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EXTENDED OPTICAL TRAPS BY
SHAPE-PHASE HOLOGRAPHY

This invention was made with US Government support
under Grant No. DMR-0451589 awarded by the National
Science Foundation. The US Government has certain rights in
this invention.

FIELD OF THE INVENTION

The present invention relates generally to a system and
method for controllably establishing extended optical traps
for processing materials for a wide variety of uses. More
particularly the invention relates to the use of shape-phase
modulation or holography to establish a variety of shapes of
optical traps, such as lines, curves and three dimensional
shapes for manipulating, orienting, manufacturing and pro-
cessing of objects ranging from nanoscale to micrometer
scale objects.

BACKGROUND OF THE INVENTION

Various attempts have been made in the prior art to extend
a single point-like optical trap into lines, curves and three
dimensional shapes, but serious deficiencies are inherent in
all such efforts. For example, line tweezers have been imple-
mented with a cylindrical lens or its holographic equivalent. A
line formed with a cylindrical lens is degraded by severe
astigmatism, however, and therefore cannot trap objects in
three dimensions. A cylindrical lens also cannot produce
more general structures, only linear extended traps. Line traps
also have been formed with pairs of cylindrical lenses
arranged in a Keplerian telescope. Although such line traps
can be free from astigmatism, their shape is fixed, and their
intensity and phase profiles cannot be altered. Such line traps
also are incompatible with the holographic optical trapping
technique, and therefore cannot be integrated with the variety
of trapping capabilities made possible by holographic projec-
tion. In another prior art methodology extended optical traps
have been created by time sharing or scanning of optical traps.
This method suffers from various disadvantages described in
detail hereinafter.

Inyet another prior art methodology extended optical traps
can be projected by conventional holographic techniques.
This approach does not allow for general three dimensional
structures for the projected line and suffers from projection
deficiencies, such as optical speckle. Further disadvantages
will be described hereinafter as part of the description of this
invention, thus demonstrating the substantial advantages over
the prior art.

SUMMARY OF THE INVENTION

A single-beam optical gradient force trap can be general-
ized to establish its domain of influence along a specified
curve or volume with a predetermined intensity to define lines
and volumes of optical trap influence. Such an extended trap
and the attendant domain of influence can be generated by use
of shape-phase modulation or holography. This can further-
more extend to projecting a plurality of such traps. Extended
optical traps can for example be implemented for one-dimen-
sional potential energy wells to manipulate nanometer scale
to micrometer-scale objects. Trapping one, two, or more such
objects in a single, tailored and well-characterized extended
potential energy well has numerous applications in process
monitoring, quality control, process control and nanomanu-
facturing, as well as in research and other fields.
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The simplest extended optical trap takes the form of a
so-called line tweezer, in which an appropriately structured
beam of light focuses to a segment of a line, rather than to a
spot. Such line tweezers have been implemented with a cylin-
drical lens, or with its holographic equivalent. The resulting
trap has some undesirable characteristics, however. A line
trap projected with a cylindrical lens actually has the three-
dimensional structure of a conventional optical tweezer
degraded by severe astigmatism. Consequently, it focuses to
a line along one axis in one plane and to a perpendicular line
in another plane. The two lines cross on the beam’s axis,
which decreases axial intensity gradients at that point, and
thus severely degrades such traps’ ability to trap objects in
three dimensions. Cylindrical lenses also can project only a
single line tweezer, and offer no control over the intensity and
phase profiles along the line. Finally, cylindrical lenses can
only project linear extended traps, and not more general struc-
tures. The system described hereinafter avoids these short-
comings by allowing for the creation of one or more extended
traps, each of which focuses to a single curve on a specified
trapping manifold, and each of which has an independently
specified intensity and phase profile along its length.

