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Abstract. A large variety of trapping and guiding potentials
can be designed by bringing cold atoms close to charged or
current carrying material objects. We describe the basic prin-
ciples of constructing microscopic traps and guides and how
to load atoms into them. The simplicity and versatility of
these methods will allow for miniaturization and integration
of atom optical elements into matter-wave quantum circuits
on Atom Chips. These could form the basis for robust and
widespread applications in atom optics, ranging from funda-
mental studies in mesoscopic physics to possibly quantum
information systems.

PACS: 03.75.Be; 03.65.Nk

In electronics and light optics, miniaturization of components
and integration into networks has led to new, very powerful
tools and devices, for example in quantum electronics [1] or
integrated optics [2]. It is essential for the success of such
designs that the size of the structures is, at least in one di-
mension, comparable to the wavelength of the guided wave.
Similarly we anticipate that atom optics [3], if brought to the
microscopic scale, will give us a powerful tool to combine
many atom optical elements into integrated quantum matter-
wave circuits.

Such microscopic scale atom optics can be realized by
bringing cold atoms [4, 5] close to nanostructures [6–8].
Atoms can be cooled so as to reach a de Broglie wavelength
λdB of 100 nmor larger, which is in the regime where one can
easily design and build material structures of such size using
techniques from the semiconductor industry.

Microscopic potentials for neutral atoms can be con-
structed using:
(i) The electric interaction between a neutral, polarizable

atom and a charged nanostructure, where the potential is
Vel=− 1

2αelE2.
(ii) The magnetic interaction between the atomic magnetic

momentµ and a magnetic fieldB, which is described by
the potentialVmag=−µ · B.

These potentials can also be combined with traditional atom
optical elements like atom mirrors and evanescent light fields.
A variety of novel atom optical elements like quantum wells,
quantum wires and quantum dots for trapping and guiding
neutral atoms can then be constructed on the microscopic
scale. These elements can be further combined to form more
complex structures, for example, coherent beam splitters and
microscopic interferometers1.

Having the atoms trapped or guided – well localized near
the surface – will allow the integration of atom optics and
light optics with, for example, light cavities and wave guides
fabricated on the surface. These can be used to address or
detect individual neutral atoms in these quantum wires or
quantum dots. For example, atoms can be shifted in and out of
resonance by applying additional fields using supplementary
electrodes. Integration with other technologies such as micro-
electronics and cavity QED on the surface should allow one
to manipulate and detect the external (motional) and internal
states of atoms.

In such microscopic traps, atoms can in principle be
manipulated individually. This will open the possibility
for “quantum engineering”, i.e. preparing and modifying
atomic quantum states in a controlled way [9], which is
one of the key ingredients for quantum information process-
ing [10]. Neutral atoms have a weaker dissipative coupling
to the environment than other already proposed systems
for quantum computation, and are therefore a promising
candidate for the development of a scalable quantum pro-
cessor [11]. Using the techniques described later in this
text, one should be able to trap atoms close to a surface
with submicron precision. By arranging such microtraps
in a periodic array structure, several atoms could be han-
dled at once, and parallelism could be exploited for effi-
cient error correction in order to further reduce decoherence.
Even ground state cooling is not an absolute need: a fi-
delity close to 1 was found in a simulation of quantum

1 For example, a robust microfabricated atomic Sagnac-interferometer
would be the instrument of choice for rotation measurements.



722

gates assuming a temperature of some micro-Kelvin in one
dimension [11].

The paper is organized as follows: In Sect. 1 we present
the design principles of microscopic traps and guides mounted
on a surface, show how to load the atoms into successively
smaller structures and how to transfer the atoms between dif-
ferent traps and guides. In Sect. 2 we describe methods for
transferring atoms from a MOT to magnetic traps on a chip
and give examples of our experiments. Section 3 discusses
the possibilities of mesoscopic atom optics for fundamental
physics and quantum information processing.

1 Microscopic traps

Magnetic trapping [12] of neutral particles is a well de-
veloped tool for experiments with cold atoms and it has been
used in diverse applications such as atom optics [3], the
study of ultra-cold collisions [13], and the creation of Bose–
Einstein Condensates [5].

An atom with magnetic momentµ experiences the poten-
tial V =−µ · B. In general the vector couplingµ · B results
in a very complicated motion for the atom. However, in most
cases the Larmor precession (ωL) of the magnetic moment is
much faster than the apparent change of direction of the mag-
netic field in the rest frame of the moving atom (ωB) and an
adiabatic approximation can be applied. The magnetic mo-
ment then follows adiabatically the direction of the field and
the atom can be described as moving in a scalar potential
V =−µ‖B, whereµ‖ is the projection ofµ on B.

