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Abstract

The Mlllimetric Sardinia radio Telescope Receiver based on Array of Lumped ele-
ments KIDs, MISTRAL, is a cryogenic W-band (77-103 GH) LEKID camera which
will be integrated at the Gregorian focus of the 64 m aperture Sardinia Radio Tel-
escope, in Italy, in Autumn 2022. This instrument, thanks to its high angular resolu-
tion (~ 13 arcsec) and the wide instantaneous field of view (~ 4 arcmin), will allow
continuum surveys of the mm-wave sky with a variety of scientific targets, spanning
from extragalactic astrophysics to solar system science. In this contribution, we will
describe the design of the MISTRAL camera, with a particular focus on the optimi-
sation and test of a prototype of the focal plane.
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1 Science Case

High angular resolution observations in the W-band allow to explore scientific
targets which span from extragalactic astrophysics to solar system science. In
the context of extragalactic astrophysics, through the Sunyaev-Zel’dovich effect
[1], surveys of galaxy clusters can be obtained as well as information about their

P4 A. Paiella

alessandro.paiella@romal.infn.it

Dipartimento di Fisica, Sapienza Universita di Roma, P.le A. Moro 2, 00185 Rome, Italy

2 INEN, Sezione di Roma, P.le A. Moro 2, 00185 Rome, Italy

3 INAF, Osservatorio Astronomico di Cagliari, Via della Scienza 5, 09047 Selargius, CA, Italy
4 INAF, Istituto di Radioastronomia, Via P. Gobetti 101, 40129 Bologna, Italy

s INAF, Istituto di Radioastronomia, Via Fiorentina 3513, 40059 Medicina, BO, Italy

6 CNR, Istituto di Fotonica e Nanotecnologie, Via del Fosso del Cavaliere 100, 00133 Rome, Italy

Published online: 10 September 2022 @ Springer


http://orcid.org/0000-0002-8388-3480
http://crossmark.crossref.org/dialog/?doi=10.1007/s10909-022-02848-z&domain=pdf

Journal of Low Temperature Physics

physics, and the filaments connecting them [2]. The hot gas present in galaxy
clusters can scatter, through the inverse Compton scattering, the photons of the
cosmic microwave background (CMB) radiation leaving a very characteristic sig-
nature on the CMB spectrum: this is the Sunyaev-Zel’dovich effect (SZE). The
SZE is a very powerful tool to observe galaxy clusters allowing to study them up
to their low density parts and outskirts [3]. Since the SZE provides a measure of
the integrated electron pressure along the line-of-sight, resolved measurements
can identify intracluster medium discontinuities such as cold fronts or shocks,
which are related to cluster mergers [4].

2 The MISTRAL Instrument

MISTRAL is a cryogenic camera consisting of a cryostat, provided by QMC Instru-
ments [5], hosting a 4 K re-imaging optical system, composed of two Silicon lenses
with anti-reflection coating in RO3003 [6] (provided by Cardiff University), and an
about 400-pixel array of lumped element kinetic inductance detectors (LEKIDs),
working in the W-band, between 77 and 103 GHz, cooled down to about 270 mK by
a Chase Twin GL10 refrigerator [7], see Fig. 1 and Refs. [§-10].

MISTRAL will be installed at the Gregorian focus of the Sardinia Radio tele-
scope (SRT) [11], the largest Italian radio telescope, located near Cagliari, in Sar-
dinia, in Italy. SRT is a fully steerable radio telescope, with a 64 m diameter primary
mirror and can host a maximum of 14 receivers, with a spectral coverage from 0.3
to 115 GHz [12]. For high angular resolution observations in the W-band, SRT+
MISTRAL will be very competitive with the state-of-the-art of such an instrument:
the Green Bank Telescope [13] with the TES-based MUSTANG? instrument [14].
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Fig.1 Rendering of the MISTRAL camera. The main parts such as the optical system, the pulse tube
cryocooler, the sub-K refrigerator and the focal plane are indicated with arrows and different colors
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3 The MISTRAL Detectors

