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SUMMARY A precise measurement of Cosmic Microwave Back-
ground (CMB) provides us rich information about the universe. In particu-
lar, its asymmetric polarization patterns, B-modes, are smoking gun signa-
ture of inflationary universe. Magnitude of the B-modes is order of 10 nK.
Its measurement requires a high sensitive millimeter-wave telescope with a
large number of superconducting detectors on its focal plane. Microwave
Kinetic Inductance Detector (MKID) is appropriate detector for this pur-
pose. MKID camera has been developed in cooperation of National As-
tronomical Observatory of Japan (NAOJ), Institute of Physical and Chem-
ical Research (RIKEN), High Energy Accelerator Research Organization
(KEK), and Okayama University. Our developments of MKID include:
fabrication of high-quality superconducting film; optical components for a
camera use; and readout electronics. For performance evaluation of total
integrated system of our MKID camera, a calibration system was also de-
veloped. The system was incorporated in a 0.1 K dilution refrigerator with
modulated polarization source. These developed technologies are applica-
ble to other types of detectors.
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1. Introduction
1.1 Probing Inflationary Universe
The universe is supposed to begin with an enormously

high temperature and high density condition, so called “Big
Bang,” and subsequently cooled down with its expansion.
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The Big Bang cosmology was proved in 1965 by finding
of the cosmic microwave background (CMB) [1]. CMB
is a blackbody radiation with temperature of 2.7 K, which
peak frequency is millimeter wave band of ~160 GHz (1 ~
2mm). It is originated at about 380,000 years after the
Big Bang, the era of “recombination,” when the universe
was cooled down enough for photons to be decoupled from
protons/electrons and propagate freely. The temperature of
the freed photons at that time was ~3000 K. They have
been redshifted with expansion of the universe and observed
as CMB today. CMB has been observed as almost uni-
form thermal radiations from all directions. However, it has
very small temperature anisotropies of the order of 10 uK.
These anisotropies are caused by acoustic oscillations on
baryon(electron)-photon plasma media presented at the era
of recombination. A wealth of information of the universe,
such as composition of the universe, can be precisely deter-
mined by observing CMB anisotropies [2], [3].

Though CMB is originated at the era of recombination,
its polarization patterns also contain information about the
era of “inflation.” The inflation is an accelerated expansion
of space-time metric in the universe. It is considered to have
occurred at the very beginning of the universe (even before
the Big Bang!) [4], [5], with enormously large energy of
10'® GeV. It is impossible to realize such energy scale on
the earth, and the physics of inflation such as the exact en-
ergy scale or mechanism how the inflation occurred are still
ambiguous. So many inflation models have been proposed
so far (see e.g. [6] for a review). It is important to shed light
on the true nature of inflationary universe. Measurement of
CMB polarization is one of few probes which can provide
us information about the inflation. The actual observables
are anisotropy of CMB polarization, i.e., spatial correlations
in its patterns. There are two modes: “E-modes” and “B-
modes” polarization. In particular, B-modes polarization at
large angular scale (¢ <~ 100 *) are dominantly generated
by “primordial gravitational waves” which are gravitational
waves emitted during the inflation era [7]-[10]. Magnitude

*¢ = 180°/6, where 0 is an angular scale of the patterns in the
sky.
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and power spectrum of the primordial gravitational waves
highly depend on the physics of the inflation. Therefore we
can extract the information of the inflation by measuring the
B-modes polarization. However, magnitude of the B-modes
is very tiny (order of 10 nK). There has been no observation
until recently which claimed the detection of B-modes [11].

