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Imaging through waveguides such as optical fibers enables visualization of otherwise inaccessible regions, including
deep biological tissue in endoscopy. Here, we demonstrate real-time waveguided quantum ghost imaging (wQGI)
using a bright quantum light source and a single-photon avalanche diode image sensor. Our wide-field wQGI approach
requires no active modulation and produces real-time coincidence images directly, due to the imager’s on-chip, in-pixel
correlation logic. Using a standard, commercial off-the-shelf fiber bundle compatible with standard endoscopic setups,
we validate our system on test samples and quantitatively compare image quality to standard free-space QGI. QGI can
enhance the signal-to-noise ratio in the low-photon regime. It also enables imaging at wavelengths where conventional
image sensors lack sensitivity. The demonstrated platform thus provides a viable approach to non-invasive, low-light
imaging in spectral regions not accessible by standard sensors.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work

must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

https://doi.org/10.1364/OPTICA.574234

1. INTRODUCTION

Optical imaging is perhaps the most important measurement
technique in research and development, enabling diverse applica-
tions spanning from live-cell microscopy to industrial inspection.
In recent years, quantum mechanics has been shown to enhance
optical imaging and overcome classical limitations such as optical
resolution or the signal-to-noise ratio (SNR) [1,2]. The field of
quantum imaging has led to a range of ground-breaking advance-
ments and novel modalities, such as quantum-enhanced Raman
microscopy [3], super-resolution imaging [4,5], sub-shot noise and
super-sensitive imaging [6,7], imaging with undetected photons
[8], and quantum holography [9,10]. The earliest and one of the
most striking examples of quantum imaging is quantum ghost
imaging (QGI), where correlated photons allow the formation of
an image from photons that have never interacted with the sample
[11,12].

QGI typically employs spontaneous parametric down-
conversion (SPDC) to generate photon pairs—“signal” and
“idler”—with spatio-temporal correlations [13]. These pairs of
photons are split into two beams: the idler illuminates the sample
and is collected by a single-pixel (“bucket”) detector that records
only the time of arrival. Meanwhile, the signal is directly imaged
with spatial resolution (e.g., by an image sensor), capturing both
position and time of arrival. Correlating the measurements from
both arms allows the extraction of an image based solely on the
paired photons while discarding unpaired detections [14].

Since SPDC allows generating non-degenerate photon pairs,
where the signal and idler have different frequencies, QGI enables
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imaging where the sample and the image sensor are illuminated
with separate wavelengths [15,16]. This makes it possible to image
at spectral ranges where suitable image sensor technology is not
available, such as in the infrared [17-20]. In addition, QGI has
been shown to offer improved SNR compared to classical schemes
[21-23], enabling ultralow-light imaging [17]. These proper-
ties indicate the potential of QGI in biomedical and life sciences
applications, where low illumination intensities help avoid photo-
damage to sensitive biological samples [24,25]. Moreover, QGI’s
ability to image in the infrared holds significant promise because
infrared radiation often penetrates deeper into biological tissue and
corresponds to an information-rich spectral region due to critical
molecular transitions [26-28].

To date, QGI experiments have largely been restricted to direct
free-space illumination. However, there is a need for imaging
devices capable of observing regions of interest that are not directly
accessible. In the biomedical field, for example, iz vivo imaging of
internal organs, or keyhole surgery, the object is often occluded
from direct view by the presence of opaque biological tissue.
Likewise, industrial inspection tasks frequently require imaging
difficult-to-access areas such as the inside of turbines. Waveguide-
based approaches such as flexible micro-endoscopes or borescopes,
aim to fulfill this need. In classical imaging, such schemes initially
employed single-mode, or few-core, fibers [29,30], often com-
bined with scanning. Modern image fiber bundles contain tens
of thousands of cores functioning as pixels, enabling high-quality
visualization with minimal invasiveness [31-33]. Unlike multi-
mode fiber endoscopes that require transfer-matrix calibration and
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frequent realignment, imaging bundles provide a passive, stable
one-to-one mapping of spatial modes. Extending QGI to such a
waveguided system requires preservation of spatio-temporal corre-
lations during transmission, which has recently been demonstrated
(34,35].

