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Full-field quantum imaging with a single-photon avalanche diode camera
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Single-photon avalanche diode (SPAD) arrays are essential tools in biophotonics, optical ranging and sensing,
and quantum optics. However, their small number of pixels, low quantum efficiency, and small fill factor
have so far hindered their use for practical imaging applications. Here, we demonstrate full-field entangled
photon-pair correlation imaging using a 100-kpixel SPAD camera. By measuring photon coincidences between
more than 500 million pairs of positions, we retrieve the full point spread function of the imaging system and
subsequently high-resolution images of target objects illuminated by spatially entangled photon pairs. We show
that our imaging approach is robust against stray light, enabling quantum imaging technologies to move beyond
laboratory experiments towards real-world applications such as quantum light detection and ranging.
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I. INTRODUCTION

Quantum properties of light have inspired a range of
new imaging modalities [1] including interaction-free pro-
tocols [2,3], quantum lithography [4] and holography [5],
as well as sensitivity-enhanced [6,7] and super-resolution
schemes [8,9]. While these imaging methods differ in terms
of the type of illumination and optical arrangement, they
all rely on characterizing high-order spatial correlation func-
tions of light [10]. An essential device for implementing
practical quantum imaging is therefore an optical sensor
that is able to efficiently and rapidly measure photon coin-
cidences between many spatial positions. Typical quantum
imaging experiments count coincidences between two single-
pixel single-photon avalanche diodes (SPADs) that are each
scanned over their own subspaces to build up a measurement
point by point [11,12]. Such procedures are photon inefficient,
thus making quantum imaging a tedious and prohibitively
time-consuming process even for a relatively small number
of positions.

During recent decades, single-photon sensitive cameras
have progressively replaced raster-scanning techniques for
coincidence counting, enabling the characterization of high-
dimensional entangled states [13–16] and the implementation
of proof-of-principle quantum imaging experiments [17–19].
These cameras are typically intensified charge-coupled de-
vices (iCCD) or complementary metal oxide semiconductor
(iCMOS) cameras, which have an image intensifier placed
before the sensor [20], and electron-multiplied (EM) CCD
cameras that incorporate an on-chip gain stage before the
charge reading stage [21]. These technologies provide a large
number of pixels to detect photons with high quantum ef-
ficiency (up to 95% for EMCCD cameras) but also have
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important drawbacks, including a relatively low frames rate
(of the order of 100 Hz) and the presence of significant elec-
tronic noise. For example, quantum imaging approaches based
on multipixel coincidence counting with an EMCCD camera
require tens of hours to retrieve a single image of an object il-
luminated by entangled pairs [5,18,19], which severely limits
their use in practice.

Similarly to intensified and EM cameras, single-photon
avalanche diode (SPAD) detectors offer single-photon level
sensitivity, but with unparalleled speed, temporal resolution,
and very low noise [22]. Their implementation in standard
CMOS technology [23] has triggered the development of
digital SPAD-based cameras [24,25]. Thus far, these imag-
ing devices have shown their capabilities in fluorescence
lifetime imaging [26–30], light detection and ranging (Li-
DAR) [31–34], non-line-of-sight imaging [35], and imaging
through scattering media [36]. In quantum optics, a few exper-
imental studies have used SPAD cameras for characterizing
spatial correlations [37] and entanglement [38,39] between
entangled pairs. Furthermore, two recent works report imag-
ing based on single photons [40] and photon pairs [41]
detected by small SPAD arrays (up to 32 × 32 pixels), but
using a point-by-point scanning approach and classically il-
luminated objects, respectively. Here, full-field imaging of
quantum-illuminated targets with a SPAD camera is achieved.

In this work, we demonstrate a full-field quantum illumi-
nation imaging approach based on massively parallel photon
coincidence counting performed using a 100 kpixel SPAD
camera.

II. IMAGING WITH PHOTON PAIRS

As shown in Fig. 1(a), our quantum imaging scheme uses
a source of spatially entangled photon pairs to illuminate an
object located at a distance ∼0.5 m and a SPAD camera to
detect back-reflected photons. The object is located in the far
field of the source such that the pairs are spatially anticorre-
lated when interacting with it [42]. The object used here is a
cat-shaped absorptive layer attached to a mirror and aligned so
as to be illuminated by one-half of the illumination beam. The
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FIG. 1. Experimental setup. (a) Light emitted by a pulsed laser (347 nm) illuminates a β-barium borate (BBO) crystal (1 mm thick)
to produce spatially entangled photon pairs (694 nm) by type-I spontaneous parametric down conversion (SPDC). After the crystal, pump
photons are filtered out by long-pass filters (not shown). A lens f1 = 45 mm is positioned a few millimeters after the crystal to direct photon
pairs towards a target object located approximately at a focal distance from the lens. The target is composed of a mirror with one-half covered
by a cat-shaped absorptive layer. Back-reflected photons are collected by the SPAD camera using two lenses f2 = 100 and f3 = 50 mm
positioned approximately at the focal distance f2 from the target and at the distance f3 from the camera (distance between lenses is arbitrary).
(b),(c) Summing all frames measured by the SPAD camera enables one to reconstruct an intensity image with different cat-shaped objects
visible on one-half (original cat-shaped objects in inset). (d),(e) Identifying photon coincidences between symmetric pairs of pixels enables
one to retrieve images showing symmetric shapes of the objects on the other half of the sensor. These images show signal-to-noise ratio (SNR)
of SNR = 4.19(9) and SNR = 3.4(1), respectively. A total of M = 107 frames were acquired in each case. Image coordinate units are in
pixels. Colorbar units are in number of photons and number of coincidences.