Because of this situation, several future CMB obser-
vations have been proposed. Two particular missions from
Japan, in which we are involved, are GroundBIRD [12] and
LiteBIRD [13], [14]. GroundBIRD is a ground-based tele-
scope with diameter of ~30cm, and LiteBIRD is a small
satellite mission with diameter of ~60cm. There are two
features in these missions: scanning wide range of sky; and
observing in multiple frequency bands. Both of them are
important for studying the inflation. As described above,
measurement of B-modes polarization at large angular scale
is crucial, and it requires scanning wide range of sky by a
telescope. GroundBIRD employs high-speed rotation scan
with 20 rotation per minute (rpm). This high-speed scan
method enables us to see 30% of sky (6 < £ < 300), which
is about 10 times larger than typical values of other ground-
based observations. LiteBIRD is dedicated to observe CMB
polarization only at large angular scale (¢ < 600) by full
sky survey. The target launch date is in early 2020s. This
quite ambitions schedule is possible because of its compact
design.

Observation in multiple frequency bands is also nec-
essary in order to separate contaminating foreground emis-
sions (e.g. synchrotron radiation and dust emission) from
CMB [15]. The observing frequency bands of GroundBIRD
is 150 and 220 GHz. On the other hand, LiteBIRD will ob-
serve 5 or 6 frequency bands over the frequency range of
50-320 GHz.

In the aspect of detector part, both of GroundBIRD
and LiteBIRD need highly sensitive millimeter-wave cam-
era. The camera mainly consists of two parts: sensor array
to detect photons; and optical components, such as lens and
antenna, to couple incoming photons to the sensors. Each
sensor of the camera must be sensitive enough to reach pho-
ton noise limit’, and optical components should have high
coupling efficiency. It is also required to have 1000-10000
sensors to collect high statistics of photons. The candidate
of such millimeter-wave camera is a superconducting detec-
tor such as Transition Edge Sensor (TES) [16] or Microwave
Kinetic Inductance Detector (MKID) [17], [18]. In this pa-
per, we describe the status of MKID development for CMB
observations in Japan.

1.2 MKID
MKID is a planar resonator line patterned on superconduct-

ing film. It is capacitively coupled to a signal line for readout
(Fig. 1 (a)). The resonance frequency (or readout frequency)

"Typical noise equivalent power (NEP) of photon noise are
~10~'® W/ vHz at ground and ~107'® W/ VHz at space. Note that
it depends on both observing frequency and loading power to a
Sensor.
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Fig.1 (a) A photograph of 1/4 MKID overlaid by equivalent circuit.
MEKID detects incident photon through the change of surface impedance of
superconducting film. (b) The distributed voltage and current in a resonator
line of A1/4 MKID. The current is maximum at the shorted end (opposite
side of coupler to signal line), and hence the sensitivity is maximum at the
point. (c) The magnitude (upper panel) and trajectory in complex plane
(lower panel) of S7; parameter through a MKID. Black solid lines show in
the dark environment, and green dot-lines indicate with photon incidence.
In practice, the power of incident photons can be measured by monitoring
amplitude (A) and phase (6) of MKID’s resonance circle.

is usually designed in microwave region of 2—8 GHz where
very low-noise high electron mobility transistor (HEMT)
amplifier can be used for readout. There are typically two
types of MKID: having length of 1/4, or 1/2 of readout mi-
crowave. The main difference is the current distribution in a
resonator line. In case of 1/4 MKID, coupler to a signal line
is open end, whereas it is shorted at the opposite side. There-
fore the current density is maximum at the shorted end, and
the sensitivity to incident photons is also maximum there
(see Fig. 1(a) and (b)). On the other hand, the current den-
sity and the sensitivity of 4/2 MKID are maximum at the
center of a resonator line since both ends are open in this
case. Because of the ease of fabrication, coplanar wave
guide (CPW) transmission line is a commonly used tech-
nology to implement MKID on film. Figure 1(a) and (c)
shows how a MKID detects incoming photons. The readout
scheme is very simple: measuring transmission power of
microwave (S,;) through a signal line to obtain resonance
frequencies (f;) and quality factors (Q) of MKIDs. When
photons incident to a MKID break cooper-pairs in super-
conductor, the f, and Q of the MKID change as surface
impedance (Z;) of the film changes. The power of the in-
cident photons can be measured by monitoring the changes
of f. and Q. For practical measurement, the resonance fea-
ture of S, is a circular trajectory on a complex plane, and
the changes of the f, and Q correspond to the changes in
phase (66) and amplitude (0A) with respect to the center of
the resonance circle, respectively (see Fig. 1(c)). In the as-
pect of responsivity, phase readout is about 2 times larger
than the amplitude readout [19], however large excess noise
is present in phase direction and it reduces the sensitivity of
phase readout [20].
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Since MKID is a direct photon detector sensing cooper-
pair breaking, it can only detect photons with energy larger
than the gap energy of superconductor (2A), which is deter-
mined by the film material. For example, 2A of aluminium
(Al) is about 0.36 meV and it corresponds to radiation of
~90 GHz. Therefore, MKID made of Al can detect any fre-
quency higher than 90 GHz, and is adequate for CMB ob-
servation.

