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Quantum holography exploits quantum correlation in entangled photon pairs to enhance holography.
An inherent principle of holography is that each partial hologram can enhance the reconstruction of the
entire object, a property that has not yet been explored in the quantum realm. The current fabrication tech-
nology for single-photon detectors is limited, making it extremely challenging to manufacture large-area
detectors. Since resolution is directly related to the system aperture, achieving a resolution equivalent to
that of a large-area detector under the constraint of a limited detection area is a key challenge for realizing
high-resolution quantum holography. Here we demonstrate that the spatial correlations of entangled pho-
tons can extract crucial additional information from photon wave packets beyond the boundaries of the
experimentally recorded region, where the photons have no direct interaction with the object. We validate
the approach experimentally and benchmark it against the approach using only the detection area, achiev-
ing the advancements with an increase of up to 15 dB in signal-to-noise ratio and up to approximately
tenfold improvement in structural similarity. We show the versatility of the approach by demonstrating
significantly improved performance across various objects, including quantum holography of complex
biological specimens. This work can advance the nascent field of quantum holography and accelerate its

application in life sciences and biological systems.
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I. INTRODUCTION

Holography, a cornerstone in optical imaging, tradition-
ally harnesses the classical interference of light waves for
both amplitude and phase reconstruction [1,2]. This ver-
satile technique finds applications in various fields such
as imaging [3-5], display [6,7], biological microscopy
[8,9], lithography [10,11], optical neural networks
[12—14], and optical security [15,16]. Conventionally,
holography is realized by splitting a light beam into
two parts and then combining them, where one beam
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illuminates the object to generate a scattering field and the
other serves as a reference. The hologram can be produced
by recording the interference of scattered and reference
fields or through computational diffraction [17]. Neverthe-
less, the recombination of the split beams limits hologra-
phy to a local technique, constraining its applicability in
certain scenarios [18,19].

The quantum nature of light has inspired a variety of
imaging modalities that use entanglement or correlations
[20-22]. Quantum holography leverages the nonclassical
properties of light and its interaction with the environ-
ment to overcome the limitations of classical holography
[23-26]. Unlike quantum imaging, which typically focuses
on capturing intensity or position information using entan-
glement or correlations, quantum holography aims to
reconstruct both the amplitude and the phase of the optical
field, enabling full-field imaging. In quantum hologra-
phy, one mode of the entangled photon pair, typically
generated via spontaneous parametric down-conversion
(SPDC), serves as a reference, while the other mode is sent
to probe the object [27-29]. The spatial and temporal cor-
relations of photons can be utilized to extract the image and
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distance of the object on the basis of coincidence count-
ing. In these entangled-photon-based or correlation-based
methods, the coincidence between the photons signifi-
cantly increases the signal-to-noise ratio (SNR) in noisy
and lossy environments [30—33], increasing resolution [34,
35] and increasing interferometry stability [36]. Recently,
an experiment using entangled photon pairs to obtain the
cosine values of the phase of an unknown photon state was
introduced [37]. This approach successfully achieved com-
plete phase retrieval by using a suitable iterative algorithm
and requires high-precision phase shift. Then, a quan-
tum holography approach using the first-order incoherent
beam to increase spatial resolution compared with clas-
sical coherent holography by a four-step phase shift was
proposed [38]. In this method, holographic information is
encoded in the second-order coherence of entangled light
states, as phase cannot be extracted from classical inter-
ference measurements. This method needs the object to be
polarization sensitive. Several other advances have been
made in recent years, such as the use of nondegenerate
quantum holography to convert imperceptible wavelengths
into visible ones [39,40], and integration of quantum tech-
nology into wide-field transmission microscope setups to
enable full-field phase retrieval with increased stability
and resilience to stray light [41]. Moreover, combining
quantum holography techniques with metasurfaces [42,
43], machine intelligence [44,45], adaptive optics [46—
48], orbital angular momentum [49—51], and microscopy
[52—54] opens a path for quantum holography to revolu-
tionize various fields, offering unprecedented capabilities
in imaging, sensing, communication, and data processing.

The current fabrication technology for single-photon
detectors is limited, making it extremely challenging to
manufacture large-area detectors. Since the resolution is
directly related to the system aperture, achieving a res-
olution equivalent to that of a large-area detector under
the constraint of a limited detection area is a key chal-
lenge for realizing high-resolution quantum holography.
In holography, as extolled by Gabor [55], each partial
hologram can add more information and thus improve
the reconstruction of the entire object [56,57]. Such an
important property has not yet been explored in quan-
tum holography. Previous quantum holography encoded
object information into a superposition [32] or entan-
gled degree of freedom [38], but wasted high-frequency
information hidden in wave packets outside the detec-
tion region, which can be extracted with the help of
spatial correlations in quantum holography. It is impor-
tant to harness such high-frequency information from a
“virtual” hologram beyond the detection region. In this
work, we achieve high-resolution and high-SNR quantum
holography based on the combination of the advantages
of quantum correlation and a holographic algorithm. We
realize imaging equivalent to that of a large-area detec-
tor under a constrained quantum detector, where we add

