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Distillation of Bose-Einstein Condensates in a Double-Well Potential
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Bose-Einstein condensates of sodium atoms, prepared in an optical dipole trap, were distilled into a
second empty dipole trap adjacent to the first one. The distillation was driven by thermal atoms spilling
over the potential barrier separating the two wells and then forming a new condensate. This process
serves as a model system for metastability in condensates, provides a test for quantum kinetic theories
of condensate formation, and also represents a novel technique for creating or replenishing condensates
in new locations.
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FIG. 1. Scheme for distillation of condensates in a double-
well potential. (a) Condensates are loaded into the left well.
(b) A new ground state is created by linearly ramping the trap
depth of the right well from zero to the final value. (c) Atoms
transfer into the right well via high-energy thermal atoms, and
a new condensate starts to form in the right well. (d) The whole
system has equilibrated. V denotes the height of the potential
potential well due to the addition of thermal atoms real-
izes the key ideas of proposals on how to achieve a
continuous atom laser [13] which is different from the

barrier between the two wells, which is measured with respect
to the bottom of the left well, and �U the trap depth difference
between the two wells.
The characteristic feature of Bose-Einstein condensa-
tion is the accumulation of a macroscopic number of
particles in the lowest quantum state. Condensate frag-
mentation, the macroscopic occupation of two or more
quantum states, is usually prevented by interactions [1],
but may happen in spinor condensates [2,3]. However,
multiple condensates may exist in metastable situations.
Let us assume that an equilibrium condensate has formed
in one quantum state, but now we modify the system
allowing for one even lower state. How does the original
condensate realize that it is in the wrong state and even-
tually migrate to the true ground state of the system?
What determines the time scale for this equilibration
process? This is the situation which we experimentally
explore in this Letter using a double-well potential.

The process we study is relevant for at least four differ-
ent questions. (1) The description of the formation of the
condensate is a current theoretical frontier and requires
finite-temperature quantum kinetic theories. There are
still discrepancies between theoretical predictions and
experimental results [4,5]. Our double-well system has
the advantage of being an almost closed system (little
evaporation) with well-defined initial conditions and
widely adjustable time scales (through the height of the
barrier). (2) Spinor condensates show rich ground states
and collective excitations due to the multicomponent
order parameter [2]. Several groups have observed long-
lived metastable configurations [6–9] and speculated
about transport of atoms from one domain to another
via the thermal cloud [6,8]. The double-well potential
allows us to characterize such distillation processes in
their simplest realization. (3) The incoherent transport
observed here in a double-well potential imposes strin-
gent limitations on future experiments aiming at the
observation of coherent transport in Josephson junctions
[10–12]. (4) Our observation of condensate growth in one
0031-9007=04=92(15)=150401(4)$22.50 
experiment where condensates were replenished with
transported condensates [14].

The scheme of the experiment is shown in Fig. 1. Bose-
Einstein condensates in an optical dipole trap were pre-
pared in a metastable state by creating a second trap
horizontally adjacent to the first. Since the probability
of quantum tunneling through the barrier was extremely
small [15], the coupling between the two wells occurred
only by the incoherent transfer of high-energy thermal
atoms over the potential barrier between the two wells.
The second trap was filled first by thermal atoms, which
then formed a new condensate. By monitoring the time
evolution of the double-well system, we characterized
how differences in chemical potential and the height of
the barrier determined the dynamics.

Bose-Einstein condensates containing over 107 23Na
atoms were created in the jF � 1; mF � �1i state in a
magnetic trap, captured in the focus of a 1064 nm optical
tweezers laser beam, and transferred into an separate
‘‘science’’ chamber as described in Ref. [16]. In the sci-
ence chamber the condensate was transferred from the
optical tweezers into another optical trap formed by a
2004 The American Physical Society 150401-1
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FIG. 2. Time evolution of atom clouds in a double-well po-
tential. The left (right) well appears as the top (bottom) atom
cloud in the images. A condensate was distilled from the left to
the right well. The absorption images were taken for various
hold times after creating the right well. The field of view of
each absorption image is 130 
m� 1160 
m. The trap depths
were UL � kB � 2:4 
K (left well) and UR � kB � 2:9 
K
(right well) with a potential barrier of V � kB � 510 nK be-
tween them. During the hold time, the radial separation be-
tween the potential wells was d � 15:9 
m.
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counterpropagating, orthogonally polarized 1064 nm la-
ser beam. As in Ref. [17], the double-well potential was
created by passing a collimated laser beam through an
acousto-optic modulator that was driven by two radio-
frequency (rf) signals. The separation between the poten-
tial wells, d, was proportional to the frequency difference,
and the individual trap depth was tailored by controlling
the rf power at the two frequencies. Typical parameters
were an 1=e2 radius of each focused beam of 11:3 
m, a
single-well potential depth of U � kB � 2:4 
K, where
kB is the Boltzmann constant, and a radial (axial) trap
frequency, fr � 830 Hz (fz � 12:4 Hz). As shown in
Fig. 1, condensates were initially loaded into the left
well with depth UL while the trap depth of the right
well, UR, was maintained at zero. After holding the
condensates for 2 s to damp excitations which might
have been caused by the loading process, the temperature
was Ti � �180� 90� nK, the number of condensed atoms
Ni � �1:1� 0:1� � 106 with a peak mean field energy of
~

