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Optical generation of vortices in trapped Bose-Einstein condensates
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We study theoretically a generation of vortices by phase imprinting in trapped Bose-Einstein condensates.
Phase imprinting is achieved by passing a short off-resonance laser pulse through an appropriately designed
absorption plate, and impinging it on a condensate. We answer the fundamental question how the circulation
and the vortex are introduced into the system. We discuss the possibility of multiple vortex arrays creation.
Using multiple absorption plates we show that genuine vortex arrays and vortex-antivortex configurations can
be created in a controlled way. We discuss vortex dynamics and interactions in such configurations. Various
methods of vortex detection based on interference combined with Bragg scattering technique are also analyzed.
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I. INTRODUCTION modynamic stability, and modes of dedaf].
Even though two successful experimental methods to cre-

In recent years the studies of ultracold atomic gases havate vortices have been demonstrated, it is, in our opinion,
concentrated to a great extent on investigations of variouworth studying other possible vortex generation methods that
aspects of superfluidity in Bose-Einstein condenséd&C).  might provide certain advantages over the two above-
One aspect concerns the existence of critical velocity for thénentioned ones. There exist several theoretical proposals on
dissipationless flow, which has been demonstrated by Ramd#PW to generate vortices in nonrotating traps: stirring of the
et al.[1] and Onofrioet al.[2] (for theory sed3]). Perhaps condensate using a blue detuned |44&18 or several laser
more effort has been, however, devoted to the study of gerPeamd19], adiabatic passag@0], Raman transition21] in
eration and dynamics of vortices in BE@—6]. These stud- bicodensate systems, laser beam vortex guif2j or laser
ies are related to the engineering of various collective excite@peam diffraction on a helical light gratii@3]. In the present
states of BEC, such as “scissors mod€#:8] and nontopo- Paper we concentrate on the method of “phase imprinting”
logical textures, such as dark solitof8510]. using absorption plates that we have proposed in a recent

There are two different physical situations in which vor- Rapid Communicatiofi24]. This method has been very suc-
tices can be investigated. In rotating traps vortices appear ifessfully applied to generate solitof,10], and it offers
a natural way as thermodynamic ground states with quarﬁpeCiﬁC kinds of control of the generation process, and thus
tized angular momenturil1]. Stability and other properties the fascinating possibility of quantum state engineering. In
of vortices in rotating traps has been thoroughly discussed ifhe case of dark solitons it allows, for instance, not only for
Refs.[12—14. In the stationary trap the creation of vortices the creation of a single soliton, but also for the controlled
(or related dark solitonsrequires the use of dynamical engineering of multiple dark soliton texturgg.
means and an independent stability analysis. The paper is organized as follows. In Sec. Il A we explain

So far, two laboratories have been able to generate anghat the “phase imprinting” method is and how it works.
study vortex dynamics. In the JILA experimd6i, atoms on  Note that this dynamical method allows us to introduce non-
the border of a single-component rubidium condens&te ( vanishing circulation into the originally noncirculating con-
=1, mg=—1) are excited using a Raman transition to thedensate. One of the fundamental questions is, therefore, how
state £ =2, m==1) in such a way that the resulting conden- the circulation and the vortex are introduced into the system.
sate wave function Of the Created Condensate has an “imThiS question is answered in this section. Section 11 B dis-
printed” phase that corresponds to a vortex state. Thigusses the possibility of vortex array creation using the phase
method, proposed in Ref15], is very much related to the imprinting. We present here a “phase diagram” relating the
“phase imprinting” method discussed in the present paper. [fray form to the parameters of the imprinting laser pulse. In
corresponds to the creation of vortices in a nonrotating trap>ec. Il we extend our method to the use of multiple absorp-
In the experiment by Madisoet al.[4] and Chevyet al.[5], t@on plates that gllow for genuine vortex array “dgsign.” Sec-
a rubidium gas is evaporatively cooled while being “stirred” tion IV deals with the problem of vortex detection; we dis-
by a focused laser beam. “Stirring” can be kept on or turnedcuss here the detection method of R€#], which combines
off after the nucleation of vortices, corresponding to a rotat/natter wave interference with the technique of Bragg scat-
ing or nonrotating trap, respectively. In the ENS experimentering[25]. Finally, we conclude in Sec. V.
not only have single vortices, but also vortex arrays have
been observed. Perhaps the most challenging questions re-
lated to the above experiments concern dissipative dynamics
of the “birth and death” of vortices, or vortex arrays, and in ~ Let us first remind the reader of the basic idea of the
particular the theory of their nucleation, dynamical, and therphase imprinting method, as presented in R&#]. This

