
Expansion Dynamics of a Shell-Shaped Bose-Einstein Condensate

Fan Jia ,1 Zerong Huang,1 Liyuan Qiu,1 Rongzi Zhou ,1 Yangqian Yan ,1,2 and Dajun Wang 1,2,*

1Department of Physics, The Chinese University of Hong Kong, Hong Kong SAR, China
2The Chinese University of Hong Kong Shenzhen Research Institute, 518057 Shenzhen, China

(Received 3 August 2022; accepted 18 November 2022; published 9 December 2022)

We report the creation of a shell BEC in the presence of Earth’s gravity with immiscible dual-species
BECs of sodium and rubidium atoms. After minimizing the displacement between the centers of mass of
the two BECs with a magic-wavelength optical dipole trap, the interspecies repulsive interaction ensures
the formation of a closed shell of sodium atoms with its center filled by rubidium atoms. Releasing the
double BEC together from the trap, we observe explosion of the filled shell accompanied by energy transfer
from the inner BEC to the shell BEC. With the inner BEC removed, we obtain a hollow shell BEC that
shows self-interference as a manifestation of implosion. Our results pave an alternative way for
investigating many of the intriguing physics offered by shell BECs.
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Introduction.—Engineering the external trapping poten-
tial to emulate Hamiltonians governing vastly different
physical systems is one of the main applications of Bose-
Einstein condensates (BEC) of ultracold dilute atomic
gases [1]. In the past two decades, BECs in optical lattices
[2–4], in lower dimension 2D [5] and 1D traps [6], and in
box potentials [7] have all been routinely created for
investigating a broad range of physics. Another interesting
path is creating BEC samples with nontrivial real-space
topologies. For example, the persistent flow of toroidal
BECs is linked to physics in the SQUID system [8,9], while
its supersonic expansion is analogous to the cosmological
expansion of the Universe [10]. BEC trapped on the surface
of a sphere, dubbed the shell or bubble BEC, which was
first proposed in 2001 [11], is another important case of
BEC with nontrivial real-space topology. In recent years,
many unique properties of the condensate caused by the
topology of the shell structure have been predicted,
including distinctive collective modes [12–14], interesting
thermodynamic behaviors such as expansion induced cool-
ing and depletion of the condensate [15–17], and the
appearance of self-interference patterns due to implosion
during free expansion [12,16]. For rotational velocity above
a critical value, the closed shell leads to the formation of
stable vortex-antivortex pairs [18]. In the thin-shell limit,
the shell BEC can also undergo the Berezinskii-Kosterlitz-
Thouless transition for revealing the connection between
BEC and superfluid on curved spaces [15].
Despite these long-standing interests, experimental

investigations on shell BECs are still an effort underway,
mainly because of the challenge in their creation. The
original proposal for generating the shell-shaped potential
relies on the radio-frequency dressed magnetic trap [11,19].
Unfortunately, this potential is prone to gravity induced
distortion that depletes the density at the top to zero [20].

Because of this, a microgravity environment, such as that
found in the NASA Cold Atom Laboratory on board the
International Space Station, has been assumed as a pre-
requisite for realizing the shell BEC [21]. Indeed, very
recently, the first shell BEC was successfully created by the
Cold Atom Laboratory project [22].
We present here the creation and investigation of the

shell BEC using a very different method that relies on
optically trapped double species BECs of 23Na and 87Rb
atoms in the immiscible phase [23–26]. We found that 23Na
BECs in a fully closed shell can be formed robustly in the
presence of Earth’s gravity. This has allowed us to study
the expansion dynamics of the shell BEC together with the
center BEC or by itself. In the latter case, the implosion
of the shell, which manifests as highly repeatable self-
interference patterns, is observed [12,16].
In the 1990s, Ho et al. [23] and Pu et al. [24] had already

pointed out that in the immiscible phase of the double BEC
of 23Na and 87Rb atoms, the 23Na BEC could form a shell
surrounding the 87Rb BEC. Recently, Wolf et al. revisited
this idea [27]. In 2013, we produced the first double BEC of
23Na and 87Rb and confirmed that they are indeed immis-
cible near zero magnetic field [28,29]. Originally, the two
condensates were cotrapped in an optical dipole trap (ODT)
formed by crossing two 1070 nm laser beams. In the
harmonic trap approximation, at this wavelength, the trap
oscillation frequencies ω are not the same. In the vertical
(y) direction, this leads to a displacement between the
centers of mass of the two BECs due to their different
gravitational sags −g=ω2, where g is the gravitational
acceleration. As a result, the 23Na BEC has a crescent
shape with a bottom notch repelled by the 87Rb atoms [29].
Here, we solve this problem by changing the crossed ODT
to the “magic” wavelength of 946 nm where the two
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species have the same ω [30]. They thus have the same
amount of gravitational sags and nearly overlapping centers
of mass.
In this magic-wavelength trap, the number density ratio

