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Measurement of the Angular Momentum of a Rotating Bose-Einstein Condensate
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We study the quadrupole oscillation of a Bose-Einstein condensate of 87Rb atoms confined in an
axisymmetric magnetic trap, after it has been stirred by an auxiliary laser beam. The stirring may lead
to the nucleation of one or more vortices, whose presence is revealed unambiguously by the precession
of the axes of the quadrupolar mode. For a stirring frequency V below the single vortex nucleation
threshold Vc, no measurable precession occurs. Just above Vc, the angular momentum deduced from the
precession is �h̄. For stirring frequencies above Vc the angular momentum is a smooth and increasing
function of V, until an angular frequency is reached at which the vortex lattice disappears.

PACS numbers: 03.75.Fi, 32.80.Lg, 67.40.Db
The achievement of Bose-Einstein condensation in
atomic gases has led to a new impulse in the study of
quantum gases [1–4]. Among the many issues which can
be investigated in these systems the properties of quantum
vortices are some of the most intriguing and debated. A
vortex is a singularity line around which the circulation
of the velocity field is nonzero. For a superfluid this
circulation is quantized and equal to nh�M, where n is
an integer and M the atomic mass [5]. These quantized
vortices play an essential role in macroscopic quantum
phenomena, such as the superfluidity of liquid helium
[6] or the response of a superconductor to an external
magnetic field [7]. In this paper we determine the angular
momentum of a gaseous Bose-Einstein condensate, as it
is stirred near the vortex nucleation threshold. We show
that the angular momentum per atom along the stirring
axis, Lz , jumps from zero to h̄ (within experimental
uncertainty). We also measure the increase of Lz as
more vortices are nucleated in the system, for a stirring
frequency higher than the nucleation threshold.

We consider here a condensate harmonically trapped in
a quasicylindrically symmetric potential. The angular mo-
mentum of the condensate along the symmetry axis z of
the trap is measured using the frequencies of its collective
excitations. More precisely, as suggested in [8], we study
the two transverse quadrupole modes carrying angular mo-
mentum along the z axis of m � 62 (see also [9–11]). In
the absence of vortices, the frequencies v6�2p of these
0031-9007�00�85(11)�2223(5)$15.00
two modes are equal as a consequence of the reflection
symmetry about the xy plane. By contrast, for Lz fi 0,
this degeneracy is lifted by an amount:

v1 2 v2 � 2 Lz��Mr2
�� , (1)

where r2
� stands for the average value of x2 1 y2 for the

condensate. Consequently the measurements of v1 2

v2 and of the transverse size of the condensate provide
the angular momentum of the gas.

The result (1) is valid if the system is properly described
by the hydrodynamic theory for superfluids [8]. This re-
quires that the number of atoms N is much larger than
the ratio aho�a, where aho is the size of the ground state
of the transverse motion in the trap and a the scattering
length describing the interactions between atoms at low
temperature. For our experimental conditions the quantity
Na�aho is larger than 1000 which ensures the validity of
(1). The prediction (1) can be interpreted in terms of the
Sagnac effect: in the presence of a vortex the condensate
rotates and this lifts the degeneracy of the two excitations
m � 62.

Two experiments have led so far to the observation of a
vortex line in a gaseous condensate [12,13]. The method
used in [12] uses a combination of a laser and a microwave
field to print the desired velocity field onto the atomic
wave function. This generates a condensate with atoms in
a given internal state rotating around a second, stationary
condensate in another internal state. The second method
© 2000 The American Physical Society 2223
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[13], which is used in the present paper, is a transposi-
tion of the rotating bucket experiment performed on 4He.
We superimpose onto the cylindrically symmetric mag-
netic potential a nonaxisymmetric, dipole potential created
by a stirring laser beam. The combined potential leads
to a cigar-shaped harmonic trap with a slight anisotropic
transverse profile. The transverse anisotropy is rotated at
an angular frequency V and nucleates a vortex if above a
critical frequency Vc.

