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ABSTRACT
The tracking of small particles is an important but challenging task for biological applications such as disease diagnostics and medical
research. Current methods are limited to the use of bulky instruments such as flow cytometers and microscopes. Here, a novel tech-
nique for the detection and measurement of micron-scale optical scatterers using a few-mode exposed-core microstructured optical fiber
is proposed. Through selective mode launching combined with optical frequency domain reflectometry, scatterers located on the fiber
core surface can be simultaneously mapped with both longitudinal and transverse information. This technique is demonstrated by detect-
ing the two-dimensional positions of several femtosecond-laser-inscribed micron-scale ablations written at different locations on the fiber
core surface. Due to the compact nature of the optical fiber and its local sensitivity to scatterers that are in close proximity to it, this tech-
nique has the potential for the measurement and detection of micron-scale particles in difficult to reach biological environments for in vivo
applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0036300., s

I. INTRODUCTION

Significant effort has been invested in manipulating and mea-
suring small particles with light in order to enrich our knowledge
of the dynamics and interactions of the microscale world.1–5 The
use of optical fibers for this purpose is gaining interest due to their
small size and flexibility, allowing them to reach into difficult-to-
access regions, such as deep inside the body. For example, advanced
techniques for particle tracking include the use of optical fiber
probes with microlenses to trap and manipulate targeted cells6 and
holographic manipulation of particles via a multimode fiber.7 The
manipulation of particles can also allow them to be exploited for
sensing, exemplified by the demonstration of controlled propagation

of micron-scale particles inside hollow core fibers for high spatial
resolution temperature and electric field sensing.8,9

Sensing and tracking small targets is motivated by a desire to
understand their presence, size, dynamics, and interactions within
microscale and even nanoscale biological environments, with an aim
toward disease diagnostics, medical research, and drug delivery.4,5,10

Optical fiber based approaches include the detection of nanopar-
ticles using a tapered nanofiber pair,11 the use of an exposed-core
microstructured optical fiber (ECF) coupled with a dark-field het-
erodyne measurement technique,12 and evanescent field based fluo-
rescence detection of upconversion nanocrystals in microstructured
optical fibers.13 Fiber-based schemes with the ability to detect spatial
information of micro-/nano-objects have also been reported, such as
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the use of a nanofluidic fiber for single virus detection,14 a similar
nanofluidic fiber sensor for three-dimensional detection of nano-
objects,15 and a hollow core fiber to study the Brownian motion of
nano-objects.16 Although these methods are able to image nanoscale
particles, they rely on bulky external optics that increase the sys-
tem complexity and prevent their implementation as an in vivo
device.

Parallel efforts for fiber-based in vivo sensing probes have been
reported including the integration of simultaneous temperature
sensing and optical coherence tomography17 and pH measurements
for surgical assistance.18 However, these fiber tip-based probes are
single-point sensors that must move over a region to collect spatial
information, potentially leading to additional mechanical damage of
delicate biological tissues. We recently reported a silk-coated in vivo
ECF-based sensor, which collects information along the entire fiber
length but was still limited as an averaged fluorescence measurement
without the capability of providing spatial information.19 There is a
need for advancing these techniques to obtain spatial information
within confined and challenging biological systems.

To achieve a portable fiber-based device with a long detec-
tion range and micron-scale resolution, we seek to apply a tech-
nique known as optical frequency domain reflectometry (OFDR),20

which allows for distributed sensing along an optical fiber with
high spatial resolution. Our ECF has an exposed channel enabling
direct evanescent field contact with the ambient environment with-
out the need for post-processing procedures, enabling repeat-
able and robust sensing measurements. We recently demonstrated
that micron-scale particles could be detected along an ECF using
OFDR.21 This method could detect the presence and longitudi-
nal position of scattering particles, but not their size or transverse
position. In this paper, we propose and experimentally demon-
strate a novel approach that adds transverse information to this

method through the selective launching of several modes in a few-
mode ECF. Using the numerically simulated evanescent field pro-
files of the optical modes, we add the ability to detect a scatterer’s
transverse position using a matrix approach, thus demonstrating
two-dimensional (2D) sensing. We anticipate this technique could
be deployed for micron-scale particle detection based on a sin-
gle fiber path for disease diagnostics and drug delivery in clinical
applications.

