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Development of miniSGD Keigo Okuma

The MeV gamma-ray band is very important for understanding high-energy cosmic phenomena
such as particle acceleration and elemental synthesis, but its sensitivity is several orders of
magnitude less than that of the X-ray, GeV, and TeV bands and is called the "sensitivity gap. The soft
gamma-ray detector SGD onboard the ASTRO-H is a narrow-field Compton telescope combining
a Si/CdTe semiconductor Compton camera and a BGO active shield, and has demonstrated high
performance in orbit. We have proposed a balloon experiment based on this concept and are
developing miniSGD as a proof-of-concept. The miniSGD consists of a semiconductor Compton
camera with two 0.5 mm thick Si double-sided strip detectors (DSSD) and four 2 mm thick CdTe
double-sided strip detectors (CdTe-DSD), and nine 20-30 mm thick BGO scintillators surrounding
them. Although the effective area is extremely small because it is a proof-of-concept machine, it
incorporates all the necessary technical items to achieve higher positional resolution than SGD.
The miniSGD was originally scheduled for balloon testing in April 2023, so the miniSGD was
completed by November 2022, but unfortunately, this flight was subsequently canceled and the
team is now looking for the next opportunity. Currently, performance evaluation and optimization
continues, and we have developed a simplified Depth Of Interaction sensing logic and its calibration
method for the 2 mm thick CdTe-DSD. The implementation of this logic has improved the angular
resolution of the 𝐴𝑅𝑀 by a factor of 2. Further improvements are currently underway.
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1. Introduction

The MeV band is the boundary between the world dominated by thermal particles and the
world dominated by non-thermal particles, and is a very important energy band for understanding
high-energy phenomena in the universe. Specifically, non-thermal bremsstrahlung from particles
accelerated to relativistic energies, nuclear gamma rays from nuclei produced in elemental synthesis,
and jets from black holes at the centers of active galactic nuclei can be observed.

To detect MeV gamma rays, it is necessary to detect both scattered photons and recoil electrons
generated by Compton scattering, which is the dominant interaction between photons and detectors.
In a Compton camera, the energy and direction of arrival of incident photons can be obtained by
using two detectors: a scatterer that scatters the incident photons and detects the recoil electrons,
and an absorber that photoelectrically absorbs the scattered photons. In this case, the incident
photon energy 𝐸in and the scattering angle 𝜃, which indicates the direction of arrival, are obtained
using equations 1 and 2.

𝐸in = 𝐸scat + 𝐸abs (1)

cos𝜃 = 1 − 𝑚𝑒𝑐
2

𝐸abs
+ 𝑚𝑒𝑐

2

𝐸scat + 𝐸abs
(2)

where 𝐸scat is the energy detected by the scatterer, 𝐸abs is the energy detected by the absorber, and
𝑚𝑒𝑐

2 is the electron rest energy of 511 keV. Based on the position where the signal is detected
by each detector and the scattering angle, we can obtain a cone, called Compton cone. And the
direction where all the observed Compton cones intersect is the direction of arrival of the incident
photon.

2. A narrow field of view Compton Telescope

2.1 Hitomi/SGD

One of the next generation MeV observation technologies is the Si/CdTe-Semiconductor Co-
moton Telescope (Si/CdTe-SCT)[2–4], which uses Si and CdTe semiconductors as scatterer and
absorber, respectively. Compton scattering is dominant for Si above 60 keV, and photo absorption
of CdTe is dominant below 300 keV, and the two detectors can be operated with the same read-out
systems. The Soft Gamma-ray Detector (SGD) onboard the Hitomi satellite, launched in 2016, was
a "narrow-field Si/CdTe semiconductor Compton telescope" that aims to eliminate background by
combining this Si/CdTe semiconductor Compton telescope with thick active shield covering large
angular area, [5–7], and was the only SCT that has been demonstrated to work in orbit. Hitomi/SGD
also succeeded in polarimetric observations of the Crab Nebula with an observation time as short
as 5000 s[7]. However, the Hitomi satellite was unable to make any further observations because it
was lost about a month and a half after launch.

