
Quantum Sensing for Particle Physics
57th Herbstschule HEP 
Physikzentrum Bad Honnef

Steven Worm 
Deutsches Elektronen-Synchrotron (DESY)  /  Humboldt-Universität zu Berlin  
September 8, 2026

R
et

ra
ct

ab
le

F
in

s

R

L0L1

!0

ma !1 ⌘ !0 ± ma

E0

E1

ma

!0

!1
ma

(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.
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Tuesday Sept. 8, 9:00 
• Quantum Sensing:  

• What it is, and why you should be interested  
• Selected cryogenic sensors: TES, MMC, SNSPD 
• Quantum dots and other quantum sensing ideas 

Wednesday Sept 9, 10:10 
• Quantum Experiments:  

• A new path to discovery 
• The search for light Dark Matter 
• Fundamental physics and the variation of fundamental constants 

Thursday Sept. 10, 11:20 
• Quantum in the lab: searching for Dark Matter with an Atomic Clock(!?) 

• Practical considerations and headaches 
• The path from data to discovery 
• Ideas for the future
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Quantum Sensing for Particle Physics – Outline



 Particle Standard Model 
• Fundamental particles 
• Forces, interactions 

 Cosmological Standard Model (ΛCDM) 
• Cosmic microwave background  
• Structure of galaxies, amount of H, He, Li 
• Accelerating expansion of the universe

3

Standard Models of Particles and Cosmology
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• The Standard Model is incomplete... many questions to answer  
• Baryon Asymmetry 
• Dark Energy 
• Dark Matter 
• Electroweak phase transition 
• Hierarchy problem 
• Neutrino masses  
• Strong CP problem 

• Maybe the answers are hiding at a different scale? 
• 1900: Atomic scale ≈ 10-8 cm  Quantum Mechanics, Electrodynamics 
• 1950: Strong interaction scale ≈ 10-13 cm  QCD, Quarks, Gluons 
• 2010: ElectroWeak/TeV scale ≈ 10-17 cm  EWK phase transition, W, Z, Higgs

→
→
→
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A Question of Scale?

Search for New Physics at Higher Energies?
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Discovery Machines  
& Scale
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Discovery Machines  
& Scale

"Tabletop" 
Experiments
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Advancements in Particle & Astroparticle Physics

Accelerator 
Advances

New Detectors & 
Computing Tools

Theoretical 
Insight

Better Understanding  
of the World
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• Quantum Sensing: any sensing device enabled by the ability to manipulate and read out quantum states 

• Requirements for a quantum sensor 

• Discrete quantum states (e.g. energy levels , ) 

• Possibility to reset and readout  
• Coherent state manipulation possible (usually) 

• Sensitivity—something measurably changing (e.g. frequency  or transition rate ) 

• Close parallel to DiVencenzo Criteria for Quantum Computing, minus gate requirements 

• Many possible systems:  atoms (neutral, ions, Rydberg states), cavities, atomic clocks, interferometers 
(photons, matter), superconducting circuits, optomechanical systems, quantum materials

|0⟩ |1⟩

ω0 Γ
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What is Quantum Sensing?

[Degen, Reinhard, Cappellaro, Rev. Mod. Phys. 89, 035002;  DiVencenzo, https://arxiv.org/abs/cond-mat/9612126]
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                     Why quantum sensing?  
• A1: Potentially better sensitivity or noise performance  
• A2: Because we have to (e.g. for ultra-light dark matter)!

Quantum Detectors, Quantum Experiments 

9

• Quantum Detectors: use quantum sensing to 
making extreme measurements possible   
• Enables (better) measurements, e.g. wavelengths 
• Extreme sensitivities (single-photon) or low noise 

• Quantum Experiments: sensing is used for 
fundamental physics measurements 
• Gravity, Lorentz Invariance, physical constants  

( , dipole moments), etc  

• Techniques such as interferometry, magnetometry, 
clock-based systems, optomechanical devices 

α, μ
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• Research is moving from observing quantum effects to actively using and controlling them 

• “Quantum tricks” can overcome limits from shot noise or the standard quantum limit (but not Heisenberg) 

• Quantum Entanglement: correlated grouping of states or particle properties, e.g. spin 

• Squeezed states: for two variables obeying Heisenberg, one is squeezed if  below ground state value 

• Entanglement/squeezing not required for sensing, but can be used to make even better sensors

σ

Quantum 2.0 and Detectors

10[graphics:	Wikipedia,	brilliant.org]
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• Semiconductor-based particle detection 
• Example: mobile phone camera (CMOS pixel sensors) 

• Germanium, Cadmium zinc telluride (CZT), Cadmium telluride (CdTe) 
used for gamma/X-Ray spectroscopy 

• Limits for Ionisation 
• the limit for electron/hole pairs in semiconductors is about the band 

gap energy (1.12 eV for Si) 

• More than half the energy of an ionising particle (in silicon) ends up as 
phonon excitations (heat) 

• Semiconductors work well above the band gap, but for smaller signals, 
need to detect the heat 

Very Small Signals: Limits of Semiconductors

11

Semiconductor	
Energy	Absorption

[Sze,	Spieler]
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• Measuring temperature 

• change in temperature depends on energy if incoming particle ( ), 
heat capacity ( specific heat and mass)  

• for a Si mass of 1 g at T0 room temperature (25C) and 1 keV, the 
heat capacity of Si (0.7 J/gK = 4.4 1015 keV/gK) gives   

• Better with a smaller mass?  Different material?  Yes, but… 

E
C = cpm, cp = m =

E =

Very Small Signals  Measure Temperature⇒

12

ΔT = E
C

= E
cpm

ΔT = E
C

= 1
(4.4)(1015) ≈ 2 × 10−16

Si	Detector

Temperature	
sensor

G(T)

T0

E

[Sze,	Spieler]
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• Lower temperature  lower heat capacity 
• minimise electron contribution, so only lattice (phonon) vibrations 
• heat capacity given by Debye equation,  where  is the Debye Temperature (645 K for Si) 

• silicon example with smaller mass of 1 µg and lower temperature T0 = 0.1 K gives  

• Some homework to think about 
• What about changing the absorber to a material with higher Debye temperature (sapphire, diamond)? 

• Will it work using an easier temperature (eg liquid nitrogen)?   