II. CONCEPT
We demonstrate our technique using an in-house fabricated

ECF as shown in Fig. 1(a), with the yellow dashed core region mag-
nified in Fig. 1(b). Our ECF has a core diameter of 7.5 μm and a
mode field diameter of 5.18 μm for the horizontally polarized fun-
damental mode (FM) (i.e., polarized parallel to the exposed surface)
at a wavelength of 1550 nm. The fabrication of this ECF has been
described previously.22 To achieve 2D distributed sensing, the few-
mode nature of the ECF plays a key role. As illustrated in Fig. 1(c),
scatterers (shown as red dots) located at different transverse posi-
tions across the ECF core surface interact with different modes,
such as those displayed in Figs. 1(d)–1(f), with different strengths
due to their varying spatial distribution of energy across the core
surface. For example, Fig. 1(d) shows the Poynting vector distri-
bution of the fundamental mode (FM), which can interact most
strongly with a scatterer located at the core center. Compare this
to the higher-order modes in Figs. 1(e) and 1(f) labeled HOM1 and
HOM2, which can interact relatively more strongly with scatterers at
different offset positions away from the center. Figure 1(g) shows
the time averaged z-component (propagating component) of the
Poynting vector for the three modes considered along the exposed
boundary of the ECF [dashed yellow line in Figs. 1(d)–1(f)] and the

FIG. 1. (a) Scanning electron microscope (SEM) image of the ECF. (b) Core region of the ECF corresponding to the yellow dashed box in (a). (c) Illustration of the ECF with
scatterers (red points) located at different longitudinal and transverse positions along the exposed channel. These scatterers can interact with different propagating transverse
optical modes as shown in (d)–(f), depending on their transverse offset from the center. (g) Calculated Poynting vector distributions (normalized to 1) of several selected
modes on the exposed boundary [yellow dashed line in (d)–(f)], while the magenta dashed curve shows the mean of three modes. Dashed dark lines correspond to scatterers
(d)–(f) at different transverse positions. All simulations (d)–(g) are based on the finite element method (COMSOL) using a free space wavelength of 1550 nm.
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mean of the three modes (dashed magenta curve) using the following
expression:23

Pm(x) =
1
2
∣am∣2Re{ˆ⃗em(x) × ˆ⃗hm(x) ⋅ ˆ⃗z}, (1)

where am is the modal coefficient for themth mode (FM, HOM1, and
HOM2), êm and ĥm are the orthonormal electric and magnetic fields
for each mode, respectively, and x represents the distance along
the ECF exposed boundary (as opposed to a Cartesian coordinate),
with x = 0 at the center of the core. In Fig. 1(g), the modal ampli-
tudes have been adjusted such that the plot is normalized to unity
to clearly see the variation in energy distribution at the exposed-
core surface for the three modes considered. Note that in this work,
including the above simulated modes and the following experiments,
we consider only the horizontally polarized modes as they gener-
ally have greater field intensity at the surface compared to verti-
cally polarized modes. The black dashed lines in Fig. 1(g) indicate
scatterers at different transverse positions crossing the ECF bound-
ary corresponding to Figs. 1(d)–1(f), respectively, showing how
the different modes interact with scatterers at different transverse
positions.

