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ABSTRACT

We report on the x-ray background rate measured with transition-edge sensors (TES) micro-calorimeters under frequency-domain mul-
tiplexing (FDM) readout as a possible technology for future experiments aiming at a direct detection of axion-like particles. Future axion
helioscopes will make use of large magnets to convert axions into photons in the keV range and x-ray detectors to observe them. To achieve
this, a detector array with high spectral performance and extremely low background is necessary. TES are single-photon, non-dispersive, high-
resolution micro-calorimeters and represent a possible candidate for this application. We have been developing x-ray TES micro-calorimeters
and an FDM readout technology in the framework of the space-borne x-ray astronomical observatories. We show that the current generation
of our detectors is already a promising technology for a possible axion search experiment, having measured an x-ray background rate of
2.2(2) x 107 cm™? 57" keV ™! with a cryogenic demonstrator not optimized for this specific application. We then make a prospect to further
improve the background rate down to the required value (<1077 cm ™ s™* keV™") for an axion-search experiment, identifying no fundamental
limits to reach such a level.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142367

I. INTRODUCTION

Many future experiments aiming at scientific breakthroughs in
the fields of astronomy, cosmology, and nuclear and particle physics
will employ large arrays of cryogenic detectors, such as metallic-
magnetic calorimeters (MMC)' or transition-edge sensors (TES).>
In particular, TESs are employed as detector technology in a number
of future satellite observatories (ESA’s Athena x-ray Integral Field
Unit,” CNSA’s Hot Universe Baryon Surveyor,” and JAXA’s Lite-
BIRD?) as well as Earth-based experiments for the direct search for
dark matter,” direct neutrino mass measurements,” or searches for
neutrino-less double beta decay.” Furthermore, TES arrays could
find potential ground-based applications in the study of hot plasma

for nuclear fusion research,” in material analysis,'’ and in the direct
detection of solar axions."’

Axions or axion-like particles (ALPs) are hypothetical, weakly
interacting pseudo-scalar particles originally introduced as a solu-
tion to the strong CP problem.'” In more recent times, ALPs have
become an attractive dark matter candidate.” According to the the-
ory,'! axions possess a coupling to photons, parameterized by a
coupling constant g, , which can be exploited to facilitate the con-
version of the axion into photons inside a magnetic field. This idea
is at the basis of axion helioscopes,'> which aim at detecting the ALP
flux generated in the Sun from Primakoff conversion and processes
involving electrons in a plasma.'®
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An axion helioscope essentially consists of a large magnet of
length L and field intensity B pointed toward the Sun, with the
field aligned in the transverse direction, where axions would convert
into photons in the keV range. The number of conversions depends
on the axion flux and the conversion probability, which for axion
masses m, < 10 meV is'®

Pasy ~ g2, B’L /4. 1)

The CERN axion solar telescope (CAST)'” has set the best limit
to date on 8ay at 6.6 x 107! GeV ™. Its successor, the International

AXion Observatory (IAXO),'® will offer the possibility to lower this
limit by at least one order of magnitude. BabyIAXO," the prototype
stage of this experiment, will employ a 10 m long magnet with an
average magnetic field intensity of 2.5 T.

For such applications, the employment of x-ray detectors with
an extremely low background is required (<1077 ¢cm™ 57! keV ™!
for BabyIAXO). The ideal x-ray detector for an axion helioscope
should also have a high quantum efficiency, low energy threshold,
and easiness of readout. TES micro-calorimeters offer an attrac-
tive combination of such characteristics, making them a suitable
choice for this application. An additional feature of TES arrays is
the possibility of a large active area, although at the present status
of the detector concept in Baby-IAXO, a large detection area is not
beneficial.

Moreover, a high spectral resolution at the eV level is a desir-
able feature to be able to resolve the fine structures in the solar
axion spectrum in the case of detection,”’ which would allow us
to study in more detail the underlying physics. This feature can
only be granted by cryogenic detectors, such as TES or MMC. For
comparison, Micromegas detectors demonstrated resolving power
capabilities AE/E of the order of 20% at E = 6 keV,”' whereas at
SRON, we have shown resolving powers for TES micro-calorimeters
at a level of 0.03%.”” A review of the detectors currently considered
for IAXO is reported in Ref. 19.

