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Abstract

A study of the response of three AE-E telescopes to fragments produced in nu-
clear interactions at 40 AMeV is presented. All the employed telescopes feature
silicon carbide (SiC) detectors for at least one detection stage. Two identi-
fication methods have been used and their performance discussed: the AE-E
technique and the Pulse Shape Analysis technique (for identification of nuclear

fragments stopped in a single SiC layer). Identification capabilities similar to
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those obtained with the best available silicon detectors have been found for the
SiC detector prototypes studied in this work.
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1. Introduction

The use of silicon detectors as high resolution charged particle detectors is
widespread in nuclear physics [IH5]. The recently developed FAZIA array [6]
has obtained unprecedented performances in terms of isotopic identification of
nuclear fragments with silicon-based detector telescopes [7THIO].

A challenge for the next generation of detector arrays is their use with high
intensity beams. In fact, new experiments are being planned exploiting high
beam intensities in order to study very rare events or measure very low cross sec-
tions, e.g. NUMEN [I1I]. However, the performance of silicon detectors rapidly
deteriorates for increasing fluence, especially when pulse shape stability with
time is desired [12]. Frequent substitution of the silicon detectors is not always
a viable solution because of its technical complexity and high cost. Therefore,
charged particle detectors featuring both high radiation hardness and high res-
olution are needed in order to replace silicon detectors. Projects which could
benefit from the availability of radiation-hard semiconductor detectors are, e.g.,
NuReLP [13], ELIMED [I4] and FAZIA [6]. They all require radiation-hard
detectors with excellent performance in terms of stability, energy resolution,
timing and insensitivity to the visible light. Some of them also require a rela-
tive large detection area, e.g. larger than 1cm?, with thicknesses in the range
from 50 pm to 1000 pm. The presence of dead layers should be avoided in order
to allow for the implementation of stacked detector systems as AE-E telescopes.

In view of the potential application of silicon carbide (SiC) as a radiation-
hard material, the SiICILIA collaboration (Silicon Carbide detectors for Intense

Luminosity Investigations and Applications) has started [I5]. During the last
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two years, SICILIA has produced a few SiC detector prototypes featuring active
layers either 10 ym or 100 um thick. Their active area is either 0.5 x 0.5 cm?

or 1 x 1cm?

. For the present study, some of them were mounted in telescope
configuration and used to detect nuclear fragments, in order to test their iden-
tification capabilities both with the AE-E and the Pulse Shape Analysis (PSA)
techniques.

The AE-E technique can be used for particles with kinetic energy large
enough to pass through the first detector and low enough to be stopped in the
second. The partition of the energy between the two detectors is different for
different particles, due to their different stopping power [I6]. When particles
covering a large energy range must be detected, it is common practice to use
telescopes with more than two elements. In the present work, a thick CsI(T1) was
used as third element, due to its large stopping power. In PSA, only particles
stopped in the first detector (i.e. those that cannot be identified with the AE-
E technique) are considered. In fact, different nuclear fragments having the
same kinetic energy have a different energy deposition profile as a function of
the penetration depth, thus producing different charge collection times and,
consequently, different pulse shapes [17H20].

The aim of the experiment reported in this paper is to verify the performance
of the first prototypes produced by SiCILIA, by detecting and identifying heavy
nuclear fragments produced over a large range of charges, masses and energies,
like the one we expect in an actual physics experiment. To our knowledge, this
is the first time that SiC detectors are used for this application. The results
presented in this paper show that the achieved identification capabilities almost
reach those obtained from the best available silicon detectors as, e.g., those of
the FAZIA apparatus.

The paper is organized as follows. Section [2| contains details about the
instrumentation, the detector properties and the method of analysis. Section [3]
gives the results of the AE-E identification technique and, when relevant, a
comparison with the intrinsic physical limit imposed by energy straggling; the

energy calibration procedure is also illustrated. Section [ presents the results
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Table 1: Structure of the employed telescopes. The reported thickness is the nominal value.

