
http://www.photonics.phys.strath.ac.uk/AtomOptics 

PAUL GRIFFIN, UNIVERSITY OF STRATHCLYDE

QUAMP 2013

BEC in Ring Traps
Guided-Wave Atom-Interferometers



Aline Dinkelaker

Jon Pritchard

PFG

Aidan Arnold Erling Riis

Billy Robertson

Chris Carson



Optical Interferometer Matterwave Interferometer

∆p = ±2�k

1.Coherent
Splitting

3.Recombination2.Propagation + 
Phase Accumulation

NA −NB

∆φ

4.Read Out

A

B

PA ∼ |ψ1 + ψ2|2

∼ |ψ1|2 + |ψ2|2 + 2|ψ1ψ2| cosφ

Atom Interferometry



Optical Interferometer Matterwave Interferometer

∆p = ±2�k

1.Coherent
Splitting

3.Recombination2.Propagation + 
Phase Accumulation

NA −NB

∆φ

4.Read Out

A

B

∆φ =
1

�

�
Udt Atoms sensitive to environment

PA ∼ |ψ1 + ψ2|2

∼ |ψ1|2 + |ψ2|2 + 2|ψ1ψ2| cosφ

Atom Interferometry



α2 =
2R∞
c

M

me

h

m

• Tests of Fundamental Physics
Charge Neutrality Fine Structure Constant

Quantum-Classical Interface

Nature Comm. 2, 263 (2011)PRL 100, 120407 (2008)

ωrec =
1

2

�
m
k2

• Precision Metrology
Inertial Forces
(Acceleration, rotation)

AC/DC Electromagnetic Fields
Gravity {  ,   ,      }gG∇g

PRL 92,230402 (2004)

PRL 97,010402 (2006) arXiv:1208.4653

[A. Cronin, J. Schmiedmayer and D. Pritchard, Rev. Mod. Phys. 81, 1051 (2009)]

Atom Interferometry



Guided atom interferometry

Evolution time limited by gravity

rBEC ~ 10 µm

Time to fall 103 rBEC = 45 ms
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Interferometric Fibre 
Optical Gyroscopes (IFOG)

1 km fibre coiled ∅5cm
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- Ring traps as atom guides

- Atom Interferometry 

- Guided atoms

- A new atom interferometer

Overview
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Time-averaged adiabatic ring potential for ultracold atoms

B. E. Sherlock, M. Gildemeister, E. Owen, E. Nugent, and C. J. Foot
Clarendon Laboratory, University of Oxford, Parks Road, Oxford, OX1 3PU, United Kingdom
(Received 15 February 2011; published 18 April 2011; publisher error corrected 4 May 2011)

We report the experimental realization of a versatile ring trap for ultracold atoms. The ring geometry is created
by the time-averaged adiabatic potential resulting from the application of an oscillating magnetic bias field to a
rf-dressed quadrupole trap. Lifetimes for a Bose-Einstein condensate in the ring exceed 11s and the ring radius
was continuously varied from 50 µm to 262 µm. An efficient method of loading the ring from a conventional
time-averaged orbiting potential trap is presented together with a rotation scheme which introduces angular
momentum into the system. The ring presents an opportunity to study the superfluid properties of a condensate
in a multiply connected geometry and also has applications for matter-wave interferometry.

DOI: 10.1103/PhysRevA.83.043408 PACS number(s): 37.10.Gh, 03.75.Dg, 67.85.De

I. INTRODUCTION

The development of increasingly sophisticated trapping
potentials for ultracold atoms has catalyzed research in the field
of quantum degenerate gases. Optical lattices [1], double-well
potentials [2], and systems of reduced dimensionality [3]
are examples where new physics has been elucidated by
putting cold atoms into new types of potential landscapes. The
geometry of ring-shaped traps gives rise to multiply connected
systems with behavior not found in other types of trap.

For a ring trap there are two regimes that can be distin-
guished. In the first regime the quantum coherence extends
all around the ring. Under these conditions the superfluid
nature of an interacting dilute ultracold quantum gas is
manifested (e.g. persistent flow). The angular momentum of
a superfluid confined in annular geometry dissipates only if
the rotational velocity exceeds a critical value [4,5]. Below the
critical velocity the mass flow is dissipationless in analogy to
electrical current in superconductors. Such a persistent flow
was observed with ultracold atoms in an optically plugged
magnetic trap [6]. Recently an all-optical ring-trap experiment
demonstrated that superflow around a ring is suppressed by
a barrier where the local flow velocity exceeds the critical
value [7]. This may lead to an analog of the superconducting
quantum interference device (SQUID) using a Bose-Einstein
condensate (BEC).

The second regime employs the ring trap as a wave
guide for matter-wave interferometry. In combination with
coherent beam splitting, a circular waveguide forms a Sagnac
interferometer [8] and acts as an inertial sensing device.
Several experiments have been designed with this goal in
mind [9–11], and further schemes have been proposed [12–14].

