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Focus on photon detection for:

   • high energy photons: energy measurements

   • low energy particles: x-ray measurements

   • use of photon detectors for other HEP applications
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long chain between 
  - photon generation by particles in material
  - photon transport
  - WLS (optimizing QE for PD)
  - transformation into electronic signals

what we’re interested in is:
  - timing
  - total energy deposited
  - where energy is deposited

simulation beyond G4!

photon detection in the framework of calorimeters
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Quantum sensors for high energy particle physics

Quantum dots: timing

Concern: integrated light yield (need many 
photons to benefit from rapid rise time)

K. Decka et al., Scintillation Response Enhancement in Nanocrystalline 
Lead Halide Perovskite Thin Films on Scintillating Wafers. Nanomaterials 
2022, 12, 14. https://doi.org/ 10.3390/nano12010014

Scintillation 
decay time 
spectra from 
CsPbBr3 
nanocrystal 
deposited on 
glass

Etiennette Auffray-Hillemans / CERN

Lenka Prochazkova et al., Optical Materials 47 (2015) 67–71
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Quantum sensors for high energy particle physics

Quantum dots: chromatic tunability

chromatic tunability      optimize for quantum efficiency of PD (fast, optimizable WLS)

Hideki Ooba, “Synthesis of Unique High Quality Fluorescence Quantum Dots 
for the Biochemical Measurements,” AIST TODAY Vol.6 , No.6 (2006) p.26- 27

Etiennette Auffray-Hillemans / CERN

deposit on surface of high-Z material       thin layers of  UV       VIS WLS

embed in high-Z material ? two-species (nanodots + microcrystals) embedded in polymer matrix?
       quasi continuous VIS-light emitter (but what about re-absorbtion?)
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Quantum sensors for high energy particle physics

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

select appropriate nanodots

UV
illumi-
nation

e.g. triangular carbon nanodots

e.m. shower

requires: 
• narrowband emission (~20nm)
• only absorption at longer
  wavelengths
• short rise / decay times

Quantum dots: chromatic calorimetry

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

absorption emission
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Quantum sensors for high energy particle physics

absorption
spectrum

emission
spectrum

leftmost nanodots:
absorb wavelengths < 650 nm
emit at > 680 nm

next band:
absorb wavelengths < 590 nm
emit at > 590 nm

…

rightmost nanodots:
absorb wavelengths < 410 nm
emit at > 420 nm

if high-Z substrate transparent 
in 400-700 nm, then no re-
absorption of emitted light

carbonized polymer dots

CsPbCl3 nanocrystals

triangular carbon nanodots

7/22 (shower profile via spectrometry)

Metalenses?

M. Khorasaninejad 
& F. Capasso, 
Science 358, 6367 
(2017)

Monochromators + PD?

Y.T. Lin & G. Finlayson, 
Sensors 23, 4155 
(2023)
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https://www.science.org/doi/full/10.1126/science.abm9293

(the importance of a detailed understanding of the full chain)

A framework for scintillation in nanophotonics,
Charles Roques-Carmes , Nicholas Rivera, Ali Ghorashi, Steven E. Kooi et al.,
Science, 25 Feb 2022, Vol 375, Issue 6583, DOI: 10.1126/science.abm9293

Scintillation with nanophotonics: simulation beyond G4

general framework to model, tailor, and enhance scintil-
lation by means of nanophotonic structures integrated 
into scintillating materials (nanophotonic scintillators)

spectral shaping and enhancement of scintillation; 
could be extended to angular and polarization control

by considering different emission linewidths and frequencies, 
one can selectively design optimized nanophotonic 
structures that enhance one of the scintillating peaks, at a 
single frequency or over the entire scintillation bandwidth.

electron-beam induced scintillation from 
silicon-on-insulator nanophotonic structures

8/22

https://www.science.org/doi/full/10.1126/science.abm9293
https://www.science.org/doi/full/10.1126/science.abm9293#con1
https://www.science.org/doi/full/10.1126/science.abm9293#con2
https://www.science.org/doi/full/10.1126/science.abm9293#con3
https://www.science.org/doi/full/10.1126/science.abm9293#con4
https://doi.org/10.1126/science.abm9293


PHOSE2023

Focus on photon detection for:

   • high energy photons: energy measurements

   • low energy particles: x-ray measurements

   • use of photon detectors for other HEP applications
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TES: Transition Edge Sensors (x-rays)

Toperation ~ 0.1 K: dilution refrigerator!

