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Abstract. The FLUKA Monte Carlo code has recently undergone significant enhancements, driven by
needs from its user community. Key improvements are discussed, such as a new point-wise treatment for
the interactions of low-energy neutrons, the incorporation of a new model for nuclear elastic scattering
of protons below 250 MeV, explicit generation of synchrotron radiation photons during charged particle
tracking, a revised modeling approach for coherent effects in bent crystals, and the addition of arc-DPA
scoring. While improving and extending FLUKA physics performance is essential, it is equally important to
ensure the long-term maintainability of the codebase. This paper also outlines the strategy and substantial
progress in evolving FLUKA to meet this objective. The FLUKA features are being translated into a
new codebase, fulfilling essential criteria such as continuity in the user experience and compatibility with
existing inputs, thus laying the foundation for a new FLUKA generation. The codebase makes use of the
Geant4 toolkit when appropriate. Additionally, the enhanced collaboration with Geant4 has resulted in
the development of an interface, detailed in this paper, that enables access to the FLUKA hadronic models
from any Geant4 application.

1 Introduction

FLUKA [1–3] is a general-purpose Monte Carlo code for
the simulation of coupled hadronic and electromagnetic
radiation showers. It simulates the transport and interac-
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tion of photons, leptons, hadrons, and ions in complex
material geometries over a wide energy domain, span-
ning from the keV (or thermal neutron) to cosmic ray
energies. Its development has been driven for over six
decades to serve the needs of accelerator design, detector
radiation background studies, radiation protection, med-
ical physics, space research, etc. Over this period, four
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generations of the codebase have been sequentially
developed.

Since 2020, the FLUKA development team of the
FLUKA.CERN Collaboration has been working on the
maintenance of the existing FLUKA code, as well as
the enhancement and extension of its performances. Addi-
tionally, the team engaged in a significant refactoring and
rewriting of the codebase to ensure its long-term maintain-
ability. This involves improving code readability, adopting
a modular core structure to facilitate the integration of
fixes and new contributions, broadening expertise within
the team across all aspects of the codebase, and fostering
synergies with Geant4 to mutually exploit parallel efforts.

This paper is structured as follows. Section 2 out-
lines recent improvements of FLUKA physics capabilities,
introduced in the FLUKA v4-3 and v4-4 releases. On the
other hand, Section 3 elaborates on the motivation for
transitioning to a new FLUKA generation and on the
migration strategy. Furthermore, it provides an overview
of the ongoing developments and describes the interface
enabling to access the FLUKA hadronic models from any
Geant4 application.

2 Recent physics developments in FLUKA v4

2.1 New point-wise treatment for the interactions of
low-energy neutrons

FLUKA versions preceding v4-3.0 relied on a group-
wise treatment for neutron interactions below 20 MeV,
except for a handful of isotopes and selected channels, for
which an ad-hoc point-wise treatment could be invoked.
While this approach offered appealing advantages (fast
simulation and modest memory requirements), its draw-
backs (lack of charged-secondary generation and trans-
port, discrete angular distributions, uncorrelated resid-
ual nuclei production, etc.) made it inapplicable to e.g.
neutron detector and other event-by-event simulations.
A major effort was therefore recently invested in devel-
oping and implementing a novel point-wise treatment in
FLUKA v4-3.0, with strong emphasis not only on physics
performances but also on computational efficiency [4].

This new FLUKA point-wise implementation is based
on cross-sections from evaluated nuclear data libraries,
preprocessed at 0 K with PREPRO [5] by the Geant4
collaboration [6–8], and freely distributed by IAEA [9].
While the default choice is the JEFF library, other neutron
databases (ENDF, JENDL, etc.) are made available as
well. Furthermore, users are offered the flexibility to select
which neutron library source to invoke on a per-isotope
basis. Point-wise cross-sections are Doppler broadened at
initialization at the user-prescribed temperature, using an
adaptive numerical convolution algorithm respecting the
initial tabular precision of 0.1%, while being fast enough
to process all available 550 database isotopes in less than
20 s on a 3 GHz single-core computer.

