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Abstract In this paper we present the first measurement of
a Gallium Arsenide (GaAs) crystal as a scintillating calorime-
ter with dual heat and light readout within the DAREDEVIL
project. The experimental setup features a 4.3 g GaAs ( GaAs-
1) crystal, operated at approximately 10 mK coupled with
a Neutron Transmutation Doped (NTD) thermal sensor for
phonon detection and an auxiliary calorimeter for the detec-
tion of scintillation light. For the GaAs-1 crystal, a base-
line resolution of 121 ± 2 eV has been achieved. While,
with a 3.5 g GaAs (GaAs-2) crystal an even better base-
line resolution of 44.5 ± 0.8 eV was achieved. Alpha and
X-ray calibration sources were used to study the scintilla-
tion light response to different types of interacting radiation.
The GaAs crystal exhibits a strong particle discrimination
capability based on the emitted scintillation light, featuring a
light yield (LY) of 0.9 ± 0.2 keV/MeV for α induced events
and 0.07 ± 0.01 keV/MeV for β/γ events, both measured at
1 MeV. The unusual luminescence behavior, i.e. more light
being produced under irradiation by α particles warrants fur-
ther investigation, particularly due to its potential to enhance
sensitivity to low-energy nuclear recoils from light dark mat-
ter scattering.

a e-mail: andrea.melchiorre@lngs.infn.it (corresponding author)
b e-mail: dounia.helis@lngs.infn.it (corresponding author)
c e-mail: andrei.puiu@lngs.infn.it (corresponding author)

1 Introduction

The search for Dark Matter (DM), which constitutes approx-
imately 27% of the universe’s energy content, has driven
innovative detection strategies in particle physics. Recently,
one promising experimental approach was introduced for the
direct DM detection through DM-electron scattering mech-
anism, which enables the exploration of sub-GeV DM can-
didates beyond traditional nucleon-based interactions [1,2].
Indeed, current efforts on a direct DM detection are primarily
focused on Weakly Interacting Massive Particles (WIMPs)
in the GeV–TeV range, with multi-ton-scale experiments
such as LZ [3], XENONnT [4], DarkSide [5], and PANDA-
X [6] pushing towards the so-called “neutrino floor” [7].
However, sub-GeV DM has gained increasing attention,
with models such as asymmetric DM [8], freeze-in [9],
and strong dynamics [10] expanding the search window
down to eV-scale DM candidate particles [11]. The inter-
action between DM and electrons is particularly significant
as it allows to access to lower mass DM candidates com-
pared to the coherent nucleus scattering [12]. Recent results
from XENONnT [13,14] have placed stringent constraints
on DM-electron scattering cross-sections, demonstrating the
power of electronic recoil detection in probing new parameter
regions. Other experiments, including LUX [15], PANDA-
X [6], and DarkSide-50 [16], have also shown sensitivity to
sub-GeV DM, while DAMIC-M [17], EDELWEISS [18],
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SENSEI [19], SuperCDMS [20], TESSERACT [21] and
CRESST [22] have extended limits into the MeV/c2 mass
region. In this context, the DAREDEVIL project aims to
develop a low-energy detection threshold, high-resolution
cryogenic detector for future light DM candidates searches.
The approach involves coupling state-of-the-art cryogenic
sensors to materials with small or zero band gaps, such as
semiconductors and Dirac/Weyl crystals [23–25], and operat-
ing them as cryogenic calorimeters [26]. Theoretical models
suggest that low-mass DM may scatter off electrons, produc-
ing detectable electron recoils [12]. Extensive theoretical cal-
culations [2] supports the potential of semiconductor-based
detectors in uncovering interactions involving DM particles
below the MeV/c2 mass scale. A promising detector mate-
rial for DM candidates in this mass region should combine
several crucial properties:

1. use of a polar crystal, that would enhance sensitivity to
dark photon absorption [27].

2. use of a semiconductor material, allowing for controlled
and effective charge collection.

3. use of a scintillating material with an O(eV) band gap
(significantly smaller than NaI (5.86 eV) or CsI (3.5
eV)) [28] that will significantly increase the number of
light photons emitted and improve the particle identifica-
tion capability.