In this paper, we report on the background rate measured for
a TES array test chip developed at SRON. The paper is structured
as follows: in Sec. II, we outline the fundamental concepts for TES
and frequency domain multiplexing (FDM) readout; in Sec. III,
we describe the experimental setup; in Sec. IV, we describe the
experimental method and data analysis and discuss the results; and
finally, in Sec. VI, we summarize our results and prospect future
developments.

Il. FUNDAMENTALS OF TES AND FDM READOUTS

A TES is composed of a superconducting film strongly coupled
to a radiation absorber and weakly linked to a thermal bath at a tem-
perature T}, < T, where Tc is the critical temperature of the film,
typically at a level of 100 mK. TESs are used as extremely sensitive
thermometers, by exploiting the sharp phase transition of the super-
conducting film. Under stiff voltage bias (either ac or dc), the TES
is heated to its T'c, and stable operation is granted by the so-called
negative electro-thermal feedback (ETF) mechanism. The observ-
able signal is the TES current, which is typically amplified at the
cryogenic stage by a Superconducting QUantum Interference Device
(SQUID).

ARTICLE scitation.orgljournal/rsi

The fundamental quantities to parameterize the TES and its
response to an incoming x-ray photon are”’

T
a= R—Z —gi . Temperature responsivity, (#3)]
P,
&= GL;; ETF loop gain, (3
C
= m Effective time constant, ((4)

[ 4kpT?
AErwHM = 2.355 M Energy resolution, (5))
o

where R, I, T, and P are the TES resistance, current, temperature, and
power, respectively, and the subscript 0 denotes the values at the qui-
escent point, G and C are the TES thermal conductance and heat
capacity, respectively, and kg is the Boltzmann constant.

For micro-calorimeters, the energy resolution is the typical
figure of merit for the detector performance. As can be seen from
Eq. (5), to obtain high-resolving powers, it is desirable to have large
temperature responsivity, low heat capacity, and low temperature.
To avoid the detector saturation in the energy band of interest, these
values are chosen as a trade-off between energy resolution and the
detector dynamic range, which scales as C/a.

At SRON, we are developing x-ray TES micro-calorimeters for
the backup detector array of Athena X-IFU, aiming to detect pho-
tons with energies ranging from 200 eV to 12 keV with a spectral
resolution of 2.5 eV for energies up to 7 keV. In recent years, we
have fabricated and tested several TES designs (in Fig. 1, we show an
example) to match the required specifications for X-IFU and FDM
readouts, demonstrating excellent energy resolutions for each design
under ac-bias at the levels of AEFwum ~ 1.8 eV or better for 6 keV
photons.””**

Typically, experiments employ arrays of a few thousands of
TESs: to minimize the harness complexity and the thermal load
at the cold stage where the detectors are mounted, a multiplexing
readout scheme is necessary. Several multiplexing schemes exist,
the most common ones being time-domain multiplexing” (TDM)
and frequency-domain multiplexing’® (FDM), where the TES is pro-
vided dc-bias and ac-bias, respectively. At SRON, we are developing
the FDM readout technology for TES-based micro-calorimeters and
bolometers with a base-band feedback scheme.””

Nb interconnecting lead
Nb-SiOx-Nb microstripline

X-ray absorber
stem

absorber-TES
coupling

SiN membrane
250 uym
FIG. 1. Scheme for a high-aspect ratio TES designed at SRON and a microscope

picture in false colors of the actual device, before the Au absorber deposition
(therefore, stems are not yet visible).
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In the FDM scheme, the detectors are voltage biased with a
comb of sinusoidal carriers at different frequencies in the MHz
range. Each TES is put in a series with a tuned, high-Q LC band-
pass filter to limit the information bandwidth and allow only one
carrier from the comb to provide the bias. To keep the same
electrical bandwidth across the resonators, the inductance is kept
constant and the frequencies are tuned by changing the capaci-
tance. The TESs signals are then summed at the input coil of a
SQUID and demodulated by room-temperature electronics. The
base-band feedback nulls the signal at the SQUID by feeding back
to the SQUID feedback coil the sum of the TES signals after a phase
compensation.

