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Rich spectrum of detectors for HEP
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THE ELECTROMAGNETIC SPECTRUM
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Let’s extend to IR Single Photon!?




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)

Outline

SNSPD Intro

Fabrication and Characterization setup
First Prototypes results
Applications
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SNSPD Working
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State-of-the-art SNSPDs @ 1550nm

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

State-of-the-art Goal
Excellent performance @ Near-IR (0.8um-2pm) Extend to Mid-IR (2um-20um)
® ~100% single photon efficiency @ 1550nm i ® Allthe excellent existing properties
® Lowtimingjitter (<15ps) ' ® Broadband
® Low Dark Count (<0.01Hz) ® Polarization distinguishability
. ® Fastrecovery (MHz readout rate) e
® Polarization sensitive
. ®  Multipixelized array
Project Begins First Working SNSPD First Mid-IR SNSPD
2021 2022 2023 2024 2025
T sep Dec Jun s Jan P
A
Now
Design, Fabrication, Optimization Optimization
Testing System... @ Near-IR @ Mid-IR 15



SNSPD Fabrication

16



SC Material Choice

Material e K A(BCS), meV Ngp** (3um photon)

Nb 4.15 0.63 ~600
NbN 8.6 1.3 ~300
NbTiN 9.6 1.46 ~300
WSi 3.7 0.56 ~700
MoSi 4.3 0.65 ~600
MoGe 4.4 0.66 ~600

TiN 0.4-45 0.06 -0.68 ~6000 - 600

SC-diamond 2-4.2 0.3-0.63 ~1300 - 600

* Data for thin film
** Number of quasi-particles

Dmitry Morozov et. al, Proc. SPIE 10659, Advanced Photon Counting Techniques XlI, 106590G (14 May 2018)



Fabrication Flow
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MgO Substrate NbN Thin film Resist
Sputter

NbN Nanowire Reactive lon Etching E-Beam Lithography

18



Sputter @ Prof. Yu-Rong Lu’s Lab (AS)
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________________________________________________

Magnetic susceptibility x,, @ 2-20K

________________________________________________

Electric susceptibility x, @ 300K
— Critical Temperature — Metallic Property

Reflectivity

Light Source Detector

Analyzer

Biasing
current

Biasing
current

junction

Rohlf, James William, Modern
Physics from a to Z0, Wiley 1994

Superconducting Ql:;gﬁfg)l nterference Device Ellipsometry
Measured by Instrumentation Center, Meas:ured bY Lu’s Lab,
Chen, I-Nan Jing-Wei Yang



DC Moment Fixed Ctr (emu)

DC Moment Fixed Ctr (emu)

NbN Thin Film Optimization with Sputter Parameters

Elllpsometry — Re(g) more negative (More metallic)

SQUID — Higher Tc (Better crystallized)
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Intensity (a.u.)
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E-Beam Lithography

Abbe’s Diffraction Limit
Focused Electron beam (100keV)

J A
/ 2NA
Lithography Resolution
Rayleigh Abbe Sparrow

centra| Airy disk

Write Patterns

1

©Erdinc Sezgin. . Phys.: Condens. Matter 29 (2017) 273001

0.5

0.135

11

PhotoLithography with UV(400nm) — d~200nm
Nanowire width: 100nm — E-Beam Lithography 23



RIE Principle similar to Sputter —

lon acceleration bombardment

(2 Frpe et F e Frey

3

By Dollhous, modified by Adove1018 to show correct electric charges.

- https://en.wikipedia.org/wiki/File:Riediagram.gif#file, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=29191041

Higher precision compared to
traditional chemical etch

RIE ETCHING VS. CHEMICAL ETCHING

Chemical Etch RIE Etch

Resist

Substrate

After Etching — NbN Nanowire




SNSPD Characterization Setup

25



SNSPD Device Preperation

Pedestal Height
1.5mm

\

06028-T7-2075

-— >
PUOTECH 6 94v-8
‘ 2308 P2 2.4cm

N'I'USNSPDWCXReadutBondVLO

No. : —@ 2023 Feb,

2 Channel SNSPD Readout PCB

Grounded Coplanar Waveguide (GCPW)
MMCX connector
Designer: Hsin-Yeh, Wu
Drawn by: Jenny Huang
Fabrication: Plotech

