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We proposea nev methodof creatingsolitonsin elongatedBose—EinsteirtondensateBECs) by sweepingthreelaser
beamsthroughthe BEC. If one of the beamsis in the rst order (TEM10) Hermite—Gaussiamode, its amplitudehasa
trans\ersalvaphaseslip which canbetransferredo theatomscreatinga soliton. Usingthis methodit is possibleto circumvent
therestrictionsetby thediffractionlimit inherento conventionalmethodssuchasphasemprinting. Themethodallows oneto
createmulticomponengvector)solitonsof thedark—brightform aswell asthedark—darkcombination In additionit is possible
to createin a controllableway two or moredark solitonswith very small velocity andcloseto eachotherfor studyingtheir

collisionalproperties.
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1. Intr oduction

Atomic Bose—-EinsteitondensateBECs)have re-
ceved a greatdeal of interestsince they were rst
produceda decadeago[1-3]. They canexhibit vari-
oustopologicalexcitations,suchas vorticesand soli-
tons. The dynamicsof solitonsin elongatedBECs|[4]
is theatom-opticsrersionof the nonlinearpropagtion
of light pulsesin optical bres [5]. The BEC offersa
remarkabldreedomin termsof controlling the physi-
calparametersuchasdimensionalityandeventhesign
of the strengthof the atom—atominteraction[4].

Solitonsin BECscanbeof bothdarkandbrighttype.
Dark solitonsare formedin BECswith repulsie in-
teractionbetweenthe atoms[4]. For completelydark
solitonsthecondensatevavefunctionis zeroatthecen-
treandchangedts signwhencrossinghecentralpoint,
i. e.thecondensateavefunctionhasanin nitely steep
Yaphaseslip atthe centre[4]. Ontheotherhand,bright
solitonsareformedin BECswith repulsve interaction
betweenthe atoms. The wave function of the BEC is
thenlocalisedat the centre[4] andgoesto zerofurther
away from this point. Dark solitonswhich manifest
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themselesasa densityminimum moving with a con-
stantspeedagainsta uniform backgrounddensity as
well asbrightsolitonswhichareshapereservingvave
paclets,have both beenexperimentallyrealised6—9].
Thedynamicsf solitonsin BECshasbeenextensvely
studied. This hasincludedinvestigationsof the sta-
bility properties[10], aswell as soliton dynamicsin
inhomogeneouslouds[11], in multicomponenBECs
[12,13], andin supersonico w [14]. Solitonscanbe
createdn variouswayswith a variabledegreeof con-
trollability, e.g., by colliding cloudsof BEC [15-17]or
engineeringhedensity[18,19].
Traditionally dark solitonsin BECsare createdus-
ing phaseimprinting [6, 7,20—-22],wherea partof the
condensateloudis illuminatedby a far detunedaser
pulsein orderto induceasharpv/sphaseslip in thewave
function. Thesubsequerdynamicscanindeeddevelop
solitons[6, 7]. Thereare,howvever, somerathersevere
dravbackswith sucha methodof phaseengineering.
The resolutionof the requiredphaseslip is naturally
restrictedby the diffraction limit, i. e. the width of the
phaseslip shouldbelargerthananopticalwavelength.
Furthermorethe phaseimprinting doesnot producea
densityminimum characteristiof the dark solitonsin
theregion of the phasechange Hencecompletelydark
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Fig. 1. (a) Thelevel schemdor thethreelaserbeams ; (i = 1, 2,

3). (b) Thesequencef laserbeamsbeingsweptthroughthe BEC

involvesa preparatiorstage- » ! - 1 anda nal stage- 1! -

which engineerghe phaseand density of the BEC to producea
soliton.

stationarysolitonsaredif cult to achiere, which con-
sequentlyresultsin socalledgrey moving solitonswith
ashallov densitydip.

