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quantum technologies
turning a threat into an opportunity
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I. quantum: the threat
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digitalisation: the next frontier

˛ digital Europe

˛ government cloud

cybersecurity is paramount
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crypto: we use it every day
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the problem

quantum computers will break internet security

˛ secure communications

˛ digital signatures

˛ mobile networks/5G

˛ financial transactions
mobile banking, POS, e-commerce

˛ authentication

˛ critical infrastructure

˛ secure voting

˛ software updating
cars, computers

ñ need to avoid the Q-Day (quantum apocalypse)
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how serious is the threat?
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Mosca equation
”store now, decrypt later” (SNDL) attack

Migration time
The number of years needed to properly 
and safely migrate the system to a 
quantum-safe solution

Threat timeline
The number of years before the relevant 
threat actors will be able to break the 
quantum-vulnerable systems

Danger zone

Shelf-life time 
The number of years the 
information must be protected by 
the cyber-system

2020 2025 2030 2035

Quantum threat timeline F I G U R E  3

The precise threat timeline you should focus on depends on your risk 
tolerance. For very critical systems and assets, the likelihood of quantum 
attacks in five years is becoming material and for most critical systems and 
assets I believe the 10-year likelihood needs to be addressed assertively.

Michele Mosca, University of Waterloo, Canada

The quantum cyber threat is likely to materialize within the lifecycles 
of many IT/OT systems being deployed today; the cyber risk, 
however, particularly for long-lived data, is clear and present today.

Vikram Sharma, Founder & CEO, QuintessenceLabs

What is the potential impact of the quantum threat?1.3

When quantum computing gains traction, it will 
break some of the current cryptographic algorithms. 
A great deal of the security of our digital society 
relies on these cryptographic algorithms to 
guarantee the confidentiality (data privacy) and 
integrity (data accuracy) of our message exchanges, 
online banking operations and stored data in the 
cloud. Most of these algorithms’ security builds 
on mathematical problems that are considered 
intractable on classical computers but that become 
solvable with quantum computers. This threatens 
the security of the cryptographic algorithms that are 
a fundamental part of our digital lives. 

There are currently two algorithms – Shor and 
Grover – that quantum computers can use to break 
the hard mathematical problems that underpin some 
of our existing cryptography. Shor’s algorithm can be 

used to break the factorization problem in a matter 
of hours or even minutes,14 rendering public-key 
cryptographic algorithms useless.15 Grover’s algorithm 
can be used to speed up the search for the secret 
key used by symmetric cryptography to guarantee 
the confidentiality of most of our data exchanges and 
storages, as well as the search for the passwords we 
use to secure our personal accounts.16 

The impact of the quantum threat does not stop 
with cryptographic algorithms, as its cascading 
effects can be potentially large. With infrastructure 
breakdowns being one of the main concerns for 
cyber leaders, this places it among the highest 
challenges business organizations face in the 
future.17 The examples below illustrate some of 
the systemic risks around how the quantum threat 
could affect our daily lives:

Source: Michele Mosca, University of Waterloo, Canada13

Transitioning to a Quantum-Secure Economy 10
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quantum computing

a $65 billion industry by 2030
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IBM roadmap
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... any solutions?
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Q-Day
two ways out

1. the classical way: post-quantum crypto (PQC)

find quantum-resistant, public-key classical algorithms ñ NIST PQC

2. the quantum way: quantum key distribution (QKD)

use the power of quantum + symmetric crypto (AES, OTP)

https://csrc.nist.gov/projects/post-quantum-cryptography/selected-algorithms-2022
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the classical way: PQC
already deployed

˛ signal protocol: enhanced by PQC

˛ protects from future threats of quantum
computers

˛  : iMessages with PQ3
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the quantum way: QKD

1. use quantum resources to securely distribute keys

2. use keys in symmetric crypto (OTP, AES etc)

quantum solves 2 problems:

˛ true (quantum) randomness

˛ secure key distribution
eavesdropper detected
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the quantum way: QKD

why does it work?

˛ no-cloning theorem ñ Eve cannot clone an unknown quantum state

˛ measurement changes a quantum state ñ higher QBER, detectable

Eve will be detected !

classically impossible
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QKD
commercial

˛ providers: IDQ, ThinkQuantum, Toshiba, QTI, KeeQuant, Kets Quantum, QO Jena,
LuxQuanta . . .

˛ e150-300 k/pair
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quantum: the opportunity
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The Quantum Flagship
Structuring activities & efforts

Scientific & 
Technological 

Resources

APPLICATION AREAS
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QUANTUM TECHNOLOGY APPLICATIONS
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From Flagship to Fleet
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Petrus: building EuroQCI

˛ network of 27 national QCIs

˛ fiber + free-space links

˛ cross-border links
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EuroQCS

˛ 6 sites across EU

˛ applications

§ molecular simulations: new
medicines

§ new materials: batteries

§ traffic optimisation: maps

§ logistics:

§ scheduling:

˛ R&D, industry need
quantum computers
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quantum @RO
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Romanian Quantum Network or netq

2017 –

www.roqnet.ro

Vision
quantum: the driving technology in 21st century

Mission
develop quantum technologies in Romania

Strategic objectives
˛ research
˛ education
˛ dissemination
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QUTECH-RO

2018 – 2021

˛ e1.14 Mil

˛ 5 partners, 5 projects

˛ grant: UEFISCDI (PCCDI)

˛ https://roqnet.ro/qutech-ro/

Quantum research in Romania 

QUTECH-RO is a complex project (€1.14 mil, 5 partners, 5 subprojects, UEFISCDI grant) 
aiming to develop quantum technologies in Romania. 

Our strategy is to play our strengths, i.e., to use existing expertise and infrastructure in 
quantum information theory, lasers, nano- and micro-technologies in order to bootstrap a 
national program in quantum technologies.  

P1: Q-INFO P2: Q-CHIP P3: Q-VORTEX
IFIN-HH INFLPR IMT

quantum information 
quantum simulation 
quantum protocols 

integrated quantum 
photonics 

3D laser fabrication

optical vortices 
lithography

P4: Q-LAB P5: Q-FERMI
UPB ITIM-Cluj

Applied quantum optics Lab 
IBM-Q Lab 

quantum source

quantum computation with Majorana 
Fermions
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QUTECH-RO

play our strengths
use existing expertise/infrastructure

ó

theory, photonics/lasers, nanotechnologies

ó

bootstrap a national program in quantum technologies
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quantum source
UPB + IFIN-HH

the first entangled-photons source build in RO

state-of-the-art

visibility: V “ 98.9%

fidelity: F “ 97%

|S| “ 2.684 ˘ 0.03

violates Bell-CHSH by n∆ “ 22 standard deviations

L.Dosan, A.Nazı̂ru, M.Mihăilescu, R.I., Rom. Rep. Phys. 74, 119 (2022)
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QTSTRAT

QTSTRAT

2021 – 2023

RO national strategy in quantum communications

˛ Q1. research
quantum research hubs

˛ Q2. education and training
quantum specialists

˛ Q3. infrastructure
intra-city q. networks, national
quantum backbone, cross-border links

˛ Q4. quantum industry
components, applications, services

funding

strategic objectives

resources

people

research

infrastructure
education

training

quantum

industry

https://qtstrat.granturi.ubbcluj.ro
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a quantum revolution in imaging
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spooky imaging

LETTER
doi:10.1038/nature13586

Quantum imaging with undetected photons
Gabriela Barreto Lemos1,2, Victoria Borish1,3, Garrett D. Cole2,3, Sven Ramelow1,3{, Radek Lapkiewicz1,3 & Anton Zeilinger1,2,3

Information is central to quantum mechanics. In particular, quantum
interference occurs only if there exists no information to distinguish
between the superposed states. The mere possibility of obtaining
information that could distinguish between overlapping states inhi-
bits quantum interference1,2. Here we introduce and experimentally
demonstrate a quantum imaging concept based on induced coher-
ence without induced emission3,4. Our experiment uses two separate
down-conversion nonlinear crystals (numbered NL1 and NL2), each
illuminated by the same pump laser, creating one pair of photons
(denoted idler and signal). If the photon pair is created in NL1, one
photon (the idler) passes through the object to be imaged and is over-
lapped with the idler amplitude created in NL2, its source thus being
undefined. Interference of the signal amplitudes coming from the
two crystals then reveals the image of the object. The photons that
pass through the imaged object (idler photons from NL1) are never
detected, while we obtain images exclusively with the signal photons
(from NL1 and NL2), which do not interact with the object. Our ex-
periment is fundamentally different from previous quantum imag-
ing techniques, such as interaction-free imaging5 or ghost imaging6–9,
because now the photons used to illuminate the object do not have
to be detected at all and no coincidence detection is necessary. This
enables the probe wavelength to be chosen in a range for which suit-
able detectors are not available. To illustrate this, we show images of
objects that are either opaque or invisible to the detected photons.
Our experiment is a prototype in quantum information—knowledge
can be extracted by, and about, a photon that is never detected.