In this work, we demonstrate real-time waveguided quantum
ghost imaging (wQGI), thereby extending the unique capabilities
of QGI to indirect imaging of difficult-to-access samples. Our
wQGI scheme uses a commercially available multicore imag-
ing fiber bundle, compatible with standard minimally invasive
microendoscopy. Moreover, we use a single-photon avalanche
diode (SPAD) image sensor specifically designed for QGI, with
in-pixel asynchronous correlation logic [36,37]. Previous QGI
experiments required bulky image-preserving optical delay lines
[38] or offline coincidence post-processing to extract a ghost image
after measurement completion [39,40]. In contrast, our image sen-
sor’s in-pixel correlation capability enables acquiring true real-time
QGI videos without further system latency, using a simple optical
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setup. This makes live alignment possible, as well as rapid variation
ofacquisition parameters.

Here, we demonstrate our wQGI system to obtain high-quality
images of a test sample at high speed, up to ~Hz imaging rates.
We also compare wQGI performance to standard direct free-space
illumination QGI, quantifying differences in spatial resolution
and photon losses, and discuss potential future improvements. Our
work opens up the prospect of QGI applications in the bio-medical
field, potentially enabling ultralow-light 77 vive imaging of sensi-
tive biological samples at wavelengths where suitable image sensors
are notavailable.

2. WAVEGUIDED QUANTUM GHOST IMAGING

A conceptual overview of the proposed waveguided quantum ghost
imaging (wQGI) scheme is shown in Fig. 1(a). The three insets
show closeups of conjugate transverse planes: the anti-correlated
photon pair illumination (left), the image sensor plane (centre),
and the sample plane (right). Our quantum light source emits
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Fig. 1.

Schematic overview of the experiment. (a) We separate photon pairs exhibiting spatiotemporal quantum correlations. With a SPAD image sen-

sor array, we image one photon (signal, depicted as green) with spatial resolution. The other photon (idler, red) illuminates a sample through a waveguide
and is registered with a bucket detector (single SPAD). (b) The SPAD image sensor correlates the two photons’ asynchronous detections and constructs the

quantum ghost image.
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non-degenerate (two-color) photon pairs via SPDC, producing
spatially anti-correlated photons in the shown far-field (FF),
i.e., the Fourier plane of the source. The signal is drawn in green,
and the idler in red. An example of an anti-correlated photon pair
is shown as two dots in the left inset, while the example trajectories
are represented by the solid lines in Fig. 1(a).

Photons from each pair are separated with a dichroic mirror.
Signal photons are relayed directly onto the SPAD image sensor
array (lenses not shown for simplicity), allowing measurement of
both their positions and arrival times. A closeup of the image sensor
detection plane appears in the centre inset of Fig. 1(a): the green
dot indicates the position of the detected example signal, while the
dashed red circle marks the position of its paired idler photon in the
sample plane.

The idler photon is relayed onto the proximal end of a flexible
imaging waveguide and propagated through it, probes a reflective
sample [the ghost in Fig. 1(a)] placed in contact with the wave-
guide’s distal end, and then passes back through the waveguide,
being received by a single-pixel “bucket” detector. At the sample
plane, the idler remains anti-correlated with the signal photon
detected by the SPAD imager, as shown in the right inset: here,
the red dot indicates the position of the example signal photon at
the sample, and the dashed green circle indicates the position of
its corresponding signal photon at the image sensor plane. Thus,
rather than relaying an intensity image to the camera (distal to
proximal), the bundle delivers the spatial quantum correlations
to the sample (proximal to distal), with image reconstruction
performed remotely from coincidences.

Figure 1(b) illustrates how the quantum ghost image of the
sample is retrieved via asynchronous correlation. The imager
records both position (x and y) as well as the time of the signal
photon detections, with six example temporal slices shown.
Corresponding idler photons [with real SPDC photon pairs indi-
cated by yellow oo in Fig. 1(b)], due to traversing a longer optical
path, are measured at a later moment in time (with temporal
difference At) by the bucket detector.

