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Some words on the landscape

Quantum sensors for low energy particle physics

Quantum sensors for high energy particle physics

Clarification of terms111
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quantum sensors register a change of quantum state caused by the interaction with 
an external system:

• transition between superconducting and normal-conducting
• transition of an atom from one state to another
• change of resonant frequency of a system (quantized)

Clarification of terms

and because the commensurate energies are very low, unsurprisingly, quantum 
sensors are ideally matched to low energy (particle) physics; 

bottom line: quantum sensors measure result of a single individual interaction

}
highly sensitive and 
highly specific sensors 
for minute perturbations 
of the environment in 
which they operate

Then, a “quantum sensor” is a device, the measurement (sensing) 
capabilities of which are enabled by our ability to manipulate 

and / or read out its quantum states.

111
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quantum sensors register a change of quantum state caused by the interaction with 
an external system:

• transition between superconducting and normal-conducting
• transition of an atom from one state to another
• change of resonant frequency of a system (quantized)

Clarification of terms

and because the commensurate energies are very low, unsurprisingly, quantum 
sensors are ideally matched to low energy (particle) physics; 

       focus on activities in both in low energy and high energy particle physics

(I will not however be talking about entanglement and its potential applications)

bottom line: quantum sensors measure result of a single individual interaction

}
highly sensitive and 
highly specific sensors 
for minute perturbations 
of the environment in 
which they operate

Then, a “quantum sensor” is a device, the measurement (sensing) 
capabilities of which are enabled by our ability to manipulate 

and / or read out its quantum states.

111
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Spin Based Sensors 3He spin

Broadband ReflectorsOptical Interferometers (incl. GW detectors)

Haloscopes (cavity, plasma, dielectric)

Atom Interferometers

LC Oscillators

Qubits

Quantum Materials

Cavity - Cavity/at. & mol. trans.

Molecular Absorption

Torsion Balances

Atomic, Molecular, Nuclear Clocks SRF cavity

Mechanical Resonators

)EPOCSORCIM+hsaW-töE(stseTPE

Cosmic Probes

Cosmic Probes

superfluid He (scattering)

magnetic bubble chambers

photon emission

chemical bond breaking

semiconductors

2D targets

noble liquids

scintillators

    electron interactions:
   (scattering)
   (absorbtion)  

exotic atoms, HCI, Rydberg atoms

superconducting sensors (TES, SNSPD, MMC, KID)

optomechanical
sensors

Ranges of applicability of different quantum sensor techniques to searches for BSM physics

2D targets

NV diamonds

semiconductors

SNSPD

Quantum Materials

noble liquids

  nuclear interactions

optomechanical
sensors

optomechanical
sensors

(gauge coupling)Scalar Bosons
Vector Bosons (kinetic mixing)
Pseudoscalar (axion-photon coupling)

Pseudoscalar
(other)

Vector Bosons specific dark
matter candidates

precision tests of QED & spectroscopic BSM searches
enhanced sensitivity / functionality for HEP detectors

Compton Frequency (Hz)

Particle Mass or Energy (eV/c   )2

“light” dark matter “ultra-heavy”
 dark matter

“ultra-light” dark matter “heavy” DM

Landscape: quantum sensing applied to an extremely wide range of DM searches

“low” energy “high” energy

HEPPLEPP

“Quantum” is everywhere111
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Axions, ALP’s, DM & non-DM UL-
particle searches

EDM searches & tests of 
fundamental symmetries

search for NP / BSM

tests of QM wavefunction collapse, 
decoherence

domains of physics

Development of new detectors

2 Quantum sensors & particle physics

roadmap quantum technologies

superconducting devices (TES, 
SNSPD, …) / cryo-electronics

spin-based, NV-diamonds

optical clocks

ionic / atomic / molecular

optomechanical sensors

metamaterials, 0/1/2-D materials

1

2

3

4

5

6

Qbit-relevant technologies
6

https://indico.cern.ch/event/999818/
ECFA Detector R&D Roadmap:

Quantum and Emerging Technologies https://indico.cern.ch/event/957057/page/23281-the-roadmap-document

https://indico.cern.ch/event/999818/
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Many initiatives related to HEP world-wide;
Three initiatives at CERN:

- CERN Quantum Technology Initiative
- Physics Beyond Colliders
- R & D on quantum sensors for particle physics (DRD5)

CERN quantum initiative (v1)

quantum computing

quantum communication

quantum theory

quantum sensing

quantum dots (calorimetry)

quantum control system (HEP)

2
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CERN quantum initiative (v2)

quantum 2D (graphene) (TPC, cathode)

focus o
n te

chnology

pilot

Long term objectives
Extended objectivesCore goals

1 3 6DRD5 WP’s

• Objective 2.1c: Benchmark 
and comparison of Rydberg 
states as qubits in prototype 
systems 

•  
Objective 2.2b.3: 
Investigate scaling behavior 
of multiple qubits  

• Objective 2.3c: Read-out-
free detection & DAQ via 
entanglement between TES 
voxels and another system; 
machine-learning-based 
anomaly detection of 
millicharged DM particles 
in TES

Objective 2.1b: Evaluation 
of the interplay between 
interferometric inertial 
sensors and cosmology to 
improve understanding of 
properties of Dark Matter 
and sources of GWs 

Objective 2.2b.2: Develop 
device-aware algorithms for 
qubits with SRF cavities 

Objective 2.3b: Cryogenic 
veto system, tuneable low-
energy deposit calibration 
set-up; Monte Carlo 
simulation for tracks of 
backgrounds and signals, 
pushing the modeling 
towards low-energy deposits

• Objective 2.1a: Exotic atoms as 
qubits and Dark Matter sensors 
(Rydberg states characterisation, 
spectroscopy; atom interferometry; 
entangled Rydberg states as 
quantum demonstrators for qubits) 

• Objective 2.2a: RF cavities and 
coa t ing for ax ion searches ; 
designing, building and operating a 
tuneable RF cavity for axion and 
GW searches  

• Objective 2.2b.1: Development of a 
multi-qubit demonstrator platform 
(cryogenic infrastructure and RF 
c a v i t y t e c h n o l o g y ; d e s i g n 
intermediate control software layer) 

• Objective 2.3a: Quantum Sensors 
and Quantum Data Acquisition 
(TES as quantum sensors for 
millicharged DM searches in beam 
dumps, test bed for Quantum DAQ)
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ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

Marianna Safronova (University of Delaware)https://indico.cern.ch/event/999818/ 

tests of QED, T-violation, P, Lorentz-violation, DM searches 

HCI’s in Penning traps

K. Blaum et al., Quantum Sci. Technol. 6 014002 (2021)
J.C. Berengut et al., Phys. Rev. A 86, 02251 (2012)

particles, atoms, ions, nuclei:
WP1

eEDM’s in molecules

nuclear clock (229Th)

molecular / ion clocks

Quantum Sensors for New-Physics Discoveries

https://iopscience.iop.org/journal/2058-9565/page/Focus-
on-Quantum-Sensors-for-New-Physics-Discoveries

