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a b s t r a c t
The search for neutrinoless double beta decay (0mbb) is a key experiment for evaluating the mass of the
neutrino and for determining the Majorana/Dirac nature of neutrinos. A scintillating CaMoO4 crystal is a
good material for use in investigating 0mbb with cryogenic detectors. The high transition energy
(Q = 3034 keV) and nearly 10% natural abundance of 100Mo, together with the scintillating property of
the crystal, provide favorable conditions to search for 0mbb of 100Mo. We report a prototype experiment
operating at low temperatures using a CaMoO4 crystal as a particle absorber. Prior to testing of isotopically-enriched 40Ca100MoO4 crystals, a CaMoO4 crystal with Mo of natural isotopic composition was
tested. Using a metallic magnetic calorimeter as a temperature sensor, we achieved high energy resolutions for alpha particles and low-energy gamma rays. This experiment shows the feasibility of scaling up
the crystal size to perform a high sensitivity search for 0mbb decay of 100Mo.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Neutrinoless double beta decay (0mbb) [1] is a special case of
double beta decay that occurs without the emission of two neutrinos. 0mbb remains hypothetical, while two neutrino double beta
decay (2mbb) is observed for 10 nuclides to date [2]. The search
for 0mbb has been boosted by the discovery of neutrino oscillation
[3], which revealed that neutrinos are massive particles. While
neutrino oscillation experiments cannot determine the individual
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masses of neutrinos, a measurement of the half-life of 0mbb will
yield the effective mass of the neutrino. Moreover, detection of
0mbb will conﬁrm that the neutrino is a Majorana particle [4]; that
is, that the neutrino is identical to its anti-particle counterpart, the
anti-neutrino.
Several experimental groups have pursued 0mbb research. A part
of Heidelberg–Moscow group claimed to observe 0mbb in 76Ge [5].
The NEMO 3 experiment has been used tracking detectors to investigate several different candidate materials including 100Mo [6].
The GERDA experiment on 76Ge [7] is under development to conﬁrm or discard the result claimed by the Heidelberg–Moscow
group. CUORICINO has measured the lower limit of half-life of
0mbb in 130Te using cryogenic detectors [8].
CaMoO4 crystal was proposed as a good candidate material for
0mbb search [9]. Subsequent research established the technique for
growing large crystals with high light-yield suited for 0mbb search
experiment [10,11]. 100Mo has one of the highest transition energy
(3034 keV) [12], and the level of gamma ray background radiation
from the surrounding materials is expected to be low in this energy
region. The fractional mass of the molybdenum element in the
crystal is relatively high (about 50%). The natural abundance of
100
Mo is 9.82(5)% [13], and the enrichment of 100Mo at the level
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higher than 90% can be done relatively easily by the gaseous centrifuge technique.
Because CaMoO4 is a scintillating crystal, two detection channels can be used for the active rejection of an alpha background,
phonon and light channels. Alpha events occuring on the crystal
surface from possible radioactive contamination are one of the
main sources of background that can be misinterpreted as 0mbb
events [14]. Due to the different conversion ratios of incident energy into heat or scintillation between alpha and gamma/beta
events; that is, different quenching factors, surface alpha events
can be signiﬁcantly suppressed by the additional light detection.
This type of simultaneous measurement of light and phonon signals has also been reported to improve the energy resolution [15].
Moreover, CaMoO4 is a highly efﬁcient scintillator at room temperature in contrast to other molybdates, such as PbMoO4 [14],
Li2MoO4 [16], and ZnMoO4 [17,18]. Therefore, one can easily test
the scintillation properties of CaMoO4 and measure its radiopurity
at room temperature. It will simplify the detector material development process for 0mbb search experiments.
Meanwhile, double beta decaying isotope 48Ca can be an important internal background source in CaMoO4 due to its high transition energy of 4274 keV [11,19]. However, this background source
can be eliminated by using calcium isotopically-depleted in 48Ca.
Thermal detectors operating at low temperatures have shown
extremely high energy resolution and a low energy threshold,
and can play an important role in achieving better sensitivity in
rare event experiments. A high energy resolution of the detector
is critical to overcome an unavoidable background caused by the
two-neutrino mode of double beta decay [20]. A metallic magnetic
calorimeter (MMC) is a promising low temperature detector for a
large-scale experiment [21]. MMCs use a paramagnetic material
with well-understood properties as a temperature sensor under a
magnetic ﬁeld. The MMCs have shown state-of-the-art performance in X-ray, alpha, beta, and gamma spectroscopy [21–23].
Moreover, MMCs help to investigate the thermal properties of
crystal absorbers and the detector’s response to a wide range of energy inputs because of their high energy resolution, fast response
time, and ﬂexibility in the operating temperatures and magnetic
ﬁelds during an experiment. By choosing the dimension of the
temperature sensor and the concentration of the magnetic material
in it, the detector can be scaled up to a large mass because an optimal detector minimizing the degradation of the energy sensitivity
by a large heat capacity can be easily designed [21].
This study reports a detailed cryogenic particle detection measurement scheme with a CaMoO4 crystal as an absorber. A small
MMC was used to study the detector performances for both
5.5 MeV alpha and 60 keV gamma absorption. High energy resolutions were achieved for both types of radiation over a wide range of
input energies. The thermal properties of CaMoO4 were also investigated at various temperatures to study the feasibility of a 0mbb
search with a large crystal.

