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Abstract

In this thesis, we present development of a wide field-of-view (FoV) millimeter-wave
camera system and a design of a 20000 pixels terahertz camera for the Antarctic terahertz

telescope that will be constructed at Dome Fuji, a Japanese Antarctic station.

The Dome Fuji station is in high altitude of 3800 m and the lowest temperature is
O 80°C. Therefore it is expected to be one of the best site for millimeter-wave and ter-
ahertz astronomical observations. It is very important for astronomy to understand the
star-formation history of distant galaxies and to reveal the evolution process of its large-
scale structure. The detection of millimeter and terahertz waves from distant galaxies
is one of the most recent topics in the cosmic star-formation history. A combination of
wide FoV and background-limited sensitivity makes in sufficient to enable the surveys
for radio emissions from unknown distant galaxies. For this purpose, construction of
ground-based telescopes with wide FoV, as well as the development of large-format (>

1000 pixels) cameras are planned around the world.

In this thesis, a 220-GHz band camera with lens-antenna-coupled microwave kinetic
inductance detectors (MKIDs) has been demonstrated. The optical design of our cam-
era is based on a double-slot antenna and an extended hemispherical silicon lens array.
A double-slot antenna on a silicon lens produces a symmetrical beam pattern with low
side-lobe level, and its assembly is quite simple. A highly integrated small-size (< 3\
diameter, where ) is the target wavelength) lens array is required to realize a CCD-like
camera. For this reason, close-packed silicon lens arrays with small lens diameters in
the 220-GHz band were investigated by simulation of the beam patterns, considering the
effects of surrounding lenses. By optimizing the lens shape, good-quality beams with

circular symmetry pattern and sidelobe level of 0 15 dB were obtained with lens diam-
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eters of 1.2\, 2, and 3\ in the bandwidth of 210 O 230 GHz. The silicon lens array was
directly machined using a high-speed spindle on an ultra-precision machine. The shape
fabrication error and the surface roughness of the top of the lens were typically less than
15 pm (peak-to-valley) and approximately 0.7 um (rms), respectively.

Anti-reflection (AR) coatings are critical for dielectric lenses with high refractive in-
dices, such as silicon, because such a high refractive index causes reflections of approx-
imately 30% at each material/vacuum interface. Two types of AR coatings for silicon
and alumina were studied at 220 GHz band, one is by direct machining of mixed epoxy
(Stycast 1266 and 2850FT]) for a silicon lens array, while the other is antireflective sub-
wavelength structure for a large alumina lens used in a re-imaging optics system. The
refractive indices of mixed epoxies were varied linearly as functions of the volume frac-
tion of Stycast 2850FT]. We successfully obtained epoxies with a target refractive index
of 1.84, which matches that of silicon. The thickness of the epoxy AR coating was pre-
cisely controlled with direct machining. Transmittance of the AR-coated silicon substrate,
measured with a Fourier transform spectrometer, was approximately 95% at the center
frequency of the 220 GHz band with a bandwidth of 25% at 27 K. The antireflective sub-
wavelength structure with periodic rectangular pillars was designed for an alumina sam-
ple. The measured 220-GHz-band transmittance was higher than 95% with a bandwidth
of 25% at 25 K.

Beam patterns of the 220-GHz band camera with lens-antenna-coupled MKIDs were
measured by using a millimeter-wave CW source. The comparison of the measured beam
patterns with the calculations showed good agreement. This proved that the silicon lens
array, processed with the ultra-precision cutting, is capable of performing as the optical
system of the millimeter-wave cameras.

By using these technologies, we developed a compact cryogenic re-imaging optics
with large-diameter silicon and alumina lenses and 220-GHz band 608 pixel MKID cam-
era for wide FoV observations. The re-imaging optics connects a telescope focus of F/#
= 6 at ambient temperature with a focal plane of F/# =1 at 100 mK for the camera. Three
kinds of infrared blocking filters were used to reduce the 300 K radiation from a window
with a diameter of 150 mm. A nested baffle was installed to reduce stray light. 220-GHz
band transmittance from the window to the MKID camera was approximately 80% with a

bandwidth of 25%. The camera has been cooled at 100 mK with 300 K load. High yield of
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around 95% has been achieved for the 608 pixel MKID camera. This wide FoV cryogenic
optics can be scalable for the Antarctic terahertz telescope.

The Antarctic terahertz telescope has two Nasmyth foci, and the one is used for a
large-format terahertz camera. A 850-GHz band re-imaging optics, which connects a
Nasmyth focus of F/# = 6 with a focal plane of F/# = 1, was designed. Four free-
form reflective mirrors at ambient temperature and a single alumina lens at cryogenic
temperature were used to realize the wide FoV with compact configuration. The resulting
design solution provided a 1 degree FoV at 850 GHz. A 20000 pixels terahertz camera was
also designed based on the technology of 220-GHz band 608 pixel MKID camera.
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2 Chapter 1. Introduction

1.1 Distant Galaxy Survey

It is very important for astronomy to understand the star-formation history of distant
galaxies and to reveal the evolution process of its large-scale structure. Massive distant
galaxies form with processes of accretion and mergers of small galaxies in high-density
circumstance. They are expected to be obscured by dust; in fact, which are too weak to de-
tect at optical wavelengths. On the other hand, they are bright enough in observation of
the millimeter- and submillimeter-wave range. This type of galaxy called as submillime-
ter galaxies (SMGs) (Blain et al., 2002). According to the previous studies, SMGs are ultra-
luminous sources (> 102 L, corresponding to a star formation rate of 10% 0 103 Mgyr—!)
and have molecular gas reservoirs of 1019/, 0 10! M, for their star-formation activities
(Tamura et al., 2009). That shows a possibility of their being progenitors of massive el-
liptical galaxies (Blain et al., 2002). The detection of millimeter and terahertz waves from

distant galaxies is one of the most recent topics in the cosmic star-formation history.

The SMG was first detected 16 years ago with the Submillimeter Common User Bolome-
ter Array (SCUBA; Holland et al. 1999) on the James Clerk Maxwell Telescope (JCMT)
(Hughes et al., 1998). SCUBA observed the sky in the atmospheric windows at both 450
and 850 pum. In this observations, hexagonal close-packed arrays of 91 and 37 bolometers
were used at each wavelength. The discovery of SMGs provided a various potentials of
blank-field surveys with the Max-Planck Millimeter Bolometer (MAMBO; Kreysa et al.
1999) on the IRAM 30 m telescope, Bolocam (Haig et al., 2004) on the Caltech Submil-
limeter Observatory (CSO) and AzTEC (Wilson et al., 2008) on the Atacama Submillime-
ter Telescope Experiment (ASTE). These wide-field surveys produce a large amount of
SMG sample, and that leads to an understanding the population of SMGs. Advanced
millimeter- and submillimeter-wave detector technologies have shown a new possibility

on an understanding of the distant Universe.

Figure 1.1 shows the multicolor images of GOODS 850-5 which is a hyperluminous
submillimeter galaxy in the GOODS-N (Wang et al., 2009). From Fig. 1.1, GOODS 850-5
is not detected in the Advanced Camera for Surveys (ACS) and the Near Infrared Camera
and Multi-Object Spectrometer (NICMOS) on the Hubble Space Telescope (HST), and the
Multi-Object InfraRed Camera and Spectrograph (MOIRCS) on the SUBARU telescope.
But it is clearly detected in the IRAC 3.6 O 8 pm and the MIPS 24 ym images on Spitzer
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Figure 1.1: Multicolor images of GOODS 850-5 (Wang et al., 2009). GOODS 850-5 is a
hyperluminous submillimeter galaxy in the GOODS-N. White circles correspond to the
position of GOODS 850-5. Each panel has a 24” width.

telescope, the Submillimeter Array (SMA) 880 um image and the Very Large Array (VLA)
1.4 GHz image.

The evolution of galaxy formations is better understood with the redshift distribu-
tion of SMGs. However, it is difficult to determine the redshift of SMGs from single-
wavelength observation. Moreover, it is very difficult to identify a clear counterpart
for spectroscopic follow-up because the positional accuracy of submillimeter wave im-
ages are comparatively poor. Under such environment, multi-band observation by using
large-format millimeter- and submillimeter-wave cameras is important for determining
the spectrum energy distributions (SEDs) of SMGs. Figure 1.2 shows the photometric
redshift distribution of 74 SMGs which were detected at 870 ym by the Large APEX
BOlometer CAmera (LABOCA; Siringo et al. 2008) observations in the Extended Chan-
dra Deep Field South (ECDFS) (Wardlow et al., 2011). From those results, it is obvious
that the redshifts of almost all galaxies are greater than unity, and that the median value
of the redshift distribution is likely to be of 2 0 3. This result is consistent with the other
observations (Clements et al., 2008; Dye et al., 2008; Chapman et al., 2005).

Figure 1.3(A) shows the predicted flux density of a SMG as a function of redshift
(Blain et al., 2002). As shown in Fig. 1.3(A), the flux density which is almost inde-
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r LESS robust IDs
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Figure 1.2: The photometric redshift distribution of 74 SMGs which were detected at 870
pm by the LABOCA observations in the Extended Chandra Deep Field South (black solid
line) (Wardlow et al., 2011). This figure includes the photometric redshift distribution of
SCUBA Half-Degree Extragalactic Survey (SHADES) SMGs (Clements et al., 2008; Dye
et al., 2008), and the spectroscopic redshift distribution of SMGs from Chapman et al.
(2005). The median redshift of SMGs in LABOCA ECDFS Submillimeter Survey (LESS)

isz=22=+0.1.

e T oy Ve (GHZ
A ) From blue to red: 24, B ) 102 107 10° 10° ’QT'O(‘ ) 10° 102 10’
= T T T T T T T 1
70, 110, 160, 200, 350 | 100 (a) HFLS3 12
450, 500, 850, 1100 MBB
10" - - -~ Arp220 114

1400 and 2100um

2
£
N
Z o
i :
° 2
>
2 ]
=F 24
00:0.3; (7,\:047 4
L h=0.65 7 26
E 5x10'2 L,; 38K ]
RSN L AN 10° ‘.‘}’ , i ; 28
0-1 ! 10 10" 10° 10" 10°  10°  10*  10°  10°
}"obs (um)

Redshift

Figure 1.3: (A) The predicted flux density of a dusty starburst galaxy (SMG) as a function
of redshift in various millimeter /submillimeter-wave atmospheric windows (Blain et al.,
2002). From blue to red lines correspond to flux density of 24, 70, 110, 160, 200, 350,
450, 500, 850, 1100, 1400 and 2100 pm. From the millimeter- and submillimeter-wave
observations of 350 0 2100 pm, the flux density which is almost independent of redshift
is obtained. (B) Spectral energy distribution (SED) and Herschel /SPIRE images of HFLS3
(Riechers et al., 2013). HFLS3 was identified as a very high redshift (» = 6.3369) source.
Herschel /SPIRE images of 250-, 350-, and 500-m bands are shown (inset).
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pendent of redshift is obtained from the observations at the wavelength of 850 0 1100
pm. Thus if SMGs exist at higher redshifts, observations at millimeter wavelengths are
a powerful way to find them. On the other hand, recently, SMGs at high redshifts have
been detected from submillimeter-wave observations. Figure 1.3(B) shows the SED and
Herschel /SPIRE images of HFLS3, which corresponds to high-redshift SMG at 2z 6.34
(Riechers et al., 2013). This SMG was very bright at submillimeter wavelength because
the peak frequency of dust emission is around 600 GHz. Thus the submillimeter-wave
observations are suitable for the detection of the high-redshift (2 0 6) SMGs.

From these reasons, both millimeter- and submillimeter-wavelength observations are
required to detect the SMGs at wide-ranging redshifts. A significant point of both obser-

vations are summarized as follows.
Millimeter-Wave Range (around 200 GHz) Observations

o A large number of SMG can be detected due to the negative K-correction.

o A large-format camera in the millimeter-wave band is also suitable for observing
the 2.7 K cosmic microwave background radiation (CMB), which has a peak emis-

sion around 200 GHz.

¢ In addition, deeper understanding of the evolution of galaxies and galaxy clusters
is expected from observations of the thermal and kinetic Sunyaev O Zel’dovich

effects (Vanderlinde et al., 2010; Marriage et al., 2011; Sayers et al., 2013).

Submillimeter-Wave Range (around 800 GHz) Observations

e A high-redshift (z 0 6) SMG can be detected because the peak frequency of dust

emission from these sources is around 800 GHz (see Fig. 1.3(B)).

e The observations at this frequency bands are useful in determining of the photo-

metric redshift.
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Table 1.1: The millimeter /submillimeter-wave single dish telescopes around the world.

Telescope Dish Diameter [m] Location Altitude [m]
ASTE 10 Atacama Desert, Northern Chile 4860
NRO 45 Nobeyama, Japan 1350
APEX 12 Atacama Desert, Northern Chile 5100
JCMT 15 Mauna Kea, Hawaii 4092
IRAM 30 Pico Veleta, Spain 2850
CSsO 10 Mauna Kea, Hawaii 4070
ACT 6 Atacama Desert, Northern Chile 5190

SPT 10 South Pole, Anterctica 2835

1.2 Wide Field-of-View Observations

As discussed previously, the advanced millimeter /submillimeter-wave instruments such
as large-format camera will offer new insight into the history of galaxy formation. A com-
bination of wide field-of-view (FoV) and background-limited sensitivity makes in suffi-
cient to enable the surveys for radio emissions from unknown distant galaxies. For this
purpose, construction of ground-based telescopes such as the Cerro Chajnantor Atacama
Telescope (CCAT; Sebring 2010), and Antarctica terahertz telescope (Imada et al., in prep,
Tsuzuki et al., 2014), as well as the development of large-format cameras are planned
around the world.

Tables 1.1 and 1.2 show the existing single dish telescopes and large-format millime-
ter /submillimeter wave cameras, respectively. The number of detectors for astronomical
observations has exponentially increased, as shown in Fig. 1.4. Many array detectors,
such as Microwave Kinetic Inductance Detector and Transition Edge Sensor, have been
developed all over the world with various detection schemes. Recent developments of
the large formatted millimeter/submillimeter cameras (the number of pixels > 1000),
such as SCUBA2 (Holland et al., 2013) on JCMT, the Multiwavelength Submillimeter ki-
netic Inductance Camera (MUSIC; Maloney et al. 2010) on CSO, SPT-SZ (Ruhl et al., 2004)
on South Pole Telescope (SPT) and A-MKID on Atacama Pathfinder Experiment (APEX)
will open a window to large and deep surveys at millimeter/submillimeter wavelength.

Wide-field observations with a large-format camera play a complementary role with
high angular and high frequency resolution observations with the Atacama Large Mil-

limeter/submillimeter Array (ALMA; Wootten & Thompson 2009)whose early science
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Table 1.2: Summary of developed millimeter /submillimeter-wave cameras.

Frequency Number of Telescope
[GHz] Pixels
SCUBA 350 / 650 37 /91 JCMT
SCUBA-2 350 / 650 5120 / 5120 JCMT
AZTEC 270 144 ASTE/JCMT
MUSTANG 90 64 GBT
Bolocam 143 or 270 144 CSsO
SHARC-2 850 384 CSsO
MUSIC 150 / 220 / 300 / 350 576 / 576 / 576 / 576 CSO
MAMBO 250 37 IRAM
GISMO 150 128 IRAM
NIKA 150 30 & 42 IRAM
NIKA-2 150 / 240 144 / 256 IRAM
LABOCA 345 295 APEX
APEX-5Z 150 330 APEX
ArTeMiS 670 / 850 / 1500 2304 / 2304 / 1152 APEX
A-MKID 350 / 850 3520 / 21600 APEX
PolarBEAR 150 1274 PolarBEAR
SPT-SZ 95 / 150 / 220 160 / 640 / 160 SPT
SPTpol 90 / 150 180 / 588 SPT
MBAC 145 / 215 / 280 1024 / 1024 / 1024 ACT
ACTPol 90 / 150 O 1000 / O 2000 ACT
105 E T T T | T T T T I T T T T | T T T T T T T T T T T I/ E
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Figure 1.4: Increasing the number of detectors for astronomy. This figure is from ]. Basel-

mans.
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observations have just started.

1.3 Antarctica as a Site for Astronomy

The radio-waves, especially millimeter- and submillimeter-waves, are absorbed by water
vapor in the atmosphere. Therefore, the followings are required to observe the weak

signals from distant galaxies at millimeter- and submillimeter-waves on the ground:

e millimeter/submillimeter observations can be obtained only at dry and high-altitude

sites.

e atmospheric stability, cloud amount and wind speed are very important because
these weather conditions affect pointing of telescopes and practical observational

time.

From these reasons, the Atacama desert in northern Chile and the Mauna Kea in
Hawaii have been commonly used for astronomical observations because of its high alti-
tude and transmittance.

The Antarctic plateau may be the best place for astronomical observations at millimeter-
and submillimeter-waves, and terahertz bands because is the highest, driest and coldest
of the continents on the Earth. Figure 1.5 shows the Antarctic continent and sites. The
sites where astronomical work has taken place or is under consideration are South Pole,
Domes A, C, and Fuji (Saunders et al., 2009). The Japanese Antarctic station, Dome Fuji
station (77°19'South, 39°42’East) is located at an altitude of 3800 m on a plateau halfway
between the South Pole and the Showa Station (Ishii et al., 2010). The distance from the
Syowa station is about 1000 km. The annual average temperature and the lowest temper-
ature were 00 54.4 °C and O 79.7 °C, respectively (Yamanouchi et al., 2003). Therefore,
very small optical depth is expected at Dome Fuji station. The characteristics of Dome

Fuji are summarized in the followings.

Wind Speed

Strong wind condition (typically >10 ms™!) leads to a variety of problems in a large
diameter (> 10 m) telescope, such as oscillations of main reflector and a pointing errors.

According to Burton (2010), the Antarctic atmospheric circulation pattern centers about
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Showa Station

Dome Fuji

» South Pole

Altitude (m)
0 2000 4000
- - -

Figure 1.5: The Antarctic continent and the location of Dome Fuji.

the South Pole, and the dominant airflow is a slow settling from the atmosphere. This
wind is katabatic in origin, starting from the highest points and picking up speed as it
falls towards the coast, under gravity. Over the highest parts of the plateau typical wind

speeds are only 1 0 2ms™!.

Precipitable Water Vapor

The atmospheric attenuation is mainly determined by the amount of water vapor and
oxygen. The PWV of dry and high altitude sites such as Mauna Kea in Hawaii falls to 1
mm on the best of days. The PWV level of Atacama desert in Northern Chile occasion-
ally reaches as low as 300 m (Burton, 2010). Figure 1.6(A) shows the nocturnal fractional
cloud cover from satellite instruments (Saunders et al., 2009). Blue color corresponds to
the region that has least cloud amounts. Figure 1.6(B) shows the predicted winter PWV
in Antarctica (Swain & Gallée, 2006). Purple color shows the area that has least PWV
level. This area correspond to the high-alititude region. PWV quantiles of Domes A, C,
Fuji and South Pole from the MHS experiment on the NOAA-18 satellite were summa-
rized in Table 1.3 (Saunders et al., 2009). It is clear that the PWV levels of Domes A, C,
and F are smaller than that of South Pole. In addition, there is little difference in PWV
levels between Domes A and Fuji. At Dome Fuji station, annual average PWV below
300 pm, and PWYV in ten percent of winter below 100 ym. This excellent PWV is one of

the most advantageous points over the other sites on Earth and that leads to the efficient
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Figure 1.6: (A) Nocturnal fractional cloud cover from satellite instruments, Aqua CERES-
MODIS, for 18 September O 11 November 2003 (Saunders et al., 2009). (B) Predicted
winter precipitable water vapor (PWV) in Antarctica (Swain & Gallée, 2006).

Table 1.3: Precipitable water vapor (PWV) quantiles of Domes A, C, Fuji and South Pole
from the MHS sensor, for 2008 (Saunders et al., 2009). Units are microns: Winter’ means
days 120 O 300.

Annual med. Winter med. Winter 25% Winter 10%

Dome Fuji 279 163 114 90
Dome A 233 141 103 71
Dome C 342 235 146 113

South Pole 437 324 258 203

observation at millimeter- and submillimeter-wave and terahertz bands.

Atmospheric Stability

The combination of low temperature, high altitude and low cloud amount, a very small
optical depth and its stability is expected at the Dome Fuiji station. Recently, the 220-GHz
optical depth at Dome Fuji in summer season was measured by the tipping radiometer
(Ishii et al., 2010). Also the optical depth at Atacama Desert was measured from 1995 to
2004.

Figure 1.7 shows the measured optical depths at these sites (Ishii et al., 2010). (a), (b)
and (c) of Fig. 1.7 correspond to the data of Dome Fuji in summer (17 December 2006 [
14 January 2007), Atacama Desert in best summer (17 December 2002 O 14 January 2003)
and Atacama Desert in best winter (17 August 1999 0 14 September 1999). As shown in
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Figure 1.7: Comparison of variations in the 220/225 GHz optical depth between Dome
Fuji and the Atacama ALMA site (Ishii et al., 2010). (a) Dome Fuji in summer (17 De-
cember 2006 O 14 January 2007), (b) Atacama in best summer (17 December 2002 0 14
January 2003), and (c) Atacama in best winter (17 August 1999 O 14 September 1999).
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Figure 1.8: Simulated spectrum of the atmospheric-transmittance at Dome Fuji under the
expected best conditions; pwv = 50 um (Ishii et al., 2010).

Fig. 1.7(a), the measured 220-GHz optical depth at Dome Fuji was less than 0.06. This
implies that submillimeter observations would be always possible even summer of Dome
Fuji station (Ishii, 2011). From Fig. 1.7(a), an average of the optical depth was 0.045 and
its standard deviation was 0.007 during the total period of its measurements. This small
deviation indicates that the optical depth was very stable at Dome Fuji station. Also, the

average summer optical depth of 0.045 corresponds to the PWV of 0.6 mm (Ishii, 2011).

Transmittance

Ishii et al. (2010) showed the simulated spectrum for the case of the 50 yum PWV which
is expected at Dome Fuji station in winter. Figure 1.8 shows the simulated transmittance

as a function of frequency. Under the best condition in winter at the Dome Fuiji station,



12 Chapter 1. Introduction

the transmittance is better than 80% at atmospheric windows up to 1 THz. In addition, it
should be noted that the several THz windows such as 850- and 1500-GHz bands open.

These windows are only available at the Antarctic continent in winter on the Earth.

From these reasons, the Dome Fuji station is expected as one of the best site on the Earth
for millimeter-wave and terahertz astronomical observations. We plan to install the large-
format camera on the Antarctic 10-m terahertz telescope that will be constructed at the
Dome Fuji station, and will perform the wide blank-field surveys for the detection of the

unknown distant galaxies.

1.4 Goals and Overview of this Thesis

The primary goal of this thesis includes the development and the evaluation of a large-
format (around 1000 pixels) millimeter-wave camera, and the design of a wide field
(around 10000 pixels) submillimeter-wave camera for the Antarctica terahertz telescope.

Sub-goals of this thesis are summarized in the following lists:

e Chapter 2: Review of the superconducting direct detector and optical element for

millimeter /submillimeter-wave camera.

e Chapter 3: Measurement of optical properties of lens material by using Fourier
transform spectrometer, and the development of an extended hemispherical lens

array for 220- and 440-GHz band observations.

e Chapter 4: Measurement of the forward transmission (Sz;) response of an MKID
array, and 220- and 440-GHz band far-field beam patterns of the extended hemi-

spherical silicon lens array fed by the double-slot antennas at 0.3 K.

e Chapter 5: Electromagnetic field simulation of a close-packed lens array for high-
frequency (near terahertz) band and study the effect of misalignment between a

silicon lens and a double-slot antenna.

e Chapter 6: Design, fabrication and transmission measurement of an anti-reflection

coating layer for cryogenic silicon and alumina lenses.
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e Chapter 7: Development of a 220-GHz band 608 pixel camera and its wide field-of-

view re-imaging optics operating at 0.1 K by using a dilution refrigerator.

e Chapter 8: Design of the Antarctic 10-m terahertz telescope and its 1 degree field-of-
view re-imaging optics, and 850-GHz band submillimeter-wave camera as a first-

generation instrument.

e Chapter 9: Summarize the work described in this thesis.
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2.1 Superconducting Detectors for Direct Photon Detection

To observe unknown distant galaxies and Sunyaev-Zel’dovich effects toward massive
galaxy clusters, it is necessary to develop a large-format camera with more than 1000
pixels. Many types of direct detector array have been developed all over the world with
various detection scheme. In this section, some types of superconducting direct detectors

are introduced.

