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THE ELECTROMAGNETIC SPECTRUM
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New quantum sensors

Typical HEP detectors




Rich spectrum of detectors for HEP
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Semiconductor Single Photon Detectors

Photomultiplier Tubes (PMT)

Wikimedia Commons
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Photomultiplier Tubes (PMT) Single Photon Avalanche Diode (SPAD)

\Wikimedia Commons

Bandgap Threshold
o Si:~1.1eV (~1.1um)
o Ge:~0.7eV (~1.7um)

Blocked impurity band solid-state photomultipliers.

e lLarge Dark Current

APPEC Communications Izhnin, 1.1., et al. Appl Nanosci 12, 253—263 (2022).



/" Width: ~ 100nm < /

Superconductivity Nanowire
Single Photon Detector
(SNSPD)




Resistance (Q)
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SNSPD Working
Principle
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State-of-the-art SNSPDs @ 1550nm

Reddy, D. V. et al. Optica 7, 1649 (2020).

incident
photons

Vacuum

DBR
Mirror

MoSi (Tc~5K)
Width: 80nm, Pitch: 140nm
Distributed Bragg Reflector Mirror
Measure Temperature ~750mK
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Counts (x10% per second)
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Esmaeil Zadeh, I. et al. APL Photonics 2, 111301 (2017).
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R&D Goal

State-of-the-art SNSPD

Near-IR (0.8pum-2um)
~100% efficiency @ 1550nm

°

® Low timingjitter (<15ps)
® |Low Dark Count (<0.01Hz)
°
°

Fast recovery (MHz rate)

Multi Pixelated array

R&D Goal

Extend to Mid-IR (2pm-20um)
® Energy resolving power

® Broadband spectrometry

[m === = = = = =

® Polarization distinguishability |
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State-of-the-art SNSPD

Near-IR (0.8pum-2um)
~100% efficiency @ 1550nm

°

® Low timingjitter (<15ps)

® |ow Dark Count (<0.01Hz)
® Fastrecovery (MHzrate)
°

Multi Pixelated array

R&D Goal

Extend to Mid-IR (2um-20um)

® Energy resolving power

® Polarization distinguishability
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® Broadband spectrometry :
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Hawking radiation experiment

Photonics 2022, 9(12), 1003
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Dark Matter/ Exotic Searches
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Design and simulation
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SNSPD

15 nm thick NbN
200 nm width
350 nm pitch
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® Paper published at APL Quantum 2,026118 (2025)

o  Switch between conventional event counting and energy measurement by adjustment of operating
temperature and bias current

o Geiger mode @ 4.7 K( 0.39 Tc ) +» Calorimetric mode @ 11.5 K(0.96 Tc)

Calorimetric
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https://pubs.aip.org/aip/apq/article/2/2/026118/3346880/Dual-mode-calorimetric-superconducting-nanowire
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Features of Calorimetric SNSPD

® Timing

o Falling time constant depends on bias current

o Reaches 560 ps falling time constant, faster than Geiger mode (2.2ns)

® Stable operation

o No Dark count (Geiger mode around 1Hz)
o No latching effect (Geiger mode latches at around O.81IC)

® Energy resolution around 6% constant term (Dominated by the noise term)
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Photon number resolution with TOA
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Shu-Xiao Liu
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Gold nanostructure on NbTIN SMSPD ShuXiao L

Finite-Difference Time-Domain
(FDTD) Simulation
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Shu-Xiao Liu
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Still a long way to go..

® Many issues with the device and experiment setup

(@)

O

O

o

(@)

Low efficiency
Noise

Fabrication / Characterization setup systematic uncertainties not controlled

Detection Mechanism unclear

® Thereis apotential to build a single photon detector with properties:

Hsin-Yeh Wu

O

o O O O O

High efficiency

Fast

Low noise
Calorimetric/Spectroscopy
Infrared sensitivity (sub-eV)
Polarization sensitivity

Detectors c/E Tray  Timing Jitter
TES' 141 0.06% (@1 keV) 87 us 10-100 ns
MKID!2:22 1.8% (@3 eV) 32 us 5
NTD-Ge!423 0.1% (@6 keV) 7 ms .
Calorimetric SNSPD  <6% const. term 560 ps < 108 ps

What can we do with such detector?

TIDC Annual Meeting
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Particle Physics Cosmology

S

Q)

Wide variety of applications
gﬂ‘?

Astroparticle physics Quantum

communication/information

/
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Ultra-Fast Calorimetry/Spectroscopy

® Diphoton coincidence measurements

o Bell type entanglement experiments / Vacuum fluctuations
o Remove background events
o Reconstruct diphoton mass spectrum

® Trigger-type experiments
o Fast pulsed-laser

® High signal/background rate experiment
o Remove pile-up (Pulsed-laser, plasma, radioactive source)

S ey
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Chen, P. et al. Photonics 9, 1003 (2022).
Supersonic gas jet

Hawking Photon ‘ Partner Photon
IR SNSPD " GasNozzle EUV Partner
Hawking Detector & Photon Detector

lons
Large density gradient ° & W, ( s Electrons

wakefield mirror Partner photons

: O e s RN, Laser
[ Accelerating plasma o ° =N .o | AT
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[1] AnaBHEL Collaboration et al. AnaBHEL (Analog Black Hole
Evaporation via Lasers) Experiment: Concept, Design, and Status. (2022)

Position

Accelerating plasma wakefield mirror

Broadband 10-100um single photon sensitivity
Requirements: High efficiency, High speed, Low Timing Jitter, Low Dark Count
Polarization distinguishability
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@

Demultiplexers

You, L. Superconducting nanowire single-photon detectors for quantum

information. Nanophotonics 9, 2673-2692 (2020).

