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ABSTRACT

The Hard X-ray Detector (HXD) is one of the three instruments on the fifth Japanese cosmic X-ray satellite ASTRO-
E, scheduled for launch in January, 2000. The HXD covers a wide energy range of 10—-600 keV, using 16 identical
GSO/BGO phoswich-counter modules, of which the low-energy efficiency is greatly improved by adding 2 mm-thick
silicon PIN diodes. Production of the HXD has been completed and pre-flight calibration is now in progress. The
design concept of the HXD sensor, detail of the production process, and a brief summary of the measured performance
is reported,

Keywords: Hard X-ray detector, Gamma-ray Astronomy, BGO/GSO scintillation crystal, Silicon Photo Diode,
Astro-E, space environment

1. INTRODUCTION

The fifth Japanese cosmic X-ray satellite, ASTRO-E!~3 is scheduled for launch in the end of January 2000 by the
M-V-4 launcher of Institute of Space and Astronautical Science (ISAS) from Kagoshima Space Center. The satellite
1s to be thrown into a circular orbit, with an altitude of 550 km and inclination of 31 degrees.

There are three experiments onboard the satellite. A micro-calorimeter array (X-ray Spectrometer — XRS) with
an X-ray mirror and 4 CCDs (X-ray Imaging Spectrometer — XIS) with 4 X-ray mirrors cover the soft X-ray band
from 0.4 to 12.0 keV. The XRS has the highest energy resolution of AE ~ 12V and the XIS has a good energy
resolution of AE ~ 150 ¢V (5.9 keV) with imaging capability. The Hard X ray detector (HXD) is a collimated counter
array which covers the energy band from 10 to 600 keV. Combining these three experiments, ASFRO-E becomes a
highly sensitive spectrometer facility, covering a wide energy band from 0.4 to 600 keV.

The overall HXD experiment corprises three components; the Sensor (HXD-S), Analog Electronics (HXD-AL)
and Digital Electronics (HXD-DE). This paper mainly deals with EXD-S. The production of the flight model of the
HXD has started in 1997, and has been completed at May, 1999. The HXD has been mounted on the spacecraft, and
the pre-flight tests of the whole spacecraft will continue till the end of this year. We will present the design concept,
the production processes and the final configuration of HXD-S, with a brief sununary of achieved performance.
Details of the pre-flight performance are reported by Tanihata et al. in this volume.
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Figure 1. (left}: The HXD Sensor {HXD-S) placed on its temporary container, ready to be mounted on the
satellite. It consists of 36 counters held in the housing, Three of the twelve high-voltage power supply are scen in
front.  (right): A schematic concept of HXD-S. 16 well-type phoswich counters (Well unlis) are arranged in 4 x4
configuration and are surrounded by 20 anti-coincidence connters (Anti units).

2. THE HARD X-RAY DETECTOR

2.1. Overview

Fhe HXD is a cosmic hard X-ray detector instrument employing inorganic scintillators aud silicon PIN dicdes,
and characterized by its extremely low background.* The HXD Sensor (HXD-S) consists of 16 well-type phoswich
counters (Well units) in 1 x 4 compound-eye configuration, and 20 anti-coincidence counters (Antiunits) surrounding
the Well units. A photograph and the schematic illustration of HXD-S are shown in Fig. |. The whole IXD-S has
a dimension of 420 mm x 547 mm x 656 mm, and weighs 186 kg. A summary of the operational parameters of the
HXD. based on the the pre-flight calibration are shown in table 1 (scc § 7).

mlc*rgy Range L0-600 keV
(10-60 keV for PIN dicdes, 30-600 keV for (iSO Scintallators)
Energy Resolution 3.5 keV for the PIN diode
(FWIH M) 2.4 x \/E(keV) keV for the GSO
Effective Area 160 cm? for the 2 mun thick silicon PIN diode

(No alignment correction) | 350 cm? for the 5 nun thick GSO
Field of View (FWTIM) 0°.57 x 0°.57 (< 100 keV), 4757 >} 4° 57 (> 100 keV)
Backprouud Rate ~ {1 =8)x 1077 care! e~ keV !

Time Resalution normally 6lusec (minimum 15.3usec)

Table 1. Basic parameters of HXID, based on the pre-flight calibration.

The main detection part of eacl Well wnit is made of 5 1 thick GSO (GduSiO;:Ce 0.5% mol) seintillation

cevstal " and 2 i thick silicon PIN type photo diodes™ =1 nsunted in front of the GSO. The PIN diodes cover



the lower energy range. and the GSO detects photons with higher energy range, making the total energy range of
the Well unit from 10 to 600 keV. The active shielding part is made of BGO (BisGe;0;2) scintillation crystal, !
which forms a well-shaped structure with four wells. The GSO and diodes are burjed in the hottom of each well
and the GSO/BGO crystal forms so called phoswich configuration. The field of view (FOV) of each Well unit, is
limited to 4°.57 x 4°.57 (FWHM) by BGO active shielding. As the cosmic diffuse X-ray backgronnd dominates the
lower energy band, a fine collimator made of 50 pm thick phosphor bronze sheet is installed in each well. limiting
the FOV to 0°.57 x 0°.57 {(FWHM) in the energy range lower than ~ 100 keV. Photons fully deposited the energy
in the GSO or diodes are selected as valid events, while the BGO contaminated events are rejeeted by pulse shape
discrimination. The 16 Well units are arranged in 4 x 4 matrix to enlarge the detection area, and is used in mutual
anti-coincidence.

The Anti units surrounding the Well units are made of thick BGO crystals, and act as active shields for the Well
units. Their are also used to guard the Well units from the high energy charged particles both actively aund passively,
so that radio activation and the background of the detector is suppressed. In addition, the large planes of the Anti
units are also used to monitor the transicnt sources and gamma-ray bursts.

To suppress the leakage current of the PIN diodes and increase their energy resolution. HXD-S is designed to
operate at low temperature, around —20°C. The light vield and hence the energy resolution of the seintillation
crystals also increases at low temperature.

The compound-eye configuration of IXD-S has an important merit. Tt makes the hardware production easier: it
helps the background rejection via mutual anti-coincidence among neighboring detector (Well and Anti) units; and
1t allows high-speed parallel processing of signals and thus minimize the dead time by high particle event rates (up
to ~ 10 kHz anticipated in total).

Total of 116 signal lines come out from HXD-S: 32 lines (anode and last dynode signals) from the 16 Photo
Multiplier Tubes (PMTs) of the Well units, 64 lines from the PIN diodes (4 per Well unit), and 20 lines from the
PMTs of the Anti units. The signals from the PMT dynode of the Well units go to the pulse shape discrimination
circuit in HXD-AE. The circuit selects the pure GSQ events using the difference in the decay-time of the scintillation
light between GSO (r ~ 100 ns at —20°C) and BGO (v ~ 700 ns at —20°C}. For detailed information of the data
processing, see Takahasi et al. (1998),

2.2. Major Design Features in the Production of HXD-S

Key points in the production of the HXD-S are summarized as follows:

¢ Mechanical design to protect IIXD-S, particularly the dense and brittle BGO crystals, against the vibration
and shocks in the launch.

¢ Thermal design to operate HXD-S at —20°C.

¢ Design of light reflectors to increase the collection efficiency of scintillation lights.
e Llectric noise suppression, especially for the PIN diode.

* Alignment of the Well units and fine collimators.

¢ Choice of materials with the lowest radio isotope contaminations, and low cross sections for the particle-induced
radio activation in orbit.

In the following three sections, we will report the detailed design of the Well unit. the Anti unit and the HXD-S
housing.