One of the most remarkable characteristics of MKID
is its scalability. MKIDs can be multiplexed in frequency
space (frequency division multiplex: FDMUX) as f, of each
MKID can be controlled by changing the length of resonator
line. FDMUX enables us to readout 100-1000 MKIDs with
a single signal line, and it leads us to realize a large-format
(more than 10000-pixel) camera with MKIDs using only
small number of signal lines. Furthermore, MKID does not
require any bias lines. These features are advantages over
other large-format superconducting cameras, such as TES,
in the aspect of reducing thermal flow to the coldest stage
of cryostat and keeping the temperature of the coldest stage
as low as possible to keep high sensitivity of superconduct-
ing detector. Because of its simple structure of MKID, the
fabrication process is rather simpler and one can easily earn
high yield rate (more than 95%). This characteristics is also
an advantage of MKID.

Taking into account these advantages, MKID cam-
era for cosmological observations has been developed
in cooperation of National Astronomical Observatory of
Japan (NAQJ), Institute of Physical and Chemical research
(RIKEN), High Energy Accelerator Research Organization
(KEK), and Okayama University.

2. Development of MKID Camera

In order to develop highly sensitive MKID camera, several
elemental technologies have been developed. These tech-
nologies include: fabrication of high-quality Al film with
Molecular Beam Epitaxy (MBE) system; development of
optical components for a camera use; and development of
readout circuit. The details of each development stage are
described in the following subsections.

2.1 Fabrication of High-quality Film with MBE System

MKID senses the number of quasi-particles (or electrons)
generated when incident photons break cooper-pairs in a
superconducting film. Therefore, the fundamental noise of
MKID is limited by the fluctuation in the number of quasi-
particles. This noise is so called generation-recombination
(G-R) noise, and corresponding NEP is written as [21]:

2A [N,

NEPg_p = — (D
n

Tap

where 7 is conversion efficiency of incident photon energy
into quasi-particles [22], Ny, is number of quasi-particles,
and 7,4, is recombination time of quasi-particles. It can be
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noted that reducing N, and extending 7, leads to lower the
NEPg_g and increase the sensitivity of MKID. Whereas N,
is predominantly determined by material of superconducting
film, recombination time varies with the film quality such as
defects or impurities in the film [23], [24].

In order to reduce defects in film, we successfully fab-
ricated epitaxially-formed Al film using MBE system [25].
The Al film was deposited on a high resistivity (> 15 kQcm)
Si (111) wafer in an ultra-high vacuum (UHV) chamber with
pressure less than 2 x 1077 Pa. The purity of target Al
was 5 Nine. During the deposition, the film-growth rate
was about 0.2-0.8 A/s. Before the deposition, Si wafer was
immersed in HF solution for cleaning of the surface. It is
also annealed at 650° Celsius in UHV chamber to recon-
struct crystal lattice structure. This step was to reduce ten-
sion of interval difference of the crystalline lattice between
Si and Al. The epitaxy of the Al film was confirmed by
in-situ reflective high-energy electron diffraction (RHEED)
and X-ray diffraction (XRD) measurements. The Residual-
resistivity ratio (RRR) of fabricated Al film was about 18.
This value is larger than the RRR of Al films fabricated in
different ways, such as sputtering or electron beam depo-
sition, showing the high-quality of the epitaxially-formed
Al film. For instance, the RRR value of electron beam de-
posited Al film was measured to be about 10 at the highest
[25].

