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Undetected-photon imaging allows for objects to be imaged in wavelength regions where traditional components
are unavailable. Although first demonstrated using quantum sources, recent work has shown that the technique
also holds with classical beams. To date, however, all the research in this area has exploited parametric down-
conversion processes using bulk nonlinear crystals within free-space systems. Here, we demonstrate undetected-
photon-based imaging using light generated via stimulated four-wave mixing within highly nonlinear silicon fiber
waveguides. The silicon fibers have been tapered to have a core diameter of ~915 nm to engineer the dispersion
and reduce the insertion losses, allowing for tight mode confinement over extended lengths to achieve practical
nonlinear conversion efficiencies (~-30 dB) with modest pump powers (~48 mW). Both amplitude and phase
images are obtained using classically generated light, confirming the high degree of spatial and phase correlation
of our system. The high powers (>10 nW) and long coherence lengths (>4 km) associated with our large
fiber-based system result in high contrast and stable images.
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1. INTRODUCTION

Quantum imaging systems that draw on the properties of en-
tangled photons have gained notable attention in recent years
[1-3]. By using a pair of photons such that one photon inter-
acts with the object while the other is detected, the image is
formed using light that never interacts with the object. A
key feature of this approach is that the wavelength used for il-
lumination can be significantly different from that used for de-
tection. In this way, inexpensive detectors can be used to image
objects probed with light at wavelengths that would be difficult
to measure [4—7]. Following initial demonstrations, Shapiro
et al. argued that the use of nonclassical light is not necessary
to achieve the same result [8]. With that insight, classical ana-
logs of undetected-photon imaging have been explored by us-
ing correlated beams, but with the added benefits of being able
to work with higher photon numbers and more conventional
components [9,10], opening a route to the development of
faster and more practical imaging schemes.

2327-9125/23/020137-06 Journal © 2023 Chinese Laser Press

Whether quantum or quantum-inspired, undetected-pho-
ton imaging to date has made use of photon pairs generated
via second-order (y'?) nonlinear interactions, either spontane-
ous (quantum) or stimulated (classical) parametric down-con-
version (PDC) [11]. This is primarily due to the high
conversion efficiency and low losses of the nonlinear crystals
that are available for such processing. However, these systems
generally require very accurate free-space alignment to achieve
phase matching and to limit the interactions to a single spatial
mode. In contrast, nonlinear waveguide platforms that make
use of third-order () nonlinear interactions offer an alterna-
tive solution that can substantially simplify the implementation
and allow for integration with other waveguide components
[12]. While they rely on a higher-order nonlinear process, phase
matching can be achieved by engineering the waveguide
dispersion, which allows for wave mixing to occur over long
lengths and broad wavelength ranges [13]. Moreover, as shown
in Fig. 1, wave mixing between four photons offers much more
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Fig. 1. Operational principle of y? (top) and y©® (bottom) proc-
esses for undetected-photon pair generation. UP, undetected photons;
DP, detected photons; DFG, difference frequency generation; PDC,
parametric down-conversion; and FWM, four-wave mixing.

flexibility in terms of the spectral positions of the signal and
idler beams used to probe the object and reconstruct the image,
respectively. Indeed, unlike the case of second-order parametric
processes, energy conservation allows for all the beams to be
spectrally well-separated, facilitating filtering and expanding
the spectral range of the imaging systems. It also allows for bet-
ter control over the conversion bandwidth, which can be either
narrow or broadband, relaxing constraints on the materials and
the choice of components.

In this paper, for the first time, to the best of our knowledge,
we use stimulated four-wave mixing (FWM) within the highly
nonlinear silicon core fiber (SCF) platform to demonstrate a
robust and efficient undetected-photon imaging system. The
SCFs used in this work have been tapered to control the core
diameter and thus the phase-matching conditions, as well as to
reduce the insertion losses [14]. Compared to traditional glass
fiber systems, the SCFs offer significantly higher nonlinear co-
efficients, so that both amplitude and phase images can be ob-
tained using a continuous wave 1550 nm pump source with an
average power of only 48 mW within a compact geometry. The
conversion bandwidth used for the imaging is 60 nm, which
was defined primarily by the available components and not
by the SCF transmission window. Aside from the imaging sec-
tion, which is free space by necessity, the remainder of the setup
is all-fiberized, improving the stability and portability of the
system.

