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HOW TO DETECT APHOTON
WITH A SUPERCONDUCTOR?
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UMy Why are Superconductors

A Zero resistance

A Exclusion of magnetic
field

A Strong nonlinearity
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UMy Why are Superconductors
. Interesting?

A Zero resistance

A Exclusion of magnetic
field
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I"ii Comparison-Based Device
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DEVICE OPERATION



hr Detection Mechanism

Critical Temperature ~ 11 K

superconductor is biased near its

transition
4 nm | niobium nitride
Ibias
detector ' SR
L
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hr Detection Mechanism

Critical Temperature ~ 11 K

photon-induced hotspot forces bias
current above critical density

4 nm | niobium nitride

A.D. Semenov,G.N.Go | dt,s n
! and A. A. Kornee
........... detection by current carrying
super condu ”;hysiaagd,

2017-09-20-geneva-eucas-11 vol. 351,pp. 3498356, 2001.

detector




hr Detection Mechanism

Critical Temperature ~ 11 K

resistive barrier spans nanowire

% = v
—

4 nm | niobium nitride

detector
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hr Detection Mechanism

Critical Temperature ~ 11 K

resistance grows from heating

4 nm | niobium nitride

detector
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hr Detection Mechanism

Critical Temperature ~ 11 K

current is diverted

4 nm ; | niobium nitride /
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hr Detection Mechanism

Critical Temperature ~ 11 K

superconductivity is restored

4 nm ; | niobium nitride /
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hr Detection Mechanism

Critical Temperature ~ 11 K

bias current is restored

4 nm | niobium nitride
___________ Ibias
detector ' SR
oL

Kerman, Dauler, Keicher, Yang, KB,Gol'tsman, Voronov, Applied Physics Letters (
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s Characteristics of Pnoton
- Detectotrs______________

A Efficiency h3 /7\ incident photons
voltage 1_3’\ ? 9\? 9\ ? with no signal

“time
A Reset time /7\ incident photons
blocked by
R grg\ g,\ earlier signal

~ time

varying delay between

A litter g g g photons and signals
/\ /\ /\ > ..
o —ile DA time
t, %, t

3
A Dark count rate /\ .
g/\ ‘ voltage pulses with no

g/\ corresponding photon

%

>

~time
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G[ [/ 5 6Aff -mbspack@sercdmidinicatigns sy$tem that can be operated ov
range ten times larger thanthe nerl NI K NJ y3Sa G0KFdG KI @S 0S
nitp:/lesc.gsic.nasa.gov/267/271 hiyenabled by nanowire detectors developed at MIT
Lincoln Laboratory in collaboration with MIT campus.



http://esc.gsfc.nasa.gov/267/271.html

Superconducting Nanowire 'to T
Single-Photon Detector (SN =)

NbN T T TR
@2.5 K

100 nm

to ground ; Yang et al., IEEE TAS (2005)
Gol 6t aatadPL, (2001).



Geometric Jitter

Detector area:

d =10 pm
Signal Speed = ¢’ ~ £ = 100 um ps~1

= geometric jitter ~ 50 {s



Kinetic Inductance:
Superconducti vity(

Top view o o Tnd r
ecific Inductance =
/ \ p S ;
A
— Ho Area
G & ~ 400 pH pm ~*
00 nm Specific Capacitance = Cg
\ > ~ 3.3¢,
~ 30aF pm~*
Side view
G S G NbN Signal Speed = ceg
Sio, _ e
Sj vVCsLg 30

=3%c
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Kinetic Inductance: .
Superconducti vity(

6
© 5| SR
Y 7
@
R 4|
2
8 31 from simulation
O line is guide to eye
> 2+ i
1 1 1 1
0 0.5 1 1.5 2

width(zm)

s / d = 50 pH/square

22
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Geometric Jitter

Detector area:

d = 10 pm
Ceft ~ 5z = 100 pm ps

= geometric jitter ~ 20 ps



Ultra-High- Time- Resolution SNSPDs & gg;;;g;qg;fggg ;agg;:;gg
flir-N&ST

A =785nm

0.5

Normalized Counts

| 0 5 upported by:
Delay (ps) DARPA & NSF

A Single photon detection with 3.7 ps FWHM time resolution at 1550 nm
A 20 um x 80 nm x 5 nm NbN nanowire, low-noise cryogenic amplifier