Superconducting-Insulator-Superconducting Photon Detector

Superconducting-insulator-superconducting (SIS) junctions, or superconducting tunnel
junctions (STJ), have been widely used as mixers for the millimeter- and submillimeter-
wave heterodyne receivers (Zmuidzinas & Richards, 2004). In addition, SIS junctions
also act as a direct detector for photon detection by using photon assisted tunneling of a
quasi-particle. Basic principle of the SIS photon detector is the same as for the SIS het-
erodyne mixers. In case of direct detectors, an incident photon changes current-voltage
(I-V) characteristics and the change of DC current correspond to the power of the incident
photon.

Typically the SIS junctions are made of Nb/Al/AlOx/Al/Nb layers (Matsuo et al.,
2006). Niobium SIS junctions have a superconducting gap energy (2A) of about 3 meV
which corresponds to the frequency of about 700 GHz. In this case, the frequency up to
700 GHz can be detected by photon assisted tunneling process. Low leakage-current of
SIS photon detector leads to the high-sensitivity detection. Ariyoshi et al. (2005) reported
the residual leakage current of 100 pA at 0.3 K with noise equivalent power (NEP) of
about 1071 W/+/Hz. This sensitivity is enough for the ground-based millimeter- and

submillimeter-wave observations with background-limited performance.

Transition Edge Sensor

A superconducting transition-edge sensor (TES; Irwin 1995) is composed of a supercon-
ducting thin film operated in the very narrow temperature region between the super-
conducting and the normal state. Transition temperature of superconducting thin film
is typically 100 O 300 mK, and transition range is typically in the order of milli-Kelvin.

While in its transition from superconducting state to normal state, a large change of resis-



2.2 Principle of the Microwave Kinetic Inductance Detector 17

tance is caused by a small change of temperature. The sharp transition leads to the high
sensitivity. However, it provides lower saturation energy and is difficult to control the
bias point of many detectors.

TES is often operated with voltage-bias, and is thermally connected to a cold stage
whose temperature is below the superconducting transition temperature. When energy
of incident photons is absorbed into the TES, its temperature rises causing its resistance
to increase. The increase of resistance decreases the current flowing through the TES.
The change of current is measured by the superconducting quantum interference device
(SQUID) amplifiers. A multiplexed readout of TES arrays is realized by using SQUID
amplifiers. Large-format TES arrays with SQUID amplifiers are currently used in several

experiments such as CMB observations (Ruhl et al., 2004; Lee et al., 2008).

Microwave Kinetic Inductance Detector

Microwave kinetic inductance detectors (MKIDs) (Day et al., 2003) with superconduct-
ing microresonators are a promising technology for large-format ( >1000 pixels) cameras
(Zmuidzinas, 2012). MKIDs consist of superconducting resonators whose resonance fre-
quencies are distributed in the microwave range, typically 10 12 GHz. Incident photons,
which have higher energy than the superconducting gap energy (2A), break Cooper pairs
and create quasi-particles in the resonator. The increase in the number of quasi-particles
induces a change in the surface impedance of the superconducting film, which decreases
the resonance frequency and the quality factor of the resonator. Millimeter and sub-

millimeter wave signals are observed by monitoring the shift of the resonance frequency.

2.2 Principle of the Microwave Kinetic Inductance Detector

A simple MKID consists of a quarter-wavelength resonator with coplanar waveguide
(CPW) geometry that is capacitively coupled to a CPW feed line. Major advantages of

MKIDs over other superconducting detectors, such as TES and SIS photon detectors are:

e In the case of a coplanar waveguide (CPW) resonator, the fabrication process is

simple and that leads to high detector yield.
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Table 2.1: Superconducting materials suitable for millimeter /submillimeter-range direct
detectors.

Critical Temperature [K] Gap Energy [GHz]

Nb 9.23 680
Pb 7.19 530
\Y 53 390
Ta 4.39 320
Re 1.70 125
Al 1.20 90
Ti 0.45 35
Hf 0.165 12

A cryogenic part of the measurement system is very simple configuration. A hun-
dreds of pixels can be read out with only two coaxial cables and one cold low-noise

amplifier, and that leads to a reduction of the thermal load on the MKID camera.

e A read out of large-format arrays using frequency domain multiplexing is easily

achievable.

e A broadband radiation from the millimeter-wave to the X-ray can be detected. Be-
cause the MKID is a superconducting pair breaking detector which can detect pho-

tons with higher energies than a superconducting gap energy (2A).

e When we use an aluminum as a superconducting thin film, high sensitivity with

NEP of about 10~ W/+/Hz has been demonstrated (De Visser et al., 2012).

From these reasons, MKID has been widely developed in the millimeter and sub-millimeter
wave ranges (Monfardini et al., 2011; Yates et al., 2011; Neto et al., 2009; Maloney et al.,
2010), and was chosen as a detecting device for our cameras.

In order to break a Cooper pair and to excite quasi-particles, the energy Ej is required.

The energy E, is expressed as follows,
E, =2A(T), (2.1)

where 2A(T) is the gap energy of the superconductor. The gap energy A(T') is repre-

sented as follows,

2A(0) = 3.528kT,, (2.2)
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Figure 2.1: (Left) A micrograph of a superconducting resonator. The bottom-right end of
the superconducting resonator is terminated by a shorted end and an opposite side of
resonator is open end. The open end of the resonator is capacitively coupled to the feed
line. (Right) The equivalent circuit of the quarter-wavelength resonator.

where k and T, correspond to the Boltzmann constant and superconducting critical tem-
perature, respectively. Critical temperature and corresponding gap energy of the various
superconductors are summarized in Table 2.1. MKID detects photons with higher en-
ergies than a superconducting gap energy 2A. In case of aluminum MKID, it detects

photons at frequencies higher than 90 GHz.

221 Quarter-wavelength Resonators

The quarter-wavelength resonator consists of a quarter-wavelength section of transmis-
sion line and a series combination of a coupling capacitor. A micrograph of a supercon-
ducting quarter-wavelength resonator is shown in the left panel of Fig. 2.1. The bottom-
right end of the superconducting resonator is terminated by a shorted end. The opposite
side of resonator is open end. The open end of the resonator is capacitively coupled to
the feed line. The equivalent circuit of the quarter-wavelength resonator is shown in the
right panel of Fig. 2.1.

Coplanar waveguide (CPW) was used as a transmission line of a quarter-wavelength
resonator. The CPW has an advantage over other transmission lines such as microstrip
line: the fabrication process is simple because CPW line consists of dielectric substrate
and single superconducting film. A center line and planes on both sides of the central
line correspond to a transmission line and ground planes, respectively. Figure 2.2 shows

a geometry of CPW and its electric field distribution. The effective dielectric constant . s s
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Figure 2.2: (Left) A geometry of coplanar waveguide (CPW) with a center line width of
S, and gap width of W. S and W of our superconducting resonator are 3 ym and 2 pm,
respectively. (Right) A cross section of the CPW. The electric field vector is depicted by
the color arrows.

Figure 2.3: A microscopic picture of a feed line and a coupler part of a resonator. The
light and dark parts correspond to the aluminum film and the silicon wafer, respectively.
The thickness of aluminum film is approximately 150 nm.

of CPW line is defined as
€sup T 1

g (2.3)

Ceff =

where €, is the dielectric constant of substrate. Also, effective wavelength inside CPW

line is defined as

)\aiT
= . 2.4
Aeff N (24)

To design the CPW type quarter-wavelength resonator, these parameters are used.
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Figure 2.4: (Left) Amplitude and (Right) phase responses of the superconducting res-
onator. Measured temperature was 100 mK and whose resonant frequency was 4.9875
GHz.

Figure 2.3 shows an extended figure of coupler part of a resonator. The light and dark
parts correspond to the aluminum film and the silicon wafer, respectively. The coupling

energy is defined as
7r

- 2.5
2|513|2 ( )

Qe

where 513 is the scattering matrix element which indicates the energy transmission from
feed line to coupler. The coupling energy depends on the width and the length of coupler

part, and the distance between feed line and coupler.

The resonance frequency is determined by the length of resonator. The resonant fre-

quency wy of a quarter-wavelength resonator of length [ is given by,

2T

4\/(Ly + Ly,)C"

where Ly, L, and C correspond to the kinetic inductance, the geometric inductance and

wo = (26)

capacitance per unit length, respectively. Incident photons, which have higher energy
than the superconducting gap energy, break Cooper pairs and that leads to a change of

the kinetic inductance. The change of the resonant frequency is expressed as follows.

2

41\/(Lg + Ly + AL)C @7

wo — Awo =
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Figure 2.5: A incident photon with energy hv breaks Cooper pair, and that leads to the
creation of the quasi-particles (inset). The increase in the number of quasi-particles in-
duces a change in the surface impedance of the superconducting film. Consequently the
resonance frequency of the resonator (amplitude and phase readout) shifts.

2.2.2 Amplitude and Phase Readout

The real and the imaginary parts of forward transmission spectrum (S21) are measured
by using a homodyne detection scheme. Amplitude and phase responses of MKID are

described as follows;

A = /Re(S21)? + Im(S21)?, (2.8)
1 Im(Sqy)
0 = tan Re(Sa1)’ (2.9)

where, Re(S2;1) and Im(S;) are the real and the imaginary parts of forward transmission
spectrum Sy;. Figure 2.4 shows the amplitude and the phase responses of the supercon-
ducting aluminum quarter-wavelength resonator. Measured temperature was 100 mK
and its resonant frequency was 4.9875 GHz. When the incident photons break Cooper
pairs and create quasi-particles in the resonator, the resonance frequency changes slightly
as shown in Fig. 2.5. The black and red lines are the resonance curves before and after
pair-breaking, respectively. Radio wave signals from unknown distant galaxies are ob-

served by monitoring the shift of the resonance frequency.
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2.2.3 Quality Factor

Sharpness of the resonance is defined by quality factor of a resonator. The loaded qual-
ity factor );, which corresponds to total quality factor of quarter-wave resonator, is ex-

pressed as
1 1 1

Q- Qo

where (). is a coupling quality factor between a feed line and the resonator, and is given

(2.10)

by Eq. 2.5. Q; is an internal quality factor which is determined by the losses in the super-
conducting film. The higher Q; is desirable to improve the sensitivity of the supercon-
ducting resonator. Therefore, high-quality superconducting aluminum films have been
fabricated using a molecular beam epitaxy system (Naruse et al., 2012; Naruse, 2012). The
resonators made from high-quality films have internal quality factors reaching values on
the order of 10°. To obtain the highest loaded quality factor, the condition Q. = Q; is

required. Therefore, (). is designed with 10° to 106.

2.2.4 Multiplexing Readout

To reduce the number of cryogenic wires, multiplexing readout technique is very impor-
tant for large-format array. Basically, there are two types of multiplexing readout tech-
niques: time-domain multiplexing (TDM) and frequency-domain multiplexing (FDM).
In case of TDM, total available time is divided into several detectors. On the other hand,
in case of FDM, total frequency bands are divided into several detectors. This technique
has been demonstrated by integrating SQUIDs with TES (Lanting et al., 2004; Irwin &
Hilton, 2005).

In case of MKID, it is possible to fabricate a large number of resonators (> 1000 res-
onators) with slightly different resonant frequency and to couple all the one feed line. A
concept of frequency-domain multiplexing of MKID array is shown in Fig. 2.6. The three
resonators have slightly different transmission line length, and which are connected to
one feed line. Consequently, three resonators are multiplexed in the frequency domain.
It is a great advantage over other direct detectors. As discussed previously in section
2.2.3, a resonance of MKID has a high quality factor of order 10°. If the quality factor of
order 10° and O 2 MHz detector spacing, it is possible to readout a 3000 pixel MKID ar-

ray with 0 6 GHz bandwidth by using only two coaxial cables and a low noise amplifier
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Figure 2.6: A concept of frequency multiplexing of MKIDs.
with HEMT technology.

2.2.5 Noise

The theoretical noise limit of MKIDs is dominated by the random generation of quasi-
particles and the subsequent recombination, generation-recombination noise. The generation-

recombination noise limited Noise Equivalent Power (NEP) is described as follow (Sergeev

etal., 2002).
NEP,.(T) = 27?, /% [W/VHz], (2.11)

where A is the superconducting energy gap, 7 is conversion efficiency of incident photon
energy into quasi-particles and typically O 0.6 (Kozorezov et al., 2000), N, is the quasi-
particle number of thermal excitations, 7 is quasi-particle recombination lifetime, and T
is the bath temperature of the MKIDs. As will be noted from Eq. 2.11, the reduction of
the quasi-particles density and the extension of the quasi-particle lifetime lead a good
sensitivity of a MKID.

The quasi-particle number of thermal excitations (Ng,) is given by:

Nyp = ngyV, (2.12)

where ng, is the density of quasiparticles and V is the volume of MKID. In the thermal
equilibrium state, the temperature dependence of the quasiparticle density (n,) is given

by (Bardeen et al., 1957):
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Table 2.2: The critical temperature (1), the absolute single spin density at the Fermi level
(N?(0)) and the characteristic electron-phonon interaction time (7y) of niobium, tantalum,
and aluminum films.

T.[K] N®[eV~'m™3] (McMillan, 1968) 7 [ns] (Kaplan et al., 1976)

Nb 9.25 7.60-10%% 0.149
Ta  4.47 6.43-10%8 1.78
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Figure 2.7: (Left) The temperature dependence of the quasiparticle density and (Right) the
recombination time of aluminum, tantalum, and niobium films.

ngp(T) = 2N°(0) /A " N(B) f(B)AE ~ 2N*(0)V2rkTA exp (;ﬁ) , (2.13)

where N?(0) is the absolute single spin electron density of states at the Fermi level, E is
the quasiparticle energy with respect to the Fermi energy, f is the Fermi function and &
is the Boltzmann constant. The temperature dependence of quasi-particle recombination

lifetime is given by (Kaplan et al., 1976):

- 5/2 1/2
qutT) N \TC (/3?) (;) exp(—A/kKT), (2.14)

where 7 is a characteristic electron-phonon interaction time. The characteristic proper-
ties are summarized in Table 2.2. The quasiparticle density of aluminum, tantalum, and
niobium as a function of temperature is shown in the left panel of Fig. 2.7. In this calcu-

lation, typical MKID volume (center-line part of CPW resonator) of 5 mm in length, 3 um
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Figure 2.8: The temperature dependence of the generation-recombination limited NEP of
aluminum, tantalum, and niobium films.

in width, and 100 nm in thickness was used. The quasi-particle lifetime of aluminum,
tantalum, and niobium as a function of temperature is shown in the right panel of Fig.

2.7.

Figure 2.8 shows the generation-recombination noise limited NEP of aluminum, tan-
talum, and niobium as a function of temperature. Using Eqgs. 2.13 and 2.14, it is shown
that the generation-recombination noise limited NEP decreases exponentially with de-

creasing temperature: N EPy.oce™2/*T,

In addition to the generation-recombination noise, two types of the additional noise
have been known. In case of an amplitude readout, the system noise is limited by a

HEMT low-noise amplifier.

Recently, a low-noise superconducting amplifier with niobium titanium nitride has
been developed (Eom et al., 2012). Nitride superconductors, such as titanium nitride and
niobium titanium nitride, are a large resistance, low dissipation medium. It also shows
large non-linearity that can be used to realize a broadband quantum-limited paramet-
ric amplifier, which is important component to improve the sensitivity of MKIDs with
amplitude readout.

On the other hand, in case of phase readout, excess noise is caused by two level sys-
tems (TLS) in dielectric material (Phillips, 1987). The TLS is considered to be located in
a dielectric wafer and oxidized surface of the superconductor. To reduce the TLS noise,

many studies have been reported (Noroozian et al., 2009; Gao et al., 2008a,b).
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2.3 Millimeter-Wave Camera Optics

2.3.1 Coupling Type

There are two methods to couple photons to a detector from the optical system of the
telescope; planar antenna coupled and directly coupled from air (absorber). In this sec-
tion, these two coupling systems and their focusing elements with a horn and a dielectric
lens are discussed from the view point of their beam pattern, ease of detector coupling,

cost and ease of fabrication.

Absorber Coupling

To directly couple the photons to a detector from the telescope, there are various types
of detectors such as TES and lumped element kinetic inductance detector (LEKID; Doyle
etal. 2008). These devices act as direct photon absorbers. In addition, these devices can be
integrated into a compact filled array geometry with high filling factor, and Nyquist sam-
pling is allowed. Absorber type detectors produce the isotropic beam. Therefore, their
system requires high-quality cold aperture stops to reduce the stray light and the input
noise. In consequence, a cryostat including the cold optics becomes extremely large. For
example, SCUBA-2 is a 10000 pixel camera using TES bolometers. The dimensions of the
SCUBA-2 cryostat, which consists of 10000 pixel detectors and cryogenic optics, are 2.3
m x 1.7 m x 2.1 m, and a weight of 3400 kg (Holland et al., 2013).

Planer Antenna Coupling

A CPW quarter-wave resonator is well matched with a planar antenna that is used to cou-
ple photons from the telescope optics to the MKIDs. It is possible to form the detector and
the antenna with one superconducting film and one etching process. In general, a planar
antenna produces broad beam pattern with symmetrical main beam and low side-lobe
level. Therefore, most planar antennas require additional focusing elements for efficient
coupling to the telescope optics, such as substrate lenses or feed horns. For the develop-
ing of large-format millimeter/sub-millimeter wave cameras, integration density of the

detectors, quality of beam patterns, weight, cost and machinability should be considered.
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2.3.2 Focusing Elements
Horn Coupling

One advantage of using a feed horn is its high-quality beam patterns. For example, cor-
rugated feed horns have a symmetrical main beam, and achieve low sidelobe level and
low cross-polarization level (e.g. Naruse et al. 2009a). Therefore, feed horn array has
been widely used for many astronomical observations such as Cosmic Microwave Back-
ground experiments (Yoon et al., 2006; Niemack et al., 2010). However, their fabrication
method such as electroforming becomes complicated and expensive because the corru-

gation structure is complicated for large focal-plane arrays.

Lens Coupling

In the case of lens systems, there are two options: a single large lens with multiple an-
tennas (Filipovic et al., 1997) or a single small lens for each antenna. The case of a single
large lens with multiple antennas has the following disadvantages: the peak values of
the main beam drop, side-lobe levels increase and the beam widths broaden for detector
positions away from the lens axis (Naruse et al., 2009b). Optical aberrations also limit the
size of the array. In addition, a bigger single lens leads to larger dielectric loss and larger
heat capacity. Therefore, lens array systems have several advantages over a single large

lens system.

Recently, platelet corrugated horn arrays (Nibarger et al., 2012) and smooth-walled
drilled horn arrays (Leech et al., 2012) have been developed. Lens arrays have a few
advantages over these horn arrays: 1) a lens array has much smaller volume/mass than
a platelet corrugated horn arrays and smooth-walled drilled horn arrays. It is prefer-
able at low temperature of less than 1 K; 2) platelet-corrugated horn arrays require the
high-alignment accuracy of many plates, gold plate on the inner surface, and a back
short for some detectors. The metal horn arrays have a concern on alignment between
detector substrate and the horn at low temperature (< 1 K) because of the different ther-
mal expansion coefficients, especially for a larger array. From these considerations, we
adopted the lens array and planar antennas as the optical system for the millimeter and

sub-millimeter wave cameras.
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2.4 Camera Design of This Thesis

MKIDs are very promising to use for large-format arrays due to their intrinsic frequency
multiplexing capability and a good sensitivity for radiation detection from the millimeter-
wave to the X-ray. The superconducting aluminum film is suitable for our purpose be-
cause the Al-based MKIDs can detect photons at frequencies higher than 90 GHz. Also,
high sensitivity with NEP of about 107" W/+/Hz can be ideally achieved. The optical
design of our camera is based on a planar antenna and a dielectric lens array. A planar
antenna such as double-slot antenna on a dielectric lens produces a symmetrical beam
pattern with low side-lobe level, and its assembly is quite simple. From these consider-
ations, we adopted the lens-antenna coupled MKID as a camera system for millimeter-

and submillimeter-wave observations.
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3.1 Introduction
Dielectric materials for substrate lens need to satisfy the following requirements:

1. low dielectric loss in the millimeter and submillimeter-wave bands

2. refractive index close to that of the silicon substrate (n 0 3.4) on which supercon-
ducting CPW resonators are patterned to minimize the reflection loss between the

substrate and the lens
3. high thermal conductivity

4. possibility to shape the lenses.

The dielectric loss tangent of optical property is an important parameter for lens ma-
terials. Figure 3.1 shows an absorption loss in a dielectric lens as a function of a lens
thickness. The results of various dielectric loss tangents were shown. As will be noted
from Fig. 3.1, larger lens diameter induces higher absorption loss. For example, the di-
electric loss tangent should be lower than 1073 to get a high transmittance inside a 3\
(A is the target wavelength) diameter lens of 95% in the millimeter- and submillimeter-
wave band. For these reasons, polycrystalline silicon, alumina (Al;O3), and aluminum
nitride (AIN) were chosen as dielectric materials for the high refractive index lens. High-
purity samples, silicon with 11N, alumina with 4N, and aluminum nitride with above

94% purity, were selected to measure absorption loss as a candidate of the substrate lens.

3.2 Optical Properies of Dielectric Materials

3.2.1 Measurement Setup

A Fourier transform spectrometer (FTS) was used for measurements of the refractive in-
dex and the dielectric loss tangent of lens materials. The interferometer is a standard
Martin-Puplett type with a polarizing beam splitter, two polarizers, two corner reflec-
tors, and a mercury lamp, as shown in Fig 3.2 (Matsuo et al., 1998). One of the corner
reflectors is driven continuously to change the optical pass length. Figure 3.3 shows a
block diagram of the Martin-Puplett type FTS. An InSb bolometer was used for the mea-

surements.
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Absorption in Dielectric Lens

Attenuation

) .
+ tand=0.0002 © tand=0.0006 (I tand=0.001 >
% tand=0.0014 # tan$=0.0018 < tan§=0.0022 o
0.5
1 3 5 7 9 1 13 15

lens diameter / wavelength (D/A)

Figure 3.1: Absorption loss in a dielectric lens as a function of a lens thickness. The
results of various dielectric loss tangents were shown. In this calculation, the lens form
was assumed to be hemispherical shape.
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Figure 3.2: A Martin-Puplett type Fourier transform spectrometer for optical property
measurement of various lens materials (Matsuo et al., 1998).

Figure 3.4 shows a photograph of the inside of the liquid-helium cryostat. The left
panel of Fig. 3.4 shows a rotating sample holder mounted on the 4 K cold stage. The
holder has four holes, one is used for reference signal, and three holes are used for dielec-
tric sample materials. The right panel of Fig. 3.4 shows a side view of the sample holder.

The signals passed through a dielectric material (sample measurement) or through-hole
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Figure 3.3: A block diagram of the Martin-Puplett type Fourier transform spectrometer.
Pink- and blue-letters indicate the setup of ambient and cryogenic temperature measure-
ments, respectively.

Thermometer B

Figure 3.4: Photographs of the inside of the liquid-helium cryostat. (Left) The sample
holder mounted on the 4 K cold stage. The holder has four holes, one is used for reference
signal, and three holes are used for a sample materials. (Right) Side view of the sample
holder. The signals passed through sample or through-hole (reference) at the holder.
Then, the signals were focused with the winston cone and detected by an InSb bolometer.

(reference measurement) at the holder. Then, the signals were focused with the winston
cone and detected by an InSb bolometer.

