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Topological formation of a multiply charged vortex in the Rb Bose-Einstein condensate:
Effectiveness of the gravity compensation
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In a Bose-Einstein condensate of 8'Rb (F=2,m r=2) atoms we have topologically created a quantized vortex
with a charge of 4 by reversing the magnetic field of the trap. Experimental conditions of reversal time and
initial magnetic field strength for the successful vortex creation were restricted within narrower ranges, com-
pared to those in the case of the *’Na condensate. The experimental difficulty was explained in terms of a
non-negligible gravitational sag arising from its large atomic mass. We have successfully stabilized the vortex
formation by compensating gravity with a blue-detuned laser beam.
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I. INTRODUCTION

The motion of a quantum fluid, like superfluid liquid He,
electron pairs in a superconductor, or Bose-Einstein conden-
sates (BECs) in atomic dilute gases is described by a macro-
scopic wave function. The velocity field v(r) of the fluid is
determined by the gradient of the phase 6(r) of the wave
function, so that the velocity field v(r) is irrotational
(VXv(r)=VXVO(r)=0) and the rotational motion can be
obtained only in the form of a quantized vortex [1]. So far
the quantized vortices have been observed, for example, as
vortex lines in superfluid He [2] and flux lines in supercon-
ductors [3]. It is well known that the quantized vortex plays
an important role in the dynamics of the quantum fluid.

BECs in dilute atomic gases, which were realized in this
decade, are attractive systems for studying the quantum fluid
due to their high controllability and good optical accessibil-
ity [1,4]. The quantized vortex has been created also in such
atomic systems [5—12], and novel phenomena such as a vor-
tex array [6—10] or a giant vortex [11] have been observed.
Vortices in the gaseous BECs have been created by the fol-
lowing four methods: dynamical phase imprinting [5], opti-
cal spoon stirring [6,7], a rotating asymmetric trap [8—11],
and topological phase imprinting [13]. Among these meth-
ods, only the last one can produce a multiply charged vortex,
which has never, to our knowledge, been observed in tradi-
tional systems like superfluid “He. The winding number of
the vortex obtained by this method is two times the quantum
number of the atomic angular momentum. The vortices with
the winding number 2 or 4 were recently achieved in BECs
of Na in the ground F=1 or 2 states, respectively [14,15].

The multiply charged vortex is energetically unstable to-
wards splitting to plural vortices with smaller winding num-
bers [16]. This decay process of the multiply charged vortex
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is driven coherently by atomic interactions, which is called
dynamical instability [17]. The splitting of a doubly charged
vortex to two singly charged vortices was observed in the Na
BEC [18], but its lifetime observed in this experiment
showed a monotonous increase with the increase of the in-
teratomic interaction strength, contrary to the theoretical re-
sult which predicted the periodic behavior [17]. To under-
stand this discrepancy, detailed experimental study on a
multiply charged vortex in other atomic species or with a
higher winding number is important. One good candidate for
such experiments is a rubidium atom, which is widely used
in the gaseous BEC experiment and whose characteristics are
well understood. In this alkali atomic species we can form a
vortex with a winding number of 2 or 4 in the same way as
in Na, so that we can compare the dynamical instability be-
tween these superfluids. In addition, due to the small spin
exchange collision rate in Rb [19], differing from Na, it is
possible to make a binary mixture of BECs with different
winding numbers by using atoms in the F'=1 and 2 ground
hyperfine states, which probably enable us to explore novel
phenomena on superfluidity.

