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We propose the utilization of inorganic crystals as substrates for kinetic inductance detec- 
tors (KIDs), which are thin-film superconducting resonators, for future rare e v ent studies. 
When energy is deposited on the substrate, phonons are generated and propagate from the 
substrate to the surface, where KIDs are fabricated. This approach expands the potential for 
utilizing a di v erse range of target crystals. We implement KIDs on calcium fluoride (CaF 2 ) 
substrates, since 19 F is sensiti v e to dar k matter with spin-dependent interaction and 

48 Ca is 
one of the double- β decay nuclei. We have experimentally demonstrated the operation of 
the KIDs on the CaF 2 substrate and their phonon-mediated particle detection. 
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1. Introduction 

The quest to discover rare events such as dark matter and neutrinoless double beta (0 νββ) de-
cay in underground laboratories r epr esents a significant frontier in astroparticle physics. In the
ne xt generation of e xperiments, detectors with lower energy thresholds and/or higher energy
r esolution ar e r equir ed. Lo wering the ener gy threshold of detectors enables us to search for
lower-mass dark matter [ 1 ]. Enhancing the energy resolution of detectors increases their sen-
sitivity to 0 νββ decay by diminishing the contamination from normal double beta decay [ 2 ].
One of the most pr omising appr oaches is the use of superconducting detectors. Se v eral e xperi-
ments have already utilized the Transition Edge Sensor (TES) [ 3 , 4 ]. Moreover, a pilot study on
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the utilization of metallic-magnetic calorimeters (MMCs) is underway [ 5 ]. Light dark matter
searches using superconducting nanowires have already been demonstrated [ 6 ]. 

Among the various superconducting detectors, the kinetic inductance detector (KID) is a 

highly attracti v e option. A KID is composed of a feedline and LC resonators made of super-
conducting films. The kinetic inductance of superconducting films is dependent on the number
of Cooper pairs, and when some energy is absorbed in the films, the Cooper pairs are bro-
ken, leading to a change in the kinetic inductance, which in turn alters the r esonant fr equency.
The transmitted voltage of a KID at the resonant frequency is highly sensiti v e to the absorbed
energy. KIDs can be designed with different resonant frequencies, making them highly multi-
ple xab le, which is essential for reducing wiring complexity and heat load. Consequently, KID
is a promising technique for constructing large detector arrays. 

The original KID’s maximum sensiti v e area is only a few mm 

2 [ 7 ]. To increase this area, a
phonon-mediated approach with lumped-element KID (LEKID) was proposed [ 8 ] and has
been successfully tested [ 9 , 10 ]. Phonons generated by energy deposition on the substrate are
transferred to the LEKID which is fabricated on the surface, breaking the Cooper pairs in
the LEKID. This phonon-mediated approach has enabled the de v elopment of large photon
sensors. For example, the CALDER collaboration, which is de v eloping large sensors for highly
sensiti v e 0 νββ decay searches [ 11 ], achie v ed a baseline resolution of 34 eV root mean square
(RMS) with a sensiti v e area of 5 cm × 5 cm [ 12 ]. The simultaneous measurement of photons
and phonons from a Li 2 MoO 4 crystal has also been demonstrated [ 13 ]. 

The concept of using KIDs to search for dark matter was proposed in 2008 [ 14 ]. Phonons
are produced when the KID substrate reacts with dark matter. These phonons propagate to
the KID and break its Cooper pairs. A recent proposal for a massi v e detector based on 108
individual 5 mm × 5 mm × 5 mm substrates, called BULLKID, aims to study dark matter and
coherent elastic scattering of neutrinos [ 15 ]. 

We propose an alternati v e approach for the application of KIDs in astroparticle physics, par-
ticularly for rare e v ent searches. Our approach involves the utilization of inorganic crystals as
LEKID substra tes. W hile silicon (Si), sapphire, and diamond are commonly used as KID sub-
strates due to their accomplishments in semiconductor technology, our approach offers distinct 
advantages for using a di v erse range of target crystals and enables easy scalability of the target
mass by employing larger crystals with multiple readout. Howe v er, it should be noted that the
appearance of LEKID resonances with inorganic crystal substrates cannot be guaranteed, nor 
can the detectability of substrate e v ents be assured in phonon-mediated approaches. As the first
step, our focus is on implementing LEKIDs on calcium fluoride (CaF 2 ) substrates. This choice
is motivated by the prospects of dark matter searches utilizing spin-dependent interaction with
19 F, as well as studies of double beta decay in 

48 Ca. In this paper, we present an experimental
demonstration of the implementation of a LEKID on a CaF 2 substrate and a proof-of-concept
of phonon-mediated particle detection on CaF 2 substrates. 

