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Holography is an essential tool of modern optics1 at the origin 
of many applications for microscopic imaging2, optical secu-
rity3 and data storage4. In this respect, holographic interfer-

ometry is a widely used technique that exploits optical interference 
to retrieve the phase component of a classical optical field through 
intensity measurements. For example, phase-shifting holography5 
uses four intensity images Iθ (θ ∈ {0, π/2, π, 3π/2}) of a reference opti-
cal field aeiθ interfering with an unknown field beiϕ to reconstruct 
the phase profile

ϕ ¼ arg I0 � Iπ þ iðIπ=2 � I3π=2Þ
� �

ð1Þ

Maintaining optical coherence between interfering fields is there-
fore essential in all holographic protocols. Mechanical instabilities, 
random phase disorder and the presence of stray light are examples 
of phenomena that degrade light coherence and hinder the phase 
reconstruction process.

Although holography is based on classical interference of light 
waves, the quantum properties of light have inspired a range 
of new imaging modalities6, including interaction-free7,8 and 
induced-coherence imaging9, as well as sensitivity-enhanced10,11 and 
super-resolution schemes12,13. Non-classical sources of light can also 
produce holograms14,15, as has been observed with single photons16 
and photon pairs17.

In this Article, we introduce and experimentally demonstrate 
a holographic imaging concept that relies on quantum entangle-
ment to carry the image information. Phase images are encoded 
in the polarization entanglement of hyper-entangled photons and 
retrieved through spatial intensity correlation measurements (that 
is, photon coincidence counting). This quantum holographic 
scheme has several distinguishing features: (1) it is based on remote 
interferences between two distant photons, which removes the need 
for path overlap between the reference and illumination beams; 
(2) it uses a subspace for encoding/decoding phase information 
that is robust against dephasing decoherence such as the presence 
of dynamic random phase disorder on the imaging paths; (3) the 
reliance on a quantum illumination approach provides immunity to 

classical noise, for example stray light falling on the sensor during 
measurement; (4) spatial entanglement enhances the spatial resolu-
tion by a factor 1.84 compared with classical holography.

Finally, we demonstrate the potential of quantum holography  
beyond imaging, in particular for quantum state characterization,  
by performing a spatially resolved measurement of the Clauser– 
Horne–Shimony–Holt (CHSH) inequality to quantify hyper- 
entanglement in generated quantum states.

The conceptual arrangement of our quantum holographic 
scheme is illustrated in Fig. 1a. Photon pairs entangled in space and 
polarization18 interact with two spatial light modulators (‘Alice SLM’ 
and ‘Bob SLM’) and are then detected by two single-photon imaging 
devices, for example two distinct areas of an electron-multiplying 
charge coupled device camera (‘Alice EMCCD’ and ‘Bob EMCCD’). 
The transverse momentum k of the photons is mapped onto sepa-
rated pixels of the SLMs and re-imaged onto the cameras. Alice and 
Bob shape and detect photons with the momentum of the negative x 
component (kx < 0) and positive x component (kx > 0), respectively. 
The quantum state of the photon pair after the SLMs is thus

X
k

Vj ik Vj i�k þ eiΨðkÞ Hj ik Hj i�k

h i
ð2Þ

where Ψ is a relative phase and Hj i
I

 and Vj i
I

 represent the horizontal 
and vertical polarization states of the photons. For a given momen-
tum k (kx > 0), Ψ(k) is the sum of three phase terms: Ψ0(k), θA(−k) 
and θB(k). Ψ0(k) is a static phase distortion produced during the pho-
ton generation process19 that is characterized beforehand (Methods). 
Phases θA(−k) and θB(k) are actively controlled by Alice and Bob by 
programming pixels at coordinates −k and k of their SLMs. This is 
made possible by the use of parallel aligned nematic liquid-crystal 
SLMs, which enable the manipulation of the horizontal polarization 
of incoming photons but leave the vertical component unchanged.

Quantum holography
Alice first encodes an image θA(−k) in the phase component of 
entangled photons by programming her SLM with the corresponding  
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phase pattern. Figure 1b shows the pattern used in our experiments, 
corresponding to the letters ‘UofG’. Bob, on the other hand, displays 
on his SLM a phase mask θB(k) = −Ψ0(k) to compensate for the phase 
distortion Ψ0 (Fig. 1e). This correcting phase remains superimposed 
on all phase masks that Bob programs throughout the experiment. 
As a result, the phase of the quantum state after the SLMs equals 
exactly the encoded image Ψ(k) = θA(−k). In the example shown 
in Fig. 1b, pixels associated with the letters ‘U’ and ‘o’ are encoded 
as the states VVj i þ HHj i

I
 (Ψ = 0), while ‘f ’ and ‘G’ are encoded as 

VVj i � HHj i
I

 (Ψ = π). After programming Alice’s phase, we observe 
that the intensity images measured by both Alice and Bob, shown 
in Fig. 1c,d, are homogeneous and do not reveal the phase-encoded 
image. This observation remains valid when including polarizers in 
front of the cameras, in any orientation.