We now describe how multiple launched optical modes can be
used to determine quantitative transverse spatial information about
the size and position of scatterers. We assume that the returned
scattered signal is first longitudinally resolved using OFDR and our
task is now to resolve the transverse position using the scatter from
multiple modes. We assume that the returned signal intensity from
each scatterer is proportional to the evanescent field of the particular
excited optical mode and its overlap with the scatterer at the surface.
This neglects the evanescently coupled distribution of backscatter
into the counter-propagating modes of the fiber but allows us to con-
sider the system using a linear matrix approach. We then spatially
divide the transverse location across the core into discrete regions
that equal the number of modes. For example, if we launch three
optical modes, then the transverse region can be resolved into three
separate regions. In the general case of N modes, we can resolve into
N regions and write the total scattered light for each mode using the
following expression:

Im = u1 ∫
R1

Pm(x)dx + u2 ∫
R2

Pm(x)dx +⋯ + uN ∫
RN

Pm(x)dx, (2)

where Im is the returned signal from the OFDR measurement for a
given longitudinal position for the mth launched optical mode and
ui is a scattering factor that represents the degree of returned scatter
signal from the ith transverse region Ri. This can be expressed as the
following matrix equation:

I⃗ =Mu⃗, (3)

where I = (I1, I2, . . ., IN), u = (u1, u2, . . ., uN), and M is an N × N
matrix given by

M =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∫
R1

P1 ∫
R2

P1 . . . ∫
RN

P1

∫
R1

P2 ⋱ ⋮

⋮
∫
R1

PN ⋯ ∫
RN

PN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (4)

We can then solve for the unknown scatter vector u through a matrix
inversion,

u⃗ =M−1 I⃗. (5)

In order to implement this approach in practice, the matrix
M is calculated using the numerically simulated Poynting vector
distributions as shown in Fig. 1(g) where the regions can be arbi-
trarily defined but should approximately match the spatial extent
of the launched modes. The vector I is the experimentally mea-
sured values from the OFDR signal. In the following experimen-
tal results, we demonstrate the application of this method for the
three modes shown in Fig. 1 to yield both longitudinal and trans-
verse spatial locations of surface scatters. We note, however, that the
same technique could be applied to any number of supported optical
modes, provided they can be discretely launched, and for any loca-
tion of scatterers including inside the waveguide and not only on the
surface.

III. RESULTS AND DISCUSSION
A. Inscription of surface scatterers
and experimental setup

Scatterers were introduced to the ECF surface using a femtosec-
ond (fs) laser writing technique, which produces permanent silica–
air ablation points. A wavelength doubled (524 nm), ultra-fast laser
(IMRA DE0210) was used with pulse duration <250 fs and pulse
energy of 150 nJ. The ECF was imaged using the same lens as used
for the fs laser writing to locate the optical fiber core, similar to a
method previously used for fiber Bragg grating inscription.24 Seven
points were written in total, as indicated by the red spots with num-
bers from 1 to 7 in Fig. 2(a), which have a longitudinal spacing of
500 μm between each point and a transverse spacing of 1 μm. The
ablation point number 4 was written with a transverse position as
close to the center of the optical fiber core as possible, within experi-
mental error. The ECF sample viewed under a camera with visible
(red) laser light coupled into the core to show the scatterer loca-
tions is shown in Fig. 2(b). The left-hand side red dot in Fig. 2(b)
corresponds to the input end of the ECF, while the furthest right-
hand side red dot in the dashed yellow box is the seventh ablation
point.

The OFDR signal was generated by a swept wavelength
(1510 nm–1590 nm) optical sensor interrogator (National Instru-
ments PXIe-4844), which integrates a source (60 μW) and pho-
todetector with a dynamic range of 40 dB and the sampling rate
of 10 Hz. The OFDR signal was then generated by optical interfer-
ence between the reflection from the cleaved end-face of the ECF
due to the air–silica interface [black arrow in Fig. 2(a)] and the
reflected light from each introduced fs-laser ablation scattering point
(red arrows). The interference from each point can then be demul-
tiplexed by applying a fast Fourier transform (FFT) to convert the
interference spectrum into longitudinal spatial information with a
resolution of ∼10 μm as described previously.21

