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Current Status : Towards Cool 
Down Test #5
• Installation and Assembly of 
components completed 
yesterday, except for
• Collimator lenses
• Grisms + order sort (OS) filters
• BB Filters for the red arm
• Dichroic Mirror
, which will be installed in the next 
cool‐down test in October

• Now vacuuming for cool‐down 
test #5
• Pre‐cooling will start on next 
Monday (24 Aug)
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Short time-scale of Cycles (Development-
Commissioning-Science) to catch-up this 
rapidly evolving research field
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Figure 9. Photograph of graduate student Seth Meeker
next to the MEC cryostat.

by Vespel SCP-5050 suspension. This design places
the MKID array far from the magnetic shield opening
where field leakage will be strongest, and also allows us
to install a 1 K 9 cm long black baffle to further reduce
off-axis scattered light and 4 K blackbody radiation. The
MKID array is mounted in a microwave package 5 cm
⇥ 5 cm ⇥ 2 cm in size, as shown in Figure 10. This box
is attached to a gold-plated copper rod that sticks out of
the base of the magnetic shield and connects to the ADR
unit by a copper strap. The ADR acts as a single-shot
magnetic cooler which brings the MKID array down to
100 mK where the temperature is stabilized with a feed-
back loop to the ADR magnet power supply. We aim to
achieve a 100 mK hold time of ⇠16 hours on the tele-
scope, more than sufficient for the 13-14 hours required
for a night of calibration and on-sky observations.

6.2.1 Wiring
MEC requires ten feedlines to readout an entire array.
The signal paths begin with hermetic SMA bulkhead
connectors which bring the signals in through a box near
the top of the cryostat. The signals then go through
hand-formable SMA to G3PO coax, which feeds a cus-
tom 10 conductor copper flex stripline cable that brings
the signals down to 4 K with an intermediate heat sink
at 60 K. The input side of the cables has integrated 30
dB attenuators which connect directly at 4K through

Figure 10. The new MKID sensor box that uses
Fuzzbuttons instead of aluminum wire bonds to reduce
RF reflections, better constrain the focal surface at a
known fiducial point, and make changing out MKID
chips much easier.

G3PO barrels to a custom 10 conductor superconducting
NbTi flexcable. We have fabricated custom microstrip
NbTi/Kapton/NbTi flex cables to allow for a high density
of feedlines while minimizing heat load from 4 K to 100
mK as compared to five individual NbTi coax. These
flex cables then connect to the MKID box (Figure 10)
through ten small G3PO barrels allowing for a much
more compact detector package than standard SMA con-
nectors. The box-mounted G3PO connectors are solder
connected to gold-plated copper on duroid CPW transi-
tion boards, which are connected to the MKID chip using
Au coated Cu Fuzzbuttons. After passing through the
MKID array the ten signals are brought out through the
same series of CPW board, G3PO connectors, custom
NbTi microstrip flexcable, Cu flex cables, and G3PO-to-
SMA coax. At 4 K each line is amplified by a Low Noise
Factory High Electron Mobility Transistor (HEMT) am-
plifier. Most of this is shown in Figure 11.

MEC has three 24-pin DC wire bundles going to 4

MEC(TBD)



FIG. 3.—Schematic diagram of the SCExAO instrument. Top box (left): Portable calibration source layout. Top box (right): FIRST recombination bench. Middle box:
layout of the visible optical bench which is mounted on top of the IR bench. Bottom box: IR bench layout. Dual head green arrows indicate that a given optic can be
translated in/out of or along the beam.Orange arrows indicate light entering or leaving the designated bench at that location. See the electronic edition of the PASP for a
color version of this figure.

894 JOVANOVIC ET AL.

2015 PASP, 127:890–910

Subaru'– SCExAO

6

Polarimetry

Highdcontrast

Limited'to'bright'stars
(but'R~11.5'OK)

MinidIFU'injection'
into'RHEA'(ANU'+'
Macquarie'Uni)

Vampires'polarimetry'
and'aperturedmasking'
(Sydney'Uni)

PI: Olivier Guyon (Subaru)

Jovanovic et al. 2015

Visitor modules on the visible bench
• VAMPIRES (open to the community) 
- polarimetric instrument using non-redundant pupil mask 
• FIRST (commissioning phase) 
- interferometer and spectrometer using non-redundant 
pupil remapping with single-mode fibers 

• RHEA (commissioning phase) 
- 9 element IFU spectrograph with single-mode fiber 
injection on the focal plane 

• NULLER (commissioning phase) 
- Nulling interferometer using single mode fiber injection

HiCIAO CHARIS

SCExAO
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issues'(challenging'
wavefront sensor,'
vibration'mitigation)'
largely'solved.'

Figures from M. Ireland Movie from B. Norris

Phase 2 (pyramid WFS) commissioning has been started since 2014.          
Most of the issues solved, except for vibration during transit.

