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広視野天文学
✴ カメラを用いた広域サーベイ観測
・可視光領域ではHSCを用いた広域サーベイ観測により遠方での銀河／銀河団の分布
　が明らかになってきた
・電波領域でも同様にCCDのように検出器を敷き詰め、カメラによるサーベイから
　冷たい宇宙の広視野観測が重要

<mm/submm Survey>

詳細構造などはALMAを用いてフォローアップ観測
（カメラとALMAは相補的な役割）

© NAOJ

<HSC Survey>

© NAOJ Ivison et al., 2000

Toshikawa et al., 2018

Publications of the Astronomical Society of Japan (2018), Vol. 70, No. SP1 S12-7

Fig. 5. Examples of the protocluster candidates. The points indicate
g-dropout galaxies. Individual protocluster candidates exhibit unique
shapes, and some are accompanied by several other overdense regions
(e.g., bottom-left and top-right panels).

The individual overdense regions show a wide range of
morphologies (figure 5). The morphology of these over-
dense regions will eventually provide clues to understanding
galaxy/halo assembly from the large-scale structure of the
universe, but this is beyond the scope of this paper. Some
overdense regions have neighboring overdense regions
within a few arcminutes (figure 5). Although, as mentioned
above, 0.75 physical Mpc (1.′8) is the typical extent of pro-
toclusters, protocluster galaxies can be located a few or
more physical Mpc away from their center depending on
the direction of the filamentary structure (e.g., Muldrew
et al. 2015). It is unlikely that two overdense regions are
located within a few arcminutes just by chance, because the
mean separation is ∼ 40′ based on the surface number den-
sity of overdense regions. Toshikawa et al. (2016) quanti-
tatively investigated how far protocluster members are typ-
ically spread from the center and found that galaxies lying
within the volume of Rsky < 8′(6′) and Rz < 0.013(0.010)
at z ∼ 3.8 will be members of the same protocluster with
a probability of >50%(80%). Overdense regions which
are located near each other are expected to merge into
a single structure by z = 0. In this study, if >4 σ over-
dense regions are located within 8′ from another more
overdense region, they can be regarded as substructures of
that protocluster, though the spectroscopic follow-up will
be required to distinguish them from a chance alignment.
Thirty-seven regions out of the 216 having >4 σ overden-
sity have more overdense regions in the neighborhood. The
fraction of neighboring overdense regions is significantly
higher than that expected by uniform random distribu-
tion (N = 10.6 ± 3.2), implying that the large fraction of

neighboring overdense regions is physically associated with
each other, rather than a chance alignment. As a result, we
have found 216 protocluster candidates at z ∼ 3.8, and 179
out of them would trace the unique progenitors of galaxy
clusters in the Wide layer, which is about ten times larger
than any previous study of protoclusters (N ∼ 10–20 at
z ! 3). Toshikawa et al. (2016) indicate that three proto-
cluster candidates out of four identified by the same method
are confirmed to be real protoclusters by spectroscopic
follow-up observations, which is consistent with the model
prediction.

3 Angular clustering
Based on the systematic sample produced by the HSC-SSP,
we investigate the spatial distribution of protocluster can-
didates at z ∼ 3.8 through the angular correlation function,
ω(θ ). In order to include any small-scale structure in the cor-
relation function, in this analysis we use all >4 σ overdense
regions instead of only unique protocluster candidates. We
measure the observed ω(θ ) using the estimator presented in
Landy and Szalay (1993):

ωobs(θ ) = DD(θ ) − 2DR(θ ) + RR(θ )
RR(θ )

, (2)

where DD, DR, and RR are the numbers of unique
data–data, data–random, and random–random pairs with
angular separation between θ − $θ/2 and θ + $θ/2,
respectively. As shown in figure 5, the overdense regions
are generally found to have 3′–6′ extents within ! 2 σ

regions and show various, complex shapes. The coordinates
of overdense regions are simply defined as the position of
their overdensity peak. The locations of surface overdensity
peaks can be affected by projection effects, but the typical
uncertainty is expected to be only 0.′5 (∼2′ at worst) by
using theoretical models (Toshikawa et al. 2016). We dis-
tribute 40000 random points in the same geometry as pro-
tocluster candidates. The uncertainty of ωobs(θ ) is estimated
using the bootstrap method as follows: We randomly select
our protocluster candidates, allowing for redundancy, and
calculate ωobs(θ ). This calculation is repeated a hundred
times, and the uncertainty of each angular bin is deter-
mined by the root mean square of all of the bootstrap steps.
Figure 6 shows the angular correlation function for all >4 σ

overdense regions at z ∼ 3.8 in the Wide layer.
The angular correlation function can be parametrized

by a power law: ω(θ ) = Aωθ−β . The slope, β, is found
to be ∼ 1.0, which does not strongly depend on redshift
and mass of clusters at z " 2 (e.g., Bahcall et al. 2003;
Papovich 2008). We use a least-squares technique to fit
a power-law function to the angular correlation function.
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多素子電波カメラ

＊近年開発されているものでは1000 ~ 10000素子規模
　ーKID , TESを中心に
＊将来的にはさらに多素子で105素子規模

✴ 大規模アレイ検出器
・広視野サーベイ観測実現のため、大規模アレイ検出器の開発が重要

R. Adam et al.: The NIKA2 large-field-of-view millimetre continuum camera for the 30 m IRAM telescope
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Fig. 6. Cross-section of the NIKA2 instrument illustrating the cold op-
tics and the main elements and surfaces described in the text. The cold
mirrors M7 and M8 are mounted in the cryostat “nose” on the left side
of the figure.

To exploit the NIKA2 polarisation capabilities, a modulator
is added when operating the instrument in polarimetric mode;
this consists of a multi-mesh hot-pressed half-wave-plate (HWP;
Pisano et al. 2008) mounted, at room temperature, in front of the
cryostat window. The modulator uses a stepping motor and is
operated at mechanical frequencies of up to 3 Hz, corresponding
to a maximum of 12 Hz on the e↵ective polarisation modula-
tion frequency. A similar setup was successfully used on NIKA
(Ritacco et al. 2017). In order to detect all the photons, the mod-
ulated polarised signal is then split onto the two 260 GHz arrays
by the 45 degree wire-grid polariser described above.

2.4. The readout electronics

One of the key advantages of the KID technology is the simplic-
ity of the cold electronics installed in the cryostat. In NIKA2,
each block of around 150 detectors is connected to single coax-
ial line providing the excitation at one end, and the readout at
the other. The excitation lines, composed of stainless-steel ca-
bles, are running from 300 K down to sub-Kelvin temperature.
They are properly thermalised at each cryostat stage, and a fixed
attenuation of 20 dB is applied at 4 K in order to suppress the
room temperature thermal noise. Each excitation line ends with
a SMA (SubMiniature version A) connector (EXCitation input)
and an adhoc launcher connected, through superconducting (alu-
minium) micro-bonds, to the silicon wafer holding the detectors.
The approximate excitation power per resonator is typically of
the order of 10 pW.

