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Will talk about 

• Science motivations of fast Imaging

• Astrophysics

• Quantum sciences

• Current technologies and future directions



Astronomy picture of the decade

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





Classical interferometery



Radio Optical

𝑛
¯
≫ 1 𝑛

¯
≪ 1

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 𝜆

Accuracy ~ 1 mas

Max baselines to ~ 100 m

mode population

mode population



Two-photon techniques



Quantum (two-photon) interferometer

∆𝜃~
𝜆

𝑏

Second photon for quantum assist

• Coincidences of counters in two stations are sensitive to phase → to direction

• 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, orders of magnitude better resolution, great impact 



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)

A.Zeilinger



New ideas extending original proposal

Extensions of Stellar Intensity Interferometry 

bridging to quantum-enhanced ideas

Perfect to start exploring this approach 

arxiv.org/abs/2010.09100

arxiv.org/abs/2307.03221



Hanbury Brown – Twiss Interferometry



Stellar Intensity Interferometry

renewed interest due to progress in fast detectors!



Requirements for detectors

• Fast imaging techniques are the key

– Promising technologies: SPADs, SNSPDs

– Target 1-100 ps resolution

• Spectral binning: diffraction gratings

• High photon detection efficiency 

∆𝑡 ∗ ∆𝐸 ≥ Τℏ 2

Fast spectrometers at Heisenberg UP limit

Photons must be indistinguishable so close enough in frequency 

and time to interfere → temporal & spectral binning :             

need ~ 0.02 nm * 10 ps



Benchtop Verification

SPAD and SNSPD readout
arxiv.org/abs/2301.07042 

published in Optics Express



HBT and HOM 

Cancellation

HBT and HOM 

Cancellation



Phase dependence

Population of HBT peaks as function of phase = phase oscillations



Next step: spectral binning



Spectral binning

Two beams of thermal photons → diffraction grating
Based on intensified Tpx3Cam, ns time resolution

spectral resolution for Ar lines ~0.15 nm

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

Developed at BNL, first produced at CNM (Barcelona, Spain) 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



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, ~1ms 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



Next steps: spectrometer based on 

LinoSPAD2

Diffracted photon stripe projected on to linear array

Spectrometer time resolution: 5 ns →100 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)

SPAD = single photon avalanche device 

Semiconductor device: p-n junction with 

amplification
LinoSPAD2



Spectrometer with LinoSPAD2

27

Used Ar lamp coupled to SM fiber

Ar spectral lines

arxiv.org/abs/2304.11999
spectral resolution 0.04 nm

Achieved 0.04 nm spectral and 40 ps timing resolution
only x10 more than  ∆𝑡 ∗ ∆𝐸 ≥ Τℏ 2

arxiv.org/abs/2304.11999



HBT peaks in LinoSPAD2

Two beams from Ar lamp + polarizer after 

beamsplitter

time difference, s=110 ps

visibility = 50%

Next step: HBT in spectral bins for 

broadband light

HBT peak



Broadband HBT peak

Two beams from bright LED + 0.1 nm filter + polarizer 

time difference, s=70 ps

visibility = 5%

HBT peak

Next step: do it in spectrometer in spectral bins



Developing the quantum

Geometry: 2 stars + A,B,C 

telescope stations + source of 

entangled photon states + 

detectors
30

Quantum protocol evaluates experimental 

observables

Common approaches with quantum sensing and 

quantum metrology 

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

detectors

S.Vintskevich et al



Quantum Optics applications

with time stamping of single photons

Some examples how nanosecond scale resolution is 

used in Quantum Optics



Multidimensional Quantum Illumination

32

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 & time difference

dl*dt ~ 5 ns * 0.5 nm 



Spectral and temporal correlations

x10 improvement in S/B 

Y Zhang, D England, A Nomerotski, P Svihra, S Ferrante, P Hockett, B Sussman, 

Multidimensional quantum-enhanced target detection via spectrotemporal-correlation 

measurements, Physical Review A 101 (5), 053808 (2020)



HOM effect with post-selection

10, 5, 3 nm post-selection filters

2 nm filters at 805 nm and 817 nm. 



