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Quantum communication with photons
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Free-running single-photon avalanche diodes

Possible 10°
speed of
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Amri, Boso, Korzh, and Zbinden Optics Letters 41 (24): 5728 (2016)
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Quantum channel Detector

Distance (km) Attenuation (dB) Type Temperature (K)
This work 307 519 InGaAs® 153
Wang 201224 260 52.9 SNSPD 1.7
Stucki 2009%° 250 429 SNSPD 25
Takesue 200726 200 421 SNSPD 3
Liu 2010%7 200 - SNSPD 24
Rosenberg 200928 135 27.8 SNSPD 3
Namekata 20112° 160 33.6 InGaAs® 193
Yuan 2009%° 100 20 InGaAs® 243
Shimizu 201423 90* 30 SNSPD 2.5
Lucamarini 2013 80" 16 InGaAs® 243
Walenta 20148 25" 53 InGaAs® 293

Korzh, Lim et al Nature Photonics 9 163 (2015)



Superconducting nanowire single-photon detector
(SNSPD)

Nanofabrication

‘ wafer ‘

~2-10 nm thick
superconducting thin film i
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Goltsman, et al, APL 79, 705 (2001)




SNSPD detection mechanism

| /%1\2

1. Current-biased
superconducting nanowire

2. Photon absorption &
Hotspot formation

3. Suppression of
superconductivity

4. Normal domain growth -

internal gain
4
@ " o ? Typically operating at 1-4 kelvin

5. Recovery

Allmaras, Kozorezov, Korzh, Berggren and Shaw, PRApplied 11 034062 (2019)

Alimaras, Modeling and Development of Superconducting Nanowire Single-Photon Detectors, Ph.D. Dissertation, Caltech (2020)
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Advances in superconducting nanowire detectors

Timing | Intrinsic photon | Efficiency Array Maximum Dark count rate | Active area Cut-off
jitter number size count rate wavelength
resolution
18 ps None 93% 64 1 Geps 4 /s/mm? 0.001 cm? 5um Records in
2016
l ‘l [4,5]
— E—
3-5 photons 1.5 Geps Current records
for isolated
A4 \4 devi
E—— \4 evices
7 4105 [3] ¥ (6] ], a mmw 7]
— v (2 ; > | 0-1cm? 29
2.6 ps T 4x105 /s/mm KHm
1ps 10 99 % 107 10 Geps 1x10° 1 cm? 100 um Expected
2 performance by
/s/mm
2030

[4] Craiciu, Korzh et al, Optica 10, 183 (2023)
[5] Resta et al, Nano Letters (2023)
[6] Chiles, PRL 128, 231802 (2022)
[7] Taylor, Walter, Korzh et al, Optica, (2023)

[1] Korzh, Zhao et al, Nature Photonics 14, 250 (2020)
[2] Reddy et al, Optica 7, 1649 (2020)
[3] Oripov, Rampini, Allmaras, Shaw, Nam, Korzh, and McCaughan, Nature 622, 730 (2023)



Record timing accuracy

Probing the intrinsic timescales of the

s T R e detection process for first time
30F ,g 7750m, 3.0 ps
A e T Future material investigations will
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Korzh, Zhao, Allmaras, Frasca et al Nature Photonics 14, 250-255 (2020) Slide 7



Need to increase the active area...

Slide 8



Low-velocity superconducting transmission lines

Fiber spot
I ' : \Hl dielectrics
. metallic reflector
Optical stac
\f\\
time

Full nanowire ~1000 pm long
- 300 ps jitter, potentially

Kinetic-inductor
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Improved signal readout with impedance matching
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Compact impedance matching tapers

Zhu, Colangelo, Korzh et al, APL 114, 042601 (2019)
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Differential readout

’
Geometric Effects (Slow speed > v,,= 0.01c) |

Detecti t
X=0 Xp X =L ; Xp ; ection even
~ > pos »
< . > L=xp
4 1 / lheg = »
l b = tpos + tneg . i
tpos tneg > 2 2v

The detector jitter jy is independent from x,

Geometric contributions are cancelled out!