The two regimes can be loosely distinguished by the
constraints placed on the chemical potential for a BEC in
three-dimensional (3D) ring trap [12]:

µ3D = h̄!̄

!
2asN

"r0
. (1)

Here !̄ = !
!z!r is the geometric mean of the axial (!z) and

radial (!r ) trapping frequency, as the s-wave scattering length,
N the atoms number and r0 the ring radius. For the first regime,
µ must be large compared to the potential inhomogeneities
around the ring, enabling the BEC to spread around the full

FIG. 1. Absorption image of atoms confined in the TAAP ring
trap. In (a) the cloud of atoms has a radius of 262 µm and in (b) the
radius is 71 µm. This change is achieved by increasing the gradient
of the quadrupole field from (a) 65.3 G/cm to (b) 277.1 G/cm. In
both cases !rf = 2" " 1.4 MHz, Brf = 0.8 G, and Bz

T = 0.9 G.

ring circumference. In the second regime the condensate is
localized by a variation in the potential around the ring.

The ring trap described here aspires to both regimes. It is
based on the proposal for a time-averaged adiabatic potential
(TAAP) ring trap [15]. In this particular experiment an rf-
dressed quadrupole trap is time averaged along its symmetry
axis which results in a ring-shaped trap geometry (see Fig. 1)
with a range of radii suitable for exploring both of the above
regimes.

In previous work an rf-dressed potential was combined
with two blue frequency-detuned light sheets to create a ring
potential [16]. This arrangement was susceptible to thermally
induced drifts in the position of the optical potential in
which atoms had only moderate lifetimes (# # 1s). The new
experimental design depends only on magnetic potentials
which do not require repeated alignment. Increased power in
the rf fields has resulted in lifetimes >11 s, while a custom
designed frequency source has led to improved dynamical
control over the rf polarization allowing the trap to be tilted
and rotated.

This article is organized as follows: in Sec. II the theory
of the time-averaged adiabatic potential is discussed and
the formation of the ring is explained. Section III outlines
the experimental sequence and details the ring-trap char-
acterization results and their comparison with numerical
simulations. Section IV describes the rotation scheme that has
been implemented in the ring potential and some preliminary
results. The article concludes with an outlook in Sec. V.
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Superflow in a Toroidal Bose-Einstein Condensate: An Atom Circuit with a Tunable Weak Link

A. Ramanathan, K. C. Wright,* S. R. Muniz,† M. Zelan,‡ W. T. Hill III, C. J. Lobb, K. Helmerson,x

W.D. Phillips, and G.K. Campbell
Joint Quantum Institute, National Institute of Standards and Technology and University of Maryland,

Gaithersburg, Maryland, 20899, USA
(Received 20 December 2010; revised manuscript received 26 January 2011; published 28 March 2011)

We have created a long-lived (! 40 s) persistent current in a toroidal Bose-Einstein condensate held in

an all-optical trap. A repulsive optical barrier across one side of the torus creates a tunable weak link in the

condensate circuit, which can affect the current around the loop. Superflow stops abruptly at a barrier

strength such that the local flow velocity at the barrier exceeds a critical velocity. The measured critical

velocity is consistent with dissipation due to the creation of vortex-antivortex pairs. This system is the first

realization of an elementary closed-loop atom circuit.

DOI: 10.1103/PhysRevLett.106.130401 PACS numbers: 05.30.Jp, 03.75.Kk, 03.75.Lm, 67.85.De

Quantum fluids can exhibit properties such as long-
range coherence and superfluidity that make them useful
for constructing sensors and other devices. For example,
superconducting quantum interference devices (SQUIDs)
are sensitive magnetic field detectors [1], and superfluid He
circuits have been used to detect rotation [2,3]. Ultracold
atomic-gas analogs of electronic devices and circuits, or
‘‘atomtronics’’ have been proposed including diodes and
transistors [4]. Of particular interest is the realization of an
atomic-gas SQUID analog. SQUID circuits have been
realized with either tunnel or weak link junctions [1,5,6].
In atomic Bose-Einstein condensates, Josephson junctions
have been demonstrated only between adjacent wells [7,8].
Here we present the first implementation of a nontrivial,
closed-loop atom circuit and show that it is possible to
control the current at the single-quantum level by changing
the strength of a weak link. This is an essential step toward
realizing an atomic SQUID analog.

Superfluids flow without dissipation if the flow velocity
is below a threshold determined by the lowest energy
excitations allowed for the system [9]. In a homogeneous
condensate the lowest energy excitations are phonons [10]
and the Landau critical velocity is the speed of sound [11].
Real systems are finite and therefore inhomogeneous; con-
sequently, the lowest energy excitations can be vortexlike
[12] and dissipation can occur at velocities well below the
sound speed [13]. Dissipation involving vortexlike excita-
tions has been previously observed in experiments with
liquid He [14,15], superconductors [16], and in a simply
connected condensate [17].

