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The equilibrium position of a low-index particle in an optical-vortex trap was experimentally measured for two
different systems: a buoyant hollow glass sphere in water and a density-matched water droplet in acetophe-
none. Vortex traps are the only known static, single-beam configurations allowing three-dimensional trap-
ping of such particles in the size range of 2-50 um. The trap consists of a strongly focused Gaussian laser
beam containing a holographically produced optical vortex. Using experimental and theoretical techniques,
we also explored changes in the trapping efficiency owing to the vortex core size, the relative refractive index,
and the numerical aperture of the focusing objective. © 1998 Optical Society of America
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1. INTRODUCTION

Gradient force optical traps,! also known as optical twee-
zers, have become a valuable tool for researchers in di-
verse fields, e.g., acoustics,®2 interface science,®™®
biology,’® and biophysics.!®1® Early three-dimensional
trapping of a transparent, dielectric sphere was accom-
plished with a strongly focused TEM,-mode Gaussian la-
ser beam for a sphere having a relative refractive index
greater than unity' (i.e., the refractive index of the
trapped particle was greater than that of the surrounding
medium). With increased interest in optical tweezers,
certain limitations of this conventional gradient force trap
have arisen. For instance, particles are trapped near the
high-intensity focal region of the beam and thus are sus-
ceptible to optical damage through absorptive heat-
ing.1¥1®  Furthermore, multiple particles may be at-
tracted into the same trap; hence isolating a single par-
ticle requires dilute samples. Absorbing particles larger
than ~40 nm are knocked out of the trap owing to the im-
pact of photons.!” What is more, the conventional sta-
tionary Gaussian-beam trap has thus far not succeeded in
trapping spherical low-index particles such as bubbles
and droplets.

An alternative trap design, which may overcome some
of these limitations, was explored by Ashkin and others
and involves replacing the TEM,-mode beam with a
beam containing an optical vortex. The optical-vortex
beam is characterized by a dark spot within the intensity
profile of the beam, owing to interference in the vicinity of
the vortex-phase singularity'®'® (see Subsection 2.B).
Efficient high-index particle traps with higher-order
Laguerre—Gaussian-mode beams were achieved with an
intracavity aperture?®?! within a laser, with external
mode-converting optics,?? and with a computer-generated
hologram (CGH).2> Optical damage was reportedly mini-
mized with such a beam.2! In addition, the special phase
structure of the optical vortex has been shown to induce
rotation in absorbing particles through angular-
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momentum transfer from the vortex beam.?>~26  The an-
gular momentum of a vortex may also be used to control
the motion of other vortices.?”?® We recently reported
experiments showing that a stationary vortex beam could
also be used to three-dimensionally trap low-index par-
ticles such as hollow glass spheres in water,?® presenting
an alternative to other more complicated techniques for
trapping low-index particles with a rotating beam?®® or
specially shaped micromachined particles.?1:%2

In this paper, we describe theoretical and experimental
investigations of the optical-vortex trap (OVT) for low-
index particles. Section 2 provides a theoretical frame-
work to discuss the OVT based on a ray-optics (RO)
model. The trapping efficiency is described analytically
and numerically for various parameters, such as the rela-
tive refractive index of the trapped particle, the numeri-
cal aperture of the focusing objective, and the relative size
of the vortex core to the beam waist. Our experimental
findings and procedures are reported in Section 3. Two
low-index particle systems are analyzed: hollow glass
spheres in water (12—36-um diameter) and water droplets
in acetophenone (4—20 um diameter). Comparisons of
our experimental findings with predictions based on a RO
model are reported in Section 4 along with a discussion of
some practical considerations, followed by conclusions in
Section 5.

2. THEORY

Optical traps have been modeled by electromagnetic
wave®33% and RO?%%6 representations, as well as hybrid
models with elements from both approaches.?” The suc-
cess of these respective models is largely dependent on
the size of the particles under consideration and the cone
angle of the focused beam. If both the wavelength A and
focal-spot radius w; of the trapping beam are much
smaller than the particle radius R, , the stationary-phase
approximation may be used to justify a simple model
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based on geometrical optics to calculate the trapping effi-
ciency (see, for example, van de Hulst®®). These condi-
tions (R, > \, wy) are satisfied for the systems studied
here.

A. Ray-Optics Model

An ideal infinite conjugate-ratio microscope objective may
be used to focus a planar monochromatic beam incident at
the input aperture of the objective to a diffraction-limited
spot in the object plane. We consider a beam propagat-
ing downward in the +z direction and, for convenience,
define the plane z = 0 to coincide with the focal plane of
the beam in the object space. Hence the axial position of
a particle will be negative if it is located above the focus.
For example, a low-index particle may be stably trapped
within the dark core of the optical vortex at a point zi,,
< 0 [see Fig. 2(b)]. Ignoring diffraction effects, the fo-
cused beam may be treated as a bundle of rays that inter-
sect at a point in the front focal plane. The trajectory of
the m™ ray in an initially collimated bundle, shown in
Fig. 1(a), is characterized by the coordinates (p,,, ¢,,) at
the objective input aperture and (y,,, ¢,,) in the focal re-
gion. The angle y,, is given by 1v,, = tan [tany,.,
X (pm/py)], where 7yu.. = sin” {(NA/n,) is the cone
angle, NA is the numerical aperture of the objective, n is
the index of refraction of the medium in the focal region,
and p, is the radius of the input aperture of the objective.
We use a Zeiss Neofluar oil-immersion objective (NA
= 1.3) to trap particles immersed in either water (n,
= 1.33) or acetophenone (nq = 1.53). The correspond-
ing cone angles for beams focused in these media are 78°
and 58°, respectively.

