VAPADS L o

Andrei Nomerotski

/

Strasbourg, 8 October 2026 D A
PV ‘@



CAPADS group in Czech TU

Group is involved in several projects
including OCTOPUS

* Hybrid detectors : PHpix/PH32
* MAPS: X-Chip-04 & SpacePix3
* Si, SiC sensors with onsemi




Photon Indistinguishability

Spectrometers based on diffraction grating
and linear array detector
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If resolutions are good enough two photons hitting the same

pixel are indistinguishable — h
AEAt > ) (within HUP)

only indistinguishable photons can interfere —
can probe interference effects



Outline

e Science motivation - stellar intensity interferometry

e Instrument requirements - fast single photon detectors
* Timepix3/4 cameras and SPAD arrays

Spectral multiplexing at Heisenberg-Gabor limit
 More quantum applications of fast cameras
e Future directions for fast imaging

 Probing photon indistinguishability



Event Horizon Telescope
black hole image

MST* April 11, 2017

sensitive to features
on angular scale
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2019 ApJL 875

Black hole in the center of M87 imaged at 1.3mm

Achieved by radio interferometry with ~10000 km baselines



Radio Optical

n> 1 n <1
mode population mode population
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One photon at a time!
Need to bring paths to common point in real time

Need path length delayed and
stabilized to better than A

Max baselines ~ 100 m



Two-photon techniques



Hanbury Brown - Twiss effect

=

Detectors

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
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Stellar Intensity Interferometry
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renewed interest due to progress in fast detectors!



Second photon for quantum assist
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« Measure photon quantum state at one station - teleport the sky photon to 2nd station

« Coincidences of counters are sensitive to sky photon phase -> direction

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



Idea: use another star as source of coherent states for the interference
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Relative path phase difference §, - d, can be
extracted from the coincidence rates of four single

photon counters: ¢, d, gand f

Perfect to start exploring this approach

Want to do it in spectral bins - gain \/#of bins

i Metrocs or Astrophyscs
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Two photon amplitude

interferometry for precision
astrometry

Paul Stankus. Ancr robski, Ang sar. Stechen Virtskevick

https://arxiv.org/abs/2010.09100



Requirements for detectors

Photons must be indistinguishable so close enough in frequency
and time to interfere > temporal & spectral binning :

need~10pm~*10ps  Arx AE>h/2

Need fast spectrometers
at Heisenberg Uncertainty Principle limit
(or Fourier limit, or Heisenberg-Gabor limit)

then achieve maximum contrast for HBT peaks, no resolution smearing

« Fast imaging techniques are the key

— Promising technologies: SPADs, SNSPDs
— Target 10 - 100 ps resolution

» Spectral binning: diffraction gratings, echelle spectrometers

» High photon detection efficiency: SNSPDs



Benchtop Verification

used a narrow argon line: 794.8 nm

- ' input 2 tout 2
* Lamp1 % - e e - outpu

Polarizer_.1
and filter E'

P(cg) = Pidh) = (1/8)(1+ cos(61 — 62))s a3
P(ch) = P(dg)=(1/8)(1— cos(d; — b))

- SPAD and SNSPD readout

arxiv.org/abs/2301.07042
Optics Express 31, 44246-44258 (2023)



Hong-Ou-Mandel effect

fully distinguishable particles indistinpuishable particles
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credit: Wikipedia HOM article

HOM dip for coincidences of two outputs
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oinciderce pair rate (10s bins)
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Phase dependence
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Population of HBT peaks as function of phase = phase oscillations



Related Ideas

Astrometry with Extended-Path Intensity Correlation

Ken Van Tilburg.'»? = Masha Daryakhtar,® ! Marias Galanis,*' ! and Neal Wainer!s 4
YCenter for Cosmelogy and Particle Physics, Department of Physics, arxiv.org/abs/2307.03221
New York Unaversity, New York, NY 19003, USA
*Center for Computational Astrophysics, Fiatiror Institute, New York, NY 10010, USA
‘ *Depertment of Physics, University of Washington, Seartle WA 98195, USA
“FPerimeter Institule for Theoretical Physics, Waterico, Onzario N2L 2Y5. Canada
(Dated: July 10, 2023)

M.R. Brown, M. Allgaier, V. Thiel, J.D. Monnier, M.G. Raymer and B.J. Smith, Interferometric
Imaging Using Shared Quantum Entanglement, Physical Review Letters 131 (2023).

