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Quantum light transport in phase-separated
Anderson localization fiber
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Propagation of light by Anderson localization has been demonstrated in micro-nano-
structured fibers. In this work, we introduce a phase separated glass Anderson localization
optical fiber for quantum applications. By using a spontaneous parametric down-conversion
source, multi-photon detection with a single-photon avalanche diode array camera, and signal
post-processing techniques, we demonstrate quantum light transport, where spatial corre-
lations between photon pairs are preserved after propagation. In order to better understand
and improve light transport, we study light localization, observing a dependence on wave-
length. Our results indicate that the proposed phase separated fiber may become an effective
platform for quantum imaging and communication.
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diffusion (e.g., light) caused by disorder in a medium!. 2D

transverse Anderson localization of light (TAL) was pre-
dicted independently by Abdullaev and Abdullaev and by De
Raedst et al.23 and first demonstrated by Schwartz et al.#. The TAL
effect can be harnessed to confine light beams in two dimensions
during propagation along a third dimension, namely the long-
itudinal axis. This is realized by means of the TALOF (TAL
optical fiber), a novel laterally disordered waveguide.

Besides being of interest to fundamental science, research on
TALOFs has been substantially driven by their potential use in
imaging and communication applications’. In particular, Karbasi
et al.® showed that TALOF enables light transport through many
parallel optical channels, which can be more densely distributed in
space than possible with conventional multi-core fibers. This
property is extremely interesting in the field of quantum commu-
nication and quantum imaging, where the faithful transmission of
high-dimensional quantum states defined by their spatial correla-
tions enables such diverse applications as quantum key
distribution’, quantum ghost imaging, and low-light imaging in the
presence of strong noise®?. While the transmission of quantum
states encoded in spatial modes is also possible with multi-mode
fiber, in general this requires time-consuming characterization of
the fiber transfer matrix as well as active wavefront control of the
input light!©. In contrast, TALOF is a passive transmission medium
that requires neither active spatial light modulation nor precise
alignment, and shows resilience to bending!!.

Therefore, these advantages strongly suggest the use of TALOF
in quantum communication and quantum imaging applications.
However, while many experiments have already proven TALOF’s
ability to transmit classical light patterns®, a corresponding
demonstration for quantum correlated light states has never been
performed. Moreover, the eventual adoption of TALOF in real
world use cases hinges upon the availability of an industrially
scalable fabrication process. To date, using predominantly the
stack-and-draw  technique, first polymer-polymer!'?, then
glass—glass!3-1%, and air-glass TALOFs! 1617 have been manu-
factured. More recently, femtosecond laser-writing has also been
employed!®, but all of the above fabrication methods are labor-
intensive and cannot be scaled to an industrial process.

Here, we show the accurate transmission of spatial quantum
correlations through a TALOF. We obtain this result using a
novel TALOF based on phase-separated glass developed at
Corning Inc.19-21, which we call phase-separated fiber (PSF) and
which is fabricated in a scalable process. We therefore demon-
strate critical ingredients needed for the use of TALOF in
quantum-enabled applications.

Q nderson localization is defined as the absence of wave

Transmitter

Nonlinear
crystal

The findings from this work demonstrate that high-
dimensional quantum information can be transmitted through
PSF, paving the way to practical quantum imaging and quantum
communication with phase-separated Anderson localization
fibers.

Results

Our article is divided into three main sections. First, we introduce
the PSF and describe the light transport mechanism. Second, we
explore quantum light transport, where an overview of the
experimental concept is depicted in Fig. 1. On the transmitter
side, multi-photon quantum states of light are injected into the
PSF. Those states are received on the other end, where quantum
correlations are maintained during transmission. In our experi-
ment, we use spontaneous parametric down-conversion (SPDC)
to generate anti-correlated photon pairs in a massive spatial mode
space. As seen in Fig. 1, after propagating through the PSF, we use
a single-photon avalanche diode (SPAD) array detector to image
photon coincidences at the output, confirming that non-classical
correlations are maintained. In the third section, in order to
optimize quantum light transport, we analyze the PSF’s wave-
guiding properties. Our experiments reveal that localization and
resolution are wavelength dependent, which we confirm with
numerical finite-element simulations. Based on these results we
discuss pathways to optimize PSF fabrication for improved future
quantum applications.

