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1
SYSTEM AND METHOD FOR OPTICAL
CONFINEMENT OF ATOMIC PARTICLES

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
WO11INF-10-1-0347 awarded by the US Army/ARO. The
government has certain rights in the invention.

BACKGROUND

The field of the disclosure is related to systems and meth-
ods for controlling small particles. More particularly, the
disclosure relates to systems and methods for trapping par-
ticles using projected light.

In the field of quantum computation, the performance of
quantum bits (“qubits”) has advanced rapidly in recent years,
with various multi-qubit implementations aiming toward
scalable architectures. In contrast to classical computational
methods that rely on binary data stored in the form of definite
on/off states, or bits, methods in quantum computation take
advantage of the quantum mechanical nature of quantum
systems, where each qubit can be in a superposition of mul-
tiple states. For example, in some applications, qubits can be
composed of individual atoms whose quantum states can be
controlled and accessed using optical confinement tech-
niques. By manipulating a collection of many qubits, multiple
calculations can be performed effectively at the same time,
providing enormous computational speed-up capabilities,
and impacting areas associated with complex computational
problems, such as cryptography, search, simulations, and so
on.

Specifically, optical sources can be used to provide peri-
odic or aperiodic potentials, or optical lattices, where par-
ticles, such as individual atoms or molecules, can become
trapped via the Stark effect. The resulting arrangements of
particles, can resemble artificial crystals that are free from
defects. Advantageously, these can be utilized to investigate
fundamental principles governing interactions and material
properties, including quantum phase transitions and quantum
spin dynamics, as well as provide promising systems for
storing and processing quantum information. Particularly,
such systems facilitate the ability to localize and act on an
ensemble of identical particles, which can be described by a
well-understood quantum structure.

In many applications, neutral atoms have been imple-
mented as promising candidates for quantum information
processing due to their well-defined quantum structure and
charge neutrality. Particularly, charge neutrality isolates the
atoms from charge-related perturbations, and leads to
reduced decoherence. In addition, neutral atoms arranged in
an optical lattice are unique for quantum information appli-
cations, as they afford single particle control, and can be
scaled to large qubit systems.

Atomic trapping using optical sources is achieved due to
the coherent interactions of applied electromagnetic (“EM”)
fields and induced oscillating electric dipole moments. Spe-
cifically, internal atomic energy shifts occur due to source EM
fields, resulting in effective potentials from which confine-
ment forces arise. Generally, optical source wavelengths are
shifted, or detuned, with respect to atomic resonances,
wherein induced atomic dipole moments within the atom are
in-phase for “red” detuning and 180° out-of-phase for “blue”
detuning of trapping light field and atomic resonance fre-
quency. Particularly, when a light source frequency is below
an atomic transition frequency, or red detuned, respective
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atoms are attracted to the intensity maxima of the light field
created with a strength dependent upon the detuning magni-
tude, whereas they are repelled from it in the case of blue
detuning. Additionally, the potential depth, or strength of
attraction, can be modified by controlling the intensity, or
power, generated by the optical sources.

Commonly, optical lattices potentials are formed by inter-
ference patterns of light fields generated using multiple opti-
cal sources. Such patterns, consisting of dark and bright
regions in space, are projected onto small particles in order to
achieve spatial confinement, where generally, the particles
are pre-cooled to temperatures in the microKelvin range. For
example, a one-dimensional (“1D”) optical lattice can be
created by superposing two counter-propagating laser beams
such that an optical standing wave is created. Additionally,
higher dimensional optical lattices, such as two-(“2D”) and
three-dimensional (“3D”) structures, necessitate additional
optical sources. For example, as shown in FIG. 1, a simple-
cubic lattice structure can be produced by overlapping three
orthogonal standing waves formed using 3 pairs of counter-
propagating optical sources, while for a 2D optical lattice, the
atoms are confined to an array of tightly confining 1D poten-
tial tubes using 2 paired sources. In some cases, to generate
more complex lattice configurations, the geometry of trap-
ping potentials can be modified by interfering laser beams
under different angles.

However, positions of atoms in an optical lattice generated
by interference of counter-propagating beams, or beams co-
propagating at a small angles, are directly sensitive to optical
path-length drifts, causing differential phase shifts between
beams. Although such shifts can be, in principle, compen-
sated by using active stabilization techniques, this has, at best,
been attempted using single-atom implementations. As such,
extending such active stabilization to multi-atom systems
adds substantial system complexity.