3. PRODUCTION OF THE WELL UNIT

The crystal part of one Well unit is 397 mm long, and 185 mm long PM'T plus electronics part is attached on one
side. 1t has 63 wun x 63 mm square cross section, and weighs 4.63 kg, The crystal part is made of scinzillation
crystals. PIN diodes, fine collimators and their support structures. Electronics part consists of a PMT, its bleeder,
a p-metal shield, one PMT pre-amplifier and four low noise PIN pre-amplifiers. Total of 19 Well units have been
produced including 3 spare units. Schematic drawing and photograph of the Well unit arc shown in Fig. 2.
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Figure 2. (top): Schematic drawing of a Well umit. Crystals, PIN diodes, fine collimators. support structures,
reflectors, PM'T and front electronics are shown. The active shielding part forms four wells for collimation, on the
hottom surface of which the b mm thick GSO ecrystals are glued. The 2 i thick PIN diode 1s embedded in the
bottom position of each fine collimator. (bottom): Photograph of a Well unit.

3.1. Scintillation Crystal

The shielding part of the Well unit is made of seven 3 mm thick BGO plates and a block of BGO. These pieces are
glued together by epoxy resin EpoTek 301-2 (Epoxy Technelogy Inc.) which is transparent in the wavelength of the
scintillation light (~ 400 nm).!'®* The active collimation part forms four wells of 320 mm deep and 25.5 nun x 25.5
mm of cross section. The bottom BGO part, originally a cube of 60 mm in one dimension, is manufactured as a light
guide with a conical surface, ending with a cylindrical shape to meet the PMT.

The detection part is made of four GSO crystals, each baving a dimension of 24.0 mim x 24.0 mm x 5.0 mm.
One side of the GSO is glued to the BGO bottom block. We used an elastic silicon compound KEIOR {(by Shin-Etsu
Chemical Co.) to reduce the thermal stress between the two crystals. Remaining five sides of the GSO are covered
with GoreTex sheet? as a light reflector, which is held by white shrink tube. As the scintillation light fretn the four
SO s viewed with a single PMT, four crystals with sunilar light vield at -20°C are grouped. and the thickness of
the GoreTex reflector was controlled for precise adjustment of their light yields. The typical light vield of the GRO
crystal is around 30 % of a typical Nal {Tl), when dircctly coupled to the PMT, and we can collect about a half of
the light when viewed through the BGO bhottom.

3.2. Support Structure of the Well Unit

Each Well unit is separately held at its both ends in the housing structure. "This is for easy replaccment of any
mallunctioning unit. BGO crystal, the main material of the Well unit, 1s dense (specific weight 7.2) and brittle. Tn
addition, the mechanical vibration test level required for each component is very high, 27 G, in the 10 - 2000
Hz range. 'The support structure, therefore, is mainly designed to protect the crystals fromm the severe mechanical
enviconment. In addition, we Lave to align the 16 Well units and 64 fine collimators to an accuracy of ~ 3. Taking
these requirerments into account, we have developed the holding structure shown e Fig. 2 by “top”™ and “hotton™.



The top part of the holding structure consists of (1) a plastic “top cap” segment with a tapercd end. (i1) four
I mm-thick Carbon Fiber Reinforced Plastic (CFRP) plates surrounding the BGO Well, (1t} a layer of damping
materials, aied (iv) a plastic top piece with the same tapering as (1). The top cap, (i}. is made of reinforced plastic
Reny 1022F (polyamid MXD6 with glass powder: Mitsubishi Engineering Plastic Co.), which is easily machinable
and has a coefficient of thermal expansion similar to the BGO crystals. "The cap is glued on top of the BGO Well
using an elastic epoxy (Konishi-bond MOST: epoxy-silicon composite) 1o release the thermal stress. The top cap
serves as an extension to the BGO Wells, and absorbs the stress concetitrating on the end corner of the Well. The
CFRP plates, (1), are glued with epoxy resin Araldite AV1I33/HV998 (hy Ciba Geigy) to bolh the BGO Well and
companent (i), and reinforce the Well rigidity against the lateral vibration. The component, (111), having a thickness
of 2 mum, is made of an RTV silicon rubber and a damping rubber, arranged in mozaic pattern. The RTV rubber
1§ necessary to prevent the layer from creeping under a continuous force. This coniposite damper is particularly
effective for suppressing the lateral resonances of the Well, which occur in the range 150— 1000 Hz. The top piece,
(iv). is also made of Reny 1022F, and its tapered surface fits into a tapered mating structure in the lid of the HXD-S
housing. This structure allows a precise positioning of the Well in the housing. The damping layer is sandwiched
between, and glued to, these two Reny pieces.

The bottom part of the holding structure is of similar destgn as the top part, except that there is no components
corresponding to (i) or {ii). Therefore, the damping materials are directly glued to the BGO bottom block. The
conical surface of component (iv) fits in the conical hole in the bottom part of the IIXD-S housing. By appropriately
applying pressure through the top lid of BXD-§ housing, the two (top and bottom) support structures hold the Well
properly in both lateral and axial directions.

To collect the scintillation light effectively, we use two kind of reflectors. BaS0O, powder is painted on every
surface of the BGO crystals where the support structures are glued. The remaining surface with no paint is covered
with two layers of 250 jun thick Gore-Tek sheet. ‘These reflectors are seleeted by actually measuring their reflectivity.

‘To elitninate the units with mechanical defects, each unit went through a thermal cycle test, ranging from —20°C
to 30°C, after the support structure was glied,

3.3. The PMT Read Out of the Crystal Part

At the bottom end of the BGO crystal, a 2-inch ruggerdized PMT, R6231-07, from Hamamatsuy Photonics is glued
with ~ 0.5 mun thick silicon compound KE108. A ring made of Reny is glued to the eylinder part of the BGO crystal,
and a p-metal tube with a length of 134.5 mn1 and thickuess of 0.5 1 is fixed to the crystal using the ring. The
p-metal tube is used to hold the electronies pari and shields the whole PMT frorm geomagnetism. The operating
voltage of the PMT is set around 900 V,

We measured the light yield of each Well unit with the test electronics at the tetnperature —20°C. Figure 3 shows
the a sample spectrum of the Well unit irradiated by 662 keV y-rays from ¥'Cs. The signal output of the PMT is
fed to a pre-amplifier and then shaped by a shaping amplifier with 1 psec filter, which is taken to be similar to that
of the main shaping chain of the flight model electronics.5% Among the 16 units used for flight. the FWHM resolution
of the GSO peak ranges from 9.95 % to 1021 %. The relative pulse hight of the BGO baottom part compared to
that of the GSO ranges from 0.45 to 0.51, and that of the BGO well part ranges from 0.23 to 0.29. The positional
difference of the light yield in the BGO well part within each unit is less than ~ 4 .

3.4. Fine Collimators and PIN Diodes

Fine collimators are made of 50 pm thick phosphor bronze sheet, arranged to form a & % 8 square channels of 3 nun
wide and 300 mm long each. This limits the FOV of the HIXD to 0°.5T » 0° 57 (FAWHM) in the lower energy band.
The fine collimator becames transparent above ~ 100 keV, approaching the larger FOV of 4.57° x 4.57° (FWHM)
defined by the BGO well.

Outer shell of the fine collimator is made by 200 yom thick phosphor bronze sheet. In the bottom of the fine
cotlimator. the outer shell is extended by 14 mm to nake room to accamodate a PIN diode assembly, The assembly
has a dimension of 23.5 mm x23.5 mm x13.5 mn. Because the assembly is nearest 1o the PIN diodes and (SO,
materials contaminated with fittle or no radio isotope are carefully selected. A chip of silicon PIN diode is glued on
the assembly. swhich has a dimension of 21.5 mm % 215 men % 2 . The photon collecting area of cach diode is
around 256 cii® | depending on the reverse voltage of around 400 V. 'Fhe botton cwd of the fine coliimeter is covered
with altuinized Kapton (see Fig.d).
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Four fine collimators are inserted in each Well unit. They are wrapped with two layers of 250 pm thick GoreTek
sheet to reflect the scintillation light of the BGO well. In addition, the thickness of the sheet is carefully measured
and selected to fit the inner size of each well, to accurately align the fine collimators with BGO active collimator.
The fine collimators are glue to the top cap.

