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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 ukig near-
infrared diode laser. The optical scattering force calculated using geometrical ray optissi6~'' N
for a7-um polystyrene sphere, and agrees well with velocity measurements of optically guided spheres
in water. We have levitated a variety of particles using laser-fiber guidance, and have mixed micron-
sized glycerin droplets in two-beam laser-fiber traps. [S0031-9007(99)08460-4]

PACS numbers: 79.60.Jv

Optical forces arising from scattered and refracted lightmal kinetic energy of the background molecules, prevent-
at dielectric interfaces are powerful tools for manipulat-ing deflection of particles into the fiber wall.
ing small particles. Ashkin and collaborators [1,2] first The guiding optical fields are generated by focusing a
demonstrated laser trapping of microscopic spheres and dixsser beam at low numerical aperture into a hollow fiber.
rived quantitative models of the optical forces. His singleThe lowest loss, grazing-incidence mode has radiahd
beam traps [3], optical tweezers, are widely used in biolaxial z intensity dependence given by [11]

ogy for manipulating biological [4] and dielectric [5] par- _ 2 ,—2/2
ticles. Applications are also found in aerosol science [6] Ip,2) = hlJoxp)Te ’ (1)
and chemistry [7]. wherey = 2.4/py, po is the radius of the hollow region of

Laser guidance uses optical forces to both axially conthe fiber, andy is the field intensity ap = 0. The decay
fine and propel particles along a laser beam. Many pardistance along the fiber is
ticles can be transported simultaneously over distances of oo v — 1
microns to centimeters. The first demonstration of laser 20 =687 —F—, (2)
guidance used weakly focused beams to levitate particles
[2,8]. The divergence of the Gaussian beams limited thevhere v is the ratio of the fiber-wall refractive index
transport distances to the Rayleigh length. Kawata antb the hollow region refractive index, and is the laser
Sugiura demonstrated another laser guidance scheme utvavelength in the hollow region. The particle is confined
lizing scattering forces from evanescent waves [9]. Theiby the radial intensity gradient force, and propelled axially
technique is limited by the sixth power size dependence dby scattering and absorption forces. The axial gradient
Rayleigh scattering to larger patrticles. force is negligible.

Hollow-core optical fibers enhance the flexibility of The snapshots in Fig. 1 show the levitation of-am
laser guidance. In our apparatus, both the laser light andater droplet in a 5-mm curved section of air-filled fiber.
the particles are guided in the hollow-core region of theA 240-mW laser beart = 800 nm) is coupled with 90%
fiber. The laser light is guided in grazing-incidence modesefficiency into the lowest-loss mode. Tleum water
and the particles are guided and propelled by optical abdroplets, estimated by optical microscopy, are funneled
sorption, scattering, and gradient forces. The fiber wallsnto the fiber by the laser light from a fog of droplets. The
control the transport environment by shielding the particlescattered light from the droplet is easily seen by the naked
from the surrounding fluid motion. Fiber-assisted guid-eye as the droplet travels through the fiber. The droplets
ance can transport particles with a single laser beam anchn be deflected by at least°3@om straight trajectories.
trap particles between counterpropagating beams. The deflection angle is limited by mode attenuation, which

Laser guidance in fibers was first demonstrated with Rlis inversely proportional to the fiber’s radius of curvature
atoms [10]. In this Letter, we extend the technique tosquared and doubles for a 3@end in a 2-cm fiber.
mesoscale solid particles and liquid droplets. Laser lightBlocking the laser light causes the particle to attach to the
nonresonant with material transitions, is used to guide thavall, demonstrating that transport is without wall contact.
particles at atmospheric pressure and room temperature. The optical forces exerted on dielectric particles with
The particle sizes range from 50 nm 10 um and fiber radius larger than the laser wavelength can be calculated
inner diameters range from 10 8 wm. Requirements using geometrical ray optics [5,12]. Figure 2 shows the
for guidance are the following: (1) The particle refractiveradial dependence of the axial scattering and radial gra-
index be larger than the surrounding fluid, assuring thelient forces on &-um polystyrene spherén, = 1.59)
gradient force is attractive towards high intensity; andnear the entrance of waterfilled fiber using geomet-
(2) the optical guidance potential be greater than the theric ray calculations [5,12] and Eq. (1) for the intensity
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ders of magnitude larger than the particle weight in water,
F, ~9 X 10714 N.