A Low jitter with larger active area may be practical using differential
readout

JPL: Borikorzh Simond-rascaMatthew Shaw MIT: QiMgan Zhao, KKB
NISTThomasGerrits Marty Stevens, Richard MiriBaeWoo Nam
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I"ii Existing SNSPD arrays

Time-domain multiplexing (2 pix) Frequency-domain multiplexing (2 pix)

ctor N Detector 2 Delay Detector 1 Bias

Doerner, S. et al. IEEE
Trans. Appl. Supercond.
(2016) (Karlsruhe)

[aglj

Hofherr, M. et al. IEEE Trans. Appl. Supercond. (2013).
Karlsruhe (proposal from Grenoble, also work at Delft)

SFQ readout (4 pix)

on-chip MSL

] Voltage
Driver :

ENSPD/SFQ

Hofherr, M. et al. Opt. Express (2012) (Karlsruhe)

Yamashita, T.et al. Opt. Lett. (2012) NICT
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I"ii Existing SNSPD arrays

Modul ate SNSPDOG0s out put

Row-column addressing (64 pix)

Inductive current splitting (4 pix) Neantivel
Positive %%?Sge N\

Zhao, Q-Y. et al. Appl. Phys. Lett. (2013)
MIT

Allman, M. S. et al. Appl. Phys. Lett. (2015)
NIST, JPL

29
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Spatial and temporal detection in a wire

Photonarrives atx, t,
T j( N
L/2
(“T

-Lw
J right pulse arrival time

tr=t,+ (L/2-X)/O Q

left pulse arrival time: Location: X =(t, Ct)cQ K H
t =t + ¢2+/0Q T differential time
Time: t,= ¢ +tg- /O

""""""" sum time

Photon position and arrival time can be
detected simultaneously!



Similar readout architecture s in other detector

arrays
micro-channel plate (MCP) using Neutron imager
delay lines for imaging using delay lines
%3"6' DC bias current Coincidence
'\‘&%‘ clr7ult
e b G
oos——_-B—’g%i’a
gL Qos s; e
28 83l<—a
es Qos g -8
12
2 "3 8
DC bias ATT: attenuator
current g g 8 QOS: Quasi One
http://www.roentdek.com/ LSS dunction QU
*O. Jagutzket al,, Nucl Instruments *T. Ishida,et.al., J. Low Temp. Phygol.

Methods Phys. Res. Secd '/, 244249 176, no. &4, pp. 216221, 2014.
(2002)



width =300 nm, gap = 100 nm, total length =19.7 mm, area= ¢ Pl p wio'l
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Two connectors for one imager (>500 pixels)

No cryogenic circuit is required




Output pulses from the SNSPI

normalized voltage

normalized voltage

-05

Photon lands near the middle

1.2 T T T T I I

(ag = 8278 mm)

0.4

0.2

A~
“v‘”“‘j | | | " (d = 9357 mm)

] ] ] ] ]
0 5 10 15 20 25
time(ns)
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Output pulses from the SNSPI

normalized voltage
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Mapping each photon position to form an image
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~590 effective pixels (with 2 lines)
spatiatresolution (H: 5.6mm, V: 13.0rm)
50 psphoton detection jitter

Maximum counting rate (2M counts/sec)

Efficiency is not optimized

___________________________________________________________

................................

. I
I =

___________________________

.....................................

..............................

. I
..................

: ,pholanmalgeg lbased on a superconductlng nanowire delay



Can We Observe Two-Photon
Coincidences?

A Assume a pulsed source of photons
(not continuous wave sources)

A Assume light will be coupled in via
waveguides (not free space)



Delay-line Multiplexing

£ Cht ha Ch2 .
’: _I_I_ 1
- W 7o, 2o )_Sﬁ@-[‘,w% |
= I d cai Single-photon =
I trahsformer fransmisston 3 Getector
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Top ground plane




Delay line multiplexing

16 detectors ﬂpm_

B Potential
JRag cetector waveguide
i integration
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Q
4-element array
Only the first rising edge at each side is time -tagged
0
D1 D2 D3 D4
O O ot O O

D1+D3

ot ct pT pT ct ot



[2
4-element array
Only the first rising edge at each side is time -tagged
0
D1 D2 D3 D4
O O ot O O
D1+D?2 D3+D4
O p2+D3( D)t O
D1+D3 D1+D3
O ot O
D1+D4 0

ot ct pT pT ct ot



mean photon
number per pulse

T

1:diff



16-Element-detector chain

D Zhugt. al,CLEO 2017: Applications and Technology, JTh5B. 4



Can we resolve more than two.




