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Shown here is the Goddard-designed breadboard laser system critical to 
advancing atom-optics instruments. The device will be tested in the Stanford 
University drop tower. Credit: NASA/Pat Izzo
http://www.sciencedaily.com/releases/2012/10/121018185947.htm 
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Matter-Wave Interferometers

5 µm - 2 cm

TAAP

Bose-Einstein Condensation in a Circular Waveguide

S. Gupta, K. W. Murch, K. L. Moore, T. P. Purdy, and D. M. Stamper-Kurn
Department of Physics, University of California, Berkeley, California 94720, USA

(Received 27 April 2005; published 29 September 2005)

We have produced Bose-Einstein condensates in a ring-shaped magnetic waveguide. The few-
millimeter diameter, nonzero-bias ring is formed from a time-averaged quadrupole ring. Condensates
that propagate around the ring make several revolutions within the time it takes for them to expand to fill
the ring. The ring shape is ideally suited for studies of vorticity in a multiply connected geometry and is
promising as a rotation sensor.

DOI: 10.1103/PhysRevLett.95.143201 PACS numbers: 39.20.+q, 03.75.2b, 05.30.Jp, 39.25.+k

The long range phase coherence of superfluids and
superconductors, aside from leading to interesting physical
effects, is also of practical importance in allowing for
precise measurement devices based on quantum interfer-
ence. In such devices, spatially separated paths forming a
multiply connected geometry are imposed on the macro-
scopic quantum system. For example, a SQUID magne-
tometer makes use of a superconducting ring interrupted
by Josephson junctions to allow continuous sensitivity to
magnetic fields. A similar geometry was used in a super-
fluid 3He gyroscope [1].

Dilute gas superfluids have now enabled novel forms of
matter-wave interferometry. Precise sensors of rotation,
acceleration, and other sources of quantal phases [2,3]
using trapped or guided atoms have been envisioned. In
particular, the sensitivity of atom-interferometric gyro-
scopes is proportional to the area enclosed by the closed
loop around which atoms are guided [4]. Such consider-
ations motivate the development of closed-loop atom
waveguides that enclose a sizable area.

A number of multiply connected trapping geometries for
cold atoms have been discussed. Optical traps using high-
order Gauss-Laguerre beams were proposed [5,6], and
hollow light beams were used to trap nondegenerate atoms
in an array of small-radius rings [7]. Large-scale magnetic
storage rings were developed for cold neutrons [8] and
discussed for atomic hydrogen [9]. More recently,
closed-loop magnetic waveguides were demonstrated for
laser cooled atoms [10,11]. Unfortunately, these guides are
characterized by large variations in the potential energy
along the waveguide and by high transmission losses at
points where the magnetic field vanishes.

In this Letter, we report the creation of a smooth, stable
circular waveguide for ultracold atoms. A simple arrange-
ment of coaxial electromagnetic coils was used to produce
a static ring-shaped magnetic trap, which we call the
quadrupole ring (Q ring), in which strong transverse con-
finement is provided by a two-dimensional quadrupole
field. Atoms trapped in the Q ring experience large
Majorana losses, but we can eliminate such losses with a
time-orbiting ring trap (TORT) [12]. In this manner, stable
circular waveguides with diameters ranging from 1.2 to

3 mm were produced. Finally, we report on the production
of Bose-Einstein condensates (BECs) in a portion of the
circular waveguide, and on the guiding of an ultracold
atomic beam for several revolutions around the guide.
This ring-shaped trap presents opportunities for studies
of BECs that are homogeneous in one dimension and
therefore of the unterminated propagation of sound waves
[13] and solitons [14–16], of persistent currents [17–20],
of quantum gases in low dimensions, and of matter-wave
interferometry.

To explain the origin of the quadrupole ring trap, we
consider a cylindrically symmetric static magnetic field ~Bc

in a source-free region. Expanding ~Bc to low order about a
point (taken as the origin) on the axis where the field
magnitude has a local quadratic minimum, we have
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FIG. 1 (color). Forming a circular magnetic waveguide.
(a) Four coaxial circular electromagnets (see [21] for details)
are used to generate both the static (currents as shown) and
rotating fields needed for the waveguide. Axes are indicated;
gravity points along #ẑ. (b) As shown schematically, the field
(arrows) from just the two outer coils (curvature coils, outer pair)
points axially in the midplane between the coils, with largest
fields at the axis. (c) Adding a uniform opposing bias field (using
antibias coils, inner pair) produces a ring of field zeros (&) in the
x̂-ŷ plane around which weak-field seeking atoms (shaded re-
gion) are trapped. (d) Rapidly rotating the field zeros around the
trapped atoms produces the TORT.
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Why Guiding  is  BAD

• Interactions 
– With the environment 
– With with guide 
– With other atoms 

• Two Examples 
– The rotating bucket 
– Chemical Potential…

Stoof, and Hulet (1998), Ueda and Huang (1998), and
Ueda and Leggett (1998).

D. Large-N limit for repulsive forces

In the case of atoms with repulsive interaction (a
.0), the limit Na/aho@1 is particularly interesting,
since this condition is well satisfied by the parameters N,
a, and aho used in most of current experiments. More-
over, in this limit the predictions of mean-field theory
take a rather simple analytic form (Edwards and Bur-
nett, 1995; Baym and Pethick, 1996).

As regards the ground state, the effect of increasing
the parameter Na/aho is clearly seen in Fig. 9: the atoms
are pushed outwards, the central density becomes rather
flat, and the radius grows. As a consequence, the
quantum-pressure term in the Gross-Pitaevskii Eq. (39),
proportional to π

2An(r), takes a significant contribution
only near the boundary and becomes less and less im-
portant with respect to the interaction energy. If one
neglects completely the quantum pressure in Eq. (39),
one gets the density profile in the form

n
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in the region where m.Vext(r), and n50 outside. This
is often referred to as Thomas-Fermi (TF) approxima-
tion.

The normalization condition on n(r) provides the re-
lation between chemical potential and number of par-
ticles:

m5
\vho

2 S 15Na
aho

D 2/5

. (51)

Note that the chemical potential depends on the trap-
ping frequencies, entering the potential Vext given in Eq.
(1), only through the geometric average vho [see Eq.
(4)]. Moreover, since m5]E/]N , the energy per particle
turns out to be E/N5(5/7)m . This energy is the sum of
the interaction and oscillator energies, since the kinetic
energy gives a vanishing contribution for large N. Fi-
nally, in the same limit, the release energy (45) coincides
with the interaction energy: Erel /N5(2/7)m .

The chemical potential, as well as the interaction and
oscillator energies obtained by numerically solving the
GP Eq. (39) become closer and closer to the Thomas-
Fermi values when N increases (see, for instance, Dal-
fovo and Stringari, 1996). For sodium atoms in the MIT
traps, where N is larger than 106, the Thomas-Fermi ap-
proximation is practically indistinguishable from the so-
lution of the GP equation. The release energy per par-
ticle measured by Mewes et al. (1996a) is indeed well fit
with a N2/5 law, as shown in Fig. 11. The same agreement
is expected to occur for rubidium atoms in the most re-
cent JILA traps, having N larger than 105 (Matthews
et al., 1998).

The density profile (50) has the form of an inverted
parabola, which vanishes at the classical turning point R
defined by the condition m5Vext(R). For a spherical

trap, this implies m5mvho
2 R2/2 and, using result (51) for

m, one finds the following expression for the radius of
the condensate

R5ahoS 15Na
aho

D 1/5

(52)

which grows with N. For an axially symmetric trap, the
widths in the radial and axial directions are fixed by the
conditions m5mv'

2 R'
2 /25mvz

2Z2/2. It is worth men-
tioning that, in the case of the cigar-shaped trap used at
MIT, with a condensate of about 107 sodium atoms, the
axial width becomes macroscopically large (Z;0.3
mm), allowing for direct in situ measurements.

The value of the density (50) in the center of the trap
is nTF(0)5m/g . It is worth stressing that this density is
much lower than the one predicted for noninteracting
particles. In the latter case, using Eq. (3) one gets
nho(0)5N/(p

3/2aho
3 ). The ratio between the central

densities in the two cases is then
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and decreases with N. For the available traps with 23Na
and 87Rb, where Na/aho ranges from about 10 to 104,
the atom-atom repulsion reduces the density by one or
two orders of magnitude, which is a quite remarkable
effect for such a dilute system. An example was already
shown in Fig. 3; in that case, the number of particles is
about 80 000 and Na/aho;300.

In Fig. 13(a) we show the density profile for a gas in a
spherical trap with Na/aho5100. The comparison with
the exact solution of the GP Eq. (39) shows that the TF

FIG. 13. Density profile for atoms interacting with repulsive
forces in a spherical trap, with Na/aho5100. Solid line: solu-
tion of the stationary GP Eq. (39). Dashed line: Thomas-Fermi
approximation (50). In the upper part, the atom density is plot-
ted in arbitrary units, while the distance from the center of the
trap is in units of aho . The classical turning point is at R
.4.31aho . In the lower part, the column density for the same
system is reported.

478 Dalfovo et al.: Bose-Einstein condensation in trapped gases
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Thomas Fermi BEC with  
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Why Guiding is GOOD

• Interactions 
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– With with guide 
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Stoof, and Hulet (1998), Ueda and Huang (1998), and
Ueda and Leggett (1998).

D. Large-N limit for repulsive forces

In the case of atoms with repulsive interaction (a
.0), the limit Na/aho@1 is particularly interesting,
since this condition is well satisfied by the parameters N,
a, and aho used in most of current experiments. More-
over, in this limit the predictions of mean-field theory
take a rather simple analytic form (Edwards and Bur-
nett, 1995; Baym and Pethick, 1996).

As regards the ground state, the effect of increasing
the parameter Na/aho is clearly seen in Fig. 9: the atoms
are pushed outwards, the central density becomes rather
flat, and the radius grows. As a consequence, the
quantum-pressure term in the Gross-Pitaevskii Eq. (39),
proportional to π

2An(r), takes a significant contribution
only near the boundary and becomes less and less im-
portant with respect to the interaction energy. If one
neglects completely the quantum pressure in Eq. (39),
one gets the density profile in the form
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in the region where m.Vext(r), and n50 outside. This
is often referred to as Thomas-Fermi (TF) approxima-
tion.

The normalization condition on n(r) provides the re-
lation between chemical potential and number of par-
ticles:
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. (51)

Note that the chemical potential depends on the trap-
ping frequencies, entering the potential Vext given in Eq.
(1), only through the geometric average vho [see Eq.
(4)]. Moreover, since m5]E/]N , the energy per particle
turns out to be E/N5(5/7)m . This energy is the sum of
the interaction and oscillator energies, since the kinetic
energy gives a vanishing contribution for large N. Fi-
nally, in the same limit, the release energy (45) coincides
with the interaction energy: Erel /N5(2/7)m .