II. PHASE IMPRINTING
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method consists ofi) passing a far-off resonant laser pulse
through an absorption plate whose absorption coefficient de-
pends on the rotation angle around the propagation axis,
and (i) creating the corresponding Stark shift potential in-
side a BEC by imaging the laser pulse onto the condensate.
This leads to ap-dependent shift of the phase of the conden-
sate wave function. This method is very efficient and robust,
and allows for the engineering of a variety of excited states
of BEC containing vortices. In the ideal case the method
allows us to generate genuine vortices with integer angular
momenta. In the presence of imperfections, typically more
complex vortex patterns are generated.

Before we turn to details, we should stress that the dy-
namical generation of vortices differs from the case of rotat-
ing traps, in which gure vortexstate with angular momen-
tum L,=1 (in units of ) is selected in the process of
reaching the thermal equilibrium. In our case, the generation FIG. 1. Absorption plateL is the radial extension on which the
of pure vortices requires tuning of parameters which is hard’absorp:[io.n profile was smoothed in our simulations, whe@és
but not impossible, to achieve in experiments. Our method ig, angular extension of the smoothing. ’
suitable for the creation of generic states wititticity [26].
The scenario of vortex creation is such that the state withou(t{ase of other geometries our method of generating vortices
any topological defects during or right after the phase im'wiII be equally efficient. However, the further evolution of
printing is dynamically unstable and develops typically into y '

a state with several vortex lines, around which the circulationVortices might lead to different instabiliti¢28]
' We consider a short pulse of light with a typical duration

OLS\%eelglCellt\yvadoffosmnt?\te \ézaltser;.ofs t%rgtteraOftéhtiséerevoig:lcsegf I%reof the order of fractions of microseconds with a properly
g o y - o of P o |g oo “Mmodulated intensity profile. If the incident light is detuned
ensily where they remain hardly observable. In €lecl, aR, . ¢,y the atomic transition frequency its main effect on

ideal” single vortex or vortex arrays can be created in thethe atoms is to induce a Stark shift of the internal energy

middle of the trap. These structures seem to be dynammal%vels_ As the intensity of light depends on the position, the
stable and their lifetime definitely is sufficiently long to al- Stark shift will also be position dependent as will be the

lOW. for experlm.entally'fea3|b.Ie detectlop. Itis one of the phase of the condensate. As a result, the laser pulse creates
main goals of this section to illustrate this scenario of topo-

logical defect creatiofisomewhat similar to Carman instabil- \S/;)arttgnty In a Bose-Einstein condensate initially in its ground
ity In nonhnearl opticd27]) with numerical simulations. . The topological defect introduced by a vortex is related to
The dyn.amlcs of BEC and thus the process of creatlorghe behavior of the phase of the wave function at the vortex
anq evolution qf vorticity at zero temp.eraturez' IS We'.l de'Iine: the phase “winds up” around this line, i.e., it changes
scribed by the .tlme-dependent Gross-Pitaevskii equation f%y an integer multiplem of 2 on a path s'urrofmding the
the wave function(r.t), vortex. Indexmis the vortex charge. The light beam, before
—42y2 impinging on the atomic system, is shaped t_)y an abs_orption
ihop= W+VNL(r-t)+Vt(r)+Vl(r,t) ¢, (1)  plate whose absorption coefficients varies linearly with the
rotation anglee around the plate axig¢see Fig. 1 As a
result,V,(r,t) depends on cylindrical coordinates, on the dis-
tance from the propagation axis and the azimuthal angle

whereV,(r) =M (w{x?+ wjy?+ w3z%)/2 is the external trap
potential that we assume to be harmonit,is the mass of

the atom, andv,, 0y, w, are thez trap frequencies. The non- * |, he jdeal case this absorption plate causes a real jump
linear term Vi, (r,t) =g|4(r,t)| describes the mean-field of the potential at, say=0. In this case we can model the
two-body repulsive interaction whose strengtts related ©0  otential for 0<t<T by

the scattering lengtla by g=4=7N#2a/M, whereN is the

total number of condensed particles. The teviir,t) de- ;
scribes an effective potential created by an external laser Vi(p, @)= hl(pSIHZ(Wp f2L) for p<L, )
beam impinging on the condensate after passing through a filp for p>L,

plate with an appropriately modulated absorption coefficient.

