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(57) ABSTRACT

Methods, systems and apparatus for generating atomic traps,
and for storing, controlling and transferring information
between first and second spatially separated phase-coherent
objects, or using a single phase-coherent object. For plural
objects, both phase-coherent objects have a macroscopic
occupation of a particular quantum state by identical bosons
or identical BCS-paired fermions. The information may be
optical information, and the phase-coherent object(s) may be
Bose-Einstein condensates, superfluids, or superconductors.
The information is stored in the first phase-coherent object at
a first storage time and recovered from the second phase-
coherent object, or the same first phase-coherent object, at a
second revival time. In one example, an integrated silicon
wafer-based optical buffer includes an electrolytic atom
source to provide the phase-coherent object(s), a nanoscale
atomic trap for the phase-coherent object(s), and semicon-
ductor-based optical sources to cool the phase-coherent
object(s) and provide coupling fields for storage and transfer
of optical information.

46 Claims, 15 Drawing Sheets
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METHODS, SYSTEMS, AND APPARATUS FOR
STORAGE, TRANSFER AND/OR CONTROL
OF INFORMATION VIA MATTER WAVE
DYNAMICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to, and incorporates
by reference the entirety of, the following U.S. Provisional
Applications:

Ser. No. 60/888,141, filed Feb. 5, 2007, entitled “Methods
and Apparatus for Control and Transfer of Information via
Matter Wave Dynamics;”

Ser. No. 60/886,706, filed Jan. 26, 2007, entitled “Coherent
Control of Optical Information with Matter Wave Dynam-
ics;”

Ser. No. 60/887,878, filed Feb. 2, 2007, entitled “Methods
and Apparatus for Control and Transfer of Information via
Matter Wave Dynamics;” and

Ser. No. 60/895,249, filed Mar. 16, 2007, entitled “Meth-
ods and Apparatus for Control and Transfer of Information
via Matter Wave Dynamics.”

GOVERNMENT SPONSORED RESEARCH

Some of the research relating to the subject matter dis-
closed herein was sponsored by the following United States
government grants, and the United States government has
certain rights to some disclosed subject matter: Air Force
Office of Scientific Research (AFOSR), Grant #FA9550-05-
1-0331; Air Force Office of Scientific Research (AFOSR)/
Defense University Research Instrumentation Program
(DURIP), Grant #FA9550-05-1-0333 and Grant #FA9550-
07-1-0252; National Science Foundation (NSF), Grant
#PHY-0456881; National Aeronautics and Space Adminis-
tration (NASA), Grant #NAG3-2909.

FIELD OF THE DISCLOSURE

The present disclosure relates to inventive methods, sys-
tems and apparatus for generating atomic traps, and sculpting
of'atomic matter waves with coherent light, including storage,
transfer, and/or control of information, such as optical infor-
mation, via matter wave dynamics.

BACKGROUND

The behavior of atoms at very low temperatures approach-
ing absolute zero (-273.15 degrees Celsius, or 0 degrees
Kelvin) results in extraordinary physical phenomena. In a
system of many identical atoms at absolute zero temperature,
the atoms occupy the lowest possible energy state compatible
with their spin. The associated quantum statistics for elemen-
tary and composite particles relating to atoms significantly
govern their behavior at very low temperatures.

All elementary particles (a particle not known to be made
up of smaller particles) and composite particles are catego-
rized into two classes, respectively referred to as “bosons”
and “fermions.” Bosons and fermions are differentiated by
their “spin” (the spin of a particle is its intrinsic angular
momentum, and is either an integer or half-integer value, in
multiples of Planck’s constant); specifically, bosons have
integer spin, and fermions have half-integer spin. According
to the quantum mechanics “spin-statistics theorem,” which
relates the spin of a particle to the statistics obeyed by that
particle, only one fermion can occupy a given quantum state
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(the “Pauli exclusion principle”), while the number of bosons
that can occupy a given quantum state is not restricted. Fur-
thermore, bosons cause stimulated scattering of identical
bosons into the same quantum state.

The basic building blocks of matter such as protons, neu-
trons and electrons are fermions, whereas particles such as
photons and phonons, which mediate forces between matter
particles, are bosons (the ability of multiple phonons to
occupy a given quantum state is the principle by which a laser
operates). Particles composed of a number of other particles
can be either fermions or bosons, depending on their total
spin. Hence, even though protons, neutrons and electrons are
all fermions, it is possible for a single element (e.g., helium or
He) to have some isotopes that are fermions (e.g. *He) and
other isotopes that are bosons (e.g. *He). Sodium-23 is
another example of a boson isotope. Many nuclei also are
bosons; for example, the deuterium atom (an isotope of
hydrogen) composed of three fermions (proton+neutron+
electron) is a fermion, while its nucleus [NP] when separated
from the electron is aboson. Accordingly, any nucleus with an
integer spin likewise is a boson.

