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Bose-Einstein condensation in a simple microtrap
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A Bose-Einstein condensate is created in a simple and robust miniature Ioffe-Pritchard trap, the so-called Z
trap. This trap results from the mere combination of a Z-shaped current-carrying wire and a homogeneous bias
field. The experimental procedure allows condensation of typically 33105 87Rb atoms in theuF52, mF

52& state close to any mirroring surface, irrespective of the surface structure. Thus it is ideally suited as a
simple coherent source for miniature surface traps or for cold atom physics near surfaces.
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Bose-Einstein condensates are at the heart of resear
quantum optics. Since the first realization@1,2#, various
methods of creating a condensate have been shown, ran
from large-scale magnetic traps to miniature surface tr
@3,4# as well as optical dipole traps@5#. Many fascinating
properties of this form of matter have been studied@6–8#.

Manipulation of ultracold atoms using surface mount
microstructures, so-called atom chips@9,10#, promises accu-
racy and versatility in manipulating atoms at the quant
level, and perhaps even the implementation of quantum
formation processing@11#. For a comprehensive review o
surface mounted microtraps, see Ref.@10#. One of the main
experimental challenges is to realize a simple cohe
source of ultracold~ground state! atoms for the experiments
irrespective of the microstructures on the surface.

In this article we report on the creation of a sizable (;3
3105 atoms) Bose-Einstein condensate in a Z-wire tr
which yields a simple, easy to handle, and robust small-s
Ioffe-Pritchard trap@12#. Placing the Z-wire structure behin
the atom chip allows us to separate the magnetic trap ge
etry for the condensation process from the microtraps
further experiments. Such a setup gives complete freedo
design of the microtraps on the atom chip.

The most basic microtrap uses the magnetic field m
mum created by superposing the magnetic field of a cur
in a straight wire on a homogeneous magnetic bias field
pendicular to it@10,13#. The two fields add up to a two
dimensional quadrupole field along the wire, which c
guide atoms. The trap depth is given by the homogene
bias field; the field gradient is inversely proportional to t
wire current. Such a geometry lends itself to miniaturizat
of the wire size using microfabrication techniques. In th
way traps can be made even steeper, while maintaining
chanical stability and robustness. A typical example is
atom chip@9#, where the 1 –200mm wide wires are micro-
fabricated in a 2 –5mm thick gold layer on a silicon sub
strate.
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By bending the ends of the wire one creates slightly m
complex structures @12,14,15# that provide a three-
dimensional confinement~see the inset in Fig. 1!.

~a! The U trap: By bending a wire in a U shape, the two
fields from the bent ends of the wire~arms! close the initial
two-dimensional confinement~guide! along the central wire
segment~base!. The result is a three-dimensional quadrupo
field, with a trap minimumB050.

ic

FIG. 1. Scheme of the experimental setup, showing the vacu
chamber, the quadrupole coils, and the 45° laser beams for
mirror-magneto-optical trap~MOT! ~see text!. The inset shows the
copper H structure in the atom chip mounting~seen from below,
atom chip not mounted!. The current paths for the U and the Z tra
are indicated.
©2003 The American Physical Society12-1



c-
e
ro

th
in

th

ra
fre

by
e
tra
ive
o
a
ly

en
th

ce
ag
c
p

in
ra

r
r
U

c
t t
oi
s
t
e
n

e
ly
r
o

m
p

e
m

g
nce
f an

ute
ge
ce,
er.
teel
w
h-

and
mic
ess
eat

er,
ed
-
the

p
ed
the

mp-
por

T
0
d-
in

the
is

ed

fect
if-
the
s

the
ed
p

g-

he
e
and
lue

the
e

SCHNEIDERet al. PHYSICAL REVIEW A 67, 023612 ~2003!
~b! The Z trap: If the arms are pointing in opposite dire
tions ~Z-shaped wire! a field component parallel to the bas
remains, giving a Ioffe-Pritchard type trap with a nonze
minimum B0.0.

A common property of these traps is the scaling of
strong linear confinement in the transverse direction,
versely proportional to the wire currentI W and the distance
z0 between the wire center and the trap minimum:

z0}
I W

Bx
, B'8 5

]B

]x,z
}

Bx
2

I W
. ~1!

HereBx is the homogeneous bias field perpendicular to
wire. In the case of a Z trap, the additional longitudinal field
arising from the arms turns the bottom of the quadrupole t
into a harmonic potential. The transverse angular trap
quenciesvx,z in this potential scale as

vx,z}
B'8

AB0

. ~2!