an aperture before the detector to simulate the limited
detection region to prove our theory. We demonstrate that
high-frequency information from the outer region can be
extracted computationally to increase the resolution and
SNR by using photon pairs that are not correlated with
the object, i.e., those falling outside the usual recorded
object-correlated spatial region. Building upon this prin-
ciple, we demonstrate a quantum holography approach by
fully utilizing all photon pairs to construct an extrapolated
hologram, followed by applying an iterative reconstruc-
tion algorithm that integrates computer intelligence with
quantum light [58]. We benchmark our approach, dubbed
“the object-and-SPDC method,” which uses both object-
correlated photons and extrapolated object-uncorrelated
photons, against previous quantum holography methods
that rely solely on object-correlated photons, referred to
as the “object-only method.” Our approach demonstrates
superior performance in reconstructing phase and ampli-
tude objects and marks, to our knowledge, the first appli-
cation of quantum holography for probing complex bio-
logical samples. Note that quantum imaging of biological
samples was achieved very recently [46,59]. Our approach
overcomes the limitations of resolution in previous quan-
tum holography and solves specific object requirements.
The comparisons reveal that the object-and-SPDC method
achieves an averaged increase of up to 15 dB in the peak
signal-to-noise ratio (PSNR) and up to tenfold in the struc-
tural similarity index measure (SSIM) compared with the
object-only method. Besides, our diffraction-based holo-
graphic recording approach, rather than an interference-
based approach, provides a pathway for enabling lensless
quantum holography. These improvements imply signif-
icant advancement of quantum holography in biological
microscopy and quantum encoding.

II. CONCEPT AND PRINCIPLE

The concept and detailed experimental operation of
our extrapolated quantum holography enabled by object-
uncorrelated photons is schematically illustrated in Fig. 1.
The first recording, similarly to previous quantum holog-
raphy, captures photons that interact directly with the
object within a limited detection area (namely, the object-
correlated photons). In previous quantum holography, this
detection area was constrained by the detector size. Here
we simulate this limitation using a reduced aperture to
validate our theory. Then the second recording, essen-
tially a preliminary operation, captures the SPDC photon
distribution when the object is removed. This records an
extrapolated area containing photons that do not directly
interact with the object (namely, the object-uncorrelated
photons). The aperture is fully opened to capture the
object-uncorrelated photons for construction of an extrap-
olated hologram, allowing additional information to be
retrieved beyond the initially recorded region. Notably, this
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We first capture object-correlated photons and then capture object-uncorrelated photons when the object is removed. The object-
uncorrelated photons are used to create an extrapolated hologram, extending beyond the boundaries of the initially record region. By
use of Gabor’s principle of holography, which differs from imaging, the information outside the object region is used to increase the
spatial resolution and SNR of the object since it contains useful high-frequency information about the object. This is processed by
a holographic algorithm to reconstruct a high-resolution complex field of the object, enabling detailed imaging with unprecedented

clarity and precision. Shown here for the Tsinghua University logo.

is a single-frame method, meaning only the first recording
is required experimentally. The SPDC photon distribution
can be accurately calculated on the basis of the well-
characterized properties of the nonlinear crystal [60]. Since
the SPDC photon distribution is a standard aspect of most
imaging system setups, in practice, a hologram can be cap-
tured with the use of the full detection region of the camera,
and the outer SPDC photon distribution can be computed.

Incorporation of Gabor’s principle of holography, which
differs from direct imaging, allows information from the
extrapolated region to increase the spatial resolution of the
reconstruction. This enhancement arises from the inclu-
sion of high-frequency components beyond the detected
object-correlated region, which are critical for finer recon-
struction details. The improvement is achieved by pro-
cessing of the experimental data computationally with
an extrapolation method, followed by use of an iterative
reconstruction algorithm, as described in Appendix A. This
extrapolated quantum holography approach leads to signif-
icant improvements with unprecedented clarity and preci-
sion. Furthermore, traditional holography typically records
object information based on interference effects with the
use of a 4f imaging system. In contrast, our method relies
on diffraction to capture the intensity distribution of the
object’s diffracted field and reconstructs the corresponding
phase from this intensity distribution. The key advantage
of a noninterference structure is its ability to simplify the
optical system, enabling lensless imaging. This shifts the
imaging burden from the optical path to computational pro-
cessing, where diffraction patterns captured by the detector

are used to reconstruct the original light field distribution,
ultimately achieving the imaging goal.

We now explain the concept rigorously, with full details
in Supplemental Material (see “Art presentation of the con-
cept” in Supplemental Material [61]). In heralded single-
photon quantum holography, the imaging %k space can
be decomposed through orthogonal mode decomposition.
Each basis |r) is derived by computation of the outer
products of column vectors from the Hadamard transform
matrix, expressed as |r); = |r),) = Hy ® H,, where ®
represents the tensor product of two quantum states. By
projection of the object onto the discrete transverse wave
vector basis, each orthogonal mode captures distinct fea-
tures of the object being imaged, and the object can be
expressed as

"1
o) =Y —/P; exp(iey) Iro); (1)