The signal readout of the PIN diode is designed to reduce the electrical noise. This is important to lower the noise
so that the lower energy of the HXD continues to those of the XIS and XRS. A 20 pm thick copper {oil surrounds the
BGO well around the PIN diodes to reduce the electric noise from outside. A coaxial cable from each diode assembly
comes out from the BGO well through a tiny hole cut in the BGO side plate, and runs under the foil and then along
the PMT, down to the pre-amplifier at the bottom of the unit. The fine collimators are electrically connected to the
signal ground of the pre-amplifier.

The noise level of the PIN diode was measured after all the parts of the HXD-S are put together, using the flight
model electronics. The achieved energy resolution at -20°C is around 3.5 keV (FWHM}, and the threshold of ~ 10
keV has been achieved. Figure 5 shows the spectrum of the 14.2 keV K-o line of Sr from radio 1sotope *¥Y | measured
with the PIN diodes (see also § 7).

Counts

IERIRT

30 40 50 60 70
keV

14.2 keV 5r-K

Figure 5. Spectrum of the 14.2 keV Sr K-o line measured with a PIN diode, in the pre-flight calibration. Tem-
perature is set to -20°C. Electronics are of the flight model. We can see that ~ 10 keV lower threshold is realized,
bellow which the thermal and electrical noise dominate.

4. PRODUCTION OF THE ANTI UNIT

Anti units are made of thick BGO crystals having a large stopping power. There are 16 Anti-Side units and 4
Anti-Corner units in HXD-S (see Fig. 1). An Anti-Side unit consists 397 mm long BGO crystal part with support
structure, and 144 mm long electronics plus PMT, and weighs 4.32 kg. An Anti-Corner unit s made of slightly
slimmer crystal and the same PMT, and weighs 2.62 kg.

4.1. Support Structure of the Anti Unit

The support structure is basically the same as that of the Well unit. The Anti unit, however, has a wedge like shape
for weight saving and the top part is very thin. Tt cannot hold itself against the severe mechanical vibrations. A
thick cap made of Reny is therefore glued at the top. In addition, a box like structure made by ~ 1.2 mm thick
angles of CFRP is glued on three stdes of the detector unit to support the crystal {see Fig.6).

As the Anti units act as active shields for the Well units. and also required a moderate energy resolution for
monitoring the transient sources. the BaSOy reflector is painted on all the surfaces of the erystal, except around the
PMT. The composite rubber layer is ghted on the cap and the bottom of the crystal for vibration damping, just like
the case of the Well units.
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Figure 6. (fop): Schematic drawing of Anti-Side unit. The BGO crystal, support structures made of CFRP, and
holding structure made of Reny and rubber are shown., PMT assembly 1s mounted benecath the bathom part such as
the Well unit.  (bottomn): Picture of a flight Anti-Side unit.

4.2, The PMT and the Performance Check

At the bottom part of the Anti unit, a lé-inch ruggerdized PMT, R3998-01, from Hamamatsu Photonics is glued
with ~ 0.5 mm thick silicon compound KE108. It is also surrounded by a g-metal tube, and is operated with a high
voltage around 800 V.

As the Anti unit has a wedge like shape, the positional dependence of the light collection efficiency is rather large.
This lowers the energy resolution, which is measured to be ~ 27 % for 662 keV at —20°C, when uniformly irradiated.

5. HXD-S HOUSING
5.1. Basic Structure of the Housing

The ITXD-S housing is designed to hold the 36 detector units and align the 16 Well units with one another. It also
has to protect the units from the mechanical environments, minimize temperature gradient among the units, and
reduce electrical noise. These requirements should be realized within the limited space and weight allowed to the
instrument.

The housing structure of HXD-S is basically made of three components: the top lid and the center body part
made of CFRP, and the bottom structure made of Magnesium-alloy (see Fig. 7 left}. CFRP is selected not only for
its strength and fight weight It also has a lower coefficient of thermal expansion than the BGO crystal, and will not
stress the detectors once HXD-S is cooled to the operating temperature of —20°C in orbit. The top lid has 64 square
openings matching the FOV of the Well units, and another thin (400pm) plate of CFRP is used to cover them for
light protection. The total weight of the housing 15 27.3 kg.

The electronics attached to the housing are high-voltage power supplies (HVs} for PMTs and PIN diades mounted
on the bottom structure, and the thermometers to measure the temperature of HXD-S. Cables for electrical connection

to HXD-AE 15 placed below the HVs.

5.2. Holding Mechanism and Alignment of the Units

Fach deteetor unit is held between the top lid and the bottom part of the housing. Holders made of Reny are glued
to the top id. while the housing botiom part has a tapered holes where the detector units sit in. The gap between
the crystals of the adjacent detector units are as small as 4 i, to ensure the effective active shielding.
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Figure 7. {left): The design of HXD-S housing. High voltage supply and other electronics are not shown. Top lid
and hody part are made of CFRP. The bottom part is made of Magnesinm alloy.  (right): Concept of holding the
detector units and alignment of the Well unit. Units are held between the top lid and bottom part of the housing.
All the detector units are produced 1o have the same height. In the Well unit, a shim made of Glass Filer Reinforeed
Plastic (GFRP} is put between the Reny cover and the rubber, to adjust the alignment of the unit (in this case, to
the right direction).

The detector units have been manufactured carefully. to attain a dimensional accuracy down 1o ~ [0, This
is important for both alignment and protection against vibration. In addition. we adjusted the alignment of each
Well unit within ~ 3 arcmin (see Fig.7 right).

5.3. Thermal Design

To achieve an operation temperature of —20 4 5°C'. HXD-S is mounted on a cold-plate, which in turn is mounted
on the the lower deck of the spacecraft. The cold-plate is kept in low temperature via radiation cooling and also
cquipped with a heater to control its temperature.

The heat generated in HXD-S is ~ 17 W, half of which is frotu the HVs. Therefore the HVs are placed outside
the Multi-Layer Tnsulator (MLI), thermally insulated from the main body of HXD-5, and radiatively coupled to the
spacecraft. The remaining power is dissipated in the pre-amplifiers and PMT bleeders. In order to lot these heat
flow smoothly into the cold-plate, we used several techniques such as thermal bus bars, silicon rubbers with high
heat conductivity, and so on. The thermal design if HXD-S has been verified in a thermal-vacuum test using the
spacecraft thermal model. Total of 48 thermometers monitor the temperature in HXD-S.

5.4. High-voltage Power Supply

Twelve units of HV are mounted at the bottom part of the housing. Eight of then are for PMTs, producing ~ 800
V. and the other four are for PIN diodes, producing ~ 100 V. They are light-weight (70 g), highly stabilized (0.1
Y0 DC-DC converters with a high output current (< 400pA at 1T kY output) As mention in the last § 5.3, they are
cxposed to the spacecraft thermal environment.



The Well units are grouped into four, with respect to the gain of the crystal and the PMT. Auti units are also
grouped in four in the same way, each having four Anti-Side units and one Corner-unit. Each group is supplied by a
single HV. The power supply and the signal precessing at HXD-AE are also grouped to match that of the detector
units.

5.5. Noise Reduction

The housing structure is made of CFRP and Magnesium alloy. Becanse both have high electric conductivity, they
can shield the detectors from external electro-magnetic noise, The electric ground of the housing and that of the
electronics therein are taken out separately, to reduce the noise in the HXD system.

Power lines and signal lines to HXD-S are handled in 24 groups, 16 for Well units, 4 for Anti units and 4 for
controlling the HVs and temnperature monitoring. They are connected through the connectors mounted beneath the
HVs. To reduce the external common mode noise, ferrite cores arc used for all signal lines.

6. FINAL CONFIGURATION OF THE HXD-§

HXD-S has finally been assembled in May of 1999. We performed mechanical tests, thermal test, and vacuum test to
HXD-5. After these envirenmental verifications, the alignment of the 64 fine collimators were measured. Then HXD-
S was connected to HXD-AE, and calibrations have been conducted in a thermostatic chamber at a temperature of
—20°C.
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Figure 8. The effective area of the HXD. Note that the transmission of the fine collimator is assumed to be that of
the ideal one. The mis-aligniuent of the collimators is estimated to reduce the effective area by about 10 %. Cut off
around 10 keV is due to the cover plate made of 400 um thick CFRP plate.

