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such as cobalt. With this approach, arrays of
magnetic nanodots with potential applications
in data storage can be obtained (13).

Several other materials containing
metallic units within potentially self-as-
sembling polymer architectures are also
being pursued. Star-shaped block copoly-
mers with metal cores (9) have been pre-
pared by controlled polymerization meth-
ods. These materials should exhibit rich
and interesting supramolecular behavior
(14). Block copolymers containing main
chain and side chain nonmetallocene coor-
dination complexes have been developed
and are of similar interest (/5—17).

Supramolecular self-assembly is not
limited to metal-containing block copoly-
mers. For example, Co polymers 10 form
liquid crystalline phases in solution, where-
as lamellar and irregular honeycomb-
shaped morphologies have been identified
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in the solid state (/8). Weak metal-metal in-
teractions involving the heavy transition el-
ements Cu, Ag, and Au have been used to
guide the self-assembly of cyclic building
blocks (11) into luminescent, superhelical
fibers based on stacked structures (12) (19).

Metal-based polymers are emerging as
interesting and useful materials. Further
synthetic breakthroughs are still needed,
but with the immense structural diversity
and range of properties and intermolecular
interactions made possible by the presence
of metallic elements, supramolecular met-
allopolymers will be a particularly fruitful
area of future research.
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Raising the Standards

Patrick Gill

international timekeeping standards,

accurate clocks play a fundamental
role in science and technology. The higher
the frequency of the oscillator used in the
clock, the higher is the clock’s accuracy.
Quartz clocks operate at frequencies in the
megahertz range, whereas atomic clocks
are based on microwave absorptions in the
gigahertz range. At the Sixth Symposium
on Frequency Standards and Metrology,
held from 9 to 14 September 2001 at the
University of St. Andrews, Scotland, re-
searchers presented tantalizing evidence
for atomic clocks based on optical absorp-
tions. These “optical clocks” offer even
higher accuracies, providing a tool for bet-
ter timekeeping and improved tests of the
fundamental laws of physics.

The symposium opened with a review
by N. Ramsey, regarded by many as father
of modern frequency standards. In 1949,
he developed the separated oscillatory
field technique, in which an atomic ab-
sorption is probed by two pulses of radia-
tion separated in time or space to give im-
proved spectral resolution. This approach
is still applied to both microwave and opti-
cal atomic frequency standards and under-
lies the atomic fountain (1).

In an atomic fountain, laser-cooled
atoms are launched up a meter or so and
fall back under gravity. In the process,
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they pass twice through a microwave
probe region. Interference between the two
time-separated probe fields allows the mi-
crowave absorption signal to be subdivid-
ed to provide higher resolution, achieving
typical absorption features of ~1 Hz width.
Cesium fountains of this kind are currently
the most accurate clocks in the world.
Some of these, together with slightly less
accurate nonfountain clocks, comprise the
international group of clocks that define
Coordinated Universal Time (UTC), the
official world time.

State-of-the-art fountains (A. Clairon,
Laboratoire Primaire du Temps et des
Fréquences, Paris) achieve clock frequen-
cy uncertainties of about 1 part in 10 af-
ter averaging for a day or so but are even-
tually limited by small shifts in the center
frequency of the absorption due to colli-
sional perturbations between the cold
atoms in the fountain. It should be possible
to reduce this uncertainty to a few parts in
10'¢ for cesium and to 1 part in 10' for
cold rubidium fountains, which are affect-
ed much less by collisions.

For even faster clocks, we must go be-
yond microwave atomic clocks to optical
clocks. A standard based on an absorption
of much higher frequency (~10'° Hz in
the optical, compared with ~10'° Hz in
the microwave) but a similarly narrow ex-
perimental spectral width of ~1 Hz is
much more monochromatic. The achiev-
able frequency stability is proportional to
the monochromaticity (or Q) of the ab-

sorption, so optical clocks promise better
standards.