Jj=1

where |1/o) represents the state of the object. p; represents
the statistical average of the object projected onto the basis
wave vector |r);, calculated through inner products p; =
I{rj o) |2, with a; denoting the corresponding phase. Both
the amplitude and the phase of the modes have been nor-
malized. n denotes the total number of discrete transverse
wave vector basis states |r); in the x and y components.
The limited size of the hologram imposes a constraint
on the achievable SNR and resolution of the reconstruc-

tion. The distribution of a single photon is inherently
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random. However, statistically, single photons illuminate
the object uniformly, generating a continuous diffraction
pattern beyond the recorded region. This extended pattern
can be used to overcome the SNR and resolution limita-
tions of the reconstruction. The statistical distribution of
the idler photons from SPDC is expressed as

n

1
i) = I )

k=1

as derived in Appendix C, where |v;) represents the
state of the idler photons. By extrapolation of the limited
hologram of the object region with the extended photon
distribution, the extrapolated hologram is obtained as

n

1
Vi) = 1Wo) ® 1) = ) — /Py expliay) Iro); ® Iy

k=1
(3)

where 1 represents the state of the hologram. The dimen-
sion of the matrix extends from j to j x k, allowing a
comprehensive analysis of the quantum state, incorporat-
ing additional degrees of freedom or parameters. Although
the extended part does not contain photons that interact
with the object, it introduces more features and variations
beyond the captured region, resulting in a more detailed
and accurate analysis of the object. The increased SNR
and resolution stem from better fitting of the series of
wavelets constituting the wave front in the hologram plane
when a larger area is available. By extrapolation of the
hologram and the conducting of iterations, the dimen-
sions of the quantum holography channel are extended,
enabling access to previously unrecorded outer sections of
the hologram. The emergence of extrapolated higher-order
fringes in the hologram contributes to enhanced properties
in object reconstruction. In essence, the use of object and
SPDC photon information (object-and-SPDC method) is
predicted to be superior to the use of algorithms that use
only object information (object-only method). We test the
algorithm numerically under a range of object and detec-
tor sizes (see “Minimum hologram region requirement” in
Supplemental Material [61]), and external conditions such
as loss and noise (see “Noise robustness” in Supplemen-
tal Material [61]). All results collectively underscore the
superiority of our approach in quantum holography, show-
casing its resilience to noise and its ability to produce
high-quality reconstructions with limited initially captured
data. Such findings hold promising implications for practi-
cal applications of quantum holography. Next, we test the
concept and its numerical predictions experimentally with
a range of object types.

III. EXPERIMENTAL VALIDATION

To differentiate our approach from single-photon imag-
ing, we require the experiment to herald a single photon
that interacts with the object and that is recorded on a spa-
tially resolved detector placed some distance away. The
experimental setup of our extrapolated quantum holog-
raphy is depicted in Fig. 2(a), with detailed information
provided in Appendix B. Entangled signal-idler photon
pairs at a wavelength of 810 nm are generated through
SPDC by the pumping of a periodically poled potas-
sium titanyl phosphate (PPKTP) nonlinear crystal at a
wavelength of 405 nm, which is placed inside a Sagnac
interferometer [62—64]. The idler photon is used to her-
ald the signal photon illuminating the object and is then
detected by an intensified charge-coupled device (ICCD:;
the detector). A delay line in the signal-mode path is used
to compensate for the electronic delay and to ensure syn-
chronicity of the entangled photons. The ICCD is placed
at a distance of 1 mm to enable sufficient free-space
diffraction of the object photons, which is essential for
the reconstruction process. This distance allows the sys-
tem to capture the first three orders of diffraction fringes.
As illustrated in Figs. 2(b) and 2(c), we first capture the
object-correlated (object-only) photons within a limited
imaging area. We then calculate the distribution of SPDC
photons when the object is removed (SPDC photons only).
These photons are used to create an extrapolated hologram
(object-and-SPDC method). Then the extrapolated holo-
gram is iteratively calculated to reconstruct the amplitude
and phase of the object. Two recordings are experimen-
tally recorded for each object under identical conditions to
obtain an extrapolated hologram to prove our concept here.
However, in practice, only the first recording is exper-
imentally needed. Replacement of the second recording
with a calculated SPDC photon distribution makes no dif-
ference to the reconstruction results (see “SPDC photon
distribution validation” in Supplemental Material [61]).
This single-frame approach can reduce the acquisition time
for both amplitude and phase reconstruction compared
with the conventional four-step phase-shifting method.
Besides, filling the extrapolated region with the SPDC pho-
ton distribution instead of random pixel values or flat pixel
values ensures that, during the iterative reconstruction
algorithm, the initial wave packet accelerates convergence
and prevents the solution from settling into local minima
rather than the global minimum (see “Extrapolation vali-
dation” in Supplemental Material [61]). The extrapolated
hologram contains information approximately equivalent
to the fifth-order diffraction fringes. While inclusion of
even higher-order diffraction fringes could theoretically
improve reconstruction quality, their contribution becomes
negligible beyond the fifth order. This is because the first
five diffraction orders already carry about 95% of the total
optical energy. As a result, further extension offers limited
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FIG. 2. Experimental setup and hologram extrapolation for quantum holography. (a) Experimental setup. Pump, A = 405 nm; lens
1, focal length 200 mm; lenses 2—5, focal length 300 mm. For (b) the phase-only sample and (c) the amplitude-only sample, we capture
the object-correlated photons (object only) within a limited area, and then extrapolate the SPDC photon distribution when the object
is removed (SPDC photons only). Information from both images is used to form an extrapolated hologram (object and-SPDC) for
calculation. The phase-only object consists of transparent squares with a length of 200 jwm, each assigned a phase value of 1.2 rad. The
amplitude-only object is a dot with a diameter of 100 pm. DHWP, dual-wavelength half-wave plate; DM, dual-wavelength mirror;
DPBS, dual-wavelength polarizing beam splitter; F, filter: HWP, half-wave plate; QWP, quarter-wave plate; M, mirror; PBS, polarizing

beam splitter.

benefits, while significantly increasing the computational
cost and susceptibility to noise.