3
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https://indico.cern.ch/event/999818/
https://iopscience.iop.org/journal/2058-9565/page/Focus-on-Quantum-Sensors-for-New-Physics-Discoveries
https://iopscience.iop.org/journal/2058-9565/page/Focus-on-Quantum-Sensors-for-New-Physics-Discoveries
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Quantum sensors for new particle physics experiments: Penning traps

Review on HCIs for optical clocks: Kozlov et al., Rev. Mod. Phy. 90, 045005 (2018)

HCIs for ultra-precise clocks : applications & future

HCIs: much larger sensitivity to variation of α and dark matter searches then current clocks

• Enhancement factor K>100, most of present clocks K<1, Yb+ E3 K=6

• Hyperfine HCI clocks sensitive to me/mp ratio and mq/ΛQCD ratio variation 

• Additional enhancement to Lorentz violation searches

Dark matter 
searches

Tests of the equivalence principle

Search for the violation of 
Lorentz invariance

Picture: Nature 517, 592

• Searches for the variation of fundamental constants

• Tests of QED: precision spectroscopy

• Fifth force searches: precision measurements of isotope 
shifts with HCIs to study non-linearity of the King plot

5 years: Optical clocks with selected HCIs will reach 10-18 accuracy
10 years: Strongly α-sensitive transitions in HCIs will reach of 10-18 uncertainty, multi-ion HCI clocks

Picture: Jun Ye’s group

HCIs: much larger sensitivity to variation of α and dark matter searches then current clocks

Antiprotonic atoms     novel HCI systems
M. Doser, Prog. Part. Nucl. Phys, (2022), https://doi.org/10.1016/j.ppnp.2022.103964

3

Antiprotons (AD), fully-stripped (radio)nuclei (AD), anions & cations (AD),

cations (ISOLDE) Ions in traps:

Rydberg atoms: Positronium (AD), antiprotonic atoms (AD)

Hydrogen-like Rydberg ions: Single-electron highly charged ions in Rydberg states

Hydrogen-like GS ions: Single-electron GS optical HFS manipulation in HCI’s
”Towards metrology with highly charged isomeric ions from antiproton annihilation”
Sara Alfaro et al 2025 J. Phys. B: At. Mol. Opt. Phys. 58 215002 
(qubits in a highly shielded environment, but with long-range interactions)

BASE collaboration, Coherent spectroscopy with a single antiproton spin
 https://www.nature.com/articles/s41586-025-09323-1

optical

optical

Atomic & nuclear physics (exotic atoms, neutrino physics, clocks)WP-1

WP1

9

https://mmm.cern.ch/owa/redir.aspx?C=NDQTp_Ai9edklvTOm5b9MkYa7RJMbiF5XgPPGnsDYyZFk1hxBj_aCA..&URL=https%3a%2f%2fdoi.org%2f10.1016%2fj.ppnp.2022.103964
https://www.nature.com/articles/s41586-025-09323-1
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e-p
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5a

cascade

Auger ejection

annihilation

trapping & cooling of HCI 
(fully stripped, Z~40+)

formation and capture of HCI1
_
p I

_

1 photo-detachment: I → I + e
__

Rydberg excitation: I  → I*0

( γ1 )

( γ2 + γ3 )

Charge exchange: p + I* → pI+* + e
__ _ (p + Ps* → pe+* + e )

_ _ _

p_

4

Rydberg
cascade

S. Alfaro, L. Panzl et al., J. Phys. B: At. Mol. Opt. Phys. 58 215002
“Towards metrology with highly charged isomeric ions from antiproton annihilation”

Low energy quantum systems (atoms, …) for QED, nuclear physics, …
Antiprotonic atoms      novel Highly Charged Ionic systems

New systems building on quantum manipulations of atomic/ionic systems in traps

8

e
_

I
53+53

126

9

I
53+53

126

Ps*

0

novel Rydberg HCI

Charge exchange

Strong-field QED tests

Nuclear physics

3
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p
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pEDM? precision spectroscopy?

+

_

p H-like HCI, (Z-1)+
_

p
_

p
_

γ
X

_

molecular cation 
(down to charge -5)

X
_

Fang, Hong, and Puru Jena. "Stable tetra‐and penta‐anions in the gas phase." Angewandte Chemie 
International Edition 58.33 (2019): 11248-11252. https://doi.org/10.1002/anie.201903044

Antiprotonic Rydberg molecular ions

molecular ion

X   + (p HCIZ+)* → (p HCIZ+*X   )            + γ
_ _n n_ _

{

Low energy quantum systems (molecules, …) for symmetries, …

pEDM?
_

_

Antimatter molecular ions (H2  )
__

precision spectroscopy
_e

p
_

p
_

CPT test

Formation through H + H ? H* + (pp)* ?
_ _ _ _

3

  3-body formation: combine with nearby cold anions (p, X     )
_ _

n
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Topological Dark Matter (TDM)

AION: atom interferometer (start small, ultimately     space)

~ scalar field that couples to fundamental constants, thus producing 
variations in the transition frequencies of atomic clocks at its passage

Local Lorentz Invariance (LLI)

Local Position Invariance (LPI)

independence of any local test experiment from the velocity of the 
freely-falling apparatus: search for daily variations of the relative 
frequency difference between 2 clocks with different spatial orientation

independence of any local test experiment from when and where 
it is performed in the Universe; here,compare atomic clocks 
based on different transitions to constrain the time variation of 
fundamental constants and their couplings

Ultralight Dark Matter

Gravitational wave detector
clocks act as narrowband detectors of the Doppler shift on the laser 
frequency due to the relative velocity between the satellites induced 
by the incoming gravitational wave

   Optical lattice clocks at up to 1 × 10−18 relative accuracy 
& expanded optical fibre network (operated between a 
    number of European metrology institutes)

& develop cold atom technology for robust, long-term
   operation

L. Badurina et al., AION: An Atom Interferometer Observatory and Network, JCAP 05 (2020) 011, [arXiv:1911.11755].
arXiv:2201.07789v1 [astro-ph.IM] 19 Jan 2022

R & D needed:

3 4

spatial variation of the fundamental constants associated with 
a change in the gravitational potential

Where does this fit in? Go after 10-20 eV < ma < 10-12 eV

arXiv:2201.07789v1 [astro-ph.IM] 19 Jan 2022
atom interferometry at macroscopic scales:

MAGIS                                                Fermilab

M. Abe, P. Adamson, M. Borcean, D. Bortoletto, K. Bridges, S. P. 
Carman et al., Matter-wave Atomic Gradiometer Interferometric 
Sensor (MAGIS-100), arXiv:2104.02835v1.

