a9y United States
12y Patent Application Publication o) Pub. No.: US 2022/0291429 Al

US 20220291429A1

Michel et al. 43) Pub. Date: Sep. 15, 2022
(54) HOLOGRAPHIC PLASMA LENSES (52) U.S. CL
CPC ........ G02B 5/1857 (2013.01); GO3H 1/0402
(71) Applicant: Lawrence Livermore National (2013.01); GO3H 1/0465 (2013.01); GO2F
Security, LL.C, Livermore, CA (US) 1/355 (2013.01); GO3H 2001/0439 (2013.01);
GO3H 2222/45 (2013.01); GO3H 2224/00
(72) Inventors: Pierre Michel, Oakland, CA (US); (2013.01)
Matthew Reid Edwards, Livermore,
CA (US) (57) ABSTRACT
A diffractive optical element, such as a holographic plasma
(21) Appl. No.: 17/200,688 lens, can be made by direction two laser beams so that they
overlap 1n a nonlinear material, to form an interference
(22) Filed: Mar. 12, 2021 pattern in the nonlinear material. The interference pattern
can modily the index of refraction in the nonlinear material
Publication Classification to produce the diffractive optical element. The interference
pattern can modity the distribution of plasma for the non-
(51) Int. CL linear material, which can adjust the index of refraction. A
GO2B 5/18 (2006.01) third laser beam can be directed through the diffractive
GO3H 1/04 (2006.01) optical element to modify the third laser beam, such as to
GO2F 1/355 (2006.01) focus, defocus, or collimate the third laser beam.
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HOLOGRAPHIC PLASMA LENSES

FEDERALLY SPONSORED R.
DEVELOPMENT

L1

SEARCH OR

[0001] This invention was made with Government support
under Contract No. DE-AC52-07NA27344 awarded by the

United States Department of Energy. The Government has
certain rights 1n the mvention.

BACKGROUND

Field of the Disclosure

[0002] Some embodiments disclosed herein relate to holo-
graphic optical elements formed i1n a nonlinear medium,

such as holographic plasma lenses.

Description of the Related Art

[0003] Although various lenses and other optical elements
for manipulating a beam of light exist, there remains a need
for improved optical elements, such as lenses for high power
lasers that have a high laser damage threshold.

SUMMARY

[0004] Certain example embodiments are summarized
below for illustrative purposes. The embodiments are not
limited to the specific implementations recited herein.
Embodiments may include several novel features, no single
one of which 1s solely responsible for 1ts desirable attributes
or which 1s essential to the embodiments.

[0005] Some embodiments disclosed herein can relate to a
system for making a diflractive optical element. The system
can 1nclude at least one laser configured to provide first and
second laser beams that are disposed with respect to each
other and with respect to a nonlinear medium so that the first
and second laser beams are configured to optically interfere
and form an interference pattern on the nonlinear medium.
The mterference pattern can be configured to alter a char-
acteristic of the nonlinear medium so as to produce a
diffractive optical element that 1s configured to modity the
propagation of a third laser beam transmitted therethrough.
[0006] The interference pattern can be configured to
modily the refractive index of portions of the nonlinear
medium to produce the diffractive optical element. The
system can be configured to provide or position the nonlin-
car medium at a location where the first and second laser
beams at least partially overlap to form the interference
pattern.

[0007] Some embodiments disclosed herein can relate to a
system for making a diffractive lens. The system can include
at least one laser configured to provide first and second laser
beams, and a supply configured to provide a nonlinear
medium. The first and second laser beams can be disposed
with respect to each other and with respect to said nonlinear
medium so that the first and second laser beams are config-
ured to interfere and form an interference pattern on the
nonlinear medium. The interference pattern can be config-
ured to form a distribution of plasma from the nonlinear
medium so as to produce a diffractive lens that 1s configured
to modily the propagation of a third laser beam transmitted
therethrough.

[0008] The nonlinear medium can include a gas jet. The at
least one laser can include a first laser that 1s configured to
produce the first and second laser beams. The first laser can
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be a pulsed laser. The first and second laser beams can
include pulsed laser beams. The system can include a second
laser that can be configured to produce the third laser beam.
The second laser can be a pulsed laser, and the third laser
beam can be a pulsed laser beam. The third laser beam can
have a higher energy density than the first and second laser
beams. The first and second laser beams can be collinear. In
some embodiments, the third laser beam 1s not collinear with
the first and second laser beams. The first laser beam, the
second laser beam, and the third laser beam can be collinear.
Any two of the first, second, or third laser beams can be
collinear. Any two of the first, second, and third laser beams
can be disposed at an angle such that at least two of the first,
second, or third laser beams are not collinear. The first,
second, and third laser beams are disposed at angles with
respect to each other such that they are not collinear. The
first and second laser beams can have the same wavelength.
The diffractive lens can include a plasma lens. The difirac-
tive lens can include a zone plate. The interference pattern
1s can be configured to alter the index of refraction of the
nonlinear medium. The diffractive lens can be configured to
produce multiple diflractive orders. The difiraction lens can
be configured to provide a single diflractive order. The
nonlinear medium comprises gas configured to be 1oni1zed by
the first and second beams to form a plasma. The plasma can
have a different index of refraction than the gas. The
diffractive lens can be configured to provide a negative
diffractive order. The plasma can have a light intensity
dependent index of refraction. The interference pattern can
produce concentric circles of plasma. In some embodiments,
both the interference pattern and the plasma distribution
comprise rings. The interference pattern and the plasma
distribution can have the same pattern. A thickness of the
nonlinear medium can be adjustable. The third laser beam
can have an energy flux that 1s less than the iomization
threshold of the nonlinear medium. The third laser beam can
have an energy flux that 1s equal to or less than about Y10 the
ionization threshold of the nonlinear medium. The first and
second laser beams can include high intensity laser beams
having an intensity of at least about at least about 10~
W/cm2. The third laser beam can include a high intensity
beam having an intensity of at least about at least about 10"~
W/cm2. The system can include a vacuum chamber.

[0009] Some embodiments disclosed herein can relate to a
method for making a diffractive optical element. The method
can include directing first and second pump laser beams to
a nonlinear medium so that the first and second pump laser
beams at least partially overlap each other in the nonlinear
medium so that the first and second pump laser beams
optically interfere to form an interference pattern at the
nonlinear medium. The interference pattern can be config-
ured to alter a characteristic of the nonlinear medium so as
to produce a diffractive optical element. For example, the
interference pattern can be configured to alter the index of
refraction for portions of the nonlinear medium to produce
the diflractive optical element.

[0010] Some embodiments disclosed herein can relate to a
method for making a diffractive optical element. The method
can include directing first and second pump laser beams to
a nonlinear medium so that the first and second pump laser
beams at least partially overlap each other in the nonlinear
medium so that the first and second pump laser beams
interfere to form an interference pattern at the nonlinear
medium. The mterference pattern can be configured to form
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a distribution of plasma from the nonlinear medium so as to
produce a diffractive optical element.

[0011] The diffractive optical element can be transmissive.
The method can include directing a probe laser beam
through the diffractive optical element to modily propaga-
tion of the probe laser beam. Directing the probe laser beam
through the diflractive optical element can focus the probe
laser beam. Directing the probe laser beam through the
diffractive optical element can collimate the probe laser
beam. Directing the probe laser beam through the transmis-
sive diflractive optical element can defocus the probe laser
beam. The diffractive optical element can be a diffractive
lens. The diffractive optical element can be a zone plate. The
diffractive optical element can include plasma, which can
include 1omize gas. The difiractive optical element can be a
plasma lens. The first and second pump laser beams can be
directed to the nonlinear material along collinear paths. The
interference pattern can alter the refractive index of the
nonlinear material to produce the diflractive optical element.
[0012] Some embodiments disclosed herein can relate to a
diffractive optical element, which can include a nonlinear
material and a plurality of concentric plasma rings formed in
the nonlinear matenal.

[0013] The difiractive optical element can be transmissive.
The diffractive optical element can be a plasma lens. The
nonlinear material can be a gas. The concentric plasma rings
can be separated by regions of non-iomzed gas. The index of
refraction can vary between the plasma and the nonlinear
material. The diflractive optical element can include a zone
plate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Certain embodiments will be discussed 1n detail
with reference to the following figures, wherein like refer-
ence numerals refer to similar features throughout. These
figures are provided for illustrative purposes and the
embodiments are not limited to the specific implementations
illustrated in the figures.

[0015] FIG. 1 shows an example embodiment for a system
for making an optical element.

[0016] FIG. 2 shows another example embodiment for a
system for making an optical element.

[0017] FIG. 2A shows an example embodiment of first and
second pump beams being directed to a medium.

[0018] FIG. 2B shows an example embodiment of a probe
beam being directed to a medium.

[0019] FIG. 2C shows another example embodiment of a
probe beam being directed to a medium.

[0020] FIG. 2D shows another example embodiment of
first and second pump beams being directed to a medium.

[0021] FIG. 2E shows another shows another example
embodiment of a probe beam being directed to a medium.

[0022] FIG. 2F shows another example embodiment of a
system for making an optical element.

[0023] FIG. 3 shows an example embodiment of two
pump beams overlapping 1n a gas jet to record an interfer-
ence pattern to form an optical element.

[0024] FIG. 4 shows a probe beam propagating through
the optical element of FIG. 3.

[0025] FIG. 5 shows an example embodiment of an inter-
ference pattern produced by two pump laser beams.

[0026] FIG. 6 shows a graph showing how the index of
refraction 1s changed over time.
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[0027] FIG. 7 shows an example embodiments of two
probe beam overlapping to create an interiference pattern at
a medium.

[0028] FIG. 8 shows the changes to the index of refraction
of a medium produced by the two probe beams and the
interference thereof.

[0029] FIGS. 9 and 10 show an example embodiment of a
probe beam propagating through an optical element created
by the pump beams 1n a relatively thin medium.

[0030] FIG. 11 shows an example embodiment of a probe
beam propagating through an optical element created by the
pump beams 1n a relatively thick medium.

[0031] FIG. 12 shows a chart of efliciency for example
embodiments for modilying a probe beam using the optical
clement of FIG. 11.

[0032] FIG. 13 shows another example embodiment of a
probe beam propagating through an optical element created
by the pump beams in a relatively thick medium.

[0033] FIG. 14 shows the original focal spot of the probe
beam of FIG. 13.