3. MEASURING VIBRATIONS OF THE SUBARU TELESCOPE

3.1 Metrology of SCExAO to measure vibrations

SCExAO has several high frame rate cameras that can be used to monitor the PSF motion inside the instrument.
The PyWFS, measures about 1200 modes up to 3.5 kHz, including low-order modes like tip/tilt and focus. In
addition, SAPHIRA10 (800 Hz), as well as the internal NIR camera (170 Hz), can be used to track the pointing
accuracy. Finally, the LLOWFS,11,12 also running at 170 Hz, can monitor low-order aberrations inside the
coronagraph left uncorrected by the PyWFS. The image rotator inside AO188 is placed in a fixed pupil mode, so
elevation and azimuth are constant axes on the various detectors, at 37°of the cardinal axes of the instrument.

Using the fast NIR camera SAPHIRA, which is built with a HgCdTe avalanche photodiode array and runs at
about 800 Hz on a subframed window, we can track precisely the motion of the PSF, and analyze the vibration
frequencies using the Power Spectral Density (PSD) of the position. Figure 4 presents such a PSD of the PSF
position, with the axes rotated to match the elevation and azimuth of the telescope. In this figure, we notice a
lot of vibrating frequencies, from about 5 Hz to 300 Hz, with various amplitudes. Since vibration frequencies
usually depend on the weight of the moving optics and mounts, we expect the lowest frequencies (. 10 Hz) to
come from the telescope, while higher frequencies come from smaller optics and mounts.

During on-sky observations, we used the coronagraph and the LLOWFS, and recorded vibrations around
the transit (maximum elevation) of the star in the sky. The result is presented in Fig. 5, in azimuth (left) and
elevation (right). The observed target did not have enough flux to for the LLOWFS to work at full speed. In
this case, it was running at 20 Hz.

Over the few hours of a typical observation, the vibrating frequencies tend to evolve. So a classical PSD of
the tip/tilt measurements would either only show an instantaneous view of the conditions if a small sample is
used, or smear out any shifting frequency and keep only fixed vibrations. This is why in Fig. 5 and the next ones,
we present an evolution of the PSD: each line of the 2D image is a PSD of a sliding sample of data. The samples
contain 1000 points each, and are separated by 500 points. In this case, vibrations with constant frequencies are
visible as straight vertical lines, while evolving vibrations are visible as curved lines.

In Fig. 5 (left), we can see a slow evolving vibration, with a maximum frequency at the time of transit
(t = 1000 s), and a harmonic at twice the frequency of the first one, but folded due to the Nyquist frequency of
the LLOWFS (10 Hz). In Fig. 5 (right), more features are visible. After t = 2000 s is a slowly increasing vibration
starting at 0 Hz at the transit, with a harmonic stronger than the first component at twice the frequency. But
the strongest feature is happening around the transit time, between 4 and 6 Hz. This feature is usually visible
on most targets, and disrupts the quality of the scientific images. Since most post-processing techniques rely

Figure 4. PSD of the PSF centroid measured in the fast NIR camera SAPHIRA.
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• Several accelerometers have been installed to 
telescope to measure the vibration.   

• Trying to mitigate the 5Hz vibration by 
introducing a feed-foward correction from 
accelerometer measurement to AO188 Tip/Tilt 
mount.  

• This will potentially improve the PSF not only for 
SCExAO, but also for all instruments. 



CHARIS                                              
(Coronagraphic High Angular Resolution Imaging Spectrograph)
PI: Jeremy Kasdin (Princeton Univ.), funded by NAOJ (PI: M. Hayashi)

CHARIS19 (Coronagraphic High Angular Resolution Imaging Spectrograph) is a lenslet-based, cryogenic
integral field spectrograph (IFS) for imaging exoplanets on the Subaru telescope. CHARIS will provide spectral
information from 1.15 to 2.5 µm for 138 × 138 spatial elements over a 2.07 arcsec × 2.07 arcsec FoV in two
spectral resolution modes (low-resolution: R ∼ 18, high-resolution: R ∼ 73). CHARIS has been optimized
for high contrast imaging, with low cross-talk between spectra thanks to high wavefront quality optics and
use of a pinhole mask at the lenslet’s focus. CHARIS will replace HiCIAO as the main science camera for
SCExAO. SCExAO’s wavefront control and coronagraphic rejection, combined with CHARIS’s spectro-imaging,
will provide the post-processed contrast required to obtain spectra of numerous young self-luminous Jupiter-mass
exoplanets. CHARIS has been delivered to the Nasmyth IR floor of the Subaru telescope in June 2016, and is
going to start the commissioning observation from July 2016.

Figure 7. (Left) Image of CHARIS (red box on the right) mounted at the Nasmyth IR platform of the Subaru telescope.
CHARIS is located at donwstream of AO188 (large black box on the left) and SCExAO (three story black boxes on the
middle). (Right) Monochromatic (1.55 µm) PSF taken with CHARIS from the light source in SCExAO.

In addition, there are two more visitor instruments (SWIMS and MIMIZUKU) that are currently in the
acceptance review process. SWIMS20 is a near-infrared (NIR) imager and multi-object spectrograph, which
offers the unique capability of simultaneous observations of two passbands at NIR (zJ and HK). MIMIZUKU21

is a mid-infrared imager and spectrograph, which covers from 2 to 26 µm. The uniqueness of MIMIZUKU is
a field stacker which enables the precise photometry in mid-infrared by simultaneously observing science and
reference objects in the discrete two different fields. Both instruments are being developed by the University
of Tokyo for their 6.5 m telescope (Tokyo Atacama Observatory, TAO) in Chile. Since the construction of the
TAO telescope is expected to be later than the fabrication of the instruments, the performance evaluation of the
instrument and early science observations at the Cassegrain focus of the Subaru telescope is being proposed.

