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Abstract. Micro-bubbles have been stably trapped in liquid
ethanol by a focused argon laser beam. Two equilibrium
points where bubbles can be trapped are observed to be at the
center and the rim of the laser beam. The light force is also
able to push a bubble into the liquid to a position well be-
low the liquid surface. Both the light-pressure force and the
fluid force induced by the convection of the liquid medium
are calculated. The results clearly show that these two kinds
of forces account for the formation of trapping potential.

PACS: 42.50.Vk; 36.40.Vz; 32.80.Pj

The optical trapping and manipulation of micro-particles
has been an interesting research subject in the last 30
years. Ashkin used a laser beam to trap and levitate micro-
particles [1]. Chu also controlled bacteria and DNA using the
same technique [2]. Recently, trapping of nanoparticles and
micro-particles [3] was realized by a Gaussian standing wave.
In all these experiments, the particles have larger refractive
indices than the surrounding media to achieve a transverse ra-
diation force that draws the particle in to the beam axis [1, 4],
as shown in Fig. 1. In contrast, if one reverses the relative
magnitudes of the indices of the media, the sign of the trans-
verse light-pressure force reverses, and the particle should
be pushed out of the beam. This condition is certainly true
in an extreme case of a low-index particle in a high-index
medium, namely, an air bubble. So a Gaussian beam is un-
able to trap a gas bubble by its light-pressure force alone,
but some other techniques such as negative dielectro-phoresis
were once used for the manipulation of bubbles.

In this paper we report the observation of stable trapping
of micro-bubbles in liquid ethanol using an argon laser beam.
A micro-bubble floating on the liquid surface is able to be
trapped by a Gaussian beam passing vertically through the
medium. A laser beam directed downwards can also push
a micro-bubble deep into the liquid while trapping it in trans-
verse direction. A theoretical model takes the fluid force
of the ethanol medium as well as the light-pressure force
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Fig. 1. Light-pressure force exerted on a micro-particle of high index in
a low-index medium (nH > nL). FR and FD represent the forces resulting
from the momentum variation of the light rays when they are reflected and
refracted, respectively. If the relative magnitude of the indices of the media
is reversed, i.e.,nH < nL , as in the case of a micro-bubble, the sign of the
radial deflection forces reverses

into consideration, and confirms that these two forces to-
gether rather than the light force alone trap the micro-bubbles.
This hybrid trap is a new technique of manipulating micro-
bubbles.

1 Principle of hybrid trap

Consider a micro-bubble submerged in liquid medium of
ethanol. When it is illuminated by a Gaussian beam in the
vertical direction, the reflection and refraction of the light
rays will produce forces on the micro-bubble, as shown in
Fig. 1. The transverse component of the light-pressure force
tends to push the micro-bubble out of the beam while the
axial force pushes it along the beam. Both the transverse and
axial light forces can be calculated with a geometrical optics
approach [5] provided that the micro-bubble’s size is much
larger than the wavelength of the light. We find the transverse
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forceFx and the axial forceFz are given by

Fx =
∫

dθ

∫
dφ(s/c)

(
R sin 2θ +

∑
n

T 2Rn−1 sinθn

)

× R2
b sinθ cosθ cosφ , (1)

Fz =
∫

dθ

∫
dφ(s/c)

(
1+ R cos 2θ +

∑
n

T 2Rn−1cosθn

)

× R2
b sinθ cosθ sinφ . (2)

Here Rb is the radius of the micro-bubble,s is the scalar
length of the Poynting vector,c is the speed of light,θ rep-
resents the zenithal angle,θn is defined as 2θ + n[π −
2 sin−1(n sinθ)],R andT are the reflective and refractive co-
efficients on the interface of micro-bubble, respectively. Both
R andT can be calculated directly using the Fresnel formula.
Figure 2a displays a theoretical curve of transverse forceFx
on a micro-bubble of∼20-µm diameter illuminated by a 1-W
argon laser of 514.5 nm. In the calculation, the liquid medium
is assumed to be ethanol as in the case of our experiment.Fx
is a kind of centrifugal force, and hence takes negative values
here. The axial forceFz upon the same micro-bubble is shown
in Fig. 2b. The appearance of a negative sign inFz means
a downwards direction (−z) which the laser beam is assumed
to take. If the direction of the laser beam is reversed, going
upwards,Fz will have positive values.