Gallium Arsenide (GaAs) is a particularly promising
detector material due to its unique combination of physical
and electronic properties, especially when used as a calorime-
ter at milliKelvin (mK) temperatures. Its direct band gap
of approximately 1.42 eV [29] at room temperature is cru-
cial for achieving high sensitivity to low-energy excitations,
enabling the detection of sub-MeV DM particles through
electron recoil processes. Moreover, GaAs is predicted to
have a higher DM-electron fiducial cross-section compared
to other low band gap semiconductors and metals [28]. It also
outperforms other detector materials based on insulators for
specific types of DM interactions, such as scattering medi-
ated by dark photons or dark photon absorption [30,31]. As a
polar material, GaAs is predicted to be particularly sensitive
to DM interactions that involve optical phonons, dark photon
mediators, or the Migdal effect [31–33].

The pure (undoped) GaAs crystal exhibits also a decent
scintillating properties, producing 2 photons/keV under X-
ray irradiation at 10 K [25]. Furthermore, recent studies
demonstrate that GaAs scintillation properties could be fur-
ther adjusted and enhanced through proper dopant selec-
tion [25,34]. Thereby, the GaAs material allows the imple-
mentation of a dual readout system, where both scintillation
light and phonon signals are recorded simultaneously.

Indeed, to study the scintillation light one can use a Germa-
nium light detector (Ge-LD), which consists of a thin (about

0.5 mm) high-purity germanium monocrystalline slabs, see
for instance [35,36]. Scintillation photons interact with the
LD and deposit their energy within its thin surface layer.
Absorbed energy is subsequently converted into phonons,
leading to a temperature increase of the system. Moreover,
in order to further increase the sensitivity to the scintilla-
tion light, one can exploit the Neganov–Trofimov-Luke effect
(NTL) on the Ge-LD. The NTL effect consists of the acceler-
ation of primary electrons/holes produced under scintillation
light and their further multiplication under the external bias
(at the range of 50–100 V) that allows to amplify the phonon
signal in Ge-LD without increasing the noise, i.e. improv-
ing the signal-to-noise ratio and lowering the energy thresh-
old. Hence, applying a bias voltage to the Ge-LD enhances
the particle discrimination capability and improves the sen-
sitivity to rare events and weak light signals [37,38]. There-
fore, this dual-readout system, combining phonon detection
in GaAs and scintillation light measurement in can provide
robust event-by-event particle identification, significantly
reducing the misclassification of neutrons and alpha parti-
cles, from the electron/gamma events where the expected
signal lies.

In the following paragraphs, we present the first measure-
ments of the scintillation properties of GaAs at cryogenic
temperature (around 10 mK) under illumination with X-rays
and α particles over a wide energy range, together with its
first demonstration as a dual-readout scintillating calorime-
ter. In addition, we report on the improved performance of
GaAs in the phonon channel, which significantly enhances
the sensitivity to low-mass DM candidates.

2 Experimental setup

Two GaAs single crystal wafers purchased from Sigma [39]
were used as scintillating calorimeters in the present stud-
ies. Both wafers are 2-inch in diameter, but differ slightly in
thickness - 0.5 mm (4.3 g, GaAs-1) and 0.325 mm (3.5 g,
GaAs-2). The wafers were equipped with a 3×0.6×0.4 mm
Ge-NTD [40] sensor using three epoxy glue spots onto the
polished surface of the GaAs crystals. The GaAs wafers were
then mounted with polytetrafluoroethylene (PTFE) clamps
on a copper frame, as shown in Fig. 1.

Additionally, we used a Ge-LD a crystal with a diame-
ter of 2-inch and a thickness of 0.5 mm for a total mass of
5.39g. We equipped the Ge-LD with the same type of Ge-
NTD sensor as the GaAs wafers, attached to the surface of a
Ge crystal in the same manner. The Ge-LD was mounted on a
separate copper frame, fixed on the top of the GaAs detector
frame, with a 10 mm separation between the two wafers. The
Ge-LD electrodes, configured in a dot-circle pattern, for the
NTL effect were bonded with 25 µm gold wires, which were
connected to copper pins as shown in Fig. 2.
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Fig. 1 The GaAs-1 detector mounted with PTFE clamps on the copper
frame. On the right-hand side, the Ge-NTD thermistor is glued and
connected via two 25-µm-thick gold wires to readout the heat signal.
The whole frame was then coupled to the Ge-LD frame and to the 10 mK
stage of the dilution refrigerator