3.3 ULTIMATE-Subaru

To expand the wide-field capability to near-infrared wavelength range, Subaru has formed the working group in
2011 to discuss about the next generation facility instrument and come up with an idea of the “ULTIMATE-
Subaru”,22 which stands for Ultra-wide Laser Tomographic Imager and Multi-object spectrograph with AO for
Transcendent Exploration by the Subaru telescope. This project will develop wide-field near-infrared imager and
multi-object spectrograph assisted by ground-layer adaptive optics (GLAO) system as a Subaru’s next facility
instrument after PFS (Figure 8). The GLAO is an adaptive optics system that uniformly improves image quality
over a wide field of view by correcting only for the turbulence at the ground layer of the Earth’s atmosphere.

The GLAO system consists of an adaptive secondary mirror (ASM), four laser guide stars (LGSs) launched
from the side of the telescope, four LGS wavefront sensors, and three or more natural guide star wavefront
sensors for low-order tip/tilt and focus correction. The existing infrared secondary mirror will be replaced by
the ASM with ∼1000 actuators. At the Cassegrain focus, we found that the maximum 16 arcmin diameter

http://scholar.princeton.edu/charis

• Commissioning started 
since July, 2016 
• Science operation will 
start from S17A (opened 
to the community in a 
shared-risk)

CHARIS First Light image
SCExAO+CHARIS image of HR8799
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Figure 9. Photograph of graduate student Seth Meeker
next to the MEC cryostat.

by Vespel SCP-5050 suspension. This design places
the MKID array far from the magnetic shield opening
where field leakage will be strongest, and also allows us
to install a 1 K 9 cm long black baffle to further reduce
off-axis scattered light and 4 K blackbody radiation. The
MKID array is mounted in a microwave package 5 cm
⇥ 5 cm ⇥ 2 cm in size, as shown in Figure 10. This box
is attached to a gold-plated copper rod that sticks out of
the base of the magnetic shield and connects to the ADR
unit by a copper strap. The ADR acts as a single-shot
magnetic cooler which brings the MKID array down to
100 mK where the temperature is stabilized with a feed-
back loop to the ADR magnet power supply. We aim to
achieve a 100 mK hold time of ⇠16 hours on the tele-
scope, more than sufficient for the 13-14 hours required
for a night of calibration and on-sky observations.

6.2.1 Wiring
MEC requires ten feedlines to readout an entire array.
The signal paths begin with hermetic SMA bulkhead
connectors which bring the signals in through a box near
the top of the cryostat. The signals then go through
hand-formable SMA to G3PO coax, which feeds a cus-
tom 10 conductor copper flex stripline cable that brings
the signals down to 4 K with an intermediate heat sink
at 60 K. The input side of the cables has integrated 30
dB attenuators which connect directly at 4K through

Figure 10. The new MKID sensor box that uses
Fuzzbuttons instead of aluminum wire bonds to reduce
RF reflections, better constrain the focal surface at a
known fiducial point, and make changing out MKID
chips much easier.

G3PO barrels to a custom 10 conductor superconducting
NbTi flexcable. We have fabricated custom microstrip
NbTi/Kapton/NbTi flex cables to allow for a high density
of feedlines while minimizing heat load from 4 K to 100
mK as compared to five individual NbTi coax. These
flex cables then connect to the MKID box (Figure 10)
through ten small G3PO barrels allowing for a much
more compact detector package than standard SMA con-
nectors. The box-mounted G3PO connectors are solder
connected to gold-plated copper on duroid CPW transi-
tion boards, which are connected to the MKID chip using
Au coated Cu Fuzzbuttons. After passing through the
MKID array the ten signals are brought out through the
same series of CPW board, G3PO connectors, custom
NbTi microstrip flexcable, Cu flex cables, and G3PO-to-
SMA coax. At 4 K each line is amplified by a Low Noise
Factory High Electron Mobility Transistor (HEMT) am-
plifier. Most of this is shown in Figure 11.

MEC has three 24-pin DC wire bundles going to 4
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Figure 11. The labelled internals of the MEC cryostat.

Figure 12. A CAD model of the MEC instrument
integrated with SCExAO.

K to provide HEMT biasing and thermometry. Current
is supplied to the ADR magnet by two DC leads using
copper wire from 300K to 77K, high-Tc superconductor
from 77K to 4K, and superconducting (NbTi) wire from
4K to the magnet.

Figure 13. A close up of the beam expanding optics
and filter wheel that feed MEC.

6.2.2 Optical Design
A key benefit of any MKID based IFS is the drastically
reduced complexity in the internal optics: no disper-
sive elements or cold reimaging optics are required for
MEC. MEC contains no cold powered optics except the
microlens array feeding the MKIDs. Warm reimaging
optics located immediately before the vacuum window
are used to set the pixel scale. A closeup of the optics
that feed MEC is shown in Figure 13. This design fits
comfortable next to CHARIS but provides both repeat-
able alignment using alignment pins and enough degrees
of freedom to easily align the instrument.

