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ABSTRACT

The Cosmology Large Angular Scale Surveyor (CLASS) is a polarization-sensitive telescope array located at an
altitude of 5,200 m in the Chilean Atacama Desert. CLASS is designed to measure “E-mode” (even parity) and
“B-mode” (odd parity) polarization patterns in the Cosmic Microwave Background (CMB) over large angular
scales with the aim of improving our understanding of inflation, reionization, and dark matter. CLASS is
currently observing with three telescopes covering four frequency bands: one at 40 GHz (Q); one at 90 GHz
(W1); and one dichroic system at 150/220 GHz (G). In these proceedings, we discuss the updated design and
in-lab characterization of new 90 GHz detectors. The new detectors include design changes to the transition-edge
sensor (TES) bolometer architecture, which aim to improve stability and optical efficiency. We assembled and
tested four new detector wafers, to replace four modules of the W1 focal plane. These detectors were installed
into the W1 telescope, and will achieve first light in the austral winter of 2022. We present electrothermal
parameters and bandpass measurements from in-lab dark and optical testing. From in-lab dark tests, we also
measure a median NEP of 12.3 aW

√
s across all four wafers about the CLASS signal band, which is below the

expected photon NEP of 32 aW
√
s from the field. We therefore expect the new detectors to be photon noise

limited.
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1. INTRODUCTION

The Cosmology Large Angular Scale Surveyor (CLASS) is a polarization-sensitive telescope array located at an
altitude of 5,200 m in the Chilean Atacama Desert. CLASS is designed to measure “E-mode” (even parity) and
“B-mode” (odd parity) polarization patterns in the Cosmic Microwave Background (CMB) over large angular
scales (> 1◦). CLASS seeks to improve our understanding of inflation, reionization, and dark matter.1,2

CLASS is currently observing with three telescopes covering four frequency bands: one at 40 GHz (Q);
one at 90 GHz (W1); and one dichroic system at 150/220 GHz (G). The Q, W1, and G telescopes have been
observing since June 2016, May 2018, and September 2019, respectively. In-lab characterization and on-sky
performance of these detector arrays has been discussed in Refs. 3–6. In these proceedings, we discuss the
redesign and preliminary in-lab characterization of new 90 GHz detectors. Design changes were made with the
goal of improving detector stability and optical efficiency. These detectors are currently being fielded to upgrade
the W1 focal plane. We anticipate first light for the new W1 focal plane array in the austral winter of 2022.

2. FOCAL PLANE DESIGN

2.1 Detector Design

Figure 1: CLASS 90 GHz wafer (left), with zoom in of a detector pixel and updated transition-edge sensor (TES)
architecture. For a full description of the 90 GHz wafer design, see Refs. 7–9. Each of the 37 detector pixels
consists of a symmetric planar ortho-mode transducer (OMT), which reads out two orthogonal linear polarizations
over Nb microstrip transmission lines to MoAu bilayer TES bolometers. The updated TES architecture includes
a simplified absorber with a resistive meander, a direct metal connection between the TES and the Pd, and a
revised choke filter circuit implementation. These changes were made to improve stability and optical efficiency
performance of the TES bolometers.

CLASS focal planes consist of arrays of highly sensitive feedhorn-coupled transition-edge sensor (TES)
bolometers. TES bolometers provide background-limited sensitivity, required to achieve CLASS’ science goals.
Their design is scalable to large focal plane arrays across multiple frequencies, required for high sensitivity
measurements and separation of the CMB signal from polarized Galactic foregrounds.
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In Figure 1, an example CLASS 90 GHz detector wafer is shown. The detector wafers, which integrate 37
detector pixels, are fabricated at NASA Goddard Space Flight Center. Following the blue leak mitigation strategy
presented in Ref. 10, the detector wafer is indium-bump bonded to a backshort wafer for signal termination
and a photonic choke11 wafer, which serves as an interface to the sensor array’s feedhorns. Each of the 37
detector pixels consists of a symmetric planar ortho-mode transducer (OMT), which reads out two orthogonal
linear polarizations (+45◦ and −45◦ from the vertical) to two TES bolometers. Signals from opposing antenna
probes are coherently combined onto a single microstrip transmission line using the difference output of a Magic
Tee, which transmits a single mode.12 On-chip filtering and micromachined silicon packaging define the signal
bandpass.11 Finally, the signal from each of the two orthogonal polarizations is passed to a MoAu bilayer TES
bolometer. During operation, the TES bolometers are voltage-biased to their superconducting transition critical
temperature (Tc) of ∼150 mK. For a full description of the original 90 GHz detector design, see Refs. 7–9.

