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Guiding Neutral Atoms with a Wire
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(Received 2 September 1998)

We demonstrate guiding of cold neutral atoms along a current carrying wire. Atoms either mov
Kepler-like orbitsaround the wire or are guided in a potential tubeon the sideof the wire which is
created by applying an additional homogeneous bias field. These atom guides are very versati
promising for applications in atom optics. [S0031-9007(99)08635-4]
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In atom optics [1] it is usually desirable to separat
atoms as far as possible from material objects in order
obtain pure and isolated quantum systems. With cooli
and trapping techniques [2] well established, there
now an interest in bringing the atoms close to materi
macroscopic objects. The proximity of the atoms to th
object allows the design of tailored and easily controllab
potentials which can be used to build novel atom optic
elements.

In this Letter we demonstrate two simple and versati
atom guides that are based on magnetic trapping pot
tials created by a thin current carrying wire: the “Keple
guide” and the “side guide.” In our experiments we stud
the transport of cold lithium atoms from a magneto-optic
trap in these guiding potentials. We were able to me
sure scaling properties and extract characteristic atom
velocity distributions for each guide. The side guide
especially interesting because it can be miniaturized a
combined with other guides to form mesoscopic atom o
tical networks.

We start with discussing the interaction of a neutra
atom and a current carrying wire and then describe o
guiding experiments.

Kepler guide.—The magnetic field of a rectilinear
currentI is given by

B 
m0

2p

I
r

êw , (1)

whereêw is the circular unit vector in cylindrical coordi-
nates. An atom with magnetic moment$m experiences the
interaction potentialVmag  2 $m ? $B. In general the vec-
tor coupling $m ? $B results in a very complicated motion
for the atom. However, in our experiments the Larmo
precession (vL) of the magnetic moment is much faste
than the apparent change of direction of the magnetic fie
in the rest frame of the atom (vB). An adiabatic approxi-
mation can be applied and the motion is governed by
scalar1yr potential. For $m “parallel” to $B ( $m ? $B . 0),
the atom is in itshigh-field-seeking state,and the inter-
action between the atom and the wire is attractive (s
Fig. 1). Atoms in this state can be trapped and move
Kepler-like orbits around the wire [3–6].
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Side guide.—Combining the field of the current
carrying wire with a homogeneous magnetic bias fie
Bb perpendicular to the wire breaks the rotational sy
metry resulting in unstable orbits for the strong fie
seeking atoms [7]. In addition the bias field has t
effect of exactly canceling the circular magnetic field
the wire along a line parallel to the wire at a distan
rs  sm0y2pd sIyBbd. Around this line the magnetic
field increases in all directions and forms a tube w
a magnetic field minimum in its center. Atoms in th
low-field-seeking state( $m ? $B , 0) can be trapped in this
tube and guided along the wire as shown in Fig. 1b.

Our experiments investigating the Kepler guide and t
side guide are carried out in the following four steps:

(a) First we load about2 3 107 lithium atoms into a
magneto-optic trap (MOT) [8,9], displaced typically 1 mm
from a 50-mm thick and 10-cm long tungsten wire. Th
MOT is loaded at a distance to the wire in order to preve
trap losses due to atoms hitting the wire [10].

FIG. 1. Two configurations for guiding neutral atoms with
current carrying wire. The left graphs display the magne
field configurations, the middle shows the corresponding gu
ing potentials, and on the right hand side typical trajector
of guided atoms are drawn. (a) Guiding atoms in theirhigh-
field-seekingstate that circle in Kepler orbitsaround the wire.
(b) Guiding atoms in theirlow-field-seekingstate along a line
of magnetic field minimumon the sideof the wire.
© 1999 The American Physical Society
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(b) After loading the trap we shut off the slower beam
and shift the atoms within 5 ms to the position wher
they are loaded into the atom guide. This shifting
done by applying an additional magnetic offset field an
moving the center of the magnetic quadrupole field, whic
defines the position of the MOT. Simultaneously th
frequency and intensity of the trapping lasers are chang
to control the size and temperature of the atom clou
[typically 1.6 mm diameter (FWHM) andT , 200 mK
which corresponds to a velocity of about 0.5 mys].

(c) We then release the atoms from the MOT by switch
ing off the laser light, the MOT magnetic fields, and th
shifting fields within 0.5 ms. At this point the current
through the wire (typically 1 A) and, if desired, a bias mag
netic field is switched on within100 ms. From then on the
atoms move in the tailored guiding potential [11]. Startin
from an initially well localized, unpolarized atom cloud the
density distribution expands and changes shape accord
to the forces on the atoms. Only those atoms which are
the correct spin state can be trapped and guided.

