PROCEEDINGS OF SPIE
SPIEDigitalLibrary.org/conference-proceedings-of-spie

Calibration of QUBIC: The Q and U
bolometric interferometer for
cosmology

Murphy, J., Burke, D., Gamboa Lerena, M. M., Hamilton,
J.-Ch., Mousset, L., et al.

J. D. Murphy, D. Burke, M. M. Gamboa Lerena, J.-Ch. Hamilton, L. Mousset, M. De Petris, C.
O'Sullivan, S. A. Torchinsky, P. Ade, J. G. Alberro, A. Almela, G. Amico, L. H. Arnaldi, D. Auguste, J.
Aumont, S. Azzoni, S. Banfi, B. Bélier, E. S. Battistelli, A. Baù, D. Bennett, L. Bergé, P. de Bernardis, J.Ph. Bernard, M. Bersanelli, M.-A. Bigot-Sazy, J. Bonaparte, J. Bonis, E. Bunn, D. Buzi, F. Cavaliere, P.
Chanial, C. Chapron, R. Charlassier, A. C. Cobos Cerutti, F. Columbro, A. Coppolecchia, G.
D'Alessandro, G. De Gasperis, M. De Leo, S. Dheilly, C. Duca, L. Dumoulin, A. Etchegoyen, A.
Fasciszewski, L. P. Ferreyro, D. Fracchia, C. Franceschet, K. M. Ganga, B. García, M. E. García
Redondo, M. Gaspard, D. Gayer, M. Gervasi, M. Giard, V. Gilles, Y. Giraud-Heraud, L. Grandsire, M.
Gómez Berisso, M. González, M. Gradziel, M. R. Hampel, D. Harari, S. Henrot-Versillé, F. Incardona, E.
Jules, J. Kaplan, C. Kristukat, L. Lamagna, S. Loucatos, T. Louis, B. Maffei, S. Marnieros, W. Marty, A.
Mattei, A. May, M. McCulloch, L. Mele, S. Masi, D. Melo, A. Mennella, L. Montier, L. M. Mundo, J. A.
Murphy, F. Nati, E. Olivieri, C. Oriol, A. Paiella, F. Pajot, A. Passerini, H. Pastoriza, A. Pelosi, C. Perbost,
M. Perciballi, F. Pezzotta, F. Piacentini, M. Piat, L. Piccirillo, G. Pisano, M. Platino, G. Polenta, D. Prêle,
R. Puddu, D. Rambaud, E. Rasztocky, P. Ringegni, G. E. Romero, J. M. Salum, C. Scóccola, A.
Schillaci, S. Scully, S. Spinelli, G. Stankowiak, M. Stolpovskiy, A. D. Supanitsky, A. Tartari, J.-P.
Thermeau, P. Timbie, M. Tomasi, G. Tucker, C. Tucker, D. Viganò, N. Vittorio, F. Voisin, F. Wicek, M.
Wright, M. Zannoni, A. Zullo, "Calibration of QUBIC: The Q and U bolometric interferometer for
cosmology," Proc. SPIE 11453, Millimeter, Submillimeter, and Far-Infrared Detectors and
Instrumentation for Astronomy X, 114532G (13 December 2020); doi: 10.1117/12.2560172
Event: SPIE Astronomical Telescopes + Instrumentation, 2020, Online Only

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 20 May 2021 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Updated version 11 January 2021

