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Abstract

POLARBEAR-2b (PB-2b) is the second receiver in the Simons Array, a cosmic
microwave background (CMB) polarization experiment. The Simons Array uses
dichroic polarization sensitive lenslet-coupled sinuous antennas and transition-edge
sensor (TES) bolometers made of superconducting films. These bolometers are read
out with frequency multiplexing electronics. PB-2b contains ~ 7500 detectors in two
bands at 90 and 150 GHz with arcminute resolution. The polarization of these detec-
tors is modulated by a cryogenic continuously rotating half-wave plate. PB-2b was
installed on its telescope in 2022 in the Atacama Desert at an altitude of 5.2 km.
This paper will detail initial readout commissioning, test of a new loopgain monitor-
ing method, and focusing the optics. Work is ongoing to commission the remain-
ing ambient temperature readout electronics, measure detector time constants, and
observe with the cryogenic half-wave plate spinning
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Fig. 1 This circuit diagram shows the readout scheme used by PB-2b [2]. Each bolometer is represented
by a variable resistor and is in series with a superconducting LC resonator, which determines the fre-
quency of the AC voltage bias supplied to the bolometer. Each superconducting LC resonator is referred
to as a channel. The bias current and any current from optical signal are canceled out with digital active
nulling [4], before the remaining current is amplified by a DC SQUID array operating as a transimped-
ance amplifier
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1 Introduction

POLARBEAR-2b (PB-2b) is the second receiver in the Simons Array, a cosmic
microwave background (CMB) polarization experiment [1]. PB-2b was installed on
its telescope in 2022 in the Atacama Desert at an altitude of 5.2 km. The telescope
has a 3.5 m primary and detectors with arcminute resolution. Of the 7500 detectors,
2072 have so far been calibrated with planet observations. The readout system used
is digital frequency multiplexing electronics (DfMUX) [2]. This paper will cover
early results from the commissioning of the readout electronics, focusing of the
optics, and preliminary tests of bolometer performance.

2 Readout Performance

A circuit diagram showing the DfMUX implementation used in PB-2b is shown in
Fig. 1. In this circuit, bolometers are biased with MHz tones, and the currents flow-
ing through them are amplified by a superconducting quantum interference devices
(SQUIDs) operating as a cryogenic transimpedance amplifier. Ambient temperature
electronics amplify the signal further, filter the output to minimize aliasing, and dig-
itize the signal [3].

Since the installation of the receiver, about 75% of the DfMUX readout elec-
tronics have been commissioned. The remainder of the readout will be commis-
sioned after the installation of the remaining ambient temperature electronics.
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Commissioning that portion of the readout has shown that 55% of the LC resonators
have failed to yield. This component could be replaced in a retrofit.

The SQUIDs, which act as cryogenic amplifiers, lower the noise of ambient tem-
perature readout electronics when noise is referred to the input coil of the SQUID.
The output impedance of the SQUID has a smaller impact on the readout noise but
can increase the noise of channels at high bias frequencies when it is large enough
to create a low pass filter with the parasitic capacitance of the wiring harness [5,
6]. The deployed SQUIDs have a median transimpedance of 730Q2, with 95% of
SQUIDs achieving a transimpedance greater than 500 Q. The output impedance of
the SQUIDs has a median of 715 Q, with 99% lower than 1000 Q. This performance
is acceptable and improved somewhat from last laboratory tests of PB-2b [7]. The
median readout noise is 19 pA/\/E, with some dependence on the MHz frequency,
the bolometer is biased at. This noise level is similar to what was measured in labo-
ratory tests as well [8]. A histogram of these data can be found in Fig. 2. In this
figure, data for 2133 channels are presented. These data were taken while the bath
temperature was greater than the critical temperature, 7, 2450 mK, of the TES so
that photon and phonon noise does not contribute to this measurement. However, the
readout noise may also change when the TES is operating at lower impedances in
the transition, as they do during observation. During operation, we expect the John-
son noise of the TES to be suppressed by its loopgain, and the current sharing factor
to be increased. Loopgain will be discussed further in Sect. 3. Current sharing is a
factor which depends on the operating resistance of the bolometers and will increase
the readout noise of detectors operated at a high bias frequency [5, 6, 9]. The net
effect on the readout noise will be measured, but the change is expected to raise the
median noise by less than lpA/\/E.

With bath temperatures greater than 7, the median total resistance in series with
the LC resonators is 1.1 Q. These data are shown in Fig. 3, with TES resistance, and
stray resistance in series with the TES separated. Work is ongoing to connect and
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Fig.2 Left: Histogram of the achieved transimpedance of the SQUIDs currently being operated. Right:
Histogram of the readout noise measured when TES is above their critical temperature. Readout noise
data are shown before and after changes to grounding improved the noise. These changes to grounding
included reducing the interference from noisy electronics on the telescope, such as the motors driving
it, by changing the cryostat’s ground connection. Additionally as described in Montgomery et al. [5],
the resistor between the negative side of the nuller line and ground was increased to 100 Q to reduce the
effects of current sharing

@ Springer



Journal of Low Temperature Physics

Normal resistance of bolometers Stray resistance in series with bolometers

1000
1000

800

600

Number of Channels
Number of Channels

025 050 075 100 125 150 175 200 000 025 050 075 100 125 150 175 200
Bolometer resistance [Q] Stray resistance [Q]

0.00

Fig.3 Left: Histogram of measured bolometer normal resistance, excluding stray resistance. Right: His-
togram of measured stray resistance while bolometers are superconducting

operate more readout electronics in the coming months. See Ito et al. [7] for details
on measurements taken in the laboratory.

