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Experiments

diffraction limit,” Optics Express 24, 22004 (2016).

Tang, Durak, and Ling, “Fault-tolerant and finite-error localization for point emitters within the

Yang, Taschilina, Moiseev, Simon, Lvovsky, “Far-field linear optical superresolution via

heterodyne detection in a higher-order local oscillator mode,” Optica 3, 1148 (2016).

Phys. Rev. Lett. 118, 070801 (2017).

Optica 3, 1144

(2016).

et for S
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Technologies
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Verified: super-resolution imaging technique
@ septermber 2016
car collagues @ swre

Anovel technique to measure the separation of o lights sources, no matter how close they are,
was first tested by researchers at the Centre for Quanturn Technolagies. The techniaue is exciting
interest because it could be applied in telescopes and microscopes

“This is ourfastest ever paper rom conceptto result” says CT's Alexandsr Ling, who sstPhD
student Tang Zong Sheng and Research Fellow Kadir Durak working onthe project afer learming
aboutthe proposal from fts inventor, his NUS colleague Mankei Tsang

Mankei is head of the Quantum Measurement aroup in the NUS Departrment of Electrical and
Cormputer Enginssring. He'd presented fis ideas in 3 seminar at COT in November 2015
Alexander's experimental paper, now accepted at Optics Express, was posted to the physics preprint
server by May 2016, "The team worked very hard,! he says.

Killing Rayleigh's Criterion
Mankei's COT serninar was filed "Killing Rayleigh's Criterion by Quantum Measurement' 4
standard concept in opics for over 100 years, Raylsigh's crterion defines the minimun distance
between two point ight sources that can be resalved. Ifthe points get closer tagether, the criterion
says, you can no longsr measure their separation

With mermbers of is oroup, Mankei used ideas fom quantum optics and statistics to show that
there's in fact no theoretical lower bound on the separation you can measure. In a series of papers,
the team have shown thatthe criterion is "inlevant” and proposed ways to do the mare precise
measurements.

The group's method hitthe news following publication in the joumal Physical Review X with &
feature i the companion magazine, Physics That feature notes the relevance to astronomical
imaging, particularlyto mapping the separation o binary stars

Quantum ideas drove the discovery, but the experiments themselves can be done with classical
opties

Narrowly First
A COT, Zong Sheng built the sxperiment as part of his PO training in the lab. He'd done his final
year project as an NUS undergraduate with another GQT scientist, starting his PR with Alexander's
group only in February "l think this was kind of lucky. The experiment was surprisingly easyto

COT PhD student Tang Zong Sheng built an experiment to test 2
new super-resolution imaging technique — making i first author
on his first paper, just a few months into his PO

OPTICSs
PHOTONIES

News Careers Books

News / Beating Rayleigh with Quantum Mechanics

Beating Rayleigh with Quantum Mechanics

Patricia Daukantas

Scientists working with images are constantly
bumping against Rayleigh’s criterion for the
minimum separation of two distinguishable
points of light. A team of Eurepean scientists
using information theory now claims to have
developed an imaging method that surpasses
the traditional resolution limit (Optica,
doi:10.1364/0PTICA.3.001144)

The researchers used the notion of the
quantum Cramér-Rao lower bound, which
places limits on the variance of the estimators
of certain parameters. The team set up and
tested a measurement scheme that attains
this kind of lower bound for Gaussian and

Tham, Ferretti, Steinberg, “Beating Rayleigh’s Curse by Imaging Using Phase Information,”

Padr, Stoklasa, Hradil, Sanchez-Soto, Rehacek, “Achieving the ultimate optical resolution,”

The Global Source for Science News

HOME MULTIMEDIA MEETING! PORTALS ABOUT

PUBLIC RELEASE: 15-FEB-2017

University of Toronto physicists harness
neglected properties of light

IS€ and

UNIVERSITY OF TORONTO
(] [v] [=]

TORONTO, ON (Canada) - University of
Toronto (U of T) researchers have
demonstrated a way to increase the
resolution of microscopes and telescopes
beyond long-accepted limitations by
tapping into previously neglected
properties of light. The method allows
observers to distinguish very small or
distant objects that are so close together
they normally meld into a single blur.
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Imaging of One Point Source

