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THREE-DIMENSIONAL HOLOGRAPHIC RING TRAPS

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0001] This application claims benefit under 35 USC 119(¢) of U.S. Application
No. 60/853,936 filed October 24, 2006, incorporated by reference in its entirety.
[0002] The U.S. Government has certain rights in this invention pursuant to grants
from the National Science Foundation by Grants Number DMR-0451589 and DBI-
0629584.

[0003] This invention is directed to a method and system for preparing and using
three dimensional (3D) holographic optical ring traps. More particularly, the
invention is directed to use of a new class and type of diffractive optical elements for
use in holographic optical trapping system to project ring-like optical traps. These
traps, unlike optical vortex traps which include orbital angular momentum, implement
their trapping via a force-free, one dimensional potential energy well for manipulation

and control of small objects.

BACKGROUND OF THE INVENTION

[0004] Systems and methods have been recently developed for the widespread use
of optical traps or tweezers. Such tweezers have become indispensable in a wide
range of uses for manipulation and separation of many varieties and sizes of small
objects. The fields of use include the biosciences, micro-sized machines, optical
applications, and even selected chemical processing systems. However, current

optical traps and their configurations are limiting their use and preventing successful
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small scale system operation due to inefficient and even ineffective trapping

characteristics and lack of independent control over a trap’s shape and force profiles.

SUMMARY OF THE INVENTION

[0005] In view of the above-recited deficiencies and shortcomings the present
invention provides a 3D optical ring trap which has substantial degrees of freedom
and precision in preparing a desired trap shape and force profile, allowing greatly
improved manipulation, separation and movement of small objects, such as allowing
precise movement of objects along closed trajectories in 3D. The subject invention
creates optical traps which resemble optical vortices, but enable much improved
trapping characteristics and independent control over the trap’s shape and precision in
establishing force profiles. The ring traps do not carry orbital angular momentum,
but in selected applications such momentum can be included for particular uses.
[0006] Various aspects of the invention are described hereinafter; and these and
other improvements are described in greater detail below, including the drawings
described in the following section.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIGURE 1A illustrates the phase profile ¢(p) for a shape phase hologram
encoding a ring trap with radius R = 6um and having a topological charge 1 =20 ;
FIG. 1B illustrates the associated shape function of FIG. 1A selected probabilistically;
[0008] FIGURE 2A illustrates an optical vortex profile in 3D with | = 60; FIG. 2B
illustrates the intensity in an x-y plane at the longitudinal center of the profile of

FIG. 2A (the scale bar indicate Sum); FIG. 2C illustrates the intensity profile on a y-z
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plane along the longitudinal axes and FIG. 2D illustrates the intensity profile on an x-
z plane along the longitudinal axis;

[0009] FIGURE 3A illustrates an optical vortex profile in 3D with R =3um and | =
20; FIG. 3B illustrates the intensity in an x-y plane at the longitudinal center of the
profile of FIG. 3A (the scale bar indicate Sum); FIG. 3C illustrates the intensity
profile on a y-z plane along the longitudinal axes and FIG. 3D illustrates the intensity
profile on an x-z plane along the longitudinal axis;

[0010] FIGURE 4A illustrates colloidal silica spheres 1.5 um in diameter captured
and translated in 3D by a holographic optical ring trap with the ring trap focused into
the spheres’ equilibrium plane; FIG. 4B like FIG. 4A but the ring of spheres is
translated upward by Az = 10um, leaving the sedimated spheres in a lower plane (the
scale bar is Sum); and

[0011] FIGURE 5 is a functional block flow diagram showing creation of a

hologram applied to a light beam to form a ring trap for manipulating an object.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0012] Optical tweezers have become indispensable tools for research and
development in biology, physics, chemistry and engineering. Typically formed by
focusing a Gaussian laser beam with a high-numerical-aperture lens, they excel at
manipulating micrometer-scale objects. This invention embodies a new class of ring-
like optical traps created with shape-phase holography and the holographic optical
trapping technique that can move microscopic objects along closed trajectories in
three dimensions. Holographic ring traps broadly resemble optical vortices but feature

qualitatively better trapping characteristics and independent control over the trap’s
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shape and force profiles. This flexibility creates new opportunities for fundamental
research, materials processing and micro-opto-mechanics.

[0013] An optical vortex is created by focusing a helical mode of light, whose field,

ite

w(p)=uy(p)e (1)

is characterized by the integer-valued winding number /. Here, p =(p,0) is the
polar coordinate relative to the optical axis, and «, (,0) is a real-valued radially
symmetric amplitude profile. In many conventional implementations, u, (,0) isa
Gaussian and the helical phase profile is imposed by a mode converter, such as a
phase-only hologram. A helical beam focuses to a ring of radius R, o< ¢ because
destructive interference along the beam’s central screw dislocation suppresses its axial
intensity . Objects in an optical vortex experience a torque because each photon in a
helical beam carries orbital angular momentum ¢# . These properties provide the basis
for a wide range of applications. Despite their utility, optical vortices’ performance
can be qualitatively improved by applying scalar diffraction theory. The result is a

new class of highly effective and flexible holographic ring traps.

