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Laser Guidance and Trapping of Mesoscale Particles
in Hollow-Core Optical Fibers
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Mesoscale particles are guided and trapped in micron-sized hollow optical fibers using a1
2 -W near-

infrared diode laser. The optical scattering force calculated using geometrical ray optics is3 3 10211 N
for a 7-mm polystyrene sphere, and agrees well with velocity measurements of optically guided sph
in water. We have levitated a variety of particles using laser-fiber guidance, and have mixed mic
sized glycerin droplets in two-beam laser-fiber traps. [S0031-9007(99)08460-4]
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Optical forces arising from scattered and refracted lig
at dielectric interfaces are powerful tools for manipula
ing small particles. Ashkin and collaborators [1,2] firs
demonstrated laser trapping of microscopic spheres and
rived quantitative models of the optical forces. His sing
beam traps [3], optical tweezers, are widely used in bio
ogy for manipulating biological [4] and dielectric [5] par-
ticles. Applications are also found in aerosol science [
and chemistry [7].

Laser guidance uses optical forces to both axially co
fine and propel particles along a laser beam. Many p
ticles can be transported simultaneously over distances
microns to centimeters. The first demonstration of las
guidance used weakly focused beams to levitate partic
[2,8]. The divergence of the Gaussian beams limited t
transport distances to the Rayleigh length. Kawata a
Sugiura demonstrated another laser guidance scheme
lizing scattering forces from evanescent waves [9]. The
technique is limited by the sixth power size dependence
Rayleigh scattering to larger particles.

Hollow-core optical fibers enhance the flexibility o
laser guidance. In our apparatus, both the laser light a
the particles are guided in the hollow-core region of th
fiber. The laser light is guided in grazing-incidence mode
and the particles are guided and propelled by optical a
sorption, scattering, and gradient forces. The fiber wa
control the transport environment by shielding the particl
from the surrounding fluid motion. Fiber-assisted guid
ance can transport particles with a single laser beam a
trap particles between counterpropagating beams.

Laser guidance in fibers was first demonstrated with R
atoms [10]. In this Letter, we extend the technique
mesoscale solid particles and liquid droplets. Laser lig
nonresonant with material transitions, is used to guide t
particles at atmospheric pressure and room temperat
The particle sizes range from 50 nm to10 mm and fiber
inner diameters range from 10 to50 mm. Requirements
for guidance are the following: (1) The particle refractiv
index be larger than the surrounding fluid, assuring t
gradient force is attractive towards high intensity; an
(2) the optical guidance potential be greater than the th
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mal kinetic energy of the background molecules, preve
ing deflection of particles into the fiber wall.

The guiding optical fields are generated by focusing
laser beam at low numerical aperture into a hollow fibe
The lowest loss, grazing-incidence mode has radialr and
axial z intensity dependence given by [11]

Isr, zd  I0fJ0sxrdg2e2zyz0 , (1)

wherex > 2.4yr0, r0 is the radius of the hollow region of
the fiber, andI0 is the field intensity atr  0. The decay
distance along the fiber is

z0  6.8
r

3
0

l2

p
n2 2 1

n2 1 1
, (2)

where n is the ratio of the fiber-wall refractive index
to the hollow region refractive index, andl is the laser
wavelength in the hollow region. The particle is confine
by the radial intensity gradient force, and propelled axia
by scattering and absorption forces. The axial gradie
force is negligible.

The snapshots in Fig. 1 show the levitation of a5-mm
water droplet in a 5-mm curved section of air-filled fibe
A 240-mW laser beamsl  800 nmd is coupled with 90%
efficiency into the lowest-loss mode. The5-mm water
droplets, estimated by optical microscopy, are funnel
into the fiber by the laser light from a fog of droplets. Th
scattered light from the droplet is easily seen by the nak
eye as the droplet travels through the fiber. The dropl
can be deflected by at least 30± from straight trajectories.
The deflection angle is limited by mode attenuation, whi
is inversely proportional to the fiber’s radius of curvatu
squared and doubles for a 30± bend in a 2-cm fiber.
Blocking the laser light causes the particle to attach to t
wall, demonstrating that transport is without wall contac

The optical forces exerted on dielectric particles wi
radius larger than the laser wavelength can be calcula
using geometrical ray optics [5,12]. Figure 2 shows t
radial dependence of the axial scattering and radial g
dient forces on a7-mm polystyrene spheresns  1.59d
near the entrance of awater-filled fiber using geomet-
ric ray calculations [5,12] and Eq. (1) for the intensit
© 1999 The American Physical Society
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FIG. 1. Snapshots in time showing the levitation of a wat
droplet in a30-mm, air-filled hollow fiber. In each snapshot, a
5-mm section of 20-mm long fiber is imaged on a CCD came
The bright scattering of light by the droplet, indicated by th
arrow, is easily seen by the naked eye as the water drop
travels upward through the curved region. Bending the fib
is accomplished by translating the output tip while holding th
input end fixed.