X-rays with energies below 10 keV have a weak penetrating ability, hence, only gold or bismuth of a few micrometers in thickness can guarantee a 
quantum efficiency higher than 70%. Therefore, the entire structure of the TES X-ray detector in this energy range can be realized using a 
microfabrication process. However, for X-rays or γ-rays from 10 keV to 200 keV, submillimeter absorber layers are required, which cannot be realized 
using the microfabrication process. This paper first briefly introduces a set of TES X-ray detectors and their auxiliary systems, and then focuses on the 
introduction of the TES γ-ray detector with an absorber based on a submillimeter lead-tin alloy sphere. The detector achieved a quantum efficiency above 
70% near 100 keV and an energy resolution of approximately 161.5 eV at 59.5 keV.

https://link.springer.com/article/10.1007/s41365-022-01071-5
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quantum efficiency higher than 70%. Therefore, the entire structure of the TES X-ray detector in this energy range can be realized using a 
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introduction of the TES γ-ray detector with an absorber based on a submillimeter lead-tin alloy sphere. The detector achieved a quantum efficiency above 
70% near 100 keV and an energy resolution of approximately 161.5 eV at 59.5 keV.

https://link.springer.com/article/10.1007/s41365-022-01071-5https://iopscience.iop.org/article/10.1088/0953-2048/28/8/084003
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MMC: Magnetic Microcalorimeters (x-rays)

Toperation ~ 0.02 K: dilution refrigerator!
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→
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Focus on photon detection for:

   • high energy photons: x-ray measurements

   • low energy particles: energy measurements

   • use of photon detectors for other HEP applications
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SNSPD: superconducting nanowire single photon detectors

Toperation ~ 4 K: dilution refrigerator!

The long wavelength sensitivity of the SNSPD extends far beyond that of the Si single-photon avalanche 
photodiode (SPAD) [11] and the SNSPD is superior to the InGaAs SPAD [12] in terms of signal-to-noise ratio.

(SS) The detector is biased at a current close to the critical value. (I) When 
the energy is absorbed by the nanowire, the electrons depart from equi-
librium and diffuse (II) out of the formed hot spot (flux squeezed out, critical 
current in neighboring regions).  A resistive region formed across the 
nanowire then leads to a measurable voltage pulse in the readout.

Detecting Sub-GeV Dark Matter with Superconducting Nanowires, Yonit Hochberg, Ilya Charaev, Sae-Woo
 Nam, Varun Verma, Marco Colangelo, and Karl K. Berggren, Phys. Rev. Lett. 123, 151802 (2019) 

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

VC Author(s) 2021
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Quantum Calorimeters Today
Skipper CCDs

CCD with two readout innovations
High-frequency differencing to reduce  

impact of 1/f amplifier noise
Non-destructive multiple read cycles to  

reduce electronics noise by √N

Provides similar single-eh pair sensitivity

Currently being applied for DM searches, 
low-light-level astronomy

Superconducting Nanowire Single  
Photon Detectors (SNSPDs)
Threshold detector for single photons

Very narrow (~100 nm) superconducting  
meander biased close to transition

Absorption of photon drives normal

ps timing resolution

Provides high-efficiency, high-fidelity photon  
counter for QIS applications

WSi demonstrated with 100 meV threshold

Very low dark count rate demonstrated,  
applicable for DM searches
But very small volume
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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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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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 The SEM image of the prototype WSi device after 
fabrication. The active area is 400×400  μm2.
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discovered through experiments in space, including those governing particle physics, general relativity, and
quantum mechanics.” This recent development provides novel possibilities of multiagency collaboration on
HEP applications of quantum clocks.

The unique capabilities and resources that DOE can provide to advance quantum clock and optical
cavities applications for HEP science targets are similar to those listed when discussing atom interferometers
in the previous section, including providing both experimental and theoretical expertise from national labs,
solving the challenges of developing and operating dedicated high-sensitivity clock detectors and networks
for HEP science targets, supporting the collaborations needed for larger-scale projects across physics and
engineering disciplines, and providing access to needed facilities including high-performance computing
and data centers.

4.3 SNSPDs
Superconducting nanowire single photon detectors (SNSPDs) are the most advanced technology for ultra-
low-noise time-resolved single photon counting [100, 101], and are rapidly advancing in terms of perfor-
mance. They have demonstrated single-photon counting from EUV – 29 µm [102, 103], and array scaling
to formats as large as 400,000 pixels [104]. SNSPDs have demonstrated dark counts below 10�5 counts per
second in an 0.16 mm2 pixel [105], system detection efficiency of 98% at 1550 nm [106], timing resolution
below 3 ps FWHM [107], maximum count rates above 109 counts per second [108]. However, further work
is required to make individual detectors which meet these metrics simultaneously. SNSPDs are a rapidly
evolving technology, with strong potential for further reductions in energy threshold and dark count rate, and
scaling toward megapixel arrays and cm2 active areas. SNSPDs have broad applicability to a wide variety of
challenges in HEP which require low-noise sensors with low energy thresholds for single excitations, such
as searches for particle-like and wave-like dark matter at far-infrared wavelengths.

