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ABSTRACT

Hyper Suprime-Cam (HSC) is an 870 Mega pixel prime focus camera for the 8.2 m Subaru telescope. The wide
field corrector delivers sharp image of 0.25 arc-sec FWHM in r-band over the entire 1.5 degree (in diameter)
field of view. The collimation of the camera with respect to the optical axis of the primary mirror is realized by
hexapod actuators whose mechanical accuracy is few microns. As a result, we expect to have seeing limited image
most of the time. Expected median seeing is 0.67 arc-sec FWHM in i-band. The sensor is a p-ch fully depleted
CCD of 200 micron thickness (2048 x 4096 15 µm square pixel) and we employ 116 of them to pave the 50 cm
focal plane. Minimum interval between exposures is roughly 30 seconds including reading out arrays, transferring
data to the control computer and saving them to the hard drive. HSC uniquely features the combination of large
primary mirror, wide field of view, sharp image and high sensitivity especially in red. This enables accurate
shape measurement of faint galaxies which is critical for planned weak lensing survey to probe the nature of dark
energy. The system is being assembled now and will see the first light in August 2012.

Keywords: Wide field, imaging, CCD

1. WHY DO WE WANT TO BUILD HYPER SUPRIME-CAM ?

Sloan Digital Sky Survey (SDSS) revolutionized optical imaging survey by its wide field coverage and thoroughly
calibrated object catalogs. Suprime-Cam1 was powerful observing facility which uniquely provides wide field
capability (0.5 degree in diameter) on a large aperture 8.2 m Subaru Telescope. Two deep surveys were performed
as a public surveys: SDF (0.25 deg2) and SXDS (1.25 deg2) and both are similarly deep. Even wider survey (and
shallower), on the other hand, did not attract community’s major interests because many people believe that
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large aperture telescope must be used primarily for deep imaging but this was just a preference. MegaCam on
CFHT came on-line about the same time frame as Suprime-Cam and it was extensively used for the coordinated
survey. The CFHT Legacy Survey (CFHLS) is composed of three layer survey, Deep (4 deg2), Wide (170 deg2)
and Very Wide (410 deg2). It is obvious that astronomers of CFHT prefer to go wider. We suppose that this
reflected the increased common interests in cosmology

The discovery of cosmic acceleration using Type Ia supernovae clearly indicated the existence of cosmological
constant, now generalized to dark energy, which was later confirmed by the cosmic microwave background
observation by WMAP. Probing the nature of dark energy, the new ingredients of the universe, becomes one
of the most important research theme because it is surprisingly major. The statement that ’The universe is
dominated by unknown energy up to 70 %.’ also attracts the interests of general public as well although some
of astronomers pointed out that the subtle deviation from the constant, which people are eager to detect, will
virtually no impact on the evolution of astronomical entities such as galaxies and stars. This might be true but
in physics tying to understand the background mechanism of newly discovered phenomena or object is the only
way to make advances regardless of the estimated impacts (based on well known established framework) of the
studies.

Table 1. Comparison of modern imaging facilities and planned Hyper Suprime-Cam, Dark Energy Survey Camera and
LSST

D FOV AΩ Seeing Survey Width First Light
[m] [deg] [m2deg2] [arcsec] [deg2]

SDSS 2.5 6.0 23 ∼ 1.2 10,000 in operation
Suprime-Cam 8.2 0.5 13 ∼ 0.7 0.25 ∼ 1.25 in operation
MegaCam 3.6 1.0 9.6 ∼ 0.7 4∼ 400 in operation

DES 4.0 2 32 ∼ 0.9 1,500 2012/09
HSC 8.2 1.5 92 ∼ 0.7 5,000 2012/08

LSST 6.5 (equiv) 3.5 340 30,000 2021/12

There are several probes proposed to study dark energy. Among them we believe that “weak lensing ob-
servation of large scale structure” is the most promising when we take the characteristics of Subaru telescope
into account. Shear correlation function is the observable and the precise measurement of shape of distant faint
galaxies is critical. The image quality and its stability do matter for this purpose and Subaru has definite ad-
vantages in its image quality demonstrated by preliminary studies in this field.2,3 In order to make a significant
progress in understanding dark energy the width of survey field is an order of 1000 deg2 or even wider. The
current Suprime-Cam’s field of view is 0.25 deg2 and the estimated observing time is unrealistically large to
propose. We therefore decided to build even larger field of view camera to observe more than 1000 square degree
by maintaining the similarly high level of image quality as Suprime-Cam has. We call this new camera, Hyper
Suprime-Cam. Table 1 shows the summary of parameters of observing facilities mentioned above as well as Dark
Energy Survey which is a similar scale project in southern hemisphere, and Large Synoptic Survey Telescope
(LSST) which is recommended as 1st priority project at the Astro2010. One note that HSC project has a strong
competitiveness in the current time frame.