Telescope 1st Stage 2nd stage 3rd stage

material (thickness) material (thickness) material (thickness)

A SiC (10 pm) SiC (100 pm) CsI (10cm)
B SiC (100 pm) Si (510 pm) CsI (10cm)
C SiC (100 pm) CsI (10 cm)

of the PSA applied to a 100 ym thick SiC detector. Conclusions are drawn in

the last section.

2. Experimental setup

Our test was conducted in the Ciclope scattering chamber at the Laboratori
Nazionali del Sud (LNS) in Catania. Beams of “°Ca and #8Ca at 40 AMeV were
used to produce nuclear collisions on a thin '2C target. The choice of these
particular reactions has been dictated by the physics experiment performed by
the FAZIA apparatus in Ciclope at the same time. The grazing angles of these
collisions in the laboratory frame are 0.7° for “°Ca and 0.6° for *8Ca. Three
different telescopes (see Table [l were mounted in the scattering chamber, at
distances of about 80 cm from the target. They were positioned at a polar angle
of about 8°, i.e. as close to the grazing angle as allowed by the presence of the
FAZIA apparatus. All telescopes exploit a 10cm thick CsI(T1) scintillator as
last stage in order to stop even the most penetrating charged products. Two
telescopes (telescopes A and B) consisted of three stages: telescope A is a SiC-
SiC-CsI(T1) telescope and telescope B is a SiC-Si-CsI(T1) telescope (i.e. its
second stage is a silicon detector). Telescope C is a two-stage SiC-CsI(T1)
telescope.

In this paper, the different detectors will be identified by telescope, material
and stage number: e.g., the second stage of telescope A is called A-SiC2. All

semiconductor detectors except A-SiC2 are reverse mounted, i.e. particles imp-
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ing on the low field side of the junction. In fact, it has been demonstrated that,
for semiconductor junction detectors, the PSA gives its best performance when
fragments imping on the low field side (rear side) [9, 20} 2] instead of the high
field (front) side.

All SiC detectors employed in our test are p-n junction detectors produced
from n-type 4H-SiC [22]. They are either 10 um (A-SiCl) or 100 ym thick
(A-SiC2, B-SiCl and C-SiCl), epitaxially grown on a highly doped SiC sub-
strate [I5]. The substrate is 100 gm thick for A-SiCl and 300 pm thick for
the other SiC detectors. The doping of the active layer is in the range 0.3 +
8 x 103¥cm™3. The p+ electrode (about 300nm thick, doping in the range
10*® = 10 em~2) is produced by epitaxy. A few edge structures, produced
by ion implantation, are also present. The substrate is heavily doped so that
the electric field within the substrate is virtually null. It must be noted that
the substrate is cut at 4° with respect to the basal plane. This orientation is
preserved in the epitaxy, so that particles entering the detector perpendicularly
have a low probability of undergoing channeling, an undesired effect which can
spoil the AE-E correlations [23]. Further details about the SiC detectors can
be found in Ref. [15].

Table [2] reports the main features of the SiC detectors. The active area of
the A-SiC1is 1 x 1cm? and it is covered by a single electrode of the same size.
The active area of the 100 um thick detectors is 1 x 1cm? and it is divided
into four square pads (of about 0.5 x 0.5cm? area) by segmentation of the p+
electrode. Except in one case, two or more pads have been connected in parallel

to a single charge preamplifier for signal readout:

e the four pads of A-SiC2 have been connected to a single charge preampli-

fier;

e three of the four pads of the first stage of telescope B have been connected
to a single charge preamplifier (in the following we will refer to them as B-
SiC1); the fourth pad has been connected to a separate charge preamplifier

and named B-SiClbis, since its bias can reach a maximum of only 40V
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Table 2: Main parameters of the SiC detectors. The reported thickness has been determined
from the calibration procedure (see Sec. .

