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or active phase stable optical interferometry. Techniques may 
split an input optical beam into at least two output beams, and 
then couple those beams simultaneously into a passively 
phase stable optical interferometer. Beam splitting may be 
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combined have a vector beam polarization state. 
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VECTOR BEAM GENERATOR USING A 
PASSIVELY PHASE STABLE OPTICAL 

INTERFEROMETER 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application No. 60/678,344, filed May 6, 2005, the entirety 
of which is expressly incorporated herein by reference. 

2 
active phase stabilization techniques. Alternatively, a spatial 
light modulator (SLM) has been proposed, but that too is 
costly and requires the computation of a complex algorithm 
for the desired phase function. Also SLM's can result in 

5 undesired diffraction effects due to pixelation. Another 
method uses circularly polarized light and space-variant sub­
wavelength gratings to create radially and azimuthally polar­
ized light. This approach, however, has only demonstrated 
vector beams at a wavelength of 10.6 µm and has not been 

10 used to form frequencies in the visible region. Yet, another 
method uses specially-designed twisted nematic liquid crys­
tal polarizers to generate radially and azimuthally polarized 
light. This technique has been used at visible frequencies, but 
is quite costly and cumbersome to fabricate. 

Scientific work relating to the invention was supported by 
Grant Nos. CHE0321232 and CHE0317009 from the United 
States National Science Foundation and by Grant No. 
DMR0213745 from the United States National Science 
Foundation-Materials Research Science & Engineering 15 

Centers. The United States government may have certain BRIEF SUMMARY OF THE INVENTION 
rights in the invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates generally to techniques for generat­

ing polarized light and, more particularly, to techniques for 
generating vector beams. 

2. Background of Related Art 
As known from theory and experiment, focusing systems 

are in general limited in their ability to focus light. This is 
commonly referred to as "diffraction limited focusing" and is 
described by conventional Abbe Diffraction theory. This con­
ventional theory does not consider the polarization properties 
of the light field and their consequence on focusing. Focusing 
systems (e.g. microscope objectives) may be able to tightly 
confine focused light in a transverse focal (i.e. XY-) plane, but 
are less able to achieve the same spatial resolution in the axial 
( or Z-) direction. For many applications, this elongated focus 
is oflittle import. For other applications, however, in particu­
lar applications with features on the sub-micron and nanom­
eter scale, this effect is quite problematic. 

Recent advances in interferometric fluorescence micros­
copy, such as "4-Pi" confocal microscopy, have enabled over­
all resolution enhancements beyond the diffraction limitation 
mentioned above. These techniques achieve focusing resolu­
tions known as "superresolution." Most of these techniques 
rely exclusively on the use of scalar polarized beams, i.e., 
beams that have polarizations that are uniform over their cross 
section. Even these techniques, however, are limited in the 
tightness of the focus they can achieve. As such, some have 
proposed using vector beams, i.e., beams that exhibit spatially 
nonuniform polarization. 

Two types of vector beams, radially- and azimuthally­
polarized light, have been proposed in theory. Such beams 
preserve the axial symmetry of an optical system, and are 
sometimes referred to as "doughnut" or "cylindrical beams" 
because of the phase singularity resulting in an on-axis null 
intensity. When focused with a high numerical-aperture (NA) 
lens, the radially-polarized beam may produce a predomi­
nantly longitudinally polarized (i.e., on-axis) electric field 
component in the focal region. An azimuthally polarized 
beam focused by a high-NA lens may produce a strong on­
axis magnetic field component and a purely transverse elec­
tric field. 

Provided are methods of generating optical vector beams 
(e.g., radially and azimuthally polarized light) using a pas-

20 sively phase stable optical interferometer. In an example 
implementation, an input optical beam is transformed into at 
least two beams through a process. Two of the beams simul­
taneously travel through (and are therefore directed by) the 
same refractive optics (lenses) and along parallel beam paths 

25 before recombination. Alternatively, the two beams may be 
simultaneously directed by the same mirrors ( e.g., parabolic 
and spherical) and travel along parallel beam paths before 
recombination. The interferometer provides the ability to 
manipulate (or transform) the polarization of part of the 

30 wavefront of each beam. The system further includes the 
ability to manipulate ( or transform) the phase of part of the 
wavefront of each beam. The phase optics utilized may be 
discrete elements (e.g., glass coverslips), monolithic ele­
ments (fabricated to give the precise time delay/phase shift 

35 for a given wavelength), or an active or programmable phase 
modulator (e.g., liquid crystal device, 2-D ferroelectric 
device, electro-optic modulator). The affected beams may be 
combined to form the output vector beams, where the type of 
the vector beam will depend on the polarization and phase 

40 manipulation within the interferometer. 
The setup is robust, and has exhibited passive phase stabil­

ity ( of fringes) for more than three days, making it an attrac­
tive light source for microscopy. Preliminary measurements 
indicate a significant improvement in the point spread func-

45 tion using the radial beam compared to the Gaussian beam. 
In accordance with an example, provided is a method of 

generating a vector beam from an input beam, the method 
comprising: splitting the input beam into a first beam having 
a first polarization and a second beam having a second polar-

50 ization; modifying at least one of the first beam and the 
second beam such that the first polarization and the second 
polarization are orthogonal to one another; forming a first 
semicircular beam pair having the first polarization and a first 
orientation; forming a second semicircular beam pair having 

55 the second polarization and a second orientation orthogonal 
to the first orientation; and combining the second semicircu­
lar beam pair and the first semicircular beam pair in phase to 
produce the vector beam. 

In accordance with another example, provided is a method 
60 of forming a microscopy system for analyzing a sample mate­

rial, the method comprising: generating the vector beam; and 
focusing the generated vector beam into an electromagneti­
cally responsive substrate layer comprising the sample mate­
rial. 

Heretofore, the techniques for forming vector beam polar­
ized light have been limited in design and in effectiveness. 
One challenge to the utilization of vector beams has been the 
robustness of the method of generation. Separate approaches 65 

based on Mach-Zehnder interferometry or a modified laser 
resonator have been demonstrated, but these require costly, 

In accordance with yet another example, provided is a 
method for affecting a magnetically responsive material, the 
method comprising: generating an output vector beam at least 
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partially comprising an azimuthally polarized component; 
and focusing the generated output vector beam into the mag­
netically responsive material. 

