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Vortices in Bose-Einstein condensates confined
in a multiply connected Laguerre-Gaussian optical trap
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The quantized vortex state is investigated in a Bose-Einstein condensate, confined in a multiply connected
geometry formed by a Laguerre-Gaussian optical trap. Solving the Gross-Pitaevskii equation variationally, we
show that the criterion for vortex stability is that the interatomic interaction strength must exceed a critical
interaction strength. The time evolution of a freely expanding Laguerre-Gaussian condensate with a vortex is
calculated and used to derive the interference pattern of such a condensate overlapping with a parabolically
trapped condensate.
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[. INTRODUCTION condensate than through its eglgé will be energetically
favorable for the vortex line to be at the edge of the conden-
Superfluidity, and its characteristic manifestation as asate. In the presence of dissipation, this will cause the vortex
state with quantized circulatiof@ vortey, is intimately con-  line to migrate to the edge of the condensate so that the
nected with the phenomenon of Bose-Einstein condensationprtex condensate will decay into a nonvortex state. This
yet the precise relation between superfluid persistent currensggument, sketched here with some roughness, has been
and Bose-Einstein condensatitBEC) is only beginning to  worked out with precision by Fetter and co-workerd .
be elucidated1]. Before 1995, the link between superfluid-  Several schemes have been proposed, both theoretically
ity and BEC was almost exclusively studied in the context ofand experimentally, to stabilize vortices: rotating the trapping
liquid helium (*He and ®He) [2], where the study of the potential(analogous to rotating a bucket containifige) [6]
relation between superfluidity and BEC is complicated byor stirring the condensate with an off-resonance ld8ér
the strong interatomic interactions between the atoms in theaising the temperaturgéo “pin” the vortex in the potential
liguid. In 1995, Bose-Einstein condensation was realized ircreated by the noncondensate fraction at the center of the
magnetically trapped clouds of alkali-metal atof@. In  vortex) [9], phase-imprinting method§10], and various
these novel condensates, the bosonic atoms are weakly intether techniquegll]. Recently, vortices were created experi-
acting (contrary to the case of liquid helidmand as such mentally, both with a “rotating bucket” experimefit2] and
these systems have the potential to shed new light on supewith the use of a two-component condensgt8]. In the
fluidity. Soon after the initial creation of alkali-metal gas latter experiment, one of the components of the spinor con-
condensates, several experimental groups set out to createlensate “pins” the vortex present in the other component
vortex — a quantum of superfluid circulation — in this novel and a Ramsey-type interference between the two components
system[4]. is used to detect the vortex. The long lifetimes of the two-
The initial attempts to create a vortex in a condensate bgomponent condensates in Rf3] are due to similar singlet
stirring the trapped condensate with a blue detuned lasend triplet scattering lengths of rubidium, resulting in an
beam[4] were unsuccessful, even though early theoreticahnomalously low inelastic loss rafé4].
work by Dalfovo et al. indicated that persistent superfluid  Nevertheless, stable vortices have not yet been realized in
currents can indeed manifest themselves in Bose-Einsteia spin-polarized condensate in nonrotating traps, and new
condensates as vorticEs]. Subsequent analysi§] showed methods of stabilization and detection must be developed. A
that vortices are unstable in the simply connected, notpromising scheme, based on an analysis similar to that of
stirred, spin-polarized condensates formed in the original exFetter[7], is the use of multiply connected condensates. A
perimentg 3]. candidate trap to create a multiply connected condensate
This can be understood as follows. Along the vortex line,consists of a red-detuned laser beam in a Laguerre-Gauss
the order parameter of the Bose-Einstein condensate has moode[15,16), which we discuss in Sec. Il. If the condensate
vanish. Phrased metaphorically, a “hole” has to be “drilled” order parameter has a toroidal geometry, a vortex line
in the condensate along the vortex line. In the magnetic traghreaded through the cylindrical symmetry axis of the torus
the modulus square of the order parameter of a condensatéll not perturb the condensate order parameter strongly, and
without a vortex is largest in the center of the trap. As amoreover create a metastability barrier for vortex decay. One
consequence, a vortex line through the center of the trap wilbf the goals of this paper is to verify this statement about
perturb the order parameter more than a vortex line at thgortex stability(in Sec. Ill). In a condensate with a toroidal
edge of the condensatsince, using our metaphor again, it order parameter, the vortex line can no longer be detected as
will cost more energy to “drill” through the center of the a line along which the density of Bose-Einstein condensed
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FIG. 1. The Laguerre-GauskG) trap is an optical dipole trap consisting of a red-detuned laser beam. A typical intensity profile of the
laser beam in the LG modg®,1} is shown in this figure, in a cross section through the axis of propagation of the (tleamaxis). The
atoms will feel the optical dipole force attracting them to {keroida) region of highest intensity of the laser beam.