• Can it work with a "classic" thermometer, measuring e.g. ±0.2 C?

→

C ∝ (T/TD)3 TD ( ≡ Θ)

Cryogenic Microcalorimeter

13

ΔT = E
cpm

= (1)(645)3

(10−6)(0.1)3(0.7)(6.24)(1015) ≈ 0.6
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• Lower temperature  lower heat capacity 
• minimise electron contribution, so only lattice (phonon) vibrations 
• heat capacity given by Debye equation,  where  is the Debye Temperature (645 K for Si) 

• silicon example with smaller mass of 1 µg and lower temperature T0 = 0.1 K gives  

• Example1: Hitomi satellite, SXS (JAXA, CSA) 
• 36 pixels (814 µm) HgTe absorber at 50 mK 
• Energy between 0.3 and 12 keV, resolution ~7 eV 

• Example2: Lynx X-ray Microcalorimeter (NASA) 
• ~50k pixels (25-50 µm) Au absorber at 50 mK 
• Energy between 0.2 and 15 keV, resolution <3 eV

→

C ∝ (T/TD)3 TD ( ≡ Θ)

Cryogenic Microcalorimeter

14

ΔT = E
cpm

= (1)(645)3

(10−6)(0.1)3(0.7)(6.24)(1015) ≈ 0.6

[Hitomi; JATIS, Vol. 5, 021017 (2019)]
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• X-Ray absorber material and coupling 
• absorber chosen for fast rise, efficient conversion 
• coupled to cold head via thin channels; slow exponential decay 
• connection with thermal conductance G 

• with decay time given by  

• Noise optimisation  
• Noise will have same shape as signal: same S/N vs frequency 
• Amplification (shaper) should not change sensor S/N, but 
• external sources of noise; resistances, input transistor, vibrations 
• shaper designed to suppress low-frequency noise

Cryogenic Microcalorimeter - Optimisation

15

T(t) = ΔTe−t/τ

τ = C
G
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• Goal: measure tritium β- decay spectrum endpoint  electron antineutrino mass 

• Measure electron endpoint energy with high resolution (sub-0.7eV FWHM) 

• Quantum sensing for electron detection 

•

→

MMC and the Karlsruhe Tritium Neutrino Experiment (Katrin++)

16[M. Krantz et al, Appl. Phys. Lett. 124 (2024) 032601, Sebastian Kempf]

Sebastian Kempf | Investigation of MMC-based quantum sensors  for electron detection2025-11-20

Windowless gaseous 
tritium source (1011 Bq)

Rear wall
Transport and 

pumping
Segmented 

detector
Main spectrometer

Karlsruhe Tritium Neutrino Experiment (KATRIN)

4

endpoint region of spectrum contains most information

goal: measurement of tritium β- decay spectrum to investigate (determine) 
the electron antineutrino mass 
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• Goal: measure tritium β- decay spectrum endpoint  electron antineutrino mass 

• Measure electron endpoint energy with high resolution (sub-0.7eV FWHM) 

• Quantum sensing for electron detection

→

Microcalorimeters and Katrin++

17

ELECTRON project 83Rb/83mKr spectrum: SDD vs MMCExample: 55Fe calibration

[M. Krantz et al, Appl. Phys. Lett. 124 (2024) 032601, Sebastian Kempf]

X-ray comparison                    conversion electrons comparison
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• Measure temperature change with superconducting circuit 
• take advantage of very sharp transition between superconducting conducting 
• small temperature change can give large resistance change 
• coupled to SQUID amplifying circuit for readout 

• Voltage-biased powering for stable operating point 
• power is only pW, so µV voltage or µA current 

• constant-current : increased R leads to increased P (unstable) 

• constant-voltage : increased R leads to decreased P (stable) 

• Examples: Cameras with high spectral resolution employed from     
radio to X-ray (SPT, ATHENA, BICEP2)

→

P = I2R
P = V2/R

Transition Edge Sensors (TES)

18[Nagler	et	al,	J.	of	Astronomical	Telescopes,	Instruments,	and	Systems,	7(1),	011005	(2021)]
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• TES Operations 
• signal current proportional to signal power:  
• Detection limit based on thermodynamic noise in the sensor, and thermal noise 

form the circuit resistance, for b = bandwidth: 

• sensor resistance ~0.1-1.0 , so voltage source and measurement input 
resistance must be much smaller  challenge for readout 

• Readout: SQUID (Superconducting Quantum Interference Devices) 
• Two Josephson junctions in parallel: low temperature (~0-5 K) 
• biased by current Ib 

• input is inductively coupled through L  (10 nH to 1 µH)  

• output is a voltage V0; sensitivity  

• Plus: Low temp, very low noise, adequate gain 
• Minus: limited input signal, feedback (flux) loop required to lock at operating point

ΔP = VΔI

⇒

= V0/Ib ≈ 500

Transition Edge Sensors (TES)

19

i2
n = 4kTs

R
+

4kT2
SG

V
⇒ PN = 4kTSb + 4kT2

SGb

[Spieler]
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TES Examples

20[Irwin	&	Hilton,	Withington]

TES	sensors	on	Si3N4	
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TES Arrays & Physics

21[Irwin	&	Hilton,	Withington]

1,280-pixel	SQUID	TDM	
multiplexer	for	SCUBA-2	

BICEP3 TES Array, BICEP2: CMB Polarization
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TES Detector for ALPS II
• ALPS: Producing and detecting axion-like dark matter 

particles in a Light-shining-through-walls setup  

• Detection Challenge:  
• Single 1064 nm photon detection  
• Extremely low rates (about 10-5 s-1, i.e. 10-24 W)   
• Extremely low dark counts required  

• Setup at DESY: Transition Edge Sensor (TES), 
operating in the superconducting transition region

Pulse Integral (x10-7 Vs)Time (x10-4 s)

[Januschek]Quantum Sensing for HEP | Steven Worm | 8.9.26
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ALPS TES setup at DESY

Dilution refrigerator 
(T≈20 mK)

SQUID electronics

  SQUIDs

TES (1064 nm)
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• Superconducting circuit (wire) or pads (chicane) 
• Absorbed photons create non-superconducting region 
• Extremely low energy threshold, extremely fast  
• Applications for quantum pixels, ultra-sensitive tracking, milli-charged particles, calorimetry 

• Recent advances  
• Higher temperature operation (>few K) 
• Demonstrated to work for micron size (optical lithography possible) 
• Commercial devices available - quantum communication

Superconducting Nanowire Single-Photon Detectors (SNSPD)

24

wavelength blackbody photons) is reduced as the temperature
increases.76 Therefore, in a system in which blackbody radiation is
well filtered out, the signal to noise ratio (SNR) often decreases as the
temperature is increased.

