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Single photon detection:

a brief introduction

single photon detectors

From single pixels to cameras

New developments in refrigeration

Robert Hadfield ¢ Keynote ISEC 2017 Sorrento e 14th June 2017
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University What is a photon?

\ of Glasgow

* Einstein: a Photon is packet of
electromagnetic energy

E = hv= hc/A

 Energy ( E) inversely proportional to
wavelength (1)

<& Visi S E Near-InfraRed
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Wavelength

Photomultipliers IR PMTs
Si SPADs InGaAs SPADs

Detectors

Superconducting detectors

Topical Review: R. Hadfield Nat. Photon. 3 696 (2009)
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Superconducting Tunnel Junction (STJ)
Peacock Nature 381 135 (1996)

Transition Edge Sensor (TES)
Lita Optics Express (2009)

Kinetic Inductance Detector (KID)
Day Nature 425 817(2002)
Gao APL 101 142602 (2012)

Superconducting Nanowire Single-

Photon Detectors (SSPDs/SNSPDs)
Gol’'tsman APL 79 705 (2001)
Natarajan SUST 25 063001(2012)
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Superconducting Tunnel Junction (STJ)
Peacock Nature 381 135 (1996)

Transition Edge Sensor (TES)
Lita Optics Express (2009)

Energy

depositio Thermometer
Kinetic Inductance Detector (KID) z‘f

Day Nature 425 817(2002)

Absorber, C
Gao APL 101 142602 (2012)

«——Weak thermal link, g

Superconducting Nanowire Single-

Photon Detectors (SSPDs/SNSPDs)
Gol’'tsman APL 79 705 (2001)
Natarajan SUST 25 063001(2012)

hermal sink
(50 mK)
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University Infrared photon counting with
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Superconducting Tunnel Junction (STJ)
Peacock Nature 381 135 (1996)

Transition Edge Sensor (TES)
Irwin APL Lita Optics Express (2009)

Kinetic Inductance Detector (KID)
Day Nature 425 817(2002)
Gao APL 101 142602 (2012)

Superconducting Nanowire Single-

photon Detectors (SSPDs/SNSPDs)
Gol’tsman APL 79 705 (2001)
Natarajan SUST 25 063001(2012)
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University Superconducting nanowire

of Glasgow single photon detector

Key Properties

* Wide spectral range (visible —'“mid ~N

* Operates above 1K (not

A rapidly improving
\_ technology!

-

Original Concept: Gol’tsman et al Applied Physics Letters 79 705 (2001)
Topical Review: Natarajan et a/ Superconductor Science & Technology 25 063001 (2012) Open Access

Robert Hadfield ¢ Keynote ISEC 2017 Sorrento ¢ 14th June 2017
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PHYSICAL
REVIEW
LETTERS

Quantum information el
Stanford, NIST, Glasgow, Bristol :
Takesue et al. Nature Photonics 1343 (2007) "
Silverstone et al. Nat Photon 8 104 (2014) i
Shalm et al. Phys. Rev. Lett. 115 250402 (2015)

ey
GATE

SOUORCE;DRQNN . . .
i Integrated circuit testlng
sesme S0 PHOTON  Rochester, IBM, MIT, DCG Systems, PhotonSpot

b \R\EMISSION

m:l Zhang et al. Elec. Lett. 39 1086 (2003); Bhagat Shehata et al. Proc. ISTFA 2014 pp 406

Time-Resoived
Emission (TRE)

Space-to-ground communications
NASA JPL, MIT Lincoln Labs
Robinson et al. Opt. Lett. 31 444 (2006); Shaw et al. CLEO 2014 SM4).2

Imaging and Sensing

Heriot-Watt, Glasgow

McCarthy et al. Optics Express 21 8904 (2013)
Gemmell et al. Optics Express 21 5005 (2013)
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University Superconducting nanowire
of Glasgow single photon detector

Meander

-
-

X pem)

Gol’tsman et al Applied
Physics Letters 79 705 (2001) Verevkin et al Applied Physics Letters 80 4687 (2002)
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Optical Cavity
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e JPL detectors made from MoSi
Gol'tsman et al Applied * 76% SDE @ 370 nm wavelength
Physics Letters 79 705 (2001) E. Wollman JPL
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{]': Unuversity Superconducting nanowire
of Glasgow single photon detector

