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In the context of direct searches of sub-GeV dark matter particles with germanium detectors, the
EDELWEISS collaboration has tested a new technique to tag ionizing events using NbSi transition edge
athermal phonon sensors. The emission of the athermal phonons generated by the Neganov-Trofimov-Luke
effect associated with the drift of electrons and holes through the detectors is used to tag ionization events
generated in specific parts of the detector localized in front of the NbSi sensor and to reject by more than
a factor 5 [at 90% confidence level (CL)] the background from heat-only events that dominates the
spectrum above 3 keV. This method is able to improve by a factor of 2.8 the previous limit on spin-
independent interactions of 1 GeV=c2 weakly interacting massive particles obtained with the same detector
and dataset but without this tagging technique.

DOI: 10.1103/PhysRevD.108.022006

I. INTRODUCTION

The absence of the discovery of a weakly interacting
massive particle (WIMP) [1,2] by large double-phase
detectors [3–5], coupled to the absence of the observation
of beyond-the-Standard-Model particles at the LHC [6],
has revived a keen interest for models where the dark matter
(DM) particle would have so far escaped detection by
having a mass below the GeV=c2 range [7] and a pheno-
menology departing from the standard WIMP scenario.
The scattering of such particles—present in our galactic

halo—on nuclei could produce nuclear recoils with kinetic
energies well below 1 keV.
In that context, direct DM search experiments are now

developing techniques to reduce the threshold for the
detection of recoils (either a nucleus or an electron) to
energies in the eV range [8–13]. The exploration of this
new energy domain reveals new background populations
that are not fully understood yet [14]. In particular,
experiments using cryogenic detectors have all observed
low-energy populations that are not associated with ioniza-
tion signals, labeled here heat-only events (HO). They
may be associated with sudden stress release in the
detectors [15]. In EDELWEISS, these constitute by far*j.gascon@ipnl.in2p3.fr
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the most important background at energies below a few
keV [16–18]. At the low energies that are relevant for sub-
GeV DM searches, the resolution on the ionization signal
of the current EDELWEISS detectors is not sufficient to
remove this background. For this reason, the EDELWEISS
collaboration has investigated whether the use of an
athermal phonon sensor—a NbSi transition edge sensor
(TES) [19], instead of its usual Ge neutron transmutation-
doped (NTD) thermal phonon sensor [20]—helps reduce
this background. Up to now this approach had limited
success [18]. However, this work, while proving that the
HO population was also observable using athermal pho-
nons instead of thermal phonons, did not fully exploit the
potential of the athermal sensor used therein.
The sensitivity of TES to out-of-equilibrium phonons

has already been reported on several other TES-
instrumented bolometers [21,22] that have been highly
optimized for energy resolution and signal-to-noise ratio.
The position dependence of the response to athermal
phonons of the W-TES sensor array of the SuperCDMS
detectors has been used to identify interactions occurring
near the sensors [23]. However, this discrimination comes
from the presence of high-field regions in front of the
sensor as opposed to the low field present in the bulk of
the detector. These are absent in the EDELWEISS NbSi
detector due to its quasiplanar electrode design. However,
we will see that the event selection in Ref. [18] privileged
the sensitivity to ballistic phonons, whose long mean-free
paths completely wash out any position-dependent effect.
This favors energy resolution but fails to remove all sources
of HO events. Here, instead, we will exploit the potential
of the NbSi film to detect higher-energy phonons. The
primary optical phonons created by the recoiling particle
have a very short lifetime and down convert by anharmonic
decay and isotopic scattering into a lower energy frequency
distribution of acoustic phonons, in the THz range. The
mean-free path of these phonons can exceed the size of the
crystal and propagate ballistically. An additional phonon
population arises from the Neganov-Trofimov-Luke (NTL)
process [24,25], related to the dissipation of the energy
imparted to the electrons and holes as they are forced to
drift across the detector. The drifting carriers generate
acoustic phonons with a frequency distribution slightly
below the THz range, depending on the electric field and
the nature of the drifting charge [26], and mean-free path
varying between hundreds of μm and a few cm [23].
In this paper, we demonstrate the sensitivity of the NbSi

TES sensor to primary NTL phonons and describe how it
can be used to tag ionizing events occurring in a well-
defined region of the detector, and thus reject HO events.
This paper will first present the detector and the exper-
imental setup, and then describe the overall detector
performance. The following section describes the ioniza-
tion signal cut used to separate events according to their
position inside the detector volume. This selection is then

used to measure the position dependence of the pulse shape
of the phonon signal, and to identify a fast component
associated to the emission of out-of-equilibrium NTL
phonons in the region where the electric field lines reach
the NbSi film. In the final sections, it is shown how this
extra signal can be used to identify ionizing events and
quantify the rejection of HO events. This is further
illustrated by comparing the performance of this pho-
non-based charge tag to the electrode-based tag used with
the same detector in the DM search of Ref. [18].

II. EXPERIMENTAL SETUP AND DATASET

The present data were collected in the same cooldown as
described in Ref. [18]. Namely, the experimental site is
located in the Laboratoire Souterrain de Modane (LSM,
France). The detector was operated in the ultralow back-
ground cryostat of the EDELWEISS collaboration [20].
The detectors are thus protected by a 4800 mwe rock
overburden, as well as layers of polyethylene and lead
shields described in Ref. [20].
Figure 1 shows a picture of the detector NbSi209 used in

