of radionuclides to the thermal power of an irradiated fuel sample as a
function of cooling time

The data are for a UO2 sample with initial enrichment of 4.8 wt.-% irradiated in a PWR to a burnup of 45 GWd/t
[Ger owe18]k ,
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After a cooling time of several thousands of years, the total activity of spent nuclear fuel is dominated
by long-lived actinides, in particular 235U, 238U, 23’"Np and 23°Pu. Since plutonium and uranium species
are immobile under the reducing conditions of a deep geological repository, they are less important with
respect to the long-term safety of spent nuclear fuel disposal. However, the mobility of gaseous or readily
soluble and negatively charged species, such as 36Cl-, 129]- or gaseous *C compounds, are not expected
to be limited by the (geo-)technical barriers and will move relatively easily through the surrounding rock
of the disposal system [Ewing, 2015]. To assess the radiologically relevant inventory, the amount of
long-lived activation/fission/decay products, i.e. 1C, 36Cl, 79Se, %*Nb, 9Tc, 1?9, 135Cs and ??°Ra, as well
as the 23’"Np inventory have to be estimated.

Safe transport, storage or disposal of spent fuel assemblies also requires a (sub-)criticality safety
analysis. To avoid unnecessarily over-engineered and expensive transport and storage casks, the
loading scheme should account for the reduction in nuclear reactivity of the assemblies. This effect is
due to the net reduction of fissile nuclides (fuel depletion) and the production of non-fissile, strongly
neutron absorbing actinides and fission products. The concept of taking credit for the reduction in
reactivity is referred to as BurnUp Credit (BUC) [Sanders, 1990]. Hence, criticality safety assessments
for spent nuclear fuel management based on a BUC approach require a nuclide inventory prediction
involving far more nuclides than in a conservative approach based on the inventory of fresh fuel.
Nuclides which strongly affect the reactivity of a spent fuel assembly, are: 235:236.238  239.240.241p 95\Q,
99Tc, 101Ru, 103Rh, 109Ag, 133Cs, 147.149.150,151,1525m [Hicks, 2018; Gauld, 2005]. Other discussions on BUC
approaches can be found in e.g. Refs. [Agrenius, 2002; Gauld, 2003; Tardy, 2017; Scaglione, 2009;
Herrero, 2015; Vasiliev, 2019].

Spent nuclear fuel is subject to nuclear safeguards to ensure the peaceful use of nuclear materials. It
requires a final accounting of special nuclear materials that will be removed from the nuclear fuel cycle
for ultimate disposal in a geological repository [Hautaméaki, 2000; Mongiello, 2013; IAEA, 2018;
Niemeyer, 2016; Lindgren, 2019]. The IAEA will verify the inventory of nuclear material that is declared
for disposal. The main nuclear materials of interest are the amount of 233235 and the total amount of
plutonium and thorium. In addition, secure transport and storage of spent fuel assemblies implies the
prevention of theft, or other malicious acts involving nuclear material. The IAEA lists the development
of safeguards equipment to establish and maintain knowledge of spent fuel in
shielding/storage/transport containers at all points in their life cycle as a top priority in their R&D needs
[IAEA, 2018a]. Evidently, nuclear safety, security and safeguards require similar or complementary
measures for documenting, measuring and monitoring spent fuel characteristics. Therefore, synergies
inherent in overlapping methods or techniques should be identified to avoid redundancy or duplication
of work and equipment [Niemeyer, 2016; Lindgren, 2019].

2.2. Theoretical calculation of the nuclide inventory and
observables

The main parameters of interest for the safe, secure, ecological and economical transport, storage and
disposal of spent fuel are the decay heat, neutron and gray emission properties and the inventory of
some specific actinides, FPs and activation products. Alpha decay of actinides affects the microstructure
of the cladding, which is connected to the integrity of the fuel (see section 3). To determine these source
terms, the inventory of a large number of nuclides is required. A list of nuclides for which the inventory
in spent fuel has to be determined can be found in [Ewing, 2015; Broadhead, 1995; NEA, 2011; Gauld,
2001] and Appendix A [Govers, 2019]. The latter contains radionuclides identified from safety studies of
a long-term storage installation for Belgian waste performed by NIRAS/ONDRAF [Vandoorne, 2018].

Due to the complex contributions of radionuclides with different characteristics, estimates of the decay
heat, neutron and g-ray emission properties at any cooling time cannot accurately be derived by simply
extrapolating from estimations at shorter cooling times. In addition, the complete nuclide vector of a
spent fuel assembly cannot be measured directly; it can only be obtained from theoretical calculations.
Such calculations require validated codes that determine the time evolution of the nuclide inventory
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during reactor operation. This can be done by coupling a neutron transport and a nuclide production
and depletion code.

When the nuclide vector at a cooling time Qg is known, the nuclide vector at a cooling time 0 O can
be derived by solving the set of linear differential Bateman equations [Bateman, 1910]:

—— B o0 a0 o (1)
with 0 "qothe number of nuclei of nuclide k, (‘rds decay constant and JJQ-';Jpe probability that nuclide i

decays to nuclide k. Once the nuclide vector is known, the thermal power 0 O, neutron emission rate
"Y O and gray emission energy distribution Y ‘O D as a function of cooling time t can be obtained
from:

v

6o BO o_0;f @)
YO Bingd_d O 3)
Y0 Bgno iim i (4)

with ‘Q gothe recoverable energy per decay of nuclide Candi O the energy distribution of the g-rays
emitted per decay of nuclide "QThe specific neutron emission rates, or neutron rate per nuclide, due to
spontaneous fission and a-decay of nuclide "Qare denoted by i; mand i jq respectively. The specific
spontaneous fission rate is defined by:

il o i (5)
with _; mpthe decay constant for spontaneous fission of nuclide k, and ¢ the corresponding average

number of neutrons per fission. The specific emission rate of neutrons due to (a,n) reactions in mainly
light nuclides can be derived from:

(o o Bado0 p®0 ¢, @

where &, is the decay constant for a-decay of nuclide TQ. lT)TQ Q i the probability that this decay leads
to the emission of an a-particle with an energy ‘Q gand qu o the probability that the emitted a-

particle creates a neutron by an (a,n) reaction with material ©

2.2.1. Principles

Neutron transport calculations can be performed in a deterministic way by solving the Boltzmann
transport equation, or in a stochastic way by performing Monte Carlo (MC) simulations using codes such
as MCNP [Briesmeister, 2000], SERPENT [Leppéanen, 2015] and TRIPOLI [Petit, 2008; Brun, 2015]. In
principle, MC transport calculations can be performed with less approximations than by a deterministic
approach. However, up to now MC simulations are often applied to systems involving one or a few
assemblies. In the case of a full core (with burnup calculations), deterministic transport methods are still
the only practical way for routine applications and within a reasonable calculation time.

From the neutron transport calculation, the spatial and energy distributions of the neutron fluence are
derived. These distributions are used to calculate energy averaged neutron-induced reaction cross-
sections, which are required to deplete and produce nuclides by solving a set of Ordinary Linear
Differential Equations (ODEs). Since the energy and spatial distributions depend on the nuclide
inventory an iterative procedure is required.

In the case of Light Water Reactors (LWRs), the production and depletion of nuclides by nuclear
reactions and radioactive decay in a homogenised material as a function of time form a set of ODEs.
These equations can be expressed in matrix notation by:
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with = O the number density vector of the nuclides presents in the fuel and =the transition or burnup
matrix. The diagonal elements Wo'®f this matrix are the removal rates of each nuclide:

@ QAT a (8)
and the off-diagonal elements (Wq@re the production rates by other nuclides:
O Oa Wil 9)

The decay constant of nuclide Cs 0q Its removal rate due to neutron interactions is the product of the
total neutron fluence rate and the spectrum-averaged Doppler broadened removal cross-section
denoted by "Qand i [, respectively. The matrix element defining the production of nuclide "Cfrom nuclide

Qlis due to a decay contribution, defined by the decay constant & and branching probability (Ib@nd a

contribution due to neutron-induced interactions with nuclide aresulting in the production of nuclide Q
The latter is the product of the total neutron fluence rate , the spectrum averaged Doppler broadened
neutron-induced interaction cross-section i [ and the probability (ng, that this interaction produces

nuclide "B

The most probable nuclide production interactions are neutron-induced fission and capture reactions.
In the case of neutron-induced fission reactions, fission products are produced and the probability (ng,

is the independent fission yield of the fission product ko) Examples of such production chains for fission
products are given in [Nichols, 2002]. Most of the fission products are neutron-rich and decay mostly by
b-. Other nuclides are generated via a combination of different decay processes and neutron-induced
reactions, e.g. a combination of neutron-induced capture reactions and b~ decays are the main
processes producing actinides such as Pu, Am and Cm starting from 238U. Several analytical/numerical
solutions have been proposed [Moler, 2003; Isotalo, 2011; Hykes, 2013], but only a few are applicable
to estimate the nuclide inventory of spent nuclear fuel. A comparison of some of the methods that are
implemented in nuclear depletion codes can be found in [Moler, 2003; Isotalo, 2011; Hykes, 2013].