Waveguide Integration
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Gol’tsman et al Applied Li et al. Optics Express 24 13931 (2016)

Physics Letters 79 705 (2001) K. Erotokritou ISEC 2017 Poster Wed-SQD-12
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il University The competition:
ofGlasgow InGaAs photon counting camera

Mark Itzler, Princeton Lightwave
Princeton
FPA format of 128 x 32 (4096 pixels) Lightwave

A=1550 nm DE ~ 30% DCR ~ 6 kHz per pixel

FPA solid body
model

20
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HERIOT
ollaborator: Gerald Buller

%2 UNIVERSITY

Blackbody spectrum (T=5778 K) |
—— Solar spectrum (top of Earth's atmosphere)
Solar spectrum (sea level)
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Spectral Irradiance (Wm ~ nm

4

SNSPDS have allowed us to move to
1550 nm wavelength, enabling eye real-
time safe depth imaging over kilometre
distances.

Possible extension to mid-IR for long McCarthy et al. Optics Express 21 8904 (2013)
range gas detection.

Robert Hadfield ¢ Keynote ISEC 2017 Sorrento ¢ 14th June 2017
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Key Collaborator: Miles Padgett 0 QUANTIC

Electrical trigger

- Imaged object

-eoﬁnﬁag
L

g 450 nm  Optical Image capture
Photon pair delay

BBO crystal

Pump laser
355 nm

Extension of:
Aspden et al Photon sparse imaging: visible light imaging with infrared illumination Optica 2 1049 (2015)
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QuantiC will link world-leading QuantiC will deliver new technology, QuantIC is cumrently working on creating Click here to read about our latest news
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of Glasgow SNSPD Arrays

Casaburi et al. Large area superconducting nanowire single photon detectors

|IEEE Conf. Proc. (2014) DOI: 10.1109/Fotonica.2014.6843851

Alessandro Casaburi
Andrea Pizzone
Robert Hadfield

A
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MARIE CURIE

(. ouanTIC

5.0kV 21.0mm x3.00k SE(M)
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! EJI&}l\;esrgSé% SNSPD Arrays

Key Challenges:

 Yield for large areas
« Heat load from bias &
readout wires

 Cost of readout electronics 5 0KV 21.0mim 3,00k SE(M

Robert Hadfield ¢ Keynote ISEC 2017 Sorrento ¢ 14th June 2017
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University 64 pixel SNSPD array for

QfGlangW deep space comms

Matthew Shaw, JPL

64-pixel WSi SNSPD array is being used for the ground TS,/
terminal in NASA's Deep Space Optical Communication NSQ\%A .
(DSOC) demonstration QY Ceiorm instuse of Technanoy

320-um diameter active area suitable for coupling to 5-meter
telescope

1.2 Geps maximum count rate across all 64 pixels
~100 ps FWHM timing jitter at 1550 nm

Free space coupled through windows into cryostat,
~50% system detection efficiency

Packaged SNSPD array mounted in chip carrier Optical microscope image of array
29
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! ([)jr(%\;esrgsg% RF-SNSPD readout

Steffen Doerner, Michael Siegel, Karilsruhe _:\S‘(rr

* Frequency multiplexed RF bias & readout

ISEC 2017 Friday-C-DET-04

* All pixels coupled to common CPW
Doerner et al.

e Scalable: now tested up to 16 pixels Rt~ (2017)
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Steffen Doerner, Michael Siegel, Karisruhe _&‘(IT
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* Frequency multiplexed RF bias & readout

ISEC 2017 Friday-C-DET-04

e All pixels coupled to common CPW
Doerner et al.

« Scalable: now tested up to 16 pixels Rl (2017)
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<7 of Glasgow Single photon imager

Qingyuan Zhao, Karl Berggren, MIT

NAMITE] | 157755
n photonics

P / BIOMEDICAL IMAGING
Optical elastogeaphy

TERAHERTZ PHOTONICS
Nanowir OUrCe

MID-INFRARED OPTICS
T::r:-'(L'x,)/V PINS

Single-photon image sensor !