atoms vanishes. To detect vorticity, we prop@geSec. IV) a In this paper, we investigate the properties of the vortex
method based on interference, similar to that proposed iBose-Einstein condensate, optically trapped by a laser beam
Refs.[17,19 for simply connected condensates. in a Laguerre-Gaussian propagation mofigl}={0,1.
Along the z axis (the direction of propagation of the laser
[l. BOSE-EINSTEIN CONDENSATION bean), an additional magnetic trd@d 5] results in a parabolic
IN LAGUERRE-GAUSS TRAPS z-axis confinement with frequenc2, which prevents the

atoms from escaping along the direction of propagation of

the laser beam. This “plugging” of the optical trap was

Toroidal confinement for ultracold atoms can be obtainedychieved in[16] by using blue-detuned “plugging beams.”
by an optical dipole trap19], which consists of a laser beam The condensate in the Laguerre-Gauss geonigwill be
in a Laguerre-Gaussian mode. The Laguerre-Gaussian moggjled the “Laguerre-Gaussian condensa@G conden-
{n,m} is characterized by an intensity profile given[80]  satg, in contrast with the condensate in a parabolic confine-

] ment.

A. Trapping geometry

2r?

L2 ,(2r2/W§)exp{ -—
n Wg

(2r2/wW3)!

o The intensity profile of such a Laguerre-Gauss beam in
1+ (22/kW5)?

the zy plane(wherez is the axis of propagation of the laser
(1) bean), given by Eq.(1), is shown in Fig. 1. In the remainder

of this paper, we use units so tHaEm=Q=1 (wheremis
wherer is the radial distance from the center of the beam, the mass of the atomsn these units, the laser beam param-
is the position along the propagation direction of the beameters for Fig. 1 are chosen as follovks= 2 W,=5. Figure 2
W, (referred to as the “waist parameteris a parameter jllustrates a surface of constant intensity of the laser beam, a
controlling the minimal width of the beank is the wave hollow cylindrical shell. This will also be the shape of the

number of the laser, and, is the Laguerre polynomial of cloud of trapped atom$21]. The extension of the cloud
order {n,I}. Such laser beams have modes with0 that

show a node in the center, and trap the atoms in a cylindrical
shell around the axis of propagation of the beam. The inten-
sity profile of the laser beam in the Laguerre-Gaussian mode
is illustrated in Fig. 1. Laguerre-GaussidrG) laser beams
have already been used to successfully trap afdk and
subsequent theoretical work has shown that toroidal traps
formed by a red-detuned LG beam can be loaded from initial
conditions similar to those of conventional magnetic traps
[21]. Once the trap has been loaded, one possibility to create

a vortex in the trapped gas would be by a phase imprinting G, 2. A typical surface of constant intensitgxpressior(1)]
method, which already successfully resulted in the creatioRyf the laser beam in the Laguerre-Gadss) mode{0,1} is shown.