[0034] FIG. 15 shows the modified focal spot of the probe
beam of FIG. 13.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS

[0035] The various features and advantages of the sys-
tems, devices, and methods of the technology described
herein will become more fully apparent from the following
description of the examples illustrated in the figures. These
examples are intended to illustrate the principles of this
disclosure, and this disclosure should not be limited to
merely the illustrated examples. The features of the illus-
trated examples can be modified, combined, removed, and/
or substituted as will be apparent to those of ordinary skill
in the art upon consideration of the principles disclosed
herein.

[0036] Lenses and other optical elements can be formed
from glass, polymers, or other materials that can be damaged
by high intensity light, such as from high power lasers. In
some 1nstances, large sized lenses or other optical elements
can be made of glass, or other suitable materials, to spread
the power over a large area to avoid or reduce damage from
high powered light. However, the large size of the optical
clements can be incompatible with some system, and the
large optical elements can be prohibitively expensive, espe-
cially for very high power applications.

[0037] Some embodiments disclosed herein can create an
optical element (e.g., a lens) from plasma, which can be less
susceptible to damage from high intensity light as compared
to glass and many other optical materials. In various 1mple-
mentations, for example, two pump laser beams can be
directed so that they overlap 1n a nonlinear medium. This
nonlinear medium may have an index of refraction that
varies with the intensity of light incident thereon, for
example, when such intensities are sufhiciently high. The
nonlinear medium may comprise, for example, gas that may
in some cases be 1onized. Accordingly, 1 various imple-
mentations, the pump beams may be directed into gas, or a
gas stream, or a gas jet. The term gas jet can refer to the gas
itsell, which can be a stream of gas, which can be emitted
from a nozzle or other device. The two pump laser beams
can optically interfere with each other, and can produce an
interference pattern 1n the nonlinear medium such as 1n the
gas. Without subscribing to any particular scientific theory,
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in some cases, for example, the interference pattern can
produce spatially variant 1onization (SVI) in the gas, with
areas ol constructive interference having more plasma (e.g.,
less neutral gas) and with areas of destructive interference
having less plasma (e.g., more neutral gas). The 1omzed gas
of the plasma can have a lower index of refraction than the
non-tonmized gas (e.g., neutral gas), so that the interference
pattern can produce variability 1n the index of refraction in
the medium. In some cases, the interference pattern can
produce ponderomotively-forced plasma density fluctua-
tions that create variations 1n the index of refraction in the
nonlinear medium. For example, 10ns, charged particles, can
move based on the gradient 1 electric field created by the
higher and lower intensity light in the interference patter.
Other mechanisms for producing an interference pattern
variations in the index of refraction within the nonlinear
medium are possible. Any suitable medium can be used in
which the index of refraction can vary depending on the
intensity of light, so that the interference pattern between the
two pump beams can modily the index of refraction across
the medium. However, as discussed above, a nonlinear
medium comprising a plasma may have the advantage of
providing a higher damage threshold than other mediums.
Having the ability to withstand high itensity can thus make
such plasma based optical clements, e.g., plasma lenses,
usetul for high power lasers and laser systems.

[0038] In use, a probe laser beam can be directed through
the medium and the variations in the index of refraction can
modily the probe laser beam, for example, focusing, defo-
cusing, or collimating the probe laser beam. Accordingly,
some embodiments disclosed herein can relate to methods
and systems for creating and using lenses, such as plasma
lenses. The interference between the pump beams can pro-
duce variations 1n the index of refraction in the medium to
produce a zone plate (e.g., a plasma zone plate), or other
diffractive pattern. The resulting zone plate can diffract the
probe beam and can focus, defocus, or collimate the probe
beam. (The term zone plate such as Fresnel zone plate
applies 1n various cases described herein even where the
medium 1s not rigid. For example, the zone plates formed in
plasma and/or gas may not be rigid like glass but are
nevertheless referred to herein as a zone plate.) Thus, some
embodiments disclosed herein can relate to systems and
methods for creating and using diffractive optical elements
or holographic optical elements, such as diflractive lenses or
holographic lenses. In some implementations, the interfer-
ence pattern can produce a diffractive plasma lens or holo-
graphic plasma lens, which can be capable of focusing,
defocusing, or collimating light. Holography can encode a
three-dimensional light field by imprinting an interference
pattern 1n a nonlinear medium. Accordingly, a desired opera-
tion on a beam, such as focusing or collimating can be
achieved, (however, the holograph can be used to operate on
probe beams that are different than the pump beam in some
instances.) The two pump laser beams, which may comprise
beams of pulses from a pulsed source such as a pulsed laser,
that overlap 1n the medium (e.g., gas) can record a hologram.
The hologram may comprise a varying distribution of
plasma. The hologram produced by the interference can be
used to manipulation a subsequent probe beam of light, for
example operating as a lens or diflractive optical element.
For example, the hologram may be a zone plate that operates
as a lens on a probe beam. Some embodiments disclosed
herein can relate to systems and methods for creating and
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using holographic optical elements, such as holographic
lenses, which can be holographic plasma lenses 1n some
cases. As discussed herein, in some implementations, the
optical elements (e.g., plasma lenses) disclosed herein can
withstand high energy density probe laser beams that could
damage glass and other solid-state optical materials.

[0039] FIG. 1 shows an example embodiment of a system
100 for producing an optical element (e.g., a transmissive
optical element), such as a plasma lens. The system 100 can
include one or more lasers 102 configured to produce a first
pump laser beam 104, a second pump laser beam 106, and
a probe laser beam 108. The system 100 can include one or
more optical elements 110, which can be configured to direct

the laser beams 104, 106, 108 to a medium 112, which can

be a nonlinear medium. The medium 112 can be a gas, a
plasma, a liquid, a solid, or any other suitable material that
at can produce a change in the index of refraction that
depends on the intensity of light. The one or more beam
directing optical elements can direct the first pump laser
beam 104 and the second pump laser beam 106 so that they
overlap each other 1n the nonlinear medium 112, which can
produce an interference pattern in the medmum 112. The
interference pattern can produce a variable distribution of
plasma, and therefore variable indices of refraction n the
medium 112. The probe laser beam 108 can be directed to
the medium 112 with the varying index of refraction to
modily (e.g., to focus or collimate or diffract) the probe laser
beam 108. The system 100 can produce a modified (e.g.,
focused, defocused, collimated, or diffracted, etc.) probe
laser beam 114 can exit the medium 112.

[0040] In some embodiments, the one or more lasers 102
can be configured to produce laser pulses for the first pump
laser beam 104, the second pump laser beam 106, and/or the
probe laser beam 108. The one or more lasers 102 can
include one or more femtosecond lasers or one or more
picosecond lasers, although any suitable laser(s) can be
used. The plasma lens can be produced using femtosecond
laser pulses, although picosecond laser pulses could be used,
or laser pulses of any suitable duration. Although the vari-
able 1ndex of refraction 1in the medium 112 (e.g., produced
by the variable distribution of plasma) can be transient, 1t
can persist long enough for the probe laser beam 108 to
propagate through the medium 112 so that the light of the
probe laser beam 108 1s modified.

[0041] In some embodiments, one laser 1s used to produce
both the first pump laser beam 104 and the second pump
laser beam 106, which can facilitate the delivery of both
pump laser beams 104, 106 to the medium 112 at the same
time, especially for short duration laser pulses. The same
laser that makes either or both of the pump laser beams 104,
106 can also produce the probe laser beam 108. For
example, the laser can be configured to produce lower
intensity pulses for the pump beams 104, 106 and a higher
intensity pulse for the probe beam 108. In other embodi-
ments, a first laser can be used to make the pump laser beams
104, 106 and a second laser can be used to produce the probe
laser beam 108, or three different lasers can be used to make
the beams 104, 106, 108. Also, 1n some cases a first and
second lasers can used to provide the first and second laser
beams 104, 106, respectively. In some implementations, the
pump laser beams 104, 106 can have the same wavelength.
The probe laser beam 108 can have the same wavelength as
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the pump beams 104, 106 1n some embodiments, but a
different wavelength can be used for the probe beam 108 1n
some cases as well.

[0042] The system can include a controller 116, which can
be configured to control the one or more lasers 102, so as to
produce the laser pulses for the pump beams 104, 106 and
the probe beam 108 at the suitable times so that the pump
beams 104, 106 are present in the medium 112 at the same
time, and/or so that the probe beam 108 1s directed through
the medium 112 while the plasma lens i1s present. The
controller 116 can include a processor, which can be con-
figured to execute instructions, which can be stored in
memory, to implement features disclosed herein.

[0043] The one or more optical elements 110 for directing
the light beams 104, 106, 108 can include one or more
mirrors, lenses, beam splitters, beam combiners, etc. The
optical elements 110 can change the direction of propagation
and/or the focal length of the pump laser beams 104, 106. In
some embodiments, the optical elements 110 can produce
collinear pump laser beams 104, 106, which can propagate
in the same direction, can have different focal lengths, and
can overlap each other 1n the medium 112. In some embodi-
ments, the probe laser beam 108 can be collinear with the
first pump laser beam 104 and/or the second pump laser
beam 106. For example, the pump laser beams 104, 106 and
the probe beam 108 can be collinear and can propagate in the
same direction. Alternatively, the pump laser beams 104,
106 and the probe beam 108 can be counter-propagating,
with the probe laser beam 108 propagating through the
medium 112 1n the opposite direction as the pump laser
beams 104, 106. The probe beam 108 can propagate directly
to the medium from the laser. In some embodiments, the one
or more beam directing optics 110 do not affect the probe

beam 108, which can be beneficial for high intensity probe
beams 108.

[0044] In some embodiments, a laser beam (e.g., compris-
ing laser pulse(s)) can be split (e.g., using a beam splitter) to
produce the two pump laser beams 104, 106. A beam
combiner can combine the two pump laser beams 104, 106,
such as along a collinear path. The two pump laser beams
104, 106 can propagate along different paths (e.g., between
the beam splitter and the beam combiner), and the diflerent
paths can have different focusing optics (e.g., one or more
lenses or focusing mirrors ), which can impart different focal
lengths to the two pump laser beams 104, 106. In some
instances, glass beam splitters and/or beam combiners are

not used due to the high intensity of the pump laser beams
104, 106 and/or the probe beam 108.