In this paper, we report on our generation of a quadruply
charged vortex in the ’Rb BEC, which was confined in an
Ioffe-Pritchard magnetic trap. Especially in the case of the
quadruply charged vortex, it is predicted that the splitting
pattern of the vortex can be changed by the symmetry of the
trap potential distortion [17], which has not yet been ob-
served. For experimentally studying such coherent dynamics
of a superfluid, it is important to realize the stable formation
of the vortex. The ®’Rb atom constituting the BEC was in the
F=2,mp=2 state, and we have topologically created a qua-
druply charged quantized vortex by reversing the axial mag-
netic field. We found, however, that compared with the case
of the Na BEC [14], experimental conditions, such as the
field reversal time and initial magnetic field strength, for the
successful creation were restricted within narrower ranges
for Rb, and the observed holding time of about 1 ms was
also much shorter. To understand what causes such big dif-
ference between Rb and Na, we have carried out elementary
numerical calculation for the center-of-mass motion of the
BEC, and found that the gravitational sag of the BEC from
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FIG. 1. (Color online) Experimental setup. The magnetic trap
consists of 12 coils placed in the cloverleaf configuration. The mag-
netic field at the trap center is directed along the z direction, and its
strength is about 0.4 G, which is reversed by applying an additional
axial magnetic field with an external set of Helmholtz coils for the
topological vortex formation. The gravity is in the —x direction.

the symmetry axis of the magnetic field plays an important
role in the case of Rb. Based on this calculation, we have
removed the experimental instability in the vortex creation
by compensating the gravitational field with a blue-detuned
laser beam, which is weakly focused below the trap center.

II. EXPERIMENT: TOPOLOGICAL VORTEX
CREATION

Our experimental apparatus for making a BEC in Rb was
described in detail previously [20]. ¥’Rb atoms in the F=2
state were optically collected and cooled by a double-
magneto-optical trap system [21], and were transferred into a
magnetic trap (Fig. 1) after the polarization gradient cooling
and optical pumping. The magnetic trap was constructed in
the cloverleaf configuration [22]. The Rb atoms in the
F=2,mp=2 state were confined in a magnetic trap and BEC
was achieved by rf evaporative cooling.

The magnetic field strength at the trap center B, was
0.4 G, which was the minimum value in the trap, and its
direction was along the z direction. The magnitude of the
radial magnetic field was approximately linear, and that of
the axial field was nearly harmonic. The axial and radial
magnetic field gradients B, and B, were about 140 G/cm?
and 180 G/cm, respectively. The axial and radial potential
energy curves were approximately harmonic in the vicinity
of the BEC, and the axial and radial trap frequencies w, and
w, were 2w X 15 Hz and 27X 360 Hz, respectively. The
number of atoms in the BEC was about 3 X 10°, and the
chemical potential was about 140 nK. The axial and radial
diameters of the BEC were approximately 120 and 6 um,
respectively.

The magnetic field direction around the symmetric axis
(that is, the z axis in Fig. 1) is schematically shown in Fig. 2.
The direction of the radial magnetic field B, at the position
(x,y) was opposite to that at (—x,—y). In the vicinity of the
BEC, the magnitude of the radial magnetic field |B,| was
estimated to be less than 90 mG from the diameter of the
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FIG. 2. (Color online) Schematic diagram of the topological
vortex formation. (a) The magnetic field direction in the x-y plane,
which remains constant. (b) The axial magnetic field is gradually
reversed by applying an additional axial magnetic field. Each arrow
represents the magnetic field direction, and the direction of each
atomic spin follows the change of the local field direction adiabati-
cally. The needles on the small disks indicate the atomic phases.
Initially the atomic phase is identical all over the BEC. During the
axial field reversal, because the direction of the rotation of the
atomic spin is different depending on the spatial position of the
atom, the different Berry phase is imprinted to the atom depending
on its position, which results in the quantized vortex.

BEC. Therefore, initially the axial magnetic field along the z
axis (~0.4 G) dominantly determined the magnetic field di-
rection in the vicinity of the BEC. By applying an additional
homogeneous magnetic field along the —z direction, the axial
magnetic field was linearly decreased and the field direction
was approximately reversed in about 2.2 ms (Fig. 3). During
the field reversal the Larmor precession frequency of the

