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Abstract— RADNEXT is an EU-funded network of irradiation
facilities and radiation effects’ experts aimed at increasing the
quantity and quality of user access to accelerator infrastructure
and improving the diversity and harmonization across facilities.
Along with beam provision to worldwide radiation effects’ users,
RADNEXT has an ambitious research program oriented at
improving radiation effects’ testing, of which an example of
a heavy ion facility intercomparison at very different energy
regimes is included in this work. In particular, energy deposition
distributions in a silicon solid-state detector and the single-
event upset (SEU) and multiple-cell upset (MCU) behavior are
compared among heavy ion beams of similar LET, but very
different energies (i.e., from the more classical ∼10 MeV/u regime
up to several hundreds of MeV/u).

Index Terms— Dosimetry, facilities, high-energy ions, single-
event effects, solid-state detector, SRAM.

I. INTRODUCTION AND MOTIVATION

THE EU-funded RADNEXT (RADiation facility Network
for the EXploration of effects for indusTry and research,

Grant Agreement ID: 101008126) project aims to create a
network of facilities and related irradiation services, method-
ologies, and expertise for responding to the emerging needs of
electronics components and system irradiation [1]. The four-
year, 5-MEUR EU-funded project (which started on 1 June
2021 and is due to end 31 May 2025) is coordinated by the
European Organization for Nuclear Research (CERN) and,
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as further detailed in Appendix A, includes a total of 30 other
beneficiaries (i.e., recipients of EU funding) and nine associ-
ated partners. RADNEXT is part of the “Excellent Science—
Research Infrastructures” Horizon 2020 main program and
the “INFRAIA-02-2020—Integrating Activities for Starting
Communities” topic.

The main objective of RADNEXT is that of bridging the
gap between large scientific infrastructures (e.g., accelerators,
reactors) and irradiation testing users. This is achieved, first,
through the EU funding of user irradiation activities and
related networking and research, but also by decreasing irra-
diation lead times, enhancing the irradiation service quality,
and increasing the degree of harmonization across facilities
and related to irradiation methodologies. To this end, more
than 6000 h of EU-funded irradiation beam time will be
made available to the worldwide radiation effects’ community,
through a beam proposal process that includes the evaluation
by a user selection panel (USP) of international experts, which
will be detailed later on in this article.

The RADNEXT project is mainly motivated by
service-oriented needs and objectives, outlined in Appendix B,
as well as by scientific and technical challenges and goals,
described below.

RADNEXT has been conceived as a facility network capa-
ble of satisfying a very broad range of irradiation needs,
including notably space, high-reliability atmospheric, high-
energy accelerators (both scientific and medical), and fusion
applications. Therefore, the network is built to cover a vast
irradiation phase space, particularly in terms of particle
species, particle energy, and linear energy transfer (LET),
as well as beam intensity/flux and beam (or radiation field)
size and penetration capacity.

The radiation environments and applications that RAD-
NEXT targets are summarized in Table I, along with key
single-event effects (SEEs) testing requirements, mostly in
qualitative terms, but also including quantitative values, mainly
for orientation purposes.

In this article, the focus is set on SEE testing as the
main driver for accelerator-based irradiation testing; however,
total non-ionizing dose (TNID) effects, also requiring testing
in accelerator or reactor facilities, are part of the RAD-
NEXT transnational access (TA) beam provision, whereas
total ionizing dose (TID) effects, typically assessed experi-
mentally through radioactive sources (e.g., cobalt-60) or X-ray
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machines, are not. However, as we will later show, part of the
research activities in RADNEXT are devoted to cumulative
radiation effects in electronics, including comparisons among
TID effects induced by different types of radiation fields.

As introduced above, one of RADNEXT’s main ambitions
is to ease the access to accelerator infrastructure for radia-
tion effects’ users and, to do so, the intercomparison across
facilities offering similar beams is essential to ensure an
independence of the results with regard to the specific facility
and beam, hence broadening the access options to fulfill a
given radiation testing need. This article in particular deals
with the challenge of comparing beams from different heavy
ion facilities, having similar LET values but very different
energies. In this case, the main purpose is not so much that
of enhancing the overall irradiation capability horizontally
(i.e., by comparing facilities with similar capabilities), but
rather vertically, through the inclusion of high-energy heavy
ion beams in the radiation effects’ testing offer, which are
especially suited for radiation effects’ experiments requiring
a high penetration capacity (e.g., complex packaging, 3-D
structures, board-level testing). Therefore, whereas LET can be
regarded as the key figure-of-merit for heavy ion testing, our
work investigates the impact of ion energy for comparable LET
values, especially in terms of beam fragmentation (analyzed
through the event-by-event energy deposition distribution in
a solid-state silicon detector) as well as SEUs and MCUs in
commercial SRAMs.

