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Quantum dots (HEP calorimetry)
Superconducting devices (HEP, astroparticle)

Atomic & nuclear physics (exotic atoms, neutrino physics, clocks)

TES, MMC (cryo-spectrometry)
RF cavity
Cryoelectronics, packaging …

Spin-based sensors

Nano- and Microwires
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WP6 Capability expansion (cross-disciplinary
exchanges; infrastructures; education)

Scaling up to macroscopic ensembles (spins; 
nano-structured materials; hybrid devices, 
opto-mechanical sensors,…)

Quantum techniques for sensing (back 
action evasion, squeezing, entanglement, 
Heisenberg limit)

Quantum superconducting systems 
(4K electronics; MMC’s,TES, SNSPD, 
KID’s/…; integration challenges)

Exotic systems in traps & beams 
(HCI’s, molecules, Rydberg systems, 
clocks, interferometery, …) 

DRD5: WP’s

Quantum materials (0-, 1-, 2-D)
(Engineering at the atomic scale)

“Quantum” needs dedicated R&D to achieve its expected potential
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         D. Arora, CALOR, 23 May 2024

Scatter plots illustrating the relationship between the signal 
amplitudes measured in GAGG and LYSO for electrons (e−) and 
positively charged pions (π+) at 100 GeV. 

Each point represents an event, with the x-axis indicating the signal 
amplitude measured in GAGG and the y-axis in LYSO.

0.1 0.2 0.3 0.4 0.5 0.6 0.7
 (volts)GAGGAvg. Amp 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 (v
ol

ts
)

LY
SO

Av
g.

 A
m

p 

20

30

40

50

60

70

80

e- (100GeV)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
 (volts)GAGGAvg. Amp  

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 (v
ol

ts
)

LY
SO

Av
g.

 A
m

p 
 

20

30

40

50

60

70

80

pi+ (100GeV)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
 (volts)GAGGAvg. Amp  

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 (v
ol

ts
)

LY
SO

Av
g.

 A
m

p 
 

20

30

40

50

60

70

80

20

30

40

50

60

70

80

e- & pi+ (100GeV)

27

A N A LY T I C A L  D I S C R I M I N AT I O N  S T U DY  

G
A
G
G

e  (100 GeV)
_

π  (100 GeV) e  & π (100 GeV)
_+ +

A(yellow) A(yellow) A(yellow)

A
(b

lu
e)

A
(b

lu
e)

A
(b

lu
e)

86% “chromatic” electron - pion discrimination

GAGG [radiation length = 1.51 cm (for 1 cm length, 1.32 X0)]

BGO    [radiation length = 1.2 cm (for 3 cm length, 2.7 X0)] 
-> in the shower max

LYSO  [radiation length = 1.1 cm (for 2 cm length, 1.8 X0)]

PWO is used for adding X0 without compromising the 
transparency of the crystals’ emission

         D. Arora, CALOR, 23 May 2024
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MATERIALS: CHROMATIC CALORIMETRY: TB 2023

24cm

GAGG BGO LYSO
PWO PWO

photodetector

Multianode PMT (MAPMT, Hamamatsu R7600-M4) from Hamamatsu 
Active area 18x18 milli-meter.  
A light mixer was used to spread the light between LYSO and the 
filters

filters
long pass for the GAGG light: FELH0550 from Thorlab. 
short pass for the LYSO light: FESH0450 from Thorlab. 
bandpass for the BGO: FB490-10 from Thorlab. 

         D. Arora, CALOR, 23 May 2024
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Measurements
25-100 GeV electrons
100 GeV pions
150 GeV muons

D E T E C T I O N  D E TA I L S :  C H R O M AT I C  C A L O R I M E T R Y:  T B  2 0 2 3

24cm
24 cm

MaPMT

Light filters

fast, narrowband emitters (20nm), large Stokes shift

chromatic energy measurement
shower profile
PIDtest of chromatic concept in beam (SPS, 2023) 

• seeding/embedding of QDs in the calo module 
is not feasible at the moment

• the first iteration of chromo calo, validating the 
relevance of this method

• utilizing standard inorganic bulk scintillating 
materials having different emission spectra, and 
PWO was chosen as an absorber although it is 
not ideally transparent 

16          D. Arora, CALOR, 23 May 2024

24cm

C H R O M AT I C  C A L O R I M E T R Y:  P R O O F  O F  C O N C E P T,  
T E S T- B E A M  2 0 2 3

G
A

G
G

   

F. Yuan, S. Yang, et al., Nature Communications 9 (2018) 2249

idea: seed different parts of a “crystal” with nanodots 
emitting at different wavelengths, such that the 
wavelength of a stimulated fluorescence photon is 
uniquely assignable to a specific nanodot position

2 WP-2

Devanshi Arora et al., 2025, JINST 20 P06019

UV light

Quantum dots for HEP calorimetry

Specific examples for potential particle physics impact: chromatic calorimetry
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wavelength blackbody photons) is reduced as the temperature
increases.76 Therefore, in a system in which blackbody radiation is
well filtered out, the signal to noise ratio (SNR) often decreases as the
temperature is increased.

The timing properties of SNSPDs (recovery time and time jitter)
have been thoroughly studied: Early on, the recovery time of NbN
SNSPDs was found to be limited by their kinetic inductance,77 reveal-
ing an intrinsic trade-off between large-area devices and fast recovery
times. A more systematic electro-thermal model78 was presented to
better explain the detection dynamics with a practical solution to
shorten recovery time by adding a resistor in series to SNSPDs.
However, in the same work, it was demonstrated that there is a limit
to reducing SNSPDs recovery times, this limit is dictated by electro-
thermal feedback and hence depends on the substrate material, on the
superconductor, temperature, bias, critical current, as well as on the
SNSPD’s kinetic inductance. While detectors with very fast electrical
recovery time (<1ns) have been demonstrated, it has also been shown
that the electrical recovery time (extracted from the pulse traces) is not
necessarily the same as the detector recovery time.79 Alternatively,
multi-pixel56 and multi-element structures80 were proposed and dem-
onstrated to increase the active area without sacrificing time perfor-
mance and even offering photon number resolution prospects.81

Since SNSPDs typically cover areas of hundreds of square micro-
meters and the electrical signal propagates through the detector with
finite speed, photons detected at different locations generate detection
pulses that reach the readout circuit at different times, leading to a geo-
metrical jitter.82 In 2017,83 the influence of Fano fluctuations on tim-
ing jitter was also reported. In the same year, timing jitter caused by
distributed electronic and geometric inhomogeneity of a supercon-
ducting nanowire84 was analyzed. Also, vortex-crossing-induced jitter
was systematically studied, and the theoretical limit of SNSPDs’ intrin-
sic timing jitter was estimated to be around 1 ps.85 Another study,
based on the two-temperature model coupled with the modified time-
dependent Ginzburg–Landau equation,86 argued that photon absorp-
tion location on a current-carrying superconducting strip has direct
influence on the minimal achievable time jitter. The minimum jitter
was shown to depend on the critical temperature of the superconduct-
ing film. This was calculated to be of the order 0.8 ps for a nanowire
with a width of 130nm made from a typical NbN superconducting
films with a critical temperature of 10K. Narrower nanowires can
potentially improve the minimum achievable jitter. If no other funda-
mental limitation for time jitter is discovered, ultimately, the time jitter
would be limited by the dynamics of suppression of superconductivity
(pair breaking) which depends on material, temperature, and the opti-
cal excitation density.87

D. Scope and content of this perspective
After summarizing the history and development of SNSPDs over

the past two decades, we highlight the leading theories to explain the
operation mechanism and provide the status quo and state-of-the-art
in SNSPD technology (Sec. II). A selected number of current and
potential future applications are discussed in Sec. III. Finally, we pro-
vide an outlook for future development (Sec. IV). For a more in-depth
and technical review of SNSPD’s working principle, intrinsic limita-
tions, and design solutions, we refer the readers to Ref. 88.

II. SNSPD DETECTION MECHANISMS AND STATE-OF-
THE-ART
A. SNSPD detection mechanisms

This section gives an overview of the leading physical models of
the detection mechanisms in SNSPDs, providing a qualitative descrip-
tion to understand basic working principles and device physics. We
consider the most common SNSPD implementation, based on a
superconducting nanowire (width 50–100nm) patterned from a thin
film (thickness 5–10nm) using a top-down nanofabrication process.
The nanowire, often designed as a meandering structure, is “DC-
biased” close to the device’s critical current via a bias tee, and low noise
amplifiers and counting electronics are used to detect single-photon
events and register corresponding voltage pulses. A phenomenological
model of the detection process was proposed in the initial reports on
SNSPDs22,89 and has been revised in the following two decades. To
allow for quantitative modeling and design optimizations, the detec-
tion process90 was divided into subsequent steps (see Fig. 1): (I) pho-
ton absorption; (II) creation of quasiparticles and phonons combined
with their diffusion; (III) emergence of a non-superconducting nano-
wire segment; (IV) re-direction of bias current in readout circuitry,
leading to a voltage pulse; and (V) detector recovery.

(I) The initial absorption of a single photon within the active
detector area is well described by a classical electromagnetic theory.
This allows for the use of established modeling tools92 to optimize
optical absorption in the superconducting layer for a desired wave-
length range. The absorption of a visible or near-infrared photon
results in (II) the formation and expansion of a cloud of quasiparticles,
which is initiated by the relaxation of the photo-excited electron and
followed by the creation, multiplication, and diffusion of quasiparticles
and phonons. These processes are governed by electron-electron,
electron-phonon, as well as phonon-phonon interactions and their
characteristic timescales,93 whereas the diffusion constants as well as
the ratio of the heat capacities of electrons and phonons are crucial for
the spatiotemporal relaxation dynamics. This downconversion process
is modeled through deterministic kinetic equations for electrons and
phonons94 or through a stochastic loss of excitation energy into the

FIG. 1. Macroscopic explanation of the detection mechanism (based on Refs. 22,
78, and 89). In the steady state (SS), the superconducting thin-film strip is current
biased. Photon absorption (I) leads to the creation of quasi-particles and phonons
(II). This leads to the formation of a normal-conducting part of the strip (III).
Redirection of the current toward the readout electronics allows a recovery of the
superconducting state (IV), which leads to a return of the current (V) to its initial
value. This reset dynamics is limited by the kinetic inductance of the device.
Center: The voltage readout signal with each step labeled. Adapted with permission
from Allmaras et al., Nano Lett. 20, 2163–2168 (2020). Copyright 2020 American
Chemical Society.91

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 118, 190502 (2021); doi: 10.1063/5.0045990 118, 190502-3
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FIG. 1. Single-electron charge resolution using a Skipper
CCD with 4000 samples per pixel (bin width of 0.03 e�). The
measured charge per pixel is shown for pixels with low-light
level illumination (top) and stronger illumination (bottom).
Integer electron peaks can be distinctly resolved in both
regimes contemporaneously. The peak at 0 e� has rms noise
of 0.068 e� rms/ pix while the peak at 777 e� has rms noise of
0.086 e� rms/ pix. The Gaussian fits have �2 = 22.6/22 and
�2 = 19.5/21, respectively. The two measurements demon-
strate the single-electron sensitivity over a large dynamical
range.

