
TIME MEASUREMENT AT THE

MILLENNIUM
In 1714, stimulated by

another naval disaster
attributed to inaccurate navi-
gation, the British Parlia-
ment passed the Longitude
Act. This act created a prize of
£20 000—an enormous sum
at that time—to be given to
the inventor of an accurate
method for determining longi-
tude. It had long been realized that longitude could be cal-
culated from the positions of the Sun or stars if the time
were known accurately. What was needed was an accu-
rate, seaworthy clock. John Harrison met the challenge by
developing a rugged mechanical clock, accurate within a
few seconds over several months. After years of bureau-
cratic foot-dragging, he eventually received the prize.1

Navigation has continued to be one of the principal
applications of accurate clocks. Indeed, we already take
for granted the GPS (Global Positioning System) whose
phenomenal navigational accuracy is based on clocks that
keep time within 3 nanoseconds. However, navigation has
not always provided the stimulus for better clocks. In
some cases, such as the development of the atomic clock,
navigation was the beneficiary of advances elsewhere in
physics.

For modern-day physicists, the pursuit of better
clocks provides a natural means for studying various
aspects of nature, including the fundamental constants
and the interaction of radiation and matter. Those of us
who measure time are mindful of the practical applica-
tions, but we are also strongly driven by scientific consid-
erations and the desire to apply clocks to other interesting
measurements. Perhaps we will one day find that clocks,
whose frequencies depend differently on the basic forces,
diverge in time, signaling a fundamental change in how
we perceive nature.2

Although a unit of time can be constructed from other
physical constants, time is usually viewed as an arbitrary
parameter to describe dynamics. The frequency of any
periodic event, such as the mechanical oscillation of a pen-
dulum or the quantum oscillation of an atomic dipole, can
be adopted to define the unit of time, the second.

For centuries, the mean solar day served as our unit
of time, but Earth’s period of rotation is irregular and
slowly increasing. In 1956, the International Astronomi-
cal Union and the International Committee on Weights
and Measures recommended adopting Ephemeris Time—
based on Earth’s orbital motion around the Sun—as a
more accurate and stable basis for the definition of time.

Four years later, the two
organizations’ recommenda-
tion was formally ratified by
the General Conference on
Weights and Measures.

Until the definition of the
second in terms of atomic
time in 1967, much of the
work of the National Bureau
of Standards (NBS, the fore-

runner of NIST—the National Institute of Standards and
Technology) and other standards laboratories was devoted
to developing reliable secondary standards, such as
lumped-element circuits and quartz crystals, whose reso-
nant frequencies could be calibrated relative to
Ephemeris Time (1 s was defined as 1/31 556 925.9747 of
the year 1900).1

Frequencies derived from resonant transitions in
atoms or molecules offer important advantages over
macroscopic oscillators. Any unperturbed atomic transi-
tion is identical from atom to atom, so two clocks based on
such a transition should generate the same time. Also,
unlike macroscopic devices, atoms do not wear out. And,
at least as far as we know, they do not change their prop-
erties over time. These features were appreciated by Lord
Kelvin, who suggested using transitions in hydrogen as a
time-keeping oscillator. However, it wasn’t until the mid-
20th century that technology made these ideas possible.

The first atomic clock was developed in 1949 by
Harold Lyons of NBS, and was based on the inversion
transition in ammonia, which occurs at a frequency of
about 24 GHz. In the mid-1950s, Louis Essen and John
Parry of Britain’s National Physical Laboratory made a
significantly more stable and accurate atomic clock based
on the ground-state hyperfine transition in cesium. As
NBS and other national laboratories developed cesium
standards, pressure mounted for an atom-based definition
of time.

This change occurred in 1967 when, by international
agreement, the second was defined as the duration of 9
192 631 770 periods of the radiation corresponding to the
transition between the two hyperfine levels of the ground
state of the 133Cs atom.1 This definition made atomic time
agree with the second based on Ephemeris Time, to the
extent that measurement allowed.

Atomic clock recipe
The basic idea of most atomic clocks is straightforward.
First, identify a transition between two nondegenerate
eigenstates of an atom. Then, create an ensemble of these
atoms—in an atomic beam or storage device, for example.
Next, illuminate the atoms with radiation from a tunable
source that operates near the transition frequency f0.
Sense and control the frequency where the atoms absorb
maximally. When maximal absorption is achieved, count
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the cycles of the oscillator: A certain number of elapsed
cycles generates a standard interval of time.

