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Abstract: Quantum imaging with undetected light (QIUL) can retrieve amplitude and phase
information of an object by exploiting the quantum correlations of photon-pairs generated through
spontaneous parametric down conversion (SPDC), where the illumination and detection can be
carried at very distinct wavelength ranges. This fact allows to benefit from a mature detection
technology in the visible spectral range, while probing the object at a more exotic wavelength.
Here we experimentally implement a QIUL approach with Fourier off-axis holography in a hybrid-
type induced-coherence non-linear interferometer. Our approach reconstructs the amplitude
and phase information of an object with a single shot in a wide-field configuration, being an
alternative in front of techniques that require multiple acquisition frames, such as phase-shifting
holography.

1. Introduction

There are many applications in which holographic imaging techniques are demanded, ranging
from manufacturing, in-line quality control [1, 2] to medical research and diagnosis [3], with
particular attention on the study of cells and tissues, quantitative phase imaging has come up as a
powerful method [4, 5].

Over the years, different imaging schemes have been developed to study transparent organisms,
such as phase contrast microscopy, first proposed by Zernike in 1932 [6] and numerous techniques
based on holography, first introduced by Gabor in 1948 [7, 8].

The quantum revolution contributed to develop holographic imaging schemes that exploit the
quantum nature of light in order to overcome classical limitations, for instance to improve the
phase sensitivity [9–11], to study fundamental concepts such as amplitude and phase of a single
photon [12–17] and to allow different wavelengths for detection and sample illumination [18–21].

In addition, non-linear interferometry has proven to be a useful tool in a multitude of
quantum optics related fields such as quantum communication, imaging, sensing, and information
theory [18, 22–24]. Non-linear interferometers integrate elements such as parametric amplifiers,
and second order non-linear crystals to generate photon-pairs via SPDC. Furthermore, they allow
a controlled splitting and mixing of probability amplitudes to precisely estimate phase changes
of the optical field [22, 25].

QIUL combines elements of non-linear interferometry and quantum optics, in which a laser
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pumps a non-linear crystal to generate spatially correlated photon-pairs, historically named as
signal and idler, via SPDC [25–27]. The wavelengths of the signal and idler beams can be easily
tuned by controlling the pump and crystal parameters. The scheme illuminates the sample with
the idler beam at a particular wavelength which can be very distinct from the detected signal
beam, particularly taking advantage of the well developed silicon-based technology [26, 28, 29].

The present work is a step forward from the first implementation of holography with undetected
light based on digital phase-shifting holography (DPSH) [20], which needs to take a minimum
of three images to reconstruct the object information [30]. In contrast, our approach based on
Fourier off-axis holography (OAH) [7, 31, 32] takes a single image and retrieves amplitude and
phase information, having no necessity of utilizing a piezo stage to have control of the overall
interferometer phase, and reducing the cost and complexity of the system.

2. Non-linear interferometer for quantum OAH

2.1. In-line and off-axis classical holography

Since its first appearance, holography has become a widely used method in a countless number
of fields, ranging from microscopy, interferometry to security and data storage [4, 5, 31]. In this
section we will discuss the two most common approaches for classical holography known as
in-line and OAH.

In classical holography, the amplitude of a laser beam is split in half through a 50:50 beam
splitter (BS) placed at the center of a Michelson-Morley interferometer, generating the object
and reference beams [32, 33], see Fig 1 a). The object beam interacts with the sample and is
back reflected by a mirror placed at the end of the arm. The two beams meet again at the BS and
are redirected to the camera plane to form the hologram. In-line holography extracts the object
information when the object and reference beams are spatially overlapped, their relative angle is
zero. In contrast, in OAH a relative angle between object and reference beams is introduced, for
example by means of the tip-tilt of a mirror, adding a linear phase to the reference beam [31–34].

In-line holography is usually implemented through DPSH, which requires at least three
measurements to retrieve the amplitude and phase information carried by the optical field [30].
One of the drawbacks of this technique is the limitation to study samples whose dynamics
changes over timescales comparable or shorter than the typical duration of one of the three
required measurements. OAH rises up as an alternative that requires only a single measurement
to reconstruct the amplitude and phase carried by the field [31,32,34], therefore allowing to study
dynamic behavior within a shorter time window relative to DPSH. These two competing methods
differentiate from each other on how the interfering intensity components at the camera plane are
distributed in the Fourier space (FS). Figures 1 b) and c) showcase the relative angle between
object and reference beams and their influence on how their intensity components spread in the
FS.

