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Two Atomic Species Superfluid
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We produce a quantum degenerate mixture composed by two Bose-Einstein condensates of different
atomic species, 'K and 8’Rb. We study the dynamics of the superfluid system in an elongated magnetic
trap, where off-axis collisions between the two interacting condensates induce scissorlike oscillations.
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The long-standing interest in mixtures of superfluids,
originally focused on helium systems [1], has recently
been renewed by the achievement of Bose-Einstein con-
densation (BEC) in dilute atomic gases [2]. Already using
a single atomic species, multiple condensates were real-
ized by exploiting the magnetic structure of the ground
electronic state of alkali atoms. Mixtures of two hyper-
fine spin states of ®’Rb in magnetic traps allowed to study
the effect of the mutual interaction in the dynamics of
miscible BECs [3]. Superposition of spinor condensates of
23Na in an optical trap led to a first observation of both
weakly miscible and immiscible superfluids [4] and of the
occurrence of metastable states [5]. These experimental
achievements stimulated an extensive theoretical research
on the properties of a mixture of two BECs, and the role
of the interparticle interaction in determining its static
and dynamical properties has been recognized [6—10].

As earlier suggested [6], an even wider scenario for the
study of superfluid systems would be opened by BEC in
mixtures of different atoms. Considering the species con-
densed so far, the use of different isotopes of the same
species would be restricted to the case of rubidium [11],
while a wider choice would be offered by the use of
different atomic species. Recently, two-species mixtures
were successful for the realization of Fermi-Bose degen-
erate gases [12].

In this Letter, we report the realization of a mixture of
Bose-Einstein condensates of different atomic species,
using potassium and rubidium. Simultaneous condensa-
tion of 'K and 3Rb is achieved by means of two-species
sympathetic cooling [13] in a magnetic trap. The stability
against collapse of the degenerate mixture, already fore-
cast from the repulsive character of the strong interspe-
cies interaction [14], makes the system suitable for a large
variety of investigations. In particular, we explore in this
work the dynamics of the two interacting condensates in
the magnetic trap, and we observe scissorlike oscillations
induced by off-axis collisions.

The production of the binary BEC (or TBEC) is based
on the experimental apparatus described previously [13].
In brief, #'K atoms at 300 K and 8’Rb at 100 uK are
loaded in a quadrupole-Ioffe configuration magnetostatic
trap [15] using a double magneto-optical trap apparatus.
Both species are prepared in their |F = 2, M = 2) state,
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and they experience the same trapping potential with
cylindrical symmetry. The axial and radial harmonic
frequencies for Rb are w, =27 X 16.3 Hz and w, =
27 X 190 Hz, respectively, while those for K are a factor
Mgy /Mg = 1.45 larger. Evaporative cooling is per-
formed selectively on the Rb sample using a microwave
knife tuned to the hyperfine transition at 6.8 GHz, while
the K sample is sympathetically cooled through elastic
K-Rb collisions. We have slightly but significantly
changed the evaporation strategy with respect to that
reported in Ref. [13] by adding a second microwave knife
to remove Rb atoms accidentally prepared in |2, 1).
Indeed, we found that even a small fraction of atoms in
such state can cause relevant losses on K, due to the
relatively large inelastic collisional rate [14]. Using this
strategy we are now able to cool down to condensation
about 10* atoms of each species in 50 s, starting from 103
potassium and 5 X 10® rubidium atoms.

Since at this stage the number N of K and Rb atoms is
comparable, their critical temperatures for BEC scale
only with the atomic mass M as T¢ = h/kz(w?w, N/
1.2)1/3 o« M~'/2. Therefore, as shown in Fig. 1, conden-
sation is reached first for K at a temperature of about
120 nK [Fig. 1(a)], and then for Rb at 80 nK [Fig. 1(b)].
The two BECs are probed simultaneously at the end of
each experimental run by absorption imaging, after about
13 ms of ballistic expansion. The two condensates appear
to be separated along the vertical direction because of the
imaging procedure. Indeed, K and Rb atoms are imaged
on two different regions of a charge-coupled-device
(CCD) camera, using two 30-us light pulses delayed by
700 s, at a wavelength of 766.7 and 780 nm, respec-
tively. Because of the different trap frequencies, the as-
pect ratios for the K and Rb BECs are different at the
same expansion time.

