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Development for high speed CMOS 
to probe the nature of dark matter  
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Masamune Oguri (Chiba/IPMU)



Targets of CMOS observations

• mapping dark matter w/ higher source density weak lensing 
   − clusters of galaxies (core, sub-halos, outskirts) 
   − dwarf galaxies 

• micro-lensing observations w/ high cadence  
   − M31 
   
• micro-lensing and transient search at centers of clusters  
   − caustic crossings  → Oguri’s talk 

   − gravitationally lensed supernovae



Specifications:

• 2,560 x 10,000 pixels 

• 7.5 µm square pixel 

• Full well ~ 30,000 e 

• R.N. ~ 2 e 

• Dark: 90 e/s/pix @ 300 K 

• 10 Frame/sec
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First prototype front illuminated CMOS



Item Unit Back Illuminated Front Illuminated

Image Size mm 19.20 x 75.00

Pixel Size µm 7.5

Format pixel 2560 x 10000

Fastest Frame Rate fps 6 10

Quantum Efficiency % >= 48 (400 nm)  
>= 60 (800 nm)

>= 5 (400 nm) 
>= 11 (800 nm)

Ratio of defect pixels % <= 5

Resolution (*1) µm <= 5 <= 5

Dark Current e / pixel / sec <= 1000 (Room Temperature) <= 200 (Room Temperature)

Read Noise     (High Gain) 
                      (Low Gain)

e rms <= 5 
<= 30

<= 3 
<= 25

Full Well (High Gain) 
             (Low Gain)

e >= 2000 
>= 20000

>= 2000 
>= 30000

Responsivity       (High Gain) 
                          (Low Gain)

µV/e 640 
40

ADC Resolution bit 10 (*2)
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2560 Column ADC 
LVDS Digital output from a device



Current status:
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ZDAQ: developed jointly by 
JAXA (KIPMU)Takahashi’s Lab

Back-illuminated CMOS 
delivered in 2019



Assembly of the focal Plane 2019/08

• zx
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7September 2, 2019 @ Hiroshima

Test Observation at 1.5 m telescope
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X-ray test result:
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Mn Kalpha FWHM: 160 eV 

Readout noise: 2.5 e

HPK 
CCD

HPK 
CMOS

Demonstration of low noise 
and sufficiently low dark current 
as designed.



Reference : High-efficiency lucky imaging C. Mackay MNRAS, 432, 702 (2013)

A series data of alpha-Gem was taken. 
 Number of frames:               1000 

 Exposure time of each frame: 1 ms 

Lucky Imaging (LI) and Lucky Fourier (LF) techniques are 
applied on the data.

CMOS Test Camera on Hiroshima 1.5 m telescope

LI:select“good”images from the data set and sum selected images. 

LF:same kind of idea of LI, but selection is performed in frequency 
space.

Lucky Imaging and Lucky Fourier:



Crop, up-convert, and rotation of images
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1. Crop 256x256 area around the stars 
2.Up-convert (resample) 4x4 and rotate 

cropped images 
• Cancel field rotation 
• Adjust pixel scale to angular resolution 

of the telescope

2560

10
00

0

Not 
scaled

256x256

1024x1024

x1000 images



Alignment
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Find peak pixel of each image and shift the pixel to the 
image center

… …



Lucky imaging
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Select “good” images from data series and sum 
up selected images

…

There are several selection criteria. 
Now we use images that have “High 
peak”.(if the intensity of object is 
constant, higher peak mostly means 
smaller image size.)

Top 10% selected mean



Image improvement
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alpha-Gem.: Binary stars with 5 arc sec separation 

-Selection options: 1000/1000, 100/1000, 50/1000, 
20/1000, 10/1000  

- FWHM changes 3.84 ->3.24-> 2.88->2.64-> 2.28 arc-sec 

-Improvement confirmed

1000/1000

0100/1000

0050/1000

0020/1000

0010/1000



Lucky Fourier
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Select “good” data in 2D-Fourier transformed data 
cube  --- top 10% of each spacial frequency are used 
to reconstruct LF image

Pixel by pixel selection 
is performed 

Fourier data cube 
(2d Fourier transform of all mages)

“Good” Fourier data

Inverse Fourier 
transform

Reconstructed image

This method is more effective as anisotropy of PFS is larger.  
eg High resolution direction can be incorporated in the Fourier space 



Lucky Fourier: the improvement

FWHM 3’’.84 Gaussian

10 % Lucky Fourier 



127.2

150.4	(Sens.	Area)

Field	of	view	of	
Suprime-Cam		
(ϕ	30	arcmin)

Development plan under this funding phase
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ʲ ʢ̰ʣܭڀݚըɺํڀݚ๏ͳͲ 1©ʢ͖ͭͮʣ ʳ
ֶज़มֵʢ̖ʣʢܭըʣ ̏

