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Quantum holography with biphotons of high Schmidt number
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We report the results of two-photon quantum holography where spatial information stored in phase holograms
is retrieved by measuring quantum spatial correlations between two images formed by spatially entangled twin
photons with a Schmidt number of 450 in the two-dimensional transverse space. In our experiments, the entire
flux of spontaneous down-converted photons illuminates the phase holograms and the photons of signal-idler
pairs transmitted by the holograms are detected separately in the far field on two electron-multiplying charge
coupled device cameras.
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I. INTRODUCTION

High-dimensionality spatial entanglement allows access to
large Hilbert spaces, with applications in numerous fields of
quantum optics such as quantum lithography [1], quantum
computation [2], and quantum ghost imaging [3]. By itself,
a source of quantum light issued from spontaneous down-
conversion (SPDC) appears as incoherent, preventing the
formation of an image of the spatial spectrum of an object
(a transparency) in the Fourier plane. However, coincidence
imaging of the pairs of twin photons allows this spatial spec-
trum to be retrieved, as demonstrated in experiments such as
demonstration of spatial antibunching [4], observation of two-
photon speckle patterns [5], transfer of the angular spectrum
of the transparency modulating the pump beam [6], and ghost
imaging of a pure phase object [7]. All these experiments
measured coincidences between two single-photon-counting
modules scanned on the signal and idler images. These proce-
dures are time consuming, even if improved by compressive
sensing [8], and use a very small number of the incident
photons, leading to potential loopholes [9] if applied to the
demonstration of basics properties of entanglement like the
Einstein-Podolsky-Rosen (EPR) paradox [10].

Because of these drawbacks, imaging with single-photon
sensitive cameras has became more and more popular and
allows massively parallel coincidence counting. Examples of
experiments include sub-shot-noise imaging [11,12] using a
low-noise CCD camera, demonstration of a high degree of
EPR paradox [13] and of transmission of biphotons through
a nonunitary object [14] using electron-multiplying CCD
(EMCCD) cameras, unity contrast EPR-based ghost imaging
with an intensified CCD camera [15], and holography of a
single photon with an intensified complementary metal-oxide
semiconductor camera [16].

In this paper we report coincidence imaging of bidimen-
sional phase holograms using two EMCCD cameras. Unlike
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in ghost imaging experiments, the phase of the hologram is
imprinted on both photons, ensuring direct coherent manipu-
lation of the biphoton function for the two spatial dimensions:
holography becomes quantum for images with a high number
of degrees of freedom. As in Refs. [4,5], no single-photon
image is formed in the Fourier plane, while the cross corre-
lation of the images allows a coherent image to be retrieved
in the far field, with an equivalent wavelength equal to half
the signal or idler wavelength, as in [17]. Very recently, a
spatial light modulator was used to structure a SPDC light
beam and obtain coincidence imaging with a single EMCCD
camera [18]. In the latter experiment, both photons of a pair
are degenerate (same frequency and polarization), while in
our experiment the twin photons are cross polarized, allowing
the detection of two distinct images on two cameras: we
present in the following the measurement of the second-order
correlation directly connected to the biphoton amplitude, but
correlations of all orders can in principle be detected and all
further coherent manipulations are possible, on either one or
both photons.

II. THEORY AND HYPOTHESES

For a sufficiently thin crystal, it can be assumed that the
two photons of a pair are created at the same random place.
This assumption is equivalent to neglecting the uncertainty
in the image plane due to phase-matching conditions. Hence,
the two-photon spectral wave function of SPDC emitted from
a thin crystal pumped by a monochromatic beam of angular
frequency ωp and of amplitude Ep(r) is given by [19]