The chemical potential, as well as the interaction and
oscillator energies obtained by numerically solving the
GP Eq. (39) become closer and closer to the Thomas-
Fermi values when N increases (see, for instance, Dal-
fovo and Stringari, 1996). For sodium atoms in the MIT
traps, where N is larger than 106, the Thomas-Fermi ap-
proximation is practically indistinguishable from the so-
lution of the GP equation. The release energy per par-
ticle measured by Mewes et al. (1996a) is indeed well fit
with a N2/5 law, as shown in Fig. 11. The same agreement
is expected to occur for rubidium atoms in the most re-
cent JILA traps, having N larger than 105 (Matthews
et al., 1998).

The density profile (50) has the form of an inverted
parabola, which vanishes at the classical turning point R
defined by the condition m5Vext(R). For a spherical

trap, this implies m5mvho
2 R2/2 and, using result (51) for

m, one finds the following expression for the radius of
the condensate

R5ahoS 15Na
aho

D 1/5

(52)

which grows with N. For an axially symmetric trap, the
widths in the radial and axial directions are fixed by the
conditions m5mv'

2 R'
2 /25mvz

2Z2/2. It is worth men-
tioning that, in the case of the cigar-shaped trap used at
MIT, with a condensate of about 107 sodium atoms, the
axial width becomes macroscopically large (Z;0.3
mm), allowing for direct in situ measurements.

The value of the density (50) in the center of the trap
is nTF(0)5m/g . It is worth stressing that this density is
much lower than the one predicted for noninteracting
particles. In the latter case, using Eq. (3) one gets
nho(0)5N/(p

3/2aho
3 ). The ratio between the central

densities in the two cases is then
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and decreases with N. For the available traps with 23Na
and 87Rb, where Na/aho ranges from about 10 to 104,
the atom-atom repulsion reduces the density by one or
two orders of magnitude, which is a quite remarkable
effect for such a dilute system. An example was already
shown in Fig. 3; in that case, the number of particles is
about 80 000 and Na/aho;300.

In Fig. 13(a) we show the density profile for a gas in a
spherical trap with Na/aho5100. The comparison with
the exact solution of the GP Eq. (39) shows that the TF

FIG. 13. Density profile for atoms interacting with repulsive
forces in a spherical trap, with Na/aho5100. Solid line: solu-
tion of the stationary GP Eq. (39). Dashed line: Thomas-Fermi
approximation (50). In the upper part, the atom density is plot-
ted in arbitrary units, while the distance from the center of the
trap is in units of aho . The classical turning point is at R
.4.31aho . In the lower part, the column density for the same
system is reported.
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Atomtronics Circuits
• Bend - Closed Loop  
• Smooth / Coherent  
• Dynamically Controllable

Matter-Wave Guides

• Dipole Traps & Guides 
• Magnetic Fields
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Dipole Guides

9.6 Theory of the dipole force 199

The force that depends on the in-phase component of the dipole u is
the dipole force and the other part is the scattering force. Using the
expressions for u and v given in eqn 7.68 and the Rabi frequency Ω =
eX12E0/!, we find that

Fscatt = !k
Γ
2

Ω2/2
δ2 + Ω2/2 + Γ2/4

, (9.42)

which is consistent with eqn 9.4, and

Fdipole = −!δ

2
Ω

δ2 + Ω2/2 + Γ2/4
∂Ω
∂z

, (9.43)

where δ = ω − ω0 is the frequency detuning from resonance. The ex-
pression for the scattering force has been repeated here for ease of com-
parison with eqn 9.43. These forces have essentially the same frequency
dependence as in the classical model, with a line width that is power
broadened so that β ←→ Γ(1 + 2Ω2/Γ2)1/2. The dipole force is zero on
resonance (Fdipole = 0 for δ = 0), and for |δ| ≫ Γ (and an intensity such
that |δ| ≫ Ω) the dipole force equals the derivative of the light shift
(eqn 7.93):

Fdipole ≃ − ∂

∂z

(
!Ω2

4δ

)
. (9.44)

Thus the light shift, or a.c. Stark shift, for an atom in the ground state
acts as a potential Udipole in which the atom moves. More generally, in
three dimensions

Fdipole = −
{
êx

∂

∂x
+ êy

∂

∂y
+ êz

∂

∂z

}
Udipole = −∇Udipole , (9.45)

where
Udipole ≃

!Ω2

4δ
≡ !Γ

8
Γ
δ

I

Isat
. (9.46)

When δ is positive (ω > ω0) this potential has a maximum where the
intensity is highest—the atom is repelled from regions of high intensity.
In the opposite case of frequency detuning to the red (δ negative) the
dipole force acts in the direction of increasing I, and Udipole is an at-
tractive potential—atoms in a tightly-focused laser beam are attracted
towards the region of high intensity, both in the radial direction and
along the axis of the beam. This dipole force confines atoms at the fo-
cus of a laser beam in an analogous way to optical tweezers to create
a dipole-force trap.42 Normally, dipole traps operate at large frequency 42The situation for an atom with de-

tuning δ < 0 resembles that of a di-
electric sphere with a refractive index
greater than the surrounding medium.

detuning (|δ| ≫ Γ), where to a good approximation eqn 9.3 becomes

Rscatt ≃
Γ
8

Γ2

δ2

I

Isat
. (9.47)

This scattering rate depends on I/δ2, whereas the trap depth is pro-
portional to I/δ (in eqn 9.46). Thus working at a sufficiently large fre-
quency detuning reduces the scattering whilst maintaining a reasonable
trap depth (for a high intensity at the focus of the laser beam). Usually
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Dipole: Rings

Experimental demonstration of painting arbitrary and dynamic potentials for Bose-Einstein condensates 
K. Henderson et al. N.J.Phys 11: 043030 (2009)
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G. D. MCDONALD et al. PHYSICAL REVIEW A 88, 053620 (2013)
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FIG. 2. (Color online) We form a BEC in a cross-beam dipole
trap, before releasing it into the waveguide. After it has expanded for
125 ms, we flash on the cross beam again to apply δ-kick cooling to the
atoms. Our interferometer is formed by Bragg and Bloch pulses from
counterpropagating beams aligned collinearly with the waveguide
beam with the use of dichroic mirrors (DM).

however this implementation uses the optically generated
harmonic potential of our dipole cross beam. This technique
effectively rotates the ellipse describing position-momentum
correlation along the waveguide so as to have minimal spread
in momenta across the cloud [see Fig. 3(c)]. In the case of a
nonpoint source of atoms, and due to both the finite size and
anharmonicity of our dipole cross-beam potential, our δ-kick
cooling is not ideal, so in practice we calibrate the process
by measuring the fringe visibility of a 40h̄k interferometer
performed after various configurations. We find tf = 125 ms
for our optimal δ-kick cooling configuration. Figure 3(e) shows
this calibration and demonstrates that a narrow-momentum-
width atom source is critical for reasonable fringe visibility in
an LMT interferometer. By a fit to the expanding δ-kick-cooled
cloud width [Fig. 3(f), yellow triangles] we see that our inter-
ferometric atom source now has a momentum width of 0.05h̄k.

Our optical-lattice laser setup has been described previously
[5]. We have up to 50 mW in each of two counterpropagating
beams. These are aligned collinearly with the waveguide in a
two-step process. First, the small fraction of waveguide light
which reflects off the dichroic mirror (see Fig. 2) is back-
coupled into the optical fiber which one of the lattice beams
comes from. Second, the other lattice beam is coupled into
the same optical fiber. The lattice beams are collimated with
a full 1

e2 width of 1.85 mm and detuned 105 GHz to the blue
from the |F = 1⟩ → |F ′ = 2⟩ transition of the D2 line in 87Rb,
which keeps the number of spontaneous emissions below 1%
of our total atom number during our interferometric sequence.
Arbitrary, independent control of the frequency detuning and
amplitude of each beam is achieved using a direct digital
synthesizer. Prior to our interferometer, a velocity-selection
Bragg pulse of 10h̄k is used to isolate the portion of atoms
(≈80%) with a narrow momentum width σp from those
not properly cooled by our δ-kick process. For clarity, our
constant-acceleration Bloch (CAB) interferometer sequences
will be described in the frame of these velocity-selected atoms,
which are themselves moving at 10h̄k with respect to the
laboratory frame. Each part of the sequence is labeled with
roman numerals corresponding to its depiction in Fig. 4.

(i) Our CAB (CAB2) sequence begins with a 2nh̄k π
2 Bragg

pulse with n = 5 applied to the atoms to coherently split them
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FIG. 3. (Color online) (a) Immediately after the condensate is
released into the waveguide, it has a minimal spread in spatial
extent and in momentum width. (b) Over time, the cloud expands
ballistically until momentum is well correlated with position along
the guide. (c) Application of a harmonic potential for a short time
(the δ kick) reduces the momentum spread of the cloud, which now
has a larger spatial extent. (d) It is important to adjust the waveguide
intensity so that the δ-kick cross-beam pulse is applied symmetrically
over the cold cloud, otherwise transverse oscillations will occur in
the guide. Here we show this adjustment process, in which the cloud
is photographed a certain time after δ-kick cooling. The cloud is
observed to oscillate if the waveguide power is either side of 4.5 W.
At 3.7 W we can see atoms falling out of the guide as they oscillate.
(e) We optimize our δ-kick cooling by looking at the fringe visibility
(as measured by a sinusoidal fit) of a 40h̄k interferometer. We find
our best visibility when our cross beam flashes on 125 ms after the
atoms are released into the waveguide. (f) Of course, this collimation
is imperfect; here we show the longitudinal width σx of the cloud
expanding after release as measured by the standard deviation of a
Gaussian fit, both with (yellow triangles) and without (blue diamonds)
the cross-beam flash at 125 ms. Also shown is the transverse width
σz (red squares). All widths are measured after an extra 22 ms of
ballistic expansion after the waveguide expansion time shown in (f).

into two momentum states, one in the initial 0h̄k state, the other
traveling at 10h̄k. (ii) This is followed by an extra 10h̄k Bragg
kick which is given to the faster 10h̄k atoms, taking them to
20h̄k. (iii) The 0h̄k atoms are then loaded into a Bloch lattice of
10–20 recoil energies over a rise time of Tr = 110 µs which
is accelerated in the other direction up to 2nbh̄k = −60h̄k,

053620-2

Dipole Guides: Beam Splitters

PHYSICAL REVIEW A 88, 053620 (2013)

80h̄k momentum separation with Bloch oscillations in an optically guided atom interferometer

G. D. McDonald,* C. C. N. Kuhn, S. Bennetts, J. E. Debs, K. S. Hardman, M. Johnsson, J. D. Close, and N. P. Robins
Quantum Sensors Laboratory, Department of Quantum Science, Australian National University, Canberra,

Australian Capital Territory 0200, Australia
(Received 30 June 2013; published 18 November 2013)

We demonstrate phase sensitivity in a horizontally guided, acceleration-sensitive atom interferometer with
a momentum separation of 80h̄k between its arms. A fringe visibility of 7% is observed. Our coherent pulse
sequence accelerates the cold cloud in an optical waveguide, an inherently scalable route to large momentum
separation and high sensitivity. We maintain coherence at high momentum separation due to both the transverse
confinement provided by the guide and our use of optical δ-kick cooling on our cold-atom cloud. We also construct
a horizontal interferometric gradiometer to measure the longitudinal curvature of our optical waveguide.