X1

5

Diffraction limited

¢ 1. Fluorescence microscopy
2. Space telescopes (Webb, $8.8 billion)
3. Ground-based telescopes:

(a) Large Binocular Telescope (LBT) ($120

million)

(b) Giant Magellan Telescope (GMT) (~$1
billion)

(c) Thirty Meter Telescope (TMT) (~$1.2
billion)

(d) European Extremely Large Telescope
(E-ELT) (~$1.2 billion)
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LBT Point-Spread Function
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m Esposito et al., “Large Binocular Telescope Adaptive Optics System: New achievements and

perspectives in adaptive optics,” Proc. SPIE 8149, 814902 (2011)
m Strehl ratio > 80% at infrared
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Inferring Position of One Point Source

m Classical source
m Given N detected photons, mean-square error:

2
o
2= (1)
A
JNsin¢' 2)

Optics: Farrell (1966)

Quantum: Helstrom (1970)

Astronomy: Lindegren (1978)

Microscopy: Bobroff (1986)

Full EM, full quantum: Tsang, Optica 2, 646
(2015).
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Superresolution Microscopy

PALM, STORM, etc.: isolate emitters. Locate cen-
troids.
: T T .
— -|- —
.. » +
» e -
Conventional Multiple roundsof stochastic Single Centroid Computer
fluorescence activation and localisation of malecule localisation rendered
MICroscopy: individual molecules image super-
fluorophorestoo resolution
close to resalve image
https://cam.facilities.northwestern.edu/588-2/single-molecule-localization-microscopy/
Special fluorophores
slow
doesn’t work for stars

@ The Nobel Prize in Chemistry 2014
! Eric Betzig, Stefan W. Hell, William E. Moerner

Share this: 1B £ E3 15x 2]

The Nobel Prize in
Chemistry 2014

Photo: &, Mahmoud Fhoto: & Mahmoud Photo: A, Mahmoud
Eric Betzig Stefan W. Hell William E. Moerner
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Chemistry 2014 was awarded jointly to Eric
Betzig, Stefan W. Hell and William E. Moerner "for the development
of super-resolved fluorescence microscopy”.
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_ Two Point Sources

X1 Xo

" X (a) 02

X

B A(z) = 5 [[¥1(@)]? + [2(2) ]
m Rayleigh’s criterion (1879): requires 03 2>
o (heuristic)

\ 4
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Centroid and Separation Estimation

Bettens et al., Ultramicroscopy 77, 37 (1999), Beyond Rayleigh's criterion: A resolution measure
Van Aert et al., J. Struct. Biol. 138, 21 (2002); wi’¥h applicyatign to single-n.10IecuIe microscopy
Ram, Ward, Ober, PNAS 103, 4457 (2006). -

Incoherent sources, Poisson statistics <Pt A T e AT
Cr am ér— R a0 b oun d (St an d ar d in Sin gl e- .‘ Edited by Robert H. Austin, Princeton University, Princeton, NJ, and approved January 4, 2006 (received for review September 14, 2005)
molecule imaging) (a)
X1 =61 — 92/2, X9 = 61 —|—92/2.

centroid:

Rayleigh's criterion is extensively used in optical microscopy for  various experimental factors that affect the acquired data suct

0.2

11 2> —. 3
w2 ()

CRB for separation estimation: two regimes

® 0o > o

Yigg > 4%, (4) (b)

® 0 Ko

digg — —— X 5
22 N oo ()

&



Rayleigh’s Curse

m Cramér-Rao bound:

1 1

—_— digg > —————— (6)
direct direct
VT Tys )

11 2

g (direct) is Fisher information for direct imaging
m Gaussian PSF, similar behavior for other PSF

m Rayleigh’s curse
m PALM/STED/STORM: avoid violating Rayleigh
A Classical Fisher information 100 Cramér-Rao bound on separation error
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Quantum Information

Measuring the spatial intensity (direct imaging, CCD) is
just one measurement method. Quantum mechanics al-
lows infinite possibilities.

Helstrom (1967): For any measurement

S>g7 N >K (7)
Kuw = MRe(tr L,Lup), (8)
Op 1
— = (L L) . 9
90, 2( pp + pLy) (9)

IC(p) is the quantum Fisher information, the ultimate
amount of information in the photons.

Coherent sources: Tsang, Optica 2, 646 (2015).

