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The development of ultraprecise
atomic clocks has made it possi-
ble to demonstrate relativistic
time effects in the laboratory.
Recent experimental atomic clocks
rely on aluminum ions, which can
keep time to within one second in
roughly 3.7 billion years.

In the past relativistic effects could
be detected only at massive scales
of distance or velocity or by har-
nessing atomic oscillations too rap-
id to be accurately counted.
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RELATIVITY

HOW TIME FLIES

Some experimental optical clocks are so precise
that even a small change in elevation or velocity
makes them register the passage of time differently

By John Matson

F YOU HAVE EVER FOUND YOURSELF CURSING A NOISY UPSTAIRS NEIGHBOR,
take solace in the fact that he or she is aging faster than you are.

Einstein’s general theory of relativity predicts that clocks at dif-
ferent gravitational potentials will tick at different rates—a clock at
higher elevation will tick faster than will a clock closer to Earth’s
center. In other words, time passes more quickly in your neighbor’s
upstairs apartment than it does in your apartment.

To complicate matters, Einstein’s special
theory of relativity, which preceded general rel-
ativity by a decade, predicts a similar effect for
clocks in motion—a stationary clock will tick
faster than a moving clock. This is the source of
the famous twin paradox: following a round-
trip journey on a spaceship traveling at some
exceptionally high velocity, a traveler would re-
turn to Earth to find that her twin sibling is
now older than she is, because time has passed
more slowly on the moving ship than on Earth.
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Both these so-called time dilation effects
have been verified in a number of experi-
ments throughout the decades, which have
traditionally depended on large scales of dis-
tance or velocity. In one landmark test, in
1971, Joseph C. Hafele of Washington Univer-
sity in St. Louis and Richard E. Keating of the
U.S. Naval Observatory flew cesium atomic
clocks around the world on commercial jet
flights, then compared the clocks with refer-
ence clocks on the ground to find that they
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had diverged, as predicted by relativity.
Yet even at the speed and altitude of jet
aircraft, the effects of relativistic time di-
lation are tiny—in the Hafele-Keating ex-
periment, the atomic clocks differed after
their journeys by just tens to hundreds
of nanoseconds.

Thanks to improved timekeeping,
similar demonstrations can now take
place at more mundane scales in the lab-
oratory. In a series of experiments de-
scribed in the September 24, 2010, Sci-
ence, researchers at the National Institute
of Standards and Technology (NIST) reg-
istered differences in the passage of time
between two high-precision optical atom-
ic clocks when one was elevated by just a
third of a meter or when one was set in
motion at speeds of less than 10 meters
per second.

Again, the effects are minuscule: it
would take the elevated clock hundreds
of millions of years to log one more sec-
ond than its counterpart, and a clock
moving a few meters per second would
need to run about as long to lag one sec-
ond behind its stationary counterpart.
But the development of optical clocks
based on aluminum ions, which can keep
time to within one second in roughly
3.7 billion years, allows researchers to ex-
pose those diminutive relativistic effects.
“People usually think of it as negligible,
but for us it is not,” says lead study author
James Chin-wen Chou of NIST. “We can
definitely see it.”

The NIST group’s optical clocks use la-
sers to probe the quantum state of alumi-
num ions held in radio-frequency traps.
When the laser’s frequency is just right, it
resonates with a transition between quan-
tum states in the aluminum ion whose
frequency is constant in time. By continu-
ally tuning the laser to drive that alumi-
num transition, an interaction that occurs
only in a tiny window near 1.121 petahertz
(1.121 quadrillion cycles per second), the
laser’s frequency can be stabilized to an
exquisitely sensitive degree, allowing it to
act as the clock’s pendulum. “If we anchor
the frequency of the oscillator—in our
case, laser light—to the unchanging, sta-
ble optical transition in aluminum, the la-
ser oscillation can serve as the tick of the
clock,” Chou explains.

To put the sensitivity of the optical
clocks in perspective, Chou notes that the
two timekeepers in the study differed after
a height change of a mere step on a stair-

It’s all relative: James Chin-wen Chou with one of the aluminum-ion optical clocks
at the National Institute of Standards and Technology.

case—never mind the entire floor separat-
ing you from your noisy neighbor—or with
just a few meters per second of motion. “If
you push your daughter on a swing, it’s
about that speed,” he says.

In the past such relativistic experi-
ments have involved either massive scales
of distance or velocity or else oscillations
so fast that their ticks cannot be reliably
counted for timing purposes, notes Hol-
ger Miiller, an atomic physicist at the Uni-
versity of California, Berkeley. “It’s an
enormous achievement that you can build
optical clocks so good that you can now
see relativity in the lab,” he says.

Miiller has used atom interferometry
to make precision measurements of rela-
tivistic effects—measurements that rely
not on counting individual oscillations
but rather on tracking the interference
between quantum waves representing in-
dividual atoms. (The frequencies of such
waves, which oscillate tens of billions of
times faster than the petahertz laser in an
aluminum clock, are simply too high to
monitor and count.) It is a process akin to
striking two tuning forks to listen to the
pulsations of their interference without
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actually measuring how many times each
fork vibrates. In that sense, atom interfer-
ometers are pendulums without clock-
work, so although they can make physical
measurements with great precision, they
cannot be used to keep time.

“The new work operates on familiar
scales of distance and velocity, with clocks
that can be used for universal timing ap-
plications,” Miiller says. “They see the ef-
fects of general and special relativity, and
that makes relativity something you can
kind of see and touch.”
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