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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 loffe-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 typicatyl® ®Rb atoms in thdF=2, mg
=2) 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 research in By bending the ends of the wire one creates slightly more
guantum optics. Since the first realizati¢h,2], various complex structures[12,14,13 that provide a three-
methods of creating a condensate have been shown, rangidgnensional confinemerisee the inset in Fig.)1
from large-scale magnetic traps to miniature surface traps (a) The U trap: By bending a wirenia U shape, the two
[3,4] as well as optical dipole traps]. Many fascinating fields from the bent ends of the witarmg close the initial
properties of this form of matter have been studiée 8. two-dimensional confinemeriguide along the central wire

Manipulation of ultracold atoms using surface mountedsegmentbasg. The result is a three-dimensional quadrupole
microstructures, so-called atom chif®10], promises accu- field, with a trap minimunB,=0.
racy and versatility in manipulating atoms at the quantum
level, and perhaps even the implementation of quantum in-
formation processing11]. For a comprehensive review on
surface mounted microtraps, see R&0]. One of the main
experimental challenges is to realize a simple coherent
source of ultracoldground stateatoms for the experiments,
irrespective of the microstructures on the surface.

In this article we report on the creation of a sizabte3
X 10° atoms) Bose-Einstein condensate in a Z-wire trap,
which yields a simple, easy to handle, and robust small-scale Y / \
loffe-Pritchard trag 12]. Placing the Z-wire structure behind T i
the atom chip allows us to separate the magnetic trap geom II
etry for the condensation process from the microtraps forBias field coils = 3¢
further experiments. Such a setup gives complete freedom ityindow
design of the microtraps on the atom chip.

The most basic microtrap uses the magnetic field mini-
mum created by superposing the magnetic field of a currenMirror MOT
in a straight wire on a homogeneous magnetic bias field per/aser beam
pendicular to it[10,13. The two fields add up to a two-
dimensional quadrupole field along the wire, which can
guide atoms. The trap depth is given by the homogeneou:
bias field; the field gradient is inversely proportional to the
wire current. Such a geometry lends itself to miniaturization
of the wire size using microfabrication techniques. In this
way traps can be made even steeper, while maintaining me
chanical stability and robustness. A typical example is our
atom chip[9], where the 1-20@:m wide wires are micro-
fabricated in a 2—5um thick gold layer on a silicon sub-
strate. FIG. 1. Scheme of the experimental setup, showing the vacuum

chamber, the quadrupole coils, and the 45° laser beams for the
mirror-magneto-optical tragMOT) (see text The inset shows the
* Author to whom correspondence should be addressed. Electronigopper H structure in the atom chip mountifgeen from below,
address: Feenstra@physi.uni-heidelberg.de atom chip not mountedThe current paths for the U and the Z trap
URL: http://www.bec.uni-hd.de are indicated.
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(b) The Z trap: If the arms are pointing in opposite direc- (outer port$, while for the Z trap it is 7.25 mniinner ports.
tions (Z-shaped wirga field component parallel to the base The device is tightly fitted in an insulating ceramic, allowing
remains, giving a loffe-Pritchard type trap with a nonzeroany structure to be mounted directly against it. The distance
minimum B,>0. between the center of the base wire and the surface of an

A common property of these traps is the scaling of theatom chip is 1.2 mm. The 1221 mn? cross section of the
strong linear confinement in the transverse direction, inbase wire withstands currents of up to 50 A for over a minute
versely proportional to the wire currehf, and the distance without significant heating. Thus it enables trapping of large
Zy between the wire center and the trap minimum: atom numbers both near and far away from the chip surface,

5 while preserving the ultrahigh vacuum in the upper chamber.
_— ILV B/ =£oc i 1) The base of the trap mounting is made from stainless steel

"B Tt axz Iy tubes welded to a UHV flange, allowing a coolant flow

through the mounting. The flange also carries four high-
Here B, is the homogeneous bias field perpendicular to thgyower current feedthroughs for operating the H structure and
wire. In the casefoa Z trap, the additional longitudinal field a 35-pin connector to access the atom chip. The ceramic
arising from the arms turns the bottom of the quadrupole traglock containing the H structure is fastened to the stainless
into a harmonic potential. The transverse angular trap fresteel part of the mounting by a copper rod, acting as a heat

guenciesw, , in this potential scale as sink. The mounting is hung from its flange in the upper,
ultrahigh vacuum, chamber of the setup, which is machined

B from a single piece and is fitted with optical quality win-
“’X'Z“\/?O' @ dows. The distance between the atom trap center and the

closest window is~40 mm.

