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Surface effects in magnetic microtraps

J. Fortágh,* H. Ott, S. Kraft, A. Günther, and C. Zimmermann
Physikalisches Institut der Universita¨t Tübingen, Auf der Morgenstelle 14, 72076 Tu¨bingen, Germany

~Received 13 April 2002; published 24 October 2002!

We have investigated Bose-Einstein condensates and ultracold atoms in the vicinity of a surface of a
magnetic microtrap. The atoms are prepared along copper conductors at distances to the surface between
300 mm and 20mm. In this range, the lifetime decreases from 20 s to 0.7 s showing a linear dependence on
the distance to the surface. The atoms manifest a weak thermal coupling to the surface, with measured heating
rates remaining below 500 nK/s. In addition, we observe a periodic fragmentation of the condensate and
thermal clouds when the surface is approached.
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Micropotentials have proven to be a powerful tool to m
nipulate and structure the shape of a Bose-Einstein con
sate@1# on a length scale shorter than the coherence lengt
the condensate. Besides the manipulation with light@2–6#,
current carrying microstructures@7# are particularly interest-
ing since they can be tailored in an arbitrary way, providi
a variety of potential geometries. In previous experime
with magnetic microtraps the work was mainly focused
the demonstration of different trapping geometries, load
schemes and guiding principles@8–14#. The recent realiza-
tion of Bose-Einstein condensates in magnetic microtr
@15,16# however provides new possibilities to control cohe
ent matter on the micrometer scale. Coherent beam split
on-chip interferometers, or quantum dots may become
sible. In current experimental setups, the dimensions of
conductors vary from 1mm to 100mm and the distance
between the trap minimum and the surface is typically of
same size. At such small distances the atoms are affecte
the nearby surface. For experiments with coherent ma
waves or even single atoms in microfabricated traps an
derstanding of the mutual influences of the atoms and
surface is highly desirable.

In this letter, we describe three effects on ultracold ato
which appear in the vicinity of the surface of a magne
microtrap. We observe a decrease of the lifetime of
atomic cloud which scales roughly linearly with the distan
to the surface. At 20mm, the lifetime is reduced to less tha
1 s, which has to be compared to the ‘‘far distance’’ value
100 s. Simultaneously, an increased heating rate is obse
which, however, does not exceed 500 nK/s. Furthermor
periodic fragmentation of both, the thermal cloud and
condensate occurs when the surface is approached at
tances of about 250mm. This gives strong evidence for ad
ditional potentials arising from the nearby surface.

In our experiment, the microtrap is generated by a mic
structure which consists of seven parallel copper conduc
with widths of 3 mm, 11mm, and 30mm, a height of
2.5 mm and a length of 25 mm@17#. The conductors are
electroplated on an Al2O3 ceramic substrate. An additiona
copper wire with a circular diameter of 90mm is mounted
parallel to the microstructure, allowing for reference me
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surements. The free surface of the wire is in the plane of
fabricated conductors. The radial potential is built from t
field of one of the eight conductors with currentI and a
homogeneous bias fieldBbias perpendicular to the conducto
The axial confinement is accomplished by a superimpo
Ioffe type trap@18#, that also provides a nonvanishing fie
B0 in the center of the trap. The axial oscillation frequen
has an upper limit of 2p314 Hz and can be tuned withou
affecting the radial confinement by changing the strength
the Ioffe type trap. In all experiments, a precooled cloud
87Rb atoms in theuF52,mF52& hyperfine ground state is
transferred into the microtrap. The loading procedure,
adiabatic transfer, and the experimental cycle are descr
in detail elsewhere@15#. The trap geometry is characterize
by its axial and radial oscillation frequencyva andv r , and
by its distanced to the surface. Assuming a linear conduct
carrying current and a homogeneous bias field perpendic
to the conductor,v r andd are given by

v r52p3
1

m0
AmBgFmF

mB0

Bbias
2

I
,

d5
m0

2p

I

Bbias
,

where m denotes the mass of the atom. For a given dista
d and a radial oscillation frequencyv r the currentI in the
conductor and the required bias fieldBbias are fully deter-
mined. Thus, the radial steepness of the waveguide an
distance to the surface can be tuned independently.