ʹΑΔॿΛड͚ͯɺ͜ΕΒͷ՝ʹऔΓΈ͍ͨͱ͍ͯ͑ߟΔɻ·ͨຊॿʹΑΓɺಉૉࢠΛ
ɻ͍ͨ͠ݱ֦େʢ͢ͳΘͪ୳ࠪྗͷ૿େʣΛ࣮ࢹ͠ɺ12ഒͷݸ12
·ͣ (1)ͷඇҰ༷ੑɺΣϋͷബܕԽ͕ۉҰʹߦΘΕ͍ͯͳ͍͜ͱʹىҼ͍ͯ͠Δͱͯ͑ߟ

͍ΔɻಛʹΤϋͷݚຏఔͷվྑ͕ඞཁͰɺݚຏεϐʔυɺੴճసεϐʔυɺݚຏࡎͳͲ͕
ঢ়±10ݱޮࢠΛཁ͢ΔύϥϝʔλͱͳΔɻྔ౼ݕ %ͷΒ͖͕ͭൃੜ͍ͯ͠Δ͕ɺఔͷվ
ྑʹΑΓɺ± 5 %ͷΒ͖ͭΛඪͱ͢Δɻ

ਤ 1: ୡͯ͠ࡏݱͷվળඪɻഁઢ͕ޮࢠྔ
͍Δྔޮࢠɺ࣮ઢ͕ඪɻ

ʹ࣍ (2)ʹ͍ͭͯͰ͋Δ͕ɺྔޮࢠΛվ
ળ͢ΔͨΊʹ୯७ʹγϦίϯΛް͘͢Δͱɺ
ޫͰੜ͞Εͨిࢠʢޫిࢠʣ͕ిۃʹ౸ୡ
͢Δલʹԣํ͕ʹΓɺղ૾͕ྼԽ͢
ΔɻྼԽΛ͙ͨΊʹɺޫిࢠΛͳΔ͘
ਨํʹҠಈͤ͞Δඞཁ͕͋Δɻج൘ͷΤ
ϐλΩγϟϧͷް͞ͱೱͳͲΛม͠ߋɺ
͞ΒʹΠΦϯೖͷνϡʔχϯάͳͲͰɺͳ
Δ͘ԣํ͕͕ࢠిʹΒͳ͍ϙςϯγϟ
ϧΛ࡞Γग़͢ඞཁ͕͋Δɻ͜ΕΒΛ͢Δ
͜ͱʹΑͬͯɺిՙͷ͕ΓΛϐΫηϧαΠ
ζͷʢ3.8 µmʣҎԼʹ͑ͭͭɺྔࢠ
ޮΛਤͷഁઢ͔Β࣮ઢͷΑ͏ʹେ෯ͳ্
Λ͢ࢦɻେԕڸͷ؍ଌͰɺಛʹ 850 nm

Ҏ্ͷʹ͓͍ͯ 2ഒۙ͘ͷվળΛૂ
͏ɻେؾ༳Β͗Λิਖ਼͢ΔϥοΩʔΠϝʔδ
ϯάɺ͜ͷΑ͏ͳҬʹ͓͚Δ؍ଌͱ
ͳΔ͔ΒͰ͋Δɻ

ʹޙ࠷ (3)ͷಡΈग़͠ճ࿏ʹ͍ͭͯड़ΔɻຊCMOSηϯαʔͷ࡞ࢼͱฏͯ͠ߦ։ൃͨ͠ಡΈ
ग़͠ճ࿏ɺXILINXࣾͷ Zynqͱ͍͏ FPGAΛத৺ͱͨ͠σδλϧೖग़ྗճ࿏Ͱ͋ͬͨɻZynq

ैདྷͷϓϩάϥϚϒϧϩδοΫճ࿏ʹ ARMΞʔΩςΫνϟͷ CPU͕౷߹͞ΕͨͷͰɺͦ
ͷ CPU্Ͱ LinuxΛಈͤ͞࡞Δ͜ͱͰɺϋʔυΣΞߏͷ୯७ԽɺσʔλऩूιϑτΤΞ
։ൃޮͷ্ʹޭͨ͠ɻ͔͠͠ͳ͕Βɺσʔλόϯυ෯ͷݶքʹΑΓɺ࡞ࢼCMOSηϯαʔ
ͷϑϨʔϜϨʔτɺ3.3ϑϨʔϜຖඵʹཹ·͍ͬͯΔɻຊਃͷॿʹΑΓ 3ຕͷϘʔυΛฒྻ
ಈͤ͞࡞ΔվྑΛ͜͏ߦͱʹΑΓɺ10ϑϨʔϜຖඵͷಡΈग़͠Λ࣮͍ͨ͠ݱɻ
ͳγϦίϯσΟεΫʹॻ͖ग़͞ΕΔ͕ɺͦͷେͳσʔλΛղੳ͢ߴଌதը૾σʔλɺ؍