Waveguiding mechanism. A PSF consists of many glass strands
embedded in a glass matrix of different refractive index. It is
fabricated in a drawing process, where borosilicate glass is heated
up to close to the melting point, causing it to separate into two
phases of different refractive index. The glass is then drawn into a
cane or fiber, where the particulate phase forms elongated
strands. The randomly varying position and size of these strands,
and the refractive index difference between the phases, create
lateral disorder.

In Fig. 2a we show a contrast image of a PSF sample fabricated
in the same way as that used for light propagation experiments.
Two phases in the cross-section—matrix glass with low refractive
index (in white) and the strand inclusions with high refractive
index (in black)—can be distinguished. By analyzing the image,
we determined an average strand diameter d ~ 280 nm (details in
Methods). Fully vectorial eigenmodes of Maxwell’s equations
were computed by preconditioned conjugate-gradient minimiza-
tion of the block Rayleigh quotient in a plane-wave basis, using a
freely available software package?2. In the simulation, we assumed

Fig. 1 Schematic overview of the experiment. \We are able to transport and retrieve multiphoton states with quantum correlations with a phase-separated
Anderson localization fiber; for that, we do not require a specific match between the ring-shape quantum light beam and the localized modes supported by the
phase-separated Anderson localization fiber. We achieve this by performing photon coincidence imaging with a single photon avalanche diode (SPAD) array
camera. This result suggests that phase-separated Anderson localization fiber could enable applications in quantum imaging or quantum communication.
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Fig. 2 Phase-separated fiber: contrast image and schematic propagation
through Anderson localized modes. a Contrast image of a cross-section of
a phase-separated fiber (PSF) sample, with matrix glass (in white) and
strands (in black). The distribution of particle diameters is roughly
Poissonian. The disorder in refractive index leads to the formation of
localized modes. b Schematic of light propagation in an ideal PSF cane,
where the axially invariant modes (red horizontal lines, with localization
length /o) are the main guiding channels. ¢ Propagation in real PSF, where
light is partially diffused, hopping between localized modes, which change
adiabatically due to longitudinal discontinuities (here exaggerated). The
output of the PSF then reaches a size opsy.

that PSF is axially invariant, that means its cross-section remains
the same throughout the whole length. Under these conditions,
the PSF supports exponentially localized modes, originating from
the lateral disorder (see Supplementary Information, Supplemen-
tary Fig. S1 in Supplementary Note 1: Localized modes examples,
resulting from numerical simulation).

Schematically, light propagation in a perfect PSF is sketched in
Fig. 2b. Initially, a beam rapidly expands, while the light beam
intensity profile begins to match with transverse localized modes
(red pattern)3. These modes serve as high-fidelity channels due to
their low coupling. Their finite lateral size is characterized by the
localization length I, which constitutes the lower bound for the
optical resolution of a TALOF.

In our experiment, we used non-ideal PSF samples, as
illustrated in Fig. 2c. Owing to the fabrication process, a
proportion of the strands is shorter than the total PSF length,
which results in a longitudinally variable cross-section. Accord-
ingly, localized modes change adiabatically during propagation.
Thus, the light beam expands throughout transport. A point
input will expand until, on average, it reaches a width opgg > Jjo.
Thus, during light transport, we expect to lose resolution, as
sketched in Fig. 2c.

Quantum light transport. The previous section introduced the
central component of our experiment as shown in Fig. 1, the
phase-separated fiber. Here, we outline the two other main
experimental components, corresponding to the left and right
sides of Fig. 1: generating quantum correlated states by means of
SPDC, and the spatially resolved detection of these states with
single-photon cameras. We conclude this section by demon-
strating quantum light transport mediated by the localized modes
in a PSF.

Quantum anti-correlated light. In order to show that quantum
correlations of photons are maintained after propagating through

PSF, we prepared a source of non-classical light. Here, we
pumped a periodically poled potassium titanyl phosphate
(ppKTP) crystal with a CW laser at 405 nm wavelength in order
to produce photon pairs at 810 nm by spontaneous parametric
down-conversion (SPDC) (see Methods for details). By imaging
the far-field of the SPDC emission plane, one obtains photon
pairs that, by momentum conservation rules, are anti-correlated
in space. Their joint distribution can be represented as follows?3:
2 2

0,0_ o o_
+ exp _f|ri+rj|2_7|ri_rj|2 ,

\Ij(ri 9 1‘]) = T
where r; and r; represent the transverse positions of the two
photons, and ajrl (0_) is the width of the anti-correlation (cor-
relation) in the crystal far-field (near-field) (details in Supple-
mentary Information, Supplementary Note 3: Theory of SPDC
quantum correlations). (Anti-)correlated photon pairs are the
critical resource for quantum imaging protocols such as ghost
imaging or imaging in the presence of high noise®. Therefore,
showing that ¢3! remains small after propagating through the
PSF would demonstrate the suitability of TALOF for quantum
imaging.