DOI: 10.1103/PhysRevA.88.053620 PACS number(s): 37.25.+k, 03.75.Gg, 37.10.Jk, 67.85.Hj

Cold-atom interferometers measure parameters of interest
(for example an acceleration) by comparing the phase accu-
mulated by an atom as it traverses either of two trajectories,
known as the arms of the interferometer. Applications for such
high-precision measurement devices include inertial sensing
[1], gravitational-wave detection [2], measurements of the
fine-structure constant [3], and tests of general relativity [4].
The sensitivity of an atom-interferometric accelerometer is
proportional to its enclosed space-time area. Therefore, a key
technology to enable the next generation of these devices is
large momentum transfer (LMT), in which the enclosed space-
time area is enlarged by increasing the momentum difference
"p of the two interferometer arms. Various configurations
for an LMT interferometer have been demonstrated [5–13]
(see Fig. 1) with "p up to 102h̄k [10], k being the wave
vector of the light used to effect the transition. However, a
direct measurement of the interferometric phase and hence
the ability to make an acceleration measurement has proved
elusive beyond "p = 24h̄k [6].

Here we measure the interferometric phase in a Bloch-
oscillation-based optically guided LMT atom interferometer
with a momentum separation of "p up to 80h̄k. We use
this phase measurement to calculate the tilt of the waveguide
with respect to gravity. We maintain a fringe visibility of 7%
at 80h̄k separation, as measured by a sinusoidal fit to the
data [14], which we attribute to both our narrow longitudinal
velocity width after optical δ-kick cooling and the transverse
confinement of the optical guide. We characterize the longi-
tudinal curvature of our optical waveguide by constructing a
gradiometer in the guide. We also demonstrate a single beam
splitter with "p = 510h̄k, and an exponential decay time for
the atoms held in the optical waveguide of 3.3 s, demonstrating
the scalability of this approach to LMT.

Our interferometric source is a 87Rb condensate
formed by radio-frequency evaporation of atoms in their
|F = 1,mF = −1⟩ lower ground state in a hybrid magnetic
and optical configuration [15] before transferring them into
a crossed-beam optical-dipole trap (shown in Fig. 2). The
cross beam is sourced from a 2-nm-linewidth metal cutting
laser operating at 1090 nm, while the waveguide beam is

*gordon.mcdonald@anu.edu.au; http://atomlaser.anu.edu.au/
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FIG. 1. (Color online) Fringe visibility for various LMT ac-
celerometer experiments [5–13] as measured by the peak-to-peak
amplitude of a sinusoidal fit to each fringe set. A standard 10h̄k

Mach-Zehnder (MZ) and both the constant-acceleration Bloch (CAB)
and CAB2 pulse sequences used in this work (see text) are displayed
for comparison. It should be noted that the fringe visibility of the
interferometer with "p = 102h̄k in Ref. [10] is zero, as phase noise
prevented any phase measurement from being performed.

a single-frequency laser with 1 MHz linewidth operating at
1064 nm. The crossed dipole beams are adiabatically ramped
down from 12 W each to 4.3 W and 175 mW, respectively, over
3 s which further evaporatively cools the atoms, producing
a Bose-Einstein condensate (BEC) of 2 × 106 atoms with
a repetition rate of 2.5/min. We measure the axial trap
frequency just before release into the waveguide to be 9 Hz,
by measuring the momentum oscillations after a 2h̄k Bloch
acceleration. Similarly, by misaligning the Bragg beams and
giving a kick after release into the waveguide we measure
the transverse (radial) frequency to be 60 Hz. As the cross
beam is adiabatically ramped off, the waveguide intensity is
increased back to 4.5 W so as to hold the atoms against gravity.
We then wait a time tf for the atoms to expand in the guide,
during which time they convert their mean-field energy into the
kinetic energy of their velocity spread [5,12] and then expand
further until the position along the guide is well correlated with
momentum [see Figs. 3(a) and 3(b)]. Now the dipole cross
beam is flashed on again for 2 ms, providing an approximately
harmonic potential which decelerates the faster atoms. This
is an example of δ-kick cooling, which has been employed
previously using quadrupole-Ioffe magnetic traps [16,17],

053620-11050-2947/2013/88(5)/053620(5) ©2013 American Physical Society
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Figure 1. (a) A single optical tweezer is focused by a 0.4 NA lens (Edmund
Optics NT49-111) onto a sheet of light where atoms are evaporated and
then condensed into time-averaged potentials. Two AODs (IntraAction DTD-
274HA6) are driven by two AWGs (National Instruments PXI-5422) which
control the location of the optical tweezer. The inset shows an enlarged view of
the trapping region. (b)–(e) Four examples showing in situ absorption images of
BECs formed in the crossed dipole trap with the optical tweezer painting a torus,
diamond, ring of ten spots, and a three by three lattice with defects, respectively.

also been released into circular waveguides forming large ring traps [19, 20], although toridal
condensates have not yet been produced in these systems. The ⇠ 5 µm condensate thickness
seen in figure 1(b) reflects our finite imaging resolution and the actual dimension is much
smaller. Wavefunctions computed numerically for our conditions have a radial thickness of less
than 1 µm.

New Journal of Physics 11 (2009) 043030 (http://www.njp.org/)
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Figure 1. Schematic drawing of the experimental setup. A cloud of laser-cooled
atoms is prepared in front of the photonic band gap fiber and moved into the
trapping region of the fiber trap by changing the position of the magneto-optical
trap (MOT) with an additional magnetic field. After transport through the fiber,
the atoms are detected by fluorescence imaging with a retro-reflected laser beam
and collecting the photons with an intensified CCD camera. For optimization
purposes, absorption imaging can be performed of the atoms trapped by the
guiding light exiting at the atom-input side of the fiber.

on the guiding process itself. This behavior can not yet be explained. In figure 3(a), the guiding
potential and the guiding process are further illustrated. With the above parameters, a potential
depth of up to 8.2 mK can be obtained. An input guiding light coupling efficiency of over 80%
is achieved by placing the final focusing lens inside the vacuum chamber4. As the source for
the cold atomic sample, we use a three-dimensional (3D) MOT at one end of the HCPBG fiber,
which is efficiently loaded with a cold beam from a 2D MOT in a separate vacuum chamber.
By adiabatically ramping up a homogeneous magnetic field during the MOT phase, the cloud is
moved close to the fiber tip and, during a subsequent dark spot MOT and a dark spot molasses
phase, a density of 1.5 ⇥ 1011 atoms cm�3 and a temperature of 10 µK are obtained. These
atoms can be efficiently transferred into the guiding potential. After transport through the fiber,
the guided atoms are detected on the opposite side by fluorescence imaging. The necessary
sensitivity is obtained by using an intensified CCD camera, which integrates the signal for

4 Aspherical lens with focal length 11 mm, numerical aperture 0.25.

New Journal of Physics 12 (2010) 123015 (http://www.njp.org/)

Dipole Guides: Optical Fibres

S. Vorrath, S. A. Möller, P. Windpassinger, K. Bongs, and K. Sengstock New Journal of Physics 12:12 123015 (2010)
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the device. The magnetic guide can be transported by mov-
ing the guiding structure21 but the constraints on the physical
motion are substantial; therefore, it is desirable to keep the
position of the guiding structure fixed while translating the
position of the guiding potential by using time-dependent
currents. Chip-based geometries using 50 !m scale wires
are capable of transporting atom microtraps over mm
distance22 and can potentially achieve smooth cm scale trans-
lations of atom guides.23 Here we investigate the coherence
properties of an atom interferometer whose guiding potential
is generated by macroscopic current coils that allow a
smooth translation of the guided atoms over distances ex-
ceeding 5 mm. If used for translation in a multiple-conductor
design !instead of two", the symmetric guide would not com-
promise smooth translation of atoms because symmetry as-
sures that zero field position does not move from one con-
ductor to another !even in gaps" while wiring coils in series
assures that the guide position is exactly in the symmetry
axis.

II. MAGNETIC GUIDE DESCRIPTION

The guiding structure developed here is based on race-
track coils with macroscopic copper tape !bridgeport mag-
netics" wrapped around aluminum structures as shown in
Fig. 1!a". Such a guide allows dynamical cancellation of
magnetic field and provides in situ loading into a surface
magneto-optical trap !MOT". It is easily fabricated and does
not require water cooling to generate large field gradients.
Each coil has a 150"15 mm2 aluminum core and consists
of N=29 turns of double conductor tape !6.35 mm wide and
0.25 mm thick" with a 0.025-mm-thick layer of Kapton in-
sulator on one side. The spacing between two coils 2h can be
varied to accommodate vacuum cells of different sizes. We
enclose each coil in glass-epoxy dielectric retainers to ensure
that the coils are straight and parallel to each other. In the

experiment, we place the guiding structure outside of an ul-
trahigh vacuum glass cell with square !4"4 cm2" cross-
section. The guide is mounted on two translational and two
rotational stages that allow initial alignment of the guide axis
with respect to the optical beams. In the stationary guide
regime we use only one set of conductors from each coil,
which are connected in series. Open air provides enough heat
dissipation for the applied current of up to 50 A in the pulsed
current regime with a typical duty cycle of up to 45%.

In our setup the quadrupole guiding potential is created
along the symmetry axis between coils 2 cm away from the
outer turn of each coil. A peak current I=50 A in the guiding
regime provides a field gradient of 80 G/cm and a guide
depth of #2.7 mK for the $F=1, mF=−1% ground state of
87Rb &see Fig. 1!c"'. The transverse magnetic field to the
lowest order about the symmetry axis can be written as:

B! !!x,z" # b0(2z) 1
h2 −

1
!h + $"2*x̂

+ 2x) 1
!h + $"2 +

1
h2*ẑ+ , !1"

where $ is the effective width of the aluminum core in each
electromagnet, b0 is a constant, which is a function of the
number of turns in each coil N, the width of the conductor
tape w, and is proportional to current I. In our design we set
$#h to optimize the field gradient and potential depth,
while keeping relatively compact the design of the structure.
From Eq. !1", the magnetic field and radial gradient of the
field at a small displacement from the symmetry axis scale
with coils separation as #1 /h2. Microscopic separation of the
coils can provide field gradients of the order of a few ki-
logauss per centimeter, which can be beneficial for some
applications.24 The major advantage of our design is the sup-
pressed longitudinal curvature of the field. The curved poten-
tials from the top and bottom conductors due to the finite size
of each coil have equal value and opposite sign curvatures
and therefore cancel in the symmetry axis. Figure 1!d" shows
the contour plot of the magnetic field along the guiding axis.
The divergence of the equipotential lines due to the edges at
a small displacement from the symmetry axis is less than 0.3
mrad and orders of magnitude less than that if we only con-
sider the central 50% of the guide length. If we take into
account the desired radial dimension of the guided atoms of
2%#200 !m and its lateral dimension of 1 cm !ultimately
limited by the size of the glass cell" then the divergence
caused by the guiding potential is much lower than the typi-
cal accepted limit of 0.1–0.3 mrad in a so-called “quantum
freeze” regime,25 where the longitudinal excitation does not
couple to the transverse direction.

