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Figure 2. Noise spec-
tral densities measured
in a LISA laboratory
test. Shown are the
levels of phase fluctua-
tion in the raw laser
signal (red) and in
linear combinations of
signals designed to
cancel first the phase
fluctuations (black),
then the clock drift
(blue), and finally the
clock fluctuations
(green). The processed
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signal not only satisfies
LISA’s sensitivity
requirements (black

dashed line) but also coincides with the noise limit of the laboratory system
(purple curve, mostly obscured). (Adapted from ref. 2.)

system’s limitation, the noise measured
in a different test run during which the
clocks and lasers were all phase-locked.
The researchers are working on im-
proving that limit so they can better

understand TDI’s potential.

There is much more work to do be-
fore LISA is ready. And the mission’s fu-
ture depends heavily on the outcome of
the National Academy of Sciences’” As-

tronomy and Astrophysics Decadal
Survey, a ranking of funding priorities
for the next 10 years, expected to be an-
nounced later this summer. If LISA
ranks highly, the spacecraft could be
launched by 2021; if not, the mission
could be delayed indefinitely. But, says
Ware, work on TDI will pay off eventu-
ally. “Whether LISA comes out on top
or not, someone will eventually build a
gravitational wave detector in space.
And it will look like LISA.”

Johanna Miller
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Watching a Bose-Einstein condensate crystallize

If the interaction between ultracold atoms and photons in an optical cavity is strong enough, it gives
rise to an intriguing quantum phase transition.

In 1954 Robert Dicke predicted a re-
markable phenomenon. Imagine a dense
cloud of two-level atoms in an excited
state that can radiatively decay. Because
each atom typically decays indepen-
dently of its neighbors, the cloud is a col-
lection of incoherent emitters. But, he ar-
gued, if the atoms interact coherently,
through the same optical field into which
they emit their photons, they would
spontaneously and collectively radiate
coherent and highly polarized light—an
effect Dicke named superradiance.!

Nearly a half-century later, Bose—
Einstein condensates began emerging
as a new tool for exploring many-body
physics. Thanks to the BEC’s long co-
herence times, its collective motion in-
duced by an optical field can be moni-
tored with exquisite precision. In 1999
Wolfgang Ketterle, David Pritchard,
and their MIT colleagues asked
whether the motion of the atoms in a
BEC can alter their interactions with an
optical field. After shining laser light on
a cigar-shaped condensate, the group
observed dramatic superradiant bursts
of scattered photons. In their scheme, a
two-photon scattering process replaced
what Dicke imagined as radiative
decay.? (See PHYSICS TODAY, September
1999, page 17.)

The MIT group also observed the or-
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ganization of atoms into narrow mo-
mentum distributions. Photon scatter-
ing imparts a recoil momentum to
atoms. But because the velocity of light
is so much faster than the atomic recoil
velocity—about ten orders of magni-
tude faster —the recoiling atoms in the
experiment remained within the BEC
long after their emitted photons had left
and thus could affect subsequent scat-
tering events. The upshot: Recoiling
atoms interfered with condensate
atoms at rest to form, in effect, a matter-
wave grating that enhanced the direc-
tional scattering. Photons flew off in
one direction and recoiling blobs of the
BEC lumbered off in another.

In that experiment, the superradi-
ance remained limited to transient
bursts. By subtly altering Dicke’s
Hamiltonian, however, theorists real-
ized as early as 1973 that a steady-state
superradiant phase was also possible,
even at zero temperature. Their analy-
sis of the system’s minimum energy
found that an interacting collection of
atoms and photons could exhibit a sec-
ond-order phase transition—crossing
from a phase whose ground state con-
tains no superradiant photons to one
whose ground state does, provided the
interaction is strong enough.

Now, by confining a BEC of some 10°

rubidium atoms in a highly reflective
optical cavity and illuminating it with
laser light, Tilman Esslinger and col-
leagues at ETH Ziirich have observed
the long-predicted phase transition.? The
role of the cavity, which repeatedly re-
flects superradiant light through the
BEC, is crucial. The cold atoms and pho-
tons influence each other through the co-
herent exchange of momentum a la cav-
ity quantum electrodynamics. BEC
atoms interfere to form a dynamic re-
fractive index that diffracts the light
waves. And the light waves, in turn, in-
terfere to form an optical lattice that
guides the motion of BEC atoms, as
shown in figure 1. As University of
Auckland theorist Howard Carmichael
puts it, “The light fields tell the atoms
how to move, and the atoms tell the light
fields how to couple to each other.”

