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Abstract— This article explores the use of microdosimetry with
a silicon-on-insulator (SOI) detector for characterizing very-high-
energy (VHE) heavy ion beams used specifically for single event
effect (SEE) testing of electronics. The detector was deployed
at CERN’s heavy ion facility for radiation effects testing and
exposed to lead ion beams in the 100-1000 MeV per nucleon
kinetic energy range. The implications and possible benefits of
using microdosimetry for SEE testing purposes are discussed.

Index Terms— CERN, FLUKA, linear energy transfer (LET),
microdosimeter, Monte Carlo simulations, silicon-on-insulator
(SOI) technology, single event effects (SEEs), very-high-energy
(VHE) heavy ions.

I. INTRODUCTION

PACE mission success can be severely impacted by sin-
S gle event effects (SEEs) which are triggered when an
energetic particle deposits a sufficient amount of energy in
the sensitive (sub-)volume of a component. The on-board
electronics on spacecraft are continuously subject to the
galactic cosmic ray (GCR) spectrum which contains high
energy, high charge heavy ions. Ground-based facilities are
used to mimic SEE rates in orbit before implementation on
a space mission by testing the components using particle
beams extracted from accelerators. The SEE response of an
electronic component under test is determined as a func-
tion of the linear energy transfer (LET) which is the key
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metric of deposited energy within the sensitive volume (SV).
Radiation hardness assurance is key in space mission risk
management and requires particle beams with a high LET.
The use of very-high-energy (VHE) heavy ion beams [1],
[2] has attracted great interest within the radiation effects
testing community in recent years, due to their combina-
tion of high LET and large penetration depth in modern
microelectronic components with a complex layered or 3-D
structure. CERN is currently developing the capability to
provide these beams for electronics testing [3]. The dosime-
try of high-energy heavy ion beams presents a challenge:
the particle’s energetic nature makes inevitable inelastic
interactions with any present in-beam equipment, generat-
ing a mixed field of both primary and secondary particles
(including heavy ion fragments) at the test location [4];
energy straggling further complicates the prediction of the
deposited energy in the device-under-test (DUT). Reaching
particle LETs interesting for radiation hardness assurance
applications (> 40 MeV - cm?/mg in silicon) involves using
beams at the lower edge of the VHE ion range (lower
than 100 MeV/n). This can be done with a pristine beam
prepared at the appropriate energy or can be achieved using
passive beam energy degraders. However, also the use of
degraders broadens the beam energy distribution due to energy
straggling and contaminates the primary beam with fragments.
As a result, the characterization of the beam in terms of
the LET as a single-valued quantity becomes incomplete.
SVs in modern electronic components are currently sub-
micrometers or even nanometers in size. At these scales,
energy deposition fluctuations cannot be accurately described
with macroscopic mean values like the LET but rather by
its stochastic, microdosimetric analog lineal energy. Micro-
dosimetry was developed to study the effect of imparted
energy on a cellular level and is generally applied in a
radiobiological context [5]: the biological effectiveness of two
types of radiation can be different even though they might
have the same LET [6]. The LET metric is generally used
in the mm—-cm scale for deterministic events, whereas for
microelectronics, it is more appropriate to use microdosimetry
for describing stochastic events such as SEEs [7]. The LET is
a deterministic, track-averaged quantity, specifying the energy
loss of a particle through electronic collisions. Generally, the
distinction between “unrestricted” and “restricted” LET needs
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to be made where the former includes all energy loss but the
latter excludes delta rays above a certain energy threshold.
The microdosimetric lineal energy is agnostic to this arbitrary
limit and considers the actual deposited energy within a well-
defined, micrometric volume on an event-by-event basis. The
comparable SV size in microelectronics devices to the size
of biological cells motivated the use of microdosimeters for
radiation effects studies in microelectronics [8], [9], [10].
A key advantage in the microdosimetric characterization of
a radiation field is its sensitivity to track the structure of
both primary high-energy heavy ions and their secondary
particles which can have different radiation quality, also tak-
ing into account secondary delta ray electrons, particle path
curvature, and energy straggling. Heavy ion beam dosimetry
requires simulations to determine the surface LET in silicon
at the DUT, such that for each LET point, the experimental
SEE cross section of a device can be obtained. The use of
simulations to calculate the LET can be benchmarked by
the match between simulated and experimentally obtained
energy deposition spectra in a macroscopic (several 100 um
thickness) SV such as a silicon diode. In the scope of CERN’s
heavy ion activity, this approach was demonstrated using U
beams and FLUKA [11], [12] Monte Carlo simulations at
gesellschaft fiir Schwerionenforschung (GSI) [13]. The exact
same method was applied to the Pb beam and degrader
configurations used at CERN which correspond to the exact
same experimental conditions to which the microdosimeter
in this study was exposed. A full account of the charac-
terization of these beams with passive degraders at CERN,
including experimental silicon diode data, is given in [14].
The simulated LET values which are a result of this study
will be used to compare the LET values obtained from the
microdosimetry measurements. Microdosimetry offers a more
direct, experimental determination of the deposited energy
distribution due to VHE heavy ion beams in a micrometric
volume without performing the necessary simulations that are
required to extract the beam LET. The use of a silicon-on-
insulator (SOI) microdosimeter also offers the advantage of
measuring deposited energy in silicon, a primary material
constituent of electronic components [15], [16]. For reference,
in silicon, 1 MeV - cm?/mg is equal to 233 keV/um. This
article is structured as follows: in Section II, the microdosi-
metric quantities used in this study are introduced. Section III
describes CERN’s infrastructure for VHE heavy ion testing
of electronics and the microdosimeter test setup, followed by
an overview of the measurement results in Section IV. The
implications of the results for SEE testing are discussed in
Section V followed by a conclusion and outlook in Section VI.

