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A proposal for obtaining optical resolution better than the classical limit by means of spatially entangled quan-
tum states of light opens a new frontier in the fields of quantum optical imaging, metrology, and sensing.
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Optical imaging and lithography, the processes in
which spatial patterns are resolved or transferred onto
a detector or substrate via photons, cannot produce spa-
tial features that are much smaller than the wavelength
of light. This limitation has its roots in classical diffrac-
tion [1], which had been considered as a fundamental
limit to all such imaging systems. Most notably, com-
puter chip manufacturers have been moving to ever-
shorter wavelengths and thus need to solve the chal-
lenges associated with use of extreme ultraviolet light.
These include the lack of cheaply available optical ele-
ments that operate at such short wavelengths, and the
damaging effects such high-energy photons have on the
imaging elements and the photoresist. Nearly ten years
ago, a quantum optical approach to imaging—quantum
imaging, which uses path-entangled states—was sug-
gested as a solution for this requirement of ever-shorter
wavelengths and a way to beat the classical limit [2].
This turned out to be easier said than done. While quan-
tum lithography is viewed as one of the “killer apps” for
the nascent field of quantum imaging, the bugaboo in its
implementation has been the continued lack of the right
kind of multiphoton photoresists that would operate at
the low flux levels required for a real proof-of-principle
experiment.

In a paper appearing in Physical Review Letters,
Mankei Tsang at the Research Laboratory of Electronics
of MIT has proposed an end-run around this resist prob-
lem by exploiting a radically new approach to the opti-
cal detection of nonclassical states of light [3]. Tsang has
found a way to extract the fabled sub-Rayleigh quantum
resolution for imaging using simple intensity measure-
ments and a bit of numerical postprocessing, which mit-
igates the need for elaborate detection schemes. Tsang’s
new measurement scheme does not by itself solve chal-
lenges that specifically face quantum lithography, par-
ticularly the photoresist problem, since it involves inten-

sity measurements followed by image postprocessing in
order to produce quantum interference patterns. Never-
theless, Tsang’s proposed scheme allows efficient detec-
tion of spatially entangled states of light, which is, at the
very least, a tool to test the limits to optical resolution
in quantum imaging systems. What’s more, by encod-
ing images or phase information in a special manner,
quantum imaging and quantum sensing beyond stan-
dard limits on resolution and sensitivity becomes a real-
ity with currently available technology.

The broader field of quantum imaging—of which
quantum lithography is only a small subset—is based
on the idea that an ensemble of N photons, each with
classical wavelength λ, can be regarded as a single quan-
tum object with N times the energy of a single pho-
ton, and thus an effective wavelength of λ/N, called the
photonic de Broglie wavelength [4]. N00N states are a
well-known example. Their name stems from the fact
that they are combinations of N photons in one path
(say, of a two-arm interferometer) and 0 photons in an-
other, and vice versa (N0 + 0N). These states are akin to
what have come to be called “Schrödinger cat states” in
quantum information theory, namely superpositions of
macroscopic entities that upon measurement are found
in one state or another [5].

Detection of N00N states with single-photon ab-
sorbers cannot reveal the collective catlike behavior be-
cause by detecting one photon (a whisker) it provides
“which-path” information for the rest of the cat and
collapses its state—dead or alive. Boto et al. showed
that only a N-photon-absorber-based detection of N00N
states could elicit patterns exhibiting this N-fold de
Broglie super resolution [2]. However, the process of
N-photon absorption (for lithography) is equivalent to
N-photon detection (for imaging) and so N00N states
can be used in a number of imaging systems that strive
to beat poor old Lord Rayleigh.
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The development of a photoresist with efficient mul-
tiphoton absorption has been a stumbling block on the
way to an experimental realization of large-scale quan-
tum lithography and still remains a hot topic of ongoing
research. However—in the broader context of quantum
imaging, metrology, and sensing—N-photon coinci-
dence detection could be implemented as a workaround
of the multiphoton photoresist problem. Alas, coinci-
dence detection is very inefficient, especially in the limit
of large N, and serves only for proof-of-principle exper-
iments with very few photons. The inefficiency comes
from the fact that all N photons are expected to ar-
rive at the same point of space, or at all of the detec-
tors, at the same time—which intuitively is highly un-
likely, but which also seems to be a natural requirement
of any imaging system that relies on N-photon coinci-
dence. Contrariwise, the requirement for all N photons
to be in the same spatial mode implies that they are
all momentum-correlated—as well as spatially anticor-
related (maximally spread out in space). These two fea-
tures are complementary to the requirement that they all
arrive at the same detector (or atom) at the same time.