The updated TES architecture, shown in the rightmost panel of Figure 1, includes three primary design
changes from the original CLASS 90 GHz detectors:

1. a simplified absorber that terminates power from the sky (brought in via a Nb microstrip) onto the TES
island, with a resistive PdAu meander that consists of a stepped impedance transition from Nb to PdAu;

2. the addition of a direct normal-metal connection between the TES and the heat capacity element formed
by the Pd, to effectively lump the electronic heat capacity into a single element;

3. the revision of the choke filter circuit design to extend onto the membrane’s diffusive bolometer legs.

These design changes were introduced in order to improve optical efficiency (1, 3), and improve stability of
the TES transition (2), which are described in Ref. 6. In addition, the redesign introduced a more compact
absorber at the Magic Tee and at the microstrip crossovers.

2.2 Module Assembly Structure

The micromachined CLASS detector assemblies are subsequently integrated into focal plane array modules at
Johns Hopkins University (JHU) to facilitate testing and readout. A full 90 GHz focal plane consists of seven
modules. Figure 2 highlights various stages of the assembly process, as well as the full upgraded W1 focal plane.
Smooth-walled feedhorns13 couple light from the sky onto the TES bolometers. The machined Cu feedhorns are
individually installed onto the front of a Au-plated Si Alloy Controlled Expansion 7 (CE7) baseplate.14 CE7,
composed of 70% Si and 30% Al, is chosen due to its machinability and its low differential thermal contraction
relative to Si. The Si wafer is then mounted and aligned onto the baseplate using 1) two alignment pins
and a Cu spring clip along one edge of the wafer to align the detector OMTs to the CE7 waveguide, and 2)
three Be-Cu tripod spring clips to hold the Si wafer onto the baseplate. Au wire bonds provide heat-sinking
from the wafer to the baseplate, and Al bonding connects the detectors to the readout circuit (RC). The RC
consists of a printed circuit board (PCB), 8 shunt chips, 8 NIST-provided multiplexing (MUX) chips housing
SQUIDs (Superconducting Quantum Interference Devices) for time-division multiplexed (TDM) readout, an Al
flex circuit, Al wire bonds, and woven NbTi cable assemblies provided by Tekdata Interconnections, Ltd.∗ The
RC is sandwiched between two Nb sheets, which provide magnetic shielding for the SQUIDs, and is heat-sunk
with a Cu layer. For a full description of the assembly stack, see Ref. 4.

3. DETECTOR CHARACTERIZATION

In-lab characterization of the CLASS detectors is performed at JHU. The CLASS detectors are mounted onto
the 100 mK stage of a pulse tube pre-cooled dilution refrigerator.15 The cryostat reaches an operational bath
temperature (Tbath) of ∼50 mK. NbTi Tekdata wiring connects the feedback and bias lines from the focal plane
to the SQUID Series Array (SSA) board at 4 K; the SSA board amplifies the signal to be read out at room
temperature by the TDM Multi-Channel Electronics (MCE).16

∗https://www.tekdata-interconnect.com/
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(a) (b)

(c) (d)

Figure 2: The CLASS detector assemblies are integrated into focal plane array modules for ease of testing and
readout; a full focal plane consists of seven modules. Panel 2a shows a CLASS wafer mounted and aligned onto
a CE7 baseplate. Panels 2b and 2c show all interior layers of a fully integrated module, before it is packaged
into its final configuration. For a full description of the assembly stack, see Ref. 4. Panel 2d shows the four new
CLASS 90 GHz modules (outlined in blue) situated in the fielded W1 receiver. We anticipate first light for these
new detectors in the austral winter of 2022.