In the holographic reconstruction step of the process, Bob 
decodes the image by performing intensity correlation measure-
ments between pixels at k of his camera and symmetric pixels at 
−k on Alice’s camera20, with the two polarizers oriented at 45°. This 
measurement is repeated four times for four different constant 
phase shifts θ applied on Bob’s SLM, resulting in intensity corre-
lation image RθðkÞ / 1þ cosðθAðkÞ þ θÞ

I
 (Methods). The phase 

image programmed on Alice’s SLM must remain stationary during 

the full process, which takes up to several hours. Figure 1f–i shows 
four intensity correlation images measured for θ ∈ {0, π/2, π, 3π/2}, 
which partially reveal the hidden phase. Following a simi-
lar approach to classical holography, Bob then reconstructs the 
encoded image by using equation (1) after replacing Iθ by Rθ. As 
shown in Fig. 1j, the retrieved image is 180° rotated and is of high 
quality, with a signal-to-noise ratio (SNR) of over 19 and a normal-
ized mean square error (n.m.s.e.) of 5%. Although the SNR mea-
sures the intrinsic quality of the image retrieved by Bob in terms 
of noise level, the n.m.s.e. quantifies its resemblance to the original 
image encoded by Alice (Methods). Note that the combination of a 
highly multimode quantum state with a camera-based multipixel 
coincidence counting approach removes the need for operating 
raster-scanning approaches, as used for example in NOON-state 
microscopy12.

The photon-pair spatial correlations provide the high- 
dimensional image space21, while polarization entanglement  
carries the grey-scale information at each pixel. The presence of 
polarization entanglement is therefore essential to this scheme. For 
example, Fig. 2 shows the results of quantum holography performed 
with the same encoded image as in Fig. 1a, but using a source of 
photon pairs that are entangled in space but not in polarization 
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Fig. 1 | schematic of the quantum holographic reconstruction. a, Space-polarization hyper-entangled photon pairs propagate through two SLMs (Alice 
SLM and Bob SLM) and are detected by two EMCCD cameras (Alice EMCCD and Bob EMCCD). The transverse momentum k of photons with negative  
x component (kx < 0) are mapped to pixels on Alice’s SLM and camera, while those with positive x component (kx > 0) are mapped to pixels on Bob’s SLM 
and camera. Parallel aligned nematic liquid-crystal SLMs allow Alice and Bob to modulate, at any pixel, the horizontal polarization of incoming photons 
with spatial phases θA and θB. Two polarizers oriented at 45° are inserted between the SLMs and cameras. b, Phase image θA(−k) displayed on Alice SLM. 
c,d, Intensity images measured by Alice (c) and Bob (d) on their cameras. e, The SLM pattern displayed on Bob SLM to compensate for the static phase 
distortion Ψ0. f–i, Intensity correlation images measured by Bob for different constant phase shifts programmed on Bob SLM: +0 (f), +π/2 (g), +π (h) and 
+3π/2 (i). Each image is obtained by measuring intensity correlations between Bob camera pixels k and their symmetric pixels on Alice camera −k.  
j, Phase image reconstructed by Bob, with an SNR of over 19 and an n.m.s.e. of 5%. A total of 2.5 × 106 frames were acquired to retrieve the phase at a 
frame rate of 40 f.p.s., which corresponds to 17 h of acquisition. Intensity and intensity correlation values are in arbitrary units and the same scales are used 
in all the figures of this Article.
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(Methods). As in the previous case, intensity images measured 
by Alice and Bob in Fig. 2b,c do not reveal information about the 
encoded phase. However, Fig. 2e–h shows that the intensity cor-
relation images acquired during the phase-shifting process do not 
reveal any image information either, and the phase image cannot be 
retrieved (n.m.s.e. = 95%), as shown in Fig. 2d. Non-zero values in 
the intensity correlation images also confirm that (classical) corre-
lations between photon polarizations are present without entangle-
ment; the existence of a phase Ψ is conditioned on the coherence 
between the two-qubit terms VVj i

I
 and HHj i

I
 (ref. 22), and thus on 

the entanglement in the state. This conclusion only concerns polar-
ization entanglement, because the presence of spatial entanglement 
is itself not strictly required in our holographic protocol. Therefore, 
one may design an experimental scheme using photons entangled 
in polarization but only classically correlated in space to achieve 
similar results, even if this would be technically much more diffi-
cult than using hyper-entangled photons, with no real additional 
benefits.

robust subspaces and phase disorder
Here, the phase information is encoded and decoded from a sub-
space spanned by the two basis states Hj ik Hj i�k

I
 and Vj ik Vj i�k

I
. 

