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Abstract: We report the trapping and manipulation of bubbles in viscous
glass melts through the use of a laser. This phenomenon is observed in bub-
bles tens of micrometers in diameter under illumination by low numerical
aperture A = 0.55). Once the bubble was centered on the optical axis, it
was trapped and followed a lateral relocation of the laser beam. This phe-
nomenon is explained by modifications of the bubble’s shape induced by
axial heating and a decrease in surface tension. It is shown that formation of
a concave dimple on the bubble’s front surface explains the observed laser
trapping and manipulation. This mechanism of laser trapping is expected to
take place in other deformable materials and can also be used to remove bub-
bles from melts or liquids. For this technique to be effective, the alteration
of the bubble’s shape should be faster than its expulsion out of the laser’s
point of focus.

© 2007 Optical Society of America

OCIS codes: (070.4690) Optical morphological transformations; (140.7010) Trapping;
(160.2750) Glass and other amorphous materials; (350.6980) Transforms
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1. Introduction

Laser trapping and manipulation [1-3] has a growing number of applications in areas of science
and technology in which particles and biomaterials from molecular to micrometer-size are to
be individually imaged, manipulated, processed, modified, or deposited [4—-12]. Tightly focused
laser beams can be used to exert trapping (gradient) and pushing (scattering) forces on micro-
objects and structures inside liquid crystals [13], gels [14], or liquid surfaces [15]. Though the
laser trapping force is determined by the refractive indices of the environment and the object
to be trapped, stable on-axis trapping occurs typically when using a tight focuse employing
an objective lens with a numerical apertured\oh > 1. Also, the refractive index of the object
should be larger than that of the surroundings; ns. Hence, the laser trapping of a bubble in

a glass meltrfy = 1,ns = 1.57) and at &NA = 0.55 focuse will not take place.

Here, we report on the experimental observation of laser trapping at low-NA and under a
Ny < ng condition. This seemingly unusual phenomenon can be qualitatively explained by a
change in the shape of a bubble, which responds to laser irradiation not as a rigid spherical
particle but as a deformable object. For such trapping to occur, a change in the shape of the
bubble should be faster than its expulsion from the point of focus.

2. Experimental

In this study, we used ABH61 and 1310Er Er-doped glasses (more details can be found in
ref. [16]). There were no differences in regard to the laser manipulation of the bubbles in both
types of glass. The glasses were heated and kept at>T@@0a micro-oven (Japan HighTech

Co., LTD; KL-1500) set on an up-right microscope (Nikon Optiphoto-2). Cw-laser radiation
having a 1064 nm wavelength was used for trapping and manipulating the bubbles. The laser
light was irradiated through an objective lens having a numerical apertiéef 0.55. The

axial position of bubbles was determined by imaging and was set to be at least greater than
the bubble’s diameter from the sample’s surface in order to avoid a dragging effect [17]. The
viscosity of the melt at which the laser trapping of the bubbles was observed was 3.16 Poise.
The glass melt had a free surface which was important for the convection initiated by laser
heating. It was not possible to observe the side of the bubble in the current setup in which the
sample placed inside the oven.
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Fig. 1. The trapping force factdp; for a spheren, = 2 in watern, = 1.33 (a), and for a
bubbleny = 1 in glass melhy = 2 (b). The laser trapping beam is focused alongZlaeis

at a position aboveKS) and below ¢S) the center of the sphere. The numerical apertures
of the objective lenses are 0.5 (1), 0.75 (2), 0.9 (3), 1.3 (4); respectively, the input aperture
is uniformly filled. Calculated by Egs. (1), (2) [19D: = Qs+ Qg, see text for details.

3. Theory: arigid sphere

In our experiments, we trapped bubbles typically of a-120 um diameter. Hence, a theory
based on geometrical optics is quantitatively applicable. The laser trapping force is a cumula-
tive force composed of scattering (pushing) and gradient (trapping) elements, which are given
by [18]:

nsP sin(26 —2¢) + Rcos P _,
Fs="c [1+RC0329_ 1+ R+ 2RcosZ | @
nsP [ . sin(260 —2¢) +Rsin20 _,
Fo="¢c [Rst@— 1Rt 2Rcosz | | )

hereP andc are power and the speed of liglt,and € are the angles of incidence and the
refraction of the light ray according to Snell’'s lawsin6 = nysing, andR andT are the Fres-

nel reflection and transmission coefficients of the surface, respectively. Terms in brackets in
Egs. (1), (2) represent the scattering and gradient coeffidi@gysrespectively, with a cumula-

tive coefficient bein@) = Qs+ Qq. The total force can be calculated by integrating the Egs. (1),
(2) over the angles filling the numerical apertdé& = nsin@ [19]. The result is plotted a®;

in Fig. 1.