profile. The calculated forces correspond to experime
tal conditions; a 3.6-mm laser beam diameter (measu
between1ye2 points), and a 240-mW laser beam couple
with 90% efficiency into a20-mm fiber. The gradient
force increases nearly linearly with small displacemen
from the fiber center indicating a restoring force draw
ing the particle to high intensity. Assuming the particl
motion is damped to the radial center by the viscous bac
ground fluid, the radial confinement can be estimated fro
the radial potential of the restoring force. The potenti
depth isU , 1

2 Frr0  1 3 10216 J, 4 orders of mag-
nitude larger than the background fluid thermal energ
kBT  4 3 10221 J. Equating the radial potential to the
average background thermal energy,Usrd  kBT , the es-
timated particle localization is0.1 mm to the fiber center.
The axial force is nearly constant for small displacemen
from the center,Fz , 3 3 10211 N, and is over 2 or-

FIG. 2. Calculated radial (jagged curve) and axial (sol
curve) optical forces on a7.0-mm polystyrene latex sphere nea
the entrance to a20-mm water-filled fiber. The 220-mW laser
beam is coupled into the lowest-loss fiber mode.
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ders of magnitude larger than the particle weight in wate
Fg , 9 3 10214 N.

Figure 3 shows the position with time of an optically
guided 7-mm polystyrene sphere near the entrance o
a 20-mm water-filled fiber. The slope of this curve,
corresponding to particle velocity, abruptly decreases at t
fiber entrance because of increased drag. The measu
velocity immediately before and after the fiber entranc
is 650 and300 mmys, respectively. The axial velocity is
determined by Stokes’ drag,FD  6phaKV , whereV is
the particle velocity,h is the shear viscosity of the fluid,
anda is the particle radius.K is a wall correction factor
for low Reynolds number flow in the center of the fibe
and is given to third order in particle size by [13]

K 

"
1 2 2.1

√
a
r0

!
1 2.1

√
a
r0

!3#21

.

The increased drag due to the proximity of the fiber wa
lowers the velocity compared to the velocity outside th
fiber. The calculated velocities using geometric ray calc
lations [12] and Stokes’ drag are 600 and230 mmys just
outside and inside the fiber; giving good agreement wi
measured velocities. Convective fluid motion can con
tribute to the discrepancy, but is minimized by positionin
the fiber output near a surface.

Besides water droplets and polystyrene spheres,
have guided glycerin droplets, salt, sugar, KI, CdTe, S
and Ge crystals, and Au and Ag metal particles with size
ranging from 50 nm to10 mm using a 0.5-W laser and
17-mm-inner-diameter air-filled fibers. The behavior o
the metals is similar to that of dielectric particles excep
optical absorption adds to the propulsion force and ca
melt the particle. We have observed axial velocities o
order 1 cmys for micron-sized Ag in air-filled fiber.

Of particular interest for direct-write applications [14]
is the smallest particle size that can be guided. Whe
the particle diameter is much smaller than the waveleng
of light, the optical forces are predicted by Rayleigh

FIG. 3. Measurements of axial position with time of a7-mm
diameter polystyrene sphere optically guided from bulk flui
into a 20-mm diameter fiber. The positionz  0 corresponds
to the fiber input tip. The particle velocity (slope of curve)
abruptly decreases when the sphere enters the fiber as a re
of increased drag.
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scattering theory [15]. The radial optical potential is the

U  2
nb

2c
aI  2

n3
ba3

2c

√
m2 2 1
m2 1 2

!
I ,

where a is the particle polarizability,I is the peak in-
tensity, m is the ratio of the particle refractive indexns

to the background indexnb, and c is the speed of light.
Assuming an air-filled fibersnb  1.0d and an achiev-
able laser intensity of1012 Wym2, the potential energy
is comparable tokBT when the particle diameter2a is
20 nmsns  1.59d. High refractive index and metal par-
ticles have deeper confinement potential energy, and th
minimum particle size reduces by the cube root of th
potential depth. Tapered fibers can potentially enhan
confinement over short distances.

Large particle flux is essential for direct writing [14].
Since the optical guidance field extends along the leng
of the fiber, many particles can be guided simultaneous
We have observed particle flux exceeding102 s21 for
100-nm polystyrene spheres in20-mm water-filled fiber
using a 500-mW laser. The particles flow evenly spac
“single file” with a 100-mmys velocity, measured from
video microscopy. The small particles are interacting
coherent dipoles [16] and separate themselves by a dista
l. At high particle flux, fluid entrainment and particle
interactions strongly influence the velocity; consequentl
single particle force calculations are invalid.