Tsang’s marvelous proposal gets around these seem-
ingly incompatible conditions by providing a detec-
tion scheme that is itself nonlocal. That is, the scheme
is reminiscent of the so-called “quantum eraser” in
that the scheme detects photons that are scattered all
over the imaging plane, but it does not record indi-
vidual detection locations [6]. Instead, the method re-
lies on computation of the collective quantity—the op-
tical “centroid”—which is the center of gravity of the
photon clicks. In this way “which-path” information
is never revealed upon detection, and so the coherence
of the entangled N00N state is not destroyed. This in
turn means the sub-Rayleigh super-resolution can be
extracted—using ordinary, run-of-the-mill photodetec-
tors. Tsang performs this trick by suggesting the de-
ployment of an array of photon-number-resolving de-
tectors—or the more readily available single-photon de-
tectors—subject to the constraint that there is a sufficient
number of them within the “real” optical wavelength λ,
so that the higher resolution pattern can be recorded,
while keeping the probability of two photons arriving
at the same detector negligible.

The optical centroid measurements then do the rest of
the job by taking into account all the detection events at
once, thus improving on conventional N-photon coinci-
dence detection. However, in Tsang’s proposal the indi-
vidual detection events do not produce quantum inter-
ference patterns, but rather require image postprocess-
ing to reveal the patterns, which excludes the use of this
technique for lithography, unless you have very smart
atoms in the resist. It is important to note that mul-
tiphoton absorbers, and thus conventional coincidence
detectors, produce quantum interference patterns with-
out image postprocessing because they intrinsically per-
form conditional optical centroid measurements.

Optical centroid measurements with N independent

photons is sort of like baseball batting legend Babe Ruth
watching iconic pitcher Dizzy Dean throw his infamous
curveball N times over the home plate (Fig. 1). Clas-
sically, the Babe’s prediction about the location of the
spot that Dizzy was aiming at improves only as 1/

√
N,

which slowly increases his chance to strike a home-
run on the next pitch. However, optical centroid mea-
surements with N entangled photons, since they can be
made spatially anticorrelated, is akin to a game of quan-
tum baseball with Dizzy throwing N curveballs in such
a way that if one strikes to the left of the home plate,
there will be a correlated one that inevitably strikes to
the right of the plate, so that the maximum uncertainty
in position is obtained. Nevertheless, the aim of the
pitcher is localized by the centroid measurement with a
precision that is

√
N times better than the independent

“classical” photon case, since deviation of any one pho-
ton is compensated by the rest. In a similar fashion, N
momentum correlated (spatially anticorrelated) photons
serve as a very precise displacement detector.

The requirements for the emerging fields of quan-
tum imaging, metrology, and sensing quite often coin-
cide [7]. Progress in these areas over the last twenty
years has been made by improving quantum opti-
cal sources (spontaneous parametric down-converters,
parametric amplifiers and oscillators) and optical pro-
cessors (phase shifters, beam splitters, and mirrors), but
the detection schemes always seemed to be the stum-
bling block. Mythical N-photon absorbing resists and
nasty N-photon coincidence detection schemes always
seemed to rule the field. Not anymore! In one fell
swoop, Tsang sweeps away this requirement for N-
photon detection. This exciting centroid work of Tsang
opens the ballgame up in an a entirely new and prac-
tical way, and moves quantum interferometry one step
further from being a funhouse curio, and one step closer
to becoming a usable technology.
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FIG. 1: (Top) Dizzy Dean throws curveballs made of ordinary
unentangled single baseballs (photons) at a target, and his
probability of hitting the bull’s eye improves only as 1/

√
N,

where N = 4 is the number of balls thrown. (Bottom) Here
Dean throws a single quantum ball composed of N = 2 pho-
tons in a spatially entangled N00N state, and with a little post-
processing carried out by a computer at the target, the chances
of hitting the bull’s eye now scales like 1/N. (Illustration: Alan
Stonebraker)

One does not know if all photons are in one path (live cat) or if
all photons are in the other path (dead cat).
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