of solitons in condensatd®2,23, but might be difficult to  The atoms in the red-detuned LG beam will be attracted to a toroi-
use in practice for vortice23]. Alternatively, a rotating per-  dal or cylindrical region such as that within the surface of the fig-
turbing potential can be used to stir the condensate and set wjpe. An additional parabolic magnetic confinement potential can be
persistent flow in the toroidal geometrg4]. added in thez direction[15,16].
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along thez axis can be tuned by selecting thefrequency of ' ' ' ' ' ' ' '

the magnetic trap along theaxis. : 0_34& Beam parameters: |
ke Eo. | A= W=44T ay, |
. 032 "T~o —
B. Mean-field approach | Tt 3
. . . . P I PPt
Confined Bose-Einstein condensates are well describedb ;51 *%0 3 6 o et |

a mean-field theory where the properties of the condensat@
are derived from a complex functiofr. This function(the
order parameteris interpreted as a macroscopic wave func- -1-14
tion and obeys the Gross-Pitaevskii equafiah]

E/(N

ﬁ2 -1.15
~ o AV Veon(p 2) W + Uo| W |?¥=EWV. 2)

116 . 1 . ! . ! . 1 .

The term nonlinear inV in Eq. (2) arises from the interpar- Na /a
ticle interaction potential, which is treated as a contact po- s 0
tential with scattering lengthgc, S0 thatUO_:477h2a_scat/m= _ FIG. 3. The variational result for the energy of the condensate in
wherem is the mass of an atom. The optical confinement ishe Laguerre-Gaussian optical trap is shown as a function of the
generated by a red-detuned Laguerre-Gaussian laser beamj@graction strength. The full curve shows the energy of the conden-
discussed in the preceding section. In addition to this, a hakate without a vortex, the dashed curve shows the energy with a
monic confinement(characterized by a frequencf)) is  vortex. The inset depicts the results for the variation parameters
present that confines the atoms along thdirection to a oy,0; in the trial function for the condensate with vortéashed
region z<kWZ [15]. The potential energy corresponding to line) and without(full line), as a function of interaction strength.
this geometry is given, in cylindrical coordinatgs, 0,2}, by =~ The trapping (beam parameters were chosen as follow&j

=5 #Q, W3=20a%,. In all graphs of this figure, energies are

2 2 expressed in unitd Q) and lengths in unita,o= VA/(MQ).

_ 2p TV L L
Vcom(p,e,z)——AOWexp[—Zp IWg}+ 52 (3
0

quantum of vorticity: its circulation equals=h/m. The trial

Kugaet al.[16] report that for &0,3} LG beam with a laser functiony, mL!S_t have a node along thexis[the factorp in
power of 600 mW, the depth of the trap is enough to trape_xprgssmr{S)]. if this n(_)de were not present, the variational
atoms that have been precooled to A8. In the present Kinetic energy would diverge along tizeaxis.

treatment, the Gross-Pitaevskii equati@ will be solved We have usedp_ and %. as va_rlatlonal trial functions _to
variationally [26]. Consider for this purpose the following solve the Gross-Pitaevskii equation for a condensate without

two trial functions, expressed in cylindrical coordinatesand V_Vith a vor_tex,_respectively. The resulting variational en-
(p,0,2): ergy is shown in Fig. 3 as a function Nag.,/ a0, WhereN
is the number of atoms anal,o= VA/(MmQ). The quantity
P(p,0,2) =Noexp{ — oo(p—po)2I2— L0722}, (4) Nascaf ano is a dimensionless measure of the strength of the
interaction: upon increasind ag../ano>0, the interatomic
b,(p,0,2) = Nipexp{— o1(p—py)2I2— {,z%2}el?. (5)  interaction becomes more repulsive. The energy of the LG
condensate with a vortex is larger than the energy of the LG
The variational parameters in the trial functions aggo,,  condensate without a vortex for all interaction strengths in-
controlling the width of the functions in the radial direction; vVestigated. The absolute difference in total energy is smallest
Zo,¢1, controlling the widths in the direction; andpg,p,,  [OF the noninteracting gas and increases monotonically as
controlling the radial displacement of the maximum of theNascaf@uo increases. This means that for all investigated
function away from the axis.\, and.\; are normalization interaction strengths, the vortex LG condensate is either
constants, which are determined by demanding that the norfiétastable or unstable. In ins@) of Fig. 3, the optimal

of the trial function equals the number of particles in thevalue of the variational parametessis shown for both trial
condensate. functions as a function of the interaction strength. Both the