On the readout side, the same types of micro-bonds are used
to transfer the signal out of the focal plane and to make it avail-
able on a second SMA connector (MEASurement output). Then
a superconducting (Nb) coaxial cable is used to connect the mea-
surement output directly to the input of a cryogenic low-noise
amplifier (LNA). The amplified signal provided by the LNA is
transferred through the remaining cryostat stages (up to 300 K)
via stainless-steel coaxial cables. The LNAs, which operate at
frequencies up to 3 GHz, show noise temperatures between 2 K
and 5 K and are held at a physical temperature of about 8 K. This
means that the input amplifier noise is equivalent to the thermal
Johnson noise of a 50-Ohm load placed between 2 K and 5 K .
The cryogenic amplifiers used in NIKA2 were developed, fabri-
cated, and tested at the Yebes observatory and TTI Norte com-
pany, both located in Spain. The specifications of the amplifiers

Fig. 7. Overview of one array readout electronics crate. It is equipped
with 4 (or 8) readout boards lodged in advanced mezzanine card slots
(NIKEL_AMC), one central and clocking and synchronisation board
(CCSB) mounted on the MicroTCA Carrier Hub (MCH) and one 600 W
power supply. The crate allocated to the 150 GHz channel uses four
NIKEL_AMC boards while the others use eight NIKEL_AMC boards.
The actual power consumption is around 500 W per crate for eight
boards and 300 W for four boards. The weight of each crate is around
12 kg.

have been elaborated by the NIKA2 group. In total, NIKA2 is
composed of about 2900 pixels and is equipped with twenty
feed-lines. Thus, it employs twenty cryogenics amplifiers (four
for the 150 GHz array and eight for each of the 260 GHz arrays).
The polarisation of the LNA stages is provided by a custom elec-
tronics box remotely controlled and allowing the optimisations
of the biases according to the slightly di↵erent characteristics of
the front-end High Electron Mobility Transistors (HEMT).

The warm electronics required to digitise and process the
2900 pixels’ signals were specifically designed for that pur-
pose; it is composed of twenty readout cards (one per feed-
line) named New Iram Kid ELectronic in Advanced Mezzanine
Aard format (NIKEL_AMC). As shown in Fig. 7, the cards are
distributed in three micro-Telecommunication Computing Ar-
chitecture (MTCA) crates. A central module, composed of a
commercially available Mezzanine Control Hub (MCH) and of
custom-made mezzanine boards, is used to distribute a 10 MHz
rubidium reference clock (CLK) and a pulse per second (PPS)
signal provided by a global positioning system (GPS) receiver
and to control the crate. The synchronisation between the boards
and the di↵erent crates is ensured by these common reference
signals. The electronics is fully described in previous papers
(Bourrion et al. 2012, 2016).

In summary, the NIKEL_AMC is composed of two parts:
the radio-frequency (RF) part and the digitisation and process-
ing section. The integrated RF part ensures the transition from
and to the baseband part. It uses the local oscillator (LO) input
to perform up and down conversions. To instrument the 150 GHz
array (resonances from 0.9 GHz to 1.4 GHz) and the 260 GHz ar-
rays (resonances from 1.9 GHz to 2.4 GHz), the used LO input
frequencies are 0.9 GHz and 1.9 GHz, respectively. The digiti-
sation and signal processing, which is done at baseband, relies
on channelised digital down conversion (DDC) and their asso-
ciated digital sine and cosine signal generators and processors.
The processing heavily relies on field programmable gate arrays
(FPGA) while the interfacing to and from the analog domain
is achieved by 1 GSPS analog to digital and digital to analog
converters (ADC and DAC, respectively). The electronics cov-
ers a bandwidth of 500 MHz and handles up to 400 KIDs in
this bandwidth. In NIKA2 about 150 KIDs per board are instru-
mented, leaving room for placing a number of dark and/or o↵-
resonance excitation tones, and allowing for future developments
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ex) <NIKA 2>

16/01/2018 ESO « AtLast » 2018, Munich 13

NIKA2 first science paper

F. Ruppin et al., submitted to A&A, 12/2017

150 GHz 260 GHz

Detection at 13.5s in 11 hours of integration under bad weather conditions
[ < t150GHz > = 0.30   º < t260GHz > = 0.48 ] & very unstable atmosphere

RMS = 0.2mJy RMS = 0.9mJy

A&A 609, A115 (2018)

Fig. 2. Schematic cut through a KID substrate. In grey, the high-
resistance silicon wafer, while in black, the aluminium films are rep-
resented. The green arrows illustrate the direction of the electric field.
Left: the co-planar waveguide (CPW) transmission line without across-
the-line bondings, associated to strongly non-uniform performance of
the detector array. Centre: CPW with across-the-line bondings, con-
figuration adopted in NIKA. Right: the microstrip (MS) configuration
adopted in NIKA2, ensuring single-mode propagation and easiest im-
plementation of very large arrays.

Fig. 3. Left: a front-illuminated microstrip (MS) pixel for the 260 GHz
band of NIKA2. The pixel size is 2 ⇥ 2 mm2. Right: a back-illuminated
coplanar waveguide (CPW) pixel used for the 150 GHz band in NIKA.
The pixel size was in that case 2.3 ⇥ 2.3 mm2. Both designs are based
on Hilbert-shape absorbers/inductors.

In NIKA2, the 150 GHz channel is equipped with an array
of 616 pixels, arranged to cover a 78 mm diameter circle. Each
pixel has a size of 2.8 ⇥ 2.8 mm2. This is the maximum pixel
size that can be adopted without significantly degrading the the-
oretical telescope resolution, as it corresponds roughly to a 1F�
sampling of the focal plane. The array is connected over four dif-
ferent readout lines, and shows resonance frequencies between
0.9 and 1.4 GHz. The thickness of the silicon substrate is around
150 microns, to ensure a maximal optical absorption at 150 GHz.

In the case of the 260 GHz band detectors, the pixel size
is 2 ⇥ 2 mm2, to ensure a comparable 1F� sampling of the fo-
cal plane. In order to fill the two 260 GHz arrays, a total of
1140 pixels are needed in each of them. The smaller pixel di-
mensions compared to the 150 GHz band lead to slightly higher
resonance frequencies that lie between 1.9 and 2.4 GHz. Each
of the 260 GHz arrays is connected over eight di↵erent readout
lines. The thickness of the substrate is 260 microns, which max-
imises the optical absorption at 260 GHz. A picture of one of the
actual 260 GHz arrays mounted in NIKA2 is shown in Fig. 4.

We show in Fig. 5 an illustration of the positioning of the
three arrays in the NIKA2 cryostat.

2.3. The cold optics

In this Section we describe the internal (cooled) optics. More de-
tails concerning the telescope interface (room temperature) mir-
rors are given in Sect. 2.6.

NIKA2 is equipped with a reflective cold optics stage held
at a temperature of around 30 K. The two shaped mirrors (M7
and M8) are mounted in a specifically designed low-reflectance
optical box in the cryostat nose. The stray-light suppression is
further enhanced by a multi-stage ba✏e at 4 K. The cold aperture

Fig. 4. One of the 260 GHz NIKA2 arrays after packaging. The number
of pixels designed for this array is 1140, connected via eight feed-lines
and 16 SMA (SubMiniature version A) connectors to the external cir-
cuit. The front of the wafer can be seen here.

