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Abstract. An in-beam test of two pixel-type silicon detectors of the TRACE detector project has been
performed at Laboratori Nazionali di Legnaro (Italy). The aim was to investigate the lowest kinetic energy
values at which isotopic identification of heavy-ion reactions products with mass A ~ 10 is possible, by
using a single-layer silicon detector. Two separate read-out chains, analog and digital, were used, and the
Pulse Shape Analysis technique was employed to obtain the particle identification matrices for the digitally
processed data. The results confirmed the high capability of the Pulse Shape Analysis method which can
be used for light ion identification, with performances similar to the analog approach. Separation in both
charge and mass was obtained for Li and Be isotopes, however, the presence of a significant background
from alpha particles severely limited the data analysis in the lower energy region. Due to this effect, the
identification of the light products (7’6Li isotopes) could be possible down to ~ 24.5MeV only, while the
97Be isotopes were separable down to ~ 29 MeV. This gives the value of < 4 MeV /nucleon as the lowest
kinetic energy for light products identification by using the pixel-type detectors of the TRACE project, in
the present experimental conditions.

1 Introduction

One of the modern detection methods, offering identifi-
cation of the reaction products with very low energy, is
the Pulse Shape Analysis (PSA) [1-4]. This method can
be applied to the signals from silicon detectors allowing
to identify particles stopped in a detector from the in-
formation delivered by that detector only. In the past, a
number of experiments were performed aiming at test-
ing the possibility of light ions separation with neutron-
Transmutation Doped (nTD) Si detectors. For example,
in ref. [1], where a 300 pum thick silicon detector with
200 mm? active area was used to collect the species of ac-
celerated ions, the 8 MeV /nucleon identification limit has
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been observed for carbon isotopes. In [2] the products pop-
ulated by the 474 MeV beam of 32S impinging on the Al
target were studied by PSA applied on the signals from a
500 pm thick Si detector with 400 mm? active area. Con-
trolled silicon detectors, i.e., with known resistivity uni-
formity, were used and the importance of this parameter
(which should be < 1%) for the ion identification by nTD
detectors was stressed. The authors quote 5 MeV /nucleon
(at 64 MeV) as the threshold for the isotopic identification
of 2C and '3C nuclei. The identification of lighter nuclei,
with Z < 2, was investigated using 500 pm thick Double-
Sided Silicon Strip Detector (DSSSD) [5]. The discrimi-
nation between Z = 1 isotopes and between Z = 1 and
Z = 2 nuclei was obtained down to energies of 2.5 MeV.
Furthermore, in [6] the 500 um, 20 x 20 mm? nTD single
pad Si detector, collimated (¢ 3 mm) to avoid the influence
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of the resistivity non-uniformity, was used for the tritium-
deuterium-proton identification produced in "Li + 2C re-
action at 34 MeV. The obtained identification threshold
for Z =1 and Z = 2 was ~ 3MeV.

Measurements with the other type of Si detectors, that
is, floating-zone (FZ) type, were also performed. As shown
by Mengoni et al. [7], in the case of the TRACE array [7,8],
consisting of 200 um thick silicon modules and divided in
60 separately read pixels (4 x 4mm? each), the identifica-
tion of the 1'2H isotopes can be easily obtained down to
energy of 4 MeV. In addition, the separation between 3He
and *He was also observed. This proved that the thin, FZ
technique detector, with the uniformity guaranteed by the
fine pad segmentation, may provide a good particle dis-
crimination for reaction products heavier than >He and
4He, when the PSA technique is applied.