SPAD camera used in our study is the SwissSPAD2 [43]. It has
an active imaging area composed of 512 × 512 pixels with a
pitch of 16.38 μm, a fill factor of 10.5%, and quantum effi-
ciency of approximately 25% at 700 nm, which corresponds
to an effective quantum efficiency of η = 2.6%. The camera
is designed to achieve a frame rate of 977 000 binary frames
per second (fps) and allows sub-40-ps gate shifts with a low
dark-count rate of 0.26 counts per second per μm2. In all
measurements reported in this work, we used the eight-bit
acquisition mode of the SPAD camera: each frame was ob-
tained by accumulating 256 successive one-bit measurements,
the latter requiring 350 ns each. The camera was operated in
the internally triggered global shutter mode. We verified that
the recorded frames were mostly composed of 1 and 0 values
because of the weak detection efficiency and a photon-pair
rate of ∼104 per second. In the present demonstration, the
overall effective acquisition speed is approximately 370 fps,
which is more than 1000 times lower than the speed achieved
in previous imaging works using the same camera [29,43].
Indeed, the prototype used in this work can only be connected
to the computer using a USB cable, which strongly limits
the data transfer rate and therefore the effective speed of the
whole imaging process. However, it is essential to note that
such limitation is only of a technical nature and is not linked
to the camera itself.

A. Multipixel coincidence measurement

Figures 1(b) and 1(c) show images of two different cat-
shaped target objects reconstructed by accumulating photons
on the sensor over M = 107 frames and summing them to-
gether. The two cat shapes are well resolved as well as
the typical ring shape of the photon-pair illumination beam

spreading over an area of 150 × 150 pixels. Furthermore,
the single-photon level sensitivity of the SPAD camera also
enables one to detect photon coincidences between all pairs
of pixels. For example, Figs. 1(d) and 1(e) show coincidence
rates measured between all symmetric pairs of pixels of the
sensor at positions (r and −r) for the objects. We observe
that a rotated image of the target object now appears on
the part of the illumination beam that does not interact with
the object. Indeed, when a photon from an entangled pair
is detected at pixel r, its twin is detected simultaneously at
pixel −r, but only if it is not absorbed by the target object:
this is a result of the anticorrelation structure of entangled
pairs in the far field [42]. This ability to perform coincidence
measurements between many pixels in parallel for retrieving
an image is at the heart of all quantum imaging schemes based
on entangled photons [3,5,7,18]. However, while measuring
photon coincidence is conceptually simple, it is in general a
very challenging task in practice, especially when performed
between a large number of pixels and in the presence of sensor
noise and stray light.

In quantum optics, measuring coincidence is convention-
ally performed by multiplying the binary outcomes (0 or 1) of
two synchronized single-photon detectors and averaging over
many acquisitions. By analogy, one may think of retrieving
entangled photon correlations in our experiment by simply
multiplying the photon-count value I�(ri) at any pixel i (in
position ri) of the �th frame (� ∈ [[1; M]]) by the value at
another pixel j (in position rj) of the same frame, and then av-
eraging over all the frames, CM (ri, rj) = 1

M

∑M
�=1 I�(ri)I�(rj).

However, such an approach assumes that each frame contains,
at most, two pixels of value one, each of them resulting from
the successful detection of the two photons from the same
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FIG. 2. Results of full-field quantum imaging. (a) “Total coincidences” image C(r, A) reconstructed by multiplying the value measured at
pixel A = (−15, 15) in each frame by all values of the other pixels in the same frame and then averaging over the set. (b) “Accidentals” image
A(r, A) reconstructed by multiplying the value measured at pixel A in each frame by all values of the other pixels in the next frame and then
averaging over the set. (c) Conditional image �(r, A) obtained by subtracting (b) from (a), showing a peak of genuine coincidences at position
−A (zoom in inset). (d),(e) Conditional images �(r, B) with B = (−42, 15) and �(r, C) with C = (−32, 15), respectively (zoom in inset).
(f),(g) Joint probability distributions �(x1, y1, x2, y2) between pixel pairs located on columns (x1 = −5, x2 = 5) and (x1 = −30, x2 = 30),
respectively (insets show the selected columns). (h) Projection of the JPD along the sum coordinates r1 + r2 (zoom in inset). M = 107 frames
were acquired for reconstructing the JPD. Image coordinate units are in pixels. Note that the very high and very small values observed in the
images (a) and (b) originate from hot pixels (see Appendix). The spatial fluctuations visible in the rings in images (a) and (b) originate from
the support on which the cat-shaped mask is printed, which is not perfectly reflective. Colorbar units are in number of photons and number of
coincidences.

entangled pair. In practice, each frame is composed of many
other “ones” resulting from dark-counts events, hot pixels,
crosstalk, detection of multiple photon pairs, and stray light
falling on the sensor. While hot pixels and cross talk are
effects inherent to the electronic architecture of the SPAD
camera and can be characterized beforehand to be removed
(see Appendix), dark counts, stray light, and the detection of
multiple pairs cannot necessarily be monitored in practical
imaging situations. All these undesired events produce a large
amount of accidental coincidences that dilute the information
from genuine coincidences, i.e., coincidence originating from
correlations between entangled photon pairs. The absence of
any genuine coincidence information in favor of accidentals is
clearly visible in Fig. 2(a), which shows the image CM (ri, A)
reconstructed by multiplying the value measured at an arbi-
trary pixel A = (−15, 15) by all the others in each frame and
then averaging over the set of M frames. To overcome this
issue, we use the image processing model detailed in [44] and
previously demonstrated with EMCCD cameras [18] in which
the joint probability distribution (JPD) �(ri, rj) of entangled
pairs (i.e., statistics of genuine coincidences) is estimated by
multiplying values measured at pixel i in each frame by the
difference of values measured at pixel j between two succes-
sive frames:

�M (ri, rj) = 1

M

M∑
�=1

I�(ri)[I�(rj) − I�−1(rj)], (1)

where �M is the estimator of � for M measured frames.
Equation (1) can be understood by expanding it the form
of a subtraction of the term CM (ri, rj) (i.e., the traditional
coincidence measure defined above) by another average term
AM (ri, rj) = 1

M

∑M
�=1 I�(ri)I�−1(rj) (that one may relate to

the accidentals). Note that in the rest of the manuscript,
notations of the estimators {�M, CM ,AM} are indicated with
those of the corresponding mean values {�, C,A} for clarity,
except when specified. In Fig. 2(b), an image A(r, A) is
computed using the second term in the case rj = A. At first
glance, this image is identical to that shown in Fig. 2(a).
However, the subtraction between these two images shown
in Fig. 2(c) reveals a coincidence peak positioned at the
symmetric position of pixel A relative to the center. This peak
is now only composed of genuine coincidences and the whole
image represents a conditional projection �(r, A) relative
to pixel A of the JPD of the photon pairs. Indeed, because
the minimum time interval between two successive frames
acquired by the SPADs (10.2 μs) is larger than the coherence
time of the photon pairs (∼10 fs), the probability of detecting
two photons from the same entangled pair in two successive
images is null. Therefore, the second term in the expansion
of Eq. (1) estimates coincidences that originate only from
nontemporally correlated events, including dark counts, hot
pixels, stray photons, and photons from different pairs, but
not those produced by two photons from the same pair. A
subtraction between these two terms leaves only an average
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value of genuine coincidences that is precisely an estimation
of �(ri, rj).

