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Abstract
Metallic magnetic calorimeters (MMCs) are highly sensitive temperature sensors that use the
paramagnetic nature of erbium in a metallic host and superconducting electronics usually
composed of a superconducting niobium coil and a current sensing superconducting quantum
interference device. This article discusses the applicability of MMCs in experimental searches
for rare events in particle physics. A detector module using two MMCs was built to perform low-
temperature measurements of heat and scintillation light generated by particle interaction in a
340 g 40Ca100MoO4 crystal. The energy transfer mechanism, from incident particles to the
components of the heat and light sensors, is described through a thermal model. MMCs, with
gold films collecting athermal phonons, can be used over wide ranges of operating temperature
and crystal volume without a significant change in detector performances. Rare event searches
could thus benefit from MMC-based detectors presenting such flexibility as well as excellent
energy resolution and particle discrimination power.

Keywords: metallic magnetic calorimeter, SQUID, low-temperature detector, scintillating crystal

(Some figures may appear in colour only in the online journal)

1. Introduction

Metallic magnetic calorimeters (MMCs), that operate in the
millikelvin temperature range, are some of the most sensitive
temperature sensors [1]. They are composed of a dilute alloy
of paramagnetic erbium ions in a metallic host such as gold or
silver, and a superconducting niobium pickup coil which is
connected to a current sensing superconducting quantum
interference device (SQUID). A persistent current that is
trapped inside the superconducting coil generates a magnetic
field on the Au:Er or Ag:Er sensor material, resulting in the
magnetization of the paramagnetic ions. When the

temperature of the sensor material rises from Ti to Tf, the
magnetization of the ions changes in a way that increases the
entropy S of the system [2], following the simple law of
thermodynamics, S nC T Tln f imD = ( ) where n is the number
of moles of the paramagnetic ions, and Cm is the molar heat
capacity [3]. This results in a small change in the persistent
current running in the superconducting coil, as explained by
Faraday’s law, which is then read by the SQUID [4].

Among low-temperature sensors, MMCs appear as a
good option for particle physics experiments searching for
rare events as they can provide a wide operating temperature
range, as well as a relatively fast response and a high energy
resolution, with the latter two being important factors in
background rejection. It was shown that MMCs, with gold
films used as phonon collectors, in a detector module with a
200g 40Ca100MoO4 crystal can achieve excellent perfor-
mances in terms of energy resolution and particle dis-
crimination, with only a weak temperature dependence over
the 10–40mK range [5]. In this article, we describe the
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detector response principle via a thermal model and present
recent measurements from a 340g 40Ca100MoO4 crystal, that
is about 1.7 times heavier, in order to demonstrate that MMC-
based crystal detectors can still achieve excellent perfor-
mances using a crystal with a quite larger volume.

2. Energy resolution of MMC sensors in the few-MeV
energy range

Attached to an absorber material with high stopping power,
MMCs can work as a high-precision energy sensor for par-
ticle physics applications [6, 7]. As they operate at low
temperatures, both the phonon and electron components of
the heat capacity (C ATphonon

3= and C Telectron g= , where A
and γ are coefficients derived from the Debye model and the
Fermi electron gas model, respectively, and T is the temper-
ature) of sensor and absorber materials drop significantly [8].
Thus, the absorption of a particle with a small energy leads to
a large change in the temperature of the system, following the
simple relation of T E CD = , where E is the energy input
and C is the heat capacity [6]. Therefore, the size of the
thermal signals increases at low temperatures while the size of
the non-thermal noises, such as the magnetic noise in the
SQUID loop or the electronic noise, are temperature inde-
pendent. This results in enhanced signal-to-noise ratio, which
then results in a very high energy resolution. Figure 1,
extracted from [9], shows an energy spectrum obtained at
90mK with a 241Am source, a thin gold foil absorber, and an
MMC sensor optimized for α-spectroscopy. The α-peak at
5.486MeV was fitted with a Gaussian, with standard
deviation σ, convoluted with an exponential distribution. The
resolution at 5.486MeV expressed as the full width
at half maximum (FWHM) of the peak was found to be
FWHM=2 2 ln 2s = 0.86±0.05keV.

