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Abstract

Double-sided silicon strip detector (DSSD) is one of key technologies for constructing
a Compton Camera, which is expected to proceed a high-sensitivity soft gamma-ray
observation in the energy range of 0.1-20 MeV. The merits of DSSD are its high en-
ergy resolution, high scattering efficiency, low radio-activation in the orbit, moderate
radiation hardness, smaller Doppler broadening, availability of large-size one, and
stable performance. We have developed a low-noise system of DSSD and frontend
LSI for the Compton camera, by optimizing geometrical structures of DSSD. We
have thus obtained an energy resolution of 1.3 keV (FWHM) for 60 keV and 122 keV
at -10°C in the multi-channel reading. Gamma-ray responses such as image flatness
and charge splittings were found to be not problematic. We also demonstrated that
our system achieved the good angular resolution close to the Doppler-broadening
limit in the Compton imaging by two DSSDs.
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1 Introduction

Recent soft gamma-ray observations revealed that the universe is rich of high
energy phenomena of particle accelerations, associated with supernova rem-
nants, black holes, pulsars, clusters of galaxies, gamma-ray bursts, and so on.
Observations of nonthermal gamma-ray emissions is therefore important to
understand the physical views of these phenomena. However, high-sensitivity
observations in the energy range of 10 keV to 20 MeV have been not available
due to difficulties of imaging, detection, and background rejection. Recent de-
velopments of the hard X-ray telescope will make the sensitivity much higher
below 80 keV, but the energy range of 0.1-20 MeV remains in the exploration.
Since the Compton scattering is the dominant photon-matter interaction in
this energy range, the Compton imaging telescope is useful. The COMPTEL
onboard CGRO (Compton Gamma-Ray Observatory) is the first and sole
instrument that utilizes the Compton imaging, and it was found to be very
effective in the MeV gamma-ray observation. More sophisticated technique for
the Compton imaging has become available, due to the improved technology
of semiconductor detectors such as silicon strip detectors and CdTe (Cad-
mium Telluride) pixel detectors[1][2]. Kamae et al. (1987) proposed a stack
of silicon strip detectors in order to overcome the weakness of the COMP-
TEL[3][4]. This idea is now extended to the concept of the Semiconductor
Multiple-Compton Telescope (SMCT), which consists of multi-layer semicon-
ductor detectors. Such a configuration has advantages of good energy resolu-
tion, good angular resolution, compactness and small weight, high efficiency,
effective background rejection, and so on, and is therefore very attractive for
the soft gamma-ray observations.

The configuration and design of the Compton telescope depends on which en-
ergy range we observe. For the soft gamma-rays of 0.1-0.5 MeV, high energy
resolution is a very important issue, because it limits the angular resolution.
The Doppler broadening caused by the orbital angular momentum of electrons
bound by atoms in principle limits the angular resolution, and the contribu-
tion of the energy resolution 6 E becomes dominant at §£ > 2 keV (FWHM).
We are then developing the low-noise SMCT systems with the energy resolu-
tion of ~1.5 keV for the soft gamma-ray detector. The detector is a hybrid
semiconductor of DSSDs and CdTe pixel detectors. The double-sided silicon
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strip detector (DSSD) is suitable for the scatterer because of good position
resolution, good energy resolution, high scattering efficiency, and less effect of
Doppler broadening. Low radio-activation in the orbit also helps us achieve
the low background environment. At the photon energy of 0.1-0.5 keV, Comp-
ton scattering occurs mainly in the DSSD layers and the scattered photon is
absorbed by the CdTe layers. In order to capture the photon scattered with a
large angle, it is the best to surround the DSSD layers by the CdTe detectors.
At higher energy, more than one scattering frequently occur, but we do not
have to track more than three or more Compton scatterings to reconstruct
the energy and direction of the incident photon[3]. Another possible merit of
the DSSDs is that recoil electrons with > 250 keV can penetrate a DSSD of
300 pm thickness and deposit energies in two layers of DSSDs in the vacuum.
In such a case, we can infer the direction of electron scattering and thus con-
strain the direction of the incident photon to a partial cone. Such a tighter
constraint is very useful to achieve better angular resolution and more effec-
tive rejection of background. The low-noise multi-channel readout LSI is also a
key technology. The detailed introduction and early demonstration have been
reported by Tajima et al. (2002, 2003) and Mitani et al. (2003)[5] [6][7]. Appli-
cation for measurements of gamma-ray polarization is also attractive[8][9]. In
this paper, we shortly describe the optimization of the detector components
to Improve the energy resolution, and demonstrate the good performance of
Compton imaging. The detailed full description of DSSD performances and
the description relavant to the performance in the combination of DSSDs and
CdTe are reported in Fukazawa et al. (2004)[10] and Tanaka et al. (2004)[11],
respectively.