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

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

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

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

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

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

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

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

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 118, 190502 (2021); doi: 10.1063/5.0045990 118, 190502-3

VC Author(s) 2021
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Quantum Calorimeters Today
Skipper CCDs

CCD with two readout innovations
High-frequency differencing to reduce  

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

reduce electronics noise by √N

Provides similar single-eh pair sensitivity

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

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

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

Absorption of photon drives normal

ps timing resolution

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

WSi demonstrated with 100 meV threshold

Very low dark count rate demonstrated,  
applicable for DM searches
But very small volume

11

2

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

TECHNICAL DESCRIPTION

CCD detector

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

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

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

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

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

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

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

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.
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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-
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a The upper limit on dark current comes from measurements on
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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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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.
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CCD with 4000 samples per pixel (bin width of 0.03 e�). The
measured charge per pixel is shown for pixels with low-light
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0.086 e� rms/ pix. The Gaussian fits have �2 = 22.6/22 and
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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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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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summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
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(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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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).
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of 0.068 e� rms/ pix while the peak at 777 e� has rms noise of
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wavelength blackbody photons) is reduced as the temperature
increases.76 Therefore, in a system in which blackbody radiation is
well filtered out, the signal to noise ratio (SNR) often decreases as the
temperature is increased.

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

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

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

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

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

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

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

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

Applied Physics Letters PERSPECTIVE scitation.org/journal/apl

Appl. Phys. Lett. 118, 190502 (2021); doi: 10.1063/5.0045990 118, 190502-3

VC Author(s) 2021

Quantum Sensing for Particle Physics S. Golwala — 2021/07/05

Quantum Calorimeters Today
Skipper CCDs

CCD with two readout innovations
High-frequency differencing to reduce  

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

reduce electronics noise by √N

Provides similar single-eh pair sensitivity

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

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

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

Absorption of photon drives normal

ps timing resolution

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

WSi demonstrated with 100 meV threshold

Very low dark count rate demonstrated,  
applicable for DM searches
But very small volume

11

2

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

TECHNICAL DESCRIPTION

CCD detector

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

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

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

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

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

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

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

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

Currently being applied for DM searches, 
low-light-level astronomy
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Photon Detectors (SNSPDs)
Threshold detector for single photons
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meander biased close to transition

Absorption of photon drives normal

ps timing resolution

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

WSi demonstrated with 100 meV threshold

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

TECHNICAL DESCRIPTION

CCD detector

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

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

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

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

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

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

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
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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.
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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-
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SNSPD: Advances & Expected Performance

25

Timing 
jitter

Intrinsic photon 
number 

resolution

Efficiency Array 
size

Maximum 
count rate

Dark count rate Active area Cut-off 
wavelength

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

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

/s/mm2
1 cm2 100 μm

4x10-5 /s/mm2

Records in 
2016 

Expected 
performance by 

2030

2.6 ps
98%

29 μm 

1.5 Gcps3-5 photons Current records 
for isolated 

devices

0.1 cm2
4x105

Advances in superconducting nanowire detectors 

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

[1] 

[3] 

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

[7] 

[4,5] 

[3] 

[2] 
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ID Quantique

• Many commercial devices available 
• 1550 nm (single fibre) 

• Arrays available (cameras), e.g. 64 pixel 

• Quantum optics, quantum communications, QKD 

• Excellent performance for single-photon detection 
• Extremely high rates possible 

• Very low dark counts 

• Work for HEP?

SNSPD: Commercial Products & Performance
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CN Photec

Single Quantum

Pixel Photonics

[Piatek & Hergert, LaserFocusWorld, Aug 2022]

photon spot

Dark	count	rate Timing	jitter

https://www.laserfocusworld.com/detectors-imaging/article/14280745/single-photon-detectors-for-modern-applications


• Sessions covered: 

• Testbeam Setup & Experience 

• Quantum Scintillators 

• DRACuLA: a sub-Kelvin facility 

• SNSPD Use Case 

• Example talk: B. Korzh (U. Geneva) 

• Testbeam experience from 2025, and 
plans to improve setup for the future 

• Developed in collaboration with the 
DRD5 Collaboration
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https://indico.cern.ch/event/1580512/

[Boris Korzh, U. Geneva]
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• Superconducting Tunnel Junctions (STJ) 
• Exploit quantum tunnelling in a junction of two superconductors 
• Direct tunnel current measurement (non-Heterodyne): simultaneous fast photon 

counting and spectroscopy in IR, Vis, UV bands 

• Microwave Kinetic Inductance Detectors (MKIDs)  
• Exploits change in phase of an inductor capacitor (LC) oscillator in thin superconductor 
• Read-noise free, easier multiplexing: arrays of ~10k under test 

• Superconductor-Insulator-Superconductor (SIS) receivers  
• Enabling technology for sub-mm Astronomy 

• Superconducting circuits allow phase coherent downconversion THz  GHz→

Cryogenic Quantum Sensors

28

Superconducting	Tunnel	Junction

MKID	operating	principle

Superconductor-Insulator-Superconductor (SIS) Mixer Block



• Cryogenic receivers/amplifiers/mixers used for mm wave astronomy 

• Very Long Baseline Interferometry also requires precision timing 

• Local stability: hydrogen maser (10−15) at each telescope 

• Synchronisation to single-ns precision via GNSS (GPS) 

• First image of a black hole: M87 

29Terascale Detector Workshop | Steven Worm | 25.2.26                                                                              

Event Horizon Telescope, VLBI and Quantum

Galaxy Messier 87 – 2019

Sagittarius A* (Milky Way) – 2022

[S. Doeleman, eventhorizontelescope.org]
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Cryogenic Quantum Sensors vs. Wavelength