In the following we will study the two-dimensional version being zero for other times. Hefgis the (squaré pulse du-

of Eg. (1), in which we replacey by g/D, whereD is the ration, whereas denotes the characteristic Stark shjfto-
characteristic depth chosen such that the ground-state chenpiertional to the laser intensityL is the characteristic length

cal potentials of the three-dimension#BD) and two- scale, on which the absorption profile is smoothed in our
dimensional(2D) systems are equal. We have checked thatalculations in the vicinity of the propagation-rotation axis.
our 2D calculations agree perfectly with the real 3D ones inAs has been discussed in REZ4] the use of more realistic
the case of disk-shape geometry. We also expect that in thtemporal pulse shapes does not change the results signifi-
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cantly. In the following we will use square pulses, since it 20 20
allows us to control the pulse area in a simpler manner. c i
The characteristic time and length scales for the BEC that 9 =0
we consider are milliseconds and micrometers, respectively o0 o0
[29]. Note that for this parameter ranges short (= us) and -20 0 20 -20 0 20

fl is much larger than other energy scales. Thus, the dy-
namical effect ofV|(p,¢) corresponds approximately to a
phase imprinting. Since during the interaction with the laser,
all other terms in Eq(1) can be neglected, the wave function
after switching off the pulse becomes

p(r, T)=exd —iTVi(p,@)/h](r,0). ©)

For the ideal case, choosih@=m, we get the desired phase
dependence characteristic for a pure vortex state. Unfortu-
nately, the above picture is oversimplified because the wave
function (3) does not necessarily vanish at the vortex line
(p=0), which signifies infinite kinetic energy and its non-
physical character. A correct and precise description requires
that one has to solve the full dynamics of the system for O
<t<T, taking especially into account the kinetic energy
term. Moreover, realistic absorption plates cannot generate pm pm
the singularity in thep dependence df, . For this reason we
smooth thep dependence of the intensityon the scale ob
radians(see Fig. 1 Phase imprinting with this smoothed

FIG. 2. BEC density during and right after the phase imprinting
for the case of an ideal absorption plate wigh-0.04 rad, and a

. . AT sharp jump in the optical potential on the scale of the grid. The time
intensity distribution cannot generate pure vortex states—if impinging was equal to 2.5/ One observes the characteristic

can, however, as we shall see below, generate in a controll lley in the density along the phase jump. The valley decays into

way states with predetermined vorticity. _ vortices. The movie presents snapshots taken at times varying from
In this paper we have used essentially the same numerical g yp tot=1.6 ms.

method as in Ref[24]. The Gross-Pitaevskii equation was

solved using the split operator method in 2fhe x andy A. Vortex formation

plane3. The simulations were divided into two stages: the One of the major fundamental questions is how the non-
initial excitation stage of duratioff=0.16 us, with about  zero circulation, i.e., a topological defect is introduced into
1000 time steps, and the second stage with a characteristife system during the phase imprinting. The scenario of vor-
time scale of milliseconds, and about 1000 steps/ms. Weex creation can be at best illustrated in conditions in which
have assumed that initially a condensate containbg the pulse area is not integer. This is shown in Fig. 2 where
=100 000 rubidium atomévith a=5.8 nm) was trapped in we present a “movie” showing the condensate density dur-
a disk-shaped trap of frequencieg= w,=2mx30 Hz, w,  ing the imprinting of a phase 2.5¢9, and at later times
=2mx300 Hz. In this case the condensate radius was abouintil 1 ms.