(d) After a given guiding/trapping time, the spatia
distribution of the atoms is measured by imaging th
fluorescence from optical molasses [2] using a CC
(charge-coupled device) camera. For this the guidin
fields (current through the wire and bias field) ar
switched off and molasses laser beams are switched
for a short time (typically,1 ms). Pictures are taken
from above (looking in the wire direction) and from the
side (looking onto the wire from an orthogonal direction
This allows one to study both the radial confinement an
the guiding of the atoms along the wire.

Typical pictures of atoms orbiting around the curren
carrying wire (Kepler guide) and being guided on the sid
of the wire (side guide) are shown in Fig. 2.

The left set of graphs visually demonstrates loadin
and guiding of atoms with the Kepler guide: The atom
are released from the MOT att  0 at the center of the
wire. Some fraction of these atoms will be bound by th
guiding potential; the rest forms an expanding cloud th
quickly fades away within about 15 ms. The bound atom
are guided along the wire corresponding to their initia
velocity component in this direction. Consequently,
cylindrical atomic cloud forms around the wire tha
expands along the wire. For long guiding times the boun
atoms leave the field of view, and the fluorescence sign
of the atoms decreases. The top view images show
round atom cloud that is centered on the wire suggesti
that atoms circle around the wire.

The graphs on the right hand side of Fig. 2 show atom
that are bound to the side guide after 20 ms of guidin
time. The distance of the guide from the wire change
clearly with the current through the wire (1 and 0.5 A) a
will be discussed later (see also Fig. 6).

The CCD pictures can be used for further analysis
illustrated in Fig. 3 for the Kepler guide. For this the CCD
images are integrated yielding a projection of the dens
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FIG. 2(color). Guiding of atoms along a current carrying wir
Pictures of the atomic clouds taken from above and from
side are shown. (left) Series of pictures illustrating the guid
of atoms in theirstrong-field-seekingstate (Kepler guide) along
a wire carrying a current of 1.2 A. For times shorter th
15 ms the expanding cloud of untrapped atoms is also visi
(right) By adding a bias field atoms in theweak-field-seeking
state are guidedon the sideof the wire (20 ms guiding time).
Choosing different currents through the wire (here 0.5 and 1
the distance of the side trap from the wire can be controll
The location of the wire is indicated with an orange line (do
The pictures show a 2-cm-long section of the wire that
illuminated by the trapping beams.

distribution of the atoms in a direction perpendicular
the wire. Figure 3a shows two such distributions: o
corresponding to free expansion of the atomic cloud w
no current through the wire. This yields a Gaussi
distribution which is typical for atoms released from
MOT. The other one, corresponding to atoms interact

FIG. 3(color). Radial atomic density distribution for the Kep
ler guide after 7.5 ms of interaction time; (left) measureme
(right) Monte Carlo calculation. The upper graphs show t
atomic distributions for a current of 1.2 A through the wi
and without current (free expansion). The difference betwe
the two distributions is shown below. The central peak is d
to 2-dimensional trapping of atoms in the guide. The oran
shaded area, determined by fitting the sum of two Gaussian
the data, is a measure of the number of trapped atoms.
2015
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with a current carrying wire, exhibits a pronounced pea
centered around the wire which is due to trapped atom
orbiting the wire. The peak sits on top of the broa
distribution of nontrapped atoms. In order to extract th
effects of the magnetic guiding potential on the atom
cloud, the two curves are subtracted from each oth
(Fig. 3b). The peak of the trapped atoms now sits in
broader dip, which is caused by repulsion of atoms
low field seeking states from the wire and by the fac
that atoms trapped around the wire are now missing fro
the expanding atomic cloud. Our experimental data agr
well with numerical simulations of the atomic density
distributions as shown in Figs. 3c and 3d.

From an analysis such as the one in Fig. 3 we ca
also extract the loading efficiency into these guides.
this specific experiment about 10% for atoms from a
unpolarized atomic sample are loaded into a Kepler gui
with 1 A current. This agrees well with our Monte Carlo
(MC) calculations which predict 11% loading efficiency
for the measured trap parameters of,1.6 mm FWHM
and T , 200 mK (see solid line in Fig. 4). Using the
same procedure we also measured the loading of theside
guideto 4% for a 1 A current and a 2 G bias field, which
is also in agreement with our MC calculations. Thi
smaller loading efficiency is mainly due to the smalle
depth and “size” of the used side guide potential. B
optically pumping the atoms and better “mode matching
the temperature and the size of the cloud one can obt
loading rates of 40% and higher for both guides.