TECHNICAL DESCRIPTION

CCD detector

The detector studied here is a p-channel CCD fabri-
cated on high resistivity (⇠10 k⌦ cm) n-type silicon that
was fully depleted at a substrate voltage of 40 V. The sen-
sor is 200 µm thick and composed of 15µm⇥15µm square
pixels arranged in a 4126⇥866 array. The characteristics
of the Skipper CCD are collected in Table I. To reduce
the number of electrons promoted to the silicon conduc-
tion band by thermal fluctuations (“dark current”), the
sensor is operated at low temperatures. Here we operate
the sensor at 140 K, but this could be lowered to ⇠ 100 K
before charge-transfer e�ciency is significantly reduced.
As we discuss further below, the dark current may be
the limiting factor for some applications though signifi-

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

Readout Noise (1 sample) 3.55 e� rms/ pix

Readout Noise (4000 samples) 0.068 e� rms/ pix
a The upper limit on dark current comes from measurements on
a similar CCD used by the DAMIC experiment [13].

cant investment has been made to minimize it [14, 15].
Figure 2 shows a simplified diagram of the Skipper

CCD output stage. At t0, all the charge is drained from
the sense node (SN) to Vdrain by applying a pulse to
the dump gate (DG), and the SN voltage is restored
to Vref with a pulse to the reset gate (RG). At t1, the
summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
first sample. To take the second sample, the output gate
(OG) and SG phase are lowered at t2, moving the charge
packet in the SN back under the SG phase and the ref-
erence voltage of the SN is restored applying a pulse to
the RG. This cycle can be repeated to sample the same
charge packet multiple times. A more detailed descrip-
tion of the Skipper output stage can be found in [11].
The CCD is divided into four rectangular regions of

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
have smaller capacitance and higher gain, but can be

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.
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strate the single-electron sensitivity over a large dynamical
range.

TECHNICAL DESCRIPTION

CCD detector

The detector studied here is a p-channel CCD fabri-
cated on high resistivity (⇠10 k⌦ cm) n-type silicon that
was fully depleted at a substrate voltage of 40 V. The sen-
sor is 200 µm thick and composed of 15µm⇥15µm square
pixels arranged in a 4126⇥866 array. The characteristics
of the Skipper CCD are collected in Table I. To reduce
the number of electrons promoted to the silicon conduc-
tion band by thermal fluctuations (“dark current”), the
sensor is operated at low temperatures. Here we operate
the sensor at 140 K, but this could be lowered to ⇠ 100 K
before charge-transfer e�ciency is significantly reduced.
As we discuss further below, the dark current may be
the limiting factor for some applications though signifi-

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

Readout Noise (1 sample) 3.55 e� rms/ pix

Readout Noise (4000 samples) 0.068 e� rms/ pix
a The upper limit on dark current comes from measurements on
a similar CCD used by the DAMIC experiment [13].

cant investment has been made to minimize it [14, 15].
Figure 2 shows a simplified diagram of the Skipper

CCD output stage. At t0, all the charge is drained from
the sense node (SN) to Vdrain by applying a pulse to
the dump gate (DG), and the SN voltage is restored
to Vref with a pulse to the reset gate (RG). At t1, the
summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
first sample. To take the second sample, the output gate
(OG) and SG phase are lowered at t2, moving the charge
packet in the SN back under the SG phase and the ref-
erence voltage of the SN is restored applying a pulse to
the RG. This cycle can be repeated to sample the same
charge packet multiple times. A more detailed descrip-
tion of the Skipper output stage can be found in [11].
The CCD is divided into four rectangular regions of

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
have smaller capacitance and higher gain, but can be

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.
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scalability. The SNSPD array demonstrated in this work combines a 
thermal row–column sensor element with thermally coupled imager 
readout to achieve its large degree of multiplexing. Furthermore, 
the perpendicular orientation of the two nanowire layers enables 
polarization-insensitive optical-cavity designs.

The array, shown in Fig. 1, comprises 800 column detectors and 500 
row detectors and was operated at a temperature of 0.8 K. The row and 
column detectors were made by patterning 1.1-µm-wide wires from two 
independent 4-nm-thick WSi films with a Tc of 3.4 K and kinetic induct-
ance of 250 pH per square. Row and column detectors were spaced 
5 µm apart and arranged in a grid, giving a resolution of 5 × 5 µm, as 
shown in Fig. 1c. There were four buses used for readout, requiring 
a total of eight microwave coax lines, and the row and column detec-
tors were interleaved between them, as shown in Fig. 1c. Each row or 
column detector was connected to a resistive thermal coupler, which 
contained a small heater that is thermally coupled to (but electrically 
isolated from) the readout bus by a thin, electrically insulating dielectric  
spacer.

The readout buses were made from the same layer of material as 
the column detectors and so have the same basic properties. Most 
of the bus length had a width of 8 µm that, in combination with the 
70-nm-thick SiO2 dielectric spacer and ground plane, formed a micro-
strip transmission line with approximately 50 Ω impedance. During 
operation, these sections of the bus contained a relatively low current 
density and were thus not directly photosensitive, allowing the readout 
bus to avoid generating false counts from stray photons. Below each 
heating element, the bus briefly narrowed to a 1.5-µm-wide constriction 
with high current density, creating a heater-tron-like device30. The high 
current density ensured that every time the heater was activated during  
a detection event, it created a corresponding hotspot on the bus.

Detectors were grouped into sections of 50 rows or 50 columns 
and each section was biased independently. For each section, the 
bias current was resistively distributed among the 50 detectors, 
sharing a common source and ground. Figure 2 shows the circuit 
diagram for a single section comprising 50 column SNSPDs. When a 
photon was absorbed by a detector, a hotspot formed on the detector 
with a peak value of a few kΩ. This resistance diverted the bias cur-
rent out of the detector and into the heating element of the thermal 

coupler. The resulting phonons generated within the thermal cou-
pler locally destroyed the superconducting state on the readout 
bus, creating two opposite-polarity voltage pulses that travelled 
down the readout bus, as shown in Fig. 2. Owing to the large kinetic 
inductance of the bus material, these microwave pulses propagated 
at 0.36% of c (1.10 × 106 m s%1), allowing relatively short lengths of 
bus (400 µm) to separate adjacent detectors while maintaining  
excellent distinguishability.

By measuring the time difference between the arrival of these pulses 
at the ends of the buses, we can compute the location of the detection 
event and the corresponding row or column. As shown in Fig. 2a, for 
a photon arriving at time t0, the emitted positive pulse will arrive at 
the left readout at time t1 = t0 + τ1 and the negative pulse at t2 = t0 + τ2. 
Applying this process to both row and column readouts, we were able 
to precisely identify the location at which each photon was absorbed. 
Given arrival times of t1 and t2 from a column bus and t3 and t4 from a 
row bus, we calculated the differential time delays as ∆tcol = t1 % t2 and 
∆trow = t3 % t4. Similarly, the photon time of arrival can be calculated from 
t0 = (t1 + t2 % τb)/2, in which τb is the time length of the bus. To ensure 
that these pulses were generated by the same single-photon detection 
event, we imposed the fourfold coincidence condition that the arrival 
times of all four pulses were within 100 ns of each other.

To capture the image shown in Fig. 1a, we patterned a metallic mask on 
a glass substrate, placed it directly on top of the array and flood illumi-
nated the entire mask. We then recorded the pulse timings coming out 
of the readout buses with a time tagger, extracted the fourfold coinci-
dence events and computed ∆tcol and ∆trow. No further post-processing 
of the pulse data was performed and no four-way coincidences were 
discarded. The raw differential-delay data shown in red corresponds 
closely to the black and white binned histogram image, except for the 
regularly spaced gaps in the differential-delay data that correspond to 
extra bus delay between adjacent detector sections.

Figure 1b shows photon count-rate measurements for several 
wavelengths for one of the sections as a function of bias current. As 
evident from the figure, our detectors have large plateau regions for 
wavelengths 370 nm and 635 nm, indicating unity quantum efficiency 
over a wide range of bias current. At 370 nm, the wavelength for which 
this array was targeted, a bias current of 40 µA yielded unity quantum 
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Fig. 1 | Overview of the 800 × 500 camera. a, Imaging at 370 nm, with raw 
time-delay data from the buses shown as individual dots in red and binned 2D 
histogram data shown in black and white. b, Count rate as a function of bias 
current for various wavelengths of light as well as dark counts. c, False-colour 
scanning electron micrograph of the lower-right corner of the array, 

highlighting the interleaved row and column detectors. Lower-left inset, 
schematic diagram showing detector-to-bus connectivity. Lower-right inset, 
close-up showing 1.1-µm detector width and effective 5 × 5-µm pixel size.  
Scale bar, 5 µm.
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scalability. The SNSPD array demonstrated in this work combines a 
thermal row–column sensor element with thermally coupled imager 
readout to achieve its large degree of multiplexing. Furthermore, 
the perpendicular orientation of the two nanowire layers enables 
polarization-insensitive optical-cavity designs.

The array, shown in Fig. 1, comprises 800 column detectors and 500 
row detectors and was operated at a temperature of 0.8 K. The row and 
column detectors were made by patterning 1.1-µm-wide wires from two 
independent 4-nm-thick WSi films with a Tc of 3.4 K and kinetic induct-
ance of 250 pH per square. Row and column detectors were spaced 
5 µm apart and arranged in a grid, giving a resolution of 5 × 5 µm, as 
shown in Fig. 1c. There were four buses used for readout, requiring 
a total of eight microwave coax lines, and the row and column detec-
tors were interleaved between them, as shown in Fig. 1c. Each row or 
column detector was connected to a resistive thermal coupler, which 
contained a small heater that is thermally coupled to (but electrically 
isolated from) the readout bus by a thin, electrically insulating dielectric  
spacer.