The Martin-Puplett type FTS was designed to optimize millimeter and terahertz-wave
efficiencies with a short optical path and a large beam size to minimize diffraction losses
(Matsuo et al., 1998). The FTS was operated in rapid scan speed of 8 mm/s to remove
low frequency fluctuations of the detector noise. A high frequency resolution of 0.5 cm ™!
(15 GHz) was selected to obtain the interference fringe of high refractive index materials.
Approximately 30 continuous scans were integrated to get enough signal-to-noise ratio.

The repeatability of the detector response was measured by repeated transmittance mea-

surements of the dielectric material samples and showed a sensitivity fluctuation of less
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than 2%.

3.2.2 Data Analysis

The refractive index and dielectric loss tangent are derived from an analysis method pre-
sented by Loewenstein & Smith (1971) and Tsunawaki et al. (2004). The interference
fringes corresponding to the sample thickness are observed when heterochromatic light
is passed through a plane parallel dielectric sample and then dispersed. In other words,
the fringes are caused by the multiple reflections of light within the sample. To deter-
mine a refractive index and a dielectric loss tangent of dielectric materials, a transmitted

energy is needed. At first, the transmitted amplitude a; is given by

ag = ag +agg t a3+

— 2698 120236830 4 2B 4 842 TedTO L , 3.1)

where
0 = 2mndy cos 6, (3.2)
u = exp(—2nvkd/ cos ). (3.3)

0 and 1 are phase difference and attenuation rate within a sample, respectively. 0, k, n,
d and v correspond to refracting angle, extinction coefficient, refractive index of sample,
sample thickness and frequency, respectively. r and ¢ are Fresnel coefficients for reflection

and transmission at a single surface. These are defined as

_(n— 1)
7'2 = m (34)
in

Note that 72 and ? meet the following equation; r*>+t? =1. The transmitted energy T is

given by squaring the amplitude:

Ts = aca;

254'u2 2,,244 4146 614 8

= + i cos 20 + 7 €086 - - (3.6)

_1_T4M4 1_T4N4 I_T4N4 1_T4N
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Figure 3.5: (Left) Measured interferograms. Blue and orange lines correspond to the refer-
ence and sample (2-mm thick silicon) signals, respectively. Interferogram of sample has
the peak due to the multiple reflections inside the sample. (Right) The frequency spectra
of reference and sample. These spectra were obtained by the Fourier transform of the
interferograms. From spectrum of reference, InSb bolometer has high sensitivity for the
frequency range of 0.2 0 1.6 THz.

Let I(h) be a heterochromatic interference fringe called interferogram, and let B(o) be
a spectrum intensity as a function of wavenumber o. Here h is a optical pass length. An
interferogram is observed when the two beams are combined together. The relationship

between I(h) and B(o0) is as follows.

I(h)—1(0)/2=2 /000 B(o) cos(2moh)do. (3.7)

B(o) =2 /0 “U(h) — 1(0)/2] cos(2roh)dh. (3.8)

The term of 1(0)/2 is bias component of a interferogram. From these equations, spectrum
response B(o) is obtained by the Fourier transform of the interferogram I(h). The left
panel of Fig. 3.5 shows the measured interferogram of sample and reference. As shown
in the results, interference peaks derived from multiple reflections within a sample were
clearly detected in interferogram of sample but not in reference. The right panel of Fig.
3.5 shows the frequency spectra of the reference and a sample. These spectra were ob-
tained by the Fourier transform of the measured interferograms. The interference fringes
of a sample spectrum corresponding to the thickness of the flat samples are caused by
multiple reflections within the samples. The frequency spectrum of reference signal cor-

responds to the detector response. From spectrum of reference, the InSb bolometer has
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Figure 3.6: Reference and sample interferograms for a material (Tsunawaki et al., 2004).
The arrow indicates the peak that contain detailed information about multiple reflections
inside a sample. x, 1 and z3 show the range of the Fourier transform.

high sensitivity for the frequency range of 0.2 0 1.6 THz.

Figure 3.6 shows the reference and sample interferograms for a material (Tsunawaki
et al., 2004). The arrow indicates the peak that contain detailed information about multi-
ple reflections inside a sample. The left and middle panels of Fig. 3.7 show the calculated
transmission spectrums of FT[Is(x1)]/FT[Ir(z1)] and FT[Is(z2)]/FT[Ir(z2)]. Sand R
correspond to the sample and reference, and x; and x2 showed the range of the Fourier
transform as shown in Fig. 3.6. The transmission spectrum of FT'[Ig(x2)|/FT[Ir(x2)]
includes the Fabry-Perot fringes which derived from the peak of sample interferogram.

The Fabry-Perot fringes can be isolated by using a following equation,

_ FTs(x2)]  FT[Is(x1)]
T= FT[Igr(z2)] FT[Ig(x1)] 9

The fringe spacing depends only upon the sample thickness and the refractive index.

The refractive index of sample is given by

1

where d is a sample thickness and Ak is a fringe spacing of zero crossings as a function
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Figure 3.7: (Left) Calculated result of FT[Ig(z1)]/FT[Ir(x1)]. The transmission
spectrum does not include the Fabry-Perot fringes. (Middle) Calculated result of
FT[Ig(x2)]/FT[Ir(x2)]. The transmission spectrum includes the Fabry-Perot fringes.
(Right) Calculated result of FT'[Is(x2)]/FT[Ir(z2)] 0 FT[Is(z1)]/FT[Ir(x1)]. This spec-
trum provides only information about Fabry-Perot fringes.

of wavenumber. The precise measurements of the sample thickness and zero-crossing
of Fabry-Perot fringes are important for accurate determination of the refractive index of

the sample.

On the other hand, the fringe amplitude depends also on the absorption coefficient.
First, background spectrum Ty, which is obtained by the Fourier transform of an interfer-

ogram up to point 0 (o), is defined as

FT[Is(z)]

To= FT[Ix(z0)]

(3.11)

The relation between the background spectrum T and the first term of the transmitted

energy T is defined by using Eq. 3.6 as follow,

#442
To=—F- 3.12
0 1— 7"4,1114 ( )
Deforming the Eq. 3.12, a following equation is obtained,
!
-1=0. 1
riut + T —u? 0 (3.13)

The attenuation rate 1 is obtained by solving the Eq. 3.13. Using the Beer-Lambert law,

the absorption coefficient «v is determined by the following equation,

a = —1In(p?)/d. (3.14)
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Finally, the dielectric loss tangent (tan J) is calculated from,

tand = (3.15)

a
ok
where n and k are the refractive index and the wavenumber, respectively. It is possible
to determine both refractive index and dielectric loss tangent from single transmittance
measurement of lens sample.

The analysis for determining a refractive index and dielectric loss tangent is summa-

rized as follows.

1. Positions of x(, 1 and x> of interferogram are determined, as shown in Fig. 3.6.

2. The frequency spectrums at each position are obtained by the Fourier transform of

the interferograms.

3. The equation of FT'[Is(x2)|/ FT[Igr(x2)]-FT[Is(x1)]/FT[Ir(x1)]is calculated to ob-

tain a Fabry-Perot fringes.

4. The wavenumber at zero-cross positions of Fabry-Perot fringe are determined to

get the refractive index of lens sample.
5. The refractive index is calculated by using Eq. 3.10.

6. The attenuation rate y is derived from Eq. 3.13. The absorption coefficient « is

determined by using ;1 and sample thickness, as shown in Eq. 3.14.

7. By using Eq. 3.15, transform the absorption coefficient into the dielectric loss tan-

gent of the lens sample.

3.2.3 Temperature and Purity Dependence of Transmittance

Figure 3.8 shows the temperature and sample-purity dependence of transmittance. A
high-purity (4N purity) alumina was used for temperature dependence measurements.
Also 4N (AJPF) and 2N (A9951LD) purity alumina were used for purity dependence
measurements. The high transmittance is obtained by cooled and high-purity samples.

The measured transmittance indicates as follows.

1. The dielectric loss is reduced at low temperature.
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Figure 3.8: (Left) Temperature dependence of transmittance. The sample was high-purity
(4N purity) alumina. (Right) Sample purity dependence of transmittance at ambient tem-
perature. Black and orange lines correspond to the 4N (AJPF) and 2N (A9951LD) purity
alumina, respectively.
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Figure 3.9: (Left) Refractive index and (Right) dielectric loss tangent of the high-purity
(4N purity) alumina. Blue and red lines correspond to 30 K and 300 K data, respectively.
According to the results, the refractive index was slightly changed by temperature and
the dielectric loss tangent was drastically reduced at cryogenic temperature.

2. High-purity samples have lower loss than low-purity ones.

Figure 3.9 shows the refractive index and dielectric loss tangent of the high-purity
(4N purity) alumina. Blue and red lines correspond to 30 K and 300 K data, respectively.
The data were taken by fitting the measured refractive indices and dielectric loss tan-
gents which were derived from the analysis shown in previous section. According to the
results, the refractive index was slightly changed by temperature and the dielectric loss

tangent was drastically reduced at cryogenic temperature.
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Figure 3.10: Measurements of the optical properties of lens materials. (Left) Refractive
index and (Right) dielectric loss tangent of polycrystalline silicon (11N purity), alumina
(4N purity), and aluminum nitride (> 94% purity). Measured temperature was 15 K.
Measurement results are in good agreement with the other data (Loewenstein et al., 1973).

3.2.4 Optical Properties of Samples

Figure 3.10 shows the measurement results of the refractive index and the dielectric loss
tangent at 15 K. The measured data are in good agreement with the other data (Loewen-
stein et al., 1973). The error bars are 1-o error, which was determined by the multiple
transmittance measurements. Large error bars around 1 THz were caused by absorption
of water vapor in the air.

High-purity silicon and alumina are suitable for focusing devices because of their
high-refractive index, high thermal conductivity, and low dielectric loss tangent in the
millimeter- and submillimeter-wave range. In our camera, high-purity (11N purity) poly-
crystalline silicon is the most suitable for lens material because the high-resistivity silicon
substrate was used for the MKID array. Absorption loss inside the 3\- (= 4.09 mm) diam-
eter lens for the 220-GHz band is only 1% at cryogenic temperatures.

Polycrystalline silicon has a few advantages over single-crystalline silicon for the sub-

strate lens:

1. it is easier to process polycrystalline silicon than single-crystalline silicon, because

single-crystalline silicon breaks easily along crystal orientation.
2. polycrystalline silicon is cheaper than single-crystalline silicon.

However, in case of silicon, the high refractive index in the millimeter /submillimeter-

wave region leads to a reflection at each silicon/vacuum interface of approximately R
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Figure 3.11: (Left) A schematic of a double-slot antenna. s, [ and w correspond to the slot
separation, antenna length and antenna width, respectively. (Right) Shape and design
parameters of an extended hemispherical lens. L, R, and d correspond to the extension
thickness, lens radius, and the distance between the antenna and the lens top, respec-
tively.
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Figure 3.12: The return loss (S77) of a double-slot antenna in the 220-GHz band calculated
with the 3-D full-wave electromagnetic field simulator HFSS.

=[(n - 1)/(n + 1)]*> ~ 30% per surface. Therefore, when we use high refractive index
materials, anti-reflection (AR) coatings are critical. In chapter 6, two types of AR coatings

for silicon and alumina lenses are discussed.
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3.3 Optical Design of Lens and Planar Antenna

3.3.1 Double Slot Antennas

Double-slot antennas have been widely used in millimeter and submillimeter-wave range,
because of their symmetrical beam patterns and capability of polarization measurements
(Filipovic et al., 1993; Chattopadhyay & Zmuidzinas, 1998; Van der Vorst, 1999). In addi-
tion, a double-slot antenna on a substrate lens produces a symmetrical beam pattern with
low side-lobe level, and its assembly is quite simple. Thus, this configuration has been

used for astronomical observations (Zmuidzinas & LeDuc, 1992; Arnold et al., 2012).

The double-slot antenna is patterned at the end of the quarter-wave resonator, which
is on the opposite side of the feed line. According to Filipovic et al. (1993), the far-field
beam patterns of the double-slot antennas are calculated assuming a sinusoidal magnetic
current distribution on the slot antenna. The mean wavelength in the double-slot anten-
nas is defined as

A
Am = \/6% (3.16)

where ¢, is a mean dielectric constant and which is given by (1 + ¢,)/2. The ¢, is the

dielectric constant of a silicon wafer and equals approximately 11.7. The normalized
far-field beam pattern of double-slot antennas is described by the following equation

(Filipovic et al., 1993),

sin O[cos(kgierl cos 0) — cos(kml)]
(km)? — (Kdie)? cos? 0

. cos(kdielg sin 0 cos ¢), (3.17)

where [ and s correspond to the antenna length and antenna separation, respectively.

kdier and k,,, are defined by

2m
kdiel = +——

. 3.18
Adiel (3.18)

2 2 1+e,
km = — = — -
Am Ao 2

. (3.19)

The left panel of Fig. 3.11 shows a schematic of a double-slot antenna. s, I and w cor-
respond to the slot separation, antenna length and antenna width, respectively. The ge-
ometrical parameters of the double-slot antenna were optimized for a target frequency

to minimize return loss (S;;) and to achieve symmetrical beam patterns and low side-
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Figure 3.13: The simulated beam patterns of the double-slot antenna at (Left) 200 GHz,
(Middle) 220 GHz, and (Right) 240 GHz. The contours were every 3 dB steps.
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Figure 3.14: Cross section of the beam patterns represented in figure 3.13. Blue, green
and pink lines correspond to the E-, D- and H-plane, respectively. The left, middle and
right panels correspond to 200 GHz, 220 GHz and 240 GHz patterns.

lobe levels. The return loss (S;;) of a double-slot antenna in the 220-GHz band was
calculated with a 3-D full-wave electromagnetic field simulator HFSS. The numerical cal-
culations of beam patterns are based on Eq. 3.17 (Filipovic et al., 1993). The optimized
parameters for the 220-GHz band were 382 ym in length, 25 ym in width, and 212 ym
in slot separation. Figure 3.12 shows the simulated result of the return loss (S;7). The
antenna bandwidth (O 10 dB return loss level) was around 20%. Figure 3.13 shows the
two-dimensional simulated far-field beam patterns of the double-slot antenna at 200, 220
and 240-GHz, and its cross section are displayed in Fig. 3.14. The horizontal and verti-
cal axes of two-dimensional maps correspond to the one-dimensional patterns of H- and
E-planes, respectively. The half-power beam width (HPBW) of the beam patterns at 220
GHz is about 60 degree.

3.3.2 Design of Extended Hemispherical Lens

We used a silicon hemispherical lens with a silicon extension to form an extended hemi-

spherical lens to increase the gain of the antenna and to produce the circular symmetry
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beam patterns in combination with a double-slot antenna. The design of an extended

hemispherical silicon lens was based on Filipovic et al. (1993). The equation of an ellipse

- (3 o

where a and b correspond to a minor and major axes of ellipse, respectively. The geomet-

in the zy-plane is,

rical foci of ellipse are located at y = £¢, and c is defined by,

c=Vb*—a2 (3.21)

Also, the eccentricity e of the ellipse is expressed as a function of the refractive index
n of lens by the following equation.
b2 —a? 1

_ _1 22
e 2 - (3.22)

Therefore, b and c are represented as follows.

b= (3.23)

A S— (3.24)

Figure 3.11 shows the shape and design parameters of the extended hemispherical
lens. The distance from the top of an extended hemisphere to the bottom of its extension,
which corresponds to d in Fig. 3.11, is equal to R + L, where R and L are the lens radius
and the extension thickness, respectively. Additionally, the distance from the top of an
ellipse to its focus is equal to b + c. These distances must be equal to form the extended

hemispherical lens. Therefore, the extension thickness L is expressed as follows.

L=b+c—R. (3.25)

A minor axis of ellipse a is expressed as a function of the radius of a hemispherical
lens R: a=gR. The parameter g is optimized to adjust the surface geometry of the ellipti-

cal and the extended hemispherical lens. Therefore, b, ¢ and L are expressed as functions
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Figure 3.15: (Left) Different types of dielectric lens configurations. Left is a true ellipse
lens, and right is an extended hemispherical lens. (Right) Various types of lenses with
a hemispherical lens and a planar plate. (Filipovic et al., 1993). Solid, narrow-dash
and wide-dash lines correspond to the extended hemispherical, true ellipse and hyper-
hemispherical lenses, respectively. Dielectric constant of €,=2.3, 3.8 and 11.7 correspond
to the polyethylene, quartz and silicon. The extended hemisphere lens is a very good
geometrical approximation to an elliptical lens at high refractive index such as silicon.

of g, R and n,

(3.26)

9 g

L=b+c R( f_n%%—n %1_7712 I)R. (3.27)
In case of a silicon lens, the fitted value is g~1.03 (Filipovic et al., 1993). From Eq. 3.27, the
corresponding extension thickness at synthesized elliptical position is L/ R~0.39. The left
panel of Fig. 3.15 shows a true ellipse lens and an extended hemispherical lens. As shown
in the right panel of Fig. 3.15, the extended hemisphere lens is a very good geometrical
approximation to an elliptical lens at high refractive index such as silicon (Filipovic et al.,
1993).

In conclusion of this section, the advantages of using an extended hemispherical lens

are summarized as follows.

1. A double-slot antenna on an extended hemispherical lens produces a symmetrical

beam pattern with low side-lobe level.
2. Its assembly is quite simple.

3. The dielectric half-space increases front-to-back ratio to ¢3/2 : 1 (Filipovic et al.,

1993). In the case of silicon, the front-to-back ratio is improved to approximately
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Figure 3.16: (A) Simulated model of an extended hemispherical silicon lens antenna with
HFSS. The double-slot antenna is located at the focus of the antireflection coated silicon
lens. (B) Electric field distribution of a double-slot antenna. Color arrows showed the
electric field inside the slots, and black arrow indicates the excited electric field vector.

10:1 due to its high dielectric constant.

Simulation Model

To determine the parameters such as lens diameter and an extension thickness, the far-
field beam patterns of an extended hemispherical silicon lens fed by a double-slot an-
tenna were calculated with HFSS. The right panel of Fig. 3.11 shows the shape and design
parameters of the extended hemispherical lens. Here L and R correspond to the extension
thickness and the lens radius, respectively. The left panel of Fig. 3.16 shows a simulated
model of an extended hemispherical silicon lens fed by a double-slot antenna with HFSS.
The model consists of silicon lens (purple part), perfect matching anti-reflection coating
(green part) and double-slot antenna which is located at the focus of the lens. The right
panel of Fig. 3.16 shows the electric field inside the slots. The arrow size indicates the

magnitude of an electric field.

Half-Power Beam Width at 220 GHz

Figure 3.17 shows the simulated half-power beam width (HPBW) of various lens diam-

eter as a function of extension thickness. When the extension thickness becomes large,
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Figure 3.17: Simulated half-power beam width of various lens diameter as a function of
extension thickness. Blue and pink points correspond to the E- and H-plane, respectively.

the beam width progressively narrows in every lens diameter. In case of 1.2 A (A : the
target wavelength) diameter lens, symmetrical beam patterns are obtained when the ex-
tension thickness is approximately L/ R = 0.35 and higher than 0.44. Also in case of the
1.5 X\ diameter lens, symmetrical beam patterns are obtained when the extension thick-
ness higher than L/ R = 0.22. In case of 2 0 4 X lenses, the extension thickness of L/ R =

0.1 to 0.5 is efficient.

Beam Patterns at 220 GHz

Figure 3.18 shows simulated beam patterns of various lens diameter as a function of
extension thickness. The lens diameters of 1.2, 2 and 3 X are displayed. The extension
thickness is optimized considering the beam pattern quality, such as sidelobe level and
symmetry of the main beam. As shown in Fig. 3.17, the mainlobe of beam patterns
gradually narrows when the extension thickness becomes large. The first sidelobe levels
of every lens were varied from 0 15 dB to less than 0 25 dB. In the condition of around
L/R = 0.34 to 0.36 the sidelobe and cross-polarization levels were minimized, and the
condition was chosen for the our camera.

Figure 3.19 shows the relation between the HPBW and the lens diameter which was

normalized by wavelength. In this simulation, the extension thickness was fixed at L/ R



3.3 Optical Design of Lens and Planar Antenna 49

0 orz ° °
en= & &
i
-5 -5 -5 -5
g B, €. & g
=10 =10 =10 = =10
3 =] 3 3 3
o o O
‘g-iﬁ °-|5 g‘|5 3 '3‘15
L} 5 S 5 (s
£20 E.20 £.20 £ E.20
2 2 2 2
25 25 25 E 25
g0 60 30 0 30 60 9 "'e0 60 30 0 30 60 90 90 60 30 0 30 60 90 60 -60 30 0 30 0 %0 w0 30 0 30 0
Angle (deqrael Andle [deareel Anglo (deqrael Angle deqrae]
orz E ° COE wm— o COE —
&5 ei= ai=
o tii— F—
5 5 E 5
g = g 5 =
2 = 1= =, 1=
=10 = =10 = =10
k] 3 |3 3 3
Ss 2 515 B g
3 o 5. <. -
3 5 3 H H
£20 £ £ £ 22
2 2 2 2 2
' ' i Ind
0 00 60 3 0 30 60 9 %0 -60 30 0 30 60 90 90 0 -3 0 30 60 9 0 60 -30 0 3 £
Angle (dearael Andle [deareel Anglo (deqrael Angle (dearae]

]
)

&

3

 Normaiized Gain [dB]
]

5
“Tormalzed Gain [d8]
~Normalzod Gain (48]

Normalized Gain [GB]
B B & 3 & o
t3
[l

Nomalzod Gain [d8]
8 B B & 3 & o
P
i)m

§
—
=
K

')

“s0 w0 a0 0 0 60 90

g0 w0 30 0 30 60 90 a0 60 30 0 a0 60
Angle (dearael Angie (dearae]

30 0 a0
Angle (deareel Angle [deqrae]

8

Figure 3.18: Simulated beam patterns of various lens diameters as a function of extension
thickness. Blue, pink and gray lines correspond to the co-polarization of E- and H-planes
and the cross-polarization of D-plane, respectively. In the condition of around L/ R = 0.34
to 0.36 the sidelobe was minimized.
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Figure 3.19: Simulated half-power beam width (HPBW) as a function of lens diameter.
The extension thickness was fixed at L/ R = 0.36. The simulated HPBW follows the re-
lationship of A/ D (black dot line), where X is the target wavelength and D is the lens
diameter.

= 0.36. The HPBW of 1.2, 2 and 3 A diameter lens were approximately 45, 30 and 20
degree, respectively. The simulated HPBW follows the relationship of A/D (black dot

line), where X is the target wavelength and D is the lens diameter. For realizing a large
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Figure 3.20: (Left) Simulated directivity of various lens diameter as a function of extension
thickness. In the condition of around L/ R = 0.39 the directivity was maximized. (Right)

The directivity as a function of lens diameter. The extension thickness was fixed at L/ R
= 0.36.

format camera, small diameter lenses are required to increase the integration density
of detectors and to reduce the area of cryogenic part. The increasing the diameter of
dielectric lens induces the large-absorption loss and low-integration density. So, the lens
diameter and the extension thickness are determined as three times the target wavelength
and L/ R = 0.36, respectively. The corresponding dimensions of the lens diameter and the

extension thickness are 4.09 mm and 0.73 mm, respectively.

Directivity at 220 GHz

The left panel of Fig. 3.20 shows the simulated directivity of various lens diameter as a
function of extension thickness, and the right panel of Fig. 3.20 shows the directivity as
a function of lens diameter. In this calculations, the extension thickness was fixed at L/ R
= 0.36. The increasing the diameter of dielectric lens induces the high directivity because
the large diameter lens can efficiently concentrate the signals.

In case of 3 A\ diameter lens, the calculated directivity has a broad peak of approx-
imately 19.6 dB centered at around L/R = 0.39. The peak position agrees well with a
synthesized elliptical position (L/ R = 0.39).