In this paper, we present the results of an in-beam ex-
periment performed at the Legnaro National Laboratory,
using segmented silicon detectors of the TRACE detec-
tor project [7,8]. The aim was to define the lowest kinetic
energy at which reaction products, with mass A ~ 10,
can be identified by Pulse Shape Analysis techniques. The
ion-identification capability would be very important in a
number of low-energy reaction studies, including, for ex-
ample, nuclear structure investigations of light, neutron-
rich Li, Be, B, C, N, O nuclei. These light nuclei are cur-
rently attracting a lot of interest, because they serve as the
best testing ground for state-of-the-art theory approaches,
which provide insight into the details of the nuclear force
and the origin of nuclear clustering [9-12]. Particularly
important in this context are the studies of the electro-
magnetic decay from unbound states, which is one of the
most sensitive probes of the state wave functions. One of
the possible ways to populate and characterize the decay
of resonance states in light neutron-rich isotopes, is one-
and two-nucleon transfer reactions induced by light-heavy
ions on light-heavy targets, such as Li, Be, B, C, N and
0. An example is the “Be(190,4 O)!'Be reaction at ap-
prox. 14.5 MeV /nucleon, used in ref. [13] to study excited
states in ''Be by detecting the binary partner 4O, with
a high resolution magnetic spectrometer at forward an-
gles. An alternative way would be to measure, directly,
the target-like products: in this case they are ''Be ions,
scattered, with the highest cross section, mainly between
20° to 40°, with energies from 6 to 15MeV, which are
rather low. Therefore, it becomes important to understand
what is the lowest energy at which highly granular devices,
like TRACE, would be capable of performing an isotopic
identification of light-heavy ions. Our work shows a lower
limit of approx. 3MeV /nucleon for target-like products
of "%Li and %"Be in the present experimental conditions.
This limit is higher than needed for the physics case dis-
cussed above, however we note that it could be probably
improved by reducing the background from alpha parti-
cles, observed in the present experiment.

2 Experimental set up and procedures

The experiment was performed in July 2016 at the Leg-
naro National Laboratory (Italy). A 37Cl beam, with en-
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ergy of 186 MeV and intensity around 1pnA was focused
on a 0.1mg/cm? thick '2C target, in order to populate,
with reasonable cross sections, the light-heavy nuclei of
interest (e.g., Li, Be, B, C, ...), via a deep inelastic mech-
anism. Two TRACE silicon detectors were placed inside
the reaction chamber. Each of them was made up of 60
4 x 4mm? pads with 4.5 mm pitch junction side, forming
a matrix of 12 x 5 pads covering an area of approximately
50x20mm?. A common electrode covered the entire ohmic
side of the detector. The ohmic side was a 260 nm thick As
implanted layer without any metallization. The thickness
of the detectors was 200 pm and the resistivity of the float
zone Silicon was about 15kOhm/cm?. Due to the limited
number of available read-out channels, only the signals
from the common electrode and a few pads or groups of
pads were recorded. The grouping of pixels was done on
the PCB in the same way for both detectors: a group of
8, two groups of 4, two groups of 2 pads and three single
pads were used per detector.

Both TRACE detectors were positioned at the forward
angles, with the active area covering ~ 35°-57°, symmet-
rically with respect to the beam axis (where the maximum
of the production of light ions was reached) and the ohmic
side (the common electrode, denoted also as “BACK”) fac-
ing the incoming particles. Such placement of the TRACE
modules in the chamber, with the ohmic side facing the
reaction products, was important to enhance the PSA ca-
pability. In this reverse mounting configuration a larger
variety of signal shapes and larger charge collection times
are obtained, as was shown in [4].

The detectors were connected with a 1m long
JUNKOSHA mini-coaxial cables (with a 0.5 mm diame-
ter and a capacitance of 96 pF'/m) to a 16-channel charge-
sensitive preamplifier [14], designed at INFN Milano. The
preamplifier gain was 45mV/MeV yielding a dynamic
range of approximately 100 MeV. The trigger of the ac-
quisition was the signal from the common electrode. The
signals from one detector were sent to the digital acqui-
sition, while the second detector was connected to the
analog read-out line. The voltage bias proceeded via a
dedicated line, which is different from that of the signal
readout, and it was uniformly applied to all the detector.
The bias used during the experiment was 45V for digi-
tal and 38V for analog read-out chain (with the nominal
depletion voltage < 20V).

The chain of the digital acquisition (fig. 1(a)) allowed
to collect the signals (“traces”) digitized by the 100 MHz
14 bit customized sampling board [15]. The recorded trace
was 1 us long and consisted of 100 points taken with steps
of 10ns (fig. 2(a)). This length of the traces was chosen to
assure recording the full rise time and at the same time
minimize the amount of written data. The signals were
recorded, digitized and afterwards processed to extract
the relevant observables. The signals were collected both
from the ohmic side of the detector as well as from a few
groups of pads (or single pads).

The trigger of the TRACE acquisition, obtained in this
case from a digital leading edge discriminator embedded
in the module, was the signal from the common electrode
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(@) > D PC disc
TRACE 16-channel  100-MHz
detector  preamplifier sampling
module
ADC
™S 30% CF A
(b) m V 80% CF PC disc
TRACE  16-channel MegAmp TDbC
detector  preamplifier module

VME peak sensing module

Fig. 1. The schemes of the acquisition lines for two TRACE
detectors which were used during the experiment: (a) digital
electronics, (b) analog electronics.