Let us introduce the intensity distribution of the OAH recorded at the camera plane [32–34].

𝐼 (𝒓) = |𝐸𝑂 (𝒓) + 𝐸𝑅 (𝒓) |2 = |𝐸𝑂 (𝒓) |2 + |𝐸𝑅 (𝒓) |2 + 𝐸∗
𝑂 (𝒓)𝐸𝑅 (𝒓) + 𝐸∗

𝑅 (𝒓)𝐸𝑂 (𝒓), (1)

its components are the four terms that surge out of the squared coherent sum of the object and
reference fields. The first two terms correspond to the amplitude squared of object 𝐸𝑂 (𝒓) and
reference 𝐸𝑅 (𝒓) fields. The third and fourth are the interference terms, which depend on the
relative phase between them, the asterisk denotes complex conjugation.

The Fourier transform (FT) of Eq. (1) leads to

𝐼 (𝒒) = 𝐷𝐶 (𝒒) + �̃�∗
𝑂 (𝒒) ⊗ 𝛿(𝒒 − 𝒌) + �̃�𝑂 (𝒒) ⊗ 𝛿(𝒒 + 𝒌), (2)

where the tilde means FT with respect to position 𝒓, ⊗ denotes linear convolution, and 𝒒
spatial frequency. The first term is the auto-correlation term or the FT of the first two terms of



Eq. (1) and the second and third are the direct and conjugate terms, respectively. These last two
terms exhibit a displacement proportional to the wavevector 𝒌, usually carried by the reference
beam, 𝐸𝑅 (𝒓) = 𝐴𝑅𝑒

𝑖𝒌 ·𝒓 , where 𝐴𝑅 is its amplitude. They are often named as the +1 and −1
diffraction orders, respectively. In DPSH, due to the full spatial overlap between the object and
reference beam, this splitting does not take place, as shown in Fig. 1 b). The wavevector 𝒌 is
introduced in OAH with the sole purpose of splitting the first order terms with respect to the
zero order in the FS, shown in Fig. 1 c), such that the direct term can be filtered and isolated to
obtain a complex-value image by doing an inverse Fast Fourier Transform (IFFT). The modulus
corresponds to the amplitude 𝐴𝑂 (𝒓) and the argument value corresponds to the phase 𝜙𝑂 (𝒓) of
the object field [14,32,33]. The wavevector 𝒌 is proportional to the relative angle between the
object and reference beams, this is induced by mechanical means such as tip-tilt of mirrors.

The features of quantum OAH are governed by the same principles that hold classically, such
as the larger the relative angle the higher the density of fringes in the hologram, and depending
on how the beam is tilted the +1 and −1 terms open up along a vertical, horizontal, diagonal or
anti-diagonal axis. A detailed analysis is presented in Sec. 2.2.

Fig. 1. Comparison between in-line and OAH (upper row) and classical and quantum
OAH (lower row). a) A coherent beam is sent to a Michelson-Morley interforemeter.
The beam that hits the object is tilted in comparison to the reference beam, allowing the
+1, DC, and −1 terms to split in the FS as seen through Figs. b) and c). d) Classical
implementation of OAH. e) Quantum implementation of OAH, the purple beam pumps
the non-linear crystal in forward and backward direction, generating signal and idler
beams via SPDC in both ways. A relative angle is introduced between object and
reference beams, they recombine at the BS and interfere at the camera plane generating
a hologram.

2.2. Classical vs quantum off-axis holography with undetected light

The basic principles of classical holography also applies to its quantum counterpart, in which the
hologram is formed by the interference of the object and reference beams [7]. What differentiates
the quantum from the classical implementation is the nature of these beams. In classical
holography, the object and reference beams originate by splitting the amplitude of a coherent
laser through a beam spliter [32, 33], as shown in Fig. 1 a) and d), meaning that the two beams



exist simultaneously and overlap spatially and temporally at the camera plane.
In contrast, in quantum off-axis holography with undetected light (QOAHUL), simplified sketch
shown in Fig. 1 e), a coherent beam depicted as the purple beam pumps a non-linear crystal
bidirectionally, generating photon-pairs in both directions via SPDC [28,29]. We call the forward
generated signal beam the object beam (cyan beam with red dashed line), its idler twin beam
interacts with the object and is back reflected to the crystal. The backward generated signal beam
is known as the reference beam (cyan beam with black dashed line), its idler twin beam overlaps
spatially with the forward generated idler at the crystal plane to induce coherence on their signal
beams [35, 36], allowing them to interfere at the camera plane.

