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Sub-shot-noise imaging and correlation plenoptic imaging are two quantum imaging
techniques that enable to overcome different problems of classical imaging systems.
Combining the two techniques is not trivial, since the former is based on the detec-
tion of identical corresponding modes to subtract noise, while the latter requires the
detection of different modes to perform directional reconstruction. In this paper, we ex-
perimentally show the possibility to obtain a noise-reduction factor smaller than one, a
necessary condition to perform sub-shot-noise imaging, in a setup that can be adapted
to correlation plenoptic imaging.

1. Introduction

Quantum properties of light and quantum-inspired measurement protocols have
recently fostered the development of intriguing technologies in the context of
quantum imaging, whose capabilities go beyond those of classical imaging and
intreferometry systems, at least in specific tasks.!:2345678910.11 T particu-
lar, it was discovered that exploiting the photon number correlation between
two entangled photon beams, typically emitted by spontaneous parametric down-
conversion (SPDC), can provide the possibility to perform sub-shot-noise (SSN)
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12,13 and microscopy'® of low-absorbing samples. On the other hand, in
the context of techniques based on intensity correlation measurements, such as
HBT interferometry'-'16 and ghost imaging®71819  a technique called Correlation
Plenoptic Imaging (CPI) was introduced??:21:22:23 " enabling to perform plenop-
tic imaging (therefore, 3D recostruction and refocusing) with diffraction limited
resolution?4.

Even if it would be beneficial to join the advantages of SSN imaging and CPI,
this has not been performed up to now, despite CPI schemes based on SPDC
entangled photon pairs have already been proposed?!. In fact, the SSN imaging
protocol is based on the spatial detection of two very similar noise patterns, while
in CPI the detected patterns are different, since the two detectors capture the light
distributions on the object plane and on the focusing element, which can be very
distant from each other.

In this article, we first show an experimental measurement of the noise-reduction
factor'?, which is an essential figure of merit to determine the possibility of SSN
imaging, in a setup in which SSN imaging, standard imaging and ghost imaging

imaging

can be performed at the same time. Then, we alter the initial setup by introducing
asymmetry between the optical paths followed by the two entangled beams; such
setup would enable to perform CPI, provided a specific algorithm to detect the
direction of light were developed. We will demonstrate that, despite the two paths
are made asymmetric, and the two sensors do not detect identical noise patterns,
it is still possible to obtain nonclassical values of the noise-reduction factor. This
feature opens the possibility to exploit nonclassical noise properties to reduce the
SNR in CPI, by combining the use of entangled photons with properly tailored new
measurement schemes.

2. General Aspects

SPDC is a quantum phenomenon that allows to generate pairs of entangled photons
by the interaction between a “pump” laser beam and a non-linear crystal?®. Such
interaction can convert a laser photon into two photons, conventionally labeled as
“signal” and “idler”, whose energies (ws,w;) and momenta (ks, k;) are related to
those of the pump photon by the conservation laws:

wp =ws +wi, kp==ks+k;. (1)

The subscript p, s and ¢ stand for pump, signal and idler, respectively. SPDC
has been a milestone in the development of quantum imaging, as early as the
first quantum imaging experiment was demonstrated by Pittman et al. in 1995".
This experiment showed the possibility to obtain a “ghost” image of an object,
by detecting coincidences between signal and idler entangled photons, even if no
first-order image of the object was formed in the setup.

A wide variety of applications of quantum imaging has been proposed, besides
ghost imaging, in order to overcome specific limitations of standard imaging devices.
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Some examples are super-resolution using multi-photon entangled systems!
sub-shot noise imaging!'2. In particular, sub-shot-noise (SSN) imaging is possible
by illuminating a weak absorptive object with the far-field of one of the SPDC
correlated beams (say, the signal). The image is retrieved by measuring the intensity
pattern in the arm containing the object, and then subtracting the correlated noise
pattern measured in the other arm. The reconstructed image is proportional to the
aperture function of the object, and the signal to noise ratio is improved because
the thermal noise affecting each single beam is cancelled in the subtraction process,
due to the quantum correlations between the two beams?5.