ISEC 2017 Friday-C-DIG-02

Zhao, Q.-Y. et al. Nat. Photonics 11, 247-251 (2017)
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S Miki, T Yamashita, H Terai NICT
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4 pixel readout  T. Yamashita, et al. Opt. Lett. 37 2982 (2012)

Robert Hadfield ¢ Keynote ISEC 2017 Sorrento ¢ 14th June 2017

33



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), No. 41, July 2017.

This keynote presentation We-KEY-01 was given at ISEC 2017.

Unuversity

of Glasgow

Time correlation can be kept
during signal processing

SFQ readout

4

B trigger signal
e from oscillator

Address information

/

valid bit —@}0101010 = 2+8+32=42 |

Voltage (a.u)

1 1 L L 1 l

- | LWW

|

0 100 200
Time (ns)

300

Scaling to 64 pixel readout

ISEC 2017 Friday-C-DET-03
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ke ggﬁig&%’, Nanobridge SFQ readout

C Shelly ISEC 2017 Poster Th-SQD-04

Voltage sources

[’,"g:g“:;“,"’] Single Nb/NbTiN layer technology for easy
module o o . .
: on chip integration with the SNSPDs
100 kf2 OwW noise
:mph;l):-rs
Py I B OF SESESEEEERRAR TR 30 nm I Gold
; SSPD array ;gg:‘;‘:' 3 150 nm I
$ T 4L DC/SFQ Voltage
: Ag OUU : : Driver :
I sem L Si substrate
Bg 10cm 1 : CB ]
5 3 /s o
. Q 7(010 alia CE ......... }
Dg l"»ocm “:gm:)

bl

AccY SpotMagn Det WD EBExp F————1 200nm
500kV 3.0 106634x TLD 60 | LCNDose 316 Cr28 200W 2.6+40.6+1

Pass, process and store binary information
= : = with small number of coax-cables from
room to cryogenic temperature

Innovate UK

Technology Strategy Board

NPL

National Physical Laboratory
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[[Jf&ll\gggé% Historical Perspective

Discoverer of Superconductivity:

H. Kamerlingh Onnes, Leiden,
the Netherlands, 1911

Robert Hadfield ¢ Keynote ISEC 2017 Sorrento ¢ 14th June 2017
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ata| University
of Glasgow

Closed cycle cooling (1816)

everend Robert Stirling Hijkeran,Musgym,

ling Engine
1790-1878 University of Glasgow

AR e
“" I o »
. L
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ata| University |
ofGlas Cooling technology for SNSPDs (2005)

gOW

(2 e v ) -~

* Based on SHI RDK 101D cold head and
CNA 11C compressor
* Weight of cold head/compressor 50kg
Fits easily into standard 19” rack
Air cooled
100 mW cooling power at 4.2 K
1 kW from 13 A plug
Commercially available
(20k Euro for cold head + compressor)

° .t
N H {SN) CRYOGENICS OF EURORE LWITED

Robert Hadfield ¢ Keynote ISEC 2017 Sorrento ¢ 14th June 2017

39



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), No. 41, July 2017.

This keynote presentation We-KEY-01 was given at ISEC 2017.
ota| University

(}fGlangW SNSPD systems for industry partners

2009 2011

NPL p7&2ntique

National Physical Laboratory
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a1a| University |
gL.r ofGlasgow Cooling technology for SNSPDs 2016

e Cooling technology developed by Rutherford
Appleton Laboratory UK for Planck Space
Telescope (launched May 2009)

* Combined Stirling/Joule Thompson mechanism

* Weight of cold head/compressor 5kg

3 mW cooling power at 4.2 K

120 W from a battery

* Able to withstand 3000 g vibration at launch

* Bespoke item

Development Plan:

2016: single photon detector prototype
demonstration (QUANTIC)

2018: redesign for simplified manufacture (ERC)

i | @ s
.. ° O U A N TI C erC Rutherford Appleton

Laboratory
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Temperature kept below 5K and
stable for 3mW heat load
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Infrared single-photon detection

; L S e 5
Superconducting nanowire single photon detectors (SNSPDS)

e

4‘:‘ - -
are the world’s leading infrared photon-counting technology

applications

There is a major push to scale up from single pixels ti ) photon

counting cameras

Miniaturization of cooling platforms will widen the adoption of

SNSPDs
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Infrared single-photon detection
with superconducting nanowires
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