2. FIBER DESIGN AND FABRICATION

The SCFs used in this work were fabricated using the molten
core drawing (MCD) method, which produces fibers with a
uniform polysilicon core with typical diameters of 12 pm
within a 125 pm diameter silica cladding [14]. To enhance
the nonlinear performance, the as-drawn SCFs were tapered
using a conventional glass processing workstation (Vytran
GPX-3300) to obtain submicrometer core diameters. As well
as reducing the core size, which acts to increase the mode con-
finement and tailor the dispersion properties, the tapering pro-
cess also serves to improve the crystallinity of the silicon core to
almost single-crystal-like quality, which reduces the overall
transmission losses (see Appendix A for details). A schematic
of the tapered SCF design is shown in Fig. 2(a), in which a
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Fig. 2. (a) Schematic of tapered SCF as used for stimulated FWM.
(b) Calculated GVD and FOD parameters for the SCF with a 915 nm

core diameter designed for a 1550 nm pump source.

long uniform waist region is set between two taper transition
regions. The taper transitions are retained at the SCF ends to
increase the input and output core diameter and thus improve
the optical coupling to standard optical fibers. However, the
transitions are typically kept as short as possible, around a
few millimeters at each end, so only the tapered waist section
of the SCF (typically one to several centimeters) must be con-
sidered for the nonlinear propagation. We note that, thanks to
the high-index contrast between the SCF core and cladding, the
fibers can support sharp taper transitions while still maintaining
the adiabatic condition [15].

Owing to their low optical transmission loss and high cou-
pling efficiencies, the tapered SCFs have shown versatile per-
formance for nonlinear optical applications across the
conventional telecom band [16]. In this work, we chose a pump
source with a wavelength of 1550 nm to generate photon pairs
via stimulated FWM. To obtain high nonlinear conversion ef-
ficiencies, we targeted SCFs with a tapered core diameter of
~915 nm so that the pump was positioned close to the
zero-dispersion wavelength, which is required for maximum
conversion efficiency. The tapered waist length was selected
to be 1.5 cm to obtain sufficient nonlinear conversion without
introducing too much loss, which resulted in a total SCF length
of 1.8 cm when including the taper transition regions. The in-
put/output core diameters were both fixed at ~4.6 pm, and the
total insertion loss at 1550 nm for this SCF was ~8.9 dB,
which includes a 7.5 dB coupling loss and 1.4 dB linear trans-
mission losses. The calculated group velocity dispersion (GVD,
p,) and fourth-order dispersion (FOD, f,) for this waist diam-
eter are shown in Fig. 2(b), as estimated via modal simulations
using the refractive indices of silicon and silica from Frey ez al.
[17] and Leviton ez al. [18]. As the SCFs are designed to have a
GVD close to zero, it is important that the FOD is negative to
compensate for the nonlinear component of the total phase
mismatch, which has a small positive value [19].

3. EXPERIMENTAL SETUP

The experimental setup used to construct our classical FWM-
based undetected-photon imaging system combines features of
the quantum setup of Lemos ez al. [1] with the classical ap-
proach of Cardoso et al. [9]. A schematic of the system is shown
in Fig. 3(a), where the 1550 nm pump is a CW source, and the
signal and idler are also CW at 1580 nm and 1521 nm, respec-
tively. We note that the choice of a low-power CW pump
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Fig. 3. (a) Experimental setup for amplitude imaging using undete
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detector is replaced by a camera. BS, beam splitter; PC, polarization controller; OB, object; OC, optical chopper; WDM, wavelength division
multiplexer; TLF, tapered lens fiber; TF, tunable filter; and PS, phase shifter. (b) FWM spectra generated by the two SCFs during amplitude
imaging. (c) Phase correlation measurement for the detected idlers, including a sinusoidal fit to the experimental data.

