New Journal of Physics

An Institute of Physics and Deutsche Physikalische Gesellschaft Journal

Bright matter wave solitons in Bose—Einstein
condensates

K E Strecker', G B Partridge', A G Truscott’ and
R G Hulet'"?

! Department of Physics and Astronomy and Rice Quantum Institute,

Rice University, Houston, TX 77251, USA

2 Research School of Physical Sciences and Engineering, Australian National
University, ACT 0200, Australia

E-mail: randy@atomcool.rice.edu

New Journal of Physics 5 (2003) 73.1-73.8 (http://www.njp.org/)
Received 25 March 2003
Published 16 June 2003

Abstract. We review recent experimental and theoretical work on the creation
of bright matter wave solitons in Bose—FEinstein condensates. In two recent ex-
periments, solitons are formed from Bose—Einstein condensates of 'Li by uti-
lizing a Feshbach resonance to switch from repulsive to attractive interactions.
The solitons are made to propagate in a one-dimensional potential formed by a
focused laser beam. For repulsive interactions, the wavepacket undergoes disper-
sive wavepacket spreading, while for attractive interactions, localized solitons are
formed. In our experiment, a multi-soliton train containing up to ten solitons is
observed to propagate without spreading for a duration of 2 s. Adjacent solitons
are found to interact repulsively, in agreement with a calculation based on the
nonlinear Schrodinger equation assuming that the soliton train is formed with an
alternating phase structure. The origin of this phase structure is not entirely clear.
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Figure 1. Feshbach resonance for the (F, mp) = (1, 1) state of "Li. The main
graph is a calculation showing a resonance in the scattering length near 725 G,
and a zero crossing near 550 G [13]. The inset shows the measured loss of atoms
as a function of magnetic field. A sharp increase in the loss rate, characteristic of
Feshbach resonances with bosons, is observed near the peak of the resonance.

1. Introduction

Although Bose—FEinstein condensation (BEC) can occur in a gas of non-interacting particles,
many of the properties of trapped atom condensates are a result of interparticle interaction. If the
interactions are repulsive, the condensate is stable and its size and number have no fundamental
limit. However, if the interactions are attractive, only a limited number of atoms can form a
condensate [1], where in this case, the condensate is stabilized against collapse by the confining
potential. Beyond a critical number of atoms, the condensate will collapse [2]-[4]. If the
confining potential is made asymmetric, such that the atoms can only undergo one-dimensional
(1D) motion, they are predicted to form a stable, self-focusing BEC or matter—wave soliton
[S1-[7].

Solitons arise as a general solution to the nonlinear wave equation. They occur in many
physical systems, including water waves, plasma waves, and light waves. Solitons are formed
when the nonlinear term in the wave equation exactly compensates for wavepacket dispersion.
A condensate can be described by the nonlinear Schrodinger equation, where the nonlinear term
arises from the interatomic interactions [8]. The nonlinear term is cubic in the atomic field,
in analogy with the well known Kerr nonlinearity in optics. For a condensate, the sign and
magnitude of the nonlinearity are determined by the scattering length a. The interactions are
repulsive for a > 0 and attractive for @ < 0. Dark solitons have been seen in Bose—Einstein
condensates with positive a [9]-[12]. A dark soliton is a localized absence of atoms or depression
of the atomic field. Dark solitons are constrained to propagate in the nonlinear medium, which in
this case is the condensate itself. Bright solitons, on the other hand, are themselves condensates
and have no such constraint on the propagation medium.

Two groups, one at the Ecole Normale Supérieure in Paris [14] and our group at Rice
University [15], have used a Feshbach resonance to create bright matter wave solitons in a BEC
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of "Li. A Feshbach resonance is a scattering resonance in which pairs of free atoms are tuned
via the Zeeman effect into resonance with a vibrational state of the diatomic molecule [16]. This
enables a to be continuously tuned from positive to negative values. A typical resonance, this
one for 'Li, is shown in figure 1. An experimental signature of a Feshbach resonance with bosons
is an enhanced loss of trapped atoms [17] caused by an increased rate of inelastic collisions, such
as molecule formation. A measurement of the losses for ’Li is shown in the inset of figure 1.
The Feshbach resonance provides a continuous knob to adjust the atom—atom interaction from
repulsive to attractive, and from weak to strong.