(“BACK?”). The signals from the pads were collected only
if the BACK signal was present. The trigger rate of the
signal coming from the group of 2 pads, for which the
analysis was performed (see sect. 4), was 0.34 Hz with no
dead time (100% acquired).

The preamplifier signals from the second detector
were processed by an analog chain (fig. 1(b)), using the
MegAmp amplifier module [16] (also developed by INFN
Milano), which provided energy and time information
from a shaping amplifier (shaping time 0.5 us) and two
Constant Fraction Discriminators (CFD amplitude frac-
tions 30% and 80%). Next, the signals were digitized by
VME peak sensing ADC (V785 32 Channel Multievent
Peak Sensing ADC) and TDC (V775 32 Channel Multi-
event TDC) CAEN modules. The trigger for the analog
acquisition was constructed as the OR of the outputs of
30% CFD. The trigger rate of the signal coming from the
group of 2 pads, as in case of the digital chain, was 0.34 Hz,
with dead time of 3%.

3 Data analysis

In this section we present results of the analysis of digital
and analog signals which was performed using the data
analysis framework ROOT [17].

3.1 Digital acquisition - Pulse Shape Analysis

The analog charge signal from the output of the pream-
plifier was digitized by the 100 MHz sampling module and
processed offline. The baseline was calculated from 20
points (200ns) and subtracted from the 1pus traces, af-
ter checking that no pile-up was present. The noise, i.e.,
20 first points of the signal, showed, as expected, a Gaus-
sian distribution with a FWHM which in most cases was
less than 1% of the amplitude of the pulse (fig. 2(a)). In
order to obtain the quantities allowing to separate de-
tected reaction products, i.e., the maximum of the cur-
rent signal (I,,,4.) and the rise time (7.), the ROOT class
TSpline3 [18] interpolation algorithm, ensuring the first
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Fig. 2. The processing of the digital signal: (a) the exam-
ples of charge signal at the preamplifier output (the measured
values are marked with points, while the solid lines are the in-
terpolated curves) and (b) the derivatives of the interpolating
function for each pulse, respectively.

and second derivative continuity, was applied. The preci-
sion of the calculation (10 ps) was chosen as a compromise
between the computing time and sufficient precision. From
the interpolated function, the rise time was obtained as
leading edge discriminator, as 30-70% of the charge sig-
nal maximum which was calculated as the average of the
5 greatest values. The current signal was analytically ex-
tracted from the first derivative of the charge interpolated
function. The 100 interpolated points, as showed in [6],
were enough to calculate the stable maximum (7,4, ), see
fig. 2(b).

The length of the recorded traces was 1 us, which was
sufficient to extract the I,,.,, and T, values, however, to
obtain the information on the energy, the longer traces
were required. Therefore, the energy values were extracted
from online (firmware) measurements. The online proce-
dure allows for a longer shaping (integration) time which
was optimized to 2 us for the silicon detectors —signals
with a time window of 2 us were processed in order to
find the maximum proportional to the energy of the par-
ticle. The energy resolution was checked at the end of ex-
periment using a three-peak alpha source (?**Pu-24! Am-
244Cm with emission energies of 5.16, 5.49, and 5.80 MeV).
The value of 30keV at 5.5 MeV was obtained for the chan-
nel where only one pad was connected. However, due to
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the low statistics, the signal from a group of two pads was
analyzed (see sect. 4). For this channel the energy reso-
lution of 38keV was extracted. The values reported here
and in sect. 3.2 include the impact of the energy lost in
the dead layer.

As a first step towards the construction of the iden-
tification matrices, the energy correlation between the
“BACK” (ohmic) and “PAD” (junction) sides was done.
Only the events that generated the same energy on both
sides of the detector (Epackx = Fpap, with tolerance in
energy of AE = 3.4MeV), i.e., the events lying on the
diagonal of the Epackx—Fpap correlation matrix, were
taken for further analysis. Fullfilling this condition assured
that only the events when one pad (or group of pads) fired
were considered.

The values of I,,,,, and T}, derived from the interpo-
lated waveforms and correlated with the energy, allowed
to construct the identification matrices and separate the
light products (fig. 3(a) and (b)).