Given the above, there is a need for systems and methods
directed to small particle confinement using optical trapping
lattices that are scalable to a large number of sites, minimize
crosstalk from neighboring planes of trapped particles, and
are stable against position drifts due to optical phase fluctua-
tions.

SUMMARY

The present invention overcomes the aforementioned
drawbacks by providing systems and methods for controlling
atomic particles using projected light. Specifically, the
present disclosure provides a system and method for gener-
ating optically-induced traps with increased effectiveness
and/or greater efficiency. In some aspects, the projected light
fields include linear segments of light arranged on a two-
dimensional (“2D”) planar grid, which can be used to form
optical trap arrays that define locations of atomic particles in
three dimensions. This configuration facilitates arrangement
of atoms in individual and optically defined sites, which can
advantageously find use, for example, in quantum computa-
tion applications, such as quantum simulation experiments,
as well as atomic clocks, and a variety of atomic sensors.

In one aspect of the present disclosure, a system for con-
trolling atomic particles using projected light is provided. The
system includes a particle system including a plurality of
atomic particles, and one or more optical sources configured
to generate light fields using frequencies shifted from at least
one atomic resonance. The system also includes a plurality of
optical elements configured to form, using the generated light
fields, a two-dimensional (“2D”) optical array projected on
the plurality of atomic particles, wherein the projected 2D
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optical array comprises linear segments of light that define
locations for the plurality of atomic particles in space.

In another aspect of the present disclosure, a method for
controlling atomic particles using projected light is provided.
The method includes providing a plurality of atomic particles,
and generating light fields using frequencies shifted from at
least one atomic resonance. The method also includes form-
ing a two-dimensional (“2D”) optical array using the gener-
ated light fields, wherein the 2D optical array comprises
linear segments of light, and projecting the 2D optical array
on the plurality of atomic particles to control their respective
locations in space.

The foregoing and other aspects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying drawings
which form a part hereof, and in which there is shown by way
ofillustration a preferred embodiment of the invention. Such
embodiment does not necessarily represent the full scope of
the invention, however, and reference is made therefore to the
claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graphical illustration of optical lattice geom-
etries generated using interference of paired counter-propa-
gating optical beams.

FIG. 2 is a schematic of a trapping system in accordance
with the present disclosure.

FIG. 3 is a flowchart setting forth steps of one example of
a process for particle trapping in accordance with the present
disclosure.

FIGS. 4a-4¢ are schematic illustrations of geometries of
example coherent, partially coherent, and incoherent trap
arrays, respectively, formed using projected grid lines in
accordance with the present disclosure.

FIGS. 5a and 54 are graphs providing a graphical illustra-
tion of trapping intensities for different beam parameters.

FIGS. 6a and 64 are graphs providing a graphical illustra-
tion of localization lengths for nominal experimental param-
eters.

FIG. 7 is a graphical illustration of multiple example line
array trap layouts, in accordance with the present disclosure.

FIGS. 8a-8c¢ are graphical illustrations comparing intensity
profiles between an example Gaussian beam array, a line
array, and a Gaussian line array, respectively, in accordance
with aspects of the present disclosure.

FIGS. 9a-9c¢ are graphical illustrations depicting contours
of constant trap potentials for an example Gaussian line array,
Gaussian beam array, line array, respectively.

FIGS. 10a and 105 are graphs providing a graphical illus-
tration of localization lengths for a Gaussian line array, in
accordance with aspects of the present disclosure.

FIG. 11 is a graphical illustration depicting example Gaus-
sian line arrays in accordance with the present disclosure.

DETAILED DESCRIPTION

The present disclosure provides an approach for control-
ling multiple particles using projected light fields. Specifi-
cally, locations for atomic particles can be confined in three
dimensions using multiple light fields arranged on a two-
dimensional grid. In particular, optical trap arrays can be
formed via a superposition, or combination, of projected light
field components, including linear segments of light. In some
aspects, such light fields can be configured with different
optical frequencies and optical polarizations, such that the
different components of light contributing to atom trapping
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can be effectively incoherent with respect to each other. In
this manner, an enhanced optical trap stability can be
achieved, as compared to conventional designs, which use
optical field interference between mutually coherent light
beams.

The absence of interference effects, afforded by the present
invention, can yield atomic particle traps that are insensitive
to source phase noise. Specifically, unlike previous optical
lattice designs, trap positions can remain unaffected by
source phase drift, and also would experience no changes in
trap depth due to phase noise. In addition, a 2D optical array,
in accordance with aspects of the present disclosure, is inher-
ently less sensitive to small misalignments, thus resulting in a
more robust device.