Such wire traps provide a linear field gradient given
Eq. ~1!. This enables a large flexibility first to trap a larg
number of atoms and second to efficiently compress the
to small volumes and high trap frequencies for effect
evaporative cooling. For instance, using a wire current
I W550 A and properly tuned bias fields, thermal atoms c
be trapped up to 3 mm from the wire center. By varying on
the bias fields, the trap can be compressed to field gradi
in excess of 400 G/cm at a trap distance of 1.5 mm from
wire center, reaching trap frequencies ofvx,z.600 Hz. The
large distance allows a microfabricated structure to be pla
between the wire and the trap. This is the principal advant
of the experimental setup. An additional benefit of su
small-scale circuits is that their low inductance enables ra
changing and switching of the potentials.

As presented in Fig. 1, the experimental apparatus ma
consists of a vertically aligned double magneto-optical t
~MOT! setup with a mirror MOT@9,15–17# in the upper
ultrahigh vacuum~UHV! chamber. The atom chip gold laye
serves as the mirror@9#. The magnetic quadrupole field fo
the MOT is supplied by external coils or by the field of the
trap ~U MOT!. For the mirror MOT to work, the magneti
axis of the quadrupole must be tilted by 45° with respec
the mirror. To maintain the optical access to the trap the c
are wound in a conical shape. Two counterpropagating la
beams overlap the quadrupole axis, being reflected on
mirror at 45°. Two additional counterpropagating las
beams run horizontally, parallel to the mirror and perpe
dicular to the plane of the 45°-reflected beams. In the cas
the U MOT, the 45° angle of the field axis follows natural
from the geometry of the wire and the bias field; therefo
the U MOT can be operated with the same laser beam c
figuration.

The fields for the Z trap and the U MOT are derived fro
currents through the adequate ports of a monolithic H-sha
copper structure~see the inset of Fig. 1!. The central bar of
the H structure forms the base wire of both the U and th
traps. The base wire length for the U MOT is 12.75 m
02361
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~outer ports!, while for the Z trap it is 7.25 mm~inner ports!.
The device is tightly fitted in an insulating ceramic, allowin
any structure to be mounted directly against it. The dista
between the center of the base wire and the surface o
atom chip is 1.2 mm. The 1.231 mm2 cross section of the
base wire withstands currents of up to 50 A for over a min
without significant heating. Thus it enables trapping of lar
atom numbers both near and far away from the chip surfa
while preserving the ultrahigh vacuum in the upper chamb

The base of the trap mounting is made from stainless s
tubes welded to a UHV flange, allowing a coolant flo
through the mounting. The flange also carries four hig
power current feedthroughs for operating the H structure
a 35-pin connector to access the atom chip. The cera
block containing the H structure is fastened to the stainl
steel part of the mounting by a copper rod, acting as a h
sink. The mounting is hung from its flange in the upp
ultrahigh vacuum, chamber of the setup, which is machin
from a single piece and is fitted with optical quality win
dows. The distance between the atom trap center and
closest window is;40 mm.

A regular vapor cell MOT in the lower part of the setu
traps;109 87Rb atoms from the background gas obtain
from a heated Rb-dispenser. A continuous laser beam,
push beam, transfers the atoms through a differential pu
ing stage and over a 40 cm vertical distance from the va
cell MOT chamber (P;1028 mbar) to the UHV chamber
(P;10211 mbar) @18,19#.

The experimental cycle starts by loading the mirror MO
with the push beam for 20 s, resulting in a cloud of 19

atoms located;3 mm below the atom chip. Next, the qua
rupole field from the mirror MOT is gradually replaced
300 ms by that of the U MOT. Using a wire current ofI W
525.5 A and bias field ofBx56.5G, a field gradient of 14
G/cm is reached. The transfer to the U MOT compresses
cloud and moves it to 2 mm from the surface. During th
process we observe no atom losses.

After the U MOT phase, all magnetic fields are switch
off for 15 ms to allow optical molasses cooling to;50 mK.
It should be noted that the atom chip surface is not a per
mirror, due to the structures on the chip. However, the d
fraction from these edges does not harm in any aspect
functionality of the mirror MOT, nor does it inhibit molasse
cooling. Next, a 200ms optical pumping pulse to theuF
52,mF52. state prepares the atoms for the transfer to
Z trap. Optical pumping increases the number of trapp
atoms by a factor of 3. With careful matching of the tra
parameters, more than 108 atoms can be loaded into the ma
netic trap.

The trap frequencies for the initial Z trap, with a Z current
of 49.7 A and a bias field ofBx525.4 G~dotted line in Fig.
2!, arevy52p318 Hz andvx,z52p351 Hz. Immediately
after loading, the offset field of the Z trap is reduced by t
addition of a bias fieldBy , parallel to the base, opposing th
fields of the arms. This compresses the trap transversely
deepens it. After 100 ms this bias field reaches its final va
of By55.5 G ~dashed line in Fig. 2!. The trap is further
compressed in all three directions by linearly increasing
bias fieldBx from 25.4 G to 58.3 G, which also moves th
2-2
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BOSE-EINSTEIN CONDENSATION IN A SIMPLE MICROTRAP PHYSICAL REVIEW A67, 023612 ~2003!
trap center from initially 1.8 mm to a distance of 300mm
from the chip surface~solid line in Fig. 2!. During the 19 s
compression stage, forced evaporative cooling is applied
rf radiation from a coil antenna outside the vacuum cham
The frequency is linearly ramped down from 19 MHz
typically 600 kHz. The simultaneous processes of comp
sion and cooling avoid crushing the initially large atom clo
into the chip surface. For the final trapping potential, t
angular oscillation frequencies arevx,z52p3600 Hz and
vy52p370 Hz ~solid line in Fig. 2!. The compression in-
creases the transverse field gradient by more than a fact
5, from 80 G/cm to 440 G/cm. The wire current is ke
constant throughout the procedure.