The mode launching was controlled by manually adjusting a
three-axis optical stage to adjust the axial and transverse positions.
The launched mode(s) was monitored using an infrared camera,
and the stage was adjusted until one of the three desired modes
supported by the ECF was predominantly launched.
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FIG. 2. (a) Schematic of the experimental setup. The black arrow represents reflection at a cleaved surface where ∼3.3% of the incident light is reflected back due to the
air–silica interface, which is used as the reference to generate the interferometric signal. L1, L2, and L3 are optical lenses. The red points represent fs laser ablation points
(numbered from 1 to 7) on the surface of the ECF, and the red arrows depict their scattered signals captured back into the ECF’s guided modes to generate interference with
the reference signal. The black scale bar above the ECF shows the axial distributions of the introduced points, with each point separated by 500 μm in the axial direction. The
coordinate system is illustrated, where the transverse direction, x, is shown with positive and negative signs from the center of the ECF. The mode launching was monitored
at the far end of the ECF using an InGaAs camera. The fiber sample was ∼200 mm in length, and both ends were fixed on three-axis optical stages during the experiments.
(b) Image of the fs-laser inscribed fiber sample showing the scattering of red laser light coupled to the ECF core. The ruler image has a 1 mm scale.

B. OFDR results
Figures 3(a1)–3(c1) show the near field images of the three

separately launched modes, which correspond well with the three
simulated modes shown in Figs. 3(a2)–3(c2). OFDR traces were then
acquired separately for each launched mode, by applying an FFT to
the reflected interference spectra. The signal from the seven ablation
points can clearly be seen as seven peaks in Figs. 3(a3)–3(c3). Each

peak represents the interference generated between reflection from
an ablation point and the cleaved end-face of the ECF, and their lon-
gitudinal positions distributed along the ECF are shown on the lower
x-axis. As expected from Fig. 2, there is 0.5 mm spacing between
each ablation point, and the points lie within 1 mm–4 mm of the
input cleaved end-face of the ECF. We note that there is a small
peak at the lower x-axis position of 0.5 mm in all measured FFT

FIG. 3. Experimental measurements under different launch conditions to demonstrate the 2D sensing concept. Real-time near-field mode images are displayed in (a1)–(c1)
with their corresponding simulated mode profiles, named as “FM,” “HOM1,” and “HOM2,” shown in (a2)–(c2), respectively. (a3)–(c3) The absolute FFT signals (black) are
shown with labels “OFDRFM (exp.),” “OFDRHOM1 (exp.),” and “OFDRHOM2 (exp.);” the bottom axis displays the longitudinal/axial positions of the ablation points (peaks named
with numbers “1–7”) on the ECF [see Fig. 2(a)]. The colored curves show the simulated Poynting vector distributions at the ECF surface [red, blue, and green in (a3)–(c3),
respectively], which were scaled to best match the height of the FFT peaks (marked as black dots). The top colored axis (secondary x-axis) displays the transverse positions
of the ablation points based on the matching process detailed in Sec. III B.
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results in Fig. 3. This peak is potentially from the optical interference
associated with the regularly longitudinal-spaced ablation points.
However, this peak is relatively small compared to the dominant
signals, which demonstrates that the scattered light recoupled to the
fiber modes is relatively weak compared to the reference signal (from
the fiber input end). This is as would be expected for evanescent
field recoupling, such as <1% previously calculated for fluorescence-
based recoupling.25,26 Therefore, undesired multiple scattering from
adjacent ablation points is negligible in our demonstration.

Next, we demonstrate visually the validity of our assumption
that the returned OFDR signal correlates proportionately with the
mode’s evanescent field at the surface. We use our prior knowl-
edge of the uniform spacing between the ablation points (1.0 μm
spacing) to correlate the OFDR signals with the transverse dis-
tance across the ECF surface. This allows us to add the upper x-
axis scale in Figs. 3(a3)–3(c3), noting that this is only valid for
the OFDR peaks relating to the ablation points as their positions
are known and do not apply to, say, other unintended environ-
mental particles (i.e., dust) along the optical fiber. We are then
able to overlay the Poynting vector at the ECF surface as shown
by the colored curves in Figs. 3(a3)–3(c3) for the three modes,
respectively.