Optical arrays generated using linear segments of light, in
accordance with aspects of present disclosure, necessitate
less optical power to trap each atomic particle, which can
increase the number of atoms for a given source input power,
and provides deeper traps per input power as compared to
previous designs that utilize grids of Gaussian spots. Using
light field configurations, as will be described, trap depth can
be decoupled from the line width, and therefore traps with
better-defined amplitude profiles may be constructed, limited
only by the numerical aperture of the optics used. This allows
for darker trapping sites with steeper walls, which reduces
atomic decoherence effects, and thus affords improved per-
formance of quantum enhanced computers and sensors.

Optical trap arrays configured, in accordance with the
present disclosure, have many advantages over previous
designs. Specifically, in addition to deeper depths, there is an
absence of interference, and hence the traps are insensitive to
phase noise and will not change position or depth in response
to a source phase drift or noise. Additionally, the present
invention provides deeper traps per input laser power com-
pared previous designs. In this manner, either less energy can
be consumed for any given number of sites, or more trap sites
(i.e. more qubits) can be formed for a given amount of energy.
In a non-limiting example, up to 49 trap sites are demon-
strated here, which could hold as many as 49 atomic particles.
However, it may be appreciated by one skilled in the art that
methods of the present invention can be extended or scaled to
any number of trapping sites.

Implementations of the present invention can find use in
multiple technical fields, including quantum computation.
For example, an atomic particle array, configured in accor-
dance with the present disclosure, can be part of a hardware
configuration for a quantum computer. Additionally, trapped
single atoms can also be used as atomic clocks, atomic sen-
sors, or in quantum simulation experiments.

Turning to FIG. 2, a schematic of an example trapping
system 200, for controlling atomic particles using projected
light, is provided. The system 200 can include one or more
optical sources 202, a plurality of optical elements 204, and a
particle system 206.

The one or more optical sources 202 may be configured to
generate periodic or aperiodic light fields, using various fre-
quencies, wavelengths, power levels, temporal modulations
and so on, and which may overlap in space. Specifically, in
some aspects, the optical sources 202 can generate light fields
using frequencies shifted from at least one atomic resonance.
For example, the light fields can be blue-detuned or red-
detuned. The one or more optical sources 202 can include
lasers configured with wavelengths in a range between 500
nm and 1500 nm, although other wavelengths are possible. In
some configurations, multiple optical sources 202 can be
operated at different frequencies, with a frequency separation
configured to achieve a target coherence. That is, frequencies
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may be selected to achieve a full coherence, a partial coher-
ence, or, an incoherence between various light field compo-
nents. By way of a non-limiting example, two frequencies can
be utilized, where the difference in wavelength can be in a
range between 0 and 100 nanometers, although other values
are possible. In this manner, different components forming
particular light fields can be configured to be mutually inco-
herent.

The plurality of optical elements 204 can include any com-
bination of diffractive, refractive, and polarization sensitive
optical elements, and can be configured to direct, transit,
modify, focus, divide, modulate, and amplify the generated
light fields to various shapes, sizes, profiles, orientations,
polarizations, and intensities, as well as any other desirable
properties. In accordance with aspects of the present inven-
tion, the plurality of optical elements 204 can be configured to
form and project a two-dimensional (“2D”) optical array,
which may include various linear segments of light, and other
shapes, onto a collection of atomic particles in order to define
or confine their locations in three dimensions. In some
aspects, controlling a periodicity of the 2D optical array may
be achieved by modifying a magnification of the projecting
optical elements 204.

By way of example, in some configurations, diffractive
beam splitters or gratings can be utilized to create multiple
equal-intensity beams from a single optical source beam.
Additionally, beam displacement elements can also be used to
reduce a beam spacing, as well as polarize light fields in one
or more directions, which may include orthogonal directions.
Moreover, various light field components forming a 2D opti-
cal array can be either projected simultaneously, sequentially,
intermittently or continuously, or any combinations thereof.