It is not quite as straightforward to put the recipe into
practice. To sense the atomic transition, a difference in pop-
ulations between the states of the selected transition must
already exist or be created. Optimal performance is obtained
when all the atoms are prepared in one of the states.

Changes to the difference in state populations caused
by the tunable “clock” radiation can be probed by a num-
ber of schemes. For example, changes in state populations
could be detected by absorption of the clock radiation (as
was done in the first ammonia clock) or by looking at
state-sensitive light scattering. If a number of absorption
measurements are performed for a range of frequencies of
the clock oscillator, an absorption feature, or resonance

curve, can be recorded.
Because the degree of absorption is not very sensitive

to small changes in frequency of the oscillator near the
center of the resonance curve, the atoms are usually irra-
diated at two frequencies near the maximum slopes of the
curve on opposite sides of its center. If the resonance curve
is symmetric and the two frequencies are adjusted so that
the absorptions on opposite sides of the resonance are the
same, then the arithmetic mean of the two frequencies
corresponds to the condition for maximum absorption. In
practice, the determination of the frequency correspon-
ding to maximum absorption is limited by noise. With
care, we can reduce electronic and other sources of noise
so that the measurement precision is limited only by what
is known as quantum projection noise.3

Quantum projection noise can be viewed as arising
from the statistical nature of projecting a superposition of
two states into one state when a measurement is made.
Whenever an atom is prepared in a coherent superposi-
tion of two states, any single attempt to measure the state
composition will reveal only one of the states, not a mix-
ture. The average of repeated measurements (or over
many atoms in an atomic ensemble) will produce the
desired point on the resonance curve with a precision that
increases as the square root of the number of measure-
ments (or as the square root of the number of atoms in the
ensemble; see the adjacent box). This quantum measure-
ment noise limits our ability to steer the average frequen-
cy of the oscillator to the center of the atomic resonance.

The fractional frequency uncertainty Dfm/f0 of our
measurement can be expressed as

where C is a constant of order unity; T is the interrogation
time (that is, the time during which the clock radiation is
applied before each measurement); N is the number of
atoms; and M is the total number of measurements. In the
last expression, t is the total measurement time (over
many measurements), and we have assumed that the time
between interrogations is small compared to T. The stabil-
ity of the clock is maximized when Dfm/f0 is minimized.
Clearly, it is important to use a high transition frequency,
a large number of atoms, and a long interrogation time.

With this prescription in mind, the makers of atomic
clocks seek an atomic transition for which Dfm/f0 can be
made small enough that the desired measurement preci-
sion is reached in a practical length of time. Equally
important is the degree to which the measured frequency
matches the unperturbed resonance frequency f0 of the
atom. Accuracy is maximized when the uncertainty Dfa of
deviations from the ideal are minimized, or the fractional
frequency inaccuracy Dfa/f0 is minimized. For that reason,
stable and accurate atomic clocks use an atom for which
the environmental perturbations to the measured transi-
tion frequency are small or easily accounted for. Environ-
mental perturbations can include frequency shifts to the
clock transition caused by magnetic fields or collisions
between the atoms.

Frequency shifts due to the atoms’ motion can also
Doppler-broaden and shift the observed absorption fea-
ture. Trapping the atoms eliminates the first-order
Doppler shift (proportional to velocity) because the mean
velocity of a trapped atom is zero. However, care must be
taken that the trapping fields do not uncontrollably per-
turb the atom’s frequency.

Cooling the atoms suppresses both Doppler broadening
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Quantum Limits to Spectroscopy

Aresonance curve for N atoms is generated by sweeping
the probing radiation’s frequency f and recording the

outcomes of a meter operator Õ. In a frequency standard, the
relevant signal is the change of this measurement outcome
with change of frequency—that is, ]∀Õ¬/]f. The uncertainty
of a frequency determination is therefore given by
Dfm=DÕ/+(]Õ/]f)+, where (DÕ)2 is the variance of repeated
measurements of Õ.

