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Abstract

Transparent conducting oxides such as indium-tin-oxide (ITO) exhibit strong
optical nonlinearity in the frequency range where their permittivity is near zero.
We leverage this nonlinear optical response to realize a sub-picosecond time-gate
based on upconversion four-wave mixing (FWM) between two ultrashort pulses
centered at the epsilon-near-zero (ENZ) wavelength, in a sub-micron-thick ITO
film. By removing the effect of both static and dynamic scattering on the signal



pulse, the time gate only retains the photons that are not scattered — the bal-
listic photons — resulting in high-fidelity transmission of the spatial information
encoded in both the intensity and the phase of the signal pulse. Furthermore, in
the presence of time-varying scattering, our time-gate can reduce the resulting
scintillation by two orders of magnitude. In contrast to traditional bulk non-
linear materials, time gating by sum-FWM in a sub-wavelength-thick ENZ film
can produce a scattering-free upconverted signal at a visible wavelength with-
out sacrificing spatial resolution, which is usually limited by the phase matching
conditions. Our experiment can have implications for possible applications such
as in vivo diagnostic imaging and free-space optical communication.

1 Introduction

Unwanted scattering of light during propagation can severely degrade the quality of
the received optical signal, thereby adversely affecting applications such as imaging,
sensing, and communication. An ultrafast time-gate can undo the effect of scattering
and recover the original unscrambled signal by producing a response only from the
unaffected (the “ballistic”) part of the signal. The photons comprising this ballistic
signal exit the scattering medium earlier than the other photons as they experience
no scattering events. The ability to select/gate only the ballistic photons is of particu-
lar importance to many noninvasive biomedical imaging techniques that are primarily
limited by light scattering [1-4]. For instance, in transillumination imaging for breast
cancer diagnostics, the light scattered by the breast tissue can severely degrade the
quality of the shadow image of tumors [5-9]. Previous demonstrations of optical time-
gates to retain only ballistic photons have mostly employed the optical Kerr effect
[1, 10-14]. In an optical Kerr gate, the nonlinear optical medium is placed between two
crossed polarizers. As such; the ballistic part of the signal pulse carrying the image
is transmitted only when it spatio-temporally overlaps an intense linearly polarized
gate pulse that rotates the polarization of the signal beam. However, even though the
nonresonant electronic Kerr response is ultrafast, it is usually weak in most bulk non-
linear optical materials and thus requires long interaction lengths to build up enough
rotation of the polarization of the signal beam to produce a sufficient signal-to-noise
ratio in the transmitted signal. This long interaction length limits the acceptance
angle of the Kerr medium, which constrains the maximum achievable imaging reso-
lution [15]. Hence, despite several experimental attempts to improve the Kerr gating
[15-22], simultaneously achieving good image contrast and robustness against strong
scattering remains a challenge for traditional Kerr media.

Epsilon-near-zero (ENZ) materials demonstrate exotic linear and nonlinear opti-
cal wave phenomena that manifest as a consequence of their vanishing permittivity
[23, 24]. In particular, materials have been shown to exhibit a unity-order change in the
nonlinear refractive index [25-27], enhanced response for harmonic generation [28-31],
frequency conversion [32-34] and wave-mixing [35]. These enhanced nonlinear optical
processes have typically been demonstrated on platforms of transparent conducting
oxides (TCOs) such as indium-tin-oxide (ITO) or aluminum-doped zinc oxide (AZO).



TCOs are degenerately-doped semiconductors with a large concentration of free elec-
trons leading to permittivities that can be described by the Drude-Lorentz model
[36]. Crucially, the nonlinear optical response of these materials has a sub-picosecond
time scale due to the electron dynamics in a non-parabolic band structure [36]. This
giant ultrafast nonlinearity, together with the tunability of their ENZ regime through
doping, makes TCOs ideal platforms for realizing efficient optical switches, as well as
ultrafast coherent time-gates to select a part of a signal within a very small (sub-ps)
time window [37].