Applying the Transmutation Trajectory Analysis (TTA) method [Cetnar, 2006], also referred to as the
linear chain method, the complex nuclide transmutation scheme is considered as a set of individual
linear sub-chains that can be solved analytically, following the original work of [Bateman, 1910]. The
final result is the sum of the solutions for the individual chains. It involves an enormous network of
complex chains that often generate cyclic chains that cannot be linearised. Assumptions are made to
terminate unimportant chains based on multiple criteria, e.g. ignoring cyclic chains or terminating them
after a few loops. The choice of the termination criterion plays a role in the trade-off between
computation speed and accuracy. This method is implemented in the BISON [Cetnar, 2000], CINDER
[Wilson, 2007] and VCINDER [Kum, 2018] codes and included as an option in SERPENT [Leppéanen,
2015a; Leppéanen, 2015b].

The set of first order differential equations can be solved by numerical integration methods such as the
Runge-Kutta type of methods [Hairer, 2996; Hairer, 1999]. The primary disadvantage is the relatively
high computing time. The 4" order Runge-Kutta scheme was implemented in earlier versions of the
MENDEL [Tsilanizara, 2016] and DARWIN/PEPINZ2 [Tsilanizara, 2000] systems. The ALEPH2 code
[Stankovskiy, 2012] is based on the RADAU IIA implicit Runge-Kutta method of order 5.

The solution of the ODESs can be found by the matrix exponential method, resulting in [Pusa, 2010; Pusa
2011]:

4o od (10)

where the exponential of the matrix is defined as a series expansion
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with £ = the identity matrix and the initial nuclide vector denoted by 4 - There are numerous

algorithms to compute the matrix exponential, but many of them are computationally expensive and of
dubious numerical quality [Moler, 2003]. Given the complexity of the process, the burnup matrix has a
wide spectrum of eigenvalues. The presence of short-lived nuclides is problematic since they produce
eigenvalues of large magnitude, creating a matrix norm of up to 1027 [Pusa, 2010; Pusa, 2011].

The matrix exponential in Eq. 11 can be approximated by a truncated Taylor expansion [Bell, 1973] or
a rational Padé approximation [Nigham, 2005], both combined with scaling and squaring. These
approximations can only work well when the matrix norm Z£=0&is sufficiently small. This problem can
be solved by excluding the short-lived nuclides from the burnup matrix and treating them separately.
This results in a kind of hybrid linear chain-matrix exponential method that is used in ORIGEN2 [Croff,
1983]. It is also used in the MOCUP [Moore, 1995] and MONTEBURNS [Poston, 1999] codes which
couple MCNP and ORIGEN2 [Croff, 1983]. The latest version of the PHOENIX burnup module solves
the ODEs either with a 4t order Runge-Kutta method, a Taylor series development of the matrix
exponential, or a Krylov subspace-based algorithm [Haeck, 2012]. The latter is also applied in the AEGIS
code [Yamamoto, 2007].

One of the most advanced matrix exponential methods is the Chebyshev Rational Approximation
Method (CRAM) [Pusa, 2010; Pusa, 2011; Pusa, 2013; Pusa, 2016; Isotalo, 2016]. It is based on a ratio
of polynomials using complex coefficients and provides very accurate solutions without excluding
nuclides. The main difficulty in using CRAM is to determine the coefficients of the rational approximant
for a given order. [Pusa, 2016] provides CRAM coefficients for approximation of orders 4, 8, 12, é , 48.
It is shown that the higher-order CRAM can be used to solve the burnup equations accurately for large
time steps. CRAM is implemented as an option in SERPENT [Leppé&nen, 2015a; Leppénen, 2015b] and
in the latest versions of ORIGEN [Gauld, 2011b; Rearden, 2016] and MENDEL [Lahaye, 2017].

2.2.2.Burnup codes

A variety of codes/systems are available to determine the nuclide inventory and decay heat and neutron
and gray emission properties of SNF assemblies. Only the codes/systems that will be used within the
activities of the spent fuel characterisation work package of the EURAD project will be discussed here
in detail.

ALEPH2/MCNP

ALEPH2 is a depletion code developed at S C K A C[Bthhkovskiy, 2012] that makes use of any version
of the general Monte Carlo N-Particle Transport Code MCNP [Briesmeister, 2000; Werner, 2017] for
MC transport calculations to obtain particle spectra. The reaction rates are handled outside MCNP by
ALEPH2 using the same continuous energy nuclear data as MCNP. This ensures consistent use of
nuclear data by transport and depletion modules. The depletion module is based on the solver RADAUS
[Hairer, 1996; Hairer, 1999], which uses an implicit 5t order Runge-Kutta method. The power-to-fluence
rate conversion takes into account the energy deposited by fission and neutron capture reactions,
making it possible to accurately model systems containing burnable absorbers. The code is able to
reflect in a single run the time evolution of many parameters, such as fuel expansion, fuel reshuffling,
changes in material temperature and density, control rod movement and changes in boundary
conditions. Besides the nuclide inventory evolution, various radiation source terms such as decay heat,
delayed radiation sources and dose rates can be derived.
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CASMO/SIMULATE/SNF

The CMS/SNF methodology is based on the coupled CASMO/SIMULATE/SNF code sequence and
used for evaluating the nuclide composition of spent nuclear fuel. It inherently applies a 3D core model
to any assembly irradiated in the core, accounting for realistic irradiation conditions [Bahadir, 2009]. The
nuclide library, generated by the lattice physics code CASMO5 [Rhodes, 2006], provides nuclide
concentrations, cross-sections and reaction rates, tabulated via exposure, moderator density, control
blade and fuel temperature histories. The nodewise exposure and accumulated history parameters,
obtained from qualified operational reactor data and core simulation using the nodal reactor code
SIMULATE [Grandi, 2011], are used as entry points in the interpolation routines and, together with the
power history model in SNF [Bgrresen, 2004], are used to compute the nuclide concentrations at the
time of assembly discharge. CMS5/SNF computes the nuclide concentrations and all relevant spent fuel
parameters such as decay heat rate, activity, neutron and photon sources on a nodal basis following
the axial nodalisation of the reactor core model.

SIMULATE and SNF share the same cross-section library, generated by CASMO5 and based on
ENDF/B-VII.1. The basic decay data in SNF are also based on ENDF/B-VII.R1. The SNF decay library
includes basic data such as decay constants and nuclide transmutation chains; radiation emission
spectra for photons from radioactive decay, (a,n) reactions, bremsstrahlung, and spontaneous fission;
electrons and a particles from radioactive decay; neutrons from radioactive decay, spontaneous fission,
and (a,n) reactions; decay heat production; and others. These data are compiled from data libraries
(e.g. ENDF/B-VII.1 [Chadwick 2011], ENSDF [Tuli, 2001], TENDL-2012 [Koning, 2012]) and processed
sources (ESTAR and ASTAR [Berger, 2015]) for 890 nuclides. The evaluation and validation of the
decay data in SNF is reported in [Simeonov, 2017].