0 	 kB � 300 nK, and the lifetime � � �12:1� 1:5� s.

The potential was transformed into a double-well po-
tential by linearly ramping the right well potential from
zero to the final value of UR over 500 ms while keeping
UL constant. This time scale was chosen to be much
longer than the radial trap period of 
1 ms to avoid
excitations. The resulting double-well potential is charac-
terized by the trap depth difference between the two
wells, �U � UR �UL, and the height of the potential
barrier between the two wells, V, which is measured with
respect to the bottom of the left well, i.e., the well
initially full of atoms. The barrier height was set higher
than the peak atomic mean field energy of condensates so
that condensed atoms remained confined to the left well
during the transformation.

The thermal relaxation process was observed by taking
absorption images of clouds confined in the double-well
potential for various hold times after turning on the right
well. In order to fully resolve the clouds in the two wells,
their distance was increased to d � 31:2 
m just before
taking absorption images. We assume that this did not
change either the number of atoms in each well or the
axial density distributions, since this additional separa-
tion was done in 10 ms, which is much shorter than the
axial trap period of 
100 ms, and the height of the
potential barrier exponentially increases when the two
wells move apart.

Figure 2 shows the dynamical evolution for a situation
where the right well was much deeper than the left well.
In that case, condensates that initially existed only in the
left well were almost completely distilled within 3 s to
form condensates of comparable size in the right well.

The time evolution of the double-well system was
characterized by monitoring the number of condensed
atoms and the temperature of clouds in each well. These
numbers were obtained by fitting radially integrated one-
dimensional atomic density cross sections to a bimodal
150401-2
distribution. The assumption of local equilibrium in each
well is justified by a short collision time �col 	 1 ms. For
the condensate, we used a Thomas-Fermi distribution,
and for the thermal clouds the fits to a Bose-Einstein
distribution were restricted only to the wings to avoid the
distortions due to the mean field repulsion of the con-
densate [18]. The temperature turned out to be very sen-
sitive to the value of the chemical potential of the thermal
clouds. Assuming local equilibrium, we set the chemical
potential of the thermal clouds in each well equal to that
of the condensates in the same well. In the absence of a
condensate, the chemical potential of the thermal cloud
was determined by the fit to a Bose-Einstein distribution.

Figure 3 displays the condensed atom number and
temperature for the images of Fig. 2. Condensates started
to form in the right well after �400� 150� ms and satu-
rated within 2 s, resulting in 
50% of the condensate
being transferred. The final temperature in the right well
was Tf 
 350 nK, which is 
150 nK higher than the
initial temperature Ti. This increase of temperature re-
flects the energy gained by the atoms when they ‘‘fall’’
into the right potential well which is deeper by �U �
480 nK. After 3.5 s, the total number of atoms of the
whole system was Nf � �0:6� 0:1� � 106, which is 15%
less than expected for the measured lifetime of � �
12:1 s. Evaporative cooling due to finite trap depth may
explain both the atom loss and the fact that the tempera-
ture increase was much less than �U.