After the introduction of RADNEXT and its scientific and
technical motivation, this article is structured as follows: the
research objectives of RADNEXT are described in Section II.
After this, an example of an irradiation campaign targeting a
subset of the RADNEXT scientific objectives is described in
Section III, focusing on the comparison of radiation–matter
interaction and radiation effects among heavy ion beams
of similar LET values in very different energy ranges. The
conclusions and outlook related to this work are included in
Section IV. In addition, logistical details of the RADNEXT
project and its transnational beam access workflow are pro-
vided in the Appendices.

II. JOINT-RESEARCH ACTIVITIES

Joint-research activities within European infrastructure
projects have as an objective the improvement, in qual-
ity and/or quantity, of the integrated services provided at
European level by the infrastructures. Within RADNEXT,
there are four work packages (WPs) dedicated to joint-research
activities, as given below.

1) WP5: Radiation monitors, dosimeters, and beam char-
acterization.

2) WP6: Standardization of system-level radiation qualifi-
cation methodology.

3) WP7: Cumulative radiation effects on electronics.
4) WP8: Complementary modeling tools.
WP5 is devoted to the harmonization of dosimetry tech-

niques among different facilities and beams. It is also con-
cerned with the development of innovative instrumentation
to improve beam characterization and measurement. This
includes optical-fiber dosimetry and use of 3-D NAND Flash

single-event upset (SEU)-based monitors and neutron field
monitors. One example of this activity was the recent cali-
bration of multimode phosphosilicate optical fibers [2].

WP6 is devoted to defining guidelines for radiation qual-
ification of complex integrated circuits and full mixed
digital–analog systems. Building on the RADSAGA experi-
ence and outcome on this topic [3], the main focus of this
WP is on determining the optimal setup and stimuli to be
applied to a complex digital system to qualify its operation
under radiation. This already resulted in the publication of
a first set of approaches and tools devoted to this objective
[4]. Tests were also conducted to investigate the impact of
cache memories on the error rate of Linux systems [5] and to
the evaluation of reduced resolution redundancy for radiation
hardening of systems on chip [6].

WP7 is devoted to the study of cumulative radiation effects,
i.e., TID and TNID, with the objective of deepening the knowl-
edge about these effects in the most innovative technologies
and proposing test methodologies. One such methodology
concerns the use of X-ray generators for TID testing [7] as
opposed to the more standard γ -ray sources, e.g., Co-60.

WP8 is devoted to the development and distribution of sim-
ulation tools that can reproduce radiation effects in innovative
technologies and to the study of nonstandard SEE sensitivities.
Concerning the first point, a FLUKA [8], [9] Monte Carlo SEE
tool will be developed with the particular focus of enhancing
simulations of SEEs induced by low- and intermediate-energy
neutrons (<20 MeV), as a follow-up of the work presented in
[10]. Moreover, results from this WP have led to a recent
publication about an analytical approach to calculate soft
error rates induced by atmospheric neutrons, focusing on the
1–10-MeV neutron interval [11].

III. TA CAMPAIGN STUDY CASE: COMPARING STANDARD
AND HIGH-ENERGY HEAVY ION BEAM RESULTS

In addition to the research activities described in the previ-
ous section, another critical part of the RADNEXT project is
the provision of irradiation beam time in its broad facility
network to radiation effects’ users worldwide. The related
beam provision workflow and the associated key performance
indicators of the first 18 months of the project can be found
in Appendix C. This section describes an example of an
irradiation test campaign performed within the RADNEXT
beam access framework and motivated by RADNEXT research
objectives.

As introduced above, one of the key objectives of RAD-
NEXT is that of harmonizing irradiation approaches and
facilities, as well as providing solutions for emerging irra-
diation needs. In particular and as outlined in Table I, high-
energy heavy ions are of special interest for testing boards
and complex components for which the limited range of
traditional heavy ion beams poses serious constraints and can
even in some cases be a showstopper for testing. However,
very few facilities worldwide can provide very high-energy
(>100 MeV/n) ions for radiation effects testing and, moreover,
such tests are not fully covered by the existing SEE standards.