Targ <t ol Light: Stieree & Applicotiors (2026)1445 OFicil jowrral of tae OOW™ Doa7 7338
hepe/ deiong/ € IEAL1TTT DM-01004 www rdL e e ia

ARTICLE Open Access

Phase-dependent Hanbury-Brown and Twiss effect
for the complete measurement of the complex
coherence function

»en Tang', Yurxiao Zhare?, Xueshi Cue?, Lang Cu’ Xaoying ™ arc Z Y. Ou@'™

Entanglement Assisted Non-local Optieal Interferometry in a Quantum Network

F-J, Staz,* " Y.-C. Wet b A, Sirotin,»#* Y, Q. Huan,” U, Yazlar'?
F. Abdo fuies' E. Knvazev, G. Baranes,"” B. Maclielse," " §. Grandi.," . Riedel,”
J. Borregaord,” H. Dark," 7 M. Lenéoar,* A, Suleymanzade.t ® and M. D. Lukin!”



Next step: spectral binning



Spectral binning: spectrometer

Two beams of thermal photons -  diffraction grating 120000] . T
Based on intensified Tpx3Cam, ns time resolution oocon lﬂ e ;
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A.Nomerotski et al. Intensified Tpx3Cam,

150 a fast data-driven optical camera with
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Hybrid pixel detectors

Have roots in R&D for LEP/LHC vertex detectors

sensor chip

- single pixel

tead-oi;t chip read-out cell

cplical sensar

credit: 1IZM
Lukas Tlustos and Erik H. M. Heijne, Performance and limitations of high

granularity single photon processing X-ray imaging detectors, in CERN
proceedings (2005)

Decouple readout chip and sensor
« optimize technologies for chip and sensor separately

Use different sensors with same readout, versatile approach for x-rays (Si, CZT)

- we will use OPTICAL sensors



Thin window optical sensors
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M. Fisher-Levine, A. Nomerotski, Timepixcam: a fast optical
imager with time-stamping,

Backs|de |||um|nated Optlcal sSensors Journal of Instrumentation 11 (03) (2016) C03016.
Anti-reflective Coating, thickness 300 um Nomerotski et al, Characterization of TimepixCam, a fast

imager for the time- stamping of optical photons,
Journal of Instrumentation 12 (01) (2017) C01017.

First produced at CNM (Barcelona) in 2015
Surface preparation is very important, inspired by astronomical CCDs (LSST)



Imaging with photon counting

Photons appear as standalone objects €<-> data driven readout
Has parallels with x-ray imaging and particle detection in HEP

Low occupancy Integrated image
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I. M. Hirvanen, M, Fisher Levine, - |hlmg and A, Namcrotski:

"Pholon counting phosphoresce eltjc( wing with TomerixCam',
Rev. Sei. Instrum, 88, 013104 (2017).



Alternative Approach to Optical
Imaging

« Detect and time stamp photons, one by one, using intelligent
pixels with data-driven readout

« Accumulate statistics for images, also for more complex analysis
(coincidences, correlations etc)

Frame-by-frame imaging replaced by
continuous stream of time stamped single photons

Tpx3Cam: time-stamp 10 MHz flux of photons with 1 ns precision

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



Particle Physics and Quantum

In PP: detect particles as objects collision per collision (= fast)
then form observables for collision based ‘events’ like transverse
momentum, invariant mass etc

Same ideas are now applicable to optical photons - detect
them as objects, then evaluate correlators or other estimators
(entanglement certifiers?) pair by pair (so ‘event’ by ‘event’). This
should give better performance compared to integrating over
long time and subtracting background.

