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We propose to use multiphoton interferences from statistically independent light sources in combina-
tion with linear optical detection techniques to enhance the resolution in imaging. Experimental results
with up to five independent thermal light sources confirm this approach to improve the spatial resolution.
Since no involved quantum state preparation or detection is required, the experiment can be considered an
extension of the Hanbury Brown—Twiss experiment for spatial intensity correlations of order N > 2.
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Multiphoton interferences with indistinguishable pho-
tons from statistically independent light sources are at the
focus of current research owing to their potential in quan-
tum information processing [1,2], creating remote entan-
glement [3,4], and metrology [5-7]. The paradigmatic
states for multiphoton interference are the highly entangled
NOON states [8], which can be used to achieve increased
resolution in spectroscopy, lithography, and interfero-
metry [8-12]. However, multiphoton interferences from
statistically independent emitters—either nonclassical or
classical—can also lead to enhanced resolution in metrol-
ogy and imaging [10,13-15]. So far, such interferences have
been observed with maximally two independent emitters
[10,16-26]. Here, we propose to use multiphoton interfer-
ences in a configuration that can be implemented with both
classical and nonclassical independent sources to obtain
spatial interference patterns equivalent to those of NOON
states. Our scheme is an extension of the theoretical pro-
posal of Ref. [15], which uses a different detection scheme
and requires nonclassical sources. Experimental results
with up to five independent thermal light sources confirm
our approach to enhance the spatial resolution in imaging.

In the case of NOON states, the N-photon interference
pattern can be written as [8]

Iy(x) o %[1 + Vy cos(Nkx)], €))

where N is the number of photons participating in the
NOON state, Vy is the visibility, k is the difference vector
between the wave vector k| and k, of the interfering light
fields, and x is the position along the observation screen.
An N-photon spatial interference pattern as in Eq. (1) can
be used to enhance the resolution in interferometry and
imaging. As known from Abbe, an image of an object is
formed if the rays contributing to adjacent diffraction
orders (e.g., 0, +1) in the diffraction plane are captured
by the aperture A of the imaging device, since then all
information of the object is contained in the diffraction
pattern via Fourier transform [27]. For a grating with N
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slits and slit spacing d, this leads to a minimal resolvable
slit separation dp, = A/(2A), with an error Adp, =
A/(4A) [27]. This limit can be overcome if the slowly
oscillating terms in the diffraction pattern of the grating
o1+ 23NV I(N — a)cos(ad) with 6 = kdsinf are
suppressed such that only the modulation at the highest
frequency cos[(N — 1)8] prevails, containing all relevant
parameters of the grating (N and d). Based on counting the
number of peaks M across A in the NOON-like interfer-
ence pattern 1+ Vycos[(N — 1)8], we obtain 27M =
2A(N — 1)kd. From this, assuming a signal to noise ratio
such that AM < 1/2, we derive the slit separation d and
its error Ad as

g=_Mr
2ANN - 1) )
oM | -1 A
sa=am |50 | < =y

According to Eq. (2), for N — 1 > M = 1 the pattern con-
veys information about source details that are smaller than
the Abbe limit.

A superresolving N-photon interference pattern as in
Eq. (1) can be obtained with statistically independent light
sources by using linear optical detection techniques.
Consider N independent emitters at R, (¢« = A, B,...)
along a chain with equal spacing d (see Fig. 1), and place
N — 1 detectors in a semicircle in the far field around
the sources at specific magic angles which will be defined
below. The emitters are assumed to emit photons of iden-
tical frequency and polarization and may be single photon
emitters (SPE) or classical thermal light sources (TLS).
Moving another detector along the semicircle and postse-
lecting on simultaneous single photon detection events in
each of the N detectors will produce an interference pattern
Iy_, as in Eq. (1), where A is defined with respect to the
one detector which is scanned. To see this, we recall that
the N-photon interference pattern is proportional to the
(normally ordered) N-point intensity correlation function
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FIG. 1 (color online). Left column: Scheme for measuring
g™(8,,...,8y) for N =2,...,5 equidistant independent emit-
ters located at R, (¢ = A, B,...). N detectors D; at r; (j =
1,...,N) measure N emitted photons in the far field within a
joint detection time interval. Right column: Theoretical plots of
g™(8,,...,8y) for N=2,...,5 TLS for the indicated fixed
detector positions 6; (j =2,...,N) as a function of &, for
pointlike emitters (dashed blue curve) and extended sources
(solid red curve).
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where (-) denotes the quantum mechanical expectation
value and £ (r) and £7)(r) are the positive and negative
frequency parts of the total electric field operator at posi-
tion r, respectively. Here, £ (r)) = 3 ,d ™", where 4,
is the annihilation operator of a photon emitted by source «
and r,; = |R, — r;| is the distance between the source a
and the detector D;. Since the emitters are uncorrelated,
the state of the field is given by p = ®,p,, Where p, =
S, Po(n)|n)n|, with P,(n) the photon number distribution
for the modes originating from source «.