We verify, in our quantum holography concept, that the use of this 
subspace protects the encoded phase information against dephas-
ing decoherence generated by dynamic random phase disorders. 
Such robustness is linked to the notion of decoherence-free sub-
spaces (DFSs), which have been shown to protect quantum states 

against decoherence by exploiting symmetries in system–environ-
ment interactions23. Figure 3 describes an experimental apparatus 
in which space-polarization entangled photons propagate through 
two thin diffusers (Fig. 3, inset) positioned on a motorized transla-
tion stage in the image plane of both the SLMs and cameras. In this 
configuration, the polarization qubits at spatial mode k undergo the 
transformations Vj ik ! eiΦðkÞ Vj ik

I
 and Hj ik ! eiΦðkÞ Hj ik

I
, where 

Φ(k) = ΦH(k) = ΦV(k) are the identical (because the phase disorder 
is non-polarization-sensitive) time-varying random phase shifts in 
spatial mode k added on the horizontal and vertical polarizations. 
The dynamic phase term Φ therefore factorizes out and leaves the 
encoded phase Ψ intact:

X
k
ei ΦðkÞþΦð�kÞ½  Vj ik Vj i�k þ eiΨðkÞ Hj ik Hj i�k

h i
ð3Þ

Figure 4 shows the experimental reconstruction of a phase image 
via the dynamic phase disorders. Intensity images measured by 
Alice and Bob are shown in Fig. 4b and 4c, respectively, and the 
image encoded by Alice (Fig. 4a) is very accurately reconstructed 
by Bob in Fig. 4d (SNR = 21 and n.m.s.e. = 2%). Phase reconstruc-
tion is also achieved through static phase disorder (Supplementary 
Information), confirming that such robustness does not originate 
from an averaging effect. Note that all entangled polarization basis 
sets are robust in the presence of the generic random phase dis-
order considered here. The equivalent classical states encoded in 
the basis set f Hj ik; Vj i�kg

I
 would totally decohere under the same  
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Fig. 2 | Quantum holography without polarization entanglement. a, Phase image encoded by Alice. b,c, Intensity images measured by Alice (b) and 
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Fig. 4 | Quantum holography through dynamic phase disorder and in the presence of stray light. a, Phase image encoded by Alice. b,c, Intensity images 
measured by Alice (b) and Bob (c) through dynamic phase disorder. d, Phase image reconstructed by Bob through dynamic phase disorder, with SNR = 21 
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with an average classical/quantum intensity ratio of 0.5. h, Phase image reconstructed by Bob in the presence of dynamic stray light with SNR = 9 and 
n.m.s.e. = 17%. All images were reconstructed from 5 × 106 frames.
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conditions. One may also show that our state is robust against other 
forms of decoherence with different symmetries, such as collective 
dephasing decoherence24, but that are less realistic in our experi-
mental arrangement. These results show that the use of specific 
subspaces to encode information, as previously shown with DFSs 
for implementing robust quantum information-processing pro-
tocols25–28, can also be useful in the context of imaging for recon-
structing polarization-sensitive phase objects through optical 
disorder. Although certain classical common-path interferometers 
may achieve similar robustness, we underline that this is impossi-
ble in any classical non-common-path interferometers because the 
presence of uncorrelated phase disorders in different arms would 
completely erase the classical phase information. Here, instead, 
the coherence between the two interferometer arms, and thus the 
encoded phase, is preserved thanks to the presence of polarization 
entanglement.

Quantum illumination and dynamic stray light
We have shown (for example, in Fig. 1) that phase information is 
reconstructed from a quantum illumination (QI) approach that 
relies on four intensity correlation images obtained by coincidence 
counting29,30. QI protocols use spatial correlation between photons 
to achieve enhanced imaging in the presence of noise, as recently 
demonstrated for amplitude objects illuminated by entangled pairs 
corrupted by static stray light31,32. Here, we exploit this robustness 
to image polarization-sensitive phase objects in the presence of 
dynamic stray light falling on both Alice and Bob sensors. Seen 
from the context of the QI proposal by Lloyd29, the photon from 
the entangled pair detected by Bob plays the role of the ‘ancilla’, 

while its twin detected by Alice probes the object. As shown in  
Fig. 3, a time-varying speckle pattern is superimposed onto the 
Alice and Bob sensors. This addition of classical light is clearly vis-
ible in the intensity images in Fig. 4f,g. Because photons emitted by 
the classical source are not spatially correlated, they are not detected 
by the intensity correlation measurements used for quantum phase 
reconstruction. Therefore, a phase image encoded by Alice (Fig. 4e) 
is accurately retrieved by Bob in the presence of dynamic classical 
stray light (Fig. 4h), with only a lower SNR compared to the case 
without stray light. Importantly, the SNR reduction does not indi-
cate a permanent loss of image information content and can always 
be compensated by acquiring more frames (see Supplementary 
Information for a quantitative analysis of the variation of SNR with 
quantum–classical intensity ratio and number of frames).

