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Scissors mode of an expanding Bose-Einstein condensate
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We study the scissors mode of a free-expanding Bose-Einstein condensate. We find that the irrotational
character of the superfluid flow within the condensate has dramatic consequences on the evolution of the
scissors oscillation. After a short expansion the oscillation is amplified and distorted, while asymptotically it
recovers its initial sinusoidal behavior, with an enhanced amplitude. We investigate this phenomenon by using
a technique to excite the scissors mode in a condensate held in a magnetostatic potential.
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The close connection between Bose-Einstein condensaquation forys can be transformed in two coupled hydrody-
tion in dilute atomic gases and superfluidity has been shownamic equations for the density and the velocityv
by recent research. The most striking signatures of superflu=vVS/m [9,10],
idity observed are quantized vorticgl, reduction of dissi-

i i i i J

ﬁg\t/:/v&?;]].enomenﬁizs], scissor modef4,5], and irrotational a_i) LV (pv)=0, @
In particular, the observation in a Bose-Einstein conden-

sate(BEC) of the scissors mode, which is a shape-preserving v V2

angle oscillation[4], has provided the connection between M+ V|5tV +gp|=0, ()

superfluidity in atomic gases and in nud8i. The phenom-

enon was studied theoretically for a BEC confined in a magwhereU is the trapping potentiay=4#2a/m is the cou-
netic potentia[4], while the experiment reported no changespling strengthmis the atomic mass, aratis the interatomic
of the oscillation during the ballistic expansi¢b]. On the  scattering length.

other hand, recent studies of the expansion of a BEC initially Here we are interested in the solution of E(®.and (3)

confined in a rotating traf,7], have shown that a rotating which corresponds to a scissors mode. We consider a har-
condensate expands in a distinctively different way with renonic potential of the form

spect to a nonrotating one, due to the quenched moment of
inertia of the superfluid.

In this paper we show that these two phenomena are ac- U(x,t)=
tually connected, since a scissors oscillation is a time-

dependent ro_ta_ttion of the. condensa_te. In our analysis_we ﬁn\g/hereW= WT for symmetry reasons, with initial conditions
that superfluidity affects in a peculiar way the evolution OfWij(t<0):wi25ij /w2, and o= (wgwyw,) 2. By tilting

the scissors mode of a free-expanding BEC. Because of tgﬁ A tential b I dth is at
changing moment of inertia, a scissors mode initially excite € trap potential by a sma angty around thez axis a
=0, one can excite a scissors mode in g plane, that

in the trap is significantly perturbed during the first phase of. - .
the expansion, but it remarkably recovers the sinusoidal bec_)scnlates about the rotated trap eigenaxes by the angle
0o(t) = Opicog wsd), (5

havior at longer expansion times. Our predictions are con-

firmed by an experiment with an elongated BEC held in a

magnetostatic potential. For this experiment we develop it frequencyw.= (w2+ w2)¥2 [4]. In this case Eqs(2)
technique, which also allows us to investigate the expansiognd(g) can be solved exxactlyy with a quadratic ansatz for the
of a rotating superfluid in a regime where the implications Ofcondensate density and phdge,11]

the irrotationality are the most dramatic. ’
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The wave function of a condensate at zero temperature wﬁ 13
can be conveniently written in terms of the dengitand the p(x,t)= 2 ( po(H)—= > xiAij(t)xj) , (6)
2if=
phaseS,
3
, = 1 > B (t 7
p(x,0) = Jp (X D) et 1) S(X,t) =Mape| So(t)+ 2.2 XiBij(1)X; | - (7)

Therefore, in general the system can be described by ten
In the Thomas-Fermi approximation the Gross-Pitaevskitime-dependent dimensionless parametggs:Sy, Ajj, and
Bi; [A and B are 3x3 symmetric matrices, reflecting the
symmetry property ofJ, with A3=0=B,5; due to the van-
*Also at Dipartimento di Fisica, Universitadi Trento, ishing of W;(t), k=1,2]. These parameters obey the fol-
38050 Povo, Italy. lowing set of first-order differential equation$1]
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dpo _ dS b
F —pOTI'B, E =Po> (8) )

dA
4 =2ATIB+{AB}, (9)

dB
—=W-A-B? (10)

dr d) 20
with boundary conditions determined by the equilibrium dis- 20
tribution of the condensate at=w,,t=0. Notice that these p 2
Yy

equations depend on the number of atd¥snd on the scat- > X
tering lengtha only through the initial value ofpy(0)
=0.5a2,(15Na/ane) 25, ap,= VA/mwp, being the harmonic
oscillator characteristic length.

The subsequent angular motion is evaluated in terms of L .
the rotation which diagonalizes the quadratic part of the den- /G- 1. Absorption images of a rotating, elongated Rb conden-

. . A ..~ sate during the ballistic expansion. (8) the BEC has just been
fsil?éé)(b);tt)ﬁe(tlhe?;tli?)rt[h;] matrle,J). The angle of rotation is released from the trapgd;,=2 ms), and in(b) it has expanded for

23 ms. The other two pictures, not to scale, show the corresponding
evolution of a scissors mode. The initial oscillation about the hori-
zontalx axis (c) is transformed in an oscillation about the vertigal
axis for long expansion timel).

