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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

In recent years the studies of ultracold atomic gases h
concentrated to a great extent on investigations of vari
aspects of superfluidity in Bose-Einstein condensates~BEC!.
One aspect concerns the existence of critical velocity for
dissipationless flow, which has been demonstrated by Ra
et al. @1# and Onofrioet al. @2# ~for theory see@3#!. Perhaps
more effort has been, however, devoted to the study of g
eration and dynamics of vortices in BEC@4–6#. These stud-
ies are related to the engineering of various collective exc
states of BEC, such as ‘‘scissors modes’’@7,8# and nontopo-
logical textures, such as dark solitons@9,10#.

There are two different physical situations in which vo
tices can be investigated. In rotating traps vortices appea
a natural way as thermodynamic ground states with qu
tized angular momentum@11#. Stability and other propertie
of vortices in rotating traps has been thoroughly discusse
Refs.@12–14#. In the stationary trap the creation of vortice
~or related dark solitons! requires the use of dynamica
means and an independent stability analysis.

So far, two laboratories have been able to generate
study vortex dynamics. In the JILA experiment@6#, atoms on
the border of a single-component rubidium condensateF
51, mF521) are excited using a Raman transition to t
state (F52, mF51) in such a way that the resulting conde
sate wave function of the created condensate has an
printed’’ phase that corresponds to a vortex state. T
method, proposed in Ref.@15#, is very much related to the
‘‘phase imprinting’’ method discussed in the present pape
corresponds to the creation of vortices in a nonrotating tr
In the experiment by Madisonet al. @4# and Chevyet al. @5#,
a rubidium gas is evaporatively cooled while being ‘‘stirre
by a focused laser beam. ‘‘Stirring’’ can be kept on or turn
off after the nucleation of vortices, corresponding to a rot
ing or nonrotating trap, respectively. In the ENS experim
not only have single vortices, but also vortex arrays ha
been observed. Perhaps the most challenging question
lated to the above experiments concern dissipative dynam
of the ‘‘birth and death’’ of vortices, or vortex arrays, and
particular the theory of their nucleation, dynamical, and th
1050-2947/2001/64~4!/043601~10!/$20.00 64 0436
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modynamic stability, and modes of decay@16#.
Even though two successful experimental methods to

ate vortices have been demonstrated, it is, in our opin
worth studying other possible vortex generation methods
might provide certain advantages over the two abo
mentioned ones. There exist several theoretical proposal
how to generate vortices in nonrotating traps: stirring of
condensate using a blue detuned laser@17,18# or several laser
beams@19#, adiabatic passage@20#, Raman transitions@21# in
bicodensate systems, laser beam vortex guiding@22#, or laser
beam diffraction on a helical light grating@23#. In the present
paper we concentrate on the method of ‘‘phase imprintin
using absorption plates that we have proposed in a re
Rapid Communication@24#. This method has been very su
cessfully applied to generate solitons@9,10#, and it offers
specific kinds of control of the generation process, and t
the fascinating possibility of quantum state engineering.
the case of dark solitons it allows, for instance, not only
the creation of a single soliton, but also for the controll
engineering of multiple dark soliton textures@9#.

The paper is organized as follows. In Sec. II A we expla
what the ‘‘phase imprinting’’ method is and how it works
Note that this dynamical method allows us to introduce n
vanishing circulation into the originally noncirculating con
densate. One of the fundamental questions is, therefore,
the circulation and the vortex are introduced into the syste
This question is answered in this section. Section II B d
cusses the possibility of vortex array creation using the ph
imprinting. We present here a ‘‘phase diagram’’ relating t
array form to the parameters of the imprinting laser pulse
Sec. III we extend our method to the use of multiple abso
tion plates that allow for genuine vortex array ‘‘design.’’ Se
tion IV deals with the problem of vortex detection; we di
cuss here the detection method of Ref.@24#, which combines
matter wave interference with the technique of Bragg sc
tering @25#. Finally, we conclude in Sec. V.

