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Abstract— Ultrahigh-energy (UHE) heavy ions show various
advantages at testing single-event effect (SEE) in modern
technologies, due to their highly penetrating nature. However,
the intercepting material in the beam line contributes to the
modification of the beam structure by generation of fragments
produced via nuclear interactions. This is especially relevant for
UHE heavy ion beams, representative of energies in space, which
are not fully investigated through conventional ground-level
testing. This article is dedicated to the study of the longitudinal
energy deposition mechanisms in silicon by the aforementioned
heavy ion beams and their fragments. The presented studies have
been carried out using Monte Carlo simulations triggered by
experimentally observed phenomena.

Index Terms— CERN, FLUKA, Monte Carlo simulation,
single-event effects (SEEs).

I. INTRODUCTION

LECTRONIC testing is carried out in many ways

utilizing the modern available facilities. Depending on
the aim of the single-event effect (SEE) tests, an adequate
beam must be chosen. For space application SEE tests,
a broad range of heavy ions of 10 MeV/n are available
at the RADiation Effects Facility in Finland (RADEF) [1]
and at the Centre de Recherches du Cyclotron, Université
Catholique de Louvain-la-Neuve, Belgium (UCL) [2]. Facil-
ities such as Texas A&M University (TAMU) [3], Berkeley
Accelerator Space Effects (BASE) [4], Kernfysisch Versneller
Instituut (KVI) [5], and Grand Accélérateur National d’Ions
Lourds (GANIL) [6], for instance, offer a higher energy
range between 10 and 100 MeV per nucleon. Gesellschaft fiir
Schwerionenforschung (GSI) [7] or NASA Space Radiation
Laboratory (NSRL) [8] provide energies from 100 MeV/n up
to 5 GeV/n. Going up even higher in terms of particle energy,
CERN has recently provided opportunities for performing
ultrahigh energy (UHE) heavy ion tests up to several hundred
GeV/n.
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In addition to heavy ions of various energies, 200 MeV
protons are widely used, e.g., at the Paul Scherrer Institute
(PSI) [9], which represents like RADEF and UCL, an Euro-
pean Space Agency (ESA)-supported facility. Energetic ions
are of special interest, since the radiation environment in space,
focusing on the galactic cosmic-ray (GCR) spectrum, consists
of heavy ions with energies mainly extending up to the UHE
regime, defined as 5-150 GeV/n in [10]-[12].

For SEE testing with heavy ions, the linear energy
transfer (LET) is the main figure of merit. The cross section
from direct ionization, which is the main mechanism for
heavy ions, can vary significantly with the LET. Hence, it is
important to retrieve the LET threshold and the saturated
cross section. Typically, the LET can be varied between 1 and
60 MeV cm?/mg for standard energies and ions. Thus, testing
with various LETs in standard facilities can cover for the
particles commonly found in the space environment. First,
the SEE cross section as a function of LET is retrieved in
tests through variation of ions and energies. Then, convolving
this function with the environmental LET curve of the GCR
spectrum leads to the expected SEE rate [13].

However, because GCR consists of ions reaching their
maximum flux at energies between 500 MeV/n and 1 GeV/n
energies [13], which are not easily available in conven-
tional ground-level facilities with standard energies around
10 MeV/n, it is important to investigate possible ion energy
effects which may be missed by restricting the analysis to the
sole LET compatibility.

Previous works have shown that the approach of relying
on the LET and device dimensions might not be accurate
enough [14] and more parameters play a role in the resulting
upset number than the LET value of a particle, such as incident
particle energy and species [15]-[17]. Moreover, a discrepancy
has been observed, especially for low LET ions below the LET
threshold, caused by nuclear interactions, which contribute to
the SEE cross section of a device [18].

With this purpose, the interaction of UHE heavy ions with
matter has been studied in [12]. This led to the definition of
the volume-equivalent LET, which corresponds to the amount
of energy deposited in a micrometer-scale structure divided
by its thickness and material density (therefore, expressed
in LET units). For standard ground-level ion test energies,
the unrestricted (i.e., the one typically tabulated) and the
volume-equivalent LET essentially coincide. However, for
larger energies, the radial ionization structure is such that only
a fraction of the energy is deposited in micrometer-scale SEE
representative volumes, and, therefore, the volume-equivalent
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LET is only a fraction of the total unrestricted value [11].
Furthermore, charge collection within the device is complex
and impacted by the size of the sensitive volume (SV), as well
as by the material surrounding it [19].

