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Abstract

We report the production of matter-wave solitons in an utwll “Li gas. The effective
interaction between atoms in a Bose-Einstein condensdteésl with a Feshbach reso-
nance from repulsive to attractive before release in a amestsional optical waveguide.
Propagation of the soliton without dispersion over a mamwpik distance of 1.1 mm is
observed. A simple theoretical model explains the stghikgion of the soliton. These
matter-wave solitons open fascinating possibilities taufe applications in coherent atom
optics, atom interferometry and atom transport.
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Solitons are localized waves that travel over long distanggh neither attenuation nor
change of shape as their dispersion is compensated by sankffects. Soliton research has
been conducted in fields as diverse as particle physics,cmalebiology, geology, oceanogra-
phy, astrophysics and nonlinear optics. Perhaps the mastipent application of solitons is in
high rate telecommunications using optical fibgfs [1].

We use a Bose-Einstein condensate (BEC) of a dilute atonscofédithium atoms as a
macroscopic matter-wave to form a soliton. Nonlinearitpisvided by binary atomic inter-
actions leading to the mean-field potential”’) = gn() = 4nh*an(7)/m, wherea is the
scattering lengthy () the spatial density ane the atomic mass. Far < 0 the effective inter-
action is attractive and a trapped BEC is only stable for abmemof atoms less than a critical
number above which collapse occuft [R[]3, 4]. When the BE®@idirced in only two direc-
tions, matter-waves have dispersion in the free directiontd their kinetic energy, o k2,
wherek is the atomic wave vector. The balance between this dispeasid the attractive mean-
field energy can lead to the formation of bright solitons asashtheoretically [[p[]6[]7]. Up to
now, only dark solitons have been observed in BEC’s with Isgpe interactionsd > 0) [B, B].
These solitons are characterized by a notch in the BEC gegprsifile with a phase step across
the soliton center. They propagate within the BEC with a e#yobelow the speed of sound,
but so far are found to decay before reaching the edge of thdeczate.

We report on the formation of a matter-wave bright solitofrealy propagating self-bound
atomic gas. The soliton is produced fromLa BEC in the internal atomic staté” = 1, my =
1). In this state a Feshbach resonance allows us to continutwme the scattering length from
a positive to negative value by means of an applied magnetit fL0,[I1], a requirement for
the production of a bright soliton.

In our experimental setuf J1Z,]1B;]14],x 10® “Li atoms are loaded from a magneto-

optical trap into a strongly confining loffe-Pritchard (IPgagnetic trap. Atoms are in thé' =



2, mp = 2) state for which the scattering lengthds= —1.4 nm. Evaporative cooling lowers
the temperature from 2 mK to 10K after which~ 6 x 10°> atoms remain. Atoms are then
transferred into a far detuned optical dipole trap at therggction of two Nd:YAG gaussian
laser beams (Fig. 1) with common waists of 38(8h [[[J]. The 9.5 W laser power is split

between the two beams using two acousto-optic modulators.

Figure 1: Experimental setup for soliton productidhi atoms are evaporatively cooled in a
loffe-Pritchard magnetic trap and transferred into a edszptical dipole trap in statd” =
1,mr = 1 > where they Bose condense. Magnetic tuning of the scattémggh to positive,
zero and negative values is performed with the two pinclsd®iC). Switching-off the vertical
trapping beam (VB) allows propagation of a soliton in theihamtal 1D waveguide (HB).
Absorption images of solitons and BEC’s are recorded on a C&Dera in the:, z plane.

The transfer from the magnetic trap to the optical trap isedomtwo steps. First, the
power of the YAG beams is ramped over 200 ms to a value suchttibatadial oscillation
frequency of the atoms is 1.8 kHz in the vertical beam and 813 ik the horizontal beam
which matches that of the IP trap. Second, the magnetic saoily turned off over 200
ms, keeping only a 5 G bias field. The transfer efficiency iglgeld®00%. Then, transfer from
the state|’ = 2, mr = 2) to the statd i = 1,mp = 1) is performed by rapid adiabatic
passage with a microwave frequency sweep scanning 1 MHz msl@round 820 MHz. The

transfer efficiency is better than 95%. Amongli hyperfine states which can be trapped in
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the dipole trap|F' = 1, mp = 1) is particularly useful as it is the lowest energy state inahhi
2-body losses, which are relatively strong in the state= 2, mp = 2) [[J], are completely
suppressed. Furthermore, this state is predicted to haeslibkch resonance n€ab G [[L1],
allowing magnetic tuning of the scattering length (Fig. &An adjustable magnetic field is
produced by the pinch coils of our IP trap. Their inductarscennall so that their current can be
changed on a time scale shorter thaR00 us. As in previous work of*Na and®Rb [16,[1}],
we locate th€Li Feshbach resonance through observation of a dramasolosapped atoms
that we experimentally identify as due to 3-body recombamat The resonance position is

found at720(15) G, in good agreement with theory (725 G)][11].
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Figure 2: Predicted magnetic field dependence of the stagtiemgtha for “Li in state|F =
1I,mp = 1) [[1]. Insert: expanded view of thé — 0.6 ] kG interval with the various values
of a used to study soliton formation. Open square: initial BEQué&e: ldeal BEC gas. Open
circle: attractive gas. Dark circle: soliton.

