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超伝導Cooper pair-breaking検出器
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• SIS : Superconductor - Insulator - Superconductor 

• STJ : Superconductive Tunnelling Junction 

• SIS = STJ 準粒子生成によって生じる電流を読み出す。 

• MKID : Microwave Kinetic Inductance Detector 

• 準粒子生成によって生じるインダクタンスの変化を読み出す。 

• TES : Transition Edge Sensorは、温度を計測するbolometer
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ALMA Band 4 (125 – 163 GHz)  
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ALMA Band 10 (787 – 950 GHz)
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近赤外線超伝導検出器
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• Band gapが小さい 2∆ ~ 1 meV 
• 分光が可能 

• 配線層 = 超伝導線路 
• 量子効率を高くできる 

• 大面積•多ピクセルは難しい
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ARCONS: B. Mazin + 2013 PASP 125, 12
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Figure 3. Left: A microscope image of a portion of the 2024
pixel MKID array used at the Palomar 200” telescope. A microlens
focuses the light on to the 40⇥40 µm inductor. Various features of
interest are labeled. Right: A zoomed in view of the array in the
left panel.

Figure 4. The optical layout of ARCONS. Light enters ARCONS
at the left side of the figure, and is absorbed in the MKID array
on the right side of the figure.

reducing usable pixels, as discussed in Section 7.1. After
cutting out collisions and pixels with especially high or
low quality factor, we usually have ⇠70% of our pixels
usable. A more uniform film, such as the ones made at
NIST with Ti/TiN multilayers (Vissers et al. 2012) or
with atomic layer deposition (ALD), could significantly
reduce the number of collisions, dramatically improving
yield.
Even with the current moderate spectral resolution and

yield, these arrays are some of the most powerful tools
for narrow field of view astrophysics ever developed.

3. OPTICAL DESIGN

An optical system, shown in Figure 4, has been de-
signed with Zemax to couple ARCONS with the f/30
beam at the Palomar 200” Coudé focus. A very similar
system (using just a di↵erent dewar entrance lens) is used
to couple to the Lick 3-m Coudé focus. This focus is sta-
tionary, which makes interfacing with the cryostat (and
its compressor) significantly easier, and the time reso-
lution of the MKIDs means that rotation of the image
plane over time can be easily removed.
The optical path is as follows: light bounces o↵ the pri-

mary and secondary, then o↵ the Coudé M3 that directs
light down the polar axis of the equatorial mount. Once
in the Coudé antechamber, a 100 mm diameter picko↵
mirror (M4) sends the light towards the dewar entrance
window. Before the dewar entrance, two picko↵ mirrors
form a ⇠25 arcsecond wide slit and direct the rest of
the field of view towards the guide camera’s reimaging
optics. Immediately in front of the entrance window is
a commercial Thor Labs 1” filter wheel, which can hold

up to 6 filters for calibration. Observing with ARCONS
is typically done at a filter wheel position that does not
contain a filter.
The dewar entrance window is an achromatic doublet

which collimates the light. All the powered optics have a
Edmund Optics VIS-NIR anti-reflection coating (reflec-
tion <1% per surface between 4000-10000 Å) except the
BK7 meniscus lens (Surface 11 and 12 in Table 1) which
is uncoated. The light then passes through the dewar’s
77 K shield though a ba✏e, and encounters the dewar’s
4 K radiation shield. At the 4 K radiation shield an
Asahi SuperCold filter1 is placed to set the red edge of
ARCONS’s wavelength sensitivity. This was set conser-
vatively at 1.1 µm in order to reduce sky count rates,
but in subsequent runs we will attempt to extend the
wavelength coverage out through J band to 1.35 µm.
There is a pupil image at 4 K suitable for placing a

cold 2.1 mm diameter Lyot stop, but this turned out not
to be necessary because the glass in the optics at 4 K
blocks out enough of the 300 K thermal blackbody radi-
ation to keep the 100 mK stage from warming up. The
SuperCold filter does e↵ectively function as a cold Lyot
stop with a diameter of 12 mm. There are two achro-
matic doublets at 4 K to decollimate the beam and set
the plate scale, but these achromats are physically sep-
arated to eliminate any potential issues with di↵erential
thermal contraction between the di↵erent glasses. After
the final 4 K optic, the light reaches the 100 mK stage.
Here the 4 K blackbody radiation is blocked out with a
thin piece of borosilicate glass coated in Indium Tin Ox-
ide (ITO), a transparent conductor. The glass absorbs
infrared up to roughly 400 µm, and the ITO reflects a
substantial portion of the longer wavelength radiation.
Finally, a square microlens with a 0.92 mm focal length
and a 92% optical fill factor focuses the light on the sen-
sitive MKID inductor. The optical prescription is shown
in tabular form in Table 1.
The resulting spot diagram can be seen in Figure 5.

The simulation includes the microlens array in front of
the detector. The MKIDs pixel pitch of 222 µm means
that the optical system does not need high magnification,
simplifying the system. The system is designed to have
0.45” pixels on the sky. The clear aperture of the optical
system was designed to allow an unvignetted field of view
of 20⇥ 20 arcseconds.
This optical system was over-designed with every pre-

caution possible to block out thermal blackbody radi-
ation, which did not turn out to be required. Future
MKID cameras will likely completely eliminate the pow-
ered cold optics in favor of much simpler optical systems,
including just warm optics to adjust the plate scale, a flat
dewar window, a 4 K BK7 flat window, and a 100 mK
ITO on BK7 IR blocker.

4. INSTRUMENT ASSEMBLY AND MOUNTING

4.1. Cryogenics

ARCONS is built around an adiabatic demagnetization
refrigerator (ADR) made by Janis Research. The system
contains a Cryomech PT-405 two stage pulse tube cooler.
The first stage of the pulse tube cools the outer radiation
shield to 50–70 K, while the second stage cools the ADR

1 http://www.asahi-spectra.com/opticalfilters
/detail.asp?key=YSC1100
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light down the polar axis of the equatorial mount. Once
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A microlens focuses the light on to the 40×40 μm inductor. The MKIDs in ARCONS absorb light directly 
in theTiN film that comprises the inductor. This TiN has an intrinsic absorption of roughly 70% at 400 
nm, and 30% at 1 µm. 2024 (44×46) pixel array. Tc is about 800 mK. The surface inductance is a high 
25 pH/square.  222×222 µm square. The quasiparticle lifetime in our TiN films is 50–100 µs. a 
maximum count rate of approximately 2500 cts/pixel/second.
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7.3. Sensitivity

The MKIDs in ARCONS absorb light directly in the
TiN film that comprises the inductor. This TiN has an
intrinsic absorption of roughly 70% at 4000 Å, and 30%
at 1 µm. The total system throughput is reduced by the
cumulative e↵ect of all the intervening optical materi-
als and surfaces; the atmosphere, the telescope M1–M4
mirrors (the Coudé M3 at Palomar was degraded due to
> 10 years since realuminization), the collimating lens,
the Asahi Supercold Filter at 4 K, the 4 optical elements
at 4K, the 100 mK glass with ITO filter, and the mi-
crolens fill factor and alignment with the inductors. A
model of this entire system, based on a simple atmo-
spheric model, clean Al reflectivity (normalized to 86%
at 670 nm), manufacturer’s specs for glasses, AR coat-
ings, and the Supercold Filter, and measurements of the
absorptivity of raw TiN films, is shown as a red solid line
in Figure 12. The e�ciency of just ARCONS, neglecting
the atmosphere and telescope, is shown as the red dashed
line.
The theoretical model of ARCONS can be directly

compared with laboratory measurements of ARCONS’s
QE. These tests were done with a QE testbed consisting
of a monochromater and light source, integrating sphere,
and a rotatable fold mirror to direct the beam to a cali-
brated photodiode or to the ARCONS optical input. The
results of these lab tests are shown as a black dashed
line in Figure 12. The roughly factor of two discrep-
ancy between the theoretical model and the laboratory
measurements is primarily due to a known misalignment
of the microlens height above the focal plane, increasing
the spot size on the focal plane so it is larger than the
inductor, especially at red wavelengths.
The actual system throughput is calculated by doing

photometry on a standard star and comparing our re-
sults to the object’s known spectrum, shown as the solid
black line in Figure 12. This curve is about a factor
of two below the laboratory QE measurements modified
by the expected atmospheric transmission and telescope
throughout. The cause of this discrepancy is unknown,
but could include the unknown reflectivity of the Coudé
M3 flat or angular misalignment of ARCONS with re-
spect to the telescope input.
The MKIDs used is ARCONS have inductors with a

preferred orientation of the wires, which could potentially
lead to a quantum e�ciency that depends on polariza-
tion angle. Lab measurements were performed on AR-
CONS to check whether the MKID arrays exhibited any
response to linearly polarized light at di↵erent angles.
No polarization response was seen to the 5% level.
By going to Cassegrain focus, improving our anti-

reflection coatings, aligning the microlens well, and sim-
plifying our optics we should be able to boost our total
system throughput in future MKID cameras by a fac-
tor of 10. Using MKIDs with black absorbers could
eventually yield instruments with total system e�cien-
cies greater than 60%.

7.4. Linearity

The 100 µs dead time associated with triggering (Sec-
tion 5) causes some pulses to be missed at high count
rates, as shown in Figure 13. This e↵ect can be cor-
rected for analytically by calculating the number of pho-
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Figure 12. The system throughput of ARCONS.

Figure 13. The linearity and spectral resolution vs. count rate of
the MKID array in ARCONS measured in the lab. The measured
count rate is the count rate actually recorded by the MKID, and
the scaled input count rate is the count rate we expect to measure
based on the measured flux in a calibrated photodiode.

tons that are expected to arrive within a dead time in-
terval and hence not be counted, R

c

= R

m

/(1 � R

m

d),
where R

c

is the corrected count rate, R
m

is the measured
count rate, and d is the dead time, as shown in as a green
line in Figure 13. The slightly longer e↵ective dead time
of 120 µs used in Figure 13 results from the interaction
of the firmware dead time and the pulse optimal filters.
The firmware of ARCONS is currently being rewritten to
remove the dead time and better handle closely spaced
photons, which should significantly improve the linearity
and spectral resolution at high count rates.