Cryostat Windows: The front entrance for MEC is
a 12.7 mm thick, l /20 flatness, AR-coated Fused Silica
window. At the 77 K and 4 K stages heat leakage from
far-IR radiation becomes a concern, so an amorphous
glass must be used to block radiation longer then 2700
nm. At 77 K we use a 10 mm thick N-BK7 window
coated with a custom multilayer filter that block between
1500-2700 nm, and at 4 K we use a 20 mm thick N-BK7
window with the same multilayer coating. The 77 K and
4 K windows are both mounted at 10� angles relative to
the incoming beam in order to reduce ghosting.
Microlens Array (MLA): The only cold powered optic
required in MEC is a MLA at the final focus to con-
centrate the beam onto the MKID inductors. We use a
MLA from Advanced Microoptics Systems with radius

SCExAO
• Fast photon-counting, energy resolving IFS 
based on Microwave Kinetic Inductance 
Detectors (MKIDs) 

• Funded by JSPS Grant-in-Aid (PI: Guyon), being 
developed by UCSB (PI: B. Mazin). 

• Specification: 
- 140 x 146 MKID array, covering 1”.4x1”.46 FoV              
with 0.”01/pixel  

- Wavelength coverage: 800-1400nm 
- Spectral resolutin~ 10 
- Total throughput (fore-optics+detector) ~ 10-20% 

• Active speckle control utilizing unique fat and 
monochromatic detector.
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vital for direct imaging instruments designed for 30-m
class telescopes. An extremely large telescope with a
⇠10�8 effective contrast ratio at a diffraction-limited
inner working angle will be able to image Earth-mass
planets in the habitable zones of nearby M dwarfs (15).
Coupling with spectroscopy, we may be able to detect
the signatures of life in their atmospheres (16).

2. Science Enabled by High Contrast
MEC and DARKNESS will utilize the two most pow-
erful AO systems in the northern hemisphere to fully
complement the high-contrast imaging work GPI and
SPHERE are performing in the South. DARKNESS,
with its smaller telescope but higher actuator density and
easier access, will be primarily used for prototyping of
algorithms and short wavelength science observations.
MEC, behind SCExAO, has a better site, a better wave-
front sensor, and a larger telescope. The scarcer MEC
time will be where we apply the lessons learned on sky at
Palomar to push deeper the raw image contrast floor with
fast speckle nulling in Y or J bands as described in §3 and
§4, reaching the critical < 10�7 detection contrast lev-
els. Key science objectives can be further explored with
longer wavelengths (J, H, and K bands) simultaneously
sent to CHARIS for higher resolution spectroscopy.

MEC will follow up on young planets and debris
disks discovered in the SEEDS survey or by Project
1640 as well as discover self-luminous massive plan-
ets in greater number with lower mass, older age, and
more distant hosts. The increased sensitivity, combined
with the PIAA and Vortex’s small inner working angles
(0.0300 at 1.2 µm), allows young Jupiter-sized objects to
be imaged as close as 4 AU from their host star. Spec-
troscopy on these objects can distinguish between rocky
or icy bodies and thick atmospheres, and constrain their
physics properties and chemical composition. Since the
mass-luminosity relationship is extremely model depen-
dent, characterizing the atmospheres of massive planets
will reduce the systematic uncertainty in the estimated
mass of directly imaged planets. RV masses can be diffi-
cult to obtain due to the large semi major axes involved
and large variability in young stars. These young systems
are critical for understanding giant planet formation and
the initial conditions for exoplanetary system evolution
of which there are precious few empirical constraints.

If MEC’s full capabilities are realized with <10�7

contrast levels it will begin to probe the reflected light
of giant planets around some nearby stars, a feat once

Figure 1. Potential reflected light targets for
MEC+SCExAO are evaluated by calculating the
reflected light contrast of a hypothetical Jupiter-sized
planet orbiting known stars within 30 pc. A Jupiter that
exists in the habitable zone (cyan) will be 27 times
brighter than if it were located 5.2 times further away
(red) like our Jupiter. MEC’s sensitivity is shown by the
blue shaded region, with optimistic projections for
bright stars in pink.

thought only achievable in space. This opens a new pa-
rameter space for direct imaging of older stars. Figure 1
shows the reflected-light contrast vs. angular separation
for a hypothetical Jupiter sized planet in the habitable
zone of late type stars within 30 pc. Several of the hosts
already have observed planets in RV that should have
accessible contrasts for direct imaging with MEC, such
as the following nearby (< 5 pc) RV targets accessible
from Mauna Kea:

• GJ687b, a 19 Earth mass (ME) planet at 36 mas
separation, contrast ⇡ 1e-6,

• GJ876b, a 2.3 Jupiter mass planet at 45 mas sepa-
ration, contrast ⇡ 8e-7,

• Wolf 1061b, a Jupiter-mass planet at 48 mas sepa-
ration, contrast ⇡ 7e-7, and

• GJ876e, a 15 ME planet in the outer part of the
habitable zone, 72 mas separation, contrast ⇡ 7e-9
(a challenging target!).

