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Sensing with optical whispering gallery modes (WGMs) is a rapidly developing detection method in modern micro-
fluidics research. This method explores the perturbations of spectra of WGMs propagating along the wall of an optical
microcapillary to characterize the liquid medium inside it. Here we show that WGMs in a silica microcapillary can be
fully localized (rather than perturbed) by evanescent coupling to a water droplet and, thus, form a high-quality-factor
microresonator. The spectra of this resonator, measured with a microfiber translated along the capillary, present a
hierarchy of resonances that allow us to determine the size of the droplet and variation of its length due to the evapo-
ration. The resolution of our measurements of this variation equal to 4.5 nm is only limited by the resolution of the
optical spectrum analyzer used. The discovered phenomenon of complete localization of light in liquid-filled optical
microcapillaries suggests a new type of microfluidic photonic device as well as an ultraprecise method for microfluidic
characterization.
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1. INTRODUCTION

Research and development of optical whispering gallery mode
(WGM) microresonators has grown significantly over the last
several decades, finding applications in telecommunications
[1-4], fabrication of microlasers [5-9], quantum electrodynamics
[10,11], quantum networks [12,13], microfluidics [14—-17], op-
tomechanics [18,19], and other fields of science and engineering.
These microresonators are usually fabricated in the form of
spheres, toroids, bottles, bubbles, cylinders, disks, and capillaries
(see e.g., Refs [1,2,10,14,20]).

Similar to the acoustic WGMs discovered by Lord Rayleigh
more than 100 years ago [21], optical WGMs propagate very
close to the surface of optical microresonators. This fact has both
positive and negative consequences for applications. On the one
hand, since WGMs are isolated from the microresonator core,
thermal and electrical tuning devices can be included into interior
part of the microresonator without degrading its quality factor
[22,23]. Of special interest is the development of microfluidic
optomechanics based on liquid-filled microcapillaries, which is
also based on the effect of isolation of WGMs from the liquid
inside the resonator [24].
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Alternatively, coupling between WGMs and the interior of the
microresonator is critical for the development of ultraprecise capil-
lary microfluidic sensors [14,17,25,26]. To this end, researchers
fabricate optical microcapillaries having very narrow (a few microns
thick) walls, which allow WGMs to evanescently penetrate through
the internal capillary surface and probe the interior medium. It is
expected that these microfluidic sensors, similar to WGM micro-
resonators sensing the environment at their peripheral surface [16],
can achieve breakthrough single-molecule sensitivity.

Light propagating in the form of a WGM along an optical
fiber surface can be fully controlled by the exceptionally small
nanoscale variation of the effective fiber radius [27]. In particular,
the deformation of a fiber by just a fraction of a nanometer can
completely localize WGMs and form a high-quality-factor micro-
resonator [28]. This means that the fiber radius variation suffi-
cient for governing WGMSs can be dramatically smaller than
the wavelength of light. The technological platform based on
this phenomenon—surface nanoscale axial photonics (SNAP)—
demonstrates the fabrication of miniature resonant optical devices
at the fiber surface with unprecedented sub-angstrom precision
and ultralow loss [3,27,29].
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The success of the work presented below is primarily based on
the idea of bridging the SNAP platform [27] and WGM micro-
fluidic sensing platform [25], which have much in common [30].
In fact, while SNAP considers WGMs controlled by nanoscale
deformation of the outer surface of an optical fiber, similar control
can be performed in microcapillaries by small and slowly varying
internal nonuniformities. Recently we showed that the introduc-
tion of SNAP resonators is possible by deformation of the external
as well as the internal capillary surfaces [31]. Alternatively, here we
consider liquid situated in a uniform microcapillary. We show that
the control over the WGMs propagating along the microcapillary
can be performed only by the nonuniformities of the liquid.
In particular, we demonstrate that a water droplet situated inside
a silica microcapillary can fully localize WGMs and introduce a
high-quality-factor optical microresonator. Our discovery paves
the way for the development of a novel comprehensive method
for microfluidic sensing and a new type of tunable resonant
microfluidic-based photonic devices.

