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Abstract— Nuclear activation is the process of
production of radionuclides by irradiation. This
phenomenon concerns particle accelerators used in various
fields, from medical applications to industrial ones, both
during operation and at the decommissioning phase. For
more than three decades, the possibility of using cyclotrons
for nuclear power generation and nuclear waste reduction
has also been discussed, i.e. in the case of Accelerator-
Driven Systems [1]. The radioprotection and dismantling
issues of accelerator facilities, that have been raised
recently, is even more potent for such installations.

In our study, we are particularly interested in the
activation due to secondary neutrons produced by (x,n)
reactions, mostly (p,n) occurring in the accelerator’s
components. This work focuses on the study of the
radioactivity induced in various materials (V, Sc, Tb, W,
Ta) irradiated by fast and thermal neutrons, in two
different scenarios: through direct irradiation -with an
AmBe source- and around an operating cyclotron at the
CYRC¢ facility (Strasbourg). A broad Monte Carlo study
including FLUKA, GEANT4, PHITS and MCNP
simulation has been performed, with and without a
FISPACT-II coupling, to estimate the reaction rates and to
trace the induced radioactivity in samples of known
composition. The results of the simulations are compared
with the values extracted in two dedicated experimental
campaigns in which activated samples underwent high
resolution gamma-ray spectrometry.

Keywords —Neutron activation, decommissioning, ADS,
Fluka, PHITS, Geant4, FISPACT-II, MCNP6, HP-Ge
spectrometry.

I. INTRODUCTION

HE use of particle accelerators has expanded beyond the

scientific field to include applications in the medical and
industrial sectors, such as hadrontherapy and sterilization.
The TAEA accounts for more than 577 accelerator facilities
in the world [2], a number progressively increasing, in
particular for particle therapy facilities, as seen on Figure
1.The dismantlement plans of such facilities were put on
agenda at the beginning of XXI* century [3], but no related
standards were established accordingly. Since then, the ITAEA
has been calling for stricter controls of the life-cycles of such
facilities, with the idea to converge towards the standard of
nuclear installations. The IAEA recommends the
establishment of dismantling plans prior to any new

commissioning of particle accelerator facilities. Such plans,
that must be revised regularly (and at any upgrade or
modifications to the facility), consists in a funding plan, an
inventory of techniques and procedures for the
decommissioning. The inventory of expected (and estimated)
radionuclides produced during the life-cycle of facilities is of
the utmost importance [4].

The relevance of such recommendations is more
pertinent for the Accelerator Driven Systems (ADS)
facilities, as they are both particle accelerator facilities and
nuclear facilities. Indeed, ADS couples a nuclear reactor to a
high-energy proton accelerator, allowing to produce energy
as well as to transmute nuclear waste, in a safer subcritical
regime [5]. Several ADS are currently being designed or
constructed, such as the Transmutation Experimental Facility
(TEF) (proton beam of 100 MeV -max 400 MeV/250 kW)
[6], the Multipurpose Hybrid Research Reactor for High-tech
Applications (MYRRHA) (600 MeV with 4 mA) [7], the
Chinese Initiative Accelerator Driven Systems (CiADS) (250
MeV with 10 mA -max 1 GeV) [8] and the Subcritical
Transmuting Accelerated Reactor Technology (START)
from Transmutex (800 MeV with SmA) [9].
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Figure 1 Particle therapy facilities in clinical operator since 1970 recorder
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The components of such systems will be activated by
direct or indirect irradiation (secondary particles). Depending
on the half-life of the radionuclides produced, an inventory is
required for the radiation protection and the future
dismantling plans. Hence the need for a quantitative
radiological inventory, for which thermalized secondary
neutrons are the main responsible for activation of
components, primarily via (p,n) reactions [4], but (y,n)
reactions [11] and to some extent (o,n) reactions contribute
as well to the inventory, in particular in the case of high
energy cyclotrons, such the START system
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Monte Carlo (MC) simulations of radiation-matter
interactions are a powerful tool to estimate the induced
activities and dose rates, as they can manage a great range of
scenarios (fluence, irradiation/cooling time, ...).

The objective of this work is to build a tool capable of
accurately evaluate the radionuclides inventory for the
START project. An exploration of which MC codes would be
the most suitable for such application is necessary. This work
is a first step to make an informed choice. We focused our
development to activation studies for beam energy below 20
MeV, using the proton cyclotron CYRCé (Cyclotron for
Research and Education) [12], available at the IPHC
laboratory. This value corresponds, indeed, to physics models
threshold in main Monte Carlo codes. The goal is to validate
the methodology used here and apply it again to explore
higher energy, where models may have greater discrepancies.