entanglement and spatial resolution
Resolution enhancement using entangled photon pairs has been 
theorized33 and exploited in scanning-based imaging approaches34,35. 
This effect lies in the foundations of optical coherence, precisely 
reflecting the difference between its first- and second-order 
degrees36. We demonstrate it here in the context of full-field quantum 
holographic imaging, using a classical coherent holographic imag-
ing system for comparison (details are provided in the Methods). 
We insert an aperture in the Fourier plane of the SLMs (Fig. 3) to 
control the transmitted spatial frequencies, then image this plane 
onto the camera by replacing lens f5 by a lens of half-focal length 
(single-lens imaging). Phase grating objects with different periods 
are then programmed onto Alice SLM. When using classical holog-
raphy, we observe (Fig. 5a) that the intensity of the first-order dif-
fraction peak vanishes for grating periods below 17.5 ± 0.5 pixels. 
Conversely, using our quantum holographic system, the first-order 
diffraction peak of the intensity correlation diffraction pattern only 
disappears for a shorter period of 9.5 ± 0.5 pixels (Methods and 
Extended Data Fig. 1). The difference in frequency cutoff between 
the two systems corresponds to an enhancement of the spatial 
resolution by a factor of 1.84 ± 0.05 (ref. 37), close to the maximum 
theoretical value of 2 (ref. 33). The resolution enhancement effect 
is also observed using the imaging configuration (with lens f5): a 
16-pixel-period phase grating can be near perfectly resolved using 
our quantum holographic approach (Fig. 5c), while a significant 
degradation is observed when using classical holography (Fig. 5d).

Hyper-entanglement characterization in high dimensions
By harnessing the fundamental link between quantum state 
tomography and second-order optical coherence holography, 
the quantum holography scheme enables characterization of 
hyper-entanglement in high dimensions. Indeed, the measure-
ments performed by Bob in the phase-stepping holographic process 
correspond to projections in the diagonal (θB ∈ {0, π}) and circular 
(θB ∈ {π/2, 3π/2}) polarization basis (Fig. 6a). Similarly, Alice can use 
her SLM to perform measurements in the corresponding rotated 
basis θA ∈ {π/4, 3π/4, 5π/4, 7π/4} (see also Extended Data Fig. 2). 
During this process, the use of a compensation phase mask pro-
grammed on Bob SLM (Fig. 1e) is important to ensure optimal 
orientation of the measurement bases. As shown in Fig. 5b, these 
measurement settings provide spatially resolved measurements 
of the CHSH inequality across 10,789 pairs of pixels. Taking into  
account the finite momentum correlation width of the photons,  
σk = [1.326 ± 0.001] × 103 rad m−1 (~1.1 pixel), one may conclude 
that Alice and Bob share up to 8,900 polarization-entangled states 
in parallel. Furthermore, an additional measurement in the position 
space of the photons enables to measure their position correlation 
width, σr = 10.85 ± 0.06 μm (refs. 38,39). One can then also verify the 
presence of spatial entanglement in the quantum state through an 
Einstein–Podolsky–Rosen (EPR) type inequality21, which in our 
case results in σrσk ¼ ½1:44 ± 0:01 ´ 10�2< 1
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Application potential
Our quantum holography concept can also be applied to the imag-
ing of real-world objects, aside from the phase patterns imprinted 
on the SLM shown so far. As an example, in Extended Data Fig. 3 
we show phase images obtained by removing the SLM and passing 
the entangled photons through bird feathers and adhesive tape. In 
biology, our scheme can be useful for measuring small variations of 
birefringence in biological structures for investigating cell patho-
physiology40 and tissue damage41 and for ophthalmologic preclinical 
diagnosis42,43, typical situations in which classical holographic tech-
niques can be limited by the presence of specimen-induced phase 
distortions (that is, phase disorder) and stray light that cannot be 
blocked. Furthermore, combining our approach with concepts from 
differential interference contrast imaging44 enables to extend its 
range of applications to non-polarization-sensitive phase objects, 
with the potential for large field-of-view imaging microscopy45. 
An illustration of such an extended set-up is shown in Extended 
Data Fig. 4, together with experimental results of quantum phase 
imaging of non-birefringent silicone oil droplets. Beyond the opti-
cal domain, our approach could also be extended to other imag-
ing methods such as electron-based techniques46, with potential for 
investigating complex biological systems at low radiation and with 
further enhanced resolution.