It is of a signi cant interestto be able to create
slowly moving, or even completelystationarysolitons
in orderto testfor instancetheir scatteringoroperties,
wheretheshape®f thecolliding solitonsarepresered.
In addition,arelative spatialshiftis expected.Thisspa-
tial shift, however, canonly be detectedor extremely
slow solitonsdue to the inherentlogarithmic depen-
denceof the spatial shift on the relative velocity be-
tweenthe solitons[23,24]. The standardphaseim-
printing alsoinevitably creategphononsn the trapped
cloudbecause¢he constructednitial stateis notthe ex-
act soliton solutionlargely dueto the missingdensity
notchl6, 7].

In this paperwe shav how statesvhich have there-
quiredphaseslip anddensitypro le for solitonscanbe
createdhy sweepinghreelaserbeamshroughanelon-
gatedBEC asshawvn in Fig. 1. If oneof the beamsis
in the rst order(TEM10) Hermite—Gaussiamode its
amplitudehasa trans\ersal¥zphaseslip which will be
transferredo atomsthusproducingasoliton. Moreim-
portantly with asequencef threelaserbeamst is pos-
sibleto circumwenttherestrictionsetby thediffraction
limit. Thelaser elds reshapeanatomicwave function
sothatit acquiresa zero-point. This leadsto a holein
the atomicdensity the width of which is only limited
by theintensityratiosbetweertheincidentlaserbeams
dueto the geometricnature[25] of the process. The
formationof theholeis accompanietyy astep-like (in-

nitely sharp)vsphaseslip in theatomicwave function
when crossingthe zero-point. The methodis particu-
larly usefulfor creatingmulticomponen{vector)soli-

tonsof the dark—brightform aswell asthe dark—dark
combination. In additionit is possibleto createin a

controllableway two or moreslowly moving darksoli-

tons closeto eachotherfor studyingtheir collisional

properties.

2. Formulation
2.1.0utline of the proposedsetup

Considera cigarshapeatomicBEC elongatedin the
z direction. To createsolitonsin the BEC, we propose
to sweepthree incident laser beamsacrossthe con-
densate.The laserbeamsnteractwith the condensate
atomsin atripod con guration [25,26], i. e. theatoms
arecharacterizetly threegroundstategli, j2i, j3i and
anexcitedstatejOi . Thej th laserdrivesresonantlythe
atomictransitionbetweenthe groundstatejj i andthe
excitedstatg0i, seeFig. 1(a). Initially theatomsform-
ing the BEC arepreparedn the hyper ne groundstate
j1i. Subsequentlyhelasersaresweptthroughthe BEC
in thex direction,i. e. perpendiculato thelongitudinal
axisz of thecondensate.

The sweepingprocessis made of two stagesde-
pictedin Fig. 1(b). In the rst stagethe lasersl and
2 areappliedin a counterintuitive sequencéo trans-
fer adiabaticallythe atomsfrom the groundstatejli to
anothergroundstatej2i. If anadditionallaser3 is on
duringthe rst stage,a partial transferof atomsfrom
the groundstatesjli to j2i is possible[26]. In that
casea coherentsuperpositiorof statesjli andj2i is
createdafter completingthe rst stage.In the second
stage thelasersl, 2, and 3 areappliedonceagain to
transferatomsfrom the statej2i backto the statejli
and from the statejli to the statej2i. If the ampli-
tudeof oneof thesdasers ; or- » changeshesignat
Z = Zp, the BEC picks up a Yaphaseshift at this point
afterthe sweepinganda soliton canbe formed. This
is the casee.g. if one of the beamsis the rst order
Hermite—Gaussiabeamcentredatz = 0.

It is importantto realizethatat leasttwo laser elds
are neededio completethe adiabatictransferof pop-
ulation betweenthe groundstates. Thereforethe adi-
abaticity can be violated in the vicinity of the point
z = zg9 whereone of the Rabifrequencies ; or - ;
goesto zero. Inclusion of the third (support)laser
3 helpsto avoid sucha violation of the adiabaticity
In fact the atomswould experienceabsorptionin the
vicinity of z = zq if the supportlaser3 was missing
duringthe secondstage.
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It shouldbe mentionedthatthereare similar previ-
ous proposalsfor creatingvorticesin a BEC via the
two-laserRamanprocesseswvolving thetransferof an
optical vortex to the atoms[27-29]. In theseschemes
the lasersare far detunedfrom the single-photorres-
onanceto avoid the absorptionat the vortex core. In
ourschemeéhelasersarein anexactsingle-photorres-
onance,so the use of the third (support)laseris es-
sentialto avoid the losses. An adwantageof the reso-
nantschemas that an ef cient andcompletepopula-
tion transferis possiblebetweenthe hyper ne ground
stateswhereasn thenon-resonantaseonly afraction
of populationcanbetransferred29].

