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Abstract. A prototype version of the Q & U Bolometric Interferometer for Cosmology
(QUBIC) underwent a campaign of testing in the laboratory at Astroparticle Physics and
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Cosmology in Paris. We report the results of this Technological Demonstrator which success-
fully shows the feasibility of the principle of Bolometric Interferometry. Characterization of
QUBIC includes the measurement of the synthesized beam, the measurement of interference
fringes, and the measurement of polarization performance. A modulated and frequency
tunable millimetre-wave source in the telescope far-field is used to simulate a point source.
The QUBIC pointing is scanned across the point source to produce beam maps. Polarization
modulation is measured using a rotating Half Wave Plate. The measured beam matches well
to the theoretical simulations and gives QUBIC the ability to do spectro imaging. The polar-
ization performance is excellent with less than 0.5% cross-polarization rejection. QUBIC is
ready for deployment on the high altitude site at Alto Chorillo, Argentina to begin scientific
operations.
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1 Introduction

The detection of B-mode polarization in the Cosmic Microwave Background (CMB) is the
subject of a worldwide effort due to its importance as a confirmation of the Inflationary
model of Cosmology. A clear detection of polarization B-modes in the CMB is evidence of
primordial gravitational waves expected during the inflationary phase in the earliest moments
of the Universe. For an overview see [1].

Polarization in the CMB is expected to be a small fraction of the CMB signal itself while
the B-mode component of polarization will be several orders of magnitude smaller again. As
a result, the measurement of B-mode polarization is a difficult exercise of extracting a signal
buried deep within other signals (the CMB E-mode but also foreground contamination and
lensing) and noise. This requires very careful instrument design and implementation, with
sophisticated data analysis to separate unwanted contributions from the B-mode signal.

The Q and U Bolometric Interferometer (QUBIC) is designed with particular attention
to the limitation and control of systematics [2]. See also in this series of papers [3] for the
optics design, [4] for the cryogenics design, and [5] for the readout electronics. QUBIC uses
the technique of interferometry which leads to the possibility of doing “self-calibration” in
order to have exquisite control of instrument systematics [6]. This technique also provides a
method for doing spectral imaging. Bolometric Interferometry is the marriage of techniques
bringing together the great sensitivity and large bandwith of bolometers and the instrumental
control and high fidelity imaging of aperture synthesis. Using this innovative approach, any
residual systematics in the data will be largely independent from those in other experiments,
thus providing a uniquely powerful dataset in the context of the worldwide experimental
effort.

An imaging interferometer measures “visibilities” which are the complex (amplitude and
phase) correlations between each antenna pair (baseline). In radio astronomy, the visibilities
are recorded directly. A “correlator” digitizes the signals and multiplies pairs of signals to



produce a stream of complex numbers, each of which corresponds to the cross correlation
product of an antenna-pair. Channelization of the bandpass permits signal processing of
individual, very narrow bands, and for each channel the signal is nearly monochromatic. In
radio astronomy, large bandwidths are achieved by adding more digital electronics.

A bolometric interferometer takes advantage of the high sensitivity and large bandwidth
of bolometers while also benefitting from the calibration technique possible with an imaging
interferometer. The spatial sampling of the sky is generated by placing a cluster of back-to-
back horns that behave effectively as electromagnetic nozzles. This horn cluster creates the
u —v sampling of the aperture plane equivalent to what is done by a distribution of antennas
in a radio array. For the bolometric interferometer, instead of sampling the signals and
computing the cross correlations between antenna pairs, the interference pattern is imaged.

A single image of the interference pattern has all the information convolved together re-
sulting in observing the sky through a synthesized beam. The shape of this synthesized beam
is given by the combination of all individual baselines (all pairs of horns). The bolometric
interferometer end up being a synthesized imager observing the sky through its synthesized
beam just the same way as a classical imager observes the sky through the beam formed by
the telescope. For calibration and instrumental systematics studies it is however crucial to
extract the individual visibilities. By blocking all horns except two, we measure the inter-
ference pattern of that baseline [see 6]. For example, using a 20 x 20 cluster of horns as in
the QUBIC Final Instrument (QUBIC-FI), there are 400 horns making n(n — 1)/2 = 79800
baselines which are needed to be observed individually for self-calibration. The QUBIC Tech-
nological Demonstrator (QUBIC-TD) under test in the lab at APC has a smaller horn array
with only 64 horns in a square array giving 2016 baselines.