The circulation around a closed |00p in the trapped, inter_\/ariational trial function of the LG condensate with a vortex

acting Bose gas is defined by=(A/m)§V'S, whereS rep- and Withoyt a vortex are broadened under the influence of
resents the phase of the order parameter solving the Grosdie repulsive interactions.

Pitaevskii equation(2). The single-valuedness of the order
parameter ensures that the circulation in the trapped Bose gas
is quantized:k=nh/m with n=0,1,2 ... . A vortex is
present wheneven>0. The trial functiony(p,0,z) has a A Laguerre-Gaussian condensate with a vortex can be
constant phase and hence there is no circulation, no vortexetastable if there exists an energy barrier separating this
On the other hand, the phase #f(p,6,z) changes by 2 state from a state without a vortex. In this section, we esti-
along any closed loop encircling tlzeaxis. Thusy, is atrial  mate the height of the energy barrier both by the method
function for the order parameter of a condensate with on@roposed by Benaklet al. [27] for two-dimensional(2D)

IIl. VORTEX METASTABILITY BARRIERS
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traps and by the method proposed by Fetter and co-worker. 10 ' - - T

[7].

Beam parameters:
W, =447 2,
A,=5hQ

A. Hydrodynamic and microscopic instability

EANEC)

The hydrodynamic and microscopic instabilities studied
by Fetter and co-workelf§] involve the displacement of the
vortex core relative to the center of the trap. As discussed in
the Introduction, for a parabolically trapped condensate it is & 4 I —
energetically favorable for the distance between the vortex 2 '
core and the center of the trap to increase. Thus, if dissipa :
tion is present, the vortex condensate in the parabolic trap 2 [voricesure
can decay into a nonvortex condensate through a migratior pble
of the vortex to the edge of the cloud. This effect is difficult 0
to observe experimentally, since the vortex core can tilt and
the image contrast between the vortex core and the cloud o. Nafayo

ato_lr_ns ISt_redtUC?hﬁZBﬁL iaht of th barri ting th FIG. 4. The energy barrier for removing a vortex from a con-
0€s Im; € the felg ﬁ € ecrlwergy arr_lehr separaling e nsate in a Laguerre-Gaussian optical trap is depicted as a function
vortex condensate from the condensate without a vortex | f interaction strength. This metastability barr&g, e, was calcu-

our present case, we introduce a third variational function tq,eq using the formalism of Fetter and co-workg#§ In this for-
represent the order parameter of a vortex LG condensat@gjism, E,, ., is found by deriving the energi(R) as a function
where the vortex core is displaced a given distaR@oNg  of the distanceR between the vortex core and the center of the
the x axis, away from the cylindrical symmetry axi§1e z  trapping potential, here the axis of propagation of the laser beam.

J(NRQ)

barries

vortices are
metastable

Riay,
L . l . l . l .
0 2 4 6 8 10

axig) of the Laguerre-Gauss trapping beam: This is illustrated in the insets. For interaction strengths lower than
] 5 a critical valueNag.,/ayo<1.6*0.1, the barrier vanishes and vor-
$y(R;p,0,2) = Nor (p, 0)exp{ — or(p—pr) 72 tices in Laguerre-Gaussian condensates are unstable with respect to
_ ZRZZ/Z}ei@(p,G). (6) the nonvortex state. For interaction strengths above this critical

value, a metastability barrier exists.
The functionr(p, ) gives the distance between the point