2. Experimental details
A schematic diagram of the experimental setup is shown in
Fig. 1. CaMoO4 was wire-cut into a 1 cm  1 cm  0.6 cm cuboid
from a larger single crystal that had been grown by the Czochralski
method with reduced radioactive impurities [11]. The crystal was
irradiated with radiation from a thin-layer 241Am source. The major alpha lines of 241Am are 5485.6, 5442.9, and 5388.3 keV with
84.5%, 13.2%, and 1.7% intensity, respectively [24]. A collimator
made of a 0.5-mm-thick brass plate was placed between the source
and the crystal. In the middle of the plate, a 1-mm diameter hole
was made to set the alpha rate to 1 count per second (cps). However, a signiﬁcant amount of 59.54 keV gammas penetrated

alphas and gammas
Collimator
Copper chips

Au:Er

CaMoO4

SQUID loop

SQUID chip
Sample holder
Superconducting
magnet

Fig. 1. A schematic diagram of the detector setup (not to scale). Alphas and gammas
from an 241Am source are absorbed in a CaMoO4 crystal. The resulting increase in
temperature is measured by an MMC with a Au:Er sensor positioned in the pick-up
loop of a dc-SQUID. A superconducting magnet is used to magnetize the Au:Er
sensor.

through the metal plate and were absorbed by the CaMoO4 crystal.
The resulting gamma event rate was about 20 cps.
The absorption of alphas and gammas in the CaMoO4 leads to
the emission of scintillation light and changes the temperature of
the crystal. In the present experiment, only the temperature response was measured with an MMC. A paramagnetic gold alloy
doped with 800 ppm erbium, Au:Er, was used as the MMC sensor
material. The increase in temperature induced in the crystal by
the absorption of energy was transferred to the attached Au:Er sensor, decreasing its magnetization. The change in magnetization
caused a change in the magnetic ﬂux inside the pick-up loop of a
dc-SQUID (Superconducting QUantum Interference Device), which
converted the ﬂux change to a voltage signal. In this way, the temperature change was accurately measured with a 12-bit digitizer.
A cylindrical Au:Er sensor, laser-machined to have a 40-lm
diameter and a 30-lm height, was attached to a thin gold ﬁlm
evaporated on one surface of the crystal. The gold ﬁlm was 200nm thick and patterned in a washer shape with a 1-mm outer
diameter and a 20-lm inner diameter. The center hole indicated
the location of the Au:Er sensor. This gold ﬁlm was needed to
ensure a good thermal and mechanical connection between the
CaMoO4 absorber and the Au:Er temperature sensor [25].
The absorber-sensor assembly was then placed over the dcSQUID in such a way that the Au:Er sensor was aligned with the
SQUID pick-up loop. The crystal was supported on each side by
four copper chips whose height was meant to minimize the distance between the Au:Er sensor and the SQUID chip without allowing them to touch each other. A small superconducting magnet
that can be operated with a persistent current was placed underneath the sample holder to magnetize the paramagnetic Au:Er sensor. Under the experimental conditions used here, the signal size
was proportional to the strength of the applied magnetic ﬁeld.
The whole setup containing the absorber-sensor assembly, the
SQUID, the magnet, and the 241Am source was enclosed by a 5mm-thick niobium box and attached to the mixing chamber of a
dilution refrigerator.
The signals in this cryogenic particle detector originate from
temperature increase due to energy deposit from alphas, gammas,
or double beta decay events (i.e. two electrons in this case).
Although initial energy loss mechanisms may result in different
light yields for different particles in ionizing absorption processes,
most of their energy is eventually transferred into the phonon system of the crystal lattice of the detector.
Several heat ﬂow mechanisms are involved in measuring the
crystal temperature with the Au:Er sensor. The major portion of
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the energy transferred from each particle’s absorption spreads out,
creating high-energy non-thermal phonons in the CaMoO4 lattice
beside the scintillating lights. After successive down-conversion
processes, the phonons are thermally distributed in the crystal.
For the crystal temperature to be measured with the attached
Au:Er sensor, the energy of the phonons should be transmitted to
the electrons in the gold ﬁlm via electron–phonon interactions
[25], which cause the major thermal impedance of the heat ﬂow
in the experimental conditions. Once the electrons are heated,
the heat diffuses relatively quickly in the ﬁlm and the Au:Er sensor.
In turn, the magnetization of the Au:Er sensor changes efﬁciently
along with the temperature change of the electrons due to strong
interactions between the spins of erbium ions and the conduction
electrons in the Au:Er sensor. The heat gradually ﬂows to a heat
bath, the four metal chips through the glue material between the
crystal and the metal chips, and thus the temperature of the absorber returns to the initial temperature.
3. The energy spectrum
The temperature pulses measured with the detector setup are
clearly divided into two groups with a large difference in energy,
as shown in Fig. 2. No signiﬁcant numbers of events were found between the two groups. The alpha particles absorbed in the crystal
through the collimator hole result in large pulses and appear
around the relative pulse size of unity. The majority of the heat signals appearing in the low energy region are due to the absorption
of 59.54 keV gammas. The gamma signals were largely present
along with the alpha signals because the detector has a relatively
long thermal relaxation time, particularly at low temperatures.
The inset of Fig. 2 shows a typical alpha signal together with the
gamma pile-ups.
The alpha and gamma spectra were taken individually using different dynamic ranges of the 12-bit digitizer. Fig. 3 shows a ten-hour
alpha spectrum that was obtained after applying the cut criteria for
pile-up reduction. An optimal ﬁltering method was used to determine the signal size relative to the most frequent alpha pulses
[26]. The energy calibration was carried out with the three distinct
peaks. The full width at half maximum value (FWHM) of the tallest
peak is 11.2 keV. On the right hand side, the tallest peak has a smaller
but broader peak at around 60 keV higher energy. This peak is created by the gamma pile-ups with the alpha signals and the alphagamma coincidences.
The detector’s performance, in particular the measured energy
resolution, was degraded by the pile-ups and coincidences with
the low-energy gammas, as shown by comparing the energy resolution of the alpha spectrum with that of the baselines. The resolution of the baselines in the absence of any noticeable pulse was
measured as 4.1 keV by the optimal ﬁltering method. The differ-
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Fig. 3. The 241Am alpha spectrum. The three thick gray lines correspond to three
major alpha lines and have appropriate relative intensities. The dashed curve is a
Gaussian ﬁt with an 11.2 keV FWHM. The long vertical line indicates the energy
60 keV higher than the most probable alpha line.