[0014] An optical ring trap in the focal plane of a lens of focal length 7 is
characterized by its radius, R, its azimuthal amplitude profile, a(¢) , and its azimuthal
phase profile, 77(¢). The associated field in the lens’ input plane is given by the

Fresnel transform

v(p)= f—;a<¢>5<r—R>ef"<¢>exp[f§r-p], ®

where 4 is the wavelength of light, and where we have dropped irrelevant phase terms.

Integrating over the radial coordinate r yields
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Wp)=2 [ datop exp(z’%R,o cos(¢-e)] )

Substituting a(¢) =]and 77(¢) = /¢ to create a uniform ring carrying orbital angular

momentum yields

w(p)=w,J, (ko) (4)

where k =7R/(Af) and J,(kp) is the £ —th order Bessel function of first kind.

[0015] A hologram transforming a Gaussian beam into a ring trap would have to
modify both the amplitude and phase of the incident light according to Eq. (4). The
field’s amplitude, however, depends only on p, and its phase depends only on ¢.
This separation into two linearly independent one-dimensional functions lends itself
to implementation as a phase-only hologram by shape-phase holography as described
herein. When implemented in polar coordinates, the shape-phase hologram for a ring

trap takes the form

05 (0)=S(p)p(p)+[1- S(0)q(p). (5)

where

o(p) =100+t (- J, (ko)) mod 27, (6)

is the phase of (,0) from Eq. (4), incorporating the Heaviside step function, H (x) ,
to ensure that the amplitude profile, u(,o) = |.] (kp)| , 18 non-negative. The binary shape
function, S (,0), approximates the continuous variations in u(p) by assigning an
appropriate number of pixels to @, (,0) at radial coordinate, o . The unassigned

pixels are given values from a second hologram, q(,o), that diverts the extraneous

light.
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[0016] Some latitude remains in selecting the shape function. For holographic line
traps, it can be adjusted to minimize intensity variations due to Gibbs phenomenon.

For a uniform ring trap, S (,0) may be selected randomly with probability
P(S(p)=1)= |.]L, (k,o)| /J,(x,), where x, is the location of the first maximum of .J, (x).

The angular distribution of pixels in § (,0) also may be selected to fine-tune the

intensity profile around the ring.
[0017] Typical results are shown in FIGs. 1A and 1B. The phase pattern’s radial

rings result from sign changes in J, (k,o) and determine the trap’s radius independent

of (. In practice, ¢(,0) projects a very effective ring trap even without amplitude
modulation. The shape function suppresses higher diffraction orders at larger radii by
eliminating contributions from pixels near the optical axis. The shape-phase
hologram of the invention decouples the ring’s radius from its topological charge
without reducing diffraction efficiency. One advantageous consequence is that
holographic ring traps need not carry orbital angular momentum, although for selected
applications, such momentum can be added to carry out particular processes.

[0018] The three-dimensional intensity distribution projected by Eqgs. (5) and (6) is
plotted in FIGs. 2A-2D and 3A-3D are carried out in a conventional manner by
calculation of Fresnel transformations of their respective phase only holograms. Note
that for FIGs. 2A and 3A the bottom and/or top sections are artificially truncated; but
the actual topology continues in a smooth manner to form continuous smooth arcs.
These data demonstrate another substantial benefit of holographic ring traps. Because

an optical vortex’s radius reflects its wavefronts’ topology, its radius, R, , does not

vary substantially as the beam is brought to a focus. Without axial intensity gradients
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to compensate radiation pressure, optical vortices typically cannot trap objects in three
dimensions unless a surface or other external force prevents their escape. Holographic

ring traps, by contrast, converge to a diffraction-limited focus for R > R, , and thus

are true three-dimensional traps.

[0019] The images in FIGs. 4A AND 4B show a ring trap translating micrometer-
scale colloidal spheres in three dimensions. These particles are dispersed in a layer of
water 40 um thick between a glass coverslip and a microscope slide. The sample is
mounted on the stage of an inverted optical microscope (Nikon TE-2000U), with the
coverslip downward. The dense silica spheres sediment onto the lower surface, where
they diffuse freely. When the trap is focused into the spheres’ equilibrium plane, Fig.
4A, trapped spheres have the same bright appearance as nearby free spheres.

