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Motivation
✴ survey of the distant galaxy

✴ Comparison of 220 GHz optical depth
24 Chapter 2. The Dome Fuji Station in Antarctica
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Figure 2.5: Comparison of the variation of the 220/225-GHz optical depth between Dome
Fuji station and the Atacama ALMA site. (a) Dome Fuji in summer (17 Dec. 2006 - 14 Jan.
2007), (b) Atacama in best summer (17 Dec. 2002 - 14 Jan. 2003), and (c) Atacama in best
winter (17 Aug. 1999 - 14 Sep. 1999).

(2.1). The optical depth τ220 less than 0.06 corresponds to the cumulative distribution of

0.98 in figure 2.6. This implies that submillimeter observations would be always possible

even summer of Dome Fuji station. We note that equation (2.1) and coefficients a and b

may be different at the Dome Fuji station and thus direct measurements of the relation

between τ220 and τ495 at Dome Fuji station are important.

2.2.3 Discussion

Comparison of optical depth at other sites

Table 2.1 lists quartiles of the cumulative distribution of the 220-GHz optical depth mea-

sured at Dome Fuji station, together with the data of other sites at 225 GHz, the ALMA

site in Chile (altitude 5060 m), the South Pole (2835 m), and Mauna Kea in Hawaii (4100

m), in the literature (Hogg, 1992; Chamberlin & Bally, 1994; Otárola et al., 2005). Fre-

quency dependence of the optical depth between 220 GHz and 225 GHz is small, that is,

less than 3 % of the listed value (Radford et al., 2001). There is also yearly variance of

quartiles at other sites, so that table 2.1 gives the data in the season when best median

was recorded. It is clear that the optical depth of Dome Fuji station is smaller than that of

Mauna Kea in all seasons. This can be explained by difference in an aantarctica3 of water

vapor (i.e., the extremely dry conditions). The precipitable water vapor (pwv) at Dome

Fuji station is estimated at 0.6 mm during the observing period while the averaged pwv

Dome Fuji
・Transmittance

Atacama
(summer)

(Ishii et al , 2010)

Atacama
(winter)

τ(Ave) = 0.045
(T = 97 %)

(summer)Dome F (summer) 
Atacama (winter) 
→same value 

・very stable
・Dome F in winter

→expect to better
    transmittance 

✴ Wide-field sub-millimeter camera

4000

Dome A

Dome Fuji
South 
Pole

Showa Station

Dome C

Altitude (m)
20000

✴ The Dome Fuji Station

・Average：－54 ℃
・Minimum：－79 ℃ 3810 m

Temperature Altitude

Tsukuba University planning to construct the
 7m submillimeter telescope at the Dome Fuji



NAOJ	 Camera	 Design

Kinetic	 Inductance	 Detectors
Lens	 &	 Antenna	 coupling

Lens	 

Readout

✴	 Target	 Frequency

✴	 Camera	 design

✴	 220 GHz & 440 GHz

Yates et al , 2009
Neto et al , 2009

102pixel	 KIDs	 Camera

✴	 number	 of	 pixel
✴	 220 GHz → 9 pixel demo camera
✴	 440 GHz → 102 pixel camera

Day et al , 2003



Development	 of	 Silicon	 lens	 array



Lens	 Design	 with	 Double	 Slot	 Antenna

・Symmetrical beam pattern and low side-lobe level

・considering the integration and dielectric loss, we decided to D = 3λ

divergence beam
high integration

・Lens diameter	 :	 D = 3×1.36 mm（=220GHz) = 4.09 mm

・ Extension thickness  :  Ext = 0.65 mm

✴	 Extended	 hemispherical	 	 lens

collimated beam
low integration

increase in absorption

Si	 Lens	 

Extension thickness

{

・Lens Diameter
・Extension Thickness

Filipovic et al , 1993

Double Slot Antenna

H plane
E plane 0.57mm 0.61mm 0.65mm

0.70mm 0.74mm 0.78mm



図 5.10: 9素子シリコンレンズアレイ完成版の形状測定結果

図 5.11: 非接触三次元測定装置NH-3SPによる表面粗さ測定の様子
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Machining	 by	 High-speed	 spindle
✴Prototype	 220	 GHz	 Silicon	 Lens	 Array
・3×3 array
・lens diameter : D=4.09 mm

・Extension thickness : L=0.35 mm

the R0.15mm end-mill working on the lens

・R0.15 mm TiAlN coated ceramic end-mill

・machining time
→ 9 hours for machining 1 pixel

completed	 9	 pixel	 silicon	 lens	 array

✴Error from the radius of lens (R=2.045mm)

measurement of 6 lenses

center of lens

P-V： 20 um

Ra： < 0.48 um

surface roughness at the top of the lens
measurement of 5 lenses

center of lens

✴ Surface roughness

→ non-contact measurement of the He-Ne laser



Development	 of	 440	 GHz	 lens	 array

✴	 Lens	 Diameter	 :	 2.04	 mm

✴	 Machining	 Setup	 :	 high	 speed-spindle	 &	 R0.1	 mm	 TiAlN	 coated	 ceramic	 end-mill
✴	 Machining	 Time	 :	 1	 hour	 for	 machining	 1	 pixel