15 um. We have usetl=6x10° Hz, and adjusted to ob- Here, the case of an ideal absorption plate with
tain the desired values of the pulse ar€8£1,2,...). The  =0.04 rad, and a sharp jump in the optical potential on the
p dependence of the potentialj was smoothed with.  scale of the grid is considered. During the imprinting or a
=1.7 um, and thee dependence withf=0.04-0.15 rad. little later, i.e., for the times of the order of microseconds a
The smallest possible value 6¥0.04 rad was determined characteristic valley develops in the density profile along the
by the spatial grid size which typically was 54312 points  phase jump line. The density adjusts here to the imprinted
in a 40<40 um? box. During the dynamics, after switching phase. The valley is, however, dynamically unstable, and
off the laser, the following quantities are conserved: thewithin a time scale of fractions of milliseconds breaks down
wave-function norm, the mean energy, and the meeom-  into a certain number of vortices. The vortices created in the
ponent of the angular momentum. They were monitored inmiddle of the trap seem to be dynamically stable. In Fig. 2
order to control the accuracy of the numerics. The first twothese are two vortices represented by the thick black dot in
quantities were constant within the accuracy of the methodthe middle of the tragthe resolution of the figure does not
the third one in some cases exhibited slow variations of thallow us to see the vortices separajiohhis vortex pair is

order of a percent. surrounded by several single vortices that flow away along
The summary of the results ¢R4] is as follows: the spiral trajectories toward the outer regions of the condensate.
“ideal absorption” plate(with §=0.04) allows for perfect The valley in the density profile reaches within a fraction

single vortex generation. This is not much influenced by fo-of milliseconds a size corresponding to the condensate heal-
cusing the laser slightly off center, or by usidg0.15. Of  ing length. The time scale of the density adjustment corre-
course, graduate degradation of the vortex pattern is exsponds to the inverse of the characteristic frequency, deter-
pected as both of this imperfections increase. mined by the mean-field energy in the condensgt&V,
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T=0us here. Basically, the mechanism of vortex creation is the same
in the case of laser pulses with the area being an integer
multiple of 27r. In this case, however, the width of the valley

is much smaller, i.e., the valley is much steeper. It follows
from our simulation that dynamical instability in such a situ-
ation appears much faster, and therefore the time scale for
vortex formation is much shorter. This is illustrated in Fig. 3.

B. Multivortex formation

By adjusting the area of the pulse it is possikising a
single absorption plajeto create multivortex arrays, simi-
larly as in the experiments of EN8]. We have performed a
detailed analysis of the final vortex configuration in the func-
tion of the pulse area. We present these results obtained for a
Rb condensate and the same trap parameters as above in
Table I. As expected, increasing the area leads to the forma-
tion of regular arrays of more and more vortices. Such con-
figurations(which are stationary in rotating trap43]) un-
dergo slow rotation in the nonrotating trap, but seem to be
nevertheless dynamically stable over the time scales of at
least 100 ms, but most probably much longer.

FIG. 3. BEC density during and right after the phase imprinting ~ Generally, speaking the table shows that when the pulse
for the case of an ideal absorption plate wiik=0.04 rad, and a area is close to 2k, with k=1,2, ... ,then the correspond-
sharp jump in the optical potential on the scale of the grid. The timéng k vortex array in the center of the trap is formed. For
of impinging was equal 2/1. One observes that the characteristic greas between the integer values it may happen that we have

valley in density along the phase jump is very narrow, but visible.also some number of vortices, but this number is not a mono-
The valley decays into vortices. The movie presents snapshots takggnijc function of the pulse area.

at timest=0, t=2.66 s, andt=6.66 us.

. Ill. PHASE IMPRINTING WITH MULTIPLE PLATES
where V is the volume of the condensat&/«£ 157X 15

x4 umd). It is the time required by the second sound to  The results above show that phase imprinting allows for
travel over a distance of the order of the healing length.  controlled vortex generation. This fascinating possibility of
The scenario of introducing the topological defects intomacroscopic quantum state engineering can be realized with
the system is similar to the Carman instability in nonlineara high precision if the multiple absorption plates are used. In
optics [27]. Dynamical instabilities play an essential role order to understand better the possibilities of coherent con-

TABLE |. Number of vortices created with the phase imprinting method as a function of the laser pulse
area(in units of 27).