The conceptual arrangement of our imaging technique, based on a
quantum interference experiment3,4 by Zou, Wang and Mandel, is illus-
trated in Fig. 1. A pump beam (green) divided by a 50:50 beam splitter
(BS1) coherently illuminates two identical nonlinear crystals, NL1 and
NL2, where pairs of collinear photons called signal (yellow) and idler
(red) can be created ( cij dij in NL1 and eij f ij in NL2). The idler am-
plitude created in NL1 reflects at the dichroic mirror D1 into spatial mode
d, and signal amplitude passes into spatial mode c. The idler passes
through the object O of real transmittance coefficient T and phase shift
c: cis
!! !!dii?Teic cis

!! !!diiz
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1{T2
p

cis
!! !!wii, where for simplicity we lump

all lost idler amplitude into a single state wii
!! (here subscripts s and i

represent signal and idler). By reflection at dichroic mirror D2, the
idler from NL1 aligns perfectly with idler amplitude produced at NL2,
dii
!! ? f ii

!! . The state at the grey dotted line is thus

1ffiffiffi
2
p Teic cis

!! z eis
!!# $

f ii
!! z

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1{T2

p
cis
!! !!wii

h i
ð1Þ

The idler is now reflected at the dichroic mirror D3 and discarded. The
signal states cis

!! and eis
!! are combined at the 50:50 beam splitter BS2. The

detection probabilities at the outputs gis
!! and his

!! , obtained by ignoring
(tracing out) the idler modes, are

Pg=h~
1
2

1+T cos c½ $ ð2Þ

Thus, fringes with visibility T can be seen at either output, even though the
signals combined at BS2 have different sources4,10. These fringes appear in

the signal single photon counts; the idlers are not detected. No coincidence
detection is required.

The peculiar feature of this interferometer is that no detected photon
has taken path d. Yet, in our experiment, it is precisely here where we put
the object to be imaged. The key to this experiment is how the signal-
source information carried by the undetected idler photon depends on
T. For, if T 5 0, an idler detected after D3, coincident with a signal count
at gis
!! or his

!! , would imply the signal source was NL2. Detection of a
signal photon without a coincident idler would imply the signal source
was NL1. This which-source information destroys interference because
it makes the quantum states overlapping at BS2 distinguishable. If
T 5 1, the idler photon carries no which-source information. The sig-
nal states overlapped at each output of BS2 are then indistinguishable;
thus the interference term in equation (2) appears. The above arguments
are valid even though the idler photons are not detected, for it is only
the possibility of obtaining which-source information that matters in
this experiment.

Our experiment has a connection to interaction-free measurements11,12.
Note that Ph~0 if no object is placed in the set-up (T 5 1 and c 5 0).
Now insert an opaque object (T 5 0) so that Ph . 0, and monitor the
idler reflection from D3. Coincident counts in his

!! and the idler detector
reveal that the object is present even though no photon interacted with
the object. With our set-up it is thus possible to realize non-degenerate
interaction-free imaging.

With O and D2 removed, equation (1) would be an ordinary two-
particle entanglement13, cis

!! dii
!! z eis

!! f ii
!! . With them in, dii

!! ?Teic f ii
!! ,

which creates equation (1). A normal two-particle entanglement has
changed into an interesting single-particle superposition, which is es-
pecially rich when T and c are transverse-position dependent.

We expand the conceptual arrangement of Fig. 1 into an imaging
system (Fig. 2). We replace the photon counters with cameras sensitive
to single photons and the uniform object with one bearing features, that
is, T 5 T(x, y) and c 5 c(x, y) depend on transverse position (x, y). Our
source produces spatially entangled photon pairs14,15. Sharp spatial cor-
relations between signal and idler in the object plane and confocal lens
systems16 (see Methods) guarantee a point-by-point correspondence bet-
ween the object plane and the detector surface on the camera.

The intensity image (non-constant transmittance) is due to transverse-
position-dependent which-source information carried by the undetected
idler photons. The phase image is of a different nature: it is due to the fact
that the position-dependent phase shift on the idler photons in path d is
actually passed to the signal; that is17, cis

!! Teic f ii
!!# $

z eis
!! f ii
!! ~ Teic cis

!!#

z eis
!! Þ f ii

!! . Remarkably, the idler beam f ii
!! alone does not even carry the

phase pattern, and without detection in coincidence it could not be used
to obtain the phase image18,19.

We will now show images obtained by detecting 810-nm photons
with a camera capable of single-photon sensitivity at this wavelength,
when three different objects are illuminated by 1,550-nm photons, to
which our camera is blind (see Methods). First, a cardboard cut-out
placed into the path D1–D2 is imaged. Next, we show that a position-
dependent phase shift produces an image even when the object is opaque
(an etched silicon plate) or invisible (etched silica plate) at the detection

1Institute for Quantum Optics and Quantum Information, Austrian Academy of Sciences, Boltzmanngasse 3, Vienna A-1090, Austria. 2Vienna Center for Quantum Science and Technology (VCQ), Faculty of
Physics, University of Vienna, A-1090 Vienna, Austria. 3Quantum Optics, Quantum Nanophysics, Quantum Information, University of Vienna, Boltzmanngasse 5, Vienna A-1090, Austria. {Present address:
Cornell University, 159 Clark Hall, 142 Science Drive, Ithaca, New York 14853, USA.
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wavelength. The images obtained with an electron multiplying charge
coupled device (EMCCD) camera show single (non-heralded) counts
per pixel (16mm 3 16mm) obtained in an exposure time of 0.5 s with an
electron multiplying gain factor of 20. The visibility achieved in the
experiment is 77% (see Methods for details).

Figure 3a shows the beamsplitter output when a cardboard cut-out
(illustrated in Fig. 3b) is inserted in the path D1–D2. Constructive inter-
ference is seen at one output of the beam splitter and destructive inter-
ference is observed in the other output. Interference only occurs in the
region corresponding to the idler beam transmitted through the shape
cut out of the cardboard, as seen in the sum and difference of the com-
plementary images, shown in Fig. 3c and d, respectively. The sum of the
two outputs of the beamsplitter gives the featureless intensity profile of
the signal beams, demonstrating that the signal beams, while carrying the
intensity information, are not absorbed at all by the mask.

In Fig. 4a, we show the image of an etched 500-mm-thick silicon plate;
the plate is shown in Fig. 4b (see Methods section for details of the silicon
plate and the etching process). Silicon is opaque to illumination at 810 nm,

thus it is impossible to realize transmission imaging by illuminating the
silicon with 810-nm photons. However, silicon is highly transparent at
1,550 nm and when we place the object in path D1–D2, the difference in
optical path length for the etched and non-etched regions corresponds to
a relative phase shift of p. Even though our camera is blind to 1,550-nm
light, the image is seen by detecting 810-nm photons at the output of BS2
(Fig. 4a).

Finally, Fig. 5a shows the image of a fused silica (SiO2) plate etched
with a pattern that is invisible at the detection wavelength (details are
given in the Methods section). We take advantage of the flexibility of our
source to obtain collinear non-degenerate down-conversion at 820 nm

NL1 BS1 

O 

NL2 D2

D1 

BS2 

a 

b 

d 
c 

e 
g 

h 

f 
D3 

Figure 1 | Schematic of the experiment. Laser light (green) splits at beam
splitter BS1 into modes a and b. Beam a pumps nonlinear crystal NL1, where
collinear down-conversion may produce a pair of photons of different
wavelengths called signal (yellow) and idler (red). After passing through the
object O, the idler reflects at dichroic mirror D2 to align with the idler produced
in NL2, such that the final emerging idler | fæi does not contain any information
about which crystal produced the photon pair. Therefore, signals | cæs and
| eæs combined at beam splitter BS2 interfere. Consequently, signal beams | gæs

and | hæs reveal idler transmission properties of object O.
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Figure 3 | Intensity imaging. a, Inside the cat, constructive and destructive
interference are observed at the outputs of BS when we placed the cardboard
cut-out shown in b in the path D1–D2. Outside the cat, idler photons from
NL1 are blocked and therefore the signals do not interfere. c, The sum of the
outputs gives the intensity profile of the signal beams. d, The subtraction of
the outputs leads to an enhancement of the interference contrast, as it highlights
the difference between constructive and destructive interference.
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Figure 4 | Phase image of an object opaque to 810-nm light. a, Detection of
810-nm photons at both outputs of BS when a silicon plate (opaque to 810-nm
light) with a 3-mm-tall etched cat (b) was introduced in path D1–D2. b, Three-
dimensional rendering of the etch design overlaid with stylus profilometer
scans (blue points) of the actual etch depth.
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D5 
BS 
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L4′

L5  L6  

   Filters 
EMCCD 
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M1  

HWP 

Figure 2 | Experimental set-up. A continuous-wave 532-nm laser (green)
illuminates crystals NL1 and NL2. Wave plates (WPs) adjust the relative phase
and intensity of the outputs of the polarizing beam splitter (PBS). The dichroic
mirror D1 separates down-converted 810-nm (yellow) and 1,550-nm (red)
photons. The 1,550-nm photons are transmitted through the object O and sent
through NL2 by dichroic mirror D2. Lenses image plane 1 onto plane 3, and
plane 2 onto the EMCCD camera. A 50:50 beam splitter (BS) combines the
810-nm beams. Dichroic mirrors D1, D2, D4 and D5 transmit the pump.
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spooky spectroscopy

Infrared spectroscopy with visible light
Dmitry A. Kalashnikov1, Anna V. Paterova1, Sergei P. Kulik2 and Leonid A. Krivitsky1*

Spectral measurements in the infrared optical range provide
unique fingerprints of materials, which are useful for material
analysis, environmental sensing and health diagnostics1.
Current infrared spectroscopy techniques require the use of
optical equipment suited for operation in the infrared range,
components of which face challenges of inferior performance
and high cost. Here, we develop a technique that allows spectral
measurements in the infrared range using visible-spectral-range
components. The technique is based on nonlinear interference of
infrared and visible photons, produced via spontaneous para-
metric down conversion2,3. The intensity interference pattern
for a visible photon depends on the phase of an infrared
photon travelling through a medium. This allows the absorption
coefficient and refractive index of the medium in the infrared
range to be determined from the measurements of visible
photons. The technique can substitute and/or complement con-
ventional infrared spectroscopy and refractometry techniques,
as it uses well-developed components for the visible range.

