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Superconducting nanowire detector
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System efficiency

Marsili, Verma, Stern et al, Nature Photonics 7, 210-214 (2013)

System detection efficiency (%)
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Different formats

. Large collection area /
Linear arrays  spectroscopy

Single -pixel Quantum science

Interleaved pixel  Fast count rates Pixel array  Imaging Waveguide

80 nm width
60 nm spacing

]




SNSPD detection mechanism

1. Current-biased
superconducting nanowire

2. Photon absorption &
Hotspot formation

3. Suppression of
superconductivity

4. Normal domain growth i Fully

digital A n o
5. Recovery

denergy
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Typically operating at 0.3-5 kelvin

Allmaras, Kozorezov, Korzh, Berggren and Shaw, PRApplied 11 034062 (2019)
Allmaras, Modeling and Development of Superconducting Nanowire Single-Photon Detectors, Ph.D. Dissertation , Caltech (2020)
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Established SNSPD Applications

Quantum Information
Science

Laser Comm, Ranging,
Remote sensing

Physics, Astronomy Biomedicine,

Physical chemistry

uantum compugj

A Space-
quantum comm

transmission, strain)

gravity

A Particle detection

Searching for biosignatures in nearby exoplanets

uantum comm A Deep Space Optical A Stellar Intensity Interf, A Ultrafast transients
A Quantum optics Comm (NASA Psyche) A Dark matter searches A Fluorescence
A Trapped ion and A LIDAR A Exoplanet searches microscopy
neutral atom _ A Remote gas sensing R Ear-UV/Far-IR A Dosimetry in cancer
quantum Computing A Fiber sensing astrophysics therapy
Linear optical (temperature, A Searches for quantum A Blood-flow monitoring

Deep tissue imaging

MIR spectroscopy
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Cryptography and quantum computing

3¢
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Based on computational complexity -- not perfectly secure

Quantum computing drastically reduces the complexity for some problems

Quantum
Computing and
Simulation
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Cryptography and quantum computing

S — - Encryption o m——— ~
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\ / distribution '\ I
N o 4 A e -7

Provably secure!

But need to distribute the key

Security guaranteed by Laws of Physics!
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Quantum communication with photons

basis, bit

Quantum channel
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{\ eavesdropper?

Detector dark counts A quantum bit errors

voltage

Speed limited by detector timing accuracy

Photon rate limited by detector recovery time
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Advances In superconducting nanowire detectors

Timing | Intrinsic photon | Efficiency Array Maximum Dark count rate | Active area Cut-off
jitter number size count rate wavelength
resolution
18 ps None 93% 64 1 Geps 4 [sImm? 0.001 cn? p >Y
l ‘1‘ [4,5]
— ——
3-5 photons 1.5 Gcps
— V— [3] —V 3 M
\4 Ax10P 2 (6] (3] — 7]
— v 2 ) 1 o7
2.6 ps — 4x105 /s/mm 2 Hp >
98%
1 ps 10 99 % 107 10 Gcps 1x10°% 1 cn? V2
/sImm 2

[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)

Records in
2016

Current records
for isolated
devices

Y

y Expected
performance by
2030

[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) 11



Record timing accuracy
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Practical single -pixel detectors

time
amplification and
signal conditioning

time tagger

Colangelo, Korzh, Allmaras, Beyer et al, PRApplied 19, 044093 (2023) Slide 13



Detector requirements for Quantum Communication

High efficiency
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Mueller, Korzh, Runyan et al, Optica 8, 1586 (2021)
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Quantum key distribution

Rates

64 Mbps @ 10km

3Mbps @ 100km
Distances

421km

Weak coherent states
Time-bin encoding
Decoy-state method o . am -
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F. Grinenfelderet al., Nature phot,17, 422 (2023) A. Boaron et al., Phys. Rev. Lett. 121, 190502 (2018)
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Quantum computing enabled by SNSPDs

Atomic state readout
TR

] /e £ / / /
i \(Q._ '\on‘“,a“sppﬂ

NIST, 2021

Photon qubits

==

PsiQuantum Team, Nature (2025) Quandela Team, Nature Photonics (2024)



