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e Universitá degli studi di Catania, Dipartimento di Fisica e Astronomia, Catania, Italy
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a b s t r a c t

Double Sided Silicon Strip Detectors (DSSSD) are highly segmented detectors that are widely used in

nuclear physics especially in radioactive beam experiments where, due to the low beam intensities, one

needs to cover large solid angles with high granularity. A study of the response of DSSSDs, using 7Li and
16O beams at different energies is presented. In order to characterize the detector behavior for events

corresponding to particles entering the detector in the interstrip gap both for ohmic and junction sides,

signals of positive and negative polarities were acquired at the same time. Different procedures for the

selection of full energy events and for the determination of the corresponding efficiencies are shown

and discussed.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Highly segmented silicon detectors has became of standard
use in nuclear physics either in structure and nuclear dynamics
studies. Their segmentations are very useful for studying angular
distributions of various processes such as elastic scattering,
transfer, break-up, etc., see e.g. Refs. [1–4], or to study reactions
where coincidences between two or more particles are requested
to fully characterize the final state [5,6]. They are also used in
experiments where the cluster structure of stable and unstable
nuclei is investigated by using the inverse kinematic thick target
scattering method, e.g. Refs. [7,8], that allows to measure the
elastic scattering excitation function by using a single beam
energy. Again large solid angles are very useful when unstable
beams are used in order to have high geometric efficiency with
good granularity, e.g. Refs. [9,10]. Double Sided Silicon Strip
Detectors (DSSSD) can also be used as active stoppers to measure
for example the b decay time of exotic nuclei produced by
fragmentation. The fragments are implanted on the DSSSDs and
ll rights reserved.
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detected together with the subsequent b decay; these events are
then correlated on a pixel-by-pixel basis, e.g. Refs. [11–13].

DSSSDs have both sides segmented and are commercially
available with a wide choice of shapes and thicknesses. Indicating
as Nf and Nb the number of strips on the front (junction) and back
(ohmic) sides, respectively, these detectors allow to have infor-
mation on Nf�Nb pixels (overlap regions between front and back
strips) by using just NfþNb electronic channels. The segmentation
of silicon strip detectors is obtained by means of a SiO2 insulating
layer interposed between adjacent strips. The presence of the
insulating layer affects the charge collection on each strip for
particles whose trajectory crosses an interstrip region. It is known
from the literature [14–17] that particles impinging onto the
detector through an interstrip give rise to signals, in the two
adjacent strips separated by the interstrip region under consid-
eration, with an amplitude which is smaller than the full energy
one. Moreover, for front interstrip events, one can also have the
presence of signals with inverse polarity [14–17]. For this reason,
when analyzing data collected by using DSSSDs, it is very
important to be able to select events that produce signals with
the correct full energy amplitude and to reject interstrip events
producing signals of amplitude smaller than the full energy one.
The ratio between the number of events detected with the full
energy and the total number of events will be called in the
following efficiency for full energy detection. Such an efficiency is
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therefore lower than 100%, as it can be expected for single pad
silicon detectors, and its knowledge is crucial in those experi-
ments where absolute cross-sections have to be extracted. The
aim of the present study is to determine the efficiency for the full
energy detection, to characterize the interstrip behavior and to
investigate the possibility to reconstruct the energy of the
particles impinging on the interstrip. Studies on the interstrip
effects were done by using for example a-particles of low energy
[14,15], 3 MeV protons [15], 59.5 keV g rays from 241Am [16] and
laser beams with wavelength of 660 and 1060 nm [17]. We
performed, for the first time, a systematic study irradiating
detectors with 7Li and 16O beams in the energy range 6–50 MeV.

The paper is organized in the following way. Section 2 gives
the descriptions of the tested detectors and the experimental set-
up. In Section 3 the response of these detectors will be presented.
Section 4 gives a discussion of the results. In Section 5 we will
discuss on possible procedures for full energy selection and the
associated efficiency. Finally, in Section 6, the obtained results
will be summarized.
2. Experimental set-up

The DSSSDs under investigation in the present study are
Micron Semiconductor Ltd. model W1, 1000 and 500 mm thick.
They have an active area of 50�50 mm2 and each side is divided
into 16 parallel strips. The strips on the junction side (front) are
perpendicular to the ones on the ohmic side (back), giving a
granularity of 256 square shaped pixels. Each strip is 3 mm wide
and 50 mm long, and is insulated by a 0.1 mm wide and 1 mm
thick silicon dioxide layer (interstrip). The metalization is made of
a 3000 Å thick Al layer, and a silicon dead layer of 0:5 mm thick is
also present. The full depletion voltage of the detectors is around
200 V.