The readout buses were made from the same layer of material as 
the column detectors and so have the same basic properties. Most 
of the bus length had a width of 8 µm that, in combination with the 
70-nm-thick SiO2 dielectric spacer and ground plane, formed a micro-
strip transmission line with approximately 50 Ω impedance. During 
operation, these sections of the bus contained a relatively low current 
density and were thus not directly photosensitive, allowing the readout 
bus to avoid generating false counts from stray photons. Below each 
heating element, the bus briefly narrowed to a 1.5-µm-wide constriction 
with high current density, creating a heater-tron-like device30. The high 
current density ensured that every time the heater was activated during  
a detection event, it created a corresponding hotspot on the bus.

Detectors were grouped into sections of 50 rows or 50 columns 
and each section was biased independently. For each section, the 
bias current was resistively distributed among the 50 detectors, 
sharing a common source and ground. Figure 2 shows the circuit 
diagram for a single section comprising 50 column SNSPDs. When a 
photon was absorbed by a detector, a hotspot formed on the detector 
with a peak value of a few kΩ. This resistance diverted the bias cur-
rent out of the detector and into the heating element of the thermal 

coupler. The resulting phonons generated within the thermal cou-
pler locally destroyed the superconducting state on the readout 
bus, creating two opposite-polarity voltage pulses that travelled 
down the readout bus, as shown in Fig. 2. Owing to the large kinetic 
inductance of the bus material, these microwave pulses propagated 
at 0.36% of c (1.10 × 106 m s%1), allowing relatively short lengths of 
bus (400 µm) to separate adjacent detectors while maintaining  
excellent distinguishability.

By measuring the time difference between the arrival of these pulses 
at the ends of the buses, we can compute the location of the detection 
event and the corresponding row or column. As shown in Fig. 2a, for 
a photon arriving at time t0, the emitted positive pulse will arrive at 
the left readout at time t1 = t0 + τ1 and the negative pulse at t2 = t0 + τ2. 
Applying this process to both row and column readouts, we were able 
to precisely identify the location at which each photon was absorbed. 
Given arrival times of t1 and t2 from a column bus and t3 and t4 from a 
row bus, we calculated the differential time delays as ∆tcol = t1 % t2 and 
∆trow = t3 % t4. Similarly, the photon time of arrival can be calculated from 
t0 = (t1 + t2 % τb)/2, in which τb is the time length of the bus. To ensure 
that these pulses were generated by the same single-photon detection 
event, we imposed the fourfold coincidence condition that the arrival 
times of all four pulses were within 100 ns of each other.

To capture the image shown in Fig. 1a, we patterned a metallic mask on 
a glass substrate, placed it directly on top of the array and flood illumi-
nated the entire mask. We then recorded the pulse timings coming out 
of the readout buses with a time tagger, extracted the fourfold coinci-
dence events and computed ∆tcol and ∆trow. No further post-processing 
of the pulse data was performed and no four-way coincidences were 
discarded. The raw differential-delay data shown in red corresponds 
closely to the black and white binned histogram image, except for the 
regularly spaced gaps in the differential-delay data that correspond to 
extra bus delay between adjacent detector sections.

Figure 1b shows photon count-rate measurements for several 
wavelengths for one of the sections as a function of bias current. As 
evident from the figure, our detectors have large plateau regions for 
wavelengths 370 nm and 635 nm, indicating unity quantum efficiency 
over a wide range of bias current. At 370 nm, the wavelength for which 
this array was targeted, a bias current of 40 µA yielded unity quantum 
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Fig. 1 | Overview of the 800 × 500 camera. a, Imaging at 370 nm, with raw 
time-delay data from the buses shown as individual dots in red and binned 2D 
histogram data shown in black and white. b, Count rate as a function of bias 
current for various wavelengths of light as well as dark counts. c, False-colour 
scanning electron micrograph of the lower-right corner of the array, 

highlighting the interleaved row and column detectors. Lower-left inset, 
schematic diagram showing detector-to-bus connectivity. Lower-right inset, 
close-up showing 1.1-µm detector width and effective 5 × 5-µm pixel size.  
Scale bar, 5 µm.
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scalability. The SNSPD array demonstrated in this work combines a 
thermal row–column sensor element with thermally coupled imager 
readout to achieve its large degree of multiplexing. Furthermore, 
the perpendicular orientation of the two nanowire layers enables 
polarization-insensitive optical-cavity designs.

The array, shown in Fig. 1, comprises 800 column detectors and 500 
row detectors and was operated at a temperature of 0.8 K. The row and 
column detectors were made by patterning 1.1-µm-wide wires from two 
independent 4-nm-thick WSi films with a Tc of 3.4 K and kinetic induct-
ance of 250 pH per square. Row and column detectors were spaced 
5 µm apart and arranged in a grid, giving a resolution of 5 × 5 µm, as 
shown in Fig. 1c. There were four buses used for readout, requiring 
a total of eight microwave coax lines, and the row and column detec-
tors were interleaved between them, as shown in Fig. 1c. Each row or 
column detector was connected to a resistive thermal coupler, which 
contained a small heater that is thermally coupled to (but electrically 
isolated from) the readout bus by a thin, electrically insulating dielectric  
spacer.

The readout buses were made from the same layer of material as 
the column detectors and so have the same basic properties. Most 
of the bus length had a width of 8 µm that, in combination with the 
70-nm-thick SiO2 dielectric spacer and ground plane, formed a micro-
strip transmission line with approximately 50 Ω impedance. During 
operation, these sections of the bus contained a relatively low current 
density and were thus not directly photosensitive, allowing the readout 
bus to avoid generating false counts from stray photons. Below each 
heating element, the bus briefly narrowed to a 1.5-µm-wide constriction 
with high current density, creating a heater-tron-like device30. The high 
current density ensured that every time the heater was activated during  
a detection event, it created a corresponding hotspot on the bus.

Detectors were grouped into sections of 50 rows or 50 columns 
and each section was biased independently. For each section, the 
bias current was resistively distributed among the 50 detectors, 
sharing a common source and ground. Figure 2 shows the circuit 
diagram for a single section comprising 50 column SNSPDs. When a 
photon was absorbed by a detector, a hotspot formed on the detector 
with a peak value of a few kΩ. This resistance diverted the bias cur-
rent out of the detector and into the heating element of the thermal 

coupler. The resulting phonons generated within the thermal cou-
pler locally destroyed the superconducting state on the readout 
bus, creating two opposite-polarity voltage pulses that travelled 
down the readout bus, as shown in Fig. 2. Owing to the large kinetic 
inductance of the bus material, these microwave pulses propagated 
at 0.36% of c (1.10 × 106 m s%1), allowing relatively short lengths of 
bus (400 µm) to separate adjacent detectors while maintaining  
excellent distinguishability.

By measuring the time difference between the arrival of these pulses 
at the ends of the buses, we can compute the location of the detection 
event and the corresponding row or column. As shown in Fig. 2a, for 
a photon arriving at time t0, the emitted positive pulse will arrive at 
the left readout at time t1 = t0 + τ1 and the negative pulse at t2 = t0 + τ2. 
Applying this process to both row and column readouts, we were able 
to precisely identify the location at which each photon was absorbed. 
Given arrival times of t1 and t2 from a column bus and t3 and t4 from a 
row bus, we calculated the differential time delays as ∆tcol = t1 % t2 and 
∆trow = t3 % t4. Similarly, the photon time of arrival can be calculated from 
t0 = (t1 + t2 % τb)/2, in which τb is the time length of the bus. To ensure 
that these pulses were generated by the same single-photon detection 
event, we imposed the fourfold coincidence condition that the arrival 
times of all four pulses were within 100 ns of each other.

To capture the image shown in Fig. 1a, we patterned a metallic mask on 
a glass substrate, placed it directly on top of the array and flood illumi-
nated the entire mask. We then recorded the pulse timings coming out 
of the readout buses with a time tagger, extracted the fourfold coinci-
dence events and computed ∆tcol and ∆trow. No further post-processing 
of the pulse data was performed and no four-way coincidences were 
discarded. The raw differential-delay data shown in red corresponds 
closely to the black and white binned histogram image, except for the 
regularly spaced gaps in the differential-delay data that correspond to 
extra bus delay between adjacent detector sections.

Figure 1b shows photon count-rate measurements for several 
wavelengths for one of the sections as a function of bias current. As 
evident from the figure, our detectors have large plateau regions for 
wavelengths 370 nm and 635 nm, indicating unity quantum efficiency 
over a wide range of bias current. At 370 nm, the wavelength for which 
this array was targeted, a bias current of 40 µA yielded unity quantum 
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Fig. 1 | Overview of the 800 × 500 camera. a, Imaging at 370 nm, with raw 
time-delay data from the buses shown as individual dots in red and binned 2D 
histogram data shown in black and white. b, Count rate as a function of bias 
current for various wavelengths of light as well as dark counts. c, False-colour 
scanning electron micrograph of the lower-right corner of the array, 

highlighting the interleaved row and column detectors. Lower-left inset, 
schematic diagram showing detector-to-bus connectivity. Lower-right inset, 
close-up showing 1.1-µm detector width and effective 5 × 5-µm pixel size.  
Scale bar, 5 µm.
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Specific examples for potential particle physics impact: cryogenic tracking
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Figure 1. Photographs of the SMSPD under study enclosed in a dark box attached to the cold plate in the
cryostat (top left) and the SMSPD with the lid of the dark box opened (top right) and a schematic illustrating the
meander structure of the sensor (bottom).

3 The experimental setup at the FNAL Test Beam Facility

The data presented in this paper were collected at the FTBF, which provides a 120 GeV primary
proton beam bunched at 53 MHz from the Fermilab Main Injector accelerator. The beam is resonantly
extracted in a slow spill for each main injector cycle delivering a single 4.2 s long spill per minute.
The primary proton beam can also be targeted to a 30 cm aluminum that is 145 m upstream of the
experimental hall to create secondary particle beams with energies 1–32 GeV, consisting of a mixture
of pions, muons, and/or electrons. In this paper, we will report on the results of the SMSPD response
to 120 GeV proton beam and 8 GeV secondary electron and pion beams consisting of about 35% of
pions and 65% of electrons, with both beams tuned to yield approximately 50,000 particles per spill.
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wavelength blackbody photons) is reduced as the temperature
increases.76 Therefore, in a system in which blackbody radiation is
well filtered out, the signal to noise ratio (SNR) often decreases as the
temperature is increased.