2.2.Hamiltonianfor a tripod atom

Let usnow provide a quantitatve descriptionof our
scheme. The j th laserbeamis characterizedy the
complex Rabifrequeny = = - exp(ikj ¢r + iS;),
with j = 1, 2, 3, where- j is the real amplitude,the
phasebeingcomprisedf thelocal phasek; ¢r aswell
astheglobal (distance-independerphases; . In what
follows, the Rabi frequencies » and- 3 are consid-
eredto be positve: - , > 0, - 3 > 0. Yet, the Rabi
frequeng - ; is allowedto be negative. This malkesit
possibleto include an additional¥s phaseshift in the
spatialpro le of the rst beamwhencrossinghezero-
pointatz = zg.

TheelectronicHamiltonianof atripod atomreadsn
theinteractionrepresentation:

He = i ~(T1j0ih1j+ ~5j0ih2j+ ~3j0ih3))+ H:c: (1)
Thetripod atomshave two degeneratelark stategD 1i
andjD i of zeroeigenenagy (HejDni = 0) containing
no excited-statecontrikbution [25, 26],

. 1 0 o
jD1i = Pﬁlllloi 3j21%; (2)

1 £ i o
P 7 3j1i%+ j2i°

JDZI 1+ 32

i m@+ 323 ()

wherejji%= jji expfi(kz i ki)er+i(Ssi Sj)] (with

j = 1,2, 3) arethemodi ed atomic statevectorsac-

commodatingthe phasesof the incident laser elds,

3 = - 1= 5, is theratio betweenthe Rabifrequencies
of the rst andsecondelds, and» arethenormalised
Rabifrequenciegj = 1,2, 3),

T T T

with »3 > Oandjl < 3 < +1 . Theatomicdark
stategD1i andjD,i dependon the centreof massco-
ordinater throughthe spatialdependencef the Rabi
frequencies j andstatevectorsjj i

2.3.Geneal equationof motion

The full atomic %atevectorof a multicomponent
BECis jo(r;t)i = = [ jji# j(r;t), wherethe con-
stituentwave functions?  (r;t) describethe transla-
tional motion of the BEC in the internal statejji of
thetripod schemeThewave functions?  (r;t) obey a
multicomponentross—Pitaeski equationof theform

i~gj©(r;t)i =

whereH ¢ from Eq. (1) describeshelight-inducedtran-
sitions betweenthe differentinternal statesof atoms.
Thediagonaloperator

ﬁr 24 B+ \’7’j©(r;t)i ; (9

X3
V= (Vi + gij® 1j?)ij ihj (6)
I>j =0
accommodatethe trappingpotentialV; (r) for thej th
internal state,as well asthe nonlinearinteractionbe-
tween the component§ and| characterizedby the
strengthg;; = 4Ya2a;=m, with a;; beingthe corre-
spondingscatteringength.