In accordance with yet another example, provided is a 
method of generating an optical vector beam comprising: 
transforming an input optical beam into at least two output 
beams; simultaneously coupling the at least two output beams 
into an interferometer; manipulating the polarization of each 
of the at least two output beams to form at least two polariza­
tion affected output beams; manipulating the phase of the at 
least two polarization affected output beams to form at least 
two phase affected output beams, wherein combining the at 
least two phase affected output beams produces the vector 
beam. 

In accordance with another example, provided is a method 

4 
FIG. 6 illustrates a matrix of vector beams that may be 

created by the optical system of FIG. 1; 
FI GS. 7 A and 7B illustrate non-linear crystal examples that 

may be used to achieve beam splitting, in accordance with an 
5 example; 

FIG. 8 illustrates an optical system capable of forming 
vector beams and using a reflective mirror system, in accor­
dance with an example; 

FIG. 9 illustrates another example optical system capable 
10 of forming vector beams and using a reflective mirror system; 

FIG.10 illustrates another example optical system capable 
of forming vector beams and using a reflective mirror system; 
and 

FIG. 11 illustrates an example focusing application using a 
15 vector beam generator, in accordance with an example. 

of generating an optical vector beam comprising: transform­
ing an input optical beam into at least two output beams; 
simultaneously coupling the at least two output beams into an 
interferometer; transforming the polarization of each of the at 
least two output beams to form at least two polarization 20 

affected output beams; and transforming the phase of the at 
least two polarization affected output beams to form at least 
two phase affected output beams, wherein combining the at 
least two phase affected output beams produces the vector 
beam. 

FIG. 12 illustrates an example photolithography imaging 
application in accordance with an example. 

DETAILED DESCRIPTION OF AN EXAMPLE 

Various techniques are described for forming various vec­
tor beams, for example, radially- or azimuthally-polarized 
light beams. The techniques may be implemented in robust 

25 
ways, using passively phase stable interferometers that allow 
for stable operation over extended periods of time. The tech­
niques, for example, may employ a diffractive optical element 
(DOE) interferometer that uses passive phase stable branches 
to create orthogonally polarized, and orthogonally phase-

In accordance with another example, provided is an appa­
ratus for generating a vector beam, the apparatus comprising: 
a coupler positioned to couple two output beams into an 
interferometer having two beam paths; a polarization assem­
bly positioned within the interferometer to transform at least 
one polarization of the two output beams, such that each 
output beam has an orthogonal polarization to the other out­
put beam; and a phase plate assembly positioned to alter at 
least one phase profile of the two output beams, such that each 
output beam has an orthogonal semicircular phase pair to the 
other of output beam, and wherein combining the two output 
beams produces a vector beam. 

In accordance with another example, provided is a method 
of illuminating a sample, the method comprising: a) generat­
ing a first radially polarized vector beam at a first frequency; 
b) generating a second radially polarized vector beam at a 
second frequency that is twice the first frequency, the second 
radially polarized vector beam being coherent to the first 
radially polarized vector beam; and c) focusing the first and 
second radially polarized vector beams to form an interfer­
ence pattern at the sample. In some examples, a photolitho­
graphic mask is imaged at a photoresist serving as the sample. 
In some examples, a)-c) may be repeated to form a three­
dimensional photolithographic structure within the sample. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

FIG. 1 illustrates an interferometric optical system having 
a diffractive optical element as the beam splitter, where the 
system is capable of forming vector beams, in accordance 
with an example; 

FIGS. 2A and 2B illustrate two example vector beams 
(radially polarized and azimuthally polarized, respectively) 
that may be formed by the system of FIG. 1; 

FIG. 3 illustrates an example phase manipulating element 
that may be used in the system of FIG. 1; 

FIG. 4 illustrates an example implementation of the system 
of FIG. 1 with a Ti: Sapphire pulsed laser generator as the laser 
source; 

FIGS. SA and SB illustrate an intensity profile for a vector 
beam created by the system of FIG. 4; 

30 shifted pairs of semicircular halves (two semicircular beam 
pairs) that when combined produce a vector beam. The inter­
ferometer may be passively phase stable and robust, making 
it suitable for linear and nonlinear optical (super-resolution) 
microscopy, as well as other applications describe below. As 

35 
will be appreciated, although example implementations are 
described, the techniques are not limited to the examples 
provided, but rather may be used in other applications and in 
other configurations. 

FIG. 1 illustrates an example optical apparatus 100 for 

40 
producing a vector beam, such as a radially or azimuthally 
polarized beam. By way of background, radial and azimuth­
ally polarized beams may be described as a superposition of 
two first order Hermite-Gaussian modes, TEM10 and TEM01 , 

with zero relative phases. For the radial polarization case, 

45 
e.g., the electric field representing this superposition is given 
by 

E(r,8)~E
0
(r)[cos(8))(+sin(8)y], 

where E
0
(r) is a radially-dependent complex amplitude, 8 is 

50 the azimuthal angle, and x and y are the polarization direc­
tions. The TEM10 and TEM01 modes may have polarization 
directions parallel to an X-axis and Y-axis, respectively. Con­
ceptually, an azimuthally polarized beam is like a radially 
polarized beam, but polarization at each point in the beam 

55 cross-section has been rotated 9020 from the radially polar­
ized case. For the azimuthal beam, the polarization directions 
of the TEM modes (i.e., x and y) are simply switched in the 
equation above. An example illustration of radially polarized 
light 102 and azimuthally polarized light 104 is illustrated in 

60 FIGS. 2A and 2B, respectively. As discussed further below, 
FIGS. 2A and 2B show the superposition of two orthogonally 
polarized TEM01 modes to form radially (128 and 130) and 
azimuthally (132 and 134) polarized beams, also known as an 
azimuthally polarized donut beam and a radially polarized 

65 donut beam. In the illustrated example, each vector beam 
(radially and azimuthally) is formed by the superposition of 
two semicircular halves, linearly polarized, as shown. 
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The optical apparatus of claim 1 includes a laser source 
106, which may be a source that produces continuous wave or 
pulsed coherent laser light, for example. The laser source 106 
may be a source that produces incoherent or partially-coher­
ent light. By way of example, not limitation, this light may 5 

contain visible, infrared, near-infrared, or ultraviolet energy. 
By way of example, not limitation, the laser source 106 may 
represent a broadband laser source, laser diode, or a light 
emitting diode in a highly reflective cavity. By way of further 
example, in an implementation the laser source 106 may be a 10 

Ti:Sapphire laser source (FIG. 4), e.g., one capable of pro­
ducing sub-100 femtosecond-duration pulses. Such pulses 
may be provided at an 80 MHz repetition rate, and the pulses 
may be linearly polarized and spectrally centered at 800 nm 
wavelength, although examples herein are not limited to a 15 

particular wavelength range. Other example sources include a 
gas laser such as an Argon laser, a semiconductor laser, fiber 
laser, optical amplifier, or other laser source. 