To demonstrate the effectiveness of the method, we ini-
tially test it using homemade objects well-characterized
in the form of phase-only and amplitude-only sam-
ples. For comparison, the results from both the previ-
ous reconstruction approach (object-only method) and our
method (object-and-SPDC method) are presented. The
phase object, shown in Fig. 3(a), consists of two trans-
parent squares, each with a side length of 200 pwm and
assigned a phase value of 1.2 rad. The detected object-
only hologram, measuring 800 x 600 wm?, is shown in
Fig. 3(b), and the corresponding reconstruction results
are shown in Fig. 3(c). The object-only approach fails to
accurately capture the expected phase value, making it dif-
ficult to distinguish the features of the squares. The height
profiles reveal the three-dimensional phase fluctuations,
indicating that the object is largely submerged within the
background. By combining the object-only hologram with
the SPDC information, we form the extrapolated hologram
with a size of 900 x 700 wm? for object reconstruction,
with the results shown in Fig. 3(d). The object-and-SPDC

approach accurately reflects the expected phase value of
1.2 rad, as indicated by the consistent yellow regions
in the reconstruction. The height profiles of the three-
dimensional phase fluctuations show that the object-and-
SPDC approach clearly delineates the locations of the
squares and provides more accurate phase values com-
pared with the object-only method. To quantify the phase
values experimentally, we examine the cross sections of
the reconstructions in Fig. 3(e). The blue line, represent-
ing the object-and-SPDC method, demonstrates a phase
difference of 1.2 rad from peak to valley and a width
of around 200 pm, closely aligning with the green line,
which represents the ground truth. In contrast, the red line,
representing the object-only method, remains nearly con-
stant around the baseline phase of 0.5, failing to recover
the object’s morphology. The PSNR and SSIM are used
to quantify the performance of the two methods. The
PSNR of the object-and-SPDC approach for two squares
is 25.58 and 27.28 dB, respectively, while for the object-
only approach it is 11.13 and 11.60 dB, respectively. The
SSIM for the object-and-SPDC approach for two squares
is 0.84 and 0.87, respectively, while for the object-only
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FIG. 3. Phase reconstruction. (a) Morphology of the phase object, consisting of transparent squares, each 200 pm in size and
assigned a phase value of 1.2 rad. (b) Experimentally measured hologram of the phase object. (¢) Phase reconstruction results obtained
with the previous quantum holography approach (object-only method). The object-only approach struggles to distinguish the features
of the squares, with the height profiles indicating that the object is largely submerged within the background. (d) Phase reconstruction
results obtained with the proposed method (object-and-SPDC method). The object-and-SPDC approach accurately reflects the expected
phase value of 1.2 rad, as indicated by the consistent yellow regions. The height profiles clearly delineate the locations of the squares
and provide accurate phase values. (¢) Cross sections of the reconstructions. The blue line, representing the object-and-SPDC method,
displays a phase difference of 1.2 rad from peak to valley and a width of approximately 200 pm, closely matching the green line,
which represents the ground truth. In contrast, the red line for the object-only method remains nearly constant at a baseline phase of
0.5, failing to accurately recover the object’s morphology.

approach it is 0.07 and 0.08, respectively. The comparative =~ we can conclude that our approach accurately recon-
results reveal that the object-and-SPDC approach achieves  structs phase objects, achieving a phase resolution of 1.2
an increase of approximately 15 dB in the PSNR and  rad, consistent with the ground truth. This contrasts with
an increase of approximately 11-fold in the SSIM com-  the object-only method, which yields unresolved phase
pared with the object-only approach. From these results,  values.
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FIG. 4. Amplitude reconstruction. (a) Morphology of the amplitude object, which is a dot with a diameter of 100 wm. (b) Experi-
mentally measured hologram of the amplitude object. (c) Amplitude reconstruction results obtained with the object-only method. The
object-only method results in a blurry point with a small absorption peak, making it challenging to distinguish it from the surrounding
noise. (d) Amplitude reconstruction results obtained with the object-and-SPDC method. The object-and-SPDC method reveals a bright
green spot against a blue background, with a distinct absorption peak, accurately reconstructing the point’s position with a diameter of
100 pm. Three-dimensional amplitude fluctuation shows a peak value of 0.8 for the object-and-SPDC method, while the object-only
method achieves a peak value of just 0.4. (e) Cross sections of the reconstructions. The blue line, representing the object-and-SPDC
method, shows an absorption peak of 0.8 and a peak width of approximately 100 wm, clearly depicting the dot’s profile and closely
matching the green line, which denotes the ground truth. The red line for the object-only method, with a peak absorption of 0.4, is less
distinct and blends with the background noise.
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The experimental procedure for an amplitude-only
object, a dot with a diameter of 100 pum as shown in
Fig. 4(a), follows a similar protocol. Initially, the hologram
of the dot is captured within a limited area of 1000 x
1000 wm? to preserve its essential features, with the out-
come shown in Fig. 4(b). Comparative results between
the object-only method and our object-and-SPDC method
are shown in Figs. 4(c) and 4(d). The size of the extrap-
olated hologram is 1200 x 1200 pm?. The object-and-
SPDC method produces a bright green spot against a blue
background, with a significant absorption peak, accurately
reconstructing the position of the point with a size of
100 wm. In contrast, the object-only method produces an
unclear point with a small absorption peak, making it dif-
ficult to distinguish it from surrounding noise. The three-
dimensional intensity distribution plot reveals that the peak
value for the object-and-SPDC method is 0.8, while the
peak value for the object-only method is only 0.4. To quan-
tify the amplitude values experimentally, we examine the
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cross sections of the reconstructions in Fig. 4(e). The blue
line represents the object-and-SPDC method and shows an
absorption peak reaching 0.8 and a peak width of around
100 pm, revealing an obvious dot profile that almost
matches the green line representing the ground truth. In
contrast, the red line, representing the object-only method,
shows an absorption peak reaching 0.4, which is difficult
to distinguish from the background noise. The PSNR for
the object-and-SPDC approach is 26.02 dB, while for the
object-only approach it is 12.04dB. The SSIM for the
object-and-SPDC approach is 0.91, while for the object-
only approach it is 0.14. The comparative results reveal
that the object-and-SPDC approach achieves an increase of
approximately 14 dB in the PSNR and an increase of 650%
in the SSIM compared with the object-only approach. The
analysis of these results underscores the efficacy of the
object-and-SPDC method in facilitating detailed analysis
of the dot’s optical properties, demonstrating high SNR,
high resolution, and recognition capabilities. Conversely,
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Reconstruction results for characters. Hologram and the amplitude reconstruction results for characters (a) “T,” (b) “H,” and