Detector A-SiC1  A-SiC2 B-SiCl1 B-SiClbis C-SiCla,b
Thickness (pum) 13 100 100 100 100
Dep. Voltage (V) 4 400-700 25 25 400-700

Pads 1 4 3 1 2

Total Area (cm?) 1 1 0.75 0.25 0.5
Substr. Thick. (pum) 100 300 300 300 300
Mounting rear front rear rear rear
Appl. Voltage (V) 50 150 150 40 150

before breakdown occurs;

e the four pads of detector C-SiCl have been connected in pairs to two
separate charge preamplifiers: they have been named C-SiCla and C-
SiC1b.

The silicon detector employed in telescope B (B-Si2) is 510 pm thick with an
active area of 2x2cm? and a depletion voltage of about 290 V. It has been pro-
duced by FBK (Trento, Italy) [24] and it is of the same type as those employed
as second stage of the FAZIA telescopes [6].

The semiconductor detectors are all in transmission mounting, to avoid ad-
ditional dead layers between the different active layers of the telescopes. The
CsI(T1) scintillators are of the same kind as those employed by the FAZIA appa-
ratus [6]. They have an entrance surface of 2.05 x 2.05 cm? and are 10 cm thick.
The scintillation light is read-out by a photodiode placed on the side opposite
to the entrance side. The photodiode is read by a charge preamplifier.

Since the active area of the silicon detector and of the scintillators is larger
than that of the SiC detectors, the SiC detectors are centered with respect to
the Si and CsI(T1) detectors and a 3mm thick brass collimator (0.9 x 0.9 cm?

area) is placed (centered) in front of each telescope in order to stop particles
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which would not hit the SiC detectors (see, e.g., Fig. .

All the semiconductor detectors and the photodiodes are read-out by hybrid
charge preamplifiers, of the same kind as those employed for the GARFIELD+RCo
apparatus [25]. The output of each charge preamplifier is acquired by a dedi-
cated channel of a custom digitizing board, featuring 14-bit 125 MSPS sampling
ADCs. The digitizing board has adjustable input gain, so that the output dy-
namic range of the preamplifier can fit into the full input range of the ADC.

The digitized signals are written to disk and then analyzed offline. Trape-
zoidal shapers are applied in order to extract the amplitude (i.e. energy) in-
formation. Digital Constant Fraction Discrimination algorithms are employed
to determine the rise-time (see Sec. . A smoothing-spline interpolation algo-
rithm [26] is used to differentiate the charge signal thus obtaining the current

signal, used for PSA.

3. Identification from the AE-E tecnique and energy calibration

3.1. Telescope A

A sketch of telescope A is shown in Fig. In order to avoid dead layers
between the first and the second stage of the telescope, the first stage is reverse
mounted while the second is front mounted. Figure [2| shows the AE-E cor-
relation obtained from the first two stages of telescope A. The different ridges
correspond to different atomic numbers of the impinging fragments. The 100 pm
thick dead layer in front of the first active layer does not affect its identifica-
tion properties, only reducing the energy of the fragments before they enter the
active region.

Elements up to Z = 22 are well resolved (no elements with Z > 22 are present
due to the nuclear reaction, since Z = 20 is the atomic number of the projectile).
Only fragments not producing a signal in the scintillator have been included in
the correlation. However, particles punching through the active region of A-
SiC2 and stopped in its substrate cannot be recognized and removed using the

Csl information: they contribute to the intense oblique correlation visible in
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Figure 1: Sketch of telescope A, showing the SiC active areas (light green) together with their
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Figure 2: AE-E correlation obtained from the first two stages of telescope A (A-SiCl and
A-SiC2).
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Fig.[2l New prototypes having their substrate thickness reduced by lapping will
be available for the future tests.

For the energy calibration of telescope A we exploit the so-called punch-
through points, i.e. the (E, AE) coordinates of the rightmost end of each ridge
in the AE-E correlation. This is the point for which the range of the particle
is equal to the thickness of the E detector. The associated AE and E values in
MeV can be determined for a given element from energy loss calculations once
the thickness of the active area is known for the two detectord!]