In our previous work, focused on UHE heavy ion beams
available at CERN, the advantages and challenges of these
beams have been discussed. Garcia Alia er al. [12] focused
on the radial ionization structure of UHE heavy ion beams,
Fernandez-Martinez et al. [11] discussed the experimen-
tal results and approaches for SEE testing in the spe-
cific beams available at CERN 2017 and 2018, whereas
Kastriotou et al. [10] investigated the impact of beam com-
position of the mentioned beams. Furthermore, Criswell et al.
[15] analyzed the occurring beam fragmentation in silicon and
possible impact of SEEs caused by nuclear interaction in the
sub-LET region.

This work focuses on the impact of the longitudinal
(as opposed to radial) energy deposition distribution and thus
on the actual LET for SEE testing. These tests are carried
out in several facilities, such as RADEF in Finland, able
to provide a cocktail of ions with energies of 9.3 MeV/n.
Focusing on ions of this energy and their penetration capa-
bility, a range of 202 um in silicon can be achieved by N,
whereas higher LET ions in this cocktail have much lower
range (e.g., 89 um for *'Xe and 94 um for #*Kr) [20]. This
parameter is of high importance since the ions need to be able
to penetrate the device in the SV depth for at least 40 um
[21]. Thus, microelectronic parts typically need to be delidded
of their package prior to irradiation. Furthermore, testing in
vacuum is required to avoid energy loss through interaction
of the ions with air. Unfortunately, opening modern state-
of-the-art components is expensive and difficult to perform
[12] or even impossible with some of the modern device
structures [22]. These electronic components are smaller than
in the past, more sensitive, and with increasingly complex
structures [23]. All such complexities are removed when a
UHE ion beam, for example, 208pp at 150 GeV/n [10]-[12],
[17], is employed. Moreover, 3-D structures and stacked
boards [10] can also be exposed to such a beam, as long as
the beam does not experience high fragmentation and loss of
intensity.

The physical phenomena featuring UHE beams must be
fully understood for a proper interpretation of experimental
findings. Material can be present in the beam line during the
experiment, in the frame of beam shaping or beam analysis
instrumentation. Particles at UHE energies are able to pen-
etrate through matter without suffering a major energy loss
and LET change. Hence, the physical mechanisms must be
determined regarding the resulting energy deposition in the SV
and potential fragmentation as soon as the material is inserted
into the beam line.

Therefore, this article is focused on the UHE energy
regime of heavy ions and their energy deposition charac-
teristics in silicon. Experiments have been performed in a
150-GeV/n ?%Pb beam at CERN using a 140-um silicon
detector [24], [25]. Furthermore, the longitudinal distribution
of the deposited energy and LET of heavy ions with very
high energies (VHEs) from 100 MeV/n to 5 GeV/n and
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UHEs from 5 to 150 GeV/n [12] is studied via Monte
Carlo simulations performed with FLUKA [26]. The impact
of beam fragmentation is recovered by simulating the beam
interaction with the air and with the beam-intercepting devices.
The latter are reproduced as several layers of aluminum of
various thicknesses.

II. EXPERIMENTAL ENERGY DEPOSITION DISTRIBUTION
IN A SILICON DETECTOR

A. Facility Description

In the frame of the high-energy physics lead ion operation
at CERN in November 2018, the Super Proton Synchrotron
Experimental North Area (SPS-NA) served to irradiate several
electronic devices with a 150-GeV/n 2®®Pb beam. The beam
was delivered in bunches of 8-s duration, with a periodicity of
~45 s and intensities ranging from 103 to 10° ions per bunch,
resulting in a flux between 102 and 10* ions/cm?/s [10].

Dedicated instruments to monitor the beam, such as scintil-
lators and a multiwire proportional chamber (MWPC), were
installed in the beamline and served to guarantee a precise
beam analysis in terms of field intensity and size. Besides,
radiochromic film measurements were carried out in parallel
during the irradiation as a cross calibration method.

B. Calibration of a Silicon Detector

The utilized setup in this article has been designed to
avoid pileups and measure fast signals for high counting rate
applications. For this, a 2 mm x 2 mm x 140 gm silicon
detector was used to retrieve the experimental results pre-
sented. The diode is manufactured by Micron Semiconductors
Ltd., with a fully depleted p-n-junction, a ceramic printed
circuit board (PCB), and a metal housing. The experimental
setup chain was as follows: A Cividec C2 low-noise cur-
rent amplifier with an analog bandwidth of 2 GHz and a
40 dB gain, an ORTEC model 710 bias supply providing
40-V reverse bias voltage, and a CAEN digitizer processing
the output signal in 1 GSamples per second—10 bits. The
measurement has been performed in oscilloscope mode, which
means that all waveforms triggering above a set threshold
were recorded and analyzed offline according to their time
stamps to generate energy histograms [27]. The calibration of
the described setup has been performed in vacuum and the
spectrum of the utilized triple-alpha source (Pu-239, Am-241,
and Cm-244) can be seen in Fig. 1.