The possibility to obtain SSN images is crucially related to the value of the
noise reduction factor (NRF) 26:13

(A2(R; —ng))  (A%R;) + (A2Rg) — 2(Angny)

T it (Ri + s @

given by the ratio between the variance of the difference in the number of pho-
tons and the noise of two coherent states of equivalent intensity. The NRF is also
a measure of the degree of correlation between the two modes. This quantity is
generally equal or larger than 1 for classical systems; only quantum states of light
can give values smaller than 1. In particular for SPDC correlated modes it turns
out that ¢ = 1 — 7, where 7 is the global efficiency in detecting correlated photons.
The sub-shot-noise imaging scheme shows an improvement with respect to classical
measurement, in terms of signal to noise ratio, using a Poissonian source, which is
exactly quantified by the factor o for weakly absorbing samples.
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Fig. 1. Schematic representation of the experimental setup employed in the experiment. Details
on the components and the parameters are given in the text.
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3. Experiment

The experimental setup is shown in Fig. 1. The SPDC source is composed of a
single-mode UV laser with wavelength A = 355nm (Genesis CX 355-100 SLM),
a half-wave plate and a S-Barium Borate (BBO) crystal (5mm X 5mm X 7mm,
Eksma Optics). The crystal can be rotated in order to obtain type II phase matching
condition with beam-like configuration and the half-wave plate can be rotated to
align the polarization direction of the pump with the extraordinary direction of
the crystal. The two generated beams (signal and idler) pass through a dichroic
mirror (not shown in Fig. 1) which reflects the pump, and through the lenses L1, of
focal length f; = 10mm, and Lo (fo = 40mm), before their paths being separated
by a Polarizing Beam Splitter (PBS). The distance between L; and L is equal to
f1 + f2. Notice that the far field of the SPDC beams is reproduced at a distance
f1 after the lens L. The two beams follow similar paths: the reflected beam passes
through a fixed lens Lsa (fs = 200 mm) then reaches another PBS which reflects
it on the CCD sensor (Andor iXon Ultra 897) after passing trough a frequency
filter which limits the wavelength range of photons impinging the sensor in the
interval 690nm — 730 nm. The transmitted beam passes through a movable lens
Lsg (fs = 200mm), the second PBS and the frequency filter, finally impinging on
the CCD sensor.

In the “balanced” configuration, the distance between Lo and both Lza and Lsg
has been fixed to 200 mm, while the distances between each of the L3 lenses and
the sensor are both equal to f3. The optical systems composed by the lenses Lo and
L34 /L3g is able to map the image of the focal plane of the lens Ly, on which the far
field of SPDC is encoded, on the camera plane. In this configuration, if an object
is placed in focal plane of Lj, along one of the SPDC beams (say, the signal), its
image will be retrieved on the portion of the sensor impinged by the signal far field.
Even the idler far field impinges the sensor, and this additional information can
be used to first identify corresponding modes and then subtract noise to achieve a
SSN image of the object.

In the setup described in Fig. 1, the lens Lsg can be moved, in such a way to focus
a different plane than the focal plane of L; on the sensor. Such configuration, that we
will call “unbalanced”, can be useful in terms of correlation plenoptic imaging, since
now the two lenses L3 provide images of two different planes, which, after measuring
intensity correlations or photon coincidences, could be used to reconstruct the light
field between the two planes and perform refocusing and point-of-view changes.
However, this situation can be detrimental in terms of SSN imaging, since now
the fluctuations of the SPDC beam images formed on the sensor are not (at least
ideally) perfectly correlated as in the balanced case. In the following, we will show
that a noise-reduction factor smaller than 1 is achievable even in the unbalanced
case.

The frequency range is chosen around the degenerate frequency in order to
spatially select two distinct spots corresponding to the signal and idler photons.
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We also choose propagation configuration in which the two spots are tangent. To
compute the NRF, we first had to determine the position of correlated points in the
far field of the two SPDC beams. Based on the phase-matching function, such pairs
of correlated points are symmetric with respect to the tangency point of the two
spots. The spatial correlation matrix is obtained by calculating the NRF between a
pixel in the image of one beam and the pixels of a large region in the image of the
other (the procedure is presented in greater detail in the following). The pixel in the
first beam is then varied to obtain an average correlation matrix. This measurement
is also useful to control alignment and focusing of the optical elements.