{p, 6,0} and the vortex core dR,0,0}: (Eparrier0) for Nageodapo>1.6x£0.1. This means that vor-
tices are metastable only if the effective interaction strength
r(p,0)=+(pcosd—R)%+ pZsirfe, () (controlled by the scattering length, the number of atoms,

and the confinement strengtis large enough: the metasta-
and the functior®(p, 6) gives the angle between the=0  pijlity is induced by interactions. Upon further increasing the
line (the x axis) and the line connecting the vortex core atinteraction strength above the threshold value, the metasta-
{R,0,0} with the point{p, 6,0}: bility barrier increases. The variational enerd(R) is
shown as a function dRin the insets: once for an interaction
) strength such that the vortex is not stable and once for a
' situation in which the vortex is metastable. A reasonable es-
timate of the experimental parameters required to realize this
The parameter§or,pr,{r} are determined variationally for trapping geometry givea,,o=4 wum andQ =50 Hz. This
every studied distancR between the vortex core and the implies that for8Rb, the critical number of trapped atoms
center of the trapping geometfthe axis of propagation of necessary to make vortices metastable is of the orderf 10
the LG bean, andA\; is a normalization constant. The limit Since one can reasonably expect to trap more thamtins
R— 0 retrieves the results for the vortex condensate studieih the trap, vortices created in a Bose gas in the confinement
earlier. In the limitR—oe, the result tends to the result for potential mentioned above will be well into the metastable
the condensate without a vortex. Using the variational apregime (Nag.,/apo~625 for N=500 000).
proach, we calculate the energyR) of the displaced vortex
state for any intermediatB. If the energyE(R) decreases _ N
monotonously with increasin®, the vortex is unstable; in B. Uniform transition to a nonvortex state
the presence of dissipation the vortex condensate will decay. The other method that we used to study the metastability
If there exists a maximum enerdy(Rma) for an Ry dif-  of the vortices in Laguerre-Gauss condensates was proposed
ferent from zero, there is an energy barri@y.e; by Benakliet al. [27] for 2D traps with an axial hole, punc-
=E(Rmnay —E(R=0) that will hinder the vortex decay. tured by an off-resonance laser beam. In this method, a trial
In Fig. 4, the energy barrid,ieris shown as a function solution for the Gross-Pitaevskii equation is constructed as a
of Nag.f/ayo, the dimensionless measure of the interactionsuperposition between the vortex state and the state without a
strength used in the preceding section. The calculations wesgortex:  W(p, 8,z)=Cot(p,6,2) + C14,(p,0,2), Where
performed for a configuration so thah,=5 %Q, W2  |Cy|2+|C,|2=1.Adapting the coefficient§, andC, of this
=20aﬁo. We found that a metastability barrier exists superposition, the function changes from that of a LG con-

psing
p cosf—R

O(p,0) =arctar€
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10— ' ' L since they describe different possible mechanisms of vortex
oo Beam parameters: | decay. The general conclusion — the stabilization of the vor-
L & ZVO:S“'F:Z 0 | tex state due to the toroidal geometry — is further supported
g 09 ’ by a calculation for a vortex condensate in a Mexican hat
a T o Na,fa, ;=10 potential [30]. The metastability barrier calculated by the
g o - method of Ref[7] is smaller than the barrier calculated used
= S0 02 04 06 05 | o2 the method of Ref.27] for Nag.,/ano= 3.5, which indicates
i < that the latter methof27] overestimates the real metastabil-
A g 7 ity barrier.
= Z 086
: _vortices are o
sk zggii‘c&:are(_g_'“‘m“f‘ble B Oosj - IV. INTERFERENCE AND DETECTION OF VORTICITY
¢ O'fcol(zm IR Phase coherence, a property necessary for the existence of
0y— — L L é . é e . vortices, was demonstrated experimentally using interference

