
UC Irvine
UC Irvine Previously Published Works

Title
Size tunable three-dimensional annular laser trap based on axicons.

Permalink
https://escholarship.org/uc/item/9wd7j36m

Journal
Optics Letters, 31(22)

ISSN
0146-9592

Authors
Shao, Bing
Esener, Sadik C
Nascimento, Jaclyn M
et al.

Publication Date
2006-11-15

DOI
10.1364/ol.31.003375

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9wd7j36m
https://escholarship.org/uc/item/9wd7j36m#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


November 15, 2006 / Vol. 31, No. 22 / OPTICS LETTERS 3375
Size tunable three-dimensional annular laser trap
based on axicons
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A three-dimensional (3D) ring-shaped laser trap has been built using axicons. The diameter of this laser trap
ranges from 70 to 140 �m and is adjusted by simply changing the position of one axicon in the optical path.
Parallel 3D trapping of 5 �m silica microspheres and 3D confinement of cells along the ring are demon-
strated. In this system the special optical properties of axicons are used to create a continuous annular trap
with high power efficiency and a constant numerical aperture. This new approach, without any mechanical
scanning, offers significant potential for applications in cell motility analysis and biotropism studies.
© 2006 Optical Society of America

OCIS codes: 140.7010, 170.4520, 220.4830.
Near-infrared laser trapping is a noninvasive tool
that has been widely applied to manipulate biological
cells1,2 and organelles.3 Since the late 1980s, cali-
brated optical traps have been used to measure
physical forces in biological systems. One example is
animal fertility, where researchers have been using
laser tweezers to trap an individual sperm and quan-
titatively evaluate its swimming force.4,5 As a result,
the relationship between sperm motility and swim-
ming pattern was studied,5 and biomedical aspects of
sperm activity were investigated.6,7 Nevertheless,
single-spot laser trapping analyzes one sperm at a
time, lacks the ability of in situ sorting based on mo-
tility, and has difficulty in assessing the role of
chemotaxis—a critical feature of sperm that is impor-
tant in infertility and contraceptive approaches.8

An optical element with a conical surface that was
introduced by McLeod9,10 half a century ago, the axi-
con has been used to generate ring-shaped intensity
profiles for laser machining11 and atom trapping12

and to generate nondiffracting Bessel beams for axial
aligning, guiding, and stacking particles.13 In this
Letter we introduce a new type of optical trapping
based on axicons that can be used to manipulate tens
to hundreds of microparticles in parallel. This capa-
bility shows promise for high-throughput, multilevel
sorting of self-propelled cells such as sperm. One ad-
vantage of a ring trap over a line trap is its ability to
provide an equal-distance (from the center) condition
that is important for biotropism studies. When an at-
tractant is fixed in the center of the ring, the laser
power or ring diameter can be adjusted so that only
cells swimming with sufficient energy and sensitivity

to the attractant’s local concentration gradient have
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enough energy to overcome the trap and reach the at-
tractant. In addition, a ring trap provides a way to
confine a swimming cell in the field of view for an ex-
tended period of time without having to deal with
sharp turns and changes in swimming curvature.
The optical gradient force in the radial direction can
guide a sperm along the ring. As a result, the effect of
the laser on cells can be studied by monitoring
changes in membrane potential (with a fluorescent
probe) or motility. We expect that this new form of op-
tical trapping will benefit a variety of cell motility
and biotropism studies.

Compared with other methods for creating an an-
nular trap, such as generalized phase contrast that
needs counterpropagating beams for 3D
confinement,14 holographic optical trapping that gen-
erally suffers from low diffraction efficiency and
needs a high-resolution spatial light modulator,15 our
system offers 3D trapping with almost 100% power
efficiency. In addition, it is free from mechanical
scanning, which introduces a tangential drag force to
the sample.16

The experimental setup is depicted in Fig. 1. The
light beam from a cw ytterbium fiber laser with a
1070 nm wavelength is collimated and expanded via
the beam expander. When this Gaussian beam is in-
cident on the axicon, an asymmetrical intensity pat-
tern (half-Gaussian) from each azimuthal angle will
be generated. According to the Fourier transform,
this leads to a tilted phase front at the specimen
plane, indicating that the total photon momentum
transfer is not perpendicular to the specimen plane,
and the stability of the trap is degraded.17 For better

trapping performance, a refractive beam shaper is

2006 Optical Society of America



3376 OPTICS LETTERS / Vol. 31, No. 22 / November 15, 2006
used to convert the Gaussian beam into a collimated
flattop beam. A telescope lens pair (TL1, TL2) shrinks
the beam so that the thickness of the light cone input
to the objective is equal to the diameter of the back
aperture, maximizing the numerical aperture of the
trapping beam.2 At axicon 1 ��=10° � the input beam
is divided with respect to the optical axis and bent to-
ward it at an angle �=arcsin�n sin ��−�=5.16°,
where � is the base angle and n is the refractive in-
dex of the axicon. At the back focal plane of the focus-
ing lens (FL), a ring image is formed that is conju-
gated to the ring focus at the specimen plane. After
the tube lens (TL) the laser light is sent into an in-
verted microscope via a dichroic mirror whose reflect-
ing surface faces the side. As a result, side-input light
is directed upward into the objective.