7.5. Imaging and Spectrophotometry

Imaging and spectroscopic performance of ARCONS
is consistent with expectations from the beam map and
spectral resolution data. The plate scale was measured
to be 0.435”/pixel, matching well with our Zemax de-
sign. During the run we experienced one night with see-
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Figure 1. Left: The basic operation of an MKID, reprinted from (Day et al. 2003). (a) An energy level diagram showing the number of
states Ns(E) of a superconductor with gap �. Photons with energy h⌫ are absorbed in a superconducting film, breaking Cooper pairs C,
and producing a number of excitations called quasiparticles. (b) To sensitively measure these quasiparticles, the film is placed in a high
frequency planar resonant circuit. In right panels the amplitude (c) and phase (d) response of a microwave excitation signal sent through
the resonator as a function of frequency is shown. The change in the surface impedance of the film following a photon absorption event
pushes the resonance to lower frequency and changes its amplitude. If the detector (resonator) is excited with a constant on-resonance
microwave signal, the energy of the absorbed photon can be determined by measuring the degree of phase and amplitude shift. Right: An
example of frequency domain multiplexing (FDM) of MKIDs showing many resonators being read out through a single transmission line.

Figure 2. A photograph of a 2024 pixel UVOIR MKID array
(with microlens removed for clarity) in a microwave package.

ature electronics can recover the changes in amplitude
and phase without significant cross talk (McHugh et al.
2012), as shown in the right panel of Figure 1.
The primary theoretical limitation on the spectral res-

olution is from the intrinsic quasiparticle creation statis-
tics during the photon absorption event. The energy
from the photon can end up in two places, the quasiparti-
cle system and the phonon system. These systems inter-
act, allowing energy exchange between the two, which re-
duces the statistical fluctuation from Poisson by the Fano
factor F , typically assumed to be 0.2 (Fano 1947). The
spectral resolution of the detector, R = �/�� = E/�E,

can be written as R = 1
2.355

q
⌘h⌫

F� , where ⌘ is the e�-

ciency of conversion of energy into quasiparticles, typi-
cally 0.57 (Kozorezov et al. 2007), h⌫ is the photon en-
ergy, F is the Fano factor, and � is the energy gap. The
energy gap depends on the superconducting transition
temperature (T

c

) of the inductor, � ⇡ 1.72k
B

T

c

, and we

typically operate at a base temperature of T
c

/8. Going
to lower T

c

, and hence lower operating temperature, im-
proves the theoretical R. Operating at 100 mK yields
a theoretical spectral resolution of R⇡100 at 400 nm.
Previous research with Superconducting Tunnel Junc-
tions (STJs) with superconducting absorbers has shown
that superconducting absorbers can approach the Fano
limit (Li et al. 2001; Huber et al. 2004; le Grand et al.
1998).
MKIDs are very versatile, as essentially any resonator

with a superconductor as the inductor will function as
a MKID. In 2008 we decided to pursue a lumped ele-
ment resonator design (Doyle et al. 2008). The resonator
itself consists of a 60 nm thick (Marsden et al. 2012)
sub-stoichiometric titanium nitride (TiN

x

) film (Leduc
et al. 2010) with the nitrogen content tuned with x < 1
such that the superconducting transition temperature T

c

is about 800 mK. Due to the long penetration depth
of these films (⇠1000 nm) the surface inductance is a
high 25 pH/square, allowing a very compact resonator
fitting in a 222⇥222 µm square. A square microlens ar-
ray with a 92% optical fill factor is used to focus light
onto the photo-sensitive inductor. The pixel pitch is
easily controlled, with pitches between 75–500 µm rel-
atively easy to achieve. The quasiparticle lifetime in
our TiN films is 50–100 µs. This sets the pulse decay
time, allowing a maximum count rate of approximately
2500 cts/pixel/second before problems arise in separat-
ing pulses.
After significant development (Mazin et al. 2012), we

have arrived at the 2024 (44⇥46) pixel array shown in
Figure 2. Typical performance for single pixel devices
is R⇠10 at 4000 Å. Over an entire array, we see a me-
dian spectral resolution R⇠8 at 4000 Å (Section 7.2).
Typically >90% of the resonators show up in frequency
sweeps, but due to the variations in the TiN gap there
are a significant number of collisions (two or more pixels
with resonant frequencies closer together than 500 kHz),
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Fig. 5. The top left panel shows the microwave transmission through the device over 10%
of the frequency span covered by resonators. The top right panel is a measurement of
the quantum efficiency of a bare 40 nm TiN on sapphire film. The bottom left panel is a
histogram of measured quality factor for 852 out of a possible 1024 resonators. The internal
quality factor of the resonators, 1/Qi = 1/Qm � 1/Qc, was approximately 1⇥ 106. The
bottom right panel is the frequency spacing in MHz between each resonator and its nearest
neighbor. Most of the missing resonators are too close together in frequency (< 500 kHz,
noted with a dashed line), resulting in only one resonator being included in the plot.

objects. These arrays will bring extreme performance improvements to some of the most excit-
ing areas of astrophysics, such as coronagraphic planet finding [26], transient and time variable
sources [9], and high redshift galaxy evolution [27], and will likely also find application in other
fields such as quantum optics [28] and biological imaging [29].
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Surface Type Radius (mm) Thickness (mm) Glass Diameter Comment
1 STANDARD -46.44035 -7 N-BK7 25
2 STANDARD 33.77009 -2.5 N-SF5 25
3 STANDARD 95.94 -70.7 25
4 STANDARD Infinity 2.538639 2.1 Lyot stop (not used)
5 STANDARD Infinity -10 6 Supercold Filter
6 STANDARD Infinity -37.3 6
7 STANDARD -35.09 -6.6 N-BK7 25
8 STANDARD 35.09 -2.5 25
9 STANDARD 41.18 -4 N-SF8 17
10 STANDARD 28.35 -1.5 18
11 STANDARD -82 -4 N-BK7 20
12 STANDARD 82 -2.2 20
13 STANDARD 23.54 -3.5 N-SF11 20
14 STANDARD Infinity -12 20
15 STANDARD Infinity -1 BK7 13 100 mK IR Blocker
16 STANDARD Infinity -4.5 13
17 STANDARD Infinity -1 LITHOSIL-Q 10
18 USERSURF 0.43 -0.78 LENS ARRAY 10 APO-Q-P222-F0.93mm

Table 1
The optical prescription for ARCONS.

Figure 5. Spot diagram of the ARCONS optics at 0.4 (blue), 0.7
(green), and 1.0 µm (red) plotted on grid of overall dimensions of
50⇥50 µm. The left panel shows the spot on axis, and the right
panel shows the spot at the extreme right side of the array. Even
at the edges of the array the vast majority of the spot is contained
within the 40⇥40 µm inductor.

to 3.3 K. The pulse tube is powered by an air cooled
compressor which can be located up to 100’ from the
cryostat. At Palomar, the compressor is placed in a small
room on the telescope floor that has a hatch that can be
opened to vent the heat outside of the dome. At Lick,
the compressor is placed in the battery room outside the
dome.
The ADR is a single shot magnetic cooler. During the

afternoon the superconducting ADR magnet is ramped
to 40 kG, the heat switch is opened, and then the magnet
is slowly ramped down during the course of the night. A
PID loop on a Lakeshore 370 controller provides input to
a Lakeshore 625 Superconducting Magnet Power Supply,
allowing us to stabilize the temperature of the ADR to
better than 50 µK. Stabilizing the temperature at 110
mK provides over 12 hours of hold time. There are no
obvious drifts in the MKIDs resonant frequencies as the

Figure 6. ARCONS installed at the Palomar 200”.

magnetic field remaining in the superconducting magnet
ramps down from 0.75 kG to 0 kG over the 12 hours hold
time.

4.2. Mounting to the Telescope

At the Palomar 200”, an aluminum frame is attached
to a steel plate in the Coudé antechamber that is used to
accommodate the Coudé spectrograph’s slit jaws. AR-
CONS hangs down from this aluminum frame, as shown
in Figure 6.
At the Lick 3-m, ARCONS is also placed in the Coudé

antechamber, but since the Hamilton Spectrograph is
still in use the mounting plate is not used. Instead, AR-
CONS is hung from an I-beam in the ceiling and then
stabilized to the mounting plate with a steel strut.

4.3. Guide Camera and Software

The guide camera for ARCONS is a SBIG STF-8300M
CCD Camera. Light is reflected o↵ mirrors on either side
of the ARCONS entrance aperture, bounces to an o↵-axis
parabaloid, and then goes through a Nikon 50 mm f/1.4
lens mounted to the SBIG camera. The unvignetted field
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reducing usable pixels, as discussed in Section 7.1. After
cutting out collisions and pixels with especially high or
low quality factor, we usually have ⇠70% of our pixels
usable. A more uniform film, such as the ones made at
NIST with Ti/TiN multilayers (Vissers et al. 2012) or
with atomic layer deposition (ALD), could significantly
reduce the number of collisions, dramatically improving
yield.
Even with the current moderate spectral resolution and

yield, these arrays are some of the most powerful tools
for narrow field of view astrophysics ever developed.