As a comparison, we performed calculation of the field
of the similar size macroscopic guide in conventional
counter-propagating current geometry !see Fig. 2". Such a
conventional “atom-chip” design provides atom confinement
close to the chip surface !in our case at a height of 10.4 mm".
The contour plot of the field along the guiding axis, as shown
in Fig. 2!b", gives the harmonic shape of the potential with
the field lines divergence of #20 mrad, which is several
orders of magnitude more than the curvature of the same size
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FIG. 1. !Color online" Symmetric guide configuration !a", and numerically
calculated magnetic field of the guide for current of 50 A; !b" contour plot of
the magnetic field vs position !x ,z" !the separation between the lines is 16
G, the tape conductors from two coils and direction of the current are shown
for the reference"; !c" magnetic field vs x; !d" contour plot of the magnetic
field vs long axis y !black color represents zero of the field, the separation
between the equipotential lines is 1.6 G".
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the device. The magnetic guide can be transported by mov-
ing the guiding structure21 but the constraints on the physical
motion are substantial; therefore, it is desirable to keep the
position of the guiding structure fixed while translating the
position of the guiding potential by using time-dependent
currents. Chip-based geometries using 50 !m scale wires
are capable of transporting atom microtraps over mm
distance22 and can potentially achieve smooth cm scale trans-
lations of atom guides.23 Here we investigate the coherence
properties of an atom interferometer whose guiding potential
is generated by macroscopic current coils that allow a
smooth translation of the guided atoms over distances ex-
ceeding 5 mm. If used for translation in a multiple-conductor
design !instead of two", the symmetric guide would not com-
promise smooth translation of atoms because symmetry as-
sures that zero field position does not move from one con-
ductor to another !even in gaps" while wiring coils in series
assures that the guide position is exactly in the symmetry
axis.

II. MAGNETIC GUIDE DESCRIPTION

The guiding structure developed here is based on race-
track coils with macroscopic copper tape !bridgeport mag-
netics" wrapped around aluminum structures as shown in
Fig. 1!a". Such a guide allows dynamical cancellation of
magnetic field and provides in situ loading into a surface
magneto-optical trap !MOT". It is easily fabricated and does
not require water cooling to generate large field gradients.
Each coil has a 150"15 mm2 aluminum core and consists
of N=29 turns of double conductor tape !6.35 mm wide and
0.25 mm thick" with a 0.025-mm-thick layer of Kapton in-
sulator on one side. The spacing between two coils 2h can be
varied to accommodate vacuum cells of different sizes. We
enclose each coil in glass-epoxy dielectric retainers to ensure
that the coils are straight and parallel to each other. In the

experiment, we place the guiding structure outside of an ul-
trahigh vacuum glass cell with square !4"4 cm2" cross-
section. The guide is mounted on two translational and two
rotational stages that allow initial alignment of the guide axis
with respect to the optical beams. In the stationary guide
regime we use only one set of conductors from each coil,
which are connected in series. Open air provides enough heat
dissipation for the applied current of up to 50 A in the pulsed
current regime with a typical duty cycle of up to 45%.

In our setup the quadrupole guiding potential is created
along the symmetry axis between coils 2 cm away from the
outer turn of each coil. A peak current I=50 A in the guiding
regime provides a field gradient of 80 G/cm and a guide
depth of #2.7 mK for the $F=1, mF=−1% ground state of
87Rb &see Fig. 1!c"'. The transverse magnetic field to the
lowest order about the symmetry axis can be written as:

B! !!x,z" # b0(2z) 1
h2 −

1
!h + $"2*x̂

+ 2x) 1
!h + $"2 +

1
h2*ẑ+ , !1"

where $ is the effective width of the aluminum core in each
electromagnet, b0 is a constant, which is a function of the
number of turns in each coil N, the width of the conductor
tape w, and is proportional to current I. In our design we set
$#h to optimize the field gradient and potential depth,
while keeping relatively compact the design of the structure.
From Eq. !1", the magnetic field and radial gradient of the
field at a small displacement from the symmetry axis scale
with coils separation as #1 /h2. Microscopic separation of the
coils can provide field gradients of the order of a few ki-
logauss per centimeter, which can be beneficial for some
applications.24 The major advantage of our design is the sup-
pressed longitudinal curvature of the field. The curved poten-
tials from the top and bottom conductors due to the finite size
of each coil have equal value and opposite sign curvatures
and therefore cancel in the symmetry axis. Figure 1!d" shows
the contour plot of the magnetic field along the guiding axis.
The divergence of the equipotential lines due to the edges at
a small displacement from the symmetry axis is less than 0.3
mrad and orders of magnitude less than that if we only con-
sider the central 50% of the guide length. If we take into
account the desired radial dimension of the guided atoms of
2%#200 !m and its lateral dimension of 1 cm !ultimately
limited by the size of the glass cell" then the divergence
caused by the guiding potential is much lower than the typi-
cal accepted limit of 0.1–0.3 mrad in a so-called “quantum
freeze” regime,25 where the longitudinal excitation does not
couple to the transverse direction.

As a comparison, we performed calculation of the field
of the similar size macroscopic guide in conventional
counter-propagating current geometry !see Fig. 2". Such a
conventional “atom-chip” design provides atom confinement
close to the chip surface !in our case at a height of 10.4 mm".
The contour plot of the field along the guiding axis, as shown
in Fig. 2!b", gives the harmonic shape of the potential with
the field lines divergence of #20 mrad, which is several
orders of magnitude more than the curvature of the same size
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FIG. 1. !Color online" Symmetric guide configuration !a", and numerically
calculated magnetic field of the guide for current of 50 A; !b" contour plot of
the magnetic field vs position !x ,z" !the separation between the lines is 16
G, the tape conductors from two coils and direction of the current are shown
for the reference"; !c" magnetic field vs x; !d" contour plot of the magnetic
field vs long axis y !black color represents zero of the field, the separation
between the equipotential lines is 1.6 G".
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our experiment, splitting of the atoms into the jp ! "2 !hki
states, with nearly zero population in the jp ! 0i or jp !
"4 !hki state, can be achieved; we find optimum splitting
when the two pulses are both 20 !s in duration with power
around 5:5 !W and the delay between the two pulses is
63 !s. The atoms in the different momentum states are
detected by absorption imaging when the wave packets are
spatially separated after 10 ms propagation.

A reflection pulse is used to reverse the direction of
propagation of the two wave packets simultaneously. The
pulse is chosen to be 150 !s in duration with power
6:2 !W. This relatively long pulse reverses the momenta
of the wave packets through a Bragg scattering process
[4,20]. In response to the reflection pulse, the clouds turn
around and propagate back toward their origin.

Upon the return to their origin, a second pair of splitting
pulses serves to recombine the two condensate clouds. The
schematic drawings in Fig. 2 show the whole sequence of
splitting, reflecting, and recombining the condensate
atoms. Like a simple optical beam splitter or recombiner,
our atom recombiner has two output ports. The first output
port is represented by atoms having zero momentum, while
the second port is represented by atoms having jpj ! 2 !hk.
Because the splitting and recombining occur at the same
spatial location, our atom interferometer is analogous to an
optical Michelson interferometer. The relative phase shift
between the two counterpropagating wave packets will
change the fractional number of atoms in the two output
ports. If the potential is perfectly symmetric, the relative
phase shift should be zero, and the atoms should all be in
the zero momentum state, as shown in Fig. 3(a). On the
other hand, if the waveguide potential is not symmetric, the
nonzero relative phase shift should lead to the presence of
atoms in the jp ! "2 !hki state. In a special case where the
relative phase shift is ", the number of atoms in the jp !
0i state should be nearly zero due to destructive interfer-
ence, and all the atoms will appear in the jp ! "2 !hki
state, as shown in Fig. 3(b). The populations in the two

momentum states are anticorrelated since the total number
is conserved.

To demonstrate interference, a differential phase shift is
introduced by a magnetic gradient while the two wave
packets are spatially separated after the splitting pulse.
The differential phase shift "#mag can be written as

"#mag !
Z t2

t1

"H
!h

dt !
Z t2

t1

!RbB0#t$"x#t$
!h

dt; (1)

where !Rb is the magnetic dipole moment of 87Rb, B0 is a
time-dependent magnetic gradient, "x is the time-
dependent separation of the two clouds, t1 is the time at
which the magnetic gradient is turned on, and t2 is the time
at which the magnetic gradient is turned off. The differen-
tial phase shift arising from a time-varying magnetic field
is referred to as the ‘‘scalar Aharonov-Bohn effect’’ in the
inteferometry work by Shinohara et al. [22]. The magnetic
gradient is provided by a single wire that is perpendicular
to the waveguide and 3.6 mm away from its center. The
interference due to the change of the magnetic gradient is
shown in Fig. 4. The total propagation time of condensates
in the waveguide is 1 ms, and the time between each pulse
is 0.5 ms. The magnetic gradient is switched on 0.25 ms
before the reflection pulse for a duration of 0.5 ms. The
maximum separation of the two clouds is around 12 !m,
which is small compared to the full width at half maximum
of the cloud size, %100 !m. The contrast ratio shown in
the figure is as large as 100%.

Interference is also observed after 10 ms propagation in
the waveguide. An initial velocity of the condensate is
created in the trap with a longitudinal frequency of 5 Hz.
The two split clouds have different velocities after apply-
ing the splitting pulse because of the initial velocity. The
clouds climb up the potential well to different heights and
experience different potential during the total propagation

FIG. 3. Interference pattern of (a) phase shift ! 2n" and
(b) phase shift ! #2n& 1$". The absorption images are taken
10 ms after the recombining pulse.

FIG. 4. Interference fringes after 1 ms propagation time in the
waveguide. The magnetic gradient is turned on for 500 !s and
the average separation of clouds during the magnetic pulse is
8:82 !m.

PRL 94, 090405 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
11 MARCH 2005

090405-3

magnetic-field gradient and alternatively by an initial con-
densate velocity in a trap with a longitudinal frequency of
5 Hz. We observe interference when the round-trip propa-
gation time is relatively short, i.e., less than about 10 ms,
and the maximum separation of the split wave packets is
about 120 !m. The maximum separation is greater than
the results reported previously for confined atom interfer-
ometers [17,18].