2. OBSERVATION OF AN OPTICAL
MICRORESONATOR INDUCED BY A DROPLET

The microcapillary used in our experiment was prepared from a
polymer-coated silica capillary fiber drawn at OFS Laboratories.
Figure 1(a) shows the optical microscope image of the cross sec-
tion of this capillary after the polymer coating was removed in hot
sulfuric acid. From this image, the external and internal radii of
the capillary were determined as 7;,, = 61 pmand 7., = 68 pm.
In our experiment, one end of a several-centimeters-long fiber
was glued in into the needle of a syringe that was used to launch
and position the water droplets inside the fiber. The other end was
left open. The silica microcapillary was prepared by removing the
coating from a few-centimeter section in the middle of this fiber.

(a) (b)
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Fig. 1. (a) The optical microscope image of the cross section of the
silica microcapillary used in the experiment. This image was used to
determine the radius of the capillary and the thickness of its wall.
(b) The optical microscope image of a water droplet inside the capillary.
The droplet meniscuses caused by the surface tension are clearly seen.
(c) Ilustration of the experiment. The input-output taper with a
micron-diameter waist (microfiber) is positioned normally to the capil-
lary. The microfiber excites WGMs which propagate along the microca-
pillary wall and sense the droplet.

An optical microscope image of a sample droplet positioned inside
the stripped section of the fiber is shown in Fig. 1(b). It is seen
that the droplet possesses the characteristic meniscuses introduced
by the surface tension.

The idea of our experiment is illustrated in Fig. 1(c). A bicon-
ical fiber taper with a micron-diameter waist (3-mm-length
microfiber with diameter of 1.6 pm) was oriented normal to
the capillary and connected to the LUNA optical spectrum ana-
lyzer (1.3 pm wavelength resolution). The microfiber was trans-
lated along the capillary axis z and periodically placed in direct
mechanical contact with the capillary to measure the transmission
power P(z, 1) as a function of the microfiber coordinate along the
capillary z and wavelength 4 [27]. Figure 2(a) shows the surface
plot of transmission spectra P(z, 4) collected in the bandwidth
1539.5 nm < A < 1545 nm at points spaced by 2 pum along
the 600-pm capillary section with the droplet in the middle.
The spectra are found to be quasiperiodic in wavelength with a
period of 3.92 nm (see Supplement 1). The time of each measure-
ment (including the time required for recording the spectrum and
the time of translation of the microfiber between the measurement
points) was 10 s. Consequently, the full time of recording of the
spectra along the 600-pm capillary section was 50 min, while the
measurements along the length of the droplet took around 11 min.

The spectral plot in Fig. 2(a) clearly outlines the area where
the water droplet is situated. As explained in the next section,
the green pathways (dips) outside the droplet area correspond
to the cutoff wavelengths of WGMs. Some of these pathways
(e.g., those close to 1540.2 nm, 1540.9 nm, and 1541.8 nm)
cross the droplet area unaffected. This means that the correspond-
ing WGMs are not perturbed by the presence of the droplet.
Other lines (e.g., those close to 1539.9 nm, 1540.5 nm, and
1543.3 nm) are interrupted in the droplet area, indicating that
the corresponding WGMs are perturbed by the droplet. The in-
terruption of these lines is accompanied by the appearance of
additional resonances, which is explained by the full localization
of the corresponding WGMs in the droplet area. The evanescent
coupling of these WGMs to the water droplet causes the positive
shifts of their cutoff wavelengths and the formation of a high-
quality-factor microresonator. The position of resonances is in
excellent agreement with the theory presented below.

3. THEORY OF CUTOFF WAVELENGTHS
AND QUANTIZATION OF SLOW WGMS

High-quality-factor optical resonance lines are commonly ob-
served in the WGM spectra of optical fibers [14,25-27]. These
resonances correspond to the so-called cutoff wavelengths of
light 4,,,. Here m and p are the azimuthal and radial quantum
numbers, which numerate modes propagating in an axially sym-
metric and uniform fiber (in particular, a capillary fiber). The ex-
pression for the electromagnetic field of these modes is factorized
in the cylindrical coordinates (z, p, @) as [32]

Er%p(z) @)= CXP(il‘ﬁmp(ﬂ)z) exp(imep) Qmp(p)