The critical velocity in simply connected condensates
has been measured previously by moving a defect created
by a localized optical potential [17–19]. When the velocity
of the defect was high enough, excitations and heating
were observed. In contrast to this earlier work, we create
a quantized, persistent flow around a multiply connected
(toroidal) condensate and study the decay of that flow in

the presence of a stationary barrier, as a function of barrier
height and condensate atom number.
In previous experiments [20], we created persistent cur-

rents in a harmonic magnetic potential pierced by a repul-
sive optical potential. Relative drift between these
potentials limited the flow lifetime to ! 10 s. This moti-
vated the construction of an all-optical trap which supports
persistent currents for up to 40 s and allows us to carefully
study the stability of superflow.
To create a toroidal condensate, 32S1=2jF " 1;

mF " #1i 23Na atoms are cooled almost to degeneracy
in a magnetic trap and then transferred into an optical
dipole trap created by the intersection of red-detuned
(1030 nm) ‘‘sheet’’ and ‘‘ring’’ beams [Fig. 1(a)]. The
horizontal sheet beam has a vertical (horizontal) 1=e2

half width of ! 9 !m (! 400 !m) and provides vertical
confinement. The vertical ring beam is Laguerre-Gaussian

(a)

0

1

1, 0

G

(c)(b)

20 µm 1, -1

2.3 GHz

LG

B

!LG

!G

N
or

m
. D

en
si

ty

FIG. 1 (color). Experimental configuration. (a) Schematic of
the toroidal optical dipole trap formed at the intersection of two
red-detuned beams: a horizontal ‘‘sheet’’ beam and a vertical
Laguerre-Gaussian beam (LG1

0) with a ring-shaped intensity
maximum. A pulsed pair of Raman beams (large downward
arrows) copropagating with the LG trapping beam creates cir-
culation in the condensate. (b) Energy level diagram for the
Raman transition: jF " 1; mF " #1i ! jF " 1; mF " 0i. One
Raman beam carries @ orbital angular momentum per photon
(LG1

0), the other carries none (Gaussian); the condensate is
transferred to a quantized (l " 1) circulating state. (c) False-
color absorption image showing the normalized column density
of a condensate in the trap, viewed from above. Arrows: Raman
beam polarizations and magnetic bias.
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  ~ 20 µm

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

!!!!!!!!!!!!!!
B0=B00

z
p

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 #

!!!!!!!!!!!
B0B00

z
p

.
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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Quantised superflow glitches in an annular Bose-Einstein condensate

Stuart Moulder, Scott Beattie, Robert P. Smith, Naaman Tammuz, and Zoran Hadzibabic

Cavendish Laboratory, University of Cambridge, J. J. Thomson Ave., Cambridge CB3 0HE, United Kingdom

(Dated: December 5, 2011)

We study metastability and decay of multiply-charged superflow in a ring-shaped atomic Bose-Einstein con-

densate. Supercurrent corresponding to a giant vortex with topological charge up to q = 10 is phase-imprinted

optically and detected both interferometrically and kinematically. We observe q = 3 superflow persisting for up

to a minute and show that the eventual decay of the supercurrent occurs in a cascade of clearly quantised steps,

corresponding to collective jumps of atoms between discrete q values. Finally, we show that these glitches in

the superflow occur stochastically, and measure their time-resolved counting statistics.

PACS numbers: 03.75.Kk, 67.85.-d, 37.10.Vz

Superfluid flow of a Bose-Einstein condensate (BEC)

in a multiply-connected ring geometry is the archetypal

metastable many-body state. The phase of the macroscopic

BEC wave function must wind around the ring by an inte-

ger multiple of 2π, corresponding to the charge q of a vortex

trapped inside the ring. Macroscopic states with different q
values are topologically distinct and separated by energy bar-

riers (see Fig. 1a). Consequently, although the true ground

state of the system is q = 0, a q �= 0 supercurrent can be ex-

tremely long-lived, and largely immune to perturbations such

as disorder and thermal fluctuations. Stability and decay of

supercurrents have been studied for decades in helium super-

fluids [1–4] and thin-wire superconductors [5–9], but the de-

cay process is still not fully understood [10]. A ring-shaped

superfluid was also proposed as the ideal laboratory system

for simulation of pulsar glitches [11], associated with jumps

in the rotation of the superfluid neutron star interior [11, 12].

Atomic BECs trapped in a ring geometry [13–19] are at-

tractive both for fundamental studies of superfluidity and for

applications in interferometry [20, 21] and atomtronics [22].

Recently, q = 1 superflow persisting for 40 s was observed,

and measurements of the critical velocity for flow across a

potential barrier suggested a vortex-induced phase slip as the

decay mechanism [18].

In this Letter, we demonstrate and study extreme metasta-

bility of multiply-charged (q > 1) vortices trapped inside the

ring. While a q = 1 vortex can persist for several seconds

even in a simply-connected BEC, any q > 1 vortex is funda-

mentally unstable in such a geometry [16, 23]. We use optical

phase-imprinting [24] to prepare annular BECs in metastable

rotational states corresponding to vortex charges up to q = 10.

To quantitatively study the decay of the supercurrent we focus

on the q = 3 case, which makes accumulation of sufficient

statistics experimentally tractable. We unambiguously show

that the decay occurs in a series of quantised stochastic steps,

with intermediate rotational states (q = 2, 1) also exhibiting

metastability. This definitively identifies phase slips as the

relevant decay mechanism. We also obtain full time-resolved

counting statistics of phase slips, which should provide an ex-

cellent input for further theoretical work.

The origin of the supercurrent metastability is illustrated in

Fig. 1a. For N atoms held in a ring trap, the average angular

momentum per particle in general need not be quantised, but

in a superfluid gas such quantisation is energetically preferred.