As introduced before, LEKIDs are the detector technology chosen for the MISTRAL
instrument. KIDs are low-temperature, fast, superconductive detectors, where radia-
tion is detected if its energy (hv) is greater than the binding energy of the Cooper
Pairs of the superconductor (2A = 3.5 kg T, where T is the critical temperature of
the superconducting film). In this way, the Cooper Pairs can be broken, and a change
in the kinetic inductance is produced [15]. In the lumped element configuration, a
superconducting strip is shaped and sized to perform as a radiation absorber as well
as an inductor, which is coupled to a capacitor to form a high-Q resonator [16].

Since the size of the aberration-corrected focal plane of MISTRAL is 94.4 mm
diameter (which corresponds to an instantaneous field of view ~ 4 arcmin), the
detector array consists of about 400 pixels, ~ 3 mm X 3 mm wide, spacing 4.2 mm
on equilateral triangular cell, hosted on a 100 mm diameter Si wafer, see Fig. 2. In
this way, the filling factor of the detector array and the angular resolution of MIS-
TRAL are maximised.

3.1 Simulations

The main parameters of the receiver system, such as the dielectric substrate thick-
ness and the geometry of the absorber, have been chosen by optimising the absorp-
tion efficiency and spectrum through optical simulations [17-19]. The thickness
and material of the dielectric substrate has been optimised in [20] with the aim to

100 mm

4.2 mm

Fig.2 CAD drawing of the KID array: the feedline in blue, the KIDs in red and the green circumference
represents the Si wafer (100 mm diameter). Some rhombus cells (4.2 mm side and smaller diagonal) are
indicated in black and a zoom of the central cell is in the cyan box
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have the absorption peak around 90 GHz and an absorption efficiency as constant as
possible in the MISTRAL band (77-103 GHz): we obtained Silicon 235 mm thick.
Here, we focus on the absorber geometry and size, assuming that the superconduct-
ing film is in Ti—Al bilayer 10 + 30 nm thick, with T, ~ 945 mK (see Sec. 3.2) and
R4 =1Q/[0[21]. Ti-Al bilayer films have superconducting gaps (A) which allow
to build KIDs sensitive in the W-band (hv > 2A) [22-24]. The feedline for the KIDs
will be a 50Q2-matched, Al 21 nm thick microstrip with a ground plane (realised in
Al 200 nm thick) on the rear side of the Si substrate, which acts also as a radiation
backshort. This feedline, with T, ~ 1.4 K, is not sensitive to W-band radiation.

Simulations have been carried out with HESS [25], taking advantage of the perio-
dicity of the detector array. The periodic cell is a rhombus with side and smaller
diagonal 4.2 mm long, see Fig. 2. The HFSS design is shown in the left panel of
Fig. 3. A Floquet port allows to define a periodic excitation, a plane wave in our
case, while the master/slave boundary conditions on the lateral surface of the cell
volume guarantee the periodicity [26]. The right panel of Fig. 3 shows the results
of the absorption efficiency spectrum (absorbed power normalised to the plane wave
input power with 2 polarisations) for different size of a 3rd order Hilbert geometry
of the absorber [27] (the 90 deg rotation of the absorber inside the rhombus cell in
the HFSS design with respect the actual CAD does not affect the results). The trade-
off between in-band absorption efficiency and size for the detector packaging on the
array leads to an optimal absorber design with # = 420 mm and w = 4 mm.