With this in mind, a RADNEXT TA experimental campaign
was proposed in January 2022 and executed in April 2022 by
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Fig. 1. Experimental setup during the campaign in the GSI SIS-18 facility,
containing SRAM memories and the Canberra silicon solid-state detector.

two of its partners (CERN and GSI) making use of high-energy
ion beams available at GSI SIS-18. The main objectives of
this proposal were: 1) the intercomparison among different
facilities in terms of radiation effects’ equivalence and 2) the
development of benchmarks required to increase the overall
beam time offer while preserving high beam quality in new
facilities, such as CHIMERA [12], in development at CERN.
Out of the 32 h of beam time requested, 16 were approved,
mainly due to the reduced overall beam time offered at GSI
throughout RADNEXT. The proposal included irradiation with
uranium and iron ions; however, finally only the first could be
completed, due to an issue in the ion source. The impact of this
unavailability on the overall experiment success was limited,
as the priority was clearly on the 238U beam, thanks to its
larger LET (rendering it more interesting for radiation effects’
applications) and higher resemblance to the lead ions typically
used in the CERN accelerator complex.

During this campaign, 238U ions were accelerated by
the synchrotron to primary energies of 150–190–330–600–
800 MeV/u (corresponding to LETs of 33–29–22–17–15
MeVcm2/mg, respectively). The test setups used to compare
standard ion energy and high ion energy effects were based on
a silicon solid-state detector used to collect energy deposition
events and a pair of commercial SRAMs. Both the silicon
detector and SRAMs had been previously tested in several
lower energy heavy ion facilities, also part of the RADNEXT
network. The test setups are shown in Fig. 1 as seen from the
backside, with a schematic side view depicted in Fig. 2.

Irradiation was performed in air, which simplifies the elec-
trical and mechanical connection constraints with respect to
facilities using vacuum chambers. The precise collimation and
negligible stray field allow placing the power conditioning
and data acquisition units (including laptops) at 2–3 m from
the devices under test. These systems are controlled from the
control room through a point-to-point ethernet connection.
Thanks to this configuration, high-quality signals from the
diode can be collected with very little noise.

A. Silicon Solid-State Detector

Silicon solid-state detectors are excellent instruments for
characterizing a broad variety of radiation beams and environ-
ment properties. Their capability of measuring energy depo-
sition on an event-by-event basis yields valuable information

Fig. 2. Schematic drawing of the experimental setup in the GSI SIS-18
facility (dimensions are not preserved). Depending on the DUT, the SRAM
memories could be moved outside of the beam.

about the absolute particle flux, as well as its composition and
how it interacts with matter. Some examples of setups similar
or analogous to the one used in this work can be found in
[13], [14], and [15].

The irradiation at the standard energy range was performed
at RADEF with the 16.3 MeV/u 57Fe heavy ion beam,
whereas a high-energy (150–800 MeV/u) heavy ion 238U beam
was provided by the GSI SIS-18 facility. The device under
test (DUT) was a reverse-biased, fully depleted, 300-µm-thick,
silicon solid-state detector manufactured by Canberra (model:
FD 50-14-300 RM), with a 0.5 cm2 directly exposed silicon
surface.

The signal was amplified through a CIVIDEC C1-HV
current-sensitive preamplifier (21.9 dB of amplification) and
attenuated by 6 dB during 238U irradiations to be compli-
ant with the 1-V dynamic range of the CAEN DT5751
1 Gs/s digitizer used to acquire the signal. The diode was
connected to the preamplifier using 30-cm RG316 coax-
ial cable, to comply with the high-frequency signal and
ensure low loss before amplification. After the amplifier,
the signal was transmitted to the digitizer via 3-m RG58
BNC cable.

The outcome of each energy deposition event is the current
as a function of time, later converted into the collected charge.
The measured number of charges is converted into deposited
energy through the factors obtained during a calibration cam-
paign with standard energy heavy ion beams, outside the scope
of this article. Examples of the transients for events caused
by the direct ionization from standard energy 57Fe and VHE
238U ions which interact with the sensitive detector silicon
area directly are depicted in Fig. 3. As can be (qualitatively)
seen, despite the similar amplitude, the signal from the ion
depositing the energy in a smaller region (i.e., the 57Fe ion,
which stops in the diode-sensitive thickness, and therefore
deposits most of its energy in the Bragg peak region) has
a slower fall off, due to the impact of plasma screening on
charge collection.