means that two-photon absorption processes can be ignored
[19], which helps to ensure the efficiency of the FWM process.
Unlike the previous classical implementation [9], in which the
seed laser used to produce the idler beam passes through the
same nonlinear crystal twice, here we generate a strong and sta-
ble image by splitting both the pump and signal using 50:50
fiberized beam splitters (BSs) before launching into two distinct
SCFs. This approach is more similar to the one used in the
quantum implementation [1]. This way one has straightfor-
ward and independent control of the generated idler powers
in both fibers and can make use of the coherence of the pump
and signal beams (transferred to the idler beams via FWM) to
produce the image.

To make the interaction between the signal light and the
object possible, a free-space section was included in the setup,
in which the light is coupled out of and back into the fiber
system using fiber collimators. The total coupling loss of this
section was 1.05 dB, which introduced a small power difference
between the signal and idler beams in the two arms. The object
was fixed on a two-axis stage so that it could be scanned across
the beam along the x and y directions perpendicular to the
propagation direction of the beams. To ensure the optimum
conversion efficiency, two polarization controllers (PCs) were
used to align the polarization of the pump beams relative to
the signals. The pump and signal beams were combined using
low-loss wavelength division multiplexers (WDMs) before
launching into the fundamental mode of the SCFs using ta-
pered lens fibers, whereby the idler beams were generated
via FWM. To make the system insensitive to phase noise
and drifts in the pump and signal lasers, we ensured the optical
path lengths of the beams from the two lasers were matched

within 10 cm before launching into the two SCFs.
Moreover, the fibers between the BSs and WDMs (where
the pump and signal were not propagating together in the same
fiber) were kept short (less than 1.5 m) and close together, so
that they experienced the same temperature variation. The
same approach was adopted for the fibers after the two
SCFs, prior to the interference of the two idlers. Because they
were only the idler beams used for imaging, the pump and sig-
nal beams were filtered out, and a PC was placed in the refer-
ence arm to align the polarization of two idlers.

When using this setup for amplitude imaging, a 50% duty
cycle optical chopper connected to a lock-in amplifier (LIA)
was inserted into the free-space section to modulate the DC
signal for detection. A phase shifter was also placed in the object
arm, just before the BS, to balance the idler phases in the two
arms so that the photodetector simply recorded the sum of the
idler powers. As shown in Fig. 3(b), the idler generated by SCF,
was around 4.05 dB lower than that of SCF;, which corre-
sponds to the losses induced by the chopper (3 dB) and the
fiber collimators (1.05 dB). For the phase imaging, the phase
shifter and chopper were removed and the photodetector was
replaced by a CCD camera onto which the idlers were over-
lapped to generate moiré fringes [20].

To test the operation of the system, we initially used the
phase shifter in place of the free-space section to mimic a simple
phase-modifying object. We note that the loss of the phase
shifter is only ~2 dB, less than in the free space system used
for the imaging, which slightly improves the idler balance be-
tween the two arms. By varying the applied voltage, the phase
of the probe signal laser could be adjusted between 0 and 47
before launching into SCF,, resulting in a combined power
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variation for the two FWM generated idler beams shown in
Fig. 3(c). The good agreement between the experimental data
and a sinusoidal fit (solid curve) provides evidence of the phase
correlation between the two generated idlers. The ~2 dB
power difference between the two generated idlers limits the
fringe visibility to about 60%. Thus, we conclude that the
fringe visibility of 53% is mostly caused by this power imbal-
ance. If required, the visibility could be improved by adjusting
the pump or signal power for each SCF with customized BS
ratios. Nevertheless, this first demonstration highlights the ad-
vantages of this classical configuration in that photon counters
or single-photon sensitivity cameras are not required. The next
step was to demonstrate imaging using physical objects.