To determine the power associated with each ray, the
input aperture is divided into discrete regions of area A, ,
and one ray is assigned to each region. The power P,, as-
sociated with the ray is given by P, (p,, ¢m)
= (I,.(pp, dm))A,,, where (I,,) is the average intensity
of the input beam in the m™ region. By scaling the ray
power to the localized intensity, we ignore the phase pro-
file of the beam and hence also the electromagnetic angu-
lar momentum of the vortex. The momentum of each
photon in the ray is given by Ak (¢, y), with magnitude
hk, where k = 27ny/\ is the wave number of the beam

mth incident ray

input aperture
of objective

focal point—___

(a) ' z

Fig. 1. (a) Trajectory for an arbitrary ray normally incident at
the input aperture of the focusing objective. (b) View of the
plane of incidence for a single ray with incident wave vector k™
striking a low-index particle (n,/no < 1). The change in mo-
mentum resulting from reflection and refraction gives rise to a
radiation pressure force F™ = F,(™ + F,™).
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in the continuous medium. A ray incident on a dielectric
particle will be multiply reflected and refracted at the
particle surface, thereby transferring momentum be-
tween the electromagnetic field and the particle. The re-
sulting radiation pressure force on the particle may be
written as

noPp, | - S i—2)1
i=
n0P
= ¢ =~ Qm’ (1)

where the terms l:li”") are unit vectors in the directions of
the reflected and refracted rays, .%2,, and .7,, are the
power reflectance and transmittance of the ray at the par-
ticle surface and c is the speed of light in vacuum. Q,,,
representing the sum of terms in brackets, may be iden-
tified as the radiation pressure efficiency of the m'™ ray.
Figure 1(b) depicts the plane of incidence for a ray strik-
ing a low-index (n, < ny) spherical dielectric particle,
showing the first reflected ray, k(l’"), and the first re-
fracted ray, ki™. The angles a and B are the incident
and refracted angles of the ray with respect to the normal
to the surface (dashed line). Following Ashkin’s
formalism,?’ it is convenient to decompose the force into
the two components depicted in Fig. 1(b): the scattering
force F™, which is directed parallel to the incident ray,
and the gradient force ngm), which is directed perpendicu-
lar to the incident ray. Roosen®® has derived closed-form
expressions for the magnitude of these components, given
by

Fgm) = [F(m> . ﬁ(m)]l';(rn)’ (2)
nOPm
F™) = 1+ %, cos(2a)
c

.7,2,1[cos(2a - 2B) + %, cos(2a)]

- , 3)
1+ 7% + 2.7, cos(2pB)

FU" = ki x [F™ x k™), 4

nOPm

FM = {/Pm sin(2a)

C

T72[sin(2a — 28) + 7, sin(2a)]
5)
1+ 722 + 2%, cos(2p)

We note that the parameters .7,,, .%2,,, «, and 8 depend
on the relative refractive indices of the particle and host,
as well as the polarization of the beam. For simplicity,
we assume an axially symmetric, circularly polarized
beam for which the trapping force is likewise axially sym-
metric and may be characterized by a single transverse
component. If the refractive index of the medium in the
focal region differs from that of the immersion medium
and microscope coverslip (n = 1.52), rays incident at dif-
ferent angles vy,, will not intersect in the same plane,
thereby forming a caustic. Furthermore, the optical
power reflected at the interface between the coverslip and
the medium increases as v,, increases, causing apodiza-
tion of the beam. Such effects are exaggerated when the
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focus is far below the coverslip and for high numerical ap-
ertures and may be included as refinements to the RO
model.

The net force on a particle, F,;, is calculated by sum-
ming the contributions of the individual rays. To carry
out this summation, it is convenient to transform Eqs. (3)
and (5) to the laboratory coordinate system (y,,, ¢,,) de-
fined in Fig. 1(a). The longitudinal and transverse com-
ponents of the force for the m!™ ray are

F;’") = ing”” sin y,, + F;’”) COS Yy,

= Fgg) + Flm) (6)

sz
F(pm) = [iFém) cos v,, + F™ sin y,,]cos &,,
=F" + F, (7

where the subscripts g and s refer to the gradient and
scattering force contributions, respectively. The * sign
of the gradient force terms, which depends on the position
of the particle center relative to the beam focus and the
incident-ray trajectory, may be determined unambigu-
ously from Eq. (4). Suppose, for instance, that the par-
ticle pictured in Fig. 1(b) is centered on the optical axis
above the focal plane. In this case, the sign of the trans-
verse component of the gradient force F;,’F',” is positive
(away from the optical axis). On the other hand, the lon-
gitudinal component Fé,’f) is negative (opposite the direc-
tion of propagation).

Finally, the net force may be written F o = 2,
X [FEJ"”ﬁ + F™2]. Later we will compare the trapping
efficiency of different configurations, and thus we normal-
ize the forces with respect to the total beam power, P
= 3,,P,, . The trapping efficiency is defined as the di-
mensionless quantity Q = (¢/n¢P)Fp = Q,p + Q.2,
where the transverse and longitudinal components of the
efficiency are @, and @, , respectively. Note that except
in the case of a uniform beam intensity, such that all P,,
are equal, that Q # =,,Q,. To facilitate an understand-
ing of the separate gradient (g) and scattering (s) effects,
one may decompose Q:

Q,, = (C/nop)% Fm, ®)
Q.. = (C/nop)% P, ©)
Q) = (c/noP)(% Fim, (10)
Q,. = (c/nop)(% Fom, (11)