Colangelo, Korzh, Alimaras, Beyer et al, PRApplied 19, 044093 (2023) Slide 11



Practical single-pixel detectors

time i
amplification and

signal conditioning

time tagger

differential reade

Colangelo, Korzh, Allmaras, Beyer et al, PRApplied 19, 044093 (2023) Slide 12



Detector requirements for Quantum Communication

High efficiency
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Low noise

Now have pathway to 10-20 GHz clock
rates in Quantum Communication
Mueller, Korzh, Runyan et al, Optica 8, 1586 (2021)

Low timing jitter
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[1] R. Hadfield, Nat. Photonics 3, 696 (2009)
[2] UniGe: A. Boaron, et al., PRL 121, 190502 (2018)




Other useful features....
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Photon number resolution

Impedance taper
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Photon number resolution with differential detector
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Some use cases....

optical cavity

Slide 17



Pulse position modulation for classical communication

= Large-M PPM sends more bits per
photon to minimize power at
transmitter

Deep-space optical communication Fiber classical communication
~10 exa-photons / sec (1019) FightLase :u/c\ =0 = ™ =
: ﬁ:‘:ﬁ::"‘ I\M I = \IM I = J\,-ﬁ’\r ﬁ SNSPD -

HS -
i MOC

e -,
document has Boerr reviewed and determined not fo

. =" S Lower Raman noise for classical
Current DSOC implementation 500 ps slot communications in Quantum Networks
width -> can we go to 50 ps in future? » Classical channel in QKD or teleportation

» Clock synchronization e 18
Wollman et al Optics Express 32 (27): 48185 (2024) e



Photon-number resolution for timing correction — &

Photon-number resolution from pulse slope
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20 GHz PPM demonstration

Data fidelity vs mean photon per pulse

1.04
o 0.8
o
M
[m)
w 0.6 correct
+= b
i incorrect
'S 0.4 —— vacuum
o
4
(o]
o 0.2
OO T T T
BC BC 10’1 100 101
Mean Photon Number Per Pulse

Sent Image Received image
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Quantum communication |
Single photons

Similar to optical comm but... at this point!
~10° photons / sec

Alice e Bob
10 GHz : : 10 GHz
FPGA Service FPGA
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200ps Quantum 1:8
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Random phase M SNSPDs
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0 R
Gain sv:;’i(t)cﬁsed laser Phas;elcz)cc;king Base =Z ‘ A ' Decoys
5 GHz Bit=1 Lo > iy > fo

B =X
oo 4 1/ ...30-60 dB channel loss is realistic



High speed entanglement distribution

Resource for quantum cryptography and communication
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Mueller, Davis, Korzh, Valivarthi et al, Optica Quantum 2, 65 (2024)
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High clock-rate entanglement-based quantum comm

>99% interference
visibility

Normalized Coincidences
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Mueller, Davis, Korzh, Valivarthi et al, Optica Quantum 2, 65 (2024)
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- - kY W
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Wavelength multiplexing

Only using small fraction of available photons

<+>
C) L, C, S Channels
—— x16 Channels
—— x8 Channels
1.0

Raw Spectrum
—— Smoothed Spectrum

o
o
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o
o

o
'S
L

0.2 1

0.04

1490 1540 1590 1640
Wavelength (nm)

Table 2. Extrapolated Rates (MHz)?

1440

Future detector architecture
i

pump input

SNSPD array

ide coupled & )V

cavit;enhanced SPDC

dichroic

L diffraction grating

idler arm
output

Towards multiplexed guantum memories

Rate Metric (¢ at max) 1 Channel 8 Channels 16 Channels 60 Channels
Coincidence Rate, Cyg (0.014) 0.755 5.41 11.6 349
Log Negativity, Cy (0.010) 0.600 4.30 9.19 27.7
Coherent Info., C; (0.006) 0.345 2.47 5.28 15.9
Secret Key Rate, SKR (0.007) 0.309 2.21 4.73 14.3

Mueller, Davis, Korzh, Valivarthi et al, Optica Quantum 2, 65 (2024)



n L
Can we supplement H = . with high count rate?

