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Abstract

We introduce a new direction in the field of atom optics, atom interferometry, and neutral-atom quantum infor-
mation processing. It is based on the use of microfabricated optical elements. With these elements versatile and inte-
grated atom optical devices can be created in a compact fashion. This approach opens the possibility to scale,
parallelize, and miniaturize atom optics for new investigations in fundamental research and application. It will lead to
new, compact sources of ultracold atoms, compact sensors based on matter wave interference and new approaches
towards quantum computing with neutral atoms. The exploitation of the unique features of the quantum mechanical
behavior of matter waves and the capabilities of powerful state-of-the-art micro- and nanofabrication techniques lend
this approach a special attraction. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The investigation and exploitation of the wave
properties of atomic matter is of great interest
for fundamental as well as applied research and
therefore constitutes one of the most active areas
in atomic physics and quantum optics. Profiting
from the enormous progress in laser cooling [1-4],
the field of atom optics has been established and
research in this area has already led to many ex-
citing results: various types of atom optical ele-
ments (lenses, mirrors, beam splitters, etc.) [5] and
atom interferometers [6] have been realized and
precise atom interferometrical measurements of
fundamental constants [7], atomic properties [8—
13], acceleration forces [14-16] and rotations [17-
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20] have been performed. With the development of
reliable sources for coherent matter waves such as
Bose—Einstein condensates [21-24] ! and laser-like
atom beams [25-28] this work is in the process of
being extended towards improved measurement
schemes based on the properties of many-particle
wave functions [29].

As a consequence of all these developments,
there is now a vast interest in compact and reliable
atom optical setups which not only expand the
applicability of atom optics in fundamental re-
search, but also allow the technological imple-
mentation of atom optical measurement systems.
A new approach to this challenge lies in the de-
velopment of miniaturized and integrated atom
optical setups based on microfabricated structures.

' An extensive list of references is given in http://amo.phy.
gasou.edu/bec.html/bibliography.html.
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A number of groups have employed microfab-
ricated mechanical structures [8,30-33] for appli-
cations in atom interferometry and atom optics.
While these elements have a number of promising
features, integrated atom optical setups based on
these structures still have to be developed. As an
alternative approach, the trapping and guiding of
neutral atoms in microfabricated charged and cur-
rent carrying structures has been pursued in recent
years [34-43]. The simplicity and stability of these
setups as well as the favorable scaling laws make
them promising candidates for the miniaturization
and integration of atom optical elements.

In this paper we introduce a new approach to
generate miniaturized and integrated atom optical
systems: We propose the application of microfab-
ricated optical elements (microoptical elements) for
the manipulation of atoms and atomic matter
waves with laser light. This enables one to exploit
the vast industrial and research interest in the field
of applied optics directed towards the development
of microoptical elements, which has already led
to a wide range of state-of-the-art optical system
applications [44,45] in this field. Applying these
elements to the field of atom optics, however,
constitutes a novel approach. Together with sys-
tems based on miniaturized and microfabricated
mechanical as well as electrostatic and magnetic
devices, the application of microoptical systems
will launch a new field in atom optics which we call
ATOMICS for Atom Optics with MICroStruc-
tures. This field will combine the unique features of
devices based on the quantum mechanical behavior
of atomic matter waves with the tremendous po-
tential of micro- and nanofabrication technology.

2. Microoptical elements for atom optics

A special attraction of using microoptical ele-
ments lies in the fact, that most of the currently
used techniques in atom optics as well as laser
cooling are based on the optical manipulation of
atoms. The use of microfabricated optical elements
is therefore in many ways the canonical extension
of the conventional optical methods into the mic-
roregime, so that much of the knowledge and ex-
perience that has been acquired in atom optics can

be applied to this new regime in a very straight-
forward way. There are however, as we will show
in the following, a number of additional inherent
advantages in using microoptics which signifi-
cantly enhance the applicability of atom optics and
will lead to a range of new developments that were
not achievable until now: The use of state-of-the-
art lithographic manufacturing techniques adapted
from semiconductor processing enables the optical
engineer to fabricate structures with dimensions in
the micrometer range and submicrometer features
with a large amount of flexibility and in a large
variety of materials (glass, quartz, semiconductor
materials, plastics, etc.). The flexibility of the
manufacturing process allows the realization of
complex optical elements which create light fields
not achievable with standard optical components.
Another advantage lies in the fact, that microop-
tics is often produced with many identical elements
fabricated in parallel on the same substrate, so that
multiple realizations of a single conventional setup
can be created in a straightforward way. A further
attraction of the flexibility in the design and
manufacturing process of microoptical compo-
nents results from the huge potential for integra-
tion of different elements on a single substrate, or,
by using bonding techniques, for the integration of
differently manufactured parts into one system.
No additional restrictions arise from the small size
of microoptical components since for most appli-
cations in atom optics, the defining parameter of
an optical system is its numerical aperture, which
for microoptical components can easily be as
high as NA =0.5, due to the small focal lengths
achievable.