MIGA                 
France ChinaUK

ZAIGAAION

MAGIS collaboration, Graham PW, Hogan JM, Kasevich MA, 
Rajendran S, Romani RW. Mid-band gravitational wave detection 
with precision atomic sensors. arXiv:1711.02225

CERN? shafts (100~500 m ideal testing ground),
cryogenics, vacuum, complexity…

1

2 satellite missions:

ACES (Atomic Clock Ensemble in Space)
ESA mission for ISS 2025-2028 On 28 April 2025, ACES was successfully 

switched on on the ISS for the first time

pathfinder / technology dev. missions ~ 2030
I-SOC: key optical clock technology (laser 
cooling, trapping, optical resonators) for 
space; Sr optical lattice clock / Sr ion clock; 
microwave and optical link technology; 

FOCOS (Fundamental physics with an 
Optical Clock Orbiting in Space): Yb optical 
lattice clock with 1 × 10−18 stability

AEDGE: ~2045 El-Neaj, Y.A., Alpigiani, C., Amairi-Pyka, S. et al. AEDGE: Atomic 
Experiment for Dark Matter and Gravity Exploration in Space. EPJ 
Quantum Technol. 7, 6 (2020). https://doi.org/10.1140/epjqt/
s40507-020-0080-0
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http://arxiv.org/abs/arXiv:1711.02225
https://www.esa.int/ESA_Multimedia/Images/2025/04/ACES_in_space
https://www.esa.int/ESA_Multimedia/Images/2025/04/ACES_in_space
https://doi.org/10.1140/epjqt/s40507-020-0080-0
https://doi.org/10.1140/epjqt/s40507-020-0080-0
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Quantum sensors for low energy particle physics

search for NP / BSM networks of sensorsLook for variations on different timescales

• Oscillations

• Fast transients

• Slow drifts
Δ𝛼
𝛼

Time
Year 1 Year 2 Year 3

New physics

DM- topological defects

Very light DM

6

Δ𝛼
𝛼

Time
minutes / hours / days

Δ𝛼
𝛼

Time
minutes / hours / days

magnetometers
Afach et al, arXiv:2102.13379v2

atomic clocks
Wcislo et al, Sci. Adv. 4, 4869 (2018)

optical fiber networks
Roberts et al, New J. Phys. 22, 093010 (2020)

Investigate very light scalar and pseudo-scalar DM candidates 
over ~10 orders of magnitude in mass and different couplings

nuclear, HCI, 
molecules

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
𝑚𝑎𝑐

3 WP1 WP4

Oscillations

Fast transients

Slow drifts

Possibilities and challenges
Investigate very light scalar and pseudo-scalar DM candidates over ~10 
orders of magnitude in mass and different couplings
• Expand the networks 

• Increase number of clocks and duty cycle to get better statistics. 
Sensitivity scales ad 𝑁

• Expand fibre networks, longer distances
• Longer measurement campaigns, dedicated programmes
• Next generation sensors, with enhanced sensitivity to detection of 

physics BSM 

• Connect the networks
• Multimessenger detection

• Quantum 2.0
• Entanglement between sensors can give an advantage when 

measuring multiple non-commuting parameters of dealing with 
͞nuisance͟ parameters [PRA 95, 012326 (2017)] 

• Creating a super-stable global network of clocks synchronized with 
entanglement [Nat. Phys. 10, 582 (2014)]

• Need more measurement schemes 16

CERN @ CERN: CPT, QED, QCD tests 
Precision spectroscopy of antihydrogen, pHe, Ps @ 10    ΔE/E

_ -15
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Quantum sensors for low energy particle physics

10�22 eV 1048 GeVm�
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Figure 5.2: Axion mass range accessible via novel advanced quantum sensing techniques
compared to current experiments.

not necessarily thermal, of new ultra-light or massless particles in the universe. While
DM is known to exist, it is not known if there is DR. However DR arises frequently,
especially in theories with new light particles, and it often arises in theories of DM.
For example for any of the light DM candidates, e.g. axions, dark photons, etc., an
abundance of relativistic particles, thus DR, would necessarily be produced alongside
the DM. They could also be produced as a component of the dark energy (DE) density
if the DE is dynamical [Ch5-25]. Such “DE radiation” can have significantly higher
energy densities than other forms of DR, well above the usual Cosmic Microwave Back-
ground Radiation (CMBR) and Big Bang Nucleosynthesis (BBN) bounds on relativistic
species, because they are produced at late times. DR of particles such as axions or
dark photons would be an exciting signal to look for, quite distinct from cold DM. The
cosmic neutrino background (CNB) is DR that is believed to exist. While challeng-
ing [Ch5-26], observation of this CNB would provide one of the only ways to probe the
early pre-CMBR-formation universe. Further, a higher temperature population of cos-
mic neutrinos can also be produced by dynamical DE which would be significantly easier
for experiments to detect [Ch5-25] and would shed light on the nature of DE.

The success of LIGO and VIRGO in detecting gravitational waves (GWs) in the
10Hz. ⌫ . 10 kHz band has vividly demonstrated the power of quantum detectors to
advance fundamental physics [Ch5-27]. GWs enable investigations of general relativity,
black holes and neutron stars, tests of a variety of Beyond-the-Standard Model (BSM)
theories, and give a direct window on the earliest epochs of the Universe via primordial
stochastic GWs. Near-future instruments will cover the 0.1-30mHz (LISA) and 0.1µHz

AXION DETECTION

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

<latexit sha1_base64="ie52jBfsUs90kWAvlTAa5efo/po=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRS1GXRjcsK9gFtCDfTSTp0JgkzE6XEfoobF4q49Uvc+TdO2yy09cC9HM65l7lzgpQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo5JMEtomCU9kLwBFOYtpWzPNaS+VFETAaTcY38z87gOViiXxvZ6k1BMQxSxkBLSRfLsa+TkMIhCi6FPfrjl1Zw68StyC1FCBlm9/DYYJyQSNNeGgVN91Uu3lIDUjnE4rg0zRFMgYIto3NAZBlZfPT5/iU6MMcZhIU7HGc/X3Rg5CqYkIzKQAPVLL3kz8z+tnOrzychanmaYxWTwUZhzrBM9ywEMmKdF8YggQycytmIxAAtEmrYoJwV3+8irpnNfdi3rjrlFrXhdxlNExOkFnyEWXqIluUQu1EUGP6Bm9ojfryXqx3q2PxWjJKnaO0B9Ynz+YZZQ7</latexit>ga��

cavity size = axion size

(but not only…)

axion mass = unknown

Axions, ALP’s, DM & non-
DM UL-particle searches
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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.
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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

Quantum sensors for new particle physics experiments: tunable RF cavities

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.”