The “parabolic washboard” landscape depicts the energy E of

a superfluid system for different fixed values of the total an-

gular momentum L [25]. The local minima of E correspond

to metastable states with L/N = qh̄. Such minima vanish

only if L/N is sufficiently high for the flow speed vs to ex-

ceed a system-dependent critical velocity vc. For superflow

FIG. 1: (Color online) Creation of metastable supercurrent in an

annular Bose-Einstein condensate. (a) Energy landscape of a ring-

shaped superfluid. Local minima correspond to metastable states

with quantised angular momentum per particle, L/N = qh̄. De-

cay between q states involving a vortex-mediated phase slip is illus-

trated for q = 5 → 4. (b) Experimental scheme. The optical ring

trap is created by intersecting a horizontal “sheet” laser beam with a

vertical “tube” LG
�
0 beam; the absorption image shows a BEC in an

� = 10 trap. Two-photon Raman transfer of atoms into a metastable

q = � state is achieved using the LG
�
0 trapping beam (red) and a co-

propagating Gaussian beam (blue). An atom undergoing an internal

state transfer, |↑� → |↓�, also absorbs angular momentum �h̄ from

the LG
�
0 laser beam. (c) Interferometric detection of the imprinted

phase winding. A combination of Raman and RF π/2 pulses results

in matter-wave interference between stationary and moving atoms,

with the number of density peaks equal to �. Absorption images of

the |↑� state, taken 3 ms after releasing the atoms from the trap, show

matter-wave interference for � = 3, 5, and 10.
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FIG. 1. (a) A schematic of the storage ring. (b) A cross sec-
tion of the overlap region. The trap minimum is shifted from be-
tween the guide wires to the ring wires by adjusting the current.
(c) A contour plot of a two wire potential. The contours are
drawn every 0.5 mK for d ! 0.84 mm and I ! 8 A.

We begin the experiment by loading 87Rb atoms into
a MOT between the guide wires. The MOT is produced
by 3 retroreflected laser beams, each having an intensity
of 12 mW!cm2 and a 1!e2 diameter of 1 cm. The trap
lasers are tuned 17 MHz below the 5S1!2 2 5P3!2F ! 2
to F0 ! 3 transition, while anti-Helmholtz coils generate
a magnetic field gradient of 6 G!cm. An additional laser
beam tuned to the F ! 1 to F 0 ! 2 transition with an in-
tensity of 4 mW!cm2 repumps the atoms decaying into
the F ! 1 state. The MOT is loaded directly from a ther-
mal beam, and the trap typically contains "6 3 106 atoms
after 2 s of loading. The presence of the guide wires
directly in the path of the trap laser beams necessitates
careful alignment of the MOT beams and coils —perhaps
because the shadows of the wires reduce the effective load-
ing volume of the MOT. Following loading, the MOT coils
are turned off and the guide current is ramped on in 5 ms.
A short interval of sub-Doppler cooling is performed, dur-
ing which the trap laser detuning is ramped further to the
red by 110 MHz over 2 ms and the repump intensity is
lowered tenfold and finally shuttered off. At this point the
atoms are all in the F ! 1 ground state with a measured
longitudinal temperature 3 mK. From the extent of the
cloud, we infer a transverse temperature of 57 mK after
the guide current reaches its final value.

About 15% of the atoms in the MOT are transferred to
the guide; this is comparable to other experiments using
this technique [4,5]. We have found that the coupling ef-
ficiency increases with increasing guide current; however,
our present setup is limited to a maximum current of 8 A.
Once in the guide, the atoms fall 4 cm under gravity to the
15 mm overlap with the ring. To transfer the atoms from
the guide to the ring, we ramp the current in the guide
off while simultaneously increasing the current in the ring

to its final value. This process transfers the trap center
from the guide to the ring (see Fig. 1b). Optimal transfer
is achieved for equal currents in the guide and ring. The
transfer efficiency to the ring is estimated to be .90%
and is maximized by a transfer time of 16 ms. For longer
transfer times, the cloud traverses the entire overlap region
before transferring completely to the guide— for shorter
times, we measure losses from the cloud, possibly due to
heating.

To measure the evolution of the atoms in the ring, they
are resonantly excited with a 1 ms laser pulse focused di-
rectly between the wires of the ring, and their fluorescence
is imaged onto an intensified CCD camera (see Fig. 2).
By repeating the measurement with different probe delay
times, the complete trajectory of the atoms can be mea-
sured. A typical measurement of the atomic orbits in the
ring is shown in Fig. 3. The different peaks correspond to
complete revolutions of the ring, and 7 complete revolu-
tions of the ring are clearly distinguished. The measured
orbit time of 81 ms corresponds to an average velocity of
85 cm!s, which is consistent with a 4 cm free fall. The
peaks fit reasonably well to a simple model incorporating
only losses from the ring as well as the continued azimuthal
free expansion of the atom cloud. From this fit, the 1!e
lifetime of the ring is determined to be 180 ms, and the
azimuthal temperature is measured to be 3.4#3$ mK, only
slightly hotter than the temperature measured immediately
after loading the guide. To obtain more satisfactory agree-
ment with the data, the model was extended to include a
term corresponding to a loss of atoms from the orbit to a
diffuse background in the ring.