In the illustrated example, the laser source 106 produces a 
linearly polarized light beam 108 (polarized in the plane of 20 

the paper as indicated by the arrow). The light beam 108 is 
collected in a lens 110 and coupled to a beam splitter 112 that 
divides the beam 108 into output beams 114 and 116. In the 
illustrated example, and by way of example not limitation, the 
beam splitter 112 is a beam-splitting diffractive optical ele- 25 

ment (DOE), examples of which include the DOEs available 
from Holoeye Photonics AG of Berlin, Germany, which uti­
lize a surface of complex micro structure etched in fused silica 
or embossed in polymer materials. The beam splitter 112 may 
instead be implemented via an SLM or diffractive grating 30 

capable of splitting the input beam 108 into at least two output 
beams. The splitter 112 may be a polarizing prism such as a 
Wollaston or Rochon prism, a non-polarizing prism such as a 
Fresnel biprism, or an acousto-optical modulator. Further 
still, the splitter 112 is illustrated as transmissive, e.g., a 35 

diffraction-based element, but the splitter 112 may be 
replaced with a reflection-based beam splitting element. Even 
further examples are provided below with reference to FIGS. 
7A and 7B. These are provided by way of example not limi­
tation. For explanation purposes the beam splitter 112 ( com- 40 

biner 138) is illustrated and described as a DOE; although, it 
is recognized that this element may represent another split­
ting ( combining) element. 

In the illustrated example, the system 100 produces the 
output vector beam via a DOE-based interferometer 113. The 45 

DOE 112 splits each pulse into the two output beams 114 and 
116 ( e.g., with a 10° angle between them), and each beam 114 
and 116 is collimated via the same refractive optical element 
118, an objective lens in the illustrated example. The lens 118 
may operate as a passive phase stability element by collimat- 50 

ing both beams 114 and 116 simultaneously and with the 
same phase delay, thereby leaving the two beams with syn­
chronized phase in the DOE interferometer 113. 

6 
119A and 119B. The output from each element 120 and 122 
is a polarization affected version of the beams 114 and 116, 
respectively. 

The polarization assembly 123 is illustrated and described 
as manipulating the polarization of input beams 114 and 116, 
e.g., rotating the polarization state of the beams. Other polar­
ization manipulating techniques may be used. Alternatively, 
the assembly 123 could include polarization transforming 
elements or configurations, for example, with quarter wave 
plates capable of producing linearly polarized light from inci­
dent circularly polarized light or other polarization forming 
devices. 

The optical device 100 may serve as either a radial or 
azimuthal beam generator depending on the setting of each of 
these polarization elements 120 and 122. For explanation 
purposes, the illustrated example provides a configuration to 
produce a radially polarized output vector beam. 

The beam path 119a includes a phase plate 124 that, in the 
illustrated example, may subtend the incident wavefront into 
left and right semicircular halves, each having a polarization 
state like that of the output produced by the polarization 
element 120. Correspondingly, the path 119B includes a sec­
ond phase plate 126 that may be generally the same as the 
phase plate 124 but that may subtend an incident wavefront 
into top and bottom semicircular halves, in the illustrated 
example. Within the Fourier (i.e., collimated) region of the 
DOE interferometer, the polarization of each beam 114 and 
116 may be first rotated to achieve mutual orthogonality; and 
then a it-phase shift may be imparted to half of the wavefront 
of each beam by way of identical phase plates 124 and 126. 
The phase plates 124 and 126 form a phase plate assembly 
127, which produces phase affected versions of the beams 
114 and 116. 

In reference to FIG. 2A, for example, the phase plate 124 
may produce left and right semicircular halves, referenced 
128, while the phase plate 126 produces the top and bottom 
semicircular halves 130, which may be combined to produce 
the radially polarized light 102. As illustrated in FIG. 2A, 
each semicircular half in the semicircular halves 128, 130 has 
the same linear polarization, but the polarizations are it phase 
shifted. Such phase shift is provided by way of example, not 
limitation. 

In contrast to the radially polarized light, to produce an 
azimuthally polarized light, each beam path 119A and 119B 
may instead produce semicircular halves with different polar­
ization states. The left and right pair 132 may have vertically 
extending (in the illustration) polarization states, while the 
top and bottom pair 134 may have horizontally extending 
polarization states, to form the azimuthally polarized light 
104. 

The phase plates 124 and 126 may be achieved via known 
techniques. An example implementation uses a coverslip Each branch 119A and 119B of the DOE interferometer 

provides polarization and phase manipulation. The former 
may be achieved by polarization elements 120 and 122, 
respectively, that collectively form a polarization assembly 
123. The polarization element 120, for example, may be 
half-wave plate set at a 45° angle with respect to the input 
polarization to rotate the input polarization 90°, i.e., out of the 
plane of the illustration in this example. The polarization 
element 122 may be set to produce an orthogonal polarization 
state to that formed by the element 120. For example, the 
element 120 may be identical to the element 122 but rotated to 
a 0° angle with respect to the input beam producing a polar­
ized beam in the plane of the illustration like beam 108, but 
also ensuring temporal overlap of the light in each branch 

55 such as the coverslip 200 illustrated in FIG. 3. The coverslip 
200 includes a first phase plate region 202 and a second, 
rotated or out-of-phase plate region 204. As illustrated, an 
input beam of a first input polarization, in this example, 
perpendicular to the axis of the coverslip 200, produces two 

60 output polarizations, each representing a different half of the 
semicircular halves. To provide temporal overlap each phase 
plate 124 and 126 would be formed of an identical coverslip 
200, except each coverslip would be oriented to produce the 
desired left and right or top and bottom semicircular halves. 