Fig. 5. Cross-section of the NIKA2 instrument illustrating the position
of the three detector arrays (150 GHz, 260 GHz-V, and 260 GHz-H).
The optical axis and the photon direction of propagation are shown as
well.

stops, at a temperature of 150 mK, are conservatively designed
to be conjugated to the inner 27.5 m of the primary mirror M1.

The refractive elements of the NIKA2 cold optics are
mounted at 1 K and at the base temperature. The HDPE lenses,
except for those placed in front of the 260 GHz arrays, are anti-
reflecting-coated. The coating is realised by a custom machin-
ing of the surfaces. A 30-centimeter-diameter air-gap dichroic
splits the 150 GHz (reflection) from the 260 GHz (transmission)
beams. This dichroic, ensuring that it is flatter relative to the
standard hot-pressed ones, was developed in Cardi↵ specifically
for NIKA2. A grid polariser ensures then the separation of the
two linear polarisations on the 260 GHz channel (V and H, see
Fig. 5). We refer to Fig. 6 for a schematic cross-section of the
inner optics.

The filtering of unwanted (o↵-band) radiation is provided by
a suitable stack of multi-mesh filters placed at all temperature
stages. In particular, three infrared-blocking filters are installed
at 300 K, 70 K, and 30 K. Multi-mesh low-pass filters, with de-
creasing cuto↵ frequencies, are mounted at 30 K, 4 K, 1 K, and
the base temperature. Band-defining filters, custom-designed to
optimally match the atmospheric windows (see Fig. 10), are in-
stalled at the base temperature.

A115, page 4 of 15

Adam et al., A&A, 2018

A&A 609, A115 (2018)

Fig. 2. Schematic cut through a KID substrate. In grey, the high-
resistance silicon wafer, while in black, the aluminium films are rep-
resented. The green arrows illustrate the direction of the electric field.
Left: the co-planar waveguide (CPW) transmission line without across-
the-line bondings, associated to strongly non-uniform performance of
the detector array. Centre: CPW with across-the-line bondings, con-
figuration adopted in NIKA. Right: the microstrip (MS) configuration
adopted in NIKA2, ensuring single-mode propagation and easiest im-
plementation of very large arrays.

Fig. 3. Left: a front-illuminated microstrip (MS) pixel for the 260 GHz
band of NIKA2. The pixel size is 2 ⇥ 2 mm2. Right: a back-illuminated
coplanar waveguide (CPW) pixel used for the 150 GHz band in NIKA.
The pixel size was in that case 2.3 ⇥ 2.3 mm2. Both designs are based
on Hilbert-shape absorbers/inductors.

In NIKA2, the 150 GHz channel is equipped with an array
of 616 pixels, arranged to cover a 78 mm diameter circle. Each
pixel has a size of 2.8 ⇥ 2.8 mm2. This is the maximum pixel
size that can be adopted without significantly degrading the the-
oretical telescope resolution, as it corresponds roughly to a 1F�
sampling of the focal plane. The array is connected over four dif-
ferent readout lines, and shows resonance frequencies between
0.9 and 1.4 GHz. The thickness of the silicon substrate is around
150 microns, to ensure a maximal optical absorption at 150 GHz.

In the case of the 260 GHz band detectors, the pixel size
is 2 ⇥ 2 mm2, to ensure a comparable 1F� sampling of the fo-
cal plane. In order to fill the two 260 GHz arrays, a total of
1140 pixels are needed in each of them. The smaller pixel di-
mensions compared to the 150 GHz band lead to slightly higher
resonance frequencies that lie between 1.9 and 2.4 GHz. Each
of the 260 GHz arrays is connected over eight di↵erent readout
lines. The thickness of the substrate is 260 microns, which max-
imises the optical absorption at 260 GHz. A picture of one of the
actual 260 GHz arrays mounted in NIKA2 is shown in Fig. 4.

We show in Fig. 5 an illustration of the positioning of the
three arrays in the NIKA2 cryostat.

2.3. The cold optics

In this Section we describe the internal (cooled) optics. More de-
tails concerning the telescope interface (room temperature) mir-
rors are given in Sect. 2.6.

NIKA2 is equipped with a reflective cold optics stage held
at a temperature of around 30 K. The two shaped mirrors (M7
and M8) are mounted in a specifically designed low-reflectance
optical box in the cryostat nose. The stray-light suppression is
further enhanced by a multi-stage ba✏e at 4 K. The cold aperture

Fig. 4. One of the 260 GHz NIKA2 arrays after packaging. The number
of pixels designed for this array is 1140, connected via eight feed-lines
and 16 SMA (SubMiniature version A) connectors to the external cir-
cuit. The front of the wafer can be seen here.

Fig. 5. Cross-section of the NIKA2 instrument illustrating the position
of the three detector arrays (150 GHz, 260 GHz-V, and 260 GHz-H).
The optical axis and the photon direction of propagation are shown as
well.

stops, at a temperature of 150 mK, are conservatively designed
to be conjugated to the inner 27.5 m of the primary mirror M1.

The refractive elements of the NIKA2 cold optics are
mounted at 1 K and at the base temperature. The HDPE lenses,
except for those placed in front of the 260 GHz arrays, are anti-
reflecting-coated. The coating is realised by a custom machin-
ing of the surfaces. A 30-centimeter-diameter air-gap dichroic
splits the 150 GHz (reflection) from the 260 GHz (transmission)
beams. This dichroic, ensuring that it is flatter relative to the
standard hot-pressed ones, was developed in Cardi↵ specifically
for NIKA2. A grid polariser ensures then the separation of the
two linear polarisations on the 260 GHz channel (V and H, see
Fig. 5). We refer to Fig. 6 for a schematic cross-section of the
inner optics.

The filtering of unwanted (o↵-band) radiation is provided by
a suitable stack of multi-mesh filters placed at all temperature
stages. In particular, three infrared-blocking filters are installed
at 300 K, 70 K, and 30 K. Multi-mesh low-pass filters, with de-
creasing cuto↵ frequencies, are mounted at 30 K, 4 K, 1 K, and
the base temperature. Band-defining filters, custom-designed to
optimally match the atmospheric windows (see Fig. 10), are in-
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南極テラヘルツ望遠鏡：全体光学系

主鏡

副鏡

望遠鏡焦点 (F/6)

伝送冷却光学系
観測装置：カメラシステム 

信号の伝送
ミラー or レンズ

集光系 検出器
( T < 4K) (T < 0.2K)

信号の結合

ヘテロダイン受信機

✴ 視野 : 1° @ F/6 focus
→ 広域サーベイ観測

✴ 観測周波数

大規模アレイ検出器

・400 / 850 / 1300 GHz (10 m)
・230 / 400 / 650 / 850 / 1300 / 1500 GHz (30 m)

・素子数：~20000 (10 m)
　　　　：~ 105 (30 m)

(design : H. Imada)



・HDPE (n ~ 1.5) : 屈折率が低くレンズが巨大化
→熱容量大、損失大：広視野化に向かない
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FIG. 11. Drawings showing two orthogonal sections of the APEX-SZ cryostat. Many components are labeled. The cryostat is
shown looking upward in the orientation used in the laboratory for work on the focal plane. The optical section (upper half)
can be removed for access to the focal plane and readout components. The aluminized mylar sheet (red) acts an RF shield and
separates the optical and readout sections of the cryostat. Optical components are shown in light blue, 280 mK components in
orange, 380 mK in yellow, and the 4 K SQUID card housing and readout wiring module in green. When mounted in APEX,
the cryostat is downward-looking, with the window pointed at a mirror on the floor of the cabin.