the present work. The absorber is a cylindrical germanium
crystal1 with a height of 20 mm and a diameter of 48 mm,
for a total mass of 0.20 kg. Aluminum grid electrodes are
lithographed on the top and bottom flat surfaces. In order to
reduce the absorption of phonons, the top and bottom grids
are made of 10 μm Al lines with a 500 μm pitch. This
pattern ends at the outer 1 mm of the circumference which
is covered by a plain Al surface. The bottom side of the
detector is entirely covered by this electrode. A 20-mm
wide circular area on the top side (middle panel of Fig. 1) is
not covered by Al but instead by a NbSi thin film [19]. The
film itself is a 100-nm thick spiral with a track width of
160 μm and a 40 μm gap between the tracks, for an aspect
ratio of 104. The spiral is separated in two halves of equal
resistance via a wire bond contact at a radius of 7 mm
connected to ground. A heating resistor is glued on the
bottom electrode in order to maintain the detector at a fixed
temperature relative to the mixing chamber of the cryostat.
The resistances of the two films as a function of the base
temperature are shown on the bottom panel of Fig. 1.
The critical temperatures for their transition from super-
conductor to a resistance of approximately 1 MΩ is 44 mK.
The critical temperatures of the two films differ by less
than 0.5 mK.
The resistance of the films is continuously sampled using

the standard EDELWEISS-III electronics for the readout
of high-impedance signals [20]. The two films are read as
two independent sensors. They are each injected with a
constant current switching sign at a rate of 500 Hz, and the

1The impurity profile NA − ND in the crystal varies from 1.1 to
1.3 × 1010 cm−3 from the top to the bottom surface, with smaller
radial variations.

C. AUGIER et al. PHYS. REV. D 108, 022006 (2023)

022006-2



corresponding voltage across each sensor is read via a
biFET cooled at 100 K.
Because of the grounding of one side of both films, the

electrode on the top side had to be kept at 0 V. The bias
applied to the bottom electrode could be varied from −66
to þ66 V.
The signals that are read out consist of the two phonon

sensor channels, and the charge signal from the top and
bottom electrodes. The data of these four channels are
digitized at a rate of 100 kHz. In the standard acquisition
mode, the data are processed online to extract the difference
of the negative and positive current measurement of the
films every 2 ms, resulting in a 500 Hz sampling rate
written on disk. For runs devoted to the measurement of the
detailed phonon pulse shape, the data were stored on disk at
the original 100 kHz rate. This mode of operation is limited
to a few special runs because it requires a factor 200 more
space on disk space without any improvement in achieved
energy resolution.
As in Ref. [18], the signal amplitudes were evaluated

off-line using measured pulse shapes and optimum filtering
based on the noise spectra, evaluated hour by hour.
Triggering and analysis efficiencies are determined with
the same pulse simulation procedure.
The present analysis is based on datasets recorded during

the cooldown that lasted from March 2019 to June 2020
described in Refs. [17,18], during which the temperature
of the detector support plate was regulated at either 20.7
or 22 mK. The heater bias was set at a value that kept the
film resistances at constant operating values. The different
datasets are listed with their lifetime in Table I.

III. DETECTOR PERFORMANCE

The ionization channel was calibrated using events
recorded with the gamma rays from a 133Ba source, as well
as the K-shell events due to the activation of 71Ge inside
the crystal obtained by exposing it to an AmBe neutron
source [18]. The response of the detector to K-shell events
provided a precise probe to establish the bias range over
which the behavior of the charge and phonon signals are
stable. The ionization gain is the same at 15 and 66 V, and
remained constant over the entire cooldown. At 8 V, it is
reduced by 4% due to volume charge trapping effects. The
small impact of trapping on the charge collection at fields
above 4 V=cm is consistent with results obtained in
Ref. [27] with crystals with similar impurity profiles. The
baseline resolution on the bottom electrode signal σIonBottom
varies between 297 and 333 eVee. The corresponding values
for the signal derived from the average of the two electrodes
σIonTot varies between 199 and 215 eVee.
The calibration of the signal of the phonon sensor in

units of keV equivalent electron (keVee) was also based on
the 133Ba source and 71Ge K-shell activation measurement,
as well as the phonon/ionization signal ratio of electron
recoil events in the range from 5 to 200 keV. The
performance of the phonon sensors depends on the temper-
ature of the crystal and on the currents applied to each
phonon sensor. These three parameters were systematically
varied in order to find the conditions that optimize the
baseline resolution on the combined phonon signal,
obtained as the sum of the two sensor signals weighted
by the square of the inverse of their resolution. A broad
optimum was found when the heater is set such that the

TABLE I. Summary of the datasets used in this paper. The datasets with the 71Ge activation were used for detector response
measurements. The average baseline resolutions for the different energy measurements are listed for: the phonon energy measured by the
outer and inner films (Eouter and Einner, respectively); their combination in units of keV (Ephonon) or in keV equivalent-electron ðEeeÞ;
the average of the two electrode signals (EIonTot) and the bottom electrode signal alone (EIonBottom). The systematic uncertainties on the
resolution values are of the order of 2%. The 100 kHz data were recorded in the presence of a 56Co gamma-ray source. The two longer
datasets at �15 and �66 V, recorded before and after the activation, were used for a DM search and a measurement of the heat-only
population, respectively.

Baseline resolution σ

in eV in eVee

Sampling (Hz) Electrode bias (V) Lifetime (day) 71Ge activated σouter σinner σphonon σee σIonTot σIonBottom

þ66 17.36 Yes 165 143 116 5.0 215 333
−66 6.63 Yes 159 137 110 4.8 203 312
þ30 0.86 Yes 163 138 113 10.3 201 298

−15 or þ15 5.57 Yes 151 131 102 16.9 204 304
500 þ8 9.14 Yes 153 134 104 28.2 208 304

0 0.51 Yes 166 143 112 112 199 297

−66 or þ66 50.63 No 138 139 103 4.5 209 325
−15 or þ15 126.1 No 131 133 96 16.0 215 330

100000 −66 or þ66 1.73 No
−15 or þ15 1.78 No
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inner and outer resistances are set to values of 200 and
450 kΩ (as shown by the green vertical dashed lines in the
lower panel of Fig. 1), while the currents are set to 3.5 and
2.0 nA, respectively. The inner (respectively outer) film
sensitivity at this operating point is 630 ð370Þ nV=keV.
The resolutions obtained in the different datasets used in
this work are listed in Table I. As in Ref. [18], periods
where the hourly average of the resolution of the combined
phonon signal σphonon is above 140 eV are excluded from
the present analysis. With this cut, the average value of
σphonon for the data at 66 V used for the DM search is
103 eV. The average values for the individual films are 139
and 138 eV for the inner and outer signal, respectively.
Depending on noise conditions, these values can vary by as
much as �25 eV.

