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ABSTRACT

Measurements of B-mode polarization in the CMB sourced from primordial gravitational waves would provide
information on the energy scale of inflation and its potential form. To achieve these goals, one must carefully
characterize the Galactic foregrounds, which can be distinguished from the CMB by conducting measurements
at multiple frequencies. BICEP Array is the latest-generation multi-frequency instrument of the BICEP/Keck
program, which specifically targets degree-scale primordial B-modes in the CMB. In its final configuration, this
telescope will consist of four small-aperture receivers, spanning frequency bands from 30 to 270 GHz. The
220/270 GHz receiver designed to characterize Galactic dust is currently undergoing commissioning at Stanford
University and is scheduled to deploy to the South Pole during the 2024-2025 austral summer. Here, we will
provide an overview of this high-frequency receiver and discuss the integration status and test results as it is
being commissioned.

Keywords: Cosmic Microwave Background, Polarization, Instrumentation, Cosmology, Inflation

1. INTRODUCTION

Precise measurements of the cosmic microwave background (CMB) play a key role in cosmology. In particular, we
are motivated to measure the polarization patterns in the CMB to search for evidence of cosmic inflation. Under
the ACDM standard model, assuming only scalar perturbations were present at the surface of last scattering, we
expect the primordial CMB signal to consist purely of E-mode polarization patterns.! However, inflationary the-
ories additionally predict tensor perturbations in the early universe, i.e., a background of primordial gravitational
waves. Tensor perturbations source both E-mode and B-mode patterns in the CMB via Thomson scattering
at the recombination epoch.? Thus by searching for an excess of B-modes in the CMB at recombination, we
can detect or set limits on primordial gravitational waves from inflation. Since 2006, the BICEP/Keck program
has been taking measurements to constrain this primordial B-mode signature, parameterized by the tensor-to-
scalar ratio, r. BICEP/Keck’s latest published results, which includes BICEP/Keck data taken up to the end
of the 2018 season (“BK18”), set the most sensitive B-mode-only constraints to date on r, with a sensitivity of
o(r) = 0.009.3

The search for primordial gravitational waves is complicated by the presence of non-primordial B-mode signals
in the CMB that come from Galactic foregrounds and gravitational lensing. We typically focus on two dominant
types of polarized Galactic foreground contaminants: synchrotron radiation and thermal dust emission. These
foreground components can be separated from the CMB through multi-frequency measurements utilizing their
different spectra. While CMB signal peaks at around 160 GHz and follows a blackbody spectrum, Galactic
polarized synchrotron emission follows a power law and is brightest at lower frequencies,* and polarized thermal
dust emission from within our Galaxy has a modified blackbody spectrum that dominates at higher frequencies.®

In particular, polarized Galactic dust is brighter than synchrotron at the peak of the CMB spectrum in the
region that BICEP is observing, and the sample variance from dust contributes more than 20% of the total
uncertainty in the best B-mode-only 7 constraint to date.®> Thermal dust emission is caused by starlight re-
radiating from dust grains in the interstellar medium. Because these dust grains are asymmetric and elongated,
they align with the Galactic magnetic field and therefore emit slightly polarized photons. This emission is the
brightest in the Galactic plane, highly anisotropic, and extends all the way to high Galactic latitudes where
BICEP/Keck is observing. In order to effectively guard for spurious B-modes from the Galaxy, any future
experiment must carefully characterize the spectral properties of dust, which requires appropriate frequency
coverage. Thus, a sensitive high-frequency instrument for taking precise measurements of the dust is a crucial
part of the BICEP/Keck program.

BICEP Array (BA) is the latest-generation multi-frequency instrument of the BICEP/Keck program, re-
placing Keck Array. BA, which specifically targets degree-scale B-modes in the CMB, will consist of four
small-aperture receivers in its final configuration, spanning frequency bands from 30 to 270 GHz and covering
the same sky patch as BICEP3. Two of these have already been deployed: a 30/40 GHz receiver for constraining
synchrotron and a 150 GHz receiver observing close to the peak of the CMB spectrum. The other two slots of
the telescope are currently occupied by Keck Array receivers until BA receivers are ready to replace them. The
next receiver of BA to deploy will be the 220/270 GHz receiver, which is designed to characterize Galactic dust.
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With a bigger field of view and larger detector count compared to the Keck 220 GHz receiver that it will be
replacing, this receiver will greatly improve the signal-to-noise of our dust measurement. This high-frequency
receiver is currently undergoing commissioning at Stanford University and is scheduled to deploy to the South
Pole during the 2024-2025 austral summer.