Among the plethora of microoptical elements
that can be used for atom optical applications are
refractive or diffractive microoptics, computer
generated holograms, microprisms and micromir-
rors, integrated waveguide optics, near-field optics,
and integrated techniques such as planar optics
or micro-opto-electro-mechanical systems (MO-
EMS). Excellent overviews of microoptics can be
found in [44,45]. To our knowledge, of all these
elements only computer generated holograms and
phase gratings have been used in atom optics so
far for guiding [46-48] and trapping [49-51] of
atoms.
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In this paper we give an overview of the novel
possibilities arising for atom optics with the use of
microfabricated optical elements. We show how all
crucial components for miniaturized systems for
atom optics, atom interferometry, and quantum
information processing with neutral atoms can be
realized with microoptical elements. We will pre-
sent the key properties as well as the achievable
parameter range of selected atom optical elements
based on microoptical components and will dis-
cuss the advantages and new possibilities that arise
with this novel approach.

3. Optical dipole force and photon scattering

The optical manipulation of neutral atoms in
most cases is based on the electric dipole interac-
tion of atoms with laser light. It leads to sponta-
neous scattering of photons, which allows cooling,
state preparation and detection of atoms and to an
energy shift experienced by the atoms, which gives
rise to the dipole potential.

For an understanding of the basic properties of
both effects it is sufficient to assume the atom to
act as a two-level system ignoring the details of its
internal substructure. > A detailed treatment of the
dipole force and the modifications arising for
multi-level atoms can be found in [52,53].

The rate of spontaneous scattering processes is
given by

3nc o\’ r r 2
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valid for negligible saturation (I's. < I') and large
detuning |4| = |wy — wr| > I'. I(r) is the position
dependent laser intensity, o and w, are the laser
frequency and the atomic resonance frequency
respectively, and I is the natural decay rate of the
population in the excited state.

2 For the quantitative discussion given in Tables 1 and 2 we
performed a weighted average of different components of the
interaction assuming the light to be linearly polarized.

A conservative, non-dissipative force acting on
the atoms is derivable from the dipole potential
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again valid for (I'y, < I') and |4| > I'. The direc-
tion of the dipole force depends on the sign of the
detuning 4. The dipole force is attractive if the
frequency of the laser light lies below an atomic
resonance (4 < 0, “red detuning”), and repulsive if
the frequency of the light lies above an atomic
resonance (4 > 0, “blue detuning”). For typical
experimental conditions, the detuning is much
smaller than the atomic resonance frequency
(J4] < wp). In this regime the dipole potential
scales as I/4, whereas the rate of spontaneous
scattering scales as I/4%. If decoherence as caused
by spontaneous scattering has to be suppressed the
detuning should be chosen as large as possible.

It is the basic principle of the optical manipu-
lation of atoms to create light fields with the ap-
propriate intensity distribution /(r) at a suitable
detuning. Microoptical systems are extremely well
suited for this purpose since they allow the efficient
and flexible generation of complex intensity dis-
tributions.

4. Multiple atom traps

Among the key elements in atom optics are
traps for neutral atoms. Already very early in the
development of this field, a simple atom trap based
on the dipole potential of a focused red-detuned
laser beam has been realized [54] and has remained
an important element ever since [52]. This work
has been extended to the generation of multiple
dipole traps by the interference of multiple laser
beams [49,55-57].

A new approach arises from the application of
one- or two-dimensional arrays of spherical micro-
lenses for atom trapping (Fig. 1). Microlenses
have typical diameters of ten to several hundreds
of pum. Due to their short focal lengths of typically
100 pm to 1 mm, their numerical aperture can be
easily as high as 0.5, resulting in foci whose focal
size ¢ (defined as the radius of the first minimum of
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Fig. 1. Left: hexagonal array of spherical microlenses; right: section of an image of the intensity distribution in the focal plane of a
rectangular spherical microlens array (f = 0.625 mm, lens diameter and separation: D = 125 pm).

the Bessel function which results from the illumi-
nation of an individual microlens with a plane
wave [58]) * can be easily as low as ¢ = 1 pm for
visible laser light [59].

By focusing a single red-detuned laser beam
with a spherical microlens array, one- or two-
dimensional arrays of a large number of dipole
traps can be created, in which single- or multiple-
atom samples can be stored (Fig. 2).