The trigger on the inner phonon signal is identical to that
of Ref. [18], with a plateau efficiency reached at energies
above 1 keV (0.05 keVee at 66 V). The data quality cuts
are also those of Ref. [18], with the exclusion of the cuts on
the ionization signal not used here and on the phonon
channel quality cut as we are interested to use events with
nonstandard pulse shapes. With the omission of these cuts,
the plateau efficiency for events with full charge collection
is 65.6%.
The dissipation of the work performed to drift the

electrons and holes across the detector through a voltage
bias difference V adds a contribution eNV to the thermal
signal, where N is the number of collected charge pairs
(the so-called Neganov-Trofimov-Luke effect). This signal
amplification also applies to athermal phonon signals [22].
The total phonon energy Ephonon is converted in units of
keVee using the formula Eee¼Ephonon=ð1þejVj=ϵγÞ, where
ϵγ ¼ 3 eV is the average energy per electron-hole pair in Ge
and e is the elementary charge. The corresponding average
resolution on Eee is σee ¼ 4.5 eVee at 66 V. The resolutions
at other bias voltage values are found in Table I.
The most precise measurement of the detector perfor-

mance has been done following the neutron activation of
71Ge in the detector volume [17,18]. Figure 2 shows the
phonon energy spectra, in keVee, recorded at different
biases following this activation. The positions of the L- and
K-shell peaks at 1.30 and 10.37 keV (as well as the M-shell
peak at 0.16 keV observed at 66 V in Ref. [18]) made
possible a precise determination of the nonlinearity of the
phonon channel. It is less than 5% over the phonon energy
range from 1 to 500 keV. The observed phonon gains at bias
voltages of 8, 15, 30, and 66 V (as deduced by the position
of the K and L peak positions in Fig. 2) are all compatible
with those expected from the ð1þ ejVj=ϵγÞ dependence of

FIG. 2. Phonon energy spectra recorded at bias voltage of 0, 8,
15, and 66 V following the 71Ge activation of the crystal. The
labels at 1.3 and 10.37 keV correspond to the position of the L-
and K-shell peaks, respectively. The black and red vertical dotted
lines at 3.75 and 4.61 keV represent the energy corresponding to
10.37 keV events where only 33% of the charge is collected.

FIG. 1. Top: picture of top face of the NbSi209 detector, in its
copper support. The diameter of the Ge cylinder is 48 mm. The
darker gray circle at the center of the top surface (20 mm
diameter) is the NbSi film. Middle: geometry of the top face.
As in the previous panel, the letters correspond to the electrical
contact for the top electrode (E), the outer and inner extremities
of the NbSi spiral resistor (A and B, respectively), and the point
where it is connected to ground (G). Bottom: measured resistance
of the two film halves as a function of temperature. The green
vertical dashed line represents the operating temperature.
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the NTL amplification. The leftward shift of the tail
observed at low energy in Fig. 2 as the bias is increased
from 0 to 66 V is due to the fact that the distributions due to
readout noise and the HO population are constant in units
of total energy, and thus scaled by 1=ð1þ ejVj=ϵγÞ in units
of keVee.
The number of events in the tails on the left side of the K-

and L-shell peaks allows to quantify the fraction of volume
affected by incomplete charge collection. The peaks at 3.75
and 4.61 keVee labeled on Fig. 2 correspond to a loss of
67% of the charge at 66 and 15 V, respectively. This is a
likely value for events occurring at the bottom of the outer
cylindrical surface of the detector according to simulation
of the Ramo potential. These important losses are due to
the absence of an electrode on the outer cylindrical surface
and the proximity of the grounded copper casing. The tails
extending to the right of the peaks are barely visible on that
figure, but their effect will be made more prominent in the
study of the excesses of athermal phonon signals in either
one of the two films presented in the following sections.
Nevertheless, at 66 V most K-shell events (63%) are

centered at 10.37 keVee within a Gaussian peak with a σ
value of 180 eVee. These were the events selected for the
DM search of Ref. [18]. The following study will look in
more detail into the contrasting behavior of this population
and all others forming the low- and high-energy tails of the
phonon energy distribution.

IV. DATA SELECTION

To better understand the phonon spectra associated to
different populations, we will use the ionization signals to
separate the events according to their different position
inside the detector.
The top panel of Fig. 3 shows the ionization signals on

the top electrode (Etop) versus the bottom one (Ebottom) for
events recorded at �66 V after the 71Ge activation, with
bottom signals between 2.3 and 12 keVee. Most events on
that figure can be attributed to K-shell conversions, with
the exception of the small number of events along the
Etop ¼ Ebottom diagonal below 9 keVee, marked as black
crosses. The different colors of the K-shell events shown
in Fig. 3 correspond to four selection cuts based on their
ðEtop; EbottomÞ values. These selections are labeled lateral,
annular, intermediate, and center, for reasons that will be
explained later. The fractions of events in each category are
found in Table II. The blue center population is charac-
terized by a complete collection of a 10.37 keV signal on
the bottom electrode, and none on the top one. The red
annular events have a 10.37 keV peak on both top and
bottom electrodes. An intermediate population, in magenta,
stretches between the previous two populations. The fourth
population, in green, consists in a tail extending from the
annular region down to ðEbottom; EtopÞ ∼ ð3.5; 0.5Þ keV.
This lateral population overlaps partially the magenta

intermediate one. Considering the relative strength of the
four populations in Table II, the contamination of the
lateral population with intermediate events should be
small.
The origin of these four populations, and the reason why

Etop < Ebottom for some of them, can be understood by
inspecting the diagram in the bottom panel in Fig. 3, where
the color regions are defined by the geometry of the lines

FIG. 3. Top: ionization signals on the top and bottom electrodes
recorded at 66 Vafter 71Ge activation. The color code corresponds
to the selection on the ionization channels described in the text.
Bottom: scheme of the geometry of the NbSi films and the
electrodes. The colors represent the different volumes bounded
by the field lines described in the text.