ψ (r1, r2; ωs) ∝
∫

Ep(r)hs(r1, r; ωs)hi(r2, r; ωp − ωs)dr,

(1)

where r1 and r2 are transverse positions in the plane of sepa-
rate detectors (EMCCD1 for the signal and EMCCD2 for the
idler), r is a coordinate in the image plane of the crystal where
the hologram lies, and hs(r1, r; ωs) and hi(r2, r; ωp − ωs) are
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FIG. 1. (a) Experimental setup: Twin photon pairs at 710 nm are generated by SPDC in a type-II BBO crystal. The crystal is imaged with
a 4- f optical system on a binary phase hologram engraved on a glass slide. The photon’s signal and idler transmitted by the hologram are then
naturally separated by free space propagation due to the walk-off. They are then detected and resolved spatially in the far field on two EMCCD
cameras used in photon-counting mode. (b) Pattern of the (0 − π

2 ) binary phase hologram. The inset represents the pattern encoded in the
hologram: an array of nine Dirac peaks. (c) Restitution of the same hologram designed for a coherent illumination at 710 nm. By comparing it
to the encoded pattern, the additional periodically distributed peaks are due to the binary character of the hologram.

the impulse response functions of the separate linear imaging
systems for the signal and the idler beams, respectively.

Now let t (r) = eiϕ(r) be the transmission of the phase
hologram with a phase modulation ϕ(r) and let us make some
assumptions. First, we assume that the hologram is thin and
planar. Second, the binary phase hologram is designed in such
a way that the ±1 diffraction orders are centered, in a far field,
on ±6-mm−1 spatial frequencies which are much smaller
than the 64-mm−1 phase-matching bandwidth (FWHM) of
the type-II β barium borate (BBO) crystal (see the the first
paragraph in Sec. III dedicated to the experimental setup),
in agreement with the above assumption of neglecting the
effect of imperfect phase matching. Moreover, because SPDC
is detected in a narrow band around degeneracy, the biphoton
state is assumed to be monochromatic (ωi = ωp − ωs = ωs).
Third, in our experimental setup [Fig. 1(a)], as the hologram is
placed in the near field of the crystal and because all photons
are collected by the 4- f imaging system, in Eq. (1), we can

consider that the separate optical systems are formed only by
the hologram and the two identical Fourier transform optical
systems (2- f systems). Then the impulse responses are given
by

hs,i(r1,2, r; ω) = ts,i(r)
e−2ik f

iλ f
e−(ik/ f )r1,2r, (2)

where k and λ are the signal or idler wave number and
wavelength (at the degeneracy ks = ki = k and λs = λi = λ).
Then Eq. (1) becomes

ψ (r1, r2) ∝
∫

Ep(r)ts(r)ti(r)e−(ik/ f )(r1+r2 )rdr. (3)

Because ts(r) = ti(r) = t (r), the experimental two-photon co-
incidence rate at two positions in the separate detection planes
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is given by

G(2)(r1, r2)=|ψ (r1, r2)|2 ∝
∣∣∣∣Ẽp

(
r1 + r2

λ f

)
∗ t̃2

(
r1 + r2

λ f

)∣∣∣∣2

,

(4)

where ∗ denotes the convolution product and the tilde the
bidimensional Fourier-transform operator. In this expression,
the transmission of the hologram is squared, unlike in clas-
sical coherent imaging. In consequence, while binary phase
holograms are usually designed with a (0 − π ) phase step
for efficient restitution with coherent light, a (0 − π

2 ) phase
step must be engraved when a biphoton source is used or,
equivalently, the (0 − π ) phase step must be engraved by
considering a halved wavelength [17].

III. EXPERIMENTS AND RESULTS

The experimental setup is illustrated in Fig. 1(a). Photon
pairs are generated via SPDC in a type-II geometry in a
0.8-mm-long BBO crystal pumped at 355 nm. The pump
pulses are provided by a passively-Q-switched Nd:YAG laser
(330-ps pulse duration, 27-mW mean power, 1-kHz repetition
rate, and 1.6-mm FWHM beam diameter). The crystal (i.e.,
near field of twin photons) is imaged with a 4- f imaging sys-
tem on a binary phase hologram with a transversal and an an-
gular magnification of −1 and the entire flux of spontaneously
down-converted light illuminates the hologram. Figure 1(b)
shows the binary pattern engraved on a glass slide to create
the phase hologram and the insert corresponds to the pattern
encoded in the hologram: an array of nine Dirac peaks. The
phase holograms are designed to produce off-axis patterns and
the binary hologram, i.e., diffractive optical elements (DOEs)
[20], gives a restitution of the original pattern at ±1 diffraction
orders. The engraving depth of the holograms is adjusted to
produce a (0 − π