2.2 miniSGD, a proof-of-concept balloon experiment

miniSGD is a proof-of-concept mini semiconductor Compton camera for balloon experiments
using the same narrow-field Si/CdTe semiconductor Compton telescope technology as the Hit-
omi/SGD for the early realization of more sensitive MeV gamma-ray observations. miniSGD
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consists of a Compton camera section, an active shield section, data acquisition electronics for both
systems, a power supply section, and a pressure vessel to contain them. The pressure vessel is
cylindrical with an inner diameter of 314 mm and a height of 331 mm, and the Compton camera,
active shield, and power supply are designed to fit within this volume. The Compton camera section
consists of a CdTe-DSD layer, DSSD layer, SPMU FPGA board, daisy-chain board layer, and ASIC
DC board layer. The active shield section consists of a BGO unit, a GROWTH-DAQ system, and a
Raspberry Pi. See Nakazawa et al. SPIE 2022 for details of the design[15].

Figure 1: Overview of miniSGD

3. The miniSGD system

3.1 DSSDs and CdTe-DSDs layers

The DSSDs layer of miniSGD consists of two DSSDs as shown in Fig.3 (black part is a vacant
place reserved for future addition of two more DSSDs). The DSSD tray consists of a substrate
called a front-end card (FEC) on which the DSSD and four analog-ASICs are mounted, and a
ceramic and plastic support plate that holds them. The CdTe-DSDs layer of miniSGD consists of
four CdTe-DSD trays. The CdTe-DSD tray is the same design as the DSSD tray. The DSSD is 0.5
mm thick, which is the same to those used in the Hard X-ray Imager (HXI) onboard Hitomi. The
CDTe-DSD is a new 2 mm thick version, almost three times thicker than those of the Hitomi/HXI.
The sensitive area of one tray is 32 mm square.

3.2 BGO active shields

The active shield of miniSGD consists of nine BGO scintillator units. There are four BGOs of
size 106 × 30 × 40 mm2 called Top BGO, two BGOs of size 180 × 70 × 20 mm2 and two BGOs
of size 180 × 72 × 20 mm2 called Side BGO, and one BGO of size 140 × 130 × 30 mm2 called
Bottom BGO. The BGO is wrapped with two types of reflective material, ESR and 250 𝜇m thick
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Figure 2: DSSDs layer. 2 DSSD trays and 2 black
spacers.

Figure 3: CdTe-DSDs layer.

GoreTex, and attached with 1-4 MPPCs as optical sensors. The active shield section is read out by
the GROWTH-DAQ (FY2020FPGA) system[16].

3.3 Systems integration for balloon experiment

We have developed and integrated a system around the detector, including a DCDC converter
and a command telemetry system. Figure 4 shows the block diagram of the miniSGD. We passed the
connection test with the JAXA balloon team’s communication system, completed the development
for the balloon experiment, and miniSGD was ready for flight. Unfortunately, the 2023 Spring flight
planned at Australia was canceled, and we are aiming for the next chance.
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Figure 4: Block diagram of miniSGD.[15]

4. Calibration status of the miniSGD

We performed low-temperature calibration experiments of miniSGD to obtain angular resolu-
tion to the gamma rays of the radiation source. At this time, we estimated the Depth Of Interaction
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(DOI) in a 2 mm thick CdTe-DSD by performing DOI sensing. See in coming paper (Okuma et al.
2023 in prep.) for details.

We evaluated the angular resolution by performing Compton reconstruction using the obtained
DOI. Figure 5 shows the Compton image and the distribution of the difference 𝐴𝑅𝑀 between
the scattering angle 𝜃 calculated from Equation 2 and the scattering angle 𝜃𝐺 calculated from the
geometry. The angular resolution of miniSGD at 356 keV is 3.0 deg (FWHM). This is 2.0 times
better than the Compton reconstruction without DOI sensing.

Figure 5: Compton image (left) and 𝐴𝑅𝑀 distribution (right) for 356 keV of 133Ba.

5. Summary

We have developed miniSGD, a demonstrator for ballooning experiments with narrow-field
Si/CdTe semiconductor Compton telescopes to improve sensitivity in the MeV band. The miniSGD
is installed with two 0.5 mm-thick DSSDs, four 2 mm-thick CdTe-DSDs, and nine BGO active
shield units, and combined with a DCDC converters and a command and telemetry system, it was
ready for flight. In the Compton reconstruction, the DOI sensing of the 2 mm thick CdTe provided
the angular resolution of 3.0 deg for 356 keV of 133Ba. The angular resolution was improved by a
factor of 2.0 compared to the angular resolution without DOI sensing.
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