TABLE II. Fraction of K-shell events in the different event
categories in Fig. 3. The errors are statistical only. The bias sign
corresponds to V top − Vbottom, i.e. electrons are collected on the
top electrode when V > 0.

Event category

Dataset (V) Lateral Annular Intermediate Center

þ66 19.6� 0.5 60.9� 0.6 2.7� 0.2 16.9� 0.5
−66 17.8� 0.3 63.7� 0.4 2.1� 0.1 16.4� 0.3
þ30 18.6� 0.7 62.4� 0.9 3.9� 0.3 15.1� 0.6
�15 22.1� 0.4 57.8� 0.3 4.2� 0.2 15.8� 0.3
þ8 31.8� 0.6 46.0� 0.6 13.4� 0.4 8.8� 0.3
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calculated with a COMSOL
® [28] simulation of the detector

using parameters relevant to cryogenic temperatures. All
field lines connect to the bottom electrode, as it is the only
one biased relative to the grounded copper cover. There are
two cases where the other end of the field lines does not
reach the top electrode: some field lines intersect the
surface covered by the NbSi sensor, while others exit
the detector via its cylindrical lateral surface, which is not
covered by an Al electrode. The blue center region is
defined by all field lines connecting the bottom electrode to
the 20 mm diameter region covered by the two NbSi films.
In this case, all the charge drifting upward will be collected
in the NbSi film, also set at ground. These charges are not
read out, and therefore Etop is zero, resulting in the blue
population on the top panel of Fig. 3. In the other case
where electrons or holes end their drift on the lateral
surface, the signals induced in both electrodes must be
calculated using the Shockley-Ramo theorem [29–32]. This
will induce a reduced, but nonzero, signal on the top
electrode. The bottom electrode signal will also be
degraded, while remaining greater than the top one due
to the field asymmetry. For example, the green lateral area
on the bottom panel of Fig. 3 corresponds to the region
where the COMSOL

® calculation predicts that the signal
induced in the bottom electrode corresponds to less than
95% of the total charge. This mechanism provides an
explanation for the green lateral population on the top
panel of Fig. 3, where the bottom electrode signal deviates
from the nominal 10.37 keVee. The process of NTL
amplification is also affected, and this population is also
at the origin of the tails on the left-hand side of the L- and
K-shell peaks observed in Fig. 2.
This simple model does not take into account the effect

of anisotropy, charge repulsion and bulk trapping on the
electron and hole drift [33], which can be very important in
particular at low field. Such effects can explain the origin
of the small magenta population on the top panel of Fig. 3,
where the reduction of the top signal is not accompanied by
a degradation of the bottom signal. In this case, the missing
top signal has disappeared in the NbSi film, with the
remaining share of charge on the electrode varying almost
uniformly between 0% and 100%. Such charge-sharing
effects between adjacent electrodes have been observed
before in EDELWEISS detectors [34], and empirically
described in terms of a simple model where the number of
affected events depends on a characteristic radius that
averages the effects of all mechanisms that give rise to a
lateral dispersion of the charges relative to the field lines,
averaged over all event depths. In Ref. [34], typical values
of the lateral spread at a field of 2 V=cm2 are ∼2 mm. This
would result in a fraction of intermediate events of the same
order than what is measured at 8 V (13.4%, see Table II). At
higher biases the measured fraction decreases, as would be
expected from the reduction of anisotropy and trapping
effects as the electric field increases. In this simple model,

an average lateral spread of 0.4 mm would yield an
intermediate population fraction of 2.5%, close to the
observed values at −66 and þ66 V, and corresponding to
the magenta volume depicted in the bottom panel of Fig. 3.
Accurate population fraction predictions would require a

detailed modeling of the charge drift that is beyond the
objective of this paper. Here, it is sufficient to note that the
center, intermediate, annular, and lateral event selections,
based on the ionization signals, correspond to interactions
occurring at increasing values of radius inside the detector
volume. These selections thus provide event samples that
will enable the study of the dependence of the phonon
signals on the lateral position of the interaction within the
detector volume.
The full identification of the four event populations can

only be performed using K- or L-shell events. Their
differences in phonon amplitudes are studied in Sec. VI
using the 40.1-day data sample recorded following the 71Ge
activation of the detector listed in Table I. But first, in order
to properly interpret the signal amplitudes in terms of
phonon energy, a good understanding of the phonon pulse
shape is required. For this, the results of a detailed pulse
shape study will be presented in Sec. V. It uses a dedicated
3.5-day dataset (see Table I) recorded on disk at 100 kHz
(instead of the coarser 500 Hz sampling of the larger
40.1 day data sample). In addition, the precision on the
measurements of the individual event pulse shapes is
improved by using higher energy events (10 to 200 keVee

Compton scatters) from a 56Co gamma-ray source. For
this first study, in the absence of a monoenergetic K-shell
line, the essential feature of the position dependence of
the pulse shape will be demonstrated by separating the
center events from the three other categories by using a cut
on EIonTop < 2σIonTop.