II. MICRODOSIMETRY CONCEPTS

In microdosimetry, the deterministic, macroscopic LET is
replaced by its stochastic analog the lineal energy y, defined
as the ratio of energy € imparted to a well-defined volume due
to a single event and the ratio of the mean chord length [ of
the volume [17]

(D

~
Il
~i| ™

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 72, NO. 8, AUGUST 2025

Fig. 1. LET booster system (left) comprised of a set of passive degrader
plates and the DUT frame (right) with the microdosimeter, along with other
devices tested in parallel.
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Fig. 2. Schematic of the experimental setup, showing the different compo-
nents and their relative distances. The data acquisition chain shown on top
was placed directly next to the test setup inside the CHARM facility.

The volume itself is more representative of the SV size
in a microelectronic component than a macroscopic diode.
Microdosimetric spectra are often expressed as a function of
the lineal energy frequency distribution f(y) and the mean of
this distribution, that is, the frequency mean lineal energy yr

5= /0 vF ()dy. ®)

To reflect that higher lineal energies deposited a higher dose
also the dose distribution d(y) is considered, related to the
frequency distribution as

d(y) = & 3)
YF

The microdosimetric lineal energy spectra are generally plotted
in terms of yf(y) or yd(y) as a log-linear plot such that
the area under the curve delimited by two values of y to
the fraction of events or fraction of dose for f(y) or d(y),
respectively [18]. The dose mean lineal energy yp is then
defined as

1 o0
o= [ 1o @
YF Jo
meaning that yp is the first moment of the frequency distri-

bution and yp is the ratio of the second and first moment of
the frequency distribution f(y) [19].
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Fig. 3. Overview of the microdosimetric spectra obtained through FLUKA MC simulations (top row), measurements (middle row), and measurements when
converted to a microdosimetric lineal energy spectrum (bottom row) as a function of the three standard primary energies (extracted from the CERN PS)
during the test. Data are shown for both the 5 and 10 um devices. The quoted energies denote the extraction beam kinetic energy. The conversion from lineal
energy y to LET is made by equating 1 MeV - cm?/mg to 233 keV/um in silicon.