Here f3,,(4) is the propagation constant, and the function
Q,,,(p) exponentially decreases outside the capillary for p > 7.
and inside the capillary for p < 7, The optical modes of our
interest are the WGMs, which are adjacent to the optical fiber
surface. At cutoft wavelengths 4,,,, the propagation constants
of these modes approach zero, f,,(4,,) = 0. The speed of
propagation of WGMs with small ,,,(1) along the capillary axis
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Fig. 2. Surface plot of the transmission power spectra collected by the input-output microfiber translated along the microcapillary with a droplet inside.
The spectral (vertical axis) and spatial (horizontal axis) resolutions of the scan were 1.3 pm and 2 pm, respectively. The central part of the plot indicates the
region where the droplet was situated. (b) and (c) Surface plots of the calculated transmission power spectra corresponding to the stationary droplet with
the initial (b) and final (c) dimensions which were obtained for a single cutoff wavelength using Egs. (1)—(3). The initial and final dimensions were taken
from the experimental plot (a) at axial coordinates z; and z, [Fig. 1(c)] when the measurement of the droplet region started and finished. (d)—(f)
Magnified spectral region of the surface plot (a) and the theoretical models of the droplet similar to those shown in (b) and (c) but for a different
cutoff wavelength. (g) The resonance of the droplet-induced microresonator measured at the node indicated at the spectral plot (d). (h) Magnified
spectral region of the surface plot (a) containing the pathway of resonances with the axial quantum number ¢ = 12 which was used for the analysis
of the droplet evaporation.

is slow. It is due to the slowness of WGMs that they can be gov- wavelengths 4,,, caused by the evanescent coupling of WGMs
erned by angstrom-scale variations of the effective fiber radius em- to a water droplet inside a capillary fiber.

ployed in SNAP [27]. As explained below, a similar effective Figure 3(a) shows the dependencies of 4,,, for the silica micro-
radius variation effect can be introduced by the shifts of cutoff capillary with the refractive index 7., = 1.46 and external radius
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Fig. 3. (a) Cutoff wavelengths with the azimuthal quantum number
m = 364 and radial quantum numbers p = 0, 1,2, 3,4, 5 for the silica
microcapillary with external radius ., = 68 pm as a function of the
microcapillary internal radius 7;,.. The solid and dashed curves corre-
spond to the empty and water-filled microcapillary, respectively. (b) The
distribution of cutoff wavelengths (dots) for the TE-polarized WGMs
having p=0,1,2,3,4,5 in the bandwidth 1540 nm < 4 < 1550 nm.
The corresponding azimuthal quantum numbers 7 are shown next to
each of the dots. (c) A sample surface plot of transmission power spectra
calculated using Eqs. (1)—(3) for the water-induced shift of the cutoff
wavelength equal to 1 nm and microfiber-capillary coupling parameters
indicated in the text.

Tee = 68 pm as a function of internal radius 7;,.. The solid and
dashed curves correspond to the empty and water-filled capillary,
respectively. The external and internal radii, 7, = 61 pm and
Texe = 68 pm, of the capillary used in our experiment are indi-
cated by the vertical dashed lines. In calculations, we chose the
azimuthal quantum number 7 = 364 so that the cutoff wave-
length of the first WGM sensitive to water corresponds to the
wavelength ~1.54 pm close to the value of an experimental cutoff
wavelength in Fig. 2(a). The noticeable shifts caused by the
presence of water are found for the WGMs with radial quantum
numbers p > 2. Specifically, for p = 2, 3,4, and 5 these shifts are
0.003 nm, 0.2 nm, 1.1 nm, 3.2 nm, and 6.0 nm, respectively.
The characteristic behavior of evanescent field in the water-filled
microcapillary can be found, e.g., in [25].