3.2 Analog analysis

The information from the analog acquisition of the second
TRACE module provided the correlation between the en-
ergy of the particle and the time difference between the
80% and 30% of CFD (fig. 3(c)). Before constructing the
identification matrix, the condition of EFpacx = Epap
was applied, as previously done for the digital electron-
ics. The energy resolution obtained using three-peak al-
pha source was 31keV at 5.5 MeV both for a single pad
and a group of two pads.

4 Results

The 186 MeV beam of 37Cl impinging on the '2C tar-
get opened various direct and compound-nucleus reaction
channels. In particular, light species, i.e., Li, Be, B iso-
topes, resulting from transfer reactions of a few nucleons,
were produced at ~ 40°-60°, where the detectors were
placed. On the contrary, the beam-like products could not
be distinguished because they were out of the ADC dy-
namic range.

Although the best result in terms of the particle identi-
fication were obtained for electronic channels where only
a single pad was connected (up to 15% of improvement
comparing to the results presented here), due to limited
statistics the analysis was performed considering two con-
nected pads positioned at the average © angle 37° with
respect to the beam. We note that the other groups of
pads, consisting of 4 or 8 pads, provided the best statis-
tics, but the identification capability was not satisfactory
in these cases. Representative examples of identification
matrices presented in fig. 3(a), (b), and (c), correspond to
12 hours of measurement by the two connected pads.

The correlation matrix between the energy and the
Imaz constructed from the data recorded digitally by the
first TRACE detector is presented in fig. 3(a). The en-
ergy scale is shown up to ~ 76 MeV, while saturation was
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electronics), the inset shows the zoom of the region marked
by a rectangle, (b) Epap vs. T, (digital electronics), and (c)

Epap vs. 80-30% CFD (analog electronics).

reached at around 93 MeV. The discrimination in Z was
easily achieved for protons, alpha particles, Li, Be, B, and
C isotopes. The separation in A is observed as well for the
"6Li and, with minor statistics, for "Be. We note that
the ®Be nucleus is unbound and therefore cannot be seen
in the matrix. This results in the easier identification of
the “Be and "Be isotopes. The additional line in the Li re-
gion of the matrix, that reaches up to ~ 1450 a.u. of I,,4,
and up to ~ 38MeV (inset of fig. 3(a)) was interpreted
as coming from the events when two alpha particles were
detected at the same time in the same pad giving the
summed signal. This interpretation arises from the fact
that the energy of ~ 38 MeV corresponds to the doubled
value of the punch-through energy for alpha particles in
case of the 200 pm thick Si detector, i.e., 19.3 MeV.

The matrix of the energy vs rise time (30-70%) corre-
lation, extracted from the signal of the same TRACE mod-
ule, is shown in fig. 3(b). Event distributions for alphas,
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Fig. 4. Identification of "°Li isotopes. Spectra for calculating
the FoM obtained by projecting the 400 keV wide cuts cen-
tered at 20 MeV from the correlation matrices for 2 PADs: (a)
EpAD vSs. Imax, (b) EPAD vS. T,-7 and (C) EPAD vUSs. 80*30%
CFD. The values of FoM for the three identification methods
calculated for the energy ranges of 19.8-20.2, 24.3-24.7, and
28.4-28.8 MeV are presented in panel (d) —see also table 1.

Table 1. The values of FoM obtained with three different
methods for the "%Li isotopes are presented in columns 2-4.
The 400 keV wide energy cuts were centered at the values given
in column 1 —see also fig. 4 for graphical illustration.

Epap [MeV] FoM I FoM T, FoM 80-30% CFD
20.0 0.64(18)  0.53(29) 0.67(14)
24.5 0.60(16)  0.64(17) 0.86(10)
28.6 0.76(13)  0.76(14) 0.92(11)

7OLi and ®"Be are again clearly separated, and events
coming from two-alpha particles, simultaneously detected,
are also observed on the left side of the Li distribution.

In both matrices of fig. 3(a) and (b) one can notice
a significant background which covers the range below
20MeV. Most probably it was caused by alpha parti-
cles, as the upper energy limit of this background coin-
cides with the punch-through energy for alpha particles
(19.3MeV). Such background strongly limited the capa-
bility of the products separation at the lowest energies and
will be discussed in the next section.