The Floquet port allows to simulate infinitely extended objects with a periodic
geometry. Moreover, in our simulations, we consider only the KID inductor, which
is the nominally absorbing part of the KIDs, thus neglecting the KID and coupling
capacitors and the feedline needed for detector operation. Therefore, our results are
more representative of pixels far from the edge of the wafer, where boundary effects
might affect electromagnetic propagation and absorption, and in the limit where the
total area of the rhomboid cell is dominated by the Hilbert-shaped absorber. The
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Fig.3 Left panel: Trimetric and top view of the HFSS design for the absorption simulation. Right panel:
Absorption spectrum for different size of the 3rd order Hilbert absorber
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total area of the cell in the final array is in fact occupied for the 60% by the inductor/
absorber, for the 3% by the feedline, and depending on the pixel, from 16 to 2% by
the KID and coupling capacitors, and from 21 to 35% is empty.

3.2 Prototype Array and Measurements

We designed a 31-pixel prototype array with resonant frequencies between 200
and 700 MHz, exploiting the entire 500 MHz bandwidth of our readout electronics
[28, 29] and arranged in such a way to study different frequency spacing between
near resonances. The resonators are designed to have the following values for qual-
ity factors at an operating temperature of 150 mK: Q, > 50000, Q. ~ 20000 and
0, ~ 15000. The prototype has been fabricated at CNR-IFN in Rome and is shown
in Fig. 4, mounted inside its aluminum holder.

In dark conditions, we measured the scattering S,, parameter in order to check
that the quality factors were as expected, and how many pixels were alive: we found
30 over 31 working detectors, see the left panel of Fig. 5, and we measured the
expected values for the quality factors. Moving from 150 mK to the operating tem-
perature of MISTRAL of 270 mK, we measured a reduction of the Q; of a factor
3, a reduction of Q,,, of a factor 1.5 and a reduction of the dynamics of a factor 2.
We also measured the critical temperature of the Ti—Al bilayer 10 + 30 nm thick:
T. ~ 945 mK, see the right panel of Fig. 5. According to the BCS theory, this T,
corresponds to a cut-on frequency of about 70 GHz which falls indeed below the
MISTRAL frequency band.

Moreover, we studied the behaviour of the resonators under a static magnetic
field. The magnetic field has been produced thanks to a coil realised outside the cry-
ostat in such a way the detector holder was at the center of this coil, see the left
panel of Fig. 6. The magnetic field was produced during the cooling down before
the aluminum detector holder and the detector array became superconducting in

Fig.4 Picture of the 31-pixel prototype, mounted inside its Al holder by means of 4 Teflon clamps
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Fig.5 Left panel: Amplitude of the S,, parameter measured, for the 31-pixel prototype, in dark condi-
tions and at an operating temperature of 150 mK. Right panel: Measurement of the critical temperature
of the Ti—Al bilayer 10 + 30 nm thick, through the measurement of the resistance as a function of the
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Fig.6 Left panel: Picture of the testbed cryostat with a coil generating a tunable static magnetic field on
the focal plane. Central panel: Amplitude of the S,, parameter measured, for the 31-pixel prototype, in
dark conditions and at an operating temperature of 150 mK, under different magnetic fields. Right panel:
Zoom on the first resonance of the central panel

order to trap the magnetic field inside them. The central and the right panel of Fig. 6
show the amplitude of the S,; measured, for the prototype, in dark conditions and at
an operating temperature of 150 mK, and a zoom of the first resonance. As we can
see, the effect is not negligible and we even needed to attenuate the geomagnetic
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Fig.7 Left panel: Picture of the temperature-controlled black-body calibrator. Right panel: Picture of
the detector holder closed with the 90 GHz-centered band-pass filter and mounted in the testbed cryostat

field by means of a y-metal shield placed outside the cryostat. For these reasons, we
included a Cryoperm 10 p-metal shield at 4 K in the MISTRAL cryostat, as shown
in Fig. 1.

The optical characterisation has been performed at the MISTRAL operating tem-
perature, 270 mK, and by means of a temperature-controlled black-body calibrator
with a base temperature of 3.6 K, shown in the left panel of Fig. 7, [30]. The calibra-
tor consists of an ECCOSORB HR10 sheet, glued on a thick lightened copper flat
which is thermally insulated by two fiberglass sheets. Two resistors are used to heat
the copper flat, the temperature of which is sensed by a thermometer. The black-
body radiation illuminates the detector array after passing through a 240 GHz low-
pass filter at 1 K and a 90 GHz-centered band-pass filter, with ~ 20 GHz bandwidth,
which closes the detector holder, as shown in the right panel of Fig. 7.