Calibration of QUBIC: The Q & U Bolometric Interferometer
for Cosmology
J.D. Murphy1 , D. Burke1 , M.M. Gamboa Lerena2,3 , J.-Ch. Hamilton4 , L. Mousset4 ,
M. De Petris5,6 , C. O’Sullivan1 , S.A. Torchinsky4,7 , P. Ade8 , J.G. Alberro9 , A. Almela10 ,
G. Amico5 , L.H. Arnaldi11 , D. Auguste12 , J. Aumont13 , S. Azzoni14 , S. Banfi15,16 , B. Bélier17 ,
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ABSTRACT
Q & U Bolometric Interferometer for Cosmology (QUBIC) is a next generation cosmology experiment designed
to detect the B-mode polarisation of the Cosmic Microwave Background (CMB). A B-mode detection is hard
evidence of Inflation in the ΛCDM model. QUBIC aims to accomplish this by combining novel technologies to
achieve the sensitivity required to detect the faint B-mode signal. QUBIC’s main components include a rotating
half-wave plate (HWP) to modulate the CMB polarisation signal, an array of 400 back-to-back horns observing
the sky and propagating the signal through a cryogenically cooled optical system onto two arrays of 992 transition
edge sensor bolometers at 340 mK. QUBIC will observe the sky in two frequency bands: single moded at 150
GHz and multi-moded at 220 GHz. This will give QUBIC an ability to account for the polarised foreground
of the CMB signal. The QUBIC collaboration has built a Technical Demonstrator (TD) in Astro Particule
et Cosmologie (APC) in Paris. The TD is identical to the Full Instrument (FI) but with 64 horns, smaller
mirrors, no dichroic filter, and one-quarter of the 150 GHz detector array. Once the calibration is complete in
APC, the TD will be shipped to Argentina for sky observations (2021). As part of the calibration campaign,
the spectral response of the TD is measured to test and validate QUBIC’s spectro-imaging capability. In this
paper, methods to measure the spectral response are described and the spectral response is then compared to
theoretical predictions and optical simulations.
Keywords: Cosmology, CMB, B-mode polarisation, TES, calibration, ΛCDM, instrumentation

1. INTRODUCTION
QUBIC (Fig. 1) is a ground based cosmology experiment using new technologies to probe the early universe.
It aims to detect the B-mode polarisation of the CMB as evidence of Inflation in the ΛCDM model. QUBIC’s
Technical Demonstrator (TD) is in its validation phase before installation on-site in Argentina where it will
begin taking scientific measurements of the CMB. Only small changes are needed to upgrade QUBIC to its
Further author information: (Send correspondence to J.D.M.)
J.D.M.: E-mail: james.murphy.2018@mumail.ie
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(a) This is an internal cut of QUBIC’s cryostat
and optical elements reproduced from Ref. 1.
The detectors and mirrors are mounted inside
cryostats at various temperatures.

(b) A schematic diagram of QUBICs optical elements.2 This diagram shows the cooled temperatures of the detectors, mirrors, and optics.

Figure 1: The slice of the CAD file shows the layout of QUBIC’s components inside the cryostats. The optical
path is shown on the right in 2D.
Full Instrument (FI) configuration including larger mirrors (already manufactured and awaiting install) and the
installation of the full array of detectors.
QUBIC differentiates itself from other cosmology experiments aiming to detect the B-mode signal with its
excellent systematic control and use of bolometric interferometry. QUBIC has a rotating half-wave plate and
polariser at the aperture window (this ensures near perfect control of cross-polarisation) and array of 400 backto-back horns with switches between each pair. QUBIC images the interference pattern from these horns using
an optical combiner and an array of bolometers on the focal plane. By switching different combinations of horns
between open and closed QUBIC can self-calibrate3 providing excellent systematic control.
QUBIC is not a traditional imager, it is an interferometer. The horn array forms a synthetic-image of the
sky once the signal from each open horn is focused and combined on the focal plane. QUBIC was designed to
exploit bolometric intereferometry as described in Ref. 4. This interferometric pattern is also a suitable metric
for initial laboratory calibration. With the principle of optical reciprocity, an image of the region on the sky to
which each detector is sensitive also shows the interferometric pattern (as formed on the focal plane in Fig. 2c).
QUBIC’s detectors are Transition Edge Sensors (TES) which require cooling to 340 mK. This low temperature
is required for electro-thermal feedback (ETF) and a fast response (∼20 ms).5 As such QUBIC’s cooling system6
has layers of cryogenics and pulse tube refrigerators (PTRs). These layers are seen in Fig. 1a. The coldest part
is the bolometer array at 340 mK, the mirrors and cold-stop are at 1 K, horns, filters, and polarisers are at 4 K.
The signal from the sky passes though IR filters, a rotating HWP and polariser at ambient temperature.
This is shown in Fig. 1b. Also shown in this figure is the horn array at 4 K. The horn array propagates the sky
signal onto the first mirror at 1 K, through a cold stop and onto a second mirror before being focused onto the
focal plane at 340 mK. Before reaching the 150 GHz focal plane, the FI will have a dichroic frequency splitter
to reflect the 220 GHz signal onto the second focal plane.
QUBIC will scan the CMB sky from its ground-based location in Argentina (Alto Chorillos). In order to
begin the sky observations in Argentina, a testing, calibration, and validation campaign is on-going in APC
before shipping the instrument. Colleagues in Argentina have built an integration lab and have prepared the site
at Alto Chorillos with a building, mount, and infrastructure. Once COVID-19 restrictions are lifted, QUBIC
will be shipped from Paris to Argentina.
Here, the testing and validation of the optics will be documented. This will be done by comparing simulated
optical data from commercial physical optics (PO) software with measurement data from the lab in Paris. The
software packages used are GRASP by TICRA7 and MODAL, an in-house software developed and maintained
at National University of Ireland, Maynooth.8
The laboratory test set-up has a calibration source mounted on a wall directed at a flat mirror which reflects
the source signal into the cryostat aperture. QUBIC is on a mount that can be moved in elevation and azimuth
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so that the detectors scan the source. This experimental set-up was modeled in MODAL8 for each individual
TES.