On the other hand, the liquid medium is not thoroughly
transparent to the laser beam. The slight absorption of the
laser beam will heat the medium, and consequently a tem-
perature field is formed inside the medium. Then convection
of the liquid is caused by the non-uniformity of the tempera-
ture distribution. Since the heat source is in the region of the
laser beam, the fluid field corresponding to the convection of
the liquid medium is symmetric with the beam axis and like
a micro-fountain, as shown in Fig. 3. To calculate the fluid
force on the micro-bubble, one needs to know the velocity
distribution of the fluid at first. The relation between tempera-
ture gradient∇T and fluid velocityν may be written as [7]

∇(ν2/2) = gzβ∇T , (3)

whereg is the acceleration due to gravity andβ represents the
volume thermal expansion coefficient. Both the convection
and heat conduction occur in the liquid medium. The equation
of energy change for the liquid takes the following form [7]:

∂

∂t
(e+ ν2/2)+ (ν ·∇)(e+ ν2) = g · ν+ 1

�
∇(g · ν)+α

+ 1

�
∇ · (λ∇T) . (4)

Heree is the internal energy,α is the absorption coeffi-
cient, p represents the stress tensor of the medium andλ is
the heat conductivity. The first term on the left-hand side
describes the energy variation, the second is the energy trans-
fer due to the convection. The first and second terms on the
right-hand side are work done by gravity and surface force,
respectively. The third one is the absorbed radiation energy,
and the fourth represents the heat energy conducted through
the limit surface. Furthermore, the continuity of the liquid is

Fig. 2. a The calculated transverse component of light-pressure force on
a 20-µm-diameter bubble. The laser beam is directed downwards to pass
through the glass cell with liquid ethanol inside. Thed represents the dis-
tance from the beam axis to the center of bubble. The negative sign ofFx
values indicates centrifugal direction. The laser power isP = 1 W, beam
diameter is∼ 20µm. b The calculated axial force of light pressure on
a bubble. All parameters used are the same as in Fig. 2a. The negative
sign of the light forceFz represents the downwards direction since the laser
beam is assumed to be directed in this way as in one case of our experiment

normally expressed as [7]:

1

�

∂�

∂t
+∇ · ν = 0 . (5)

The equation group consisting of the above three relations
is adequate for the calculation of the fluid velocity distribu-
tions under some proper approximations. For simplicity, the
heat source has been assumed to be a line coinciding with
the axis of the laser beam. The tedious computing job was
implemented by running a computer program.

It is pretty difficult to calculate the fluid force on the
micro-bubble since the liquid medium is not an ideal fluid
for a bubble with such a large size (∼20µm). In order to
get a qualitative physical picture, the Bernoulli’s theorem was
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Fig. 3. Schematic diagram of the fountain-like fluid caused by the convec-
tion of the ethanol that gets heated due to the absorption of the laser beam
passing through the glass cell vertically. The symmetry axis of the fluid field
coincides with the laser beam axis

used in the derivation of the transverse fluid forceF ′
x . We find

F′
x = −R2

b

∫ ∫
1

2
�2ν2 sin2 θ cosφdθ dφ , (6)

where� is the density of the medium,ν is the fluid velocity on
the surface of the micro-bubble. For the micro-bubble in the
case of Fig. 2, the theoretical result of transverse fluid forces
is displayed in Fig. 4. In contrast with the transverse light-
pressure force, the transverse fluid force is centripetal and
tends to draw the micro-bubble in to the light beam. The two
transverse forces, added together, produce a total transverse
force F as shown in Fig. 5. When the micro-bubble moves
away from the beam axis,F will change signs. A, B and C are

Fig. 4. Theoretical curve of the transverse fluid force on a∼20-µm-diameter
bubble versus the distance between the beam axis and the center of the bub-
ble. The calculations were carried under the same conditions as in Fig. 2
to facilitate comparison. The positive sign ofF′

x values represents the cen-
tripetal direction of the transverse force

Fig. 5. The net transverse force calculated from the superposition of the
transverse light-pressure force and fluid force shown in Fig. 2a and Fig 4,
respectively. A, B and C are the three equilibrium points, but only A and C
are stable for the trapping of a bubble

three equilibrium points of the micro-bubble. However, B is
an unstable point. Only A and C, located at the axis and rim
of the laser, respectively, are two stable equilibrium points
where the micro-bubble can be trapped. In other words, the
joining of the fluid force makes it possible to trap a micro-
bubble either in the center or in the rim of the laser beam.
In addition, the active range of the fluid is hundreds of times
wider than the transverse size of the laser beam. So a micro-
bubble, which initially stays far away from the beam axis, is,
therefore, able to be dragged to the laser beam.

As the laser beam goes upwards through the medium, the
micro-bubble will float on the liquid surface while trapped in
the transverse direction, because the buoyancy force, the axial
light-pressure force and the axial fluid force point upwards.
However, as the direction of the laser beam is reversed, the
axial light-pressure force points downwards, and it is pretty
large for a micro-bubble at the axis of the laser beam (see
Fig. 2b). One can expect that the axial light-pressure force is
able to overcome the buoyancy force and the axial fluid force,
pushing the micro-bubble into the medium to a stable point
where these three forces reach equilibrium.

