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Photon-pair correlations in spontaneous parametric down-conversion are ubiquitous in quantum
photonics. The ability to engineer their properties for optimizing a specific task is essential, but often
challenging in practice. We demonstrate the shaping of spatial correlations between entangled photons in
the form of arbitrary amplitude and phase objects. By doing this, we encode image information within the
pair correlations, making it undetectable by conventional intensity measurements. It enables the trans-
mission of complex, high-dimensional information using quantum correlations of photons, which can be
useful for developing quantum communication and imaging protocols.
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Spontaneous parametric down-conversion (SPDC) is the
source for many quantum optics experiments. In such a
nonlinear process, a photon from the pump beam sponta-
neously splits into two entangled photons of lower frequen-
cies. At the outputs, properties of down-converted photons
are set by the type and geometry of the nonlinear crystal,
and the pump beam characteristics [1]. The ability to
engineer these properties is key for quantum photonics
applications.
Many techniques have been developed to control corre-

lations and entanglement of down-converted photons.
Engineering the crystal parameters, such as its poling
profile and overall geometry, allows, for example, to
control spectral and spatial properties of the pairs [2–4].
Another well-established way to manipulate their proper-
ties is to shape the pump beam. Although a few works
report on spectral correlation control [5,6], the majority
focus on manipulating spatial correlations between photon
pairs by modulating the pump’s spatial profile. This is
typically done using spatial light modulators (SLMs).
Experimental demonstrations involve structuring the pump
in the form of discrete spatial modes carrying orbital
angular momentum (OAM) to influence correlations in
the corresponding bases [7–14], modulating its spatial
phase in the crystal plane to engineer momentum correla-
tions [15–17], controlling its spatial coherence to tune the
degree of entanglement [18,19], and even actively com-
pensating for scattering [20].
Using SLMs, however, the complexity of the correlation

structures that can be generated is limited. Interestingly,
two studies conducted in different contexts—one to study
coherence transfer [21] and the other to investigate spatial
resolution enhancement [22]—have indirectly modulated
correlations between pairs without using a SLM but placing

simple amplitude objects in the pump path. In our work, we
generalize this concept and demonstrate that momentum
correlations can be shaped under the form of arbitrary
amplitude and phase objects. By doing so, images are
encoded in the correlations between photons and are not
detectable by conventional intensity measurements.
Our approach is based on a key property of SPDC, which

involves the complete transfer of the pump’s spatial
coherence to that of the down-converted field [23]. As
shown in Fig. 1(a), photon correlations are shaped by
projecting the Fourier spectrum of a given object t onto a
thin nonlinear crystal. The down-converted field produced
in the crystal plane has a transverse spatial shape identical
to that of the object’s Fourier transform. After the crystal, it
propagates as a spatially incoherent field, leading to an
intensity I that remains flat and constant in the far field
[Fig. 1(b)]. By looking at the second-order coherence,
however, the correlation function is
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where f (resp. f0) are the focal lengths of the lenses before
(resp. after) the crystal, r− ¼ 1
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ðx1 þ x2; y1 þ y2Þ are defined as the minus and sum

coordinates, respectively, and x1, y1, x2 and y2 are the
transverse spatial coordinate associated with each photon.
To reveal the object, one can measure Gð2Þ and sum it
along the minus-coordinate axis, i.e., ΓþðrþÞ ¼R

Gð2Þðr−; rþÞdr− ∝ jtðrþÞj2. For clarity, Γþ will be
referred to as the “correlation image” throughout the
Letter. Figure 1(c) shows such a correlation image revea-
ling the standing-cat shaped object. In the following, we
provide a comprehensive description of the experimental
system used to capture these images. Additionally, we
conduct an in-depth analysis of our approach, assessing its*Contact author: chloe.verniere@insp.jussieu.fr
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compatibility with both phase and amplitude objects, the
flexibility of its setup, and the quality of the resulting
correlation image.
A more detailed experimental setup is shown in Fig. 2(a).