There the counts detected by the diode are illustrated over
the corresponding alpha source energy. This correlation has
been done by applying a calibration factor of 2.95 MeV per
pulse area analyte-to-digital (ACD) counts times ns, as docu-
mented in more detail in the RADSAGA test report no. 7 [27].

C. Measurements of UHE Lead With a Silicon Detector

The tests discussed in this article were performed using a sil-
icon detector with dimensions of 2 mm x 2 mm x 140 ym
and a +420-dB preamplifier and —6-dB attenuators.
An aluminum layer of roughly 20 xm, which was separated
from the Si die by 0.5 cm of air, was present immediately in
front of the detector to ensure that it was not exposed to light.
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Fig. 1.  Calibration spectrum of a 140-um silicon detector retrieved in a
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Fig. 2. Deposited energy spectrum of a 150-GeV/n 2%8Pb beam in a 140-

um-thick silicon detector.

Fig. 2 shows the experimental energy deposition spectrum
recorded with the described detector system in the SPS-NA
150-GeV/n 2%8Pb beam. The total counts per spill as a function
of the deposited energy show a clear distinguished direct
ionization peak at 255 MeV, according to the calibration factor
retrieved as explained above. Furthermore, a smaller peak can
be observed in the low-energy end of the distribution, as well
as an intermediate continuum between the two peaks.

ITII. MONTE CARLO SIMULATIONS OF ENERGY
DEPOSITION IN A SILICON DETECTOR

To investigate the impact of energy deposition events on
electronic devices and the resulting SEEs, physical phenomena
need to be studied. This can be done experimentally or numeri-
cally via Monte Carlo radiation transport techniques developed
to solve such problems. These techniques can be divided into
three categories [26]:

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 67, NO. 7, JULY 2020

1) The developers have built the tool using established
radiation transport physics.

2) The radiation toolkit designed for high-energy physics
is utilized to design an application.

3) A precompiled Monte Carlo tool is used to develop an

application.
Point three is the case for the Monte Carlo tool FLUKA

[26], [28], [29]. As opposed to other Monte Carlo simulation
codes, such as Geant4 or Monte Carlo Radiative Energy
Deposition (MRED) [30], this article is based on FLUKA.
Like Geant4 or MRED, FLUKA has been benchmarked
extensively against experimental data [31], for instance,
in terms of the fragmentation simulation by Fasso et al. [28]
and Cerutti et al. [32].

In this work, FLUKA has been utilized to determine the
physical processes involved in the fragmentation and direct
ionization mechanisms. Since one of the most relevant aspects
affecting this work is the nucleus—nucleus interaction model
implemented within FLUKA, the work of Braun et al. [33]
needs to be emphasized. There a fair agreement between
FLUKA simulations and experimental data was observed.
Under these conditions, a high accuracy and an error of under
5% in the maxima of the simulated energy deposition spectra
presented in this article can be assumed.

Section III-A focuses on the energy deposition mechanisms
in silicon when various materials are inserted in the beam
line. Particle beams in the UHE regime are supposed to have
a negligible energy loss while passing through material length
characteristics of microelectronic devices [12]. Despite this,
the simulation of the energy deposited via UHE beams can
be done by applying a specific approach to simulate the
event-by-event energy deposited in the SV. To perform such
an event-by-event simulation, a special user routine structure
has to be applied as described in [34]. In addition, different
options must be chosen within a FLUKA input file, to enable
or disable physical properties as needed for the research
purpose under investigation. In the simulations described in
this article, the physical phenomena have been mimicked
in terms of nucleus—nucleus interactions for energies above
5 GeV/n by applying the Monte Carlo event generator Dual
Parton Model and Jets (DPMIJET III) [35]. This is especially
important to get a realistic simulation of the beam fragmen-
tation. Then, above 125 MeV/n and below 5 GeV/n, the
mechanisms are physically described via the modified ver-
sion of the relativistic quantum molecular dynamic (RQMD)
code, now implemented in FLUKA as version RQM-2.4 [36].
Up to the energy of 125 MeV/n, nuclear interactions are
described using the Boltzmann master equation (BME) [37].
Finally, for the fragmentation study part of this article, the
electromagnetic dissociation was enabled in the input file, for
both projectile and target ions. The simulations performed
for this article have been done using the public FLUKA2011
Version 2x.6 Mar-2019.