n2=n1 for two independent condensates is proportional to
ðU11m2=U22m1Þ3=5, whereUij ¼ 2πℏ2aij=μij are the inter-
action constants, mi the atomic masses, and μij ¼
mimj=ðmi þmjÞ the reduced masses (with i ¼ 1 and 2
for 23Na and 87Rb, respectively). We prepare 23Na (87Rb) in
the jF ¼ 1; mF ¼ −1i hyperfine Zeeman state of which
the s-wave scattering length is a11 ¼ 54.6a0 [31]
(a22 ¼ 100.1a0 [32]). With a12 ¼ 76.3a0 in low magnetic
field [33], the 23Na-87Rb double BEC is in the immiscible
phase with U12 >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U11U22

p
. Since n2=n1 ¼ 3.4 for equal

number of atoms, the lower density 23Na BEC will be
pushed outward to further lower its density and reduce its
overlap with 87Rb atoms to minimize the total interaction
energy. The result of this buoyancy effect is a shell of 23Na
BEC filled with 87Rb atoms, as illustrated schematically in
Fig. 1(a).
The more detailed density distribution of the double

BEC can be obtained by numerical simulation [34] of the
coupled Gross-Pitaevskii equations [35]:

iℏ
∂ψ i

∂t
¼

�

−
ℏ2∇2

2mi
þ Vi þ Uiini þUijnj

�

ψ i; ð1Þ

where Vi are the external trap potentials including con-
tributions from both the ODT and gravity. After the
evaporative cooling for creating the double BEC, although
the centers of mass are nearly together, Vi are still severely
distorted by gravity. The result of this complication is

reflected in the 2D contour plot of the calculated in-trap
density of the 23Na BEC in the x-y plane as presented in the
upper panel of Fig. 1(b), which indicates that a closed, but
not perfectly symmetrical shell is indeed formed. It
becomes even more obvious in the 1D density distribution
sliced along the vertical direction. For example, the lower
panel of Fig. 1(b) shows that more atoms are located at the
bottom than at the top part of the shell. Nevertheless, our
simulation shows that, for a large range of atom number
ratios, fully closed 23Na BEC shells can still be formed
readily.
Detection of the shell structure.—Our experiment starts

from double BECs prepared in the crossed-beam magic-
wavelength ODT with typically 1.3 × 105 23Na atoms and
1.2 × 105 87Rb atoms. At the final stage of the evaporative
cooling, the measured trap oscillation frequency is 2π ×
108 s−1 (2π × 85 s−1) in the vertical (radial) direction. To
detect the atoms, first, we abruptly switch off the trapping
laser beams followed by time-of-flight (TOF) expansion.
Second, atoms are transferred from the F ¼ 1 hyperfine
states to the F ¼ 2 states by an optical pumping beam. For
87Rb, the state transfer is done with either an optical
pumping beam or a 6.8 GHz microwave. Finally, we detect
the atoms by absorption imaging using probe beams on the
F ¼ 2 → F0 ¼ 3 cycling transitions. Thanks to the drasti-
cally different transition wavelengths, we not only achieve
species-selective detection in nearly the same instant but
also can study the expansion dynamics of one of the species
by removing the other one. Hereafter, we will use tco to
denote the expansion time of the filled shell (or in other
words, coexpansion time of the double BEC), and tNas (tRbs )
to represent the additional expansion time of the 23Na
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FIG. 1. Creating a shell-shaped BEC with the immiscible double BEC. (a) Schematic 3D distribution of the 23Na (purple) and
87Rb (red) atoms in the magic-wavelength crossed ODT. The probe beams (left-bottom arrow) for absorption imaging propagate along
the z axis. The light sheet optical pumping beam for the shell (top arrow) is introduced from the vertical y direction. (b) The 2D contour
plot of the 23Na shell in the x-y plane (upper) and its 1D profile along the y axis (lower) from numerical simulation. In the presence of the
y-axis asymmetry due to the gravity induced trapping potential distortion, a closed 23Na shell can still form. The upper images in (c) and
(d) are OD images of the shell obtained with round and light sheet 23Na optical pumping beams, respectively. The shell structure is more
clearly revealed in the latter configuration. All four images are obtained after coexpansion time tco ¼ 12 ms. The same color code will
be used throughout this Letter.