Entangled photons play a crucial role in advancing many areas of
quantum technologies4–9. They can be obtained using a variety of
methods, with spontaneous parametric down conversion (SPDC) in
nonlinear optical crystals being well established10. We consider a
specific type of experiment with entangled photons, referred to as
nonlinear interferometry, which is analogous to a conventional
Mach–Zehnder interferometer but with the two splitting mirrors
being substituted by two SPDC crystals3. In a nonlinear interferometer,
SPDC crystals are pumped by a common laser, so that down-converted
photons (signal and idler) from one crystal are injected into the second
crystal. Down-converted photons from the two crystals interfere and
produce an interference pattern in the frequency and spatial
domains. Depending on the experimental configuration, one can
observe interference either in intensity or in the second-order
correlation function11–13.

One remarkable feature of nonlinear interferometers is that the
interference pattern for signal photons is determined by a total
phase acquired by all three propagating photons: the signal, the
idler and the pump2,3. This differs from conventional interferometry,
where the interference pattern is defined by the phase of the signal
photon. From the interference pattern of the signal photon it is poss-
ible to infer the relative phase of an idler photon. Actual detection of
idler photons is not required. This scheme has found applications in
imaging with undetected photons14, interferometry below the shot
noise15, hybrid atom–light interferometers16 and spectroscopy of
Raman scattering by polaritons17.

Here, we address the problem of the optical investigation of
materials in the infrared range. A number of well-developed tech-
niques with high sensitivity and spectral resolution are available,
including transmission and Fourier-transform infrared (FTIR)
spectroscopy1. The common requirement for such techniques is
the use of infrared light sources, photodetectors and optical
elements. These components often have inferior performance in
terms of quantum efficiency, dark noise and loss, and are higher

in cost than their visible-range counterparts. The up-conversion
spectroscopy negates the need for infrared equipment, but requires
the use of multiple tunable pulsed lasers18,19. All the above tech-
niques are primarily designed for absorption measurement.
Measurements of the refractive index require using them in con-
junction with refractometers/ellipsometers. Here, a nonlinear inter-
ferometer is used for simultaneous measurements of the refractive
index and absorption of a medium in the infrared range without
the need for infrared equipment and sophisticated lasers. The
infrared properties of the medium are inferred from the interference
pattern for the signal photons in the visible range, measured with
accessible optical instruments.

A nonlinear interferometer composed of two SPDC crystals
pumped by a common laser is the foundation of this technique
(Fig. 1). Two identical crystals with thickness L are separated by
distance Lm. The crystals are set to produce signal (s) and idler (i)
photons in the visible and infrared range, respectively. We assume
a quasi-collinear regime of SPDC when the pump beam diameter
a≫ Lm ×max{θs ,θi}, where θs,i is the emission angle of down-
converted photons. In this case the dependence of the intensity of
signal photons on the wavelength λs and the emission angle θs is
given by20

Is(λs, θs) ∝
1
2

sinc
δ
2

( )[ ]2
1 + cos δ + δm

( ){ }
(1)

δ(λs, θs) = (kp − ks − ki)L, δ
m(λs, θs) = (kmp − kms − kmi )Lm

where kj and kmj are the wavevectors in the SPDC crystal and gap,
respectively and j = s, i and p for the signal, idler and pump
photons, respectively. The wavevectors are given by kj = 2πnj/λj
and kmj = 2πnmj /λj, where nj and nmj are the refractive indices
of the SPDC crystal and gap, respectively. In equation (1), the first
term defines the SPDC spectrum of an individual crystal, and the
second term defines modulation due to interference, which
depends on the phase acquired by signal, idler and pump photons
in the crystals and in the medium.

When a medium with absorption at the wavelength of the idler
photons is introduced into the gap, the interference pattern is
given by2,21:

Is(λs, θs) ∝
1
2

sinc
δ
2

( )[ ]2
{1 + |τmi | cos (δ + δm)} (2)

where τmi is the amplitude transmissivity of the medium for the idler
photon. We assume |τmi | ∝ exp(−αmi Lm), where αmi ≡ μmi /2 is the
amplitude absorption coefficient and μi

m is the Bouguer absorption
coefficient. The visibility of the interference for signal
photons, defined as Vs = (Is,max – Is,min)/(Is,max + Is,min), vanishes as
τmi ! 0. It can be used to calculate the absorption coefficient
αmi = −( ln (Vs)/Lm). Note that light scattering in the sample (for

1Data Storage Institute, Agency for Science, Technology and Research (A*STAR), Singapore 138634, Singapore. 2Department of Physics, M.V. Lomonosov
Moscow State University, Moscow 119991, Russia. *e-mail: leonid-k@dsi.a-star.edu.sg
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infrared light that has passed through 
the sample.

Beyond being a clever quantum trick, the 
approach could be important as visible light 
detectors are considerably more sensitive 
than infrared detectors and hence this 
technique could be extended to improve 
spectroscopy in spectral regions where good 
detectors do not currently exist.

To get some insight into how this 
approach works, consider the schematic 
set-up in Fig. 1. The main components of 
the experiment are two identical nonlinear 
crystals separated by some distance, where 
the sample under test is placed. A visible 
laser beam (the ‘pump’) crosses the set-up 
and its interaction with the nonlinear 
crystals leads to the probabilistic formation 
of entangled photon pairs through the 
process of spontaneous parametric down-
conversion — a ‘pump’ photon occasionally 
splits into two photons, the ‘signal’ and 
the ‘idler’, whose frequencies sum up 
to the pump frequency (as dictated by 
conservation of energy). The values of these 
two frequencies can be set by the choice and 
orientation of the crystal, here one is tuned 
to the infrared, and the other is visible.

The key point is that when detecting 
a photon from the entangled pair (in this 
case with a visible light detector), it is 
impossible to know in which crystal it was 
created — and quantum mechanics tells 
us that two such indistinguishable events 
interfere. This is not very different from the 
archetypal quantum two-slit experiment, 
where there is no way to tell through which 
slit a particle has passed, only that here in 
each event two photons are created. The 
phase that determines this interference 

signal at the detector depends on the optical 
phase of all three photons (pump, signal and 
idler) as they travel between the crystals, 
leading to oscillations in the probability to 
detect the event. As the sample affects the 
transmission or the phase of the infrared 
photon, it also affects the rate of detection of 
its visible partner.

These ideas, that it is not the photons 
that interfere but the indistinguishable 
events, can be traced back to key 
ideas of a pioneer of quantum optics 
Leonard Mandel7,8. The concept was 
recently beautifully exploited by the 
group of Anton Zeilinger for imaging 
with undetected photons6. It is closely 
related to another quantum trick known 
as interaction-free measurement, where 
objects can be detected by light, even 
when no photon hits them9. What looks 
at first like another spooky aspect of 
quantum physics can actually be useful 
for the practical down-to-earth task of 
spectroscopy of a trace substance.

In addition to the advantage of detecting 
visible photons instead of infrared ones, 
Kalashnikov’s quantum sensing set-up 
could potentially be the basis for a new 
breed of compact, portable and energy-
efficient sensing equipment that does 
away with the need for cooled detectors. 
Possible applications could range from trace 
gas detection in the atmosphere, exhaled 
air analysis from patients for diagnostics 
purposes, flow cytometry and microfluidics 
analysis, and chemically specific imaging 
in the fingerprint region if the sample in 
the idler beam can be spatially scanned. 
An additional advantage would be, in this 
latter case, that the infrared photons would 

be much less efficiently scattered by the 
medium than their visible counterpart.

However, for demanding applications 
requiring maximum sensitivity, further 
improvements would be required to lower 
the system’s detection limit. This could be 
achieved by increasing the production rate 
of entangled photon pairs, provided that 
each pair is distinct from its predecessor, 
or by extending the absorption path length 
using multi-pass cells. After all, it should be 
noted that entanglement has recently proven 
to be surprisingly robust and remains 
intact over 140 km of open path through 
the atmosphere10.

One interesting question that arises, 
then, is how many photon pairs can one 
generate and still claim that they arrive ‘one 
by one’ (or rather ‘pair by pair’) and thus 
retain their quantum properties? It turns 
out that the number can be quite high. 
The time slot each pair occupies is related 
inversely to its spectral bandwidth, and so 
to cram a lot of pairs into a channel one 
would want to generate them so that they 
are as spectrally broad as possible. Other 
experiments have reported that fluxes 
of 1012 pairs per second are achievable11. 
Yet, is it really necessary for the pairs to 
arrive one by one? What happens if the 
rate will get even higher and the simple 
quantum picture outlined above no longer 
holds? While Kalashnikov et al. have not 
discussed this issue5, it is an important 
point to consider, since this is the route 
to get stronger signals and a better signal-
to-noise ratio. Looking at Fig. 1 from a 
classical point of view, each of the crystals 
is now a parametric amplifier — which may 
amplify or attenuate the incoming signal 
and idler beams, depending on their relative 
phase. So while the first crystal has no 
input, and it amplifies noise to generate the 
signal and idler beams, the second crystal 
amplifies (or attenuates) these beams, 
and whether it amplifies or attenuates 
them depends on the phase they (and the 
pump) acquired between the two crystals. 
Hence, modulation of the idler phase and 
amplitude that is introduced by the sample 
can still be detected via measurements of 
the visible signal beam alone. 