2 Low noise DSSD system

The low noise DSSD system consists of DSSD, RC chip, and VA32TA frontend
LSI. We designed the DSSD without any other extra structures, such as bias
resistors and AC coupling capacitances, so as to reduce the bad channels.
Alternatively, we introduce the RC chip on which one-side silicon p-strips with
polysilicon resistor and SiO, insulator layer are manufactured. We provide
the bias voltage via polysilicon resistor and the SiO, AC-coupling capacitance
between DSSD strips and preamplifier channels. The DSSDs and RC chips are
provided by Hamamatsu Photonics, Japan, and the VA32TA is processed by
IDEAS ASA, Norway.

We have produced seven types of silicon strip detectors, including one-sided
strip detectors for R&D. The n-strips are implanted orthogonal to the p-strips
on the other side, so that we can obtain two-dimensional information of the
interaction position. Since the strip capacitance is a main noise component
as described later, it is worth while making it as small as possible. For that



purpose, we have produced the DSSD where the strips in one direction are
divided into two and they are read out from both sides. Then, we confirmed
that the strip capacitance becomes half, while the number of readout chan-
nels is doubled. Another method to reduce the capacitance is to separate the
strips as far as possible. We procduced three types of SSDs whose strip gap is
different among them, but the performance is not so different among them.

We produced RC chips with two different bias resistances and three different
coupling capacitances. The bias resistance and coupling capacitance of RC
chips are typically 1.0-6.0 GS2 and 22-110 pF, respectively. Since the RC chip
is small, an additional capacitance noise is not significant. The VA32TA is
32-channel low-noise MOS amplifier that includes preamplifier, shaper, sam-
ple/hold, analog multiplexer, and discriminator, and processed by the 0.35 pm
AMS technology to increase the radiation hardness[12]. The size of the fron-
tend MOSFET for the preamplifier is optimized for the low-noise operation.
Majority selector circuits for the register to ensure the tolerance against the
Single-Event Upset (SEU) is implemented for space applications. The electric
power consumption is 6.3 mW /channel, and the pad pitch is 100 pm. More
detailed explanation of the VA32TA is described in Tajima et al. 2002[5].

At first, we measured the leakage current, interstrip capacitance, and body
capacitance of p-strips for each type of DSSDs and RC chips, in order to eval-
uate the noise performance[13]. Overall, the interstrip and body capacitance
is around 2-4 pF per channel. As described after, this is enough to achieve
the energy resolution of ~1.5 keV. The leakage cuttent of all the DSSDs is at
most 0.1-0.5 nA per channel, indicating that the noise relavant to the leakage
current can be negligible at 0°C. The capacitance and leakage current of the
RC chip are at most 1.5 pF and 0.1 nA per channel, respectively, and thus the
contribution to the noise performance is small.

In summary, the trial products of the DSSDs exhibited as good characteristics
as we expected, and therefore we next investigated them as X-ray detectors
for the Compton camera.