However, tests conducted with an alpha source indicated that the actual
thickness of A-SiC1 could be greater than the nominal value of 10 pm. Therefore,
in addition to the aforementioned method, two other methods have been used as
a cross-check. In the first approach, the first stage (A-SiC1) has been calibrated
by using the leftmost end of each ridge, the point for which the range of the
particle is equal to the thickness of the AE detector. Then an E value has been
determined for each ridge, for a point along the ridge at about half the AE
value of the punch-through in the first stage. The parameters entering into the
calculation are the atomic and mass number of the fragment and the thickness of
the AE detectoﬂ For this method, the thickness of the AE detector is needed
but not the one of the second stage. The second method exploits known amounts
of charge injected in the preamplifier input by means of a precision pulser and a
reference-capacitor. The pulser and reference-capacitor combination have been
calibrated in energy both for silicon and SiC, by comparison with the response of
a silicon detector and a SiC detector to particles from a 24! Am source impinging
on the junction side. The silicon detector and the SiC detector used for the

comparison were of the same kind as those used in the experiment. The energy

1To better spot the punch-through points in the AE-E correlation of Fig. [2| a clean-up of

the correlation, obtained by setting the minimum counts of the displayed bins to 2, is needed.
2Whenever possible, the mass number to be used in the energy loss calculation has been

determined from a weighted average based on the isotopic abundances measured by telescope
B. In all other cases, the mass of the most abundant isotope of the given Z has been used.

The same applies for the calibration method based on the punch-through points.
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Figure 3: Particle Identification (PI) spectrum obtained from a linearization of the AE-E

correlation shown in Fig. E}

lost in the source has been neglected. The energy lost entering the detector is
estimated from the known thickness of the entrance dead layer. The relative
uncertainty on the energy calibration of the pulser is estimated to be of the
order of a few percent in the energy range of interest.

The three calibration methods agree to better than 1 % provided that a value
of 13 pm is chosen for the AE detector thickness, as reported in Tab. [2]

In order to express quantitatively the Z resolution of the telescope, we apply
a linearization procedure to the AE-E correlation as in Ref.[7]. The AE-E
plot is linearized into a Particle Identification (PI) variable vs E plot, which
is projected on the PI axis, giving the histogram shown in Fig. 3] Events
falling on the oblique correlation due to punching through particles have been
excluded from Fig. [3| by means of a graphical cut drawn on the correlation of
Fig. 2] Hydrogen isotopes were not acquired due to the relatively high trigger
threshold employed for telescope A.

The separation between adjacent elements can be quantified by means of a

10
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Table 3: Experimental and simulated (13 pm thick detector) FoM values obtained for the PI
distributions in Fig. The error on the reported FoM values is ~ 10%.

Elements FoM(exp.) FoM(sim.) || Elements FoM(exp.) FoM(sim.)
He-Li 3.3 2.5 Mg-Al 1.2 1.9
Li-Be 2.3 2.2 Al-Si 1.1 1.8
Be-B 2.1 2.1 Si-P 1.1 1.7
B-C 1.7 2.3 P-S 1.1 1.6
C-N 14 2.2 S-Cl 1.0 1.6
N-O 1.2 2.6 Cl-Ar 1.0 1.5
O-F 1.2 2.6 Ar-K 0.9 1.0
F-Ne 1.2 2.2 K-Ca 0.9 1.1
Ne-Na 1.1 2.0 Ca-Sc 0.6 14
Na-Mg 1.2 1.9 Sc-Ti 0.8