The fact that spooky quantum properties 
are maintained at stronger ‘classical’ 
intensities should actually not be surprising. 
We observe Young’s interference fringes 
even at high intensities; there is no need to 
send those photons one by one. Similarly, 
quantum imaging can be extended to 
higher intensities12. Yet, as many quantum 
experimentalists know, inspiration 
from quantum physics can often lead to 
applications in mundane (yet practical) 
classical optics. ❐
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Figure 1 | Spooky spectroscopy. To measure the sample’s infrared absorption, a photon from the visible 
pump beam is split into a visible ‘signal’ photon and an infrared ‘idler’ photon by a nonlinear crystal. The 
infrared idler photon interacts with the sample. The two photons then cross a second crystal, where 
another photon pair can be generated. By measuring the visible signal photons (which never passed 
through the sample) one can detect the infrared properties of the sample. Image of quantum interference 
fringes adapted from ref. 5, Nature Publishing Group.

© 2016 Macmillan Publishers Limited. All rights reserved
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Microscopy with undetected photons in  
the mid-infrared
Inna Kviatkovsky1*, Helen M. Chrzanowski1, Ellen G. Avery2,3,4,5,6,7,  
Hendrik Bartolomaeus2,3,4,5,6, Sven Ramelow1,8

Owing to its capacity for unique (bio)-chemical specificity, microscopy with mid–infrared (IR) illumination holds 
tremendous promise for a wide range of biomedical and industrial applications. The primary limitation, however, 
remains detection, with current mid-IR detection technology often marrying inferior technical capabilities with 
prohibitive costs. Here, we experimentally show how nonlinear interferometry with entangled light can provide a 
powerful tool for mid-IR microscopy while only requiring near-IR detection with a silicon-based camera. In this 
proof-of-principle implementation, we demonstrate widefield imaging over a broad wavelength range covering 
3.4 to 4.3 mm and demonstrate a spatial resolution of 35 mm for images containing 650 resolved elements. More-
over, we demonstrate that our technique is suitable for acquiring microscopic images of biological tissue samples 
in the mid-IR. These results form a fresh perspective for potential relevance of quantum imaging techniques in the 
life sciences.

INTRODUCTION
Mid–infrared (IR) imaging and microscopy are extensively used in 
various fields such as biology and medicine (1–6), environmental 
sciences (7), and microfluidics (8). Sensing with mid-IR light exploits 
the distinct rotational and vibrational modes of specific molecules 
(9). This spectral fingerprint can be used as a contrast mechanism 
for mid-IR imaging, circumventing the need for labeling. Such non-
invasive and label-free imaging techniques are especially important 
for bioimaging procedures, as they permit the observation of largely 
unaltered living tissues. The current state-of-the-art mid-IR imaging 
technique is Fourier transform IR spectroscopic imaging (10). It 
heavily relies on IR technologies, namely, broadband IR sources and 
detectors. While the gap in technology and price between IR and 
visible sources is slowly closing (11), IR detection technology 
lags substantially behind its visible counterparts (12–14), such as 
complementary metal-oxide semiconductor (CMOS) and charge- 
coupled device technologies. Furthermore, IR detectors are costly 
and technically challenging, often requiring cryogenic cooling, and, 
moreover, are subject to severe export restrictions due to dual-use 
issues.

To bypass the need for IR detectors, techniques such as coherent 
Raman anti-Stokes scattering microscopy (15, 16) were developed. 
Here, the weakness of the Raman effect and intrinsic noise mecha-
nism require high laser intensities and only permit slow point-by-
point scanning. Photothermal lens microscopy (17) and photoacoustic 
microscopy (18) in the mid-IR are two imaging modalities that are 
capable of imaging fresh biosamples with high spatial resolution. 
Nevertheless, raster scanning is required, and sample illumination 

is comparatively invasive. Other approaches use frequency conver-
sion to shift the detection frequency to the visible while still sensing 
in the IR region for the highly desired information. Up-conversion 
methods have demonstrated imaging in the near- and mid-IR (19–21), 
but conversion efficiency and the number of converted spatial modes 
remain a significant challenge, especially as they scale unfavorably 
with each other.

A markedly different approach uses the interference of an entangled 
photon pair with widely different wavelengths and requires neither 
laser sources nor detectors at the imaging wavelength. Photons at 
the idler wavelength are used for illumination but remain undetected. 
The initial proof of concept for wide-field imaging was demonstrated 
(22) at 1550 nm with moderate spatial resolution. There, the approach 
was based on induced coherence without induced emission (23, 24), 
but similar effects can be realized in general by nonlinear inter-
ferometers (25). It has also seen use, albeit in a single spatial mode 
regime for other modalities of sensing, such as spectroscopy (26), 
refractometry (27), and optical coherence tomography (28, 29). 
In addition, during the preparation of this manuscript, we became 
aware of related work by Paterova et al. (30).

In this work, we show how highly multimode quantum nonlinear 
interferometry forms a powerful tool for microscopic imaging in the 
mid-IR using only a medium powered visible laser and a standard 
CMOS camera. We also derive explicit formulas for the field of view 
(FoV) and resolution for wide-field imaging with highly nondegen-
erate photon pairs, which are verified experimentally and numeri-
cally reproduced using a full quantum formalism (see Supplementary 
Materials). In our implementation, a nonlinear interferometer is 
formed by double passing a periodically poled potassium titanyl 
phosphate (ppKTP) crystal in a folded Michelson geometry (25). As 
the pump passes the crystal twice, it can generate a single pair of 
signal and idler photons via spontaneous parametric down-conversion 
(SPDC) in the first and/or second crystal. The signal and idler modes 
after the first pass of the crystal are aligned, such that when propa-
gating back for the second pass, they perfectly overlap with the signal 
and idler modes for the second possibility for the biphoton generation. 
This results in indistinguishability and, thus, interference of single 
biphotons generated in the “first” and/or “second” crystal. The 
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interference (of only one biphoton with itself) can be fully measured 
by solely looking at the signal photons with a CMOS camera. It 
reveals the phase and absorption an idler photon would experience 
after the first pass. No complex or cost-intensive components are 
required to realize such a setup.

In this work, the nonlinear crystal was engineered for highly non-
degenerate signal and idler wavelengths. Using broadband phase 
matching (31), the idler wavelength can be selected in a large range 
between 3.4 and 4.3 mm at room temperature, while the correspond-
ing signal wavelength is in the 780- to 820-nm range. The strong 
spatial correlations between the signal and idler modes ensure that 
any distinguishing information obtained by the idler field between 
the first and second pass of the crystal will be encoded onto the 
interference of the near-IR light after the second crystal. This allows 
the simultaneous retrieval of both spatially resolved phase and 
amplitude information of a sample put into the idler arm. We char-
acterize the mid-IR imaging properties of this system with an off-
the-shelf CMOS camera. Moreover, the ability to manipulate the FoV 
and, accordingly, the system resolution is demonstrated. Specifically, 
using a ×10 magnification, details down to 35 mm are shown to be 
detected, which we use for acquiring microscopic images of a bio-
logical sample.

RESULTS
The experimental setup is detailed in Fig. 1. The initial character-
ization of the imaging technique was made in an unmagnified 
configuration, with both the end mirrors of the interferometer 
placed at the far-field of the crystal. The sample to be imaged is 
placed on the idler mirror. While the unmagnified configuration 
has limited spatial resolution, it provides a straightforward means 
to characterize the imaging capacity of the system. The lateral 

resolution was ascertained by measuring the spatial response to 
an edge knife (Fig. 2B), yielding 322 ± 5 mm. The estimated number 
of spatial modes is 800 ± 20. In addition, a U.S. Air Force (USAF) 
clear path resolution target was illuminated (Fig. 2C). These values are 
consistent with the theoretical model (see Supplementary Materials) 
developed using a theoretical framework generalized from that of 
ghost imaging (32).

To demonstrate microscopy, a 10-fold magnification was realized 
via a telescope in the idler arm. Characterization of the magnified 
setup was performed in a similar manner, with the results summa-
rized in Fig. 2. The obtained number of spatial modes is 655 ± 57. 
The system resolution of 35 ± 5 mm is below the smallest available 
line pair for our clear path resolution target (Fig. 2C).

The number of measured spatial modes in the unmagnified 
(magnified) realization is about 88% (72%) of the theoretical value. 
We attribute this reduction in both optical arrangements to align-
ment imperfections, namely, in matching the corresponding imag-
ing planes precisely, as well as chromatic aberrations. In addition, 
the smaller depth of focus in the magnified regime brings higher 
sensitivity to mismatch of imaging and sample planes, explaining the 
variation between the obtained number of modes in the unmagnified 
and magnified arrangements.

Our built-for-purpose SPDC source yields approximately 108 pairs/s 
within the filter bandwidth per 400 mW of pump light, which are 
distributed over around 18.000 pixels covering the FoV on the CMOS 
camera. This results in approximately 5000 photons per pixel per 
second, far above the intrinsic camera noise, and leads to the shot 
noise– and visibility-limited signal-to-noise ratios (SNRs) of the un-
magnified (magnified) realization of around 25 (8) that we observe 
in our measurements. This corresponds to a resolvable transmission 
difference of 4% (12%). The difference between the two realizations 
stems from the reduced visibility of the magnified arrangement, 

Fig. 1. Experimental setup and interference images. (A) A 660-nm continuous-wave laser pumps a highly nondegenerate SPDC process. The signal and idler fields 
generated on the first pass of the 2-mm ppKTP crystal are split via a dichroic mirror (DM). The sample to be imaged is placed in the Fourier plane of the idler, which coincides 
with its end mirror. Both the idler and signal fields are reflected back, recombined, and back-propagated into the nonlinear crystal with the coherent pump field. The 
resulting signal field is imaged on a CMOS camera. (B) Constructive, destructive, and difference interference images of the signal for a cardboard cutout probed by the 
mid-IR idler. Scale bar, 2 mm.
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Hyperspectral infrared microscopy with visible light
Anna V. Paterova1, Sivakumar M. Maniam2,3, Hongzhi Yang1,  
Gianluca Grenci2,4*, Leonid A. Krivitsky1*

Hyperspectral microscopy is an imaging technique that provides spectroscopic information with high spatial 
resolution. When applied in the relevant wavelength region, such as in the infrared (IR), it can reveal a rich spectral 
fingerprint across different regions of a sample. Challenges associated with low efficiency and high cost of IR light 
sources and detector arrays have limited its broad adoption. Here, we introduce a new approach to IR hyperspectral 
microscopy, where the IR spectral map is obtained with off-the-shelf components built for visible light. The method 
is based on the nonlinear interference of correlated photons generated via parametric down-conversion. In this 
proof-of-concept we demonstrate the chemical mapping of a patterned sample, where different areas have 
distinctive IR spectroscopic fingerprints. The method provides a wide field of view, fast readout, and negligible 
heat delivered to the sample, which opens prospects for its further development for applications in material and 
biological studies.