In this paper, we introduce the outline of some of key components of the camera: the performance of the wide
field corrector, the focal plane arrays. We also present the current status of the camera assembly and prospects
of the commissioning.
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Figure 1. (a) Wynne Triplet for Kitt Peak 4 m telescope. (b) Wide field corrector designed and built for Hyper Suprime-
Cam. ’*’ denotes that the surface is aspheric.The last two element made of quartz is a 15 cm thick filter and a 37 cm
thick cryostat dewar window. Both are flat.

2. WIDE FIELD CORRECTOR

Raw prime focus of Richey-Chretien telescope inevitably has all kinds of aberration even at the center of the
field and requires a corrector lens system. Wynne designed the wide field corrector for Kitt Peak 4 m telescope
(F/2.8).4 The Wynne triplet is composed of three UBK7 spherical lens (Figure 1a) that delivers the image of 0.5
arcsec at the field angle of 15 arcmin and 1 arcsec at 30 arcmin over the wavelength range of 400 and 500 nm.

The wide field corrector of Suprime-Cam is designed originally by Nariai5 and later updated by Takeshi.6 By
introducing the aspheric figure and ultra-low dispersion optics glass (FPL51 from Ohara) the corrector realized
better than 0.2 arcsec (FWHM) even at the edge of 30 arcmin diameter field. It has a novel lateral shift
atmospheric dispersion compensator (ADC) where a pair of lens is shifted vertically off-axis to act as if we have
virtual prism whose vertex angle is variable. This made the corrector more compact compared with the design
that has rotational prism as a ADC. Another advantage is that the image shift does not occur.

Hyper Suprime-Cam corrector is originally designed by Takeshi and later the production design (1.5 degree
field of view) was settled by Matsuda et al.7 at Canon. The basic configuration is the same as the Suprime-
Cam corrector. It is composed of the basic Wynne triplet, lateral shift ADC and the a pair of lens that
compensates chromatic aberration introduced by the ADC (Figure 1b). Asterisk on the figure shows the location
of aspheric surfaces. ’A-Former’ and ’A-Ruler’ is used to make a precise figuring of aspheric lens and metrological
characterization of the surface, respectively. Because the metrology adopts mechanical contact sensor, even
convex aspheric can be introduced. We set the specification of the final image quality in the worst case (elevation
> 30 degree) is set at 0.2 arcsec FWHM (more precisely, 0.3 arcsec in 80 % encircled energy diameter).

Figure 2(a) shows the designed performance of Suprime-Cam (square) and HSC (circle) corrector at zenith
where we demonstrated that HSC designed performance is almost equivalent with that of Suprime-Cam. One
note that the design reflects our priority in redder band (r, i) rather than blue band (g) on Suprime-Cam case by
considering the relative importance in the weak lensing application. Galaxies tend to be more regularly round
shape in redder band and the scatter of the intrinsic galaxy shapes, which is a primary noise source of the weak
lensing analysis, become smaller.

The first lens is 82 cm in diameter and the size constraint comes from the diameter of the inner hub of the
top ring of Subaru telescope. As far as we learned from vendors (e.g. Corning and Shinetsu) even larger glass
black is available with about 1.2 cm diameter and ∼ 0.2 cm thick. The first lens block the in-coming off-axis
beam which results in the vignetting of up to ∼ 25 % at the edge of the field of view.
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Figure 2. Designed performances of the wide field corrector (Suprime-Cam:square HSC:circle) in each filter band as a
function of field angle from the center. The rms size of the spot diagram is converted to FWHM using FWHM = 1.67
rms.

Each lens is put into a circular frame which is made of ceramic, cordierite, whose thermal index matches
well with quartz. Inner annular plate is attached with springs located in a circle, which settles the lens with an
appropriate pressure. Each lens frame is stacked with intermediate frame for spacing on the precision air-bearing
rotation stage whose de-center is a micron level. The lens is precisely aligned with respect to the outer shape of
the frame and it is then used for the reference during the stacking phase. The tolerance allowed for de-center
and the tilt is ± 30 ∼ 50 µm and ± 15 arcsec, respectively.