Performance of the bolometric interferometer improves as the number of baselines in-
creases. A larger cluster of horns provides more baselines, but this in turn must be sampled
by a larger array of detectors in the focal plane. As a result, the overall sensitivity of the
bolometric interferometer is indirectly a function of the number of detectors in so much as
the focal plane must be large enough to match the horn cluster.

An additional feature of bolometric interferometry is the ability to do spectroimaging.
The synthesized beam varies with frequency [for details see 3]. In particular, the beam sec-
ondary lobes move inward as frequency increases while the central lobe remains in the same
place. As a result, the Time Ordered Data effectively samples different frequencies as the
beam passes over the same point in the sky. This frequency selectivity can be deconvolved in
the data post processing. The spectral resolution improves with the number of baselines as
the synthesized beam has finer secondary lobes with a larger cluster of horns. Spectroimag-
ing is an innovative feature of bolometric interferometry which gives QUBIC an important
advantage over other CMB imagers [see 7, 8, for details] and the possibility to do this with
QUBIC has been confirmed (see Section 7).

This paper is organized as follows. The laboratory setup is described in Section 2
with particular attention given to the placement and alignment of the calibration source.
Section 3 presents the measured bandpass of QUBIC. Section 4 shows the measured response
to modulated polarization using the rotating Half Wave Plate. The QUBIC design provides
extremely pure polarization performance with 99.9% cross polarization rejection. Section 5
shows the measurement of fringes on the focal plane using the mechanical switches in the
horn array to select baselines. Section 6 shows an early application of self testing with the
independent determination of the physical orientation of the horn array using the fringe
measurements. In Section 7 we show measurements of the QUBIC synthesized beam, and



in Section 8 we demonstrate the results of the QUBIC mapmaking pipeline by generating
a “sky” map of the calibration source using the calibration information determined from
previous measurements. Finally, some concluding remarks are given in Section 9.

2 Calibration Source Setup

Characterization of the QUBIC instrument is done primarily using a frequency tunable
monochromatic point source in the far-field. This permits measurement of the bandpass
(Section 3), the polarization performance (Section 4), the measurement of interference fringes
(Section 5 and Section 6), and the beam Point Spread Function (PSF - Section 7 and Sec-
tion 8). This section describes the optical setup used to characterize QUBIC.

The setup is shown in the sketch of Figure 1. The calibration source points at a flat
mirror which redirects the beam into the QUBIC cryostat window. There is an 11 m optical
path, putting the calibration source comfortably in the far field.

QUBIC Calibration Source layout
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Figure 1. Layout for the calibration source relative to the QUBIC instrument.

The flat mirror is an aluminium sheet mounted on a scaffolding at a height of 3.5 m
(photo in Figure 2). The tilt angle of the flat mirror can be adjusted by a long screw
permitting very precise selection for the correct tilt angle.

Alignment of the system was accomplished using a laser temporarily mounted at the
window of the QUBIC cryostat, pointing normal to the window (photo Figure 3). The laser
light is reflected from the flat mirror to the calibration source where a small flat mirror was
fitted to the front of the calibration source feedhorn. The laser reflects from the mirror at
the feedhorn mouth and returns to the large flat mirror and finally to the QUBIC cryostat
window. In the photo (Figure 3), one can clearly see the spot of the laser on the corner of
the laser mounting structure on the window. The alignment is therefore precise to within
a fraction of a degree which is well within the tolerance necessary to have the calibration
source visible to the QUBIC-TD.

The calibration source system is composed of a number of electronics aside from the
source itself. The calibration source was purchased from VDI electronics and is composed of



Figure 2. left: Photo of QUBIC looking along the line-of-sight from the calibration source. The
reflection of the window is clearly visible in the flat mirror. right: The flat mirror is mounted on a
scaffold at a height of 3.5 m and has a finely adjustable tilt angle using a system composed of a long
screw.

a Gunn oscillator running at frequencies around 10 GHz. Two multipliers in a chain follow
the synthesiser multiply the base frequency by 12 resulting in frequencies around 150 GHz.
The range of the system is between 130 GHz and 170 GHz. The source can be commanded
via USB connection to select the frequency. This is done by a nearby Raspberry Pi mini
computer (see photo Figure 4).