A. Impact of Nuclear Fragmentation
UHE Heavy lon Beams

This section is dedicated to the energy deposition of
UHE 2%Pb in a 140-um silicon detector, representing the one
tested experimentally and described in Section II. Moreover,
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Fig. 3. FLUKA simulation of the energy deposition spectra in a

140-um silicon detector for 150-GeV/n 2%8Pb and increasing aluminum and
air thicknesses in front of the SV.

its interaction with different aluminum and air thicknesses
is illustrated and discussed, with the purpose of mimicking
the effect of the different beam instrumentation elements in
the beamline.

A general comparison of the energy deposition spectra,
implementing the mentioned beam characteristics, is illustrated
in Fig. 3 for systematically increasing thickness of aluminum
directly in front of the detector. The behavior is qualitatively
similar to Fig. 2 for all curves: first, a minor peak at approxi-
mately 20 MeV, second a mid-part between 50 and 300 MeV,
and third the distinguished ionization peak. A quantitative
comparison is, however, not possible due to the lack of exact
knowledge of the materials and thicknesses in the beamline
during the experiments.

As a first step, the detector was simulated without any
material in front of it. Then, an aluminum slab was introduced
in the front, directly attached to the silicon. The thickness
of aluminum was varied between 5 and 50 mm. It can be
seen in Fig. 3 that aluminum thickness is directly proportional
to the increase in intermediate energy deposition events. This
is caused by very-high-energy inelastic fragments originated
from nuclear interactions in aluminum depositing their energy
in the SV, as further demonstrated in Fig. 4. There, again the
energy deposition spectrum of a 150-GeV/n Pb beam is illus-
trated while 5 cm of aluminum is included in the beam line,
directly attached to the diode’s sensitive surface. The black
curve shows the FLUKA simulation, as illustrated in Fig. 3
(in black), where all physics options are enabled and nothing is
suppressed. As opposed to this, in the red curve, the inelastic
interactions are turned off manually and are, therefore, not
present in this simulation. As can be seen, the intermediate
part almost disappears in the simulation, where the inelastic
interactions are turned off. Hence, the increase in the interme-
diate part is caused by nuclear interactions/inelastic events.
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Fig. 4. FLUKA simulation of the energy deposition spectra in a
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Fig. 5. FLUKA simulation of the energy deposition spectra in a 140-ym
silicon detector for 150-GeV/n 298Pb.

The main peak in Fig. 3, caused by direct ionization of
the 2Pb beam, occurs at a higher energy and is broader
when aluminum is directly attached in front of the SV.
This phenomenon can be explained by the energy deposition
of secondary high-energy electrons (referred to as delta-rays)
produced by interaction of the primary beam with the material
directly in front of silicon. A proof of this explanation can be
retrieved from Fig. 5.

In Fig. 5, the same 140-xm silicon diode has been simu-
lated, applying a 150-GeV/n 2*8Pb beam as in Fig. 3. Now,
three cases are shown: First, in red, the simulation without
any material or changes in the physics, second in blue 5 mm
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of aluminum directly applied at silicon, and third in green
5 mm of aluminum directly attached at the silicon and disabled
delta-ray production in the aluminum material. The peak shift
disappears when the delta-ray production is disabled, whereas
the curves look very similar apart from that; this shift clearly
stems from the delta-ray electrons produced in aluminum and
depositing their energy in silicon.

Hence, the FLUKA-simulated overall deposited energy is
reasonably higher for a test situation where some material,
such as aluminum, is present directly above the sensitive
region, as demonstrated by the fact that the peak shift dis-
appears when disabling the production of delta rays in the
aluminum slab.

It is relevant to note that 1) the shift of the peak is similar
in the 5- and 50-mm cases, meaning it is dominated by a
very thin material layer immediately above the SV (as will
later be quantified) and 2) when a thin air layer is placed
between the aluminum slab and the diode, and as opposed to
the intermediate energy deposition behavior, the shift of the
peak disappears.

To understand the occurring nuclear interaction phenomena
in more detail, the relationship between the different para-
meters involved must be considered. Therefore, the nuclear
interaction happening between an impinging particle and the
material can be described through (1):

Pu(x) =1—e 7 =1—e " (1)
Na
N = NG 2)

The distance a primary particle has traveled through the
material is described by x in this equation, A represents the
inelastic interaction length, the atomic density is given by N
in relation to the Avogadro number Ny in (2), p is the material
density, and o is the nuclear reaction cross section.

