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Universityef — Superconducting Nanowire Single-Photon Detector (SNSPD)

Initially developed for photon counting, but can be used for direct particle
detection or coupled to scintillators

Characteristics:
* High detection efficiency : 98%

* Broad response range: from 0.043 eV to 120 GeV'
» Ultra short timing jitter: < 3 ps?
» Low noise characteristic: < 10 cps
* Sub-ns reset time: ~100 ps?3
« Camera with 400,000-pixels*
+  WSi, NbN, MgB,°, BSCCOS, ...
12312.13405 [physics.ins-det] (2023)
2Nat. Photonics 14, 250-255 (2020)
3Supercond. Sci. Technol. 34, 044001 (2021)
‘Nature 622 (7984), 730-734 (2023)

SNat Commun 15, 3973 (2024)
SNat. Nanotechnol. 18, 343-349 (2023)
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System Detection Efficiency
1 98% (NIST 2020)

14— Oplica 7.12 (2020): 1648-1653

<

count rate [Mcps]
1.5 Geps (JPL 2023)

Optica 10.2 (2023); 183-190

1/dark counts [s/counts]
v 1107 ps (MIT 2021
w L 1

Physic

M. Colangelo, ‘Superconducting Nanowire Technology for Microwave and
Photonics Applications’, Ph.D. thesis, Massachusetts Institute of Technology, 2023
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gﬂ:ﬁﬁﬂtyd Superconducting nanowire architecture

Single-photon detector "~ SNSPDs on &
~ photonic waveguide "=

Microwave

Interferometer :
Suspended nanowire

200 nm
Source -

Delay-line multiplexed SNSPD array
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lZJSrii‘ﬁ]’uffth Superconducting Nanowire Single-Photon Detector (SNSPD)
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lZJSrii‘ﬁ]’uffth Superconducting Nanowire Single-Photon Detector (SNSPD)

il 3 7 52

PHOTEC

Problem: SNSPD are based on NbN orNbTiN thin films
with low critical temperature and require operation below
liquid helium T.

Last two decades: search for alternatives.

1/21/2025 Page 8



University of

Zurich™

1/21/2025

o~ - N N W
o (&) o &) o
l 1 I I I

Operating temperature [K]

$)]
I

Operating temperature

Gourgues, et al. Opt. Express 27, 24601-24609 (2019) O
Shibata et. al.,Applied Physic§,E)’(press 6, 023101 (2013)

TES T Commanetans
< K D- drwin,Appl. Phys. Lett. 66, 1998—2000
! I ! | ! I

1990

U ! | ! | ! 1
1995 2000 2005 2010 2015 2020 2025
Year

Page 9



University of
Zurich™

Materials for SNSPDs

' BSCCO
WS NbN .
MoSi TaN Cryogenics is LSCO
more reliable, MgB,
easiler, cost
effective, and )
compact (emperature
| | |
oK 15K 70K Operating
I I I temperature
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Zurich™ Natural solution: use high-Tc superconductors, but...

’;;300 C T T T T T T -
g_s%:Nco @ | 2 =635nm
Re, T=
%3 250 F 7
S g
- <
R 200 l
-100,7 5
i o 150 1
é Pclick(/u) ~ Tll“'
§ 100 F ]
'. 8 i 1 1 1 " 1 i 1 L 1 n 1
Wa"eg”'de a@_ 100 150 200 250 300 350 400
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_ : . cai : MgB,: Velasco CLEO: QELS
YBCO: Physica C 509 (2015) BSCCO: Seifert 2D Materials (2021) Fundamental Science (2016)

Challenge: how to fabricate nanowires out of high-T. superconductors if they don'’t like nanofab?
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g::ﬁ,ﬁfftwf Single-photon detection using high-Tc superconducting detectors
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g::ﬁ,ﬁfftwf Single-photon detection using high-Tc superconducting detectors