Figure of Merit (FoM) [27]. Two peaks are conventionally considered well sepa-
rated if their FoM is greater than 0.7, a value corresponding to a peak-to-valley
ratio of ~ 2 for two Gaussian peaks having the same integral. Table[3|reports the
FoM values obtained from the peaks of Fig. |3| (column FoM(exp.)) for the dif-
ferent elements pairs. Simulated AE-E correlations, including energy straggling
effects, have been produced and subsequently analyzed in the same way as the
experimental one, thus obtaining the FoM values for the different element pairs.
The relative isotopic abundances in the simulation are adjusted to reproduce
the experimental abundances measured by telescope B (see Sec. . The en-
ergy straggling and the electronic noise are the only resolution worsening effects
included in the simulation. The energy straggling has been evaluated according
to the semi-empirical parametrization of Yang [28] as done in [8]. The electronic
noise has been evaluated from the pulser events acquired during the experiment
and amounts to about 200keV (in SiC, full width at half maximum). A random
value following a Gaussian distribution is added to the simulated energy values

in such a way as to reproduce the correct amount of noise fluctuations. The

11
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Figure 4: Sketch of telescope B. For the first element, the substrate (dark grey) and the active
area (light green) are shown to scale. The picture is to scale separately for the vertical and

horizontal directions.

results of the simulation are reported in column FoM(sim.) in Tab. The
FoM value for the lighter fragments is dominated by the electronic noise which
prevents the separation of the different isotopes. For heavier fragments, some
other effect could be at work, like a non uniformity of the active area thickness.
The comparison shows that the intrinsic limit due to the energy straggling has
not been reached. Further studies will be needed in order to disentangle the

various contributions to the overall FoM.

3.2. Telescope B
Telescope B uses a 100 pm thick AE SiC detector (detector B-SiC1). The

second stage, B-Si2, is a 510 um thick silicon detector. As before, in order to
avoid dead layers between the first and the second stage and also to optimize its
PSA performance, B-SiCl1 is reverse mounted. A sketch of telescope B is shown
in Fig.

A AE-E correlation between B-SiC2 and B-Si2 is shown in Fig. [5| Element
ridges up to Z = 18 are clearly separated (though statistics decreases for heavy

fragments, beyond Z = 16, due to the reaction kinematics). The insets refer

12
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Figure 5: AE-E correlation obtained from the first two stages of telescope B (B-SiC1 and B-
Si2). The top right inset shows that isotopic resolution is obtained up to silicon. The bottom

right inset contains an expanded view of the Intermediate Mass Fragments region.

to the region around Z = 14, the maximum Z for which isotopic resolution
is achieved. In Fig. |5| particles reaching the CsI(T1) scintillator are vetoed by
requiring the CsI(T1) signal amplitude to be compatible with noise (three-sigma
limit). Moreover, since the dead layer between Si2 and the CsI(T1) is relatively
thin (a few hundreds of nanometers), the amount of residual punching-through
particles present in the AE-E correlation is negligible. The better identification
performance of telescope B, with respect to telescope A, is due to its thicker first
stage, greatly reducing the uncertainty on AE due to the effect of the energy
straggling and of the thickness non uniformity. On the other hand, the energy
threshold for atomic number identification via the AE-E technique is much lower
for telescope A, due to its thinner first stage.

The correlation of Fig. [f] has been calibrated using two methods already

employed for telescope A, namely the punch-through points methO(ﬂ and the

3For telescope B, the calibration exploiting the punch-through points is also sensitive to
the mass number (A) values assigned to the different isotopic ridges. If an ambiguity arises
in assigning A to a given ridge or punch through point, the finally assigned value is the one

which minimizes the x2 value of the linear fit employed for the calibration.

13
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Table 4: Experimental FoM values obtained for the PI distributions in Fig.|§|

Isotopes  FoM || Isotopes FoM || Isotopes FoM

p-d 2.6 | 2C-13C 1.0 || 2Na-*Na 0.9
d-t 2.0 | “N-1°N 0.9 | #Na-*Na 0.9
61i-"Li 1.5 | 50-1%0 1.0 || #*Mg-2Mg 1.0
TLi-8Li 1.7 || %0-170 0.8 || 2®Mg-?Mg 0.8
‘Be-'"Be 1.0 || 8F-YF 0.9 | 26A1-27Al 0.7
OB-1B 1.0 | °Ne-?'Ne 0.8 || 28Si-2Si 0.6
He2¢ 0 1.0 | 2'Ne-2Ne 0.8 || 29Si-30Si 0.4

calibrated pulser-capacitance combination. For both detectors (B-SiC1 and B-
Si2) , the two calibration methods agree within the estimated uncertainty when
the nominal value is used for the detector thickness.