Here, we demonstrate an ultrafast time-gate based on the upconversion four-wave
mixing (sum-FWM) process in a sub-wavelength-thick film of ITO [25, 38] for a
scattering-free transmission of optical fields through static and dynamic scattering
media. We show the preservation of the intensity and phase distributions in the bal-
listic signal by recovering the spatial structure of an amplitude object and of a beam
carrying orbital angular momentum (OAM). The enhanced nonlinearity of ITO under
ENZ conditions due to the high field enhancement within the film [26, 39-43] and the
relaxation of the phase-matching condition due to its sub-wavelength thickness both
help to yield a large sum-FWM signal. Thus, our ENZ time-gate offers a solution to
the long-standing trade-off between the strength of the ballistic signal and the spatial
resolution. Furthermore, the sum-FWM process, wherein two photons from the gate
beam and one photon from the signal beam, all at the near-infrared (NIR) ENZ fre-
quency, upconvert into a signal photon at a visible frequency, enables efficient signal
collection with common silicon-based detectors.

2 Results

When a light pulse propagates through a random scattering medium, the photons
in the pulse could undergo none or several scattering events before they exit the
medium [44, 45]. The spatial and temporal distribution of the field as well as the
spatial coherence of the ballistic photons, which experience no scattering events and
exit the medium at the earliest, remain unchanged. On the contrary, the diffusive
photons, experiencing one or more scattering events, spend a longer time inside the
scattering medium, which degrades their temporal coherence [13, 46]. As a consequence
of light scattering, the temporal profile of the pulse on exiting the medium, as shown
in Fig. 1(a), consists of a small ballistic peak that is an attenuated replica of the
incident pulse, followed by a large and broad diffusive component [see Section 1 of
Supplementary Information]. Hence, selecting only this ballistic peak through a time-
gate should enable the recovery of the original spatial and temporal information carried
by the incident signal, except in situations where the scattering is strong enough to
deplete the ballistic photons.

We employ the sum-FWM process in a non-collinear geometry involving the bal-
listic peak of an information-carrying signal pulse and an intense gate pulse [see Fig.
1(b) for an illustration of the concept]. The spatial separation of the gated FWM
signal with the scattered signal at the detector guarantees a complete rejection of
the scattering background. Both the gate pulse and the unscattered signal pulse are



100-fs-long and centered at a wavelength of 1550 nm, which is close to the ENZ wave-
length of the ITO film at 1515 nm [see Supplementary Fig. 4 for the permittivity of
the ITO sample]. The wavevectors of the FWM responses obtained from momentum
conservation are given by krwwm;s = 2Kkgate + Esignal for the sum-FWM signal at the
frequency wrwwm;s = 2Wgate + Wsignal [see Supplementary Fig. 5 for the energy level
diagrams of all possible FWM processes that occur in ITO]. Thus, the sum-FWM sig-
nal is centered at a wavelength of 517 nm (or the frequency-triple of the gate and the
signal pulses) and is emitted at a small transverse angle. The smaller emission angle
also reduces its spatial walk-off with the gate and signal pulses and potential resolu-
tion loss in imaging. In addition, from the expressions of the nonlinear polarization
for the FWM process, we note that the sum signal [Py, pwMm;s = 3€0X(3)E§ateEsignal]
is directly proportional to the signal field itself, which further justifies our use of the
sum-FWM response to recover the spatial information carried by the signal field.

2.1 Upconversion imaging through scattering media

We first demonstrate the use of our time-gate for the upconversion imaging of an
amplitude-only object through strong static scattering media. The test object is a the
group 2, element 2 set of horizontal bars with a resolution of 4.49 lp/mm on a negative
USAF 1951 resolution target [see Supplementary Fig. 2(a)]. The width of each bar, as
well as the spacing between two adjacent bars is & 111 ym. We position the scatterer
directly after the object in the path of the signal pulse. The amplitude images of the
unscattered signal field [Fig. 2(a)] and the sum-FWM field [Fig. 2(b)], respectively,
along with their corresponding line cuts [Fig. 2(c)—(d)] are collected and measured on
a camera. We note that the sum-FWM image is nearly 4x smaller than the direct
image of the object in the signal field for two reasons: (1) the sum-FWM field at
the Fourier plane is linearly proportional to the signal field but with its wavelength
reduced by a third, which accordingly scales the field in the image plane [see Section
2.2 in the Supplementary Information for further explanation], and (2) the collimating
lens in the path of the signal (sum-FWM) pulse has a focal length of 50 (40) mm,
which further adds a factor of 1.25x in the difference in magnification.