3 Bolometer Performance

Bolometer performance is being evaluated and their operation optimized. In addi-
tion to estimating the noise equivalent temperature of a detector from planet obser-
vations, we are using a new method to monitor the loopgain of detectors in the
transition. The detector loopgain is a measure of the strength of the electrothermal
feedback [10], and achieving a loopgain greater than 10 lowers the readout contri-
bution to the noise equivalent temperature of the detector. This technique applies
a small additional voltage bias offset from the channel’s resonance frequency into
the detector sideband. As the loopgain increases, this injected signal is suppressed,
and a negative sideband is created by electrothermal feedback. This technique is
explained in more detail in De Haan et al. [11]. This is being used to measure how
loopgain changes with respect to the fractional resistance, Ry, = Roperating/ Ruormals
the bolometer is being operated at. Examples of a single bolometer’s response at
four different fractional resistances along with the measured loopgain associated
with it are shown in Fig. 4. This figure shows that the bolometer has achieved a
loopgain greater than 6 at an Ry,,. of 0.85.

4 Calibration Observations

Observations of astronomical sources are being used to measure the detector beam
size, to determine the pointing offset from boresight, and to calibrate the gain of the
detector. Here, data from observations of Jupiter are shown. The detector’s response
is filtered to remove atmospheric effects and fit to a two-dimensional elliptical
Gaussian, which give the beam size, offset, and amplitude of response. An example
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Fig. 4 Example bolometer response to small additional voltage bias, at a range of fractional resistances.
As the bolometer is operated at lower fractional resistances, the measured loopgain increases. Orange
arrows are plotted on top of the data to indicate the direction of rotation of the bolometer’s response

of a single detector’s observation of Jupiter and the beam offsets for the detectors
currently being operated are shown in Fig. 5.

After the receiver was installed on the telescope, the positioning had to be
fine tuned to achieve properly focused beams. This was achieved by moving the
receiver along the optical axis. At each receiver position, planets were observed
to determine the full-width at half-max (FWHM) of the beam. These data were
then used to choose the final receiver position. This minimization was done by
fitting FWHM versus receiver position to a Gaussian beam profile for 90 and
150 GHz separately, as well as the FWHM in azimuth and elevation separately.
Figure 6 shows these data, as well as a comparison of the beam sizes before and
after this optimization. Ultimately, only the 150 GHz fits were used to choose
the final position, due to the much lower sensitivity of the 90 GHz beams to the
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Fig.5 Left: Example filtered bolometer response from a Jupiter observation and resulting fit of a two-
dimensional elliptical gaussian. During observation, a raster scan was performed, and each detector
passed over Jupiter several times at a range of elevation offsets. Shown is a single scan at constant ele-
vation. Right: Median detector offset from all observations performed during receiver focusing. In this
figure, data for 2072 channels, the number of optically active bolometers for which we have measured
beams above a threshold precision, are presented. Marker color indicates detectors from different wafers
of detectors [12]
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Fig.6 Left: Beam FWHM in the azimuth direction at a range of receiver positions, obtained from gauss-
ian beam fits. These FWHM were fit to a Gaussian beam profile used to determine optimal receiver posi-
tion. Right: Histogram of beam FWHM at the initial and final receiver positions

receiver position. The minima were found to be —33.4 mm and —36.6 mm in the
azimuth and elevation directions, and final position was chosen to be —35.0 mm.
There may be room for improvement if we use data points except position 0,
which is somewhat far from the focus position.

At the final receiver position, the mean beam FWHM was 4.79 + 0.13 arc-
minutes at 90 GHz and 3.10 + 0.12 arcminutes at 150 GHz, and the design value
is 5.2 arcminutes and 3.5 arcminutes [13]. Thus, they achieve beam size better
than design values. We note that the design values are not based on optics simu-
lations and do not reflect details such as the detector beam. Thus, the measured
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Fig.7 Both plots show the variation of beam FWHM as a function of detector’s beam center offset from
boresight. Left: FWHM variation versus offset in azimuth. Right: FWHM variation versus offset in ele-
vation

values and the design values are not directly comparable, e.g., to calculate the
Strehl ratio. The relatively small variation of the beam size across the focal
plane is shown in Fig. 7.

5 Conclusion

Early results show the ability to read out a large fraction of the available channels,
with work ongoing to connect the remaining warm readout electronics. Observations
of calibration sources are being used to evaluate detector beams and noise equiva-
lent temperatures. The focus of the telescope has been optimized, and beam sizes
across the focal plane have been characterized. A new method of quickly measuring
detector loopgain is being used to evaluate detector performance. Operation of the
cryogenic half-wave plate has been verified, although this is beyond the scope of this
paper. Future work will include commissioning the remaining ambient temperature
readout electronics to operate all available detectors, observations of a chopped ther-
mal source to measure detector time constants, and observations with the cryogenic
half-wave plate spinning.
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