If we sum over all detections on the SPAD image sensor without
considering the bucket detector, no sample information can be
gained, and only the Gaussian envelope of the illumination beam
is seen. In contrast, by integrating over only the correlated photon
detections for an inter-photon delay of Az, we obtain an image of
the sample. This is illustrated by the inverted ghost in Fig. 1(b),
where the inversion follows from the spatial anti-correlation
between the signal and the idler [14].

3. OPERATION PRINCIPLES OF wQGl

SPDC produces photon pairs, quantum correlated in position
and momentum, through conversion in a bulk nonlinear crys-
tal of pump photons with wavelength A, into signal—idler pairs,
with respective wavelengths A, and ;. We will model here the
implementation of QGI using SPDC momentum correlation.
In transverse wavevector space, the non-classical two-photon
wavefunction for signal-idler photon pairs can be written as

2 2
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)
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Here, k; denotes the transverse momentum of the signal/idler,
respectively. o corresponds to the waist of the Gaussian pump

beam, and o_ = \/a LA, /27, where o = 0.455 is an adjustment

constant, and L is the nonlinear crystal’s length [41]. The momen-
tum anti-correlation strength is given by 0;1, that is, the inverse
of the pump beam waist. As o+ /o_ 3> 1 for SPDC sources, the
exponential in Eq. (1) is dominated by its first term [42].

In our implementation, the signal and idler photons are sep-
arated and both projected into the FF of the SPDC generation
zone via optical systems with respective effective focal lengths
of fi. This results in a mapping of transverse wavevectors kii

onto FF spatial locations r,; according to kii = Bs.ifsi, where
Bsi =21 /(A f5,i) is the conversion factor from momentum to FF
position.

In the general case, the respective imaging systems for the signal
and idler arms can be characterized through point-spread func-
tions (PSFs) with non-zero widths opsg ; and opgg ;. Then, we can
express the resulting two-photon distribution between the signal in
the image sensor plane and the idler in the sample plane as follows
(full derivation in Supplement 1, Sections 1A and 1B):
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We can express the conditional probability of detecting the
idler at coordinates rigie;, given a coincident signal detection at
coordinates r, as |"IJSensor—Samp|e(rs|ri)|2- This implies that r; can
be inferred, to some precision, by measuring r; instead—the
principle of QGI. The precision of this inference, and ultimately
the spatial resolution of a quantum ghost image, is thus limited
by oer (Eq. 2). Note that o — 0 (perfect correlation) would
imply r; = —B;/Bi - 1. In our wQGI scheme, the signal is relayed
directly onto an image sensor, such that opsp;~ 0, while the
idler photon’s FF plane illuminates the sample via an imaging
system with a PSF with opsp; > opsp. Therefore, we have

oar~ ) (Bioves /2 + (071

We model the spatially varying sample as an arbitrary function
of lateral position S(r;), where 0 < § < 1, and S(x) = 1 indicates
that all light is reflected by the sample (when imaging in reflection)
or transmitted (imaging in transmission). The quantum ghost
image is then formed by detecting coincidences between the signal
photon at a given spatial coordinate t, and a bucket detection
of the idler, i.e., integrating over all r; (details in Section 1C of
Supplement 1):

QGI(I';) = / |\IlSensor7$ample(rga ri)S(ri)|2dri

| V)2

where G, is a Gaussian function with width o, * represents a
convolution, and Ss2cale J@=3S 2(r/B:). That s, the quantum ghost
image yields exactly a scaled image of the sample S, blurred by the
momentum correlation strength o5 ' and the idler optical system
PSF o PSFE,i-

In practice, 0y ' can be measured directly by detecting signal—

idler coincidences in the same FF plane, and opg ; can be estimated

[Gaeff * Sszcaled] (/351'/5) ’ (3)
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(a) Experimental setup. Non-degenerate photon pairs generated via SPDC in a ppKTP crystal exhibit spatial anti-correlation in the crystal FE,

indicated by dashed line 1. The pump is removed through a long-pass filter (LPF). The photon pairs are then separated by a dichroic mirror into the signal
and idler beams. The signal (depicted as green) is relayed directly to the SPAD image sensor array (plane 4). The idler (red) is routed through a half-wave
plate (HWP), polarizing beam splitter (PBS), and quarter-wave plate (QWP), then demagnified onto the proximal facet of a flexible imaging fiber bun-
dle (plane 2), transmitted to the distal facet (plane 3, reflective sample), and returns via the same fiber. Upon return, the QWP and PBS direct the idler to
a bucket detector (SPAD). (b) Spectrum of the non-degenerate SPDC source. Different peak heights are due to the wavelength-dependent quantum effi-
ciency of the spectrometer. Vertical dashed lines indicate the approximate centre wavelengths of the signal (790 nm, green) and the idler (830 nm, red).