]

OO L
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\

80 single-photon
detectors
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Atmospheric Window

® Nosunradiation & atmospheric absorption

® Ataround 3-4um & 8-10um

® Ground-to-Satellite/Space Applications

o Free space optical (FSO) communication
o Quantum secure keys

o Space Observetory

Radiation from
Earth to Space

Infrared

Radiation from
Sun to Earth

UV | Vis |

Emitted
_spectra

Energy
intensity

0.2pym 1‘ Wavelength 10 70

Total
absorption,
scattering

Atmospheric
absorption

1

water vapori A A A 2. A0

Methane : &

Nitrogen oxides Bl 3
Rayleigh scattering

Components of
absorption

" Atmospheric Wirdow =SS
g 27
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James Webb Space Telescope

Primary mirror ———————— Secondary mirror

JATIS 7, 011004 (2021). Scientific

instruments

® Planetary science (Outside the solar system) stabilzation
ap
® Search for Earth-like, habitable planets

® Future: Origins Space Telescope(OST) (2035)

o Targetting mid to far-infrared (5-600 pm)
o Actively cooled to 4.5K — SC detectors Antenna

Source: Nasa EE
Origins Space Telescope Proposal B : i

Star T
HIP 65426~

Exoplanet ,
. HIP 65426 b =
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CERN DRD5 / DRqg : R&D on Quant

‘um Sensor

Sensor family —

Work Package |

clocks
& clock
networks

superconduct-
ing & spin-
based sensors

kinetic
detectors

atoms / ions /
molecules & atom
interferometry

opto-
mechanical

Sensors

nano-engineered
/ low-dimensional
/ materials

® Quantum technologies are advancing rapidly with unprecedented sensitivity and precision.

® Focusingarea

o Exploring foundational physics questions (e.g., symmetry violations, interactions).
o Enhancing extreme-sensitivity measurements.

o  Applying new materials and phase transitions to detector technologies.

® Community Building

o  No membership fees or common funds.

o Lightweight joining process via request to the collaboration board.
o 94 groups (338 individuals) expressed interest in signing the proposal submitted in February 2024.
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Sensor family —

Work Package |

clocks
& clock
networks

superconduct-
ing & spin-
based sensors

kinetic
detectors

atoms / ions /
molecules & atom
interferometry

opto-
mechanical
sensors

nano-engineered
/ low-dimensional
/ materials

WP1 Atomic, Nuclear
and Molecular Systems
in traps € beams

X

X

(X)

WP2 Quantum
Materials (0-, 1-, 2-D)

(X)

(X)

WP3 Quantum super-
conducting devices

WP4 Scaled-up
massive ensembles
(spin-sensitive devices,
hybrid devices,
mechanical sensors)

(X)

WP5 Quantum
Techniques for Sensing

WP6 Capacity
expansion

X
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Technical expertise of future workforce (detector construction); broadened career prospects and
thus enhanced attractiveness; cross-departmental networking and collaboration; broadened user
base for infrastructure (beam tests, dilution refrigerators, processing technologies)
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Dark Matter Searches Sk SR s a
® Dark matter candidates withm_, < 1eV - - N

O QCD AXionS (a) %:As::zl virtuif;?h%ftons Ai):?er:':’gi%tr?n
o Dark Photons (A) arXiv.2104.14831 (2021)

® Non-zero DM-photon couplings — lab detection through EM interactions

Broadband solenoidal haloscope for terahertz axion detection (BREAD) Phys. Rev. Lett. 128, 131801 (2022).
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Dark Matter Searches - Direct interaction

DM Scattering
or Absorption
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® Requiresstable and low
Dark Counts

Hsin-Yeh Wu
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Phys. Rev. Lett. 123, 151802 (2019).
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Lower energy/wavelength threshold can lead
to larger DM detection phase space!
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Pu-Kai Wang

Cryogenics
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New cryogenics setup @ NTU Pu-Kai Wane

® Motivation Pulse tube sub-Kelvin sorption coolers
o Dedicated cryogenics for SNSPD (PT420 from Cryomech) (GL10 from Chase Research Cryogenics)
o Lower temperature
o Platform for new exotic searches

® Design Goal
o Larger working space
o More types of feedthroughs
o Noise shielding
o Temperature extend to 300 mK

Main plates

® Intermediate step

Interface for control

o Small size for conceptual test
o  Still provide SNSPD testing capabilities

Cold heads

GL10-018

® Pulse tube and sorption cooler from Pisin Chen

Dimension ~ 15 * 15 *15 cm?® 37
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Cryogenic quantum platform @ NTU Pu-Kai Wang

Cryostat deployment Structure design
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Reaches ~ 250mK, sustains for ~ 20hrs

Hsin-Yeh Wu

Dedicated to Analog Black Hole experiment

Retired cryogenics from other experiments

Extensive rework of the cryostat ongoing

TIDC Annual Meeting
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e TIDC/NTU demonstrated dual-mode operation of a single NoN SNSPD
o switching between Geiger (event counting)
o  Calorimetric (energy-resolving) modes by adjusting temperature and bias current
e Plasmonic SMSPD with Au nanocube structures on NbTiN is under development, targeting broadband
mid-IR sensitivity via gap-plasmon resonance
e Anew sub-Kelvin cryogenic platform (target 300 mK) is being commissioned at NTU
e Asecond setup at CEA Saclay reaches ~250 mK for the AnaBHEL experiment
e Such detectors open a broad physics reach: dark matter searches, exoplanet spectroscopy, quantum
information, and Hawking radiation analogues
e Challenges in efficiency, noise, and fabrication systematics remain — but the path toward a fast,
calorimetric, polarization-sensitive, mid-IR single-photon detector is clear
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