B. Spatially-resolved joint probability distribution

The full measured JPD � contains up to 500 million coin-
cidence coefficients, which represents a very large amount of
information. One way to visualize this is to consider only con-
ditional projections �(r, R) relative to a single reference pixel
R, as shown, for example, in Fig. 2(c) for R = A. Figures 2(d)
and 2(e) show examples of two other conditional projections
�(r, B) and �(r, C) relative to two arbitrarily chosen po-
sitions B = (−42, 15) and C = (−32, 15), respectively. In
particular, we observe the absence of a coincidence peak in
Fig. 2(e) due to the presence of the object at position −C. To
reconstruct and image the object, the intensities of these coin-
cidence peaks are represented as a function of the positions of
reference pixels r, which, for anticorrelated photon pairs, cor-
responds to projecting the antidiagonal component �(r,−r)
of the JPD. Images obtained with this method are shown in
Figs. 1(d) and 1(e). Beyond conditional and antidiagonal pro-
jections, the JPD can also be viewed in a lower-dimensional
space by selecting only two columns of pixels of the SPAD
camera. For example, Figs. 2(f) and 2(g) show the coincidence
distribution between pixels located on pairs of symmetric
columns (x1 = −5, x2 = 5) and (x1 = −30, x2 = 30), respec-
tively. The presence of an intense coincidence signal across
the antidiagonals confirms again the anticorrelation behavior
of the photons in the target plane. An exception is the center
of the image in Fig. 2(g) because of the presence of the object
across column x2 = 30. Interestingly, Fig. 2(f) shows a broad-
ening of the correlation width for pixels far from the center of
the ring, an effect that is also visible in the conditional image
�(r, B) in Fig. 2(d) (see zoom in inset). Such broadening re-
sults from the presence of off-axis spherical aberrations in our
imaging system that distorts the point spread function (PSF).
Finally, projecting the JPD along the sum coordinate x1 + x2
in Fig. 2(h) provides an estimate of the average correlation
width, σ = 1.1 pixels, of entangled pairs, providing, there-
fore, a quantitative measure of the average spatial resolution
of our imaging system [13,14].

Summarizing so far, we have shown that the SPAD array
is able to produce a high-quality measurement of the JPD and
that this allows a complete mapping of the imaging system
PSF. Indeed, not only does it provide information about the
object, but it also allows one to characterize the spatial resolu-
tion and optical aberrations in the system, which can be used
for implementing aberration correction techniques [45,46]
(see the Appendix for more details about the JPD projections).

C. Signal-to-noise ratio analysis

The total number of frames, M, acquired by the SPAD
camera to reconstruct the JPD strongly influences the perfor-
mance of our quantum imaging scheme and the quality of
the retrieved images. For example, Figs. 3(a) and 3(b) show
two coincidence images �(r,−r) of the same object retrieved
from 2 × 105 and 34 × 105 frames, respectively. We observe
that the signal-to-noise ratio (SNR), defined as the average
coincidence intensity in a constant region of the image di-
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FIG. 3. Signal-to-noise ratio of the coincidence images. Coin-
cidence images �(r,−r) reconstructed using (a) M = 2.106 and
(b) M = 34.106 frames acquired by the SPAD camera showing
signal-to-noise ratios SNR = 1.4(6) and SNR = 4.05(9), respec-
tively. (c) SNR values in the coincidence image measured for
different numbers of frames (blue curve) and a least-squares fit
(weighted with the uncertainties) of the form a

√
N (black dashed

line) with best-fit parameter value a = 7.2 × 10−4 with a correlation
coefficient of r2 = 0.74. Image coordinate units are in pixels. Color-
bar units are in number of photons and number of coincidences.

vided by the standard deviation of the noise, is much lower in
Fig. 3(a) [SNR = 1.4(6)] than in Fig. 3(b) [SNR = 4.05(9)].
The SNR value is linked to the experimental parameters via

SNR =
√〈Ng〉/s√

1 + 2〈Na〉/[s〈Ng〉]
√

M, (2)

where s is the number of pixels illuminated on the camera;
〈Ng〉 = 2η2〈m〉 is the average number of genuine coincidences
per frame, with η the photon-detection efficiency of the cam-
era and 〈m〉 is the average number of photon pairs emitted
by the source during the time of an exposure; and 〈Na〉 ≈
(2η〈m〉 + 〈n〉)2 is the average number of accidental coinci-
dences per frame, with 〈n〉 being the average number of noise
events per frame including dark counts and stray photons [see
the Appendix for a derivation of Eq. (2)]. When reasoning at
a fixed number of frames, M, Eq. (2) captures all underlying
mechanisms of our quantum image processing technique. By
using a large exposure time and free-running triggering (i.e.,
not triggering on the pump laser), we effectively enable multi-
ple photon pairs to be detected in each frame, which increases
the number of genuine coincidences per frame, and thus the
SNR. However, this comes at the price of detecting a large
amount of accidental coincidences per frame which, although
they are subtracted “on the fly” in Eq. (1), cause an additional
noise that decreases the SNR. Figure 3(c) shows that the data
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a SNR = 2.1(4). A total of M = 107 frames were acquired and all coordinate units are in pixels. Colorbar units are in number of photons and
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follow the generic trend of Eq. (2), i.e., that the SNR increases
proportionally to

√
M.