2 ) binary phase modulation at 710 nm in order
to optimize the diffraction efficiency of the hologram with the
biphotons source. The cross-polarized signal and idler beams
transmitted by the hologram are then naturally separated by
free space propagation due to the walk-off. Finally, photons
of pairs are detected and resolved spatially in the far field on
two EMCCD cameras (Andor iXon3) used in photon-counting
mode [21]. Before detection, photons pairs emitted around the
degeneracy are selected by narrow-band interference filters
centered at 710 nm (�λ � 4 nm). The vertical and horizontal
red arrows symbolize the polarization directions of the signal
and idler beams.

The protocol for measuring spatial momentum correlations
between twin images is the same as the one we proposed for
measuring the EPR paradox [13,22] and temporal ghost imag-
ing [23] with twin images. For a set of twin images, we apply
a thresholding procedure to convert the grayscales into binary
values that correspond to one or zero photons. Then a spatial
coincidence correlation function is obtained by calculating the
normalized cross correlation of photodetection images, after
subtraction from these images of their deterministic part (i.e.,
the mean of the images).

First, the hologram is removed from the experimental
setup. From the normalized cross correlation in momentum
calculated with a set of 100 twin images [Fig. 2(a)], we
measure the width of the correlation peak, expressed in

standard deviations, which gives, in spatial frequency
units, σνx = 0.69 mm−1 and σνy = 0.59 mm−1. With σφ =
27 mm−1 the standard deviation deduced from the 64-mm−1

FWHM of the phase-matching function [Fig. 2(c)], we can
estimate roughly the whole dimensionality V , i.e., the Schmidt
number of the biphoton wave function in the two-dimensional
transverse space. As stated in [24], the Schmidt number is
given, in our situation of strong entanglement dominated by
anticorrelation of the wave vectors, by

V = σ 2
φ

4σνx σνy

≈ 450. (5)

Note that this value is given by Gaussian fittings and that a
proper consideration of the sinc nature of the transfer function
due to phase matching results in a higher value [24]. This
experimental result has to be compared with the theoretical
value given by [25]

Vth =
(

2π0.69

1.89

)2 σ 2
pump

λsL
(
n−1

s + n−1
i

) ≈ 3500, (6)

where L is the crystal thickness, σpump ≈ 0.68 mm is the
standard deviation deduced from the FWHM of the Gaussian
pump beam, and ns and ni are the refractive indices of the
BBO crystal. The difference between these two values comes
mainly from the enlargement of the correlation peak due to
the bandwidth of the interferential filters, giving an inexactly
monochromatic SPDC (see [25] for more details), and also
from the 4- f imaging system inducing some geometric aber-
rations. The experimental value remains very high, allowing
coincidence imaging of quite complex objects.

We also calculated the integral of the normalized correla-
tion peak, i.e., the degree of correlation, that is equal to 0.25.
This value represents the ratio between the number of photons
detected in pairs and the total number of photons. This result
is also consistent with the equivalent quantum efficiency of the
entire detection system which includes the quantum efficiency
of the cameras and the transmission coefficients of the various
optical components (filters, lenses, and dichroic mirrors) [22].
Finally, we verified that there is no deterministic correlation
between images that do not share pump pulses [Fig. 2(b)]. We
now put the phase hologram back into the experimental setup.
In Fig. 2(c), which shows the far-field mean spatial distribu-
tion of photons signal (or idler) transmitted by the hologram,
we can observe that the spatial information encoded in the
hologram is not retrieved, because of the incoherent nature
of SPDC [5,6]. In contrast, and in good agreement with
Eq. (4), when cross correlation in momentum between twin
images is calculated, the spatial distribution of the two-photon
coincidence rate exhibits a pattern [Fig. 2(d)] which appears
at the ±1 diffraction orders the original pattern encoded in
the hologram: an array of nine Dirac peaks (in white dot-
ted squares). As for coherent illumination [Fig. 1(c)], some
additional periodically distributed peaks are also visible due
to the binary character of the hologram. In order to improve
the signal-to-noise ratio (SNR) of the retrieved pattern, this
cross-correlation image is calculated over 80 000 twin images.
Although the engraving depth of the hologram is adjusted with
an accuracy of about 10% to give a (0 − π