An amplitude object is illuminated by a blue colli-
mated laser beam at 405 nm. The object is then Fourier-
imaged onto a 1 mm-thick β-barium borate (BBO) crystal.
Degenerate spatially entangled photon pairs at 810 nm are
produced via type-I SPDC. At the output, the crystal plane
is Fourier-imaged onto an Electron Multiplied Charge
Coupled Device (EMCCD) camera by f0 and further
magnified by f1-f2, allowing photons momenta to be
matched to pixel positions. The EMCCD camera is used
to perform both intensity and correlations measurement
between the incident photons, enabling the computation of
I and Gð2Þ for the photons pairs using the method described
in Ref. [25].
Figures 1(b) and 1(c) show intensity and correlation

images, respectively, obtained using an opaque mask of a

standing cat as the object. Similar results are also obtained
using a transparent mask with a sleeping cat shape, as
shown in Fig. 3(a). In both cases, the objects are not visible
in the direct intensity images; they can only be unveiled
through correlation measurements. Additionally, imaging
the crystal surface does not allow us to retrieve the object
(see Sec. VIII of the Supplemental Material [24]). This
“hiding” of images within photon correlations becomes
even more noticeable when the intensity of the photon pair
beam is also spatially modulated. For example, one can
insert a second object, such as a mask shaped like a
standing cat, positioned at the center of the photon pair
beam path, within a Fourier plane between f0 and f1. In this
case, an intensity measurement reveals an image of the
standing cat mask [Fig. 3(b), inset], while a correlation
measurement reveals that of the sleeping cat [Fig. 3(b)].
Our approach also operates with phase objects.

To demonstrate this, we use a pointlike object, i.e.,
tðrÞ ≈ δðrÞeiθtðrÞ, where θt is its phase and δ the Dirac
delta function. It is visible in the correlation image shown in
Fig. 3(c). In practice, this object is virtual. It is created by
removing the lens f from the experimental setup in
Fig. 2(a). Indeed, by doing so, the laser illuminating the
crystal becomes collimated, equivalent to imaging a point-
like object with a width inversely proportional to the beam
diameter. Then, a glass slide (microscope slide) is inserted
into the pump beam path to set its phase θt to a random
arbitrary value.
To retrieve the phase, a common-path interferometer is

constructed. Modifications to the experimental setup are
shown in Fig. 2(b). The collimated pump beam is divided
into two optical paths using a half wave plate (HWP) at
22.5° and two beam displacers (BDs). The microscope slide
is placed in one of the paths (the imaging path) while the
other is used as a reference. A second type-I BBO crystal is
added to the setup. It is optically contacted to the first one
and rotated 90°. This second crystal interacts with the
reference pump to produce photon pairs that are cross-
polarized to those generated by the first crystal. Both down-
converted fields are Fourier-imaged and superimposed onto
the camera. To make them interfere, the polarizer is rotated
to 45°. In addition, a SLM is placed between lenses f1 and
f2 (not represented). It allows us to control the phase θ of
the vertically polarized photon pairs, i.e., those generated
by the reference pump.
In the camera plane, the second-order correlation func-

tion can thus be written

Gð2Þðr−; rþÞ ¼ jtðrþÞ þ ei2θj2 ∝ j cos½θtðrþÞ − 2θ�j2; ð2Þ

where the magnification factor has been omitted for clarity.
θt is reconstructed by acquiring Gð2Þ for four different
phase shifts θ∈ ½0; π=4; π=2; 3π=4� using the phase-shifting
holography formula [26]. Figure 3(d) shows an image of
the object’s phase. In the region where it is correctly
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FIG. 1. Encoding images in photon correlations. (a) Simplified
experimental scheme. A continuous wave laser at 405 nm
illuminates an object (standing cat-shaped mask). It is Fourier
imaged onto a thin nonlinear crystal (NLC) by a lens f. Spatially
entangled photon pairs produced by spontaneous parametric
down-conversion (SPDC) around 810 nm are detected in a
Fourier plane of the crystal using a lens (f0) and a single-photon
sensitive camera. The distance between the object and the first
lens, and this between the second lens and the camera must be set
to f and f0, respectively. d ≠ f and d ≠ f0 in general. (b) Conven-
tional output intensity image Iðx; yÞ. (c) Sum-coordinate projec-
tion Γþðxþ; yþÞ of the second-order spatial correlation function
Gð2Þ, referred to as the “correlation image.” 9 × 106 frames were
acquired using an Electron Multiplied Charge Couple Device
(EMCCD) camera and with the specific lenses’ arrangements
detailed in Fig. 2(a), and Fig. S1 of [24].
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defined (amplitude > 2% maximum), we observe that the
phase is not perfectly uniform due to the spatial phase
inherent to the imaging system. To remove it, we subtract
this phase image by a reference phase image acquired
without the presence of the object. We obtain Fig. 3(e) that
is more uniform, albeit noisier. A reference arm is not
fundamentally needed to encode a phase object. It is only
used here to confirm phase encoding through a phase-
shifting interference technique, previously used in
Refs. [27,28]. Alternative methods like transport of inten-
sity equation [33] and pump interferometry [34] can also be
employed. Section IV of [24] details the phase-shifting
process.
Finally, we analyze some practical aspects of our