While MMCs can provide more impressive energy
resolution values at very low energies, the goal of the mea-
surement presented in figure 1 is to show their energy reso-
lution capabilities in the energy range of a few MeVs, which
can be of interest in certain rare event searches.

MMCs are very well suited for rare event search
experiments using scintillating crystals. Not only does their
high energy resolution reduce the region of interest and hence
minimize the background, but their fast response time makes
them sensitive to the time-dependent athermal phonon
population, enabling pulse shape discrimination (PSD)
between α and b g events. This provides a good method to
reject background events.

One application of MMC sensors is the search for neu-
trinoless double beta decay (0nbb) at low temperatures
[10–12]. The advanced molybdenum-based rare-process
experiment (AMoRE) is a search for 0nbb of 100Mo using
MMCs [11, 13, 14]. With the high resolution and strong PSD
separation power provided by MMC sensors, AMoRE aims
for a ‘zero-background’ measurement of 0nbb , which means
that the expected count of background events in the region of
interest is less than one during the experiment.

One other application is dark matter detection at low
temperatures, as MMCs’ low-noise sensing ability enables a
very low energy threshold [15]. Weakly interactive massive
particles, some of the strongest dark matter candidates, could
be measured by combining the excellent energy resolution
and low energy threshold achievable by the MMCs with a
good understanding of the backgrounds.

3. MMC-based detector module

In this article, we discuss the applicability of MMCs for rare-
event search experiments in particle physics. We built a
detector module consisting of two MMCs and one enriched
40Ca100MoO4 crystal, similar to the modules used in the
AMoRE experiment. We cooled the system down to 20 mK
and performed the measurement of heat and light signals.
Particle discrimination techniques were presented in [5] using
a 40Ca100MoO4 scintillating crystal with a mass of about
200g. We applied the same techniques to a quite larger,
340g 40Ca100MoO4 crystal (about 1.7 times heavier) which
was grown with a longer annealing time for an improved
transparency and thus a higher light output, via an improved
oxygen deficiency, and for an enhanced crystallinity which
might affect the athermal phonon collection. An increased
photon signal size could lead to an improved particle dis-
crimination if all the other conditions were equally set. The
athermal phonon population measured by the MMCs through
gold absorbers is the main factor defining the phonon signal
size and rise-time, which implies that detector performances
could be as high as those of the 200g crystal if the athermal
phonon collection efficiency remains high despite the larger
volume of the crystal. It should be noted that most of the
crystals being prepared for the next AMoRE experimental
phase, such as the one used in this work, have a mass larger
than 300g.

We measured the energy spectrum of this 340 g single
40Ca100MoO4 crystal and estimated the PSD power and
energy resolution. The cell-structured detector module
described in the following was designed in such a way that it

Figure 1. 241Am α-peak measurement using an MMC sensor. This
measurement showed that an excellent energy resolution is
achievable: FWHM = 0.86±0.05keV at 5.486MeV. Reproduced
with permission from [9].
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can directly be installed in a future AMoRE run. Data were
taken for about one day and a half.

3.1. Detector module

The 340g 40Ca100MoO4 scintillating crystal works as both
the source of 0nbb of 100Mo and particle absorber. A square
copper holder was designed, as shown in figure 2, to place the
sample in a dilution refrigerator. The holder is made of highly
conductive NOSV copper to thermally connect the crystal to
the cold plate of the cryostat, and works as a heat bath for the
crystal and the MMCs as well. To measure the scintillation
light emitted by the crystal after the absorption of a particle, a
photon detector was installed on top of the copper holder. The
photon detector consists of a 2 inch germanium wafer to
absorb the scintillation photons, three small gold film absor-
bers placed on the wafer and an MMC to read out the phonon
thermalization inside the wafer that is induced by the scin-
tillation light. The MMC is connected to the gold absorbers
via annealed gold wires. Highly reflective film (Vikuiti) sur-
rounds the other directions of the crystal to enhance the light
collection efficiency. At the bottom of the holder is a phonon
detector composed of a wide gold film absorber placed on the
bottom side of the crystal and another MMC sensor (con-
nected to the gold absorber via gold wires). More details on
the MMC sensors are given below. The phonon generated by
the incident particle is thermalized either in the gold absorber
or in the crystal itself [16]. This appears as the temperature
change in the MMC sensor. More details on this heat-light
simultaneous measurement technique can be found in [17].
The light measurement can be used to further separate the α

and b g events, as the amount of scintillation photons is
different for each type of particles [15, 17–19].