In Ramsey spectroscopy4 with separable (unentangled)
atoms, the state C after the first p/2 pulse is as shown below
in the upper panel. After the second p/2 pulse, we measure
the number of atoms N+ in the excited state ++¬ (that is, Õ �
Ñ+). In this case, Dfm/f0 = 1/(2pf0TN1/2), the standard quan-
tum limit due to projection noise.3

Now suppose we replace the first Ramsey pulse with an
operation that creates the (entangled) state C shown in the
lower panel. In this case, after the second (normal) p/2 pulse,
we want to measure parity (that is, Õ � P~+; P+ = +1 if the
number of ++¬ atoms is even, and ⊗1 if the number of ++¬
atoms is odd). For this case, Dfm/f0 = 1/(2pf0TN), the Heisen-
berg limit. This gain in precision is due to the fact that we
have created a state where the energy between the two states
of the superposition is N times larger than the separable-state
case. In practice, this means the time to reach a certain meas-
urement precision would be reduced by the number N of
entangled atoms, an important improvement because clock
outputs are typically averaged for weeks or months to reduce
measurement uncertainty. Experimenters are now beginning
to create such states for spectroscopy.
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and the second-order
Doppler or time-dilation
shift. With the simplest form
of laser cooling, Doppler cool-
ing,4 temperatures around
0.001 K can be reached,
which are sufficient to sup-
press the time-dilation shift
to about 1 part in 1018 (see
the article by Wineland and
Wayne Itano, PHYSICS TODAY,
June 1987, page 34). Howev-
er, deeper cooling is needed to
prevent an untrapped sample
of atoms from spreading dur-
ing the application of the
radiation (see the article by
Claude Cohen-Tannoudji and
Bill Phillips, PHYSICS TODAY,
October 1990, page 33).

Cesium clocks
Even without cooling or trap-
ping, the ground-state hyper-
fine transition in cesium
exhibits many of the desired
attributes for making an
atomic clock. The resonance
frequency is high, the pertur-
bations to the hyperfine
energy can be made relative-
ly small, and first-order
Doppler shifts can be largely
eliminated.4 NIST (and earli-
er NBS) and the national
laboratories of many coun-
tries worldwide have con-
structed a series of cesium
clocks, called primary fre-
quency standards. In most
instances, each successive
standard has provided a
more accurate realization of
the definition of the second.

Unfortunately, the hyper-
fine structure of cesium is
not a simple two-level sys-
tem. Each hyperfine level is
composed of several magnetic
substates whose degeneracies
are removed in the presence
of an external magnetic field.
Most cesium clocks, including the first six primary standards
at NBS, are atomic beam devices that use magnets to reject
all magnetic substates except for the F = 4, mF = 0 and F = 3,
mF = 0 hyperfine states. The transition frequency between
these two states (corrected to zero field) is used as the best
approximation of the second because it is the least sensitive
to the applied magnetic field.

Although magnetically selected atomic-beam clocks
are simple and rugged, their accuracy and stability suffer,
in part, from inefficient state selection and short interro-
gation times (limited by the time of flight of the thermal
atoms through the apparatus).

Around 1950, Alfred Kastler developed the concept of
optical pumping and proposed using it to perform state
preparation and detection. Optical pumping has been
used in rubidium atomic standards for many years,4 but
became practical for cesium beam standards only with the

development of solid-state
lasers in the late 1970s.
Optical state preparation
and detection of the
ground-state hyperfine lev-
els can produce thermal
beams with larger useable
beam flux and correspond-
ingly smaller Dfm/f0 than
the magnetically selected
beam clocks. It also avoids
the B-field inhomogeneity
associated with magnetic
state selection.

The first optically
pumped cesium standard
at NIST, NIST-7, became
the US time and frequency
standard in 1993. In NIST-7,
atoms from a thermal
source first pass through a
laser beam that optically
pumps all atoms into the 
F = 3 hyperfine level. The
atoms next transit a 
1-meter-long region in
which the clock radiation is
applied. Finally, any atoms
making the clock transition
into the F = 4 level are
detected by state-sensitive
fluorescence in a second
region crossed by another
laser beam. The mean
interrogation time of the
atoms in NIST-7 is about 
7 ms, which produces a res-
onance linewidth of about
70 Hz. This standard,
which remains in operation
today, attains values of
Dfm/f0 of about 5 × 10⊗15 for
t 
 1 day.