We expect that correlations are relevant inside the coherence area. The correla-
tion is point-to-point (i.e., a delta function) in case of a plane-wave pump; however
in the realistic case of a Gaussian pump, the existence of transverse components
of the wave-vector determines a widening of the coherence area. Given a Gaussian
pump beam with the waist w at the crystal, the photon correlation function in the
focal plane of the lens L; is again a Gaussian function (the Fourier transform of
the pump) with waist

, V2

)\si na
w = YRsignalft _ g 6 pm, (3)
W

where Agignai = 710nm refers to the degenerate frequency and w = 596 pm. The
FWHM, usually taken as the size of the coherence area in the far field, is

FWHM = 2.355 x w’ = 12.6 ym. (4)
The expected magnification is
Moy =22 =5, (5)
f2

while the measured value is slightly different, i.e. M = 5.32. Therefore, the coher-
ence length on the sensor is

w§ =M x FWHM = 67 pm, (6)

which is greater than the pixel dimension §, = 16 um. Thus, the physical pixel is
unable to collect all the correlated photons, since most of them fall outside its area.
A pixel binning is thus required to optimize the measured correlations.

To pass from the balanced case to the unbalanced one, in which the setup
is suitable to perform CPI, we move the lens Lsg by 21 mm. Considering such
displacement, we obtain that the distance between the focused planes along arms
A and B is now 814 ym.

The evaluation of NRF is performed by a software which operates as follow:

(1) a pixel P of signal (or idler) spot is chosen;

(2) the symmetric pixel S is found on the other spot;

(3) NRF is calculated between pixel P and each pixel in an area n xn pixel centered
on pixel S;
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Fig. 2. Spatial variarion of the NRF in the balanced case, obtained at different values of pixel
binning. The lowest values are the following: a) o = 1.129 £ 0.008 in the case of no binning; b)
o = 1.021 4+ 0.027 for 2 x 2 binning; ¢) ¢ = 0.952 & 0.044 for 4 x 4 binning; d) o = 0.851 £+ 0.017
for 8 x 8 binning.
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Fig. 3. Spatial variarion of the NRF in the unbalanced case, obtained at different values of pixel
binning. The lowest values are the following: a) o = 1.159 + 0.003 in the case of no binning; b)
o =1.021 4+ 0.083 for 2 x 2 binning; ¢) ¢ = 0.980 & 0.020 for 4 x 4 binning; d) ¢ = 0.903 £ 0.036
for 8 x 8 binning.

(4) the procedure is repeated for each pixel belonging to an area m x m to which
P belongs;
(5) an average among all the matrices obtained is calculated.

Fig. 2 reports the results in the balanced case, in which L3 and Lsg at the
same distance from Lo, while Fig. 3 reports the results in the unbalanced case; in
both cases, the NRF has been evaluated for different pixel binnings.

The values reported in the captions of Figs. 2-3 refers to the NRF of the pixel
with highest correlation. As expected, a binning (performed via hardware in our
experiment) is required to obtain a value below 1. In particular, it takes at least
a 4 x 4 binning, being 49, ~ wg. Note that, outside the correlation dip, the value
of the NRF are close to unit (yellow background), as expected by two uncorrelated
near-to-Poissonian photon number distributions which correspond to uncorrelated
portions of the signal and idler beams. This confirms that the system is correctly
calibrated. It is worth remarking the result in Fig. 3: the value of NRF can be kept
smaller than 1, within the uncertainty, also in the unbalanced case, demonstrating
the capability of this system to obtain sub shot-noise in a configuration in which
CPI can be performed.
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4. Conclusions and outlook

We have demonstrated the possibility to obtain a nonclassical noise-reduction fac-
tor, a necessary condition for sub-shot-noise imaging, in a setup in which Correlation
Plenoptic Imaging can be effectively applied. Besides the obvious task of designing a
new refocusing and 3D-reconstruction algorithm that works in the described setup,
the most relevant step to be made in the following in order to efficiently incorporate
the benefits of SSN imaging in CPI will be the definition of new correlation mea-

surement methods, in which noise subtraction plays a relevant role. Examples of

such algorithms are currently given by the differential ghost imaging protocols27-28.
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