Imaging non-classical light with a single-photon camera. We can
experimentally estimate the anti-correlation width ¢3! by mea-
suring spatially resolved photon coincidences (simultaneous
detection of two photons), which are directly proportional to |¥|?,
the modulus-squared of Eq. (1) (see Supplementary Information,
Supplementary Note 3: Theory of SPDC quantum correlations).
Photon coincidences are straightforward to retrieve using single
photon avalanche diode (SPAD) array cameras with detection
timestamping capability??. Here, we use a recently developed
high-speed SPAD array camera, which is optimized for quantum
optics experiments with multi-photon coincidence events?>. See
Methods for further details of the SPAD array camera used. For a
given acquisition with integration time T, our camera provides a
list of detections with pixel coordinates and timestamps, at
temporal resolution of 7=2mns. The spatially resolved coin-
cidences between any pair of pixels are then calculated according
to

= % - _1 g:
ij = LitLj N mne1 m,itn,j ( )

Here, N= T/t is the acquisition time expressed in timestamps,
and I;; € {0, 1} represents the value returned by the ith pixel for
the I timestamp, with I;; =1 if a detection was registered and
I;;= 0 if there is no registered detection. The right term accounts
for removing accidentals. The spatial coordinates of the camera
pixels correspond to the photons’ positions in Eq. (1), ie.,
cc;j = cc(r; 1;). The anti-correlation parameter ajrl can then be
obtained directly by projecting the coincidences cc(r; r;) into the
sum coordinates r;+r;. This can be seen from Eq. (1), which
shows that in the presence of SPDC anti-correlations, photon
coincidences projected into the sum coordinates will show a peak
at r; + r;= 0, with Gaussian width ¢7'26.

One drawback of SPAD array cameras is that inter-pixel cross-
talk leads to spurious coincidence detections®’. We used a
statistical method to remove these spurious coincidences, which
was able to mitigate the effect of cross-talk. Details of cross-talk
subtraction can be found in Supplementary Information,
Supplementary Note 4: SPAD array cross-talk subtraction.

Propagating quantum anti-correlations through fiber. Figure 3a
shows an intensity image of the SPDC emission, described by Eq.
(1), to be coupled into the PSF; that is, before propagating
through the fiber cane. Figure 3b, ¢ show coincidences counts
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Fig. 3 Wide-field propagation of quantum light through phase-separated fiber, imaged with a single-photon avalanche diode array camera. a Input
intensity image. The color bar depicts the number of total single-photon counts per pixel, which accumulate over acquisition time. Scale bar, 400 pm.
b, ¢ Input coincidences with single fixed pixel indicated by “X", with pixel locations on spontaneous parametric down-conversion ring also shown in a. Color
bars quantify coincidences per pixel. Scale bar, 400 pm. d All input coincidences projected into sum-coordinates r; 4 r;. Inset shows close-up of peak. Color
bar quantifies coincidences projected into the sum-coordinates. Scale bar, 800 um. e Cross-section along dashed white line in d, showing experimental
values (black dots) and Gaussian fitting (solid red). f-j are analogous to a-e, respectively, and show coincidences after propagating through PSF.

with example pixels, illustrating how anti-correlated photon pairs
are located at opposite sides of the ring-shaped emission profile.
Figure 3d displays the coincidences detected before the PSF,
mapped into the sum-coordinates space, exhibiting a strong peak
around r; +r;=0, which demonstrates the quantum nature of
the SPDC light?428,

By fitting a symmetric two-dimensional Gaussian to this peak, we
estimate an input anti-correlation width of 07! ~ (52.7£0.3) um.
The inset of Fig. 3d shows a close-up of the central anti-correlation
peak, while Fig. 3e shows a 1D profile and corresponding Gaussian
fitting.