A signal generator provides a square wave at around 1 Hz which is used to modulate the
calibration source. The Raspberry Pi configures the signal generator, selecting the amplitude,
offset, frequency, shape, and duty cycle.

The power output from the calibration source is monitored at a port near the calibration
source feedhorn which provides a voltage which is a function of the output power. This
voltage is sent to an Analog-to-Digital Converter (ADC) board integrated in the Raspberry Pi
mini computer which stores the data along with a timestamp for each sample. There are
approximately 300 samples per second.

A Command Line Interface written in python is used to configure the calibration source
setup. This system accepts commands via socket and can be easily interfaced by the Graph-
ical User Interface called QubicStudio.

For the result shown in Figure 5, the source was set at 150 GHz and was modulated
with a square wave with 3 second period (0.333 Hz) and a 33% duty cycle. Figure 5 shows
the very clear signal in many of the TES detectors in the array. Figure 6 shows the signal



Figure 3. Photo of the alignment procedure. The laser is mounted orthogonal to the cryostat
window and shines towards the flat mirror, sending the light to the calibration source feedhorn at
the other side of the room. A small mirror fitted to the mouth of the feedhorn sends the laser light
back on the same path to the cryostat window. The laser spot is clearly visible on the laser mount
structure.

seen on one TES together with the modulation signal measured by the power monitor. There
is a very clear correlation between the two.



Figure 4. Photo of the electronics associated with calibration source setup. This includes a
signal generator for modulating the calibration source with a square wave. The output power of the
calibration source is sent through an amplifier and then digitized by an ADC board integrated in the
Raspberry Pi (seen suspended on the cables below the calibration source).



QUBIC TES array
Array P87 ASIC1 black curves, data from 2019-01-29 13:21, Tpath=376.113mK
Array P87 ASIC2 blue curves, data from 2019-01-29 13:21, Tpath=376.113mK
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Figure 5. The first measurement of the calibration source by QUBIC. The signal is clearly seen in
most pixels, corresponding to the good pixels in the array [see 5, for a discussion on the bolometer
array performance]. The black “pixels” in the top-right are empty positions. The QUBIC Final
Instrument will have four arrays equivalent to this one in order to make a roughly circular focal plane
for each frequency channel.




Detector response to modulated calibration source
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Figure 6. Overlay of the signal detected by TES#54 of the QUBIC array (blue curve) together with
the modulated calibration source signal as measured by the calibration source power monitor (red
curve).



3 Spectral Response

The spectral response was measured using the calibration source (see Section 2). The calibra-
tion source was setup with a sine wave modulation at 1 Hz and stepped through frequencies
across the band from 110 GHz to 180 GHz. After synchronized demodulation at the bolome-
ter, this provides an extremely high signal-to-noise measurement. Figure 7 shows the mea-
sured profile which corresponds to the expected profile of the filter provided by Cardiff. The
plot shows the average of all operational TES [181 detectors, see 5], as well as the median,
and the points filtered for minimum 3¢ detection. All curves agree within the bandpass.

o1 —— Median over all TES
Mean over all TES

—e— 30 Clipped mean over all TES

dB
|

"

=1

110 120 130 140 150 160 170 léD
Frequency [GHz]

Figure 7. Bandpass of the QUBIC Technological Demonstrator. This was measured by stepping
through the frequencies of the calibration source and measuring the relative power on the TES at
each frequency.

4 Half Wave Plate Polarization Rotation Test

A functionality test was carried out of the Half Wave Plate rotator mechanism, and at the
same time, the calibration source was operating. Measurements were taken at each of the
7 evenly spaced positions of the Half Wave Plate from 0° to 90° (spacing of 15°).

Figure 8 shows the signal, after Fourier filtering, for TES #95 at the different HWP
positions. The peak-to-peak amplitude clearly varies with HWP position. Each position is
shown in a different colour. Figure 9 shows a zoom of the calibration source signal measured
by TES#95 with the HWP in position #1. The amplitude at each position is plotted and
fitted to a sine curve, as shown in Figure 10.