evaporative | |axial magnetic

0002"9 field reversal
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A 22ms TOF
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FIG. 3. (Color online) Typical time sequence of the axial mag-
netic field reversal. The axial magnetic field at the trap center B
was reversed typically from 0.4 to —0.2 G in a time of 2.2 ms by
applying an additional axial magnetic field with an external set of
Helmholtz coils. A created vortex was observed by the absorption
imaging method after releasing the BEC from the trap. The time-
of-flight was typically 13 ms.
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FIG. 4. (Color online) Images of the BEC with a quantized
vortex observed from (a) the axial direction (the z direction) and (b)
the radial direction (the y direction). In (a) a created vortex is seen
as a hole in the atom density, while in (b) a vortex line is seen as a
linear depletion along the horizontal axis (the z axis). The resolution
of the image is about 16 um. These images were observed after a
time-of-flight of 13 ms by the absorption imaging.

atomic spin was estimated to be higher than 1.3 kHz for the
atoms at a distance longer than 0.05 um (about one-
hundredth of the BEC radius) from the z axis. Thus, for
almost all atoms in the BEC, the Larmor precession fre-
quency was so large that the atomic spin followed adiabati-
cally the slow change of the magnetic field direction and was
oriented as shown in Fig. 2 depending on the spatial position.
Finally, the spin direction was approximately reversed fol-
lowing the magnetic field reversal. Through the field reversal
we imprint the phase difference in the BEC, which arises
from the spatial difference of the Berry phase carried by the
atomic spin.

With the above-mentioned experimental setup and
procedure, the vortex was observed as depletion in the
atomic density distribution of the BEC. In Fig. 4, we show
the atomic density profile obtained after a time of
flight (TOF) of 13 ms, observed as the absorption image
along the radial and axial directions. The BEC was released
from the potential by turning off the magnetic field. To
retain the atomic spin orientation, the quadrupole radial field
was turned off 100 us before turning off the axial field. The
frequency of the probe laser beam was resonant to the
528,,(F=2)—52P;,(F=3) (A=780 nm) transition, and
the resolution of the imaging was about 16 um. The atom
number contained in the BEC was typically 2 X 10°, and the
width (FWHM) was about 150 um. As seen in the image
along the axial direction [Fig. 4(a)], the vortex was observed
as the apparent circular depletion in the atomic density dis-
tribution. On the other hand, in the image along the radial
direction [Fig. 4(b)], the vortex line was seen as linear deple-
tion along the z direction. The depletion could be observed
even at a shorter flight time, although the size was smaller
and the depth was shallower because of the image resolution.

The width (FWHM) of the observed vortex was about
74+20 pm, which was in good agreement with a theoretical
value estimated as follows. The uncertainty was estimated
from the pixel size of the CCD camera and the uncertainty in
the amplification factor of the imaging system. It also con-
tains the uncertainty of about 5 um caused by the misalign-
ment of the probe beam from the vortex axis. In our case the
BEC was confined in an anisotropic trap with a cigar shape.
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In such a case the size of the vortex was determined from the
atomic density n even after the free expansion following the
release [23]. In terms of the healing length &=(8man)™'?,
where a is the s-wave scattering length, the width (FWHM)
of a vortex is calculated to be 1.7&, 3.2¢, 4.7&, and 6.1¢ for
the winding number of 1, 2, 3, and 4, respectively, under the
assumption that the atomic density » is constant in the region
far from the vortex center [1]. Therefore, if we assume that
the atomic density n can well be approximated to be the
measured mean density of the BEC, the width (FWHM) of a
quadruply charged vortex is estimated to be 92 um for our
experimental condition. This value agrees well with the ob-
served one. From this result and the topological feature of
this vortex formation method, we concluded that the winding
number of the created vortex was 4.

This conclusion was further confirmed by observing the
atomic population distribution in the magnetic sublevels of
the ground hyperfine F=2 state. If the atomic spin was not
reversed completely, the magnetic sublevels with m # 2 were
populated substantially and the vortex with a winding num-
ber of m+2, which should be less than 4, could be created
[15]. To check this possibility we made the Stern-Gerlach
measurement of the BEC with the vortex, and confirmed that
almost all the population was transferred to the magnetic
sublevel m=2.