(c) “m.” The first column presents the recorded holograms for each character. The second column shows the reconstructed amplitude
results obtained with the object-only approach. The edges of the characters are hard to recognize. The reconstruction strength is
notably weak, with a line width of only 200 pm, which significantly deviates from the ground truth. In contrast, the object-and SPDC
approach, results for which are shown in the third column, provides clear edges and accurate structural features. The reconstructed
line width of each character is 500 wm, which accurately reflects the original character’s structure. The fourth column demonstrates
the cross sections of the reconstructions along the dotted white line to compare the spatial resolution. The object-and-SPDC method
demonstrates the accurate contour of the characters, while the object-only method provides a low-quality reconstruction.
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the object-only method struggles with noise interference,
limiting its ability to accurately reconstruct the dot’s char-
acteristics.

IV. COMPLEX OBJECTS

Having validated the approach experimentally, we now
move on to more complex objects. We initially use charac-
ters with a line width of 500 wm on a letter plate coated by
a commercial company (Beijing Zhongke Shengze Tech-
nology Development Co., Ltd.), with details in Supple-
mental Material (see “Characters” in Supplemental Mate-
rial [61]). The holograms and amplitude reconstruction
results for the characters “T,*” “H,” and “z” obtained with
both object-only method and the object-and-SPDC method
are shown in Fig. 5. The size of the hologram and the
size of extrapolated hologram are 4000 x 4000 pwm? and
4500 x 4500 wm?, respectively. The first column show-
cases the holograms for each character, which capture the
diffraction patterns generated by the interaction of photons
with the respective characters. These patterns encode the
essential information needed for accurate reconstruction.
The second column presents the reconstructed amplitude
results for the characters obtained with the object-only
approach. The edges of the characters are difficult to rec-
ognize. The reconstruction strength is notably weak, with
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.1
IO

a line width of just 200 wm, showing a significant devi-
ation from the ground truth. In contrast, the object-and-
SPDC approach, as depicted in the third column, reveals
detailed and high-fidelity reconstructions of the charac-
ters. The reconstructed line width of each character is 500
pm, faithfully reflecting the original structure of the char-
acters. This method maintains clear edges and intricate
features despite the presence of noise and limited initially
captured data. The fourth column demonstrates the cross
sections of the reconstructions along the dotted white line
to compare the spatial resolution. The blue line, repre-
senting the object-and-SPDC method, demonstrates a clear
contour of the characters, closely aligning with the green
line, which represents the ground truth. In contrast, the
red line, representing the object-only method, remains a
low-quality reconstruction. The PSNR for the object-and-
SPDC approach is 25.58 dB for “T,” 25.76 dB for “H,” and
25.39 dB for “m,” while for the object-only approach it is
14.96 dB for “T,” 15.85 dB for “H,” and 15.56 dB for “r.’.
The SSIM for the object-and-SPDC approach is 0.85 for
“T,” 0.89 for “H,” and 0.83 for “mr,” while for the object-
only approach it is 0.18 for “H,” 0.19 for “T,” and 0.22 for
“m.” The comparative results reveal that the object-and-
SPDC approach achieves an increase of approximately 10
dB in the PSNR and an increase of approximately 450% in
the SSIM compared with the object-only approach.
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FIG. 6. Reconstruction results for biological specimens. Reconstructions of biological specimens obtained with the object-only
method and the object-and SPDC method: (a) fertilized egg slices, (b) skeletal muscle, and (c) plant stems. The first column displays
the recorded holograms, with insets showing the biological slides used in the experiment. With use of the object-and-SPDC method,
the locations of the cells are clearly revealed in (a). The phase reconstruction distinctly outlines the edges of transparent cells, creating
a strong contrast against the background. The linear features of muscle fibers are highlighted in (b), with amplitude and phase recon-
structions both showing a uniform vertical distribution of thin fibers. The smooth edges of the plant stem cells are clearly delineated
in (c). In contrast, the object-only method struggles to identify the locations, features, and edges of the cells, resulting in very weak
amplitude reconstructions and blurred phase reconstructions, which limits its applicability in the biological field.
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Comparison of PSNR and SSIM in reconstruction. The comparative results reveal that the object-and-SPDC approach

achieves an increase of up to 15 dB in the PSNR and an increase of approximately tenfold in the SSIM compared with the object-only

approach.