Detector
Microwave	
3cm	-	3mm	
10-100	GHz	
0.04-0.4	meV

Submillimeter	
3mm	-	300μm		
100	GHz	-	1	THz	

0.4-4	meV

Far	infrared	
	300	–	30	μm		
1	–	10	THz	
4-40	meV

Optical	
2	μm	-	300	nm	

2-37	eV

High	Energy	
UV,	X-Ray

Transi\on	Edge	Sensors	(TES) ● ● ● ● ●
Kinetic	Inductance	Detectors	(KID) ● ● ● ●
Superconducting	Nanowire	Single-Photon	Detector	(SNSPD) ● ●
Hot-Electron	Bolometer	(HEB) ●
Cold-Electron	Bolometer	(CEB) ●
Superconductor-Insulator-Superconductor	(SIS) ●
Travelling	Wave	Parametric	Amplifier	(TWPA) ● ●
Josephson	Junction	Parametric	Amplifiers	(JJPA) ●

[S. Withington]



• Quantum dots: nanometer-sized semiconductor structures 

• Can be carbon structures, crystals (e.g. perovskites – ABX3), etc.  

• Tuneable, with properties between single atoms and bulk material 

• Many creative uses being explored for particle physics 

• Seed different parts of a detector with nanodots emitting at different 
wavelengths 
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Quantum Dots

[Leo: Techniques for Nuclear and Particle Physics Experiments, F. Yuan et al., Nature Comm. 9 (2018) 2249]



• Seed different parts of a detector with nanodots emitting at different wavelengths  

• Wavelength of fluorescence photon indicates specific nanodot position: shower profile from spectrometry 

• Requires: narrowband emission (~20 nm) with short rise / decay times 

• Absorption only at longer wavelengths
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Quantum Dots and Chromatic Calorimetry
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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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• Seed different parts of a detector with nanodots emitting at different wavelengths  

• Wavelength of fluorescence photon indicates specific nanodot position: shower profile from spectrometry 

• Requires: narrowband emission (~20 nm) with short rise / decay times 

• Absorption only at longer wavelengths 

• Proof-of-principle CERN testbeam 2023
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• Quantum Dots, Quantum Wires, Quantum Wells… many structures possible 

• Quantum Well-dots: aiming for active scintillators  
• electronic amplification / modulation 
• pulsed / primed operation 
• gain adapted in-situ 

• Quantum Dots in CMOS pixels:  DoTPiX 
• n-channel MOS transistor + buried quantum well gate 
• gate collects holes, modulates current 

• Tracking with Quantum Dots:  Scintillating (Chromatic) Tracking 
• GaAs bulk to generate e/h pairs, InAs quantum dots to trap charge  
• Dots emit photons from photoluminescence, collected by photodiode 

• Also timing (10's of ps response) and as wavelength shifters (of course)
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Quantum Dots: Active Scintillators & Tracking
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Figure 1. Schematic representation of InGaAs structures of different dimensionalities—self-organized 
Stranski–Krastanow quantum dots, QDs (a); quantum well-dots, QWDs (b); and quantum wells, QW 
(c). 

2. Growth and Structural Properties 

The formation of QWDs takes place during the MOCVD deposition of a lattice-mismatched 
InGaAs thin film on the GaAs substrate. Structures have been grown on exact oriented (100) and 
vicinal (4–6° off) GaAs substrates using an MOCVD installation with a low pressure (100 mbar) 
horizontal reactor. Metal alkyls (trimethylgallium, trimethylaluminum, trimethylindium) and arsine 
were used as precursors. GaAs and AlGaAs layers were deposited at 700 °C, the ratio of molar flows 
of V to III group precursors is about 30, and 0.4 nm/s growth rate. InGaAs QWDs are formed at 
lowered growth temperatures 500–550 °C, the ratio of molar flows of V to III group precursors is 
about 30 and 0.2 nm/s growth rate. Compositional and thickness modulations appear due to surface 
migration of In atoms in the lateral strain fields. In other words, the appearance of In-rich islands is 
energetically favorable because of partial strain relaxation. On the one hand, elastic strain should be 
strong enough to cause such modulations. On the other hand, it should not be too high in order to 
avoid the transition to the Stranski–Krastanow growth mode and formation of conventional self-
organized QDs. The strain energy depends both on the thickness and composition of the lattice-
mismatched epitaxial material (i.e., the In content), and both parameters should be optimized. The 
most direct method to study the structural properties of InGaAs nanostructures is transmission 
electron microscopy (TEM). The combination of cross-section and plan-view TEM images allows one 
to determine the size, shape, and density of in-rich islands. 

Let us consider the growth of InxGa1ƺxAs layer of different In concentrations (x) on GaAs 
substrate. Deposition of In0.2Ga0.8As results in the formation of a planar uniform layer. If the indium 
concentration exceeds 60%, the growth occurs in Stranski–Krastanow mode via the formation of the 
wetting layer on the top of which large-sized pyramid-shaped islands are formed. In both cases of 
low and high In contents, QWDs are not observed in TEM images. The window of In composition to 
grow QWDs is from 30 to 50%.  

Figure 2 illustrates the impact of indium composition on structural properties of InGaAs layers 
formed on 6o misoriented GaAs (100) substrates. The strain fields caused by variation of indium 
composition are visualized as black-and-white contrast. Plan-view TEM images reveal the formation 
of islands with a higher In composition as compared to the In concentration in the surrounding 
InGaAs layer (residual QW). It is these islands that we refer to as quantum well-dots. The QWDs are 
aligned along the [1–10] direction, have a round or oval shape and lateral size (in case of In0.3Ga0.7As) 
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Figure 1. Schematic representation of InGaAs structures of di↵erent dimensionalities—self-organized
Stranski–Krastanow quantum dots, QDs (a); quantum well-dots, QWDs (b); and quantum wells,
QW (c).

