


Fig. 1. Artist’s drawing of the ASTRO-H satellite. The focal length
of the Hard X-ray Telescope (HXT) is 12m, whereas the Soft
X-ray Spectrometer (SXS) and Soft X-ray Imager (SXI) will have
a focal length of 6 meters.

extreme gravitational fields; determine the spin of black
holes and the equation of state of neutron stars; trace
particle acceleration structures in clusters of galaxies and
SNRs; and investigate the detailed physics of jets.

In this paper, we will summarize the scientific require-
ments, the mission concept and the current baseline con-
figuration of instruments of ASTRO-H.

2. Science Requirements

By comparison with the soft X-ray band, where the
spectacular data from the previous X-ray satellites are
revolutionizing our understanding of the universe below
10 keV, the sensitivities of hard X-ray missions flown so
far have not dramatically improved over the last decade.
The imaging capabilities at high X-ray energies open the
completely new field of spatial studies of non-thermal
emission above 10 keV. This will enable us to track the
evolution of Active Galaxies with accretion flows which
are heavily obscured, in order to accurately assess their
contribution to the cosmic X-ray background over cosmic
time. It will also allow us to map the spatial extent of the
hard X-ray emission in diffuse sources, tracing the sites
of particle acceleration structures in clusters of Galaxies
and supernova remnant (Koyama et al. 1995, Uchiyama
et al. 2007, Aharonian 2004). Observing the hard X-
ray synchrotron emission gives the maximum electron
energy produced by the particle acceleration mechanism
in SNR, while the high resolution SXS data on the gas
kinematics of the SNR constrains the energy input into
the accelerator.

In order to study the energy content of non-thermal
emission and to draw a more complete picture of the

high energy universe, observations by both a spectrome-
ter with an extremely high resolution capable of measur-
ing the bulk plasma velocities and/or turbulence with
the resolution corresponding to the speed of a few ×
100 km/s and an arc-min imaging system in hard X-
ray, with the sensitivity two-orders of magnitude better
than previous missions, are required. In clusters, X-ray
hot gas is trapped in the gravitational potential well and
shocks and/or turbulence are produced in this gas, as
smaller substructures with their own hot gas halo fall
into and merge with the dominant cluster. Large scale
shocks can also be produced as gas from the intracluster
medium falls into the gravitational potential of a clus-
ter. Here there is a strong synergy between the hard
X-ray imaging data and the high resolution (several eV)
soft X-ray spectrometer which allows us to study the gas
kinematics (bulk motion and turbulent velocity) via the
width and energy of the emission lines. The kinematics
of the gas provides unprecedented information about the
bulk motion; the energy of this motion is in turn respon-
sible for acceleration of particles to very high energies
at shocks, which is in turn manifested via non-thermal
processes, best studied via sensitive hard X-ray measure-
ment.

On the smallest scales, many active galactic nuclei
(AGN) show signatures from the innermost accretion
disk in the form of broad “relativistic” Fe K emission
lines. These broad lines were discovered using ASCA
in the early 1990s and have been confirmed by XMM-
Newton and Suzaku (Tanaka et al. 1995, Reeves et al.
2007). There is, however, a complex relationship be-
tween the Fe K line properties, the underlying contin-
uum, and the signatures of cold and/or partially ionized
material near the AGN. Precise measurements of the
complex Fe K line and absorption components require
high spectral resolution. Changes in the X-ray emission
and absorption spectral features on the orbital time scale
of black holes in AGN, enable characterization of the
velocity field and ionization state of the plasma closest
to the event horizon. The optically thick material that
produces the broad fluorescent Fe K line also creates a
Compton peak at E > 20 keV detectable with hard X-
ray and soft gamma-ray detectors, providing multiple
insights into the physics of the disk. In order to under-
stand the evolution of environments surrounding super
massive black holes, we need high signal-to-noise mea-
surements of the broad lines of hundreds of AGN up to,
at least, z∼2. This requires high spectral resolution and
bandpass extending to at least ∼40 keV. These observa-
tions will provide the first unbiased survey of broad Fe
K line properties across all AGN.