The timing properties of SNSPDs (recovery time and time jitter)
have been thoroughly studied: Early on, the recovery time of NbN
SNSPDs was found to be limited by their kinetic inductance,77 reveal-
ing an intrinsic trade-off between large-area devices and fast recovery
times. A more systematic electro-thermal model78 was presented to
better explain the detection dynamics with a practical solution to
shorten recovery time by adding a resistor in series to SNSPDs.
However, in the same work, it was demonstrated that there is a limit
to reducing SNSPDs recovery times, this limit is dictated by electro-
thermal feedback and hence depends on the substrate material, on the
superconductor, temperature, bias, critical current, as well as on the
SNSPD’s kinetic inductance. While detectors with very fast electrical
recovery time (<1ns) have been demonstrated, it has also been shown
that the electrical recovery time (extracted from the pulse traces) is not
necessarily the same as the detector recovery time.79 Alternatively,
multi-pixel56 and multi-element structures80 were proposed and dem-
onstrated to increase the active area without sacrificing time perfor-
mance and even offering photon number resolution prospects.81

Since SNSPDs typically cover areas of hundreds of square micro-
meters and the electrical signal propagates through the detector with
finite speed, photons detected at different locations generate detection
pulses that reach the readout circuit at different times, leading to a geo-
metrical jitter.82 In 2017,83 the influence of Fano fluctuations on tim-
ing jitter was also reported. In the same year, timing jitter caused by
distributed electronic and geometric inhomogeneity of a supercon-
ducting nanowire84 was analyzed. Also, vortex-crossing-induced jitter
was systematically studied, and the theoretical limit of SNSPDs’ intrin-
sic timing jitter was estimated to be around 1 ps.85 Another study,
based on the two-temperature model coupled with the modified time-
dependent Ginzburg–Landau equation,86 argued that photon absorp-
tion location on a current-carrying superconducting strip has direct
influence on the minimal achievable time jitter. The minimum jitter
was shown to depend on the critical temperature of the superconduct-
ing film. This was calculated to be of the order 0.8 ps for a nanowire
with a width of 130nm made from a typical NbN superconducting
films with a critical temperature of 10K. Narrower nanowires can
potentially improve the minimum achievable jitter. If no other funda-
mental limitation for time jitter is discovered, ultimately, the time jitter
would be limited by the dynamics of suppression of superconductivity
(pair breaking) which depends on material, temperature, and the opti-
cal excitation density.87

D. Scope and content of this perspective
After summarizing the history and development of SNSPDs over

the past two decades, we highlight the leading theories to explain the
operation mechanism and provide the status quo and state-of-the-art
in SNSPD technology (Sec. II). A selected number of current and
potential future applications are discussed in Sec. III. Finally, we pro-
vide an outlook for future development (Sec. IV). For a more in-depth
and technical review of SNSPD’s working principle, intrinsic limita-
tions, and design solutions, we refer the readers to Ref. 88.

II. SNSPD DETECTION MECHANISMS AND STATE-OF-
THE-ART
A. SNSPD detection mechanisms

This section gives an overview of the leading physical models of
the detection mechanisms in SNSPDs, providing a qualitative descrip-
tion to understand basic working principles and device physics. We
consider the most common SNSPD implementation, based on a
superconducting nanowire (width 50–100nm) patterned from a thin
film (thickness 5–10nm) using a top-down nanofabrication process.
The nanowire, often designed as a meandering structure, is “DC-
biased” close to the device’s critical current via a bias tee, and low noise
amplifiers and counting electronics are used to detect single-photon
events and register corresponding voltage pulses. A phenomenological
model of the detection process was proposed in the initial reports on
SNSPDs22,89 and has been revised in the following two decades. To
allow for quantitative modeling and design optimizations, the detec-
tion process90 was divided into subsequent steps (see Fig. 1): (I) pho-
ton absorption; (II) creation of quasiparticles and phonons combined
with their diffusion; (III) emergence of a non-superconducting nano-
wire segment; (IV) re-direction of bias current in readout circuitry,
leading to a voltage pulse; and (V) detector recovery.

(I) The initial absorption of a single photon within the active
detector area is well described by a classical electromagnetic theory.
This allows for the use of established modeling tools92 to optimize
optical absorption in the superconducting layer for a desired wave-
length range. The absorption of a visible or near-infrared photon
results in (II) the formation and expansion of a cloud of quasiparticles,
which is initiated by the relaxation of the photo-excited electron and
followed by the creation, multiplication, and diffusion of quasiparticles
and phonons. These processes are governed by electron-electron,
electron-phonon, as well as phonon-phonon interactions and their
characteristic timescales,93 whereas the diffusion constants as well as
the ratio of the heat capacities of electrons and phonons are crucial for
the spatiotemporal relaxation dynamics. This downconversion process
is modeled through deterministic kinetic equations for electrons and
phonons94 or through a stochastic loss of excitation energy into the

FIG. 1. Macroscopic explanation of the detection mechanism (based on Refs. 22,
78, and 89). In the steady state (SS), the superconducting thin-film strip is current
biased. Photon absorption (I) leads to the creation of quasi-particles and phonons
(II). This leads to the formation of a normal-conducting part of the strip (III).
Redirection of the current toward the readout electronics allows a recovery of the
superconducting state (IV), which leads to a return of the current (V) to its initial
value. This reset dynamics is limited by the kinetic inductance of the device.
Center: The voltage readout signal with each step labeled. Adapted with permission
from Allmaras et al., Nano Lett. 20, 2163–2168 (2020). Copyright 2020 American
Chemical Society.91
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FIG. 1. Single-electron charge resolution using a Skipper
CCD with 4000 samples per pixel (bin width of 0.03 e�). The
measured charge per pixel is shown for pixels with low-light
level illumination (top) and stronger illumination (bottom).
Integer electron peaks can be distinctly resolved in both
regimes contemporaneously. The peak at 0 e� has rms noise
of 0.068 e� rms/ pix while the peak at 777 e� has rms noise of
0.086 e� rms/ pix. The Gaussian fits have �2 = 22.6/22 and
�2 = 19.5/21, respectively. The two measurements demon-
strate the single-electron sensitivity over a large dynamical
range.

TECHNICAL DESCRIPTION

CCD detector

The detector studied here is a p-channel CCD fabri-
cated on high resistivity (⇠10 k⌦ cm) n-type silicon that
was fully depleted at a substrate voltage of 40 V. The sen-
sor is 200 µm thick and composed of 15µm⇥15µm square
pixels arranged in a 4126⇥866 array. The characteristics
of the Skipper CCD are collected in Table I. To reduce
the number of electrons promoted to the silicon conduc-
tion band by thermal fluctuations (“dark current”), the
sensor is operated at low temperatures. Here we operate
the sensor at 140 K, but this could be lowered to ⇠ 100 K
before charge-transfer e�ciency is significantly reduced.
As we discuss further below, the dark current may be
the limiting factor for some applications though signifi-

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

Readout Noise (1 sample) 3.55 e� rms/ pix

Readout Noise (4000 samples) 0.068 e� rms/ pix
a The upper limit on dark current comes from measurements on
a similar CCD used by the DAMIC experiment [13].

cant investment has been made to minimize it [14, 15].
Figure 2 shows a simplified diagram of the Skipper

CCD output stage. At t0, all the charge is drained from
the sense node (SN) to Vdrain by applying a pulse to
the dump gate (DG), and the SN voltage is restored
to Vref with a pulse to the reset gate (RG). At t1, the
summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
first sample. To take the second sample, the output gate
(OG) and SG phase are lowered at t2, moving the charge
packet in the SN back under the SG phase and the ref-
erence voltage of the SN is restored applying a pulse to
the RG. This cycle can be repeated to sample the same
charge packet multiple times. A more detailed descrip-
tion of the Skipper output stage can be found in [11].
The CCD is divided into four rectangular regions of

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
have smaller capacitance and higher gain, but can be

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.
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strate the single-electron sensitivity over a large dynamical
range.

TECHNICAL DESCRIPTION

CCD detector

The detector studied here is a p-channel CCD fabri-
cated on high resistivity (⇠10 k⌦ cm) n-type silicon that
was fully depleted at a substrate voltage of 40 V. The sen-
sor is 200 µm thick and composed of 15µm⇥15µm square
pixels arranged in a 4126⇥866 array. The characteristics
of the Skipper CCD are collected in Table I. To reduce
the number of electrons promoted to the silicon conduc-
tion band by thermal fluctuations (“dark current”), the
sensor is operated at low temperatures. Here we operate
the sensor at 140 K, but this could be lowered to ⇠ 100 K
before charge-transfer e�ciency is significantly reduced.
As we discuss further below, the dark current may be
the limiting factor for some applications though signifi-

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

Readout Noise (1 sample) 3.55 e� rms/ pix

Readout Noise (4000 samples) 0.068 e� rms/ pix
a The upper limit on dark current comes from measurements on
a similar CCD used by the DAMIC experiment [13].

cant investment has been made to minimize it [14, 15].
Figure 2 shows a simplified diagram of the Skipper

CCD output stage. At t0, all the charge is drained from
the sense node (SN) to Vdrain by applying a pulse to
the dump gate (DG), and the SN voltage is restored
to Vref with a pulse to the reset gate (RG). At t1, the
summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
first sample. To take the second sample, the output gate
(OG) and SG phase are lowered at t2, moving the charge
packet in the SN back under the SG phase and the ref-
erence voltage of the SN is restored applying a pulse to
the RG. This cycle can be repeated to sample the same
charge packet multiple times. A more detailed descrip-
tion of the Skipper output stage can be found in [11].
The CCD is divided into four rectangular regions of

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
have smaller capacitance and higher gain, but can be

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.

2

FIG. 1. Single-electron charge resolution using a Skipper
CCD with 4000 samples per pixel (bin width of 0.03 e�). The
measured charge per pixel is shown for pixels with low-light
level illumination (top) and stronger illumination (bottom).
Integer electron peaks can be distinctly resolved in both
regimes contemporaneously. The peak at 0 e� has rms noise
of 0.068 e� rms/ pix while the peak at 777 e� has rms noise of
0.086 e� rms/ pix. The Gaussian fits have �2 = 22.6/22 and
�2 = 19.5/21, respectively. The two measurements demon-
strate the single-electron sensitivity over a large dynamical
range.