The correlation of Fig. p| has been linearized by extracting a PI value for
each event, as explained in Sec. When the isotopic ridges are visible, the
graphical lines used for linearization have been drawn for each isotope and
assigned a PI value of Z x 100 + (A — 2Z) x 10. When isotopes are not resolved
a value of PI= Z x 100 is assigned. Figure [6] reports the PI histograms for
different Z intervals, integrated over the whole energy range explored by the
correlation of Fig. || The multiple-peak structures in panels (a)-(d), centered
at integer multiples of 100, correspond to fragments having the same Z, each
peak corresponding to a different isotope.

Table [ reports the values of FoM calculated for a selection of adjacent

isotopic peaks.

3.8. Telescope C

When a high stopping power is needed for the second stage of a telescope, a
CsI(TI1) stage could be an alternative to a SiC-based one. In order to evaluate
the performance of a SiC-CsI(T1) combination, a dedicate telescope has been

prepared (telescope C). A sketch of telescope C is shown in Fig.[7] Its AE stage

14
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Figure 6: PI histograms obtained from a linearization of the correlation shown in Fig. |5} The
multiple-peak structures centered at integer multiples of 100 correspond to fragments having
the same Z (a few Z values are also indicated by the arrows). In panels (a)-(d) each peak
corresponds to a different isotope. For Z>14 isotopic resolution is not achieved, as it is evident

from panel (e).

is a 100 pm thick SiC detector having an active area of 1x 1 cm? divided into four

pads, grouped two by two in parallel for readout (see Sec.[2)). From a C-V curve
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Figure 7: Sketch of telescope C. For the first element, the substrate (dark grey) and the active

area (light green) are shown to scale. The picture is to scale separately for the vertical and

horizontal directions.

acquired after the experiment, it is found that C-SiC1 has a depletion thickness
of about 40 ym at the bias voltage employed during the experiment (150V).
Therefore, it is not completely depleted. This could affect its calibration. The
energy information coming from C-SiC1 has not been calibrated.

A AE-E correlation obtained from C-SiClb and C-Csl is shown in Fig. [§]in
ADC units (C-SiCla gives a similar performance). The different elements are
well identified in the whole range covered by the reaction products (up to Z=a20).
An expanded view is shown in the inset, demonstrating that some isotopic iden-
tification is achieved, albeit only for Z< 3. The linearization procedure yields
the PI spectrum shown in Figure[)] Only fragments producing an amplitude of
at least 40 a.u. have been taken into account. No isotopic separation is visible,
except for the hydrogen isotopes (as evidenced by the inset) and the "Be-?Be
pair. For lithium one gets a single peak since isotopic separation is achieved
only in a limited energy range.

Table [ reports the FoM’s obtained from the PI spectrum of Fig.[9] Identifi-
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Figure 8: AE-E correlation obtained from the two-stage telescope C (C-SiClb and C-CsI).

The inset shows an expanded view of the Z<2 region.
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Figure 9: PI spectrum obtained from a linearization of the AE-E correlation of Fig. |8l Only

fragments for which the AE amplitude is >40 a.u. are included. The inset shows the PI

spectrum for hydrogen isotopes (PI~100).
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Table 5: FoM values for isotope and element pairs as obtained from the AE-E correlation of

C-SiC1b vs C-CslI (full energy range).

Isotopes FoM || Elements FoM || Elements FoM
p-d 14 | B-C 1.9 || Na-Mg 1.6
d-t 1.1 || C-N 1.9 || Mg-Al 1.5
"Be-Be 0.7 || N-O 1.9 || Al-Si 1.5
O-F 1.8 Si-P 1.6
F-Ne 1.6 | P-S 1.5
Ne-Na 1.6 || S-Cl 1.6

cation is satisfactory (FoM>0.7) for all the elements and for hydrogen isotopes.
However, one cannot exclude that a better performance could be achieved by

using a completely depleted AE detector.