Figure 1 shows the numerical results for the total force exerted onto a dielectric glass mi-
crosphere inside water (a common laser trapping condition) and for a bubble inside glass
melt (as in our experiment). TheS and —S coordinates correspond to the position of a ge-
ometrical focus (without a micro-sphere) above and below the center. Stable trapping occurs
whenFy > Fs, where the factoQ; changes sign. There, a trapping potentgal defined by
F = K+ Fy = gradg, has its minimum. The restoring force around the central position can
be well approximated by a Hookean law. A spherical particle having a high refractive index
(Fig. 1(a)) can be trapped only at a high-NWA > 1) focuse since the high reflection makes
the scattering larger than the gradient force. Objects with a lower refractive index contrast can
be trapped even byMA < 1 objective lens due to the small scattering force.

When a spherical particle with, < ng (Fig. 1(b)) is illuminated by a focused laser beam, the
scattering force (positive) is dominant. This simulation is valid for a “rigid” bubble in a glass
melt. The calculations shown in Fig. 1(b) were carried out until the total internal reflection
(TIR) angle is obtained. Even at high-NA focusing, the bubble is attracted to the incoming
beam (negativé); at negativeS) when focused onto the bubble’s front side. This is a direct



Fig. 2. Manipulation of a bubble inside a glass (ABH61) melt. Trapping laser power is
0.4 W; scale bar 2im. The dashed contour is a visual guide to recognize position change.
The dot marks the focal position. The time difference between the frames is approximately
0.25s.

consequence of the impulse change when the beam passes the boundary between two refractive
index media [16]. The bubble is pushed out of focus axially at pos8ivEhere is no stable
trapping at+-Spositions due to TIR. At loweNA, the bubble is also expected to be pushed out

of focus ; > 0). The calculations presented here are valid only for rigid micro-spheres and do
not apply to our experimental conditions under which the bubbles were not “rigid” spheres as
discussed below.

4., Results and Discussion

Figure 2 shows the manipulation of a bubble inside a glass melt. Moving a microscope stage
after laser irradiation onto the bubble, it was fixated around the focus and appeared trapped
and was laser manipulated. This contradicted the expected behavior of a low refractive index
material inside a more optically dense medium as demonstrated in Fig. 1(b). Since the bubble
was in constant movement, the focal spot was not centered on the bubble (Fig. 2). However,
if the bubble was still, the laser focus could be centered on the object as expected (Fig. 3).
The bubble shown in Fig. 3 entered the laser beam while it was driven by convection and
the Brownian mechanism. The presence of convection is demonstrated by a movie clip (see,
the supplement) in which the absorbing microparticles, most probably formed from phase-
separated Bi in the melt of the same glass, are cyclically attracted and expelled out of the point
of focus. The convection also affected bubbles and brought them towards the focus.

Experimental observations (Figs. 2-3) show that the bubble can be trapped and manipulated,
in contrast to the expectations of a “rigid” sphere’s behavior. We further explore the conjecture
that the change in shape allowed for the laser trapping to occur.

The same arguments pertaining to ray tracing as used in the derivation of formulas Eqs. (1),
(2) predict that the concave deformation on the spherical bubble would be required to facilitate
trapping. It is noteworthy that such deformation is not optically recognizable from the axial
direction shown in Fig. 2 and 3. The exact shape and size of the concave dimples are not
considered here since no side-view images of the bubbles were available. However, a qualitative
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Fig. 3. Laser trapping of a bubble inside glass (1310Er) melt. After trapping a large bubble
(frames at 0.6 - 1.5 s), coalescence with a smaller one occurred at 1.8 s. The laser trapping
power was 0.4 W, scale bar 20m. The dot marks the focal position.

explanation of the trapping phenomenon can be inferred from this model as discussed below.
Pinching of the bubble at the front and back side to form concave dimples has been predicted
in ref. [16]. This pinching mechanism is due to the refractive index contrast between the object
and its surroundings and has been shown to strech an object when the refractive index of the
particle is larger than that of the surrounding medium [6].

Figure 4 shows 3D finite difference time domain (FDTD) simulations of a Gaussian laser
beam propagated through the interior of the dumbbell- and spherical-shaped bubbles inside
glass at different geometries. The dumbbell-shaped bubble was modeled as a sphere with on-
axis concave dimples. The concave dimples were modeled as a sphere since one would expect
the surface tension force to be dominant in their formation. The exact shape and size would
affect only the total trapping force and the stiffness of the laser trap. The focuse was the same
as that used in our experiments. The on-axis dumbbell-shaped bubble has a laterally stable
location when laser tweezers are set on the bubble. If such a bubble would move sideways (a
1.2 um vertical shift is modeled in Fig. 4), a restoring force would be generated to re-center the
dumbbell-shaped bubble. This is evidenced by the change in direction of the intensity field: a
downward-pointed intensity distribution pushes the bubble upwards and vice versa. If the same
side-shift would occur for a spherical bubble it would be pushed out of focus, as is visualized
in Fig. 4. It is noteworthy that only the front-side concave dimple is essential for laser trapping
under the present focusing conditions since light intensity is much weaker on the back-side of
the bubble. Hence, its shape has only a minor effect on trapping.