II. PHASE IMPRINTING

Let us first remind the reader of the basic idea of t
phase imprinting method, as presented in Ref.@24#. This
©2001 The American Physical Society01-1
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method consists of~i! passing a far-off resonant laser pul
through an absorption plate whose absorption coefficient
pends on the rotation anglew around the propagation axis
and ~ii ! creating the corresponding Stark shift potential
side a BEC by imaging the laser pulse onto the condens
This leads to aw-dependent shift of the phase of the conde
sate wave function. This method is very efficient and robu
and allows for the engineering of a variety of excited sta
of BEC containing vortices. In the ideal case the meth
allows us to generate genuine vortices with integer ang
momenta. In the presence of imperfections, typically m
complex vortex patterns are generated.

Before we turn to details, we should stress that the
namical generation of vortices differs from the case of ro
ing traps, in which apure vortexstate with angular momen
tum Lz51 ~in units of \) is selected in the process o
reaching the thermal equilibrium. In our case, the genera
of purevortices requires tuning of parameters which is ha
but not impossible, to achieve in experiments. Our metho
suitable for the creation of generic states withvorticity @26#.
The scenario of vortex creation is such that the state with
any topological defects during or right after the phase
printing is dynamically unstable and develops typically in
a state with several vortex lines, around which the circulat
of velocity does not vanish. Some of these vortices
pushed away from the center of the trap to the regions of
density where they remain hardly observable. In effect,
‘‘ideal’’ single vortex or vortex arrays can be created in t
middle of the trap. These structures seem to be dynamic
stable and their lifetime definitely is sufficiently long to a
low for experimentally feasible detection. It is one of th
main goals of this section to illustrate this scenario of top
logical defect creation~somewhat similar to Carman instabi
ity in nonlinear optics@27#! with numerical simulations.

The dynamics of BEC, and thus the process of crea
and evolution of vorticity at zero temperature, is well d
scribed by the time-dependent Gross-Pitaevskii equation
the wave functionc(r ,t),

i\] tc5S 2\2¹2

2M
1VNL~r ,t !1Vt~r !1Vl~r ,t ! Dc, ~1!

whereVt(r )5M (vx
2x21vy

2y21vz
2z2)/2 is the external trap

potential that we assume to be harmonic,M is the mass of
the atom, andvx ,vy ,vz are the trap frequencies. The no
linear term VNL(r ,t)5guc(r ,t)u2 describes the mean-fiel
two-body repulsive interaction whose strengthg is related to
the scattering lengtha by g54pN\2a/M , whereN is the
total number of condensed particles. The termVl(r ,t) de-
scribes an effective potential created by an external la
beam impinging on the condensate after passing throug
plate with an appropriately modulated absorption coefficie
In the following we will study the two-dimensional versio
of Eq. ~1!, in which we replaceg by g/D, whereD is the
characteristic depth chosen such that the ground-state ch
cal potentials of the three-dimensional~3D! and two-
dimensional~2D! systems are equal. We have checked t
our 2D calculations agree perfectly with the real 3D ones
the case of disk-shape geometry. We also expect that in
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case of other geometries our method of generating vort
will be equally efficient. However, the further evolution o
vortices might lead to different instabilities@28#.

We consider a short pulse of light with a typical duratio
of the order of fractions of microseconds with a prope
modulated intensity profile. If the incident light is detune
far from the atomic transition frequency its main effect
the atoms is to induce a Stark shift of the internal ene
levels. As the intensity of light depends on the position,
Stark shift will also be position dependent as will be t
phase of the condensate. As a result, the laser pulse cr
vorticity in a Bose-Einstein condensate initially in its groun
state.