For performance reasons, the interaction-channel selec-
tion is performed through a hierarchical structure, starting
from a total-cross-section tabulation for each invoked ele-
ment, followed by a selection of the actual isotope, after

which the interaction channel (elastic scattering, radiative
capture, inelastic interaction, or fission) is determined,
with a final subdivision into specific channels for inelastic
interactions (to discrete levels or the continuum) and fis-
sion channels. Runtime interpolations in tabulated cross-
section values employ a bisection method paired with an
original indexing algorithm which exploits the IEEE754
floating-point format to constrain the search to a limited
range [4]. This indexing method yields a search perfor-
mance up to a factor of 10 faster than a bisection search for
the sizeable point-wise cross-section tabulations employed
in this approach, containing O(105) points.

All point-wise interactions are performed in a fully cor-
related manner: FLUKA reproduces a prescribed N -body
final state through a series of two-body emissions, with
the kinematics gradually constraining particle-emission
distributions from the databases. In final states involv-
ing other particle species, emission priority is given to
the neutrons, in order to faithfully respect neutron spec-
tral features. Should this constrained subsequent emis-
sion yield an unphysical situation, the selected chan-
nel is resampled. Finally, the excited residual nucleus is
treated by the FLUKA gamma de-excitation model, which
includes known nuclear levels. Thanks to the refinement
of the prompt gamma emission in FLUKA v4-4.0, relying
on evaluated nuclear data in the ENSDF database, the
FLUKA gamma de-excitation model is henceforth able
to faithfully reproduce the gamma cascade following a
neutron capture, including all correlations. For the fission
channel, the available information in the databases (neu-
tron multiplicity, pre-scission neutron multiplicity, mass
distributions, gamma spectra) is employed; when missing,
the Wahl systematics [10] for the fragment mass distribu-
tion is invoked, as well as an ad-hoc model for the pre-
scission neutron multiplicity.

At thermal energies, the code uses the free-gas approx-
imation with the constant cross-section model, and (upon
user request) it can account for binding effects using
S(α, β, T ) thermal scattering laws (TSL). Both Geant4
and ACE format TSL libraries are supported, including
mixed inelastic, elastic coherent, and incoherent scatter-
ing. An internal energy rescaling mechanism is used for the
inelastic channel in order to physically correct the aliasing
effect due to the sharp peak when the outgoing neutron
energy is equal to that of the incoming neutron.

The point-wise implementation outlined above
was intensively benchmarked and validated by the
FLUKAVAL framework [11], offering superior physics
performances to the ones of the previous group-wise
implementation with a minimum CPU penalty. After
more than one year of testing by our user community, it
became the default model for neutron interactions below
20 MeV in FLUKA v4-4.0.

2.2 Nuclear elastic scattering of protons below
250 MeV

In FLUKA v4-4.0, a new model for the nuclear elastic scat-
tering of protons below 250 MeV has been included [12],
superseding a simpler model employed up to version 4-3.4
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Fig. 1. Differential cross-section for the elastic scattering of
80 MeV protons on 90Zr. Experimental data [16,17] are repre-
sented by the black symbols, while the differential cross sec-
tions sampled from FLUKA v4-4.0 and from FLUKA v4-3.4
are displayed by the solid red and dashed blue curve, respec-
tively (statistical uncertainty bars have been omitted for clar-
ity).

[13], covering only protons above 10 MeV. This newly
developed model is based on both partial-wave anal-
yses [14,15] and experimental angular distributions
[16,17]. To reduce memory requirements in the frame-
work of a general-purpose Monte Carlo code like FLUKA,
a parametrized expression based on the black-disk limit
has been adopted [18–20]. This model not only addresses
FLUKA’s lack of nuclear elastic scattering for protons
below 10 MeV, but it also provides a more accurate
description of the structure of minima and maxima of
the differential cross-section at large scattering angles, as
shown in Figure 1.