3. OPTICAL DESIGN

An optical system, shown in Figure 4, has been de-
signed with Zemax to couple ARCONS with the f/30
beam at the Palomar 200” Coudé focus. A very similar
system (using just a di↵erent dewar entrance lens) is used
to couple to the Lick 3-m Coudé focus. This focus is sta-
tionary, which makes interfacing with the cryostat (and
its compressor) significantly easier, and the time reso-
lution of the MKIDs means that rotation of the image
plane over time can be easily removed.
The optical path is as follows: light bounces o↵ the pri-

mary and secondary, then o↵ the Coudé M3 that directs
light down the polar axis of the equatorial mount. Once
in the Coudé antechamber, a 100 mm diameter picko↵
mirror (M4) sends the light towards the dewar entrance
window. Before the dewar entrance, two picko↵ mirrors
form a ⇠25 arcsecond wide slit and direct the rest of
the field of view towards the guide camera’s reimaging
optics. Immediately in front of the entrance window is
a commercial Thor Labs 1” filter wheel, which can hold

up to 6 filters for calibration. Observing with ARCONS
is typically done at a filter wheel position that does not
contain a filter.
The dewar entrance window is an achromatic doublet

which collimates the light. All the powered optics have a
Edmund Optics VIS-NIR anti-reflection coating (reflec-
tion <1% per surface between 4000-10000 Å) except the
BK7 meniscus lens (Surface 11 and 12 in Table 1) which
is uncoated. The light then passes through the dewar’s
77 K shield though a ba✏e, and encounters the dewar’s
4 K radiation shield. At the 4 K radiation shield an
Asahi SuperCold filter1 is placed to set the red edge of
ARCONS’s wavelength sensitivity. This was set conser-
vatively at 1.1 µm in order to reduce sky count rates,
but in subsequent runs we will attempt to extend the
wavelength coverage out through J band to 1.35 µm.
There is a pupil image at 4 K suitable for placing a

cold 2.1 mm diameter Lyot stop, but this turned out not
to be necessary because the glass in the optics at 4 K
blocks out enough of the 300 K thermal blackbody radi-
ation to keep the 100 mK stage from warming up. The
SuperCold filter does e↵ectively function as a cold Lyot
stop with a diameter of 12 mm. There are two achro-
matic doublets at 4 K to decollimate the beam and set
the plate scale, but these achromats are physically sep-
arated to eliminate any potential issues with di↵erential
thermal contraction between the di↵erent glasses. After
the final 4 K optic, the light reaches the 100 mK stage.
Here the 4 K blackbody radiation is blocked out with a
thin piece of borosilicate glass coated in Indium Tin Ox-
ide (ITO), a transparent conductor. The glass absorbs
infrared up to roughly 400 µm, and the ITO reflects a
substantial portion of the longer wavelength radiation.
Finally, a square microlens with a 0.92 mm focal length
and a 92% optical fill factor focuses the light on the sen-
sitive MKID inductor. The optical prescription is shown
in tabular form in Table 1.
The resulting spot diagram can be seen in Figure 5.

The simulation includes the microlens array in front of
the detector. The MKIDs pixel pitch of 222 µm means
that the optical system does not need high magnification,
simplifying the system. The system is designed to have
0.45” pixels on the sky. The clear aperture of the optical
system was designed to allow an unvignetted field of view
of 20⇥ 20 arcseconds.
This optical system was over-designed with every pre-

caution possible to block out thermal blackbody radi-
ation, which did not turn out to be required. Future
MKID cameras will likely completely eliminate the pow-
ered cold optics in favor of much simpler optical systems,
including just warm optics to adjust the plate scale, a flat
dewar window, a 4 K BK7 flat window, and a 100 mK
ITO on BK7 IR blocker.

4. INSTRUMENT ASSEMBLY AND MOUNTING

4.1. Cryogenics

ARCONS is built around an adiabatic demagnetization
refrigerator (ADR) made by Janis Research. The system
contains a Cryomech PT-405 two stage pulse tube cooler.
The first stage of the pulse tube cools the outer radiation
shield to 50–70 K, while the second stage cools the ADR

1 http://www.asahi-spectra.com/opticalfilters
/detail.asp?key=YSC1100

B. A. Mazin,et al. 2013, PASP 125, 1348 
“ARCONS: A 2024 Pixel Optical through Near-
IR Cryogenic Imaging Spectrophotometer,”
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Figure 14. A mosaic of the interacting galaxies Arp 147 made
with ARCONS on the Palomar 200”. The data consists of 36
pointing of 1 minute each. To make this image, the data was
cleaned of cosmic rays and hot pixels, wavelength calibrated, and
flat fielded. This processed data for each of the 36 pointings was
o↵set in RA and Dec by the amount requested by our mosaicing
control software and combined. No field derotation was performed.
The false colors were made by breaking the ARCONS data into
three wavelength bands and setting each band to correspond to to
appropriate RGB value. The image was convolved with a Gaussian
to reduce noise below the spatial scale of the seeing, and the image
was adjusted in Photoshop to give an attractive color palette and
remove some minor sky noise artifacts. The inset shows a processed
HST image of Arp 147.

Figure 15. Spectra of Landolt 94-42 (Landolt 1992) on top, and
the G9V star Corot-18 on the bottom, taken with ARCONS on the
Palomar 200”. These spectra are flux calibrated. Previous BVRI
photometry is shown as blue points.

ing measured at ⇠1.0” by the Palomar seeing monitor,
and fitting a PSF from this night shows that we recover
this seeing value, indicating that our optics are not lim-
iting our imaging performance.
Extremely high quality imaging and spectra will re-

quire more of our software pipeline to be in place, but
preliminary analyses are presented in Figures 14 and 15.
These images and spectra begin to show the capabilities
of this unique instrument.

7.6. Timing
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Figure 16. The alignment of the radio (red) and optical (blue)
pulses from the Crab Pulsar verify the absolute timing accuracy of
ARCONS.

ARCONS timing performance was measured by simul-
taneously observing the Crab Pulsar with ARCONS and
the Green Bank Telescope (GBT). The data shown in
Figure 16 shows that ARCONS sees an optical pulse lead-
ing the radio pulse by about 150 µs, which is consistent
with previous observations (Shearer et al. 2003).
Measurement of the arrival time of a single photon

should be accurate ⇠2 µs. Currently, there is a delay of
43 µs from the time a photon is absorbed by the MKID
until the photon packet is ready to be sent over the net-
work, opening up the possibility of extremely fast e↵ec-
tive frame rates for certain applications, like wavefront
sensing and speckle control in a coronagraph.

8. CONCLUSIONS

ARCONS is a unique, read-noise free photon count-
ing IFS. With a 2024 MKID pixel array covering a
20”⇥20” field of view, ARCONS is the world’s largest
(and only active) LTD-based instrument in the optical
through near-IR. It is uniquely powerful for observations
of rapidly variable sources.
The ARCONS instrument has performed astronomi-

cal observations, and the first science papers using AR-
CONS data are currently being written. ARCONS and
its successors will continue to improve in pixel count
and yield, spectral resolution, system throughput, and
detector quantum e�ciency. The MKID technology it
uses is extremely scalable, allowing arrays approaching
megapixels within a decade. MKID-based instruments
like ARCONS will start to become a standard part of
the UVOIR observer’s toolkit in the years to come.
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Giga-z: A 100,000 OBJECT 
SUPERCONDUCTING SPECTROPHOTOMETER 

FOR LSST FOLLOW-UP 
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Figure 4. Simulated system throughputs for the LSST (top) and Giga-z
(bottom) experiments, accounting for optical element (filter and lens) through-
puts, mirror reflectivity, detector quantum efficiency, and atmospheric trans-
mission. The LSST u, g, r, i, z, and y filter implementation (see Section 4.3)
is based on the LSST Science Collaboration (2009) publication. The effective
Giga-z filter set is for devices with energy resolution R = 30 at 423 nm. Cut-
offs are imposed at 350 and 1350 nm due to the effects of sky brightness and
atmospheric transmission constraints.
(A color version of this figure is available in the online journal.)

true resolution so as not to impose any additional degradation.
For the analysis presented here, each “filter” is a Gaussian, cen-
tered in wavelength one FWHM away from its neighbors, where

FWHM(λ) = 2
√

2 ln(2) σ (λ) = λ2

R0 λ0
. (1)

R0 is equal to 30 at the fiducial λ0 which we take here to be
423 nm, and decreases linearly with increasing wavelengths.
Figure 4 (bottom panel) illustrates the effective filter set in
the context of total throughput, using a normalization that
ensures no double-counting of photons. Cutoffs are imposed
at 350 and 1350 nm, where the sky brightness and atmospheric
transmission present practical limits.

It is important to note that although we distinguish frequency
“filters” here, all wavelengths are observed simultaneously by
Giga-z, resulting in extremely efficient use of exposure time.
As well, each pseudo-filter sees the same observing conditions
with time, simplifying analysis considerably, a second major
advantage over usual multi-filter photometry. In practice, for
an MKID array, a more optimal solution would be to take the
photon events and construct a maximum likelihood algorithm
to reconstruct the spectrum.

Combining these throughput models as a function of wave-
length for the various loss mechanisms gives the total expected
system throughput depicted in Figure 4 (bottom panel). For the
final simulated observations, noise was added to the observed
fluxes according to the properties of our system.

4.3. Simulated LSST Observations

We also simulated observations of the CMC for an LSST 3 yr
stack. The LSST design, as outlined in the LSST Science book
(LSST Science Collaboration 2009), incorporates three lenses,
each with a projected ≈3% loss, giving a throughput of ≈91%.
They use a three mirror telescope, which we model using the
same aluminum reflectivity model but cubed. We note that this is
pessimistic compared with the proposed LSST design that uses a
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Figure 5. QE for the red-enhanced devices developed at MIT/LL which are
leading LSST device technology candidates (Lesser & Tyson 2002) is shown in
red. The blue line depicts the assumed Giga-z QE.
(A color version of this figure is available in the online journal.)

Table 2
LSST Filters and Exposure Times

Filter Central λ Bandwidth Exposure Time
(nm) (nm) (s)

u 360.0 80.0 700
g 476.0 152.0 1000
r 621.0 69.0 2300
i 754.5 63.5 2300
z 870.0 52.0 2300
y 1015.0 65.0 2000

multilayer mirror coating to improve on the far-red performance
of the aluminum, without the u band absorption of silver.11

Lesser & Tyson (2002) predict that the devices used in the LSST
experiment will be very similar to the red wavelength-enhanced
charge coupled devices (CCDs) developed at the Massachusetts
Institute of Technology (MIT) Lincoln Laboratory, with a QE
shown in Figure 5. Table 2 lists the LSST filter band centers and
bandwidth, as well as the exposure time for each filter. In the
LSST case, only one filter may be used at a time.