We first use a set of two 2-mm-thick ground glass optical diffusers with grit numbers
of 1500 and 600 as the static scatterers. From the bidirectional scattering distribution
function (BSDF) shown in Supplementary Fig. 2(b) that characterizes the scattering
strength of the diffusers, we note that the outgoing light scattered by the 600-grit
ground glass optical diffuser has a wider angular distribution, thereby indicating a
stronger scattering effect. The direct images of the signal field in Figs. 3(a)—(c), and the
corresponding images of the sum-FWM field with the 1500-grit diffuser, the 600-grit
diffuser, and the 1500- plus 600-grit diffusers combination, respectively are presented in
Figs. 3(g)—(i). The associated line cuts along the dashed white line [Figs. 3(d)—(f) and
3(j)—(1)] in the direct images [Figs. 3(a)—(c)] and the sum-FWM images [Figs. 3(g)—(i)]
characterize the signal-to-noise contrast. We varied the power of the signal pulse for
the different diffusers to overcome the corresponding power extinction and to maintain
similar exposure times on the CMOS camera used to capture the sum-FWM images.
Increasing the scattering strength of the diffuser leads to a progressive degradation
of the image quality in the scattered signal to the extent that the object becomes



indiscernible when the two diffusers are combined. In contrast, the structure of the
object stays well preserved in the sum-FWM image for all three scattering strengths,
and the generated sum-FWM field is bright enough for a commercially available CMOS
camera (Thorlabs Zelux 1.6 MP monochrome CMOS camera) to detect. The difference
in quality between the scattered signal and the sum-FWM images is more evident in
the respective line cuts, wherein the features of the object are completely submerged
by the scattering noise in panels (b) and (c), whereas a marginal difference between
panels (g), (h) and (i) is present for the sum-FWM image.

We quantify the image quality for the various scatterers considered using the peak
signal-to-noise ratio (PSNR) [47] and the Pearson correlation coefficient (PCC) [48].
PSNR is a common metric to quantify the strength of the obscuring noise that affects
the image quality [49, 50]. PCC gives a linear correlation between the pixel array of
the reference image and the pixel array of the examined image and is often used to
describe the similarity of the patterns in two images (see Methods). Table 1 shows the
PSNR and PCC metrics of the direct images of the scattered signal and sum-FWM
images for the various diffusers considered. We use the signal image [Fig. 2(c)] and
sum-FWM image [Fig. 2(e)] taken without any scatterer as the reference images to
exclude the effects of aberrations and the intensity profile of the illuminating signal
beam. We note from Table 1 that the PSNR drops by 6.47 dB, and the PCC is reduced
by a factor of 4 for the signal image from the lowest to the highest scattering strength,
whereas both metrics remain mostly constant for the sum-FWM image. We note that
the slightly higher PSNR of the sum-FWM image for the 600-grit diffuser could be
attributed to a relatively higher signal power, which was set by a visual inspection of
the sum-FWM image contrast, leading to a slightly brighter sum-FWM image than
for the other two diffusers. These metrics align with the result in Fig. 3(c) where the
object is completely obscured in the signal image for the highest scattering strength
but remains intact in the sum-FWM image in Fig. 3(i).

2.2 Transmission of phase structures through scattering media

The recovery of the underlying signal by time gating the ballistic photons applies not
only to its amplitude but also to its phase. Hence, we show that the phase distribu-
tion of a spatially structured beam, specifically a beam carrying an orbital angular
momentum (OAM) [51, 52], is also well preserved in the gated sum-FWM field even
in the presence of relatively strong scattering. In recent years, the OAM of light has
become a promising candidate for free-space quantum communication [53] because of
its high information capacity [54] and its compatibility with other degrees of freedom,
such as polarization [55]. However, turbulence in free-space links inevitably leads to
strong intermodal crosstalk that severely distorts the received signal [56, 57]. There-
fore, the transfer of OAM through turbulent media with high fidelity is a crucial step
in the development of robust OAM-based free-space communication protocols [58, 59].