In this paper, we will focus on the 220/270 GHz receiver and first present an overview for this high-frequency
instrument in Sec. 2. We then describe in detail in Sec. 3 the receiver integration status and performance as it
is being commissioned for deployment in North America. We conclude by outlining the predicted overall impact
and performance of this receiver on-site at the South Pole in Sec. 4.

2. 220/270 GHZ INSTRUMENT OVERVIEW
Fig. 1 shows a cross section of the 220/270 GHz receiver.

2.1 Cryostat

The 220/270 GHz receiver, like the other BA receivers, consists of an outer 300 K vacuum shell containing two
nested stages with nominal operating temperatures of 50 K and 4 K.® The stages are cooled using a Cryomech
PT415 pulse tube, which has a cooling capacity of 40 W at 45 K and 1.5 W at 4.2 K.

Inside the 4 K shell, we have a three-stage 4He/3He/3He sorption {ridge from CEA Grenoble, providing the
cooling power for the three sub-Kelvin stages at 2 K, 340 mK, and 250 mK, respectively. This fridge is designed
to achieve a hold time of over 48 hours for 15 pW load on the 250 mK stage (on-sky, we expect to have less than
8 pW total load on the focal plane). The sub-Kelvin stages are stacked “wedding cake”-style, with each stage
separated by low-conductivity carbon fiber truss legs, and the focal plane at the top of the structure containing
the detector modules.

2.2 Optics

At the top of the 300 K vacuum shell, we have the 300 K laminate high modulus polyethylene (HMPE) thin
vacuum window, which is 1.25 mm thick.” For the high frequencies that this receiver will observe at, using a
thin window allows us to significantly reduce in-band emissions, and therefore instrumental photon noise on the
detectors. HMPE laminates have been measured to be 100 times stronger than bulk high density polyethylene
(HDPE), allowing them to get thin enough to act as an additional anti-reflection layer, while still being able to
hold vacuum reliably.”® We are using layered expanded polytetrafluoroethylene (ePTFE) for the anti-reflection

HMPE thin window (1.25 mm thick) @ 300 K
e BA 30/40 GHz receiver had HDPE slab

window with 25.4 mm thickness
Eiben et al. (2022), arXiv: 2208.01088

Zotefoams HD30 IR filters @ 300 K
300 K shell

50 K shell

Alumina IR absorptive filter @ 50 K e Wrapped in magnetic shielding

HDPE objective lens and field lens @ 4 K
e 550 mm clear aperture and 29.6

degrees field of view
Moncelsi et al. (2020), arXiv: 2012.04047

4 K shell
Eccosorb HR10 baffle rings @ 4 K

Low-pass edge filter @ 340 mK Nylon IR absorptive filter @ 4 K

Focal plane unit @ 250 mK Nb flared cup magnetic shield @ 340 mK

4He/3He/3He sorption fridge Cryomech PT415 pulse tube cooler

Figure 1. Schematic of the 220/270 GHz receiver.
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layers, which in combination with the 1.25 mm thick window should result in a band average reflection less than
0.5%.°

Below the vacuum window, there are various infrared filters in place to reduce radiative heat load onto the
colder stages. At the very top, right under the window, is a stack of Zotefoams HD30 filters; underneath that at
50 K is an alumina infrared absorptive filter that is anti-reflection coated with two layers of epoxy on each side.
At the 4K stage we have a Nylon infrared absorptive filter, and at the sub-K stage is a low-pass metal mesh
filter.19

The lenses are made of HDPE and cooled to 4 K to minimize loading on the detectors. The objective lens is
located at the top of the 4 K shell, and the field lens is in the middle. Eccosorb HR10 baffle rings populate the
area between the lenses, for the purpose of minimizing in-band reflections.

2.3 Detector Modules and Readout

The 220/270 GHz BA receiver is a dual-band receiver with a “checkerboard” of 220 and 270 GHz single-band
detector modules on its focal plane. The focal plane is “curved” for this receiver, identical in configuration to
the 150 GHz BA receiver. Here, the modules themselves are flat as in all the previous BA receivers,!! but they
are mounted using spacers to approximate a 1.5 m radius of curvature spherical focal plane surface for improved
optical performance. We have 12 modules for a full focal plane, and each module has a 6 inch silicon wafer
with 18 by 18 pixels, with 2 detectors per pixel for the two orthogonal polarizations, which gives a total of 7776
detectors, matching the high detector count of the 150 GHz receiver. This is a significant upgrade from the Keck
220 GHz receiver that this receiver will be replacing, which has only 512 detectors.