We recently reported on the technological demonstration of
our FDM technology, showing the simultaneous readouts of 31
and 37 pixels with two different cryogenic setups, with a summed
spectral performance at 6 keV of 2.14 + 0.03 and 2.23 £ 0.03 eV,
respectively.”

I1l. DESCRIPTION OF THE SETUP

We conducted our experiments using one of our cryogenic
FDM demonstrators, shown in Fig. 2, whose performance has been
reported in Ref. 28. A schematic representation of the FDM readout
is provided in Fig. 3.

ARTICLE scitation.orgljournal/rsi

The setup hosts an 8 x 8 TES array. Each TES consists of a
Ti/Au bilayer of dimensions 80 x 13 ym?, deposited on a 500 nm
thick SiN membrane. The bilayer is coupled to a 240 x 240 ym?,
2.3 ym thick Au absorber (C = 0.85 pJ/K at 90 mK) via two central
pillars, with four additional corner Au stems providing mechanical
support. The pitch between pixels is 250 ym, making for a geomet-
rical efficiency of about 92%. The TES have a normal resistance of
Ry ~ 155 mQ, T¢ ~ 83 mK, and G ~ 65 pW/K. The thermalization
of the TES chip is provided by Au wire bondings between the gold
top array and the Cu holder. Two superconducting Helmholtz coils
(not visible in the picture) are placed above and below the TES chip
to allow magnetic field tuning.

For the FDM readout, the TESs are connected to custom super-
conducting LC filters and transformers to allow for tuning of the
current flowing through the TES. The inductance is 4 yH, and
the transformer coil ratio is 1:1.125 with a coupling constant of
k ~ 0.94, making an effective inductance of ~3.6 yH. The detec-
tors are voltage biased via a 750 mQ resistor and a capacitive
divider with a 1:25 ratio, resulting in an effective shunt resistance
of 1 mQ.

As cryogenic amplifiers, we are using a two-stage SQUID
system developed by VTT,” consisting of a six-loop first stage
and 184 x 4-loop second stage SQUIDs. An RC high-frequency
filter is implemented at the first-stage SQUID input coil to sup-
press electrical oscillations due to coupling between the SQUID

FIG. 2. (a) The cryogenic setup used

for the measurements: (a) TES array,

(b) transformers, (c) LC filters, (d) first-

stage SQUID, (e) RC low-pass filter, (f)

(b)

Digital domain

Analog domain

Cold (< 0.1.K).components

Srereennn L L LML SRR TR m

BBFB

second-stage SQUID, and (g) Ge ther-
mistor. (b) The microscope view of the
TES array.

DAC

/ ACB |
\\ PAC

AC bias line with
TES bias carriers

integrator +

demodulate loop gain

i amplifidr line /
forward path

remodulate

local
oscillator

FIG. 3. The schematic representation
of the FDM readout with base-band
feedback.

+— data
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input inductance and parasitics capacitance and inductance in
the LC filter. SQUID control is handled at room temperature
by an analog front-end electronics mounting a custom low-noise
amplifier.

The cryogenic components are mounted on a custom holder
made of oxygen-free high-conductivity (OFHC) copper and
enclosed in an aluminum shield. To do spectral performance char-
acterization, we typically use a *Fe source installed on the Al
shield, producing x-rays at the Mn-Ka (5.90 keV) and Mn-Kf
(6.49 keV) lines. For calibration purposes, we employ also an exter-
nal Modulated x-ray Source (MXS) generating photons at the lines of
Cr-Ka (5.41 keV), Cr-Kp (5.95 keV), Cu-Ka (8.05 keV), and
Cu-Kp (8.90 keV). During the acquisition of background data, the
>>Fe source was not installed.

The setup is hosted in a Leiden Cryogenics dilution refrig-
erator with a cooling power of 400 yW at 120 mK, where also
three other cryogenic setups were mounted and active. The setups
are suspended via Kevlar wires to the mixing chamber to dampen
mechanical oscillations.”’ Thermal anchoring of the setup to the
mixing chamber is ensured by OHFC copper braids and rods. The
setup temperature is monitored via a Ge thermistor and regulated
via a 500 Q heater using a software PID loop. The temperature of
the setup during the experiments reported in this paper was 56 mK.