Neutron activation and (p,n) reactions will be discussed in
this paper through the comparison of different MC codes,
with an association to an analytical code (for activation
computation). In the first section, the details on the codes
used and the methodology adopted are reported, then the
experimental setups (direct/indirect) and the codes used are
presented. Finally, the simulation and the experimental
results are compared.

II. METHODOLOGY

We will compare the four main MC tools for neutron
capture and activation computation i.e., Fluka [13], [14],
Geant4 [15], PHITS [16] and MCNP6 [17]. If most of them
can do a radionuclides inventory natively, the access to an
activity value is limited. Hence, the analytical code
FISPACT-II [18] will be systematically used in association to
the neutron spectra obtained via the mentioned MC tools. The
comparison will be validated by experimental measurements,
using high-resolution gamma spectrometry.

In 2020, the IAEA [4] suggested a list of materials, that are

the most activated components in the accelerators
environment, among them one can find iron, zinc, copper,
aluminium, tungsten, steel, graphite, concrete, plastics,
resins.
Using this list as a starting point, we selected V, Sc, Tb, Ta,
W and Au samples to expose them to the two different types
of neutron ficlds available. These samples were chosen
according to the following criteria:

- Preferably only one stable nucleus.

- Materials available in foils and at high purity.

- Activation products half-life are compatible with
gamma  spectrometry and measures of
radioprotection (access to irradiation zone, ...)

Spectrometry using High Purity Germanium (HPGe)
semiconductor detectors is one of the most widely used
qualitative and quantitative multi-elemental analysis
techniques in the field of radiation measurements. This
technique allows the assessment of all y-emitting
radionuclides in a single analysis. The physical phenomena
of radiation-matter interaction, for a given geometry, are
integrated into a transfer function that provides the precise
estimate of the sample’s activity [19].

In this work, the measurements were performed with a HPGe
LABSOCS from Canberra. The sensitivity of the setup used
spans from 40 keV to 2650 keV with a relative efficiency of

about 40%, while the resolution is 1.9 keV at 1.33 MeV. The
system had been previously characterized using an '?Eu
source.

The activities were computed using the software
Genie2000®, considering the decay scheme compiled by the
Laboratoire National Henri Becquerel (LNHB) [20]. An
example of measured spectra is provided Figure 3.

III. EXPERIMENTS AND MODELS

Two types of experiments have been performed, one with
direct irradiation of neutron emitted by an AmBe source and
another using the secondary neutron field produced by the
interaction of the proton beam accelerated by the cyclotron
and impinging on suited targets.

A. Direct neutron field

Two samples were irradiated with the AmBe source: Au and
V. The isotropic **'Am-Be neutron source used has an
activity of 3.7 X 10'° Bq and a nominal neutron emission
rate of 2.24 x 10° n/s [21]. The AmO,-Be powder is double-
encapsulated within welded stainless-steel cylinders, which
are inside of a Pb cylinder. The source was placed inside a
paraffine (CH;) barrel of 75 cm diameter and height, with 5
extruded cylinders, allowing to guide safely the source in the
middle of the barrel, see Figure 2.

SOURCE

Figure 2. Am-Be experiment concept. Sectional view of the center of the
paraffine barrel (teal) with PVC cane (dark blue) holding the sample
(violet) close to the source (grey: lead shell, red: stainless steel)

The V (1.5x3x0.1cm?) and Au (91.2x0.1cm?) samples
were placed for respectively 32 and 6027 minutes inside
the barrel and gamma spectrometry analysis were
performed. One of the gamma spectra acquired is shown in
Figure 3.
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Figure 3. Gamma spectrometry of the Au sample irradiated using the AmBe
neutron field measured by HP-Ge
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B. Secondary neutron field

CYRC¢ is a TR24 from Advanced Cyclotron System Inc
(ACSI), built in 2010 and installed in 2012. The experiment
was conducted inside the cyclotron room, in the radioisotope
line, which allows to produce '!F, ¥Y and ®Cu, with
respectively a liquid target of enriched water (H2O1s) and two
solid targets (deposit of 3°Zr or ®Ni). The targets are
controlled by a selector that can align the devices with the
beam. In this paper, only the secondary field from '8F was
studied.