V. POSITION DEPENDENCE OF THE PHONON
PULSE SHAPE

The data analysis of Ref. [18] assumed a standard pulse
shape for all events. This assumption was correct given the
event selection used in that work, which rejected events
with significant difference between the Einner and Eouter
phonon signal amplitude. These events tended to be poorly
described by the standard pulse shape. The investigation of
this effect motivated the collection of a relatively large
sample data recorded at 100 kHz.
The phonon pulse shape of events in the 100 kHz sample

corresponding to ionization events with energies EIonBottom
between 20 and 200 keVee were fitted by a pulse model
with one exponential rise time constant τ0 and three
independent time constants τ1, τ2 and τ3. The events with
EIonBottom greater than 53 keVee were removed from the
�66 V sample, to account for the onset of saturation effects
observed for phonon energies above 1.2 MeV. For each
event, the phonon signal is divided by the measured
ionization amplitude.
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The results of the fit of 708 pulses recorded at �66 V
are shown in Fig. 4. The dispersion of the pulse shapes for
events rejected by the center selection EIonTop < 2σIonTop
is very small. There is thus very little pulse shape variation
for all noncenter events, corresponding to the three
intermediate, annular, and lateral categories. The rms
dispersion near the pulse maximum is less than 3%. Given
this reproducibility, for convenience, all phonon ampli-
tudes for a given film are expressed here in units of the
maximum of the height of the average noncenter pulse
shown in Fig. 4. Considering that this selection corre-
sponds to more than 80% of the detector volume, this
small dispersion implies a very small dependence and
consequently proves that the signal is dominated by
ballistic and/or thermal phonons. The contribution of
short-range (< 1 cm), high-energy (> THz) phonons is
negligible. With this selection, the fit parameters for both
films are consistent with a rise time τ0 ¼ 0.43 ms, a strong
(75% amplitude) fast decay with τ1 ¼ 3.0 ms and 2.2 ms
for the inner and outer films, respectively, and two smaller
slower components with τ2 ¼ 11 ms (20%) and τ3 ¼
111 ms (5%).
In contrast, the average shape of center events differs

systematically from that of noncenter, with substantially
larger event-by-event fluctuations. The rise times are faster
and the amplitudes are systematically larger than those of
the average noncenter pulse. The fluctuations are larger on
the outer film than on the inner film. The deviation from the

average noncenter pulse is maximal in the first 1 ms and
disappears after 5 ms.
The same effect is observed in the �15 V data. Figure 5

compares the correlation between the time to reach the
maximum (tmax) and the maximum of pulses (Hmax) at�15
and�66 V for center and noncenter events. The noncenter
populations at both biases show little dispersion in tmax
and Hmax. For center events at both biases, the excess in
amplitude reaches up to 40%, with a correlated reduction
of tmax.
In Fig. 5, the largest values of Hmax (∼1.4) on the inner

film for center events are associated with Hmax ∼ 1 on the
outer film. Vice versa, the events with the largest values of
Hmax (∼1.2) on the outer film are in turn associated with
Hmax close to 1 on the inner film. The excess amplitude
observed for center events mostly occurs on one film at
the time. This, together with the fact that no excesses are
observed when the events occur away from the center
region, strongly suggests that the excess is due to the
detection of nearby short-range, high-energy phonons
before their down-conversion to lower-energy ballistic
phonons.
The ∼0.5 ms rise time of the additional phonon compo-

nent cannot be ascribed to the short lifetime of these
primary phonons, as these are orders of magnitude
faster [23]. Propagation and relaxation effects inside the
NbSi film itself may play an important role in determining
the observed signal rise time.
A potential cause for the presence of an extra signal

component in one film at the time for center events could be
that the arrival of the drifted charges inside a NbSi film
alters its properties. For example, the energy released by
the recombination of the charges as they reach the film
could lead to an additional signal. However, the amplitude
of this components would be proportional to the number of

FIG. 4. Dispersion of the observed phonon pulse shape,
normalized to the bottom electrode ionization signal and account-
ing for the NTL amplification, for events collected at both −66
and þ66 V. Top: outer film signal. Bottom: inner film signal.
Right: center selection (EIonTop < 2σIonTop). Left: noncenter
selection, i.e. events rejected by the center selection. The black
and red dashed lines are the average pulses for the center and
noncenter selections, respectively. The green and yellow bands
cover 68% and 95% of the observed traces, respectively.

c

c c

c

FIG. 5. Time to reach the maximum of the pulse versus the
maximal amplitudes of NbSi film pulses recorded at 15 and 66 V.
The pulse amplitudes are normalized to the signal on the bottom
electrode.
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charges arriving in the film, which is the same at 15 and
66 V. This is not consistent with the observation of similar
excesses of 40% at both bias values, since an excess with a
fixed absolute energy would represent a smaller fraction of
the normal phonon signal as it is amplified by a factor 3.83
between 15 and 66 V because of the NTL effect. The fact
that the inner film amplitude fluctuations extend up to a
factor 1.4 at both 15 and 66 V indicates that the size of the
excess scales with the strength of the total phonon signal
(or at least its dominating NTL component), and not with
the number of collected charges.

VI. POSITION, VOLTAGE AND ENERGY
DEPENDENCE OF EXCESS PHONON SIGNAL

The datasets recorded at 500 Hz after the 71Ge activation
(see Table I) were analyzed in order to study excess phonon
signals this time with a better diagnostic on the event
location (using the K-shell peak events) and with higher
statistic samples recorded at different biases. The slower
sampling frequency severely reduces the sensitivity to
the details of the pulse shape. However, it was found that
the amplitude ratio of the inner and outer films r ¼
Einner=Eouter provides a very good estimator of the strength
of the extra component described in the previous section.
Figure 6 shows the r distributions of the four selections

of K-shell events defined in Fig. 3 for the data sample
recorded at −66 and þ66 V. The histogram color code for
the four event categories follows that of Fig. 3. The r values
for events in the annular and lateral selections are centered
at one, with a small dispersion. In contrast, a majority of
events with the center selection have r values between 1.0
and 1.4, i.e. close to the maximum values of inner film
amplitude observed in Fig. 5 with a similar selection. The
amplitudes derived from the 500 Hz data are thus quite

sensitive to the presence of the fast extra component
described in the previous section. The loss of information
on the pulse shape is compensated with the improved
energy resolution brought by the optimal filter technique
used to evaluate a global pulse amplitude, compared with
the uncertainties resulting from the multiparameter pulse
shape fit performed in the previous section. This advantage
is particularly important in this section devoted to the study
of low-energy K- and L-shell events.
The large r value fluctuations for the center selection are