The details of the experimental setup have been de-
scribed in [13,14]. For the preparation of the condensate
we start with 109 87Rb atoms in a Ioffe-Pritchard mag-
netic trap at a temperature �200 mK. The oscillation fre-
quency of the atoms along the longitudinal axis of the trap
is vz�2p � 10.3 Hz. For the results presented here, the
transverse frequencies v��2p have been varied between
170 and 210 Hz by adjusting the bias field at the center of
the trap [15].

The experimental sequence consists of four steps:
(i) condensation via evaporative cooling, (ii) vortex nu-
cleation, (iii) excitation and evolution of the quadrupolar
modes, and (iv) characterization using absorption imaging
after a time-of-flight (TOF) expansion of Ttof � 25 ms.
The probe laser for the imaging propagates along the z
axis, and the image gives the transverse xy distribution of
atomic positions after the expansion. From each image
we extract the temperature of the cloud, the size of the
condensate in the xy plane, and the number of vortices
which have been nucleated.

We evaporatively cool the atoms with a radio-frequency
sweep. The condensation threshold is reached at 550 nK.
We continue the evaporative cooling to a temperature be-
low 80 nK at which point approximately 3 3 105 atoms
are left in the condensate. This number is evaluated from
the size of the condensate after expansion, assuming an
initial Thomas-Fermi distribution [16].

After the end of the cooling phase we switch on the
stirring laser beam, which is parallel with the long axis
of the condensate. The central position of this beam is
varied in time with respect to the x � y � 0 axis by two
acousto-optic modulators. This temporal variation and the
stirring light intensity are chosen such that the stirring
laser creates on the trapped atoms a dipole potential
which is well approximated by Mv

2
��eXX2 1 eYY2��2
2224
with eX � 0.05 and eY � 0.15. The X, Y basis rotates
at constant angular frequency V with respect to the
fixed x, y basis. The stirring phase lasts 900 ms which
is well beyond the typical vortex nucleation time found
experimentally to be about 450 ms [17]. During this
phase the evaporation frequency is raised to a relatively
large value (magnetic well depth equal to 2 mK) in order
not to perturb the nucleation process, and we observe a
slight heating of the cloud with a final temperature of
130 �650� nK.

At the end of the vortex nucleation phase we excite a
quadrupolar oscillation using the dipole potential created
by the stirring laser now on a fixed basis (X, Y � x, y)
and with a 10 times larger intensity. This potential acts on
the atoms for a 0.3 ms duration, which is short compared
to the transverse oscillation period. The potential created
can be decomposed into (i) a part proportional to x2 2

y2, which excites the transverse quadrupole motion of the
condensate, and (ii) a part proportional to x2 1 y2 which
excites the transverse m � 0 breathing mode which is not
relevant for the present study [18].

The transverse quadrupolar mode excited is a linear su-
perposition of the m � 62 modes. The lift of degener-
acy between the frequencies of these two modes causes
a precession of the eigenaxes of the quadrupole mode at
an angular frequency given by �u � �v1 2 v2��2jmj �
�v1 2 v2��4. Therefore the measurement of �u together
with the size of the condensate gives access to Lz .

To determine �u we let the atomic cloud oscillate freely
in the magnetic trap for an adjustable period t (between 0
and 8 ms) after the quadrupole excitation. We then perform
the TOF 1 absorption imaging sequence, and we analyze
the images of the condensate using a Thomas-Fermi–type
distribution [19] as a fit function, with an adjustable ellip-
ticity and adjustable axes in the xy plane.