Quantum states entangled in high dimensions and mul-
tiple degrees of freedom are also promising for moving beyond 
the limitations of current quantum communication and 
information-processing technologies47–50. One of the central chal-
lenges is ascertaining the presence of entanglement in a given  

quantum state, however complex and large it may be. In this respect, 
our quantum holography concept can be used for characterizing 
entanglement in both space and polarization distributed across up 
to 104 modes, a task that would be prohibitively time-consuming (if 
not impossible) using raster-scanning and single-outcome projec-
tive measurement techniques51,52.

conclusions
In summary, we have shown that it is possible to perform hologra-
phy without (first-order) coherence, a concept that is not possible 
in classical physics and broadens the remit of what is achievable 
with holography. Holographic imaging is enabled by quantum 
entanglement, which does not rely on classical optical coherence. 
Information about the image is encoded in the relative phases 
between the polarization-entangled two-photon qubit states (that 
is, phase Ψ in VVj i þ eiΨ HHj i

I
) and is distributed over the trans-

verse spatial dimension through the high-dimensional structure of 
spatial entanglement. By harnessing the physical concepts linked to 
the notion of entanglement, including QI and DFS, it is possible to 
achieve resolution-enhanced measurement of polarization-sensitive 
phase objects through random phase disorder and stray light, with 
practical advantages over classical holography. Furthermore, there 
is a fundamental correspondence between quantum holography 
and quantum tomography that extends the concept to quantum 
state characterization, including the analysis of hyper-entangled 
states in high dimensions. One current practical limitation of our 
quantum holographic protocol is its long acquisition time (on 
the order of several hours) resulting from the low frame rate of 
EMCCD cameras. However, thanks to the rapid development of 
faster and cheaper sensors for imaging quantum correlations53,54, 
we expect quantum holography to move towards practical applica-
tions for biological imaging and sensing, and also for characterizing 
complex high-dimensional quantum states, which are likely to be 
at the heart of tomorrow’s quantum optical communications and 
information-processing technologies.
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Methods
Experimental layout. A paired set of β-barium borate (BBO) crystals with 
dimensions of 0.5 × 5 × 5 mm each were cut for type I spontaneous parametric 
downconversion at 405 nm. In our set-up, these were optically contacted with 
one crystal rotated by 90° about the axis normal to the incidence face. Both 
crystals were rotated slightly around the horizontal and vertical axes to ensure 
near-collinear phase matching of photons at the output (the rings collapsed into 
disks). The pump was a continuous-wave laser operating at 405 nm (Coherent 
OBIS-LX) with an output power of ~200 mW and a beam diameter of 0.8 ± 0.1 mm. 
A 650-nm-cutoff long-pass filter was used to block pump photons after the crystals, 
together with a band-pass filter centred at 810 ± 5 nm. The SLM was a phase-only 
modulator (Holoeye Pluto-2-NIR-015) with 1,920 × 1,080 pixels and a pixel pitch of 
8 μm. The camera was an EMCCD (Andor Ixon Ultra 897) that operates at −60 °C, 
with a horizontal pixel shift readout rate of 17 MHz, a vertical pixel shift every 
0.3 μs, a vertical clock amplitude voltage of +4 V above the factory setting and 
an amplification gain set to 1,000. This had a pixel pitch of 16 μm. The exposure 
time was set to 3 ms. The camera speed was ~40 f.p.s. for a region of interest of 
200 × 200 pixels, allowing retrieval of a phase image with SNR ≈ 20 in ~17 h (that is, 
2.5 × 106 frames in total). Characterization of our system showed that the camera 
detected ~0.1 pairs per spatial mode per second. The detection efficiency of the 
entire set-up was ~0.48. The classical source was a superluminescent diode laser 
(Qphotonics) with a spectrum of 810 ± 15 nm that was filtered using a band-pass 
filter at 810 ± 5 nm to match the photon pair’s spectrum. Lens f1 was composed of a 
series of three lenses with focal lengths of 45 mm, 125 mm and 150 mm positioned 
in a Fourier imaging configuration where the distance between each pair of lenses 
equalled the sum of the focal lengths of each lens. The whole system can be seen as 
a lens f1 with an effective focal length of f1 = 54 mm. The focal lengths of the other 
lenses are f2 = 150 mm, f3 = f4 = 75 mm, f5 = 100 mm and f6 = 175 mm. The distances 
between components were as follows: crystal plane to lens f1, 54 mm; lens f1 to 
SLMs, 54 mm; SLMs to lens f2, 150 mm; lens f2 to aperture, 150 mm; aperture to 
lens f3, 75 mm; lens f3 to phase disorder, 75 mm; phase disorder to lens f4, 75 mm; 
lens f4 to beamsplitter, 75 mm; beamsplitter to lens f5, 100 mm; lens f5 to camera, 
100 mm. The magnification factor from the SLM plane to the camera plane was 
0.7. The diffuser was a plastic sleeve layer with thickness of <100 μm, roughness of 
46 μm and a decorrelation time of 183 ms. Supplementary Sections 6 and 9 provide 
further details on the diffuser properties and the quantum source.