MEC can exceed RV sensitivity in nearby stars: in the
habitable zone of e Eridani, the MEC expected con-
trast detection limit corresponds to a 2 Earth radius
planet, which would have escaped both astrometric and
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one side of the focal plane), Light outside the dark
hole (both spectrally and spatially) is significantly
brighter, and responds linearly to wavefront errors,
while light inside the dark hole responds quadrati-
cally to wavefront errors. The “bright field” can
therefore be used in a linear control loop without
DM modulation to freeze the wavefront state and
therefore maintain high contrast in the dark hole.
This scheme does not require DM modulation, so
it can operate faster than possible with conven-
tional SWFS using DM probes, and also provides
valuable telemetry about the wavefront state, and
therefore dark hole field, during observations. By
providing photon-counting simultaneously within
and outside the science band, MKIDs provide the
first opportunity for high performance implemen-
tation of this approach.

• Predictive control can significantly enhance con-
trast performance. Two significant sources of
residual wavefront errors after the ExAO stage,
wavefront chromaticity and ExAO loop lag, pro-
duce near-IR speckles which are relatively slow
moving at the millisecond timescale. These slower
speckle are strongly correlated over tens of mil-
lisecond, and are more detrimental to high contrast
imaging than equally bright speckles due to pho-
ton noise in the ExAO loop. Even with MKID
photon counting capabilities, low photon arrival
rate in the dark hole will limit achievable contrast,
and predictive control is key to optimally use in-
coming photons for active speckle control. We
will develop algorithms and implement predictive
control to extract as much data as possible from
the photons that arrive, allowing us to reach the
photon noise limit.

• Self-calibrating coherent differential imaging (SC-
CDI): Coherent differential imaging, as described
in Figure 2, relies on knowledge of the focal plane
complex amplitude introduced by DM probes. Er-
rors in the optical model, DM response, and un-
known incoming wavefront amplitude/phase, all
contribute to CDI errors, some of them systematic.
We have developed a modified implementation of
CDI, relying on DM probes that are linear com-
binations of two master DM probes, which is in-
sensitive to model errors and WF errors, provided
that the DM responds linearly to small motions.
We will implement this new technique on the sky.

Figure 3. Top: RX Boo from SCExAO with no speckle
nulling applied. Bottom: RX Boo with speckle nulling
performed on the region enclosed by the white dashed
line. Each image is a composite of 5000, 50 µs frames
which have been shifted and added together. Each panel
has a square root stretch applied to it and the maximum
and minimum values are clipped for optimum viewing
contrast.

3.2 Sensitivity and Speed
There is often confusion between the raw contrast deliv-
ered by an AO system and coronagraph, typically around
10�3 to 10�5, with the quoted effective contrast after
post-processing, around 10�6 in the best direct imaging
instruments. What this means is that in the MKID fo-
cal plane the atmospheric speckles have typical photon
fluxes around 10�4 of the host star. A typical target star
at 5th magnitude in J at Subaru and a conservative 3%
estimate of the total efficiency of the atmosphere, tele-
scope, AO system, and coronagraph results in 50 million
photons/second from the host star. At a raw contrast level
of 10�4 this means an atmospheric speckle has a flux of
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one side of the focal plane), Light outside the dark
hole (both spectrally and spatially) is significantly
brighter, and responds linearly to wavefront errors,
while light inside the dark hole responds quadrati-
cally to wavefront errors. The “bright field” can
therefore be used in a linear control loop without
DM modulation to freeze the wavefront state and
therefore maintain high contrast in the dark hole.
This scheme does not require DM modulation, so
it can operate faster than possible with conven-
tional SWFS using DM probes, and also provides
valuable telemetry about the wavefront state, and
therefore dark hole field, during observations. By
providing photon-counting simultaneously within
and outside the science band, MKIDs provide the
first opportunity for high performance implemen-
tation of this approach.

• Predictive control can significantly enhance con-
trast performance. Two significant sources of
residual wavefront errors after the ExAO stage,
wavefront chromaticity and ExAO loop lag, pro-
duce near-IR speckles which are relatively slow
moving at the millisecond timescale. These slower
speckle are strongly correlated over tens of mil-
lisecond, and are more detrimental to high contrast
imaging than equally bright speckles due to pho-
ton noise in the ExAO loop. Even with MKID
photon counting capabilities, low photon arrival
rate in the dark hole will limit achievable contrast,
and predictive control is key to optimally use in-
coming photons for active speckle control. We
will develop algorithms and implement predictive
control to extract as much data as possible from
the photons that arrive, allowing us to reach the
photon noise limit.

• Self-calibrating coherent differential imaging (SC-
CDI): Coherent differential imaging, as described
in Figure 2, relies on knowledge of the focal plane
complex amplitude introduced by DM probes. Er-
rors in the optical model, DM response, and un-
known incoming wavefront amplitude/phase, all
contribute to CDI errors, some of them systematic.
We have developed a modified implementation of
CDI, relying on DM probes that are linear com-
binations of two master DM probes, which is in-
sensitive to model errors and WF errors, provided
that the DM responds linearly to small motions.
We will implement this new technique on the sky.

Figure 3. Top: RX Boo from SCExAO with no speckle
nulling applied. Bottom: RX Boo with speckle nulling
performed on the region enclosed by the white dashed
line. Each image is a composite of 5000, 50 µs frames
which have been shifted and added together. Each panel
has a square root stretch applied to it and the maximum
and minimum values are clipped for optimum viewing
contrast.