For estimation of electrothermal parameters and dark noise-equivalent power (NEP) was conducted in a
dark configuration, with all stages of the cryostat closed with metal plates. For bandpass measurements, the
cryostat was placed in a necked-down optical configuration to prevent detector saturation, with a nylon filter on
the 1 K stage, a small aperture plate with an anti-reflection coated nylon filter at the 4 K stage, and a small
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aperture plate with a polytetrafluoroethylene (PTFE) filter at the 60 K stage. An ultra-high-molecular-weight
polyethylene (UHMWPE) vacuum window lets in light at the front of the cryostat, while extruded polystyrene
foam (XPS) filters at the 4 K stage rejects out-of-band infrared radiation. Further in-lab characterization and
on-sky performance of the new 90 GHz detectors will be discussed in a future publication.

3.1 Electrothermal Parameters
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Figure 3: Example I-V curves taken at multiple bath temperatures (Tbath) for one detector. The inverse slope
of the normal branch of the I-V yields the normal resistance (RN) of the TES. The saturation power (Psat) is
defined to be ITES × VTES at 70% RN. The inset figure shows the measured Psat at each Tbath, from which the
TES critical temperature, Tc, and κ can be determined. We assume n = 4 (ballistic phonon limit).4,17,18

I-V curves are used to determine the electrothermal characteristics of the TES bolometers. Over a wide range
(∼60-210 mK) of bath temperatures (Tbath), we measure each I-V curve by ramping down the voltage bias in
steps, driving the TES from normal to superconducting. We convert from the MCE digital-to-analog (DAC)
feedback units and voltage bias to TES current (ITES) and TES voltage (VTES) following § 4.1 of Ref. 17.

Figure 3 shows an example of this process for one detector. The inverse slope of the normal branch of the
I-V yields the normal resistance (RN) of the TES. At each Tbath, we measure the saturation power Psat, which
is the amount of power, given by ITES × VTES, required to maintain the TES at its superconducting critical
temperature (Tc) with a resistance equal to 70% of the normal resistance RN.

17 We can then solve for Tc and κ
using the relation:18

Psat = κ (Tn
c − Tn

bath) . (1)

The normalization prefactor κ is related to the geometry of the stubby ballistic beam19 shown in Figure 1. We
assume n = 4 (ballistic phonon limit). The thermal conductance (G) of the TES, also associated with the stubby
ballistic beam, is given by:18

G =
dP

dT

∣∣∣
Tc

= nκTn−1
c . (2)
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Table 1: Median (standard deviation) values for each wafer of key electrothermal parameters derived from I-V
curves. We report values for approximately 45, 51, 47, and 32 bolometers for wafers 1–4, respectively.

Wafer 1 Wafer 2 Wafer 3 Wafer 4

G (pW/K) @ Tc 269 (63) 229 (30) 257 (53) 304 (56)

κ (nW/K4) 16.1 (3.0) 16.9 (1.0) 13.9 (3.0) 15.2 (0.9)

Psat (pW) @ 50 mK 10.7 (2.9) 8.4 (1.5) 10.7 (2.6) 12.7 (3.1)

RN (mΩ) 12.7 (0.5) 11.0 (0.5) 10.3 (0.4) 10.7 (0.3)

Tc (mK) 163 (9) 151 (8) 165 (10) 171 (10)

In Table 1, we report the median derived parameters and their standard deviations across each of the four
new 90 GHz wafers. The reported values are calculated using approximately 45, 51, 47, and 32 bolometers,
respectively. Using the fitted Tc and κ values, we report the calculated Psat at our operating Tbath of ∼ 50 mK.
Figure 4 shows the measured values of Tc at each detector pixel.
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Figure 4: Measured values of Tc at each detector pixel. Tc values shown are for 175 bolometers that pro-
duced good I-V measurements during in-lab dark testing at JHU. The circles are split to show both orthogonal
polarization states (±45◦) contained within a pixel. Median values for each wafer are shown in Table 1.

