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Abstract

Continuous-energy Monte Carlo is a high-fidelity tool for reactor-physics analysis, but
its cost limits its use in workflows requiring repeated transport-depletion calculations. In
this context, lumped fission products provide a model-reduction strategy by representing
the collective neutronic effect of the fission product inventory through a reduced set of
pseudo-nuclides.

This thesis develops a methodology for generating and applying burnup-dependent
multigroup lumped fission product cross sections in fast-spectrum Monte Carlo depletion.
The method is implemented in OpenMC and is based on parent-specific LEPs. Effec-
tive fission yields are obtained through auxiliary depletion calculations in which heavy-
metal transmutation and decay routes are suppressed, leaving fission as the only outgoing
reaction channel of the selected parent. The resulting fission product inventories are
then used to construct yield-weighted multigroup microscopic cross sections for the LFP.
A Python framework is also developed to use these libraries in a coupled multigroup
transport-depletion loop, selecting and interpolating the appropriate cross-section data at
each burnup step.

The methodology is assessed on a Superphénix-like MOX pin cell and tested for trans-
ferability on an ESFR-like pin cell. In both cases the coupled MG LFP calculation repro-
duces the continuous-energy multiplication factor within about 200 pcm over a burnup
range of 0-100 MWd/kgHM. Integral quantities such as total heavy-metal inventory, to-
tal fission product concentration, and aggregate reaction rates are reproduced with small
deviations, while the fission product capture-rate error remains within about 0.5% of the
total fuel capture rate at end of life.

Comparing with the CE reference, the MG LFP calculation is about 76 times faster
for the Superphénix case and about 127 times faster for the ESFR case. Although library
generation has a non-negligible upfront cost, it can be amortised if libraries are reused
across multiple calculations in a similar spectrum regime. The results show that parent-
specific, burnup-dependent LFPs can provide an effective compromise between neutronic
accuracy and computational efficiency for fast-reactor Monte Carlo depletion analyses.
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Chapter 1

Introduction

1.1 Computational Methods for Neutronics

The numerical solution of the neutron transport equation has always involved a trade-off
between physical fidelity and practical feasibility. From the beginning of reactor analysis,
the central problem was not only to represent neutron behaviour accurately, but also to
obtain solutions within the limits imposed by available hardware. For this reason, the evo-
lution of neutron transport methods should not be viewed as a linear sequence in which
one method replaces another, but rather, it reflects the progressive development of com-
plementary tools, each providing a different balance between approximation, robustness,
and execution cost.

The neutron transport equation provides a mathematical description of neutron mo-
tion, interaction, and multiplication in matter. It is a balance equation in which the time
rate of change of the neutron population is determined by sources, scattering, and fission,
minus losses due to leakage and interactions. In integro-differential form, it can be written
as:

L 0 % E) [ , ,
(mat+n.v+zt(r,E,t)> U(r,Q, E,t) = ]ZTT/O dE' v(E"\Sy(r, B t) ¢(r, E' )

+/ dﬂ’/ dE'Sy(r, Q. B — B, )0(r, . 1)
4 0

al Xdi<E>
+ Z; = AiCi(r,t) + Q(r, 2, B t).
= (1.1)

where:
e 1 and ¢ are, respectively, the angular and scalar neutron flux;
* Xp and X4 are, respectively, the prompt and delayed neutron energy spectra;

e Y, X, and Xy are the macroscopic total, scattering, and fission cross sections.



Introduction

In the earliest stages of reactor computation, deterministic methods were adopted be-
cause they made the transport problem tractable on the hardware available at the time.
In practical reactor calculations, reduced descriptions based on coarse energy discretisa-
tion and simplified angular treatments were unavoidable. This historical need strongly
influenced the development of classical Multi-group (MG) methodologies. As a first ap-
proximation of Eq. 1.1, the neutron diffusion equation was widely adopted. The diffusion
equation is derived under the assumptions of nearly isotropic angular flux, weak spa-
tial gradients, and limited anisotropy in scattering. Under these conditions, the neutron
current can be approximated by Fick’s law:

1 0¢(r,t)
v(E) Ot

— YV (DV(r, 1)) + Sad(r, 1) = vEo(r, 1) + Q(r, b). (1.2)

This approximation is valid only several neutron mean free paths away from geometric
boundaries and from strong sources of angular anisotropy.

As deterministic transport methods matured, attention shifted from highly approxi-
mate treatments toward formulations that preserve more of the Boltzmann equation while
remaining feasible for large-scale calculations. Progress came through the gradual refine-
ment of these approximations, particularly in energy and spatial discretisation, angular
dependence, and numerical solution strategies [1].

A decisive milestone was the emergence of the discrete-ordinates method. Carlson’s
1953 report [2] is one of the foundational references in neutron transport numerics. In
modern terms, the S, method replaces the continuous angular variable with a finite set
of directions, thereby converting the transport equation into a coupled set of equations
that can be solved numerically. Later developments improved the accuracy and efficiency
of the same general multigroup deterministic framework, while finite-element and nodal
methods were developed for related purposes [3, 4].

In the same years, the appearance of Monte Carlo methods introduced a different
philosophy for solving transport problems. Metropolis and Ulam [5] proposed Monte
Carlo as a statistical procedure for mathematical and physical problems that are difficult
to solve analytically. Applied to neutron transport, this idea shifted the emphasis from
directly solving a discretised equation to sampling particle histories governed by collision
probabilities. The appeal of the method was clear: complex geometries, continuous-energy
nuclear data, and detailed collision physics can be treated explicitly without many of
the approximations intrinsic to deterministic transport. Continuous-energy Monte Carlo
therefore became a high-fidelity reference standard for many reactor-physics and criticality
analysis.

However, Monte Carlo did not solve the performance constraints that originally mo-
tivated deterministic methods. Brown and co-authors [6] describe the history of Monte
Carlo criticality calculations as closely linked to the history of computers: early appli-
cations were restricted by speed and memory, while later advances in hardware and al-
gorithms enabled the detailed analyses that are routine today. The same review also
emphasizes the CPU-intensive nature of Monte Carlo transport. This point is especially
relevant for reactor applications requiring repeated evaluations over changing physical
states, such as burnup progression, thermal-hydraulic feedback, control-rod movement, or
transient safety analysis. In such settings, continuous-energy Monte Carlo is often most

10
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useful as a reference calculation, validation tool, or offline data-generation method, rather
than as the most convenient solver for every stage of the analysis.

For these reasons, modern transport analysis increasingly relies on combinations of de-
terministic and stochastic methods. Wagner and co-authors review hybrid deterministic/-
Monte Carlo methods developed at Oak Ridge National Laboratory, in which deterministic
calculations provide forward or adjoint flux estimates used to generate variance-reduction
parameters for Monte Carlo simulations [7]. Approximate adjoint solutions provide an
importance function relative to a target response, allowing Monte Carlo histories to be
sampled preferentially in regions, energies, and trajectories that contribute most to that
response. For spatially distributed responses, forward flux information can also be incor-
porated to distribute the sampling effort more evenly across the tallies of interest. The
key point is that deterministic and Monte Carlo methods are not mutually exclusive: de-
terministic solutions can inform and accelerate Monte Carlo simulations without replacing
the underlying stochastic framework.

This hybrid perspective is particularly relevant for multigroup cross sections. Even
in an era of powerful continuous-energy Monte Carlo tools, accurate multi-group cross
sections (MGXS) remain indispensable whenever transport solutions must be performed
rapidly and repeatedly. Boyd and co-authors [8] state this point clearly: high-fidelity
deterministic transport codes require accurate multigroup cross sections, and Monte Carlo
can be used as a reactor-agnostic route for MGXS generation because it is not constrained
by approximations embedded in traditional deterministic cross section production tools.
Thus, Monte Carlo does not make multigroup data obsolete. Instead, it enables improved
offline generation of multigroup data, which can then be used online in more efficient
transport calculations.

1.2 Computational Burden of Monte Carlo

High-fidelity Continuous Energy (CE) Monte Carlo (MC) transport remains expensive,
particularly when many independent simulations are required. Because the method is
stochastic, the statistical uncertainty of tallied quantities decreases slowly with the number
of particle histories. The standard deviation of a Monte Carlo estimator scales as 1/v/N,
where N is the number of histories; therefore, reducing the uncertainty by a factor of two
requires approximately four times as many histories.

This scaling becomes restrictive in workflows based on repeated reactor-physics evalua-
tions. Sensitivity analyses, uncertainty-quantification campaigns, machine-learning training-
set generation, and loading-pattern optimisation can require hundreds or thousands of
independent simulations. Multiphysics workflows further increase the cost when neutron-
ics is coupled to thermal-hydraulics or fuel thermo-mechanics. In such contexts, a single
continuous-energy Monte Carlo calculation lasting several hours constitutes a prohibitive
bottleneck as an inner-loop solver.

Recent studies illustrate the magnitude of the burden. Continuous-energy Monte Carlo
calculations for homogenized cross-section generation have been reported to require about
62 CPU-hours for the MET-1000 benchmark and 85.5 CPU-hours for a 100 MWe lead-
cooled fast reactor [9]. Similarly, Serpent-based studies on Monte-Carlo generation of

11
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homogenized group constants for nodal simulators conclude that the approach is feasible,
but still costly when many state points are required [10].

For this reason, multigroup transport remains relevant today. Its role is not to replace
high-fidelity Monte Carlo, but to shift part of the cost from repeated online transport
calculations to offline data generation. As Yoshioka et al. observe, a practical route in
modern reactor analysis is to use continuous-energy Monte Carlo for high-accuracy data
generation and then replace the detailed continuous-energy description with a reduced
energy representation that can be reused efficiently in deterministic or multigroup Monte
Carlo frameworks [11].

The burden becomes more severe in coupled transport-depletion calculations. The
transport equation must be solved repeatedly over the irradiation history to supply the
fluxes and spectrum-averaged reaction rates required to integrate the Bateman equations
at each burnup step. If N nuclides are tracked, the depletion operator is an N x N
system, with sparsity determined by the decay and transmutation pathways retained in
the chain. Reducing the chain size therefore directly reduces the dimensionality of the
depletion problem.

The impact of the number of tracked nuclides becomes particularly severe when de-
pletion is performed over many independently burned regions. In high-fidelity full-core
calculations, the fuel may be subdivided into a large number of depletion zones, each of
which requires its own nuclide-density vector. As noted in the context of large-scale Ser-
pent burnup calculations, full-core problems may increase the number of depletion zones
up to millions, to the point that even storing the nuclide compositions becomes a signif-
icant memory burden [12]. A simple order-of-magnitude estimate illustrates the scaling:
storing N, depletion zones with N, nuclides in double precision requires approximately
8 x N, x N, bytes for a single composition state. Thus, a calculation with 10 depletion
zones and 2000 nuclides would require about 16 GB only for one nuclide-density field,
before accounting for burnup histories, reaction rates, transition matrices, or parallel data
structures. Reducing the number of explicitly tracked nuclides is therefore not only a mat-
ter of accelerating the matrix solution, but also of limiting the memory footprint of large
depletion calculations. Although neutron transport usually remains the dominant time
cost in Monte Carlo depletion, these results show that the depletion stage can become
significant as the nuclide inventory and the number of depletable regions grow, especially
in full-core and multi-physics applications [13].

At the same time, the size of the nuclide inventory also affects transport, although
in an indirect way. The dimensionality of the transport unknown does not depend on
the number of nuclides in the same explicit sense as depletion; it depends primarily on
the discretization of space, angle, and energy. However, a larger nuclide set increases the
amount of microscopic data that must be processed into material-wise macroscopic cross
sections, the number of reaction channels considered, and the number of reaction rates
that must be scored in depletion-coupled calculations. This distinction is explicit in the
OpenMC depletion framework, where the authors note that reducing the depletion chain
decreases not only the size of the depletion matrix, but also the number of nuclides for
which reaction rates must be determined [14].

Fission products are generated continuously during irradiation and collectively rep-
resent an important parasitic absorber in operating reactors. In fast-spectrum systems,
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however, most individual fission products have small or negligible transmutation cross
sections compared with actinides. This motivates replacing hundreds of fission-product
isotopes with a small number of Lumped Fission Products (LFP), whose effective multi-
group cross sections are constructed to reproduce the integral effect of the full ensemble.
The use of multigroup LFP cross sections is therefore not merely a legacy approximation,
but a rational model-reduction strategy for calculations in which full explicit tracking is
not economical.

In this context, the present work aims to develop and assess a methodology for gener-
ating multigroup cross-section libraries for LFP from Monte Carlo simulations, for subse-
quent use in multigroup Monte Carlo or deterministic transport workflows.

1.3 Historical Review of Lumped Fission Products

The use of lumped fission products, or pseudo-fission products, arose from a practical
problem that appeared early in depletion and reactor-physics calculations. The neutronic
effect of fission products is cumulative and important, but an explicit treatment of every
fission-product nuclide was burdensome and often limited by the available nuclear data
libraries. LE'P methods were therefore introduced as a pragmatic reduction strategy: their
purpose was to preserve the aggregate poison effect of many nuclides while keeping burnup
and transport calculations tractable.

The basic idea is to represent the collective neutronic effect of the fission-product
inventory by means of one or a few fictitious nuclides, each characterised by a set of energy-
dependent multigroup cross sections. This reduces the number of material entries in the
cross-section library and the number of nuclides tracked during depletion, while retaining
an average representation of the absorption and scattering effects of fission products on
the neutron economy of the reactor.

The simplest and most intuitive formulation is the one-lump model, in which the
entire fission-product inventory is condensed into a single fictitious nuclide. For a reaction
type x at neutron energy FE, the lumped microscopic cross section is computed as a
concentration-weighted average over the individual fission products:

otpp(E) = ¢=1N77 (1.3)

where NN; denotes the atom number density of the i-th fission product at a chosen reference
burnup step and o7 is its microscopic cross section for reaction x. The pseudo-nuclide is
then assigned an atom density equal to the total fission-product concentration, Zf\il N;.
This approach reduces hundreds of individual fission products to a single library entry. Its
main limitation is that, if the weighting is performed at a fixed burnup level, the resulting
pseudo-nuclide cannot fully capture the evolution of fission-product composition during
irradiation, introducing systematic bias.
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An alternative formulation was proposed by Garrison and Roos [15]. Originally de-
veloped for thermal-reactor applications, their model classified fission products into three
pseudo-fission-product groups according to their temporal behaviour under irradiation: a
rapidly saturating group, containing short-lived nuclides that reach equilibrium quickly;
a slowly saturating group, containing intermediate-lived nuclides; and a non-saturating
group, containing stable or very long-lived nuclides whose concentrations grow approxi-
mately linearly with burnup. In addition, 3 Xe and '9Sm were treated explicitly due
to their large absorption cross sections. For each pseudo group, effective multigroup cross
sections were generated using a concentration-weighted procedure. The Garrison—-Roos
data were later incorporated into the ENDF /B-III evaluated nuclear data library and be-
came a standard fission-product representation in several fast-reactor design calculations
at ANL.

Despite the more elaborate classification of fission products into three categories, the
Garrison—-Roos model shared with the one-lump approach a fundamental limitation: the
cross sections for each pseudo group were still evaluated at a single fixed reference burnup
step, making the representation inherently time-independent. Neither formulation could
track the continuous evolution of the fission product composition during irradiation. The
Garrison-Roos model carried additional shortcomings: the scattering matrices for the
pseudo nuclides were omitted, and the underlying cross-section evaluations and fission
yield data available in the early 1960s were relatively sparse, particularly in the resonance
and fast energy regions. As the evaluated data in ENDF /B-III were subsequently found to
contain significant deficiencies for many fission product nuclides, and improved evaluations
became available with the successive releases of ENDF/B-IV and ENDF/B-V during the
late 1970s, the need to revisit and update the lumped fission product representation
became apparent [16].

In 1981, Atefi at Argonne National Laboratory proposed a two-lump approach in the
framework of the Fast-Mixed Spectrum Reactor (FMSR) project. The fission products
were divided into two groups based on mass number parity: an odd-A lump and an even-
A lump. The physical reason is that the absorption cross section of the odd-A fission
products is several times higher than the even one. Neutron capture will transform an
odd-A nucleus into an even-A nucleus more frequently than vice versa, this difference
in the transmutation rate results in the build up of even-A fission products with lower
absorption cross sections o,. Hence, the effective o, drops as a function of burnup, after
an initial build-up, as shown in figure 1.1. This coupling allows the model to track, in a
simplified manner, the burnup-dependent redistribution of the fission product inventory.
[17].

The most comprehensive investigation of this problem was carried out by Liaw and
Henryson at ANL, who developed and evaluated a lumped fission-product cross-section
library based on ENDF/B-V data for mixed-oxide LMFBR cores [16]. Using EPRI-
CINDER-2 to compute fission-product inventories at 20 burnup steps, they constructed
and compared one-lump and two-lump models. Their analysis showed that the burnup
dependence of the lumped absorption cross section is small but not negligible, that the
transition from ENDF/B-IIT to ENDF/B-V produced measurable changes in the lumped
cross sections, and that the scattering component of the LEP reactivity worth is significant.
They also discussed a possible double-counting issue in two-lump odd/even formulations
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Figure 1.1: Microscopic absorption cross section of lumped fission products from 23° Py

fission as a function of burnup, grouped into odd-A and even-A isotopes. Adapted from
[17].

when effective pseudo-nuclide inventories are defined from depletion data while inter-lump
transmutations are treated explicitly, since part of the production and redistribution is
already accounted in the weighting inventories. Although the study was performed for a
specific mixed-oxide LMFBR design, the authors noted that its conclusions were broadly
applicable to similar fast breeder reactor concepts.

Related methods were also developed in thermal-reactor lattice codes. The WIMS code
family adopted a hybrid treatment in which the most important fission products are rep-
resented explicitly, while the remaining nuclides are condensed into a single pseudo-fission
product. In the WIMS-D Library Update Project, the selection of explicitly treated fission
products was based on their relative contribution to the total absorption rate, together
with half-life, fission yield, and residence time in the reactor. Individual fission-product
evaluations from ENDF were processed with NJOY to generate consistent multigroup
cross sections in a reference thermal spectrum [18].

The WIMS lumped cross sections are formed using effective cumulative fission yields
as weights. These yields are generated by AVRFPY, which was developed to avoid double
counting in cumulative-yield data as it will be discussed in Sec. 3.2. Since the weights
are not burnup-dependent, the resulting library is independent of the irradiation history.
Applying these criteria, 56 fission products were retained explicitly, while 79 additional
isotopes were lumped into a single pseudo-fission product.

An important extension of this approach to Monte Carlo analysis was proposed by
Hanan et al. [19]. Their work was motivated by the fact that Monte Carlo codes such
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as MCNP were typically used only for fresh cores, because explicit depletion with all
fission products was prohibitive. The authors developed a conversion procedure to extract
capture and scattering cross sections of the WIMS LFP in 69- or 172-group structures
and process them into a discrete multigroup form readable by MCNP. Since the LFP
cross sections depend on both spectrum and burnup, they were generated at multiple
burnup points rather than as a single static set. The methodology was validated against
deterministic reference calculations for four research reactor cores, with biases in effective
multiplication factor typically within 0.1-0.3% Ap over the burnup cycle. The study
also showed that the thermal capture cross section of the lumped fission product changes
significantly with burnup, confirming the need for burnup-dependent data when accurate
depletion predictions are required.

A more recent application of the same conceptual approach is the work of Benkharfia
et al. [20], who developed a coupled MCNP5-ORIGEN scheme for depletion analysis of
the IAEA 10 MW benchmark reactor, a thermal-spectrum system fuelled with UZrH; g.
Starting from more than 1300 fission-product yield entries, the authors identified 214
nuclides as relevant for criticality using a criterion based mainly on the product of fission
yield and absorption cross section. Of these, 81 nuclides were treated explicitly, while the
remaining 133 were lumped into a single pseudo-fission product.

In that methodology, the pseudo-fission-product cross sections are recomputed at each
burnup step using the MIXE__ACE program. The program mixes individual nuclide cross
sections using mass weights supplied by ORIGEN and writes the resulting data directly
in ACE format for MCNP5. In this way, the burnup dependence of the fission-product
composition is recovered, although at the cost of an additional cross-section mixing step in
each iteration of the coupled scheme. When all 214 selected fission products were treated
explicitly, the calculated keg agreed well with the ANL REBUS-2 reference, with larger
discrepancies at higher burnup. When the 133 low-importance nuclides were lumped into
the pseudo-fission product, the agreement with the fully explicit calculation remained very
good throughout the cycle.