Tunability!

Axion heterodyne detection 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:

Needed! : major developments on integrated cryoelectronics (4K)

3
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typically not obvious, given that most detectors rely on detecting the product of many inter-
actions between a particle and the detector (ionization, scintillation, Cerenkov photons, …)

handful of ideas that rely on quantum devices, or are inspired by them. not necessarily used 
as quantum detectors per se, but rather their properties to enhance / permit measurements 
that are more difficult to achieve otherwise

Quantum sensors for high energy particle physics

Mostly speculative!!

v

these are not fully developed concepts, but rather the kind of 
approaches one might contemplate working towards

2

chromatic calorimetry (QDs)Metamaterials, 0 / 1 / 2-dimensional materials

WP-3

WP-4

WP-2 QTI@CERNQuantum Technology Technical application

4

TPCAtoms, molecules, ions WP-1

Frontiers of Physics, M. Doser et al., 2022
doi: 10.3389/fphy.2022.887738

helicity detectorsSpin-based sensors

Superconducting sensors cryogenic ps luminosity monitors
QTI@CERN
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Quantum sensors for high energy particle physics

Quantum dots: timing

Concerns: 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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Subns emission with nanomaterials
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J. Grim et al., Nature Nanotechnology, 9,2014, 891–895
R. Martinez Turtos et al., 2016  JINST_11 (10) P10015

CdSe nanoplatelet, 

24ps

290ps 518ps

477ps

ZnO:Ga embedded 
in SiO2 or polystyrene CsPbBr3 embedded in polystyrene

K. Děcká et al. Journal of Material Chemistry C 
10(35):12,836–12,843.

Procházková et al., Radiat Meas 90, 2016, 59-63
R. Turtos Phys. Status Solidi RRL 10, No. 11, 843–847 (2016)

Fast emissions: 0.8, 3, 11 ns

41          D. Arora, CALOR, 23 May 2024

S C I N T I L L AT I O N  D E C AY  T I M E  S P E C T R A

CRYSTAL

CLEAR
Subns emission with nanomaterials

E .  A u f f r a y ,  T I P P 2 0 2 3 ,  0 6 / 0 9 / 2 0 2 3 2

J. Grim et al., Nature Nanotechnology, 9,2014, 891–895
R. Martinez Turtos et al., 2016  JINST_11 (10) P10015

CdSe nanoplatelet, 

24ps

290ps 518ps

477ps

ZnO:Ga embedded 
in SiO2 or polystyrene CsPbBr3 embedded in polystyrene

K. Děcká et al. Journal of Material Chemistry C 
10(35):12,836–12,843.

Procházková et al., Radiat Meas 90, 2016, 59-63
R. Turtos Phys. Status Solidi RRL 10, No. 11, 843–847 (2016)

Fast emissions: 0.8, 3, 11 ns

41          D. Arora, CALOR, 23 May 2024

S C I N T I L L AT I O N  D E C AY  T I M E  S P E C T R A

CRYSTAL

CLEAR
Subns emission with nanomaterials

E .  A u f f r a y ,  T I P P 2 0 2 3 ,  0 6 / 0 9 / 2 0 2 3 2

J. Grim et al., Nature Nanotechnology, 9,2014, 891–895
R. Martinez Turtos et al., 2016  JINST_11 (10) P10015

CdSe nanoplatelet, 

24ps

290ps 518ps

477ps

ZnO:Ga embedded 
in SiO2 or polystyrene CsPbBr3 embedded in polystyrene

K. Děcká et al. Journal of Material Chemistry C 
10(35):12,836–12,843.

Procházková et al., Radiat Meas 90, 2016, 59-63
R. Turtos Phys. Status Solidi RRL 10, No. 11, 843–847 (2016)

Fast emissions: 0.8, 3, 11 ns

41          D. Arora, CALOR, 23 May 2024

S C I N T I L L AT I O N  D E C AY  T I M E  S P E C T R A
4

17

https://doi.org/


M.Doser,  Oxford, 19/5/26 /40

Quantum dots: chromatic tunability

UV
illumi-
nation

e.g. triangular carbon nanodots

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

absorption emission

4

18

Quantum sensors for high energy particle physics

by size, composition, geometry
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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

(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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C H RO M AT I C  C A L O R I M E T RY : S I M U L AT I O N

         D. Arora, CALOR, 23 May 202415courtsey  Y. Haddad, N U, Boston, USA 

reconstruction of energy is possible, as energy 
increases-shower moves inside the calo 
module,reconstruction of energy using chromatic 
info is proven

C H RO M AT I C  C A L O R I M E T RY : S I M U L AT I O N

         D. Arora, CALOR, 23 May 202414courtsey  Y. Haddad, N U, Boston, USA 

Quantum sensors for high energy particle physics

C H RO M AT I C  C A L O R I M E T RY : S I M U L AT I O N

         D. Arora, CALOR, 23 May 202413courtsey  Y. Haddad, N U, Boston, USA 

“Chromatic” energy 
measurement

“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

GAGG
BGO

PWO

LYSO

PWO

BEAM
SPS(north area,CERN) TB 2023
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MATERIALS: CHROMATIC CALORIMETRY: TB 2023

24cm

• 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

   

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

GAGG
BGO

PWO

LYSO

PWO

BEAM
SPS(north area,CERN) TB 2023
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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

         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.
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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

Beam test results (SPS) 2023

photon detector
& spectrometer

scintillator crystal
dopped with quantum dots

incoming
particle

photon detector
& spectrometer

quantum dots 
dopped medium

incoming
particle

dense crystal 
scintintilator 

C H RO M AT I C  C A L O R I M E T RY : T WO  O P T I O N S

• Two Design Approaches: Exploring direct embedding of quantum dots in high-Z materials and a hybrid design 
combining inorganic and organic scintillators.
• Working with specialized labs to develop suitable inorganic crystals for direct embedding.

• Hybrid Design Feasibility: Utilising organic scintillators like nanocomposite scintillators (nano scintillators embedded 
in a host polymer matrix) or like PbF2 as absorber -no emission, transparent than PWO, no scintillation-ideal case)

• Key Parameter Determination: Assessing quantum dot concentration, transparency, radiation hardness, time response, 
and light yield in various combinations.
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This slide courtesy Devanshi Arora, CALOR’24
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  Deterministic positioning of few aqueous colloidal quantum 
dots  

 A method for the localization of water-dispersed silica-
coated quantum dots (QDs) by using a drop casting method 
on a lithographically prepared template of polymethyl 
methacrylate (PMMA) in a saturated ethanol vapor followed 
by lift-o!  process. Large area deposition for a few to single 
particle deposition is achieved by a single step process 
with enhanced capillary force assembly. This method o! ers 
potential use for complex photonic platform integration. 