4. AMPLITUDE IMAGING

First, we demonstrated amplitude imaging. For the amplitude
object, we considered the “ORC” pattern shown in Fig. 4(a)
cut into aluminum foil. The foil completely blocks the
1580 nm signal beam (7" = 0), while the lettering is fully trans-
parent (7" = 1). The object is scanned with the signal beam
over a step size of 1 mm in both the x and y directions. This
step is slightly smaller than the resolution (~1.4 mm), which is
limited by the FWHM spot size of the collimated signal beam
[21]. The resulting amplitude image is shown in Fig. 4(b),
where a pump power of ~48 mW and a signal power of
~20 mW for each SCF were used. Although the shape of the
image matches well with the designed pattern, the edges are not
completely smooth, which is partially due to the limited reso-
lution and step size. However, thanks to the narrow linewidth
of the generated idler beams, which are estimated to be
~20 kHz (the linewidths of the pump and signal lasers were
each 10 kHz) used for the stimulated FWM, this system ex-
hibits a coherence length of more than 4 km, making the setup
very stable and robust. In future work, the resolution could be
reduced to micrometer dimensions by focusing the signal beam
to a small size, as done by White ez /. [21], although this would
require a careful redesign of the free-space section to avoid
inducing instability into the setup.

5. PHASE IMAGING

We then turned to phase imaging. In this case an ORC pattern
was laser cut in a 2 pm thick pellicle film, as shown in Fig. 5(a).
The designed height of each letter is 15 mm, and the total

Fig. 4. (a) Pattern for amplitude imaging. (b) Relative amplitude
image obtained with a scan step of 1 mm. The color scale shows am-
plitude levels.
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Fig. 5. (a) Transparent object for phase imaging cut out from a
pellicle film. (b) Relative phase image obtained with a scan step of
1 mm. The color scale shows phase shift levels.

width of the ORC pattern is 35 mm. The small bridges retained
in the lettering are to avoid distortion, or curling, of the cut
film. The film has a high transmission of 92% for the
1580 nm signal, and the refractive index of ~1.4 introduces
a ~x phase shift between the signal transmitted through the
lettering. The phase image is shown in Fig. 5(b), and was ob-
tained using the same pump and signal powers as for the am-
plitude image and scanned with a 1 mm step size in x and .
The ORC pattern can be clearly observed in the phase image,
and the moiré fringes are very stable when the signal beam falls
inside or outside the letters. We stress that in our system the
phase correlation only depends on the signal seed due to the
intrinsic phase locking of degenerate FWM; in earlier work
[9], it relies on both the phases of the pump and the signal
beams. Finally, when comparing the phase and intensity images
directly, we attribute the slightly crisper edges of the phase im-
age to the better quality of the phase object, which was pro-
duced via laser cutting rather than hand cutting [as shown in
the photo of the amplitude object in Fig. 6(a) of Appendix A],
and to the better balance between the two idler powers due to
the removal of the chopper.

6. CONCLUSION

In summary, we have demonstrated amplitude and phase im-
aging of objects by detecting classical light generated by FWM
that has never interacted with the object. The results confirm
that the beams produced by stimulated FWM have a high de-
gree of spatial and phase correlation, as has been previously
shown for PDC [9]. However, unlike the PDC case, FWM
processes offer much more flexibility in terms of the position-
ing of the interacting wavelengths, which in this demonstra-
tion are all located within the telecom band where we have
access to efficient fiber components, opening a route for the
development of more robust and practical imaging systems.
By employing our SCF platform that has been tapered to pre-
cisely control the dispersion, we have been able to take advan-
tage of the highly nonlinear silicon core to achieve high contrast
and stable images using modest powers and relatively short
device lengths when compared to more traditional glass fiber
systems. Moreover, thanks to the extended transmission win-
dow of the silicon core, these fibers could also be used to con-
struct broadband systems where the object illumination is
in the mid-IR region and the detection is conducted in the



Research Article

telecom band [13,22]. Thus, continued efforts to reduce the
losses and optimize the integration of the SCFs with compo-
nents that offer extended wavelength operation will help to ex-
pand the application potential for undetected-photon imaging
using fiber-based nonlinear processing.