The atom cloud is studied by absorption imaging with
weak (120mW/cm2) circularly polarized laser beam, reso
nant with theF52→F853 transition. The imaging system
uses an eight-bit charge-coupled device camera and ac
matic optics with a resolution of 3mm. The direction of

FIG. 2. Potentials of the Z trap withI W549.7 A for different
bias field configurations used in the experiment. Initial trap~dotted
line!, Bx525.4 G, By50; compressed trap~dashed line!, Bx

525.4 G, By55.5 G; final trap ~solid line!, Bx558.3 G, By

55.5 G. On the left axis of the lower panel the chip is indicat
~surface atz51200mm). The effect of gravity, along the positiveZ
direction, is taken into account in the model. The inset in~b! shows
the current density in the H structure when used for the Z trap
lighter shade corresponds to a higher current density.
02361
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view is parallel to the plane of the atom chip and perpendi
lar to the central bar of the H structure. The laser be
grazes the chip, enabling detailed pictures down to very s
distances to the chip. Care has to be taken in aligning
absorption laser beam, because slight misalignment
cause severe diffraction stripes to appear in the images.

A helpful feature of the setup is that the distance of t
cloud to the chip surface may be inferred from slightly tiltin
the imaging laser beam; one observes two images of
condensate, where one results from a partially reflected
sorption beam~see Fig. 3!.

Modeling the trap geometry with a straightforward a
proach using infinitely long arms and infinitely thin wire
neglecting the finite size of the structure, gives a qualitat
estimate for the parameters of the trap. Detailed simulati
of the current distribution in the Z structure, employing fini
element algorithms, reveal that the effective current p
lengthLeff in the Z structure is shorter than the geometric
valueLgeom defined by the separation of the arms along
base wire~see the inset in Fig. 2!. Using an effective base

a

FIG. 3. Absorption image of a compressed atom cloudT
;10 mK,N;53105) ;35 mm away from the atom chip surface
The angle of the imaging laser is adjusted so that the lower imag
the direct shadow of the cloud in the beam reflected off the ch
The upper image is due to the part of the beam that strikes the a
cloud before being reflected. The lower panel shows an exagger
scheme of the setup~actual angle;0.3°, picture width 1.8 mm!.

FIG. 4. Bose-Einstein condensation is observed in absorp
images taken at different final RF-frequenciesn f . From left to
right: atoms in the trap,n f5800 kHz, expanded clouds after 16 m
time-of-flight with n f5800 kHz~thermal cloud!, n f5650 kHz~bi-
modal cloud!, andn f5630 kHz~pure BEC!, respectively. Each im-
age size is;1.832.3 mm. The surface of the atom chip is ind
cated at the top of the figure.
2-3



e

te
f

iv
re
th
s.
c

gl
s t
efl
th

en
lume
ol-
sed
dif-
e of
hal-
il-
nd

U

x-

SCHNEIDERet al. PHYSICAL REVIEW A 67, 023612 ~2003!
length of Leff;6.7 mm, instead ofLgeom57.25 mm, in the
model with infinitely thin wires, we reach good quantitativ
agreement with the experimental results.

The procedure described above results in a Bose-Eins
condensate of approximately 33105 atoms, at a density o
931013 cm23 and with a transition temperature of;600 nK
~see Fig. 4!.

Presently, the condensate in the copper structure surv
for over a second when using rf shielding at the final f
quency of the cooling ramp. In addition, we can transfer
condensate to a trap on the atom chip in typically 100 m

Since in this work the atom chip is only used as a refle
ing surface for the mirror MOT, we have shown that a sin
current-carrying wire in a homogeneous bias field suffice
create and store a Bose-Einstein condensate near a hot r
tive surface, irrespective of its structure. This makes
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setup very well suited for studying the interaction betwe
degenerate atom clouds and surfaces. Since the large vo
of the macroscopic Z trap allows trapping, storing, and co
ing of large atom numbers, the technique can easily be u
to load precooled ensembles into small-scale traps of a
ferent nature, such as miniature optical traps, traps mad
permanent magnets, electric traps, etc., which may have s
low depths or small trapping volumes, thus lacking the ab
ity to store a sufficient number of atoms for compression a
evaporative cooling.
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