The cross-polarization contamination at 150 GHz is compatible with zero to within
0.18%. The signal in each case was measured by the RMS of the TES data in a given position
while the source was modulated. The measurement was the source modulation amplitude
together with the RMS of the noise, quadratically added. As a result the minimum value
is dominated by noise. The maximum signal occurs when the HWP is between position 6
and 7.

As polarization is selected before the horn array, the cross-polarization leakage is in-
dependent of the location in the focal plane. Therefore, the cross-polarization leakage is
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Figure 8. Peak-to-peak amplitude of the detected calibration source for different Half Wave Plate
positions as measured with TES#95
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Figure 9. Peak-to-peak amplitude of the detected calibration source for the Half Wave Plate in

position #1 as measured with TES#95. The blue curve is the response measured by the bolometer
and the orange curve is the power monitor of the calibration source (see Section 2).
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Figure 10. Amplitude of the detected calibration source at 150 GHz as measured with TES#95 for
the Half Wave Plate in the different positions and fitted to a sine curve.
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Figure 11. Same as Figure 10 but with the calibration source set at various power output levels. The
effect of saturation is evident for the source at high power. The Half Wave Plate angle of maximum
signal damping is consistent between all the measurements.
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Figure 12. Distribution of the trough in the amplitude for various source output power (see Fig-
ure 11).
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expected to be the same for all TES. The example shown in Figures 10 and 11 are for
TES#95 which has the best signal-to-noise for this measurement due to the pointing.

The measured cross-polarization contamination was measured with the calibration source
tuned to 150 GHz. This is therefore a measurement at a single, essentially monochromatic
frequency. Future measurements will measure the cross-polarization contamination at fre-
quencies across the band in order to determine the integrated response of the system for the
full bandpass.

5 Self-Calibration

Self Calibration is a technique developed for aperture synthesis in radio interferometry. This
technique evolved from the original idea in the 1970’s of “phase-closure” [9-11] to become in
the early 1980’s “self-calibration” [12, 13]. See [14] for a detailed overview. Precise knowledge
of the calibration source is not required, as long as it is a strong and stable point source.
The large number of baseline visibilities allows us to solve for many unknowns, including the
gain and phase corrections required, without having knowledge of the source amplitude.

In order to advance towards the full analysis of self-calibration, a key component is the
ability to measure fringes with QUBIC. If fringes can be measured with a horn pair, then
the full analysis can be done once the fringe measurement is done for all horn pairs. By
measuring the fringe pattern of a single pair of horns we demonstrate the feasibility of doing
self-calibration with the bolometric interferometer.

The QUBIC Technological Demonstrator successfully measured fringes between a pair
of horns (Figure 13 left). This is the derived image after analysing measurements of images
with all horns open, with two horns closed, with one horn closed, and with the other horn
closed. This is the equivalent of having all horns closed except the two, as shown in [6]. The
fringes are expected to be fainter in proportion to the distance to the centre of the focal plane
(Figure 13 right). This is not the case here because of saturation of the TES detectors. As a
result, the fringe amplitude appears to be relatively constant, or near zero where saturated
detectors were subtracted from one another. The problem with saturation was due to the
cryogenic system which did not reach the optimum temperature for the TES. Future tests
will work below the saturation point of the TES.

2019-06-07_16.29.15_ RF_switch_cont2_25_57
= — =——-5""77 10000 2019-06-07_16.29.15_RF_switch_cont2 25 57

7500
7500

5000
5000

2500 2500

0

—2500 ~2500

—5000 ~5000

-7500 ~7500

—10000 —10000

Figure 13. left: Fringes measured on the QUBIC TES array. Fringes are clearly visible as bright,
diagonal lines across the detector array. right: Simulation of the fringe pattern expected to be
measured with a baseline between horns 25 and 57. The fringe lines are in the same place as the
measured image (left). The amplitude of the fringe lines are fainter with distance from the centre of
the focal plane. This was not measured because of saturation of the detectors.
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An initial analysis using the fringe measurement is carried out in Section 6. The mea-
surement is used to verify the orientation of the horn array.