The black-body calibrator has been set in order to generate an approximate
triangular modulation with a period of 200 s and a peak-to-peak amplitude
ATgp = 048K (=4.53K —4.05K), which corresponds to an in-band power sig-
nal APgz = 0.39 pW (= 3.73 pW — 3.34 pW). This modulated signal, measured by
the detectors, is shown in the left panel of Fig. 8. Comparing the peak-to-peak
amplitude measured by the detectors with APy, we can obtain the responsivity.
Then, measuring the noise power spectrum, under a stable 3.6 K radiative back-
ground, we estimated the noise equivalent power (NEP), as shown in the right
panel of Fig. 8. In this plot, we also report the frequency range of interest for
MISTRAL, namely the ones corresponding to the scanning speed of the observa-
tion strategy (v ~ 25 arcsec/s), the value of the photon NEP of the 3.6 K black-

body, NEP, ;s = 2.5 x 1077 W/+/Hz and the photon NEP expected at SRT due

to the Earth’s atmosphere, NEP =9 x 1077 W/+/Hz. For our estimates, we

y,atm
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Fig.8 Left panel: Phase time-streams of the detectors under the modulation of the temperature of the
black-body source. Different colours are for different pixels. Right panel: Noise equivalent power for all
the detectors (different colours are for different pixels). The dotted and dashed lines represent NEP, 5 ¢
and NEP, ., respectively. The cyan area indicates the frequency range of interest of MISTRAL, defined
by the scanning speed of the observation strategy

assumed that the optical coupling efficiency of each detector to the source is the
same and equal to 1, therefore they are to be considered as lower limits for the
responsivity and as upper limits for the NEP.

Comparing the measured NEP (that in first approximation is the square root of
the quadrature sum between the intrinsic detector NEP and the photon NEP of the
source used to measure it, namely the 3.6 K black-body, NEP, 5 ), in the frequency
range of interest for MISTRAL, we can say that a third of the detectors shows pho-
ton-noise limited performance. Assuming the linearity of the detectors, we could
say that two thirds of the detectors show photon-noise limited performance for the
background expected for MISTRAL, but this has to be demonstrated through dedi-
cated measurements with a black-body producing a power load as similar as pos-
sible to the one expected at the Gregorian focus of SRT, 14 pW considering mainly
the contribution due to the Earth’s atmosphere, or better in the MISTRAL experi-
mental setup.

As a final consideration, we highlight that, at the operating temperature of
270 mK and under the ~ 3pW background, we did not measure any substantial
changes in the detector Q; with respect to the dark condition. This is in agree-
ment with the BCS theory that, for our KID design, predicts a reduction of Q,
by a factor 1.002. Similarly, under the 14 pW background (the nominal sky load
expected at SRT), the reduction of Q, is expected to be a factor 1.073 with respect
to the ~ 3 pW background condition. This means that the performance under the
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14 pW load is expected to be comparable with the one shown in this paper for the
~ 3pW load.

4 Conclusions

MISTRAL will enhance the Sardinia Radio Telescope allowing high angular res-
olution observations in the W-band. It will provide a wide field (4 arcmin diam-
eter, approximately Nyquist sampled at the diffraction limit of 13 arcsec FWHM)
continuum receiver for the W-band, complementing the multi-beam coherent
spectroscopic receiver for the same band which will be installed at the Sardinia
Radio Telescope [31]. This camera will be available as a facility instrument for
the radio-astronomy community and with an expected atmospheric-limited over-
all sensitivity lower than 6 mJy in 1 s of integration MISTRAL will allow con-
tinuum surveys of the mm-wave sky with a variety of scientific targets.
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