2. Growth and Structural Properties

The formation of QWDs takes place during the MOCVD deposition of a lattice-mismatched
InGaAs thin film on the GaAs substrate. Structures have been grown on exact oriented (100) and vicinal
(4–6� o↵) GaAs substrates using an MOCVD installation with a low pressure (100 mbar) horizontal
reactor. Metal alkyls (trimethylgallium, trimethylaluminum, trimethylindium) and arsine were used
as precursors. GaAs and AlGaAs layers were deposited at 700 �C, the ratio of molar flows of V to
III group precursors is about 30, and 0.4 nm/s growth rate. InGaAs QWDs are formed at lowered
growth temperatures 500–550 �C, the ratio of molar flows of V to III group precursors is about 30 and
0.2 nm/s growth rate. Compositional and thickness modulations appear due to surface migration of
In atoms in the lateral strain fields. In other words, the appearance of In-rich islands is energetically
favorable because of partial strain relaxation. On the one hand, elastic strain should be strong enough
to cause such modulations. On the other hand, it should not be too high in order to avoid the
transition to the Stranski–Krastanow growth mode and formation of conventional self-organized QDs.
The strain energy depends both on the thickness and composition of the lattice-mismatched epitaxial
material (i.e., the In content), and both parameters should be optimized. The most direct method to
study the structural properties of InGaAs nanostructures is transmission electron microscopy (TEM).
The combination of cross-section and plan-view TEM images allows one to determine the size, shape,
and density of in-rich islands.

Let us consider the growth of InxGa1�xAs layer of di↵erent In concentrations (x) on GaAs substrate.
Deposition of In0.2Ga0.8As results in the formation of a planar uniform layer. If the indium concentration
exceeds 60%, the growth occurs in Stranski–Krastanow mode via the formation of the wetting layer on
the top of which large-sized pyramid-shaped islands are formed. In both cases of low and high In
contents, QWDs are not observed in TEM images. The window of In composition to grow QWDs is
from 30 to 50%.

Figure 2 illustrates the impact of indium composition on structural properties of InGaAs layers
formed on 6� misoriented GaAs (100) substrates. The strain fields caused by variation of indium
composition are visualized as black-and-white contrast. Plan-view TEM images reveal the formation of
islands with a higher In composition as compared to the In concentration in the surrounding InGaAs
layer (residual QW). It is these islands that we refer to as quantum well-dots. The QWDs are aligned
along the [1–10] direction, have a round or oval shape and lateral size (in case of In0.3Ga0.7As) of 10–20 nm.
The islands tend to form nanowire-shaped clusters along the [1–10] direction, which corresponds to the
direction of atomic steps [33,34]. This tendency is weakening with increasing the indium composition.
The nanowire-like objects show periodicity in the [110] direction with a period of 20–40 nm. Note that
the length of monolayer steps for 6� misoriented GaAs (100) surface is about 3 nm. The larger value of
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Carrier di↵usion and correspondingly surface non-radiative recombination is activated with
temperature increase. At room temperature, the carrier concentration in the continuum states is
enhanced, and the PL intensity of QD structure drops by about two times when the mesa diameter
decreases down to 0.2 µm. In the case of mesas with QWD, the photoluminescence intensity (both at 77
and 290 K) exhibits faster deterioration with decreasing the mesa diameter as compared to QDs. This is
explained by the fact that QWDs provides weaker carrier localization. The smallest mesa size showing
detectable PL was 1 µm (at room temperature) or 0.3 µm (at liquid nitrogen). In the case of mesas with
QW, photoluminescence was observed only in 6–10-µm in diameter mesas, whereas in the mesas with
smaller sizes the luminescence was not detected. We conclude that carrier di↵usion lengths in QWD
structures are much shorter than in QW structures, which is in agreement with the suppressed carrier
di↵usion in disordered QWs [52]. This makes QWDs very advantageous for their use as an active area
in compact nanophotonic devices (this will be discussed in more detail in Section 3.5).

3.3. Dynamic Characteristics of QWDs

The quantum dimensionality naturally influences carrier relaxation and recombination processes
in low dimensional structures. In this section, we compared results of time-resolved PL studies for 0D
InAs/InGaAs/GaAs quantum dots [51], 2D InGaAs/GaAs quantum wells, and InGaAs/GaAs QWDs
nanostructures of mixed (0D/2D) dimensionality.

The PL spectra at the CW excitation are demonstrated in Figure 9a. The spectrum of the QD sample
contains a dominant peak at 1270 nm due to the emission from the ground-state optical transition as
well as weaker peaks at higher energies due to the emission from the first and second excited-state
transitions. The spectra of QWD- and QW-samples show intense peaks of the ground-state optical
transition and weaker shoulder from the higher energy states. All the samples show high optical
quality: the drop in integrated PL intensity with temperature increase from 78 K to 300 K is 3.2, 1.6,
and 1.3 for QDs, QWDs, and QWs, respectively.
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Figure 9. Normalized PL spectra (a) and temporal evolution of PL signal at its spectral maximum (b) 
for quantum dots (blue), quantum well-dots (green), and quantum well (red). 

QWD PL intensity temporal dependence can be fitted by a mono-exponential expression, which 
is ascribed to the absence of discrete high energy levels involved in carrier relaxation processed to 
the ground state. The PL decay time at 1/e level for ground-state transition is about 6 ns.  

The QW structure shows the slowest PL decay with a characteristic time of 20 ns. This value is 
comparable with carrier radiative lifetime measured for QWs in the temperature range 150–250 K 
[59]. At higher temperatures, PL decay time is limited by non-radiative lifetime and is decreasing 
rapidly. Taking into account extremely high optical quality of the structures under study, which 
demonstrates room-temperature PL intensity comparable to the one at 78 K (to compare, in contrast, 
in [59], PL intensity degradation in the temperature range 10–250 K is higher than two orders of 
magnitude), one can suppose that non-radiative recombination processes are still not significant even 
at room temperature, and PL decay time corresponds to radiative recombination time. 

Summarizing, the presented data show, that the carrier radiative recombination time is affected 
by structure dimensionality. The localization of charge carriers in QWDs results in the attraction of 
the carrier of opposite electrical charge and facilitates faster radiative recombination as compared to 
QWs. 

3.4. Edge Emitting Lasers 

In this section, we describe properties of edge-emitting lasers based on QWDs.  
The active area of semiconductor laser diodes, as well as device design, should be optimized for 

certain applications. For instance, high power QW lasers usually contain one or two QWs in the active 
area because the devices should have low internal losses. In the case of QD lasers, more QD layers 
(typically 5–10) are required to avoid gain saturation and switching to excited state lasing at high 
injection currents [60]. QWDs are an intermediate case between QWs and QDs, so the number of 
QWDs layers in the active area should be optimized.  

