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SZ Cluster Surveys: Mass vs Redshift

Area 
(deg2)

Depth 
(uK-arcmin) Nclusters

Planck All-sky 45 861

SPT 2500 17 465

ACT 950 23-40 91

Notes:
•  For each experiment, the 150 GHz depth is 
given, most important band for cluster counts

•  Planck based on ~1/2 survey, cluster counts 
should ~double for full survey

•  Nclusters highly dependent on completeness of 
optical follow-up, which varies between each 

experiment

First SZ-discovered cluster 
was in 2008 (Staniszewski et 
al); 5 years later there are > 
1300 SZ-identified clusters!



CMB Science

Spectra generated with WMAP7 parameters using CAMB, Lewis and Challinor
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Figure 1.5: The polarization pattern on the sky can be characterized in terms of a scalar
(E) and a pseudo-scalar (B) field [63, 128]. E and B differ in their behaviour under parity
transformation: B changes sign while E does not. This can be seen in the figure above.
The E patterns when reflected about the vertical axis do not change while the B patterns
change handedness. The E-B decomposition is a linear transformation of the Q-U (Stoke’s
parameters [60]) fields on the sky. This transformation is invertible, and makes E and B
invariant under translation or rotations of the sky coordinate system. These conditions
imply the transformation must be non local [127]. The values of E and B at a point Θ in
the sky are computed by averaging the (Qr, Ur) Stoke’s parameters defined based on the
radial directions about Θ. The averages of Qr construct E, and averages of Ur construct
B. The weight along circles centered at Θ should be constant, but each circle is typically
weighted by the inverse of its radius. The CMB polarization is expected to generate zero
circular polarization; hence the Stoke parameter V is zero.
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Spectra generated with WMAP7 parameters using CAMB, Lewis and Challinor
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Relevant numbers

• Lensing B-mode amplitude ~5 μK-arcmin

• High S/N measurement requires very deep maps with better than 3 arcmin 
resolution

• Sample variance

• Measure large areas of sky

• Instruments need lots of sensitivity!
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BLIP: Background Limited Infrared Power

< n >=
1

eh⌫/kT � 1

< n2 >= n(n+ 1)

• Sensitivity of individual detectors is now limited by shot noise of the photon 
flux

• Increasing sensitivity of an experiment requires increasing the number of 
detectors 



Stages of CMB experiment
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors



Current technology: Transition Edge Sensor
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Current technology: TES (antenna coupled)
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Figure 4: (a) An image of the full POLARBEAR focal plane as seen from the top (b) A single hex wafer plus vertically
integrated readout (c) Microscope image of a single POLARBEAR pixel with important components labeled

area available for the rest of the pixel). The lenslets are quarter-wavelength anti-reflection coated to minimize
reflection loss at the surface. The coupling of the extended hemispherical lenslet above the planar antenna
produces a di↵raction-limited beam with Gaussicity and directivity similar to that of a conical horn [16].
Another benefit of superconducting TES bolometers is that they can be read-out and multiplexed by low

noise SQUID amplifiers, allowing for simultaneous readout of thousands of detectors. POLARBEAR detector
signals are read-out with a frequency-domain multiplexed readout using cryogenic SQUID ammeters. A group
of eight transition edge sensor (TES) bolometers is AC voltage-biased, each with a di↵erent frequency, and its
current response is summed using a single SQUID. The “frequency comb” SQUID signals exit the cryostat and
are demodulated at 300 K. This multiplexed readout reduces the otherwise prohibitive amount of wiring, and is
designed as a vertical stack (Figure 4b) allowing POLARBEAR to take full advantage of (precious) cold focal
plane area.

4. Recent Results

An engineering run of POLARBEAR was performed in 2010 at the CARMA site in the Inyo Mountains of
Eastern California. The focal plane of this engineering run contained three of seven hexagonal sub-arrays and
a 50% attenuating filter at 4K was placed in the optical path to reduce the high atmospheric power present in
California (which will be absent in the James Ax Observatory in the Atacama Desert). Bright astrophysical
point sources were observed in order to characterize POLARBEAR’s beam parameters. Data was accumulated
for each source by scanning the telescope in azimuth and stepping in elevation. In this way, each pixel crosses
the source many times. Co-added maps of the brightest celestial source, Jupiter, are shown in Figure 5a. These
maps give a best fit Gaussian beam with full width at half maximum of 3.8 arcminutes.
Observations of the bright, polarized mm-wave source Tau A were performed during the Cedar Flat engi-

neering run. A row of 12 observing pixels were chosen and rastered back and forth across across Tau A for
approximately two hours while the HWP was stationary. Maps were subsequently produced by rotating the
HWP and reobserving Tau A. Figure 5b shows the co-added temperature and polarization maps of Tau A. The
polarization magnitude and angle show good agreement with published results [17].
Other tests (such as polarization response) were also performed during the Cedar Flat engineering run to

characterize beam parameters. POLARBEAR is more than a factor of two better than the most stringent
requirements for di↵erential pointing, di↵erential ellipticity, and di↵erential beam size in order to detect CMB
B-Modes from inflationary gravitational waves with r = 0.025.

5. Future Plans

The goals of POLARBEAR are to detect the gravity-wave background (GWB) and the imprint of massive
neutrinos on the gravitational lensing power spectrum. To this end, the POLARBEAR team is pursuing a long
range strategy featuring multiple telescopes, which are currently under construction, coupled to novel wide-band
antennas and TES bolometers. Here, we briefly outline our long range strategy. We will not refer to the telecope
described previously as POLARBEAR-1 and the long range project as POLARBEAR.

BICEP2/Keck & 
SPIDER

SPTpol (& ACTpol)
Polarbear



Focal plane arrays

(a) (b)

Figure 1. (a) A picture of the entire assembled Polarbear focal plane. The 6 silver sub-arrays use silicon lenslets with
thermoformed polyetherimid (PEI) Anti-Reflection (AR) coatings, while the single white array uses alumina lenslets, a
material with similar optical properties to silicon. (b) A picture of a single sub-array. Note how the readout folds back
behind the sub-array for a compact, scalable design.

To achieve the high sensitivity and stringent control of systematic instrumental effects required by Polar-

bear’s scientific goals, there are several important detector design criteria: The individual detectors must couple
optical power from the free-space telescope optics to the bolometer with minimal loss. The spectral band of the
detectors, centered at 148 GHz, must be designed to utilize the atmospheric window around that frequency.
The detectors must be dual-polarization, with diffraction-limited spatial response that are symmetric between
polarizations. The bolometer time constants must be such that they can measure the CMB structure in the sky
as the telescope scans across it. And the bolometer sensitivity must be background-limited, recognising that the
statistical variations in the photon flux from the atmosphere are the fundametal limit to detector sensitivity for
ground-based observation of the CMB.

Section 2 of this proceeding goes over the design of the focal plane array of detectors and how it addresses
these goals, while Section 3 gives the details of the detector fabrication in the Berkeley Nanolab. Section 4
presents the results of tests conducted to validate the focal plane performance. Section 5 concludes with some
comments about the future of this technology and of the Polarbear experiment.

2. FOCAL PLANE ARRAY ARCHITECTURE

The Polarbear array consists of 637 pixels (1274 antenna-coupled bolometers) on 7 hexagonal sub-arrays. Each
of these sub-arrays is fabricated on a single 4” silicon wafer in the Berkeley Nanolab. Pictures of the assembled
array and a single assembled sub-array are shown in Figure 1.

The Polarbear detectors integrate several features into a single pixel: polarization-sensitive antennas sep-
arate the signal into polarized components and couple these components from free space into superconducting
microstrip waveguide, spectral bandpass filtering transmits only the desired frequency band, and superconduct-
ing Transition Edge Sensor (TES) thermistors on the thermally released bolometers provide the photon-noise
limited detection of the transmitted electromagnetic wave. An overview of this architecture is shown in Figures
2 and 3.

2.1 Antenna design: lenslet-coupled crossed double-slot dipole

The idea of increasing an antenna’s directivity with a directly contacting dielectric lenslet has been used across
many applications and spectral regions.2–5 This configuration has several benefits:

Figure 2.

