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Abstract. We describe a chip-based magnetic conveyor that transports ultracold atoms with high position-
ing accuracy over long distances, into an interaction region which is well separated from the magneto-optical
trap and gives good optical access to the atoms. The conveyor can work in two different modes, with or
without external bias field. The transport potential is generated by a two-layer conductor pattern, enabling
a significantly smoother transport than our earlier single-layer conveyor. This is confirmed by numerical
field calculations, using an optimization procedure that minimizes shape deformations as well as deviations
from the linear transport path. We experimentally demonstrate the use of this conveyor in the mode with
external bias field, transporting a cloud of cold atoms over a linear distance of 6 cm and a total distance
of 24cm. We also describe an on-chip quadrupole trap that can be rotated by w/2. This trap is used
to remove design constraints on the orientation of the laser beams in the surface magneto-optical trap.
The long-distance conveyor is a versatile tool for experiments with trapped cold atoms, and can achieve

sub-micrometric positioning precision. Possible applications of this tool are discussed.

PACS. 32.80.Pj Optical cooling of atoms; trapping — 03.75.Be Atom and neutron optics

1 Introduction

The production of cold atomic ensembles has been rou-
tinely available in laboratories for about two decades. In
most cases, the atoms stay localized at the same position,
or are launched or simply dropped. Recently, there has
been a growing interest to develop techniques for trans-
porting and positioning trapped atom clouds. Such tech-
niques make it possible to deliver cold atoms in a region
free of the lasers and coils of a magneto-optical trap, allow-
ing optical and mechanical access. This is a crucial issue
for probing a surface or any material structure, for load-
ing atoms in optical lattices, or for positioning atoms in
an optical cavity.

One possible technique is the optical dipole trap,
which has been used to transport single atoms [1] or
Bose-Einstein Condensates [2]. But it requires optical ac-
cess for the dipole trapping beam and allows a limited
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range of manipulation. The other possibility is to use mag-
netic traps. By using macroscopic coils to generate the
magnetic field potential, cold atoms have been transported
from a MOT-loading region to an optical lattice-loading
region [3]. The use of a succession of macroscopic coils
allows the transport of a large number of atoms, but in-
creases the size of the set-up.

A more compact approach involves magnetic micro-
traps [4-6]. Miniaturized conductor patterns on a chip al-
low the creation of a large diversity of non-periodic, built
to purpose magnetic potentials, giving an unprecedented
freedom to the experimentalists. Since the first demon-
stration of a micro-trap [7], a number of different building
blocks have been achieved: a conveyor for transporting
cold atoms over 4mm at a speed of about 5mm/s [§],
atom guides [9-11], incoherent spatial beam-splitter [12],
switch [13] and the realization of Bose-Einstein Conden-
sation on a chip [14,15]. An optimization of the driving
currents and fields even made it possible to transport a
BEC over a small distance on the conveyor [14,16].

In order to transport atoms into a freely accessible re-
gion, which is unobstructed by MOT beams and coils, we
have developed an improved conveyor that combines faster
transport over longer distances with high positioning ac-
curacy. Its principle of operation generalizes that of the
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first-generation device. It allows trapping and transport
without external (i.e., coil-generated) fields and with
greatly improved smoothness of transport. Technically,
these improvements are enabled by the use of a mul-
tilayer fabrication technique. A similar approach is de-
scribed in [6,17]. In the present paper, we describe in
Sections 2 and 3 the conception and fabrication of our
improved conveyor. In Section 4, we report the 7/2 ro-
tation of an atom cloud around a circular conductor and
the realization of an integrated three wire atom guide. In
Section 5, we present the transport of an atom cloud over
a macroscopic distance of 24 cm, more precisely over two
round trips of a 6 cm stroke. We are using this conveyor
in an application where trapped atoms are to be coupled
to the ultrahigh-finesse modes of a microsphere resonator,
requiring an extremely high positioning accuracy. In this
application, the conveyor is used to transport the atoms
from the magneto-optical trapping region to the micro-
sphere location. However, as we point out in the conclu-
sion, we believe that this long-distance conveyor has the
potential to serve in a large variety of applications.