DRAGON

DRAGON [Hébert, 2006] is a lattice deterministic code developed at Ecole Polytechnique de Montréal.
It uses different models and algorithms to solve the neutron transport equation. In order to find the best
trade-off between accuracy and calculation speed, the Collision Probability method (CP) using the
DRAGON formatted library is recommended. For self-shielding, the interface current method (SYBILT)
can be used to perform the geometry tracking together with a subgroup method (USS module) with
physical probability tables. In the subgroup or multiband method, the detailed energy-dependent cross-
section behaviour in each coarse energy group is replaced by its probability density representation. An
accurate discretisation of each probability density can be obtained, which leads to probability tables
which are subsequently used within the fluence rate solution algorithm of the subgroup method. The
SYBILT module can also be used for the fluence rate calculation using the fixed Laplacian option and
without leakage model. The default option for solving the depletion equations is the 4 order Kaps-
Rentrop algorithm of the Runge-Kutta family. The power-to-fluence rate conversion is done taking into
account a constant power with the total energy released in the complete geometry (GLOB option), by
accounting for (n,g) reactions outside the fuel. In this case, the power released per initial heavy element
at the beginning and at the end of each time step can be set to a constant.

EVOLCODE

EVOLCODE 2.0 is a combined neutron transport and depletion evolution simulation code to describe
the burnup evolution of either critical or subcritical reactors operating in any neutron spectrum [Alvarez-
Velarde, 2014]. The code has been focused on the estimation of a large variety of nuclear reactor
parameters, with a particular interest in the nuclide composition evolution of the fuel in a nuclear reactor.
The evolution with burnup of any material present in the design can be followed for activation purposes.
Burnup problems are solved by using a time interval method consisting of the successive calculation of
first the neutron fluence rate for fixed material densities at a given time and later the depletion of these
densities, using the hypothesis of constant neutron fluence rate. These hypotheses are considered valid
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only for relatively short irradiation times. Hence, several iterative calculations are needed to solve the
system for the whole irradiation period. Each iteration, corresponding to a partial irradiation period, is
called an EVOLCODE cycle.

In the present version of the code, the neutron transport calculations are performed by any version of
the general MC transport code MCNP/X [Werner, 2017], which is able to model complex 3D geometries.
The depletion of the geometry zones, requested by the user, is carried out by the activation code ACAB
[Sanz, 2008]. This code is implemented in the EVOLCODE 2.0 system to provide best estimates
together with their uncertainties resulting from a propagation of uncertainties of cross-sections, decay
data and fission yields, and to enlarge the number of nuclear reactions taken into account by the
irradiation calculations. ACAB is a point-depletion and radioactive decay computer code that solves the
ODEs using a method similar to the one implemented in ORIGEN2 [Croff, 1983]. The depletion code
ORIGEN can be used instead of ACAB. The user chooses which depletion code or version of MCNP/X
is used in the simulations.

The spatial dependence of the neutron fluence rate is determined by the MCNP cell definition, which,
together with the entire geometry definition, allows for an important degree of the heterogeneity
description in the reactor core model. The energy dependence is obtained by means of the energy
distribution of the neutron fluence rate for each of these cells. On the one hand, the neutron fluence rate
is normalised by means of a predictor/corrector method, so that the depletion is simulated using the
proper value of the system thermal power. Finally, the neutron fluence energy distributions are used for
creating (outside MCNP) spectrum averaged cross-section libraries for depletion.

EVOLCODE 2.0 uses the same basic libraries as MCNP to ensure consistency in the use of the data.
From these basic libraries, the information on those reactions suitable for ACAB and available in the
database is selected, disregarding the information about elastic collisions. Additionally, since isomers
may have very different half-lives and reaction cross-sections compared with the ground state nuclide
(leading to different transmutation chains), the information on the isomer producing reactions is provided
to the code by a separate file containing the information on the branching ratios. Finally, the fission
yields library is supplied to the code as an external sub-library. Currently, sub-libraries are defined for
neutron-induced fission product yields and for yields from spontaneous fission. Besides, independent
and cumulative yields are also included in the sub-library. EVOLCODE 2.0 only considers neutron-
induced independent fission product yields since these are the data required by the depletion code.

MCNP-CINDER

The MCNP code in general, and in particular the recent version MCNP6, is widely used for neutron
transport calculations from which the neutron fluence energy distribution is obtained and reaction rates
can be generated. As far as burnup codes are concerned the depletion part can be disintegrated from
the neutron transport code, that is, the reaction rates are calculated separately and several systems
operate in this way, e.g. ALEPH2 [Stankovskiy, 2012] and EVOLCODE [Alvarez-Velarde, 2014].

The depletion code that was coupled to earlier versions of MCNP is the MONTEBURNS module [Poston,
1999]. The recent MCNP6 versions integrate the depletion part CINDER [Wilson, 2007] within the
transport solution. Hence, the reaction rates are based on the nuclear input data of the MCNP code
itself. As a weak point, CINDER uses a pre-calculated 63-group cross-section library obtained
externally. CINDER belongs to the group of codes which use the so-called linear chains approach based
on the Markov method, i.e. TTA method described in Section 2.2.1. The linearisation considerably
simplifies the complexity of the exponential matrix but in return, one should be careful with the burnup
time steps to maintain the accuracy of the nuclide inventory. On the other hand, it offers the possibility
of handling many nuclides with longer depletion chains.
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SCALE

One of the most widely used computer codes for the prediction of spent fuel source terms (nuclide
composition, neutron and g-ray emission and decay heat) is the SCALE code package developed at the
Oak Ridge National Laboratory (ORNL). The latest available version, as of September 2019, is SCALE
6.2.3 [Rearden, 2016; Grandi, 2011]. It is described in detail in [Gauld, 2011]. Most of the geometrical
systems studied with the SCALE package are related to a limited nhumber of assemblies.

SCALE is a multi-purpose code package offering a range of options for performing source term
calculations: starting with pre-packaged LWR libraries in the ORIGEN-ARP module or alternatively
determining simplified but assembly-specific cross-sections with the SAS2H control sequence in
combination with the one-dimensional discrete ordinate code XSDRNPM-S or computing nuclide
vectors with the T6-DEPL control sequence and the KENO lattice physics solver.

The package includes built-in cross-section libraries (e.g. ENDF/B-VII.0 and ENDF/B-VII.1) in Multi
Group (MG) approximation (56 or 252 groups) and in pointwise Continuous Energy (CE) detail. These
are recommended for general-purpose reactor physics and LWR analysis [Rearden, 2016], along with
complementary data from the JEFF-3.0/A library. The latest covariance data are based on the
covariance evaluations of ENDF/B-VII.1 and other sources. These covariances, along with perturbation
factors, can be used to generate perturbed MG libraries for the cross-sections, decay and fission yield
data (see Section 2.4). For nuclide data not covered by ENDF/B-VII.1, "low-fidelity" covariances were
estimated using simple procedures in a collaborative project by nuclear data experts of the Brookhaven
National Laboratory (BNL), Los Alamos National Laboratory (LANL) and ORNL.

SCALE offers several modules for depletion calculations:

I TRITON couples one of the neutron transport modules to the ORIGEN depletion module in an
iterative time-stepping sequence. One can choose between a deterministic 2D approach
(NEWT) and a 3D MC simulation (KENO). The latter runs in multi-group or continuous-energy
mode. TRITON is also used to generate problem-specific cross-sections that are used by the
ORIGEN-ARP module for transmutation and decay calculations [Caruso, 2014b].

1 POLARIS is a 2D lattice physics module that is used for the analysis of LWR fuel assemblies
[Rearden, 2016]. POLARIS uses the Embedded Self Shielding Method [Williams, 2012a] for
evaluating the self-shielded, multi-group cross-sections based on the Bondarenko interpolation,
and a Method of Characteristics (MoC)-based transport solver [Williams, 2012a]. The outputs
of POLARIS are the critical spectrum, few-group homogenised and condensed cross-sections,
and one group condensed microscopic cross-sections.

1 ORIGENT Oak Ridge Isotope GENeration (ORIGEN) code is coupled to TRITON and POLARIS
to perform the depletion and decay calculations, and therefore to simultaneously generate the
time-dependent nuclide concentrations. POLARIS and TRITON are coupled to ORIGEN by one-
group, zone-averaged fluence rates and one-group fluence-weighted cross-sections and
reaction yields to compute the stepwise change in the problem-dependent nuclide vector. The
coupling is done at the end of each depletion step using the predictor-corrector method, which
is then used to update the depleted materials composition for the next self-shielding and
transport calculation. ORIGEN can also be used stand-alone for activation, depletion and/or
decay calculations using the pre-developed macroscopic cross-section libraries [Caruso, 2016].

