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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

Quantum Sensing is a new direction



Photon Indistinguishability

If resolutions are good enough two photons hitting the same 
pixel are indistinguishable   

only indistinguishable photons can interfere   
can probe interference effects 

→

→

Spectrometers based on diffraction grating 
and linear array detector

(within HUP)



Outline
• Science motivation - stellar intensity interferometry 

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

• Spectral multiplexing at Heisenberg-Gabor limit 

• More quantum applications of fast cameras 

• Future directions for fast imaging 

• Probing photon indistinguishability



Event Horizon Telescope  
black hole image 

2019 ApJL 875 

Black hole in the center of M87 imaged at 1.3mm

Achieved by radio interferometry with ~10000 km baselines 

sensitive to features  
on angular scale 

  ∆ 𝜃~
𝜆
𝑏



Radio Optical

Can literally record entire waveform 
interfere later offline

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

Need path length delayed and 
stabilized to better than  𝜆

Max baselines ~ 100 m

mode population mode population

n ≫ 1 n ≪ 1



Two-photon techniques



Hanbury Brown - Twiss effect
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



Stellar Intensity Interferometry

renewed interest due to progress in fast detectors!



• 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

Second photon for quantum assist



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

Relative path phase difference δ1 − δ2 can be 
extracted from the coincidence rates of four single 
photon counters: c, d, g and f 

Perfect to start exploring this approach 

Want to do it in spectral bins - gain #of bins
https://arxiv.org/abs/2010.09100

Rates HBT

New oscillatory term!

Full QFT calculation



Requirements for detectors

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

∆ 𝑡 ∗ ∆ 𝐸 ≥ ℏ /2

Need fast spectrometers  
at Heisenberg Uncertainty Principle limit 

(or Fourier limit, or Heisenberg-Gabor limit)

Photons must be indistinguishable so close enough in frequency 
and time to interfere  temporal & spectral binning :             
need ~ 10 pm * 10 ps



Benchtop Verification

SPAD and SNSPD readout

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

used a narrow argon line: 794.8 nm



Hong-Ou-Mandel effect

time

credit: Wikipedia HOM article

50/50 beam splitter

HOM dip for coincidences of two outputs



HBT and HOM Cancellation

HBT and HOM Cancellation



Phase dependence

Population of HBT peaks as function of phase = phase oscillations

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



Related Ideas
arxiv.org/abs/2307.03221

arXiv:2509.09464



Next step: spectral binning



Spectral binning: spectrometer
Two beams of thermal photons  diffraction grating 
Based on intensified Tpx3Cam, ns time resolution

Ar spectrum
A.Nomerotski et al. Intensified Tpx3Cam, 
a fast  data-driven optical camera with 
nanosecond timing resolution for single 
photon detection in quantum applications, 
arxiv.org/abs/2210.13713, published in 
JINST



Hybrid pixel detectors 

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

credit: IZM

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



Thin window optical sensors

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

High QE

Nomerotski et al, Characterization of TimepixCam, a fast 
imager for the time- stamping of optical photons, 

Journal of Instrumentation 12 (01) (2017) C01017. 

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

Journal of Instrumentation 11 (03) (2016) C03016. Backside illuminated optical sensors  
Anti-reflective coating, thickness 300 um



Imaging with photon counting

Low occupancy Integrated image

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



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.

arXiv:2506.09704
R.Guitter et al, Opt. Lett. 50, 7532-7535 (2025)



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, ~1µs pixel 

deadtime when hit

Sensor is bump-bonded to chip 

Use existing x-ray readouts:  
SPIDR (Nikhef & 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. 

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. 



Intensified camera: use  
off-the-shelf image intensifier

Image intensifier (Photonis PP0360EG)

Cricket@

Intensifier

Intensified cameras are common: 
iCCD 
iCMOS cameras



Single Photons in Tpx3Cam

Tpx3Cam + intensifier by Photonis  

1 ms slice of data 
1.5ns time-stamping

TOA

TOT

TOT



TOA TOT

Each photon is a cluster of pixels  
à 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

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



SPDC source in spectrometer

time coincidences

wavelength  
anti-correlation 
for photon pairs

signal & idler in spectrometer

pump 
wavelength

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

Spectrometer time resolution: 5 ns 50 ps



Possible technologies: SPAD

• 512 x 1 pixels 
• 24 x 24 micron pixels 
• Max PDE (with microlenses) ~ 30% 
• 50 ps resolution 

Developed in EPFL (Switzerland) 
AQUA group (E.Charbon)

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

LinoSPAD2

C. Bruschini et al, Linospad2: a 512x1 linear spad 
camera, in Quantum Sensing and Nano Electronics and 
Photonics XIX, vol. 12430, pp. 126–135, SPIE, 2023.