Since the Earnshaw theorem forbids a local maximum
of the magnetic field in free space [14, 15] the most com-
mon magnetic traps areweak-field-seekingtraps2 working for
atoms in weak-field-seeking states.

1.1 Design principle for microtraps

To compute|B| when superposing two magnetic fields, one
has to consider both the magnitude of the fields and their
direction. This gives an additional degree of freedom for cre-
ating trapping potentials by separating the structures respon-
sible for the trap depth and the field gradient. This “superpo-
sition principle” can be applied to many magnetic devices, for
example micromagnets in a homogeneous field would show
similar characteristics [18, 19].

A quadrupole potential can be built by superposing a ho-
mogeneous magnetic field with the field generated by a thin
current carrying wire [21] (Fig. 1). The trap depth is given
by the homogeneous field, the gradient and curvature by the
magnetic field from the wire. The minimum of the combined
field will be located where the homogeneous bias field and
the field of the wire have the same magnitude but opposite di-
rection. Since magnetic fields change at a length scale of the
same order as the distance from the current, this is also the
characteristic size of the trap [22]. Using more complicated
wire patterns, many different trap and guide geometries can
be created (see for example [22–28]).

2 Strong field seekingtraps require the source of the magnetic field to be
located inside the trapping region. A possible realization of such a trap is
a current carrying wire [12, 16–20] with the atom orbiting around it.

Iw

Bb

Iw

Bb

Fig. 1. Design principle of magnetic traps by obtained superimposing a ho-
mogeneous field with the field of a microscopic structure. The field from the
wire and the homogeneous bias field add up to a quadrupole field around the
point where the fields cancel [21]

These traps and guides have an interesting property: For
given homogeneous bias fieldBb and wire currentIw, the
magnetic field gradient scales withB2

b/Iw. Having the trap
depth fixed by the bias field, a compression of the trap can be
accomplished by decreasing the current in the wire.

Steep (microscopic) potentials can therefore be realized
using very small material structures (e.g. thin filaments). The
extreme fragility of such structures would demand mounting
them on a surface. Once mounted, even thin wires can sus-
tain strong electric forces and support large currents because
they can be cooled efficiently [22–25]. Moreover, one has the
advantage that nanofabrication technologies can be used in
order to realize complex atom optical circuits on the small-
est scale. Having everything nanofabricated to high precision
also ensures that all the fields are perfectly aligned and will
make complex experiments much more robust.

Because of their similarity to quantum electronics [1],
we will call structures that provide one-dimensional confine-
ment, i.e. where atoms are allowed to move freely along
the surface, aquantum well. Structures with two-dimensional
confinement, i.e. a microscopic atom guide, will be called
aquantum wire; three-dimensional confinement will be called
a quantum dot.

We will now briefly discuss some options for matter–wave
optics above surfaces with magnetic and electric potentials.

1.1.1 Guides.

Side Guide.The simplest way to implement these design
principles is theside guide[18–20,26], formed by adding the
constant bias fieldBb in a direction orthogonal to the wire.
The bias field cancels exactly the circular magnetic field of
the wire along a line parallel to the wire at a distance

r0= µ0

2π

Iw

Bb
.

Around this line the modulus of the magnetic field increases
in all directions and forms a tube with a magnetic field min-
imum at its center. Atoms in the weak-field-seeking state
can be trapped in this two-dimensional quadrupole field and
guided along the side of the wire, hence the nameside guide.

At the center of the trap the magnetic field gradient is

dB

dr

∣∣∣∣
r0

= 2π

µ0

B2
b

Iw
.
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If the bias field is orthogonal to the wire, the two fields can-
cel exactly [21]. Close to the zero point of the magnetic field,
trapped atoms can be lost by Majorana transitions between
the trapped and untrapped spin states. However, this problem
can be circumvented by adding a smallB-field component
along the wire direction. By choosing appropriate magnetic
bias fields the guiding potential and its characteristics can be
tailored at will. With an additional fieldBip along the wire
a Ioffe–Pritchard guide is obtained, which is characterized by
the curvature in the radial direction

d2B

dr 2

∣∣∣∣
r0

=
(

2π

µ0

)2 B4
b

Bip I 2
w
.

When mounting the wire on a surface, the bias field has to
be parallel to the surface. It is interesting to note that the bias
field for the side guide can be formed by two additional wires
on each side of the guiding wire, carrying current in the op-
posite direction to the guiding wire (Fig. 2). This is especially
interesting because the wires can be mounted on the same
chip, and a self-sufficient guide can be obtained.

Examples of typical guiding parameters are given in
Table 1. For example, trap frequencies of the order of1 MHz
or higher can be achieved with moderate currents and bias
fields. The guided atoms are then located a fewµm above the
surface.

Our experiments demonstrating the side guide using free
standing wires [18–20] and with wires on anAtom Chipwith
external and on-board bias field [25] will be reviewed briefly
in Sect. 2.