In Fig. 8, we show the eflective area of the HXD, based on the latest calibration data. Fine collimator is assumed
to be perfectly aligned in this figure. Then, the geometrical area of the PIN diode is 160 em?. and that of the GSO
is 350 cm?. We optically measured the alignment of the 64 fine collimators in HXD-S, and confirmed that they are
aligned within 3.5’ (FWHM) accuracy. This assure an effective transparency of around 90 %. The results will be
cross calibrated in orbit, using the Crab Nebuia.

The room background level achieved in the pre-flight calibration is shown in Fig. 9. Background count is
normalized by the detector effective arca. Background levels of other hard X-ray experiments in orbit are shown
together for comparison. We can see that the IIXD has realized the towest background level.

In the pre-Right calibration, we set the energy range of the PIN diode to 10 — 60 keV, and that of the (SO to 30
-~ 600 keV. The measured energy resolution is 3.5 keV (FWIM) for the PIN diode and 2.4 x \/E(keV) keV {FWHM)
for the GSO. (sec table 1).
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Detector Background Spectra
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Figure 9. Background spectra acquired in the pre-flight calibration, normalized 16 the effective area of the detector.
For the GSQ scintillator, a background including the effects of expected i-orbit radio-activation is also shiown !4,

7. SUMMARY

We have accomplished the fabrication of HXD-S. as well as HXD-AE and HXD-DL. They have successfully passed
the cnvironmental tests. A detailed pre-flight calibration confirm that, the performance of the HXD meets the design
goal of the expertiment, including the threshold of ~ 10 keV of the PIN diode,

5 -l -1

L -5 x107% counts sec™! kel cnmt

and the very low room hackground of
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ABSTRACT

The Hard X-ray Detector (HXD) is one of the three experiments of the Astro-E mission, the fifth Japanese X-ray
satellite devoted to studies of Ligh energy phenomena in the uuiverse in the X-ray to soft gamma-ray region.’™
Prepared for launch at the begiuning of 2000 via the newly developed M-V launch vehicte of the Institute of Space
and Astronautical Science, the Astro-E is to be thrown into a near-circular orbit of 550 km altitude , with an
imclination of 31 degrees.

The flight model has been finished asscmbled this year, and we carried out various tests to verify the performance.
We acquired the backgrouud spectrum at sea level, and confirmed that our system is operating effectively in reducing
the background level. The HXD will obscrve photons in the cnergy range of 10-600 keV, and the caleulations based
on the preflight calibration suggest that the HXD will have the highest sensitivity ever achioved in this CHCTEY FALEC.
We also verified that our electrouic system will maintain its performance against charged particle events expected in
orbit,

Keywords: Hard X-ray Detector, Astro-E, space enviromment, detector backgrounds, electronic system
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Figure 1. A picturc of the HXD set ouboard the Astro-E

1. INTRODUCTION

The difficulty of hard X-ray to pamuia-ray spectroscopy is that the signal intensity from the sonrce is usnally weaker
than detector backgrounds. The main causes of the hackgronud inclnde diffuse gamma ravs. radioactive nuclei due
to the activation of the detector itself, and also cosiic rays such as protous and othier heavy ions. Besides, Compton
down scattering becomes dominant as energy becomes higher. which makes proper siguals to appear as backgrounds
in the lower energy.

Sinee the background level sets the limit of the sensitivity, the Hard X-ray Detector (HXD) prepared to be
onboard Astro-E is designed to minimize them by its improved phoswich confignration. "7 In phoswich (acronvin
of PHOSphor sand WICH)} counters, two crvstals with different decay times are used for the detection part {faster
decay time) amd the shicldiug part (slower decay time), and both signals are extracted by a single photomultiplier.,
Our phoswich counter ensures a low backgronud through the following techuiques.

The main detection part of the phoswich connter in the HXD is a Gadoliniuin silicate crvstal {GSO: Gd, 510, (Cel.
S thick) buried deep in the hottom of the Well-shape Bismuth germanate orvstal (BGO: Bl GeyOq2). The
fprovement is that the BGO shield acts not only as o active shicld but also as an active collimator, which narrows
the field of view (FOV) without enlarging the amonnt of passive material. To cover the lower enerey, we also add
a Silicon PIN djode (2 thick) in the Welll vight above the GSO. (heveafter Well unit, for the combination of the
phoswich counter and PIN diodes.) The tatal observation energy of the Well nnit will range fronr 10-600 keV. Tl
FOV of the Well unit is 176 x 17.6, and since the cosmic X-ray backegronnd (CXBY dowinates the hackgronnd in
the Tow energy had, additional passive collimators mavle of phosphor hronze shicet (30pm thick) are placed juside
the BGO wells, This provides a narrower FOV of 07,56 % 07.56 for the energies below ~80 kel
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On the other hand, it had always been a serious problem for phoswich counters that the trigger rate for the
electronics increases together with the detector volume. T the HXD. we iucrease the photon collecting arca v
placing individual units in a matrix. In this way, cach unit will also act as an active shicld of cach other (Compound
eve confipuration®™ ). We Lave 16 (4x4) Well nnits, and for the outermost units, we have 20 surrounding thick
auti-coincidence counters made of BGO {hercafter Anti units). The total effective area of the GSO and PIN diodes
will respectively be 350 cm? and 160 em?. (see Nakazawa et al in this proceeding for figures and further description
of the detector)

In section 2, we will first describe the data flow in the HXD, and also the selections to be performed against cach
trigger events, The performance of the flight model, assembled this year is reported in section 3 and 4. A picture of
the flight-model HXD set onboard the satellite during the compatibility test is shown in figure 1.

2. DATA FLOW IN THE HXD

A block diagram of the onboard data processing system s shown in figure 2. The HXD is cotuposed of the seusor part
(HXD-8), the analog electronic systein (HXD-AE), aud the digital electronic system (HXD-DE). HXD-AE receives
the analog signal from HXD-S, selects the proper events, and sends thew to HXD DFE through the DAMA Buffers.
HXD-DE then formats the data packets to send them down to ground via the satellite data processor (DP). All the
power are supplied from a power-sapply unit called HXD-PSU.20.21

Looking further in HXD-AE, it cousists of one control board (ACU) and 8 signal processing boards. The latter
is broken into two types, 4 Well Processing Unit (WPU) boards for the Well tits, and 4 Transient Processing Unit
(TPU) boards for the Anti units. While the Well units acquire the data from the target source, the Anti units Lave
the function of monitoring transicut sources, and also gamma-ray bursts. The ACU is provided power fromn HXD-
PSU, and controls the power lines of the electronic boards and also the power-supplies of HXD-S. Tt also monitors the
House Keeping (HK) data, such as the high voltage values or temperatures of the scintillators and photemultiplicer
tubes.

Each WPU and TPU respectively handles 4 Well units and 5 Anti units. As shown in the figure, all WPU/TPU
and ACU boards are connected to the backplane of the AE-box. In order to reject all the Compton events in the
compound eye configuration of the HXD. it is importaut for eacl unit to be informed of the litt pattern of the other
35 units. The backplane is used to place the Lit pattern bus, where the information of Lits of all units are connected,
Besides the hit pattern information, other lines, such as power-lines and clock-lines also run through the backplane,
Further details of the clectronics is described elsewliere, 2123

Sensor (HXD-5)

16 Well-gpe Phoswich Counters

+ 20 BGO Anti Counters
HV control Sensor data
Cal control HK data
Analog Electranics (HXD-AE)
Backplane {Hit Patten Bus, Power-line, Clock line, s )
PowerLine
ACU
time latch

AE statys
.

