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A B S T R A C T

A silicon detector and a diamond detector have been used at the SPS experimental North Area at CERN for
diagnostics of beams of ultra-high energy lead ions (150 GeV/nucleon).

The detectors are operated in pulse mode using a fast digital electronic chain. The discrimination capability
of the two detectors is investigated using deposited energy and pulse shape analysis. It is shown that the
detectors have good beam monitoring performances and can discriminate the main lead ion beam component
from contamination of light and heavy fragments.
. Introduction

The Super Proton Synchrotron (SPS), measuring nearly 7 kilometres
n circumference, is the second-largest accelerator of the CERN acceler-
tor complex [1]. It usually operates with protons up to 450 GeV, but it
an also accelerate heavy ions during the dedicated CERN ion physics
uns [2]. The SPS accelerator’s main purpose is to feed the ions to the
arge Hadron Collider (LHC), where collisions are exploited for high
nergy physics experiments. At the same time the SPS accelerator can
eliver the high energy ions to other experimental areas, like the SPS
orth Area (SPS-NA) [3]. Here one of the applications of the ultra-high
nergy ions is the study of single event effects on microelectronics [4].

Ion beams are routinely used to test Single Event Effects (SEE) in
icroelectronics [5], in particular for space and accelerator applica-

ions [6–9], where the electronics needs to operate in elevated radiation
ields with a high level of reliability. Most of the testing worldwide is
erformed at lower energies, typically between 10 and 100 MeV per
ucleon. The SPS accelerator at CERN is a unique facility in terms
f the available ultra-high energy range that it can access (hundreds
f GeV per nucleon). The main reason for the exploitation of these
nergies is that test engineers can study the effect of relatively high
inear Energy Transfer (LET) combined with a beam that at the same
ime is highly penetrating. This fact allows for multiple boards to be
tacked one after the other and tested in parallel with a moderate beam
ttenuation [10]. Also, ions maintain a constant LET throughout the
ntire sensitive volume of the component, which is easier for the data
nalysis of SEE. Furthermore, there is no need to remove the lids and
ousing of the microchip, operations that can be particularly difficult
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if not impossible on systems that are highly compact and integrated, or
with 3D structures.

It is clear that a beam with such high energy poses challenges in
terms of accurate dosimetry, in particular for the measurement of the
contamination by fragments (neutrons, protons or other ions) that can
be generated by the interaction of the primary beam with the beam
intercepting devices, such as collimators and beam instrumentation,
and the Devices Under Test (DUTs).

In this work, the use of silicon and diamond detectors is studied. The
main advantage of these solid state detectors is the small dimensions
(2 × 2 mm2) that allows for precise measurements of the fluxes.
Furthermore, these detectors have a very good energy resolution for
deposited energy measurements. The study of deposited energy in
semiconductors is interesting to validate the models used to calculate
the radiation effects on microelectronics components. Finally, thanks to
discrimination in pulse height and pulse shape, we can distinguish the
primary direct ionization component from the impurities of the beam.

2. Experimental setup

2.1. Irradiation setup

The measurements were carried out in the H8 beamline of the CERN
SPS North experimental Area (SPS-NA), which is described in detail in
Refs. [4,10]. The 150 GeV/nucleon SPS Pb beam arrives in 10 s long
spills, with an intensity varying between 103 and 105 ions/spill (the
intensity can be easily tuned for different runs). The beam size was set
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Fig. 1. Schematics of the experimental Setup to measure with silicon and diamond detectors at the H8 beamline of the CERN SPS North experimental Area.
at approximately 3 × 3 cm2 FWHM, therefore larger than the surface
of the two detectors, which guaranteed their homogeneous irradiation.

A schematics of the experimental setup is shown in Fig. 1. Multiple
experiments are run in parallel to take advantage of the penetration
of this beam. Following the exit window of the beam pipe, the instru-
mentation used to characterize the particle beam was installed. This
comprised of a scintillator and a multi wire proportional chamber,
which are followed by a scintillating fibre monitor. The experimental
test bench is located 0.5 m downstream the latter and approximately
2 m downstream the beam pipe window. On the test bench, a support
guarantees that boards and detectors that are tested in parallel remain
aligned. The silicon and diamond detectors were mounted on the fourth
position of the support to the downstream, following three PCB boards
on plexiglass plates. The relatively large amount of material between
the beam pipe exit window and the two detectors results in a high
beam intensity attenuation and fragmentation of the beam at this rear
position, which is examined in detail in [10].

In all experimental cases, at least one of the boards installed in front
of the examined detectors is an ESA Single Event Upset monitor [11],
a radiation hardened 16 Mbit SRAM module which consist of 4 dies
covering a surface of approximately 2 × 2 cm2. A control software
llows to write and read its dies, count the generated errors during
nd post-irradiation and display their physical arrangement in the
emory [12]. Therefore, the ESA SEU monitor was used to guarantee

he good alignment of the beam with the silicon and the diamond
etector.