Established SNSPD Applications

Quantum Information
Science

A Quantum comm
A Quantum optics

A Trapped ion and
neutral atom
guantum Computing

A Linear optical
guantum computing

A Space-to-ground
quantum comm

Laser Comm, Ranging,
Remote sensing

A Lunar

Deep Space Optical

IDAR

A Remote gas sensing

A Fiber sensing
(temperature,
transmission, strain)

Comm (NASA Psyche)

Physics, Astronomy

A Dark matter searches
A Exoplanet searches
| A Far-UV astrophysics

A Far infrared
astrophysics

A Searches for quantum
gravity

A Particle detection

Searching for biosignatures in nearby exoplanets

Biomedicine,
Physical chemistry
Ultrafast transients

Fluorescence
microscopy

Dosimetry in cancer
therapy

blood-flow monitoring
Deep tissue imaging

MIR spectroscopy
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Remote sensing

Laser ranging, but with single photons!

McCarthy, A. et al Optica. 12, 168-177 (2025) Slide 19



Classical optical communication
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NASA Deep Space Optical Communication
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Space-to-ground tests

Arrival at Psyche
January 2026

Orbiting Psyche LeestTT T .X
for 21 Honths e -~
. Ast d Psych ~.
@ ‘
el
.
Gravity Assist '.“
May 2623 ,°
.
‘
o g tars Mercury
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' . v
. ' ' X
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: / ' L hed in Oct 2023
H ‘ ! aunched in Oct
End of Mission @Earth N
October 2627 \
.

Received from 30 Million kilometers !

Image: E. Wollman
JPL, Caltech

Operations started Nov 2023:
A 267 Mbps up to 0.37 AU (equivalent to the minimum Earth-Mars distance)
A 25 Mbps up to 1.5 AU (equivalent to the average Earth-Mars distance)

A 8.33 Mbps 2.68 AU (equivalent to Mars farthest range)

Wollman, Allmaras, Beyer, Korzh, Runyan, Narvaez, Farr, et al 2 0 2Bésed DetAator SyRePODN A S ABesp Space Optical

Communications Project. o



Established SNSPD Applications

Quantum Information
Science

A Quantum comm
A Quantum optics

A Trapped ion and
neutral atom
guantum Computing

A Linear optical
guantum computing

A Space-to-ground
quantum comm

T

Laser Comm, Ranging,

Remote sensing

Lunar Laser Comm Demo

Deep Space Optical
Comm (NASA Psyche)

LIDAR
Remote gas sensing

Fiber sensing
(temperature,
transmission, strain)

@ics, Astronomy
N—

A Dark matter searches

A Exoplanet searches
A Far-UV astrophysics

A Far infrared
astrophysics

gravity

A Particle detection

Searching for biosignatures in nearby exoplanets

A Searches for quantum

Biomedicine,
Physical chemistry
A Ultrafast transients

A Fluorescence
microscopy

A Dosimetry in cancer
therapy

A blood-flow monitoring
A Deep tissue imaging

A MIR spectroscopy
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First let's understand a bit better how they
wor k e.

e. and what we can detect W

Slide 24



Hot-spot in ;
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Allmaras, Modeling and Development of Superconducting Nanowire Single-Photon Detectors, Ph.D. Dissertation , Caltech (2020)
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Energy threshold 1 to initiate vortices

~eV

~100 meV

~30-50 |

meV W

~1-10 meV

5 /\1\2
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3 . °
o By =L ‘»Thermalization

Energy deposition

Photon A Electron / Hole

lon / molecule A Phonons at surface

Charged particle A Coulomb interaction
with electrons

Allmaras, Modeling and Development of Superconducting Nanowire Single-Photon Detectors, Ph.D. Dissertation , Caltech (2020) 26



Energy threshold

~eV

~100 meV

~30-50 |

meV W

~1-10 meV

Energy

Time ~1-10ps ~100fs ~10 fs

\hv

-e Electron-Hole Pair
_Electron-Electron
fScattering

\L‘Phonon
J Bubble

L

Energy loss by phonons
escaping into substrate

Allmaras, Modeling and Development of Superconducting Nanowire Single-Photon Detectors, Ph.D. Dissertation , Caltech (2020)
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Energy threshold

What is minimum amount of

energy that we needs to be left
in electron system to initiate
vortices?