6 Verification of the Horn Cluster Orientation with Fringe Measurements

The orientation and spacing of the fringe pattern seen in the focal plane is a function of the
selected baseline which is determined by which horns are open or closed. In this section, we
describe the use of the fringe measurement at different baselines to confirm the mechanical
orientation of the horn cluster.

The fringe pattern described in the previous section was measured for the baseline
formed by horns 25-57 (see Figure 13 above). The position of the horn cluster at that time
was verified using pictures taken when it was mounted (see Figure 14). Figure 15 shows the

Figure 14. Pictures showing the the horn cluster orientation. left: The On Axis Focal Plane
(ONAFP) reference frame projected onto the face of the horn cluster. right: The Global Reference
Frame (GRF) is co-planar to the face of the horn cluster.

reference frames used on the instrument.

Simulations of interferometry patterns obtained on the focal plane for different horn
configurations are done using geometric optics and calculating the interference at infinity.
This is computed as if the horn plane and the focal plane were parallel. Simulations are also
performed in Maynooth with GRASP (a commercial optical modelling software) and MODAL
(an ‘in-house’ software developed and maintained by Marcin Gradziel at Maynooth) [see 3,
for details about optics modelling]. While both software packages model systems using the
technique of Physical Optics, there are differences in how systems are implemented which
make them complementary. MODAL can calculate the coupling of beams from free-space to
feedhorns, while GRASP considers feedhorns to be point sources. However, GRASP can describe

— 14 —
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Figure 15. QUBIC reference frames. left: The face of the horn cluster is overlaid on the optics
schematic. right: The fringe measurement in the negative-x and negative-y quadrant (quadrant 3).
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surfaces using a grid of points which permits the modeling of real measured mirror surfaces,
and then using the Physical Theory of Diffraction, GRASP can model mirror edge effects. The
two packages can exchange data through common file formats which permits the analysis of
a complete optical system, using the best package for each subsystem and then combining
the results. They can also be used independently and compared as a verification of modelling
results.

A model was created in GRASP to match the MODAL model. This model plots the inter-
ference pattern of any horn baseline. The comparison of the output of the models for a given
baseline is shown in Figure 16 as plotted by our Python-based QUBIC simulation software
using the output files from the MODAL simulation model. The result shows that MODAL and the
GRASP simulations are in agreement. Additional baselines were tested and also had matching
patterns. Having these two independent methods in agreement is a good check that the horn
setup, instrument data, software, and simulations are working as expected.

Baseline gubicsoft simulation MODAL .dat files plotted with GRASP simulation
qubicsoft
1—5? Basalna [1, 57 No abarations Basetne |1, 57] with aberrations

el spmnduy

57-64

Figure 16. Fringes obtained on the focal plane for given baselines using our Python-based QUBIC
simulation software (optical geometry) using results from the MODAL simulatin. The corresponding
GRASP simulation is shown on the right.

Finally, the optics simulations can be used to confirm the physical horn orientation in
the optical path. The orientation between all the simulations and the measurement agree. A
/2 rotation difference between measured results and simulations would be easily detected.
However, it is not straightforward to detect a 7 rotation because the differences would be
very small (see Figure 17). Such a rotation might be detectable by fitting the measurement
with the simulations from Maynooth, and is a work in progress.

The main concern which motivated this study was to confirm that the horn switch
electronics [15] was operating the switches as expected. That is, that the horn commanded to
be open or closed was in the correct physical location in the horn cluster. This was confirmed.
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Figure 17. Fringes obtained on the focal plane for 2 baselines, symmetric under a 7 rotation.
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7 Synthetic full Beam reconstruction

The QUBIC-TD synthetic beam maps were measured at five frequencies in the range 130 GHz
to 170 GHz by tuning the VDI calibration source (see Section 2) in steps of 10 GHz from
130 GHz. For each frequency measurement the calibration source was modulated at a period
of 1 second with a sinusoidal profile, and the TES signal was demodulated in post processing.
QUBIC-TD was configured to point at an elevation angle of 35° and to scan across azimuth
at a constant rate from —25° to +25°. The elevation angle was then increased by 0.2° and
a new azimuth scan at constant rate was done in the reverse direction from +25° to —25°.
Each azimuth scan takes nearly 8 minutes, and an entire beam map at a given frequency is
completed in 22 hours and 30 minutes. This matches well with the cryogenic hold time of
the cryostat. The entire beam map measurement was preprogrammed in a script executed
by the QUBIC instrument control software QubicStudio.