In order to provide some intuition regarding the compara-
tive performance of our quantum imaging approach and of the
importance of capturing more than one photon pair per frame,
we can compare the results in Fig. 3 to the SNR evaluated for
an ideal situation in which the JPD is sampled by detecting,
at most, one pair of photons per frame so as not to record
any accidental coincidences (〈Na〉 = 0). In practice, this could
be achieved by triggering the camera from a pulsed pump
laser and using a very low-noise sensor (i.e., with negligible
dark counts and stray photons). This would give SNR(id ) =
at

√
N with at = η

√
2〈m〉/s (see the Appendix). We assume

the same photon-detection efficiency of the SPAD array, i.e.,
η = 2.6% (pixel quantum efficiency 25% multiplied by the
fill factor 10.5%), and the same number of illuminated pixels,
s ≈ 17 600 (beam radius of 75 pixels). The number of photon
pairs emitted per exposure time (i.e., per pulse) is estimated to
be 〈m〉 ∼ 10−4 (see the Appendix). The resulting theoretical
value in this ideal situation is then at ∼ 10−6 and is two orders
of magnitude lower than the value a = 7.2 × 10−4 measured
in our experiment [Fig. 3(c)]. Our quantum imaging approach
that relies on capturing multiple photon pairs in each frame
therefore significantly outperforms a one-pair-by-one-pair co-
incidence measurement scheme.

III. APPLICATION TO QUANTUM ILLUMINATION

Finally, we show that one important advantage of our quan-
tum imaging protocol is that it is resilient to stray classical
light falling on the sensor, including photons emitted by a
natural light source as well as artificial light signals possibly
created to spoof the target detection [47,48]. This robustness
has already been seen with EMCCD measurements [49,50]
and is extended here to our SPAD camera-based measure-
ments. A “noise” image is produced by illuminating a similar
cat-shaped object using a classical light source [Fig. 3(a)].
This image is positioned next to the image produced by the
target object illuminated by quantum light using a beam split-
ter so that it is impossible to distinguish the “quantum” image
from the noise image by performing conventional imaging
measurements on the camera [Fig. 4(b)]. However, the noise

image disappears when measuring the coincidence image
�(r,−r), as shown in Fig. 4(c). Indeed, the use of Eq. (1) to
process the set of frames measured by the SPAD camera and
to reconstruct the JPD discards all detection events that are not
genuinely correlated in time, which is the case for photons
emitted by a coherent light source. However, classical light
falling on the sensor acts as an additional source of noise,
which decreases the SNR in the reconstructed coincidence
image, as shown when comparing the SNR in the image of
Fig. 4(c) [SNR = 2.1(4)] to that in Fig. 1(e) obtained without
stray light [SNR = 4.19(9)] and with the same number of
frames. However, the decrease in SNR can be compensated
for by acquiring more frames for reconstructing the JPD, as
shown in Fig. 3(c).

IV. CONCLUSIONS

In conclusion, we have demonstrated a full-field quan-
tum illumination imaging approach using a 100-kpixel SPAD
camera. Imaging is performed using a scheme based on re-
construction of the joint probability distribution (JPD) of the
entangled photon pairs that also allows one to characterize
optical aberrations and the spatial resolution of the imaging
system. We investigated the impact of the number of frames
measured by the SPAD on the quality of the reconstructed
quantum image and demonstrated that our technique outper-
forms those based on measuring only one pair per frame, using
an equivalent camera and photon-pair source. Finally, we also
showed that our quantum imaging protocol is resilient against
the presence of stray classical light falling on the sensor.

SPAD cameras are a rapidly growing technology with enor-
mous potential for quantum imaging. Compared to EMCCD
cameras, they currently suffer from a lower fill factor and
photon-detection efficiency, but provide potential real-world
benefits in terms of the frame rate that could enable rapid
characterization of entanglement and quantum images. More-
over, the lower SNR that may arise due to the low fill factor
(resulting in loss of coincidences due to loss of one photon
of a pair) can be offset by acquiring more frames, which
in turn is now perfectly feasible in future works due to the
potential high camera frame rates, or by use of concentrators
or microlenses on the array. Indeed, optimized data transfer
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protocols could allow the SwissSPAD2 to operate at its maxi-
mum speed (977 000 fps) and thus perhaps reach an effective
imaging frame rate of 1 fps (106 frames for each coincidence
image). Furthermore, note that there are also other research
SPAD cameras that can be operated at higher speed up to
800 000 fps [51] and even some commercial models (e.g.,
PhotonForce) that can reach 300 000 fps. One may thus en-
visage, in the future, building a quantum video camera. In
addition, the time-gating capability of the SPAD camera could
possibly be combined with our quantum imaging protocol to
provide depth information for LiDAR application, potentially
using a different configuration in which one photon is kept
stored on the emitter side, while the other is sent towards
the object [52–54]. Beyond imaging, the ability to rapidly
measure and extract information from photon coincidences
performed between many pixels in parallel is essential for
the development of high-dimensional quantum information
processing technologies, including high-dimensional quan-
tum communication and computation schemes [55,56].

All data relevant to this work are available from Ref. [57].
Additional data and codes may be requested from the corre-
sponding authors upon reasonable request.
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APPENDIX

Details of the experimental setup. The nonlinear crystal
is a β-barium-borate crystal of size 5 × 5 × 1 mm cut for
type-I phase-matched SPDC pumped at 355 nm with a half
opening angle of 3 degrees (Newlight Photonics). The pump
is the third harmonic at 347 nm of a femtosecond pulsed laser
with 100 MHz repetition rate, 80 mW average power, and
beam diameter of approximately 0.5 mm (Chromacity). The
average number of photon pairs produced per pulse is of the
order of 10−4 (104 photons per second). This number was
estimated from an intensity measurement performed without
an object and accounting for the sensor noise (characterized
beforehand) and photon-detection efficiency (η = 2.6%).