Precision cosmology uses astronomical observations to
determine the large-scale structure and content of the
Universe. Studies of clusters of galaxies have provided in-



dependent measurements of the dark energy equation of
state and strong evidence for the existence of dark mat-
ter. Using a variety of techniques (including the growth
of structure, the baryonic fraction in clusters, and the
Sunyaev-Zel’dovich effect) a well-constructed survey of
clusters of galaxies, with the necessary supporting data
(Rapetti et al. 2008), can provide precise measurements
of cosmological parameters, including the amount and
properties of dark energy and dark matter. The key is
to connect observables (such as flux and temperature) to
cluster mass. In the next few years, cluster surveys will
be carried out by eROSITA, the South Pole Telescope,
the Planck mission, and other Sunyaev-Zel’dovich Effect
telescopes. To reduce the systematic uncertainties on the
masses inferred from the coarser data from these surveys,
a training set of precise cluster masses must be obtained.
Measurements of bulk motion of cluster of galaxies and
amounts of non-thermal energies going to cosmic-ray ac-
celeration could reduce the “. . . substantial uncertain-
ties in the baryonic physics which prevents their use at a
high level of precision at the present time” (Dark Energy
Task Force, Albrecht et al. 2006). Line diagnostics with
energy resolution <7 eV greatly reduce the uncertainties
in the baryonic physics by determining the velocity field,
any deviations from thermal equilibrium, and an accu-
rate temperature for each cluster. Information about the
non-thermal particle content of the cluster can be deter-
mined via measurements of their Compton upscattering
of the CMB: this is best studied via hard X-ray imaging,
providing additional clues about the physical state of the
cluster gas.

3. Spacecraft and Instruments

ASTRO-H is designed to perform leading edge science
with cutting edge technology. ASTRO-H will carry two
hard X-ray telescopes (HXTs) for the hard X-ray imager
(HXI), and two soft X-ray telescopes (SXT), one with a
micro-calorimeter spectrometer array with excellent en-
ergy resolution of ∼7 eV, and the other with a large area
CCD. In order to extend the energy coverage to soft
γ-ray region, a Soft Gamma-ray Detector (SGD) will be
implemented as a non-focusing detector. With these in-
struments, ASTRO-H will cover the bandpass between
0.5 keV to 600 keV. The conceptual design of each in-
strument is shown in Fig. 2 and the specifications of in-
struments based on the base-line design are summarized
in Table. 1 and Table 2 in our previous paper (Takahashi
et al. 2008).

Both soft and hard X-ray mirrors are mounted on top
of the fixed optical bench. Two focal-plane detectors
for soft X-ray mirrors are mounted on the base plate
of the spacecraft, while two hard X-ray detectors are
mounted on the extensible optical bench to attain 12 m
focal length.

ASTRO-H is in many ways similar to Suzaku in terms
of orbit, pointing, and tracking capabilities, although the
mass is larger; the total mass at launch will be 2400 kg.
ASTRO-H will be launched into a circular orbit with al-
titude 500–600 km, and inclination 30 degrees or less.
Science operations will be similar to that of Suzaku,
with pointed observation of each target until the inte-
grated observing time is accumulated, and then slewing
to the next target. A typical observation will require 40–
100 ksec integrated observing time, which corresponds to
1–2.5 days of clock time. All instruments operate simul-
taneously.

Fig. 2. Configuration of the ASTRO-H satellite

3.1. Hard X-ray Imaging System

The hard X-ray imaging system onboard ASTRO-H con-
sists of two identical mirror-detector pairs (Hard X-ray
Telescope (HXT) and Hard X-ray Imager (HXI)). The
HXT has conical-foil mirrors with graded multilayer re-
flecting surfaces that provide a 5–80 keV energy range[?].
The effective area of the HXT is maximised for a long
focal length, with current design value of 12 m giving an
effective area of ∼300 cm2 at 30 keV. A depth-graded
multi-layer mirror reflects X-rays not only by total ex-
ternal reflection but also by Bragg reflection. In order to
obtain high reflectivity up to 80 keV, the HXT’s consist
of a stack of multi-layers with different sets of periodic
length and number of layer pairs with a carbon/platinum
coating.

The HXI consists of four-layers of 0.5 mm thick
Double-sided Silicon Strip Detectors (DSSD) and one
layer of 0.5–1 mm thick CdTe imaging detector
(Kokubun et al. 2008). In this configuration, soft X-
ray photons will be absorbed in the Si part (DSSD),
while hard X-ray photons go through the Si part and
are detected by the newly developed CdTe double strip
detector.The DSSDs cover the energy below 30 keV while



the CdTe strip detector covers the 20-80 keV band. The
DSSD has a size of 3×3 cm2 and a thickness of 0.5 mm,
resulting in 2 mm in total. A CdTe strip detector has a
size of ∼2×2 cm2 and a thickness of 0.5 mm. In addition
to the increase of efficiency, the stack configuration and
individual readout provide information on the interac-
tion depth.