The performance of the MKID made of the high-
quality film was measured with cooling MKID down to
0.1 K by a dilution refrigerator. Figure 2 shows measured
7,p and electrical NEP as a function of temperature mea-
sured in dark environment [25]. 7,, was measured from the
responses in phase of MKID against LED pulses. The elec-
trical NEP of MKID using phase or amplitude readout is
calculated by [26]:

T -1
NEP = /Sy (%5(15\3;) \/(1 rw2 )1+ w2) (2)
where X represents readout variable of phase (6) or am-
plitude (A), Sx shows noise power spectral density of
phase/amplitude readout, and 7,.; = Q/(xf,) is resonator
ring time. 6X/0N,, denotes responsivity and is calculated
as 0X/6N,, = —2aQk/V, where a is the fraction of ki-
netic inductance over total inductance, and V is the vol-
ume of resonator. k = 00;/(020n,,) (i = 1 for ampli-
tude readout, 2 for phase readout) can be evaluated based
on Mattis-Bardeen theory, with o = o — io, representing
complex conductivity of superconductor [19]. As a result,
the maximum 7, of about 450 usec with quality factor, Q,
of 2 x 10° was obtained, and very low electrical NEP of
about 6 x 1078 W/ vHz was achieved in amplitude readout
with the MKID made of the high-quality Al film. Though
we have demonstrated very high sensitivity of MKID, it has
been proved that lower NEP can be achieved with MKID
[27]. The current sensitivity seems to be limited by stray
lights [28] in our measurement system, and therefore, im-
provement of readout system is underway to achieve lower
NEP.
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Fig.2  Measured 7,4, (blue open circles) and electrical NEP (red filled
circles) of a MKID made of epitaxially-formed Al film as function of tem-
perature. The thoretical curve of 7,4, [29] is also shown as dot-line.

There are some remarks relating to Fig. 2. Whereas
theoretical calculation shows exponential increase of 7, by
lowering temperature as 7,, o /%7 [29] (dashed line in
Fig. 2), there is a saturation of 7, below 230 mK (~ 7./5
with T, representing critical temperature of superconduc-
tor). This characteristic is quite universal for MKID made of
any material, and there are several models trying to explain
it [20], [24], [30]. Although the saturation limits the sen-
sitivity of MKID, it can reach the fundamental noise limit
even with the saturation [21], [31]. Therefore, the require-
ment for the operation temperature of MKID is slightly mit-
igated by virtue of the saturation, because lowering the op-
eration temperature below 7,./5 does not improve the MKID
sensitivity.

2.2 Development of Optical Components for MKID Cam-
era

A millimeter-wave camera mainly consists of two parts:
sensor array to detect photons, and optical components
(lens, antenna) to couple incoming photons to the sensors.
In the previous section, we described about development of
sensors. Here, we focused on the development of optical
components of MKID camera. We adopted lens-antenna
coupled system with 4/4 MKID as a sensor. Base de-
signs of antenna and lenslet are single-polarization sensitive
double-slot antenna and extended hemispherical lenslet, re-
spectively (see Fig. 3(a)). As the most sensitive part of a
A/4 MKID is the shorted end of a resonator, the feed point
of a double-slot antenna is patterned there for effective ab-
sorption of incoming photons. Incident photons are focused
onto the antenna feed point by the lenslets, which are put
on MKIDs’ wafer. The lenslets, made of Si, are directly
machined by high-speed spindle at mechanical engineering
(ME) shop of NAQOJ [32]. If each lenslet is fabricated sep-
arately, it needs additional efforts to mount them on corre-
sponding MKIDs one by one with careful alignment. To
avoid such efforts, all lenslets are machined from single
polycrystal Si bulk, consisting lens array. The geometri-
cal parameters of the antenna and lens array were optimized
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Fig.3  (a) Schematic drawing of optics for MKID camera developed at
NAOIJ. Incident lights are focused on a double slot antenna, which is pat-
terned at the most sensitive part of a MKID, by extended semispherical Si
lens. (b) Measured (open points) and simulated (colored filled points) beam
patterns of MKID. They are in good agreement down to —15 dB level.

with 3D elecrtomagnetic field simulator, HFSS, in the fol-
lowing two steps. Firstly, S, parameter of the antenna was
calculated to adjust the antenna design for a target frequency
and bandwidth. Then, the beam pattern of the lens-antenna
system was calculated to tune the design parameters of lens
array in terms of beam symmetry, side-lobe levels, and cross
polarization.