The generation of the TESs bias voltages is modulated with ac
carriers; the demodulation of the SQUID output signal and the re-
modulation for base-band feedback are handled by a custom digital
“DEMUX” board, mounting AD9724 DACs and a Xilinx XC7V585T
Virtex 7 FPGA. Data are sampled at 20 Msps, and de-modulation is
performed with a four-stage decimation filter down to 156.25 ksps.

IV. EXPERIMENTAL METHOD AND DATA ANALYSIS

In this section, we describe the procedure for the data acquisi-
tion, energy scale calibration, and data selection for the two experi-
ments performed to estimate the background rate. The results, with
and without passive shielding, are presented in Sec.V.

A. Data acquisition and online selection

To estimate the background rate of the detector array, the TES
were biased on their working point at roughly 10% of the supercon-
ducting transition, where typically the best energy resolutions are
observed. The TES currents were acquired simultaneously and con-
tinuously. Such continuous signals are divided into single traces of
~105 ms (16 384 samples at 156.25 ksps). Data were stored in the
form of binary files, each containing 2861 single traces per TES, i.e.,
5 min of data acquisition. Due to the large rate of file volume being
generated (#80 GB/h), long-term storing of raw data was discarded
for practical reasons. Hence, we employed an online data selection
algorithm: in the same time as data for a new binary file was being
acquired, noise events in the previously completed file were analyzed
to search for background x-ray events.

The pulse shape for a 6 keV event is shown in Fig. 4. For
the chosen working point on the TES transition, the values for the
rise time and fall time constants are at a level of 100 ys and 1 ms,
respectively.

For each trace, after baseline correction, an offline trigger was
used to identify the possible events. The trigger level was defined

ARTICLE scitation.orgljournal/rsi

TES current (LUA)
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FIG. 4. The black line shows an example of a saturated pulse due to ~35 keV
released in the absorber. The dashed red line shows the 3o threshold. The green
line shows the 6 keV template built from the calibration data. The inset shows a
zoom of the TES baseline current, right before the pulse rise, with respect to the
3o detection threshold.

with a 30 detection threshold, as shown in the inset of Fig. 4, which
is calculated as the root mean square of the TES baseline fluctuations.
In the case of detection, the single trace is tagged as an x-ray event
and stored in a different binary file, saving the event information for
further offline analysis.

B. Energy scale calibration

To estimate the energy of the recorded pulses, we first calibrate
the energy scale individually for each detector. To do so, we use the
calibration spectra acquired using the **Fe source and the MXS (see
Fig. 5). A template is generated by averaging the x-ray pulses from
the Mn-Ka and Mn-Kp lines and used to calibrate the spectrum
using the optimal filtering technique.’’ The position of the different
spectral lines can be estimated using histograms of the single event
amplitudes derived with the optimal filter, by a fit with a Gaussian
function.

Using the optimal filter fit to calibrate the energy scale, how-
ever, is not the best approach for this particular case. This is because
our current TES arrays are designed for the energy range of X-IFU
(0.2 to 12 keV) and the TES response saturates for x-ray pulses
with energy above this value, as shown in Fig. 4. If the optimal fil-
ter fits were used as the parameters to estimate the energy of the
x-ray photons, the energy of such saturated pulses would then be
underestimated, as shown in Fig. 6.

However, even if the pulse is saturated, the integrated area of
the pulse will still be proportional to the energy released in the TES
absorber. Assuming that the deposited energy exceeds the detector
dynamic range: the larger the energy deposited, the longer the TES
will stay in a working point close to the normal state (i.e., & ~ 0)
because a longer time is needed for the heat to be dissipated toward
the thermal bath. Therefore, the pulse shape will be saturated for a
longer time, thus subtending a larger area.