Two runs were performed, using the 1 mL liquid target of
enriched water (with 16.5 MeV primary protons), see

TableI and Table II for the detailed characteristics of the
irradiations.

The standard dimensions of the samples, or activation
detectors, are of 2.5x2.5 cm? and of thickness respectively 2
mm for Ta, 1 mm for Tb, 0.55 mm for Sc and 1 mm for Au.
They were placed where high neutron flux was expected:
inside the biological shield (where the target is located), on
the biological shielding walls, next to the cyclotron yoke and
on the wall in the periphery of CYRC¢. The positions are
shown in Figure 4.
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Figure 4. Historic of the locations for irradiated samples for the different
runs (black dots for Run#1, red for the second one)

TABLE I
CHARACTERISTICS OF RUN#1

Primary beam

Proton
16.5 MeV

Particle
Energy on target

Irradiation profile

Irradiation [min] Current [pA]

13 32
2880 0
23 34
1440 0
13 32
8640 0
14 30

TABLE II
CHARACTERISTICS OF RUN#2

Primary beam

Particle
Energy on target

Proton
16.5 MeV

Irradiation profile

Time length [min] Current [pA]

17 35
1486 0
17 35
1354 0
19 35
8622 0
15 35

C. Model assumptions

1) Physics choices
To conduct this study, the options used for the MC tools

will be detailed in the following:

- Fluka2021.2.9
Neutrons are managed group-wise below 20 MeV (with 260
groups). ENDF/B-VIIIL.0 [22] cross-sections is used for all
materials.

- FlukaCERN 4-3.2
In this case, the neutron point-wise cross-sections JEFF-3.3
library [23] is used for all materials.

- Geant4 11.0.3
The high precision models and cross-sections for neutron
below 20 MeV is used (for elastic and inelastic scattering,
capture and fission) through the physics lists ShieldingLEND
[24] and QGSP_BIC HP [25].

- PHITS 3.32
The photon transport EGS is activated. The library JENDL-
4.0 [26] is used for neutron cross-sections.

- MCNP6.2
The neutron, proton and photon mode are activated in this
simulation. The library ENDF/B-VII.1[27] were privileged.
For the first irradiation run, TENDL-21 [28] neutron cross-
section library was mainly used, excepted for ™C (ENDF/B-
VIL.1), ™Mg, ™S (ENDF/B-VI.8) and "™'Si (ENDF/B-VI).
TENDL-19 proton cross-section library is used for all
materials instead of physics models excepted for H, ™'C,
natMg’ natg and natSq,

- FISPACT-II
Is used in a two-step process, using the average neutron fluxes
in the volume of interest. All computations were done with
TENDL-19 library.

2) Geometrical choices

In the case of the direct irradiation, only the barrel and the
surrounding air were modelled in the simulations. And for the
AmBe, the 1SO8529-1:2021 (small source) spectrum was
assumed [29].

As far as the indirect irradiation is concerned, the concrete
(Portland) walls, ground and floor close to the cyclotron were
implemented, the cyclotron itself was simplified as a simple
parallelepiped in stainless steel while a finer model was built
for the target system components (target selector, target
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energy differential neutron flux calculated by various codes
is reported in Figure 5. We found an agreement of all
simulation for the energy spectrum of the neutron arriving on
the sample, but for Geant4-ShieldingLEND which seems to
have a different thermalisation behaviour. At thermal energy,
the LEND (Low Energy Nuclear Data) model deviates of
43% from the MCNP value, when Fluka, PHITS and the High
Precision (HP) from Geant4 stays below 8% of difference.
For the fast neutron component, the standard deviation is
within 5% for all models.

The four codes allow scoring the yield of the radioactive
nuclei of interest. The simulation results are synthetised in the
Table III. Fluka, PHITS and MCNP well agree within 1%
(3% for Au). As for Geant4, while QGSP_BIC HP stays
within 3.9% (and 1% for Au), ShieldingLEND gives the most
discrepancies with as much as 14% of difference for gold. We
note that when using the physics list QGSP_BIC HP the
computation’s speed is a factor 10 slower.
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Figure 5. Track-length estimation of the neutron fluence inside the
vanadium sample irradiated by the direct neutron field

TABLE III
COMPARISON OF EXPECTED YIELD IN THE IRRADIATED SAMPLES
Vanadium
Code Production rate [X 10~* 52V/pp]
Fluka 4.08 £ 0.002
Geant4 (ShieldingLEND) 3.78 +0.036
Geantd (QGSP_BIC_HP) 424 +0.146
PHITS 4.05 +0.020
Gold
Code Production rate [X 1073 "*Au/pp]
Fluka 0.99 +0.002
Geant4 (ShieldingLEND) 0.87 +0.002
Geant4 (QGSP_BIC_HP) 1.02 + 0.002
PHITS 1.02 +£0.003