2D exfoliated Bi,Sr,CaCu,0q, 5 flakes Large-area MgB, microwire detectors

MBE grown La, Sr,,:CuO, /La,CuO, sensors

5UC La,CuO,

Interfacial SC
5UC LaSrCuQO,

= | LSAO

Charaev I, Bandurin DA, Bollinger AT, et al. Nat Nanotechnol. 2023;18(4) Charaev I, Batson EK, Cherednichenko S, et al. Nat Commun. 2024;15(1)
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Oscilloscope,
Photon counter
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Experimental results
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Electronic absorption

Unverstyef — Dark matter searching via SNSPDs

108 o
Mass ranging 0.1 meV — 10 eV
% - 1079 Electronic scattering (light mediator)
% E \
1072 4 ' Y. Hochberg, I. Charaev, S. W. Nam, V. Verma,
j = 102 1 M. Colangelo and K. K. Berggren, “Detecting
_ Dark Matter with Superconducting Nanowires,”,
0 gm—?g Phys. Rev. Lett. 123, 151802, 2019
3 o i :
5..__ -1 - 10730 _i\' .., Nol Terrestrial
£ L
1078297 T e /
- 1013 1" N/ DM scattering
10—34 N
L 1014 10—36 T undfee ‘ ...................
102 10! 100 10! DM ~\/\/\/\/= SNSPD
. e - 10718 mpwm [MeV] absorption
—— Previous SJI:I‘S[’],)
""" 29 pm (10 Mpx x year)
‘ . . = 1()—1(} l
10-2 10! 100 10!
ma [eV]
v response

J. Chiles*, I. Charaev*, R. Lasenby, M.
Baryakhtar, J. Huang, A. Roshko,
G. Burton, M. Colangelo, K. Van Tilburg, A.
Arvanitaki, S.- W. Nam, and K. K. Berggren,
1212005 Phys. Rev. Lett. 128, 231802, 2022




ynvermyof — Target and SNSPDs
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Targeting fiber

258 nm ( A-25 nm)

Colllmator

ﬂtmg -

- Multilayer stack

7 -

Detector chipmslpp- ~ Base plate
e —

562 nm ( A 13 nm)

258 nm (A 25nm) o

562 nm (A 13 nm)

264 nm (A-19 nm)

e B N ——

1547 nm (A-3 nm)

273 nm (A-10 nm)

555 nm (A5 nm)

1273 nm ( A-10 nm)

e ’
) ’ IS39nm(A-10n

Exploded Assembled

3. Chiles*, 1. Charaev*, R. Lasenby, M 5 pairs of amorphous silicon / silicon dioxide (n = 2.74/1.45)

Baryakhtar, J. Huang, A. Roshko,
G. Burton, M. Colangelo, K. Van Tilburg, A.
Arvanitaki, S.- W. Nam, and K. K. Berggren,
Phys. Rev. Lett. 128, 231802, 2022



Universityof — SNSPDs as both target and sensor

Zurich™

«_ | dcBias

250 nm
5 nm /‘\ Source
7nm —
150 nm =
380 um
Oscilloscope
Counter

Y. Hochberg, I. Charaev, S. W. Nam, V. Verma,
M. Colangelo and K. K. Berggren, “Detecting
Dark Matter with Superconducting Nanowires,” ,
Phys. Rev. Lett. 123, 151802, 2019
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A New Bite Into Dark Matter with the SNSPD-Based QROCODILE Experiment
0.8 -

11 pm

Laura Baudis,! Alexander Bismark,! Noah Brugger,! Chiara Capelli,' Ilya Charaev,’
Jose Cuenca Garcia,® Guy Daniel Hadas,? Yonit Hochberg,? Judith K. Hohmann,*
Alexander Kavner,! Christian Koos,* Artem Kuzmin,* Benjamin V. Lehmann,® Severin
Nigeli,! Titus Neupert,! Bjoern Penning,! Diego Ramirez Garcia,! and Andreas Schilling!