On axis performance (wave front error) at 633 nm was directly measured by the setupshown schematically
in Figure 2(b). The difference of the measured wave front and the calculated ideal response against the plane
wave is supposed to be caused by a combination of manufacturing error including glass index, figuring, spacing,
de-center and tilt. We then paste that difference of the wave front error on the pupil of the optics (M1) and optics
calculation is made to estimate the performance of other wavelength. The other test configuration is shown in
Figure 2(c) where the beam penetrates through entire lens elements. By combining the two results above, the
de-center and the tilt can be estimated to make the consistency check with the measured values. Off-axis image
quality is evaluated by ray-tracing using these values. Entire test setup and the lens can be tilted with a zenith
angle of 60 degree to evaluate of the effects of gravitational deformation of the optics system. As a result, we
confirmed that our specification of 0.2 arcsec FWHM is met even in its worst case: 0.15 arcsec FWHM in g-band
at the telescope elevation of 30. If the elevation is 90 degree, 0.13 arcsec FWHM is achieved even in g-band. The
test setup is also brought to the summit of Mauna Kea and the equivalent results were obtained which confirmed
that no trouble occurred during the transportation.

3. FOCAL PLANE CCDS

When we started a conceptual study of Suprime-Cam in 1993, the procurement of large format CCD was one
of the biggest concerns. At first we pursued the possibility of building CCDs in Japan and thus contacted
Hamamatsu Photonics which had just started developing CCDs for science applications for the first time in
Japan. They provided us with small (∼ 1 cm2 square) thin back illuminated CCDs and we evaluated the devices
under the cryogenic and low light condition. This was the beginning of the collaboration between NAOJ and
Hamamatsu.

In 1997, Hamamatsu had successfully delivered the first large format CCD (2048×4096 15 µm pixel three
side buttable). The test results showed that the CCD featured excellent performance in CTE (> 0.999995), dark
current (a few pix/hour) and the readout noise (3.5 e for 20 kHz pixel rate).8 It was impressive that the defects
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were quite few (only several column defects) for such large format devices, which implied the high level of quality
control of the product at Hamamatsu. This front illuminated (FI) CCD was supposed to be processed into back
illuminated (BI) CCDs to enhance the quantum efficiency (QE).

In the meantime, MIT/LL eventually started delivering the BI CCID-209 and the performance was quite
impressive and satisfied with our requirements. We thus gave up adopting Hamamatsu CCDs to Suprime-Cam
because the schedule of Subaru first light was approaching. The project with Hamamatsu was ceased for a while
and we concentrated on the commissioning of Suprime-Cam. CCID-20, however, has high QE in red band thanks
to the thickness (∼ 40 µ m). This brought us clear advantage over MegaCam that adopted blue optimized e2v’s
CCD. At the wavelength of 900 nm CCID-20, for example, has about 60 % QE whereas e2v’s 30 %. In table 1
the CCD QE was not considered but when we take it into account the Suprime-Cam’s AΩ is equivalently as
twice as that of MegaCam at 900 nm. This explains the fact that Suprime-Cam has been very good at hunting
high redshift objects on the deep images taken through very narrow band (∼ 10 nm) filters tuned to avoid OH
emission lines.

When we started the conceptual study of HSC in 2002, the procurement of CCDs was one of the biggest
project concern AGAIN. This was especially true when we remembered the long procurement process of ten CCDs
for Suprime-Cam. For this reason, we resume the collaborative work with Hamamatsu. A group at Lawrence
Berkeley National Laboratory (LBNL) meanwhile started developing p-channel CCD on the high resistivity n-
type silicon wafer in late 90s.10 The device is fully depleted over the entire silicon wafer. Stimulated by the
LBNL’s development and realizing the scientific importance of this type of detectors (high QE in red), we tried
to pursue the possibility of building the same type of CCDs.

We started the project by building small FI prototypes (1024×256 24 µm) and the final outcome was 2k×4k
fully depleted BI CCD that saw the first light at Subaru in the new Suprime-Cam dewar in 2008. The progress
of the developments was reported in the series of SPIE papers.11–14 The summary of the specifications of the
CCD and the measured results are shown in Table 2.

Table 2. Specifications of CCDs and the actual performance measured on the prototype. All measurements are made at
-100 ◦C.