INTRODUCTION
The development of optical metrology techniques in infrared (IR) 
range is quite active due to the richness of material and molecular 
signatures that are observable in this spectral range (1–3). Multiple 
IR spectroscopic instruments are commercially available but are 
saddled with nonideal light sources, low-efficiency detector arrays, 
and high cost. This limits the application for hyperspectral IR 
microscopy, in particular, for dynamic studies of live cells (4, 5).

Typical light sources used for IR absorption spectroscopy are 
robust, low-cost thermal blackbody emitters. Although their emis-
sion band covers the detection range of IR photodetectors, these 
sources have limited spectral brightness. Applications requiring 
bright and well-collimated beams, such as wide-field hyperspectral 
IR microscopy, use light produced by synchrotron light sources (6) 
or high-power quantum cascade lasers (QCLs) (7). In recent years, 
the availability of tunable QCL has spawned a resurgent interest in 
developing new designs for combined IR-visible microscopes, which 
allow increase in the detection speed (in part justified by the reduced 
number of frequencies to acquire), high signal-to-noise ratio, and 
diffraction-limited spatial resolution (8). However, access to synchro-
tron light is limited and costly, while QCL technology has limitations 
in terms of cost, reliability, and spectral range/tunability.

There are limitations to light detection with wide-field IR mi-
croscopy as well. Currently, arrays of IR point detectors, referred to 
as focal plane arrays (FPAs), are used. These FPAs face several tech-
nical limitations such as cryogenic operation, high noise floor, non-
uniform response, low pixel count, and thermal sensitivity (9). They 
are costly and subjected to stringent end-user controls.

Besides developing easy access and reliable IR light sources and 
detectors, notable efforts have also been put in improving the 
spatial resolution of IR spectroscopy. While the development of 
advanced techniques based on fluorescent probes has allowed break-

ing the diffraction limit in optical microscopy (10–13), the lower 
performances of standard IR spectroscopy, with a spatial resolution 
at best reaching the diffraction limit, have been one major factor 
preventing a broader adoption in biological studies. More recently, 
this limitation seems to be overcome thanks to alternative approach-
es, such as atomic force microscopy (AFM)–based IR spectroscopy, 
which uses an AFM tip to scan the surface of a sample with spatial 
resolution in the range of 10 nm. The local detection of the thermal 
expansion, as a result of the absorption of IR radiation, allows 
reconstructing an absorption spectrum of the sample (14). A new 
microscope combining optical microscopy and photothermal IR 
spectroscopy is one of the promising results shown recently (15). 
The technique uses illumination of the sample with QCL and mea-
sures the thermal expansion of a thin sample (or a tissue section) in 
a wide-field interferometric arrangement to improve the spatial 
resolution down to the diffraction limit for the visible light. The 
only limitation to this approach at this stage might be the lack of 
broadband-tunable QCLs and the preselection requirement of IR 
frequencies of laser sources before imaging.

To overcome the existing challenges of IR light sources and 
detectors, it is possible to use techniques with the detection in the 
visible range, where conventional complementary metal-oxide semi-
conductor (CMOS) and charge-coupled device (CCD) technologies 
are well developed. One such approach is represented by vibrational 
microspectroscopy techniques based on Raman scattering. How-
ever, these techniques are hampered by a relatively low cross section 
and a fluorescence background, which mask the Raman signal 
(16). Furthermore, the selection rules for Raman and absorption 
spectroscopy are different: A given transition may reveal itself in the 
absorption measurement while showing a weak Raman signal, 
and vice versa. Hence, the two techniques are complementary to 
each other.

Another possibility is using nonlinear optical phenomena to 
transfer the detection of the signal into the visible range. For exam-
ple, a scheme based on photon up-conversion was demonstrated 
recently (17). However, it requires the use of an expensive optical para-
metric oscillator and high-end electron-multiplying CCD (EMCCD) 
camera. Furthermore, the technique works with a relatively intense 
flux of up-converted photons, which may damage fragile biological 
samples.
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spectral response in the mid-IR range depends on the polymeriza-
tion condition. For this experiment, we expose the photoresist film 
to ultraviolet (UV) light (i-line of a Hg arc lamp) through an optical 
mask with a spatial pattern of rectangles (exposed areas), while the 
surrounding area is kept nonexposed. The image of the sample un-
der the optical microscope is shown in Fig. 3B. Since SU-8 is trans-
parent in the visible range, the image does not show any variance in 
the optical properties at different areas of the sample. Note that 
rectangular edges of the exposed area can be seen due to slight 
shrinkage of the resist upon reticulation. To avoid the Fabry-Pérot 
effect inside the SU-8 layer, we place a 400-mm-thick calcium fluoride 
(CaF2) window on top of the SU-8.

We probe the sample at different wavelengths of idler photons in 
the range from 2.75 to 3.35 mm with a step of ~25 nm. The correlated 

wavelengths of detected signal photons are in the range from 663 to 
632 nm. The spectral widths of the signal and idler photons are 
1.91 ± 0.02 and 42.8 ± 0.5 nm, respectively (see section S4). Examples 
of the absorption map of the sample at four probing wavelengths 
are shown in Fig. 4:

1. Idler photon at 2.87 mm, signal photon at 653.2 nm. The ex-
posed rectangles show stronger absorption than the surrounding 
nonexposed area (see Fig. 4A).

2. Idler photon at 3.18 mm, signal photon at 638.8 nm. Low ab-
sorption of the sample and there is no distinctive contrast between 
different areas of the sample (see Fig. 4B).

3. Idler photon at 3.32 mm, signal photon at 633.5 nm. The image 
inverts, and the exposed rectangles show weaker absorption than 
the nonexposed area (see Fig. 4C).
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Fig. 1. Experimental setup. A continuous-wave laser is used as a pump for the PPLN crystal. The laser is injected into the setup by a dichroic beamsplitter D1. The signal 
(visible) and idler (IR) photons are generated via SPDC and separated into different channels of the Michelson-type interferometer by the dichroic mirror D2. The frequen-
cies of the photons are tuned by changing the temperature of the crystal and switching among regions with different poling periods within the same crystal. The identi-
cal confocal three-lens systems F1, F2, and F3 in each arm of the interferometer project the k-spectrum of down-converted photons onto the reference mirror and the 
sample. The pump is reflected back to the crystal and generates other SPDC photons. The state vectors of SPDC photons, generated in the forward and backward passes 
of the pump through the crystal, interfere. The interference pattern is measured by focusing the signal (using lens F) into a standard CMOS camera preceded by notch 
and bandpass filters (NF and BP). The measured interference pattern of signal photons depends on the properties of the sample probed by idler photons.
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Fig. 2. Imaging of the resolution test target. Reflectivity image of the resolution test target measured using lenses F3 with different focal lengths f3. The first image 
corresponds to the f3 = 25 mm; the insets show results for f3 = 15 mm and f3 = 4 mm.
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We present an approach to building interferometric telescopes using ideas of quantum information.

Current optical interferometers have limited baseline lengths, and thus limited resolution, because of noise

and loss of signal due to the transmission of photons between the telescopes. The technology of quantum

repeaters has the potential to eliminate this limit, allowing in principle interferometers with arbitrarily

long baselines.

DOI: 10.1103/PhysRevLett.109.070503 PACS numbers: 03.67.Pp, 07.60.Ly, 42.50.Ex, 95.55.Br

The two primary goals for a telescope are sensitivity and
angular resolution. Interferometry among telescope arrays
has become a standard technique in astronomy, allowing
greater resolving power than would be available to a single
telescope. In today’s IR and optical interferometric arrays
[1,2], photons arriving at different telescopesmust be physi-
cally brought together for the interference measurement,
limiting baselines to a few hundred meters at most because
of phase fluctuations and photon loss in the transmission.
Improved resolution would, if accompanied by adequate
sensitivity, have many scientific applications, such as de-
tailed observational studies of active galactic nuclei, more
sensitive parallax measurements to improve our knowledge
of stellar distances, or imaging of extra-solar planets.

The field of quantum information has extensively
studied the task of reliably sending quantum states over
imperfect communications channels. The technology of
quantum repeaters [3] can, in principle, allow the trans-
mission of quantum states over arbitrarily long distances
with minimal error. Here we show how to apply quantum
repeaters to the task of optical and infrared interferometry
to allow telescope arrays with much longer baselines than
existing facilities. The traditional intended application for
quantum repeaters is to increase the range of quantum key
distribution, but the application to interferometric tele-
scopes has more stringent demands in a number of ways.
Quantum repeaters are still under development, and our
work provides a new goal for research in that area. It sets a
new slate of requirements for the technology, but simulta-
neously broadens the appeal of successfully building quan-
tum repeater networks.