65 Using the coverslip 200 formed of two plate regions, the 
coverslip 200 may be adjusted to affect the desired phase 
manipulation in each beam path 119A and 119B. By way of 
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example, not limitation, 0.17-mm thick, glass coverslips that 
can be precisely rotated to adjust the path length (i.e., phase) 
difference may be used. 

Although the example of FIGS. 1 and 2 are described with 
reference to passive phase shifting plates, the techniques are 5 

not limited to a particular phase shifting element. Further­
more, although, in the illustrated example, the phase plates 
124 and 126 are described as affecting particular portions of 
the wavefront, phase plates or other phase manipulating ele­
ments may be used to manipulate arbitrary portions of the 10 

incident wavefront. In this way, many different phase affected 
versions of an incident beam may be formed. Further still, not 
only may phase manipulating elements be used, but also 
phase transforming elements may be used, e.g., to alter the 
entire phase profile of the incident beam. By way of example, 15 

actively tunable phase shifting elements, such as liquid crys-
tal display (LCD) devices, may be used to manipulate the 
phase in each beam path 119A and 119B. The phase plate 
elements 124 and 126 may represent any active or program­
mable phase modulator (e.g., liquid crystal device, 2-D fer- 20 

roelectric device, electro-optic modulator). Further still, 
although two phase plates 124 and 126 are shown, in some 
implementations, a single monolithic element (fabricated to 
give the precise time delay/phase shift for a given wave­
length) that affects each beam 114 and 116 in a desired 25 

manner may be used instead. 
The polarization in each semicircular half can be made to 

oscillate it out-of-phase through control of the orientation of, 
hence distance traveled through, a coverslip in each semicir­
cular half (""3° rotation equals it-phase shift). Therefore, the 30 

beam path 119A results in a TEM10 mode, and the beam path 
119B results in a TEM01 mode. The beams in each path are 
provided to a second refractive optical lens 136, which com­
bined with element 118 provides an overall passive phase 
stability system. The beams are then combined at a combin- 35 

ing element, e.g., a second DOE 138 in the illustrated 
example, where combination occurs by satisfying phase­
matching conditions. The beams may be combined by a DOE, 
diffractive grating, SLM, mirror, beam splitter, or other tech­
nique, including diffractive, refractive, and reflective devices. 40 

Further still, the lens 136 may be replaced with reflectors that 
reflect the generated beam back toward the laser source 106 to 
be split from the incident beam using a single non-polarizing 
filter or mirror, for example. In the illustrated example, the 
output from the DOE 138 is imaged by a lens 140 onto a 45 

camera 142, for example, a CCD camera that may be used to 
detect the beam profile for the output vector beam. 

8 
obtained (but not shown). The Gaussian beam profile in FIG. 
SB is obtained by adjusting the phase plates 124 and 126 ( e.g., 
coverslips) in each path 119A and 119B of the interferometer 
such that the wavefront of each beam's semicircular halves 
experience a 0° (rather than it) phase shift. To create azimuth­
ally polarized light, the polarizations of beams 119A and 
119B are simply switched. 

The systems 100 and 300 may be used to form vector 
beams other than radially and azimuthally-polarized beams. 
A linear polarization analyzer is used to distinguish between 
the radially and azimuthally polarized beams. The results for 
analyzer angles of 0°, 45°, 90°, and 135°, with respect to the 
horizontal, are shown in FIG. 6. The first column corresponds 
to the different vector beam states obtainable with the present 
setup. The remaining columns correspond to the intensity as 
a function of the pass axis of the analyzer as indicated by the 
arrows in the first row. Rows (a) and ( c) are the azimuthal and 
radial vector beam states, respectively. The images are con­
sistent with theory and with those obtained from alternative 
methods for generating radially and azimuthally polarized 
beams. By placing an additional coverslip in each path of the 
interferometer of the systems 100 and 300, for example, we 
can control the relative phase between the TEM modes and 
therefore create the other vector beam states. In other 
examples, one or both of the phase elements 124 and 126 may 
include two separate phase elements: one for controlling the 
relative phase beams 1 and 2, and one to control the relative 
phase between the semicircular halves of each ( as illustrated 
in FIG. 3). 

Rows (b) and (d) are similar to (a) and (c) but possess a 
relative phase shift of it between the TEM10 and TEM01 

modes, which is apparent only for the 45° and 135° projec­
tions. For the radially (azimuthally) polarized beam, the 
intensity null (dark lines in FIG. 6) is always perpendicular 
(parallel) to the transmission axis of the analyzer. For 
example, the horizontal setting of the analyzer (0° position) 
selects the TEM01 mode for the azimuthal beam and the 
TEM10 mode for the radial beam, and vice versa for the 
vertical setting of the analyzer. Thus, with either vector beam, 
the intensity lobes rotate with the axis of the analyzer as 
described above. 

As illustrated in FIG. 6, the techniques provided here are 
able to create multiple vector beams, including radially and 
azimuthally polarized beams, as well as what are termed 
diagonal-azimuthally (row b) and quadrupolar-radially (row 
d) polarized vector beams. 

There are two sources of interference in this system. The 
first comes from the DOE space-time interferometer analo­
gous to Mach-Zehnder interferometry with pulses. The sec­
ond occurs at the border between each semicircular half of 
each beam and is only apparent upon focusing. That is, the act 
of focusing beam 114 (or beam 116) mixes the wavevector 
components of each semicircular half in the focal region. If 
the polarization belonging to each semicircular half is oscil­
lating in phase with the other, then the wavevectors add con-
structively at the focus. Conversely, components oscillating it 
out-of-phase will result in destructive interference. 