Figure 4: Superconducting nanowire single photon detectors.

A range of initial science efforts that use SNSPDs to search for dark matter are either underway or
planned [109, 110, 111]. The ultralow dark count rate is one of the key features that makes these detectors
so attractive. The suitability of these detectors for those efforts suggests the possibility of future application
to related challenging detector problems in HEP such as neutron or neutrino detection.

Before SNSPDs can be truly impactful in this domain, however, effort is needed across a number of axes:
Firstly, the ultimate source of the residual dark-count rate (however low) must be identified and understood.
At present, dark counts are hypothesized to be due to residual radioactivity in the package and/or cosmic ray
events. Secondly, the detector areas must be scaled up significantly (for some proposed experiments, to m2

areas). Such an effort would require investment in both fundamental device-physics research, and in better
understanding of the engineering obstacles that currently face high yield of large area devices.

A major secondary benefit of SNSPDs is their potential use in large-scale detection projects involving
high-energy particle tracking in HEP detectors. SNSPDs have a number of characteristics that would make
them extremely attractive as particle-tracking detectors: principally their potential for radiation resistance,
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Large active-area superconducting microwire detector array with single-photon sensitivity in the near-infrared

potentially useful for non-resolving
(soft) photon counting devices (e.g.
shower size determination in concert
with a charged-particle detector)
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 ... reset time in 35 nm × 120 µm MgB2 
nanowires is 130 ps, which is more than a factor 
of 10 shorter than in NbN nanowires of similar 
length-to-width ratios. Depending on the bias 
current, such MgB2 nanowires function as 
single-, double, or triple-photon detectors for 
both visible (λ = 630 nm) and infrared (λ = 1550 
nm) photons, with a dark count rate of <10 cps. 
...

https://iopscience.iop.org/article/10.1088/1361-6668/abdeda/meta

Low kinetic inductance superconducting MgB2 nanowires with a 
130 ps relaxation time for single-photon detection applications

Sergey Cherednichenko et al 2021 Supercond. Sci. Technol. 34 044001

dilution refrigerator

16/22

https://iopscience.iop.org/article/10.1088/1361-6668/abdeda/meta


PHOSE2023

beam

Beam dump Muon detectors

Muon detectors

SNSPD stack

Search for Beyond Standard Model  milli-charged particles?

QT4HEP22-- I. Shipsey 131

1 Background

Single-photon detectors based on superconducting nanowires (SSPDs or SNSPDs) have rapidly become
the detector of choice for photonic quantum information science and technology. The table below summa-
rizes the state-of-the-art performance for SNSPDs as well as anticipated progress that is likely to be achieved
in the next five years. To be clear, the performance described in the table are for different devices, and is not
currently possible to achieve in one device. However, with suitable investment in research and development,
many of these detector metrics could be obtained simultaneously.

Parameter SOA 2020 Goal by 2025
Efficiency 98% @ 1550nm >80 % @10µm

Energy Threshold 0.125 eV (10 µm) 12.5 meV (100 µm)
Timing Jitter 2.7 ps < 1ps
Active Area 1 mm2 100 cm2

Max Count Rate 1.2 Gcps 100 Gcps
Pixel Count 1 kilopixel 16 megapixel

Operating Temperature 4.3K 25 K

The SNSPD response over a broad range of wavelengths with picosecond scale timing resolution and low
dark count rates makes the technology attractive for HEP applications. For example, SNSPDs can be used
to search for low-mass Dark Matter where it is critical for any detector to have (1) a high photon detection
efficiency; (2) extremely low (on the order of 1 per day or lower) intrinsic false (or “dark”) counts; and (3)
low energy thresholds for infrared single photon detection. SNSPDs are the highest performing detectors
available in all three metrics, and they are still far from reaching their fundamental limits. Other potential
HEP applications of SNSPDs include exploiting their exceptional timing resolution in collider experiments
and implementing large photodetector arrays for cosmological surveys at IR wavelengths. Furthermore, with
advances in detector readout, one could imagine performing on-chip combination of signals from multiple
nanowires, making a superconducting analog of the SSPM. This could enable a new class of photodetector
for HEP applications that has a lower energy threshold and much lower dark count rate.