III. CERN SEE TESTING INFRASTRUCTURE

A. CERN Accelerator Complex and CHARM Facility

From the source, lower-rigidity ions (544 charge state)
were pre-accelerated into Linac 3 and bunched in the low
energy ion ring (LEIR) before injection into the proton
synchrotron (PS). Once accelerated to the desired energy
(650, 750, or 1000 MeV/n in the case of the results pre-
sented in this work), the ions were slowly extracted [20]
and transported through the T8 beam line in the PS East
Area, down to the CERN High Energy Accelerator Mixed
Field (CHARM) [21] facility where the experiments were
carried out. Non-vacuum material present in the beam path
(5.5 g/cm?) degrades the centroid beam energy to 223,
361, and 660 MeV/n, respectively, calculated through Monte
Carlo simulations in FLUKA [2]. Along the beamline, beam
monitors provided real-time flux and beam profile informa-
tion during the tests. Inside the CHARM facility directly
upstream of the test station, a table with a set of mov-
able polymethyl methacrylate (PMMA) plates (thicknesses
between 0.5 and 40 mm) was placed to degrade the beam
energy and thus increase the LET in fixed steps as shown

in Fig. 1. The material budget due to the degraders could
be varied between O and 100 g/cm?. The system was
designed to fully scan the Bragg peak of Pb ion beams
below 1 GeV/n, that is, the maximum cumulative thickness
of the degrader system is larger than the range of 1 GeV/n Pb
ions in PMMA.

B. FLUKA Simulations

As already mentioned above, the T8 beam line has been
fully characterized through monte carlo (MC) simulations [22]
using the FLUKA code [11], [12] which is regularly used in
accelerator environments and is extensively benchmarked on a
microscopic level [23], [24]. Beam properties were calculated
just upstream of the LET booster system and subsequently
used as particle source in a highly simplified model used
to probe the detector response. In this second step of the
simulation, particles are propagated only through LET booster
PMMA degraders, 1.5 m of air, and an SOI microdosime-
ter model containing 1000 silicon SVs behind a 0.5 mm
PMMA sheath window, closely resembling the schematic
shown in Fig. 2. The simulation physics settings included
full ion transport, accounting for spallation processes such
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Fig. 4. Profile of the dose mean lineal energy yp (bottom left) measured by the 5 um device at a low gain as a function of PMMA degrader thickness

starting from an extracted beam energy of 1 GeV/n (i.e., 660 MeV/n at the test location). For four thicknesses (0, 30, 42, and 50 mm), the top plots show the
energy deposition and microdosimetric yd(y) spectrum. The bottom right plot shows the comparison between the fit average yg: values converted to LET in
silicon, the LET values extracted from FLUKA simulations and the LET values obtained using the SRIM-based NSRL StackUp tool.

as fission and fragmentation, which can result from inelastic
interactions of the primary beam with any material [25],
[26]. To account for the accurate transport of secondary delta
ray electrons emerging from ion tracks, the electromagnetic
sector processes were enabled down to 150 keV. The energy
deposition was recorded on an event-by-event basis in all SVs
simultaneously which resulted in the spectra shown in Fig. 3
(top). Similar simulation studies have been carried out to
calculate the LET at the detector position [2] and will later
be used to compare the SOI microdosimeter data.

C. Microdosimeter Test Setup

The SOI microdosimeter system was developed by the Cen-
tre for Medical Radiation Physics (CMRP) at the University
of Wollongong, Australia [27]. The setup is shown in Fig. 2
which also shows the Si diodes used for standard dosimetry in
the facility and two commercial static random access memorys
(SRAMs) used for SEU testing placed on the same frame.
The microdosimeter device is mounted on the MicroPlus probe
which is enclosed in a PMMA sheath wrapped in aluminum.
The probe was connected to a shaping amplifier through which
the bias supply to the device was provided from a portable
battery box. The shaper was also electrically connected to
the support to reduce signal noise. The readout signal was
fed through a 2 m coaxial cable to an Amptek MCA8000D
pocket multi-channel analyzer (MCA) with live acquisition
of energy deposition spectra using the Amptek MCA desk-
top software DppMCA. The spectra were analyzed using
the CMRP microdosimetry suite software, converting from
energy deposition spectra to lineal energy distributions and
calculating their microdosimetric quantities. During this test

