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Abstract

The Q & U Bolometric Interferometer for Cosmology (QUBIC) is a cosmology
experiment that aims to measure the B-mode polarization of the cosmic micro-
wave background (CMB). Measurements of the primordial B-mode pattern of the
CMB polarization are in fact among the most exciting goals in cosmology as it
would allow testing of the inflationary paradigm. Many experiments are attempt-
ing to measure the B-modes, from the ground and the stratosphere, using imaging
Stokes polarimeters. The QUBIC collaboration developed an innovative concept to
measure CMB polarization using bolometric interferometry. This approach mixes
the high sensitivity of bolometric detectors with the accurate control of systematics
due to the interferometric layout of the instrument. We present the calibration results
for the Technological Demonstrator, before its commissioning in the Argentinian
observing site and preparation for first light.

Keywords Instruments: mm-wave - Applications: astrophysics and cosmology

1 Introduction

The Q &U Bolometric Interferometer for Cosmology (QUBIC) is a ground-based
experiment which aims to measure the polarization of the cosmic microwave back-
ground (CMB). QUBIC uses bolometric interferometry, which combines the cali-
bration control and beam synthesis capabilities of interferometers with bolometric
detectors. The main goal of the QUBIC instrument is to detect the polarization pat-
tern hidden in the CMB, known as the primordial B-mode polarization (Hamilton
et al. [6]). The detection of this faint signal is strongly affected by instrumental sys-
tematic effects and foregrounds. QUBIC, as a bolometric interferometer, can reach
the same sensitivity as imagers with the same number of detectors, but it is capa-
ble of controlling systematic effects via its self-calibration procedure (Tartari et al.
[15] and Piat et al. [12]). Thanks to its spectral-imaging capabilities, QUBIC can
separate the CMB signal from polarized foregrounds better than an imager experi-
ment (Mousset et al. [10] and Mele et al. [9]). This unique feature of the QUBIC
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instrument allows the signal to be extracted in frequency sub-bands within the main
channels, with a spectral resolution of Av/v ~ 0.05 (Mousset et al. [10]). In QUBIC,
polarization measurement is done using a Stokes polarimeter (a retarder plus a
polarizer) as it is in MAXIPOL (Johnson et al. [7]), PILOT (Salatino et al. [14]) and
SPIDER (Bryan et al. [2]). The QUBIC polarimeter is composed of a retarder plate,
a half-wave plate (HWP), which induces a phase shift between the two orthogonal
polarization components, coupled with a linear polarizer that is used as a polari-
zation selector. The current version of the experiment is a Technological Demon-
strator (TD) instrument, described in Torchinsky et al. [16], composed of a reduced
array of 64 back-to-back feed-horns, one-quarter of the 150 GHz detector array, and
a HWP with a reduced diameter compared to the one which will be used in the Full
Instrument (FI). This work serves as an overview of the instrument status toward
first light, and the subsystems are elaborated on in [3, 4, 6, 8, 10, 13, 16]

2 The QUBIC Instrument

The QUBIC cryostat is composed of three different temperature stages: the vacuum
shell at room temperature, the 40 K shield, and the 4 K shield. The internal shields
are cooled down through two parallel pulse tube cryocoolers. The vacuum shell is a
tall (1.5m) and large (1.4 m diameter) aluminum cylinder with an ultra-high molecu-
lar weight (UHMW) polyethylene window [5] followed by two infrared (IR) filters.
The 40 K shield is closed by three IR filters, and it is divided from the vacuum shell
by 30 superinsulation layers. The 4 K shield is closed by one IR filter and a 360 GHz
edge filter. Below this last filter, there is the HWP and the polarizer. The temperature
reached by the upper part of the 4 K shield is always between [8,10] K. Inside the
4K shield, there are two fridges: a He4 one, which cools down the optics box and the
back-to-back horn array to 1 K, and a He7 one, which cools down the detectors to
340 mK. The horn array and the two mirrors acting as an imager make the system a
Fizeau interferometer that is coupled to the sky.

Figure 1 shows the schematic and a sectional cut of the cryostat. Table 1 shows
the main parameters of QUBIC-TD and QUBIC-FI.

