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A B S T R A C T

Low-temperature calorimeters based on a readout via Transition Edge Sensors (TESs) and operated below
100 mK are well suited for rare event searches with outstanding resolution and low thresholds. We present
first experimental results from two detector prototypes using a novel design of the thermometer coupling
denoted remoTES, which further extends the applicability of the TES technology by including a wider class
of potential absorber materials. In particular, this design facilitates the use of materials whose physical and
chemical properties, as e.g. hygroscopicity, low hardness and low melting point, prevent the direct fabrication
of the TES onto their surface. This is especially relevant in the context of the COSINUS experiment (Cryogenic
Observatory for SIgnals seen in Next-Generation Underground Searches), where sodium iodide (NaI) is used
as absorber material.

With two remoTES detector prototypes operated in an above-ground R&D facility, we achieve baseline
energy resolutions of 𝜎=87.8 eV for a 2.33 g silicon absorber and 𝜎=193.5 eV for a 2.27 g α-TeO2 absorber,
respectively. RemoTES calorimeters offer – besides the wider choice of absorber materials – a simpler
production process combined with a higher reproducibility for large detector arrays.
. Introduction

Low-temperature detectors operated in the temperature region be-
ween tens and hundreds of millikelvin make up an important detec-
or class in particle physics. The detection of particles in cryogenic
alorimeters is based on the measurement of the tiny temperature in-
rease caused by an energy deposition in an absorber material, by using
ery sensitive temperature sensors, e.g. Transition Edge Sensors (TESs),
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Neutron Transmutation Doped-thermistors (NTDs), Kinetic Inductance
Detectors (KIDs), or Metallic Magnetic Calorimeters (MMCs) [1,2].

A TES consists of a superconductive thin film operated in the state
between the normal conducting and the superconducting phase. Due
to the strong temperature dependence of the film resistance in the
transition, even tiny temperature increases ((μK)) induced by very
small energy depositions ((keV)) in the absorber, lead to measurable
changes in resistance of (10−1Ω). For many decades, TESs have been
a main pillar in the scope of cryogenic imaging spectrometers for earth
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and space applications. Their use in the rare event search for direct
dark matter detection [3–6] and Coherent Elastic Neutrino-Nucleus
Scattering (CEνNS) [7,8] by using massive absorbers (1–100 g) is a
ery active field of research at the frontier of knowledge.

TESs based on superconducting tungsten thin-films have been devel-
ped within the CRESST dark matter search at the Max–Planck Institute
or Physics (MPP) in Munich over the last 30 years [9,10]. The current
tage is CRESST-III, which uses 200 nm-thick tungsten films directly
abricated onto the surface of absorbers made of Al2O3, CaWO4, LiAlO2
nd Si. The extraordinary high sensitivity achieved with TESs is one of
he cornerstones of CRESST, which is the leading cryogenic experiment
or low-mass dark matter search [3,11].

The deposition of the TES thermometer directly onto the absorber
nsures an excellent transmission of the non-thermal phonons to the W-
ilm. This coupling of sensor and absorber is the preferred solution as
ong as the absorber material can withstand1 the processes necessary for

the fabrication of the temperature sensor, i.e. multiple electron-beam
evaporation cycles (requiring temperatures above 700 ◦C), sputtering,
hemical etching and photolithography. However, absorber materials
hat have a low melting point and/or are hygroscopic cannot undergo
hese processes. Also, sensor fabrication may negatively impact the
adiopurity of the absorber crystal. A work-around solution for delicate
aterials, such as for the sodium iodide (NaI) crystals used in the
OSINUS experiment [6], is the so-called composite design [13]: the
ES is fabricated onto a separate substrate which in turn is connected to
he absorber via an amorphous interface (glue, oil, or grease). In the fol-
owing we call the TES substrate used in the composite design ‘‘carrier’’
r ‘‘carrier crystal’’. This approach requires the phonons produced by a
article interacting in the absorber to propagate through the interface,
he carrier, and finally couple to the TES. A fraction of the signal reach-
ng the interface is lost in this process due to poor phonon transmission
n case of an acoustic mismatch between the different materials of the
arrier and the absorber [14]. In COSINUS we considered and tested
l2O3, Si, CaWO4 and CdWO4 as carrier materials, which all have a
igh acoustic mismatch to soft absorber materials like NaI. Further-
ore, in the case of a very good scintillator like NaI, a carrier crystal
hich is not fully transparent to the scintillation light will reabsorb part
f the light, causing an additional power input to the TES. In this case,
he resulting pulse shape in the TES will be a superposition of the NaI
cintillation signal and the primary thermal signal [15]. This effect was
bserved in earlier COSINUS prototypes and will be subject of a future
ublication. In [16], the authors propose a TES-based detector concept,
enoted remoTES in the following, which does not suffer from these
isadvantages, features a simpler production process, and additionally
romises a better detector reproducibility. In a remoTES detector, the