Our atom chip contains lithographically patterned wires
and a pair of prism-shaped mirrors, as shown in Fig. 1. The
wires generate magnetic fields that are essential for the
microtrap and magnetic waveguide. The inward-facing
surfaces of the two prisms are mirror coated to produce
optical standing waves. A 180-!m-high tunnel is created
underneath the prism located at the entrance side of the
chip to allow for loading of the microtrap.

A cold cloud of 87Rb is first collected in a magneto-
optical trap. Atoms in the jF ! 1; mf ! "1i state are
loaded into a quadrupole trap produced by a pair of anti-
Helmholtz coils. The coils are then mechanically moved to
an adjoining chamber, and atoms are transferred into an-
other magnetic trap with an Ioffe-Pritchard (IP) configura-
tion. We apply rf-forced evaporative cooling until the cloud
is around 0:45 !K, then the IP trap is turned off, and the
cloud is pushed toward the chip in the third chamber by a
magnetic gradient [19]. The cloud is delivered through the
tunnel and captured in the chip’s trapping region, which is
located between the prisms and sits 115 !m away from the
surface of the chip. After the cloud is loaded onto the chip,
the trapping currents are reduced to place the cloud to
250 !m away from the surface. Next, rf-forced evapora-
tive cooling is used again to form a condensate. The
frequencies of the magnetic trap in which the condensate
is made are 177 Hz in the radial and 10 Hz in the axial
direction. Once a condensate is formed, the axial confine-
ment is ramped down in 100 ms to release the condensate
to the waveguide.

A tightly focused, linearly polarized laser beam with a
waist of 110 !m is incident on and reflected by the mirror
that is oriented at 45# with respect to the chip surface (see
Fig. 1). The reflected beam is parallel to the surface of the
chip and the direction of the waveguide. The beam is
retroreflected by the second mirror that is perpendicular
to the waveguide and the surface of the chip. The wave
vector of the standing-wave light field needs to be parallel
to the waveguide to minimize radial excitations of the BEC
from photon scatterings. The prisms must be aligned with
respect to the waveguide to better than 2#.

An interferometric measurement involves three
standing-wave light pulses: a splitting pulse, a reflection
pulse, and a recombining pulse. The frequency of the
standing-wave light field is 7.8 GHz red detuned from the
atomic resonance to minimize spontaneous emission. The
condensate cloud begins at rest in the waveguide. The
splitting pulse actually consists of a pair of subpulses,

and each subpulse diffracts atoms into different momentum
states such as an optical diffraction grating in the Raman-
Nath regime. The momentum of the atoms diffracted into
the nth order is changed by $2n !hk, where n is an integer
number and k is the wave number of the photons [4,20].

In general, a single light pulse excites several different
diffraction orders, which implies a coupling efficiency less
than 100% into a particular order. To achieve a nearly ideal
50=50 splitting ratio, we have developed the double sub-
pulse scheme [21]. The condensate starts at rest. Then the
first pulse couples some of atoms into the jp ! $2 !hki
state while the others stay in the jp ! 0i state. The phase
of atoms in the jp ! $2 !hki state evolves faster than that of
the ones in the jp ! 0i state. The differential phase shift
can be written as "" ! 4!r"t, where !r ! !hk2=2m is
the recoil frequency, m is the mass of atoms, and the "t is
the delay between the raising edges of the two pulses.
Atoms in the different momentum states interfere as the
second subpulse mixes them again. If the phase difference
"" is a multiple of 2#, which corresponds to the delay
"t ! n#=2!r between the two pulses, most atoms will
populate in the jp ! $2 !hki state. On the other hand, if the
phase difference is %2n& 1'#, which corresponds to the
delay "t ! %2n& 1'#=4!r, most atoms will remain in the
zero momentum state after the double pulse. The contrast
ratio of this interferometric splitting can be made 100% by
optimizing the power and the length of the pulses [21]. In

FIG. 2. (a) The splitting pulse is turned on at t ! 0. (b) The
two split clouds propagate in the opposite direction at 0< t <
T=2. (c) The reflection pulse is turned on at t ! T=2. (d) The
clouds propagate back toward to the center of the waveguide at
T=2< t < T. (e) The recombining pulse is turned on at t ! T
when the clouds are overlapped.
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Atom Michelson interferometer on a chip using a Bose-Einstein condensate
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axial field curvature, and Cartesian coordinates !x; y; z" are
chosen so that z is the axial coordinate. The magnetic field
magnitude falls to zero in the x̂-ŷ plane along a circle of
radius !0 # 2
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centered at the origin. This is the Q
ring, a ring-shaped magnetic trap for weak-field seeking
atoms. Near the field zeros, the magnetic field has the form
of a transverse (radial and axial directions) two-
dimensional quadrupole field with gradient B0 #
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Such traps can also be obtained using different electro-
magnet configurations [12].

In our apparatus, the Q ring is formed using a subset of
the coils (the curvature and antibias coils; see Fig. 1) used
in our recently demonstrated millimeter-scale Ioffe-
Pritchard magnetic trap [21]. Our work is aided, in par-
ticular, by the large axial curvatures produced in this trap
and by the vertical orientation of the trap axis. These
features are relevant for the operation of a Q ring in the
presence of gravity, for two reasons. First, trapping atoms
in the Q ring requires transverse confinement sufficient to
overcome the force of gravity; this places a lower bound on
the radius of the Q ring of !0 > !min ’ 2mg=j"jB00

z with m
the atomic mass, g the acceleration due to gravity, and "
the atomic magnetic moment. Indeed, if !min exceeds the
range over which Eq. (1) is valid, typically the distance to
the field-producing coils, the formation of a Q ring may be
precluded entirely. With B00

z # 5300 G=cm2 in our experi-
ments, !min # 115 "m is much smaller than the millime-
ter dimensions of the electromagnets used for the trap.
Second, the vertical orientation of the Q-ring axis allows
cold atoms to move slowly along the nearly horizontal
waveguide rather than being confined in a deep gravita-
tional well.

Atoms can be localized to a particular portion of the Q
ring by application of a uniform sideways (in the x̂-ŷ plane)
magnetic field; e.g., a weak bias field Bsx̂ tilts the Q ring by
!z=!0 # !Bs=B0"=!0 about the ŷ axis. This adjustment
also adds an azimuthal field of magnitude Bsj sin#j, split-
ting the Q ring into two trap minima at opposite sides of the
ring, with # being the azimuthal angle conventionally
defined.

We loaded cold atoms into the Q ring using a procedure
similar to previous work [21]. Briefly, about 2$ 109 87Rb
atoms in the jF # 1; mF # %1i hyperfine ground state
were loaded into one of two adjacent spherical quadrupole
magnetic traps. Using these traps, atoms were transported
3 inches from the loading region to the Q-ring trap region.
During this transport, rf evaporative cooling was applied,
yielding 2:5$ 107 atoms at a temperature of 60 "K in a
spherical quadrupole trap with an axial field gradient of
200 G=cm. Within 1 s, we then converted the spherical
quadrupole to a tilted Q-ring trap produced with B00

z #
5300 G=cm2, B0 # 22 G, and a side field of magnitude
Bs # 9:2 G. This process left 2$ 107 atoms trapped in the
Q ring (Fig. 2).

The trapping lifetime of atoms in the Q ring is limited by
Majorana losses. In a balanced Q ring, trapped atoms

passing close to the line of zero field, which extends all
around the ring, may flip their spins and be expelled from
the trap. Extending the treatment by Petrich et al. [22] to
this scenario, we estimate a Majorana loss rate of @1=2

$m3=4 $
!"B0"3=2
!kBT"5=4

# 6 s%1 for our trap at a temperature of 60 "K. In a
tilted Q ring, the zero-field region is reduced to just two
points at opposite sides of the ring. Majorana losses in a
tilted Q ring are thus similar to those in spherical quadru-
pole traps and much smaller than in a balanced Q ring. We
confirmed this qualitative behavior by measuring the life-
time of trapped atoms in balanced and tilted Q-ring traps.
In the balanced Q ring, the measured 0:3 s%1 Majorana loss
rate was thrice that in a tilted Q ring, while falling far short
of the predicted 6 s%1 loss rate, presumably due to residual
azimuthal fields.

The high loss rates in the Q ring can be mended in a
manner similar to the time-orbiting potential (TOP) trap by
which Majorana losses in a spherical quadrupole field were
overcome [22]. As proposed by Arnold [12], a TORT with
nonzero bias field can be formed by displacing the ring of
field zeros away from and then rapidly rotating it around
the trapped atoms [Fig. 1(d)]. From Eq. (1), the Q ring can
be displaced radially by application of an axial bias field,
and displaced along ẑ by a cylindrically symmetric spheri-
cal quadrupole field. The TORT provides transverse qua-
dratic confinement with an effective field curvature of
B00
eff # B02=2Brot, where Brot is the magnitude of the rotat-

ing field seen at the trap minimum. Just as the TOP trap
depth is limited by the ‘‘circle of death,’’ the TORT trap

FIG. 2 (color). Atoms in a ring-shaped magnetic trap. Shown
are top (a)–(f) and side (g)–(i) absorption images of ultracold
87Rb clouds in either a Q ring (a)–(c) or TORT (d)–(i) with
applied side field Bs # 9:2 (left), 0 (middle), and %2:5 G (right
column), respectively, in the x̂ direction. Images were taken 2 ms
after turning off the traps. The applied field tilts the Q ring or
TORT and favors atomic population in one side or another of the
trap. For Bs & 0, the trap lies nearly in the horizontal plane and
its azimuthal potential variation is minimized. For the Q ring,
B0 # 22 G; for the TORT, B0 # 20 G and Brot # 17 G; and
B00
z # 5300 G=cm2 for both. The temperature of trapped atoms is

90 "K in the Q ring, and 10 "K in the TORT. Resonant
absorption ranges from 0 (blue) to >80% (red).
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Bose-Einstein Condensation in a Circular Waveguide
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We have produced Bose-Einstein condensates in a ring-shaped magnetic waveguide. The few-
millimeter diameter, nonzero-bias ring is formed from a time-averaged quadrupole ring. Condensates
that propagate around the ring make several revolutions within the time it takes for them to expand to fill
the ring. The ring shape is ideally suited for studies of vorticity in a multiply connected geometry and is
promising as a rotation sensor.
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The long range phase coherence of superfluids and
superconductors, aside from leading to interesting physical
effects, is also of practical importance in allowing for
precise measurement devices based on quantum interfer-
ence. In such devices, spatially separated paths forming a
multiply connected geometry are imposed on the macro-
scopic quantum system. For example, a SQUID magne-
tometer makes use of a superconducting ring interrupted
by Josephson junctions to allow continuous sensitivity to
magnetic fields. A similar geometry was used in a super-
fluid 3He gyroscope [1].

Dilute gas superfluids have now enabled novel forms of
matter-wave interferometry. Precise sensors of rotation,
acceleration, and other sources of quantal phases [2,3]
using trapped or guided atoms have been envisioned. In
particular, the sensitivity of atom-interferometric gyro-
scopes is proportional to the area enclosed by the closed
loop around which atoms are guided [4]. Such consider-
ations motivate the development of closed-loop atom
waveguides that enclose a sizable area.