The main difference between the two depicted irradiations
is the range of the beams in silicon: 1) for the 57Fe, smaller
than the thickness of the detector and 2) for the 238U, exceed-
ing 300 µm. The distribution resulting from integrating the



GARCÍA ALÍA et al.: HEAVY ION ENERGY DEPOSITION AND SEE INTERCOMPARISON 1599

Fig. 3. Measured transients for direct ionization events during 57Fe and 238U
irradiations. The traces are baseline subtracted. The energy deposition spectra
for the corresponding irradiations are depicted in Fig. 4. Despite the integral
of the 57Fe transient being larger than that of the 238U, the energy physically
deposited in the diode is larger for the latter, which, however, has an extra
6-dB attenuation in its acquisition.

Fig. 4. Energy deposited in the silicon solid-state detectors for irradiations at
standard and high-energy heavy ion beams. The 600-MeV/u 238U beam was
provided within the scope of the RADNEXT project by the GSI SIS-18.

individual pulses (see Fig. 3) is shown Fig. 4 for the two beams
considered. In the case of the standard energy 57Fe beam, the
maximum energy deposition spectrum corresponds to the pure
direct ionization directly from the heavy ion, leading to the
total beam energy corresponding to energy deposition. The
tail at lower energies is due to the energy deposition events
by the fragments produced either directly in the silicon or in
the surrounding elements (beamline or diode casing).

Whereas a thorough and quantitative analysis and bench-
mark of the nuclear reactions responsible for the off-peak
events is beyond the scope of this article, we have used
the FLUKA Monte Carlo code to qualitatively assess the
nature of these reactions, and how they give rise to a lower
amount of deposited energy in the diode when compared with
direct ionization peaks. Multiple nuclear reactions between the
incident 16.3-MeV/u 57Fe beam and silicon were simulated,
one characteristic example of which is described as follows:

57Fe +
28 Si →

78 Kr +
2 H + 3p + n.

In this reaction, a 8.4−MeV/u krypton fusion compound
is produced, with a significantly larger mass (Z = 78) and
LET (33.4 MeVcm2/mg, versus 13.5 MeVcm2/mg of the
incident 57Fe beam) than the original projectile and target
nucleus. The impact of these high-LET ion-nucleus reaction

products on the so-called sub-LET threshold SEE cross section
is discussed in [16] and [17]. This fusion product is relatively
short-ranged (80 µm) and will therefore typically deposit its
full energy within the active volume of the sensor. In addition,
light fragments (a deuterium, a neutron, and three protons)
are also produced, with energies between 5 and 80 MeV, and
having in most cases ranges significantly larger than the diode
dimensions. Therefore, a fraction of the initial ion energy is
lost, first, because the sum of the energies of the reaction
products (855 MeV) is smaller than the projectile total kinetic
energy (929 MeV) due to the energy lost in the nuclear
reaction. And second, because a large fraction of the energy
transferred to the light fragments is not deposited within the
diode’s sensitive volume.

In the case of the 238U beam, provided through the RAD-
NEXT project, the peak corresponding to the direct ionization
is at ∼1.3 GeV, which is consistent with the LET value of
the projectile (17 MeVcm2/mg) equal, when considering the
silicon density, to 4.0 GeV/cm). In addition, at ∼1.6 GeV,
there is a second peak corresponding to direct ionization of
the beam that loses energy in the diode casing, as the active
region is partially shielded, and results in a higher LET value
and, in turn, larger deposited energy [18], [19].

Moreover, as can be seen, the relative fragmentation
(i.e., off-peak) level is significantly larger for the high-energy
heavy ion beam, when compared with the standard energy one.
Also, the type of nuclear reaction taking place at this much
larger energy regime is also very different to the one shown
above. As an example, the following characteristic nuclear
reaction is considered:

238U +
28 Si →

123 Xe +
9 Be + 8α + 50H + 30n

in which, along with the forwardly directed projectile-like
product, xenon-123 (with an energy of 585 MeV/u, similar
to the incident ion) a plethora of light particles are produced,
including a 690 − MeV/u beryllium-9 ion, eight helium iso-
topes, with a maximum (total) energy of 2.9 GeV, 50 hydrogen
isotopes (mainly protons) of maximum energy 2.1 GeV, and
30 neutrons, with a maximum energy of 775 MeV. Therefore,
as a result of the reaction, a projectile of similar energy per
nucleon, but lower mass (and hence LET), is produced, along
with multiple energetic light fragments, which only deposit
a small fraction of their energy in the diode, hence also
leading to lower energy deposition values than the primary
peak, corresponding to direct ionization losses of ions that do
not interact via nuclear reaction.