The observed vortex gradually diminished in a holding
time of about 1 ms, which was much shorter than the value
(~7 ms) observed in the Na BEC experiment [14]. Definite
evidence of splitting of the vortex could not be observed in
the present experiment.

For the field reversal from 0.4 to —0.2 G, the vortex was
generated only in ranges of the field reverse time 7,,,;
20ms=T,,=24ms and 40ms=T,,=43 ms, which
were much narrower than those in the Na BEC experiment.
As described in Sec. III, the existence of such narrow ranges
for the vortex formation can be explained by the oscillation
of the center of mass (hereafter denoted by CM) of the BEC
caused by the field reversal under the gravity. To form the
vortex in the BEC, it is necessary for the z axis to be in the
BEC, when By, is close to the value of 0 G. The CM, how-
ever, vertically deviates from the z axis due to the gravita-
tional sag. The deviation oscillates during the field reversal,
so that this condition is satisfied both when the BEC is mov-
ing up and when it is moving down, which explains the
existence of these two ranges of 7.

This range of T,,, appropriate for the stable vortex
formation changed as the initial and final values of the
minimum magnetic field B, were altered: (i) in the case
where B, was reversed from 0.8 to —0.8 G, the appropriate
range was that 2.8 ms=T,,,=3.4 ms; (ii) in the case
where B, was reversed from 0.2 to —0.2 G, it was that
20 ms=T,,,=4.0 ms. Even in these ranges the position of
the vortex was not always at the center of the BEC and it
fluctuated in the BEC each time. In the case where B, was
reversed from the value more than 1.0 G, we could not cre-
ate a vortex for any value of 7,,,.

The vertical oscillation of the BEC might excite the
radial breathing mode of the collective oscillation [1]. In our
vortex formation, however, we did not observe the collective
oscillation.
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FIG. 5. (Color online) Gravitational sag d (broken line) and
BEC radius (solid line) as a function of the magnetic field strength
at the trap center By The calculation was made for Rb atoms (atom
number of 3 X 10°) by using the radial magnetic field gradient of
180 G/cm. The BEC radius was calculated under the Thomas-
Fermi approximation.

III. THEORETICAL DISCUSSION

The narrow window in 7,,, and B, appropriate for the
vortex formation can be explained by the gravitational sag of
the BEC: because of gravity the vertical position of the BEC
confined in the magnetic trap is shifted below the symmetric
axis of the magnetic field.

The gravitational sag d is expressed as g/wf, where g and
w, are, respectively, the acceleration of gravity and the radial
trap frequency [w,={y/(2m|By(t)|)}'”>B’, where 7y is the
atomic magnetic dipole moment], while the radius of the
BEC is expressed as {2u/(mw?)}"?, where w and m are the
chemical potential of the BEC and the atomic mass, respec-
tively, under the Thomas-Fermi approximation [1]. For
BECs confined with the same w,, the gravitational sag is the
same regardless of their atomic mass. However, the BEC
radius depends on the atomic mass. The BEC radius is
smaller for the atoms with larger atomic mass, so that the
gravitational sag can exceed the BEC radius for such atoms.
If the gravitational sag was negligibly small compared with
the BEC radius, then gravity could not affect the vortex for-
mation. On the other hand, if the sag exceeds the radius, the
magnetic symmetric axis, on which the vortex should be
placed, is displaced from the BEC. In this way we see that
gravity strongly affects the vortex formation.

Both the gravitational sag and BEC radius also depend on
B, through w,. In Fig. 5, we show a typical relation between
the gravitational sag and BEC radius, calculated for Rb at-
oms under the condition that the total atom number in the
BEC was 3 X 10°. We see from Fig. 5 that the gravitational
sag exceeds the BEC radius when B,>1 G. Moreover, even
when 0.2 G<By<1 G, it is not negligible compared to the
BEC radius.

