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FIG. 5. Ring-trap frequency measurements as a function of Bz
T

with B ′
q = 83.5 G/cm and Brf = 0.8 G. The dashed and dot-dashed

lines represent numerical results plotted for the same experimental
parameters.

confinement suffer from shorter lifetimes due to increased
LZ losses. The reasons for this are twofold. Firstly the smaller
rings allow the atom cloud to sample a larger fraction of the
resonant ellipsoid, including those regions where !R(r) ≈ 0.
Secondly, increased trap frequencies result in the atoms
traversing the avoided crossing with a higher relative velocity.
Both factors combine to increase the probability of a diabatic
transition. The lifetime for the smallest value of r0 = 50 µm is
<500 ms. It is anticipated that by increasing rf power beyond
that which is available in the current apparatus, the lifetime in
this regime will be improved.

FIG. 6. Images of a BEC in a tilted ring trap. The direction of
the tilt is controlled by the relative phase "z of the axial dressing
radiation Bz

rf . Here (a) "z = 0◦, (b) "z = 90◦, (c) "z = 180◦, and
(d) "z = 270◦. A gravitational tilt in the ring trap prevents the atoms
from responding linearly to changes in the rf polarization. It is
apparent that the adjustment is sufficient to offset the intrinsic tilt
caused by imperfect alignment of the coils with respect to the vertical
axis defined by gravity.

Misalignments of the quadrupole field symmetry axis with
gravity resulting from the construction and positioning of
the magnetic coils led to the first ring traps being tilted
by approximately 2◦. By exploiting the vectorial nature of
!R(r) the balancing of the ring in the radial plane has been
significantly improved such that a cloud at ∼85 nK spreads
fully around a ring of radius r0 = 238 µm. The addition of an
axially directed dressing field Bz

rf (t) = Bz
rf cos (ωrf t + "z)êz

tilts the rf polarization vector. The tilting angle is determined
by the magnitude of Bz

rf while the relative phase "z specifies
the direction of the tilt (see Fig. 6). Tilting the polarization
vector shifts the position of maximum coupling away from the
South pole of the ellipsoid, allowing it to be used to compensate
for inhomogeneities around the ring.

IV. ROTATION

In order to study the dynamics of superflow in dilute
atomic vapor BECs trapped in ring potentials it is necessary
to controllably introduce rotation into the system. In this
experiment, as shown in Fig. 7, a rotation scheme that
utilizes the vectorial nature of the coupling term !R(r) has
successfully been employed to rotate atoms in the ring trap.
By relative adjustment of the dressing field amplitudes (such
that Bx

rf %= B
y
rf) the circularly symmetric coupling term takes

on an elliptical form, introducing a spatially periodic variation
around the ring. If the axis of this asymmetry is rotated, the
atoms follow the variations in the potential and begin to orbit
in the radial plane. To observe the dynamics of a rotating
cloud, the circular symmetry of the potential is restored.

FIG. 7. (Top) Contour plot of the rotation scheme in the z = 0
plane. Circular symmetry around the ring is broken by transforming
to elliptically polarized rf. Rotating the deformations acts to spin
up the cloud. (Bottom) Evidence for rotation. (a) In the absence of
rotation, when Bz

T is ramped to zero the atoms return to the rf-dressed
shell potential where they are approximately uniformly distributed
around the lower half of the ellipsoid (for the parameters listed below).
(b) For a rotating cloud (potential rotated at 25 Hz for 800 ms), the ring
shape persists after the removal of the time-averaging field, because
the atoms’ angular momentum holds them at the equatorial regions
of the ellipsoid. Both images are of a thermal cloud in a trap where
B ′

q = 71 G/cm and Brf = 0.8 G.
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Supersonic Rotation of a Superfluid: A Long-Lived Dynamical Ring
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We present the experimental realization of a long-lived superfluid flow of a quantum gas rotating in an
anharmonic potential, sustained by its own angular momentum. The gas is set into motion by rotating an
elliptical deformation of the trap. An evaporation selective in angular momentum yields an acceleration of
rotation until the density vanishes at the trap center, resulting in a dynamical ring with ≃350ℏ angular
momentum per particle. The density profile of the ring corresponds to the one of a quasi two-dimensional
superfluid, with a linear velocity reaching Mach 18 and a rotation lasting more than a minute.