The laser wafers with different numbers of QWDs in the active region (from 1 to 10) were grown 
by MOCVD on the GaAs substrates misoriented on 6° toward [111] direction. Each QWD layer was 
formed by the deposition of 8 ML of In0.4Ga0.6As. The QWD sheets were separated with 40 nm thick 
undoped GaAs spacers. The laser structures have undoped GaAs waveguides with a thickness of 
0.68 µm not exceeding the third mode cut-off. The active region locates in the center of the waveguide, 
which ensures lasing on the fundamental transverse mode. The waveguide was sandwiched between 
p-type and n-type Al0.4Ga0.6As claddings having the thicknesses of 0.75 µm and 1.5 µm, respectively. 
For reducing the internal loss, the claddings doping levels of 2 × 1018 cmƺ3 were reduced down to 7 × 
1017 cmƺ3 in the vicinity of the waveguide. The wafers were processed into broad-area lasers with 100-
µm-wide shallow-mesa ridges with etching through the p-contact and partly through the p-cladding 

Figure 9. Normalized PL spectra (a) and temporal evolution of PL signal at its spectral maximum (b)
for quantum dots (blue), quantum well-dots (green), and quantum well (red).

Figure 9b compares the temporal evolution of PL signal for the QD, QWD, and QW structures [53].
In case of QDs, the PL intensity temporal evolution can be well fitted by bi-exponential expression
PL(t) = A1exp(⌧1/t) + A2exp(⌧2/t). The decay of PL signal is characterized by the fast component
(⌧1 = 1.1 ns) and slow component (⌧2 = 7 ns). This agrees with previous estimations of PL decay
time about 1 ns made for self-organized In(Ga)As QDs by several research groups [54,55]. The slow
component is attributed to carrier radiative recombination from the QD ground state. It is generally
believed that at room temperature, the carrier lifetime in semiconductors is limited by non-radiative
recombination [56]. The obtained large value of PL decay time can be explained by carrier recapture in

Figure 4: A schematic drawing of the proposed tracking sensor. A charged particle enters
the GaAs scintillator, producing electron-hole pairs. The electrons are then quickly trapped
by the positively charged InAs quantum dots (QDs). The QDs undergo photoluminescence
(PL) and emit photons that travel through the medium. The emitted photons are collected
by a photodiode (PD) array.

Figure 5: Scope traces of events from Am241 events. Recorded pulses showing 100 ps rise
time, 270 ps decay time, and 38 ps time resolution with average collected charge of 1.5⇥105

electrons. Adapted from Ref. [40].
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[Maximov et al., Appl. Sci. 2020, 10, 1038; M.Hoeferkamp et al., arXiv:2202.11828; A. Minns et al., MRS Advances 6, 297–302 (2021)]



• Photoluminescent point defect in diamond nitrogen-vacancy centres (NV-) 
• Spin-dependent photoluminescence to measure electronic spin state  
• Relatively long (millisecond) spin coherence at room temperature 

• Useful for helicity determination in particle physics?
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Quantum-Polarized Helicity Detection in NV Centres

NV-

[G. Alvarez et al., Nature Communications 6, 8456 (2015)]



• NV centre acts as optically polarisable element 

• Spin-spin scattering for helicity determination 
• Usually requires polarized beams and/or polarized targets 
• Polarized scattering planes possible to measure track-by-track particle helicity
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Quantum-Polarized Helicity Detection in NV Centres

NV in diamond

guides for optical polarization polarized scattering center

silicon trackers
(direction and timing) 

NV-

[G. Alvarez et al., Nature Communications 6, 8456 (2015)]



• Rydberg atoms: highly excited valence electrons  
• Electron in high n orbital 

• High sensitivity to magnetic and electric fields 

• Can have long lifetime 

• Polarisation from anisotropic potential  

• Q: What can you do with these in Particle Physics? 

• Rydberg readout of a Time Projection Chamber 

• Up-convert THz / GHz radiation  optical readout  

• Larger signal via Rydberg “priming” in amplification 

• Lower ionization threshold  higher electron yield

→

→
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Quantum Sensing and Rydberg Atoms
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[M. Doser, Prog. Part. Nucl. Phys, (2022);  G. Kornakov]



• Antiprotonic atoms and novel Highly Charged Ion systems 
• Anti-proton tests in Penning trap for HCIs or molecules  

• Tests of QED, CPT, fundamental constants, fifth force, precision isotope shift (King plot), EDM measurements 

• New atomic systems and extreme environments  new physics!→
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Quantum Sensing and Rydberg Atoms

p e-
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Rydberg	atomic	ions

[M. Doser, Prog. Part. Nucl. Phys, (2022);  G. Kornakov]
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Tuesday Sept. 8, 9:00 
• Quantum Sensing:  

• What it is, and why you should be interested  
• Selected cryogenic sensors: TES, MMC, SNSPD 
• Quantum dots and other quantum sensing ideas 

Wednesday Sept 9, 10:10 
• Quantum Experiments:  

• A new path to discovery 
• The search for light Dark Matter 
• Fundamental physics and the variation of fundamental constants 

Thursday Sept. 10, 11:20 
• Quantum in the lab: searching for Dark Matter with an Atomic Clock(!?) 

• Practical considerations and headaches 
• The path from data to discovery 
• Ideas for the future
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Quantum Sensing for Particle Physics – Outline
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                     Why quantum sensing?  
• A1: Potentially better sensitivity or noise performance  
• A2: Because we have to (e.g. for ultra-light dark matter)!