Details of the � measurement. Equation (1) estimates the
spatial JPD � from a finite number of frames M acquired with
the SPAD camera. This equation is derived from a theoretical
model of photon-pair detection detailed in [44]. In this work, a

link is established between the JPD and the measured frames
at the limit N → +∞:

�(ri, rj) = A ln

(
1 + 〈I (ri)I (rj)〉 − 〈I (ri)〉〈I (rj)〉

(1 − 〈I (ri)〉)(1 − 〈I (ri)〉)

)
, (A1)

where A is a constant coefficient that depends on both the
quantum efficiency of the sensor and the power of the pump
laser, and

〈I (ri)I (rj)〉 = lim
N→+∞

1

N

N∑
l=1

Il (ri)Il (rj), (A2)

〈I (ri)〉 = lim
N→+∞

1

N

N∑
l=1

Il (ri). (A3)

Equation (A1) is obtained under hypotheses [44] that are all
verified in our work, including that (i) the quantum efficiency
is the same for all pixels of the sensor and (ii) the number
of pairs produced by SPDC during the exposure time fol-
lows a Poisson distribution [58]. Moreover, in our experiment,
the probability of detecting a photon per pixel per frame is
much lower than one (〈I (r)〉 
 1), which allows us to express
Eq. (A1) as follows:

�(ri, rj) ≈ 〈I (ri)I (rj)〉 − 〈I (ri)〉〈I (rj)〉. (A4)

In the practical case where only a finite number of frames M
is measured, the first term on the right-hand side in Eq. (A4) is
estimated by multiplying pixel values within the same frame,

〈I (ri)I (rj)〉 ≈ CM (ri, rj) = 1

N

N∑
l=1

Il (ri)Il (rj). (A5)

The second term on the right-hand side of Eq. (A4) is es-
timated by multiplying the pixel values between successive
frames,

〈I (ri)〉〈I (rj)〉 ≈ AM (ri, rj) = 1

N

N∑
l=1

Il (ri)Il−1(rj). (A6)

Combining Eqs. (A4)–(A6) finally leads to Eq. (1).
Projections of the JPD. In our experiment, the measured

JPD � takes the form of a four-dimensional matrix containing
(150 × 150)4 ≈ 5 × 108 elements, where 150 × 150 corre-
sponds to the size of the illuminated region of the camera
sensor. The information content of � is analysed using four
types of projections:

(1) The sum-coordinate projection, defined as

�+(r1 + r2) =
∑

r

�(r1 + r2 − r, r). (A7)

It represents the probability of detecting pairs of photons gen-
erated in all symmetric directions relative to the mean position
r1 + r2.

(2) The minus-coordinate projection, defined as

�−(r1 − r2) =
∑

r

�(r1 − r2 + r, r). (A8)

This represents the probability for two photons of a pair to be
detected in coincidence between pairs of pixels separated by
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an oriented distance r1 − r2. In our work, this projection is
used to characterize the crosstalk (see next section).

(3) A conditional image �(r1|r2) is a slice of � normalized
to its marginal probability,

�(r1|r2) = �(r1, r2)∑
r1

�(r1, r2)
. (A9)

It represents the probability of detecting one photon at posi-
tion r1 given that the other arrives at position r2. When the
marginal probability is almost uniform, one may use either
�(r1|r2) or �(r1, r2) as the conditional projection.

(4) A projection of � onto two columns of pixels located at
x1 and x2 is defined as

�x1x2 (y1, y2) = �(x1, y1, x2, y2). (A10)

Similarly, a projection of � onto two rows of pixels located at
y1 and y2 is defined as

�y1y2 (x1, x2) = �(x1, y1, x2, y2). (A11)

These projections are bidimensional joint probability distribu-
tions between two horizontal (or vertical) spatial axes.

Derivation of the SNR. The derivation of Eq. (2) is divided
in four sections. In the first section, we further expand the
expression of the measured JPD �M [Eq. (1)] under the form
of the summation of three terms associated with accidental
and genuine coincidences. In the second section, we identify
signal and noise in each term treated separately, to finally infer
the SNR of �M in the third section. In the fourth section, we
derive the SNR in the case of an ideal coincidence measure-
ment scheme (no accidentals). Throughout the demonstration,
we consider that �M is reconstructed from a set of M + 1
frames measured by the SPAD camera. Each frame I� (� ∈
[[0; M]]) is composed of s = √

s × √
s pixels of binary values

{0, 1}. This derivation is inspired from the derivation of SNR
formulas in the case of EMCCD cameras and multi-element
detector arrays [59–61].

1. Rewriting of Eq. (1) with genuine and accidental coinci-
dences

We consider the expanded form of Eq. (1),

�M (ri, rj) = CM (r1, r2) − AM (ri, rj), (A12)

in which we rewrite each term CM and AM as

CM (ri, rj) = 1

M

M∑
�=1

I��(ri, rj), (A13)

AM (ri, rj) = 1

M

M∑
�=1

I�(�−1)(ri, rj). (A14)

I�� and I�(�−1) are two new quantities called the �th coin-
cidence frame and the �th cross-coincidence frame, respec-
tively. They are defined via

I��(ri, rj) = I�(ri)I�(rj), (A15)

I�(�−1)(ri, rj) = I�(ri)I�−1(rj). (A16)

A coincidence image I�� is composed of s2 pixel-pair binary
values {0, 1}. When a given pixel pair (ri, rj) of I�� displays a
value of 1, it means that both pixels ri and rj have recorded

a detection event during the acquisition of the frame I�, i.e.,
I��(ri, rj) = 1 ⇔ I�(ri) = 1 ∧ I�(rj) = 1. This so-called coin-
cidence detection event is either a (a) genuine coincidence
or (b) accidental coincidence. A genuine coincidence is a
coincidence event that originates from the detection of two
photons from the same entangled pair. An accidental coinci-
dence is a coincidence event that originates from the detection
of two photons from two different entangled pairs, or from
one photon from a pair and a noise event, or from two noise
events. Noise events include dark noise, stray photon, and
single photon remaining after the absorption of one photon
from a pair. Using these definitions, a coincidence event is
either a genuine or an accidental coincidence, but cannot be
both or something else. Each coincidence frame I�� can then
be uniquely written as

I�� = IG
�� + IA

��, (A17)

where IG
�� contains only the genuine coincidences and IA

�� only
the accidental coincidences.