Area (2m) Description
0-0.133 No vortex
0.133-0.5 From 1 up to 8 vortices near the border of the condensate
0.5-0.8 1 vortex in the center of the trap and from 1 to 8 vortices near the border
of the condensate
0.8-1.2 1 vortex in the trap center
1.2-14 1 vortex in the trap center and several vortices near the border of condensates
1.4-1.533 No vortex in the trap center but about 4 vortices near the trap center and 2—3
near the border of the condensate
1.533-1.733 2 vortices in the trap center and 1-2 vortices near the border
1.733-2.2 2 vortices in the trap center
2.2-2.2466 2 vortices in the trap center and from 3 up to 8 vortices near the border
2.466—-3.666 3 vortices in the trap center and 2 near the border of the condensate
3.666-4.2 4 vortices in the trap center
4.2—-4.466 4 vortices in the trap center and 3-5 vortices out of trap center
4.466-5.2 5 vortices in the trap center
5.2-5.533 5 vortices in the trap center and from 1 to 5 near the border of the condensate
5.33-6.2 6 vortices in the trap center
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25
2
1.5
1
0.5
0

ANGULAR MOM. (a.u.)

Y (OsSc.units)

9.6
9.3
9.0
8.7
8.4
8.1

0 0
-10 -5 0 5 10 -10 -5 0 5 10
0.2 0.4 0.6 08 X (osc.units)

ENERGY 40° osc. units)

o

TIME (107° ms) FIG. 5. Snapshots of the condensate density after illuminating
through the single absorption platender the same conditions as
FIG. 4. Angular _momentum per atom and the energy of thefor Fig. 4. The successive frames describe the momenjsi0.6
condensate in the first 0.84s when the laser pulse acts on the .
. ) ms, (b) 15.9 ms,(c) 21.2 ms, andd) 26.5 ms. The vorticetblack
condensate through the single absorption plate. The number of aa'ots) are marked by the numbers
omsN=50000 and the trap frequenay= 27X 30 Hz. y '
shifted away from the center of the trap and do not form

trol in the system considered, we will first discuss the vortext€gular geometrical patterns. Because of this fact the phase

arrays generation as a function of the absorption plate paranihPrinting method with the single absorption plate does not
eters in more detail. allow for the efficient creation of multiple symmetric vortex

configurations.
The vorticegblack dots marked by the numbgmsrculate
A. Vortex arrays with a single absorption plate both the trap center as a whole and individually the geo-
metrical center of the vortex configuration. Closer inspection

To investigate the generation of multiple charged Vortlcesshows(Fig. 6) that the geometrical center rotates the center

we h"?“’e first sc_)lved the Gross-Pitaevskii equation with th%f the trap at an approximately constant radius, whereas the
effective potential created by an external laser beam passing,|ative motion is a sum of oscillatory motion and rotation.
through a single absorption plate. Choosifg=3 (here T

~0.84 us) we get the desired phase for the=3 vortex

state. In Fig. 4 we plot the angular momentum acquired by
the condensate being initially in the ground state as well as To generate symmetric vortex configurations we propose
the energy of the condensate during the process of phagle following extension of the phase imprinting method. In-
imprinting. The local minima that appear in the curve de-

B. Vortex arrays with multiple absorption plates

scribing the condensate energy correspond to the imprinting 2 55
of the phase for then=1 vortex state(pulse duration of 5
0.28 us) and for them=2 vortex state(pulse duration of 2 3
0.56 us). z
It turns out that the extent of the region on which the & 25
absorption profile is smoothed plays an important role. It g -
affects the position of the created vortex. For a small diam- =
eter of smoothing area the vortex is generated near the center & 15
of the trap and rapidly decays into a feffor m>1) not 5
“well developed” vortices. These vortices form regular geo- = 1 /

metrical patterns only when their distance to the trap center 0 5 10 15 20 25 30
is very small. Therefore, they are also close to each other and TIME (ms )

it is very difficult to distinguish them. The descendant vorti- . . Relative(with respect to the geometrical centposition

ces become well separated only when the size of the smootf the vortex as a function of time. Parameters are the same as in
ing region gets large enough. It is demonstrated in Fig. Fig. 5; particular lines correspond to vortex No(dashed-dotted
where the radius of the region smoothing the absorption praine), vortex No. 2(dotted ling, and vortex No. 3dashed ling The

file equals 4.0 oscillatory length&he oscillatory length solid line follows the distance of the geometrical center of the vor-
~2.0 um). However, in such a case the vortices are alwaysex configuration from the center of the trap.
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Y (Osc.units)
FREQUENCY (osc. units)