ence indicates that the measured resolution of the alpha spectrum
was more affected by some features other than the signal-to-noise
ratio. The frequent low energy pulses should be one of the main
suspects of broadening the spectrum. The statistical ﬂuctuations
of lattice damage in the absorber created by the incident alpha particles may have contributed small portion to the difference between the measured and expected resolutions [27]. Moreover,
although a thin layer of 241Am was used, the straggling effect from
the source may have broadened the energy of the alpha particles.
The spectrum provided by the manufacturer of the commercial
241
Am source showed 13 keV FWHM with their surface barrier
detector, which is worse than the result of the current measurement. An energy resolution close to the one expected from the
baseline analysis could have been achieved with a mono-energetic
electron source.
The spectrum in Fig. 3 was measured with an applied magnetic
ﬁeld of 1.2 mT. When the magnetic ﬁeld was increased, the signal
size increased in proportion to the strength of the ﬁeld while the
noise level of the SQUID remaining almost the same up to magnetic
ﬁeld of 5 mT. As a result, higher signal-to-noise ratios were obtained by increasing the strength of the ﬁeld. However, the large
signal sizes of typical alpha particles, which are already close to
the maximum signal size that the SQUID electronics can generate
in a low-noise measurement setup, prevented us from increasing
the strength of the magnetic ﬁeld further to achieve a better signal-to-noise ratio; that is, a better temperature sensitivity. Therefore, using a larger crystal would have allowed for a better
performance by increasing the strength of the magnetic ﬁeld.
Fig. 4 presents a low-energy spectrum obtained with a low trigger level. While the low-energy spectrum taken with the same
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4. Heat capacity analysis
The fact that the MMC can operate at various temperatures and
magnetic ﬁelds was used to measure the increase in temperature
from the absorption of an alpha particle between 33 mK and
80 mK. The MMC temperatures were calibrated by comparing the
DC baseline of the MMC signal with a calibrated RuO2 thermometer over a wide temperature range. The temperature changes plotted in Fig. 5(a) were converted from the instantaneous heights of
each alpha pulse at the onset of the pulse. As shown in the inset
of the ﬁgure, the pulse heights at their onsets were obtained by
the extrapolation of two decay parts of three exponential functions, the best ﬁt to the pulses. The increase in temperature is
not small compared to the base temperature. The data points scatter in a vertical distribution because the values for all triggered signals are shown, and the largest bandwidth of the SQUID electronics
was used during this measurement for better stability rather than
high resolution.
The expected values for instantaneous temperature increase are
also shown in Fig. 5(a) for comparison to the measured values. Given an energy input E, the temperate increase DT can be found by
solving
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conditions as the alpha spectrum except for the trigger level
showed an energy resolution comparable to that of the baseline,
the applied magnetic ﬁeld was increased to 2.4 mT for high-resolution gamma spectroscopy. In this condition, all of the alpha signals
reset the SQUID electronics and were not recorded. The dominant
peak in the ﬁgure originated from the full absorption of the
59.54 keV gamma rays because the attenuation length of the gamma ray in the CaMoO4 crystal was about 1 mm. The energy scale
was linearly calibrated to set the peak location at the gamma line.
The signal size was assumed to be proportional to the absorbed energy in this range because the total heat capacity variation from a
60 keV input at a base temperature of 30 mK is negligible. The
FWHM of the dominant peak was 1.7 keV. Another subtle peak
was observed to the left of the dominant peak at around 42 keV
along the dashed line in Fig. 4. This peak is due to X-ray escape
from the crystal caused by molybdenum ﬂuorescence by
59.54 keV in CaMoO4. The Ka emission lines of molybdenum are
17.37 and 17.48 keV [28]. Other peaks from the low-energy radiation of 241Am, such as electrons or low-energy x-rays and gamma
rays, do not appear in the spectrum because they are not likely
to penetrate the collimator body, and the expected count rates of
the radiation through the collimation hole are too low to be
distinct.