Fig. 2 The Ge light detector (Ge-LD) mounted with PTFE clamps
on the copper frame. The image shows the electrodes for the NTL-
effect, while the Ge-NTD thermistor is mounted on the opposite face
and bonded with 25 µm gold wires, which were connected to copper
pins. The entire frame was then coupled to the GaAs detector frame and
to the 10 mK stage of the dilution refrigerator

Both detectors (GaAs and Ge-LD) were then thermally
linked to the mixing chamber of a pulse-tube assisted dilu-
tion refrigerator (IETI) [41], located underground in Hall C at

the Laboratori Nazionali del Gran Sasso (LNGS, Italy), and
operated at a base temperature of 10 mK. Although the detec-
tor setup was operated underground at LNGS, it is important
to emphasise that no specific selection of low-radioactivity
materials was performed, and no additional shielding was
used.

The electrical connection for the detector and for the bias
voltage to the cryostat is established by connecting copper
pins with constantan twisted wires to the thermalised board
on the mixing chamber. The signal from the Ge-NTD’s is
then read out by an electronics unit positioned at room tem-
perature. The room temperature readout electronics consist of
low-noise DC-coupled front-end boards and high-resolution
digitisers [42,43]. Signals from each detector were digitised
with 24 bit ADC, followed by an anti-aliasing Bessel fil-
ter with a cutoff frequency of 500 Hz to eliminate higher-
frequency noise, and synchronously recorded in a stream file
using a MATLAB program [43].

In order to calibrate the detector energy response in the
heat channel, a γ -ray source was employed, which consist
of a Thorium tungstate (Th-W) wire, along with a 55Fe X-
rays source to illuminate the GaAs wafer with a total activity
of approximately 1 Bq. This combination of γ -ray sources
allows us to cover the calibration energy interval from 5.9
to 93 keV. Moreover, the detector setup was also equipped
with a 238U calibration α source with a smeared energy pro-
file, similar to used in [44,45], that allows to irradiate the
GaAs wafer with a 4.2 MeV and 4.8 MeV α particles to
characterise its light response with respect to α irradiation.
Similarly, for the energy calibration of the Ge-LD, was used
a 55Fe X-rays source with an activity of approximately 1 Bq.
The geometry of the setup was arranged as follows: start-
ing from the bottom, the 55Fe source was placed facing, at a
5 mm distance, the electrode-free side of the Ge-LD, where
the Ge-NTD sensor was mounted. Between the electrode side
of the Ge-LD and the unpolished surface of the GaAs crystal,
the α source was positioned to irradiate the GaAs. Finally,
the polished GaAs face hosted the Ge-NTD sensor and faced
both the 55Fe source and the Th-W filament. In Table 1, the
values of the electrical and acquisition parameters used in
the measurement are reported.

3 Data analysis

The first level data analysis have been processed via a custom-
made suite, written in Octave [46], which consisting of:

(1) The triggering software, based on a simple band-pass
threshold algorithm, searches for the rising edge of the
pulses recorded in the streaming. After data acquisition,
the trigger selects events exceeding a threshold of 3 σ
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Table 1 Summary of the electrical and acquisition parameters used in
the measurements. The table reports the baseline and working resis-
tances, the applied bias current, the sampling rate, and the trigger win-
dows adopted for the GaAs and LD detectors

Parameter GaAs LD

Rbase 272 M� 328 M�

Rwork 2 M� 3 M�

Bias current 3.84 nA 3.84 nA

Sampling rate 10 kHz 10 kHz

Trigger window 120 ms 80 ms

above the baseline, and stores the time positions of each
triggered event.

(2) Filtering processing program, based on the Gatti–Manfredi
algorithm (Optimum filter OF) [47]. Each pulse window
(defined around the trigger file positions) is filtered in
the frequency domain via the OF transfer function and
reconstructed in the time-domain: the maximum of the
time-domain filtered signal event is taken as the energy
estimator of the impinging particle. The transfer func-
tion is built by combining a template pulse (obtained by
averaging several pulses in order to obtain a final pulse
with S/N about 100) with the average Noise Power Spec-
trum, this latter built by averaging windows where no
pulse was triggered. For each event several parameters
are evaluated, i.e. rise-time, decay-time, time domain
pulse-filtered χ2. Multi-channel synchronised process-
ing is made possible by using a common trigger file.