3.2 Bandpass Measurements

Bandpass measurements were performed using a Fourier transform spectrometer (FTS), which was built at
JHU.20 The FTS is a Martin–Puplett interferometer with a movable mirror that scans back and forth with a
range of 150 mm at 0.5 mm/s. The input signal of the FTS is a wide-band thermal source, at about 1000◦C.
The output signal of the FTS, measured by the detectors, is modulated with a chopper at 21 Hz. The FTS
has a resolution of ∼1.6 GHz. The bandpass is given by the real component of the Fourier transform of the
interferogram. The measured response plotted in Figure 5 is the inverse variance-weighted average over 93
bolometers that yielded high quality interferograms and bandpasses across three of the four new 90 GHz wafers.
The measured bandpass edges are in good agreement with the simulations; the discrepancies observed in-band
between measured and simulated responses are likely due to optical effects related to the test setup that are
not included in the simulation. In Table 2, we report the measured bandwidths and effective center frequencies
associated with various types of diffuse sources following the methods described in § 3.1 of Ref. 6. Uncertainties
for the bandwidths (effective center frequencies) are given by the summation in quadrature of the standard errors
on the mean and the FTS measurement resolution (half FTS measurement resolution).
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Table 2: Measured Bandwidths and Effective Center Frequencies
for various types of diffuse sources.

Bandpass
(GHz)

Source
Effective Center
Frequencies

(GHz)

FWHP 21.5±1.8 Synchrotron 88.9±0.92

Dicke 32.0±1.7 Rayleigh–Jeans 91.2±0.92

Dust 92.7±0.92

CMB 90.8±0.92

3.3 Noise-Equivalent Power

We estimate the noise performance of the new detectors by measuring the NEP from dark tests for all four
new 90 GHz modules. The resulting noise spectra for 106 TES bolometers are shown in Figure 6. We find a
median NEP of 12.3 aW

√
s in the 8–12 Hz window about the CLASS modulation frequency of 10 Hz above the

1/f instrumental and atmospheric noise.21 The observed roll-off at high frequencies is due to the MCE digital
Butterworth filter that is applied to suppress noise aliasing from higher frequencies. We anticipate the CLASS
90 GHz detectors to be photon noise limited. The measured dark NEP is below the expected photon NEP of 32
aW

√
s in the field due to emission from the CMB, the atmosphere, and the instrument.

4. CONCLUSION

We present preliminary characterization, via electrothermal parameters, bandpass measurements, and dark noise
measurements, of four new CLASS 90 GHz detector wafers. The wafers include an updated TES architecture
that aims to improve the stability and optical efficiency of the detectors. These detectors have been installed in
the field, upgrading four modules of the W1 focal plane. The new detectors are anticipated to achieve first light
in 2022. Further in-lab and on-sky characterization will be presented in a future publication.
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Marriage, T. A., Miller, N. J., Núñez, C., Parker, L., Petroff, M., Reintsema, C. D., Rostem, K., Stevens,
R. W., Nunes Valle, D. A., Wang, B., Watts, D. J., Wollack, E. J., and Zeng, L., “On-sky Performance of
the CLASS Q-band Telescope,” Astrophysical Journal 876, 126 (May 2019).

[4] Dahal, S., Ali, A., Appel, J. W., Essinger-Hileman, T., Bennett, C., Brewer, M., Bustos, R., Chan, M.,
Chuss, D. T., Cleary, J., Colazo, F., Couto, J., Denis, K., Dünner, R., Eimer, J., Engelhoven, T., Fluxa,
P., Halpern, M., Harrington, K., Helson, K., Hilton, G., Hinshaw, G., Hubmayr, J., Iuliano, J., Karakla, J.,
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