1 ORIGEN-ARP uses pre-packaged LWR libraries available in the SCALE package. It also allows
user-defined libraries to be imported which can be developed with the TRITON module.

1 SAMPLER is a module for uncertainty analysis. It is a stochastic sampling super-sequence that
was developed for the SCALE system by ORNL in collaboration with GRS on the basis of the
XSUSA code [Williams, 2013b]. SAMPLER can be used to perform uncertainty analysis for
POLARIS. SAMPLER works by stochastically sampling input parameters (MG nuclear data,
depletion data, decay data as well as model parameters such as nuclide concentrations,
geometric specifications, operational history). Afterwards, SAMPLER will repeat numerous
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passes through the employed module (or sequence of modules), output distributed response
parameters (or their uncertainties), and finally analyses these distributions to evaluate the
correlations between different response parameters (e.g. different radionuclides) or the
correlations between simultaneously modelled systems (similarity studies).

SERPENT

SERPENT [Leppénen, 2015a; Leppénen, 2015b] is a multi-purpose three-dimensional continuous
energy MC particle transport code developed at the VTT, Technical Research Centre of Finland since
2004. The latest version, as of September 2019, is SERPENT 2, Version 2.1.31. SERPENT can be
used for various reactor physics analyses and decay heat, activity and nuclide inventory calculations. In
addition, SERPENT is capable of performing multi-physics simulations and neutron, photon and coupled
neutron-photon transport calculations.

The geometry description in SERPENT is handled by a universe-based constructive solid geometry
(CSG) model. Different elementary and derived surface types can be used in combination with Boolean
operators (intersections, unions and complements) to define homogeneous material cells of practically
any shape desired. Special surface types are defined for several lattice structures. In addition to CSG-
type universes, SERPENT has the option to import CAD and unstructured mesh based geometries.

Particle transport in SERPENT is based on the combination of conventional ray-tracing based surface
tracking and the Woodcock delta-tracking method [Woodcock, 1965] i the rejection sampling based
delta-tracking method [Morgan, 2015]. Surface-tracking is used when necessary, e.g. in the presence
of localised heavy absorbers which may cause efficiency problems for the delta-tracking method
[Leppanen, 2010].

SERPENT has built-in state-of-the-art routines for depletion calculations and no coupling to external
solvers is needed. The primary method used for solving the Bateman depletion equations is based on
the CRAM method, an advanced matrix exponential solution developed for SERPENT at VTT [Pusa,
2010; Pusa, 2011, Pusa, 2013; Pusa, 2016; Isotalo, 2016].

The main capabilities of the code are:

1 Geometry: SERPENT is capable of calculating nuclide inventories on assembly level in two (2D)
and three (3D) dimensions. Whole core depletion calculations are also possible for small cores,
such as research reactors. Serpent includes 2D lattice structures for square (PWR, BWR),
hexagonal (VVER) and circular (AGR, CANDU, MAGNOX, RBMK, TRIGA) lattices. There is
also a structure for a 1D vertical stack and 3D cuboidal and hexagonal lattices. Other structures
are also possible to create by the user. Reflective, periodic and vacuum boundary conditions
can be used. Support for spatial domain-decomposition for very large burnup calculations is
currently in development.

1 Physics options: SERPENT includes several modelling options affecting the physics of the
modelled problem. One of them is the Doppler-broadening preprocessor routine [Viitanen, 2009]
that allows for adjustment of the temperatures of ACE format cross-sections. This results in a
more accurate description of the interaction physics in temperature-sensitive applications, as
the data in the cross-section libraries are typically available in 300 K intervals. The Doppler-
Broadening Rejection Correction (DBRC) method (see Section 2.3.1) is available.

9 Irradiation history: The irradiation history is defined in units of time or burnup. Reaction rates
are normalised to total power, specific power density, neutron fluence rate, fission or source
rate, and the normalisation can be changed by dividing the irradiation cycle into a number of
separate depletion intervals. Other parameters such as fuel temperature, moderator
temperature and density, boron concentration, etc. must apply constant values during a single
depletion calculation. However, these parameters can be changed, and fuel shuffling is possible
by writing different inputs for each change in the parameters and using SERPENT's restart
feature. The effect of the uncertainty of different irradiation history parameters on the source
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terms can be investigated e.g. by refining the accuracy of which irradiation history is defined in
the calculation. Boron history can be modelled using first one average value and then changing
the boron concentration during the calculation with increased precision.

Depletion calculation: SERPENT handles every material as an individual depletion zone and
provides nuclide inventories separately for each material. In addition, burnable materials in
lattices can be automatically sub-divided into depletion zones, e.g. a lattice comprising one fuel
material can be automatically sub-divided into depletion zones separately for each fuel pin. A
fuel pin can also be automatically sub-divided into further depletion zones to better account for
effects such as Gd burning. The depletion calculation can be followed by a decay calculation of
any desired length. All nuclides included in the nuclear data libraries are available in the
depletion and decay calculations. The output of the depletion calculation includes total and
material-wise volume and burnup. Nuclide-wise output for every depleted material includes:
atom and mass density, activity, decay heat, spontaneous fission rate, photon emission rate,
ingestion toxicity, and inhalation toxicity.

Activation analysis: in addition to fuel burnup calculations, SERPENT is capable of calculating
the activation of any material defined in the geometry. Materials of interest are the fuel cladding
and structural materials such as the spacer grid.

Nuclear data: SERPENT reads continuous-energy cross-sections from ACE format data
libraries based on JEFF-2.2, JEFF-3.1, JEFF-3.1.1, JEFF-3.2, ENDF/B-VI.8, ENDFB/B-VII.1
and JENDL-4.0. In addition, any other continuous-energy ACE format data library generated for
MCNP can be added to SERPENT. Radioactive decay data and incident-neutron energy-
dependent fission yields and isomeric branching ratios for neutron-induced reactions are read
from data libraries in ENDF-6 format. The nuclear data used can be easily changed between
different runs.

Shielding calculations: SERPENT provides a radioactive decay source mode to perform
shielding calculations for spent fuel and other irradiated materials. The source term is formed
automatically by combining the nuclide composition from a previous burnup or activation
calculation and the emission spectra from ENDF decay data. The methodology includes
photons and neutrons emitted in radioactive decay, as well as secondary photons produced by
b-decay by applying the thick-target bremsstrahlung (TTB) approximation.

Various other codes/systems have been developed such as FISPACT [Sublet, 2017], MENDEL
[Lahaye, 2017], MOCUP [Moore, 1995], MONTEBURNS [Poston, 1999], STREAM [Ebiwonjumi, 2019],
SWAT [Kashima, 2015], and VESTA [Haeck, 2012]. Information on these codes is available from the
quoted references.

-
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2.2.3. Code comparison

Recently, the performance of ALEPH2, SCALE, DRAGON and SERPENT were compared using the
same nuclear data, fuel design and composition and irradiation history parameters. The code versions
used in the exercise are specified in Table 1. All codes were used in combination with the ENDF/BVII.1
library. Details about the exercise are givenin[ Ge r 02019]. k ,

Code Neutron transport Solver Version

ALEPH2 MC Runge-Kutta (RADAU I1A) ALEPH2/MCNP6.2
SERPENT MC CRAM V2.1.29

DRAGON Deterministic Runge-Kutta (4" order Kaps-Rentrop) | Version 5

SCALE Deterministic CRAM TRITON/NEWT

Table 117 Burnup codes used in the comparison exercise reported by Ge r o etrali k

A reference 2D model representing a typical 17x17 PWR fuel assembly with reflective boundary
conditions was considered. The fuel pins consisted of a stack of 4wt.-% 235U enriched UO: pellets in a
Zircaloy-4 cladding. The fuel was irradiated for 4 cycles of 300 days each, with interim cooling periods
of 30 days. Simplified operating conditions were considered, with:

i1 constant power levels of 50, 50, 40 and 30 MW/t during each cycle

1 coolant density of 0.655 kg/cm?3 with a constant boron level of 800 ppm

1 fuel smeared density (95% of the theoretical density): 10.4 g/cm?

