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Abstract BULLKID is a cryogenic, solid-state detector de-
signed for direct searches of particle Dark Matter candidates,
with mass ≲ 1 GeV/c2, and coherent neutrino-nucleus scat-
tering. It is based on an array of dice carved in 5 mm thick
silicon crystal, sensed by phonon-mediated Kinetic Induc-
tance Detectors. In previous works, the array was calibrated
with bursts of optical photons, which are absorbed in the
first hundreds nanometers of the dice and give rise to surface
events. In this work, we present the reconstruction of bulk
events through the 59.5 keV 𝛾-ray generated by an 241Am
source, which emulates more closely the interaction of Dark
Matter and neutrinos. The peak resolution is 5% (𝜎) and
its position is shifted by less than 10% with respect to the
optical calibration. We observe that the resolution is further
improved by a factor 2 combining the signal from neigh-
boring dice. These results confirm the performance of the
detector in view of the physics goals of the BULLKID-DM
experiment for dark matter search.

ae-mail: matteo.folcarelli@uniroma1.it (corresponding author)

1 Introduction

BULLKID [1–3] is a monolithic array of dice of 5.4 × 5.4 ×
5.0 mm3 carved in a silicon crystal and sensed by phonon-
mediated cryogenic Kinetic Inductance Detectors (KIDs) [4–
10]. It is designed for the detection of sub-keV energy depo-
sitions from particle interactions within the crystal, making
it suitable for direct Dark-Matter (DM) searches [11–16] and
coherent elastic neutrino-nucleus scattering (CE𝜈NS) [17–
19] experiments. One of the main challenges in this low-
energy regime is the energy calibration, which is currently
performed with a method based on bursts of 400 nm optical
photons [9, 20]. These photons produce electron recoils near
the surface of the crystal, unlike DM or CE𝜈NS interactions,
which produce nuclear recoils uniformly throughout the crys-
tal volume (bulk events). Validating this optical calibration
method, using bulk events from particle interactions, is thus
of critical importance to confirm the detector’s performance
under realistic conditions. In this work, we present such a
validation by reconstructing the 59.5 keV 𝛾-ray peak from a
radioactive 241Am source using a BULLKID detector. These
𝛾-rays are energetic enough to penetrate the entire crystal,
with an absorption length 𝜆abs of 13 mm [21] — defined as
the distance over which a photon has a 1 − 1/𝑒 probability
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241Am

Fig. 1 Top: silicon wafer of BULLKID. It is made of 60 silicon dice of
5.4×5.4×5 mm3 and 0.34 g each. It is installed in a copper holder for the
mechanical stacking and the thermalization at cryogenic temperatures;
Center: picture of the wafer (from the side of the lithography) and
map of its working KIDs. The resonators inside the orange continuous
line represent the acquired KIDs when the main resonators 46, 47, 49,
in the green boxes, trigger. The empty cells represent missing KIDs
while the colorscale is representative of the total quality factor of each
resonator. Bottom: scheme (not in scale) of the aluminum pot (light
grey) that hosts the BULLKID detector (dark grey) and of the screw
with the Americium source on its head. On the top of the aluminum
pot, a sketch of the optical fibers used for the illumination of the main
KIDs.

of being absorbed. In contrast, optical photons are almost
entirely absorbed at the surface, with an absorption length
of approximately 82 nm [22]. The measurement presented
in this work checks the reliability of the optical calibration
technique and allows the investigation for different responses
between bulk and surface events.

2 Experimental setup

The BULLKID detector exploited in this measurement con-
sists in a monolithic silicon wafer, 3 inches in diameter and
5 mm thick, carved in 60 dice of 0.34 g each (Figure 1 Top).
The carvings leave intact a 0.5 mm thick common disk that
acts as both the holding structure of the array and as sub-
strate for the aluminum lithography of the KIDs [1]. Figure
1 (center) shows a picture of the detector lithography and
a map of its resonators. We identify a total number of 57
working KIDs out of 60, due to fabrication issues, with a