In summary and from a perspective of the dominant (in
terms of mass) reaction product, heavy ion nuclear interactions
at standard SEE testing energies (10–20 MeV/n) will create a
massive (with respect to the projectile and target), high-LET
low-ranged recoil, whereas reaction products at hundreds of
MeV/u will have lighter masses than the original projectile,
but will preserve its energy per nucleon and therefore also be
very long-ranged.

Moreover, by integrating the number of primary energy
deposition peak counts and dividing them by the diode sensi-
tive surface and time, the instrument can be used to measure
the instantaneous beam flux as a function of time, as shown
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Fig. 5. Example of how the solid-state silicon detector is used to measure
the instantaneous flux of the GSI beam, in this case for 150-MeV/u 238U ions.

Fig. 6. Heavy ion SEU cross sections of two commercial SRAMs as a
function of LET to compare the measurements obtained with ions of differ-
ent energies (16.3-MeV/u RADEF, 10–90-MeV/u PARTREC, 10–50-MeV/u
GANIL, and 150–800-MeV/u GSI SIS-18).

in Fig. 5, illustrating also the spill structure of the GSI heavy
ion synchrotron.

B. SRAMs

The two SRAMs considered in this study are the
IS61WV204816BLL-10TLI (40 nm, 32 Mbits, datecode
1650) and the CY62167GE30-45ZXI (65 nm, 16 Mbits,
datecode 1731). The test procedure and the data for other ion
beams (RADEF [20], PARTREC [21] and GANIL [22]) are
available from a previous publication [23].

Similar test procedures were followed for this test at GSI.
The SRAMs were biased at 3.3 V I/O, and they were written
with a checkerboard pattern and were read periodically during
irradiation (each 2 s) correcting the bits that were found in
error. Both the devices were delidded, as it was the case for
previous heavy ion irradiations elsewhere.

A first comparison between standard and high ion energies
can be achieved by contrasting the SEU cross sections mea-
sured at various facilities. This is available in Fig. 6, where
the SEU cross sections of the two SRAMs are plotted as a
function of LET of the primary ions.

Fig. 7. Probability distributions of multiplicities of MCUs as a func-
tion of the ion LET to compare with the measurements obtained with
ions of different energies, but similar LET [5-, 8-, 44-MeV/(mg/cm2)
PARTREC, 27-, 42-, 57-MeV/(mg/cm2) GANIL, and 15-, 17-, 22-, 29-,
33-MeV/(mg/cm2) GSI SIS-18].

Fig. 8. Same data as plotted in Fig. 7 but extracting a single MCU multiplicity
value (in this case, the 99 percentile) per LET point, and again showing the
independence of the MCU multiplicity on the beam energy (and, therefore,
facility) for a given LET value.

The cross sections were measured on a single device at
each facility. The data are reported with error bars with 95%
confidence level based on a 10% uncertainty on the measured
fluence at each facility. If not visible, they are smaller than the
marker. We note that for the RADEF, PARTREC, and GANIL
data, the fluence for the cross section calculation was that
given by the facility dosimetry systems. For GSI, the fluence
was determined from the diode measurements introduced in
the previous section.

For the LET interval of consideration during the GSI
SIS-18 tests, for both the SRAMs, the cross sections are
already approaching saturation. However, it can be concluded
that the cross sections measured with high-energy ions are
well-aligned with respect to the data points for nearby LETs
measured with standard energy ions.

For the CY62167GE30-45ZXI, it was also possible to
perform a multiple-cell upset (MCU) data analysis by means
of the algorithms presented by LIRMM [24], [25]. The purpose
of this analysis is to verify whether high-energy ions would
induce MCUs with different characteristics with respect to
standard energy ions, typically due to high-energy δ rays
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Fig. 9. Heatmaps classifying the probability of an MCU having a certain shape in the bit-line (x) or word-line (y) to compare with the measurements obtained
with ions of different energies, but similar LET [8-MeV/(mg/cm2) PARTREC, 27-MeV/(mg/cm2) GANIL, and 15-, 17-, 22-, 29-MeV/(mg/cm2) GSI SIS-18].

produced by the high-energy ions, as was shown in the
past [26].