2 Long distance magnetic conveyor chip

The basic idea of both the first, single-layer conveyor
belt [8,16] and the two-layer conveyor described here is
to employ a static 2D quadrupole potential for transverse
confinement and to superpose a time-dependent longitudi-
nal potential for transport. The 2D quadrupole is created
using one or several guide wires along the transport di-
rection, while the shifting wires run perpendicular to the
transport direction, so that their main field component,
at the location of 2D quadrupole minimum, is along the
transport direction. As this field component is perpen-
dicular to the 2D quadrupole field, it can be modulated
without interfering with the transverse confinement. How-
ever, in a single-layer structure, the shifting wires must be
bent to avoid crossing the guide wire (which would create
a short circuit), so that they run parallel to the latter for
some fraction of a period. Where they do so, they create a
field which does interfere with the 2D quadrupole, leading
to a transverse displacement of the trap center. In our first
conveyor experiment, which used sinusoidal current mod-
ulation, the periodic excursions around the straight-line
transport path had an amplitude as large as £75 pum [16];
this and an associated “breathing” (variations by a fac-
tor ~ 2 in the trap frequencies) lead to a heating rate
which was measurable when the transport speed v ex-
ceeded ~ 1cm/s and depended quadratically on velocity
with a constant 4.6 uK/(cm/s)?. Although excursions and
breathing could be significantly reduced along a subset of
axes by using non-sinusoidal modulation currents and si-
multaneously modulating all other trapping fields [16], we
could not eliminate all position and trap frequency devi-
ations at once. Thus, although we were able to transport
transport a BEC on the single-layer conveyor [14], the
transport distance was limited to two periods (1.6 mm)
and a mean speed of 1.6 cm/s.
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Fig. 1. Three-wire pattern providing the transverse confine-
ment. The spacing between the wires is 100 yum. The width
of the central wire is 200 um, the width of the outer wires is
750 um. To achieve a trap depth of 17G for a trap-surface
distance zp = 120 um, the current in the central wire is I, =
0.86 A, and in the left and right outer wires I,; = I, = —5.3 A.
The magnetic gradient is 1400 G/cm and the dissipated power
is 10 W for a length of 72 mm.

To achieve a longer transport (over several cm), the
heating rate needs to be reduced significantly because the
speed of the transport must be increased in order to cir-
cumvent the limitation of the lifetime by background col-
lisions. In this section, we describe the realization of a
10cm long multilayer chip with six independent conduc-
tors performing the shifting of atom clouds. We will detail
the chip design for the transverse confinement, the longi-
tudinal confinement and the transport, the procedure to
load the atoms, and finally the fabrication of the chip.

2.1 Transverse confinement

To transport the atoms in a given direction, we first have
to ensure the confinement of the atoms in the transverse
plane. This is achieved by an atom guide. In the follow-
ing, we will denote the transport direction as x, the axis
orthogonal to the chip surface as z, and the remaining
axis as y. An atom guide is often realized by a wire and
a homogeneous field perpendicular to the wire. However,
to transport the atoms over a distance of 6 cm, this so-
lution requires very large coils to generate the external
field. A more compact solution is suited. Several configura-
tions have been proposed to create integrated atom guides
without any additional coils [18] and some of them imple-
mented [9,10,19]. We have chosen the configuration with
three parallel wires, which we will call the guiding wires. It
is the simplest configuration leading to a minimum in the
magnetic potential (i.e., a two-dimensional trap) outside
the plane containing the wires. The exact design of our
implementation is presented in Figure 1. The minimum
spacing between the conductors is fixed by the fabrication
process at 100 um. The other parameters (in particular,
the widths of the conductors) are determined by imposing
the distance zo between the trap and the chip surface, by
minimizing the ohmic power dissipated, and by maximiz-
ing the trap depth, which is the case when the total field
modulus has the same value at the central conductor sur-
face and at the local maximum obtained away from the
substrate along the z-axis (equal barrier heights towards
and away from the substrate).
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Fig. 2. Structure of the multilayer chip. The conductors pro-
viding the transverse confinement (cf. Fig. 1) are on the top
layer. The six conductors that are responsible for the longitudi-
nal confinement and shifting are on the bottom layer, except for
the bridges that enable non-contact crossings. Each bridge con-
sists of a wire section on the top layer and two “vias” providing
connections between the layers. The width of the shifting wires
as well as the spacing between these wires is determined by the
fabrication process to 100 ym.

