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Survey of Distant Galaxies
✴ Distant Galaxy Survey

- distant galaxy is important source to 
understand the galaxy evolution
・Optical : absorbed by dust
・mm-wave to THz : dust emission

- multi-band observation
・redshift can be determined from SED

✴ Star Formation History

- wide-filed mm & submm continuum  
camera is important to survey galaxies

- distant galaxy is obscured by dust

Casey et al., 2013

©NASA



Wide-Field Observations

To observe a lot of distant galaxies,
• camera development for wide-field observation
• good observation site for astronomical observations

are important
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ALMA : high-angular resolution interferometer 
→ follow-up observations of galaxies detected by the camera

© NAOJ

✴ Multi-pixel camera for wide-field observations
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Fig. 3 Transmittance in submillimeter wave and 

THz wave band. The blue line represents the New 

Dome Fuji station in the best condition. [2] 

New Dome Fuji 

Fig. 4 A schematic illustration of the 10 m THz 

telescope 

Fig. 5 A schematic illustration of the main 

reflector consisting of 60 aluminum panels 

optical image

observation area

Ivison et al., 2000



Camera Development
✴ 100-GHz band Camera
・Camera will be installed on the Nobeyama 45m telescope

✴ THz band Camera (Future Plan)
・Our group is planning to construct the 1deg. FoV 10 m telescope at the Antarctica plateau. 
・Target bands : 400 / 850 / 1300 GHz

MKID is one of the important technology for realizing wide-field camera

・Collaboration with National Astronomical Observatory of Japan

Observation Frequency 100-GHz band（90 − 110 GHz）
Field-of-view ～ 3 arcmin

Detector Microwave Kinetic Inductance Detector
No. of pixels 109 pixels

Bath temperature < 200 mK

・free-free emission is dominant at the 100-GHz continuum
− good tracer of the massive star forming region (HII region)



δf

equilibrium

MW Readout  (3 - 9GHz)

500 um
Gold：Superconductor(Al)
Black：Substrate (Si)

Microwave Kinetic Inductance Detector (MKID)
✴ Operation Principle

✴ Advantage of MKID

・Superconducting resonators operated in 
　the microwave range

→ Kinetic Inductance is changed

ex) Al MKID :  > 85 GHz photons can be observed

・High-detector yield is expected because the MKID fabrication process is relatively simple

photon
absorption

Day et al., Nature, 2003

→ 2GHz / 2 MHz span ～ 1000素子程度MKID1 MKID2 MKID3

 36

 38

 40

 42

 44

 46

 6.376  6.378  6.38  6.382  6.384  6.386  6.388  6.39

S2
1 

[d
B]

Frequency [GHz]

Readout 

MKID1 MKID2 MKID3

Low-noise amplifier

・Incident photons break Cooper-pair

→ Resonance frequency of MKID is also 
　 changed

・Intrinsic frequency multiplexing capability → ~1000 pixels can be measured with one LNA

力学インダクタンスはクーパー対の慣性質量に起因するため、超伝導体にEgap＜ hνの
エネルギーを持つフォトンが入射しクーパー対を破壊すると力学インダクタンスが変化
する。MKIDとはこの力学インダクタンスの変化を読み取る直接検出器である。図 2.2に
MKIDおよび等価回路を示す。

図 2.2: (左)MKID (右)MKIDの等価回路 (Barends, 2009)

最初に述べたようにMKIDとはマイクロ波帯で動作する超伝導共振器であり、等価回路
から分かるようにキャパシタンスとインダクタンスが並列接続された構造を持つ。また、
MKIDでは共振器の長さは読み出しに使用するマイクロ波 (一般には 4 - 8 GHz)の 1/4波
長になっており、片側 short , もう片側が openになっていることから長さに対応したマイ
クロ波で共振を起こす。この時、共振周波数 ω0は

ω0 =
2π

4l
√

(Lg + Lk)C
(2.9)

で表される。ここで、lは共振器の長さ、Lg, Cは超伝導配線が持つインダクタンス、キャ
パシタンスである。MKIDにEgap＜ hνのエネルギーを持つフォトンが入射しクーパー対
を破壊すると力学インダクタンスが変化することから、共振周波数は