ΔͨΊʹػࢉܭΫϥελʔͷඋ͕ඞཁͱͳΔɻ͜Ε·ͰHSCͷσʔλղੳͷͨΊʹཱࠃఱจ
ʹඋ͖ͯͨ͠ػࢉܭΫϥελʔΛ׆༻ͭͭ͠ɺΛ͏͝ͱʹ૿͑ΔσʔλྔʹରԠͯ͠ɺه
Աഔମ༰ྔɺCPUΛ૿ܭ͍ͯ͘͠ڧըͰ͋Δɻ

3. ৽ܕCMOSηϯαʔΛ༻͍ͨఱମ؍ଌʹΑΔμʔΫϚλʔڀݚ
μʔΫϚλʔͷީิͱͯ͠ଟ༷ͳૉཻ͑ߟ͕ࢠΒΕ͍ͯΔ͜ͱ͔Βɺఱମ؍ଌʹΑΔμʔΫϚλʔ
ʹతੑ࣭ओࢠଟ֯తʹਐΊΔඞཁ͕͋ΔɻμʔΫϚλʔͷૉཻྀͯ͠ߟෳͷՄੑΛڀݚ
খεέʔϧʹө͞ΕΔͨΊɺҎԼͰઆ໌͢Δͱ͓ΓCMOSηϯαʔ؍ଌʹΑͬͯখεέʔ
ϧͷμʔΫϚλʔଌఆΛ༷ʑͳ໘ͰΓ։͘͜ͱͰμʔΫϚλʔڀݚͷ৽͍͠ల։Λ͢ࢦɻ
ϥοΩʔΠϝʔδϯάΛར༻ۭͨؒ͠ߴղμʔΫϚλʔଌఆ
ୈ 1અͰड़ͨͱ͓ΓɺզʑHSCΛ༻͍ͨऑ͍ॏྗϨϯζޮՌʹΑΔఱҬμʔΫϚλʔ
ଌఆʹ͓͍ͯଞϓϩδΣΫτͷਵΛ͞ڐͳ͍ϢχʔΫͳՌΛ͖ͨͯ͛ڍɻ͔͠͠ͳ͕Βμʔ
ΫϚλʔͷੑ࣭ΛௐΔͨΊʹɺ͞ΒʹۭؒߴղͷμʔΫϚλʔΛଌఆ͢Δඞཁ͕͋
Δɻऑ͍ॏྗϨϯζͰଌఆ͢ΔμʔΫϚλʔϚοϓͷ֯ղղੳʹ༻͢ΔഎۜܠՏͷ
ີͰܾ·Δ͕ɺ্ԕڸͷ؍ଌͰେؾͷγʔΠϯάʹΑΔۭؒղͷݶքʹΑΓ҉͍ߴ

Improvement of QE

while maintaining pixel resolution 
by adopting high resistivity silicon

Mass production to pave the 
Subaru Suprime-Cam Focal Plane

Twelve Devices necessary



New features implemented on our CMOS in FY2021 
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1. Higher speed (up to 1 k fps) realized by partial readout

3

෨ಣΊड़͢ؽ અఈՆ͵ҕྭ
ʀ෨ಣΊड़͢ؽͺ100ߨୱҒߨ൬ߺͲɼಣΊͫ͗͢ՆͶ͵Ζ༹ͳͤΖ༩ఈͲͤɽ
ϓϪʖϞϪʖφͺ100k/਼ߨͳ͵ΕΉͤɽ

ྭ̏ʁ̏ʛ̏̎̎̎̎ߨड़ྙʤॊཔͳಋ༹ɼસժોಣΊड़͢ʥ
ϓϪʖϞϪʖφʁ10fps࠹

ྭ̐ʁ̏ʛ̏̎̎ߨड़ྙʤಆ̏̎̎ߨΊಣΊड़͢ʥ
ϓϪʖϞϪʖφʁ1000fps࠹

ྭ̑ʁ̗̗̎̏ʛ̏̎̎̎̎ߨड़ྙʤ࠹श̏̎̎ߨΊಣΊड़͢ʥ
ϓϪʖϞϪʖφʁ1000fps࠹

ྭ̒ʁ̐̎̏ʛ̑̎̎ɼ̓̒̎̏ʛ̓̓̎̎ɼ̗̖̎̏ʛ̏̎̎̎̎ߨड़ྙ
ʤ100ߨୱҒɼ͞ྭͲͺ400ߨʥ
ϓϪʖϞϪʖφʁ250fps࠹

ྭ̓ʁ̐̏̎̏ʛ̐̐̎̎ɼ̓̔̎̏ʛ̓̎̎̕ߨड़ྙ
ʤ100ߨୱҒɼ͞ྭͲͺ200ߨʥ
ϓϪʖϞϪʖφʁ500fps࠹
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CONFIDENTIAL

100 continuous rows forms a group. 
Any group can be selected for readout.