.2. Detectors

Two solid-state detectors were tested in the SPS-NA, a silicon diode
etector by Micron Semiconductors Ltd. [13] and a single crystal
iamond detector grown by chemical vapour deposition by Element
ix [14]. The silicon detector comprises a square (2 mm × 2 mm

140 μm) totally depleted p–n junction diode, a ceramic PCB and
ousing of aluminium. The diamond detector is also square (2 mm

2 mm × 300 μm), has a metallic contact area of 1.5 mm × 1.5 mm.
The detectors are operated in pulse mode. Both detectors are con-

ected to a low-noise current amplifier (Cividec C1 [15]), which is
haracterized by a 2 GHz analog bandwidth and a 20 dB gain.

The signals are fed to a digitizer, 10 bits, 1 Gsample/s, DT5751 by
AEN [16]. Each waveform above threshold is saved and the processing
nalysis is done offline.

This electronics chain was chosen to have fast signals and minimal
haping introduced. The silicon detector is reversed biased with +40 V,
he diamond is biased with +240 V.

A logic signal from the accelerator is also recorded to give the start
ime of a spill extraction. This can be used to associate each waveform
o the respective spill using the timestamp information.
2

Fig. 2. Example of a measured waveform for illustration of the data analysis.

3. Waveform analysis

The raw data of all waveforms, voltage as a function of time V(t), are
analysed offline and Fig. 2 represents a graphic example of the analysis.
The signal baseline is measured by averaging 20 points on the signal
pre-trigger. We can notice that the signal are very fast, with a rise time
of a few ns and a fall time in the order of 10 s of ns.

The deposited energy (𝐸dep) is measured for each recorded wave-
form by integrating the voltage signal in time V(t) (i.e. measuring the
area of the signal). The method has been also presented in Ref. [17].
𝐸dep is proportional to the charge produced by the ionization and to
the energy necessary for pair production 𝐸eh (3.67 eV for silicon and
13 eV for diamond).

𝐸𝑑𝑒𝑝 =
𝐸𝑒ℎ
𝑒 ⋅ 𝐺

⋅ ∫
𝑉 (𝑡)
𝑅

𝑑𝑡

where G is the Gain of the preamplifier (20 dB as calibrated by the
manufacturer), R is 50 Ω and e is the elementary charge.

The deposited energy spectra can therefore be built and are pre-
sented in Fig. 3 for the two detectors. For both a well-defined peak is
present, which is due to the direct ionization of ultra-high energy lead
ions passing through the detector. The deposited energy is discussed in
a later section in comparison to simulations. A continuum is present at
lower deposited energy in the spectrum with an intensity of about an
order of magnitude less with respect to the peak. The best interpretation
is that these events are due to fragments and impurities present in the
beam at that position.
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Fig. 3. Deposited energy spectra of an ultra-high energy lead ion beam measured with
a silicon and a diamond detector.

The use of a fast electronic chain and digitalization of the signal
allows for a study of Pulse Shape Discrimination (PSD). It is well
known that in solid state detectors the shape of the signal depends on
the density and geometry of the charge deposition [18]. It has been
shown in nuclear physics experiments that this method can successfully
discriminate reaction products and be a complementary method to the
more established 𝛥E − E and time of flight techniques [19–23].

The PSD is based on a bi-parametric analysis, where the first param-
eter is the deposited energy, and the second parameter defined on the
shape of the signal. Using a current preamplifier, the signal shaping
is minimal, and a natural choice of the parameter is the fall time of
the signal [24]. If a more traditional charge preamplifier were used,
which integrates the signal, the natural choice would have been the
rise time [18,25]. Sometimes the second moment value of the signal is
also used [26]. We choose to use the fall time of a signal (w) defined as
the time from 100% to 10% of the signal (see Fig. 2). Fig. 4 shows the
results of the bi-parametric analysis plotted as a density distribution.
The projection on the fall time axis is shown as a histogram in Fig. 5.

Looking at the distributions of Figs. 4 and 5, it is found that the
signals can be divided in different regions of interest. For the case of
the silicon, we define four regions of interest (see Fig. 5): a plateau at
low fall time, a peak, a second plateau and finally a broader peak. For
the case of the diamond, we define only two regions of interest: a first
peak at low fall time and a continuum for higher fall time.

Fig. 6 shows examples of a signal randomly selected for each of the
four regions of interest. It is clear that they have a different shape that
can also be qualitatively appreciated by looking at the graphics.

The observation that pulse shape discrimination is more difficult
with a diamond detector must be explained by the higher mobility of
charge carrier, which makes diamond signals faster. In fact, diamond
does look like a compressed (in time) version of the Silicon. Possibly
better discrimination can be achieved with a digitizer with higher
sampling rate. This is a possible development for future tests.