Design Summary of 220 GHz-band Lens Array

As discussed in the previous section, the lens diameter and the extension thickness were

determined as three times the target wavelength and L/R = 0.36, respectively. Figure
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Figure 3.22: Cross section of the beam patterns represented in figure 3.21. Blue, green,
pink and gray lines correspond to the co-polarization of E-, D-, and H-planes and the
cross-polarization of D-plane, respectively. The left, middle and right panels correspond

to 200 GHz, 220 GHz and 240 GHz patterns.

3.21 shows the two-dimensional simulated far-field beam patterns of the extended hemi-

spherical silicon lens fed by the double-slot antenna at 200, 220 and 240-GHz, and its

cross section are displayed in Fig. 3.22. The circular symmetry beam patterns and low

sidelobe and cross-polarization levels (O 20 dB) were obtained with 20% bandwidth of
200 O 240 GHz. The bandwidth of 20 % correspond to the 0 10 dB return loss level of

double-slot antenna, as shown in Fig. 3.12. From Fig 3.1, an absorption loss inside the

3)- (= 4.09 mm) diameter lens for the 220-GHz band is only 1% because the dielectric loss

tangent of high-purity silicon was 2 x 10~ at cryogenic temperatures.

3.4 Optical Design for 440-GHz band

Figure 3.23 shows the simulated return loss (5;;) of 440-GHz band double-slot antenna.

The antenna bandwidth (O 10 dB return loss level) was approximately 20% of 400 O 480
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Figure 3.23: The return loss (5;;) of a double-slot antenna in the 440-GHz band calculated
with the 3-D full-wave electromagnetic field simulator HFSS.
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Figure 3.24: The simulated beam patterns of the double-slot antenna at (Left) 400 GHz,
(Middle) 440 GHz, and (Right) 480 GHz. The contours were every 3 dB steps.
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Figure 3.25: Cross section of the beam patterns represented in figure 3.24. Blue, green
and pink lines correspond to the E-, D- and H-plane, respectively. The left, middle and
right panels correspond to 400 GHz, 440 GHz and 480 GHz patterns.

GHz. The length, width and the slot separation for the 440-GHz band are 198 um, 16
pm, and 110 pm, respectively. Figure 3.24 shows the two-dimensional simulated far-field

beam patterns of the double-slot antenna at 400, 440 and 480-GHz, and its cross section
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Figure 3.26: The simulated beam patterns of the extended hemispherical silicon lens fed
by the double-slot antenna at (Left) 400 GHz, (Middle) 440 GHz, and (Right) 480 GHz. The
contours were every 3 dB steps.
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Figure 3.27: Cross section of the beam patterns represented in figure 3.26. Blue, green,
pink and gray lines correspond to the co-polarization of E-, D-, and H-planes and the
cross-polarization of D-plane, respectively. The left, middle and right panels correspond
to 200 GHz, 220 GHz and 240 GHz patterns.

are displayed in Fig. 3.25. The numerical calculations of beam patterns are based on
Eq. 3.17. The horizontal and vertical axes of two-dimensional maps correspond to the
one-dimensional patterns of H- and E-planes, respectively. The half-power beam width

(HPBW) of the beam patterns at 440 GHz is about 60 degree.

The design parameters for 440-GHz band lens array is basically the same as 220-GHz
band. The lens diameter and the extension thickness were determined as three times
the target wavelength and L/ R = 0.36, respectively. The corresponding dimensions of
the lens diameter and the extension thickness are 2.04 mm and 0.37 mm, respectively.
However, as shown in Fig. 3.29, the extension thickness consists of the support plate and
silicon substrate. Therefore, it is impossible to fabricate the extension thickness of 0.37
mm because the thickness of silicon substrate is 0.38 mm. So the extension thickness of
440-GHz array was changed to 0.48 mm (L/R = 0.47) which consists of support plate

thickness of 0.1 mm and silicon substrate thickness of 0.38 mm. Figure 3.26 shows the
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hemispherical lens planar seat

Figure 3.28: A schematic of silicon lens array with individual silicon lenses and planar
seat. Lens and seat are attached with epoxy.

Hemispherical Lens

Lens Array

Bonded Surface --;l.

Device l

Figure 3.29: Geometry of extended hemispherical silicon lens array coupled to the MKID.
The upper part of a dotted line shows the silicon lens array which was machined by a
high-speed spindle and the bottom part shows the MKID substrate.

MKID

two-dimensional simulated far-field beam patterns of the extended hemispherical silicon
lens fed by the double-slot antenna at 400, 440 and 480-GHz, and its cross section are
displayed in Fig. 3.27. The circular symmetry beam patterns and low sidelobe and cross-

polarization levels (O 15 dB) were obtained with 20% bandwidth of 400 O 480 GHz.

3.5 Lens Array Fabrication

The silicon lens arrays for 220 GHz and 440 GHz have 9 and 102 pixels, respectively. A
small diameter lens array has been fabricated with techniques such as photolithography
or laser machining (Yates et al., 2009; Llombart et al., 2010, 2011). As shown in Fig. 3.28,
the individual silicon lens on the seat needs special care with epoxy for bonding the lens.
To keep alignment between individual lenses and the seat, it is necessary to maintain
high accuracy of the individual lens and the seat. So when the pixel number increases or

observing frequencies are higher, the integrated lens array has advantages.
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Figure 3.30: (A) Photograph of the Toshiba ULG-300C, an ultra-precision machine, for
machining the silicon lens array. (B) The high-speed spindle (ABC-20M) on the Toshiba
ULG-300C.

Ultra-precision cutting by using ball-end mills was tried as another efficient technique
to process high-purity polycrystalline silicon in the shape of the lens (Mitsui et al., 2014).
The fundamental fabrication method for each frequency band is basically the same, so
only the fabrication method for the 220-GHz band lens array is described here. Geometry
of extended hemispherical silicon lens array coupled to the MKID is shown in Fig. 3.29.
The lens diameter and the lens spacing were 4.09 mm and 0.3 mm, respectively. The total
extension thickness of 0.73 mm was divided into support plate of 0.35 mm thickness and
the silicon substrate of 0.38 mm thickness.

To achieve 0.3 mm in lens spacing and obtain a surface accuracy on the order of ym,
a small diameter end mill was needed. In addition, it required a rotating speed of more
than several tens of thousands rpm to keep the cutting velocity of the end mill. Therefore,
a combination of the ultra-precise processing machine, Toshiba ULG-300, and the high-
speed spindle, Toshiba ABC-20M, has been used for this process. Figure 3.30 shows a
photograph of the Toshiba ULG-300 and the Toshiba ABC-20M. The end mills are made
of TiIAIN coated ceramic with a radius of 0.5 mm and 0.15 mm. The machining processes

of lens array are as follows:

1. Cut grooves of 4.39 mm spacing with a depth around 100 zm on high-purity poly-
crystalline silicon block, whose dimensions were 18 mm in length, 13.5 mm in width

and 2.6 mm in thickness. The spacing of 4.39 mm corresponds to the antenna spac-
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Table 3.1: Processing conditions of the 220-GHz and 440-GHz bands silicon lens array
(Mitsui et al., 2014).

220-GHz band Lens Array 440-GHz band Lens Array

Rotating Speed [rpm] 40000 40000
Rotation Unbalance [nm] Below 10 Below 10
Cutting Feed Rate [mm/min] 1000 120 100
Cutting Depth [pm] 200 100 200 50

Table 3.2: The fabrication time (only machine running time) and the number of used
end-mills of lens array for each frequency bands (Mitsui et al., 2014).

Fabrication Time Fabrication Time No. of Used End-mills
(per pixel) [min] (total) [hours]

220-GHz band Array 53.3 8 3
440-GHz band Array 20.6 35 5
ing.

2. Shape it into a cylindrical form without changing the depth.

3. By repeating these processes and changing the radius of the cylindrical form in

small steps, multiple-stage cylindrical forms are created.

4. Finally, process it into a hemispheric shape from the bottom.

Table 3.1 shows the processing conditions of the silicon lens array. Figure 3.31 shows
the fabrication process of the silicon lens array. Wax was used to fix the lens array on
the machining board. However, in this case, there is a possibility to break the lens array
when removing the lens array from the machining board, because the extension thickness
is very thin. This was fixed by stacking down several tens of wires, whose diameters
are 0.2 mm, between the lens array and the machining board. This process reduces the
contact area and the lens were taken out without problems.

According to Leech et al. (2012), a smooth-walled 37 pixel horn array for 230 GHz
was constructed using a standard 5 axis CNC milling machine, taking around two days
to manufacture. In our study, it took about 45 hours to process the 102 pixel lens array for

the 440-GHz band, including the time to exchange the worn-out end mill. It took about
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Figure 3.31: The fabrication process of the silicon lens array. (A) The high-purity poly-
crystalline silicon block, whose dimensions were 24 mm in length, 26 mm in width and
1.07 mm in thickness, on the several tens of wires. (B) Fabrication of the first stage of
the cylindrical geometry. The depth was approximately 50 ym. (C) By repeating pro-
cess of (B) and changing the radius of the cylindrical form in small steps, multiple-stage
cylindrical forms are fabricated. (D) The 102 pixel lens array after finish processing. (E)

Completed 9 pixel silicon lens array on the machining board with the TiAIN coated end-
mill of 0.15 mm in radius.
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Figure 3.32: (Left) Completed 9 pixel silicon lens array in 220-GHz band. (Right) Com-
pleted 102 pixel silicon lens array in 440-GHz band.

2 hours to change an end mill. On fabrication of the 102 pixel lens array, two ball-end

mills with the radius of 0.15 mm and three the radius of 0.1 mm were used. Figure 3.32
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Figure 3.33: (Left) Measured shape errors of the lens array for the 220-GHz band. The
vertical axis shows the shape error from the designed value and the horizontal axis shows
the angle from the center of the lens. (Right) Measured shape errors of the lens array for
the 440-GHz band. The vertical axis shows the shape error from the designed value and
the horizontal axis shows the distance from the center of the lens.

Table 3.3: Summary of measured extension thickness and surface roughness.

Support Plate ~ Support Plate ~ Surface roughness
(Design) [um] (Measured) [pim] (rm.s.) [pum]

220 GHz-band 9 pixels 350 370 0.7
440 GHz-band 102 pixels 100 280 2.5

shows the completed 9 and 102 pixel silicon lens array for 220- and 440-GHz band. The

configurations of 9 and 102 pixel array were grid and hexagonal shape, respectively.

3.6 Evaluations of Lens Array

Shape Measurement

A three-dimensional coordinate measuring machine, Mitutoyo LEGEX 910, was used to
measure the shape of the lenses. This machine comes into contact with the measured
object with a ruby ball, so small scratches on the lens surface are unavoidable. However,
the depth of scratches was measured to be less than 2 ym. The left panel of Fig. 3.33
shows the results of the shape measurement of five lenses of the lens array for the 220-
GHz band. The shape error is typically less than 10 ym peak-to-valley or 3 pm in rms.
The results of the shape measurement of three lenses of the lens array for the 440-GHz

band were also shown in the right panel of Fig. 3.33. The shape error is typically less
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than 20 ym peak-to-valley or 6 ym in rms. These errors were caused by pressure exerted

during fabrication.

Surface Roughness and Extension Thickness

The surface roughness of the top of the lens and the thickness of the support plate were
measured by using the non-contact three-dimensional measuring machine: Mitaka Kohki
NH- 3SP. The measurement results of surface roughness and support plate of lens array
for each frequency band were summarized in Table 3.3. The average surface roughness
of the top of the lens in 220- and 440-GHz band were around 0.7 ym and 2.5 gm in rms,
respectively. These values are small enough for use in the millimeter-and submillimeter-
wave range. The thickness of support plate of the 220-GHz band lens array was 0.37 mm,
which was 0.02 mm thicker than the designed value of 0.35 mm. The extension thickness
affects beam pattern qualities such as sidelobe level and symmetry of the main beam.
However, simulation results showed that these error values are within acceptable limits
and do not affect the beam patterns much. On the other hand, the support plate thick-
ness of the 440-GHz band lens array was 0.28 mm, which was 0.18 mm thicker than the
designed value of 0.1 mm. It seems to affect the beam pattern since the measurement
result was three times thicker than the designed value. Furthermore, the processing re-
sults of two lenses showed that the process limitation of the extension thickness would

be around 300 pum.
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Chapter 4. Beam Pattern Measurements of Millimeter /Submillimeter-Wave KID
62 Camera

4.1 Introduction

The optical system of the MKID cameras is based on double-slot antennas and the ex-
tended hemispherical silicon lens array as described in the previous chapter. The aim of
this chapter is to measure the beam patterns of 220- and 440-GHz band cameras. A setup
of the beam pattern measurement and the evaluation results of the MKID array at 0.3 K

are also discussed.

4.2 Measurement System

4.2.1 0.3 K Sorption Cooler

A cryostat must cool down the MKIDs to temperatures below Tc, in order for the material
to become superconductor. A 3He sorption cooler mounted on a liquid helium (“He) bath
was used for beam pattern measurements of MKID cameras. The cooling operation of

sorption cooler is as follows:

1. Pre-cooling
Pre-cooling of 4 K and 77 K tanks with liquid-nitrogen. The temperatures at 4 K
and 0.3 K stages are monitored by using silicon and germanium thermometer, re-

spectively.

2. Liquid-helium supply
After the pre-cooling with liquid-nitrogen, the 4 K and 0.3 K stages are cooled down
to 4.2 Kby supplying liquid-helium. Turn on a heat switch during supplying liquid-

helium.

3. 3He gas control
The 4 K and 0.3 K stages are cooled by evaporative cooling with a vacuum pump
which consists of a rotary and mechanical booster pump. When the temperature
of 0.3 K stage reaches 2 K, current of several mA is applied to the heater at the
sorption cooler. An activated charcoal, which is located inside the sorption cooler,
releases He-gas when it is heated to about 30 K. The heater current is turned off

when temperature at the sorption cooler reached to 30 K.
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Figure 4.1: A photograph of the inside of the 0.3 K sorption cooler. 1: 0.86 mm diameter
CuNi SMA cables (0.3 KO 4 K). 2: 0.3 K cold stage. 3: sample box of MKID camera. 4: 4
K cold stage. 5: Liquid-helium tank. 6: 77 K cold stage. 7: Liquid-nitrogen tank. 8: Cold
isolator. 9: Cold low-noise amplifier. 10: 0.86 mm diameter CuNi SMA cables (4 K O 300
K). 11: Input and output SMA connectors.

4. Evaporative cooling
When the 0.3 K stage temperature is cooled below 2 K, a heat switch of the 0.3 K
stage and the sorption cooler are turn off and on, respectively. In the result, the
sorption pump starts to absorb the *He and decreases the vapor pressure. The 0.3
K stage is cooled by evaporative cooling and the stage temperature reaches 0.3 K. It

takes about two hours to operate the He-gas control.

Temperature of the cold stage was kept at around 0.3 K and the holding time is about
8 hours. Figure 4.1 shows a photograph of the inside of the 0.3 K sorption cooler. We use
a copper-based sample box with two SMA connectors for readout of the microwave sig-
nals. The MKID sample box is connected with 0.86 mm diameter CuNi coaxial cables to
a high electron mobility transistor (HEMT) amplifier on the 4 K stage. The CuNi has low
thermal conductivity. Therefore, the choice for thin CuNi coaxial cable is to reduce the
thermal load on the MKID sample box (Barends, 2009). The MKID camera was mounted

on the 0.3 K cold stage, as shown in Fig. 4.1.
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Figure 4.2: Frequency response of various types of detectors for FTS transmittance mea-
surements.

Table 4.1: Setup of the detectors for a wide-bands transmittance measurements.

Detector Type Beam Operation Resolution ~ Frequency
Splitter =~ Temperature [K] [GHZz] Range [THz]
InSb Bolometer Wire-grid 4 15 0.15-1.8
Pyroelectric Detector (Long) Wire-grid 300 120 15-6
Pyroelectric Detector (Short)  Mylar 300 240 5-20
MCT Detector Mylar 77 240 15-100

A merit of cryostat with a cryogen and sorption cooler is less affected by external mag-
netic field because the cryostat without the mechanical cooler such as a Gifford-McMahon
cooler. However, a cryostat has no magnetic shield near the 0.3 K stage. So the beam pat-
tern measurements were performed in a magnetic shield room of permalloy to remove
the effect of the magnetic field from the measurement instruments and terrestrial mag-

netism.

A power of 0.52 W from a blackbody spectrum at 300 K is incident on the vacuum
window of 38 mm diameter. This power is cut successively by IR blocking filters, a single
ZITEX G-115 filter at ambient temperature, a double black polyethylene filters at 77 K, a
single black polyethylene filter and a 1-THz low-pass filter at 4 K.
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Figure 4.3: Total transmittance of IR blocking filters chain for a 0.3 K optical measurement
system. Blue line corresponds to the total filter transmittance.

Table 4.2: Summary of the detailed information about the filter chain.

Measured Value

Cutoff Frequency of Filter Stack 1THz
Leakage at IR Region <1072
Transmittance of Total Filters at 220 GHz 48%
Transmittance of Total Filters at 440 GHz 38%

4.3 IR Blocking Filter

4.3.1 Detector Response

Infrared (IR) blocking filters are an important component for millimeter- and submil-
limeter wave receivers because the peak wavelength of the 300 K blackbody spectrum is
around 10 ym (= frequency of 30 THz). The low-pass filters, which have high transmit-
tance at millimeter-wave range and high cutoff at mid- to near-IR region, were needed to
reduce a thermal load from outside of the vacuum window. There are various types of IR
blocking filters such as absorption, reflection, interference and scattering types. A Fourier
transform spectrometer and four types of detectors were used to measure the broadband
transmittance of various low-pass filters at millimeter-wave to near-IR region. Figure 4.2
shows the frequency response of various types of detectors for FTS transmittance mea-

surements. These four detectors can be measured in the frequency range of 0.2 0 100
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THz (millimeter-wave to IR region). Setup of the FTS and detectors for a wide-bands

transmittance measurements is summarized in Table 4.1.

4.3.2 Filter Transmittance

Five low-pass filters are used to reduce the 300 K radiation through the vacuum window.
They are made of ZITEX (type G-115), black polyethylene for photographic paper, and a
1-THz low-pass filter. The thickness of ZITEX, black polyethylene and 1-THz low-pass
filter were 400, 125, and 600 pm, respectively. The 1-THz low-pass filter is made from
polyethylene sheet containing reststrahlen crystals powder (Yamada et al., 1962). Figure
4.3 shows the total transmittance of IR blocking filter chain for a 0.3 K optical measure-
ment system. The IR blocking filter chain was composed of a signal ZITEX filter at ambi-
ent temperate, a double black polyethylene filters at 77 K, and a single black polyethylene
filter and a 1-THz low-pass filter at 4 K. A blue line in the Fig. 4.3 corresponds to the total
filter transmittance. Total transmittance of these filters at 220 and 440-GHz bands were
about 48% and 38%, respectively. As shown in Table 4.2, leakage at IR Region was less

than 107! and its cutoff performance was enough for cooling the MKID camera to 0.3 K.

4.4 Beam Pattern Measurements at 220 GHz bands

4.4.1 9 pixel MKID Camera

The MKID cameras are composed of direct-machined silicon lens arrays and Al-based
MKIDs which can detect photons at frequencies higher than 90 GHz. The MKIDs were
quarter-wavelength CPW resonators coupled to a CPW feed line with a 8 um wide gap
and 12 um central line, which connects all pixels. A shorted end of the CPW line acts as
the feed to a single-polarization sensitive double-slot antenna placed in the geometrical
focus of a silicon lens mounted to the back of the detector substrate.

Epitaxial Al(111) film has been grown on a Si(111) wafer by using molecular beam
epitaxy (MBE) (Naruse, 2012; Naruse et al., 2012). The Al film with 150 nm thickness
was patterned into quarter wavelength CPW resonators by wet etching process. The
CPW geometry had a 3 ym-wide central line and 2 ym-wide gaps. The MKID substrate

was glued to the sample box by using varnish. Metallic surface of the sample box on
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200 pm

Figure 4.4: (Left) A photograph of the 9 pixel MKID camera for 220-GHz band. The
sample box was made of oxygen-free copper and has two SMA connectors for readout of
the microwave signals. (Right) Microscopic picture of a double-slot antenna coupled to
quarter-wave CPW resonator. The light and dark parts correspond to the aluminum film
and the silicon wafer, respectively.

the opposite side of the lens array was coated with a mixture of Stycast 2850FT] and
approximately 1 mm size silicon carbide grains to form an absorber to absorb stray light
(Barends, 2009; Baselmans et al., 2012).

An SMA connector was connected to a microwave board which acts as transition be-
tween the feed line of the MKID array and the SMA connector. Al wires of 20 ym diam-
eter were bonded for the electrical connection. Additional bonding wires were arranged
at sides of CPW to have a well-defined ground.

Figure 4.4 shows a photograph of 9 pixel MKID camera for 220-GHz band and a
double-slot antenna coupled to a quarter-wave CPW resonator. The double-slot antenna
is patterned at the end of the quarter-wave resonator, which is on the opposite side of
the feed line. The light and dark parts of device picture correspond to the aluminum film

and the silicon wafer, respectively.

4.4.2 MKID Response at 0.3 K
Input Power Dependence

To optimize the ideal feed power to the MKID, the output power of a VNA was swept
(see Fig. 4.8). The left panel of Fig. 4.5 shows the feed microwave power dependence of
the MKID resonator response at 0.3 K. A low feed power leads to a noisy signal, whereas

too large power shows non linear effects. In our measurement setup, the attenuation
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Figure 4.5: (Left) Feed microwave power dependence of the MKID response at 0.3 K.
(Right) Internal quality factor versus the microwave power level in the feed line. From
measured results, optimum microwave power at 0.3 K was around 00 55 dBm.

Table 4.3: Various quality factors of 9 pixel MKIDs at 0.3 K

MKID No. @ Q; Qe

1 29121 35860 154968
2 24332 27936 188619
3 6677 10958 17093
4 18352 22901 92396
5 41761 60955 132624
6 8734 27830 12729
7 18115 30030 45658
8 0 O O

9 14113 29584 26987

between VNA and input SMA connector of MKID sample box given by the CuNi coaxial

cables was measured to be about 16 dB at 5 GHz. So the feed power is calculated as,
PKID [dBm] = PVNA [dBm] - 16[dB}. (41)

The feed power displayed in Fig 4.5 corresponds to Pxip[dBm]. The right panel of Fig.
4.5 shows the internal quality factor as a function of the feed microwave power. The
optimized feed power was determined to be Pxip = 0 55 dBm. In this case, the value of

internal quality factor becomes the maximum.
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Figure 4.6: Hot and cold load responses of the 3 MKIDs at 0.3 K.

Quality Factor

For determining the quality factor and resonant frequency we measure the forward trans-
mission Sp; with a vector network analyzer. Resonant parameters, such as resonant fre-
quency and each quality factor, are derived by fitting the Sy; spectrum with a Lorentzian
model. Loaded, internal, and coupling quality factors of 9 pixel MKID array were sum-
marized in Table 4.3. Typical internal quality factors at 0.3 K of 9 pixel MKID array were
around 30000.

Hot/Cold Response

To confirm overall response of the MKID array, optical responses of the MKID array were
measured by using hot (300 K blackbody absorber with ECOSORB) and cold loads (77 K
blackbody absorber sunk in liquid nitrogen). Figure 4.6 shows the hot and cold load re-
sponses of the three resonators at 0.3 K. Hot and cold loads were located in front of the
vacuum window of the cryostat. As shown in Fig. 4.6, blackbody radiations of 77 K and
300 K were distinguished by MKIDs array. In addition, these results demonstrate that the
MKIDs have large dynamic range because they were not saturated with the 77 K black-

body source, and that lead to efficient astronomical observations with easy calibration.