The transverse offset of the OFDR data relative to Poynting vec-
tor center x = 0 (ECF core center) has been adjusted to account
for systematic error associated with the positioning of the ablation
points across the core, while the height of the simulated Poynting
vector curves has been adjusted to best match the FFT peaks to
account for errors in the coupling efficiency for the three modes.
This was performed by minimizing the following expression:

ΔPm(x′) =
1
7

7

∑
k=1
∣amPmk(x) − Imk(x − x′)∣, (6)

where Pmk and Imk are the simulated Poynting vector and measured
OFDR peak for the mth mode and kth peak, respectively, x′ is the
transverse offset between the laser writing points and the simulated
Poynting vector distributions across the ECF core, k is the scatterer
number (1 to 7), and am is the vertical scaling of the simulation
relative to the OFDR signal.

The transverse offset comes from positioning error in the fs-
laser ablation process. While there is a high degree of precision in
the relative transverse positions of the ablation points, we expect a
systematic error common to all seven points due to the difficulty
in visually locating the center of the optical fiber core. By apply-
ing Eq. (6) for an arbitrary offset x′, as shown in Fig. 4, we can find
the minima position and correct the actual laser writing locations
relative to the core center. Figure 4 shows that the simulation and
experiment match most closely for a value of x′ = 0.4 μm, which
is within expectations, giving the optical resolution of the imag-
ing system used for identifying the core center during the fs laser
writing.

To match the vertical scaling of the Poynting vector simula-
tions for each mode, am, with the OFDR peaks, Eq. (6) was again
minimized. We first applied the previously determined offset value
of x′ = 0.4 μm and then evaluated the deviation of each simulated
mode with the measured results as a function of am (see Fig. S1 in
the supplementary material). The minima locations were then deter-
mined for each mode, yielding the simulation curves shown in Fig. 3.

FIG. 4. Determining the transverse offset between the simulated Poynting vector
distribution and the OFDR signal averaged for the seven fs-laser ablation points for
the three individually launched modes as described by Eq. (6). The mean across
the three modes is shown by the black curve, which yields an offset of x′ = 0.4 μm
as shown by the dashed lines. Inset shows the corresponding shift in the OFDR
trace for the fundamental mode.

Note that, in the future, the vertical scaling could equally be achieved
through intentional reference points along the ECF, similar to what
has been done here, or by accounting for the total coupled power
for each mode such as by measuring the ECF output with an optical
power meter.

We can see from Fig. 3 that the distribution of the OFDR peaks
matches closely with the Poynting vector distributions on the sur-
face, indicating that the linear matrix approach outlined in Sec. II
can, indeed, be applied to determine the transverse information
about the surface scatterers.

C. Determining scatterer location
We now apply the matrix method in Eq. (5) to determine the

transverse location of the scatterers without using the prior knowl-
edge of their location from the laser writing process. Due to the sym-
metric shape of the Poynting vector distributions shown in Fig. 1(g),
we split the transverse regions of the ECF exposed surface by three
absolute distances from the center of the core. That is, the inte-
gration regions in Eq. (4) are grouped into (i) 0 μm–1 μm, (ii) 1
μm–2 μm, and (iii) >2 μm from the core center. Integrating the three
simulated modes with corrected vertically scaling as discussed in
Sec. III B over the three regions yields the following 3 × 3 (3 modes
× 3 regions) transfer matrix:

M =

⎡⎢⎢⎢⎢⎢⎢⎣

0.112 0.079 0.039

0.026 0.120 0.161

0.016 0.003 0.038

⎤⎥⎥⎥⎥⎥⎥⎦

. (7)

Solving Eq. (5) using the matrix in Eq. (7) and the OFDR data (I)
yields the results shown in Fig. 5.