B. Pulse-Tube Cooler

APEX-SZ uses a commercial pulse-tube refrigerator,
model PT410-OP3 manufactured by Cryomech, Inc.,52 to
provide cooling at 4 K and 60 K. In a pulse-tube cooler,
high pressure He gas from a compressor is passed through
a high heat capacity regenerator and then allowed to ex-
pand while in contact with a cold head, absorbing heat
from the head. A motor outside the cryostat drives a
valve which controls the pressure cycle of the pulse-tube.
There are no moving parts or valves in the cold section.
This feature makes the pulse-tube cooler lower vibration,
more robust, and easier to maintain than other mechan-
ical coolers.

The pulse-tube cooler has a number of advantages over
liquid cryogens for remote observations, but it can add
noise to measurements via several mechanisms: electri-
cal noise, mechanical vibration, and temperature oscilla-
tions. The compressor and valve motor are electrically
noisy and can cause oscillating voltages on the cryostat
shells. The cooler used in APEX-SZ has its valve mo-
tor separated from the pulse-tube by a 500 mm length of
flexible tubing including a short section of HDPE which
electrically isolates the compressor and valve motor from
the cryostat. In addition to electrically isolating the
valve motor, we drive it with a low-noise linear stepper
motor.53 Valve motor movement and gas flow propagate

vibrations along the pulse-tube and cause the cold head
to vibrate. The pulse-tube is mechanically isolated by
mounting it on an elastomer vibration damper.54 Flexi-
ble copper braids isolate components inside the cryostat
from vibrations on the cold heads. The temperature of
the cold head oscillates with the pressure cycle. The bare
pulse-tube cooler head has 200 mK temperature oscilla-
tions at the 1.4 Hz cycle frequency but these are atten-
uated by the large heat capacity of the cryostat. The
resulting oscillations at di↵erent cryostat stages are de-
tailed in Sec. VIE.

An additional concern when using the pulse-tube
cooler rather than liquid cryogens is that the cooling per-
formance varies with the orientation of the pulse-tube
relative to gravity. The best performance is achieved
with the pulse-tube pointing downward. The PT410 loses
about 10% of its cooling power when tilted 30� from verti-
cal, with more severe losses at larger angles. The tertiary
optics, cryostat and mount were designed to hold the
cryostat and pulse-tube at 30� when pointed at zenith.
Thus, for observations between zenith and 30� elevation,
the pulse-tube is tilted at less than 30� relative to verti-
cal.

Schwan et al., 2012

・Silicon (n ~ 3.4) or Alumina (n ~ 3.1)

→屈折率が大きいためHDPEより薄くできる
→屈折率が大きく、表面で約30%の反射損失があるため
　反射防止コーティングが必須

a new concept “off-axial optical systems” as an extended con-
cept of coaxial optical systems and its aberration analytical
method. Fujishiro et al.20 adopted Araki’s concept and achieved
an optical design with a wide FoV, small f-number and compact
size. We used this method to introduce xy polynomial free-form
mirrors into our reimaging optics. Surfaces of those free-form
mirrors are expressed in Eq. (1) on a local coordinate.

The design steps of reimaging optics are shown in the fol-
lowing list and Fig. 2:

1. Start with one surface with power.

2. Increment the number of surfaces with power one by
one. (This will lead to the solution with the minimum
number of optical elements.)

3. Determine the rough optical configuration. That is,
taking into consideration both feasible regions for
relay optics and the number of the surfaces determined
in Step 2, arrange those surfaces so that the entire relay

optics fits within the feasible region and the reflection
angles are as small as possible.

4. Design the optical power distribution in the paraxial
on-axis system that corresponds to the optical confi-
guration determined in Step 2 so that the optics
satisfies the specifications such as a wide FoV, high
Strehl ratio, telecentric, and optical components size
restriction.

5. Convert those surfaces with power into free-form mir-
rors using Araki’s method, add rotation angles, and set
the FoV to 0 deg.

6. Widen the FoV gradually and then optimize the optical
parameters (i.e., coefficients of the free-form mirrors
and lens, rotation angle and distances between the
components) to satisfy the specifications. The order
of freeform polynomials starts with a small value
(in our case, two) and may be gradually increased if
necessary. The lens type and material may also be
changed if necessary.

7. In these steps, when you cannot achieve a solution to
satisfy all specifications in spite of using the maximum
orders of freeform polynomials mirrors (the maximum
order is set to six in our case), the possibility of the
solution is judged to be small and the process returns
to Step 2.

4 Result
We obtained a design solution that provided a 1.0-deg FoV at
850 GHz. Figures 3 and 4 show the ray diagrams of the tele-
scope and the reimaging optics, respectively. To achieve the
wide FoV and compact configuration, we adopted four free-
form (xy polynomial) reflective mirrors at room temperature
and a single alumina lens at cryogenic temperature. These
four free-form mirrors make the rays from the telescope pass
into the aperture stop with the minimum configuration to satisfy
the strict specifications of a wide FoV, high Strehl ratio, and size

Fig. 4 Enlarged views of Fig. 3: (a) an overall view of reimaging optics and (b) an enclosed view of the
cryostat. The diameter of the telescope focal plane is 1000 mm. The diameters of M2, M3, M4, and M5
free-form mirrors are 1868, 1871, 1826, and 1062 mm, respectively. Also the diameters of the alumina
lens and vacuum window are 530 and 400 mm, respectively. The overall size of this reimaging optics is
reasonably compact (1.6 m × 3.3 m × 2.6 m). The pupil is not sharp because of the less strict require-
ment for antenna-coupled microwave kinetic inductance detectors.

Fig. 3 Ray diagram of telescope and reimaging optics. The diameter
of primary mirror, secondary mirror, and third mirror is 10, 1.5, and
1.57 m, respectively. This telescope design has a FoV of 1 deg at
850 GHz.
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 ・視野1度で伝送するとミラーが巨大化

 ・複数枚の組み合わせではアライメント調整が困難
 ・ミラーの配置を工夫することで冷却部を
　 コンパクトにできる

✴ ミラーによる反射系

✴ レンズによる屈折系　

カメラの伝送光学系

Tsuzuki et al., 2015

 ・自由曲面鏡により視野1度でSR > 0.9
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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 = 2.4λ (λ = 353 µm; 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 － 15 dB and cross-polarization

level less than－ 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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図 2: 37個のホーンが並んだホーンアレイ。図 3: 導波管の先に取り付けられるスロットアンテナと超
伝導回路の模式図。

それぞれのホーンは 2Fλ ∼ 15.7mm程度 1で並べる。野辺山 45m鏡に搭載した場合、100GHz帯の
ビームサイズは約 15′′であり、ここで計画しているホーンアレイと検出器によって視野∼ 3′の領域を一
度に観測できる。15′′の分解能があれば、1 kpc先の分子雲を < 0.01 pcスケールで分解できる。Planck