In this demonstration (see Methods), we swap the imaging system in the path
of the signal pulse with a spiral phase plate that introduces an OAM of topological
charge [ = 2 in the signal beam. The generated sum-FWM field is given by



EFWM; S(ra 2wgate + wsignal) x [Egate(ra (-‘Jgate)]2 El(ra wsignal)v (1)

where Egate (T, Wgate) 1S approximately Gaussian. Ej(r, wsigna1) is the signal field after
the spiral phase plate and carries a topological charge [ = 2 [60], so the sum-FWM
field Epws(r, 2wgate) should have the same OAM as the signal field Ej(r, wsignal)-
We compare the spatial profiles of the signal field with those of the sum-FWM
field without and with the 600-grit and 1500-grit ground glass diffusers combined
in Fig. 4. In Fig. 4(b), we note that scattering due to diffusers adds noise to the
spatial profile of the signal, but its donut shape remains preserved, along with its
topological charge, as shown by the cylindrical lens transform [Figs. 4(c) and (d)]
[61]. However, for the sum-FWM field, both the transverse spatial profile [Figs. 4(e)
and (f)] and the topological charge [Figs. 4(g) and (h)] show robustness to scattering.
Table 2 shows the PSNR of the scattered signal and the sum-FWM for all the diffusers
considered. The corresponding images of the scattered signal field and the gated sum-
FWM field are presented in Supplementary Fig. 9. As before, we calculate the PSNR
from the spatial profiles of the scattered signal field and the sum-FWM field with their
respective profiles in the absence of scattering used as references. As the scattering
strength increases, the PSNR of the scattered signal field drops from 20.31 dB to
15.27 dB. On the other hand, the PSNR of the sum-FWM field remains stable around
20 dB. Specifically, for the 600-grit diffuser and the combined diffuser stack (600-grit
plus 1500-grit), a 4-dB difference in PSNR between the scattered signal field and the
sum-FWM field shows an excellent rejection of scattering by the time-gate.

2.3 Real-time removal of scattering

Real scattering media, such as a cloud cover or biological tissues, are dynamic, as the
light-scattering particles are in constant Brownian motion. Therefore, the real-time
removal of scattering and scintillation is an important factor to consider in the design
of any imaging or optical communication modality in such systems. In this section,
we show that our time-gate is also highly effective in removing the scintillation from
dynamic or time-varying scattering media.

In the first study, we use polystyrene beads of average diameters of 7.7 pym sus-
pended in an aqueous solution as the dynamic scattering medium. This suspension is
contained in a 2-mm-thick glass cuvette and placed after the object in the path of the
signal pulse. The bead suspension functions as an excellent time-varying scattering
medium because of the Brownian motion of the beads in water and is often used in
biomedical imaging to mimic light scattering in biological tissues. Table 3 compares
the image quality metrics (PSNR and PCC) of the frozen frames of the scattered sig-
nal with the gated sum-FWM image at various bead concentrations. Similar to the
results in Table 1, both metrics of the sum-FWM images remain much higher than
the direct images for all bead concentrations considered. The frozen frames of the
scattered signal, and the gated sum-FWM images at various bead concentrations are
shown in Supplementary Fig. 10.



To quantify the performance of our time-gate for dynamic scattering media, we
monitor the intensity fluctuations of the scattered signal and gated sum-FWM images
over a fixed period of time. These results [Supplementary Movies 1 and 2] show that the
image quality of the sum-FWM field remains stable within a 10-second time interval,
whereas the signal field shows a strong scintillation effect as a consequence of the
random motion of beads. To quantify these intensity fluctuations, or “scintillation”,
we define the scintillation index o, at each pixel as

&)
(1y°

S

L (2)

where (-) denotes the time average. We uniformly split the 10-second video into 200
frames and calculate the scintillation index for each pixel in similar regions of interest
for both signal and sum-FWM images. The resultant scintillation index map thus
indicates the stability of the image in a dynamic scattering medium.

As shown in Figs. 5(a) and 5(b), the scintillation maps of the direct images of the
USAF resolution test target in the path of the signal pulse, and of the scattering-free
upconverted sum-FWM images at a bead concentration of 0.525 g/cm? characterize
the performance of our ITO time gate in a time-varying scattering medium. The
corresponding results for the lower bead concentrations are shown in Supplementary
Figs. 11(a) and (b). We note that the scintillation map of the signal images [Fig. 5(a)]
shows large pixel-to-pixel variation in o4 in contrast to the scintillation index map
for the sum-FWM images [Fig. 5(b)], which has almost negligibly small values of o
throughout. Hence, the scattered signal field has large intensity fluctuations over time,
whereas the gated sum-FWM field is essentially a static image with all the artifacts
due to scattering removed. As such, the histograms of o for the signal field [Figs.
5(c) and Fig. 5(d)] show a much wider distribution than for the corresponding sum-
FWM field [Figs. 5(g) and Fig. 5(h)] with values that are approximately two orders
of magnitude larger.