The particle system 206 includes a number of atomic par-
ticles, as well as any materials and hardware necessary to
generate, transfer, manipulate and generally confine the
atomic particles. For example, the particle system 206 can
include a vacuum system, and capabilities for generating,
transferring and confining atomic particles in the vacuum
system. By way of example, atomic particles can include any
species of neutral atoms. Some non-limiting examples
include Rb, Cs, and so on, or combinations thereof. However,
systems and methods of the present invention are not limited
to alkalis or atomic particles, and can be applied to any
particles suitable for optical confinement. In some aspects,
the particle system 206 can be configured with capabilities for
cooling a collection of atomic particles to any desired tem-
peratures, in order to facilitate trapping. For instance, the
atomic particles may be laser cooled to temperatures in a
range between 1 and 100 microKelvins, although other values
are also possible. Additionally, it may be appreciated that the
particle system 206 can include one or more optical elements
to facilitate projection of generated light fields onto the
atomic particles therein.

In some aspects, the system 200 can optionally include
capabilities for controlling or interrogating quantum states of
atomic particles configured and arranged in accordance with
the present disclosure. Such capabilities facilitate applica-
tions including quantum computation, and so forth.

Turning now to FIG. 3, steps of a non-limiting example of
aprocess 300 for controlling atomic particles using projected
light, in accordance with the present disclosure, are provided.
The process may begin at process block 302 where a plurality
of atomic particles are provided. For instance, a particle sys-
tem can be used to prepare the atomic particles, generating
and confining a desired number of particles to a particular
volume or a general location in space. As described, the
provided atomic particles can be cooled at process block 302
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to temperatures suitable for optical trapping, for example,
using a particle system, as described.

At process block 304, multiple light fields can be gener-
ated, using one or more optical sources, for purposes of trap-
ping atomic particles to desired spatial locations in three
dimensions. Preferred arrangements includes 2D planar
arrays of single particle locations, although other arrange-
ments may be possible. For example, non-rectilinear grids,
such as parallelogram, triangular, or hexagonal arrange-
ments, or other geometries may be employed. Also, alterna-
tive variations can include multiple particles for each opti-
cally-defined location in a 2D planar array. Additionally,
systems and methods described herein can be applied to gen-
erate multiple 2D planar arrays with various desirable spatial
separations, for example, to form multiple interlaced planar
arrays, for example, to trap different species and the nodes
and anti-nodes of the light.

As described, the light fields generated at process block
304 can be defined using frequencies that are shifted from at
least one atomic resonance, and can be blue-detuned or red-
detuned, with various values of detuning. Using the generated
light fields, at process block 306, a 2D optical array can be
formed, to include linear segments of light, as well as other
shapes. In some aspects, intersecting linear segments of light,
that may overlap, may be arranged to form a square grid. In
addition, the linear segments of light may be generally shaped
to be elongated, or substantially extending along a first, or
longitudinal, direction and constrained along a second, or
transverse, direction. Aspect ratios, or ratios of linear segment
longitudinal dimensions to transverse dimensions, can be ina
range between 15:1 and 2:1, although other values may be
possible. In addition, the linear segments of light can also
include Gaussian intensity profiles in one or more directions,
although other intensity profiles are also possible. Non-lim-
iting examples of values of the lines when projected onto the
atomic trapping region are 30 micron long by 1 micron in
radius for a 10x10 grid of trapping sites. In addition, linear
segments may have periodic intensity to improve the trapping
properties of the combined light field.

In some aspects, different linear segments may be config-
ured to be mutually incoherent, by way of multiple frequen-
cies and polarizations of light fields therein, in order to
enhance trap stability and eliminate undesirable effects due to
source phase noise. As described, this can be achieved using
any number of optical elements. At process block 308, the 2D
optical array can then be projected on a plurality of atomic
particles to control their respective locations in space. Insome
configurations, the creation of a 2D array of trapping sites,
which are each well localized in 3D, can be achieved by
projection of the light through a single lens or planar optical
window.

Insome aspects, a report may be generated at process block
310, which can be of any shape or form. For example, the
report may be formed by way of readout light, or fluorescence
images may be acquired to identify trap loading rates. Addi-
tionally, information related to the state of one or more atomic
particles trapped in a 2D optical trap array can be provided
using various interrogation techniques.

By way of example, example trap configurations, in accor-
dance with aspects of the present disclosure, are shown in
FIGS. 4a-4c. Specifically, each configuration shown depicts a
2D array, including multiple unit cells 400, and forming a
planar square grid, using transversely intersecting lines, or
linear segments of light, generally, 402, although other grid
configurations may be possible. In some aspects, intensity
profiles of intersecting lines may be configured such that
saddle points 404 are higher in intensity, thus giving better
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trap depth. Planar locations 406 for the particles 408 are
defined at the center of the cell 400, while z confinement, or
out of plane trapping, can be provided by diffraction, as will
be described.