[0045] With reference to FIG. 2A, 1n some embodiments,
a mirror (e.g., focusing mirror 113) can retlect the first pump
beam 104 along a path toward the medium 112. The focusing
mirror 113 can focus the first pump beam 104 to have a first
focal length, but other mirrors can output a collimated or
diverging pump beam 104 toward the medium 112 in other
designs. The mirror 113 can be curved, such as to impart
optical power on the pump beam 104, or the mirror 113 can
be flat, such as to merely redirect the pump beam 104. The
mirror 113 (e.g., focusing mirror) can have an aperture 115,
which can be located 1n the middle of the mirror 113 or any
other suitable location. The second pump beam 106 can pass
through the aperture 115 so that the second pump beam 106
1s directed to the medium 112 along the same path as the first
pump beam 104, but with a different focus or focus location
or focal length (e.g., that 1s longer than the focal length of
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the first pump beam 104 or wherein the focus position 1s
farther or the beam converging at a less steep angle). A
different focusing mirror or other optics (not shown in FIG.
2A) can reflect or otherwise direct the second pump beam
106 to propagate through the aperture 115 and/or focus the
second pump beam 106 to have a focal length. In some
embodiments, the second pump beam 106 could be colli-
mated or could be diverging when it propagates through the
medium 112.

[0046] As shown i1n FIG. 2B, 1n some embodiments, the
probe beam 108 can be reflected toward the medium by the
same mirror 113 as the first pump beam 104. The mirror 113
can be a focusing mirror that focuses the probe beam 108.
In some embodiments, the pump beam 104 and the probe
beam 108 have different wavelengths, and a dichroic mirror
can be used so that both the pump beam 104 and the probe
beam 108 are directed to the mirror 113 (e.g., along collinear
paths). In some embodiments, the pump beam 104 and the
probe beam 108 can have the same wavelength and different
polarizations can be used for the pump beam 104 and the
probe beam 108, so that a polarization-dependent optic can
be used to combine the optical paths of the pump beam 104
and the probe beam 108. Other arrangement can be used to
introduce the probe beam. Although not illustrated, the
probe beam 108 could be reflected toward the medium 112
by the same mirror as the second pump beam 106. If the
probe beam 108 and the pump beam 104 are both collimated
when they hit the focusing mirror 113, then the pump beam
104 and the probe beam 108 will have the same focus
location and/or distance as they propagate towards the
medium 112. In some embodiments, the probe beam 108 1s
not collimated before it 1s reflected by the mirror 113. The
focus location of the probe beam 108 can be moved, such as
by sending the probe beam 108 through a lens (e.g., a weak
lens) before combining the paths of the probe beam 108 and
pump beam 104.

[0047] The probe beam 108 can have a diflerent wave-
length of light as compared to the pump beams 104, 106, and
in some configurations the optical elements 110 can operate
differently on the light of different wavelengths so that the
probe beam 108 can originate at a different location from the
pump beam 104, 106 and can be redirected to be collinear
with one or both of the pump beams 104, 106. In some
embodiments, a lens can be used to direct the pump beam
104 and the probe beam 108 to the medium 112. The lens
can also change the focus of the pump beam 104 and the
probe beam 108. The pump beam 104 and the probe beam
108 can have different wavelengths so that the lens acts
differently on the light of different wavelengths for the pump
beam 104 and the probe beam 108. Thus, the pump beam
104 and the probe beam 108 can approach the lens from
different angles (e.g., originating from different locations,
such as from different lasers), and the pump beam 104 and
the probe beam 108 can exit the lens along collinear paths.
In some embodiments, a turning prism can be used to turn
the pump beam 104 and probe beam 108 by different
amounts when different wavelengths are used for the pump
beam 104 and probe beam 108, so that the paths of the pump
beam 104 and the probe beam 108 can be combined from
different directions (e.g., from different lasers) to collinear
paths. The lens or prism can have an aperture similar to the
aperture 115 to permit the other pump beam 106 to pass
through the lens or prism and propagate toward the medium
112 along the same collinear path as the pump beam 104
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and/or the probe beam 108. Alternatively, the lens or prism
can combine the optical paths of the pump beam 104 and
probe beam 108 before the focusing mirror 113.

[0048] In some embodiments, the probe beam 108 can be
non-collimated (e.g., already converging or diverging) when
introduced onto the same path as the pump beam 104. After
being reflected by the mirror 113, the pump beam 104 and
probe beam 108 can have different focal spots. In some
configurations, the probe beam 108 can have the same
wavelength as the pump beams 104, 106 and the same focus
(e.g., focal length or distance) as the pump beam 104. This
configuration can cause the plasma optic (e.g., the holo-
graphic plasma lens) to focus the light of the probe beam 108
at the focal spot of the second pump beam. The pump beams
104, 106 can produce a plasma hologram, and the probe
beam 108 with parameters similar to one of the pump beams
104 can be mput to the hologram in order to output a beam
with parameters similar to the other pump beam 106, using,
the principles of holography. In some cases, this approach
can yield high levels of efliciency, as discussed herein. In
some embodiments, the probe beam 108 can have a wave-
length different from the pump beams 104, 106 and/or focus
properties that are different from the pump beams 104, 106,
so that the plasma optic can focus probe beam to a focal spot

that 1s diflerent from the focal spots of the pump beams 104,
106.

[0049] In some configurations disclosed herein, the probe
beam 108 can interact with one or more optical elements
110, such as the mirror 113, a lens, or a prism. Those optical
clements can include glass or other solid-state optical mate-
rials. However, before the probe beam 108 1s focused (e.g.,
by the focusing mirror 113), the diameter of the probe beam
108 can be sufliciently large that the light of the probe beam
108 can be spread over areas of the optical elements 110 that
1s large enough that the optical elements 110 are not dam-
aged. In some configurations, the optical elements 110 are
exposed to much less intensity of the light of the probe beam
108 as compared to the plasma optic, because the light 1s
spread out over a larger area.

[0050] With reference to FIG. 2C, 1n some embodiments,
the probe beam 108 can propagate toward the medium 112
in a direction that 1s opposite to the direction by which one
or both of the pump beams 104, 106 approach the medium
112. The probe beam 108 can be collinear with, but opposite
to, the pump beam 104 and/or the pump beam 106. A mirror
117 can retlect the probe beam 108 so that 1t approaches the
medium 112 from a different (e.g., opposite) direction than
the pump beams 104, 106. The mirror 117 can be a focusing,
mirror that can focus the probe beam towards a focal
location.

[0051] In some embodiments, one or more of the first
pump beam 104, the second pump beam 106, and the probe
beam 108 are not collinear with one or more of the other
beams. For example, the first and second pump beams 104,
106 can propagate through the medium along collinear
paths, whereas the probe beam 108 propagates through the
medium along a different path that 1s angled or oflset relative
to the collinear paths of the probe beams 104, 106. Alter-
natively, the first and second pump beams 104, 106 can be
angled relative to each other, and can be configured to cross
at the medium 112, as shown for example 1n FIG. 2D. The
probe beam 108 can be angled relative to the first pump
beam 104 and also relative to the second pump beam 106,
and the probe beam 108 can be configured to propagate
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through the medium 112 at the location where the two pump
beams 104, 106 cross, which 1s shown for example in FIG.
2E. Thus, the three beams 104, 106, 108 can come from
different locations and can converge at the medium 112. This
approach 1s shown schematically 1n FIG. 1. In some embodi-
ments, the beam directing optical elements 110 can be
omitted, such as 1f three separate lasers 102 are used to direct
the respective beams 104, 106, 108 to the medium 112.

[0052] FIG. 2 shows an example embodiment of a system
100 for producing an optical element, such as a plasma lens.
The system 100 can have a vacuum chamber 120, which can
be configured to maintain a partial vacuum inside the
vacuum chamber 120. A gas such as a gas jet or gas stream
can be used as the non-linear medium 112. The system can
have a gas supply 122 that can be configured to provide the
gas jet or stream. The system can have a vacuum pump 124,
which can extract the gas from the vacuum chamber 120.
The nlet (e.g., gas supply 122) and the outlet (e.g., vacuum
pump 124) for the gas medmum 112 can be disposed on
opposing sides of the vacuum chamber 120, or can face each
other, to produce a finite gas jet through the vacuum cham-
ber 120. The gas jet can be a stream of gas flowing from the
inlet (e.g., gas supply 122) to the outlet (e.g., vacuum pump
124). The gas jet or stream can have a thickness, which can
be defined for example by the sizes and positions of the inlet
(e.g., gas supply 122) and the outlet (e.g., vacuum pump
124) or other features of the system 100. In some embodi-
ments, a target of the output laser beam 114 can be inside the
vacuum chamber 120, although in other implementations,
the output laser beam 114 can be output from the system
100. In some embodiments, hydrogen or helium, or any
other suitable gas can be used for the medium 112. Other
materials, such as liquids or solids could be used for the
medium 112. For example, a thin layer of a solid material
(e.g., a foi1l) can be used as the medium 112. The solid

material can have a thickness of about 0.0005 mm, about
0.00075 mm, about 0.001 mm, about 0.0025 mm, about

0.005 mm, about 0.0075 mm, about 0.01 mm, about 0.025
mm, about 0.05 mm, about 0.075 mm, about 0.1 mm, about
0.25 mm, or more, or any values or ranges between any
combination of these values, although other thicknesses
could be used 1n some cases. The solid medium 112 can be
in a vacuum (e.g., mside the vacuum chamber 120). The
pump laser beams 104, 106 can 1onize part of the solid
medium, which can produce an expanding gas-density
plasma in some cases. The distribution of plasma can depend
on the mtensity of the light, so that the interference pattern
between the pump beams 104, 106 can determine the
distribution of the plasma. The system can 1nclude a support
(e.g., a holder) configured to position the medium 112 (e.g.,
a plate or sheet or any suitable solid medium) relative to the
one or more lasers 102 or laser beams so that the interference
pattern can be formed at, on, and/or 1n the medium 112. The
nonlinear medium 112 can be held in place by the support
and the medium 112 may comprise a material (e.g., sheet,
plate, foil, substrate, slab, etc.) which may be rnigid or
flexible and may be solid. The one or more lasers 102 and/or
the optical element(s) 110 can be disposed or otherwise
configured with respect to the support to direct the laser
beams onto the nonlinear medium 112 so as to form an
interference pattern at that location. The optics that can be
used to direct the laser beams to the nonlinear medium 112
(or the location relative to the support or supply where the
nonlinear medium would be provided) can include one or
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more mirrors, lenses, prisms, beam splitters, beam combin-
ers, or any other suitable optical components. The system
100 can include a supply configured to provide the nonlinear
medium 112. The supply can include a gas supply line, or a
liquid supply line, a nozzle, or a tlow cell (e.g., for trans-
porting a liquid nonlinear medium 112), or transparent
conduits, or chambers for example with transparent win-
dows, or any other suitable device. The supply or support
can position the medium 112 at the location where the
interference pattern 1s formed. In some embodiments, a tlow
or stream of a liquid or gas can be formed between an 1nlet
and an outlet, and the liquid or gas can be used as the
nonlinear medium 112.