TECHNICAL DESCRIPTION

CCD detector

The detector studied here is a p-channel CCD fabri-
cated on high resistivity (⇠10 k⌦ cm) n-type silicon that
was fully depleted at a substrate voltage of 40 V. The sen-
sor is 200 µm thick and composed of 15µm⇥15µm square
pixels arranged in a 4126⇥866 array. The characteristics
of the Skipper CCD are collected in Table I. To reduce
the number of electrons promoted to the silicon conduc-
tion band by thermal fluctuations (“dark current”), the
sensor is operated at low temperatures. Here we operate
the sensor at 140 K, but this could be lowered to ⇠ 100 K
before charge-transfer e�ciency is significantly reduced.
As we discuss further below, the dark current may be
the limiting factor for some applications though signifi-

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

Readout Noise (1 sample) 3.55 e� rms/ pix

Readout Noise (4000 samples) 0.068 e� rms/ pix
a The upper limit on dark current comes from measurements on
a similar CCD used by the DAMIC experiment [13].

cant investment has been made to minimize it [14, 15].
Figure 2 shows a simplified diagram of the Skipper

CCD output stage. At t0, all the charge is drained from
the sense node (SN) to Vdrain by applying a pulse to
the dump gate (DG), and the SN voltage is restored
to Vref with a pulse to the reset gate (RG). At t1, the
summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
first sample. To take the second sample, the output gate
(OG) and SG phase are lowered at t2, moving the charge
packet in the SN back under the SG phase and the ref-
erence voltage of the SN is restored applying a pulse to
the RG. This cycle can be repeated to sample the same
charge packet multiple times. A more detailed descrip-
tion of the Skipper output stage can be found in [11].
The CCD is divided into four rectangular regions of

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
have smaller capacitance and higher gain, but can be

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.

PR
L 

11
9:

 1
31

80
2 

(2
01

7)

https://sensei-skipper.github.io/#SkipperCCD

https://singlequantum.com/technology/snspd/

QT4HEP22-- I. Shipsey 122

Nature | Vol 622 | 26 October 2023 | 731

scalability. The SNSPD array demonstrated in this work combines a 
thermal row–column sensor element with thermally coupled imager 
readout to achieve its large degree of multiplexing. Furthermore, 
the perpendicular orientation of the two nanowire layers enables 
polarization-insensitive optical-cavity designs.

The array, shown in Fig. 1, comprises 800 column detectors and 500 
row detectors and was operated at a temperature of 0.8 K. The row and 
column detectors were made by patterning 1.1-µm-wide wires from two 
independent 4-nm-thick WSi films with a Tc of 3.4 K and kinetic induct-
ance of 250 pH per square. Row and column detectors were spaced 
5 µm apart and arranged in a grid, giving a resolution of 5 × 5 µm, as 
shown in Fig. 1c. There were four buses used for readout, requiring 
a total of eight microwave coax lines, and the row and column detec-
tors were interleaved between them, as shown in Fig. 1c. Each row or 
column detector was connected to a resistive thermal coupler, which 
contained a small heater that is thermally coupled to (but electrically 
isolated from) the readout bus by a thin, electrically insulating dielectric  
spacer.

The readout buses were made from the same layer of material as 
the column detectors and so have the same basic properties. Most 
of the bus length had a width of 8 µm that, in combination with the 
70-nm-thick SiO2 dielectric spacer and ground plane, formed a micro-
strip transmission line with approximately 50 Ω impedance. During 
operation, these sections of the bus contained a relatively low current 
density and were thus not directly photosensitive, allowing the readout 
bus to avoid generating false counts from stray photons. Below each 
heating element, the bus briefly narrowed to a 1.5-µm-wide constriction 
with high current density, creating a heater-tron-like device30. The high 
current density ensured that every time the heater was activated during  
a detection event, it created a corresponding hotspot on the bus.

Detectors were grouped into sections of 50 rows or 50 columns 
and each section was biased independently. For each section, the 
bias current was resistively distributed among the 50 detectors, 
sharing a common source and ground. Figure 2 shows the circuit 
diagram for a single section comprising 50 column SNSPDs. When a 
photon was absorbed by a detector, a hotspot formed on the detector 
with a peak value of a few kΩ. This resistance diverted the bias cur-
rent out of the detector and into the heating element of the thermal 

coupler. The resulting phonons generated within the thermal cou-
pler locally destroyed the superconducting state on the readout 
bus, creating two opposite-polarity voltage pulses that travelled 
down the readout bus, as shown in Fig. 2. Owing to the large kinetic 
inductance of the bus material, these microwave pulses propagated 
at 0.36% of c (1.10 × 106 m s%1), allowing relatively short lengths of 
bus (400 µm) to separate adjacent detectors while maintaining  
excellent distinguishability.

By measuring the time difference between the arrival of these pulses 
at the ends of the buses, we can compute the location of the detection 
event and the corresponding row or column. As shown in Fig. 2a, for 
a photon arriving at time t0, the emitted positive pulse will arrive at 
the left readout at time t1 = t0 + τ1 and the negative pulse at t2 = t0 + τ2. 
Applying this process to both row and column readouts, we were able 
to precisely identify the location at which each photon was absorbed. 
Given arrival times of t1 and t2 from a column bus and t3 and t4 from a 
row bus, we calculated the differential time delays as ∆tcol = t1 % t2 and 
∆trow = t3 % t4. Similarly, the photon time of arrival can be calculated from 
t0 = (t1 + t2 % τb)/2, in which τb is the time length of the bus. To ensure 
that these pulses were generated by the same single-photon detection 
event, we imposed the fourfold coincidence condition that the arrival 
times of all four pulses were within 100 ns of each other.

To capture the image shown in Fig. 1a, we patterned a metallic mask on 
a glass substrate, placed it directly on top of the array and flood illumi-
nated the entire mask. We then recorded the pulse timings coming out 
of the readout buses with a time tagger, extracted the fourfold coinci-
dence events and computed ∆tcol and ∆trow. No further post-processing 
of the pulse data was performed and no four-way coincidences were 
discarded. The raw differential-delay data shown in red corresponds 
closely to the black and white binned histogram image, except for the 
regularly spaced gaps in the differential-delay data that correspond to 
extra bus delay between adjacent detector sections.

Figure 1b shows photon count-rate measurements for several 
wavelengths for one of the sections as a function of bias current. As 
evident from the figure, our detectors have large plateau regions for 
wavelengths 370 nm and 635 nm, indicating unity quantum efficiency 
over a wide range of bias current. At 370 nm, the wavelength for which 
this array was targeted, a bias current of 40 µA yielded unity quantum 
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Fig. 1 | Overview of the 800 × 500 camera. a, Imaging at 370 nm, with raw 
time-delay data from the buses shown as individual dots in red and binned 2D 
histogram data shown in black and white. b, Count rate as a function of bias 
current for various wavelengths of light as well as dark counts. c, False-colour 
scanning electron micrograph of the lower-right corner of the array, 

highlighting the interleaved row and column detectors. Lower-left inset, 
schematic diagram showing detector-to-bus connectivity. Lower-right inset, 
close-up showing 1.1-µm detector width and effective 5 × 5-µm pixel size.  
Scale bar, 5 µm.
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scalability. The SNSPD array demonstrated in this work combines a 
thermal row–column sensor element with thermally coupled imager 
readout to achieve its large degree of multiplexing. Furthermore, 
the perpendicular orientation of the two nanowire layers enables 
polarization-insensitive optical-cavity designs.

The array, shown in Fig. 1, comprises 800 column detectors and 500 
row detectors and was operated at a temperature of 0.8 K. The row and 
column detectors were made by patterning 1.1-µm-wide wires from two 
independent 4-nm-thick WSi films with a Tc of 3.4 K and kinetic induct-
ance of 250 pH per square. Row and column detectors were spaced 
5 µm apart and arranged in a grid, giving a resolution of 5 × 5 µm, as 
shown in Fig. 1c. There were four buses used for readout, requiring 
a total of eight microwave coax lines, and the row and column detec-
tors were interleaved between them, as shown in Fig. 1c. Each row or 
column detector was connected to a resistive thermal coupler, which 
contained a small heater that is thermally coupled to (but electrically 
isolated from) the readout bus by a thin, electrically insulating dielectric  
spacer.

The readout buses were made from the same layer of material as 
the column detectors and so have the same basic properties. Most 
of the bus length had a width of 8 µm that, in combination with the 
70-nm-thick SiO2 dielectric spacer and ground plane, formed a micro-
strip transmission line with approximately 50 Ω impedance. During 
operation, these sections of the bus contained a relatively low current 
density and were thus not directly photosensitive, allowing the readout 
bus to avoid generating false counts from stray photons. Below each 
heating element, the bus briefly narrowed to a 1.5-µm-wide constriction 
with high current density, creating a heater-tron-like device30. The high 
current density ensured that every time the heater was activated during  
a detection event, it created a corresponding hotspot on the bus.

Detectors were grouped into sections of 50 rows or 50 columns 
and each section was biased independently. For each section, the 
bias current was resistively distributed among the 50 detectors, 
sharing a common source and ground. Figure 2 shows the circuit 
diagram for a single section comprising 50 column SNSPDs. When a 
photon was absorbed by a detector, a hotspot formed on the detector 
with a peak value of a few kΩ. This resistance diverted the bias cur-
rent out of the detector and into the heating element of the thermal 
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Given arrival times of t1 and t2 from a column bus and t3 and t4 from a 
row bus, we calculated the differential time delays as ∆tcol = t1 % t2 and 
∆trow = t3 % t4. Similarly, the photon time of arrival can be calculated from 
t0 = (t1 + t2 % τb)/2, in which τb is the time length of the bus. To ensure 
that these pulses were generated by the same single-photon detection 
event, we imposed the fourfold coincidence condition that the arrival 
times of all four pulses were within 100 ns of each other.

To capture the image shown in Fig. 1a, we patterned a metallic mask on 
a glass substrate, placed it directly on top of the array and flood illumi-
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scalability. The SNSPD array demonstrated in this work combines a 
thermal row–column sensor element with thermally coupled imager 
readout to achieve its large degree of multiplexing. Furthermore, 
the perpendicular orientation of the two nanowire layers enables 
polarization-insensitive optical-cavity designs.