While, as illustrated in FIG. 4a, coherent forms may be
used, consideration may advantageously be given to the Tal-
bot effect due to multiple trapping planes. This may be sup-
pressed using combinations of partially incoherent (FIG. 45)
or mutually incoherent fields (FIG. 4¢). In FIGS. 45 and 4c,
the arrows 409 indicate polarization. For example, as shown
in FIG. 45, a first set of lines or segments of light 410, each
with the same first polarization, can be described by a first
frequency (e.g., blue), while a second set of lines or segments
of light 412, each with the same second polarization, can be
described by a second frequency (e.g., red), wherein the first
and second polarization are different, and the first and second
frequencies are separated by a desirable a frequency separa-
tion. Alternatively, fully incoherent fields, as shown in FIG.
4c, include lines in the first set of lines or segments of light
410, described by a first frequency (e.g., blue), that can have
different respective polarizations. Similarly, lines in the sec-
ond set of lines or segments of light 412, are described by a
second frequency (e.g., red), and also have different respec-
tive polarization. Advantageously, the use of such incoherent
fields also removes phase dependence of the intensity struc-
ture at the trap center.

Although illustrations shown in FIGS. 4a-4¢ depict 2D
optical arrays formed using linear segments of light, it may be
appreciated that other arrays, in accordance with aspects of
the present disclosure, may also include light fields described
by various shapes, including dots, ellipses, squares, rect-
angles and so forth, and any combinations thereof, arranged
along various orientations, and including various intensity
profiles and dimensions. For example, line segments may be
designed to have or approach 100 percent efficiency for using
available optical power, such that corners of a trap are formed
by the intersection of four lines segments that respectively
account for 25 percent. This can be achieved using, for
example, a periodic intensity along the lines. More particu-
larly, referring to FIG. 8¢, a Gaussian line array is illustrated,
where the intensity profile along the lines is Gaussian, which
is achievable and has desirable diffraction properties. To
make the array approach 100 percent efficiency, the profile
along the line is designed to complement of the transverse
intensity profile. For example, line segments may have a flat
top with linear ramps near the intersections or corners of the
trap, but have a transverse profile that is a linear ramp.

The details of the trap depth and confinement depend on
whether or not the linear segments 402 forming each unit cell
400 are all incoherent with respect to each other. Specifically,
different configurations for each linear segment of light form-
ing a unit cell may result in a fully coherent, fully incoherent,
or something in between. These cases are analyzed below. |

Assume each line is a 1D Gaussian beam 1=, 2P
with I, being the peak intensity, p the perpendicular coordi-
nate and uniform intensity along the beam axis. Such “flat-
top” Gaussian beams can be created using diffractive or
refractive optical elements. The power per unit length of the
1D Gaussian is PHﬂ/nDu)OIO. In the limit of an infinite array,
there are two sides, giving a length of 2d per unit cell, and the
power per trapping being

P
P=2dP = ﬁndwolo or Iy = \/_—
2 ndwy
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It may be useful to introduce the aspect ratio parameter,
namely s=d/m,, in terms of which:

(1.1)

Fully Incoherent

Assuming the 4 sides of a unit cell, as described, are mutu-
ally incoherent using frequency and polarization degrees of

freedom, the intensity at a saddle position is I =T ,(1+2e™*"?).

-2

The intensity at trap center is [ =4I,e and the trapping

intensity in the transverse plane is:

Ly =1y~ I = Io{1 - 26°/2) = I, x %(1 —2712); 1.2)

with

P

li=— =

mlo/s.

The trapping intensity increases approximately linearly with
s.

The intensity at trap center a distance z perpendicular to the
trapping plane is

TN
LS

S
Tl
pav] |

l(z)=4

Here it is assumed that the lines have a constant parallel
intensity over a sufficiently long length that the parallel dif-
fractive spreading can be neglected. The out of plane trapping
intensity is:

L(2) = 1.2 - L(0) = 13

R 772
1+57 1+—§—2—
Z
e R 4s | e R 2
41 _87;2/2 =l X — e
22 V2 22
1+~ =
R E3

with z,=mm,*/A=nd*/(s*\) and A the trapping light wave-

. . _ 2 .
length. This has a maximum at z,,,,,=7"s“-1, where:

1.4
I 1 (Zmax) = 1a X L(L _ 58752/2]_ (1.4)

Var \e
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As s—oo, the trapping intensity asymptotes to

L2 (Zmax) = 1a %

4
\/27re.