3.2. Soft X-ray Spectrometer System

The Soft X-ray Spectrometer (SXS) is based on Suzaku-
XRS (X-Ray Spectrometer) technology, which is the low-
est risk option for implementing the capabilities needed
for the SXS. The SXS consists of the Soft X-ray
Telescope (SXT-S), the X-ray Calorimeter Spectrometer
(XCS) and the cooling system (Mitsuda et al. 2008).

The XCS is a 32 channel system with an energy res-
olution of ≤7 eV between 0.3–12 keV. Micromachined,
ion-implanted silicon is the basis of the thermistor array,
and 8-micron-thick HgTe absorbers provide high quan-
tum efficiency across the 0.3–12 keV band. With a 6-
m focal length, the 0.83 mm pixel pitch corresponds to
0.48 arcmin, giving the array a field of view of 2.85 ar-
cmin on a side. The detector assembly provides elec-
trical, thermal, and mechanical interfaces between the
detectors (calorimeter array and anticoincidence particle
detector) and the rest of the instrument.

The XCS cooling system must cool the array to 50 mK
with sufficient duty cycle to complete the SXS scien-
tific objectives, requiring extremely low heat loads. To
achieve the necessary gain stability and energy resolu-
tion, the cooling system must regulate the detector tem-
perature to within 2 µK rms for at least 24 hours per
cycle. As with Suzaku, the array will be cooled using
an Adiabatic Demagnetization Refrigerator (ADR). This
device is straightforward to construct, has no moving
parts or sensitivity to gravity, and has strong flight her-
itage established by the XRS. The ADR and detector
assembly will be developed, integrated, and tested to-
gether at GSFC, prior to installation into a redundant
dewar system developed by ISAS. The ADR Controller
(ADRC) electronics control and monitor the ADR per-
formance.

For SXS, ISAS/JAXA will provide a redundant de-
war system utilizing closed-cycle mechanical coolers that
are not limited by expendables. This design is based
on coolers developed for space-flight missions in Japan
(Suzaku, Akari, and the SMILES instrument to be de-
ployed on the ISS) that have achieved excellent per-
formance with respect to cooling power, efficiency and
mass. The 20 K thermal stage consists of a pair of re-
dundant two-stage Stirling-cycle coolers. To provide the
sub-2K heat-sink stage for the ADR, there is a hybrid,
one-fault-tolerant system consisting of a LHe tank and a
3He Joule-Thomson (JT) refrigerator operating at 1.8 K.

The key properties of SXS are its high spectral res-
olution for both point and diffuse sources over a broad
bandpass (≤7 eV FWHM throughout the 0.3–12 keV
band), high sensitivity (effective area of 160 cm2 at 1 keV
and 210 cm2 at 7 keV), and low non-X-ray background
(1.5×10−3 cts s−1keV−1). These properties open up the
full range of plasma diagnostics and kinematic studies of
X-ray emitting gas for thousands of targets, both Galac-
tic and extragalactic. SXS improves upon and comple-
ments the current generation of X-ray missions, includ-
ing Chandra, XMM-Newton, Suzaku and Swift.

3.3. Soft X-ray Imaging System

X-ray sensitive silicon charge-coupled devices (CCDs)
are a key device for the X-ray astronomy. The low
background and high energy resolution achieved with the
XIS/Suzaku clearly show that the X-ray CCD will also
play very important role in the ASTRO-H mission. Soft
X-ray imaging system consists of an imaging mirror and
a CCD camera (Soft X-ray Telescope (SXT-I) and Soft
X-ray Imager (SXI)) (Tsunemi et al. 2008).

In order to cover the soft X-ray band below 10 keV,
the SXI will use next generation Hamamatsu CCD chips
with a thick depletion layer, low noise, and almost no
cosmetic defects. The SXI features a large FOV and
covers 35×35 arcmin2 region on the sky, complementing
the smaller FOV but much higher spectral resolution of
the SXS calorimeter. A mechanical cooler ensures a long
operational life at −120 ◦C. The overall quantum effi-
ciency and spectral resolution is better than the Suzaku
XIS. The imaging mirror has a 6-m focal length, and a
diameter no larger than 45 cm.