almost entirely due to an excess of Einner signal relative to
the nominal 10.37 keVee value, while the Eouter signals are
much less affected. For instance, the distribution in Eouter
of the events with r > 1.2 in Fig. 7 is observed to be a
Gaussian centered at 95% of the nominal position and with
a σ of 4.4%, meaning that the anomalous r values are
essentially due to Einner excesses ranging from 15% to 35%.
The concentration of the excess in only one of the two
films strongly suggests that phonons contributing to it have
mean-free paths that are small compared to the∼mm size of
the films. The 4.4% dispersion on the Eouter signal opens
the possibility to use this variable as an energy estimator
for the normal phonon component of events with large r
values, once corrected for the 95% bias in amplitude.
A similar behavior, but this time exchanging the role of

the inner and outer film, is also observed for the small (2%)
population of intermediate events (in magenta in Fig. 6).
These events tend to have r values below 1, and in this case
it is the Einner value that remains close to the nominal one
while the Eouter values are in excess.
A short mean-free path must also be invoked to explain

that in Fig. 6, there are no intermediate, annular or lateral
events (representing ð83.2� 0.5Þ% of the total population)
with r > 1.05, while it is the case for ð45� 1Þ% of the
center events. This means that the phonons at the origin of
large excesses regularly occurring on the inner film in the

FIG. 6. Ratio r of the amplitude of the inner and outer film
phonon signal for the different event categories of Fig. 3. The
categories are shown using the same color code. For comparison,
the dashed line represents the distribution recorded at 15 V.

FIG. 7. Fraction of events with an inner/outer phonon ratio r
above 1.2 for the K shell at different electrode bias, and for
L-shell events.
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case of center events are never observed when their point of
origin is anywhere inside the annular region that is only
distant by a mere 3 mm (i.e. the width of the outer film).
The excess signal in a given film thus seems to be

associated (i) with the proximity of the interaction to a
region covered by that film, and (ii) with phonons having
mean-free paths at the mm scale or below. A non-negligible
absorption by the nearby NbSi film could contribute to the
reduction of the effective mean-free path of the phonons.
The existence of strong proximity effects for a large

fraction of center events comes as a violent contrast to the
rather uniform response of the two films for events from
any other region. For example, the energy resolution for
K-shell events in the entire annular volume is 1.8%, and the
distribution of phonon/ionization signal ratio for lateral
events is a Gaussian centered at 1 with a σ of 1%. These
signals must come in a very large part from ballistic
phonons with mean-free paths much longer than the
detector size that do not retain a memory of their point
of origin.
Figure 6 also presents the distribution of K-shell events

recorded at 15 V, normalized to the number of events at
66 V. The two plateaus above r ¼ 1.05 have similar heights
and widths, although the 15 V plateau seems to taper off
around r ¼ 1.3 instead of 1.4. This difference is small
compared to the factor 3.83 increase of the NTL ampli-
fication between 15 and 66 V that should affect the r
distribution if NTL phonons were not contributing to the
excess signal.
While the comparison of the r distributions for the

center, intermediate, annular, and lateral selections pro-
vides information on the size of the lateral spread of the
phonons giving rise to the excess, more insight on the depth
of their point of origin can be obtained by studying the
voltage dependence of the r distributions.
To quantify the evolution of the r distribution as a

function of the applied bias, the fractions of K-shell events
with r > 1.2 measured at absolute bias voltage values of
0, 8, 15, 30, and 66 Vare shown in Fig. 7. For the 66 V data,
the values obtained at −66 and þ66 V are plotted sepa-
rately, and the value for the 1.3 keV L-shell events at
�66 V is also shown. All values at or above 30 V are
consistent with an average fraction of 4.6%, representing a
rather large part (28%) of all center events. This fraction
thus does not depend on the event energy, or on whether the
charges drifting toward the NbSi film are electrons or holes.
The small reduction to 3.5% of the fraction of events with
r > 1.2 at 8 and 15 V could reflect the onset of charge
trapping and anisotropy effects at lower fields, as suggested
by the evolution of the annular volume fraction as a
function of bias in Table II, and in particular the increase
of the intermediate volume at the expense of the center one.
More interesting is the observation that the fraction of

events with r > 1.2 drops abruptly down to ð0.5� 0.1Þ% at
0 V. In the absence of the NTL effect, high-energy phonons

can only come from the primary interaction. In this case,
the number of K-shell events with an excess in the Einner
signal is proportional to the volume of the detector defined
by the film surface and the depth corresponding to their
average diffusion length. In that hypothesis, the fraction of
0.5% would correspond to a mean-free path of the order
of 1.2 mm. This rough estimate is almost an order of
magnitude larger than what would be expected [23], a
possible indication that the production and transport of
phonons in this region very close to the surface and to the
NbSi film are affected by stray fields and trapping centers.
Despite these uncertainties, the fraction at 0 V clearly

differs from the values above 3.4% that are obtained as
soon as bias of 8 V is applied, and the plateau is at 4.6%.
This is consistent with the excess Einner signal arising from
the absorption of phonons emitted in the NTL process.
These are expected to propagate in a semidiffusive way
over a relatively short distance [23,26,35]. The phonons
that are able to reach the inner film are those that are
emitted within the last mm or μm distance traveled before
reaching the detector surface covered by the film. In a
detector with a quasiplanar field geometry, the emission of
NTL phonons is spread evenly along the entire length of the
field lines. The fraction of phonons that are emitted in the
last portion of the field line is therefore independent of
the depth of the event. In the absence of a calibration of the
efficiency and response of the NbSi film for phonons more
energetic than the ballistic ones that contribute to the bulk
of the signal, the size of the excess Einner signals provides
no information on the actual diffusion length of the
phonons. However, the data of Fig. 7 suggest that the
effective mean-free path of NTL phonons does not vary
much between 8 and 66 V, and is similar for those emitted
by electrons and holes.
In this scenario, primary NTL phonons emitted far away

from the film will not be detected. The upper limit of this
detection range is constrained to be small compared to the
NbSi sensor dimension, the strongest experimental con-
straint being the width of 3 mm of the outer film.