In the prior art, extended optical traps also have been cre-
ated in a time-shared sense by scanning a single optical twee-
zer rapidly across the field of view. Provided the tweezer
travels rapidly enough, a trapped object cannot keep up with
the tweezer, but rather experiences an extended potential
whose characteristics reflect a time average of the tweezer’s
transit. This has the disadvantage that high peak laser powers
are required to maintain even a modest average well depth,
and this can degrade light-sensitive samples. The scanned
laser also can impart transient energy or impulses to briefly
illuminated objects, which can result in subtle yet undesirable
nonequilibrium effects. Finally, scanned optical tweezers
typically operate in only a single plane and not along more
general curves in three dimensions. The system described
here avoids these drawbacks by offering continuous illumi-
nation over its entire length of the projected traps. Such a
system also offers the ability to project extended optical traps
along three-dimensional curves, as will be illustrated in the
sections hereinafter.

Extended optical traps might also be projected by conven-
tional holographic methods. In this case, a phase-only or
amplitude-only hologram encoding the desired curve is pro-
jected into a sample. Most such holograms, however, do not
specify the three-dimensional structure of the projected line,
and thus do not optimize the intensity gradients necessary for
optical trapping in all three dimensions. Conventional holo-
graphic line traps also suffer from projection deficiencies
such as speckle. These alter the intensity distribution along
the projected curve in such a way as to degrade the intended
potential energy well structure. Because the phase transfer
function encoding such a holographic line trap is related in an
intrinsically nonlinear manner to the intensity pattern that is
projected, optimizing to correct for projection deficiencies is
difficult. The system described herein avoids these difficulties
by encoding both phase and amplitude information in the
shape of a phase hologram, as well as in its phase values. The
result is a specific, smoothly varying trapping pattern that can
be adaptively optimized. For example, the trap in a preferred
embodiment is best extended along a line perpendicular to an
optical axis and virtually any light distribution intensity or
phase profile can be imposed along the line. Such light illu-
mination can be continuous along the selected line (or curve
as explained hereinafter) such that a low intensity can be used
thereby avoiding sample damage. These types of extended
traps can be created or established by a conventional holo-
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graphic trap system provided the appropriate phase and
amplitude hologram is utilized. These extended line traps can
also be used with additional trapping modalities, such as
optical vortices, which can be mixed with extended optical
traps with each modality defined by a specific operation on
the wavefronts of the light designed to implement a new
functionality.

These and other objects, advantages, and features of the
invention, together with the organization and manner of
operation thereof, will become apparent from the following
detailed description when taken in conjunction with the
accompanying drawings, wherein like elements have like
numerals throughout the several drawings described below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic diagram of an optical trap
used to project extended optical traps;

FIG. 2 illustrates a phase mask function encoding a unifor-
mally bright line tweezer;

FIG. 3A illustrates a calculated intensity pattern; FIG. 3B
illustrates an experimental pattern; and FIG. 3C illustrates the
extended optical traps aligning and trapping seven polysty-
rene spheres of 1.5 from diameter and dispersed in water;

FIG. 4A illustrates a Gaussian calculation for imaging
photograph of holographic line tweezers longitudinal and
transverse intensity profiles (circles); the inset is an image of
the projected light and FIG. 4B being the measured potential
energy well for a 1.5 micrometer diameter polystyrene
spheres in water at 1.5 mW laser power and the dashed line
shows a parabolic fit; FIG. 4C is a uniform line calculation
with the projected light onset; FIG. 4D is a bright field image
of the seven spheres trapped on the line; and FIG. 4E is a
double-well flat-top profile calculation and with the projected
light inset;

FIG. 5 illustrates another system for projecting an extended
optical trap with a computer generated hologram;

FIG. 6A illustrates a three dimensional reconstruction ofan
optical tweezer propagating along the axis; FIG. 6B shows a
cross section in the xy phase; FIG. 6C shows a cross section
in the yz phase with the horizontal dashed line indicating the
phase z=z,_ in which its Xy section is obtained and FIG. 6D
shows a cross section in the xz phase with the inset isosurface
enclosing 95% of the incident light; and the scale bar in FIG.
6C is indicative of 5 micrometers and the cross sections in
each plane are gray scale intensity level for the inset scale in
FIG. 6D;