The experiment was performed by sending 7Li and 16O beams,
delivered by the SMP Tandem of Laboratori Nazionali del Sud in
Catania, on the three DSSSDs. Two of them had a thickness of
1000 mm and were irradiated from the front (junction) side. The
third one had a thickness of 500 mm and was irradiated from the
back (ohmic) side. The detectors were placed on a rotating
platform inside the CT2000 scattering chamber, allowing to place
each of them at zero degrees with respect to the beam direction.
Table 1
Calculated range in Si for the 7Li and 16O beam energies used in the present work.

7Li energy (MeV) 29.7 23.6 19.6 16.5 14.5 12.4 11.5 10.5

Range in Si (mm) 130 91 68 53 44 36 31.9 28.1
16O energy (MeV) 49.6 45.5 39.4 32.1 23.8 15.5 6.0

Range in Si (mm) 37 33 28 22 15 10 4
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Fig. 1. Typical energy spectra from back (left panel) and front strips (right panel) observ

the peak on the right is the full energy peak, whereas the left peak is the pedestal. Pu

present in the front strips energy spectrum. See text for further details.
Beams with a reduced intensity of the order of 100 pps were
directly sent onto each detector.

The electronics was assembled in such a way that it was
possible to measure the signals of both polarities at the same
time. In fact normal signals coming from the junction side are
positive, whereas the ones coming from the ohmic side are
negative. However, as already discussed in Refs. [14–17], anom-
alous signals with inverse polarity are present for particles
entering the detector in proximity of an interstrip region. In order
to acquire at the same time the signals of both polarities for all
strips, the signals coming out from the preamplifiers (both for
junction and ohmic side) were passively split into two equal
signals. These twin signals were sent to programmable amplifiers
where only the polarity of one of them was inverted. Finally, after
amplification, they were sent to a peak sensing ADC that was able
to convert only positive signals. In this way we were able to
measure, at the same time, the signals of both polarities. In order
to study the dependence of the interstrip effects on the implanta-
tion depth, the 7Li and 16O beams were used with different
energies, as listed in Table 1.

The used beams were characterized by a broad profile (about
1�1 cm2) and very low intensity (around 100 pps). For each
energy we repeated the measurements for two different polariza-
tion voltages corresponding to 1 Full Depletion Voltage (FDV) and
1.4 FDV, in order to study the change of the response of the
detector with the applied bias.
3. DSSSDs phenomenology

Typical energy spectra for a single front and a single back
strips using a 7Li beam at 14.5 MeV are shown in Fig. 1. The peak
on the right is the full energy peak (FEP), corresponding to
particles entering the detector through a strip. The typical FWHM
of this peak (that is the resolution of the detector) is around
110 keV both for front and back sides. The peak on the left is the
pedestal corresponding to events with zero energy. This is due to
particles that trigger the acquisition hitting other strips, without
producing a signal in the strip considered in the figure. The main
features in Fig. 1 are the following.

(a) The ‘‘continuum’’ of events with energy in between the two
main peaks. As it will be shown in the following, such events are
due to particles whose trajectory crosses the interstrip region and
will be named interstrip events.

(b) The presence of anomalous signals with opposite polarity
(i.e. events with ‘‘negative energy’’ in the figure) in the front strip
spectra. Very few opposite polarity signals, without any correla-
tions with adjacent strips are observed in back strip spectra.

The presence of opposite polarity signals, in the front side, was
already observed in Refs. [14–17] and it will be discussed in more
detail in the following. In Fig. 2 it is shown the fraction of events
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Fig. 2. Fraction of events out of the FEP ð3sÞ as a function of the incoming energy

for the 7Li (circles) and 16O beams (triangles) for a bias of 1 FDV. Open symbols

refer to the front side whereas full symbols refer to the back side.

Fig. 3. Energy correlation between two adjacent back strips using a 7Li beam at an

energy of 16.5 MeV. The different regions labeled A B C D are described in the text.

Fig. 4. Energy correlations between two adjacent front strips using a 7Li beam at

an energy of 16.5 MeV. The different regions labeled A B C are described in

the text.
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Fig. 5. Fraction of interstrip events with respect to the total number of events,

calculated as coincidence events on two adjacent strips for 7Li (circles) and 16O

beams (triangles). Full symbols refer to a bias of 1 FDV whereas empty symbols

refer to 1.4 FDV.
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with energy lower than the FEP (both positive and negative
polarity signals) with respect to the total number of events for
back and front strips and for particles of different energies.
Although the pure geometrical size of the interstrip is the same
for front and back strips, the fraction of back interstrip events is
systematically larger than one of the front interstrip. Moreover,
such a fraction depends on the energy of the incident particles.