Anti-reflection (AR) coating for Si lens array was also
an important topic for development. By mixing two kinds of
epoxies, Stycast 1266 with n ~ 1.68 and Stycast 2850FTJ
with n ~ 2.2, we made an AR coating material with desired
refractive index (n = +/ng; ~ 1.84) [33]. The material was
applied on the Si lens array and then machined along the sur-
face of lens array in the desired thickness by the foremen-
tioned high-speed spindle machine. Figure 4 shows 600-
pixel MKIDs and Si lens array we have developed, in which
lenses are allocated in closed-packed lattices. The target fre-
quency of the camera is 220 GHz with bandwidth of 15%.
The diameter of each lens is ~1.64 mm, and the thickness
of AR coating is about 185 um for this band. About 95%
transmittance was achieved with the AR coating [34].

Beam measurement of the designed optical system
with Al MKIDs was carried out with an 0.3 K 3He sorp-
tion cooler to evaluate its performance [32]. Figure 3(b)
displays the measured beam pattern together with the sim-
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Fig.4  (a) Photographs of 600-pixel MKIDs. (b) A photograph of Si lens
array for 600-pixel MKIDs. Anti-reflection (AR) coating is applied to the
lens array. The diameters of alignment holes are 160 um and 270 um on
MKID substrate and lens array, respectively. By matching the center of
holes on MKID substrate and lens array, alignment accuracy of ~20um
can be achived.

ulation result. It shows good agreement between data and
simulation down to —15 dB level. In order to check the per-
formance of the MKID camera even for lower level of side-
lobes, wider dynamic range is necessary. It can be achieved
with lowering the MKID temperature, so that we designed
wide field-of-view (FoV) cryogenic optical system which
can be installed to our 0.1 K dilution refrigerator [35]. Note
that this cryogenic optics were designed so that it can also
be installed to existing radio telescopes, such as Nobeyama
45 m telescope, for astronomical observations.

2.3 Development of Readout Electronics

The simplest way to readout MKIDs is using Vector Net-
work Analyzer (VNA) or homodyne detection with ana-
log 1Q down-converter which only reads single-tone (fre-
quency) signal at a time, and covers wide frequency band
by sweeping the tone frequency. However, this scheme is
hardly scalable, and does not match to the requirement of
fast mapping of sky'. This also does not fully take advan-
tage of FDMUX capability of MKIDs as it cannot read out
multiple frequencies simultaneously.

Figure 5 shows the brief schematic of readout system
to fully utilize FDMUX of MKIDs. It needs an electronics
which can generate and readout multiple frequency tones si-
multaneously. There are two typical solutions for this: dig-
ital Fast Fourier Transformation Spectrometer (FFTS) [36]
and channelized digital down conversion (DDC) technique

"For example, scan speed of GroundBIRD is 20 rpm = 120°/s.
As FoV of GroundBIRD at 150 GHz is about 0.5°, the rate to see
one sight is 120/0.5 = 240 Hz. Because it needs to readout about
1000 MKIDs per one sight, the readout speed of 240 kHz is the
minimum requirement if reading out MKIDs one by one.
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Fig.5  Brief schematic of readout system to fully utilize FDMUX of
MKIDs. Readout electronics output and readout multiple frequency tones
simultaneously. In a practical readout system, several warm amplifiers, fil-
ters, isolators, and attenuators are placed, but not displayed here for clarity.