Two-Wire Guide.A different way to create a guide is by using
two wires with currents flowing in opposite directions, with
a bias field which has a componentBb orthogonal to the plane
containing the two wires (Fig. 2) (see also [24]). If there is
an additional bias fieldBip applied along the wires, a Ioffe–
Pritchard guide is obtained.

Fig. 2. Upper left pictureshows the potential for a side guide generated
by one wire and an external bias field along the surface where the wire
sits. The external bias field can be replaced by two extra wires. This is
illustrated in thelower left picture. Thesecond columnshows the field con-
figuration for a two-wire guide with an external bias field perpendicular to
the surface of the wires. This external bias field may also be replaced by
surface-mounted wires

Table 1. Typical potential parameters for quantum wires, based on tested
Atom Chipcomponents:(top) The side guidecreated by a thin current car-
rying wire mounted on a surface with an added bias field parallel to the
surface but orthogonal to the wire, and(bottom)the two wire guidecreated
by two thin current carrying wires mounted on a surface with an added bias
field orthogonal to the plane of the wires. In this example the two wires are
10µm apart (see also Fig. 2)

Side guide

Atom Wire Bias fields Potential Ground state
Current Bb Bip Depth Distance Freq. Size
/mA /G /G /mK /µm /kHz /nm

Li 10 10 1 0.6 2 220 80
Li 100 40 4 2.4 5 180 90
Li 100 200 4 13 1 4500 18
Rb 10 10 1 0.6 2 64 42
Rb 100 40 4 2.4 5 52 50
Rb 100 200 4 13 1 1300 10

Two wire guide

Atom Wire Bias fields Potential Ground state
Current Bb Bip Depth Distance Freq. Size
/mA /G /G /mK /µm /kHz /nm

Li 10 5 1 0.3 4 44 180
Li 100 40 4 2.4 5 180 90
Li 600 200 5 13 6 790 40
Rb 10 5 1 0.3 4 12 100
Rb 100 50 5 3 4 55 45
Rb 600 200 5 13 6 220 20

The field generated by the wires compensates the bias
field Bb at a distance

r0 = d

2

√
2µ0

π

(
Iw

Bb

)
1

d
−1 ,

whered is the distance between the two wires. WhenBb >
2µ0Iw/πd the field from the wires is not capable of compen-
sating the bias field. Two side guides are then obtained, one
along each wire in the plane of the wires.

In the case whereBb < 2µ0 Iw/πd and whereBb has no
component along the wire, the relevant quantity for charac-
terizing the guide is the gradient in the confining directions,
given by

dB

dr

∣∣∣∣
r0

= 2π

µ0

B2
b

Iw

√
2µ0

π

(
Iw

Bb

)
1

d
−1 .

If there is a field componentBip along the wire, the position
of the guide is unchanged. The relevant quantity near the po-
tential minimum is then the curvature in the radial direction:

d2B

dr 2

∣∣∣∣
r0

=
(

2π

µ0

)2 B4
b

Bip I 2
w

[
2µ0

π

(
Iw

Bb

)
1

d
−1

]
.

1.1.2 Beam splitters.The wire guides described in the previ-
ous section can easily be combined to build more complicated
atom optical elements for guided atoms. The simplest of these
are beam splitters (Figs. 3–5). These can be constructed using
both the one wire and the two wire guides.
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Such a beam splitter for guided atoms behaves quite dif-
ferently from an ordinary optical beam splitter. The beam
splitting is best described as a scattering process from incom-
ing modes to outgoing modes. The beam splitter is coherent
if it is impossible to tell, by looking at the incoming mode,
which way the atom goes. This is equivalent to the case with
a photon propagating through a double slit.

If the potential is spatially symmetric relative to the axis
of the incoming guide throughout the splitting process, sym-
metry conservation ensures that modes are split with equal
amplitudes between the outgoing guides. Therefore, a sym-
metric Y-configuration enables an equal splitting over a wide
range of experimental parameters due to its inherent symme-
try, where by inherent we mean that the potential symmetry
is maintained for different magnitudes of current and bias
field, and for different incoming transverse modes. Coherent
splitting in such a symmetric Y-configuration was also numer-
ically confirmed in model calculations for up to the first 40
modes.

This equal splitting ratio, arising from the inherent sym-
metry of a Y, is an advantage over beam splitter designs for
guided matter waves which rely on tunneling [29]. There, the
splitting ratio depends strongly on the tunneling probability
which will be vastly different for different propagating modes
and barrier structures which in turn are changing with current
and bias field.

Side guide beam splitters.The simplest beam splitter can be
formed by a Y-shaped wire and a bias field parallel to the
plane of the Y, orthogonal to the incoming wire (Fig. 3a).
Atoms will be guided above the wires: For example, sending
a current through one arm of the Y-beam splitter, the atoms
will be guided along this arm. By sending the current through
both arms the atomic wave function can be split and atoms are
guided in both outgoing guides.