4. Identification from PSA

This section presents a study of the PSA identification capability of the SiC
detectors B-SiC1 and B-SiClbis.

Two PS related observables have been used. The first is the rise-time of
the charge preamplifier output (charge signal). The charge signal has been first
filtered through a trapezoidal shaper to optimize the signal-to-noise ratio before
extracting its maximum value. The rise-time has been evaluated using a digital
Constant Fraction Discriminator algorithm based on cubic interpolation [29].
The second observable is the maximum value of the current signal [30]. The
current signal has been obtained from the charge signal through digital differ-
entiation, exploiting a pole-zero cancellation and interpolation algorithm based
on smoothing splines [26, BI]. The smoothing spline interpolation gives a better
signal-to-noise-ratio than interpolation alone. The maximum value is extracted
from the interpolated signal. Nine values are calculated for each sampling pe-

riod, i.e. the distance between consecutive values after interpolation is 0.8 ns.
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Figure 10: PS identification for fragments stopped in B-SiC1. Panel (a): Deposited energy vs
Rise Time of the charge signal. Panel (b): E—1.3Tmaz VS Imag; the inset shows the region of

7<2 fragments.

4.1. B-SiC1

Figure shows two PSA correlations obtained from B-SiCl. By requir-
ing the energy measured by B-Si2 to be compatible with the noise level, only
fragments stopped in B-SiC1l are considered in this analysis. In Fig. [[0a] we
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Figure 11: PS identification for fragments stopped in B-SiC1. Panel (a): PI spectrum obtained

from the Energy vs Rise Time correlation of Fig. Panel (b): PI spectrum obtained from

the Energy vs Current Maximum correlation of Fig. @

Table 6: FoM values for element pairs as obtained from the PSA applied to B-SiCl, using

either the rise-time of the charge signal (see Fig. [10a) or the maximum of the current signal
(see Fig. [10D]).

Pair ~ FoM (charge) Fom (current) | Pair FoM (charge) Fom (current)
H-He 14 1.1 Ne-Na 0.9 1.0
He-Li 1.0 1.2 Na-Mg 0.9 1.0
Li-Be 0.9 1.0 Mg-Al 1.1 1.1
Be-B 0.9 1.0 Al-Si 1.1 1.2

B-C 0.8 0.9 Si-P 1.2 1.1

C-N 0.8 1.0 P-S 0.9 1.0

N-O 0.9 1.2 S-ClI 0.8 1.2

O-F 1.0 0.9 Cl-Ar 1.8 n.a.
F-Ne 0.9 0.8

report the correlation of the deposited energy, E, vs the rise-time (10 % to 90 %

of the maximum value) of the charge signal. In the correlation of Fig. the

maximum of the current signal, I,,,,, is used for the abscissa while the ordi-
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nate axis reports the value E—1.31,,,, instead of just E, in order to open up
the correlation. The ridges associated to the different elements can be clearly
identified in both panels (even for the light elements, as evidenced by the inset
in Fig. . After linearization, the PI spectra shown in Fig. are obtained.
Table [6] summarizes the PSA performance of telescope B in terms of FoM for
different element pairs.

The FAZIA collaboration has shown [30, B2] that the Energy vs L4, cor-
relation produces a better isotopic separation when PSA is applied to silicon
detectors. The present measurement does not allow for a definite conclusion
for the SiC detectors. It is not possible to recognize a consistent pattern in the
data of Tab. [f] The FoM obtained from the two correlations agree within the
estimated uncertainty (10%). Poor detector quality (e.g. insufficient doping
uniformity) or effects due to the employed electronics (not optimized for PSA)
could cause a resolution loss, thus partly concealing the difference between the
two PSA methods.