TES is fabricated onto a separate, remote substrate, which is placed on
the copper holder, according to the scheme in Fig. 2. In the following
we refer to the TES substrate used in the remoTES design as ‘‘wafer’’.

he absorber crystal is then equipped with a Au pad (microfabricated
hin film or glued foil) that transmits the phonon signal created from an
nteraction in the absorber to the TES via a gold bonding wire (wedge-
onded, ball-bonded or glued). To our knowledge, experimental works
sing the TES coupling design proposed in [16] are absent to present
ate. However, the experiment RICOCHET is considering this design
o read out superconducting absorbers for precision measurements of
EνNS [17] and the AMORE experiment [18] utilizes thin gold films
s phonon absorbers connected to a MMC [19]. Marrying ease of
abrication with a wide choice of absorber materials, the remoTES
ay be a breakthrough for TES-instrumented calorimeters based on
elicate absorber materials like NaI. In this article, we present the first
xperimental implementation and the first results which demonstrate
he potential of such detectors.

1 Nonetheless the fabrication process might induce stress in the crystal
attice, which is one of the main potential origins of the excess signal at low
nergies observed in several experiments [12].
2

Fig. 1. Schematic view of a remoTES detector. The wafer where the TES is fabricated
onto (right) is separated from the absorber crystal (left). This crystal is equipped with
a gold pad which is linked directly to the TES via a gold bonding wire.

2. Detector design

2.1. Design of the remoTES

The design of a remoTES detector is schematically depicted in Fig. 1.
It avoids the carrier crystal by coupling the TES directly to the target
crystal via a gold pad connected to a gold bonding wire. A significant
advantage of this design is that it improves the collection of athermal
phonons into the gold pad, which could otherwise be reflected due
to the acoustic mismatch between absorber crystal and carrier crys-
tal. Even more importantly, phonons directly couple to the electronic
system of the gold pad via electron–phonon coupling [20]. In the
literature, this coupling in gold is found to be comparable to or larger
than in tungsten [16,21–24]. However, the surface and the thickness of
the gold pad have to be carefully optimized: a larger surface enhances
the phonon collection efficiency and hence the signal amplitude; at the
same time a larger volume increases the total heat capacity, reducing
the signal amplitude.

2.2. Design of two remoTES-prototypes

In this manuscript we report the results from two different absorber
materials, silicon (Si, 2.33 g) and tellurium dioxide (α-TeO2, 2.27 g),
read out by a remoTES. These materials were selected to gain a funda-
mental understanding of the crucial parameters of this new TES-based
readout design. We selected Si as it is a highly-studied standard mate-
rial for low-temperature application and, thus, useful as a benchmark.
We chose α-TeO2 as a first step on the way to NaI, mainly for its
similar solid-state properties, in particular regarding the heat capacity
and the gap between the acoustic and optical phonon modes [25,26].
Fig. 2 shows a scheme of α-TeO2-module. The Si-module is similarly
assembled, but the brass screw is not present, as shown in Fig. 3.