(a) A Gaussian like shape on the focal plane with one horn
open.

(b) With 2 horns open an interference pattern is formed
on the focal plane.

(c) A synthetic image is formed on the focal plane with (d) The positions of the synthetic image peaks vary with
all FI horns open.
frequency.
Figure 2: These plots demonstrate the basic principles of bolometric interferometry on the focal plane. Figures 2a, 2b,
and 2c show the images on the focal plane for different horn configurations at 150 GHz. Optical aberrations (most evident
in 2b and the point spread function in 2c) are due to the off-axis nature and short focal length of the off-axis beam
combiner.9 The side lobe peaks in 2c vary with frequency as shown in 2d.

2. DATA ACQUISITION FOR CALIBRATION
2.1 Source Set-up
The calibration source is a Gunn oscillator purchased from VDI electronics and is controlled with a Raspberry Pi
and Arduino microcontroller. They are interfaced with “QUBIC studio software”10 to synchronise the calibration
source with the detector readout. The source can operate at a single frequency between 130 and 170 GHz and
is fed by a 10◦ Full Width Half Maximum (FWHM) scalar horn. The optical path distance between the source
and the aperture is 11.09 m. This ensures a flat far-field beam is entering the aperture and illuminating each
horn with equal power. The modeling used to validate this method is given in Ref. 11.
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(a) The laboratory scan configuration. The calibration source
is mounted on a wall. Its signal is reflected off a flat mirror
(mounted on an adjustable scaffold rig) and into QUBIC’s
aperture. The mount moves in azimuth and elevation and
the source signal is modulated.

(b) An example of the map made for a single TES. The
characteristic synthetic-image pattern is reproduced.
The scan parameters provide the x and y axes and the
z-axis is described in demodulated instrumental units.

Figure 3: These figures show the scanning set-up and an example of a map produced from the scan. A map can
be made for each TES on the focal plane.

2.2 Azimuth-Elevation Scans
While the source is illuminating the horns and the detectors are operating, the mount scans QUBIC in azimuth
and elevation. A schematic of the experimental set-up is shown in Fig. 3a. This diagram shows the optical path
from the source onto the aperture. The horns then propagate the signal through the optics as shown in Fig. 1.
The calibration source, which is modulated, and scan configuration have the effect of a flat field illuminating
each horn with equal power and the scans effectively move the point source in the sky. The principle of optical
reciprocity means that an image on the sky for each detector (i.e. a map of the angles on the sky to which it
is sensitive) can be created for each bolometer. An example is shown in Fig. 3b with the reciprocal focal plane
image shown previously in Fig. 2c. The signal from each detector resulting from the calibration source and
azimuth-elevation scans must be processed and demodulated for this map to be made. The next section will
describe this process.