The lifetime of the ring is somewhat shorter than ex-
pected from losses due to background collisions alone.
Although we do not have a reliable direct measurement
of the vacuum at the ring, we infer a vacuum-limited life-
time of .800 ms from the MOT loading time constant.

FIG. 2 (color). A false color image shows probing of the
atomic cloud in the storage ring. These atoms have made 2
complete revolutions in the ring. The ring wires are visible
above and below the cloud, and have a center to center spacing
of 840 mm.
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Time-averaged adiabatic ring potential for ultracold atoms
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We report the experimental realization of a versatile ring trap for ultracold atoms. The ring geometry is created
by the time-averaged adiabatic potential resulting from the application of an oscillating magnetic bias field to a
rf-dressed quadrupole trap. Lifetimes for a Bose-Einstein condensate in the ring exceed 11s and the ring radius
was continuously varied from 50 µm to 262 µm. An efficient method of loading the ring from a conventional
time-averaged orbiting potential trap is presented together with a rotation scheme which introduces angular
momentum into the system. The ring presents an opportunity to study the superfluid properties of a condensate
in a multiply connected geometry and also has applications for matter-wave interferometry.
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I. INTRODUCTION

The development of increasingly sophisticated trapping
potentials for ultracold atoms has catalyzed research in the field
of quantum degenerate gases. Optical lattices [1], double-well
potentials [2], and systems of reduced dimensionality [3]
are examples where new physics has been elucidated by
putting cold atoms into new types of potential landscapes. The
geometry of ring-shaped traps gives rise to multiply connected
systems with behavior not found in other types of trap.

For a ring trap there are two regimes that can be distin-
guished. In the first regime the quantum coherence extends
all around the ring. Under these conditions the superfluid
nature of an interacting dilute ultracold quantum gas is
manifested (e.g. persistent flow). The angular momentum of
a superfluid confined in annular geometry dissipates only if
the rotational velocity exceeds a critical value [4,5]. Below the
critical velocity the mass flow is dissipationless in analogy to
electrical current in superconductors. Such a persistent flow
was observed with ultracold atoms in an optically plugged
magnetic trap [6]. Recently an all-optical ring-trap experiment
demonstrated that superflow around a ring is suppressed by
a barrier where the local flow velocity exceeds the critical
value [7]. This may lead to an analog of the superconducting
quantum interference device (SQUID) using a Bose-Einstein
condensate (BEC).

The second regime employs the ring trap as a wave
guide for matter-wave interferometry. In combination with
coherent beam splitting, a circular waveguide forms a Sagnac
interferometer [8] and acts as an inertial sensing device.
Several experiments have been designed with this goal in
mind [9–11], and further schemes have been proposed [12–14].

The two regimes can be loosely distinguished by the
constraints placed on the chemical potential for a BEC in
three-dimensional (3D) ring trap [12]:

µ3D = h̄!̄

!
2asN

"r0
. (1)

Here !̄ = !
!z!r is the geometric mean of the axial (!z) and

radial (!r ) trapping frequency, as the s-wave scattering length,
N the atoms number and r0 the ring radius. For the first regime,
µ must be large compared to the potential inhomogeneities
around the ring, enabling the BEC to spread around the full

FIG. 1. Absorption image of atoms confined in the TAAP ring
trap. In (a) the cloud of atoms has a radius of 262 µm and in (b) the
radius is 71 µm. This change is achieved by increasing the gradient
of the quadrupole field from (a) 65.3 G/cm to (b) 277.1 G/cm. In
both cases !rf = 2" " 1.4 MHz, Brf = 0.8 G, and Bz

T = 0.9 G.

ring circumference. In the second regime the condensate is
localized by a variation in the potential around the ring.

The ring trap described here aspires to both regimes. It is
based on the proposal for a time-averaged adiabatic potential
(TAAP) ring trap [15]. In this particular experiment an rf-
dressed quadrupole trap is time averaged along its symmetry
axis which results in a ring-shaped trap geometry (see Fig. 1)
with a range of radii suitable for exploring both of the above
regimes.

In previous work an rf-dressed potential was combined
with two blue frequency-detuned light sheets to create a ring
potential [16]. This arrangement was susceptible to thermally
induced drifts in the position of the optical potential in
which atoms had only moderate lifetimes (# # 1s). The new
experimental design depends only on magnetic potentials
which do not require repeated alignment. Increased power in
the rf fields has resulted in lifetimes >11 s, while a custom
designed frequency source has led to improved dynamical
control over the rf polarization allowing the trap to be tilted
and rotated.

This article is organized as follows: in Sec. II the theory
of the time-averaged adiabatic potential is discussed and
the formation of the ring is explained. Section III outlines
the experimental sequence and details the ring-trap char-
acterization results and their comparison with numerical
simulations. Section IV describes the rotation scheme that has
been implemented in the ring potential and some preliminary
results. The article concludes with an outlook in Sec. V.