DOI: 10.1103/PhysRevLett.124.025301

Superfluidity is a rich quantum dynamical phenomenon
[1] with striking manifestations such as the existence of a
critical velocity for the creation of excitations [2] and the
appearance of quantized vortices when set into rotation, as
observed in liquid helium [3] and in dilute Bose-Einstein
condensates (BEC) [4,5]. The particular case of a quantum
gas rotating at an angular frequency Ω has especially
attracted a lot of theoretical and experimental interest.
Indeed, it presents a strong analogy with a quantum system
of charged particles in a uniform magnetic field, relevant
for condensed matter problems such as type II super-
conductors or the quantum Hall effect [6,7].
In a superfluid quantum gas confined in a harmonic trap

of radial frequency ωr, for rotation rates Ω≲ ωr a dense
triangular array of singly charged vortices establishes. In
the limit Ω ≃ ωr the ground state of the system reaches the
atomic analog of the lowest Landau level (LLL) relevant in
the quantum Hall regime [8–10]. However, reaching the
situation Ω ≥ ωr is impossible in a purely harmonic trap
because the radial effective trapping in the rotating frame
vanishes due to the centrifugal potential, leading to the loss
of the atoms.
This high rotation regime requires an anharmonic trap to

counteract the centrifugal effect. A crucial point of this new
situation is that a zero-density area—a hole—grows at the
trap center above a critical rotation frequency Ωh [11,12],
leading to an annular density profile. Above a second
threshold Ω > Ωgv, the gas enters the so-called “giant
vortex” regime which has attracted a lot of theoretical
attention [11–16]: the vortex cores all migrate close to the
depleted central region [13] and for even higher rotation
rates the ground state of the system becomes highly
correlated [17]. In the intermediate case where
Ωh < Ω < Ωgv, the annular gas is expected to display a
vortex array in its bulk and exhibit a rich excitation
spectrum [18] which has not been experimentally studied

up to now. Moreover, the velocity of the atomic flow is
expected to be supersonic [13], i.e., exceeding by far the
speed of sound. Pioneering experiments have tried to
generate a ring-shaped flow in a three-dimensional con-
densate, either approaching Ωh from below in an anhar-
monic trap [19] such that no hole could form, or drilling a
hole in a rotating gas confined in a harmonic trap by
removing atoms with a laser pulse, the system being
strongly out of equilibrium [20,21].
In this Letter, we present what is to our knowledge the

first experimental realization of such a superfluid annular
flow stabilized by its own angular momentum, as shown in
Fig. 1. As the ring shape is directly linked to the atomic
motion, we call it “dynamical ring” in the following. We
demonstrate that it is a very long-lived quasi-two-dimen-
sional (2D) stable structure that persists over more than a
minute. The ring atomic density distribution agrees with a
zero-temperature superfluid model. We measure rotation
frequencies reaching 1.06ωr corresponding to a linear
supersonic velocity of Mach 18 with respect to the peak
speed of sound. We perform the spectroscopy of
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FIG. 1. (a) Computed density contour (red annulus) for a BEC
rotating at 1.06ωr in the shell trap (gray ellipsoid). (b) In situ
integrated 2D density (in units of μm−2) of a dynamical ring
rotating at Mach 15, with 2 × 104 atoms. Image taken 48 s after
the end of the stirring procedure. The green dashed ellipsoid is a
fit of the ring shape, see text for details.
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FIG. 5. Ring-trap frequency measurements as a function of Bz
T

with B ′
q = 83.5 G/cm and Brf = 0.8 G. The dashed and dot-dashed

lines represent numerical results plotted for the same experimental
parameters.

confinement suffer from shorter lifetimes due to increased
LZ losses. The reasons for this are twofold. Firstly the smaller
rings allow the atom cloud to sample a larger fraction of the
resonant ellipsoid, including those regions where !R(r) ≈ 0.
Secondly, increased trap frequencies result in the atoms
traversing the avoided crossing with a higher relative velocity.
Both factors combine to increase the probability of a diabatic
transition. The lifetime for the smallest value of r0 = 50 µm is
<500 ms. It is anticipated that by increasing rf power beyond
that which is available in the current apparatus, the lifetime in
this regime will be improved.