3. Time-evolution of the atom—light system
3.1.Adiabaticapproximationfor thedark states

We shallapplythe adiabaticapproximation25, 30,
31] underwhich atomsevolve within their dark-state
manifold during the sweeping. This is legitimate if
the total Rabi frequeng - is sufciently large com-
paredto theinversesweepingduration¢ e, Thefull
atomicstatevectorcanthenbeexpandedasj©(r; t)i =
P ﬁzl a ED)(r;t)an(r;t)i, wherea compositewave-
function® %D)(r) describeghe translationaimotion of
anatomin thedarkstatejD (r; t)i. Theatomiccentre
of massamotionis thusrepresentetly atwo-component
wave function

0 . (1D) 1
a —
- @a (ZD)A (7)

obeying thefollowing equationof motion[25]:
@ _ 1, . o
gt = il T AV A T @
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wherethe effective vectorpotential A andthe matrix
~ arethe 2 £ 2 matricesappearingdueto the spatial
andtemporaldependencef the dark states A ., =

i~tDn(r;)jrf Dm(r;0)i and nm = i~MDn(r;t)j

£E@@Dmn(r;t)i. The former A is known as the
Mead—Berry connection[32,33], whereasthe latter
matrix  is responsiblefor the geometricphase[34].
The 2 £ 2 matrix A is the effective trappingpotential
(explicitly presentedn Ref.[25]) appearinglueto the
spatialdependencef the dark states. Assumingthat
all threebeamsco-propagte (k1 % ko % k3), the ef-

fective vectorpotential[25] reducego
A !
»3 01

= ~—° 13 .

17 32" o 9)
Lastly, the2£ 2 matrixV originatingfrom theoperator
¥, Eq.(6), accommodatethetrappingpotentialfor the
darkstated25] aswell astheatom—atontoupling.

3.2.Time-evolutionduring the sweeping

Supposeheincidentlaserbeamsare sweptthrough
atrappedBEC alongthe x axis with a velocity v, as
shawvn in Fig. 1(b). This canbe doneeitherby shifting
in the trans\ersal(x) directionthe laserbeamsprop-
agating alongthe y axis or by applyinga setof laser
pulsesof theappropriateshapeandsequenc@ropagt-
ing in the x direction. In the latter case,the sweep-
ing velocity v will coincidewith the speedof light.
In both caseghe adiabaticdark statesdependon time
in the following way: jDn(r;t)i = jDn(r9i, where
rf= (x%y;z) ~ (xj vt;y;z) istheatomiccoordinate
in theframeof themoving laser elds. Let usassume
thatthetime ¢sweep = d=V it takesto sweepthe laser
beamghroughaBEC of thewidth d, is smallcompared
to thetime associatedvith the BEC chemicalpotential
& = ~=! whichis typically of theorderof 10' ® s. In
that caseone can neglect the dynamicsof the atomic
centreof massduring the sweeping.Consequentlyhe
time evolution of the multicomponentwave function
during the sweepingis governedby the matrix-term
= j VA featuredn Eq.(8), giving

i~@ = VA ; (10)

where Ay is the effective vector potential along the
sweepinglirection.

In passingwe notethat the subsequentime evolu-
tion of the BEC after the two-stagesweepingwill be
describedby the generalGross—Pitaeski equation(5)
with the light elds off (He = 0), aswe shalldo in
Section4.

Returningto Eq. (10), sincevAx commuteswith it-
self atdifferenttimes,onecanrelatethe wave function
3( t) ata nal timet = t; totheoneattheinitial time
t=1t;as

4 rite) = exp(i if) 3 riti);

wheretheexponente isa2 £ 2 Hermitianmatrix

(11)

2 12
Ax(ri vtvdt = —

ti Xt

£ = % A(r%dx® (12

and the integration is over the sweepingpathr® =
(xj vtiy;2) fromx; = xj vt tox; = X j vtj. In
mostcasesf interesttheinitial and nal timescanbe
consideredo be sufciently remote,sothatthe spatial
integrationcanbefromx; = j1 tox; = +1.

3.2.1.The r ststage

Let usnow analysethe proposedwo-stagesetupin
moredetails.In the rst stagebothRabifrequencies
and- , arepositve. Thelasersl and2 areappliedin
a counterintuitve order(seeFig. 1(b)), wheretheratio
3 = - 1= , changedrom3(t) = Oto3(t)) = +1 .
On the other hand, the laser 3 is dominantfor both
the initial and nal timeswhere»; = - 3= = 1.
Initially the BEC hasthe wave function?( r) andis
in the internal atomic ground statejli which coin-
cideswith the rst dark stateat theinitial timetio, i. e.
jD1(r;t9i = jli. Thefull initial atomicstatevectoris
thereforej©(r;t9i = a( r)jD(r;t9i. This provides
the following initial conditionfor the multicomponent
wave function:

A
an)

a(r;t9 = 0

(13)
Equationg9) and(11)—(13)yield the multicomponent
wave functionafterthe rst stage

A !