As described above, the number of nuclear interactions
a particle experiences while traversing the material depends
on various parameters linked to the material itself.
Therefore, deposited energy distributions differ depending
on the beam and the material in the beam line. Fig. 3
shows that the differences in the overall height of the
distributions and the main peak shift are the most prominent
features when the intercepting material thickness is changed.
These observations can be explained using the -earlier
introduced nuclear interaction probability relation. Indeed,
the intermediate part of the distribution is higher when more
material is inserted in the beam line. Moreover, the main peak
shift occurs due to the higher amount of deposited energy
due to delta electrons of materials immediately above the
sensitive area, as described earlier.

Comparing the measurements in Fig. 2 with the simulations
in Fig. 3, the direct ionization peak location is slightly shifted.
Experimentally, it is observed at approximately 250 MeV,
whereas in the simulations it is expected at 314.5 MeV. This
effect could be due to the impact of the preamplifier on
the diode calibration and will be further investigated in the
future. Indeed, the calibration factor that allows extracting the
deposited energy from the collected charge was derived from
an alpha source calibration in vacuum, with a 40-dB amplifier,
as described in Section II-B.
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Fig. 6. FLUKA simulation of the energy deposition spectra in a 140-ym

silicon detector for 150-GeV/n 28Pb compared to experimentally retrieved
and recalibrated data of the same beam parameters.

Furthermore, the intermediate part between 20 and 250 MeV
appears to be higher in the experiment compared to the
simulation without any material in front of the detector
in Fig. 3. This is likely due to the inserted material in the
beam line, which increases the number of secondary particles
and inelastic fragments in front of the SV originated from
interaction between the primary beam and the material present
in the beam line. Therefore, the ratio between the intermediate
part (approximately 50-300 MeV) and the direct ionization
peak fits the best between simulation and experiment for the
simulation case of 5-cm aluminum in front of the SV. In the
experimental data, this ratio is roughly 15 and in this specific
simulation it is roughly 18. In Fig. 6, the experimental data
retrieved in a 150-GeV/n 2%8Pb beam during the test campaign
at CERN 2018 (blue curve) is compared to the simulation
of the same beam parameters on 5-cm Al directly attached
in front of the SV of 140-um silicon (black curve). The
experimental curve has been recalibrated using the energy
deposition peak of the simulations. The differences occurring
between simulation and experiment in this region are caused
by the lack of knowledge concerning the exact composition,
position, and amount of the material in the beam line in
front of the detector during the experiment (other experimental
setups, beam instruments, etc.).

Nevertheless, the shape remains consistent between sim-
ulations and experiments: a smaller peak in the beginning,
followed by an intermediate continuum of deposited energy
from fragments caused by the material present in the beam
line, until the main direct ionization peak occurs.

It is to be noted that a deposited energy of 314.5 MeV in
140 um corresponds to a volume-equivalent LET of
9.75 MeV cmzlmg, whereas the unrestricted LET value for a
150-GeV/n 2%8Pb beam in silicon is 15.7 MeV cm?/mg. These
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Fig. 7. FLUKA simulation of the energy deposition spectra in a 140-um
silicon detector for 150-GeV/n 2%8Pb. 1-mm aluminum has been placed in
front of the SV covering 30% of the SV area.

values have been derived via Monte Carlo simulations, which
have been performed with FLUKA, as will be discussed later.

Moreover, we remind that the higher direct ionization peak
is only observable when the material is directly attached to
the SV. As soon as air is introduced between the material
and the SV, as seen in Fig. 3, the peak shift disappears but
the stronger continuum remains. While secondary electrons
created in aluminum contributing to the direct ionization peak
shift are absorbed by a relatively short distance in air, inelastic
fragments can reach the SV unperturbed.

As mentioned above, the impact of the forwardly directed
delta rays in the peak shift introduced by Al was also
confirmed through simulations. This was done by disabling
the delta-ray production in aluminum and confirmed the
observed shift.

As a further illustration of the secondary electron effect,
an aluminum slab covering 30% of the SV surface was simu-
lated in the center of the beam and directly attached in front
of the detector. The resulting energy deposition distribution
in Fig. 7 shows that, in addition to the direct ionization main
peak at 314.5 MeV, there is a second, clearly separated, peak
at 340 MeV.

As can be seen, the partly covered SV causes the lead ions
to deposit their energy in the main direct ionization peak at
314.5 MeV and, on the other hand, delta-ray electrons are also
depositing an additional amount of energy in the SV for the
fraction of diode covered with aluminum. Hence, the way the
device packaging is designed might play an important role in
the resulting energy deposition and SEE phenomena. This has
also been observed and studied by several groups, among oth-
ers in the work of Bagatin et al. [38] and Turflinger et al. [39].