Therefore, we choose to estimate the energy from the pulse
area, or the surface, subtended by the x-ray pulse. In this way, we are
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detail of the Mn-Ka and Cr-Kp lines. The optimal filter is constructed on the aver-
age photon energy of the Fe source, weighted on the relative intensities of the
Mn-Ka line complex and the Mn-Kp line so that an optimal filter fit of 1 corresponds
to an energy of 5957.29 eV.
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FIG. 6. Comparison of the pulse energy estimated with the optimal filter fit vs the
energy estimated with the pulse area for one pixel. The correlation is linear up
to ~15 keV, after which the energy estimated from the optimal filter fits becomes
unreliable due to pulse saturation. The colored diamonds represent the position of
the calibration lines, in the same color code as Fig. 5.

able to include pulses with larger energy than what was envisaged for
this TES array in the analysis, although with a worse accuracy than
with the optimal filter fits.

To do this, we first still calibrate the energy scale based on
the optimal filter fits using the 0 energy information and the six
spectral lines from the calibration sources. The calibration is per-
formed using a 3rd order polynomial. We still keep the optimal
filter fits as a reference since six spectral lines are identified with
higher precision than with the pulse area. Then, we cross-correlate
the spectrum calibrated in this way with the spectrum built using
the pulse area of each event from the MXS-*Fe calibration data.
From the cross-correlated spectra in optimal filter fits and pulse area

ARTICLE scitation.orgljournal/rsi

(see Fig. 7), we then get a one-to-one relationship between the sur-
face and the energy. In this way, we obtain a pulse area-calibrated
energy scale, allowing us to determine the energy of the background
photons based on the pulse area. This technical issue would not be
present, were we to use a TES array specifically designed with a larger
dynamic range: in that case, the optimal filter fits would be used to
estimate the energy of the pulses, granting better precision.

C. Data selection and baseline stability

Once the calibration of the energy scale is completed for each
pixel, we proceed to analyze the data acquired in the period without
a calibration source to study the background level in our experiment.
To properly estimate the x-ray background, it is important to discern
actual particles releasing energy in the TES absorber from events of
different natures.

We do a first selection based on pulse polarity and time con-
stants. We discard data with a surface of opposite sign and for which
the fit for the rising and decay time constants failed, due to the
rise and fall times being too fast or non-exponential. Such events
are triggered by baseline drifts or spurious signals, such as electrical
crosstalk.

Finally, we look at temporal coincidences between two or more
events in different pixels to identify hits due to cosmic rays (high-
energy muons). The effective active area is S =27 x (240 um)?
~ 0.016 cm?, with 27 being the number of pixels based on the work-
ing point. Given the approximate average muon flux at sea level of
1 muon per square centimeter per minute, the expected rate on the
active detectors is about 1 muon per hour, with energies following
a Landau distribution peaked at 7 keV, according to measurements
with a cryogenic anti-coincidence in a similar FDM setup.’” We are
not able, however, to tag cosmic rays hitting only one pixel.

Another important factor to consider is that the detector
response should be stable and insensitive to environmental distur-
bances, such as mechanical vibrations, thermal and electrical insta-
bilities, and magnetic field fluctuations. In this regard, we recently
reported on the susceptibility of the TES responsivity (or gain) under
FDM readouts to such disturbances, demonstrating that their impact
on the detector performance at the laboratory level is negligible,
especially regarding magnetic fields.”

To estimate the detector stability during the long background
data acquisitions (42 and 66 days), we consider the TES baseline cur-
rent for each selected background event. The baseline is calculated
via a linear fit of the TES current before and after the x-ray pulse
(about 40 ms total temporal trace). For each regular pulse signal, the
residual is then calculated as the normalized difference between the
baseline of the event and the average baseline of all events for that
pixel across the entire acquisition time.

Figure 8 shows the behavior of the baseline for each pixel
during the background data acquisition. From the cumulative dis-
tribution of the residuals, we find that the TES stability over roughly
100 days of operation was at a level better than 1%. Note that this
was obtained during the concurrent operation of three other cryo-
genic setups in the same refrigerator, which introduced some dead
time in the measurement. These are the same conditions in which
we typically perform experiments with x-ray sources to character-
ize the spectral performance of our detectors. In such experiments,
a data acquisition run lasts a few hours; therefore, we do not
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FIG. 7. Comparisons of spectral lines from the %5Fe and MXS sources calibrated using the optimal filter fits (black) and the pulse surface (red), with the estimated Gaussian
mean values from the fit of the pulse area histogram showed by the green dashed line. The reference values for the spectral lines®* are (a) Cr-Kay: 5414.72 eV, (b) Mn-Kay :
5898.75 eV, (c) Cr-Kp+: 5946.71 eV, (d) Mn-Kp+: 6490.45 eV, (e) Cu-Kay: 8047.78 eV, and (f) Cu-Kp1: 8905.29 eV.