Shaded areas indicate wavelengths bands used.

by sending both the signal and the idler through the same imag-
ing system [35]. This is described in Sections 1D and 2B of
Supplement 1.

4. EXPERIMENTAL REALIZATION OF wQGl

Our wQGI scheme comprises three main components: a quantum
light source, an optical system including an image-preserving
waveguide (fiber bundle), and a detection system consisting of
a custom SPAD image sensor array and a bucket single-photon
detector. Figure 2(a) presents an overview of the full experi-
mental setup. In this section, we detail the implementation and
performance of each subsystem.

A. Quantum Light Source

Our quantum light source produces non-degenerate photon pairs
in a bulk nonlinear crystal through SPDC, as shown in Fig. 2(a).
We pump with a continuous-wave single-mode laser (Omikron)
at A, & 405 nm, coupled into a single-mode fiber (Thorlabs
SM400), collimating (Thorlabs F671FC-405) the fiber output to
a beam diameter of 0.6 mm with 2.5 mW of optical power. The
collimated pump beam passes through a periodically poled potas-
sium titanyl phosphate (ppKTP) crystal (Raicol, 2 mm x 1 mm x
20 mm), which is maintained at approximately 56.3°C by a resis-
tive oven (Covesion) in order to satisfy the type-0 non-degenerate
phase-matching condition. Pump, signal, and idler photons are
all vertically (V) polarized and satisfy the energy conservation
condition:

1 1 1 1
= =— 4 —. 4
Ao 405nm A, + A )

Figure 2(b) shows the measured SPDC spectrum (OceanOptics
HDX), and we select ~10nm bandwidths centered on
As ~ 790 nm and A; &~ 830 nm. Note that, in future work, the
idler wavelength can be extended further into the infrared.

After the crystal, the pump is rejected using a long-pass fil-
ter (Thorlabs FELH0750), and both the signal and the idler are

collected by a lens with a focal length f; =175 mm. Plane 1 in
Fig. 2(a) corresponds to the generation FF £; after the collecting
lens. The photon pairs are then split deterministically, with a
dichroic mirror (longpass, Chroma T810lpxr), into separate signal
and idler beams.

B. Optical System

The idler beam’s polarization is rotated by a half-wave plate
(Thorlabs WPH10M-830), such that it passes through a polarizing
beam splitter cube (Thorlabs PBS255), followed by a quarter-wave
plate (Thorlabs WPQ10M-830) oriented at 22.5°. With a tele-
scope comprising a lens with a focal length f; =400 mm and a
10x microscope objective ( /3, Thorlabs MY10X-823), we demag-
nify the source FF—plane 1 in Fig. 2(a)—onto the fiber proximal
facet, plane 2. We use a commercially available flexible imaging
fiber bundle (Fujikura FIGH-10-500N, 30 cm, bent in loops)
with an outer diameter (including jacket) of 600 pm and an image
circle diameter of 460 &+ 25 um. The fiber has a total of around
10,000 cores, with a ~2.9 um diameter and refractive indices of
1.5—compared to 1.446 for the cladding [31]—such that propa-
gation modes are guided through total internal reflection. The
cores are arranged in an approximately hexagonal pattern, with
a core-to-core spacing of ~4.5 um. From the refractive indices,
the numerical aperture can be calculated to be 0.39. Idler photons
propagate through this imaging fiber bundle from its proximal to
distal end, which is in contact with a reflective sample. That is, the
fiber transmits the spatial correlations from plane 2 to plane 3 in
Fig. 2(a).