Had atomic cesium
clocks reached their stabili-
ty and accuracy limit by the
mid-1990s? Not quite!
Already in the mid-1950s,
Jerrold Zacharias had sug-
gested a vertical geometry,
or atom fountain, as a way
to reach higher resolution

(see the letter by Robert Naumann and Henry Stroke,
PHYSICS TODAY, May 1996, page 89). He reasoned that if
the atoms were launched vertically, then the slower atoms
emerging from the oven would be decelerated, stopped by
gravity, and fall back toward the source. The speed of most
of the atoms in the thermal distribution emitted by the
source would carry them to the top of the apparatus, where
they would simply stick. If the beam tube is a few meters
long, the mean transit time for the returning atoms is
about 1 s, and the measured width of the hyperfine reso-
nance about 1 Hz. Zacharias built a fountain apparatus,
but saw no signal and abandoned the experiment. It was
later determined that the faster atoms collide with the
slower atoms and scatter them out of the beam.

Laser cooling brought life back to the fountain con-
cept because all the atoms in the beam could be slowed. In
the late 1980s, Steven Chu’s group at Stanford University
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FIGURE 1. A SCHEMATIC VIEW of a cesium fountain frequency
standard. A sample of 107 cesium atoms is first cooled to 
1 mK at the intersection of the laser beams (1) and then launched
upward at low velocity through the state preparation (2) and
clock (4) cavities. The atoms reach apogee (3) and, about 1 s
later, fall back through the clock cavity (4). Light scattered by
the probe laser is used to measure the number of atoms that
changed their hyperfine state as a result of the interaction with
the microwaves.



succeeded in using laser-cooled sodium atoms to demon-
strate the first fountain clock.5 In 1991, a group led by
André Clairon and Christophe Salomon at the Labora-
toire Primaire du Temps et des Fréquences in Paris built
the first cesium frequency standard configured as a foun-
tain.6 Now, many laboratories have built, or are building,
cesium fountain clocks—including NIST, which put one
into operation in 1998.7

The NIST cesium fountain, NIST-F1 (see figure 1),
uses six laser beams tuned near the D2, F = 4 O F�= 5
cycling transition (l = 852 nm) to laser-cool an approxi-
mately spherical sample of about 107 cesium atoms in
optical molasses. The atoms in the F = 3 hyperfine ground
state are not cooled in the molasses and are lost from the
sample. The remaining ball of cold atoms is then launched
vertically at a velocity of about 4 m s⊗1 by inducing a fre-
quency difference between the vertical beams that causes
the cold atom reference frame to move upward. The atoms
drift upward through a microwave state preparation cav-
ity whose frequency is adjusted to cause essentially all of
the atoms in the F = 4, mF = 0 state to undergo a transition
to the F = 3, mF = 0 state. When the atoms exit this cavity
they are irradiated by a pulse of light that is tuned to res-
onance with the D2, F = 4 O F� = 5 transition. Any F = 4
atoms remaining in the sample are pushed aside by the
absorbed photons, leaving only the F = 3, mF = 0 atoms.

The ascending ball of atoms next transits a second
microwave cavity, where the atoms are irradiated by the
clock radiation. As the atoms continue upward, they exit
the upper microwave cavity and enter a drift region.
Approximately 1/2 s after launch, their motion is arrested
by gravity, and they start to fall. The descending atoms 
reenter the microwave cavity, where they experience a
second dose of the clock radiation. This method of excita-
tion—two pulses of radiation separated by a drift region
(or simply by time)—is termed the Ramsey method after
its inventor, Norman Ramsey.4 Finally, the atoms enter
the detection region, where the population of atoms in F = 4
is determined optically (the number of atoms remaining
in F = 3 is also measured for normalization). Then, when
another ball of atoms is cooled and launched, the clock
cycle is repeated.

In NIST-F1, where the noise is dominated by the
short-term frequency fluctuations of the microwave
source and not by quantum projection noise, Dfm/f0 reach-
es about 2 × 10⊗15 for t = 1 day. The quantum noise limit
for a cesium fountain is below this value. By using a more
stable microwave source and a larger number of atoms,
the Paris group demonstrated that it was possible to oper-
ate at the quantum projection noise limit reaching about
6 × 10⊗16 for t = 5.5 hours.3

With values of Dfa/f0 approaching 10⊗15, the cesium

fountain standards are currently the
world’s most accurate clocks. Their largest
source of uncertainty arises from collisions
between the cold cesium atoms, which
cause a density- (and temperature-)
dependent shift of the hyperfine frequency.
Unfortunately, then, a compromise must be
made between stability and accuracy.