We proceed to apply our approach to the holographic
reconstruction of biological specimens, including fertil-
ized egg slices, skeletal muscle, and plant stems, with
the results shown in Fig. 6. These examples serve to
demonstrate the practical applicability of our method to
real-world samples with unknown and complex structures.
The specimens are standard labeled biological slides sold
by a biological research company, with enlarged details
in Supplemental Material (see “Biological specimens” in
Supplemental Material [61]). The phase variation of these
biological samples is relatively small due to their lim-
ited optical thickness and low refractive index contrast.
The first column in Fig. 6 showcases the recorded holo-
grams, with the insets illustrating the biological slides
used in the experiment. The size of the hologram for the
fertilized egg slices is 2500 x 2500 wm?, while the extrap-
olated hologram measures 3000 x 3000 wm?. The size
of the hologram for the skeletal muscle and plant stems
is 1250 x 1250 pwm?, while the extrapolated hologram
measures 1500 x 1500 pwm?. Figure 6(a) clearly reveals
the location of the cells through the object-and-SPDC
method. The phase reconstruction highlights the edges
of transparent cells, providing a strong contrast against
the background. The result indicates that high-frequency
information provided by the object-uncorrelated photons
increases edge sharpness. In Fig. 6(b), the linear fea-
tures of muscle fibers are distinctly visible, with amplitude
and phase reconstructions both depicting a uniform ver-
tical distribution of thin fibers. Figure 6(c) clearly shows
the smooth edges of plant stem cells, demonstrating the
method’s capability to preserve detailed structural infor-
mation through effective hologram extrapolation and iter-
ative reconstruction. These biological samples naturally
exhibit nonuniform and continuous phase variations. The
phase reconstructions clearly capture abrupt changes at the
edges of structural features, demonstrating the method’s
sensitivity to phase gradients. This highlights the capa-
bility of the method to resolve both smooth and sharp

phase transitions in more realistic and heterogeneous sam-
ples. In contrast, the object-only method yields very weak
amplitude reconstructions and significantly blurred phase
reconstructions, limiting its applicability in the biological
field.

Overall, the object-and-SPDC method exhibits signifi-
cant advantages over the object-only method in quantum
holography. The object-and-SPDC method achieves recov-
ery of the fine features by effectively integrating high-
frequency information provided by the object-uncorrelated
photons. Moreover, it boasts higher PSNR and SSIM val-
ues, indicating high-quality and noise-resistant imaging.
The comparative results reveal that the object-and-SPDC
approach achieves an increase of up to 15 dB in the PSNR
and up to tenfold in the SSIM compared with the object-
only approach. All numerical results for the different spec-
imens are summarized in Fig. 7 and detailed in Supple-
mental Material (see “Evaluation results” in Supplemental
Material [61]). Additionally, the object-and-SPDC method
is better able to resist noise during imaging, ensuring that
the imaging signal is not drowned out by noise but instead
presents the features of the target object clearly. In con-
trast, the object-only method leads to image signals being
submerged in noise, making them indistinguishable and
yielding only artifacts or blurry images. In summary, the
object-and-SPDC method demonstrates clear superiority in
quantum holography, effectively improving imaging qual-
ity and reliability, and providing crucial technical support
for the further advancement and application of quantum
holography technology. This approach overcomes persis-
tent challenges in current quantum holography, such as
imperfect phase recovery, prolonged recovery time, and
specific object requirements.

V. DISCUSSION AND CONCLUSION

Quantum properties of light have catalyzed innovation
in imaging techniques leveraging entanglement. This study
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introduces a pioneering approach to quantum holography,
harnessing spatial correlations and holographic algorithm.
The findings are consistent with recent advancements in
quantum holography research, highlighting the benefits of
using photon pairs and exploiting the quantum proper-
ties of light for high-quality and noise-resistant imaging.
Because the marginal spatial distributions of the signal
and idler photon wave functions are identical, knowledge
of one provides information about the other. This work
builds upon these findings by introducing a method that
extends the dimensions of the quantum holography chan-
nel, enabling the use of previously unrecorded hologram
regions. The resolution of quantum holography is cur-
rently limited by the pixel size and the detection area. In
practice, an additional ring of SPDC photons can be intro-
duced around the full detection region to further increase
resolution. This technique can be applied to existing detec-
tion areas to improve imaging performance even further.
Experimental results indicate that the object-and-SPDC
method has superior performance compared with conven-
tional object-only methods, and can accurately reconstruct
objects with high resolution and high SNR, while the
object-only method struggles with noise and provides inac-
curate amplitude and phase values. The object-and-SPDC
method eliminates the need for a conventional 4f imag-
ing system and directly records the diffraction fringes of
the object. These findings underscore the potential of the
object-and-SPDC method in quantum holography appli-
cations, where this method not only simplifies the optical
setup but also extends the imaging field of view.

Besides, the ability to determine the photon distribu-
tion on the basis of the properties of the nonlinear crystal
presents a significant advantage in quantum holography.
By the leveraging of this capability, the process can be
streamlined to require only the recording of the object-
correlated photons, while object-uncorrelated photons
beyond the detection area can be calculated. This elimi-
nates the need to capture both object-correlated and object-
uncorrelated photons, significantly reducing the recording
time and detector size requirements, while maintaining
accurate holographic reconstruction. This optimization is
particularly advantageous for practical applications where
efficiency and resource utilization are critical. Moreover,
the decreased requirement of detector size contributes to
the overall compactness and portability of the imaging sys-
tem, enhancing its suitability for various environments and
applications. Additionally, by minimization of data acqui-
sition requirements, potential challenges related to data
storage and processing can be mitigated. This allows more
efficient utilization of computational resources and facili-
tates the integration of the quantum holography approach
into existing imaging platforms and systems.