Table 1 shows the properties of such dipole
traps (¢ =1 pm) for rubidium atoms, as an ex-
ample of a frequently used atomic species, for
various commonly used laser sources [58]. One can
easily obtain an individual atom traps in a very
compact setup with extremely low laser power or a
large number (100 in the case of Table 1) of atom
traps of considerable depth with rather moderate
laser power. The trap depth is significantly larger
than the kinetic energy of the atoms achievable
with Doppler cooling (0.141 mK x kg for rubid-
ium). The low rates of spontaneous scattering that
are achievable with sufficiently far-detuned trap-
ping light ensure long storage and coherence times,
while the strong localization of the atoms in the
Lamb-Dicke-regime [61] (x.,x. < 49) strongly
suppresses heating of the atoms and makes it
possible to cool the atoms to the ground state of

3 As intensity distribution close to the beam focus we use the
three-dimensional distribution given by Bessel functions de-
scribing the diffraction pattern of a lens of finite size smaller
than the laser beam (see, e.g., Ref. [57]). Oscillation frequencies
and ground state size of the trapping potentials are derived
from an harmonic approximation of the Bessel functions close
to the trap minimum.

the dipole potential via sideband cooling in all
dimensions. In this case the size of the atomic wave
function reaches values that are significantly
smaller than 100 nm, even approaching 10 nm in
many cases, thus making microlens arrays well
suited for the generation of strongly confined and
well localized atom samples.

The advantages of trap arrays can, for example,
be exploited for atom-interferometrical applica-
tions where it becomes possible to simultaneously
perform a large number of measurements (thereby
improving the signal-to-noise ratio) or to instan-
taneously measure the spatial variation of the
property under investigation.

The lateral distances between the individual
traps (typically 100 pm) make it easy to selectively
detect and address the atom samples in each dipole
trap. While the natural way of addressing an in-
dividual trap consists in sending the addressing
laser beams through the corresponding microlens,
there are also more sophisticated methods pos-
sible, e.g. with a two-photon Raman-excitation
technique as depicted in Fig. 2. Raman excitation
has been applied frequently to create superposition
states in alkali atoms [60] and relies on the simul-
taneous interaction of the atoms with two mutu-
ally coherent laser fields. For a sufficiently large
detuning from the single-photon resonance, only
the atoms in the trap that is addressed by both
laser beams are affected by them. By sending one
Raman beam along a column and the other beam
along a row of the lens array a specific superpo-
sition can be created for each individual trap,
while unwanted energy shifts affecting the re-
maining traps can be easily compensated.
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Fig. 2. Two-dimensional array of dipole traps created by focusing a red-detuned laser beam with an array of microlenses. Due to their
large separation (typically 100 pm) individual traps can be addressed selectively, e.g. by two-photon Raman-excitation, as depicted.

Table 1

Properties of dipole traps for ¥Rb atoms (wy = 2nc/ly, with 4y = 780.0 nm, I' = 21 x 5.89 MHz) generated by a two-dimensional
microlens array (Fig. 2) for various commonly used laser sources

Laser Power per  Potential depth  Vibrational frequency Ground state size Scattering

lenslet (mK x kg) s (nm) rate Iy
-1

(mW) o, o, X, x. (s7)

Diode (/4L = 783 nm) 1 6.1 1.5 x 10° 2.0 x 10° 22 61 3800

Ti:sapphire (A, = 783 nm) 10 61 4.7 x 10° 6.4 x 10° 13 34 38000

Ti:sapphire (A, = 830 nm) 10 7.8 1.7 x 10° 2.3 x10° 21 57 270

Nd:YAG (/1 = 1064 nm) 100 18 2.5 x 10° 3.5% 10° 17 47 63

CO; (A = 10.6 pum) 1000 0.80 5.4 x 10* 1.0 x 10* 120 270 1.3x 1073

The parameters are calculated for a focal size of ¢ = 1 pm (CO;-laser: ¢ = 10 um). The power per lenslet is chosen in such a way that
for typical laser sources 100 dipole traps can be generated simultaneously. The r-direction is the direction perpendicular, the z-direction

is the direction parallel to the laser beam.

These factors open the possibility to prepare
and modify quantum states in a controlled way
(“‘quantum engineering”’) in each trap, which is a
necessary ingredient for parallelized atom inter-
ferometers and atom clocks but also for quantum
computing, thus making this system also very at-
tractive for quantum information processing ap-
plications (see Section 7 below).

The manipulation of atoms with microlens ar-
rays is extremely flexible: it is easily possible to
temporarily modify the distances between indi-
vidual traps if smaller or adjustable distances be-
tween traps are required. This can be accomplished
either by using two independent microlens arrays
which are laterally shifted with respect to each

other or by illuminating a microlens array with
two beams (possibly of different wavelength) under
slightly different angles (Fig. 3), thereby generating
two distinct sets of dipole trap arrays. Their mu-
tual distance can be controlled by changing the
angle between the two beams. With a fast beam
deflector, this can be done in real-time during the
experiment.