By taking various images of the two condensates at
different expansion times, we could reconstruct their size
and relative position in the magnetic trap. The experi-
mental observation is in good agreement with the result of
a general analytical model for the ground state of a TBEC
in the Thomas-Fermi approximation [10] for our parame-
ters; the simulated profile is shown in Fig. 1(c). The radii
of the K (Rb) BEC are R, = 23 um (22 um) and R, =
2 pm (1.9 um), for the typical number of atoms of each

© 2002 The American Physical Society 190404-1



VOLUME 89, NUMBER 19

PHYSICAL REVIEW LETTERS

4 NOVEMBER 2002

z position (um)

30 20 -10 0 10 20 30
x position (um)

FIG. 1. Absorption imaging of a binary *'K-3’Rb Bose-
Einstein condensate after 13 ms of ballistic expansion: (a) at
T = 100 nK the Rb sample is still thermal; (b) at 7 = 80 nK
both species are condensed. (c) Enlarged view of the density
profile of the binary BEC in the magnetic trap in the Thomas-
Fermi approximation. The two centers of mass are displaced by
gravity.

species N = 10*. The two centers are separated, due to
the gravity, in both in the radial and axial directions
(6z=3.6 um, 6x = 10 um); the sag along the weak
x axis is caused by a small tilt of the trap axes with
respect to gravity, by an angle & =~ 20 mrad. We actually
measure tails of the TBEC distribution which are larger
than those expected for a Thomas-Fermi distribution, and
therefore we expect the overlap of the two samples to be
somewhat larger than the one predicted by the model.

We measure temperatures from the thermal Gaussian
backgrounds, for which we have a detection limit of 30%.
This implies that for each condensate we can directly
measure the temperature down to 7 = 0.65T .. As a mat-
ter of fact, the critical temperature for BEC of Rb is also
the lowest temperature measured for K (0.65 X 120 nK =
80 nK). This is an evidence of the thermalization between
the two species at the onset of quantum degeneracy.
Although the region of overlap of the two BECs in our
magnetic trap is small, in this regime the interspecies
thermalization can be mediated by the thermal clouds,
which are instead partially overlapping even at the lowest
temperatures. Our observations are suggestive of an effi-
cient sympathetic cooling mechanism, also considering
that in the temperature interval 80—120 nK the heat
capacity of the K sample is increased with respect to its
classical value [16].

The lifetime of the TBEC is the same as for a single Rb
BEC in our system, and it is limited to about 500 ms by
the background heating of the magnetic trap. The stability
of the mixture confirms the repulsive character of the
4IK-%7Rb interaction, which we previously determined
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by collisional measurements on thermal samples to be
a = 1637%2a, [14]. Within the mean-field approach the
atom-atom interaction strengths which characterize the
properties of a TBEC are g;; = 27Tﬁ2a,»j/,u,»j where
the suffixes i and j enumerate the components, a;; are
the relevant s-wave scattering lengths, and u;; is the
reduced mass for two atoms of species i and j. It has
been shown [7,10] that the stability of a mixture of two
BECs which are individually stable (g;; > 0, g5, > 0)
depends on the value of the quantity A = g,/ V&1182-
In particular, if A < —1 a binary BEC would not exist,
because the mean-field attraction between atoms of the
two distinct condensates would overwhelm the corre-
sponding repulsion between atoms of the same species,
leading to a collapse. Note that the collapse is expected
irrespectively of the degree of overlap of the two BECs
[10], once an overlap is present at all. In our case, the
intraspecies triplet scattering lengths are a;; = 60aq [17]
and a,, = 99q, [18] for 'K and ¥'Rb, respectively. A
negative a;, which would lead to A = —3 and would
imply the collapse of the TBEC is therefore ruled out by
the observation of the mechanical stability of the two
partially overlapping BECs.

We have an even stronger evidence of the stability by
forcing a dynamical overlap of the two BECs during
dipolar oscillations. Small amplitude oscillations along
the vertical trap axis are excited by a reduction of the
radial confinement by about 25% for 2 ms. In Figs. 2(a)
and 2(b) we report the evolution of the center-of-mass
positions of the two BECs after the ballistic expansion,
during the first few oscillations. This measurement has
been performed with a TBEC composed of typically 6 X
10° K atoms and 10*Rb atoms, with no detectable ther-
mal fractions. The experimental data are well reproduced
by the numerical solution of the time-dependent Gross-
Pitaevskii equations (GPE) for our TBEC [continuous
lines in Figs. 2(a) and 2(b)]. The simulation also allows
us to reconstruct the corresponding motion in the mag-
netic trap, which is shown in Fig. 2(c). Because of the
different trap frequencies for K and Rb, the oscillations of
the two BECs get rapidly out of phase after the reduction
of vertical confinement, and the two BECs can repeatedly
collide; the amplitude of the oscillations is such to pro-
duce situations of complete geometrical overlap of the
two samples along the vertical direction.

The experimental observation indicates that the mutual
repulsion of the two condensates does not strongly affect
their center-of-mass motion on the time scale of a few
oscillations [19]. However, a clear effect of the interaction
appears in a study of the shape of the TBEC. Taking
advantage of the fact that we can selectively remove
either one of the two species from the trap by means of
a proper light pulse, we can study the oscillations when
only one or both condensates are present. In the latter
case, we observe a time-dependent rotation of the two
condensates, as shown in Figs. 3(a)—3(c). The rotation is
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FIG. 2. Dipolar oscillations of the K and Rb condensates
along the z axis, induced by a modification of the radial trap
confinement. Center-of-mass position of (a) K and (b) Rb after
the ballistic expansion; the dots are the experimental data,
while the continuous lines are a simulation using the GPE.
(c) Calculated evolution of the center-of-mass position for K
(solid line) and Rb (dotted line) in the trap.

more evident for K, due to the larger aspect ratio. When
instead Rb is expelled from the trap just after the for-
mation of the TBEC, so that the dipolar dynamics in-
volves only the K BEC without collisions with Rb, no
rotation of the symmetry axis is observed, as shown in
Fig. 3(d).