4 Results

4.1 GaAs-1 crystal

With the 4.3 g GaAs detector a 17-hour-long calibration run
was performed. Compared to our previous results [48], we
have improved the resolution of the GaAs detector in the
heat channel by more than a factor of 2. Specifically, we can
now clearly resolve the Kα and Kβ peaks of the 55Fe source
as shown in inset of Fig. 3, achieving the energy resolution
of σ = 140 ± 8 eV for the peaks. This value was extracted
from the fit of the spectrum using the sum of two Gaussian
functions, one for the Mn Kα peak and one for the Kβ peak,
imposing the same sigma for both peaks. For the baseline
resolution we obtained σ RMS = 121 ± 2 eV as reported in
Table 2.

This was made possible by improvements to the cryo-
stat, including the addition of a spring for further mechanical
decoupling and an enhanced pulse tube support to reduce
vibrational noise. Furthermore, from Fig. 3, we can observe

Fig. 3 X-ray energy spectrum acquired with the 4.3 g GaAs detector,
showing the 55Fe peak, the characteristic Kα /Kβ lines of W, Kα lines
of Pb and Kα lines of Th. The inset displays a zoomed view of the 55Fe
prominently featuring the 5.9 keV Mn Kα line and 6.49 keV Mn Kβ

Table 2 Summary of the performance of GaAs-1 detector operated as
a low-temperature calorimeter

Mass 4.3 g

Density 5.32 g/cm3

Diameter 5.08 cm

NTD response 490 µV/MeV

Baseline resolution (RMS) 121 ± 2 eV

Peak σ at 5.9 keV 140 ± 8 eV

the Kα and Kβ peaks of W at 59.3 keV and 67.2 keV, respec-
tively, as well as the Kα line of Th at 93.3 keV, all originating
from the thoriated tungsten wire γ -ray source. In addition to
these three lines, the Kα line of lead at 74.7 keV is also vis-
ible.

Similarly, the Ge-LD data were processed to calibrate its
energy spectrum using the 55Fe source. The Ge-LD without
applying the NTL-effect exhibits a baseline resolution of σ

RMS = 60.4±0.5 eV and a peaks resolution ofσ = 102±2 eV.
By exploiting the NTL-effect, the baseline resolution was
improved by a factor of 12 reaching σ RMS = 5.2 ± 0.1 eV.
Once the calibration of both detectors was completed, the
data acquired with the NTL-effect enabled to study the scin-
tillation light of GaAs. For each fired trigger in the heat
channel, we simultaneously acquired the waveform in the
Ge-LD data stream to investigate its corresponding signal.
This allowed us to record coincident signals, thus producing
a light versus heat scatter plot including all detected events,
as shown in Fig. 4.

This separation is made possible by the different scintil-
lation light yields associated with each type of interaction.
From Fig. 4, we observe a clear separation of the two different
families. In the α band, between 2 and 4.5 MeV, events from
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Fig. 4 (a) Light versus heat scatter plot constructed for events col-
lected within the calibration run with the simultaneously installed 238U
α source and X-rays from 55Fe and W. The population of β/γ and α

events is highlighted in blue and red, respectively. See more information
in the text below. (b) Zoom to show the evaluation of the LY at 1 MeV.
(c) Zoom to show the low energy region

Table 3 Light yield values for β/γ and α induced events

Light yield (keV/MeV) @ 1 MeV

β/γ 0.07 ± 0.01

α 0.9 ± 0.2

the 238U source are observed. The α induced events appear
smeared, and this can be explained by the use of a multi-
layer deposited source and by irradiation of the non-polished
surface of the GaAs-1 wafer by α particles.

Scintillation events induced by α particles were fitted
using a third-degree polynomial function (EL = aEH

3 +
bEH

2 + cEH ), in order to highlight the non-linearity in the
light yield (LY) response to this type of interaction. In con-
trast, events belonging to the β/γ band were fitted with a
straight line (EL = a′EH ). The fit coefficients obtained were
a = −0.06(2), b = 0.54(1), and c = 0.4(2) for the α events,
and a′ = 0.069(1) for the β/γ events. The light energy (EL )
is expressed in keV, while the heat energy (EH ) is expressed
in MeV.