SPICE simulation for the pulse shapes

D, Chl D,Chl
5 ' ' 15— . :
N SPICE Modeling SPICE Modeling
Al 7 z 1y ]
E 0.5 T E 05 ¢t
0= ' ' ' 0 . .
0 > 10 15 0 5 10 15
Time (ns) Time (ns)
500 — g . - T 500 T . —
400 | Experiment | a0) Experiment

0 5 10 15 0
time (ps)

5 10 15
time (ps)

(SPICE modeling w/o amplifier gain and readout bandwidth)



Ambiguous two -photon events

Same time tagging
Two pulse shapes

w A
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Ambiguous two -photon events

Same time tagging
Two pulse shapes

D,(D,)D,
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voltage (mV)
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Photon number resolving

Fraction of events where
k detectors fire

0.8 ,\r - 7% - Measurement
\‘-,‘F» Theory
\
0.6- ‘\\ \
0.4-

0.2

O.OO’




Applications

Boson sampli.ng Quantum walk/simulation

A

/ o~
/o" , n (effective temporal axis)

/‘/ Phase Directional
shifter coupler

Spring.et al., Scienc&39 (6121),798-801 (2013)

Single-photon spectrometer

cco

Bs 600nMm

= .
532nM

Kah| et al., arXiv:1609.07857 (2016) Peruzzoet al., Science 329 (5998), 150803 (2010)
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What Have We Learned?
1. SNSPDshould be treated as
distributed elements

2. Speed of lights extremely slow In
thesematerials

Where Are We Going?

Photonnumber resolution
Large imaging arrays
Evenshorter jitter

Apply slowlight effect to other kinds of
devices and applications

> W



Superconductivity Team in QNN Group
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Qing-Yuan Zhao Andrew Dane Reza Baghdadi Emily Toomey
(Now Prof., (NASA Fellow) (Post-Doc) (NSF Fellow)
Nanjing U.

jing U.) Graduated/Former
Nathan Abebe
Lucy Archer

Francesco Bellei
Ignacio Estay Forno
Niccolo Calandri
Yachin Ivry

Di Zhu Brenden Butters Murat Onen Adam McCaughan
(A*Star Fellow) (Grad Student) (Grad Student) Faraz Najafi
Kristen Sunter
Hao-Zhu Wang







Backup slides!



VLSI Circuit Evaluation

¥, VLSI circuit
Imaging and
debugging

v, SNSPD
enables
performance
advances

Meridian-y/

Image courtesy of DCG Systems

Collaboration between BU, DCG Systems, IBM, Photonspot, funded by IARPA
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A Hi-ayder temporal coherencesof c ha ot i ¢ a n dSteveass Baek, Daulay, Kerngan,
Molnar, Hamilton, Berggren, Mirin, and Nam, Optics Express, 18, 1430 (2010)
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Ambiguous two -photon events
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Work supported by NASA Deep Space Optical Communication

Project

True Quadrant
Active Area

320 um Diameter

Jason Allmaras, Andrew
Beyer, Ryan Briggs,
Francesco Marsili, Bill Farr,
and Matthew Shaw

o o Po Po Po Do I

64 pixel WSi SNSPD array, 97% yield
320 um diameter, free space coupling
74% System Detection Efficiency
1.1Gcps maximum count rate

< 150 ps FWHM timing jitter
Background limited dark counts

Interdigitated pixels offer pseudo - PNF




dark counts (kcps)

Dark count map
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SNSR: superconducting nanowire single -
photon Imager

Use CPW structure
Ground is hidden

Q.-Y.Zhao,et . a | . -photorSmagey based on a superconducting nanowire delay
| i nNatare Photonics 11 (4), 247-251