3.1. Adjacent strip correlations

In Fig. 3 the coincidence plot between two adjacent back strips
is shown. The regions labeled A correspond to particles entering
the detector through a strip and giving rise to a full energy signal.
The interstrip events (those with energy lower than FEP) are seen
as a coincidence between two adjacent strips (labeled B) since the
charge generated in the detector is collected by both strips. Such
type of coincidences were not observed between strips which are
not adjacent, with the exception of the two strips at the edge of
the detector (1st and 16th) occasionally in coincidence with a
third strip. These events are probably produced by particles
entering the detector in the region between the edge of one strip
and the guard ring that surrounds the active surface of the
detector. We underline that by summing the charge collected
by the two adjacent strips in coincidence, one obtains the full
energy of the incident particles. In other words, the interstrip
events on the back side are characterized by an asymmetric
sharing of the charge between the two adjacent strips without
any loss of charge. Therefore, by summing the two signals, one
can correctly reconstruct the full energy. We note that the region
C corresponds to interstrip events between back strips 8 and 9,
whereas region D corresponds to interstrip events between back
strips 7 and 6.

The coincidence plot of two adjacent front strips has a more
complicated pattern as it is shown in Fig. 4. The regions labeled A

correspond again to particles entering the detector through a strip
which collects all charges generating a full energy signal. The
interstrip region is not a simple straight line joining the two full
energy regions A, as observed for the back strips. In fact, there are
two classes of events: in the first class both adjacent strips
produce positive signals (region labeled B), in the second class
one of the two signals has an anomalous polarity corresponding
to ‘‘negative energy’’ in the spectrum (regions labeled C).

Fig. 5 shows the fraction of interstrip events (including both
front and back interstrips) as a function of the incident energy for
the two different bias values and for the two beams. In this case,
interstrip events are counted as events where it is present a
coincidence of signals of any polarity in two adjacent strips. The
amount of random coincidences, due to beam particles reaching
the detector within the same acquisition gate, is negligible since
the beam intensity is less than 100 pps. It is important to notice
the difference with respect to Fig. 2 where, for each 1D energy
spectrum, we integrated the number of events under the FEP
without taking into account any correlation. As one can see
from Fig. 5, the measured fraction of interstrip events is signifi-
cantly larger than the one expected from pure geometrical
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considerations which would be of the order of 6.2% (i.e. 3.1% for
each side of the detector). Differences between the effective width
and the geometrical width of the interstrip area were already
observed in Ref. [18]. Furthermore Fig. 5 shows that the number
of interstrip events increases with the energy and depends on the
applied bias. Another effect of the applied bias concerns with the
amplitude of the negative signals for the front interstrip events,
Fig. 6. Energy correlations between back strip 8 and front strips 7 and 8. The

different regions labeled A B C D F DE are described in the text.
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Fig. 7. Energy correlations between back strip 8 and front strip 7 and 8 for: (a) 1 FDV an

11 MeV; (d) 1.4 FDV and 7Li beam at 17 MeV to be compared with (b).
which is lower when a 1.4 FDV is applied to the detector. This will
be described in more detail in the next subsection.
3.2. Front-side back-side correlations

In order to better understand the behavior of such interstrip
events as a function of the incident energy and applied bias, it is
useful to look at the front–back correlation plots. A typical plot of
this kind is shown in Fig. 6. Here the correlation between the
energy deposited into front strips 7 and 8 (x-axis) with the
corresponding energy deposited into the back strip 8 (y-axis) is
shown. The region labeled A corresponds to particles entering the
detector through the front strip 7 or 8 and through the back strip
8 (i.e. full energy on both sides). The region labeled C corresponds
to particles that hit back strip 8 and a front strip different than
strip 7 or 8, so that the full energy is observed only in the y-axis
whereas zero energy is observed in the x-axis. The region labeled
B corresponds to all those particles entering the detectors through
the strip front 7 or 8 and hitting a back strip different from strip 8,
thus the full energy is observed only in a front strip whereas zero
energy is observed in the y-axis. In the region labeled D the full
energy for front strip 7 or 8 is observed whereas a lower energy
for the back is observed: these are back interstrip events. The
region labeled F shows that front interstrip events affect also the
back signals; in fact, in the presence of a front interstrip event the
signal generated in the back is lower than the full energy. In this
case back strip events suffer a sort of ‘‘energy defect’’ due to the
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energy of 16.5 MeV injecting particles from the ohmic side.
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fact that the incoming particles are crossing the front interstrip
region.