The array, shown in Fig. 1, comprises 800 column detectors and 500 
row detectors and was operated at a temperature of 0.8 K. The row and 
column detectors were made by patterning 1.1-µm-wide wires from two 
independent 4-nm-thick WSi films with a Tc of 3.4 K and kinetic induct-
ance of 250 pH per square. Row and column detectors were spaced 
5 µm apart and arranged in a grid, giving a resolution of 5 × 5 µm, as 
shown in Fig. 1c. There were four buses used for readout, requiring 
a total of eight microwave coax lines, and the row and column detec-
tors were interleaved between them, as shown in Fig. 1c. Each row or 
column detector was connected to a resistive thermal coupler, which 
contained a small heater that is thermally coupled to (but electrically 
isolated from) the readout bus by a thin, electrically insulating dielectric  
spacer.

The readout buses were made from the same layer of material as 
the column detectors and so have the same basic properties. Most 
of the bus length had a width of 8 µm that, in combination with the 
70-nm-thick SiO2 dielectric spacer and ground plane, formed a micro-
strip transmission line with approximately 50 Ω impedance. During 
operation, these sections of the bus contained a relatively low current 
density and were thus not directly photosensitive, allowing the readout 
bus to avoid generating false counts from stray photons. Below each 
heating element, the bus briefly narrowed to a 1.5-µm-wide constriction 
with high current density, creating a heater-tron-like device30. The high 
current density ensured that every time the heater was activated during  
a detection event, it created a corresponding hotspot on the bus.

Detectors were grouped into sections of 50 rows or 50 columns 
and each section was biased independently. For each section, the 
bias current was resistively distributed among the 50 detectors, 
sharing a common source and ground. Figure 2 shows the circuit 
diagram for a single section comprising 50 column SNSPDs. When a 
photon was absorbed by a detector, a hotspot formed on the detector 
with a peak value of a few kΩ. This resistance diverted the bias cur-
rent out of the detector and into the heating element of the thermal 

coupler. The resulting phonons generated within the thermal cou-
pler locally destroyed the superconducting state on the readout 
bus, creating two opposite-polarity voltage pulses that travelled 
down the readout bus, as shown in Fig. 2. Owing to the large kinetic 
inductance of the bus material, these microwave pulses propagated 
at 0.36% of c (1.10 × 106 m s%1), allowing relatively short lengths of 
bus (400 µm) to separate adjacent detectors while maintaining  
excellent distinguishability.

By measuring the time difference between the arrival of these pulses 
at the ends of the buses, we can compute the location of the detection 
event and the corresponding row or column. As shown in Fig. 2a, for 
a photon arriving at time t0, the emitted positive pulse will arrive at 
the left readout at time t1 = t0 + τ1 and the negative pulse at t2 = t0 + τ2. 
Applying this process to both row and column readouts, we were able 
to precisely identify the location at which each photon was absorbed. 
Given arrival times of t1 and t2 from a column bus and t3 and t4 from a 
row bus, we calculated the differential time delays as ∆tcol = t1 % t2 and 
∆trow = t3 % t4. Similarly, the photon time of arrival can be calculated from 
t0 = (t1 + t2 % τb)/2, in which τb is the time length of the bus. To ensure 
that these pulses were generated by the same single-photon detection 
event, we imposed the fourfold coincidence condition that the arrival 
times of all four pulses were within 100 ns of each other.

To capture the image shown in Fig. 1a, we patterned a metallic mask on 
a glass substrate, placed it directly on top of the array and flood illumi-
nated the entire mask. We then recorded the pulse timings coming out 
of the readout buses with a time tagger, extracted the fourfold coinci-
dence events and computed ∆tcol and ∆trow. No further post-processing 
of the pulse data was performed and no four-way coincidences were 
discarded. The raw differential-delay data shown in red corresponds 
closely to the black and white binned histogram image, except for the 
regularly spaced gaps in the differential-delay data that correspond to 
extra bus delay between adjacent detector sections.

Figure 1b shows photon count-rate measurements for several 
wavelengths for one of the sections as a function of bias current. As 
evident from the figure, our detectors have large plateau regions for 
wavelengths 370 nm and 635 nm, indicating unity quantum efficiency 
over a wide range of bias current. At 370 nm, the wavelength for which 
this array was targeted, a bias current of 40 µA yielded unity quantum 
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Fig. 1 | Overview of the 800 × 500 camera. a, Imaging at 370 nm, with raw 
time-delay data from the buses shown as individual dots in red and binned 2D 
histogram data shown in black and white. b, Count rate as a function of bias 
current for various wavelengths of light as well as dark counts. c, False-colour 
scanning electron micrograph of the lower-right corner of the array, 

highlighting the interleaved row and column detectors. Lower-left inset, 
schematic diagram showing detector-to-bus connectivity. Lower-right inset, 
close-up showing 1.1-µm detector width and effective 5 × 5-µm pixel size.  
Scale bar, 5 µm.

Fabrication and operation of a 800 × 500 SNSPD element camera

Specific examples for potential particle physics impact: cryogenic tracking

2025 JINST 20 P03001

Figure 1. Photographs of the SMSPD under study enclosed in a dark box attached to the cold plate in the
cryostat (top left) and the SMSPD with the lid of the dark box opened (top right) and a schematic illustrating the
meander structure of the sensor (bottom).

3 The experimental setup at the FNAL Test Beam Facility

The data presented in this paper were collected at the FTBF, which provides a 120 GeV primary
proton beam bunched at 53 MHz from the Fermilab Main Injector accelerator. The beam is resonantly
extracted in a slow spill for each main injector cycle delivering a single 4.2 s long spill per minute.
The primary proton beam can also be targeted to a 30 cm aluminum that is 145 m upstream of the
experimental hall to create secondary particle beams with energies 1–32 GeV, consisting of a mixture
of pions, muons, and/or electrons. In this paper, we will report on the results of the SMSPD response
to 120 GeV proton beam and 8 GeV secondary electron and pion beams consisting of about 35% of
pions and 65% of electrons, with both beams tuned to yield approximately 50,000 particles per spill.

– 3 –

‘Large area’ 2×2 mm2 8-channel SMSPD array (pixel size: 0.25×2 mm2)

Beam tests with 
120 GeV/c protons 
& 8 GeV/c pions & 
electrons @ FNAL

Cristián Peña et al 2025 JINST 20 P03001

Oripov, B.G., Rampini, D.S., Allmaras, J. et al. Nature 622, 730–734 (2023). https://doi.org/10.1038/s41586-023-06550-2
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SNSPD: Advances & Expected Performance

 8

Timing 
jitter

Intrinsic photon 
number 

resolution

Efficiency Array 
size

Maximum 
count rate

Dark count rate Active area Cut-off 
wavelength

18 ps None 93% 64 1 Gcps 4 /s/mm2 0.001 cm2 5 μm

1 ps 10 99 % 107 10 Gcps 1x10-6 

/s/mm2
1 cm2 100 μm

4x10-5 /s/mm2

Records in 
2016 

Expected 
performance by 

2030

2.6 ps
98%

29 μm 

1.5 Gcps3-5 photons Current records 
for isolated 

devices

0.1 cm2
4x105

Advances in superconducting nanowire detectors 

[1] Korzh, Zhao et al, Nature Photonics 14, 250 (2020)
[2] Reddy et al, Optica 7, 1649 (2020)
[3] Oripov, Rampini, Allmaras, Shaw, Nam, Korzh, and McCaughan, Nature 622, 730 (2023)

[1] 

[3] 

[4] Craiciu, Korzh et al, Optica 10, 183 (2023)
[5] Resta et al, Nano Letters (2023) 
[6] Chiles, PRL 128, 231802 (2022)
[7] Taylor, Walter, Korzh et al, Optica, (2023)

[7] 

[4,5] 

[3] 

[2] 
[6] 

[B. Korzh]

• millicharged particles

• diffractive scattering

• luminosity monitors

  (https://indico.cern.ch/event/1439855/contributions/6461493/)

  (https://indico.cern.ch/event/1439855/contributions/6461614/)

Multi-layer stacked superconducting pixel detector planes

➢   l He vs. high-Tc

2 WP-3 Cryopixel arrays for HEP tracking
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Specific examples for potential particle physics impact: cryogenic calorimetry

Cryo-spectroscopy: excellent 𝜎(E)/E

in the range of Eγ = 1~100 keV 

Transition Edge Sensors (TES)

Magnetic Microcalorimeters (MMC’s)

QUARTETT Collaboration: Unger, D., Abeln, A., Cocolios, T.E. et al. MMC Array 
to Study X-Ray Transitions in Muonic Atoms. J Low Temp Phys 216, 344–351 
(2024). https://doi.org/10.1007/s10909-024-03141-x

The HOLMES experiment will consist of 1000 TES 
detectors each loaded with about 300 Bq      Ho.163

Low temperature microcalorimeters for the measurement of the 
finite neutrino mass (spectrum endpoint):       Ho: Q=2.83 keV

The ECHo experiment is conceived with the goal to achieve 
sub-eV sensitivity on the effective electron neutrino mass 
using large arrays of multiplexed MMCs hosting     Ho.163

163

Given the need of having a total      Ho activity of the 
order of MBq to reach a neutrino mass sensitivity in the 
sub-eV region, a number of the order of 10  single pixels 
is required. The availability of a multiplexed readout 
scheme for thousands of detectors is essential. 