Intensity correlation images. The camera sensor was split into two identical 
regions of interest composed of 201 × 101 pixels associated with Alice and Bob, 
respectively. To measure intensity correlations, the camera first acquires a set of N 
images. Values of intensity correlation R(k) between a pixel at k on Bob’s side and 
the symmetric pixel at −k on Alice’s side are then calculated by subtracting the 
product of the intensity values measured in the same frame by the product of the 
intensity values measured in successive frames, and averaging over all the frames:

RðkÞ ¼ 1
N

XN

l¼1
IlðkÞIlð�kÞ � IlðkÞIlþ1ð�kÞ½  ð4Þ

where Il denotes the lth frame20. Supplementary Section 1 provides further details 
on the intensity correlation measurement.

Quantum holography. Intensity correlation measurements performed between 
pixels k and −k with two polarizers oriented at 45° positioned in front of the 
cameras can be associated with the following measurement operator:

1
2 ½ Hj i Hh j þ Vj i Vh j þ Hj i Vh j þ Vj i Hh jk
 ½ Hj i Hh j þ Vj i Vh j þ Hj i Vh j þ Vj i Hh j�k

ð5Þ

For a given pair of pixels (−k, k), the expectation value of this operator in the state 
described by equation (2) is

RðkÞ ¼ 1
2
1þ cosðΨ ðkÞÞ½  ð6Þ

During the holographic process, Alice encodes a phase θA(−k) and Bob applies 
a phase shift θ superimposed over the phase compensation pattern −Ψ0(k). As 
a result, intensity correlation measurements performed by Bob for a given θ are 
given by RθðkÞ ¼ 1

2 ½1þ cosðθAðkÞ þ θÞ
I

. As in classical holography (equation 
(1)), Bob then reconstructs the phase image θA(k) image using four successive 
measurements: θAðkÞ ¼ arg R0ðkÞ � RπðkÞ þ i Rπ=2ðkÞ � R3π=2ðkÞ

� �� �

I
. Note that, to 

take into account a more general case, the state in equation (2) can be rewritten as
X

k
eiΨðkÞ Hj ik Hj i�k þ α Vj ik Vj i�k

h i
ð7Þ

with α ∈ [0,1]. In this case, the expectation value of the operator in equation (5) 
changes to 12 1þ α2 cosðΨ ðkÞÞ½ 

I
, but θA(k) is still retrieved using equation (1) (albeit 

with visibility equal to α2).

Characterization of spatial entanglement. Spatial entanglement in the photon 
source is characterized by performing intensity correlation measurements between 

the positions and momentum of photons, using the method described in refs. 38,39.  
Correlation width measurements return values of σr = 10.85 ± 0.06 μm for position 
and σk = [1.326 ± 0.001] × 103 rad m−1 for momentum. These values show violation 
the EPR criterion σrσk ¼ ½1:44 ± 0:01 ´ 10�2< 1

2
I

 (ref. 21). Supplementary Section 2  
provides further details, including the correlation images in position and 
momentum spaces used to estimate the correlation widths.

Phase distortion characterization. The phase distortion Ψ0(k) originates from the 
birefringence of the paired BBO crystals used to generate photon pairs19. Ψ0(k) is 
measured beforehand by performing a holographic measurement between a flat 
phase pattern programmed on Alice SLM and successive phase shifts displayed on 
Bob SLM. This characterization process results in a phase distortion of the form 
Ψ 0ðkx ; kyÞ ¼ 4:69k2x þ 5:04k2y þ 0:02
I

. In our experiment, a correcting phase mask is 
directly programmed on Bob SLM to compensate for the phase distortion (Fig. 1e).  
For holographic imaging of phase objects, we note that, in principle, it would be 
possible to replace Bob SLM by a rotating polarizer positioned in front of the camera 
and compensate for the phase distortion afterwards in a post-processing step on a 
computer. However, the use of a correcting pattern directly implemented on Bob’s 
SLM is important for performing the spatially resolved CHSH measurement (Fig. 6) 
because it ensures an optimal orientation of the measurement bases. Supplementary 
Section 4 provides further details on the phase distortion characterization.

SNR, n.m.s.e. and spatial resolution. The SNR is obtained by calculating an 
averaged value of the phase in a region of the retrieved image where it is constant, 
and then dividing it by the standard deviation of the noise in the same region. 
To have a common reference, SNR values are calculated using areas where the 
phase is constant and equals π. For a fixed exposure time and pump power, the 
SNR varies as 

ffiffiffiffi
N

p
I

, where N is the number of images used to reconstruct the 
intensity correlation images55. In the presence of stray light, the SNR decreases as 
1/〈Icl〉, where 〈Icl〉 is the average intensity of classical light falling on the sensor31,32. 
Quantitative analyses of SNR variation with the number of frames and the intensity 
of stray light are provided in Supplementary Sections 3 and 7.