FIG. 6. Images of a BEC in a tilted ring trap. The direction of
the tilt is controlled by the relative phase "z of the axial dressing
radiation Bz

rf . Here (a) "z = 0◦, (b) "z = 90◦, (c) "z = 180◦, and
(d) "z = 270◦. A gravitational tilt in the ring trap prevents the atoms
from responding linearly to changes in the rf polarization. It is
apparent that the adjustment is sufficient to offset the intrinsic tilt
caused by imperfect alignment of the coils with respect to the vertical
axis defined by gravity.

Misalignments of the quadrupole field symmetry axis with
gravity resulting from the construction and positioning of
the magnetic coils led to the first ring traps being tilted
by approximately 2◦. By exploiting the vectorial nature of
!R(r) the balancing of the ring in the radial plane has been
significantly improved such that a cloud at ∼85 nK spreads
fully around a ring of radius r0 = 238 µm. The addition of an
axially directed dressing field Bz

rf (t) = Bz
rf cos (ωrf t + "z)êz

tilts the rf polarization vector. The tilting angle is determined
by the magnitude of Bz

rf while the relative phase "z specifies
the direction of the tilt (see Fig. 6). Tilting the polarization
vector shifts the position of maximum coupling away from the
South pole of the ellipsoid, allowing it to be used to compensate
for inhomogeneities around the ring.

IV. ROTATION

In order to study the dynamics of superflow in dilute
atomic vapor BECs trapped in ring potentials it is necessary
to controllably introduce rotation into the system. In this
experiment, as shown in Fig. 7, a rotation scheme that
utilizes the vectorial nature of the coupling term !R(r) has
successfully been employed to rotate atoms in the ring trap.
By relative adjustment of the dressing field amplitudes (such
that Bx

rf %= B
y
rf) the circularly symmetric coupling term takes

on an elliptical form, introducing a spatially periodic variation
around the ring. If the axis of this asymmetry is rotated, the
atoms follow the variations in the potential and begin to orbit
in the radial plane. To observe the dynamics of a rotating
cloud, the circular symmetry of the potential is restored.

FIG. 7. (Top) Contour plot of the rotation scheme in the z = 0
plane. Circular symmetry around the ring is broken by transforming
to elliptically polarized rf. Rotating the deformations acts to spin
up the cloud. (Bottom) Evidence for rotation. (a) In the absence of
rotation, when Bz

T is ramped to zero the atoms return to the rf-dressed
shell potential where they are approximately uniformly distributed
around the lower half of the ellipsoid (for the parameters listed below).
(b) For a rotating cloud (potential rotated at 25 Hz for 800 ms), the ring
shape persists after the removal of the time-averaging field, because
the atoms’ angular momentum holds them at the equatorial regions
of the ellipsoid. Both images are of a thermal cloud in a trap where
B ′

q = 71 G/cm and Brf = 0.8 G.
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FIG. 5. Ring-trap frequency measurements as a function of Bz
T

with B ′
q = 83.5 G/cm and Brf = 0.8 G. The dashed and dot-dashed

lines represent numerical results plotted for the same experimental
parameters.

confinement suffer from shorter lifetimes due to increased
LZ losses. The reasons for this are twofold. Firstly the smaller
rings allow the atom cloud to sample a larger fraction of the
resonant ellipsoid, including those regions where !R(r) ≈ 0.
Secondly, increased trap frequencies result in the atoms
traversing the avoided crossing with a higher relative velocity.
Both factors combine to increase the probability of a diabatic
transition. The lifetime for the smallest value of r0 = 50 µm is
<500 ms. It is anticipated that by increasing rf power beyond
that which is available in the current apparatus, the lifetime in
this regime will be improved.

FIG. 6. Images of a BEC in a tilted ring trap. The direction of
the tilt is controlled by the relative phase "z of the axial dressing
radiation Bz

rf . Here (a) "z = 0◦, (b) "z = 90◦, (c) "z = 180◦, and
(d) "z = 270◦. A gravitational tilt in the ring trap prevents the atoms
from responding linearly to changes in the rf polarization. It is
apparent that the adjustment is sufficient to offset the intrinsic tilt
caused by imperfect alignment of the coils with respect to the vertical
axis defined by gravity.