A Bose-Finstein condensate is a phase-coherent state of
matter formed when a large number of identical bosons
occupy the same quantum state. This occurs, for example,
when a system of identical bosons are cooled to temperatures
very near to absolute zero. Under such supercooled condi-
tions, a large fraction of the bosons occupy the lowest quan-
tum state (i.e., ground state). At this point, quantum effects
become apparent on a macroscopic scale.

The formation of Bose-Einstein condensates is also
responsible for the superfluid behavior of certain fluids.
These “superfluids” are characterized by the complete
absence of viscosity and quantized vorticity. Superfluidity
was originally discovered in liquid helium-4 (*He); the pri-
mary difference between superfluid helium and a Bose-Fin-
stein condensate is that the former is condensed from a liquid
while the latter is condensed from a gas.

Fermionic superfluids are known as well, but because fer-
mions are prohibited from occupying the same quantum state,
fermionic supertluids generally are harder to produce. Both
fermionic superfluids (e.g., *He and cooled fermionic alkali
gases such as °Li and *°K) and “superconductors” (materials
that when cooled to sufficiently low temperatures are charac-
terized by exactly zero electrical resistance) may be described
by the “BCS” theory (Bardeen, Cooper, and Schrieffer),
which attributes the superconducting state and, by implica-
tion, the superfluid state of a fermionic fluid, to the formation
of a Bose-Einstein condensate of “Cooper pairs.” In super-
conductors, Cooper pairs consist of two electrons that interact
(are attracted to each other) through the exchange of phonons,
and the electron pairs flow without energy dissipation. For the
fermionic superfluids like *He, the Cooper pairs consist of
two fermionic helium atoms. In this manner, the behavior of
the Cooper pairs may be viewed as similar to that of bosons.
Under certain conditions, fermion pairs can also form
diatomic molecules and undergo Bose-Einstein condensa-
tion.

In recent years, significant progress has been achieved in
manipulating matter with light, and light with matter. Reso-
nant laser fields interacting with cold, dense atom clouds
provide a particularly rich system. Such light fields interact
strongly with the internal electrons of the atoms, and couple
directly to external atomic motion through recoil momenta
imparted when photons are absorbed and emitted. Ultraslow
light propagation in Bose-Einstein condensates represents an
extreme example of resonant light manipulation using cold
atoms. In particular, it has been shown that information relat-
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ing to the phase and amplitude of an optical pulse incident on
a Bose-Einstein condensate may be “stored” in the conden-
sate in the form of an imprint on the external wavefunction
components that correspond to condensate atoms in particu-
lar internal energy states. Subsequently, an optical pulse may
be “revived” or regenerated from the condensate, based on the
stored information relating to the incident optical pulse.

SUMMARY

The present disclosure is directed generally to inventive
methods, systems and apparatus for generating atomic traps,
and sculpting of atomic matter waves with coherent light,
including storage, transfer, and/or control of information,
such as optical information, via matter wave dynamics. In
exemplary inventive embodiments described herein, infor-
mation is either transferred over some distance between two
separate “phase-coherent objects,” or propagated from one
phase-coherent object, processed or manipulated, and
returned to the phase-coherent object for storage.

For purposes of the present disclosure, a “phase-coherent
object” refers to a state of matter in which there is a macro-
scopic occupation by identical bosons, including identical
BCS-paired fermions (e.g., Cooper electron pairs), of a par-
ticular quantum state. In another aspect, the internal structure
of'the bosons of a phase-coherent object includes a three-level
system having two quantum states (e.g., first and second
quantum states) that are relatively stable and can couple to a
common third quantum state. In yet other aspects, the first
state does not need to be ground state, and the second state
does not need to be above the first state. In yet another aspect,
aphase-coherent object includes a system with a number N of
atoms, where N is larger than or equal to one, and wherein all
N atoms occupy the same quantum state. In yet another
aspect, to store some number n of photons, N must be larger
than n, and for the case of two phase-coherent objects, N must
be equal to or larger than n.

Two phase-coherent objects between which information is
transferred both have a macroscopic occupation of a particu-
lar quantum state by identical types of particles. Accordingly,
it should be appreciated that examples of phase-coherent
objects contemplated by the present disclosure include Bose-
Einstein condensates, bosonic and fermionic superfluids, and
superconductors.