Quantum Detectors, Quantum Experiments 

41

• Quantum Detectors: use quantum sensing to 
making extreme measurements possible   
• Enables (better) measurements, e.g. wavelengths 
• Extreme sensitivities (single-photon) or low noise 

• Quantum Experiments: sensing is used for 
fundamental physics measurements 
• Gravity, Lorentz Invariance, physical constants  

( , dipole moments), etc  

• Techniques such as interferometry, magnetometry, 
clock-based systems, optomechanical devices 

α, μ
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A single event - LZ230616
- Occurred on 16 June 2023 (LZ230616)

- 248 ± 23stat ± 23sys keV compatible with elastic 
nuclear recoil

- 26.4 cm from cathode

- 26.9 cm from TPC wall 
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Quantum-enabled Experiments & Ultra-light Dark Matter

10-2 108 1018 1028 1038 1048

Standard Model Particle Scale 
Weakly Interacting Massive Particles   

Collider Searches

probably not below:    
de Broglie wavelength too long

Light and Ultra-light Dark Matter                             
Axions, ALPs                                     

Quantum Sensing

10-22 eV keV GeV mP

Superheavy Dark Matter 
Primordial Black Holes  
Gravitational Lensing

Composite Dark Matter     
WIMPzillas, Q-balls, bound states            

CMB, Cosmic Rays

10 M☉

  Quantum Sensing needed for Light/Ultralight Dark Matter

[T.	Lin,	arXiv:1904.07915]



• Starting with Standard Model Lagrangian, adding new DM interaction (field) 

• Bosonic: Ultra-light DM must be bosonic in nature 

• Non-relativistic ( ): so it neither leaves the galaxy or clumps near the center 

• Oscillating classical field: coherent, practically monochromatic  wave-like 

• Coupling to Lagrangian is linear (in ) for lowest order interaction w/ scalar field  

• At the effective new physics energy scales  and ,  and  appear to oscillate

∼10−3c

→

ϕ

Λα Λe α me
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Ultra-Light Dark Matter: Phenomenology
ϕ0

2πℏ
mϕc2

t

ϕ(t) ≈ ϕ0 cos(mϕc2t/ℏ)

ℒDM = ϕ
Λγ

FμνFμν

4 − ϕ
Λe

meψ̄ ψ
linear (in ): lowest order interaction w/ scalar field
…or quadratic: lowest order with  symmetry

dα
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≈
ϕ0 cos(mϕt)

Λγ
, dme

me
≈

ϕ0 cos(mϕt)
Λe

ℒint = 4πϕ
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( de

4e2 FμνFμν − dme
meēe −

dgβ3

2g3
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μνGAμν − ∑
i=u,d

(dmi
+ γmi

dg)miψ̄iψi)

[Damour	&	Donoghue,	PRD	82,	084033	(2010);	Arvanitaki	et	al.,	Phys.	Rev.	D	91,	015015	(2015);	Safranova	et	al.,	RMP	90,	025008	(2018)]	

← ℒSM + ℒDM



• Starting with Standard Model Lagrangian, adding new DM interaction (field) 

• Bosonic: Ultra-light DM must be bosonic in nature 

• Non-relativistic ( ): so it neither leaves the galaxy or clumps near the center 

• Oscillating classical field: coherent, practically monochromatic  wave-like 

• Coupling to Lagrangian is linear (in ) for lowest order interaction w/ scalar field (or quadratic with  symmetry) 

• At the effective new physics energy scales  and ,  and  appear to oscillate

∼10−3c

→

ϕ ϕ ↔ − ϕ

Λα Λe α me
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Ultra-Light Dark Matter: Phenomenology
ϕ0

2πℏ
mϕc2

t

ϕ(t) ≈ ϕ0 cos(mϕc2t/ℏ)

ℒDM = ϕ
Λγ

FμνFμν

4 − ϕ
Λe

meψ̄ ψ
linear (in ): lowest order interaction w/ scalar field
…or quadratic: lowest order with  symmetry

ℒDM = ϕ2

(Λ′ γ)2

FμνFμν

4 − ϕ2

(Λ′ e)2 meψ̄ ψ

dα
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ϕ0 cos(mϕt)
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ϕ0 cos(mϕt)
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(Λ′ e)2

ℒint = 4πϕ
Mpl

( de

4e2 FμνFμν − dme
meēe −

dgβ3

2g3
GA

μνGAμν − ∑
i=u,d

(dmi
+ γmi

dg)miψ̄iψi)
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← ℒSM + ℒDM



Bosons

Spin = 0 
 Axions and other 
Goldstone Bosons

Spin = 1 
Investigate anomaly-

free couplings

Electro-
magnetism

Nuclear 
Current

Nuclear 
Spin

Nuclear 
Force

Electro-
magnetism

Nuclear 
Spin

General Axions QCD Axions Kinetic Mixing      Dipole Moment B-L 

46Quantum Sensing for HEP | Steven Worm | 8.9.26

Light Bosonic Dark Matter Couplings

[March-Russell]
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• New boson fields for Dark Matter can change fixed, fundamental constants into dynamic variables 

• For example: α = fine structure constant, and µ = proton to electron mass ratio, no longer constants 

Search for Dark Matter by looking for spatial and temporal violations of α, µ
47Quantum Sensing for HEP | Steven Worm | 8.9.26

Light Bosonic Dark Matter Couplings

[March-Russell]
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Quantum Sensing Methods for Testing Δα/α

Quantum Sensing for HEP | Steven Worm | 8.9.26 [Y.	Stadnik]
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Quantum Sensing Methods for Testing Δµ/µ

Quantum Sensing for HEP | Steven Worm | 8.9.26 [Y.	Stadnik]



• Optical Atomic Clock  
• Laser for oscillator, usually a narrow frequency around atomic transition 
• Ultra-stable laser locked to atomic transition, “counted” with frequency comb  

• Atomic clock transition scale and sensitivity is “selectable” 
• For , fine structure const. , and  

        Hyperfine transitions:       
        Optical transitions:           

        Vibrational transitions:     

• Calculate sensitivities to variations in  or  given by  and  

• Search for variation in : ultra-light Dark Matter 
• Measure ratios of frequencies ( ) for two clocks, look for oscillations 

• Highly charged ions give excellent sensitivity 

• Th-229 nuclear clock  extreme sensitivity

R∞ = α2mec/4πℏ α μ ≡ mp/me

νhf = A⋅μα2Fhf(α)⋅R∞

νopt = B⋅Fopt(α)⋅R∞

νvib = C⋅μ1/2⋅R∞

α μ Kα Kμ

α
R = ν1/ν2

→
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Quantum Sensing with Optical Atomic Clocks feedback

ultrastable 
laser

reference 
atom

frequency 
comb

[G.	Baron\ni	et	al.,	EPJ	Quant.Technol.	9	(2022)	1;		E.	Peik	et	al	2021	Quantum	Sci.	Technol.	6	034002]

Clocks	in	QSNET
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• Superimpose waves to look for interference  precise measure of (e.g.) distance  

• Source is split and sent on two (or more) different paths, then recombined 

• Interference (eg from changes in arm length) analysed by Fourier analysis, fringes, etc.