-
i

-
o

0 0 3 4 5 6 7
-10 -5 0 5 10 -10 -5 0 5 10 VORTEX ARRAY SIZE (osc. units)

X (osc.units) FIG. 8. Frequency of the rotation of the three-vortex array as a

. . ) . function of its size.
FIG. 7. Evolution of the symmetric three-vortex configuration.

The array of vortices circulates as a whole around the center of the
trap. The frequency of this rotation is higher than the frequency ogate the collisions between positive charged vortices. An ex-
the trap and depends on the size of the configuration, i.e., the di@mple is presented in Fig. 9. An array of three vortices was
tance of the vortices from the center of the ti@ge Fig. 8 The  generated with the help of three absorption plates with
consecutive snapshots correspond to instants) &5 ms,(b) 12.7  slightly different radii of smoothing are@&.0, 3.5, and 3.0
ms, (c) 17.0 ms, andd) 21.2 ms after the imprinting of the phase. oscillatory lengths, respectivelyFrame $b) shows the in-
The absorption profile for every plate is smoothed over the regiorstant when vortex 1 maximally approaches vortex 2 and par-
of the radius of 4.0 oscillatory lengths, and the jumps of the potentjally passes its velocity to vortex 2. Then vortex 2 acceler-
tial caused by the plates are located every 120°. ates and after some time collides with vorteifidime 9c)].
After the next 6 ms vortex 3 hits vortex 1 and then the above
stead of a single absorption plate we use several of themscenario is repeated.
arranged one by one. The parameters of the laser pulse im- The dynamics of the vortex motion gets more complex
pinging on the condensate are taken in such a way that pasghen the number of vortices increases. Figure 10 shows a
ing the pulse independently through any plate the phase chagualitatively new behavior. It turns out that in such a com-
acteristic for a pure single vortex state is imprinted just as ifplex system vortices “like” to group in pairs. Once the pair
was done before. However, now the direction of the jump ofof vortices is created, it rotates around its geometrical center
the potential caused by each plate is arbitrary as well as the
size of the area where the absorption profile is smoothed.
The overall action of a chain of the absorption plates is
roughly a sum of individual results. This method allows for
engineering arbitrary configurations of vortices, including
also those with positive and negative vortex charge. Figure 7
illustrates the case of the symmetric 3-vorte positive
configuration. We find that once generated this configuration
appears to be quite robust, except for the circulation around
the center of the trap.

Changing the diameter of the space over which the ab-
sorption profile is smoothed we are able to generate the vor-
tex configurations of different size. It turns out that the fre-
guency of the circulation of the vortex array depends on that
size; the smaller radius of the configuration implies higher
frequency. The overall behavior is visible in Fig. 8. The fre-
guency of the circulation is always higher than the frequency
of the trap and the question can be raised about the link of 0 0
the vortices created in such a way and the vortices that ap- -10 -5 0 5 10 -10 -5 0 5 10
pear in the rotating trap.

Since the frequency of a rotation of the vortex around the
center of the trap depends on the distance between the vortex FIG. 9. Nonsymmetric three-vortex configuration at different
and the center, by playing with this distance we can investitimes:(a) 14.8 ms,(b) 16.4 ms,(c) 23.3 ms, andd) 29.7 ms.