2 ) phase step, the
correlation peak corresponding the zeroth-order diffraction of
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FIG. 2. Without the hologram, in dB, (a) normalized cross correlation in momentum between 100 twin images and (b) images that do not
share pump pulses, and with the hologram, (c) average photon number in single far-field images (signal or idler) of SPDC and (d) restored
hologram formed by the normalized cross correlation in momentum, given in dB, calculated over 80 000 twin images. The white dashed square
indicates the location of the original pattern encoded in the hologram.

the hologram is much more intense than the ±1 diffraction
orders, unlike in the restored hologram obtained with a co-
herent illumination at 710 nm [Fig. 1(c)]. From the integral
of the whole normalized correlation pattern, the degree of
correlation of twin images is estimated to 0.20. This is smaller
than the degree of correlation measured without the holo-
gram because the transverse momenta of some photon pairs
transmitted by the hologram are greater than the maximum
sampling spatial frequency imposed by the sensor dimensions.
The results presented here correspond to the best position of
the hologram, minimizing the level of the correlation peak at
the zeroth-order diffraction.

To explain the large amplitude of the zeroth-order correla-
tion peak, we evaluated the impact of geometric aberrations
of the imaging system between the crystal and the hologram
plane using ray tracing software. Indeed, because of the
walk-off (∼6.5◦), the rotation symmetry around the optical
axis of the imaging system is not respected. Moreover, the
off-axis propagation of the twin photons makes the paraxial
approximation no longer valid. Using ray tracing software, we
generated twin rays coming, for each couple, from a unique
point chosen randomly in the crystal and propagating in sym-
metrical directions (one corrected from the walk-off), chosen
randomly in the angular range allowed by phase matching.
For a large number of realizations, we calculated the average

distance between the twin rays at the intersection of an image
plane symbolizing the position of the hologram. Finally, we
adjusted the position of this plane to minimize this average
distance. For parameters corresponding to the experimental
conditions (crystal dimensions, shape of the lenses, etc.) and
for the best position of the image plane, we obtained an aver-
age distance approximately equal to 70 μm in the transverse
plane, which is larger than the size of a pixel of the hologram
(∼13 μm). This distance also corresponds to a defocusing in
the longitudinal direction of approximately ±0.6 mm. Since
this defocusing is underestimated (because additional experi-
mental aberrations would have to be taken into account. e.g.,
various tiny misalignments, geometric aberrations introduced
by filters and the dichroic mirror, etc.), we can conclude that,
in practice, twin photons are not transmitted at the same place
and with the same phase. It results that, although Eq. (1)
remains valid, the impulse responses are no longer given by
Eq. (2). Indeed, the effect of the hologram transmission on
the Green’s function hs(r1, r′; ω) cannot be taken into account
by a simple multiplication since a crystal coordinate r′ no
longer corresponds to an hologram coordinate. A formalism
involving for each beam two impulse responses (one from
the crystal to the hologram and one from the hologram to the
camera) could be developed [26], leading to double integrals
which must be calculated for each couple of pixels (r1, r2).
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FIG. 3. Normalized averaged cross correlation of images issued from stochastic simulations, sampled and scaled for direct comparison
with the experimental results of Fig. 2(d), with (a) no defocusing and (b) 1.5-mm defocusing.