2. Design and fabrication 

The LEKID design consists of an inducti v e meander and interdigitated capacitor, as shown in
Fig. 1 . The SONNET simulation [ 16 ] predicts a resonant frequency of around 4.5 GHz for a
Si substrate and 5.5 GHz for a CaF 2 substrate. The actual pattern is an array of 14 LEKIDs
sharing a single feedline with different coupling distances ranging from 20 μm to 200 μm. 
2/8 
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Fig. 1. Pattern of LEKID. 
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The LEKID elements were directly fabricated on a 10 mm × 10 mm CaF 2 substrate with a
thickness of 1 mm at RIKEN. First, a 50 nm Al film was deposited on the substrate using a
DC magnetron sputtering system. Then, a photoresist (Tokyo Ohka Kogyo Co., Ltd., TSMR
8900-LB) was coated onto the substrate. The photoresist was exposed by an LED at 50 mJ/cm 

2 

using a maskless exposure system (Nano System Solutions, Inc., DL-1000). After exposure, the
designed pattern was de v eloped using the de v eloper (ROHM and Haas Electronic Materials
Co., Ltd., MF-320). Finally, the Al film was removed by a wet etching process. 

3. Evaluation 

3.1. Setup 

The LEKID was operated with a dilution refrigerator (Cryoconept, HEXA-DRY 200-UQT).
The LEKID was placed in a permalloyed magnetic shield attached to a mixing chamber in the
dilution refrigerator. We used CuNi coaxial cables to connect the outside of the refrigerator to
the 4 K stage, and NbTi cables were used to link the 4 K stage to the mixing chamber. 

For detailed studies, we employed a direct down-conversion (DDC) readout technique [ 17 ].
A field-progr ammable gate arr ay (FPGA) on a Xilinx KCU705 was utilized to generate two
digital waves, which were created by summing sinusoidal signals with a phase difference of π /2
at each r esonant fr equency. The digital waves were then converted into analog signals using
RHEA [ 18 ]. These analog signals were up-converted using a radio frequency (RF) signal with
a frequency of around 5 GHz from a local oscillator (LO) on an in-phase quadrature (IQ) mixer.
The up-converted signals were then delivered to the LEKID through a DC block, a ttenua tors,
and a 4–6 GHz bandpass filter. The signal output from the LEKID was amplified using a high
electron mobility transistor (HEMT) (Low Noise Factory, LNF-LNC-4_8A) on a 4 K stage
and a room-temperature amplifier (Mini Circuits, ZVE-8G + ). The amplified signal was then
demodulated into in-phase ( I ) and quadrature-phase ( Q ) signals using an IQ demodulator with
3/8 
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Fig. 2. The top left and bottom left panels show the resonance parameters as functions of the tempera- 
ture. The fitted curves are also shown in the top left panel. The top right and bottom right panels show 

the changes in the resonance structure with temperature, where zero on the horizontal axis is the resonant 
frequency at the minimum temperature. 
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the same LO for up-conversion. These two demodulated signals were converted into two digital
signals using the RHEA and sent to the FPGA. Finally, the FPGA utilized DDC logic to extract
the time-ordered I and Q data for each LEKID resonant frequency. 

3.2. Resonance measurements 
The LEKID resonances were characterized by measuring their transmission S 21 ( f) as a function
of frequncy, f, which can be expressed as 

S 21 ( f ) = ae −2 π i f τ

[ 

1 − Q r /Q c e iφ

1 + 2 iQ r ( f − f 0 ) / f 0 

] 

= I ( f ) + iQ ( f ) , (1) 

and fitted using a standard procedure [ 19 ]. Here Q r , Q i , and Q c are a total quality factor of the
resonator, internal quality factor, and coupling to the feedline, respecti v ely. These are related to
1/ Q r = 1/ Q c + 1/ Q i . a , τ , f 0 , φ are the complex constant, cable delay, r esonant fr equency, and
impedance mismatch, respecti v ely. 