The trapping intensity for different beam parameters
shown in FIGS. 5a and 5b. FIG. Sa shows I, (z) versus the out
of plane coordinate z for d=3.8 um, A=0.78 pum and several
values of s. FIG. 54 shows the transverse and out of plane
trapping intensities versus s. The curves are normalized to
1~P/d*. It is seen that for small s the out of plane trap depth
is largest and for large s the transverse trap depth is largest.
The 3D trap depth is given by (1.4) for s>1.32 where (1.2) and
(1.4) cross over. The trapping potential for

132is U ¢ -y (1 *52/2]
s>1.321s '__foc'_ dﬁ ﬁ—se
with
ozld
Ud__Zsoc

and o the atomic polarizability. Since 1,~P/d? it may be rec-
ognized that U, is the characteristic optical potential per unit
cell.

The atomic localization is found from the trap curvature at
the origin. An atomic particle at position r=(X,y,z) relative to
the origin of a unit cell sees an optical potential:

[e2
Uy ==3-1
N

2l +22/2%)

[ 2:2(dj2-x)" 22 d/24x) 22—y 22(d2+ )%
o2+ 2]R) | pd (1+2]2R) | pd (1422 /) | pd2 (1422 %)

= Uy,

Expanding about the origin it may be found that:

U = UO) + %\/8/71?3 (2 = De S22 + v +

Uy A2

ﬁﬁ\ﬂhﬁ A2s3(s? — 1)@’32/2 +...

The spring constants are therefore:

U, 2
d—j 32/7 3 (5% — e /2

Uy N
= d—jﬁ\/S/Tss(sz - 1)e’32/2.

K =Ky =

Kz

The spring constant for motion in any direction in the x-y
plane is equal to K. The spring constants are maximal for

s=V3+vV6 =233
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for x motion, and

4+VI11 =270

s =

for z motion. The oscillation frequencies are given by o=
V/m with m the atomic mass. The time-averaged position
variances sz are found from

1 1 1
EKJ'U% = sz(l‘?) = szT

where T is the atomic temperature. They are:

& dksT
U'§=U'§o ,0'30=

$7 -1 V3277 Ul
e @ dkeT
CESE-DTE T VR iy

Plots of the localization lengths o,, o, are shown in FIGS.
64 and 65 using nominal experimental parameters.

To further illustrate advantages of the present invention, a
comparison can be made for the trap depth of the line array
(“LA”), in accordance with aspects described herein, and a
previously described in M. J. Piotrowicz, “Two-dimensional
lattice of blue-detuned atom traps using a projected Gaussian
beam array.” Phys. Rev. A 88, 013420 (2013), which is incor-
porated herein by reference, Gaussian beam array (“GBA™)
design. The GBA has a trap depth

452522

Urcss = Usg (1-2¢772),

This reaches a maximum of U, ;5,/U,~0.51 at s=1.92. The
LA design reaches a maximum of U/U_~=0.97 as s—o0 so the
LA design is more efficient in optical power usage by a factor
of 0.97/0.51=1.9. It should be mentioned that the LA has
reduced atomic localization as s—, as can be seen in FIGS.
6a and 64. It s=3, which provides a close to optimal localiza-
tion, then the LA design has U/U~0.91 and U/U, ;5,=1.8.

Finite Size Arrays

Some example implementations of finite sized array lay-
outs are shown in FIG. 7. Specifically, such layouts can
include multiple unit cells, defined using different frequen-
cies of light, for instance, a first 702 and second frequency
704. In some configurations, optical arrays can include
incomplete, or no, edges 706 and as well as completed edges
708.

For a single unit cell the relation between power and peak
intensity is given by (1.1). For finite sized arrays there is
wasted power at the ends of the line segments. To account for
this, an efficiency factor 1) is defined as the ratio of the number
of trapping sites N, divided by L,/2, the total length of lines
forming the trap array in units of 2d. Ideally for an infinite size
array m approaches 1.
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Factors of P in expressions, as described above, for the
trapping intensity may then be replaced by

N Parray
—

whereP . is the total optical power for the array and N is the
number of trapping sites. The trapping intensity for s>1.32 is

then:

Lo (1.5)

NParray 4 ( 1

Z e

= /]

and the trap depth is

nParrayA(L_ -y
N J

@ @
Upps = - I =
v V2rege ! V 2rege

For example, in the case of Cs atoms confined with a 780
nm wavelength trap, otch:—252.10><10"24 cm®  and
a:aS,:10"6><4neoacgs. For comparison purposes, one may
use d=3.8 um, w,=1.3 pm, s=2.92. and P,,,,,,,=0.5x5 W (2.5
W at each frequency with 50% efficiency in projection onto
atoms). Then, the following trap depths are found:

N =49, n=0.52, 0.63 mk

N =49+25, n=040, 049 mK

N=81+22, n=0.56, 041 mK

N =121, n=0.72, 0.36 mk

Gaussian Line Array

The efficiency of the GBA is less than optimal because the
high optical intensity at the corners of each unit cell is wasted.
This is seen in the intensity contour map in FIG. 8a. The LA
design described improves on this but still has an intensity at
the unit cell corners which is approximately two times higher
than the intensity at the middle of each side, as shown in FI1G.
8b. Hence, available optical power can be used more effi-
ciently by using linear segments of light with non-uniform
profiles such that the intensity is close to uniform all the way
around each unit cell.

Specifically, a uniform intensity condition can be approxi-
mated using elliptical Gaussian beams, as shown in FIG. 8c.
This design is referred to as a Gaussian line array (“GLA”).
Let each side of a unit cell be defined by a Gaussian beam
propagating along z as before but with a transverse intensity
profile:

I(rH’rL):Ioe72}””2/1.0“2672}”L2/L0L2.
Here ry/r, are coordinates along/perpendicular to each line
segment and one can introduce s;=d/o,s,=d/w, . For a fully

incoherent arrangement the intensity at a unit cell corner is
approximately:

Leopmer=loe ™1
while the intensity in the middle of the unit cell side is:
Lige=To[1+(22)e>']

where it is assumed that s;<<s, . The + signs above corre-
sponds to the fields from neighboring unit cells, which are
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mutually coherent, adding constructively. Setting I .....=1
with 222 replaced by the average value of 2 gives s;=1.66.
This value of s, changes by less than one percent irrespective
of the sign of the field interference which provides only a
small correction to the intensity profile. FIGS. 94, 95, and 9¢
show the light intensity contours in 3 dimensions using this
condition, as well as those for the GBA and LA designs,
respectively.

In the following analysis of an example GLA design let
s=1.66, take the average of field interference from neighbor-
ing cells (e.g. replace 2+2 by 2), and vary s, to find optimal
trap parameters. The power unit cell in an extended array is
simply the power of two sides or

side

with I, being the peak intensity of the elliptical Gaussian
beam. This relation can be written as:

P B P osys. B

S|IS.

o= = 4
Ao, d* m 4

The intensity at trap center is:

Asys.
Io= 4ot /2 = gy x 2L ot /2.
T
The transverse trapping intensity is thus:

SIS+ —s2 /2
Loy =lo— I =14 % T(1 —4e7i/?),

and the transverse trap depth is:

_ SIS ,i 2
Upy = de7(1 — 462/,

Taking s=1.66, s,=3.0, one obtains U, =U,~1.51, which
is about 66% better than the value of 0.91 found for the LA
design described above. However, the out of plane trapping
potential is similar to that found for the LA design so there is
no appreciable improvement in trap depth. This can be seen
from the 3D potential contours in FIG. 9.

Finally consideration is given to the localization properties
of'the GLA design. Specifically, the GLA design is advanta-
geous with respect to atomic localization, as it may be
numerically found that for s;=1.66 the best in plane localiza-
tion is at s, =2.42 and 1,=0.99.

The intensity at trap center a distance z perpendicular to the
trapping plane is:

TR
z )
1+—§7
Ro
le(z) =4l
2 2
k4 z
I+ 5 1+
2R ZRo
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withz RH:J'cdz/ (suzk), 2z, =md?¥/(s, *\). The out of plane trap-
ping intensity is:

1+
4sys. e Z%h
I _esi2|
ks 2 2
Z Z
JIt A=
2R ZRo

This has a maximum at a value of z which can be found
analytically, but results in an unwieldy formula. FIGS. 10a
and 105 show the atom localization found numerically. The
localization is comparable to that found from the LA design.
Optical Design

As described, the LA and GLA designs can be imple-
mented using any combination of diffractive and refractive
optical elements. LA implementations, as shown in FIG. 7,
have a slight disadvantage that some light is less efficiently
utilized at the edges of the array where no traps are formed.
Hence, herein it is shown that an implementation usinga GLA
design has controlled wasted light.

