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ABSTRACT

Constraining the Galactic foregrounds with multi-frequency Cosmic Microwave Background (CMB) observations
is an essential step towards ultimately reaching the sensitivity to measure primordial gravitational waves (PGWs),
the sign of inflation after the Big-Bang that would be imprinted on the CMB. The BICEP Array is a set of
multi-frequency cameras designed to constrain the energy scale of inflation through CMB B-mode searches while
also controlling the polarized galactic foregrounds. The lowest frequency BICEP Array receiver (BA1) has
been observing from the South Pole since 2020 and provides 30 GHz and 40 GHz data to characterize galactic
synchrotron in our CMB maps. In this paper, we present the design of the BA1 detectors and the full optical
characterization of the camera including the on-sky performance at the South Pole. The paper also introduces
the design challenges during the first observing season including the effect of out-of-band photons on detectors
performance. It also describes the tests done to diagnose that effect and the new upgrade to minimize these
photons, as well as installing more dichroic detectors during the 2022 deployment season to improve the BA1
sensitivity. We finally report background noise measurements of the detectors with the goal of having photon-
noise dominated detectors in both optical channels. BA1 achieves an improvement in mapping speed compared
to the previous deployment season.

Keywords: Detectors, Telescopes, Cosmic Microwave Background, BICEP Array, Inflation, Synchrotron

1. INTRODUCTION

The primordial gravitational waves (PGWs) have been predicted to cause a unique polarization signature in the
Cosmic Microwave Background (CMB). The ultimate detection of these PGWs could open a new window on
physics of the newborn universe since their detection would be direct evidence for the theory of cosmic inflation.
To constrain the PGWs magnitude, and thus the energy scale of inflation, we must account for polarized Galactic
foregrounds1 with multi-frequency maps of the CMB. To date, BICEP/Keck (BK) program has placed the
strongest constrains on the amplitude of PGWs, the tensor-to-scalar ratio r .2 The current sensitivity is limited
by the modeling of both gravitational lensing and polarized Galactic foregrounds. The BICEP/Keck team has
collaborated with the SPT-3G team to develop the delensing techniques3 in the CMB maps to improve the
constraints on r. The Galactic foregrounds characterization, especially synchrotron emission remains a challenge
beyond that collaboration and we need a high sensitive telescope at low frequency channels (30/40 GHz) since
it dominates at these frequency bands.

BICEP Array telescope4 has been developed with an exceptional sensitivity and wide frequency coverage
to look for inflationary signals. It represents the latest advanced telescope to map the polarization of CMB
over 30/40, 95, 150, and 220/270 GHz channels to fully characterize the Galactic synchrotron and thermal dust
emissions. Thermal Kinetic Inductance Detectors (TKIDs)5 are currently being developed and tested to be used
for higher frequencies BICEP Array receivers.

The first BICEP Array receiver (BA1) has been deployed to the Amundsen-Scott South Pole Station during
the 2020 austral season and is currently measuring the polarized Galactic synchrotron radiation at 30/40 GHz.
We use the CMB maps at 30/40 GHz to constrain the synchrotron foreground components in the most sensitive
95/150 GHz bands closer to the CMB peak frequency which will enhance the sensitivity on r.

We have tested BA1 during 2020 and 2021 seasons of CMB observations. In this paper, we report the
performance update of the BA1 camera and design challenges associated with these deployment seasons. We will
also discuss our recent upgrades during that 2022 deployment season to improve the sensitivity of BA1 camera
and overall receiver. We upgraded the focal plane with more dichroic detector tiles for higher detector counts
and an improved filter configuration to eliminate the high frequency leaking power. These upgrades will help us
to improve the mapping speed and better characterize the synchrotron contamination to CMB B-modes at the
level requested to potentially measure the primordial gravitational waves.
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2. DESIGN OVERVIEW AND OPTICAL PERFORMANCE

2.1 Detector Design

Antenna-coupled transition-edge sensor (TES) detectors have been used in numerous successful CMB experi-
ments, including BICEP Array.678 Our pixel design contains two orthogonal polarized detectors, each consisting
of antenna array coherently combined through a summing network and connected to a superconducting tran-
sition edge sensor (TES) bolometers.8 Furthermore, we use on-chip band defining filters designed to select the
frequency of interest and reject out-of-band signals, specifically those on atmospheric lines. We use arrays of
rectangular slot antennas9 for single color detectors and arrays of broadband bowties for dual color pixels. In
the dual color pixels, the filters are part of a diplexer circuit that partitions the antenna’s broad bandwidth
into narrow photometric channels at 30 GHz and 40 GHz. A novel broadband corrugated frame10 has been
used around the wafer edges to minimize the temperature-to-polarization leakage in the CMB maps. The HFSS
simulation of the antenna array and sonnet simulation of the band-pass filter show that the detectors have been
designed for frequency band centered at 30 GHz and 40 GHz with about 26% fractional bandwidth (Fig. 1).

Figure 1. Top: The BA1 focal plane camera configuration during 2022 season houses a mixture of single band slot
detector modules and dual color Bowtie detector modules for higher detector counts. Bottom: Bands of antennas and
filters as individually simulated in HFSS and Sonnet. We co-plot these with the atmospheric transmission to show that
these do not overlap the CO2 emissions.