In Fig. 7 the same front–back correlation plot is shown for
different beam energies and for the two different bias. As one can
see, the observed ‘‘energy defect’’ ðDE in Fig. 6) on the back, for
front interstrip events, decreases with increasing energy of the
incoming particle and with the applied bias. This trend is
confirmed also for the other energies investigated that are not
shown in the present paper.

Fig. 8 shows, for comparison, the front–front correlations for
the same energies and bias of the plots of Fig. 7. The systematic
behavior of front–front correlations for the three different ener-
gies (a,b,c) of the 7Li beam and the two different bias values (b,d)
is shown. When the beam energy increases the amplitude of the
opposite polarity signals decreases. The same effect is present
when the bias applied to the detector increases; the trend is
confirmed for all energies investigated. To our knowledge it is the
first time that the dependence of the opposite polarity signals is
observed as a function of the incident energy and of the
applied bias.

3.3. Beam injected from the ohmic side

During the experiment, for each energy a third DSSSD 500 mm
thick was irradiated from the ohmic side applying 1 FDV. In
Figs. 9, 10 and 11 are shown, respectively, the plots for back–back
correlations, front–front correlations and front–back correlations.
They should be compared to Figs. 3, 4 and 6 obtained by
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Fig. 8. Energy correlations between two front strips for: (a) 1 FDV and 7Li beam at 24 M

FDV and 7Li beam at 17 MeV to be compared with (b).
irradiating the detector from the junction side. Looking at
Fig. 10, we note that the behavior of the front interstrip, when
particles are injected from the ohmic side, is similar to the back
interstrip when particles are injected from the junction side (see
Fig. 3). Analogously when particles are injected from the ohmic
side the back interstrip (Fig. 9) behaves in a way similar to the
front interstrip when particles are injected from the junction side
(see Fig. 4) showing the presence of opposite polarity signals. It is
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beam at energy of 16.5 MeV injecting particles from the ohmic side.
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true that Fig. 10 is essentially equal to Fig. 3, whereas Fig. 9 shows
extra features with respect to Fig. 4. Some of these differences can
be probably attributed to the fact that the detector irradiated from
the ohmic side was biased with only 1 FDV. Therefore particles
entering the detector from the ohmic side cross the region with
extremely low electric field and this can generate a poor charge
collection. Following these observations we can conclude that
probably the difference in behavior between front and back
interstrips, when particles enter the detector through the front,
is not due (or at least not only due) to the different constructions
of back and front sides. Opposite polarity signals seem to appear
when particles cross the interstrip region, i.e. in front interstrip
events when particles enter the detector from the front side and in
back interstrip events when particles are injected from the back
side. Therefore when DSSSDs are used in transparency opposite
polarity signals will be probably present in both sides.
4. Discussion of the results

The presence of opposite polarity signals as well as the ‘‘energy
defect’’ observed for back signals corresponding to the particles
passing through the front interstrip region can be explained in the
framework of the model proposed by Yorkston and collaborators
[14]. In this model the front interstrip behavior is explained
invoking a local modification of the electric field due to the
presence of the SiO2 layer present in the interstrips.

According to the model, the amplitude of the opposite polarity
signals (generated by induction phenomena) is related to the
charges produced by the particles in the modified field region, and
thus to the energy loss of the particles therein. The higher is the
energy of the particle the lower is the amount of charge produced
in the modified field region, and therefore the lower is the energy
defect (and the lower is the amplitude of the opposite polarity
signals). A rough estimation of the depth of the modified field
region was inferred by using the incident energy of the particles
and the ‘‘energy defect’’ observed in the back side for the front
interstrip events. To this aim we calculated [19] the Si thickness
in which a particle with initial energy Ein loses an amount of
energy equal to the ‘‘energy defect’’. The results are shown in
Fig. 12. Although it is not possible to get an unambiguous value
for the depth of the modified field region, since it depends on the
energy, on the ion species and on the bias, the estimated depth is
anyhow between 5 and 40 mm. The interstrip effects, and in
particular the presence of the opposite polarity signals, could be
explained also in a different way, e.g. in the framework of the
Shockley–Ramo theorem [20,21] or its generalization with the
Gunn’s theorem [22].
5. Selection procedures

