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Propagation of Bose-Einstein Condensates in a Magnetic Waveguide
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Gaseous Bose-Einstein condensates of 2—3 X 10° 2*Na atoms were loaded into a microfabricated

magnetic trap using optical tweezers.

Subsequently, the condensates were released into a magnetic

waveguide and propagated 12 mm. Single-mode propagation was observed along homogeneous seg-
ments of the waveguide. Inhomogeneities in the guiding potential arose from geometric deformations of
the microfabricated wires and caused strong transverse excitations. Such deformations may restrict the
waveguide physics that can be explored with propagating condensates. Finer perturbations to the guiding
potential fragmented the condensate when it was brought closer to the surface.
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Progress in the field of atom optics depends on devel-
oping improved sources of matter waves and advances in
their coherent manipulation. Bose-Einstein condensates of
dilute alkali vapors [1] are now used as sources of coher-
ent atoms. Miniaturizing the current carrying structures
used to confine condensates offers prospects for finer con-
trol over the clouds [2,3]. Following the successful trap-
ping and guiding of thermal atoms using self-supported
miniature wires [4—8] and substrate-supported microfabri-
cated wire arrays [9—12], recent experiments merged wire
traps on the millimeter scale [13] and microfabricated elec-
tronic devices [14,15] with Bose-Einstein condensation.
This has opened up a front on which further techniques
for coherent condensate transport and manipulation can
be explored. While condensate guiding with optical po-
tentials may be limited fundamentally by diffraction [16],
fundamental limitations to guiding condensates with mi-
crofabricated surfaces are not expected for an atom-surface
separation in excess of 1 um [17].

In this Letter, we demonstrate that a Bose-Einstein con-
densate (BEC) transported with optical tweezers can be
transferred into a microtrap on a substrate. Such conden-
sates contained 5 times more atoms than those created in
a similar microtrap [14]. We released the BEC from the
microfabricated magnetic trap into a single-wire magnetic
waveguide and studied its propagation. Condensates were
observed to propagate 12 mm before exiting the field of
view of our imaging system. We observed single-mode
(excitationless) BEC propagation along homogeneous seg-
ments of the waveguide in a regime where the longitudinal
kinetic energy of the condensate exceeded its transverse
confinement energy. Transverse excitations were created in
condensates propagating through perturbations in the guid-
ing potential. These perturbations resulted from geometric
deformations of the current carrying wires on the substrate.
Finer imperfections were observed when trapped conden-
sates were brought closer to the microchip as evidenced by
the longitudinal fragmentation of the cloud.

Condensates containing over 107 2*Na atoms were cre-
ated in the |F,mp) = |1, —1) state in a macroscopic loffe-
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Pritchard magnetic trap [18], loaded into the focus of
an optical tweezers beam, and transported over 30 cm in
1250 ms into an auxiliary “science” chamber as described
in Ref. [13]. Condensates containing 2—-3 X 10° atoms
arrived less than 500 wm below the microfabricated struc-
tures mounted in the science chamber. The optical tweez-
ers consisted of 50 mW of 1064 nm laser light focused to
a 1/e? radius of 26 um. This resulted in axial and radial
trap frequencies of 4 and 440 Hz, respectively, and a trap
depth of 2.7 uK.

A schematic of the microchip onto which the BEC was
loaded is shown in Fig. 1. The microfabricated wires lie on
a 600 pm thick silicon substrate mounted on an aluminum
block. They are 50 um wide and electroplated with cop-
per to a thickness of 10 wm. The minimum separation dis-
tance between wires is 50 um (100 wm center-to-center).
Macroscopic leads that extended to a vacuum feedthrough
were attached to the wafer using a gap welding tech-
nique. The BEC was initially loaded into a Z-wire trap
[9] formed by currents /; and I, along with an orthogonal
magnetic bias field B, . Typical loading conditions were
Iy = I, = 1200 mA and B, = 5.4 G, corresponding to a
separation of 450 um between the BEC and the microchip.
The longitudinal trap frequency was w|| = 27 X 6.0 Hz
and, for a longitudinal bias field B = 3.0 G, the trans-
verse trap frequency was w | = 27 X 97.0 Hz. Transfer
efficiency from the optical tweezers to the Z-wire trap was
near unity, and BEC lifetimes over 10 s were observed with
the application of a radio frequency (rf) shield [18] which
limited the trap depth to =1 wK and was produced by the
current [+ on an auxiliary wire, as shown in Fig. 1.