Furthermore, a cross-coincidence image I�(�−1) is also com-
posed of s2 pixel-pair binary values {0, 1}. When a given pixel
pair (ri, rj) of I�(�−1) displays a value of 1, it means that the
pixels ri and rj from two successive frames I� and I�(�−1) have
recorded a detection event during their respective acquisi-
tion time, i.e., I�(�−1)(ri, rj) = 1 ⇔ I�(ri) = 1 ∧ I�−1(rj) = 1.
However, because the time between two successive frames (1
μs) is larger than the coherence time of the photon pairs (∼10
fs), these coincidence detections are only accidentals. We then
use the following notation for I�(�−1):

I�(�−1) = IA
�(�−1). (A18)

Finally, these new notations allow us to write the measured
JPD �M as

�M = 1

M
[GM + A′

M − AM], (A19)

where

GM (ri, rj) =
M∑

�=1

IG
��(ri, rj), (A20)

A′
M (ri, rj) =

M∑
�=1

IA
��(ri, rj), (A21)

AM (ri, rj) =
M∑

�=1

IA
�(�−1)(ri, rj). (A22)

2. Signal and noise associated with GM, A′
M, and AM

Using the quantities defined in Eqs. (A20)–(A22), the SNR
of �M can be written as

SNRM = GM + A′
M − AM√

�G2
M + �A′2

M + �A2
M

, (A23)

where �G2
M , �A′2

M , and �A2
M are the variances associated

with the measured quantities GM , A′
M , and AM , respectively.

Equation (A23) is obtained by assuming that all the terms
GM , AM , or A′

M are statistically independent from each other.
This is verified for GM with respect to A′

M or AM because
any coincidence event is either an accidental or a genuine
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coincidence, and cannot be both. However, the two terms AM

and A′
M are not totally independent because they are calculated

using a common frame I�. To strictly ensure their indepen-
dence, one would need to compute the two terms CM (r1, r2)
and AM (r1, r2) using two different set of M frames. In the
following, we will consider this situation and treat them as
independent. Note that this assumption does not change the
dependence of the SNR on the square root of the number
of frame SNR ∼ √

M, or the qualitative roles played by the
total number of genuine and accidental coincidences in the
prefactor of Eq. (2), which are the two points we used in our
work to draw our conclusions.

Genuine coincidence term. Since it is only composed of
genuine coincidences, the term GM is, by definition, an es-
timator of the JPD �. After acquiring M frames, the value
G(ri, rj) returned at a given pixel pair (i, j) can therefore be
expressed as

GM (ri, rj) = 〈Ng〉M �(ri, rj), (A24)

where 〈Ng〉 is the average total number of genuine coin-
cidences per coincidence frame. 〈Ng〉 can be written as a
function of the quantum efficiency η of the sensor and the
average total number of pairs produced during the time of an
exposure 〈m〉,

〈Ng〉 = 2η2〈m〉. (A25)

Equation (A24) corresponds exactly to the well-known
problem of sampling a probability distribution � using M suc-
cessive measurements, each containing 〈Ng〉 detection events
on average. Because 〈Ng〉 
 s, we can assume that the number
of genuine coincidences produced per frame follows a Poisson
distribution and has a square-root relationship between the
signal and noise,

�G2
M (ri, rj) = 〈Ng〉M �(ri, rj). (A26)

Accidental coincidence terms. Since it is only composed
of accidental coincidences, the terms A′

M and AM are two
independent estimators of the product of marginal probability
distributions �(ri)�(rj), where �(ri) = ∑

r j
�(ri, rj). After

acquiring M frames, the values AM (ri, rj) and A′
M (ri, rj) re-

turned at a given pixel pair (i, j) can therefore be expressed as

A′
M (ri, rj) ≈ AM (ri, rj) = 〈Na〉M �(ri)�(rj), (A27)

where 〈Na〉 is the average total number of accidental co-
incidence per frame. In Eq. (A27), we used the fact that
in our experiment, the number of genuine coincidences per
frame is negligible compared to the number of accidental
coincidences, 〈Ng〉 
 〈Na〉, which allows us to consider that
the average number of accidentals in the coincidence frames
equals the number of accidentals in the cross-coincidence
frames. As shown in Figs. 2(a)–2(c), this assumption is veri-
fied in our experiment. The average total number of accidental
coincidences can then be written as the square of the average
total number of detection events per frame,

〈Na〉 = (2η2〈m〉 + 2η(1 − η)〈m〉 + 〈n〉)2 (A28)

= (2η〈m〉 + 〈n〉)2, (A29)

where the term 2η2m corresponds to the total number of de-
tections per frame that originate from whole entangled pairs,
2η(1 − η)m is the total number of detections per frame that
originate from single photons created after absorption of one
of the two photons from a pair, and 〈n〉 is the average total
number of noise events per frame (dark noise and stray light).
Because 〈Na〉 
 s2, we can assume that the number of ac-
cidental coincidences produced per frame follows a Poisson
distribution and has a square-root relationship between the
signal and noise,

�A′2
M (ri, rj) = �A2

M (ri, rj) = 〈Na〉M �(ri, rj). (A30)

Finally, combining Eqs. (A23), (A24), (A26), (A27),
and (A30) enables one to write the SNR of the measure JPD
�M at a given pair of pixels (ri, rj) via

SNRM (ri, rj) =
√〈Ng〉�(ri, rj)√
1 + 2 〈Na〉 �(ri )�(rj )

〈Ng〉�(ri,rj )

√
M. (A31)

3. SNR in our experiment

In our experiment, entangled photon pairs measured by the
SPAD camera are anticorrelated (i.e., far field of the crystal)
with a correlation width of approximately 1 pixel [Fig. 2(h)].
We can then consider that � takes the form of

�(ri, rj) = 1

s
δ(ri + rj), (A32)

where s is the number of pixels uniformly illuminated by the
photon-pair beam. As a result, the product of the marginal
probability distributions takes the following form:

�(ri)�(rj) = 1

s2
. (A33)

Finally, the SNR between symmetric pairs of pixels (r,−r)
written in Eq. (2) is obtained by combining Eqs. (A32), (A33),
and (A31).