Mixed states:

p=>" Dnlen) fenl, (10)

o
(en| an lem)

Lu=2 > b len) feml. (1)
n,m; Dy + Dy #0 " m

X1 Xo

5

p

S
>

Quantum Measurement T
on image plane
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Quantum Optics

Mandel and Wolf, Optical Coherence and Quantum Optics; Goodman, Statistical Optics
Thermal sources, e.g., stars, fluorescent particles.

Average photon number per mode € < 1 at optical frequencies (visible, UV, X-ray, etc.).
¢ ~ 0.01 for the sun at visible, € ~ 10~5 for fluorophores.

02

image plane

X1 0x, T

m Quantum state in M temporal modes on image plane is p®M  where
p = (1 —€)|vac) (vac| + % (ltb1) (1| + [2) (h2]) + O(€?) (Yilv2) #0,|  (12)
v = [ dev(e = Xo)fe), le) = [ duila - Xa) fo). (13)

derive from zero-mean Gaussian P function, mutual coherence

m Multiphoton coincidence: rare, little info as € < 1 (homeopathy)

m  Similar model for stellar interferometry in Gottesman, Jennewein, Croke, PRL 109, 070503
(2012); Tsang, PRL 107, 270402 (2011).
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Plenty of Room at the Bottom

Quantum and classical Fisher information

4 P ibretly aaiiu Cramér-Rao bounds on separatlon error
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Tsang, Nair, and Lu, Physical Review X 6, 031033 (2016)

1 1
digg > —— = .
22 = Koo NAEK?2

(14)

thermal sources with arbitrary e: Nair and Tsang, PRL (Editors’ Suggestion) 117, 190801
(2016); Lupo and Pirandola, ibid. 117, 190802 (2016).

Hayashi ed., Asymptotic Theory of Quantum Statistical Inference; Fujiwara JPA 39, 12489
(2006): there exists a POVM such that ¥,,, — 1/K,., N — oco.
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Hermite-Gaussian Basis

m project in Hermite-Gaussian basis:

El(Q) — |¢q> <¢q| ) (15)

60 = | O; drrq (z) |2) (16)
1/4 2

000) = (323 ) Ha (o Jew (— 1) (17)

m Assume PSF v (x) is Gaussian (common).

1 1 402
— - . (18)
Ty K N

m  Maximum-likelihood estimator can saturate the classical bound asymptotically for large N.
m  arXiv:1605.03799v2: SPADE with Max-Like:

1602
digg < 2

for any detected N. (19)
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Spatial-Mode Demultiplexing (SPADE)

._’ Gmax

B— 2

b—1
X eee ﬂ2 %‘ﬁ 2
q > Qmax w(l R
(x —02/2) 0 1 2

image plane

q > gmax

image plane

m  Many other ways (optical comm.), e.g.,

¢ DAB Miller, “Self-configuring universal linear optical components,” Photonics Research 1, 1
(2013).
¢ Guifang Li et al., “Space-division multiplexing: the next frontier in optical communication,”

Adv. Opt. Photon. 6, 413 (2014).
¢ V. A. Soifer, Computer Design of Diffractive Optics (CISP/Woodhead, Cambridge, 2013)
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Elementary Explanation

N
-
2

DN | &

/\ L
42
/\ N /\ d
\\ > > _§>< >
a2

m Incoherent sources: energy in first-order mode is  (d/2)? + (—d/2)? = d?/2
m Zeroth-order mode is just background noise, removing it improves SNR.
Why quantum formalism?

¢ Fundamental quantum limit
¢ Ensures measurement is physical
¢ Discover new possibilities
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SLIVER

F Estimator f— d
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Photonlcs Technologies & Solutions for Technical Profassionals Worldwide
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Home » Test & Measurement » SLIVER to determine separation of two sources closer than Rayleigh limit

SLIVER to determine separation of two sources closer

Pld Imoge than Rayleigh limit
inversion 020112016

By John Wallace

E(p) Senior Editor

m Superlocalization via Image-inVERsion interferometry
m Nair and Tsang, Opt. Express 24, 3684 (2016).
m
m

Laser Focus World, Feb 2016 issue.
Classical theory/experiment of image-inversion interferometer:

Wicker, Heintzmann, Opt. Express 15, 12206 (2007).