Direct optical analogs of the atomic
fountain have not yet been demonstrated.
Two groups have reported good progress
(2, 3) toward a neutral atom optical clock
based on the weak Ca absorption at 657
nm, despite the relatively large natural
linewidth of this absorption. Katori (Uni-
versity of Tokyo) (4) described the cooling
of neutral Sr, which has a highly “forbid-
den” and hence very weak absorption at
671 nm with megahertz natural linewidth.
Several groups plan to observe this high-Q
transition in an optical fountain.

A high-Q optical frequency standard
may also be achieved by probing a weak
“forbidden” absorption in a single laser-
cooled ion held in an electromagnetic trap.
Experimental absorption linewidths for
different trapped ion candidates discussed
at the symposium include mercury (5),
strontium (6, 7), indium (8), and ytterbium
(9, 10). Most of these ions have “forbid-
den” absorptions with limiting natural
linewidths between 0.1 and 3 Hz, offering
Q values of ~10'°, Bergquist and co-work-
ers () have achieved a linewidth of 6.7 Hz
in Hg*, not much above its natural width.
Tamm ef al. (9) have demonstrated a line-
width of 30 Hz for the 435-nm Yb" ab-
sorption. Other species have smaller natu-
ral linewidths but experiments have not yet
reached these levels. In particular, the nat-
ural linewidth of the extremely weak Yb*
467-nm absorption is orders of magnitude
below 1 Hz (/0). In this case, the experi-
mentally achievable linewidth will be lim-
ited not by the natural linewidth but by the
probe laser linewidth.

The potential use of these high-stability
optical absorptions as frequency standards
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critically depends on our ability to com-
pare, to high accuracy, their optical fre-
quency values with the cesium microwave
standard frequency. Until 2 years ago,
complicated frequency chains of mi-
crowave sources and lasers were required
to synthesize an optical frequency from
the known microwave frequency. Since
then, Haensch and co-workers (11, 12),
followed by Hall and co-workers (13),
have pioneered a much easier method.

A train of femtosecond pulses from a
self-mode-locked laser (corresponding to a
small frequency comb extending a few per-
cent on either side of the
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absorption rather than to a microwave
standard (16). A fractional frequency in-
stability of 7 X 101 at 1 s has now been
achieved, nearly an order of magnitude
better than the best microwave standards.
Thus, optical clocks are now a reality and
capable of delivering a microwave output.
This has important implications for the SI
unit of time, which may be redefined in
terms of an optical absorption at some
stage over the next decade. Which ion, or
atom, to choose remains an open question.

D. Wineland (NIST) suggested that
ideas borrowed from quantum computing
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ther ensuring that the com-
plete comb is properly an-
chored relative to zero fre-
quency, the comb can be
used to measure any laser
frequency within its band-
width to the accuracy of
the microwave standard.
Diddams and co-work-
ers [National Institute of Standards and
Technology (NIST)] have used this tech-
nique to measure the same optical frequen-
cy using two independent combs. They ob-
tained agreement at the parts in 10'7 level
for averaging times of a few hundred sec-
onds (I4). Telle and co-workers
[Physikalisch-Technische Bundesanstalt
(PTB), Braunschweig] reported even better
agreement for optical frequency ratio mea-
surements, with uncertainties at the parts in
10" level (15). Laboratories in Germany,
USA, UK, and Japan have now used these
combs to make absolute frequency mea-
surements of cold atoms and ions and laser
standards, with accuracies ranging between
1 in 10 and 2 in 10'2. These accuracies are
not yet as good as the comb comparison ac-
curacies (14, 15), largely due to limitations
of the microwave or optical standards.
Diddams et al. recently demonstrated
the first optical clock (see the figure) by
referencing the comb to the Hg* optical
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An optical clock. The optical clock comprises a narrow-linewidth
laser locked to a cold trapped ion reference absorption, combined
with the frequency comb from a femtosecond mode-locked laser,
which is considerably expanded by nonlinear generation in a mi-
crostructure fiber. Clock outputs include about a million accurate-
ly known mode frequencies across the visible to infrared span and
a microwave countable intermode beat.

may improve trapped ion clocks. Entangle-
ment of ions within a linear ion trap can
reduce frequency instability to a limit in-
versely proportional to ion number N
rather than N2, This is more appropriate
to microwave standards using strings of
ions than to a trapped ion optical standard.
He also suggested that separating the “log-
ic” or cooling ion from the clock ion
should allow simultaneous cooling and
probing without interference and hence in-
creased interrogation times.