ω0 −∆ω0 =
2π

4l
√

(Lg + Lk + ∆Lk)C
(2.10)

となり、図 2.3に示すように低周波側にシフトする。
また、図 2.4に示すように short端では電流が最大、電圧が最小であり、open端では電
圧が最大、電流が最小となっている。力学インダクタンスの変化に対する感度、つまり
MKIDの感度は short端で最大となるため short端でフォトンをたくさん吸収しクーパー
対を破壊したい。そのため図 2.5に示すようにMKIDでは short端にアンテナを付けてサ
ブミリ波のフォトンを効率よく吸収するような構造になっている。
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Test Observations

✴ Commissioning in 2018 season

✴ Improvement of camera sensitivity
1.  Low optical efficiency of MKID array

2.  Surface reflection of Si lenses

Yates et al., 2011

・Optics, detector yield and stability satisfy a requirement 

・Measured sensitivity was one order lower than the 
　target sensitivity. 

��
�0)&BAD��A��(��D�(��D�D
�� Evaluation of LeKID array for the Nobeyama 45-m telescope
�� Comparison between LeKID and Antenna-coupled KID

LeKID（developed by French NIKA2 group）

• This array was developed by NIKA2 camera group 

• 144 pixel array
• bi-layer (Ti and Al) for changing Tc and tuning the 
observation band

Antenna-coupled KID（developed by U. of Tsukuba）

• fabricated by U. of Tsukuba
• 109 pixel array
• Al-NbTiN hybrid KID

from prof. A. Monfordini and prof. J. Macias-Perez

NIKA2 : Adam et al., A&A 609, A115, 2018 

Catalano et al., A&A 580, A15, 2015 Yates et al., APL, 99, 073505, 2011

readout line

Al-MKID

planar antenna

coplanar waveguide

GNDGND
(Al)(Al) Al

Signal

・All Al MKID  (gap E of Al : ~85 GHz)
- Loss at GND & antenna ( = low efficiency)

・NbTiN-Al MKID  (gap E of NbTiN : ~1.1 THz)
- NbTiN GND and Al signal line

・high refractive index causes reflections of ~30% at lens surface 



Focal Plane Array

✴100-GHz band MKID Camera
・Double-slot antenna & Si lens array

・Glass beads AR coating

~75 mm

・200 nm NbTiN & 50 nm Al

AR Coating

Si Lens Array
3 inch Si Wafer

Superconducting film (MKID + antenna)

✴109 pixel NbTiN-Al MKID Array

・MKIDs are distributed over the entire 
　3-inch Si wafer

 < NbTiN-Al MKID >

fabricated by Y. Murayama



Anti-Reflective Structures
✴ Subwavelength Structure (SWS)
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Fig. 3 (Left) Calculated effective refractive index of the three types of pyramid-type structures as a function
of depth. Black, red and blue lines correspond to the reference shape, pyramid-type shape with 10-µm-
and 35-µm-radius curved bottom, respectively. d = 0 µm and 600 µm are bottom and top positions of
the pyramid-type structures, respectively (see Fig. 2). (Right) Calculated reflectance of the three types of
pyramid-type structures using HFSS [29]. The result of a plain flat silicon is also shown in gray line. The
higher-order diffraction occurs at the frequency above 330 GHz (Color figure online)

Fig. 4 Photograph of the fabrication setup. The stage and the dicing blade can be moved in the y-direction
and the x–z plane, respectively (Color figure online)

and a dedicated three-axis dicing machine were used for the fabrication as depicted in115

the photograph of the fabrication setup shown in Fig. 4. The blade was run at 20,000116

rotations per minute, and the stage was moved at a rate of 30 mm per minute to prevent117

the damage to the structures.118

Figure 5a shows a photograph of the 100-mm-diameter plane-convex silicon119

lens with pyramid-type antireflective structures on both sides, and Fig. 5b shows a120

microphotograph of the pyramid-type structures. It takes about three days to fabricate121

the structures on both sides. Figure 5c shows a microscope image of the cross section122

of the fabricated pyramid-type structures with p, w, d and R denoting the period, tip123

width, depth and radius of curvature of the bottom part, respectively. These measured124

values are summarized in Table 1. The fabrication errors in p, w and d were less than125

10 µm. In this fabrication process, the radius of curvature at bottom part was about126

18 µm.127

123
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✴ Fabrication Method

　・Periodic structures in subwavelength scale 

nair SWS 

Silicon (n ~ 3.4)

Incident wave

period

width

= 1 

Effective Layer

nair = 1 

Silicon (n ~ 3.4)

(1 < n < 3.4)

Single Layer

　・Development of a dedicated three-axis 
　　dicing machine 

　→Lens surface can be machined

　・The structures act as antireflective (AR) layers
→ ex) optimized for Si   :  n = 1.84 

Nitta et al., 2018

　(Oshima Prototype Engineering Co.)