FIG. 7A illustrates a volumetric representation of 35 opti-
cal tweezer arranged in the body centered cubic lattice of FIG.
7B;

FIGS. 8A-8D illustrate reconstruction of a cylindrical line
tweezer and should be compared with FIG. 6 A-6D as their
respective counterparts; and

FIG. 9A-9D illustrates a three dimensional sequential
reconstruction of a holographic optical line trap in accor-
dance with an embodiment of the invention and should be
compared with FIGS. 6A-6D and 8A-8D.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1 schematically represents a typical optical train or
system 90 that can be used to project extended optical traps.
A laser 100 projects a beam of light 110 to an objective lens
120, which focuses the beam into an optical trap within a
sample 130. Typically, a beam expander 140 is required so
that the diameter of the beam matches the input aperture of the
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focusing lens 120 to form the strongest possible optical trap.
In this implementation, a dichroic mirror 150 is shown
reflecting the laser beam 110 into the objective lens 120. This
permits images to be created of objects interacting with the
trap, the imaging light passing through the dichroic mirror
150. In a typical implementation, imaging light can be
focused onto the sample 130 by a condenser lens 200, col-
lected by the objective lens 120, and relayed to a camera 210
by an eyepiece 220.

If there were no additional functionality, this system 90
would project a single conventional optical tweezer. The
addition of an appropriately configured diffractive optical
element (DOE) 300 and additional relay optics 310 enables
the system 90 to project extended optical traps. The most
preferred DOE 300 in FIG. 1 is a spatial light modulator
(SLM), which is a device capable of encoding the pattern of
phase modulation defining a diffractive optical element, typi-
cally under computer control. An SLM form of the DOE 300
is particularly useful when a sequence of trap-forming holo-
grams is to be projected, but is not necessary for practice of
the present invention. In other implementations where a
single pattern of extended optical traps is required, a static
form of the DOE 300 can be substituted for the SLM. This
system 90 already has been shown to be useful for projecting
holographic optical traps (HOTs), and can be used to project
several classes of extended optical traps in addition to the
class under discussion here. Specifically, holographic optical
traps can project optical vortices, which are ring-like optical
traps that exert torque as well as force. The HOT technique
also can be used to project generalized optical vortices whose
curve of maximum intensity can fall along an arbitrary speci-
fied curve. Optical vortices and their generalizations have two
principal drawbacks: the torque they exert cannot be elimi-
nated, and is not desirable for all applications, and their inten-
sity profile cannot be specified. HOTs also can project Bessel
beams, which are one-dimensional axial line traps. These,
however, are limited to forming line traps along the optical
axis, they exert forces along their length, and their intensity
profile cannot be specified. Finally, the HOT technique also
can project cylindrical line traps and holographic line traps,
both of which suffer from the implementational problems
discussed hereinbefore.

An extended line trap differs from these other types of
holographic optical traps in the nature of the DOE 300 used to
project it. In particular, projecting extended traps requires
encoding both phase and amplitude information in the holo-
gram, whereas conventional holographic optical traps require
only phase information. We encode both phase and amplitude
information in a phase-only DOE by specifying the shape of
the domain within the DOE 300 over which phase informa-
tion is encoded. The use of phase information to create
extended optical traps is one particularly useful embodiment.
In the following paragraphs we explain the principle of shape-
phase modulation or shape-phase holography and its appli-
cation to creating extended optical traps with specified shapes
and force profiles. As a concrete example, we present the
implementation of a uniform line tweezer. Further, we
describe methods for modifying the trap’s outline from a line
segment in the plane to a more general curve in three dimen-
sions for volumetric applications.

An ideal line tweezer focuses to a line segment with a
specified intensity distribution and has the steepest possible
intensity gradients in all directions perpendicular to the line.
This can be achieved in principle by inverting the mathemati-
cal relationship between light in the lens’ focal volume and
the electric field in the plane of the DOE 300. The result
generally involves modulating both the amplitude and phase


