3. OPTIMISING SIGNAL DEMODULATION
3.1 Filtering Data
Each detector produces time ordered data (TOD) during a scan. Scans typically take at least 9 hours for suitable
signal-to-noise ratios. The TESs are heated by the signal calibration source which changes their resistance and
a detection is made. This can be seen in Fig. 3b by the oscillations of the raw and filtered data. The instrument
data (green) must then be filtered (blue) and processed by demodulation (red).
The filtering is shown in Fig. 4a using a frequency power spectrum of the TOD of a detector. A band-pass
filter is applied from 0.5 Hz to 20 Hz. This is because the calibration source modulation frequency is typically 1
Hz (or a value close to 1 Hz). It is intended to try and preserve the harmonics of the calibration source (magenta
dashes in the figure) since this is necessary for demodulation. The grey dashes in Fig. 4a show the induced noise
from the pulse tubes (PT) and the harmonic multiples of 1.724 Hz. A notch filter with a width of 0.004 Hz is
used to remove noise from the PTs in the signal. A small notch width is preferable since some calibration source
harmonics overlap with PT harmonics (for example near 7 Hz).
The filtered data is shown in green in Fig. 4b and blue in Fig. 5a. This is the signal that will be used
for optimising the demodulation. Unix epoch is the most convenient time series since the signals come from
electronic readouts.
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(a) A frequency power spectrum with the raw (blue)
and filtered (orange) data. The band-pass is shown
in black. The calibration source and the associated
harmonics are shown by the grey dashes. The pulse
tube harmonics in pink are removed with a notch filter.

(b) This plot demonstrates the different instrumental
signals when a TES detects a source. In this case, the
orange line is the calibration source signal. In green
is the raw instrument data, the blue is the filtered instrument data, and the red dashes show an example
of a demodulated signal. The data are normalised for
comparison.

Figure 4: The figures show QUBIC’s demodulation and filtering. The filtering shown on the left is used before
the demodulation procedure shown on the right. The calibration source harmonics from the time series data are
highlighted in the frequency power spectrum.

3.2 Optimising Demodulation Performance
QUBIC’s raw instrument data may be considered as a modulated signal from the calibration source and the
TES electro-thermal feedback loop (ETF). A demodulation is required to recover the true detector signal. This
is evident in Fig. 4b where 16 seconds of a 9 hour acquisition is shown. In green is the TES signal (filtered
in blue) as the bolometer enters its superconducting phase as a result of the calibration source signal (orange).
The demodulated signal is shown in red including the effect of low pass filter. The success of the demodulation
procedure depends on how well the source and detector signals are synchronised.
To date, the QUBIC collaboration has implemented quadrature demodulation to recovered the detector
signals modulated by the calibration source. This is useful since it is a robust method for demodulation12
without a priori knowledge of the calibration source synchronicity. It is known that there is a time shift or phase
difference in some of QUBIC’s acquisition data-sets so quadrature demodulation is suitable for these analyses.
The drawback is that the result includes noise. A higher level of precision is required for future end-to-end
spectro-imaging data processing.
Demodulation methods13 similar to those used in coherent demodulators14 can be employed to find the
optimal phase shift for demodulation. Here demodulations are made for 13 shifts over a 1 second period, since
the calibration source frequency is 1 Hz. This is shown in Fig. 5a where shifted demodulations and quadrature
demodulation are shown for a 16 second time period. Note this is preformed for the whole data-set. The relative
preformance of the demodulations can be compared this way.
Coherent demodulations are often limited by the integration period but with this method, the whole dataset can be integrated for each shift. The purpose of this is to find the optimal shift with one TES so that
demodulation can then be preformed for all TESs with the optimal shift. The results of this integration are
shown in Fig. 5b. From this figure, it is shown that a shift of 0.33 seconds applied to the calibration source
results in the demodulation with the highest integration making this shift a good candidate for demodulation of
the data-set.
As another check, each of the demodulations in Fig. 5a have their maps measured (FWHM, peak position,
and amplitude ratio) as in Fig 6. By considering both the values of integration and map-measurements of the
various shifts, the optimal demodulation method can be determined.
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(a) The filtered data is shown for a series of different
demodulation types and calibration source shifts. Here
a demodulation with a calibration source shift of 0.33s
provides the best demodulation. Note that these data
show 16 seconds of a 12 hour data-set.

(b) The various demodulation methods are integrated
to get an estimation of the performance of the various
implementations.