In the second study of the OAM transfer through scattering media, we slowly rotate
the ground glass diffusers and monitor the scintillation in the spatial profile of the
OAM-encoded signal field. The variation of the intensity profiles of the scattered signal
field and the gated sum-FWM field as the combined diffuser stack (1500-grit and 600-
grit) is rotated is shown in Supplementary Movie 3, and the respective scintillation
maps and the associated histogram counts in Figs. 5(e)-(h). We measure an order
of magnitude larger overall values of o5 with a wider distribution in this instance
compared to the latex beads for the signal field. In contrast, we measure negligible
scintillation for the gated sum-FWM field. In both studies, the larger values of o are
obviously concentrated in the regions of intensity minima of the original fields as o, is
normalized to the time-averaged intensity, which is homogenized over the fluctuations
and approaches the original unscattered intensity distributions. The corresponding
results for the 1500-grit and the 600-grit diffusers are shown in Supplementary Figs.
11(c) and (d).



3 Discussion

Besides ultrafast time-gating, optical coherence tomography (OCT) [62-64] is another
powerful tool for imaging structures within biological tissues by coherence-gating bal-
listic photons. The use of a low temporally-coherent broadband NIR light source in
OCT enables this gating, allowing depth-resolved high-resolution imaging up to 1-2
mm into the scattering media. However, the residual scattering effect from multiply
scattered photons and the (static or dynamic) refractive index variations in the scat-
tering media affects the stability of this interferometric scheme, and could contribute
to significant image degradation. Ballistic gating schemes, on the contrary, are more
robust against such deleterious effects. OCT also cannot be used with transparent
or highly absorbing samples that have very little backscattered photons available for
interferometry. Additionally, it does not have the wavelength conversion functional-
ity due to being a purely linear effect. The sum-FWM process in our implementation
of the time gate upconverts the frequency of the image-carrying beam into the vis-
ible region, thereby enabling easier photon detection through efficient silicon-based
detectors over InGaAs [65]. We note that phase-matching is difficult to achieve for
sum-FWM in most bulk media due to dispersion and is not an efficient process. Sum-
FWM has previously been reported in systems with a very short interaction length,
such as dielectric metasurfaces [66], highly focused beams in gases and atomic vapor
[67-69], and in an ENZ film [37]. The tunability of the ENZ wavelength of TCOs
through doping and by integrating with metasurfaces [27], also provides tremendous
flexibility to customize the gate for the wavelength of choice. Furthermore, our gating
technique could be extended to materials that have an ENZ wavelength at mid-IR fre-
quencies such as doped semiconductors like CdO [70] and polar dielectrics [71], which
would enable the upconversion of ballistic mid-IR photons to recover images at visible
or near-infrared (NIR) wavelengths. The mid-IR imaging and sensing through scat-
tering media is essential in chemical sensing [72], non-destructive biomedical imaging
[73], and detection of explosives [74] but is particularly limited by the lack of sensitive
and fast detectors.

In addition, we compare the performance of our time gate with two other estab-
lished time-gating methods in supplementary Table S1. The traditional Kerr gate uses
a CS;, cell as the nonlinear medium [1, 11, 13], which along with the instantaneous elec-
tronic nonlinearity [75], also has a slower nonlinearity due to molecular orientation [76].
Consequently, the actual width of the time gate can reach more than 500 fs (FWHM)
for a 100-fs incident gating pulse [75, 77]. In contrast to this Kerr-type gating in ITO,
a non-negligible sum-FWM signal can only be generated for a strictly non-negligible
temporal overlap between the gate pulse and the signal pulse. Thus the generated
sum-FWM signal is not affected by the longer recovery time of ITO and consequently
only limited by the pulse width of the gate pulse. Other time gates based on second-
or third-order nonlinear processes in bulk crystals such as sum/difference frequency
generation (SFG/DFG) [16, 78-80], third-order harmonic cross correlation [81], and
difference-FWM [82] have also been shown to increase the signal-to-noise ratio and the
brightness of the signal. These modalities based on fast electronic responses do reduce
the width of the gate to that of the incident pulse and also enable frequency conver-
sion. However, the tight focusing of the image-carrying beam inside the bulk crystals