Looking closer at the beam splitter potential we see that
there are three main guides, each corresponding to an incom-
ing or outgoing current. Furthermore, the splitting point of
these guides isnot the geometric splitting point of the current-
carrying wires (see Figs. 3a and 4). There is an additional
guide leaving the splitting point of the potential going back
towards the geometric splitting point of the current-carrying
wires. This guide is located exactly underneath the incoming
guide. Between the geometric splitting point of the wire and
the potential splitting point these two guides have distances

Bb Bb

a) b)

Fig. 3. a Wire layout and the potential for a Y-shaped beam splitter. The
start of the additional guide (see text) is visible in the second potential
plot. b A two wire beamsplitter creating a pure Y-shaped beam splitting
potential

b)
a)

Fig. 4. Equipotential surface of a one-wire Y-beam splitter. The actual split-
ting point of the potentials (a) is shifted with respect to the geometric
splitting point of the current carrying wires (b). Between these two splitting
points the additional guide is visible. Note that this guide leads down to the
geometric splitting point, even if the plot fails to show this

r+ andr− from the surface, respectively.r± is given by:

r± = µ0

4π

Iw

Bb
±
√(

µ0

4π

Iw

Bb

)2

−
(

d

2

)2

,

with d being the distance between the outgoing wires. The
minima merge when the second term vanishes. This happens
whendsplit= µ0

2π
Iw
Bb

.
The propagation of a de Broglie wave in this potential

is rather complicated. There is only half the current flow-
ing in the two outgoing wires, compared to the incoming
wire, resulting in a tighter guide. Hence, the guiding poten-
tials have different mode structures in incoming and outgoing
guides. This mismatch causes reflections back into the incom-
ing guide. Additional complications arise from the compli-
cated shape of the potential near the splitting point.

A geometry eliminating such a problem is a beam split-
ter made from two wires coming close to each other, but not
touching (Fig. 5a). When the wires are separated by a distance
large compared to the distance of the guide from the wire,
this configuration gives two separated guides. When the wires
approach each other the two guides come closer. Depending
on the bias field and the distance between the wires either
a tunneling barrier (d> dsplit) or a single guide (d= dsplit)
forms. When the wires separate after the closest approach

Bb Bb

a) b)

Fig. 5. Wire layout and potentials for one and two wire four-port beam
splitters
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two distinct guides form again (Fig. 5a). However, this beam
splitter does not have the required symmetry along the incom-
ing guide. Such an X-shaped beam splitting potential with
a tunneling barrier as splitting mechanism was discussed by
E. Anderson et al. [29].

Two-Wire Beam Splitter.Similarly, one can form beam split-
ters using the two-wire guide. A Y-shaped beam splitter can
easily be formed as shown in Fig. 3b. In such a design the
problem with the additional potential minimum below the
incoming guide does not arise and the problem of differ-
ent guide height and compression in the split arms and the
incoming lead can also be circumvented. Symmetry of this
Y-shaped beam splitting potential ensures coherent splitting
for many propagating modes.

By combining two Y-shaped beam splitters into an
X-shaped structure (Fig. 5b) one obtains a device with four
ports, two input channels and two output channels. The sym-
metry with respect to the incoming guide is broken and
coherent splitting will be much harder to obtain for many
propagating modes simultaneously.

An overview of our early experiments exploring these
beam splitting potentials using macroscopic free standing
Y-shaped wire [19, 30] is given in Sect. 2.

1.1.3 Traps.Three-dimensional microfabricated magnetic
traps can be created by bending the current-carrying wire of
the side guide [26, 31]. The magnetic field from the bent leads
creates ‘endcaps’ for the wire guide, confining the atoms
along the wire. The size of the trap along this axis is then
given by the distance between the endcaps. Here we describe
two different geometries:

(1) Bending the wire into a “U”-shape (Fig. 6b) creates
a magnetic field which rotates in direction over180◦ in each
plane parallel to the “U”. When superimposing a homoge-
neous bias field one can always find a point where the two
magnetic fields cancel exactly. Consequently, there is always
a zero point in the trapping potential. If the bias field is
parallel to the bent leads, one obtains a three-dimensional
quadrupole trap [32].

(2) One can break the180◦ rotation of the magnetic field
vectors by bending the wire ends into opposite directions
forming a “Z” (Fig. 6c). The magnetic field vectors in a plane
parallel to the Z rotate by less then90◦ and then back. Con-
sequently, one can find directions of the external bias field
where there are no zeros in the trapping potential. This is
the case when the bias field is parallel to the leads. This
configuration creates an Ioffe–Pritchard-type trap. The axial
components created by the magnetic field of the two leads,
bent in opposite directions, add up at the center and the po-
tential minimum is not zero. This additional feature of the
Z-trap will prevent the atoms from making Majorana transi-
tions when trapped.