(a) Four arrays are assembled together to make a focal plane, for a total of 256 polarimeters at 150 GHz. Each
detector wafer, stacked with a �/4 quartz anti-reflection wafer (not visible), is mounted on a gold plated OFHC
copper plate using beryllium-copper spring clips fixed near the corners; (b) Close view of the spring clips holding
a detector array. Each array is connected to a printed circuit board via Al wire bonds. Visible are the aluminized
traces on the printed circuit board, routing the signals from the detectors to 33-element NIST SQUID MUX
chips; (c) MUX/Nyquist chip, mounted on the printed circuit board using an intermediary ceramic carrier and
wire bonded to the Al traces. 16 MUX/NYQ chips (visible in (a)) are used to readout all the detectors on the
focal plane.

If the sub-antennas are arranged in a square grid pattern and fed uniformly the radiation pattern will exhibit
minor sidelobes and four-fold symmetry. In refractor systems (such as BICEP2/Keck and SPIDER) the minor
sidelobes are terminated at a cold Lyot stop. The array size is fixed by the wavelength and the desired FWHM:
for FWHM ⇠ 14 � the sub-antennas array format is a 12 ⇥ 12 cell and the size of the polarimeter is ⇠ 7.5 mm
at 150 GHz. Microstrip filters (Fig.1e) define both the upper and lower frequency cuto↵ of the science bands,
with a chosen ⇠ 25% fractional bandwidth, slightly smaller than the antennas bandwidth. After the bandpass
filter the signal from the antenna is transmitted through the superconducting niobium microstrip and readout
by a thermally isolated bolometer on a micromachined silicon nitride (SiN) island (see Fig.1d). The microstrip
enters the thermally isolated island via a suspended SiN leg and terminates in a meandering resistive microstrip,
where the electromagnetic energy is dissipated and detected by a TES bolometer, deposited on the same island.
For more details on the SiN island design see Section 3. Each TES bolometer consists of Ti (Tc ⇠ 520 mK) and
Al (Tc ⇠ 1.34 K) connected in series. The Ti TES is used for science operations, the Al TES is used for optical
characterization under laboratory loading conditions, where the Ti TES saturates.

Four arrays are assembled together to make a focal plane, for a total of 256 dual-polarization elements at
150 GHz (see Fig.2a). The detector arrays are integrated with the SQUID time-domain multiplexer developed
at NIST9,10 using the following scheme : each detector wafer, stacked with a �/4 quartz anti-reflection wafer, is
mounted on a gold plated OFHC copper plate and connected to a printed circuit board, attached to the same
stage, via Al wire bonds. Detector signals are routed via Al traces on the printed circuit board to 33-element
NIST SQUID multiplexer (MUX) chips, attached to the same board (see Fig.2a/b). The first and second stage
SQUIDs are on the same MUX chip, cooled at the same temperature as the detectors. We use 16 MUX chips
to readout all the detectors on a focal plane. NIST Nyquist inductor (NYQ) chips are used in conjunction with
MUX chips to filter high frequency noise. The shunt resistors used to voltage bias11 the TESs are fabricated
on the NYQ chips at NIST. MUX/NYQ chips are mounted on the printed circuit board using an intermediary
alumina carrier (see Fig.2c). Each detector wafer is held to the detector plate by beryllium-copper spring clips
fixed near the corners (see Fig.2b). A niobium �/4 backshort is mounted on top of the detector plate/printed
circuit board assembly in Fig.2a, providing also shielding for MUX/NYQ chips. Radiation is coming from the
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Figure 1. (a) A picture of the entire assembled Polarbear focal plane. The 6 silver sub-arrays use silicon lenslets with
thermoformed polyetherimid (PEI) Anti-Reflection (AR) coatings, while the single white array uses alumina lenslets, a
material with similar optical properties to silicon. (b) A picture of a single sub-array. Note how the readout folds back
behind the sub-array for a compact, scalable design.

To achieve the high sensitivity and stringent control of systematic instrumental effects required by Polar-

bear’s scientific goals, there are several important detector design criteria: The individual detectors must couple
optical power from the free-space telescope optics to the bolometer with minimal loss. The spectral band of the
detectors, centered at 148 GHz, must be designed to utilize the atmospheric window around that frequency.
The detectors must be dual-polarization, with diffraction-limited spatial response that are symmetric between
polarizations. The bolometer time constants must be such that they can measure the CMB structure in the sky
as the telescope scans across it. And the bolometer sensitivity must be background-limited, recognising that the
statistical variations in the photon flux from the atmosphere are the fundametal limit to detector sensitivity for
ground-based observation of the CMB.

Section 2 of this proceeding goes over the design of the focal plane array of detectors and how it addresses
these goals, while Section 3 gives the details of the detector fabrication in the Berkeley Nanolab. Section 4
presents the results of tests conducted to validate the focal plane performance. Section 5 concludes with some
comments about the future of this technology and of the Polarbear experiment.

2. FOCAL PLANE ARRAY ARCHITECTURE

The Polarbear array consists of 637 pixels (1274 antenna-coupled bolometers) on 7 hexagonal sub-arrays. Each
of these sub-arrays is fabricated on a single 4” silicon wafer in the Berkeley Nanolab. Pictures of the assembled
array and a single assembled sub-array are shown in Figure 1.

The Polarbear detectors integrate several features into a single pixel: polarization-sensitive antennas sep-
arate the signal into polarized components and couple these components from free space into superconducting
microstrip waveguide, spectral bandpass filtering transmits only the desired frequency band, and superconduct-
ing Transition Edge Sensor (TES) thermistors on the thermally released bolometers provide the photon-noise
limited detection of the transmitted electromagnetic wave. An overview of this architecture is shown in Figures
2 and 3.

2.1 Antenna design: lenslet-coupled crossed double-slot dipole

The idea of increasing an antenna’s directivity with a directly contacting dielectric lenslet has been used across
many applications and spectral regions.2–5 This configuration has several benefits:

Figure 2.

(a) Four arrays are assembled together to make a focal plane, for a total of 256 polarimeters at 150 GHz. Each
detector wafer, stacked with a �/4 quartz anti-reflection wafer (not visible), is mounted on a gold plated OFHC
copper plate using beryllium-copper spring clips fixed near the corners; (b) Close view of the spring clips holding
a detector array. Each array is connected to a printed circuit board via Al wire bonds. Visible are the aluminized
traces on the printed circuit board, routing the signals from the detectors to 33-element NIST SQUID MUX
chips; (c) MUX/Nyquist chip, mounted on the printed circuit board using an intermediary ceramic carrier and
wire bonded to the Al traces. 16 MUX/NYQ chips (visible in (a)) are used to readout all the detectors on the
focal plane.

If the sub-antennas are arranged in a square grid pattern and fed uniformly the radiation pattern will exhibit
minor sidelobes and four-fold symmetry. In refractor systems (such as BICEP2/Keck and SPIDER) the minor
sidelobes are terminated at a cold Lyot stop. The array size is fixed by the wavelength and the desired FWHM:
for FWHM ⇠ 14 � the sub-antennas array format is a 12 ⇥ 12 cell and the size of the polarimeter is ⇠ 7.5 mm
at 150 GHz. Microstrip filters (Fig.1e) define both the upper and lower frequency cuto↵ of the science bands,
with a chosen ⇠ 25% fractional bandwidth, slightly smaller than the antennas bandwidth. After the bandpass
filter the signal from the antenna is transmitted through the superconducting niobium microstrip and readout
by a thermally isolated bolometer on a micromachined silicon nitride (SiN) island (see Fig.1d). The microstrip
enters the thermally isolated island via a suspended SiN leg and terminates in a meandering resistive microstrip,
where the electromagnetic energy is dissipated and detected by a TES bolometer, deposited on the same island.
For more details on the SiN island design see Section 3. Each TES bolometer consists of Ti (Tc ⇠ 520 mK) and
Al (Tc ⇠ 1.34 K) connected in series. The Ti TES is used for science operations, the Al TES is used for optical
characterization under laboratory loading conditions, where the Ti TES saturates.