Mechanically translating the focal plane upward by A =10gm translates the trapped

spheres, but leaves the free spheres behind. The trapped spheres consequently remain
in focus, while the others blur. All the while, the trapped spheres circulate around the
ring at a rate determined by /, the intensity of the light and the distance from the
glass surface.

[0020] A holographic ring trap also can be translated in three dimensions by adding

¢,<p>:s<p>[x-p+’;p?] )

to ¢7(,0). Here « is the wavevector describing the in-plane translation, and z is the
axial displacement. Phase functions correcting for geometric aberrations also can be

added to Q)(,O) to improve performance. Superimposing the ring’s phase function on

a conventional holographic trapping pattern creates an array of identical ring traps.
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Integrating it into the hologram computation yields heterogeneous patterns of rings
and other traps. Arrays of ring traps can create dynamically reconfigurable
microfluidic systems and constitute model systems for nonequilibrium statistical
physics.

[0021] Orbital angular momentum displaces light away from the axis of a ring trap,
as can be seen in FIGs. 3A-3D. Setting /=0 creates diffractionless Bessel beams
above and below the ring that terminate at a dark volume around the focus. This light-
free volume acts as an optical bottle, for dark-secking objects. Unlike previously
reported bottle beams, a plurality of ring-bottles can be projected in arbitrary patterns
and sizes. Holographic ring traps can also be sculpted into shapes other than circles

by setting R = R(¢), in Eq. (3). Unlike modulated optical vortices whose local

intensity varies inversely with radius, modulated holographic ring traps can have
independently specified intensity profiles.

[0022] In a system 100 shown schematically in FIG. 5 a device 110 (such as a
spatial light modulator or diffraction grating) can be used to create a hologram 120 (as
shown in FIG. 1.A.) applied to light beam 130. The hologram 120 applied to the light
beam 130 can be processed by an optical train 140 to create a 3D optical ring

trap 150 (shown schematically) to operate on or manipulate object 160.

[0023] The foregoing description of embodiments of the present invention have
been presented for purposes of illustration and description. It is not intended to be
exhaustive or to limit the present invention to the precise form disclosed, and
modifications and variations are possible in light of the above teachings or may be

acquired from practice of the present invention. The embodiments were chosen and
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described in order to explain the principles of the present invention and its practical
application to enable one skilled in the art to utilize the present invention in various
embodiments, and with various modifications, as are suited to the particular use

contemplated.
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WHAT IS CLAIMED:

1. In a method of preparing three dimensional optical ring traps for manipulating
an object, the steps include, providing a light beam and forming an optical trap, the
improvement characterized by the steps of applying a hologram to the light beam, the
hologram including a component creating an optical ring trap lacking orbital angular
momentum with the optical ring trap manipulating the object.

2. The method as defined in claim 1 wherein the hologram comprises a single-
phase function.

3. The method as defined in claim 2 wherein the single-phase function includes
independently established components for control of shape and force profile of the optical
trap.

4. The method as defined in claim 1 wherein the light beam includes a field

w(o)=wJ,(ko)e"’ where x =7R/AS and J,(xp) is an {—th order Bessel function of first

kind.

5. The method as defined in claim 4 wherein the hologram comprises a phase
only, hologram.

6. The method as defined in claim 5 wherein the hologram comprises in polar

coordinates,
95 (0)=S()o(0)+[1- S(0)l4(p)
olp)=t6+7H (- J, (ko)) mod 27

7. The method as defined in claim 1 further including the step of adjusting

intensity of the light beam variations due to Gibbs phenomenon.

-10 -
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8. The method as defined in claim 4 wherein a shape function, S(p) is selected
randomly with probability P(S (,0) = 1) = |.] p (kp)|/ J, (xj) where x, is a location of a first
maximum of J, (x)

9. The method as defined in claim 4 further including the steps of controlling
phase pattern radial ring geometry by changing sign of J, (k,O) .

10. The method as defined in claim 1 wherein the hologram decouples ring radius
from topological charge.

11. The method as defined in claim 1 wherein the optical trap is configured to
converge to a diffraction limited focus for R > R, where R, is radius of the optical trap.

12. The method as defined in claim 6 further including adding a phase hologram

function,

00)=S(0)| -+ 222

where « is a wave vector describing a plane translation and z is axial displacement, thereby
translating the optical trap in 3D.

13. The method as defined in claim 12 further adding phase corrections for
geometric aberrations.

14. The method as defined in claim 2 further including the step of superimposing
the single phase function on a conventional hologram, thereby creating an array of identical
ring traps.

15. The method as defined in claim 14 further including the step of apply the array
of ring traps to create dynamically reconfigurable microfluidic systems.

16. The method as defined in claim 14 further including the step of creating model

systems for nonequilibrium statistical physics for manipulating selected objects.

-11 -
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