Rough estimates of the energy thresholds for element identification have
been obtained from the correlation of Fig.[I0a] and they are reported in Tab. [7]

Their evaluation from a study of the FoM values as a function of the particle

Table 7: Energy thresholds for element identification by PSA based on the correlation “E vs
rise-time of the charge signal”. Values are obtained from Fig. @

Element Threshold (MeV) || Element Threshold (MeV)
H 2 F 70
He 4 Ne 90
Li 10 Na 100
Be 15 Mg 120
B 20 Al 150
C 30 Si 170
N 35 P 200
(0] 40 S 250
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Figure 12: a) Energy vs Rise-Time (20 % to 70 %) for B-SiC1bis; b) PI spectrum as obtained

from a linearization of the correlation shown in panel a).

energy (as done in [I0]) is prevented by the low statistics.

4.2. B-SiClbis

The three pads which constitute detector B-SiC1 are over-biased by a factor
of six. Therefore their PSA performance could be less than optimal, assuming
the same considerations apply for SiC as for silicon [32]. The over-bias factor
for detector B-SiClbis is much smaller (< 2). Figure presents a correla-
tion Energy vs Rise-Time. The rise-time from 20 % to 70 % of the maximum
value of the charge signal is used, since this choice gives the best results for
B-SiC1bis. The PI spectrum obtained from the correlation of Fig. is pre-
sented in Fig. FoM values have been calculated for adjacent peaks and
they are listed in Tab. [8| The FoM is greater than 0.7 for all the element pairs.
A comparison with Tab. [6] confirms that the PSA performance of a detector
biased close to the depletion voltage is better than for an over-biased detector.
Figure [13] shows that even some isotopic resolution is achieved in the region of

light charged particles (Z2<2).
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region of light charged particles; b) PI spectrum showing H and He isotopes, as obtained from

the correlation shown in panel a).

5. Conclusions

For the first time in this work, SiC detectors have been employed in a typ-

ical arrangement employed in nuclear physics experiment, the AE-E telescope.

Three detector telescopes featuring SiC detectors prototypes produced by the

Table 8: FoM values for element pairs as obtained from PSA applied to B-SiClbis using the

rise-time of the charge signal.

Pair FoM || Pair FoM
H-He 5.1 F-Ne 1.0
He-Li 3.1 || Ne-Na 1.2
Li-Be 1.7 Na-Mg 1.2
Be-B 1.4 || Mg-Al 1.2
B-C 1.3 || Al-Si 1.3
C-N 1.3 | Si-P 14
N-O 1.4 || P-S 1.2
O-F 1.1
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SiCilia collaboration have been tested with fragments coming from the nuclear
reactions induced by Ca beams at 40 AMeV.

Fragment identification via the AE-E technique has been studied.

For a SiC-SiC-Csl telescope employing a 13 pm thick SiC detector as AE
stage and a 100 um thick SiC detector as second stage, we achieve good element
identification (at least up to Z=20) with low energy threshold (~ 1.5 AMeV).
However, the physical limit due to the energy straggling in the first stage has
not been reached yet. Further studies are needed in order to identify the factors
limiting the performance.

For a SiC-Si-Csl telescope employing a 100 um thick SiC detector as AE
stage and a 510 pum thick silicon detector as second stage, we obtain good element
identification (at least up to Z=20) and isotopic identification up to Z=14.

A two-layer SiC-Csl telescope employing a 100 um thick SiC detector as
AE stage and a 10 cm thick CsI(T1) scintillator as second stage provides good
element identification (at least up to Z=20). Isotopic identification is obtained
for hydrogen isotopes and, in a limited energy interval, for fragments with Z<4.

Pulse shape analysis has been applied to the signals produced by the 100 pm
thick SiC detector, obtaining promising results. Good element identification
and, for the pad biased at the lower voltage, even some isotopic identification
for light charged particles has been obtained. Since poor statistics prevents a
detailed study of PSA in the present work, further measurements are planned.
In particular a systematic study of the PSA performance as a function of the
applied bias, as done in Ref. [10], is needed, including a careful evaluation of

the energy threshold for identification.
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