Wicker, Sindbert, Heintzmann, Opt. Express 17, 15491 (2009).

Weigel, Babovsky, Kiessling, Kowarschik, Opt. Commun. 284, 2273 (2011).
No statistical analysis, predicted <2X resolution enhancement

L R K 2 2
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Theoretical Follow-up

Dimensions

Sources

Theory

Experimental proposals

Tsang, Nair, and Lu,
Phys. Rev. X 6, 031033
(2016)

1D

Weak thermal (optical
frequencies and above)

Quantum

SPADE

Nair and Tsang, Op- 2D Thermal  (any  fre- Semiclassical SLIVER

tics Express 24, 3684 quency)

(2016)

Tsang, Nair, and Lu, N/A Weak thermal, lasers Semiclassical N/A

Proc. SPIE 10029,

1002903 (2016)

Nair and Tsang, PRL 1D Thermal Quantum SLIVER
(Editors’  Suggestion)

117, 190801 (2016)

Tsang, 1D Weak thermal Quantum, Bayesian, SPADE
arXiv:1605.03799 Minimax

Ang, Nair, and Tsang, 2D Weak thermal Quantum SPADE, SLIVER
arXiv:1606.00603

Tsang, 2D Weak thermal, multiple Quantum SPADE
arXiv:1608.03211 sources

Lu, Nair, Tsang, 2D Weak thermal, one- Quantum, binary hy- SPADE, SLIVER

arXiv:1609.03025

versus-two

pothesis testing

Other groups:

m Lupo and Pirandola, PRL (Editors’ Suggestion) 117, 190801 (2016).
Rehacek et al., Optics Letters 42, 231 (2017).

Krovi, Guha, Shapiro, arXiv:1609.00684.

Kerviche, Guha, Ashok, arXiv:1701,04913.
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Experiments

m Tang, Durak, and Ling, “Fault-tolerant and finite-error localization for point emitters within the
diffraction limit,” Optics Express 24, 22004 (2016).

¢ SLIVER
& Laser, classical noise

m Yang, Taschilina, Moiseev, Simon, Lvovsky, “Far-field linear optical superresolution via
heterodyne detection in a higher-order local oscillator mode,” Optica 3, 1148 (2016).

¢ Mode heterodyne
¢ Laser

m Tham, Ferretti, Steinberg, “Beating Rayleigh’'s Curse by Imaging Using Phase Information,’
Phys. Rev. Lett. 118, 070801 (2017).

& variation of SPADE
¢ two independent SPDC sources, ~ 2X quantum limit

m Padr, Stoklasa, Hradil, Sdnchez-Soto, Rehacek, “Achieving the ultimate optical resolution,”
Optica 3, 1144 (2016).

¢ variation of SPADE
¢ laser, close to quantum limit (caveat)
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SPLICE

m Tham, Ferretti, Steinberg, Phys. Rev. Lett. 118, 070801 (2017).

image plane

single-mode fiber

o : o b—§' @ SPLICE, fine (N=1213) :
o 4 B! |a SPLICE, coarse (N=1451)
T o g O IPC, fine, 2nd ord. lin. reg. (N=2792)
4 o i\_,_Q-P_ﬁ oo » |PC, coarse, 2nd ord. lin. reg. (N=2890) A
a© A7 oh

¢ |IPC, coarse, built-in (N=2890)

/\_’ not coupled
_,/\ coupled

SD in inferred separation x N2 (mm)

8.0 0.2 0.4 06 0.8 1.0 1.2
Actual separation (mm)
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Arbitrary Source Distributions
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4 1
@ iTEM

B Yang et al., Optica 3, 1148 (2016): even moments
m Tsang, arXiv:1608.03211: Generalized SPADE: Enhanced estimation of 2nd or higher moments
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Rayleigh’s Criterion

Cramér-Rao bounds on separatlon error

100 I
= \ —Quantum (1//C22)
~ 1 (direct)
~ gl { |—- Direct imaging (1/ Jaslireet)y | |
3 ]
= \
~
= 60 ! ]
3
= \
15} )
g 40t \ .
: ,
o \
7 "\
% 20+ s\~ *
0 —
0 0.2 0.4 0.6 0.8 1
92/0’
Ns

