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Astronomy picture of the decade

M87*  April 11, 2017

sensitive to features
on angular scale
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53M light years away
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Black hole in the center of M87 imaged at 1.3mm

Achieved by radio interferometry with ~10000 km baselines,



Optical
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Can literally record entire
waveform, separately at
each receiver station and

interfere later offline

One photon at a time! Need to bring paths
to common point in real time

Need path length stabilized to better than A

Accuracy ~ 1 mas (milliarcsecond)
Max baselines ~ 100 m




Optical interferometry examples

——
~ 1 mas

Dynamic convection on
Antares
(VLTI, ESO)

CHARA Collaboration, “First Resolved
Images of the Eclipsing and Interacting
Binary 3 Lyrae”; arXiv:0808.0932, The
Astrophysical Journal, 684: L95-L98.
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Two-photon techniques



Quantum-assisted telescopes

PRL 109, 070503 (2012) PHYSICAL REVIEW LETTERS 17 AUGUST 3012
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Longer-Baseline Telescopes Using Quantum Repeaters
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« Measure photon wave function phase difference performing Bell State Measurement
at one station so teleporting the sky photon to the other station

« Enables long baselines and could improve astrometric precision by orders of
magnitude 6

« QObservables: measure coincidence rates of four single photon counters



Possible impact on astrophysics
and cosmology

https://arxiv.org/abs/2010.09100

offers orders of magnitude better astrometry with major impact

« Parallax: improved distance ladder

* Proper star motions

* Microlensing, see shape changes

« Gravitational waves, coherent motions of stars
« Exoplanets

* etc



More recent developments

PHYSICAL REVIEW LETTERS 123, 070504 (2019)

Optical Interferometry with Quantum Networks
« "~ v . 1 - 2 12 . 1, o] |
ldea: Capture and store Sky photons E.T. Khabiboulline, " J. Borregaard, ~ K. De Greve,' and M. D. Lukin
I/)t'[hll'lllh'l” of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

in quantum memories then teleport :().\I.-\'I'II‘ Department of Mathematical Sciences, University of Copenhagen, 2100 Copenhagen @, Denmark
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® (Received 17 September 2018; published 15 August 2019)
and measure as needed

PHYSICAL REVIEW A 100, 022316 (2019)

Quantum-assisted telescope arrays
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2QMATH, Department of Mathematical Sciences, University of Copenhagen, 2100 Copenhagen @, Denmark

Y PO
[ - A 5 i

|¢i) 001 010 011‘100 101 110
s v
s " b 000000

even

“odd

encoding

code

decoding

Idea: Efficient time-bin encoding of photon arrivals



More futuristic ideas

Quantum hard drives!

Scientific American Unlimited
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Quantum Astrometry

Idea: use another star as source of correlated states for the interference



Quantum Astrometry

Idea: use another star as source of correlated states for the interference

Source 1 Source 2

Path phase Path phase P(C2) = P(dz) = P(g2) = P(hz) = 1/8
difference &, difference &, P(cg) —_ P(dh) —_ (1/8)(1 + COS(61 — 52))
P(ch) = P(dg) = (1/8)(1 —cos(d1 — &2))
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New oscillatory term!

Relative path phase difference 8, — 3, can be extracted from the coincidence
rates of four single photon counters: ¢, d, g and f
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Comparison to Hanbury Brown — Twiss
Intensity Interferometry

Standard HBT Quantum astrometry
Source 1
Source 2

| Half

mirrors
* Common
spatial mode

Detectors
Detectors

Photon bunching if path difference

S ) Coincident pair detection sensitive to phase
is within coherence time

difference of two photons

12



Earth rotation fringe scan

2
(N(zy)) = k(S ;— S2) [1 + Vaps cos [27;3 (sin@; — siny) + 2”AAL “
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I 3¢ This will evolve as the Earth rotates
44 _
* (Nay)(t) = Nay [1 £ Vcos (wst + @) Coincidence rates
|

oscillate

27 BQg sin Fringe oscillation rate is a
wy = = A0 « direct measure of sources’

A :
opening angle!

world competitive precision with a modest experiment (for bright stars)

‘ o|Af| ~ 10pas (~10trad) 4

https://arxiv.org/abs/2010.09100



Requirements for detectors
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results from:

P Svihra et al, Multivariate Discrimination
in Quantum Target Detection, Appl. Phys.
Lett. 117, 044001 (2020)