I constant material temperatures: fuel and gap at 900 K and coolant and cladding at 600 K
The following approximations were adopted in all codes:

1 the neutron transport calculations for each fuel cycle were rerun at time steps of: 1 day, 10 days,
14 days, 3 x 25 days and 4 x 50 days,

1 to account for neutron self-shielding effects the fuel pins were divided into 4 radial regions.

The abundance of key nuclides at a cooling time of 5 years is compared in Table 2. Uncertainties due
to MC counting statistics are given for the results obtained with SERPENT. The results obtained with
the MC codes ALEPH2 and SERPENT are very similar. The largest difference, about 3%, is observed
for the abundance of *9Sm and the second largest, about 1.2%, for 26Cm. The good agreement
between ALEPH2 and SERPENT confirms the good performance of the RADAU IIA Runge-Kutta type
of ODE solver used in ALEPH2.

Differences between SERPENT (& ALEPH2) and DRAGON, and SERPENT (& ALEPH2) and SCALE
are larger. In general, the differences between DRAGON and SERPENT are smaller for the fission
products than for the actinides, with the exception of 4°Sm. Substantial differences are observed for
242mAm and 244245.246Cm isotopes. Differences between results from SCALE and SERPENT (& ALEPH2)
are even more pronounced. There are no clear similarities between the differences observed with
DRAGON and SCALE, except for °Sm and 245246Cm. Similar observations were made by comparing
SCALE and SERPENT in [Kromar, 2019]. To clarify these differences, more systematic studies including
results from calculations with the KENO module of SCALE are required.
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Nuclide SERPENT ALEPH2 DRAGON SCALE
ci/ght cz2/ glt 100xDc/c1 cs/ glt 100xDc/c1 cal glt 100xDc/c1

90sr 678.56 (2) 678.86 0.04 679.08 0.08 675.43 -0.46
106RY 7.357 (<1) 7.294 -0.86 7.286 -0.96 7.321 -0.49
133Cs 1621.7 (2) 1624.2 0.15 1624.3 0.16 1637.9 1.00
134Cs 43.86 (2) 43.68 -0.43 43.64 -0.51 41.11 -6.28
B37Cs 1638.0 (<1) 1640.2 0.13 1639.8 0.11 1643.2 0.32
44Ce 4.386 (<1) 4.364 -0.51 4.363 -0.53 4.356 -0.68
148Nd 567.92 (1) 569.51 0.28 569.29 0.24 567.45 -0.08
1495 m 3.536 (2) 3.645 3.08 3.703 4.72 4.080 15.36
234U 178.69 (8) 178.02 -0.37 180.54 1.04 190.23 6.46
235y 7109.9 (14) 7064.5 -0.64 7119.6 0.14 7283.3 2.44
238y 5620.5 (6) 5612.7 -0.14 5560.7 -1.07 5627.0 0.12
2381 920116 (33) 920234 0.01 920143 0.00 919950 -0.02
237Np 765.76 (37) 766.47 0.09 795.13 3.84 741.58 -3.16
238py 426.44 (18) 426.55 0.03 434.35 1.85 429.22 0.65
239py 6747.4 (18) 6786.5 0.58 68254 1.16 6947.2 2.96
240py 3065.2 (13) 3044.1 -0.69 3056.1 -0.30 2976.3 -2.90
241py 1556.7 (6) 1561.8 0.33 1570.8 0.91 1608.5 3.33
242py 970.92 (30) 967.77 -0.32 963.26 -0.79 990.42 2.01
241Am 499.66 (17) 499.79 0.03 503.06 0.68 516.77 3.43
242mAm 1.253 (<1) 1.261 0.68 1.389 10.85 1.346 7.43
243Am 242.95 (24) 242.87 -0.03 238.63 -1.78 225.35 -7.24
242Cm 0.015 (<1) 0.015 -0.21 0.015 0.71 0.016 2.00
243Cm 0.912 (1) 0.909 -0.37 0.878 -3.74 0.905 -0.83
244Cm 109.38 (8) 108.80 -0.52 106.84 -2.32 102.37 -6.41
245Cm 11.73 (2) 11.71 -0.19 10.820 -7.79 11.145 -5.02
246Cm 1.302 (2) 1.286 -1.18 1.199 -7.91 1.208 -7.18

Table 27 Comparison of the abundance of key nuclides present in a spent nuclear fuel sample of after
a cooling time of 5 years

The irradiation conditions are summarised in the text. To illustrate the observed differences between codes the
relative difference with respect to the valued obtained with SERPENT are given. They are given in the column:
100 x Dc/c1 = 100 x (cx-cl)/cl. The results are taken from [Ge r o v201B]k ,
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2.3. Sources of bias effects and uncertainties

The discussion in Section 2.2 reveals that various codes/systems are available to calculate source terms
of spent nuclear fuel. Bias effects can be due to the methodology that is applied to solve the neutron
transport and nuclide production and depletion processes. Independent of the methodology that is
applied the final accuracy depends on input data which can be classified into nuclear data and fuel
history data. The latter include the initial fuel composition and design and reactor operation and
irradiation conditions.

2.3.1. Methodology

A detailed model of the irradiation conditions of a fuel assembly is not always possible. One of the
reasons is that the full core information is mostly not publicly available and only limited information is
provided by the plant operator or fuel vendor. Another reason concerns the tools used to perform the
calculations. As mentioned earlier, Monte Carlo transport simulations, which are generally preferred to
simulate irradiations, can hardly be applied to a large number of assemblies. Therefore, depending on
the method used and depending on the degree of detail known from reactor operation, a simplified
description of the irradiation history of a fuel assembly is necessary. For example, the effect of
neighbouring fuel assemblies often cannot easily be described. In-core reactor measurements are
typically made only for relatively few fuel assembly positions. Moreover, the fuel temperature, the
moderator temperature or the moderator boron concentration history are often condensed into a few
average values per cycle. In the case of 1D or 2D calculations, the axial profile is typically ignored in
favour of a given node average burnup value provided by the power plant's in-core fuel management.
This approach ignores shielding effects due to control rod position changes or the neutron fluence
suppression at spacer or mixing grid positions. The impact of these factors on the nuclide inventory has
been addressed for example in [NEA, 2011]. However, more quantitative studies of possible bias effects
due to these assumptions are still needed.

The Doppler effect seems to be well understood, as far as its impact on the broadening of resonance
structures is concerned. The broadening of 238U resonance profiles has a strong influence on the self-
shielding effect and the production of 23°Pu. Hence, it is important for reactor licensing and for spent fuel
characterisation. Both the scattering and absorption cross-section are Doppler broadened. Until a
decade ago, the scattering kernel, that is, the change in energy and angle of the scattered neutron, was
simulated for a target nucleus at rest, namely at a temperature of OK. Temperature-dependent scattering
kernel theories which started by Wigner and Wilkins [Wigner, 1944], were further developed by
[Rothenstein, 1998]. On the practical side, [Rothenstein, 2004] and later [Becker, 2009] found a
technique to include the energy-dependent scattering kernel in stochastic transport calculations. This
technique, known as Doppler-Broadening Rejection Correction (DBRC), was validated by a dedicated
experiment in [Becker, 2009] and was implemented in MCNP, SERPENT and TRIPOLI [Zoia, 2013]. In
the KENO code of SCALE, the angular part is missing. It can be shown that the inventory of 23°Pu in a
thermal LWR is underestimated by 1.5% when the impact of the Doppler effect on the scattering kernel
is not properly taken into account [Dagan, 2005]. Evidently this bias of 1.5% will affect the inventory of
all other actinides that are produced in the chains following the 23°Pu production and the source terms
depending on this inventory. More efforts should be made to study possible bias effects due to the use
of spectrum-averaged cross-sections in the ODEs and in particular, the present assumptions made
regarding the energy and angle differential scattering cross-sections for energies above the resolved
resonance region.