The same agreement has been found when considering
FISPACT-II, as ashown in Figure 6. Native Fluka and Fluka
coupled with FISPACT-II give same results within the given
statistical uncertainties as well.
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Figure 6. Compilation of measured vs estimated activities for the direct
field experiment with the vanadium sample

Experimental data points were taken with V and Au, the
samples were respectively activated at 357 + 61 Bq/g and 318
+ 21 Bg/g. Considering uncertainties, the simulations are
validated by the experimental data points.

B. CYRCé experiment

1) I mL target

Figure 7 shows the comparison between the activity value
extracted using FLUKA-CERN one-step process and using
FISPACT-II with fluence estimated with FLUKA-CERN
(USRTRACK) and MCNP6.2 (f4). The measured values are
also reported therein.

MCNP6/FISPACT-II results are in very good agreement
with the experimental data. In most cases, FLUKA results are
higher than experimental data, but large discrepancies seem
to occur especially for Ta activation foils due to high
uncertainties in the thermal neutron fluence range (Figure 8).
Variance reductions techniques used with MCNP6 improve
the statistics of the neutron fluence scored inside the
activation foils (DXTRAN). Then, FLUKA-CERN model
need to be improved to reduce statistical uncertainties without
increasing the number of primary particles. Statistical
uncertainties for neutron fluence estimated with FLUKA-
CERN are larger than MCNP6 ones (Figure 8) although a
higher number of primary particles than MCNP6 (7,4e7 for
FLUKA-CERN, 4¢7 for MCNP6) was used. Models and
variance reduction set up in FLUKA-CERN model need to be
improved to reduce statistical uncertainties without
increasing the number of primary particles.
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Figure 7. Activity comparison between measurements and estimated
activities (indirect irradiation) using FISPACT-II, MCNP6 and FlukaCERN
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Figure 8. Neutron fluence for Ta foils located on the wall of the CYRC¢é
bunker estimated with FLUKA-CERN and MCNP6

V. CONCLUSIONS AND PERSPECTIVES

The objective of this work was to compare several MC
codes, including a coupling with FISPACT, for two
experimental scenarios: neutrons from AmBe source and
secondary neutrons generated in a low energy cyclotron
environment irradiated a set of samples and induced
activations have been compared.

For the AmBe experiment, there is a good agreement
between all the codes, and experimental values as well. While
the Fluka, MCNP and PHITS agree within less than 3%,
Geant4 and its ShieldingLEND physics list strays to 15%.
This difference could be explained by a difference in the
thermalisation process of neutron (Neutron managed with
geant4 physics lists, not marked with © HP’ i.e., not with high
precision models are not able to thermalise).

As for the irradiations at CYRC¢ cyclotron, MCNP6 code
gives the best results, also thanks to the fact that the statistical
uncertainties are reduced using efficient variance reduction
techniques, especially for small regions like activation foils
used in this study. FLUKA-CERN model needs to be
improved to reduce statistical uncertainties for the neutron
fluence. As for the experimental values, we plan increasing
the concerned statistics as it is difficult to draw conclusions
with the current uncertainties.

If one can compare codes through the yield of nuclei per
primary atoms, to confront to experimental value with ease,
FISPACT-II remains essential. As well as for the

intercomparison of codes, this analytical allows to compare
radionuclides inventories with the neutron spectra as the only
input, restraining the number of influences.

To further the study, the irradiation campaign is ongoing,
and it features other kinds of target (liquid and solid) and new
locations for activation foils. Comparisons will be made with
Solid-State nuclear track detectors. Geant4 and PHITS code
will be included in the panel of MC code in the cyclotron
studies.

Transmutex is also developing its own MC tool, called
TMX-MC, based on Geant4 to simulate its nuclear and
particle accelerator installation, as well as the dismantling of
the last one. This code will join the panel of MC tools
compared, for radiological inventories and radiation
protection studies.

To extend this work, we are planning a systematic
intercomparison of codes, in particular for neutron capture in
the full range from thermal neutrons to ultrafast. A complete
survey of (x,n) reactions of interest in proton accelerators up
to GeV will also be carried out to address the problem of ADS
decommissioning.
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