2A,

tan(26,) = A (11

1 A22

The same Eqg8)—(10) can be used to study the expansionsuperfluid ¥ Xv=0) the moment of inerti® of a conden-
of the condensate after the release from the t\a=Q),  sate is quenched with respect to the rigid body vaiyg

with the appropriate initial conditions. [13],

Experimentally we study the scissors mode of a BEC of 5 oo
8Rb atoms in an elongated potential created by a QUIC _ (x*—y9)” = (12
magnetostatic trafil2]. The potential has a cylindrical sym- (x2+y2y2 19

metry around thex axis, with frequenciesw,=2
x16.3 Hz and wy=w,=27X200 Hz, with they axis Therefore, due to conservation of energy and angular mo-
aligned along the direction of gravity. The BEC is typically mentum, a rotating condensate cannot reach a symmetric
composed by 1Datoms. In all the measurements we reportconfiguration during the expansion, and undergoes a rapid
no thermal component was detectable. rotation causing the inversion of the “long” and “short”
Since the trap is static, the scissors mode cannot be exxes. In particular, if at release the condensate is rotating in
cited with the technique demonstrated for time-orbiting-the x-y plane, with its long axis forming a small angty
potential trapg5]. However, we can take advantage of thewith the x axis, as shown in Fig. 1, initially it will start
fact that gravity breaks the symmetry of the magnetic potenexpanding in the short direction. Then, when the aspect ratio
tial resulting in anharmonicity even at the trap minimum.approaches unity, after a fast rotation, the condensate will
Actually, we found that the eigenaxes of our magnetic trapcontinue to expand in the other directigine “long” one)
are rotated in thex-y plane in a localized region around the [4], see Fig. 2.
minimum. The rapid motion of the condensate through such We have studied the evolution of the rotation anglef
deformation is therefore equivalent to a sudden rotation ofhe condensate as a function of the expansion timg, as
the trap, like that considered in E¢p). In fact, when we shown in Fig. 2a). The measurements are performed by re-
excite a dipolar oscillation along the wealaxis by a sudden leasing the condensate after a fixed evolution tiné the
displacement of the trap minimum, a scissors mode appeagsissor oscillations in the trap. For comparison we also plot
as soon as the BEC travels for the first time through thehe angle evolution of the thermal cloud just above conden-
minimum. Since for an elongated BEC the scissors modesation, which has been put under rotation with the same tech-
proceeds essentially at,>w,, it is possible to study sev- nique described above. Note that the rotation of the thermal
eral scissor oscillations before the BEC travels again throughloud can be experimentally investigated only until the cloud
the center of the trap. By choosing an appropriately smalbecomes spherical &f,,~1/w,. Initially, the expansion of
dipolar amplitude, we observe a “pure” scissors mode withthe BEC and the thermal cloud is almost indistinguishable,
amplitude 8y;= 15 mrad, without any apparent shape defor-being characterized by the angular velocfdy at release
mation. from the trap. This is due to the fact that the moment of
To study such mode, we need first to recall the peculiainertia of an elongated condensate is close to the rigid body
behavior of a rotating BEC during the expansion after releasgalue [see Eq.(12)]. The quenching becomes important as
from the trap[6]. In fact, due to the irrotational nature of a soon as the aspect ratio approaches unity, where the nonclas-
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FIG. 3. Calculated rotation angle of the condensate during the
FIG. 2. (a) Evolution of the rotation angle for a condensate expansion, released at different times during the scissors oscillation
(circles and a thermal cloudriangles released with small angular in the trap, as shown in the inset. CagesndC correspond to small
velocity from an elongated trapb) Evolution of the aspect ratio of angular velocitiesB andD to the maximum velocity. The evolution
the rotating condensate. When the aspect ratio gets close to unitf D is the opposite 0B (negative angles
the angular velocity shows a rapid increase. The lines represent the
theoretical predictions. proachesr/2, and it is more convenient to study the oscilla-
tions of the anglep from vertical. We find that the original
sical behavior of the condensate is evident, as predicted isinusoidal behavior of the oscillations is restored, with a time
Ref. [6]. Indeed, its rotation undergoes a fast acceleratioiependence which can be fitted by the form
[Fig. 2(b)], followed by a slow evolution towards an

asymptotic angle, close but smaller thaf2. The agreement B(Etexp) = Oo(t) + F(tex) Qo(t)
of experiment and theory is quite good. In contrast, the rota- ,
tion angle of the thermal cloud continues to follow the pre- = OpiV1+ 05 F2(tex)COL st + @),  (14)