0 cos
Arty)=23r) (14)
i Sin
where
zZt @arctan?
~= »3de0 (15)

il
is themixing anglebetweerthe dark statesacquiredn
the rst stage.
Supposewe have the following laserbeams. The
secondbeam- , is a Gaussiarbeamcharacterizedy
a waist ¥ in the z direction. The beamis centredat
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B/ (/4)

Fig. 2. Dependencef themixing angle ontherelative amplitude

of thethird beam- . Thespatialseparatiorbetweerthe rst andthe

seconheamsds takento be2¢ = 1:2%x where¥y is thewidth of
thebeamdn the sweepinglirection.

x%= % + ¢ in the sweepingdirectionandatz = 0in
thez direction,

-, = Ael ZFHi (K0 xi ©) 2= (16)
The rst beam- ; is characterizedby the sameampli-
tude A, the samewaist 3%, and the samewidth 3.
Yetit is centredat x° = % j ¢ in the sweepingdi-
rection, where2¢ is the separatiorbetweenthe two
beams.The beamwaistsshouldbe of the orderof the
condensatéength(or larger)in the z direction,sothat
thewhole condensatés illuminatedby thebeams.
The third beamis consideredo changelittle along
thesweepingirectionx. Furthermoreit hasthesame
width % in thez directionasthe rst two beams,

-3z A& 7% (17)

The rst stageis aimedat creatinga superposition
of statesjli andj2i. Sincewe take all the beamsto
be Gaussiarbeamscharacterizedy the samewidths
Y%, the Rabifrequeng ratios- ,=- ; and- 3= ; have
no z dependenceAs a resultthe acquiredmixing an-
gle  hasno z dependencei. e. it is uniform along
the BEC. The magnitudeof = dependson the rela-
tive intensity of the third laser If the third laseris
weak(» = - 3= ! 0 atthe crossingpoint where
3 = - 1=, = 1), the mixing betweenthe statesj1i
andj2i is small: ~ ¢ 1. Onthe otherhand,if the
Rabi frequeng - 3 is comparablewith - 1 and- , at
the crossingpointwhere3 = - 1= , = 1, themixing
canbe closeto its maximum: ¥ ¥#4. In this way,
one cancontrol the mixing angleby changingthe in-
tensity of the third beam,asone canseefrom Fig. 2.

3.2.2.Thesecondstage

In the secondstagethe Rabi frequeny - 1 canbe
bothpositive andnegative dependingnthetransersal
coordinatez. Thelaserlisnow appliedrst, sothatthe

ratio® = - 1= , changefrom3(t;) = 81 to3(t;) =
0 in the secondstage.Again the third laserdominates
for theinitial and nal times:- 3= = 1. Thesecond

stagetakesplaceimmediatelyaftercompletingthe rst
stage sothe multicomponentvave functionof the rst
stage(14) senesasaninitial conditionfor the second
stage.

Equationg11), (12), and(14) togethemwith (2) and
(3) yield thetotal statevectorafterthe secondstage:

jO(r;ts)i =
3 .
jlia( r) sin°cos j €°%2cos® sin~
3 .
i j2ia(r) cos® cos + €°2sin°sin” ; (18)

where®1, = S Sp+ SYi S isthephasemismatch
betweertheRabifrequencies 1 and- , in the rst and
secondstages.The resultingmixing angleacquiredin
thesecondstageis

y1
o o @arctan 3
z = (i %)T dx?: (19)
il
If the rst andsecondasersareweak(- 3=~ ! 1lat

thecrossingpointwhere3 = - 1= , = 1), themixing
angleis small: °; ¢ 1. Ontheotherhand,if rst and
secondlasersare strongat this point, we have °, !
" Y#2. Thechangean signof °, will introducea phase
shift whichis neededo createsolitons.

