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Astronomy picture of the decade
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Black hole in the center of M87 imaged at 1.3mm

Achieved by radio interferometry with ~10000 km baselines
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Can literally record entire
waveform, over some
band, 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 compensated to better than
c/bandwidth

Need path length stabilized to better than A

Accuracy ~ 1 mas
Max baselines to ~ 100 m




Two-photon techniques



Second photon for quantum assist
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« Measure photon wave function at one station so effectively teleport the sky photon
to the other station

* Need to transfer the photon quantum state - can use quantum networks, this
will allow long distances



Quantum Network

Attenuation in fibers > need quantum repeater to reproduce qubits
— Simple amplification will not conserve the quantum state

Qubit teleportation: produce entangled photons and send them to two
locations

Bell State Measurement (BSM) on one photon will collapse the wave
function of the other one (or swap entanglement, or teleport photon)
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Idea: use another star as source of coherent states for the interference
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Relative path phase difference 9, - 8, can be retrumertaton snd Metracs or Adranty

extracted from the coincidence rates of four single

photon counters: ¢, d, g and f TWO PhOtOH amplltude

interferometry for precision
Perfect to start exploring this approach astrometry

Paul Stankus. Ancre Nomentski. Anle Siosar, Stephen Virtskaevck

MUISE 3G 05/ 103808 /30 20410 0000

https://arxiv.org/abs/2010.09100



Hanbury Brown — Twiss Interferometry

If points are close enough two options of photons paths are
coherent = photon phases not so different and they interfere

Interference produces photon bunching or HBT effect

HBT with two sources?
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Detectors
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New idea: Coincident
pair detections now
sensitive to phases of
incoming photons

Qriginal motivation:
gravitational waves



Earth rotation fringe scan
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Fringe oscillation rate is a
direct measure of sources’
opening angle!

Can measure with high precisicn

o|Af] ~ 10pas (~ 10" rad)

doi.org/10.1103/PhysRevD.107.023015



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 - sensitive to Dark Energy
* Proper star motions - sensitive to Dark Matter
* Microlensing, see shape changes

* Black hole imaging
« Gravitational waves, coherent motions of stars - microHz range
* EXxoplanets
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Requirements for detectors
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Photons must be close enough in frequency and time to interfere >
temporal & spectral binning: need ~ 0.1 nm * 10 ps

Fast imaging techniques are the key
— Several promising technologies: CMOS pixels+MCP, SPADs, SNSPDs
— Target 1-100 ps resolution

Spectral binning: diffraction gratings, echelle spectrometers

High photon detection efficiency
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



Possible technologies: SNSPD

Superconducting nanowires

— Used Single Quantum
SNSPD

— 20 ps resolution for single
photons using SPDC photon
pair source

— 3 ps devices reported
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.81
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Possible technologies: SPAD

SPAD = single photon avalanche device
Semiconductor device: p-n junction with LinoSPAD?2
amplification

50 ps resolution

Developed in EPFL (E.Charbon et al)

Close-up of SPADz



Benchtop Verification
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- SPAD and SNSPD readout

arxiv.org/abs/2301.07042
Optics Express 31, 44246-44258 (2023)
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Hong-Ou-Mandel effect
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HOM dip for coincidences of two outputs
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oinciderce pair rate (10s bins)
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Phase dependence

Pai- Rate Cos Fits for 5/1922 W F x)=Acos(2n(x/v—6)) + C

13
- . A ;
i / AN A i\ l’r'q ! / A .
\ / \« BYA [\ [\ /) ' \
\ ! \\ B \a { \ / \ [\ \ /) |
\/ \/ \V \ YART*ERVARVERY -
I V) \ J (v \ v v/ \/ ’
14
, R j \ A . 'Ar:, ----
\ A | \.. | / \ \ { ‘l\
{ '|‘ ,'/ \ ;' \. fj \\ |\ ‘f \ / \ }f‘ \, ‘{' \ ; -
| \ ¢ \ \ ‘ A
| { ! Rk \ J \ / \ \ i -
f YU U\ J TANRY N T BV ‘
| 23
N 0N A NN A (O N A A-pem
A /‘ \ [V ] ll )' \ [’ Y c’v \ |/ \ f" Y ! \ ‘
AR YETRYS v YV f' ‘ et
Fo ' \ ! i \ 'l 1 \ \ [ f -
VERVERVERY YERY 4 452308
v o\ N Y y W
4
\ f»\ /\,.‘ r‘ “ ] I. ‘{ .“I | \] l"\ . :
RN ARA i\ /' ] \
y \. | \ '\ f \\ 4 ‘I ( JI \ /' \ ' \ J
\ \ { ] \ / LI
N \ / / ‘»'j W/ \'\ \/ "-,:l( \J'

" r'}mc(:m;».v o arxiv.org/abs/2301.07042
Optics Express 31, 44246-44258 (2023)

Population of HBT peaks as function of phase = phase oscillations



Next step: spectral binning



Spectral binning

B0l 5 nm

120000 1 i
— | T
Two beams of thermal photons - diffraction grating | l m}' ﬂ
Based on intensified Tpx3Cam, ns time resolution é e ’ |‘ ’
“ .- 80 100 120 140
pasition, pixel

spectral resolution for Ar lines ~0.15 nm

200 Ar spectrum »

150

A.Nomerotski et al. Intensified Tpx3Cam,
a fast data-driven optical camera with

0’ nanosecond timing resolution for single
photon detection in quantum applications,
100 100 arxiv.org/abs/2210.13713, published in
JINST
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Timepix3 Camera > Tpx3Cam

Camera = sensor + ASIC + readout

Timepix3 ASIC:

« 256 x 256 array, 55 x 55 micron pixel
— 14 mm x 14 mm active area

« 1.56 ns timing resolution

« Data-driven readout, 600 e min threshold, 80
Mpix/sec, no deadtime

« each pixel measures time and flux, ~1us pixel
deadtime when hit

Sensor is bump-bonded to chip

T. Poikela et al, Timepix3: a 65k channel hybrid pixel readout chip ..
with simultaneous ToA/ToT and sparse readout, Use existing x-ray readouts:

Journal of Instrumentation 9 (05) (2014) C05013. SPIDR (lehef & ASI)
Www.amscins.com

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.