With respect to information storage, transfer and/or con-
trol, in one embodiment, a first optical pulse is stopped in a
first phase-coherent object, and phase and amplitude infor-
mation relating to the first optical pulse is “stored” in the first
phase-coherent object. A second optical pulse subsequently is
revived in a second phase-coherent object that is spatially
separated from the first phase-coherent object, based on the
information relating to the first optical pulse that is stored in
the first phase-coherent object. In one aspect, the information
is transferred between the first and second phase-coherent
objects via a travelling matter wave.

More specifically, in the presence of an optical coupling
field, the first optical pulse is injected into the first phase-
coherent object, where it is spatially compressed to a length
much shorter than the coherent extent of the object. The
coupling field is then turned off, leaving the atoms in the first
phase-coherent object in quantum superposition states that
comprise a stationary component and a recoiling component
in a different internal state. The amplitude and phase of the
spatially localized first optical pulse are imprinted on the
recoiling part of the first object’s wavefunction, which serves
as a “messenger’” atom matter wave pulse that moves towards
the second phase-coherent object. When this messenger atom
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wave pulse is embedded in the second phase-coherent object,
the system is re-illuminated with the coupling laser. The
messenger atom wave pulse is coherently added to the matter
field of the second object by way of slow-light-mediated
atomic matter-wave amplification, and by virtue of the cou-
pling laser a second optical pulse is thusly generated from the
second phase-coherent object. The second or “revived” opti-
cal pulse records the relative amplitude and phase between
the recoiling atomic imprint due to the first optical pulse and
the second phase-coherent object.

In yet another embodiment, using a single phase-coherent
object, in the presence of an optical coupling field, a first
optical pulse is injected into the phase-coherent object, where
it is spatially compressed to a length much shorter than the
coherent extent of the object. The coupling field is then turned
off, leaving the atoms in the phase-coherent object in quan-
tum superposition states that comprise a stationary compo-
nent and a recoiling component in a different internal state.
The amplitude and phase of the spatially localized first optical
pulse are imprinted on the recoiling part of the object’s wave-
function, which moves out of the phase-coherent object as a
“matter imprint” or “messenger atom wave pulse.” While this
matter imprint is outside of the phase-coherent object (e.g., in
free space), it can be held, or manipulated (e.g., processed)
and then sent back to the object. When it arrives back to the
phase-coherent object, the object is re-illuminated with the
coupling laser. The returned messenger atom wave pulse is
coherently added to the matter field of the phase-coherent
object by way of slow-light-mediated atomic matter-wave
amplification, and by virtue of the coupling laser a second
optical pulse is thusly generated from the phase-coherent
object. The second or “revived” optical pulse records the
relative amplitude and phase between the recoiling atomic
imprint (due to the first optical pulse) and its return to the
phase-coherent object.

In some embodiments, trapping and cooling of the phase-
coherent object(s) may be accomplished via an electro-opti-
cal technique employing nanoscale structures (structures
having dimensions on the scale of nanometers, e.g., nanow-
ires, nanocylinders, nanospheres, etc.). In particular, electro-
optical atomic trapping methods and apparatus according to
various embodiments of the present invention exploit the
combination of an attractive potential of a static electric field
generated by nanostructures, and a repulsive potential of an
appropriately tuned optical (laser) field, to trap and cool
atoms. In one aspect of this embodiment, the nanostructures
are particularly configured to facilitate surface plasmon-en-
hanced laser field gradients proximate to the nanostructures,
and in turn these plasmon-enhanced laser field gradients pro-
vide a viscous damping force that significantly facilitates
loading and stabilizing of the trap.

In yet other embodiments, inventive electro-optical atomic
trapping methods and apparatus according to the present dis-
closure, based on nanoscale structures, facilitate integrated
(e.g., silicon wafer-based) realizations of inventive methods
and systems for storing, transferring, and controlling optical
information via one or more phase-coherent objects. For
example, in one inventive embodiment disclosed herein, an
integrated silicon wafer-based optical buffer is realized based
on optical information storage and recovery in one or more
phase-coherent objects. In various aspects, the integrated
optical buffer includes an electrolytic atom source to provide
the phase-coherent object(s), and a nanoscale electro-optical
atomic trapping apparatus to trap and cool the phase-coherent
object(s). The integrated optical buffer also includes at least
one semiconductor-based optical source as part of the electro-
optical atomic trapping apparatus to provide optical trapping
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and damping fields, as well as at least one other semiconduc-
tor-based optical source to provide coupling fields for storage
and transfer of optical information.

In sum, one embodiment of the present disclosure is
directed to a method, comprising transferring information
between first and second spatially separated phase-coherent
objects, wherein both phase-coherent objects have a macro-
scopic occupation of a particular quantum state by identical
bosons or identical BCS-paired fermions.