The gravitational sag causes vibrations in the CM motion
and in the shape of the BEC during the magnetic field rever-
sal. The value of w, depends on |By(#)|, which is altered
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FIG. 6. (Color online) Typical center-of-mass motion during the
field reversal. (a) The axial magnetic field is changed from
By=0.4 to —=0.2 G in a time of 2.2 ms. (b) The center-of-mass mo-
tion and the potential minimum are plotted as a function of time.
The center of mass moves up and down around the potential mini-
mum during the field reversal.

during the field reversal, so that the value of the sag, i.e., the
position of the trap potential minimum changes also. The
CM of the BEC moves, seeking the new potential minimum
and oscillates around it. Through this oscillation the BEC
itself was perturbed asymmetrically in the radial direction,
which results in the excitation of shape vibration.

To make clear the influence of the gravity on
the vortex formation, we have calculated the theoretical
path of the CM motion x.(r) of the ®’Rb BEC by
numerically solving the classical equation of motion
Md*x(t)/dt*=-Mg—dV(x,,t)/ dx., where M is the total mass
of the BEC, and V(x,,t)=Mw,(t)*x*/2 is a time-dependent
potential energy. In Fig. 6(b), we show a typical example of
the calculated path and position of the potential minimum
where By, is linearly reversed from 0.4 to —0.2 G in a time of
2.2 ms as shown in Fig. 6(a).

As seen in Fig. 6(b), before the magnetic field reversal,
the gravitational sag is comparable to the BEC radius
(~3 wm). After starting the field reversal the BEC begins to
move, seeking a new potential minimum. The CM is strongly
accelerated toward the potential minimum by the large gra-
dient of the trap potential far from the minimum, which re-
sults in its oscillation around the minimum. In this way, the
CM motion cannot adiabatically follow the potential mini-
mum. On the other hand, most atomic spins can adiabatically
follow the change of the magnetic field. So, even if the CM
motion changes the rate of the magnetic field reversal for
each atom, the total atomic phase imprinted on each atom
during the field reversal is nearly determined by the local
magnetic field direction. Therefore, the vortex might be
formed along the magnetic symmetry axis at the moment
when B,=0. To create the vortex in the middle of the BEC, it
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FIG. 7. (Color online) The distance d); between the CM and
the symmetric axis at the moment By=0 as a function of the field
reversal time T,,,. The distance d¢), was calculated in the case
where the axial field was changed from By=0.4 to —0.2 G. The
solid and dotted lines are for the Rb and Na BECs, respectively.

is necessary to place the CM on the symmetry axis at the
moment. In the field reversal shown in Fig. 6, this condition
is approximately fulfilled in spite of the large CM oscillation
during the field reversal. This fact explains the successful
vortex formation in our experiment with the similar field
reversal.

The distance between the CM and the symmetric axis at
the moment B,=0, which is denoted by d), hereafter, is not
always negligible. Figure 7 shows the calculated dependence
of the distance d,, on the field reversal time T,,,. As seen in
Fig. 7, the distance d), oscillates as a function of T,,,, and
there exist windows of T,,, appropriate for the vortex forma-
tion. In the case of the field reversal from 0.4 to —0.2 G, the
windows are around the values of 7,,, of 2.3 and 3.4 ms,
which explains well our experimentally observed windows
for the vortex formation. Although our calculation was el-
ementary, the result was confirmed by comparing with more
precise quantum theoretical calculation reported recently by
Kawaguchi et al. [24].

From our calculation, it was confirmed also that, in the
case of T,,, more than 12 ms, the maximum deviation of the
CM from position of the potential minimum was less than
0.1 um during the field reversal, which corresponded to 5%
of the initial gravitational sag and about 3% of the BEC
radius. Therefore, in such slow field reversal, the CM motion
can be considered to be adiabatic. It should be noted, how-
ever, that we could not experimentally observe the formation
of the vortex even if T,,, was longer than 4 ms. This can be
explained in terms of Majorana spin flips occurring during
the field reversal. Indeed, in such a condition, we observed a
considerable decrease in the atom number of the BEC during
the field reversal, as is predicted by the precise theoretical
calculation [24]. They predicted also the splitting of the gen-
erated vortex during the field reversal, but we could not ob-
serve it in the present experiment.