Such wire traps provide a linear field gradient given by A regular vapor cell MOT in the lower part of the setup
Eq. (1). This enables a large flexibility first to trap a large traps ~10° ®Rb atoms from the background gas obtained
number of atoms and second to efficiently compress the traffom a heated Rb-dispenser. A continuous laser beam, the
to small volumes and high trap frequencies for effectivepush beam, transfers the atoms through a differential pump-
evaporative cooling. For instance, using a wire current ofng stage and over a 40 cm vertical distance from the vapor
lw="50 A and properly tuned bias fields, thermal atoms cargell MOT chamber P~10"8 mbar) to the UHV chamber
be trapped up to 3 mm from the wire center. By varying only(P~10"** mbar)[18,19.
the bias fields, the trap can be compressed to field gradients The experimental cycle starts by loading the mirror MOT
in excess of 400 G/cm at a trap distance of 1.5 mm from thavith the push beam for 20 s, resulting in a cloud of 10
wire center, reaching trap frequencieswf,>600 Hz. The atoms located-3 mm below the atom chip. Next, the quad-
large distance allows a microfabricated structure to be placetipole field from the mirror MOT is gradually replaced in
between the wire and the trap. This is the principal advantagd00 ms by that of the U MOT. Using a wire current Igf
of the experimental setup. An additional benefit of such=25.5 A and bias field 0B,=6.5G, a field gradient of 14
small-scale circuits is that their low inductance enables rapids/cm is reached. The transfer to the U MOT compresses the
changing and switching of the potentials. cloud and moves it to 2 mm from the surface. During this

As presented in Fig. 1, the experimental apparatus mainlprocess we observe no atom losses.
consists of a vertically aligned double magneto-optical trap After the U MOT phase, all magnetic fields are switched
(MOT) setup with a mirror MOT[9,15-17 in the upper off for 15 ms to allow optical molasses cooling 1650 ©K.
ultrahigh vacuum(UHV) chamber. The atom chip gold layer It should be noted that the atom chip surface is not a perfect
serves as the mirrdi9]. The magnetic quadrupole field for mirror, due to the structures on the chip. However, the dif-
the MOT is supplied by external coils or by the field of the U fraction from these edges does not harm in any aspect the
trap (U MOT). For the mirror MOT to work, the magnetic functionality of the mirror MOT, nor does it inhibit molasses
axis of the quadrupole must be tilted by 45° with respect tocooling. Next, a 20Qus optical pumping pulse to thg-
the mirror. To maintain the optical access to the trap the coilss 2,mz=2> state prepares the atoms for the transfer to the
are wound in a conical shape. Two counterpropagating lasef trap. Optical pumping increases the number of trapped
beams overlap the quadrupole axis, being reflected on thatoms by a factor of 3. With careful matching of the trap
mirror at 45°. Two additional counterpropagating laserparameters, more than®atoms can be loaded into the mag-
beams run horizontally, parallel to the mirror and perpen-etic trap.
dicular to the plane of the 45°-reflected beams. In the case of The trap frequencies for the initial Z trap, Wi Z current
the U MOT, the 45° angle of the field axis follows naturally of 49.7 A and a bias field dB,=25.4 G(dotted line in Fig.
from the geometry of the wire and the bias field; therefore2), arew,=2mx18 Hz andw, ,=27X51 Hz. Inmediately
the U MOT can be operated with the same laser beam corgfter loading, the offset field of the Z trap is reduced by the
figuration. addition of a bias field, , parallel to the base, opposing the