[0053] In some embodiments, the vacuum chamber 120
can be omitted. For example, the system 100 can operate 1n
ambient air in some configurations. In some embodiments,
the medium 112 can be a gas or other material with an
ionization threshold that 1s lower than the ambient gas (e.g.,
air), so that the pump beams 104, 106 can 1onize the medium
112 without 1on1zing other areas (e.g., air) 1n the system 100.

[0054] With reference to FIG. 2F, 1n some embodiments,
the system can include a laser 121 that can direct a heater
laser beam 123 through an area to produce a region of heated
material (e.g., air) to supply the medium 112. In some
embodiments, one or more optical elements (not shown) can
modily the heater laser beam 123 to distribute the energy of
the heater laser beam 123 across the area of the medium 112.
The heater laser 123 can propagate perpendicular to one or
more of the first pump beam 104, the second pump beam
106, and/or the probe beam 108. For example, one or more
lenses (not shown) can spread or otherwise distribute the
heater laser beam 123 to produce a heated area that can be
similar 1n size to the stream of gas medium in other
embodiments. In some configurations, the energy of the
constructive interference between the first and second pump
beams 104, 106 together with the energy from the heater
laser beam 123 can be suflicient to 1onize the material (e.g.,
air) 1n the area of the medium 112, whereas areas that do not
receive the heater laser beam 123 do not 1onize even when
there 1s constructive interference. In some embodiments,
heated ambient air can be the medium 112. In some embodi-
ments, the system 100 can include three pump laser beams.
Two of the pump laser beams can interfere to produce an
interference pattern, as discussed herein, and the third pump
laser beam can apply supplemental energy so that the areas
of constructive interference can 1onize the gas (e.g., ambient
air). In some cases, the two pump laser beams 104, 106 can
create pre-iomzed regions (e.g., at locations of constructive
interference), and the third pump laser beam (e.g., the heater
beam 123) can 1omize the pre-ionized regions. In some
configurations, the size of the formed optical element (e.g.,

the plasma lens 130) can be limited to the area of interaction
between the three pump lasers 104, 106, 123.

[0055] FIG. 3 shows an example of two pump beams 104,
106 producing a holographic plasma lens 130 in a medium
112. A gas supply 122 can provide a gas medium (e.g., gas
jet) 112, which can have a thickness D. In some implemen-
tations, the nozzle of the gas supply 122 can have an
clongate shape that 1s shorter 1n the direction of propagation
of the laser beams 104, 106 (¢.g., direction Z 1n FIG. 3), and
longer 1n the orthogonal direction. In some implementations
multiple nozzles may be employed. In various implementa-
tions, the first pump laser beam 104 (e.g., Pump A) and the
second pump laser beam 106 (e.g., Pump B) can be collinear.
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The pump laser beams 104, 106 can be substantially equal-
power laser beams 1n some cases although their power and
relative power may vary. The pump laser beams 104, 106
can be focused at different points along the path of propa-
gation (e.g., the Z axis). The first pump beam 104 (e.g.,
Pump A), for example, can have a shorter focal length (e.g.,
with focal point 1,), and the second pump beam 106 (e.g.,
Pump B) can have a longer focal length (e.g., with focal
point 1;). The f-number and focal lengths for each of the
pump beams 104, 106 can be selected so that they have the
same beam dlameter at a location imside the medium 112
(e.g., as z=0) 1n some cases, although such as limitation 1s
not required. The pump beams 104, 106 can propagate 1n a
substantial vacuum except for the region of the gas medium
(e.g., gas jet) 112, which can have thickness D and can be
centered at z=0 (e.g., where the pump beams 104, 106 have
the same diameters or cross-sectional sizes).

[0056] The two pump laser beams 104, 106 can produce
an 1nterference pattern 128 1n the gas jet medium 112. The
two pump beams 104, 106 can interfere everywhere that
they overlap, but the interference pattern 128 1s only
recorded where the beams 104, 106 overlap in the gas jet
medium 112. FIG. 5 shows an example embodiment of an
optical interference pattern created 1in the medium 112 by the
two pump beams 104, 106. The interference pattern can have
regions of constructive interference 132 with high intensity
light (e.g., possibly higher light intensity than either of the
pump beams alone, and regions of destructive interference
134 with low intensity light (e.g., possibly lower light
intensity than either of the pump beams). The medium 112
can be configured to have a vaniable index of refraction that
depends on the intensity of light, so that the interference
pattern 128 can modily the indices of refraction at different
regions in the medium 112. With reference to FIG. 5, i
some 1mplementations the regions of constructive interfer-
ence 132 can have a lower index of refraction than the
regions of destructive interterence 134, for example. The
modulated 1ndex of refraction can be produced by a number
ol different mechanisms and in a number of different man-
ners.

[0057] In some embodiments, special variant 1onization
(SVI) can produce the variations in the index of refraction 1n
the medium 112. The medium 112 and the pump beams 104,
106 can be configured so that more of the medium 112 1s
converted 1nto plasma at the regions of constructive inter-
terence 132, and less (or none) of the medium 1s converted
into plasma at the regions of destructive interference 134.
For example, in some implementations, only regions of
constructive interference between the two pump beams 104,
106 have at suflicient intensity to 1onize the gas medium 112.
Although the medium 112 1s discussed as being a neutral
(e.g., non-1onized) gas, any suitable medium material could
be used. By way of example, in some implementations, the
index of refraction of the neutral gas medium can be greater
than one (n>1), and the index of refraction of the plasma
(e.g., 1onized gas medium) can be less than one (n<1). Thus,
as more of the gas medium 1n a region 1s 1onized and
converted 1nto plasma, the index of refraction of that region
can be reduced. Likewise, the distribution of the plasma
(e.g., 1on1zed gas) 1n the gas medium 112 (non-1onized gas)
may be driven by light intensity. In some embodiments, the
interference pattern can create concentric rings of plasma
with non-iomzed regions separating the concentric plasma
rings such as for example in a Fresnel zone plate. For SVI,
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the magnitude of the induced change 1n the index of refrac-
tion An can be about 107°. For example, the difference
between the index of refraction of the regions of construc-
tive interference 132 and the regions of destructive interter-
ence 134 can be about 0.3, about 0.2, about 0.175, about
0.15, about 0.125, about 0.1, about 0.075, about 0.05, about
0.04, about 0.03, about 0.02, about 0.015, about 0.01, about
0.0073, about 0.005, about 0.004, about 0.003, about 0.002,
about 0.001, about 0.00073, about 0.0005, about 0.00025,
about 0.0001, or less, or any values or ranges between any
of these values, although other amounts of index change can
be implemented. The changes to the index of refraction can
last for tens to hundreds of picoseconds, even when produce
by femtosecond pump laser pulses. The modulated index of
refraction can persist for about 1 picosecond, about 2
picoseconds, about 5 picoseconds, about 10 picoseconds,
about 15 picoseconds, about 20 picoseconds, about 30
picoseconds, about 40 picoseconds, about 50 picoseconds,
about 75 picoseconds, about 100 picoseconds, about 125
picoseconds, about 150 picoseconds, about 175 picosec-
onds, about 200 picoseconds, about 250 picoseconds, about
300 picoseconds, about 350 picoseconds, about 400 pico-
seconds, about 450 picoseconds, about 500 picoseconds,
about 600 picoseconds, about 700 picoseconds, about 800
picoseconds, about 900 picoseconds, or more, or any values
or ranges between these values, although other duration
times can be produced.

[0058] In some embodiments, the variations 1n the index
of refraction can be produced by ponderomotively-forced
plasma density fluctuations. The ponderomotive force can
impose a nonlinear force on a charged particle in an inho-
mogeneous oscillating electromagnetic field, and the pon-
deromotive force can cause the particle to move towards the
area of the weaker field strength. Thus, the ponderomotive
force can produce plasma density variations, and accompa-
nying variations in the index of refraction, even if the
medium 1s full-ionmized gas (e.g., it all of the regions of
constructive interference and destructive interference are
plasma). In some embodiments, the regions of destructive
interference 134 can have higher plasma density than the
regions of constructive interference 132 due to the pondero-
motive force, which can 1n some cases produce a lower
index of refraction for the regions of destructive interference
134, as compared to the regions of constructive interference
132 (e.g., since vacuum has an index of refraction of 1). For
the ponderomotive force, the magnitude of the induced
change in the index of refraction An can be about 10™*. For
example, the difference between the index of refraction of
the regions ol constructive interference 132 and the regions

of destructive intertference 134 can be about 0.4, about 0.3,
about 0.2, about 0.1, about 0.075, about 0.05, about 0.025,

about 0.01, about 0.0075, about 0.005, about 0.0025, about
0.001, about 0.00075, about 0.0005, about 0.0004, about
0.0003, about 0.0002, about 0.00015, about 0.0001, about
0.000075, about 0.00005, or less, or any values or ranges
between any of these values, although other amounts of
index change can be implemented. The changes to the index
of refraction can last for tens of picoseconds. The modulated
index of refraction can persist for about 1 picosecond, about
2 picoseconds, about 5 picoseconds, about 10 picoseconds,
about 15 picoseconds, about 20 picoseconds, about 30
picoseconds, about 40 picoseconds, about 50 picoseconds,
about 75 picoseconds, about 100 picoseconds, or more, or
any values or ranges between these values, although other
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duration times can be produced. In some embodiments, the
medium 112 can be a plasma even before the pump laser
beams 104, 106 apply energy to the medium 112. In some
embodiments, the medium and the pump laser beams 104,
106 can be configured so that the pump laser beams 104, 106
substantially fully 1onize the medium.