To cool the crystal down to 20mK, we used a dilution
refrigerator installed at the Korea Research Institute of Stan-
dards and Science (KRISS).

3.2. MMCs

We used patchable-type MMC sensor devices that we fabri-
cated at KRISS [20]. Meander-type Nb coils were fabricated
on Si chips (3.8mm×3.8 mm) and 1000 ppm Au:Er sensor
material resides above the pattern. The choice of a planar
meander-type superconducting coil was made as this design is
easier to handle. Changes in persistent current in the Nb coil
were read by Magnicon C6X114/C6XS116 two-stage
SQUIDs. The input couplings of the MMCs were
5.72 A 0m F and 2.4 A 0m F for the phonon and photon
detectors, respectively, and the feedback sensitivities were
44 A 0m F for both sensors. Here, the coupling values are
presented in the unit of A 0m F , where 0F is the magnetic flux
quantum. This is the natural unit as the SQUID sensor
operates based on quantization of magnetic flux.

In both the heat and light detectors, MMCs are thermally
coupled to gold absorbers [14, 21]. These absorbers were
evaporated directly onto the crystal (phonon detector) and the
germanium wafer (photon detector) for an efficient collection
of the athermal phonons from the crystal and the wafer, and
also to maximize the heat flow towards the absorbers. 25 μm
annealed gold wires were bonded between absorbers and
MMCs for optimal thermal coupling. Figure 3 shows the
MMC part of the phonon detector setup, with two Au:Er pads,
a SQUID sensor, and a gold film absorber. The MMC part of
the photon detector setup is basically identical, except that it
has three smaller gold film absorbers on the germanium
wafer. Figure 4 presents a schematic diagram of the MMC
measurement circuit with a meander-shaped pickup coil.

MMCs are firmly attached to the copper holders with GE
low-temperature varnish, which is an adhesive with a good
resistance to thermal cycling. The thermal energy in the
absorber flows into the Au:Er sensor pad. The super-
conducting Nb coil is connected to the SQUID’s input coil via
25 μm thick aluminum wires. As aluminum is super-
conducting at the MMCs’ operating temperatures, the signal
can be read by the SQUID of the measurement circuit formed

Figure 2. Detector module. The detector setup is composed of three main parts: a photon detector, a scintillating crystal and a phonon
detector.
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in a superconducting flux transformer, as described in
figure 4. The Johnson noise generated by the resistive alu-
minum wires disappears. The unwanted heat flow between the
SQUID and MMC is significantly reduced at the operating
temperatures that are well below the transition temperature of
aluminum.

Once read by the MMC, the heat flows out from the
sensor material to the thermally connected copper holder
which works as a heat bath. The size of the thermal link from
the sensor material to the heat bath is a critical factor that
affects both the size and decay time of the signal. For
instance, increasing the thermal conductance between those
two elements would lead to a smaller signal with a faster

decay. Details on the heat flow in the detector system are
given below. In this work, we used an annealed gold wire
with a 25μm diameter and a residual-resistivity ratio (RRR)
of 36 as the heat sink. In the case of the smaller, 200g crystal
[5], the heat sink was composed of two amorphous gold
wires, each with a RRR of 27. The smaller RRR value in this
work thus results in a lower thermal conductance between the
MMC and the heat bath, which would produce signals with a
slower decay.

4. Thermal model

The heat flow in the detector system read by the MMC sensor
can be established as a thermal model [21, 22], illustrated in
figure 5. The model for the phonon detector includes three
main subthermal components: the 40Ca100MoO4 crystal, the
gold film absorber evaporated onto the surface of the crystal,
and the MMC. For the photon detector, the 2 inch germanium
wafer that serves as an absorber for the scintillation photons is
considered as a subthermal component. The 40Ca100MoO4

crystal and the germanium wafer are dielectric. Only phonons
of the crystal lattices contribute to their thermal systems at the
measurement temperatures (Cc and Cw for the specific heat of
the crystal and the wafer, respectively).

