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Microwave atomic clocks have been the de facto standards for precision time 
and frequency metrology over the past 5 0  years, finding widespread use in basic 
scientific studies, communications, and navigation. However, with its higher 
operating frequency, an atomic clock based on an optical transition can be much 
more stable. W e  demonstrate an all-optical atomic clock referenced t o  the 
1.064-petahertz transition of a single trapped lg9Hg+ ion. A clockwork based 
on a mode-locked femtosecond laser provides output pulses at a I-gigahertz 
rate that are phase-coherently locked t o  the optical frequency. By comparison 
t o  a laser-cooled calcium optical standard, an upper limit for the fractional 
frequency instability of 7 X lo-" is measured in 1 second of averaging-a 
value substantially better than that of the world's best microwave atomic 
clocks. 

Since the development of the f ~ s t  atomic 
clocks around 1950, it was recognized that the 
stability and accuracy of standards based on 
atomic transitions would benefit from choosing 
transition frequencies as high as possible. How- 
ever, because it was not possible to count cycles 
of an oscillator at an arbitrarily hgh  frequency 
in order to generate time, most time standards 
have been based on hyperfiie transitions in 
atoms that occur at microwave frequencies 
where the period of one oscillation corresponds 
to roughly 0.1 to 1 ns. In fact, since 1967 the 
internationally accepted defmition of the sec- 
ond has been based on the 9,192,631,770-Hz 
ground-state hyperfine transition in Cs, and Cs- 
based clocks are currently the world's most 
accurate time standards with a fractional fre- 
quency uncertainty of about 1 X 10-l5 (1-4). 
Although the stability and accuracy of an opti- 
cal clock based on a spectrally narrow atomic 
transition in the visible/ultraviolet (UV) region 
might be better, the frequency is about lOI5 Hz, 
where the period of one oscillation is on the 
order of 1 fs. Until recently, it was not practical 
to count such high frequencies without loss of 
cycles, but the introduction of mode-locked 
femtosecond lasers has now made it possible to 
conveniently and accurately divide optical fre- 
quencies to countable microwave or radio fre- 
quencies (5-10). The all-optical atomic clock 
reported here is based on a single, laser-cooled, 
trapped '99Hg+ ion and a femtosecond laser 
comb that provides the phase-coherent clock- 
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work. Our optical clock demonstrates a frac- 
tional frequency instability of 5 7  X lO-I5 
with 1 s of averagmg-a value substantially 
better than that of the world's best microwave 
atomic standards-and promises accuracy that 
would be difficult to achieve with atomic clocks 
based on microwave transitions. This optical 
clock provides two distinct outputs: a comb of 
stable and accurate optical frequencies through- 
out the visible and near infrared, and a pulsed 
electronic signal at 1 GHz that is phase-coher- 
ent with the optical frequency comb. The quan- 
tum-limited instability of the Hg+ ion optical 
clock is expected to be around 1 x 10- I s  T- ' I 2 ,  

where T is the averaging time measured in 
seconds, with an ultimate fractional frequency 
uncertainty approaching 10- l 8  (1 1). 

Ultrastable and accurate optical metrology 
tools can be expected to provide an even finer- 
grained view of the physical world, much as 
precision spectroscopy in the past 50 years has 
opened the door to an improved understandig 
of many fundamental aspects of atoms and 
molecules (12,13). Of particular interest will be 
the continued application of optical frequency 
standards in spectroscopy and the improved 
determination of the fme structure constant a 
and the Rydberg constant R, (14). As measure- 
ment stability and accuracy improve, metrolo- 
gists may find themselves in the unique position 
of being able to observe physical "constants" 
evolve in time (15). Indeed, laboratory tests on 
the possible divergence of clocks based on dif- 
ferent atomic transitions already provide some 
of the most stringent constraints of the variation 
of a.Other experiments of fundamental impor- 
tance for which precision clocks/oscillators are 
of value include searches for variations in the 
isotropy of space, a preferred reference frame, 
and Lorentz and charge-parity-time (CPT) sym- 
metry violation (16-20). From a technological 
standpoint, there is little dispute that stable and 

accurate microwave atomic clocks have greatly 
improved navigation and communications. It is 
likely that optical clocks of the future will have 
a similarly important impact. 