VII. REJECTION PERFORMANCE

The constant fraction of events with r > 1.2 observed
above 30 V, independently of signal energy and the polarity
of the field, and their localization in the center volume
implies that the efficiency of this selection is 4.6% when
considering electron recoil events uniformly distributed in
the entire detector volume. In addition, the low efficiency of
the r > 1.2 cut when applied to 0 V data suggests that this
selection would disfavor nonionizing events producing no
NTL phonons, and could provide an efficient way to reject
HO events. It could also significantly reduce the population
of lateral events, characterized by a poor charge collection.
The small efficiency of 4.6% for evenly distributed electron
recoil events could thus be compensated by a reduction of
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backgrounds caused by HO events and events with incom-
plete NTL amplification.
Selecting events with r > 1.2 means that Einner cannot

provide a reliable measurement of the phonon energy, but
this can be provided instead by the Eouter signal, once it is
corrected for the 95% bias discussed in the previous
section. Using only one film to measure the phonon energy
would however degrade the baseline phonon energy res-
olution from 103 to 138 eV.
The advantage of applying the phonon cut to remove

lateral volume events is illustrated in Fig. 8, showing the
effect of that cut on the spectrum of events collected at 66 V
in the month following the 71Ge activation of the detector.
The efficiency correction takes into account the 4.6%
contribution of the r > 1.2 cut. The intensity of the
10.37 keV peak is recovered, as expected since the cut
efficiency has been determined with K-shell events. More
interestingly, the intensity of the L-shell peak is also
recovered. The peak-over-background ratios of these two
peaks are strongly enhanced because a large part of the
interpeak events are due to the poor charge collection of
lateral-volume events. At low energy, the finite resolution
on r will result in a fraction of true r ¼ 1 events leaking
through the r > 1.2 cut. Given the inner and outer films’
baseline resolutions for the data in Fig. 8 (163 and 141 eV,
respectively, for the weighted average of the −66 and
þ66 V values in Table I), the leakage fraction should
exceed the value of the signal efficiency (4.6%) at
Ephonon ¼ 1.8 keV, corresponding to 0.08 keVee.
At low energy, the measurement of r could be affected

by uncertainties on the relative calibration of the inner and
outer channel signals, and trigger biases. The position of
the M-shell peak in the two films indicates a possible 10%
shift at this low energy that could push up r by as much.
Such a shift would push the energy where the background

leakage fraction exceeds the signal cut efficiency to the
M-shell peak, and explain the apparent absence of back-
ground reduction between 0.08 and 0.16 keVee in Fig. 8.
Increasing the cut on r to values above 1.2 gives

consistent results, but at the cost of a reduction of statistics.
The use of values below 1.2 increases the leakage of the HO
population at low energy.
To better evaluate the capacity of the r > 1.2 cut to

remove the HO background, it has been applied to a
large-statistic sample of events recorded at �15 V with
EIonBottom < 0. Reducing the voltage bias from 66 to 15 V
improves the performance of the ionization cut at low
energy and improves the purity of the selected HO sample.
The efficiency-corrected spectrum is shown in red in Fig. 9.
The spectrum decreases as a power law of the energy
between 2 and 100 keV, as observed in other EDELWEISS
detectors [17,20] operated in the same cooldown. At any
given energy, the athermal phonon sensor measurement
yields a lower number of HO events per unit mass than the
Ge-NTD measurement of the 33.4 g RED30 detector [17],
but comparable to that observed in a 0.82 kg EDELWEISS-
III detector. The use of an athermal phonon sensor does not
eliminate by itself the problem of HO events. However, the
situation is different when the r > 1.2 cut is applied.
Despite the reduced statistics, the spectrum above 3 keV
is reduced by a significant factor. Only two events above
3 keV survive the cut out of the initial 594, which, given the
efficiency of the r > 1.2 cut, corresponds to a reduction
factor greater than 5 at 90% CL Phonons produced in HO
events are thus systematically detected by both films
equally. Unequal detection yields among the two films is
rare because it requires that the HO event originates at close

FIG. 8. Efficiency-corrected distributions of the normalized
phonon energy (in keVee) collected at 66 V following the 71Ge
activation of the crystal. Red: all events; black: events selected by
the phonon cut (r > 1.2). The error bars are statistical only.

FIG. 9. Efficiency-corrected spectra of heat-only events se-
lected by removing events with positive ionization signals.
Green: EDELWEISS-III 0.82 kg detector; blue: the 33.4 g
RED30 detector; and red: the NbSi209 0.20 kg detector. The
efficiency-corrected spectra obtained with the NbSi209 detector
by using the phonon cut (r > 1.2) instead is shown in black. The
dotted lines are power-law fits to guide the eyes.
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proximity of one of them. The situation is very similar to
the reduction of the yield of K-shell events with r > 1.2
when the bias is reduced to 0 V, as this turns off the
emission of NTL phonons along the section of the field
lines very close to the films.
As in Fig. 8, the cut performance degrades rapidly at low

energy due to the phonon baseline resolution (Table I), and
is no longer useful below 3 keV.