In the secondstagethe rst beam- ; is a rst-order
(in the z direction)Hermite—Gaussiaheamcentredat
z=0andx%= x+ ¢:

- 1= Aéei 2241 (ki 9 2=% . (90)
wherez = § B representadistancevhere- 1 = §- »
for x%= x. In mostcaseof interestthe distanceB is
muchsmallerthanthe waist of the beams:B ¢ 3.
The secondbeam- ; is the ordinary Gaussiarbeam
centredatz = 0 alongtheBECandx®= xj ¢ inthe

sweepinglirection:

- o= Ag i (G xr0) 2= (21)

where 2¢ is the separatiorbetweenthe two beams.
Theratio betweernthe Rabifrequencieseadsthen:

3= Tl o 2 A0 0% .

—=5 (22)
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Equation(22) providesthefollowing limiting cases:
8

< 0; for x°! +1 ;
37 3(zxY) =
- 81 ;for xO! j1
Finally let usdeterminghecrossingpointwhere- 1 =
- 2. Using Eq. (22), the conditionj3j = 1 yieldsthe
crossingpointx®= x% for a x edz coordinate:

(23)

(24)

Speci cally, if z = B, the crossingpointis xg = *.
SinceB ¢ ¥ the Rabifrequenciesatz = B and
x0= xare

S1= -, VaAE O (25)

In thenext subsectionve shallanalyseén moredetail
themulticomponentvave functionaftercompletingthe
secondstage.

3.3.Multicomponentvavefunctionalter the sweeping

Supposehatthereis nophasanismatchbetweerthe
lasersof the rst andsecondstages?®1, = 0. In that
caseEq.(18)yields

Jo(r;te)i = 3 r)li sin(°zi )jli+cog°zi )jal:

(26)
If — = 0, thesecondcomponents populatedafterthe
rst stage. After the whole sweepingthe statevector
thentakestheform

1©(r;ts )i = 3( r)[j sin°Zjli + cos°,j2i]: (27)

In thiscasethe rst componenaltersthesignatz = zg
where the Rabi frequeny - ; or - » (and hence®;)
crosseghe zero-point. On the otherhand,the second
componenis maximumatthis pointandsymmetrically
decaydo zeroaway from this point. Sucha multicom-
ponentwave functionhasashapecloseto thatof asoli-
ton of the dark—brightform (seeFig. 3). This will in-
deedeadto theformationof suchasoliton,aswe shall
seefrom the analysisof the subsequertime-evolution
presentedn thenext Section.

Ontheotherhand, = ¥#4 correspond$o thecase
where both componentsare initially populatedwith
equalprobabilities. Thuswe have afterthe sweeping:

jo(r;te)i= i 3 r)[i sin(°zi Y#4)li
+sin(°, + YEd)j2i]: (28)

In that caseboth component®f the wave function ac-
quire a ¥aphaseshift in a vicinity of z = zo where

1
08 |-
0.6 |-

AN PP PPPTY PP PPPT PrPe
-05 04 -03 02 01 0 01 02 03 04 05
Z

Fig. 3. Multicomponentwave functionaftercompletingthe second
stagein the casewherethe secondcomponenis populatedafter
the rst stage(” = 0) andthereis no phasemismatchbetweerthe
lasersof the rst andsecondstageq®:, = 0). The secondand
third laserbeamsare taken to be the Gaussiarbeamswith equal
widths¥s . The rst laserbeamis the rst orderHermite—Gaussian
beamwith samewidth %; . The parametersisedare2¢ =% = 1.2,
B=% = 0.1,and- = 0.1. Thewave functionof the rst (second)
components plottedin asolid (dashed)ine.