In various aspects of this embodiment, the information
may be optical information, and the phase-coherent objects
may be Bose-Einstein condensates, superfluids, or supercon-
ductors. In another aspect, the phase-coherent objects are
spatially separated by a distance approximately equal to or
greater than at least one dimension of one of the phase-
coherent objects.

In yet other aspects of this embodiment, the method may
further comprise storing the information in the first phase-
coherent object at a first storage time, and recovering the
information from the second phase-coherent object at a sec-
ond revival time. Furthermore, the method may comprise
controlling the second revival time so as to process the infor-
mation recovered from the second phase-coherent object,
and/or manipulating the information as it is transferred
between the first and second phase-coherent objects.

Another embodiment is directed to a method of transfer-
ring optical information between first and second spatially
separated atomically identical Bose-Finstein condensates.
The method comprises: A) irradiating the first Bose-Einstein
condensate with an optical beam resonant or near-resonant
with a first transition between a second energy state and the
third energy state of bosons of the Bose-Einstein conden-
sates; B) irradiating the first Bose-Einstein condensate with a
first optical pulse resonant or near-resonant with a second
transition between a first energy state and a third energy state
of'the bosons of the Bose-Einstein condensates, the first opti-
cal pulse propagating counter to a propagation direction of the
optical beam, wherein the transferred optical information
relates at least in part to a phase and amplitude of the first
optical pulse; C) extinguishing the optical beam at a first
storage time at which the first optical pulse is contained
completely within the first Bose-Einstein condensate, so as to
eject from the first Bose-Einstein condensate a coherent mat-
ter wave pulse carrying the optical information from the first
optical pulse; D) injecting the second Bose-Einstein conden-
sate with the coherent matter wave pulse; and E) irradiating
the second Bose-FEinstein condensate with the optical beam at
a second revival time at which the coherent matter wave pulse
is embedded in the second Bose-Einstein condensate so as to
generate a second optical pulse from the second Bose-Ein-
stein condensate based on the optical information carried by
the coherent matter wave pulse.

Another embodiment is directed to a system for transfer-
ring optical information. The system comprises a first phase-
coherent object to receive a first optical pulse resonant or
near-resonant with a first transition between a first energy
state and a third energy state of bosons or BCS-paired fermi-
ons of the first phase-coherent object. The system further
comprises aradiation source configured to generate an optical
beam that irradiates at least the first phase-coherent object in
a direction that is counter-propagating to or orthogonal to the
first optical pulse, the optical beam being resonant or near-
resonant with a second transition between a second energy
state and the third energy state of the bosons or the BCS-
paired fermions of the first phase-coherent object. The system
further comprises a second phase-coherent object spatially
separated from the first phase-coherent object, wherein the
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first and second phase-coherent objects have a macroscopic
occupation of a particular quantum state by identical bosons
oridentical BCS-paired fermions, and a controller configured
to control at least the radiation source to turn on and off the
optical beam so as to transfer the optical information from the
first phase-coherent object to the second phase-coherent
object via a coherent matter wave pulse, wherein the trans-
ferred optical information relates at least in part to a phase and
amplitude of the first optical pulse.

Another embodiment is directed to a method, comprising:
A) storing information in a phase-coherent object at a first
storage time; B) ejecting from the phase-coherent object a
coherent matter wave pulse carrying the information; C)
returning the coherent matter wave pulse to the phase-coher-
ent object; and D) recovering the information from the first
phase-coherent object at a second revival time.

Another embodiment is directed to a method of processing
optical information using a Bose-Einstein condensate, the
method comprising: A) irradiating the Bose-Einstein conden-
sate with an optical beam resonant or near-resonant with a
first transition between a second energy state and the third
energy state of bosons of the Bose-Einstein condensate; B)
irradiating the Bose-Einstein condensate with a first optical
pulse resonant or near-resonant with a second transition
between a first energy state and a third energy state of the
bosons of the Bose-Einstein condensate, the first optical pulse
propagating counter to a propagation direction of the optical
beam, wherein the optical information relates at least in part
to a phase and amplitude of the first optical pulse; C) extin-
guishing the optical beam at a first storage time at which the
first optical pulse is contained completely within the Bose-
Einstein condensate, so as to eject from the Bose-Einstein
condensate a coherent matter wave pulse carrying the optical
information from the first optical pulse; D) returning the
coherent matter wave pulse to the Bose-Einstein condensate;
and E) irradiating the Bose-Einstein condensate with the opti-
cal beam at a second revival time at which the coherent matter
wave pulse is embedded in the Bose-Einstein condensate so
as to generate a second optical pulse from the Bose-Einstein
condensate based on the optical information carried by the
coherent matter wave pulse.