衛星の 100GHz帯のビームサイズは約 10′程度であるから、Planck衛星によって得られたマップを空間
的にさらに 40倍ほど細かく分解することができる。13CO、C18Oも同時観測することで、密度分布もト
レースできる。

申請者の担当部分 表 2: 検出器の構成部品
構成要素 備考
真空容器
光学素子 真空窓からホーンまで

ホーンアレイ
超伝導回路 filter + MKID

読出回路 申請書に書かない？

申請者は検出器の各構成部品の設計、製作、性能評価
を行なう。本申請書で提案する検出器の構成部品を表 2に
まとめた。
真空容器
真空容器はMKID部分が ∼100mKのオーダーまで冷

やす必要があるが、真空容器の設計方法自体はすでに確
立しているため、それにしたがって丁寧に設計と熱計算を行なう。制約としては野辺山 45m鏡に搭載す
ることを考え、45m鏡の構造体と干渉しないことが挙げられる。
光学素子
ホーンを並べる間隔の関係から、45m鏡の焦点距離を F/3程度に変換するためのレンズが必要であり、

その光学設計を行なう。また、真空窓からの赤外線放射の侵入を防ぐために、赤外線カットフィルターや
バッフルなどを設置する必要がある。従来は 1視野のみの検出器であることが多かったため、多素子 (広
視野)の光学系に対してどのように最適化すればよいのかは十分に議論されてはいない。この点について
も詳細な検討を行う予定である。
ホーンアレイ
最近になって広帯域のコルゲートホーンを作ることができるようになってきた。2015年度中に 4ビー

ムのホーンアレイが作られる予定であり、図 2のような 37ビームのホーンアレイは 2015年度中にもでき
る可能性がある。申請者はホーンアレイの開発には他の要素と比べると担当する作業は少ない。
超伝導回路
申請者は主に超伝導回路の設計、製作に注力する。図 3に超伝導回路の模式図を示す。37個のホーンと

導波管の先に図 3のような回路がそれぞれ取り付けられる。37個分の回路を 1枚のシリコン基板上に作成
する。本申請書で提案する超伝導回路は直線 2偏波を検出するために超伝導線路が交差する場所ができて
しまう。図 3にあるようなブリッジ部分を設計・製作することは開発の鍵となる。また、2Fλ ∼ 15.7mm

間隔で並んでいるそれぞれのホーンの占める面積の中に超伝導回路全体を納める必要がある。いかに小型
1Airy diskの第 1暗環の直径と同じ大きさである。ただし、空間分解能としては Nyquist samplingになっていない。

レンズアレイ

ホーンアレイ

•  直径1 mのF/6焦点の先に配置
•  1°の視野を７モジュールに分割

•  Siレンズ２枚を用いたシンプルな冷却光学系
•  3000 pixels × 7モジュール = ~ 20000 pixelsが目標

10mカメラ：クライオスタット
✴ 光学ー構造設計
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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 = 2.4λ (λ = 353 µm; 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 － 15 dB and cross-polarization

level less than－ 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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図 2: 37個のホーンが並んだホーンアレイ。図 3: 導波管の先に取り付けられるスロットアンテナと超
伝導回路の模式図。

それぞれのホーンは 2Fλ ∼ 15.7mm程度 1で並べる。野辺山 45m鏡に搭載した場合、100GHz帯の
ビームサイズは約 15′′であり、ここで計画しているホーンアレイと検出器によって視野∼ 3′の領域を一
度に観測できる。15′′の分解能があれば、1 kpc先の分子雲を < 0.01 pcスケールで分解できる。Planck

衛星の 100GHz帯のビームサイズは約 10′程度であるから、Planck衛星によって得られたマップを空間
的にさらに 40倍ほど細かく分解することができる。13CO、C18Oも同時観測することで、密度分布もト
レースできる。
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構成要素 備考
真空容器
光学素子 真空窓からホーンまで

ホーンアレイ
超伝導回路 filter + MKID

読出回路 申請書に書かない？

申請者は検出器の各構成部品の設計、製作、性能評価
を行なう。本申請書で提案する検出器の構成部品を表 2に
まとめた。
真空容器
真空容器はMKID部分が ∼100mKのオーダーまで冷

やす必要があるが、真空容器の設計方法自体はすでに確
立しているため、それにしたがって丁寧に設計と熱計算を行なう。制約としては野辺山 45m鏡に搭載す
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最近になって広帯域のコルゲートホーンを作ることができるようになってきた。2015年度中に 4ビー

ムのホーンアレイが作られる予定であり、図 2のような 37ビームのホーンアレイは 2015年度中にもでき
る可能性がある。申請者はホーンアレイの開発には他の要素と比べると担当する作業は少ない。
超伝導回路
申請者は主に超伝導回路の設計、製作に注力する。図 3に超伝導回路の模式図を示す。37個のホーンと

導波管の先に図 3のような回路がそれぞれ取り付けられる。37個分の回路を 1枚のシリコン基板上に作成
する。本申請書で提案する超伝導回路は直線 2偏波を検出するために超伝導線路が交差する場所ができて
しまう。図 3にあるようなブリッジ部分を設計・製作することは開発の鍵となる。また、2Fλ ∼ 15.7mm

間隔で並んでいるそれぞれのホーンの占める面積の中に超伝導回路全体を納める必要がある。いかに小型
1Airy diskの第 1暗環の直径と同じ大きさである。ただし、空間分解能としては Nyquist samplingになっていない。

レンズアレイ

ホーンアレイ

•  直径1 mのF/6焦点の先に配置
•  1°の視野を７モジュールに分割

•  Siレンズ２枚を用いたシンプルな冷却光学系
•  3000 pixels × 7モジュール = ~ 20000 pixelsが目標

10mカメラ：クライオスタット
✴ 光学ー構造設計

主鏡

副鏡

望遠鏡焦点 (F/6)
(dia. 1m)

•  GM冷凍機+dilutionで0.1 Kまで冷却



CCAT-Prime
M. Niemack, Applied Optics, 2016✴ 光学系

・主鏡：６m, Crossed-Dragone design
Research Article Applied Optics 3

2. REIMAGING OPTICS AND DETECTOR ARRAYS

Over the last decade several teams have studied and imple-
mented reimaging optics designs for large-aperture CMB tele-
scopes and have converged on using optics tubes with multiple
lenses. The upcoming instruments for the ACT [6], SPT [7],
and Simons Array [5] will all employ an optics-tube approach in
which three lenses reimage the telescope focus onto each detector
array. The detector arrays on these instruments will be super-
conducting bolometric detectors operated at sub-Kelvin temper-
atures that are sensitive to excess thermal emission. These de-
tectors are generally optimized to achieve “background-limited”
sensitivity, meaning that photon noise fluctuations are the domi-
nant noise source.

To demonstrate background-limited detector sensitivity it
is important to show that the measured noise level scales as
expected with changes in background loading conditions; for
example, Grace et al. [22] show that the median detector sensi-
tivity in the ACTPol instrument is limited by noise that scales
with the atmospheric precipitable water vapor. We assume for
the remainder of this work that a next generation instrument
will achieve similar individual detector noise performance to
ACTPol [22] by use of the illumination techniques described
below. When CMB detectors are background-limited the best
approaches for improving sensitivity are to maximize the optical
efficiency, reduce the backgrounds, and increase the number of
detectors while maintaining the throughput per detector.