The topological defect introduced by a vortex is related
the behavior of the phase of the wave function at the vor
line: the phase ‘‘winds up’’ around this line, i.e., it chang
by an integer multiplem of 2p on a path surrounding the
vortex. Indexm is the vortex charge. The light beam, befo
impinging on the atomic system, is shaped by an absorp
plate whose absorption coefficients varies linearly with
rotation anglew around the plate axis~see Fig. 1!. As a
result,Vl(r ,t) depends on cylindrical coordinates, on the d
tance from the propagation axisr, and the azimuthal angle
w.

In the ideal case this absorption plate causes a real ju
of the potential at, sayw50. In this case we can model th
potential for 0<t<T by

Vl~r,w!5H \Iw sin2~pr/2L ! for r<L,

\Iw for r.L,
~2!

being zero for other times. HereT is the ~square! pulse du-
ration, whereasI denotes the characteristic Stark shift~pro-
portional to the laser intensity!; L is the characteristic length
scale, on which the absorption profile is smoothed in o
calculations in the vicinity of the propagation-rotation ax
As has been discussed in Ref.@24# the use of more realistic
temporal pulse shapes does not change the results sig

FIG. 1. Absorption plate.L is the radial extension on which th
absorption profile was smoothed in our simulations, whereasd is
the angular extension of the smoothing.
1-2



i

th
ve

d
a
e
n

e
rt
a
ne
n-
ir
r
gy
ra

d
—
ll

ric
s

he

ris
W

o

d

g
th

i
w
o
th

fo

e

on-
to
or-
ich
ere
ur-

the
a
a

the
ted
nd
n

the
. 2
t in
t

ng
ate.
on
eal-
re-
ter-

ng

me
ic
into
from

OPTICAL GENERATION OF VORTICES IN TRAPPED . . . PHYSICAL REVIEW A64 043601
cantly. In the following we will use square pulses, since
allows us to control the pulse area in a simpler manner.

The characteristic time and length scales for the BEC
we consider are milliseconds and micrometers, respecti
@29#. Note that for this parameter rangeT is short (.ms) and
\I is much larger than other energy scales. Thus, the
namical effect ofVl(r,w) corresponds approximately to
phase imprinting. Since during the interaction with the las
all other terms in Eq.~1! can be neglected, the wave functio
after switching off the pulse becomes

c~r ,T!5exp@2 iTVl~r,w!/\#c~r ,0!. ~3!

For the ideal case, choosingIT5m, we get the desired phas
dependence characteristic for a pure vortex state. Unfo
nately, the above picture is oversimplified because the w
function ~3! does not necessarily vanish at the vortex li
(r50), which signifies infinite kinetic energy and its no
physical character. A correct and precise description requ
that one has to solve the full dynamics of the system fo
<t<T, taking especially into account the kinetic ener
term. Moreover, realistic absorption plates cannot gene
the singularity in thew dependence ofVl . For this reason we
smooth thew dependence of the intensityI on the scale ofd
radians~see Fig. 1!. Phase imprinting with this smoothe
intensity distribution cannot generate pure vortex states
can, however, as we shall see below, generate in a contro
way states with predetermined vorticity.

In this paper we have used essentially the same nume
method as in Ref.@24#. The Gross-Pitaevskii equation wa
solved using the split operator method in 2D~the x and y
planes!. The simulations were divided into two stages: t
initial excitation stage of durationT.0.16ms, with about
1000 time steps, and the second stage with a characte
time scale of milliseconds, and about 1000 steps/ms.
have assumed that initially a condensate containingN
5100 000 rubidium atoms~with a55.8 nm) was trapped in
a disk-shaped trap of frequenciesvx5vy52p330 Hz, vz
52p3300 Hz. In this case the condensate radius was ab
15 mm. We have usedI 563106 Hz, and adjustedT to ob-
tain the desired values of the pulse area (IT.1,2, . . . ). The
r dependence of the potentialVl was smoothed withL
.1.7 mm, and thew dependence withd.0.0420.15 rad.
The smallest possible value ofd.0.04 rad was determine
by the spatial grid size which typically was 5123512 points
in a 40340 mm2 box. During the dynamics, after switchin
off the laser, the following quantities are conserved:
wave-function norm, the mean energy, and the meanz com-
ponent of the angular momentum. They were monitored
order to control the accuracy of the numerics. The first t
quantities were constant within the accuracy of the meth
the third one in some cases exhibited slow variations of
order of a percent.