2.2 Longitudinal confinement and transport

As in the first conveyor [8], the longitudinal confinement
is provided by wires perpendicular to the transport di-
rection. In the following, we will refer to these wires as
shifting wires. There are two ways to obtain this longi-
tudinal confinement. The first is to add a homogeneous
longitudinal bias field, in which case the shifting wires are
used to reduce the field, creating a minimum in the po-
tential. In the second scheme, trapping wells are created
between two potential maxima generated by the shifting
wires. In this case, no external fields are required. In both
cases, we obtain a chain of magnetic trapping wells, each
of which is of the Ioffe-Pritchard type. These wells can
be continuously shifted by appropriately modulating the
wire currents. To increase the speed of the transport and
avoid heating up the trapped atoms, we have to trans-
late the magnetic trap without any deformation of the
potential shape, and this translation has to be as close as
possible to a uniform movement. To fulfill these require-
ments, the conductor pattern should be as symmetric as
possible. A multilayer substrate offers significant advan-
tages here, as the shifting wires can then cross the guiding
wires. In the first conveyor, they had to be bent to avoid
the crossing, leading to undesired additional field compo-
nents [16]. Moreover, using a multilayer pattern, the shift-
ing wires can also cross one another, so that more than
two of them may be used. We have chosen to use six inde-
pendent shifting wires (Fig. 2). Although two conductors
are sufficient to achieve transport (as was the case for the
first conveyor), we found that a higher number of indepen-
dent wires is helpful for a smooth transport. In particular,
the currents through these wires are additional parame-
ters that can be used to minimize the deviations from the
desired longitudinal trap shape during transport, reducing
parametric heating.

The width of the shifting wires as well as the gaps
between the wires are limited by the fabrication process
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to 100 um. In one period of the conveyor, each of the
six shifting wires crosses the transverse-confinement con-
ductors twice (once in the +y-direction and once in the
—y-direction). The length of one period is 2.4mm. Fig-
ure 3 shows the finished substrate.

2.3 Optimization of the conveyor potential

With the conductor pattern defined above, we have 9 in-
dependent currents that need to be optimized to achieve
smooth transport. This task is largely simplified by the
high degree of symmetry of the conductor pattern. To sim-
plify the discussion, we will not consider the edge effects
at the ends of the conveyor in this section (loading will be
discussed in the next section). Let us call I, the current
in the central guiding wire, I,; and I,, the currents in the
outer guiding wires, and I ... Ig the currents in the six
shifting wires. B, denotes the total field of the guiding
wires and B that of the shifting wires; field components
are denoted By, Bs; etc. The optimization proceeds in
three steps.

1. Transverse potential. To a good approximation, the
transverse potential is determined only by the three
guiding wires. To see why this is the case, first note
that B, is a 2D quadrupole in the yz-plane, and is
translationally invariant along z. In absence of other
fields, this quadrupole forms an atom guide along = at
some height zy above the substrate and some trans-
verse position g, centered above the central guiding
wire (yo = 0) if the outer wire currents are equal,
I,y = I,,.. Bg, on the other hand, is in the zz-plane
(neglecting the bridges, which are located far away).
Therefore, any interference between the guiding wire
potential and the shifting wire potential can only in-
volve their B, field components. The effect of Bj, is
to cause a displacement of the quadrupole, the field
in the displaced center still being equal to zero — a
well-known effect when one adds a homogeneous field
to a quadrupole. If the transverse confinement is much
stronger than the longitudinal confinement — which
is the case in our conveyor — then this displacement
is very small. Thus, by choosing the currents I. and
I, = I, we fix, to first order, the vertical position
zp of the guide and its transverse gradients, and these
parameters will be modified only very slightly by the
shifting potential.

2. Longitudinal potential. Now we focus on the potential
on the guide axis, i.e., on the line (z,y = 0,z = z).
As mentioned above, B; only has components in the
zz-plane. We have already seen that B, slightly dis-
places the guide center (an effect which we address
in the next step), but does not change the field in
the center. Thus we see that the longitudinal confin-
ing potential is simply determined by the field compo-
nent Bg,. It is now very simple to numerically opti-
mize the shifting wire currents I ... Is such that the
field | Bsy(x,y = 0,2 = 20)| approximates some desired
longitudinal target potential well P(x). By symmetry,
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Fig. 3. Photograph of the
complete substrate before ap-
plication of the mirror layer.
The right panel shows a mag-
nification of the loading re-
gion. Note that the base con-
ductor layer shines through

it is sufficient to do this over one half-period, i.e., over
a length dz = 1.2mm".

3. Correction of the transverse position. Optionally, the
slight lateral displacement caused by B, can be re-
moved. This is achieved by slightly imbalancing the
currents I,; and I, so that their resulting B, compo-
nent exactly cancels By, .