Four arrays are assembled together to make a focal plane, for a total of 256 dual-polarization elements at
150 GHz (see Fig.2a). The detector arrays are integrated with the SQUID time-domain multiplexer developed
at NIST9,10 using the following scheme : each detector wafer, stacked with a �/4 quartz anti-reflection wafer, is
mounted on a gold plated OFHC copper plate and connected to a printed circuit board, attached to the same
stage, via Al wire bonds. Detector signals are routed via Al traces on the printed circuit board to 33-element
NIST SQUID multiplexer (MUX) chips, attached to the same board (see Fig.2a/b). The first and second stage
SQUIDs are on the same MUX chip, cooled at the same temperature as the detectors. We use 16 MUX chips
to readout all the detectors on a focal plane. NIST Nyquist inductor (NYQ) chips are used in conjunction with
MUX chips to filter high frequency noise. The shunt resistors used to voltage bias11 the TESs are fabricated
on the NYQ chips at NIST. MUX/NYQ chips are mounted on the printed circuit board using an intermediary
alumina carrier (see Fig.2c). Each detector wafer is held to the detector plate by beryllium-copper spring clips
fixed near the corners (see Fig.2b). A niobium �/4 backshort is mounted on top of the detector plate/printed
circuit board assembly in Fig.2a, providing also shielding for MUX/NYQ chips. Radiation is coming from the
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instrument with a few hundred pixels at either the IRAM 30 m or the APEX 12 m telescope in 

2009.  Thanks to the physical understanding of the TLS noise, prospects for pushing the NEP 

values another order of magnitude lower, into the ~10

-20

 W Hz

-1/2

 territory needed for dispersive 

far-infrared spectroscopy needed for SPICA, are quite good using advanced resonator designs and 

materials. 

 

2c. Multiplexed Readouts: One of the challenges in fielding kilopixel receivers is the 

development of appropriate readout technology. For large arrays, the signals must be multiplexed 

at cryogenic temperatures, so that a small number of wires to room temperature can read out a 

large number of bolometers. In the past few years, multiplexed readout technology for TES 

bolometers has matured, and numerous instruments are now in the field that read out a thousand or 

more pixels using multiplexers based on SQUIDs. New techniques based on RF multiplexing 

promise to extend the achievable array sizes even further. 
SQUID multiplexing:  SQUIDs are the amplifiers of choice for providing sensitive pre-

amplification for the current signals from TES bolometers, and can be used to multiplex TES 

bolometer signals at the cold stage. Arrays based on two different SQUID multiplexing 

techniques, time-domain (TDM) and frequency-domain (FDM), have been successfully deployed 

in the field. 
 

    

 
Fig. 6. Left: A 32-channel SQUID TDM chip. The 32 SQUIDs are turned on sequentially and read out through one 

output channel. Center:  SPT sub-array read out by FDM SQUIDs.  Right: closely spaced microwave resonances 

from an MKID array used in RF multiplexing. 

 

In TDM, which was developed at NIST, many SQUID-coupled TES bolometers are read out 

through a single set of wires by turning the SQUIDs on one at a time (see Fig. 6). With proper 

design, the multiplexed SQUID amplifiers do not appreciably contribute to the system noise. 

SQUID TDM is a mature technology that is deployed in many astronomical instruments with 

multiplexing factors of up to 40:1. 

At Berkeley, SQUID multiplexers based on FDM have also been developed. In this approach, 

many TES bolometers are read out biased with different sinusoidal voltages in the frequency range 

from 300 kHz to 1 MHz. Each bolometer is biased at a different frequency.  Intensity variations 

from the sky-signal change the bolometer resistance and amplitude modulate the bolometer current 

such that the sky-signal from each bolometer is transferred to a sideband adjacent to its carrier. 

Thus, the signals from different bolometers are uniquely positioned in frequency space, so they 

can be summed and connected through a single wire to a SQUID preamplifier. SQUID FDM is a 

mature technology that is being deployed in multiple astronomical instruments with multiplexing 

factors of 8:1 and higher. 

RF multiplexing:  While either TDM or TFM, SQUIDs operated at MHz frequencies have 

sufficient performance to read out ~10

4

 TES bolometers, a much higher multiplexing factor can be 

Time-domain 
(switching)

Frequency-domain 
(AM radio)

O(10) MUX factor



Noise Equivalent Power (NEP)

Figure 11. (Left) Measurements of the electrothermal time constant of one representative detector at several points in its
superconducting transition. Devices exhibit time constants < 1 ms at nominal operation points. (Right) Power spectral
densities (PSDs) for three devices in the same 150 GHz pixel. “X” and “Y” are optically loaded while the “Dark” device
is not coupled to the sky. All three device PSDs have white noise levels consistent with expectations. The PSD of the
di↵erenced timestreams of the optically loaded devices shows a much reduced 1/f knee.

Figure 10 (Right) shows pre-deployment 150 GHz VNAmeasurements of one representative feedhorn. Dots are
measurements of the H-plane, E-plane, and cross-polarization, while solid lines are expectations from simulations.
The beam power drops below -20 dB at ⇠ ±40� from the beam center, and cross-polarization power is below
-25 dB. Measured beams of the detectors as deployed on the telescope also appear nominal, with an average full
width half maximum (FWHM) of 1.06 arcminutes and beam eccentricity of e = 0.04 for the 150 GHz pixels.31

Optical e�ciency measurements were taken for a small subset of detectors prior to SPTpol deployment.
Using a set of metal mesh capacitive low-pass filters to define the upper edge of our bandpass, we illuminate
the detectors with radiation from a cold load set to several temperatures between 4 and 30 K. The measured
di↵erence in power compared to the expected in-band power gives the detector plus feedhorn optical e�ciency.27

These measurements indicated detector optical e�ciencies of ⇠ 90%.

We measured the electrothermal time constants of many devices in the lab at various points in their super-
conducting transitions. We apply an AC voltage bias of frequency ! to a detector just as we would in standard
operation, but also apply additional voltage bias at a second bias tone ! + �!, which amplitude-modulates the
detector response. The output current amplitude at the negative sideband at !� �! (where no external voltage
is applied) is a pure measurement of the electrothermal response of the device.32 We plot the response as a
function of �! and fit a single pole to the data, which gives us the time constant of the device. A representative
plot of electrothermal time constant measurements is shown in Figure 11 (Left). These measurements are taken
several times when the device is biased at di↵erent points in its transition. Across the arrays the electrothermal
time constants are generally < 1 ms while in the superconducting transition.

We have also measured detector noise between field observations while on the telescope. Figure 11 (Right)
shows the noise for three detectors in a single representative 150 GHz pixel. Detectors “X” and “Y” are optically
coupled and looking at the sky, while the “Dark” detector is not optically active. Given in-lab calibration factors
with systematics at the 10 - 20% level, the white noise levels of all the devices are consistent with expectations, 47
aW/

p
Hz with no optical loading and 76 aW/

p
Hz with nominal optical load. Additionally, di↵erencing optically

loaded detector timestreams removes correlated long time scale atmospheric fluctuations. As a result, the power
spectral density of the di↵erenced timestreams shows a significant reduction in the 1/f knee, increasing the
frequency range that can be used for extracting relevant science.

5. CONCLUSIONS

SPTpol is a dichroic polarization-sensitive receiver recently deployed at the South Pole observing at 90 and 150
GHz. We have discussed the design and properties of seven independent 150 GHz camera modules produced for

Henning et. al., Proc. SPIE 8452, 84523A (October 5, 2012)
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coupled and looking at the sky, while the “Dark” detector is not optically active. Given in-lab calibration factors
with systematics at the 10 - 20% level, the white noise levels of all the devices are consistent with expectations, 47
aW/

p
Hz with no optical loading and 76 aW/

p
Hz with nominal optical load. Additionally, di↵erencing optically

loaded detector timestreams removes correlated long time scale atmospheric fluctuations. As a result, the power
spectral density of the di↵erenced timestreams shows a significant reduction in the 1/f knee, increasing the
frequency range that can be used for extracting relevant science.
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SPTpol is a dichroic polarization-sensitive receiver recently deployed at the South Pole observing at 90 and 150
GHz. We have discussed the design and properties of seven independent 150 GHz camera modules produced for
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Figure 11. (Left) Measurements of the electrothermal time constant of one representative detector at several points in its
superconducting transition. Devices exhibit time constants < 1 ms at nominal operation points. (Right) Power spectral
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Figure 10 (Right) shows pre-deployment 150 GHz VNAmeasurements of one representative feedhorn. Dots are
measurements of the H-plane, E-plane, and cross-polarization, while solid lines are expectations from simulations.
The beam power drops below -20 dB at ⇠ ±40� from the beam center, and cross-polarization power is below
-25 dB. Measured beams of the detectors as deployed on the telescope also appear nominal, with an average full
width half maximum (FWHM) of 1.06 arcminutes and beam eccentricity of e = 0.04 for the 150 GHz pixels.31

Optical e�ciency measurements were taken for a small subset of detectors prior to SPTpol deployment.
Using a set of metal mesh capacitive low-pass filters to define the upper edge of our bandpass, we illuminate
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detector response. The output current amplitude at the negative sideband at !� �! (where no external voltage
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function of �! and fit a single pole to the data, which gives us the time constant of the device. A representative
plot of electrothermal time constant measurements is shown in Figure 11 (Left). These measurements are taken
several times when the device is biased at di↵erent points in its transition. Across the arrays the electrothermal
time constants are generally < 1 ms while in the superconducting transition.