4.4.3 Beam Patterns

Beam patterns of the MKID array were measured with an external CW source. The left
panel of Fig. 4.7 shows a photograph of the outside of the magnetic-shield room. Some
instruments for beam pattern measurements are displayed. The right panel of Fig. 4.7
shows a photograph of the inside of the magnetic-shield room. A 0.3 K cryostat and

millimeter-/submillimeter-wave external CW source are displayed. Figure 4.8 shows a
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Figure 4.7: (Left) A photograph of the outside of the magnetic-shield room. 1: Magnetic-
shield room. 2: Vacuum pump for decompression of the liquid-helium tank. 3: Signal
generator. 4: Electrical power supply with noise reduction filters. 5: XYf beam-scanner
controller. 6: Vector network analyzer. (Right) A photograph of the inside of a magnetic-
shield room. 7: 0.3 K cryostat. 8: Vacuum window. 9: XY beam-scanner. 10: Rectangular
probe horn. 11: Power amplifier.
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Figure 4.8: A block diagram of the beam pattern measurement system. The figure shows
the measurement system for 220-GHz band. For 440-GHz band, the signal generator
output about 14.7 GHz and the tripler behind the rectangular probe horn is exchanged
with the quintupler. The position of the CW source is moved by an XY#-scanner.

block diagram of the beam pattern measurement system. External CW sources for the
220- and 440-GHz bands were composed of a signal generator (100 kHz 0O 20 GHz),
frequency multipliers, a power amplifier, an attenuator, and a rectangular open-ended
waveguide (probe horn). The probe horn was fabricated with electro-forming to make
thinner edge, which reduces standing wave. The electro-forming probe horn has good
beam pattern and low standing wave (Naruse et al., 2009a). The probe horn was sur-

rounded by electromagnetic absorber tiles (TK-RAM, Thomas-Keating Co.), as shown in
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Figure 4.9: (Left) The Sz; response to various external 220-GHz radiation powers. (Right)
The resonant frequency shifts versus external 220-GHz radiation power. Blue points
showed the measured data and black line was a linear fit.

Fig4.7.

Power Response at 220 GHz

The millimeter- and submillimeter-wave external radiation sources emit 200 O 240 GHz
and 400 0 480 GHz, respectively. The external radiation power to the MKID was adjusted
by the gate voltage of a power amplifier, which was shown in the right panel of Fig. 4.7.
The radiation power at 220-GHz was tunable from 0.3 xW to about 600 yW. Distance
between the vacuum window and the probe horn was approximately 23 mm, and that

between the device substrate and the probe horn was approximately 78 mm, respectively.

The resonant frequencies of MKIDs were measured from the Sz; spectrum taken by
a vector network analyzer. The left panel of Fig. 4.9 shows the S»; response of various
external 220-GHz radiation power. Incident photons break cooper pairs and create quasi-
particles in the MKID, and increasing the number of the quasiparticles induces chang-
ing the surface impedance of the MKID. In consequence, the resonant frequency slightly
shifts. The right panel of Fig. 4.9 shows the resonant frequency shifts versus external
220-GHz radiation power. The data were derived from the left panel of Fig. 4.9. The
shift of resonance frequency and the change of the amplitude of resonances correspond

to detected power in an MKID.
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Figure 4.10: (Left) The S»; response to various position of the external radiated source.
(Right) The resonant frequency shifts as a function of the external source position, which
is controlled by a XYf-scanner in front of the vacuum window of the cryostat.

Scan Data

In the same way as power response measurement, the detected power was recorded as
a function of the position of the external source which was controlled by a XY scan-
ner in front of the vacuum window of the cryostat. The XY stage of this scanner was
used to measure the two-dimensional beam patterns. The XY scan area and the mea-
surement interval were 72 mm x 84 mm and 1.5 mm, respectively. The 6 stage of this
scanner can be rotated from O 90 degrees to 90 degrees and was used to measure the
cross-polarization pattern and the alignment of the polarization. These stages were pre-
cisely controlled by stepping motors. The all instruments for the measurement of beam
pattern were controlled via GPIB interface by LabView software.

The left and right panels of Fig. 4.10 show the S»; response of various positions of the
external radiated source and the resonant frequency shifted as a function of the external
source position, respectively. The beam pattern was calculated from the comparison of
the data of resonance frequency shift as functions of the external radiation power and the

position of XY f scanner.

Co-Polarization Patterns

The measured results of 2D far-field co-polarization beam patterns of the extended hemi-

spherical silicon lens array fed by the double-slot antennas at 220 GHz are shown in Fig.
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4.11. A typical two-dimensional scan took approximately 3 hours. The dynamic range of
this measurement system was about 20 dB, which is limited by the Al MKID’s sensitivity
at the measurement temperature of 0.3 K.

The measured results showed circular symmetrical patterns. While some pixels, MKID
2,5,9, showed asymmetrical patterns. The larger beam ellipticity was caused by the mis-
alignment between the silicon lens and the double-slot antenna, and by reflection on the
silicon lens array, because anti-reflection coating was not applied on the lens. Figure 4.12
shows the cross section of far-field beam patterns at 220 GHz. The dot and solid lines
showed the simulated and the measured patterns, respectively. Figure 4.13 shows the
2D far-field beam patterns of the extended hemispherical silicon lens array fed by the
double-slot antennas at 200 GHz, and its cross section patterns. The comparison of the
measured beam patterns with the calculations showed good agreement. This proved that
the silicon lens array, processed with the ultra-precision cutting, is capable of performing
as the optical system of the millimeter and submillimeter-wave cameras. In chapter 6,
anti-reflection coatings for silicon lens array were developed to reduce the reflection loss

of about 30% between the air and the silicon.

Cross-Polarization Patterns

Figure 4.14 shows the measurement results of 2D far-field cross-polarization beam pat-
terns of the extended hemispherical silicon lens array fed by the double-slot antennas at
220 GHz. The left and right panels of Fig. 4.14 correspond to MKID 2 and 3, respec-
tively. The cross-polarization levels were derived from the integration values from O 10
degrees to 10 degrees of each axis which correspond to the main lobe (O 3 dB region)
of co-polarization patterns. The integrated cross-polarization levels of both results were
around O 10 dB less than peak of the co-polarization patterns. The measured levels were
higher than simulated levels of around O 20 dB. It is considered to be caused by charac-

teristic of IR blocking filters such as shape distortion and standing wave between filters.
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Figure 4.11: Measurement results of 2D far-field co-polarization beam patterns of the
extended hemispherical silicon lens array fed by the double-slot antennas at 220 GHz.
The contours were every 3 dB steps.
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Figure 4.12: Measurement results of 1D far-field co-polarization beam patterns at 220
GHz obtained from eight Al MKIDs. The dot and solid lines showed the simulated and
the measured patterns, respectively. Blue lines and pink lines correspond to the E-plane

and the H-plane, respectively.
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Figure 4.13: Measurement results of 2D (top) and 1D (bottom) far-field co-polarization
beam patterns of the extended hemispherical silicon lens array fed by the double-slot an-
tennas at 200 GHz. The contours were every 3 dB steps. The dot and solid lines showed
the simulated and the measured patterns, respectively. Blue lines and pink lines corre-
spond to the E-plane and the H-plane, respectively.
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Figure 4.14: Measurement results of 2D far-field cross-polarization beam patterns of the
extended hemispherical silicon lens array fed by the double-slot antennas at 220 GHz.
The contours were every 3 dB steps.
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Figure 4.15: The 102 pixel sub-millimeter wave MKID camera for 440-GHz band mounted
on the 0.3 K cold stage. The dimension of the silicon lens array was 24 mm x 26 mm.
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Figure 4.16: The S»; spectrum of 102 pixels MKID array at 0.3 K. The number of measured
pixels were 90 (yield of O 90%), and resonance frequencies falls into a 400 MHz band
centered at 4.4 GHz. The typical internal quality factor at 0.3 K of this array was around
30000.

4.5 Beam Pattern Measurements at 440 GHz bands

In a similar way of 220-GHz band beam pattern measurements, 440-GHz band beam pat-

terns of 102 pixel array were measured. Figure 4.15 shows the 102 pixel sub-millimeter
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Figure 4.17: (Left) Output power control of external 440-GHz radiation source. This figure
shows the 440-GHz output power as a function of gate voltage of power amplifier. (Right)
The resonant frequency shifts versus external 440-GHz radiation power. Color points
showed the measured data and solid lines were linear fits.
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Figure 4.18: Measurement results of 2D far-field co-polarization beam patterns of the

extended hemispherical silicon lens array fed by the double-slot antennas at 440 GHz.
The contours were every 2 dB steps.

wave MKID camera for 440-GHz band mounted on the 0.3 K cold stage. Gold-plated
copper sample box with two SMA connectors for readout of the microwave signals was
used. Figure 4.16 shows the S»; spectrum of 102 pixels MKID array at 0.3 K. The num-
ber of measured pixels were 90 and high yield rate of around 90% was achieved. The
resonance frequencies fell into a 400 MHz band centered at 4.4 GHz. A typical internal
quality factor at 0.3 K of this array was around 30000.

The left panel of Fig. 4.17 shows output radiation power at 440 GHz as a function of
gate voltage of a power amplifier which is a critical component of the external radiation

source. The radiation power at 440 GHz was tunable from 20 nW to about 20 W. The
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right panel of Fig. 4.17 shows the resonant frequency shifts of two MKIDs as a function of
the external 440-GHz radiation power. Points and solid lines correspond to the measured
data and linear fits, respectively.

Figure 4.18 shows the measurement results of 2D far-field co-polarization beam pat-
terns of the extended hemispherical silicon lens array fed by the double-slot antennas at
440 GHz. The results of two detectors were displayed. The measured results showed
circular symmetrical patterns. However, the measured main beams which correspond
to the center region of two-dimensional maps did not agree with the simulated patterns.
This difference was likely to be caused by fabrication error of the extension thickness
as discussed in Chapter 3. The extended hemispherical silicon lens for high-frequency
bands or with a small diameter becomes structurally friable as the extension thickness
decreases. In Chapter 5, we discussed a small-diameter silicon lens that uses only the

upper surface of the lens to solve this issue.






Close-Packed Silicon Lens Antennas for

High-Frequency-Band Camera
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5.1 Introduction

A large-diameter (>3), where ) is the target wavelength) dielectric lens has been widely
used in the millimeter- and submillimeter-wave range (Filipovic et al., 1993; Pearson
et al., 2003). In the previous chapter, we demonstrated the 3\-diameter lens for 220-
GHz and 440-GHz bands. However, to realize a diffraction-limited wide field-of-view
camera with 10000 pixels, a more highly integrated small-size (<3\ diameter) lens array
(Kasilingam & Rutledge, 1986; Godi et al., 2005) and fast focal plane are required.
Misalignment between lens and planar antenna causes beam distortion, such as el-
liptical beam patterns. The required beam quality depends on the application: CMB
observations require a high-quality beam pattern, whereas ground-based high-z galaxy
surveys require a reasonable beam with numerous pixels. We investigated the main beam
symmetry, side-lobe level, cross-polarization level, and bandwidth of close-packed arrays
with diameters of 1.2, 2, and 3, considering the effects of the surrounding lenses and

the effect of misalignment between the silicon lens and double-slot antenna.

5.2 Height Dependence of Small-Diameter Silicon Lens

Effects of a gap between lenses on beam pattern were studied. Figure 5.1(A) shows the
shape and design parameters of an extended hemispherical silicon lens. Here the exten-
sion thickness L is defined as L = d — R, where d is the distance between the antenna and
the lens top, and R is the lens radius. In Chapter 3, the beam patterns of the extended
hemispherical silicon lens fed by the double-slot antenna were calculated to optimize the
extension thickness by using HF'SS, as shown in Fig. 5.1(B). The length, width, and slot
separation of the double-slot antenna for the 220-GHz band were 382, 25, and 218 um,
respectively. The antenna bandwidth (—10 dB return loss) was approximately 20%. The
extension thickness was optimized with respect to the parameters of beam pattern qual-
ity, such as side-lobe level and main beam symmetry. It was determined to be L/ R = 0.34
as shown in chapter 3.

The extended hemispherical silicon lens with a small diameter or high frequency be-
comes structurally friable as the extension thickness decreases. Thus, we adopted the

small-diameter silicon lens that uses only the upper surface of the lens (Alonso-DelPino
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Antenna Position

Figure 5.1: (A) Shape and design parameters of an extended hemispherical lens. L, R,
and d correspond to the extension thickness, lens radius, and the distance between the
antenna and the lens top, respectively. H is the length from the hemispherical lens center
to top of the planar part. (B) Simulation model of an extended hemispherical silicon lens
antenna. The double-slot antenna is located at the focus of the AR-coated silicon lens. s, [,
and w correspond to the slot separation, antenna length, and antenna width, respectively.

A) B) . .
Efficient Lens Portion

t,

Figure 5.2: (A) Electric field distribution at 220 GHz of an extended hemispherical silicon
lens. (B) Cross section of an extended hemispherical silicon lens. In general, the upper
portion of the silicon lens is used effectively.

et al., 2013), as shown in Fig. 5.1(A). Figure 5.2(A) shows the electric field distribution
inside an extended hemispherical silicon lens. As shown in Fig. 5.2(A), the electric field
inside the lens is concentrated on its upper surface. In fact, rays reaching the lens-air
interface at a low angle are not focused in useful directions (Baryshev et al., 2011). There-

fore, the upper portion of the silicon lens is used effectively as shown in Fig. 5.2(B).
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Figure 5.3: The gap height H dependence of normalized (a) E-plane and (b) H-plane
beams at 220 GHz. Black, blue, orange, green, and light blue lines correspond to H/R =0,
0.2,0.4, 0.6, and 0.8, respectively. (c) Half-power beam width of E- and H-planes of 1.2\-
diameter lens. (d),(e),(f) and (g),(h),(i) are the same results with 2\- and 3\-diameter lens,
respectively. The simulation model consists of the AR-coated single lens; the extension
thickness was fixed at L /R = 0.34.

Parameter H of Fig 5.1(A) is defined as the length from the hemispherical lens center

to top of the planar part. This scheme has the following advantages:

1. stronger lens array with increasing thickness of the planar part.
2. reduced machining time for fabrication.

3. easy fabrication of the anti-reflection (AR) coating.

Figure 5.3 shows the gap height H dependence of 220-GHz (A = 1.36 mm) beam patterns
and half-power beam width. Lens diameters of 1.2}, 2\, and 3\ were calculated. From
Fig. 5.3, when the gap height H becomes thick, the side-lobe level increases and the beam
width broadens. Side-lobe level below —15 dB can be obtained when H/R < 0.6.

Both silicon substrate and the planar part of the lens array should be at least 200 ym
thick to facilitate easy handling. When L/R =0.34, H/R = 0.6, and L + H =400 pm,
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B) HR=0

double-slot antenna
positio

C) HR =05

Figure 5.4: (A) Simulated model of an integrated silicon lens array with HFSS. The beam
patterns were calculated in term of the center lens. Top view of the simulated model of
(B) H/R =0 and (C) H/R = 0.525. The pixel spacing was equivalent to the lens diameter.

minimum diameter lenses of 2.4\ and 4.3\ for 850 and 1500 GHz, respectively, can be

fabricated.

5.3 Effects of the Surrounding Lenses on Beam Pattern

To design the silicon lens array for the 220-GHz MKID camera, we calculated the beam
pattern of the close-packed array considering the effects of the surrounding lenses. Figure
5.4 shows the simulated model of an AR coated integrated silicon lens array with HFSS.
The beam patterns were calculated in term of the center lens. The simulation conditions
were as follows: 1) the pixel spacing was equivalent to the lens diameter and 2) extension
thickness L/ R was 0.34. The 1.2)-, 2)-, and 3\- (A = 1.36 mm) diameter lenses and their
frequency dependence were calculated. The close-packed array was designed on the ba-
sis of the calculation results in Section 5.2. The gap height H was optimized to achieve
symmetrical beam patterns, side-lobe level < —15 dB, and cross-polarization level < —15
dB. Figure 5.5 shows the simulation results of the beam patterns of the close-packed sil-
icon lens array with H/R = 0.525 for several lens diameters. Good-quality beams were

obtained with lens diameters of 1.2, 2, and 3\ in the bandwidth of 210—230 GHz. A



86 Chapter 5. Close-Packed Silicon Lens Antennas for High-Frequency-Band Camera

D = 121 :210 GHz D = 1.21:220 GHz D = 1.2 :230 GHz

o 0 o 0 m 0

=) h=) ok

€ < 5¢ < 5 C)

10t 1 &10¢ S10¢ / \

§.157 §-15» §-15~ 4 \

ﬁ-20’ : %-20 ﬁ-ZO

E-25F 1 E-25} E-25 A r

[e] H \ (o] H H o | H

Z3090-60 30 0 30 60 9023%0 -60 -30 0 30 60 902°%0 -60 -30 0 30 60 90
Angle [degree] Angle [degree] Angle [degree]

e D=2A:210 GHz = D =2\ :220 GHz —_ D =2\ :230 GHz

m 0 T T T " m 0 T T T T m 0

e T he)

< < 5| s

10t 1 &10¢ &10¢

§-15 g §-15 i §-15

T 20k ﬁ'2°/\ /\ T20)

E-25f { E-25} E-2

[e] { i H { (] A { i ()

Z3090 80 30 0 30 60 9023%0 -60 30 0 30 60 9023%0 60 -30 0 30 60 90
Angle [degree] Angle [degree] Angle [degree]

— D =3A:210 GHz — D =3\ :220 GHz . D =3\ :230 GHz

m 0 m m 0 T T T T

=) S, T, .

ER g) e c5Hi)

] L 1 © _ £

&10 &1 810

§-15 §-1 §-15—

20} {52 5200

E-25 E-25} E-25 \"//\

S.3 S.30 S.30, A

Z3090 .60 -300 0 30 60 9023%0 -60 -30 0 30 60 90Z3%0 -60 -30 0 30 60 90
Angle [degree] Angle [degree] Angle [degree]

Figure 5.5: Beam pattern of close-packed silicon lens antenna with H/R = 0.525. (a), (b),
and (c) correspond to the 210-, 220-, and 230-GHz beam patterns, respectively, of the
1.2)\-diameter lens. Blue, green, pink, and gray lines correspond to the co-polarization
of E-, D-, and H-planes and the cross-polarization of D-plane, respectively. (d),(e),(f) and
(g),(h),(i) are the same results with 2\- and 3\-diameter lenses, respectively.
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Figure 5.6: The return loss (S;;) of the close-packed silicon lens array fed by the double-
slot antenna in the 220-GHz band calculated with HFSS. The parameters of the lens array
were D = 1.2\, L/R = 0.34 and H/R = 0.525. Black and gray lines correspond to the
simulated model with and without AR coating, respectively. The result of without AR
coating model see the effect of a standing wave.
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Figure 5.7: The simulated beam patterns of the extended hemispherical silicon lens as a
function of the antenna position. (A), (B), (C) and (D) showed the antenna displacements
(0) from center position of 0, 25, 50 and 100 pm, respectively. The parameters of lens were
D=12)\ L/R=0.34and H/R =0.

slight asymmetry in the main beam is possibly caused by interference of the electric field
with the surrounding lenses. Making the pixel spacing narrower than the lens diameter
caused the beam pattern profile to become worse.

Figure 5.6 shows the return loss (S;;) of the close-packed silicon lens array fed by
the double-slot antenna in the 220-GHz band. Black and gray lines correspond to the
simulated model with and without AR coating, respectively. If the AR coating layer is

not used, the standing wave of the return loss is caused by the multiple reflections.

5.4 Alignment between Lens and Double-Slot Antenna

Misalignment between the silicon lens and the double-slot antenna causes larger beam
ellipticity, beam center displacement, and larger cross-polarization level. To study the
effects of the misalignment, we calculated the beam pattern using HFSS. The simulation
conditions were as follows: 1) the simulation model consisted of an AR-coated single sili-

con lens fed by a double-slot antenna and 2) extension thickness L/ R was approximately
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Figure 5.8: Simulated results of (A) beam ellipticity and (B) beam center direction (Ap¢)
as functions of the antenna displacement (J). Black, red, and blue lines correspond to
the 1.2)-, 2\-, and 3\-diameter lenses, respectively, and the solid and dashed lines corre-
spond to the displacement in the X and Y directions, respectively.
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Figure 5.9: The simulated cross-polarization level as a function of the antenna position.
Left, middle and right panels correspond to the 1.2)\-, 2)-, and 3\-diameter lenses, re-
spectively. Red and black points showed the maximum cross-polarization level at the
all region and the main beam (inside O 3 dB level of the co-polarization beam) region,
respectively. Solid and dashed lines correspond to the displacement in the X and Y direc-
tions, respectively.

0.34. Antenna displacements () of 0, 10, 25, 50 and 100 pm (6/A =0, 0.7, 1.8, 3.7 and 7.3%
for 220 GHz) were calculated. The displacements in the X and Y directions, as shown in

Fig. 5.1(B), were considered.

Figure 5.7 shows the simulated beam patterns of the extended hemispherical silicon
lens as a function of the antenna position. (A), (B), (C) and (D) showed the antenna
displacements (9) from center position of 0, 25, 50 and 100 pum, respectively. As shown in
the results, the increasing of antenna displacement induces large beam ellipticity, beam

center displacement, and large sidelobe-level.

Figures 5.8(A) and (B) show the simulation results of beam ellipticity and beam center
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direction as functions of antenna displacement. Beam ellipticity (¢) was calculated by
two-dimensional Gaussian fitting, based on the definition e = (a — b)/(a + b), where a and
b are the major and minor axes, respectively. From the simulations, when the lens size
is smaller, the misalignment between the lens and double-slot antenna in the X direction
has a larger effect on the beam pattern. Ellipticity below 1% and cross-polarization level
below —20 dB were achieved by keeping the alignment error below §/\ = 1.8% (§ = 25,
6, and 4 pm for 220, 850, and 1500 GHz, respectively) for each lens diameter.

Figure 5.9 shows the simulated cross-polarization level as a function of the antenna
position. Left, middle and right panels correspond to the 1.2)\-, 2)-, and 3\-diameter
lenses, respectively. The larger antenna displacement induces the large cross-polarization
level. In case of the alignment error below §/\ = 1.8%, however, the misalignment effect

on the cross-polarization level was negligible.
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6.1 Introduction

Silicon and alumina lenses with high refractive indices are widely used for low tem-
perature detectors at millimeter-/submillimeter-wave bands, and their re-imaging optics
(Baryshev et al., 2011; Fowler et al., 2007; Tomaru et al., 2012). It can be used to realize a
CCD-like camera with MKIDs and lens array, and a fast diffraction-limited field-of-view
optics in a relatively compact package. A dielectric lens with high refractive index for
focusing device becomes thinner than that with a low refractive index, leading to lower
mass/volume and lower loss if an appropriate anti-reflection (AR) coating is applied.
AR coatings are critical for dielectric lenses with high refractive indices, such as silicon,
because such high refractive indices cause reflections of approximately 30% at each ma-
terial /vacuum interface as shown in the following equation:
(n, —1)2  (3.388 —1)?

R= = = 0.296 6.1
(n,+1)2  (3.38841)2 ’ (61)

where refractive index (n,) of silicon of 3.388 was used. So far, there are studies on various
AR coatings at millimeter-wave bands with epoxy (Suzuki et al., 2012; Rosen et al., 2013)
and Cirlex (Lau et al., 2006) and at terahertz bands with parylene (Gatesman et al., 2000;
Hiibers et al., 2001) as well as bulk meta-materials containing subwavelength features
(Kamizuka et al., 2012). We study two types of AR coatings for cryogenic silicon and
alumina samples at the millimeter-wave (220 GHz) band.

At normal incidence, surface reflection from the dielectric material at a particular

wavelength (\) can be made zero when

NAR = \/77’7 (62)
dAR:M (m:071727"')7 (63)
dnagr

where nsr and n correspond to the refractive indices of the AR coating and dielectric
material, respectively, and d4r is the thickness of the AR coating.
In case of silicon, the refractive index and thickness of AR coating layer are obtained
by using n = 3.38;
nap = 1.84. (6.4)
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Table 6.1: Refractive index and suitable thickness of the materials for AR coating.

ooo Refractive Index AR thickness@220 GHz [um] Reference
Kapton / Cirlex 1.84 185 Lau et al. (2006)
T™MM 3 1.81 188 Tran & Page (2009)
Parylene D 1.62 205 Gatesman et al. (2000)
Stycast 1266 1.68 203 Tran & Page (2009)
Stycast 2850FT] 2.2 155 Halpern et al. (1986)
dar = 185 um. (6.5)

Also in case of alumina (n = 3.11), the refractive index and thickness of AR coating layer

are nagr = 1.76 and d4g = 193 um, respectively.