used in either Kerr gating or SFG/DFG gating leads to a loss of resolution given
the limited acceptance angle of the nonlinear crystal due to phase matching condi-
tion [80]. In this context, our sub-wavelength-thick ENZ film with a large nonlinearity
generates an efficient gated signal with a complete rejection of scattering and no loss
of spatial resolution. Further, our ENZ time gating method outperforms traditional
upconversion gating methods using bulk nonlinear crystals since strong nonlinearity
at ENZ wavelength enables the simultaneous use of a thin nonlinear material and a
large effective aperture size determined by the width of the pump beam [see Section S5
in the Supplementary Information for further discussion]. In our experiment, we mea-
sured the modulation transfer function (MTF) values = 0.85 for three chosen targets
with spatial resolutions of 4.49, 8.00 and 10.10 lp/mm (or 111, 62.5 and 49.6 pym line
widths), respectively, which far exceeds the demonstrated resolution limit for gating
with a bulk KDP crystal [80], or a PPLN crystal [73].

We also note that our ENZ time-gating method based on the third-order nonlin-
earity of ITO should outperform both Kerr gate and SFG/SHG gate in terms of the
pulse transmission factor [83, 84], which describes the sensitivity to the minimal inci-
dent signal pulse and is useful in the characterization of strong scattering media [81].
Based on the similarity of the underlying nonlinear processes, the transmission factor
of our ENZ-based sum-FWM gate should match that of the latest third-order cross-
correlation method (10712) [81] because the nonlinear conversion efficiency of both
methods scale with the square of the gate intensity. On the other hand, the conver-
sion efficiency of SHG/SFG processes and the nonlinear refractive index change in
the optical Kerr gating scale linearly with the intensity of the gate pulse [76]. The
higher-order intensity dependence of the third-order nonlinearity makes our method
inherently much more sensitive to pulse transmission than these other third-order
nonlinear optical counterparts.

Finally, the past advancement in light-guiding through complex media using com-
putational wavefront shaping methods [85, 86] have shown great adaptability to
various scattering conditions. We expect that our optics-based upconversion time-
gating method can alleviate the computational overhead of these aforementioned
methods by pre-selecting the quasi-ballistic photons. We also note that due to pump-
induced anisotropy of the ENZ-enhanced nonlinear response in an ITO film [25],
recovering information encoded in a polarization structured signal beam through our
gating technique would require a similarly polarization structured gate beam along
with an ENZ-based metasurface [87]. We will address this full-vectorial field recovery
through scattering media in future work.

In conclusion, we have demonstrated a nonlinear optical transfer of spatial infor-
mation encoded in both intensity and phase through scattering media along with
upconversion using the enhanced instantaneous third-order nonlinear response of ITO
in the ENZ regime. The sub-picosecond nonlinear response and the large field enhance-
ment in ENZ materials make them an excellent platform for transmitting signals
through static or time-varying scattering media. Furthermore, the efficient upconver-
sion FWM process in our gate enables signal recovery at visible wavelengths without
compromising the imaging resolution or the rapid temporal response. The use of a
sub-wavelength-thick ITO film and the compatibility of our detection scheme with



silicon-based detectors have greatly improved the compactness of this ballistic gat-
ing scheme and opened up new avenues for signal recovery through complex media.
Finally, we have studied the robustness of our time gate with respect to time-varying
scattering media and have shown an excellent rejection of scintillation, thereby allow-
ing real-time retrieval of signal with high fidelity. This dynamic gating of ballistic
photons is highly relevant for both underwater and free-space optical communication,
and for non-invasive in vivo biomedical imaging.