3 Setup and gamma-ray response

We connected the DSSD with the frontend LSI VA32TA to readout the strip
channels. Here we prepared two DSSD+VA32TA sets, for which we use DSSDs
with the strip pitch of 400 pum. Since n-strips intrinsically have a larger ca-
pacitance due to the Ohmic-junction of p™ and n™, we use them only for
position measurements and mainly p-strips for pulse-height measurements.
Taking into account that the RC chip would introduce some noise, we couple
p-strips directly (DC-coupling) and n-strips via two RC chips (AC-coupling)



with VA32TA. We then set the voltage difference between two sides to 100 V
for DSSDs, and to 20 V and 50 V for two RC chips, by supplying the voltage
as shown in figure 1. The reason why we use two RC chips is that the voltage
tolerance of the coupling capacitance is low. We also supplied the same voltage
as strips to the guard rings. 64 strips of each P or N side are readout by two
VA32TA chips, which is set up by the VA-DAQ provided by IDEAS, through
the LabVIEW software. The VA32TA has several set-up parameters, such as
bias currents and voltages to the FET, on/off flags of readout channels, and
some selection flags for operation. These information are sent to the VA32TA
as digital bits, and the actual bias voltage and current are produced by inter-
nal DACs in the VA32TA. We investigated the noise performance for various
values of bias voltage and current and found the optimized set-up values.

We then measured the gamma-ray response of the DSSDs at -10 °C, by irra-
diating various radio-isotopes. We calculated the pedestal of each channel by
averaging the pulse-height for each data set of ~ 3000 events with no hits in
the corresponding channel. Also we estimated the common mode noise of each
event by averaging the pulse-height over channels with no hits. The root-mean-
square of the common mode noise is typically 0.5-0.6 keV (Si). The pedestal
and common mode noise are subtracted from the ADC channel. The linearity
function is obtained by utilizing the six gamma-ray lines of 13.927, 17.506,
20.895, and 59.54 keV from *'Am and 14.4 and 122.06 keV from 5"Co. It is
found that the relation between the gamma-ray energy and the ADC channel
is deviated from the simple linear function with the residual of £0.6 keV. Such
a large residual leads to incorrect reconstruction in the Compton scattering
and makes the angular resolution worse. When we introduce the emperical
formula of £ = a — bexp (—CH/c), where F is a gamma-ray energy in keV,
CH is an ADC channel, and a, b, ¢ are free parameters, the residual becomes
as small as < 0.1 keV. In the following, we utilize this formula in convert-
ing the ADC channel to energy. We also confirmed that the gain is stable,
in such a way that the pulse-height channel of photo-peaks does not vary in
measurement by measurement within <1 %.

The pulse-height ratio of n-strips to p-strips for the same gamma-ray energy is
0.57 for one DSSD and 0.48 for another. This is due to the charge loss caused by
the capacitance of DSSDs and RC chips, which cannot be neglected in compar-
ison with the coupling capacitance. Here the difference of pulse-height ratio
between two DSSDs is explained by the difference of coupling capacitance.
The charge collection efficiency ¢ is expressed as ¢ = Come +CO;]:SD gy where
Ceouple; Cpssp, and Crc are capacitances of coupling condensers, DSSDs, and
RC chips. In this measurement, we used two RC chips for one DSSD and thus
the Ceouple becomes half. Inserting the values listed in table 77, ¢ is calculated
to be 0.73 and 0.57 for the coupling capacitance of 44 and 22 pF per one RC
chip. These values are consistent with the measurement one, but somewhat

larger possibly due to the stray capacity.