5. Atomic waveguides
Many of the future applications of cold

atomic ensembles rely on the development of effi-
cient means for the transport of atoms. Several
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Fig. 3. Two separate dipole trap arrays created by illuminating
a microlens array with two beams under a slightly different
angle. The distance between the two atom trap arrays can be
altered by changing the angle beween the two beams. Atoms
can be transported and the strength of atom-atom interactions
can be controlled by changing the trap separation.

configurations for one-dimensional guiding of at-
oms have been studied in recent years. The guiding
of atoms along the dark center of blue-detuned
Laguerre-Gaussian laser beams has been achieved
[46-48,62]. Hollow core optical fibers have been
used to guide atoms [63]. Using magnetic fields,
atoms have also been guided along current carry-
ing wires [64,65], above surface mounted current
carrying wires [36-42] and inside hollow-core fi-
bers with current carrying wires embedded in the
fiber [43].

For atom guiding too, novel approaches arise
from the application of microfabricated optical
elements. By using cylindrical microlenses or mi-

crolens arrays, for example, one-dimensional guid-
ing structures for atoms can be developed (Fig. 4).
The light that is sent through such a system forms
a single line-focus or a series of parallel line-foci
above the lens system.

By focusing a red-detuned laser beam with
homogeneous intensity distribution an atomic
waveguide is formed. Atoms are confined in the
two dimensions perpendicular to the lens axis but
are free to propagate along the axis. Since the
manufacturing process is identical to that of spher-
ical microlens arrays, cylindrical microlenses can
be manufactured with similar dimensions and nu-
merical apertures so that the focal size of the line-
foci again can be as low as ¢ =1 pm for visible
light. Due to the flexibility of the fabrication pro-
cess, rather complicated waveguide geometries can
be achieved. The shape of the lens can be curved
(Fig. 5(a)) creating a bent waveguide or the lens
can even be circular (Fig. 5(b)) resulting in a closed
one-dimensional potential minimum which can be
used as a miniaturized storage ring or resonator
for atomic matter waves.

Table 2 shows the properties of a 10 mm long
waveguide for ¢ =1 pum, rubidium atoms and
various commonly used laser sources. Waveguides
with potential depths comparable to the kinetic
energy achievable with Doppler cooling can easily
be created. They are well suited for generating
single or integrated structures for guiding atoms
and atomic matter waves in compact atom optical
systems although other guiding structures [36-
43,46-48,62-65] might be more favorable for
guiding atoms over distances that are larger than
several cm.

Waveguide

~

Fig. 4. Left: section of an image of the intensity distribution in the focal plane of a cylindrical microlens array (f = 2.21 mm, lateral
lens size and separation: 400 um); right: atomic waveguide created by focusing a red-detuned laser beam with a cylindrical microlens.
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Fig. 5. Complex waveguide geometries achievable with microfabricated lenses: (a) curved guiding structure; (b) storage ring or closed-
loop waveguide acting as resonator for atomic matter waves.

Table 2

Properties of one-dimensional waveguides for ¥*Rb atoms based on light focused by a cylindrical microlens for various commonly used

laser sources

Laser Power Potential Vibrational frequency Ground state size Scattering rate Iy
(W) depth (s7h (nm) ()
(MK x kp) o, . X, X,
Diode (4 = 783 nm) 0.1 59 1.5x10° 2.0 x 10* 72 190 37
Ti:sapphire (4, = 783 nm) 1 590 4.6 x 10° 6.3 x 10* 40 110 370
Ti:sapphire (A, = 830 nm) 1 75 1.6 x 10° 2.3 x 10* 67 180 2.6
Nd:YAG (4. = 1064 nm) 10 170 2.5x%10° 3.6 x 10* 53 140 0.6
CO; (AL =10.6 pm) 100 71 1.7 x 10* 3.1x10° 210 490 1.3x 1074

The parameters are calculated for a length of the waveguide of 10 mm and for a focal size of ¢ = 1 pm (CO,-laser: ¢ = 10 pm).

Of specific interest for atom optical applications
are single-mode waveguides for atomic matter
waves since the development of atom interfero-
meters based on guided atoms and the coherent
transport of Bose—Finstein condendates or atom
laser outputs are strongly profiting from single-
mode guiding. For this purpose it is essential to
have the atoms confined in the Lamb-Dicke re-
gime. As can be seen from Table 2, with the ex-
ception of the CO, waveguide, the oscillation
frequencies are comparable to (in the z-direction)
or significantly larger than (in the r-direction) the
recoil frequency wr (= 24 x 10° s~! for rubidium).
Thus, single-mode guiding with sufficiently low
probability of excitation of the atomic wave pack-
ets to higher vibrational states is achievable with
very low rates for spontaneous scattering.

