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ABSTRACT

Imaging observations in 10–100 keV region (hard X-rays) have a crucial importance to explore non-thermal
phenomena in the Universe, massive black holes hidden in galaxy’s nuclei and the nature of the Cosmic X-
ray Background. Hard X-ray imaging instruments have been developed for balloon experiments. Hard X-ray
telescope is a focusing optics employing multilayer-supermirror hard X-ray reflector and has an effective energy
band up to about 50 keV. Hard X-ray imagers such as pixelated CdZnTe, position-sensitive NaI, and scintillator-
coupled CCD are prepared as well. US-Japan collaborative program InFOCµS has succeeded multiple observation
flights since 2001, and observed various objects such as Cyg X-1, Her X-1, 4U0115+63 and a few extragalactic
objects. SUMIT is another balloon program using new hard X-ray telescopes developed based on InFOCµS
technology. SUMIT carried out its first observation flight in 2006.

1. Science With Focusing Optics In 10-100 KeV Region

The hard X-ray imaging observation by means of optics is one of key technologies for upcoming X-ray missions
of the next generation. The imaging observations above 10 keV have great importance to explore hard X-ray
universe. Investigation of non-thermal emissions from clusters of galaxies is one of the probes to understand
particle accelerations in the universe. Massive black holes embedded by thick obscuring matters in galaxy’s
nuclei, Compton-thick AGN, are another category of objects unexplored so far.

Another science driver is to explore new electromagnetic spectrum region. It is well known that the hard
X-ray spectrum of the Cosmic X-ray Background radiation cannot be reconstructed by extrapolating well-studied
soft X-ray (<10 keV) population to higher energies. It is a clear indication that the nature of X-ray objects are
still not fully known in hard X-ray region, or significant fraction of objects have been missing from soft X-ray
surveys so far. The nature of CXB has been deeply understood in soft X-rays only after deep survey observations
had been carried out. Important science goal of imaging observation in hard X-ray region is to understand source
population in this energy region that leads to understandings of high energy phenomena in the Universe and the
origin of long-standing mystery of the CXB.

Further author information: Yasushi Ogasaka : E-mail: ogasaka@u.phys.nagoya-u.ac.jp, Telephone: +81-52-789-2918



Figure 1. InFOCµS science instruments; left:Hard X-ray Telescope, right:CdZnTe Pixel Imager

Figure 2. SUMIT science instruments; left:Hard X-ray Telescope, center:HXI, right:SD-CCD

2. Technology : Hard X-ray Imaging Instruments

2.1. Hard X-ray Telescope

X-ray telescopes fabricated for satellite missions all employed total external reflection by smooth surface of
metal. The total external reflection only occurs at grazing angle smaller than the critical angle. The critical
angle decreases almost monotonically as a function of energy, therefore in hard X-ray region design of efficient
reflective optics is very difficult. The practical limit of previous telescopes is about 10 keV.

The use of multilayer reflector instead enables optical design with larger incidence angle and thus higher
efficiency. The principle of multilayer reflector is interference by periodic structure (Bragg’s reflection), therefore
it is especially efficient in hard X-rays where photoelectric absorption diminishes gradually. Wide angular and
energy response can be obtained by grading periodic length into depth direction (depth-graded multilayer or
multilayer-supermirror, Yamashita et al. 1998 and references therein).

Another important aspect of hard X-ray telescope is that it requires high aperture efficiency. Unlike soft
X-ray region, photon statistics is very low. Therefore high-throughput optics is preferred to collect as many
photons as possible. XMM-Newton-type optic is suitable for hard X-ray telescope for its high aperture efficiency.
Considering mass-to-area ratio, ultralight optic such as Suzaku/XRT is one of realistic choice. We have been
developed hard X-ray telescope using Suzaku thin-foil optic technology (Serlemitsos et al. 2007.)

Multilayer-supermirror hard X-ray telescopes fabricated for InFOCµS and SUMIT balloon programs are
shown in figures 1 and 2. InFOCµS mirror was developed jointly by NASA/GSFC and Nagoya University, and
is using basically same optic as Suzaku except for focal length (e.g., Okajima et al. 2002, Berendse et al. 2003,
and the references therein), while SUMIT mirror employs slightly larger optic developed at Nagoya University
(e.g., Shibata et al. 2005, Miyazawa et al. 2006, Ogasaka et al. 2006.)

2.2. Hard X-ray Imager

As photon’s penetrating power increases, it becomes more difficult to stop hard X-rays. CCD imager is well
balanced and high performance detector below 10 keV, but this silicon-based device lose efficiency in hard X-ray
region. Gaseous or liquid detecting medium seem less promising, although various researchers continue innovative
development. Use of high Z semiconductor materials such CdZnTe/CdTe or scintillator are widely recognized
as standard detection method in hard X-ray region. For imaging observations position sensitivity is required.
Especially as focal plane imager of focusing optics, real imaging capability is needed. Pixelation, either physically



as seen in semiconductor pixel array, or electronically like CCD, is one of the method to gain imaging capability.
Position measurement can also be done with single detection cell and multi-anode readout. Various instruments
have been proposed and developed.