4.4. Simulation Output

Figure 6 illustrates our simulated 5σ and 10σ magnitude lim-
its for the LSST 3 yr stack and Giga-z experiment, accounting
for optical element (filter and lens) throughputs, mirror reflectiv-
ity, detector QE, and atmospheric transmission. Note that each
LSST filter encompasses 2–5 Giga-z pseudo-filters. If the Giga-z
filters corresponding to each LSST filter were combined, the re-
sulting magnitude limits would be more equivalent.

We show the simulated photometric measurements by LSST
and Giga-z for four example CMC mock galaxy spectra in
Figure 7. Orange points denote the LSST mock observations
with error bars, and green points are those predicted for the
Giga-z experiment. Errors are simply derived from Poisson
statistics, and optimal sky background subtraction has been
assumed. Though the S/N is typically lower per filter for
Giga-z, the wavelength coverage is greater, and the exposure
time is much smaller for Giga-z. Indeed, as will be seen in
Section 5.3, photometric depth does not equate to photometric
redshift accuracy. Despite high S/N, the LSST filter set (R ≈
5) inevitably leads to more color–redshift degeneracies, making
unambiguous redshift determination impossible for the majority
of galaxies (e.g., Coe et al. 2006).

11 http://lsst.org/files/docs/LSST-RefDesign.pdf
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at this level, redshift space distortions and nonlinear effects
can produce comparable errors. This limit corresponds to
≈15 Mpc h−1, the intrinsic co-moving width of the bump along
the line of sight at z = 0.5, caused primarily by Silk damping
(Silk 1968). This is the mean redshift for the PAU LRG survey
which will cover the northern skies over an area of 8000 deg2,
sampling cosmological volume V ≈ 10 h−3 Gpc3 (Benı́tez et al.
2009a). By attempting reconstruction, aided by the need for
fewer fitting templates, it is possible to do even better, as was
done for BOSS (Padmanabhan et al. 2012).

In Section 5.3 we showed that limiting the galaxy catalog
to a sample of elliptical galaxies reduces the scatter in redshift
error to σNMAD = 0.007 with a catastrophic failure rate and
average bias of 2.5% and −0.001, respectively. In practice, LRG
selection is based on color and luminosity selection, but this is
not usually difficult for LRGs. With an energy resolution of
R423 nm = 30 and the number density of objects catalogued by
LSST, Giga-z should be able to achieve the necessary redshift
estimation accuracy for LSST LRGs. The large survey volume
probed will ensure an error not dominated by sampling limits,
and shot noise should be comparable to or less than that of
the PAU experiment. In addition, since Giga-z would probe the
southern hemisphere, it allows for a joint analysis of the data
sets.

5.5. Quasars

Quasars are extremely luminous objects, believed to be
accreting supermassive black holes. Type I quasars, due to the
high velocities of accretion disk material, are observed to have
characteristic broad (≈1/20–1/10 FWHM) emission lines in
their SEDs (Vanden Berk et al. 2001). They are UV dropout
objects, and thus broadband filters will only begin to see the
Lyα break (λrest ≈ 1200 Å) at z ! 2.2.

Though their number density is small compared to ordinary
galaxies, quasars are more biased tracers of the matter distribu-
tion, and their bias increases with redshift. Visible out to high
redshifts, the cosmological volume they can be used to probe
is much greater than with galaxies, and since sample variance
and shot noise decrease as the square root of the volume, they
have the potential to measure large scale structure even better
than LRGs around the peak of the matter power spectrum in the
range z ≈ 1–3.

Furthermore, quasars can also be used to measure BAOs
at high redshift where systematic effects such as redshift
distortions and nonlinearities have less influence. Sawangwit
et al. (2012) used the Sloan Digital Sky Survey (SDSS), 2dF
QSO redshift survey (2QZ), and 2dF-SDSS LRG and QSO
(2SLAQ) quasar catalogs to measure BAO features, but these
were detected only at low statistical significance. However, they
estimate that a quarter million z < 2.2 quasars over 3000 deg2

would yield a ≈3σ detection of the BAO peak.
LSST predicts that they will produce a catalog of roughly

10 million quasars. Likely these will be identified using photo-
metric selection through color–color and color–magnitude dia-
grams as was done for SDSS (Richards et al. 2009). However,
above z ≈ 2.5, selection becomes much more difficult as quasar
colors become indistinguishable from that of stars.

With the R423 nm = 30 resolution of Giga-z, the broad emis-
sion lines of quasars will be resolved (e.g., Figure 10), and their
redshifts can be estimated using these spectral features. The
high number counts from LSST and redshift accuracy enabled
by Giga-z could, with negligible cost, provide low-resolution
spectroscopy for the LSST quasar candidates, yielding a preci-

Figure 10. SDSS J001507.00−000800.9 quasar spectrum in black, at the
resolution of Giga-z in red. This QSO has a redshift of 1.703.
(A color version of this figure is available in the online journal.)

sion measurement of the matter power spectrum as well as BAOs
at high redshift. Furthermore, quasars could be unambiguously
distinguished from stars. Besides BAOs and measurements of
the distribution of structure to z ≈ 6, Giga-z could also be used
to study the quasar luminosity function, quasar clustering and
bias, set limits on the quasar duty cycle, and improve our under-
standing of these objects and their evolution and co-evolution
with their host galaxies.

While we do not explicitly predict the redshift accuracies
achievable with Giga-z here, leaving it for a future investigation,
Abramo et al. (2012) show that with the J-PAS instrument, with
42 contiguous 118 Å FWHM filters spanning 430–815 nm, they
could extract photo-zs of type I quasars with (rms) accuracy
σ∆z ≈ 0.001(1 + z). They show that it is possible to obtain near-
spectroscopic photometric redshifts (which suffer from intrinsic
errors due to line shifts) for quasars with a template fitting
method, with a negligible number of catastrophic redshift errors.
Higher resolution spectra or greater S/N would mostly serve to
bring down the number of catastrophic errors.

6. FORECASTED COSMOLOGICAL
CONSTRAINTS FOR LSST AND Giga-z

We now estimate the impact of the Giga-z photometric
redshifts on constraints from weak lensing with LSST. In general
such a forecast requires the selection of a galaxy sample and a
model for statistical and systematic errors. We describe both of
these, presenting results appropriate for 3 yr of data for both
instruments.

6.1. Galaxy Sample Construction

We first construct the subset of the COSMOS Mock Catalog
that has successful shape measurements and photo-zs. There
are several options for doing this with varying levels of aggres-
siveness depending on S/N cuts, the definition of a “resolved”
galaxy, and photo-z quality.

To construct the galaxy sample, we first consider the objects
resolved by LSST that would have measured shapes. The
specific cuts applied were:

1. The resolution factor Res > 0.4. The resolution factor is
defined using the Bernstein & Jarvis (2002) convention:

Res =
r2

1/2,gal

r2
1/2,gal + r2

1/2,psf

, (3)
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σ(w_p) σ(w_a) σ(Δγ) σ(Ω_k)

LSST 
photo-z 0.0382 0.695 0.221 0.0252

Giga-z 
photo-z 0.0348 0.576 0.168 0.0205



MKID: Microwave Kinetic Inductance Detector
1. Photons break cooper pairs and generate quasi-

particles
2. Super conducting resonator senses a change of 

kinetic inductance 
3. Resonator frequency and amplitude changes 
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Microwave Kinetic Inductance Detector (MKID)
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MKIDの特徴
Cooper pair breaking detector  
ミリ波からX線まで 

低雑音 NEP < 5 * 10^{-18} W/rHz  

広いダイナミックレンジ ~ 10^5 

周波数多重化1000 素子 with a LNA

materi
al

Tc [K] Tb [K]  fg 
[GHz]

Al 1.2 0.24 88
Nb 9.3 1.9 678
Ti 0.4 0.08 29

NbTiN 14 2.8 1026
TiN (0.5) - 

4.5
0.9 330
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220GHz-700 pixel MKID camera

15T. Nitta et al. 2013



Crystal Aluminum on Si wafers
Molecular Beam Epitaxy Al on Si (111) wafer

Thickness 160nm
Cleaning: BHF + 650 deg. (20 min) 
Back ground: 2×10^-8 Pa
Wafer: 75 deg. RHEED

M. Naruse et al. 2012 JLTD
“Development of crystal Al MKIDs by molecular beam epitaxy”

Al (111)
Si (111)
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MKID noise 

M. Naruse et al. 2013 IEEE TST
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読出回路と0.1K希釈冷凍機

K. Karatsu + 2014 JLTP

Readout 270 MHz/board →　1 GHz/board
Resonator 2MHz spacing → 500 pixel/board

16 us sampling

大陽日酸
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 歩留まり : 

600素子MKIDの評価

584 / 608 (~ 95 %)
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Cosmic ray events
• τ=79.9μs 

• a few events per an hour 

• T. Okada et al. 2014 

• 1μs sampling
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南極望遠鏡 
筑波大学•東北大学

Wide Field Optics Design  (T.Tsuzuki et. al., SPIE (2014)) 

• 10 m Antarctic Terahertz Telescope 
• Assemblage the 7 MKID modules 
• Frequency : 850 GHz 
• Detector focal plane 

¾ FoV : 1 deg 
¾ Diameter : 160 mm 

 

Cryostat 

12 

Cold Aperture Stop 

T. Tsuzuki et al. 2014 SPIE 
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LiteBIRD 
Lite (light) satellite for the studies of B-mode polarization and 
Inflation from cosmic background Radiation Detection
- 50 - 270 GHz ~ 600 pixel
- Launch is planned in 2022
- KEK, ISAS/JAXA, U. Tokyo, NAOJ
- M. Hazumi et al. 2012 SPIE

E-mode B-mode

Inflation potential energy

r: tensor to scalar ratio
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1. Optical Cavity  
1. S. Miki, et al. 2013 “High performance fiber-coupled NbTiN superconducting 

nanowire single photon detectors with Gifford-McMahon cryocooler.,” Opt. 
Express, 21, 10208 

2. Multilayer AR 
1. Fukuda, D. et al., 2011 “Titanium-based transition-edge photon number 

resolving detector with 98% detection efficiency with index-matched 
small-gap fiber coupling.,” Opt. Express 19(2), 870 

3. New Material 
• WSi 
• Ta based superconductor
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following concomitant features that satisfy practical requirements and allow easy access from 
potential users. First, our detector system can achieve high system DE, low DCR, low timing 
jitter, and high Isw at the same time. Second, our SSPD system uses fiber-coupled package 
technology, which is useful to achieve high optical coupling efficiency and install multi-
packaged devices in a cryocooler system. Third, our system is based on compact GM 
cryocooler system with an operation temperature of 2.3K, which allows turnkey and 
continuous operation with low power consumption. 