[37], [38]. Each has an advantage over the other. Digital
FFTS can read out 1000s of frequency tones simultaneously
whereas it is about 100s at the most for DDC technique.
This is because DDC occupies more resources of Field Pro-
grammable Gate Array (FPGA) equipped to the electronics.
On the other hand, DDC readout can tune each frequency of
tones more freely than digital FFTS in which the interval of
frequency tones are stepwise.

We developed an FFTS readout electronics with Ana-
log to Digital Conveter (ADC) and Digital to Analog
Converter (DAC) of 1 Gsps (sample per second) rate and
270 MHz bandwidth for MKID readout systems. It can si-
multaneously generate and readout up to 4096 frequency
tones with ~61 kHz spacing. The DAC generates a set
of frequency tones between 61 kHz—270 MHz from wave
form data pre-programmed to memory inside the equipped
FPGA. At the readout side, signals are digitized by the ADC
and processed at a complex FFT module implemented in the
FPGA. The processed data in the FPGA are then stored to
hard disk by direct memory access (DMA) with the maxi-
mum rate of 70 MB/s. Both information of amplitude and
phase of S,; can be obtained with this readout system by
virtue of the implemented complex FFT. As the possible fre-
quency spacing of MKID is about 1 MHz, 270 MKIDs can
be ideally readout simultaneously with the developed FFTS
readout. Note that we can also obtain the noise of whole
measurement system except for MKID as a reference with
this circuit by reading out blind frequency tones, which do
not match to any resonance frequencies of MKIDs [39]. The
number of possibly readout MKIDs is easily scalable by ex-
tending the bandwidth of DAC and ADC used in the system.

Figure 6 shows results of noise measurement of a
MKID with the developed FFTS readout circuit [40]. The
measured MKID was 1/4 resonator made of Al on Si wafer
fabricated with MBE system, and cooled down to 0.1 K
by dilution refrigerator’™. The noise was measured in the
dark environment. For a comparison, noise measurement
was also carried out by combination of analog IQ down-
converter and a digitizer (NI PXI-5922), which is also plot-

""These conditions are same as the experimental conditions de-
scribed in Sec. 2.1.
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Fig.6  (a) The magnitude of S, parameter of a MKID measured with
analog IQ scheme (black dot-line) and FFTS circuit (red filled points). (b)
The noise power spectrum densities (PSDs) of a MKID measured with ana-
log IQ scheme (black dot-line) and FFTS circuit (red filled points) at read-
out power of —100dBm and temperature of 115 mK. Both noise PSDs of
amplitude and phase readout are shown. The noise on phase readout is
larger than amplitude readout due to so-called “Two Level System” (TLS)
noise [20]. The noise floor of amplitude readout is limited by HEMT am-
plifier noise. The figure shows consistent noise level between analog 1Q
scheme and FFTS circuit.

ted in Fig. 6. It is noticed from the figure that the developed
FFTS circuit does not add any additional noise to the MKID
readout system as the noise measured using FFTS system is
equivalent to the noise measured using the anaolg IQ read-
out scheme.

We also developed MKID readout system with DDC
technique [41] with support from Open-It project of KEK.
The readout electronics consists of an evaluation kit of
FPGA (KC705, Xilinx Inc., USA), a digital signal processor
(DSP) board (FMC150, 4DSP LLC™, USA), and a signal
generator (LMS-802, Vaunix Technology Co., USA). The
FPGA and the signal generator are operated by a computer.
The DSP board, which is connected to the FPGA, has a 2-
ch DAC, 2-ch ADC and clock chip (Table 1). The DAC
generates up to 32 frequency tones simultaneously. The fre-
quencies of them can be selected in multiples of 12.288 kHz
between 3-82MHz by the computer control. The tones
are up-converted using the signal generator, and provided
to MKIDs. The return signals are digitized by the ADC
after down-converting. It is demodulated by each tone in
FPGA. The processed data (12.288 ksps) was transferred to
the computer using Ethernet connection by SiTCP [42].

As a demonstration, we measured a MKID response
using the DDC readout circuit. The MKID is cooled down
to 0.25 K by a sorption cooler in the dark environment. Fig-
ure 7 shows results of the response.