Figure 3(b) shows the calculated cutoff wavelengths Aomp for
the transverse-electric (TE)-polarized WGMs with radial quan-
tum numbers p =0, 1, ..., 5, which are situated in the band-
width 1.54 pm < 1 < 1.55 pm (see Supplement 1). As we found
above, the WGMs having frequencies 4,,, with small p = 0 and 1

are not affected by liquid. On the other hand, the WGMs with
large p > 1, which strongly scatter from interfaces, may be un-
detectable due to their high attenuation. For this reason, the
values 4, situated in the bandwidth 1.54 pm < 4 < 1.55 pm
are shown in Fig. 3(b) for quantum numbers p < 5, which are
presumably detected in our experiment. The corresponding azi-
muthal quantum numbers 7 ranging from 347 to 393 are shown
in Fig. 3(b) as well. The cutoff wavelengths of the transverse-
magnetic (TM)-polarized WGMs, which are not shown in this
figure, are known to have significantly smaller quality-factors than
those of the TE-polarized WGMs due to scattering from the sur-
face and bulk nonuniformities [33]. The distribution of the cutoff
wavelengths in Fig. 3(b) is in a reasonable quantitative agreement
with that of the measured resonant wavelengths in Fig. 2(a).
The appearance of a microresonator induced by a water drop-
let is explained as follows. In the vicinity of cutoff wavelengths,
the propagation constant is small and can be determined in the
first order of the perturbation theory as (see Supplement 1),

By ) = Ay PR -0 )

2327y

cap

where 7, is the refractive index of the capillary material and
superscript indices @ and “ correspond to the air-filled and
water-filled capillaries, respectively. From Ec% (1), the propagation
constant is real for wavelengths 4 < /1 and pure 1mag1nary
for A > ,15,‘;3 @) Assume that the cutoff wavelength lm} of the
empty caplllary expenences a relatively small positive perturbation
and becomes equal to ﬁmp after the capillary is ﬁlled in Wlth water
Then, for the wavelength 4, which is close to Amp and /Im], , the
expressions for propagation constants in the water-filled and
empty capillary can be calculated from Eq. (1). In our approxi-
mation, the relatively small perturbation of the WGM depend-
ence on the radial coordinate in Q,,,(p) due to the presence
of water can be neglected. Then, the behavior of WGMs along
the microcapillary with a droplet inside is determined by the
one-dimensional wave equation,
2

+ (2, 2)

where $,,,(z, 1) = ﬂ(w) 1) 1n51de the droplet region, z; < z < z,
(Fig. 1(d)], and f,,,(2, 1) = ﬂ (/1) outside it. Substitution of ex-
pressions for the propagation constants from Eq. (1) into Eq. (2)
makes Eq. (2) equivalent to the Schrodinger equation for the rec-
tangular quantum well [34] In partlcular, it becomes obvious that
WGMs with wavelengths lmp <A< /lmp can be localized by the
droplet. These modes are oscillatory in the droplet region (here
Pup(% 2) is real) and exponentially decay outside it (here f,,,(4, 2)
is pure imaginary). The quantization rule for these modes is sim-
ilar to the quantization rule for the rectangular quantum well. The
transmission amplitude through the microfiber placed in contact
with the capillary at point z is expressed through the Green’s
function of Eq. (2), G(z, 2, 4) as [35]

i|CI?G(z, 2, A)
1+ DG(z,2 )

Here constants Ay, |C|, and D are the microfiber—capillary
coupling parameters, which are usually determined experimen-
tally. As an example, Fig. 3(c) shows the surface plot of the
transmission power P(z, 1) = |A(z, A)|* for our microcapillary
having 7, = 61 pm and 7., = 68 pm with a water droplet
of 100 pm length inside. The transmission power P(z, 1) shown

Az, 2) = A (3)
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in Fig. 3(c) is found for the characteristic microfiber—capillary
coupling parameters 4y = 0.8 - 0.1, |C]*> = 0.02 pm~!, and
D = 0.02 + 0.025; pm™! [35% The cutoff wavelength of the
empty capillary is set to lmp = 1540 nm, close to one of
the cutoff wavelengths observed in our experiment [Fig. 2(a)].
Approximating the behavior of the p = 3 cutoff wavelength in
Fig. 3(a), we assume that this wavelength increases by A/lmp

1 nm and becomes A} = 1.541 pm in the droplet region.
The introduced cutoff wavelength profile [bold black dashed line
in Fig. 3(c)] corresponds to a quantum well in Eq. (2) and, equiv-
alently, to an optical microresonator. The right-hand-side vertical
axis in Fig. 3(c) is the effective radius variation determined
from the cutoff Wavelength variation by the rescaling equation
ATy [ Fexe = Almp//lmp The horizontal resonance pathways in
Fig. 3(c) with interchanging nodes and antinodes correspond
to the axial eigenvalues of this microresonator with quantum
numbers g = 0, 1, ...6. In analogy to the bottle microresonators
induced by the external radius variation [27], this microresonator
can be called a droplet-induced bottle microresonator.