To investigate lifetime and heating rate we prepare c
thermal ensembles at different distances to the trap surf
The temperature is adjusted to 2mK, well above the critical
temperature for Bose-Einstein condensation. The trap is k
constant for a variable storage time and the number of at
as well as the temperature are determined from time of fli
measurements of the released atomic cloud. Figure~a!
shows the measured trap lifetimes at the microstructure
at the 90mm copper wire. The lifetime reveals a linear d
pendence on the distance to the conductor surface ov
wide range. For small distances the data differ from a p
linear behavior. Both types of conductor~massive copper
wire and thin, electroplated conductor! show a similar influ-
ence such that close to the conductor the lifetime is redu
©2002 The American Physical Society04-1



d
t
t
a

r
n
ta

th
s
th

t
ly

a
b
in
H
as
a

i

s re-
im-

we

er
ia-

the
ure
ur-

than
nce
x-
in-
close
e to
, at
or
e
ed,
ag-
ddi-
the

eri-
ors

old
, the
s

xial
he
e
ed

a
f a
de.
es
en-
ten-
n
-
the
the

e in
es.
of

ax-
lo-

e-
he
the
ance
l

in

-
a

RAPID COMMUNICATIONS
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by two orders of magnitude. For a distance of 20mm the
measured lifetime is as short as 700 ms, whereas for a
tance of 2 mm a reference value of 100 s has been de
mined. To bring the atoms close to the surface the curren
the conductor are reduced. In this case, the dissipated he
the conductor due to resistive heating scales asP}d4. Thus,
at smaller distances the temperature of the conducto
lower. In our experiment, the conductors are mounted o
cooled copper heat sink which provides an almost cons
temperature. To avoid influences due to long-time heating
the equipment the data points for different distances to
surface were measured in random order. This allows u
exclude outgassing effects. Evaporation of cold atoms
hit the surface can also be excluded: at small distances
potential barrier at the conductors surface is approximate
G corresponding to a temperature of more than 400mK. In
Ref. @19# surface induced spin-flip transitions are analyzed
lifetime reducing mechanism. Spin flips can be induced
the oscillating magnetic field of thermally excited currents
the metal or by technical noise at frequencies around 1 M
Because the radiation field of a dipolar antenna decre
inversely proportional with the distance the measured d
are in qualitative agreement with the theory.

The experiments were performed on thermal atom
clouds at densities below 131014 cm23 and no indication of

FIG. 1. Lifetime and heating rate of thermal atoms in the vic
ity of the surface (T51.5 mK). ~a! Lifetime near the surface of the
microstructure and the 90mm wire. The lifetime for a distance of 2
mm is 100 s.~b! Heating rate at the 90mm copper wire. Measure
ments at the microstructure yield to similar results. The last d
point on the right is taken at a distance of 2 mm.
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inelastic processes like three body recombination@20# was
observed. The generation of Bose-Einstein condensate
sults in higher densities and inelastic processes become
portant. In highly elongated traps withva52p314 Hz and
v r.2p31 000 Hz as used for the previous experiments,
reach condensation at densities above 131015 cm23 and the
lifetime of the condensate is limited to a few 10 ms. Long
lifetimes can be achieved if the density is reduced by ad
batic relaxation of the trapping potential. Forva52p
38 Hz, v r52p3100 Hz andd5300 mm we measure a
condensate lifetime of 2.3 s.

The heating rate has been determined by measuring
temperature of the cloud after different storage times. Fig
1~b! shows the heating rate for different distances to the s
face. In all studied scenarios, the heating rate was less
500 nK/s. For comparison, at a distance of 2 mm a refere
value of 3268 nK/s has been determined, indicating an e
tremely low technical noise in our apparatus. Thus, the
creased heating rate can be addressed to specific effects
to the conductors surface. Heating can be induced du
fluctuations of the magnetic field at the trap frequencies
their half or harmonics, however we found no indication f
such kind of noise in our experiment. Although the lifetim
of atomic clouds close to the surface is significantly reduc
this puts only moderate restrictions on applications of m
netic microtraps. For a condensate the heating leads to a
tional losses. However, it does not necessarily reduce
coherence properties.

More important, we have observed an unexpected p
odic fragmentation of the atomic cloud along the conduct
at distances of less than approximately 250mm. To study
this fragmentation we have prepared a cloud of ultrac
atoms at different distances to the surface. Subsequently
axial confinement of the trap was turned off within 400 m
and a homogeneous bias field was applied along the a
direction in order to retain the parabolic character of t
radial confinement. This configuration allows for a fre
propagation of the atoms in the waveguide. An undisturb
propagation is observed for distances larger than 300mm.
Below 250mm, the guiding potential obviously exhibits
significant waviness. Figure 2 shows the distribution o
thermal cloud after 100 ms of expansion in the wavegui
The modulation of the atomic density distribution indicat
the presence of an additional periodic trapping potential g
erated by the microstructure. The spacing between the po
tial minima is 300mm and the depth of the potential is o
the order ofkB31 mK which can be estimated by the tem
perature of the atomic cloud. Changing the distance to
surface has no influence on the position and the period of
potential minima. Releasing a Bose-Einstein condensat
the waveguide allows for the detection of finer substructur
Figure 3~a! shows two condensates with a separation
110 mm. The image was taken 300 ms after the axial rel
ation was completed and the waveguide potential was
cated 100mm below the microstructure. The axial confin
ment of the microtrap was completely turned off and t
condensates were still trapped in two potential minima at
surface. An even finer structure can be observed at a dist
of 50 mm. Figure 3~b! shows the formation of individua
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condensates with a separation of 50mm. In this experiment,
the image was taken directly after the last cooling stage
the trap without ramping down the axial confinement.