Digital Electronics (HXD-DE) \\ //// ////
3 lii"? @;@
bi-directional data

fransmission Interrupt

DE System Bus

() A adaprors twith 1 KByte DMA Butfert

Bi-leval
Contral Telemetry Command Status

Satellite Data méﬁ:;al
Processor (DP} Module (PiM)

Figure 2. Block diagram of the data processing system of the HXD
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Figure 3. The signal fiow of the Weil unit. A pair of anode and dynode signal from the photomultiplier and 4 pin
diode signals are processed in one unit.

2.1. Signal Processing of the Well unit

From a siugle Well unit, 6 chaunels of signals are extracted: 1 set of dynode and anode signal from the photomultiplier
tube, and 4 PIN diode signals. The dyuode and PIN signals are first processed by the preamplifter mounted in the
housing of HXD-S, and then seut to the WPU modules in HXD-AE. Since the Well unit is operated in self-trigger
mode, the signal to issuc the peak hold gate must be generated as quickly as possible, especially for the G5O siguals
haviug a decay thne as sinall as ~100 ns. This is the reason of extracting the anode and last dynode signal separately
from the photomultiplier tube.

The signal flow of the Well unit is shown in figure 3. The anode signal is fed directly to a fast amplifier i1 HXD-
AFE to generate the trigger signals. Unlike the charge sensitive amplifier of the dynode signal. the anode amplifier
just simply amplifies the current from the photomultiplier. The pulse width is shorter this way, which is required in
generating fast pre-trigger signals. This also Las a special meaning that thie pulse height of a BGO sigual becomnes
smaller than a GSO signal of same amount of light yield. This is due to the difference of the decay times, and
is a great advantage in our configuration, where we want to reject all the BGO events. Ou the other haud, the
preamplifier output generated from the dynode signal is split into two shaping chains with different time constants:
150 us (fast shaping) and 1000 ns (slow shaping). Each of the shaped signal is then peak held (activated by the
trigger signats) and sent to the Analog to Digital Converters (ADCs).

Since the decay time of the GSO and BGO are different (122 s for GSO and 706 ns for BGO; both at —20°C1?),
the ratio of the fast and slow shapiug pulse hieights will differ hetween GSO and BGO. By the fast shapiug, only the
first portion of the charge is iutegrated for BGO, while the GSO signal is fully integrated. Ou the other hand in the
slow shaping. almost all the charge is integrated for both crystals. Although the fast shaping output is still slightly
lower than the slow shapiug output for GSO signals, we can adjust the gain so as to discriminate the G50 and BGO
eveuts by comparing the fast and slow pulse heights by a cotnparator. This is called the double integration method
for Pulse Shape Discrimination (PSD). A waveforn of the fast and slow shaping output for a G50 and BGO signal
s show in figure 4.

The slow shaper output is also fed into a comparator to generate the Hit Pattern signal. This is the sipnal sent
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Figure 4. A waveform of the output of the fast and slow shaping for a (a)GSO and (b}BGO signals.

to the Hit Pattern bus.

2.2, Event Selection

Since both the GSO and BGO signals are extracted from a single photomultiplicr, and because of the large volume
of the active shiclding, the trigger rate for the analog system is cxpected to be very high, as much as several kHe.
Thus we must be able to effectively select only the events whicly deposit all of their encrgics in the GSO crvstal,
and also reject all the events that have a possibility of wisreading in the pulse height, We will sumnmarize the event
selection at the end of this claper.

Pulse Shape Discrimination (PSD) As described in the previous section, this discriminates the GSG and BGQ
eveuts by comparing the pulse height of the fast and slow shapings. This rejects the BGO cvents and also the
Cotnpton scatterd events which hit both the GSO and BGO in tle same unit.

Hit Pattern Selection Wlile the PSD technique rejects the BGO siguals in its own unit, the function of the
Hit Pattern Selection is to reject the Compton scattered events which hit different uuits, The information of the
Lits of all 36 uuits (16 Well units and 20 Aati units) is latched every time the Well event is acquired. Althougle all
information of 36 units can be used, the most dominant Compton scattering component is the events scattered with
the adjacent units in the energy range of ~600 keV. Considering also that using all units for anticoincidence will
increase accidental rejection, several types of rejection patterns cau be cousidered. The inost adequate is to refer 4
adjacents units, or 8 surrounding units. The sclection pattern can be selected by ouboard software.

Double Pulse Rejection Counting from the activation of the fast anode trigger, it takes 9.8 psec till the AD
couversion is complete. Siuce the counting rate in orbit is assumned to be at most 10 kHz, the piled-up events cannot
be neglected. We mounted a double pulse detection circuit,??  and the result of Judgement is included in the Well
event data.

3. PERFORMANCE OF THE FLIGHT MODEL

i order to acquire the best performance, the HXD is designed to operate at low temperature, —20°C . This will lower
the leakage current of the PIN diodes, and thus improve the cuergy resolution. The resolutiou of the scintillators will
also be improved due to inercasing light yield.!? To test the performance of the flight-model HXD, we set HXD-S in a
thermostatic chamber with the temperature set at —20°C . The signals were extracted to the flisht-model HXD-AE
through a 4 m cable, siinilar to those used ouboard the satellite, and data acquisition was doue hy a prototype mode]
of the digital electronics (HXD-DE).
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Figure 5. The linecarity plot of the electronics acquired by inputting a test pulse in to HXD-AFE. Tle lincarity of
the preamplifier is not included. The commandable gain of the amplifier was set at the default value,

3.1. Linearity of the Electronics

Before acquiring the data from the seusor, we measured the linecarity of the electronies by inputing a test pulse iuto
HXD-AE. The measured pulse height luearity and residnals are plotted in figure 5. The horizontal axis is the encrgy
couverted from the pulse ieight of the test pulse. For couversion. we used the typical value of encrgy to preamplifier
output voltage, 550 keV = 1 V for the phoswich counter, and 60 keV = 20 1V for the PIN diodes. The dotted line
in the residual plot shows our definition of the 'linear region’, that is £1% for the ploswich counter.!® and + 4%
for the PIN diodes.!? It is less strict for the PIN diodes hecause the dynamic range is sialler, and thus the nunber
of ADC chaunels is smaller. (4096 channels for the plioswich counter, and 256 chanunels for the PIN diodes.)

We can see that the linear region is 40-700 keV for the photowmultiplier, aud 7-60 keV for the PIN diodes. The
upper limit indicates the saturation of the shaper, while the lower limit results from the linearity of the peak hold
circuit. Thus we must remind that the Huear energy region’ can be shifted by selecting the conunandable gain of
the shaping chain. According to the results, we made a look-up table for correctiug the ADC chanuel to cuergy,
including the lower and hLigher energy regions where tlie output starts to deviate from linear.

3.2. The Background Spectrum

As written  the introduction, in hard-X ray to gamma-ray spectroscopy, it is most inportant that the backpground
level is kept low. Thus, we first measured the background spectrum at the sea level aud verified the performance of
cach event selection as well.

3.2.1. Selection by Pulse Shape Discrimination

Figure 6(a} shows the acguired background spectrum of a typical Well unit in a fast-slow plane, where the vertical
and lLorizoutal axes represents the fast and slow shapiug pulse height. In this way. we can see two branches with
different iuclination, detonstrating the separation of GS0 and BGO. The events between the two brauches are the
Compton scattered events, whose time constant s a mixture of the two. The evenuts selected by PSD is shown in
figure 6{b). We can see that all the BGO and Compton events are effectively rejected. Below the GSO branch, we
can see a narrow branch. Decause of the very fast time coustant, they are thought to he due to Cherenkov light
generated iu the glass of the photomultiplier. The total counts iu this narrow branch is 5 - 10% of the GSO couunts,
and we will have to treat these events carefully.