Peter Svihra, Yingwan Zhang, Paul Hockett, Steven Ferrante, Benjamin Sussman, Duncan
England, Andrei Nomerotski; Multivariate discrimination in quantum target detection. Appl.
Fhys. Lett. 27 July 2020; 117 (4): 044007. https://dol.org/10.1063/5.0012429

Accidental coincidences in camera-based

high-dimensional entanglement certification R.Guitter et al, Opt. Lett. 50, 7532-7535 (2025)

RAPHAEL GUITTER ™", BAPTISTE COURME "%, CHLOE VERNIERE 7,
PETER SVIHRA *, ANDREI NOMEROTSKI ® AND HUGO DEFIENNE



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

T. Poikela et al, Timepix3: a 65k channel hybrid pixel readout chip
with simultaneous ToA/ToT and sparse readout,

Journal of Instrumentation 9 (05) (2014) C05013. Sensor is bump-bonded to chip

Use existing x-ray readouts:
SPIDR (Nikhef & ASI)
WWWw.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
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Image intensifier (Photonis PPO360EG)
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Single Photons in Tpx3Cam

1 ms slice of data
1.5ns time-stamping

Tpx3Cam + intensifier by Photonis




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

Spatial resolution: 0.1 pixel / photon

Time resolution: <1 ns/ photon



Quantum photon sources -

spontaneous parametric down-conversion
(SPDC) sources

Spontaneous Momentum Conservation
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SPDC source in spectrometer

signal & idler in spectrometer
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B Farella, G Medwig, R A Abrahao, A Nomerotski, AIP Advances 14, 045034 (2024)
arxiv.org/abs/2307.06843




Next steps: spectrometer based on
LinoSPAD2

Diffracted photon strip projected on to linear array

0 % w0 s w0 H Spectrometer time resolution: 5 ns 250 ps



Possible technologies: SPAD

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

LinoSPAD2
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« 512 x 1 pixels

* 24 x 24 micron pixels

« Max PDE (with microlenses) ~ 30%
* 50 ps resolution

Developed in EPFL (Switzerland) M S
Close-up of SPADs
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SPAD arrays with 50 ps resolution

LinoSPAD

24 x 24 micron phels

time difference, 0=110 ps

visibility = 50%

300C

.. HBT peak
-
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Two beams from Ar lamp + polarizer after
beamsplitter

arxiv.org/abs/2406.15323
arxiv.org/abs/2406.13959

Next step: HBT in spectral bins for
broadband light



Spectrometer with LinoSPAD2
Used Ar lamp coupled to SM fiber

Ar spectral lines

'
ol mgpras I TENEISDNTE TV GEEees

%0 795 800 05 10 81s
Wereungth [+m]

spectral resolution 0.04 nm
arxiv.org/abs/2304.11999

arxiv.org/abs/2304.11999

Achieved 40 pm spectral and 40 ps timing resolution



Broadband HBT peak

Two beams from bright LED + 0.1 nm filter + polarizer
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arxiv.org/abs/2509.05649
Next step: do it in spectrometer in spectral bins



The idea




Colored HBT peaks in LinoSPAD2

dual spectrometer in Prague
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Spectral multiplexing in 100 x 0.1nm bins!

Cantrast (%)

L

Contrast of HBT peak in spectral bins
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Heisenberg-Gabor limit (or Fourier limit)
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Improving spectrometers

|deas for spectrometers which can provide few pm resolution



Spectrometer improvements

0.020 nm/pixel scale

I
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e More standard improvements: 40 pm — 15 pm
e Wider beam, denser grating, smaller pixel scale



Echelle spectrometer

~
.

e Widely used in astronomy
e Achievable resolution ~ few pm

Y Require 2D Single photon detector Echelle spectrograph | Research School of Astronomy m

& Astrophysics

rsaa.anu.edu.au/observatories/instruments/echelle-spectrograph



Another application: Quantum Networks

Entanglement swapping scheme with two SPDC sources

BEQ"

!3802 l‘\ SMF

G
Sqe'a&_
Entanglement swapping 4 SMF
st A > —» Mea's"/fe »
“*N : B ) : ’hen,
| * YO0 L ® D
. X I ' d : Zhang et al., Nat. Gfec”On
. o i Commun .8, 632
NG - > (2017)

o)

« 256 pixels => 128 Bell state measurements =>
~2 orders of magnitude faster swap rate

