Effects of irradiation of energetic heavy ions on digital pulse shape
analysis with silicon detectors
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Abstract

Detected energy, charge rise-time and pulse shape identification capabilities
of nTD silicon detectors under prolonged irradiation by energetic heavy ions
have been studied. Sizeable effects on the amplitude and the risetime of the
charge signal have been found for detectors irradiated with large fluences of
stopped heavy ions, while much weaker effects were observed for punching-
through ions. The robustness of ion identification based on digital pulse shape
techniques has been evaluated.

1 Introduction

The energy thresholds for charge and mass identification of the different reaction fragments is a crucial
point for a modern nuclear physics apparatus. The FAZIA collaboration [1] is developing a new Si-Si-
CsI(T1) telescope with fully digitized signals in order to perform Pulse Shape Analysis (PSA) and Time of
Flight (ToF) measurements for fragment identification. Many experiments have been performed to study
and improve the behaviour of silicon detectors with respect to PSA, and nTD (neutron Transmutation
Doped) silicon crystals in reverse mount configuration (i.e. with particles entering the detector through
the low field side) with a bulk resistivity of about 3 k{2cm have been chosen as final solution. Moreover,
a "random" crystal orientation in order to avoid channeling directions [2] and doping inhomogeneities at
alow level (< 3%) [3,4] have been recognized to be crucial points for good PSA performances. Follow-
ing these recipes and adopting especially designed low-noise digital fast sampling electronics, excellent
results on PSA were obtained by the FAZIA group, but the robustness of detector operation must be
evaluated and proved in view of future long experimental campaigns. Many studies have addressed this
subject, mainly silicon pixel and microstrip detectors for tracking applications in high energy physics
(see [5] and [6] as examples). In such experiments, the detectors are irradiated with low-Z particles at
relativistic energies and/or subjected to strong neutron fluxes, a situation completely different from our
case. where heavy-ion collisions at beam energies from the Coulomb barrier to over 30 MeV/nucleon
will be investigated.

The major source of damage in silicon detectors is the loss of ion kinetic energy via nuclear interac-
tions with lattice atoms. The incident particles interact with silicon atoms which are displaced from the
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crystal lattice, creating lattice defects. Low-energy recoils create only “fixed point” defects, while ener-
getic recoils could create a dense agglomeration of defects at the end of the primary ion track (“defect
clusters”). Both of them introduce energy levels within the forbidden energy gap, acting as recombina-
tion/generation centers of electron-hole pairs. So they are responsible for an increase of reverse current
and they can also affect the charge collection efficiency ( [5], [7]).

Our purpose is to observe the changes in detected signal shapes and their consequences on the related
physical observables of interest (energy and charge rise-time) as a function of the increasing fluence.

2 Experimental setup

Data were collected at the “Laboratori Nazionali del Sud” in Catania using 35 MeV/nucleon 12°Xe beam
bombarding targets of "*Ni (1050 ug/cm?) and 129Sn (2500 ;1g/cm?). Seven different telescopes were
mounted in the “Ciclope” scattering chamber, at distances ranging from 250 cm to 300 cm from the target.
A more complete description of the whole apparatus can be found in [8]. The effects of irradiation with
heavy ions were studied using two different detectors: a 310 pm nTD silicon detector (RD-detector) and
a “standard” three stage FAZIA telescope (TeleA) made of two Silicon detectors Sil and Si2 (thickness
310 pm and 504 pum, respectively) followed by a 4 cm thick CsI scintillator. The silicon detectors were
mounted in the “reverse” configuration (low field side facing the target); their main specifications are
shown in Table 1. The position of RD-detector was changed during the experiment in a way that is
explained below with the help of Fig. 1.

Fig. 1: Scheme of the irradiation cycle for the RD detector. The drawing is not to scale and it is meant to visually
explain the irradiation cycle. Abbreviations and figure parts are defined and discussed in the text.

Table 1: Some experimental details of the used silicon detectors.