6.2 Epoxy Based Anti-Reflection Coating

Refractive index and suitable thickness of the materials for AR coating are summarized

in Tabel 6.1. However, conventional coatings have a few problems as follows.

1. In case of Kapton coating, it is difficult to form the lens shape. In addition, Kapton
coating has a concern about a break-up of lens and coating during thermal cycling

because the silicon and the coating have different coefficients of thermal expansion.

2. The parylene coating is very expensive because the thickness of coating layer is too

thick for using in the millimeter-wave band.

3. Other materials do not have refractive index for perfect matching.

Recently, AR coating with mixtures of various epoxies has been reported (Suzuki
et al., 2012; Rosen et al., 2013). We tested the AR coating for silicon and alumina with
Emerson and Cuming’s Stycast 1266 and Stycast 2850FT]. Mixed epoxy coatings have a

few advantages over other conventional coatings as follows.

1. An intermidiate refractive index (n1266 < nint < nogsor7.s) is obtained by mixing

Stycast 1266 (n126¢ 0 1.68) with Stycast 2850FT] (nogsopry O 2.2).

2. Thickness of the epoxy coating layer can be precisely controlled by direct machin-

ing.
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Figure 6.1: (Left) The measured frequency spectrums of reference (green line), Stycast
epoxy at ambient temperature (red line) and Stycast epoxy at cryogenic temperature (blue
line) with Fourier transform spectrometer. (Right) The transmittance of the Stycast epoxy
at millimeter /submillimeter-wave range. Blue and red lines correspond to 30 K and 300
K data, respectively.

3. A dielectric lens and a epoxy coating do not separate easily because of its adhesion

properties.

Catalyst 23LV] was used in Stycast 2850FT] preparation. Stycast1266 has only one cur-
ing agent (Stycast 1266B). For the mixing ratio we followed each product’s data sheets.
Before application, the mixed epoxies were vacuum degassed at ambient temperature for
about 10 minutes. After degassing, a molded flat samples for refractive index measure-

ments were cured at ambient temperature for 24 hours.

6.2.1 Optical Properties of Stycast Epoxies

The refractive index and dielectric loss tangent of the Stycast epoxies were measured
at 30 K with a Fourier transform spectrometer (FIS). The FTS is the same measurement
system as described in Chapter 3. The left panel of Fig. 6.1 shows the measured frequency
spectrums of reference (green line), Stycast epoxy at ambient temperature (red line) and
Stycast epoxy at cryogenic temperature (blue line). The sample was 1-mm-thick Stycast
2850FT]. The transmission spectrums were obtained by dividing the frequency spectrums
of sample by that of reference, as shown in the right panel of Fig. 6.1. Figures 6.2 and
6.3 show the refractive index and the dielectric loss tangent of Stycast 1266 and 2850FT7,
respectively. The samples were measured at 30 K and 300 K. The error bars are 1-o error,

which was determined by the multiple transmittance measurements. Large error bars of
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Figure 6.2: (Left) Refractive index and (Right) dielectric loss tangent measurement results
of Stycast 1266. Blue and red lines correspond to 30 K and 300 K data, respectively.
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Figure 6.3: (Left) Refractive index and (Right) dielectric loss tangent measurement results
of Stycast 2850FT]. Blue and red lines correspond to 30 K and 300 K data, respectively.

refractive indies around 0.8 THz were due to the low signal-to-noise ratio of Fably-Pelot
fringes, as shown in the right panel of Fig. 6.1. Dielectric losses of the Stycast epoxies
were large at cryogenic temperatures, tand ~ 0.016 at 220 GHz, which are higher than
that of Cirlex at room temperature (Lau et al., 2006). However the absorption loss is not

an issue as the coating is thin of few hundreds pm.

The temperature dependence of the refractive index and dielectric loss tangent of Sty-
cast 1266 at 1 kHz between 0.07 and 300 K has been reported (Barucci et al., 1999). From
their results, the measured refractive index and dielectric loss tangent behave smoothly
even at extremely low temperature below 0.1 K. Therefore, we expect that the dielectric

loss of mixed epoxy has no sharp transition and no drastic change at lower temperatures.
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Figure 6.4: Measured refractive indices of mixed Stycast 1266 with Stycast 2850FT]. Inter-
mediate refractive indices were linearly varied as functions of volume ratio. Blue and red
points correspond to measured data at cryogenic and ambient temperatures, respectively,
and solid lines indicate linear fits.

6.2.2 Refractive Index Control

Some samples of various volume ratios were fabricated to measure the intermediate re-
fractive indices of mixed epoxy. The refractive indices of mixed Stycast 1266 and 2850FT]
were varied linearly as functions of the volume fraction of Stycast 2850FT], as shown in
Fig. 6.4. We were able to fabricate coating materials with a refractive index between 1.68
and 2.2. The measured refractive indices were not much difference between ambient and
cryogenic temperatures. Here the volume fraction (r) is defined as:

V(2850FT.J)

"7 V(1266) + V(2850FTJ)° (66)

From the linear fitting of the measured data, mixed refractive index as a function of

the volume fraction can be written as:

Nmiz,300K = 0.5225r + 1.672. (6.7)

Nmiz,30K = 0.5205r + 1.684. (6.8)

We also successfully obtained epoxies with mixed refractive indexes of 1.76 and 1.84,
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Figure 6.5: (Left) A comparison of simulated transmittance of various AR layer thickness.
The simulation model included the dielectric loss tangent of AR layer material. (Right)
Extended figure around 220 GHz. The thickness error affects the shift of the flat region.
The tolerance of the AR layer thickness is &= 15 ym for design value (dag = 185 pm).

which matches for alumina and silicon.

6.2.3 AR Coating on Flat and Lens Samples

To test the AR coating at the 220-GHz band, we applied a layer of coating made from
mixed epoxies on a 2.4-mm-thick flat silicon sample. In addition, to confirm the control
of the mixed refractive index, another mixed epoxy AR coating was applied on a 2-mm-
thick flat alumina sample. Silicon and alumina were the same high-purity samples as
measured in Chapter 3.

Figure 6.5 shows a transmittance of various AR layer thickness simulated with HFSS.
Its model consisted of both-side coated 2-mm-thick flat silicon. As shown in the right
panel of Fig. 6.5, the thickness error affects the shift of the flat region. The tolerance of
the AR layer thickness is + 15 ym for design value (d4r = 185 pm).

The AR coating for high-purity polycrystalline silicon lens array was fabricated, as
shown in Fig. 6.6. The mixed epoxy coating on the silicon lens array was directly ma-
chined using a high-speed spindle on an ultraprecision machine in a similar way to that
for a silicon lens array; thus, the shape and thickness of the epoxy AR coating were pre-
cisely controlled. The mixed epoxy was thickly (approximately 1 mm thick) spread on
the lens array. The excess epoxy on the lens array was quickly cut with large diameter
(e.g. 30 5 mm) square end-mill, which did not affect on total machining time. The time

consuming process is to make lens shapes of the epoxy with quarter-wavelength thick-
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Figure 6.6: Photograph of an epoxy-coated nine-pixel silicon lens array. For demonstra-
tion, epoxy AR coating was applied to the upper half of the lens array. Machining tools
for the AR coating were made of TiAIN-coated ceramic end mill with radii of 0.5, 0.3, and
0.15 mm. Slits between lens pixels relaxed the thermal stress between silicon and epoxy.

Table 6.2: Design and measured epoxy AR layer thickness of various samples.

000 AR thickness AR thickness  Surface roughness
(Design) [um] (Measured) [pm] (rm.s.) [pum]
Flat Silicon (Side 1) 185 188 1.1
Flat Silicon (Side 2) 185 186 0.7
Flat Alumina (Side 1) 193 194 0.5
Flat Alumina (Side 2) 193 192 1.1
Silicon Lens Array 185 199 5.3

ness of 185 ym with small diameter end-mills. As shown in Fig. 6.6, the epoxy coating
on the lens array has slits between the lenses, which prevent the lens from breaking as
silicon and epoxy have different thermal expansion coefficients. It was confirmed that

the epoxy-coated lens array had no degradation after several thermal cycles to 0.3 K.

Table 6.2 shows the design and measured AR coating thickness of the flat silicon, flat
alumina, and silicon lens array. Surface profile of three lenses in one direction was mea-
sured by using a non-contact three-dimensional measuring machine. The measured AR
thicknesses varied 197 0 201 pm, and the average value was shown in Table 6.2. The vari-
ation in measured thickness may be caused by wear of end-mills, position reproducibility
of end-mills and misalignment between the center position of lens and AR coating. The

position reproducibility of the machine was around 50 nm, and the alignment accuracy
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Figure 6.7: (Left) Measured transmittance of the 2.4-mm-thick flat epoxy-coated silicon.
Epoxy was coated on both sides. Blue and orange lines correspond to the cryogenic
temperature (27 K) and ambient temperature, respectively. Reduction in transmittance
with increasing frequency was due to the increasing loss in the epoxy AR coatings. (Right)
The comparison of the measured transmittance of a flat bare-silicon sample (gray line)
and a flat epoxy-coated silicon sample (red line).
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Figure 6.8: (Left) Measured transmittance of the 2-mm-thick flat epoxy-coated alumina.
Epoxy was coated on both sides. Blue and orange lines correspond to the cryogenic
temperature (27 K) and ambient temperature, respectively. Reduction in transmittance
with increasing frequency was due to the increasing loss in the epoxy AR coatings. (Right)
The comparison of the measured transmittance of a flat bare-alumina sample (gray line)
and a flat epoxy-coated alumina sample (black line).

between the center position of lens and AR coating was less than 10 ym.

The fabrication error of the AR coating thickness for the flat samples and lens array
were less than 3 ym in rms and approximately 10 ym in rms, respectively. The surface
roughness of the top of the lens was less than 6 ym in rms. The surface roughness of the
epoxy-coated silicon lens array was affected by grain particles in the epoxy. These values

were sufficiently small for application in the millimeter-wave range.
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The left panel of Fig. 6.7 and Fig. 6.8 show the measured transmittance of the epoxy-
coated flat silicon and alumina samples. The blue and orange lines correspond to cryo-
genic and room temperatures, respectively. High transmittance near 220, 660, and 1100
GHz was due to the A\/4-, 3\/4- and 5\ /4-thick AR coatings. Reduction in transmittance
with increasing frequency was due to the increasing loss in the epoxy AR coatings. The
measured 220-GHz-band transmittance at 27 K was 95 + 2% with a bandwidth of 25%.
The loss of approximately 5% was caused by the absorption in the epoxy AR coatings.
This value is consistent with the measured dielectric loss tangent which are summarized
in Fig. 3.10. Also there is a small ripple in the transmittance at 220 GHz band of the
flat epoxy coated silicon and alumina. As one of the possibilities, this ripple in the 220-
GHz band may be caused by refractive index inhomogeneity of epoxy thin-layer after
machining.

The right panel of Fig. 6.7 and Fig. 6.8 show the coated and uncoated transmittance of
silicon and alumina samples. The interference fringes corresponding to the sample thick-
ness of uncoated transmittance are caused by multiple reflections within the samples,
whereas the interference fringe disappears for the coated samples.

The AR thickness is practically limited to 30 um. So, it is possible to apply this tech-
nology to THz range. For terahertz applications, AR thickness and absorption loss in the

epoxy AR coatings at 1.2 THz are 34 ym and approximately 11%, respectively.

6.3 Sub-wavelength Structures as an Anti-Reflection Coating

When we use the large-diameter dielectric lens, the epoxy AR coatings have concerns
about thermal stress. A large-diameter dielectric lens with the coating has a possibility
to separate AR coating from lens during thermal cycling because the alumina (or silicon)
and the Stycast epoxy have different coefficients of thermal expansion. To solve these
issues, we designed antireflective sub-wavelength structures (SWSs) for controlling the
refractive index.

In general, thin film coatings have been used to reduce reflections at dielectric surface,
but recently the antireflective sub-wavelength structures have been proposed (Raguin &
Morris, 1993). For antireflective structures, several types such as groove (Wagner-Gentner

etal., 2006), hole (Biber et al., 2003), pillar (BrRckner et al., 2009) and moth-eye (Kamizuka
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Figure 6.9: The schematic view of the effective medium theory.

Sub-Wavelength Structures Medium with Effective
\ Refractive Index l

m Effective Medium Theory Neff
"~

Figure 6.10: Cross-sectional view of the effective medium theory. A sub-wavelength
structure can be regarded as a homogenous dielectric layer with an effective refractive
index.

et al., 2012) have been developed at millimeter-wave to terahertz range.

6.3.1 Effective Medium Theory

Effective medium theory discusses a complex mixture with respect to a spatially homo-
geneous electromagnetic response (Bruggeman, 1935). If the structure size is smaller than
the target wavelength, scattering effects of structure are negligible and quasi-static mod-
els are adequate. Figure 6.9 shows the schematic view of the effective medium theory. As
shown in Fig. 6.9, periodic structures in subwavelength scale are regarded as homoge-
neous media with effective refractive indices determined by the volume filling factor (=
diameter/period of the structures). In case of alumina, as shown in Fig 6.10, it is expected
that we obtain the medium whose effective refractive index of nyacuum < Meff < Natumina-

Thus, the effective medium act as antireflective layers.

6.3.2 Design

We studied two types of sub-wavelength structures, cylindrical hole and rectangular pil-
lar, on cryogenic flat alumina samples. Figure 6.11 shows the unit cell of a cylindrical

hole and a rectangular pillar structures. The filling factor (f) is defined as
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Rectangular pillars (unit cell) Cylindrical holes (unit cell)

a . Filing Factor : b/a a
>
b b

Figure 6.11: The definition of the filling factor for a rectangular pillar and a cylindrical
hole structures (Biber et al., 2003).

r=2 (6.9)

a
where a and b correspond to a period and diameter of structures, respectively. d is a

depth of structures. The effective refractive index (nyacuum < Meff < Naiumina) is obtained

by changing the filling factor.

Cylindrical Holes and Rectangular Pillars

The period of a SWS must be smaller than the target wavelength for not energy being lost
to higher-diffraction-orders. In other words, the period of a SWS must hold the following

relation to propagate only the zeroth-diffraction-orders (BrRckner et al., 2009):

< = , (6.10)

Nair Sin 6 cos(¢ — ) + \/nzl —n2, sin?@sin?(¢ — 6)

>

air

where 14y, nq and A correspond to the refractive index of the air, the refractive index
of alumina and wavelength, respectively. Also, §, ¢ and ¢ correspond to the polar angle of
incidence, the azimuthal angle of incidence and the phase angle, respectively. For normal

incidence (¢ = 0°), the normalized period a/\ becomes

<1 (6.11)
Nal

>

When a period a meets the Eq. 6.11, high-transmittance with no diffraction loss can
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Figure 6.12: (Left) Effective refractive index of a cylindrical hole structure as a function
of the filling factor, calculated by using Eq. 6.13. (Right) The comparison of the effective
refractive index of Eq. 6.13 (solid line) and HFSS simulation (gray symbols) in the case of
alumina. The structure period of HFSS simulated model was 275 ym.
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Figure 6.13: (Left) Effective refractive index of a rectangular pillar structure as a function
of the filling factor, calculated by using Eq. 6.12. (Right) A comparison between the
effective refractive index of Eq. 6.12 (solid line) and HFSS simulation (gray symbols) in
the case of alumina. The structure period of HFSS simulated model was 275 pim.

be obtained.

According to Biber et al. (2003), the effective refractive indices of cylindrical hole and
rectangular pillar structures are expressed by the field-equivalent circuit model which
provides precise information about the effective refractive index as a function of the fill-
ing factor of the unit cell. By considering the parallel and series capacitors of unit cells,
the effective refractive index is calculated easily. By using this model, the effective refrac-

tive index of rectangular pillar is determined as follows (Biber et al., 2003).
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Figure 6.14: Comparisons of the simulated transmittance of various structure diameter.
In the simulated geometry, period and depth were 275 and 193 um, respectively. (Left)
The results of a cylindrical hole structure. The tolerance of the structure diameter is + 10
pm for design value (dia. = 255 um). (Right) The results of a rectangular pillar structure.
The tolerance of the structure diameter is + 10 um for design value (dia. = 191 pm).

a=b bng,
Eod( a + (a—b)ngl—i—b)

eod ’

Nef f,Pillar = (6.12)

where a, b and d correspond to a period, diameter and depth of a SWS, respectively.
Also, € is permittivity of free space. Furthermore, the effective refractive index of cylin-

drical hole structure is determined as follows (Biber et al., 2003).

b 2
2 (a—b)d eons,d
EO”az( a) + /% - dr
2 ‘1+\/(§) —x2(2n;,—2)

eod

Neff,Hole = (613)

The left panel of Fig. 6.12 and Fig 6.13 show the calculated effective refractive index
of a cylindrical hole and a rectangular pillar structures as a function of filling factor for
several different refractive indices of 2.88, 3.11 and 3.38. The refractive indices of 2.88,
3.11 and 3.38 correspond to aluminum nitride (AIN), alumina and silicon, respectively.
In this calculation, SWSs with a periodicity smaller than A/10 (quasi-static limit) were
investigated. However, it is difficult to fabricate a cylindrical hole and a rectangular pillar
structures with small period which is smaller than A/10. When the SWS for 220-GHz
band is designed, for example, a 275 um (O A/5) period leads to acceptable performance
up to approximately 300 GHz, and this shape can be easily processed. In this condition,

however, SWS design does not operate in the quasi-static limit (a < A/10). Thus, the
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Figure 6.15: Electric field distribution inside the alumina. (A) A bare alumina. (B) A
cylindrical hole structure. (C) A rectangular pillar structure.

effective refractive index of cylindrical hole and rectangular pillar structures with 275 ym
period have been calculated by using the 3-D full-wave electromagnetic field simulator
HFSS to optimize the geometry of our structures. A comparison between the effective
refractive index of “Biber Model (Egs. 6.12, 6.13)” and HFSS simulation are shown in Fig
6.12 and 6.13. As shown in the results, calculated effective refractive indices have a slight
difference in two models.

Polynomial fitting results of simulated effective refractive index by HFSS for cylindri-

cal hole and rectangular pillar are as follows;

Neff Hole = —1.7491f% + 0.1812f + 3.0978. (6.14)

Neff pillar = 548944 — 7.3882f% + 4.3306 2 — 0.3485 f + 1.0094. (6.15)

The transmittance of cylindrical hole and rectangular pillar structures were calcu-
lated by using optimized parameters at 220 GHz band. Figure 6.14 shows the simulated
transmittance of various structure diameter. In the simulated geometry, period and depth
were 275 ym and 193 pm, respectively. The tolerance of the structure diameter is + 10 um

for design value. Figure 6.15 shows the electric field distribution inside the alumina. The
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Figure 6.16: (Left) Refractive index and (Right) dielectric loss tangent measurement results
of high-purity (4N purity) alumina for fabrication of sub-wavelength structures. The data
were taken at 30 K.

transmitted energy of uncoated alumina (see (A)) was lost by surface reflection, whereas
the transmitted energy of alumina with cylindrical hole and rectangular pillar (see (B),

(Q)) structures were without loss.

6.3.3 Fabrication
Cylindrical Holes

The measured refractive index and dielectric loss tangent of alumina for fabrication of
sub-wavelength structures are shown in Fig. 6.16. A purity of alumina is 4N. Figures
6.17(A) and (B) show the antireflective cylindrical hole structures on 2-mm-thick flat alu-
mina machined by YAG laser with 10 W output power at 532 nm. (A) and (B) correspond
to the top view of the antireflective periodic cylindrical hole structures on a flat alumina
surface and its cross section, respectively. It took approximately 20 min to process the
holes over an area of 10 mm x 10 mm (manufactured by Oshima Prototype Engineer-
ing). The geometrical parameters of the antireflective structures were controlled to sat-
isfy Equations 6.2 and 6.3, and were optimized for the 220-GHz band. The grid-type
antireflective structures show same responses for both horizontal and vertical polariza-
tions. The designed and measured parameters of the antireflective periodic cylindrical
hole structures are summarized in Table 6.3. Measurements of a period, a hole diameter,

a depth and a filling factor were made with a digital microscope.
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Figure 6.17: (A) Microscopic image of the antireflective periodic cylindrical hole struc-
tures on a flat alumina surface. (B) Cross section of the antireflective hole structures.
(C) Microscopic image of the antireflective periodic rectangular pillar structures on a flat
alumina surface. (D) Cross section of the antireflective pillar structures.

Rectangular Pillars

The antireflective rectangular pillar structures on 2-mm-thick flat alumina machined by
dicing saw are shown in Fig. 6.17(C) and (D), which correspond to the top view of the
antireflective periodic rectangular pillar structures on a flat alumina surface and its cross
section, respectively. An edge shape of rectangular pillar is very sharp. The machining
time of rectangular pillar structures was faster than that of cylindrical hole structures.
The designed and measured parameters of the antireflective periodic rectangular pillar
structures are summarized in Table 6.4. Typical mechanical error was less than 10 pm

from the measurements.

6.3.4 Transmittance Measurement

The measured transmittance of alumina sample with cylindrical hole and rectangular
pillar structures are shown in Fig. 6.18. The measured temperature was 25 K. In case of
a cylindrical hole structure, the measured 220-GHz-band transmittance was above 90%
with a bandwidth of 25%. The absorption loss of the sample at 220 GHz was 1%, which
was derived from the measured dielectric loss tangent. The transmittance of the design

configuration shows no ripples and flat transmittance at 220-GHz (see Fig. 6.14). How-
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Table 6.3: Designed and measured parameters of the antireflective periodic cylindrical
hole structures.

Design / Measurement

Period : a [um] 275 / 360
Hole Diameter : b [um] 255 / 320
Hole Depth : d [pm] 193 / 190
Filling Factor : f 0.927 / 0.889
Cutoff Frequency [GHz] 350 / 280

Table 6.4: Designed and measured parameters of the antireflective periodic rectangular
pillar structures.

Design / Measurement

Period : a [um] 275 / 275
Pillar Diameter : b [pum] 201 / 210
Pillar Height : d [pum] 193 / 190
Filling Factor : f 0.731 / 0.764
Cutoff Frequency [GHz] 350 / 320

ever, the small fringes were measured at approximately 220 GHz because the mismatch
in the effective refractive indices was caused by the slope of sidewalls, which was made
by machining errors. Transmittance was drastically reduced at frequencies higher than
300 GHz because most of the energy was scattered into higher diffraction orders. Thus,
the antireflective structures act as low-pass filters. As shown in Table 6.3, measured cut-
off frequency differ from the expected frequency. This is because the machined period
and the hole diameter are bigger than the design value.

In case of a rectangular pillar structure, the measured 220-GHz-band transmittance
was almost 100% with a bandwidth of 25% at 25 K. The comparison of the measured and
simulated transmittance at millimeter-wave bands is shown in the right panel of Fig. 6.19.
The measured transmittance is in good agreement with the calculations. Also the other
parameters such as cutoff frequency are in good agreement with the expected value. The
comparison of the measured transmittance of the antireflective hole and pillar structures
is shown in the left panel of Fig. 6.17.

The advantages of antireflective sub-wavelength structure over a film coating are

summarized as follows.
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Figure 6.18: Measured transmittance of (Left) antireflective hole structures and (Right)
antireflective pillar structures on the flat alumina samples at 25 K.
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Figure 6.19: (Left) The comparison of the measured transmittance of the antireflective hole
and pillar structures. (Right) The comparison of the measured and simulated transmit-
tance of the antireflective pillar structures. Black and orange lines showed the measured
and simulated results, respectively. In the simulated geometry, period of 275 yim, diame-
ter of 210 ym and depth of 190 ym.