SPAD arrays with 50 ps resolution

Two beams from Ar lamp + polarizer after  
beamsplitter

HBT peak

Next step: HBT in spectral bins for 
broadband light

time difference, σ=110 ps 
visibility = 50%

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



Spectrometer with LinoSPAD2

34

Used Ar lamp coupled to SM fiber

Ar spectral lines

arxiv.org/abs/2304.11999
spectral resolution 0.04 nm

Achieved 40 pm spectral and 40 ps timing resolution

arxiv.org/abs/2304.11999



Broadband HBT peak
Two beams from bright LED + 0.1 nm filter + polarizer 

time difference, σ=70 ps 
visibility = 5%

HBT peak

Next step: do it in spectrometer in spectral bins
arxiv.org/abs/2509.05649





Colored HBT peaks in LinoSPAD2

dual spectrometer in Prague

time difference, σ=70 ps 
visibility = 3.8%

HBT peak in two spectral bins

arxiv.org/abs/2509.05649



Spectral multiplexing in 100 x 0.1nm bins!
Contrast of HBT peak in spectral bins

arxiv.org/abs/2509.05649

Hanbury Brown-Twiss interference 
with massively parallel spectral 

multiplexing for broadband light 
S.Kulkov et al



Spectral-temporal correlation

peak   @  5.5 ns  0.0 nmdt ⋅ dλ ⋅



(or Fourier limit)

, at the H-G limit contrast = 100%

Contrast of HBT peak



Improving spectrometers

Ideas for spectrometers which can provide few pm resolution



Spectrometer  improvements

• More standard improvements: 40 pm  15 pm 
• Wider beam, denser grating, smaller pixel scale

→

resolution 15 pm



Echelle spectrometer

• Widely used in astronomy 
• Achievable resolution ~ few pm 

• Require 2D single photon detector

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



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

• Next step: demonstrate HOM in spectral bins

Another application: Quantum Networks

Zhang et al., Nat. 
Commun. 8, 632 

(2017)

Entanglement swapping scheme with two SPDC sources



Photon indistinguishability

Single pixel corresponds to a single  mode  
probing of photon indistinguishability  two-photon interference effects 

• Scalable architecture 
• Possible implementation in real-time : reduction of logged data  
• Can be extended to multi-photon correlations  
• Photon counting capability at pixel level could be an important advantage

(δt, δf ) →
→



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

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



Multidimensional Quantum Illumination
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

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

Pump photon wavelength vs time difference

δλ∗δt ~ 5 ns * 0.5 nm 

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

  no requirement to be near Heisenberg-Gabor limit→



HOM Setup



Examples of bunched HOM photons  

TOATOT



Hong-Ou-Mandel effect

Coincidence of photons in two fibers

Coincidence of photons in single fibers



HOM effect with post-selection

10, 5, 3 nm post-selection filters

2 nm filters at 805 nm and 817 nm. 



1- and 2-D ion crystals

 RF 18 MHz
Paul trap

Ba ions

50-100 ns micromotion period

Direct Observation of Ion Micromotion in a Linear Paul Trap 
Liudmila A. Zhukas, Maverick J. Millican, Peter Svihra, Andrei Nomerotski, Boris B. Blinov, arxiv: 2010.00159 
Phys. Rev. A 103, 023105 (2021).

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

first imaging of x-ray cone 
record rate of pair detection ~ few Hz 

arxiv.org/abs/2310.13078
J.Goodrich et al, Optica 13, 135-142 (2026)

NSLS-II @ BNL



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

Motivation: x-ray detectors with good timing and energy resolutions 

Scope: entanglement studies for x-rays

TOT correlation 
poor resolution18 ns resolution due to 

variation of conversion depth



55 papers with Tpx3Cam  
on quantum topics!



Sensor R&D

Ideas for 2d imaging sensors which can provide 20 ps resolution



X. Llopart by Medipix4 collaboration



First optical Tpx4 measurements

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 

• Hybrid SPAD detector 
  

• Timepix4 chip: 200 ps bin (RMS 60 ps) 

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

• Will have a SPAD compatible version 

• Hybrid detector: SPAD + PicoPix

ASIC

SPAD sensor

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) 



Acknowledgements
Eden Figueroa 
Paul Stankus 
Tom Tsang 
Justine Haupt 

Michael Keach 
Steven Paci 
Alex Parsells 
Jonathan Schiff 
Denis Dolzhenko 
Stepan Vintskevich 
Anze Slosar 
Zhi Chen 
Jesse Crawford 
Aaron Mueninghoff 

Erik Hogenbirk 
Martin van Beuzekom  
Bram Bouwens 
Erik Maddox 
Duncan England 
Yingwen Zhang 
Raphael Abrahao 
Brianna Farella 
Ryan Mahon 

Edoardo Charbon 
Tommaso Milanese 
Ermanno Bernasconi 
Claudio Bruschini 
Ivan Cardea 

Peter Svihra 
Michal Marcisovsky 
Sergei Kulkov 
Jakub Jirsa 
Lou-Ann de Sousa 
Dmitri Sevaev 
Ondra Matoušek 
Sarlote Simsone



Thank you for your attention!

https://capads.fjfi.cvut.cz

65



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

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

Applicable to single particles 

From Wikipedia



Consequences of wave-particle duality

Superposition principle:  add amplitudes (of wave 
function) as for waves. Then  I ∝ |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 

From Wikipedia