We have also measured detector noise between field observations while on the telescope. Figure 11 (Right)
shows the noise for three detectors in a single representative 150 GHz pixel. Detectors “X” and “Y” are optically
coupled and looking at the sky, while the “Dark” detector is not optically active. Given in-lab calibration factors
with systematics at the 10 - 20% level, the white noise levels of all the devices are consistent with expectations, 47
aW/

p
Hz with no optical loading and 76 aW/

p
Hz with nominal optical load. Additionally, di↵erencing optically

loaded detector timestreams removes correlated long time scale atmospheric fluctuations. As a result, the power
spectral density of the di↵erenced timestreams shows a significant reduction in the 1/f knee, increasing the
frequency range that can be used for extracting relevant science.

5. CONCLUSIONS

SPTpol is a dichroic polarization-sensitive receiver recently deployed at the South Pole observing at 90 and 150
GHz. We have discussed the design and properties of seven independent 150 GHz camera modules produced for
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We see B-modes!



We see B-modes

SPTpol: Hanson et al, arXiv:1307.5830 (PRL in press)

SPT

SPTpol
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Superconducting microstrip

• Microstrip allows for 
manipulation of electric field

• Can move band pass “on 
chip”

Yoon et al., AIP Conf. Proc. 1185, pp. 515-518
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• Developing arrays of three-color pixels for SPT-3G

• Increase bolo density from 2 per pixel to 6 per pixel
Suzuki et al., Proc. SPIE 8452, Mm, Sub-mm, and Far-IR Detectors and Instr. for Astro. VI, 84523H (October 5, 2012)
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KIDs in mm-wavelengths

• NIKA (~200 detectors)/NIKA2 (5000 detectors) on IRAM

• MUSIC (~2300 detectors) on CSO

Frequency'scaQer'caused'by'slot[line'
modes'in'CPW'feed'

Alessandro Monfardini for the NIKA collaboration, LTD 15, Pasadena 2013 
17 

NIKA-2 (2015) 

•  Dual-band (1.25mm and 2mm) 
•  Polarization @ 1.25mm 

•  KID Arrays Detectors: 
–  1000 pixels @ 2mm 
–  2 × 2000 pixels @ 1.25mm 

•  NIKEL Read-Out Electronics 
 

Characteristics&

2,3'm'

~"1'ton'

!  6.5&arc2min&FoV&(≡&IRAM&30m)&
!  Close&to&background2limited&&
!  Dual2band&imaging&+&polarization&
!  Derived&from&NIKA&R&D&

Goals'et'Varia&

MUSIC Instrument

• 576 spatial pixels
covering a 14’ FOV

• Each pixel coupled to

4 detectors (4 bands
between 0.85 mm to
2.0 mm)

• Al-Nb CPW-IDC
MKID detectors
operating at 3−4 GHz

• Angular resolution of
22 − 45 arcsec

MUSIC focal plane July 2012

Commissioning MUSIC Jack Sayers - 2



Photon noise limited (almost)
Measured'NEP''

NEP = Sφ
* df
dφ

dP
df

Evidence%that%we%are%
star0ng%to%see%the%
photon%noise%but%are%
clearly%not%dominated%
by%it%in%this%device.%
%
Photon%noise%not%
increasing%as%
expected,%most%likely%
due%to%poor%op0cal%
efficiency%for%this%
device%and%being%
close%to%system%noise.%

In the experiment presented, we study an array of 8! 9
pixels of lens-antenna coupled MKIDs. The MKIDs are quar-
ter wavelength coplanar waveguide (CPW) superconducting
resonators2 weakly coupled to a CPW line (throughline, with
a 6 lm wide gap with 10 lm central line) which connects all
pixels (see Fig. 1). The resonator acts as a short for a probe
signal on the throughline at a frequency F0 " 6 GHz. At its
shorted end, the MKID CPW acts as the feed to a single
polarization sensitive twinslot antenna,13 optimized for 325
GHz radiation, placed in the geometrical focus of a Si lenslet
mounted to the back of the detector chip. The lenslet is part
of a laser machined Si lens array as shown in the inset of
Fig. 1. The only affect the antenna has on the MKID proper-
ties is a slight shift in MKID resonance frequency. The
devices14 are made of 300 nm sputtered NbTiN, a supercon-
ductor15 with 2D¼ 1.1 THz and so lossless at both probe and
sky frequency. The central line of the MKID close to the
antenna is made of sputtered 80 nm thick Al, 2D¼ 90 GHz
and normal state resistivity 1.1 lXcm, for a length of 1.2
mm. Hence, radiation with 1.1 THz>F> 90 GHz traveling
from the antenna into the resonator will be absorbed only in
the Al central line. The created quasiparticles are confined
within the Al because of the presence of an Andreev barrier
due to the difference in superconducting gap between Al and
NbTiN. To prevent parasitic odd modes at the sky frequency
coupling to the MKID,16 lithographical airbridges of 200 nm
sputtered Al are manufactured using a resist reflow technique
over the MKID CPW. The MKID CPW has a 4.5 lm wide
gap and central line, both narrowing to 3 lm near the antenna
while the coupler has a 30 lm gap with a 10 lm central line.

The arrays are tested at 100 mK in a commercial adia-
batic demagnetization refrigerator with a cryogenic black-
body radiator as calibration load. The sample holder
containing the detector chip and Si lens array is placed into a
closed box at 100 mK. Electrical connection for readout
from the outside of the cryostat to the sample holder is done

via two coaxial cables and one low noise amplifier (LNA) at
4 K with a "4 K noise temperature. The variable tempera-
ture blackbody radiator, a 40 mm diameter copper cone, is
placed in a separate 4 K box opened with a 1 cm aperture
and a 1 THz lowpass filter. Radiation coupling from sample
to blackbody is defined by placing on the 100 mK box an
aperture of 2 mm with a bandpass filter of 90 GHz around
325 GHz. To obtain high emissivity for radiation emission
and stray light absorption, a coating17,18 of carbon loaded ep-
oxy and 1 mm SiC grains is used on the inside of the 100
mK box and blackbody cone. Power radiated on each pixel
is numerically calculated from the blackbody temperature by
integrating the Planck equations with one polarization versus
frequency for the optical throughput over the measured filter
transmission.

The detector optical NEP is measured at various loading
powers by measuring the detector noise and responsivity at
various temperatures of the blackbody calibration load. We
use conventional MKID phase and MKID amplitude readout
(see Ref. 11) based on the homodyne detection of the com-
plex transmission of a probe signal at the MKID resonance
frequency F0¼ 6.301 GHz. Here, we present MKID ampli-
tude readout because then the only additional noise source
which is present on top of the photon and g-r noise is the one
from the LNA, which can be directly measured. The ampli-
tude signal, denoted by R, is measured as a function of time
for a stable blackbody reference temperature (Tref), from

FIG. 1. (Color online) Scanning electron micrograph (SEM) of the hybrid
MKIDs used. Indicated is NbTiN, the silicon substrate, and aluminum which
is used as the sensitive area of detector and for airbridges. Inset bottom
shows the aluminum airbridges. Inset top right is an SEM of a laser
machined Si lens array, used to couple radiation via the antenna into the
MKID.