After reflection from the sample, the idler photons are recou-
pled into the fiber bundle and transmitted back to the proximal
facet. The returning beam is collimated by the same microscope
objective, and, after a second pass through the quarter-wave plate,
its polarization is rotated to vertical. This ensures that the beam is
now reflected by the PBS and focused by alens (/4 = 11 mm) onto
the active area of the bucket detector.

The signal beam, on the other hand, is imaged directly onto the
image sensor via a telescope comprising lenses with focal lengths
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f5=500mm and f; =150 mm. That is, we relay the signal
photons from plane 1 [Fig. 2(a)], onto the sensor, plane 4. We also
calculate the magnification M between the idler and signal beam
and thus obrtain the correct feature size of the ghost image (the idler
beam), where f3; ; are defined in Section 3:
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C. Detection System

Detection in our wQGI setup is performed via two single-photon
sensitive devices: a “bucket” detector for the idler photons and
an image sensor for the signal photons. The idler photons are
registered by a single-pixel SPAD module (Excelitas SPCM-
AQRH-13), featuring a photon detection efficiency (PDE) of
54% at 850 nm. Upon detection, each idler photon produces an
electrical pulse that is routed via coaxial cable to the SPAD image
sensor array. This custom SPAD-based imager, recently proposed
by Gandola ez /. for QGI applications [36], captures the signal
photons. For full details on the sensor architecture, we refer the
reader to the cited paper. The sensor array consists of 100 x 100
pixels with a 17 pm pitch and two halves with different architec-
tures, resulting in fill factors of either 19% or 31% [36]. In our
experiment, we exclusively use the area with the higher fill-factor
architecture, due to its higher PDE (% 2.5% at 810 nm, with 3 V
excess bias voltage). To increase the frame rate and minimize dead-
time caused by the image sensor readout process, a row-level skip
logic has been implemented to bypass empty rows. This technique
is particularly beneficial in photon-starved conditions, which are
typical of ghost imaging applications, ensuring fast sensor readout
and real-time operation.

To identify photon coincidences between the signal photons—
detected by each pixel, and the bucket electrical pulses—arriving
asynchronously, the SPAD image sensor performs in-pixel time
correlation. For that, each pixel can electronically delay the dig-
itized SPAD front-end output, compensating for the constant
temporal offset between both the signal and the idler. Therefore,
after the set delay, only the pixel detections overlapping with
bucket events within a user-definable correlation window (=~ 5 ns
in our experiment, significantly larger than any expected mode
dispersion effects in 2 x 30 cm fiber propagation) are stored in a
1-bit in-pixel memory for readout. That is, the idler-gated coinci-
dence image is directly calculated in-sensor, avoiding the need to
post-process detection timestamps on an external computer. Also,
this approach avoids image-preserving delay lines, which is even
more important in wQGI than for standard free-space QGI, as the
idler’s propagation back and forth through the imaging fiber adds
additional temporal offset. The resulting real-time visual feedback
also significantly speeds up alignment of the quantum light source
and optical system introduced above, as well as optimization of
the acquisition parameters—such as delay time and correlation
window.

There are several sources of noise in our QGI measurements.
First, accidental coincidences can result from uncorrelated signal
and idler photons being registered within the SPAD image sensor
correlation window. Second, dark counts in the image sensor and
bucket detector, as well as stray ambient light, add background
noise to the raw measured image. A disproportional part of the

dark counts stems from a few individual pixels (so-called hot pix-
els), adding spatially highly non-uniform noise. In our work, we
mitigate all these sources of noise, optimizing for image SNR. This
is described in detail in Section 3 of Supplement 1.

5. RESULTS

To demonstrate the capabilities of our wQGI scheme, we per-
formed imaging measurements of a reflective test sample: a
microscopy slide sputtered with a gold pattern (USAF 1951
resolution test target). We compare wQGI to standard, free-space
QGI. For both imaging modalities, we present high-resolution
quantum ghost images and study possible imaging rates.