Heading RD-Si TeleA Sil TeleA Si2
Area 20X20 mm  20X20 mm  20X20 mm
Manufacturer FBK FBK CANBERRA
Thickness 310 um 310 pm 504 pm
Depletion Voltage 120 V 130 228 V
Bias Voltage 140 V 140V 250V
Bulk type n-type n-type n-type
Resistivity 2970 Qem 2540 Qecm 4160 Qcm
Resistivity unif. (FWHM) 2.3% 4% 04%
Distance from target 301 cm 258 cm 258 cm
O position in lab. 0.3°/14° 2.35° 2.35°

The measurement cycle consisted essentially of two phases: the first where the “transmission and
“stopping” regions (H2, H3) were slid well under the grazing angle [“irradiation” phase, see Fig. 1 a)]
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while the “no damage” hole H1 was protected. In the second “measurement” phase, the three holes were
sequentially exposed to the reaction products and the signal shapes were acquired. This second phase
was performed in different steps [cfr Fig. 1 b), ¢), d)] in order to acquire, each time, only the pulses
associated to the desired region. The angles of the “irradiation” phase were decreased during the experi-
ment in order to quickly produce sizeable changes in the RD. In order to keep the acquisition dead time
to an acceptable level during “irradiation”(count rates reached up to 700 Hz for each hole), the signals
were not acquired, but they were simply counted by fast scalers, estimating the ion fluence. A typical
irradiation-measurement cycle lasted slightly more than one hour, with a short pause (3 minutes long)
between the two phases.

The n-side of the reverse mounted silicon detectors was directly connected to a charge and current “PACI”
pre-amplifier [9] whose outputs were fed, through 6 m long differential cables, to custom digitizer boards
placed outside the reaction chamber. Two kinds of boards have been used: the RD-detector was con-
nected to a 125 MS/s-12 bits ADC card [10] while the TeleA signals were sampled by a 100 MS/s-14
bits ADC board. For each detector the bias voltage was provided by a remotely controlled power supply
module, also featuring reverse current monitoring. In this way, the supply voltage was continuously au-
tomatically corrected (in 1V steps) as a function of the reverse current change in order to maintain the
actual bias voltage across the silicon junction constant.

3 The RD-silicon analysis

Fixing the mass, charge and energy of the impinging particle, the signal shape strongly depends on the
electric field profile in the depleted region of the detector. As already said, during the present mea-
surement the bias was kept constant on the detectors. So the variation of the pulse shapes of elastically
scattered Xe ions in our collimated zones as a function of fluence can be attributed to changes in detector
properties due to damaging. A detailed analysis of the amplitude and rise-time of charge the signal as a
function of the fluence is presented in Fig.2. To optimize the signal to noise ratio, the collected charge is
measured taking the maximum value of the output of a semi-Gaussian shaper-filter applied to the digi-
tized charge signals (called Qmax in the following). The filter has a time constant of 1.5 us and unitary
gain. The charge signal rise-time (Qrisetime in the following) is calculated as the difference between
two digital constant fraction discriminators [8,11], with thresholds set at 20% and 70% of the total signal
amplitude.

For the “stopping” zone, at the final fluence of 6x 10% ions/cm? we observe a relative drop of Qmax
of 16% with respect to the beginning of the experiment. A “pulse height defect” associated to irradiation
is also reported in Ref. [12], for fission fragments from >*>U detected using an Au-Si-Al surface barrier
transmission detector. More recently, in Ref. [13], a position-sensitive Silicon detector has been irradi-
ated by elastically scattered 28Si of 80 MeV stopped in the device. After 1.5x10° ions/cm? of implanted
288i a decrease of the detected energy around 3.5% was observed, accompanied by a worsening of the
energy resolution. It is not obvious how one can scale our data to compare with Ref. [13]. From TRIM
calculations one can estimate that the linear density of vacancies in silicon at the end of the ion range
is about 5 times greater for 129% e than for 28Si. Our fluence, however, is a factor of 2.5 smaller than in
Ref.[13]. In any case, in ref. [12,13], the increase of reverse current was not compensated, and this could
lead, depending on the bias resistor, to a reduction of the field and a worse charge collection efficiency
compared with our setup. Concerning the shape of the signals, ref. [13] states that no variation of the
charge rise time was observed, contrary to our case where for stopped Xe ions the Qrisetime drops of a
factor 2. A saturation of Qrisetime towards about 100 ns in the "stopping" zone is suggested by the data
of Fig. 2. Unfortunately, it is not possible to confirm this asymptotic behaviour because the measurement
had to be stopped, having used up the whole allotted time.