Intensified camera: use
off-the-shelf image intensifier
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Intensified cameras are common:
iICCD
ICMOS cameras



Quantum photon sources -
spontaneous parametric down-
conversion (SPDC) sources

Spontanecus Momentum Conservation

Parametric Ky K;
Downconversion

kF-'UMF

s (signal) L
Pump .
Energy conservation
Nonlinear i (idler)
¥'2 crystal

Ppump = P T O

Produce two photons correlated (sometimes entangled) in
1. Time
2. Position
3. Energy



SPDC source in spectrometer

signal & idler in spectrometer

810 nm idler and signal
no filter
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Next steps: spectrometer based on
LinoSPAD2

Diffracted photon stripe projected on to linear array

200

150

100

Spectrometer time resolution: 5 ns 100 ps



Sergel’s slides



Fast spectrometers at Heisenberg limit

For a single photon uncertainties are bounded by Heisenberg uncertainty principle

At«AE > hl2 0.03nm*1@

Achieved 0.04 nm spectral and 40 ps timing resolution
only x10 morethan Atrx A E > h/2



telescopes



On-sky measurements

« Experimenting with SM fiber coupling
« Trying adaptive optics




On-sky measurements

Mizar and Alcor, 50 ms Exposure

Mizar A & B

— 50 ms exposure
— 15 arcsec separation

Jitter of two stars is correlated and could cancel in differential measurement



Important point for discussion

For amplitude two-photon
interferometry light needs be
coupled to SMF

This is difficult!
5-10 micron spot, highly
non-trivial adaptive optics

If achieved then interference
and spectrometers are easy
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Two possible geometries

1) 2) telescope
telescope
spectrometer
spectrometer
SMF detector

collect telescope light to SMF and send send telescope light directly to

to spectrometer/interferometer (existing) spectrometer
« Difficult, 5-10 um spot, new
adaptive optics - collection
efficiency?

e Need new detectors



A&A 604, Al122 (2017)
DOL 10,105 1/0004-6361/201630351 tronomy

©FSO 2017 trophysics

Efficient injection from large telescopes into single-mode fibres:
Enabling the era of ultra-precision astronomy

N. Jovanovic!*2, C. Schwab®?, Q. Guyonl"‘fs"'. J. Lozi!, N, Cvetojevic™ ™, . Martinache?,
S, Leon-Saval’, B, Norris’, S. Gross® ¥, D, Doughly‘, T. Currie!, and N. Takato!

coupling efficiency in J - H bands ~ 50%

There is hope!



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

S.Vintskevich et al

Quantum protocol evaluates experimental
observables

Common approaches with quantum sensing and

Geometry: 2 stars + A,B,C quantum metro'ogy
telescope stations + source of
entangled photon states + Classificztion of four-guoit entancgled states vig machine learning

S ViIntskavich, N, Bac. A Nomerots«l, P. Stankus, and DA, Crgodey

deteCtorS I:i:'.') Rew. A 107, 032421 - Publshed 23 '\'1 ch 2023



Sensor R&D

New ideas for 2d imaging sensors which can provide 20 ps resolution



20 ps timing

20 ps timing is needed for next
round of CERN experiments in 10
years, there will be lots of
investment in fast ASICs

examples:
Timepix4 chip: 200 ps
Timespot1 chip: 50 ps

Hybrid detector: SPAD + 20 ps chip

T

242v1 [physics.ins det] 27 Sep 20

1
Y

VN

- -

arXiv:

Timespotl: A 28 nm CMQOS Pixel Read-Out ASIC
for 4D Tracking at High Rates
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5 ps timing

FIOURE 1 | ) SPAD cross secson. (B Worogriph of he
Irplomentod thip ombedding DS um damder GIMADs with irogretod pied

crct 1)

SuperSPAD sensor

. ] F. L'hm:'..nglia.' M1 Wi, €L Bruschini, M.-1. Tee, and
* 4 single devices so far E. Charbon, A low noise CRMOS SPAD pixel with 12.1
ps SPTR and 4 us dead time, [EEE Journal of Selectad

Developed in AQUA group in EPFL Topics in Quantum Electronics 28, 1 (2022),

7.5 ps FWHM time resolution
Starting tests



Main points to take home

o Two-photon interferometry can permit independent stations over
long baselines

« New ideas suggest quantum sensing technology can dramatically

enhance astrometric precision, requires single photon cameras with
10 ps resolution

e Promising results with 50 ps spectrometers

Broad program in quantum-assisted optical interferometry ahead, efforts
underway to develop new timing technologies



Main publications

Original idea: https://doi.org/10.21105/astro.2010.09100

Earth rotation fringe scanning: doi.org/10.1103/PhysRevD.107.023015
Experimental proof of principle: https://arxiv.org/abs/2301.07042

Fast spectrometer: https://arxiv.org/abs/2304.11999
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https://doi.org/10.21105/astro.2010.09100
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.023015
https://arxiv.org/abs/2301.07042
https://www.quantastro.bnl.gov/node/3
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