The currents resulting from this three-step procedure
create a chain of identical potential wells, each of which
approximates the shape of the target potential P(z) (dis-
placed by the appropriate number of periods). The goal is
now to maintain the shape of these wells while translating
them along the transport direction. This is achieved by
incrementally displacing the target potential, each time
performing steps 2 and 3 again to calculate the appropri-
ate currents. As before, it is sufficient for the optimiza-
tion to consider a single well in the chain. For concrete-
ness, let us define P(z) so that it has its minimum at
x = 0. Also, let us call P, (x) = Py(r — z.) the target
potential which has been translated so that its minimum
is located at x.. Performing steps 2 for a particular z. pro-
vides us with the currents I (z.)...Is(x.) that must be
applied in order to obtain the best approximation to the
displaced longitudinal potential P,_(x). The procedure is
repeated for increasing values of z., yielding current mod-
ulation functions Ir(z.) - - Is(z.) for the complete range
of z.. (Further exploiting the symmetry, the problem re-
duces to optimizing the translation of the potential from
one shifting wire half-way to the next, i.e. over a distance
Az = 100 pm for our conductor and gap widths.) In the
experiment, z. is a function of time, z.(t), and so are the
currents: I1(z.(t)) - - - Ig(x.(t)).

We have implemented this optimization procedure us-
ing Biot-Savart type calculations that take into account
the width of the conductors. Figure 4 shows the initial po-
tential, which is created by the currents indicated in the
figure. This potential was also used as the target potential

1 Additionally, a weighting function can be used when evalu-
ating the deviation from the target potential. For a hot thermal
cloud, the deviation should be minimized over the full extent
of the potential well. For transporting a BEC, only the central
part of the potential is relevant and should receive a higher
weight in the optimization, further reducing the deviation in
that region.

the semi-transparent, blue in-
sulation layer.

Fig. 4. Potential along the transport direction for a conveyor
without external field. The rectangles on the z-axis represent
the shifting conductors (to scale). The potential is created by
the currents indicated below the wires. This potential was used
as the target potential in the numerical optimization of the
transport. Its trapping frequencies are 92 Hz longitudinally and
1.8 kHz transversally, for the ’Rb F = 2,m = 2 state used in
the experiment.

in the optimization. (Thus, the deviation from the target
potential is 0 for ¢ = 0 by construction.) Having obtained
the current modulation functions, we have cross-checked
the result by performing a three-dimensional Biot-Savart
calculation with the full conductor pattern (including, for
example, the bridges) and all field components. The de-
viation of the trap center trajectory from a straight lin-
ear transport path was smaller than 30 nm at all times?.
When we omitted step 3 of the optimization procedure
(i.e., no modulation of the outer guiding wires), the devi-
ation of the trap center trajectory still remained smaller
than 10 ym at all times. These results confirm a posteriori
the validity of the approximations used in the optimization
procedure, and demonstrate the power of the multilayer
conveyor scheme. In the experiment, the final accuracy
will no longer be limited by the transport scheme itself,
but only by fabrication tolerances in the conductor pat-
tern and by magnetic noise from the current sources and
from the background magnetic field in the lab [16].

2 The value of this deviation also depends on the weight-
ing function (see previous footnote). Here we have chosen to
minimize deviation over a large spatial extent of dx = 750 um
because the goal was to transport a thermal cloud.



R. Long et al.: Long distance magnetic conveyor for precise positioning of ultracold atoms

Atom Cloud | 11 y
( ) N L» <«
’ B%Q@ i :E
Wit
: + 1y
\@L N1
* , 4
© s
A A

Fig. 5. Different phases of the atom loading into the conveyor,
with the real conductor pattern (left column) and its analog
in terms of “standard” micro-trap conductors (right column).
(a) Loading into the initial quadrupole trap from a “U”-shaped
conductor which is also used for the mirror-MOT. (b) The
quadrupole trap cloud is turned by /2 by rotating the external
magnetic field. (c) Transfer into an Ioffe-Pritchard trap created
by a “Z”-shaped conductor.