4. INTERPRETATION OF THE EXPERIMENTAL
OBSERVATIONS

The surface plot of experimental spectra in Fig. 2(a) exhibit sev-
eral series of resonance pathways. Some of pathways cross the
droplet region without visible perturbation. As explained above,
they correspond to the cutoff wavelengths with small radial quan-
tum numbers p < 2. Other pathways experience a break in the
droplet region, which is accompanied by the appearance of series
of resonance lines with interchanging nodes and antinodes. The
behavior of each of these series, taken separately, is similar to that
in the numerical example of a droplet-induced bottle resonator
shown in Fig. 3(c). To clarify this, we consider two examples. The
first example corresponds to the behavior of the cutoff wavelength
which is close to 1540.44 nm outside the droplet. This wave-
length experiences the positive shift of 2.85 nm in the region of
the droplet. The shift introduces a microresonator containing
15 ecigenvalues with axial quantum numbers ¢ =0,1,..., 14
indicated on the theoretical 2D plots of transmission power in
Figs. 2(b) and 2(c) described below. Based on calculations shown
in Fig. 3(a), we suggest that the radial quantum number of these
eigenvalues is equal to p = 4. As noted above, the process of char-
acterization of the microresonator region took around 11 min.
During this time the droplet became smaller in length due to
evaporation. It is well known from quantum mechanics that the
decrease of the length of the rectangular quantum well (resonator)
leads to the growth of the separation between its eigenvalues [34].
For this reason, the pathways indicating the axial eigenvalues in
Fig. 2(a) have a small negative slope. As shown in the next section,
the measurement of this slope allows us to detect the variation of
the droplet size with nanometer precision. Figures 2(b) and 2(c)
show the results of our theoretical characterization of the droplet
using Eqgs. (1)—(3), which fit the experimental spectra before and
after measurements (see Supplement 1). The theoretical as well as
experimental pathways with axial quantum numbers ¢ indicated
in Fig. 2(b) consist of g 4 1 antinodes. The agreement between
the positions of wavelength resonances found theoretically and
their positions found experimentally is excellent. In the second
example, we consider a 2D spectral fragment magnified in
Fig. 2(d). Here the cutoff wavelength equal to 1539.88 nm out-
side the droplet is shifted by 0.7 to 1540.58 nm in the droplet

region. Based on calculations presented in Fig. 3(a), we suggest
that the radial quantum number of this cutoff wavelength is
2 = 3. Our numerical modelling shown in Figs. 2(e) and 2(f)
precisely confirms the length of the droplet L equal to 129.7
and 126.3 pm before and after its characterization, which has
been initially calculated in the first example. Finally, Fig. 2(g)
shows that the quality factor of the induced microresonator is
remarkably large, ~5 - 10°.

Before the full stabilization of the droplet, it was translated
along the originally dry capillary from right to left. As the result,
tiny micro-islands of water adjacent to the internal capillary
surface were left behind at the right-hand-side of the droplet.
Examination of resonance pathways outside the droplet in
Fig. 2(a) allows us to distinguish between the perturbations
caused by outside contamination, which disturbs all pathways
similarly, and perturbations caused by the water islands situated
inside the capillary. As discussed above, the latter disturb the
pathways with relatively large radial quantum numbers p and
have negligible effect on pathways with p < 2. For example,
the pathway close to 4 = 1540.9 nm, which crosses the droplet
unperturbed and presumably has p = 0, is straight everywhere
except the disturbance near z = 500 pm. Since this disturbance
is replicated in all other pathways, we suggest that it is caused by
perturbations of the external capillary surface. However, the path-
way close to 4 = 1540.5 nm is straight at the left hand of the
droplet and, unlike the pathway at 4 = 1540.9 nm, is corrugated
at its right-hand side. For this reason, we suggest that these
corrugations are caused by water islands inside the capillary.