Estimator  f— d

B— Gmax

.2
b—1 b D—|
./ / <
N j;g ,F %&H ‘ 4> amax | D1d / mage

image plane
m FAQ: https://sites.google. com/s1te/manke1tsang/news/rayleigh/faq
B email: mankei@nus.edu.sg
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¢ < 1 Approximation

m Chap. 9, Goodman, Statistical Optics:

“If the count degeneracy parameter is much less than 1, it is highly probable that there will be either zero or
one counts in each separate coherence interval of the incident classical wave. In such a case the classical
intensity fluctuations have a negligible ”bunching” effect on the photo-events, for (with high probability) the
light is simply too weak to generate multiple events in a single coherence cell.

B Zmuidzinas (https://pma.caltech.edu/content/jonas-zmuidzinas), JOSA A 20, 218 (2003):

“It is well established that the photon counts registered by the detectors in an optical instrument follow
statistically independent Poisson distributions, so that the fluctuations of the counts in different detectors are
uncorrelated. To be more precise, this situation holds for the case of thermal emission (from the source, the
atmosphere, the telescope, etc.) in which the mean photon occupation numbers of the modes incident on the
detectors are low, n < 1. In the high occupancy limit, n > 1, photon bunching becomes important in that it
changes the counting statistics and can introduce correlations among the detectors. We will discuss only the
first case, n < 1, which applies to most astronomical observations at optical and infrared wavelengths.”

m  Hanbury Brown-Twiss (post-selects on two-photon coincidence, homeopathy): poor SNR,
obsolete for decades in astronomy.

See also Labeyrie et al., An Introduction to Optical Stellar Interferometry, etc.

Fluorescent particles: Pawley ed., Handbook of Biological Confocal Microscopy, Ram, Ober,
Ward (2006), etc., may have antibunching, but Poisson model is fine and standard because of
e < 1.
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Binary SPADE
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Numerical Performance of Maximum-Likelihood Estimators

Simulated errors for SPADE Simulated errors for binary SPADE

2 2
< 15} X 15
~— ~ X
— —
8 8 YAy = S —
— 1 e m e s o DTS TRTRORN. — 1
—1/7
S . I(HG) _ &
= 1/ Ty 7 =1/K5|| 2 —+L =10
(o2 T
2 (0.5} —+L =10 2 (0.5}
= Ay L =100 = L =100
0 > 71 | | | 0 | | |
0 0.5 1 1.5 Z 0 0.5 1 1.5 2
02/0’ 02/0’

B L = number of detected photons
m biased (violate CRB), < 2xCRB.
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Minimax/Bayesian

Bayesian CRB for any biased /unbiased estimator (e-print arXiv:1605.03799)

4o ir
Quantum /SPADE: sgp 3o2(0) > %, Direct imaging: sgp Eg; ect)(9) > —. (20)

(a) SPADE with ML ,_(b) SPADE with modified ML
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2D SPADE and SLIVER

‘_> (q’ r)rnax

»—(0,1)
—(1,1)

V(@ —dx /2,y — sdy /2) —(1,0)

—(0,0)
(q,7)

remaining
modes

Optical path

—>
@ 50:50 beamsplitter

Plane mirror

Phase retarder

@ On-off bucket detector

;_v‘” Y@+ dx /2,y + sdy /2)

Ang, Nair, Tsang, e-print arXiv:1606.00603
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Misalignment

object image
plane plane

-

image photon-counting

plane array

SPADE

E=100—0|/o <1
Overhead photons Ny ~ 1/£2
£€=0.1, N ~ 100.

CRB for X5 = 601 +£602/2

mean-square error/(4c%/L) Fisher information / (N/40?)

Mean-square error / (202/N)

Fisher information for misaligned SPADE
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Quantum Computational Imaging

Quantum Computer

Photonics

_’

Detectors

_’

Classical
Signal
Processing

B Design quantum computer to

¢ Maximize information extraction
¢ Reduce classical computational complexity

Y

30 /31



v1.0

Quantum Processing

Solid-state
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Quantum Technology 1.5

v1l.5

Quantum Processing

Quantum Measurement

Sensing
Imaging

v2.0

Quantum Source

Quantum Processing

Quantum Measurement

Quantum-Enhanced Metrology
Quantum Computer
Quantum Internet
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