Registered charity number: 207890

See Deepshikha Arora, Hilmi Volkan 
Demir, Joel K. W. Yang, Lu Ding 
 et al. ,  Nanoscale , 2024,  16 , 18339.

 Nanoscale
rsc.li/nanoscale

ISSN 2040-3372

 REVIEW ARTICLE 
 Nguyen Thi Kim Thanh, Riccarda Antiochia  et al.  
 Progress in nanoparticle-based electrochemical biosensors 
for hormone detection 

Volume 16
Number 39
21 October 2024
Pages 18121-18630

demonstrated the placement of metal nanoparticles (NPs) and
polymeric colloidal units with high precision and yield.23–25

However, there remains a significant gap in the development
of analogous techniques for colloidal QDs probably due to
their small size and intricate surface chemistry.22,26

Various strategies have been extensively investigated for the
deposition of QDs, primarily employing trap templates pre-
pared through high-resolution electron beam lithography
(EBL). Positioning of QDs into the traps then relies on tech-
niques such as electrostatic interaction27,28 and capillary
forces.22,29–31 The electrostatic interaction technique involves
pre-growing traps with positive surface charges on a negatively
charged substrate. QD particles, with matching negative
surface charges, are then attracted to the traps while repelled
by the substrate. A near-unity single particle occupancy for a
typical particle size greater than 150 nm has been reported.
This method works perfectly if surface charge orthogonality
exists between the traps and the particles/substrate. However,
common high-index dielectric materials for making photonic
structures such as TiO2, Si3N4, and SiC might have an iso-elec-
tric point (IEP) at low pH,32 so that they have negative surface
charges the same as those of the QD particles. Therefore, the
applicability of this technique in photonic integration is
limited. The capillary force techniques include Langmuir–

Blodgett33 and doctor blade-like22,29,34 approaches, achieving a
typical total site occupancy of above 70%, while a single par-
ticle yield of ∼75% has been once reported using silica-
cladded QDs of diameter 90 nm. This method requires intri-
cate setups with moving parts to manipulate the particles into
the traps, as well as precise controlling of the substrate temp-
erature and dew points within the setup environment. In con-
trast, the drop-casting method is much simpler for non-func-
tionalized particles/substrates/traps and shows potential in
quick and easy implementation of meniscus capillary forces
for deterministic positioning.30,31,35 Yet, the reported single
particle yield is ∼30% with the best total site occupancy of
60%. Therefore, as the controlled placement of QDs remains a
challenge, the scalability and reproducibility are yet to be fully
elucidated.

In our study, we present a straightforward method that
leverages only the drop-casting process onto a poly(methyl
methacrylate) (PMMA) template for aqueous silica-coated QDs.
The drying process takes place within a saturated ethanol
vapor environment, which facilitates large-area uniform mass
deposition of the QDs promoted by Marangoni flow and
enhances the capillary force due to modified wetting pro-
perties of the colloidal droplets. A final lift-off step is employed
to remove unwanted QDs from outside the intended area,

Fig. 1 (a) Illustration of the process flow. The PMMA template is made using EBL on a Si substrate. QDs are deposited by drop-casting and dried in a
saturated ethanol vapor environment followed by template lift-off. SEM images are shown for (b) the PMMA template and (c) deposited QDs after
lift-off.

Paper Nanoscale

18340 | Nanoscale, 2024, 16, 18339–18347 This journal is © The Royal Society of Chemistry 2024
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full statistics of the site occupation as a function of hole dia-
meters and the number of particles in the left column and the
corresponding SEM images on the right, for the SEM image
taken from sample #3.

We observed high site occupancy rates exceeding 80% for
hole diameters ranging from 130 nm upwards, progressively
increasing towards near unity with larger holes. The single-
particle yield at a hole diameter of 130 nm reached 42% with
the remaining sites accommodating up to 3 particles per site.
However, as the hole diameter increased, the single-particle
yield decreased, with larger diameters only accommodating a
maximum of 6 particles per site, as seen with 190 nm holes.

In sample #3, featuring smaller hole diameters of 110 nm
(not shown here), the total site occupancy decreased to 43%,
with a single-particle yield of 30%. Notably, the calculated size
ratio between the hole and QD diameter suggests that the
optimum single-particle yield falls within the range of 3.1 to
3.7, consistent with previous studies. However, it is important
to acknowledge that a high ratio results in significant place-
ment deviation of the QDs. For instance, with respective hole
and QD diameters of 130 nm and 35 nm, the deviation can
reach up to ±50 nm. Therefore, achieving precise QD place-
ment necessitates smaller particle sizes to accommodate
higher precision, particularly in structures such as photonic
cavities with small mode volumes.

The particle deposition processes with drop-casting30,31 and
Langmuir–Blodgett33 are shown to have a typical Poissonian
distribution as

PðxÞ ¼ λx

x!
expð$λÞ; ð1Þ

where P(x) is the probability (yield) of x number of particles de-
posited and λ is the expected rate of occurrences. We fitted the
data with a Poissonian distribution where the λ-value is pro-
portional to the hole diameter with the smallest value of 1.4 at
a hole diameter of 130 nm, i.e. on average 1.4 QDs deposited
in each hole. The Poissonian distribution also indicates that
the highest probability of single particles from random, dis-
crete, and independent events is limited at 1/e or ∼37% which

matches fairly with our results. The same statistics are
obtained for other hole diameters and with SEM images
showing QDs with different occupation numbers. The λ-value
increases with the size of the holes, as shown in Fig. 2(b). It is
possible to get a smaller λ-value close to one with a smaller
hole size; however, it will also reduce the total site occupation,
which then also reduces the single-particle yield.

Fig. 2(c) plots the averaged particle counts for 1, 2, 3, and
more than 4 particles as a function of hole diameter as an
example which shows the total occupancy yield with increased
diameter. It should be noted that using a larger hole size also
spreads the distribution with a larger deviation. By this means,
such a method is only optimum to prepare high-yield single
particles but control over the narrow distribution of a few par-
ticles will be harder.

The choice of solvents is crucial as it will dictate the mass
transport phenomena and their respective deposition mecha-
nism. In Fig. 3(a and c), we show that drop-casting of an
aqueous QD droplet in an ambient environment results in a
“coffee-ring” pattern indicated by high mass deposit at the
edge. The illustration described the phenomenon in which the
particle flux is being directed towards the pinning contact
region which is then later deposited as the droplet dries.
Furthermore, it was later known that the formation of the ring
pattern is due to the suppressed particle flux back to the bulk
region.36,42 By this means, particle concentration in the
pinning contact region will be high during the initial drying
process, thus high mass deposit, and gradually decreases as
the process continues.