γ

Fig. 2 Schematic representation of a 59.5 keV 𝛾-ray emitted from a
radioactive 241Am source interacting within BULLKID. The plot on the
right shows the interaction probability, evaluated through a GEANT4
[23] simulation, of such 𝛾-rays as a function of the depth in the silicon
crystal. The depth origin is referenced from the top of the common
disk of the structure, as the radioactive source is positioned on the
lithography side. Athermal phonons (red dots) generated by the 𝛾-ray
interaction are predominantly collected by the KID located on the cor-
responding die. A fraction of these phonons leaks through the common
disk into adjacent dice, inducing signals in their respective KIDs. For
reference, the light bulb represents the optical fiber, used for the optical
calibration, that shines the side of the die opposite to the lithography.

median quality factor 𝑄 of 120 k. For operation, the wafer is
installed in a copper holder by clamping the crystal in the pe-
ripheral region of the wafer (Figure 1 Top) and placed inside
aluminum and Cryophy® pots for shielding from thermal ra-
diation and external magnetic fields. The system is anchored
to the coldest point of a dry 3He/4He dilution refrigerator
with base temperature of 20 mK. Additionally a lead cas-
tle around the cryostat is built in order to shield from the
external radioactivity.

The energy of a particle interacting in a die is converted
to athermal phonons (Fig. 2) that, in part, are absorbed by
the KID or by non-sensitive elements, e.g. the feedline. The
absorption in the KID leads to a phase shift in the resonator’s
transfer function which, for small phase variations, is pro-
portional to the deposited energy [24]:

Δ𝜙 ∝ 𝑄 · Δ𝐸 (1)

As the energy increases, the phase response saturates, intro-
ducing a non-linearity in the detector’s response function.
The rest of the phonons leak through the common disk in
nearby dice and are absorbed by the respective KIDs. In a
previous work [1], with respect to the energy measured in
the originating die, an average of (14 ± 3)% of the energy
was observed in each of the first neighbors along the vertical
and horizontal directions, and (5 ± 1)% in the diagonal ones.
This effect is exploited to determine if an event originates in
the die corresponding to the KID considered [2].

The energy calibration is performed by shining controlled
photon bursts to the KID 46, 47 and 49 on the opposite side
of the lithography, produced by a room temperature 400 nm
LED lamp and delivered through optical fibers. The 241Am
source has an activity of 150 Bq and decays spontaneously
to 237Np by emitting a 59.5 keV 𝛾-ray. It is fixed on the head
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of a screw anchored 5 cm below the aluminum pot (Fig. 1
Bottom).

During the data-taking, the KIDs in the orange contour
of Fig. 1 (center) are acquired simultaneously when one of
the resonators 46, 47, 49, dubbed as "main KIDs", triggers.
The strategy of the acquisition has the aim of fiducializing the
active mass, discarding all the events in which the interaction
did not take place in a main die. The incoming data stream is
triggered online, selecting all the signals with an amplitude
30 times greater than the standard deviation of the noise.
The entire measurement consists of 28 h of data-acquisition
performed in sets of 1 h separated by intervals of 10 min.
During these intervals, an acquisition of noise streams is
performed in order to monitor the detector stability.

3 Data analysis and results

The amplitude of the triggered signals is estimated offline
as the distance between the maximum and the baseline of
the waveform. An optical calibration [9], at the beginning
and at the end of the data-taking, allows the evaluation of
the calibration constant of the main KIDs giving the results
presented in Tab. 1. Throughout the data-taking period, LED
pulses are periodically sent to the main KIDs to monitor the
stability of their response. The LED lamp is controlled via
an external trigger that we fire at increasing rate in order to
increase the number of photons in a burst. The dependence
of the reconstructed amplitude 𝐴reco to the number of these
external triggers 𝑁trig is a measure of the detector’s linearity
and we model it through the parabolic relation

𝐴reco = 𝑎 · 𝑁trig · (1 + 𝑎 · 𝑏 · 𝑁trig). (2)

The parameter 𝑏, reported in Tab. 1, represents the non lin-
earity of the response function inferred with the fit in Fig. 3
(top). The black and the green dots, at 𝑁trig ∼ 15 and 30, are
the reconstructed amplitudes of the control LED and of the
Americium peak, corresponding respectively to 30 and 59.5
keV. The linearized amplitude 𝐴lin = 𝑎 · 𝑁trig is evaluated by
inverting Eq. 2.