B. Optical Vortex Trap

Stable three-dimensional trapping requires a balance be-
tween the optical gradient and scattering forces to form a
potential well sufficiently deep to overcome mechanical
forces owing to buoyancy, viscous drag, or Brownian mo-
tion. Optical trapping of high-index dielectric particles
in liquid ranging in size from several nanometers to tens
of microns in diameter has been demonstrated with a
single beam focused with a high NA microscope
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1 Trapping of gaseous clouds of cold atoms has

1

objective.
also been demonstrated with a single focused beam.
Near the upper size limit, gravitational or buoyant forces
and viscous drag are primarily responsible for trap desta-
bilization. In principle, these forces may be overcome by
delivering more optical power to the focal region, al-
though this is not always feasible if optical damage is a
concern. The use of a hollow beam such as an optical
vortex allows more efficient trapping,2®?! thus reducing
the risk of optical damage. Trapping of both high?® and
low? refractive-index particles with an optical vortex has
been demonstrated.

A monochromatic optical-vortex beam with frequency
® = kc/n, propagating in the +z direction may be char-
acterized by a scalar electric field, £ = A exp(iwt
— ikngz), where the envelope is A = Ay(p, ¢, 2)
X exp(iM¢), where M is an integer called the topological
charge, which is unity in this paper. If the amplitude is
cylindrically symmetric, then, because of destructive in-
terference, the beam is characterized by a dark central
core in both the near- and far-field regions with A(p
= 0) = 0. The calculated intensity profile of a vortex
beam is depicted in Fig. 2(a), where we have assumed an
amplitude

Ay = E, exp(—p*wy?)tanh(p/w,), (12)

where w, corresponds to the size of a Gaussian beam at
the input face of the objective and w, is the characteristic
core size.

The longitudinal and transverse trapping efficiencies
may be numerically determined from Eqgs. (8)—(11). As
one example, consider a low-index water droplet in ac-
etophenone (n,/n, = 1.33/1.58 = 0.87) and a beam with
vortex core size w, = 0.1w,. Refractive-index matching
between the coverslip and acetophenone permits us to ig-
nore defocusing and apodization effects at the interface.
The vortex beam is assumed to fill the input aperture
such that wy = p,. Figure 2(b) depicts the water droplet
trapped at the point zy,,, in the core of the vortex.

A vector plot of the efficiency Q in a vertical plane con-
taining the optical axis (see Fig. 3) clearly shows a stable
equilibrium position at a point zy,,, = —2.54R,,. The ar-
rows in Fig. 3 represent the trapping efficiency for a
spherical droplet centered at the position of the tail of the
arrow and are logarithmically scaled according to the
scale located in the upper-right corner of the figure. The
shaded hemisphere represents a trapped droplet of radius
R, drawn to scale. The dashed line represents the edge
of the vortex core, w,, while the solid line denotes the

dark vortex core

trapped
particle

(b)

Fig. 2. (a) Intensity profile of a vortex beam with beam waist
w, and vortex waist w, at input aperture of focusing objective.
(b) Diagram of stable trapping configuration for a low-index par-
ticle in an OVT. Diagram is drawn to scale for a water droplet
in acetophenone trapped with NA = 1.3 and = 0.1.




K. T. Gahagan and G. A. Swartzlander

|

,' vortex waist o=10*
-4 P
PV A
P A
o s s
- v vy s /’
-3 ARy |
Ztrap\ T /
- »
”

ZIRy 2

-1

p/R;

Fig. 3. Vector representation of the trapping efficiency for an
OVT with n = 0.9, » = 0.1, and NA = 1.3 in a vertical plane
containing the optical axis. Coordinates are scaled in units of
the particle radius B,. The length of the arrows scales logarith-

mically with the efficiency according to the scale depicted in the
upper-right corner of the figure. The tail of the arrows marks
the position of the particle center.

edge of the Gaussian envelope, w,. The large shaded re-
gion denotes the area in which particles will be repelled
by the beam rather than attracted into the trap. It is
clear from Fig. 3 that no part of the particle intersects the
focal plane, however, the particle is exposed to some ra-
diation. Furthermore, the trapping force is weakest at
points on the optical axis above z,,, as may be expected,
owing to the low intensity in the vicinity of the vortex core
as well as lower intensities in the broadened beam. This
weak region represents a possible capture or escape route
for trapped particles and thus merits a more detailed in-
vestigation.

Figure 4(a) plots the calculated scattering and gradient
efficiencies @, and @, as well as the net longitudinal
efficiency @, = @,, + @, for a droplet centered on the
optical axis (p = 0). At z = zy,,, the scattering and
gradient forces are in equilibrium. Above the equilib-
rium position (z < zy,), the scattering term @,, domi-
nates, and the droplet is subjected to a restoring force
pushing it down toward zy.,,. For z > zy,,, the gradi-
ent term @,, dominates, and the restoring force is up-
ward. This trapping scheme differs from that of a con-
ventional gradient-force trap for high-index particles, in
which the intensity gradient provides a restoring force
both above and below the stable point. In contrast to the
detrimental effect of scattering in a conventional high-
index trap, low-index vortex trapping is improved by, and
in fact requires, a strong longitudinal scattering force.

The relative increase in the gradient force below z.,,
may be understood by considering the solid angle of rays
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striking the particle. From Egs. (6) and (7), the ratio of
longitudinal forces exerted by a ray incident at an angle
Ym is [FGPOV|IFE) = (FUV/FI)tan y,,.  Accordingly,
large angle rays will tend to contribute more strongly to
the longitudinal gradient force than to the longitudinal
scattering force. As the particle is translated downward
along the optical axis, the solid angle of rays intersecting
the particle increases, favoring the gradient force.