1 1 1 1

0.6

04 =

02 =

"05 -04 03 -02 01 0 o0.1
Z

02 03 04 05

Fig. 4. Multicomponentvave functionaftercompletingthesecond
stagein the casewhereboth componentsare initially populated
afterthe rst stage( = ¥#4) andthereis no phasemismatchbe-
tweenthe lasersof the rst andsecondstageg®12 = 0). Thesec-
ondandthird laserbeamsaretakento bethe Gaussiabeamswith
equalwidths % . The rst laserbeamis the rst orderHermite—
Gaussianbeamwith samewidth % . The parameterausedare
2C=% = 1.2, B=% = 0:1, and- = 0:1. The wave function
of the rst (secondcomponents plottedin a solid (dashed)ine.

- 1 = 0, asonecanseeclearlyin the Fig. 4. Notethat
the zero-pointsof eachcomponentreslightly shifted
with respectto eachother This makesit possibleto
producetwo-componentark—darksolitonsoscillating
aroundeachother aswe shallseein thefollowing Sec-
tion.
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If = Y#4 , yetthereis a ¥#2 phasemismatch
(°12 = ¥#2), Eq.(18) reducego

jo(r:ts)i = i ¥ r)ei°zp1—2[jzi i ij1]: (29)

In that caseboth componentsre characterizedby the
samespatialmodulationexp(i°;) andhave arelative
phasev/=2 afterthe sweeping.Thereforeboth compo-
nentsinitially have the samevelocity distribution pro-
portionalto r °,. Furthermorethereis no holein the
atomic densityof neithercomponentafter the sweep-
ing, like is thecasen the phasamprinting techniques.

In thisway, thecreationof solitonscanbecontrolled
by changingthe mixing angle  and the phasemis-
match® 1,

4. Subsequentdynamicsand soliton formation

Theopticalpreparatiorof theinitial stateof thetwo-
componenBose-Einsteitondensatéescribedn the
previous section,is fastcomparedo ary characteris-
tic dynamicsin the Bose—Einsteircondensate.This
is the caseif thetime ¢sweep = d=V it takesto sweep
thelaserbeamghrougha BEC of thewidth d is small
comparedo the time associateavith the BEC chemi-
cal potentialg; = ~= whichis typically of the order
of 10' ® s. With the preparednitial stateandfor suf-
ciently low temperaturesve canthereforedescribethe
subsequentdynamicsusing a two-componentGross—
Pitaesskii equation12]

(30)

(@)

2 s
= 0oy 24V (2) + g1j® 1j% + g12j® 2% 2 1;

-, = (31)

= 05t 24V (2) + 0222 2% + 122 1j° 2 2:

Theexternalpotentialis herechoserto bequadratidn

thez direction,
1
V(z) = Sm! 272 (32)

where! is thetrapfrequeny andm the atomicmass.
Thetwo-bodyinteractionsaredescribedy

9 = ——g + bhi=fL2g; (33)
with the scatteringlengths a; which representthe
intra- and inter-collisional interactions betweenthe
atomsin the statesl and 2. In Eq. (33) we have
introducedthe effective cross-sectiorS of the elon-
gated cloud. Strictly speakingthe elongated Bose—
Einsteincondensatés three-dimensionallf, however,
the trans\ersaltrappingis sufciently strong,the dy-
namicscanbe considereckffectively one-dimensional,
asin Egs.(31) and(32). This requiresthatthe corre-
spondingrans\ersalgroundstateenegy is muchlarger
than the chemical potentiaf_lzof the condensate. We
choosethe normalisatioras  dzj2 ;(z)j> = N;, where
N; is theparticlenumberin condensate (i = 1;2).
With the initial statesfrom the previous section
we can simulatethe dynamicsof the Bose—Einstein

(b)

Fig. 5. Thedark—brightsoliton. Thetwo gures showv theone-dimensionalensityasa functionof time for component. and2. Thelighter
(darlker) colourscorrespondo higher(lower) atomicdensities.
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(@)

(b)

Fig. 6. Theboundstatedark—darksoliton. For sufciently low initial solitonvelocitiesthetwo dark solitonsperforman oscillatorymotion
aroundeachother The gures shawv the one-dimensionaitomicdensityasa functionof time for componentl and2. Thelighter (darker)
colourscorrespondo higher(lower) densities.