40

32

241

Fig. 4. The low energy spectrum of
Am. The FWHM of the 59.54 keV peak is
1.7 keV. The red curve is a Gaussian ﬁt to the peak. Another peak around the dashed
line originates from the loss of Ka X-ray emissions of molybdenum after the
photoelectric absorption of the gamma rays. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5. (a) The temperature changes measured from the absorption of an alpha
particle with varying temperatures. The red and blue curves present the temperature changes calculated assuming Debye temperatures of CaMoO4 of 395 K and
438 K, respectively, and the sky-blue curve presents a cubic polynomial function
ﬁtted to the measured data. Inset: the alpha heat pulse converted to temperature
scale at 33 mK is ﬁt to the sum of the three exponential functions. The temperature
change is determined as an extrapolated height of the pulse at the onset. (b) The
theoretical total heat capacity and those of the following subsystems: the CaMoO4
crystal, the Au:Er sensor, and the gold ﬁlm.

E¼

Z

T 0 þDT

C tot ðTÞdT

ð1Þ

T0

where T0 is the base temperature and Ctot(T) is the sum of the temperature-dependent heat capacities of the constituent subsystems
in the detector, which are the CaMoO4 crystal, the gold ﬁlm, and
the Au:Er sensor. The direct heat ﬂow from non-thermal phonons
to the temperature sensor is not considered in the equation. The Debye temperature of CaMoO4 for the heat capacity of the CaMoO4
crystal was found to be 395 K (thermal) or 438 K (elastic), depending on the measurement methods [29]. The red and blue curves in
the ﬁgure correspond to the calculated temperature increase based
on Debye temperatures of 395 K and 438 K, respectively. The measured data agree better with the calculation using the elastic Debye
temperature than the calculation using the thermal one. In both
cases, however, the measured values are larger than the values expected based on the thermal equilibrium model at lower temperatures, even though the initial energy loss to the creation of
scintillation lights is not considered. The direct energy transfer from
the non-thermal phonons to the electrons in the gold ﬁlm may be
responsible for the increased signal size because the non-thermal
phonon process is more efﬁcient at lower temperatures where the
thermal heat ﬂow processes become slow.
The theoretical heat capacities of the subsystems are plotted in
Fig. 5(b). This calculation used an elastic Debye temperature of
438 K and an applied magnetic ﬁeld of 0.9 mT, the same conditions
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as the measurement of the increase in temperature. The major contribution of Ctot is from the absorber crystal in the temperature
range considered in the experiment.

ISTC 3893 and grant of the Federal Science and innovations Agency
of Russian Federation (Federal Aiming Program project 2008-031.3-25-09-015).

5. Discussion
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expected to be better than the measured one, and to be better still
if several times larger crystals were used with the current Au:Er
sensor because there is room to increase the detector’s sensitivity.
A similar argument can be made for the size of the Au:Er sensor. As
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the phonon signals from alpha and gamma in a few MeV region
as suggested by [30].
CaMoO4 crystals about 250 g of mass with reduced radioactive
impurities have been successfully grown using molybdenum
enriched on 100Mo and calcium depleted on 48Ca [31]. Internal backgrounds of the crystals are under test at the Yangyang Underground
Laboratory. As a ﬁnal goal, we are going to develop a large scale high
sensitivity experiment to search for 0mbb decay of 100Mo by using enriched 100Mo in calcium molybdate crystals as cryogenic scintillating
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