The calculated transverse efficiency in the trapping
plane @ ,(2y,,p) is plotted in Fig. 4(b). The individual con-
tributions from the scattering and gradient forces, @;,
and @,,, show that both terms contribute to a restoring
force. The droplet experiences the maximum transverse
restoring force at p = 0.8R,. Further from the optical
axis (beyond p = 2.5R,) the efficiency becomes positive,
and the droplet is pushed out of the beam. Actually, re-
pulsion of the droplet occurs somewhat closer to the axis
at p = 2.0R,, (see Fig. 3) owing to longitudinal force com-
ponents not accounted for in Fig. 4(b). This reversal re-
sults from a change in the intensity gradient incident on
the droplet as it moves away from the optical axis. Near
the axis, the gradient pushes the droplet toward the low-
intensity vortex core. For larger transverse displace-
ments, the gradient of the Gaussian envelope pushes the
droplet out of the beam. This phenomenon may be ad-
vantageously used to isolate a single trapped particle
from other particles in the system. Rather than sur-
mounting the potential barrier in the transverse direc-
tion, a particle may most easily enter the trap if it lies
along the optical axis at points z < zy,,.

(a) -4.0 / i )

Z/IR, 30} s \
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Fig. 4. (a) Longitudinal and (b) transverse components of the
trapping efficiency along the axis (p = 0) and in the plane z
= Zyap, respectively (n = 0.9, » = 0.1, and NA = 1.3).
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Readers familiar with the conventional gradient-force
trap will undoubtedly notice that the efficiency for trap-
ping low-index particles in the OVT is about an order of
magnitude smaller than typical values for trapping of
high-index particles. This fact should not be interpreted
to mean that optical damage is more likely in the OVT.
In fact, for the trapped droplet pictured in Fig. 3, only
12% of the total beam power strikes the particle, hence
the effective efficiency is 1/0.12 times larger than that cal-
culated with the power of the entire beam.

C. Parametric Considerations

We now consider the effect of varying individual param-
eters such as the ratio of vortex to beam size, 7
= w,/w,, the NA of the focusing objective, and the rela-
tive refractive index, m = n,/n,. Initially, we assume
wo = p, is a fixed value (i.e., NA is constant) and that the
vortex size may be varied (for example, by designing dif-
ferent CGH’s). From the discussion of Fig. 4(a), one may
expect the core size to affect the stability and efficiency of
the vortex trap. Normalized beam profiles with % equal
to 0.3, 0.2, 0.1, and 0.0 (Gaussian) are depicted in Fig. 5.
In principle, the vortex cores will diffract. However, with
CGH’s it is possible to achieve a profile characterized by
Eq. (12) in the vicinity of the trapped particle. The on-
axis longitudinal efficiency @,(p = 0) is plotted in Fig.
6(a) for each of these profiles, with m = 0.87. Surpris-
ingly, the equilibrium position remains nearly constant
for these cases at zy,,, = (—2.54 = 0.02)R,,. This invari-
ance results from a complicated angular dependence of
the longitudinal force exerted by individual rays and is
explained in more detail at the end of this section. We
also see that the efficiency @, m.x along the escape corri-
dor increases as 7 decreases, as expected from the greater
portion of the beam power striking the particle. The de-
sired value of @, ,.x for a particular trapped particle de-
pends on the escape mechanism.

While a larger vortex core weakens the trap in the lon-
gitudinal direction, we find that it strengthens the trap in
the transverse direction. This effect is shown in Fig.
6(b), which depicts the efficiency @ ,(p, z¢yqp) in the trap-

1.0

Gaussian
------- n=0.1
P
g ,
Qo §
£ / //'
Bo05F ]/,
N K /
‘© il
e |/
g |
!
0.0 - ' : !
0.0 0.5 1.0

PP,

Fig. 5. Intensity profiles for 7 equal to 0.0 (Gaussian), 0.1, 0.2,
and 0.3 are normalized with respect to the total beam power and
scaled to the input aperture radius p, .
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Fig. 6. (a) @.(p = 0) and (b) @ ,(z = 2y, for relative vortex
core sizes, 7 equal to 0.0, 0.1, 0.2, and 0.3. Legend applies to
both graphs.

ping plane. As 7 increases from zero to 0.2, the mini-
mum efficiency @, min (corresponding to the maximum re-
storing force) decreases from —0.005 to —0.015 and then
appears to saturate. The outward radial shift of @ .,
for » = 0.3 is attributed to the increased width of the vor-
tex core. Comparing Figs. 6(a) and 6(b), we see that
transverse trapping is roughly an order of magnitude
stronger than longitudinal trapping.

Variation of NA also affects the OVT. The longitudi-
nal and transverse efficiencies as a function of NA are
shown in Figs. 7(a) and 7(b), respectively. As before, we
plot @.(p =0) and @Q,(z4,) with =01 and m
= 0.87. From Fig. 7(a), we see that NA does not signifi-
cantly affect the location of zy,,;,, yet it has a pronounced
effect on the magnitude of @,, particularly along the es-
cape corridor, which is strengthened for smaller values of
NA. The strengthening effect is attributed to the redis-
tribution of beam power to the paraxial region as NA de-
creases. The invariance of zy,, with NA suggests that,
as with 7, the redistribution of beam power affects only
the magnitudes and not the balance between the gradient
and scattering forces near zy,,p,.