The summary of the results of@24# is as follows: the
‘‘ideal absorption’’ plate~with d50.04) allows for perfect
single vortex generation. This is not much influenced by
cusing the laser slightly off center, or by usingd50.15. Of
course, graduate degradation of the vortex pattern is
pected as both of this imperfections increase.
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A. Vortex formation

One of the major fundamental questions is how the n
zero circulation, i.e., a topological defect is introduced in
the system during the phase imprinting. The scenario of v
tex creation can be at best illustrated in conditions in wh
the pulse area is not integer. This is shown in Fig. 2 wh
we present a ‘‘movie’’ showing the condensate density d
ing the imprinting of a phase 2.5(2p), and at later times
until 1 ms.

Here, the case of an ideal absorption plate withd
50.04 rad, and a sharp jump in the optical potential on
scale of the grid is considered. During the imprinting or
little later, i.e., for the times of the order of microseconds
characteristic valley develops in the density profile along
phase jump line. The density adjusts here to the imprin
phase. The valley is, however, dynamically unstable, a
within a time scale of fractions of milliseconds breaks dow
into a certain number of vortices. The vortices created in
middle of the trap seem to be dynamically stable. In Fig
these are two vortices represented by the thick black do
the middle of the trap~the resolution of the figure does no
allow us to see the vortices separation!. This vortex pair is
surrounded by several single vortices that flow away alo
spiral trajectories toward the outer regions of the condens

The valley in the density profile reaches within a fracti
of milliseconds a size corresponding to the condensate h
ing length. The time scale of the density adjustment cor
sponds to the inverse of the characteristic frequency, de
mined by the mean-field energy in the condensateg/\V,

FIG. 2. BEC density during and right after the phase imprinti
for the case of an ideal absorption plate withd50.04 rad, and a
sharp jump in the optical potential on the scale of the grid. The ti
of impinging was equal to 2.5/I . One observes the characterist
valley in the density along the phase jump. The valley decays
vortices. The movie presents snapshots taken at times varying
t50 up to t51.6 ms.
1-3
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G. ANDRELCZYK et al. PHYSICAL REVIEW A 64 043601
where V is the volume of the condensate (V.15p315
34 mm3). It is the time required by the second sound
travel over a distance of the order of the healing length.

The scenario of introducing the topological defects in
the system is similar to the Carman instability in nonline
optics @27#. Dynamical instabilities play an essential ro

FIG. 3. BEC density during and right after the phase imprint
for the case of an ideal absorption plate withd50.04 rad, and a
sharp jump in the optical potential on the scale of the grid. The t
of impinging was equal 2p/I . One observes that the characteris
valley in density along the phase jump is very narrow, but visib
The valley decays into vortices. The movie presents snapshots t
at timest50, t52.66ms, andt56.66ms.
04360
r

here. Basically, the mechanism of vortex creation is the sa
in the case of laser pulses with the area being an inte
multiple of 2p. In this case, however, the width of the valle
is much smaller, i.e., the valley is much steeper. It follo
from our simulation that dynamical instability in such a sit
ation appears much faster, and therefore the time scale
vortex formation is much shorter. This is illustrated in Fig.

B. Multivortex formation

By adjusting the area of the pulse it is possible~using a
single absorption plate! to create multivortex arrays, simi
larly as in the experiments of ENS@4#. We have performed a
detailed analysis of the final vortex configuration in the fun
tion of the pulse area. We present these results obtained
Rb condensate and the same trap parameters as abo
Table I. As expected, increasing the area leads to the for
tion of regular arrays of more and more vortices. Such c
figurations~which are stationary in rotating traps@13#! un-
dergo slow rotation in the nonrotating trap, but seem to
nevertheless dynamically stable over the time scales o
least 100 ms, but most probably much longer.