experiments[31]. Two parabolically trapped condensates,
Nafayo displaced by a given distance, are allowed to expand freely.
FIG. 5. The energy barrier for a uniform transition from a vortex in the riglon where the_tWObeXpanéiIr}rgh_condens?tes OV_erIap,
condensate to a condensate without a vortex, in a Laguerr an interference pattern Is observed. IS. typg 0 eXpen.ment
Gaussian optical trap, is depicted as a function of interactiojqas also been proposed to observe vorticity in parabolically
apped condensat¢47,18: the presence of a vortex leads

strength. The energy barrier for this mechanism was calculated b ! = 8
the method of Benakket al. [27]. In the inset, the energy per par- (0 @n observabledge dislocationin the pattern of otherwise

ticle of the variational function? = Coy+ Cy 44, is given as a func-  Parallel _interference fr_inges. N
tion of |C,|? for two different interaction strengtf®ne below(a) Consider a pa_rabollcally trapped condensate positioned on
and one abovéb)], the threshold for metastability of vortices, and the symmetry axis of the LG condensate. The LG condensate

the relation to the energy barrier for a uniform transition is shown.forms a cylindrical shell surrounding the parabolically
trapped condensate in the center. As the trapping potentials

densate with a vortex to that without a vortex. If the energyare_ switched off, both (_:ondensa_tes will expand a_no_l exhibit
of the intermediate states is found to be higher than the erf" mterferenc_e pattern in the region of overlap._ This interfer-
ergy of the vortex state, this constitutes an energy barrie?”?l_e ?agerhn '? the.subject of th? prehsent dsectlon.
against a uniform transition from the vortex state to the state . 0 find the function representing the order parameter at a
without a vortex, making the former metastable. given timet after the start_ of the_ frge expansion, the original
Using the variationally optimized trial functions for the fUnctioni,(p,0,z;t=0) with variational parametexs, £, po
order parameter of a LG condensate with a vortex and with!S expandgd in free particle e|genfunct|ons. These eigenfunc-
out a vortex, we found with the method of Benatdial. that ~ UONS acquire a phase factor as time elapses, so/tha a
such a metastability barrier exists fNa,/ayo>1.9+0.1. time t is given by the resummed expansion with the “time

The dependence of the energy barrier Nag.a/ano is gvolved” e_i%enfunctionfg. Mﬁre eng!ic_itly, fo][ tr?e %G con-
shown in Fig. 5. In the inset of Fig. 5, the variational energyd€nsate with a vortex, first the coetficients of the plane-wave

of the trial function¥ is shown as a function diC|? for an expansion are evaluated:
interaction strength belowa) and above(b) the threshold

value for metastable vortices. The calculations were per- _

formed for a configuration so that,=5 #Q, W3 'f/’v(p’a’z'tzo):f c(k) (277)3/2dk, ©)
=20ao- Note that the method of Ref27] followed here

does not describe the decay of vortices mediated by the ex-

citations, for example by nucleation of vortex loops. How- c(k,, bk ):f 4.(p,0,2)

ever, for a two-dimensional system punctured by an off- P R

resonance laser beam, Benaétial. [27] could show that . .
excitation-mediated decay of vortices only becomes appre- XeXp[_'ka cog 6— ¢)_'kzz}dk (10)
ciable for vortices in higher angular momentum states. Fur- (27)%2

thermore, for a purely one-dimensional toroidal system, Ka-

ganet al.[29] showed that for a weakly interacting system at

ik-r

low temperature, the relaxation time for the decay of the :exp{—kflzg} Xei(qﬁ-%—w/Z)de 23,(k,p)
superfluid persistent current due to phonons is strongly sup- 2wl 0 PP21tEoP
pressed.