Fig. 7 portrays a histogram of the probability distribu-
tions of the multiplicity of the MCU clusters for ions with
various LETs. It can be noted that the distributions have
a flat-top shape that falls down very fast. This result dif-
fers from some previous observations [27], where Gaussian
distributions of the multiplicity as a function of LET were
reported. As the LET of the ion increases, the flat top
enlarges and the maximum multiplicity moves toward higher
values.

When comparing the GSI distribution functions [15, 17,
22, 29, 33 MeV/(mg/cm2)] with those of other ions of similar
LET, but lower energy, it can be noted that there are no
significant differences and that the GSI distributions fall
in between those of the other facilities. For instance, the
27-MeV/(mg/cm2) from GANIL and the 29-MeV/(mg/cm2)
from GSI have very similar flat tops and the first falls off at
a slightly lower multiplicity than the second.

The correlation between the MCU multiplicity and LET can
better be observed in Fig. 8, showing that the dependence of
the multiplicity with the LET is independent of the ion energy,
and hence on the facility where the data are collected. Such
a correlation also shows the potential of this MCU detection
solution (and its related calibration) to retrieve the LET value
of ion beams.

An additional analysis to compare the MCU is reported
in Fig. 9. The heatmaps (i.e., with different pixel colors

representing different probabilities, as per the code to the right
of each plot) report the probability that an MCU would have
a certain extension among adjacent bit-lines (x) and among
adjacent word-lines (y). For instance, for the 8-MeV/(mg/cm2)
plot, only MCUs having a maximum extension over three bit-
lines and eight word-lines are seen (except for one outlier) and
the maximum likelihood for an ion of this LET is to generate
an MCU with a shape extending for two bit-lines and six word-
lines.

As the heatmaps show, the MCU shapes change when
the LET is increased. In a similar fashion as for the
multiplicity, the MCUs involve a growing number of
bit-lines and word-lines. Note that the distributions at
8 and 15 MeV/(mg/cm2) are very similar, both in terms of
maximum extension along bit-line and word-line as well
as the maximum likelihood. Something similar can be
said for the 27- and 29-MeV/(mg/cm2) cases. In addition,
the 17-MeV/(mg/cm2) case seems to have double max-
ima that correspond to those of 15 and 22 MeV/(mg/cm2),
respectively.

Letting aside the very few outliers appearing in all the plots,
one can conclude that the MCU dimensions and maximum
likelihood for certain shapes seem to be independent of the ion
energy and only correlated with the ion LET. Therefore, the
MCU analysis seems to point out that no apparent difference
exists between standard energy and high-energy ions for what
concerns the generation of clusters of bits in error for this
technology and component.
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IV. CONCLUSION

Throughout its first 18 months of existence, RADNEXT has
succeeded in implementing an efficient TA scheme providing
EU-funded beam time for worldwide radiation effects’ users
across a very broad range of facilities, covering a large
irradiation parameter phase space and including an important
level of redundancy for the beam types in highest demand by
the user community.

As shown in this article, the beam access and research
activities developed within RADNEXT are already contribut-
ing to increase the diversity and harmonization levels across
European facilities. Moreover, the RADNEXT transnational
beam access activities are complemented by a research pro-
gram oriented at improving the radiation effects’ testing life
cycle, and including notably facility benchmarks to increase
the overall network robustness and capacity. An example of
such an intercomparison is shown for two heavy ion facilities,
covering a similar LET interval, but in very different energy
regimes, and highlighting both the similarities (compatible
SEU and MCU cross sections for 65-nm technology commer-
cial SRAMs) and differences (nuclear reaction characteristics)
among them.

More specifically, the solid-state detector energy distribution
measurements show that as expected and supported by the
Monte Carlo simulations, the presence of nuclear fragments
in high-energy heavy ion beams is significantly stronger than
the one in standard energy beams. Therefore, the possible
impact of such fragments on the experimental results needs
to be carefully assessed. However, as demonstrated by the
very satisfactory SEU cross section agreement across the
different energy regimes, the fragment impact on this particular
experiment can be considered negligible. In addition to its
fragmentation detection capabilities, the solid-state detector is
also validated as a reliable means of determining the beam
flux with a time resolution that comfortably allows for the
measurement of the evolution of the flux within the ∼3.7-s
beam spill at GSI.

Moreover, as shown in the detailed MCU analysis presented
in this article, the differences in the ionization track structures
for the different ion energies do not have an impact on the
MCU probability and multiplicity which, whereas depending
strongly on the LET, is experimentally shown to be indepen-
dent of energy in the interval studied in this work.