Another embodiment is directed to an system for process-
ing optical information. The system comprises: a phase-co-
herent object to receive a first optical pulse resonant or near-
resonant with a first transition between a first energy state and
a third energy state of bosons or BCS-paired fermions of the
phase-coherent object; a radiation source configured to gen-
erate an optical beam that irradiates the phase-coherent object
in a direction that is counter-propagating to or orthogonal to
the first optical pulse, the optical beam being resonant or
near-resonant with a second transition between a second
energy state and the third energy state of bosons or BCS-
paired fermions of the phase-coherent object; a controller
configured to control at least the radiation source to turn on
and off the optical beam so as to transfer the optical informa-
tion from the phase-coherent object to a coherent matter wave
pulse that propagates outside of the phase-coherent object,
wherein the transferred optical information relates at least in
part to a phase and amplitude of the first optical pulse; and at
least one processor to process the optical information in the
coherent matter wave pulse. Upon return of the coherent
matter wave pulse to the phase-coherent object, the controller
is further configured to control the radiation source to turn on
and off the optical beam so as to generate from the phase-
coherent object a second optical pulse based on the processed
optical information.
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Another embodiment is directed to an apparatus, compris-
ing a support structure, and a well, trench or aperture formed
at least partially through at least a portion of the support
structure so as to provide a gap on at least one surface of the
support structure. The apparatus further comprises at least
one nanoscale wire coupled to the support structure and dis-
posed across the gap, and at least one nanostructure formed
on the at least one nanoscale wire.

Another embodiment is directed to an optical buffer appa-
ratus, comprising an electrolytic atom source to generate a
stream of atoms, and at least one electro-optical atomic trap-
ping apparatus to provide at least one trapping region to trap
and cool at least some atoms of the stream of atoms so as to
form at least one phase-coherent object. In one aspect, the
electro-optical atomic trapping apparatus comprises at least
one nanoscale wire, and at least one three-dimensional nano-
structure formed on the at least one nanoscale wire so as to
generate an electrostatic potential proximate to the at least
one three-dimensional nanostructure when a voltage is
applied to the at least one nanoscale wire. The trapping appa-
ratus further comprises a first semiconductor optical source
that, when energized, provides a first optical field that gener-
ates an optical potential proximate to the at least one three-
dimensional nanostructure, wherein a combination of the
optical potential and the electrostatic potential forms the at
least one trapping region. The optical buffer apparatus may
further comprise at least one second semiconductor optical
source that, when energized, provides an optical coupling
field in the at least one trapping region to facilitate storage of
optical information in the at least one phase-coherent object.

The concepts disclosed herein provide a dramatic demon-
stration of manipulation of matter on a scale of nanometers
(e.g., atomic trapping), and coherent optical information pro-
cessing with matter wave dynamics. Such quantum control
facilitates application including, but not limited to, optical
buffering and optical memory, quantum information process-
ing and wavefunction sculpting.

It should be appreciated that all combinations of the fore-
going concepts and additional concepts discussed in greater
detail below (provided such concepts are not mutually incon-
sistent) are contemplated as being part of the inventive subject
matter disclosed herein. In particular, all combinations of
claimed subject matter appearing at the end of this disclosure
are contemplated as being part of the inventive subject matter
disclosed herein. It should also be appreciated that terminol-
ogy explicitly employed herein that also may appear in any
disclosure incorporated by reference or otherwise referred to
herein should be accorded a meaning most consistent with the
particular concepts disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters generally refer to
the same parts throughout the different views. Also, the draw-
ings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of inventive
embodiments disclosed herein.

FIG. 1 illustrates some general concepts underlying a
method for transferring information between two phase-co-
herent objects, according to one embodiment of the present
invention.

FIG. 2 illustrates a system for transferring information
between two phase-coherent objects, according to one
embodiment of the present invention.

FIG. 3 is a diagram illustrating an example of appropriate
quantum energy states to facilitate information transfer
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between two phase-coherent objects, according to one
embodiment of the present invention.

FIGS. 4a through 4e provide an elapsed time illustration of
information transfer between two phase-coherent objects in
the method of FIG. 1 and the system of FIG. 2, according to
one embodiment of the present invention.

FIGS. 5a through 5g illustrate a timed-series of actual
resonant absorption images of two phase-coherent objects
and a “messenger” coherent matter wave pulse travelling
between the two phase-coherent objects, according to one
embodiment of the present invention.

FIGS. 64 through 6e comparatively illustrate some of the
dynamics involved in information storage and transfer in the
form of optical p