Figure 5: The results of different demodulations are summarised here. On the left, the demodulation’s for a
signal TES transition are shown. The demodulation’s are evaluated across the whole acquisition on the right.
Frequency
Peak Separation◦
Peak Amplitude Ratio
FWHM◦
(GHz)
Theoretical Measured Theoretical Measured Point Source Measured 2.7x2.7 mm2
130
9.49
9.26 - 9.26
0.530
0.523
1.18
1.18
150
8.21
7.72 - 8.09
1
1
1.02
1.09
170
7.24
7.01 - 7.01
1.505
0.90
0.69
Table 1: Table of theoretical predictions and the measurement of the map for TES 76. Note that these theoretical
predictions describe an ideal-imager with no aberrations.

4. RESULTS
4.1 Comparison with Theoretical Predictions (Ideal-Imager with No Aberrations)
In a recent publication detailing QUBIC’s optical system,9 the following equation (Eq. 1) is modified to describe
the FWHM of the peaks in the maps as a function of wavelength. QUBIC’s configuration is for the TD with 64
horns in an 8 × 8 array with the horns separated by ∆h = 14 mm. As such predictions can be made for each
frequency in the analysed data sets. These theoretical predictions of FWHM are made and compared to optical
simulations of the in Ref. 11. These theoretical predictions describe an on-axis ideal-imager. This means there
are no aberrations (therefore, only one peak position is given for the theoretical predictions in Tab. 1).
F W HM ≈

λ
width of the horn array

(1)

By applying this method for three frequencies (130, 150, & 170 GHz), an estimation of theoretical FWHMs
can be made for each frequency. These frequencies are chosen as they cover QUBIC’s frequency band-pass and
there are instrumental calibration data available. The results of this calculation are give in Tab. 1 under the
column Point Source. Predictions for the peak separation angles and amplitude ratio between the frequencies
are given in Tab. 1.
The demodulation procedure described above is applied to calibration data sets for these frequencies. Comparison is made with calibration data and theoretical predictions by taking a diagonal cut (red and blue, figure
6a) for TES 76 for the three frequencies. This cut is split in two since the maps are subject to optical aberrations. The FWHM, peak position, and peak amplitudes are measured in these maps and summarised in Tab. 1
to compare with theoretical predictions.
Tab. 1 and Fig. 6b show that the peak separations get smaller as the frequency increases. This is in good
agreement with the expected behaviour as outlined in Fig. 2d. It also shows that all measured positions are
within the error (±0.20◦ ) except for the first side peak at 150 GHz. Only one peak separation is given for
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(a) This shows a map on the sky for a single
detector (TES 76) from a 150 GHz scan on 3007-2020. The characteristic main peak, side lobes
are evident including aberrations due to the offaxis optical combiner and aberrations due the
off-axis detector. The intensity is demodulated
instrument units. Due to the aberrations the cuts
are made in two lines (red and blue).

(b) Cuts of maps from TES 76 at three frequencies are
shown (dashed lines). Their corresponding peaks (x-marks)
and FWHMs (bars) are also plotted. The angular distance
of each side lobe to the main peak is given in the legend.
The legend’s FWHM are given for the central peak. The
170 GHz cut has been normalised due to saturation.

Figure 6: The demodulated maps show the image on the sky for a detector. Cuts are used to measure and
validate the instrument.
the theoretical prediction since the theoretical prediction was made with an ideal imager whereas QUBIC is an
off-axis combiner (therefore two peak positions are measured due to aberrations).
The amplitude ratio between 150 GHz and 130 GHz are in excellent agreement with the theoretical predictions
given in Ref. 11. If the 150 GHz central peak amplitude is normalised to 1 as a reference, the 130 GHz is measured
at 0.523 of the power of the reference amplitude (with 0.530 for the theoretical prediction). No comparison can
be made with the 170 GHz signal due to detector saturation of the calibration source.
The measured FWHM are more difficult to compare since the theoretical prediction is given for a point source,
while the measured data is for the whole detector area (2.7x2.7 mm2 ). Regardless, for 150 GHz, the FWHM of
1.09 ± 0.20◦ is within the range of the theoretical prediction (0.91◦ ). The measured value of 0.69◦ for 170 GHz
is not reliable due to the saturation but is still useful to consider for the indicative trend that FWHM increases
as the frequency decreases.