« Photons must be close enough in frequency and time to interfere >
temporal & spectral binning: need ~ 0.01 ns * 0.2 nm for 800 nm

« Fastimaging techniques are the key

— Several promising technologies: CMOS pixels+MCP, SPADs, SNSPDs, streaking

« Spectral binning: diffraction gratings, Echelle spectrometers
— Need large number of bins

Quantum-Assisted Optical Interferometers: Instrument Requirements; Andrei Nomerotski et al,
Proceedings Volume 11446, Optical and Infrared Interferometry and Imaging VII; 1144617 (2020) SPIE
Astronomical Telescopes +Instrumentation, https://doi.org/10.1117/12.2560272; arxiv:2012.02812
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Intensified Timepix3 Camera

time-stamps single photons with ns resolution

Camera = intensifier + sensor + ASIC + readout

— 256 x 256 array
— 1.6 ns time bin, data-driven readout

M. Fisher-Levine, A. Nomerotski, Timepixcam: a
fast optical imager with time-stamping,
Journal of Instrumentation 11 (03) (2016) C03016.
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arxiv.org/abs/1902.01357
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Spectral binning

In collaboration with NRC (Ottawa) D.England, Y.Zhang et al

Signal photons
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Idler photons

OA*xdt ~5ns * 0.5 nm

Single mode fibers

Signal Idler Correlations
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arxiv.org/abs/2105.09431

. . - _ P Svihra et al, Multivariate Discrimination in Quantum Target
Y Zhang, D England, A Nomerot§k|, P Svihra et al, Multldlmenspnal Detection, Appl. Phys. Lett. 117, 044001 (2020)
quantum-enhanced target detection via spectrotemporal-correlation . -
measurements, Physical Review A 101 (5), 053808



Fast timing technologies

« Superconducting nanowires (SNSPD)

1000 1 w -+ Data
— In our measurements: 100 ps resolution - — Ezioolgg—,on:s
for single photons, high QE 800 |
— 3 ps SNSPD devices reported 4 600]
S 400 1
200 1
Other technologies under evaluation , ,
. ) 0 i et ot o bt it
« Single Photon Avalanche Device (SPAD) 10 —65 00 05 10

' i dt
— 10 ps resolution possible (ns)

— Scalable: 1D and 2D matrices SPDC pairs in SNSPD
« Streaking cameras

— Use spatial information for time measurement
— 1 ps resolution possible

Quantum-Assisted Optical Interferometers: Instrument Requirements; Andrei Nomerotski et al,
Proceedings Volume 11446, Optical and Infrared Interferometry and Imaging VII; 1144617 (2020) SPIE
Astronomical Telescopes +Instrumentation, https://doi.org/10.1117/12.2560272; arxiv:2012.02812



Experiments in progress

Strong HBT peak with single lamp

~+- Data
Fit:
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Bench-top model of two-photon interferometry

Ar vapor lamps (794 nm line) with narrow band filters
Superconducting nanowire single-photon detectors
(Single Quantum)

_ Supported by DOE HEP QuantISED grant 18
arxiv.org/abs/2012.02812



First results

« Effect can be seen in coincidence correlations between pairs of
SNSPD channels

— Technique is less sensitive to phase instability (~ 10 sec)
« Results agree with predictions, correlations ~0.1-0.2 @ >3 o
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Next steps

20
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Preparations for on-sky
experlments

Ora ~ 0.3 deg

Earth rotation fringe evolution dpec ~ 0.06 deg

0.02 sec @
<>
P SASEToA VATANZSSTAVANG SeTAva: ’\A g
Time, sec V|S|b|||ty, SRA OpEC
Star pair selection for fringe scans MCMC it results

— Used catalog of bright stars visible from BNL site
Modeled reconstruction of fringes to evaluate experimental errors

Paper in preparation
21



Developing the quantum

Use multi-partite entanglement (ex W or GHZ states) distributed between multiple
stations and quantum protocol to process information in noisy environment

Quantum protocol circuit
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« Density operators p
* Multi-partite entanglement is distributed over

Geometry: 2 stars + A,B,C multiple stations
telescope stations + source of « Quantum protocol evaluates experimental

entangled photon states + observables 99
detectors « Paper in preparation




Summary

Two-photon amplitude interference can be used to
improve astrometrical precision by orders of magnitude

* Application of quantum entanglement and teleportation
techniques to astronomy with great potential