The appearance of the surface potentials can be obse
at each of the seven conductors of the microstructure.

FIG. 2. Fragmentation of a thermal cloud in the vicinity of th
surface (N5560 000,T51 mK). The axial confinement was
ramped down to zero within 400 ms and the cloud was allowed
freely expand for 100 ms. The absorption images were taken~a! in
the waveguide and~b! after 10 ms time of flight.~c! The integrated
scan shows a periodicity of 300mm in the density distribution of
the cloud along the waveguide. The radial oscillation frequency
v r52p31000 Hz and the waveguide potential was located a
distanced5150 mm to the surface. The dashed line indicates
surface of the microtrap and the orientation of the conductors.

FIG. 3. Fragmentation of a Bose-Einstein condensate clos
the surface. The absorption images were taken after 15 ms tim
flight. ~a! Two condensates 300 ms after relaxation of the ax
confinement. The spacing of the condensates is 110mm (d
5100 mm). The condensate at the left contains 12 000 atoms
the right 7 000 atoms.~b! Multiple condensates with a periodi
spacing of 50mm (d550 mm). The condensates were releas
from the trap without relaxation of the axial confinement. The e
velope shows a 200mm structure which is due to the superpositio
of the surface potential with a period of 300mm ~Fig. 2! and the
axial confinement (va52p314 Hz) of the microtrap. The tota
number of atoms is 165 000, the tallest part contains 33 000 ato
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pendencies of the period and position of the potential str
ture have to be investigated in future experiments. The
periments were repeated at the 90mm copper wire. Here, we
observe a periodic modulation with a spacing of 220mm
including a substructure with 110mm.

To exclude interatomic interaction as a possible reason
the separation, we have generated two neighboring con
sates as shown in Fig. 4~a!. One of them was subsequent
removed with a focused laser beam. In accordance with
assumption of periodic surface potentials the second con
sate remains at the same position, whereas a fraction o
thermal cloud starts to oscillate in the trap.

Magnetic modulations caused by a transverse cur
variation decay on a length scale which is on the order of
transverse dimension of the conductor. Thus, modulati
over larger distances can only be addressed to longitud
variations. They cannot arise from the flow of the elect
current, which has to be constant along the conductor.
exclude any material impurities like ferromagnetic domai
we have made a chemical analysis~energy dispersive x-ray
analysis, EDX! of an identical microstructure, which re
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FIG. 4. Pinning of the condensates.~a! Simultaneous formation
of two condensates at a distanced5150 mm to the surface. The
superposition of the surface potential and the axial confinemen
the trap results in a spacing of 220mm between the two potentia
minima. The images were taken at different temperatures belowTc

after 15 ms time of flight. The critical temperature is reached w
500 000 atoms~first image!, the condensates contain 65 000 atom
each.~b! By shifting the center of the trap along the waveguide, t
condensates populate stationary potential minima~10 ms time of
flight!. ~c! Separation of a condensate~5 000 atoms! and the thermal
cloud ~90 000 atoms! after 100 ms of free expansion in the wav
guide ~15 ms time of flight!.
4-3
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vealed no measurable impurities@17#. Trivial causes for
modulated electrostatic or gravitational potentials can be
cluded. One may speculate that the observed potential m
lations could be attributed to longitudinal or transversal s
arrangements of moving electrons in copper@21#. Mean-
while, the observations discussed above could be reprod
by two other groups@22,23# working on microtraps. The
common feature of the experiments is the use of copper c
ductors as current-carrying elements for generating the m
trap, with differences due to the various conductor profi
and currents.

The appearance of additional potentials at the surface
several consequences for the application of magnetic
crotraps for Bose-Einstein condensates. A continuous shi
the condensate along the conductor or an undisturbed pr
gation in a waveguide is only possible at a sufficiently lar
distance to the surface. Figure 4~b! shows a sequence o
absorption images where the trapping potential was shi
in the axial direction. As a result the condensates are pin
-
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on the periodic potential and populate subsequent pote
minima. Another example for the pinning effect is illustrate
in Fig. 4~c!. The atomic ensemble is shown after 100 ms
free axial expansion in the waveguide. The condensate
mains pinned at its original position while the thermal clo
starts to propagate in the waveguide resulting in a separa
of the two components.

In conclusion, we have investigated the lifetime and t
heating rate of ultracold gases in the vicinity of a surface
a set of parameters that corresponds to currently used
crotrap setups. We find evidence for influences of the surf
resulting in a reduction of the lifetime and an increased he
ing rate. The appearance of a periodic potential near the
face is a qualitatively new phenomenon which has to be
vestigated in future experiments.

The authors would like to thank G. Miha´ly for helpful
discussions. This work was supported in part by the De
sche Forschungsgemeinschaft.
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