FIG. 2. (Color online) (a) Optical spectral density (in W/Hz1/2) in MKID ra-
dius readout under black body illumination. Higher curves are at higher
power. The quasiparticle roll-off is visible above 1 kHz, below which this is
identical to the NEP. The higher dotted curve is the highest power optical
NEP including the quasiparticle roll-off. The lower dotted curve is the LNA
noise floor for the lowest power. (b) 500 Hz NEP value versus black body
power. The stars are the measured 500 Hz NEP and the diamonds NEPdet

which are also indicated in (a). The dotted line is the photon and g-r noise
contribution, while the solid line is the fit to the measured data for the detec-
tor optical efficiency, plotted for g¼ 0.8.

073505-2 Yates et al. Appl. Phys. Lett. 99, 073505 (2011)
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Fig. 5.  Picture of the sky simulator used for the measurements in the lab. a) 
open pulse tube cryostat with view to the 24 cm absorber cold plate; b) 
complete system with high ε ball for planet simulation. 

 
The second telescope run of NIKA took place in October 

2010. More information on the telescope run can be seen in 
[8]. The noise spectrum shown in Fig. 6 was taken at the 
telescope under excellent sky conditions. The spectrum is very 
flat (~f-0,15). The noise increases below 0.2 Hz due to sky 
fluctuations. The sensitivity was calculated giving an average 
NEP = 2.3·10-16 W/√Hz @ 1 Hz per pix and a NEFD = 37 
mJy√s per beam for the LEKIDs at 2 mm. For some best 
pixels a NEP of 6·10-17 W/√Hz @ 1 Hz per pix was calculated. 
Remember that all the tests have been done with a polarizer 
that decreases the signal by a factor of 2. 
 

 
Fig. 6.  Noise spectrum taken at the IRAM 30 m telescope with LEKIDs at 
2mm.  
 

B. Optical absorption 

 
Fig. 7.  Schematic of the setup for the measurement of the optical absorption 
of LEKIDs at room temperature. A) corrugated feed horn, B) corrugated lens, 
C) sample, D) back-short cavity. 
 
To optimize the optical coupling of the LEKID structure we 
did room temperature measurements with the setup shown in 
Fig. 7. It consists of a network analyzer, an rf-setup to provide 
the frequency band of 120 to 180 GHz, a feed horn, a 
corrugated lens and the sample with its back-short. This 
reflection measurement setup allows tests at room 
temperature, which saves much time compared to cryogenic 

measurements. The resistivity of the aluminum was adapted to 
room temperature by changing the thickness by the residual 
resistance ration (RRR) to measure under the same conditions.  

 
Fig. 8.  Comparison of the reflections measurement results (solid black line) 
and FTS measurement with a Martin-Puplet interferometer (dashed red line). 

 

 
Fig. 9.  Simulation of the back-short dependence of two identical structures. 
Solid line: back-short of 800 µm; dotted line: back-short 0f 750 µm. 
 

Fig. 8 shows the results of the reflection measurements of a 
132-pixel aluminum array (see Fig. 3). The thickness of the 
aluminum is 90 nm and the back-short distance is 800 µm. 
The absorbed frequency band is well centered at 150 GHz 
with a 3dB band of around 30 GHz. For comparison a second 
measurement, done with a Martin-Puplet interferometer at low 
temperatures has been done. The result is also shown in Fig. 8. 
The two measurements show a good agreement. The 
frequency band of the Martin-Puplet measurements is slightly 
shifted to higher frequency. The explanation for that is a 
smaller back-short distance of 750 µm. This smaller back-
short was found by simulation and the room temperature 
measurements to guarantee an optimal absorption. To 
demonstrate the back-short dependence of the absorption, 
simulations have been done with a transmission line model. 
The result of two simulations for identical structures but 
different back-short is shown in Fig. 9. The results show that 

Yates et. al., Appl. Phys. Lett. 99, 073505 (2011)

arXiv:1212.4585
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Photon noise limited (almost)
Measured'NEP''

NEP = Sφ
* df
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dP
df

Evidence%that%we%are%
star0ng%to%see%the%
photon%noise%but%are%
clearly%not%dominated%
by%it%in%this%device.%
%
Photon%noise%not%
increasing%as%
expected,%most%likely%
due%to%poor%op0cal%
efficiency%for%this%
device%and%being%
close%to%system%noise.%

In the experiment presented, we study an array of 8! 9
pixels of lens-antenna coupled MKIDs. The MKIDs are quar-
ter wavelength coplanar waveguide (CPW) superconducting
resonators2 weakly coupled to a CPW line (throughline, with
a 6 lm wide gap with 10 lm central line) which connects all
pixels (see Fig. 1). The resonator acts as a short for a probe
signal on the throughline at a frequency F0 " 6 GHz. At its
shorted end, the MKID CPW acts as the feed to a single
polarization sensitive twinslot antenna,13 optimized for 325
GHz radiation, placed in the geometrical focus of a Si lenslet
mounted to the back of the detector chip. The lenslet is part
of a laser machined Si lens array as shown in the inset of
Fig. 1. The only affect the antenna has on the MKID proper-
ties is a slight shift in MKID resonance frequency. The
devices14 are made of 300 nm sputtered NbTiN, a supercon-
ductor15 with 2D¼ 1.1 THz and so lossless at both probe and
sky frequency. The central line of the MKID close to the
antenna is made of sputtered 80 nm thick Al, 2D¼ 90 GHz
and normal state resistivity 1.1 lXcm, for a length of 1.2
mm. Hence, radiation with 1.1 THz>F> 90 GHz traveling
from the antenna into the resonator will be absorbed only in
the Al central line. The created quasiparticles are confined
within the Al because of the presence of an Andreev barrier
due to the difference in superconducting gap between Al and
NbTiN. To prevent parasitic odd modes at the sky frequency
coupling to the MKID,16 lithographical airbridges of 200 nm
sputtered Al are manufactured using a resist reflow technique
over the MKID CPW. The MKID CPW has a 4.5 lm wide
gap and central line, both narrowing to 3 lm near the antenna
while the coupler has a 30 lm gap with a 10 lm central line.

The arrays are tested at 100 mK in a commercial adia-
batic demagnetization refrigerator with a cryogenic black-
body radiator as calibration load. The sample holder
containing the detector chip and Si lens array is placed into a
closed box at 100 mK. Electrical connection for readout
from the outside of the cryostat to the sample holder is done

via two coaxial cables and one low noise amplifier (LNA) at
4 K with a "4 K noise temperature. The variable tempera-
ture blackbody radiator, a 40 mm diameter copper cone, is
placed in a separate 4 K box opened with a 1 cm aperture
and a 1 THz lowpass filter. Radiation coupling from sample
to blackbody is defined by placing on the 100 mK box an
aperture of 2 mm with a bandpass filter of 90 GHz around
325 GHz. To obtain high emissivity for radiation emission
and stray light absorption, a coating17,18 of carbon loaded ep-
oxy and 1 mm SiC grains is used on the inside of the 100
mK box and blackbody cone. Power radiated on each pixel
is numerically calculated from the blackbody temperature by
integrating the Planck equations with one polarization versus
frequency for the optical throughput over the measured filter
transmission.

The detector optical NEP is measured at various loading
powers by measuring the detector noise and responsivity at
various temperatures of the blackbody calibration load. We
use conventional MKID phase and MKID amplitude readout
(see Ref. 11) based on the homodyne detection of the com-
plex transmission of a probe signal at the MKID resonance
frequency F0¼ 6.301 GHz. Here, we present MKID ampli-
tude readout because then the only additional noise source
which is present on top of the photon and g-r noise is the one
from the LNA, which can be directly measured. The ampli-
tude signal, denoted by R, is measured as a function of time
for a stable blackbody reference temperature (Tref), from

FIG. 1. (Color online) Scanning electron micrograph (SEM) of the hybrid
MKIDs used. Indicated is NbTiN, the silicon substrate, and aluminum which
is used as the sensitive area of detector and for airbridges. Inset bottom
shows the aluminum airbridges. Inset top right is an SEM of a laser
machined Si lens array, used to couple radiation via the antenna into the
MKID.