Allmaras, Modeling and Development of Superconducting Nanowire Single-Photon Detectors, Ph.D. Dissertation , Caltech (2020)
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Energy threshold

O 1TOm QY o

0 Tt
y

T0m Q7Y
)

Colangelo, et al. 2022, Nano Letters 22 (14): 56671 73.

I first order approximation

Characteristic energy

Density of states per spin at the
Fermi level in the normal state

Critical temperature

Energy density relating the
difference between the
superconducting and normal states

Characteristic volume where
superconductivity is suppressed after
down -conversion . Depends on the
diffusion coefficient and thickness

29



Let ©0s

do

a n

energy

Slide 30

Swee



Photons
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Photons T 0.8eV (1.55¢ m)

Record system efficiency of 98%
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Electrons 1T 10 eV efficiency 37 % for 200 eV electron
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Photons 1T 5-20 keV

Bias current (uA)

()
140 | —o—Ti (K, = 4.5 keV)
- —+—Cu (K. = 8.1 keV)
g 110 —e— Mo (K, = 17.5 keV)
Z 80
(=]
£
E 50
: 1 20
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Films are made thicker to efficiently absorb
the X-Ray photons

Guo et al . -Tihihn@PRrecisiadmn Betegtlon of Single X-Ray Phot ons by Super c Nalighal Science Reviéalh (<1)\7\ﬂN&dé0Q3.46



Relativistic charged particles

SMSPD in cryostat :
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C. Pefia et al, High energy patrticle detection with large area superconducting microwire array. Journal of Instrumentation 20(03), PO3001 (2025). 35



First detection of relativistic particles with SNSPDs
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Superconducting Nanowire Single _
Particle
Follow up at CERN

FNAL-SMSPD 120 GeV hadrons
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First 120 GeV muon detection with SNSPDs
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Similar pulse shape, amplitude, and detection efficiency observed
between hadron and muons

C. Wang et al, Towards High-Efficiency Particle Detection Using Superconducting Microwire Arrays arXiv 2510.11725 (2025)
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Advances In superconducting nanowire detectors

Timing | Intrinsic photon | Efficiency Array Maximum Dark count rate | Active area Cut-off
jitter number size count rate wavelength
resolution
18 ps None 93% 64 1 Geps 4 /s/mm? 0.001 cni P >Y | Recordsin
2016
l ‘1‘ [4,5]
I ——
3-5 photons 1.5Geps Current records
’V ™ ) for isolated
I \ 4 devices
\4 < Ax10P [3]> 2 (] | e 7]
— v 2 ) 1 o7
2.6 ps — 4Ax105 /s/mm 2 Hd >|Y
98%
1 ps 10 99 % 107 10 Geps 1x106 1 cn? mnan >y Expected
Isimm 2 performance by
2030

[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)

[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) 39



How do we make a larger camera?

So far, most experiments
only had access to
single/few

pi xel s/ nanowifr Single pixel
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Time -domain multiplexing

h(j) 4 Ibias
B —
® N2
SNSPD
<> W

Vph @ 0.01c (3 em/ps) velocity

A 10 ps timing resolution enables
15 € m pixels to be resolved

McCaughan, Zhai, Korzh et al, APL 121, 102602 (2022)

Time-of-flight difference in a
superconducting bus



Thermal coupling between layers

A Row-column thermal coupling Combination with time-multiplexing

A Layer 1: SNSPDs = columns
A Layer 2: SNSPDs = rows

K

row SNSPD [—---

column SNSPD
column SNSPD

row SNSPD k

44
H

Allmaras, Wollman et al, Nano Letters 20, 2163i 2168 (2020)



Thermally -coupled imager

UV spot imaged with a 32x32 array
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° Only 4 coaxes needed

McCalighan, Zhai, Korzh, Allmaras et al, APL 121, 102602 (2022)