3. Calibration of Optical Responsivity

For the precise CMB polarization observation experiment,
the calibration of the detector in the realistic environment at
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Table 1
board.

List of integrated circuit chips equipped on the DSP daughter

DAC DAC3283
ADC AD62P249
Clock CDCE72010

2 channels, 16 bit, up to 800 Msps
2 channels, 14 bit, up to 250 Msps
491.52 MHz (for DAC)
245.76 MHz (for ADC)

response with varing feed frequency
response with fixed feed frequency at resonance peak
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Fig.7  Response of MKID in /Q-plane, where / and Q correspond to
Real(S21) and Imag(S21) in Fig. 1, respectively. Cross markers show aver-
ages in 0.7 sec at each frequency. Circle markers show the response with
fixed feed frequency at the resonance peak for 100 sec. Each point is an
average of 1000 samples. MKID should have responce for the variation
of magnetic fields. Variation of the plots comes from the magnetic fields’s
modulation.

a laboratory is crucial. To realize such environment, we have
developed a calibration system with the modulated polariza-
tion source in a dilution cryostat whose minimum tempera-
ture reaches down to 100 mK. Figure 8 shows the schematic
of the constructed calibration system named “Polarization
Signal Simulator” [43]. It consists of a rotational metal-
lic mirror at 115 K and the blackbody emitter at 4.5 K in
the cryostat. The mirror emits a polarization signal, and
is mounted so as to be inclined at 45° to the line of sight
to the detector (Fig. 9). In this configuration, the mirror
causes weak polarized light because of the difference of the
emissivity of the p-polarized and s-polarized lights to the
detector. The blackbody emitters are mounted on the in-
ner side of the 4.5 K thermal shield. The emitter consists
of 616 pyramid-shaped grooves so as to achieve the black-
body radiation (Fig. 10). Each groove is fabricated by using
an Al core on which the radio absorber, Eccosorb CR-1128,
is casted. Eccosorb CR-1128 is an iron-loaded epoxy from
Emerson & Cuming Microwave Products, Inc. Each groove
has the square base of 64 mm? and height of 18 mm. PTFE
and nylon 6/6 thermal filters are inserted between the mirror
and the detector to reduce the blackbody component above
~500 GHz [44], [45]. The transmission efficiency of the fil-
ters were 0.8 in total at 220 GHz.

The generated polarization signal consists of the emis-
sion from the mirror surface at 115 K and the reflection of
the blackbody emission from the pyramid-shaped grooves at
4.5 K. The magnitude of the p-polarization power expressed
in temperature is calculated by

P=2 Vrvpeg tan B(Tmirror — Tob)- 3)
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Fig.8  Schematic of Polarization Signal Simulator.

Fig.9  Photograph of the polarization mirror made by SUS-316L.

Fig.10  The left picture shows the blackbody emitter inside the 4.5 K
thermal shield. 616 pyramid-shaped grooves are mounted on the inner wall
of the shield. The vacant area on the inner wall is covered by the flat Ec-
cosorb. The right picture shows the cap of the 4K shield. The inner wall is
also coverd by the flat Eccosorb.

where v, p, § and g are the observed frequency, the resis-
tivity of the rotation mirror, the inclination angle of the mir-
ror and the vacuum permittivity, respectively, and Tpirror and
Ty are the temperatures of the rotation mirror and the black-
body grooves. Here, the net intensity of the polarization is
proportional to Tiror — Thp because the net polarization of
both components is perpendicular to each other. The cal-
culated power in temperature as a function of frequency is
shown in Fig. 11 for the SUS-316L and Al, respectively.
We have performed the evaluation of the polarization
sensitivity of an Al 3 x 3 MKIDs by using this simulator.
The MKIDs were fabricated by using an Al film deposited
by MBE system (see Sec. 2.1). The planar antennas coupled
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Fig.11  Polarization intensity in temperature of the aluminum and SUS-
316L mirrors.

to MKIDs were optimized for 220 GHz with bandwidth of
15%. Si lens array was set on the back side of the MKIDs
as described in Sec. 2.2. The observed quality factors (Q)
ranged from Q = (1.9 — 8.2) x 10* which were a few
times lower than without the simulator due to higher loading
power. The real-time signal readout was performed by us-
ing the DDC readout system described in Sec 2.3 by which
both the amplitude and phase signals were observed for each
MKID.