FIG. 2. (Color online) (a) Optical spectral density (in W/Hz1/2) in MKID ra-
dius readout under black body illumination. Higher curves are at higher
power. The quasiparticle roll-off is visible above 1 kHz, below which this is
identical to the NEP. The higher dotted curve is the highest power optical
NEP including the quasiparticle roll-off. The lower dotted curve is the LNA
noise floor for the lowest power. (b) 500 Hz NEP value versus black body
power. The stars are the measured 500 Hz NEP and the diamonds NEPdet

which are also indicated in (a). The dotted line is the photon and g-r noise
contribution, while the solid line is the fit to the measured data for the detec-
tor optical efficiency, plotted for g¼ 0.8.

073505-2 Yates et al. Appl. Phys. Lett. 99, 073505 (2011)
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Fig. 5.  Picture of the sky simulator used for the measurements in the lab. a) 
open pulse tube cryostat with view to the 24 cm absorber cold plate; b) 
complete system with high ε ball for planet simulation. 

 
The second telescope run of NIKA took place in October 

2010. More information on the telescope run can be seen in 
[8]. The noise spectrum shown in Fig. 6 was taken at the 
telescope under excellent sky conditions. The spectrum is very 
flat (~f-0,15). The noise increases below 0.2 Hz due to sky 
fluctuations. The sensitivity was calculated giving an average 
NEP = 2.3·10-16 W/√Hz @ 1 Hz per pix and a NEFD = 37 
mJy√s per beam for the LEKIDs at 2 mm. For some best 
pixels a NEP of 6·10-17 W/√Hz @ 1 Hz per pix was calculated. 
Remember that all the tests have been done with a polarizer 
that decreases the signal by a factor of 2. 
 

 
Fig. 6.  Noise spectrum taken at the IRAM 30 m telescope with LEKIDs at 
2mm.  
 

B. Optical absorption 

 
Fig. 7.  Schematic of the setup for the measurement of the optical absorption 
of LEKIDs at room temperature. A) corrugated feed horn, B) corrugated lens, 
C) sample, D) back-short cavity. 
 
To optimize the optical coupling of the LEKID structure we 
did room temperature measurements with the setup shown in 
Fig. 7. It consists of a network analyzer, an rf-setup to provide 
the frequency band of 120 to 180 GHz, a feed horn, a 
corrugated lens and the sample with its back-short. This 
reflection measurement setup allows tests at room 
temperature, which saves much time compared to cryogenic 

measurements. The resistivity of the aluminum was adapted to 
room temperature by changing the thickness by the residual 
resistance ration (RRR) to measure under the same conditions.  

 
Fig. 8.  Comparison of the reflections measurement results (solid black line) 
and FTS measurement with a Martin-Puplet interferometer (dashed red line). 

 

 
Fig. 9.  Simulation of the back-short dependence of two identical structures. 
Solid line: back-short of 800 µm; dotted line: back-short 0f 750 µm. 
 

Fig. 8 shows the results of the reflection measurements of a 
132-pixel aluminum array (see Fig. 3). The thickness of the 
aluminum is 90 nm and the back-short distance is 800 µm. 
The absorbed frequency band is well centered at 150 GHz 
with a 3dB band of around 30 GHz. For comparison a second 
measurement, done with a Martin-Puplet interferometer at low 
temperatures has been done. The result is also shown in Fig. 8. 
The two measurements show a good agreement. The 
frequency band of the Martin-Puplet measurements is slightly 
shifted to higher frequency. The explanation for that is a 
smaller back-short distance of 750 µm. This smaller back-
short was found by simulation and the room temperature 
measurements to guarantee an optimal absorption. To 
demonstrate the back-short dependence of the absorption, 
simulations have been done with a transmission line model. 
The result of two simulations for identical structures but 
different back-short is shown in Fig. 9. The results show that 

Yates et. al., Appl. Phys. Lett. 99, 073505 (2011)

arXiv:1212.4585

~2e-16 W/√Hz

http://arxiv.org/abs/1212.4585
http://arxiv.org/abs/1212.4585


Photon noise limited (almost)
Measured'NEP''

NEP = Sφ
* df
dφ

dP
df

Evidence%that%we%are%
star0ng%to%see%the%
photon%noise%but%are%
clearly%not%dominated%
by%it%in%this%device.%
%
Photon%noise%not%
increasing%as%
expected,%most%likely%
due%to%poor%op0cal%
efficiency%for%this%
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close%to%system%noise.%

In the experiment presented, we study an array of 8! 9
pixels of lens-antenna coupled MKIDs. The MKIDs are quar-
ter wavelength coplanar waveguide (CPW) superconducting
resonators2 weakly coupled to a CPW line (throughline, with
a 6 lm wide gap with 10 lm central line) which connects all
pixels (see Fig. 1). The resonator acts as a short for a probe
signal on the throughline at a frequency F0 " 6 GHz. At its
shorted end, the MKID CPW acts as the feed to a single
polarization sensitive twinslot antenna,13 optimized for 325
GHz radiation, placed in the geometrical focus of a Si lenslet
mounted to the back of the detector chip. The lenslet is part
of a laser machined Si lens array as shown in the inset of
Fig. 1. The only affect the antenna has on the MKID proper-
ties is a slight shift in MKID resonance frequency. The
devices14 are made of 300 nm sputtered NbTiN, a supercon-
ductor15 with 2D¼ 1.1 THz and so lossless at both probe and
sky frequency. The central line of the MKID close to the
antenna is made of sputtered 80 nm thick Al, 2D¼ 90 GHz
and normal state resistivity 1.1 lXcm, for a length of 1.2
mm. Hence, radiation with 1.1 THz>F> 90 GHz traveling
from the antenna into the resonator will be absorbed only in
the Al central line. The created quasiparticles are confined
within the Al because of the presence of an Andreev barrier
due to the difference in superconducting gap between Al and
NbTiN. To prevent parasitic odd modes at the sky frequency
coupling to the MKID,16 lithographical airbridges of 200 nm
sputtered Al are manufactured using a resist reflow technique
over the MKID CPW. The MKID CPW has a 4.5 lm wide
gap and central line, both narrowing to 3 lm near the antenna
while the coupler has a 30 lm gap with a 10 lm central line.

The arrays are tested at 100 mK in a commercial adia-
batic demagnetization refrigerator with a cryogenic black-
body radiator as calibration load. The sample holder
containing the detector chip and Si lens array is placed into a
closed box at 100 mK. Electrical connection for readout
from the outside of the cryostat to the sample holder is done

via two coaxial cables and one low noise amplifier (LNA) at
4 K with a "4 K noise temperature. The variable tempera-
ture blackbody radiator, a 40 mm diameter copper cone, is
placed in a separate 4 K box opened with a 1 cm aperture
and a 1 THz lowpass filter. Radiation coupling from sample
to blackbody is defined by placing on the 100 mK box an
aperture of 2 mm with a bandpass filter of 90 GHz around
325 GHz. To obtain high emissivity for radiation emission
and stray light absorption, a coating17,18 of carbon loaded ep-
oxy and 1 mm SiC grains is used on the inside of the 100
mK box and blackbody cone. Power radiated on each pixel
is numerically calculated from the blackbody temperature by
integrating the Planck equations with one polarization versus
frequency for the optical throughput over the measured filter
transmission.

The detector optical NEP is measured at various loading
powers by measuring the detector noise and responsivity at
various temperatures of the blackbody calibration load. We
use conventional MKID phase and MKID amplitude readout
(see Ref. 11) based on the homodyne detection of the com-
plex transmission of a probe signal at the MKID resonance
frequency F0¼ 6.301 GHz. Here, we present MKID ampli-
tude readout because then the only additional noise source
which is present on top of the photon and g-r noise is the one
from the LNA, which can be directly measured. The ampli-
tude signal, denoted by R, is measured as a function of time
for a stable blackbody reference temperature (Tref), from

FIG. 1. (Color online) Scanning electron micrograph (SEM) of the hybrid
MKIDs used. Indicated is NbTiN, the silicon substrate, and aluminum which
is used as the sensitive area of detector and for airbridges. Inset bottom
shows the aluminum airbridges. Inset top right is an SEM of a laser
machined Si lens array, used to couple radiation via the antenna into the
MKID.