The techniques may result in longitudinally and trans-

FIG. 4 shows an example implementation of an optical 
system 300 having like elements to system 100, and thus 
sharing like reference numerals. In the system 300, however, 50 

the laser source 106 includes a Ti:Sapphire laser 302, e.g., as 
described above. The pulsed laser output from the Ti:Sap­
phire laser 302 is coupled (via a mirror 304) into a dispersion 
compensation cavity 306 that includes two prisms 308, 310. 
The cavity is bounded by mirrors 312 and 314, fully reflective 55 

and partially transmissive, respectively, along with a redirect­
ing mirror 316 used in the illustrated example. The dispersion 
compensative output laser pulse is coupled into the system 
DOE interferometer via additional mirrors 318 and 320. It 
will be appreciated by persons of ordinary skill in the art that 
this configuration is provided by way of example and not 
limitation. 

60 versely polarized E-field ( electric field) and B-field (magnetic 
field) components at the focus when using high-NA optics, 
for example as the lens 140. For examples of radially polar­
ized light, a longitudinally polarized E-field ( electric field) is 
created, while for examples of azimuthally polarized light a 

FIG. SA shows a radially polarized beam that may be 
obtained from the system 300. One observes a doughnut­
shaped intensity profile because of the mutual phase cancel­
lation at the center of the combined beam from the DOE 138. 
For azimuthally polarized light, an identical image would be 

65 longitudinally polarized B-field (magnetic field) is created. 
Such output vector beams may be used in known focusing 
applications, some examples of which are provided below. 
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Further still, by using passive phase stability elements, 
such as elements 118 and 136, example implementations 
have resulted in phase stability for more than three days with 
a configuration like that of FIG. 4 and then limited by laser 
drift. The interferometric technique allows each beam path 5 

119A and 119B to experience similar phase perturbations, 
thus promoting this stability. Further stability control may be 
achieved by using temperature compensating elements, for 
example mounting assemblies 123 and 127 on a single or 
multiple temperature compensating assembly designed to 10 

impart the same temperature-dependent phase shift on each 
path 119A and 119B. Further stability may be achieved by 
forming the system in a compacted manner, reducing the 
affects of fluctuations of the laser source and air currents. 

The techniques herein demonstrate the generation of radi- 15 

ally and azimuthally polarized beams, as well as at least two 
additional vector beam states ( quadrupolar-radial and diago­
nal-azimuthal), from a diffractive optical element interferom­
eter. Depending on the settings of the phase control elements 
used, one can readily switch between these states. These are 20 

provided by way of example, as other vector beam states may 
be achieved through the addition of other polarization optics 
( e.g., a quarter-wave plate in place of the half-wave plates 120 
and 122). 

10 
The two beams 510 and 512 from the DOE 504 propagate 

within the system 500 and reflect off of a second parabolic 
mirror system 514 which reflects each of the beams through 
polarization elements 516 and 518 respectively. The mirrors 
508 and 514 form an overall passive phase stability system. 
As with the half wave plates 120 and 122 of FIG. 1, the 
polarization rotators 516 and 518 rotate the polarization of the 
input beam to form orthogonal linearly polarized states. The 
element 516 therefore may be a half wave plate rotated at a 
45° angle in the illustrated example, and correspondingly the 
element 518 may be a half wave plate having a 0° angle of 
rotation. The resulting polarization affected beams have a 
polarization out of the paper (from element 516) and a polar­
ization in the plane of the paper (from element 518) as with 
the original beam 506. Each beam propagates through a phase 
plate 520, 522 respectively which each may be formed in 
accordance with examples described above. The phase plates 
520 and 522, for example, will subtend the wavefront of the 
input pulse into left and right semicircular halves and top and 
bottom semicircular halves, respectively, as described above. 
The parabolic mirror 508 reflects each of these semi circularly 
subtended beams into a second diffractive optical element 
524 that combines the beams to produce the output vector 
beam which then may be focused by the lens 526 onto the 
camera 528. Similar to the input beam, the lens 526 in the 
illustrated example focuses the vector beam via a slot or 
opening in the parabolic mirror 514. 

FIG. 9 illustrates a similar example to that of FIG. 5 and 
therefore like reference numerals are used. FIG. 9, however, 
differs from FIG. 7 in the placement of the diffractive optical 
elements in the illustrated example. The lens 502 and DOE 
504 of FIG. 7, for example, have been replaced with a similar 
lens 502' and DOE 504' which are positioned outside of the 
parabolic mirror 508. Similarly, a combining diffractive opti-

35 cal element 524' and corresponding focusing lens 526' are 
located on the outside of parabolic mirror 514 and in the 
illustrated example a mirror 530 is used to reflect the output 
beam into the camera 528. 

FI GS. 7 A and 7B illustrate example techniques for forming 25 

the beam splitter 112 of FIG. 1. FIG. 7A illustrates a type-I 
non-collinear spontaneous parametric downcoversion tech­
nique that uses a non-linear crystal (NLC) 400 pumped by a 
laser beam 402. The NLC 400 may be a birefringent crystal, 
such as beta-barium borate (BBO), that is oriented to convert 30 

the linearly polarized incident beam 402 into two like polar­
ization output beams 404 and 406, which could coincide with 
the beams 114 and 116 of FIG. 1. FIG. 7B illustrates a similar 
example, but with an NLC 408 oriented in a type-II non­
collinear spontaneous parametric downcoversion configura­
tion, thereby producing output beams 410 and 412 that are 
orthogonally polarized. In this instance, polarization ele­
ments like that of 120 and 122 may not be needed as the beam 
splitter has created the orthogonal polarization states. Such 
polarization elements may be still be used, however, for polar­
ization and temporal phase alignment. An iris 414 may be 
used to prevent back reflected light from entering toward the 
laser source. Also, in the illustrated, a wavelength filter 416 is 
used to control the output wavelengths of the two output 
beams. This iris 414 and filter 416 are positioned orthogonal 45 

to the direction of propagation of beam 404. Another similar 
iris and filter pair 418 may be used for beam 406, although 
selectivity may be achieved through a single iris or iris and 
filter pair. 