In the low-gain regime, at any given time, only one pair of photons is being generated, therefore
the hologram observed at the camera plane is the result of the interference of the probability
amplitudes associated to the generation of the object and reference beams, which never interacted
with the object [14, 37].

In QOAHUL the object and reference beams are capable of interfering as a consequence of
the coherence induced by the spatial and temporal overlap of their twin idler beams within the
coherence time of the pump beam [35,36, 38]. This overlap ensures that there is no knowledge
of the which-path information, in other words, the two idler beams become indistinguishable
and the observer is incapable of knowing whether the signal photon that strikes the camera
plane was generated in the forward or backward path resulting in a single-photon interference
pattern [35, 36, 39, 40]. The reconstruction of the object information is also attributed to the
spatial correlations shared by the photon-pair, namely momentum correlations which are the
result of momentum conservation in the SPDC process [27,37]. Furthermore, the undetected light
scheme grants the opportunity to work in a very distinct wavelength range for the illumination
and detection parts, taking advantage of a mature silicon based detection technology at the visible
wavelength range [26, 28, 29].

2.3. Experimental setup

Figure 2 shows a sketch of the implemented QOAHUL setup. A periodically poled potassium
titanyl phosphate (ppKTP) non-linear crystal of 2 mm length is pumped with a 20 mW CW
laser at 405 nm, signal (910 nm) and idler (730 nm) photons are produced by SPDC. The pump
beam depicted in purple, travels in forward and backward directions through the ppKTP crystal
generating two probability amplitudes associated to the photon-pair generation events in both
directions [28, 37]. Both events are considered to be equally probable. When the photon-pair is
generated in the forward path, the signal beam depicted in cyan and idler beam depicted in red
are split by off the shelf dichroic mirror, DM-1. The idler and pump beams are split by DM-2,
letting the idler beam to propagate through a Michelson-Morley like interferometer. At the end of
the interferometer arm the idler beam traverses the object and is back reflected to the crystal by a
mirror where it spatially overlaps with the backward generated idler beam. A proper alignment of
these beams induces coherence onto their signal twins allowing them to interfere at the camera
plane [35, 36]

The forward and backward generated signal beams propagate through the equivalent of the
lower and upper arms of a Mach-Zender interferometer (MZI). By tip-tilting any of the mirrors
right before the BS a relative angle between object and reference beams is introduced as discussed
in section 2.1 [32–34]. The forward and backward signal beams meet at the 50:50 BS and are
redirected to the camera plane. The MZI offers a better control of the optical paths between the
two beams providing a large relative angle, which can optimize the imaging capabilities of the
system [32, 33]. The signal beam allows the image reconstruction despite never interacting with
the object as a result of the induced coherence and the spatial correlations between signal and
idler beams [27, 35].

At the camera plane, the forward and backward generated signal beams, also known as object



Fig. 2. Experimental setup: a 2 mm long ppKTP non-linear crystal is pumped by a 405
nm CW laser, it generates a photon pair in the forward and backward direction, signal
and idler beams at 910 nm (cyan beam) and 730 nm (red beam), respectively. Although
the signal beam never interacts with the object (located at the idler path) is utilized for
the image reconstruction process.

and reference beams, respectively, produce a single-photon hologram which intensity distribution
can be calculated as

𝐼 (𝒓) ∼ 1 + cos2 (𝜃) + 2𝑇2 (𝒓) cos (𝜃) sin
[
𝜙 + 𝜙tilt (𝒌 · 𝒓) + 2𝜙object (𝒓)

]
, (3)

where 𝜃 is the relative angle between object and reference beams, 𝜙 is a global interferometric
phase controlled experimentally, 𝜙tilt (𝒌 · 𝒓) is a linear phase that depends on the relative angle
between object and reference beams introduced by the mirror tip-tilt. 𝜙object (𝒓) is the spatially
dependent phase and 𝑇 (𝒓) is the spatially dependent amplitude transmission function of the
object, the square and the factor of 2 counts for the double-pass through the object [14,18,28,41].