From the measurements of S 21 ( f), we confirmed that the six LEKIDs were acti v e. The reso-
nance parameters ( Q r , Q c , Q i , and f 0 ) wer e measur ed at various temperatures ( T ) and compared
with the results obtained from LEKIDs on a silicon (Si) substrate. The measured f 0 ranged
from 5.06 to 6.15 GHz/4.13 to 5.06 GHz when using the CaF 2 /Si substra te. This dif ference is
attributed to varying dielectric constants of the substrates, which is a phenomenon predicted by
the SONNET simulation [ 16 ]. The resonance structure and parameters are shown for various
T in Fig. 2 . The measured values of Q c exhibited no temperature dependence below 250 mK
for either substrate. Howe v er, their magnitudes were distinct, with Q c being (9–12) × 10 

4 for
4/8 
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Fig. 3. The left panel shows the resonance in the I- Q plane with the trigger TOD. The right panels are 
the amplitude and phase of the triggered TOD. We realize its large e v ent and its normal e v ent are an 

α-ray e v ent and a γ -ray e v ent, respecti v ely. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2023/10/103H

02/7296161 by D
eutsches Elektronen Synchrotron D

ESY user on 06 N
ovem

ber 2023
the CaF 2 substrate and (2–6) × 10 

4 for the Si substrate. Conversely, the SONNET simulation
displayed an opposite trend. Se v eral LEKID elements were not assessed because of poor yields
(a pproximatel y 50%) on the CaF 2 substrate, leading us to specula te tha t this dif ference arises
from a r eproducibility issue. Q i r emains constant below 150 mK. In contrast to Q c , there is no
significant disparity in Q i values between the two substrates, with Q i being (0.7–2.4) × 10 

6 /(0.6–
4.0) × 10 

6 for the CaF 2 /Si substrate. 
The change in resonant frequency can be expressed as follows [ 20 ], 

f 0 (T ) − f L 

0 

f L 

0 

= −α

[ 

tanh 

( 


0 

2 k B 

T 

) −1 / 2 

− 1 

] 

, (2) 

where α and 
0 represent the fraction of the kinetic inductance relati v e to the total inductance
and superconducting gap energy of the Al film, respecti v ely. f L 

0 is the resonant frequency at
a tempera ture suf ficiently below the superconducting transition temperature. Using the CaF 2 

substrate, we obtained α = (7.4 ± 0.4) × 10 

−2 and 
0 = 155.8 ± 1.6 μeV. On the other hand,
measurements conducted on Si substrates showed α = (3.6 ± 0.3) × 10 

−1 and 
0 = 208.8 ±
0.8 μeV. A notable difference was observed between the two results. It remains unclear whether
this difference is due to the physical properties of the substrate or fabrication process. This will
be investigated in future studies. 

3.3. T rig g er measur ements 
Hereafter, we focus on one single KID. We correct for the cable delay effect of S 21 ( f) and
transform the coordinates such that the origin is the center of the r esonant cir cle, r epr esented
as S 21 ( f ) . The left panel of Fig. 3 shows an example of S 21 ( f ) and its fitting curves based
on Eq. ( 1 ) with the correction of the cable delay and coordina te transforma tion in the I–Q
plane, where I = Re (S 21 ) and Q = Img (S 21 ) , respecti v ely. Whene v er I ( f 0 ) or Q ( f 0 ) exceeded the
four-sigma thr esholds pr eviously measur ed, f or f our consecuti v e points, I ( f 0 ) and Q ( f 0 ) were
recor ded as time-or dered data (TOD) at 1 MS/s. Offline processing converts I ( f 0 ) and Q ( f 0 )
to I( f 0 ) and Q ( f 0 ) as well as S 21 ( f) to S 21 ( f ) . The phase θ = arctan (Q / I ) is converted to
5/8 
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Fig. 4. Histograms of � when setting the 241 Am source with and without tapes. 
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� = 2tan ( θ /2) for the nonlinear effect [ 21 , 22 ]. The distributions of the maximum phase �
are shown in Fig. 4 attaching the 241 Am source with and without polyimide tapes. The 241 Am
source emits 5.49 MeV α-rays and 59.5 keV γ -rays a t approxima tely 110 Bq. The polyimide
tapes are used to stop the 5.49 MeV α-rays. Thus, we can expect only γ -ray incidence with the
tapes. Based on the geometric relationship, the trigger rate was considered to be a pproximatel y
10–20 Hz without the tapes. There is a clear peak around � = 15 rad and the trigger rate is 13.3
± 1.4 Hz. Without the source, the trigger rate is less than 30 mHz. The measured trigger rate is
consistent with the expected value. Around � = 0.9–1.5 rad, there is another small cluster. The
other measurements with the tapes confirmed that they are 59.5 keV γ -ray e v ents. The structure
in the I- Q plane and the change in amplitude ( 