1.4 Objectives and Thesis Outline

The studies reviewed above share a common thread: the LFP representation is not a
monolithic concept but a family of approaches, each making different trade-offs between
physical fidelity, burnup dependence, and computational cost. The present work builds
on this foundation by addressing the specific case of a fast-spectrum MOX core, where the
absence of dominant thermal poisons makes the aggregate fission product cross section
particularly sensitive to the condensation methodology. The approach adopted here differs
from earlier studies in that the multigroup LFP data are generated entirely within a
continuous-energy Monte Carlo framework, avoiding the deterministic approximations
that have historically limited the accuracy of the condensed representation.

The remainder of this thesis is organised as follows. Chapter 2 introduces the compu-
tational framework and the reference case adopted throughout the work. The OpenMC-
based workflow is described, the reference Superphénix-like MOX pin-cell model is de-
fined, and the continuous-energy depletion calculation used as reference is presented. The
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chapter also describes the generation of the burnup-dependent multigroup cross-section
libraries on the ECCO-33 energy-group structure.

Chapter 3 presents the lumped fission product methodology and its implementation.
The main modelling choices are first introduced, including the full lumping of the fission
product inventory, the reduced heavy-metal set, and the custom depletion-chain genera-
tion. The chapter then discusses the construction of effective fission yields from ENDF
data and the yield-weighted generation of parent-specific LEP microscopic cross sections
for use in OpenMC.

Chapter 4 applies and assesses the LFP methodology in a stepwise manner. The
analysis first isolates the cross-section effects using CE fluxes and concentrations, and
then performs multigroup depletion calculations driven by CE-supplied fluxes. This staged
approach is used to identify the main sources of approximation introduced by the LFP
representation and to quantify their impact on reaction rates, fission product capture,
heavy-metal evolution, and system reactivity.

Chapter 5 introduces the Python framework developed to perform coupled multigroup
transport and depletion with burnup-dependent LFP libraries. The physical and numeri-
cal formulation of the coupling is described, followed by the implementation of the library
manager and coupled depletion driver. The framework is then verified using explicit fission
products and applied to the LFP calculation for the reference SFR, pin-cell case.

Chapter 6 examines the robustness and transferability of the methodology. The sensi-
tivity to burnup-grid interpolation is assessed, the libraries are tested on a different fast-
reactor pin-cell configuration representative of the ESFR, and the computational cost of
the proposed approach is compared with continuous-energy reference calculations. Finally,
Chapter 7 summarises the main conclusions of the work and outlines possible directions
for future developments.
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Chapter 2

Computational Framework
and Reference Case

This chapter defines the computational framework and the reference case used throughout
the thesis. The aim is not to provide a general description of OpenMC, but to specify the
parts of the code and of the model that are required to reproduce the continuous-energy
depletion calculation and the subsequent multigroup cross-section generation workflow.

The chapter is organised as follows. First, the OpenMC features used in the methodol-
ogy are introduced, with emphasis on continuous-energy Monte Carlo transport, tempera-
ture treatment, depletion, and tallying. The reference sodium-cooled fast-reactor pin-cell
model is then described in terms of geometry, materials, and temperature assignments.
Finally, the continuous-energy depletion calculation and the multigroup cross-section gen-
eration procedure are presented.

2.1 OpenMC-Based Computational Framework

The methodology developed in this work is implemented in OpenMC, an open-source
Monte Carlo particle-transport code originally developed at the Massachusetts Institute
of Technology and first publicly released in 2012 [21]. OpenMC was selected because it
combines continuous-energy transport, multigroup transport, depletion capabilities, and a
Python application-programming interface within the same computational environment.

In this thesis, OpenMC is not used only as a transport solver. It also provides the
infrastructure to define the pin-cell model, perform the reference continuous-energy de-
pletion calculation, reconstruct burnup-dependent material compositions, generate multi-
group cross sections, and organise the resulting data for later analysis. This integration
is important because the proposed lumped-fission-product methodology requires repeated
access to both transport results and evolving nuclide inventories.

Two features are particularly relevant for the present work. The first is the native
support for both continuous-energy and multigroup transport. The reference solution
is obtained using continuous-energy nuclear data, whereas the reduced fission-product
representation is developed in multigroup form. Using the same code environment for both
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stages reduces inconsistencies associated with geometry, material definitions, boundary
conditions, and post-processing.

The second feature is the Python interface. Most operations required in this work are
automated: depletion-result extraction, material reconstruction at selected burnup points,
MGXS tally generation, batch execution, and storage of the final libraries. The Python
API makes these operations reproducible and allows the workflow to be run systematically
over all burnup states considered in the analysis.

2.1.1 Continuous-Energy Monte Carlo Transport

In continuous-energy mode, OpenMC simulates each neutron history as a sequence of free
flights interrupted by interactions with the medium. The microscopic cross sections o7 (E)
of nuclide 7 for reaction type x are read from evaluated nuclear-data libraries. From these,
the macroscopic total cross section of a material is then constructed as

Yiot(E) = Z N; ol (E), (2.1)

where N; is the atom number density of nuclide 7. The distance ¢ to the next collision
is sampled from

/- In&

B _Etot(E)7 (22)

where ¢ is a pseudo-random number uniformly distributed in (0,1]. Once the collision
point has been determined, the interacting nuclide is sampled according to

_ Nio{*(E)

b= @ 23

Then, having selected the nuclide, the specific reaction channel is then sampled from
the partial cross sections

i (E)
P, = S (E) (2.4)
The outgoing neutron energy and direction are sampled from the secondary-particle
distributions stored in the nuclear-data files. For eigenvalue calculations, OpenMC uses
the method of successive generations, in which a fixed number of neutron histories are
tracked from birth to death in each cycle, and the fission sites sampled in one cycle define
the source distribution for the next.

2.2 Reference Pin-Cell Model

To evaluate the performance of the lumped fission product methodology in a modern
continuous-energy Monte Carlo framework, a depletion calculation was carried out on a
single fuel pin cell representative of a Sodium-cooled Fast Reactor (SFR). The geometry
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and material composition are derived from Superphénix (SPX) benchmark data and are
used here as a generic model for MOX-fuelled, sodium-cooled fast-spectrum systems [22].

The choice of a single pin-cell as the reference computational domain is motivated by
both methodological and physical considerations. From a methodological standpoint, it
provides a simple and well-controlled geometry in which the proposed LFP generation
procedure can be developed, tested, and interpreted without the additional complexity
of full-assembly heterogeneity. At the same time, the pin-cell model captures the main
local features responsible for the hard fast-reactor spectrum. In fast-spectrum systems,
spectral variations at the pin-cell scale are generally less pronounced than in moderated
lattices, due to the absence of strong local moderation and to the relatively long transport
and slowing-down lengths of fast neutrons.

2.2.1 Geometry

The model consists of a cylindrical fuel pellet surrounded by a helium-filled gap, stainless-
steel cladding, and liquid sodium coolant. These regions are placed inside a hexagonal
unit cell with reflective boundary conditions on all the faces. The axial height is 1 cm,
with reflective top and bottom boundaries, so that the model represents an infinite-lattice
two-dimensional approximation. A cross-sectional view is shown in Figure 2.1, and the
main geometric parameters are listed in Table 2.1.

Figure 2.1: Cross-sectional view of the hexagonal pin-cell model showing fuel, gap,
cladding, and sodium coolant regions.

2.2.2 Material Compositions

The fuel is a mixed uranium—plutonium oxide (MOX) containing minor actinides, repre-
sentative of a fast-reactor fuel composition. The isotopic composition in atom fractions
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Table 2.1: Pin-cell geometric parameters.

Region Outer radius [cm]
Fuel pellet 0.357
Helium gap 0.371
Cladding 0.4321
Pin pitch 0.9866

is given in Table 2.2. The cladding is an austenitic stainless steel whose composition is
reported in Table 2.3. The gap is filled with helium, and the coolant is liquid sodium.

Table 2.2: Fuel isotopic composition, with atom densities given in atoms/(b-cm).

Nuclide Atom density Nuclide Atom density

U-235 9.997 x 107>  Pu-241 1.946 x 1074
U-238 1.964 x 1072 Pu-242 6.755 x 107°
Pu-238 1.761 x 107>  Am-241 4.764 x 107°
Pu-239 2428 x 1072 O-16 4.598 x 1072

Pu-240 7.239 x 1074

2.2.3 Temperature Assignments

The material temperatures used in the reference calculation are reported in Table 2.4.
They correspond to nominal power conditions for the selected Superphénix-based model.

2.2.4 Temperature Treatment

Nuclear-data libraries are available only at a finite set of tabulated temperatures. Reac-
tor calculations, however, generally require material temperatures that do not coincide
exactly with those tabulated values. OpenMC therefore provides specific treatments for
intermediate temperatures, including nearest-temperature selection and statistical inter-
polation [23].

In the present work, the interpolation method is used through the Python setting

settings.temperature = {’method’: ’interpolation’, ’range’: (600.0,
1500.0) }.

With this option, OpenMC loads the two tabulated temperature datasets that bound
the temperature assigned to each material. During transport, cross sections are evaluated
by statistical linear-linear interpolation between the bounding temperatures. Specifically,
if a material is at temperature T" and the available tabulated temperatures satisfy T; <
T < Tj11, a uniformly distributed random number ¢ € [0,1) is sampled. The data at T4,
are used if
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Table 2.3: Cladding isotopic composition, with atom densities given in atoms/(b-cm).

Nuclide Atom density Nuclide Atom density

C-nat 1.955 x 107*  Feb4 3.291 x 1073
Si28 0281 x 10™*  Febh6 4.982 x 1072
Si29 4552 x 107 Feb7 1.130 x 1073
Si30 2.904 x 107®  Feb8 1.478 x 104
P31 4.545 x 107> Nih8 7.719 x 1073
Ti46 3.370 x 107®  Ni60 2.874 x 1073
Ti47 2974 x 10> Ni62 3.856 x 10~*
Ti48 2.886 x 107*  Ni64 9.510 x 107°
Ti49 2.074 x 107> Mo092 1.855 x 104
Ti50 1.947 x 107°  Mo94 1.143 x 1074
Cr50 6.531 x 107*  Mo95 1.958 x 10~
CrbH2 1.211 x 1072 Mo96 2.039 x 10~*
Cr53 1.347 x 1073 Mo97 1.162 x 10~4
Crb4 3.292 x 107*  Mo98 2.922 x 1074
Mnb5 1.452 x 1073 Mo100 1.153 x 1074

Table 2.4: Material temperature assignments in the reference pin cell.

Region Temperature [K]

Fuel (MOX) 1500
Helium gap 673
Cladding (steel) 673
Coolant (Na) 673

-1

<7
¢ Ty — T,

(2.5)
and the data at T; are used otherwise. In expectation, this procedure reproduces the
corresponding linear interpolation between the two bounding temperatures [23].

2.3 Reference Continuous-Energy Depletion

After defining the previously model parameters, the reference depletion simulation is per-
formed with OpenMC using continuous-energy cross sections from the ENDF/B-VIII.0
nuclear data library. The calculation is carried out using the CoupledOperator class to
couple the Monte Carlo neutron transport solver and the depletion solver based on the
Chebyshev Rational Approximation Method (CRAM). Time integration is performed with
the Constant Extrapolation/Constant Midpoint (CE/CM) predictor—corrector scheme,
and the adopted depletion chain is based on ENDF /B-VIIL.0 data. The main depletion
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parameters are summarised in Table 2.5.

The constant power used for normalization is selected such that the fuel reaches a
target burnup of 100 MWd/kgHM after 5 years of irradiation. Given the heavy metal
(HM) mass contained in the pin cell, myy = 3.67 g, the required constant power level is
obtained from

=100 ——— (2.6)

which gives

100 MWd .3 67 x 10~% kgHM
p— —teM o —201.1 W. (2.7)

The time discretisation (Tab. 2.6 ) uses short initial time steps to resolve the rapid
build-up of short-lived fission products and strong absorbers. Progressively longer intervals
are then used to describe the slower long-term evolution of the fuel composition.

Table 2.5: Main parameters of the reference continuous-energy depletion calculation.

Parameter Value

Thermal power 201.1 W

Final burnup 100 MWd /kgHM

Number of burnup steps 20

Integrator CE/CM predictor—corrector
Cross-section library ENDF/B-VIII.O
Transmutation chain chain_endfb80_pwr.xml

2.3.1 Transport-Coupled Depletion in OpenMC

Depletion calculations in OpenMC are handled by the openmc.deplete Python sub-
package. The depletion problem is formulated through the Bateman equations, which
describe the time evolution of the nuclide concentration vector n(¢) under radioactive
decay and neutron-induced transmutation:

— = A(n,t)n, (2.8)

where A is the burnup matrix. The off-diagonal elements of {A} describe the pro-
duction of a nuclide from other nuclides through radioactive decay, fission yields, and
neutron-induced transmutation reactions. The diagonal elements are negative removal
terms and include all processes that deplete the corresponding nuclide, such as radioac-
tive decay, absorption, fission, and other neutron-induced reactions.

Because reaction rates depend on the neutron flux spectrum, which in turn depends
on the evolving isotopic composition, the burnup matrix is composition-dependent, and
therefore, also time-dependent. In a transport-coupled depletion calculation, OpenMC
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Table 2.6: Burnup grid used in the reference continuous-energy depletion calculation.

Step Burnup increment [MWd/kgHM]

Cumulative burnup [MWd/kgHM]

1 0.05
2 0.25
3 0.70
4 1.00
5 1.00
6 2.00
7 2.00
8 3.00
9 3.00
10 4.00
11 4.00
12 5.00
13 8.00
14 8.00
15 9.00
16 9.00
17 10.00
18 10.00
19 10.00
20 10.00

0.05
0.30
1.00
2.00
3.00
5.00
7.00
10.00
13.00
17.00
21.00
26.00
34.00
42.00
51.00
60.00
70.00
80.00
90.00
100.00

periodically performs transport solves to update the reaction rates entering the burnup

matrix.

The coupling between transport and transmutation is handled by CoupledOperator.
At each depletion stage, OpenMC performs a transport calculation to evaluate the neu-
tron flux, the effective multiplication factor, and the microscopic reaction rates for the
depletable materials. The set of nuclides, reactions, decay channels, and fission yields
entering the burnup matrix is defined by a depletion chain file, in XML format.

2.3.2 CE/CM Predictor—Corrector Integrator

OpenMC provides several time-integration schemes for solving the depletion equations.
In this work, the CE/CM integrator, implemented in openmc.deplete.CECMIntegrator,
is used and is defined as [OpenMCdocsDepletion]

h
n; 1y = exp <2A(ni,ti)) n;, (2.9)

n; ] = exp (hA(ni+1/2, ti+1/2)) n;, (2.10)
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where h is the time-step length, n; is the composition at the beginning of the step,
n;, /7 is the predicted midpoint composition, and n;;; is the end-of-step composition.
The algorithm consists of two stages.

1. Predictor stage: a first transport calculation is performed at the beginning of the step
to obtain A(n;,t;); this matrix is used to advance the composition to the midpoint.

2. Corrector stage: a second transport calculation is performed using the midpoint com-
position, and the resulting matrix A(n;;q/2,%41/2) is used to advance the original
beginning-of-step composition over the full time step.

Compared with a predictor-only scheme, CE/CM requires an additional transport solve
per step but provides a second-order treatment of the time integration.

2.4 Multigroup Cross-Section Generation

After the reference continuous-energy depletion calculation, a second set of OpenMC
transport calculations is performed to generate the multigroup cross sections required
for the later LFP production. Each burnup state is treated as an independent fixed-
composition transport problem. The geometry, non-depletable materials, boundary con-
ditions, and source settings are kept consistent with the reference depletion model.

2.4.1 Case Mapping and Burnup-State Reconstruction

For each burnup state, the fuel composition is extracted from the depletion results stored
in the HDF5 output file. The openmc.deplete.Results object is used to reconstruct an
openmc.Material at the selected burnup index using the export_to_materials method.

Nuclides not available in the cross-section library are excluded from the reconstructed
material, since they cannot be used in the subsequent transport and tally calculations.
Their total contribution to the fuel inventory is small and relegated in the very first step.
The impact of their exclusion will be discussed in Sec 4.3.7.

This workflow allows each burnup state to be submitted as an independent SLURM
array job. The script also accepts an optional list of fuel temperatures, so that different
thermal states could be processed from the same burnup composition. In this work,
however, all MGXS calculations are performed at the reference fuel temperature of 1500 K.

2.4.2 Statistical Precision

These calculations provide the reference dataset for the multigroup analysis and therefore
require higher statistical precision than the depletion calculation. Each transport run
employs 400 batches, of which 100 are inactive and 300 are active, with 10® particles per
batch. This corresponds to 3 x 10® active histories per burnup state.

The increased number of histories is used to reduce the relative uncertainty of the tallied
cross sections across the 33 energy groups. This is especially important for reactions and
energy regions with low event probability, where insufficient statistics could distort the
later comparison between explicit and lumped fission-product representations.
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2.4.3 Energy-Group Structure

The MGXS are generated on the ECCO-33 energy-group structure, originally developed
within the ECCO framework at CEA Cadarache and adopted as one of the standard group
structures for fast reactor in the ERANOS deterministic transport system for fast-reactor
applications [24]. The structure spans the energy range from 107° eV to approximately
20 MeV. The rationale for adopting this particular structure is threefold:

o the fast and epithermal energy ranges are resolved with finer detail compared to
group structures designed for thermal reactors,

e the ECCO-33 structure has been extensively used in fast reactor benchmarks and
in the standard nuclear data processing adopted by the Generation-1V fast reac-
tor community. Collecting MGXS data on this structure therefore ensures direct
compatibility with existing studies or other codes,

o Although finer group structures exist, the associated increase in computational cost
is not justified for the level of accuracy required in this work.

The complete list of ECCO-33 group boundaries is reported in Table A.1 in Appendix A.1.

2.4.4 Tallied Reactions and MGXS Library

The minimal set multigroup cross sections requested from openmc.mgxs.Library are
listed in Table 2.7.

Other secondary reaction are not included as their integral contribution to the neutron
balance is expected to be negligible for the present application. Their contribution to
removal or neutron multiplication is nevertheless implicitly accounted through aggregate
quantities such as absorption and nu-scatter matrix.

The MGXS library is constructed with openmc.mgxs.Library. The ECCO-33 group
structure is assigned through an EnergyGroups object. The domain is restricted to the
fuel material, and microscopic cross sections are generated for each nuclide by setting
by_nuclide = True. After the transport calculation, the library is stored in a .pkl1 file
for later processing. The outputs are organised in a hierarchical directory structure of
the form ./BU_{step}/T_{T}/, so that each burnup—temperature combination is stored
independently.

2.4.5 Tallies Definition

OpenMC estimates physical quantities through tallies. A reaction-rate tally for reaction
x can be written as the phase-space inner product

(S, ) :/dr/dﬂ/dE S, (r, E) b(r, Q, E), (2.11)

where ¥, is the macroscopic cross section and 1 is the angular neutron flux. The
spatially homogenised microscopic multigroup cross section for reaction x in energy group
g is then obtained as
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Table 2.7: Multigroup quantities generated in the MGXS calculations.

Quantity Role

total Total cross section used for the evaluation of the colli-
sion probability.

absorption Sum of all neutron-removing reactions.

fission Fission cross section used to compute fission rates and
power normalization.

nu-fission Fission XS weighted by the average number of neutrons
per fission v.

(n,gamma) Radiative-capture cross section.

(n,2n) Neutron multiplication producing two outgoing neu-
trons.

(n,3n) Neutron multiplication producing three outgoing neu-
trons.

(n,p) Neutron-induced transmutation reaction producing a
proton.

(n,alpha) Neutron-induced transmutation reaction producing an
« particle.

chi Fission neutron emission spectrum.

scatter matrix Group-to-group scattering transfer matrix.

nu-scatter matrix | Scattering transfer matrix weighted by neutron multi-
plicity, accounting for (n,zn) neutron-producing scat-
tering reactions.

(%Mﬁ)g
(W)

Each tally is constructed by specifying three elements: one or more filters, one or
more scores, and optionally a list of nuclides. Filters restrict the region of phase space
being scored, for example by material, cell, or energy group. Scores define the quantity
being accumulated, such as flux, fission, capture, absorption, or scattering. The nuclide
specification allows the same score to be evaluated separately for individual isotopes.

OpenMC supports analog, collision, and tracklength estimators. The analog estimator
scores events only when the corresponding physical reaction occurs. The collision esti-
mator scores every collision weighted by 1/3. The tracklength estimator is generally
preferred for volumetric flux and reaction-rate tallies because it provides lower variance
than the analog estimator, especially for low-probability events, and it is the default choice
in OpenMC whenever the scoring function does not require post-collision information [25].