dicted behaviof6]
whereF is a nontrivial function of the expansion time and of
O(t;texp) = Op(1) +arctan Qo(t)tey,l, (13)  the trap geometry, ang is a phase shift. This behavior is
remarkable, since in passing over the “critical” time region
as shown in Fig. @). This figure shows that the use of very at t.,,~1/w,, the condensate does not lose memory of its
elongated condensates allows for the investigation of novehitial angular velocity, and it starts to behave again as a
regimes where the superfluid expansion is dramatically difclassical gas.
ferent from the classical one. We have verified these expectations in the experiment.
By analyzing the expansion of the condensate for variouQualitatively, we observe that the scissors oscillation has a
conditions of initial angle and angular velocity at releasesinusoidal behavior just after the release of the condensate
from the trap, it is possible to reconstruct the evolution of afrom the trap, it gets closer to square wave gt~12 ms,
scissors oscillation for the expanding BEC. As an exampleand then turns back to a sinusoid for longer expansion times.
in Fig. 3 we show the calculated evolution of the angle For a quantitative analysis, since the finite resolution of the
during the time of flight, for conditions corresponding to imaging system prevents us from studying the condensate
very small angular velocity and maximal angular velocity of inside the trap, we probe the oscillation of the condensate
the trapped oscillations. The behavior &fin all these re-  after a minimum expansiot,,=4 ms, as shown in Fig.
gimes is qualitatively similar to that shown in Fig. 2. How- 4(a), and we reconstruct the scissors mode in the trap. In Fig.
ever, in the situations of small initial angular velocity the 4(b) we compare such a motion to the experimental scissors
transient rotation is even faster than in other cases, while thmode after a long expansion of 23 ms. The initial scissors
asymptotic angle is closer t@/2. By studying the solutions mode is clearly amplified and phase shifted after the expan-
of Egs.(8)—(10), we can identify three different regimes for sion. For the experimental parameters we calculate indeed
the expanding scissors mode, depending on the expansidhat wsF(tex,=23 ms)=10.7 is much larger than one, and
time teyp. (i) For te,y,<1llw, the condensate expands in a therefore the time evolution of the scissors mode is substan-
way similar to a classical gas, and the sinusoidal behavior dfially a replica of that of the angular velocity in the trap. We
the scissors mode is preserved, as is possible to see from Htpve observed a similar behavior also for collision-induced
(13). (i) Whent,, = 1/w, the rotation angle is always close scissor oscillations of a binary BEC systéd].
to +w/4, depending on the sign of the angular velocity at To study the role played by the trap geometry in the am-
release. The angle oscillation is therefore close to a squamgification mechanism, we have calculated the ratio between
wave with the same phase of the angular velocity in the traphe final amplitude and the trapped one as a function of the
Qo(t). (iii) For teyp>1/w, the angle of the condensate ap- trap anisotropyw,/wy, for various expansion times. In Fig.
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FIG. 4. Evolution of the scissors mode during the ballistic ex-
pansion. In(a) the angle#(t) after a short expansion of 4 ms
(circles is compared to theorydashed lingto extrapolate the os-

FIG. 5. Calculated amplification factafl + wSZCFZ of a scissors
mode as a function ob,/w,, for various expansion times,,,
=25,50,100,500 ms. Here the scissor frequency is kept fixed to

ciIIation. in Fhe trap. In(b) we compare the. Iatte{continupus lingto wse=2mX200.7 Hz and the radial and axial frequencies are varied
the oscillationg(t) after a longer expansion of 23 rfsircles. The accordingly

data show an enhancement of the scissors mode, as expected from
theory (dashed ling
increasing the amplitude of the dipolar oscillation, accessing

5 we show the results, obtained by keeping fixed the sCissqhe nonjinear regime, where the scissors mode couples to
frequency to the value2x<200.7 Hz, and varying the radial quadrupole shape oscillations.

and axial frequencies accordingly. The behavior shown is' |5 conclusion, we have shown that after an intermediate
independent of the initial angléy;, in the small-angle re-  yhase, in which the oscillation is strongly perturbed, asymp-
gime. This picture confirms that in cigar-shaped traps, fotqically the scissors mode of an expanding BEC recovers its
typical expansion times t{,,~=10-30 ms), the SCiSSOrS jnjial sinusoidal behavior. The final amplitude is enhanced,
mode amplitude is substantially amplified by the expansionyith an amplification factor which depends on both the ini-

It also shows that the amplification factor asymptoticallytia| amplitude and the angular velocity. The demonstrated
tends to a value-2, regardless the trap geometry. It is worth cahapility of exciting scissor oscillations in elongated con-

noticing that this asymptotic behavior is similar to that of ayensates opens the possibility of studying rotating superflu-

2D condensate in the limib,/w,=1, where relation14) 45 in a different regime of large moments of inertia and
can be demonstrated analytically5]. Notice that in con-  gmgajl angular velocities.

trast, Eq.(13) would not imply any amplification of the

asymptotic oscillations of the thermal cloud. We acknowledge useful discussions with F. S. Cataliotti,
In general, the scissors modes are coupled to compre$ Pedri, and S. Stringari, and the contribution of L. Fallani.

sional modes, since a rotation of the condensate can indudéis work was supported by MIUR, by ECC under Contract

shape deformation for large enough rotation angdsIn  No. HPRICT1999-00111, and by INFM, PRA “Photonmat-

our trap, we can increase the angular velocity of the BEC byer.”
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