5. EVAPORATION OF THE DROPLET
AND CONCOMITANT EFFECTS

Due to the evaporation of the droplet in the process of its char-
acterization, the successive measurements comprising the 2D plot
in Fig. 2(a) present the spectra of the microresonator continuously
reducing in length. For this reason, in contrast to the purely hori-
zontal resonance pathways in theoretical plots in Figs. 2(b), 2(c),
2(e), and 2(f), the resonance pathways in the droplet region
of experimental Fig. 2(a) are tilted. Analysis of the behavior
of these tilted pathways allows us to determine the variation of
the droplet length with exceptionally accurate nanometer preci-
sion. Figure 2(h) shows the magnified fraction of the 2D plot in
Fig. 2(a), which includes the resonance pathway corresponding
to axial quantum number g = 12 consisting of 13 antinodes.
The most accurate measurement of the immediate wavelength
eigenvalue of the microresonator is achieved at the nodes of this
pathway, which correspond to the minimum coupling between
the excited WGM and input-output microfiber. For the model
of the rectangular quantum well described by Eqs. (1) and (2),
the change AL of the resonator length L can be determined from
the shift AZ of the eigenvalue 4,,,, with large axial quantum num-
ber ¢ >> 1 by the equation

mpq

4;13@,L3
AL = o AZ )
derived in Supplement 1. From this equation and analysis of the
pathway with axial quantum number ¢ = 12 shown in Fig. 2(h),
we find that the total wavelength shift A4, = 0.11 nm, which
the eigenvalue 4,1, ~ 1.541 pm acquires during the time of
scan of the droplet region equal to 10.7 min, corresponds to the
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droplet reduction in length of AL, = 3.8 pm and shrinking
speed of 0.35 pm/ min. Using Eq. (4), the resolution of the mea-
surement of the droplet length variation is found from the reso-
lution of our optical spectrum analyzer equal to A4, = 0.13 pm
as AL, = 4.5 nm. Due to geometric reasons, this remarkably
high resolution is, nevertheless, two orders of magnitude worse
than that achieved in SNAP technology for the effective variation
of the optical fiber radius [3,27,29].

It is interesting to estimate the deformation of the capillary
due to the surface tension induced by the droplet. The additional
pressure P experienced by the capillary wall can be estimated by
the Young—Laplace equation, P = 2y/R [36]. Assuming the
characteristic value of the surface tension y ~ 0.1 N/m and capil-
lary and meniscus radii 7. ~ R~ 100 pm, we find P ~ 1 kPa.
Depending on the actual values of the surface tension at the
water—air, water—silica, and silica—air interfaces, which usually
have the same order of magnitude [36], this pressure can be pos-
itive or negative. Consequently, it can increase or decrease the
effective radius of the capillary. The radius variation dr caused
by the surface pressure can be found from the elasticity theory
of thin-walled cylinders as 6r = Pr2 (EA7)™!, where Ar is the
capillary wall thickness and £ is its Young modulus [37]. Since
the effect of the stress-induced refractive index variation is usually
smaller than that of the mechanical deformation, we estimate
the corresponding shift of the capillary radius as 7 ~ 3 pm and
the cutoff wavelength as 64 ~ 674 /7 ~ lmp}/(EAr)’I ~ 0.1 pm.
These values are much smaller than those observed in our
experiment for WGMs with radial quantum numbers p > 2.
We suggest that the introduced shift can be detected by more
accurate measurements of the cutoff wavelength shifts of WGMs
with p = 0 since their evanescent coupling to the droplet is neg-
ligibly small.