A typical result is shown in Fig. 1. For this measurement
the measured number of atoms was 3.7 �61.1� 3 105.
The transverse frequency v��2p equals 171 Hz, and
the threshold frequency Vc�2p for nucleating a vortex
is 115 Hz. The sequences of pictures [Figs. 1(a)–1(c)
and Fig. 1(d)–1(f )] correspond to t � 1, 3, and 5 ms for
which the ellipticity in the xy plane is maximum. Fig-
ures 1(a)–1(c) have been taken after stirring the conden-
sate at a frequency V�2p � 114 Hz. Since V , Vc, no
FIG. 1. Transverse oscillations of a stirred condensate with N � 3.7 �61.1� 3 105 atoms and v��2p � 171 Hz. For (a)–(c) the
stirring frequency is V�2p � 114 Hz, below the vortex nucleation threshold Vc�2p � 115 Hz. For (d)–(f ) V�2p � 120 Hz.
For (a),(d) t � 1 ms; (b),(e) t � 3 ms; (c),(f ) t � 5 ms. The fixed axes indicate the excitation basis and the rotating ones indicate
the condensate axes. A single vortex is visible at the center of the condensate in (d)–(f ).
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evidence for a vortex (which would appear as a density dip
at the center of the condensate) is found in the correspond-
ing images. The quadrupole oscillation is identical to the
one found in the absence of the vortex nucleation phase. Its
frequency 250 Hz (63 Hz) is in good agreement with the
value

p
2 �v��2p� expected for a zero temperature con-

densate in the Thomas-Fermi limit [18].
For a stirring frequency V�2p � 120 Hz for which a

vortex is systematically nucleated at the center of the con-
densate, the behavior of the system is dramatically differ-
ent. The axes of the quadrupole oscillation precess, as can
be seen in the sequence of pictures [Figs. 1(d)–1(f )]. The
precession rate �u, obtained from the analysis of several
sequences of images taken every 0.5 ms, is 5.9�60.2� de-
grees per millisecond [i.e., �v1 2 v2��2p � 66 Hz].

In order to deduce from this precession the value of Lz

we must determine the in situ size r� of the condensate.
The fit of the image of the condensate after expansion gives
an average radius equal to 103 �66� mm (the radius is de-
fined as the average distance from the center at which the
Thomas-Fermi fit function vanishes). In our experimental
conditions the time of flight corresponds to a dilatation of

the transverse lengths by a factor
q

1 1 v
2
�T2

tof � 26.8
[21,22], so that the radius of the condensate before
time of flight is R� � 3.8 mm. The Thomas-Fermi
approximation yields r2

� � 2R2
��7 and we infer

Lz�h̄ � 1.2 �60.1�. Note that the number of atoms
is not needed in this determination of Lz .

We have performed similar experiments for several val-
ues of the stirring frequency V and of the oscillation
frequency v�. For simplicity we have restricted our mea-
surements to a single value of t, corresponding to the third
maximum in the temporal evolution of the ellipticity of the
cloud (e.g., t � 5 ms for the parameters of Fig. 1). For
each choice of V we measure u, from which we deduce
�u � u�t, and the angular momentum.

The results are shown in Fig. 2 for the transverse
frequency v��2p � 175 Hz. These data allow for a
quantitative definition of the critical frequency Vc. This
quantity was previously defined using a qualitative cri-
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FIG. 2. Variation of the angular momentum deduced from (1)
as a function of the stirring frequency V for v��2p � 175 Hz
and 2.5 �60.6� 3 105 atoms.
terion: the presence of a density dip at the center of the
condensate. It can be defined now as the value for which
Lz jumps from 0 to a value close to h̄. The precision of
this determination is of the order of 1 Hz, and it may be
limited by the characteristic nucleation time (450 ms).
For V � Vc the large error bar in Fig. 2 reflects the large
dispersion in the results for u. This is illustrated more
clearly in the histograms of Fig. 3 which give the value of
Lz�h̄ for V�2p � 116, . . . , 118 Hz.

For all transverse frequencies that we have used (be-
tween 170 and 220 Hz) we have found that Vc � 0.65ṽ�,
where ṽ� � v��1 1 �eX 1 eY ��2�1�2 is the average
transverse oscillation frequency in the presence of the
stirring laser. The sensitivity of Vc to the atom number is
very small: a change of N by a factor of 2 changes Vc by
less than 5%. This is the reason for which the transition
at Vc is so sharp, although the relative dispersion of the
atom number is 40%. The measured value for Vc is
notably larger (by �50%) than the predicted threshold
above which the vortex state is energetically favored
with respect to the nonvortex state [10,23–27]. A better
account for the experimental result may be obtained by
estimating the stirring frequency at which the energy
barrier between these two states disappears [28–31].