usually observe such long-scale baseline drifts. The baseline cor-
rection in the data analysis pipeline has been shown to correctly
compensate for such drifts in the background events. As a result,
the detectors’ energy resolution is not significantly impacted by the

0.04

0.03

TES baseline residual

0 20 40 60 80 0 25 50

Time (days) N/ 0.02 bin

FIG. 8. Residuals of the TES baseline current as a function of data acquisition time
(left) and cumulative histogram of the residuals (right). Each color corresponds to
a different pixel. The cumulative distribution of the residuals is consistent with a
Gaussian fit with a mean equal to 0.0004 and a FWHM equal to 0.0096.

1% baseline instability. Nonetheless, we envisage that the TES stabil-
ity would improve from this estimated level, were we to repeat this
experiment in a dedicated refrigerator.

Before estimating the background from the histogram of the
selected events, we correct for the detector’s quantum efficiency. As
we mentioned, this TES array is not optimized for this experiment,
and the quantum efficiency is strongly non-linear above 6 keV, as
shown in Fig. 9.
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FIG. 9. Quantum efficiency for the 2.3 ym gold absorber. For 6 keV photons, the
absorption probability is ~93%. Data are taken from Ref. 35.
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V. RESULTS AND DISCUSSION
A. X-ray background without shielding
We performed a first acquisition run of t ~ 42 days. The his-
togram for the measured events is reported in Fig. 10(a). The
background rate per bin is then estimated as
d‘/’ _ Nbin

dE ~ OE;,St’

(6)

where Ny;, is the number of events per bin, 6E;, is the bin energy
width, and S is the effective active area. The error ¢ in each bin is
given by the Poisson statistics as the square root of the bin counts.
The error on the background rate per bin is then given in the same
way, replacing Eq. (6) Ny;, with its square root.

Since each bin gives an independent estimation of the back-
ground rate, we calculate it according to the maximum likelihood
estimators,

_ ZiNi/aiz
Hee = Yil/o; ' @
3G = Z%ﬂ‘z (8)

To avoid underestimations, we use only the bins between 0.5
and 10 keV, the energy range where an ALP signal would be expected
in an axion helioscope and where our TESs response is optimized.
The background rate measured with this dataset is 1.24(5) x 10~
em ™ s ke

B. X-ray background with passive shielding

The measured level of x-ray background is expected to be aris-
ing from several contributions: cosmic rays (high-energy muons),
y-rays, neutrons, natural radioactivity, and cosmogenic activation
of the materials constituting the cryogenic setup. These radioactive

X-ray background without shielding
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processes result in the production of secondary radiation (charged
particles or fluorescence photons) that can reach the active detec-
tor area. Typical strategies to reduce the impact for each source
include active shielding to veto cosmic ray events (plastic scintil-
lators with high geometrical efficiency); high-Z materials (copper,
lead) followed by plastic materials (PTFE, PMMA) to block y-rays
and the subsequent fluorescence photons, neutron moderation (e.g.,
via polyethylene, graphite), and subsequent absorption (typically via
cadmium); and the use of radio-pure materials such as archeological
leads.

In the successive cooling run, in an attempt to further reduce
the background rate, we introduced a passive shielding scheme com-
posed of a 2 mm thick Pb shield around the cryogenic setup (shown
in Fig. 11), plus a 500 ym thick PTFE sheet inside the aluminum
shell. Additionally, a 1 mm Kapton film is positioned right above
the TES array, below the copper collimator. This was aimed mainly
to reduce the impact of the fluorescence photons generated in the
lead, aluminum, and copper and, in minor part, reduce the trans-
mission of p-rays. The Pb and PTFE shields have a full solid angle
coverage, as they entirely surround the cryogenic setup and hence
the detector array, contrarily to the Kapton layer that only cov-
ers the front side of the TES array chip. The screening efficiency
of the Pb shield is expected to be larger than 99% for photons
of energies below 150 keV, whereas the Teflon and Kapton are
expected to absorb 90% of photons with energies below 7 and 6 keV,
respectively.”