The zoom of the light versus heat scatter plot for the energy
interval from 6 keV to 1.2 MeV energy deposition in the

heat channel is shown in Fig. 4b. From this figure and using
energy dependence of light for β/γ events one can evaluate
a number of photons emitted per keV, when GaAs excited by
low-energy X-rays. Taking into account that emission maxi-
mum for the undoped GaAs crystal is 840 nm (1.476 eV) [25]
the derived LY is 0.05 photon/keV.

Due to the absence of a clear and distinctive calibration α

peaks of 238U and strong non-linear behavior of the light yield
(LY) induced by α particles in a wide energy interval, to esti-
mate the LY of the GaAs crystal, We decided to compare the
amount of light with the 1 MeV energy deposition measured
in the heat channel. Moreover, it should be emphasised that
because of the GaAs crystal geometry (a thin wafer weighing
several grams) the energy scale for β/γ events was calibrated
using X-rays peaks up to 60 keV (from 55Fe and W) clearly
visible in the energy spectrum, and assuming a linear detec-
tor response in the heat channel over a broader energy range.
The zoom of the light versus heat scatter plot up to 1.2 MeV
energy deposition in the heat channel is shown as inset in
Fig. 4b, whilst the LY values for β/γ and α events estimated
at 1 MeV energy deposition are reported in the Table 3. Addi-
tionally, it should be stressed that since the energy scale of
the GaAs detector was calibrated with γ sources and we can-
not perform a proper energy calibration for α induced events
because of no evident peaks, the real energy of α events rep-
resented at 1 MeV on Fig. 4 can vary about 10–20% from
this nominal value. However, the possible mismatch of the
nominal deposited energy for these α events is within the
uncertainty of the LY value determination.

As one can see from Fig. 4 and values listed in Table 3,
events induced by α particles characterised by a higher value
of LY with respect to β/γ events, by a factor of 10. This
is not a typical LY behavior for scintillating crystals. With
a few exceptions, typically the amount of light produced in
interactions with α particles is lower than that for β/γ s of
the same energy, and varies in the range from 0.2 to 0.6 of
that for the β/γ induced events, see [49]. This reduction in
scintillation light emission for α particles is described as a
Quenching Factor (QF), and it is commonly explained on the
basis of a saturation effect of luminescence centers due to the
high ionisation density that characterises the interaction of a
heavy charged particle in matter [50,51]. However, as men-
tioned above, there are several exceptions amongst scintillat-
ing materials, for which QF > 1. The first amongst them is the
ZnSe scintillating crystal for which QF > 1, yet the QF value
is hardly reproducible and varies widely from one sample to
another, reaching QF > 3–6 for some cases [52–55].

The second example is the ZnO crystal, for which in cryo-
genic measurements as a scintillating calorimeter, the light
yield of events induced by α particles is higher than that of
events induced by β/γ particles.

Similarly, the shape, intensity and energy position of
the emission peaks, especially in the 800–900 nm wave-
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Table 4 Summary of the performance of GaAs-2 detector operated as
a low-temperature calorimeter

Mass 3.5 g

Density 5.32 g/cm3

Diameter 5.08 cm

NTD response 1645 µV/MeV

Baseline resolution (RMS) 44.5 ± 0.8 eV

Peak σ at 5.9 keV 59 ± 1 eV

length interval, in GaAs crystals are reported to be strongly
depended on the material chemical purity, type of dopants,
defect structure, and on the type of conductivity, as shown
in [25] and references therein.

In all above mentioned cases, such anomalous behavior
of scintillation mechanism cannot be easily accommodated
within the existing theoretical framework used to describe the
scintillation properties of materials. Hence further investiga-
tions of this phenomenon, i.e. the light yield enhancement of
α particles in GaAs crystal, are strongly required. Neverthe-
less, this feature is very important for particle discrimination,
since when the light yield is a strong function of the particle
type, the effective particle discrimination can be achieved.

4.2 GaAs-2 crystal

With the 3.5 g GaAs detector a 72-hour-long calibration run
was performed, exposing the GaAs crystal only to a 55Fe
X-ray source. Data acquisition and analysis were performed
using the same software framework previously employed.