In this study, to control the particle deposition over a large
area with a uniform mass deposit, we introduce a saturated
ethanol vapor environment during the drying process of an
aqueous QD droplet. In this environment, a phenomenon
called Marangoni flow is caused by the non-uniform absorbed
ethanol concentration and evaporation rate along the droplet
surface where it induces flows into the pinning contact region
and back-flow into the liquid bulk.37 This particle dynamic
leads to the formation of a uniform deposition of mass across
the substrate, see Fig. 3(b and d).

Fig. 4 Wide field PL image with CW laser excitation at 488 nm from (a) an array of QDs deposited with a template hole diameter of 150 nm and a
pitch of 2 µm, taken with a 50× (NA 0.55) objective lens, and (b) pattern of our collaborating institution names as a proof of concept prepared with a
template hole diameter of 150 nm, taken with a 20× (NA 0.45) objective lens. (c) SEM image of a pattern of our collaborating institution names.
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Deterministic positioning of few aqueous colloidal quantum dots
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1 μm

200 nm

PMMA

Radiation-hard Mylar: 0.5 um = 50 keV
Overall thickness ~ 250 keV (protons)

https://xeryon.com/products/precision-linear-stages/xls-ultrasonic-linear-piezo-stage/
Assembly positioning to < 100 nm

Si pixel detector

WP-2
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Active scintillators (QCLs, QWs, QDs, QWDs)

Quantum sensors for high energy particle physics

https://www.laserfocusworld.com/test-measurement/spectroscopy/article/16556856/quantumcascade-lasers-qcls-enable-applications-in-ir-spectroscopy

Emitted light is IR~THz, normally mono-chromatic but tunable from 3 μm ~ 12 μm

+
+

+ -
-
-

(msteps)

Radiation resistant (Radiation Physics and Chemistry 174, 2020, 108983)

Couple bulk semi-
conductor to electron 
injection layer: 
    ne           msteps x nγ

4

22

https://www.laserfocusworld.com/test-measurement/spectroscopy/article/16556856/quantumcascade-lasers-qcls-enable-applications-in-ir-spectroscopy
https://www.sciencedirect.com/journal/radiation-physics-and-chemistry
https://www.sciencedirect.com/journal/radiation-physics-and-chemistry/vol/174/suppl/C


M.Doser,  Oxford, 19/5/26 /40

Rydberg TPC’s

helicity detectors

Atoms, molecules, ions

Spin-based sensors

GEMs (graphene)

active scintillators (QCL, QWs, QDs)

Quantum sensors for high energy particle physics

ultra-fast scintillators based on perovskytes

chromatic calorimetry (QDs)

Metamaterials, 0 / 1 / 2-dimensional materials (quantum dots, nanolayers)

Superconducting sensors

4

23



M.Doser,  Oxford, 19/5/26 /40

amplification
region

drift
region

drift

+
+

+

+
+
++

--
--

-
-
-

enhanced electron signal through “priming” of gas in 
amplification region:             effective reduction of 
ionization threshold of gas in amplification region
             higher electron yield

Rydberg atoms can serve to up-convert THz / GHz 
radiation into the optical regime          optical R/O 
of avalanche intensities

Quantum sensors for high energy particle physics

Rydberg atom TPC’s
Georgy Kornakov / WUT

Act on the amplification region
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Quantum sensors for high energy particle physics

Rydberg atom TPC’s
Georgy Kornakov / WUT

principle carries over to drift region:
enhanced electron signal through “priming” of gas in drift region:             
effective reduction of ionization threshold of gas in amplification region
increased dE/dx through standard primary ionization + photo-ionization of atoms excited by mip’s

reduction of ionization and
atomic excitation threshold

ionization + excitation;
natural decay of unmodified atoms
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photo-ionization of excited atoms

Act on the drift region
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Quantum sensors for high energy particle physics

https://www.metaboliqs.eu/en/news-
events/MetaboliQs_PM_first_year.html

Diamond plates of up to 8 × 8 mm² 
in size, fabricated by Element Six

© Dr. Christoph Nebel, Fraunhofer IAF

https://www.nature.com/articles/ncomms9456

Local and bulk 13C hyperpolarization in nitrogen-vacancy 
centred diamonds at variable fields and orientations, G. 
Alvarez et al., Nature Communications 6, 8456 (2015)

optically polarizable elements: Nitrogen-vacancy diamonds (NVD)

NV in diamond

guides for optical polarization polarized scattering center

silicon trackers
(direction and timing) 

spin-spin scattering for helicity determination: usually with polarized beams and/or polarized targets

introduce polarized scattering planes to extract track-by-track particle helicity

Georgy Kornakov / WUT

1016 ~1018 / cm3

 x 102
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Transfer of Rb polarization to Xe

Quantum sensors for high energy particle physics

Polarized TPC’s

Xe (Kr, Ar) can be sympathetically polarized by interaction with optically polarized Rb
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Liquification and transfer of Xe

+-

Laser polarization of Rb

G. Norquay et al., Phys. Rev. Lett. 121, 153201

Spin exchange optical pumping hyperpolarization

K.L. Sauer et al., Chem. Phys. Lett. 277 (1997) 153

Spin Hyperpolarization in Modern Magnetic Resonance, J. Eills et al., 
Chem. Rev. 123 (2023), https://doi.org/10.1021/acs.chemrev.2c00534

N. Lockyer et al., Phys. Rev. D 30 (1984) 860;

C.X. Lin et al., arXiv:2512.02804v1 (2025);
Y.T. Liang et al., Phys. Rev. D 112 (2025) L031502

https://doi.org/10.1021/acs.chemrev.2c00534
https://arxiv.org/abs/2512.02804v1
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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

1
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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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Currently being applied for DM searches, 
low-light-level astronomy
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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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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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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

1
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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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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
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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Figure 1: SEM image of a typical test sensor array that has four di↵erent width
configuration: 100 nm (top left), 200 nm (bottom left), 400 nm (top right), and
800 nm.

a more thorough optical characterization of devices fabricated
using the same process are referred to work of reference [9].

2.2. Experimental Setup

The chips were mounted and wire bonded to a printed cir-
cuit board (PCB). The PCB was mounted to a copper bracket
coupled to the cold finger of the optical, two-stage GM cryo-
cooler based cryostat (Janis SHI-4). During the test, the board
and the sensor were held at a temperature of 2.82 K. A chiller
was installed inside the beam enclosure providing closed loop
water-cooling for the helium compressor. The measurements
were performed at the FTBF using a 120 GeV proton beam
in early 2023. At the Meson Test Section 6.2 (MT6.2), about
106 of 120 GeV protons were delivered to the enclosure every
minute with 4.2 s spill length on request. The protons were in-
cident on the detectors as shown in Fig. 2. The optical cryostat
was modified with 1/16 inch Aluminum windows to minimize
material thickness in the beam-line. Room temperature elec-
tronics placed in the beam enclosure near the cryostat include
a biasing power supply, an attenuator and low noise ampli-
fiers (LNAs). The nanowire devices were current biased with a
programmable constant current sources based on the LTC1427
current output DAC. The waveforms were recorded on oscillo-
scopes via a coax cable patch panel connecting the MT6.2 beam
enclosure and the electronics room, where the oscilloscopes and
other trigger logic are located. The readout was triggered by the
nanowire signal, and in addition to the nanowire waveforms, the
three-fold SC coincidence signal was also recorded as shown in
Fig. 3.