At the output of the TALOF, we expect that resolution has
decreased due to the changing lateral cross-section, as sketched in
Fig. 2c and discussed in the corresponding section. Figure 3f
shows an intensity image of the SPDC photons after transport
through the PSF where the ring shape of the profile is maintained
compared to Fig. 3a. Figure 3g, h show coincidences for the same
single example pixels as in Fig. 3b, ¢ (indicated by "X"). Here,
photon pairs are again clearly detected at opposite sides of the
SPDC ring, showing that the SPDC anti-correlation was
preserved. Figure 3i shows all the detected coincidences at the
PSF output, mapped into the sum-coordinates as in Fig. 3d,
showing again the prominent central peak due to SPDC anti-
correlated photon pairs. The inset in Fig. 3i displays a close-up of
the central peak, while Fig. 3j shows a cross-section of the sum-
coordinate projected coincidences and the Gaussian fitting. After
transport through the PSF, the fitted anti-correlation width was
0! =(73.3+0.5) pm.

Therefore, overall this result demonstrates that the quantum
anti-correlation of the SPDC photon pairs are preserved after
propagating through the PSF.

Experimental characterization of wavelength dependence. In
the previous section, we observed that the anti-correlation width
increased  after propagating through the PSF, from
0. ~(52.7+03)um to o;' =(73.3+0.5) um. Qualitatively,
such an expansion can be expected based on Fig. 2c. A natural
question is then whether the transport of quantum correlations
through PSF can be improved: how can we minimize the blur of
the correlation strength 07! during propagation? To answer this

question quantitatively, here we perform a scaling analysis of PSF.
The purpose of this analysis is to provide insight on how to
minimize the expansion of the anti-correlation width by opti-
mizing PSF design and fabrication.

We conjecture that our PSF samples are not yet optimized; in
particular, not for transport at the quantum light wavelength of
810 nm. In order to improve quantum light transport, in our
subsequent analysis, we conduct experiments with classical light,
which we complement with numerical simulations.

As discussed in the literature, for the design of a PSF-type
TALOF (Abdullaev-Abdullaev mechanism), one has to choose a
proper feature diameter d in order to achieve minimal ], for a
given light wavelength 12°. In theory, the smallest .. should
occur when the Toffe-Regel condition is fulfilled, krl" = 1.

Here, the absolute value of the transverse wave vector
kr = ||k, + k|| has to be about the inverse of the mean free path
in the transverse plane, I". This criterion is however difficult to
apply to TALOF design, as it does not directly state what the best
diameter d is. As summarized from various theoretical studies by
Mafi et al.?%, d has an optimal value, which is on the order of
magnitude of A. Intuitively, for d<A, the cross-section
approaches an ordered effective medium, and " will become
large. Contrarily, for d>> A, the light equally experiences low
transverse disorder. Thus, when moving away from the condition
d~ in any direction, either by varying A for a fixed d or vice
versa, l,., and with it opgg, increases.

In order to optimize transport, we conduct a scaling analysis,
scanning over various values of A/d. Owing to the scale invariance
of Maxwell’s equations, adapting light wavelength or geometry is
equivalent. Experimentally, it is much more straightforward to fix
d by using the same PSF and to vary the wavelength of
illumination. For this, we use classical light sources (lasers), as our
degenerate photon pair source does not have tunable wavelength.
We experimentally determined opgg, while also performing actual
imaging, for different wavelengths spanning over the visible
spectrum. We then set the experimental results against numerical
simulations.

We present the results from simulation and experiment in
Fig. 4. With the previously discussed numerical simulations
(more details in Methods) we calculated and compared localized
modes for different light wavelengths. We based the simulations
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Fig. 4 Scaling analysis: simulation and experiment. Propagation parameters in phase-separated fiber (PSF) for different wavelengths. a Mean localization
length (localized mode size, I,,.), obtained from numerical simulation, based on a contrast image of the PSF cross-section (see Methods). The localization
length increases with the wavelength. We calculated the error bars as the sample s.d. for the 5 smallest localized modes per data point (wavelength). b As
a comparison, we display experimental data: the lateral expansion during transport through PSF, defined as s.d. opsr of a Gaussian point-spread function. As
the localized modes from a enlarge, so does opsr. The error bars show the sample s.d. over 17-18 measurements per data point (wavelength 2).

c-f Wavelength-dependent image transport; the same input ¢ transported through the same part of the PSF. Image quality degrades throughout the visible

spectrum when increasing the wavelength of light.

on a contrast image as in Fig. 2a. We define the localization
length by means of the inverse participation ratio P =>_I(i)/
>d(i)2. We calculate P for several modes and average, yielding
(P), where the uncertainty is the sample s.d. From that, we obtain
hoc=(P)~12. Fig. 4a shows the mean l, for a range of
wavelengths, including the quantum light wavelength of
810 nm. For every data point, we averaged over the 5 found
most tightly localized modes in the contrast image cross-section.
The error bars show the sample s.d. over these 5 values (for every
wavelength, respectively). It can be seen that the localization
length increases faster than linearly from 405 to 810 nm.