When a particle is absorbed in a dielectric target material,
series of interactions of the incident particle and secondary
electrons in the dielectric absorber result in generating high
energy phonons of frequency close to the corresponding Debye
frequency. These initial phonons are immediately down-con-
verted to lower energy phonons that do not follow the thermal
phonon distribution at the system’s temperature. A significant
part of the athermal phonons can hit the boundary of the gold
phonon collector and can transmit into the film while ballisti-
cally traveling inside the crystal. The transmitted phonons then
have a high probability of losing their energy to conduction
electrons (Cg) in the gold increasing its electronic temperature.
The rest of the athermal phonons inside the crystal are further
down-converted to even lower energy phonons which even-
tually follow the thermal phonon distribution of the system.
Because of the geometry of the setup, there can be finite
amounts of heat flow directly from the crystal to the copper
holder that serves as the heat bath (Gcb). To minimize this
unwanted energy loss, conical-shaped parts made of peek
material support the crystal. The germanium wafer is held by
small teflon pieces. These minimize the thermal contact
between the crystal/wafer and the copper heat bath.

After the initial thermalization process, the heat flow
mechanism yields thermal conductances among three sub-
thermal components. The heat flow between the crystal lattice
and gold film follows the phonon transport in the boundary
understood by the acoustic mismatch model (Kapitza phonon
transmission constant, GK) and the energy transport via
electron–phonon interactions (electron–phonon conductance,
Gep) in the gold film [16]. The thermal conductance between
the gold film and the MMC is the electronic thermal diffusion
in the annealed gold wires (Ggm) that can be explained by the
Wiedemann–Frantz law [23].

Figure 3. MMC part of the phonon detector setup. One of the two
Au:Er pads is bonded to the gold absorber (bottom) with annealed
gold wires to read the temperature. The other pad is thermally
attached to the copper holder, which works as a heat bath.
Aluminum wires connect the MMC’s meander coil to the SQUID’s
input coil. The MMC part of the photon detector setup is identical,
except that it uses three smaller gold absorber films instead of one
large absorber.

Figure 4. Schematic diagram of the MMC measurement circuit with
a meander-shaped pickup coil. The temperature rise in the sensor
material decreases the magnetization of the paramagnetic ions,
resulting in current changes in the superconducting coils.
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The absorption of the scintillation photons by the ger-
manium wafer stimulates the production of high energy
phonons in the wafer, which undergo the similar down-con-
version process as in the crystal. The athermal and thermal
phonons are absorbed by the gold film absorber evaporated
onto the wafer, and then the energy flows to the MMC
through the annealed gold wires.

The temperature of the MMC is determined by its heat
capacity (Cm). At millikelvin temperatures, the dominant
contribution to the heat capacity comes from the nuclear spin
system of the erbium ions. The temperature changes in the
Au:Er pads are read by the superconducting meander-shaped
coils and then by the SQUID. The heat then flows out slowly
through the weak thermal contact (Gmb) from the MMC to the
copper holder which serves as a heat bath. As Gmb reflects
how fast the heat flows out from the sensor, it is directly
correlated to the decay constant of the signal.

5. Measurements

To verify the suitability of MMC sensors for rare event
searches in particle physics, we analyzed α- and b g-induced
signals measured with both the phonon and photon detectors
at 20mK. As MMC sensors present a good linearity, the
height of the detected pulse can effectively represent the
energy of the incident particle. Shapes of the induced pulses
depend on the type of incident particles that are absorbed in
the crystal.

Figure 6 shows a comparison of phonon pulse shapes
between α-induced and b g-induced signals. The phonon
signals generated by α particles are faster to rise and to decay
than b g-induced signals. This is a phenomenon not clearly
understood. It is thought to be related to scintillation process
because the phenomenon has been reported in scintillation
crystals such as ZnMoO4, ZnSe, and CaMoO4 [24–26]. On

Figure 5. Thermal models for the heat detector and the light detector. The incident energy is transferred in the directions of the arrows.
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the other hand, incident particles of the same type with dif-
ferent kinetic energies generate similarly shaped pulses with
different heights. Thus, PSD is a good technique to dis-
criminate particles. In this work, we used the rise-time of the
pulses as the PSD parameter. In addition, the difference in
scintillation light outputs for α and b g particles can be used
to discriminate the events by examining the ratio of the
photon and phonon pulse heights, referred in the following as
the light/heat ratio. This is a rejection technique that is
available thanks to the heat-light simultaneous measurement.
Using two separate methods obviously offers an even
more efficient background rejection. Moreover, PSD offers
the advantage of not depending on either the performances of
the photon detector or light transmittance properties of the
crystal.