3.4. Soft Gamma-ray Detector (SGD)

Highly sensitive observations in the energy range above
the HXT/WXI bandpass are crucial to study the spec-
trum of accelerated particles. The SGD is a non-focusing
soft gamma-ray detector with a 10–600 keV energy range
and sensitivity at 300 keV, more than 10 times better
than the Suzaku HXD (Hard X-ray Detector). It out-
performs previous soft-γ-ray instruments in background
rejection capability by adopting a new concept of narrow-
FOV Compton telescope (Takahashi et al. 2004).

In order to lower the background dramatically and
thus to improve the sensitivity as compared to the HXD
of Suzaku, we combine a stack of Si strip detectors and
CdTe pixel detectors to form a Compton telescope. The
telescope is then mounted inside the bottom of a well-
type active shield. Above ∼50 keV, we can require each
event to interact twice in the stacked detector, once by
Compton scattering in a stack of Si strip detectors, and
then by photo-absorption in the CdTe part (Compton
mode). Once the locations and energies of the two in-
teractions are measured, the Compton kinematics allows
us to calculate the energy and direction (as a cone in



Fig. 3. A portion of a simulated spectrum from the cluster A2029,
assuming 400 km/s turbulence, and models assuming 200, 400,
and 600 km/s, clearly showing the capability of SXS to measure
cluster dynamics. The simulation is for 100 ksec.

the sky) of the incident γ-ray by following the Compton
equation,

4. Expected Performance

With ASTRO-H, we expect to achieve an area of about
300 cm2 at 30 keV with a typical angular resolution of
60” (HPD). Fig. 4 shows Detection limits of the SXT-
I/SXI and HXT/HXI for point sources and for sources
with of 60’ × 60’ extension. By assuming a background
level of ∼ 1×10−4 counts/s/cm2/keV, in which the non
X-ray background is dominant, the source detection limit
in 1000 ksec would be roughly 10−14 erg cm2 s−1 in terms
of the 10–80 keV flux for a power-law spectrum with a
photon index of 2. This is about two orders of magni-
tude better than present instrumentation, so will give a
breakthrough in our understanding of hard X-ray spec-
tra. With this sensitivity, 40-50 % of hard X-ray Cosmic
Background would be be resolved (Ueda et al. 2003).

In addition to the imaging observations below 80 keV,
the SGD will provide a high sensitivity in the soft γ-ray
region to match the sensitivity of the HXT/HXI com-
bination. The extremely low background brought by
the new concept of a narrow-FOV Compton telescope
adopted for the SGD will provide sensitive γ-ray spectra
up to 600 keV, with moderate sensitivity for polarization
measurements.

SXS spectroscopy of extended sources can reveal line
broadening and Doppler shifts due to turbulent or bulk
velocities (Fig. 3). This capability enables the spectral
identification of cluster mergers, SNR ejecta dispersal
patterns, the structure of AGN and starburst winds, and
the spatially dependent abundance pattern in clusters
and elliptical galaxies. SXS can also measure the opti-
cal depths of resonance absorption lines, from which the
degree and spatial extent of turbulence can be inferred.
Additionally, SXS can reveal the presence of relatively
rare elements in SNRs and other sources through its high
sensitivity to low equivalent width emission lines. The

Table 1. ASTRO-H Mission

launch date 2013 (planned)
launch vehicle JAXA H-IIA
orbit 550 km circular, <30 degree

low SXS background ensures that the observations of al-
most all line rich objects will be photon limited rather
than background limited.

XMM-Newton and Suzaku spectra frequently show
time-variable absorption and emission features in the
5–10 keV band. If these features are due to Fe, they
represent gas moving at very high velocities with both
red and blue shifted components from material presum-
ably near the event horizon. CCD resolution is too low
and the required grating exposures are too long to prop-
erly characterize the velocity field and ionization of this
gas and determine whether it is from close to the black
hole or from high velocity winds. SXS, in combination
with HXI, provides a dramatic increase in sensitivity over
Suzaku, enabling measurements that probe the geome-
try of the central regions of ∼50 AGNs on the orbital
timescale of the Fe producing region (for an AGN with
a 3×107M¯ black hole, this is ∼60 GM¯/c2 = 10 ksec).
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