　・Various (Rectangular and V-shape) types 
       of dicing blades were used



Lab Measurement

✴ Optical Measurement

✴ Camera Sensitivity

❖ Frequency Response

❖ Beam Patterns

❖ Optical Efficiency

❖ Noise Equivalent Power

❖ Detector Yield

Measured with 
           Makoto Nagai (NAOJ),  Yosuke Murayama (D3), Ryuji Suzuki,  
           Ryotaro Hikawa, Rikako Suzuki (M2) and many collaborators



Frequency Band Characteristic

・The measured center frequency and bandwidth are 95 GHz and 16 GHz, respectively. 
・This result is in good agreement with the expected response which is determined by the Al 
　superconducting gap and the 120-GHz low-pass filter used in the cold optics. 

✴ Fourier Transform Spectrometer

Al gap energy filter cutoff
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3.3 ଟૉࢠಡΈग़͠ճ࿏ FSP4000Λ༻͍ͨଌఆܥ
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ਤ 3.4: FSP4000

MKIDs FSP4000
comb
~2 GHz

LO

LO

IF

IFRF

RF

Amplifier

CLNA
C
ryostat

Attenuator

Signal
generator

ਤ 3.5: FSP4000Λ༻͍ͨଌఆճ࿏

フーリエ分光器による帯域測定 4
受信帯域測定

周波数

放
射
強
度 光源

読み出し回路
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ද 3.3: FTSͷઃఆ
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(a) αϯϓϦϯάϨʔτ 26[S/s] (b) αϯϓϦϯάϨʔτ 28[S/s]
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3.6.1 ϑʔϦΤม
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͕߹͞Ε͍ͯΔ͔Θ͔Βͳ͍ɽͦ͜Ͱɼਤ 3.12ͷΑ͏ʹɼྖؒ࣌ҬͰ͋ΔσʔλΛपྖҬʹม͢

Δ͜ͱ͕ඞཁͰ͋Δɽͦͷม͕ϑʔϦΤมͰ͋ΔɽϑʔϦΤมɼྖؒ࣌ҬͷؔʢຊڀݚͰΠϯ

λʔϑΣϩάϥϜʹ͋ͨΔʣΛ f(t)ɼपྖҬͷؔΛ F (ν)ͱ͢ΔͱҎԼͷࣜͰදݱͰ͖Δ [11]ɽ

F (ν) =

∫ ∞

−∞
f(t)e−2πiνtdt (3.3)

͜ͷมΛͯͬߦɼFTSͷ৴߸ʹର͢ΔMKIDͷԠੑΛपྖҬʹͨ͠ͷ͕ϛϦଳΧϝϥͷप

ಛੑΛද͢εϖΫτϧͰ͋Δɽ
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se カメラの

周波数特性

フーリエ変換

・フーリエ分光器（FTS）を⽤いて，カメラの周波数特性を測定
・周波数分解能 4.6 GHzで 4.8 THzまで測定

信号の強度変化とMKIDの応答FTSによるデータ取得の流れ
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受信帯域測定

周波数
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度 光源

読み出し回路
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ද 3.3: FTSͷઃఆ

߲ ୯Ґ

ճࢉੵ 2 ճ

ղ 0.50, 0.25 cm−1

εΩϟϯεϐʔυ 4.00 mm/sec

ଐੑ IF

θϩϑΟϦϯά ON

ήΠϯ 1.0

Ξύʔνϟʔ 2.00 mm

ΞϙλΠθʔγϣϯ Boxcar

(a) αϯϓϦϯάϨʔτ 26[S/s] (b) αϯϓϦϯάϨʔτ 28[S/s]