The red pixels in Fig. 5(a) show the known locations of the
seven fs laser inscribed scatterers according to the positions cho-
sen during the fs laser inscription process, which correspond to the
locations presented in Figs. 3(a3)–3(c3). The calculated results in
Fig. 5(b) show a strong correlation with the known locations, where
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FIG. 5. (a) Fs-laser writing locations grouped into three transverse regions from
the center of the ECF core. The numbers 1 to 7 indicate the laser ablation points
corresponding to their intended location, factoring the x′ = 0.4 μm offset as deter-
mined through the results in Fig. 4(b). Measured location of the scatterers using
the proposed matrix approach. The y-axis shows the longitudinal position of the
scatterers as determined from the OFDR trace.

the pixel with the lightest color in each row represents the most
probable area associated with a specific scatterer.

The results in Fig. 5(b) show a strong correlation with Fig. 5(a)
but with some variation in intensity and some signal in locations that
should show no scattering. We believe the major causes of these dis-
crepancies are as follows. First, the exposed surface is not as flat as
other regular quadrate structures, leading to minor inconsistencies
in the focus depth for each ablation point when they were writ-
ten at different locations across the core. This fabrication error may
cause differences both in ablation depth and size. A deeper focus,
in principle, leads to stronger interaction with the optical field and
thus causes greater scatter relative to other surface-only defects. It is
also likely that the modes were not launched with 100% efficiency,
that is, a small fraction of other modes may have been coupled,
which would impact the results particularly where the expected field
energy is low. For example, the excitation of the mode HOM1 in
Fig. 3(b1) shows a faint third lobe when only two are expected
from the numerical simulation. This could be solved in the future
by using advanced coupling techniques such as the use of a spatial
light modulator for mode launching,27,28 femtosecond-laser-written
mode couplers,29 and photonic lanterns.30

D. Discussion
We have demonstrated 2D mapping of single point-like scatter-

ers in the form of surface ablation points. In this work, the fs-laser
ablation points are strong scatterers due to the glass–air interface
and their position embedded into the core surface and thus would be
more strongly scattering than particles located on the core surface.
For comparison, we have previously shown that the same config-
uration can detect much larger scatterers through the evanescent

field, where we detected 10 μm polystyrene beads on the fiber sur-
face.21 The simulated optical field (see Fig. S2 in the supplementary
material) indicates that the Poynting vector distribution of the fun-
damental mode (FM) on the exposed surface is 20% of that at a
depth beneath the surface of 300 nm (300 nm is an estimation of the
average ablation depth beneath the surface24). Therefore, we expect
this same technique would be also applicable to surface scatterers
through an evanescent field interaction with a trade-off in sensitiv-
ity. This could be improved by using an optical detection system of
greater dynamic range compared to the 40 dB used in our demon-
stration. On the other hand, large particles would backscatter with
stronger signals and interact more strongly with modes of greater
transverse spatial extent. Large particles would thus show signals
for more pixels after the matrix method is applied, in addition to
a greater extent in the axial OFDR trace.

For this to be effective, the transverse spatial resolution should
be improved beyond the currently demonstrated three regions. To
improve the transverse resolution, more modes must be launched,
which again could be solved using a spatial light modulator, and
it would further improve the accuracy of the transfer matrix with
more subdivided integration regions with less variation of energy
across each region. It is important to note, though, that it is essential
that the mode launching is performed, with only individual modes
excited, to avoid deleterious inter-modal interference effects. It is
also important to avoid mode coupling along the optical fiber length.
The ECF used in our work is a high numerical aperture and bire-
fringent fiber (see Table S1 in the supplementary material), which
allows the selected launched modes, including the polarization, to
be maintained even under moderate bending (see bending results
in Figs. S3 and S4 in the supplementary material). Mode coupling
is dependent on the specific fiber properties and thus needs to be
considered before applying our proposed technique.