Usually, a water droplet carries an electric charge ¢ (see
e.g., Refs. [38,39]). The value of e is limited by the maximum
charge-induced expanding force, which can be withheld by the
surface tension. Estimating ¢ b)l the Rayleigh formula for a spheri-
cal droplet, e < 87(gyy)"/ ZR?) ?, where & is the vacuum permit-
tivity and Ry ~ 100 pm is the characteristic radius of the droplet,
we find e < 2. 107! C. Assuming that the distribution of charge
along the droplet surface is uniform, we find that the charge-
induced effective radius variation of the capillary (limited by the
droplet stability) has the same order of magnitude as the radius
variation induced by the surface tension calculated above.
However, the electrostatic calculations (see e.g., [40]) show that
the distribution of charge at the droplet—capillary surface interface
can be strongly nonuniform. The charge density can grow by an
order of magnitude near the droplet edges where the introduced
capillary radius variation can be significantly greater.

Another effect induced by the droplet charge is the DC Kerr
effect [41,42]. By modelling the droplet as a cylinder of length L
and charge ¢, we estimate the electric field inside the capillary
as £ = ef(2megncy,Lrey). For e~ 107" C, L~ 100 um and
Fexe ~ 50 pm, we have £ ~ 107 V/m. The refractive index varia-
tion introduced by this field is expressed through the third-order
electric susceptibility ¥ as dnpcier = (3)((3)/2ncap)E2 [42].
For silica, y® ~ 210722 m?/V? and the refractive index varia-
tion of the capillary introduced by the DC Kerr effect in the drop-
let region is estimated as 8npcier ~ 107, This corresponds to
the cutoff wavelength shift of 64 ~ dnpckerdmy/ eap ~ 0.1 pm
having the same order of magnitude as the shifts introduced by

the surface tension mechanically. From the above expressions for
E and 8npcger» We have 8npcger ~ L72. Therefore, the DC Kerr
effect can be increased by an order of magnitude for a droplet with
three times smaller length. In addition, the DC Kerr effect, being
proportional to the local charge density squared, is significantly
greater near the droplet edges where, as noted above, the charge
density maximizes.

6. DISCUSSION

We have shown, experimentally and theoretically, that a droplet
positioned inside an optical microcapillary can trap the WGMs
propagating along the capillary wall and localize them completely.
The evanescent tails of WGMs penetrate into a thin layer of the
droplet through the internal capillary surface. Consequently, the
WGMs spectra characterize the medium, which is adjacent to
the interface between the droplet and the capillary. In contrast
to previous WGM microfluidic sensing methods [14-17], the
presence of the droplet-induced microresonator allows us to
monitor the droplet dynamics nonlocally with the fixed position
of the input-output microfiber. For example, the resonance spac-
ing measured at a single point z; in the droplet region [Fig. 1(c)]
allowed us to determine the immediate length of the droplet,
which changed in the process of evaporation. More generally,
examination of the WGM spectra measured at one or a few points
along the droplet enables monitoring the behavior of the droplet
away from these points. The important question remained is
whether the collected spectral data is sufficient to solve the inverse
problem completely and determine the refractive index variation
near the internal capillary surface.

The future research and development exploring the discovered
phenomenon promises wide-ranging applications in microflui-
dics, surface science, and microphotonics. It is of great interest
to apply the developed method to investigate the droplets of dif-
ferent liquids, simple and complex, including colloidal liquids
[36]. As an example, the immediate positions and velocities of
an individual and, presumably, a few micro/nanoparticles in a
colloidal liquid can be determined from the dynamics of WGM
spectrum measured at a fixed microfiber position. In contrast to
the SNAP microfluidic sensor [30,31], the microresonator ena-
bling this nonlocal characterization of the droplet is naturally
introduced and does not have to be fabricated.

It is expected that the size of particles that can be detected and
monitored with our approach can achieve sub-nanoscale dimen-
sions. In fact, it has been shown that a WGM microsphere res-
onator sensor enriched with plasmonic nanoparticles can detect
single atoms [15]. Due to the analogy between the behavior of
evanescent WGM at the periphery of a microsphere and at the
interior of a capillary, we suggest that the similar resolution is fea-
sible for plasmon-enhanced WGM sensing inside a microcapil-
lary. Remarkably, our method potentially enables the detection
of the immediate axial coordinate of moving nanoparticles and
molecules, which was not possible in the previous approaches.
More complex phenomena at the solid-liquid interfaces can be

investigated [43—46].
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