√ 

I 

2 + Q 

2 ) and phase ( θ ) without the correction
are also shown in Fig. 3 . 

We confirmed that the LEKID on CaF 2 w ork ed as a particle detector. 

4. Discussion 

In the 241 Am source run with the tapes, we observed a peak at � = 0.98 rad (as shown in Fig. 4 ),
which corresponds to a responsivity of d �/ dE = 16.5 mrad/keV. Howe v er, the 5.49 MeV α-
rays yielded peaks around � ∼ 15 rad, leading to inconsistent results, e v en after a ppl ying the
correction of 2tan ( θ /2). The RMS noise le v el of the phase was determined to be 27 mrad
through TOD analysis. Assuming a responsivity of 16.5 mrad/keV, the calculated fiv e-sigma
energy threshold is a pproximatel y 8.2 keV. 

We can express the responsivity based on the number of quasiparticles in the superconducting
film [ 21 , 23 ]. This expr ession r elates the change in phase ( d �) to the deposited energy ( dE ) and
can be gi v en as: 

d�

dE 

= η
αS 2 ( f , T ) Q r 

N 0 V 
2 , (3) 

0 

6/8 
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where N 0 = 1.72 × 10 

10 eV 

−1 μm 

−3 represents the single-spin density of states, S 2 ( f, T ) is a
temperature-dependent function of the resonant frequency characterizing the phase variation
due to the breaking of Cooper pairs, V = 1843.8 μm 

3 is the acti v e volume of the resonator,
and η is the efficiency from the energy deposit on the substrate to the breaking of Cooper pairs,
respecti v ely. Assuming η = 0.01 and S 2 ( f, T ) = 2.5, we obtained a responsivity of d �/ dE =
246 mrad/keV for one single KID, which is used in the trigger test. The variation of S 2 ( f, T ) with
Al films appears to be relati v ely slow, ranging from 2.3 to 2.6 [ 24 ]. Assuming a responsivity of 
246 mrad/keV, the resulting fiv e-sigma energy threshold is a pproximatel y 550 eV. Howe v er, the
parameter η carries a substantial le v el of uncertainty due to its dependency on se v eral factors
such as the mean free path of phonons in CaF 2 . 

The significant difference in responsivity between the incidence of 59.5 keV γ -rays and the
analytical estimation based on the number of quasiparticles in the superconducting film raises
se v eral possibilities. One possibility is that the 59.5 keV energy is too strong to keep the lin-
ear relation. Another possibility is the overestimation of η. It is worth noting that e v en if 
16.5 mrad/keV is confirmed, conducting combined amplitude and phase analysis as well as
anal yzing m ultiple KIDs sim ultaneousl y could help improve the situation [ 10 , 23 ]. 

This paper primarily emphasizes the demonstration of phonon-mediated particle detection
through trigger rate analysis. For an energy-resolved particle detector, more assessments of 
responsivity and nonlinear response are required. Howe v er, these are beyond the scope of this
paper. We intend to explore these aspects in a subsequent publication, where we will conduct
measurements by irradiating the laser with varying laser power. 

5. Summary 

We proposed utilizing inorganic crystals on LEKID substrates in this pa per. Cryo genic tests ver-
ified the resonance of a LEKID on the CaF 2 substrate and the capability of phonon-mediated
particle detection. Ther efor e, the pa per successfull y demonstrated the proposed concept. The
next phase of this study involves comprehensive performance evaluation for an energy-resolved
particle detector using multiple LEKID elements. To further improve the energy threshold,
we plan to de v elop a LEKID with an Al/Ti/Al trilayer structure or a single layer structure of 
hafnium (Hf), as demonstrated in previous studies (see examples of improvements with them
in Refs. [ 25 , 26 ]). 
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