The fields for the Z trap and the U MOT are derived from fields of the arms. This compresses the trap transversely and
currents through the adequate ports of a monolithic H-shapedeepens it. After 100 ms this bias field reaches its final value
copper structurgsee the inset of Fig.)1The central bar of of B,=5.5 G (dashed line in Fig. 2 The trap is further
the H structure forms the base wire of both the U and the Zompressed in all three directions by linearly increasing the
traps. The base wire length for the U MOT is 12.75 mmbias fieldB, from 25.4 G to 58.3 G, which also moves the
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FIG. 3. Absorption image of a compressed atom clodd (
X ~10 uK,N~5x10°) ~35 um away from the atom chip surface.
X—T The angle of the imaging laser is adjusted so that the lower image is
the direct shadow of the cloud in the beam reflected off the chip.
The upper image is due to the part of the beam that strikes the atom
cloud before being reflected. The lower panel shows an exaggerated
scheme of the setu@ctual angle~0.3°, picture width 1.8 mm
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% view is parallel to the plane of the atom chip and perpendicu-
a7 lar to the central bar of the H structure. The laser beam
- grazes the chip, enabling detailed pictures down to very short
distances to the chip. Care has to be taken in aligning the
566 - 30'00 40'00 50'00 eoloo absorption Iasgr beqm, because slight 'mlsallgnment can
(b) ) ) cause severe diffraction stripes to appear in the images.
radial direction z [um] A helpful feature of the setup is that the distance of the
cloud to the chip surface may be inferred from slightly tilting
_FIG. 2. Potentials of the Z trap withy=49.7 A for different  the imaging laser beam; one observes two images of the
bias field configurations used in the experiment. Initial tfdptted condensate, where one results from a partially reflected ab-
line), B,=25.4 G, By=Q; compress_ed _trap(dashed ling B, sorption bean(see Fig. 3
=254 G, By=55G; final trap (solid line), B,=583 G, B, Modeling the trap geometry with a straightforward ap-
(_sffafe' a(;r; tlhzeo(l)e;rgx'?ﬁ; g;fel?vgférg?/irljl ;T;ngr:'hpe';o'gﬂ'\gtedproach.using infinitely long arms and infinitely thin wires,
direction. i L . ’ . neglecting the finite size of the structure, gives a qualitative
irection, is taken into account in the model. The insebinshows ? . ! .
the current density in the H structure when used for the Z trap; e?sumate for thef p"?“amete.rs of the trap. Detailed Sl.mUk.itl.ons
lighter shade corresponds to a higher current density. of the current Q|str|but|on in the Z structure, gmploymg finite
element algorithms, reveal that the effective current path
length Lo in the Z structure is shorter than the geometrical
trap center from initially 1.8 mm to a distance of 3pn  value L 4,y defined by the separation of the arms along the
from the chip surfacésolid line in Fig. 2. During the 19 s base wire(see the inset in Fig.)2Using an effective base
compression stage, forced evaporative cooling is applied by

rf radiation from a coil antenna outside the vacuum chamber—

The frequency is linearly ramped down from 19 MHz to
typically 600 kHz. The simultaneous processes of compres:
sion and cooling avoid crushing the initially large atom cloud
into the chip surface. For the final trapping potential, the
angular oscillation frequencies ate, ,=27 X600 Hz and
wy=2mX70 Hz (solid line in Fig. 2. The compression in-
creases the transverse field gradient by more than a factor ¢
5, from 80 G/cm to 440 G/em. The wire current is kept  rig. 4. Bose-Einstein condensation is observed in absorption
constant throughout the procedure. o _ images taken at different final RF-frequencies. From left to

The atom cloud is studied by absorption imaging with ayight: atoms in the trapy;=800 kHz, expanded clouds after 16 ms
weak (120uW/cn?) circularly polarized laser beam, reso- time-of-flight with »; =800 kHz (thermal cloud, »; =650 kHz (bi-
nant with theF =2—F’=3 transition. The imaging system modal cloud, andv;=630 kHz(pure BEQ, respectively. Each im-
uses an eight-bit charge-coupled device camera and achrage size is~1.8x2.3 mm. The surface of the atom chip is indi-
matic optics with a resolution of &m. The direction of cated at the top of the figure.
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length of Leg~6.7 mm, instead of geoni=7.25 mm, in the setup very well suited for studying the interaction between
model with infinitely thin wires, we reach good quantitative degenerate atom clouds and surfaces. Since the large volume
agreement with the experimental results. of the macroscopic Z trap allows trapping, storing, and cool-
The procedure described above results in a Bose-Einsteiflg of large atom numbers, the technique can easily be used
condensate of approximatelyx3L0° atoms, at a density of {0 load precooled ensembles into small-scale traps of a dif-
9% 10" cm™2 and with a transition temperature 600 nK ferent nature, such as miniature optical traps, traps made of
(see Fig. 4 permanent magnets, electric traps, etc., which may have shal-

Presently, the condensate in the copper structure survivd@W depths or small trapping volumes, thus lacking the abil-
for over a second when using rf shielding at the final fre-lty to store a sufficient number of atoms for compression and

guency of the cooling ramp. In addition, we can transfer thePvaporative cooling.

condensate to a trap on the atom chip in typically 100 ms.  \e especially wish to thank Toni Schiserr for the fine
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