2.2 Full Optical Characterization

We measure the detector beams both in the lab and the field to verify our instrument performance and to inform
our analysis. We measure the near-field beam maps (NFBMs) with a chopped source on a pair of translation
stages in front of the BA1 camera aperture plane and record the detector timestreams. The NFBMs help us
to verify performance and monitor any potential issues with the on-chip millimeter wave circuits. We have
demonstrated the good agreement between the measured and simulated beams on the near-field of the detectors
without the optical elements710 . Additionally, we simulated our antenna’s beam with CST MICROWAVE STU-
DIO software and then used the GRASP software package to propagate that beam through the BA1 optics.4 The
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resulting simulated beam agrees well with the measured beams (Fig. 2). The black vertical lines indicate location
of the aperture stop. We noticed that the measured beam (red curve) doesn’t drop beyond the aperture stop and
we thought that the reflection around the aperture stop may have caused that issue. The measured optically-
active beam maps per a detector module have been coadded together to create the per-detector composite beam
map at each frequency band as shown in the right side of Fig. 2.

We also measured the far-field beams of BA1 camera on the sky at the South Pole (Fig. 3) by using a
thermal chopped source about 215 m away and raster the telescoped beam over the source with the telescope
drive motors.11 The measured Gaussian beamwidth of 40 GHz and 30 GHz detectors are 0.36◦ and 0.47◦,
respectively which are consistent with the scaled BICEP3 beamwidth at 95 GHz12 with less than 10% error. The
simulations and measurements validate the detector and optical design of BA1 camera.

Figure 2. Left: The simple optics model of BA1 in Grasp Software. Middle: The resulting output beam planner cut
of Grasp simulation shows a good agreement with the measured beam cut of 40 GHz detector. Right: Per-detector
composite near-field beam maps of the telescope, obtained by co-adding all individual NFBMs for a detector module, 40
GHz detector (top) and 30 GHz detector (bottom). The beams are peak normalized.

Figure 3. The measured far-field beam maps on the sky at the South Pole. Left: 30GHz detector. Right: 40GHz detector

3. IMPROVED CAMERA SENSITIVITY (2020 VS 2022 DATA)

3.1 Out of Band Dark Loading

BICEP detector arrays include a small number of dark detectors where the TES bolometers are not connected to
an antenna. We use these dark detectors for noise and loading studies. During the 2020 season, the dark detectors
in our focal plane experienced excess loading that we understood to be direct stimulation of the bolometers with
high frequency out-of-band power (a Blue leak). We performed diagnostic tests using a variety of high-pass/low-
pass filters and concluded that our 1.6icm (48GHz) low-pass filter leaked substantially at the 120 GHz band and
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above 250 GHz. We suspect that delamination of the filter layers during fabrication may have caused this defect.
In the 2022 season, we installed an additional 4icm (120GHz) low pass edge (LPE) filter at the top of the focal
plane camera to eliminate this leak(Fig. 4). The out of band dark loading is substantially reduced (by a factor
of four) as shown in the histogram in Fig. 4. Additionally, the measured beam profile also shows a significant
reduction in the dark pickup (Blue leak) after this upgrade for a dark detector which was common between both
deployment seasons (Fig. 5). The beam profile of the 30 GHz detector slightly changes due to the presence of
the new filter and the 40 GHz detector beam profile remains the same between both seasons (Fig. 5).

Figure 4. Left: The BA1 focal plane with the 4icm LPE filter upgrade during 2022 season. Right: Response of dark
detectors to a chopped source for the 2020 deployment season versus 2022 deployment season. The only difference is an
addition of a 4icm LPE filter that highly minimizes the Blue leak.

Figure 5. The beam profiles of 2020 season versus 2022 season after the 4icm LPE upgrade. Top: Dark Detector
(the additional filter largely eliminates the direct stimulation). Bottom/Left: 40 GHz detector. Bottom/Right: 30 GHz
detector.
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3.2 Noise Measurements with On-Sky Loading at the South Pole

The BA1 camera sensitivity can be measured using the detector timestreams noise data within the BICEP/Keck
science band for sky observation (0.1 Hz to 0.5 Hz). The detectors were designed to be photon noise limited with
loading from the South Pole sky. Fig. 6 shows the 40 GHz and 30 GHz noise spectra before (purple) and after
subtracting (grey) detector pairs to eliminate common mode noise. The suppression of 1/f noise down to below
0.1Hz after pair-difference polarization pairs demonstrates that the instability was common mode to both optical
detectors. Our experience with other BICEP and Keck cameras leads us to suspect that it likely originates from
the atmospheric fluctuations12 but the 1/f noise could also arise from other effects. The resulting differenced
spectra (grey) agree well with the anticipated photon noise level according to the expected sky loading conditions
and calibration parameters for both frequency bands at the South Pole (yellow lines). The resulting spectrum
validates photon-noise dominated design.

Figure 6. Left: 30 GHz detector. Right: 40 GHz detector. Purple curves show the measured noise equivalent current
(NEI) at the South Pole while grey curves show the difference between pairs in the same pixel. Note that the grey
curves agree well with the expected photon noise level shown in yellow, indicating that our detectors are background noise
dominated. We biased the detectors in a Titanium superconducting transition.

4. CONCLUSIONS

The 2022 upgrades to the BA1 camera have improved the performance over that in 2020 deployment season.
The measured beam characteristics are in a good agreement with as-designed detector simulations. We also have
largely eliminated the high frequency leak in power to boost the overall receiver sensitivity. The on-sky noise
measurements show that the instrument is background dominated. These upgrades are important to reach the
required sensitivity to map the synchrotron parameters that contributed to the CMB B-modes map. Finally, We
plan to deploy the 150 GHz BICEP Array receiver (BA2) this austral summer. We also plan to deploy the 270
GHz BICEP Array receiver as well as the TKIDs demo camera the following year.
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