Generally, speaking the table shows that when the pu
area is close to 2pk, with k51,2, . . . ,then the correspond
ing k vortex array in the center of the trap is formed. F
areas between the integer values it may happen that we
also some number of vortices, but this number is not a mo
tonic function of the pulse area.

III. PHASE IMPRINTING WITH MULTIPLE PLATES

The results above show that phase imprinting allows
controlled vortex generation. This fascinating possibility
macroscopic quantum state engineering can be realized
a high precision if the multiple absorption plates are used
order to understand better the possibilities of coherent c

e

.
en
pulse

ates
–3

sate
TABLE I. Number of vortices created with the phase imprinting method as a function of the laser
area~in units of 2p).

Area (2p) 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
1.2–1.4 1 vortex in the trap center and several vortices near the border of condens
1.4–1.533 No vortex in the trap center but about 4 vortices near the trap center and 2

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 conden
5.33–6.2 6 vortices in the trap center
1-4
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trol in the system considered, we will first discuss the vor
arrays generation as a function of the absorption plate par
eters in more detail.

A. Vortex arrays with a single absorption plate

To investigate the generation of multiple charged vortic
we have first solved the Gross-Pitaevskii equation with
effective potential created by an external laser beam pas
through a single absorption plate. ChoosingIT53 ~hereT
'0.84ms) we get the desired phase for them53 vortex
state. In Fig. 4 we plot the angular momentum acquired
the condensate being initially in the ground state as wel
the energy of the condensate during the process of p
imprinting. The local minima that appear in the curve d
scribing the condensate energy correspond to the imprin
of the phase for them51 vortex state~pulse duration of
0.28ms) and for them52 vortex state~pulse duration of
0.56ms).

It turns out that the extent of the region on which t
absorption profile is smoothed plays an important role
affects the position of the created vortex. For a small dia
eter of smoothing area the vortex is generated near the ce
of the trap and rapidly decays into a few~for m.1) not
‘‘well developed’’ vortices. These vortices form regular ge
metrical patterns only when their distance to the trap ce
is very small. Therefore, they are also close to each other
it is very difficult to distinguish them. The descendant vor
ces become well separated only when the size of the smo
ing region gets large enough. It is demonstrated in Fig
where the radius of the region smoothing the absorption p
file equals 4.0 oscillatory lengths~the oscillatory length
'2.0 mm). However, in such a case the vortices are alw

FIG. 4. Angular momentum per atom and the energy of
condensate in the first 0.84ms when the laser pulse acts on th
condensate through the single absorption plate. The number o
omsN550 000 and the trap frequencyv52p330 Hz.
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shifted away from the center of the trap and do not fo
regular geometrical patterns. Because of this fact the ph
imprinting method with the single absorption plate does
allow for the efficient creation of multiple symmetric vorte
configurations.

The vortices~black dots marked by the numbers! circulate
both the trap center as a whole and individually the g
metrical center of the vortex configuration. Closer inspect
shows~Fig. 6! that the geometrical center rotates the cen
of the trap at an approximately constant radius, whereas
relative motion is a sum of oscillatory motion and rotation

B. Vortex arrays with multiple absorption plates

To generate symmetric vortex configurations we prop
the following extension of the phase imprinting method. I

e

at-

FIG. 5. Snapshots of the condensate density after illumina
through the single absorption plate~under the same conditions a
for Fig. 4!. The successive frames describe the moments:~a! 10.6
ms, ~b! 15.9 ms,~c! 21.2 ms, and~d! 26.5 ms. The vortices~black
dots! are marked by the numbers.