As expected, in the "transmission" zone the effects are lower. The decrease of Qmax at the end of the
measurement is less than 2 %, while the Qrisetime remains constant within 5%. This is due to the fact
that in this case the defects are distributed along the ion track and they are not concentrated in the last few
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Fig. 2: Qmax (top panels) and Qrisetime (bottom panel) of scattered '2?Xe ions impinging on the "transmission"
and "stopping" regions. For each panel, in the inset the results for the "no damage" area are compared to the low
fluence points of the "transmission" region.

microns of the range as for stopped ions. This is a crucial information for planning future experiments
with silicon detectors placed at relatively small angles with respect to the beam. Finally, the response of
the “no damage” zone is expected to be very similar to the transmission zone because also in this case
Xe ions are punching through. Moreover, this zone was shielded during irradiation at small angles so
that the fluence spans a reduced range. The fluence on the no damage zone can be calculated directly
from the number of ions whose shapes are collected, taking into account the dead time of the acquisition
system.

Both effects of reduction of Qmax and decrease of Qrisetime with increasing fluence are a consequence
of the creation of recombination or trapping centers for electrons and holes. However, the explanation of
the decrease of Qrisetime is not straightforward, as it involves the interplay between charge recombina-
tion or trapping and plasma erosion time. In any case, the observed behaviour of the data shows that the
plasma delay is significantly reduced by the increasing number of irradiation-generated defects. To our
knowledge, this is the first time that such phenomenon is measured so precisely.

4 The TeleA analysis

TeleA is a three stage Si-Si-Csi(T1) telescope mounted at 2.35° with respect to the beam at a distance of
258 cm from the target (the subtended angle is slightly less than 0.5°). The study of the PSA performance
of this telescope (i.e. the ion separation capability) as a function of the 12°Xe fluence is particularly inter-
esting. The results shown in the following concern the first part of the experiment, i.e. the 129Xe+"%Ni
at 35 MeV /nucleon reaction. For such reaction, the grazing angle is 2.3°. We estimated an average
value of the 129Xe fluence from the number of detected elastic events (corrected for the dead-time of the
acquisition system which was of the order to 20-30 %) divided by the detector area inside the grazing
angle of the reaction. We have tested the second silicon detector, where the Xe ions are stopped and the
radiation damage more evident.

A correlation commonly used in the FAZIA project for PSA identification of imping fragments is the
“energy vs. Qrisetime “ (see [8] for more details). This plot features separate ridges for different atomic
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numbers (Z-ridges), at least above a Z-dependent energy threshold. At energies under the threshold the
ridges join in a common “back-bending” ridge. At the end of the experiment the widths of the back-
bending region and of the Z-ridges were larger, leading to a poorer identification. In order to perform
a quantitative comparison of PSA capability as a function of Xe ions fluence, we applied the lineariza-
tion procedure adopted in [3] and [8]: starting from the bidimensional plots of energy vs. Qrisetime,
we draw identification-lines overlapped to the various Z-ridges, assigning a Particle IDentification (PID)
value to each line. Interpolating between adjacent identification lines, a unique PID value is attributed
to each detected particle. In a Qmax vs. PID correlation, each ridge is ideally parallel to the Qmax axis.
Projecting on the PID axis, the PID “spectrum” is obtained, where each peak is associated to a different
ion-element. When adjacent peaks have similar statistics, the so called "Figure of Merit” (or FOM) [14]
is a useful parameter to quantify the separation between different elements. The FOM is defined as

1 — u2\

FOM = e
(01 + 02) x2.35

6]

where ;17 and pg are the centroids, o; and o9 the standard deviations of two Gaussians fitted to
adjacent peaks.
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Fig. 3: FOM for adjacent elements versus Xenon ions fluence