From Fig. 7(b), we observe that for NA = 1.0, the trap
is unstable with no restoring force in the transverse
plane. In contrast, for a conventional trap for high-index
particles the onset of trap instability with decreasing NA
occurs in the longitudinal direction. As NA increases to
1.3, the minimum efficiency @, ;, decreases to 0.01.
The increased transverse restoring force results from the
shift of beam energy to rays incident at larger values of
Ym - The saturation results from the beam energy shift-
ing to rays that do not strike the particle. The increased
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cone angle is also responsible for the increase in the ra-
dial position of @, min at NA = 1.3, effectively widening
the trap.

According to the calculations depicted in Fig. 6, both
the vortex and Gaussian beams are predicted to stably
trap low-index particles. In practice, however, we have
not been able to trap low-index particles with a Gaussian
trap; rather, the particle escapes in the transverse plane.
Numerical calculations for a Gaussian trap, with condi-
tions otherwise identical to those used to obtain Fig. 7,
support this experimental finding. Indeed, the Gaussian
trap is unstable unless NA > 1.23. In comparison, the
threshold for a vortex trap is NA = 1.08 (for » = 0.1).
Although we use an objective with a nominal value of
NA = 1.30, diffraction at the pupil edges and apodization
by the coverslip may decrease the effective cone angle of
the beam. Thus, for a Gaussian trap, the stable trapping
region, if formed, will be weak. Although higher NA ob-
jectives (NA = 1.4, for example) are commercially avail-
able, the small working distance makes trapping more
difficult for some applications.

The final parameter we consider is the effective refrac-
tive index, m = n,/n,. Figure 8(a) plots @, along the
optical axis for several values of m with »= 0.1 and NA
= 1.3 held fixed. In contrast to our previous analyses, in
which the trapping position was relatively stationary as
we varied 7 and NA, here we see in Fig. 8(a) that the equi-
librium position shifts further away from the beam focus

-4.0 : .
H ]
(a) —— NA=13 P ‘u
A= |
------- N.A=1.2 i ' |
[ ==- NA=11 ;)]
— - NA=1.0 a7
7 ,
Z/Rp =30 - / / -
7z ’
7
"
0.01
® [ S
/ \,
0.02 - [ _
/ -
I ¢ 7 kN ]
Q oF -Z \ .
P 7 ’ Pt N
F e / / N Rge..,
0.00 KL =
-
e ]
-0.01 - i
L | L | L |
0.0 1.0 2.0 3.0
p/R,

Fig. 7. (a) @.(p = 0) and (b) @ ,(z = zy,p) for numerical aper-
tures of 1.0, 1.1, 1.2, and 1.3. Legend applies to both graphs.
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Fig. 8. (a) Q,(p=0) and (b) @,z = zy,, for relative

refractive-index values m equal to 0.75, 0.8, 0.85 and 0.9. Note
the strong dependence of the stable trapping position on m.
Legend applies to both graphs.

as m decreases. This effect was easily observed experi-
mentally. The strengthening of the trap in the escape re-
gion with increasing m, also shown in Fig. 8, results from
an increase in the exposure of the particle to light as it
shifts closer to the beam focus and from an increase in the
power reflectance.

In the transverse trapping plane z = zy,,,, an increase
in m strengthens the OVT, while simultaneously decreas-
ing its width, as shown in Fig. 8(b). Both effects result
from the shift of z,,, toward the beam focus where the
beam is both narrower and more intense. These effects
suggest a trade-off between trapping efficiency and stabil-
ity. For larger m, the trapping efficiency increases, but
the particle is also trapped closer to the beam focus where
the transverse dimensions of the trapping region are
smaller. A small transverse displacement of the particle
that is due to Brownian motion or an applied transverse
force can more easily move the particle beyond the bound-
ary of the trap.

Before describing our experimental characterization of
the OVT, let us examine in more detail the dependence of
Zirap ON the various parameters 7, NA, and m. A deeper
understanding of these trends may be reached by exam-
ining the dependence of the longitudinal forces exerted by
each incident ray on the angle y,, between the ray and
the axis. Figure 9 depicts the longitudinal components of
the ray efficiency, @,,(v,,), for a water droplet in ac-
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etophenone at the stable point zy,,, = —2.54R,. As ex-
pected, the ray-gradient efficiency Q;,’;” is negative, while
the ray-scattering efficiency Qé’;” is positive for all v,,,
and each efficiency reaches a peak magnitude near y,,
= 21°. This peak corresponds closely to the critical
angle, y, = 20° (a, = 60°), for total reflection of the inci-
dent beam. The truncation of the efficiency for 7y,
> 23.8° corresponds to the limit of the cone of rays strik-
ing the particle. The longitudinal efficiency for the ray,
QU™ = Q;,’z") + Q'™ is more interesting and is character-
ized by alternating regions of positive and negative effi-
ciency as v, increases.

The net longitudinal efficiency for all rays may be de-
termined by computing the weighted sum @,
= (1/P)%,,P,,Q"™ and will become zero at the stable
point. Thus any beam with a set of weighting factors
(i.e., power distribution) for which the sum is zero may
have a stable point at zy,,, = —2.54R,,. Indeed, this is
approximately the case for the beam profiles we have con-
sidered. For instance, as the core size increases, beam
power shifts to rays with larger values of y,,. A loss of
downward force contributed by rays near the axis (y,,
< 10°), is compensated by a gain in downward force from
rays in the positive region 19° < y,, < 22°. Similar
compensation occurs in regions of upward force. In addi-
tion, a fraction of the incident power is shifted to the re-
gion above the cutoff at y,, = 23.8°, reducing the magni-
tude of the efficiency. Thus variations in 7 or NA, which
change the angular distribution of the incident beam, do
not strongly alter zi,,,, but may influence the trapping ef-
ficiency.

