
An Optical Spoon Stirs Up Vortices in a 
Bose-Einstein Condensate 
Since the early days of Bose-Ein­

stein condensates (BECs) in atom­
ic gases, comparisons have been 
drawn to the other familiar bosonic 
systems: liquid helium-4 and the 
Cooper pairs of superconductors. Two 
of the early questions asked of BECs 
were whether they had similar coher­
ence properties and whether they 
were superfluids. In 4He, it is rather 
difficult to study properties of the con­
densate, such as the condensate frac­
tion, whereas the measurement of 
superfluidity is fairly straightfor­
ward. The opposite has proved true 
for atomic condensates: The conden­
sate fraction as a function of temper­
ature was found early on, but only 
recently has their superfluidity been 
placed on firm footing (see PHYSICS 
TODAY, November 1999, page 17). 

One property associated with 
superfluids is the ability to support 
quantized circulation. Normal fluids, 
such as a stirred cup of coffee, rotate 
like a rigid body. In contrast, the 
velocity of a one-component superflu ­
id like4 He is related to the gradient of 
the phase of its wavefunction. Conse­
quently, such superfluids only support 
flow with zero curl, which precludes 
rigid-body rotation. But superfluids 
can support quantized Circulation 
through the introduction of vortices. 
Each vortex is characterized by a node 
where the condensate wavefunction 
(and hence its density) goes to zero. 
Along any closed path surrounding 
one vortex, the wavefunction phase 
changes by 21r-and thus the fluid cir­
culates around the vortex. 

Last fall , researchers at JILA in 
Boulder, Colorado, succeeded in cre­
ating a vortex in a BEC using 
microwaves and a rotating laser beam 
to "imprint" the characteristic 27T 
phase winding in a two-component 
condensate. 1 Now Kirk Madison, 
Frederic Chevy, Wendel Wohlleben, 
and Jean Dalibard at Ecole Normale 
Superieure (ENS) in Paris have 
demonstrated another method for 
generating vortices : rotating an asym­
metric trapping potential.2·3 This new 
technique can readily produce multi­
ple vortices, and it also allows quan­
titative studies of vortex nucleation 
and decay. 

Optical spoon 
In the classic "rotating bucket" exper­
iments on superfluid 4He, a cylindri­
cal container is rotated as the liquid 
within it is cooled. (See PHYSICS 

Multiple vortices form regular 
arrangements in a condensate in a 

rotating trap. 

TODAY's special issue on superfluid 
helium, February 1987.) Imperfec­
tions in the walls provide the transfer 
of angular momentum that is 
required to introduce vortices into the 
liquid. But a cylindrically symmetric 
magnetic trap is perfectly smooth, so 
another route is needed to get a BEC 
spinning. 

The technique implemented by the 
ENS team in many ways resembles the 
rotating-bucket approach of liquid He 
experiments. Dalibard and company 
start with a Ioffe-Pritchard magnetic 
trap, which produces cigar-shaped con­
densates-in this case with a radius of 
2.5 JLm and a length of 100 JLm. Except 
for a small static inhomogeneity, the 
trap is axially symmetric about the 
length of the cigar. 

The resea.rchers introduce a trans­
verse asymmetry using a laser tuned 
far from the atomic resonance. The 
laser beam, with a diameter of 20 JLm, 
induces a dipole moment in the atoms, 
which then couples to the laser's elec­
tric field. The beam is aligned paral­
lel to the long axis of the trap but isn't 
centered in the trap. Instead, it is tog­
gled rapidly back and forth between 
two points symmetrically located 

about 8 JLm from the center. With a 
sufficiently high toggle rate, the 
atoms feel the time-averaged poten­
tial of two laser beams. 

The additional potential from the 
toggled laser beam squashes the con­
densate's cigar shape, giving it a' 
slightly elliptical cross section. By 
rotating the toggling about the long 
axis of the trap, the researchers rotate 
the asymmetric potential, which stirs 
the condensate. 

"Toggling the laser beam is essen­
tial," notes Dalibard. Otherwise, the 
laser would merely shift the trap's 
center-the trap would remain 
axisymmetric . Rotating the beam 
would then just move the trap in a cir­
cle, which would not stir the conden­
sate. "It's the difference between mov­
ing a coffee cup around in a circle and 
inserting a spoon and rotating it," 
explains Madison. 