FIG. 6. Relative~with respect to the geometrical center! position
of the vortex as a function of time. Parameters are the same a
Fig. 5; particular lines correspond to vortex No. 1~dashed-dotted
line!, vortex No. 2~dotted line!, and vortex No. 3~dashed line!. The
solid line follows the distance of the geometrical center of the v
tex configuration from the center of the trap.
1-5
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G. ANDRELCZYK et al. PHYSICAL REVIEW A 64 043601
stead of a single absorption plate we use several of th
arranged one by one. The parameters of the laser pulse
pinging on the condensate are taken in such a way that p
ing the pulse independently through any plate the phase c
acteristic for a pure single vortex state is imprinted just a
was done before. However, now the direction of the jump
the potential caused by each plate is arbitrary as well as
size of the area where the absorption profile is smooth
The overall action of a chain of the absorption plates
roughly a sum of individual results. This method allows f
engineering arbitrary configurations of vortices, includi
also those with positive and negative vortex charge. Figu
illustrates the case of the symmetric 3-vortex~all positive!
configuration. We find that once generated this configura
appears to be quite robust, except for the circulation aro
the center of the trap.

Changing the diameter of the space over which the
sorption profile is smoothed we are able to generate the
tex configurations of different size. It turns out that the fr
quency of the circulation of the vortex array depends on t
size; the smaller radius of the configuration implies high
frequency. The overall behavior is visible in Fig. 8. The fr
quency of the circulation is always higher than the freque
of the trap and the question can be raised about the lin
the vortices created in such a way and the vortices that
pear in the rotating trap.

Since the frequency of a rotation of the vortex around
center of the trap depends on the distance between the v
and the center, by playing with this distance we can inve

FIG. 7. Evolution of the symmetric three-vortex configuratio
The array of vortices circulates as a whole around the center o
trap. The frequency of this rotation is higher than the frequency
the trap and depends on the size of the configuration, i.e., the
tance of the vortices from the center of the trap~see Fig. 8!. The
consecutive snapshots correspond to instants at~a! 9.5 ms,~b! 12.7
ms, ~c! 17.0 ms, and~d! 21.2 ms after the imprinting of the phas
The absorption profile for every plate is smoothed over the reg
of the radius of 4.0 oscillatory lengths, and the jumps of the pot
tial caused by the plates are located every 120°.
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gate the collisions between positive charged vortices. An
ample is presented in Fig. 9. An array of three vortices w
generated with the help of three absorption plates w
slightly different radii of smoothing area~4.0, 3.5, and 3.0
oscillatory lengths, respectively!. Frame 9~b! shows the in-
stant when vortex 1 maximally approaches vortex 2 and p
tially passes its velocity to vortex 2. Then vortex 2 accel
ates and after some time collides with vortex 3@frame 9~c!#.
After the next 6 ms vortex 3 hits vortex 1 and then the abo
scenario is repeated.

The dynamics of the vortex motion gets more comp
when the number of vortices increases. Figure 10 show
qualitatively new behavior. It turns out that in such a co
plex system vortices ‘‘like’’ to group in pairs. Once the pa
of vortices is created, it rotates around its geometrical ce

he
f

is-

n
-

FIG. 8. Frequency of the rotation of the three-vortex array a
function of its size.

FIG. 9. Nonsymmetric three-vortex configuration at differe
times: ~a! 14.8 ms,~b! 16.4 ms,~c! 23.3 ms, and~d! 29.7 ms.
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as well as the center of the trap. This motion continues u
the collision with the other pair or a single vortex happe
Then the pair is broken and likely the exchange of vortic
occurs; a new pair of vortices is built. In the case of Fig.
the condensate was prepared with the help of six absorp
plates. Frames 10~a!–10~d! are examples of vortex pairs ap
pearing in the condensate. From these frames it is also c
that there is a mechanism for vortex exchange.