A. Waveguided Quantum Ghost Imaging

In Figs. 3(a) and 3(e), we show quantum ghost images acquired
through our image-preserving waveguide, corresponding to sce-
narios where the sample is inaccessible for direct imaging—for
example, hard to reach or occluded from direct view. The reflective
sample was placed at the distal end of the waveguide—plane 3 as
defined in Fig. 2(a). The field of view is ~200 pm, and the total
measurement time in both cases was around 20 min per image.
Despite the absence of distal magnification optics, features at the
few-pm scale are accurately reproduced in both Fig. 3(a) (USAF
1951 group 4, element 3: line width 24.80 um) and Fig. 3(e)
(USAF 1951 group 5, elements 4 and 5: line widths 11.05 and
9.84 pm, respectively). Moreover, as can be seen in the cross-
section plots in Figs. 3(c) and 3(g), our wQGI system provides
high SNR. We evaluated the SNR for the retrieved ghost images
(see Section 3 in Supplement 1), defining regions of interest for
a sample feature (signal) and the image background (noise). We
indicate these regions of interest by black (feature) and white
(background) rectangles, respectively, in Fig. 3. We obtain SNR
values of 12.4 + 4.2 for the larger features [Fig. 3(a)] and 5.4 £ 1.7
for the smaller features [Fig. 3(e)]. Dividing the total number
of detected coincidences that form quantum ghost images in
Figs. 3(a) and 3(e) by the acquisition time yields coincidence rates
of 4.6 x 10% and 3.7 x 105!, respectively. In Figs. 3(b) and
3(f), we imaged the same respective sample regions as in Figs. 3(a)
and 3(e) but without the waveguide, corresponding to a standard
QGI scheme [sample placed where in wQGI at plane 2 as defined
in Fig. 2(a)]. Comparing Figs. 3(a) and 3(e) to Figs. 3(b) and 3(f)
shows that the image fiber bundle introduces resolution loss. This
is also confirmed by the cross-sections in Figs. 3(d) and 3(h), which
exhibit slightly better resolution and higher image contrast when
compared to Figs. 3(c) and 3(g). As, fundamentally, in QGI, the
image resolution is limited by the spatial anti-correlation (com-
pare Eq. 3), we attribute the reduced resolution to a decrease in
correlation strength caused by our image-preserving waveguide.
To quantitatively confirm the waveguide’s effect on the quantum
correlations, those can be measured before and after the waveg-
uided imaging system (see Section 1D in Supplement 1) [35]. Full
experimental details can be found in Section 2A of Supplement 1.
From the results of this quantum correlation measurement, we
expect a PSF characterized by opsp; = 3.30 um for our wQGI
imaging scheme. This resolution loss—comparable to the image
pixel size of 3 Lm—is consistent with the QGI results: in Fig. 3, the
group 5, element 5 bars (9.84 nm) are resolved in both columns,
albeit with reduced contrast in the waveguided case, Fig. 3(e).
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Quantum ghost imaging results. Left column: wQGI, right column: direct, free-space QGI. (a) and (b) USAF 1951 group 4, element 3, sam-

ple placed at plane 3 for (a), plane 2 for (b), as shown in Fig. 2(a). Measurement times ~20 min. (c), (d) Cross-sections along yellow dashed lines in (a) and
(b). (e)—(h) Equivalent to (a)—(d), with the sample USAF 1951 group 5, elements 4 and 5. Black (white) rectangles in (a), (b), (e), (f) represent signal (back-

ground) region of interest for the SNR calculation. The color map encodes the number of photon coincidences accumulated per pixel.

Furthermore, the SNRs in free-space QGI are 18.1 +4.7
[Fig. 3(b)] and 9.0 £ 2.8 [Fig. 3(f)], that is, 1.46 and 1.67 times
higher than for Figs. 3(a) and 3(e), respectively. The coincidence
rates for the direct imaging QGI case [Figs. 3(b) and 3(f)] were
calculated to be 2.0 x 10° s™!, implying an excess loss of 6.38 to
7.3 dB induced by the waveguided imaging system.

B. Imaging Rate

Lastly, we investigated the potential of our wQGI system for
high-speed, or even real-time, endoscopic imaging applications.
We reduced the image acquisition time from 120 s, as shown in
Fig. 4(a), to 12 [Fig. 4(b)], 1.2 [Fig. 4(c)], and 0.12 s [Fig. 4(d)]. As
expected, image quality, as well as SNR, reduces with acquisition
time, but we see that approximately 1 s is already sufficient to dis-
cern binary sample features. Therefore, our experimental system
enables ~Hz rate real-time non-invasive quantum ghost imaging,
albeit at relatively low SNR. Moreover, we see from Fig. 4(b) that
acquisition times of a few seconds suffice to obtain high-quality
images.