Misalignments of the quadrupole field symmetry axis with
gravity resulting from the construction and positioning of
the magnetic coils led to the first ring traps being tilted
by approximately 2◦. By exploiting the vectorial nature of
!R(r) the balancing of the ring in the radial plane has been
significantly improved such that a cloud at ∼85 nK spreads
fully around a ring of radius r0 = 238 µm. The addition of an
axially directed dressing field Bz

rf (t) = Bz
rf cos (ωrf t + "z)êz

tilts the rf polarization vector. The tilting angle is determined
by the magnitude of Bz

rf while the relative phase "z specifies
the direction of the tilt (see Fig. 6). Tilting the polarization
vector shifts the position of maximum coupling away from the
South pole of the ellipsoid, allowing it to be used to compensate
for inhomogeneities around the ring.

IV. ROTATION

In order to study the dynamics of superflow in dilute
atomic vapor BECs trapped in ring potentials it is necessary
to controllably introduce rotation into the system. In this
experiment, as shown in Fig. 7, a rotation scheme that
utilizes the vectorial nature of the coupling term !R(r) has
successfully been employed to rotate atoms in the ring trap.
By relative adjustment of the dressing field amplitudes (such
that Bx

rf %= B
y
rf) the circularly symmetric coupling term takes

on an elliptical form, introducing a spatially periodic variation
around the ring. If the axis of this asymmetry is rotated, the
atoms follow the variations in the potential and begin to orbit
in the radial plane. To observe the dynamics of a rotating
cloud, the circular symmetry of the potential is restored.

FIG. 7. (Top) Contour plot of the rotation scheme in the z = 0
plane. Circular symmetry around the ring is broken by transforming
to elliptically polarized rf. Rotating the deformations acts to spin
up the cloud. (Bottom) Evidence for rotation. (a) In the absence of
rotation, when Bz

T is ramped to zero the atoms return to the rf-dressed
shell potential where they are approximately uniformly distributed
around the lower half of the ellipsoid (for the parameters listed below).
(b) For a rotating cloud (potential rotated at 25 Hz for 800 ms), the ring
shape persists after the removal of the time-averaging field, because
the atoms’ angular momentum holds them at the equatorial regions
of the ellipsoid. Both images are of a thermal cloud in a trap where
B ′

q = 71 G/cm and Brf = 0.8 G.
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BEC in a Ring
1) MOT  
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Optimal Control Theory
Chen et al. Phys. Rev. A 84, 43415 (2011). 



Opitma Control



Ring Accelerator



Ring Accelerator



BEC in a waveguide @ 30 mm/s

Superfluid 
critical velocity: 

vc = μ/m
= 1.8 mm/s
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Figure 3. Long distance transport in the accelerator ring. The angular position of the condensate and thermal cloud
during 14.3 s of transport in the matterwave guide. The red line depicts the programmed trajectory of 2p 10 rad/s. Inset a)
shows the bi-modal distribution of the Bose-Einstein condensate after 4.4 s of transport and 24 ms time-of-flight expansion.
Inset b) is the condensate angular position relative to the ideal trajectory at 2p 10rad/s. The oscillations are partially due to a
small azimuthal modulation of the trapping potential and partially due to a small center of mass oscillation of the cloud relative
to the moving trap.

opposite halves of the ring form a Michelson interferometer, which—due to the potentially very long interaction time—can be
made superbly sensitive to gravitational acceleration and even gravitational waves. The ability to create BECs at extremely high
and well controllable angular momentum per atom is the ideal starting position for highly-correlated angular momentum states
such as Laughlin or quantum Hall states32.The transfer to the necessary harmonic trap can be achieved by simply ramping
down the amplitude of the vertical time-averaging field and thus adiabatically transferring the atoms from the ring trap to the
harmonic bottom of a shell type trap.