The BEC was transferred into the waveguide by linearly
ramping the current /5 to zero in 250 ms. The atoms were
accelerated into the waveguide by the remaining end cap
of the Z-wire trap. Downstream, the effect of this end cap
was negligible and we observed BEC propagation at a con-
stant velocity of 3.0 cm/s after a propagation distance of
4 mm for I; = 1200 mA. Upon releasing the BEC from
the Z-wire trap, its longitudinal velocity was controlled by
applying an external longitudinal magnetic field gradient
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FIG. 1. Microfabricated magnetic trap and waveguide. Optical
tweezers loaded a Bose-Einstein condensate into the Z-wire trap
formed by currents /; and I, in conjunction with the magnetic
bias field B, . Lowering I, to zero released the condensate into
a single-wire magnetic waveguide. Atom flow was from left to
right. The inset shows the widening of the waveguide wire in
the region where another wire merges with it at a small angle.
The only current flowing in the inset is /;. The condensate
was trapped above the plane of the page and the gravitational
acceleration, g, points out of the page. All microfabricated
features are drawn to scale.

created by running current through a single coil coaxial
with the waveguide axis. The field gradient was linearly
ramped up and down over 6.5 ms to prevent creating ex-
citations and was held constant for 52 ms. With gradients
of 0-0.6 G/cm, the atomic velocity was varied over the
range 3.0-6.6 cm/s. Throughout this work, condensates
were detected via absorption imaging whereby resonant
laser light propagating parallel to B | illuminated the atoms
and was imaged onto a CCD camera [18].

For all velocities, we observed single-mode condensate
propagation along unperturbed sections of the waveguide,
as shown in Fig. 3(a) below. The condensate depicted has
a smooth shape without any excitations.

Perturbations to the guiding potential arise from geo-
metric deformations of the current carrying wires on the
substrate. The extent to which such deformations alter the
potential experienced by the atoms depends on the atom-
wire separation distance, r, longitudinal extent of the per-
turbation, €, wire width, w, and wire thickness, . Under
our guiding conditions (r >> w,t) the waveguide poten-
tial responds only to changes in the centroid of the current
density. In general, only wire deformations with € = r
will significantly perturb the guiding potential due to solid
angle considerations. Such a deformation (€ = 1 mm,
r = 450 pum) is depicted in the inset of Fig. 1. As the
wire width varies during the bifurcation process, the cen-
troid of the current density will shift in the plane of the
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microchip. This shift will be mirrored by a shift in the
trajectory of the guide in a plane parallel to that of the mi-
crochip [19]. Such a shift causes the guide axis to make
an angle, 6, with respect to its nominal trajectory along
which B|| and B are aligned parallel and perpendicular,
respectively. As a result, the effective parallel, B|/|, and
perpendicular, B',, magnetic fields are found by the rota-
tion

B = Bjjcost — B sin6, (1

B’ = B cosf + By sind, (2)

where —7/2 < 6 < 7/2. 0 is taken to be a positive
(negative) angle for the specific case of atoms entering
(exiting) the waveguide perturbation depicted in the inset
of Fig. 1.

Since the potential along the waveguide axis is deter-
mined by the local magnetic field (due to the Zeeman
interaction) and the vertical position of the guide center
(due to the gravitational interaction), changes in the ef-
fective parallel and perpendicular magnetic fields produce
variations in the potential experienced by the propagating
atoms. Variations in the effective parallel magnetic field
are given by (for small angles)

AB| = =B, sinf. 3)

Thus, atoms entering (exiting) the perturbed guiding re-
gion will encounter a magnetic potential well (barrier).
Furthermore, changes in the effective perpendicular mag-
netic field cause the atom-substrate distance to vary by (for
small angles)
AB By .

Ar r B, r B, sinf . 4)
Thus, the guide center entering (exiting) the perturbed
guiding region will shift towards (away from) the surface
of the microchip, and atoms will encounter a gravitational
potential barrier (well). For 2?Na atoms in the |1, — 1) state,
the Zeeman interaction energy is # X 700 Hz/mG and
the gravitational interaction energy is & X 560 Hz/um,
where £ is Planck’s constant.

The effects of the perturbation depicted in the inset of
Fig. 1 on BEC propagation were studied by varying the in-
cident velocity of the atoms sent into the region. Conden-
sates traveling below 4.5 cm/s were totally reflected from
the perturbation, while clouds at speeds above 5.4 cm/s
were entirely transmitted. Figure 2 shows the results for
intermediate atomic velocities. The local magnetic field
in the perturbed guiding region was measured by driv-
ing 1f spin-flip transitions that removed atoms from the
guide [18]. It was found that upon entering (exiting)
the perturbed region the magnetic bottom of the guiding
potential decreased (increased) by i X (50 = 10) kHz.
The signs of these shifts are consistent with those pre-
dicted by Eq. (3). The magnitude of the shift in the
Zeeman energy upon exiting the guide is also consistent
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FIG. 2. Bose-Einstein condensates scattering from the wave-
guide perturbation shown in the inset of Fig. 1. (a) Absorption
image after 8 ms of ballistic expansion of a partially transmitted
condensate. The incident velocity was 5.0 cm/s. (b) The frac-
tion of atoms reflected as a function of incident velocity. Wave-
guide parameters for all data were I, = 1200 mA, B, = 54 G,
B =36G, and w, = 27 X 84.5 Hz. The field of view in
(a) is 0.35 mm X 4.00 mm.

with the onset of transmission through the perturbed guid-
ing region, as shown in Fig. 2(a). From Eq. (3) with
B, = 5.4 G, the maximum angular deviation, 6,,, of the
waveguide trajectory necessary to produce a & X 50 kHz
perturbation to the Zeeman energy is 6,, = 13 mrad. The
corresponding vertical displacement of the guide center
from Eq. (4) with B, =54 G, B =3.6G, and 6,, =
13 mrad is 4 um. This yields a gravitational potential
variation of 4 X 2.2 kHz, which is small compared to the
Zeeman energy shifts associated with the perturbation.