For InFOCµS balloon program CdZnTe pixel array has been developed at NASA/GSFC (e.g., Baumgartner
et al. 2003, Okajima et al. 2005, fig. 1). For SUMIT balloon experiment, scintillator coupled with multi-anode
PMT (HXI, Tamura et al. 2006) and newly invented scintillator-directly-coupled CCD imager (SD-CCD, e.g.
Miyata et al. 2006 and the references therein) have been developed at Nagoya University and Osaka University,
respectively (fig. 2).

3. InFOCµS : International Focusing Optics Collaboration For µCrab Sensitivity

InFOCµS is the first program that succeeded to image celestial object in hard X-ray region above 10 keV by
means of multilayer optics. InFOCµS succeeded test flight in 2000, and then first observation flight in 2001.
In 2001 flight we observed Cyg X-1 in 20 to 40 keV region and proved performances of hard X-ray imaging
instruments on board (e.g., Ogasaka et al. 2002.)

In fall of 2004 InFOCµS performed scientific flight in New Mexico (fig. 3). With about 23-hour flight we
observed Cyg X-1, Her X-1, NGC 6240, Abell 2142, and 4U0115+63. A recursive X-ray pulsar 4U0115+63 was
in outburst according to observations by INTEGRAL and RXTE, and InFOCµS succeeded to image this object
with very long exposure (e.g., Ogasaka et al. 2005, Okajima et al. 2005).

InFOCµS is now in new budget term, and next flight is scheduled in mid 2008. Entire experiment will be
renewed for the next flight. Gondola structure will be modified so that near-azimuth pointing is possible. Focal
plane imager is planned to be 100-micron strip CdZnTe, to obtain better position resolution. Performances of
hard X-ray telescope will also be improved. With better reflector figures image quality will be improved from
current 2.5 arcmin to 1 arcmin. This will also lead to an improvement of geometrical throughput, and thus
effective area.

InFOCµS is a joint program between NASA Goddard Space Flight Center (PI : Jack Tueller), Nagoya Univer-
sity, ISAS/JAXA (on international affairs), University of Pennsylvania (for Star Camera subsystem in 2004 flight
campaign) and other collaborating institutes (visit http://infocus.gsfc.nasa.gov/ for more informations.)

4. SUMIT : Supermirror Imaging Telescope Experiment

In parallel to InFOCµS program, SUMIT experiment was launched to expand an opportunity of hard X-ray imag-
ing observations using hard X-ray telescope. SUMIT is also regarded as a path-finder mission towards NeXT satel-
lite mission (e.g., Takahashi et al. 2006, also visit http://www.astro.isas.jaxa.jp/future/NeXT/index.html.en
for details), and instruments are developed by Japanese community. Balloon flight is operated in Brazil by
ISAS/JAXA , and SUMIT is the first experiment among a series of large-payload missions, which assume
launches from Brazil.

The first flight of SUMIT was carried out in Sanriku Balloon Center in Japan in May 2005, using test
gondola where main instruments such as telemetry/command system, batteries, attitude sensors and focal plane
instruments were mounted. This was the payload verification flight required before proceeding to full scientific
flight, and all instruments except for mirrors and pointing actuators were tested. Mirrors had already been
verified through InFOCµS flights, and pointing actuators were tested in thermal-vacuum environment on the
ground.

SUMIT was launched from Cachoeira Paulista, Brazil for its first scientific flight in Nov., 2006 (fig. 3).
Launch operation was performed by ISAS-INPE collaboration team using BJ500 zero pressure balloon launched
by Semi-Dynamic Launching Method. Performances of focal plane instruments and pointing systems were fine,
but unfortunately data transmission suffered from malfunctions of communication link and troubles of ground
station. Science data was not fully accumulated during the flight. Unexpected change of float wind direction
had made it impossible to land on the ground, and the flight was terminated above the Atlantic Ocean, leading
to a total loss of payload. We plan to return to flight in fall of 2009 after rebuilding all instruments and gondola
again.

SUMIT is a joint program between Nagoya University and Osaka University. Also mirror development
has been done under collaboration between Nagoya U., Chubu University, JASRI/SPring-8 and ISAS/JAXA.
Technical supports have been provided from Balloon Center of ISAS/JAXA and Balloon Launching Sector of
INPE, Brazil on development of flight gondola system and balloon operation.



Figure 3. Flight gondola; left:InFOCµS 2004 campaign in Ft. Sumner, USA, right:SUMIT 2006 campaign in Cachoeira
Paulista, Brazil
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