We begin by reviewing the standard approach to
optical and infrared interferometry, known as ‘‘direct de-
tection’’, [1,2] but we will treat the arriving light quantum-
mechanically. The light is essentially in a weak coherent

state, but the average photon number per mode is much less
than 1, so two-photon events are negligible. Therefore, we
assume the incoming wave consists of a single photon. We
consider first an idealized set up with two telescopes and
no noise, as in Fig. 1.
Depending on the orientation of the ‘‘baseline’’ (the

relative position of the telescopes in the interferometer),
the light has a relative phase shift ! between the two
telescopes L and R, resulting in the state

j0iLj1iR þ ei!j1iLj0iR; (1)

with j0i and j1i indicating 0 and 1-photon states. If we
measure ! with high precision, that tells us the source’s
location very precisely.! is proportional to the baseline, so

FIG. 1 (color online). Basic setup of a direct-detection inter-
ferometer. In the arrangement pictured, light travels an addi-
tional distance b sin" to reach telescope L rather than telescope
R. For light with wavelength #, the extra distance imposes a
phase shift! ¼ ðb sin"Þ=# at telescope L relative to telescope R.
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longer baselines produce a more accurate measurement of
the source’s position.

Often we are interested in sources that have structure on
the scale we can resolve with the interferometer. Different
locations on an astrophysical source usually emit light
incoherently, so the light is in a mixed state, formed by a
mixture of photons from different locations on the source.
Because different locations give different phase shifts !,
the off-diagonal components of the density matrix de-
crease. We get a density matrix of the form

" ¼ 1

2

0 0 0 0

0 1 V " 0

0 V 1 0

0 0 0 0

0
BBBBB@

1
CCCCCA

(2)

in the basis j0iLj0iR, j0iLj1iR, j1iLj0iR, j1iLj1iR. V is

known as the ‘‘visibility.’’ V ð ~bÞ is a function of the base-
line vector between the telescopes.

The light from the two telescopes is then brought
together. The light from telescope R is subjected to an
additional delay relative to the light from L so that when
the photons are combined in the interferometer, the path
travelled by an L photon differs from the path of an R
photon by less than the coherence length of the incoming
light. The delay line is adjustable, producing a known
phase # for the light from telescope R. In Fig. 1, the light
then enters a beam splitter. We see the photon in output
port 1 with probability ½1þ ReðV e'i#Þ(=2, and in output
port 2 with probability ½1' ReðV e'i#Þ(=2. By sweeping
through different values of #, we can measure both the
amplitude and the phase of V .

A single pair of telescopes with a fixed baseline does not
produce enough information to reconstruct the original
source brightness distribution, but an array of telescopes
with many different baselines acquires much more infor-
mation. The van Cittert–Zernike theorem [4] states that the
visibility (as a function of baseline) is the Fourier trans-
form of the source distribution. Thus, if we could measure
the visibility for all baselines, we could completely image
the source. With only a limited number of baselines, the
discrete Fourier transform may nonetheless give a good
approximation of the source brightness distribution.

There are two major difficulties involved in implement-
ing the setup described in Fig. 1. First, if the telescopes are
ground based, density fluctuations in the atmosphere
modify the relative phase shift between the telescopes.
The phase noise is large enough to completely swamp
the signal. Our proposal suffers from this problem just as
do direct-detection interferometers, and the same solutions
to it apply. For instance, one can use space-based tele-
scopes, perform phase referencing to recover the original
phase information, or, in an array of many telescopes,
calculate closure phases, which combine the interference
results from different pairs of telescopes to cancel out

telescope-specific phase shifts due to atmospheric fluctua-
tions or other causes [1].
The second problem is that it is difficult to transport single

photons over long distances without incurring loss of pho-
tons and additional uncontrolled phase shifts. For instance,
slight variations in path length due to vibrations or small
misalignments of the optical elements both produce reduced
interference fringes. The signal we wish to measure is the
amount of interference—for instance, a point source should
have complete constructive and destructive interference,
while a uniformly bright field of view should have no
interference at all. Since many different error mechanisms
also cause a reduction in the interference visibility, this is a
serious problem. Loss of photons can present a severe
limitation on the array’s sensitivity to faint sources. In
practice, these problems limit the baseline size of interfer-
ometers using direct detection. Today’s best optical and
infrared interferometers use baselines of only a few hundred
meters at most. This is the problem we wish to address.
The task of transporting quantum states reliably has been

intensively studied in the field of quantum information. For
the specific task of interferometry, we suggest using a
‘‘quantum repeater’’ [3,5]: Instead of sending a valuable
quantum state directly over a noisy quantum communica-
tions channel, instead create a maximally entangled state
[6] such as j01iþ j10i, and distribute that over the channel.
The entangled state is known and replaceable, so we can
check to see that it has arrived correctly. If it has, then we
transmit the original quantum state using a technique
known as ‘‘quantum teleportation’’ [7].
For an interferometric telescope, it is not necessary to

perform the teleportation explicitly; we can use the en-
tangled pair directly to measure the visibility, as in Fig. 2.
We now have two separate interference measurements, one
at each telescope. We postselect on the measurement re-
sults, considering only the case where we see one photon at
telescope L and one photon at telescope R. One of these
photons has come from the astronomical source, and one
has come from the entangled pair, but we have no way of
knowing which is which. We refer to them as the ‘‘astro-
nomical’’ photon and the ‘‘lab’’ photon, respectively. On

FIG. 2 (color online). Performing an interference measure-
ment between two telescopes using an entangled state emitted
from a central entangled photon source (EPS).
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! ! !aa !ab

!ba !bb

! "
¼ hayai hbyai

haybi hbybi

! "
; (3)

and a and b are annihilation operators of the optical modes.
The zero-mean Gaussian statistics are a standard assump-
tion for astronomical sources in theoretical optics [1,3].
The positive " function indicates that the two modes are
classically correlated only and possess no quantum entan-
glement [13].

Let hayai ¼ hbybi ¼ !=2 for simplicity. For an incom-
ing light with photon-flux spectral density Sð"Þ and a
relatively narrow detector bandwidth #" around a center
frequency "0, the filtered photon flux is Sð"0Þ#". Over the
duration of the effective temporal mode #t% 1=#", ! ¼
Sð"0Þ#"#t% Sð"0Þ turns out to be independent of the
detector bandwidth and a function of the source and the
telescope efficiency only. Considering the case ! & 1, as is
common for interferometry with high optical "0, the den-
sity operator can be approximated in the photon-number
basis as

# ¼ ð1' !Þj0; 0ih0; 0jþ !

2
½j0; 1ih0; 1jþ j1; 0ih1; 0j

þ g*j0; 1ih1; 0jþ gj1; 0ih0; 1j+ þOð!2Þ; (4)

where I have defined !g=2 ! !ab ¼ !*
ba and g ! g1 þ ig2

as the complex degree of coherence with jgj , 1 [1]. In the
following, I neglect the smallOð!2Þ terms, assume that ! is
known, and g1 and g2 are the unknown parameters to be
estimated. The assumption of a known ! should be reason-
able, as other noninterferometric imaging methods can be
used to estimate the average photon flux and are usually
much less sensitive to noise [2]. Otherwise, ! should also
be regarded as an unknown parameter to be estimated by
the interferometer, a complication outside the scope of
this Letter.

Any measurement in quantum mechanics can be mod-
eled by a positive operator-valued measure (POVM)
EðyÞ [4,14], which determines the probability of the ob-
servation y:

PðyjgÞ ¼ tr½EðyÞ#+: (5)

For example, in the direct detection scheme [Fig. 1(a)], the
two optical modes are brought to interfere at a 50-50 beam
splitter and the photons at the two output ports are counted.
It can be shown by standard quantum optics calculations
[8] that the POVM Eðn;mÞ for photon counts n and m are

Eð0; 0Þ ¼ j0; 0ih0; 0j; (6)

Eð1; 0Þ ¼ 1
2ðj1; 0iþ e'i$j0; 1iÞðh1; 0jþ ei$h0; 1jÞ; (7)

Eð0; 1Þ ¼ 1
2ðj1; 0i' e'i$j0; 1iÞðh1; 0j' ei$h0; 1jÞ; (8)

where $ is an adjustable phase shift on the b mode. The
observation probabilities become

Pð0; 0jgÞ ¼ 1' !; (9)

Pð1; 0jgÞ ¼ !

2
½1þ Reðge'i$Þ+; (10)

Pð0; 1jgÞ ¼ !

2
½1' Reðge'i$Þ+: (11)

To evaluate the parameter-estimation capability of a
measurement scheme, consider the Fisher-information ma-
trix, defined as [15]

F !
X

y

1

PðyjgÞDðyjgÞ; (12)

DðyjgÞ !

#
@PðyjgÞ
@g1

$
2

@PðyjgÞ
@g1

@PðyjgÞ
@g2

@PðyjgÞ
@g2

@PðyjgÞ
@g1

#
@PðyjgÞ
@g2

$
2

0
BB@

1
CCA: (13)

The inverse of the Fisher-information matrix provides a
lower Cramér-Rao bound to the mean-square estimation
error covariance matrix $ for any unbiased estimate in the
form of $ - F'1. The eigenvalues of F, which must be
nonnegative as F - 0, hence quantify the amounts of
independent information obtainable from the measure-
ment. In a total observation time interval T over which
the model parameters can be approximated as
time constant, M% T=#t% T#" measurements can be
performed, and the total Fisher information is FðMÞ ¼
MF% T#"F. In the limit of large M, the Cramér-Rao
bound is asymptotically achievable by maximum-
likelihood estimation. This makes the Fisher information
a rigorous metric for comparing the inherent capabilities of
different measurement schemes for parameter estimation.