5.1. Comparison of phonon pulse shape

The phonon pulse shapes of the 2615keV γ-induced signals
from the 200 and 340g crystals were compared, as shown in
figure 7. While the average rise-time of those signals for the
200g crystal was found to be 1.71ms at 20mK [5], it is
1.27ms for the 340g crystal at the same temperature.

The shorter rise-time could be related to an improved
crystallinity from the slightly-tuned crystal growing process,
which might induce an increase in athermal phonons. With
those composing most of the rise part of the phonon signal, a
similar rise-time is expected when using larger crystals as
long as the athermal phonon collection efficiency remains
high despite the larger volume of the crystal. On the other
hand, the decay of those signals appears slower in the heavier
crystal, from a decreased value of Gmb, as defined in figure 5.

5.2. Energy calibration

The voltage output of the MMC signals can be converted to
an energy value using suitable calibration with known decay
peaks. For this experiment, we made use of several known
peaks: 583.2, 860.5, 911.2 and 2614.5keV from the decay
chain of 232Th, 1460.8keV from the electron capture of 40K,
2103.5keV which is the single escape peak of 208Tl, and
511.0keV, the electron-positron annihilation peak [27–29].
The annihilation peak overlaps with the 510.77 keV γ-peak
from the 232Th decay chain, but it does not affect the cali-
bration as the difference between the two energies is negli-
gible. The ratio of the annihilation and the γ contribution is
approximately 3:1 [29].

Figure 8 shows the phonon signal pulse size as a function
of energy. The energy calibration of the data was performed
using a second-order polynomial fit which describes the data
very well, as shown by the residues which are less than
1keV. As b g-induced events lose more energy in the form
of scintillation than α events do, they produce smaller phonon

Figure 6. Phonon pulse shapes of α and γ events observed at 20mK. (a) Rise part of the signal. (b) Decay part of the signal. The sets of
vertical lines around 0ms and 1ms correspond to 10% and 90% of the rise-times, respectively. The α signal rises and decays faster than the
γ signal.

Figure 7. Comparison of normalized phonon signals from 2615 keV
γ events between the two crystals (200 and 340 g) at 20mK. The
signals from the heavier crystal present a faster rise and a slower
decay.
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signals than the α-induced events at equivalent energy. Thus,
the α fit presents a higher slope.

5.3. Background rejection

Figure 9 shows the phonon signal rise-time as a function of
phonon electron-equivalent energy. Here, the rise-time of the
phonon pulses works as an effective parameter to represent
the pulse shape. Exploiting the MMC’s fast response time, α-
induced and b g-induced signals can be distinguished by

analyzing the rise-time. In this figure, it is noticeable that
there are groups of events that have comparably shorter rise-
times from 4 to 6MeV in electron-equivalent energy. These
correspond to the α-induced events corresponding to
4270keV, 4858keV and 5407keV from 238U, 234U and
210Po, respectively.

To estimate the level of separation between α and b g
events, we used the discrimination power, DP, defined as

x x
DP , 1

2 2s s
=

-

+

a b g

a b g

∣ ∣
( )

where xa and xb g are the mean values (from Gaussian fits) of
either rise-time or light/heat ratio of α- and b g-originated
signals, respectively, and sa and sb g are their standard
deviations. The discrimination power of the rise-time was
found to be DP 14.1RT = (see figure 9). This result is quite
similar to the DPRT value of 16.0 measured with the smaller
crystal at the same temperature [5], despite the factor 1.7
between the mass of the two crystals, the different exper-
imental conditions (e.g. noise level), and analyses, and
represents an excellent result for background rejection in rare
events search experiments, such as AMoRE.