Gold-plated Mount

Side View \

erebond Ouchen
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Cryocooler: Stirling Refregirator

attoDRY800

Pulsetube

Optical table implemented
@ Prof. Yu-Rong Lu’s Lab (AS)

warm warm heat cold heat T cold
piston Ta exchanger exchanger | piston
compression |—— regenarator expansion
- space = space B
T + ¥
P, Q, P,

By Adwaele - Made by SliteWrite, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=124814496

01 optical table (included)

02 cryocooler
03 cold breadboard

04 customizable vacuum shroud
05 touchscreen user interface

06 obstruction free work space



Laser Beam
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Optical Setup - O
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CW Laser Configuration

Laser
- e 532nmCW
e 100uW
Oscilloscope

___________________________________________________________

e Sampling Rate: 2.5GS/s (0.4ns) i
e Time Gate: 5M Samples — 2milisecond i

___________________________________________________________

. Peak finding |
. e Threshold: 20mV .
e Peak Minimum Distance: 40ns

1 Oscilloscope Time Gate

. T=4.6K, Vgjss=1.7vV, 100uW, 532nmCW laser
0.04 A
0.02 1
>
O 0.00+4
()
<
—0.02 A
—0.04
— data
»x  Found peaks
—-0.06 T T T T T T
0 1 2 3 4 5
Index [0.4ns], Gate width 2ms 186
33
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Pulse Data Taking

Event Display:
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0.00 -

ADC [Volts]
S & & & b
s &8 & & ®

—0.12

-0.14

Signa

| Arrival Time

A

Typ

cal ~80ns

—e— trigger

—o— signal ]
1

50 100 150 200 250

Index [0.4ns]
Sub-window of

1 Laser Trigger

300 350 400

ADC [Volts]

Pulse Laser Repetition Rate: 2.5MHz (400ns)
' Pulse Laser Width: 100ps i
Oscilloscope Sampling Rate: 2.5GHz (0.4ns)
| Trigger: Laser Sync
Signal: Amplified SNSPD output

L}
0.015 i \
—e— trigger
—e— signal
60ns |40ns 120ns
0.010

0.005

0.000 4

—0.005

Pre-pulse Signa Post-pulse

0 100 200 300 400 500 600 700 800
Index [0.4ns]

Define Signal &
Sideband Region 35




Event Selection & Signhal Reconstruction

Signal Reconstruction within the Signal Region

O

O

Cubic spline fit — turn the discrete data points into continuous function

Differentiate the spline function — Find turning points

Variables

O

O

O

Amplitude = Voltage range (including overshoot)
Pulse arrival time = time of 50% voltage level of rising slope

Rise time = Time interval between 10%-90% of rising slope

Event Selection

O

O

Signal Amplitude > 3mV

Voltage Differentiate at rising slope > 2mV/sample

Detection Efficiency =

N, Event Selection

FEvent PreSelection

ADC [Volts]

0.010 -

0.008 -

0.006 -

0.004 -

0.002 -

0.000 -

—0.002 A

—0.004 4

—0.006

o Signal data
—— Spline Fit

10

2‘0
Index [0.4ns]
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SNSPD Characterization w/
532nm Pulsed Laser

37



Nanowire meander (Total Length 720um)

Meander

@
A
(\o\“
e

X

2 unit SNSPD with coplanar waveguide readout



IV Curve

® Critical Current @ 4.6K ~ 180pA
® Critical Temperature ~ 9K
® Wide Transition Width ~ 800uA
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Laser Power Sweep

Normalized Entries / 0.195mV

0.1

0.05

T=4.6K, VBI”=2V, 532nm pulsed laser, 2.5MHz Repetition rate
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4.0uwW
6.0uwW

10.0uW
16.0uW
30.0uwW
128.0uW
150.0uW

0.06
Signal Amplitude [V]
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Preliminary Results

T=4.6K, Vpgizs=2V, 532nmpulsedlaser
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Time jitter ~ 100ps
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SEM image