043408-11050-2947/2011/83(4)/043408(5) ©2011 American Physical Society
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BEC storage ring:
10cm ! => 1000" more area 
255G (34mK) deep, 230G/cm
Pinch coils: MOT or IP trap
10Hz/108Hz axial/radial
Azimuthal bias field (0-10G)PRA 73, 041606(R) (2006)

The storage ring
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Coherent launch:
ballistic expansion

870ms
970ms
1070ms
1170ms
1270ms
1370ms

•Why vertical? No chance of hills, ~1 rev/s

•BEC 150 ms axial decompression

•BEC released into the ring

•BEC splits into two counterpropagating parts
    (care must be taken with B gradient)

•two BECs return 1 s later, can overlap them

•Need 0.1 mm/s for 10 µm fringe spacing

Ring Results
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High-Contrast Interference

$=h t/(m d)

Ring top Uz=-m %z
2 z2

$’ = $ sinh(%t)/%
% = 18.2 rad/s

M.E. Zawadzki, et al Phys. Rev. A"81, 043608 (2010); 



longitudinal bias field was nominally applied to both
magnetically and optically confined condensates so that
any surface magnetization effects would perturb the
clouds identically. The lack of condensate fragmentation
in the optical dipole trap implies that the longitudinal
potential corrugations arise due to the presence of current
flow in the microfabricated wires, in agreement with
conclusions reached elsewhere [17]. Deviations of the
current flow from a straight line would lead to such
corrugations and could arise due to imperfect microfab-
rication including variations in the width and thickness of
the wire estimated to be 5% of the electroplated thick-
ness, variations in the resistivity of the wire over its cross
section, and parasitic conductances to the substrate. Other
possible origins of irregular current flow are instabilities
at high current density [17].

It is interesting to note that in our earlier work no
fragmentation was observed when condensates confined
in a macroscopic Z-shaped wire trap were brought within
! 10 !m of the surface of the wire [16]. The wire was
made of copper and had a circular cross section with
1:27 mm diameter. The condensates were loaded into
the wire trap 740 !m from the surface of the wire and
brought closer by lowering the wire current. The experi-
mental parameters upon closest approach were I "
920 mA and B? " 2:9 G, yielding estimated axial and
radial trap frequencies !jj " 2"# 7 Hz and !? " 2"#
78 Hz, respectively [18]. The macroscopic wire trap con-
tained 5# 105 atoms extended longitudinally over
200 !m at a chemical potential ! " kB # 30 nK. Differ-

ences between the macroscopic and microfabricated wire
traps include vastly different fabrication techniques as
well as lower current densities in the macroscopic wire.

Confined atoms are sensitive to noise at their trap fre-
quency and Zeeman splitting frequency [9,10]. In this
work, typical radial trap frequencies were ! 500 Hz
while Zeeman splitting frequencies were ! 1 MHz. Noise
at the trap frequency leads to heating and subsequent trap
loss after the atoms acquire an energy greater than the
trap depth. For atoms confined in a Ioffe-Pritchard mag-
netic trap, radial magnetic bias field fluctuations cause
radial trap-center fluctuations. The amplitude of such
trap-center fluctuations is independent of the longitudinal
bias field. However, for optically confined atoms, only
fluctuating radial magnetic field gradients cause radial
trap-center fluctuations. The effects of such gradients can
be minimized by applying a longitudinal bias field that
adds in quadrature with the fluctuating radial gradients
since it is the gradient of the magnitude of the bias field
vector that determines the force on an atom.
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FIG. 2. Lifetime of Bose-Einstein condensates near a micro-
fabricated surface. The 1=e lifetime of condensates confined in
the microfabricated magnetic trap (solid squares) and optical
dipole trap (solid circles) is shown to be independent of dis-
tance from the microfabricated surface. Statistical error bars
are included. Additionally, excitations created while transfer-
ring the condensate from the optical tweezers into the micro-
fabricated magnetic trap caused fluctuations in the measured
magnetic trap lifetime, indicated by the scatter in the data. I
and B? were varied with distance to maintain the radial mag-
netic trap frequency at !? " 2"# 450 Hz with Bjj " 1:4 G.
The vertical line indicates the onset of longitudinal condensate
fragmentation in the magnetic trap. In the optical dipole trap,
the condensate was held directly below the microfabricated
wire used to form the magnetic trap with Bjj " 1:8 G. No ex-
ternal connections were made to the microchip. The optical di-
pole trap had axial and radial trap frequencies !z " 2"# 4 Hz
and !? " 2"# 425 Hz, respectively. Only atoms remaining
in the j1;$1i state were resonant with the absorption imaging
light. For comparison, the distance dependence of thermal
cloud lifetimes measured in Ref. [15] is shown for atoms con-
fined magnetically by a microstructure (open squares) and cop-
per wire (open diamonds). Error bars smaller than the symbol
size are not included. Also, magnetically confined condensate
lifetimes reported in Ref. [2] (open triangle) and Ref. [15]
(open circle) are shown for comparison.