FIG. 10 illustrates another example optical system 600 for 
40 forming radially or azimuthally polarized vector beams. The 

optical system 600 includes a first focusing lens 602 and DOE 
604 similar to those described above. The system 600 also 
includes a second DOE 606 identical to DOE 604 in the 
illustrated example and an output focusing lens 608. A two­
mirror optical system 610 is used to create the two orthogo­
nally polarized and orthogonal semicircularly subtended 
beams that are combined by the DOE 606 to form a vector 
beam. The system 610 includes two polarization rotator ele­
ments, e.g., half-wave plates 612 and 614, similar to those 
described above. Correspondingly, the system 610 includes 
phase plates 616 and 618 designed to produce the subtended 
semicircularly divided beams. These elements are positioned 
within a parabolic mirror cavity formed of a first parabolic 
mirror 620 and a second parabolic mirror 622. The parabolic 

Further modifications include using optical elements in 50 

place of the lens 118 and 136, for example, reflective optical 
elements. This alternative may offer further reduction in 
material dispersion and spherical aberration, which may be 
especially useful when the laser source is using a femtosec­
ond-pulse source. 55 mirror 620 is positioned relative to the DOE 604 such that the 

two beams created by the DOE 604 when reflected off of a 
first mirror 624 are reflected off of the parabolic mirror in a 
collimated configuration incident on the polarization rotators 

FIG. 8 illustrates another example optical apparatus for 
generating vector beams from an incident laser beam. A para­
bolic optical system 500 includes a focusing lens 502 and a 
DOE 504 that splits an input pulse into two beams as similar 
to the beam splitter 112 of FIG. 1. An input beam 506, which 60 

may be a sub-100 femtosecond-duration pulse for example as 
described above, has a linear polarization (in the illustrated 
example in the plane of the paper). To conserve space in the 
device 500, the beam 506 is received via an opening within a 
first mirror system 508, which is illustrated as a parabolic 65 

mirror but which may be replaced with a spherical mirror 
instead. 

612 and 614. Similarly, parabolic mirror 622 is aligned with 
respect to the DOE 606 to reflect the received collimated light 
off of an output mirror 626 for combination at the DOE 606. 
The DOE 606 therefore produces the vector beam, and in the 
illustrated example that beam is focused via lens 608 into a 
camera 628. 

The formation of vector beams through a two-path inter­
ferometric technique such as those described above may have 
numerous advantages over those conventional systems that 
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assisted by optical rectification, may produce the necessary 
B-field strength (coercivity) to read and/or write (in 1, 2, or 
3-D through a multifocal, confocal, or holographic approach) 
into magnetic thin film hard drives. With the tight focusing of 

rely upon a multistage single path configuration. For 
example, some have proposed placing two polarization con­
verters in a single beam path, each converter containing an 
isotropic/anisotropic material pair. The first converter pro­
duces an intermediate polarization state, which is coupled, 
along the same path, to the second converter which produces 
the final vector beam polarization state. These isotropic/ 
anisotropic pairs may limit the viability of the system for 
certain pulsed laser applications due to the material disper­
sion that a pulse would experience traveling through the dif­
ferent material layers forming each isotropic/anisotropic pair. 
In contrast, by splitting an input beam into different paths, 
like the example of FIG. 1 described above, each path may be 
dispersion matched to the other path, thus allowing for the use 
of short pulse input beams without detrimental material dis­
persion. By using coverslips that create phase differences 
through relative tilting between coverslip halves instead of 
through isotropic/anisotropic material differences, shorter, 
more intense pulse vector beams may be formed. Of the many 
benefits of being able to produce short ( e.g., sub 100 fs) 
pulsed vector beams include applications such as the two­
photon optical lithography discussed below in reference to 
FIG. 12. 

5 the B-field, especially along the heretofore expanded z-axis 
of the focused beam, three-dimensional magnetic writing/ 
storage may be achieved with higher accuracy and greater 
overall storage capacity. The azimuthally polarized beam 
may be focused more exactly along the z-axis due to the tight 

10 focusing capability. This may increase the overall read/write 
speed of such systems as well as the storage capacity and 
allow optical addressing of magnetic media. Integration with 
optical circuits constructed-from photonic crystal structures 
will be enhanced as the optical vector beam functions as an 

15 opto-magnetic transducer. 
Another potential application is in the field of spintronics. 

In this case, a localized B-field, produced by an azimuthally 
polarized vector beam assisted by optical rectification, can be 
used to selectively control the relative orientation of indi-

20 vidual electron spins (usually into a binary system of"up" or 
"down", equivalent to bit "1" or "O") in a device (magnetic 
transistor), and hence magnetically control the electrical 
resistance of a device. This may be used to optically address 
magnetic memory storage devices, and can revolutionize the Additionally, polarization tunability is improved through 

the use of a two-path interferometry technique. With a two­
path configuration, one can adjust the relative phase between 
the polarization components combined to form the vector 
beam by simply adjusting one of the coverslips in one of the 
two beam paths ( e.g., path 119a or 119b ). Or the polarization 
can be adjusted by inserting at least one additional coverslip 30 

into at least one of the paths of light and rotating that cover­
slip, such as discussed in paragraph above. In either example, 
the system is able to quickly and elegantly change from one 
output vector beam to another. 

25 technology of giant magnetoresistive/spin valve sensors used 
in magnetic hard drives. 

Another example is the excitation of magnetic dipole tran­
sitions of materials with high spatial resolution (voxel)<l 
µmxl µmxl µm. 

Another example is using a z-polarized B-field, assisted by 
optical rectification, to create an entangled spin state in, for 
example, an electron trapped in a quantum dot. This will have 
significance in the field of quantum computing where utiliz­
ing the spin degree of freedom is less susceptible to decoher-

35 ence effects than using charge. These tunability advantages may translate into faster con­
trol operation and certainly faster switching from one polar­
ization state to another. For example, because there is no 
mechanism of adjusting relative phases, single path configu­
rations may require that all the converters along the single 
path be changed together, in material and/or orientation, to 40 

affect at least certain polarization state changes. With a two­
path configuration, a system may be designed to readily 
switch polarizations, for example, between polarization 
states "(a)" and "(b)" of FIG. 6, by simply adjusting the 
relative phase between the two separate beam paths. 

In general, there are numerous applications of optical vec­
tor beams. The applications can be divided into those that use 
the generated electric E-field (electric) produced at the focus 
and those that use the B-field (magnetic). Some examples are 
listed below. 