The potentials for the U- and the Z-trap scale similarly
as for the side guide, but the finite length of the central bar
and the directions of the leads have to be accounted for. Sim-
ple scaling laws only hold as long as the distance of the trap
from the central wire is smaller than the length of the central
bar [31].

Similar small wire-based magnetic traps were recently re-
alized by Denschlag et al. [19, 20] and Fortagh et al. [33] by

Fig. 6a–c.Creating wire traps: Theleft columnshows the geometry of vari-
ous trapping wires, the currents and the bias fields. Theright columnshows
the radial trapping potential, and in (b) and (c) also the axial potential.
a The side guide: Adding a homogeneous magnetic field (Bb) perpendicu-
lar to a current carrying wire (Iw) creates a two-dimensional quadrupole
guide along the wire.b A “U”-shaped wire results in confinement in the
axial direction. The field configuration is similar to a three-dimensional
quadrupole field with a zero in the trapping center.c For a Z-shaped wire
a Ioffe-Pritchard-type trap is obtained

superposing an inhomogeneous bias field. Even more elab-
orate designs for traps than the ones described here can be
envisioned (see for example [22]). Similarly, one can design
guides and traps by replacing the current-carrying wires by
adequately shaped permanent magnetic structures. For ex-
ample, a magnetic tip superposed by a bias field allows the
creation of steep microscopic traps as recently demonstrated
by V. Vuletic et al. [34] and magnetic edges could be used to
build guides [35].

1.1.4 State dependent traps for quantum information.The
magnetic guides and traps can be modified by combining
electric and magnetic interaction, thereby creating state de-
pendent tailored potentials. For example, additional supple-
mentary electrodes located close to a guiding wire can be
used to modify the guiding potential on demand. One can
easily imagine designing switches, gates, modulators etc. for
guided atoms.

This is especially interesting since it can lead to imple-
menting quantum information processing with neutral atoms
in microscopic trapping potentials. In this case logical states
are identified with atomic internal levels|a〉 and|b〉. Single-
qubit operations are induced as transitions between them by
external fields [9, 11]. Two-qubit gates can be realized by
state dependent collisions between atoms, controlled via the
trapping potential: Initially, two atoms (each carrying a qubit)
are trapped in two separate potential wells, whose centers are
sufficiently far apart so that the particles do not interact. Then



726

the form of the potential wells is changed such that there is
some overlap of the atomic wave functions of the two atoms;
the particles interact with each other, and then the potential
is restored to the original situation. The collisional interaction
induces a phase shift in the two-atom wave function. Such
a process provides a quantum logical gate if the collisional
phase is sensitive to the atomic internal state. Therefore, the
potential shape has to be both time and state dependent.

One possibility to achieve such time and state dependent
microscopic potentials is by choosing two hyperfine states
with different magnetic moments as the basis of the qubit.
Adding an electric fieldE to the magnetic microtrap intro-
duces a Stark shift energyVel≈− 1

2αel|E|2, (αel is the atomic
polarizability) which is independent of the hyperfine sublevel.
Since the two hyperfine states have a different interaction
strength with the magnetic field but an (approximately) equal
interaction strength with the electric field, a combination of
both interactions allows for state dependent manipulation of
the confining potentials as illustrated below.

A simple configuration, showing such a controllable state-
dependence, is a magnetic wire guide or trap, plus a charged
wire fabricated on the surface, perpendicular to the current
carrying wire (for single-layer design, the charge carrying
wire can be split into two parts at the crossing with the current
carrying one). The electrostatic potential provides confine-
ment along the direction parallel to the side guide, and also
shifts the trapping minimum towards the surface, possibly
breaking the potential barrier in the direction perpendicular to
the surface itself. Again, the charge can be adjusted in a way
that, when it is increased by a certain amount, atoms in|b〉
would impact onto the surface, while atoms in|a〉 would re-
main trapped above it (Fig. 7).