Figure 7 is the encrgy spectrum {equivalent to the horizontal projection of the spectrum in figure 6) demnonstrating
the performance of the PSD. The top panel represents the total backpgronud cuergy spectrum together with the
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Figure 6. Tle cffect of the Pulse Shape Diserimination (PSD) on the GSO background spectrum in a fast-slow
plane of a typical Well unit. (a) Total spectrum. (b) The events selected by PSD.

spectrutn after the selection: the latter can hardly be seer. indicating that the spectruan is deminated by the BGO
and Cotupton ¢vents. The bottom panel shows the enlargewment of the selected GSO spectrumm.

In the GSO sclected spectrum (figure 7 bottom). a peak around 360 keV is seen. This is due to the intrinsic
radioactivity of »?Gd in the GSO crystal (abundance 0.2, 2.20 MeV a-decay, half-life 1.08 x 10! vear).% 1 This
has been kuown as the most dominant backpround at this cuergy. The total number of the GSO signal was 1.16% of
the total trigger signal, and the clear prescuce of the Gd peak in the selected spectrum shows that the PSD filtering
effectively suppresses the BGO and Cowmpton siguals.

3.2.2. Selection by Hit Pattern

Figure 8 shows the performance of the Hit Pattern selection for G50, and also for the PIN diodes. The three lines
indicate the spectrum selected by PSD {(top), after further applying the Hit Pattern selection by 4 adjacent units
(iddle), and that using 8 surrounding uuits (bottom). For the PIN diodes, we also rejected the events whicl hit
the BGO or GS0 in its own Well unit. We can see that the Hit pattern sclection effectively lowers the background
levels, by keeping the flux of the intriusic Gd peak almost unchanged. We can also see that using all 8 surrounding
units for rejection further improves the background level. However, increasing the number of units will cause larger
numbers of accidental rejection, which is equivalent to deadtime increase.

We will smmarize the selected counts by each sclection stage in the energy range of 30-608 ke'V for the phoswich
counter and 10-60 keV for the PIN diodes in table 1. For the phoswichi counters, we can see that 2,79 of the total
counts is sclected by PSD, and 57% of the selected events are further selected by Lit pattern. Ou the otlhierhand,
conceruing the counts in the Gd peak, which is known to be intrinsic, only 2.5% was rejected by hit pattern. This
indicates that the lit pattern is effectively rejecting only the Compton events, and does not degrade the signal
acceptance.

The resulting background level at the sea level was ~ 2x 10~ cts an s eV lar 100 keV, and ~ Tx 1076
ety e 25T ke Vo lat 200 keV for the plioswich counters, and ~ 1x107" ¢ts cn =25 TkeV"lat 30 keV for the PIN
diodes. This is the lowest background level we have reached througl: out our developnient, including the balloon
experiments.” This coufirms that our svstem is operating as expected in lowering the background level,
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counts

counts

phoswich counter (%)

PIN (%)

total count
PSD selection
HP selection by adjacent 4 uuits
HP sclection by surrounding 8 units

1281646 ( 100 %)
34308 ( 2.68 %)
19573 (1.53 %)
18165 (1.42%)

19214 (100 %)
12326 (64.1%)
11961 (62.2%)

Table 1. The selected counts in each selection steps for the background spectrumn for the G50 and PIN events.
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3.2.3. The Expected Background Level and Sensitivity

In orbit, the background level is expected to increase because of the radio-activation due to charged particles pene-
trating through the scintillators. Figure 9 represents the expected background specrum in orbit. The activation was
simulated based on experiments of irradiating the scintillators by energetic particle beamns, and the protou flux in
the orbit of 550 ki altitude at solar minimum was asswined.'® From the expected background level, we can roughly
estimate the detection Hmit of the HXD.

The sensitivity of a detector for a continuwin spectruin is determined by the fluctuation of the background [b(E)
cts em 257 ke V] at a certain cnergy range [center E(keV): bin width AE]. The inteusity necessary for a detection
i a 3o significance by a Ty sec observation can be written as

3
n(E)

S(E) =

where 4 and 3(E) stands for the geometric arca and the full peak efficiency of the detector. By adopting the expeeted
background level and AE/F = 0.5 for the bin width of the energy spectrum, the detection limit can be caleulated as
in figure 10{a). Similarily, the sensitivity for line emission can be written as
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where 0 stands for the resolution of the detector. The caleulated seusitivity is plotted in figure 10(b). We also

plotted the seusitivity of HEXTE onboard XTE and PDS onboard BeppoSAX, calculated u the

same way, We can

sce that the HXD has the highest seusitivity in the encrgy range of 10-300 keV,

In the HXD, instead of rocking observation, we plau to perform background
ground, as was done iu the LAC detector in Ginga satellite.

the

wodeling.
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subtraction by wmodeling the back-

® Thus the sensitivity is to depend on the accuracy of
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Figure 11. The separation of the GSO and BGO at different cunergies.

3.3. The Spectrum of Line y-rays
3.3.1. The Performance of the PSD using Lines

As in the previous section, the PSD technique is the key in selecting the pure G5O events. However, since the GSO
and BGO branches have a fiuite widths, they become closer as the energy lowers, and may start to mix with each
other. Here, we will examine the separation of BGO and G5O branches ou the fast-slow plane line 4-rays. Figure
i1 is the spectrum on a fast-slow plane obtained by irradiating a 133Ra isotope, which ewit monochromatic ~-rays
at 31.0 keV, 35.0 keV, 81.0 keV, 303 keV, and 356 keV. We can see 4 dark points in the GSO brauch, representing
cach lines froin the isotope.

To study the separation in differeut encrgies. we cut the spectrum with a line perpendicular to the GSO line, as
in the left pancl. The right panel shows the projection ou to the perpendicular line. The peak ou the left is the BGO
peak. and we can see that two peaks approaching each other as the energy lowers. However at the lowest cuergy,
ouly the GSO peak is present. This is the effect of the fast amplifier for the anode signal which makes the threshold
level higher for the BGO events (section 2.1}

3.3.2. The Resolution

For preflight calibration perpose, we acquired the line spectra using several radioacitive isotopes. The motopes we
used are listed in table 2. We did the same event selection as the background data, that is, selection by PSD. and
also Hit Pattern. Events that hit the shielding part are suppressed, and the remaining are those which deposited
all its cuergy in the main detection part (GSO or PIN). We will show the spectra of lines from different isotopes in
fisure 12. Note that the 31 keV Ka line of the ' Ba is clearly seen by GSO. The spectrum acquired by the PIN
diodes are also shown in the same figure.

The energy resolutions for the PIN diode and GSO of a typical unit is summarized in table 2. We verified that
the resolution of the PIN detectors meets our original goals, 3.5 keV at all energy.
3.4. The Power Consumption

It is nnportant that all the elements satisfy the strict coustraints due to space environments such as space. power.
and also reliability of cach parts. We summarize the final electrie cirrent and power conswnption of the HXD in
table 3.
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Table 2. The energy resolution for the 4-ray lues measured at —20°C by the phoswich counter.

Isotope | Energy (keV) | resolution(FWHM) by PIN {keV) resolution( FWHM) by GSO (%)
103 Ca 22 3.6+ 0.1 -
M Ba 31.5 3.6 £ 0.1 -
132Fu 41.1 3.5+ 0.1 305 + 0.6
M Am 59.5 3.5+ 006 2856 £ 0.4
13 Ba 81 - 230+ 1.3
172Ey 122 - 18.8 £ 0.5
'5*Eu 344 - 123 £ 0.2
*2Na 511 - 9.8 0.2
+12VA  -12VA 45VA 4+5VD -5VA total
HXD-S {(mA)} 920 90 43 0 120
(W) 110 L1 02 00 06 129
HXD-AE (mA) 1100 116 1100 560 986
{W) 13.2 14 5.5 2.8 49 278
HXD-DE{inA) 3.0 0.0 0.0 1620 0.0
(W) 0036 00 0.0 51 00 5.1
S+AE+4+DE (mA) 2023 206 1143 1580 1106
(W) 24.3 2.5 5.7 7.9 3.5 439

Table 3. The clectric current and power cousumption of the HXD
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Figure 14. The preamplifier output for a 100 Meb
pulsc using the mnproved cireuit {sce Appendix). The

AMeV signal is simulated by an light pulser. and we ; . o
recovery time is reduced to ~50 g,

can sce that the recovery time was more than 6 ms.