PHYSICAL REVIEW LETTERS 129, 243402 (2022)

243402-2



(87Rb) BEC after the 87Rb (23Na) BEC is removed. The total
TOF after shutting off the ODT is thus ttof ¼ tco þ tNa=Rbs .
Figure 1(c) shows the absorption images of the 23Na and

87Rb BECs after tco of 12 ms. Because of the integration
along the probing direction, the shell structure of the 23Na
BEC manifests only as a lower optical density (OD) in the
center. To obtain more detailed information of the shell, we
change the 23Na optical pumping beam to a light sheet
[34,36] of 15 μm thick and 800 μm wide. In this configu-
ration, only a thin slice of the 23Na atoms in the center part
of the shell can be detected by the probe beam. The 23Na
shell thus shows up as a ring in the image as can be seen in
Fig. 1(d). However, as shown in Fig. 2(a), since the
thickness of the light sheet is limited, to resolve the hollow
23Na shell, ttof needs to be longer than 2 ms, when the inner
radius of the shell becomes larger following the expansion.
For the best performance, the focus of light sheet is
adjusted to follow the shell at different ttof .
Expansion dynamics of the filled shell.—Because of the

repulsive interspecies interaction, the filled 23Na shell
expands outward and its outer and inner sizes increase
with tco, as shown in Figs. 2(a) and 2(b). Correspondingly,
the outward expansion of the 87Rb BEC is also affected by
the 23Na shell, which, not surprisingly, is different from the
typical BEC expansion in free space. To reveal this point,
we measure the release energy Erel [34,37–39] of the 87Rb
BEC after different tco. We first let the 87Rb BEC coexpand
with the 23Na shell and then remove the 23Na shell in less
than 100 μs. Afterward, the 87Rb BEC starts to expand in
free space and its Erel is extracted from the expansion

velocity after further TOF tRbs . As shown in Fig. 2(c),
initially Erel decreases rapidly with tco, i.e., the 87Rb BEC is
losing energy during the coexpansion. At longer tco, Erel
finally levels off. During this whole process, about 40% of
the initial Erel are lost. Empirically, we find that the data are
fitted very well to a shifted exponential decay with a time
constant τ ¼ 1.3ð4Þ ms.
Since the total energy of the double BEC is conserved,

the lost energy of the 87Rb BEC can only be absorbed by
the 23Na shell, i.e., the expansion of the filled shell is
accompanied by energy transfer between the two species.
This is analogous to the energy transfer between coupled
oscillators, only here it is irreversible due to the free
expansion of the shell. The energy transfer rate, which is
reflected in the loss rate of Erel, is proportional to the
interspecies interaction energy. It is thus fastest at shorter
tco and slows down when the interaction energy is
weakened following the expansion. This picture agrees
with the observation in Fig. 2(c), which is confirmed by
numerical simulations of the coupled Gross-Pitaevskii
equations plotted in Fig. 2(d). The simulation also confirms
that indeed the energy of the 23Na shell increases during the
filled expansion.
Self-interference of the hollow shell.—Next, we study the

very different expansion dynamics of the hollow 23Na shell.
To this end, after some initial filled expansion time tco, we
remove the 87Rb atoms in 100 μs by pulses of the optical
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FIG. 2. Expansion dynamics of the 23Na shell filled with the
87Rb BEC. (a),(b) OD images and the extracted inner (squares)
and outer (triangles) sizes of the 23Na shell versus coexpansion
time tco. For the first 2 ms, the size of the 87Rb BEC (filled circles)
is nearly the same as the inner size of the shell. (c) Erel of the 87Rb
BEC after coexpansion with the shell. The solid curve is fit to the
shifted exponential decay with a time constant of 1.3(4) ms.
(d) The numerical simulation confirms the energy transfer from
the inner 87Rb BEC to the 23Na shell.
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FIG. 3. Self-interference of the hollow shell BEC. (a) OD
images at different ttof for the 23Na shell created after coexpansion
time tco ¼ 0.3 ms. The implosion of the shell leads to self-
interference. The contrast of the images is adjusted to enhance
the visibility of the fringes. (b) Azimuthally averaged profile of
the 23Na shell at ttof ¼ 15 ms. The center peak is flattop and the
contrast of the first fringe located near 50 μm is about 30%.
(c) The measured fringe spacing versus ttof . The solid line is a
linear fit to the data.
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pumping beam and the probing beam. During and after this
removal process, we observe no indications that the 23Na
shell is affected. Figure 3(a) demonstrates the absorption
images at several ttof for the shell created after 0.3 ms of tco.
Different from the filled expansion, here the 23Na shell
expands both outward and inward. When 23Na atoms reach
the center following the inward implosion, the signature
self-interference of the shell BEC [12,16] is observed.
Figure 3(b) shows the partially azimuthally averaged OD
[34] versus distance from the shell center for ttof ¼ 15 ms.
Two important features can be clearly identified. First, the
majority of the 23Na atoms accumulate at the center and
form a broad peak with a nearly flattop high density
distribution. Second, concentric interference fringes with
much lower densities appear. Both features are in full agree-
ment with theoretical predictions [12,16,27]. Typically, the
first fringe shows up as a nearly fully closed ring while
fragments of the third fringe are still visible. The measured
contrasts of the fringes are up to 30%. Considering the light
sheet optical pumping beam and the symmetry of the shell,
it is conceivable that the first fringe forms a nearly spherical
and probably closed shell. For the higher order fringes, only
broken shells are formed, most probably due to the imper-
fect spherical symmetry of the shell.
From shot to shot, the main features of the self-