Y (0sc.units)

X (osc.units)
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Y (OsSc.un1its)
Y (OsScC.units)

0 0 0 0
-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10

X (osc.units) X (osc.units)

FIG. 10. lllustration of “pairing,” a phenomenon that appearsin  FIG. 11. Example of dynamics of the vortex configuration in-
multivortex configurations. Framés), (b), (c), and(d) correspond  cluding both positive and negative charged vortices. The snapshots
to evolutionary times 24.4, 42.9, 47.1, and 68.8 ms, respectively. are taken at times af) 4.2 ms,(b) 11.7 ms,(c) 20.2 ms, andd)

23.3 ms. No annihilation of vortices occurs during the collision
as well as the center of the trap. This motion continues untilframe (c)].
the collision with the other pair or a single vortex happens. ) ) )
Then the pair is broken and likely the exchange of vorticedine this method with the recently developed techniques of
occurs; a new pair of vortices is built. In the case of Fig. 10Bragg diffraction for BEC manipulatiof25].
the condensate was prepared with the help of six absorption Efficient detection is one of the most important aspect of
plates. Frames 18)—10(d) are examples of vortex pairs ap- the investigation of vortices. Experimentally monitoring den-
pearing in the condensate. From these frames it is also cle&fty Profiles with the necessary resolution is difficult, since
that there is a mechanism for vortex exchange. the vortex core is very small. This can be circumstanced by

Finally, we have investigated the simplest vortex configu-0Pening the trap(see for instancg4,6]). Although stable
rations with positive and negative charged vortices. TheMinima arranged in regular patterns in the density profile are
phase imprinting method with multiple absorption platesVery strong indications for the existence of vortices arrays,
seems to be an ideal tool for generating such configuration®ut the very important issue is to monitor how a phase of the
The simplest case is a one positive charged vortex and oriéave function qhanges close to these minima. In fact, vorti-
negative charged vortex. For that we need two plates wit/¢€s are topological defects of the phase of the wave function.
the absorption coefficient modulated clockwise for one platelhe phase can be detected only in an interference measure-
and counterclockwise for another one. The radius of the rement. Such interference measurements are routinely done in
gion over which the absorption profile is smoothed is slightlynonlinear opticg30]. In the context of BEC, they were first
different for both plateg3.5 and 2.0 oscillatory unitsand ~ Proposed by Bolda and Wall26], who considered the inter-
the jump of the potential is taken alorg=0. The numerical ference of two condensates moving toward gach other. If
analysis shows that almost no angular momentum is trand20th condensates are in the ground staie vortices, one
ferred to the condensate in this case. Instead of that, a pair §Pects interference fringes as those observed by Ketterle
Opposite Charged vortices with |arge momentum is Create(ﬁt al. [32] In the case of interference of one condensate in
see Fig. 11. The vortices repel each other as well as th&e ground state with the second one in the=1 vortex
“edge” of the condensatéframes 11a) and 11b)], collide  State, a forklike dislocation in the interference pattern ap-
after 20.2 mgframe 11c)], and then move together through Pears. The distance between the interference fringes is deter-

the condensate over a few ms without an annih”aﬁfme mined by the relative VelOCity of the Condensates, which can
11(d)]. be controlled experimentally. This is a very efficient and

clear method of vorticity detectiosee Fig. 12 It requires,
however, the use of two independent condensates.

In Ref.[24] we have proposed to combine the interference
method with the recently developed Bragg diffraction tech-

Multiple vortices and vortex arrays can be detected usingiique[25], which has been for instance successfully used in
the same method of self-interference that we proposed ia four-wave-mixing experimenB83]. The idea is to transfer
Ref.[24]. This method is analogous to the ones used in nonpart of the atoms coherently to another momentum state us-
linear optics[30]. In the context of matter waves similar ing one or several stimulated two-photon Raman scattering
methods were proposed in Reff86,31. Our idea is to com-  processes. The procedure is as follows.

IV. DETECTION OF VORTEX ARRAYS USING
INTERFERENCE
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FIG. 12. Interference pattern of a singe vortex with the plane
wave running in the direction from the bottom to the top. One can
easily see a forklike structure in the middle of the interference pat-
tern; this provides the proof of winding of the phase around the
center of the condensate. The vortex has been created using a very
small step in the intensity profilé=0.04 rad.