® Mesh-like structure
o  Nano-tunnels dimension around 10-100nm
o Reason of the wide transition and kinks in IV Curve
o  Currently retuning EBL parameters

[ o e e R R e e R R R e R e R e R e R e e e e

@  This accident may lead us to SNPSD calorimeters!

o  Very fast response (100ps level)
o  Wide dynamicrange
o Good energy resolution

nano-tunnels

Original design SEM image




Gap-plasmon Superconducting
“Microwire” Single Photon Detector

43



Gap-Plasmon-Enhanced SC Microwires

N

Yang, J.-W. et al. Nanoscale Gap-Plasmon-Enhanced Superconducting Photon
Detectors at Single-Photon Level. Nano Lett. (2023).
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1.0 —e—Plasmonic SMPD ~98%
0.8 —e—Pristine SMPD
o ~66 %
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Gap-plasmonics nanocubes may lead us to

sensitivity in longer wavelengths!




Why do we need SC
IR single photon detectors?

46



Particle Physics Cosmology

e 9

®

Wide variety of applications

Astroparticle physics Quantum

_ communication/information

/




Chen, P. & Mourou, G. Phys. Rev. Lett. 118, 045001 (2017).

Event Hor/zon -
o. _/_:-‘
,y Trapped Partner Photon

4 \f-
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"y | H\\\

Black Hole Accelerating Flying Mirror

Trapped Partner Photon

Equivalence Principle




Chen, P. et al. Photonics 9, 1003 (2022).

Supersonic gas jet

Hawking Photon

IR SNSPD
Hawking Detector

Large density gradient

(_ [rp———
Accelerating plasma
wakefield mirror

Position

Partner Photon

Gas Nozzle

EUV Partner

Photon Detector

lons

Electrons

Laser

NN\

Partner photons

PAVAVAVAV

Hawking photons

[1] AnaBHEL Collaboration et al. AnaBHEL (Analog Black Hole
Evaporation via Lasers) Experiment: Concept, Design, and Status. (2022)

Accelerating plasma wakefield mirror

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




Dark Matter Searches

® Dark matter candidates with My < leV
o QCD Axions (a)
o Dark Photons (A)

® 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

R —
g

N

® Requiresstable and low
Dark Counts

Light Mediator
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10-83¢

NbBN 124 meV,

WSi08eV, e
0.177g~day Xenonl0
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Phys. Rev. Lett. 123, 151802 (2019).

Heavy Mediator
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Lower energy/wavelength threshold can lead
to larger DM detection phase space!
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Neutrinoless double beta decay

® 2v[@Bisarare SM radioactive decay process
® OvppBisatheoretical, experimentally unobserved process

® ImplysAL#0
o Lepton number violation = new physics!

o Prove the Majorana nature of neutrino — Majorana mass

o Connection to baryon asymmetry

10*

103

102

Counts
N
<
go)
w
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it d u
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| 1071

QBB

Total electron energy
Bradford Welliver (15th Pisa meeting on Advanced Detectors )
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Neutrinoless double beta decay

® Planning upgrades: CUPID-1T
o 1Tonof 1Mo

o Irreducible background from 2v[33 — Pileup becomes important with large amount of source
o Implementation of TES — Low Dark Count, 10us timing resolution, good energy resolution

® SNSPD calorimeter may be an even better option!
Nature 604, 53-58 (2022).
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JATIS 7, 011004 (2021).

® Planetary science (Outside the solar system)
® 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

Origins Space Telescope Proposal

James Webb Space Telescope

Primary mirror
Scientific
instruments

Stabilization
flap

Antenna

Source: Nasa 8]B]c]

Star .
HIP 65426~

Exoplanet ,
f ¢ HIPB5426Db s



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 11 Wavelength 10 70

Total
absorption,
scattering

Atmospheric
absorption

Nitrogen oxides Bl 3
Rayleigh scattering

Components of
absorption

" Atmospheric Winldow
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Figure of Merit SNSPD TES MKID STJ