Technical details. On the Si absorber ((20x10x5) mm3) a gold film of
circular shape (3 mm diameter) of 200 nm thickness was deposited by
Magnetron-sputtering. The connection between the Au pad on the Si
absorber and the TES on the wafer was provided via a 17 μm thick and
2–3 mm long Au-bonding wire. While the Au-wire was wedge-bonded
onto the Au pad of the TES, it was connected to the Au pad on the
Si absorber by using a silver-loaded epoxy (≈25 μg). Avoiding wedge-
bonding on the Au pad of the absorber opens up the possibility to
also introduce very soft and fragile absorber crystals to this field of
research, which would be damaged by solid phase welding processes
(e.g. wedge and ball bonding). Alternatively, the Au pad on the TeO2
absorber ((20x10x2) mm3) consists of a 400 nm thick Au-foil glued onto
its surface by using a two-component epoxy resin.
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Fig. 2. Scheme of the complete α-TeO2-module.
Fig. 3. Left: Image of the Si remoTES, surrounded by the Cu housing. Right: Zoomed-in view on the TES and Au pad.
The use of Au foils has two important consequences: a better
hermal conductance due to the fact that the Residual Resistance Ratio
RRR) is larger with respect to the sputtered film, and the possibility
o avoid any microfabrication process on the crystal surface. The elec-
rical and thermal contact between Au pad on the TeO2 and the TES
as realized with a wedge-bond on both sides, respectively. Table 1

ummarizes the condensed information on both prototype detectors. It
s worth to mention that the two configurations are not meant to be
sed for performance comparison, but rather elucidate the flexibility of
he remoTES concept, and the possibility to adapt it to various absorber
aterials.

The TES on the thin Al2O3 wafer ((10x10x0.4) mm3) was identical
or both measurements. It consists of a 100 nm-thick tungsten film
f an area of (220x300) μm2 and two aluminum pads for biasing of
he sensor. The area of the W-film not overlapping with the pads
s (70x300) μm2. The weak thermal link to the heat bath consists of

1 mm long Au-stripe (20 μm in width, 80 nm in thickness). An
additional gold stripe ((200x130) μm2, 0.1 μm thick) was evaporated
on the wafer at about 2.5 mm of distance from the sensor. It is used to
inject heat pulses in order to monitor the TES operating point.

3. Experimental results and discussion

The measurements reported here were carried out in a dilution re-
frigerator of the CRESST group at the Max–Planck Institute for Physics
in Munich. This is an above-ground, liquid 4He-precooled dilution
refrigerator for R&D measurements and TES testing. It is equipped with
four SQUID channels (APS company) and a VME-based data acquisition
using a hardware-triggered readout. The total exposure was 1.06 g⋅d
for the Si detector and 2.28 g⋅d for TeO2. For the purpose of energy
calibration both prototype detectors were irradiated by an uncollimated
55Fe-source shining onto the side of the absorber opposite to the face

with the Au pad. Furthermore, the TeO2 detector was equipped with an

3

Table 1
Summary of the two measurements using the remoTES design. RRR = Residual
Resistance Ratio.

Absorber material Si TeO2

Absorber volume (mm3) 20 × 10 × 5 20 × 10 × 2

Au pad properties 200 nm 400 nm foil
sputtered glued
RRR = 3.79 RRR = 15

Au-wire properties 17 μm 17 μm
glued on pad 2 wedge bonds

TES W-TES on Al2O3 W-TES on Al2O3

Baseline resolution (eV) 87.8 ± 5.6 193.5 ± 3.1

additional collimated 55Fe-source irradiating solely the Au pad glued
onto the absorber.

3.1. Data analysis

We observe different event classes in both detectors. Standard
events (SEVs = averaged pulses scaled to an amplitude of 1 V) for
these classes are shown in Fig. 4; they were created from a small,
selected sample of pulses with the same shape for each class. For
both detectors, there is a dominant class of events, depicted in green,
which is characterized by a (10%–90%) rise time of ≈1 ms, with a
(90%–10%) decay time of ≈44 ms for the Si prototype, and ≈122 ms
for the TeO2 prototype. The high rate of these events (cf. Table 2) is
consistent with hits in the absorber, considering that the 55Fe source
shining on the ‘‘bottom’’ of the absorber cannot be seen by the wafer
carrying the TES. Hits in the latter (orange in Fig. 4) feature much