Figure 4 shows how the number of detected atom
bound to the Kepler guide, decreases as a function
guiding time. The data are given as the fraction of th
total number of atoms of the MOT. The decrease of th
observed atom number is mainly due to the expandin
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FIG. 4. Detected fraction of the MOT atoms that are bound
the Kepler guide: Atoms are detected only as long as they a
located within the width (2 cm) of the MOT laser beams tha
are used to illuminate the atoms. The solid line is a theoretic
ab initio prediction for a pure Kepler guide that is based o
the measured parameters of the MOT. The experimenta
observed additional loss at higher interaction times is mo
likely due to uncompensated bias fields.
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atomic cloud that gradually leaves the detection reg
given by the 2 cm diameter laser beams. The so
line represents a calculation of the atomic signal for t
pure Kepler potential taking into account the ballist
expansion of the atomic cloud along the wire. W
attribute the additional loss observed in the experim
to magnetic stray fields that render the atomic orb
unstable; i.e., atoms will hit the wire and are lost. The
will also be a small contribution to the losses because
a decrease in the wire current over time, caused by
increasing resistance due to Ohmic heating of the wire

Other valuable information about the transverse co
finement can be extracted by measuring the momen
distribution of the trapped atoms. After switching off th
guiding potential and waiting a few ms for ballistic expa
sion, the spatial distribution represents the velocity dis
bution of the atoms. Figure 5 shows the spatial atom
distribution 9 (7) ms after switching off the guides. A
clear distinction can be seen between the two types
guides. Atoms in the Kepler guide, where atoms circ
around the wire, expand in a ring (Fig. 5, left), showin
clearly that there are no zero-velocity atoms. This is b
cause in order to be trapped in stable orbitsaround the
wire the atoms have to meet the constraint that the per
lion of their Kepler orbit is located outside the wire. Th
restricts stable motion only to atoms with nonvanishin
velocity. The low-field-seeker atoms of the side guid
however, do not have this constraint. Their velocity d
tribution is a standard Gaussian (Fig. 5, right).

Moreover, the side guide exhibits interesting scali
properties: With a fixed trap depth (given by themag-
nitudeof the bias field) the trap size and its distance fro
the wire can be controlled by the current in the wir
The paradoxical situation arises that the trap gets sma
(size~ IyBb) and steeper (gradient~ B2

byI) for decreas-
ing current in the wire. The smallest and steepest tr
achievable with a fixed bias field is limited only by th

FIG. 5. Atomic distribution after free expansion of 9(7) m
for atoms that have been guided along the wire. The t
profiles that are shown are cuts through the center of
respective CCD images in the right upper corner. For the hi
field-seeker guide (left) the expanded cloud is doughnut-sha
due to the orbital motion of the atoms around the wire. F
guiding on the side (right) we obtain a Gaussian distribution.
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FIG. 6. Position of guided atoms vs the current through th
wire for the side guide. Decreasing the current brings th
trap closer to the wire and consequently makes it smaller a
steeper.

requirement that it must be located outside the wire.
simple calculation shows, for example, that a trap with
gradient of over 1000 Gycm can be achieved with a mod-
erate current of 0.5 A and an offset field of 10 G. Th
trap would be located100 mm away from the wire center.
Figure 6 illustrates this linear scaling forrs, the distance
of the side guide from the wire, as a function of the wir
current (see also the right hand side of Fig. 2).

The side guide represents a promising technique for f
ture applications in atom optics, because of its simplici
and versatility. (a) It can be mounted on a surface, wi
the atoms guided above the surface along the wires. T
renders the wires more stable and at the same time allo
for efficient cooling which enables also very thin, nanofab
ricated wires to support sizable currents (see also [12
(b) Achieving the ultrahigh vacuum conditions require
for coherent guiding is very simple, since the propagatio
of atoms is in the open andnot in an enclosed space as
in a hollow optical fiber [13]. (c) By combining different
wires we can construct beam splitters [14], interferom
ters, or more complex matter wave networks [15]. Th
will open the door for a new generation of atom optica
experiments where many nanofabricated atom optical e
ments are combined into one single quantum circuit in th
near future, similar to modern integrated electronics.
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