ਤ 3.11: औಘͨ͠ׯব৴߸͔ΒҠಈڸͷยಓΛΓऔͬͨਤɽؒ࣌ʹର͢ΔղಡΈग़͠ճ

࿏ʹΑΔڞৼपͷαϯϓϦϯάϨʔτʹΑܾͬͯ·Δɽ

3.6 Χϝϥͷपಛੑ

3.6.1 ϑʔϦΤม

͜͜ͰϑʔϦΤมʹ͍ͭͯ؆୯ʹઆ໌͢Δɽׯব৴߸Λଌఆͨ͠ࡍɼׯব৴߸ਤ 3.11ͷΑ͏ʹɼ࣌

ؒྖҬͰ༷ʑͳप͕ࠞ͟Γ͋ͬͨͷͱͯ͠ද͞ݱΕΔɽ͜ͷ··ͰͲͷΑ͏ͳपɼڧͷ

͕߹͞Ε͍ͯΔ͔Θ͔Βͳ͍ɽͦ͜Ͱɼਤ 3.12ͷΑ͏ʹɼྖؒ࣌ҬͰ͋ΔσʔλΛपྖҬʹม͢

Δ͜ͱ͕ඞཁͰ͋Δɽͦͷม͕ϑʔϦΤมͰ͋ΔɽϑʔϦΤมɼྖؒ࣌ҬͷؔʢຊڀݚͰΠϯ

λʔϑΣϩάϥϜʹ͋ͨΔʣΛ f(t)ɼपྖҬͷؔΛ F (ν)ͱ͢ΔͱҎԼͷࣜͰදݱͰ͖Δ [11]ɽ

F (ν) =

∫ ∞

−∞
f(t)e−2πiνtdt (3.3)

͜ͷมΛͯͬߦɼFTSͷ৴߸ʹର͢ΔMKIDͷԠੑΛपྖҬʹͨ͠ͷ͕ϛϦଳΧϝϥͷप

ಛੑΛද͢εϖΫτϧͰ͋Δɽ

⼲渉信号

% E
2

[d
B]

Frequency

)*
+

[H
z]

time [s]

Frequency

Re
sp

on
se カメラの

周波数特性

フーリエ変換

・フーリエ分光器（FTS）を⽤いて，カメラの周波数特性を測定
・周波数分解能 4.6 GHzで 4.8 THzまで測定

信号の強度変化とMKIDの応答FTSによるデータ取得の流れ

Source
(Mercury Lamp) 

