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The AMOoRE-II is a next phase of the AMoRE project. It aims to search for the neutrinoless
double beta decay of '“°Mo. The experiment will use 100 kg of molybdenum enriched in the
isotope '°Mo to 95%, contained in hundreds of scintillating lithium molybdate crystal absorbers
to use MMC (metallic magnetic calorimeter) sensors for a cryogenic calorimeter. Recently the
detectors’ performance has significantly improved compared to the previous phases of the AMoRE
project. We anticipate a background level of approximately 10~* counts/keV/kg/year in the region
of interest by utilizing the low background detector materials, an optimized shielding structure
at Yemilab, the new underground laboratory with a about 1000 m overburden. We present the
overall effort to move towards the AMoRE-II phase.
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1. Introduction

For many decades, neutrinoless double beta decay (OvDBD) has been studied to uncover the
properties of neutrinos, such as whether they are Majorana or Dirac particles, and to determine their
masses [1-3]. The AMoRE collaboration has utilized scintillating molybdate crystals (Li;MoQOy)
to search for 0vDBD in '“°Mo, which has a Q-value of 3.034 MeV [4]. These molybdate crystals
are cooled to temperatures of 10 to 20 mK. Metallic magnetic calorimeters (MMCs) are thermally
coupled to the crystals measure the transfer of a small amount of energy due to the interaction of
radiation within the crystal absorber [5]. Additionally, the detector system has a Si-wafer based
calorimeter, equipped with a MMC sensor, to measure scintillation light. The a-quenching effect in
the Li;MoQy; scintillators leads to different light amplitudes for the same energy, which can be used
to distinguish between « particles and B/y particles [6]. The optimization of the experimental design
for the detection of such infrequent decays necessitates high energy resolution and maintaining an
exceedingly low background level. For this reason, the AMoRE collaboration has carried out
various R&D studies to identify the conditions under which low energy resolution can be achieved,
with the ultimate goal of ten keV full width at half maximum (FWHM) resolution in the region of
interest (ROI) at the Q-value of '°°Mo. Furthermore, through simulations, the radioactivity of each
material used in AMoRE-II was studied to predict the background rate and its spectra.

2. AMoRE

The AMoRE collaboration has conducted two phases of the experiment: AMoRE-pilot, which
used six 484ePlCal0Mo0, (CMO) crystals, and AMoRE-I, which used thirteen 48depl a0\ 0,
crystals along with five Li;'%’MoOy4 (LMO) crystals [7, 8]. The AMoRE-pilot phase was conducted
at the Yangyang Underground Laboratory (Y2L) in 2015 — 2018, with a total exposure time of 0.32
kg-years. The background level within ROI was determined to be about 0.5 counts/kg/keV/year
(ckky). Based on these data, a lower limit on the 100Mo OvDBD half-life was established as Tlo/"2
> 3.0 x 10?3 years at 90% confidence level (C.L.) [9]. In the subsequent AMoRE-I phase, the
exposure time was significantly increased to 3.29 kg-years of ®°Mo, while the background level
was reduced to 0.025 + 0.002 ckky. Consequently, a new improved half-life limit on the '°°Mo
OvDBD was set as Tlo/"2 > 3.0 x 10** years at the 90% C.L. [7]. The next phase, AMoRE-II, is
being prepared and will involve a large array of detectors containing approximately 100 kg of the
190Mo isotope. AMOoRE-II will be conducted in two stages. In the first stage, 90 LMO crystals will
be installed, and 350 molybdate crystals will be deployed in the second stage. The AMoRE-II will
be operated in the new underground laboratory, Yemilab, in Jeongseon, South Korea. The expected

background level for this phase is projected to be as low as about 10~# ckky in the ROL

2.1 Experiment setup

Upon the deposition of energy by particles in the scintillating crystal, the energy is released
in the form of phonons and scintillating light. First, the phonons are transferred to the MMC
via a gold film and gold wires attached to the crystal. The MMC detects the energy transfer by
measuring the change in magnetization, which is then converted into an electrical signal using a
SQUID (superconducting quantum interference device) [10]. In the case of scintillating light, this
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is detected by measuring photons from the crystal using a Si wafer. By simultaneously measuring
both the phonons and scintillating light, the experiment can distinguish between « particles and S/y
particles through the a-quenching effect in the crystal.

The LMO crystals for AMoRE-II are manufactured at the Nikolaev Institute of Inorganic
Chemistry (NIIC), Russia [11] and the Center for Underground Physics (CUP) at the Institute for
Basic Science (IBS), South Korea [12]. Given that LMO crystals are hygroscopic, the recently
constructed underground laboratory at Yemilab, which is prepared for AMoRE-II, is equipped with
de-humidification systems. Furthermore, the facility has been designed with radon-free air systems
and includes a Class 100 clean room, with an objective of ensuring optimal conditions for the
experiment. For cooling, a large dilution refrigerator from Leiden will be utilised, comprising three
pulse tube refrigerators. The cooling power of the refrigerator is 5 uW at 10 mK without wiring
and approximately 2.7 yW at 8 mK with wiring. The actual base temperature has been measured
to be 6 mK without wiring and 8 mK with wiring. In order to mitigate the impact of vibration
noise from the refrigerator on the energy resolution of the detectors, vibration damping systems
have been employed.