To achieve a higher background rejection efficiency, we
observed the ratio of photon and phonon pulse heights as a
function of phonon electron-equivalent energy, as shown in
figure 10. The use of this pulse-height ratio is justified as α-
induced events produce only about 20% of scintillation light
compared to that of b g-induced events. In contrast, as less
energy is transmitted in the form of scintillation, the phonon
pulse height is larger for the α signals. The ratio of pulse
heights can benefit from both effects. The α and b g events
can be separated using the light/heat ratio with the precision
of DP 7.4LH = , which is slightly lower than the DP 9.6LH =
found for the 200g crystal [5]. As many factors, including
experimental conditions (such as the noise level), can affect

Figure 8. Energy calibration from signal pulse size. Top: second-
order polynomial fits, used for the energy calibration of the data,
with E EPS 9.71 10 0.000 24010 2= - ´ +- for b g events and

E EPS 1.20 10 0.000 2589 2= - ´ +- for α events. Bottom: resi-
dues of the b g fit. The α events show a higher slope, indicating that
b g events present smaller phonon signals than the α events at
equivalent energy.

Figure 9. DP of rise-time as PSD parameter. Top: rise-time as a
function of electron-equivalent energy. The three clusters with the
rise-time value below 1.14ms correspond to three α peaks. Bottom:
rise-time histogram of the 2.615MeV γ events and the α events,
selected using 3σ cuts around each peak (cuts in rise-time and in
energy). There is a clear separation between the α events (black) and
the γ events (red). The discrimination power is 14.1.

Figure 10. DP of light/heat ratio. Top: light/heat ratio as a function
of electron-equivalent energy. Three α-peaks appear below the ratio
value of 0.01. Bottom: light/heat ratio histogram of the 2.615MeV
γ events and the α events, selected using 3σ cuts around each peak
(cuts in light/heat ratio and in energy). The α events (black) can be
easily separated from the γ events (red). The discrimination power
is 7.4.
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the light/heat discrimination power, it is difficult to draw a
conclusion from this comparison but a DPLH value of 7.4 still
reflects a very effective particle discrimination method for a
rare event search experiment. It is also possible that the
separation power increases dramatically if the size of the
photon signal increases. As the signal size depends on both
the inductance of the coils and the heat capacity of the sensor
material, the optimization of the MMC inductance can yield
this increase in signal size. In the fabrication lab of KRISS,
there is an ongoing work for optimal inductance matching.
Other experiments attempted to use a silicon-on-sapphire
wafer which has a significantly lower heat capacity than one
made of germanium [30]. Reduced heat capacity would
directly boost the temperature rise.

5.4. Energy resolution

From studying the 2.615MeV γ-peak from 208Tl, we can
estimate the energy resolution in our region of interest which
is around 3MeV. As shown in figure 11, the FWHM of the
peak was found to be 8.9±0.6keV. This result is very close
to the highest energy resolution measured with the 200g
crystal, that was 8.7keV [5].

Although the energy resolution of 8.9keV is a very good
result for a crystal-based measurement, it is far from the best
performance of the MMC sensors. One of the main limita-
tions is the position dependence of the events inside the
crystal. To approach the maximum MMC performance, we
plan to perform further studies on the position dependence via
simulations, as well as measurements using a second phonon
detector at the opposite end of the crystal.

6. Conclusions

We performed an α measurement demonstrating the high-
precision capability of MMC sensors in the few-MeV energy
range. A detailed description of the energy/heat transfer
mechanism is given, from incident particles to the various
components of the phonon and photon sensors. We built a

detector module with two MMC sensors and performed the
measurement of heat and scintillation light from a 340 g
single 40Ca100MoO4 crystal, which is about 1.7 times heavier
than the one used in [5]. The results obtained with this rather
larger crystal present excellent particle discrimination cap-
ability and energy resolution that are similar to the perfor-
mances shown by the smaller crystal. Further investigation is
needed on the athermal phonon attenuation length, and its
correlation with crystallinity, for crystal volume optimization.

MMCs are promising sensors for rare event searches with
large crystals as they provide excellent detector performances,
over wide ranges of operating temperature and crystal
volume. Rare event searches could benefit from these
advantages as they are mostly large-scale experiments that
require flexibility in terms of design and operating conditions.
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