B. LET and Deposited Energy of UHE Heavy lon Beams

As a next step, the relationship between the LET and the
fragments involved in this process needs to be understood
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Fig. 8. FLUKA simulation of the LET spectra in a 140-xm silicon detector
for 150-GeV/n 2%8Pb without any material in front of the SV.

in more detail. For this purpose, FLUKA simulations of a
150-GeV/n 2%Pb beam on a 140-um silicon detector were
performed and the fragments were filtered by Z up to 82.
The results of these simulations can be seen in Fig. 8.
The x-axis corresponds to the atomic mass of the nuclear
fragments generated in the interaction of a 150-GeV/n 2%8Pb
beam with 140 um of silicon, whereas the y-axis is related
to the nuclear reaction product LET, and the color is linked
to the abundance of fragments for a given Z and LET value.
The main purpose of the plot is to highlight the two different
distributions that arise as nuclear reaction products. The first
is the one with a Z value around 14 (that of the target
material, silicon) and an LET distribution reaching relatively
large values of ~10 MeV cm?/mg for the target-like fragments,
thus near their energy deposition Bragg peak, highlighting
their relatively low energy. In contrast, the second distribution,
extending up to the projectile Z value, corresponds to the
projectile-like fragments, with energies per nucleon similar to
those of the projectile itself, as further shown and discussed
in [17].

It is to be noted that for the high-energy, projectile-like
fragments, the energy deposition in micrometric volumes can
be considered proportional to the LET, which is not the case
for low-energy fragments, which can stop in distances smaller
than the SV dimensions.

IV. LET DEPENDENCE WITH ENERGY AND SV
THICKNESS

It is a general practice in space engineering not only to
minimize the size and weight while optimizing the costs,
but also to make sure that the sensitive devices are placed
strategically in the best possible position to avoid radiation
damage via total ionizing dose (TID). This means that the
sensitive devices will be surrounded by other materials that
contain less sensitive parts for protection [40]. Unfortunately,
when it comes to UHE heavy ions, the interaction between
the shielding material, device packaging, or any material
present between the particle and the SV leads to fragmenta-
tion. Therefore, the interactions between the very energetic
ion and the material need to be taken into account when
looking at SEE rates and protection of a device [10], [38].
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Moreover, these energies are present in the GCR environment,
to which space applications are exposed.

It is relevant to stress the fact that as opposed to lower
energy particles (with higher LET), the relative energy loss
occurring, when a UHE particle of 150 GeV/n traverses several
millimeters or even centimeters of aluminum, is negligible.
The particle energy remains constant in this case and therefore
the change in the volume-equivalent LET is not connected
to the change in energy. The unrestricted particle LET is
constant. As an example, a calculation of the deposited energy
in aluminum for 150-GeV/n 2®®Pb with an unrestricted LET
of 15.7 MeV cm?/mg on 2-mm aluminum with a density
of 2.7 g/cm? (which is the maximum thickness used in this arti-
cle) shows that the lost energy in aluminum is approximately
0.3% of the total energy. Therefore, the relative energy loss
in aluminum can be regarded as negligible. However, even if
the energy loss of the primary particle is low, due to its low
LET, the interaction with the material and the energy deposited
by the resulting secondaries with a lower LET needs to be
considered.

Hence, with the purpose of placing the results above in the
context of implications on SEE induction, this section focuses
on the following aspects.

1) The effects of the packaging material on

volume-equivalent LET in the SV.

2) The relationship between volume-equivalent LET and

kinetic energy of the primary beam.

3) The potential influence of the SV size on the LET.

the

A. Impact of Energy

Previous studies [41]-[43] focused on the radial distribution
of an incident particle in the material showed that the energy
deposition is highly concentrated in the vicinity of the trajec-
tory of the primary particle. The kinetic energy and therefore
the velocity of these particles play a relevant role with regard
to the maximum energy deposited by the delta electrons.

Fig. 9 shows the correlation between the volume-equivalent
LET as a function of the kinetic energy of the primary beam
for a 140-um silicon detector for the case of 1-mm aluminum
and no material in the beam. A difference in LET for the two
simulation setups is observable. For all cases including 1 mm
of Al in front of the diode, the LET is higher than without
material in the beam line, regardless of the particle energy.