Future research directions may involve further optimiza-
tion of the extrapolation propagation method, exploring
applications in fast [65] and three-dimensional quantum

reconstruction, and investigating potential integration with
other quantum holography modalities such as quantum
tomography and quantum sensing. Additionally, efforts
could be directed toward increasing the robustness and
scalability of the proposed quantum holography approach,
particularly in complex imaging scenarios and nonlin-
ear environments. Collaborative studies with experts from
diverse fields such as material science, biophysics, and
computational imaging could also offer valuable insights
and foster interdisciplinary advancements in quantum
holography. Furthermore, the development of novel quan-
tum holography techniques tailored for specific applica-
tions, such as biomedical microscopy [66], holds promise
for addressing pressing challenges and unlocking new
opportunities in these domains. Overall, future research
endeavors in quantum holography hold the potential to
drive innovation and catalyze transformative advance-
ments in imaging technology and quantum information
processing.
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APPENDIX A: EXTRAPOLATION AND
ITERATIVE RECONSTRUCTION ALGORITHM

In the extrapolation process, the recorded My x N pixel
hologram is initially extended to M; x N; pixels, where
My < M; and Ny < N, [67,68]. The amplitude of the
extrapolated hologram is determined by the distribution of
the SPDC photons, which can be calculated on the basis
of the size and properties of the nonlinear crystal used
in the generation of entangled photon pairs. The phase
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of the extrapolated hologram is set to a constant or ran-
domly distributed value. The quantity computed in the
iterative routine is the extrapolated hologram. Then the
iterative routine is used, where the photons propagate back
and forth between the object plane and the recorded plane
with two constraints, the support constraint and the absorp-
tion constraint [69,70]. The iterative routine is executed on
the basis of the angular spectrum method (ASM) [71] to
reconstruct the amplitude and phase of objects. “Forward
propagation” refers to the propagation from the object
to the detector, while “backward propagation®” refers to
the reverse propagation from the detector to the object.
The forward propagation of the wave field U(x,y,0) at a
distance z is given by

and the backward propagation equation in the ASM is
obtained by one taking the complex conjugate of the
forward propagation equation:

Ulx,y,0) =

F- {f[U(x ¥,20)]exp (127[20,/ — 1.2 ff)} ,

(A2)

where z; is the propagation distance, U(x, y, z¢) is the wave
field on the recorded plane, and U(x, y, 0) is the wave field
on the object plane.

Regarding the two constraints in the iterative process,
the support constraint is applied first. As the object has a
finite size, the distribution of the object [1p) is confined

Uy, 20) = with a mask in a finite space. Support constraint can extract
' 1 the outline of the object, the space in the mask is set to 1,
F 1 FLUK,y,0)]exp | —i2mzg 2z —fE=5ts and the space outside the mask is set to 0. The implemen-
tation of the support constraint can increase the diffraction
(AT) orders of the hologram, resulting in the extraction of more
g g
(a) Object Hologram Reconstruction Complex field
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T H U propagation propagation
_ _
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Flow chart for the conventional object-only method and the proposed object-and-SPDC method. (a) Conventional object-

only method for holographic reconstruction. The hologram is recorded through the forward propagation of the plane wave, and through
backward propagation, the reconstructed complex field is obtained. (b) Proposed object-and-SPDC method for holographic reconstruc-
tion. After recording the hologram, we first extrapolate it with the object-uncorrelated photons. Iterations are then conducted with two
constraints. When the reconstruction reaches the judging criterion |U;—; — U;| < €, the reconstructed complex field is output. Shown

here for the characters “THU” as an example.
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high-order fringes beyond the originally recorded holo-
gram. Secondly, the absorption constraint is implemented.
Since the number of signal photons cannot increase during
scattering with the object, pixel values where the absorp-
tion is negative are set to zero. This constraint plays a
crucial role in eliminating the twin image, significantly
increasing the accuracy of the reconstructed object.

Figure 8(a) illustrates the conventional object-only
method for holographic reconstruction. In this method,
the hologram is recorded through the forward propaga-
tion of the plane wave, and through backward propagation,
the reconstructed complex field is obtained. The overall
object-and-SPDC method for holographic reconstruction
is illustrated in Fig. 8(b). We divide the proposed method
into six steps, and the reconstructed complex field is out-
put after completion of these steps, shown here for the
characters “THU” as an example:

(1) Initial hologram recording. Record the initial holo-
gram of the object using the entangled photon pairs with
a region of My x Ny pixels. The probabilities obtained
are directly proportional to the joint probability observed
in a coincidence measurement between the photon pairs.
Extend the hologram to M| x N; pixels. The amplitude of
the extrapolated pixels is determined by the distribution of
the SPDC photons, and is updated after each iteration. The
phase distribution is set to a constant value or randomly
and is updated after each iteration.

(2) Backward propagation. Beam propagate back to the
object plane following the principles outlined in Eq. (A2).

(3) Object plane operations. Apply the support con-
straint and absorption constraint on the reconstructed
complex-valued object.

(4) Forward propagation. Beam propagate to the
recorded plane following the principles outlined in
Eq. (A1).