Readout Circuit
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3.2 ϑʔϦΤޫث

ϑʔϦΤޫثʢFTSʣɼׯবܭͷҰछͰ͋Δɽޫ͔ݯΒͷೖࣹޫΛϏʔϜεϓϦολʹΑࣹͬͯޫͱ

ಁաޫʹ͚ɼͦΕͧΕͷϏʔϜΛϧʔϑτοϓɾϛϥʔͰࣹͤ͞ɼݩͷޫ࿏ʹ͠ϏʔϜεϓϦολͰॏ

Ͷ߹Θͤͯׯবͤ͞Δɽ͜ͷࡍʹɼࣹڸͷยํΛݻఆڸɼ͏ยํΛޫ࣠ํʹҠಈͤ͞Δ͜ͱͰɼ2ͭͷ

ϏʔϜʹޫ࿏ࠩΛൃੜͤ͞ɼؒ࣌ͷؔͱͯ͠ׯবڧมԽʢΠϯλʔϑΣϩάϥϜʣΛಘΔɽޫݯΛ୯৭ޫ

ͱ͑ߟΔͱɼׯবڧͷؒ࣌มԽͦͷʹԠͨ͡पظͷؔ֯ࡾͱͳΔ [32]ɽಘΒΕͨΠϯλʔϑΣϩά

ϥϜΛϑʔϦΤม͢Δ͜ͱͰड৴ػͷपಛੑʹରԠͨ͠εϖΫτϧ͕ಘΒΕΔɽ

light source

beam splitter

fixed mirror

moving mirror

ਤ 3.3: ϑʔϦΤޫܭɽʢࠨʣࣸਅɽʢӈʣݪཧਤ [32]ɽޫ͔ݯΒೖࣹͨ͠ޫ͕ݻఆڸͱ

ՄಈڸͰͦΕͧΕࣹ͠ɼՄಈڸͷҐஔʹΑͬͯੜͨ͡ޫ࿏ࠩʹΑͬͯׯব৴߸ΛಘΔ

͜ͱ͕Ͱ͖Δɽ

3.3 ଟૉࢠಡΈग़͠ճ࿏ FSP4000Λ༻͍ͨଌఆܥ

ຊଌఆɼཱࠃఱจͰ։ൃ͞ΕͨଟૉࢠಡΈग़͠ճ࿏ FSP4000ʢਤ 3.4ʣΛ༻͍ͯߦͳͬͨɽͳ͓ɼຊΧ

ϝϥΛลࢁ 45 mిԕڸʹ͠ࡌఱମͷ؍ଌΛࡍ͏ߦ FSP4000Λ༻͍Δɽ͜͜Ͱ FSP4000Λ༻

͍ͨଌఆܥʹ͍ͭͯઆ໌͢Δ [14][33]ɽFSP4000Λ༻͍ͨଌఆܥʹҎԼͷಛ͕͋Δɽ

• ෳͷૉࢠΛಉߴ͔ͭ࣌ͰಡΈग़͠Մ

ਤ 3.4: FSP4000
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ද 3.3: FTSͷઃఆ

߲ ୯Ґ

ճࢉੵ 2 ճ

ղ 0.50, 0.25 cm−1

εΩϟϯεϐʔυ 4.00 mm/sec

ଐੑ IF

θϩϑΟϦϯά ON

ήΠϯ 1.0

Ξύʔνϟʔ 2.00 mm

ΞϙλΠθʔγϣϯ Boxcar

(a) αϯϓϦϯάϨʔτ 26[S/s] (b) αϯϓϦϯάϨʔτ 28[S/s]

ਤ 3.11: औಘͨ͠ׯব৴߸͔ΒҠಈڸͷยಓΛΓऔͬͨਤɽؒ࣌ʹର͢ΔղಡΈग़͠ճ

࿏ʹΑΔڞৼपͷαϯϓϦϯάϨʔτʹΑܾͬͯ·Δɽ

3.6 Χϝϥͷपಛੑ

3.6.1 ϑʔϦΤม

͜͜ͰϑʔϦΤมʹ͍ͭͯ؆୯ʹઆ໌͢Δɽׯব৴߸Λଌఆͨ͠ࡍɼׯব৴߸ਤ 3.11ͷΑ͏ʹɼ࣌

ؒྖҬͰ༷ʑͳप͕ࠞ͟Γ͋ͬͨͷͱͯ͠ද͞ݱΕΔɽ͜ͷ··ͰͲͷΑ͏ͳपɼڧͷ

͕߹͞Ε͍ͯΔ͔Θ͔Βͳ͍ɽͦ͜Ͱɼਤ 3.12ͷΑ͏ʹɼྖؒ࣌ҬͰ͋ΔσʔλΛपྖҬʹม͢

Δ͜ͱ͕ඞཁͰ͋Δɽͦͷม͕ϑʔϦΤมͰ͋ΔɽϑʔϦΤมɼྖؒ࣌ҬͷؔʢຊڀݚͰΠϯ

λʔϑΣϩάϥϜʹ͋ͨΔʣΛ f(t)ɼपྖҬͷؔΛ F (ν)ͱ͢ΔͱҎԼͷࣜͰදݱͰ͖Δ [11]ɽ

F (ν) =

∫ ∞

−∞
f(t)e−2πiνtdt (3.3)

͜ͷมΛͯͬߦɼFTSͷ৴߸ʹର͢ΔMKIDͷԠੑΛपྖҬʹͨ͠ͷ͕ϛϦଳΧϝϥͷप

ಛੑΛද͢εϖΫτϧͰ͋Δɽ
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・フーリエ分光器（FTS）を⽤いて，カメラの周波数特性を測定
・周波数分解能 4.6 GHzで 4.8 THzまで測定

信号の強度変化とMKIDの応答FTSによるデータ取得の流れ
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Beam Characteristic
✴ Knife-Edge Measurement Arnaud et al., 1971

Knife-edge

25 mm/s
Top View

cross section

BB in Li-N2 (77K)

thin BB source (300 K)

Result (Optical Response, Beam-shape)
Result(1/3)

ØDifference of () between

hot load & cold load

2020/3/3 History of Universe seminar 8

Differentiate

Hot load⇨

Cold load⇨

ØDifferential response(Beam-shape) 

ü For each KID, the timing of the change of () differs.