163

5

The Ricochet experiment aims to make a detailed 
measurement of the coherent elastic neutrino-nucleus 
scattering (CEνNS) spectrum. A novel possibility is the Q-
Array, which utilizes a readout based on Transition-Edge 
Sensors (TES) and radio frequency (RF) Superconducting 
Quantum Interference Devices (SQUIDs).Synergy with IR sensing arrays in space

2 WP-1 / WP-3 Cryopixel arrays for HEP calorimetry

•

•

Nuclear charge radii through x-ray spectroscopy of muonic,
pionic, antiprotonic atoms

•
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Heterodyne RF cavities for DM

Resonant cavities possible down to µeV; 
below that, need huge volume
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FIG. 1. In shaded green, the projected 90% C.L. reach of our setup to axion dark matter for several values of leakage noise
suppression ✏, intrinsic quality factor Qint, and integration time tint. We assume pump and signal mode frequencies !0 = !1 =
100 MHz, a cavity volume Vcav = m3, a magnetic field strength B0 = 0.2 T, a mode overlap form factor ⌘a = 1, a drive oscillator
width �!d = 0.1 mHz, and an attenuated RMS cavity wall displacement qrms = 0.1 nm. Further variations are shown in Fig. 3.
Shown in gray are regions excluded by CAST, cavity haloscopes, measurements of the CMB, and observations of SN1987A [17, 19–
21, 23–26, 37–41]. The orange band denotes parameter space motivated by the strong CP problem. Along the blue band, axions
are produced through the misalignment mechanism at a level consistent with the observed dark matter energy density, assuming
a temperature independent mass and an O(1) initial misalignment angle (see Ref. [42] for a recent discussion), where we have
assumed a symmetry breaking scale fa given by ga�� = ↵em/(2⇡fa). For larger couplings above the blue band, axions produced
in the same way would instead make up a subcomponent of dark matter, ⇢a <

⇠ ⇢DM . However, since Je↵ / ga��
p
⇢a / ga��fa is

independent of ga�� / 1/fa, our setup is equally sensitive to such subcomponents.

of noise in the cavity, thereby allowing this setup to explore
new parameter space for axions as heavy asma ⇠ 10�7 eV,
as shown in Fig. 1. This broadband approach is thus sen-
sitive to a wide range of axion masses without the need to
scan over frequency splittings. It is also the first approach
that could directly detect electromagnetically-coupled ax-
ion DM at the lowest viable DM masses ma ⇠ 10�22 eV,
which correspond to a de Broglie wavelength the size of
dwarf galaxies and a coherence time ten times longer than
recorded human history.

Detection Strategy. — Our setup involves preparing an
SRF cavity by driving a loading waveguide, predominantly
coupled to the pump mode, with an external oscillator at
frequency !0. In the presence of axion DM, the pump
mode magnetic field B0 sources an e↵ective current2 as in

2
The signal survives at low axion masses because in this limit

Eq. (2) that oscillates at frequency

!sig ' !0 ±ma . (3)

Since this current is parallel to B0, it drives power into
the signal mode with strength parametrized by the form
factor

⌘a =
|
R
Vcav

E⇤
1(x) ·B0(x)|

� R
Vcav

|E1(x)|2
R
Vcav

|B0(x)|2
�1/2  1 , (4)

where E1 is the signal mode electric field and Vcav is the
volume of the cavity. As a concrete example, ⌘a ⇠ O(1) for
the TE011 and TM020 modes of a cylindrical cavity, which
are degenerate in frequency for a length-to-radius ratio of

@tJe↵ ' ga�� @ta @2
t B / ma a /

p
⇢DM is independent of ma

for a fixed axion energy density. For a fixed axion field amplitude,
@tJe↵ ! 0 as ma ! 0, as required from general principles.

2

A. Berlin, Raffaele Tito D’Agnolo, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou, JHEP 07 (2020) 07, 088

Qint ≳ 1010 achieved by DarkSRF collaboration 
      (sub-nm cavity wall displacements)

A. Grassellino, “SRF-based dark matter search: 
Experiment,” 2019. https://indico.fnal.gov/event/19433/
session/2/ contribution/2/material/slides/0.pdf
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(a) Cartoon of cavity setup. (b) Signal parametrics.

FIG. 1. (a) A schematic depiction of a potential cavity setup. A photon of frequency !0 is converted by the axion dark
matter background into a photon of frequency !0 ±ma, where ma is the axion mass. The cavity is designed to have two nearly
degenerate resonant modes at !0 and !1 = !0 + ma. One possibility, as discussed in Section IV, is to split the frequencies of
the two polarizations of a hybrid HE11p mode in a corrugated cylindrical cavity. These two polarizations e↵ectively see distinct
cavity lengths, L0 and L1, allowing !0 and !1 to be tuned independently. In this case, larger frequency steps could be achieved
by adjusting the fins (shown in red), while smaller frequency steps could be achieved with piezo-actuator tuners.
(b) A schematic comparison between the proposed frequency conversion scheme (right of the dotted line) and typical searches using
static magnetic fields (left of the dotted line). The vertical and horizontal axes correspond to di↵erential power and frequency,
respectively, of either the driven field (vertical arrows) or the axion-induced signal (resonant curves). The parametric signal power
derived in Section II is shown for both setups, where we assume !sig ⇠ V

�1/3 for our proposed scheme and factored out a common
volume dependence of V 5/3.

Resonant detectors are well-suited to exploit the coherence of the axion field. To date, most axion search experiments
have matched the resonant frequency of the experiment to the mass of the axion DM being searched for. For ma ⇠ µeV,
the axion oscillates at ⇠ GHz frequencies. This enables resonant searches using high-Q normal-conducting cavities in
static magnetic fields [16–22], where a cavity mode is rung up through the interaction of Eq. (1), sourced by the axion
field and the external B field. These experiments take advantage of strong magnetic fields, the large quality factors
achievable in GHz normal-conducting cavities, and low-noise readout electronics operating at the GHz scale. However,
extending this approach to smaller axion masses would require the use of prohibitively large cavities. To probe lighter
axions, experiments have been proposed using systems whose resonant frequencies are not directly tied to their size,
such as lumped-element LC circuits [30–32] or nuclear magnetic resonance [33].

In this work, we explore an alternative approach to resonant axion detection, where the frequency di↵erence between
two modes is tuned to be on-resonance with the axion field, while the mode frequencies themselves remain parametrically
larger. Because of their large quality factors, superconducting radio frequency (SRF) cavities are ideal resonators for such
a setup. More concretely, as illustrated in Figure 1, we consider an SRF cavity with a small, tunable frequency di↵erence
between two low-lying modes, which we call the “pump mode” and the “signal mode.” The cavity is prepared by driving
the pump mode, which has frequency !0 ⇠ GHz � ma. If the signal mode is tuned to a frequency !1 ' !0 ± ma, then
the axion DM field resonantly drives power from the pump mode to the signal mode.

The idea of detecting axions through photon frequency conversion has been studied in other contexts.2 These include
axion detection with optical cavities [38–40] and frequency conversion in SRF cavities with GHz-scale mode splittings [41].
More generally, frequency conversion is a commonly used technique in signal processing, under the name of “heterodyne
detection.”

2
Di↵erent SRF setups have also been considered for production and detection of light, non-DM axions [34, 35]. Another, distinct idea is

the proposal of Refs. [36, 37] to drive two modes and detect the resulting axion-induced frequency shifts.

2

Asher Berlin, Raffaele Tito D'Agnolo, Sebastian A. R. Ellis, Christopher Nantista, Jeffrey Neilson, Philip Schuster, Sami Tantawi, 
Natalia Toro, Kevin Zhou, https://arxiv.org/abs/1912.11048

”The cavity is designed to have two nearly degenerate resonant modes at ω0 and ω1 = ω0 + ma. One possibility is to split 
the frequencies of the two polarizations of a hybrid HE11p mode in a corrugated cylindrical cavity. These two polarizations 
effectively see distinct cavity lengths, L0 and L1, allowing ω0 and ω1 to be tuned independently.”

problem: cavity resonance generally fixed

resonant cavities

ADMX 
experiment

driving “pump mode” at ω0 ~ GHz allows axion to resonantly 
drive power into “signal mode” at ω1 ~ ω0 ± ma

Conceptual Theory Level Proposal:

solution for tuning: mechanical deformation; field tuning (SRF)
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Thin Film (High Temperature) Superconducting
Radiofrequency Cavities for the Search of

Axion Dark Matter
J. Golm, S. Arguedas Cuendis, S. Calatroni, C. Cogollos, B. Döbrich, J.D. Gallego, J.M. Garcı́a Barceló, X.

Granados, J. Gutierrez, I.G. Irastorza, T. Koettig, N. Lamas, J. Liberadzka-Porret, C. Malbrunot, W. L. Millar,
P. Navarro, C. Pereira Carlos, T. Puig, G. J. Rosaz, M. Siodlaczek, G. Telles and W. Wuensch

Abstract—The axion is a hypothetical particle which is a
candidate for cold dark matter. Haloscope experiments directly
search for these particles in strong magnetic fields with RF
cavities as detectors. The Relic Axion Detector Exploratory Setup
(RADES) at CERN in particular is searching for axion dark
matter in a mass range above 30 µeV. The figure of merit of our
detector depends linearly on the quality factor of the cavity and
therefore we are researching the possibility of coating our cavities
with different superconducting materials to increase the quality
factor. Since the experiment operates in strong magnetic fields
of 11 T and more, superconductors with high critical magnetic
fields are necessary. Suitable materials for this application are
for example REBa2Cu3O7�x, Nb3Sn or NbN.
We designed a microwave cavity which resonates at around
9 GHz, with a geometry optimized to facilitate superconducting
coating and designed to fit in the bore of available high-field
accelerator magnets at CERN. Several prototypes of this cavity
were coated with different superconducting materials, employing
different coating techniques. These prototypes were characterized
in strong magnetic fields at 4.2 K.

Index Terms—Superconducting resonators, SRF superconduct-
ing radio frequency cavities, Quality factor, 2G HTS Conduc-
tors,axion
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I. INTRODUCTION

THE Relic Axion Detector Exploratory Setup (RADES)
is an axion haloscope experiment searching for dark

matter axions in a strong magnetic fields with high quality
factor cavities. It differs from most haloscopes in the fact
that thus far it employs dipole magnets and not solenoids.
Many experiments successfully use copper cavities in strong
magnetic fields to set limits to the axion coupling at low
mass ranges. Reference [1] and [2] and references therein
provide a recent review of experimental axion searches and the
haloscope technique. The past years superconducting cavities
were explored by experiments like QUAX [3], [4] and CAPP
[5], [6] in order to reach a higher sensitivity. An axion
with mass mA converts into a photon due to the inverse
Primakoff effect. If the converted photon’s energy matches
the resonance frequency of the cavity, the output power is
augmented depending on the axion’s coupling strength to
photons. For a given axion-photon coupling the figure of merit
F of the experiment is

F ⇠ g2a�m
2
AB

4V 2T�2
sysG

4Q, (1)

where ga� is the axion coupling to two photons, B the external
magnetic field (assumed constant over the cavity volume), V
is the cavity volume, Tsys is the detection noise temperature,
and G is the geometric form factor of the cavity mode.