(2.12)

Oz,g =
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Chapter 3

Lumped Fission Product
Methodology and
Implementation

3.1 Introduction and Methodological Choices

Starting from the multigroup cross-section libraries generated in the previous chapter,
this chapter introduces the lumped fission product methodology developed and imple-
mented in the present work. Before discussing the technical construction of the lumped
cross sections and the corresponding weighting factors, two methodological choices are
stated and justified that distinguish this work from most of the approaches reviewed in
Section 1.3. The chapter then proceeds through three main stages: the generation of
a reduced depletion chain with one lumped fission product associated with each selected
heavy metal, the calculation of burnup-dependent effective yields, and the construction
of yield-weighted multigroup cross sections in the OpenMC data formats required for
depletion and transport.

3.1.1 Full Lumping of the Fission Product Inventory

As discussed in the historical review, a common practice, especially in thermal-reactor
codes, is to adopt a hybrid scheme in which a set of selected important fission products
are tracked explicitly, while the remaining isotopes are condensed into a residual lumped
pseudo-nuclide. In the present work, a fully lumped approach is adopted instead: no
individual fission product is treated explicitly. This choice is motivated by the reduced
relative importance of individual fission products in fast spectra compared with thermal
spectra, where strong absorbers such as xenon and samarium can dominate the reactivity
behaviour.

Rather than constructing a single global lumped fission product representative of the
average fuel mixture, a separate lumped fission product is generated for each selected heavy
metal contributing to fission. Each parent nuclide is therefore coupled, in the modified
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depletion chain, to its own dedicated pseudo-nuclide. This pseudo-nuclide represents the
ensemble of fission products generated by fissions of that specific parent.

The rationale for this choice is the dependence of the fission product distribution on the
fissioning nuclide. The mass-yield curves of the major actinides differ appreciably: heavier
actinides tend to produce fission products shifted towards higher mass numbers, and the
relative weight of the two yield peaks also changes. Consequently, two lumped fission
products constructed from different fissile parents do need not have the same average
capture, scattering, or threshold-reaction cross sections.

This distinction is particularly relevant in fast-spectrum systems, where the set of nu-
clides contributing to the total fission rate is broader than in a thermal-spectrum LWR.
In thermal systems, fission is dominated mainly by ?**U and 23°Pu, with additional con-
tributions from 238U fast fission and ?*'Pu. In a fast reactor, even-mass isotopes such as
238py;, 240Py may fission with non-negligible probability and also americium and curium
produced through capture chains can contribute increasingly as irradiation proceeds. A
more detailed analysis of the effect of HM mass on the LFP will be presented in the next
sections. A schematic representation of the concept is illustrated in Fig. 3.1, where the
top 5 most abundant nuclides are compared at the EOL for 2*°U and 2**C'm.

The per-heavy-metal formulation is therefore expected to be more transferable across
fuel compositions than a single lumped pseudo-nuclide generated for one specific isotopic
vector. A change in the initial heavy-metal composition changes the relative production
of the same set of parent-specific lumped fission products, rather than requiring a new
global pseudo-nuclide fitted to that composition. This argument remains qualitative in
the present work: the accuracy of the representation is expected to depend on the neutron
spectrum and on the parent-wise fission rates, and a deeper assessment of transferability
across different fuel compositions is left to future work.

134y o 134y
13854 1350
235 L %7p 2450m - 104Ry
133cg 102Ry
135G 1384

Figure 3.1: Top 5 most abundant fission products for 23*U and ?**Cm at EOL.
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3.1.2 Reduced Heavy-Metal Set and Custom Chain (Generation

The full set of actinides that may contribute to a fast reactor depletion calculation com-
prises several tens of nuclides. However, their individual contributions to the neutron
balance and to the fission product source span many orders of magnitude. For the present
implementation, the heavy-metal inventory is restricted to a reduced set of 23 nuclides,
selected to retain the actinides that contribute appreciably to fission, capture, and the
build-up of minor actinides during irradiation. The omission of the remaining nuclides is a
modelling simplification whose impact on the depletion results is assessed in the validation
stage of the work.

A further practical constraint is the availability of evaluated fission yield data. Some
heavy metals that play only marginal roles as fissioning parents do not have their own
fission yield evaluations in the nuclear data library used in this work. In ENDF/B-VIIL.0,
for example, U-239 does not have its own independent fission product yield entry and
therefore inherits the yields of Pu-241 through an explicit redirection in the corresponding
ENDF entry:

<neutron_fission_yields parent="Pu241"/>

To handle these aspects in a flexible and reproducible way, the construction of the
modified depletion chain is fully automated through a dedicated Python script. The
script takes as input a plain-text file specifying the 23 selected heavy metals and the decay
or neutron-induced reactions retained for each nuclide. From this input, it generates a
custom_chain.xml file that follows the same structure as the standard depletion chain
files accepted by OpenMC.

The neutron-induced reactions retained in the modified chain are limited to those con-
sidered most relevant for the depletion of the heavy metals in the reference fast spectrum:
radiative capture (n,~), fission, and the (n,2n) threshold reaction and other minor chan-
nels are neglected. The plain-text input format was adopted to simplify modification and
reproducibility: extending the set of heavy metals or the list of reactions in future studies
requires only an edit of the input file, without changes to the script r its underlying logic.

A portion of the input file is shown below, while the complete file is reported in
Appendix A.2.

Pu239 fission 2.0 LFP_Pu239
Pu239 (n,2n) 1.0 Pu238
Pu239 (n,gamma) 1.0 Pu240
Pu239 alpha 1.0 U235

Decays with half-lives longer than 10° years are neglected, since their contribution to
isotopic evolution over the considered irradiation interval is negligible for the purposes of
the present model.
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3.2 Fission Yields: From ENDF Data to Effective
Yields

The construction of a lumped fission product requires, in addition to the microscopic
cross sections discussed in the previous chapter, a set of weighting factors that assign the
appropriate importance to the cross sections of the individual fission products generated
by fission of a specific parent heavy metal.

3.2.1 Independent and Cumulative Yields in Evaluated Data

Evaluated nuclear data libraries such as ENDF /B, JEFF, and JENDL provide, for each
fissile nuclide and for each incident neutron energy, two complementary sets of fission
product yield data: independent yields and cumulative yields [26].

The independent yield 7i"? of a nuclide 7 is defined as the fraction of that nuclide
produced directly in the fission event, after prompt neutron emission and before any
subsequent delayed-neutron emission or radioactive decay of the fragments. However,
the primary fragments are typically neutron-rich and far from the line of S-stability;
most of them therefore undergo rapid 5~ decay, redistributing mass towards more stable
nuclides [27]. As a consequence, the independent yield distribution bears little resemblance
to the fission product inventory. Using independent yields directly to weight the cross
sections of a lumped pseudo-nuclide would overemphasise short-lived, highly unstable
species from observations of irradiated fuel at practical reactor physics timescales.

The cumulative yield v§"™ addresses part of this limitation by approximating that
these highly unstable fission products immediately undergo decay. It is defined as the
total number of atoms of nuclide ¢ produced per fission, including the contribution of
all precursors that feed ¢ through radioactive decay. Cumulative yields may be written
recursively as

,yicum — ’Y;nd + Z bj—m' ,y;:um, (31)
jéEprecursors(t)
where the summation runs over all direct precursors j of nuclide ¢, and b;_; is the
branching ratio for the decay of j into 7 [28]. By construction, 7" is closer than 7" to
the delayed post-fission population of daughter nuclides, because it accounts effectively
for the decay flow towards long-lived or stable members of each chain.

Nevertheless, cumulative yields cannot be used directly as the weights of the constituent
nuclides of a fully lumped fission product. The reason lies in the definition encoded by
Eq. 3.1: "™ already includes the contribution of every precursor that decays into .
If cumulative yields are assigned simultaneously to all nuclides in the chain, precursor
contributions are counted repeatedly.

The double-counting mechanism can be illustrated with a simple decay chain

AL B

Assume that the independent yields are 4% for nuclide A and 1% for nuclide B. The
cumulative yield of B is therefore 5%, because it contains both the direct production of
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B and the precursor contribution from the decay of A. If cumulative yields were used as
weighting factors for both nuclides, the total weight assigned to this chain would become

4% + 5% = 9%,

even though the actual contribution of the chain is only 5%. The precursor contribution
is therefore counted twice: first explicitly through the separate inclusion of A, and then
implicitly in the cumulative yield of B.

The double-counting problem has been recognised in the nuclear community since the
earliest attempts at constructing pseudo-fission products. Within the TAEA-sponsored
WIMS-D Library Update Project (WLUP), the AVRFPY code post-processes ENDF-
6 fission yield and decay data to produce corrected cumulative yields. However, the
AVRFPY methodology was designed for the hybrid scheme adopted by WIMS-D, in which
selected strongly absorbing fission products are tracked explicitly and only the residual
nuclides are condensed into a single pseudo-nuclide [18]. Although these residual yields are
time-independent, the hybrid structure allows the depletion solver to evolve the explicitly
treated fission products using their own decay constants and cross sections. This feature
is particularly important for the build-up and saturation of strong absorbers during the
first days of irradiation. The lumped residue, instead, is only required only to represent
the slowly varying, lower-importance part of the inventory.

This approach cannot be directly transposed to the fully lumped framework adopted
in this work, where no fission product is treated explicitly and the full fission product
inventory of each heavy metal must be represented by the corresponding LFP.

To address both the yield-definition issue and the time-evolution issue within this fully
lumped framework, a dedicated procedure is developed to generate a set of effective yields
at each burnup step from controlled auxiliary depletion calculations. The construction of
these yields, together with the limitations and trade-offs of the approach, is described in
the following sections.

3.3 Production of Effective Yields per Heavy Metal

The effective yields used to construct each lumped fission product are generated by a
dedicated Python script. For every fissile heavy metal in the reduced HM set, the script
performs an auxiliary depletion calculation designed to isolate the fission product contri-
bution of that single parent. The procedure relies on three ingredients introduced pre-
viously: the modified depletion chain produced from the input file (Appendix A.2), the
multigroup cross sections generated in Sec. 2.4 and stored as OpenMC MicroXS objects,
and the multigroup flux spectrum obtained from the reference depletion calculation.

3.3.1 Isolating the Fission Channel

The central methodological choice in the yield-production procedure is that, for each heavy
metal considered, the depletion chain is modified so that fission is the only neutron-
induced reaction allowed for that nuclide. All other reaction channels and radioactive
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decay branches are suppressed for the heavy metal of interest. The remaining nuclides in
the chain retain their reactions and decay modes.

At first, this choice may appear unnecessary. One might argue that the detailed trans-
mutation history of each heavy-metal inventory is not central, since the final objective
is just to obtain the fission fragments produced by fission. Under this view, a standard
depletion calculation initialised with the heavy metal of interest as the only fissile nuclide
would be sufficient.

However, this argument is not methodologically correct and would introduce a bias
that undermines the rationale of the per-heavy-metal lumping scheme adopted in this
work (Sec. 3.1.1). During irradiation in a fast spectrum, radiative capture on a fertile or
fissile actinide can be comparable to, or larger than, its own fission rate. Each capture
event produces a different actinide, which may become fissile.

As a concrete example, consider the breeding sequence

238(] (n,7) 23017 A, 29Np BN 289py,

which is the dominant production mechanism of ?*? Py in uranium-fuelled reactors and
the physical basis of the breeder concept.

If a standard depletion calculation were carried out starting from a pure 233U sample
without modifying the chain, a substantial fraction of the accumulated fission product
inventory could originate from fissions of 2?Pu produced through the capture and decay
sequence. At sufficiently high burnup, this contribution could become dominant. The
resulting yield distribution would no longer represent only the fission product distribution
of 22U, but a mixture of mainly 233U and 23°Pu fission products whose relative weights
depend on the irradiation history.

The correct auxiliary setup keeps the two flow paths separate. Each fissile parent
contributes exclusively to its own lumped pseudo-nuclide, while the breeding chain in
the full depletion model will still represented by the standard (n,v) / decay sequence
connecting the heavy metals:

2387 (), 2391y B2, 289y, BT, 239py fission, 1 pp pyggg

2381y fission 1 pp 17238,

Thus, the only process the parent heavy metal is allowed to undergo in the auxiliary
yield-generation chain is fission. Any other reaction would open a path towards a different
actinide and, ultimately, towards the fission products of a different parent.

3.3.2 Implementation in the Python Script

The procedure is implemented in a Python script whose workflow can be summarised as
follows.

Heavy-Metal Extraction. The script first reads the custom depletion chain and ex-
tracts the list of heavy metals for which a lumped fission product has been declared. This
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is done by inspecting pseudo-nuclides of the form LFP_X, where X is the symbol of the
parent heavy metal, and reconstructing the corresponding HM list.

For each heavy metal, the script generates a modified version of the original depletion
chain in which only fission is retained for that heavy metal. All other <reaction> entries,
such as radiative capture and (n,2n), as well as all <decay> entries, are removed from
the corresponding <nuclide> block. The concept is illustrated schematically in Fig. 3.2.
The resulting chain file is written to a heavy-metal-specific subdirectory and used as
input for the auxiliary depletion calculation. The remaining nuclides in the chain are
left unchanged, so that the decay and transmutation behaviour of the generated fission
products is preserved.

Step-by-Step Depletion with Pre-Computed Cross Sections. The yield-generation
depletion is performed using the OpenMC IndependentOperator, which advances the
composition in time without re-running the Monte Carlo transport solver. The burnup
time steps are the same as in the reference depletion. For each step, the operator requires
the following inputs:

« the material to deplete;

o the multigroup flux spectrum shape, read from the statepoint file of the reference
depletion at the corresponding step and normalised as it is used to define the spectral;

o the source rate, hence the total flux necessary for normalisation, is extracted from
the reference depletion simulation;

o a pre-computed multigroup MicroXS library, constructed from the multigroup cross-
section tallies described in the previous chapter;

o the depletion chain modified for the selected heavy metal.

This method is appropriate for the yield-generation problem because the objective
is not to solve a new self-consistent transport problem, but to evolve the fission product
inventory generated by one parent heavy metal under a prescribed spectrum representative
of the reference SFR pin-cell calculation.

The starting material is initialised with the heavy metal of interest as the only nu-
clide present, with unit mass fraction. After each burnup step, the script extracts the
depleted material from the results file, copies the updated isotopic composition into a new
openmc.Material object, and uses this material as the input for the next step.

At each burnup step, the densities of nuclides with mass numbers in the fission prod-
uct range (60 < A < 180) and with an available nuclear data entry are extracted and
normalised. The first criterion excludes light activation products and heavy actinides; the
second excludes nuclides that, even if formally present in the depletion chain, cannot be
transported in the downstream Monte Carlo simulations because they lack continuous-
energy cross-section data. The total fission product density at step k is computed as

Nigg (tk) = > Ni(te), (3.2)
icFP
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Standard depletion chain

fission transmutation\
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Figure 3.2: Comparison between the standard depletion chain and the modified chain
used to generate effective yields. In the standard chain, the initial heavy metal HM; can
transmute or decay into another heavy metal HM,, which may then undergo fission and
produce fission products. In the modified chain, heavy-metal transmutation and decay
routes are disabled, so that fission is the only outgoing reaction of HM;. Fission products
continue to evolve through their own transmutation and decay reactions in both cases.
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and the normalised effective yield of each fission product is then defined as

offt M, v Ni(te)

Vi (tk) NFP (1) (3.3)
so that the effective yields at each burnup step sum to unity. These quantities should
be interpreted as burnup-dependent inventory fractions, rather than as evaluated fission
yields in the strict ENDF sense. By construction, they represent the relative composition
of the fission product inventory generated by fission of a specific heavy metal under the
prescribed spectrum and irradiation schedule. The resulting effective-yield table is stored
as a dictionary indexed by burnup step and fission product nuclide, and is written to a

JSON file in the corresponding heavy-metal subdirectory.

3.3.3 Analysis of the Computed Effective Yields

The effective yields for 239Pu are visualised by plotting the time evolution of selected
fission products grouped by half-life. When interpreting these plots, it is essential to keep
in mind that the plotted quantities are fractions of the total fission product inventory at
each burnup step.

A nuclide whose absolute concentration increases monotonically in time can still show
a decreasing fraction if other species accumulate faster and occupy a larger share of the
total inventory. This distinction between absolute abundance and inventory fraction is
central to the interpretation of the trends discussed below.

The behaviour of the effective yields can be grouped into three categories according
to the half-life of the nuclide. The three regimes are illustrated in Figs. 3.3, 3.4, and 3.5,
which show representative fission products generated by fissions of ?*?Pu in the reference
fast spectrum.

Short-Lived Nuclides. Figure 3.3 shows the evolution of four nuclides with half-lives
well below the duration of the overall irradiation history: 351 (¢; /2 = 6.57 h), 135Xe
(ti/2 = 9.14 h), ¥ (¢1 )5 = 8.03 d), and "“'Ba (t15 ~ 12.75 d).

All four nuclides exhibit the same qualitative pattern: rapid decrease to negligible
fractions over the irradiation history.

The trend is consistent with the saturation behaviour of short-lived nuclides. After few
half-lives the production rate of each species, either by direct fission yield or by decay of
a precursor, is balanced by its removal rate due to decay and neutron-induced reactions.
Once this equilibrium is reached, the absolute concentration of the nuclide becomes nearly
stationary, while long-lived members of the inventory continue to accumulate. The fraction
of the lump represented by short-lived species therefore decreases steadily towards zero.
For these nuclides, removal is dominated by radioactive decay, because the corresponding
neutron-induced reaction rates remain much smaller than the decay constants in the
reference fast spectrum. The decline is therefore controlled primarily by the half-life
of each species: '3%Xe disappears from the inventory fraction within a few days, while
140Ba, with its longer half-life, retains a small but visible fraction for a longer time.
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Figure 3.3: Time evolution of selected effective fission product yields associated with
239Py for short-lived nuclides.
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Figure 3.4: Time evolution of selected effective fission product yields associated with
239Py for medium-lived nuclides.

Medium-Lived Nuclides. Figure 3.4 shows the evolution of four fission products with
intermediate half-lives, comparable to a significant fraction of the irradiation history con-
sidered in this work: #4Ce (t1/2 =~ 284.90 d), 106Ry (t1/2 = 371.8 d), 97y (t12 = 64.0 d),
and %°Nb (¢, /2 & 34.99 d). Their behaviour is intermediate between the short-lived and
long-lived regimes: equilibrium between production and decay is approached on time
scales of months to a few years, and the subsequent decline of the inventory fraction is
correspondingly slower.

The pair %Zr — %Nb illustrates the effect of parent-daughter coupling captured by
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the auxiliary depletion calculation. While %Zr is produced directly with a significant
fission yield, “?Nb has a much smaller independent yield and is populated mainly through
the 5~ decay of %Zr. As a result, its inventory fraction starts from nearly zero, grows with
a delay imposed by the half-life of the parent, reaches a maximum, and then decreases
as the parent—daughter chain approaches equilibrium. Its delayed rise and subsequent
decrease therefore reflect the time-dependent evolution of the decay chain. This behaviour
provides an additional motivation for deriving the LFP composition from depletion rather
than prescribing it directly from independent or cumulative fission yields.

239py effective yields — Long-lived / stable FPs
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Figure 3.5: Time evolution of selected effective fission product yields associated with
239Pyu for long-lived or stable nuclides.

Long-Lived and Stable Nuclides. Figure 3.5 shows four nuclides whose half-lives are
much longer than the irradiation time of the present calculation, or which are effectively
stable: 135Cs (t1y2 = 2.3 10% yr), P9Tc (t12 ~ 2.1 x 10° yr), %Mo (stable), and **°Sm
(stable).

These species do not decay appreciably during the simulated irradiation period, and
their absolute concentrations therefore grow monotonically with time, fed by direct fission
production and by S~ decay of precursors. During the first burnup steps, the fission
product inventory is still distributed among nuclides with different decay time scales,
including short- and medium-lived. As these nuclides reach saturation or decay along
their chains, the long-lived and stable end products continue to accumulate and become
increasingly important contributors to the total fission product concentration. From that
point onwards, their inventory fractions become approximately constant in time, because
both numerator and denominator of Eq. 3.3 grow linearly with the cumulative number of
fissions. The weak residual time dependence originates from medium-lived nuclides, which
continue to redistribute mass between decay chains on time scales of months to years.