Figure 4b provides the experimentally determined expansion
during transport, opsg, to be compared with the localization
length from (a). Our definition of opg: is as follows: we model the
change of the input intensity pattern during transport as a
convolution with a Gaussian point-spread function. The standard
deviation parameter of this Gaussian is opsp (see Fig. 2c and
Supplementary Information, Supplementary Note 2: Lateral
expansion during transport and effective numerical aperture).
The error bars show the sample s.d. over 17-18 measurements
per wavelength. It can be seen that the lateral expansion during
transport (loss of resolution) is an order of magnitude higher than
the fundamental resolution limit, the localization length from
Fig. 4a. This is likely due to the finite mode density of the cross-
section and non-perfect samples (changing cross-section). How-
ever, relatively, the increase of lateral expansion is significantly
less pronounced. With the observed increasing opgsr for increasing
wavelength, we correspondingly expect image transport quality to
degrade.

In order to confirm this expectation, in Fig. 4c-f, we show an
image formed with light of different wavelengths, propagated
through PSF. We generated the image by illuminating the
number "2" on a test target (see Methods), while scanning the
probe wavelength A. The quality of the propagated patterns
degrades with increasing A from 405 nm to 810 nm (from left to
right in Fig. 4c-f).

The results confirm that the present PSF samples are not
optimized for the quantum light wavelength. We also verify that
the wavelength dependence is as expected from the PSF geometry,
so that optimal (for this sample) A <405 nm is on the order of
magnitude of d ~ 280 nm.

Discussion

We have demonstrated that PSF can transmit photonic quantum
correlations, as well as high-resolution classical images. Com-
bined with its scalable fabrication process, we have therefore
demonstrated a proof-of-principle of the essential ingredients for
correlated quantum imaging and quantum communication
applications. We emphasize the uniqueness of TALOF as a pas-
sive optical material that does not require precise alignment for
efficient injection of quantum light into guiding optical modes, a
notable advantage compared to multi-core fiber3!. Additionally,
TALOF can be resilient to bending!!. In multi-mode fiber, on the
other hand, active input control is required for maintaining
correlations of quantum states after propagation!?. Alternatively,
when using free space optics, conjugates of the SPDC far-field/
near-field planes must be controlled at every stage of the
protocol?3.

Our quantum light experiment (see Fig. 4b) shows that during
transport resolution is reduced, that is, the PSF blurs the input. In
particular, with the classical light experiment we find that for
810 nm wavelength this blurring is characterized by a Gaussian
point spread function with width opgg = (42.0 + 1.4) um (top right
point in Fig. 4b). In the quantum light experiment, the input
consists of 810nm SPDC photon pairs with anti-correlation
width 07! = (52.7+0.3) um. At the PSF output, due to the
blurring incurred during transport, we therefore expect 7' to
increase to (69.0+1.2) um (details in Methods). The experi-
mentally detected transmitted quantum light had a fitted anti-
correlation width of 07! = (73.3+0.5) um, which is comparable
to the expected value of (69.0 +1.2) um. The deviation between
expected and measured value can be accounted for by the
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experimental conditions for classical and quantum experiments
not matching perfectly: we observed that point-spread function
and attenuation vary over the PSF cross-section. To characterize
opsp (Fig. 4b), we scanned different positions over a line (see
Supplementary Information, Supplementary Note 2: Lateral
expansion during transport and effective numerical aperture,
Supplementary Fig. S2). However, the SPDC ring represents a
macroscopic input image covering a far larger area, which thus
may have included cross-section positions with less favorable
waveguiding properties than those described by opgp. Overall, we
have demonstrated here that the classical light experiments pro-
duce a valid description of the point-spread function also for
quantum light transport.