The rotation is caused by an exchange of angular
momentum between the two BECs during the collisions,
as a consequence of the displacement ox of the two

K
o+ &
a) b) c) d)
FIG. 3. Collision-induced rotation of the binary BEC during

the dipolar oscillations. The first three images correspond to an
evolution time in the trap: (a) 8 ms; (b) 8.5 ms; (c) 9 ms. In (d)
the evolution time is 8 ms as in (a), but the Rb BEC has been
removed before the excitation of the dipolar oscillations; no
rotation is observed in this case.
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centers of mass. We can explain this result by noting
that in the mean-field approach each BEC feels the pres-
ence of the other one as a time-dependent modification of
its own trapping potential. Since the axial symmetry of
the effective potential is broken, the BEC acquires a
macroscopic angular momentum.

In contrast, two classical gases would behave in a
qualitatively different way, since their dynamics would
be determined by uncorrelated two-body collisions. A
macroscopic torque would be expected also for classical
gases, but only in the collisional hydrodynamic regime,
where the collisional rate is comparable to or larger than
the mean trap frequency. However, in this regime also the
center-of-mass motion would be strongly perturbed by
the mutual interaction, with a damping on the time scale
of the trap period or with large frequency shifts [20]. This
collisional regime is clearly different from what we ob-
serve for the two condensates, whose motion is indeed
governed by the hydrodynamic equations for superfluids
in the collisionless regime.

The superfluid nature of the system is evidenced also
by the peculiar behavior of the rotating BECs during the
ballistic expansion. Indeed, the exchange of angular mo-
mentum between the two BECs results in small rotation
angles between the long axis of each BEC and the x axis
of the magnetic trap, while they are trapped. Once the
elongated condensates are released and stop interacting
between themselves, their rotation angle evolves in a
nonclassical way, as discussed in Ref. [21]. Following
that analysis, as soon as the aspect ratio gets close to
unity the irrotationality of the velocity field within the
condensates forces their initial horizontal axis to rotate
much faster and to approach the vertical direction. The
total angle described by the condensates during the ex-
pansion depends on the initial angular velocity and is
smaller than 77/2. For a nonrotating BEC the unity aspect
ratio is reached after an expansion time 7 =~ 1/w,,. In our
experiment, 7 is approximately 7 and 10 ms for K and Rb,
respectively, in accordance with the observation of small
angles from the z direction for K and larger angles for Rb.
We have actually verified by solving the Thomas-Fermi
hydrodynamic equations [21] that for our expansion time
of 13 ms the K BEC is already close to its asymptotic
angle, while the Rb BEC is still in the region of large
angular velocity.

We have studied the oscillations of the angle of the long
axis of the K BEC from vertical, as a function of the
dwelling time in the trap, at a fixed expansion time of
13 ms. The results are reported in Fig. 4(a). The conden-
sate axis starts to oscillate after about 4 ms, when the first
collision occurs, and the frequency of the induced oscil-
lation is close to w,. However, a pure sinusoidal scissors
mode [22] cannot occur, since the two BECs collide
periodically. A simulation using the time-dependent
GPE for the evolution of K-Rb TBEC in the trap
confirms the issue of a collisional-induced rotation for
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FIG. 4. (a) Evolution of the angle of rotation of the K BEC
from the vertical direction, after a 13 ms ballistic expansion.
The dotted line is a guide to the eye and the error bar indicates
the typical experimental uncertainty. (b) Numerical simulation
using the GPE of the angular velocity of the condensate at
release from the trap.

our experimental parameters. From the simulation we can
deduce the angle and the angular velocity of the K BEC at
the release from the trap. We discover that the measured
angle after the expansion is proportional to the angular
velocity at release, as reported in Fig. 4(b). This is a
remarkable behavior, which is suggestive of important
implications also for a pure scissor oscillation of an ex-
panding BEC [23].

In conclusion, we have produced a binary BEC com-
posed of two different atomic species, and we have in-
duced scissorlike oscillations by means of interspecies
collisions. The observed phenomenology evidences the
superfluid nature of the system and opens new directions
for the study of scissor oscillations. The system is also
likely to open new possibilities for the investigation of
phase separation between two degenerate gases, because
of the large repulsive interaction. Symmetry-breaking
phenomena and metastability effects [6] could be
investigated, for instance, in combination with optical
trapping. Regarding the process of sympathetic cooling,
a new system is now available for the study of the
subtle issue of thermalization at the onset of quantum
degeneracy.

Finally, the K-Rb TBEC could also represent an inter-
esting system to study the formation of ultracold hetero-
nuclear molecules, using photoassociative schemes [24],
magnetically tunable Feshbach resonances [25], or a com-
bination of the two [26].
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PRA “Photonmatter.”
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