We then produce aLi BEC in the crossed dipole trap by forced evaporation aahieby
lowering the depth of the optical trapping potential] [18]etBeenB = 0 and B = 590 G
the scattering length is smalk{ < 0.4 nm), hindering efficient evaporative cooling (Fig. 2).

Therefore, we operate at a magnetic fielé®3 G in the wing of the Feshbach resonance where
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a ~ +2.1nm and where 3-body losses remain moderate. The horizeetaloal) optical power

is lowered fromb.5 W (1.5 W) to 1.15 W (0.9 W) in 100 ms, and then t6.27 W (0.19 W) in 150

ms. A condensate withl ~ 2 x 10* atoms, about half of the total number of atoms, is obtained
in a nearly isotropic trap where atoms have oscillationdesgies off10, 1000, 710Hz along

X, Y, z. We then tune the scattering length to zero to reduced3-losses.

In order to transform the BEC into a bright soliton, the triaygpgeometry is adiabatically
deformed to a cylindrical geometry obtained by keeping ¢hé/horizontal trapping beam. To
ensure adiabatic deformation of the condensate, the akldgam power is ramped down to
3 mW in 200 ms, which reduces the axial oscillation frequerfdhie atoms tav, ~ 27 x 50 Hz
while the radial oscillation frequency remainas = 27 x 710 Hz. The effective interaction is
then tuned through changes in the magnetic field in 50 ms.ll¥5isavitching off the vertical
beam with a mechanical shutter releases the BEC into thedradl 1D waveguide. In the axial
direction the coils that are used to provide the offset fietitipce a slightly expulsive harmonic
potential for the staté/” = 1, mp = 1) which overcomes the dipole trap. The resulting axial
force on the atoms is conveniently written-asiw?z where the frequency, is now imaginary.
Typically w, = 2im x 78 Hz for B = 520 G. After an adjustable evolution time in the horizontal
guide, the bias magnetic field is turned off atit) s later an absorption image is recorded
(Fig. 3) where the formation of the soliton is seen.

We compare the evolution of an ideal gas (Fig. 3A&))- 0 for B=520 G, with a gas with
attractive interactions (Fig. 3B,SFig. 3B),= —0.21nm for B = 425G. In both cases the
cloud drifts towards the left because of a small offset;0 um, between the maximum of the
expulsive potential and the initial position of the atom$eTwidth of the expanding cloud in
the horizontal waveguide is considerably broader in theinteracting case, while for all times
of observation the soliton width remains equal to the rasmiuimit of our imaging system,

9(1) um axially [I9]. The cloud containg(2) x 10 atoms and propagates over a distance of
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Figure 3: Absorption images at variable delays after swiigloff the vertical trapping beam.
Propagation of an ideal BEC gas (A) and of a soliton (B) in tbezontal 1D waveguide in
presence of an expulsive potential. Propagation withospetision overd.1 mm is a clear

signature of a soliton. Corresponding axial profiles indben over the vertical direction.

1.1 mm without any detectable dispersion, a clear signatiiaebright soliton[PJ]. No decay
of the soliton is observed in thi€) ms it remains in the detection region. A substantial fractio
of atoms,~ 2/3, remains in a non-condensed pedestal around the soliteaxlylvisible for
intermediate propagation times in the guide.

We then made measurements of the wave-packet size verspagptmn time for three
values of the scattering length:~ 0,a ~ —0.11 nm anda ~ —0.21 nm (Fig. 4). Fora ~ 0
(Fig. 4A), the interaction between atoms is negligible dmeldize of the cloud is governed by
the expansion of the initial condensate distribution unideinfluence of the negative curvature
of the axial potential. The measured size is in excellere@ment with the predicted size of a
non-interacting gas subjected to an expulsive harmonientiat: taking the curvature as a fit
parameter (solid line in Fig. 4A), we find, = 2im x 78(3) Hz, which agrees with the expected
value of the curvature produced by the pinch cdilg [14]. &6 —0.11 nm andB = 487G
the size of the wave-packet is consistently below that ofr&interacting gas (Fig. 4B : solid

line). Attractive interactions reduce the size of the atoioud but are not strong enough to



stabilize the soliton against the expulsive potential. Whés further decreased t60.21 nm
the measured size of the wave packet no longer changes agtimfuof guiding time, indicating

propagation without dispersion even in presence of thelsik@potential (Fig. 4C).
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Figure 4. Measured r.m.s size of the atomic wave-packet €auét as a function of propaga-
tion time in the waveguide. (A)t = 0, ideal gas case; (By:. = —0.11 nm; (C):a = —0.21 nm;
solid lines: calculated expansion of a non-interactingigadle expulsive potential.