Both the method of Fettdi7] and the method of Benakli Xexp{ — o(p—po)*/2}. (11)

et al. [27] give qualitatively the same result, namely that

above a critical strength of interaction, expressed byin this expression);(x) is the Bessel function of first order
Nas.af8Ho, the vortex state of the LG condensate is stabi-of the first kind and the wave numbér is expressed in
lized by a metastability barrier. Quantitative differences re-cylindrical coordinategk, ,¢,k,}. As time elapses, the free-
main between the two methods, which is to be expectegharticle  eigenfunctions acquire a phase factor
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FIG. 6. Several time frames in the evolution of freely expanding, overlapping condensates are shown. The gray scale represents the
density in a cross section orthogonal to the symmetry axis of the(tin@pdirection of propagation of the Laguerre-Gaussian laser heam
with black being the maximum density and white the minimum density. The initial situation is depicted in the top left panel: a parabolically
trapped condensate in the center is surrounded by a cylindrical shaped Laguerre-Gaussian condensate containing a vortex. The time evolutior
of the density in the region within the rectangle in the top left panel is shown in more detail in the subsequent panels. When the confinement
of both condensates is switched off, they expand and overlap — the density in the gap between both condensates increases — and a spira
interference pattern is formed. Units are chosen so that lengths are expressggrigfi/(m(Q) and the time is in units of Q.

exp(i7k’t/(2m)}. The function at timet after the start of the  gverlap, the fringe pattern appears. If the LG condensate
free expansion is found by resumming the eigenfunctions afies not contain a quantum of superfluid circulatioe., no

time t vortex), the interference pattern consists of a series of con-
eik-r+inikt/(2m) centric circles with linearly increasing radius. If, however,
¢U(p,0,z;t)=f c(k)wdk (12 the LG condensate does contain a vortex, the interference
a

pattern is an Archimedean spiral. At higher vorticity, the
number of arms in the Archimedean spiral equals the number
of vortex quanta in the LG condensate.

Figure 6 shows that, as a function of time, the spiral in-

_ 1 ~ {z
“N1riaP T 2rio

(e —J.(p’ plt) terference pattern rotates around the cylindrical symmetry
Xe'gj dkp(p’)zf axis of the trapped condensates, with a frequency of the or-
0 der of the frequencies characterizing the parabolic approxi-
. p2+(p")? mation to the trapping potentials. Furthermore, as can be

xe v ro lzeXP[' ot ] (13)  seen from Fig. 6, the distance between two successive wind-

_ _ _ ings of the spiral increases as time increases. Hence, to detect
The time evolution for the free expansion of a condensatgne spiral interference pattern, the density has to be measured

prepared in a parabolic confinement is derived analogouslyn g time scale shorter than that given by the inverse of the
[17]. The total measured density generated by the two Conspgracteristic trapping frequencies.

densates is then given Hdys,(p,8,z;t)+ ¥(p,0,z;1)|? (re-
member that each condensate function is normalized to the
number of particles in the given condengatgeveral time
frames of the resulting evolution of the density of the ex-
panding condensates are shown in Fig. 6. The frames in Fig.
6 show a cross section of the density along xlyeplane. In conclusion, we have studied the properties of vortices
Immediately after the traps are switched off, the density ign @ condensate in an optical trap generated by a laser beam
that of a cylindrical, Laguerre-Gaussian condensate with & a Laguerre-Gaussian mode and we proposed a method to
parabolically trapped condensate in the middle. As time goedetect these vortices. The energy of the vortex state was cal-
by, both condensates expand: the parabolically trapped comulated variationally in a mean-field framework, and a
densate expands radially, and the cylindrical shell of the L&hreshold interaction strength was found beyond which there
condensate broadens. As the expanding condensates startetdsts a metastability barrier stabilizing the LG vortex state

V. CONCLUSIONS
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against a transition to a nonvortex state. Both the hydrodypattern would constitute clear evidence for vorticity in spin-
namic instability[7] and the uniform transition to a nonvor- polarized Bose-Einstein condensates.
tex state[27] were considered in the investigation of the
vortex stgblllty. Below the crlt!cal mteractlon strength, the ACKNOWLEDGMENTS
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