In fig. 3(c) the results of the analysis of the data from
the second TRACE detector, connected to the analog ac-
quisition chain, are presented. In this case, energies up to
~ 44 MeV were recorded. The correlation matrix of the en-
ergy and the 80-30% CFD allows to distinguish between
the protons, alpha particles, 7"°Li, >"Be, B, and C reaction
products. The double-alpha events are seen in vicinity of
the Li curve, as previously.

In order to quantify the mass separation capability us-
ing both digital and analog chains, a figure of merit (FoM)
was calculated for the Li and Be isotopes, for which suffi-
cient statistics was collected. The FoM value was defined
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Fig. 5. Identification of >7Be isotopes. Spectra for calculating
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cuts were rotated in order to project on the axis perpendicular
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30, 33—-35, and 38-40 MeV are presented in panel (d) —see also
table 2.

Table 2. The values of FolM obtained with three different
methods for the 7Be isotopes are presented in columns 2-4.
The 2 MeV wide energy cuts were centered at the values given
in column 1 —see also fig. 5 for graphical illustration.

Epap [MeV] FoM Inew FoM T, FoM 80-30% CFD
29 0.61(14)  0.67(15) 0.98(8)
34 1.23(9) 0.93(10) 0.91(12)
39 1.32(18)  1.13(11) 0.98(24)
as in ref. [19], i.e
Cy — C

FoM =

FWHM, + FWHM,’

where C; and Cs are the positions of the centroids of the
peaks corresponding to the “Li and SLi isotopes (fig. 4
and table 1) or YBe and "Be isotopes (fig. 5 and table 2).
The errors of the extracted FoM values given in brackets
(table 1 and table 2) were calculated based on the propa-
gation of uncertainty from the standard deviations of Cf,
Co, FWHM,, and FW H M,.

Projections of the 400 keV cuts centered at 20.0, 24.5,
and 28.6 MeV for Li isotopes and of the 2MeV cuts cen-
tered at 29, 34, 39 MeV for Be isotopes, respectively, were
done to obtain the FoM values from the identified peaks.
Concerning Be isotopes, due to the wide energy windows
used in the analysis, the cuts were projected on the axes
perpendicular to the identification curves of interest, in
order to reduce the energy spread. In this case, the use
of wider energy windows was important to improve the
statistics.



Page 6 of 7

The obtained values of FoM for the "®Li isotopes are
reported in fig. 4 and table 1 for the different cuts and
methods of identification. Figure 4(d) presents the depen-
dence of the F'oM values on the energy at which the cut
was centered. It is found that the value FoM = 0.75,
usually considered as allowing for a good separation of
the peaks [19], is achieved for the cut at 28.6 MeV in the
Epap vs. Imar and Epap vs. T, matrices (digital acqui-
sition, FoM = 0.76 for both methods) and for all the cuts
starting from 20 MeV and above in the Epp vs. 80-30%
CFD matrix (analog acquisition). However, one should
note that there is an additional widening of the peaks
caused by the large energy window taken to construct the
spectra (AEpap = 400keV), as the cuts were projected
on the X axis in this case. Therefore, the results obtained
even for 20 MeV, i.e., FoM values of 0.64(18) and 0.53(29)
for Epap vs. Ima, and Epap vs. T,., respectively, still al-
lowing for identification of the "Li isotopes, can be con-
sidered as the low limit of energy for Li products identi-
fication in the present experimental conditions. We note
that in the case of the Epap vs. 80-30% CFD method,
applied for the signal from the second TRACE detector,
the identification was achieved also for the 400keV cut
centered at 19.8 MeV with FoM = 0.47(10).

The identification of %7"Be isotopes in terms of ex-
tracted FoM values was performed using 2MeV wide
cuts, to compensate the minor statistics. The cuts were
centered at 29, 34, and 39 MeV. The extracted FoM val-
ues for the three identification methods are reported in
fig. 5(a)—(c) and table 2, while the plot FoM(Epap) is
presented in fig. 5(d). For the lowest cut at Epap =
29MeV, FoM values of 0.61(14) and 0.67(15) for the
Epap vs. Lmar and Epap vs. T, methods (digital ac-
quisition) were obtained, respectively, showing a satisfac-
tory identification ability, while the FoM = 0.98(8) value
obtained for the analog Epap vs. 80-30% CFD method
suggests that the lower limit of identification of Be iso-
topes has not been reached. However, projections at lower
energies could not be used due to the very low number
of counts. Additionally, the FoM values resulting from
the use of 29-40 MeV range of energy were calculated as:
0.93(4), 0.89(3), and 0.90(5) for the Epap vs. Iimaz, Epap
vs. Ty, and Epap vs. 80-30% CFD methods, respectively.