approach, including the flexibility of its optical arrange-
ment and the trade-off between spatial resolution and
signal-to-noise ratio (SNR). As pointed out in Fig. 1(a),

the distance d between lens f and the crystal, and the
distance d0 between the crystal and lens f0, are not
constraints. Indeed, it can be shown theoretically that when
d and d0 differ from f and f0, respectively, only an extra
phase term is produced on the down-converted field in the
camera plane, that is not detected by correlation measure-
ment (see Sec. V of [24]). Experimentally, Figs. 4(a)–4(c)
show three correlation images obtained using the configu-
ration illustrated in Fig. 2(a). However, in this case, a
vertical line of a line resolution target was employed as the
object and we used different values of d and d0. We observe
nearly identical images, verifying in practice the theory that
the distances between the lenses and the crystal are
irrelevant. This is further confirmed by the profiles in
Fig. 4(d).
Furthermore, Fig. 5 shows the variations in spatial

resolution and SNR in the correlation image as a function
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FIG. 2. Experimental setup. (a) For imaging amplitude objects, a continuous wave laser emits a collimated beam of horizontally
polarized light at λp ¼ 405 nm. The beam with a diameter of approximately 2 mm illuminates an amplitude object. The object is
positioned in the focal plane of lens f which focuses the beam into a 0.5 mm thick nonlinear crystal of β-barium borate (BBO). Within
this crystal, photons at 405 nm undergo type-I SPDC, transforming into degenerate spatially entangled photons at 810 mm. A long-pass
filter (LPF) filters out the pump beam after the crystal. The generated photons are collected by the lens f0 ¼ 35 mm and pass through
lenses f1 and f2. An EMCCD camera positioned in the focal plane of f2 detects the photons. A bandpass filter (BPF) at 810� 5 nm and
a vertically positioned polarizer eliminate pump residues and ambient light. They also improve the strength of spatial correlations by
filtering the spatiospectral coupling in the SPDC cone. The distance between each consecutive lens is equal to the sum of each lens’s
focal length. (b) For phase imaging, all the elements located in the black dashed line box are replaced by a interferometric system. A half
wave plate (HWP) at 22.5° is positioned after the laser. Two beam displacers (BDs) in calcite are placed in succession to create the two
arms of the interferometer, in one of which a microscope slide is inserted to shift the phase. The polarizer before the camera is set to 45°.
A spatial light modulator (SLM) is inserted in the focal plane between lenses f1 and f2 (not represented). See also Secs. I and IVof [24]
for more details on the experimental setups.

-4
0

-40 40

40
y+

 (
pi

xe
l)

(a) (b) (c) (d) (e)C
orrelations

(arb. unit)

0

1

x+ (pixel)
0

1 C
orrelations (arb. unit)

-1
0

10
y+

 (
pi

xe
l)

-10 10x+ (pixel)

-1
0

-10 10

10
y+

 (
pi

xe
l)

x+ (pixel)

Phase

0

2π

-4
0

-40 40

40
y+

 (
pi

xe
l)

x+ (pixel)

C
orrelations (arb. unit)

0

1

-1
0

-10 10

10
y+

 (
pi

xe
l)

x+ (pixel)