(@)

(b)

Fig. 7. Theco-propaatingdark—darksolitons.If theinitial phasegradientsf thetwo solitonsolutionsarechoserto bethe samethedark
solitonspropagtein unison. Thetwo gures shaw the one-dimensionatiensityasa function of time for componentl and2. Thelighter
(darlker) colourscorrespondo higher(lower) atomicdensities.

condensateWe considera condensatevith gi11: 012
022 = 1.0:0.97:1.03,wheregi2N1 = 286andN; =
N». Theunitof lengthis' ~=(m! ) andtimeisin units
of I i 1. In Fig. 5 we show the dark—brightsoliton dy-
namicswhoseinitial stateis preparedy choosing =
0 and®;, = 0. Thetwo-componensystemwhich has
onedark solitonin componentl and a bright soliton
in component is stable,i. e. the solitonsare station-
ary. This shows thattheinitial stateis indeedcloseto
theexactsolitonsolution.If theinitial stateis prepared
with = ¥&=4 and®1, = 0, ontheotherhand,the dy-
namicsis strikingly different, seeFig. 6. In this case
we createtwo dark solitonswith oppositephasegradi-

ents,hencethereis an oscillatory motion, sometimes
referredto asa soliton molecule.Sucha boundstateis
only stableif the solitonvelocitiesarelow [12] which
is indeedthe casehere. Alternatively, with = ¥#4
and®,, = ¥£2, the solitonsmove in unisonasshovn
in Fig. 7. The large oscillatory motion appearingn
Fig. 7 stemsfrom the fact that the condensatelensity
is not homogeneoudjencethe solitonsexperiencean
effective trap[11].
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5. Conclusions

In summary we have proposeda new method of
creatingsolitonsin elongated Bose—Einsteirconden-
sates(BECs) by sweepingthreelaserbeamsthrough
theBEC.If oneof thebeamds the rst order(TEM10)
Hermite—Gaussiamode,its amplitudehasa trans\er-
sal¥aphaseslip whichwill be transferredo the atoms
thuscreatinga soliton. Using this methodit is possi-
ble to circumwent the restrictionsetby the diffraction
limit. The methodallows oneto createmulticompo-
nent(vector)solitonsof thedark—brightform aswell as
thedark—darkcombination.ln additionit is possibleto
createin a controllableway two or moreslowly mov-
ing dark solitonscloseto eachotherfor studyingthe
collisionalproperties For thisthe rst beam- ; should
represent superpositiorof the zeroandsecondorder
Hermite—Gaussiamodesn thesecondstage.Thesoli-
ton collisionswill be consideredn more detail else-
where.
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SOLIT ONU SUKURIMAS ATOMU BOZE IR EINSTEINO KONDENSATUOSE, ADIAB ATISKAI
KEI CIANT TAMSIAS BUSENAS

G.Juzelinas?, J. Rusecka8, P OhbegP?, M. Fleischhauet
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Santrauka

Pasiulytas naujasbudassolitonamssukurti pailguoseBoze ir
EinSteinokondensatuoseSolitonaisukuriamibraukianttrimis la-
zeriu pluoStaigperkondensat. Jeivienasis pluosu apraSomasir-
moseiles(TEM10) Ermito ir Gausomoda,elektrinio lauko amp-
litude pluostocentreturi skersin ¥ dyd io fazesSuol, kuris gali
buti perkeltasatomamstaip sukuriantsolitora. Naudojantmusu

buda, galima iSvengti difrakcijos apribojimo fazes Suoliui, pasi-
reiSkiarcio iprastamesolitoru sukurimo metode,apSvieiant dal
kondensatdr taip uraSantfaz. Musu metodasleid ia sukurti
daugialomponegius (vektorinius)tamsaus—tamsatei tamsaus—
Sviesaupavidalo solitonus.Be to, galimakontroliuojamaisukurti
du ardaugiauetaijudarcius solitonus,esarmiusarti vienaskito, ir
taip tirti ju susidirimus.