4. SNR in an ideal measurement scheme

In an ideal coincidence measurement scheme, the JPD is
sampled by detecting, at most, one pair of photons per frame
so as not to record any accidental coincidences (〈Na〉 = 0). In
practice, this is achieved by triggering the camera on the pump
laser frequency and using a very low-noise sensor (i.e., dark
counts are negligible). In this case, only the term CM (r1, r2)
needs to be calculated to estimate the JPD �. The SNR be-
tween a given pixel pair (ri, rj) then becomes

SNR(id)
M (ri, rj) =

√
2η2〈m〉�(ri, rj)M. (A34)

Assuming that photon pairs are perfectly anticorrelated
over an illuminated area containing s pixels, we combine
Eqs. (A32) and (A34) to calculate the SNR between symmet-
ric pixels in an ideal coincidence measurement scheme,

SNR(id)
M (r,−r) = η

√
2〈m〉/sM. (A35)

Hot pixels and crosstalk. Hot pixels: Figure 5(a) shows
a 100 × 100 pixels image acquired by the SPAD camera
with the shutter closed (no photons falling on the sensor).
The bright pixels with value above 200 are considered to be
hot pixels of the sensor (pixel values are encoded here in

042608-8



FULL-FIELD QUANTUM IMAGING WITH A … PHYSICAL REVIEW A 103, 042608 (2021)

 

(c)(b)

(e)

x1-x2

(f)

y 1
-y

2
75

0

75x10
4

-7
5

-75 75

(d)

x 75-75 -15

y

-7
5

75
15

y

-7
5

75
15

0

3.8x10
4
C
oincidences

0

9x10
9

C
oincidences

0

75x10
6

C
oincidences

0

75x10
4

C
oincidences

C
oincidences

y

-5
0

50

y

-7
5

75
15

x 75-75 -15 x 75-75 -15

x 75-75 -15

x 50-50
0

Pixel value
255(a)

FIG. 5. (a) Single SPAD image acquired with no light falling on the sensor (shutter closed). (b) Image C(r, A) reconstructed by multiplying
the value measured at pixel A = (−15, 15) in each frame by all values of the other pixels in the same frame and then averaging over the set,
without removing the crosstalk effect. (c) Image A(r, A) reconstructed by multiplying the value measured at pixel A in each frame by all
values of the other pixels in the next frame and then averaging over the set, without removing the crosstalk effect. (d) Conditional image
�(r, A) obtained by subtracting (b) by (c), showing a peak of crosstalk at position A (zoom in inset). (e) Conditional image �(r, A) after
crosstalk removal. (f), Projection of the measured JPD on the minus coordinates r1 − r2. Colorbar units are in number of photons and number
of coincidences.

eight-bits). In the SPAD camera used in our experiment, they
represent approximatively 2% of the total number of pixels.
To remove them, we define a threshold at 200 and set all pixel
values above this threshold in each frame to 0.

Crosstalk: Crosstalk is a phenomenon by which, when a
pixel detects a photon, it has a nonzero probability of also trig-
gering its neighboring pixels. Therefore, crosstalk produces
strong correlations between pixels, which is an important
issue when one also wants to use the camera for measuring
photon correlations. For example, Figs. 5(b) and 5(c) show
the images C(r, A) and A(r, A). These images are exactly
the same as those shown in Figs. 2(b) and 2(c), but before
removing the crosstalk effects. In Fig. 5(b), which is obtained
by multiplying pixel values pairwise within the same frame,
we observe the presence of a peak composed of 3 × 3 pix-
els centered around A. This peak is a signature of crosstalk

effects between direct neighboring pixels, and is thus absent
in Fig. 5(c), which is obtained by multiplying pixel values
pairwise between different frames. As shown in Fig. 5(d),
the crosstalk peak dominates all the information contained in
the resulting conditional image �(r, A) = C(r, A) − A(r, A).
In all the measurements reported in this manuscript, the
crosstalk effects are removed by setting the reference pixel
A together with its nine neighboring pixels A ± ex ± ey to
0 [Fig. 5(e)]. This operation is applied to all of the con-
ditional images that composed the measured JPD. Finally,
Fig. 5(f) shows a projection of the measured JPD on the
minus coordinates r1 − r2, which enables one to characterize
quantitatively the average crosstalk effect of the sensor. A
peak of width 2 × 2 pixels, shown in the inset, confirms that
crosstalk is present only between a given pixel and its direct
neighbors.

[1] P.-A. Moreau, E. Toninelli, T. Gregory, and M. J. Padgett, Nat.
Rev. Phys. 1, 367 (2019).

[2] A. G. White, J. R. Mitchell, O. Nairz, and P. G. Kwiat, Phys.
Rev. A 58, 605 (1998).

[3] T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V. Sergienko,
Phys. Rev. A 52, R3429(R) (1995).

[4] A. N. Boto, P. Kok, D. S. Abrams, S. L. Braunstein, C. P.
Williams, and J. P. Dowling, Phys. Rev. Lett. 85, 2733 (2000).

[5] H. Defienne, B. Ndagano, A. Lyons, and D. Faccio, Nat. Phys.
(2021), doi: 10.1038/s41567-020-01156-1.

[6] M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich,
Phys. Rev. Lett. 91, 083601 (2003).

[7] G. Brida, M. Genovese, and I. R. Berchera, Nat. Photon. 4, 227
(2010).

[8] T. Ono, R. Okamoto, and S. Takeuchi, Nat. Commun. 4, 2426
(2013).

042608-9

https://doi.org/10.1038/s42254-019-0056-0
https://doi.org/10.1103/PhysRevA.58.605
https://doi.org/10.1103/PhysRevA.52.R3429
https://doi.org/10.1103/PhysRevLett.85.2733
https://doi.org/10.1038/s41567-020-01156-1
https://doi.org/10.1038/s41567-020-01156-1
https://doi.org/10.1103/PhysRevLett.91.083601
https://doi.org/10.1038/nphoton.2010.29
https://doi.org/10.1038/ncomms3426


DEFIENNE, ZHAO, CHARBON, AND FACCIO PHYSICAL REVIEW A 103, 042608 (2021)

[9] R. Tenne, U. Rossman, B. Rephael, Y. Israel, A. Krupinski-
Ptaszek, R. Lapkiewicz, Y. Silberberg, and D. Oron, Nat.
Photon. 13, 116 (2019).

[10] R. J. Glauber, Phys. Rev. 130, 2529 (1963).
[11] M. Krenn, M. Huber, R. Fickler, R. Lapkiewicz, S. Ramelow,

and A. Zeilinger, Proc. Natl. Acad. Sci. 111, 6243 (2014).
[12] A. Martin, T. Guerreiro, A. Tiranov, S. Designolle, F. Fröwis, N.

Brunner, M. Huber, and N. Gisin, Phys. Rev. Lett. 118, 110501
(2017).

[13] P.-A. Moreau, J. Mougin-Sisini, F. Devaux, and E. Lantz, Phys.
Rev. A 86, 010101(R) (2012).