Equivalently, we varied image acquisition time for the free-
space QGI system—without waveguide—as well, as shown
in Figs. 4(e)—4(h). From that, we can see that in this case, even
shorter acquisition times are possible. To demonstrate our QGI
system’s real-time capability, we recorded live screen captures of

the SPAD camera’s graphical user interface while translating the
fiber’s proximal facet (waveguided) or the sample (free space)
using manual stages. These QGI videos—Visualization 1 and
Visualization 2, for the waveguided and free-space case, at 1 and
2.5 Hz, respectively—clearly show the sample moving in real time.

6. DISCUSSION

We have demonstrated waveguided quantum ghost imaging
(QGI) through a commercially available image-preserving fiber
bundle, combined with a custom SPAD-based image sensor that
performs in-pixel asynchronous correlation for real-time image
acquisition.

The present waveguided QGI (WQGI) setup exceeds a spatial
resolution of 9.8 um without magnification optics at the wave-
guide’s distal end, with USAF group 5, element 5 features clearly
resolved. We obtained SNRs up to 12.4 % 4.2 for larger test fea-
tures (group 4, element 3, 24.8 pum), with acquisition times on
the order of 1.2 s sufficient to render binary features visible (see
Fig. 4). The coincidence rate in this waveguided configuration was
4.6 x 10%s7!: thus, around 5 x 10%s™! detected coincidences,
which are sufficient to visualize an occluded sample, demonstrating
low-light imaging through a waveguide.

These results directly address the need, outlined in Section 1,
for imaging modalities capable of visualizing regions inaccessible to
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Fig. 4.

Quantum ghost imaging results. (a)—(d) Equivalent to Fig. 3(a), (e)—(h) equivalent to Fig. 3(b), but with measurement times 120, 12, 1.2, and

0.12 s, respectively. The color map encodes the number of photon coincidences accumulated per pixel.

direct imaging—such as internal tissues in endoscopy or confined
industrial environments—while operating at low light levels. Even
though the proof-of-principle demonstration in this work was
performed in non-degeneracy with a small wavelength difference,
future work will focus on two-color wQGI with the idler in the
infrared, a wavelength range where camera technological matu-
rity is low. Such applications are enabled by combining highly
non-degenerate SPDC sources [43] with commercially available
MIR bucket detectors and suitable optical waveguides: appropriate
candidates include fiber bundles for NIR [33,44] and MIR [45].

We note that the performance of our wQGI system can further
be improved beyond the results shown here, through optimization
of its three main components: the quantum light source, the opti-
cal system (including the waveguide/image fiber bundle), and the
detectors (the SPAD image sensor and the bucket detector).

The source correlation strength UJ;{H generally defines spatial
resolution in a standard free-space QGI experiment. Tailoring the
SPDC source allows for optimizing these correlations [46]. In our
setup, GJ:&H can be further increased in a straightforward manner
by employing a ppKTP crystal shorter than the current 20 mm; the
resulting reduced photon flux could be mitigated, for example, by
higher pump power.

Optical losses in the waveguided imaging system can be reduced
significantly in two main ways: first, by adding a microlens array to
enhance coupling efficiency into the fiber bundle [47], and second,
by selecting optics with sufficiently high numerical aperture.
Resolution degradation in the image fiber arises from pixelation
and cross-talk (undesired coupling between adjacent modes). By
analyzing spatial correlations between photon pairs, we found that
the average effect of transporting one photon of a pair through the
fiber is well-described by a Gaussian PSF with a standard deviation
of 3.30 um, comparable to the 4.50 um core-to-core spacing.
In the wQGI images, Figs. 3(a) and 3(e), several bright spots—
which correspond to fiber bundle cores’ modes—are visible. The
core-to-core spacing is, in particular for small features such as
in Fig. 3(e), on the order of magnitude of the feature size. Thus,