We can conclude that, due to interstrip effects, there is a
number of events where the energy measured is lower than the
full energy one. Therefore, when using such detectors, one needs
to apply a procedure that allows to select the correct full energy
events rejecting the others. In addition, the efficiency associated
with this full energy event selection has to be known. By using a
set of mono-energetic beams, it is possible to properly test the
selection procedure and to measure the associated efficiency for
the full energy event detection. A common way to select the full
energy events with DSSSDs is to compare the energy measured by
the front side Efront with the one measured by the back side Eback

by imposing Efront¼Eback within a given tolerance (in our case we
have chosen 3s). As an example, in Fig. 13 we compare the back
energy spectrum with no conditions applied (empty histogram)
with the same spectrum after applying the selection condition
Efront¼Eback (full histogram). The same procedures applied to both
front injected detectors for the other energies and different
polarization voltages gave analogous results. One can clearly see
that, after the selection, almost all events out of the FEP are
removed. The fraction of events left out of the FEP, after applying
the selection procedure, is about 2% which is compatible with
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particles entering the detector with a degraded energy due, for
instance, to scattering in the collimators.

In Fig. 14 we show the efficiency for full energy reconstruction
when using the condition Efront¼Eback for different energies of the
7Li and 16O beams and for the two different used bias. As one can
see, there is a non-negligible dependence of the efficiency for full
energy selection on the energy and ion species, as well as on the
bias supplied to the detector: the higher is the bias the lower is
the number of interstrip events.

We remind that, as shown before (as well as in Refs. [14,15]),
the charge generated by a particle whose trajectory crosses a back
interstrip is collected by the two adjacent strips with no loss of
charge. Therefore, in order to recover the back interstrip events,
one can sum the pulses of the two adjacent strips and can use the
following alternative methods to select events. If no adjacent back
strips give coincident signals above the threshold, the back signal
is compared with the front one and the usual Efront¼Eback condi-
tion can be used. If there are two adjacent back strips that give a
signal above the threshold, the two corresponding energies are
summed and then compared with the energy measured by the
front strips. The efficiency for full energy reconstruction obtained
by using this method is shown in Fig. 15 as a function of the ion
energy and polarization voltage.

As one can see by comparing Figs. 14 and 15, the efficiency is
significantly increased and its dependence on the incident energy
and on the bias is removed. The obtained efficiency, around 94%,
is however still lower than the geometrical one which is around
97%. If the detector is used in transparency mode, according to the
results shown in Figs. 10 and 11, and discussed in Section 3.3,
opposite polarity signals are expected to appear also in the back
side. In this case recovering back side interstrip events is not
possible and the efficiency for the full energy reconstruction will
be lower.

All the above-mentioned tests were performed with the
detectors placed at 01 (i.e. direction of the beam perpendicular
to the detector). The number of interstrip events could increase if
the angle of incidence is different than zero. We underline that
this procedure was applied with a very low rate, around 100 pps,
corresponding to few tens of particles per second in the strip with
the largest counting rate. The probability that two particles hit
two adjacent strips within the same acquisition gate was
negligible.
6. Summary and conclusions

We performed a characterization of Double Sided Silicon Strip
Detectors with the aim to carry out a systematic study of the
interstrip effects on the energy measurement of charged particles.
The study was performed with 7Li and 16O beams in the energy
range 6–50 MeV. The used charged particles were heavier than
those used in other tests reported in literature (H, 4He) [14,15].

The effect of the applied bias voltage was also investigated. For
the first time we studied the efficiency for full energy detection,
the number of interstrip events and the amplitude of the opposite
polarity signals varying the energy of the incident particles and
the bias applied to the detector. The performed tests showed, for
the first time to our knowledge, that when particles are injected
from the ohmic side, opposite polarity signals for interstrip events
are observed in the back strips, whereas they disappear in the
front strips. Therefore, the different behaviors of the front and
back interstrips do not seem to be due to their different struc-
tures, and one could expect that opposite polarity signals are
generated on both faces when the detectors are used in
transparency.

The use of mono-energetic beams allowed us to test the event
selection procedure and to extract the efficiency for the full
energy reconstruction. Our data show that for particles injected
from the front side and stopping inside the detector, the back
interstrip events can be easily recovered by summing the signals
coming in coincidence from two adjacent strips. On the contrary
front interstrip events, that generate opposite polarity signals,
cannot be recovered. We found that the fraction of events
measured with the correct energy, both for the front and the
back sides and without any reconstruction, is lower than the
value of 94% which one can estimate from geometrical considera-
tions taking into account the active surface on both faces. This
means that the effective width of the interstrip region is larger
than the geometrical one ð100 mmÞ. Moreover, we found that the
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experimental efficiency depends on the incident energy, ion
species and applied bias. Using the proposed procedure described
here we can maximize the efficiency for full energy reconstruc-
tion and remove its dependence on the energy, ion species and
applied bias.
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