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Abstract

AMORE is an international project to search for the neutrinoless double beta decay
of %Mo using a detection technology consisting of magnetic microcalorimeters
(MMCs) and molybdenum-based scintillating crystals. Data collection has begun
for the current AMORE-I phase of the project, an upgrade from the previous pilot
phase. AMoORE-I employs thirteen **%P'Ca'MoO, crystals and five Li}*’MoO,
crystals for a total crystal mass of 6.2 kg. Each detector module contains a scintil-
lating crystal with two MMC channels for heat and light detection. We report the
present status of the experiment and the performance of the detector modules.
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1 Introduction

AMORE is an international project to search for neutrinoless double beta (Ovgp)
decay of Mo using low-temperature heat and light detection by Mo-based scin-
tillating crystals [1]. We employ enriched molybdate crystals as both source and
detection materials for Ovfp decay of ' Mo. A high natural abundance of 9.7%
and a Q-value of 3.034 MeV that is greater than most environmental y lines makes
1Mo a competitive isotope in the search for Ovff decay. The readout scheme
of the detector channels is based on magnetic microcalorimeters (MMCs), which
can provide fast response and high sensitivity in the operating temperature regime
of tens of mK. MMCs offer not only high resolution in time and energy [2, 3],
which is essential for discriminating events by time characteristics, but also high
linearity in energy and a wide dynamic range enabling reliable energy calibration
and multitemperature testing.

During 2016-2018, the AMoRE-pilot experiment was carried out utilizing six
crystals of 84l Ca'®Mo0, with a total mass of 1.9 kg [4, 5]. The pilot experi-
ment demonstrated a Ovff sensitivity of T}, = 3.43 X 10 yr at the 90% confi-
dence level. Through the pilot experiment, we demonstrated that the MMC-based
low-temperature detector technology and enriched molybdate crystals were suit-
able for a large-scale long-term experiment with competitive detection sensitivity.

AMORE-I is the current phase of the AMoRE project that has been running
stably with the same dilution refrigerator used in the pilot phase at the 700-meter-
deep Yangyang Underground Laboratory (Y2L). In this report we present the
status and performance of AMoRE-I. The AMoRE-I detector is a 6.2 kg array
of thirteen 4% Ca'®Mo0, and five Li)’""MoO, crystals including those used in
the pilot phase. As an independent physics experiment, AMoRE-I aims at the
background level in the order of 0.01 counts/keV/kg/year at Qy;which equates
to a half-life limit of ~ 10?* years. AMoRE-I sensitivity will be comparable to
the recent half-lift limit of 1.8 x 10** years found in the CUPID-Mo project using
LiéOOMoO4 crystals and NTD Ge thermistors [6].

An additional objective of AMoRE-I is to perform further research and devel-
opment on the detector and to provide background for the next phase of the
AMORE experiment, AMoRE-II, in which measurements will be performed using
a total mass of approximately 100 kg of 'Mo.

2 Experimental Setup

A single AMoRE-I detector module is comprised of a molybdate scintillating
crystal whose size varies @ > 4cm/H < 5cm, and a pair of phonon and photon
detectors each of which includes an MMC sensor used for the temperature read-
out in thermal calorimetric detection. The simultaneous detection of phonon and
photon signals enables us to discriminate a backgrounds from #/y events [7, 8].
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Energy absorption by a target absorber of a scintillating crystal causes a tem-
perature increase in the crystal that is measured with the MMC sensor used for
the phonon channel. A light detector composed of a Si or Ge wafer and another
MMC sensor is employed to measure the scintillation photons emitted from the
target crystal.

Fig. 1 shows the design used for all the AMoRE-I detector modules. A target
crystal is held by PTFE clamps (not shown in Fig. 1) in a frame structure made of
low-background copper. This copper frame serves as a cooling path for the crystals
and sensors, as well as a thermal bath for the detector module. The MMC sensor for
the phonon channel is located at the bottom of the module design. The crystal has a
vapor-deposited gold film on its bottom surface. A thermal connection between the
phonon-collector film and the MMC sensor is formed using twenty-four annealed
gold wires. An additional gold wire is attached to the MMC sensor and the copper
holder to create a thermal connection to the heat bath. In this structure, the heat
capacity of the MMC sensor dominates that of the detector at low-temperature scale
[9].