The size of the ring trap is determined by the apex
angle of the input light cone (� in Fig. 1). To change �
while keeping the objective back aperture completely
filled, axicons 2 and 3 ��=20° � are added. The ability
of an axicon to bend light without changing its colli-
mation degree makes an axicon pair a better choice

Fig. 1. Experimental setup of the dynamically adjustable
annular laser trap. M1–M7, mirrors.

Fig. 2. Sequences of video frames showing (a), (b) a ring of
trapped 5 �m silica beads being moved in the transverse
direction and then (c), (d) being lifted 100 �m in the axial
direction.
than a normal telescope lens pair.
Here 5 �m diameter silica microspheres are used
to evaluate the performance of the annular trap. A
microsphere–water suspension is put into a 120 �m
thick chamber with a glass slide as the top and a no.
1 coverslip as the bottom. The lateral trapping force
is determined by moving the stage and measuring
the escape velocity of the trapped bead, and the axial
trapping ability is verified by adjusting the height of
the objective. Assuming spherical object symmetry
and laminar fluid flow, the fluidic drag on an object is
determined from the Navier–Stokes equation. At the
escape velocity, ve, the optical trapping force is equal
to the fluidic drag force such that Fopt=Fdrag
=6��rve,

18,19 where �=1�10−3 N S m−2 for water
and r is the radius of the particle.

With an estimated trapping power of 23 mW per
microsphere, a lateral trapping force of 8.14 pN could
be obtained, and particles can stay trapped as the ob-
jective is moved in the axial direction at an average
speed of 8 �m/s. Figure 2 shows the 3D trapping of
5 �m silica microspheres with a 63� oil immersion
objective �NA=1.4�. Figures 2(a) and 2(b) correspond
to two different x positions of the stage, demonstrat-
ing the confinement of particles along the circumfer-
ence of the ring. Figures 2(c) and 2(d) depict the lift-
ing of trapped particles while the height of the
objective is adjusted.

The geometrical structure of the ring trap is ex-
perimentally shown by moving the objective in the
axial direction. In Fig. 3(a), when the image plane of

Fig. 3. Geometrical structure of the annular trap: experi-
ment and simulation. (a) Objective height z=46 �m, (b)
20 �m, (c) 0 �m, (d) −20 �m, and (e) −46 �m. (f) ZEMAX
simulation. Left, the cross section of light rays in the cham-
ber when z=0 �m; right, the spot diagrams at the center of
the chamber when the objective is at different heights cor-

responding to (a)–(e).
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the objective is 46 �m above the center of the cham-
ber, the ring focus is close to the ceiling and particles
in the center of the chamber are arranged into con-
centric rings. As the objective is lowered [Fig. 3(b)],
the ring focus is closer to the center of the chamber,
and the concentric rings of particles have smaller ra-
dial spacings. When the ring focus arrives at the cen-
ter of the chamber, particles are attracted to a single
ring [Fig. 3(c)]. Further lowering the objective makes
concentric rings of particles appear again in the cen-
ter of the chamber. The lower the objective, the larger
the spacing becomes between the rings [Figs. 3(d)
and 3(e)]. These observations agree with ZEMAX simu-
lation with a comparable objective20 in Fig. 3(f),
which shows the localization of the ring focus.

The size variable annular trap is demonstrated
with 5 �m microspheres. Figure 4 shows that moving
axicon 2 an additional 10 mm away from axicon 3 in-
creased the diameter of the ring from 70 �m [Figs.
4(a) and 4(c)] to 140 �m [Figs. 4(b) and 4(d)]. This en-
sures the system’s flexibility for trapping particles
with different sizes and makes it easy to adjust the
throughput. Besides microspheres, biological cells in-
cluding red blood cells and self-propelled sperm can
also be trapped in three dimensions.17

We have presented a new type of axicon trapping
that allows parallel 3D manipulation of micropar-
ticles. This system has potential applications for mo-
tility and biotropism studies on self-propelled cells.17

Fig. 4. Size tunability. (a) At the original axial position of
axicon (Axi) 2, the diameter of the ring trap is 70 �m. (b)
When axicon 2 is shifted to the left for 10 mm, the ring di-
ameter increases to 140 �m. (c), (d). ZEMAX simulated lay-
out, focus closeup, and sample plane spot diagram for (a)
and (b). MO, microscope objective.
In our system the special optical properties of axicons
are used to create a continuous, variable size annular
trap with high power efficiency and constant numeri-
cal aperture. Experiments with microspheres and
biological cells have proved the performance of the
annular traps and their applicability to both inor-
ganic and organic microparticles.
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