2. Device design and fabrication 

Prior to device fabrication, both surfaces of the Si substrate were thermally oxidized to 270 
nm thick SiO2 layers. The SiO2 layer on the reserve side of the substrate functioned as an anti-
reflection layer for 1550 nm wavelength and the layer at the front side functioned as a 
component of cavity structure. The NbTiN thin films that were used for the nanowire were 
deposited by DC reactive sputtering at an ambient substrate temperature [11]. We deposited 5 
nm thick NbTiN films. The film thickness was controlled by the deposition rate and 
deposition time. The NbTiN films were formed into a 100 nm wide and 60(100) nm spaced 
meandering nanowire that covered a square area of 15 µm × 15 µm. A 250 nm thick SiO and 
a 100 nm thick Ag mirror covered the nanowire to enhance the absorption efficiency, Pabsorb, 
of photons to the meandering area of the nanowire. The thickness of both the SiO2 and SiO 
layers was chosen to be λ/4 of 1550 nm. 

Figure 1 shows the schematic presentation of the fabricated NbTiN-SSPD device. The 
structure of the cavity in this work was almost the same as the one that was reported in [8] as 
an effective structure to enhance the absorption Pabsorb of photons that are incident on the 
nanowire. To verify the actual effectiveness of this structure, we simulated the Pabsorb of this 
cavity structure and compared the results to a simple cavity structure that was reported in 
[12]. For the simulation of Pabsorb, we used the software that enables modeling of the 
electromagnetic behavior of single-period multilayer gratings (PhotonicsSHA-2D) [13]. In 
this software, the incident wave enters the unit cell corresponding to the device with TE/TM 
polarization, and transmission as well as reflection can be calculated for an arbitrary 
wavelength range. All of the designs that were used in the simulation were those described 
above. In the simulation, we used complex refractive indices as nSi = 3.63, nSiO2 = 1.44, nSiO = 
1.551, nNbTiN = 4.563 + i4.911, nAg = 0.322 + i10.99. These values were measured beforehand 
using a spectroscopic ellipsometer, and constant values at 1550 nm wavelength were used.  

Si substrate

270 nm thick SiO2 layer

5 nm thick NbTiN nanowire

250 nm thick SiO layer

100 nm thick Ag mirror

 
Fig. 1. Schematic configuration of NbTiN SSPD on thermally oxidized Si substrate. 
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Fig. 2. Simulated Pabsorb of NbTiN SSPD devices on thermally oxidized Si substrate. For 
comparison, Pabsorb of NbTiN SSPD on MgO substrate with simple cavity structure is also 
shown in this Fig. 

For the simplicity of the simulation, we assumed the incident light to be irradiated from the Si 
medium, and hence, light reflection from the back side of the Si substrate was not considered 
in the simulation. Figure 2 shows the simulated Pabsorb of the devices coupled with TE mode 
light as a function of wavelength. For comparison, this same figure also shows the simulated 
results of Pabosrb for SSPD on MgO substrate (nMgO = 1.720) with same design except the 
substrate. Results of the simulation show that, for wavelengths ranging from 1400 to 2000 
nm, the Pabsorb is clearly higher than that of simple cavity structure, and a high value of 97% is 
observed at the wavelength of 1550 nm. 

3. Cryocooler system and experimental setup 

In our previously published work, we developed a practical SNSPD system based on two-
stage-type Gifford-McMahon (GM) cryocoolers [12,14]. Here, we briefly introduce our 
cryocooler systems and experimental setup. Fiber-coupled compact packages that utilize 
fiber-spliced graded index (GRIN) lenses were used to achieve efficient optical coupling 
between incident photons and device sensitive area [12]. The packaged devices were then 
installed into the GM cryocooler system with a 1.5 kW rated input power consumption at a 
driving frequency of 60 Hz. This cryocooler system can cool the sample stage to 2.3 K, 
within thermal fluctuation of 10 mK. Further, it can set maximally six SSPD packages for use 
in various applications that require several independent detector channels, such as quantum 
key distribution experiments [3–5]. The semi-rigid coaxial cables and single mode (SM) 
optical fibers for telecommunication wavelength were introduced into each package, and the 
optical fibers in a cryocooler system made several loops with a diameter of ~30 mm to 
mitigate the dark counts that originated from the blackbody radiation [15]. The semi-rigid 
coaxial cables were connected to a bias tee and two room temperature low noise amplifiers at 
the outer side of the cryocooler. 

For the measurements of system DE, a continuous tunable laser was used as an input 
photon source and they were heavily attenuated so that the photon flux at the input connector 
of the cryostat was 106 photons/s which is sufficiently low to keep the linearity of the output 
counts for the incident photon flux. A fiber polarization controller was inserted in front of the 
cryocooler’s optical input in order to control the polarization properties of the incident 
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refractive index of the titanium film at 850 nm is n=3.95+4.13i at room temperature. The 
cavity consists of multiple dielectric layers of SiO2 (n=1.48) and Ta2O5 (n=2.04) deposited by 
ion beam assisted sputtering. A total of 7 layers are used for the AR coating, and 15 for the 
high reflection mirror (Reflectance>99.9%). The thicknesses of these dielectric films are 
optimized to obtain a wide spectral bandwidth of ~40 nm at the wavelength of interest 
(λeff=850 nm). As shown in Fig. 1(b),  a  bare  optical  fiber  (outer  diameter  ~125  μm)  without  a  
ferrule is coupled to the cavity from the front side. The fiber core position is aligned to the 
center of the TES using back-side through-chip imaging with a microscope [11]. To form a 
robust coupling, the space gap wgap between the fiber end and the device surface is filled with 
an ultraviolet-curable resin after the fiber alignment process. The refractive index (n=1.56) of 
the resin is well matched to that of the fiber core (n~1.44). The spot size required to obtain a 
99% photon flux from the   optical   fiber   (MFD~5   μm   and   numerical   aperture~0.14)   is  
estimated  to  be  8  μm  assuming  wgap=1  μm.  Thus,  the  sensitive  region  of  the  TES  device  used  
here  is  set  to  10  ×  10  μm2 with a thickness in 22 nm. The fiber alignment error is estimated to 
be less than   1   μm,   and   so   the   coupling   loss   due   to   such   misalignment   is   thought   to   be  
negligible. 

 
Fig. 1. (a) SEM image of a cross section of an optical TES cavity, produced by focused ion 
beam milling. The dark and bright layers represent SiO2 and Ta2O5, respectively. The Ti-TES 
is located between the two red arrows. The upper surface is covered with a tungsten (W) layer 
as protection against damage by the Ga+ ion beam during milling. The inset is an enlarged 
view of the contact between the TES and Nb electrodes. (b) Cross-sectional schematic showing 
the optical-fiber coupling. The fiber is aligned under a microscope using back-side through-
chip imaging. A gap with a thickness wgap between the exit end of the fiber and the surface of 
the antireflection layers is filled with an ultraviolet curable resin. 

3. Results 

3.1 Photon absorption efficient 

The intrinsic photon absorption coefficient of the fiber-coupled cavity-embedded TES device 
is analyzed by performing absolute reflectance measurements, and can be deduced from the 
return loss RL(λ)=Pr/Pi, where Pi is the incident optical power to the device and Pr is the 
return power from the device back to the light source. In these measurements, we follow the 
method defined in the international standard of IEEE 61300-3-6, which requires an external-
cavity laser source (tunable from 835 to 870 nm), a branching device and three power meters. 
From the values of RL(λ),  the  absolute  reflectance  R(λ)  of  the  TES  device  is  simply  given  as  
R(λ)  =  RL(λ)/ξ,  where  ξ  is  the  efficiency  of  the  light  travelling back to the optical fiber. The 
value  of   ξ   is   determined   to  be  ~82%  with   a   fiber-coupled gold mirror, which has a known 
reflectance of ~98%. The circles in Fig. 2 are experimental results for R(λ)  measured   at   a  
device temperature below 1 K. In the figure, the simulated wavelength dependence of the 
cavity reflectance without fiber coupling (wgap=f) and with the fiber-coupled TES for 
wgap=λeff/4, 1.4×(λeff/4), 2×(λeff /4),  10  μm,  and  30  μm  is  also  shown,  predicted  by  an  optical  
thin film coating simulator, TFCalc (Software Spectra, Inc.). The minimum reflectance value 
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for the cavity design curve with wgap=f is 0.06% (99.94% absorption in TES) at 
approximately 850 nm. The experimental values are slightly larger, however, and agree well 
with the simulated reflectance for wgap=1.4×(λeff/4). A gap spacing of 1.4×(λeff/4) corresponds 
to a physical thickness of 300 nm, which is consistent with the step height of 240 nm between 
the device surface and the niobium wiring, as shown in inset of Fig. 1(a). This step is 
produced by a lift-off process during niobium wiring fabrication. It should be noted that the 
measured reflectance is remarkably small at less than 0.5% over the wavelength range from 
835 to 870 nm, which implies that the device has a high absorption efficiency of over 99.5% 
in this range. Besides, no obvious fringes were observed during the reflectance measurements, 
which imply that the detection efficiency would have a flat spectral response in the observed 
wavelength range. It is interesting that the reflectance for wgap=λeff/4 and 2×(λeff/4) gives the 
upper- or lower-limit of the intensity of interference fringes, respectively. Thus, the maximum 
efficiency can be obtained with wgap=2×(λeff/4). A similar efficiency enhancement has been 
previously reported [12]. 

