
SEARCH AND DISCOVERY 

Researchers Can Now Vary the Atomic 
Interactions in a Bose-Einstein Condensate 

Bose-Einstein condensates (BECs) 
were formed five years ago from 

rubidium-87 and sodium atoms, 
whose interactions are repulsive. 
BECs were also formed from lithium-7 
atoms, which attract one another. 
(See the article by Wolfgang Ketterle 
in PHYSICS TODAY, December 1999, 
page 30.) Now researchers in Boulder, 
Colorado, have created a single con­
densate of rubidium-85 atoms, which 
can be taken continuously from the 
repulsive to the attractive regimes.1 

The experimenters can vary the 
strength of the interaction between 
the atoms in their condensate by a fac­
tor of 100 or more-and even flip its 
sign-by changing the external mag­
netic field. The ability to tune the 
interactions of a condensate opens the 
door to systematic explorations of 
atomic behavior in new regimes . 

In a dramatic demonstration of 
this capability, the team 
forced a condensate into the 
attractive regime, where it 
collapsed in on itself: The 
condensate blew off some 
fraction of its mass, leaving 
a smaller condensate at the 
core, in a manner reminis­
cent of a supernova. This 
core was then brought back 
to the repulsive regime and 
reexpanded. Carl Wieman 
whimsically refers to the 
event as a "bose nova." (Wie­
man and Eric Cornell head­
ed the experimental team, 
which also included Simon 
L. Cornish, Neil R. Claussen, 
and Jacob L. Roberts; all are 
affiliated with JILA, the 
National Institute of Stan-
dards and Technology, and the Univer­
sity of Colorado.) Randall Hulet and 
his group at Rice University had 
already seen the collapse of a conden­
sate of attractive atoms,2 but they do 
not have the ability to change the sign 
of the interaction. 

The scattering length 
The interaction strength of conden­
sates can be manipulated largely 
because it depends essentially on one 
parameter, a, the s-wave (zero angu-
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... Like a couple in a love-hate rela­
,..tionship, atoms in a condensate 
can shift from attracting to repelling 
one another-just by the turn of an 
experimental knob. 

lar momentum) scattering length 
between two atoms. When atoms 
repel, they behave much like a bunch 
of randomly moving hard spheres of 
radius a, bouncing elastically off one 
another. When atoms attract, they 
tend to pull together, and a is then 
negative. 

During an atomic collision, atoms 
can stick together for a short time and 
form a molecule . If the magnetic 
moment of the molecular state differs 
from that of the atoms, one can use a 
magnetic field to vary the energy dif­
ference between the atomic and 
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molecular states. At a so-called Fesh­
bach resonance, the energy of the 
molecular state matches the energy of 
the colliding atoms (which is essen­
tially zero in a condensate), and the 
atoms can stick together for a long 
time. When the two atoms thus flirt 
with entering a molecular state, the 
scattering is greatly enhanced. As the 
magnetic field goes through this Fesh­
bach resonance, a grows rapidly 
stronger, changes sign, and then 
weakens as the field is taken farther 
from resonance. (See the inset of the 
figure on page 18.) The use of Fesh­
bach resonances to tune atomic inter­
actions was suggested in 1992 by 
Boudewijn Verhaar, of the Eindhoven 
University of Technology in the 
Netherlands, and his colleagues.3 

Although many atoms have Fesh­
bach resonances, near which one can 
tune the interactions, su ch reso-

nances have so far been 
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seen only in a few atoms. 
That's because the reso­
nances are only evident at 
very low temperatures, and 
they usually occur at incon­
veniently large magnetic 
fields. Two years ago, 
researchers at MIT were 
able to observe a Feshbach 
resonance in a sodium BEC 
by using optical rather than 
magnetic fields to trap the 
atoms. 4 They observed a 
tenfold variation of the 
scattering length, in agree­
ment with theoretical pre­
dictions . However, heavy 
losses of atoms from the 
condensate near resonance 
prevented further experi­

BEC GROWS with scattering length. 
False-color images in left-hand column 
show the condensate column density 
for magnetic fields of 162.5 G (top), 
158.4 G (middle), and 156.4 G (bottom) . 
Clearly the condensate expands as it 
nears the Feshbach resonance at 155 G, 
where the atoms become far more 
repulsive. Plots on right display the cor­
responding horizontal cross section. 
The number of atoms was varied to 
keep the optical depth constant. 
(Adapted from ref. 1.) 

mentation. Other groups have since 
seen evidence ofFeshbach resonances 
in cold atoms of 85Rb and cesium, but 
not in condensates of those atoms. 

The Boulder experimenters used 
85Rb atoms, which have a Feshbach 
resonance at low enough magnetic 
fields to allow magnetic trapping of 
the atoms. They reduced the losses 
that can occur near a Feshbach reso­
nance, in part by working at much 
lower condensate densities than in 
the MIT experiment. Luckily, the 
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researchers were also able to 
find a narrow window in the 
magnetic field just above the 
Feshbach resonance, where 
losses are lower than they 
would be even far from reso­
nance. Still, the experimental 
team had to overcome a num­
ber of technical challenges 
before they could evaporative­
ly cool the atoms to low enough 
temperatures to form a con­
densate. As the researchers 
caution in their paper, 85Rb "is 
plagued with pitfalls for the 
unwary evaporator." They 
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finally found a path to evaporative 
cooling by starting the cooling at a 
magnetic field far above resonance 
and then moving closer in. The team 
can now produce long-lasting conden­
sates containing up to 10 000 atoms. 