Variation of the refractive index m, on the other hand,
requires a shift in zy,,, to restore a balance between the
gradient and scattering forces. The ray efficiency for the
case m = 0.75 in the plane z = —2.54R,, is depicted in

—— m=087 L
! ng

— =+ m=0.75
-0.4 : . : ' :
0.0 10.0 20.0 30.0
Y., (degrees)

Fig. 9. Ray efficiency Q;”” for an individual ray incident at an
angle y,, on a particle located at z,, = —2.54R, (m = 0.87, »
= 0.1, and NA = 1.3). The dotted and dashed curves refer to

é,’;l) and Q'™, respectively. The solid and dotted-dashed curves
correspond to the total longitudinal ray efficiency for two differ-
ent values of m, as indicated in the legend.
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Fig. 9 for comparison. The increased reflectivity of the
particle surface is seen to favor the scattering force at
small angles y,,. To compensate, the particle may shift
downward to increase the solid angle of rays striking the
particle, thereby increasing the upward gradient force.
As we will demonstrate, this trend is consistent with our
experimental observations.

3. EXPERIMENT

We now present experiments conducted in our laboratory
to characterize the OVT. With the experimental appara-
tus described below, we have studied two different low-
index particles systems. Our results confirm many of the
parametric trends predicted by the RO model.

A. Setup

The experimental apparatus used to create the OVT is
shown in Fig. 10. A Gaussian beam from an argon-ion
laser (Ar*) at wavelength A\ = 514 nm is directed first
through a beam expander (BX1) and then through a com-
puter generated hologram (CGH), which places an optical
vortex of charge M = 1 onto the first-order diffracted
beam. The collimated first-order diffracted beam passes
through a second beam expander (BX2) before entering a
100X, NA = 1.30, Zeiss Neofluar oil-immersion micro-
scope objective (Obj) with an input aperture of diameter
~2w,. A sample chamber containing the particle sys-
tem is placed at the focus of the objective and backlighted
by a white-light source. The particles are viewed
through the same 100X objective by means of a beam
splitter (BS), an imaging lens (L), a video camera (CCD),
and a television monitor (TV). Video sequences were re-
corded with a Macintosh computer and a video-cassette
recorder. The beam expanders (BX1 and BX2) permit
adjustment of the relative core size 7 while maintaining a
fixed beam waist at the input aperture. The imaging
lens (L) was arranged to collimate the light from the ob-
jective to allow scanning of the z position of the image
plane relative to the beam focus while maintaining con-
stant image scaling. This permitted easy measurement
of the trap position relative to the beam focus, z,,, as a
function of particle size. A second CCD camera (CCD2),
placed at the same distance from the beam splitter as the
input face of the objective, was used to record the inten-
sity profile at the input aperture of microscope objective.
A power meter placed in front of CCD2 and calibrated to
the power transmitted by the objective was used to esti-
mate the power of the trapping beam.

B. Preparation of Low-Index Particle Systems

Two low-index particle systems were studied with this
setup. The first system consists of an emulsion of water
droplets (n,, = 1.33, p = 1.00 g/mL) in acetophenone (n,
= 1.53, p = 1.02 g/mL). Sorbitan monooleate (Span 80,
5% wt.) was added to the acetophenone to help stabilize
the emulsion and prevent adhesion of water droplets to
the cover glass. Deionized water was then added to the
acetophenone—Span mixture to give a 20% volume frac-
tion for the dispersed water phase. The mixture was
shaken vigorously to form an emulsion of spherical drop-
lets ranging in diameter from 40 um down to a few hun-
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Fig. 10. Optical trap created by passing an Ar* laser beam
through a computer-generated hologram (CGH) of an optical vor-
tex. The beam is focused with a microscope objective (Obj) into a
sample chamber (Cell) containing a low-index particle system.
Beam expanders (BX1, BX2) permit variation of 7, and the beam
profile is monitored with a CCD camera (CCD2). The particle
system is imaged through the same objective onto a second cam-
era (CCD). A collimating lens (L) allows z scanning of the image
plane. BS, beam splitter; M, mirror.

dred nanometers. To obtain a majority of particles with
radii in the desired 2-10-um range, the emulsion was
poured into a graduated cylinder and allowed to settle for
approximately 10 min. During this time, the larger wa-
ter droplets floated to the top of the cylinder. Samples
extracted from the region near the surface of the emulsion
contained droplets of the desired size.

The second system of low-index particles consists of
hollow glass spheres (HGS’s) (R, of 5-15 um) in deionized
water with a small amount of surfactant (1% wt. Tween
80) added to reduce electrostatic interaction between the
spheres and the cover glass. If the glass shell of the
sphere is thin compared with the radius, the refractive in-
dex may be approximated as that of an air bubble (n,
=~ 1.0). An estimate of the thickness is possible with
knowledge of the average density of the hollow spheres.
The manufacturer-specified average density ppygs
= 0.2 g/cm® corresponds to a wall thickness of ¢

= 0.03R,, assuming ¢ is a linear function of R, , such
that
_ 3
t =Rp|1l— M) }, (13)
Pair — Pglass

where pg,s = 2.45 g/em® and py;, = 1.2 X 1072 g/em? are
the densities of the glass wall and air, respectively. Us-
ing a microscope, we estimated a thickness of /R,
= 0.05 - 0.1.