We note that fabrication of TALOF so far has been pre-
dominantly based on the stack-and-draw method32, requiring
pre-processing and mixing of tens of thousands of individual
fibers. Apart from being highly laborious, this process is prone to
introducing impurities. Laser writing so far yields low refractive
index differences'$. In contrast, we fabricate PSF in a novel more
scalable procedure and from a single material. Notwithstanding
this major advantage, fabrication process parameters (e.g., ther-
mal cycle) are at present not yet optimized and need further
improvement. In particular, two main issues prevent adoption of
the current PSF generation in wide-scale quantum use cases:
significant optical losses (= — 4.8 dB/cm at 810 nm), and less ideal
light transport at near-infrared than for shorter-wavelength
visible and ultraviolet light.

First, reducing optical losses requires eliminating what we
believe to be the dominant source of attenuation: the longitudinal
discontinuities in PSF. In fabrication, this implies initiating the
phase separation process in a smaller volume, and maintaining it
until the non-continuous glass phase has grown to larger particles
than presently. This would enable more extreme elongation to
strands, such that fewer discontinuities occur per fiber length. An
additional reason for loss is the roughness of the PSF facets—this
can be addressed by producing thinner samples, which can be
cleaved.

Second, as can be seen in Fig. 4, we observed wavelength-
dependent behavior in PS-TALOF. So far, the question if a
wavelength dependence of localization in TALOF exists has not
been settled in the literature33-37. Experimentally, when moving
to the longer-wavelength portion of the visible spectrum we see
higher blur during transport, and we confirm this qualitatively in
actual image transport. We attribute the increasing degradation to
less confined localized modes; our numerical simulations yield
indeed an increase of localization length with increasing wave-
length. In particular, at the 810 nm wavelength of the anti-
correlated SPDC photon pairs, image transport is highly sub-
optimal compared to short-wavelength visible light. As discussed
above, currently at 810nm the input anti-correlation width
of =52.7 ym is blurred to become ~30% wider at output. With
quantum light from the lower end of the visible spectrum, this
spread would be significantly less, see Fig. 4b. For hypothetical
405 nm photon pairs with otherwise equal properties, the peak
would broaden only minimally, from=52.7 um to=52.8 um.
Thus, with the present samples significant improvement can be
achieved by employing quantum light sources at shorter
wavelengths38, a doubly promising approach due to the higher
quantum efficiencies of SPAD array detectors at shorter
wavelengths3®. Equivalently, this line of reasoning indicates that
the same improvement is possible not only by decreasing the
quantum light wavelength; alternatively, fabrication can be
adapted to produce other sample geometries (scale invariance of
Maxwell’s equations). We show that degradation occurs because
the strands’ diameters (d) are small compared to the light
wavelength. These results show that it is desirable to increase d in

PSF, such that the localized modes are more tightly confined (for
visible and near-infrared light). Concretely, in our experiment,
this would mean lower expansion of the sum coordinate peak
during propagation through PSF (Fig. 3d, i). Transport of near-
infrared light is potentially relevant for quantum imaging (e.g., of
biological tissue) as well as quantum communications (telecom).

In conclusion, we have demonstrated a platform for quantum-
enabled applications on the basis of transverse Anderson locali-
zation, where the scalable fabrication procedure of the PSF makes
it attractive for real-world devices. We identified current limita-
tions of our system and made technologically feasible suggestions
for future optimization. The present work thus represents only
the tip of the iceberg of studies with TALOFs transporting
quantum light, with further advances likely to enable a large
range of use cases in quantum imaging and communication
applications such as high-resolution endoscopy, entanglement
distribution and quantum key distribution.

Methods

Sample post-processing and material analysis. We performed all analyses
shown in this work with PSFs of external diameter 1.6 mm. For imaging, the cane
length was 36 mm. The inclusions had higher refractive index; Table 1 specifies the
exact glass composition.

For a theoretical treatment on the elongation of phase-separated glass we refer
to a work by Seward!”. Both cane facets were machine-polished (Logitech PM5),
using an emulsion containing DI water and 30 to 40 nm alumina particles. This
polishing decreases the roughness of the surface to improve image transport.
However, the glass phases have different hardness; this is why we could image the
structure of PSF by taking a topology AFM image. There, the strands were found to
be around 10 nm deeper than the matrix glass. Subsequently, with the software
Image]4° we identified particles (excluding particles on the edges) in order to
obtain statistics of the strand sizes. The resulting distribution is displayed in Fig. 5.
Here, by assuming that the strands have circular cross-section we converted strand
areas to strand diameters d;, which are shown on the x-axis (equidistant bins). On
the y-axis, the total area covered by all strands of this d; can be found. The
distribution resembles a Poissonian shape with mean strand diameter of roughly
d =280 nm.