[0059] In some embodiments, variations 1 the index of
refraction can be produced in the medium 112 without
plasma. For example, an entropy wave approach can pro-
duce changes 1n the index of refraction within the medium
that come from density tluctuations in the gas based on the
intensity of the light. In some cases, thermally-driven den-
sity fluctuations can produce a lower 1index of refraction at
the regions of constructive interference 132 or relative high
light intensity. For the approach using density tluctuations in
gas, the magnitude of the induced change in the index of
refraction An can be about 10™. For example, the difference
between the index of refraction of the regions of construc-
tive interference 132 and the regions of destructive interier-
ence 134 can be about 0.00005, about 0.00004, about
0.00003, about 0.00002, about 0.000015, about 0.00001,
about 0.0000075, about 0.000003, or less, or any values or
ranges between any of these values, although other amounts
of index change can be implemented. The changes to the
index of refraction can last for hundreds of nanoseconds. For
example, the modulated index of refraction can persist for
about 25 nanoseconds, about 350 nanoseconds, about 75
nanoseconds, about 100 nanoseconds, about 150 nanosec-
onds, about 200 nanoseconds, about 250 nanoseconds, about
300 nanoseconds, about 400 nanoseconds, about 500 nano-
seconds, about 600 nanoseconds, about 700 nanoseconds,
about 800 nanoseconds, about 900 nanoseconds, or more, or
any values or ranges between these values, although other
duration times can be produced. Accordingly, in some
embodiments, the optical element (e.g., diflractive lens) can
be produced without plasma.

[0060] FIG. 6 shows a chart that illustrates the change 1n
the index of refraction over time as the pump beams 104,
106 and the pulse beam 108 are applied to the medium 112
in an example embodiment. The pump beams 104, 106 can
be directed to the medium 112 at a first time, which can
produce a peak in the modulation of the refractive index in
the medium 112. After the pulse of the pump beams 104,
106, the change in the index of refraction can decay over
time for a delay period of time. Then the probe beam 108 can
be applied at a second time. In some embodiments, the
energy of the probe beam can modily the index of refraction
of the medium 112. After the probe beam 108, the change 1n
the index of refraction can decay over time. Accordingly, in
various implementations, the optical element (e.g., diflrac-
tive lens 130) formed 1n the medium 112 can be transitory.
The decay time can depend on the type of medium used and
the manner 1n which the index of refraction was modified
(e.g., SVI, ponderomotive forcing, or entropy wave).

[0061] The optical element (e.g., holographic plasma lens)
can persist after the end of the pump laser beams 104, 106
for a time that 1s longer than the pulses of the pump laser
beams 104, 106, such as about 2 times longer, about 5 times
longer, 10 times longer, about 25 times longer, about 50
times longer, about 75 times longer, about 100 times longer,
about 150 times longer, about 250 times longer, about 500
times longer, about 750 times longer, about 1,000 times
longer, times longer, about 1,250 times longer, about 1,500
times longer, about 1,750 times longer, about 2,000 times
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longer, about 2,500 times longer, about 3,000 times longer,
about 4,000 times longer, about 5,000 times longer, about
7,500 times longer, about 10,000 times longer, about 15,000
times longer, about 25,000 times longer, about 50,000 times
longer, about 100,000 times longer, about 150,000 times
longer, about 200,000 times longer, or more, or any values
or ranges between any combination of these wvalues,
although other configurations are possible.

[0062] Moreover, 1n various implementations the optical
clement (e.g., holographic plasma lens) can persist long
enough after the end of the pump laser beams 104, 106 (e.g.,
aiter the pump laser beam pulse), that a laser pulse of the
probe beam 108 can be delivered to the medium after the end
of the pulses of the first and second pump laser beams 104,
106 by a delay time, which delay can be about 1 picosecond,
about 3 picoseconds, about 10 picoseconds, about 235 pico-
seconds, about 50 picoseconds, about 75 picoseconds, about
100 picoseconds, about 150 picoseconds, about 200 pico-
seconds, about 250 picoseconds, about 300 picoseconds,
about 3350 picoseconds, about 400 picoseconds, about 450
picoseconds, about 500 picoseconds, about 600 picosec-
onds, about 700 picoseconds, about 800 picoseconds, about
900 picoseconds, about 1,000 picoseconds, or more, or any
values or ranges between any combination of these values,
although other configurations are possible. The probe beam
108 can be a femtosecond laser pulse or a picosecond laser
pulse, although any suitable pulse duration can be used. In
some 1mplementations, the pulse of the probe beam 108 can
be longer than the pulses of the pump beams 104, 106, such
as about 2 times longer, about 5 times longer, 10 times
longer, about 25 times longer, about 50 times longer, about
75 times longer, about 100 times longer, about 150 times
longer, about 250 times longer, about 500 times longer,
about 750 times longer, about 1,000 times longer, or more,
or any values or ranges between any combination of these
values, although other configurations are possible. In some
embodiments, the probe beam 108 can have a shorter
duration than one or both of the pump beams 104, 106. For
example, the pump beams 104, 106 can be 100 ns long 1n
some cases, and the probe beam could be a 10 {s pulse.

[0063] Various different interference patterns can be cre-
ated by overlapping the first and second pump laser beams
104, 106. The interference between two collinear pump
beams 104, 106 with different focal lengths can produce
variations in the index of refraction 1n the medium 112 that
operate as a zone plate. As discussed above, the term zone
plate such as Fresnel zone plate applies in various cases
described herein even where the medium 1s not rigid. For
example, the zone plates formed 1n plasma and/or gas may
not be rigid like glass but are nevertheless referred to herein
as a zone plate. A zone plate can be formed by concentric
alternating regions of phase shifting material that are spaced
so that the transmitted light interferes constructively at the
tocal point. The thickness and/or spacing of the regions (e.g.,
of higher and lower indices of refraction) can decrease
moving radially outward from the center of the zone plate.
The zone plate can operate as a diffractive lens. In some
embodiments, the zone plate can focus light at multiple
points (e.g., by diffracting the light to produce constructive
interference at the multiple points). For example, a plane
wave incident on a zone plate can be focused at points
{ _=I/m for integers m, including virtual foci for negative
integers m. Other patterns, however, are possible. For
example, the pattern may or may not comprise rings, which
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may or may not be concentric. The rings or iringes may or
may not have reduced thickness and/or spacing with dis-
tance from the center. The pattern however need not be
rotationally symmetric. In some cases, the pattern does not
comprise rings. In some configurations, elliptical interfer-
ence patterns can be produced, such as from astigmatic
focusing.

[0064] FIG. 4 shows a probe beam 108 propagating
through the lens 130 (e.g., a diffractive lens or a holographic
plasma lens) that was formed 1n the medium 112, so that the
probe beam 108 is focused by the lens 130. In some
implementations, the probe beam 108 can propagate through
the medium 112 in the same direction and along the same
collinear path as the pump laser beams 104, 106. The probe
beam 108 can possibly be converging and can have a focal
point at 1, before being modified by the lens 130. In some
implementations, the lens 130, however, can focus the probe
beam 108 at the focal pomnt I, (e.g., as the first order probe
beam focal point for m=1), which can be closer to the lens
130 than the original focal point {,. In some embodiments,
the lens 130 can focus some of the light at the focal point 1,
(e.g., as the 0 order probe beam focal point for m=0). The
lens 130 can also defocus some of the light to that 1t has a
virtual focal poimnt 1_, (e.g., the first negative order probe
beam focal point for m=-1). Some of the light can also be
focused at higher order focal points that are not shown 1n
FIG. 4. Without subscribing to any particular scientific
theory, 1n some implementations, the diffractive lens 130 can
focus or defocus the light by diffracting the light to produce
constructive interference at the focal points, for example.

[0065] In some implementations, the distribution of the
energy of the probe beam 108 across the different orders can
depend on the thickness of the medmum 112 (e.g., the
thickness of the diffractive lens 130). A thinner medium
(e.g., a thinner lens 130) can be handle a wider range of
probe beam wavelengths and angles and variations thereof,
as compared to a thicker medium. However, a thinner
medium (e.g., a thinner lens 130) may also distribute more
energy into multiple focal orders, as compared to a thicker
medium. A thicker medium (e.g., a thicker lens 130) can
have better a higher efliciency than a thinner medium, as
more of the energy can be delivered to a single focal order.
Such efliciency, for example, may be measured as the
amount of light that 1s focused to a single order 1n compari-
son to the light incident on the lens (e.g., quantified by
percentage). The thin lens 130 embodiments can operate in
the Raman-Nath regime, where the light 1s diflracted into
multiple orders, which can produce multiple focal spots in
some cases. The thick lens 130 embodiments can operate 1n
the Bragg regime where light 1s diflracted to produce a
single focus. The differentiation between “thin” and “thick”
diffractive lenses 130 can depend on the wavelength of the
probe beam 108. The diffractive lens 130 can have a
thickness of about 0.001 mm, about 0.005 mm, about 0.01
mm, about 0.05 mm, about 0.1 mm, about 0.5 mm, about 1
mm, about 50 mm, about 100 mm, or more, or any values or
ranges between these values, although other sizes could be
used.

[0066] FIGS. 7 to 10 show an example embodiment of a
lens 130 formed using a thin medium having a thickness of
40 microns. The thickness of the medium 112 can determine
the thickness of the diffractive lens 130 (e.g., plasma lens).
As shown 1n FIG. 7, a first pump beam 104 with a focal
length of 1 mm and a second pump beam 106 with a focal




US 2022/0291429 Al

length of —1 mm can be directed along a collinear path
through the medium 112. The first pump beam 104 can have
a wavelength of about 400 nm and a beam convergence
angle 138 of about 6 degrees. The second pump beam 106
can have a wavelength of about 400 nm and a beam
divergence angle 140 of about 6 degrees. The pump beams
104, 106 can overlap in the medium 112. The overlapping
pump beams 104, 106 can have substantially the same
diameters 1n the medium 112. The pump beams 104, 106 can
interfere with each other in and around the medium 112, as
shown by the horizontal stripes 1n FIG. 7 where the pump
beams 104, 106 intersect the medium 112. The interference
pattern produced by the pump beams 104, 106 can modify
the index of refraction 1n the medium 112. For example,
FIG. 8 shows the index modulation created by plasma using
spatially variant 1onization (SVI). In this example, the peak
index modulation can reach about 0.0075. The modulated
index pattern can form a zone plate, which can have a focal
length of about 0.5 mm.