This axial trapping can be explained by the convex-to-concave transformation of the front
surface. Such transformation is equivalent to the increase of the incidence angle or numerical
aperture in the simulations shown in Fig. 1(b). At large NA, the bubble is expected to be pulled.
For such surface deformation to take place the surface tension at the bubble rim should be low
and the mass transfer between hot and cold regions should be efficient. For the mass transfer
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Fig. 4. Central cross sections of the intensity distributionE)%)&nd E2 components along

with the refractive index (glass = 1.5 and bubbla, = 1) for different bubble and irradi-

ation geometries (see text for details). The incident Gaussian beam (the field components
are(0,1,0)) propagated along the x-axis and was focused af@/® position. The outline

of shape-modified bubble is shown by a dashed line.

by the surface tension force to dominate a Marangoni nunhber, |g—‘T’\ATd/(pVK), should

be larger than the critical value of 81 [20], hgrés the mass density, the dynamic viscosity,

k the thermal diffusivityd the thickness of the film (the diameter of the bubble in our case),
g—‘% the temperature derivative of surface tension, Afdthe temperature gradient over the
thicknessd. Conservative estimates predit~ 10° for our experiments (here we consider

AT < 100 K which is much less than the temperature increase observed in smaller bubbles
under the same irradiation conditions wiii = 850 K [16]). Hence, the surface modification
under non-uniform heating together with a pinching force acting on the front and back sides of
the bubble [16] and Marangoni flow, is consistent with the change in shape and the formation
of a concave dimple on the bubble’s front surface. A concave front surface is required for axial
trapping and it is equivalent to a large NA irradiation as shown in Fig. 1(b) at the largest NA.

It is informative to explore the locations in which the changes in light intensity occur and
their maximum values since changes in the surface tension of molten glass is key to the un-
derstanding of the mechanism of the observed trapping phenomena. The decrease of surface
tension ¢ O T~1) facilitates deformation of the bubble and is expected to occur by the ab-
sorption of laser radiation at the locations in which the radiation shows high intensity. The
maximum of intensity for the on-axis dumbbell-shaped irradiation is located just behind the
glass/bubble’s boundary inside the bubble. For the out-off-axis irradiation the maxima of the
E)? andEZ components are inside glass at the bubble’s rim. There is a considerable enhance-



ment of intensity components near the edge (moreover, there welfg cmmponents in the
incident light). A local increase in temperature takes place in the presence of absorption in the
glass and in heated vapor inside the bubble. We have recently determined that such a heating
mechanism was responsible for a temperature of T&@hen the same molten glass was

kept in a 1000°C oven [16]. When the spherical bubble is illuminated by a focused laser beam
(Fig. 4), the maximum intensity is also at the bubble/glass edge. Hence, in order for the bubble
to be trapped, the transformation of the bubble’s shape should be faster that the bubble’s viscous
response time, as discussed below.

The viscous response time of the spherical particle in solutiog s (47r%p/(9n)) 1 [21],
wherer andp are the radius and mass density of the particle, respectively; athe dynamic
viscosity of solution. The estimatag value for our experimental conditionsasl us. Hence,
the heating and surface tension-induced flow of molten glass should occur faster in order for
the shape change to take place before the bubble is pushed out of the point of focus. The time
scale of the molten glass’s viscous flow can be estimated; by 12/v, wherel ~ 1 um is
the characteristic size comparable with the waist of the beanvaad0 " — 106 m?/s is the
kinematic viscosity of high temperature melts. Thenx 1 — 10 us [22] is of the same order
as the viscous response time of the "rigid” bubble. Hence, it is conceivable that the bubble’s
shape is modified before the bubble is pushed out.

This mechanism of the trapping of bubbles by a laser at low-NA illumination can be ob-
served only in a viscous medium and under low surface tension conditions, which facilitate the
bubble’s change in shape. This phenomenon is expected to take place in various materials close
to phase transitions, e.g., in liquid crystals and gels.

5. Conclusions

We demonstrate that a bubble can be trapped in a glass melt at a low-NA focuse. The mech-
anism of this observation we explained by numerical modeling confirming that a bubble with
a concave dimple can be fixed at the laser’s focal point. A low surface tension is shown to be
responsible for trapping and deforming the bubble’s shape.

SJ acknowledges the partial financial support provided by a Grant-in-Aid from the Ministry of
Education, Science, Sports, and Culture of Japan, N0.19360322.

Fig. 5. Description of the movie clip file of the Supplement (file size : 3.6MB). Evidence
of convection inside a ABH61 glass melt created by irradiation by a tightly fociéae=(

0.55) laser beam of 0.4 W power at a 1064 nm wavelength. The temperature of the oven in
which the glass sample was kept was 1T00T he absorbing microparticles, most probably
formed from a phase-separated Bi in the melt, are cyclically attracted and expelled out of
the point of focus. The horizontal side length of the video frame igB5