The performances of this new model have been
assessed in two applications where nuclear elastic scat-
tering plays a significant role. On the one hand,
FLUKA v4-4.0 has been employed to estimate the cross
section for single-event-upset production induced by low-
energy protons in commercial static random-access mem-
ories [12]. An improved agreement with experimental
estimates has been obtained with respect to earlier
FLUKA versions, for which the lack of nuclear elastic scat-
tering of protons below 10 MeV led to an underestimation
of several orders of magnitude in the 1–10 MeV range [21,
22]. On the other hand, the off-axis dose deposition by
100–250 MeV proton beams in water phantoms [23,24]
has been assessed. The agreement between experimental
and FLUKA dose estimates has been enhanced consider-
ably at distances of 5–10 cm from the beam axis when
using the new (p,el) model.

2.3 Emission of synchrotron radiation photons along
charged particle steps

In FLUKA versions prior to v4-3.0, the emission of syn-
chrotron radiation (SR) could be activated along a maxi-
mum of two trajectory arcs in uniform magnetic fields (at
most with a sign variation among arcs) by means of a spe-
cial source card, without explicit tracking of the emitting

charged particle. This approach offered limited applicabil-
ity in practical simulations, especially when dealing with
complex, non-uniform magnetic fields, further failing to
account for changes in the energy of the emitting particle,
and not being applicable to problems where SR emitted
by secondary particles is significant. To overcome these
limitations, SR emission by charged particles tracked in
magnetic fields was included in FLUKA v4-3.0.

This new feature has recently allowed FLUKA to
assess radiation loads in the FCC-ee [25], a future e−e+

collider with beam energies of up to 182.5 GeV, implying
an energy loss of 10 GeV per turn due to SR emission.
A dedicated study using FLUKA v4-3.0 provided valu-
able insight into the absorber and shielding design to pro-
tect the machine from the radiation load coming from the
emitted SR photons [26]. FLUKA v4-3.0 was furthermore
instrumental for evaluating the radiation load in prospec-
tive studies for a muon collider [27]. While the primary
muons do not produce a significant SR amount due to their
large mass, their decay generates a substantial number of
secondary electrons with energies of up to 5 TeV. These
electrons eventually impact the machine, generating show-
ers and causing an important radiation load on the super-
conducting magnets. In this scenario, the proper account
of their SR reduces the required amount of shielding to
protect the equipment, as it disperses the energy deposi-
tion more uniformly on both sides of the beam aperture
[28].

2.4 Coherent effects in bent crystals

The FLUKA module for the tracking of positively charged
particles in crystal lattices is currently being recast in
terms of explicit tracking in the electrostatic potential of
adjacent crystal planes. This approach is free from ear-
lier a priori assumptions and ad hoc treatments for vari-
ous coherent transport effects, which now arise naturally,
including: (i) the channeling of particles when their direc-
tion of motion is sufficiently close to the channel orien-
tation, (ii) volume reflection when a particle trajectory
gradually becomes tangent to a crystal channel orienta-
tion after having crossed a typically large number of crys-
tal planes, and (iii) the dechanneling or volume capture as
a result of an interaction significantly changing the parti-
cle direction of motion [2].

The oscillating trajectory of channeled particles is now
tracked explicitly, with an amplitude that prescribes a
minimum impact parameter with respect to the atoms in
the adjacent crystal planes. A series of interaction mecha-
nisms are accordingly suppressed runtime for channeled
particles, including Coulomb scattering, nuclear elastic
scattering as well as nuclear reactions, and the elec-
tronic stopping power [29]. For quasi-channeled particles,
whose direction of motion may eventually become tangent
to the crystal orientation, the nuclear interaction cross-
sections are also modified, resulting in a higher interac-
tion rate because an effectively higher atomic density is
encountered as particles traverse atomic planes at grazing
angles.
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2.5 Scoring of athermal-recombination-corrected
displacements per atom (arc-DPA)