A layer of lead with a thickness of 26 cm is placed above the detector tower within the
refrigerator. The refrigerator is surrounded by several layers of external shielding. These layers are
arranged from inside to outside as follows: a layer of 1 cm thick boric acid powder, a layer of 25 cm
of lead, a layer of 1 cm of boric acid rubber, and a layer of 70 cm thick polyethylene. In addition
to the external shielding, two distinct muon veto detector types have been installed externally. One
type of muon veto detector is composed of plastic scintillators, wavelength-shift fibres, and silicon
photomultipliers (SiPMs), while the other type consists of 8- and 10-inch photomultiplier tubes
(PMTs) and approximately 60 tonnes of water (the muon flux in the AMoRE-II experiment has
been measured to be around 10~ cm =257 1).

2.2 R&D experiment for AMoRE-IT

To reduce the number of detectors, an R&D experiment was conducted to evaluate the per-
formance of larger crystals from 5 cm X 5 cm (diameter X height) cylindrical crystals to 6 cm X
6 cm (diameter X height) cylindrical crystals. The results demonstrated that the performance of
the larger crystals satisfy the experiment requirements [13]. Nevertheless, an increase in crystal
size demonstrated that the signal amplitude and shape exhibited greater variability depending on
the location of particle interactions within the crystal. This rendered the distinction between « and
Bly particles using pulse shape analysis more challenging. Although the energy resolution could
be improved by applying position-dependent correction, particle identification through pulse shape
analysis became challenging. Consequently, further enhancements in the performance of the light
detector are necessary to enhance particle identification. Given that LMO crystals exhibit a dimin-
ished light yield compared to CMO crystals, further research and development were undertaken to
improve the performance of the light detector. To optimize light collection, the design was refined
by reducing the distance between the crystal and the Si wafer, as well as the distance between the
reflector and the crystal. Concurrently, the surface of the crystals was treated to diffuse the light to
improve light collection. The newly designed AMoRE-II detector, and crystals featuring a diffusive
surface demonstrated particle identification performance compared to the previous light detector
setup. In addition to this improvement, the diffusive crystal design significantly reduced position
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dependence, resulting in more consistent signals across different interaction locations within the
crystal. By minimizing position dependence, the diffusive crystals not only enhanced particle
identification but also led to improved energy resolution [14]. The results of the R&D experiments
demonstrated that both the 5 cm X 5 cm (D X H) and 6 cm X 6 cm (D X H) crystals achieved
an energy resolution of less than ten keV in ROI, thus meeting the requirements for AMoRE-II.
Furthermore, the discrimination power between a and S/y particles using the light detector was
found to exceed ten o.

2.3 AMOoRE-II background simulation

Background simulation was performed for the AMoRE-II detector and shielding configuration
using the GEANT4 toolkit [15]. The materials and components for AMoRE-II, which will be used
to fabricate the detector modules and shielding, have been meticulously selected and rigorously
tested to measure their radioactivity levels [16]. Based on radioassay results and extensive detector
simulations, the expected background in the ROI is estimated to be 2.01 x 10™* ckky [17]. This
corresponds to fewer than one background event per 500 kg-years of crystal mass X time exposure,
assuming a ten keV FWHM energy resolution, as demonstrated in the R&D experiments. The pri-
mary source of this background is the decay of 2!4Bi, part of the 23U decay chain. This background
radiation is mainly produced in the innermost layer of the lead shielding used in the experiment. To
achieve the objective of 1 x 10~# ckky background level, which is the goal of AMoRE-II, it is nec-
essary to reduce the background radioactivity further. This could be accomplished by substituting
the existing lead by a higher-purity material or by the existing one additionally purified.

3. Current status and plans

The underground laboratory at Yemilab has a refrigerator and an experimental environment,
including radon-free air systems and a Class 100 clean room. Furthermore, the muon veto detector
has been installed and is undergoing testing to ensure its functionality. The assembly of the crystal
detectors is currently underway in the clean room, while cooling tests for the refrigerator are being
conducted. In accordance with the present schedule, the initial phase of AMoRE-II is anticipated
to commence operations within the a year, with the full-scale iteration scheduled to begin in 2026.
The full-scale stage is expected to operate for a period exceeding five years. Suppose the exposure
time reaches 500 kg-years, assuming a background level of approximately 10~# ckky and a ten keV
FWHM energy resolution. In that case, it is anticipated that a neutrinoless double beta decay peak
signal will be observable for a half-life of 4 x 10?6 years at a 30~ confidence level.
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