4.2 Comparison with Optical Simulations (Real Combiner Including Aberrations)
Tab. 2 shows the optical simulation results11 compared with the same measured instrument data as in Tab. 1.
The simulations include realistic PO modelling of the combiner which includes aberrations due to the off-axis
optics and short focal length of the combiner. Here the measured results are within the error (±0.20◦ ) of the
simulated measurements except for one peak at 150 GHz.
All the FWHM measurements from the instrument data are within the error of the measurements of the
optical simulations. However, the same caveat applies as with the theoretical predictions. The values quoted in
Fig. 2 are for a point source and not the entire bolometer area. Similarly the 170 GHz FWHM measurement is
the same and subject to saturation.

4.3 Discussion
It is important to note when comparing the measured data to theoretical and optical predictions (Tab. 1 & 2)
that the FWHM numbers are calculated for a point source TES detector on the focal plane and the measured
data comes from the whole detector area (2.7×2.7 mm2 ). This makes the FWHM of the measured sky maps
wider than for a point source. Therefore, wider FWHMs are expected than are given by the theoretical prediction
in Tab. 1.
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Frequency
Peak Separation◦
FWHM◦
(GHz)
Simulated
Measured Simulated Point Source Measured 2.7x2.7 mm2
130
9.31 - 9.51 9.26 - 9.26
1.15
1.18
150
8.11 - 8.18 7.72 - 8.09
0.91
1.09
170
7.14 - 7.16 7.01 - 7.01
0.84
0.69
Table 2: Table of predictions from optical simulations and the measurement of the map for TES 76. This optical
simulations were generated in MODAL and include realistic optical modelling of mirrors. This means the off-axis
nature and aberrations of the combiner are modelled. As such, two peak positions are given unlike Tab. 1.
A calculation of the FWHM is provided11 for 150 GHz. When the measurement of the whole bolometer is
made for the simulated FWHM, the FWHM becomes 1.02◦ , increasing from 0.91◦ (as in Tab. 2 under Simulated
Point Source) at 150 GHz. This makes the bolometer FWHM approximately 10% wider than for a point source
model. If this correction factor is applied to the optical measurement of 1.15◦ for 130 GHz, the FWHM widens
to 1.27◦ , still within an acceptable range.
In addition, TES 76 is an off-axis detector. This induces an additional optical aberration and the central
peak and side lobes are offset from the center of the map. None-the-less, these theoretical predictions still gives
a useful parameters to make comparisons with. These effects are described in detail in Ref. 15.
The scanning resolution should also be considered as it affects the accuracy and precision of the measured
results. The scans range from −20◦ to +20◦ in azimuth (which are continuous scans) and 40◦ to 60◦ in elevation
in 101 scans. The angular precision can be approximated as ±0.20◦ . The maps have a 101 × 101 pixel format.
Increasing the scanning resolution and map-making resolution would likely improve the precision of the results.

5. CONCLUSION
The source scanning procedure outlined here provides a method to validate the QUBIC instrument in APC’s
laboratory prior to observations. In this laboratory, all of QUBIC’s hardware and software is assembled and
integrated. This is a necessary step before shipment to Alto Chorillos in Argentina.
In this paper the calibration data were compared with theoretical optical simulations. By measuring the peaks
in the synthesised beams, the peak positions, FWHMs, and amplitudes have been measured as a function of
frequency. These measurements were then compared to theoretical predictions for QUBIC’s optics and detectors.
These results show that QUBIC’s optics are preforming within expected parameters.
The results of these measurements also indicate areas for improvement in the calibration procedure. For
example, in the 170 GHz data set, the detectors were saturated making measurements of FWHM and amplitude
unreliable. This information was used to tune the calibration source for the next 170 GHz calibration scan. Increasing the scan resolution and map-making resolution will decrease the error on measurements. Measurements
of the diagonal cuts may be useful.
The map measurement software developed here to validate the instrument is also a primary ingredient for
QUBIC’s scientific observations taking place in the near future.16 Considering QUBIC’s key feature, the ability
to use multi-band spectro-imaging to separate Galactic foregrounds from the polarised CMB signal, proper
measurement of these maps can used to aid in QUBIC’s control of its instrumental systematics.17 The next
phase of this project will focus on generating these maps with measurements of all peaks on all bolometers
in order to provide QUBIC with reference data for controlling systematic effects. This is an essential step in
QUBIC’s efforts to detect the B-mode polarisation of the CMB.
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