The calculation predicts the vortex formation in another
window around 7,,,=1.3 ms, but in our experiment we could
not confirm the stable vortex formation around this value.
This discrepancy may be due to our experimental condition,
in which we could not change the magnetic field linearly in
such a short T,,, as assumed in the theoretical calculation.

Figure 6 shows also that the oscillation of the CM contin-
ues even after the end of the field reversal. The amplitude of
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FIG. 8. (Color online) Compensation of the gravitational field
by using a blue-detuned laser beam (532 nm, 0.75 W). The beam is
softly focused 54 wm below the BEC, whose waist size is about
53 um. The vertical potential gradient generated by the laser beam
is set nearly —mg at the position of the BEC, so as to compensate
the gravitational field.

oscillation strongly depends on 7., and the oscillation after
the field reversal cannot be removed under the condition of
the successful vortex formation. This oscillation can excite
internal vibrational modes and/or vibration of a vortex line,
which may induce fast splitting of a formed multiply charged
vortex through, for example, the large asymmetric shape dis-
tortion [17]. Such splitting is considered to be one possible
explanation for the short lifetime of the vortex observed in
our experiment.

If the radial trap frequency w, is the same, the gravita-
tional sag is independent of the atomic mass. On the other
hand, the size of the BEC is estimated to be proportional to
m~"? under the Thomas-Fermi approximation. Therefore, the
ratio between the gravitational sag and the BEC size is about
1.9 times larger for ®’Rb than for **Na. This difference in the
BEC size results in the large difference in the vortex forma-
tion between them, because the distance d), allowed for the
successful vortex formation should be smaller as the BEC
size becomes smaller, while if the trap potential is the same,
the gravitational sag depends on the atomic mass. When
By=0.4 G, the gravitational sag for Na was estimated to be
0.5 wm in our magnetic trap, which was about one quarter of
the value of 1.9 wm for Rb, and was much smaller than the
typical radial width of the Na BEC. In the case of the field
reversal from 0.4 to —0.2 G in a time more than 1 ms, the
distance d.), for Na was also estimated to be less than
0.05 um (see Fig. 7), which was about five times smaller
than that for Rb and was much smaller than the typical radial
width. Therefore, in the case of Na, the gravitational sag
does not strongly affect the vortex formation, which can ex-
plain the experimental difference between Na and Rb.

IV. COMPENSATION OF GRAVITATIONAL FIELD

From the discussion in the previous section, we expect
that the vortex formation can be stabilized by compensating
the gravitational field. For this purpose we applied on the
BEC the optical dipole force generated by a far-blue-detuned
laser beam (with wavelength 532 nm and the total power
0.75 W). The nearly Gaussian laser beam was directed along
the magnetic symmetry axis and was softly focused (with
beam waist ~53 um) on the position about 54 um below
the BEC (Fig. 8). The peak of the optical dipole force poten-
tial was 6.3 uK, and the vertical gradient around the BEC

063605-5
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FIG. 9. (Color online) Probability distribution for the vertical
displacement of the vortex center from the BEC center. (a) and (b)
were obtained, respectively, with and without the gravity compen-
sation. The axial magnetic field was reversed from By=0.4 to
—0.4 G in a time of 3 ms. The displacement was measured in the
direction of the gravity. The inset presented in (a) is the image of
the BEC with a vortex, which was observed along the z direction
with the gravity compensation (TOF=25 ms). The solid lines in (a)
and (b) are Gaussian curves fitted to the distributions.

was compatible to the gravity force —mg. The compensation
was confirmed by observing the freefall of the BEC with and
without the compensation laser beam. The compensation
beam was introduced during the rf evaporation cooling. So,
the CM of the BEC always should be on the magnetic sym-
metry axis.