S. Chu (Stanford University) presented
the latest progress toward an improved
measurement of ¢, the fine structure con-
stant, using cold atom interferometry. This
fundamental constant is a measure of the
strength of the electromagnetic force hold-
ing atoms together and contributes to the
magnitude of the absorption and emission
frequencies of an atom. Agreement with
the recommended value published by the
international Committee on Data for Sci-

ence and Technology (CODATA) was
within 3.5 ppb. M. Kasevich (Yale Univer-
sity) highlighted the use of atom interfer-
ometers as sensors for rotation, accelera-
tion, and gravity gradients, and their sub-
sequent use in inertial guidance and navi-
gation, and oil surveying. He showed that
cold atom sensors provide nearly a factor
of 100 increase in sensitivity for an atom
interferometer gyro over a standard ring
laser gyro used in commercial aerospace
navigation. He noted that gravity-gradi-
ent—induced phase shifts will eventually be
a limit on optical fountain clocks.

With the rapid evolution and improve-
ment of frequency standards and local os-
cillators, there is substantial interest in ex-
tending the limits of tests of fundamental
physics. C. Salomon (Laboratoire Kastler
Brossel, Paris) outlined experiments using
the cold atom clock project scheduled for
the international space station. In the mi-
crogravity environment, with projected
clock accuracies of about 1 in 10'¢ over a
few days, a range of tests on relativity [im-
proved gravitational redshift and a search
for time variation of o and for speed of
light (c) anisotropy] are possible.

S. Schiller (University of Dusseldorf)
and M. Tobar (University of Western Aus-
tralia) described experiments to check for
anisotropy of ¢ using an infrared laser and
microwave reference source, respectively.
In the infrared case, the laser is frequency-
locked to a resonance of a stable optical
cavity. If ¢ is anisotropic, the frequency of
the laser will change as the cavity is rotat-
ed because the cavity resonance to which
it is locked depends on ¢. These cavities
have already improved our knowledge of
the experimental limit to the test by a fac-
tor of three.

L. Maleki (Jet Propulsion Laboratory)
took relativity tests even further with a
proposal for a NASA triple-clock mission
to the Sun. The clocks, based on different
ions, would experience common nongravi-
tational perturbations but differential grav-
itational perturbations. As the probe ap-
proached a few solar radii, there would be
greater sensitivity to gravitational redshift
and time variation of o..

The emergence of frequency standards
with reproducibilities of 1 in 10! and bet-
ter promise unprecedented time transfer
capabilities for Earth-based and deep-
space network satellite navigation and
substantially improved tests of physics.
The major change since the Fifth Sympo-
sium in 1995 has been the arrival of an
optical clockwork using femtosecond
lasers, enabling rapid progress toward
high-Q optical clock developments over
the next few years. For the next decade,
we can project clock capability on the or-
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der of 1 in 10'%, with major impacts in
physics and metrology.
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PERSPECTIVES: GEOLOGY

North American Devastation
or Global Cataclysm?

Tim Flannery

planet was struck by a carbonaceous

meteorite (1), a relic from the forma-
tion of the solar system. This errant piece
of celestial real estate was around 10 km in
diameter and was traveling at 90,000
km/hour, in a trajectory from the south-
east. It struck the southern margin of
North America, in what is now Yucatan but
was then a shallow, tropical sea. The im-
pact released as much energy as 100 mil-
lion megatons of high explosives. The
glancing blow, much like a chip shot in
golf, sent a divot of debris straight into the
heart of North America (2). It was far
more devastating than a perpendicular col-
lision would have been, releasing thou-
sands of times more energy.