Atomic clock basics. All clocks consist 
of two major components: some device that 
produces periodic events or "clock ticks," and 
some means for counting, accumulating, and 
displaying each tick. For example, the swing of 
a pendulum provides the periodic events that 
are counted, accumulated, and displayed by 
means of a set of gears driving a pair of clock 
hands. Similarly, in a quartz watch, the me- 
chanical vibrations of a small quartz crystal are 
electronically detected, accumulated, and dis- 
played to generate time. Atomic clocks add a 
third component: the resonance of a well-iso- 
lated atomic transition, which is used to control 
the oscillator frequency. If the frequency of the 
oscillator is made to match the transition fre- 
quency (i.e., the oscillator is locked to the atom- 
ic transition frequency) between two nondegen- 
erate and unperturbed atomic states, then the 
time generated can have improved long-term 
stability and accuracy. For an atomic clock 
based on a microwave transition, hgh-speed 
electronics count and accumulate a defined 
number of cycles of the reference oscillator to 
mark a second of time. The basic concepts are 
the same for an atomic clock based on an 
optical transition at a much higher frequency. In 
t h s  case the oscillator is a laser locked to an 
optical transition, but no electronic device ex- 
ists that can count the very fast optical oscilla- 
tions. For this purpose, a specialized frequency 
divider (commonly called a frequency chain) is 
required. Until very recently, optical-to-micro- 
wave frequency chains have been complicated, 
large-scale devices, requiring significant re- 
sources for operation (21). However, as de-
scribed below, a femtosecond laser-based 
clockwork greatly simplifies this problem of 
directly counting the optical frequency. 

All other factors being equal, a higher tran- 
sition frequency can produce a more stable 
frequency standard. This is the principal advan- 
tage of an optical atomic clock over a micro- 
wave clock because the operating frequency is 
-100,000 times higher, providing a finer divi- 
sion of time and thus potentially higher preci- 
sion. This is seen in the Allan deviation uy(7) 
which provides a convenient measure of the 
fractional frequency instability of a clock as a 
function of the averaging time T (22). For an 
oscillator locked to an atomic transition of fre- 
quency v, and linewidth Av, 

where AvmS is the measured frequency fluc- 
tuation, Nis  the number of atoms, and Tis the 
cycle time (i.e., the time required to make a 
determination of the line center) with T > T. 
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This expression assumes that technical noise 
is reduced to a sufficiently small level such 
that the quantum-mechanical atomic projec- 
tion noise is the dominant stability limit (23, 
24). In this limit uY(7) decreases as the square 
root of the averaging time for all clocks, so a 
10-fold decrease in the short-term instability 
leads to a 100-fold reduction in averaging 
time 7 to reach a given stability and uncer- 
tainty. This point is particularly important if 
one ultimately hopes to reach a fractional 
frequency uncertainty of lo-'', which is the 
anticipated level for optical clocks. In this 
case, uY(7) 5 1 X 10-l5 7-lI2 is clearly 
desirable to avoid inordinately long averag- 
ing times. 

Principles of the optical clock. Funda- 
mental ideas and technical developments 
principally in three areas have brought us to 
the point where we are now able to demon- 
strate an optical frequency standard represen- 
tative of clocks of the future: (i) the idea (25, 
26) and demonstration of laser cooling of 
atoms (27,28), (ii) the frequency stabilization 
of lasers (29-32), and (iii) the concept (33) 
and demonstration (5-10) that femtosecond 
mode-locked lasers combined with nonlinear 
fibers can provide a simple, direct, and phase- 
coherent connection between radio frequen- 
cies and optical frequencies. Although most 
of these concepts have existed for some time, 
and preliminary demonstrations of optical 
clocks have even been made (34-36), only 
now have the techniques and tools advanced 
to the levels required for optical frequency 
standards to move beyond the benchmark 
results of the microwave standards. Trapped 