Figure 2 shows the pulse-height spectrum of "Co, obtained for all the p-strips
on one DSSD. The photopeaks of 14, 122, and 135 keV are seen in the spectra,
together with the back-scatter line structure around ~ 85 keV. We also see
the clear separation of the Pb Kay and Kay (74.97 and 72.80 keV) from the
ambient Pb shield. The energy resolution (FWHM) of one DSSD is 1.13£0.02
keV and 1.32 + 0.03 keV for the peak of 14 keV and 122 keV, and the noise
estimated as a root-mean-square of pulse height for strips whose signal is less
than the threshold is 1.02 + 0.01 keV. The expected noise performance of
the VA32TA is (0.37 + 0.16 x Cy)/+/7 (FWHM, keV) where Cy is the load
capacitance in pF and 7 is the shaping time in us, and becomes 0.77 keV
for Cy = 6.0 pF and 7 = 3 us. The shot and thermal noise are estimated to
be 0.38 keV and 0.36 keV, respectively, by assuming that the leakage current
becomes small by a factor of 2 as the temperature decreases by 7 degree. Then
the total expected noise is 0.93 keV, and it becomes 1.03 keV when including
the poisson noise for the 122 keV gamma-ray. These values are better than
the experimental values, partly due to that the experimental values may suffer
the unrecognized electric noise.

Figure 3 shows the two-dimensional distribution of detected gamma-rays (122
keV) in the DSSD, together with the one-dimensinal count distribution for
p and n strips. Here we chose the events whose signal is within 40 around
122 keV. Although somewhat more photons are detected around the center
region due to the incomplete flatness of gamma-ray irradiation, the count
distribution in each strip almost follows the Poisson distribution. Since the
122 keV gamma-ray is detected almost uniformly along the depth direction of
the DSSD, the flatness of count distribution indicates that the depletion layer
developed uniformly and signal charge is efficiently collected everywhere.

Next we investigated the frequency of split events, in which the signal charge
is split into and detected by two strips. We considered it as a split event
that the neighboring p-strips, together with one n-strip or two neighboring
n-strips, give the signal above the threshold, and the sum of their p-strip
signals is within the 40 of the photo-peak line. The frequency of split events
is 7.6 + 0.2%, 3.4 + 0.1%, and 0.026 + 0.003% for 122, 59.5, and 17.6 keV,
respectively. The probability that such an event is caused by the Compton
scattering is much lower. We also confirmed that the split event occurs with
almost the same frequency for all the strips. As a result, the splitting of signal
charge is not so significant for soft gamma-ray detection.

4 Compton imaging

Combining the two DSSD systems, we performed the Compton imaging to
confirm the angular resolution[14]. We placed the two DSSDs in parallel with



the separation of 6.7 mm, and irradiated the gamma-ray source "Co at 56.4
mm away from the DSSD. The gamma-rays are collimated by the ¢2 mm Pb
hole with 2mmt. The experiment was performed at -10 °C. In figure 4, we
show the scatter-plot of F; and E5, which are defined as in §3. We can see the
two lines running diagonally, corresponding to the Compton-scattering and
split events for 122 keV and 136 keV.

We selected the Compton-scattering events as follows. We first choose the
events in which the enery deposition with > 10 keV occurs in at least two
p-strips (Fy > E; > 10 keV). Based on the Compton kinematics for 122 keV
gamma-rays, we exclude the events with E; > 45 keV. Furthermore, in the
case that the two p-strips neighbor each other, we consider it as a split event
and exclude it. We also exclude the events whose signal at the n-strip which
is on the same DSSD with the hit p-strips is different from that of p-strips
by more than 8 keV. We then accepted the events whose F; + FE5 is within
the energy resolution of 20 ~ 1.3 keV from 122 keV. 33% of all the Compton-
scattering events is the ones where the hit occurs in two DSSDs, and 70% of
such events are the forward scattering events. The F;+ Es follows the gaussian
with the FWHM of 1.8 keV, reasonable when considering that both E; and
E5 follow the gaussian with the FWHM of 1.3 keV.