! Department of Physics, University of Ziirich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzerland
2 Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem 91904, Israel
3 Laboratory for Elementary Particle Physics, Cornell University, Ithaca, NY 14853, USA
*Karlsruhe Institute of Technology, Engesserstrasse 5, 76131 Karlsruhe, Germany
®Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: December 24, 2024)
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We present the first results from the Quantum Resolution-Optimized Cryogenic Observatory
Rias current. [11A]

for Dark matter Incident al Low Energy (QROCODILE). The QROCODILE experiment uses a
microwire-based superconducting nanowire single-photon detector (SNSPD) as a target and sensor
for dark matter scattering and absorption, and is sensitive to energy deposits as low as 0.11eV. We 0.90 -
introduce the experimental configuration and report new world-leading constraints on the interac- B S —
tions of sub-MeV dark matter particles with masses as low as 30keV. The thin-layer geometry of ”

the system provides anisotropy in the interaction rate, enabling directional sensitivity. In addition,
we leverage the coupling between phonons and quasiparticles in the detector to simultaneously con-
strain interactions with both electrons and nucleons. We discuss the potential for improvements to
both the energy threshold and effective volume of the experiment in the coming years.

0.15 1
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0.10 A Event arrival time [hours|
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0.05 1

arX1v:2412.16279v1 [hep-ph] 20 Dec 2024 I —
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Particle detection with SNSPDs

FNAL-SMSPD 120 GeV p* beam

First proof-of-concept detection of relativistic 4 10
partlcles achieved this ear £, Hos 5.
£ | 5
S o6
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Track x position [mm]
< >
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2 mm 1O‘IZI 120 GeV protons
- 1 8 GeV electrons
| 1 8 GeV pions
T , 508 [ ] B
&} ==
= 0.6 1 1 T
. . () K
Superconducting analog of silicon- s [ | |1 1
photomultiplier 5 04r . _
. goal to reach x100 active area S ook N
Pefia, Wang, Xi...Korzh...Shaw et al, arXiv:2410.00251 i
0.0 ' ' '
Luskin, Schmidt, Korzh, Beyer...Charaev...Pena...Shaw, 10.4 14.2 15.1

Appl. Phys. Lett. 122, 243506 (2023) SMSPD bias current [uA]
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® >60% efficiencies have
been demonstrated for
proof-of-concept devices
initially designed for
photons

@® Geometry optimization
will improve this



University of Potential use case in FCC
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||| e Luminometer concept:

RF System Interaction o Detector design fitting in available space
Points : : : :
o Simulation of detector design with
. Bhabha scattering, incoherent pairs /
FCCe'e beam backgrounds

~100 km double ring collider

2 IPs with 30 mrad crossing angle
angle 91 GeV (Z) — 365 GeV (ttbar)
Luminosity: up to 500x103% cm2st

o Understanding MDI constraints for
detector concept & providing cryogenics
e Feedback between luminometer concept and
SNSPD development
e Understanding of other applications of
SNSPDs for dedicated detectors for ALPs,
weakly interacting particles, etc.

(L

CC Lepton detector (CLD) based on

&
&y

gy gy &5

* Other use cases:
* Couple to Scintillating Fibers
* Improve readout (faster response
time)
e Calorimetry?
* Tracking?
* Dedicated Axion-like particle detectors

Luminometers
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Particle proof-of-concept: protons, electrons, pions [1] Test beam setup at CERN
High efficiency: 98% (photons) [2]
Record energy threshold: 43 meV [3] = -

Timing resolution: <3 ps [4]
Large cameras: 400,000 pixels [5] BE;;rﬁ S

e SNSPD development

o Scaling of SNSPD arrays up to >cm? scale GRS sy s
High-temperature (~20 K) SNSPD development Detector
Scalable readout chain and signal processing
Geometry optimization
Characterization of particle response

O O O O
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