✴	 Extension	 thickness	 :	 0.2	 mm

✴440 GHz 102 pixel camera design
24 mm

26 mm

102 pixel Si lens array



Beam	 pattern	 measurement	 of	 
Antenna	 coupled	 KID



✴He3	 sorption	 cooler

✴Antenna	 Coupled	 KIDs

・Tmin : 300 mK

4 K stage

9 pixel Si 
lens array

KIDs sample box

・9 pixel Al KIDs

・double slot antenna 
・silicon substrate 

--film thickness : 150 nm  

・IR filter

Total Transmittance

~55 % @ 220 GHz

・hold time : about 10 hours

9 pixel KIDs mask design

300 mK stage

Measurement	 Setup

   (Monfardini et al, 2010)

fabricated by M.Naruse



Measurement	 Setup
✴beam	 pattern	 measurement
・measurement at magnetic shield room

・220 GHz radiation source was scanned around the window

outside of the shield room inside of the shield room

VNA

Scan controllerSG

Magnetic 
shield room

0.3 K cryostat

horn

beam scanner

window

・recorded the amplitude variations of the S21 response

Attenuator



Beam	 Pattern	 Measurement
✴Far-field	 beam	 pattern

・contour : 3 dB step

・dynamic range : 20 dB

・frequency : 220 GHz

KIDs5



Future	 Work



Antireflective	 Structure

Form	 a	 cyclic	 structure	 smaller	 than	 
the	 target	 wavelength	 on	 the	 silicon	 surface

→ Possible	 to	 replace	 the	 ARS	 with
	 	 	 	 the	 effective	 medium	 of	 the	 refractive	 index
	 	 （Effective	 Medium	 Theory）

✴ It	 is	 possible	 to	 get	 an	 anti	 reflective	 effect	 with	 only	 one	 material

nSi

nair

→same effect of one layer AR coating

nSi
Effective Medium Theory

Effective refractive index

Grann et al , 1995
Raguin and Morris , 1993

	 -	 AR	 coating	 could	 separate	 from
	 	 	 	 	 lens	 in	 thermal	 cycling	 .

✴ Antireflection	 coating

✴ Antireflective	 structure

refractive index thickness@220GHz

Kapton-JP 1.84 185 um
TMM3 1.81 188 um

Parylene N 1.66 205 um
Stycast1266 1.68 203 um

Fourier Transform Spectroscopy
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Fourier Transform Spectroscopy
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✴ Groove Design of 220 GHz band

W

Λ

TMTE ✴groove	 has	 polarization	 dependence
→Because the structure is different at the vertical or
    horizontal direction of the groove.

Groove	 Structure

6.5 レンズ表面への反射防止構造の形成
前節までで、溝構造および孔構造を持つ反射防止構造を設計してきた。これらの反射防
止構造を球面へ加工した場合のイメージ図を図 6.41に示す。

図 6.41: (左)溝構造の反射防止構造を持つレンズ (右)孔構造の反射防止構造を持つレンズ

それぞれのレンズでメリット・デメリットがあるため、これらの特性をまとめる。
＜Groove Lens＞

• 溝の方向により偏波を持ち、更にレンズ入射時に偏波面が回転する

• 加工は比較的容易

＜Hole Lens＞

• 偏波特性が無く、偏波面も回転しないため反射防止効果はGroove Lensよりも高い

• 孔が小さいためGroove Lensよりも加工は困難である

図 6.42にレーザーによる加工でシリコン表面に形成された円錐型孔構造・楕円型孔構造
を示す。これらの孔の空間充填率を上げレンズ表面に打ち込むことが出来れば図 6.41のよ
うなHole Lensとなる。

図 6.42: レーザーによる加工でシリコン表面に形成された (左)円錐型孔構造 (右)楕円型
孔構造
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W

Λ

d

Λ = 0.36 mm
W = 0.14 mm

d = 0.185 mm average	 reflectance	 between	 200	 -	 240	 GHz	 is	 about	 12	 %	 .	 

image	 of	 groove	 lens

W’

W’ = 0.22 mm



Summary
1.	 Development	 of	 Si	 lens	 array	 for	 MKID	 camera
✴	 9	 &	 102	 pixel	 silicon	 lens	 array	 was	 machined	 with	 the	 high-speed	 spindle	 at	 NAOJ
✴ measurement	 of	 9	 pixel	 lens’	 shapes

2. Beam	 Pattern	 measurement	 of	 antenna	 coupled	 KID

3. Future	 work	 

✴ beam	 pattern	 measurement	 of	 102	 pixel	 KIDs	 array

•	 shape	 error	 :	 ~20	 um(P-V)
•	 surface	 roughness:	 ~0.48	 um(Ra)

✴	 measurement	 of	 220	 GHz	 beam	 pattern	 using	 antenna	 coupled	 Al	 KID
✴ Simulation	 and	 measurement	 are	 well	 conformed

✴ fabricate the AR	 structures	 on	 the	 lens	 surface