The three regimes can be summarised as follows. A fission product whose half-life is
much shorter than the depletion time scale reaches equilibrium quickly and its inventory
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fraction subsequently declines as longer-lived species accumulate. A fission product with
a half-life comparable to the depletion time scale follows the same pattern on a slower
time scale. A stable or quasi-stable nuclide does not equilibrate during the calculation;
after the short-lived transients have disappeared, its share of the total inventory becomes
nearly constant.

These observations motivate the use of burnup-dependent lumped fission product cross
sections. The composition of the fission product inventory changes rapidly during the
early irradiation steps, while at later burnup the lump is increasingly dominated by long-
lived and stable nuclides. A time-dependent LFP representation can therefore capture
the initial transient and the subsequent approach towards a more slowly varying effective
composition.

3.4 Construction of the Lumped Fission Product Cross
Sections

The multigroup microscopic cross sections of the individual fission products (Sec. 2.4)
and the effective yields of each fissile heavy metal (Sec. 3.2) are combined in a single
procedure to construct the lumped fission product cross sections used in the subsequent
depletion and transport calculations.

3.4.1 Yield-Weighted Lumping of Microscopic Cross Sections

The procedure is implemented in a dedicated Python script. For each heavy metal HM
and at each burnup step k, the script constructs a microscopic cross section ULI;P HM.k
that represents, for reaction type x and energy group g, the average behaviour of the
fission product inventory generated by fissions of that heavy metal. The averaging is

performed using the normalised effective yields %H,iw of Eq. 3.3 as weights:

J;JEP*HM’IC = Z 7 k O'”g, (3.4)
i€ FpPHM

where ok " is the multigroup microscopic cross section of fission product ¢ in energy
group ¢, for reaction x, drawn from the multigroup library produced at burnup step k.
The same equation is applied separately to each reaction type retained in the library. For
scalar additive quantities, such as total, absorption, fission, (n,7), (n,2n), v-fission, and
the fission spectrum y, the lumping is performed by direct weighted averaging.

The scattering matrix o4(¢9 — ¢’) and the production matrix vos(g — ¢’) are also
additive microscopic data. They are therefore lumped element by element, treating each
(g9,4") entry as a scalar quantity averaged with the same effective-yield weights.

The multiplicity matrix requires separate treatment. Although it appears in the cross-
section list used in OpenMC multigroup cross-section generation examples [29, 30], it is
not an independent microscopic cross section. In OpenMC, it is a dimensionless factor
defined as the ratio between the v-scatter matrix and the ordinary scatter matrix:
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vos(g — ¢')
os(g—9)

It represents the average number of outgoing neutrons associated with a scattering
event from group g to group ¢, and is used to account for neutron multiplication in
reactions (n, zn).

Since omut(g — ¢') is defined as a ratio of two cross-section matrices, it cannot be
lumped by applying the same linear weighting used for ordinary microscopic cross sections.
In general,

Omult(g — g/) - (35)

3 iwi(g —9') 4 Yiyivol(g—d)

R IR EY ) (3.6)

(2

A direct weighted average of the individual multiplicity matrices would therefore not

preserve the corresponding neutron production rate. For this reason, the scatter and

v-scatter matrices are first lumped separately as ordinary microscopic data. The multi-

plicity matrix of the lumped fission product is then reconstructed from these two lumped
quantities:

LFP_HM VagFP*HM (9g—9)

male (9 9) = GLFP M (o

which preserves the correct physical interpretation of the multiplicity factor for each
incoming and outgoing energy-group pair.

The final result is a self-consistent set of multigroup microscopic cross sections for a
fictitious nuclide, LFP__HM, whose neutronic behaviour represents the average absorption
and scattering behaviour of the fission product inventory generated by fissions of parent
heavy metal HM at the burnup step considered.

g

(3.7)

3.4.2 Two Output Libraries for the OpenMC Operators

The yield-weighted lumping operation generates two distinct cross-section libraries, saved
separately according to the format and content required by the OpenMC operator that
will use them.

1. The first library is structured as a collection of openmc.deplete.MicroXS objects,
one per burnup step. It contains the multigroup microscopic cross sections of every
depletable nuclide in the fuel according to the customised depletion chain. Since
the chain is restricted to fission, (n,7), and (n,2n), only these reactions are required
for the Bateman equations. This MicroXS library is the format expected by the
IndependentOperator and is used to compute the reaction rates that drive the time
evolution of the composition during depletion.

2. The second library is structured as an openmc.MGXSLibrary object, which acts as a
container of nuclide-specific openmc . XSdata entries. Each XSdata entry contains the
full set of multigroup data required by the transport solver: total, absorption, fission,
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v-fission, fission spectrum Yy, scattering matrix, v-scatter matrix, and multiplicity
matrix. The complete MGXSLibrary is then exported in the HDF5 format used by
the OpenMC multigroup transport solver as its cross-section input file.

The separation of the two libraries reflects the fact that the depletion and transport
operators consume cross sections in different formats and with different requirements. The
depletion solver only needs the cross sections of the reactions explicitly appearing in the
chain, while the transport solver requires the complete set of data needed to perform an
eigenvalue calculation. In addition, the transport library must contain the cross sections
of the non-depletable materials of the model: cladding, gap, and coolant. These materials
are assumed not to change during irradiation, and their multigroup cross sections are
therefore generated only once, at their nominal operating temperature of 673 K.

The complete output of the procedure is a hierarchical library indexed by burnup
value, in which every irradiation point of the reference depletion is associated with a pair
of libraries: one for depletion and one for transport. The fresh-fuel state (BU = 0) is
treated as a special case: only the transport library is generated, because the construction
of the MicroXS depletion library requires effective-yield weights, which are not defined at
fresh-fuel conditions.

Indexing the output directories by cumulative burnup, in MWd/kgHM, rather than by
burnup-step index makes the library easier to reuse in later calculations and comparisons.
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Chapter 4

Application and Assessment of
the Lumped Fission Product
Methodology

4.1 Application Framework

The previous chapters described the production of multigroup cross sections, the genera-
tion of effective yields associated with each fissioning heavy metal, and the yield-weighted
lumping procedure used to construct a self-consistent set of LFP_HM pseudo-nuclides. At
this point, the methodological infrastructure of the work is complete: a multigroup de-
pletion library, a multigroup transport library, and a custom depletion chain in which
each fissioning heavy metal is coupled to its own lumped fission product. The present
chapter marks the transition from the construction of these objects to their application
and assessment against a continuous-energy reference.

OpenMC does not currently provide a fully coupled multigroup transport-depletion
solver: the CoupledOperator described in Sec. 2.3.1 is designed for continuous-energy
transport coupled to depletion, whereas the IndependentOperator performs depletion
on user-supplied multigroup data without invoking a transport solve. A self-consistent
multigroup transport-depletion loop therefore requires a custom workflow in which the
transport and depletion stages are orchestrated explicitly by the user. The construction
of this workflow, built progressively in the following sections, is one of the methodological
contributions of this work.

4.1.1 A Stepwise Approach

Throughout the chapter, the central quantity that links the continuous-energy reference
and the multigroup calculations is the macroscopic reaction rate. In a continuous-energy
treatment, the reaction rate of nuclide ¢ undergoing reaction z in a given material is
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R, = Ni [ oi(B)o(E)dE, (4.1)
0
where N; is the atom number density of nuclide i, oi(FE) is its energy-dependent
microscopic cross section, and ¢(FE) is the angle-integrated neutron flux spectrum. In a
multigroup treatment, the same quantity is expressed as a discrete sum over G energy
groups,

G
R = Nizo;g o (4.2)
g=1

where U;‘,g is the multigroup microscopic cross section in group g and ¢, is the corre-
sponding group-integrated flux. Equation 4.2 identifies the three ingredients that must be
reproduced consistently in the multigroup calculation: the nuclide densities, the group-
wise microscopic cross sections, and the group fluxes.

The preservation of R in the transition from CE to MG is therefore the natural met-
ric used to assess the consistency of the calculations in this work. Rather than directly
running the fully coupled multigroup transport-depletion calculation, the assessment is
structured in three sequential steps of increasing complexity. By introducing the multi-
group features one at a time, while keeping the others anchored to the CE reference, the
main sources of discrepancy can be investigated more clearly.

Step 1 — Cross-Section Analysis (Decoupled). In the first step, both the isotopic
concentrations and the multigroup flux are fixed to those of the CE reference calculation
at each burnup point. The multigroup reaction rates are then computed in post-processing
through Eq. 4.2, using the multigroup cross sections of the library constructed in Sec 3.4,
and compared to the corresponding CE reaction rates. In this configuration, the only
multigroup ingredient is the cross-section data themselves; the spectrum that weights the
reaction rate is identical in the CE and MG calculations. The step therefore provides a
clean setting to analyse the lumped fission product cross sections: their composition, their
dependence on the parent heavy metal, and their evolution with burnup.

Step 2 — Multigroup Depletion (Partially Coupled). In the second step, the
concentrations are calculated by depletion integration using the multigroup cross-section
library, while the multigroup flux supplied to the depletion operator is still taken from
the CE reference calculation at each burnup point. This configuration isolates the effect
of using multigroup data and the reduced LFP chain to model the time evolution of the
composition.

Step 3 — Fully Coupled Multigroup Calculation. In the third and final step, the
calculation is performed entirely in multigroup mode: the transport solve is performed
using the multigroup transport library, and the resulting multigroup flux is then used to
drive the depletion calculation.
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4.1.2 Sources of Approximation

The stepwise structure outlined above is meant to expose the contribution of each mod-
elling choice as cleanly as possible. It is nevertheless useful to acknowledge from the outset
that several distinct sources of approximation enter the multigroup LFP framework, and
that the discrepancies observed in any of the three steps are in general the combined result
of more than one contribution.

The first source of approximation is the multigroup representation of the cross sections.
Even with a relatively fine 33-group structure such as ECCO-33, collapsing a continuous-
energy resonance structure onto a discrete energy mesh involves inevitably a loss of spectral
information. Its accuracy depends on the agreement between the weighting flux used when
collapsing and the spectrum in which the cross sections are later employed. The second
source is the statistical uncertainty of cross sections, which are obtained as post-processed
Monte Carlo tallies in the reference calculation. Despite the high statistics adopted in the
MGXS generation runs, the resulting cross sections retain a finite stochastic uncertainty
that propagates to the multigroup reaction rates. The third source is the spectrum-
specificity of the multigroup cross sections: they are generated in the spectrum of one
specific pin-cell configuration at a given burnup state, and their use in a different spectral
environment introduces a residual inconsistency.

Additional approximations are specific to the lumped fission product methodology.
The effective yields used to construct the pseudo-nuclides are derived from an auxiliary
depletion calculation and therefore reflect the inventory composition of that auxiliary
run rather than that of the actual coupled simulation. Moreover, the lumping operation
replaces a large set of explicit fission products with a small number of pseudo-nuclides
and necessarily removes isotope-specific information. Any spectral feature that depends
non-linearly on the individual cross sections of the fission products, such as the shielding
of strong resonances or the saturation of dominant absorbers, is necessarily lost in the
average. These limitations are the unavoidable price of replacing a detailed fission product
inventory with a reduced set of lumped carriers.

4.2 Step 1 — Cross-Section Analysis with CE Flux
and Concentrations

The first stage of the assessment isolates the multigroup cross-section. The explicit FP
concentrations N; and the multigroup flux ¢, are taken from the CE reference depletion
and from the corresponding tally, projected onto the ECCO-33 mesh. The LFP carrier
concentrations are then reconstructed from the total CE fission product inventory using
heavy-metal fission-rate fractions evaluated at each burnup step. With these inputs fixed
by the CE reference, the only genuinely multigroup quantity is the cross-section library
itself.
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4.2.1 Reaction Rate Comparison

Three reaction channels are compared: radiative capture (n,7), the threshold reaction
(n,2n), and the total reaction rate. The comparison is carried out by computing

R;CE) _ Z NZ—(CE) Z UQ(QCE) ¢§CE) vs. RSCLFP) _ Z Ng(rec) Z Jﬁ:gLFP) ¢§CE)7
1€FP g LeLFP g
(4.3)
where Nf(rec) denotes the reconstructed concentration of the lumped pseudo-nuclide ¢
in this decoupled analysis.

A methodological point must be clarified before the results are presented. The lumped
fission products of this work are constructed per heavy metal, so that each fissioning parent
has its own pseudo-nuclide, denoted here as LFP_HM. Therefore, to rigorously compute

J(CLFP), individual concentrations Nppp gy are needed at each burnup step . Clearly,
these concentrations cannot be obtained from the CE reference.

To circumvent this limitation, the total CE fission product concentration is partitioned
among the lumped pseudo-nuclides at each burnup step according to the instantaneous
fission rate fractions of the corresponding heavy metals. At step k, the fractional contri-
bution of each heavy metal is

C RG)
fam(k) = m;

JEHM

(4.4)

where R;CHEI\BI(IC) is the CE fission reaction rate of heavy metal HM at step k, and the
sum runs over all heavy metals for which a lumped pseudo-nuclide is available in the
library. The reconstructed concentration of each LFP__HM at step k is then

rec CE
NS (k) = fra(k) Nior (k), (4.5)
with
CE CE
NSk = 3 NP (k). (4.6)
1€FP

Thus, the Step 1 comparison does not use LFP concentrations produced by a depletion
calculation with lumped fission products. Rather, it constructs an equivalent LFP inven-
tory from the total CE fission product inventory, weighted by the instantaneous fission
contribution of each heavy metal at the same burnup step. This remains an approxima-
tion, because the partition is based on fission rates at step k rather than on the cumulative
fission production integrated over the entire irradiation history. Nevertheless, it provides
a more consistent reconstruction than fixed average heavy-metal fractions and is sufficient
for the purpose of isolating the effect of the LFP multigroup cross sections.

The results are shown in Fig. 4.1, which reports both the absolute reaction rate as a
function of irradiation time and the relative deviation of the LFP estimate with respect
to the FP reference.
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Figure 4.1: Comparison between the explicit FP and reconstructed LFP reaction rates
as a function of irradiation burnup. The upper row shows the (n, ) reaction rate on the
left and the (n,2n) reaction rate on the right; the lower centred panel shows the total
reaction rate. In each panel, the upper subplot reports the absolute reaction rate, while
the lower subplot reports the relative deviation of the LEP estimate from the FP reference.

The radiative-capture reaction rate is overestimated by the LFP representation through-
out the irradiation, with a discrepancy increasing from approximately 0.8% in the early
steps to about 4.2% at end of life. The (n,2n) channel shows a similar but smaller bias,
increasing from about —0.1% to about 1.5%. The total reaction rate, in absolute value
significantly larger than the (n, ) rate, reflects the dominance of scattering over absorp-
tion in fission product cross sections in a fast spectrum, and shows a smaller deviation,
contained within 0.1 % over the entire irradiation history.

The absorption-channel deviations arise from several effects that cannot be disentan-
gled at this level: the effective yields generated in an auxiliary depletion that does not
exactly reproduce the inventory of the reference fuel, the instantaneous fission-rate-based
reconstruction of Eq. 4.5, and the residual statistical and spectrum-collapsing uncertain-
ties of the multigroup cross sections. The main conclusion of this comparison is therefore
the order of magnitude of the bias, namely a few percent for the dominant absorption
channel.
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4.2.2 One-Group Cross Section as a Function of Burnup

To complement the reaction-rate comparison, the flux-weighted one-group absorption
cross sections of the lumped pseudo-nuclides LFP_U235, LFP_Pu239 and LFP_Cm245 are
plotted as a function of irradiation time in Fig. 4.2.
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Figure 4.2: Flux-weighted one-group (n, ) cross section of selected LFP pseudo-nuclides
as a function of burnup, obtained using the fixed mid-cycle reference spectrum.

These three nuclides are selected as representative fission parents spanning an increas-
ing mass range. For each LFP, the one-group cross section is obtained by flux-weighting
the 33-group cross sections with the reference spectrum. To isolate the evolution of the
LFP composition from changes in the neutron spectrum, the flux is fixed to its mid-cycle
value in this comparison.

Two features are relevant.

o The one-group cross section increases rapidly during the first ~ 5 MWd /kgHM, with
relative variations between about 25% and 35% depending on the fissioning parent.
This early transient reflects the build-up of the fission product inventory and the
progressive enrichment in the lump of long-lived or stable absorbers, such as the
lanthanides. Once the dominant decay chains approach their asymptotic composi-
tion, the rate of increase decreases and the one-group cross sections tend toward a
plateau. This confirms that a burnup-independent LFP cross section would intro-
duce a systematic error throughout the irradiation cycle.

e The absolute value of the one-group cross section depends strongly on the parent

heavy metal: LFPcy045 is approximately 1.7 times as absorbing as LFPyog5. This
supports the choice of a parent-specific lumping scheme.
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4.2.3 Yield and One-Group Cross Section as a Function of Mass
Number

To interpret the dependence of the lumped cross section on the parent heavy metal, the
same one-group (n,7y) cross section is represented in Fig. 4.3 as a function of the mass
number A of the contributing fission products. The figure also reports the fission-yield
distributions of 23°U, #*Pu, and ?*°Cm, produced in the previous chapter. Since more
than one nuclide may contribute to the same mass chain, the cross-section value associated
with each A is obtained by aggregating the corresponding one-group cross sections using
the 239Pu yields as relative weights. This choice is adopted only as a graphical convention
to obtain a single representative value for each mass number and does not enter the
quantitative construction of the LFP libraries.
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Figure 4.3: Fission-yield distributions of selected parent nuclides and representative
one-group (n,~y) cross sections aggregated by mass number.

Two features of the figure are particularly relevant. The first concerns the fission-
yield distributions. All three parents exhibit the characteristic asymmetric double-peaked
structure of actinide fission, with a light-fragment peak and a heavy-fragment peak sep-
arated by a valley around the near-symmetric mass split. As the mass of the fissioning
parent increases from 23°U to 23°Pu and 2*°Cm, the light-fragment peak shifts progres-
sively towards larger mass numbers. The heavy-fragment peak remains comparatively
more stable, approximately in the region A ~ 133-140. This behaviour is consistent with
the stabilising role of shell effects in the heavy-fragment region, commonly associated with
the Z = 50 and N = 82 shell closures. The additional mass of heavier fissioning systems is
therefore accommodated mainly through the displacement of the light-fragment peak and
changes in the contribution of more symmetric splits, rather than through a comparable
displacement of the heavy-fragment peak.

The second feature concerns the structure of the one-group (n,<y) cross section as a

48



Application and Assessment of the Lumped Fission Product Methodology

function of A. This curve should not be interpreted as a fundamental dependence of the
capture cross section on mass number alone, since the actual cross sections are isotope-
specific and can be significantly different for diverse isobars. Nevertheless, it provides a
qualitative indication of which mass regions are associated with larger capture strength
in the considered fast spectrum. Two regions stand out: a moderately absorbing band in
the light peak around A = 100-110, and a region of stronger absorption beyond A ~ 145
that includes the well-known fission product absorbers Sm, Eu, and Gd. On the other
hand, nuclides at or near closed neutron shells tend to have lower neutron-capture cross
sections, since the addition of one more neutron requires populating a higher-lying shell.
A residual even—odd staggering is also visible in the cross-section curve, with even-A
nuclides generally showing lower values than their odd-A neighbours, consistent with the
basic motivation of the odd—even lump model proposed by Atefi and discussed in Sec. 1.3.

Together, these two features explain qualitatively why the one-group cross section
of LFP_Cm245 exceeds that of LFP_U235 in Fig. 4.2. The shift of the light peak with
increasing fissile mass, combined with the broadening of the distribution towards heavier
mass numbers, moves a larger fraction of the fission product inventory into the high-
absorption region beyond A & 145. Since the lumped cross section is a yield-weighted
average of the individual contributions, it increases accordingly.

This first step is therefore not intended as a final validation of the depletion workflow.
Rather, it identifies the magnitude and physical origin of the cross-section effects that are
later tested in depletion.

4.3 Step 2 — Multigroup Depletion with CE-Supplied
Flux

In the second step, the multigroup representation is extended to the depletion stage of the
calculation. Both the cross sections o3, , and the isotopic concentrations N i are now evalu-
ated in the multigroup framework, whlle the flux ¢, is still inherited from the continuous-
energy reference. The transport stage is replaced by a prescribed external source that
reproduces, on the ECCO-33 mesh, the flux conditions of the CE reference at each bur-
nup step. Any deviation of the resulting reaction rates from the CE values can therefore
be attributed primarily to the multigroup cross-section data, the depletion-chain represen-
tation, and the numerical integration of the Bateman equations, rather than to differences
in the neutron spectrum.