FLUKA offers built-in scoring capabilities for a range
of physical observables to quantify cumulative radiation
damage effects in materials exposed to intense radiation
fluxes, including dose deposition, non-ionizing energy loss,
gas production (typically H and He), and displacements
per atom (DPA). The latter is particularly relevant as a
widely employed measure for the radiation-induced degra-
dation of a material’s microscopic structure (displacement
damage). The DPA scoring capabilities of FLUKA were
significantly enhanced in v4-3.0. On the one hand, the
Norgett-Robinson-Torrens measure for DPA (an industry-
standard in the foregoing decades) was added as a scor-
ing quantity. On the other hand, a state-of-the-art evalu-
ation of DPA was added, accounting for the athermal ion-
hole recombination efficiency, following the prescription of
Nordlund et al. [30]. This approach supersedes the recom-
bination efficiency used in earlier FLUKA versions, which
was strictly applicable to graphite only. This novel arc-
DPA scoring functionality in FLUKA has been recently
employed e.g. to assess the lifetime of superconducting
magnets in the proposed 3-10 TeV muon collider [28].

2.6 Nuclear database modernization

FLUKA relies extensively on nuclear data libraries to
operate, containing diverse elements such as nuclear levels
and respective transition information as well as radioac-
tive decay modes and products. This data is obtained
from widely available sources such as NNDC or IAEA-
RIPL [31,32] and stored in a nuclear database, which is
in turn loaded during the code initialization. In its cur-
rent form, the nuclear database has been part of FLUKA
for several decades and was designed at a time when the
capabilities of both programming languages and hardware
were not comparable with the tools and methods at our
disposal today.

The database has recently gone through a substantial
modernization [33] which has brought forward several ben-
efits. Firstly, it allows the data to be reorganized in a more
modular way, facilitating its documentation, maintenance,
and testing, as well as simplifying collaborative work on it.
Secondly, legacy data structures have been replaced with
up-to-date data science-inspired formats, which permits
the storage of more data more flexibly. The whole database
has been designed and built with the new FLUKA gener-
ation in mind and is fully integrated into it.

3 FLUKA v5: A new FLUKA generation

While the improvement of FLUKA radiation-matter inter-
action models and technical capabilities remains a neces-
sity to satisfy the evolving needs of our user community, it
is equally crucial to ensure the long-term maintainability
of its codebase, currently hindered by a number of factors.
The code structure excessively intertwines different com-
ponents, such as tracking and scoring, which raises the

likelihood that a modification in one feature introduces
regressions in another. Extensive use of shared variables
increases the risk of unintended side effects when imple-
menting new features. Finally, readability is compromised
by factors such as the legacy use of 6-letter variable names,
an occasionally convoluted control flow, and blocks of code
replicated at multiple instances, each with specific vari-
ations. Most of these limitations stem from constraints
imposed by the use of the FORTRAN 77 programming
language, a lack of modularization of the codebase, and
the at times incoherent addition of developments over var-
ious decades.

It is therefore necessary to undertake a substantial
modernization of the code and a redesign of its architec-
ture. Such a work allows us to set a solid core foundation
for a new FLUKA generation, to which many collabora-
tors can contribute in a sustainable manner, and facilitate
synergies with other Monte Carlo code communities.

3.1 Codebase modernization and release strategy

Such an evolution should abide by a series of constraints.
Firstly, simulation results should exhibit no drastic dis-
continuity: for instance, FLUKA stands as a reference
for CERN radiation protection activities, encompassing
shielding, activation, dosimetry studies, and instrumenta-
tion characterization for regulatory bodies like the Swiss
OFSP (Office fédéral de santé publique) and French ASN
(Agence de sûreté nucléaire). Secondly, the new frame-
work should still support the extensive set of FLUKA v4
geometries and input files accrued over the past decades
in the course of a wide variety of studies for accelerator
design and operation. Additionally, it should remain com-
patible with associated tools such as the FLUKA coupling
with particle tracking codes in accelerator lattices [34–36],
the LineBuilder [37], and other post-processing codes, to
name a few. Thirdly, FLUKA’s nature as a fully integrated
application and its derived user experience should be pre-
served. This approach offers users a ready-to-run applica-
tion: they can directly focus on their studies descriptions
and settings, as facilitated by the Flair graphical interface
[38,39], and rely on a single set of physics models that
represent the best of our knowledge at a given time. This
approach is complementary to the one adopted by Geant4
[6–8], which, as a toolkit, enables users to develop and
customize their own applications.