For a bidimensional image, the computation time would scale
at the eighth power of the number of pixels in one dimension,
which is prohibitively long. Fortunately, stochastic simula-
tions based on the Wigner formalism [27] allow here accurate
results, reproducing, when repeated several thousand times
and averaged, all specific quantum features like greater cor-
relations with twin pixels than with adjacent ones in both the
direct and the reciprocal space: characterization of phenomena

like the EPR paradox is possible [13]. Figure 3(a) shows the
cross-correlation image for no defocusing, which appears to
be in good agreement with the coherent restitution of the
hologram [Fig. 1(c)] but quite different of the experimental
image [Fig. 2(d)]. On the other hand, introducing 1.5 mm of
defocusing leads to a simulated image [Fig. 3(b)] very close
of the experimental one. Note that these simulations also take
into account the propagation in the crystal, resulting, for the
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FIG. 4. (a) Picture encoded in the DOE: a 10-mm−1-diam smiley face modulated by a deterministic speckle pattern. (b) Binary pattern of
the DOE. (c) Restored hologram formed by the normalized cross correlation calculated over 270 000 twin images. (d) Normalized averaged
cross correlation of images issued from 10 000 stochastic simulations where no defocusing is considered.
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mean one-photon image, in a phase-matching cone in good
agreement with Fig. 2(c).

Finally, we used an another DOE [Fig. 4(b)] designed
to produce a smiley face of 10 mm−1 diameter modulated
by a deterministic speckle pattern [Fig. 4(a)]. Figures 4(c)
and 4(d) show for comparison the restored hologram formed
by the normalized cross correlation calculated over 270 000
twin images and the normalized averaged cross correlation
of images issued from 10 000 stochastic simulations where
no defocusing is considered, respectively. Although spatial
coincidences reproduce the original pattern, we can observe
that the resolution of the smiley face is strongly limited by the
size of the speckle grains that compose it. Indeed, according to
Eq. (4), these grains are the result of the convolution between
the speckle grains of the initial pattern and the intercorrela-
tion peak observed at the zeroth-order diffraction, of width
proportional to the inverse of the width of the pump beam
in the near field. From the integral of the whole normalized
correlation pattern, the degree of correlation of twin images
is estimated to 0.25. Because coincidences between twin
photons are spread over large areas, it is necessary to cumulate
a much larger number of realizations in order that the pattern
formed by the coincidences emerges from the background
noise. For the same reason as with the previous hologram, we
can observe that the zeroth-order diffraction peak concentrates
a significative number of the spatial coincidences between the
twin images.

IV. CONCLUSION

To summarize, we have shown that two-photon imaging
potentially allows coherent manipulation of light in complex
situations like holography. As quoted from [7], phase objects

are of special interest in quantum information processing
since they introduce a unitary operation that is reversible (in
contrast to amplitude masks of any form). These results gener-
alize previous demonstrations where the biphoton image was
a one-dimensional interference pattern created by a double
slit [4] or a one-dimensional speckle scattered by a rough
surface [5]. Unlike these previous experiments, all the light
is used, preventing the part of the fair-sampling loophole that
is due to the selection of the small number of photons that are
in coincidence and allowing full bidimensional manipulation
of biphoton states with high Schmidt number, with potential
applications in current hot topics, such as boson sampling
[28]. As a final remark, equivalent schemes are probably
feasible with classical light. Indeed, the experiment described
in this paper does not involve specific quantum properties, for
example, the sub-Poissonian character of the image difference
[13]: Here, only the phase-sensitive character of the correla-
tion between twin beams is used [29]. Several years ago, a
ghost image of an amplitude object was obtained by using
a pair of programmable spatial light modulators to impose
anticorrelated random phases on the reference and signal
beams [30]. Such an experiment could probably be transposed
to coincidence imaging of a hologram, with probably a lower
SNR than with twin beams [29]. The scheme does not appear
simpler than the present one and amplified quantum noise ap-
pears as a reliable source to perform coincidence holography.
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