10 fps 250 fps

2. Higher resistivity silicon is employed to realize thicker depletion layer

12ၤ Hamamatsu Photonics K.K. and its affiliates All Rights Reserved. CONFIDENTIAL AND PROPRIETARY
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L12ͺʤఁఏ߇ΤΦύɼૄ͏ΤΦύ8µmʥɼL13-W26ͺʤ߶ఏ߇ΤΦύɼૄ͏ΤΦύ12µmʥɼL13-W22ͺ
ʤ߶ఏ߇ΤΦύɼૄ͏ΤΦύ16µmʥͲͤɽ
߶ఏ߇ΤΦύͺਜ਼͢͏ร਼ܐʤDN/e-ʥ͗າࢋड़ͪΌɼL12ͳಋ਼ͣܐͳՀఈ͢ͱࢋड़͢Ήͪ͢ʤࠪਦʥɽ
350nmۛQEͺಋͳΊ͵͢ͱɼึਜ਼ͪ݃͢Վ͗ӊਦͲͤɽ
ӊਦ͖Δૄ͏ΤΦύ8µmͶർ΄ͱɼૄ͏ΤΦύ12µmͺౕۛ͗״ʤ800nmͲͺ༁30ˍʥ͢ͱ͏
Ήͪ͢ɽૄ͏ΤΦύ16µmͶͤΖͳɼߍͶঙౕͫ͗͢͜״ʤ800nmͲͺߍͶ༁10ˍʥ͗ΊΔΗΉͪ͢ɽ

CONFIDENTIAL

x 0.9

સժોร਼ܐͺಋͣͳՀఈͪ͢υʖν 350nmQEͺΤΦύͶғଚ͢͵͏ͳՀఈͪ͢υʖν

QE improvement 50 -> 70 % 
@ 800 nm



Recycling: 
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Original Suprime-Cam was retired in  
2017. The prime focus bonnette with 
the wide field corrector (~US$3M) is  
re-used for this CMOS camera.  

8 m aperture  
30 arcmin FOV 
10 Hz frame rate 
will explore unprecedented  
parameter space as previous Subaru 
cameras did before.
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CMOS Camera

• The mechanical design of CMOS Camera for 
Subaru Telescope is almost completed. 

• Mechanical parts were manufactured. The 
production model is being assembled. 
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CMOS Camera
• One CMOS sensor is installed on the cold 

plate of CMOS Camera and the performance 
test is being carried out. 

• The CMOS Camera will install 12 CMOS 
sensors to cover the entire FoV of Suprime-
Cam (30 arcmin diameter)
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Readout Electronics Design

• The implementation of readout electronics, which aims to use at Subaru 
Telescope, has been discussed with vendor and the design of readout 
electronics is finalized.  

• ZYNQ based IO board drives CMOS and transfers the data via 10GB Ethernet.  
• 1 CMOS - 1 DAQ system KRIA-SOMモジュールの型番は下記2つあります。

民生用：SM-K26-XCL2GC
工業用：SM-K26-XCL2GI

KRIA-SOM	module I/F	Connector	Board	(TBD)

22
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CMOS Camera on Suprime-Cam

• Now, we have a solution to 
install  CMOS camera to 
Suprime-Cam.  

• To Do 
• Design of Vacuum I/F board 

to handle 12 CMOS sensors 
• Detailed design of entrance 

window  
• Mechanical design to 

support readout electronics 
• Implementation of 

peripheral devices

CMOS Camera Readout Elec (x12)



Comparison with other CMOS Cameras
Tomo-e	Gozen TAOS	II Subaru	CMOS

Tel.	Aperture 1.05	m 1.3	m 8.2	m

Field	of	View	 20	deg2 2.3	deg2 0.25	deg2

Frame	Rate 2	sec-1		(20	for	part) 20	sec-1 10	sec-1

Limiting	Mag. ~17	mag ~18	mag ~21	mag

Sensor	Format 2000x1128	
(19um/pix)

1920x4608	(16um/
pix)

2560x10000	
(7.5um/pix)

#	of	Sensors 84 10 12

Vendor Canon e2v Hamamatsu

Site Kiso Mexico Maunakea

Tomo-e	Gozen																																											TAOSII	Focal	Plane																											Subaru	CMOS	Camera	



UH 88 inch Telescope ?

• D = 2.2 m F/10 delivers similar plate scale as Subaru Prime 
focus 

• Wide Field 

• Mana Kea seeing 

• Necessity of a field flattener but it can be implemented as 
the dewar window. 

• Other possible telescope: VLT Survey Telescope at Paranal
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Rival !
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Thank you very much