[14] M. P. Edgar, D. S. Tasca, F. Izdebski, R. E. Warburton, J. Leach,
M. Agnew, G. S. Buller, R. W. Boyd, and M. J. Padgett, Nat.
Commun. 3, 984 (2012).

[15] P.-A. Moreau, F. Devaux, and E. Lantz, Phys. Rev. Lett. 113,
160401 (2014).

[16] P.-A. Moreau, E. Toninelli, T. Gregory, R. S. Aspden, P. A.
Morris, and M. J. Padgett, Sci. Adv. 5, eaaw2563 (2019).

[17] R. S. Aspden, D. S. Tasca, R. W. Boyd, and M. J. Padgett, New
J. Phys. 15, 073032 (2013).

[18] M. Reichert, H. Defienne, and J. W. Fleischer, Sci. Rep. 8, 7925
(2018).

[19] E. Toninelli, P.-A. Moreau, T. Gregory, A. Mihalyi, M. Edgar,
N. Radwell, and M. Padgett, Optica 6, 347 (2019).

[20] M. Lampton, Sci. Am. 245, 62 (1981).
[21] P. Jerram, P. J. Pool, R. Bell, D. J. Burt, S. Bowring, S. Spencer,

M. Hazelwood, I. Moody, N. Catlett, and P. S. Heyes, in Sen-
sors and Camera Systems for Scientific, Industrial, and Digital
Photography Applications II, Vol. 4306 (International Society
for Optics and Photonics, 2001), pp. 178–186.

[22] C. Bruschini, H. Homulle, I. M. Antolovic, S. Burri, and E.
Charbon, Light Sci. Appl. 8, 87 (2019).

[23] A. Rochas, M. Gani, B. Furrer, P. A. Besse, R. S. Popovic, G.
Ribordy, and N. Gisin, Rev. Sci. Instrum. 74, 3263 (2003).

[24] A. Rochas, M. Gosch, A. Serov, P. Besse, R. Popovic, T. Lasser,
and R. Rigler, IEEE Photonics Technol. Lett. 15, 963 (2003).

[25] C. Niclass, A. Rochas, P.-A. Besse, and E. Charbon, IEEE J.
Solid-State Circuits 40, 1847 (2005).

[26] D.-U. Li, J. Arlt, J. Richardson, R. Walker, A. Buts, D.
Stoppa, E. Charbon, and R. Henderson, Opt. Express 18, 10257
(2010).

[27] R. K. Henderson, N. Johnston, H. Chen, D. D.-U. Li, G.
Hungerford, R. Hirsch, D. McLoskey, P. Yip, and D. J. Birch,
in Proceedings of the IEEE 44th European Solid State Circuits
Conference (ESSCIRC), Dresden, Germany (IEEE, Piscataway,
NJ, 2018), pp. 54–57.

[28] G. Blanquer, B. van Dam, A. Gulinatti, G. Acconcia, Y. De
Wilde, I. Izeddin, and V. Krachmalnicoff, ACS Photon. 7, 393
(2020).

[29] K. Morimoto, A. Ardelean, M.-L. Wu, A. C. Ulku, I. M.
Antolovic, C. Bruschini, and E. Charbon, Optica 7, 346 (2020).

[30] V. Zickus, M.-L. Wu, K. Morimoto, V. Kapitany, A. Fatima, A.
Turpin, R. Insall, J. Whitelaw, L. Machesky, C. Bruschini, D.
Faccio, and E. Charbon, Sci. Rep. 10, 20986 (2020).

[31] D. Bronzi, F. Villa, S. Tisa, A. Tosi, F. Zappa, D. Durini,
S. Weyers, and W. Brockherde, IEEE J. Sel. Top. Quantum
Electron. 20, 354 (2014).

[32] I. Gyongy, T. A. Abbas, N. Finlayson, N. Johnston, N. Calder,
A. Erdogan, N. W. Dutton, R. Walker, and R. K. Henderson,

in Emerging Imaging and Sensing Technologies for Security
and Defence III; and Unmanned Sensors, Systems, and Coun-
termeasures, Vol. 10799 (International Society for Optics and
Photonics, 2018), p. 1079907.

[33] S. Lindner, C. Zhang, I. M. Antolovic, M. Wolf, and E.
Charbon, in 2018 IEEE Symposium on VLSI Circuits, Honolulu,
HI, USA (IEEE, Piscataway, NJ, 2018), pp. 69–70.

[34] R. K. Henderson, N. Johnston, S. W. Hutchings, I. Gyongy,
T. A. Abbas, N. Dutton, M. Tyler, S. Chan, and J. Leach, in 2019
IEEE International Solid- State Circuits Conference - (ISSCC),
San Francisco, CA, USA (IEEE, Piscataway, NJ, 2019), pp.
106–108.

[35] G. Gariepy, F. Tonolini, R. Henderson, J. Leach, and D. Faccio,
Nat. Photon. 10, 23 (2016).

[36] A. Lyons, F. Tonolini, A. Boccolini, A. Repetti, R. Henderson,
Y. Wiaux, and D. Faccio, Nat. Photon. 13, 575 (2019).

[37] M. Unternührer, B. Bessire, L. Gasparini, D. Stoppa, and A.
Stefanov, Opt. Express 24, 28829 (2016).

[38] B. Ndagano, H. Defienne, A. Lyons, I. Starshynov, F. Villa, S.
Tisa, and D. Faccio, npj Quantum Inf. 6, 94 (2020).

[39] B. Eckmann, B. Bessire, M. Unternührer, L. Gasparini, M.
Perenzoni, and A. Stefanov, Opt. Express 28, 31553 (2020).

[40] G. Lubin, R. Tenne, I. M. Antolovic, E. Charbon, C. Bruschini,
and D. Oron, Opt. Express 27, 32863 (2019).

[41] M. Unternührer, B. Bessire, L. Gasparini, M. Perenzoni, and A.
Stefanov, Optica 5, 1150 (2018).

[42] S. P. Walborn, C. H. Monken, S. Pádua, and P. H. Souto Ribeiro,
Phys. Rep. 495, 87 (2010).

[43] A. C. Ulku, C. Bruschini, I. M. Antolović, Y. Kuo, R. Ankri, S.
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