[0067] FIGS. 9 and 10 show the probe beam 108 propa-
gating through the lens 130 that was formed 1n the medium
112. FIG. 9 shows the propagation of the probe beam 108 to
about 0.8 mm after the center of the lens 130, whereas FIG.
10 shows the propagation of the probe beam 108 to about 6
mm aiter the center of the lens 130. FIGS. 9 and 10 show
that the probe beam 108 can be diflracted by the diflractive
lens 130. Constructive mterference in the diffracted light of
the probe beam 108 can eflectively focus the light of the
probe beam 108. The probe beam 108 can have a wavelength
of 400 nm, a beam convergence angle 142 of 10 degrees, and
a Tocal point of 0.455 mm, and the parameters of the probe
beam 108 and the lens 130 can be configured so that the first
negative focal order (im=-1) 1s a substantially collimated
beam, as can be seen 1n FIG. 10. FIG. 9 shows that the lens
130 also effectively focuses light at the residual, zero order
tocal spot 144 of the probe beam 108 at about z=0.455 mm.
FIG. 9 also shows that the lens 130 can focus light at a first
order focal spot 146 (im=1) at about 0.24 mm, and a second
order focal spot 148 (m=2) at about 0.16 mm. In the
embodiment of FIGS. 9 and 10 much of the energy is
divided between multiple focal orders. In the embodiment of
FIG. 10, about 40% of the energy of the probe beam 108 1s
calculated as going into the collimated beam.

[0068] FIG. 11 shows an example embodiment of a lens
130 made using a relatively thick medium having a thick-
ness of 1 mm. The lens 130 can be created by a first pump
beam 104 with a wavelength of about 400 nm, with a focal
point at about 1 mm, and with a beam convergence angle of
about 12 degrees, and a second pump beam 106 with a
wavelength of about 400 nm, with a focal point at about 6
mm, and with a beam convergence angle of about 2 degrees.
The first and second pump beams 104, 106 can have equal
power. In FIG. 11, the probe beam 108 can substantially
match some parameters of the first pump beam 104, having
a wavelength of about 400 nm, a focal point at about 1 mm,
and a beam convergence angle of about 12 degrees. The
pulse beam 108 can have more power than the first pump
beam 104. The lens 130 can modify the pulse beam 108 so
that the modified pulse beam 114 has some parameters that
substantially match the second pump beam 106, such as a
tocal point at about 6 mm and a beam convergence angle of
about 2 degrees. In the embodiment of FIG. 11, about 85%
or more of the probe beam energy can be transferred to the
first negative order (m=-1) focal point.

Sep. 15, 2022

[0069] In some embodiments, the efliciency can be
improved by using a probe beam 108 that substantially
matches some parameters of one of the pump beams 104,
106. For example, the probe beam 108 can have a wave-
length, a focal length, a beam convergence or divergence
angle, propagation angle, or an f-number, or any combina-
tion of these parameters, that vary from the corresponding
pump beam 104 or 106 by no more than about 20%, no more
than about 15%, no more than about 10%, no more than
about 7%, no more than about 5%, no more than about 4%,
no more than about 3%, no more than about 2.5%, no more
than about 2%, no more than about 1.5%, no more than
about 1%, no more than about 0.5%, no more than about
0.25%, no more than about 0.1%, or less, or any values or
ranges therebetween but may be outside these ranges in
some 1mplementations. In various implementations, the
probe beam 108 can be substantially collinear with the
corresponding pump beam 104 or 106.

[0070] The efliciency of the lens 130 can depend on the
thickness of the medium 112 (and the thickness of the lens
or diffractive or holographic optical element 130), as dis-
cussed here. The efliciency of the lens 130 can depend on the
amount of change i1n the index of refraction An. FIG. 12
shows a graph with efliciency on the y-axis and 2dAn/A on
the x-axis, where d 1s the thickness of the lens 130, where An
1s the change 1n the mndex of refraction in the medium 112
from the pump beams 104, 106, and wherein A 1s the
wavelength of the light. For the data in the graph of FIG. 12,
An was modified with a constant d. In the example of FIG.
11, the peak efliciency of about 85% was for a An value of
about 0.00013, for the medium thickness d of about 1 mm,
and a wavelength of 400 nm, which yielded a 2dAn/A value
of about 0.65. The results in FIGS. 7-15 were calculated

from simulations.

[0071] In some embodiments, the system 100 can be
configured to enable adjustment of one or more parameters
of the gas jet to vary the amount of change of the index of
refraction An. An can be adjusted by changing (1) gas jet
density, (2) gas jet composition, (3) pump laser intensity, (4)
probe laser wavelength (5) time delay between pump laser
and probe laser and the system 100 can be configured to
adjust any one or more of these parameters. Other
approaches could be used to change An. In some embodi-
ments, the thickness d of the medium 112, and the lens 130,
can be adjustable. The gas supply 122 can have an adjustable
or interchangeable nozzle to change the size, or shape, or
width of the gas jet. The system can include an actuator (e.g.,
under control of the controller 116) or a manual mechanism
that 1s configured to narrow or widen the mlet for the gas jet.
The medium thickness can be modified in various ways. For
example, a nozzle that has an ellipsoidal shape (or other
noncircular shape) can be rotated so a different side faces the
beam. In some cases, adjusting the position of a sharp edge
in the gas jet can create a shock that can change the shape
or size of the gas jet medium. In some embodiments, a gas
cell can be used. For example, the gas cell can mostly
contain the gas 1n chamber with small holes so that the gas
can gradually stream out of the small holes. The holes can
be formed 1n the ends where the laser beam exits or enters,
for example. The gas cell can be adjustable to control the
amount of gas that 1s released and/or to control the distri-
bution of the gas. In some embodiments, the nozzle or
supply for the gas jet or stream can be movable, such as to
adjust the height, so that the pump beams 104, 106 interact
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with different portions of the expanding column of gas,
depending on the adjusted height.

[0072] In some embodiments, the medium 112 and/or the
lens 130 can have a thickness of about 10 microns, about 20
microns, about 30 microns, about 40 microns, about 350
microns, about 75 microns, about 100 microns, about 150
microns, about 200 microns, about 250 microns, about 300
microns, about 400 microns, about 500 microns, about 600
microns, about 700 microns, about 800 microns, about 900
microns, about 1 mm, about 1.25 mm, about 1.5 mm, about
2 mm, about 2.5 mm, about 5 mm, about 7.5 mm, about 10
mm, about 20 mm, about 30 mm, about 40 mm, about 50
mm, about 60 mm, about 70 mm, about 80 mm, about 90
mm, about 100 mm, or more, or any values or ranges
between any of these number, although other thicknesses
could be used 1n some 1implementations.

[0073] FIG. 13 shows an example embodiment of a lens
130 made using the same lens 130 of FIG. 11, except that 1n
FIG. 13 the probe beam 108 can substantially match some
parameters of the second pump beam 106, having a wave-
length of about 400 nm, a focal point at about 6 mm, and a
beam convergence angle of about 2 degrees. The pulse beam
108 can have more power than the second pump beam 106.
The lens 130 can modily the pulse beam 108 so that the
modified pulse beam 114 has some parameters that substan-
tially match the first pump beam 104, such as a focal point
at about 1 mm and a beam convergence angle of about 12
degrees. The lens 130 can change the focal spot from the
original focal spot of the probe beam 108 shown in FIG. 14
to the focal spot of the modified probe beam 114 shown in
FIG. 15, which can be more than 200 times higher intensity
than the original spot of F1G. 14. In the embodiment of FIG.
13, about 80% of the probe beam energy can be transferred
to the first order (im=1) focal point 148, which 1s at about z=1
mm 1n FIG. 13.

[0074] In various implementations, the diffractive optical
clements disclosed herein can be beneficial for moditying
light with higher intensities or energy tluxes in the probe
beam 108 than are used 1n the pump beams 104, 106 that are
used to create the diffractive optical element. High energy
flux for the probe beam 108 can be achieved since the
non-linearity 1s primarily driven by intensity. In some
embodiments, the probe beam can stay below the 1onization
threshold intensity of the nonlinear material, so that the
probe beam will have little effect on the lens. In some such
cases, a probe pulse that 1s much longer than the pump
pulses can be difiracted. In some cases, a probe pulse that 1s
up to 100 ps longer than the pumps can be efliciently
diffracted. By way of example, 1n some implementations, the
intensity of the probe is a tenth that of the pumps, and can
contain three orders of magnitude more energy than the
pumps.

[0075] In various implementations the holographic 1s a
transmissive lens. The probe beam 1s modified (focused,
collimated) upon transmission through the lens. Such trans-
mission lens may, for example, have higher index modula-
tion than a reflection based holographic optical element type
optical element where the probe beam 1s reflected off the
holographic optical element and, for example, the reflected
beam 1s focused or collimated. Such transmission lenses
may have an efliciency greater than 50%, 60%, 70%, 80%,
90%, 95%, 99% and/or less or equal to 100% (e.g., less than

100%) or less than or equal to 99% or less than or equal to
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98% or less than or equal to 95% or less than or equal to 90%
or have an efliciency in any ranges formed by any of these
values.

[0076] Many variations are possible. With reference to
FIG. 5, in some embodiments, the interference pattern can
have a region of constructive interiference at the center
although the interference pattern need not be so limited.
Various types of zone plates can be implemented with the
systems and methods disclosed herein. The zone plate can be
a sinusoidal zone plate, or a Gabor zone plate, a binary zone
plate, or a Rayleigh-Wood zone plate, etc. In some embodi-
ments, one or both of the pump laser beams 104, 106 can be
collimated, diverging, or converging, or any combination
thereof. The pump laser beams 104, can be angled relative
to each other, in some cases, including, for example when
the pump laser beams are collimated. Various other inter-
ference patterns can be created using the pump laser beams
104, 106, such as for creating holographic or diffraction
patterns for optical functions other than the lens operations
discussed herein. In some implementations, the pump laser
beams 104, 106 do not overlap fully 1in the medium 112. For
example, one pump laser beam 104 can be smaller or larger
than the other, or they can overlap only partially. The
interference pattern can be formed at the area where the
pump laser beams 104, 106 do overlap.

[0077] In some embodiments, the first pump beam 104
and/or the second pump beam 106 used for SVI can have an
intensity of at least about 10" W/cm?, at least about 107
W/cm®, at least about 10'° W/cm>, at least about 10*
W/cm?, at least about 10'° W/cm>, at least about 10'°
W/cm?® or more, or any values or ranges between any
combination of these values, although other intensities could
be used. The first pump beam 104 and/or the second pump
beam 106 used for ponderomotively-forced plasma density
fluctuations can have an intensity of at least about 10'°

W/cm?, at least about 10'° W/cm®, at least about 10'*
W/cm?, at least about 10> W/cm®, at least about 10'°
W/cm®, at least about 107 W/cm®, at least about 10'®
W/cm®, or more, or any values or ranges between any

combination of these values, although other intensities could
be used.