Concerning the code migration strategy, several options
were evaluated. A complete rewrite of a general-purpose
Monte Carlo code from scratch would be a remarkably
extensive effort, resulting in redundant work. Conversely,
adopting an alternative Monte Carlo code was impracti-
cal due to the aforementioned constraints. A hybrid strat-
egy was adopted, consisting of the migration of FLUKA v4
physics models and technical capabilities onto a mod-
ular multi-threaded C++ application, henceforth called
FLUKA v5. FLUKA v5 is specifically designed to ensure
continuity in the FLUKA user community: it offers compat-
ibility with FLUKA v4 inputs, geometry descriptions, aux-
iliary tools, and user interface, and a continuity in physics
performance and technical features. It makes use of the
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Geant4 toolkit, benefiting from its high degree of flexibil-
ity and customization. The migration of v4 features is not
a mere translation from one language to another: a crit-
ical assessment is performed, and possible improvements
are integrated, both in terms of physics and computa-
tional performances. Geant4 physics models and technical
capabilities are adopted when they align with those of
FLUKA, otherwise, they are temporarily used until the
migration of their FLUKA v4 counterparts is completed.

The evolution strategy is illustrated in Figure 2.
Migrated v4 physics models and technical capabilities are
always made accessible from the new FLUKA v5 frame-
work. Additionally, when technically possible, migrated
modules are also made accessible from the current
FLUKA v4 framework: such shared modules shall pro-
gressively be distributed in public releases of FLUKA v4,
offering testing and possible enhancements in a gradual
manner. When all relevant FLUKA v4 features have been
interfaced in a sufficiently complete way to ensure equiv-
alent (or improved) performances and user experience,
possibly even before their C++ re-writing completion,
FLUKA v5 will be publicly released.

The impact of such a migration on the Monte Carlo
user communities is substantial. While FLUKA users
should expect minimal disruption in their existing work,
as enabled by the FLUKA v5 framework, a particularly
notable side-effect is that they will gain access to all
Geant4 physics lists alongside FLUKA physics. While not
the primary motivation for the migration, this will enable
them to directly conduct code inter-comparison studies
using their existing v4 input files. On the other hand,
the Geant4 user community will gain access to FLUKA
physics models by design, thanks to their modularization
and integration into a physics list. Regarding FLUKA v5
technical features, those of general interest for the devel-
opment of other applications shall also be adapted and
made available in the Geant4 toolkit.

3.2 Present status of FLUKA v5

In this section, a general overview of recent developments
in FLUKA v5 is presented.

Geometry description paradigms in Geant4 and
FLUKA are inherently different, somehow reflecting the
distinct communities for which they were designed. Detec-
tors in the LHC experiments have a very intricate nature
and a huge number of volumes, which led to the creation
of hierarchical and modular description schemes. Instead,
the accelerator lattice has a lower level of intricacy, allow-
ing the FLUKA geometry to be flat in the hierarchy
and optimize navigation with closer neighbors caching.
In order to avoid any error-prone conversion mechanism,
the FLUKA v4 geometries, made of bodies, zones, and
regions, can be converted into exactly equivalent entities,
purposefully created as an extension to the GDML for-
mat [40]. Subsequently, FLUKA v5 builds the equivalent
Geant4 geometry with all available information, treating
each zone and its associated material as a Geant4 solid,
logical, and physical volume. The resulting geometry is
a set of Geant4 physical volumes, all placed at the same

hierarchy level. To efficiently navigate within this flat hier-
archy structure, a custom navigator was created, incorpo-
rating neighbors caching algorithms akin to those used in
FLUKA v4.