faster signals: the rise times are only ≈0.16 ms (Si measurement) and
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Fig. 4. Standard events (SEVs) for the two prototype detectors. (a) Events in the Si absorber (green) and the TES wafer (orange). (b) Events in the TeO2 absorber (green), the
ES wafer (orange) and the gold pad on the TeO2 (violet). The pulse onsets for each event class are slightly shifted for visualization purposes.
Fig. 5. TeO2-remoTES dataset: (a) Rise time versus moving average pulse height distribution. The violet box encloses the events in the gold foil produced by the collimated 55Fe-
ource. (b) Fit RMS for the gold SEV as a function of the pulse height distribution. The events from the violet box in panel (a) are tagged and depicted in violet.
0.07 ms (TeO2 measurement), while the decay times are ≈11.2 ms and
1.2 ms, respectively.

The TeO2 prototype exhibits an additional event class. We identify
hese comparatively rare events (cf. Table 2) as hits from the colli-
ated 55Fe-source irradiating the Au pad on the absorber. The rise

ime of the pulse is driven by the time needed to transport energy
o the TES which depends on the energy carriers. The transport is
ast for electrons and non-thermal phonons, which are the dominant
nergy carriers for the events created by interactions in the Au pad
r the wafer. In the TeO2 absorber, a larger part of the initial phonon
opulation undergoes thermalization, consequently leading to slower
ulses. The Au pad events are visible in Fig. 5(a) as a cluster of events
n the violet box. Their decay time is faster than the one of absorber
vents, but slower than the one of wafer events. The explanation
or the difference between gold and wafer events can be two-fold:
irstly, energy deposited in the Au pad is partially transmitted back
nd forth to and from the absorber, leading to a larger decay time;
econdly, the heat capacity of Au affects the decay time, leading to even
lower pulses. The Au pad is small in comparison to the absorber, and
onnected directly to the TES. Therefore, pad events in Fig. 5(a) are
istributed around a larger pulse height (∼ 0.07 V) with respect to the
ulse height of the 55Fe-events in the absorber (∼ 0.04 V).

Few basic quality cuts are applied to the complete dataset: events
oinciding with a decaying baseline from a previous pulse are removed
y placing a cut on the pre-trigger baseline slope. Additionally, events
ith a reconstructed pulse onset more than 1 ms away from the trigger
osition are discarded. To separate different event classes reliably, the
oot mean square (RMS) from a truncated standard event fit is used.
his method is described in e.g. [11]: a SEV is fitted to a subset of
amples for each pulse, where only samples below a given truncation
4

Fig. 6. Difference between RMS values from the wafer SEV fit and the absorber SEV
fit as a function of moving-average pulse height for the TeO2 prototype; different event
bands corresponding to the different classes are visible. The event population between
the absorber and the wafer band corresponds to the Au hits; its pulse shape is a mixture
of the former two classes, and their shapes match it equally well.

limit (relative to the baseline) are considered. We fit each pulse with all
three SEVs, and the dataset for each event contains only those events
where the respective fit yields the lowest RMS. As an example, the
discrimination between absorber and wafer events is shown in Fig. 6.
Fig. 5(a) illustrates the discrimination between absorber events and
55Fe Au pad events: The latter are marked in violet, and have been
identified as a cluster in Fig. 5(a) using their fast rise time. Table 2
shows the number of surviving events for each prototype and event
class; as stated before, absorber events are the dominant event class in
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Fig. 7. The energy spectra of the two prototype detectors: (a) Si absorber and (b) TeO2 absorber. The intensity of the 55Fe-source producing X-rays of 5.89 keV (K𝛼) and 6.49 keV
(K𝛽 ) was significantly stronger for (b). The energies of the additional peaks in the Si detector (≈1.8 keV and ≈5 keV) are consistent with X-ray emission from the K-shell of Si
(1.84 keV), and an escape line due to the Cu holder (Cu L𝛼 at 0.93 keV).
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Table 2
Number of surviving events after quality cuts for each measurement and
event class (see text for details).