𝐴lin =
−1 +

√
1 + 4 · 𝑏 · 𝐴reco

2𝑏
. (3)

In the following, the "LED calibrated energy" denotes the
linearized amplitude 𝐴lin calibrated with the calibration con-
stant of the corresponding main KID.

After applying analysis cuts based on pulse shape vari-
ables and the neighbor algorithm [2], which select only inter-
actions occurring in the main dice, we reconstruct the energy
spectra of the main KIDs. Fig. 3 (bottom) shows such en-
ergy spectrum for KID 49 in the energy range [45, 70] keV
where a peak is clearly reconstructed and identified as the
Americium peak. A fit with a linear decreasing background

Table 1 Calibration constant of the main KIDs evaluated through the
combination of the LED calibrations at the beginning and at the end of
the data-acquisition. In the last column it is shown the 𝑏 parameter of
the quadratic relation (Eq. 2) that models the non-linearity of the KID.

KID LED calib. constant [eV/mrad] b [10−4 mrad−1]
46 47.2 ± 3.1 −1.2
47 77.5 ± 6.0 −1.4
49 90.1 ± 6.5 −1.4
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Fig. 3 Top: dependence of the reconstructed amplitude 𝐴reco to the
number of triggers 𝑁trig for the main KID 49 and fit, orange curve, with
the model described in Eq. 2. The blue line corresponds to the response
function after the correction for the non-linearity by mean of Eq. 3. The
black and green dots are the reconstructed amplitudes of the control
LED and of the Americium peak; Bottom: energy spectrum of the
same KID in the range [45, 70] keV calibrated with optical photons.
The Americium peak is identified and fitted with a Gaussian model
superimposed on the graph. The red-dashed vertical line represents the
59.5 keV true energy.



4

Table 2 Results of the Gaussian fits to the Americium peaks for the
three main KIDs. The columns report the Mean and the standard devia-
tion 𝜎 for the LED calibrated energy in the main dice and the standard
deviation in the calorimetric energy 𝜎cal. The last column shows the rel-
ative deviation of the measured peak position from the nominal value.

KID Mean [keV] 𝜎 [keV] 𝜎cal [keV] Mean - nominal
46 56.2 ± 0.1 2.2 ± 0.1 1.1 ± 0.1 −6%
47 55.5 ± 0.2 2.4 ± 0.2 1.1 ± 0.1 −7%
49 57.2 ± 0.2 2.9 ± 0.2 1.3 ± 0.1 −4%

and a Gaussian model of the peak is superimposed to the
energy spectrum. For the main KIDs the inferred parameters
of the Americium peak are summarized in Tab. 2. The en-
ergy resolution amounts to around 5% (𝜎) while the mean
is reconstructed with a deficit of a few % with respect to the
nominal energy, pointing to a systematics of the LED cali-
bration technique. Nevertheless such deficit is smaller than
10%, validating the optical calibration of the BULLKID de-
tector units to such level of accuracy. The physical origin of
this discrepancy might be due to the methodology of the LED
calibration, which is based on the Poisson process of the ab-
sorbed photons [9] which in turns are converted to phonons.
The poissonian distribution of the generated phonons has
not been taken into account so far and it might be the cause
of this discrepancy. This study requires additional measure-
ments which will be object of a future work.

4 Neighbor analysis for bulk events

Effects related to the interaction in the bulk position of
Americium can be investigated by studying the partition be-
tween main and neighboring dice. This is evaluated as the
ratio of the amplitudes of the two dice (𝐴 for the main KIDs
and 𝐴𝑛 for the neighbors), corrected for their corresponding
quality factors from Eq. 1:

𝑅𝑛 =
𝐴𝑛

𝐴
· 𝑄

𝑄𝑛

(4)

For reference, Fig. 4 (top) shows the energy ratio of all the
surrounding neighbors of KID 49 as a function of the LED
calibrated energy. The position of the subplot corresponds
to the neighbor considered; the central one shows the energy
spectrum of KID 49. For all the main KIDs, we measure
an average energy ratio of (17 ± 1)% in the vertical and
horizontal directions and (10 ± 1)% in the diagonal one.
With respect to a previous measurement [1], we observe an
increase that we associate to a possible variation of the groove
depth or to a reduction of the passive metal on the lithography.
The bottom dice measure a larger ratio (about 25%) due to
the position of the resonator, centered in the upper part of the
dice. In Fig. 4 (top) two clusters are clearly visible: the control
LED around 30 keV and the Americium peak around 57 keV.