FIG. 2. (Color online) (a) Optical spectral density (in W/Hz1/2) in MKID ra-
dius readout under black body illumination. Higher curves are at higher
power. The quasiparticle roll-off is visible above 1 kHz, below which this is
identical to the NEP. The higher dotted curve is the highest power optical
NEP including the quasiparticle roll-off. The lower dotted curve is the LNA
noise floor for the lowest power. (b) 500 Hz NEP value versus black body
power. The stars are the measured 500 Hz NEP and the diamonds NEPdet

which are also indicated in (a). The dotted line is the photon and g-r noise
contribution, while the solid line is the fit to the measured data for the detec-
tor optical efficiency, plotted for g¼ 0.8.
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Fig. 5.  Picture of the sky simulator used for the measurements in the lab. a) 
open pulse tube cryostat with view to the 24 cm absorber cold plate; b) 
complete system with high ε ball for planet simulation. 

 
The second telescope run of NIKA took place in October 

2010. More information on the telescope run can be seen in 
[8]. The noise spectrum shown in Fig. 6 was taken at the 
telescope under excellent sky conditions. The spectrum is very 
flat (~f-0,15). The noise increases below 0.2 Hz due to sky 
fluctuations. The sensitivity was calculated giving an average 
NEP = 2.3·10-16 W/√Hz @ 1 Hz per pix and a NEFD = 37 
mJy√s per beam for the LEKIDs at 2 mm. For some best 
pixels a NEP of 6·10-17 W/√Hz @ 1 Hz per pix was calculated. 
Remember that all the tests have been done with a polarizer 
that decreases the signal by a factor of 2. 
 

 
Fig. 6.  Noise spectrum taken at the IRAM 30 m telescope with LEKIDs at 
2mm.  
 

B. Optical absorption 

 
Fig. 7.  Schematic of the setup for the measurement of the optical absorption 
of LEKIDs at room temperature. A) corrugated feed horn, B) corrugated lens, 
C) sample, D) back-short cavity. 
 
To optimize the optical coupling of the LEKID structure we 
did room temperature measurements with the setup shown in 
Fig. 7. It consists of a network analyzer, an rf-setup to provide 
the frequency band of 120 to 180 GHz, a feed horn, a 
corrugated lens and the sample with its back-short. This 
reflection measurement setup allows tests at room 
temperature, which saves much time compared to cryogenic 

measurements. The resistivity of the aluminum was adapted to 
room temperature by changing the thickness by the residual 
resistance ration (RRR) to measure under the same conditions.  

 
Fig. 8.  Comparison of the reflections measurement results (solid black line) 
and FTS measurement with a Martin-Puplet interferometer (dashed red line). 

 

 
Fig. 9.  Simulation of the back-short dependence of two identical structures. 
Solid line: back-short of 800 µm; dotted line: back-short 0f 750 µm. 
 

Fig. 8 shows the results of the reflection measurements of a 
132-pixel aluminum array (see Fig. 3). The thickness of the 
aluminum is 90 nm and the back-short distance is 800 µm. 
The absorbed frequency band is well centered at 150 GHz 
with a 3dB band of around 30 GHz. For comparison a second 
measurement, done with a Martin-Puplet interferometer at low 
temperatures has been done. The result is also shown in Fig. 8. 
The two measurements show a good agreement. The 
frequency band of the Martin-Puplet measurements is slightly 
shifted to higher frequency. The explanation for that is a 
smaller back-short distance of 750 µm. This smaller back-
short was found by simulation and the room temperature 
measurements to guarantee an optimal absorption. To 
demonstrate the back-short dependence of the absorption, 
simulations have been done with a transmission line model. 
The result of two simulations for identical structures but 
different back-short is shown in Fig. 9. The results show that 
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Photon%noise%not%
increasing%as%
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due%to%poor%op0cal%
efficiency%for%this%
device%and%being%
close%to%system%noise.%

In the experiment presented, we study an array of 8! 9
pixels of lens-antenna coupled MKIDs. The MKIDs are quar-
ter wavelength coplanar waveguide (CPW) superconducting
resonators2 weakly coupled to a CPW line (throughline, with
a 6 lm wide gap with 10 lm central line) which connects all
pixels (see Fig. 1). The resonator acts as a short for a probe
signal on the throughline at a frequency F0 " 6 GHz. At its
shorted end, the MKID CPW acts as the feed to a single
polarization sensitive twinslot antenna,13 optimized for 325
GHz radiation, placed in the geometrical focus of a Si lenslet
mounted to the back of the detector chip. The lenslet is part
of a laser machined Si lens array as shown in the inset of
Fig. 1. The only affect the antenna has on the MKID proper-
ties is a slight shift in MKID resonance frequency. The
devices14 are made of 300 nm sputtered NbTiN, a supercon-
ductor15 with 2D¼ 1.1 THz and so lossless at both probe and
sky frequency. The central line of the MKID close to the
antenna is made of sputtered 80 nm thick Al, 2D¼ 90 GHz
and normal state resistivity 1.1 lXcm, for a length of 1.2
mm. Hence, radiation with 1.1 THz>F> 90 GHz traveling
from the antenna into the resonator will be absorbed only in
the Al central line. The created quasiparticles are confined
within the Al because of the presence of an Andreev barrier
due to the difference in superconducting gap between Al and
NbTiN. To prevent parasitic odd modes at the sky frequency
coupling to the MKID,16 lithographical airbridges of 200 nm
sputtered Al are manufactured using a resist reflow technique
over the MKID CPW. The MKID CPW has a 4.5 lm wide
gap and central line, both narrowing to 3 lm near the antenna
while the coupler has a 30 lm gap with a 10 lm central line.

The arrays are tested at 100 mK in a commercial adia-
batic demagnetization refrigerator with a cryogenic black-
body radiator as calibration load. The sample holder
containing the detector chip and Si lens array is placed into a
closed box at 100 mK. Electrical connection for readout
from the outside of the cryostat to the sample holder is done

via two coaxial cables and one low noise amplifier (LNA) at
4 K with a "4 K noise temperature. The variable tempera-
ture blackbody radiator, a 40 mm diameter copper cone, is
placed in a separate 4 K box opened with a 1 cm aperture
and a 1 THz lowpass filter. Radiation coupling from sample
to blackbody is defined by placing on the 100 mK box an
aperture of 2 mm with a bandpass filter of 90 GHz around
325 GHz. To obtain high emissivity for radiation emission
and stray light absorption, a coating17,18 of carbon loaded ep-
oxy and 1 mm SiC grains is used on the inside of the 100
mK box and blackbody cone. Power radiated on each pixel
is numerically calculated from the blackbody temperature by
integrating the Planck equations with one polarization versus
frequency for the optical throughput over the measured filter
transmission.

The detector optical NEP is measured at various loading
powers by measuring the detector noise and responsivity at
various temperatures of the blackbody calibration load. We
use conventional MKID phase and MKID amplitude readout
(see Ref. 11) based on the homodyne detection of the com-
plex transmission of a probe signal at the MKID resonance
frequency F0¼ 6.301 GHz. Here, we present MKID ampli-
tude readout because then the only additional noise source
which is present on top of the photon and g-r noise is the one
from the LNA, which can be directly measured. The ampli-
tude signal, denoted by R, is measured as a function of time
for a stable blackbody reference temperature (Tref), from

FIG. 1. (Color online) Scanning electron micrograph (SEM) of the hybrid
MKIDs used. Indicated is NbTiN, the silicon substrate, and aluminum which
is used as the sensitive area of detector and for airbridges. Inset bottom
shows the aluminum airbridges. Inset top right is an SEM of a laser
machined Si lens array, used to couple radiation via the antenna into the
MKID.