2.4 Loading atoms in the conveyor: rotatable
quadrupole trap

To load cold atoms into the chip trap, we use a mirror-
MOT [7], which involves only four beams, two of the
beams being reflected by a silver layer on top of sub-
strate. This procedure usually involves two steps. First,
a MOT is obtained with the quadrupole field of external
anti-Helmoltz coils, which gives a large capture volume
and so a large number of atoms. Then the MOT is shifted
towards the surface of the chip, and the quadrupole field
of the coils is replaced by the quadrupole field generate
by a “U”-shape conductor on the chip. An efficient trans-
fer mechanism is then realized between the MOT and the
magnetic trap, by simply switching off the lasers. Here,
however, we obtain after this sequence a cigar-shaped
cloud on the axis of the central wire of the “U” (i.e. the
y-axis), which is also the direction of propagation of the
two MOT-beams parallel to the chip. But for the trans-
port, the long axis of the cloud must be the direction of
the transport — which can only be the x-axis because we
want to transport the atoms out of the region illuminated
by the MOT beams. Thus, in order to obtain a good mode
matching between the MOT and the magnetic trap at the
starting position of the conveyor, we have to invert the as-
pect ratio of the atom cloud. We do this by simply turn-
ing the cloud, using a novel “P”-shaped conductor (see
Fig. 5) instead of the traditional “U”. With this conduc-
tor, a quadrupole trap can be produced for a wide range of
orientations of the homogeneous external field B***. Ro-
tating this field in the xy-plane rotates the trap, with the
trap center describing a circular path with the same ra-
dius as the circular part of the “P”. In our implementation,
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this radius is 1 mm, the conductor width is 200 ym, and
we apply a field B™(p) = B**(cos(p),sin(p),0) with
¢ = 0 — 7/2 by using two orthogonal sets of Helmoltz
coils (Fig. 5). At the end of the rotation, the atoms are
located above a “Z”-shaped conductor so that they can
be transferred into a Ioffe-Pritchard (IP) trap by a simple
switching of currents. The IP trap allows for evaporative
cooling, increasing the phase-space density of the atomic
ensemble that is then transported with the conveyor.

3 Chip fabrication and experimental set-up
3.1 Fabrication of the chip

The first evident feature of this chip is its size. The sub-
strate is a 250 um thick, 38 mm x 101.6mm large alu-
minium oxide substrate. Our chip has been fabricated at
the Max-Planck-Institut fiir Physik in Munich using thick-
film hybrid technology. This is an interesting fabrication
process, mainly employed in high-power electronics, which
is based on screen printing with metallic and dielectric
printing pastes. The desired structure is lithographically
transferred to a fine-gauge printing mesh. The printing
paste is then squeezed through this mesh onto the sub-
strate. Large-format substrates and thick conductor layers
with high current capability are standard with this tech-
nology, but the minimum feature size, being limited by the
mesh and by the granularity of the printing paste, is not
as small as in direct lithographic techniques. In our case,
the minimal conductor width was 100 ym. Our multilayer
structure is fabricated in four successive screen-printing
steps:

— the bottom conductive layer is applied;

— an insulating layer is applied. This layer has holes at
the via positions;

— the holes are then filled with a conductive paste to
ensure inter-layers connections;

— finally, the top conductive layer is applied.

After each step, the substrate is baked out at 850 °C to an-
neal the new conductive or insulating layer and drive out
solvents. We have examined the finished substrate under
an optical microscope. The conductors are slightly larger
than their design size, and graininess is clearly visible on
the conductor edges. For the central conductor of the guide
(design width 200 pm), we have measured an actual width
between 210 and 220 pm. The thickness of the conductive
layers is about 15 um, leading to a relatively low resistance
of the shifting wires (total length per wire up to 0.4m) of
around 20 €.

The substrate is then glued to a copper block with a
thermally conductive glue (Epo-Tek H77). On the atom
side of the chip, a silver mirror is glued (Epo-Tek 353ND)
by replica technique [20] onto the mirror-MOT loading
region. The mirror surface is spaced about 15 um from
the top surface of the conductors.

The finished chip is connectorized by soldering alu-
minium connectors on the conductor pads on the chip.
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Fig. 6. The 10 cm-chip for the long distance transport with the
silver mirror covering the MOT-loading region and the connec-
tor for the electrical connections.

Fig. 7. The whole system with the 10 cm-chip mounted hori-
zontally, the coils centered on the MOT-loading region and the
freely accessible target region at the end of the conveyor.

Kapton-insulated wires are then soldered onto these con-
nectors. These wires are glued in a Macor piece to relieve
stress on the soldered connections. Finally, all the wires are
connectorized by a UHV-compatible D-Sub 25 connector,
which allows a reliable and easy way to connect and dis-
connect the substrate to the electrical feed through inside
the vacuum chamber (see Fig. 6).