 
Fig. 2. The solid lines show simulation results of wavelength dependent reflectance for an 
optimized cavity and fiber-coupled devices with wgap values  of  λeff/4, 1.4×(λeff/4), 2×(λeff/4), 10 
μm,  30  μm,  and  infinity  (no  fiber  coupling).  The  circles  are the measured reflectance results for 
the fiber-coupled Ti-TES device, which agree well with the simulation results for 
wgap=1.4×(λeff/4). 

3.2 Detection efficiency 

The total system DE for the fiber-coupled TES device is determined by irradiating the device 
with   extremely   weak   coherent   laser   pulses   with   a   mean   photon   number   μi per pulse. To 
determine   the   DE   for   different   values   of   μi, we compare the observed photon detection 
probability with a Poisson distribution, which is expressed [13] as 

( | ) ( ) exp( ) / !n
Poisson i i iP n nP KP KP � , where η is the system DE and n is a number of the 

photon state. The observed detection probability is calculated from the pulse height spectra as 
( | ) ( ) /TES iP n S n TP  , where S(n) is the summed count for photon state n and T is the total 

count in the spectrum. The standard deviation in ( | )TES iP n P  is given by /S T , assuming that 
S obeys Poisson statistics. 

Figure 3 shows the experimental setup used to determine the DE of the device. Optical 
pulses from a laser source with a repetition rate of f~50 kHz are split into two paths by a 
branching device (BD). One port of the BD is connected to a power meter (D1) for monitoring 
the drift of the laser power, and the other is connected to a variable attenuator (VA). The 
optical power from the VA is measured with a second power meter (D2). The fiber connector 
to D1 has an angled physical contact to prevent back reflection to the BD, while a normal-
angle fiber connector is used to D2 for reliable and polarization-independent measurement of 
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S. Kondo: Superconducting characteristics and the thermal stability of tungsten-based amorphous thin films

which are placed at a distance of 60 mm away from
the targets and maintained at room temperature. The
substrate holder rotates during sputtering so that the films
keep a uniform composition in a wafer.

Prior to sputtering, the native oxide on Si substrates
is removed by dry etching, while the targets are cleaned
by presputtering. The inlet Ar gas flow is 50 cm3/min
and the pressure during sputtering is 5 x 10~3 Torr. Both
W-Si and W-Ge thin films are prepared with a variety
of compositions ranging from 0 to 90 at. % metalloid.
The metalloid content in the films is controlled by the
r.f. power. The film thickness and the deposition rate
on the substrates are about 500 nm and 0.07 nm/s,
respectively.

Electrical resistivity is calculated from the sheet
resistance and film thickness. The sheet resistance at
room temperature is measured by a four-point probe. The
film thickness is measured by masking a part of the film
and measuring the step height with a stylus apparatus
(Tencor Instruments, alpha-step 200).

At low temperatures of 1.9 to 10 K, the electri-
cal resistance is measured by the four-point-probe d.c.
method each time the temperature passes 0.05 K as
it is being raised and reduced. The samples are cut
into approximately 4 mm x 10 mm chips, to the surface
of which copper lead wires are attached using indium
ingots. The sample temperature is monitored by a Ge
resistance thermometer.

Investigations both by x-ray diffraction and by scan-
ning electron microscopy (SEM) are carried out to
determine the structure of these films. The crystal phase
is identified by an x-ray diffraction analyzer (Rigaku,
RAD-RC diffractometer) using Cu Ko radiation operated
at 50 kV and 200 mA. The film morphology is inspected
using Hitachi S-900 SEM operated at 30 kV. The Si
content is measured by inductively coupled plasma spec-
troscopy (ICPS: Hitachi P-5200) after it is dissolved in
an H2O2 solution.

III. RESULTS
A. Superconducting property

The dependence of superconducting Tc, the electrical
resistivity at room temperature p, and the RRR (residual
resistance ratio) of W-Si films on Si content are shown
in Fig. 1. The Tc is the midpoint temperature in super-
conducting transition and the RRR is the ratio of resis-
tance at room temperature to residual resistance at 10 K.

The Tc of a pure W sample is less than 1.9 K, but
a great enhancement in Tc is observed in the films with
small contents of Si. The values are much higher than the
reported Tc (0.01 K)3 for bulk crystalline W. When the Si
content exceeds 10 at. %, the Tc takes a maximum 5.0 K
at about 25 at. %, then it decreases as the Si content rises.
In spite of high electrical resistivity, the transition occurs
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FIG. 1. Dependence of superconducting Tc, electrical resistivity at
room temperature, and RRR (residual resistance ratio) of W-Si films
on Si content. The arrows in Tc indicate that Tc is less than 1.9 K.

very sharply within a temperature range less than 0.1 K,
as shown in Fig. 2.

Large changes in p and RRR are also observed in the
same region of Si content. When the Si content exceeds
10 at. %, the p's are about 30 times higher than that
of bulk W (5.44 /xll-cm). The samples with 5.0 K Tc
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FIG. 2. Resistivity as a function of temperature for W-Si alloy.

854 J. Mater. Res., Vol. 7, No. 4, Apr 1992

• Tungsten-Silicon
• Tc (W) = 10 mK
• 150 μΩ-cm
• low-pressure chemical 

vapor deposition (LPCVD) 
using tungsten 
hexafluoride (WF6) and 
silane (SiH4).
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state15,16 is larger in WSi than in NbN. In earlier reported work14,
WSi SNSPDs only achieved SDE ≈ 20% at l¼ 1,550 nm because
the detectors were fabricated on bare oxidized silicon wafers and
were manually aligned to the optical fibre. Here, we report WSi
SNSPDs embedded in an optical stack designed to enhance absorp-
tion (Supplementary section ‘Fabrication’) at l¼ 1,550 nm and
coupled to single-mode optical fibres at l¼ 1,550 nm with a self-
aligned mounting scheme based on silicon micromachining17.
Using WSi SNSPDs, we constructed a detector system with SDE
as high as "93% around l¼ 1,550 nm, a system dark count rate
of "1 × 103 c.p.s. (primarily due to background radiation), a
timing jitter of "150 ps full-width at half-maximum (FWHM)
and a reset time of 40 ns. The only other single-photon detector
that has demonstrated SDE . 90% at l¼ 1,550 nm is the tran-
sition-edge sensor (TES)18. However, the TES has orders of magni-
tude larger recovery time ("1 ms) and timing jitter (the best value to
date is "5 ns; ref. 19) than WSi SNSPDs, and requires a complicated
superconducting readout circuit.

We characterized our single-photon detection system by using
28 different SNSPDs from five fabrication runs. We measured
SDE . 85% with 50% of the detectors tested so far
(Supplementary section ‘List of characterized devices’). Figure 1a
shows the bias dependence of SDE (Methods and Supplementary
section ‘Estimation of the system detection efficiency’) for our best
device. As the detection efficiency of SNSPDs varies with the polar-
ization of the incident light20, the polarization state of the light was
varied on the Poincaré sphere to maximize or minimize the counts

from the detector. We therefore obtained a maximum (SDEmax, red
curve) and minimum (SDEmin, blue curve) SDE versus IB curve.
Both the SDEmax and SDEmin curves had a sigmoidal shape, and
saturated at SDEmax ≈ 93% and SDEmin ≈ 80% for IB values larger
than a cutoff current Ico¼ 1.5 mA and lower than the switching
current of the device, ISW¼ 4 mA. Figure 1b shows the bias depen-
dence of the system dark count rate (SDCR, the response pulse
count rate measured when the input fibre to the system is blocked
by a shutter) and of the device dark count rate (DDCR, the response
pulse count rate measured when the fibre is disconnected from the
device inside the refrigerator). The SDCR versus IB curve has a sig-
moidal shape similar to the SDE versus IB curves shown in Fig. 1a,
and saturated at SDCR ≈ 1 × 103 c.p.s. for IB . Ico. The DDCR was
≤1 c.p.s. for most of the bias range (IB ≤ 0.97ISW), which is approxi-
mately two orders of magnitude lower than the DDCR of NbN
SNSPDs with a similar active area and fill factor21. We concluded
that the SDCR is dominated by background photons.

Typically, the detection efficiency of SNSPDs varies significantly
with the polarization of the incident light (by a factor of "2 at l¼
1,550; refs 20,22). However, a detector with polarization-insensitive
SDE would be desirable for many applications1. We therefore
characterized the polarization and wavelength dependence of the
SDE by mapping the SDE onto the Poincaré sphere in the wave-
length range l¼ 1,510–1,630 nm (we call these plots Poincaré
maps of the SDE). Figure 2a,b shows the Poincaré maps at
l¼ 1,510 nm and l¼ 1,625 nm. The positions of the maxima
and minima of the Poincaré maps are approximately the same at
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polarization vector on the Poincaré sphere at l¼ 1,510 nm (a) and l¼ 1,625 nm (b). The ratio between maximum and minimum values of the SDE (R¼
SDEmax/SDEmin) varied from R¼ 1.23 at l¼ 1,510 nm to R¼ 1.08 at l¼ 1,625 nm because the wavelength dependence of the absorption of the optical stack
was different for different polarizations23,24 (Supplementary section ‘Optical simulations of the system detection efficiency’). c, Wavelength dependence of
maximum SDE (SDEmax), minimum SDE (SDEmin) and ratio R¼ SDEmax/SDEmin. The measured parameters of the optical stack are, from top (illumination
side) to bottom, 213-nm-thick TiO2, 231-nm-thick SiO2, 4.5-nm-thick, 120-nm-wide WSi nanowires with 200 nm pitch, 230-nm-thick SiO2, 80-nm-thick
gold. The thickness of the WSi layer was estimated from the deposition time. The thicknesses of the TiO2 and SiO2, layers were estimated by white-light
ellipsometry on reference samples from the deposition runs. The width and pitch of the nanowires were measured by scanning electron microscopy.
Experimental SDEmax versus l and SDEmin versus l curves were obtained by averaging three subsequent acquisitions. The bias current was IB¼ 3.8mA and
the temperature was T¼ 120 mK.
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the WSi film was deposited by co-
sputtering W and Si targets1, or 

by sputtering a
W0.55Si0.45 target, onto the 
substrate at room temperature. 
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W5 Si3 (Tc = 4K) and WSi2 (Tc = 1.9K) . The films were deposited using DC magnetron 
sputtering from a single compound target onto both silicon and sapphire wafers.