For the hyperfine ground state of 
85Rb used in this experiment, the 
Feshbach resonance occurs at a mag­
netic field of155 G. The Boulder group 
ranged the magnetic field over values 
just above this (from 156 to 166 G) and 
imaged the shape of the condensate 
for each step in field strength. The 
closer the condensate comes to the 
Feshbach resonance, the larger it 
becomes thanks to the increased 
repulsion, as illustrated in the figure 
on the previous page. The researchers 
made quantitative measurements of 
the density distributions and from 
them deduced the value of the scat­
tering length a. The values of a thus 
derived from experiment are plotted 
as a function of magnetic field in the 
figure above. Superposed on the data 
points is a smooth curve, which rep­
resents the theoretically expected 
variation ofthe scattering length with 
magnetic field. 

When the Boulder researchers 
increased the magnetic field above 
166.8 G, they entered the regime 
where a is expected to be negative. 
That's where they observed the bose 
nova explosion. In that event, Wie­
man estimates, some 20-40% of the 
atoms in the original condensate were 
ejected at high enough energies to 
escape the trap; another 10-20% were 
thrown out of the condensate but still 
oscillated within the trap. Left behi'fl.d 
at the core was a smaller condensate. 

Dramatics aside, the ability to 
exert some control over the onset of 
collapse opens new possibilities for 
exploring the dynamics of such implo­
sions. In the region of negative scat­
tering lengths, the attractive interac­
tion inakes a condensate unstable 
against collapse. However, as the size 
of a cloud shrinks, Heisenberg's 

18 AUGUST 2000 PHYSICS TODAY 

157 161 
MAGNETIC FIELD (gauss) 

SCATTERING LENGTH versus magnetic 
field near a Feshbach resonance at 
155 G. Data points indicate the scatter­
ing length determined from the size of 
the condensate. Smooth curve is the the­
oretical expectation. The scattering 
length is given relative to the Bohr 
radius. Inset shows the full extent of 
the Feshbach resonance. (Adapted 
from ref. 1.) 

uncertainty principle requires its 
momentum uncertainty and therefore 
its kinetic energy to increase. This 
energy increase prevents the collapse 
for a sufficiently small number of 
atoms in the condensate. Theorists in 
the mid-1990s predicted the maxi­
mum number of atoms that one can 
have in an attractive BEC before it 
collapses. In their experiments on 
condensates of attractive 7Li atoms, 
Hulet and his colleagues at Rice Uni­
versity have found that the maximum 
number of atoms in their condensate 
is consistent with these theoretical 
expectations.5 The Rice group has fur­
ther confirmed that attractive con­
densates collapse by observing the 
spread in condensate occupation 
number. 2 With its newfound capabili­
ties, the Boulder team has now begun 
systematic measurements ofthe max­
imum condensate size for not just one 
but a range of negative scattering 
lengths. The group is also studying 
the angular and energy distributions 
of the ejected material. 

The challenge for theorists 
To date, most measurements of the 
properties ofBECs have been made in 
a regime of weak interactions, where 
the atomic collisions are described 
well by a mean field theory. The 
assumption has been that all colli­
sions involve only two atoms. But 
near a Feshbach resonance, the atoms 
effectively get larger, and three-body 
interactions become more likely. The-
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orists are anxious to study 
what modifications will be 
required of their models in 
this new regime. Henk Stoof 
of the University of Utrecht 
in the Netherlands is inter­
ested in the impact of the 
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the oscillation modes of a 
condensate: Up to now, the 
oscillations have been stud-
ied in a regime where there 
are few elastic collisions 
between atoms in each cycle 
as the gas cloud expands and 
contracts; but the Boulder 

experiment allows one to study a 
cloud in the hydrodynamic (strong 
scattering) regime, where many elas­
tic collisions occur during one cycle. 

Even before the Boulder experi­
ment, theorists had been doing simu­
lations of how condensates collapse. 
Their models can now be challenged 
with new data. Stoof notes that many 
of the atoms ejected by the Boulder 
implosion still have low enough ener­
gies to be trapped; he thinks that the 
low energy can be explained in terms 
of elastic collisions between conden­
sate atoms (inelastic collisions should 
impart higher energies). Keith Bur­
nett of Oxford told us that "the abili­
ty to tune a mesoscopic system into 
collapse was one of the dreams driv­
en by the first achievements of BEC. 
... This collapse of an unstable 
ground state (or vacuum) of a quan­
tum field will have many features 
that we theorists would like to inves­
tigate." He rattled off a list of ques­
tions such as the role of quantum fluc­
tuations in the dynamics, the relation 
of the "thermal" cloud present before 
the implosion to the collapsing core, 
and the part played by other thermal 
atoms produced in two- and three­
body collisions. Reflecting the fun the 
theorists are having in this new play­
ground, Burnett remarked, "What a 
blast!" 
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