Different approaches can be applied to account for resonance self-shielding in case of deterministic
transport calculations [Williams, 2011]. Two different methods implemented in SCALE were compared
in [llas, 2012]. The results show a substantial difference in the inventory of Sm-isotopes and 245246Cm
obtained with the two different methods. The effect increases with increasing burnup. For a burnup of
50 GWdIt, the inventory of 239.240.241py can be biased by more than 3%. Methods to account for self-
shielding in the unresolved resonance region are discussed and compared in [Sublet, 2009]. At present

EURAD (Deliverable n° 8.2) i Updated State-of-the-art report
- Dissemination level: PU
Date of issue of this report: 12/09/2024

|

European Joint Programme
on Radioactive Waste Management




a detailed systematic study assessing the methods used in the different codes is not reported in the
literature.

2.3.2. Nuclear data

Different types of nuclear data are required to calculate the spent nuclear fuel source terms: neutron
interaction cross-sections, fission product yields, decay data and neutron and g-ray emission properties.
Most of these data are available in the main general purpose Evaluated Nuclear Data Files (ENDF) such
as the ENDF/B, JEFF and JENDL libraries. The decay data in these files are mostly adopted from the
ENSDF library or result from international collaborative efforts such as the Decay Data Evaluation
Project (DDEP) [Kellett, 2017]. The general purpose libraries can be complemented by data from special
purpose libraries that are dedicated to specific applications, such as the International Reactor Dosimetry
and Fusion File (IRDFF) file for neutron dosimeter reactions or activation cross-sections in the European
Activation File (EAF). The TENDL library can be used to fill the remaining gaps. An overview of
evaluated nuclear data libraries can be found on the website of the Nuclear Energy Agency of the OECD
(OECDNEA) and the Nuclear Data Section of the IAEA (IAEA-NDS).

The general purpose libraries contain mainly calculated data resulting from an evaluation process that
is based on nuclear reaction formalisms or theories involving model parameters which are adjusted to
experimental data. Calculated cross-sections are required to ensure consistency and to account for the
Doppler effect. The term "general purpose library" is not always appropriate. Some of the cross-sections
are adjusted based on results of integral benchmark experiments. Such data are often biased due to
compensating effects and can only be used for specific applications. An example of a biased cross-
section due to a compensating effect is given in [Sirakov, 2017].

Nuclear data in general purpose libraries are stored in the internationally adopted ENDF-6 format. This
format is not adequate for neutron transport or inventory calculations. Therefore, data processing codes
are used to transfer the data into a format that is suitable for use in transport and burnup codes. The
NJOY nuclear data processing system [MacFarlane, 2010] is widely used to convert evaluated data
from the ENDF-6 format into a format useful for practical applications. One of these formats is the ACE
format which is the most used format for MC transport codes. The AMPX code is a modular system for
processing ENDF-6 formatted data into data that are ready for use in the SCALE system.

The primary goals of projects supporting the production of evaluated nuclear data were not to fulfil
requirements for a spent fuel characterisation. For example, various projects to improve decay heat
predictions have been organised or coordinated by both the IAEA-NDS [Dimitrou, 2014] and the [NEA,
2007]. However, they concentrated on decay heat predictions at short cooling times and resulted in a
substantial improvement of specific decay heat data for short-lived radionuclides. Measurements to
produce such data are very complex. Unfortunately, the results are not relevant for the prediction of the
thermal power of a SNF assembly at cooling times longer than one year.

The status and need for nuclear data for spent fuel characterisation is best illustrated by some specific
examples. Key nuclides to determine the source terms are e.g. *3’Cs and °°Sr. These nuclides are
predominantly produced in a single mass chain through neutron-induced fission and b- decay. The total
number of nuclides 0 ¢ that are produced during an irradiation period can be approximated by summing
the product of the cumulative fission yield (joand total number of fission reactions 0 -ggdue to neutron-

induced fission of nuclide 'Q

0o Bk o 12)
The total number of fission reactions for each nuclide ‘Qis given by:

Of 1g57QY (13)

with “Ythe total irradiation time, the total fluence rate and i j the fission cross-section of nuclide "QThe
main contribution to fission events starting from fresh UO2 fuel in a LWR is due to 235U(n,f). With
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increasing irradiation time, the burnup of the initial fuel and production of 23°Pu progresses. This results
in an increased contribution of fission events due to 23°Pu(n,f). At high burnup the latter can even
dominate. Evidently, in the case of MOX the relative contribution of 235U(n,f) and 23°Pu(n,f) depends on
the composition of the initial fuel.

The approximation in Eqg. (12) can be made due to the relatively long half-life and small capture cross-
section of 137Cs and %9Sr. Hence, the nuclear data required to derive their inventory are the cumulative
fission yields and fission cross-sections. They are reported in Table 3 and Table 4 for thermal neutron-
induced fission of 235U and 23°Pu. These data suggest that there is a rather good consensus on the
fission cross-sections and their uncertainties. However, for the cumulative fission yields there are larger
differences. For 235U(n,f) the difference between the yields recommended in JEFF-3.3 and ENDF/B-
VII1.0 is almost 2% and their uncertainties differ by a Factor 2. The inventory of these nuclides, as such,
is not a key source term. However, 13’Cs has a substantial contribution to the gray emission and decay
heat. The data used to derive the g-ray emission spectrum due to the decay of 1¥’Cs are well known and
they can be taken from the ENSDF data base [Tuli, 2001]. The total energy that can be transformed into
heat, which is also referred to as recoverable energy, is summarised in Table 5. These values are
deduced from a combination of decay data. The uncertainty of the recoverable energy due to the decay
data is less than 1% for both °°Sr and 37Cs. It is remarkable that all recommended values differ from
the value Er = 1'147 (9) keV that was derived by Ramthun from a direct calorimetric measurement
[Ramthum, 1967]. The results in Table 5 suggest that the recommended values might be
underestimated with a bias between 1.5% and 3.5%. New measurements are required to resolve these
discrepancies.

Library s(n,f) at 2'200 m/s <s(n,f)>: spectrum-averaged
235U(n,f) 239py (n,f) 235U(n,f) 239py(n,f)
ENDF/B-VIII.O 586.7 (29) b 747.4 (69) b 33.99 (14) 77.62 (107)
JEFF-3.3 584.5 (38) b 749.3 (65) b 33.49 (23) 78.02 (95)
JENDL-4.0 585.0 (20) b 747.3 (84) b 34.06 (11) 78.53 (59)

Table 37 Cross-section for neutron-induced fission of 235U and 23°Pu recommended in the latest
versions of the main data libraries

The cross-section at thermal energy (or at 2200 m/s) is given together with a spectrum-averaged cross-section
based on a typical neutron energy distribution in a PWR. Uncertainties are at the 68% confidence limit.
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Library 90Sr 90sr 187Cs 187Cs 148Nd 148Nd
235U(n,f) 23%py(n,f) 235U(n,f) 239py(n,f) 235U(n,f) 23%pu(n,f)
ENDF/B-VIILO 0.0578 (5) | 0.0210 (4) | 0.0619 (3) | 0.0661 (3) | 0.01674 (6) | 0.01662 (8)
JEFF-3.1.1 0.0573 (13) | 0.0201 (5) | 0.0622(7) | 0.0659 (8) | 0.01681 (12) | 0.01658 (17)
JEFF-3.3 0.0568 (13) | 0.0208 (6) | 0.0609 (6) | 0.0673(8) | 0.01693 (12) | 0.01685 (15)
JENDL-4.0 0.0577 (6) | 0.0210(4) | 0.0618 (3) | 0.0660 (3) | 0.01671(7) | 0.01642 (8)

Table 41 Cumulative fission yields of °0Sr, 137Cs and 1#8Nd for neutron-induced fission of 235U and
239py at thermal energy (or 2'200 m/s)

The cross-sections recommended in evaluated data libraries are compared. Uncertainties are at the 68%
confidence limit.

Library 90gr /20y B7Cs/1¥"mBa

Er/ keV Ercp/ keV Erg Er/ keV Ercp/ keV Erg/ keV
DDEP [Kellett, 2017] | 1'129.4 (14) 813.3 (18) | 247.9 (12) 813.3 (18)
ENDF/B-VIII.O 1'128.8 1'128.8 0 805.7 240.1 565.6
JEFF-3.3 1'128.5 1'128.5 0 804.1 237.4 566.7
JENDL/FPD-2011 1'129.6 1'129.6 0 811.2 247.9 563.3

Table 51 Total recoverable energy (Er) together with that resulting from charged particle (Er,cp) and

gray (Er,g) emission due to the decay of the 2Sr/°°Y and ¥7Cs/*3"™Ba chains

The energies recommended in nuclear data libraries are compared with the ones derived from the data in the

DDEP [Kellett, 2017]. Uncertainties are at the 68% confidence limit.