In Fig. 3, the FOM values calculated for different element pairs are shown as a function of '29Xe
fluence. The original energy vs. Qrisetime correlations from which PID spectra are derived have been
obtained analyzing a suitable number of signals immediately after reaching the associated fluence value.
FOM=0.7 (dotted horizontal line in Fig. 3) is used as a reference threshold above which we convention-
ally assume a good peak separation. The obtained FOM values clearly decrease as a function of the
fluence. The contribution to this effect due to the increase of the reverse current during the experiment is
negligible. To better distinguish the effects of a non-uniform impinging particles rate on the detector with
respect to the damaging, we can look at the Qmax and Qrisetime distribution of the elastically scattered
Xe ions in the two different studied detectors.

Figure 4 shows the Qmax [panels a) and c)] and Qrisetime [panels b) and d)] distributions normalized to
the initial mean value for the Si2 of TeleA (left panels) and for the RD-detector (right panels). Around
one thousand of elastically scattered 12?Xe ions stopped in the silicon are considered for each distri-
bution. Data refer to the beginning (continuous line) and after 30x 109 jons/cm? (dashed line). For the
RD-detector data are also displayed after a fluence of 4.8 x 10% ions/cm? (dotted line). In the RD-detector
data, the event selection is performed using a threshold on the collected charge (due to the RD polar an-
gle, practically the overwhelming majority of detected particles are elastically scattered '2?Xe ions). For
Si2 of TeleA, elastically scattered '2?Xe ions are selected with a graphical cut in the AE-E plot. One
can note the asymmetric form of the distribution of the charge risetime variation for the Si2 of TeleA
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Fig. 4: Qmax [panels a),c)] and charge rise-time [panels b).d)] distributions for the Si2 of TeleA (left part) and
"RD-detector" (right part) at the beginning (continuous line), after 30x 10° ions/cm? (dashed line) and 4.8x 108
ions/cm? (dotted line). The distributions are normalized to the mean values at the beginning of the test.

after 30x 10% ions/cm? [Fig. 4, panel b), dashed line]. Such asymmetric behaviour is not present in the
collimated RD-detector at the same fluence [Fig. 4, panel d), dashed line]. This difference can be re-
lated to a non uniform rate of elastically scattered Xe ions (and consequently a non uniform damaging
of the detector) in the TeleA due to the fact that this detector was mounted in a region of rapidly varying
cross section and was not collimated. This can be the major reason for the progressive decrease of PSA
performance shown in Fig. 3. Nevertheless, the presence of the broadening also in the collimated RD-
detector after 4.8x 10% ions/cm? [Fig. 4, panel d), dotted line] suggests that even when the impinging
rate is rather uniform, the detector loses resolution. In other words, the effect of increasing fluence can
not be considered as a "rigid" shift in the observed quantities Qmax and Qrisetime. The signals of the
detector experience increasingly larger fluctuations, resulting in a worsening of the performances.

References
[1] for more information, see http://fazia2.in2p3.fr/spip
[2] L.Bardelli et al., Nucl. Instr. and Meth. A605(2009), 353
[3] L.Bardelli et al., Nucl. Instr. and Meth. A654(2011), 272
[4] L.Bardelli et al., Nucl. Instr. and Meth. A602(2009), 501
[5] G.Lindsrom, Nucl.Instr. and Meth. A512(2003), 30
[6] CSM Technical Proposal, CERN/LHCC794-38, 1994;
[7] M.Jaksi¢ et al., Nucl. Instr. and Meth. B231(2005), 502
[8] S.Carboni et al., Nucl. Instr. and Meth. A664 (2012), 251
[9] H.Hamrita et al., Nucl.Instr. and Meth. A531(2004), 607
[10] G.Pasquali et al., Nucl.Instr. and Meth. A570(2007), 126
[11] L.Bardelli et al., Nucl.Instr. and Meth. A521(2004), 480
[12] F.Shiraishi, Nucl.Instr. and Meth. 69(1969), 316
[13] Norihisa Kato, Nucl.Instr. and Meth. B51 (1990), 425
[14] R.A.Winyard et al., Nucl.Instr. and Meth. 95(1971), 141