2.1 Observatory Site

QUBIC will be installed on its final observing site in Argentina at Alto Chorril-
los (24 11’S, 66 28'W, 4869 m above sea level) in Salta province. The site has an
excellent sky. The measured sky opacity at 210 GHz is < 0.1 (50th percentile). The
average atmospheric temperature is 270 K with an emissivity of 0.081 and 0.138 at
150 GHz and 220 GHz, respectively.
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Fig. 1 Schematic of the QUBIC instrument (left) and sectional cut of the cryostat (right) showing the
same sub-systems in their real configuration (Color figure online).

Table 1 QUBIC main parameters

Parameter

TD (measured)

FI (forecasted)

Frequency channels

Frequency range 150 GHz
Frequency range 220 GHz

150 GHz
[131-169] GHz

150 and 220 GHz
[131-169] GHz
[192.5-247.5] GHz

Window aperture [m] 0.56 0.56

Number of horns 64 400

Number of detectors 248 992 x 2
Detector noise [W/y/Hz] 2.05x 10716 [13] 4.7x107"
Focal plane temp. [mK] 340 [8] 300
Synthesized beam FWHM [deg] 0.68 [16] 0.39 (150 GHz),

0.27 (220 GHz)

2.2 TD Forecast and Strategy Scan

The main goal of QUBIC-TD was to validate the technology before updating the
instrument to its final configuration (FI). QUBIC-TD aimed to demonstrate bolo-
metric interferometry and spectral imaging by using the spectral dependence of
the synthesized beam and the systematic effect removal thanks to self-calibration.
A good test-bed for this is the polarized component of the dust. We simulated 1
year of observation of the galactic plane center with QUBIC-TD, showing the
capability of the instrument to reconstruct the spectral energy distribution of
the dust [6]. QUBIC-FI will observe a sky patch at mid galactic latitudes in the
southern hemisphere, 35° in azimuth and 40° in elevation, including the BICEP2
region (RA = 0°, dec = —57°) and the Planck clean field (RA = 8.7°, dec =
—41.7°). QUBIC will scan the sky quickly by moving in azimuth at a speed of
0.4/s and will change the HWP position after each scan. QUBIC will use the
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slewing time to step the HWP angle by 15°. It will also spend part of its observ-
ing time performing the self-calibration as described in Bigot-Sazy et al. [1]. This
procedure, combined with the possibility of rotating the instrument around its
optical axis (boresight axis), helps monitor systematic effects.

3 Calibration Results

QUBIC-TD has been tested during a calibration campaign, with the focal plane
cooled down to 340 mK and with the HWP rotator at a temperature of 8 K. The
measurements were performed by setting the calibration source frequency to
150 GHz. The calibration source consists of a 12 GHz synthesizer followed by two
multipliers that increase the operating frequency into the 130-170 GHz band (VDI
electronics). The source waveguide is coupled to a conical corrugated horn using
a rectangular-to-circular transition and is linearly polarized with cross-polarization
and return loss. During the first calibration phase, a cold neutral density filter (9%
transmission) was placed at 4 K. During the calibration phase, all the subsystems
were successfully tested, as summarized below and described in more detail in
Torchinsky et al. [16]. Additional tests will be performed at the laboratory in Salta
before bringing the experiment to its observation site. These tests will include full-
beam calibration by illuminating the focal plane with a polarized emitting black
body. The full-beam calibrator consists of a baffle placed directly in front of the
QUBIC-TD window with a rotating polarizer which allows the polarization to be
measured by modulating the input polarization. Measurement at different frequen-
cies will perform again to better test the spectro-imaging feature of QUBIC-TD.

3.1 Detector Performances

QUBIC-TD has only a quarter of the QUBIC-FI focal plane: the detection chain is
currently made of 256 NbSi Transition Edge Sensors cooled to 340 mK. The readout
system is a 128:1 time-domain multiplexing scheme based on 128 SQUIDs cooled to
1 K. The QUBIC detection chain based on TES and SQUID has reached an impor-
tant milestone. We demonstrated an overall yield of approximately 80% of working
detectors (TESs and SQUIDs included), compatible with a phonon noise of about
5x 1077w/ \/I% at a 410 mK critical temperature. The time constant is about
40 ms. The QUBIC sensitivity is, however, currently limited to 2 x 10716 W/ \/}E
by microphonic noise and aliasing in the readout electronics [13].

3.2 Optics

The sky is coupled to the cold optics by a back-to-back horn array [3], and the two
cold mirrors make up a Fizeau Interferometer [11]. The synthetic beam has been
successfully measured for a pixel near the center of the focal plane at 150 GHz. Fig-
ure 2 shows good agreement between the measured beam and the theoretical predic-
tion, including aberrations. More detail on the optics is given in [11].