The n.m.s.e.56 quantifies the resemblance between an image reconstructed by 
Bob and the ground-truth image encoded by Alice. The n.m.s.e. is calculated using 
the formula

n:m:s:e: ¼ M0

M1
ð8Þ

where M0 is the mean square error (m.s.e.) measured between the ground truth 
and the retrieved image and M∞ is an average value of m.s.e. measured between 
the ground truth and a set of images composed of phase values randomly 
distributed between 0 and 2π. The m.s.e. between two images composed of P 
pixels with values denoted respectively fxigi2½½1;P

I
 and fyjgj2½½1;P

I

 is defined as 
M ¼ 1=P

PP
i¼1 jxi � yij

2

I
. Values of n.m.s.e. range between 1 (retrieved image is 

a random phase image) and 0 (retrieved image is exactly the ground truth). The 
spatial resolution in the retrieved image is determined by the spatial correlation 
width of entangled photons. In our experiment, its value is estimated as 
d = 45 ± 3 μm, which corresponds to ~3 camera pixels. Supplementary Section 3 
provides further details on the spatial resolution characterization.

Photons without polarization entanglement. The results shown in Fig. 2 are 
obtained using a quantum state defined by the following density operator:

1
2

X
k
½ Hj ik Hj i�k Hh jk Hh j�k þ Vj ik Vj i�k Vh jk Vh j�k  ð9Þ

Experimentally, it is produced by switching the polarization of the pump laser 
between vertical and horizontal polarizations, which is equivalent of using an 
unpolarized pump. Because entanglement originates fundamentally from a transfer of 
coherence properties between the pump and the downconverted fields in spontaneous 
parametric downconversion57–59, the lack of coherence in the pump polarization 
induces the absence of polarization entanglement in the produced two-photon state, 
while spatial and temporal entanglements are maintained22. Supplementary Section 5 
provides further details on state entanglement in space, but not in polarization.

Reference classical holographic system. The experimental results shown in Fig. 5 
were obtained using a holographic system that is a classical version of our quantum 
protocol, namely a polarization phase-shifting common-path holographic 
interferometer60. In this classical system, a collimated laser beam (810 nm) 
polarized at 45° illuminates Alice SLM, on which a phase object is programmed 
(Bob SLM is not used). Alice SLM is imaged onto a single EMCCD camera using 
the same imaging system as the one described in Fig. 3. Phase-shifting holography 
is then performed by superimposing four constant phase patterns (0, π/2, π, 3π/2) 
on top of the programmed phase object and measuring the four corresponding 
intensity images on the camera. Finally, the phase object is reconstructed using 
equation (1). Supplementary Section 8 provides more details.

Resolution enhancement measurement. A comparison of the spatial resolution 
between quantum and classical holographic systems is performed by measuring 
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their respective frequency cutoff37. The results shown in Fig. 5 are obtained by 
replacing lens f5 in Fig. 3 by a lens with half-focal length (f5/2 = 50 mm) to directly 
image the Fourier plane of the SLM onto the EMCCD camera. The aperture is also 
placed in this Fourier plane. In the classical case, measurements are performed by 
illuminating Alice SLM with a 45° collimated laser beam (see previous section). 
When programming a phase grating on the SLM, intensity images measured by 
the EMCCD show a diffraction pattern with three main components: a central 
zero-order peak and two symmetrically positioned plus or minus first-order peaks. 
Red circles in Fig. 5a correspond to the intensity of the (plus) first-order peak 
measured for different grating periods. Because of the aperture, a sharp cutoff is 
observed at period of 17.5 ± 0.5 pixels. In the quantum case, diffraction patterns 
are revealed by measuring intensity correlations with the EMCCD camera (that 
is, second-order coherence)15,17. More precisely, a complete intensity correlation 
matrix R(r1, r2) is measured for each phase grating using a generalized version of 
equation (4)20:

Rðr1; r2Þ ¼
1
N

XN

l¼1
Ilðr1ÞIlðr2Þ � Ilðr1ÞIlþ1ðr2Þ½  ð10Þ

where N is the number of acquired frames, r1 and r2 are spatial positions in the 
Fourier plane (that is, camera pixel positions). Then, the intensity correlation 
matrix is projected along the minus-coordinate axis δr = r1 − r2 using the formula

PðδrÞ ¼
X

r
Rðr; r� δrÞ ð11Þ

where the summation is performed over all illuminated pixels r. The use of 
such projection to reveal diffraction patterns under quantum illumination 
was demonstrated in refs. 17,61. Similarly to the classical case, three peaks of 
intensity correlations are observed when visualizing intensity correlation in the 
minus-coordinate basis (diffraction patterns are shown in Extended Data  
Fig. 1). Blue crosses in Fig. 5a correspond to the intensity of the (plus) first-order 
peak measured for different grating periods. In this case, a cutoff is observed at 
a period of 9.5 ± 0.5 pixels, which corresponds to a resolution enhancement of 
17.5/9.5 = 1.84 ± 0.05. Supplementary Section 8 provides further details on the 
resolution characterization, including detailed experimental schemes and images of 
classical and quantum diffraction patterns.