Multi-wire Proportional Chambers (MWPCs) served to ref-
erence the lateral beam position and size with 1/

p
12 mm reso-

lutions in both horizontal and vertical directions [13, 14]. The
optimal beam position was determined by scanning the dipole
magnet currents that are nearly linear to the beam lateral coor-
dinates in order to maximize the detection e�ciency (Section
3.1). Counts of triple coincidence from the Scintillation Coun-
ters (SCs) provided the total number of incident protons.

3. Results

3.1. Calibration Runs
During the calibration runs, the 400 nm device was tested

(a) to identify the waveforms for the hit candidates, (b) to de-
termine the timing window between the SCs and the SNSPD
signal, (c) to pinpoint the optimal beam position. For the cal-
ibration runs with the 400 nm device (Ic=25.2 µA), the beam
current (⇠20 nA) was chosen to maximize detection e�ciency
while still suppressing background counts to ensure that most
hits are from protons. The typical waveform from the nanowire
hotspot is shown at Fig. 3. The measurement was done by
self-triggering on the nanowire waveform within the 4.2 s spill,
where the SCs were concurrently recorded by the same oscillo-
scopes.

The timing signal was defined as tSC � tSNSPD, the di↵erence
between the edges of the SNSPDs and the SC three-fold coin-
cidence signal. Fig. 4 shows a clear coincidence peak in the
timing signal histogram. The coincidence timing window for
the SC signal was conservatively set to be between 100 ns and
180 ns range. From this stage, the proton hit was defined as the
characteristic nanowire waveform triggers followed by the SC
100–180 ns after. Estimated background to signal level during
the calibration run was (2.08±0.89)% (See 3.2 for the definition
of background).

Several beam positions were scanned during this run period
to find the optimal beam position using the MWPCs as men-
tioned in Section 2. Only few wires of the MWPC3, the clos-
est MWPC to the SNSPD operated properly during data tak-
ing. Therefore, the MWPC2 was used as the position refer-
ence. As the cryostat was placed on a fixed table, the beam-
line focusing magnet currents were adjusted to steer the beam
position as measured by the MWPC. The beam position scan
was performed to maximize the proton hit counts normalized
to the incident protons (Fig. 5). Using the optimal beam po-
sition provides a consistent beam profile and thus flux seen by
the superconducting sensors. This allowed for a reliable rela-
tive e�ciency between sensors with di↵erent wire widths, but
is limited in the extraction of the absolute e�ciency due to a
relatively large systematic normalization uncertainty.

3.2. Production Runs
After calibration, bias scans were performed to characterize

the relative e�ciencies of devices with di↵erent wire widths as
a function of bias current, Ib. The bias scan measures the proton
count rate with respect to the bias currents. The tested chips
included the nanowire of 300, 400, 600, and 800 nm widths.
Likewise to Section 3.1, proton counts were normalized to the
number of incident protons, which was estimated from the total
SC counts. The bias current Ib was normalized to the critical
currents of each device to collect the measurement results with
the di↵erent widths. The critical current Ic was determined as
the current where electronic oscillation starts to happen. The
determined Ic’s were 12.5 µA for 300 nm, 25.2 µA for 400 nm,
48 µA for 600 nm, 55 µA for 800 nm devices.

The collected measurement results are shown at Fig. 6.
Fig. 6-a shows the normalized counts which generally increases
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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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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
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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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
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1.5 Gcps3-5 photons Current records 
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devices

0.1 cm2
4x105
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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.

Overview of the 800 × 500 camera

• millicharged particles

• diffractive scattering

• luminosity monitor

Multi-layer stacked dets
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WP1

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, …) 

DRD5: WP’s (particle physics > HEP)

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

Quantum technology needs dedicated R&D to achieve its expected potential5

Quantum dots (HEP calorimetry)

Superconducting devices (HEP, astroparticle)

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

TES, MMC (cryo-spectrometry)

Spin-based sensors

Nano- and Microwires

WP-2

WP-3

WP-1

WP-4

HEP applications

Infrastructure @ CERN

DRD5
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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

What is DRD5 built to do?

• focus on addressing topics that go beyond what individual institutes can do


• pool expertise, resources, create exchanges, educate 


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

• Common R&D building on the 
extremely rapidly growing areas 
of quantum technologies 

• Workshops
• Detector test facilities
• Education
• Agreements & standards
• …

5
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What has happened since the DRD5 was formed and approved in mid-2024?

• 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, …)

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

DRD5 : putting together a global collaboration ab initio

• focus on addressing topics that go beyond what individual institutes can do


• pool expertise, resources, create exchanges, educate 


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

5
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WP-1 WP-2 WP-3 WP-4 WP-5 WP-6

Beam tests of QD’s at CERN 
(Aug.)

Beam tests of SNSPD’s at CERN 
(Aug.)

Exotic systems Quantum materials
Quantum super-

conducting systems
Macroscopic 
ensembles

Quantum techniques 
for sensing Capability expansion

Collaboration meeting

Oct. 30/31

Collaboration meetingMar. 2026

Oct. 2025

Mini-workshop #1

Mini-workshop #3

Mini-workshop #4

Nov. 12, 2-6pm CET

Workshop #1 CERN
Wed 26/November

Mini-workshop #2
Thursday, 15/01, 
3:30pm-6:30pm

Theory and experimental needs 
to move forward with the 229Th 
nuclear transition as a sensor of 
BSM physics

data repository at CERN for time-
resolved clock/ quantum sensor 
data

Bound state systems - 
calculations and experiments

clock networks/ portable clocks

April 13 or 24

July 1 or 17

Radiation / light damage to 
quantum dots

optomechanics for particle 
physics detection

Geant4 simulation of NV 
diamonds and of polarized 
materials

Workshop #1

Workshop #2

October

Design of a cryogenic test
Beam set-up

Workshop #1 / CERN
Oct. 29

-> white paper -> arXiv

Packaging & precise device 
characterization

Workshop #2
Oct’ 26 / Heidelberg

Handbook on Quantum Sensors
Simulation of QD’s in medium 
(non-continuous)

-> stdized test protocol

Together w/ WP-1

Many-to-1 entanglement
Heterodox entanglement
Squeezing in other syst.