For both particle systems, a net buoyancy caused the
particles to collect just below the glass cover slip placed
on top of the liquid-filled chamber. Trapping was
achieved by moving the beam focus up from below a par-
ticle until the particle was pushed down into the trap by
the scattering force. Once in the trap, the particles could
be translated horizontally or vertically, usually through
the entire 120-um height of the chamber. In some in-
stances, attractive Van der Waals’ forces between the par-
ticle and the cover slip were difficult to overcome. We
found it beneficial in these cases to first inversely levitate
the particle off the cover slip before trapping. This was
accomplished by placing the beam focus above the par-
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ticle, then moving the focus downward until the particle
was freed from the upper surface. The particle was thus
trapped on the lower side of the beam focus in a manner
analogous to optical levitation.?® Levitation is distinct
from three-dimensional trapping in that the radiation
pressure forces alone do not form a stable three-
dimensional trap. Instead, a restoring force in the longi-
tudinal direction is provided by buoyancy. Once levi-
tated for a few seconds, the electrostatic attraction of the
particle with the cover slip is usually reduced to a point
where trapping above the beam focus is possible. This
reduction may be attributed to layers of surfactant form-
ing on the surface of the particle and cover slip.

C. Results

Figure 11 depicts a sequence of images recorded with the
CCD camera (CCD) showing an example of three-
dimensional trapping (of a water droplet in acetophenone,
in this case). The imaging lens (L) was adjusted to focus
the image of the trapped droplet, located in the plane z
= Ziap, onto the CCD. By translating the sample cell
with respect to the microscope objective, relative motion
between the trapped droplet and the surrounding me-
dium was achieved. The trapped droplet, marked with
an arrow in the first frame, remains in focus and at the

Fig. 11. Manipulation of a trapped water droplet in acetophe-
none (indicated by an arrow in the first frame). Transverse
trapping is shown in the first four frames. Longitudinal trap-
ping is shown in the remaining frames. Frame dimensions are
50X 30 um. The time for each frame is sequential, but not lin-
ear. The total time is approximately 10 s.
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same position in each frame while nearby untrapped par-
ticles, initially out of focus, are observed to move, first to
the left (in frames 1-4) and then into the focal plane (in
frames 5-8), demonstrating both transverse and longitu-
dinal trapping.

An incident beam power of P = 100-500 mW was nec-
essary to achieve robust trapping for the HGS system,
while P = 50—-100 mW was needed for a similar level of
stability in the HyO-acetophenone system. This differ-
ence may be attributed to the greater buoyancy of the
HGS particles. Transverse velocities up to 50 um/s and
longitudinal velocities of 30 wum/s were estimated from
videotaped sequences. Furthermore, at a given power
level, higher longitudinal velocities were possible when
translating droplets upward (in the —z direction), rather
than downward. While buoyancy may contribute to this
bias, particularly in the HGS system, the fact that the ef-
fect was also observed in the nearly density-matched
Hy0-acetophenone system suggests that a larger restor-
ing force is exerted from below the droplet as predicted by
the RO model [see Fig. 4(a)].

We observed with the HyO—acetophenone system that
both rapid movement of trapped water droplets and high
incident-beam power caused the droplets to shrink while
in the trap. The resulting decrease in droplet size was
immediately evident as a noticeable defocusing of the
droplet image. This behavior was observed for incident-
beam powers of a few tens of milliwatts (E, ~ 108 V/m)
and at translation speeds greater than ~ 20 um/s. Al-
though the mechanism is unclear, we suspect that shrink-
age may result from the droplet’s dissolving into the ac-
etophenone or the formation of a microemulsion of water
droplets. This feature may be exploited to accurately
measure the stable trapping position over a range of drop-
let sizes without having to recalibrate the position of the
beam focus each time a measurement is made.

Measurements of the stable trapping position zy,,, as a
function of particle radius R, were performed for both
low-index particle systems. Figures 12(a) and 12(b) plot
the measured trapping position for the H,O-aceto-
phenone and HGS systems, respectively. Consistent
with the RO model, a linear relationship between zi,,
and R, is evident for both systems. A linear fit to the
data yields slopes of zy,,/R, = —2.67 for the HyO-
acetophenone system and zy,,/R, = —2.22 for the HGS
system. In both cases, the linear fit intercepts the verti-
cal axis within the *2 um uncertainty of the z,,, mea-
surement. From our discussion of the RO model in Sub-
section 2.C, we may expect the slope to be almost
exclusively determined by the relative refractive index m
of the particle. Comparing the measured slope with RO
calculations presented in Fig. 8(a), an estimated relative
refractive index of m = 0.88 is found for the H,O-
acetophenone system. Refractive-index measurements
at a slightly shorter wavelength of 489 nm (the sodium D
line) obtained from the Merck Index give m = 1.33/1.53
= 1.33/1.53 = 0.87 for this system, which is within 2% of
our estimated value. In comparison, an estimate of m
= (.84, obtained from experimental data for the HGS
system, agrees to within 10% of the limiting value of m
= 0.75 for an air bubble in water [represented by the
dashed line in Fig. 12(b)]. The calculation of an effective
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Fig. 12. Stable trapping position measured as a function of par-
ticle radius for (a) the HGS system and (b) the Hy,O-
acetophenone system. Solid lines indicate a linear least-squares
fit to the measured data. Dashed line indicates RO calculation
for the limiting case of an air bubble in water.

refractive index, which accounts for the nonzero thickness
of the glass shell, is complicated by an angular depen-
dence of the optical path length through the shell, par-
ticularly for rays incident at large «. Nevertheless, for
the case of a thin shell, we may expect that the presence
of the glass (n = 1.52) will tend to increase slightly the
refractive index of the sphere. With particles much
smaller than the wavelength, the calculation of an effec-
tive index of refraction for a shell particle is
straightforward*’ and provides a rough estimate for large
particles, as long as structural resonances are avoided.
Assuming a wall thickness ¢ = 0.05F,, this method
yields an effective relative refractive index of m
= 0.80, which differs approximately 5% from the value
obtained from measured data.