Coupling the detectors to a CD telescope via multiple optics
tubes amplifies the CD benefits in several ways, including: 1)
increasing the usable FOV diameter, 2) providing a compact cryo-
genic Lyot stop that mitigates spillover, simplifies baffling, and
increases sensitivity by reducing the background optical load,
3) dividing a large cryostat window into smaller ones, which re-
duces window and lens size, thickness, and coating complexity,
and 4) maximizing the number of detectors in each silicon wafer
to reduce costs and increase sensitivity. The cryogenic Lyot stop
also provides uniform illumination for half-wave-plate polariza-
tion modulators to mitigate systematic effects.

The detector arrays illuminated by these optics can generally
be described as “feed-coupled” detectors with single-moded
approximately Gaussian beams. The “feed” may be a feedhorn,
a lenslet, or a phased-antenna array [e.g., 12]. The Gaussian
optics are typically designed such that a substantial fraction of
the beam (10 – 50%) illuminates the Lyot stop, baffles, and walls
surrounding the detector array. This highlights the importance
of reducing the temperature of these baffles, which even at 4 K
could contribute more optical loading and photon noise than the
2.7 K CMB. In [23] the tradeoffs between detector aperture and
background loading levels are explored for a variety of different
configurations. For close-packed “feed-coupled” arrays after
minimizing sources of background loading, the optimal detec-
tor aperture for measuring an extended source like the CMB is
generally between 1 – 2 f l, where l is the wavelength, which
is the regime of most current detector arrays. For FOV-limited
designs with no limit on the detector packing density, the opti-
mal spacing when taking into account instrument backgrounds
is typically near 1.3 – 1.5 f l, while readout-limited or detector-
packing-limited arrays are typically designed with apertures
closer to 2 f l.

The first multi-frequency, or multichroic, detector array was
deployed in early 2015 [6], and more will be deployed soon in
upcoming CMB instruments [5–7]. These arrays enable use of
greater bandwidth and simultaneous observations at multiple

Fig. 3. Two 6 m aperture CD telescope designs with f = 3 (top
and bottom) tilted to 45� observing elevation. Parameters for
each design are in Table 1. Both have flat tertiary mirrors (with
fold angles of 45� for the top and 30� for the bottom) to move
the telescope focus and receiver closer to the center of mass.
The rendered images on the right also show the cylindrical
receiver from Fig. 7. The optical clearances labeled 1, 2, and 3
can easily be adjusted by changing the telescope parameters
and fold angle.

frequency bands at the cost of building and reading out more de-
tectors from each focal plane element. Additional challenges in-
clude that each frequency is typically coupled through the same
“feed”, which leads to tradeoffs between the optimal aperture
size at each frequency. For example, [24] presents an analysis of
optimal aperture size to maximize the mapping speed at differ-
ent frequencies for the ACTPol design [18], which has f ⇡ 1.35
and a 1 K detector cavity extending to the Lyot stop. This anal-
ysis suggests the optimal apertures for 90 GHz, 150 GHz, and
220 GHz are between 1.3–1.4 f l, which corresponds to approxi-
mately 6 mm, 3.7 mm, and 2.4 mm feed apertures, respectively.3
Clearly the optimal aperture cannot be achieved for all three fre-
quencies simultaneously. A multichroic array with two nearby
frequecies can achieve the mapping speed of ⇠1.7 optimized
single frequency arrays in addition to improved spectral cover-
age [24]. This and the challenges of developing wide bandwidth
optics to couple to multichroic arrays suggests a reasonable num-
ber of frequencies for a “feed-coupled” multichroic array is two
or three.

The multichroic detector arrays for upcoming large-aperture
CMB instruments are all expected to be fabricated on 150 mm
diameter silicon wafers.4 Superconducting detector fabrication
is challenging and costly due to detector complexity and strict
uniformity requirements [e.g., 6]; therefore, it is generally ad-
vantageous to make each wafer as sensitive as possible by max-
imizing the number of detectors per wafer, so long as the ad-

3The optimal apertures for ACTPol assume a fixed field-of-view and no con-
straint on the number of detectors per array.

4Previously deployed detectors were fabricated on 75 mm or 100 mm wafers.
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Fig. 4. Telescope FOV for the design in Fig. 3. The solid el-
lipses show the CFOV for 300 GHz (inner/purple), 230 GHz
(blue), 150 GHz (red), and 100 GHz (outer/green). The red
dash and dot-dash ellipses show the FOV with 150 GHz Strehl
ratios > 0.80 and > 0.90, respectively. The black hexagons
indicate a possible layout for 50 optics tubes that can achieve
diffraction-limited performance at 150 GHz. The additional 22
grey hexagons on the left and right indicate possible locations
for additional optics tubes that would be diffraction-limited at
100 GHz and at lower foreground frequencies, such as 30 GHz
and 40 GHz. Each hexagon represents a 280 mm diameter
hexagonal shaped lens with 25 mm gaps between lenses. The
plate scale is approximately 320 mm/deg.

ditional detectors do not complicate fabrication. All of the up-
coming large-aperture projects plan to use hex-packed detectors
on hexagonal-shaped detector wafers surrounded by wirebond
pads to read out the detectors. In Advanced ACTpol the densest
of these arrays will have 2012 superconducting detectors oper-
ating at 150 GHz and 230 GHz with 4.65 mm apertures [6]. For
SPT-3G each detector wafer will have a slightly smaller number
of detectors operating at 95 GHz, 150 GHz, and 220 GHz, though
a larger total number of detectors will be integrated into the focal
plane from ⇠10 wafers [7]. These designs are approaching the
practical limits of both wirebond density and detector-packing
density, though a factor of ⇠1.5 increase in detector count per
150 mm wafer may be achieved for a Stage IV experiment. For
the purpose of this study, we assume that next generation detec-
tors will have 2000 – 3000 detectors per 150 mm wafer.

These considerations guide the design of the reimaging optics.
Around the perimeter of each hexagonal detector wafer there
is inevitably some dead space (e.g. bond pads and mechanical
structure) that does not couple light to detectors. This dead space
decreases the effective system throughput. By designing hex-
packed optics tubes that each couple to a single detector wafer,
we remove the dead space from around the detector arrays and
provide more space for support structures, while introducing a
small amount of dead space into the telescope focal plane. To
minimize the dead space between optics tubes, the first modular
element in each tube is a hexagonal refractive lens that captures
and collimates the telescope beam before it diverges beyond the
telescope focus. Based on the design in Fig. 3, we divide the
CFOV into 50 hexagonal fields, each with a maximum dimension
of 280 mm and a 25 mm space for structural support between
neighboring lenses (Fig. 4). This geometry provides roughly 90%
active area with greater throughput than the 150 GHz DLFOV,
which is > 10⇥ the ACTPol throughput (Fig. 4).