With the N — 1 detectors at the magic positions, given
in terms of phases 6; = kd sin(6;) by

§;=2m(j—2/WN-1, j=2..,N (4

the second- and third-order correlation functions for two
and three TLS reduce to

3 1
gils(8,,0) = 5[1 +3 cos(él)], )
50 8
g(T3L)s(51, 0, 7) = ﬁ[l + s cos(261)], (6)

whereas the Nth-order correlation function is given by
g(TAL)S(Bl) o 1+ Vycos[(N —1)8;] (7

Because of the possibility of multiple photons originating
from the same source, the visibility Vj of g(TI{)S is smaller
than 100%, gently decreasing to Vo = 21% for N = 10.
In the case of SPE, the second- and third-order correlation
functions take the form [28]

1
g5pe(81,0) = S L1+ cos(3,)), ®)
3w 57 4
(807777 ) = g5l +eos28)) O

whereas the Nth-order correlation function reads

g (8)) = 1 + cos[(N — 1)8,] (10)

Here, the visibility of g(sll\;)E remains 100% for any N.
In all cases the superresolving NOON-like modulation
of g™M(8,) as in Iy_; of Eq. (1) is clearly visible [29].
However, note that the type of interference is fundamen-
tally different from that of NOON states: In our case, the
(N — 1)-fold modulation relies on the suppression of lower
spatial frequencies of the source, whereas in the case of
NOON states it is linked to the reduced de Broglie wave-
length of the state [8,23].

By changing for different N the angles 0,, ..., 8y of
detectors D, ..., Dy such that the relative phase rela-
tion for the magic positions 8; — 8,y = 2@/(N — 1),
Jj=13,..., N, is fulfilled, one can monitor the interference
pattern g<TA£)S(5 1) until the pure sinusoidal modulation as
in Iy_; of Eq. (1) appears. In this case the number of
detectors equals the number of slits, which determines N.
The sought-after slit separation d can then be derived from
the 8; viad = A/{(N — 1)[sin(6;) — sin(6;_,)]}. With this
approach it is possible to determine N and d independently.
For N =2,...,5 independent TLS, the calculated inter-
ference signals g(TAL)S(él) at the magic positions are dis-
played in Fig. 1, together with their exact analytical
expressions.
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FIG. 2 (color online). (a) g?ﬂs(él) for N = 4 independent TLS
(solid blue curve) with detectors D,, D3, and D, at the magic
angles 8, = —m, 83 = —7/3, 8, = +m/3, and GV(8, + m)
for a coherently illuminated grating with N = 4 slits (dashed
black curve) in the case of a source or slit separation d = A/2.
The angular range required by detector D; to scan from one to the
next principal maximum is indicated for g%)s(é 1) by a horizontal
solid blue arrow and for G(8, + ) by a horizontal dashed
black arrow. The latter is the angular range required by the
classical Abbe limit. (b) Numerical apertures required by the
classical Abbe limit (dashed black curve), and by the proposed
scheme for detector D; alone (solid blue curve) and for all N
detectors (dotted red curve) to obtain structural information about
a grating with N slits and slit separation d = A/2.

Note that the angular range Ay = sin[(0y — 6,)/2]
required by all N detectors for N > 2 TLS is larger than
the aperture A needed for detector D; alone. For a slit
separation of d = A/2, this is shown in Fig. 2. However,
one can see from the figure that ‘A, always remains
smaller than the aperture associated with the classical
Abbe limit. Moreover, there is some flexibility in placing
the N — 1 fixed detectors, for example, besides or behind
the investigated object (assuming 47 emission), since the
required values for the relative phase relations of the magic
positions are valid modulo 27r. The dotted red curve rep-
resenting Ay = sin[(8y — 6,)/2] in Fig. 2(b) does not
take into account this flexibility.