In addition to microfabricated cylindrical len-
ses, there exist other microoptical techniques which
can be applied to create waveguide structures for
atoms. One of the most promising candidates for
large scale integration of atomic waveguides is the
application of planar optical waveguide structures

[44,45]. The basic concept is to implement spatial
variations in the index of refraction near the sur-
face of an optical substrate in order to induce total
internal reflection at the boundaries of these re-
gions and thus spatially localize the light field. The
structured light field evanesces from the surface
and can be used to create complex two-dimensional
patterns of dipole potential wells and barriers
parallel to the surface of the substrate. Additional
confinement of the atoms in the direction perpen-
dicular to the surface can be achieved for example
by a standing light wave pattern created by re-
flecting a laser beam from the surface [66] or by an
additional magnetic field creating a two-dimen-
sional magnetic waveguide [67].

6. Beam splitters and interferometers

Significant applications of microfabricated atom-
optical and atom-interferometrical devices arise
when the key elements for more complex systems
can be demonstrated and their integration can be
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realized. One of the key elements in this respect is a
beam splitter for atomic matter waves. Beam
splitters based on microfabricated current carrying
wires have already been demonstrated [68,69].
Microoptical beam splitters on the other hand, can
be based on a straightforward extension of the
microoptical waveguides discussed above. The
demonstration of coherent beam splitting will be
the next step for all of these devices (see also Ref.
[70]).

Fig. 6 shows a beam splitter based on the
combined light fields of two curved cylindrical
microlenses. Each microlens is illuminated by a
light beam under a different angle (Fig. 6(b)). This
causes the laser foci to be laterally displaced with
respect to the center of the lenses. By an appro-
priate choice of the displacements, the guiding
potentials of the waveguides can be made to
overlap at the closest approach making the full
structure to act as a beam splitter. With an ap-
propriate choice of the polarization states of the
two light fields, interference effects can be avoided.
Input wave packets propagating along one of the
waveguides are split into up to four output wave
packets propagating along both waveguides in
both directions. Since the full structure is com-
pletely based on conservative potentials, the beam
splitting process should be non-dissipative, so that
coherent beam splitting of atomic matter waves is
achievable. A detailed discussion of the properties
of this beam splitter is published elsewhere [70].

This beam splitter can easily be extended to a
microfabricated interferometer for atomic matter
waves: Combining two beam splitters creates a

Fig. 7. Mach-Zehnder type interferometer based on the com-
bination of two beam splitters of Fig. 6. The enclosed area
between the beam splitters can be as large as 1 cm? for typical
laser powers.

Mach-Zehnder-type interferometer (Fig. 7). The
two wave packets propagating along the output
waveguides of the first beam splitter can be re-
combined in a second beam splitter and made to
interfere.

As shown in Section 5, with typical laser powers
guiding of ultracold atomic matter waves along
microlens-based waveguides over distances of sev-
eral 10 mm is possible. This allows the realization
of interferometers with an enclosed area A4 of at
least 1 cm? which represents the state-of-the-art for
atomic matter wave interferometers [19,20]. With
microfabrication such a large area can be achieved
in a system with dimensions that are significantly
smaller than those of setups based on conventional
methods. This presents a major step towards
miniaturization of atom-interferometrical devices
and promotes the wide applicability of sensors
based on atom interferometry. The Mach-Zehn-

Q)

b)

A\

Fig. 6. (a) Beam splitter for atomic matter waves based on two microlens waveguides. (b) The microlenses are illuminated under
different angles in order to make the laser foci overlap at the center of the beam splitter. Atomic wave packets entering along one

waveguide are split into up to four output wave packets.
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der interferometer presented in Fig. 7 can be used
as a Sagnac interferometer for measuring rota-
tional motion with extremely high sensitivity.

7. Quantum information processing

The microoptical elements discussed so far lend
themselves also particularly well to quantum in-
formation processing [71-74] exploiting the fact
that qubits can be represented by superpositions
of internal and external states of atoms in a
straightforward fashion. Inherently an approach
based on microoptical systems addresses two of
the most important requirements for the tech-
nological implementation of quantum informa-
tion processing: parallelization and scalability. In
addition, the possibility to selectively address in-
dividual qubits is essential for most schemes pro-
posed for quantum computing with neutral atoms.
As a first and easily achievable implementation,
single qubits associated with long-lived internal
states can be prepared and rotated in each indi-
vidual trap of a two-dimensional dipole trap array
(Fig. 2), stored and later read out again. Thus, this
device can serve as a quantum state register. The
low rates of spontancous scattering that are
achievable in far-detuned microtraps (see Table 1)
ensure the long coherence times that are required
for successful quantum information processing.