1. Itis possible to obtain an antireflective effect with only one material.

2. The AR-coated lens has mechanical strength and robustness for thermal cycling.

3. There is no additional dielectric loss such as epoxy AR coatings.

4. It acts as a low-pass filter.

However, it is difficult to fabricate the antireflective structure on the lens array because

of the small radius of curvature. Therefore, this antireflective structure is likely to be

applicable to the large-diameter dielectric lenses used in re-imaging optics.
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Figure 6.20: Two models of the broadband AR coating. (A) Two-layers of dielectric AR
coating. (B) Two-layers of pillar-type sub-wavelength structure.

Table 6.5: Design parameters of two-layers dielectric AR coating and pillar-type sub-
wavelength structure for an alumina sample (n = 3.112).

aoo Parameter Design Value

Dielectric Layer nl 2.23 (Suzuki et al., 2012; Rosen et al., 2013)
n2 1.4 (Suzuki et al., 2012; Rosen et al., 2013)
di 181 pum (=\/4n1; \=1.62 mm, F=185 GHz)
d2 287 pm (=A/4n2; A=1.62 mm, F=185 GHz)

Sub-wavelength Structure P1 320 ym

P2 320 ym

D1 280 ym

D2 170 pm

d’1 177 um

d2 281 ym

6.4 Broadband Design

A broadband AR effect can be realized by stacking of films with different refractive in-
dices. For example, a multi-layer coating with mixtures of various epoxies has been de-
veloped (Suzuki et al., 2012; Rosen et al., 2013). Furthermore, a multi-layer sub-wavelength
structure which has different filling factor at each layer also acts as multi-layer coating.

Figure 6.20 shows the design of two-layers dielectric AR coating and pillar-type sub-
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Figure 6.21: A comparison of simulated transmittance of two-layers dielectric AR coating
and pillar-type sub-wavelength structure for an alumina flat sample.

wavelength structure for an alumina sample. Design parameters of each model are sum-
marized in Table 6.5. These parameters were optimized to cover both 150-GHz band
(130 O 170 GHz) and 220-GHz band (200 00 240 GHz). Simulated transmittance of both
models are shown in Fig. 6.21. The transmittance of above 90% with bandwidth of ap-
proximately 70% can be achieved. This technology is important for various astronomical
missions such as CMB polarization measurement (Datta et al., 2013) and imaging spec-

trograph for determining the redshift of distant galaxies (Endo et al., 2012).
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7.1 Introduction

In this chapter, we show about the development of wide field-of-view millimeter-wave
camera system. The aim of the development of wide field-of-view camera system is to
realize a wide-field observations for detecting a number of unknown distant galaxies.
The camera system is composed of 608 pixel MKID camera for 220-GHz band and all-
refractive re-imaging optics with silicon and alumina lenses. The MKID camera was
designed based on a direct machined silicon lens array, a double-slot antenna coupled
MKID, and an AR coating, which are described in previous chapters. The all-refractive
re-imaging optics couples the F/# = 6 telescope focus to the F/# =1 focal plane. The
design, fabrication and evaluation results of a wide field-of-view millimeter-wave camera

system are shown in this chapter.

7.2 Design of 608 pixels Camera

We adopted the mosaic design of MKID camera with a hexagonal shape as one module.
In this case, several modules can be assembled into a larger array which fits the circular
focal plane (Lee et al., 2008). The left panel of Fig. 7.1 shows the CAD drawing of the 608-
pixel MKID camera with direct machined silicon lens array. A gold-plated copper frame
has two SMA connectors for readout of the microwave signals, as shown in Fig. 7.1. The
dimension of the 608 pixel camera is approximately 50 mm diameter. Metallic surface
of the frame on the opposite side of the lens array is coated with a mixture of Stycast
2850FT], carbon black powder, and approximately 1 mm size silicon carbide grains to
form an absorber in order to absorb stray light (Barends, 2009; Baselmans et al., 2012).
A 608 pixel double-slot antenna coupled MKID array is made of aluminum film and
high-resistivity silicon wafer. Epitaxial aluminum film was deposited on Si(111) wafer
by using molecular beam epitaxy (Naruse, 2012). The CPW geometry of resonator had
a 3 um-wide central line and 2 pm-wide gaps. Bonding wires over the feed line were
used to connect the ground-planes of the coplanar waveguides because the total feed

line length is approximately 680 mm.
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Figure 7.1: (Left) The CAD drawing of 220-GHz band 608-pixel MKID camera. (Right)
The photograph of the frame and the 608 pixel MKID array.

Table 7.1: Processing conditions of the 721 pixel silicon lens array.

Silicon Lens Stycast AR Coating

Rotating Speed [rpm] 40000 40000
Rotation Unbalance [nm] Below 10 Below 10
Cutting Feed Rate [mm/min] 120 25 (R = 0.05 mm)
120 (R =0.1, 0.3, 0.5 mm)
Cutting Depth [pm] 100 50 100 30

Table 7.2: The fabrication time (only machine running time) and the number of used
end-mills of the 721 pixel lens array.

Part Fabrication Time Fabrication Time No. of Used End-mills
(per pixel) [min] (total) [hours]
Silicon Lens 5.8 70 11
Stycast AR Cap 9.0 108 17
Slits between Lens Pixels 8.5 102 8
Total 23.3 280 36

7.2.1 Lens Array Fabrication

The close-packed lens array with L/ R = 0.34 and H /R = 0.525 in the 220-GHz band was
designed in accordance with Chapter 5. Lens diameter of 1.2 (= 1.64 mm) was chosen to
couple the re-imaging optics with fast focal plane F-number (F},cq; = 1) and pixel spacing
1.2: Ffpeqr-A. Absorption loss inside the lens was only 0.5% because the lens diameter was

very small.
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Figure 7.2: (A) Completed 721 pixel silicon lens array in 220-GHz band. (B) The silicon
lens array before AR coating fabrication. The lens array was covered with a Stycast epoxy
for AR layer. The white pillars protected the alignment holes. (C) The silicon lens array
after AR coating fabrication. (D) The photograph of the dicing machine, DAD321, for
cutting the edge of the lens array. The lens array was placed on the working table. (E)
Completed 721 pixel silicon lens array with single-layer AR coating.
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Figure 7.3: (A) The top view and (B) side view of the HFSS model for the beam pattern
simulation. Slits between lens pixels relaxed the thermal stress between silicon (purple)
and epoxy (green).
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Figure 7.4: The effect of the slits on the beam patterns at (Left) 210 GHz, (Middle) 220 GHz
and (Right) 230 GHz. The dashed and solid lines correspond to the beam patterns with
slits and without slits, respectively. Blue, green and pink lines showed the E-, D- and
H-planes, respectively.

Figure 7.2 shows the developed 721-pixel silicon lens array. The lens array was di-
rectly machined using a high-speed spindle on an ultraprecision machine. As described
in Chapter 3, the fundamental fabrication method for 9, 102 and 721-pixel lens array is
basically the same. We applied one layer of AR coating made from mixed epoxies, Sty-
cast 1266 and 2850FT], onto the silicon lens array. It took approximately 100 hours to
machine the 721-pixel silicon lens array with 11 end-mills. The details are 6 minutes for
machining per lens and 2 hours for changing an end-mill. The time can be reduced by
optimizing the machining condition. Processing conditions of the 721-pixel silicon lens
array and its coating layer are summarized in Table 7.1. Also, Table 7.2 shows the fab-
rication time (only machine running time) and the number of used end-mills of the 721

pixel lens array.



Chapter 7. Development of a Wide Field Camera System for Millimeter-Wave

118 Observations
40 ———
Last
- Middle
30 || First
P ’ mi
S P ‘
U’j 10 ,\U : l/f_
a’ -
NAWA s
10 AP
. | Wy

06 -04 02 0 02 04 06
Position [mm]

Figure 7.5: Measured shape fabrication errors of the 721pixel lens array. The vertical axis
shows the shape error from the designed value and the horizontal axis shows the distance
from the center of the lens. Blue, green and pink lines correspond to the first, middle and
last fabricated lenses.

Table 7.3: Summary of the measured properties of the 721 pixel lens array.

Measured Value

Best Shape Fabrication Error (P-V) [p m] 15

Worst Shape Fabrication Error (P-V) [ m] 45
Extension Thickness Error [ m] 0 14
Surface Roughness (r.m.s.) [u m] 01

The dimension of 721-pixel array is approximately 50 mm in diameter. Therefore, the
AR-coated silicon lens array has slits between the lenses, which prevent the lens from
breaking as silicon and epoxy have different thermal expansion coefficients. Figure 7.3
shows the model of the lens array with slits. The slit geometry has a 100 ym-width and
100 pum-depth. A slits were fabricated by using an end-mills with 50 m radius. The effect
of the slits on the far-field beam patterns at 210, 220 and 230 GHz are shown in Fig. 7.4.
As shown in the calculated results, the effect of slits on the beam patterns is negligible

because the slit size is very small.

Figure 7.5 shows the measured shape fabrication errors of the 721pixel lens array.
The first, middle and last fabricated lenses were chosen to confirm the distribution of
machining error. Measurements were done with a non-contact three-dimensional mea-

suring machine. The machining error increases with progression of the fabrication. This
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Figure 7.6: A photograph of an antenna-coupled MKID and an alignment hole. Align-
ment holes of the MKID substrate were fabricated by reactive ion etching (The holes were
fabricated by M. Naruse from Saitama University). Its diameter was approximately 400
pam.

is because the end-mill was worn out. However, the shape fabrication error less than 50
pm was achieved. Simulations showed that these error values are within acceptable lim-
its and do not affect the beam patterns much. Measured properties of the 721-pixel lens

array are summarized in Tabel 7.3.

7.2.2 Alignment Between Lens and Substrate

The 721-pixel silicon lens array and the MKID substrate have 8 alignment holes at the
edge of corners. Alignment holes of the 721-pixel lens array and the MKID substrate were
fabricated by direct machining with small-diameter end-mill and reactive ion etching
process, respectively. Figure 7.6 shows the alignment hole and antenna-coupled MKID
of the device substrate. The diameter of alignment hole was approximately 400 ym and
its edge shape was very sharp.

Figure 7.7 shows the alignment holes of lens array with device substrate. Small and
large holes indicated with green circles correspond to the device substrate and lens array,
respectively. The hole diameter of lens side was approximately 550 ym. The distance
between position 1 and 2 (position 3 and 4) is approximately 5 mm. Also the distance

between position 1 and 3 (position 2 and 4) is approximately 50 mm. Alignment accuracy
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Position |

Figure 7.7: Photographs of alignment holes of lens array with the device substrate. Green
circles correspond to alignment holes. Small holes correspond to device substrate and its
diameter is approximately 400 ym. Big holes are lens side and its diameter is approxi-
mately 550 m. The distance between position 1 and 2 (position 3 and 4) is approximately
5 mm. Also the distance between position 1 and 3 (position 2 and 4) is approximately 50
mm. Alignment accuracy of position 1, 2, 3 and 4 were 14, 12, 13 and 20 um, respectively.

of position 1, 2, 3 and 4 were 14, 12, 13 and 20 um, respectively. We confirm the alignment
accuracy of less than 20 ;m by using 4 holes. In this case, as discussed in Chapter 5, the
misalignment effect on the beam pattern was negligible. It took about only 10 minutes to

align this 4 holes.

7.3 Optical Measurement System

7.3.1 0.1K Dilution Refrigerator

To reduce excited quasi-particles and achieve high-sensitivity, 608-pixel MKID camera is
required to be cooled to below a fifth of the critical temperature (1" O 7¢./5). In case of
Al-based MKID array (7, O 1.2 K), low-temperature of approximately 200 mK is needed.

For this reason, a dilution refrigerator constructed by Taiyo Nippon Sanso Co. with 4 K
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Figure 7.8: A photograph of the inside of the 0.1 K dilution refrigerator. 1: 4 K cold stage.
2: A cold isolator. 3: A cold low-noise amplifier (HEMT). 4: 0.86 mm diameter CuNi
cables for transmission of the input signals. 5: 1 K cold stage. 6: 0.86 mm diameter NbTi
superconducting cables for transmission of the output signals. 7: 0.1 K cold stage.
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pulse tube (PT) refrigerator (Sumitomo Heavy Industries, Ltd /SRP-082B2S-F-70LP) has
been used. The dilution refrigerator is composed of four cold stages; first stage (40 K) of
the PT refrigerator, second stage (4 K) of the PT refrigerator, 1 K stage and 100 mK stage
with mixing chamber. The cooling power of 40 K, 4 K, 1 K and 100 mK stages are 35 W,
0.9 W, approximately 2 mW and 20 W, respectively.

Figure 7.8 shows a photograph of the inside of the dilution refrigerator. 4 K, 1 K
and 100 mK stages and each component such as low-noise amplifier and coaxial cables
are shown. As discussed in Chapter 4, the CuNi coaxial cables were chosen to reduce the
thermal load on the cold stages because its low thermal conductivity (Barends, 2009). The
microwave signals between room temperature, 40 K and 4 K stages are carried by CuNi
coaxial cables with the diameter of 2.19 mm. Also, the input microwave signals between
608 pixel MKID array, 1 K and 4 K stages are carried by CuNi coaxial cables with the
diameter of 0.86 mm. However, attenuation of 300 mm-length CuNi coaxial cable with
the diameter of 0.86 mm is approximately 5 dB (17.1 dB/m at 5 GHz). To improve the
attenuation loss of output signal caused by thin CuNi coaxial cable, 0.86 mm-diameter
superconducting coaxial cables made from niobium titanium (NbTi) were used to connect
between 608 pixel MKID array and cold low-noise amplifier which is located at 4 K cold
stage. These superconducting cables have the advantages of low electrical resistivity and
low thermal conductivity. The gain of cold low-noise amplifier is more than 30 dB, and

the noise temperature is less than 5 K at the frequency from 3 to 9 GHz.

To reduce the effect of external magnetic field from the PT refrigerator and terrestrial
magnetism, five magnetic shields were used. First shield is made of the permalloy, which
is an alloy of nickel and iron, and located outside of the 300 K radiation shield. Second
shield at 4 K and third shield at 1 K are made of A4K which is a product of amuneal. The
4 K shield is located outside of the 4 K radiation shield and cold nested baffle, and 1 K
shield is located outside of the gas piping of *He and 3He. Fourth shield is Sn-plated 4
K radiation shield (Sn directly over copper), and which acts as a superconducting shield
at temperature below 3.7 K. Similarly, fifth shield made of Sn-plated copper is located on
opposite side of 608 pixel MKID array at 100 mK.
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Figure 7.9: A cross-sectional view of a re-imaging optics. The silicon and alumina cold
re-imaging lenses were shown with ray-tracing image calculated by ZEMAX. The two
cold lenses re-image the F/# = 6 telescope focus to the F/# = 1 telecentric focal plane.
The diameter of telescope focus and focal plane are 100 mm and approximately 18 mm,
respectively. If the optical system is installed on a 10-m telescope, it provides a field-of-
view of approximately 6.6 arcmin.

7.3.2 Re-imaging Optics for Beam Measurement

To couple the signal from telescope focus to focal plane efficiently, we should consider
whether to use a reflective, refractive or combinational optical system. A large-format
camera with more than 1000 pixels is composed of superconducting films and flat dielec-
tric wafers. Therefore, flat focal plane and telecentricity, which means that the all incident
chief rays is perpendicular to focal plane, are needed to efficiently couple the signal to the
detector.

An all-refractive optics system using 608 pixel MKID camera for wide field-of-view
observations has been developed. The all-refractive optics with two dielectric lenses
transfers from a telescope focus of F/# = 6 at ambient temperature to a focal plane of

F/# =1 at 100 mK. The all-refractive optics has the following advantages:

1. The configuration is overwhelmingly compact compared to reflective optics sys-

tem.

2. Ittypically provides a large diffraction limited field-of-view with high optical through-
put.
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Figure 7.10: (Left) The Strehl ratio of 220 GHz over the focal plane. (Right) The Strehl ratio
of 220 GHz in x and y directions of the focal plane. Black line showed the diffraction limit.
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Figure 7.11: Spot diagrams of 220 GHz over the focal plane. Four corners of the figure
correspond to the edge of the field of view. The ray spots (blue points) are small com-
pared to the Airy disks (black circles).

3. The mechanical design is simple.

The small F-number of telescope focus (F/# < 6) leads to the compact configuration
and fast scanning. Also, fast focal plane (F/# O 1) can keep the cryostat compact and
facilitate cooling to a temperature below 300 mK. A cross-sectional view of designed all-
refractive re-imaging optics between F/# = 6 telescope focus and F/# = 1 focal plane
with ray-tracing image calculated by ZEMAX is shown in Fig. 7.9. The difference in
color corresponds to the difference in position. The large and small dielectric lenses are
made from high-purity alumina and silicon, respectively, and these lenses are mounted

on 40 K and 1 K stages. The diameter of telescope focus, 40 K alumina lens, 1 K silicon
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Figure 7.12: Calculated beam patterns at the F/# = 6 telescope focus. Beam patterns
were calculated based on the physical optics propagation. From left to right figures cor-
respond to (X mm, Y mm) position of (0, 0), (0, 4) and (0, 8.5) (= edge of the focal plane),
respectively. The scale of each figure is 166 mm.
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Figure 7.13: Cross-sectional view of the figure 7.12. Blue and gray lines correspond to the
X-plane (horizontal axis of the 2D maps) and the Y-plane (vertical axis of the 2D maps),
respectively.

lens and focal plane are 100 mm, 170 mm, 50 mm and approximately 18 mm, respectively.
The role of the 1 K silicon lens is to correct aberrations and to obtain fast focal plane (F/#
= 1), flat focal plane and telecentricity. To realize the telecentric focal plane, the radius of

curvature (R) of the 1 K silicon lens needs to satisfy the following equation:
R=1I(n-1), (7.1)

where n is the refractive index of silicon, and [ is the distance between the cold stop and

the silicon lens surface.

Strehl ratio and spot diagram were calculated to evaluate the imaging quality of the
re-imaging optics. Higher Strehl ratio provides smaller beam asymmetry. Therefore,
Strehl ratio higher than 0.8 (the Strehl ratio of 0.8 correspond to the diffraction limit) is

required. The calculated Strehl ratio of 220 GHz over the focal plane is shown in the
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Figure 7.14: Mechanical design of optical measurement system with the 0.1 K dilution
refrigerator.

left panel of Fig. 7.10. The right panel of Fig. 7.10 shows its cross section in x and y
directions. Strehl ratio higher than 0.96 over the edge of field-of-view has been achieved.
Figure 7.11 shows a spot diagrams of 220 GHz over the focal plane. Four corners of the
figure correspond to the edge of the field-of-view. The results showed that the ray spots
(blue points) are small compared to the Airy disks (black circles). The diameter of the
Airy disk at 220 GHz is approximately 3400 pm.

Figure 7.12 shows calculated two-dimensional beam patterns at the F/# = 6 telescope
focus. Beam patterns were calculated based on the physical optics (PO) propagation.
A software ZEMAX was used to analyze the geometric optics and PO. The half-power
beam width (HPBW) of input gaussian beam at the F/# = 1 focus is 48 degree which
corresponds to HPBW of the 210 GHz beam pattern calculated by HFSS (see Fig. 7.4).
The side-lobe level, which corresponds to a green area in the figure, increases with the in-
creasing distance from the center position. This is because the edge-taper level increases

with distance from the center position. Cross-sectional patterns of Fig. 7.12 are shown



7.3 Optical Measurement System 127

Table 7.4: Material properties of ZITEX coated IR blocking filters.

Pore Filling  Refractive Thickness Melting
Size [um] Rate [%] Index [pum] Temperature [K]
Teflon - - 1.44 1500 330
ZITEX G-108 3.5 45 1.24 200 330
ZITEX G-110 1.5 40 1.26 250 330
ZITEX G-115 1.5 40 1.26 380 330
LDPE - - 1.51 30 120

Table 7.5: Frequency at zero reflection of various types ZITEX coated IR blocking filters.

Coated Material Frequency at Zero Reflection [GHZz]

ZITEX G-108 302
ZITEX G-110 238
ZITEX G-115 157

in Fig. 7.13. The beam patterns with circular symmetry and maximum sidelobe level of
approximately O 15dB were achieved over the whole focal plane.

The mechanical design of all-refractive re-imaging optics with the 0.1 K dilution re-
frigerator is shown in Fig. 7.14. The re-imaging optics consists of a vacuum window,
IR blocking filters, a nested baffle, two dielectric lenses made from high-purity alumina
and silicon, magnetic shields and 608 pixel MKID camera. The diameter of the vacuum
window is 150 mm. The distance between the vacuum window and 608 pixel MKID
camera is approximately 330 mm. The alumina lens at 40 K and the silicon lens at 1 K
were mounted with a stress-free lens holder since thermal expansion coefficient of lens
and holder is different. Other components such as IR blocking filters and a nested baffle

are discussed later.

7.3.3 Filter Chain
ZITEX coated Low-pass Filters

It is required to use a high-performance low-pass filters because the vacuum-window of
our optical measurement system has a large diameter of 150 mm and the cooling power

of the 0.1 K stage is only 20 xW. In our optical measurement system, a power of 8.12 W
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Figure 7.15: (Left) Inside the oven for the fabrication of the ZITEX coated IR blocking fil-
ters. The filters, which have ZITEX/LDPE/Teflon/LDPE / ZITEX structure, were pressed
by an aluminum plate, and heated above the melting temperature of LDPE. (Right) A
photograph of the filters. Blue and white filters correspond to the radio-transparent
multi-layer insulations (RT-MLI) and ZITEX coated Teflon filters, respectively.

from a blackbody spectrum at 300 K is incident on the vacuum window. Metal mesh
filters have high transmittance at millimeter-wave range and excellent filter cut-off (Ade
et al., 2006). However, the larger filter is more expensive. Therefore it is quite important

to develop an inexpensive but large-diameter, high-performance filters.

By reference to Yoon et al. (2006), IR blocking filters based on ZITEX coating and
Teflon (PTFE) plate were developed. ZITEX coating and Teflon plate act as scattering
type and absorptive type filters, respectively. The ZITEX film, which is a product of
Saint-Gobain, is porous PTFE thin sheet. The pore size and the thickness of ZITEX G-
series are typically 3 um and 200 pum, respectively. A small pore size leads to a scattering
at terahertz range. Therefore, ZITEX films have sharp cutoff at approximately 6 THz (see
Appendix A). IR-blocking filter requires high transmittance and low-absorption loss in
millimeter-wave bands. It also requires low-refractive index to reduce the surface reflec-
tion and effective cutoff property at IR region. In millimeter-wave bands, Teflon has low-
dielectric loss tangent of less than 10~%, and low-refractive index of 1.44, at 4 K (Lamb,
1996). However, the refractive index of 1.44 leads to a reflection at each Teflon-vacuum
interface of approximately 3% per surface. The ZITEX filters with refractive index of
approximately 1.24 were used as an AR coating layer for Teflon plate to reduce surface

reflections (Yoon et al., 2006). The ZITEX filters have millimeter-wave band transmittance
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Figure 7.16: The measured transmittance of the ZITEX coated IR blocking filters. Blue
line showed the uncoated teflon, and other color lines showed the coated teflon. The
coated materials were (Left) ZITEX G-108, (Middle) ZITEX G-110 and (Right) ZITEX G-
115, respectively. The frequency at zero reflection slightly shifted because the ZITEX has
different thickness.

of more than 96% and excellent cutoff at IR region, and these properties are summarized
in Appendix A.

To bond the Teflon plate and ZITEX coating layers, a thin low-density polyethylene
(LDPE) sheets were used (Yoon et al., 2006). The material properties for ZITEX coated
Teflon filter are summarized in Table 7.4. According to Yoon et al. (2006), LDPE thin film
is very suitable material for bonding ZITEX sheet with Teflon plate because its melting
temperature is lower than that of Teflon and ZITEX. As shown in Fig 7.15, the filters
which have ZITEX/LDPE/Teflon/LDPE / ZITEX structure were pressed by an aluminum
plate, and heated above the melting temperature of LDPE.