Considering the hygroscopic characteristics of Li,MoO,, we developed a strict
protocol for the cleaning procedure before vapor deposition to be performed after
polishing the crystal surface. We ground one surface of the Li,MoO, crystal using
1500-grit SiC sandpaper to remove any material damaged by moisture adsorption
and to ensure that the phonon collector film adhered to the Li,MoO, surface. A
14-mm diameter circular film of Ti/Au with a thickness of 5/300 nm was evapo-
rated onto the ground surface in 50-mm diameter of the Li,MoO, crystal. One of
five Li,MoQO, crystals, coated with a metal film of Ti/Ag/Au with thicknesses of
5/300/10 nm, was used to perform various material studies on phonon collector
films.

A light detector was placed on top of the crystal as shown in Fig. 1. The crystal
was surrounded by light-reflection foils with high reflectivity in order to increase
the collection efficiency of the scintillation photons. Two-inch Si wafers with a

Si wafer

MMC+SQUID for
photon detector

Crystal
(1S(lvpvlmvﬂca 1 UII]\/IOO .
or Li,'"Mo0,)

MMC+SQUID
for phonon detector
(at the back)

Fig.1 Detector module used in AMoRE-I (leff). The detector is composed of an °Mo-enriched crystal,
a photon detector, and a phonon detector. The detector tower of AMoRE-I consisting 18 detector mod-
ules in four columns (right)
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90-nm-thick SiO, anti-reflection coating constituted the absorber of the light detec-
tor. The wafer was equipped with three 3-mm-diameter phonon collector films that
were used with bonding wires to form a thermal connection to the MMC photon
sensor [10, 11].

All the phonon channels and 10 photon channels were equipped with MMC sen-
sors from two AgEr batches with concentrations of 299 ppm and 414 ppm [9]. The
other photon channels employed the MMC used during the pilot phase. Moreover,
on the flat surface of each crystal where the metal film is deposited, a Si heater is
attached for stabilization [12].

The 36 completed modules were stacked in a four-column tower called the
AMORE-I detector tower as shown in Fig. 1. We employed thirteen *8%-Ca!®MoO,
and five Li}*’MoO, scintillating crystals, among which six of the 43¢ Ca'®MoO,
crystals have been used in the AMoRE-pilot experiment. The total mass of the
crystals was 6.2 kg, corresponding to 3.0 kg of '"Mo, the target isotopes for OvAf
events. The detector tower had an additional MMC channel without a connection to
a crystal. This dummy MMC channel was configured as a sensitive thermometer for
the detector tower to maintain stable temperature control [13].

The final assembly procedure was performed under an Rn-free atmosphere in a
clean-room environment in Y2L. Low-moisture Rn-free air with a dew point lower
than —18 °C was supplied throughout the sample preparation periods.

The detector tower was installed at the cryostat used for the pilot phase. Fig. 2
shows a cross-sectional view of AMoRE-I, including the detector tower, cryostat and
shields. Mass spring dampers that had been used as one of the two-stage vibration
mitigation systems [14] were removed in the AMoRE-I set up. We added a 5-cm Pb

Fig.2 Schematic of the | [ ]
AMOoRE-I detector system

External  Muon
Pb shield  Veto

Borated  Si rubber with
PE_ boric acid powder
= |
T H 50K
Spring F——4K
Suspended I —— IK
Still
H1 50mK
Low- Hip10mK
badkground THH
IPb shield
25cm
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layer to provide a total Pb thickness of 20 cm for the external shield. A muon-veto
system, with 5-cm-thick plastic scintillators and photomultiplier tubes, was installed
outside the Pb shield to provide nearly 4z coverage. In addition, a 30-cm-thick poly-
ethylene (PE) layer and a 2.5-cm-thick borated PE layer were installed around the
plastic scintillators as neutron shields. We attached an additional 1-cm-thick layer of
boric acid powder to the outer vacuum jacket (OVC) of the cryostat. The AMoRE-I
experiment has been running in Y2L at a depth of 700 m since August, 2020.

3 Results and Discussions

The lowest temperature of the cryostat with the dilution refrigerator was 9 mK dur-
ing this phase of the experiment. We operated the system during a commissioning
period of approximately four months before the new additions to the muon veto sys-
tem and the neutron shields were complete and ready for the full AMoRE-I. Two
months of the commissioning period were spent setting up measurement apparatuses
for long-term data collection, such as temperature controls, the data acquisition sys-
tem, the MMC sensors (i.e., injecting persistent currents into the MMC sensors and
tuning the SQUIDs), and the reference signals for the stabilization heaters [12]. Dur-
ing the remainder of the commissioning period, a few calibration runs were carried
out at a few different temperatures with a Th source placed in the space between
the OVC and the external lead shield. In this report, we present the detector perfor-
mance and characteristics measured during the commissioning runs.