After the hexagonal lens, each subsequent optical aperture

Fig. 5. Two neighboring sets of reimaging optics that speed up
the telescope focus from f = 3 to f = 1.5 and provide a Lyot
stop to control primary mirror illumination and spillover. The
hexagonal silicon lens is at the telescope focus and is also used
as a room-temperature vacuum window. The two cryogenic
lenses are circular and fit inside the footprint of the hexagonal
lens to facilitate thermal isolation between temperature stages.

and cryogenic support structure must fit inside the footprint of
the first lens to prevent interference between optics tubes, as
shown in Fig. 5 (and Fig. 7). One cryogenic lens helps to opti-
mize the Lyot stop and image quality, and a final lens improves
the image quality and telecentricity, while focusing at f = 1.5
onto the 140 mm wide active area of a hexagonal detector array.
The second and third lenses are not at a focus, so they have
circular instead of hexagonal apertures, and therefore must be
smaller diameter than the smallest dimension of the hexagonal
lens (242 mm). The design shown in Fig. 5 meets these require-
ments and uses silicon lenses [25]5 to improve on the local image
quality at the telescope focus. As shown in Fig. 6, nearly iden-
tical optics tube designs achieve minimum Strehl ratios > 0.80
and average Strehl ratios > 0.85 at 150 GHz for all of optics tubes
1 – 50 in Fig. 4.

A different receiver optics approach based on larger-diameter
(720 mm) alumina lenses is being pursued for the SPT-3G in-
strument [7]. This approach is appealing from the optics design
perspective and appropriate for current instruments; however,
it presents challenges for next generation instruments that can
be avoided by use of close-packed optics tubes. Larger-diameter
lenses are necessarily thicker at the center, which results in
greater loss within each refractive element. Having a single
optics tube also requires development of wider-bandwidth high-
efficiency coatings for all optical elements. In comparison, the
optics tubes in Fig. 4 can easily be divided for use over a wide
frequency range; for example, tubes 1 – 14 could be used with
multichroic 220/300 GHz arrays (or lower frequencies), tubes 15
– 50 with 100/150 GHz arrays, and tubes 51 – 72 with 30/40 GHz
(or up to 100 GHz) arrays.

With the close-packed optics tube approach described here,
if detector array designs for upcoming instruments with ⇠2000
detectors per wafer were installed into optics tubes 1 – 50 in
Fig. 4, that would provide roughly 105 detectors on one telescope.
However, with f = 1.5 at the optics tube focus, the mapping
speed could be increased further by modestly increasing the
number of detectors on each wafer. For example, if either a third
frequency were added to the Advanced ACTPol detector arrays
or the feed aperture for the multichroic 150/230 GHz detectors

5Similar optical performance is likely achievable with alumina lenses.
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struments.
Silicon lenses are placed at the telescope focus to minimize

FOV loss in this optics design. To take full advantage of this, a
large vacuum window must cover all the lenses or the lenses
must act as vacuum windows themselves. With a perimeter
thickness of roughly 10 mm, the 280 mm diameter crystalline
silicon lenses are sufficiently strong to support atmospheric pres-
sure and are used as vacuum windows in this design. The loss
tangent of silicon at millimeter wavelengths varies with doping
and with temperature. The silicon lenses used in ACTPol were
shown to have a loss tangent of tan d ⇡ 10�4 at room temper-
ature and smaller below 10 K [25]. Interestingly Krupka et al.
[30] show that some types of silicon have a tan d minimum near
300 K and a lower minimum below 20 K, which supports the use
of silicon lenses as vacuum windows instead of operating them
at an intermediate temperature between roughly 40 K – 200 K.
The silicon loss tangent can temporarily degrade if ultraviolet ra-
diation excites charge carriers into the conduction band, but we
have shown that simply shading the silicon from direct sunlight
or covering it with a 10 mm thick sheet of Zotefoam sufficiently
mitigates this effect.6

Behind the vacuum windows thermal-blocking filters and
low-pass filters are used to prevent infrared and submillime-
ter radiation from entering the receiver and heating the colder
stages. Fig. 5 shows the optical filters to reject this higher fre-
quency radiation as well as the temperatures of each optical
element. We estimate roughly 200 W of radiative power will be
absorbed by the 80 K stage. Due to the larger window area this
is a substantially larger radiative load than current instruments,
but it can easily be intercepted by adding single-stage pulse tube
refrigerators designed to operate at 80 K. Additional thermal-
blocking and low-pass filters are installed on the subsequent
40 K and 4 K temperature stages, which are cooled using two-
stage pulse tube refrigerators like those operating on current
instruments. The intermediate 80 K stage dramatically reduces
the load on the 40 K stage compared to current instruments, en-
abling the two stage pulse tube operation to be optimized for
maximum cooling power at 4 K.

Fig. 7 shows a preliminary receiver design with cylindrical
shells at both 40 K and 4 K for mounting additional filters and
to minimize radiative load. The remaining optical components
and detector arrays are assembled into modular optics tubes
that are mounted onto a 4 K mounting plate. The final stages of
cooling for the optics and detector arrays are provided by a pulse-
tube-cooled dilution refrigerator (DR). This enabling technology
operates continuously and reaches lower temperatures with
many times more cooling power (e.g. 400 µW of cooling power
at 100 mK) than helium-3 sorption refrigerators and adiabatic
demagnetization refrigerators.

The modularity of the optics tubes is a substantial engineer-
ing advantage of this approach. After the receiver shells are
assembled, individual optics tubes can be added, repaired, or
replaced as needed without the risk of damaging other optics.
In addition, each optics tube could operate at a different set of
observing frequencies. Each tube consists of several modular
components. A 4 K shell is used to mount it onto the receiver
and to support the 4 K lens. A 1 K shell defines the Lyot stop to
control illumination of the primary mirror, terminates spillover
from the detector array, and supports the 1 K lens. The 4 K and
1 K shells can be designed with reentrant supports [e.g., 31] to
provide sufficient thermal isolation. Inside the 1 K shell there

6Silicon conductivity measurements were done at the ACT site by B. Koopman.

Fig. 7. Cross-section of a preliminary receiver design for 50
optics tubes and detector arrays. The vacuum cylinder is 2.5 m
diameter by 1.8 m long as shown in Fig. 3. A honeycomb struc-
ture is used to support the room temperature lenses that also
serve as vacuum windows. 80 K and 40 K radiation shields sur-
round the lower temperature optics tubes and support hexag-
onal infrared blocking filters to reduce the radiation load on
the 4 K stage. Each of the optics tube modules attaches to the
4 K mounting plate, enabling individual tubes to be deployed
independently. Inside each optics tube is a 1 K optics shell that
cools the Lyot stop and the final lens to minimize background
loading on the 0.1 K hexagonal detector arrays. (Receiver design
courtesy of S. W. Henderson.)

will be a thermal isolation support structure for the 0.1 K hexag-
onal detector array.

The 50 optics tubes analyzed in Fig. 6 and depicted in Fig. 7
are mechanically identical. The three silicon lenses in each tube
are plano-convex and aspheric on the convex side. To achieve
the image quality presented in Fig. 6, five different combinations
of the aspheric surfaces for the two cryogenic lenses were op-
timized, leading to a total of eleven different lens designs. In
other words, the lenses that act as vacuum windows are all iden-
tical, and there are five pairs cryogenic lens designs, while all 50
optics tubes have identical mechanical structures. Fig. 7 shows
the critical optical components of the receiver, including a hexag-
onal feedhorn array design [6]. The receiver layout is similar in
concept to the ACTPol cryostat [18] in which the optics tubes are
modular and there is space behind the optics tubes for the pulse
tubes and dilution refrigerator. The thermal connections to cool
the detector arrays and 1 K components will be made through
holes in the rear of the optics tubes. A preliminary assessment
of the tolerance requirements for the telescope, reimaging optics,
and detectors indicates similar requirements to the ACT [20].