In the present scheme, momentum correlations are exploited [27, 42], therefore the lenses L1 -
L5 and L7 in Fig. 2 are placed such that the Fourier Plane (FP) of the crystal is projected onto
the object plane, rightmost mirror and the BS. The lens L6 images the projected FP of the crystal
onto the camera plane. In such a manner, we make use of the momentum correlations shared by
the photon-pair to reconstruct an image by measuring a photon that never interacted with the
object.

3. Methods and results

3.1. Image reconstruction road map

Figure 3 shows the images obtained at the different steps of the reconstruction process, this
process is based on the classical OAH implementation [2, 32–34].

First, the hologram, Eq. (3), is recorded on a sCMOS camera of 6.5 𝜇m pixel size, with 6 s
exposure time and no gain, the field of view has a diameter of 11.9 ± 0.1 mm. The raw image
shows the single-photon hologram. Due to the insertion of the relative angle between object and
reference beams, the fringe pattern displays a high spatial modulation shown in the light-blue
highlighted region in which a small distortion of the fringes can be seen due to the presence of
the phase object. Second, the raw image is treated in the FS by taking its fast Fourier transform
(FFT). A zoom-in of the yellow highlighted region reveals the +1, DC and −1 terms characteristic
of the Fourier OAH implementation. Third, the direct term (+1), enclosed in the dash black circle,
is cropped and centered, maintaining the original image dimension (2048 x 2048), this region
undergoes an IFFT which output is a complex-value image, which modulus is associated to the
amplitude and the argument to the phase of the optical field that probes the sample, resulting



in the amplitude and phase images [32,33]. A reference image of a glass plate without object
features is previously recorded, its phase image is subtracted from the one containing the object
features as the calibration of the system. This image is phase-unwrapped to obtain a flat and
homogeneous phase distribution shown as the final image [31, 34].

Fig. 3. Image reconstruction process, from left to right. Single-photon hologram
recorded at the camera plane, zoom-in of the blue highlighted area containing the high
density of fringes characteristic of OAH schemes. A FFT is performed to the hologram,
a close-up of the yellow dashed square reveals the +1 term, in the black dashed circle.
The direct terms is filtered and centered, maintaining the image dimensions. An IFFT is
performed, amplitude and phase images are extracted. A reference phase image is taken
and subtracted from the one containing the object features, to later be phase-unwrapped
to obtain the final phase image.

3.2. Imaging capabilities of QOAHUL

In order to verify the imaging capabilities of the optical system we study the phase contrast while
varying the exposure time, the influence of the spatial density of fringes on the overall image
quality and the spatial resolution. These measurements are essential in imaging schemes to
validate the performance, optimize parameters, ensure reliable image reconstruction and to asses
the impact of artifacts.

Different objects are employed for the characterization of the setup. First, we use the standard
binary object of the 1951 United States Air Force (USAF) resolution target, see Fig. 4 a). Its
amplitude image is shown in Fig. 4 b).

A second object is a glass plate with a miniaturized version of the USAF resolution target
features engraved on it. The reconstructed phase image is presented in Fig. 4 c). The image is
taken with 9 s exposure time.

Additionally, a glass plate with engraved letters IOF is used. Its reconstructed phase image
is presented in Fig. 4 d), an exposure time of 6 s is used in this case. Both phase objects with
refractive index 1.6 are used to validate the efficacy of our technique, an estimation of the physical
height of the engraved features corresponding to the while lines in Fig. 4 c) and d) are shown in
Fig. 4 e) and f), respectively. The measurements are in good agreement with the manufacturer
data 189 ± 7 nm for the USAF object, and 182 ± 1 nm for the IOF object.

Finally, the system resolution allows to identify some features of a fly-wing, Fig. 4 g) shows
its amplitude image.



Fig. 4. Imaging capabilities of QOAHUL, a) image of the standard 1951 United States
Air Force (USAF) resolution target, b) amplitude image of the USAF target. c) phase
image of the USAF phase object, d) phase image of the glass plate with engraved IOF
letters. e) and f) height profile of the USAF and IOF phase objects taken corresponding
to the features with white lines of c) and d) respectively. g) Amplitude image of a
fly-wing, the white bar has a length of 1.6 mm.