Figure 3 shows the position with time of an optically
guided 7-um polystyrene sphere near the entrance of
a 20-um water-filled fiber. The slope of this curve,
corresponding to particle velocity, abruptly decreases at the
fiber entrance because of increased drag. The measured
velocity immediately before and after the fiber entrance
is 650 and300 wm/s, respectively. The axial velocity is
determined by Stokes’ dragp, = 67 naKV, whereV is
the particle velocityy 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 fiber
and is given to third order in particle size by [13]

39-1
a a
FIG. 1. Snapshots in time showing the levitation of a water K = |:1 - 2-1<—> + 2-1(—> :| :
droplet in a30-um, air-filled hollow fiber. In each snapshot, a Po po
5-mm section of 20-mm long fiber is imaged on a CCD camera. . L .
The bright scattering of light by the droplet, indicated by the The increased drag due to the proximity of the fiber wall
arrow, is easily seen by the naked eye as the water dropldowers the velocity compared to the velocity outside the
travels upward through the curved region. Bending the fibefiper, The calculated velocities using geometric ray calcu-
is accomplished by translating the output tip while holding thelations [12] and Stokes’ drag are 600 a2&D wm /s just
input end fixed. . . Lo g .
outside and inside the fiber; giving good agreement with

, . measured velocities. Convective fluid motion can con-
profile. The calculated forces correspond to experimen. . ) SRR L
e : tribute to the discrepancy, but is minimized by positioning
tal conditions; a 3.6-mm laser beam diameter (measure, :
e fiber output near a surface.

2 i -
betweenl/e* points), and a 240-mW laser beam coupled Besides water droplets and polystyrene spheres, we

with 9.0A’ efficiency Into a0 ,um_ﬂber. Th(_e gradient have guided glycerin droplets, salt, sugar, Kl, CdTe, Si,
force increases nearly linearly with small displacements

from the fiber center indicating a restoring force draw-and Ge crystals, and Au and Ag metal particles with sizes

: : - : . ..ranging from 50 nm tol0 wm using a 0.5-W laser and
Ny _the_partlcle to high intensity. Assuming Fhe partICIe17-,um-inner-diameter air-filled fibers. The behavior of
motion is damped to the radial center by the viscous backt— :

X g ; ; he metals is similar to that of dielectric particles except
ground fluid, the radial confinement can be estimated frorr(1) tical absorption adds to the probulsion force and can
the radial potential of the restoring force. The potential b P prop

depth isU ~ %Fppo — 1% 10-1J, 4 orders of mag- melt the particle. We have observed axial velocities of

. . order 1 cny's for micron-sized Ag in air-filled fiber.
nitude larger than the background fluid thermal energy, : . S S
ksT = 4 X 10-2! J. Equating the radial potential to the Of particular interest for direct-write applications [14]

! is the smallest particle size that can be guided. When
average background thermal energ\(p) = kpT, the es- : : :
: . e : the particle diameter is much smaller than the wavelength
timated particle localization i8.1 um to the fiber center.

The axial force is nearly constant for small displacementé)f light, the optical forces are predicted by Rayleigh

from the center,F, ~ 3 X 107! N, and is over 2 or-
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Radial Position («m) FIG. 3. Measurements of axial position with time offgum

diameter polystyrene sphere optically guided from bulk fluid
FIG. 2. Calculated radial (jagged curve) and axial (solidinto a20-um diameter fiber. The position = 0 corresponds
curve) optical forces on @20-um polystyrene latex sphere near to the fiber input tip. The particle velocity (slope of curve)
the entrance to 20-um water-filled fiber. The 220-mW laser abruptly decreases when the sphere enters the fiber as a result
beam is coupled into the lowest-loss fiber mode. of increased drag.
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scattering theory [15]. The radial optical potential is then

U gy - b (m2 — 1)1,

2¢ 2¢c \m?2 + 2

where « is the particle polarizability/ is the peak in-
tensity, m is the ratio of the particle refractive index
to the background index,, andc is the speed of light. i
Assuming an air-filled fibeln, = 1.0) and an achiev- 0
able laser intensity ol0'> W/m?, the potential energy 0 %0 100 150
is comparable tokzT when the particle diametela is Laser Power (mW)
20 nm(n; = 1.59). High refractive index and metal par- FIG. 4. Measured (diamonds) and calculated (solid curve)
ticles have deeper confinement potential energy, and thelgvitation height versus laser power of a singleum sugar
minimum particle size reduces by the cube root of thef'ystal in a vertically oriente@0-um fiber. The solid curve
potential depth. Tapered fibers can potentially enhanc S?ﬁeiifsﬁlglgged attenuatian, = 7.6 mm, and is normalized
. ) point.

confinement over short distances.