2 Experimental setup

The experimental arrangement is as shown in Fig. 6. An ar-
gon laser ofλ = 514.5 nm is focused into a glass cell by
lens L1 (or M1) with 3-cm focal length. The glass cell with
a thickness of 1 cm is loaded with some pure ethanol liquid
of ∼8 mm thickness. The Gaussian laser beam with a beam
waist ∼10µm can be directed either upwards by lens L1 or
downwards by lens M1. The glass cell is mounted on a two-
axis translator, so it can be moved in the horizontal plane. The
lens L1 can be moved up and down to change the focus pos-
ition of the light. Tens of Nd-doped glass micro-spheres are
placed on the bottom plate of the glass cell. When a glass
micro-sphere is illuminated by the focused laser beam, it ab-
sorbs the laser energy and is heated to make the surrounding
liquid ethanol vaporize, then a gas bubble is formed. The sizes
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Fig. 6. Experimental setup. An argon laser beam is focused into the glass
cell and passes through the liquid ethanol. Some Nd-glass micro-spheres
that act as absorbents are placed at the bottom of the cell

of bubbles range from∼10µm to hundreds ofµm, depend-
ing on the intensity and illumination time of the laser beam.
The position and movement of the studied bubble are mon-
itored using an imaging system. An auxiliary laser beam of
λ = 632.8 nm enters the medium, acting as the light source
for the imaging of a bubble in case the bubble is far off the
argon laser beam. The bubble is then imaged on the screen 2
through the lens M2, and its vertical position is thus mon-
itored. When a bubble lies in the region of the argon laser
beam, it can also be imaged on the screen 1 for monitoring
its transverse position. A video recorder was used to record
the pictures on the two screens. The fluid velocity can also
be estimated by measuring the speed of micro-sized irregular
glass particles that are brought to the fluid region. In our ex-
periment, the velocity at the center of the fluid field is about
ν0 ≈ 3 mm/s along the axis.

3 Results and discussion

For a gas bubble floating on the liquid surface, one can make
it close to the laser beam by slowly moving the glass cell.
When the beam focus is adjusted a little above the bubble and
the diameter of the bubble is smaller than the beam spot, the
bubble is likely to be trapped at the rim of the beam, as shown
in Fig. 7a. The trapped bubble does not leave the beam even
if the glass cell is moving in the horizontal plane. Apparently,
this stable trap position corresponds to point C in Fig. 5. It is
also observed that a bubble can be trapped at the center of the
laser beam if the laser beam focus is very close to the bubble.
Figure 7b shows a typical case of this kind of trap which is
predicted by our calculation in Fig. 5. The stable equilibrium
point A in Fig. 5 is just the position where the bubble stays.
However, the bubble trapped at the center of the beam un-
dergoes a small damping oscillation with a 2-s damping time
due to the resistance of the liquid. In the experiment, bub-
bles grow near the absorbent region where the temperature is
considerably higher than that of the liquid. When trapped in
the ethanol by the laser beam, the bubble will become cool
and shrink gradually. While the bubble is getting smaller and
smaller towards a specific size, it undergoes a violent oscillat-

Fig. 7a–c. Trapped micro-bubbles.a Trapped near the rim of the laser beam.
b Trapped at the center of the laser beam.c A bubble that is pushed down
to a position well below the liquid surface

ing movement although no change occurs for the fluid field.
It seems as if the stable point becomes unstable and the resis-
tance to the bubble drops abruptly. This phenomenon can not
be explained using the above theoretical model.

When the laser beam is directed downwards and focused
on a bubble, it pushes the bubble into the liquid while trapping
the bubble at the beam center. As shown in Fig. 7c, a bubble is
trapped in a point 1∼ 2 mm below the liquid surface. Moving
the focus up and down would force the trapped bubble to fol-
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low the focus. The result clearly shows that the light-pressure
force can indeed be strong enough to overcome the buoyancy
force and the fluid force. This opens a new way to manipulate
a bubble in a liquid without mechanical contact.

4 Conclusion

As a liquid medium has a weak absorption of the laser beam,
there is always combined action of light-pressure force and
fluid force when trapping and manipulating micro-particles in
a liquid medium. Thus it is necessary to study the character
of the hybrid trap induced by the laser. Our paper investi-
gates the hybrid trap in both theory and experiment. This
kind of trap is used to control the gas bubble in liquid. The
light-pressure force also pushes a gas bubble into the liquid
medium. These observations qualitatively agree with our the-
oretical calculation. The hybrid trap is a potential new tech-
nique to manipulate a gas bubble.
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