Example optical transformations desirable for implement-
ing a GLA design using single Gaussian beams, are shown in
FIG. 11. Specifically, starting at the left, input beams,
described by a first frequency 1102, {1, and second frequency
1104, 2, can be copied to 25 spots each using diffractive
beam splitters (“DBS”). Each spot may be an elliptical beam
with a given aspect ratio, although other shapes are also
possible, which can be formed by providing an eliptical input
beam to the DBS. The two optical beam arrays can then be
losslessly combined using a polarizing beam splitter (“PBS”)
1106, providing a desirable polarization, as indicated by
arrows 1108, to optical fields therein. FIG. 11 then shows two
possible alternative designs. Specifically, in the top row 1110,
calcite displacements of d horizontally and d vertically can
create 81 sites, each of which is effectively partially incoher-
ent. In the bottom row 1112, calcite displacements of vd
diagonally and d vertically can create 72 fully incoherent
sites. The two examples shown create 81 or 72 sites with
efficiency n=0.81, and 0.72, respectively.

The present invention has been described in terms of one or
more preferred embodiments, and it should be appreciated
that many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the invention.

Io(2) = Ie(z) = 1(0) = Iy x

The invention claimed is:
1. A method for controlling atomic particles using pro-
jected light comprising:
a) providing a plurality of atomic particles;
b) generating light fields using frequencies shifted from at
least one atomic resonance;
¢) forming a two-dimensional (“2D”) optical array using
the generated light fields, wherein the 2D optical array
comprises linear segments of light; and
d) projecting the 2D optical array on the plurality of atomic
particles to control their respective locations in space.
2. The method of claim 1, wherein step a) comprises pre-
paring the plurality of atomic particles using a particle sys-
tem.
3. The method of claim 1, wherein step a) further comprises
cooling the plurality of atomic particles to temperatures in a
range between 1 and 100 micro Kelvin.
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4. The method of claim 1, wherein the frequencies are
selected to achieve at least one of a blue detuning or a red
detuning.

5. The method of claim 1, wherein the frequencies include
atleasta first frequency and a second frequency that is distinct
from the first frequency.

6. The method of claim 5, wherein the at least first fre-
quency and second frequency are separated by a frequency
separation configured to achieve a target coherence.

7. The method of claim 1, wherein step ¢) further comprises
polarizing the light fields in one or more directions.

8. The method of claim 1, wherein step ¢) further comprises
controlling a periodicity of the 2D optical array by modifying
a magnification of projecting optical elements.

9. The method of claim 1, wherein the 2D optical array
comprises a grid of intersecting linear segments of light.

10. The method of claim 1, wherein the linear segments of
light extend substantially along a longitudinal direction
defined by aspect ratios in a range between 15:1 and 2:1.

11. The method of claim 1, wherein the linear segments of
light are described by a Gaussian intensity profile along at
least one transverse direction.

12. A system for controlling atomic particles using pro-
jected light, the system comprising:

a particle system including a plurality of atomic particles;

one or more optical sources configured to generate light

fields using frequencies shifted from at least one atomic
resonance; and

aplurality of optical elements configured to form, using the

generated light fields, a two-dimensional (“2D”) optical
array projected on the plurality of atomic particles,
wherein the projected 2D optical array comprises linear
segments of light that define locations for the plurality of
atomic particles in space.

13. The system of claim 12, wherein the particle system is
configured to cool the plurality of atomic particles to tem-
peratures in a range between 1 and 100 micro Kelvin.

14. The system of claim 12, wherein the one or more
sources are further configured to generate light fields using
frequencies configured to achieve a blue detuning or a red
detuning.

15. The system of claim 12, wherein the frequencies
include at least a first and a second frequency.

16. The system of claim 15, wherein the at least first and
second frequency are separated by a frequency separation
configured to achieve a target coherence.

17. The system of claim 16, wherein the detuning is in a
range between 10 and 100 nanometers.

18. The system of claim 12, wherein the plurality of optical
elements are further configured to polarize the light fields in
one or more directions.

19. The system of claim 12, wherein the plurality of optical
elements are further configured to control a periodicity of the
2D optical array by modifying a magnification of the plurality
of optical elements.

20. The system of claim 12, wherein the 2D optical array
comprises a grid of intersecting linear segments of light.

21. The system of claim 12, wherein the linear segments of
light extend substantially along a longitudinal direction
defined by aspect ratios in a range between 15:1 and 2:1.

22. The system of claim 12, wherein the linear segments of
light are described by a Gaussian intensity profile along at
least one transverse direction.

#* #* #* #* #*
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