An important step towards a functioning
quantum computer is the implementation of two-
qubit gates. Due to their inherent features, mi-
crooptical devices are also well suited for this
purpose. Considering, for example, quantum gates
based on dipole—dipole interactions between atoms
[75] all requirements are fulfiled in the configura-
tion depicted in Fig. 3. Atoms localized in neigh-
boring traps can be brought close to each other
with a definable separation in the single-micron
range and for a predefined duration, in order to
collect the required phase shift. Especially well
suited is this configuration also for quantum gates
based on the dipole—dipole interaction of low-lying
Rydberg states in constant electric fields, as pro-
posed in [76].

Another possible implementation of quantum
gates relies on the entanglement of atoms via

- —-— - - .

Fig. 8. Quantum information network. Superimposing the foci
of a spherical microlens array with those of a cylindrical mi-
crolens array results in a network of interconnected dipole
traps. Atoms can be transported between the traps along the
atomic waveguides and entanglement via controlled collisions
can be induced.

controlled cold collisions [77] which can be real-
ized in configurations that consist of a combina-
tion of spherical and cylindrical microlenses. As
depicted in Fig. 8, the two-dimensional array of
dipole traps shown in Fig. 2 can be combined with
waveguides created by cylindrical lens arrays. The
result is a network of interconnected dipole traps.
This network can be utilized for the transport of
atoms from one potential well to the other by
applying additional laser fields. Since this transfer
can be made state dependent — via the detuning of
the transport light fields — this mechanism can be
utilized for letting the atoms collide state-depen-
dently, thereby allowing the implementation of
controlled-collision quantum gates.

A further, very powerful method for two-
or multiple-atom entanglement is based on the
extremely strong coupling between atoms and
single-mode light fields exploited in cavity-QED
experiments [78,79]. Fig. 9 shows a configuration
where two atoms trapped in microoptical dipole
traps based on spherical microlenses (Fig. 2) can
interact with the whispering-gallery mode of a di-
electric microsphere [80-83]. The interaction with
this mode, which can have a quality factor Q as
high as 10'° represents an extremely fast method of
atom entanglement.
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Fig. 9. Entanglement of atoms in optical microtraps via their
interaction with the high-Q mode of a microsphere resonator.
By moving the trapping potential (see Fig. 3) atoms can be
brought into contact with the resonator mode in a controllable
fashion. This system allows the implementation of fast quantum
gates for quantum computing.

Due to their large numerical aperture, micro-
optical components can also be used for efficient
spatially resolved read-out of quantum informa-
tion of atoms (Fig. 10). In most cases the state of a
qubit is recorded by exciting the atom state-selec-
tively with resonant light and collecting the fluo-
rescence light. Microoptical components can be
used for the collection optics. Furthermore, the
optical detection of quantum states with micro-
optical components is not restricted to optical
trapping structures (Fig. 10(a)) but can also be
combined with the miniaturized magnetic and

a) Trapped Atoms

\° -

dlens Arrays

electric trapping structures (Fig. 10(b)) currently
investigated by a number of groups [36-43].

Thus, all steps required for quantum informa-
tion processing with neutral atoms - ie. the
preparation, manipulation and storage of qubits,
entanglement, and the efficient read-out of quan-
tum information — can be performed using mi-
crofabricated optical elements.

8. Microstructured atom sources

An important step towards fully integrated
atom optical setups is the development of minia-
turized sources of ultracold atoms. Again, micro-
optical components can be used to achieve this
goal, once more profiting from the fact that most
of the preparation techniques for atom samples are
based on optical manipulation. In this section we
describe a miniaturized version of the ‘“work-
horse” in atom optics, the magneto-optical trap
(MOT). Our approach for developing a compact
MOT is based on the concept of “planar optics”
[44,45].

In planar optics, complex optical systems are
integrated monolithically on a substrate. The op-
tical path is folded in such a way, that the light
propagates along a zig-zag path inside the sub-
strate and the light is manipulated by reflective
optical components (mirrors, beam splitters, len-

Microlens Array

Magnetic Microtraps

Fig. 10. Spatially resolved read-out of the internal and external states of atoms (e.g. the state of a qubit) using microlens arrays: (a)
integration of two spherical microlens arrays creates a combined system of dipole traps and efficient detection optics; (b) integration of
a microlens array (for read-out) with microfabricated magnetic or electrostatic trapping structures.
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ses, retarders, etc.) that are mounted on or ma-
chined into the surface of the substrate. Planar
optical systems can be used for a broad range of
atom optical applications including atom traps,
waveguides, beam splitters, interferometers, net-
works, and systems for quantum information
processing.