APPENDIX A: MATERIALS AND METHODS

The silicon core fibers (SCFs) used here were fabricated using
the molten core drawing (MCD) method, where a silicon rod
was sleeved inside a silica glass capillary that had been coated
with a thin layer of calcium oxide (CaO) to form a preform.
The CaO layer is used to prevent the dissolution of silica from
the cladding into the silicon core and also reduces the thermal
strain arising during the drawing process [23]. The fibers were
produced from the preform using a conventional drawing
tower, where they were heated to a temperature of ~1950°C
and pulled down with a speed of ~25 m/ min [24]. The silicon
core materials are polycrystalline in nature after drawing, with
crystalline grain sizes of a few hundreds of micrometers to milli-
meters in length. Therefore, the optical transmission losses of
these fibers are usually high (~10 dB/cm within the telecom
band) and the core diameters are typically too large (6-10 pm)
for nonlinear applications.

Due to the large normal material dispersion of silicon, large
core SCFs also have a normal dispersion. The calculated GVD
(#,) and FOD (f,) for the untapered SCF with a 12 pm core
diameter are shown in Fig. 6(b). Thus, to access the anomalous
dispersion regime desired for FWM applications, the SCFs
were tapered to reduce the core diameter to <900 nm, which
introduces a strong negative waveguide dispersion in the tele-
com band [19]. Thanks to the silica cladding, the as-drawn fi-
bers can be tapered using a standard glass processing system
(Vytran GPX3400). During the tapering process, the silicon
core is completely molten, as in the MCD process, but now
the drawing speed can be reduced (~1 mm/s) to control
the cooling dynamics, which also helps to improve the optical
properties of the core by promoting large grain (centimeters
length) crystal growth [25]. The core/cladding interface of
these fibers is extremely smooth (rms roughness of ~0.7 nm),
so that small core fibers (core diameters <1 pm) can be ob-
tained with minimal interface scattering [25]. The final tapered
SCFs had a waist diameter of ~915 nm (4.5 ~ 0.34 um? and
V'~ 5.81) over a length of 1.5 cm, with input and output taper
transition regions of length ~1.5 mm scaling up to facet
diameters of ~4.6 pm (A ~ 8.95 um? and V ~29.2).

(a) ‘ B — 5
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Fig. 6. (a) Opaque object for amplitude imaging cut out from a
thick aluminum foil. (b) Calculated GVD and FOD parameters for
the untapered SCF with a 12 pm core diameter.
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Due to the high core/cladding index contrast of the SCFs,
the taper transitions are adiabatic even over these short lengths,
so that mode coupling and radiation loss from the input fun-
damental mode in these regions are negligible. After tapering,
the processed fiber was mounted with wax in a capillary tube to
polish the input and output faces using routine fiber prepara-
tion methods.

As previously reported by Wu er al. [19], the two-photon
absorption is negligible in SCFs with submicron core diameters
for power levels below a few watts (~3 W for a diameter of
~900 nm), and so much higher than the powers used for im-
aging. The transmission losses of the tapered SCFs were esti-
mated from the total insertion losses as the coupling loss for
these input/output diameters is well established, as reported
by Ren et al. [26]. The transmission measurements were con-
ducted using the same coupling configuration as in the unde-
tected-photon imaging experiment with the input and output
powers measured using an InGaAs photodiode power sensor
(Thorlabs S148C). By subtracting the coupling loss from
the total insertion loss, the transmission loss can be estimated
for both SCFs to be ~0.8 dB/cm for the wavelengths used in

our measurements.
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