⇨ The peak position of Gaussian is different.

⇨ We obtain where each KID is relatively located.

ü From HPBW, we obtain beam-size.

For MKID20
For MKID20

Result (Optical Response, Beam-shape)
Result(1/3)

ØDifference of () between

hot load & cold load

2020/3/3 History of Universe seminar 8

Differentiate

Hot load⇨

Cold load⇨

ØDifferential response(Beam-shape) 

ü For each KID, the timing of the change of () differs.

⇨ The peak position of Gaussian is different.

⇨ We obtain where each KID is relatively located.

ü From HPBW, we obtain beam-size.

For MKID20
For MKID20

300 K load

77 K load

 < Raw Data >  < Differential Response>

・Scan thin blackbody (BB) source at a constant speed
- 300 K and Li-N2 (77 K) BB sources were used to obtain the 

optical response

・Differential responses correspond to the beam shapes
- Beam map (shape and position) can be obtained

・Beam waist size at the camera focal plane is almost the 
　same as the simulation. 



Future Plan



LeKID Array

✴ Lumped Element Kinetic Inductance Detector (LeKID)
・ Collaboration with Université Grenoble Alpes 

��
�0)&BAD��A��(��D�(��D�D
�� Evaluation of LeKID array for the Nobeyama 45-m telescope
�� Comparison between LeKID and Antenna-coupled KID

LeKID（developed by French NIKA2 group）

• This array was developed by NIKA2 camera group 

• 144 pixel array
• bi-layer (Ti and Al) for changing Tc and tuning the 
observation band

Antenna-coupled KID（developed by U. of Tsukuba）

• fabricated by U. of Tsukuba
• 109 pixel array
• Al-NbTiN hybrid KID

from prof. A. Monfordini and prof. J. Macias-Perez

NIKA2 : Adam et al., A&A 609, A115, 2018 

Catalano et al., A&A 580, A15, 2015 Yates et al., APL, 99, 073505, 2011

	��2�D)!(�(�3���"��D)&�"�#(

pixel 
number

Yield

Design 144
Measurement 138 95.8%

pixel 
number

Yield

Design 109
Measurement 105 96.3%

Frequency[MHz] Frequency[Hz]

S2
1[
dB
]

S2
1[
dB
]

LEKID Antenna-coupled KID

・Detector yield is almost the same between LeKID and antenna-coupled KID

❖ This array was developed by NIKA2 camera group

❖ 144 pixel array
❖ bi-layer (Ti and Al) for changing Tc and tuning the 

 observation band

NIKA2 : Adam et al., A&A 609,  A115, 2018

・ 138 / 144 pixels : high yield

Tc[K] 2Δ[GHz]
LEKID 0.94 68.9

Antenna KID 1.17 85.8

LeKID

LEKID
(68.9 GHz)

Antenna KID
(86.8 GHz))∆= 7. 6)9":;3	

Temperature[K]

S2
1[
dB
]

Atmospheric window Antenna-coupled KID

Gap frequency can be calculated from 

Atmospheric transmittance at Nobeyama
	��2�D)!(�(�4�

・Bi-layer KID is useful for covering the 100-GHz 
band atmospheric window

・This leads to high-sensitivity observations 

Jyunpei Takahashi, 2020

Jyunpei Takahashi, 2020



Summary
✴ Scientific Motivation
・distant galaxy survey

 - wide-field survey is important to detect the unknown galaxies

・Collaboration with Université Grenoble Alpes (LeKID development)

✴ MKID Camera for the Nobeyama 45-m Telescope
・MKID is the superconducting resonator operated in the microwave range
・Camera development

- 109 pixel array using lens-antenna coupled NbTiN-Al MKIDs

- This camera will be installed on the Nobeyama 45-m telescope in this Oct.

✴ Future Development

・~ 20000 pixel camera is designed for the Antarctica 10 m telescope

- Results of beam pattern, yield and frequency response are as expected.

- improvement of the multi-pixel readout system is needed