From the same data, we calculate the filling fraction of the elongated strands
phase (relative area with respect to the total area of the cross-section) to 26 %.

The refractive index of bulk samples of the two pure glass phases was measured
with a refractometer (Bausch and Lomb Low Range Precision) for a wide range of
optical wavelengths. After a fit to a three-term Sellmeier equation, for 810 nm light
the refractive indices are 1.60 (strands) and 1.47 (matrix), yielding a refractive
index contrast of 0.13.

Quantum light experiment. As shown in Fig. 6 we generate SPDC photon pairs
using a CW single-mode laser (Toptica TOPMODE 405) at 405 nm as pump. We
focus the pump with a lens F; = 300 mm into a ppKTP crystal (Raicol,

Table 1 Phase-separated glass composition in weight %.

SiOz B203 A|203 Nazo P205 Ca0 BaO
70.5 13 1.5 3 1 5 6
1.00 .
© L
20.75 ¢
.:E o I o,
o %
5050 } .
© oo 00.
& 0.25 . .-l'...q; .
0.00 ol LA
100 200 300

Strand diameter d; [nm]

Fig. 5 Feature statistics of a phase-separated fiber contrast image. Strand
diameter statistics based on the cross-section contrast image from Fig. 2a.
The distribution of equidistantly binned strand diameters d; (x-axis) is

plotted against the total area (on the y-axis) covered by all similarly large
strands. The dashed line roughly indicates the average strand diameter d.
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Quantum light source

Imaging

Fig. 6 Setup for quantum correlations transport experiment. We generated correlated photon pairs in our quantum light source: a linearly polarized
405 nm laser beam passes through an optical isolator; the laser power is controlled by beams of a polarizing beam splitter. The laser pumps a periodically
poled KTP crystal, where correlated photon pairs are generated via SPDC. We measured the photon pairs before (dashed line, CAM;,) and after
propagating through the phase-separated fiber (PSF) (CAMyup). LraLor denotes the length of the PSF. We imaged the far-field of photon pair generation in
the crystal onto the PSF input facet and captured the PSF output facet with the SPAD array camera. A bandpass filter before camera sensor rejects stray
light. QWP quarter-wave plate, HWP half-wave plate, PBS polarizing beam splitter, Ol optical isolator, LF long-pass filter (LF), ICO infinity corrected
objective, BF bandpass filter. Focal lengths Fico, Fcam. F1. F2, F3, F4 are discussed in the corresponding text.

Ltavor| Fico Fcam
BF
A | Sl
i fSFI [CO
Fibre /| —
Resolution

collimator
test

Iris

Imaging

Fig. 7 Setup for classical light experiments. Classical imaging apparatus. White light from the supercontinuum (SC) laser is collimated and filtered with a
bandpass filter (BF). Images are generated with a resolution test target and inserted into the PSF directly without any optics; that is, resolution test target
and phase-separated fiber (PSF) are in contact. Lta or denotes the length of the PSF. An infinity-corrected objective (ICO) collects the PSF output. A
CMOS camera (CAMy,) captures images. Focal lengths Fico, Fcam are discussed in the corresponding text.