In the propagation regime where the longitudinal
kinetic energy of the BEC is large compared to the
transverse confinement energy of the guide, perturbations
involving transverse shifts in the guide trajectory are
expected to transversely excite incident condensates. Fig-
ure 3 depicts such transverse excitations for condensates
transmitted through the waveguide perturbation depicted
in the inset of Fig. 1. The incident BEC velocity was in
the range 5.4-6.6 cm/s. Excitations were characterized
by the peak-to-peak amplitude of the transverse displace-
ment of the BEC after ballistic expansion. The imaging
axis only provided sensitivity to transverse excitations in
the plane normal to the surface of the microchip.

The nearly sinusoidal nature of the BEC excitations
shown in Figs. 3(b) and 3(c) indicates that the dipole mode
of the BEC was primarily excited. Further evidence for
this comes from the fact that little variation in the excita-
tion amplitude as a function of the propagation time after
exiting the perturbed guiding region was observed. Con-
versely, transmitted condensates showed strong signs of
higher order excitations when B)| was increased beyond
3.6 G corresponding to w; = 27 X 84.5 Hz. The ab-
sorption images deviated visibly from a smooth sinusoidal
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FIG. 3. Bose-Einstein condensate propagation. (a) Absorp-
tion image after 10 ms of ballistic expansion of a typical
condensate just prior to entering the waveguide perturbation
depicted in the inset of Fig. 1. The condensate con-
tained 2 X 10° atoms and was accelerated to a velocity
v = 6.3 cm/s. It had propagated over 6 mm without excitation
in a waveguide with w, = 27 X 84.5 Hz and B) = 3.6 G.
Absorption images after 15 ms of ballistic expansion of
condensates transmitted through the perturbed guiding re-
gion with v = 6.5 cm/s for (b) w, = 27 X 97.0 Hz and
B =30G and (c) w;, =27 X 91.1 Hz and B, =33 G.
(d) Peak-to-peak amplitudes of condensate excitations after
15 ms of ballistic expansion versus velocity. For all data
I, = 1200 mA and B, = 54G. All transmitted conden-
sates propagated 4 mm beyond the perturbed guiding re-
gion before being imaged. The field of view in (a)—(c) is
0.26 mm X 2.00 mm.

shape. In addition, the measured excitation amplitude de-
pended strongly on propagation time, indicting the phasing
and dephasing of several excitation modes.

Figure 3(d) shows a clear increase in the excitation am-
plitude for increasing velocity at fixed B|| and w as well
as for increasing B| (decreasing w, ) at fixed velocity.
Both trends are consistent with the expectation of increased
excitations for an increased ratio of atomic longitudinal ki-
netic energy to transverse confinement energy. The latter
trend is also consistent with the expectation of increased
excitations for an increased perturbation size since, from
Eq. (4), the vertical displacement of the guide center is
proportional to Bj|.

Because the perturbations to the magnetic potential
above a single wire are due to its geometric deformations,
one expects such perturbations to increase as the trap
center is brought closer to the surface of the microchip.
We observed longitudinal fragmentation of the BEC as
the atoms were brought to within 150 um of the surface
(Fig. 4). At 55 um from the surface the potential devel-
oped axial variations with a characteristic length scale

040401-3



VOLUME 89, NUMBER 4

PHYSICAL REVIEW LETTERS

22 Jury 2002

FIG. 4. Fragmented structure of Bose-Einstein condensates
brought close to the substrate. Absorption images after 5 ms
of ballistic expansion from the Z-wire trap shown in Fig. 1.
The atom-substrate separation was (a) 190, (b) 145, (c) 100,
and (d) 55 um. For all images, the condensate started in a
trap with I, =1, =540 mA, B, =54G, and B =03G
corresponding to an atom-substrate separation of 200 um. The
condensate was translated towards the substrate by lowering
the wire currents linearly over 500 ms. The atoms were held at
their final position for 100 ms prior to trap shutoff. The field of
view in (a)—(d) is 0.37 mm X 2.00 mm.

of 100—150 um. These variations could be magnetic or
gravitational in origin.

In conclusion, we have demonstrated the single-mode
propagation of Bose-Einstein condensates in a microfabri-
cated magnetic waveguide and identified sources of trans-
verse excitations. Such excitations need to be addressed to
realize the full potential of integrated atom-optical com-
ponents fabricated on a microchip. In this work, the
condensate density was large enough that the mean field
energy exceeded the transverse confinement energy. In ad-
dition, the longitudinal velocity spread was determined by
the mean field expansion of the cloud upon release from
the Z-wire trap. The generation of more dilute clouds
with narrower longitudinal velocity distributions is pos-
sible by continually draining a constant flux of atoms from
the Z-wire trap serving as a reservoir. Such a matter wave
source is ideal for the realization of an atom interferometer
on a microchip.
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Note added.—Results similar to those in Fig. 4 also
appear in Ref. [20]
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