4.3.1 Numerical Workflow

The implementation is built around OpenMC’s IndependentOperator, described in Sec. 3.3.2.
At each burnup step k, the script reads the multigroup flux tallied in the CE reference,
the corresponding pre-computed MicroXS library, and the depleted material composition
produced at the previous step. These three objects, together with the custom depletion
chain, are passed to the operator. The integration is then advanced over one burnup
interval through a PredictorIntegrator, a first-order scheme that performs a single
matrix-exponential evaluation per step. At the end of the step, the depleted material
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is read from the results file and used as the input composition of the next step. The
procedure is repeated until the end of the irradiation history is reached.

4.3.2 Source-Rate Normalisation

A specific aspect of the workflow that deserves a dedicated discussion is the procedure
adopted to normalise the flux used during depletion. An eigenvalue transport calculation
provides reaction-rate and flux tallies per source particle; their absolute scale must there-
fore be fixed through an external normalisation, usually linked to the prescribed thermal
power. This procedure is non-trivial because the power does not originate exclusively from
fission: a non-negligible fraction of the deposited energy may also arise from processes such
as radioactive decay and (n,~y) reactions.

The OpenMC flux score corresponds to the track-length estimator integrated over the
tally region and therefore carries units of n cm/source. The corresponding physical flux ¢
is recovered through a source-rate normalisation factor f:

_ 1

=Y

(4.7)
where
¢ [n/(cm?s)], ¢’ [ncm/source], f [source/s], V [em?).

Three conventional strategies are commonly adopted in reactor physics codes to com-
pute the source-rate normalisation factor, each based on a different integral quantity
linking local reaction rates to global energy production:

1. The first strategy normalises the flux against the total energy deposition per source
particle, H, evaluated through a dedicated heating tally. If the user prescribes a
thermal power level P, the normalisation factor is

P

I = X160z x 101

(4.8)

where
P [J/s], H [eV /source].

The factor 1.602 x 107! converts eV into J. This strategy is physically complete,
since it accounts for all the energy-depositing reactions included in the heating score.
Its main drawback is the additional computational effort required to evaluate the
heating tally with sufficiently low statistical uncertainty.

2. The second strategy relates the prescribed power directly to fission heating:

Pv
-7 4.
F-or (1.9)
where
P [J/s], v [neutron/fission], @ [J/fission], k [neutron/source].
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Here v is obtained as the ratio between the nu-fission and fission tallies, both
normalised per source neutron. The quantity ) is the average recoverable energy
per fission event and can be tallied through the kappa-fission score, and k is the
average number of neutrons produced per source particle.

3. The third strategy normalises the flux through the ratio between two fission-rate

quantities:
R
f= e (4.10)
fission
where
Rission [fission/s], Riiesion [fission /source].

The quantity Rf;., corresponds to the fission tally obtained from the eigenvalue
calculation, while Rgggion is the total absolute fission rate of the system, obtained from
a depletion calculation by summing the fission reaction rates of all fissile nuclides
returned by openmc.deplete.Results.get_reaction_rate.

The three strategies are methodologically valid. The third strategy differs from the
other two in that it relies on a preceding depletion calculation. It exploits the fact that the
fission reaction rates returned by OpenMC are already scaled according to the normalisa-
tion mode used in the depletion operator. The resulting source rate therefore reproduces
the absolute flux scale used internally by the CE reference calculation. This strategy is
therefore adopted in the present work, as it reproduces exactly the absolute flux used in
the simulation by OpenMC itself.

The normalisation of each depletion step is specified through the normalization_mode
argument of the OpenMC depletion operator, which determines how the reaction rates
entering the Bateman equations are scaled. The reference CE depletion of Sec. 2.2 adopted
the fission-q mode, in which OpenMC computes the total energy production from the
fission Q-values stored in the depletion chain. Only the multigroup depletion of this step
uses the source-rate mode, in which the source rate f is supplied externally at each
burnup step to reproduce the absolute flux of the CE reference [31, 32].

4.3.3 OpenMC Source-Code Patch for LFP Names

The use of the LFP_HM pseudo-nuclides inside an OpenMC depletion calculation requires a
small patch to the Python source code. The LFP_HM identifiers do not respect the General-
ized Nuclear Database Structure (GNDS) naming convention adopted by OpenMC for real
nuclides and therefore trigger a validation error in the function openmc.data.data.zam().
This function parses nuclide names into a tuple (Z, A, m) containing the atomic number,
mass number, and metastable-state index. The function then looks up the extracted
chemical symbol in the table of known elements; both checks fail for names of the form
LFP_X.
The patch consists of a preliminary check at the entry of the function:

def zam(name):
if name.startswith(’LFP’):
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return (0, 0, 0)
symbol, A, state = _GNDS_NAME_RE.fullmatch(name) .groups()
metastable = int(state[2:]) if state else 0
return (ATOMIC_NUMBER[symbol], int(A), metastable)

For names beginning with LFP, the function returns the placeholder tuple (0,0,0),
bypassing both validation steps. For all other nuclides, the original behaviour is preserved.

The modification is functionally isolated to the Python side of OpenMC and does
not affect the neutronic calculation performed by the underlying C++ solver. Three
independent verifications were carried out to confirm this property.

1. The routine Material.to_xml_element, which writes the input file materials.xml
consumed by the solver, treats nuclide names as literal strings and does not invoke
zam(). The LFP_HM identifiers are therefore transferred to the solver unchanged.

2. The matching of nuclides to their cross-section data is performed by the C++ solver
as a string comparison against the cross_sections.xml index. The cross sections
loaded for the lumped pseudo-nuclides are therefore those of the dedicated HDF5
files produced in Sec. 3.4, despite the placeholder tuple (0,0,0) formally coinciding
with that of the neutron.

3. The materials of the model are defined with density_units="sum" and nuclide com-
position is directly defined in terms of atom/b-cm. In this configuration, Material.get_nuclide_atom_t
does not activate its internal mass-to-atom conversions, which would otherwise re-
quire openmc.data.atomic_mass() and raise a KeyError for the lumped pseudo-
nuclides, absent from the atomic-mass table.

4.3.4 Comparison of Reaction Rates

Following the same logic of Step 1 ( Section 4.2.3), the two reaction rates compared in
this stage are

(CE) _ Z NCE)ZJ 7CE) (b(CE vs. (LFP) _ Z N Zg% ,(LFP) ¢§CE)’

i€FP i€LFP
(4.11)

with the crucial difference that the lumped pseudo-nuclide concentrations Ni(MG) are
now obtained from the multigroup depletion. The comparison is therefore more self-
consistent than the previous one, although residual discrepancies can still originate from
the multigroup depletion integration, the reduced LFP chain, and the underlying cross-
section data.

4.3.5 Inventory and Fission Rate

Figure 4.4 reports the evolution of the total heavy metal concentration in the two calcula-
tions. The curves are visually indistinguishable, and the relative deviation remains below
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Figure 4.4: Total heavy-metal concentration in the CE reference and MG depletion
calculations, with relative deviation.

0.03% over the entire irradiation, growing smoothly with burnup. The same agreement
is found for the total fission product concentration of Fig. 4.5, which stays within a few
tenths of a percent throughout the cycle.
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Figure 4.5: Total fission product concentration in the CE reference and MG depletion
calculations, with relative deviation.
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The reason for this close agreement is made explicit by the fission rate of Fig. 4.6,
whose relative deviation oscillates within +0.007 % around zero with no systematic trend.
The fission rate controls both the consumption of the heavy metals and the production of
the fission products, and it is in turn fixed by the absolute flux imposed on the system.
Its faithful reproduction in the multigroup calculation is therefore a direct consequence
of the source-rate normalisation, which transfers the continuous-energy flux scale to the
multigroup depletion. The agreement on the fission rate indicates that the CE flux is
consistently transferred to the multigroup calculation and that the inventory evolution is
governed by the same production and destruction balance in the two cases.
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Figure 4.6: Total fission rate in the CE reference and MG depletion calculations, with
relative deviation.

4.3.6 Heavy Metal Capture Rate

The total (n,~y) reaction rate on the heavy metal inventory, shown in Fig. 4.7, is repro-
duced with comparable accuracy. The multigroup calculation slightly overestimates the
continuous-energy reference: the relative deviation starts from essentially zero, oscillates
within the statistical noise in the first burnup steps, and grows to about +0.02% at the
end of the cycle. A deviation of this magnitude is negligible for the purposes of the present
analysis. The multigroup cross sections of the heavy metals reproduce the continuous-
energy capture rate with high fidelity, and the slow growth of the deviation with burnup
is compatible with the residual uncertainties of the multigroup representation.
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Figure 4.7: (n,7) reaction rate of the heavy-metal inventory in the CE reference and
MG depletion calculations, with relative deviation.
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Figure 4.8: (n,~) reaction rate of the fission product inventory in the CE reference and
MG depletion calculations, with relative deviation.

4.3.7 Fission Product Capture Rate

The total (n, ) reaction rate on the fission product inventory is a representative diagnostic
of the lumped methodology and exhibits a more complex behaviour, shown in Fig. 4.8.
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The relative deviation is large at the first burnup point, of the order of +8 %, drops
within the first few steps to a few tenths of a percent, and then grows slowly with burnup,
reaching approximately +3.7 % at the end of the cycle. This behaviour can be interpreted
as the combination of two distinct mechanisms that dominate in two different phases of
the irradiation.

o The first mechanism explains the overestimate of the capture rate in the earliest

burnup steps and is related to fission products with non-zero yield but no cross-
section evaluation. In the CE calculation, these nuclides contribute to the total
fission product inventory, but not to the capture rate, because no microscopic cross
section is available for them. In the LFP representation, instead, the effective yields
are defined only over nuclides with available cross-section data. As a result, the mass
associated with unevaluated fission products is redistributed onto lumped carriers
that do contribute to capture, leading to an overestimate of the aggregate capture
rate. This effect is relevant only at the beginning of the irradiation. The fraction
of cumulative yield associated with unevaluated fission products is about 8 % at the
first burnup step and decreases rapidly thereafter. As the short-lived precursors
saturate or decay and the inventory becomes dominated by nuclides with available
cross sections, this contribution vanishes within the first few steps. This early bias
should not be interpreted only as an intrinsic deficiency of the lumped representation.
It also reflects the incomplete CE cross-section coverage, and the LFP redistribution
may be viewed as a rough compensation for capture contributions that cannot be
explicitly scored.

The second mechanism dominates over the remaining part of the irradiation, where
the deviation grows approximately monotonically with burnup. This trend is asso-
ciated with the imperfect representation of the evolving fission product composition
by the fixed effective-yield structure of the LFPs, and is highlighted in Fig. 4.9. The
figure compares two concentration-weighted one-group capture cross sections, both
collapsed with the CE flux at the same burnup point: one obtained from the LFP
carriers weighted by their concentrations, and one obtained from the explicit CE
fission products weighted by their actual concentrations.

The difference between the two averages reflects the mismatch between the internal
composition represented by the LEPs and the true evolving fission product inventory.
Each LFP cross section is built from effective-yield weights fixed at the time of library
generation, whereas the CE reference reflects the actual burnup-dependent nuclide
concentrations. As irradiation proceeds, the explicit inventory progressively departs
from the proportions embedded in the LFPs, producing the residual growth of the
capture-rate deviation.

The lower panel of Fig. 4.9 overlays three quantities and shows how the capture-rate de-

viation is built from the two mechanisms. The red curve is the fraction of fission products
without cross section, responsible for the early spike, which decays almost immediately.
The blue curve is the relative error of the averaged one-group capture cross section, which
grows slowly with burnup up to about 4%. The grey curve, representing the relative
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Figure 4.9: Burnup evolution of the concentration-weighted one-group (n, ) cross sec-
tions for LFPs and explicit CE fission products, with relative deviations shown in the
lower panel.

error of the capture rate, follows the red curve in the first steps and then coincides almost
exactly with the blue curve for the rest of the cycle. The capture-rate error is therefore
the superposition of an early missing-data contribution and a later composition-averaging
contribution.

4.3.8 Impact on the System

The relative deviations discussed above are computed with respect to the fission product
capture rate itself, which is small at the beginning of irradiation. To assess their impact
on the system, Fig. 4.10 reports the same discrepancy normalised to the total fuel (n, )
rate, i.e., to the scale at which it enters the neutron balance. On this scale, the deviation
remains below about 0.5 % over the whole cycle and is essentially zero in the first burnup
steps. The large early relative error therefore has little practical significance, because the
fission product inventory is still small in absolute terms. The deviation acquires weight
only in the second half of the cycle, where it nonetheless remains below half of a percent
of the total capture rate.

A more detailed analysis of the individual fission products responsible for the compo-
sition error identified here is discussed in the following chapter.

57



Application and Assessment of the Lumped Fission Product Methodology

1e12 FP aggregate — Relative error normalized to total fuel (n, y)

—e— CE

129 MG
1.0

0.8 1

0.6 1

(n,y) [reactions/s]

0.4

0.2

0.0 1

0.4 1

0.2 1

0.0

(LFP = CE)/(n, Y)tor [%]

0 20 40 60 80 100
Burnup [MWd/kg]
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Chapter 5

A Python Framework for
Coupled Multigroup Transport
and Depletion

5.1 Introduction and Positioning

The methodology described in the previous chapters produced a set of multigroup cross-
section libraries containing parent-specific lumped fission products, indexed by cumulative
burnup. The intermediate analyses of Steps 1 and 2 exercised these libraries in con-
trolled configurations, where one ingredient of the reaction rate of Eq. 4.2 was replaced
by its multigroup counterpart while the remaining quantities were kept anchored to the
continuous-energy reference. The final step requires applying the multigroup representa-
tion to all three ingredients simultaneously: cross sections, isotopic concentrations, and
neutron flux. OpenMC natively supports both Monte Carlo transport in multigroup mode
and depletion calculations, but it does not provide a single operator that combines the
two into a self-consistent multigroup transport-depletion loop. The two depletion oper-
ators available in the package address different configurations. CoupledOperator runs a
transport solve at every burnup step and couples it internally to the depletion equations,
with the transport solve performed in continuous-energy mode. IndependentOperator
advances depletion using a prescribed multigroup flux and cross-section library, without
performing any transport solve. The configuration of interest in this work requires the
two stages to be alternated externally. At every burnup step the multigroup transport
must be executed to obtain the flux corresponding to the current composition, this flux
must be combined with the multigroup cross sections valid at the current burnup, and
the result must be passed to IndependentOperator to advance the composition.

To provide this external control structure, a Python framework was developed around
the multigroup lumped fission product methodology of this work. The framework con-
sists of two classes with distinct responsibilities: MGXSLibraryManager, which manages
the parametrised cross-section libraries stored on disk and returns the data required at
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a specified burnup, and CoupledDepletionDriver, which orchestrates the alternation of
multigroup transport and depletion over the irradiation history. This chapter first de-
scribes the physical and numerical formulation of the coupling (Sec. 5.2), then the two
classes (Sec. 5.3), the interpolation procedures for the multigroup data (Sec. 5.5), and
the robustness features required by the implementation. The second part of the chapter
verifies the framework in a controlled configuration and applies it to the reference SFR
pin-cell.

5.2 Physical and Numerical Formulation

5.2.1 Sequential Transport—Depletion Coupling

The framework solves the coupled transport—depletion problem through a sequential first-
order operator-splitting scheme. Over a burnup interval At, the transport problem is
solved once using the nuclide composition N;(tx) at the beginning of the step and the

corresponding multigroup cross sections ¢(*). This produces the multigroup flux qbék).
The Bateman equations are then written as
dN;
dt

J

where NV; is the atomic density of nuclide 4, and A;; is the depletion matrix coefficient
describing the production or destruction of nuclide ¢ from nuclide j through neutron-
induced reactions and radioactive decays.

The depletion equations are integrated with an explicit predictor step, holding both
o) and ¢* constant over the full interval At. The transport solve is not repeated within
the same depletion step. The updated composition, N;(tx+1), is then used as input for the
next transport calculation, which recomputes the flux for the following depletion interval.
The procedure is iterated until the end of the irradiation history.

In OpenMC terms, the scheme corresponds to the use of PredictorIntegrator with
IndependentOperator. The latter is configured with the multigroup flux and the multi-
group cross-section library at the burnup point of interest. The closure of the coupling is
realised outside the OpenMC depletion operator by the driver loop, which alternates one
transport solve and one depletion advance per step.

5.2.2 Burnup Normalisation and the Role of HM_initial

The depletion calculation is parametrised by cumulative burnup (BU) in units of MWd /kgHM,
defined as

1 t

where P is the thermal power of the system, expressed in MW, and HMjyja1 is the initially
loaded heavy metal mass in the fuel, expressed in kg. Time is expressed in days when
burnup is reported in MWd/kgHM. In the framework, HMipiia is computed once at
initialisation as the sum of the masses of all nuclides with atomic number Z > 90 in
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the fresh fuel composition. This value is stored as an attribute of the driver and is not
recomputed during irradiation, because the actual heavy metal mass decreases as burnup
proceeds.

This convention is required to preserve the physical definition of burnup. The conver-
sion of a prescribed burnup interval ABU into the corresponding depletion time interval
that the solver must advance is

o ABU HMinitial

At
P

(5.3)
If burnup were redefined at each step using the instantaneous heavy metal inventory,
the elapsed time associated with a fixed ABU would drift during the cycle, distorting
the irradiation history. This is, in fact, the same convention is adopted internally by
OpenMC’s CoupledOperator when invoked with timestep_units=’Mwd/kg’ . In the
present framework, the convention is enforced by setting the heavy_metal attribute of
IndependentOperator to HMjyitia1 at the beginning of each depletion step, independently
of the current fuel composition.

5.3 The Two Classes of the Framework

This section describes the two classes that constitute the framework. The library manager
is presented first because the driver depends on its services. The simulation loop, which
uses both classes jointly, is described in Sec. 5.4.

5.3.1 The Library Manager

The MGXSLibraryManager manages the parametrised cross-section libraries produced by
the procedure of Sec. 3.4. At initialisation, it loads the metadata describing the library, dis-
covers the available burnup grids on disk, and returns the appropriate openmc . MGXSLibrary
or openmc.deplete.MicroXS object for a requested burnup. When the requested burnup
lies between two tabulated points, the returned object is interpolated between the ad-
jacent libraries, as will be described in Sec. 5.5. The manager has no knowledge of the
geometry, the time grid, or the irradiation progression of the calculation. It acts only as
a data provider for the rest of the framework.

Library File Layout. The libraries are stored on disk through a directory hierarchy
in which each cross-section file is indexed by the cumulative burnup at which it was
generated, rather than by the index of the depletion step in the run that produced it. The
choice decouples the library from the specific time-step sequence of that generation run:
a tabulated burnup point identifies its own library file unambiguously, and the manager
can supply the cross sections at any other burnup of interest.

A single JSON metadata file accompanies the library and acts as its descriptor. It
records the energy structure, the burnup grids used for transport and depletion, the ref-
erence geometry and material conditions used during cross-section generation, and the
temperatures at which the cross sections are tabulated. Operationally, the manager reads
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this file at instantiation and checks that the declared energy structure is consistent with
the one expected by the code. From a documentation perspective, the metadata make
the generation conditions traceable, so that the geometry, temperature, and spectral en-
vironment associated with the cross sections remain explicit.

Two Burnup Grids The transport library is available at every burnup point of the
reference history, including the fresh-fuel state at BU = 0. However, the depletion library
has no entry at BU = 0: as discussed in Sec. 3.3, the construction of LFP depletion data
requires a non-zero fission product inventory, which is absent in fresh fuel. The depletion
grid therefore starts at the first non-zero burnup point.

At initialisation, the manager discovers the available depletion grid by scanning the
corresponding subdirectories of the library tree. Requests for depletion cross sections
below the first available point are handled through a fallback rule: the first available
depletion library is used. This formalises the special case at the beginning of irradiation,
where the fuel has not yet produced fission products but the depletion operator still
requires a complete cross-section set.

Public Interface. In software terms, the public methods of a class define the interface
through which external code interacts with it, while private methods encapsulate the inter-
nal logic. The manager exposes a small public interface dominated by two retrieval meth-
ods, get_transport_library(burnup) and get_depletion_library(burnup), which
return, respectively, an openmc.MGXSLibrary and an openmc.deplete.MicroXS object
valid at the requested burnup point. The technical operations required to identify brack-
eting burnup points, load files and interpolate data are hidden in private methods. Addi-
tional public methods, such as get_available_nuclides and filter_material nuclides,
are used by the driver to construct OpenMC materials consistently with the content of
the library at each burnup point.