The quantum vortex was topologically formed by revers-
ing the axial magnetic field in the same way as described in
Sec. II. The created vortex was observed by monitoring the
absorption image after the TOF, which was started by simul-
taneously turning off the magnetic trap and the compensation
beam. The displacement between the centers of the vortex
and the BEC was monitored. The probability distribution ob-
tained is shown in Fig. 9, from which we see that, with the
compensation laser beam, we have considerably improved
the experimental stability. The width of the distribution was
much smaller than that without the compensation beam, and
the position of the vortex was nearly at the center of the

PHYSICAL REVIEW A 73, 063605 (2006)

BEC. By fitting the distribution to a Gaussian function, we
estimated the mean displacement and variance of the distri-
bution. The mean displacement with and without the com-
pensation were 4.3 and 42 um, respectively, the improve-
ment being about ten times. The variances were also
improved from 41 to 6.2 um by the compensation.

The holding time of the BEC in which we could observe
the vortex was elongated to 4 ms, which was about four
times the value without the gravity compensation. The vortex
gradually diminished as the holding time became longer, and
we could not observe the splitting of the vortex. One possible
reason for the disappearance of the vortex in such a short
holding time is the change of the structure of the vortex line.
If the vortex line bent or vibrated in the BEC, we could not
observe the vortex as a circular depletion in the atom density,
because we observe the absorption image of the BEC by
projecting along the z direction. So, we consider that this
holding time does not necessarily indicate the lifetime of the
vortex.

The axial magnetic field after the field reversal probably
affects the dynamics of the vortex also. After the reversal the
magnetic field works as an antitrapping potential so that the
BEC expands along the axial direction. To eliminate this ef-
fect, Shin et al. [18] inverted the axial potential curvature to
increase vortex lifetime. Our holding time of 4 ms is much
shorter than their values, but it might be necessary to remove
or diminish the axial expansion to increase the vortex life-
time. The suppression of the expansion is essentially re-
quired for realizing much longer vortex lifetime, because the
magnetic field after the reversal has two zero-field points on
the z axis. For a holding time within 4 ms the BEC cannot
reach these points, which are separated more than 0.4 mm
from the BEC center. However, for a holding time more than
20 ms the BEC can reach these points and these singularities
should play an important role in the dynamics of the BEC.

V. CONCLUSION

We have successfully created the quadruply charged vor-
tex in the Rb BEC with the topological method. From the
experiment with Rb we have found that the vortex is formed
when the experimental parameters such as 7,,, and B, were
in narrow windows. The windows were much narrower than
the case of Na. To understand the existence of the windows
we discussed at first the influence of the gravity on the vortex
formation through the numerical calculation, and found that
the vortex formation of heavy atoms was strongly affected
by the gravitational sag and the vertical oscillation during the
field reversal. We have also shown that the influence of the
gravity can be removed by compensating the gravitational
sag with the optical dipole force created by the blue-detuned
laser beam aligned just below the BEC. The effect of the
gravity may also be eliminated by orientating the z axis ver-
tically [26], but evaporative cooling in this configuration be-
comes more difficult.

The experimental stability in the vortex formation could
be considerably improved by compensating the gravity.
However, the holding time was about 4 ms, which was con-
sidered still to be too short to observe the splitting of the
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multiply charged vortex. In the present experiment we have
observed the vortex with a projectional method, but this
method is not appropriate for monitoring a vortex whose
vortex line bends or tilts. Tomography is one promising
method for avoiding such possibilities to observe the split-
ting of the vortex, and we are now preliminarily trying to
observe the splitting. To increase the vortex lifetime itself, it
is probably necessary to suppress the axial expansion of the
BEC after the field reversal, and we are also trying to dimin-
ish the expansion by using an optical dipole force trap.

To apply the multiply charged vortex to various quantum-
mechanical researches, such as low-temperature physics, su-
perfluidity, and quantum information technology, it is impor-
tant to prolong the holding time without the splitting. To

PHYSICAL REVIEW A 73, 063605 (2006)

realize such an experimental system, optical pinning of the
vortex using a optical plug [25] is one of the most powerful
candidates for preventing the splitting.
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