2 Objective and Plans

In the past few years, several applications have been proposed for SNSPDs in the field of low-mass DM
detection. Some examples include optical haloscopes,1 optical readout of cryogenic semiconductor targets,2

electron recoil in superconduding nanowires,3 resonant scattering and absorption in cryogenic molecular
gases,4 and, should the energy thresholds improve, axion detection. Likewise, the recent demonstration
of sub-3ps timing resolution in specialized nanowires5 and operation in high magnetic fields6 may enable
future HEP applications involving ultrafast timing in future high-luminosity colliders. And advances in
the fabrication and readout of large nanowire detector arrays7 provide a compelling technical foundation
for low-noise high-efficience IR detector arrays that may be appropriate for cosmological surveys at longer
wavelengths.

Active Area: Many of the DM detection applications discussed above require large sensor active areas
to enable scaling to large target masses in experiments. The active areas of SNSPDs have grown steadily
over the past several years from the order of the cross section of a single-mode optical fiber core (about
100 µm2) to kilopixel arrays with ⇠ mm2 active area.7 The maximum nanowire length is subject to material
inhomogeneity and geometrical imperfections. Recent developments in superconducting detector design and
fabrication8–10 have enabled few-micron-wide superconducting microwires that are potentially much more
robust to many of these issues and can enable scaling to far greater active areas in the near future. We
believe that it is physically possible to scale the SNSPD arrays to a level >10 megapixels (4096x4096),
and an active area of ⇠100 cm2. To achieve this, significant research and development will be required
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Extremely low energy 
threshold detectors: SNSPD

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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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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FIG. 1. Single-electron charge resolution using a Skipper
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measured charge per pixel is shown for pixels with low-light
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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.
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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
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the sensor at 140 K, but this could be lowered to ⇠ 100 K
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1 Background

Single-photon detectors based on superconducting nanowires (SSPDs or SNSPDs) have rapidly become
the detector of choice for photonic quantum information science and technology. The table below summa-
rizes the state-of-the-art performance for SNSPDs as well as anticipated progress that is likely to be achieved
in the next five years. To be clear, the performance described in the table are for different devices, and is not
currently possible to achieve in one device. However, with suitable investment in research and development,
many of these detector metrics could be obtained simultaneously.

Parameter SOA 2020 Goal by 2025
Efficiency 98% @ 1550nm >80 % @10µm

Energy Threshold 0.125 eV (10 µm) 12.5 meV (100 µm)
Timing Jitter 2.7 ps < 1ps
Active Area 1 mm2 100 cm2

Max Count Rate 1.2 Gcps 100 Gcps
Pixel Count 1 kilopixel 16 megapixel

Operating Temperature 4.3K 25 K

The SNSPD response over a broad range of wavelengths with picosecond scale timing resolution and low
dark count rates makes the technology attractive for HEP applications. For example, SNSPDs can be used
to search for low-mass Dark Matter where it is critical for any detector to have (1) a high photon detection
efficiency; (2) extremely low (on the order of 1 per day or lower) intrinsic false (or “dark”) counts; and (3)
low energy thresholds for infrared single photon detection. SNSPDs are the highest performing detectors
available in all three metrics, and they are still far from reaching their fundamental limits. Other potential
HEP applications of SNSPDs include exploiting their exceptional timing resolution in collider experiments
and implementing large photodetector arrays for cosmological surveys at IR wavelengths. Furthermore, with
advances in detector readout, one could imagine performing on-chip combination of signals from multiple
nanowires, making a superconducting analog of the SSPM. This could enable a new class of photodetector
for HEP applications that has a lower energy threshold and much lower dark count rate.

2 Objective and Plans

In the past few years, several applications have been proposed for SNSPDs in the field of low-mass DM
detection. Some examples include optical haloscopes,1 optical readout of cryogenic semiconductor targets,2

electron recoil in superconduding nanowires,3 resonant scattering and absorption in cryogenic molecular
gases,4 and, should the energy thresholds improve, axion detection. Likewise, the recent demonstration
of sub-3ps timing resolution in specialized nanowires5 and operation in high magnetic fields6 may enable
future HEP applications involving ultrafast timing in future high-luminosity colliders. And advances in
the fabrication and readout of large nanowire detector arrays7 provide a compelling technical foundation
for low-noise high-efficience IR detector arrays that may be appropriate for cosmological surveys at longer
wavelengths.