Phase

0

2π

FIG. 3. Results with amplitude and phase objects. (a),(b) Correlation images obtained using a sleeping-cat–shaped mask as the object.
The inset at the bottom left shows the intensity image. 3.8 × 106 and 6.3 × 106 frames were acquired. (b) We also insert a second object
with a standing cat shape in the photon pair beam path. This second object was inserted in the Fourier plane between lenses f1 and f2
shown in Fig. 2(a). (c) Correlation image revealing the amplitude shape of a virtual pointlike object after the phase-shifting process. We
observe that, due to aberrations in the imaging system, its shape is not perfectly Gaussian. (d) Measured phase with the object,
reconstructed by phase-shifting holography. The gray area corresponds to undefined phases where the amplitude of the correlations is
below 2% of their maximum value. 107 frames were acquired. (e) Phase of the object after subtraction of the reference phase acquired
without the object.
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of the focal length f. In this context, we refer to the spatial
resolution as pixel resolution, i.e., the total number of
pixels over which the image is discretized. It corresponds to
the width of the illumination area measured in a correlation
image without any object present. The blue curve (left

scale) shows the resolution of the system for different
lenses f of focal lengths 50, 75, 100, 150, and 200 mm. The
smaller the focal length f is, the wider is the correlation
width, with a 1=f relationship [35]. However, as shown by
the black curve (right scale), decreasing f also deteriorates
the SNR in the retrieved image (for a fixed acquisition
time), which evolves as f2. There is thus a trade-off
between the image pixel resolution and its SNR.
Conclusion—We have demonstrated the shaping of

quantum correlations between photon pairs into amplitude
and phase objects. During SPDC, the first-order spatial
coherence of the pump, carrying the image information, is
transferred to the second-order coherence of the down-
converted field. Direct intensity measurements do not
reveal information about the encoded object; only coinci-
dence measurements do.
In addition, the system proves to be flexible in terms of

space requirements, as some distances can be compressed,
and also in terms of resolution, as the latter can be fully
monitored only by f. However, one drawback is that the
EMCCD camera used here requires several hours to acquire
the 106–107 frames needed to reconstruct the correlation
images. To address the issue, a potential solution is using a
different single-photon camera technology, such as a time-
stamping camera [36,37], which combines high resolution
and speed. Another possibility is to increase the crystal
length to enhance the photon pair flux. However, this would
also limit the size of the object that can be encoded with our
method, as the crystal length L essentially acts as an iris
with a diameter 1=L in the object plane. In that case, one
would also need to adapt both the lens before the crystal
and object size to accommodate this constraint, at the
expense of spatial resolution.
While theoretically feasible, implementing our scheme

with classically correlated sources, like engineered anti-
correlated thermal light [38], would pose experimental
challenges and yield inferior contrast and spatial resolution
compared to our approach. Moreover, using entangled
photons opens the door to more complex encoding schemes
based on entanglement, where multiple images could be
encoded in different optical planes, for example, by adding
crystal engineering [4]. Capitalizing on the flexibility and
experimental simplicity of the setup, this could sub-
sequently enable the development of new imaging and
encoding-decoding protocols for high dimensional quan-
tum information processing. This could find some appli-
cations in quantum communication and cryptography.
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FIG. 4. Distance independence. Correlation measurements
acquired while varying the distances d and d0 such that
(a) d ¼ f, d0 ¼ f0; (b) d ¼ 0.85f, d0 ¼ f0; (c) d ¼ f,
d0 ¼ 0.9f0. The object imaged is one vertical line of a line
grating resolution target. (d) Correlation intensity profile verti-
cally averaged in the region inside the red square in (a)–(c). The
insets at the bottom left show the intensity images obtained by
imaging the crystal surface. They demonstrate that a significant
defocus is being introduced between the configurations in (a) and
(b),(c). 6.6 × 105 frames were acquired for each correlation
image and each inset image has a size of 31 × 31 pixels.

FIG. 5. Signal-to-noise ratio (SNR) and resolution trade-off.
Left scale: correlation width as a function of the focal length f.
Experimental data (red circles) and fit (dashed blue). 6.6 × 105

frames were acquired for all data points, except for f ¼ 50 mm
for which 5 × 106 frames were required. Fit according to a 1=f
relationship as predicted by the theory model. Right scale: SNR
(dark red crosses) and fit (dashed black) as a function of the focal
length f. Fit according to a f2 relationship. 6.6 × 105 frames were
acquired for each data point.
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