Items Requirement (-100◦C) Measured
Packaging Format (pixel size) 2048×4096 (15 µm2) -

Pixel to Package edge < 0.5 mm 0.410±0.025
(Serial register side) < 5.0 mm 4.975±0.025
Flatness < 25 µm Peak-to-Valley 10 ∼ 20 µm

QE 400 nm > 45 42
550 nm > 85 87
650 nm > 90 94
770 nm > 85 91
920 nm > 80 78
1000 nm > 40 40

CTE (per pix) Parallel direction > 0.999995 (1600 e) 0.999999
Serial direction > 0.999995 (1600 e) 0.999998

Dark Current < a few e/hour/pix 1.4
Charge diffusion σD < 7.5 µm (400 < λ < 1050 nm) 7.5
Full well 1 % departure > 150,000 e 180,000
Amp. Responsivity > 4 µV/e 4.5
Readout noise 150 kHz readout < 5 e 4.5

Image area of the CCD is clocked by two independent parallel registers so that the bottom half can be used
for storage area if it is masked. Three phase structure is introduced for the parallel register to increase the full
well capacitance of the pixel whereas the serial register remains four phase as is standard in Hamamatsu CCD.
The serial register is split into two section and the floating diffusion output amplifier is implemented on both
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Figure 3. Structure of CCD package (a) and the appearance (b).

ends of the section. Thus we have 4 amplifiers in total. Since the charge can be shifted either direction on the
serial register, users can choose the number of output amplifier from 2 to 4. In order to make a space for the
routing of two amplifiers in the middle, the last 48 lines of parallel area is skewed and the pixels in the area do
not have a uniform size. We do not use this area for imaging.

The wafer adopted for the CCD is made of N-type Si that has very high resistivity (> 10 kΩ cm). The bulk
CCD wafer is mechanically polished and made thinned to the designed thickness. It has been demonstrated that
the thickness d of 100 µm up to 300 µm is feasible. Thicker CCD is desired for higher QE but we lose spatial
resolution due to the lateral charge diffusion. We decided to employ d of 200 µm which gives allowable level
of charge diffusion, σD < 7.5 µm. The CCD has a structure which enables the backside (light incident side)
positively biased to minimize the diffusion. The charge diffusion can be made smaller if one can apply the higher
backside voltage. The current mask design prevents to apply higher than 50 V beyond which we see glow at the
corner of device due to the high electric field. It was possible to modify the mask design but we did not actually
do this to avoid risks of the delay of the HSC project.

CCD package consists of two components: a CCD base and a pin base (Figure 3). The CCD base that mounts
CCD silicon chip and has a pin grid array (PGA) at the bottom side. The CCD base has a narrow slit on the
CCD bonding pads so that binding wires are fed through the slit and wired to the pads on the CCD package.
There is inter-connection between the pads and the PGA inside the CCD base. The CCD base is made of AlN
and is built by Kyocera. CCD silicon was fixed by a ordinary die-bond adhesive in the prototype. In order to
realize better flatness, Hamamatsu switched it to a low viscosity epoxy with Si shims at the four corners. As a
result a flatness of 10 ∼ 15 µ (P-V) is realized.

The other package component, the pin base, made of AlN (Mitsui Mining Material), has three Ti alignment
pins among which two pins have tight tolerance against mounting holes on cold plates for the alignment. This is
similar to what we had developed for Suprime-Cam.1 The pin base has a square aperture in the middle for the
feed-through of a flex cable. The uniformity of the thickness of the epoxy resin adhesive is realized by a screen
printing method and the adhesive is cured thermally.

The flex-cable has, on the end of the CCD side, 3.00 mm staggered arrays of socket which is customly built
by Advanced Interconnections based on their “Peel-A-WAY” scheme using Type-432 solder preform terminal
sockets. On the other end of the flex cable, we adopt an AirBorn’s 65 pins high density (0.635 mm pitch)
connector (NM-225-065-225-TH00). Smooth insertion is realized by using two side screws. The dimension of the
copper tracks is the following, width = 100 µm, thickness = 18 µm and length = 100 mm. The number of tracks
is 59 in total. We have checked that sufficient thermal insulation is realized by the flex cable.