The projection on the deposited energy axis of the distributions
shown in Fig. 4 is of course represented by Fig. 3. Fig. 7 reproduces the
same projection adding constrains of the region of interests identified
in Fig. 5.

4. Beam diagnostics results

The analysis presented in the previous section can be used for

beam diagnostics that will be useful to scientists using the beam for

3

Fig. 4. Bi-parametric analysis of silicon and diamond events.

Fig. 5. Fall time distribution of the signals measured for silicon and diamond detectors.
The vertical lines represent the limits defined for the data analysis and numbers are
labels of the defined regions.

irradiation. The first information that can be useful is the beam com-
position at the detector position. We are interested to discriminate the
primary component of 150 GeV/nucleon lead ions and the impurity
components. The direct component can be completely discriminated
by PSD on silicon (type 2 signals in silicon), while for diamond we
also apply a threshold in energy deposition (type 1 signals in diamond
and with 𝐸d > 900 MeV). The energy deposition threshold value 𝐸d >
900 MeV is chosen to cut just under the main peak.
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Fig. 6. Examples of signals measured with a silicon detector and selected in the four region of interest of the fall time distribution (Fig. 5).
Fig. 7. Deposited energy spectra of an ultra-high energy lead ion beam measured with
a silicon and a diamond detector. Spectra have been built using PSD.

Both for the Silicon and Diamond detector, the best interpretation
is that signals with larger fall time (type 3 and 4 in silicon and type
2 in diamond) are heavy ions (fission fragments) with high energy. A
later discussion adds justification to this interpretation.
4

Signals with short fall time below the full peak (type 1 for silicon,
type 1 and with 𝐸d < 900 MeV), are lighter or faster fragments with
lower LET that are punching through the detector.

Using these criteria, Fig. 8 shows the results for the beam composi-
tion according to the Silicon and Diamond detectors. It is encouraging
that the two detectors are in good agreement, showing a direct compo-
nent of about 55% with respect to the total number of events. The high
fraction of fragments is not unexpected, as the detectors were tested in a
rear position with many other experiments and materials in front. This
also shows the increasing importance of local diagnostics measurements
when the beam is highly fragmented.

Fig. 9 shows the measured time structure of the beam spills. This is
built using the time difference between every event and the extraction
signal from the accelerator. The knowledge of this structure can be
important for those applications that are limited by flux, e.g. that suffer
from dead time. In fact if the accelerator is not continuous one needs to
keep into account that the flux is not constant, but modulated by this
spill structure.

Fig. 10 shows a time trace of the flux measured by the silicon
detector. This shows that even with a small 2 × 2 mm2 detector there is
enough statistics to monitor the evolution of the beam. In this particular
run we observe that the intensity of the beam had been deliberately
modulated by the operators, alternating high flux periods to short off
periods.

5. Discussion

5.1. Deposited energy and simulations

Monte Carlo simulation of radiation transport can be an important
tool for data interpretation. In this work we used both FLUKA and
GEANT4 for comparison. The first interesting observation is about the
deposited energy of the primary lead ion beam. For silicon, this gives
a peak in the spectrum at about 𝐸dep = 350 MeV. Simulations confirm
that this peak is indeed due to the primary beam that goes through the
detector. We can see that both simulations of deposited energy are in

agreement within 15%. For silicon, Geant4 simulations seem to have a
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Fig. 8. Beam composition measured using silicon and diamond detectors with pulse
height and PSD. Direct ions are ultra-high energy lead ions (150 GeV/nucleon).

Fig. 9. Average time profile of a spill of ultra-high energy lead ions measured with a
silicon detector.

Fig. 10. Time trace of the ions flux, spill by spill, measured with a silicon detector.

better agreement (within 3%), while for diamond FLUKA simulations
are closer. However comments should be made: (A) the measured
deposited energy is dependent on the calibration of the gain of the
preamplifier, and it is reasonable to expect a systematic error. Also,
the gain is assumed to be constant, but one can expect some degree of
non-linearity when extrapolating to different order of magnitudes. (B)
The simulations will use different models and algorithms to transport
the radiation, and these models become more uncertain at these energy
ranges. Something important to consider is for example how 𝛿-rays
are treated, as discussed in Ref. [27]. The discussion of these details
goes outside the scope of this paper, but it is important to notice
that benchmarking of simulations is important as they are used also
to develop models for the interpretation and prediction of SEE in
microelectronics [28,29]. (C) Possibly an import source of uncertainty
5

Fig. 11. Deposited energy spectrum compared to Monte Carlo simulations for silicon
(top) and diamond (bottom). Monte Carlo simulations are performed with GEANT4 and
FLUKA and results have been convoluted with the measured resolution.

is the missing knowledge of the materials in front of the detector in the
beam. Although this is clearly not independent for the two detectors
and it should produce a similar uncertainty.