FIG. 2. (Color online) (a) Optical spectral density (in W/Hz1/2) in MKID ra-
dius readout under black body illumination. Higher curves are at higher
power. The quasiparticle roll-off is visible above 1 kHz, below which this is
identical to the NEP. The higher dotted curve is the highest power optical
NEP including the quasiparticle roll-off. The lower dotted curve is the LNA
noise floor for the lowest power. (b) 500 Hz NEP value versus black body
power. The stars are the measured 500 Hz NEP and the diamonds NEPdet

which are also indicated in (a). The dotted line is the photon and g-r noise
contribution, while the solid line is the fit to the measured data for the detec-
tor optical efficiency, plotted for g¼ 0.8.
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Fig. 5.  Picture of the sky simulator used for the measurements in the lab. a) 
open pulse tube cryostat with view to the 24 cm absorber cold plate; b) 
complete system with high ε ball for planet simulation. 

 
The second telescope run of NIKA took place in October 

2010. More information on the telescope run can be seen in 
[8]. The noise spectrum shown in Fig. 6 was taken at the 
telescope under excellent sky conditions. The spectrum is very 
flat (~f-0,15). The noise increases below 0.2 Hz due to sky 
fluctuations. The sensitivity was calculated giving an average 
NEP = 2.3·10-16 W/√Hz @ 1 Hz per pix and a NEFD = 37 
mJy√s per beam for the LEKIDs at 2 mm. For some best 
pixels a NEP of 6·10-17 W/√Hz @ 1 Hz per pix was calculated. 
Remember that all the tests have been done with a polarizer 
that decreases the signal by a factor of 2. 
 

 
Fig. 6.  Noise spectrum taken at the IRAM 30 m telescope with LEKIDs at 
2mm.  
 

B. Optical absorption 

 
Fig. 7.  Schematic of the setup for the measurement of the optical absorption 
of LEKIDs at room temperature. A) corrugated feed horn, B) corrugated lens, 
C) sample, D) back-short cavity. 
 
To optimize the optical coupling of the LEKID structure we 
did room temperature measurements with the setup shown in 
Fig. 7. It consists of a network analyzer, an rf-setup to provide 
the frequency band of 120 to 180 GHz, a feed horn, a 
corrugated lens and the sample with its back-short. This 
reflection measurement setup allows tests at room 
temperature, which saves much time compared to cryogenic 

measurements. The resistivity of the aluminum was adapted to 
room temperature by changing the thickness by the residual 
resistance ration (RRR) to measure under the same conditions.  

 
Fig. 8.  Comparison of the reflections measurement results (solid black line) 
and FTS measurement with a Martin-Puplet interferometer (dashed red line). 

 

 
Fig. 9.  Simulation of the back-short dependence of two identical structures. 
Solid line: back-short of 800 µm; dotted line: back-short 0f 750 µm. 
 

Fig. 8 shows the results of the reflection measurements of a 
132-pixel aluminum array (see Fig. 3). The thickness of the 
aluminum is 90 nm and the back-short distance is 800 µm. 
The absorbed frequency band is well centered at 150 GHz 
with a 3dB band of around 30 GHz. For comparison a second 
measurement, done with a Martin-Puplet interferometer at low 
temperatures has been done. The result is also shown in Fig. 8. 
The two measurements show a good agreement. The 
frequency band of the Martin-Puplet measurements is slightly 
shifted to higher frequency. The explanation for that is a 
smaller back-short distance of 750 µm. This smaller back-
short was found by simulation and the room temperature 
measurements to guarantee an optimal absorption. To 
demonstrate the back-short dependence of the absorption, 
simulations have been done with a transmission line model. 
The result of two simulations for identical structures but 
different back-short is shown in Fig. 9. The results show that 
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mKIDs in CMB experiments

• GroundBIRD

• SKIP (proposed) 

2

FIG. 1. Layout of the system maintaining dry cooling on a rotating table. A cryostat (i.e., a vacuum chamber that holds a
cryocooler) and other instruments are set on the table. Wireless LAN technology allows real-time communication with the
instruments from the ground. A custom-made rotary joint was developed for the helium gas transfer; there are two lines, a
supply from and a return to a compressor located on the ground. We also use a commercial rotary joint for the electricity.
Thus far we use seven electrical paths in parallel: three paths for the cryocooler control (three-phase AC 200 V), two for the
other instruments (single-phase AC 100 V), and two for each ground. Both the electrical wires and gas hoses are routed to the
top of the table through a series of access holes at the center of the base and attachment tables.

FIG. 2. Photograph of the system shown in Fig. 1 (left). The compressor for the cryocooler is not shown. A close-up of the
interface between the rotating table and the ground; a series of two rotary joints connects to the bottom of the base table
(middle). Photographs of the rotary joints removed from the system (right).

(smaller) diameter of 600 mm (257 mm) and height of
356 mm. The base table is mounted on the support struc-
ture via an axial and thrust bearings. A motor connected
to a belt rotates the base table; the motor has sufficient
torque to rotate a mass of 500 kg at 20 revolutions per
minute (rpm). A rotary encoder and a series of two ro-
tary joints are attached to the bottom of the base table.
We use a field-programmable gate array (FPGA) for en-
coder monitoring and motion control of the motor. The
attachment table (diameter of 1 m) is mounted on the
top side of the base table, and the cryostat and other
instruments are set on it. At the center of the base and
attachment tables, there is a series of large through holes,

each with a diameters of 180 mm. These are access holes
for the hoses and wires passing through the rotary joints.

B. Rotary joint for helium gas circulation

For the circulation of helium gas, a custom-made ro-
tary joint was co-developed with Takeda Engineering Co.
Ltd. in Japan. The rotary joint has the shape of an
upside-down top hat with a flange diameter of 205 mm,
a body diameter of 159 mm, and height of 155 mm. As
shown in Fig. 1 and Fig. 2, there are two gas flow paths;

Figure 2: The balloon-borne SKIP instrument. Left: A cross-sectional view of the polarimetric receiver. Center: The receiver
mounted in the gondola. Right: An example photograph of a balloon-borne instrument after launch.

2 Instrument Details

The SKIP polarimeter is based on an F/2.4 catoptric crossed-Dragone telescope composed of an off-axis
parabolic primary mirror and a hyperbolic secondary mirror yielding an effective focal length of 1200 mm
(see Figure 2). A 500 mm diameter aperture stop cooled to 1 K produces a 15 arcmin FWHM beam at
150 GHz. A metal-mesh half-wave plate (HWP) mounted at this aperture stop will rotate at 7.4 Hz us-
ing a drive system based on a superconducting magnetic bearing (SMB), which minimizes vibrations and
eliminates heating from stick-slip friction. When paired with the downstream analyzer, which is part of
the detector array, the linearly polarized component of the sky signals will be modulated at four times the
rotation frequency of the HWP in the data stream (29.7 Hz). The detector array, which contains 2317
single-polarization, horn-coupled, aluminum LEKIDS, is mounted at the focal plane of the telescope.

To minimize detector loading and maximize sensitivity, the entire polarimeter will be mounted inside a
cryostat with liquid nitrogen and liquid helium stages. A box enclosing the optics will be thermally isolated
from the liquid helium stage of this cryostat by Vespel legs and maintained at 1 K using a Chase Cryogenics
closed-cycle 4He refrigerator, which is capable of providing 500 µW of cooling power for five days. The
detector array is mounted inside this 1 K optics box using thermally insulating Vespel legs, and it is cooled
to 100 mK by a two-stage adiabatic demagnetization refrigerator (ADR). The ADR contains a ferric am-
monium alum (FAA) paramagnetic salt pill with a 0.120 J capacity when regulated at 100 mK, backed by
a gallium gadolinium garnet (GGG) salt pill with a 1.2 J capacity capable of cooling to 800 mK. Optical
loading is controlled by (i) a polished radiation shield in the “snout” of the receiver held at 77 K, which is
designed to terminate far side-lobes, (ii) a second radiation shield held at the liquid helium bath temperature
(⇠ 1.5 K, see below) designed to terminate power from the horns down to -20 dB, (iii) a series of low-pass
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Conclusions

• Currently fielded CMB arrays (TES) have O(1000) detectors

• Next 3-5 years, will field arrays with O(10,000) detectors (SPT-3G, PBII/
Simons Array, BICEP3, extended ACTpol)

• 5+ years will need O(100,000) detectors

• KIDs nearing photon noise limit at higher frequencies

• Need to/will address TLS noise at low frequencies

• Challenges involve production of superconducting microstrip

• Modest increase to O(100) MUX, multiple radiometers