Efficiency 99.5% 98% 17% 20%
Number resolution 5 29 7 /
Recovery time 80ps 75ns 50us 20us
Timing jitter 2.6ps 30ns 1us 1us
Dark counts (Hz) 0.01 0.0086 / /
Maximum count rate  1.5x10° 10° 2x103 10*
Number of “pixels” 1024 36 20440 120




Wavelength Sensitivity Range Comparison

21um - 20um
»
0.1pm\1um‘ 10 pm ’/MT
e T 2 S S e S B B g N RAED 3
— PMT photoelectric
esssss———| SPAD semi-
e InSb (PV) conducting rL """ D kCt
o] HgCdTe (PC) '___?r_gf___a_':____l:l_rr_e_r_]___'
—)| BB -SSPM
increasing dark current
e  SNSPD (NbN, NbTiN) conducting ' theoretical limit
— we TES e
(T ——————— E— — 7 MKID
Chemical Society Reviews 52, 921-941 (2023). 57



Quantum Communication @ Atmospheric Window
Analog Black Hole

Exoplanet Search Mid - Far Infrared is a golden
Dark matter search wavelength band for next
x _ T generation measurements!
F ITTRLSOL P2
T o= O O O X O =
>
0.1um\1pm‘ 10 pm ’(pm
bttt
e DM T photoelectric
c—| SPAD semi- SNSPD can be the detector to
| InSb (PV) conducting 9 . 0
—— e (PO) meet all stringent requirements in
e—| 5]5-SSPM these applications

increasing dark current

SNSPD (WS, MoSi)  super- Shown sensitivity in MIR

w== SNSPD (NbN, NbTiN) conducting Potential calorimetery
— TES Very fast timing
MKID Low dark count

Chemical Society Reviews 52, 921-941 (2023).



Chamber
windows
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Mass, mc2 (eV)
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Kim, Y.-H., Lee, S.-J. & Yang, B. Superconducting detectors for rare event searches in
experimental astroparticle physics. Supercond. Sci. Technol. 35, 063001 (2022).



(5)
attoDRY800
cryogenics
chamber

(1) Lasers:

Switch input source manually

(2) ND Filters Series:

with blocks and mirrors Including fixed & variational ND filters

(3) Optical power meter:
Mounted on a 90°
Manual Flip Mount

(4) Scanning system box
( actual use irrelevant to us, but it contributes to power attenuation )




A A
P sample — Plase'r X Ttotal = R Power meter X TFixed Region

o FixedRegion I

(5) attoDRY800 cryogenics chamber <«—— (4) Scanning system box

_______________________________________________________________________________________________

TFixed Region — TScanningBox X 2T'window X Tobjective lens X Aobjective lens X Asample



Laser beam size - Knife Edge technique

Laser
e Laser beam size is broadened by a laser beam expander
in the black box. The size will be larger than the objective
\
lens clear aperture, so laser will be blocked partially
Currently the exapander is fixed and cannot be removed. Power meter

e LT-APO/VIS/0.82 Obijective lens apperature : 4.7mm

70 4
. . . Cumulative Gaussian Fit Results:
e Assuming the laser is collimated to the center of the o] constant=0.7s
l orm = .
mean = 3.61
sigma = 1.44

objective lens

g

5

— Laser within apperature 4.7mm (+1.63sigma) : 89.68%

4 —
e

I

Laser Intensity [uw]
8

IS
~
~J
S
WD 0,65mm
N
)

=
o
L

® Data
—— Fitted Curve

o
L
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Transmission calibration Obiective lens

T T T T T

10F i

0,8

o T, . .o Calibrated with 532 pulse laser — 80% E | b
28 osf 1
B ) 2% A 465 nm 610 nm
° TObJ.ectiVe ens from spec @~532 — 80% 1 ..l i
o .. . s E -
o T idow 20% atvisible light =5 ozf |
5] F APO
° Asample corresponds to how well we focus the laser to the = oof q
. . . A 400 500 600 700 800
sample. Since the Rayleigh length after the objective lens Wavelength (nm)
is very short (several nm) and we see a clear image of the Window —
120 ——R
laser beam focused in the center of the sample — We o A
assume now that A isl
sample 80 -
604
chamber + black box = Tblack box X 2Twindow X Tobjective lens X Aobjective lens X el
20
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0400 450 5(IJO 5%0 6(I)0 6%0 7(I)0
— )
- Tchamber + black box 46% b 2 66