2400104 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 23, NO. 3, JUNE 2013

Fig. 1. (a) XRD plot showing the θ–2θ spectrum of 100 nm W5Si3 films
deposited on Si with argon pressure of 4, 6, 10, 12, and 14 mTorr from bottom to
top respectively. The curves have been offset for clarity. (b) XRD plot showing
the θ–2θ spectrum of 100 nm W5Si3 (red) and WSi2 (black) films deposited on
R-plane sapphire at 10 mTorr and 8 mTorr, respectively. Other than the sapphire
peak the weak and broad features from the W5Si3 indicate an amorphous film.
(c) Transition temperature, TC, of W5Si3 as a function of argon pressure during
sputter deposition. (d) Resistivity of W5Si3 (blue circle) and WSi2 (red square)
as a function of temperature. Both materials show a sharp transition at TC with
a TC of 1.8 K for WSi2 and 4 K for W5Si3.

5 K and resistivity of ∼100 µΩ · cm, while the TC for the
WSi2 with Si content of 66% is expected to fall below 1.9 K
with a resistivity of several hundreds of µΩ · cm. We deposited
100 nm thick films with argon pressures ranging from 4 mTorr
to 14 mTorr to examine the effect on TC , resistivity, and
film structure. The normal state resistivity of the films was
measured using a four point probe and the critical temperature
was determined from the change in resistance with temperature.
Film structure was determined by θ–2θ XRD measurements.

Fig. 1(a) shows the XRD spectrum for W5Si3 films deposited
on Si with argon pressures of 4, 6, 10, 12, and 14 mTorr from
bottom to top, respectively. The film deposited at 10 mTorr
shows the least features indicating the relatively amorphous
nature of the film. Similar results were seen with the WSi2 films
with the least features seen at 8 mTorr. Fig. 1(b) shows the XRD
spectrum of a W5Si3 and a WSi2 film deposited on R-plane
sapphire at 10 mTorr and 8 mTorr respectively. The scans show
the peaks from the sapphire wafer and weak and broad feature
in the W5Si3, as seen in the film on Si. The W5Si3 film shows
a TC of 4 K and a normal state resistivity of ∼200 µΩ · cm
while the WSi2 film shows a TC of 1.8 K and a resistivity of
∼450 µΩ · cm. For both materials the transition is sharp as
shown in Fig. 1(d) and the materials have a RRR of slightly less
than one, as can be expected from an amorphous material. The

Fig. 2. Kinetic inductance fraction of CPW resonator on sapphire as a
function of film thickness calculated using measured TC and normal state
resistivities; open symbols are calculated values, filled symbols are measured
data, line is a guide to the eye. Upper inset shows the transmission, |S21|
(red circles), past a WSi2 CPW resonator with 100 nm nominal thicknesses,
fr = 1.766 GHz and Qi = 7.1 × 105 as determined from Lorentzian fit (blue
line). Lower inset shows |S21| for a 365 nm W5Si3 CPW resonator with
fr = 4.705 GHz and Qi = 1.7 × 105. Arrows indicate location of resonance
on kinetic inductance fraction curve.

TC of the W5Si3 films shows a strong variation with pressure,
increasing from 3 K at a pressure of 4 mTorr to 4 K for films
deposited at pressures above 10 mTorr as shown in Fig. 1(d).
We have yet to study the TC variation of WSi2 with pressure.
The resistivity of both materials was mostly constant over the
range of pressures examined.

The TC and normal state resistivity of these films allows the
calculation of both the surface inductance and penetration depth
of the films. According to the Mattis-Bardeen theory the surface
inductance for film thicknesses less than the penetration depth
can be approximated with [11]

Ls ≈
(
!Rs

π∆

)
(1)

while the penetration depth in the local limit is given by

λ =

√
!

π∆µ0σ20 K
(2)

where LS is the surface inductance, RS is the surface resis-
tance, 2 ∆ is the energy gap determined from TC , σ20 K is
the surface conductivity at 20 K in units of µΩ · cm and λ
is the penetration depth in nm. LS is an important parameter
when determining the kinetic inductance fraction of a resonator.
We can calculate the kinetic inductance fraction as a function
of thickness for the W-Si alloys from simulations using the
planar E&M software Sonnet. As shown in Fig. 2, the kinetic
inductance fraction remains high up to film thickness of a
micron or more, opening the possibility of direct detection of
x-rays in lumped-element MKIDs as we previously reported.

W5 Si3 (Q=1.7x10^5)

WSi2 (Q=7.1x10^6)
QUARANTA et al.: TUNGSTEN SILICIDE ALLOYS FOR MKIDs 2400104

Fig. 3. Fractional frequency shift of 100 nm (square) and 1 µm (circle) thick
WSi2 CPW resonators on sapphire indicating a high degree of film uniformity
(i.e., TC and α), which we believe is due to the uniform composition of the
films. The lines are calculated using the Mattis-Bardeen Theory with TC =
1.75 K, α = 0.92, and γ = 1 for the 100 nm film (blue line) and TC = 1.80 K,
α = 0.53, and γ = 1/3 for the 1 µm film (black line).

III. MKIDS OF TUNGSTEN SILICIDE

We have fabricated co-planar waveguide (CPW) supercon-
ducting resonators with films ranging from 80 nm to 2 µm in
thickness. The upper inset in Fig. 2 shows the transmission,
|S21|, past a WSi2 CPW resonator with 100 nm nominal
thicknesses. The resonator has a resonance frequency, fr, of
1.766 GHz with an internal quality factor, Qi, of 7.1 × 105.
The lower inset in Fig. 2 shows |S21| for a 365 nm W5Si3 CPW
resonator with fr = 4.705 GHz and Qi = 1.7 × 105. The geo-
metric resonance frequency for these resonators is 6.2 GHz. The
resonance frequency for both materials has been significantly
shifted down in frequency due to the large kinetic inductance
fraction of the alloys. The kinetic inductance fraction can be
calculated from experimental data using

α = 1 −
(

fm

fg

)2

(3)

where fm is the measured resonance frequency and fg is the
geometric resonance frequency. The 100 nm WSi2 film shows
a kinetic inductance fraction of 92% and the 365 nm W5Si3 has
a kinetic inductance factor of 42%. These values are shown with
the filled symbols in Fig. 2 and agree well with the simulated
values based on LS and TC . These α values are comparable
to those for TiN and much higher than those of elementals
superconductors such as Al and Nb.

Because both the alloys we have chosen to examine are
stoichiometric we expect to see a uniform film quality (i.e. TC

and α) over the surface of our wafer. Non-uniformity in TC has
been an issue for sub-stoichiometric TiN films (TC < 4 K) due
to the sensitivity of the TC on nitrogen content [12]. In Fig. 3
we show the fractional frequency shift of nine 100 nm and eight
1 µm thick WSi2 resonators as a function of temperature. The
symbols are measured data and the lines are calculated using
the Mattis-Bardeen Theory, which depends on the material TC

and α, with TC = 1.75 K, α = 0.92 and γ = 1 for the 100 nm
film and TC = 1.80 K, α = 0.53 and γ = 1/3 for the 1 µm
film. The curves are a good match to the data, although we have
yet to investigate deviations from the theory as have been seen

Fig. 4. Phase pulses from Fe-55 x-ray in WSi2 (dashed line) and W5Si3 (solid
line) CPW resonators on sapphire normalized to the same size to facilitate the
comparison. Both resonators show a pulse decay time of < 5 µs, which is
near the resonator lifetime, suggesting that the quasiparticle lifetime is actually
shorter.

with TiN [13]. The resonators show a high degree of uniformity
across the 16 mm chips and from one chip to another.

Photon absorption in MKIDs causes a non-equilibrium popu-
lation of quasiparticles which decays over some period of time
(i.e., the quasiparticle lifetime, τqp). The energy resolution of
an MKID scales as τ−1/2

qp . The quasiparticle lifetime can be
influence by a number of parameters such as TC , with which
it should scale inversely with the square. We have measured
the quasiparticle lifetime of W5Si3 and WSi2 by illuminating
MKIDs with an Fe-55 x-ray source (the devices tested were
used only to examine the quasiparticle lifetime and are not
designed for optimal signal to noise ratio). We observed a decay
time of < 5 µs for both stoichiometry as shown in Fig. 4,
where the pulses where normalized to the same size to facilitate
the comparison. This lifetime is on the order of the resonator
lifetime, τ = QR/2πfr, and with the lack of variation with
TC indicates that the quasiparticle lifetime is less than 5 µs.
We suspect that the disordered nature of the film limits the
quasiparticle diffusion and self-recombination is strongly en-
hanced. It may be possible to increase the quasiparticle lifetime
by placing the resonators on a SiN membrane, creating a bot-
tleneck to limit phonon loss [14]. We plan to fabricate tungsten
silicide MKIDs on SiN membranes to examine this effect.
However, it is also conceivable to use MKIDs as an equilibrium
x-ray detector where the MKID is used as a thermometer to
measure the temperature rise from a thermalized x-ray photon
(i.e., an MKID microcalorimeter). In such a detector, the short
quasiparticle lifetime should not be a limiting factor.