Excitation/deexcitation 
mechanisms in QD’s

-> white paper / main thrusts

-> data format / protocol Compendium of primers

School on Quantum Sensing

  Workshop on microcredentials

Workshop #1
April / May

Template for lightweight 
agreement for fast-track access 
to local institute infrastructures

In parallel: development of devices, characterizations with sources or in beam, simulations, theory developments

DRD5 coordinates such activities, proposes directions, enables exchanges, fosters collaboration, supports initiatives and interdisciplinarity

1) https://indico.cern.ch/event/1580512/ 2) https://indico.cern.ch/event/1598214 3) https://indico.cern.ch/event/1598214

1)

2)

3)

Heterodyne cavities (?)

Beam tests of SNSPD’s at CERN 
(May?)

Beam tests of QD-loaded WLS at 
CERN (April-May?)

Contributed document to ESPP

4)

4) https://indico.cern.ch/event/1624634

5 DRD5 : ongoing and planned activities
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Tracking Calorimetry Timing PID Helicity

WP 1 (Quantum 
systems in traps and 

beam)
Rydberg TPC BEC WIMP scattering 

(recoil)

O(fs) reference clock 
for time-sensitive 
synchronization 
(photon TOF)

Rydberg dE/dx 
amplifiers

WP2 (Quantum 
materials: 0-, 1- and 

2-D)

“DotPix”; improved 
GEM’s; chromatic 

tracking (sub-pixel); 
active scintillators

Chromatic calorimetry
Suspended / 

embedded quantum 
dot scintillators

Photonic dE/dx 
through suspended 

quantum dots in TPC

WP 3 
(Superconducting 
quantum devices)

O(ps) SNSPD 
trackers for diffractive 
scattering (luminosity)

FIR, UV & x-ray 
calorimetry O(ps) high Tc SNSPD

Milli- & microcharged 
particle trackers in 

beam dumps

WP 4 (scaled-up 
bulk systems for 

mip’s)

Multi-mode trackers 
(electrons, photons)

Multi-mode 
calorimeters 

(electrons, photons, 
phonons)

Wavefront detection 
(e.g. O(ps) embedded 

devices)

Helicity detector via 
ultra-thin NV optically 
polarized scattering / 

tracking stack

WP 5 (Quantum 
techniques)

Many-to-one 
entanglement 
detection of 
interaction

WP 6 (capacity 
building)

Work package

HEP function

Technical expertise of  future workforce (detector construction); broadened career prospects and thus 
enhanced attractiveness; cross-departmental networking and collaboration; broadened user base for 
infrastructure (beam tests, dilution refrigerators, processing technologies)

( under way; in preparation; under discussion or imaginable applications; long-range potential )

(focus on potential HEP impact)

D
R

D
5 

W
P

“Quantum” is relevant
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TPC

sub-𝜇m 
tracker

Luminosity 
monitor

TPC

TPC?

segmented 
calorimeter

workshop

Define R&D programme

Cryogenic test beam 
 facility under design

workshop?

Identify at least one potential HEP-relevant project per WP 

but mainly atom interferometry!
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USTC (Hefei)

Denmark: Aarhus University

Hungary: Wigner Institute
Collaboration ramping 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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that it can reach any reasonable location on Earth, and possibly in real-time, depending on the implementation.454

Here, the time and frequency information from a ground station, typically a national metrology institute hosting455

ultra-precise and ultra-stable clocks, is sent to a transponder on a satellite and from there to any user elsewhere456

on the Earth surface. This time/frequency distribution requires sophisticated technology, in particular two-way457

transfer. Di↵erent approaches exist (pulsed optical, microwave), and they are at di↵erent levels of technology458

readiness. The hardware for the each ground user could eventually become of a↵ordable cost.459

ESA will launch the mission ”ACES” to the ISS in 2025 to demonstrate the first-generation technology,460

enabling comparisons of clocks at the sub-1E-16 level. These clocks can be located at moderate distances or on461

di↵erent continents. A study on a next-generation transponder mission has been undertaken by ESA, promising462

1E-18 level comparisons. The implementation of a next-generation mission requires the support of the community.463

5.4 Milestones and deliverables WP-1 (years 1 / 3 / 5)464

This WP seeks to build and develop a collaborative e↵ort to pursue fundamental physics searches using quantum465

sensors as ”clocks”. Two approaches are followed; a networked approach where the clocks are connected via466

glass fibre, and by the development of high-specification, robust, reliable and transportable reference clocks.467

The goal is to move beyond the current single point-to-point connections, which mainly rely on local or national468

initiatives. There is a strong case for cross-national collaborative e↵orts to improve the sensitivity of fundamental469

physics searches, and extract a higher value out of the individual existing e↵orts. Addressing technical issues470

of implementation will constitute part of the milestones of this WP. On the other hand, for situations where471

geographic distances between nodes are great and cover thinly populated areas, a direct alternative to fiber472

optical distribution of a reference frequency must involve transportable references, as a precursor to eventual473

satellite-based systems.474

Milestones are underlined, deliverables are in italic.475

WP-1a (exotic systems)

WP1a a Trap advances Extended nb of systems Cooling (all systems)

(exotic systems) workshop white paper tech demonstrator

WP1a b Improved bound state QED and nuclear structure theory calculations

(calculations) (continuous improvements)

WP1a c initial study study report updated study

(global analysis) publication

WP-1b (interferometry)

WP1b a community building instrumentation study atom flux study

(TVLBAI) proto-collab formation white paper R&D roadmap

WP1b b optics & high flux study high rate operation

(high precision) improved flux+probetime squeezing+rate demo

WP-1c (clocks & networks)

WP1c a institute connection study hardware test cross-border link

(clock networks) design report network testbed tech demonstrator

WP1c b define targets tech design study evaluate & recommend

(portable clocks) parameters paper specifications prototype selection

// // //

//

// // //

// // //

// //

// // //

// // //

11

WP-1a : Exotic systems in traps and beams WP-1b : Atom Interferometry WP-1c: Networks, Signal and Clock distribution

WP-1a_a: extension and improved manipulation of exotic systems

WP-1a_b: Bound state calculations

WP-1a c: Global analysis in the presence of new physics

WP-1b a: Terrestrial Very-Long-Baseline Atom Interferometry Roadmap

WP-1b b: High-Precision Atom Interferometry

WP-1c a: Large-scale clock network

WP-1c b: Portable references and sources

( Time and frequency distribution via space )

cross-WP activity

Workshop White paper Technology demonstrator

 Publication(s) 

White paperProto-collaboration formation R&D roadmap

Design report

Parameters paper Specifications Prototype selection

Network testbed

Improved flux & probe time Squeezing & rate demo

Continuous improvements (published)

Technology demonstrator

EXAMPLE

5
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 community building
Our deliverables are (mostly) not definable in 

terms of technical specs, but rather in terms of 
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Other ideas:

Super-radiance-based detectors

Quantum dots suspended in liquid TPC’s