The three types of filters using various ZITEX coating layers have been developed.
The measured transmittance of these filters are shown in Fig. 7.16. The left, middle and
right panel correspond to the ZITEX G-108, G-110, and G-115 type filters. The calculated
and measured frequencies at zero reflection are in good agreement, as shown in Table 7.5.
The G-110 type ZITEX coated Teflon filter was chosen to use for optical system because

it has a minimum reflection loss at 200 O 250 GHz.

Vacuum Window

A vacuum window consists of 10-mm-thick high-density polyethylene (HDPE) and ZI-
TEX G-110 AR coating layers. The refractive index of HDPE is 1.54 (Lamb, 1996), and that
leads to a reflection at each HDPE-vacuum interface of approximately 4% per surface.

Therefore, an AR coating is needed to improve the total reflection loss of approximately
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Figure 7.17: (Left) The comparison of the measured transmittance of an AR coated (red
line) and an uncoated HDPE vacuum window (black line). (Right) The measured trans-
mittance of the radio-transparent multi-layer insulations at ambient temperature. Green,
orange, blue and black lines correspond to the 1, 4, 8 and 16 layers, respectively. The
spikes around 1 THz of both figures were due to the effect of water vapor in the air.

8%. The fabrication process of AR coated window is the same as the ZITEX coated Teflon
filter. The left panel of Fig. 7.17 shows the comparison of the measured transmittance
of an AR coated (red line) and an uncoated HDPE vacuum window (black line). The
thickness of AR coating layers was optimized at 220 GHz. The 220-GHz transmittance of

coated window is approximately 8% higher than that of uncoated window.

Radio-transparent Multi-layer Insulation

Recently, radio-transparent multi-layer insulation (RT-MLI) using Styroace-II Styrofoam
(the Dow Chemical Company) has been developed (Choi et al., 2013). Multi-layer insu-
lation is multiply-stacked thermal insulation sheet. Generically, thin thermal insulating
sheet consists of polyimide, polyester, and fluorinated ethylene propylene (FEP) films
specially coated with vapor-deposited aluminum. These evaporated metal films are not
transparent to millimeter-/submillimeter-wave range. On the one hand, RT-MLI is com-
posed of stacked Styroace-II Styrofoam which is millimeter-wave transparent thermal
insulator. An AR coating is unnecessary on the Styroace-II Styrofoam surface because its

refractive index is nearly 1.

According to Choi et al. (2013), the radiation energy from high-temperature stage
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(Thign) to low-temperature stage (73,,,) per unit area is described as follows:
q= G[(Thigh)4 - (Tlow)4]7 (72)

where ¢ and o correspond to the radiation energy and the Stefan-Boltzmann constant, re-
spectively. When RT-MLI is located between high-temperature stage and low-temperature

stage, the radiation energy from T},;45, to T}, is described as follows:

1

= ma[(Thigh)4 — (Thow) "], (7.3)

q

where N is the number of layers. As can be seen from Eq. 7.2 and Eq. 7.3, the relation

between the radiation energy (¢) and the number of layers (V) is given by,
qxX = (7.4)

The right panel of Fig. 7.17 shows the measured transmittance of RT-MLI. The compari-
son of 1, 4, 8 and 16 layers is shown. Each layer has a thickness of approximately 2 mm.
The high transmittance of the RT-MLI at millimeter-/submillimeter-wave range has been
confirmed. Also, RT-MLI acts as a low-pass filter because of its porous structure. In our
optical system, 8 layers RT-MLI located inside a 40 K baffle and 8 layers RT-MLI located
behind vacuum window were used to reduce the incident thermal loads. A photograph
of RT-MLI (blue filters) and ZITEX coated Teflon filters (white filters) is shown in the right

panel of Fig. 7.15.

Metal-mesh Low-pass Filter

A 300-GHz metal mesh filter, which was provided by QMC Instruments Ltd., was used
as a 1 K low-pass filter. This filter was located at a cold stop of a re-imaging optics. Ac-
cording to Ade et al. (2006), the inductive, capacitive and complex grid geometries act as
a high-pass filter, low-pass filter and band-pass filter, respectively. These grid patterns
over large areas are fabricated by using ultra-violet photolithographic techniques. Fur-
thermore, a multi-layer structure produces flat in-band transmittance and sharp cutoff
property (Tucker & Ade, 2006).

The left panel of Fig. 7.18 shows the measured transmittance of 300-GHz metal mesh
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Figure 7.18: (Left) The measured transmittance of metal-mesh low-pass filter. (Right) The
same data as left figure but the vertical axis is logarithmic scale.
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Figure 7.19: (Left) The measured transmission of the individual IR blocking filters and
vacuum window. A composite transmittance of all filters is also plotted (black line).
(Right) The transmission of all filters but the vertical axis is logarithmic scale.

filter. The millimeter-wave band (< 300 GHz) transmittance is above 90%. The right
panel of Fig. 7.18 shows the same data with logarithmic scale. A high cutoff rate, which

corresponds to below 1% transmittance, at a frequency of above 300 GHz was achieved.

Total Transmittance of Filter Chain

A total filter chain consists of vacuum window, 16 layers of RT-MLI, 4 layers of ZITEX
coated Teflon filter and single metal-mesh low-pass filter. The measured transmittance
of the individual IR blocking filters and vacuum window are shown in the left panel of
Fig 7.19. A composite transmittance of all filters is also plotted (black line). The right
panel of Fig 7.19 shows the transmittance of all filters with logarithmic scale. The high

transmittance of approximately 80% at millimeter-wave band, and high-rejection rate at
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Figure 7.20: Photograph of the cold baffles. Left, center and right baffles correspond to the
large 4 K nested baffle with reflective plates, small 4 K baffle and 1 K baffle, respectively.
The 4 K baffles are made of aluminum. The 1 K baffle is made of oxygen free copper. The
black parts of the inside of the baffles showed the absorber with a carbon black.

Table 7.6: The recipe of carbon based black coating (Persky, 1999).

Rate [%]
Stycast 2850FT] 64.67
Catalyst 23LV] 4.85
Carbon Black 6.67
Glass Beads
(¢ = 60, 400, 600 and 800 [pm]) 19.05
Silicon Carbide 4.76

out-band have been achieved.

7.3.4 Baffles

A cold baffles located at 1 K and 4 K have been installed to reduce stray light from vac-
uum window. A photograph of the cold baffles is shown in Fig. 7.20. The 1 K small-baffle
(right) and 4 K small-baffle (middle) are made of oxygen free copper and aluminum, re-
spectively. The carbon based black coating was applied to the inside of the cold baffles
(Persky, 1999). The recipe of carbon based black coating is shown in Table 7.6. The role
of a carbon black and Stycast 2850FT] is to absorb a stray light. Also, various glass beads
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Figure 7.21: A photograph of 608-pixel MKID camera with AR-coated silicon lens array:.

and approximately 1 mm-size silicon-carbide-grains act as scattering substance for the
frequency range from millimeter-wave to terahertz.

A large nested baffle (left of Fig. 7.20) mounted on 4 K consists of conical baffle and
four reflective plates (Sekiguchi, 2014). The shape of reflective plates is spherical surface,
and its curvature radius is 80 mm. The length and diameter of the nested baffle are
approximately 120 mm and 155 mm, respectively. The carbon based black coating was
applied to the back side of the reflective plates. Therefore, the front side and back side of

reflective plates act as reflector and absorber, respectively.

7.4 Evaluations of MKID Array

A photograph of 608-pixel MKID camera with AR-coated silicon lens array is shown in
Fig. 7.21. The whole size of a module is approximately 60 mm. The center black part
correspond to the AR-coated silicon lens array. The cooling time from 300 K to 100 mK
of optical measurement setup is approximately 60 hours as shown in Fig. 7.22. The
system includes a 608-pixel MKID camera, cryogenic wiring, coaxial cabling, baffles, two
dielectric lenses and IR blocking filters. As shown in the black line in Fig. 7.22, 608-pixel
MKID camera has been cooled to 100 mK when the camera observed the 300 K blackbody
load. The dilution refrigerator constructed by Taiyo Nippon Sanso Co., which was used

this optical measurements, was well-cooled, easy handling and compact system.
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Figure 7.22: The cooling time from 300 K to 100 mK of optical measurement condition.
The system includes a sample box, cabling, baffles and IR blocking filters. A thermome-
ter for mixing chamber (M.C.) is just outside the cold head, and that for a 100 mK stage
is attached near the frame of 608-pixel MKID camera. A ruthenium oxide temperature
sensor (RX-202A) driven by LakeShore 350 temperature monitor and a silicon diode sen-
sor (DT-670) driven by LakeShore 218 were used to monitor the temperature of 100 mK
stage. The roles of the RX-202A and the DT-670 are to monitor the low temperature (< 40
K) and high temperature (> 1.4 K), respectively.

4'”'4.5”"5”"5.5””6'”'6.5
Frequency [GHZ]

Figure 7.23: The S2; spectrum of 608-pixel MKID array at 100 mK. The number of mea-
sured pixels were 584 (yield of O 95%), and resonance frequencies falls into a 2.5 GHz
band centered at 5.2 GHz.
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Figure 7.24: Extended figure of Fig. 7.23 around 6.37 GHz. 11 resonators were displayed.
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Figure 7.25: (Left) Frequency spacing distribution of 608-pixel MKID array. Average fre-
quency spacing was approximately 2 MHz. (Right) Quality factor (Q);) distribution of
608-pixel MKID array. The average quality factor was approximately 10°.

Figure 7.23 shows the S3; spectrum of 608-pixel MKID array at 100 mK. Also, the
detail of MKID resonances around 6.37 GHz is shown in Fig. 7.24. The resonance fre-
quencies falls into a 2.5 GHz band centered at 5.2 GHz. High yield of around 95% has
been achieved for the 608 pixel MKID camera. The left panel of Fig. 7.25 shows the fre-
quency spacing distribution of 608-pixel MKID array. Average frequency spacing was
approximately 2 MHz. Internal quality factor (Q);) distribution of 608-pixel MKID array
is shown in the right panel of Fig. 7.25. The average quality factor was approximately
10°.

To confirm overall response of the re-imaging optics with 608-pixel MKID camera,
optical responses of MKID array were measured by using hot (300 K blackbody absorber
with ECOSORB) and cold loads (77 K blackbody absorber sunk in liquid nitrogen). Figure
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Figure 7.26: Hot (300 K blackbody absorber with ECOSORB) and cold (77 K blackbody
absorber sunk in liquid nitrogen) load responses of the two resonators at 100 mK.

7.26 shows the hot and cold load responses of the two resonators at 100 mK. Hot and
cold loads were located in front of the vacuum window of the cryostat. As shown in
Fig. 7.26, blackbody radiation of 77 K and 300 K were distinguished by MKIDs array.
We confirmed that the optical measurement system with the 100 mK dilution refrigerator

was well-behaved.
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8.1 Introduction

It is important to combine the wide field-of-view (FoV) telescope with large-format cam-
era to reveal large scale structures of distant sub-millimeter galaxies. The Antarctic ter-
ahertz telescope will be constructed at Dome Fuji, a Japanese Antarctic station. The ob-
serving frequency of this telescope is 400-, 850- and 1500-GHz bands. In this chapter, we
present a design of a wide field-of-view re-imaging optics and a 20000 pixels terahertz

camera for the Antarctic terahertz telescope.

8.2 Design of the Antarctic 10-m Terahertz Telescope

To obtain wide FoV, the Antarctic terahertz telescope was designed based on Ritchey-
Chretien optics (Imada et al., in prep). The Antarctic terahertz telescope consists of 10-m
single dish telescope to obtain small angular resolution. The Antarctic terahertz telescope
has two Nasmyth foci, and the one is used for a large-format terahertz camera. A well-

designed mirror configuration produces 1-degree FoV at the F/# = 6 Nasmyth focus.

8.2.1 Fast and Wide-FoV Re-imaging Optics

The main observing frequency of the Antarctic terahertz telescope is 850 GHz band. By
using the developed elemental technologies discussed in previous chapters, a 850-GHz
band re-imaging optics which connects a Nasmyth focus of F/# = 6 with a focal plane
has been designed. The small F-number of telescope focus (F/# < 6) leads to the compact
configuration and fast scanning. Also, fast focal plane (F/# = 1) can keep the cryostat
compact and facilitate cooling to a temperature below 100 mK.

Figure 8.1 shows the ray-tracing image of the 10-m Antarctic terahertz telescope with
re-imaging optics calculated by ZEMAX (Imada et al., in prep, Tsuzuki et al. 2014). The
diameter of a sub-reflector and a free-form third-mirror are 1500 mm and 1571 mm, re-
spectively. This telescope design provides 1-degree FoV. Extended figure of 1 degree FoV
re-imaging optics after reflecting by a M1 mirror (third free-form mirror) is shown in Fig.
8.2 (Tsuzuki et al., 2014). The 1 degree FoV re-imaging optics consists of four free-form (X-
Y polynomial) reflective mirrors at ambient temperature and 530-mm-diameter aspheric

alumina lens at cryogenic temperature. The size of telescope focus, vacuum window and
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Figure 8.1: The ray-tracing image of the 10-m Antarctic terahertz telescope with re-
imaging optics calculated by ZEMAX (Imada et al., in prep, Tsuzuki et al. 2014). This
telescope design has a field of view of 1 degree.

(Vacuum Window)

=—Hy Focal Plane
(Fit= 1)

Telescope Focus
(FF=6)

Figure 8.2: Extended figure of 1 degree field-of-view re-imaging optics after reflecting by
a M1 free-form mirror (Tsuzuki et al., 2014). The size of telescope focus, vacuum window
and focal plane are 1000 mm, 400 mm and 160 mm, respectively. In this design, X-Y
polynomial reflective mirrors and aspheric alumina lens were used.
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Figure 8.3: (Left) The Strehl ratio of 850 GHz over the focal plane. (Right) The Strehl ratio
of 850 GHz in the x and y directions of the focal plane. Black line showed the diffraction
limit (Tsuzuki et al., 2014).
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Figure 8.4: The spot diagram of 850 GHz over the focal plane (Tsuzuki et al., 2014). The
center spot showed the center of the FoV, and other spots correspond to the edge of the
FoV, respectively. The ray spots (blue points) are small compared to the Airy disks (black
circles).

focal plane are 1000 mm, 400 mm and 160 mm, respectively. Also, the size of M2, M3, M4
and M5 mirrors are 1868, 1871, 1826 and 1062 mm, respectively. A telecentric focal plane
was realized to install a large-format terahertz camera on a F/# = 1 camera focus.

The left panel of Fig. 8.3 shows the Strehl ratio of 850 GHz over the focal plane. Red
color correspond to the high Strehl ratio of approximately 1. The Strehl ratio of 850 GHz
in the x and y directions of the focal plane is shown in the right panel of Fig. 8.3. To

obtain the smaller beam asymmetries, Strehl ratio higher than 0.8 (the Strehl ratio of 0.8
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Figure 8.5: The measured transmittance of various types of the ZITEX filters at sub-
millimeter region for the window of receiver cabin.

correspond to the diffraction limit) is required. The calculated results showed that the

Strehl ratio higher than 0.89 over the edge of field-of-view has been achieved.

Figure 8.4 shows the spot diagram of 850 GHz over the focal plane. The center spot
showed the center of the FoV, and other spots correspond to the edge of the FoV, re-
spectively. We confirmed that the ray spots are small compared to the Airy disks (black
circles). The diameter of Airy disk at 850 GHz is approximately 800 ym.

The re-imaging optics from telescope focus to focal plane will be arranged in the re-
ceiver cabin. Also, telescope focus correspond to a window of the receiver cabin. There-
fore, approximately 1-m diameter window with high terahertz band transmittance is re-
quired. We investigated the ZITEX filter, which was discussed in Chapter 7, for using the
window of the receiver cabin. The measured transmittance of various types of the ZITEX
filters at sub-millimeter region is shown in Fig. 8.5. The interference fringes correspond-
ing to the thickness of each ZITEX filter were observed. The ZITEX G-108 and G-110 are
suitable for the window of the receiver cabin because these filters have high transmit-
tance at 400-, 850- and 1500-GHz band which correspond to the observing frequency of

the Antarctic terahertz telescope.
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Figure 8.6: (Left) A HFSS model of the integrated silicon lens array. Purple and green
parts showed the silicon and the Stycast AR layer, respectively. The thickness of AR layer

at 850 GHz was 48 um. (Right) Electric field distribution inside the integrated lens array
at 850 GHz.
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Figure 8.7: Simulated beam patterns of integrated silicon lens array at (Left) 810 GHz,
(Middle) 850 GHz, and (Right) 890 GHz. The lens diameter, lens spacing, extension thick-
ness and gap height were 2.4\, 0 ym, L/ R = 0.34 and H /R = 0.604, respectively.

8.3 Design of 850 GHz-bands Camera

8.3.1 Lens Array

As discussed in Chapter 5, a small-diameter silicon lens array is required to realize a
wide FoV camera with large amounts of detector. Therefore, small-diameter silicon lens
array for 850-GHz band was design by the 3-D full-wave electromagnetic field simulator
HFSS. The design model of HFSS is shown in the left panel of Fig. 8.6. The model takes
into account the effects of the surrounding lenses. Parameters of the extension thickness
(L), the gap height (H) and the lens diameter (D) were optimized to achieved the good-

quality beam patterns with symmetry mainlobe and low-sidelobe level less than O 15
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Figure 8.8: A module design of 850-GHz band camera. (Left) Green part showed the
silicon substrate, and the bottom space is used for the carbon based absorber. (Right)
The camera module with the 2977 pixel silicon lens array and the springs for fixing the
camera module and the lens array.

dB. These parameters were summarized in chapter 5, Fig. 5.1.

The optimized parameters of the extension thickness, the gap height and the lens
diameter were L/R = 0.34, H/R = 0.604 and D = 2.4\ (A = 353 um; the wavelength of
850 GHz), respectively. In this simulation, the detector spacing was equivalent to the lens
diameter. Figure 8.7 shows the simulated beam patterns of integrated silicon lens array
at (Left) 810 GHz, (Middle) 850 GHz, and (Right) 890 GHz. Good-quality beam patterns
with symmetry mainlobe, low-sidelobe level less than O 15 dB and cross-polarization

level less than 0 20 dB were achieved by optimizing the parameters of lens array.

8.3.2 Camera Mount

Figure 8.8 shows a CAD drawing of a 850-GHz band camera module. 2977 pixel MKIDs
are mounted on the camera module with a diameter of approximately 50mm. The green
and gray parts correspond to the silicon substrate and silicon lens array, respectively.
Gold-plated copper module with two SMA connectors for readout of the microwave sig-
nals was used. As shown in Fig. 8.8, the camera module has hexagonal shape. In this
case, several modules can be assembled into a larger array which fits the circular focal
plane (Lee et al., 2008).

Figure 8.9 shows a CAD drawing of a 850-GHz band camera for the 10-m Antarctica
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Figure 8.9: A 850-GHz band camera for the 10-m Antarctica terahertz telescope. The
camera consists of the seven hexagonal modules. The camera has 20871 pixels of antenna-
coupled MKID spaced 2.4- Ff,cqi- A, Wwhere Fyo.; is the focal ratio at the detectors, giving a
field-of-view of 1 degree. The whole size and spacing of each camera were 160 mm and
0.3 mm, respectively.

terahertz telescope. The camera consists of the seven hexagonal modules. The camera
has 20871 pixels of antenna-coupled MKID spaced 2.4-F,cq1- A, Where Fj,., is the focal
ratio at the detectors, giving a field-of-view of 1 degree. The whole size and spacing of
each camera were 160 mm and 0.3 mm, respectively. High integration density of cam-
era assembly was obtained by reducing the area of edge space of camera module. For
coaxial readout of the center module, gold bumping (Au bump) technology has been

investigated.
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A wide field-of-view (FoV) millimeter-wave camera system with a compact cryogenic
re-imaging optics and a 608 pixel MKID camera has been developed. A 20000 pixels
terahertz camera with seven hexagonal modules for the Antarctic terahertz telescope has

also been designed. Elements and systems are summarized in the following lists.

9.1 Elements

Dielectric materials suitable for focusing lenses

Dielectric materials with low dielectric loss and high refractive index are suitable for
focusing lenses. To select the dielectric materials, a refractive index and a dielectric loss
tangent were measured by using a Fourier transform spectrometer (FTS). High-purity
samples were selected to reduce absorption loss. High-purity silicon (11N purity) and
alumina (4N purity) were suitable for focusing devices because of their high refractive

index (n > 3) and low dielectric loss (tand O 10~%).

Design of silicon lens antennas for close-packed array

To realize a CCD-like large-format camera, it is required to increase the integration den-
sity of millimeter-wave camera. For this purpose, small lens diameters of 1.2, 2, and 3
times the target wavelength were investigated for the main beam symmetry, side-lobe
level, cross-polarization level, and bandwidth, taking into account of the effects of the
surrounding lenses. Beam patterns were calculated with the 3-D full-wave electromag-
netic field simulator. Simulated results showed the circular symmetry main-lobe and
low-sidelobe level of O 15 dB by optimizing the lens parameters such as an extension

thickness and a gap height.

Fabrication and evaluation of direct machined silicon lens array

An extended hemispherical lens array consists of a hemispherical lens and a planar plate.
In this thesis, ultra-precision cutting by using ball-end mills has been demonstrated to
process silicon in the shape of the extended hemispherical lens. This technique has the
following advantages: there is no additional dielectric loss such as glue, high positional

accuracy of many lenses is easy. The shape error and surface roughness were typically
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less than 15 pum peak-to-valley and approximately 1 ym, respectively. These values are
small enough for use in the millimeter-wave range. The beam patterns of the MKID

camera were measured and were in good agreement with the calculations.

Anti-reflection coatings for small-diameter lens array and large-aperture lens

Epoxy based anti-reflection (AR) coatings for silicon lens array and antireflective sub-
wavelength structures for large-diameter alumina lens have been demonstrated. Trans-
mittance of the both methods, measured with a FTS, was approximately 95% at the center
frequency of the 220 GHz band with a bandwidth of 25%. A broadband (approximately
70% bandwidth) design with rectangular pillar structures was also designed. This tech-
nology is important for various astronomical missions such as CMB polarization mea-

surement and imaging spectrograph for determining the redshift of distant galaxies.

9.2 Systems

Development of wide FoV camera system at millimeter-wave bands

By using the developed elemental technologies, a wide FoV cryogenic system with two
dielectric lenses and 608 pixel MKIDs has been developed. High yield of around 95% has
been achieved for the 608 pixel MKID camera. The typical internal quality factor at 100
mK of this array was approximately 10°. Also, blackbody radiation of 77 K and 300 K
were distinguished by MKID array.

Design of 1 degree FoV terahertz band camera system

By extending the these technologies, a wide FoV terahertz camera system for the Antarc-
tic terahertz telescope has been designed. The wide FoV terahertz camera system consists
of re-imaging optics with reflective mirrors, refractive lens and 850-GHz band 20000 pixel
camera with seven hexagonal modules. This system provides 1 degree FoV observations

for detecting unknown distant galaxies.
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Table A.1: Summary of measured filters for beam pattern measurements.

No Filter name Thickness [pm]
1 1-THz Low-pass Filter 250
2 1-THz Low-pass Filter 400
3 1-THz Low-pass Filter 600
4  1-THz low-pass Filter 300
5 Black Polyethylene 100
6 Black Polyethylene 125
7 ZITEX (G104) 100
8 ZITEX (G115) 400
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Figure A.1: The measured transmittance of the various types of the IR blocking filters at
millimeter-wave to mid-infrared regions.

In this chapter, we show about filter transmittance of the 0.3 K optical system. To
confirm the cutoff performance at infrared region, we measured the various types of low-
pass filters with Fourier transform spectrometer. Measured filters for the 0.3 K cryostat
are summarized in Table A.1. Figure A.1 shows the measured transmittance of ZITEX

filters (upper left), black polyethylene filters (upper right) and 1-THz Low-pass filters
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(bottom). Filter chain is composed of single ZITEX-G115 filter, triple 100 pm-thick black
polyethylene filters and single 400 ym-thick 1-THz low-pass filter because of its high
transmittance at millimeter-wave bands and excellent cutoff performance at infrared re-

gion.
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