* Next step: demonstrate HOM in spectral bins



Photon indistinguishability

Letection mode: n (L, W)
Sprecliomele: A
mode A
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Single pixel corresponds to a single (o7, 0f ) mode —
probing of photon indistinguishability — two-photon interference effects

e Scalable architecture

* Possible implementation in real-time : reduction of logged data

e Can be extended to multi-photon correlations

 Photon counting capability at pixel level could be an important advantage



Quantum Optics applications
with time stamping of single photons

Some examples how nanosecond scale resolution is
used in Quantum Optics



Quantum photon sources -

spontaneous parametric down-conversion
(SPDC) sources

Spontaneous Momentum Conservation
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Produce two photons correlated (sometimes entangled) in
1. Time
2. Position
3. Energy
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Multidimensional Quantum lllumination
In collaboration with NRC (Ottawa) D.England, Y.Zhang et al

Y Zhang, D England, A Nomerotski, P Svihra et al,
Multidimensional quantum-enhanced target
detection via spectrotemporal-correlation
measurements, Physical Review A 101 (5), 053808

Note that here the time resolution is needed to find
coincidences with good S/B

— no requirement to be near Heisenberg-Gabor limit

OA#0t ~5ns * 0.5 nm
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P Svihra et al, Multivariate Discrimination in Quantum
Target Detection, Appl. Phys. Lett. 117, 044001 (2020)



HOM Setup

SPDC source Delay module Tpx3Cam module
[,/ OW Prge ~ 30 mW \\\ PMF I” \, 'z" \\.l
1 : | . :
A = 406t Al = 0 aund By ' } _ fibec — coupied .
1 \ : ! CATISOLT |
I
i : i N N 8 |
1 N i swp 0.3 e v _ — :
™ T wmtensines :
\, 2x BBO/ | Tanse : 100, \

S —————— Pa ) } M e v

PMF e

‘A. Nomerotski, M. Keach, P. Stankus, P. Svihra, and S. Vintskevich,

“Counting of hong-ou-mandel bunched optical photons using a fast pixel
camera,” arXiv:2005.07982 (2020).



Examples of bunched HOM photons
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Hong-Ou-Mandel effect

delay time, fs
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‘A. Nomerotski, M. Keach, P. Stankus, P. Svihra, and S. Vintskevich,
“Counting of hong-ou-mandel bunched optical photons using a fast pixel
camera,” arXiv:2005.07982 (2020).



HOM effect W|th post-selectlon

F‘xhltﬂrt)‘bm {rm)
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/\ ‘/\ f\ ; 4 10, 5, 3 nm post-selection filters
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- High speed imaging of spectral-tempaoral
Path Length Difference (rmm)

correlations in Hong-Ou-Mandel interference

Vingwaest Zowrg, Cunten Englad, ardrel Nomesotsk, and Jeejamin Sussiran

2 nm filters at 805 nm and 817 nm.



y (pi1xels)

1- and 2-D ion crystals

nro
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Paul trap
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Direct Observation of lon Micromotion in a Linear Paul Trap
Liudmila A. Zhukas, Maverick J. Millican, Peter Svihra, Andrei Nomerotski, Boris B. Blinov, arxiv: 2010.00159
Phys. Rev. A103, 023105 (2021).
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https://arxiv.org/search/physics?searchtype=author&query=Zhukas,+L+A
https://arxiv.org/search/physics?searchtype=author&query=Millican,+M+J
https://arxiv.org/search/physics?searchtype=author&query=Svihra,+P
https://arxiv.org/search/physics?searchtype=author&query=Nomerotski,+A
https://arxiv.org/search/physics?searchtype=author&query=Blinov,+B+B

X-rays



Down-conversion of x-rays

a) b
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NSLS-“ @ BNL x-position (mm)

Fig. 1 Conceptual experimental schematic and the final observed SPDC struc-
ture. a, A conceptual schematic of the experiment, which shows that the Bragg reflection of
a pump incident upon (111) diamond, with a small detuning, can generate down-converted
X-ray pairs around the diffracted pump. A tantalum beamstop is played to obscure flooding
the detector with diffracted pump photons. b, The detected SPDC photons after isolation
from background scattering using a robust filtering process. The results are from a one hour
exposure at A# = 0.022° with a total count of 1,115 photon pairs. Analvses of the spatial
and spectral structures follow.
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N

arxiv.org/abs/2310.13078
first imaging of x-ray cone J.Goodrich et al, Optica 13, 135-142 (2026)

record rate of pair detection ~ few Hz



Detected simultaneously 3 types of
correlations: time, spatial & energy

- | | A/ / i /
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Motivation: x-ray detectors with good timing and energy resolutions