5 Discussion

The limits for low-energy light ions identification by PSA
technique, obtained in the present experiment, are ~
20MeV for Li and ~ 29MeV for Be isotopes. Concern-
ing Li products, however, very good identification capa-
bility (i.e., FoM of ~ 0.7 in average) could be reached
at 24.5MeV only. This value will then be taken as low-
energy limit for Li isotopes identification. We note that a
further improvement could be achieved by reducing the
background from alpha particles, which strongly limits
the sensitivity around 20 MeV in the present experimental
conditions.
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This background appears most probably due to the in-
creased noise caused by radiation damage of the detector.
We checked that in the matrices constructed from the data
recorded during a short run at the beginning of the mea-
surements this kind of background was not present. The
question arose why in the analog processing of the signal
this effect seems not to be so pronounced. We would in-
terpret it as follows: the quantity used in the analog data
analysis, that is the difference between 80% and 30% CFD,
comes from the integration, thus, the noise is filtered. On
the contrary, the method applied in PSA is by definition
much more sensitive to the noise because it relies on the
difference of the two interpolated values of the signal in
case of T, or the derivative of the interpolated function
(Imaz)- In this way, the larger noise at the end of the ex-
periment affects significantly the extracted T, and I,q.
Moreover, the 100 MHz sampling rate giving the measured
signal at every 10 ns limits the precision of extracting I,,,4.
and T, which cannot be further improved by increasing the
number of interpolated points.

The differences between the performances of the two
acquisition systems used in the present experiment may
come also from the fact that two separate signals from dif-
ferent detectors were processed. For example, the digitally
read detector suffered from a leakage current of around
1.1 A at the end of the experiment (0.2 uA at the be-
ginning), while a smaller value, 0.9 uA (0.5 A at the be-
ginning), was observed for the detector read with ana-
log modules. Moreover, we cannot exclude that the ideal
symmetry in position of both detectors with respect to
the beam was not reached, which would result in slightly
different level of radiation damage for the two TRACE
detectors.

6 Summary

We presented the results of a test experiment aiming at
defining the lowest kinetic energy values at which isotopic
identification of heavy-ion reactions products with mass
A ~ 10 is possible, by using two 200 um thick silicon
TRACE detectors. Two acquisition systems, digital and
analog, were employed to process the signals from the
detectors. The digitized charge signal from one detector
allowed to obtain the energy, maximum current (Iqz),
and rise time (7;.) values, while the processing of the ana-
log signal from the second detector provided energy and
two time information signals from 30% and 80% Constant
Fraction Discriminator (CFD). Three correlation matri-
ces: energy vs. Imaz, T, and 80-30% CFD, representing
three methods of identification, were constructed. All of
them allowed for the separation of 5Li and ?"Be isotopes
in mass and charge. The present results confirmed the high
quality of the Pulse Shape Analysis technique which was
applied to the signals from Si detectors. This technique
can be used for light ion identification as comparable with
the analog approach. The calculated figures of merit for
the cuts on different energies showed that the ability of iso-
tope identification using energy vs. I,q. and energy vs. 1)
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methods is very similar within the uncertainties, for both
"6Li and ?"Be isotopes. Instead, the performance of the
energy vs. 80-30% CFD method, when considering the re-
sults for Li and Be products, was slightly better in the case
of Li isotopes. One should stress that these two acquisition
systems processed the signals from two separate TRACE
modules, therefore the small differences in their perfor-
mances may be caused by the different characteristics of
these two detectors.

A good separation between the "°Li isotopes was
obtained down to the energy of ~ 24.5MeV, that is
~ 3.5 MeV /nucleon. Below this energy, a significant back-
ground coming from alpha particles appeared, severely
limiting the identification capabilities. This might indi-
cate that if one can improve the background reduction,
a lower limit of particle identification can be reached.
Owing to the absence of the bound ®Be isotope, which
enhanced the separation capability, the ®"Be isotopes
were separable down to the energy of ~ 29MeV, that is
~ 4MeV /nucleon. Also in this case, if the alpha back-
ground were significantly reduced, a lower energy limit
could be achieved.
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