All the MMC sensors in AMoRE-I were operated for simultaneous heat and light
detection during the calibration runs conducted during the commissioning period.
Table 1 lists the pulse heights and rise-times for 2615-keV y signals from the 18
crystal modules measured at 10 mK and 20 mK. The signal amplitudes varied with
the crystal type and temperatures. At 10 mK, the pulse heights of the phonon sig-
nals for all channels except one were in the range of 0.6-1.3 @, corresponding to
about 30-60 uK/MeV sensitivity where @, is the magnetic flux quantum, the unit
of the SQUID output. The MMC circuits of the heat channel for Crystal No.03 had
a ground short and could not support a large current. This channel was found to
be inoperable after the commissioning runs were conducted. The pulses measured
at 20 mK were smaller in amplitude than those measured at 10 mK. With increas-
ing temperature, the pulse heights of the Li,MoO, crystals were reduced more than
those of the CaMoQO, crystals. The Li,MoO, signals in the heat channel generally
had longer rise-times than the CaMoO, signals. Here, the rise-time is defined as
the time interval between 10% and 90% of the pulse height in the rising part of the
waveform.

Fig. 3 shows the averaged signal waveforms of the 2615-keV y events measured
in the heat channel from one CaMoOj, crystal and one Li,MoO, crystal at 10 mK and
20 mK. The temperature dependence of the pulse amplitudes is noticeably stronger
for the signals from Li,MoO, than for those from CaMoO,. The pulse height of the
signal from CaMoO, at 20 mK is approximately half that at 10 mK and approxi-
mately 0.2 of that from Li,MoO,. We attribute this difference in the temperature
dependence of the pulse amplitudes to the athermal heat flow being more dominant
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Table 1 Data obtained for

signals from crystals used in the

AMORE-I experiment

Signal (<I>0)

0.8

0.6

0.4

0.2

Crystal no. Type Mass (g) Pulse height Rise time (ms)
(D)
10mK 20mK 10mK 20 mK
1? CaMoO, 390 0.889 0424 1.80 1.01
28 CaMoO, 353 1.06 0484 1.63 0.91
38 CaMoO, 340 0.176  0.047 1.31 0.76
4 CaMoO, 358 0.764 0.383 2.46 1.25
Li,MoO, 312 0.858 0.234 3.08 1.66
Li,MoO, 308 0.564 0.163 2.61 1.26
7 Li,MoO, 312 1.082 0.228 3.67 1.80
8¢ CaMoO, 256 1.26 0.601 2.02 1.02
9¢ CaMoO, 352 0.735 0352 1.74 0.97
10 Li,MoO, 378 0412 0.073 297 1.52
11 CaMoO, 426 0.669 0.313 1.70 0.98
12 CaMoO, 358 0.691 0.333 1.83 1.04
13 CaMoO, 354 0956 0.392 233 1.17
14 Li,MoO, 300 0.702 0.177 2.74 1.39
152 CaMoO, 473 1.07 0.505 1.31 0.68
16 CaMoO, 373 0.769 0.362 2.51 1.31
17 CaMoO, 356 0.736  0.351 1.84 1.00
18 CaMoO, 358 0.595 0.293 1.55 0.90
“used in AMoRE-pilot
——Cry.04, 10 mK 1 ——Cry.04, 10 mK
----Cry.04, 20 mK ! ----Cry.04, 20 mK
——Cry.07, 10 mK 0.8 ——Cry.07, 10 mK
----Cry.07, 20 mK - ----Cry.07, 20 mK
Sos
£
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=

o
N

o
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Time (s)

0

0.01 0.02 0.03 0.04 0.05

Time (s)