FLUKA v5 relies on the Geant4 implementation of
particle production thresholds. It offers the additional pos-
sibility of setting particle production thresholds in terms
of kinetic energy instead of range only. Regarding parti-
cle transport cutoff, FLUKA-v4-equivalent functionalities
remain to be added.

Support for FLUKA v4 particle tracking capabilities
in magnetic fields is already included in FLUKA v5, allow-
ing the user to define analytical fields (from dipole to
decapole), possibly combined with 2D/3D interpolated
field maps. The implementation directly derives from the
Geant4 one (G4MagneticField). Additionally, the user
has the possibility to apply symmetries to define magnetic
fields.

FLUKA v5 incorporates region importance and weight
window biasing. These techniques are derived from
the Geant4 implementation (G4VBiasingOperator and
G4VBiasingOperation). Interaction length biasing needs
to be extended to match the FLUKA v4 capabilities, while
other features such as particle decay biasing and direction
biasing remain to be implemented.

Efforts are ongoing to migrate FLUKA v4 physics
models into v5. The models can be made available to the
FLUKA v5 framework by isolating and re-writing out-
ermost layers of the FLUKA v4 code, while still partly
calling FLUKA v4 Fortran subroutines. This also grants
the Geant4 community access to the FLUKA models at an
early stage of the rewrite, and possibly outlines design con-
straints stemming from integration into a Geant4 applica-
tion. In this spirit, the models for hadron-nucleus inelastic
interactions were made accessible in v5 and any Geant4
application via an interface to the v4 code, as exposed
in Section 3.3. Similarly, the v5 framework has now
access to ion-ion inelastic interactions as interfaced in
FLUKA v4. This includes the FLUKA BME module [41]
and the dedicated deuteron model between ∼1 MeV/n
and 125 MeV/n, the RQMD event generator between
125 MeV/n and 5 GeV/n [42,43], and the DPMJET event
generator above 5 GeV/n [44,45]. Other physics modules
are being migrated: the de-excitation of excited residual
nuclei by gamma decay, the Fermi breakup of excited
nuclei, and nuclear fragmentation through fission. For
now, they have been ported to C++ and provide binary
identical results to the original FLUKA v4 versions. The
modularization was achieved by isolating functions such as
the determination of the nuclear temperature and moment
of inertia for the gamma-ray de-excitation (called during
preparatory steps in the simulation of the gamma-ray cas-
cade), or the decay of unstable nuclei, as well as conser-
vation checks, reference frame transformations and stor-
age of the final state for the Fermi breakup of excited
nuclei.

The analog simulation of radioactive decay is primar-
ily based on the Geant4 implementation, enhanced by a
flagging strategy for immediate discrimination between
prompt and delayed radiation. In addition, an activa-
tion mode has been added, where the user can define an
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Fig. 2. FLUKA repository structure and evolution strategy. The plot on the left of the arrow illustrates the current development
status and associated release content. The v4 features are progressively ported into v5-only and shared components. The plot
to the right of the arrow illustrates the final repository structure once all v4 features have been ported.

arbitrary number of irradiation and cooling times profiles.
This activation mode is based on an external build-up
and decay engine [46,47] for a fully analytical resolution
of the Bateman equations (in contrast with the Geant4
approach, where decay times are sampled), and on the
use of Geant4 decay tables for the emission of decay prod-
ucts. It allows for a highly efficient analytical calculation
of isotope activities and enables the evaluation of residual
dose rates. Prompt and delayed radiation calculations can
be conducted simultaneously, and all particles need to be
tracked only once to provide results for each irradiation
profile, due to the use of sets of weights calculated via the
build-up and decay engine.