As one example of an integrated system based
on planar optics, Fig. 11 depicts an integrated
MOT. The optical components are mounted on
two parallel substrates, separated by several mm
or cm. The trapping light is coupled into the lower
substrate and split into four beams, which, after
passing through quarter-wave plates, intersect a
few mm or cm above the substrate. The beams
enter the upper substrate and are retroreflected
after double-passes through quarter-wave plates.
Between the two substrates microfabricated coils
for the MOT quadrupole fields are mounted. At
the center of the upper substrate a two-dimen-
sional microlens array is included indicating the
possibility of integrating the MOT with other mi-
crooptical elements. The small size of an integrated
MOT configuration will limit the achievable atom
number. With a beam diameter of several mm still
several 10° atoms should be trapped imposing no

Grating

Microlens Array

limitations for most of the applications discussed
here.

9. Integration

The huge potential for integration of microop-
tical components can be used for a large variety of
further atom optical purposes. Since the same
techniques are applied for the fabrication of
microoptical components and microstructured
wires on surfaces, microoptical components can be
easily combined with the magnetic and electric
strucures of [34-43] (e.g. as shown 10(b)). In ad-
dition, microfabricated atom-optical components
can be integrated with optical fibers and wave-
guides so that the results of atom optical opera-
tions after being read-out by detection of the
scattered light can be further processed by optical
means. Another canonical extension is given by
the integration of microoptical components with
optoelectronic devices such as semiconductor laser
sources and photodiode detectors. In this case, the
communication with the outside world can take
place fully electronically, with the required laser
light created in situ and the optical signals con-

“— Input Beam

Fig. 11. Integrated MOT based on planar optics. The configuration consists of two optical substrates mounted in parallel planes and a
pair of quadrupole coils. All optical elements needed for the operation of a MOT are mounted on or machined into the two substrates
(see text). The substrates can also contain additional microoptical elements, e.g. a microlens array, as shown here.
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verted back to electrical signals on the same inte-
grated structure.

The richness of the available microfabrication
technologies manifests itself in another approach
to integration based on MOEMS [44,45,84]. The
defining purpose of these elements is to steer
optical signals by microfabricated mechanical com-
ponents which can be positioned electrically. Sig-
nificant research effort has been directed towards
the development of microfabricated opto-electro-
mechanical components. With these elements fast
switching and steering of laser beams becomes
possible, so that complex spatial and temporal
field patterns can be generated.

10. Experimental considerations

One important question that has to be ad-
dressed in view of the applicability of microoptical
systems is how to load atoms into these micro-
scopic traps and guides. Since the distance of the
substrate carrying these structures to the atom
sample for microoptical components is typically
given by the focal length of several hundred pum,
loading of atoms should be easier than for mi-
crostructured systems based on the magnetic or
electrostatic fields [34-43] with distances on the
order of 1-100 um. Loading into these magnetic
microstructures has been achieved by modified
MOT configurations and a transfer of the atoms to
the substrate’s surface [36-39] or by eclaborate
schemes to transfer the atoms to the surface [40-
43]. Similar solutions can be applied for systems
based on microoptical elements since for small
microoptical structures the laser beams for a MOT
can be reflected off or transmitted by the structure
carrying substrate with only minor perturbations
of the MOT.

In addition, further loading techniques are
available for optical microstructures: (1) Micro-
optical systems can be positioned several mm or
even cm away from the MOT with the focal plane
being imaged into the center of the MOT without
significant degradation thus significantly enlarging
the distance between the MOT and the structure
carrying substrate. (2) The compact size of mi-
crooptical elements together with the transmittiv-

ity of the supporting substrate should enable one
to position the substrate directly at the required
distance from the MOT by simply shining parts of
the MOT beams through the transparent sub-
strate, thus allowing to capture atoms in the
micropotentials in situ or, if necessary, after a
small lateral translation at the end of the MOT
phase.

In the long term, the canonical way to load
atoms into these devices will be based on micro-
structured atom sources as described in Section 8,
or on the transfer of atoms collected in a separated
MOT and then transferred into the microfabri-
cated atom-optical systems by guiding them with
laser beams, magnetic fields or inside guiding
structures based on some of the systems discussed
above.

Another point that has to be considered, which
is also present for magnetic and -electrostatic
structures, are the possible side effects of stray
fields. In the case of microoptics, especially for
more complex and integrated devices, unwanted
scattering, diffraction, and reflection of the light
fields has to be suppressed. Due to the small dis-
tance of the atoms from the structure carrying
substrates these problems might be more severe
than for conventional optical components. Mea-
sures have to be taken to minimize these side ef-
fects and to absorb or guide the light fields away
from the atoms after their desired interaction.
Techniques for this purpose (e.g. beam dumping)
are, however, well established in standard optics
and can also be applied for the structures discussed
here. In addition, similar questions arise for stan-
dard applications of microoptical components in
applied optics and the design of the components is
optimized to reduce these effects.