FIG. 1 (color online). Schematics of (a) the direct detection
scheme, an example of nonlocal quantum measurement, and
(b) a local measurement scheme, which performs spatially
separate measurements and permits only classical communica-
tion and control between the two sites. Examples of the latter
include heterodyne and homodyne detection.
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beating the Rayleigh curse

˛ Rayleigh criterion: artefact of the imaging system

˛ info is contained in the phase, but imaging is done in
intensity

˛ parameter estimation: Cramér-Rao bound

MSEpθq ě
1

F pθq

MSE: mean-square error
F: Fisher information

Tsang et al., PRX 6, 031033 (2016); Bojer et al., New J. Phys. 24, 043026 (2022)
Nair & Tsang, PRL 117, 190801 (2016); Lupo & Pirandola, PRL 117, 190802 (2016)
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Figure 2. The image of two point sources (histogram) is blurred
by diffraction and corrupted by photon shot noise. θ denotes the
separation between the sources, f (x | θ) (solid curve) is the mean
intensity, and x is the image-plane coordinate.

Figure 3. Fisher information for the estimation of the separation
θ between two incoherent point sources, assuming a Gaussian
point-spread function.With direct imaging, the information drops
to zero for θ → 0, but the Helstrom information according to
quantum estimation theory stays constant.

penalty Rayleigh’s curse to distinguish it from Rayleigh’s
criterion – sub-Rayleigh sources are resolvable, but the
more they violate Rayleigh’s criterion, the harder it gets
to estimate their separation.

4. Dispelling Rayleigh’s curse

Rayleigh’s curse happens if we measure the intensity on
the image plane, but what if we allow any quantum mea-
surement that may be sensitive to the phase as well? To
find the quantum limit, we can use a quantum version
of the Fisher information proposed by Helstrom [24],
which sets an upper bound on the Fisher information for
any measurement [91,92], as elaborated in Appendix 2.
We found that the Helstrom information (HI) for the

Figure 4. Basic setup of SPADE for incoherent imaging.

separation estimation problem is given by [38]

FI(θ) ≤ HI(θ) = C(∞)N. (3)

Remarkably, HI(θ) is constant regardless of the separa-
tion and completely free of Rayleigh’s curse, as plotted in
Figure 3.

The constant Helstrom information would be no sur-
prise if it were simply a loose upper bound; the million-
dollar question is whether one can find a measurement
that attains the limit.Mathematical studies followingHel-
strom’s work have shown in general that a quantum-
limited measurement should exist, at least in the limit
of infinite sample size [93,94]. The mathematics offers
little clue to the experimental implementation, however,
and finding one in quantum estimation theory is often a
matter of educated guessing.

Luckily we found one. Assuming a Gaussian point-
spread function, we found that sorting the light on the
image plane in terms of the Hermite-Gaussian modes,
followed by photon counting in each mode, can lead to
a Fisher information given by [38]

FI(SPADE)(θ) = C(∞)N, (4)

which attains the quantum limit and is free of Rayleigh’s
curse for all θ . Figure 4 illustrates the setup. We called
the measurement spatial-mode demultiplexing with the
acronym SPADE, to follow the convention of giv-
ing catchy acronyms to superresolution methods [36].
Numerical simulations have shown that SPADE com-
bined with a judicious estimator can give an error very
close to the quantum bound 1/HI and substantially lower
than that achievable by direct imaging [38,50]. Further
studies have proposed measurements that work for other
point-spread functions [38,46,53,55].

5. How SPADEworks

To understand how SPADE can beat direct imaging and
achieve the quantum limit, it is helpful to consider a sim-
plified model of thermal light [38] that is valid for optical

CONTEMPORARY PHYSICS 281

Figure 2. The image of two point sources (histogram) is blurred
by diffraction and corrupted by photon shot noise. θ denotes the
separation between the sources, f (x | θ) (solid curve) is the mean
intensity, and x is the image-plane coordinate.

Figure 3. Fisher information for the estimation of the separation
θ between two incoherent point sources, assuming a Gaussian
point-spread function.With direct imaging, the information drops
to zero for θ → 0, but the Helstrom information according to
quantum estimation theory stays constant.

penalty Rayleigh’s curse to distinguish it from Rayleigh’s
criterion – sub-Rayleigh sources are resolvable, but the
more they violate Rayleigh’s criterion, the harder it gets
to estimate their separation.

4. Dispelling Rayleigh’s curse

Rayleigh’s curse happens if we measure the intensity on
the image plane, but what if we allow any quantum mea-
surement that may be sensitive to the phase as well? To
find the quantum limit, we can use a quantum version
of the Fisher information proposed by Helstrom [24],
which sets an upper bound on the Fisher information for
any measurement [91,92], as elaborated in Appendix 2.
We found that the Helstrom information (HI) for the

Figure 4. Basic setup of SPADE for incoherent imaging.

separation estimation problem is given by [38]

FI(θ) ≤ HI(θ) = C(∞)N. (3)

Remarkably, HI(θ) is constant regardless of the separa-
tion and completely free of Rayleigh’s curse, as plotted in
Figure 3.

The constant Helstrom information would be no sur-
prise if it were simply a loose upper bound; the million-
dollar question is whether one can find a measurement
that attains the limit.Mathematical studies followingHel-
strom’s work have shown in general that a quantum-
limited measurement should exist, at least in the limit
of infinite sample size [93,94]. The mathematics offers
little clue to the experimental implementation, however,
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spread function, we found that sorting the light on the
image plane in terms of the Hermite-Gaussian modes,
followed by photon counting in each mode, can lead to
a Fisher information given by [38]

FI(SPADE)(θ) = C(∞)N, (4)

which attains the quantum limit and is free of Rayleigh’s
curse for all θ . Figure 4 illustrates the setup. We called
the measurement spatial-mode demultiplexing with the
acronym SPADE, to follow the convention of giv-
ing catchy acronyms to superresolution methods [36].
Numerical simulations have shown that SPADE com-
bined with a judicious estimator can give an error very
close to the quantum bound 1/HI and substantially lower
than that achievable by direct imaging [38,50]. Further
studies have proposed measurements that work for other
point-spread functions [38,46,53,55].

5. How SPADEworks

To understand how SPADE can beat direct imaging and
achieve the quantum limit, it is helpful to consider a sim-
plified model of thermal light [38] that is valid for optical
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frequencies and beyond, as described in the following.
The model may sound heuristic, but it is possible to
derive it from a quantum formalism by assuming a ther-
mal quantum state [3], the paraxial optics model [95],
and an ‘ultraviolet’ limit, as elaborated in Appendix 3.

Treat each photon on the image plane as a quan-
tum particle with wavefunction ψ(x), where x is the
image-plane coordinate normalised with respect to the
magnification factor [88]. Direct imaging corresponds to
a measurement of its position, obeying the probability
density

f (x) = |ψ(x)|2, (5)
by virtue of Born’s rule. It is also possible to measure the
particle in any other orthonormal basis {φq(x) : q ∈ N0},
and the probability offinding the photon in the qth spatial
mode is

gq =
∣∣∣∣

∫ ∞

−∞
dxφ∗

q (x)ψ(x)
∣∣∣∣
2
. (6)

For incoherent imaging, thewavefunction of each photon
is ψ(x − X), where ψ is determined by the point-spread
function of a diffraction-limited imaging system and the
displacement X depends on the position of the point
source that emits the photon. Denoting the density of
the incoherent sources as F(X), X can be regarded as a
random variable with F(X) as its probability density. For
direct imaging, the probability density on the image plane
becomes

f (x) =
∫ ∞

−∞
dX|ψ(x − X)|2F(X), (7)

which agrees with the classical theory of incoherent
imaging [88]. In general, the probability of finding the
photon in the φq(x) mode is

gq =
∫ ∞

−∞
dX
∣∣∣∣

∫ ∞

−∞
dxφ∗

q (x)ψ(x − X)

∣∣∣∣
2
F(X). (8)

If we treat the arrivals of the photons at the spatial modes
as a temporal Poisson process, then the photon counts
integrated over time are independent Poisson random
variables, each with mean and variance given by Ngq,
where N is the average photon number in all modes. For
direct imaging, the photon statistics should be treated as
a spatial Poisson process with mean intensity Nf (x) [96].

Consider two point sources, one at X = −θ/2 and
one at X = θ/2 such that F(X) = [δ(X − θ/2) + δ(X +
θ/2)]/2. If their separation is deeply sub-Rayleigh (θ ≪
1), the wavefunctions can be approximated as

ψ

(
x ± θ

2

)
≈ ψ(x) ± θ

2
∂ψ(x)
∂x

, (9)

as depicted by Figure 5. Ifψ(x) is even, ∂ψ(x)/∂x is odd,
and they can be regarded as two orthogonal modes. To

Figure 5. The wavefunction due to each point source can be
decomposed in terms of the fundamental mode ψ(x) and
the derivative mode −∂ψ(x)/∂x for θ ≪ 1. For incoherent
point sources, the total energy in the derivative mode consists
of the incoherent contributions from the sources (∝ (θ/2)2 +
(−θ/2)2 = θ2/2). Thus the derivative mode contains the signal
about θ , while the fundamentalmode acts as a background noise.

the first order, the mean photon count in the fundamen-
tal ψ(x) mode is insensitive to the parameter θ , while
the mean count in the derivative mode is the incoher-
ent sum of the contributions from the two sources, or ∝
(θ/2)2 + (−θ/2)2 = θ2/2. If the sources were coherent
and in-phase instead, their contributions to the deriva-
tive mode would cancel each other, leading to a much
reduced signal [97]. In otherwords, the incoherence plays
a key role in retaining a significant signal in the first
order, and SPADE can extract this signal by measuring
the derivative mode.