The dominating effect determining the maximum guid
ance distance is the optical intensity decay along the fib
Using Eq. (2), the exponential decay length for a20-mm
fiber is z0  7.6 mm. Particles are typically guided sev
eral decay lengths in the fiber while, for laser guidanc
without fibers, strong confinement is limited to approx
mately the Rayleigh distance,1024 m for a 20-mm laser
spot size. Althoughz0 limits the overall guidance distance
the attenuation can be used to construct traps. A sin
beam trap is formed by balancing the gravitational and a
ial scattering forces in a vertically oriented fiber. The lev
tation height isz  z0 logsF0yFgd, whereF0 is the axial
force at the fiber entrance, andFg is the gravitational force.
Figure 4 shows experimentally the dependence of levit
tion height on laser power for a single1-mm sugar crystal
in a 20-mm air-filled fiber. The crystals are formed by
evaporation of water-sugar droplets, the water evapora
during levitation leaving the solid crystal. We observ
stable levitation for more than 5 hours. The solid curve
the calculated logarithmic dependence of levitation usin
z0  7.6 mm and is normalized to the lowest data poin
One application of this single beam trap is a mass sca
similar to the apparatus proposed by Ashkin [17]. Speci
cally, a mass change of one part in104 will produce an
1-mm displacement in a20-mm-inner-diameter fiber. The
mass resolution is dependent onz0 and can be adjusted
using different sizes of fibers. Optical feedback stabiliz
tion should allow the measurements to be performed
vacuum [17].
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FIG. 4. Measured (diamonds) and calculated (solid curv
levitation height versus laser power of a single1-mm sugar
crystal in a vertically oriented20-mm fiber. The solid curve
uses a calculated attenuation,z0  7.6 mm, and is normalized
to the first data point.

We have constructed a second trap using counterpro
gating laser beams coupled into opposite ends of a horizo
tal fiber. This trap is similar to the trap of Constableet al.
[18] in that at the trap center the scattering forces canc
and the radial forces double. Using Eq. (1), the intensi
profile within the fiber is given by

Isr, zd  2I0 exp

√
2

l
z0

!
J2

0 sxrd cosh

√
z 2 l

z0

!
,

where2l is the fiber length, andI0 is the laser intensity
at the fiber ends. Using calculations similar to Fig. 2 an
assumingz0  7.6 mm, l  7.6 mm, the radial spring
constant for a 7-mm polystyrene sphere in air is
kr  4.6 3 1026 Nym, and the axial spring constant
is kz  3.2 3 1029 Nym. Becausekr ¿ kz and the
trap is overdamped, the particle motion is predominate
one-dimensional Brownian. We have trapped glycer
droplets, salt crystals, and metal particles ranging in si
from 50 nm to5 mm in this configuration for many hours.

The two-beam trap can be used for studying collision
and reactions of femtoliter droplets in controlled environ
ments. Figure 5 shows the scattered intensity of 1- a
5-mm glycerin droplet collision with time. The scattered
light is collected with a 0.25 numerical aperture micro
scope objective at 90± to the fiber, and detected with a pho-
todiode. Before the collision, the total scattered light is th
sum of the scattered light from the two droplets. After co
alescence, the surface area of the combined droplet is
appreciably different from the larger droplet before the co
lision, and the total scattered light decreases. The intens
fluctuations just before the collision are likely caused b
interference from approaching coherent dipoles [19]. Th
coalescent time, measured between 90% and 10% ma
mum intensity, is approximately100 msec. This trap may
be used as a containerless microchemical reactor by m
ing femtoliter chemicals and observing reaction dynam
ics via fluorescence emission and morphology depende
scattering.

In conclusion, optical guidance and trapping of micro
scopic particles in both air- and liquid-filled fibers has bee
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FIG. 5. Oscilloscope time trace of the light scattered abo
90± from two glycerin droplets during a collision. At the
beginning of the trace, two droplets, 1 and5 mm in size, are
each scattering light. The coalesced droplet scatters less li
than the sum of the individual droplets. Consequently, th
coalescence event is observable as a sharp decrease of scat
light. The coalescence time, estimated between 90% to 10
intensity points, is100 ms. The oscillations in scattered light
are characteristic of interfering coherent dipoles.

demonstrated. The laser guidance technique is flexible
the variety of particle types that can be manipulated a
the trajectories over which they are guided. In additio
to dielectric spheres, we have guided metal, semicondu
tor, and biological particles, as well as particles with non
spherical shape. We expect laser-fiber guidance will fin
applications in interdisciplinary areas such as aerosol p
ticle trapping, biochemistry, direct writing of materials
and microfluidics.

This work was partially supported by Oak Ridge
Associated Universities (Contract No. 970206).
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