The phase transition is then manifest
as a sudden shift in the BEC’s density
distribution, which changes from hav-
ing the character of a homogeneous su-
perfluid to one whose long-range order
is characteristic of a self-organized,
crystalline state.

Light-atom crystal

The achievement builds on earlier ex-
perimental work by MIT’s Vladan
Vuleti¢* and confirms predictions made

www.physicstoday.org
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by the University of Innsbruck’s Hel-
mut Ritsch and Peter Domokos in the
context of laser cooling of atoms in a
cavity.” In 2003, working with a gas far
from quantum degeneracy but in a
regime in which optical forces in the
cavity still overwhelm other forces act-
ing on the atoms, Vuleti¢’s group found
that superradiant scattering scales with
the square of the number of atoms, a
clear signature of self-ordering.

Four years later researchers demon-
strated that a BEC can be stably trapped
in an optical resonator.® That work set
the stage for Esslinger’s recent experi-
ments in which atoms and light are dy-
namically coupled. The emergence of
self-ordering can be classified as a
quantum phase transition, he argues,
because the temperature is effectively
zero and thermal fluctuations in the
BEC are negligible.

As outlined in figure 1, when the
laser power exceeds a critical value the
atoms scatter the pump light by 90° into
the cavity, setting up a standing wave of
superradiant light whose phase depends
on the atoms’ position. The interference
between pump light and superradiant
cavity light induces a square-lattice po-
tential. So the relative optical phase be-
tween laser field and cavity field at the
lattice sites is restricted to two values
differing by 7. Tiny quantum fluctua-
tions—for example, in the cavity field or
the condensate’s density —that favor one
optical phase over the other prompt
atoms to localize into one of the two
checkerboard patterns, even or odd.

Esslinger speculates that “although

www.physicstoday.org

Figure 1. A Bose-Einstein condensate (BEC) is placed inside an optical cavity and
pumped with laser light that forms a standing wave transverse to the cavity axis.

(@) When the pump power P is below some critical threshold P, the atomic density
distribution is homogeneous and the buildup of a coherent cavity field is suppressed
by destructive interference of individual scattering events. (b) When P is greater than
P_, the atoms coherently scatter pump light into the cavity to form a square-patterned
optical lattice created by the interference of superradiant and pump photons. BEC
atoms self-organize into either even or odd sites of the checkerboard pattern to max-
imize cooperative scattering. The choice is triggered by quantum fluctuations that
break the symmetry in atomic density. (c) Light-intensity maxima are depicted by
horizontal and vertical lines of the checkerboard, where A, represents the wavelength

of the pump light. (Adapted from ref. 3.)

the light field can then be described as
a classical wave, the many-body system
initially evolves into both patterns—
even and odd.” Any superposition is
likely to collapse nearly instanta-
neously, though; even a single photon
leaking from the cavity early on would
break the symmetry and determine the
ground state.

One might expect that tuning the
pump laser to one of Rb’s optical-
frequency transitions would be the
most straightforward route to reach the
superradiant, self-organized phase. But
heat from spontaneous emission cre-
ated by that approach would immedi-
ately destroy the BEC. Even worse, the
atom—photon coupling strength, which

has to match the atomic transition en-
ergy for the phase change to happen, is
many orders of magnitude too low at
typical optical frequencies.

To circumvent both problems, the re-
searchers realized they could resort to
virtual (Raman) transitions, either be-
tween two electronic states of an atom,
an idea proposed in 2007 by University
of Auckland’s Scott Parkins, Carmichael,
and their colleagues,” or between two
closely spaced motional states, much
like Ketterle and company did in their
1999 experiment. Choosing the latter ap-
proach, Esslinger and company tuned
the laser frequency so that photon scat-
tering would couple a zero-momentum
state to one with finite momentum. It’s
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Figure 2. Time-of-flight images of the Bose—Einstein condensate’s diffraction pat-
tern, as the BEC is released from the cavity and allowed to expand ballistically for a
few milliseconds. Each image reveals the momentum distribution of the atoms at a
particular pump power. As the plot shows, the mean number of photons in the
cavity remains roughly zero until a critical power threshold when the atoms begin
to superradiate. The long-range diagonal and off-diagonal momentum compo-
nents appear as evidence of an ordered coherent phase. Peaks are separated by
multiples of Ak, where k is the pump light’s wavenumber. (Adapted from ref. 3.)
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the interference between atoms in those
two momentum states that produces
density modulations.