Not far from practical implementation with existing
technologies

* Motivates new technologies for fast single photon detection with
sub-ns resolution

Planning on-sky measurements

Developing theoretical framework, looking for new

observables ’
www.quantastro.bnl.gov
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In the optical

Siderostat i 5
Slits —|-———|- Different
Lens < sources
yield
shifted
Y| fringes

Www[\/\j\]\/l[\AM

Michelson Stellar Interferometer at Mt. Wilson c. 1920, MMMANVWAA[\/W\N\/VV“WV””WM
after original idea by Michelson & Fizeau c. 1890

26




World-competitive precision

olag =y L2 1 1
2k V B TQg sinfy \/nT
n = average pair rate
T = total observation

A modest experiment: time

 Bright stars, mag 2

1 m? collecting area Track d dav ch _
4 - rack day-over-day changes in
10* seconds observation A6 to observe parallax, proper

0.15 nsec time resolution motion, orbital motion,
104 spectral channels gravitational lensing

200 m baseline

» O[A@] ~ 10pas (~ 10! rad)

state of art: 7 uas GAIA (2013 -) 27



Intensified Timepix3 Camera

time-stamps single photons with ~ ns resolution

Camera = intensifier + sensor + ASIC + readout
« Optical sensor with high QE @ BNL

— Sensor is bump-bonded to chip Timepix3

 Timepix3 ASIC @ CERN - “
p @ _ _ M. Fisher-Levine, A. Nomerotski, Timepixcam: a
— 256 x 256 array, 55 x 55 micron pixel fast optical imager with time-stamping,
. . . Journal of Instrumentation 11 (03) (2016) C03016.
— 1.6 ns timing resolution, data-driven readout

10 Gbs readout SPIDR @ Amsterdam Scientific Instruments

» Intensifier with GaAs photocathode @ Photonis 2 r-~--, Tpx3Cam
p=4 S | I
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Zhao et al, Coincidence velocity map imaging using Tpx3Cam, a time
stamping optical camera with 1.5 ns timing resolution,
Review of Scientific Instruments 88 (11) (2017) 113104.



Each photon is a cluster of pixels
- 3D (x,y,t) centoiding

Time resolution: 2 ns/ photon

A.Nomerotski, Imaging and time stamping of photons with nanosecond
resolution in Timepix based optical cameras, Nuclear Instruments and
Methods Sec A, Volume 937 (2019) pp 26-30

29



MCP Timing Performance

Electrical connection

TREN Apaee - Optical connection

Laser :
_1 l ’_ TDC2 (Laser Trig Out)
: “Cricket” image intensifier
TRIG_OUT
200 ns fiber delay Photocathode
o §| ’_‘ TDC1 (MCP Signal)
-J P47 Phosphor screen |
TPX3 Pixel Readout —L
r -y Spot 1
AC coupling T : — ! : _____________
Amplifier | Si Sensor ‘ '
| v rm—— 5 -
Discriminator : Timepix3 E _6' | ‘ Spot 2
I—TDCL SPIDR é) ) T
TDC 2, :Q T"T____,
3 L {3
" . <+ Data
« Micro-channel plate (MCP) is fast 2500 | S
i t0 = 202.632 ns
H 2000 3
— Demonstrated resolution < 30 ps £
“ 1500 r i
« MCP readout for Tpx3 camera <
: © 1000 I
— 50 ps, not for single photons yet &
g
500 £
$ -
Quantum-Assisted Optical Interferometers: Instrument Requirements; Andrei Nomerotski et al, j i 20
Proceedings Volume 11446, Optical and Infrared Interferometry and Imaging VII; 1144617 (2020) SPIE 202.0 202.5 203.0 2035

Astronomical Telescopes +Instrumentation, https://doi.org/10.1117/12.2560272; arxiv:2012.02812 dt (ns)



Possible technologies: Streaking

» Streaking: use a spatial coordinate for time
measurement

— Deflect photoelectrons by oscillating field
— 1 ps resolution possible

Multichannel plate
+ Phosphor screen

Quantum-Assisted Optical Interferometers: Instrument Requirements; Andrei Nomerotski et al, Diffraction grating
Proceedings Volume 11446, Optical and Infrared Interferometry and Imaging VII; 1144617 (2020) SPIE 31
Astronomical Telescopes +Instrumentation, https://doi.org/10.1117/12.2560272; arxiv:2012.02812