This shielding configuration has been constructed with materi-
als immediately available in our laboratory, with the aim of perform-
ing a proof-of-concept experiment without a drastic redesign of the
cryogenic assembly or the integration of an active shielding, which
would have required several months.

Repeating the experiment with such makeshift passive shield-
ing, we observed an improvement in the background rate, as shown
in Fig. 10(b). In an effective data acquisition time of 66 days,

X-ray background with Pb+PTFE shielding
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FIG. 10. The x-ray background rate was acquired without any shielding during 42 days of data acquisition time (a) and with Pb + PTFE shielding during 66 days of data
acquisition (b). The gray area shows the 0.5-10 keV range used for the background estimation.
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FIG. 11. Shield assembled with a 2 mm thick Pb sheet enclosing the setup to
screen from background events external to the setup. To screen for fluorescence
events generated in the lead and the inner Al shell, a 500 yum PTFE sheet is also
implemented between the aluminum and the cryogenic components.

we measured a background rate of 2.2(2) x 107 cm™ 57! keV™!,
i.e., an improvement of a factor ~6, which could be explained as
due to a reduction from the passive shielding of fluorescence pho-
tons impacting the TES absorbers, according to the expected x-ray
absorption efficiencies discussed earlier.

C. Future outlook

The background rate measured with the passive shielding com-
pares well with the 1.20(8) x 10™* cm ™ s™! keV ™' recently reported
for an array of MMCs optimized for IAXO,* as well as with the
1.5x 107 cm™ 57! keV™! initially demonstrated for Micromegas
gaseous detectors,” before dedicated studies for reduction strate-
gies allowed to reach the 6.6 x 107" cm™ s™' keV™' demonstrated
in CAST.*

This promising result motivates us to undertake a further effort
to design and manufacture a new, dedicated setup for the demon-
stration of a background rate compliant with the requirements of
rare event experiments such as IAXO, at a level of <107 cm™2 57!
keV™!. In this section, we discuss several upgrades that might be
implemented to achieve this goal.

A first major change would be to host the cryogenic assembly in
an autonomous refrigerator, allowing for continuous operation and
independence from disturbances arising from concurrent cryogenic
experiments. This would avoid dead time during the data acquisition
and improve the TES baseline stability.

ARTICLE scitation.orgljournal/rsi

The integration of an external active muon veto with plastic
scintillators and large geometrical efficiency is expected to drastically
improve the background rate. An alternative (or even concurrent)
active shielding configuration to reduce the impact of cosmic rays
would be a cryogenic anti-coincidence coupled to the TES array, a la
Athena X-IFU,” which according to Geant4 simulations is expected
to reduce the background rate up to a factor of 40.

Geant4 simulations are envisaged also to optimally design and
dimension the cryogenic assembly and local passive shielding to mit-
igate the contribution of y-rays and neutrons, with care in using
radio-pure materials for the construction of the cryogenic assembly.

Both TES detectors and FDM readout characteristics would
also need to be re-optimized. In SRON clean room facilities, the
fabrication of a kilo-pixel TES array with bismuth absorbers with
dimensions of the order of 1 x 1 mm? is achievable and would grant
an active area at a level of 10 cm®. The effective area can be fur-
ther increased by using a multi-absorber TES scheme, also referred
to as “hydra,”’ e.g., by coupling nine absorbers with different G to
the same TES and performing position identification from the pulse
shape analysis.