Temperature (K)

300

250

200

150

100

50

T

cold head

pressure

10"
10°
10"
1072

103

Pressure (mbar)

Temperature (K)

Temperature (K)

5.0

48

46

44

42

4.0 &

38

3.6 F

34 F

32F

3.0

300

250

200

150

100

50 |

T

sample

Tcold head

pressure

Tsample

8x10°
~~
—
J7x10® g
E
(0]
J 6x10° &=
=}
2]
2]
(0]
S
o

5x10%

o,
R

A

Pressure (mbar)

10°

107






orifice

<

i

Innm

LT

compressor X, regenerator X, pulsbuis X,
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Inductance is the tendency of an electrical conductor to oppose a change in the electric current flowing
throughiit.

Kinetic inductance originates from the inertial mass of mobile charge carriers

Kinetic inductance is observed in high carrier mobility conductors (e.g. superconductors)

%(2mevz)(nslA) _ %LKP

= () (3)
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Bias Tee O-SCOPE

Ao
: : NF=2.0

| Low Noise Filter
Amplifier

VR Curve w/ 10kQ

50Q

® 10kQresistor in series with bias voltage source
® Translate bias current to voltage

® Critical Voltage @ 4.6K ~ 1.76V
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ADC [Volts]

1 Oscillscope Event

4ps Window — 10 Laser Triggers

~0.15 —e— trigger |
& D ) S D ¢ ¢ ¢ —e— (signal
-0.20
-0.25
¢ ¢ ¢ $ ¢ ¢ ¢ ¢ ) )
D
~0.30 s B A
o o o o o o o o o o

0 2000 4000 6000 8000 10000
Index [0.4ns]
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Sideband Analysis

Baseline Voltage (Mean) : -0.2mV £ 0.1mV

Average Noise (5td): 0.8mV + 0.4mV

Noise Peak-to-Peak / Random Spikes (Range): 4mV = 2mV

Sideband analysis with and without signal

o  Similar results — Noise is uncorrelated to the signal
Sideband ADC Mean Sideband ADC Standard Deviation
mmm prePulse mmm prePulse
Events=987 009 Events=987
U= —0.0002 _— 1 =0.0008
01 =0.0001 01 = 0.0004
100 A
0
400
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U = —0.0002 200 > =0.0008
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100 4
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Event Pre-Selection

ADC [Volts]

Sideband Peak-to-Peak Range < 3mV
Sideband Average Noise < 2mV

Remove laser events with large noise/spikes
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Intensity (a.u.)
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Collective Detection — Electromagnetic wave

Bolometer

Power P

Resistive
Thermometer
absorber

Thermal Mass
Heat Capacity C
Temparature T

Thermal
Conductance G

7

Thermal Reservoir

Antenna
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Based on an original

Discoveries in particle physics slide by S.C.C. Ting

Original purpose, Discovery with
Facility Expert Opinion Precision Instrument
P.S. CERN (1960) mt N interactions
AGS BNL (1960) 7t N interactions
FNAL Batavia (1970) Neutrino Physics
SLAC Spear (1970) ep, QED
ISR CERN (1980) pp
PETRA DESY (1980) top quark
Super Kamiokande (2000) Proton Decay
Telescopes (2000) SN Cosmology




Based on an original

Discoveries in particle physics slide by 5.C.C. Ting

Original purpose, Discovery with
Facility Expert Opinion Precision Instrument
P.S. CERN (1960) 7t N interactions Neutral Currents -> Z,W

Two kinds of neutrinos

AGS BNL (1960) nt N interactions Time reversal non-symmetry
charm quark

bottom quark

FNAL Batavia (1970) Neutrino Physics
top quark
Partons, charm quark

SLAC Spear (1970) ep, QED tau lepton
ISR CERN (1980) pp Increasing pp cross section
PETRA DESY (1980) top quark Gluon
Super Kamiokande (2000) Proton Decay Neutrino oscillations

Curvature of the universe
Telescopes (2000) SN Cosmology Dark energy