campaign, several different microdosimeters (SV diameters of
20 pum and thickness of 5 [8] and 10 um [28]) were tested
with different gains (high, medium, and low, respectively).
The 5 um device contained 400 SVs, whereas the 10 um
device contained 1600 SVs. Both were calibrated at CMRP
using a pulse generator and 5.48 MeV alpha particles. At each
configuration change, a noise check using an oscilloscope was
carried out.

IV. SOI MICRODOSIMETER MEASUREMENT RESULTS

During each acquisition period, the signal threshold was
chosen to cut off noise-level events or energy deposition
events due to very light fragments with low LET or particle
flux was adjusted to reduce pile-up. Particle fluxes for all
measurements were chosen such that there is no pile-up and
ranged between 10* and 10* ions/cm?/s averaged over a 350 s
spill duration. For each DUT, the three primary extracted
energies, 650, 750, and 1000 MeV/n, either with or without
the use of degraders. Example energy spectra are shown at
the top of Fig. 3. At the bottom of the same figure, the
conversion to standard microdosimetric lineal energy spectra
is made, showing the characteristic double lobe distribution of
low-y events caused by light secondary particles and noise,
and a high-y peak caused by the primary beam particles.
Analysis of these spectra revealed that only measurements
made at low gain (dynamic range up to an energy of 176
MeV) could register all energy deposition events for each
experimental configuration. Since for all measurements, the
beam was oriented in a perpendicular way to the device,
it is assumed that the average chord length is equal to the
height of the SVs, that is, 5 and 10 wum, respectively [29].
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TABLE I
OVERVIEW OF MEASUREMENT RESULTS CORRESPONDING TO A SIMILAR LET

Energy Degrader thickness Device yriy (FWHM) LETs: (FWHM) LETrrLuka (FWHM)
[MeV/n] [mm] [10% keV/pm] [MeVem?/mg] [MeVem?/mg]
750 5um, low 3.33(0.53) 143 (2.3)

10um, low 2.97 (0.37) 12.7 (1.6) 175 (0.5)
1000 30 5um, low 3.50 (0.85) 15.0 (3.6)
750 10 5um, low 4.50 (0.87) 193 (3.7)

215 (1.2)

1000 38 5um, low 4.76 (1.03) 20.4 (4.4)

Starting from 1000 MeV/n (reduced down to 660 MeV/n
at the test location), the LET booster system was used to
carry out a Bragg peak-like scan of deposited energy as a
function of degrader thickness. This is shown in Fig. 4 by
plotting yp as a function of the cumulative PMMA degrader
thickness using data from the 5 and 10 pum devices at low
gain. For 0, 30, 42, and 50 mm thickness also the energy
deposition and microdosimetric spectra are shown. The energy
deposition spectra were fit with a Gaussian function extracting
the mean value and full width at half maximum (FWHM).
These were converted to LET values in silicon and shown
on the bottom right of Fig. 4. For reference, the results from
using the stopping and range of ions in matter (SRIM)-based
StackUp tool developed by NSRL [30] (v9) are also shown.
The StackUp tool is more limited in capabilities, allowing
only to use of a Pb ion beam at a fixed 660 MeV/n energy
and 1-D materials, whereas the other simulations described
in this work use a dispersed and fragmented beam in a more
realistic geometry. For degrader thicknesses below 30 mm, the
agreement with the other methods is good; however, closer
to the Bragg peak the values diverge drastically, reaching
a nearly 50% underestimation of the LET with respect to
the microdosimetric yg; value at 42 mm cumulative degrader
thickness. Experimental configurations which yield a similar
LET were determined by Monte Carlo simulations bench-
marked against solid state detector measurements. These are
shown in Fig. 5 and Table I for two LET values: 17.5 and
21.5 MeV - cm?/mg as extracted from FLUKA simulations.
Differences in results obtained from the 5 and 10 um devices
for the same beam energy could be due to a different SV
thickness in reality or calibration inconsistencies.