Absorber ‘‘Absorber’’ ‘‘Wafer’’ ‘‘Gold’’
material events events events

Si 6072 398 –
TeO2 28555 711 314

both measurements, and Au-hits are less frequent than wafer hits for
the TeO2 detector.

In addition to the events produced by particles interacting in the ac-
ive detector parts, we periodically inject electrical pulses with known
mplitudes into the heater of each detector. These heater pulses al-
ow monitoring the detector response over time, and accounting for
onlinearity and the effect of saturation in the TES, which influence
he pulse shape at high energies (see e.g. [11]). A truncated fit with

dedicated heater SEV is performed for all heater pulses, and the
esulting amplitude is used in combination with the input pulser setting
o compensate non-linearities and time-variations of the reconstructed
fitted) amplitude for particle-induced events [27].

.2. Energy calibration and resolution

The K𝛼 peak from the 55Fe source (5.89 keV) prominent in the
spectrum of the Si and TeO2 detector is used to calibrate the detector
esponse, which is given by the truncated fit result for absorber events
orrected by the heater response information. We chose the truncated
it over the usual method of optimal filtering [28] here, since the
oise conditions in both measurements changed over time, and the
ilter relies on a stable noise power spectrum. The resulting spectra for
bsorber events are given in Fig. 7. For the TeO2 detector, K𝛼 and K𝛽

lines are not resolved, and the left flank of the single peak structure
was used for calibration.

The baseline resolution is determined for each detector in the fol-
lowing way: in each measurement, records without a trigger event are
taken in regular intervals. These ‘‘empty baselines’’ are then cleaned,
removing random coincidences with pulses and artifacts. Subsequently,
we superimpose the SEV for a given detector with all remaining empty
baselines. These artificial events (122 for the Si detector and 1932 for
TeO2) are passed through the analysis chain and reconstruction algo-
rithm, and the detector resolution is extracted from the reconstructed
amplitudes. The resolutions (all in 𝜎) are (18.4 ± 1.2) mV for the Si and
1.22± 0.02) mV for the TeO2 absorber, corresponding to (87.8± 5.6) eV
nd (193.5±3.1) eV, respectively (cf. Table 1). Typically, the achievable

hreshold of a TES is about five times the baseline resolution.

5

. Conclusion

The remoTES is an alternative design of the TES coupling to the
bsorber in a cryogenic calorimeter. It can be used in combination
ith delicate absorber materials such as NaI, which cannot withstand

he process of direct TES fabrication. In this work we presented the
uccessful operation of two remoTES detector prototypes using a Si and
TeO2 absorber in above-ground measurements, achieving 1σ baseline

esolutions of 87.8 eV and 193.5 eV, respectively. We observed two
vent classes with distinctively different pulse shapes in each detector,
hich result from particle interactions in the absorber and in the wafer
f the TES. Additionally, a third event class was made visible in the
eO2 measurement using an additional 55Fe source irradiating the Au
ad glued onto the absorber. This event class featured a very low rate
nd long pulse decay time, consistent with hits in the pad. We already
erformed first measurements with NaI absorbers which will be dis-
ussed in future publications. Compared to ‘‘composite-type’’ detectors,
he remoTES improves phonon propagation from the absorber to the
ensor, if absorber and carrier are made of different materials [29]. This
esign additionally prevents the undesirable collection of scintillation
ight in the carrier. Furthermore, the separately fabricated wafer-TES
an be reused with a different target — this implies an improved
eproducibility for remoTES detectors with respect to their carrier de-
ign counterparts, and greatly facilitates comparisons between different
bsorber materials.

In summary, our results show that the TES technology can be
uccessfully used with almost any absorber. Materials that required
he use of a carrier crystal in the past can now be operated without
uch a crystal by simply adding a gold interface. Even for ‘‘standard’’
bsorbers, the use of a remoTES avoids exposing the material to fab-
ication processes, thus preserving the initial radiopurity and lattice
ondition of the absorber crystal. Indeed, the remoTES concept gives
he possibility to use materials such as NaI for standard WIMP searches,
nd its use may be extended to other fields like neutrinoless double β
ecay and CEνNS.
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