interference patterns are highly repeatable because of the
fixed relative phase in the initial wave function. This is in
stark contrast to the interference between two completely
independent BECs in which the fringes vary from shot to
shot due to the separated phase evolution of the two BECs
[36,40]. However, in both cases, the fringe spacing δ
increases linearly for long TOF. For the shell BEC, we
have [12,41]

δ ¼ h tNas
2r0mNa

; ð2Þ

with 2r0 an initial diameter of the shell, and h the Planck
constant. This equation is derived for noninteracting
systems [40], which is applicable here since the densi-
ties in the fringes are low. Figure 3(c) shows δ extracted
from the images in Fig. 3(a). From a linear fit to Eq. (2)
with an offset, the fringe spacing increases with a rate of
1.31(4) μm=ms, which is consistent with the simulated
value of 1.13 μm=ms.
The self-interference can be tuned by changing the initial

tco. Shown in Fig. 4 are images of the 23Na shell with fixed
ttof of 20 ms for initially hollow shells created at tco from
0.1 to 5 ms. With increasing tco, the number of atoms
accumulated at the center reduces continuously and vani-
shes completely at 2.5 ms. For even longer tco, an obvious
implosion can no longer be observed. The visibility of the
self-interference fringes also decreases with increasing tco
and disappears at around 1 ms.

These behaviors can be interpreted by the aforemen-
tioned energy transfer during the filled expansion. For the
first 2 ms, the 23Na shell gains more and more energy, so
both its inner and outer surfaces will expand outward with
faster and faster velocities. After the 87Rb BEC is removed,
the motion of the inner surface of the 23Na shell has to be
reversed for implosion to happen. Thus, at the moment
when implosion starts, r0 will be larger for longer tco. This
will result in less accumulation of atoms at the center and,
following Eq. (2), a smaller δmakes the fringes harder to be
resolved due to the limited imaging resolution, even if they
are still there. Presumably, these fringes should become
observable after longer TOF and with the help of the
matter-wave lensing method [42]. Eventually, for even
longer tco, when most of the internal energy of the 23Na
BEC has been converted into kinetic energy of the outward
motion, there is simply not enough energy left to reverse the
motion for implosion to happen.
Summary and outlook.—In the current system, the shell

BEC is still not in the thin-shell limit that is the focus of
most theoretical works [12–17]. However, many features of
the shell BEC, including the distinctive collective excita-
tion modes [12,24,27] and the vortex dynamics [18], can
still be explored. The double BEC system also provides
many additional flexibilities. For instance, the in-trap shell
thickness can be reduced by increasing the number ratio
between the inner BEC and the shell BEC [24]. For the
current 23Na-87Rb system, the previously observed
Feshbach resonances [28,33] can be exploited to tune
the interspecies interaction. This can be used to change
the sign of the interspecies interaction for studying the shell
implosion in different regimes or even the shell to quantum
droplet [39] transition.
During the review process, we learned that a full shell

was created using the rf dressed potential by compensating
the gravity with the inhomogeneity of the rf coupling [43].
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FIG. 4. Controlling the expansion dynamics of the hollow shell.
The self-interference patterns for shells formed after different
coexpansion time tco are shown. The total TOF ttof is fixed to
20 ms. The contrast of the images is adjusted to enhance the
visibility.
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