The inset in each subplot is a close up on the Americium
cluster that presents an anti-correlation: Americium events
are mono-energetic, hence the more phonons leak in the
neighbors the less are absorbed by the main KID.

Additionally, the energy ratios between neighboring dice
for Americium events correlate. Fig. 4 (bottom) shows the
energy ratios for events in the main KID 49 in the energy
range [45, 70] keV, between the dice: left-right, top-bottom
and diagonal corners1. Such correlation suggest that the ef-
fects we observe for Americium events are not related to the
position of the events on the plane parallel to the lithography,
but to the depth in the silicon dice. In particular, a possible
origin of the lower energy reconstructed with respect to the
LED calibration could be the greater phonon leakge pro-
duced by events closer to the common disk. LED events, that
all happen on the surface of a die, and have an estimated light
spot size of approximately 1 mm, do not show any sign of
correlation between neighboring dice.

Following the model of the phonon leakage just exposed,
the sum of the amplitudes of all the KIDs (main + neigh-
bors) should be able to compensate for the anti-correlation,
improving the resolution of the 241Am peak. In this regard,
we define the "calorimetric" amplitude:

𝐴cal = 𝐴/𝑄 +
∑︁

neigh.
𝐴𝑛/𝑄𝑛 (5)

For increasing energy deposited in the main die, more signal
leaks into neighboring dice. For this reason, we expect a lin-
ear relation between the new calorimetric amplitude 𝐴cal —
which includes this leakage — and the (LED-calibrated) en-
ergy in the main die, as shown for KID 49 in Fig. 5 (left). We
exploit this linear correlation by performing a fit, for all the
main KIDs, using all the events in the energy range [10, 80]
keV. The result of this fits provides a calibration function that
maps the calorimetric amplitude to energy, enabling the re-
construction of the new energy spectrum of the Americium
peak.

In Fig. 5 (center) such peak is fitted with a Gaussian
model and the parameters are listed in Tab. 2. An improve-
ment of the resolution by a factor 2 is measured, reaching
the value of 2% (𝜎). In Fig. 5 (right) it is represented one of
the LED acquisitions, used for the optical calibration, in the
same energy range of Americium. We evaluate a resolution
of 1% (𝜎) that is dominated by the photo-statistics of multi-
ple photon bursts. This suggests that the calorimetric energy
does not fully correct the dependence on the interaction point
or other effects of energy loss. Moreover, LED events are not
only localized in depth but also along the plane parallel to
the lithography. In contrast, Americium events are uniformly
distributed across the entire detector surface.

1The same positive correlation is observed for all neighbor pairs and
for all the main KIDs.
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Fig. 4 Top: energy ratio 𝑅𝑛, as defined in Eq. 4, for the neighbor dice of the KID 49 as a function of the LED calibrated energy in the main die.
The position of the single plots corresponds to the die to which the ratio is evaluated. In the center of the plot, the energy spectrum of KID 49. The
insets in each cell is a close up on the region of Americium events ([45, 70] keV) in order to point out the anti-correlation that we measure for
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in the energy range [45, 70] keV in the main die are considered. We observe a positive correlation in all the three cases and the same is for all the
possible neighbors pairs and for all the main KIDs.
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5 Conclusions

We performed the calibration of the bulk events induced
by the 59.5 keV 𝛾-rays of a 241Am radioactive source with
a silicon BULLKID detector. Adopting a calibration based
on optical photons, the mean of all the reconstructed peaks
presents a deficit with respect to the true energy, suggesting
a systematic bias in the calibration technique. However, such
deficit is less than 10%, validating the optical calibration,
of the BULLKID detector, to such level of accuracy. We
observe an anti-correlation in Americium events between
the energy deposited in the main die and in neighboring
dice pointing to positional effects related to the depth of the
interaction point. By summing the energies of nearby dice,
we are able to correct for such anti-correlation improving the
peak resolution from 5 to 2% (𝜎).
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