5.3.2 The Coupled Driver

The CoupledDepletionDriver owns the simulation loop. It stores the current fuel com-
position, advances the cumulative burnup according to Eq. 5.3, invokes the transport
solver and the depletion operator at each step, and manages the exchange of information
between the two stages. Unlike the manager, the driver does not know how the cross sec-
tions are stored on disk or interpolated between burnup points. It relies on the manager
to retrieve the required data and treats the resulting objects as inputs to OpenMC.

Builder-Pattern Interface for the Geometry. The geometry, transport settings,
and tallies are not built inside the driver. They are supplied by the user through builder
functions that the driver invokes at every burnup step. This choice keeps the driver
independent of the specific model configuration and makes the framework reusable, in
principle, for calculations beyond the pin-cell case considered here.
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Public Interface. The driver exposes a single high-level public method, run, which
executes the irradiation history. Internally, it stores the current materials, the current
cumulative burnup, and the prescribed time grid, and it calls the manager and builder
functions at each step.

5.4 The Coupled Simulation Loop

The execution of a burnup interval [tg, tx+1] proceeds through five stages.

1.

The driver retrieves the transport microscopic cross-section data and reconstructs the
fuel macroscopic cross-section. It queries the manager for the multigroup transport
library at the cumulative burnup BU(#x). The manager identifies the two adjacent
tabulated burnup points that bracket the request and returns the linearly inter-
polated openmc.MGXSLibrary; if the request coincides with a tabulated point, the
corresponding file is returned directly.

. The OpenMC model is constructed. The driver invokes the builder functions with the

current materials and the interpolated cross-section library as inputs. The result is
a fully specified OpenMC model in multigroup mode, with cross sections for the
depletable fuel taken from the interpolated library and those for non-depletable
materials.

The transport solve is performed. The OpenMC eigenvalue calculation produces
the multigroup flux ¢§k) in the fuel region, the eigenvalue ké?, and reaction rates
saved for post-processing. The flux extracted from the statepoint is expressed in
OpenMC'’s per-source-particle units. Its conversion to an absolute flux is handled by
the depletion operator through the fission-Q normalisation mode, which derives the
source rate from the prescribed power and from the fission Q-values in the depletion

chain.

. The driver retrieves the depletion cross-section data. It queries the manager for the

multigroup MicroXS object at the same cumulative burnup BU(ty), using the same
interpolation logic as for the transport library and the initial fallback rule described
in Sec. 5.3.1.

. The depletion equations are integrated. The IndependentOperator is constructed

using the current fuel material, the multigroup flux from the transport solve, and
the interpolated MicroXS object. The fission-QQ normalisation mode is selected. The
operator is then passed to PredictorIntegrator, which advances the composition
over At = tyy1 — t; while keeping cross sections and flux fixed at their beginning-
of-step values. At the end of the integration, the depleted material is extracted, the
cumulative burnup is advanced to BU(tx41) = BU(tx) + ABU, and the loop proceeds
to the next interval.

5.4.1 Pseudo-Code of the Driver Loop

The structure of the loop is summarised below.
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initialise driver with: initial materials, time grid,
builders, library manager

HM_initial <- compute heavy metal mass at t = 0

BU <- 0

for each step k with interval dt:

# Stage 1: retrieve transport XS
mgxs_lib <- manager.get_transport_library(BU)

# Stage 2: build OpenMC model

geom <- geometry_builder(current_materials)
sett <- settings_builder(current_materials)
tallies <- tallies builder(current materials)

# Stage 3: run transport
statepoint <- openmc.run(geom, sett, tallies, mgxs_lib)
phi_g, k_eff <- extract from statepoint

# Stage 4: retrieve depletion XS
micro_xs <- manager.get_depletion_library(BU)

# Stage 5: advance depletion
operator <- IndependentOperator(current materials,
phi_g, micro_xs,
normalization_mode=’fission-q’)
operator.heavy_metal <- HM_initial
integrator <- PredictorIntegrator (operator,
timesteps=[dt],
power=P)
integrator.integrate()

# Update state
current_materials <- read depleted materials
BU <- BU + dBU

5.5 Interpolation of the Cross-Section Libraries

The cross-section libraries are tabulated on a discrete burnup grid. When the driver
requests cross sections at a burnup BU that does not coincide with a tabulated point,
the manager constructs an interpolated library usable by the OpenMC solvers. Linear
interpolation is performed between the two adjacent burnup points, BUjoy, and BUygn,
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that bracket the request. The interpolation weight is

BU — BUjow

“~ BUbigh — BUow

0<a<l (5.4)

The same procedure is applied to both the MGXSLibrary used by the transport solver
and the MicroXS object used by the depletion operator, with adjustments required by the
internal structure of each object.

5.5.1 Linear Blend of Scalar Cross Sections

For each nuclide in the library, scalar multigroup quantities such as total, absorption,
fission, and v-fission cross sections are blended element-wise across the 33 energy groups.
Denoting by 010w and opign the values of a given quantity at the two bracketing burnup
points, the interpolated value is

o(BU) = (1 — @) 0low + & Ohigh- (5.5)

The fission spectrum x is also blended linearly and then explicitly renormalised so that
>4 Xg(BU) = 1. This removes residual deviations from unity that may arise from com-
bining two unit-sum vectors with slightly different entries.

Sanitisation of Zero Fission Spectra. A pathological case arises when a fissionable
nuclide has an entirely zero x vector. This can occur for minor actinides present in
trace concentrations during early burnup steps, for which the estimated multigroup fission
spectrum is identically zero in the generated library.

In the OpenMC C++ MGXS reader, vector fission spectra are normalised by division
by their outgoing-group sum. An all-zero y vector therefore produces non-finite entries.
When microscopic data are combined into material-wise macroscopic MGXS data, the
macroscopic fission spectrum is formed from weighting the microscopic contributions.
Consequently, even a nuclide with negligible or zero v-fission production can contaminate
the material spectrum, since the floating-point product of zero and NaN remains NaN.

Hence, the resulting failure is not limited to histories that explicitly interact with
that nuclide. In multigroup transport, OpenMC samples fission neutron emission energies
from the macroscopic material spectrum. If this distribution contains non-finite values,
the cumulative probability used to sample the outgoing energy group may fail to select
a valid group. Invalid fission-bank source sites can then be propagated to subsequent
generations of the eigenvalue calculation and lead to runtime failures.

The framework intercepts this case when preparing the library for transport. For every
nuclide whose y vector is entirely zero, the vector is replaced by the uniform distribution
Xg = 1/G, where G = 33 in the present group structure, and the corresponding fission
and v-fission cross sections are set to zero. The artificial spectrum is therefore only a
numerical placeholder: the nuclide contributes no fission neutron source, while the MGXS
reader and the macroscopic material-spectrum construction no longer encounter the zero-
normalisation case.
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5.5.2 Interpolation of the Scattering Data

As discussed in Sec. 3.4.1, the multiplicity matrix, defined as the ratio between the v-
scatter and scatter matrices in Eq. 3.5, is not an additive quantity. It must therefore
be reconstructed from the two additive quantities that define it. At each of the two
bracketing burnup points, the scatter matrix o 4,4 is recovered from the stored datasets
as the element-wise ratio of the v-scatter matrix to the multiplicity matrix. The recovered
scatter matrix and the stored vzos matrix are then blended linearly and independently
according to Eq. 5.5. Finally, the interpolated multiplicity matrix is reconstructed as the
ratio of the two interpolated matrices, preserving its physical interpretation.

Sparse Storage of the Scatter Matrix. OpenMC stores the scatter matrix in a
sparse format that exploits the kinematic constraints of the scattering process. For each
incoming group ¢, a scattering event can transfer the neutron only to a limited range
of outgoing groups. Upscattering, where the outgoing group has higher energy than the
incoming one, is possible at thermal energies through elastic scattering on moving atoms,
but it is negligible in the fast spectrum considered here, where the low-energy flux is
several orders of magnitude smaller than the fast flux. The library therefore stores, for
each incoming group, only the range [gmin(9), gmax(g)] of outgoing groups in which the
matrix is non-zero, together with the corresponding values. Of the 33 x 33 entries of the
full matrix, only a limited subset is stored for each nuclide.

Interpolation Across Different Sparsity Patterns. The interpolation procedure
handles two cases. When the sparsity pattern of the scatter matrix is identical at the
two bracketing burnup points, the stored arrays have the same shape and are combined
element-wise through Eq. 5.5. This is the most frequent case in practice.

The sparsity patterns may differ at one or more incoming groups because of the stochas-
tic nature of the Monte Carlo tallies used to generate the libraries: a very weak scattering
channel may be sampled as non-zero in one run and as zero in another. In this case,
the framework expands the affected rows to their full dense representation and applies a
band-aware blend. An entry (g, ¢’) that lies within the stored band of both libraries is
interpolated linearly. An entry that lies within the band of only one library is taken from
the library that contains it, without blending against an artificial zero. This treatment
reflects the fact that the absence of an entry from a stored band is caused by the gen-
eration process, not necessarily by a physically zero scattering cross section. Averaging
the present value against an artificial zero would therefore introduce a spurious reduction.
The interpolated matrix is finally recompressed into the sparse format on the union of the
endpoint bands.

Numerical Stability of the Multiplicity Reconstruction. Both the recovery of
os from the stored quantities and the reconstruction of the multiplicity matrix involve
divisions that may become singular in specific entries. The framework protects against
two cases that may arise. First, when the multiplicity at one bracketing burnup point
is zero in a given entry, which occurs when that scattering channel was not sampled in
the corresponding tally, the recovered oy in that entry is set to zero rather than to an
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undefined value, consistently with the absence of a physical scattering signal. Second, the
reconstructed multiplicity is set to unity where o interp = 0. This fallback is physically
harmless for entries with no scattering, because the multiplicity multiplies a zero cross
section in any subsequent reaction-rate calculation.

5.6 Verification of the Framework with Explicit Fis-
sion Products

Before applying the coupled framework to the lumped fission product representation, a
preliminary calculation was performed in which both transport and depletion were carried
out in multigroup mode, while fission products were treated explicitly. This calculation
has two purposes.

o It verifies that the framework, with its two classes and coupled loop, operates cor-
rectly on a configuration that does not involve lumping.

o It provides an intermediate reference that isolates the effect of the multigroup treat-
ment alone, namely the combined effect of multigroup transport and multigroup
depletion. Comparing this explicit-fission-product calculation with the lumped cal-
culation of Sec. 5.7, both measured against the same continuous-energy reference,
allows the net effect of lumping to be isolated, which is the final objective of this
work. The present analysis is not intended to demonstrate the general adequacy of
multigroup transport or Monte Carlo cross-section generation, which are assumed as
established in this work.

For this calculation, the depletion chain was restricted to reactions for which multi-
group cross sections had been generated: (n,7v), (n,2n), (n,«), (n,p), and fission. These
channels account for nearly the totality of the neutron-induced reactions relevant to the
depletion of the inventory in the present fast spectrum. This restriction keeps the deple-
tion chain consistent with the cross-section data managed by the framework and is not
expected to introduce an appreciable bias for the quantities analysed here.

5.6.1 Multiplication Factor

Figure 5.1 reports the evolution of the multiplication factor in the explicit multigroup
calculation and in the continuous-energy reference. The two curves track each other
closely over the entire irradiation history. The difference Ak remains mostly between zero
and about +200 pcm and no strong systematic trend. The multigroup calculation shows
a small overestimate of the multiplication factor, consistent with the expected effect of
the multigroup representation of the cross sections and transport solve. The magnitude of
the deviation is within the range expected for a coupled multigroup calculation compared
with a continuous-energy reference.

This agreement provides the primary verification that the coupled loop operates cor-
rectly: the alternation of transport solves and depletion advances, together with the
bookkeeping of the inventory, reproduces the reference within an acceptable margin.
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Figure 5.1: Comparison of keg between the CE reference and the MG explicit-FP cal-
culation.

5.6.2 Nuclide Inventory

The inventory is reproduced with the same fidelity observed in the multigroup depletion
analysis of Sec. 4.3.5. The total heavy metal concentration of Fig. 5.2 agrees with the
continuous-energy reference to better than 0.034 % over the whole cycle. The total fission
product concentration of Fig. 5.3 remains within about —0.29 %, with a small negative
deviation that grows slowly in magnitude with burnup. This agreement confirms that
the production—destruction balance is preserved when the flux is computed by multigroup
transport rather than supplied from the continuous-energy calculation.

5.6.3 Fission Product Capture Rate

The most informative quantity of this verification is the (n, ) reaction rate on the fission
product inventory, shown in Fig. 5.4. Its relative deviation from the continuous-energy
reference oscillates within about +0.25% around zero, with a noisy character and no
significant systematic trend over the cycle. This indicates that the residual discrepancy
is mainly associated with statistical uncertainty and the multigroup representation of the
cross sections. The result is markedly different from the lumped depletion analysis of
Sec. 4.3.7, where the deviation reached about +8 % at the first burnup step and increased
again to about +3.7 % at the end of the cycle.

In the explicit calculation, the two mechanisms that governed the lumped result are
absent. First, there is no composition error associated with effective yields, because the
fission products are tracked explicitly. Second, there is no redistribution of the mass of
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Total heavy-metal density — CE reference vs explicit-FP MG
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Figure 5.2: Total HM concentration in the CE reference and MG explicit-FP calculation.
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Figure 5.3: Total FP concentration in the CE reference and MG explicit-FP calculation.

fission products without cross-section evaluations onto lumped carriers. The fact that
the deviation decreases from several percent to a few tenths of a percent when lumping

is removed confirms that the larger discrepancy observed in Sec. 4.3.7 originates mainly
from the lumped representation itself.
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Figure 5.4: Total FP (n,7) reaction rate in the CE reference and MG explicit-FP
calculation.

5.7 Coupled Multigroup Transport and Depletion with
Lumped Fission Products

The final calculation of the assessment exercises the full multigroup framework with the
lumped fission product representation. Both transport and depletion are performed in
multigroup mode, the flux is computed by the transport solver at each burnup step, and
the fission products of the depletion chain are represented by lumped pseudo-nuclides.

5.7.1 Heavy Metal Inventory and Aggregate Capture Rate

The total heavy metal concentration of Fig. 5.5 reproduces the continuous-energy reference
with a relative deviation below 0.034 % over the entire cycle, growing smoothly with
burnup. The agreement is indistinguishable, on the present scale, from that obtained in
Sec. 4.3.5 and Sec. 5.6.1. This indicates that the introduction of lumping does not perturb
the aggregate heavy metal balance to an appreciable extent.

The total fission rate, reported in Fig. 5.6, agrees with the continuous-energy refer-
ence more closely than in the analysis of Sec. 4.3.5. The residual statistical fluctuations
are slightly smaller because the absolute flux scale is reset at each burnup step through
fission-Q normalisation against the prescribed power, rather than imposed through the
source rate. Consequently, small inventory drifts are partly absorbed by corresponding
adjustments of the flux normalisation.

Figure 5.7 compares the total heavy metal radiative-capture reaction rate obtained with
the CE reference, the MG calculation with explicit FP, and the MG calculation with LFP.
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Figure 5.5: Total HM atom density along the irradiation history in the CE reference
and MG LFP calculation. The lower panel shows the relative deviation.
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Figure 5.6: Total fission reaction rate in the CE reference and MG LFP calculation.
The lower panel shows the relative deviation.

All three calculations reproduce the same global evolution with burnup. The discrepancies
introduced by the multigroup treatment remain small over the full irradiation history: the
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Figure 5.7: Total HM (n,~y) reaction rate in the CE reference, MG explicit-FP calcu-
lation, and MG LFP calculation. The lower panel reports the relative deviation of each
MG result with respect to the CE reference.

explicit-fission-product calculation deviates from the reference by less than approximately
0.15 %, while the LFP calculation remains within approximately 0.3 %.

The additional deviation introduced by lumping is therefore limited for this aggregate
quantity. The LEP curve follows the same shape as the explicit-fission-product multigroup
curve, with a difference between the two of the order of 0.1 %. The relative errors oscillate
around zero and do not show a strictly monotonic trend with burnup. This suggests that
the deviations are not governed by a single systematic bias, but by the combined effect
of several competing approximation, including the energy discretisation, the statistical
uncertainty in the MC-generated MGXS libraries, and the simplified representation of the
fission product inventory in the LFP model.

5.7.2 Individual Heavy Metal Nuclides

The picture changes when the heavy metal inventory and capture rate are decomposed
by nuclide. Figure 5.8 reports the relative deviation of the concentration and of the
(n,7) capture rate for the four dominant heavy metal nuclides: 233U, 239Pu, 24Py, and
241py;. The errors on individual nuclides are, in several cases, larger than the errors on
the aggregate quantities discussed above. The concentration of 23¥U is reproduced to
better than +0.06 %, but with a systematic positive trend that grows monotonically with
burnup. The concentrations of 2?Pu, 24°Pu, and 2*'Pu are slightly underestimated, with
end-of-cycle deviations of approximately —0.025 %, —0.075 %, and —0.06 %, respectively.
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Selected heavy-metal nuclides — CE reference vs MG LFP
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Figure 5.8: Relative deviation of the concentration (upper panel) and (n,v) reaction
rate (lower panel) of selected HM nuclides between the MG LFP calculation and the CE
reference.

The concentration pattern is physically coherent: the positive deviation on 238U cor-
responds to a slightly lower consumption by capture, which in turn produces a slightly
reduced inventory of #*?Pu and of the heavier plutonium isotopes, consistent with the
negative deviations observed for those nuclides.

The corresponding deviations on individual capture rates are larger. The capture rate
of 238U is overestimated by about +0.3% to +0.6% depending on burnup, while the
capture rate of 239Pu is reproduced within a comparable range. The capture rate of 2°Pu
is systematically underestimated by about —3 % over most of the cycle, and the capture
rate of 24'Pu shows the largest relative deviation, reaching about +3 % at intermediate
burnup before slowly returning towards zero.

The fact that the aggregate capture rate remains within about 0.1-0.2 %, may indicate
that partial compensation occurs when the nuclide contributions are summed. This com-
pensation should not be overstated: the aggregate is weighted by the absolute capture
rates, which in this configuration are dominated by ?**U and 23°Pu. These nuclides have
the smallest relative deviations among the four, whereas the larger relative deviations of
240Py and ?'Pu have smaller absolute weight.

5.7.3 Fission Product Inventory and Capture Rate

The total fission product concentration of Fig. 5.9 reproduces the continuous-energy ref-
erence with a relative deviation of about —0.29 % at the end of the cycle. The deviation
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has the same negative sign and slow growth in magnitude already observed in Secs. 4.3.5
and 5.6.1.
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Figure 5.9: Total FP atom density in the CE reference and MG LFP calculation. The
lower panel reports the relative deviation.

The aggregate (n, ) capture rate on the fission product inventory is shown in Fig. 5.10,
together with the continuous-energy reference and the explicit-fission-product multigroup
calculation. Figure 5.11 reports the same quantity but normalised to the total fuel capture
rate.

The lumped calculation exhibits the pattern already discussed in Sec. 4.3.7: a large
relative deviation of about +8 % at the first burnup step, caused by the redistribution of
fission products without cross-section evaluations onto capture-bearing nuclides, followed
by a rapid decrease in the first few steps and a slow monotonic growth to about +3.7 % at
the end of the cycle. The later growth is driven by the progressive departure of the true
fission product composition from the internal proportions frozen into the effective yields.

The explicit-fission-product calculation remains within a few tenths of a percent over
the whole cycle. The contrast between the two calculations confirms, in the fully coupled
regime, that the dominant discrepancy is localised in the lumped representation rather
than in the multigroup treatment itself.

The deviation normalised to the total fuel capture rate, shown in Fig. 5.11, quantifies
the weight of the fission product capture discrepancy on the overall neutron balance. The
lumped calculation grows monotonically with burnup and reaches about +0.53 % at the
end of the cycle, whereas the explicit-fission-product calculation remains within about
0.04 % over the entire irradiation. The discrepancy introduced by lumping is therefore
visible but contained at the level of the total fuel capture rate.
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Figure 5.10: Total FP (n,) reaction rate in the CE reference, MG explicit-FP calcu-

lation, and MG LFP calculation. The lower panel reports the relative deviation of each
MG result with respect to the CE reference.
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5.7.4 Multiplication Factor

The multiplication factor along the irradiation history is examined through the comple-
mentary comparisons of Figs. 5.12 and 5.13. In both figures, the upper panel shows
the continuous-energy reference, the explicit-fission-product multigroup calculation, and
the lumped multigroup calculation. All three reproduce the expected monotonic de-
crease of keg with burnup over the full cycle and remain close to the reference over the
100 MWd/kgHM irradiation history.