3.2 Experimental set-up

The chip assembly is screwed into a copper structure
which supports the coils used to create the three orthog-
onal homogeneous magnetic fields and the magnetic gra-
dient for the first phase of the mirror-MOT (see Fig. 7).
These coils are wound using Kapton-insulated wires. At
the end of the conveyor, a microsphere cavity set-up is
fixed, where the atoms will be transported [21] (not shown
in the photograph).

The whole system is then screwed into the vacuum
chamber by two copper rods. The 201 stainless-steel vac-
uum chamber is pumped by a 4001/s turbo-molecular
pump and a titanium sublimation pump, allowing us to
reach a pressure of 3 x 1070 mbar after moderate bake-
out, and after carefully degassing the coils and the rubid-
ium dispenser, that we use as rubidium source. Our laser-
system is a standard system to achieve a MOT (40 mW
cooling light in master-slave configuration, 7 mW repump-
ing light). The Rb-dispenser is placed at 5 cm from the
MOT center.

3.3 Cold atom preparation

A steady current of 2.5 A is sent through the dispenser,
keeping it heated but below the release temperature, and
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we pulse an additional 5.5 A for 4s during the 6s loading
phase of the mirror-MOT [22]. This allows us to increase
the Rb-pressure during the MOT phase without compro-
mising the lifetime in the magnetic trap. The typical num-
ber of 87Rb atoms in the MOT is 1.5 x 106.

After a 3ms molasses cooling phase and an optical
pumping pulse, the atoms are transferred into the ini-
tial magnetic quadrupole trap. The current flowing in the
“P”-shaped conductor is 2.5 A and the external homoge-
neous field B&* ~ 9 G. We obtain a typical number of
atoms in the magnetic trap of 1.1 x 10° at a temperature
of 65 uK.

4 Preliminary experiments
4.1 Quadrupole trap rotation

As explained in Section 2.4, we rotate a magnetic
quadrupole trap to achieve mode-matching between the
MOT and the conveyor potential. The 9 G homogeneous
magnetic field is turned by 7/2 in 100ms. This corre-
sponds to a curvilinear speed of 1.6cm/s. We have ob-
served for this speed neither losses nor heating of the
atoms. For higher rotational speed, losses appear, which
may be due to the shape deformation of the potential
along the turn®. In Figure 8, are represented absorption
images of the atom cloud along two orthogonal detection
axes, showing the rotation of the cigar-shaped cloud along
the circular conductor. We find a good agreement between
the calculated position of the cloud and the measured
one. At the end of the turn, we obtain a cigar-shaped
cloud along the transport direction, ensuring a good mode
matching with the conveyor potential.

This atom cloud turning scheme represents a very sim-
ple way, just involving one “P”-shaped conductor and
two sets of Helmotz coils, to rotate a cloud, solving the
problem of mode-matching between the mirror-MOT and
the conveyor. It can also by itself be used to transport
cold atoms from a MOT-loading region to an interaction
region, simply by increasing the size of the radius. For
example, a radius of 2 cm is enough to leave a typical
MOT-loading region, and the rotation of the cloud can be
realized in less than 2 s.

4.2 Atom guide

After the turn of the atoms, we obtain a cigar-shaped
cloud oriented in the transport direction. We have first
checked the transverse confinement of the atoms by re-
leasing them into the guide obtained by powering up the
three parallel wires, as described in Section 2.1 (Fig. 9).
The current is switched from the “P”-shaped conductor
to the central conductor of the three-wires guide, com-
ing from the arc of the “P” conductor. At the beginning,

3 An accelerating phase at the beginning and a decelerating
phase at the end of the turn does not significantly reduce the
losses.
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Fig. 8. Rotating a trapped atom cloud. The photograph (top,
right) shows the relevant part of the conductor pattern. Ab-
sorption images were taken with two cameras along two per-
pendicular axes parallel to the substrate. They are shown in
the same scale as the wire pattern. The quadrupole trap is ro-
tated along a 1 mm radius arc in 100 ms by rotation of a 9G
external magnetic field. The current flowing in the “P”-shaped
conductor is 2.5 A. The measured positions of the center of the
trap (red dots) are in good agreement with the calculated ones
(black squares).

the transverse confinement is provided by the central con-
ductor and the external magnetic field already used for
turning. Then, when the atoms have reached a position
sufficiently far away from the beginning of the outer wires
(i.e. after 4.5mm from the final point of the turn), we
switch off the external magnetic field and send a current
through the outer wires. The atoms are pushed out into
the guide by the magnetic gradient created by the cur-
rent flowing into the arc of the “P”, which is connected in
series with the central wire.