3.2 Sensitivity and Speed
There is often confusion between the raw contrast deliv-
ered by an AO system and coronagraph, typically around
10�3 to 10�5, with the quoted effective contrast after
post-processing, around 10�6 in the best direct imaging
instruments. What this means is that in the MKID fo-
cal plane the atmospheric speckles have typical photon
fluxes around 10�4 of the host star. A typical target star
at 5th magnitude in J at Subaru and a conservative 3%
estimate of the total efficiency of the atmosphere, tele-
scope, AO system, and coronagraph results in 50 million
photons/second from the host star. At a raw contrast level
of 10�4 this means an atmospheric speckle has a flux of

Carry-in proposal has been received from UCSB.  
Review process is on-going.
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Star light

From AO

• Detect Earth-mass planets around late M-
type stars with ~1m/s RV resolution 

• NIR (YJH, 1-1.8μm) echelle spectrograph 
with laser frequency comb 

• Spectral resolution: R~70,000 
• Commissioning will start from S17A 
• SSP survey with 120 nights from S18A is 
being planned.  

PI: Motohide Tamura  
(Univ. of Tokyo)

Coude'room'(installaIon)�

IRD spectrograph location



SWIMS/MIMIZUKU

Mid-Infrared Multi-field Imager for gaZing at the UnKnown Universe 

Acceptance Review 2015/08/25 
MIMIZUKU team 

Current Status : Towards Cool 
Down Test #5
• Installation and Assembly of 
components completed 
yesterday, except for
• Collimator lenses
• Grisms + order sort (OS) filters
• BB Filters for the red arm
• Dichroic Mirror
, which will be installed in the next 
cool‐down test in October

• Now vacuuming for cool‐down 
test #5
• Pre‐cooling will start on next 
Monday (24 Aug)

2015/8/20

SWIMS%–%NIR%wide%field%mul12color%imager%and%MOS%mu12color
(PI:%K.%Motohara%at%Univ.%of%Tokyo)

2 3’.3%x%6’.6%FOV%at%Subaru%%
2 Simultaneous%two2band%imaging%at%NIR%(zJ%and%HK)%%
2 Wider%spectral%coverage%than%MOIRCS%%
2 Proposed%to%ship%the%instrument%to%Subaru%on%July.%%
2 Proposed%First%light%wll%be%at%the%end%of%2016.%%

TAO%6.5m%telescope’s%facility%instruments.
2 Provide%opportuni1es%for%ini1al%instrument%test%
2 Promote%instrument%development%ac1vity%at%Japanese%community

MIMIZUKU%–%MIR%mul12filed%imager%and%spectrograph

(PI:%T.%Miyata%at%Univ.%of%Tokyo)

2 Wider%wavelength%coverage%than%COMICS:%2226%micron%
2 Field%stacker%enables%precise%photometry%in%mid2

infrared%by%simultaneously%observing%science%and%
reference%objects%in%the%discrete%two%fields%

• Accepted instruments carry-in only for commissioning at 2017-2018 
• No science operation is planned
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New Instruments activities toward 2020



ULTIMATE-SUBARU
with Wide-Field Ground-Layer Adaptive Optics

Study Report - January 2016

Subaru Telescope
National Astronomical Observatory of Japan

ULTIMATE-Subaru

• Science Case 
- High-z galaxies (Key Science) 
- Low-z galaxies  
- Galactic  

• Adaptive Optics 
- Performance modeling 
- System modeling  
- Interface with telescope 

• Instruments  
- Wide-Field imager 
- Multi-Object Slit spectrograph 
- Multi-Object IFU spectrograph 

• Development Plan 
- Team organization 
- Budget  
- Timeline

http://www.naoj.org/Projects/newdev/ngao/20160113/ULTIMATE-SUBARU_SR20160113.pdf

Study Report 2016
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Figure 6.3: Left: Improvement of the seeing probability distribution (dotted line) to GLAO performance
probability distribution (red line). The error bars are the standard deviation along the time axis. Right:
confirmation of simulation results by Raven used in GLAO mode: the white star shows the result of no
correction while the green star is the result of RAVEN.

Result of MOAO performance simulation

We plot the wavefront error in Fig. 6.7. Total wavefront error is shown in filled square. Cross mark shows
a tip-tilt wavefront error from natural guide star and open square shows a high-order wavefront error
from laser guide star. Plots from upper left to lower right correspond the guide star constellation, which
is shown in Figure 6.6 from left to right. The horizontal axis shows a distance from the center of field of
view, which starts from the bottom to the top of the guide star constellation shown in Figure 6.6. Three
natural guide stars lies at the vertical dash line in triangle, and five laser guide stars at the vertical doted
line in pentagon. The horizontal lines at the wavefront error of 350nm and 240nm are equivalent to the
Strehl Ratio of 0.4 and 0.2 at K band, respectively. The wavefront error become minimum at the center
and positive side of dotted line, where the laser guide star resides. High-order wavefront error increases
with larger separation of each guide star. This degradation in performance for wider constellation of
laser guide star is caused by the increase of uncovered area by the laser guide star especially at the
higher altitude. (See Figure 6.6.) Further, the tip-tilt wavefront error increases in the same manner,
because of the large separation of natural guide stars. Tip-tilt wavefront error is smaller than the high-
order wavefront error for compact guide star constellation. Both tip-tilt and high-order wavefront errors
becomes equivalent at the guide star constellation of (3).