For quantum information processing more sophisticated
designs will be necessary. For example, we consider an
atomic mirror like the one consisting of a magnetic medium
with periodic magnetization along thex axis [36]. The period
of the pattern, 2π/kM, can be as small as100 nmusing ex-

Fig. 7. State dependent potential (see text): the charged wire is parallel
to the page, the side guide goes perpendicular to it.Left (right) col-
umn shows the total potential for atoms in state|a〉 = |F = 2,mf = 2〉
(|b〉 = |F = 1,mf =−1〉). Linear charge densityλ in the lower plots is twice
as large as in the upper plots

isting magnetic storage technologies. The modulus of the
magnetic field thus generated is constant over the surface
and exponentially decaying with distancez from the surface.
Adding an external bias field leads to the appearance of min-
ima alongx andz, where atoms can be trapped. The spacing
between two nearest minima alongx is of the order of 2π/kM.
With present-day technology, trapping frequencies can range
from a few tens of kHz up to some MHz. By using a mag-
netization with two different frequency components alongx,
the minima show up in pairs. Microscopic electrodes can
be nanofabricated on the mirror surface [7] below each pair.
Charging them produces an attractive potential for atoms, giv-
ing confinement along they direction. The barrier between
two nearest wells can be lowered by increasing the charge on
the corresponding electrode. We can choose, e.g., the inter-
nal states|a〉 ≡ |F = 2,mf = 2〉 and|b〉 ≡ |F = 1,mf =−1〉.
Note that|a〉 has an interaction with the magnetic field twice
as high as|b〉. Therefore the charge can be adjusted in such
a way that the barrier is removed only for atoms in internal
state|b〉, but still remains in place for atoms in|a〉 [9, 11].

1.2 Loading from large to small

The question arises as to how these atom optical circuits on
a surface can be loaded with cold atoms. A possible solution
could be to load cold atoms (or a BEC) into a free standing
wire guide [16, 18, 19], which then transports the atoms to the
surface mounted mesoscopic devices.

A different solution would be to create a reservoir of cold
atoms (preferably a BEC or a degenerate Fermi gas) directly
in a surface mounted Z-trap and to load the atoms from there
using surface mounted atom guides.

The latter requires atoms to be loaded into chip traps.
Thereby one has to solve three problems. First, to make or
bring cold atoms close to the chip, second, to load the atoms
into the magnetic trap on a chip, and third, to transfer them to
smaller and smaller traps.

For the first step, making the cold atoms close to the chip,
one has to ensure that the atoms can be laser cooled and
trapped close to the surface. This requires the surface of the
Atom Chipto be either transparent or reflecting, using a mir-
ror MOT [38].

The second step requires a relatively strong magnetic trap
into which the atoms can be loaded from the MOT and pos-
sibly further cooled by evaporation.

I=2A / 300mA
B=10G

I=0.5A / 300mA
B=10G

I=0A / 300mA
B=10G

I=0A / 300mA
B=50G

Fig. 8. Loading a microscopic atom trap (10µm wire, trap frequency above
100 kHzand ground state size below100 nm) from a large trap formed by
two 200-µm wires. The wire for the small trap carrying300 mA is located
between the two thick wires. By ramping down the current in the thick
wires the potential automatically moves closer to the surface until all the
trapping is done by the thin wire and the bias field. Increasing the bias mag-
netic field moves the trap even closer to the surface and compresses it even
more (last graph). Each successive picture zooms in on a small portion of
the previous one, as indicated by the square
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The third step requires the successive loading of smaller
and smaller traps or guides to transfer the atoms from the
larger to the smaller steeper trap. This loading from one trap
to the next can easily be achieved by (adiabatically) ramping
down the current in the thick wires of the larger trap as illus-
trated in Fig. 8. In the transfer from large to small, the atomic
sample will be compressed.

2 Experiments

Here we give a brief overview of our experiments study-
ing microscopic magnetic traps using free standing wires and
atom chips.

All our experiments are done with laser cooled lithium
atoms from a magneto-optical trap (MOT) (see Fig. 9 and [37]).
Atoms from this MOT are then loaded into the guiding or
trapping potentials. They move within the potential for some
time and the resulting atomic distribution is studied using
fluorescent light imaging.

2.1 Wire experiments

To study the basic principles of micromanipulation of atoms
with small current carrying structures, we started experiments
with free standing wires. The first experiments were con-
ducted in the early 1990s and demonstrated the guiding of
thermal Na atoms along a1-m long wire. The wire was bent
and the atoms were guided around a beam stop [16].

2.1.1 Wire guides.In our recent experiments, we studied
guiding and trapping using current carrying wires with laser
cooledLi atoms from a MOT (Fig. 10). We performed ex-
periments studying a Kepler guide with atoms orbiting around
the wire, and investigated the side guide with atoms guided in
a potential minimum along the side of the wire. Thereby, the
scaling laws mentioned earlier were confirmed [18–20].

Furthermore, we studied beam splitting potentials for
guided atoms formed by combining two guides in the form
of a Y. By controlling the current through the arms of the
Y-shaped structure we can send cold atoms along either arms
of the Y or into both arms simultaneously (Fig. 10b) [19].

2.1.2 Wire traps.Using a Z-shaped wire and a uniform bias
field we built an Ioffe–Pritchard-type magnetic trap (Fig. 11).