Th introduce vortices into conden­
sates, the researchers load their trap 
with about half a billion spin-polarized 
rubidium atoms. With the stirring laser 
on and rotating at a fixed frequency, 
they evaporatively cool the atoms 
through the BEC transition tempera­
ture down to a temperature of about 
100 nK, at which most of the remain­
ing 105 atoms are in the condensate. 

Early surprises 
Dalibard and coworkers have found 

STIRRED BOSE-EINSTEIN CONDENSATES show no vortices when the stirring fre­
quency is below the critical frequency for vortex nucleation (top left). Once the criti­
cal frequency is crossed, a vortex appears at the center of the condensate (top right) . 
Arrays of vortices are found for higher stirring frequencies. Shown below are images 
of 7; 8, and 11 vortices. (Courtesy of K. Madison and F. Chevy.) 
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Galaxy Survey Finds Limit of Cosmic Structure Size 

DISTANCE (!09 light years) 

RED SHIFT 

Each of the 106 688 points in this scatter plot of redshift against right ascension 
(celestial longitude) represents a galaxy. Presented by Gavm Dalton (Oxford) 

and Karl Glazebrook Q"ohns Hopkins) at the June meeting of the American Astro­
nomical Society in Rochester, New York, this mapping of two cosmic wedges out 
to 4 billion light years is by far the most extensive three-dimensional galaxy survey 
to date. The plot summarizes the first two years of the Two Degree Field Galaxy 
Redshift Survey. The 2dFGRS team is a British-Australian-US collaboration that 
plans to have measured ~ total of 250 000 galactic redshifts by the end of next year. 

In declination (celestial latitude), the two measured strips of sky are, thus far, only 
about 7° wide. The mapping is three dimensional to the extent that a galaxy's redshift 
is a reliable measure of its distance. Hubble's law of universal expansion tells us that 
this is largely true for distant galaxies. But the Hubble expansiofol can be gravitational­
ly retarded in overdense regions. In fact, the 2dFGRS team exploits anomalous redshift 
patterns resulting from such retardation to estimate the cosmic density of dark matter. 

The 2dFGRS collaboration takes its ungainly name from the instrument that 
makes this prodigious undertaking possible-the two-degree-field spectrograph 
mounted on the 3.9-meter Anglo- Australian Telescope in the mountains northwest 
of Sidney. Its extraordinarily capacious 2° field of view, together with its novel 
robotic ability to attach optical fibers to individual galaxy images, allows the group 
to measure 3000 redshifts per night. 

It doesn 't take fancy correlation functions or power spectra to glean the first 
important lesson from the redshift map: The galaxies form no obvious structures 
larger than about 300 million light years. This "greatness limit" agrees well wnh 
what one expects from standard cosmological scenarios of structure formation. And 
it agrees with the tentative findings of earlier redshift surveys: But the mos~ e~ten­

sive earlier surveys, not nearly as deep as 2dFGRS, were runnmg out of statistics at 
300 million light years. (All the surveys, limited by sensitivity, record only the most 
luminous galaxies at their farthest reaches.) . 

The collaboration's other principal finding, thus far, is not much of a surpnse 
either. But, like the greatness limit, it gains reliability from the unprecedented depth 
and volume of the 2dF survey. From the statistical evidence of departures from the 
Hubble flow in overdense regions, the group deduces that the cosmological (visible 
plus dark) mass density parameter !lm is about '/3• A variety of recent studies­
exploiting gravitational lensing and other observables as well as redshifts-~ave 

yielded much the same !l . But there was reason to believe that the estimates might 
increase with increasing s~rvey depth. The 2dF survey is the first that's deep enough 
to show that the measurements of nm have plateaued at about '/J. 

This result rounds out a neat cosmological package: Recent supernova evidence for 
accelerated Hubble expansion yields a value of about 2/ 3 fo r !lA> the cosmic vacuum­
energy-density parameter. And the latest measurements of the cosmic microwave 
background tell us that the sum nm + n" is very close to 1' as required by the standard 
inflationary Big Bang cosmology. (See PHYSICS TODAY, July, page 17.) 