The more practical measures of MOAO performance in observation are Strehl ratio and ensquared
energy rather than wavefront error. Strehl ratios are plotted in Figure 6.8. The cross, open square and
filled square indicate J band, H band and K band respectively. The values of Strehl ratio are calculated
from simulated image of point source, which are consistent with estimated Strehl ratio derived from the
wavefront error.

Ensquared energy within the area size of 0.12′′× 0.12′′ and 0.24′′× 0.24′′ are plotted in FIgure 6.9 and
Figure 6.10. Ensquared energy within 0.12′′×0.12′′ is rapidly reduced for the wider constellation of guide
stars. When we require the minimum ensquared energy as 50%, the field of regards (FoR) is limited by
60′′ in radius. On the other hand, ensquared energy within 0.24′′×0.24′′ is not drastically reduced at wide
guide star constellation. The tolerance in reduction of ensnared energy at larger area size is interpreted
as follows. The major degradation of wavefront error is caused by the tip-tilt wavefront error due to the
wider guide star constellation, not caused by high-order wavefront error. Thus the energy in jittered core
of point spread function (PSF) can easily captured by enlarging the area size, while the energy in halo
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Subaru’s Next Facility Instrument Plan 
ULTIMATE-Subaru
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The more practical measures of MOAO performance in observation are Strehl ratio and ensquared
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60′′ in radius. On the other hand, ensquared energy within 0.24′′×0.24′′ is not drastically reduced at wide
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as follows. The major degradation of wavefront error is caused by the tip-tilt wavefront error due to the
wider guide star constellation, not caused by high-order wavefront error. Thus the energy in jittered core
of point spread function (PSF) can easily captured by enlarging the area size, while the energy in halo
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☆On-sky performance verification with RAVEN

• Uniform seeing improvement over ~20 arcmin FoV 
• FWHM < 0”.2 at K-band

GLAO performance simulationGLAO performance simulation at Subaru

(Oya et al. 2014)

Ground-Layer Adaptive Optics 
 x  

Wide-Field near-infrared instrument

GLAO Seeing GLAO Seeing

Wider FoV and better image quality than VLT GLAO 
(Seeing 0”.6 ̶> GLAO 0”.32 at K, FoV~7’.5)

VLT/GRAAL



ULTIMATE-Subaru: System Overview

(1) Adaptive Secondary Mirror

Preliminary Subaru ASM 
design by Microgate ADS

(2) Laser Guide Star system 
TOPICA fiber laser(589nm) x 2 
Generate 4 laser guide stars

(3) Wavefront Sensors
Cs. Focus  

(FoV~20 arcmin)

(4) Wide-field NIR  
instruments

• New wide-field imager (WFI) at Cs. 
• Reuse MOIRCS at Ns. IR 
• (Optional) Fiber-bundle multi-IFU at Cs. 
proposed by AAO, Australia

Ground-Layer AO+Wide-Field NIR instruments

Ns. Focus  
(FoV~6 arcmin)
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Table 7.7: Instrument parameters of Starbug based IFU spectrograph
IFUs

Number of IFUs 8-13a

Number of elements per IFU 61 Hexagonally packed
Spatial sampling per element 0.15 arcsec
Total field of view per IFU 1.18 square arcsec
Total patrol area φ ∼ 15 arcminb

Minimum separation between IFUs 25 arcsec
Spectrograph (MOIRCS)

Wavelength coverage 0.9-1.8 µm
Spectral resolving power 500-3000
Dispersion 1.6 Å per pix (J), 2.1 Å per pix (H)
Sampling 2-5 pixels in FWHM

Combined properties
Total efficiency 9% (J), 12% (H)
a This number can be increased by using a new larger spectrograph.
b FoV of the wide field corrector.

Figure 7.16: Block diagram of the starbug-based multi fiber IFU system, showing the sub-systems.
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FoV(comparison(of(NIR(facilities(in(
2020s(available(at(λ>~2um(�

VLT/HAWK:I(
(7.5’(x(7.5’)�

Subaru/IRCS(
(1’x1’)�

HST/WFC3(
(2.0’x2.3’)�

ULTIMATE:Subaru(
(16’(x(16’)�

JWST/NIRCAM(
(2(x(2.2’(x(2.2’)�

Subaru/MOIRCS(
(4’(x(7’)�

ULTIMATE-WFI: Uniqueness
Widest FoV among NIR facilities in 2020s               
available at λ>2.0μm

(14’x14’)



(1) Complete census of galaxy evolution 
• Hα/[OIII] emission line survey at z=2-3 down 
to 109 Msun in stellar mass.  
• MB imaging survey for galaxies at z>5 
• Stellar build-up history 
• Quenching mechanism 
• Mass and environmental dependency 

(2) Exploring very high-z galaxies 
• Lyα emission line survey at z=8, 9, 10… 
• History of cosmic re-ionization 
• Sensitivity of ULTIMATE-WFI in J-band NB is 
comparable to the JWST NIRCAM NB imaging.