The experimental setup used to measure g(TAL)S(SI) with
up to N = 5 is shown in Fig. 3. To realize the N indepen-
dent TLS, opaque masks with N identical slits of width
a =25 pm and separation d = 250 um are illuminated
by pseudothermal light originating from a linearly polar-
ized frequency-doubled Nd:YAG laser at A = 532 nm
scattered by a rotating ground glass disk [30]. The large
number of time-dependent speckles, produced by the sto-
chastically interfering waves scattered from the granular
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FIG. 3 (color online). Experimental setup for measuring
g(T}\]i)s(é 1). For details, see the text. GGD, ground glass disk; M,
mirror; L, lens; NDF, neutral density filter; TS, translation stage
with fiber mount; BS, beam splitter; F, multimode fiber;

D, ... Ds, photomultiplier modules.

surface of the disk, acts within a given slit as many inde-
pendent pointlike subsources equivalent to an ordinary
spatial incoherent thermal source [31]. To prove the ther-
mal statistics of the TLS we measured the autocorrelation
function g®(7) and verified that ¢g@(r = 0) = 2.00(5)
[13]. The coherence time of the pseudothermal light
sources depends on the rotational speed of the disk [31]
and was chosen to 7, = 100 us so that a commercial
coincident detection circuit could be used. The light from
the masks is split by 50/50 nonpolarizing beam splitters
and collected at a distance z = 1 m behind the glass disk
by N laterally displaceable fiber tips of core diameter
50 pm, guiding the light to N single photon detectors.
The output pulses of the photon detectors are then fed
into a coincidence detection circuit. In the experiment the
single photon counting rates for g(Tzﬁs, g(ﬁzs, g%ﬁs, and g%{s
correspond typically to 100-350 kHz. With joint detection
time windows of 50, 410, 410, and 850 ns (ensuring the
single photon counting regime) and taking into account the
thermal photon statistics as well as varying quantum effi-
ciencies of the different detectors, this leads to averaged
N-fold coincidence rates of 1500, 1500, 400, and 300 Hz,
respectively. Note that the g(TAIi)S(Sl) display the calculated
interference signals only if the N photons are measured
within their coherence time [13].

The experimental results for g2'<(8,), ..., g%(8,) are
shown in Fig. 4. The measured curves are in excellent
agreement with the theoretical prediction if one takes into
account the finite width of the slits [see red solid lines in
Figs. 1 and 4(b)-4(e) 1. The small deviations between the
experimental results and the theoretical curves for g%ﬂs and

g(Tsﬁs are mostly due to a slight misalignment of the detector
positions from the required magic values. The deviations
between Vl(\f) and V) towards higher N are mainly due to
increased dead time effects arising from larger joint
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FIG. 4 (color online). Experimental results: (a) Measurement
of average intensities /; and I, at detectors D; and D, alone
(with Dy scanned and D, kept constant), demonstrating that
the pseudothermal light used is spatially incoherent in first order
of the intensity. (b)-(e) Measurement of g(TAﬁ)S(ﬁ 1) in the case of
N=2..., 5 TLS for 6,, ..., Sy at the magic positions. Solid
red curves correspond to a theoretical fit taking into account the
finite width of the slits. The only fitting parameters are the slit
separation d, the slit width a, and the visibility V](\f). The
experimentally obtained visibilities V,(\f) can be compared with
the theoretical values Vy in Fig. 1.

detection time windows and higher single photon counting
rates at the N detectors. From the figure it can be seen
that the measured curves for g%'((8)), g\¥(8,), and
g (8,) display a doubled (28,), tripled (38,), and quad-
rupled (48,) modulation frequency with respect to
g(TZL)S(Sl,O) and g(szle(Sl, 0) [see Egs. (5) and (8)]. This
means that for a given aperture ‘A (indicated in Fig. 4)
g(TSL)S(él) exhibits 4 times more oscillations than g(Tzﬁs(él).
According to Eq. (2), this beats the classical Abbe limit for
Ad by a factor of 4.

In conclusion, we experimentally demonstrated spatial
multiphoton interference patterns displaying superresolu-
tion with up to five statistically independent light sources
by using linear optical detection techniques. For N > 2,
these experiments achieve a higher resolution than the
classical Abbe limit for imaging the light source. In the
case of N SPE, we showed theoretically that the inter-
ference pattern obtained is identical to the one generated
by NOON states with N — 1 photons, although the types
of interference are fundamentally different [23]. Using N
TLS leads to the same NOON-like modulation, although

with a reduced visibility. Unlike for NOON states, our
technique requires neither special quantum tailoring of
light nor N-photon absorbing media, as it relies on single
photon detection only. As intensity correlations of order
N >2 are used to improve the spatial resolution in
imaging, it can be regarded an extension of the Hanbury
Brown-Twiss experiment, one of the fundamental mea-
surement techniques in quantum optics. The natural low
light requirements suggest that the technique has potential
applications for improved imaging of faint star clusters and
in vivo biological samples.
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