To understand the details of Fig. 2, we recall that the an-
gular momentum per particle in the condensate Lz depends
in a nontrivial way on the configuration of the vortices. In
particular, for a single vortex, Lz is equal to h̄ only when
the vortex line coincides with the z axis. Otherwise Lz is
strictly less than h̄ and decreases to 0 when the position of
the vortex core reaches the edge of the condensate. More-
over, when N vortices are present all corresponding to
the same positive circulation h�M, the angular momentum
per particle is lower than N h̄ unless all cores are super-
imposed along the z axis. This configuration, however, is
unlikely to occur in our experiment since it is known that
a vortex with a circulation nh̄�M where n . 1 is unstable
[5,25–27,32].

In light of the above discussion, the jump in Lz from 0
to h̄ between 116 and 118 Hz corresponds to the transi-
tion from a zero vortex state to a state with a single, well
centered vortex. This is confirmed by observing that the
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FIG. 3. Distribution of the values for Lz�h̄ for a stirring fre-
quency V�2p � 116, . . . , 118 Hz (same data as for Fig. 2).
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vortex core nucleated at V�2p � 117 Hz appears at the
edge while the one nucleated at 118 Hz is on the cen-
ter of the condensate after the time-of-flight expansion.
As we increase the stirring frequency beyond 118 Hz Lz

increases above h̄, which according to the previous dis-
cussion should correspond to the entry of other vortices.
On the time-of-flight images, multiple vortex structures are
clearly apparent above V�2p � 124 Hz. As the stirring
frequency is varied from 120 to 124 Hz, although only one
vortex is clearly visible, we observe that the deviation of
its position with respect to the center of the condensate
increases. This may be explained by the presence of a sec-
ond vortex at the edge of the cloud where the density is
too low for an unambiguous detection.

Between 118 and 133 Hz we observe a monotonic in-
crease in the number of vortices nucleated from 1 to 5.
The corresponding value for Lz varies from h̄ to a value
smaller than 5h̄, as a consequence of the separation of the
cores. The fact that the angular momentum increases con-
tinuously and exhibits no subsequent steps beyond the first
probably reflects the smooth variation of the vortex core
positions with V.

Another remarkable feature appearing in Fig. 2 is
that for stirring frequencies between 133 and 145 Hz
the precession rate decreases with V and the vortex
lattice contrast “blurs” into a “turbulent” structure re-
ported previously [13]. When the stirring frequency is
V�2p � 145 Hz we find no precession of the quadrupolar
oscillation eigenaxes, and the atomic cloud appears to
be unperturbed by the nucleation sequence. Moreover,
the quadrupole and monopole oscillation frequencies
are 256 �61� Hz, and 350 �61� Hz, respectively, which
is very close to what is expected for a zero tempera-
ture condensate at rest, i.e.,

p
2 v� and 2v� with

v��2p � 175 Hz.
To summarize we have presented in this paper a direct

measurement of the angular momentum of a Bose-Einstein
condensate after it has been stirred at a given frequency V.
Using only macroscopic quantities, namely, the precession
angle and the spatial extension of the condensate, we have
access to a microscopic value �h̄ of the angular momen-
tum per particle. This measurement relies on (1) which
is valid only for a pure superfluid in the hydrodynamic
regime [8]. In particular, it neglects the role of the thermal
component, and it may not apply to the gas in the turbu-
lent regime whose structure may be more complex than a
“normal” Bose-Einstein condensate. This measurement is
analogous to the experiment performed by Vinen in which
he detected a single quantum of circulation in rotating He
II by studying the lift of degeneracy between two vibra-
tional modes of a thin wire placed at the center of the ro-
tating fluid [33]. Also the existence of the threshold Vc for
the stirring frequency at which the angular momentum per
particle jumps from 0 to h̄ is a direct manifestation of the
superfluidity of the condensate, and finally this comple-
ments the result of [34], showing that an “object” moving
2226
at a velocity below a critical value does not deposit any
energy in a condensate.
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Note added.—After this work was completed we be-
came aware of an experiment similar to that of Fig. 1 by
Haljan et al. [35].
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