A number of multiply connected trapping geometries for
cold atoms have been discussed. Optical traps using high-
order Gauss-Laguerre beams were proposed [5,6], and
hollow light beams were used to trap nondegenerate atoms
in an array of small-radius rings [7]. Large-scale magnetic
storage rings were developed for cold neutrons [8] and
discussed for atomic hydrogen [9]. More recently,
closed-loop magnetic waveguides were demonstrated for
laser cooled atoms [10,11]. Unfortunately, these guides are
characterized by large variations in the potential energy
along the waveguide and by high transmission losses at
points where the magnetic field vanishes.

In this Letter, we report the creation of a smooth, stable
circular waveguide for ultracold atoms. A simple arrange-
ment of coaxial electromagnetic coils was used to produce
a static ring-shaped magnetic trap, which we call the
quadrupole ring (Q ring), in which strong transverse con-
finement is provided by a two-dimensional quadrupole
field. Atoms trapped in the Q ring experience large
Majorana losses, but we can eliminate such losses with a
time-orbiting ring trap (TORT) [12]. In this manner, stable
circular waveguides with diameters ranging from 1.2 to

3 mm were produced. Finally, we report on the production
of Bose-Einstein condensates (BECs) in a portion of the
circular waveguide, and on the guiding of an ultracold
atomic beam for several revolutions around the guide.
This ring-shaped trap presents opportunities for studies
of BECs that are homogeneous in one dimension and
therefore of the unterminated propagation of sound waves
[13] and solitons [14–16], of persistent currents [17–20],
of quantum gases in low dimensions, and of matter-wave
interferometry.

To explain the origin of the quadrupole ring trap, we
consider a cylindrically symmetric static magnetic field ~Bc

in a source-free region. Expanding ~Bc to low order about a
point (taken as the origin) on the axis where the field
magnitude has a local quadratic minimum, we have

~B c ! B0ẑ"
B00
z

2

!"
z2 # x2 " y2

2

#
ẑ# z$xx̂" yŷ%

$
; (1)

where B0 > 0 is the field magnitude at the origin, B00
z is the
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FIG. 1 (color). Forming a circular magnetic waveguide.
(a) Four coaxial circular electromagnets (see [21] for details)
are used to generate both the static (currents as shown) and
rotating fields needed for the waveguide. Axes are indicated;
gravity points along #ẑ. (b) As shown schematically, the field
(arrows) from just the two outer coils (curvature coils, outer pair)
points axially in the midplane between the coils, with largest
fields at the axis. (c) Adding a uniform opposing bias field (using
antibias coils, inner pair) produces a ring of field zeros (&) in the
x̂-ŷ plane around which weak-field seeking atoms (shaded re-
gion) are trapped. (d) Rapidly rotating the field zeros around the
trapped atoms produces the TORT.
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Large magnetic storage ring for Bose-Einstein condensates
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Cold atomic clouds and Bose-Einstein condensates have been stored in a 10 cm diameter vertically oriented
magnetic ring. An azimuthal magnetic field enables low-loss propagation of atomic clouds over a total distance
of 2 m, with a heating rate of less than 50 nK/s. The vertical geometry was used to split an atomic cloud into
two counter-rotating clouds which were recombined after one revolution. The system will be ideal for studying
condensate collisions and ultimately Sagnac interferometry.
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The field of atom optics #1$ has seen a plethora of signifi-
cant advances since the advent of laser cooling #2$ and gas-
eous Bose-Einstein condensation !BEC" #3$. Analogs of mir-
rors, lenses, and beamsplitters for manipulating ultracold
atoms now exist and are continually being improved.

A relatively recent addition to the atom-optical toolbox is
the cold atom storage ring, where atoms are guided around a
closed path. This is an interesting configuration for perform-
ing, for instance, ultrasensitive Sagnac #4$ atom interferom-
etry. An electrostatic storage ring was first reported for mol-
ecules #5$ in 2001. However, for many interferometry
experiments, atoms are more suitable candidates as they can
be easily laser cooled and/or prepared in the same quantum
state.

The first atomic storage ring was formed with the mag-
netic quadrupole field created by two concentric current car-
rying loops #6$. Our storage ring #7$ utilizes the more sym-
metric quadrupole field of a four-loop geometry !Fig. 1". A
third group has recently developed a storage “stadium” #8$
based on a magnetic waveguide. Our ring contains more than
5!108 atoms, has a lifetime of 50 s, and an area of 72 cm2;
each corresponding to more than an order of magnitude im-
provement with respect to Refs. #6,8$. The Sagnac effect #4$
is linearly proportional to the area of an interferometer, and
our ring’s area compares favorably with that of a state-of-
the-art thermal beam atom interferometer gyro !A
=0.22 cm2 #9$". The atoms can complete multiple revolu-
tions in the ring, further increasing our effective area and
thus the rotation sensitivity. In addition, our storage ring has
the unique feature that we are able to form a BEC in a sec-
tion of the ring #7$, and observe its propagation around the
ring.

We begin by considering the storage ring theoretically,
before discussing our experimental setup. Comparisons will
then be drawn between our experiment and theory.

All magnetic atom-optical elements make use of the
Stern-Gerlach potential U="BgFmFB experienced by an
atom moving adiabatically in a magnetic field of magnitude
B, where "B is the Bohr magneton, mF is the atom’s hyper-
fine magnetic quantum number, and gF is the Landé g-factor.
To make a storage ring, one must use atoms in weak-field-
seeking magnetic states !gFmF#0", which are attracted to
minima of the magnetic field magnitude. Using the Biot-
Savart law, one can express the cylindrically symmetric mag-

netic field from a single coil of radius R, bR!r ,z", in terms of
elliptic integrals #10$. Our storage ring is comprised of four
concentric circular coils !Fig. 1", with a toroidal quadrupole
total magnetic field:

B!r,z" = bR−$R
!r,z − $z" − bR−$R

!r,z + $z" − bR+$R
!r,z − $z"

+ bR+$R
!r,z + $z" . !1"

In our experiment, R=5.0 cm, $R=1.25 cm, and $z
=1.35 cm, leading to a ring of zero-magnetic field at a radius
R0=4.8 cm; slightly smaller than the mean coil radius R. The
axial wire !Fig. 1" adds a 1/r azimuthal magnetic field to Eq.
!1", which has little effect on the ring radius, but yields a
storage ring with nonzero-magnetic field.

The theory of the storage ring for cold atoms is relatively
simple, as the spatiotemporal evolution of each atom can be
accurately described using the equations of motion arising
from the Stern-Gerlach potential. After choosing suitable
Gaussian initial position and velocity distributions, it is pos-

FIG. 1. !Color online" Four circular coils with average diameter
10 cm make up the storage ring !thin circle" to which the axial wire
adds an adjustable azimuthal magnetic field. The square coils local-
ize the atoms !small cigar" in either a magneto-optical or magnetic
trap depending on the current direction in the right square coil pair.
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exploring the intrinsic phase dynamics in complex interacting
quantum systems (for example, Josephson oscillations20,21) or
the influence of the coupling to an external ‘environment’
(decoherence22). Technologically, chip-based atom interferometers
promise to be very useful as inertial sensors on a microscale23.
For all of these applications it is imperative that the deterministic
coherent quantum evolution of the matter waves is not
perturbed by the splitting process itself. Although several
atom-chip beam-splitter configurations have been proposed and
experimentally demonstrated12,24–27, none of them has fulfilled this
crucial requirement.

We present an easily implementable scheme for a phase-
preserving matter-wave beam splitter. We demonstrate
experimentally, for the first time, coherent spatial splitting and
subsequent stable interference of matter waves on an atom
chip. Our scheme is exclusively based on a combination of
static and radio-frequency (RF) magnetic fields forming an
adiabatic potential28. The atomic system in the combined magnetic
fields can be described by a hamiltonian with uncoupled
adiabatic eigenstates, so-called dressed states. For sufficiently strong
amplitudes of the RF field, transitions between the adiabatic levels
are inhibited as the strong coupling induces a large repulsion
of these levels. This property of the combined static and RF
fields could be exploited to form trapping geometries using
the effective potential acting on the dressed eigenstates29, and
related demonstration experiments with thermal atoms have
been performed30.

In a more general case than considered in ref. 29, the
orientation, in addition to the intensity and frequency, of the
RF field determine the effective adiabatic potential Veff at the
position r:

Veff(r) = mF

√
[µBgFBd.c.(r)− h̄ωRF]2 +[µBgFBRF⊥(r)/2]2.

Here mF is the magnetic quantum number of the state, gF is the
Landé factor, µB is the Bohr magneton, h̄ is the reduced Planck’s
constant, Bd.c. is the magnitude of the static trapping field and
ωRF is the frequency of the RF field. BRF⊥ is the amplitude of the
component of the RF field perpendicular to the local direction of
the static trapping field. The directional dependence of this term
implies the relevance of the vector properties of the RF field, which
enables the formation of a true double-well potential.

Figure 1 illustrates the operation principle of the beam splitter.
A standard magnetic microtrap5 is formed by the combined fields
of a current-carrying trapping wire and an external bias field;
a static magnetic field minimum forms where atoms in low-
field-seeking states can be trapped. An RF field generated by an
independent wire carrying an alternating current couples internal
atomic states with different magnetic moments. Owing to the
strong confinement in a microtrap, the angle between the RF field
and the local static magnetic field varies significantly over short
distances, resulting in a corresponding local variation of the RF
coupling strength. By slowly changing the parameters of the RF
current we smoothly change the adiabatic potentials and transform
a tight magnetic trap into a steep double well, thereby dynamically
splitting a BEC without exciting it. We accurately control the
splitting distance over a wide range. The potential barrier between
the two wells can be raised gradually with high precision, thus
enabling access to the tunnelling regime20 as well as to the regime
of entirely isolated wells.

The beam splitter is fully integrated on the atom chip, as
the manipulating potentials are provided by current-carrying
microfabricated wires. The use of chip-wire structures allows one
to create sufficiently strong RF fields with only moderate currents
and permits precise control over the orientation of the RF field.
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Figure 1 Operation principle of the beam splitter. a, A straight wire carrying a
static (d.c.) current (∼1 A) is used to trap a BEC on an atom chip directly below a
second wire carrying a RF current (∼60 mA at 500 kHz). The d.c. wire has a width
of 50 µm, it is separated by 80 µm from the RF wire (width 10 µm). Placing the trap
80 µm from the chip surface at the indicated position allows for symmetric
horizontal splitting. b, Top view onto the atom chip (mounted upside down in the
experiment): an elongated BEC is transversely split. All images are taken along the
indicated direction. c, Left: the RF magnetic field couples different atomic spin
states (only two shown for simplicity). Right: the initial d.c. trapping potential is
deformed to an effective adiabatic potential under the influence of the RF field with a
frequency below the Larmor frequency at the trap minimum (∼1 G). In the vertical
(y) direction, the spatially homogeneous RF coupling strength leads to a slight
relaxation of the static trap (dashed green line). Along the horizontal (x) direction, the
additional effect of local variations of the RF coupling breaks the rotational symmetry
of the trap and allows for the formation of a double-well potential with a well
separation d and potential barrier height Vbar (solid blue line).