Fig.3 Averaged signals of 2615-keV y events measured in the heat channel at 10 mK and 20 mK for one
of each #84!Ca'®Mo0, and Li}”’MoO, modules in units of one flux quantum (leff) and normalized to
the pulse heights (right)

in the CaMoOj crystal than in the Li,MoO, crystal. We found in our previous stud-
ies on using the detector model of heat flow for thermal calorimetric detection
[8, 15] that the heat flows into the phonon collector film on the crystal surface is
caused by interactions of thermal and athermal phonons in the absorber crystal with
electrons in the metal film. Considering a general case of particle detection with a
dielectric absorber, initial athermal phonons at 20-50 K are free from anharmonic
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Fig.4 Energy resolution of 2.615-MeV y peaks measured with detector modules of CaMoO, and
Li,MoO, at 10 mK and 20 mK. An unbinned likelihood analysis was performed to determine the resolu-
tions

downconversion [16, 17], and travel around the absorber crystal with a sufficiently
long lifetime to hit a metal film on the surface and transfer their energy to the elec-
trons in the film [18]. The thermal process is affected by the thermal conductance
associated with electron-phonon interactions in the metal film and the heat capacity
of the crystal. Both physical quantities have strong temperature dependence. Fig. 3
shows that the CaMoO, signals are affected by the athermal process more strongly
than the Li,MoO, signals. When the thermal process is the dominant heat flow pro-
cess, the signal pulse height should be inversely proportional to the heat capacity of
the absorber. The pulse rise-time should also be a temperature-dependent parameter
because this parameter is related to the heat capacity divided by the thermal con-
ductance. Both the pulse heights and rise-times of the Li,MoO, signals exhibit a
stronger temperature dependence than the CaMoO, signals. This result supports the
interpretation that the thermal process is the dominant heat flow process in Li,MoO,
. The energy spectra measured by the two detector modules at 10 mK and 20 mK
are shown in Fig. 4. Generally, the detectors produced higher energy resolutions at
10 mK than at 20 mK because of the correspondingly larger pulse amplitudes of the
signals. Considering pulses with similar heights, higher energy resolution was pro-
duced by the Li,MoO, crystals than by the CaMoO, crystals. In previous studies on
CaMoQ,, it was inferred that the event location in the crystal influenced the shape
and amplitude of the phonon signals [7, 19]. This position dependence, which is
strongly associated with the athermal phonon process, became one of the major rea-
sons for the energy resolution limit [5]. However, energy resolution degradation was
apparent at lower temperatures in the Li,MoO, detectors as is noticeable in Fig. 4.
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Moreover, the pulse amplitudes of the light signals from all the modules were suf-
ficient to obtain high discrimination power (DP) to identify alpha backgrounds from
Ply events in the crystals. For the two detector modules used to obtain the signals
shown in Fig. 3, DP values of 7.8 and 5.3 were obtained using *34P!-Ca'°Mo0, and
LiéOOMoO4crystals, respectively, where the unitless DP is defined as
(p — Ho)/ (02 + 0';)0'5, where y; and o; are the mean and the standard deviations,
respectively, of the relative amplitude ratios between light and heat signals, and the
subscript parameters denote « and f/y events, respectively. Similar DP values were
obtained for the 20 mK measurements. Moreover, the pulse shape (i.e., the rise-
time) of the phonon signals corresponded to DP values of 13.3 and 8.7 for the pho-
non signals of the *89¢P-Ca'®MoO, at 10 mK and 20 mK, respectively. This result
indicates that pulse shape discrimination (PSD) is possible for phonon signals from
CaMoO, crystals. However, the phonon signals of all the Li,MoO, crystals resulted
in DP values in the range of 0.9-3.0.

4 Conclusions and plan

AMORE-I was started with all the sensors being tuned for a long-term high-reso-
lution detection for a Ovff-search experiment. The commissioning runs verified
that the modules with the two types of molybdate crystals provide reasonable
detector performance in terms of the energy resolutions and DP values. The cali-
bration runs also suggested that the lower measurement temperature corresponds
to higher energy resolution.

As we plan to maintain AMoRE-I in stable operation for long-term data col-
lection, we set the temperature of the detector tower to slightly above 10 mK. The
cryogenic system with the dilution refrigerator has a cooling power of 1.3 yW at
12 mK. We set the cooling power of the control budget to maintain stability over
the year-long operation, thereby canceling out any instabilities resulting from
fridge operations or utility supplies.

Moreover, we installed a two-stage temperature-control system using a dummy
MMC channel operating in sensitive thermometer mode [13]. This temperature
control can maintain the temperature of the detector tower within an RMS fluc-
tuation of 0.5 uK. After completing the commissioning periods, we have main-
tained the detector tower at 12 mK for science runs for long-term data collection.

The next generation of the project, AMoRE-II is being prepared to search for
Ovpp of '“'Mo using a 100-kg isotope mass. The development of this large-scale
detector is based on the results of AMoRE-I.
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