The scoring infrastructure in FLUKA v5 is a stan-
dalone implementation. It does not rely on the Geant4
sensitive detectors and hits collections mechanism. This
offers more flexibility in the way the scoring is triggered
and associated with the geometry, and the choice of scor-
ing data containers. Various scoring quantities are avail-
able, including track length in a volume, fluence and cur-
rent across a boundary, reaction product yields, activity,
and dose equivalent through the integration of fluence-
to-dose coefficients. Scoring can be differential in one or
two parameters, such as particle kinetic energy, angle,
charge, LET, and time. A simple and flexible design allows
for the straightforward incorporation of additional scor-
ing quantities and differential parameters. Event-by-event
scoring (including pulse-height energy deposition spectra)
has been added, while the implementation of other fea-
tures related to radiation effects on electronics, available
in G4SEE [48], is in progress.

In this paragraph, the implementation of mesh scoring
(in Cartesian and cylindrical modes) in FLUKA v5 is dis-
cussed. The rationale for developing a standalone imple-
mentation arises from the requirement to maintain con-
sistency with the FLUKA v4 approach. In FLUKA v4,
the mesh definition should not interfere with tracking,
while in Geant4 the scoring manager and parallel worlds
lead particle steps to be dependent on the mesh bin size.
In addition, it is frequent for FLUKA users to define a
very significant number of meshes for a study. Therefore,
possible runtime performance optimizations and memory

usage reductions are critical. The implementation includes
all necessary features: a custom user interface, step split-
ting algorithms applied inside the mesh (implying entire
replacement of Geant4 parallel worlds), mesh scoring data
containers, and handling of scoring data synchronization
among threads. The aforementioned step-splitting algo-
rithms in the mesh were written in a computationally
performant way. They employ caching of the distance to
the closest bin in each dimension and minimize the use of
resource-intensive arithmetic operations. For instance, in
cylindrical mode, there is no runtime call to trigonometric
functions; instead, a binary search on cached azimuth bin
borders is employed. Specific care is taken to limit mem-
ory allocation during runtime. Additionally, in order to
limit total memory usage, worker containers have a fixed
size limit. When the buffer is full, a synchronization mech-
anism is triggered, flushing the worker data to the mas-
ter data container. One drawback of this design is that
it precludes event-based statistics on mesh scores, align-
ing instead with the FLUKA v4 approach of a run-based
granularity. The obtained mesh scores are consistent with
those obtained through the Geant4 implementation. The
achieved mesh scoring runtime performance ranged from
an x40 to x100 speed-up with respect to the Geant4 imple-
mentation in the tested studies. The extent of the speed-
up is directly dependent on the use cases, notably on the
frequency of the splitting of the step across mesh bins.
A substantial reduction in RAM usage was consistently
observed, typically reaching one order of magnitude.

In terms of run management, the current framework
relies on the Geant4 run and events structure. Addi-
tionally, an event generator mode has been introduced,
enabling the printing of cross-sections and final states out-
side any event loop. Users can select the process of inter-
est, with the description chosen directly from the active
physics list. A noteworthy debugging feature has been
added, allowing the restart of a simulation after a crashed
event in a multi-threaded run. It does not rely on printing
random engine status, thus minimizing I/O overhead. The
solution involves computing the unique set of seeds associ-
ated with the specific event one wishes to reproduce. This
uniqueness is ensured in the event strong-reproducibility
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mode. A simulation can be directly resumed from any
event.

FLUKA v5 can be distributed in source and binary
formats. The binary distribution includes all necessary
dynamic dependencies, ensuring ease of installation for
the end user. Regarding quality assurance, continuous
integration is being integrated into FLUKA v5 and
will perform multi-platform builds and testing. Addi-
tionally, the FLUKA extensive testing suite FLUKAVAL
[11] has been made compatible with FLUKA v5. A
comprehensive set of testing scenarios remains to be
incorporated.