Another important factor that should be considered is that the
three modes launched in this work display highly symmetric prop-
erties across the ECF core surface. This is to be expected for an
optical fiber with a reflection plane of symmetry, where the Poynt-
ing vector distribution follows this symmetry. To obtain information
on transverse scatterers where more than one region is involved
and obtain an unambiguous result (discriminate positive/negative
transverse location), it would be necessary to utilize modes with
asymmetric Poynting vector distributions. Due to slight imperfec-
tions in the fiber fabrication, the ECF used in our work shows a
subtle asymmetry, which leads to asymmetric higher-order modes
(see Fig. S5 in the supplementary material) that could be exploited
for this purpose. This would, again, require the use of more com-
plex mode launching techniques or by fabricating an intentionally
asymmetric fiber structure to break the symmetry of the supported
modes.

IV. CONCLUSION
We have demonstrated a technique for detecting the longitu-

dinal and transverse location of micron-scaled scatterers along an
optical fiber using a combination of optical frequency domain reflec-
tometry and selective excitation of transverse guided modes. We
have demonstrated this technique using femtosecond laser inscribed
ablation points as model scatterers and then comparing the optical
response to numerically simulated optical mode profiles. A matrix
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approach has been proposed to determine the locations of the sur-
face scatterers, which matches well with the known locations of the
laser written ablation points. Although only demonstrated here for
mapping the transverse location of single ablation points, our tech-
nique can be expanded in the future for the detection of particle
size. All the measurements are based on a single fiber path with-
out relying on an external complex side-imaging instrument. We
believe the proposed technique has potential for the detection and
sizing of biological particles of interest for in vivo biomedical appli-
cations such as cancer or bacteria detection or the tracking of drug
delivery particles. Our proposed scheme is not limited to the use
of exposed-core fibers or even evanescent field devices, but can be
used to detect the location of any scatterer within a waveguide if
the waveguide’s modes can be individually launched and simulated
numerically. The technique could therefore also be applied to the
characterization of defects in waveguides or even for the study of the
fundamental physics of micro-/nano-particles and their interactions
with surfaces or other particles.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information
mentioned in the main text.

ACKNOWLEDGMENTS
This work was supported by the Ramsay Fellowship provided

by the University of Adelaide. The authors would like to thank
OptoFab Node of the Australian National Fabrication Facility utiliz-
ing Commonwealth and South Australian State Government Fund-
ing, China Scholarship Council (Grant No. 201706750012), the
Australian Research Council Centre for Nanoscale BioPhotonics
(Grant No. CE14010003), the National Heart Foundation (Fellow-
ship Grant No. 102093) and Australian Research Council (ARC)
Future Fellowship (FT200100154). The authors acknowledge Evan
Johnson and Alastair Dowler for their contribution to fiber fabrica-
tion.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1A. Ashkin, Proc. Natl. Acad. Sci. U. S. A. 94(10), 4853–4860 (1997).
2A. S. Urban, A. A. Lutich, F. D. Stefani, and J. Feldmann, Nano Lett. 10(12),
4794–4798 (2010).
3J. Li, E. H. Hill, L. Lin, and Y. Zheng, ACS Nano 13(4), 3783–3795 (2019).
4H. Shen, L. J. Tauzin, R. Baiyasi, W. Wang, N. Moringo, B. Shuang, and C.
F. Landes, Chem. Rev. 117(11), 7331–7376 (2017).

5M. Liebel, J. T. Hugall, and N. F. van Hulst, Nano Lett. 17(2), 1277–1281 (2017).
6Y. Li, H. Xin, X. Liu, Y. Zhang, H. Lei, and B. Li, ACS Nano 10(6), 5800–5808
(2016).
7I. T. Leite, S. Turtaev, X. Jiang, M. Šiler, A. Cuschieri, P. S. J. Russell, and
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