Finally, the frequency noise is a way to compare the noise
of resonators with differing quality factors. It can be thought
of as the frequency perturbation needed to create the associated
phase perturbation. In Fig. 5 we show the frequency noise of
CPW resonators of 350 nm films of W5Si3, WSi2, and Al at
similar internal resonator powers. The noise in the W-Si alloys
is comparable to that of the Al.

IV. CONCLUSION

We have studied two alloys of W-Si (W5Si3 and WSi2)
for use as kinetic inductance detectors. The alloys have
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Figure 1. (a) A thermal circuit diagram of the tantalum device showing the dominant thermal conductances and locations for x-ray
absorption. The electron–phonon couplings and electronic heat conductance through the inductor are not shown. (b) A false-color
micrograph of the tantalum-300 device. The lumped element resonator is fabricated lithographically from a 100 nm thick WSi2 film (gray).
The interdigitated capacitor (IDC) portion (green) is on solid SiN/Si substrate (500 nm/300 µm), while the inductive meander (red) lies on
the suspended SiN membrane (blue). The meander encircles the absorber (yellow). The coplanar waveguide (CPW) feedline is shown in
yellow and the ground plane in gray.

Table 1. Summary of the characteristic parameters of the three types of devices presented.

Name Q
Absorber
material

Absorber lateral
dimensions (µm2)

Absorber
thickness (nm) SiN membrane type

Tantalum-300 2.7 ⇥ 104 Ta 300 ⇥ 300 500 Island + legs
Gold-300 9 ⇥ 103 Au 300 ⇥ 300 100 Continuous
Gold-200 5.7 ⇥ 104 Au 200 ⇥ 200 100 Continuous

layer. This device lies on the SiN membrane perforated
to form an island (figure 1(b)) supported by six legs. The
other two devices have 100 nm thick gold absorbers on a
continuous, un-perforated SiN membrane (not shown). On
the same chip, the gold devices consist of two areas, 300 ⇥
300 µm2 (gold-300) and 200 ⇥ 200 µm2 (gold-200), in
addition to devices with no absorber present. The WSi2 is
deposited by DC magnetron sputtering from a stoichiometric
target and the resonator is patterned with a dry etch. The
absorbers are patterned via liftoff. A KOH wet etch is used to
etch through the 300 µm thick high-resistivity (>5 k� cm) Si
wafer and release the continuous suspended SiN membrane.
The tantalum-300 device has an additional dry etch to form
the island and legs. The characteristics of the three types of
devices presented here are summarized in table 1.

We have illuminated these devices with un-collimated
x-ray photons of ⇡6 keV from Fe-55 at different bath
temperatures and studied the phase pulses from the resonators
using a standard IQ mixing setup [3, 4]. The measured
or loaded quality factors (Q) of the resonators are 9 ⇥
103, 5.7 ⇥ 104, and 2.7 ⇥ 104 for the gold-300, gold-200,
and tantalum-300 devices respectively. When illuminated with
x-ray photons the devices respond with a decrease of the
resonance frequency and internal quality factor that can be
seen as a pulse in both phase and amplitude directions. The

amplitude pulses were typically smaller than the phase pulses.
We present an analysis using only the phase response.

We observe two classes of pulses, both of which are
represented in figure 2. The blue dashed line pulse is similar
to the typical pulses seen in other tungsten silicide resonators
fabricated on thick silicon and sapphire substrates [8, 9].
This type of response is compatible with the expected
non-equilibrium response for these energies for a given Q,
kinetic inductance fraction, and volume [8]. We attribute
these pulses primarily to absorption of photons in the SiN
island or the silicon substrate with subsequent generation
of athermal phonons. These athermal phonons are energetic
enough to generate a large number of non-equilibrium
quasiparticles, which result in a large response [10, 11]
and a very short decay time in tungsten silicide. For the
tantalum-300 device these pulses have a second decay time,
which is likely due to phonon trapping or thermalization in
the SiN, given the very weak thermal link to the bath. We
do not see this second decay time in the athermal pulses
from the gold devices on the continuous membrane. The
fast portion of the pulse is compatible with the resonator
response time of few µs (⌧res = Q/⇡ fr, Q ⇡ 104 and fr ⇡
3 GHz), which indicates that the quasiparticle recombination
time for tungsten silicide is probably much shorter. While
this represents a disadvantage from the point of view of
non-equilibrium resonators, where the quasiparticles will not
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Figure 2. The main figure shows pulse templates obtained by
averaging 20 pulses from 6 keV photons from the tantalum-300
device at Tbath = 85 mK. The blue dashed curve represents the
typical fast response for photon absorption directly in the resonator
or in the SiN membrane. This athermal pulse has a first very fast
decay time, of the order of few microseconds, followed by a slower
second decay time, of the order of tens of microseconds. The red
curve represents the thermal response for photons absorbed in the
tantalum absorber. In semi-log scale, the inset shows the same
tantalum-300 template fitted with two exponentials, and the
gold-300 template (200 averages) at Tbath = 250 mK fit with a
single exponential.

live long enough to be properly sensed, it represents an
advantage for thermal MKIDs, where the fast thermalization
of the resonator should ensure the equilibrium of the resonator
with the rest of the system (i.e., absorber and membrane)
as well as suppressing the generation–recombination noise
inside the resonator bandwidth [12].

The longer pulse in figure 2 has never been seen in
tungsten silicide resonators. The most significant difference is
the much longer decay time, more than an order of magnitude
longer than previously seen. In the gold devices on continuous
membranes, this type of pulse is much less frequent than
the fast pulses: ⇡10% for gold-200 and ⇡15% for gold-300.
Considering the comparable stopping power of gold and SiN
at these thicknesses, these percentages are compatible with the
ratio of absorber area to membrane area. Also, in the case of
the device without any absorber only fast pulses were present.
On the other hand, in the tantalum-300 device with greater
x-ray absorption efficiency (⇠25% at 6 keV) and substantially
less SiN, the majority of the pulses are those with the much
longer decay times. The gold devices are fitted well to a
single exponential decay while the tantalum devices are fitted
with a double exponential. These two exponentials will be
discussed later when we examine their dependence with bath
temperature.

To understand the nature of these long pulses, the detec-
tion mechanism behind a superconducting resonator needs to
be considered. A superconductor in thermal equilibrium at a
given bath temperature (Tbath) is characterized by a thermal
population of quasiparticles nqp(T) = 2N0

p
2⇡kT1e�1/KT ,

where N0 is the single spin density of state at the Fermi
level and k is Boltzmann’s constant. An instantaneous
temperature rise (dT) in the superconductor will result in an

Figure 3. Phase variation induced in the resonator by sweeping the
cryostat temperature, starting at different Tbath (85 mK magenta
circles, 125 mK blue squares, and 175 mK red diamonds), from the
tantalum-300 device. These data represent the calibration curves of
the resonator as a thermometer. The black line is the logarithmic
sensitivity, ↵✓ , at Tbath = 175 mK.

increase in the thermal population of quasiparticles dnqp =
nqp(Tbath + dT) � nqp(Tbath). This change in the density
of quasiparticles will result in a change in the complex
conductivity (d�1,2/dnqp) and thus a change in phase given
by [4], d✓(T) = (2� Q/�2(T = 0))(d�2(T)/dnqp)dnqp, where
� is the kinetic inductance fraction. This represents a direct
relationship between the temperature rise and the phase
change. If we assume that the long decay pulses are of a
thermal nature, due to the absorption of the photon in the
gold or the tantalum absorber, we can use this relationship
to estimate the induced temperature rise in the resonator from
the observed phase change. This assumes the knowledge of
several material parameters, including N0 and 1, which are
not well known for WSi2. The same result can be obtained
by mapping the phase change induced in the resonator by the
change of the bath temperature. Starting from a given bath
temperature (i.e. a given resonance frequency), we slowly
raised the bath temperature by regulating the cryostat in
1 mK steps and measured the corresponding phase change.
This creates a calibration curve for the resonator acting as a
thermometer. Calibration curves for a tantalum device taken
at three different bath temperatures are shown in figure 3.
We estimated the pulse height by generating a pulse template
and convolving it with each pulse in the time domain (i.e.,
a matched filter [32]). Using the calibration curve, we can
calculate the induced temperature rise at different Tbath for
each device3. The resulting temperature rises are shown in
figure 4(a).

In order to estimate the expected temperature rise in
the resonator, we performed a quasi-3D dynamical thermal
simulation of the gold device. The continuous SiN membrane,
resonator, and absorber are all modeled as independent layers,
their only thermal link via electron–phonon coupling. All heat

3 We observed a linear correlation in the measured rise time and pulse height
in the tantalum device, and we have applied a linear correction. We believe
that this correlation is a symptom of a position-dependent response because
of the slow thermalization time of tantalum.

3

a 100 nm thick WSi2 film (gray). The interdigitated capacitor (IDC) portion (green) is on solid SiN/Si substrate (500 nm/
300 μm), while the inductive meander (red) lies on the suspended SiN membrane (blue). The meander encircles the 
absorber (yellow).
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Resolution at 1.5 um
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material Tc Tbath  fg NIR 
resolution

K mK GHz at 1.5 um

NbN 16 2286 1168 13

NbTiN 14 2000 1022 14

Nb 9.3 1329 679 17

Nb/Al 7.0 1000 511 20

TiN 4.5 643 329 25

WSi 4.2 600 307 26

TiN 1.1 157 80 51

Al 1.2 171 88 48

Al/Ti 0.7 100 51 63

Ti 0.40 57 29 84

R = �
�� = 1

2.355

�
�h�
F�

� = 0.57, F = 0.2 Fano factor
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