4. STABILITY OF THE ELCTRONICS AGAINST CHARGED PARTICLES

As written in previous sectious, the trigger rate for the analog system in the Hard Neray Detector is expected to be
as ek as several kHz. Charged particles are also a big matter. These include geomagneticaly trapped particles
{(taiuly protons) and primary cosmic rays. and because the cnergy loss of a charged particle is proportional to the
density and size of the detector, it becomes ceritical for the HXD utilizing a large and lieavy scintillator for active
shicldiug, The cuergy loss at the detector is estimated to be typically ~100 MeV, which is 3 to 5 orders of maguitude
larger than the target energy. This is well above the saturation level of the ammnplifying system, and a long clectronic
recovery time would affect the following signals.

By the trigger logic, we inhibit the following triggers until the cirenit has fully recovered to the initial state. so
as to acquire ouly the eveuts that are not affected by charged particles.2!  However, if tlhe recovery time were too
long, the deadtime caused by them would result to be long. Problewns of large deadtime cansed by charged particles
have also been reported from detectors on carlier satellites.!®19

Thus it was preinse to take these effects into account from the designing phase of the analog clectronics. In order
to make it strong for large pulses and also for high counting rates, it is tmost important to make the system to recover
quickly for cach sigual. It is also important to do these measures from the very front-cud of the sigual processing
chain.

Cousidering the requirenents above, we designed the front-end electrouics of the phoswich counter with a great
care. We first attempted to nuderstand the beliavior of the circuits during the recovery, and then scarched for the
design to minimize the effect. In this chapter, we will show the stability of our clectronics against charged particle
events, and also agaiust high counting rates.

4.1. The Phoswich Counters
4.1.1. Tests by Simulated Pulses

Iu order to shorten the recovery time of the sigual frow the phoswich counters. we studied the design of the voltage
devider of the photomultiplier (bleeder) together with the preamplifier. Figure 13 shows the waveform of the preamn-
plificr output of a 100 MeV deposit signal using our first design front-end clectronies, For all the wavefonin of 100
MeV deposit sipnal shown i this paper. we utilized a light pulser made of an ' Am source encapsulated in a small
Nal{Tl) scintillator. The 5.486 MV a-particle from the 242 A is absorbed by the Nal, and since the light vield of
Nal is large. we can casily simulate a 100 MeV-like signal by raising the high voltage of the photowultiplier. We
can sce that the it took more than ~6 ms to recover to the iuitial level, Siuce the expected counting rate of charged
particles are ~200 Hz at most. this would result in 70 % deadtime. The recovery titue was iinproved to ~50 s nsing
the improved creuit. The waveform is shown in igure 14, Details of the bleeder design is written i the Appendix,

In order to verify the tolerance of the clectrouies of the phoswich counters against large pulses, we wsed a Light
Ewnitting Diode {LED) to inject a large light pulse into the photowmltiplier tube, We can achicve a pulse with the
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Figure 15. The deviation of the spectruin of 137Cxs i a fast-slow planc, due to injection of 100 MeV deposit signals,
Tle improvement of the front-cud electrouics can be seen.

desired energy by controlling the pulse height of the signal put onto the LED, and the input rate was controlled by
a random pulse generator. We also irradiated a combination of a small GSO aud a small BGO crystal attached to
thie photomultiplier tube by a 662 keV 5-ray from a 137Cs isotope. We kept the 7Cs count rate coustant while
varying the rate of the 100 MeV pulse, and monitored the change in the spectrum, Since diodes are known to have
temperature dependence. we did the measnrement iu two different temperatures. Ouboard the satellite. it is expected
to he around —10°C .

The spectrnm of GSO irraddiated by ™ Cs in a fast-slow plane is shown in figure 15, We compared the front-emd
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circuit based on the first design and the improved circuit used for the flight model. (a) is the spectrum irradiated
only by ¥7Cs, where the two branches representing BGO and GSO are separated dearly. The branch with the Hatter
inclination is the GSO events. Paunels (b) and (c) shows the spectra with 200 Hz and 1 kHz LED iuput, using the
original circuit. The hottom pancls, (d) and {¢) shows the spectra using the inproved cirenit. The improvement in
the spectrumn is clear. Ou 1 kHz iujection, while the spectrum obtained by using the original circuits shifts and gets
out of shape, the spectrumn obtained by using the new circuit stays almost at the same position. This is totally due
to the quick recovery awd the low overshoot pulse lieight.

The measured peak shift is plotted in figure 16. The horizontal axis is the counting rate of the 100 MeV input
signal, and the vertical axis is the relative peak of the *7Cs spectruin. The shift is ~ 1% for 500 Hz input, aud
2.5% for 1 kHz input. Siuce the counting rate of charged particles in orbit are expected to be ~200 Hz at most, this
would be suflicient for our purpose. We also found that the peak begins to shift to the higher side at ~4 kHz. This
can be understood as follows. When the anode eurrent becomes very large, the bleeder current will be insufficient to
generate the proper ladder voltage. Since the total voltage ou the bleeder ladder is always coustant. the voltage upon
the other downstream resistors will be higher, which makes the gain higher. (see figure 24 for the bleeder circuit.)

We also verified the tolerance of our electronics against high counting rates of a normal encrgy pulses. We used
the 511 keV line from a ?2Na isotope, and monitored the spectrum as increasing the counting rate by changing the
distance of the isotope. The result is shown in figure 17. We can see that the shift in the peak is 1.5 % at 10 kHz,
the expected maximun counting rate. Counsideriug that the resolution at this energy is ~10 %, we conclnded that
this is also a sufficient performance for our observation.

4.1.2. The Vetos in the Flight Model

We nust remark that all the results presented so far in this section were obtained without using vetos geuerated
from upper discriminators as in the fight wodel. The importauce is that the change in the speetrum is kept at the
above level even without using vetos.

In the flight-model HXD. we have two types of vetos considering large pulses; The upper level diseriminator (UD)
and the super upper level diserituinator (SUD). The former is the regular UD generated from the anode signal, whose
threshold is set around 1 MeV. This also prevents triggers duce to after pulses of the plhotomultiplier produced by
large signals. The anode amplifier output for a 100 MeV deposit signal is show in figure 18. The waveformn on top
is the input of the UD comparator, and the bottow is the output. We can see that many fake pre-trigger signals
appear due to after pulses of the photomultiplier, and they are inhibited by the UD veto.

The second one, SUD, is generated from a totally different patl. The waveform of the preaanplifier output for a
100 MeV deposit pulse is shown in figure 19, together with a 122 keV signal. The comparator is set to detect the
overshoot portion of the preamplifier output. and thus the width will be cuergy dependent. However, since there is
a delay of several gsec until the SUD signal is activated. we must guarantee the UD width to be lorp enongl il it
Is activated.
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4.1.3. Tests using Charged Particle Beams

Since all the charged particle events in the above discussion were simulated by either LEDs or light pulsers, we also
performed two heam tests to see the actual effect. The first one was the proton beam in High Encrgy Accelerator
Rescarch Organization (KEK) in Tsukuba. The main purpose was to verify how long it takes for our clectronics to
recover after the iujection of charged particles, and also reflect it to the width of the vetos in the Hight model.

Figure 20 represeuts the performance against charged particles that we acquired in the second beam test at
National Iustitute of Radiological Science (NIRS). Here, we used the 2C beam with the cuergy 400 MeV/c. For
the electronies, we used the “nearly flight-model” AE module which consists of the sane cirenit boards as the flight-
model AE — the ouly difference is that not all eletnents are the MIL standards used ju the flight model. For the
data acquisition, we used the Grouud Support Equipment (GSE) system which was newly developed by our group.?2
The figure shows the spectrum of GSO irradiated by the 662 keV y-rays from ¥7Cs . The solid and dotted line
respectively represents cases with and without the irradiation by the 12C beam. The shift of the peak is within
the error bars, and no particular difference was seen in the spectrun, confirming that the data acquisition system
including the vetos is working fine. We also acquired the spectrum without using the vetos, and weasured a peak
shift of (125 %, which is also negligible. The peak height and resolution is summarized in table 4. The counting rate
was not very high, ~300 Hz per spill, but considering the counting rate in orbit, this should a reasonable value.