Quantum light-field microscope

• Ottawa group

• Use one photon 

for position and 

one photon for 

angle information

• This allows 

refocussing at 

arbitrary distance 



Imaging of trapped ions
Time resolved qubit manipulation (Blinov group, UWash)

Register 493 nm photons to probe dark/bright state of ion = state of qubit register

Fast Simultaneous Detection of Trapped Ion Qubit Register with Low Crosstalk, 

M.Zhukas, P.Svihra, A.Nomerotski, B.Blinov, arxiv.org/abs/2006.12801 

RF 18 MHzPaul trap

Ba ions



Time resolved ion oscillations

• Emission rate oscillations due to Doppler shift of laser light wrt moving ion

• Simultaneous time & position information allows to monitor ion micro-motions

• Powerful technique to characterize traps

Direct observation of ion micromotion in a linear Paul trap, 

L.Zhukas, M.Millican, P. Svihra, A. Nomerotski, B.Blinov, https://arxiv.org/abs/2010.00159, 

Phys. Rev. A 103, 023105 (2021).

54 ns → 18 MHz 



1- and 2-D ion crystals

RF 18 MHz

Paul trap

Ba ions

50-100 ns micromotion period



Scalability
Tpx3Cam supports 10MHz single photon rate :

= 10 x 10 x 100kHz beams

Time, ns

Photon router:

• Used acousto-

optical modulators 

to create 8x8 grid

• Arbitrary routing 

between spots

• 10 ns time 

resolution, 1 ms 

switching AOM: x & y

laser



Scalability

Goal: storage of multiple qubits in single 87Rb cell



Quantum 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

arxiv.org/abs/2412.09833

NSLS-II @ BNL

http://arxiv.org/abs/2310.13078
http://arxiv.org/abs/2412.09833


Detected simultaneously 3 types of 

correlations: time, spatial & energy

Motivates 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

arxiv.org/abs/2310.13078

arxiv.org/abs/2412.09833

http://arxiv.org/abs/2310.13078
http://arxiv.org/abs/2412.09833


Sensor R&D

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



X. Llopart by Medipix4 collaboration



Direct detection after MCP in Timepix

Has been implemented before with Timepix

Limitation: photocathode QE ~ 35%

External amplification in MCP



Hybrid SPADs: 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

• example: Timespot1 chip

• 32 x 32

• 50 ps

• 55 micron pitch

• Hybrid detector: SPAD + 20 ps chip

ASIC

SPAD sensor



Main points to take home

• Quantum-assisted two-photon interferometry dramatically enhance 
astrometric precision with great impact on astro science

• Requires single photon cameras with 10 ps scale resolution

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

This will be useful in many fields including the quantum

• Entangled x-rays motivate pixels with simultaneously good timing 
resolution (nsec) and good energy resolution (few %) 
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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 principal: https://arxiv.org/abs/2301.07042

• Fast spectrometer: https://iopscience.iop.org/article/10.1088/1748-

0221/18/01/C01023

Looking for graduate students and postdoc for 

quantum astronomy projects 

Talk to me andrei.nomerotski@cvut.cz or 

peter.svihra@cern.ch

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://iopscience.iop.org/article/10.1088/1748-0221/18/01/C01023
mailto:andrei.nomerotski@cvut.cz


Thank you for your attention!

https://capads.fjfi.cvut.cz

51



Spares



More applications of fast imaging 

• Mass Spectroscopy

• Atomic Probe Tomography

• Lifetime imaging

• Neutron imaging

• High Energy Physics



Imaging Mass Spectroscopy



• FLASH data, paper submitted to Journal of Synchrotron Radiation



TPX3Cam on ARIADNE 1-ton dual phase Liquid argon TPC

LAr Cosmic Muons (10msec slice)

A. Roberts et al., 2019 First demonstration of 3D optical readout of a TPC using a single photon sensitive 
Timepix3 based camera JINST 14 P06001

D. Hollywood et al, 2020 ARIADNE—A novel optical LArTPC: technical design report and initial characterisation using a 
secondary beam from the CERN PS and cosmic muons JINST 15 P03003 

Image light from 

avalanches in gas phase 

in THGEM
hep.ph.liv.ac.uk/ariadne/index.html

Kostas Mavrokoridis et al

Optical readout for LAr TPC



Neutron detection with Tpx3Cam
• 6Li-based scintillator

• Neutrons produce alphas

• Time resolved 

Material characterization with Bragg edgesJ.Yang et al, arxiv.org/abs/2102.13386

A.Losko et al, DOI:10.21203/rs.3.rs-257513/v1

Tpx3Cam neutron event display