Fig. 9. The schematic setup of the experiment. The three CCD cameras
allow observation of the trapped atoms from three nearly orthogonal direc-
tions

Atoms are trapped above the wire and compressed by increas-
ing the bias field. The compression of the trap is limited by
the finite size of the wire. Too strong compression moves the
potential minimum into the wire. The maximum compres-
sion shown in the right pictures in Fig. 11 is loss free as we
could verify from re-expanding the trap and measuring the
atom number. One easily obtains trap parameters which ex-
ceed those needed for BEC with only a few Watts of power
consumption. Quantitative analysis of this data verified the
expected scaling properties [31].

2.2 Atom Chip Experiments

2.2.1 The Atom Chip.TheAtom Chipswe have used for our
experiments are made of a2.5-µm gold layer placed on
a 0.6-mm thick GaAssubstrate [39]. The chip wires are all
defined by boundaries of10-µm wide etchings in which the
conductive gold has been removed. This leaves the chip as
a gold mirror (with10-µm etchings) and it can be used to
reflect the laser beams for the MOT during the cooling and
collecting of atoms.

In Fig. 12a we present the main elements of the chip
design. Each of the large U-shaped wires, together with
a bias field, creates a quadrupole field, which may be used to
form an MOT on the chip as well as a magnetic trap. Both
U-shaped wires together may be used to form a strong mag-
netic trap in order to ‘load’ atoms into the smaller structures,
or as an on-board (i.e. without need for external coils) bias
field, for guides and traps created by the thin wire running
between them. The thin wires are10-µm wide, and depend-
ing on the contact used, may form a U-shaped or a Z-shaped
magnetic trap or a magnetic guide.

In addition, a U-shaped1-mm thick wire, capable of car-
rying up to20 A of current, has been put underneath the chip
in order to assist with the loading of the chip. Its location and
shape are identical to those of one of the200-µm U-shaped
wires and it differs only in the amount of current it can carry.

Figure 12b shows the mounted chip before it is introduced
into the vacuum chamber used for atom trapping experiments.

The experimental procedure for loading cold atoms into
the small traps on the chip is the following [25]:

2.2.2 Mirror MOT. In the first step typically108 7Li atoms are
loaded from an effusive atomic beam into a MOT (Fig. 13,
reflection MOT). Because the atoms have to be collected
a few millimeters away from the surface we use a ‘reflection’
MOT [26, 38]. Thereby, the six laser beams needed for the
MOT are formed from four beams by reflecting two of them
off the chip surface. Four circularly polarized light beams en-
ter the chamber; two are counter propagating parallel to the
surface of the chip, while the two others, impinging on the
surface of the chip at a 45-degree angle, are reflected by the
gold layer. Hence, atoms above the chip actually encounter
six light beams in the correct configuration of polarisation
needed for the formation of a MOT. To ensure a correct mag-
netic field configuration for the MOT, one of the reflected
light beams has to be in the axis with the MOT coils. The
top row of Fig. 13 shows, besides a schematic of the laser
beams, MOT coils and theatom chip, a top view of the re-
flection MOT sitting above the chip with some of its electric
connections.
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Fig. 10a,b. Wire guides for atoms: The pictures show CCD images of
a Kepler guide and side guide for different wire currents, andb Atoms
guided in a beam splitting potential formed by a current carrying Y wire

Fig. 11. Z-trap: The pictures show CCD images of atoms in a Z-trap at
various stages of compression. By ramping up the bias field gradients of
≥ 500 G/cm were obtained. The Z-trap was made out of a1-mm thick
Cu-wire carrying22 A of current

Fig. 12. aA schematic of the chip surface design. For simplicity, only wires
used in the experiment are shown. The wide wires are200µm wide while
the thin wires are10µm wide. The insert shows an electron microscope
image of the surface and its10-µm wide etchings defining the wires.b The
mounted chip before it is introduced into the vacuum chamber

The large external quadrupole coils are then switched off
while the current in the U-shaped wire underneath the chip is
switched on, together with an external bias field. This forms
a nearly identical, but spatially smaller, quadrupole field as
compared to the fields of the large coils. The atoms are thus
transferred to a secondary MOT which by construction is al-
ways well aligned with the chip (Fig. 13, U-MOT). By chang-
ing the bias field, the MOT can be shifted close to the chip
surface.