Given the rapidly developing interest of the radiation
effects’ community in using VHE ion beams for radiation
effects testing, we expect such beam characterization and
intercomparison studies to play an important role in the near
future, contributing to develop best practice recommendations
and guidelines when using such beams, not only at the SIS-18
facility in GSI covered in this work but also in other VHE ion
infrastructures such as NSRL in BNL or CHIMERA at CERN.

APPENDIX A
RADNEXT PARTNERS AND STRUCTURE

The RADNEXT project consists of 31 beneficiaries (full
list available on the RADNEXT website [1]), 19 of which
offer transnational beam access to one or multiple facilities,

as presented in Table II. These beneficiaries, along with the
nine partners, are also involved in the project, through a
WP structure that includes management (WP1), networking
(WP2–WP4), and research (WP5–WP8) activities, with WP3
being devoted to the transnational beam access coordination,
and WPs 9 and 10 to the beam access provision for atmo-
spheric and space environment applications, respectively.

APPENDIX B
RADNEXT SERVICE-RELATED MOTIVATION

The RADNEXT network is aimed at mitigating some of the
key barriers for accelerator infrastructure access to radiation
effects’ testing users. These barriers, as carefully analyzed
during the RADNEXT proposal preparation, are often linked
to the limited availability of the accelerator infrastructure for
irradiation purposes, which can in turn derive from: infrastruc-
ture priority for fundamental research or medical applications;
temporary shutdown for maintenance or upgrades; and per-
manent shutdown due to lack of funding from main funding
bodies, all of which typically result in long lead scheduling
procedures, often not compatible with the user needs and
related project timelines.

In addition to the limited facility availability, both in abso-
lute terms and relative to the increasing irradiation demand, the
user technical and administrative support (i.e., the provision
of a professional service to users, including notably industry)
can also be a significant entry barrier for facilities interested
in offering beam for irradiation applications, as well as for
users interested in accessing it.

Moreover, the cost of the beam time is also an important
factor for users. However, according to a study based on a
large amount of interviews to radiation effects’ users carried
out in preparation of the RADNEXT proposal, this factor is
less important than others already introduced, such as the
technical compliance in terms of beam type and properties, the
availability and ease of access to the facility, and the quality
and customer orientation of the related services. And, it is
worth recalling that as shown and discussed in [28], the cost of
beam time is far from dominant when considering the overall
costs of the tests, mainly driven by qualified radiation effects’
workforce during the preparatory phases of the test.

Related to the points above, RADNEXT’s ambition is that of
acting as an enabler for radiation effects testing in accelerator
and reactor infrastructure, being a relevant driver in terms
of technology transfer and innovation for Europe’s high-tech
industry, namely, by:

1) providing a professional service to users (i.e., mind-
set for customer focus), notably valuing reliability and
responsiveness;

2) explicitly supporting the involvement of project partners
in technology transfer activities;

3) enhancing the visibility and awareness of facilities, and
bridging the gap between different working cultures in
academia and research laboratories (usually running the
facilities) and industry (usual users);

4) diversifying the type of facilities available for radiation
effects’ testing, and generating redundancy for beam
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TABLE I
KEY SEE TESTING REQUIREMENTS FOR VARIOUS RADIATION ENVIRON-

MENTS AND APPLICATIONS

types in high demand, hence mitigating the risk associ-
ated with the reduction or even full interruption of beam
provision by a given facility; and

TABLE II
HIGH-LEVEL BEAM AND FACILITY ACCESSES PROVIDED

THROUGH RADNEXT TA

5) acting as a source of stable revenue, which can at least
partially satisfy the need of financial support for running
the accelerators.

APPENDIX C
RADNEXT TRANSNATIONAL FACILITY ACCESS:

WORKFLOW AND STATISTICS

The RADNEXT TA workflow is presented in Fig. 10 and
can be summarized as follows:

1) The TA call for proposals is open for 30 days. Dur-
ing this period, users can send their proposals to the
RADNEXT network through a dedicated online por-
tal (radnext-ta-portal.web.cern.ch). The proposals are
lightweight, though still divided into three parts: excel-
lence, impact, and implementation with a character
count limit set to 4500 for the whole proposal. These
calls for proposals reopen quarterly during the year and
are open to users worldwide, with a quota for countries
not pertaining to the Horizon 2020 EU program of up
to 20%. A proposal is not directly linked to a facility,
but rather to a beam type. If a user needs to test a given
part (or set of parts) in different beam types, multiple
proposals are required.
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Fig. 10. TA workflow for proposals submitted to RADNEXT.