The lower panel of Fig. 5.12 reports the deviation of each multigroup calculation with
respect to the continuous-energy reference. Up to about 40 MWd/kgHM, the two multi-
group curves are in close agreement. Their common deviation from the reference, of the
order of a few tens to about +200 pcm with a noisy character, is attributable mainly to
the multigroup representation itself. In the second half of the cycle, the two curves sep-
arate more visibly: the lumped calculation progressively shifts towards negative values,
reaching about —200 pcm at 100 MWd/kgHM. The end-of-cycle separation between the
lumped calculation and the other two calculations is therefore associated with the effect
of lumping.

The difference between the two multigroup calculations, which isolates the effect of
lumping alone, is reported directly in the lower panel of Fig. 5.13. The sign of the deviation
is physically consistent with the interpretation developed in the previous subsections: the
lumped calculation systematically overestimates the (n,7y) capture rate on the fission
product inventory with respect to the explicit-fission-product calculation.

Although the magnitude of the deviation introduced by lumping is limited, the result
should be interpreted within the conditions of the present analysis. The comparison was
performed using the same fuel and geometry adopted for the generation of the multigroup
cross sections and at burnup points lying on the tabulated grid of the libraries. The
assessment therefore exercises the framework in a configuration that is, by construction,
as favourable as possible to the multigroup representation.

5.7.5 Back-Projection of the Lumped Inventory

The aggregate analysis of Sec. 4.3.7 identified the imperfect representation of the fission
product composition by the effective yields as the main residual source of error of the
lumped methodology in the second half of the cycle. To examine this source of error
nuclide by nuclide, a back-projection of the lumped inventory onto the explicit fission
product set was performed at each burnup point. The procedure is the inverse of the
lump construction: the concentration of each lumped are distributed among the fission
products that compose it using the corresponding effective yields. This produces an
explicit projected inventory, N} roj, which can be compared nuclide by nuclide with the
continuous-energy reference, NCF.

Concentrations. Figure 5.14 reports the relative deviation of the projected concentra-
tion with respect to the continuous-energy reference for the twenty most abundant fission
products at end of life (EOL), in selected burnup points. In the first burnup steps, the
pattern is nearly uniform across the displayed nuclides and reflects the redistribution of

76



A Python Framework for Coupled Multigroup Transport and Depletion

Multiplication factor — CE vs Explicit FP vs MG Lumped FP

] —$— CE reference
1.26 -
—k- MG Explicit FP
=~ MG Lumped FP
1.24 A
= 1.22 A
1.20 A
1.18 A
2001 A AR
\ R
T i LA P W, S S S
8 0 (> 4 N AP LT - 1
- ] o i L 39T P—suy T
™ -4 ~
< ~%- MG Lumped FP — CE R
200 4 —F- MG Explicit FP — CE \i
0 20 40 60 80 100

Figure 5.12:

Burnup [MWd/kg]

ket evolution in the CE reference, MG explicit-FP calculation, and MG

LFP calculation. The lower panel reports the deviation of each MG result with respect
to the CE reference.

Multiplication factor — Lumping effect

1.26 1 —$— CE reference
’ —k- MG Explicit FP
~f- MG Lumped FP
1.24 A
e 1.22 A
N
1.20 A
1.18 A
for o /}\ —3— MG Lumped FP — MG Explicit FP
— 0 T ¥
E £
Q.
— =100 A
X
<
—200 A
0 20 40 60 80 100

Figure 5.13:

MG explicit-FP calculation.

Burnup [MWd/kg]

keg evolution with the lower panel showing Ak between the MG LFP and

77



A Python Framework for Coupled Multigroup Transport and Depletion

fission products without cross-section evaluations onto capture-bearing nuclides, already
discussed in Sec. 4.3.7. The projected concentrations exceed the continuous-energy refer-
ence by about +8.7 % at the first step and +1.9 % at the second, for essentially all displayed
nuclides, because this redistribution is applied uniformly across the lump composition.

From the successive steps onwards, the deviations become nuclide-specific and reflect
the composition error proper. Their magnitude remains small for most of the inventory,
of the order of few percent or less for the majority of displayed nuclides at EOL. A few
isotopes show larger deviations of either sign, such as '°Ru at —5.4 %, '°3Rh at +5.6 %,
9Tc at +7.4%, and '°'Ru at +7.3 %.

FP density: LFP back-projection vs CE reference
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Figure 5.14: Relative deviation at selected burnup points of the back-projected FP
concentration with respect to the CE reference, for the twenty most abundant nuclides at
EOL.

Capture Rates. Figure 5.15 reports the analogous deviation for the (n,7) reaction
rate, considering the twenty nuclides with the largest absolute capture rates at EOL. The
deviations are systematically larger than those on concentration.

Several nuclides show deviations of a few percent at end of cycle, but the largest
discrepancies are concentrated on absorbers such as 47Sm, *9Sm, and ®'Sm. Similar
behaviour is also observed for europium and gadolinium isotopes outside the top twenty.
These nuclides show a similar behaviour and tend to be overestimated in the reconstructed
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inventory. This suggests that the discrepancy is not only due to propagation along de-
cay chains, but also to the sensitivity of specific nuclides to neutron absorption during
irradiation.

The effective yields used in this work are generated through auxiliary depletion cal-
culations under prescribed flux and spectral conditions. They therefore embed not only
cumulative fission product production, but also the balance between production and de-
pletion by neutron capture established in that specific environment. Nuclides such as
samarium, europium, and gadolinium remain relatively strong absorbers even in a fast
spectrum; their equilibrium concentrations are therefore sensitive to the local spectrum
and flux level. Differences between the auxiliary depletion conditions used to construct
the effective yields and the actual conditions of the CE reference can consequently be
amplified in the reconstructed concentrations.

The comparatively good agreement observed for isotopes such as *3Cs and 33Cs sup-
ports this interpretation. Although these nuclides are also fed by extended precursor
chains, their neutron-capture rates in the fast spectrum are much smaller. Their in-
ventories are therefore primarily determined by cumulative production rather than by a
detailed balance between production and neutron absorption, making them less sensitive
to spectral mismatches between the auxiliary and reference calculation.

FP (n, y) rate: LFP back-projection vs CE reference
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Figure 5.15: Relative deviation at selected burnup points of the back-projected FP (n, )

reaction rate with respect to the CE reference, for the twenty nuclides with the largest
capture rates.
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This nuclide-wise analysis is consistent with the aggregate one-group comparison of
Fig. 4.9 discussed in Sec. 4.3.7. The overestimation of strong absorbers in the recon-
structed inventory contributes to the higher effective fission product capture strength of
the lumped representation.

Aggregate View. The scatter plot of Fig. 5.16 provides a compact view of the agree-
ment between the back-projected and continuous-energy concentrations at a representa-
tive mid-cycle burnup point. The figure shows the projected concentration of each fission
product against the corresponding continuous-energy value on logarithmic axes. The bulk
of the points lies close to the y = x identity line over the dominant concentration range,
indicating that the main nuclides of the inventory are reproduced accurately. The disper-
sion increases towards the lower-left corner, where concentrations are very small and the
contribution of these nuclides to the system is correspondingly negligible.

FP density: LFP back-projection vs CE reference at 51 MWd/kg

10-s] T

1029 4

._.

<
L
&

€
S
=
5 ‘9‘
S 10717 ’,;,
. &
g L]
g 3
-21 | (]
s 10 4;. o
= A
/'.
S ®
107254 o °
e [ ]

.
1072° 4 e

10728 10724 10720 10716 10712 10°8 1074
NS [atoms/(b-cm)]

Figure 5.16: Scatter plot of the back-projected FP concentrations against the CE refer-
ence at mid-cycle (BU = 51 MWd/kgHM). The dashed line represents the identity y = .
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Chapter 6

Robustness and Transferability
of the Methodology

The assessment carried out up to this point has shown that the lumped fission product
methodology and the coupled multigroup framework can reproduce the continuous-energy
reference with controlled accuracy for the case on which the libraries were originally gen-
erated. The agreement has been quantified in terms of multiplication factor, aggregate
reaction rates, and individual fission product inventories reconstructed through back-
projection. However, this validation was performed in a configuration that is, by con-
struction, favourable to the multigroup representation: the same pin cell used to generate
the cross sections, the same initial fuel composition, and the same burnup grid on which
the libraries were tabulated.

This chapter extends the validation in two directions that progressively relax these
conditions and test the range of applicability of the methodology. The first test, discussed
in Sec. 6.1, retains the geometry and fuel composition of the reference case but uses
a burnup grid that differs from the tabulated grid of the libraries. This exercises the
linear interpolation of the multigroup cross sections during the irradiation. The second
test, discussed in Sec. 6.2, replaces the reference pin cell with a different fast reactor
configuration representative of the European Sodium Fast Reactor (ESFR), with different
geometry and initial fuel composition, while reusing the libraries generated on the SPX
reference.

6.1 Robustness to Burnup Grid Interpolation

The validation of Section 5.7 was carried out on the burnup grid used to generate the
MGXS libraries. Therefore, the library manager did not need to interpolate between
adjacent burnup points. To verify that the interpolation procedure described in Sec. 5.5
does not introduce an appreciable additional error, a dedicated calculation was performed
on the same pin cell, with the same initial fuel composition and power history, but using
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a different burnup grid. The selected grid contains ten burnup points,
[2.5, 4, 11, 33, 44, 55, 66, 77, 88, 100] MWd/kgHM,

chosen so that all intermediate burnup points fall between tabulated library points. The
final point coincides with the end-of-life value of the reference grid. The new grid also con-
tains half as many points as the tabulated grid, so that the interpolation test is combined
with longer depletion steps.

Multiplication factor. Figure 6.1 reports the multiplication factor of the interpolated-
grid calculation together with the standard tabulated-grid calculation and the continuous-
energy reference. The points of the interpolated-grid calculation, shown as green dia-
monds, lie close to the tabulated-grid curve. The deviation from the continuous-energy
reference, shown in the lower panel, follows the same overall pattern as the tabulated-
grid case discussed in Sec. 5.7.4. Within the present configuration, using an interpolated
burnup grid does not produce visible additional deviations in the multiplication factor.
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Figure 6.1: Multiplication factor along the irradiation history, computed by the lumped
MG framework on the tabulated burnup grid and on the interpolated burnup grid, com-
pared with the CE reference. The lower panel shows the deviation of each lumped calcu-
lation with respect to the CE reference.

Reaction rates. The reaction rates exhibit a behaviour consistent with the analysis on
the tabulated grid. The total heavy metal (n, ) reaction rate, not shown here, presents the
same small positive deviation of about 0.1-0.2 % already discussed in Sec. 5.7.1, without
additional features attributable to interpolation.
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The total fission product (n, ) reaction rate, reported in Fig. 6.2, deserves a brief com-
ment. The first burnup point of the interpolated-grid calculation, at BU = 2.5 MWd /kgHM,
lies beyond the earliest regime in which the redistribution of fission products without
cross-section evaluations produced the large positive deviation discussed in Sec. 4.3.7. As
a result, the interpolated-grid calculation does not show the initial spike near +8 %, but
starts directly in the slow-growth regime of the second mechanism. The relative deviation
is slightly negative at the first point, about —0.1 %, and then increases monotonically
to about +3.5% at end of life. The small initial negative deviation may be related to
the use of longer depletion steps and to interpolation over the steepest part of the LFP
cross-section evolution.
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Figure 6.2: Total FP (n,v) reaction rate on the interpolated burnup grid, compared
with the CE reference. The first burnup point at 2.5 MWd/kgHM lies beyond the early
redistribution regime, so the relative deviation starts directly in the slow-growth region.

The comparison of the interpolated-grid calculation with the tabulated-grid case, both
for the multiplication factor and for the aggregate reaction rates, does not reveal additional
deviations beyond those already present in the tabulated calculation. Within the limits
of this test, where geometry, initial composition, and power history are unchanged, linear
interpolation of the multigroup cross sections in burnup is adequate for evaluating the
libraries at intermediate burnup points. A more demanding test, in which the physical
configuration itself is changed relative to the one used for library generation, is addressed
in the next section.
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6.2 Transferability to a Different Fast Reactor Con-
figuration

The second extension of the validation considers a system that differs from the reference
case in both geometry and initial fuel composition, while reusing without modification
the lumped fission product cross-section libraries generated for the Superphénix pin cell
of Section 2.2. The objective is to assess whether libraries generated on one fast-spectrum
reference remain usable on a different fast reactor configuration, and to identify the lim-
its within which the lumped methodology continues to reproduce the continuous-energy
reference with acceptable accuracy. The configuration chosen for this test is a pin cell rep-
resentative of the ESFR, as defined within the Horizon 2020 ESFR-SMART project [33].

6.2.1 Reference ESFR Configuration

The ESFR pin cell is a hexagonal lattice with a central helium hole inside the fuel pellet,
surrounded by helium gap, cladding, and sodium coolant. The cladding is the oxide
dispersion-strengthened (ODS) steel MA956, which differs from the cladding adopted in
SPX. Since some nuclides present in the ESFR structural materials were not included in
the previous base-material library of non-depletable nuclides, this auxiliary library was
regenerated for the ESFR composition. The LFP libraries, instead, were taken from the
SPX reference without modification. The radial dimensions of the ESFR pin cell are
reported in Tab. 6.1, alongside the corresponding dimensions of the reference case.

Table 6.1: Radial dimensions of the ESFR pin cell compared with the Superphénix
reference. The ESFR pin cell includes a central hole inside the fuel pellet, absent in the
reference case.

Region ESFR [cm] SPX [cm]
Inner hole radius 0.1560 —
Fuel outer radius 0.4680 0.357
Gap outer radius 0.4835 0.371
Cladding outer radius 0.5358 0.4321
Hexagonal pitch 0.6738 0.5696

The initial fuel composition is a MOX fuel with plutonium content adapted to the
ESFR design specifications. The compositions compared in this work are reported in
Tab. 6.2. Relative to the Superphénix reference, the ESFR fuel has a different plutonium
isotopic vector, with larger contributions from 24°Pu and ?*?Pu, and a smaller initial
inventory of 24! Am.

The linear power adopted in the depletion calculations is 341 W /cm. This value is a
representative estimate based on the ESFR-SMART core specifications. Starting from an
assembly thermal power of approximately 8 MW for the inner fuel region, dividing it over
the 271 fuel pins of the assembly, and assuming that about 13 % of the assembly power is
generated in the fertile part of the fuel, the residual power per pin is distributed over an
active height of 75 cm. The resulting value should be understood as a plausible operating

84



Robustness and Transferability of the Methodology

Table 6.2: Initial atom densities of the fuel material in the ESFR pin cell and in the
Superphénix reference, in atoms/(b - cm).

Nuclide ESFR SPX

257U 4.888-10"° 9.997-107°
23817 1.926- 1072 1.964 - 102
238py 1.512-107* 1.761-107°
239py 1.998 - 1073 2.428-1073
240py 1.246-1073 7.239-107*
241py 3.442-107* 1.946-10~*
242py 4.322-107* 6.755-107°
241Am  3.258-107° 4.764-107°
160 4.655-1072 4.598 - 1072

point of the ESFR core rather than as an exact specification: the purpose of this analysis
is to exercise the lumped methodology on a representative ESFR-like configuration, not
to reproduce a specific operating scenario [34].

Figure 6.3: Cross section of the ESFR pin cell: the black regions correspond to the
helium central hole and gap, the yellow region to the MOX fuel, the grey ring to the ODS
MA956 cladding, and the surrounding cyan hexagon to the sodium coolant.

6.2.2 Spectral Compatibility

The reuse of the reference libraries on the ESFR configuration is conditioned on the
two systems having sufficiently similar spectra, since the multigroup cross sections were
collapsed using the spectrum of the reference case. Figure 6.4 compares the normalised
fuel flux spectrum of the two configurations at end of life. The two distributions are close
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over the energy range that dominates the reaction rates, with both spectra peaked around
10*-10° eV and strongly suppressed below the keV region, as expected for sodium-cooled
fast reactors with oxide fuel. This spectral compatibility supports the reuse of the lumped
libraries: the weighting spectrum used for the cross-section collapse in the reference is also
representative of the ESFR conditions, so the resulting group constants remain physically
meaningful in the new configuration.

A consequence of the chosen power and of the different fuel geometry is that the ab-
solute neutron flux in the fuel region of the ESFR pin cell is about 1.7 times higher than
in the SPX reference in the present calculation. This is a property of the specific configu-
rations compared here, not a generic feature of the two reactor designs. It is nevertheless
relevant for the test: for the same relative cross-section error, absolute reaction-rate de-
viations scale with the flux level. The present comparison is therefore a somewhat more
demanding probe of the lumped methodology than a flux-matched comparison would be.
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Figure 6.4: Normalised fuel flux spectrum at end of life in the ESFR pin cell and in the
Superphénix reference.

6.2.3 Results on the ESFR Pin Cell

The depletion calculation was carried out on a burnup grid of thirteen points selected to
include both tabulated and non-tabulated values. The run therefore tests direct library
retrieval at coincident points and linear interpolation at intermediate points within the
same irradiation history:

[1.0, 3.0, 7.0, 13.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0, 90.0, 100.0] MWd/kgHM.

The results are compared with the continuous-energy reference performed on the same
ESFR pin cell and with the same power history.
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Multiplication factor. Figure 6.5 reports the multiplication factor of the MG LFP
calculation and of the CE reference along the irradiation history. The two curves are
visually close, and the Ak in the lower panel remains within about 4200 pcm over the
full cycle, comparable to the envelope observed on the SPX reference in Sec. 5.7.4. The
detailed pattern is different: a first minimum of about —220pcm appears in the early
burnup region around 13 MWd/kgHM, the difference returns close to zero in the central
part of the cycle, and a second minimum of about —200 pcm is reached at end of life.
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Figure 6.5: Multiplication factor along the irradiation history of the ESFR pin cell,
computed by the MG LFP framework and by the CE reference. The lower panel shows
the difference Ak between the two calculations.

Inventory. The total fission product concentration is reported in Fig. 6.6. The relative
deviation with respect to the CE reference reaches about —0.23 % at end of life, with a
slow monotonic growth in magnitude similar to the one observed in the SPX case. The
heavy metal concentration, not shown here, agrees with the reference within 0.035 % over
the whole cycle, in line with the corresponding result of Sec. 5.7.1.

Heavy metal capture rate. The total (n,7y) reaction rate over the heavy metal in-
ventory is reported in Fig. 6.7. The MG LFP calculation overestimates the CE reference
for most of the cycle, with a local maximum of about 4+0.65 % around 20 MWd /kgHM,
followed by a slow decrease toward mid-cycle and a sign change in the last burnup steps,
where the deviation becomes slightly negative (—0.15% at end of life). The larger am-
plitude of the deviation, compared with the approximately 40.15 % envelope observed on
the SPX reference, is consistent with the transferability test: the heavy metal multigroup
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Figure 6.6: Total FP concentration along the irradiation history of the ESFR pin cell.

The lower panel shows the relative deviation between the MG LFP calculation and the
CE reference.

cross sections were also generated using the SPX spectrum and are applied here to a
similar but not identical spectrum.

The early overprediction of the heavy metal capture rate is consistent with the slightly
lower multiplication factor observed in the same burnup region. As the capture-rate
deviation decreases later in the cycle, the kg deviation also moves back toward zero. This
correlation should be interpreted qualitatively, since the multiplication factor is affected
by several simultaneous contributions, including fission, capture, scattering, and changes
in the evolving nuclide inventory.

Fission product capture rate. The total (n,~) reaction rate over the fission product
inventory is reported in Fig. 6.8. At the first burnup point, BU = 1 MWd/kgHM, the
relative deviation is large and negative, about —17 %. The deviation then increases rapidly
with burnup, crosses zero around 13 MWd/kgHM, and reaches +3.2 % at end of life. The
end-of-life value is slightly smaller than the corresponding SPX value (3.7 %), indicating
that the slow-growth regime of the deviation is reproduced in the ESFR configuration
with comparable accuracy.

The large negative deviation at the first burnup point is specific to this calculation.
At 1 MWd/kgHM, the fission product inventory is still very small in absolute terms, so
small absolute differences produce large relative errors. A quantitative attribution of this

first-point discrepancy would require a dedicated analysis and is outside the scope of the
present transferability test.
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Total heavy-metal (n, y) capture rate — CE vs MG LFP in ESFR
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Figure 6.7: Total HM (n,~) reaction rate along the irradiation history of the ESFR pin
cell. The lower panel shows the relative deviation between the MG LFP calculation and
the CE reference.