EXAMPLE B-FIELD APPLICATIONS 

The vector beams once formed may be used in any number 

45 

50 

EXAMPLE E-FIELD APPLICATIONS 

An example application is in improving spatial resolution 
in microscopy (linear and nonlinear) especially using radially 
polarized light. Another example is in using the vector beam 
technique as the front end to generate the optical beam for all 
conventional linear, confocal, and nonlinear optical micro­
scopes. 

Yet another example is to use a vector beam (particularly 
radially polarized light) for super-resolution (e.g. 4-Pi) 
microscopy. 

Another example is generating a longitudinally polarized 
beam at the focus of a microscope. 

Another example is to generate optical beams with angular 
momentum. 

Another example is in determining a three-dimensional 
orientation dipole moment of a single molecule. A z-polar­
ized E-field may be used in conjunction with x- and y-polar-

55 ized components to determine the absorption or emission 
dipole moment of the molecule. Measuring field emissions 
from dipole resonances along each of the component planes 
would yield a three-dimensional depiction of the dipole 
moment. 

of applications, examples of which include microscopy, 
including multiphoton microscopy, laser writing, and as a 
laser tip probe. With azimuthally polarized beams focused 
using high-NA optics (e.g., 0.75 or higher, such as 0.75 to 
1.65), a tightly-focused longitudinally polarized (AC) B-field 
can be acheived. This AC B-field may be converted to a DC 60 

B-field by way of optical rectification. 

Another example is to use vector beams, such as radially 
polarized light, to exploit the plasmon resonance of metallic 
nanoparticles; e.g., optical trapping and optical tweezing of 
metallic nanoparticles. Control of these particles may lead to 
guided assembly of three-dimensional nanostructures. In 

Example applications using the DC magnetic field are numer­
ous. 

An example application is in magnetic storage applica­
tions, where the techniques may be used in computer hard 
drive applications. An azimuthally polarized focused beam, 

65 some examples, field-induced metallic nanoprobe enhance­
ments may be achieved by forming a local electric field at the 
apex of the nanoprobe. The techniques may be used to 



US 7,599,069 B2 
13 

increase the resolution in apertureless near-field scanning 
optical microscopy or to increase trapping strength of nano­
metric optical tweezers. 

14 
part of a microscopy system and the layer 710 a substrate 
containing a biological, chemical, pharmaceutical, semicon­
ducting or other material under examination. 

An optical lithography system is one that uses light to Another example is to use the on-axis null generated by 
focused azimuthally polarized light to trap and manipulate 
metallic particles up to microns in diameter. 

Another example is to use the enhanced z-polarized field 
from focused radially polarized light to trap metallic particles 
up to microns in diameter. 

5 transfer a prescribed pattern to a photoresist film in contact 
with a semiconductor wafer or similar substrate. For image­
based lithography, an entire pattern may be transferred in a 
single exposure. For scanning or direct write lithography, the 

10 
pattern is sequentially applied, image point by image point, or 
image line by image line. For scarming lithography, a polar­
ized laser is often used. An example application of the 
described techniques to optical lithography is the two-photon 

Another example is to perform orientational imaging of 
nanoparticles by illuminating them with vertical, horizontal, 
and radially-polarized illumination. For example, the spatial 
orientation of a 50 nm single gold nanorod in a polyvinylpy­
roolidone (PVP) polymer has been determined using a Nikon 
inverted microscope to image the particle at each of the three 15 

polarization states. The resulting images (e.g., showing an 
illumination in the horizontal- and radially-polarized 
instances, but none in the vertical) indicated the orientation of 
the nanorod in a Cartesian coordinate system ( e.g., showing 

lithography system described below. 

FIG. 12 illustrates an example implementation of an opti-
cal lithography focusing system 800, employing two radially 
polarized beams in an interference imaging arrangement. The 
system 800 may be modified by for example illuminating the 
mask 802 by two separate, coherent radially polarized light 

no extension along the vertical axis). 
Another example is to use the spin angular momentum 

from circularly polarized vector beams to enable controlled 
rotations of particles in an optical trap. 

20 beams from the generator 702, one being laterally aligned and 
the other axially aligned, and one being a two-photon beam 
2w0 (produced by a two-photon absorber 801) and the other 
having a different frequency component. The beam (with 

Another example application is in femtosecond pulse shap­
ing for quantum control. A z-polarized E-field of femtosec- 25 

ond laser pulses may be combined with transverse field com­
ponents to enable full three-dimensional control of light­
matter interactions, thus extending conventional techniques 
for adaptive quantum control. 

Another example is to generate optical vector beams for 30 

enhanced spatial resolution for applications in optical lithog­
raphy; one embodiment of this scheme can increase the spa­
tial bandwidth of an optical imaging system by combining the 
interference of at least 2 radially polarized beams ( either 
laterally or axially or both) with multi photon excitation ( e.g., 35 

2-photon excitation) of photoresist; the inherent confocality 
of such a system can lead to the creation of three-dimensional 
photolithographic structures. 

combined components 2w0 and w0 ) illuminated onto the 
mask 802 is passed through a wavelength filter 808 that sepa­
rates this incident beam into a 2w0 beam component and w0 

beam component, that is focused by an objective lens 810 to 
form a mask interference pattern 812 in an affected substrate 
layer 804 of the substrate layer 806. The frequency compo­
nent of the second beam may be shifted from w0 by a differ­
ence frequency value Ii to produce a further super-resolution 
image from the two-photon interference using conventional 
techniques such as those of Yablonovitch et al., "Optical 
projection lithography at half the Rayleigh resolution limit by 
two-photon exposure," Optical Engineering, Vol. 38, No. 2, 
334-338, February 1999. 