2) All the proposals are assigned for evaluation to a USP,
which is composed of TA WP leaders and members
of the industrial and scientific advisory panels. Overall,
at least 50% of the USP reviewers are external to
the RADNEXT project. The USP provides feedback in
the form of an evaluation of excellence, impact, and
implementation of each proposal and comments. Then,
the highest scoring proposals are awarded RADNEXT
TA beam time.

3) Accepted proposals are then assigned to a facility within
the network that satisfies the requirements for the test
mentioned by the user in the proposal. The user is put
in contact with the facility coordinator for technical
discussion and to schedule the test.

4) Depending on the facility availability and the user setup
readiness, the beam time can be awarded as early as
two months after the call closure and as late as nine
months. Users accessing beam through RADNEXT are
committed to publishing their irradiation results, for
which a first summary version of the user report can
be found in the RADNEXT Zenodo community [42].

Regarding the publication obligation, RADNEXT is well
aware that this can be an entry barrier for companies perform-
ing tests involving proprietary and strategic information and
results. Therefore, the consortium is considering a “second
path” to be possibly offered to users in the future, which
would consist in paid access, hence not subject to publication
obligation, but still benefiting from the advantages provided
by RADNEXT in terms of the centralized access point and
optimized facility assignment.

Throughout the first six calls for beam time (1.5 years),
RADNEXT TA received 148 proposals, out of which 86 were
accepted (58% acceptance rate). All the proposals at this stage
have been assigned a facility, having resulted in the completion
of 41 tests, with the remainder of the tests to be accomplished
in 2023. Currently, the amount of beam time assigned to
facilities has reached 2600 h and the total number of tests
executed amounts to more than 1300 h. Out of the 148 received
proposals, 46 (i.e., roughly one-third) come from industry.

As to what concerns rejected proposals still falling in the
RADNEXT scope, they are encouraged to resubmit and are
provided both with reviewer feedback on how to improve
their proposal and with the option of receiving further support
from the RADNEXT user support expert (USE) team. The
USE consists of experienced radiation effects experts from
academia and industry who offer assistance to less experienced
users in the process of drafting TA proposals, advising on
project-specific aspects to avoid unrealistic planning, identify-
ing, and mitigating potential risks, and integrating the expert’s
experience into the test plans.

In relation to the paragraph above, it is worth highlighting
that out of the 22 resubmitted proposals RADNEXT received,

Fig. 11. Histogram reporting the current progression in terms of hours
assigned and already delivered to users with respect to total availability for
each beam type.

15 (68%) were accepted, hence clearly showing the improve-
ment in the proposal quality and related acceptance rate.

Fig. 11 depicts the overall beam time available in RAD-
NEXT by beam type and how much of it has already been
delivered (i.e., with users having completed their tests) or
awarded (for users whose tests are scheduled in the coming
months). As can be seen, 60% of the beam time for proton,
heavy ion, and neutron irradiations is still to be awarded, and
there are therefore plenty of opportunities until fall 2024 for
users wishing to apply to RADNEXT TA. So far, 32% of the
received proposals came from industry, 35% from academia,
28% from research institutes, and 5% from agencies.

The type of tests that have been awarded beam time span a
wide variety of objectives, including: 1) the characterization of
novel beamlines and irradiation techniques; 2) the exploration
of radiation effects in commercial discrete devices, complex
integrated circuits and systems; 3) the reliability of artificial
intelligence architectures; and 4) the calibration and develop-
ment of detectors.

Out of the RADNEXT test campaigns already executed, the
median time between proposal submission and test completion
has been of 190 days, with a 25 (75) percentile of 140 (225)
days. The RADNEXT project strives to provide beam time to
users with reasonable lead times, which in turn depend mainly
on: 1) the duration of the RADNEXT proposal review and
facility assignment; 2) the availability of the facilities; and 3)
the readiness of the users.

Some of the results obtained by RADNEXT TA users have
already been presented at international conferences dedicated
to radiation effects in electronics. Among them, some note-
worthy examples are the methodology based on fragmented
heavy ion beams for electronic testing [43], the single-event
upset and multiple-bit upset sensitivity of Flash memories
[44], the calibration of CMOS image sensors to be used on
nanosatellites [45], and the evaluation of mitigation techniques
in the RISC-V processor architectures [46].
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