The result of the beam mapping measurement campaign is a series of maps for each
TES pixel in the detector array. This is 244 maps for each frequency for a total of 1220 maps.
Figure 18 shows example maps for TES#93 (ASIC 1) at three frequencies. The main lobe
and secondary lobes are clearly visible and match well with theory.

Figure 18. Maps of the synthetic beam for TES#93 (ASIC 1). The multilobe synthetic beam is
shown here for 130 GHz, 150 GHz, and 170 GHz. An animated version of this plot with comparison
to simulation can be viewed online at https://box.in2p3.fr/index.php/s/bzPY{mtjQW4wCGj

The secondary lobe locations depend on frequency while the main lobe is always at
the same place. Figure 19 shows a cut across the beam maps of Figure 18. The secondary
lobes are closer to centre as frequency increases, as expected. This is a key feature of the
bolometric interferometer which makes spectroscopic imaging possible.

8 Map Making with Measured Synthesized Beams

Using the relative location and amplitude of all the peaks in the synthesized beam for each
of the TES, we can now project the data onto the sky using optimal map-making to decon-
volve from the effect of the multiple peaks. When observing the sky, this will result in an
unbiased CMB map as has been shown using simulations [see 8, in this series of papers]. We
have performed this with the calibration data in order to obtain an image of the point-like
calibration source we have been using. The resulting image is shown in Figure 20 exhibiting
the expected point-source shape with a FWHM of 0.68 degree in excellent agreement with
expectations.
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Figure 19. A cut across the synthetic beam maps shown in Figure 18. The plot on the left shows
the coincident central lobe for each frequency and the secondary lobes which are closer to centre as
frequency increases. The image on the right indicates the orientation of the slice.

The successful mapmaking with the measured synthesized beam is effectively an end-
to-end checkout of the entire QUBIC system. In order for this exercise to be possible, all
subsystems, interfaces between subsystems, and all associated software must be function-
ing correctly. This includes scientific and housekeeping data acquisition, telescope pointing
control, and control and synchronisation of all subsystems. The software needed to make
this measurement includes the system control software, the data acquisition software, data
archiving and reading, and finally data analysis software together with comparison to system
simulation software. The resulting map of Figure 20 shows that all subsystems are function-
ing correctly, and all subsystems are correctly managed and synchronized together into the
overall system.

QUBIC Calibration

5 'fpix, 200x200 pix

(-1,49)

]
f 1
-0.015 0015

Figure 20. Calibration data with the source at 150 GHz projected on the sky using our map-making
software to deconvolve from the multiple peaked synthesized beam. Small residuals of the deconvolved
multiple peaks can be seen and are due to unmodeled non-linearity of the detectors due to saturation
with the strong calibration source.
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9 Conclusion

QUBIC underwent a long campaign of testing in the laboratory at APC in Paris. These
measurements confirm that Bolometric Interferometry is a viable method for the measure of
CMB B-mode polarization. In particular, using an artificial millimetre-wave source in the
telescope far-field, a number of fundamental requirements were successfully demonstrated.
The measured synthesized beam matches well with theory, and demonstrates that spectral
imaging is possible. The spectral response matches the expected bandpass given the optical
components in the optical chain. The polarization performance has less than 0.2% cross
polarization contamination at 150 GHz which will make QUBIC the best instrument for
polarization purity among the currently running CMB B-mode experiments.

The emphasis on QUBIC design has been on the suppression and control of systematic
effects. QUBIC employs bolometric interferometry and a conservative polarization optical
design which together has the advantage of exquisite control of systematics while still giving
the high sensitivity inherent in the use of wide band bolometers.

Deployment of QUBIC on the scientific site of Alto Chorillo at 5000 m altitude in
Argentina is expected during 2020. QUBIC will provide an extremely clean polarization map
of the sky and together with spectro imaging, will have excellent separation of foreground
sources.
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