Even after 3.5 s hold time, full global equilibrium was
not reached. This can be seen in both the temperature and
150401-2
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FIG. 4. Onset time of condensation. The onset time in the
right well was measured by observing the appearance of a
matter wave interference pattern when the condensates were
released from the double-well potential. The trap depth differ-
ence is defined as �U � UR � UL. UL was kept at kB � 2:4 
K
for all experiments. The separations of the two wells, d, were
14:3 
m (open circle), 15:1 
m (solid circle), and 15:9 
m
(open square). Interference fringes were not observed at �U �
�kB � 240 nK even after 20 s hold time. The inset shows the
same data plotted vs V ��U=2, where V is the height of the
potential barrier.
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FIG. 3. Approach to thermal equilibrium in a double-well
potential. The temperature and the number of condensed atoms
in each well are shown as a function of hold time after creating
the right well. Open and solid circles represent atoms in the left
and the right well, respectively. Every data point is averaged
over three measurements, and the error bar shows � one
standard deviation. The experimental parameters are the
same as for the results shown in Fig. 2.
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the condensed atom numbers. As the chemical potential
of condensates in the right well was lower than the trap
bottom of the left well, there should not have been any
condensate remaining in the left well in global equilib-
rium. However, Fig. 2 shows a small condensate of 
103

atoms in the left well even after 3.5 s holding.
Furthermore, the temperature in the left well was mea-
sured 
100 nK lower than in the right well.

On first sight, this slow approach towards equilibrium
is surprising. In evaporative cooling, one has very fast
cooling for a ratio of the height of the potential barrier to
the temperature of less than 3 [19], as in our experiment.
Note, however, that in our trap geometry the exchange of
thermal atoms is geometrically suppressed due to the
small ‘‘contact area’’ between the two elongated cigar-
shaped clouds. Moreover, if the transferred thermal atoms
have high angular momentum, they have poor collisional
coupling to the cold trapped atoms such as the Oort cloud
in magnetic traps [20]. Indeed, the density of thermal
atoms with higher energy than the potential barrier in the
left well after 3.5 s holding is 
3� 1011=cm3, and their
collision time with the atoms confined in this well is
�n�vrel�

�1 	 0:5 s.
Another quantity of interest in the condensate forma-

tion process is the onset time of condensation, the hold
time until a condensate first appears [4,5,21]. To avoid
ambiguities in fitting small condensates, we determined
150401-3
the onset time in the right well by observing the appear-
ance of interference fringes when two condensates were
released from the double-well potential. For two pure
condensates, the visibility of the interference fringes is
larger than 55% as long as the number ratio of the two
condensates is larger than � � 0:05. Using the methods
described in Ref. [17], we have observed discernible
interference fringes down to � � 0:08, corresponding to

8� 104 condensed atoms in the right well.

Onset times were measured as a function of d and �U
(Fig. 4). The condensate formation is driven by the po-
tential well difference �U, whereas the barrier of height
V provides the ‘‘resistance’’ against equilibration, since
thermal atoms must have a kinetic energy larger than
V to transfer from the left well to the right well.
Phenomenologically (see inset of Fig. 4), the condensate
onset time depends only on the combination �V ��U=2�
with an almost exponential dependence. �V ��U=2� can
be considered as �Veff ��U�, where Veff � �V � �V �
�U�
=2 is the average height of the barrier measured
from each well.

In two limiting cases, no interference patterns were
observed. When the trap depth difference is larger than
the peak atomic mean field energy of condensates, i.e.,
j�Uj > ~

0, it is energetically favorable for condensates
to remain in the lowest well. We observed no interference
pattern when �U � �kB � 240 nK even after 20 s hold
time. The disappearance of interference fringes was ob-
served when �U � kB � 360 nK due to complete distil-
lation of the condensates into the right well. In the limit
150401-3
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where the barrier height is smaller than the peak atomic
mean field energy of condensates, i.e., V < ~

0, conden-
sate atoms can ‘‘spill’’ over the potential barrier. Indeed,
we observed that condensates appeared in the right well
immediately for V less than 
kB � 290 nK, consistent
with ~

0 
 kB � 300 nK.

To observe quantum tunneling, the thermal relaxa-
tion time �th�/ exp�V=kBT
� should be longer than the
tunneling time �tu�/ exp�

���������������
V=m �h2

p
w
�, where w is the

thickness of the barrier. For a thick barrier such as
ours ( > 5 
m), the tunneling time is extremely long
( > 105 s) and thermal relaxation is likely to dominate.
A high and thin barrier is necessary to observe tunneling
and the related Josephson effects.

In conclusion, we have created Bose-Einstein conden-
sates in a metastable state in a double-well potential and
studied the dynamical evolution. The observed distilla-
tion process is important for equilibration in spinor con-
densates and for replenishing condensates in continuous
atom lasers.
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