The noise equivalent temperature (NET) is expressed
by

NET = (1/V2) x P x So/Aq (4)

where P is the input power in temperature at 220 GHz, Sy
is the noise spectrum in phase, and Ay is the amplitude of
the modulated intensity of the polarized phase signal along
with the mirror rotation. This expression means that NET
can be directly derived by the input power in temperature di-
vided by the measured signal-to-noise ratio (Ag/Sy). These
derived NET values are independent of the detector param-
eters such as the quality factor, Q, and the recombination
time, 7, as well as the optical setup at the 100 mK stage.

In this evaluation, the power of 400 mK was derived
from Fig. 11 at 220 GHz, and the transmittance of the ther-
mal filter of 0.8 at 220 GHz was used. Then, P was esti-
mated to be 320 mK. Ay was derived by using the modula-
tion signal amplitude of the phase with the mirror rotation.
The example of the actual observed signal was shown in
Fig. 12. In all nine signals, two component modulated with
rotation were observed. One component (shown as “1{”)
has modulated at the rotation frequency, f, and another one
(shown as “2f”) at the twice of the rotation frequency. We
have confirmed that the most of the modulation in the 2f
signal was due to the polarization rotation because the mod-
ulation phase relative to the 1f signal has the /2 difference
for the antennas with the || and = polarization directions.
The evaluated NET values are summarized in Table 2. The
values range in 190-750 uK +/s at the sampling frequency of
100 Hz [45]. These values are comparable to the values in
the BICEP2 experiment (300 uK +/s) which is the best po-
larization sensitivity reported so far [11].
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Fig.12  Example of the obtained phase signal. Red line shows the total
obtained component. Green and blue lines indicate the components mod-
ulated with the rotation frequency and the twice frequency of the mirror,
respectively.

Table2  The derived NET and optical NEP of MKIDs.

No. ‘ Antenna direction ~ NET [uK+/s]  Optical NEP [W/ \/E]
A I 270 1.6 x 1071¢

B = 310 1.8 x 10710

C = 370 2.1x 10716

D II 310 1.8 x 10716

E I 190 1.1 x 10716

F = 550 32x 10716

G = 750 4.4 % 10716

H II 750 4.4 % 10710

I [ 460 2.7 x 1071°

The obtained NET values can be translated into the op-
tical NEP assuming the band width, dv, of the detectors by
using the formula:

NEP = 2kgdv x NET. 5)

From this formula, optical NEP values are also estimated
as shown in Table 2 which range from (1.1 — 4.4) X
10716 W/ VHz [45]. Since the optical loading in this ex-
perimental setup was ~100 pW, the results showed that our
MKID camera almost reached the photon noise level at that
loading power [46]. These optical NE Ps are sufficiently low
for a ground-based CMB observation. However, it is still not
enough for a satellite mission. The next step of our devel-
opment is to improve the performance of MKID camera for
use in a space-based CMB observation.

4. Conclusion

MKID is a highly sensitive superconducting detector, of
which potential is currently well-recognized and the devel-
opment is actively proceeded all over the world. MKID
camera for cosmological observations has been developed
in cooperation of NAOJ, RIKEN, KEK, and Okayama Uni-
versity. The developments include several elemental tech-
nologies: fabrication of high-quality film; optical compo-
nents for a camera use; high-speed and wide-band readout
circuit using frequency tones; and calibration system incor-
porated in a cooling system. These technologies are also

IEICE TRANS. ELECTRON., VOL.E98-C, NO.3 MARCH 2015

common for general superconducting camera. We believe
that our developments not only contribute to future cosmo-
logical observations, but also lead to the further progress in
the development of superconducting detectors.
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