After selecting the Compton events, we reconstructed the incident direction
of gamma-rays (figure 5). The order of hits in the Compton scattering of the
122 keV gamma-ray is explicitly determined; the hit with the lower energy
deposition occurs first. The axis v of the Compton cone is determined by the
vector pointing from the second hit position ps to the first p; (v = p; — p2).
The scattering angle 6. is calculated by the deposite energy of both hits as
cosby, = 1+ % — %262 Then we obtained the reconstructed image of
the gamma-ray source by intersecting the Compton cone around the axis v
with the arbitrary plane. The origin of the Compton cone is p;. Here we set
the plane at the same distance of the radio isotope of 122 keV. Figure 6 left
shows the reconstructed image of gamma-ray sources, in which the source
clearly appears. For evaluating the angular resolution, we defined the angle of
the vector v against the vector u = po — p1 as Oy, Where pg is the center
position of the radio isotope. The angle difference 06 = 05, — 040, should be 0
if the reconstruction is complete and the gamma-rays are emitting from the
ideal point source. We plot the distribution of 46 in figure 6 right. The FWHM
of the angle distribution is ~ 8 degree.

In order to check whether the FWHM of the above angle distribution is rea-
sonable for the setup of this experiment, we performed the simulation with the
package Geant 4.5.1 by constructing the metarial geometry of the experimen-
tal setup, injecting the gamma-ray, and reconstructing the image in the same
way as the real data. The standard process in the Geant 4 does not include
the effect of Doppler broadening, and we replace the original process of the



Low-Energy Compton scattering by the GALECS ver 1.03 provided by R. M.
Kippen [15]. The Doppler broadening is considered in the G4LECS in such
a way that the treatment of Compton scattering accounts for bound electron
momentum on a shell-by-shell basis using evaluated data read from tables.
As a result, we obtained allmost the same FWHM as the experimental one.
This FWHM value mainly reflects the four effects; (a) Doppler broadening, (b)
energy resolution, (c¢) position resolution of the DSSD, and (d) finite size of
the gamma-ray source. We simulated by including these effects step-by-step,
to investigate how each of these effects makes the FWHM large. Here we set
the energy resolution to 1.3 keV. At first, the distribution for only (a), the
limit by the Dopper broadening, is found to be expressed by two gaussins
with the sigma of 1.30 degree and 6.18 degree. The distribution of other cases
is thought to be modeled by smoothing this formula with the gaussian. Af-
ter including the effect (d), the smoothing parameter o is 1.44+0.25 degree,
indicating that the effect of finite size of gamma-ray sources is small. Then
it becomes larger as 1.94 4+ 0.37 degree and 1.67 £ 0.65 degree for the case
(a)+(b)+(d) and (a)+(b)+(c)+(d), respectively. The experimental data give
the 0 = 2.36 + 0.56 degree, and we confirmed that the experimental is rea-
sonable. In the multi-layer configuration of the Compton camera, most of hits
occur in a larger separation, and thus the effect (c¢) becomes smaller. There-
fore, the angular resolution of DSSD multi-layer Compton camera corresponds
to the case of (a)+(b), o = 0.80 & 0.33 degree. It can be seen that the effect
(b) is smaller than that of (a), and it can be said that the noise performance of
the DSSD system satisfies the goal that the contribution of energy resolution
to the angular resolution is less than that of Doppler broadening.

5 Conclusion

We fabricated the prototype DSSD and VA32TA frontend LSI for the low-
noise Compton camera system. The energy resolution for 122 keV gamma-ray
is obtained to be 1.3 keV (FWHM) for the p-strip DC-readout configura-
tion. This is good enough to approach the Doppler-broadeing limit of angular
resolution of the Compton camera. Also we constructed the two-layer DSSD
Compton camera and confirmed that the gamma-ray image is reconstuted
with the angular resolution in compatible with that we predicted.

We are now testing the next prototype DSSD whose size is 4 x 4 cm? with
a strip pitch of 400pum and a thickness of 300 pum. The size of 4 x 4 cm?
with a thickness of 500 pm is the largest processed for 4-inch wafers, and it
will be the goal. As described in this paper, the noise is dominated by the
load capacitance and the frontend amplifier noise. Therefore, it is worth while
trying the reduction of DSSD capacitance by the readout from both sides of
strips divided into two. Also, we have a plan to further optimize the frontent



MOS-FET and lower the electric power of LSI. Furthermore, it is important
to establish how to stack the multi-layer DSSD and CdTe, together with the
frontend LSI, in the compact size.
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