The relationship between the volume-equivalent LET and
aluminum thickness is detailed in Fig. 10. There the
volume-equivalent LET is illustrated as a function of
aluminum thickness for a 150-GeV/n 2%Pb beam up to 2 mm.
A fast increase in the volume-equivalent LET is visible for
thicknesses below 10 mm. Furthermore, the differences in LET
are even more pronounced for thicknesses below 0.1 mm,
whereas a saturation LET value of 10.34 MeV cm?/mg is
reached at 0.8 mm, which remains mostly stable (for 20 mm
with 10.36 MeV cm?/mg). Therefore, the main LET change
happens already at thicknesses below 0.8 mm. The inserted
subplot in Fig. 10 emphasizes the steep increase in LET
specifically in the region below 0.2 mm.

This shows that even small differences in the material
thickness in front of a detector, in this case aluminum,
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different energies varying between 500 MeV/n and 150 GeV/n in a 140-um
silicon detector. In red with a 1-mm Al layer directly in front of the SV and
in blue without.
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Fig. 10. LET distribution in relation to Al thickness (in mm) present directly
in front of the SV up to 2 mm. The small inserted plot represents a zoom
and shows the LET for Al up to 0.2-mm thickness. Performed using FLUKA
simulations of 150-GeV/n 2%8Pb in a 140-xm silicon detector.

can have an influence on the deposited energy and hence the
volume-equivalent LET. This leads to the conclusion that
packaging and surrounding of a device can have a strong
influence on the deposited energy in the SV, in the case
of relatively large volumes, as that of the considered
2 mm X 2 mm X 140 um diode.
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energy of the primary particle, performed using FLUKA simulations of 2%8Pb
for different energies varying between 500 MeV/n and 150 GeV/n in an SEU
detector with 100 SV of 1 xm?. In red with a 1-mm Al layer directly in front
of the SV and in blue without.

B. Impact of SV Geometry

As a second part of the study on the LET, the influ-
ence of the SV thickness is analyzed. As opposed to the
140-um SV size used before in Section IV-B, a volume with
a cubic SV size of 1 um?, which is representative of charge
collection dimensions for single-event upsets (SEUs), has now
been simulated and exposed to the same 2°Pb beam conditions
as described in Section IV-A. The resulting LET over the
primary particle kinetic energy can be seen in Fig. 11.

In this case, the impact of the 1-mm aluminum on top of the
SV is negligible for energies above 0.5 GeV/n. As we will later
show, this is mainly linked to the geometrical development
of the ionization column as the ion travels through matter.
Furthermore, an interesting observation is that for 0.5 GeV/n,
the difference between the LET with and without 1 mm of
aluminum in the beam line is significant, as it was for the
larger SV in Fig. 9. The reason for this is the energy loss
occurring in the 1 mm of Al and the resulting higher LET.
As discussed above, this effect is negligible for more energetic
beams.

To further evaluate the evolution of the energy deposition
of UHE ion beams in silicon, simulations consisting of
an incident pencil ion beam impinging in the center of
a2 x 2 mm? silicon structure are performed.

The total depth of silicon is set to 560 um, and, therefore,
corresponding to four times the size of the diode. The delta-
ray threshold and electron production and transport energy
thresholds are set to the minimum possible FLUKA value
of 1 keV. The beam travels from left to right, starting at a
radial position r = 0. The resulting dose distribution in a 2-D
cylindrical scoring projection can be seen in Fig. 12.

It can be observed that there is an energy deposition
build-up effect as the ion travels through silicon. The evolution
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Fig. 12. 2-D illustration of performed FLUKA energy deposition simulation
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Fig. 13.  FLUKA simulation of the volume-equivalent LET over the diode

length z of a 150-GeV/n Pb beam in silicon, both for the full diode and a
radius of 10 xm around the beam trajectory.

can be further quantified by projecting the 2-D cylindrical
scoring of the dose on the z-axis as a 1-D plot and converting
the dose into the volume-equivalent LET. This is done both
for the full diode and a track of 10-um radius around the ion
trajectory in Fig. 13.

As can be seen in Fig. 14, the maximum volume-equivalent
LET for the full 2 x 2 mm? geometry is roughly
10.2 MeV cm?/mg (a factor of 1.17 with respect to the value in
the first micrometer, corresponding to 8.7 MeV c¢cm?/mg) and
it is reached at around 400-xm depth. However, for the 10-um
radius, the value is roughly constant at 8.7 MeV cm?/mg and
it reaches this value (only a factor of 1.03 larger than the first
micrometer value) at a depth of roughly 10 xum.