But it is possible to increase both the
stability and accuracy at the same time—by
increasing the interrogation time and low-
ering the atomic thermal velocity. These
two avenues are difficult to pursue in the
presence of gravity, so, with NASA’s sup-
port, NIST, along with the Jet Propulsion
Laboratory and the University of Colorado,

is currently constructing a laser-cooled cesium clock for
flight aboard the microgravity environment of the Inter-
national Space Station. The project, known as PARCS (Pri-
mary Atomic Reference Clock in Space) combines the tra-
ditional beam geometry with the cold source of the atomic
fountain. The European Space Agency has a similar effort,
ACES (Atomic Clock Ensemble in Space). In the absence of
gravity, it will be possible to make short beam tubes and
still achieve long interrogation times by launching slowly
moving samples of cold atoms. PARCS is projected to
attain Dfa/f0 of about 5 × 10⊗17, due in part to a lower colli-
sional shift and extraordinarily long (by terrestrial stan-
dards for neutral beams) interrogation times of up to 10 s.

Long interrogation times can also be obtained by
atom trapping.4 Neutral atoms can be trapped by a num-
ber of means, including magnetic or optical-dipole forces.
These traps rely on trading an atom’s kinetic energy for
internal energy. Unfortunately, this exchange of energy
typically perturbs the clock transition so that high accu-
racy is precluded. However, traps for atomic ions act
directly on the charge and, thus, cause minimal perturba-
tions to the internal structure.8 Because trapping times
can be extremely long, very high resolutions can be
obtained and linewidths less than 0.001 Hz have been
observed. (An atomic fountain would have to be a few 
100 km tall to achieve the same resolution.) For high
accuracies, relatively small numbers of trapped ions are
desirable, which partially offsets the advantages of long
interrogation times. Nevertheless, trapped-ion clocks
based on microwave hyperfine transitions have achieved
stabilities and accuracies comparable to those of cesium
fountain clocks.9

Optical frequency standards
Perhaps the most promising route to better clocks is to
use optical transitions, simply because clock stability is
proportional to frequency f0. As early as the 1960s, short-
ly after the demonstration of the first working laser,
researchers began to investigate optical atomic and
molecular transitions that might be suitable references
for clocks.10 However, an enormous barrier loomed: No
practical device was fast enough to count the optical
cycles to generate a unit of time.

Recently that stumbling block was all but eliminated
with the demonstration—by Theodor Hänsch and his
group in Garching, Germany, and by John Hall, Steven
Cundiff, and their group in Boulder—that pulsed lasers
can span an octave from the infrared to the ultraviolet
with a grid of equidistant marker frequencies that are all
phase coherent (ref. 11 and PHYSICS TODAY, June 1999,
page 19). As depicted in figure 2, the spectrum of the pulse
train from a mode-locked femtosecond laser corresponds to
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FIGURE 2. THE BASIC CONCEPT of the optical frequency divider. If an integer
number n of phase-coherent frequencies, equidistantly spaced by fr, can be made
to precisely span the frequency interval f0 O 2f0, then the frequency f0 can be
directly measured by measuring fr because f0 = 2f0 ⊗ f0 = nfr. Pulsed lasers can
now produce a comb of equally spaced spectral components, or teeth, that strad-
dle an octave in the visible region of the spectrum, making possible the conver-
sion of any optical frequency to a countable radio or microwave frequency.



a comb of phase-locked frequency components whose spac-
ing is precisely given by the pulse repetition rate fr. Fre-
quency fluctuations of the pulsed laser can be suppressed,
for example, by locking one tooth of the comb to the fre-
quency f0 of a stable laser and locking another tooth to the
harmonic 2f0 of the stable laser.12 In this case, the frequency
position of each tooth in the comb and the spacing between
teeth is fixed with a stability and accuracy given by the sta-
bilized laser. If a microwave or radio frequency oscillator is
then locked to the pulse repetition rate, its frequency will
exhibit the same stability and accuracy as the stabilized ref-
erence laser. Moreover, when fr is compared to a cesium
standard, the absolute frequency f0 = nfr of the optical stan-
dard can be determined (n is an integer that can be deter-
mined from a relatively crude measurement of l = c/f0).

A powerful technique for approximating a nearly
ideal optical atomic reference system has been the cou-
pling of ion-storage devices with laser cooling.8,10,13 For
example, it is now possible to suspend a single ion in an
ultrahigh vacuum, reduce its kinetic energy to the zero-
point state, and localize its position to submicrometer
dimensions. Such conditions provide a significant decou-
pling of the internal states of the ion from perturbations
caused by collisions and second-order Doppler shifts.