FIG. 1. Fragmentation of Bose-Einstein condensates. Trans-
verse absorption images after 10 ms ballistic expansion of con-
densates containing ! 106 atoms after holding at a distance of
85 !m from the microfabricated surface for 15 s in the (a) mi-
crofabricated magnetic trap and (b) optical dipole trap. (c) Radi-
ally averaged optical density vs axial position for condensates
shown above. Longitudinal fragmentation occurred for con-
densates held in the microfabricated magnetic trap, but not for
those confined optically at the same location with the magnetic
trap off. The magnetic trap was operated with I " 130 mA,
B? " 3:2 G, and Bjj " 1:4 G yielding a radial trap frequency
!? " 2"# 450 Hz. The optical dipole trap had a radial trap
frequency !? " 2"# 425 Hz and was operated with Bjj "
1:8 G. For both condensates, the chemical potential was ! "
kB # 120 nK. The absorption imaging light was resonant with
the F " 1 ! F0 " 2 transition. The field of view in (a) and (b)
is 0:25 mm# 1:00 mm.
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A microchip ring trap for cold atoms 3291

Blue=Wires on top layer (1,2,5)
Red=Wires on bottom layer (3,4)

5

1
3

2
4

Figure 1. Schematic of the layout of the four wires from above. The two inside wires (2, 4) form
one waveguide and the two outside wires (1, 3) form a second waveguide. A wire is passed through
the hole in the centre of the chip to create an axial bias field. The wire numbers are referred to in
the text.
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Atom Waveguide
Wire (current into paper)
Wire (current out of paper)

Chip Face
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aa a

Figure 2. Cross-section of the chip showing a close up of the four wires and the relative direction
of the currents. The wire numbers are referred to in the text.

the leads does the potential change. This gives a limit on the spatial extent of any wavepacket,
i.e. ! ! r , where r is the radius of the guide. A non-zero minimum in the ring guide is
provided by an azimuthal field produced by an axial wire at the centre of the circle [16, 18]. It
is important to note that in the configuration of figure 1 the wires never cross, thereby avoiding
any deformations in the guide due to the deposition process.

As an aside, we note that the circular design leads naturally to both quadrupole and Ioffe–
Pritchard traps. Quadrupole traps have a zero minimum in the field and vary linearly with small
distances from the minimum. Any additional constant bias field serves to shift the zero. Ioffe–
Pritchard traps have a non-zero minimum and vary quadratically with small displacements.
The non-zero minimum of these traps serve to minimize Majorana ‘spin-flip’ transitions.
These two types of traps are generally formed by U- and Z-shaped wires, respectively, on
the chip [12, 23]. The leads going to the circular guides on the chip naturally act to form a
modified U-shaped trap (see figure 3). Minimizing Majorana losses is accomplished in one of
two ways. The first is the addition of an external wire to form a Z-shaped trap. The second is
the addition of an external wire (the lowermost wire, 5, in figure 1) such that a time-averaged
orbiting potential (TOP) trap is possible [24, 25]. In either case, the atoms can be trapped and
cooled within the ring guide itself. We have chosen the latter case. The current in the leads of
the wire trap is then simply ramped down to release the atoms into the guide.

DC Magnetic Trap Optical Trap

Solution : Inductive Ring Trap

End Effects: Broken symmetry

Current Noise: Heating and fragmentation close to DC wires (                 )

J. Phys. B 38, 3289 (2005)

A.E. Leanhardt ... D.E. Pritchard et al., PRL 90, 100404 (2003)

� 100 µm

Limitations of magnetic ring traps



Inductively coupled ring trap

A time varying magnetic field induces an EMF in a circuit

Griffin at al. Phys. Rev. A 77, 051402(R) (2008).
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Inductively coupled ring trap

A time varying magnetic field induces an EMF in a circuit

B(t) = B0 cosωtAC Drive Field

−dΦ

dt
= L

dI

dt
+ IR

I(t) =
−Imax√
1 + Ω−2

cos(ωt+ δ0)

Induced EMF

Induced Current

Griffin at al. Phys. Rev. A 77, 051402(R) (2008).



Inductively coupled ring trap

Trap formed from cycle-averaged potential
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Bb = 9.2 GBb = 6.9 GBb = 4.6 G

σr = 0.19 mm σr = 0.51 mmσr = 0.35 mm

Tr ∼ 7 µK Tr ∼ 18 µKTr ∼ 10 µK

Trap Characterisation

Tight, Deep
Low E0

Loose, Shallow
High E0Increasing Adiabaticity

5 mm

Images after 200 ms in ring for B0 = 110 G

No evidence of thermalisation

Pritchard et al. New J. Phys. 14, 103047 (2012).



Trap Characterisation
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Phenomenological Scaling

ξ =
B0 − c

m×Bb

m = 5.6, c = 26 G
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“Atomic Beam Splitter”
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Experimental set-up

• magnetic transport
• rf evaportation
• hybrid optical dipole/magnetic quadrupole trap



Experimental set-up

• magnetic transport
• rf evaportation
• hybrid optical dipole/magnetic quadrupole trap

BEC 87Rb atoms 
    N ~ 105



Next ... an interferometer

• Ring trap
• Ultra-cold / quantum degenerate gas
• Optical elements

•Single BEC

•Kapitza-Dirac diffraction

    superposition of |0> and ±|2#k> orders
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• Ring trap
• Ultra-cold / quantum degenerate gas
• Optical elements

•Single BEC
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Future

interferometer signal is shown in Fig. 2. We observed the
expected contrast oscillations at frequency 8!rec, corre-
sponding to a 5 !s period for sodium. We obtained the
recoil phase !!T" from the contrast signal by fitting to a
sinusoidal function as in Eq. (3).