In other words, the delta-ray build-up effect, as shown
in Fig. 13, mainly impacts the region several tens of microm-
eters away from the beam trajectory. Therefore, although
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Fig. 14.  Comparison of the resulting particle LET simulated using FLUKA
and correlated with the deposited energy in the SV for the unrestricted and
10-keV restricted case.

relatively broad structures, such as the silicon diode, are
impacted in terms of volume-equivalent LET, this will not be
the case for smaller, SEU-like volumes.

However, it is worth noting that the volume-equivalent
LET in the region of radius between 10 and 20 um from
the ion trajectory is 0.2 MeV cm?/mg and could, therefore,
lead to delta-ray-induced SEUs in components with very low
LET thresholds (e.g., sensitive to direct proton ionization) and
potentially impacting multiple cells.

Finally, Fig. 14 compares the FLUKA LET values in the
unrestricted and 10-keV restricted cases. The restricted LET
is defined as the energy lost by the ion through electrons
(i.e., delta rays) up to a given energy. If this limit is set
to 10 keV (corresponding to an electron range of 1.5 um
according to the NIST ESTAR value [44]), energy deposition
from delta rays above this energy is not considered, and,
therefore, restricting the value to energy that is deposited near
(~1.5 pum) the track of the ion.

For 150 GeV/n, the LET restricted to 10 keV is
9.0 MeV cmzlmg, whereas the unrestricted one reaches a
value of 15.7 MeV cm?/mg. Therefore, this implies that the
energy deposited in the relatively large detector structure is
still significantly below the energy actually lost by the ion,
meaning that a nonnegligible fraction still escapes from the
structure. It is also worth highlighting that both curves start to
diverge at an energy near 100 MeV/n.

V. DISCUSSION AND RADIATION HARDNESS ASSURANCE
IMPLICATIONS

In [4], it was concluded that for energies above ~1 GeV/n,
the volume-equivalent LET starts to diverge from the tabu-
lated, unrestricted values for a 1-um? volume, mainly owing
to the radial profile of the energy deposition distribution being
larger than the collection volume dimensions.
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In this article, we perform a similar study focusing on the
impact of the material placed directly above the SV, as is
practiced under experimental condition (e.g., packages, etc.).
The simulation results show that the material placed directly
above an SV of 140 um (sensitive thickness of the diode)
will cause a nonnegligible increase in the direct ionization
energy deposition peak (e.g., by ~13% for 150-GeV/n 2!Pb
on 1 mm of aluminum), however this is not the case for
SEU-like, micrometric volumes, for which the volume-
equivalent LET is unaltered by the additional material.

However, the impact of the produced fragments within the
beam line on SEE testing should be kept in mind, as has been
shown in this article and earlier by Kastriotou et al. [10].
There, it was observed that fragments had a different con-
tribution to the beam composition, depending on the primary
particle beam energy. Fragments originated from UHE or VHE
heavy ion beams have a similar energy per nucleon when
compared to the primary ion beam, but they have a lower
LET due to their lower Z.

VI. CONCLUSION

Performing SEE tests with very high (1-5 GeV/n) and
ultrahigh (5-150 GeV/n) energies is attractive due to their very
high penetration depth, enabling accessibility to the sensitive
areas of complex components in air and without the need
of un-packaging the parts. Since these energies are present
in the GCR environment, they are of interest for in-orbit
high-energy GCR energy deposition profiles, as opposed to
the lower energy standard test opportunities. These energies
are becoming even more relevant with regard to the increasing
complexity and 3-D stacked devices and heat shields on the die
surface because they promise testing without decapsulation.
To ensure an efficient testing and proper postprocessing of the
retrieved data, interactions between UHE heavy ion beams and
the material must be investigated to a certain degree, notably
linked to the energy deposition enhancement originated from
the interaction between the primary ion with different material
of each surface layer.

Moreover, it is important to carefully characterize the nature
of the interactions of such beams with matter, and their
implications on SEE testing. For such purpose, the use of
solid-state detectors, that is, the silicon diode presented in this
article, is highly relevant as they provide not only a binary
output of whether an SEE occurs, but also the actual energy
deposition distribution in the device.

The experimental and simulated results shown in this article
highlight two important features of UHE beams and their use
for SEE testing.

1) Significant beam fragmentation occurs, leading
to a lower amount of energy deposition (or
volume-equivalent LET) events than the primary
beam.

2) Secondary electrons from materials directly in contact
with the SV can lead to an enhanced energy deposition
for SV characteristic sizes in the order of 100 xm.

It is important to note that the relevant particles leading to

effect 1 are highly penetrating, due to the increasing absolute
impact proportional to the material thickness present in the
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beam line (produced fragments are not stopped in several
centimeters of air), whereas effect 2 is only relevant for cases
in which the material is placed directly above the SV.
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