Scope: entanglement studies for x-rays
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Sensor R&D

|deas for 2d imaging sensors which can provide 20 ps resolution



Timepix3 =2 Timepix4

by Medipix4 collaboration X. Llopart
Timepix3 Timepix4
Technology IBM 130nm TSMC 65nm
Pixel Size 55 x 55 pm . < 55 x 55 pm
e 3-side buttable 4-side buttable
256 x 256 256 x 256 or bigger
Operating Modes Data driven PC (10-bit) and TOT (14-bit) CRW: PC and iTOT (12...16-bit)
| Frame based TOT and TOA
Zero-Suppressed | Data driven < 80 MHits/s . < 500 MHits/s
Readout Frame based YES YES
TOT energy resolution < 2KeV <
Time resalution 1.56ns ( ~200ps )
~N—

X. Llopart, J. Alozy, R. Ballabriga, M. Campbell, R. Casanova, V. Gromov, E.HM. Heijne,

T. Poikela, E. Santin, V. Sriskaran, L. Tlustos, and A. Vitkovskiy. Timepix4, a large area pixel
detector readout chip which can be tiled on 4 sides providing sub-200 ps timestamp binning. Journal
of Instrumentation, 17(01):C01044, January 2022.



First optical Tpx4 measurements

3000
2500 c=0.68 ns a=0.73ns a=0.61ns
n
—= 2000
c
o
=
2 1500 m -»-'roc
v
£ 1000
i: '
500 *
0 1000 1500 2000 2500 3000 3500

ToT (ns)
Single photon sensitive (intensified) optical Tpx4 camera

600 ps possible with high gain intensifier

arxiv.org/abs/2509.14649
Erik Hogenbirk et al 2026 JINST 21 P02004



20 ps timing in 2D

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

e Hybrid SPAD detector
« Timepix4 chip: 200 ps bin (RMS 60 ps)

 PicoPix chip: 40 ps bin
e Full size, will be used in one of CERN big experiments (LHCb)

e Will have a SPAD compatible version
» Hybrid detector: SPAD + PicoPix

Difficulties: connectivity and cooling



Main points to take home

Two-photon interferometry allows long baselines for stellar intensity
interferometry

New ideas suggest quantum sensing technology can dramatically
enhance astrometric precision, requires spectrometers and single
photon cameras with 10 ps resolution

Promising results with 40 ps & 40 pm spectrometers, not far from
Heisenberg-Gabor limit

Lots of synergy and applications in quantum optics

Ideas how to improve the detectors and how to probe photon
indistinguishability



“The great advances in science usually
result from new tools rather than from
new doctrines”

Freeman Dyson (1923-2020)
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Quantum Mechanics

Two miracles:
1) wave-particle duality
2) entanglement

They both are dictated by experiment, this is the way
the Nature works

Everything else follows from them



1) Wave - Particle Duality

Applicable to single particles
double-
slit \Creen

Electrons
clectron
beam gun

intc-rfc{:n\ From Wikipedia
pattern

Experiment tells us that particles are similar to waves, even if you shoot them
slowly, one by one



Consequences of wave-particle duality

Superposition principle: add amplitudes (of wave
function) as for waves. Then [ « |A |2

Interference is consequence of wave nature of particles,
single particle can interfere with itself

Quantization is property of all confined waves - plucked
string can only make discrete frequencies



Heisenberg Uncertainty Principle

Similar to Fourier transform limit: infinite sine corresponds to
a single frequency but finite wave duration will correspond to

finite bandwidth

Signal s(7) Fourier Transform S(w)

avars w1
A ]
h O un;fc;:‘n ‘:(z:_:c‘i of
AEAt > —.
=2 AN AT
A J\

From Wikipedia