The signal also contained a small pedestal of similar
width as the envelope. This consists of a constant offset
from residual background light and a smoothly varying
contribution from a small asymmetry between the j#
2 "hki amplitudes of <5%. This asymmetry creates a non-
oscillating component of the 2k matter wave grating
which decays with the same coherence time. The uncer-
tainty of the fitted phase is about 10 mrad, even if we
neglect the envelope function, and assume a constant
amplitude extended over a few central fringes. Similar
uncertainty was obtained for large times T$3 ms. We
observe a shot-to-shot variation in the fitted value of the
phase of about 200 mrad. We attribute this to pulse in-
tensity fluctuations which randomly populated undesired
momentum states at the <10% level. This resulted in
spurious matter wave gratings which shifted the observed
recoil phase.

The recoil frequency was determined by measuring the
recoil phase around T%0:5 ms and around T % 3 ms
(Fig. 3). An upper bound on T was set by the atoms falling
out of the 2 mm diameter beams. A straight line fit to
these data produced a value for the sodium photon recoil
frequency !rec;Na % 2"& 24:9973 kHz !1# 6:7& 10'6".
This is 2& 10'4 lower than the sub-ppm value calculated
using the published measurements of #g'2, R1, MNa [9],
Me, and $Na [19] in Eqs. (1) and (2). The systematic mean
field shift due to larger population in the middle path than
the extreme paths probably explains this deviation.
Estimated errors from beam misalignment and wave
front curvature have the same sign as the observed de-
viation but several times lower magnitude.

To demonstrate the insensitivity of the measurement to
phase noise of the light due to mirror vibrations, we
intentionally varied the phase % of the second grating
relative to the first one [20]. The contrast signal is not
visibly affected by such phase variations [Fig. 4(a)]. We
compared this to a phase-sensitive readout method
[Fig. 4(b), inset]. This was realized by replacing the
readout pulse with a third pulsed 1 !s light grating in
the Kapitza-Dirac regime, phase-locked to the first two
pulses. This projected the phase of the 2k pattern at t%2T
onto the fractional populations of the states j0 "hki, j2 "hki,
and j'2 "hki which leave this interferometer. The popu-
lations were measured by time-of-flight absorption imag-
ing. The j0 "hki fraction is shown for the same variation of
%, in Fig. 4(b). The oscillation [21] demonstrates the phase
sensitivity of any position-sensitive readout.

These two interferometers respond differently to mir-
ror vibrations. For large T, we have observed the effect of
the mirror vibrations directly. At T$3 ms, the shot-to-
shot fluctuations of the phase-sensitive interferometer
was of the order of the expected fringe contrast. This
agrees with observations with a standard Mach-Zehnder
interferometer constructed both by us and in [22]. In
comparison, the stability of the contrast interferometer
signal is independent of T within our measurements. This
can be seen from the comparable statistical error bars for
short and long times in Fig. 3(b). In fact, the residuals and
the corresponding error bars are smaller at the longer
times. We attribute this to the decreased amplitude of
some of the spurious gratings at longer times, due to
reduced overlap of the contributing wave packets.

The quadratic scaling of the accumulated recoil phase,
with the number of transferred recoils N, was demon-
strated by comparing N%1 and N%2 interferometers.
An N%2 geometry, shown in Fig. 5(a), was realized
using two additional first order Bragg " pulses spaced
T1 apart and affecting only the extreme paths. The accel-
eration pulse at t%60 !s drove transfers from j#2 "hki to

104010201000980960

 t [µs]

t=2T

readout 
  pulse

contrast
 signal

FIG. 2. Typical single-shot signal from the contrast interfer-
ometer. T%502:5 !s, for this example. Ten oscillations with $
60% contrast and $30 !s width are observed during the 50 !s
readout. A low-pass filter at 300 kHz (12 dB per octave) was
applied to the signal.

R
ec

oi
l p

ha
se

,   !   
 (

T
)

Time T [ms]

650
640
630

3780
3770

3.013.000.520.510.50

(a)

 R
es

id
ua

ls
  [

ra
di

an
s]

-0.5
0.0
0.5 (b)

[ra
di

an
s]

 

FIG. 3. Measurement of !rec in sodium. Two sets of recoil
phase scans, around T%0:5 ms and T%3 ms, are shown in (a).
Each point is the average of five measurements. The slope of the
linear fit gave !rec to 7 ppm. The error bars ( $ 0:05' 0:1 rad)
are shown with the fit residuals in (b).
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‣ High Density
‣ Narrow velocity spread
‣ Strong Interactions

Good signal, large uncertainty

BEC  (87Rb) DFG (40K)
‣ Lower Density
‣ Broad velocity spread
‣ NO self interactions

Lower signal, less noise, better SNR

Interfering particles

Variations in constants



- Ring traps as atom guides

- Atom Interferometry 

- Guided atoms

- A new atom interferometer

Conclusions