For our detectors, we use dual-polarization antenna-coupled TES arrays. Fig. 2 shows a partial view of a
single 220 GHz pixel for the high-frequency BA receiver. At the top is part of the antenna network. The signal
in the vertical slots are fed into the “A” detector, and similarly the signal in the horizontal slots goes to the “B”
detector. In this way, we are able to measure orthogonal “A” and “B” polarizations of the same location in the
sky. Below the antenna network are two TES islands, each paired with a bandpass filter, as seen on the left and
right edges at the bottom of the figure. The signal goes through the bandpass filter before getting transmitted
to the TES island. It is this bandpass filter that defines the upper and lower frequency cutoffs of the science
band.

We read out the detectors using time-division multiplexing multi-channel electronics (MCE) readout devel-
oped by the University of British Columbia.'? We have a multiplexing factor of 41 for this receiver, matching
the 150 GHz receiver, read out through two stages of SQUIDs made by NIST.

Figure 2. Partial view of a single 220 GHz pixel for the 220/270 GHz receiver.
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3. PERFORMANCE

The commissioning of the 220/270 GHz cryostat at Stanford University began in 2021. Between mid-2021 and
early 2023, multiple cold tests were performed to check the vacuum, thermometry readout, and the cryogenic
performance of the receiver as more components were added to it. Starting out with an “empty” receiver, the
4He/3He/3He sorption fridge was the first to be added and checked, then the sub-Kelvin stages, all cabling, and
finally the optics and detector modules. We achieved good cryogenic performance with all components installed
in 2023. With all optics installed and the receiver open to light, the sorption fridge hold time is well over 48
hours before needing to be cycled, and we achieve a focal plane base temperature of 270 mK. For the rest of
2023 and all of 2024, this receiver has been undergoing various tests of the detectors, optics, and readout.

3.1 Integrated Receiver Testing with the First 220 GHz Modules

The first optical test runs in the 220/270 GHz receiver were conducted in 2024. In these runs, we tested the
first two 220 GHz detector modules fabricated at Caltech/JPL, which we call “H10” and “H9”, in the receiver
outfitted with all official optics. Our optical tests include measurements of end-to-end optical efficiency, spectral
response, and near-field beam patterns.

3.1.1 End-to-End Optical Efficiency

We measure the end-to-end optical efficiency (OE) for the two 220 GHz detector modules H10 and H9 in the
220/270 GHz cryostat. This test is done by looking at the detector response for two different beam-filling optical
loads, at ambient temperature (300 K) and liquid nitrogen temperature (77 K). For each of the two optical loads,
we take load curves, where we measure the TES current while ramping bias current across the Al transition. A
typical load curve for a single TES is shown in Fig. 3.

From the load curves, we extract the dPyp:/dT, the change in optical power deposited on the detectors with
respect to optical load temperature. The resulting dFep¢/dT values for every detector of the two tiles are shown
in the tile maps in Fig. 4 and Fig. 5. Here, it is evident that the center of H10 has a “hole” of dead TESs that
cannot go into transition. This is due to a one-time fabrication error, and the error was fixed for H9 and future
wafers. We plan to replace the tile in H10 before deployment.
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Figure 3. A typical Al load curve for detectors on the 220 GHz tile H10. Load curves are taken by first driving the TESs
normal by applying a high bias voltage, then stepping down in bias until the detectors are superconducting again. Red
lines show the 300 K measurements, while blue lines show the 77 K measurements. Left: Current through the TES as a
function of the bias current. As we go down in bias (right to left), the Al TES can be seen to be transitioning from the
normal state to the superconducting state. Right: The electrical power as a function of TES resistance.
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Figure 4. Tile map and histogram of the dP,pt/dT results for the first BA 220 GHz tile, H10. The center of H10 has
dead detectors that cannot go into transition, due to a one-time fabrication error, where the TES islands were shorted to
the heat sink, therefore making the TESs always cold and superconducting. The histogram excludes the dead detectors
in the center.
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Figure 5. Tile map and histogram of the dPop:/dT results for the second BA 220 GHz tile, H9. The dead half-columns
are due to SQUID problems, which will be fixed before deployment by replacing the corresponding SQUID chips.

From the histograms, we obtain a median dP,p:/dT of around 0.28 pW/K for H10, and 0.24 pW /K for H9.
Agsuming the Rayleigh—Jeans limit, we use dPep:/dT = kpnAv where kp is Boltzmann’s constant, 7 is the
percent efficiency, and Av is the bandwidth. With Arv = 63 GHz for H10 and Ar = 60 GHz for H9 as obtained
from our FTS measurements (see Sec. 3.1.2), this gives us a percent efficiency of n = 32% and n = 29% for H10
and H9, respectively. This meets our design target of around 30% optical efficiency, including losses from all
optics.