@ Springer



Journal of Low Temperature Physics (2022) 209:839-848 843

Frequency: 150 GHz - Data Frequency: 150 GHz - Simulation

8 8
3 3
] &
s &
) )
(0,0) (0,90)
) I
0 0.15 0 0.15

Fig.2 QUBIC synthesized beam on the sky (left: laboratory measurement with the TD, right: simula-
tions without optical aberrations) at 150 GHz. Note that the color scales are arbitrary units. Details on
this measurement can be found in Torchinsky et al. [16] from this series of articles. The synthesized
beam shrinks with increasing frequency as can be seen with the animated version of this image that can
be found online at https://box.in2p3.fr/index.php/s/bzPYfmtjQW4wCG;j (Color figure online).

3.3 Polarization Modulation

An important feature of an experiment which aims to measure the polarized
B-mode of the CMB is the capability to modulate the polarization. A cross-
polarization of less than 1% has been measured for more than 80% of detectors
at 150 GHz [4]. The mean value over the focal plane is 0.12%. The polarization
efficiency for the detectors with the best signal-to-noise ratio (S/N > 5) is always
> 99% (68% C.L.) when the non-linear model is included.

The cryogenic rotator has a clear aperture of 370 mm, sufficient for the HWP
of QUBIC-FI, and can rotate at 7.5°/s, with no data-loss and no cryogenic issues
detected. We estimate < 5.0 mW (95% C.L.) is dissipated on the cryogenic stage
during operation, satisfying the low-temperature requirement. It is placed at the
top of the 4K stage, after the IR blocker filters, as described in Masi et al. [8].
The rotation is produced by an external stepper motor, placed on the top of the
cryostat vacuum shell. It is transmitted to the HWP through two magnetic joints
and a fiberglass tube shaft combined with a system of pulleys and a stainless steel
belt.

The time-ordered data (TOD) acquired at the seven nominal rotator positions
were first processed using Fourier transforms to calculate power spectra. An expo-
nential fit, applied to the spectra but excluding the main peak from the 1 Hz modu-
lated input source, was used to estimate the noise level of each acquisition by inte-
grating over the main band [0.7, 1.3] Hz.

The modulation has been processed with two models:
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Fig.3 (left) Polarization modulation curves acquired at the nominal HWP positions
[0°,15°,30°,45°,60°,75°,90°], for a typical TES detectors at different locations in the focal plane and
given in Arbitrary Digital Units. Data points are estimated via integration of the TOD Fourier transform
over the band [0.7, 1.3] Hz at each nominal HWP position. Two models are used to fit the data: a model
as in Eq. (1) (red line) and a model where the response of the detector is included as a function which
deviates from linearity for high input power, as in Eq. (2) (blue line). (right) Cumulative distribution
for the cross-pol (blue) and the cumulative distribution of the cross-pol 1-¢ error (orange) (Color figure
online)

[ = eff - %[T+Qcos(40+¢)] )

where pure linearly polarized light is assumed as input, but with a still unknown
polarization angle, determined by the experimental setup alignment. To include the
detector response, we consider the model:

I’ = k - tanh(I /k) 2)

which grows linearly with the signal in the limit / <k and tends to k for
1>k, where I is the modulated intensity of Eq. (1), and k is the saturation
parameter(Fig. 3).

4 Conclusions

QUBIC-TD has been successfully tested during a long calibration phase: from the
optical point of view, the synthesized beam has been measured at different frequen-
cies and is in agreement with theory [11, 16]; the detector NEP is 2 x 10~'® W/ \/}E
limited by microphonic noise and aliasing in the readout electronics [13]; and the
average cross-polarization is 0.12% [4] A dedicated laboratory has been built near
the observatory site at Salta in Argentina. After a short phase of new tests in this
laboratory, the instrument will be brought to its observatory site at Alto Chorrillos
for the first light. QUBIC-TD will take 6 months of measurement and after it will be
updated to its final version with a bigger filter, bigger HWP and two complete focal
planes. After the instrument update, there will be a scientific commissioning phase
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without removing the instrument from the observatory site and using a calibration
source placed on a 50-m high tower to calibrate the experiment. The same calibra-
tion source will be used for the self-calibration procedure. QUBIC-FI first light is
expected in the first half of 2023.
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