The readout of one thousand detectors (or more if the hydra
scheme would be employed) can be achieved via ten FDM channels,
each reading out 100 TESs. This is viable if we assume the same cur-
rent readout bandwidth in the 1 to 5 MHz range (although we expect
a 1 to 6 MHz bandwidth to be also possible), using a spacing of
40 kHz between adjacent frequency channels and hence, for stability
reasons, a gain-bandwidth product per pixel at a level of 6 kHz. This
implies a maximum electrical bandwidth per pixel 1/7, = R/27L of
the order of 1 kHz, where R and L are the TES resistance at the
working point and the inductance of the LC bandpass filter, respec-
tively. Assuming a TES normal resistance of 200 mQ and a working
point from 10% to 20% of the superconducting transition, such as
for SRON’s 80 x 10 ym? pixel geometry, this implies the use of a ~6
uH inductance, which is reasonably close the designs already avail-
able and could be easily achieved by replacing the transformer with
one having the opportune coil ratio.

Moreover, in strong electro-thermal feedback operation, the
electrical time constant 7,; poses the condition 7 2 5.87,; on the TES
effective time constant, defined in Eq. (4), to ensure electrical sta-
bility.”> Consequently, the redesigned TES should be significantly
slower than the current design, with an effective time constant at a
level of 10 ms. Although this is not acceptable for x-ray astronomical
observatories, this does not represent a problem for low-count rate
experiments like axion helioscopes. Slower TESs can be engineered
by increasing the heat capacity or reducing the thermal conduc-
tance. At low temperatures, the electron system dominates the heat
capacity of the detector, which scales according to the formula,

o(T) = %yVT, ©)

with p, A, and y being the material density, atomic number, and
Sommerfield constant, respectively, V is the volume, and T is the
temperature. Therefore, increasing the active detector area to have
higher count statistics for the background rate measurement also
plays in favor of a larger time constant and a higher dynamic range.

However, the energy resolution scales with the square root of
the heat capacity, according to Eq. (5). An increase in absorber area
of factor 4 would then imply a degradation of factor 2 in energy
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resolution to a level of ~4 eV at 6 keV. Despite this being still accept-
able for ALP search applications, other fundamental TES parameters
could be tweaked to minimize the loss in energy resolution, such as
the critical temperature. Such a study is currently undergoing and
tests that will define the optimal TES geometry and FDM readout
parameters are envisaged for the following years.

With these upgrades, assuming one thousand or more detectors
for an effective active area of several cm?, we expect to be able to
measure an x-ray background rate for TES micro-calorimeters at a
level better than 107 cm™ s™" keV™" with one year of continuous
data acquisition, thus demonstrating the feasibility of our TES-FDM
technology for ALPs searches and axion helioscopes such as IAXO.

VI. SUMMARY

Axion-like particles (ALPs) are hypothetical pseudo-scalar par-
ticles representing an attractive dark matter candidate. A first solar
ALPs detection at helioscopes requires x-ray detectors with high
quantum efficiency and low background rate at levels less than 10~
cm™ 57" keV™!, whereas a high spectral performance is desirable
to study axion physics. Transition-edge sensors (TES) fulfill such
requirements and are thus a natural choice for ALPs search and
axion helioscopes in particular.

We reported on the measurement of the background rate of a
TES-based x-ray micro-calorimeter array readout under frequency-
domain multiplexing. The TES array, the cryogenic assembly, and
the test facility were developed and operated for experiments in the
framework of Athena X-IFU and were not optimized for this appli-
cation. We measured a background rate of 1.24(5) x 10> cm™ s™*
keV ™! with the bare setup during 42 days of data acquisition.

The implementation of a passive shielding with lead and PTFE
in an attempt to reduce the contribution from y radiation led to an
improvement of the background rate down to 2.2(2) x 10™* cm™
s™' keV ™!, This value represents a promising starting point for a ded-
icated development, as it is comparable with the recent report for
a metallic magnetic calorimeter array designed for IAXO and with
the first background rate demonstrated in 2002 for the Micromegas
gaseous detectors ultimately used for the CAST experiment.

To further improve the background rate to an acceptable level
for future axion helioscopes, several upgrades are foreseen, includ-
ing optimization of the TES and FDM readout characteristics and
an improved shielding configuration via active muon veto (plastic
scintillators and/or cryogenic anti-coincidence) and Geant4-aided
design of the passive shielding and the cryogenic assembly, which
should be composed of radio-pure materials and housed in an
independent cryostat.

We expect that such improvements would allow us to reach
a background rate <107 cm™> s~' keV™' with one year of data
acquisition.
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