Table 4. The difference of the obtained peak and energy resolution for the 662 keV A-ray line

Condition peak {ch) | resolution(FWHM) (%)
Beamn off 2418 £ 1 9.6 + 0.1

Beam on, Vetooff | 2423 £+ 1 9.3+ 0.1

Beam on, Veto on | 2416 4+ 1 9.4 4+ 0.1

4.2. The PIN Diodes

During passages through the South Atlantic Anomaly, we plan to use the PIN detectors to mouitor the counting
rate of charged particles. (The high voltages of the photomultiplier tubes will be turned off — the countiug rate
will be enormous.) Thus, although the volume of the PIN detector is much swaller than the scintillators. we had to
guarantee the electronies to maintain its performance against charged particles.

Similar to the bleeders of the phoswich counters, we mounted a clamping stage in the shapiue chain to shorteu

tal (=
the recovery.® Inorder to see the performance, we generated a 30 MeV deposit pulse by inputing test pulses inteo the
preamplifier. togetlier with the Neray signal from the PIN detector. We irradiated the PIN detector with an 28 Am
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isotope and monitored its speetruin. The result is shown in figure 21, The horizontal axis represeuts the mput rate
of the 30 MeV signal, and the vertical axis is the relative peak. We can see that the shift in the peak is much smaller
for improved design used in the flight model, whicl was less than 1% at 1 kHz tuput.

We also veritied the stability against high counting rates of a regular X-ray signal. We wmonitored the spectrum as
inereasing the X-ray count rate by closening an *! A isotope. The result is shown in fipure 22, There is not much
differenee in the two types here, and the shift is the peak is fess than 1% until 2 kHz. Considering the counting rate
of the PIN diodes. we regarded the results as a suflicient perforinance.

5. SUMMARY

The performance of the Hight-model HXD was verified, and we confirmed that the background level of both the
phoswich counters and PIN doides at sea bevel is in the lowest level we have reached through out our developuieut.
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Tlie expected seusitivity in orbit was caleulated based on the results, and the HXD is expected to have the highest
seusitivity in the energy range of 10-300 keV. This also confirms that our systein Is operating properly in selecting
ouly the pure GSO or PIN events. We also obtained the spectrimm from line -rayvs and confirmed that the 31 keV
line {lowest energy end for the phoswich counters} can be clearly detected.

Considering charged particles, we did careful design on the frout-end clectronics, and succeeded in reducing the
recovery time much shorter thau the original design. We verified the stability using the flight-imodel cleetronics, and
confirmed that our system will waintain its performance within the expected counting rate in space. The tests of
the satellite is still underway, preparing for the launch in January, 2000.

APPENDIX A. THE BLEEDER DESIGN

The bleeder is the very frout clectronics where the ltigh voltage is divided by ladders of resistors to he put outo
cach electrodes in the photomultiplier tubes. The voltage division ratio is followed by the HAMAMATSU catalog
{R6231-07), and the resistance values are set high, 1 Mf), so as to reduce power.

As deseribed in figure 23(a), a capacitor is mounted at the output of the bleeder to decouple the high voltage
(C.). This may be needless if the photomultiplier tube is operated in negative high voltage, but this is ot preferred
because the high voltage will be put very near the photo cathode, and atmospheric discharge may oceur.

Sinee the charge at the dynode or anode is divided to the capacitor (C.) and the resistance (Ry) by their impedance
ratio, a large capacitor is preferred to extract all the charge. On the other hand, the discharging time is given by the
product of this capacitor {C.) and the feedback resistance of the preamplifier (Ry). Thus we lowered the values of
the capacitors and resistors as small as possible, hut not affecting the performance to norinal 4-rays. We found that
we can reduce the recovery time to 130 s by lowering the decoupling capacitors and and resistors, wlich is shown
m figure 23({b). However. we cau also see that the overshoot has become larger.

We found that this overshoot results mainly from the the capacitance and zener diode mouwnted in the bleeder
ladder, which shifts the voltage on B together with A. When a large current flows, the charge at the anode dischiarges
rather quickly, but since the charge at the dynode C, must discharge via the bleeder ladder, it causes a long positive
sigual. We also verified that the overshoot will be prevented if we take away the capacitor and zener diode away.
However, the zener cannot be taken away in order to keep gain stability. Thus we planned to install a clamping stage
at the output so as to discharge quick at large inputs, as written below.

In order to discharge only in case of large signals, we first tried mountiug a zener diode parallel to the resistors (Rg
in figure 23(a)) In this case, the clamping begins to work when the current increases and the voltage on R, reaches
the zener voltage. The effect of the clamp was evident, with smaller and shorter overshoot, Howcever, although this
behaved very well for large pulses, there was a problem that the capacitance of the zeners are large (~100 pF) that
the charge would be separated to the zener and the outpnt. This reduces the pulse height of the extracted signal.
whicl is undesirable. We tried preventing this by several ways, adding extra parts, but they all kad merits and
denerits.

(a) Hv (b) Tek W z_sung.;s . 179 Ac?s '
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Figure 23. The current flow of the last two stages of the bleeder {a) and the waveform of tle preamplifier output
for a 100 MeV pulse using the bleeder revised by adjusting the values of capacitors and resistors, (L)
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Figure 24. The circuit diagram of the imnproved bleeder used the flight-model HXD.

Thus we concluded to use a regular diode - the capacity is as small as ~2 pF. The concern was the voltage 0.7
V too low for the begiuning of the diode clamp, so we put two diodes in serial. We also lowered R, from 100 k2
to 50 k2. This will retard the begging of the clamp for DC currents. {It is the same for AC currents because the
impedance lowers, and twice current flows to the R,.) We found that the recovery is even quicker than the case using
a zener. The output waveform for a 100 McV deposit pulse is shown in figure 14, We cau see that tle overshoot
pulse height wlich used to be 3.5 V is reduced to ~250 mV., less than one order of magnitude, anud the recovery time
from 130 ps to 50 ps.

A.1. The Limit of the Anode Current

Since the current must conserve in the bleeder, (figure 23{a}), we can cousider the anode current {and the in-pipe
current) a portion of the bleeder current flowing in a differeut path, aud thus it should have a limit depending on
the bleeder current,

In order to see where the linit of the anode current is, we used a Light Emitting Diode (LED) to inject a
coustaut light into the photomultiplier tube. This will produce a DC anode current, which is easicr to monitor. We
also irradiated a combination of a small GSO and small BGO attached to the photomaltiplier tube, by a 662 keV
y-ray from 137Cs. We kept the ~-ray counting rate constant, aud monitored the ~-ray spectrum while increasing the
intensity of the LED. We also monitored the voltage upon R, so as to measure the anode current at cach moment,

The resulting plot for the original and new bleeder is shown in figure 25. The horizoutal axis is the calculated
anode current from the measured voltage upon R, and the vertical axis is the relative peak of 662 keVin the acquired
W Cs spectrum. We found tlat the pulse height begins to decrease when the anode current reaches ~ 15 A, using
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Figure 25. The limit of the anode current iu the bleeder using the diode clamped bleeder.
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thie diode-clamp bleeder, This is expected to be where the diode clamp begins to work. We also found that the effeet
is swaller for the faster shaping pulse. This can be uuderstood cousidering that the diode clamp is equivalent to
a differentiation stage. which starts to work when a large signal injects. This also indicates that in case the anode
current happeus to inercase by very high counting rates in space, we can at least use the fast shaping for pulse lieight

information.
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