5 Long distance conveyor

Due to limitations of our current sources, we could only
use a maximum current of 0.45A for the shifting wires
when these experiments were performed. For this maxi-
mum current, the trap depth is 2G when the conveyor
is used in the configuration described in Section 2.2. In
order to increase the trap depth, we have chosen to work
with a different configuration of the conveyor, where an
external magnetic field parallel to the transport direction
is added. In this configuration, the magnetic field created
by the shifting wires adds to or subtracts from the homo-
geneous field, depending on the position in the conveyor.
This configuration necessitates the addition of a bias coil
at the end of the substrate, which can be tolerated in our
application, and increases the trap depth up to about 8 G.
Again, we have performed a numerical optimization of
the transport with this longitudinal field. The resulting
magnetic potential along the transport direction is shown
in Figure 10. The calculated transverse trap frequency is
1221 Hz and the longitudinal one 98 Hz. In this configu-
ration, we obtain a better translation of the potential if
the atoms are at a distance of 190 um from the surface
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Fig. 9. Atom guide. The atoms are released in the guide by
changing the current flow. The blue arrows (with circle at end)
represent the current flow for the 3D quadrupole trap, the red
arrows show the current flow for the atom guide. At the be-
ginning, we use an external magnetic field to obtain the trans-
verse confinement. After 100 ms, we replace it by sending a
current through the outer wires, realizing an integrated atom
guide without external fields. At the beginning of the release,
as the atom cloud spreads along the detection axis, some of
the atoms move beyond the initial detection region. As a re-
sult the magnetic field applied to define the quantization axis
is not constant along the whole extent of the cloud, thus the
probe beam is not resonant for all the atoms, leading to an
apparent decrease of the number of detected atoms. Real loss
occurs towards the end of the sequence, when the fastest atoms
drop out of the guide at the end of the chip (a situation that
no longer occurs once the shifting potential is added).

of the chip, where the atoms see the magnetic field of a
higher number of shifting wires. This distance is obtained
for a current of 1.4 A in the central wire and of 4.5 A in
the outer wires. The longitudinal magnetic field is created
by the two Helmoltz coils centered on the MOT-loading
region and an additional coil positioned at the end of the
conveyor chip. These 3 coils are connected in series, and
during the displacement of the atoms the current is modi-
fied so that the field produced by the coils at the location
of the atoms has a constant value of 8 G.

After the turn of the cloud, we transfer the atoms from
the quadrupole trap to the Ioffe-Pritchard trap created by
the “Z”-shaped conductor with a 9 G homogeneous bias
field and a current of 2.5 A. We compress this trap by
increasing the bias field to 16 G. Then, we make the cur-
rent flow through the central wire and we switch on the
current of the six shifting wires and the 8 G longitudinal
magnetic field. The atoms are then transported over an
initial 4.4 mm in 200 ms to reach the region where we can
switch off the transverse magnetic field and power up the
outer wires. At this point, the atoms are ready to enter
the long distance conveyor. During the transfer and the
first 200ms in the transport potential, 2/3 of the atoms
are lost, and we usually start the long distance transport
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Fig. 10. (a) Potential for a conveyor with an external longi-
tudinal field BS** = 8 G (cf. Fig. 4). The dashed curve shows
the B, component of the wires alone, the solid curve shows
the total B, field (wires and external field). (b) Calculated po-
tential during transport, with a numerically optimized mod-
ulation current function of the shifting wires. The third axis
corresponds to time (or phase, as speed is constant) during one
conveyor period of 2.4 mm.

with 1.5 x 10° atoms. We have not yet investigated the
cause of this loss. One possible reason is the deformation
of the transport potential by the conductor along y which
connects to the central wire of the three-wire guide. In
that case, the problem could be easily solved in a further
version of the chip by making this central wire extend be-
yond the “P” and adding a connecting wire in that region,
where it does not interfere with the conveyor potential.