The capture cross-section of 13Cs is relatively large and cannot be ignored when estimating the
abundance of 134Cs. Figure 3 compares the capture cross-section that is recommended in the ENDF/B-
V and ENDF/B-VII.0 libraries. It is shown in [llas, 2012] that the difference between the cross-sections
in ENDF/B-V and ENDF/B-VII.0 results in a 7.5% difference in the 3*Cs abundance in case of a 50
GWad/t burnup. Even larger differences of up to 30% are observed for 149-152Sm, 155Eu and 15°Gd. This
shows the importance of estimating the cross-section in the resolved resonance region based on
resolved resonance parameters, which can only be derived from a resonance shape analysis of

experimental data (see [Fréhner, 2000; Schillebeeckx, 2012]).
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Figure 31 Comparison of the 134Cs(n,g) cross-sections as a function of neutron energy which are
recommended in the ENDF/B-V, ENDF/B-VII.0, JEFF-3.3 and JENDL-4.0 libraries

The capture cross-section sgis multiplied with the square root of the energy.
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One of the important contributors to the neutron emission rate of spent fuel is 2*4Cm. Starting from UO2
based fuel, this curium isotope is produced through a sequence of neutron capture reactions and b-
decay starting from the 238U(n,g) reaction. The main production chain involves six neutron-induced
capture reactions. Several studies [Hu, 2014; Zu, 2016; Leray, 2016; Borella, 2017; Rochman, 2018b]
show that the uncertainty of the predicted 2#*Cm abundance is in the order of 10%. This is mainly due
to the uncertainty of the 24?Pu(n,g) and 2*3Am(n,g) cross-sections [Hu, 2014; Leray, 2016]. To derive the
neutron emission rate, the 2*Cm abundance has to be combined with the specific neutron emission per
decay, which is 3.74 (11) x 10 based on data in the JEFF-3.3 library. Hence, at present the total
uncertainty of the predicted neutron emission rate due to 24*Cm(sf) is dominated by the one of the 244Cm
production. This uncertainty can only be reduced by performing new experiments to improve the capture
cross-section data for 242Pu(n,g) and 2*3Am(n,g). In the case where the neutron emission is dominated
by the production of (a,n) neutrons, there is a substantial contribution to the uncertainty due to the
specific (a,n) neutron production which is in the order of 8% [Simakov, 2017]. This uncertainty
component is difficult to reduce and requires both improved experimental data and theoretical modelling.

For a criticality safety assessment based on a BUC approach, the concentrations of nuclides with a
relatively large absorption cross-section are required together with reliable estimates of the cross-
sections. Oscillator experiments [Gruel, 2011] were performed at the MINERVE reactor of CEA
Cadarache (FR) to validate the capture cross-section of fission products that are important for such a
criticality safety analysis. For most of them, substantial differences were observed between the
measured and calculated reactivity-worth. Based on these differences, correction factors are proposed
to define criticality safety margins [Tardy, 2015]. However, results derived from such oscillator
experiments might be biased due to poor knowledge of the sample properties as discussedin[ Gal a mo n ,
2019; Ma, 2019]. Problems with the sample properties could explain the reactivity-worth difference in
the order of 10% observed for 1°Rh in Ref. [Gruel, 2011]. Since natural rhodium is mono-isotopic and
metallic homogeneous samples are easy to produce, its capture cross-section can be determined with
an uncertainty of less than 2% [Schillebeeckx, 2012]. Therefore, the use of correction factors is not
recommended and reliable safety margins should be derived starting from accurate microscopic
absorption cross-sections resulting from an evaluation process that is based on a resonance analysis
of experimental data reported in the literature. Unfortunately, the present status of the evaluated libraries
does not always reflect the quality of the available experimental data. Table 6 compares the capture
cross-section for 193Rh at thermal energy as recommended in the main general purpose libraries. The
values are consistent within the quoted uncertainties, except for the one in JENDL-4.0. Nevertheless, it
seems that none of the evaluation procedures included the value sq = 144.9 (7) b derived by [Dilg,
1974], even though this value was derived by the same method that was used to derive the value for
197Au(n,g) [Dilg, 1973], which is still the basis of the present neutron standard [Carlson, 2018].

Library 103RK

s (n,tot) /b s(n,n)/b s(n,g/b
ENDF/B-VIII.O 146.5 4.34 (87) 142.1 (15)
JEFF-3.3 146.6 (38) 3.88(92) 142.7 (37)
JENDL-4.0 136.4 3.27 133.1

Table 61 Total cross-section and cross-section for neutron elastic scattering and capture of °3Rh at
thermal energy

The data in recommended data libraries are compared.
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2.3.3. Fuel history

The importance of the fuel history, i.e. fuel composition and design, reactor operation and fuel irradiation
conditions, is discussed in a state-of-the art report that was issued by the NEA/OECD. This report was
the result of an Expert Group on Assay Data of Spent Nuclear Fuel (EGADSNF) [NEA, 2011]. In this
report, the impact of modelling approximations due to missing or uncertain fuel history data is discussed
based on calculations done using the Takahama PWR 17x17 assembly as a reference. The report
discusses how various parameters such as power history, moderator temperature (density), moderator
soluble boron, fuel temperature, sample burnup, assembly pitch and surrounding assemblies affect the
nuclide inventory.

Assigning an uncertainty to these parameters to propagate them to the uncertainty on the source terms
is not evident. It will depend on the quality of the documentation provided by the fuel manufacturer,
operators and engineering companies. In the OECD-NEA state-of-the-art report, estimates of
representative uncertainties at a 68% confidence limit are given for the initial enrichment (0.05 wt.-%),
fuel temperature (50 °C), moderator temperature (2 °C) and fuel sample (local) burnup (2%, relative).
The impact of the uncertainty of the initial enrichment and burnup on the inventory of some key nuclides
is illustrated in Figure 4 [Schillebeeckx, 2018]. This figure gives the sensitivity of the nuclide inventory
to a change in IE and BU for a PWR assembly with an initial enrichment of 4.8 wt.-% 235U and burnup
of 45 GWd/t. The results illustrate that the inventory of 13’Cs and 1#8Nd is not sensitive to the initial
enrichment and a 1% uncertainty of the burnup results in a 1% uncertainty of the inventory. For a relative
variation of 1% of the initial enrichment and burnup, the inventory of 244Cm changes by 2% and 4%,
respectively. The impact of burnup increases due to the number of neutron-induced reactions involved
in the production process.
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Figure 41 Relative sensitivity of the nuclide inventory to the initial enrichment (IE) and burnup (BU)

The data are for a UO2 sample with initial enrichment of 4.8 wt.-% irradiated in a PWR to a burnup of 45 GWd/t.

Burnup is an essential parameter for the calculations. It is related to time integrated the thermal power
that is extracted from the nuclear fuel. The thermal power of a system is used to determine the neutron
fluence which is required to normalise the theoretical calculations. The relation between thermal power

0 and neutron fluence rate is [Gauld, 2011]:

(14)
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with O-goand U giothe total number of fission and other absorption reactions with nuclide ko)
respectively, and 'Ogmand Qi the corresponding recoverable energies for these reactions. The

inventory of nuclide Qs denoted by 0 Table 7 lists the recoverable energy per fission and capture
event for 235U and 23°Pu, which are recommended in the main data libraries. There is almost no
difference between the adopted values. The recoverable energy for some nuclides with a relatively large
absorption cross-section are given in Table 8. These energies are the same in the main data libraries
and are used in SERPENT and ALEPH2. They are also used in SCALE, except for 155Gd and 57Gd, for
which a default energy of 5 MeV is adopted. This can create bias effects in the case of Gd-loaded fuel.