We ensured compatibility with the Flair graphical user
interface. By its application-agnostic design, the interface
has been readily extended to enable users to maintain
their accustomed FLUKA v4 workflow also when using
FLUKA v5: this encompasses the editing of input files,
the creation, visualization, and debugging of the simula-
tion geometry, the launching and management of runs,
the post-processing of output files, and the visualization
of simulation results. Additionally, scripts were added in
Flair to allow users to seamlessly convert FLUKA v4
input files into their v5 equivalents. Note that while
such a conversion is technically necessary, it is rather the
ongoing implementation of the v4 features into the v5
framework that enables support for the converted input
files.

The FLUKA v5 framework is already being tested
inside the FLUKA.CERN Collaboration, allowing users to
directly access the Geant4 models from their FLUKA v4
input files, and hence carry out FLUKA-Geant4 inter-
comparison studies. Notably, such studies are being
performed on a wide range of geometries, stemming from
simplified targets to more complex real cases such as
CERN n TOF [49], CHARM and LHC collimation [50].

3.3 Interface to FLUKA v4 hadron-nucleus inelastic
interactions

An interface was created, giving access to the FLUKA v4
hadron inelastic interaction treatment from any Geant4
application. It is integrated into FLUKA v5, as well as
into Geant4 from its 11.2 beta release (June 2023) and
11.2 release (December 2023) onward. The interface wraps
the entire FLUKA PEANUT package [1,20,51], which
models hadron-nucleon interactions (via resonance pro-
duction and decay below a few GeV, and Dual Par-
ton Model above) and hadron-nucleus interactions (via
Gribov-Glauber multiple collision mechanism and detailed
Generalised Intra-Nuclear Cascade followed by a pre-
equilibrium stage) up to 20 TeV. The most relevant
nuclear effects in the target nucleus are modeled (den-
sity, Fermi motion, Pauli-blocking, etc.). The interface
also encompasses FLUKA equilibrium processes: evapo-
ration, fission, Fermi break-up, and gamma de-excitation.
The FLUKA hadron reaction cross-sections were obtained
from parametrizations that fit available experimental
data. Support for photonuclear reactions is also included,
leveraging the nuclear environment description.

The interface incorporates modular C++ code, per-
forming the necessary initialization and isolating inelas-
tic scattering cross-sections and hadron-nucleus inelastic
interactions final states as computed by FLUKA v4. It
also includes generic C++ helper tools and wrappers to
FLUKA v4 utilities. Finally, it contains the necessary util-
ities to plug the work into a Geant4 environment, such as
FLUKA-Geant4 interfacing tools for particle identification
and random numbers engines, as well as a physics list and
related classes.

The interface provides access to the FLUKA models
both at the interaction and at the physics list level. Users
have the flexibility to activate a few options, such as coa-
lescence and heavy fragment evaporation. Two extended
hadronic examples were included in the Geant4 repository,
demonstrating how to make use of this FLUKA interface
in any Geant4 application.

4 Summary and outlook

FLUKA has recently undergone physics performance
enhancements. Concurrently, in order to ensure the code-
base’s long-term maintainability, FLUKA physics models
and technical capabilities are being progressively rewrit-
ten onto a modular multi-threaded C++ application
(FLUKA v5). The latter is purposefully created to ensure
the persistence of the FLUKA user community experi-
ence: it shall offer compatibility with FLUKA v4 inputs,
geometry descriptions, auxiliary tools, and user interface
(Flair), along with the continuity in respect to FLUKA v4
physics and computing performances. It makes use of the
Geant4 toolkit to avoid duplication of efforts and mutually
exploit natural synergies. While the primary objective is
to establish a robust core foundation for the next FLUKA
generation, FLUKA users will also derive immediate ben-
efits: they will have the opportunity to directly conduct
code inter-comparison studies using their existing v4 input
files.

While the FLUKA v5 development version is currently
in use in the context of the FLUKA.CERN Collaboration,
efforts are ongoing by the latter to implement crucial v4
features and carry out extensive testing, so as to be able
to proceed with its public release. A particularly notable
perspective of this endeavor is that it shall enable the
Geant4 user community to gain access to several FLUKA
physics models (thanks to their integration into a physics
list) and a selection of relevant technical features.
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