CHSH measurement. A set of 16 intensity correlations images RθA ;θB
I

 is first 
measured using all combinations of uniform phases θA ∈ {π/4, 3π/4, 5π/4, 7π/4} 
and θB ∈ {0, π/2, π, 3π/2} programmed on Alice and Bob SLMs. Then, a correlation 
image EθA ;θB

I
 is calculated using the following formula62:

EθA ;θB ¼ RθA ;θB � RθA ;θBþπ � RθAþπ;θB þ RθAþπ;θBþπ

RθA ;θB þ RθA ;θBþπ þ RθAþπ;θB þ RθAþπ;θBþπ
ð12Þ

Finally, the image of S values shown in Fig. 6b is obtained using the following 
equation:

S ¼ jEπ=2;π=4 � Eπ=2;5π=4j þ jE0;π=4 þ E0;5π=4j ð13Þ

As shown in Fig. 6, 10,789 pairs of S values measured between Alice and Bob 
correlated pixels show violation of CHSH inequality S > 2, over the total of 
14,129 pair of pixels forming the two half-disks. A spatial averaged value of 
〈S〉 = 2.20 ± 0.003 > 2 is estimated by calculating the mean and variance of S values 
over these 14,129 pairs of pixels. Supplementary Section 2 provides further details 
on the CHSH measurement, and Extended Data Fig. 2 shows all 16 measured 
correlation images RθA ;θB

I
.

Data availability
Data that support the plots within this paper and other findings of this study are 
available from https://doi.org/10.5525/gla.researchdata.1093. Source data are 
provided with this paper.
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Extended Data Fig. 1 | resolution enhancement characterisation. a and b, Experimental apparatus used for spatial frequency cut-off measurement of 
the quantum and classical holographic systems, respectively. c, 26 pixels period phase grating programmed on the SLM (only Alice SLM in the quantum 
case). d, Intensity image measured with the classical system. Inset is a zoom on the first-order diffraction peak. White dashed lines represent the edges 
of the aperture. e, Intensity image measured in the quantum system. f, Projection of the intensity correlation matrix onto the minus-coordinate axis r1 − r2 
that shows three diffraction peaks. Inset is a zoom on the first-order diffraction peak. g, 16 pixel-period-phase grating programmed on the SLM. h, Intensity 
image measured with the classical system. First-order diffraction peaks are blocked by the aperture. i, Intensity image measured in the quantum system. j, 
Projection of the intensity correlation matrix onto r1 − r2 that still shows three diffraction peaks.
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Extended Data Fig. 2 | intensity correlation images measured by Alice and Bob for 16 combinations of phase values θA and θB. Intensity correlation 
images are shown by pair, with a red outline for Alice and a blue outline for Bob. Each row corresponds to a measurement setting on Alice SLM 
θA = {π/4, 3π/4, 5π/4, 7π/4} and each column to a measurement setting of Bob SLM θB = {0, π/2, π, 3π/2}.

NAture PHysics | www.nature.com/naturephysics

http://www.nature.com/naturephysics


Articles NaTUrE PHySICS

Extended Data Fig. 3 | Quantum holographic imaging of real objects. a, Intensity images measured by Alice showing a piece of transparent scotch tape. 
b, Intensity image measured by Bob. c, Phase image reconstructed by Bob with SNR = 14. d, Amplitude image reconstructed by Bob from the same set of 
intensity correlation images by replacing the argument in equation (1) of the article with an absolute value. e, Intensity image measured by Alice showing 
parts of a bird feather. f, Intensity image measured by Bob. g, Phase image reconstructed by Bob with SNR = 13. h, Amplitude image reconstructed by Bob. 
107 frames were acquired in total for each case. The white scale bar corresponds to 1mm. Phase and amplitude images retrieved by Bob are rotated by 180 
degrees for convenience.
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Extended Data Fig. 4 | Quantum holography of non-polarisation sensitive objects. a, Modified quantum holographic set-up to achieve phase imaging of 
non-polarisation sensitive phase object. The sample is inserted in a conjugate image plane of Alice SLM located between f3 and f4. Two Savart plates are 
inserted on each side of the sample and are slightly tilted. The sample is a microscopic slide covered by a layer of silicone adhesive generated using a spay, 
that effectively produces a random phase layer. b, Flat phase pattern on Alice SLM (not in use in this configuration), c and d, Intensity images measured by 
Alice and Bob without the Savart plates. e, Phase reconstructed by Bob using the quantum holographic approach without the Savart plates with SNR = 17. 
f and g, Intensity images measured by Alice and Bob with the Savart plates. h, Phase reconstructed by Bob using the quantum holographic approach with 
the Savart plates with SNR = 12. Each phase image was reconstructed from 5.106 frames.
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