V. DISCUSSION

As shown in Fig. 3, the simulated detector response from
FLUKA shows an excellent agreement with measurements
for the three main primary energies, verifying the adequacy
of the geometric model and simulation of interactions on a
microscopic level. This very same simulation model yields
the LET values used in the “classic” dosimetry method using
benchmarked Si diode energy deposition spectra. The quanti-
ties standardly used in a radiobiology context yr and yp are
not readily applicable in the context of microelectronics SEE
testing. Nevertheless, the sensitivity to increasing degrader

750 MeV/n, 5 um, low
750 MeV/n, 10 um, low
10-24 ~ 1 GeV/n + 30mm, 5 ym, low
=
e
=
5%1073
0 ET=
6x1073
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4%1073
-
= 3x1073 4
=
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0 .
103 104
y [keV/um]
10 20 30 40
LET [MeVcm?/mg]
Fig. 5. Microdosimetric spectra of different beam and PMMA degrader

configurations. The top and bottom subplots correspond to configurations that
result in a beam LET of 17.5 and 21.5 MeV - cm?/mg.

thickness is observed largely as expected as shown in Fig. 4
(bottom left). Before the Bragg peak is reached, a clear peak
in the spectrum is shown corresponding to events caused
by the primary beam particles. At and beyond the Bragg
peak, the spectrum no longer exhibits a clear peak and VHE
events are acquired as shown in Fig. 4 (top row). When
converted to silicon LETS, the mean values from the fit lineal
energy deposition spectra show a reasonable agreement with
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the LET values extracted from FLUKA simulations, lying
within 20% in relative terms except for the value closest to the
Bragg peak showing a difference of nearly 10 MeV - cm?/mg.
When approaching the Bragg peak above a cumulative
degrader thickness of 40 mm, it is to be noted that the FWHM
spread on the microdosimetric energy deposition distribution
becomes 2-3 times larger than that predicted by the LET
distributions from FLUKA. The width of these distributions is
a combination of the beam energy spread and the spread of the
event energy deposition. The comparable LET configurations
shown in Fig. 5 and Table I exhibit a reasonable agreement
to the simulation-predicted LETSs as well albeit being lower in
all cases; for the 21.5 MeV - cm?/mg configurations all values
even agree within 10%. Again here, the spread on LET values
obtained from microdosimetry is at least a factor of two larger
than those predicted by simulations.

VI. CONCLUSION

Microdosimetry using SOI detector devices was demon-
strated for characterizing VHE Pb ion beams dedicated to
SEE testing. Using key microdosimetric quantities, the effect
of using passive energy degraders on the resulting linear
energy spectrum was observed, boosting the resulting radi-
ation field to higher deposited energies. The use of the
standard lineal energy spectrum moments (yr, yp) showed
limited applicability in the microelectronics SEE testing
context; the spectra themselves could, however, yield impor-
tant information on the frequency of low energy deposition
events which can be of importance when testing sensitive
devices in a mixed-field environment. The average lineal
energies when converted to LET in Si showed reasonable
agreement with the values extracted from benchmarked MC
simulations in FLUKA, where differences could arise due
to non-uniformity of the SVs (the SOI wafer manufacturer
allows a 5% non-uniformity of the 5 um active layer).
With respect to the classical dosimetry approach, which
requires these simulations to extract the LET, microdosime-
try directly shows the deposited energy in a stochastic
way rather than showing the deterministic energy loss. The
microdosimetric spectra yield a more direct, experimental
view of high energy deposition events in a more repre-
sentative size of volume for microelectronics. Dosimetry
on the nanometer level can be worth exploring given the
nm length scale of sensitive nodes in current electronic
technologies.
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