3.2.1. Phase contrast vs exposure time

In order to find the minimum exposure time in which the optical system is capable to retrieve the
phase contrast of the USAF phase object we gradually vary the exposure time from 0.5 s to 9 s.
The phase contrast is defined as the difference between the average phase values of the height
and ground level features.

The upper row of Fig. 5 a) shows the amplitude images of the USAF phase object, and the
lower row shows the phase images corresponding to the region highlighted by the yellow square
in Fig. 4 c). The region enclosed by the black dashed rectangle in the lower row of Fig. 5 a) is
utilized for the phase contrast analysis.

The longer the exposure time the better the ability of the system to reconstruct the object. After
1 s the features of the object are clearly distinguished. A strong agreement of our measurements
and the expected phase contrast value is seen in Fig. 5 b), the data points from 1 s to 9 s are found
around 1.95 radians (phase contrast given by manufacturer). A big deviation is found for 0.5 s
integration time, the system is unable to reconstruct the object. Due to low signal to noise ratio
(SNR) resulting images have more noise, which isn’t suppressed well enough with the present
signal. Those fluctuations in the phase values lead to scrambled images, as shown in Fig. 5 a) for
0.5 s exposure time. The SNR and the integration time could be easily improved by using a more
powerful laser or/and a longer crystal [26], in our case the pump power is of 20 mW and the
crystal length of 2 mm, resulting in an estimate of 3.7 · 106 photons/mW/s reaching the camera
plane.

3.2.2. Phase contrast vs spatial period of the fringe pattern

The impact of the relative angle between the object and the reference beams on the phase contrast
and overall image quality is studied. This angle influences the opening of the +1 and −1 terms
in the FS, Eq. (2). When the angle is too narrow, it hinders the ability to filter and isolate
the direct term compromising the image quality by adding spatial frequency components of
the DC term. Therefore, a wider angle guarantees an effortless filtering and isolation of the



Fig. 5. Phase contrast vs exposure time. a) The amplitude and phase images of the
USAF phase object are shown in the upper and lower rows, respectively. From left
to right, the images are taken at 0.5, 3, 6 and 9 seconds exposure time, a gradual
improvement on the image quality can be seen for longer exposure times. b) The
exposure time is varied from 0.5 to 9 seconds. From 1 to 9 seconds the phase contrast
is around the expected value of 1.95 radians given by the manufacturer. The regions
enclosed by the black dashed rectangle are used in all the images for the analysis of the
phase contrast.

direct term, but its value has a classical upper bound given by the pixel size of the camera,
𝜃𝑚𝑎𝑥 = sin−1 (𝜆/2𝑑). Assuming the small angle approximation (if 𝜆 ≪ 𝑑), the maximum angle
is 𝜃𝑚𝑎𝑥 ∼ 𝜆/2𝑑 = 4◦, where 𝜆 is the detected wavelength (910 nm) and 𝑑 is the pixel size (6.5
𝜇m). The angle estimation is susceptible to errors due to the broad bandwidth of the SPDC
spectra, but it serves as a reference.

This relative angle is complex to measure due to the spatial distribution of the SPDC spectra,
therefore a practical quantity to examine this angle is the spatial period of the fringe pattern.
Figure 6 shows the influence of the fringe pattern spatial period on the image quality of the
optical system. The images are taken with 9 s exposure time.

First, a close up of the single-photon holograms are shown in the upper row of Fig. 6 a), from
left to right, the spatial period of dark and bright fringes take the following values: Λ = 255 ± 7
𝜇m , Λ = 113 ± 1 𝜇m, and Λ = 63 ± 3 𝜇m.

A long spatial period hinders the ability of the system to retrieve the object information, even
though it may posses a relative good fringe visibility, see first column of Fig. 6 a). A long spatial
period equals a small relative angle for which the direct and conjugate terms do not separate far
enough from the DC component, leading to less spatial frequency components of the object and
thus poor image quality, see Sec. 2.1 and Fig. 1 c).