Active Area: Many of the DM detection applications discussed above require large sensor active areas
to enable scaling to large target masses in experiments. The active areas of SNSPDs have grown steadily
over the past several years from the order of the cross section of a single-mode optical fiber core (about
100 µm2) to kilopixel arrays with ⇠ mm2 active area.7 The maximum nanowire length is subject to material
inhomogeneity and geometrical imperfections. Recent developments in superconducting detector design and
fabrication8–10 have enabled few-micron-wide superconducting microwires that are potentially much more
robust to many of these issues and can enable scaling to far greater active areas in the near future. We
believe that it is physically possible to scale the SNSPD arrays to a level >10 megapixels (4096x4096),
and an active area of ⇠100 cm2. To achieve this, significant research and development will be required
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Extremely fast detectors: SNSPD

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

https://singlequantum.com/technology/snspd/
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or “mip”

diffractive scattering via ps-resolution tracking in Roman pots

low energy particle physics: dark count rate is critical !
high energy particle physics: dark count rate is not a problem: high Tc is imaginable

proposed for 
exactly this for

the EIC
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Quantum sensors for high energy particle physics

chromatic calorimetry & O(ps) shower timing

triangular carbon nanodots

shower profile via spectrometry
shower timing via SNSPD

(requires operation in cryostat...)

Ultrafast low-jitter optical response in high-
temperature superconducting microwires 

A. Kumar et al., Appl. Phys. Lett. 122, 192604 
(2023), https://doi.org/10.1063/5.0150805 

segmented calorimeter
with intercalated very 

thin timing layers ?

19/22

https://doi.org/10.1063/5.0150805
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ECFA: DRD5 / RD-q
Quantum sensing for particle physics

Very relevant also in the field of photon sensors
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https://doser.web.cern.ch
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WP-1a:  Exotic systems in traps and beams
             • WP-1aa:   Extension & improved manipulation of exotic systems
             • WP-1ab:   Bound state calculations
             • WP-1ac:   Global analysis in the presence of new physics
WP-1b:  Interferometry
WP-1c:  Networks, signal and clock distribution
            • WP-1ca:  Large-scale clock networks
            • WP-1cb:  Portable references and sources

WP’s as of v 0.7

WP1

WP2

WP3

WP4

WP5

WP6 CAPACITY BUILDING

QUANTUM TECHNIQUES FOR SENSING

SCALING UP “QUANTUM” (FOR MIP’s)

DEVELOPMENT OF LARGE 
ENSEMBLES OF QUANTUM SYSTEMS

QUANTUM COMPONENTS

ATOMIC, NUCLEAR AND MOLECULAR 
SYSTEMS IN TRAPS & BEAMS

WP-2a:  0-, 1- and 2-D materials
             • WP-2aa:   Application-specific tailoring
             • WP-2ab:   Extended functionalities
 
WP-2b:  Cryogenic systems
            • WP-2ba:  The 4K stage
            • WP-2bb:  Cryogenic quantum sensors for particle and photon detection
            • WP-2bc:  Resilient integration of superconducting systems

WP-3a:  Multi-modal devices (e.g. Opto-mechanical systems, transduction)
 
WP-3b:  Quantum-system-inspired parallel readout (for ‘classical’ detectors)

WP-4a:  Massive spin polarized ensembles
  
WP-4b:  Hybrid devices
            • WP-4ba:  Scintillators
            • WP-4bb:  Ensembles of heterostructures
            • WP-4bc:  Heterodox devices

WP-5a:  Squeezing
WP-5b:  Entanglement
WP-5c:  Back action evasion
WP-5d:  Optimization of physics reach

WP-6a:  Education platforms
WP-6b:  Exchange platforms
WP-6c:  Shared infrastructures

BOTH EXPERIMENTAL AND THEORETICAL 
PHYSICS GROUPS INVOLVED IN WP’s

PHOSE2023
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CERN

DESY

FermiLab

ORNL

Tokyo / KEK

IISc / TIFR

ECFA: DRD5 / RD-q

groups involved in RD-q process / HEP-related Quantum initiatives

DRD5 / RD-q is a global distributed effort with the 
goal of advancing the incredibly promising and rapidly 
growing field of Quantum Sensors via targeted general-
interest R&D with no entry cost to any group.

For it to be successful, it needs motivated, active and 
interested participants... have a look an see if you might
be interested in being involved!

Two goals for end of 2023 for the future DRD5 / RDq collaboration:
• preparation of a proposal for detector R&D → CERN DRDC
• formation of a global collaboration (Europe, Americas, Asia) → MOU
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thank you!