(i) First we create the vortex, or vorticity state in the trap. 5
(ii) We open the trap and let the condensate expand.
(iii ) When the density is reduced to values for which non-
linear interactions are negligible, we apply the Bragg pulses. FIQ. 13. Interference pattern of a three-vortex array, 1 ms after
Part of the wave function attains a phase factor that signifie&PPlying Bragg pulses transferring momentum to a part of the con-

the fact that the corresponding momentum was transferred fgensatealong they axis in the plane of the figurewhich coher-
part of the atomic sample. ently pushes a half of the condensate with velocity 0.01 mm/s. The

If the resonant width of the Raman transition is narrowerinCident pulse was focused at the trap center, had a sharp step in the

than the wave function spreading in the momentum sgiace intensity profile $=0.04), and had the area ofr2
our case the velocity spread is typically about Owr/ms)
not all momentum components can experience the shift. Iforce, pushing the atoms transversely away from the region
that case the contrast of interference fringes will be reduced®f the potential jump. The density valley is created already
One can, however, correct for this by adiabatic opening théfter 1.33us, but the topological defect is not presénter-
trap before applying Bragg pulses. The resulting wave funcference fringes are deformed but not broken successive
tion is the superposition of two vortefor vorticity) states Shapshots we see how dynamical instabilities lead to such a
moving apart from each other, with a Ve|0city that can belarge shift and deformation of the fringes that flnaIIy brake
easily controlled by the choice of the angle between thednd join smoothly with the corresponding nearest upper
Bragg beams. In the following we will use velocities of the
order of 1 mm/s, which allow for efficient detection after 20
4-5 ms when the vortices are abousn apart.

(iv) Detection consists of optical imaging that is accom-
plished within a few microseconds. The interference patterns
(see Fig. 13have a characteristic length scale of a few mi-
crometers.

Below we present the results of numerical simulation of
this detection scheme. The corresponding interference pat-
terns were obtained for the casge=0.04 rad, for 3- and c
6-vortex arrays. The interference patterns show multifork =
dislocation, termed by us “quantum peacocks,” which are
presented in Figs. 14 and 15. The shape of the interference
pattern here allows us to unambiguously detect the vortex
number and the array configuration, and to provide informa-
tion about the phase of the wave function.

The interference method is also very useful in understand-
ing the scenario of topological defect creation in the conden-
sate. We illustrate this point in the movie in Fig. 16. The -20
presented interference pattern can hardly be measured ex-  —2° 0 2
perimentally(because of the short time scale of the progess Km
but we present them in order to get more insight and under- F|G. 14. Interference pattern of a three-vortex array with the
standing of the process of generation of an ideal single VOFplane wave of Fig_ 12. The vortex array has been created by apply-
tex presented in Fig. 3. The sharp jump in the optical potening a laser pulse modulated by the absorption plate with
tial has very large gradients and introduces a very strong-0.04 rad. The time of impinging was equal ter@.

20
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FIG. 15. Interference pattern of a six-vortex array with the plane FIG. 16. The movie illustrating generation of the single vortex

wave. The array has been created by applying a laser pulse mod fesented in Fig. 3 by using the interference patterns
lated by the absorption plate wi#h=0.04 rad. The time of imping- P S g P '

ing was equal to 12/1. generation of vortices and vortex arrays, their dynamics, and
their detection. Although so far the phase imprinting method
neighbor. This occurs for all, except the central fringe thatin the version discussed in this paper has only been used to
builds a very clear fork pattern after 6.66s, corresponding generate dark solitons in BEC, we hope that in the future
to the topological defect. some experimental groups will apply the phase imprinting
method to study vortex generation, dynamics, and superflu-
idity in trapped BEC. The theory presented in the present
V. CONCLUSIONS paper should help to plan and design such experiniéais

In thls paper we ha\{e Stljldlled t_heoretlcally the geqeratlpn ACKNOWLEDGMENTS
of vortices by phase imprinting in trapped Bose-Einstein
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absorption plate, and impinging it on a condensate. Apartorschungsgemeinschaf6FB 407, Graduiertenkolleg 282
from answering the fundamental question how the circulaand ESF PESC Programm No. BEC206Q0We thank G.
tion and the vortex are introduced into the system, we hav8irkl, W. Ertmer, L. Pitaevski, L. Santos, K. Sengstock, K.
concentrated on the practical questions of controlling theStaliunas, and S. Stringari.
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