Soliton stability is discussed in detail by Salasnich er al [18]. Essentially, a soliton
must be strongly confined in all but one spatial dimension. Assuming harmonic confinement
with cylindrical symmetry, stability requires that N < ¢,/|a|, where N is the number of
condensate atoms and ¢, = +/h/mw, is the harmonic oscillator length corresponding to the
radial confinement frequency w,. This condition ensures that radial excitations are ‘frozen’ out,
and the motion of the soliton is purely 1D. Violation of this condition will lead to a mechanical
collapse. In our previous experiments with condensates with attractive interactions [1]-[3], [19]
the condensate was confined in a nearly spherical potential. In this case, stability is ensured only
if excitations in all directions are frozen. This effectively corresponds to the ‘0D’ limit. In both
the Paris and Rice soliton experiments, a 1D confining potential is provided by the optical forces
of a focused infrared laser beam.

2. Experiments

The Rice apparatus has been described generally in previous publications [15,20]. We give a
brief overview of the apparatus and experimental procedure here. The Paris experiment [14, 21]
is very similar, but small differences between the experiments, which lead to somewhat different
results, will be discussed later. Atoms from a thermal lithium beam are laser slowed and loaded
into a magneto-optical trap. These atoms are then transferred to an electromagnetic Ioffe—
Pritchard-type magnetic trap in the F = 2, m = 2 spin state and evaporatively cooled to near
1 uK. This state has a negative scattering length that is unaffected by magnetic field [22]. In
order to take advantage of the Feshbach resonance shown in figure 1, however, the atoms must
be in the F' = 1,my = 1 state. Since this state is not magnetically trappable, the atoms are
transferred to an optical trap consisting of a focused infrared Nd: YAG laser (1064 nm) for radial
confinement, and two cylindrically focused doubled Nd:YAG beams (532 nm) 250 pm apart,
providing ‘end-caps’ for axial confinement. After the magnetic trapping fields are switched off, a
uniform magnetic field is ramped to 700 G, where the atoms are transferredtothe F = 1, mp = 1
state by an adiabatic microwave sweep. At this magnetic field, the scattering length has the large
and positive value of a ~ 200 a(, where ay is the Bohr radius. The intensity of the infrared laser
beam is then reduced by a factor of two. A large stable BEC forms as the gas cools by evaporation,
facilitated by the large positive scattering length. Finally, the magnetic field is reduced to a value
near 545 G, where a is small and negative. The atoms are detected by near-resonance imaging.

Soliton behaviour can be observed by setting the atoms in motion. This is achieved by re-
peating the experiment as described above, but with the infrared laser focus axially displaced from
the centre of the magnetic trap and the end-caps. In this way, the BEC is initially formed on the
side of the weak axial potential of the infrared laser beam and are held there by the end-caps. On
removing the end-caps, the atoms oscillate in the axial potential for a varying length before being
imaged. This process is repeated for different values of magnetic field and release time (figure 2).
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Figure 2. A comparison of the motion of a Bose—Einstein condensate with
repulsive and attractive interactions under the influence of the harmonic axial
potential. The axial frequency is approximately 3 Hz. The length of each frame
corresponds to 1.28 mm in the plane of the atoms (reprinted from [15]).

Figure 3. Soliton trains undergoing an oscillation in the axial potential. The
solitons are seen to bunch at the turning points and spread out in the middle of
the oscillation, suggesting repulsive soliton—soliton interactions. The number of
observed solitons varies from shot to shot due to fluctuations in the initial number
of atoms and a slow loss of signal with time (reprinted from [15]).

The images on the left are taken at a field of 630 G, where a ~ +10 a,, while the images
on the right side are taken at a field of 545 G, corresponding to a ~ —3 ay. The condensate
with positive a disperses as it propagates, while a condensate with negative a propagates without
spreading, as expected for a soliton.

The images in figure 2 reveal that a soliton train is created, rather than a single soliton.
More detailed images of the soliton train are shown in figure 3, where it can be seen that the
solitons bunch at the turning points and spread out in the middle. From this we infer repulsive
interactions between adjacent solitons.