This scenario, developed over the past
few decades, has led paleontologists to
suspect that the extent of damage suffered
by North America’s ecology was unique.
The continent’s bountiful fossil deposits
have indeed revealed extensive evidence of
ecological devastation. The Gulf Coast was
swept almost clean of life, and evidence of
giant tsunamis exists. The dinosaurs per-
ished, as did many smaller life forms, in-
cluding most mammals. North America’s
forests were flattened, and four out of five
plant species were driven to extinction (3).

It has been suggested that for decades
or centuries after the impact, much of the
continent resembled a vast muddy field
devoid of live. Many of the life forms that
eventually recolonized the land are
thought to have come from refuges in the
Arctic north—as distant as you can get
from the impact point and still be in North
America. Others came from other conti-
nents and perhaps from especially shel-
tered locations such as the lees of moun-
tain ranges.

Sixty-five million years ago (Ma), our
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The recovery of North
America’s ecology was
slow. For thousands of
years, much of the conti-
nent was little more than
a field of ferns. The most
dominant of the handful
of species that reclaimed
the wasteland belonged
to the genus Stenochlae-
na, which includes the
Malayan climbing fern so
beloved of greenhouse
owners (see the figure).
The same fern covered i
the bared ground of Malayan climbi
Krakatoa after the 1883
eruption, where it remained dominant for
decades (4) and formed thickets of such
impenetrability that biologists examining
the return of life to the island became lost
in them.

“Fern spikes”—extremely high abun-
dances of fern spores preserved in sediments
where evidence of other plants is scarce—
are now widely recognized as evidence of
catastrophic ecosystem disruption. They are
characteristic of North American and far-
eastern Eurasian sediments dating to just af-
ter the meteorite impact of 65 Ma. The fact
that sediments of a similar age from the
Southern Hemisphere did not show fern
spikes has been regarded as prime evidence
that the celestial chip shot uniquely devastat-
ed North America. Indeed, (rather limited)
pollen and spore data indicated that southern
forests suffered remarkably little extinction
or disturbance at the time (5).

Zoogeographic studies have tended to
support this view, indicating that the
Southern Hemisphere may have acted as a
refuge for certain groups, of ancient organ-
isms, such as araucarian conifers and
ratites (emus, ostrich, and rheas), which
have predominantly southern distributions.
Unfortunately, very little is known about

ng fern.

the relevant part of the fossil record of
much of the Southern Hemisphere. In
places such as Australia and Antarctica,
clear evidence of how the impact affected
land animals has remained elusive. On the
basis of the fossil record of these regions
alone, it is not even clear whether the di-
nosaurs became extinct there
at the time of the impact: The
fossil record is so poor that
we simply do not know.

On page 1700 of this is-
sue, Vajda et al. (6) provide
the first clear evidence for a
fern spike from the Southern
Hemisphere. It comes from
the South Island of New
Zealand, about as distant
from the site of the impact as
it is possible to be. The
pollen from this remote loca-
tion speak eloquently of eco-
logical devastation on the
same order as in North
America.

Before the meteorite im-
pact, the area around what is now Moody
Creek, New Zealand, supported a swamp
forest rich in ferns, southern conifers, and
flowering plants. In contrast, above the lay-
er marking the impact, fern spores domi-
nate, making up around 90% of the pollen
assemblage. Flowering plants, which
would dominate forests worldwide a few
million years later, vanish from the local
record, and the conifers suffer a serious de-
cline. The devastation does not seem to be
quite as complete as it was in North Amer-
ica but is still awesome. It will probably
force a rethinking of some zoogeographic
theories and of the overall impact of the
asteroid strike.

Vajda ef al’s evidence also reveals some
curious longer term consequences of the im-
pact. After the initial devastation, the New
Zealand data reveal a pattern of long-term
environmental disruption that may relate to
a massive injection of CO, into the atmo-
sphere. Rapid oscillation between warmth-
and cool-loving species and the advance and
retreat of tree ferns occurred for at least a
million years after the impact, indicating
that once CO, levels in the atmosphere are
disturbed, they take quite a while to return to
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