As reported in Table 4, the baseline resolution was mea-
sured to be 44.5 ± 0.8 eV. Setting the threshold at 3σ

results in a threshold energy of 133.5 eV, corresponding to
an improvement in resolution by approximately a factor of
three with respect to our previous work [48]. Furthermore,
Fig. 5 clearly shows a distinct separation between the Kα

and Kβ Mn peaks, highlighting the enhanced performance
of the detector. Since the 55Fe X-ray calibration source was
deposited on an aluminum foil and in the low-energy region
E < 5 keV, as shown in the inset in Fig. 5, we identify the
Kα peak of aluminum and a contribution from the Kα line
of calcium.

The improved performance of the new GaAs crystal is
likely related to its reduced mass, as in many bolometric
detectors the performance scales with the absorber mass [56].

5 Conclusions and perspectives

The first successful measurements of the GaAs crystal as a
cryogenic scintillating calorimeter with a dual readout (scin-
tillation light and heat) were performed at the underground

Fig. 5 The low-energy X-ray spectrum acquired with a 3.5 g GaAs
detector and prominently featuring the 5.9 keV Mn Kα line and 6.49 keV
Kβ . Notably, the energy resolution at the 5.9 keV Mn Kα line peak is
measured at σ = 59 ± 1 eV. This value was extracted from the fit of the
spectrum using the sum of two Gaussian functions, one for the Mn Kα

peak and one for the Kβ peak, imposing the same sigma for both peaks

site of the Laboratori Nazionali del Gran Sasso (LNGS,
Italy).

In the heat readout channel, the low-energy threshold of
the 4.3 g GaAs detector was lowered from 1.5 keV to 360 eV,
calculated as three times the baseline resolution, when com-
pared to the previous measurements [48]. At the same time,
the energy resolution at 5.9 keV X-ray peak was measured as
140 ± 8 eV. Both indicating significant improvement in noise
and vibration reduction thanks to the latest modification of
the IETI dilution refrigerator at LNGS.

In similar measurements with the 3.5 g GaAs detec-
tor equipped with the same Ge-NTD thermistor, the low-
energy threshold was even further lowered to 133.5 eV, while
59 ± 1 eV of energy resolution was achieved for a 5.9 keV
X-ray peak.

The results obtained are highly encouraging in view of the
development of low-energy threshold high-resolution cryo-
genic detectors based on GaAs crystals, aimed at direct low-
mass dark matter searches. Especially, when focusing on the
detection channel involved electron scattering or dark pho-
ton absorption. Despite the current limitations imposed by
the use of the Ge-NTD sensor for the heat channel read-
out, the observed detectors performance provides valuable
insights for further optimising the GaAs detector design and
experimental configuration.

Moreover, thanks to the simultaneously recording scintil-
lation light with the cryogenic Ge-LD, the particle discrimi-
nation capability based on the different light response to the
different type of irradiation has been demonstrated with the
GaAs crystal for the first time. The light yield measured for
β/γ induced events was evaluated at 0.07 ± 0.01 keV/MeV
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(0.05 photons/keV). While the light yield estimated for α

induced event exhibits 0.9 ± 0.2 keV/MeV, i.e. a factor of 10
more than for β/γ events. Such unusual luminescence prop-
erties of the GaAs crystal, i.e. producing more light when
irradiated by α with respect to signals originated from β/γ s
of the same energy, is similar to features observed with ZnSe
and ZnO scintillating crystals, and is a subject for further
detailed studies. Since it can lead to a highly sensitive detec-
tion method for low-energy nuclear recoils as a result of light-
mass DM particles scattering on Ga or As nuclei. Further
investigations will focus on the unusual luminescence behav-
ior, including using an alpha source with a better-defined peak
to improve measurement accuracy. We will also optimize
light collection efficiency and explore different source posi-
tioning configurations, enhancing sensitivity and providing
a deeper understanding of the material’s response. To fur-
ther improve the low-energy threshold in the heat channel of
the GaAs detector there are few possible options. One option
would be to apply the NTL effect to a GaAs detector. Another
option would be to adopt Transition Edge Sensors (TES) as
thermal sensors for both heat and light signal readout, due
to the fact that the logarithmic sensitivity of TES is roughly
one order of magnitude higher than that of NTDs, result-
ing in a significantly improved signal-to-noise ratio. These
advancements are expected to greatly enhance our measure-
ment capabilities, extending the reach of direct dark matter
detection and enabling the exploration of previously inacces-
sible regions of the dark matter parameter space.
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