We investigated qualitatively the effect of varying the
relative vortex core size » and NA on the stability and
stable trapping position. No shift in z,, was evident
within the resolution of our measurements over a range of
0.1 < < 0.3. Note: For a“donut” Laguerre—Gaussian
laser mode, 7 = 2.0. This finding is in agreement with
Fig. 6(a), in which it is shown that the RO model predicts
little change in z,,, with 7. However, the value of 7 does
affect the stability of the trap. For the smallest particles
studied (2-5um), a value of = 0.25 was optimal,
whereas for larger particles smaller values of 7 were suf-
ficient. This trend is consistent with the RO model, as
noted in Section 2. The effective NA of the objective was
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varied by narrowing the Gaussian-beam waist at the in-
put aperture. We observed that narrowing the beam
waist by a small amount, approximately 10%—-20%, in-
creased the longitudinal stability of the trap for larger
particles but destabilized the trap transversely for small
particles. Further narrowing of the beam waist destabi-
lized the trap in the transverse direction for both large
and small particles.

4. DISCUSSION

We have experimentally demonstrated optical-vortex
trapping of both buoyant and neutral-density particles
whose refractive index is lower than that of the host fluid.
Numerical solutions based on the RO model for large par-
ticles gave accurate predictions of the stable trapping po-
sition and produced qualitative agreement with efficiency
trends observed for different beam profiles.

We found that by varying the vortex-core size or NA of
the optical system, the maximum trapping efficiency in ei-
ther the transverse or the longitudinal direction could be
enhanced. The use of CGH methods in combination with
beam expanders and condensers for preparing the input
beam profile permits relatively easy adjustment of these
parameters. The optimum trapping configuration will
differ for different trapped species, owing to other factors
affecting the trapping efficiency such as particle size,
buoyancy, or absorption. For example, buoyant particles
may require values of @, .« larger than @, ,i,. Opti-
mizing the efficiency may even be counterproductive in
some cases. For instance, small particles are subject to
greater relative displacements than are large particles be-
cause of Brownian motion, and thus an increased trap
width may be preferred. Shifting zy,,, away from the
beam focus (for example, by decreasing the refractive in-
dex of the host liquid) will widen the trap, although the
trapping efficiency may also decrease.

The OVT may provide a means of investigating the
properties of a variety of low-index particle systems.
Emulsion systems, in particular, are interesting candi-
dates. For instance, when combined with coherent light-
scattering particle-size measurements in a manner simi-
lar to that recently demonstrated by Lankers et al.,? the
vortex trap may be used to study evaporative and other
interfacial processes of water-in-oil emulsions with great
precision.

Finally, much interest has been devoted recently to the
study of angular-momentum transfer to absorbing par-
ticles in optical levitation and trapping config-
urations.?#23  The transfer of angular momentum,
whether from optical vortices (orbital angular momen-
tum) or circularly polarized light (spin angular momen-
tum) is proportional to the absorption coefficient of the
particle. A large absorption coefficient increases the rate
of angular momentum transfer but also increases linear
momentum transferred to the particle along the propaga-
tion direction of the incident light, destabilizing optical
traps for high-index particles for which the restoring force
is weaker on the lower side of the trap. In contrast, the
strong gradient force exerted on low-index particles below
the stable position may accommodate larger absorption
coefficients before trap destabilization results. We pro-
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pose that increased angular momentum transfer may be
achieved by use of low-index particles trapped within an
optical vortex in the manner described in this paper.

5. CONCLUSIONS

We have investigated three-dimensional optical trapping
of low-index microparticles with a focused optical-vortex
beam, both theoretically and experimentally, for two par-
ticle systems: an emulsion of water droplets in acetophe-
none and HGS’s in water. A simplified RO model of ra-
diation pressure, valid for large particles, is shown to
predict a stable trapping position for low-index particles
at a point located on the optical axis at a distance of 2 to
3 times the particle radius before the beam focus. The
influence of parameters, such as the width of the vortex
core, the NA of the focusing objective, and the relative re-
fractive index of the particle system, on the location of the
stable point and the trapping efficiency have been exam-
ined. The distance of the stable point from the beam fo-
Cus, Zy,p, is expected to scale linearly with the particle
radius R, by a factor that depends primarily on the rela-
tive refractive index m of the particle. This dependence
was verified experimentally for both low-index particle
systems over a range of particle diameters of 5 to 40 um.
Scaling factors of zy,p/R, = —2.67 and zy,,/R,
= —2.22, measured for the HyO—acetophenone and HGS
systems, respectively, are within a few percent of the RO
calculations. A trend of increased longitudinal efficiency
and decreased transverse efficiency with decreasing core
size 7 and NA, predicted by the model, was verified quali-
tatively in the experiment. In addition, trapping of
smaller particles was found to be more sensitive to de-
creases in 7 and NA. A more detailed model, which ac-
counts for particle size, is needed to examine this depen-
dence further.

In closing, our numerical calculations of the trapping
efficiency show that an OVT differs from a conventional
Gaussian trap in several ways. For instance, both low-
and high-index particles are easily trapped with the same
vortex configuration, whereas for a conventional trap only
trapping of high-index particles has been demonstrated.
In addition, trapping of low-index particles within the
dark vortex core permits isolation of a single particle in
the transverse direction. Finally, given the improved ef-
ficiency of OVT’s for high-index particles and the reduced
risk of optical damage, we believe this design is more ver-
satile and easier to implement than other proposed meth-
ods for microparticle trapping.
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