[0078] In some embodiments, the probe beam 108 used
for SVI can have an intensity of at least about 10" W/cm?,
at least about 10** W/cm?, at least about 10*° W/cm?, at least
about 10'* W/cm?, at least about 10*> W/cm?, at least about
10'® W/cm?, at least about 10'" W/cm?®, or more, or any
values or ranges between any combination of these values,
although other intensities could be used. The probe beam
108 used for ponderomotively-forced plasma density tluc-
tuations can have an intensity of at least about 10"" W/cm”,
at least about 10** W/cm?, at least about 10*° W/cm?, at least
about 10'* W/cm?, at least about 10'> W/cm?, at least about
10'° W/cm?, at least about 107 W/cm?, at least about 10*®
W/cm®, at least about 107 W/cm®, at least about 10°°
W/cm®, or more, or any values or ranges between any
combination of these values, although other intensities could
be used.

Select Examples

[0079] Certain examples are provided below for 1llustra-
tive purposes. The embodiments are not limited to the
specific examples recited herein.
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[0080] 1. A system for making a di
ment, the system comprising:
[0081] at least one laser configured to provide first and
second laser beams, and
[0082] a nonlinear medium, or a supply configured to
provide a nonlinear medium, or a support configured to
hold a nonlinear medium, said first and second laser
beams disposed with respect to each other and with
respect to said nonlinear medium so that the first and
second laser beams are configured to mterfere and form
an interference pattern on the nonlinear medium;
[0083] wherein the interference pattern 1s configured to
alter a characteristic of the nonlinear medium so as to
produce a diffractive optical element that 1s configured
to modily the propagation of a third laser beam trans-
mitted therethrough.
[0084] 2. The system of Example 1, wherein the system
comprises the nonlinear medium.
[0085] 3. The system of any one of Examples 1 to 2,
wherein the diffractive optical element comprises a difirac-
tive lens.
[0086] 4. The system of any one of Examples 1 to 3,
wherein the nonlinear medium comprises a gas.
[0087] 3. The system of Example 4, where 1n the supply
comprises a gas supply line.
[0088] 6. The system of any one of Examples 1 to 3,
wherein the nonlinear medium comprises a solid.
[0089] 7. The system of any one of Examples 1 to 3,
wherein the nonlinear medium comprises a liquid.
[0090] 8. The system of Example 7, where 1n the supply
comprises a liquid supply line.
[0091] 9. The system of any one of Examples 1 to 3,
wherein the nonlinear medium comprises a liquid.

[0092] 10. The system of any one of Examples 1 to 9,
wherein the at least one laser comprises a first laser that 1s
configured to produce the first and second laser beams.

[0093] 11. The system of Example 10, wherein the first
laser 1s a pulsed laser and wherein the first and second laser
beams comprise pulsed laser beams.

[0094] 12. The system of any one of Examples 10 to 11,
turther comprising a second laser that 1s configured to
produce the third laser beam.

[0095] 13. The system of Example 12, wherein the second
laser 1s a pulsed laser and wherein the third laser beam 1s a
pulsed laser beam.

[0096] 14. The system of any one of Examples 1 to 13,
wherein the third laser beam has a higher energy density
than the first and second laser beams.

[0097] 15. The system of any one of Examples 1 to 14,
wherein the first and second laser beams are collinear.

[0098] 16. The system of Example 15, wherein the third
laser beam 1s not collinear with the first and second laser
beams.

[0099] 17. The system of any one of Examples 1 to 14,
wherein the first laser beam, the second laser beam, and the
third laser beam are collinear.

[0100] 18. The system of any one of Examples 1 to 14,
wherein any two of the first, second or third laser beams are
collinear.

[0101] 19. The system of any one of Examples 1 to 14,
wherein any two of the first, second, and third laser beams
are disposed at an angle such that at least two of the first,
second, or third laser beams are not collinear.

ractive optical ele-

11
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[0102] 20. The system of any one of Examples 1 to 14,
wherein the first, second and third laser beams are disposed
at angles with respect to each other such that they are not
collinear.

[0103] 21. The system of any one of Examples 1 to 20,
wherein the first and second laser beams have the same
wavelength.

[0104] 22. The system of any one of Examples 1 to 21,
wherein the diffractive optical element comprises a diflrac-
tive lens.

[0105] 23. The system of any one of Examples 1 to 22,
wherein the difiractive optical element comprises a plasma
lens.

[0106] 24. The system of any one of Examples 1 to 23,
wherein the diffractive optical element comprises a zone
plate.

[0107] 25. The system of any one of Examples 1 to 24,

wherein the interference pattern 1s configured to alter the
index of refraction of the nonlinear medium.

[0108] 26. The system of any one of Examples 1 to 25,
wherein the diffractive optical element comprises a diflrac-
tive lens that 1s configured to produce multiple diffractive
orders.

[0109] 27. The system of any one of Examples 1 to 25,
wherein the diffractive optical element comprises a diflrac-

tive lens that 1s configured to provide a single diflractive
order.

[0110] 28. The system of any one of Examples 1 to 27,
wherein the nonlinear medium comprises gas configured to
be 1omized by the first and second beams to form a plasma.

[0111] 29. The system of Example 28, wherein the plasma
has a different index of refraction than the gas.

[0112] 30. The system of any one of Examples 1 to 29,
wherein the diffractive optical element comprises a difirac-
tive lens that 1s configured to provide a negative difiractive
order.

[0113] 31. The system of any one of Examples 1 to 30,
wherein the nonlinear medium has a light intensity depen-
dent index of refraction.

[0114] 32. The system of any one of Examples 1 to 31,
wherein the interference pattern 1s configured to form a
distribution of plasma from the nonlinear medium so as to
produce the diffractive optical element.

[0115] 33. The system of Example 32, wherein the plasma
has a light intensity dependent index of refraction.

[0116] 34. The system of any one of Examples 32 to 33,
wherein the 1interference pattern produces concentric circles
ol plasma.

[0117] 35. The system of any one of Examples 32 to 34,
wherein both the interference pattern and the plasma distri-
bution comprise rings.

[0118] 36. The system of any one of Examples 32 to 35,
wherein the iterference pattern and the plasma distribution
have the same pattern.

[0119] 37/. The system of any one of Examples 1 to 36,
wherein a thickness of the nonlinear medium 1s adjustable.

[0120] 38. The system of any one of Examples 1 to 37,
wherein the third laser beam has an energy flux less than the
ionization threshold of the nonlinear medium.

[0121] 39. The system of any one of Examples 1 to 37,
wherein the third laser beam has an energy flux equal to or
less than about Y10 the 1onization threshold of the nonlinear
medium.
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[0122] 40. The system of any one of Examples 1 to 39,
wherein the first and second laser beams comprise high
intensity laser beams having an intensity of at least about at
least about 10" W/cm?.

[0123] 41. The system of any one of Examples 1 to 40,
wherein the third laser beam comprises a high intensity
beam having an intensity of at least about at least about 10"~
W/cm”.

[0124] 42. The system of any one of Examples 1 to 41,
turther comprising a vacuum chamber.

[0125] 43. A method for making a diffractive optical
clement, the method comprising:

[0126] directing first and second pump laser beams to a
nonlinear medium so that the first and second pump
laser beams at least partially overlap each other in the
nonlinear medium so that the first and second pump
laser beams 1nterfere to form an interference pattern at
the nonlinear medium;

[0127] wherein the interference pattern 1s configured to
alter a characteristic of the nonlinear medium so as to
produce a transmissive diffractive optical element.

[0128] 44. The method of Example 43, further comprising
directing a probe laser beam through the transmissive dii-
fractive optical element to modily propagation of the probe
laser beam.

[0129] 45. The method of Example 44, wherein directing
the probe laser beam through the transmissive diffractive
optical element focuses the probe laser beam.

[0130] 46. The method of Example 44, wherein directing
the probe laser beam through the transmissive diflractive
optical element collimates the probe laser beam.

[0131] 47. The method of Example 44, wherein directing
the probe laser beam through the transmissive diflractive
optical element defocuses the probe laser beam.

[0132] 48. The method of any one of Examples 43 to 47,
wherein the diflractive optical element 1s a diflractive lens.

[0133] 49. The method of any one of Examples 43 to 48,
wherein the diffractive optical element 1s a zone plate.

[0134] 30. The method of any one of Examples 43 to 49,
wherein the diffractive optical element comprises plasma
comprising 10nize gas.

[0135] 51. The method of any one of Examples 43 to 50,
wherein the diffractive optical element 1s a plasma lens.

[0136] 352. The method of any one of Examples 43 to 31,
wherein the first and second pump laser beams are directed
to the nonlinear material along collinear paths.

[0137] 33. The method of any one of Examples 43 to 32,
wherein the interference pattern alters the refractive index of
the nonlinear material to produce the transmissive diffractive
optical element.

[0138] 34. The method of any one of Example 43 to 33,

wherein the interference pattern forms a distribution of
plasma from the nonlinear medium to produce the diflractive
optical element.

[0139] 55. A diffractive optical element comprising;
[0140] a nonlinear material; and
[0141] a plurality of concentric plasma rings formed in

the nonlinear material.

[0142] 356. The diffractive optical element of Example 55,
wherein the diffractive optical element 1s transmissive.

[0143] 57. The diffractive optical element of any one of
Examples 55 to 56, wherein the diflractive optical element
1s a plasma lens.
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[0144] 38. The diffractive optical element of any one of
Examples 55 to 57, wherein the nonlinear material com-
prises a gas.

[0145] 359. The diffractive optical element of any one of
Examples 55 to 58, wherein the concentric plasma rings are
separated by regions ol non-ionized gas.

[0146] 60. The difiractive optical element of any one of
Examples 35 to 59, wherein the index of refraction varies
between the plasma and the nonlinear material.

[0147] 61. The diflractive optical element of any one of
Examples 55 to 60, wherein the diffractive optical element
comprises a zone plate.

[0148] 62. The system of any one of Examples 1-42,
wherein the system comprises the supply configured to
provide a nonlinear medium.