3.1.2 Fourier Transform Spectroscopy

Next, we measure the spectral response of the 220 GHz detector modules with Fourier transform spectroscopy
(FTS), using a custom-built Martin—Puplett interferometer that we mount directly to the receiver window. Fig. 6
shows an interferogram of a typical detector on these modules.
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Figure 6. Typical interferogram in the FTS test for the first BA 220 GHz tile, H10. The grey lines show each of the 6
scans of the dataset, and blue shows the median.

We Fourier transform the interferograms, and the plots for the resulting co-added spectral response for each
module are shown in Fig. 7 and Fig. 8. The fringing in the H10 spectral response that shows up primarily on
the low frequency side of the band is caused by a design error on the pixels of this detector tile. Narrower than
intended microstrips were erroneously added to either side of the bandpass filters on the pixels, causing degraded
transmission. This error has since been fixed for all future detector tiles including H9.

For H10, we measure a median band center and bandwidth of 228 GHz and 63 GHz (28%), respectively. For
H9, we measure 233 GHz for the band center and 60 GHz (26%) for the bandwidth. We have also checked that
this result is uniform across the entire tile.

o x10° H10 Coadded Spectrum, Pol A g 210° H10 Coadded Spectrum, Pol B

L L L I L I L 05 L L L L I L L
160 180 200 220 240 260 280 160 180 200 220 240 260 280

Frequency [GHz] Frequency [GHz]

Figure 7. H10 co-added spectral response for polarization A (left) and polarization B (right).
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Figure 8. H9 co-added spectral response for polarization A (left) and polarization B (right).

3.1.3 Near Field Beam Mapping

As a final check of the overall health and performance of our optics, we take some beam maps with a source in
the near field. For this near field beam mapping (NFBM) test we use a chopped thermal source mounted above
the receiver window, which is moved around with a pair of Velmex stepper motors to make a map of the detector
response.

Fig. 9 shows beam maps for a typical detector pair. The beams are concentric with good signal-to-noise, and
the beam shapes for the two polarizations match.

Channel 679 MCE 0 GCP 678
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Figure 9. Typical beam maps of a detector pair close to the edge of module H10. Left: Beam maps for a typical
detector pair, showing polarization A (top) and polarization B (bottom). Right: The beam map difference between the
two polarizations.
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4. CONCLUSION

In-lab optical testing of the 220/270 GHz receiver was performed at Stanford University. This testing involved
the first two 220 GHz detector modules, the complete set of official optics, and all necessary cabling. The goals
for this test run was to characterize the optics and the detector modules, assess the cryogenic performance, and
verify the readout. These tests in North America provide insight of the predicted overall performance of the
receiver on-site at the South Pole.

The 220/270 GHz receiver has excellent cryogenic performance, and the readout has been tested. The results
of the OE, FTS, and NFBM tests are all within spec, and we are on track to deploy to the South Pole in the
2024-2025 austral summer season. Fig. 10 is a schematic of the achieved and projected sensitivity for the entire
BICEP/ Keck program, and shows the predicted impact of this high frequency receiver as it starts observing at
the end of 2024. In the top subplot, the 220/270 GHz BA receiver can be seen starting operations in blue, in
the 2025 observing season. Until this, the high frequency band is only covered by Keck receivers.

With data up to and including 2027, without delensing, we estimate that our uncertainty on r will be reduced
to o(r) ~ 0.006.1* With delensing, we expect to achieve o(r) ~ 0.003.> Even without delensing, it is clear that
there is a “cusp” of improved o(r) in 2025 with the 220/270 GHz receiver added as seen in the bottom subplot
of Fig. 10, as this receiver will significantly improve our sensitivity to Galactic dust.

More high frequency detector modules are currently being fabricated at Caltech/JPL, and we will run more
optical tests in North America before deployment to characterize these modules.
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Figure 10. Achieved and projected sensitivity of the BICEP/Keck program, adapted from Fig. 5 of Cheshire et al.
(2024).'® Top: The frequency bands covered by the various receivers through each season, with the different colors
showing the different frequencies, and the width representing detector count. Middle: Achieved and projected map
sensitivities for each frequency band. SPT-3G is included in the solid black line. Black x symbols indicate published
values. Bottom: Progression of our sensitivity to r over time. The solid line shows the projected o(r) with delensing in
collaboration with SPT-3G, and the dotted line is the case with no delensing.
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