235U 239Pu

Er / MeV Erf/ MeV Erg/ MeV Er :/MeV Erf/ MeV Erg/ MeV

ENDF/B-VIII.O 200.645 194.1 6.545 205.134 198.6 6.534
JEFF-3.3 200.415 193.87 6.545 205.234 198.7 6.534
JENDL-4.0 200.345 193.8 6.545 206.434 199.9 6.534

Table 71 Recoverable energy due to neutron-induced interaction with 235U and 23°Pu

The energies recommended in evaluated data libraries are compared.

Library Recoverable energy, Er / MeV
H(n,9 %0(n,g 10B(n,a) 155Gd(n,g) 157Gd(n,g)
ENSDF [Tuli, 2001] 2.225 4.143 2.790 8.536 7.937

Table 81 Recoverable energy for some important neutron absorption reactions

The energies in the decay libraries are adopted in the main evaluated data libraries. They are also used in
SCALE, except for 155157Gd(n,g).

The burnup is mostly defined as time integrated thermal power per unit initial actinide mass in the fuel
and often expressed in gigawatt-days per ton (GWd/t) or megawatt-days per kg (MWd/kg). In the case
where samples of irradiated fuel are analysed, the burnup is mostly derived from the total number of
Fission reactions per Initial number of heavy Metal Atoms (FIMA). It is often assumed that the burnup
defined by the total thermal power is directly proportional to the total number of fissions, with a constant
conversion factor. Evidently, this assumption is not always valid and might introduce bias effects
Kn p i 3007y Kenya, 2006]. The recoverable energy depends on the fissioning nuclide such that the
average energy released per fission event will change with burnup. A more detailed discussion on the
relation between burnup and FIMA is givenin [ K i p 2G07].y ,

The number of fission events of an irradiated sample can be derived by determining the amount of a
specific fission product. An ideal fission product to determine the number of fissions should have a
cumulative fission yield that is independent from the fissioning nuclide, a low yield from neutron capture,
a low neutron absorption cross-section and a relatively long half-life. Under these conditions, the amount
of this fission product is directly proportional to the total number of fission reactions, even independent
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of the initial enrichment. In addition, it should not be volatile and not be produced through volatile
precursors. The use of the stable fission product 1*8Nd as a FIMA monitor or indicator is generally
accepted as a standard method since the issue of the ASTM method E 321-96 [ASTM, 1969; ASTM,
2012]. However, in spite of the short half-life of 4’Nd and the small “8Nd(n,g) cross-section, the
production of 18Nd is affected by the 147148Nd(n,g) cross-sections [Suyama, 2005]. These capture
reactions will have an opposite effect on the 18Nd production. The results in Ref. [Kenya, 2006] show
that ignoring the contributions due to the 147.148Nd(n,g) reactions and the dependence of the recoverable
energy, the burnup derived from the amount of *8Nd can be biased by 3%. To reduce bias effects, it is
recommended to derive the burnup by theoretical calculations by adjusting the theoretical 148Nd
inventory to the experimental value as in Refs. [Zwicky, 2010; Gauld, 2016]. Applying such a procedure,
the total number of fission reactions can be determined with an uncertainty of 1.5% (68% confidence
limit) [Gauld, 20186].

Evidently, the 14’"Nd(n,g) cross-section enters into such a calculation. Although, this reaction contributes
less than 2% to the 1#8Nd production, the results in Figure 5 illustrate the need for a re-evaluation of this
cross-section. This figure compares the cross-section recommended in the ENDF/B-VIII.0, JEFF3.3,
JENDL-4.0 and TENDL-2017 libraries. The cross-section in TENDL-2017 relies on a re-evaluation of
the cross-section at thermal energy in [Rochman, 2016a]. This evaluation is based on the value reported
in [Heck, 1974] combined with results of optical model calculations. Unfortunately, the value in [Heck,
1974] is the only experimental value for this reaction at thermal energy that is reported in the literature.
Hence, the experimental data available for performing an evaluation are rather scarce.
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Figure 51 Comparison of the 14’Nd(n,g) cross-sections as a function of neutron energy that are
recommended in the ENDF/B-VIII.0, JEFF-3.3, JENDL-4.0 and TENDL-2017 libraries

The cross-section sgis multiplied with the square root of the energy.

Alternative methods to determine the number of fission events are based on measurements of other Nd
isotopes, fission products such as 133137Cs and 235U or 23°Pu [Zwicky, 2010; Gauld, 2016; Kim, 2007;
Kim, 2015]. Different methods to are compared in [Zwicky, 2010]. The results are consistent within 3%.
The advantage of using g-ray emitting indicators such as 3’Cs is that their inventory can be determined
by non-destructive g-ray spectroscopic methods and used to verify the burnup of an assembly. All these

EURAD (Deliverable n° 8.2) i Updated State-of-the-art report
- Dissemination level: PU
Date of issue of this report: 12/09/2024

|

European Joint Programme
on Radioactive Waste Management




eu

=

(B

methods use the inventory of a specific nuclide to normalise the local burnup of the sample being
investigated and to compare measured and calculated inventories of other nuclides. However, for final
applications, the burnup information provided by the operator has to be used. Unfortunately, no detailed
study is available in the open literature that provides an uncertainty assessment to link FIMA to the
burnup information of the operator.

2.4. Uncertainty evaluation and sensitivity analysis

A reliable characterisation of spent fuel requires best estimates of the observables together with their
uncertainties and covariance matrix. They will finally define the confidence limits and safety margins
and influence the decision-making. Hence, a careful evaluation of the covariance matrix of the calculated
nuclide vector is required. Unfortunately, the relationship between the nuclide vector and the input data
is rather complex. Since the neutron and g-ray emission rates and thermal power are linear functions of
the nuclide vector, their uncertainties can be derived by conventional first order uncertainty propagation,
also considering the uncertainty of decay constants, specific emission properties and recoverable
energy.

2.4.1. Methods

Propagation of uncertainties can be performed by deterministic or probabilistic methods [Rochman,
2011; Wieselquist, 2013]. Deterministic methods are based on the first order uncertainty propagation
formula:

o Al a9

with qr¢, the covariance matrix of the output, qr;, the covariance matrix of the input data and -” the
sensitivity matrix. The latter is defined by the partial derivatives of the output with respect to the input.
Most of the deterministic sensitivity and uncertainty analysis codes used for reactor applications rely on
perturbation theory [Kodeli, 2001; Rearden, 2011]. For neutron transport problems, the sensitivity matrix
is directly obtained from the forward and adjoint transport equation [Wieselquist, 2013; Kodeli, 2001].
Adjoint equations for depletion calculations were implemented in ORIGEN [Rearden, 2011] based on
the work of [Gandini, 1975]. The present version of ORIGEN includes adjoint calculations based on the
CRAM method for sensitivity and uncertainty analysis [Isotalo, 2015; Gauld, 2017].

The direct perturbation approach works well for smooth relationships between input and output and
when the uncertainties are relatively small. When non-linearity effects are important this approach is not
applicable and can be replaced by stochastic sampling-based uncertainty propagation [Rochman,
2011]. This consists of repeating the nominal calculation a large number of times, each time with
different input data. The input data are sampled from independent or multivariate probability
distributions. These distributions reflect the covariance g, of the input data. In most cases they are
based on multivariate normal distributions. However, this is not a restriction, for example inherently
positive data can be sampled from a log-normal or rectangular distribution. The choice of the
distributions depends on the available information about the input data and can be based on the
Maximum Entropy Principle [Jaynes, 1968]: when only a best estimate of an inherently positive
observable is known the data should be sampled from a decreasing exponential distribution; however,
when an estimate of the covariance matrix is also available the optimum probability distribution for
further inference is a multivariate normal distribution [Frohner, 2000]. Stochastic sampling offers the
advantage that uncertainties of all input data can be propagated, independently of their relationship with
the output of interest and of the magnitude of the uncertainty. In addition, it provides the final probability
distributions of output quantities from which the uncertainties can be derived.

Various codes and platforms have been developed to propagate uncertainties by stochastic sampling,
e.g. SHARK-X [Wieselquist, 2013; Aures, 2017], XSUSA [Aures, 2017; Zwermann, 2014], NUSS [Zhu,
2015], NUDUNA [Diez, 2015], SAMPLER [Williams, 2013b; Rearden, 2015] and SANDY [Fiorito, 2017].
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