VIII. IMPACT ON A DARK MATTER SEARCH

The present limitation of the method to phonon energies
above 3 keV precludes its use for the search of sub-GeV
DM particles that involve nuclear recoils with kinetic
energies less than 100 eV. This type of search requires
improved sensitivity for the NbSi TES, with sharper
transitions and enhanced phonon collection. The present
performance proved to be sufficient for the above charac-
terization of their response to localized ionization events
and HO events. It may also be relevant for Migdal searches
involving electron recoils from the n ¼ 3 shell in Ge [18].
The energy spectrum of these electrons extends up to
200 eVee and reaches the range where a tag is viable given
the resolution of the NbSi209 prototype when operated
at 66 V.
Figure 10 compares the efficiency-corrected spectrum of

the DM search data at �66 V with those obtained when
electron recoils are specifically selected using either a cut
on the ionization signal or on r. Comparing with the HO
spectrum for the 15 V data sample in Fig. 9, that back-
ground should start to dominate the spectrum without
the cuts of Fig. 10 around 4 keV, with a rate of
10 counts=kg=day=keV. The cut used to produce the green

dashed histogram in Fig. 10 is EIonBottom > 2σIonBottom. It
only manages to produce a slight reduction of the rate
between 3 and 6 keV. This is due to the fact that the
resolution of σIonBottom ¼ 325 eVee for this data sample
(see Table I) means that the cut accepts 30% of the HO
population to leak at 4 keV (170 eVee).
The spectrum obtained with a cut on r > 1.2 exhibits a

significantly lower rate above 3 keV. This reduction can
be attributed in part to suppression of some of the HO
population. However, the phonon cut manages to reduce
the rate by half at energies above 50 keV. The ionization cut
fails to achieve a significant reduction in that range, where
leakage effects should be negligible. This could indicate
that the electron recoils selected by the phonon cut come
from the center region, and therefore benefit from self-
shielding effects and a reduced exposure to surface events.
The data displayed in Fig. 10 have been used to perform

a search for DM particle interactions via the Migdal effect
using the same analysis and starting with the same dataset
as in Ref. [18]. The two searches differ by the cut used
to reduce the background of HO events. In Ref. [18], the cut
is based on the ionization signal, and requires it to be
consistent with full charge collection. Here, the ionization
signal is not used at all, and the selection is only based
on the ratio of the inner and outer phonon signals
(r > 1.2). The 90% CL limits on the cross section for spin-
independent WIMP-nucleon interaction cross sections
derived in both analyses are shown in Fig. 11. Both curves
do not include Earth-shielding effects. Their calculation in
Ref. [18] indicates that these are small in the mass and
cross-section regime and should not affect the relative
comparisons. The limits obtained in both cases are in a
domain excluded by other experiments [36,37], but their
comparison helps in understanding the potential of an
athermal phonon-based tag in the context of DM searches.

FIG. 10. Phonon energy distribution of the DM search data at
�66 V. The plotted energy range (1.8–250 keV) corresponds to
(0.08–10.9 keVee). Red squares: all events; green triangles:
efficiency-corrected spectrum obtained with a 2σ cut on the
ionization; black circles: efficiency-corrected spectrum obtained
with the phonon cuts.

FIG. 11. 90% CL on spin-independent cross sections for
WIMP-nucleon interactions from Ref. [18] obtained using an
electron recoil selection based on the ionization signal (black)
compared with those obtained in this work (red) using a phonon-
based selection instead.
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The limits are identical for a WIMP particle with a mass
100 MeV=c2. This can be expected as the optimal region
of interest is in the 2–3 keV range in this case, an energy
at which the r > 1.2 is no longer helpful. For a mass of
1 GeV=c2, the use of the phonon cut improves the
exclusion limit by a factor 2.8. This can be explained by
the optimal region of interest being in the range from 2.9 to
4.9 keV, for which the phonon cut is effective at reducing
the background, as observed in Fig. 10.
A phonon-based cut can thus be used to reduce back-

grounds from HO and surface events. However, in order
to be truly useful for sub-GeV DM particle searches, the
energy resolution of the present device must be improved
by 2 orders of magnitude.

IX. ANTICIPATED IMPROVEMENTS

Work is ongoing to remedy the two problems of the
limited resolution of the present TES, as well as the small
fiducial mass corresponding to the applied phonon cut. A
better control of the NbSi film uniformity would improve
the sharpness of the transition and therefore the energy
resolution. A more original solution to remove the HO
population would be to optimize the NbSi film to single-
electron level sensitivity to provide a tag for ionizing
events, and to rely on the established eV resolution
obtained by NTL-boosted Ge-NTD for the energy meas-
urement [17]. Such an improvement in film sensitivity can
be achieved by reducing it to a single short ∼mm strip,
inspired by the design of superconducting single electron
device (SSED), and by operating it well below its critical
temperature Tc such that only a massive phonon shower
can trigger a transition. To increase the fiducial volume
while keeping a clean separation between the diffuse
phonon production of HO events from a spatially concen-
trated phonon production from the NTL amplification, the
asymmetric field configuration provided by a point-contact
electrode will be used: the small SSED will be used as one
polarity electrode, while most of the rest of the detector
surface will be covered by an enveloping electrode. In that
way, the emission of phonons from the NTL amplification
of ionizing events from the bulk of the volume will occur in
the small high-field region very close to the SSED. At the
same time, the small SSED size reduces its efficiency to
detect uniformly distributed primary phonons. In this way,
the increase of the fiducial volume is not made at the
expense of losing the ability to reject populations that are
not accompanied by charges drifting through this high-field

region, such as HO events and events where most of the
charge is trapped on the surfaces.

X. CONCLUSION

In this paper, we described a technique able to tag
ionizing events using a pair of NbSi TES athermal phonon
sensors. The difference between the signals in the two films
is used to identify the highly localized primary phonons
generated by the Neganov-Trofimov-Luke effect associated
with the drift of the electrons and the holes as they approach
one film or the other. This tag selects ionizing events
occurring in regions traversed by field lines that intersect
one of the two TES. The use of this tag is demonstrated to
reduce the population of heat-only (HO) events, and of
electron recoil events originating from the outer perimeter
of the detector. Notably, the HO population is reduced by
more than a factor 5 for phonon energies above 3 keV. The
performance is limited by the finite energy resolution of the
current TES prototype. This selection method is never-
theless able to improve by a factor of 2.8 some of the dark
matter limits obtained in Ref. [18] using the same dataset.
Establishing that phonons originating from the Neganov-
Trofimov-Luke amplification process can be localized
using an NbSi TES leads the way for further major
improvements of the technique for sub-GeV dark matter
searches.
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