2.2.3 Loading the Atom Chip.In the next step, the laser
beams are switched off and the quadrupole field serves as
a magnetic trap in which the low field seeking atoms are at-
tracted to the minimum of the field (Fig. 13, U-trap). The
magnetic trap is then lowered further towards the surface of

Fig. 13.Transfering cold atoms to anAtom Chip: column (i) shows the view
from the top (camera 1), column (ii) the front view (camera 2), column (iii)
the side view (camera 3), and (iv) a schematic of the wire configuration.
Current carrying wires arehighlighted in black. The front and side views
show two images: the upper is the actual atom cloud and the lower is the
reflection on the gold surface of the chip. The distance between both images
is an indication of the distance of the atoms from the chip surface. The rows
show the step-wise process of loading atoms onto the chip. The pictures of
the magnetically trapped atomic cloud are obtained by fluorescence imaging
using a short laser pulse (typically0.5 ms)

Fig. 14. Cold atoms in micro-traps and guides on anAtom Chip: The top
row shows atoms in a microscopic trap20µm above the chip surface. The
bottom rowdisplays atoms propagating in a guide. Current carrying wires
arehighlighted in black

the chip by increasing the bias field. Atoms are now close
enough so that they can be trapped by the chip fields.

Next, a current of2 A is sent through each of the two
200-µm U-shaped wires on the chip and the current in the
U-shaped wire located underneath the chip is ramped down
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to zero. This procedure brings the atoms even closer to the
chip, typically a few100µm, compresses the trap consider-
ably, and transfers the atoms to a magnetic trap formed by the
currents in the chip (Fig. 13, chip trap).

2.2.4 Loading smaller traps.Finally, a wire trap on the mi-
croscopic scale is loaded by first sending a current of300 mA
through the thin wire. Then the current in both the U-shaped
wires is ramped down to zero (see also Fig. 8). Atoms are now
typically a few tens of microns above the surface (Fig. 14,
tight trap). By running the current through a longer section
of the thin wire, we turn the magnetic trap into a guide, and
atoms could be observed expanding along it (Fig. 14, guide).
In these small traps, the atom cloud can be compressed to
the point where direct visual observation is difficult. In such
a case, we observe those atoms after guiding or trapping, by
‘pulling’ them up again away from the surface and into a less
compressed wire trap (by just increasing the wire current or
decreasing the bias field).

In our experiments [25] we have realized a wide var-
iety of magnetic potentials including a 3D quadrupole for
a MOT, 3D magnetic Ioffe–Pritchard-like traps, and 2D min-
ima for guiding allowing us to easily manipulate position and
width of the trapped atomic cloud. We achieved trap param-
eters with a transverse ground state size below100 nmand
frequencies of above100 kHz(as required by the QIP propos-
als). In addition we could trap and guide atoms exclusively
with the chip fields. Namely, we used the field generated by
the two U-shaped wires, as an on-board bias field for the
small wire trap.

Last, but not least, it has been shown that standard
nanofabrication techniques and materials may be utilized to
build theseAtom Chips. The wires on the surface can stand
sufficiently high current densities in vacuum and at room tem-
perature. Together with the scaling laws of these traps, this
will allow us to use much thinner wires and reach traps with
ground state sizes of10 nmand trap frequencies in the MHz
range.

The above shows that the concept of anAtom Chipclearly
works. Namely, atoms may be put close to the surface in sim-
ple magnetic and electric potentials that have the right scaling
laws so that one may achieve very steep traps with small
ground state size and large energy level spacing.

3 Outlook

We would like to conclude with a long term outlook: Atom
optics has proven itself to be an extremely successful tool for
research into the foundations of quantum theory concerning
topics such as matter-wave interference, entanglement and
the uncertainty principle, and for the development of techno-
logical applications such as clocks and acceleration sensors.
Most of the present experiments are put together as a macro-
scopic apparatus from single atom optical elements, in a way
similar to the first electronic devices were built from parts
performing single tasks.

Integrating many elements to control atoms onto a single
device, anAtom Chipwill make atomic physics experiments
much more robust and simple. This will allow much more
complicated tasks in atom manipulation to be performed, in

a way similar to what integration of electronic elements al-
lowed in the development of new powerful devices.

This is of special interest since it has been suggested that
the high degree of control achieved over neutral atoms and
their weak coupling to the environment (long decoherence
time) will allow the realization of quantum information pro-
cessing (QIP).

In this work we have successfully realized the first steps
of many still needed in this direction. A final integratedAtom
Chip should have a reliable source of cold atoms with an ef-
ficient loading mechanism, single mode guides for coherent
transportation of atoms, nanoscale traps, movable potentials
allowing controlled collisions for the creation of entangle-
ment between atoms, extremely high resolution light fields
for the manipulation of individual atoms, and internal state
sensitive detection such as cavity QED to read out the result
of the processes that have occurred (e.g. the quantum com-
putation). All of these, including the bias fields and probably
even the light sources, could be on board a self-contained
chip. This would involve sophisticated 3D nanofabrication
and the integration of a diversity of electronic and optical
elements, as well as extensive research into fundamental is-
sues such as decoherence near a surface. Such a robust and
easy-to-use device would make advances in many different
fields of quantum optics possible: from applications such as
clocks and sensors to implementations of quantum informa-
tion processing and communication.
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