Note that in our configuration the magnetic near-field part of the
RF field completely dominates.

We complete the interferometer sequence and measure the
relative phase between the split BECs by recombining the clouds
in time-of-flight expansion. In our experiments we found an
interference pattern with a fixed phase as long as the two wells
are not completely separated. The phase distribution remains non-
random and its centre starts to evolve deterministically once the
wells are entirely separated so that tunnelling is fully inhibited on
all experimental timescales.

The experiments are performed in the following way. We
routinely prepare BECs of up to ∼105 rubidium-87 atoms in the
F = mF = 2 hyperfine state in microtraps near the surface of an
atom chip31. Our smooth microwires32 enable us to create pure
one-dimensional condensates (aspect ratio ∼ 400) with chemical
potential µ ∼ h̄ω⊥ in a trap with high transverse confinement
(ω⊥ = 2π×2.1 kHz; refs 33,34). By tilting the external bias field, we
position the BECs directly below an auxiliary wire (Fig. 1). A small
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Figure 3 The coherence of the splitting is examined by analysing matter-wave interference patterns. a, Directly after (0.1 ms) the BECs have been split far enough
(d = 3.4 µm) to inhibit tunnelling completely. b, After (0.8 ms) the clouds have been taken farther apart (d = 3.85 µm). Left: a cosine function with a gaussian envelope is
fitted to the profiles derived from the two-dimensional images (insets). This yields information on fringe spacing, contrast and phase. Right: contrast and relative phase for 40
realizations of the same experiment are plotted in a polar diagram (inset). A histogram of the same data shows a very narrow distribution of the differential phase (σ = 13◦)
directly after separating the clouds and a slightly broadened distribution (σ = 28◦) later in the splitting process. Both phase spreads are significantly smaller than what is
expected for a random phase.

sources is inaccurate for smaller splittings where the repulsive
interaction in the BEC has to be taken into account35. Figure 2c
shows the observed fringe spacing that is compared with the above
approximation and with a numerical integration of the time-
dependent Gross–Pitaevskii equation. We find excellent agreement
with the latter theory.

We assess the coherence properties of the beam splitter
by analysing the relative phase between the two condensates
throughout the splitting process. Figure 3 shows the results for
40 repetitions of the interference experiment performed directly
after the two condensates are separated (Fig. 3a) and after they
have been taken farther apart (Fig. 3b), respectively. We find a very
narrow phase distribution with a gaussian width of σ = 13◦ and
28◦, respectively. Hence, the splitting process is phase-preserving
and the beam splitter is coherent.

We have performed similar measurements throughout the
entire splitting process, starting from a well separation of d ∼ 3 µm
where the BECs are still connected to a splitting of d ∼ 5.5 µm. At
larger d, the interference fringes are no longer optically resolved.
For splitting distances larger than 3.4 µm the potential barrier
is sufficiently high to suppress tunnel coupling between the two
wells, so that the splitting process is complete. For fast splitting
we find the phase distribution to be non-random over the whole

splitting range (Fig. 4a). In a more detailed experiment with slower
splitting we find that the spread is smaller than the expectation of
a randomized phase by more than three standard deviations for
splitting times shorter than 2 ms (Fig. 4c). Within these limits,
our data show an increase in phase spread and a coinciding loss
of average contrast. A possible explanation is the longitudinal
phase diffusion inside the individual one-dimensional quasi-
BECs36. This hypothesis is supported by the fact that we always
observe phase randomization (at finite interference contrast)
approximately 2.5 ms after the splitting is complete, independent
of the splitting distance d. This timescale roughly agrees with
the theoretical prediction for our experimental parameters. More
detailed experimental studies of the longitudinal phase diffusion
inside one-dimensional quasi-BECs are underway.

As the splitting is a coherent operation, we are able to measure
the phase evolution throughout the splitting process. We find that
the relative phase between the two condensates is locked to zero
as long as the chemical potential exceeds the potential barrier
(d < 3.4 µm). Once the splitting is complete (d > 3.4 µm), a
deterministic phase evolution occurs (Fig. 4a,b). A differential
phase shift is induced by a slight residual imbalance of the double-
well potential (in the case shown in Fig. 4a an energy difference of
the order of h×1 kHz µm−1 additional splitting).
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Dressed Ring Traps

Dynamically controlled toroidal and ring-shaped magnetic traps
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We present traps with toroidal !T2" and ring-shaped topologies based on adiabatic potentials for radio-
frequency-dressed Zeeman states in a ring-shaped magnetic quadrupole field. Simple adjustment of the radio-
frequency fields provides versatile possibilities for dynamical parameter tuning, topology change, and con-
trolled potential perturbation. We show how to induce toroidal and poloidal rotations, and demonstrate the
feasibility of preparing degenerate quantum gases with reduced dimensionality and periodic boundary condi-
tions. The great level of dynamical and even state-dependent control is useful for atom interferometry.

DOI: 10.1103/PhysRevA.75.063406 PACS number!s": 32.80.Pj, 03.75.Lm, 42.50.Vk

I. INTRODUCTION

Cold neutral atoms are particularly well suited as a ge-
neric model for many-body systems as they allow tuning of
parameters that are not accessible in other systems such as
the interparticle interaction strength. Studying the properties
of quantum gases in confining geometries where the dimen-
sionality of the system can be chosen or even be adjusted is
at the focus of current research #1$. The dimensionality of the
confined cloud plays a key role for important properties such
as long-range order #2,3$ and superfluidity #4–7$ of the gas.
This is also true for the topology of the trap, and hence large
interest in multiply connected trapping potentials such as
rings has recently emerged.

In first experiments with nontrivial trapping topologies,
ultracold and Bose-condensed atoms have been confined in
ring-shaped potentials #8–10$. Most of these experiments
rely on the production of a ring-shaped magnetic quadrupole
field to trap the atoms. The ring of zero field in the center of
this trap causes a loss of atoms due to Majorana spin flips to
untrapped states. These leaks have been plugged using time
orbiting ring traps !TORTs" #9$, out-of-plane current carrying
wires #10$, or stadium-shaped traps reducing the ring of zero
to four points #11$. Also electrostatic fields have been pro-
posed as a possible solution for a chip-based trap #12$. For
chip-based approaches #12–14$ the symmetry-breaking po-
tential corrugation caused by lead wires must typically also
be addressed.

In this paper, we show how adiabatic potentials for radio-
frequency- !rf-" dressed states #15–21$ can be used in a cir-
cular configuration. These dressed traps have recently been
shown to provide long lifetimes, allow for evaporative cool-
ing #22,23$, and have been used to coherently split matter
waves #17,24$.

We present an experimentally feasible method that results
in a trap with new flexibility going well beyond that of a
TORT trap, using a similar setup but with an oscillating field
of much lower amplitude at higher frequencies. Reaching
beyond simple ring geometries, toroidal surfaces can be

formed and smoothly transformed to a !multiple" ring geom-
etry. One- and two-dimensional !1D and 2D" quantum gases
with periodic boundary conditions are accessible as well as
the crossover regimes between confinement of different di-
mensionality !3D to 2D and 1D, and 2D to 1D". Moreover,
we show that the trapped gases can be dynamically set into
various types of motion by simple experimental techniques.
These include toroidal and poloidal rotations on torus sur-
faces and independently controlled acceleration along circu-
lar paths.

II. TRAP DESIGN

Our trapping configuration is based on magnetic micro-
structures, which have been proposed and demonstrated for
atom trapping using both current-carrying wires #25–27$ and
permanent magnetic structures #28–30$. We start from a ring-
shaped magnetic quadrupole field, generated by two concen-
tric rings of magnetized material with out-of-plane magneti-
zation M; see Fig. 1. The advantages here are high-field
gradients !up to 103 T/m" and the absence of lead wires that
break the symmetry of the trap. For small heights h of the
magnetic layer, the field sources become equivalent to two
pairs of concentric, counterpropagating, linelike currents I
=Mh around the edges of the material. They produce a mag-
netic quadrupole field with a ring-shaped line of zero field.

*Electronic address: tfernhol@science.uva.nl

FIG. 1. !Color online" Schematic view of a quadrupole ring
produced by two rectangular rings of uniform magnetization M · ẑ,
mean radius R, widths w, distance d, and height h. Additional co-
ordinates are given by the distance r from the ring of zero field and
the toroidal and poloidal angles ! and ", respectively. An additional
pair of external coils is used to produce a circularly polarized, axi-
ally symmetric rf field.
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More generally, if neither a nor b vanishes, the field is
elliptically polarized. In this case, the potential has minima
for two poloidal angles. The trap thus splits poloidally into
two opposite rings, as shown in Fig. 3. The orientation of this
splitting is determined by !0.

For convenience, we redefine the local coupling ampli-
tude in the poloidal minimum as c= !!a!− !b!! /2"2 and define
"= !b /a!. The trapping frequencies in the radial and poloidal
directions then become

#r =
q
"c
"$

m
, #! =

2
r0
" c"

#1 − "$2"$

m
, #6$

where m is the mass of an atom.

III. ADIABATICITY REQUIREMENTS

The condition that the internal atomic state adiabatically
follow the external motion is violated at points where the rf
field is resonant but the coupling component %+ is too small.
For example, for !a!= !b!—i.e., linear rf polarization—the
coupling will vanish in the two rings. To avoid Landau-Zener
transitions, the energy splitting EmF

/mF must be large com-
pared to the trap frequency #r. We thus demand that
EmF

/mF&'(#r, with the factor ')1, and get the adiabatic-
ity condition

c3

q2 &
'2(2mF

$BgFm
. #7$

In addition, it is necessary to stay in the RWA validity
regime; i.e., the rf frequency must be high compared to the
energy splitting. Thus we choose (#&*EmF

/mF with the

numerical factor *+1. This is equivalent to qr0&*c. Both
relations together impose a size restriction1

qr0
3 &

'2*3(2mF

$BgFm
. #8$

IV. LOW-DIMENSIONAL TRAPS

As a first application we discuss the feasibility to realize
two-dimensional traps for degenerate quantum gases. One
requirement to be met is that the thermal motion of the atoms
be limited to the radial ground state, (#r&,kBT with ,+1.
Together with the adiabaticity condition, the achievable tem-
perature sets lower limits to the fields:

q &"'m

mF

#,kBT$3/2

gF$B(
, c &

',kBT

gF$B
. #9$

With ,T=1 $K, '=10, and 87Rb atoms in the !F ,mF%
= !2,2% state, the required fields are q+90 T m−1, which is
easily achievable with microstructured permanent magnetic
material, and c+30 $T. Note that c plays a similar role as
the minimum field in a Ioffe-Pritchard magnetic trap, typi-
cally &100 $T. Neglecting angular momenta, we estimate
the lifetime in the trap by a simple integration of the Landau-
Zener spin-flip probability over the radial velocity distribu-
tion. For the given numbers we find a negligible loss rate.
Under our assumptions and contrary to the behavior in more
common traps with confinement along two or three dimen-
sions, the lifetime should strongly decrease for higher tem-
peratures as all atomic trajectories necessarily cross the trap
minimum twice per radial oscillation period. The estimated
lifetime reaches 1 s for T'100 $K, allowing for a final
evaporative cooling stage in this trap.