[0149] 63. The system of any one of Examples 1-42,
wherein the system comprises the support configured to hold
a nonlinear medium.

[0150] Additional Information

[0151] In some embodiments, the methods, techniques,
microprocessors, and/or controllers described herein are
implemented by one or more special-purpose computing
devices. The special-purpose computing devices may be
hard-wired to perform the techniques, or may include digital
clectronic devices such as one or more application-speciific
integrated circuits (ASICs) or field programmable gate
arrays (FPGAs) that are persistently programmed to perform
the techmiques, or may include one or more general purpose
hardware processors programmed to perform the techniques
pursuant to program instructions in firmware, memory, other
storage, or a combination thereof. The mstructions can
reside mn RAM memory, tlash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of a non-
transitory computer-readable storage medium. Such special-
purpose computing devices may also combine custom hard-
wired logic, ASICs, or FPGAs with custom programming to
accomplish the techniques. The special-purpose computing
devices may be desktop computer systems, server computer
systems, portable computer systems, handheld devices, net-
working devices or any other device or combination of
devices that incorporate hard-wired and/or program logic to
implement the techniques.

[0152] The microprocessors or controllers described

herein can be coordinated by operating system software,
such as 108, Android, Chrome OS, Windows XP, Windows

Vista, Windows 7, Windows 8, Windows 10, Windows
Server, Windows CE, Unix, Linux, SunOS, Solaris, 108,
Blackberry OS, VxWorks, or other compatible operating
systems. In other embodiments, the computing device may
be controlled by a proprietary operating system. Conven-
tional operating systems control and schedule computer
processes for execution, perform memory management,
provide file system, networking, I/0O services, and provide a
user interface functionality, such as a graphical user inter-
tace (“GUI”), among other things.

[0153] The microprocessors and/or controllers described
herein may implement the techniques described herein using
customized hard-wired logic, one or more ASICs or FPGAs,
firmware and/or program logic which causes microproces-
sors and/or controllers to be a special-purpose machine.
According to one embodiment, parts ol the techniques
disclosed herein are performed a controller in response to
executing one or more sequences mstructions contained 1n a
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memory. Such instructions may be read into the memory
from another storage medium, such as storage device.
Execution of the sequences of mstructions contained 1n the
memory causes the processor or controller to perform the
process steps described herein. In alternative embodiments,
hard-wired circuitry may be used in place of or in combi-
nation with software instructions.

[0154] Moreover, the various illustrative logical blocks
and modules described 1n connection with the embodiments
disclosed herein can be implemented or performed by a
machine, such as a processor device, a digital signal pro-
cessor (DSP), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA) or other
programmable logic device, discrete gate or transistor logic,
discrete hardware components, or any combination thereof
designed to perform the functions described herein. A pro-
cessor device can be a microprocessor, but 1n the alternative,
the processor device can be a controller, microcontroller, or
state machine, combinations of the same, or the like. A
processor device can include electrical circuitry configured
to process computer-executable instructions. In another
embodiment, a processor device includes an FPGA or other
programmable device that performs logic operations without
processing computer-executable instructions. A processor
device can also be implemented as a combination of com-
puting devices, €.g., a combination of a DSP and a micro-
processor, a plurality of microprocessors, one or more
microprocessors 1n conjunction with a DSP core, or any
other such configuration. Although described herein primar-
1ly with respect to digital technology, a processor device
may also include primarily analog components. For
example, some or all of the techniques described herein may
be implemented 1n analog circuitry or mixed analog and
digital circuitry.

[0155] Unless the context clearly requires otherwise,
throughout the description and the claims, the words “com-
prise,” “comprising,” “include,” “including,” and the like
are to be construed 1n an 1nclusive sense, as opposed to an
exclusive or exhaustive sense; that 1s to say, in the sense of
“including, but not limited to.” The words “coupled” or
connected,” as generally used herein, refer to two or more
clements that can be either directly connected, or connected
by way of one or more intermediate elements. Additionally,
the words “herein,” “above,” “below,” and words of similar
import, when used 1n this application, shall refer to this
application as a whole and not to any particular portions of
this application. Where the context permits, words in the
Detailed Description using the singular or plural number can
also 1nclude the plural or singular number, respectively. The
words “or” 1n reference to a list of two or more items, 1s
intended to cover all of the following interpretations of the
word: any of the 1tems 1n the list, all of the 1tems 1n the list,
and any combination of the items in the list. All numerical
values provided herein are intended to include similar values
within a range of measurement error.

[0156] Although this disclosure contains certain embodi-
ments and examples, 1t will be understood by those skilled
in the art that the scope extends beyond the specifically
disclosed embodiments to other alternative embodiments
and/or uses and obvious modifications and equivalents
thereof. In addition, while several variations of the embodi-
ments have been shown and described in detail, other
modifications will be readily apparent to those of skill in the
art based upon this disclosure. It 1s also contemplated that
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various combinations or sub-combinations of the specific
features and aspects of the embodiments may be made and
still Tall within the scope of this disclosure. It should be
understood that various features and aspects of the disclosed
embodiments can be combined with, or substituted for, one
another 1n order to form varying modes of the embodiments.
Any methods disclosed herein need not be performed 1n the
order recited. Thus, 1t 1s intended that the scope should not
be limited by the particular embodiments described above.

[0157] Conditional language, such as, among others,
“can,” “could,” “might,” or “may,” unless specifically stated
otherwise, or otherwise understood within the context as
used, 1s generally intended to convey that certain embodi-
ments include, while other embodiments do not include,
certain features, elements and/or steps. Thus, such condi-
tional language 1s not generally ntended to imply that
features, elements and/or steps are in any way required for
one or more embodiments or that one or more embodiments
necessarily include logic for deciding, with or without user
input or prompting, whether these features, elements and/or
steps are included or are to be performed 1n any particular
embodiment. Any headings used herein are for the conve-
nience ol the reader only and are not meant to limit the
scope.

[0158] Further, while the devices, systems, and methods
described herein may be susceptible to various modifications
and alternative forms, specific examples thereotf have been
shown 1n the drawings and are herein described 1n detail. It
should be understood, however, that the disclosure 1s not to
be limited to the particular forms or methods disclosed, but,
to the contrary, this disclosure covers all modifications,
equivalents, and alternatives falling within the spirit and
scope of the various implementations described. Further, the
disclosure herein of any particular feature, aspect, method,
property, characteristic, quality, attribute, element, or the
like 1n connection with an implementation or embodiment
can be used 1n all other implementations or embodiments set
forth herein. Any methods disclosed herein need not be
performed 1n the order recited. The methods disclosed herein
may include certain actions taken by a practitioner; however,
the methods can also include any third-party instruction of
those actions, either expressly or by implication.

[0159] The ranges disclosed herein also encompass any
and all overlap, sub-ranges, and combinations thereof. Lan-
guage such as “up to,” “at least,” “greater than,” “less than,”
“between,” and the like includes the number recited. Num-
bers preceded by a term such as “about” or “approximately”
include the recited numbers and should be interpreted based
on the circumstances (e.g., as accurate as reasonably pos-
sible under the circumstances, for example +5%, +10%,
+15%, etc.). For example, “about 3.5 mm”™ includes “3.5
mm.” Phrases preceded by a term such as “substantially™
include the recited phrase and should be interpreted based on
the circumstances (e.g., as much as reasonably possible
under the circumstances). For example, “substantially con-
stant” 1ncludes “constant.” Unless stated otherwise, all mea-
surements are at standard conditions including ambient
temperature and pressure.

The following 1s claimed:

1. A system for making a diflractive lens, the system

comprising;

at least one laser configured to provide first and second
laser beams, and
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a nonlinear medium, or a supply configured to provide a
nonlinear medium, or a support configured to hold a
nonlinear medium, said first and second laser beams
disposed with respect to each other and with respect to
said nonlinear medium so that the first and second laser
beams are configured to interfere and form an interfer-
ence pattern on the nonlinear medium;

wherein the interference pattern 1s configured to form a
distribution of plasma from the nonlinear medium so as
to produce a dififractive lens that i1s configured to
modily the propagation of a third laser beam transmit-
ted therethrough.

2. The system of claim 1, wherein the nonlinear medium

comprises a gas jet.

3. The system of claim 1, wherein the first and second
laser beams are collinear.

4. The system of claim 3, wherein the third laser beam 1s
not collinear with the first and second laser beams.

5. The system of claim 1, wherein the first laser beam, the
second laser beam, and the third laser beam are collinear.

6. The system of claim 1, wherein the first, second and
third laser beams are disposed at angles with respect to each
other such that they are not collinear.

7. The system claim 1, wherein the first and second laser
beams have the same wavelength.

8. The system of claim 1, wherein the diffractive lens
comprises a plasma lens.

9. The system of claim 1, wherein the diflractive lens
comprises a zone plate.

10. The system of claim 1, wherein the interference
pattern 1s configured to alter the index of refraction of the
nonlinear medium.

11. The system of claim 1, wherein the diffractive lens 1s
configured to produce multiple diffractive orders.

12. The system of claim 1, wherein the diffraction lens 1s
configured to provide a single diffractive order.

14
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13. The system of claim 1, wherein the diffractive lens 1s
configured to provide a negative diflractive order.

14. The system of claim 1, wherein the interference
pattern produces concentric circles of plasma.

15. The system of claim 1, further comprising a vacuum
chamber.

16. A method for making a diffractive optical element, the
method comprising:

directing first and second pump laser beams to a nonlinear

medium so that the first and second pump laser beams
at least partially overlap each other in the nonlinear
medium so that the first and second pump laser beams
interfere to form an interference pattern at the nonlinear
medium;

wherein the interference pattern 1s configured to form a

distribution of plasma from the nonlinear medium so as
to produce a transmissive diflractive optical element.

17. The method of claim 16, further comprising directing
a probe laser beam through the transmissive diffractive
optical element to modily propagation of the probe laser
beam.

18. The method of claim 16, wherein the interference
pattern alters the refractive index of the nonlinear material to
produce the transmissive diflractive optical element.

19. A diffractive optical element comprising:

a nonlinear material; and

a plurality of concentric plasma rings formed in the

nonlinear material.

20. The diffractive optical element of claim 19, wherein
the diffractive optical element 1s transmissive.

21. The diffractive optical element of claim 19, wherein
the diffractive optical element 1s a plasma lens.

22. The diffractive optical element of claim 19, wherein
the concentric plasma rings are separated by regions of
non-ionized gas.
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