the mode density fundamentally limits the resolution achievable
without additional distal optics, such that higher mode density
is warranted. Conventional image fiber bundles are limited by a
trade-off: increasing pixel density also increases cross-talk, which
typically restricts the mode density to around 0.1 modes/pm?
[32,48]. Recent fiber bundle designs use randomness to reduce
cross-talk [33,44,49]. Even more randomness may yield further
benefits, such as in transverse Anderson localization optical fiber
(TALOF) [50]. TALOF has a disordered transverse cross-section,
from which transversely localized modes originate. Relying on
these localized modes instead of conventional cores to guide
light, TALOF can minimize both cross-talk and pixelation [51],
achieving up to 100 times higher mode density, and reaching
10 modes/um? [52]. Hence, Anderson localization fiber can
transmit images with similar or superior quality compared to con-
ventional bundles over meter-scale distances [51,53] and has also
been developed for NIR [54,55] or MIR [56] transmission. We
note that our wQGI method is also fully compatible with endos-
copy schemes using multimode fibers as the image-transmitting
waveguide [57]. However, this requires (in contrast to wQGI
with an image fiber bundle or Anderson localization fiber), active
transfer-matrix calibration and realignment using, for example,
spatial light modulators.

SPAD image sensors are an active area of research and develop-
ment, with performance improving rapidly. To increase photon
detection probability, one approach is to increase the fill factor,
typically via microlens arrays or, more recently, 3D stacking of
microelectronics for QGI-specific image sensors [58]. A new
472 x 456 SPAD image sensor, which is an evolution of the one
used in this work [36], is currently undergoing characterization.
To maintain high frame rates despite the 20x larger matrix,
address-based pixel readout was implemented, and the skipping
mechanism was extended to the column level. Our wQGI tech-
nology may also enable further advanced imaging capabilities,
including adding depth resolution to create 3D images, either
through aperture filtering [59] or by leveraging the improving
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time resolution of SPAD imagers [60]. So far, a depth resolution of
about 10 cm has been reported [61]. Future time-to-digital con-
verters with a precision below 10 ps [62] may also deliver mm-scale
depth resolution. This methodology holds promise for imaging
volumetric and photosensitive samples, such as biological tissues.

Overall, we have shown that the current system resolution is
limited by the source correlation strength and mode density in
the commercial fiber bundle. The detected photon pair rate is
limited primarily by the SPAD image sensor’s photon detection
probability. Integration of higher-density fiber bundles and next-
generation SPAD imagers can improve significantly image both
resolution and acquisition speed.

7. CONCLUSION

We have demonstrated scanning-free, real-time waveguided
imaging at the single-photon level, achieved through quantum
ghost imaging implemented with a commercial flexible opti-
cal fiber bundle and a custom SPAD image sensor. Our system
enables high-resolution image reconstruction (pixel size 3 um) of
occluded samples with minimal invasiveness and operates under
ultralow-light conditions, evidenced by successful imaging at
detected coincidence rates below 5 x 10 s™!. The platform does
not require any active optical modulation or scanning, and on-chip
correlation in the SPAD imager eliminates the need for optical
delay lines and post-processing, allowing a highly compact and
latency-free practical real-time imaging setup.

Employing the fiber bundle to deliver quantum correlations to
the sample allows us to extend the benefits of quantum imaging to
minimally invasive applications, where conventional free-space
imaging systems are unsuitable—such as biomedical endoscopy,
remote industrial inspection, or any environment where direct
access and high illumination are impractical or potentially dam-
aging. In particular, the low-light operation is crucial for imaging
sensitive biological tissue, for reducing photodamage, or for
scenarios with strict photon budgets or high background noise.
Furthermore, the demonstrated scheme provides a route toward
imaging at exotic wavelengths (e.g., infrared) by combining highly
non-degenerate photon-pair sources with appropriate waveguides
and detectors.

More generally, this work may motivate further experiments in
the future combining the use of waveguides and quantum light.

Ongoing advances in quantum light sources, image fiber, and
high-speed SPAD imagers will further increase the spatial res-
olution, speed, and versatility of this platform, enabling robust
imaging across a broad range of applications where low-light per-
formance, illumination wavelength, and access constraints are
critical.
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