To explore this further, we study the free propagation of a BEC in the waveguide eventually filling the full ring. We start by
characterising the flatness of the ring potential (d=0) using a static cloud. We load 106 atoms at 430 nK in a static ring trap of
radius 470 µm and allow them to thermalise for 6.5 s. By imaging the atoms, we can use the Maxwell-Boltzmann distributions
( f µ Exp[�U(f ,r)/kT )]) to determine the potential enery landscape. For sufficiently long expansion times, i.e. texp � w�1

r ,
the radial atomic distribution yields the temperature. For sufficiently short expansion times, i.e. texp ⌧ w�1

f , the azimuthal
distribution of the atoms provides the azimuthal shape of the trapping potential. For w�1

r ⌧ texp ⌧ w�1
f both can be achieved in

a single absorption image like those in Fig. 1. The azimuthal dependence the theoretical description of TAAP rings for arbitrary
modulation and RF-polarisation18 can be rewritten using only the first two cylindrical harmonics. The azimuthal potential can
therefore be parameterized as

Vf =Vfc [1+h1 cos(f +f1)+h2 cos(2f +f2)] , (3)

with arbitrary amplitudes h1 and h2 and angular positions f1 and f2
18. We fit our experimental images to a Maxwell-Boltzmann

distribution for Vr +Vf (see Methods section). The fact that the fit-residual in Fig.1b contains no trace of the original ring
in Fig.1a shows that the highest spatio-angular frequency present in the azimuthal potential is indeed 2f , further supporting
the extreme smoothness of the TAAP potentials. The fit yields 2⇥ 105 atoms at 502 nK and the modulation amplitudes of
h1 = 0.11 and h2 = 0.20 at f1=-118� and f2=+115�, respectively. This corresponds to a maximum potential difference of
250 nK corresponding to a gravitational shift of only Dz = 2.4 µm across the ring.

We also studied the propagation of ultra-cold atoms in a ring without azimuthal confinement. In order to investigate this,
we accelerated nearly pure BECs of 105 atoms to an angular velocity of 2p 10 rad/s. We then slowly removed the azimuthal
trapping potential by ramping d to zero and allowed the atomic cloud to fill the entire ring. The atomic density distribution
after 2 s hold time and 6.3 ms of time-of-flight expansion can be seen in Fig. 1g. Again, we do not observe any additional
heating or atom loss compared to the static trap nor do we observe any decay of the angular momentum of the atoms over a
timescale of 10 s. We use the fit based on Eq. 3 to analyse the atom distribution in Fig. 1g and determine the effective azimuthal
modulation of the waveguide potential and find h1 = 0.003, h2 = 0.002, and a temperature of 28 nK. In a static trap this would
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Focusing the MW-Lens
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Atomtronic Matter-Wave Lensing  
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46 x decrease 
in Energy

Expansion in the Ring

Saurabh Pandey et al. Physical Review Letters 126:17  (2021)

https://doi.org/10.1103/physrevlett.126.170402
http://dx.doi.org/10.1103/physrevlett.126.170402
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Future: Expansion in the Bubble



Effective Flatness of the waveguide:  
189 pK = 2 nm height difference

Matterwave Guide/Ring

~ 1 mm



Effective Flatness of the waveguide:  
189 pK = 2 nm height difference

Matterwave Guide/Ring
40 000 atoms with 40 000     / atom!

~ 1 mm



Bubble in Gravity
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Laughlin vs Giant Vortex
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Laughlin vs Giant Vortex

Transition from the mean-field to the bosonic Laughlin state in a rotating Bose-Einstein condensate  (O)
G. Vasilakis, A. Roussou, J. Smyrnakis, M. Magiropoulos, W. von Klitzing, and G. M. Kavoulakis 

Physical Review A 100  (2019)

g

http://sci-hub.st//10.1103/PhysRevA.100.023606


Loading the Bubble

B. E. Sherlock et al.  
Phys. Rev. A 83:4 043408 (2011)

Ω/ωρ > 1.7
Giant Vortex ?

http://dx.doi.org/10.1103/PhysRevA.83.043408


Fast Loading
   Oscillations

( 45 ms transfer )
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Adiabtic Loading:
(non) oscillating bubble ring
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Adiabatic loading: 
Radius of  Ring vs Bubble



Adiabatic loading: 
Radius of  Ring vs Bubble

20 Hz in ring

15 Hz in ring

10 Hz in ring

r



( Observed with condensed and thermal atoms )

Ellipticity

Angular Procession of the Ellipticity

Ω/ωρ > 1.7
Giant Vortex ?



• Matterwave Waveguide
- Lossless, Hypersonic flow of BECs

- Ultra-high angular Momentum

- Super Flat and Controllable  

• Giant Vortices

• Bubble - Rings

• Ellipticity / Oscillations

Summary

BEC rings 
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