Large particle flux is essential for direct writing [14]. We h tructed dt . ¢ i
Since the optical guidance field extends along the length € have constructed a second trap using counterpropa

: : : : ting laser beams coupled into opposite ends of a horizon-
of the fiber, many particles can be guided S|multaneously(~.Ja X : B
We have observed particle flux exceeding? s~ for tal fiber. This trap is similar to the trap of Constableal.

100-nm polystyrene spheres 20-um water-filled fiber [18] in that at the trap center the scattering forces cancel

using a 500-mW laser. The particles flow evenly space(imd.the _raqiial forc_es d_out_)le. Using Eq. (1), the intensity
“single file” with a 100-um/s velocity, measured from profile within the fiber is given by

video microscopy. The small particles are interacting as 1Y\, z — 1
T Ji(xp)cos ,

Levitation Height (mm)

coherent dipoles [16] and separate themselves by a distance I(p,z) = 2l ex -
A. At high particle flux, fluid entrainment and particle
interactions strongly influence the velocity; consequentlywhere?2! is the fiber length, and, is the laser intensity
single particle force calculations are invalid. at the fiber ends. Using calculations similar to Fig. 2 and
The dominating effect determining the maximum guid-assumingzy = 7.6 mm, [ = 7.6 mm, the radial spring
ance distance is the optical intensity decay along the fibeconstant for a7-um polystyrene sphere in air is
Using Eq. (2), the exponential decay length fo2taum  k, = 4.6 X 10°® N/m, and the axial spring constant
fiber iszo = 7.6 mm. Particles are typically guided sev- is k, = 3.2 X 107° N/m. Becausek, > k. and the
eral decay lengths in the fiber while, for laser guidancerap is overdamped, the particle motion is predominately
without fibers, strong confinement is limited to approxi- one-dimensional Brownian. We have trapped glycerin
mately the Rayleigh distancé)~* m for a 20-um laser  droplets, salt crystals, and metal particles ranging in size
spotsize. Althoughy limits the overall guidance distance, from 50 nm to5 wm in this configuration for many hours.
the attenuation can be used to construct traps. A single The two-beam trap can be used for studying collisions
beam trap is formed by balancing the gravitational and axand reactions of femtoliter droplets in controlled environ-
ial scattering forces in a vertically oriented fiber. The levi-ments. Figure 5 shows the scattered intensity of 1- and
tation height isz = zglog(Fy/F,), whereF, is the axial ~5-um glycerin droplet collision with time. The scattered
force at the fiber entrance, and is the gravitational force. light is collected with a 0.25 numerical aperture micro-
Figure 4 shows experimentally the dependence of levitascope objective at 9Qo the fiber, and detected with a pho-
tion height on laser power for a singleum sugar crystal todiode. Before the collision, the total scattered light is the
in a20-um air-filled fiber. The crystals are formed by sum of the scattered light from the two droplets. After co-
evaporation of water-sugar droplets, the water evaporatedescence, the surface area of the combined droplet is not
during levitation leaving the solid crystal. We observeappreciably different from the larger droplet before the col-
stable levitation for more than 5 hours. The solid curve idision, and the total scattered light decreases. The intensity
the calculated logarithmic dependence of levitation usindluctuations just before the collision are likely caused by
zo = 7.6 mm and is normalized to the lowest data point.interference from approaching coherent dipoles [19]. The
One application of this single beam trap is a mass scaleoalescent time, measured between 90% and 10% maxi-
similar to the apparatus proposed by Ashkin [17]. Specifimum intensity, is approximatell00 wsec. This trap may
cally, a mass change of one part if* will produce an  be used as a containerless microchemical reactor by mix-
1-pm displacement in @0- pm-inner-diameter fiber. The ing femtoliter chemicals and observing reaction dynam-
mass resolution is dependent gnand can be adjusted ics via fluorescence emission and morphology dependent
using different sizes of fibers. Optical feedback stabiliza-scattering.
tion should allow the measurements to be performed in In conclusion, optical guidance and trapping of micro-
vacuum [17]. scopic particles in both air- and liquid-filled fibers has been
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