Detector
Measurement

Telescope

Alice . Synchronization

— <

Bell state measurement

>10 GHz clock rate
Need >1 Gceps !
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PEACOQ

Performance Enhanced Array for Counting Optical Quanta

% of Input Photons Detected
- ~N w » wv
AY

o

r

l. Craiciu, B. Korzh et al., Optica (2023)

15.62
]

Only straight lines!
Avoids bends and
wider sections

Metrics:

* A=1550nm £ 75 nm

*  78% £ 4% system detection efficiency
* 160 dark counts per second

* sub-100 ps timing jitter

* 1.5 Gcps count rate (3 dB compression)
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PEACOQ Maximum Count Rate (MCR)

Future work:

Detection efficiency vs. time since last detection Normalized efficiency versus count rate « How fast can we

e 1f z 1 ! push the single

gosf 2081 wire count rate?

Eo_(;- time — 80-5' « 1.5 GHz has

gos 504 been achieved

202/ s%% | with 14 wires [2]
0o 5 10 15 20 25 (1)02 163 164 165 1(';.6 107 108 1092 1010  Enabled 100

Time Between Counts (ns) Measured Count Rate (cps) Mb/S QKD [3]

Maximum count rates (3 dB): Saturation at different array count rates

1 nanowire: 48 — 73 Mcps o . 250 Mcps 1 Geps 1.5 Geps e Scalable

32-wire array: 1.5 Geps g > oo /\ L mu|tip|exing that
Highest count rate measured: 3 Geps 020 | H M nlll|||||||| ““Hllu Preserves the fast

-4 0 4 -4 0 4 -4 0 4 pUlSE shape

pm

o _ [2] Resta et al, Nano Letters 23 (13): 6018 (2023)
. Craiciu, B. Korzh et al., Optica (2023) [3] Griinenfelder et al, Nature Photonics 17 (5): 422 (2023)



Considerations at high count rates....




PEACOQ Timing Jitter at High Count Rates — 1 Wire

Jitter histogram

Timing jitter is affected by with and without time-walk correction
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Mueller et al., Appl. Phys. Lett. 122, 044001 (2023)
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PEACOQ Timing Jitter at High Count Rates — Array

Estimated Array Jitter
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Other useful features....

optical cavity
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L : Simulation
Intrinsic imaging ® @

* 1
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0 Useful for: First demo:
Vpos  Spatial correlation studies Zhao et al, Nat. Photonics 11, 247 (2017)
L time  Optical fiber alignment studies

Colangelo, Korzh, Allmaras, Beyer et al, PRApplied 19, 044093 (2023) Slide 32



Intrinsic imaging

Experimental demo
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Colangelo, Korzh, Allmaras, Beyer et al, PRApplied 19, 044093 (2023) Slide 33



Advances in superconducting nanowire detectors

Timing | Intrinsic photon | Efficiency Array Maximum Dark count rate | Active area Cut-off
jitter number size count rate wavelength
resolution
18 ps None 93% 64 1 Geps 4 /s/mm? 0.001 cm? 5um Records in
2016
l ‘l [4,5]
— E—
3-5 photons 1.5 Geps Current records
for isolated
A4 \4 devi
E—— \4 evices
7 4105 [3] ¥ (6] ], a mmw 7]
— v (2 ; > | 0-1cm? 29
2.6 ps T 4x105 /s/mm KHm
1ps 10 99 % 107 10 Geps 1x10° 1 cm? 100 um Expected
2 performance by
/s/mm
2030

[4] Craiciu, Korzh et al, Optica 10, 183 (2023)
[5] Resta et al, Nano Letters (2023)
[6] Chiles, PRL 128, 231802 (2022)
[7] Taylor, Walter, Korzh et al, Optica, (2023)

[1] Korzh, Zhao et al, Nature Photonics 14, 250 (2020)
[2] Reddy et al, Optica 7, 1649 (2020)
[3] Oripov, Rampini, Allmaras, Shaw, Nam, Korzh, and McCaughan, Nature 622, 730 (2023)



Summary

» High efficiency, low jitter (10-15 ps)
detectors are enabling increased clock /
rates in quantum communication (>10 ## s
GHz) A

« >1 GHz detection rates and processing
are available

* Intrinsic photon number resolution is
an additional tool becoming available

« Large scale arrays are on the horizon
« Multiplexing in quantum networks
« Optical readout in quantum computing

|deal for space-to-group quantum comm Side 35