To theoretically analyze the stability of the soliton, weraduce the three-dimensional

Gross-Pitaevskii energy functional

h? Ng
_ 3, " 2, Vg 4
Boo = [@rg Ve + 0w @)

+ %m [w? (2% +¢°) + wiz?] [T (™7, (1)

where the condensate wave-functigmis normalized to one. In Eq] 1 the first term is the
kinetic energy responsible for dispersion, the second tsrthe interaction energy, which in
the present case of attractive effective interactigns () causes the wave-function to sharpen,
and the third term is the external potential energy. We thioe the following two-parameter
variational ansatz to estimate minimal energy statelSgf:
. 1 1 z? + y?
) = /2ro? L, cosh(z/1) ¥ (‘T{y) ’ )

whereos; andl, are the radial and axial widths of the wave-function. Thecfiomal form

of the well-known 1D soliton has been chosen for the longitaddirection [b], while in the
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transverse direction a Gaussian ansatz is the optimal arfe@faonic confinement. For each
[, we minimize the mean energy over ; the resulting function of, is plotted (Fig. 5) for
various values of the paramet®iu/a'l° wherea'® = (h/mw, )'/2. For very small axial sizes,
the interaction energy becomes on the orderaéfv, and the gas loses its quasi-1D nature
and collapses[[d] 4]. For very large axial sizes the expelpivtential energy dominates and
pulls the wave function apart. For intermediate sizesaetitre interactions balance both the
dispersion and the effect of the expulsive potential; trergynpresents a local minimum (solid
line in Fig. 5). This minimum supports a macroscopic quanbaund state. However, it exists
only within a narrow window of the parametafa/a'°. In our experiments); = 27 x 710 Hz
andw, = 2ir x 70 Hz for B = 420G, so thata"°® = 1.4 um; for N|a| larger than(N|a|). =
1.105 um, a collapse occurs (dashed curve in Fig. 5), whileXga| smaller than(N|a|). =

0.88 um the expulsive potential causes the gas to explode axdiged curve in Fig. 5).

Figure 5: Theoretical energy diagram of an attractive B@sesyibjected to an expulsive poten-
tial for w,/w, =i x 70/710. The energy as a function of the axial size after minimizateer
the tranverse size is shown for three valuesvod|: within the stability window (solid curve);
at the critical point for explosiofiN|a|). (dotted curve); and at the critical point for collapse
(N|al). (dashed curve). End points of the curves indicate collapse;; = 0.



For our experimental conditions and= —0.21 nm, the number of atoms which allows the
soliton to be formed ig.2 x 10> < N < 5.2 x 10%, in good agreement with our measured
number6(2) x 10%. The expected axial size of the soliton/is~ 1.7 um, which is below the
current resolution limit of our imaging system. To verifyetpresence of a critical value of
(Na). needed to stabilize the soliton, we have performed the meamnts with the samebut
with a reduced number of atom¥, = 2 x 10%. At 8 ms guiding time the axial size of the wave
packet increased to 3dm indicating that no soliton was formed.

One may speculate as to the formation dynamics of the sahttimne elongated trap before
its release in the optical waveguide. As the atom numberdrirtiial BEC,2 x 104, is about
three times larger than the measured atom number in themsgaiitis likely that during the 50
ms phase where is changed from 0 to negative values one or several collagses until the
critical number for a stable BEC is reached. Indeed, theapst time constant is predicted to
be much less than 50 ms for our experimental conditipnjs [Zi]ring the transfer into the
1D waveguide the BEC is transformed into a soliton and thecwensed cloud is clearly
observed at guiding times up to 6 ms as a broader backgrowtidbdiion. Non-adiabatic
projection of the BEC from the confining onto the expulsivegntial is expected to play a
negligible role here according to numerical simulatigrij [At longer times the non-condensed
atoms spread apart and become undetectable. Thus duripgapagation phase the soliton
decouples itself from the non-condensed fraction, resyliti a nearly pure soliton.

Finally, removal of the expulsive axial potential will aous to significantly extend the
stability domain towards lower values 6f|a| and longer observation times. The soliton size
could then be measured in situ, as well as its lifetime. Theysbf coherence properties of

solitons and of binary collisions between solitons are irdiae extensions of the present work.
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