Finally, we have investigated the simplest vortex config
rations with positive and negative charged vortices. T
phase imprinting method with multiple absorption plat
seems to be an ideal tool for generating such configurati
The simplest case is a one positive charged vortex and
negative charged vortex. For that we need two plates w
the absorption coefficient modulated clockwise for one pl
and counterclockwise for another one. The radius of the
gion over which the absorption profile is smoothed is sligh
different for both plates~3.5 and 2.0 oscillatory units! and
the jump of the potential is taken alongf50. The numerical
analysis shows that almost no angular momentum is tra
ferred to the condensate in this case. Instead of that, a pa
opposite charged vortices with large momentum is crea
see Fig. 11. The vortices repel each other as well as
‘‘edge’’ of the condensate@frames 11~a! and 11~b!#, collide
after 20.2 ms@frame 11~c!#, and then move together throug
the condensate over a few ms without an annihilation@frame
11~d!#.

IV. DETECTION OF VORTEX ARRAYS USING
INTERFERENCE

Multiple vortices and vortex arrays can be detected us
the same method of self-interference that we proposed
Ref. @24#. This method is analogous to the ones used in n
linear optics@30#. In the context of matter waves simila
methods were proposed in Refs.@26,31#. Our idea is to com-

FIG. 10. Illustration of ‘‘pairing,’’ a phenomenon that appears
multivortex configurations. Frames~a!, ~b!, ~c!, and~d! correspond
to evolutionary times 24.4, 42.9, 47.1, and 68.8 ms, respective
04360
til
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e
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bine this method with the recently developed techniques
Bragg diffraction for BEC manipulation@25#.

Efficient detection is one of the most important aspect
the investigation of vortices. Experimentally monitoring de
sity profiles with the necessary resolution is difficult, sin
the vortex core is very small. This can be circumstanced
opening the trap~see for instance@4,6#!. Although stable
minima arranged in regular patterns in the density profile
very strong indications for the existence of vortices arra
but the very important issue is to monitor how a phase of
wave function changes close to these minima. In fact, vo
ces are topological defects of the phase of the wave funct
The phase can be detected only in an interference meas
ment. Such interference measurements are routinely don
nonlinear optics@30#. In the context of BEC, they were firs
proposed by Bolda and Walls@26#, who considered the inter
ference of two condensates moving toward each othe
both condensates are in the ground state~no vortices!, one
expects interference fringes as those observed by Ket
et al. @32#. In the case of interference of one condensate
the ground state with the second one in them51 vortex
state, a forklike dislocation in the interference pattern a
pears. The distance between the interference fringes is d
mined by the relative velocity of the condensates, which c
be controlled experimentally. This is a very efficient a
clear method of vorticity detection~see Fig. 12!. It requires,
however, the use of two independent condensates.

In Ref. @24# we have proposed to combine the interferen
method with the recently developed Bragg diffraction tec
nique@25#, which has been for instance successfully used
a four-wave-mixing experiment@33#. The idea is to transfer
part of the atoms coherently to another momentum state
ing one or several stimulated two-photon Raman scatte
processes. The procedure is as follows.

FIG. 11. Example of dynamics of the vortex configuration i
cluding both positive and negative charged vortices. The snaps
are taken at times of~a! 4.2 ms,~b! 11.7 ms,~c! 20.2 ms, and~d!
23.3 ms. No annihilation of vortices occurs during the collisi
@frame ~c!#.
1-7



p

n
e

ifie
d

e

.
e
th
nc

b
th
e

er

m
rn
i

o
p

or
re
n

rte
a

n
en
he

ss
e
o

en
on

ion
dy

ch a
ke
per

n
a
a

th
v

fter
on-

The
n the

the
ply-

G. ANDRELCZYK et al. PHYSICAL REVIEW A 64 043601
~i! First we create the vortex, or vorticity state in the tra
~ii ! We open the trap and let the condensate expand.
~iii ! When the density is reduced to values for which no

linear interactions are negligible, we apply the Bragg puls
Part of the wave function attains a phase factor that sign
the fact that the corresponding momentum was transferre
part of the atomic sample.