4 Methods

4.1 Experimental setup

The schematic of our setup for the sum-FWM time-gate is shown in Supplementary
Fig. 6 with panel (a) showing the configuration for recovering images, and panel (b)
the configuration for the transfer of OAM. In both setups, the OPA (Coherent OPerA
Solo) produces our 100 fs-wide source pulse centered at 1550 nm with a repetition
rate of 1 kHz. The source pulse is split evenly into gate and signal pulses. The energy
of the gate pulse is held fixed at 22 uJ. The signal beam then passes through the
(a) object (spiral phase plate) followed by the scattering medium and is then focused
by a plano-convex lens (f = 20 mm, NA = 0.23) onto the ITO sample from the
side of the substrate. The overall axial resolution of the imaging system is limited
by the NA of this focusing lens, which is given by N%\Z ~ 19.55 um for the sum-
FWM image. The gate pulse goes through a delay stage, which controls the relative
optical path delay between the gate and the signal pulses, and is gently focused to a
point behind the thin-film ITO by a lens with a longer focal length (f = 300 mm).
The different focusing lenses for the gate pulse and signal pulse yield a focal spot of
the gate beam that is approximately 7x larger than the signal. The reason for this
much larger spot size of the gate beam is two-fold: (i) we need to ensure an efficient
nonlinear conversion from the tails of the angular spectrum of the signal when the
object is in place to preserve the imaging resolution; (ii) a large enough local transverse
spatial profile of the incident Gaussian gate beam within the ITO film ensures a
mostly uniform intensity of the gate beam over the signal field, thereby minimizing
any additional amplitude modulation of the gated sum-FWM field. The sum-FWM is
collected on a CMOS camera (Thorlabs CS165MU) with or without an imaging lens
for configurations (a) and (b), respectively. The signal is also similarly collected on
a stabilized NIR camera (Xenics Bobcat 640) with or without an imaging lens. The
intensities of the gate and the signal fields without any scatterers were 70.5 GW /cm?
and 184.1 GW/cm?, respectively. We adjust the temporal delay between the gate pulse
and the scattered signal pulse to overlap with the early-arriving ballistic photons. For
the different combinations of ground glass diffusers, the energy of the incident signal
pulse is set to 2 pJ (no scattering), 8.2 pJ (1500-grit), 23 pJ (600-grit), and 28.6 pJ
(600-grit + 1500-grit) before the USAF target to account for the increased extinction.
The generated sum-FWM field is completely free from any scattering and is also bright
enough to be collected by the CMOS camera. We place the scatterers right after the
object or the phase plate in configurations (a) and (b), respectively.



4.2 Calculation of the peak signal-to-noise ratio (PSNR) and
the Pearson correlation coefficient (PCC)

Peak signal-to-noise ratio (PSNR) is a commonly used metric for image quality, and is
given by the ratio of the maximum power of the signal and the power of the distorting
noise. The PSNR of a given image can be calculated from the following expression

where R is the maximum signal power in the reference image and MSE is the mean
squared error defined as

1 M N
2
MSE = 2; Z: |zij — vis|” (4)
1=1 9=

Here, 2;; (y;;) stands for the gray-scale value of the pixel at the " row and j* column
of the M x N tested (reference) image.

The Pearson correlation coefficient (PCC) is also a computational metric for
describing the similarity between two images and is given by the linear correlation
between the pixel arrays of the two images. PCC is mostly used in image process-
ing for pattern recognition and image classification, and can be calculated from the
following expression

> i@ — 2m) (Wi — Ym)
PCC = d ' s
Vi@ =wm)? /3 — ym)? (5)

Here z; (y;) is the intensity of the 7*® pixel in the first (second) image, and z,,, (y,,) is
the mean intensity of all pixels in the first (second) image. The value of PCC ranges
from —1 to 1. APCC of 1 (—1) shows that the pixels in the two images are completely
correlated (anti-correlated). In our calculations, all images are read in 8-bit gray-level
format and centered and cropped to the same size prior to computing both metrics.

Data Availability

Source Data file has been deposited in Figshare under accession code DOI link [88].
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Tables

Table 1 Peak signal-to-noise ratio (PSNR) and Pearson correlation coefficient (PCC) of the
scattered signal images and the upconverted four-wave-mixing (sum-FWM) images for different
ground glass diffusers.

Scattered Signal at 1550 nm Sum-FWM at 517 nm
Scattering Medium PSNR (dB) PCC PSNR (dB) PCC
1500-grit ground glass 16.25 0.887 24.61 0.940
600-grit ground glass 10.54 0.373 27.77 0.962
600-grit & 1500-grit 9.78 0.219 24.77 0.940

Table 2 Peak signal-to-noise ratio (PSNR) of the transverse spatial profile of
the signal field carrying | = 2 and the corresponding upconverted
four-wave-mixing (sum-FWM) field.

Scattering Medium  Scattered Signal PSNR (dB) Sum-FWM PSNR (dB)

1500-grit 20.31 20.64
600-grit 15.87 19.74
600-grit & 1500-grit 15.27 19.27

Table 3 Peak signal-to-noise ratio (PSNR) and Pearson correlation coefficient (PCC) of the direct
images and the upconverted four-wave-mixing (sum-FWM) images of the USAF target for latex
beads suspension with different mass concentrations.