EXAMPLE 

Numerous modifications to the above techniques will be 
apparent to persons of ordinary skill in the art. For example, 

40 while detailed descriptions of some example techniques for 
forming a vector beam have been described above and in 
many different example implementations, this application is 
not limited to those particular formation techniques. Other 

FIG. 11 illustrates a focusing apparatus 700 that includes a 
vector beam generator 702 that may be implemented in accor­
dance with the techniques described above. An output vector 
beam 704 is coupled to a focusing assembly formed of an 
objective lens 706, which may be a high-numerical aperture 
solid hemispherical or other lens or collection of lens ele­
ments. In the illustrated example, the vector beam 704 is 
focused to a focus region 708 in an affected substrate layer 
710 on a substrate layer 712. The affected layer 710 may 50 

represent an electromagnetically responsive layer, such as a 
magnetic storage medium that is alterable in response to the 
application of a magnetic field (B-field). More generally, the 
layer may represent any magnetic field response material 
including materials with excitable magnetic dipoles transi- 55 

tionable with high spatial resolution. In the example of an 
azimuthally polarized vector beam 704 (assisted by optical 
rectification) and a magnetic storage medium, the beam 704 
may be focused within three dimensions within the layer 710 
via adjusting the lateral position of the lens 706 (X-position 60 

and Y-position) and its focusing position (along a Z-axis), 
thereby allowing for three dimensional writing or reading of 
data. 

The layer 710 may alternatively be an electric field respon­
sive material, including an optical substrate, and the focused 
vector beam may be used in such applications as laser writing 
within the substrate. Alternatively, the apparatus 700 may be 

45 vector beam formation techniques, such as those described in 
U.S. Publication No. 2005/0195480, which is expressly 
incorporated herein by reference, may be used in the various 
example implementations described herein, both for the 
B-field and the E-field. 

Although the foregoing sets forth a detailed description of 
numerous different embodiments, it should be understood 
that the scope of the patent is defined by the words of the 
claims set forth at the end of this patent. The detailed descrip­
tion is to be construed as providing examples and does not 
describe every possible embodiment because describing 
every possible embodiment would be impractical, if not 
impossible. Numerous alternative embodiments could be 
implemented, using either current technology or technology 
developed after the filing date of this patent, which would still 
fall within the scope of the claims. 

Thus, many modifications and variations may be made in 
the techniques and structures described and illustrated herein 
without departing from the spirit and scope of the present 

65 claims. Accordingly, it should be understood that the methods 
and apparatus described herein are illustrative only and are 
not limiting upon the scope of the claims. 
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The invention claimed is: 
1. A method of generating an optical vector beam compris­

ing: 
transforming an input optical beam into at least two output 

beams, wherein the at least two output beams have the 
same polarization; 

simultaneously coupling the at least two output beams into 
a single coupler that is a passive phase stability element 
collimating the at least two output beams for propaga­
tion along the same direction of an interferometer; 

after said coupling, manipulating the polarization of each 
of the at least two output beams to form at least two 
polarization affected output beams each having a differ­
ent polarization and each propagating along the same 
direction of the interferometer; and 

manipulating the phase of the at least two polarization 
affected output beams to form at least two phase affected 
output beams each propagating along the same direction 
of the interferometer, wherein combining the at least two 
phase affected output beams produces the vector beam. 

2. The method of claim 1, wherein the vector beam com­
prises radially polarized light. 

3. The method of claim 1, wherein the vector beam com­
prises azimuthally polarized light. 

16 
8. The apparatus of claim 5, wherein the beam splitter is a 

diffractive grating. 
9. The apparatus of claim 5, wherein the beam splitter is a 

type I non-collinear spontaneous parametric downconverting 
5 crystal. 

10. The apparatus of claim 5, wherein the beam splitter is a 
type II non-collinear spontaneous parametric downconvert­
ing crystal. 

11. The apparatus of claim 5, wherein the beam splitter is a 
10 polarizing prism. 
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12. The apparatus of claim 5, wherein the beam splitter is a 
non-polarizing prism. 

13. The apparatus of claim 5, wherein the beam splitter is 
an acousto-optical modulator. 

14. The apparatus of claim 5, wherein the input beam is a 
linearly polarized beam. 

15. The apparatus of claim 5, wherein the input beam is a 
partially polarized beam. 

16. The apparatus of claim 5, wherein the phase plate 
20 assembly comprises two glass optical slabs, one in each of the 

beam paths. 
17. The apparatus of claim 5, wherein the phase plate 

assembly comprises two monolithic elements, one in each of 
the beam paths. 

4. An apparatus for generating a vector beam, the apparatus 25 18. The apparatus of claim 5, wherein the phase plate 
assembly comprises two active phase modulators, one in each 
of the beam paths. 

comprising: 
a coupler positioned to couple two output beams of the 

same polarization into an interferometer having two 
beam paths that are parallel to each other; 

a polarization assembly positioned within the interferom­
eter to receive each of the two output beams and trans­
form at least one polarization of the two output beams, 
such that each output beam has an orthogonal polariza­
tion to the other output beam; and 

a phase plate assembly positioned to alter at least one phase 
profile of the two output beams, such that each output 
beam has an orthogonal semicircular phase pair to the 
other of output beam, and wherein combining the two 
output beams produces a vector beam, wherein the two 
output beams propagate parallel to one another and in 
phase with one another while propagating from the 
polarization assembly through the phase plate assembly. 

19. The apparatus of claim 5, wherein the phase plate 
assembly comprises two programmable phase modulators, 

30 one in each of the beam paths. 
20. The apparatus of claim 5, wherein the polarization 

assembly comprises two half wave plates, one in each of the 
two beam paths, wherein the half wave plates are oriented 
such that one of the two half wave plates produces a polar-

35 ization state orthogonal to a polarization state produced by 
the other one of the two half wave plates. 

21. The apparatus of claim 5, wherein the coupler is a 
refractive optical lens. 

22. The apparatus of claim 5, wherein the coupler is a 
40 reflective mirror. 

23. The apparatus of claim 22, wherein the reflective mirror 
is a parabolic mirror. 

24. The apparatus of claim 22, wherein the reflective mirror 
is a spherical mirror. 

5. The apparatus of claim 4, further comprising a beam 
splitter positioned to split an input beam into the two output 
beams. 45 25. The apparatus of claim 5, wherein the vector beam 

comprises radially polarized light. 6. The apparatus of claim 5, wherein the beam splitter is a 
diffractive optical element. 

7. The apparatus of claim 5, wherein the beam splitter is a 
spatial light modulator. 

26. The apparatus of claim 5, wherein the vector beam 
comprises azimuthally polarized light. 

* * * * * 