For all of the configurations presented above,
fluctuations of the depth, shape, and position of the
trapping potentials have to be sufficiently small.
This is especially true for applications requiring a
preservation of coherence. The effects of beam
jitter, intensity fluctuations, etc. have to be inves-
tigated and minimized if necessary although inte-
grated microoptical systems have the advantage of
being instrinsically stable.

Finally, the availability of microoptical com-
ponents has to be discussed. Standard components



G. Birkl et al. | Optics Communications 191 (2001) 67-81 79

such as arrays of spherical or cylindrical micro-
lenses are commercially available. Optimized or
highly integrated components can be custom-made
with available micro- and nanofabrication tech-
nology by several companies. An excellent over-
view of the state-of-the-art of microoptics design
and manufacturing can be found in references
[44,45].

11. Conclusion

In this paper we have shown that by using mi-
crooptical components one can create a variety of
powerful configurations with many applications in
the fields of atom optics, atom interferometry, and
quantum information processing with neutral
atoms. These applications hugely benefit from the
many inherent advantages of microoptical com-
ponents.

Importance of optical methods: In atom optics,
atom interferometry and quantum information
processing with neutral atoms, the initial prepa-
ration of atom samples, the preparation and ma-
nipulation of superposition states and qubits and
the read-out of results are usually achieved by
optical means. For this reason the application of
state-of-the-art microoptical systems for the opti-
cal manipulation of atoms is the canonical exten-
sion of today’s experimental techniques into the
microregime. Another potential advantage of the
application of microoptical systems relates to
the fact that in the microscopic magnetic and elec-
tric structures of [34-43] the atoms have to be very
close (typically 1-100 pm) to a room-temperature
metallic surface in order to ensure the large po-
tential depths required for the envisaged applica-
tions. As calculated in Refs. [85,86], this can
significantly reduce the trapping and coherence
times due to the coupling of the atoms to fluctu-
ating magnetic fields in the vicinity of the surface.
In the case of microoptical systems this problem is
insignificant, since for glass substrates the effects of
magnetic fluctuations are significantly reduced,
and since the distance of the atoms to the surface is
much larger (typically several hundreds of um) for
the same potential depths. Optical trapping po-
tentials on the other hand, intrinsically suffer from

possible losses of coherence due to spontaneous
scattering of photons. While this effect can in
principle be suppressed by employing light fields
with sufficiently large detuning the final limit of the
trapping and coherence times in optical traps re-
mains to be investigated.

Size: The small size of microoptical compo-
nents ensures a decrease in volume, weight and,
ultimately, cost of the setups. As shown, this does
not negatively affect the attainable optical prop-
erties since the numerical aperture of microoptical
components can be very high.

Design flexibility: Microoptical components are
fabricated using lithographic fabrication tech-
niques that are adapted from semiconductor pro-
cessing. The use of these techniques allows for a
large amount of flexibility in the design of micro-
optical components. Devices that are impractical
or impossible to fabricate under the constraints of
the conventional fabrication techniques for optical
components, can now easily be designed and fab-
ricated, thereby opening new possibilities for op-
tical atom manipulation.

Scalability: Microoptical systems can also be
easily produced with many identical elements
fabricated in parallel on the same substrate, so that
multiple realizations of atom optical configura-
tions are easily achievable without the unwanted
side effect of loosing individual addressability.
Thus, massive parallelization and the development
of extremely complex systems can be achieved.

Integrability: The utilization of the same fabri-
cation techniques also enables one to combine
microoptical components with optoelectronic de-
vices. For the purpose of the optical manipulation
of atoms the integrability of microoptical compo-
nents offers enormously fruitful possibilities for
future developments. In addition to utilizing com-
plex configurations consisting of several microop-
tical components, integration with microfabricated
magnetic and electric structures for atom manip-
ulation but also with detectors and laser sources
can be foreseen.

In summary, we have introduced the new re-
search direction of using microfabricated optical
elements for atom optics, atom interferometry,
and quantum information processing with neutral
atoms. We have presented a variety of possible
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configurations with widespread applications and
have discussed the advantages of this new ap-
proach. Together with the currently investigated,
promising techniques of microfabricated mechan-
ical, magnetic and electric structures [8,30-43], our
approach opens the possibility to combine the
principal advantages of quantum mechanical sys-
tems with the advanced technological basis of
micro- and nanofabrication and will lead to inte-
grated setups, that will significantly enhance the
applicability of integrated atom optics.
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