Scattered Signal at 1550 nm Sum-FWM at 517 nm

Latex Bead Concentration (g/cm?) PSNR (dB) PCC PSNR (dB) PCC
0.175 15.85 0.878 20.36 0.976
0.350 15.28 0.856 21.64 0.920

0.525 15.24 0.850 20.78 0.961




Figure Captions

Figure 1: Concept of ballistic photons and time gated imaging method.
(a) Diagram illustrating the ballistic and diffusive parts of the scattered pulse. A
100-fs-wide incident pulse experiences multiple scattering inside a medium. The ballis-
tic portion of the pulse (blue) retains the shape of the incident pulse, while the diffusive
photons constitute the elongated pulse (purple) that follows the ballistic peak. (b) The
configuration of gate pulse and the scattered signal pulse for realizing the four-wave
mixing gate. The sum-FWM (drawn in green) is generated at the third-harmonic or
3wsignal Of the signal frequency wsignai- (¢) The normalized power P of the sum-FWM
signal at a wavelength of 517 nm as a function of the time delay 7 between the gate
and the signal pulses. The FWM response is essentially the autocorrelation between
two 100-fs-wide Gaussian pulses, which demonstrates the fast nonlinear response asso-
ciated with FWM in ITO. The shaded green regions represent the standard deviation
in (normalized) measured power.

Figure 2: Direct infrared imaging and four-wave mixing imaging of a
USAF 1951 resolution test target. (a) The direct NIR image of the target and
(c) its line cut along the white dashed line in the signal field without any scattering
medium in place. (b) The corresponding image and (d) its line cut profile of the
sum-FWM field. The line cut of the undistorted signal image is rescaled to the same
size as the FWM signal for comparing imaging quality. The green colormap has been
used in the sum-FWM image for clarity.

Figure 3: Direct imaging and time gated imaging through static scatter-
ing media. Direct images of the signal field with diffusers of grit numbers of (a) 1500,
(b) 600, and (c) 1500 and 600 combined. The panels (d—f) show the corresponding line
cuts (solid, blue) along the white dashed line. The line cut of the undistorted signal
image is overlaid for comparison. The panels (g—i) show the images of the sum-FWM
field for the signal images in panels (a—c) respectively, and the corresponding line cuts
(j-1) along the dashed white line. The line cut of the unscattered signal image rescaled
to the magnification of the CMOS sensor (dashed, orange) is overlaid for comparison.
Both the image resolution and the signal-to-noise contrast are well preserved in the
sum-FWM output.

Figure 4: Transfer of orbital angular momentum of light through scat-
tering media with four-wave mixing on ITO. (a), (b) Spatial profiles of the
incident signal field carrying an OAM of [ = 2 with no scatterer and with the com-
bined (1500- and 600-grit) ground glass diffusers. (¢), (d) The corresponding profiles
at the focus of a cylindrical lens. (e), (f) Spatial profiles of the sum-FWM field and
(g), (h) the corresponding profiles at the focus of a cylindrical lens with no scatterer
and with the combined diffusers. The spatial profiles at the focus of the cylindrical
lens show that the topological charge of the signal and the sum-FWM fields are largely
robust to scattering effects.

Figure 5: Real-time suppression of time-varying scattering effect. Scin-
tillation index maps of the USAF target in the (a) direct image of the scattered
signal, and in the (b) gated sum-FWM image. The nearly uniformly black plot shows
that the scintillation index is everywhere nearly vanishing. The associated normalized
histogram counts are shown in (c¢) and (d). The scattering medium is the aqueous



suspension of moving latex beads with a mass concentration of 0.525 g/cm3. The
scintillation effect due to dynamic light scattering is suppressed by two orders of
magnitude in the sum-FWM image. (e-h) Scintillation index maps and the associ-
ated histogram counts of the OAM-encoded signal field and the sum-FWM field. The
dynamic scatterer is created by rotating the combined ground glass diffusers (1500-grit
and 600-grit). The gated sum-FWM field shows minimal intensity fluctuations despite
a strong scattering of the incident signal field. The scintillation index of each pixel is
computed from 200 frames taken within 10 seconds.
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