The 2dF survey, when it is completed, will have covered about 5% of the sky. 
The bigger Sloan Digital Sky Survey, just getting under way, will cover fully 2?0/o 

of the sky to slightly shallower depth, measunng the redshifts of a million galaxies. 
BERTRAM SCHWARZSCHILD 
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that below a critical stirring frequen­
cy, which depends on the steepness of 
the magnetic trapping potential, no 
vortices appear in the condensate. For 
a range of frequencies above the crit­
ical frequency, a single vortex is 
observed as a pronounced density dip 
in the center of the condensate, shown 
in figure on page 19. Recent measure­
ments of the angular momentum of 
the stirred condensate confirm a jump 
from 0 to n per atom at the critical fre­
quency, as expected for a single vortex 
in the center of the trap. 3 Surprising­
ly, the critical frequency determined 
experimentally is about 50% higher 
than expected from calculations of 
when the one-vortex state becomes 
the lowest-energy state of the rotating 
condensate. 

At even higher stirring frequen­
cies, multiple vortices appear and 
form regular arrangements that 
resemble those found in rotating 
superfluid 4He and the triangular 
Abrikosov vortex lattices found in 
type-II superconductors in a magnet­
ic field . The cores of the BEC vortices 
are relatively large compared to the 
size of the trapped condensate, and so 
only a small number of vortices can be 
cleanly observed. At sufficiently high 
stirring frequencies , a turbulent 
structure is seen instead in the con­
densate. Ultimately, at stirring fre­
quencies approaching the r estoring 
frequencies of the trapping potential, 
the condensate is lost. 

In their more recent experiments, 
Dalibard and company have varied 
their condensate preparation proto­
col: Instead of cooling with the stir­
ring laser on, they have begun stirring 
after the condensate is for med. In 
another surprise, they find the nucle­
ation of vortices with essentially the 
same critical frequency as when they 
cool while stirring. In contrast, a high­
er rotation frequency is needed to 
nucleate vortices in superfluid 4He if 
the spinning starts after the liquid is 
cooled than when the liquid is cooled 
while the bucket is rotating. 

Open questions 
The ENS work joins three other 
r esults that demonstrate the super­
fluid properties of condensates. By 
dragging a laser beam through a con­
densate, Wolfgang Ketterle's group at 
MIT has demonstrated frictionless 
flow below a critical dragging veloci­
ty.4 Chris Foot and coworkers at the 
University of Oxford5 have observed 
undamped irrotational oscillation of 
the condensate-the so-called scissors 
mode-when a slightly asymmetric 
trap is given a quick twist, as predict-



ed by David Guery-Odelin and Sandra 
Stringari of the University of Trento 
in Italy. 6 Meanwhile, the JILA 
researchers have continued to explore 
vortices with the phase imprinting 
technique, and have recently observed 
vortex precession in condensates. 7 

Theorists and experimenters alike 
have been given much to ponder and 
explore with the ongoing revelations 
into the behavior of condensates. Why 
the critical frequency for vortex nucle­
ation is so much higher than predict­
ed remains an outstanding puzzle, as 
is why no vortices are observed in con­
densates too close to the t ransition 
temperature. Vortices may help eluci­
date the interactions between the con­
densed and noncondensed atoms. The 
nature of the excitations of the vortices 
themselves is also being examined. 

The behavior of superfluid 4He is 
dominated by strong interactions 
between atoms and with the walls. 
Detailed models and simulations are 
consequently difficult. In contrast, 
BECs have weak interactions that are 
well described by microscopic theo­
ries, and magnetic traps are inher­
ently clean. Furthermore, the vortex 
cores in BECs are about a thousand 
times larger than those in 4He. With 
BECs, notes David Feder of NIST in 
Gaithersburg, Maryland, "many of 
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the questions that have dogged the 1------------------------------­
liquid helium community for years 
can be addressed directly for the first 
time." Eric Cornell of JILA adds, "Two 
of the most interesting things in a vor­
tex's life are its birth and death. Now 
we can look at both." 

RICHARD FITZGERALD 
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CHARGE SENSITIVE PREAMPLIFIERS 
If you are using Solid State Detectors, 
Proportional Counters, Photodiodes, PM 
Tubes, CEMs or MCPs and want the best 
performance, try an AMPTEK CHARGE 
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