ULTIMATE-WFI: Key Science Case

z=7.7�
z=8.7�

z=10.0�
z=11.8�with%GLAO%(0.2”)� seeing�

Wide-field, high-resolution narrow-band imaging survey



Japan-Australia collaboration on ULTIMATE

• AAO (A. Sheinis et al.) proposed Starbug based fiber bundle multi-object 
IFU system for ULTIMATE  
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fibres (fiducials) on each Starbug, as shown in Figure 7.19. The IFU axis is defined with respect to these
metrology fibres. Additionally there are a number (∼ 16) of circumferential fiducials on the glass-field
plate. Thus, fine positioning is then achieved while the telescope is on target by referencing the Starbug
fiducials to the field-plate fiducials. Acquisition is then achieved by aligning guide bundles to guide
stars.The positional accuracy of Starbugs is better than 5 microns, corresponding to 10 milli-arcseconds
on sky, and typical reconfiguration times are achievable within the time taken to slew the telescope.

Figure 7.19: (Left) Starbugs on a field-plate, showing the green back-lit metrology fibres, and the red
slippers. (Right) Schematic view of the Starbug, showing the payload dock tube, metrology fibres, vacuum
port and wires access ports on the backside. The Starbug system used in the ULTIMATE instrument
shares much of the technology with the TAIPAN system which is currently working in the laboratory
and will be demonstrated its on-sky feasibility in early 2016.

The Starbug fiber positioner is a new technology developed by AAO. The Starbug will be used for
the TAIPAN instrument at the UK Schmidt telescope. TAIPAN is being built by AAO to carry out a
comprehensive spectroscopic survey and to prove the concept of the Starbug positioner, which is proposed
to use on the Giant Magellan Telescope. TAIPAN will start its commissioning in early 2016 and demon-
strate the feasibility of the Starbug technology, reducing the risk for the future ULTIMATE instrument.
The ULTIMATE Starbugs differ from the TAIPAN Starbugs in that they have a larger diameter, carry
a heavier payload, and will operate at a lower atmospheric pressure. Therefore the vacuum necessary
to adhere the Starbugs to the field-plate and allow normal operation will be tested by prototyping the
Starbugs for the ULTIMATE instrument.

Integral field unit

The IFU unit consists of three main components, the fore-optics, the lenslet array, and the fiber array.
These components are aligned and glued into position in a stainless tube and then the tube is inserted
into the Starbug.

The fore-optics magnify the beam from the telescope to provide an appropriate plate scale for the
lenslet array (magnification is about 3.5 to have a lenslet width of 250 µm for a sampling of 0′′.15 per
lenslet). In principle, one could place the lenslet array directly at the focal plane of the WFC without
using the fore optics. However, there are advantages to a larger physical lenslet size. Most fundamentally,
a large lenslet size compared to the fibre core diameter minimize shifts in the pupil image and geometric
focal ratio degradation (FRD). Secondly, small lenslets are not readily available from manufacturers and
are likely to be expensive and to pose a significant risk in meeting the required specifications. AAO has
significant experience working with larger lenslets, having used a 40×25 250 µm lenslet array. Additionally
the use of fore-optics has advantages other than its effect on lenslet size. First, the spatial sampling of
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4 INSTRUMENT DESCRIPTION (STAGES 1 - 3) 
ULTIMATE is an upgrade to the MOIRCS spectrograph to enable multi-object integral 
field spectroscopy.  It is designed to be compatible with the GLAO system, but can be 
used independently and prior to this  For the purposes of this report the instrument is 
considered to consist of four main sub-systems, as shown in the block diagram in 
Figure 10.  These are, 

1. The wide field corrector, 
2. The Starbugs fibre positioners, 
3. The integral field units, 
4. The fibre cable and slit unit. 

 
Figure 10.  Block diagram of the ULTIMATE instrument, showing the sub-systems. 

Each sub-system consists of various sub-components, as described in detail below. 
Briefly, the instrument operates as follows.  The wide field corrector corrects the 
astigmatism of the Ritchey-Chrétien telescope, and provides a telecentric input into the 
IFU optics.  Deployable IFUs are positioned on a field plate at the corrected Cassegrain 
focal plane of the telescope.  The IFUs are positioned using robotic Starbug positioners.  

Ellis et al. 2016

• Subaru, Australia (F. Rigaut et al. from ANU), and 
Tohoku Univ. (Akiyama-san) are going to start 
collaboration on GLAO WFS and LGS system 
design and feasibility study based on the small 
project agreement between Subaru and AAL.



ULTIMATE-Subaru: Summary
• ULTIMATE-Subaru is a Subaru’s next generation facility instrument plan after 
PFS.  

• ULTIMATE-Subaru will develop a ground-layer AO system and wide-field near-
infrared imager, which provide ~14x14 arcmin

2
 FoV with 0”.2 spatial resolution 

in K-band.  

• Conceptual design of the GLAO and imager is ongoing in collaboration with 
Australia, will be reviewed at the end of 2017. Expected first light of GLAO is 
2023.  

• Multi-Object fiber-bundle IFU spectrograph (M-IFS) is being planned in 
collaboration with Australia.  Instrument concept is designed by AAO.  

• Not only high-z science, we are collecting various science cases such as local 
star-forming region, galactic archaeology, and near-by galaxies.   

• Any kind of participation in the ULTIMATE-Subaru project, Science case, 
Instrument development, is very welcome.    