The design presented here demonstrates the feasibility of
building a telescope and receiver to map the CMB 10⇥ faster
than upcoming observatories. More detailed collaborative sys-
tematics and engineering studies are needed before the selection
of a next generation telescope or receiver design is finalized for
a Stage IV CMB observatory.

・素子数：>105

・Siレンズを用いたoptics tubeをモジュール型に
　→広視野化にはレンズ開発とモジュール化も重要
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マイクロ波 (3 - 9GHz)

500 um金：超伝導体(Al)
黒：シリコン基板

Microwave Kinetic Inductance Detector (MKID)

✴ MKID

✴ MKIDの利点

・マイクロ波帯で動作する超伝導共振器
・入射光子によりクーパー対が解離
→ 力学インダクタンスが変化
→ 共振周波数 (f0) が変化

超伝導ギャップエネルギー以上の光子を検出

・構造がシンプルなため、高い歩留まりが期待出来る
・1つのアンプで1000素子程度を読み出せる → 他の超伝導検出器にはない特徴

入射後

Day et al., Nature, 2003

→ 2GHz / 2 MHz span ～ 1000素子程度
・ダイナミックレンジが高いためホットロードを用いて校正できる
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MKIDアレイ
 → 望遠鏡焦点面の大きさには制限があるため
　  集積度の向上が重要

Sekimoto et al., SPIE, 2014
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Fig 2.㻌 The ultra-precision cutting machine 

(a) A photograph of the ultra-precision cutting machine (Toshiba Machine ULG-300) 

(b) A photograph of the high speed spindle (Toshiba Machine ABC-20M) 

(c) A photograph when cutting the honeycomb groove 

 

 

 

エンドミルによる直接加工
(国立天文台ATC)
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Observations

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.

600素子220-GHzカメラ

~ 50 mm

レンズアレイ
(dia. 1.6 mm)

✴ レンズアレイの開発

3.5. DESIGN OF WIDE FOV CRYOGENIC OPTICS FOR ANTARCTIC 10-M TERAHERTZ TELESCOPE63

Figure 3.24: Beam patterns of the silicon lens antenna coupled MKIDs[112].

McMahon (GM) refrigerator (30 W @ 40 K, 1.5 W @ 4 K) and a dilution
refrigerator (1 mW @ 1 K, 20 µW @ 100 mK) are used. Main thermal sources
are almost the same with those in Sec.3.2.3. In addition, the stage supports
among each stage become the conductive thermal source. The supports con-
sist of GFRP and SUS pipes. A 10 layer multi-layer insulation (MLI) is set
between 300 K and 40 K shields. The MLI reduces the radiation power from
300 K shield to 1/10. A low pass metal mesh filter of 1.5 THz cut-off fre-
quency is installed at the 40 K stage (Table. 3.10). The thermal flows into
all stages are smaller than the cooling power of the refrigerators.

A loading power to one pixel at 400 GHz frequency is calculated (Table.
3.10). Three metal mesh filters are used, one low pass filter of 1.5 THz cut-
off frequency at the 40 K stage and two bandpass filters of 10% bandwidth
at the 4 and 1 K stages. ZITEX coated PTFE filter of 10 mm thickness
absorbs the incident infrared radiation. The loading power is summarized in
Fig. 3.27. The atmosphere accounts for 53% of the total loading power and
it becomes a dominant loading source. Owing to decreasing the number of
IR blocking filters and operating the filters and lenses at lower temperature,
the loading power has been significantly reduced.

Okada, M-thesis, 2015
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30 mテラヘルツ望遠鏡に向けて
✴ 30m望遠鏡に向けた電波カメラ
・10 mテラヘルツ望遠鏡の焦点面

- F/6 focus (dia. ~ 1m) 
・30 mテラヘルツ望遠鏡の焦点面

- 同じF値の場合、焦点面面積は約3 m
- 10m望遠鏡で開発したクライオスタット　
を更にモジュール化

~ 3 m

10 第 1章 観測装置

表 1.1: 南極 30mテラヘルツ望遠鏡用MKIDカメラの感度と素子数（案）
周波数 感度 [mJy] (5σrms, τ = 積分時間) 角分解能 素子数 Mapping speed
[GHz] τ = 60 s τ = 1 hour τ = 10 hours Confusion [”] N [deg2hr−1mJy−2]

230 0.67 0.087 0.027 0.19 11 4000 × 2 128 × 2
400 1.12 0.15 0.046 0.22 6.2 6300 × 2 22 × 2
650 1.68 0.22 0.069 0.052 3.8 16600 × 3 9.8 × 3
850 2.45 0.32 0.10 0.011 2.9 27000 × 2 4.4 × 2
1300 13.6 1.76 0.48 0.00035 1.9 10800 × 2 0.024 × 2
1500 46.4 6.00 1.89 0.00009 1.7 14400 × 3 0.0022 × 3

(a) (b)

図 1.2: 220GHz 600画素のMKIDカメラ [4]。超伝導共振器に平面 double slot antennaを組み合わせたものが１
画素で、それが 609画素ある。基板は Si。大きさは 50mmである。

ような光学系の設計も報告した [11]。このような NEP ∼ 10−18 W/Hz1/2 という超高感度カメラは、天体観測の
みならず、ミリ波からテラヘルツの高感度パッシブイメージングの可能性を飛躍的に広げると考えられる。また、
MKIDの技術は、超伝導フィルターと組み合わせて、イメージング分光にも拡張可能である [12, 13]。
もう一つの有望な装置して、MKIDと同様に超伝導インダクタンスの非線形性をもちいた超伝導増幅器がある。

これは光ファイバー増幅器とおなじようにトラベルウェーブ型の超伝導増幅器であり、10GHz帯で広帯域の増幅
が実現されている [14, 15]。MKID用の増幅器にはもちろん、SISミクサの初段 IF増幅器や、サブミリ波帯のRF
増幅器としても発展が期待される。
以上、MKIDの開発は、ミリ波サブミリ波に限らず、今後、テラヘルツや赤外線検出器への進展が楽しみな分

野である。

✴ オンチップ分光計（遠藤さんグループ）



まとめ
1. 南極テラヘルツ望遠鏡搭載に向けた電波カメラの開発

2.   南極30m望遠鏡に向けて
　　　　　　　　　　　

　　- 10m望遠鏡用に開発したカメラを更にモジュール化
　　
　　

- Microwave Kinetic Inductance Detector
　→アレイ化の容易さから、104 - 105素子の大規模アレイ化を実現可能

- 誘電体レンズを用いた屈折式光学系
→シリコンレンズの開発は広視野化を目指した冷却光学系で重要
　→極低温で破損しない反射防止コーティングが必須
- レンズアレイ & ホーンアレイの開発
- 野辺山45m望遠鏡搭載に向けたMKIDカメラ

- クライオスタット機械設計の工夫から更なる冷凍機の消費電力低減が必要