5.2. Beam fragmentation and impurities

The fragmentation of 158 GeV/nucleon Lead ions has been studied
at CERN by dedicated experiments [30,31]. In these reference a cross
section 𝜎 of fragmentation has been reported for Silicon and Carbon to
be 3.5 b and 3.1 b, respectively. Using the following formula, we can
give a back of the envelope calculation of the fraction of fragmentation
respect to the primary beam that occur in the detector volume, where 𝐼0
is the intensity of the primary beam before interaction, 𝜌 is the material
density, M is the molar mass, Nav is Avogadro number, and x is the
thickness of the material.
𝐼0 − 𝐼
𝐼0

= 1 − exp
[

−𝜎 ⋅
𝜌
𝑀
𝑁𝑎𝑣 ⋅ 𝑥

]

Using the correct values, we find that fragmentation is 0.25% in
the silicon detector and 1.5% in the diamond detector. This calculation
has been confirmed by Monte Carlo calculations, where we find that
fragmentation in the detectors is 0.58% and 1.2%, respectively. This
suggests that most of the fragments that we observed are produced by
all the other materials that are in the beamline in front of our detectors.

Since it was not possible to know the exact geometry of the other
experiments and what materials where in the beam path, we tried,
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as an example, to run simulations with 5 mm of Al in front of the
detector (at 5 cm distance). Here the fragmentation rises to about 9%,
confirming that most of the impurities are not produced in the detectors
themselves. However, as we can also see in Fig. 11, we are still far from
the levels that are measured in the order of 40%.

Considering this fragment fraction, we shall also exclude the pos-
sibility that this effect is due to a partial collection of the charge
carriers. Firstly, it would be very improbable to see such a similar
effect in two detectors with a very different geometry, material and
construction. Secondly, both detectors behave well when calibrated
with mono-energetic alpha particles, such that the full energy peak is
neat, without structures due to partial collection.

It is also interesting to notice that we can simulate what ions are
produced by the nuclear reactions. In Fig. 12 we report a distribution of
the produced ions in mass A and atomic number Z for the case of 5 mm
aluminium separated by 5 mm air for the 140 μm silicon detector and
he 300 μm diamond detector. Here the ions are scored in the detector
olume.

As a future development of the simulations, we can try to change the
aterials that are in front of the detector. Also, we are looking forward

o repeat an experimental campaign in order to try the detectors in mul-
iple positions, including a front position where the direct component
ould be much higher.

.3. Pulse shape analysis

More discussion is needed to justify the interpretation of the pulse
hape analysis and in particular the capability of particle separation. It
as to be noticed that this technique is usually performed for nuclear
hysics experiments where energy ranges are in the order of 10 s
eV/nucleon, complex multi-detector systems are used, and it is often

ombined with other techniques, like time of flight and 𝛥E − E [20–
2]. In those systems good resolutions in particle separation can be
chieved. In this work, we extrapolate this technique to ultra-high en-
rgies, 150 GeV/nucleon, which is a first to the best of our knowledge.
lso, the detectors are designed as beam monitors, presenting a very

ast electronic chain, that is optimal for in-beam measurements, but
ertainly not optimal for resolution.

The interpretation for particle separation is based on the fact that
he signal shape becomes very sensitive to the density and length of
he ionization track [18]. The reason is the plasma effect [32] and the
inite drift time of charge carriers, electron and holes [33]. As a result,
f the incident energy is kept constant, the charge-collection time, and
herefore the fall time, increases monotonously with charge Z and mass
umber A of the detected ion [34]. If Z and A are kept constant, the
ependence on the particle energy is more complex, but for incident
ons with long ranges in silicon the charge-collection time increases
ith the square root of dE/dx [34].

. Conclusions

It has been shown that silicon and diamond detectors with a fast
eadout electronics chain can be used for the diagnostics of ultra-high
nergy ion beams such the ones produced by the SPS accelerator at
ERN.

Tests with 150 GeV/nucleon lead ions show that the detectors can
iscriminate the direct component of the beam from fragment impu-
ities. This is particularly important in the case of using such beams
or testing of microelectronics, as experiments are running in parallel
ne behind the other to maximize the use of the beam, and position
ensitive diagnostics is favoured by the small size of the detectors.

The discrimination was possible thanks to a combination of de-
osited energy and pulse shape analysis. Comparing the two detectors,
e can say that the silicon offers the best discrimination capability, but

he diamond can always be preferred in case of high flux application,
eing more radiation hard, and we show that comparable results are

ossible.

6

Fig. 12. Distribution of the produced ions as a function of Z and A simulated with
GEANT4 for the silicon detector (top) and diamond detector (bottom).
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