The relevance of this discrepancy for the system is better assessed through the devi-
ation normalised to the total fuel capture rate, reported in Fig. 6.9. On this scale, the
deviation at the first burnup point is negligible for the overall neutron balance of the
fuel. The deviation grows monotonically through the cycle and reaches +0.47 % at end of
life, slightly below the corresponding SPX value (+0.53 %). The large relative deviation
observed in the raw comparison at the first burnup point therefore has no appreciable
system-level effect, and the impact of the methodology on the overall capture balance of
the fuel remains within about half a percent over the whole cycle.

Summary of the transferability test. Table 6.3 summarises the key end-of-life figures
of the ESFR calculation alongside the corresponding values of the SPX case. The two sets
of results are comparable in magnitude across the diagnostic quantities considered. The
main systematic difference is the larger envelope of the heavy metal capture-rate deviation
in the ESFR, case, which is consistent with the spectral mismatch between the two con-
figurations. Regenerating the heavy metal multigroup libraries specifically for the ESFR
spectrum could reduce this gap, while the reuse of the LFP libraries generated on the
Superphénix reference remains adequate within the scope of this test. Overall, the ESFR
calculation provides an encouraging indication of the applicability of the methodology to
similar fast reactor configurations, although a broader set of systems and benchmarks
would be required for a general transferability claim.
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Figure 6.8: Total FP (n,~) reaction rate along the irradiation history of the ESFR pin
cell. The lower panel shows the relative deviation between the MG LFP calculation and
the CE reference.
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Figure 6.9: Relative deviation of the ESFR FP (n,~) reaction rate, normalised to the

total fuel capture rate. The large first-point deviation in Fig. 6.8 becomes negligible on
this scale.
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Table 6.3: End-of-life summary of the transferability test. Selected quantities computed
on the ESFR pin cell are compared with the corresponding values obtained on the Su-
perphénix reference. All deviations are expressed with respect to the CE reference of the
corresponding configuration.

Quantity ESFR  Superphénix
|Ak| at end of life [pcm] ~ 200 ~ 200
HM concentration, rel. dev. [%)] +0.035 +0.034
FP concentration, rel. dev. [%] —0.23 —0.29
HM (n,~), max rel. dev. [%] +0.65 +0.27
FP (n,v) at EOL [%] +3.2 +3.7
FP (n,v) at EOL, fuel-normalised [%]  +0.47 +0.53

6.3 Computational Cost of the Methodology

The accuracy assessment of the previous sections quantified the residual error introduced
by the multigroup representation and by the lumping of fission products in reaction rates,
inventories, and multiplication factor. The methodology developed in this work, however,
was motivated by a complementary practical objective: reducing the computational cost
of fast reactor depletion calculations while preserving the relevant neutronic observables
within an acceptable accuracy envelope. This section quantifies the wall-clock time savings
achieved on the two configurations considered in this work and discusses the upfront cost
of library generation, which is amortised when the libraries are reused across multiple
depletion calculations.

6.3.1 Reference Conditions for the Comparison

All calculations reported in this work were performed on the same computing infrastruc-
ture, with 128 CPU cores allocated to each run. The number of active neutron histories
per transport solve was kept constant within each configuration: 3 - 107 active particles
per solve on the SPX reference, and 7.5 - 10 active particles per solve on the ESFR pin
cell. These values are not directly comparable across configurations; however, the relative
speedup of the multigroup methodology with respect to the continuous-energy reference
is an internally consistent measure of the time saving on each system.

The reference CE depletion calculations were executed with the predictor-corrector
scheme of OpenMC, which requires two transport solves per depletion step. The MG
calculations, both with explicit and with lumped fission products, were executed with
the predictor-only scheme implemented in the framework developed in this work, which
requires one transport solve per depletion step. Part of the speedup reported below
therefore reflects the change of integration scheme in addition to the change in transport
mode.

Each depletion calculation includes an initial transport solve on the fresh fuel, followed
by the transport solves required by the depletion scheme over the burnup grid. Thus, a
predictor-only calculation with n burnup steps requires n + 1 transport solves, whereas
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Table 6.4: Wall-clock times of the depletion calculations on the Superphénix reference.
All runs used 128 CPU cores and 3 - 107 active particles per transport solve. The speedup
is computed relative to the CE reference.

Calculation Total time  Avg. time per Calc. rate

[h] transport solve [s] [p/s] Speedup
CE predictor—corrector 191.20 16788 1787 1.00
MG explicit FP predictor-only 7.04 1208 35274 27.2
MG LFP predictor-only 2.51 431 97787 76.2

a predictor-corrector calculation requires approximately 2n + 1 transport solves. In the
following, the total time of a depletion calculation refers to the sum of all transport solves
of the irradiation history, including the fresh-fuel point.

6.3.2 Time Savings on the SPX Reference

The SPX reference was depleted over twenty burnup steps. This corresponds to twenty-
one transport solves for the MG predictor-only calculations and approximately forty-
one transport solves for the CE predictor-corrector. The wall-clock times of the three
calculations are summarised in Tab. 6.4.

The CE reference required approximately eight days of wall-clock time on the allocated
infrastructure. The MG calculation with explicit fission products completed the same
irradiation history in approximately seven hours, reducing the total run time by more
than a factor of twenty-seven. Introducing the LFP representation on top of the MG
transport reduced the total time further, to approximately two and a half hours, yielding
a cumulative speedup of about a factor of seventy-six with respect to the CE reference.

The speedup has two main components. The factor of twenty-seven between the
CE reference and the MG explicit-FP calculation combines the use of groupwise pre-
collapsed cross sections, instead of pointwise continuous-energy data, with the change
from a predictor-corrector to a predictor-only integration scheme, which approximately
halves the number of transport solves per depletion step. The additional factor of about
2.8 obtained by introducing the LFP representation is attributable to the smaller number
of nuclides that need to be tallied at every transport solve and included in the depletion
chain, with seventeen lumped carriers replacing the explicit fission product set.

6.3.3 Time Savings on the ESFR Pin Cell

The ESFR pin cell was depleted over thirteen burnup steps. This corresponds to fourteen
transport solves for the MG LFP predictor-only calculation and approximately twenty-
seven transport solves for the CE predictor-corrector reference. The wall-clock times of
the two calculations performed on this configuration are summarised in Tab. 6.5.

The MG LFP calculation is faster than the CE reference on the ESFR, pin cell by about
a factor of one hundred and twenty-seven, of the same order as the speedup obtained on
the Superphénix reference. The calculation rate of the MG LFP run is comparable across
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Table 6.5: Wall-clock times of the depletion calculations on the ESFR pin cell. Both
runs used 128 CPU cores and 7.5 - 10° active particles per transport solve. The speedup
is computed relative to the CE reference.

Calculation Total time  Avg. time per Calc. rate

[h] transport solve [s] [p/s] Speedup
CE predictor—corrector 32.95 4393 1821 1.00
MG LFP predictor-only 0.26 66 103778 126.7

the two configurations, around 10° particles per second, while the calculation rate of the
CE run is around 1.8 - 10? particles per second on both systems. This indicates that the
observed speedup is consistent with the lower cost per particle history of the multigroup
transport mode, combined with the reduced number of transport solves required by the
predictor-only scheme.

6.3.4 Cost of the Library Generation

The speedup figures reported above refer to depletion calculations that use the LFP
multigroup libraries as input. The generation of those libraries, performed once on the
Superphénix reference through the workflow described in Section 2.4, has its own com-
putational cost and must be included in a complete assessment of the methodology. Each
transport solve of the library-generation workflow uses 3 - 108 active particles, an order of
magnitude more than the depletion calculations discussed above, and tallies many reac-
tion rates per energy group for every nuclide of the inventory, including both heavy metals
and fission products. The combination of higher statistics and larger tally workload makes
the calculation rate of the library-generation runs significantly lower than that of the cor-
responding depletion runs: about 875 particles per second on the depleted-state points,
compared with about 26 000 particles per second on the fresh-fuel point where only the
nine fuel nuclides are tallied. This factor of about thirty illustrates the impact of the tally
workload on transport efficiency.

The total wall-clock time of the library generation, executed sequentially on 128 CPU
cores, is about 83 hours for the twenty-one transport solves of the burnup grid. The
fresh-fuel point requires approximately 3.5 hours, while the depleted points average ap-
proximately 4 hours each. Since the workflow consists of independent single-step transport
solves, it can be parallelised across multiple jobs if the computing infrastructure allows.
In the sequential case considered here, the library-generation cost is substantial, but still
lower than the cost of a single full CE depletion calculation on the Superphénix reference.

Library generation is an upfront cost. Once the libraries have been produced, they
can be reused in subsequent depletion calculations that remain within the physical regime
for which the libraries are representative. The break-even point therefore depends on the
target workload and on the reference used for comparison. For the Superphénix case,
the library generation is already less expensive than one full CE depletion calculation;
for shorter or lower-statistics applications, several reuse cases may be required for full
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amortisation. In either case, every additional compatible depletion calculation benefits
from the speedup factors quantified above. The interpolation and ESFR transferability
tests presented in this chapter are examples of such reuse.

6.3.5 Closing Remarks

For the configurations considered in this work, the lumped multigroup methodology re-
mains within a multiplication-factor envelope of about 200 pcm and a fuel-normalised
fission-product capture deviation below about half a percent at end of life. The computa-
tional analysis provides the complementary measure of the cost at which this accuracy is
obtained. On the Superphénix reference, the LFP methodology reproduces the CE result
in about 1/76 of the wall-clock time; on the ESFR pin cell, it requires about 1/127 of the
wall-clock time of the corresponding CE reference.

The library generation that enables these speedups has a non-negligible upfront cost,
but this cost is amortised when the libraries are reused. The methodology is therefore
most advantageous in regimes where the same libraries support multiple depletion calcu-
lations, such as parametric studies, sensitivity analyses, or the exploration of a family of
configurations within a common fast-spectrum regime.
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Chapter 7
Conclusions and Future Work

This thesis has developed and assessed a methodology for the generation and use of multi-
group lumped fission product cross sections in fast spectrum depletion calculations. The
work has addressed three connected aspects of the problem: the construction of the cross-
section libraries from a continuous-energy Monte Carlo reference, the implementation of
a coupled multigroup transport-depletion framework able to use those libraries, and the
assessment of the methodology on multiplication factor, reaction rates and nuclide in-
ventories, both on the configuration used for the library generation and on a different
configuration. This chapter summarises the conclusions of the work and outlines the
directions that the methodology naturally suggests for further development.

7.1 Conclusions

The first part of the work addressed the construction of the LFP data. Effective fission
yields were generated through auxiliary depletion calculations in which heavy-metal trans-
mutation and decay routes were disabled, so that the fission products associated with each
parent could be isolated. These yields were then used to collapse explicit fission product
microscopic cross sections into parent-specific lumped carriers. This approach keeps the
number of fission product species small while preserving part of the dependence of the
fission product composition on the fissioning heavy metal.

The second part of the work assessed the approximations introduced by the LFP
representation. The stepwise analysis showed that the main discrepancies arise from
two sources: the multigroup treatment itself and the replacement of the explicit fission
product inventory by lumped pseudo-nuclides. In the decoupled cross-section analysis, the
aggregate fission product total reaction rate was reproduced accurately, while absorption
channels showed deviations of the order of a few percent.

A coupled multigroup transport—depletion framework was then implemented in Python.
The framework uses OpenMC multigroup transport calculations to obtain the flux at each
burnup step and advances the composition through the depletion operator using the cor-
responding burnup-dependent microscopic cross sections. A preliminary calculation with
explicit fission products verified that the driver and library-management procedure work
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correctly before applying the LFP approximation.

For the Superphénix reference case, the fully coupled MG LFP calculation reproduced
the main integral quantities with acceptable accuracy for the intended model-reduction
purpose. The multiplication factor remained within an envelope of about 200 pcm with
respect to the CE reference over the full irradiation history. The total heavy-metal inven-
tory and aggregate reaction rates were reproduced more accurately than most individual
nuclide quantities, confirming that the lumping procedure is better suited to preserving
integral effects than detailed isotope-by-isotope inventories. The back-projection analy-
sis showed that the dominant fission product concentrations are generally well recovered,
while larger deviations appear for strong absorbers such as samarium, europium, and
gadolinium isotopes. This behaviour is consistent with the sensitivity of these nuclides to
the spectrum and to the local balance between production and neutron capture.

The robustness test on an alternative burnup grid showed that linear interpolation of
the burnup-dependent MGXS libraries does not introduce a visible additional error for
the reference configuration. The transferability test on the ESFR-like pin cell further
showed that the methodology remains usable when applied to a different fast-spectrum
configuration, although the larger deviations observed in some heavy-metal capture rates
indicate the expected sensitivity to spectral mismatch between the library-generation case
and the target calculation.

The computational results confirm the practical motivation for the method. On the
Superphénix reference, the MG LFP depletion calculation was about 76 times faster than
the CE reference depletion, while on the ESFR pin cell the speedup was about 127. The
cost of generating the MGXS libraries is not negligible, but it can be amortised when the
same libraries are reused in several calculations within a similar fast-spectrum regime. The
method is therefore most useful for parametric studies, sensitivity analyses, or exploratory
calculations where repeated depletion simulations are required.

Overall, the results show that parent-specific LEPs combined with burnup-dependent
multigroup cross sections can reproduce the main neutronic effects of the fission product
inventory in fast-spectrum pin-cell depletion calculations at a much lower computational
cost than CE depletion. The method is not intended to replace explicit fission product
tracking when detailed isotope inventories are required. Its value lies instead in providing
a reduced representation that preserves the aggregate effect of fission products on reaction
rates and reactivity with controlled accuracy for fast-spectrum applications.

7.2 Future Work

The aim of the thesis is to establish and demonstrate the methodology, and represents
only a starting point for future possibilities. The work presented here establishes the
methodology and demonstrates its viability on the configurations considered, but it does
not exhaust the possibilities it opens. Several directions of extension can be identified, of
varying ambition and practical proximity to the present state of the framework.
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7.2.1 Extension of the Validation Domain

The most immediate continuation of the work is the extension of the validation to a
broader set of configurations. The two systems considered here are both single pin cells
with oxide fuel and sodium coolant, similar in spectrum and in fuel composition. A more
demanding assessment of the transferability of the libraries would consider fast reactor
configurations with appreciably different spectra, such as metal-fuelled cores or cores
cooled by lead or gas. A parallel direction is the extension from pin cell to assembly,
where intra-assembly spectral gradients between fissile and fertile zones, between control
and fuel positions, and between the core centre and its periphery may exercise the libraries
in conditions farther from the spectrum on which they were generated. The long-term goal
of this direction is the application of the methodology to a full-core depletion calculation,
where the residual errors introduced by the lumping and by the multi-group representation
can be assessed on an integral, design-relevant quantity such as the reactivity swing or
the equilibrium isotopic vector.

7.2.2 Extension of the Library Parametrisation

The cross-section libraries developed in this work are parametrised on the cumulative
burnup only, while the remaining state variables of the system are held fixed at the values
used during the library generation. A natural extension is the introduction of the fuel
temperature as a second parameter of the libraries, indexing them on a two-dimensional
grid in burnup and temperature. The framework architecture already accommodates this
extension with minor modifications: the manager would interpolate bilinearly between
the four closest tabulated points, and the existing transport-depletion loop would remain
otherwise unchanged. The library so obtained would enable the evaluation of the Doppler
reactivity coefficient within the same lumped multi-group framework. A subsequent step
would be the addition of further parameters relevant to fast reactor conditions, such as
the coolant density or the void fraction.

If the dimensionality of the parameter space grow beyond two or three independent
variables, the linear interpolation adopted in the present framework would become limit-
ing, both in terms of the number of tabulated points required and of the fidelity of the
interpolation in regions of strong non-linearity. In such a regime, the replacement of the
interpolation routines with regression-based surrogates, including those built on machine-
learning techniques such as neural networks or Gaussian processes, would be a natural
avenue to explore. The choice of the specific technique would depend on the dimension-
ality of the problem and on the required level of accuracy, and would itself be the object
of a dedicated study.

7.2.3 Removing the Burnup Dependence of the Libraries

A more structural reformulation of the methodology would aim at removing the burnup
parametrisation of the libraries altogether. The present approach tabulates the lumped
cross sections on a burnup grid because the effective yields of a single lumped fission
product are unable to reproduce, on their own, the full burnup evolution of the capture rate
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observed in the continuous-energy reference. The characteristic shape of this evolution, of
which Fig. 4.2 provides an example, consists of a rapid initial rise followed by a plateau
and a slow decrease towards end of cycle. This shape is the integrated effect of multiple
competing mechanisms, including the build-up of strong absorbers, the gradual depletion
of short-lived precursors, and the progressive shift in the fission product composition as
the heavy metal vector itself evolves.

A possible alternative would associate two lumped carriers to every fissile heavy metal
instead of one: a first carrier representing the early-stage composition of the fission prod-
ucts, and a second carrier representing the mid-cycle composition near the maximum of
the capture rate. The effective yields and the decay constants of the two carriers would be
chosen in such a way that the transitory between the two reproduces the observed burnup
shape of the capture rate without requiring an external dependence on burnup. The con-
struction would have to be carried out under the constraint that the scattering behaviour
of the lumped representation is not appreciably modified relative to the single-carrier ap-
proach, so that the present scattering framework remains applicable. If successful, the
resulting libraries would be independent of burnup, the interpolation procedure of the
manager would be no longer needed for the fission product component, and the genera-
tion cost of the libraries, currently dominated by the per-burnup transport solves, would
be substantially reduced. The viability of this construction, the optimal choice of the
two compositions and the accuracy of the resulting representation are open questions that
merit dedicated investigation.

7.2.4 Closing Considerations

The directions outlined above are not mutually exclusive. An extended validation on more
diverse systems would qualify the applicability range of the methodology; the introduction
of a temperature parametrisation would unlock the analysis of safety-relevant reactivity
coefficients; and the exploration of a burnup-independent reformulation could simplify the
overall workflow. The framework developed in this thesis is designed to accommodate all
three extensions without major architectural revisions, and the methodology presented
here can therefore serve as a basis for this follow-up work.

98



Code Availability

The source code developed for this work is publicly available at:

https://github.com/FedericoPati/0OpenMC_LumpedFP

The repository contains the depletion-chain generation tools, the LFP library-generation
scripts, the multigroup transport—depletion framework, and the example input files used
in this thesis.

A permanent archived version, is also available at https://doi.org/10.5281/zenodo.

20670239 [35].
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Appendix A

Supplementary Data

A.1 ECCO-33 Energy Group Structure

Table A.1: ECCO-33 energy group boundaries adopted for the MGXS generation.

G Upper [eV] Lower [eV] G Upper [eV] Lower [eV]
1 1.964 x 107 1.000 x 107 18 3.355 x 10>  2.035 x 10°
2 1.000 x 10"  6.065 x 105 19 2.035 x 10>  1.234 x 10°
3 6.065x 105 3.679x 105 20 1.234 x 103>  7.485 x 102
4 3.679x10° 2231 x10% 21 7.485x 102  4.540 x 102
5 2231 x10% 1.353x 105 22  4.540 x 10>  3.043 x 102
6 1.353x 105 8209 x 10° 23 3.043 x 10>  1.486 x 10?
7 8209 x 10°  4.979 x 10° 24  1.486 x 10>  9.166 x 10!
8 4979 x 10° 3.020 x 10° 25 9.166 x 10'  6.790 x 10'
9 3.020 x 10° 1.832x 10> 26 6.790 x 10'  4.017 x 10!
10 1.832x 10° 1.111 x 10° 27 4.017 x 10" 2.260 x 10!
11 1.111 x 10° 6.738 x 10* 28 2.260 x 10  1.371 x 10*
12 6.738 x 10*  4.087 x 10* 29 1.371 x 10* 8.315

13 4.087 x 10* 2479 x 10* 30 8.315 4.000

14 2479 x 10*  1.503 x 10* 31 4.000 5.400 x 107!
15 1.503 x 10*  9.119 x 10> 32 5.400 x 10~' 1.000 x 107!
16 9.119 x 10> 5.531 x10® 33 1.000 x 10~* 1.000 x 107°
17  5.531 x 10%  3.355 x 103

A.2 Depletion Chain Used in the LFP Model

The custom depletion chain adopted for actinide evolution and LFP production is reported

in Listing A.1.
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Listing A.1 Custom depletion chain used for actinide evolution and LFP generation.
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