3. Soliton formation and interactions
Theoretical modelling using the nonlinear Schrodinger equation shows that two solitons with a

phase difference of & will interact repulsively [18,23,24], in agreement with the well known
result first elucidated in the context of optical solitons in fibres [25]. This repulsion is a
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Soliton Spacing (r/t,)

Figure 4. The relative spacing between solitons in the trap. The solid curve
is a calculation of the equations of motion for two solitons in the trap using the
nonlinear Schrodinger equation and assuming a phase difference of = between
solitons [23]. The vertical axis is soliton separation (r) in units of the axial trap
length, and the horizontal axis is time in units of the axial harmonic frequency
times 2. The solid points are data representing the separation of the brightest
two adjacent solitons (reprinted from [23]).

manifestation of the wave nature of the solitons rather than the interatomic interactions, which
are attractive. The relative motion decouples from the centre of mass motion, and the solitons
are left to evolve in time. Figure 4 shows the theoretical results with a solid curve, while the data
are shown by solid circles. The experiment and the theory are in good agreement. Salasnich
et al [18] have assumed an alternating phase structure in a train of four solitons, and find good
agreement with the observed dynamics [18].

An explanation of the formation of soliton trains is suggested by the presence of the al-
ternating phase structure [15]. Upon changing the scattering length from positive to negative,
the condensate becomes unstable to the growth of perturbations at a particular wavelength. The
only available length scale is the condensate ‘healing length’, & = (1/87n|a|)/?, where n is the
atomic density. The healing length is also the characteristic length scale of a vortex in a superfluid.
Initially the phase is constant across the condensate, but as the sign of the scattering length is
switched, a mode with wavelength & becomes unstable, perhaps initiated by quantum mechanical
fluctuations, and imprints the condensate with the alternating phase structure [23]. Although sim-
plified, the numerical simulation was able to produce up to seven solitons with alternating phases.

The model suggests that the number of solitons produced should vary with the initial size
of the condensate. To further test this theory, we attempted to change the initial size of the
condensate before changing the sign of the scattering length. The same experimental procedure
as above was followed except that the removal of the end-caps was delayed a time At before
the sign of the scattering length was changed. This allows the condensate to expand for a time
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Figure 5. Number of solitons produced as a function of the release time from
the end-caps, Ar. The data were recorded by varying At and waiting a fixed time
before imaging the atoms. The error bars are due to uncertainty in identifying
every soliton produced.

At before the solitons are formed. Figure 5 shows that the number of solitons formed increases
linearly with At.

The mechanisms responsible for the formation of the soliton train and the long-term stability
of solitons are not completely understood. A recent paper [26] suggests that solitons within a
train are actually created with arbitrary phases. After a series of collapses induced by collisions
between attracting solitons, a final stable configuration is achieved in which only repelling
solitons remain. It is experimentally observed that the total number of atoms in the train
(<6 x 10%) is a small fraction of the number of atoms in the initial, repulsive condensate
(3 x 10°). So although most atoms are lost to collapse, it is not clear whether they are lost
predominantly in an initial collapse or to subsequent soliton collisions, as suggested in [26]. In
either case, the loss occurs quickly compared to the relevant experimental timescale of 30 ms,
which is the time required to change the magnetic field. The Paris and Rice soliton experiments
are also similar to an experiment performed at JILA in 3°Rb, where a Feshbach resonance was
used to suddenly switch the interactions from repulsive to attractive [4]. In that experiment, a
small number of remnant atoms remained following the collapse of the condensate. In the Paris
and Rice experiments, the condensate is confined to a 1D geometry, so the remnant atoms are
solitons.

The Paris experiment produces only single solitons [14], rather than soliton trains. These
contrasting results may be explained by two primary differences in the experiments:

(1) the axial potential was anti-trapping in the Paris experiment and

(2) the number of atoms in the initial condensate was an order of magnitude fewer than in the
Rice experiment.
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The anti-trapping potential causes the solitons to be accelerated out of the observation region
in approximately 8 ms. This timescale is similar to the time for the condensate to collapse, so
it is perhaps not surprising that the resulting products of the collapse are qualitatively different.
The Paris group has shown that the mean square axial size of the soliton does not vary during its
motion, while for condensates produced with a = 0 the size increases quadratically in time, as
expected.

The key to these experiments is the ability to tune the atom—atom interactions smoothly
from positive to negative. This interaction ‘knob’ has opened a new door for studying BEC with
attractive interactions. There could also be practical applications of atom solitons. An atom
soliton laser may be useful for precision measurements applications, as the input source to atom
interferometer-based inertial and rotational sensors.
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