To observe the onset of the ordered
phase, they gradually increased the
pump power while monitoring the light
leaking out of the cavity. As long as the
power remained below a critical thresh-
old, no photons were detected outside
the cavity. But above that threshold
they noticed an abrupt increase in the
number of photons. The time-of-flight
images shown in figure 2 capture the
change in symmetry in the momentum
distribution of the BEC.

A fortunate aspect of the experiment
is that the cavity output reveals time-
resolved information. One experimen-
tal challenge is to probe the system’s

A complex fluid

Flowing water, like other Newtonian
fluids, is fully described by the Navier—
Stokes equations. But many everyday
materials, such as foams, emulsions,
and colloids, are complex fluids that
lack a description of similar generality.
Faced with that gap, researchers in-
stead look for similarities among differ-
ent fluid systems to better classify their
behavior. One such class, the yield
stress fluids (YSFs), includes materials
such as mayonnaise, hair gel, and tooth-
paste that hold their shape under low
stress but flow under high stress.

Recently, YSFs were further classified
into those that exhibit thixotropy —the
decrease of viscosity with time during
continued flow—and those that don't.!
Thixotropy in a YSF leads to heteroge-
neous flow such as shear banding: In re-
sponse to a homogeneous shear stress,
part of the material becomes liquid and
flows more and more easily with time,
while the rest remains solid. Shear band-
ing is an important phenomenon to un-
derstand and control when handling
YSFs industrially. Now, Sébastien Man-
neville, of the Ecole Normale Supérieure
de Lyon, and colleagues have observed
unexpected shear banding in a non-
thixotropic, or “simple,” YSF. Unlike the
thixotropic YSFs, which show shear
banding in the steady state, the simple
YSF’s shear banding was transient—but
the transient regime lasted a surpris-
ingly long time.?

Stressed out

Complex fluids owe their complexity to
structural elements, such as colloidal
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dynamics close to the phase transition.

A new paradigm
The study of a BEC in an optical cavity
represents a departure from most con-
densed-matter experiments, which typi-
cally probe short-range interactions
among atoms. Because every atom feels
the presence of every other atom via the
mediating superradiant light field, the
atomic interactions are truly long range:
The number of nearest neighbors is effec-
tively equal to the number of particles.
Many-body cavity-QED experiments
may also provide a new perspective
on phase transitions, conventionally
studied in closed systems at equilib-
rium. Esslinger’s BEC remains in a
stable ground state throughout the ex-

periment. But the system is open, exter-
nally driven, and dissipative—far from
what Dicke originally considered. That
his Hamiltonian quantitatively captures
the essential physics is thus all the more
remarkable. Mark Wilson
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exhibits unexpected
heterogeneous flow

Depending on the conditions, the localized flow can persist for minutes, hours, or more than a day.

1.1 mm

S
~

.

z 27s| % 1730 s 2250 s
g 06k I§
= O
a O
L% 0.4t - O L
<
& P 0N
= 0.2 #1 - > L
9
[F3R ) S — PO T T R N S PR T T T I T T N
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
r (mm)

Figure 1. (a) Geometry of the Couette cell used in the experiment. Carbopol gel
fills the gap between two concentric cylinders, and the inner cylinder rotates at a
constant rate. The inset shows a velocity profile corresponding to homogeneous
flow. (Adapted from ref. 2.) (b) Three velocity profiles recorded for a shear rate of

0.7 s7' (a rotational period of about three minutes). After 27 s, flow is mostly confined
to a thin shear band around the inner cylinder; after 1730 s, the shear band is
thicker; and after 2250 s, the flow is nearly homogeneous. (Adapted from ref. 2.)

particles, that are much larger than
small molecules but much smaller than
the bulk. Thixotropy can arise in a com-
plex fluid (which could be a YSF or not)
when those structures attract each other

to form aggregates that stiffen the ma-
terial. When the fluid is forced to flow,
the aggregates break down. As a result,
more stress is required to initiate flow
in a thixotropic YSF than to sustain it,
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