On the other hand, a very short spatial period does not guarantee the best performance due to
its low fringe visibility, as shown in the third column of Fig. 6 a). In this scenario, the shorter the
spatial period of the fringes the larger the relative angle between sample and reference beams



Fig. 6. Influence of the fringe pattern spatial period on the amplitude and phase
images of the USAF phase object. a) Upper row shows a close up of the single-photon
holograms, bright and dark fringes are visible, the spatial periods shortens from left
to right. Middle and lower rows show the amplitude and phase images, respectively.
A trade-off between the contrast and number of fringes is met for Λ = 113 ± 1 𝜇m.
b) The fringe pattern spatial period is varied from 63 𝜇m to 255 𝜇m, for short spatial
periods the measurements are in good agreement with the phase contrast expected
value. The regions enclosed by the black dashed rectangle are used in all the images for
the analysis of the phase contrast.

causing the fringe visibility to drop as a consequence of losing the path-indistinguishability.
In Fig. 6 b) the effect of the spatial period on the phase contrast is analyzed. The largest

deviation occurs at longer spatial periods, when the +1 and DC terms overlapped in the FS and a
suitable reconstruction is not longer viable. From the graph, a weak impact of the fringe spatial
period on the phase contrast can be inferred.



3.2.3. Spatial resolution

The spatial resolution of the optical system is characterized through the modulation transfer
function (MTF), 𝑀𝑇𝐹 = 𝜋

4 ∗ 𝐶𝑇𝐹, where 𝐶𝑇𝐹 is the contrast transfer function given by
𝐶𝑇𝐹 =

𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
[43, 44]. Figure 7 shows the MTF values extracted from Fig. 4 b) and c)

corresponding to the USAF amplitude object and the USAF phase object, respectively. The
images are taken with 9 s exposure time and with a fringe pattern spatial period of Λ = 113 ± 1
𝜇m.

We consider a line pair as resolvable when its MTF values for the horizontal and vertical bar
patterns (including their uncertainty bars) are above 0.09 for amplitude objects and 0.27 for phase
objects. Following the Rayleigh criterion [45], the optical system is able to resolve a spatial
frequency of 5.6 (lines/mm) which corresponds to a feature size of 89 𝜇m for both amplitude and
phase objects.

For the USAF amplitude object all the elements until the second element of group 3 with
horizontal bar patterns are resolvable. For the USAF phase object all the elements with vertical
bar patterns are resolvable, corresponding to a spatial frequency of 8.8 (lines/mm) and a feature
size of 56.8 𝜇m. These differences between the MTF values obtained for the horizontal and
vertical oriented bar patterns might be introduced by a slightly tilt in the object plane and a shift
to its nominal position along the optical axis.

Fig. 7. The USAF resolution target mask and phase objects are utilized to asses the
spatial resolution of the optical system. Figure 4 b) and c) are analyzed to calculate the
MTF of the system. Elements of the USAF target, vertical and horizontal bar patterns,
for which the MTF values (including their errors bars) are above the dashed horizontal
lines are considered resolvable.



4. Discussion

We present a novel imaging method that combines a hybrid-type induced-coherence non-linear
interferometer and the principles of classical OAH into a new imaging scheme, QOAHUL. This
technique retrieves amplitude and phase information of an object by exploiting the quantum
correlations of a photon-pair generated by a non-linear crystal via SPDC. Our technique takes
a major step forward respect to previous implementations [26, 28, 29] by acquiring the full
object information with a single measurement opening the possibility for the analysis of dynamic
systems.

Our approach relies on the implementation of a hybrid-type induced-coherence non-linear
interferometer for OAH, in which the signal beams propagate through a Mach-Zender interfer-
ometer while the idler beams through a Michelson-Morley interferometer [24]. This provides
a better control of the signal beams in comparison to the bidirectional approach, in which the
signal beams recombine at the crystal plane after being back reflected by a mirror, rather than at
the beam spliter, omitting the Mach-Zender interferometer. This imposes strong restrictions on
the relative angle between object and reference beams and decreases the contrast of the fringes
due to the lost of indistinguishability, bringing down the overall performance of the system. We
would like to mention that during the writing of this manuscript we came across a parallel work
showcasing the bidirectional approach [46].

Our results represent a key step for the field of holography and contributes to the further
development of holographic techniques based on non-linear interferometers with induced-
coherence, representing a leap forward in fields such as quantitative phase imaging and phase
contrast microscopy.
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