If the resonant width of the Raman transition is narrow
than the wave function spreading in the momentum space~in
our case the velocity spread is typically about 0.12mm/ms)
not all momentum components can experience the shift
that case the contrast of interference fringes will be reduc
One can, however, correct for this by adiabatic opening
trap before applying Bragg pulses. The resulting wave fu
tion is the superposition of two vortex~or vorticity! states
moving apart from each other, with a velocity that can
easily controlled by the choice of the angle between
Bragg beams. In the following we will use velocities of th
order of 1 mm/s, which allow for efficient detection aft
4–5 ms when the vortices are about 5mm apart.

~iv! Detection consists of optical imaging that is acco
plished within a few microseconds. The interference patte
~see Fig. 13! have a characteristic length scale of a few m
crometers.

Below we present the results of numerical simulation
this detection scheme. The corresponding interference
terns were obtained for the cased.0.04 rad, for 3- and
6-vortex arrays. The interference patterns show multif
dislocation, termed by us ‘‘quantum peacocks,’’ which a
presented in Figs. 14 and 15. The shape of the interfere
pattern here allows us to unambiguously detect the vo
number and the array configuration, and to provide inform
tion about the phase of the wave function.

The interference method is also very useful in understa
ing the scenario of topological defect creation in the cond
sate. We illustrate this point in the movie in Fig. 16. T
presented interference pattern can hardly be measured
perimentally~because of the short time scale of the proce!,
but we present them in order to get more insight and und
standing of the process of generation of an ideal single v
tex presented in Fig. 3. The sharp jump in the optical pot
tial has very large gradients and introduces a very str

FIG. 12. Interference pattern of a singe vortex with the pla
wave running in the direction from the bottom to the top. One c
easily see a forklike structure in the middle of the interference p
tern; this provides the proof of winding of the phase around
center of the condensate. The vortex has been created using a
small step in the intensity profiled.0.04 rad.
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force, pushing the atoms transversely away from the reg
of the potential jump. The density valley is created alrea
after 1.33ms, but the topological defect is not present~inter-
ference fringes are deformed but not broken!. In successive
snapshots we see how dynamical instabilities lead to su
large shift and deformation of the fringes that finally bra
and join smoothly with the corresponding nearest up
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FIG. 13. Interference pattern of a three-vortex array, 1 ms a
applying Bragg pulses transferring momentum to a part of the c
densate~along they axis in the plane of the figure!, which coher-
ently pushes a half of the condensate with velocity 0.01 mm/s.
incident pulse was focused at the trap center, had a sharp step i
intensity profile (d50.04), and had the area of 2p.

FIG. 14. Interference pattern of a three-vortex array with
plane wave of Fig. 12. The vortex array has been created by ap
ing a laser pulse modulated by the absorption plate withd
50.04 rad. The time of impinging was equal to 6p/I .
1-8
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neighbor. This occurs for all, except the central fringe t
builds a very clear fork pattern after 6.66ms, corresponding
to the topological defect.

V. CONCLUSIONS

In this paper we have studied theoretically the genera
of vortices by phase imprinting in trapped Bose-Einst
condensates. Phase imprinting is achieved by passing a
off-resonance laser pulse through an appropriately desig
absorption plate, and impinging it on a condensate. Ap
from answering the fundamental question how the circu
tion and the vortex are introduced into the system, we h
concentrated on the practical questions of controlling

FIG. 15. Interference pattern of a six-vortex array with the pla
wave. The array has been created by applying a laser pulse m
lated by the absorption plate withd50.04 rad. The time of imping-
ing was equal to 12p/I .
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generation of vortices and vortex arrays, their dynamics,
their detection. Although so far the phase imprinting meth
in the version discussed in this paper has only been use
generate dark solitons in BEC, we hope that in the fut
some experimental groups will apply the phase imprint
method to study vortex generation, dynamics, and supe
idity in trapped BEC. The theory presented in the pres
paper should help to plan and design such experiments@34#.
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