Another reason that SPADE can outperform direct
imaging has to do with the fundamental mode ψ(x). It
contains little signal, but it overlaps spatially with the
derivativemode and contributes a background to the spa-
tial intensity measured by direct imaging, increasing the
variances of the photon counts at each pixel. By pro-
jecting the fundamental mode into a different channel,
SPADEfilters out this backgroundnoise and substantially
improves the signal-to-noise ratio.

The heuristic discussion so far can be made more
rigorous by considering the Fisher information and the
Cramér-Rao bounds. Assume that the object distribution
F(X | θ) and therefore f (x | θ) and gq(θ) depend on θ .
For the spatial Poisson process from direct imaging, the
Fisher information is [96]

FI(direct)(θ) = N
∫ ∞

−∞
dx

1
f (x | θ)

[
∂f (x | θ)
∂θ

]2
. (10)

For separation estimation with θ ≪ 1,

f (x | θ) ≈ |ψ(x)|2 + θ2

8
∂2|ψ(x)|2

∂x2
. (11)

The denominator in Equation (10) approaches |ψ(x)|2 as
θ → 0, meaning that the fundamental mode is the major
noise contributor, and the Fisher information approaches

Tsang, Resolving starlight: a quantum perspective, Contemp. Phys. 60, 279 (2020)
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Figure 2. The image of two point sources (histogram) is blurred
by diffraction and corrupted by photon shot noise. θ denotes the
separation between the sources, f (x | θ) (solid curve) is the mean
intensity, and x is the image-plane coordinate.

Figure 3. Fisher information for the estimation of the separation
θ between two incoherent point sources, assuming a Gaussian
point-spread function.With direct imaging, the information drops
to zero for θ → 0, but the Helstrom information according to
quantum estimation theory stays constant.

penalty Rayleigh’s curse to distinguish it from Rayleigh’s
criterion – sub-Rayleigh sources are resolvable, but the
more they violate Rayleigh’s criterion, the harder it gets
to estimate their separation.

4. Dispelling Rayleigh’s curse

Rayleigh’s curse happens if we measure the intensity on
the image plane, but what if we allow any quantum mea-
surement that may be sensitive to the phase as well? To
find the quantum limit, we can use a quantum version
of the Fisher information proposed by Helstrom [24],
which sets an upper bound on the Fisher information for
any measurement [91,92], as elaborated in Appendix 2.
We found that the Helstrom information (HI) for the

Figure 4. Basic setup of SPADE for incoherent imaging.

separation estimation problem is given by [38]

FI(θ) ≤ HI(θ) = C(∞)N. (3)

Remarkably, HI(θ) is constant regardless of the separa-
tion and completely free of Rayleigh’s curse, as plotted in
Figure 3.

The constant Helstrom information would be no sur-
prise if it were simply a loose upper bound; the million-
dollar question is whether one can find a measurement
that attains the limit.Mathematical studies followingHel-
strom’s work have shown in general that a quantum-
limited measurement should exist, at least in the limit
of infinite sample size [93,94]. The mathematics offers
little clue to the experimental implementation, however,
and finding one in quantum estimation theory is often a
matter of educated guessing.

Luckily we found one. Assuming a Gaussian point-
spread function, we found that sorting the light on the
image plane in terms of the Hermite-Gaussian modes,
followed by photon counting in each mode, can lead to
a Fisher information given by [38]

FI(SPADE)(θ) = C(∞)N, (4)

which attains the quantum limit and is free of Rayleigh’s
curse for all θ . Figure 4 illustrates the setup. We called
the measurement spatial-mode demultiplexing with the
acronym SPADE, to follow the convention of giv-
ing catchy acronyms to superresolution methods [36].
Numerical simulations have shown that SPADE com-
bined with a judicious estimator can give an error very
close to the quantum bound 1/HI and substantially lower
than that achievable by direct imaging [38,50]. Further
studies have proposed measurements that work for other
point-spread functions [38,46,53,55].

5. How SPADEworks

To understand how SPADE can beat direct imaging and
achieve the quantum limit, it is helpful to consider a sim-
plified model of thermal light [38] that is valid for optical
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limited measurement should exist, at least in the limit
of infinite sample size [93,94]. The mathematics offers
little clue to the experimental implementation, however,
and finding one in quantum estimation theory is often a
matter of educated guessing.

Luckily we found one. Assuming a Gaussian point-
spread function, we found that sorting the light on the
image plane in terms of the Hermite-Gaussian modes,
followed by photon counting in each mode, can lead to
a Fisher information given by [38]

FI(SPADE)(θ) = C(∞)N, (4)

which attains the quantum limit and is free of Rayleigh’s
curse for all θ . Figure 4 illustrates the setup. We called
the measurement spatial-mode demultiplexing with the
acronym SPADE, to follow the convention of giv-
ing catchy acronyms to superresolution methods [36].
Numerical simulations have shown that SPADE com-
bined with a judicious estimator can give an error very
close to the quantum bound 1/HI and substantially lower
than that achievable by direct imaging [38,50]. Further
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5. How SPADEworks

To understand how SPADE can beat direct imaging and
achieve the quantum limit, it is helpful to consider a sim-
plified model of thermal light [38] that is valid for optical
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zero as θ → 0. For discrete Poisson variables on the other
hand, the Fisher information is

FI(θ) = N
∑

q

1
gq(θ)

[
∂gq(θ)
∂θ

]2
. (12)

For separation estimation, as long as φ1(x) is orthogo-
nal to ψ(x) and has significant overlap with the deriva-
tive mode, g1(θ) ∝ θ2 for θ ≪ 1, leading to a nonzero
[∂g1(θ)/∂θ]2/g1(θ) as θ → 0.

To summarise, SPADE relies on the subtle interplay
between the coherence induced by diffraction, the inco-
herence of the sources, and the signal-dependent nature
of photon shot noise. It would have been difficult to dis-
cover such a fortuitous possibility via conventional wis-
dom alone, but quantum estimation theory – and quan-
tum information theory in general – have the advantage
of being oblivious to conventional wisdom. The mathe-
matics may look daunting, but it can sometimes give rise
to new physics beyond our imagination.

6. Implementations of SPADE

To implement SPADE, different spatial modes should be
coupled into physically separate channels before detec-
tion. This in principle requires only linear optics [98], but
themost efficient implementation remains unclear.Many
methods have been proposed and demonstrated, partic-
ularly for the purpose of mode-division multiplexing in
optical communication [33]. Here I highlight a fewmeth-
ods that have been experimentally demonstrated for the
two-point resolution problem.

6.1. Interferometry

Nair proposed an interferometer called SLIVER (super-
localization via image-inversion interferometry) that can
in principle achieve a quantum-limited Fisher infor-
mation for θ → 0 and any even point-spread function
[46]. Although image-inversion interferometry has ear-
lier been proposed and demonstrated to combat atmo-
spheric turbulence for astronomy [99] and to achieve
a modest resolution improvement for general confocal
microscopy [100–103], its extraordinary precision for
sub-Rayleigh resolution was hitherto not recognised.

The setup, depicted by Figure 6, consists of a two-
arm interferometerwith spatial inversion in one arm. The
inversion can be implemented via mirrors, lenses, or a
Dove prism for example. As a result of the inversion and
the interference at the second beamsplitter, all the even
modes on the image plane are routed to one output port
while the odd modes are routed to the other port. Hence,
the fundamental modeψ(x), as long as it is even, is sepa-
rated from the odd derivative mode, which is detected at

Figure 6. An image-inversion interferometer. Through the inver-
sion and the interference, the evenmodes are coupled to one port
while the odd modes are coupled to the other port.

the other port. Tang, Durak, and Ling reported a proof-
of-concept demonstration of SLIVER [75], although their
reported errors were not close to the quantum limit. Lar-
son and coworkers recently reported a common-path
configuration of the interferometer that may be more
stable [104].

SLIVER works best for sub-Rayleigh separations but
is suboptimal for larger separations. A variant of SLIVER
called pix-SLIVER replaces the detectors by detector
arrays and can work better for larger separations [48].
Another way to generalise SLIVER is to think of image
inversion as a special case of fractional Fourier trans-
form (FRFT). A tree of FRFT interferometers, with the
image-inversion interferometer at its root, can sort the
Hermite-Gaussian modes and implement SPADE [105].
The interferometer-tree concept can be generalised to
sort in any other basis if appropriate mode-dependent
phases can be introduced [106,107].

Along this direction, Hassett and coworkers demon-
strated a Michelson interferometer with variable FRFT
in one arm and used it to infer the Hermite-Gaussian-
mode spectrum gq of a shifted Gaussian beam [82]. They
suggested that the setup could be useful for estimating
sub-Rayleigh separations, although its statistical perfor-
mance remains to be studied. In another work, Zhou
and coworkers demonstrated a binary radial-mode sorter
that is also based on FRFT interferometry and used it to
enhance the estimation of the axial separation between
two sources [83].

6.2. SPLICE

Tham, Ferretti, and Steinberg proposed an elegant setup
called SPLICE (super-resolved position localisation by
inversion of coherence along an edge) to capture the
derivative mode [76]. SPLICE consists of a phase plate
that introduces a π phase shift to half of the image plane
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take home message

quantum technologies

not if, but when

˛ secure communications

˛ faster computers

˛ better imaging for astronomy (and not only)
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any sufficiently advanced technology is indistinguishable from magic

Arthur Clarke

quantum mechanics is magic

Daniel Greenberger

Thank you!