As the detection region in our set-up is limited to the
first 5mm of the transport direction, it is not possible
to detect the atoms along the whole transport length. To
make measurements for longer transport distances, we re-
verse the direction of the transport after the first half of
the distance. Thus, we detect the atoms when they re-
enter the detection region after a “return trip”. By making
two return trips over the full length of the conveyor, we
could achieve an atom cloud transportation over 23.5 cm
in 2.9 s, at an average speed of o = 8 cm/s. This speed is
one order of magnitude above that of the first conveyor.
For such a speed, it is important to implement an accel-
erating phase at the beginning of each trip and a deceler-
ating phase at the end. These phases are usually realized
on 2 periods of the conveyor, i.e. on 4.8 mm.

Figure 11 shows the number of atoms as a function
of transport distance for ¥ = 8 cm/s. The lifetime of the
atoms in the transport trap depends on the speed of the
transport. For a static trap, identical to the transport po-
tential, the lifetime is (7.65 £ 0.40) s, limited by collisions
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Fig. 11. Transport of a cloud of 1.5 x 10° atoms over about

24 cm (two round trips of a 6 cm stroke) in 2.9 s at an average
speed of 8cm/s.
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Fig. 12. Lifetime of the atoms in the transport potential vs.
the speed of the transport.

with the residual gas at a pressure of 5.6 x 10~!® mbar. In
Figure 12, the lifetime during the transport is plotted for
different speeds. For a speed of 2.5 cm/s, it is close to the
lifetime obtained for a static potential. For higher speed,
the lifetime 7 decreases exponentially, 7(v) o« exp(—v/v,),
with a decay constant v, = 4.5cm/s. If we consider the
number of atoms vs. the distance they have been travel-
ing, the increase in speed compensates the smaller lifetime
for speeds up to 6 cm/s. In the goal to transport atoms to
the opposite end of the chip, a trade-off has to be found
between a slow transport with losses essentially due to the
collisions with the background gas and high-speed trans-
port with losses due to the transport itself.

The losses in this experiment are probably due to resid-
ual accelerations of the potential during the translation
from one shifting wire to the next. To simplify current
control, the currents in the outer wires of the three-wire
guide were not modulated in this experiment. The numer-
ical simulations indicate that the center of the potential is
shifted laterally by +1 pm along the y-axis. In the experi-
ment, there are also deviations of the microfabricated con-
ductor positions and widths from their ideal values, as de-
scribed in Section 3.1. Although all of these displacements
remain small compared to the size of the atom cloud, the
resulting accelerations are applied many times: 6 cm trans-
port length corresponds to 26 periods of the conveyor, i.e.
more than 300 wire crossings. Therefore, we expect lower
heating rates in a substrate fabricated with better preci-
sion (for example, standard lithography and evaporation
instead of screen printing).
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6 Conclusion

In this work we have presented an “atom chip” optimized
for transportation of ultra cold atoms over distances of
several centimeters combined with a high positioning ac-
curacy. This offers perspectives in a variety of applica-
tions. As is characteristic of atomic microcircuit devices,
it transforms the usual dropped or launched atom cloud
into a versatile, highly modulable source of cold atoms.
This long-distance conveyor offers a compact and robust
way to spatially separate the cold-atom production region
— where resonant laser beams and relatively high thermal
gas pressures are inevitable — from the interaction region,
where sensitive experiments can be performed in an undis-
turbed environment with good optical access. Compared
to coil-based transport [3], it has a complementary set of
features: the conveyor is much more compact, has a much
lower power consumption, and is easily compatible with
other atom chip devices; however, it does not provide the
very high average atomic flux that has been achieved with
coil-based transport. Thus, we expect its use in precision
applications where, typically, a small thermal atom cloud
or condensate is needed in a protected environment, and
must be positioned with high accuracy. This notably in-
cludes the use of atomic samples as probes for surface ef-
fects [23], magnetic potential roughness due to geometric
fluctuations of wire edges [24-26], or electrical forces [27].
But its functionality can also be used where trapped atoms
need to be coupled with an optical cavity [21,28], currently
a very active field of research.

In another area, the technique presented here can be
readily transposed to the transport and position control
of magnetic microbeads commonly used in biotechnol-
ogy [29,30]. This can allow the control of chemical or bi-
ological reactions at the bead surface. These microbeads
can also be selectively attached to biological cells, which
could then be manipulated [31].
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Institut fiir Physik, Miinchen) for the fabrication of the
chip. This work was supported by the E.U. under grants
IST-2001-38863 (ACQP) and MRTN-2003-505032 (Atom
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(“A8”) of the Bavarian government.
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