CCD readout electronics is built in house at Advanced Technology Center of NAOJ and described in Nakaya
et al.15 We basically adopted conventional designs with discrete components rather than introducing cutting
edge analog ASIC technologies to minimize the risk. The drawbacks were relatively large packaging and moderate
readout speed of 18 seconds. But this is acceptable because our typical exposure time is longer than 120 seconds.
The Front End Electronics (FEE) that has clock drivers and analog signal chain, pre-amplifiers, CDS and ADC,
are installed at the back of cold plate inside the dewar. The electronics is operated about 40∼50 ◦C. Thermal
insulation between the cold plate and the FEE is well realized by two layer of aluminum plate of 0.5 µm thickness.
The focal plane assembly with 116 CCDs loaded and the BEEs is shown in Figure 4. Heat dissipation of BEEs
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116 HPK FD CCDs

Figure 4. Focal plane assembly of HSC

(270 W typical in total) is purely realized passively by conduction through the dewar structure.16 As mentioned
above, we use 18 seconds to clock, sample, digitize and transfer the data onto the local computer memory.
Currently, additional 12 seconds is necessary to format the data and save the them as FITS files on the hard
drives of the computer.17 The latter can be squeezed more and paralleled with the next exposure sequence to
minimize the gap between exposure, which will be implemented in the near future.

We adopt two pulse tube coolers of 45 W cooling performance each at -100◦C. The vacuum is maintained
mainly by 20 l/sec ion pump as was introduced by Suprime-Cam. Detail of the cryostat dewar is presented
in Komiyama et al. (2010)18 and Obuchi et al.(2012).16 Outgas from the electronics inside the dewar can
potentially cause degradation of QE. We have not measured such long term accumulated effect. We have a plan
to implement the over-all camera efficiency monitor including the primary mirror, prime focus optics, filter and
the detector QE using the dome flat illuminated by a tunable laser. This allows measurements of throughput
on each CCD relatively. A separate setup is prepared off the telescope in the preparation room to measure
the absolute efficiency of central CCDs using the calibrated standard photo diode. These measurement system
monitor the long term variation of the throughput of the camera which is crucial to build a reliable astronomical
object catalog. If we see significant changes in the over-all throughput we will then make measurements of each
component to identify which contributes to the change.

4. NEW PRIME FOCUS UNIT

New prime focus unit is required to hold the HSC wide field corrector and camera components into place at the
inner hub of the telescope top ring. Figure 5(a) shows the cross sectional view of entire assembly where blue
section on the telescope inner hub (cream) presents the new prime focus unit. Green parts attached on either
side is a set of the Filter Exchanger Unit.19

On Figure 5(b), schematic diagram of how components are organized in the assembly is shown. Base frame is
a foundation of HSC assembly which is fixed on the rim of the inner hub by bolts. Hexapod Jacks to realize the
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Figure 5. (a) Cross sectional view of Hyper Suprime-Cam assembly (b) Schematic diagram of mechanical structure of
the assembly. BF: Base frame, JTF: Jack Top Fram, InR: Instrument rotator, DF: Dewar frame, LF: Lens frame, WFC:
Wide field corrector

optics alignment are adopted in between the base frame and a Jack top frame from which all the other camera
components are hanged through the base of Instrument rotator (InR). Dewar is set onto the InR base through
the Dewar frame and the lens barrel via the Lens frame. Only the dewar side is rotated but the lens is fixed.
The center of gravity (CG) of the camera-lens system is in the middle of the lens. It would be ideal if we could
locate the end point of the control jack at the CG but this was not possible because the gap between the lens
and inner hub must be minimized to make the diameter of the lens as large as possible. Note also that there is
no alignment mechanism between the lens and the CCD dewar. The tolerance of relative tilt between the lens
and CCD is 20 arcsec and this is realized by tuning the stiffness of the structure of lens frame and the dewar
frame. The relative tilt was actually measured and the result was about 10 arcsec even if we tilted the entire
structure by 60 degree (EL = 30). The actuator used for the jacks have the setting precision and smoothness of
the order of a few micron under the load of 2000 kg. This level of accuracy is required because the plate scale is
∼ 0.01 arcsec per 1 µm. The hexapod actuator is one of the heritages from Suprime-Cam which Mitsubishi had
built.

5. SCHEDULE

As of writing, all the camera components have already arrived in the summit facility. We will start the commis-
sioning in August, 2012 which lasts for about a year with one or two months interval. We then plan to start
HSC three layer legacy survey (Wide:1500 deg2, Deep: 28 deg2 and Ultra-deep: 3.4 deg2) from August 2013 over
5 years.
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