→

Quantum Sensing with Interferometry

51[Richmond,	LIGO;	Hauth	et	al,	DOI:10.3254/978-1-61499-448-0-557]



DESY Summer School | Steven Worm | July 28-29, 2025 

Gravitational Wave Detection

52[image:	Advanced	LIGO,	Wikipedia]
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Laser Interferometer Gravitational-Wave Observatory (LIGO)

53



• Demonstrated at ~meter scale, proposals for 100m and ultimately km (space) 
• AION / AICE: Atom Interferometer Observatory and Network / Atom Interferometer CERN Experiment 
• ELGAR: European Laboratory for Gravitation and Atom-interferometric Research 
• MIGA: Matter wave-laser based Interferometer Gravitation Antenna  
• MAGIS: Matter-wave Atomic Gradiometer Interferometric Sensor 
• ZAIGA: Zhaoshan Long-baseline Atom Interferometer Gravitation Antenna 
• AEDGE: Atomic Experiment for Dark Matter and Gravity Exploration in Space 

• Matches lab infrastructure; underground shafts (CERN, Fermilab, etc) 

• Ultralight DM, but also topological DM, gravitational waves, Lorentz invariance
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Long-Baseline Atom Interferometry

AICE	experiment	concept

Figure 10. Sensitivities to the possible couplings of scalar ULDM to photons (left panel) and to electrons

(right panel) of the terrestrial AION [181], MIGA [182] and ELGAR [180] experiments, and of the AEDGE

space-borne concept [5]. Also shown is a combination of the current constraints from MICROSCOPE [189] and

terrestrial torsion balance and atomic clock experiments and (in the left panel) the sensitivity of a prospective

measurement of the universality of free fall (UFF) with a precision of 10�17 [6].

to the possible appearance of a graviton mass . 10�26 eV, over three orders of magnitude below the
current upper limit from LIGO and Virgo [228]. These measurements could also be used to search for
possible violations of Lorentz invariance in the propagation of gravitational waves, with a sensitivity
complementary to the searches by LIGO/Virgo and for gravitational Čerenkov radiation [228].

More classical GR tests using modern optical clocks are measurements of the gravitational Shapiro
delay down to 10�8 [229] or tests of the gravitational red-shift at 10�9 as in the FOCOS mission [121],
proposed recently in the context of the NASA decadal survey. In both cases, these would provide 3-4
orders of magnitude improvements on best current knowledge.

There is also a proposal to probe models of dark energy by deploying a smart constellation of four
satellites in an elliptic orbit around the Sun and making orientation-independent measurements of the
di↵erential accelerations between each pair of satellites, using as test masses atomic clouds far away
from the spacecraft in open-space vacuum (see the Workshop presentation by Nan Yu [194]). It has
also been suggested to deploy an atomic clock at a distance O(150) AU to probe the low-acceleration
frontier of gravity and the local distribution of dark matter [9]. Another suggestion is to detect the
gravito-magnetic field of the galactic dark halo by locating atomic clocks at Sun-Earth Lagrange points
and measuring the time-of-flight asymmetries between electromagnetic signals travelling in opposite
directions, which would be generated partly by the angular momentum of the Sun and partly by the
angular momentum of the dark halo [8].

5.1.4 Quantum mechanics

It has been proposed to test quantum correlations over astronomical distances [7, 10], e.g., between
the Earth and the Moon or Mars, or between LISA spacecraft 12. The Micius measurements [191]

12See also [230] for a description of the proposed Deep Space Quantum Link mission, whose goals include long-range
teleportation, tests of gravitational coupling to quantum states, and advanced tests of quantum nonlocality.

– 24 –

Ultralight	DM	
sensitivity

ELGAR	experiment	concept

[arXiv:2104.02835,  B Canuel et al 2020 Class. Quantum Grav. 37 225017]

MAGIS-100	experiment	concept

https://arxiv.org/abs/2104.02835
http://DOI%C2%A010.1088/1361-6382/aba80e


• DarkSRF Collaboration aiming for tunable cavities 
• Figure of merit ( ) proportional to square of DM mass ( ) and cavity volume ( ) 

• Resonant cavities possible down to µeV; below that, need huge volume 

• Tunable superconducting RF cavity: 
• Frequency conversion: drive GHz  axion gives  
• Corrugated cavity with two polarizations (and lengths)  
• Separate scales allows separate tuning of  and   

• Scan over axion masses:  
• Change of cavity geometry modulates the frequency splitting  

• Huge parameter space to explore, but technical (cryo) challenges

F ma V

ω0 ≈ → ω1 ≈ ω0 ± ma

ω0 ω1

ω0 − ω1
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Cavities: Axion Heterodyne Detection

F ∼ g2
aγm2

aB4V2T−2
sysG4Q

[A.	Berlin	et	al.,	JHEP	07	(2020)	07,	088;	arXiv:2007.15656]
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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.
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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.
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• Cosmic Axion Spin Precession Experiment (CASPEr)  
• Measure two interactions: electric dipole moment (EDM) and the gradient interaction with nuclear spin 
• Solid-state NMR of 207Pb in a polarized ferroelectric crystal 
• Axion-like DM exerts an oscillating torque  

• Limits for neV DM masses vs EDM coupling  and gradient coupling ; many ideas for improvementsgd gaNN
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Quantum Sensing with Magnetometry: CASPEr
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Quantum Sensing Techniques for Dark Matter
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Addressing Challenges for Science 

Educational hurdles: what can quantum sensing 
do for me?  How do I get started? 

Supporting R&D: Development of sensing 
techniques for new physics applications (low TRL)  

Real-world challenges: scaling to large arrays and 
dealing with harsh environments (high TRL) 

Supported by CERN and European Committee for Future Accelerators (ECFA) 
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DRD5 Collaboration
• Supporting R&D on quantum sensing technologies for the particle and fundamental physics community 



• Many different quantum sensing techniques are being developed for Particle/Fundamental Physics 

• Examples include new quantum detectors, and also new experiments using quantum techniques 

• Community effort is starting now to develop new devices and build new experiments
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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.
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