The second requirement is that atomic collisions do not
excite radial motion. This is ensured when the chemical po-
tential g2dn2d'#2($3/2#-#r /m$1/2asN /A is lower than (#r,
where as is the s-wave scattering length.

A unique feature of two-dimensional systems is the occur-
rence of superfluidity in a cold temperature phase without
spontaneous symmetry breaking. The underlying micro-
scopic mechanism of Berezinskii-Kosterlitz-Thouless type is
currently under investigation in harmonically trapped cold
atomic clouds (7). A toroidal trapping geometry as discussed
here allows one to approximate the homogeneous case more
closely. While a true Bose-Einstein condensate in two di-
mensions is still possible in harmonically confined two-
dimensional gases, this is no longer true if the potential is
homogeneous in both dimensions (3). In an infinite system,
the Berezinskii-Kosterlitz-Thouless transition temperature is
proportional to the atomic density: TBKT'#-(2 /2mkB$N /A
(4,5). Here we equate the superfluid density .s and the total
density .t. The difference between .s and .t and recent mea-
surements on the critical temperature in a harmonically
trapped system are discussed in Ref. (34). To achieve a high

1This relation separates the setup from a TORT; a continuous tran-
sition between the trap types is impossible.

(c)(a) (b)

FIG. 3. #Color online$ Visualization of the adiabatic trapping
potential. On the top, the potential on the resonant torus for verti-
cally split rings is shown together with a cut parallel to a . ,z plane.
On the bottom, . ,z potentials are shown for #a$ circular rf #b=0$
and elliptical rf #a+b$ with #b$ !0=- /2 and #c$ !0=- /4 #increas-
ing potential from light to dark$.
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parameter is then the rf Rabi frequency !, which is chosen
to fit the desired value of ".

We applied this procedure to desired values of
J /h=1 Hz, #sc=0.1 s−1, and "=0.1 s−1 at 3 $K to obtain the
typical parameter values suggested in Table I.

VI. LOADING

A condensate in the proposed ring trap would cover quite
a small volume spread over a relatively large area, and as a
result the method used to load the atoms into the trap needs
to be considered carefully. This is because of the mismatch
between the starting point, a condensate in a magnetic trap,
which may be spheroidal and localized, and the end point, a
condensate in a ring trap which has essentially no overlap
with the starting point at all.

There may be several approaches to loading the proposed
ring trap. Based on a previous experiment !34", which used a

QUIC trap, our proposed loading method takes place in at
least five stages !#i–v$ below" and is illustrated in Fig. 3. In
the following we refer to a BEC for convenience. The steps
are the same for a cold atom cloud, but a condensate has an
advantage of compactness.

#i$ Dressed trap loading: Starting with the magnetic trap,
Fig. 3#a$, the condensate is first transferred to the field-
dressed atom trap #ZG-trap$ by an established loading pro-
cedure !17,21" in which a rf field is steadily increased in
intensity at a fixed, negative, detuning #relative to the mag-
netic trap center$ and subsequently ramped up in frequency
to positive detuning !see Fig. 3#b$". This accomplishes a
transfer to field-dressed potentials, like those in Eq. #2$,
which are subsequently expanded outwards from the trap
center as seen in Fig. 3#c$. !This rf expansion is discussed
further in #ii$, below."

In the resulting trap the condensate lies in an electromag-
netic potential which confines it to the surface of an ellip-
soid, or egg shell, as in Sec. II. This surface is represented by
the ellipse in Figs. 3#b$–3#f$. However, gravity, and the ab-
sence of the optical potential, ensures that the condensate
occupies just the lower part of the ellipsoid surface, when the
ellipsoid is sufficiently large, as seen in Fig. 3#c$. As men-
tioned in Sec. II the egg shell is defined, for a particular rf
frequency, by the surface of resonance between the magnetic
sublevels and the rf. Thus the size of the ellipsoid, or egg
shell, depends on the rf frequency; so as the rf frequency is
increased, the part of the condensate at the bottom of the egg
shell moves downwards and becomes flatter. This is the rf
expansion phase and is represented by the transition from
Fig. 3#b$ to Fig. 3#c$.

#ii$ rf expansion: During the rf expansion the pendulum
frequency reduces considerably. Numerical simulations of
this kind of expansion, as part of a loading process, were
carried out in Ref. !18". To give an example for the current
ring trap, we may consider 105 atoms in the dressed trap. We
will also have an underlying magnetic trap with the param-
eters given in Sec. V and a rf intensity leading to the same
dressed trapping frequency %trans=2&'2.26 kHz at the final
rf frequency. With the rf thus chosen the condensate would
be at a distance of z0=107 $m below the magnetic trap cen-
ter, and the final horizontal oscillation frequency #given in
Appendix B$ is %1,2=%g /4z0 with a value of approximately
24 Hz. Thus, since this is the lowest horizontal frequency
during expansion, the time scale for the expansion needs to
be considerably longer than the corresponding characteristic
time scale 1 /24&42 ms. If it is not, there will be lateral
excitations. Since the condition for adiabaticity is that
%1,2

˙ ≪%1,2
2 !18", we can make an estimate for the required

expansion time by solving the equation %1,2
˙ =−(%1,2

2 ,where (
represents an amount of nonadiabaticity that can be tolerated.
Thus an overestimate of the expansion time is 1 / #(%1,2$ if
the value of %1,2 is the final horizontal oscillation frequency.
#This neglects the initial horizontal oscillation frequency in
comparison with the final value.$ Then a tolerance of
(&1% leads to an expansion time of 0.7 s.

The condensate would thus be flattened. The aim is to
flatten it sufficiently to be able to load it as efficiently as
possible into a single corrugation of the optical potential cre-

FIG. 3. #Color online$ Outline illustration of stages in the load-
ing of the ring trap. The z axis is in the vertical direction and we
assume a cylindrical symmetry about this axis. In #b$–#f$ the ellip-
tical line indicates the location #in the y-z plane$ of the rf resonance.
In #d$–#f$ the horizontal bands indicate the presence of the standing
light wave. Then: #a$ We take as the starting point a BEC in a
magnetic trap. #b$ Shortly after transfer to the dressed rf trap the
condensate fills a location around the rf resonance, but is not yet
excluded from the trap center. #c$ After rf expansion !stage #ii$" the
condensate lies at the bottom of the “egg shell.” #d$ The application
of the optical standing wave results in a potential which confines
the condensate to a couple of potential wells #corrugations$. #e$ The
standing wave is moved upwards and the condensate ring is formed
and expanded outwards and upwards. #f$ Final position of the con-
densate ring at maximum radius. All three potentials, magnetic,
dressed rf, and optical are required to maintain the ring.
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Boshier Criteria for 

Atomtronics Circuits

• Smooth / Coherent  

• Stable 

• Controllable 

• Closed Loop



• Smooth  
• Stable 
• Controllable 
• Closed Loop

Matter-Wave Guides

• Dipole Traps & Guides 
- Free space beams  
- Lattices 
- Fibres 

• Magnetic Fields
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(a) (b) (c)

Figure A1. Experimental setup and realization of the double-well potential by the superposition
of a harmonic trap and an optical lattice with large periodicity. (a) is a sketch of the laser beams
generating the optical potentials. Two orthogonal dipole trap beams at 1064 nm (grey) create a
3D harmonic confinement and two laser beams at 830 nm crossing under an angle of about 10◦

generate the optical lattice (red) with a periodicity of dsw ≈ 5 µm. (b) shows the potential resulting
from the superposition of the dipole trap and the optical lattice on the scale of the Gaussian dipole
trap beam. (c) is the potential in the centre revealing the symmetric double-well structure with a
separation of the two wells of about 4.4 µm.

shape of this potential has to be fixed very well, as the tunnelling current depends exponentially
on the barrier height.

A promising method for creating double-well potentials for neutral atoms was presented
in the group of J Schmiedmayer in 2005. Their approach is the application of radio-frequency
dressed state potentials on an atom chip [55], which in analogy to optical dipole traps, where
two electronic states are coupled to each other, address two hyperfine levels. Recently these
potentials were employed for coherent splitting of a Bose–Einstein condensate and for matter
wave interference experiments [56].

Another possibility of realizing a weak link between two spatially separated Bose–Einstein
condensates was demonstrated in 2005 in the group of W Ketterle [57]. They generated
a double-well potential where no direct spatial tunnelling between the two Bose–Einstein
condensates was possible. Via two Bragg beams atoms were coupled out from both wells
coherently and brought to interfere with the two Bose–Einstein condensates, leading to a
coherent coupling and establishing the weak link.

The approach used in our experiments is the realization of an all-optical double-well
potential, generated by the superposition of a 3D harmonic trapping potential and a periodic
potential with large periodicity as depicted in figure A1(a). The effective potential is shown
in figure A1(b) on the full scale of the trap and in (c) on the scale of the BEC.

The 3D harmonic trap is generated by two crossed Gaussian Nd:YAG-laser beams at
λNd:YAG = 1064 nm. The first dipole trap beam, in the following called the wave guide (WG)
is responsible for the transverse confinement and points perpendicular to gravity in order to
hold the atoms in the trap. The atoms are located at the waist of the beam which has a size
of about 60 µm and a power of less than 500 mW. The resulting trapping frequencies can be
adjusted to be between typically 2π × 70 Hz and 2π × 180 Hz. The second dipole trap beam,
in the following referred to as the crossed dipole trap (XDT), is pointed perpendicular to the
first beam and perpendicular to gravity. The XDT is elliptic, with the tighter confinement in
the direction along the WG in order not to influence the transverse trapping. The size of the
beam along the WG is 70 µm and in the direction of gravity 140 µm and has a power of
typically less than 800 mW. Both beams are transferred to the experiment via optical fibres and
the out-coupler of the XDT is fixed on a piezo actuated mount, which allows for changing the

Dipole Guides

• Dipole Traps 
- Free space beams  
- Lattices 
- Fibres

R. Gati and M. Oberthaler
Journal of Physics B 40:10 61 (2007)



Squeezing by 
Splitting a BEC

Squeezing and entanglement in a Bose-Einstein condensate. 
J. Estève et al. Nature 455:7217 1216--1219 (2008)



Boshier Criteria of 
Atomtronics

• Loop  
• Smooth  
• Dynamic
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