The figure of merit of the experiment increases by the power
of four with the strength of the magnetic field. Therefore
we aim at magnets with fields as high as possible. For
the current run we had a 2-m long 11T dipole magnet in
single coil configuration available, for details see [7]. This
sets the requirements for the coatings: we needed a type II
superconductor with a critical magnetic field Bc2 well above
11T at 4.2K. The materials should also possess a RF surface
resistance Rs lower than copper at our operating conditions.
Experimental results and theoretical predictions have been
described in literature, see for example [8], [9] and references
therein for Nb3Sn or high temperature superconductors like
REBa2Cu3O7�x (RE = Y, Gd, Eu) (REBCO). Both these
materials were applied to our cavities. One cavity was sputter-
coated with Nb3Sn and REBCO tapes were applied to the
second cavity, where the hastelloy substrate was stripped off,
such that the REBCO layer is exposed to the RF fields.

Authorized licensed use limited to: CERN. Downloaded on February 23,2022 at 16:29:45 UTC from IEEE Xplore.  Restrictions apply. 
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Specific examples for potential particle physics impact: SRF cavities
2 WP-3 Heterodyne RF cavities for DM
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Specific examples for potential particle physics impact: clocks and clock networks

BSM Ultralight scalar fields        variations of fundamental constants that affect atomic clock frequencies. 


In our galaxy, such dark matter exhibits coherence and behaves like a wave with an amplitude ∼ √ρDM/mDM, 
(where ρDM = 0.4GeV/cm  is the local DM density and mDM is the DM particle mass). The coupling of such 
DM to the Standard Model leads to oscillations of fundamental constants and, therefore, clock transition 
frequencies.

3

Thorium-based nuclear clock experiments will offer better sensitivity to ultralight scalar dark matter than 
any other existing or proposed experiments by many orders of magnitude for a large range of dark 
matter masses in the long term. Ion-based, molecule-based, atomic clocks currently define the frontier.

A network of such clocks can also be used to search for transient signals of a hypothetical dark matter 
in the form of stable topological defectsNetworking quantum sensors

• The only possibility of detecting transient events such as topological 
defects, solitons, Q balls and dark stars

• Oscillations of dark matter fields at different locations as long as the 
distance is below the coherence length (100 km: mass ~10-9 eV) 

• Sensors with similar sensitivities and different systematics are 
necessary to confirm any measurements and reject false positives

• Using multiple sensors increases the detection confidence and  
sensitivity

• Multimessenger detection, discriminating between different 
couplings

7

GNOME ->Dima @ 11:30
• A global network of magnetometers to look for transient events on the 

global scale [Afach et al, arXiv:2102.13379v2]
• Synchronisation with GPS
• Grown and developed in the last ~10 years
• 9 magnetometers, ~ 1 month measurement campaign

• Topological defects in ultralight DM fields with size d ൌ ℏ
𝑚𝑎𝑐Figure 1. Existing and future trans-European optical clock network

5.3.3 WP-1c b: Portable references and sources424

While direct distribution of optical frequencies via a trans-national optical clock network is feasible within a425

geographic region such as Europe, this is much more challenging on a global scale. To tackle the problem of426

comparing clocks at geographically widely separated stations, an alternative to optical distribution of a reference427

frequency is to clone a well-established reference, and geographically distribute identical systems. This requires428

the design and fabrication of standardized portable references, bearing in mind that both neutrals and charged429

species can play the role of reference clock systems.430

Similar distribution needs are also apparent in the case of a generalization of beam-to-trap-to-beam sample ion431

approaches (WP-1a). Investigations relying on ions of radio-isotopes produced at facilities are currently limited432

to experiments carried out at the production facilities themselves, which are not necessarily the environments433

best suited to precision measurements. Portable devices for charged ions would allow transporting moderately434

long-lived species to a wide range of high-precision measurement devices.435

Optical clocks based on neutral atoms in optical lattices and single ions in RF Paul traps are well-established436

as frequency standards [71]. Laboratory systems based on both technologies have demonstrated accuracy and437

stability near the design goals set out in this document, but this level of performance has not yet been demon-438

strated in a transportable package. Several e↵orts are currently underway around the world to design compact,439

robust optical clock systems that can be used for metrological applications, such as comparisons of frequency440

standards across intercontinental distances [85, 86].441

Because the proposed tests of fundamental physics based on atomic clocks are demanding in terms of clock442

stability and clock accuracy, the design goals set out here for portable clocks meet or exceed the most ambitious443

proposals existing for international metrology. There is a need to first identify promising atomic species and444

system architectures that can meet the competing goals of very high performance, transportability, and cost.445

The choice of atomic species impacts the type of trap, the set of laser systems, and the level of control of446

environmental conditions that are necessary for operating the clock and meeting the performance requirements.447

Careful engineering of these systems to withstand and quickly recover from environmental shocks experienced448

during transport will be critical. A standardized approach relying on miniaturization and established readily449

available components would be greatly beneficial.450

5.3.4 Time and frequency distribution via space451

Another approach for comparing clocks at geographically separated stations not linked by optical fiber, is to do so452

from space, and approach that combines the challenges of WP-1ca and WP-1cb. The advantage of this method is453

10
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WP-1 Atoms / HCI / molecules for DM, QED, BSM

single

clocks

clock 

networks
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• SQUID’s, RF Quantum upconverters, cryoamplifiers

� Axion field converts to oscillating EM signal in background DC 
magnetic field

� Detect using tunable resonator
� Signal enhancement when resonance frequency matches restͲmass 

frequency νDMсmcϮͬh
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The CASPEr collaboration
Boston University; Helmholtz Institute, Johannes Gutenberg University, Mainz; 

Department of Physics, UC Berkeley; Stockholm University
3

Cosmic Axion Spin-Precession Experiment(s)

4A. Sushkov

DM 

Deniz Aybas, et al, PRL 126, 141802 (2021)

Axion-like dark matter can exert an oscillating torque on 207Pb nuclear 
spins via the electric dipole moment coupling gd or via the gradient 
coupling gaNN. 

Cosmic Axion Spin Precession Experiment is based on a precision 
measurement of 207Pb solid-state nuclear magnetic resonance in a 
polarized ferroelectric crystal. 

2
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WP-4 Quantum sensors for field detection

Specific examples for potential particle physics impact: Field and spin sensors
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Some challenges to R&D on quantum sensors in the context of particle physics

• Organizational: multiple communities with little interactions


• Technical:


• Education: rapid expansion in #’s of ESR’s able to cover and apply broad 
range of expertise is needed

3
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...in addition to the technical challenges of the dedicated R&D needed to achieve their expected potential!

DRD5 : putting together a global collaboration ab initio

• Scale: going from individual devices to O(106) integrated elements

• Keeping up with very rapid growth in capabilities and range of quantum techniques: 

need for exploratory applications also for HEP

• Appropriateness:  need to identify critical aspects in specific applications that might 

hamper application to HEP (e.g. radiation damage, simulations, …)
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What has happened since the DRD5 was formed last year ?

• concrete proposals for HEP-relevant uses of quantum sensors are appearing


• first beam tests with quantum dots and nano/microwires 


• formation of a global multi quantum-technology community focusing on detector 
R&D under the umbrella of DRD5


• infrastructure needs have been identified and are starting to be addressed 
(cryogenic beam test facilities, quantum dot characterization infrastructure, …)

3
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...in all the shown examples, dedicated R&D is under way, with involvement of DRD5

DRD5 : putting together a global collaboration ab initio
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Figure 3. Top: Geographic distribution of possible Work Package coordinators. Bottom: Collaboration organigram
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Figure 3. Top: Geographic distribution of possible Work Package coordinators. Bottom: Collaboration organigram
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Quantum sensor R&D collaboration 
currently being ramped up, combines 
diverse communities, including HEP.

Many novel developments that
benefit both quantum technologies and 

particle physics.

Open to all interested parties
(and it's free to join!) 
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Conclusions on DRD5 and quantum sensors for particle physics

• Actively used in LEPP; long term potential for HEPP; synergy with APPEC &

  NUPPEC; DRD5 has involvement from all these communities 

• First HEPP projects (with beam tests) are starting to happen through DRD5

• Smaller scale experiments based on QS & emerging technologies complement 
  the large detector projects (in timeline and expertise) 
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• DRD5 fills a need: this initiative has seen strong interest from multiple communities 

  and has rapidly grown to now encompass 112 institutes worldwide, only 1/3 from

  traditional HEP, from 26 countries

• work on all DRD5 WP’s has started; schools, workshops, focused sub-

  collaborations, …
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Supplementary material
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By national submissions:

By labs:

By HEPP / LEPP§: HEPP ( 5 of 71) / LEPP ( 14 of 27)
LEPP/HEPP ( 0 of 6)
HEPP: SNSPD’s, Quantum Dots, 5D calorimetry*
LEPP: many different technologies*

Quantum sensing happening in 5 out of 8 submissions

Quantum sensing mentioned in 25 out of 53 submissions

*most topics addressed by DRD5

“Quantum” is popular: quick overview of (266) submissions

§ only a small number of known 
low energy particle physics groups 
submitted a document to the 
ESPP update
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Specific examples for potential particle physics impact: neutrino mass

Quantum-monitored levitated nanospheres 

Radioactive material embedded in levitated microparticle → 
monitor positions → infer neutrino momentum and rest mass

Carney, Leach, Moore, PRX Quantum 4 010315 (2023)
Wang et al, PRL 133 023602 (2024)

Monteiro et al, PRL 125, 181102 (2020)
Siegel et al, arXiv:2412.07088 (2024)

Impulses caused by dark matter particles

Levitated microparticle

Dark 
matter 
nugget
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(WP’s may be mono-site or multi-site but carry the responsibility to shepherd the spread-out activities related to their specific projects)

WP2

WP3

WP4

WP5

WP6 Capability expansion (cross-disciplinary
exchanges; infrastructures; education)

Scaling up to macroscopic ensembles (spins; 
nano-structured materials; hybrid devices, 
opto-mechanical sensors,…)

Quantum techniques for sensing (back 
action evasion, squeezing, entanglement, 
Heisenberg limit)

Quantum superconducting systems 
(4K electronics; MMC’s,TES, SNSPD, 
KID’s/…; integration challenges)

Exotic systems in traps & beams 
(HCI’s, molecules, Rydberg systems, 
clocks, interferometery, …) 

27/29

DRD5: WP’s and structure

Quantum materials (0-, 1-, 2-D)
(Engineering at the atomic scale)

Quantum sensor R&D: outlook

WP
Leaders

GPUDay,  May 2025

• Workshops
• Detector test facilities
• Common R&D
• Education
• Agreements & standards
• …

M. Doser,  CERN/MIT/Oxford