(5) Recorded plane operations. Replace the amplitude
in the central My x Ny pixels with the initially recorded
hologram, while preserving the amplitude in the extended
pixels. Keep the phase values unchanged. Restart the next
iteration from step (2) until the judging criterion |U;_; —
U;| < € is reached.

(6) Quantum holographic reconstruction. After a num-
ber of iterations, output the complex value of the recorded
plane in step (5). Reconstruct the object through Eq. (A2)
to realize high-resolution and single-frame quantum holog-
raphy.

APPENDIX B: APPARATUS

The experimental setup for the heralded single-photon
quantum holography is depicted in Fig. 2. Polarization-
entangled photons are generated through the SPDC pro-
cess on the basis of a Sagnac interferometer scheme
[62—64]. A continuous-wave diode laser operating at 405

nm serves as the pump source. A 10-mm-long PPKTP
crystal (Raicol Crystals) with a grating period of 10
pm is used for frequency-degenerate type-II quasi-phase-
matched collinear SPDC. The crystal is antireflection
coated at 405 and 810 nm. The temperature of the
PPKTP crystal is maintained at 27.8 °C with stability of
40.1°C with the use of a temperature controller. The
Sagnac interferometer comprises two flat mirrors and a
dual-wavelength half-wave plate and a dual-wavelength
polarizing beam splitter, both of which function effec-
tively at the pump and output wavelengths. To eliminate
the residual pump laser, 10 nm narrow bandwidth inter-
ference filters centered at a wavelength of 810 nm are
used. A half-wave plate set at 45° is placed in the sig-
nal arm, and the output quantum state is set as |[¢) =
(1/+/2)(|H) |H) — |V |V)). The coincidence count of the
photon pair is approximately 20 kHz.

The quantum holograms are captured with an ICCD
(DH334T-18U-73, Andor) working at —30°C, which
enables the circumvention of the limitations imposed by
point scanning, facilitating rapid and accurate capture of
signal photons. The pixel size of the ICCD is 13 pum.
Photons in the reference arm are coupled into a single-
photon-counting module (SPCM). The output signal from
the SPCM acts as the trigger for the ICCD to ensure single-
photon imaging. To compensate for the delay introduced
by the ICCD’s triggering mechanism and the length of the
optical single-mode fiber, an image-preserving delay line
of 25 m is used, configured in a double-pass arrangement.
The delay line comprises 12 lenses with a focal length of
500 mm and 14 mirrors in a double-pass configuration.
The mechanical components are from LBTEK. The over-
all transmission efficiency of the optical path is about 30%.
The ICCD operates in fast external mode with an optical
gate width of 6 ns. The triggering mechanism of the ICCD
introduces a 70 ns delay, while the overall optical length of
the image-preserving delay line is 25 m, and the additional
optical delay of the ICCD is adjusted to ensure the syn-
chronicity of entangled photons. The triggered holograms
are obtained through the accumulation of 200 images, each
with an exposure time of 5 s. In our quantum holography
scheme, noise levels are minimized as the ICCD camera is
triggered only when a photon is detected in the object arm
within a 5 ns window.

Although the SPCM is used to herald the arrival of idler
photons, thereby discarding their spatial information dur-
ing heralding, the spatial distribution is retrieved in a sep-
arate measurement. Specifically, we capture an image with
the object removed, which effectively reflects the spatial
distribution of the idler photons. Because of the correlated
nature of the SPDC process, this distribution corresponds
to the extrapolated region of the signal photon distribu-
tion. Ideally, simultaneous detection of both the signal
photons and the idler photons with the use of two ICCDs
would provide the most direct access to these spatial
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correlations. However, under long exposure, the SPDC-
generated spots are highly stable and consistently exhibit
a uniform Gaussian-like distribution across acquisitions.
Therefore, capturing the spatial profiles in two separate
measurements is sufficient and does not affect the integrity
of the spatial correlations used in the reconstruction.

To characterize the heralded single-photon source, the
second-order correlation g?(t) for the signal field is mea-
sured, conditioned on successful detection of an idler
photon count [72,73]. g2(0) represents the probability of
detecting two photons in the signal arm simultaneously
when the object photon is detected. In the experiment,
2%(0) approaches 0 (see “Heralded single-photon source”
in Supplemental Material [61]), indicating that the her-
alded single-photon source exhibits high quality, and the
occurrence of two-photon or multiphoton events can be
ignored.

APPENDIX C: IMAGING SPACE

The entangled photon pair is generated through SPDC,
leveraging the nonlinear optical properties of the crystal.
In the realm of two-dimensional transverse wave vectors,
the state of the photon pair is expressed as

n

1
Wsih =Y~ 1rs)i® Iy

k=1

(CDH

where 7 is the total number of discrete transverse wave
vector basis states |r) in the x and y components. The
symbol ® denotes the tensor product, indicating that the
photon pairs are entangled in a joint quantum state. Each
term |rg); ® |rr), represents a pair of photons with corre-
lated transverse wave vector components. Each basis |r) is
derived by computation of the outer products of column
vectors from the Hadamard transform matrix, expressed
as |1y = |r) ) = Hx ® Hy,. Photons are uniformly dis-
tributed across each orthogonal basis, forming a uniform
light spot.

Considering that the generated signal and idler pho-
tons, following postselection in coincidences, form a high-
dimensional single-photon state, with the spatial mode
selected from a set of wave vector dimensions, the trans-
fer of the generated signal and idler photons is then
expressed as

n

1
vs) =)~ sk (€2)
k=1
"1
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