Although a single trapped ion possesses the intrinsic
advantages of a nearly isolated quantum system, detect-
ing the absorption of single photons at the clock transition
remains a challenge. The quantum projection noise limit
can be obtained only if each clock transition is
observed.3,8,13 These transitions are observed by a double-
resonance technique, which is very similar to the detec-
tion scheme used in the atomic fountains. There, the
absorption of a single clock photon is indicated by the
presence or absence of scattered light on a strongly
allowed transition (usually the laser-cooling transition)
that shares a common level with the clock transition, as
shown in figure 3. Extremely weak, dipole-forbidden tran-
sitions, as well as weakly allowed dipole transitions, have
been detected with efficiencies approaching unity. Many
of the single-ion systems presently under investigation
promise instabilities and inaccuracies approaching 10⊗18

(refs. 8, 13).
A final ingredient needed for the optimal realization

of an optical frequency and time standard is a laser whose
linewidth is narrower than that of the atomic resonance.
This is a stringent requirement. If the width of the atom-
ic resonance is 1 Hz, then the laser linewidth must be less

than 1 Hz for the interrogation time. Typically, the fre-
quency of the laser is prestabilized to the resonance of a
single longitudinal mode of a high-finesse, stable refer-
ence cavity that is well isolated from external pertur-
bances.14 Many groups have demonstrated subhertz rela-
tive stabilization of their laser source to such a reference
cavity, but the absolute frequency stability of the stabi-
lized laser can be only as good as the absolute frequency
(mechanical) stability of the reference cavity. To ensure
that the frequency of a visible laser does not change by
more than 1 Hz, the length of a meter-long cavity must
not change by more than 1 femtometer, the size of an
atomic nucleus!

A number of evacuated, temperature-stabilized and
vibrationally isolated reference cavity laser systems have
been built over the years specifically to probe narrow
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Cooling, state preparation, and state detection are done on the
strongly allowed 2S1/2 O 2P1/2 transition at 194 nm. Any clock

transition to the 2D5/2 level at 282 nm (the allowed electric-
quadrupole transition) is marked by the abrupt cessation of

scattered 194-nm fluorescence photons. Absorption spectra of
the 2S1/2(F = 0) O 2D5/2(F = 2), DmF = 0 clock transition are

shown in the middle and bottom panels. Df282 is the frequency
of the 282 nm probe laser detuning and Pg is the probability of

finding the atom in the ground state subsequent to the 
application of the clock radiation. In the middle panel, the 

signal is averaged over 292 sweeps; in the bottom, 46 sweeps
are made. The observed linewidths are consistent with the 

Fourier-transform limit of the interrogation times. The laser
oscillator is then steered to coincide with the center of the 

resonance curve. (Adapted from ref. 16.)



atomic resonances. Laser linewidths of a few hundred hertz
have been observed by several groups. Although extremely
narrow by most standards, these line widths would limit the
performance of a clock based on a 1-Hz-wide atomic reso-
nance. At NIST in Boulder, we were recently able to achieve
subhertz linewidths, principally by better isolating our cav-
ities. Measurements of the beat frequency between two
independent, cavity-stabilized laser systems revealed their
linewidths to be below 0.2 Hz at an oscillation frequency of
530 THz (l = 563 nm) for averaging times up to 20 s.15

As an example of an optical clock, the harmonic radi-
ation at 282 nm generated by one of these lasers was
applied to the electric-quadrupole allowed, S–D clock-tran-
sition in 199Hg+. In work completed last year, we obtained
a linewidth of approximately 6.7 Hz, which was the trans-
form limit of the interrogation time.16 At 120 ms, the inter-
rogation period was 33% longer than the natural lifetime.
We used a stabilized, self-referenced, pulsed laser to
measure the frequency of the S–D clock transition in
199Hg+ with an uncertainty Dfm/f0 < 10⊗14 (ref. 17). A single
tooth of the pulsed laser (fr ~ 1 GHz) was locked to the
Hg+-stabilized laser to produce an all-optical time and fre-
quency standard based on a single stored 199Hg+ ion. We
expect Dfm/f0 and Dfa/f0 to reach at least 10⊗17 for t � 104 s.
Similar strategies based on narrow optical transitions in
other atomic and ionic systems are being pursued at many
laboratories worldwide. The clock generation of the future
may have arrived with the millennium.

The NIST ion-clock work is supported by the Office of Naval
Research.
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