2x1x20mm) to generate type-0 SPDC non-classical photon pairs centered at
810 nm. The ppKTP crystal is maintained at 141 °C by a resistive oven (Covesion)
in order to satisfy the degenerate phase-matching condition, and produces an
SPDC output ring with diameter Dgppc = 1.1 mm (measured at CAM;,,, with an
additional de-magnification of 1:4 in Fig. 6). A lens F, = 100 mm images the SPDC
emission onto the far-field of the ppKTP crystal plane, producing spatially anti-
correlated photon pairs (see Supplementary Information, Supplementary Note 3:
Theory of SPDC quantum correlations). Two additional lenses with F3 =300 mm
and F, =100 mm image the anti-correlated photon pairs onto the PSF entrance
facet with a magnification M = 1/3. The PSF output facet is imaged (at CAM, in
Fig. 6) using an infinity corrected objective (ICO, Edmund Optics), which has
nominal 2x magnification when used with a 200 mm tube lens. Here, we use a lens
with Fcam = 75 mm to image the light onto the camera sensor, yielding a mag-
nification of 0.75 from the PSF facet to the camera. PSF input and output imaging
system magnifications are taken into account when calculating the SPDC photon
pairs’ intensity profile and anti-correlation widths in the reference frame of the
PSF. Intensity images and coincidence counts of the SPDC photon pairs were
measured using a recently developed SPAD array camera that is optimized for
photon coincidence detection in the sparse illumination regime2°. This SPAD
camera has 24 x 24 pixels with 50 um pixel pitch, and uses a microlens array to
achieve a fill factor of around 60%. This is considering non-ideal placement of the
microlens array and non-perfect alignment of the light beam. Taking into account
the fill factor, the photon detection efficiency at 810 nm is ~9%. Before the PSF we
measured a coincidence rate (after post-processing, i.e., removal of accidentals and
cross-talk) of 4.78 x 10° photon pairs per second over a 1.08 s acquisition time,
whereas after the PSF we measured a rate of 1.32 x 102 coincidences

per second over a 101.32 s acquisition time, which gives us an effective optical loss
of =~ — 4.81 dB/cm at 810 nm.

Broadening of anti-correlation peak after propagation. To calculate the
expected broadening of the input SPDC anti-correlation peak (Fig. 3d) in accor-
dance with the PSF wave-guiding properties (Fig. 4b), we numerically blur the pre-
transport coincidence data. In particular, the 24 x 24 two-dimensional array cc(r|r;)
corresponds to the photon counts conditional on detection at r;, that is, the map of
all coincidences with the single fixed pixel r; (where r = [x, y]). For every ith pixel,
we therefore convolute the input coincidences cci®(r|r;) with a Gaussian function,

with width opgr = (42.0 + 1.4) um (see Fig. 4b), to obtain the expected blurred
output:

e (r|r)) = A exp(—r? /203 * cc™(x]ry),

(©)]

where #* denotes convolution and A is a normalization parameter. The numerically
blurred coincidences are projected into sum coordinates, and again we fit a sym-
metric 2D Gaussian, obtaining the expected output anti-correlation width

07! =(69.0£1.2) ym.

Mode simulation. The simulation was computed for a contrast image with edge
length of about 10 um of a representative part of the PSF cross-section; one finite
element corresponded to one pixel of the 512 x 512 image.

The software package we used, MIT Photonic Bands?2, employs periodic
boundary conditions to calculate modes in frequency space; it solves the wave
equation

L 0A n 1,
j— o —
9z 2k'
where we extract n(x, y) from the contrast image. When the simulated area is large
compared with the localized modes, we see no effects of the boundary conditions.
We note that other types of simulations starting from scanning probe microscopy
images of TALOF can be found in the literature*!.

A+ kAn(x,y)A =0, (4)
ny

Setup for classical light experiments. The PSF sample was mounted on a
motorized 6-axis stage as shown in Fig. 7. Here, a collimated beam with dia-
meter D, =4 mm (at 1/e2) from a supercontinuum laser (NKT Photonics
SuperK, denoted SC Laser) was used as light source. Its IR spectrum was
removed by using a shortpass filter (SF), while specific visible regions were
selected with additional bandpass filters (BFs) with FWHM = 10 nm (Thorlabs),
centered at 532, 620, 730, and 810 nm. For 405 nm, we employed a diode laser
(Toptica TOPMODE-405).

We measured the optical properties of PSF canes with the setup shown in Fig. 7.
First, we studied the resolution of our sample through the point spread function,
defined as the Gaussian spreading of a circular input beam, by injecting light
through a pinhole aperture (RT) of diameter Dgr = 40 pm, mounted at the fiber
entrance. We imaged the near-field of the output facet by using a 20x infinity
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corrected objective (ICO) with focal length Fico = 10 mm followed by a tube lens
of Fcam = 200 mm, then using a magnification M = 20x. Secondly, we replaced the
aperture by a negative 1951-USAF test target resolution test (Edmund Optics #55-
622). Here, we compared propagated patterns at different wavelengths as shown in
Fig. 4c-e for analyzing their similarity as described below. A CMOS camera (model
IDS UI-3882LE-M-VU) with 3088 x 2076 pixels of 2.4 um pitch was used as
imaging device.

Data availability

All data needed for the conclusions are in the manuscript and supplementary
information. The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.
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