ions have been laser-cooled into the Lamb- 
Dicke regime to the zero-point energy limit 
of a trap potential (37), dramatically reducing 
the Doppler shifts and providing near-station- 
ary, relatively unperturbed atomic references 
for extended observation times (11). Similar- 
ly, large numbers of neutral atoms that are 
suitable references for optical clocks are rou- 
tinely laser-cooled and then trapped in mag- 
neto-optic traps (38-43). Stabilized lasers 
have now been demonstrated with linewidths 
less than 0.2 Hz (32, 44) and with the center 
frequency reproducibly controlled for extend- 
ed times at the levels of IAf/fl < 10-l5 (45). 
And finally, a practical method for measuring 
optical frequencies based on femtosecond la- 
ser technology has been developed (5-8) and 
its measurement uncertainty tested to a few 
parts in 1016 (9). 

These advances are exploited in our opti- 
cal clock, which consists of a stable continu- 
ous wave (CW) laser oscillator that is fre- 
quency doubled and locked to a narrow UV 
k s i t i o n  of a single trapped and laser-cooled 
199Hg+ ion. Thus stabilized, the frequency of 
the laser light is coherently divided down to 
lower frequencies by means of a femtosecond 
mode-locked laser that ultimately produces 
an electronic output at a frequency of 1 GHz. 
A simplified representation of the coherent 
relation between the optical frequency stan- 
dard and the microwave pulses is shown in 
Fig. 1. The envelope of the pulse train is 
made synchronous with the optical phase of 
the CW laser with, in our case, -532,361 
optical cycles between pulses (46). The puls- 
es thus provide "clock ticks" that are coher- 

1 ns I 
fs Pulse Train 
(Clock Output) I I 1 1 1 1 1 1 1 1  1 1 tima 1 1  

Fig. 1. Illustration of the time-domain relation between the atomically stabilized 532-THz CW laser 
field and the mode-locked femtosecond laser pulses. The two lines at the bottom show the near 
delta-function optical pulse train with a f, = 1-GHz repetition rate and the CW laser output 
without the optical oscillation resolved. When the system is locked as an optically referenced 
femtosecond clockwork, the pulse repetition rate is phase-coherently related to the 532-THz CW 
field. This is indicated schematically in the upper portion of the figure where an expanded view of 
the lower two traces shows how the phase of the pulse envelope is related to the phase of the CW 
laser field. The net result is that the frequency of the pulse repetition rate is simply a rational 
fraction of the Hg+ transition frequency. 

ently connected to the Hg+ transition. 
The Hg+ standard and optical clock- 

work. ~ i b r e  2 shows the optical clock in 
more detail, consisting of the optical frequen- 
cy standard and the femtosecond laser-based 
optical clockwork. The 199Hg+ optical fre- 
quency standard has been described in detail 
elsewhere (32, 49 ,  so we provide only the 
most relevant details. The 2Sl12 (F = 0, MF = 
0) - 2D5, (F = 2, MF = 0) electric-quadru- 
pole transition at 282 nm provides the refer- 
ence for the optical frequency standard. The 
natural linewidth of the S-D resonance is 
about 2 Hz at 1.064 PHz, and recently a 
Fourier-transform-limited linewidth of only 
6.7 Hz (Q = 1.5 X lo1.) has been observed 
(45). The "local oscillator" for the standard is 
the output of a well-stabilized 532-THz (563 
nm) dye laser (32, 44) that is frequency 
doubled and locked to the center of the 1.064- 
PHz (282 nm) S - D resonance. The short- 
term (1 to 10 s) fractional frequency instabil- 
ity of the probe laser is 5 5  X 10-16. This 
short-term laser instability is low enough that 
information gathered from probing the ion 
transition can be integrated for about 10 s 
before it is used to steer the average laser 
frequency. The net result is a uY(7) 5 2 X 
10-l5 for averaging times up to -30 s, at 
which point uY(7) begins to average down as 
7- 112 

The Hg+ standard provides high accuracy 
and stability, but for distribution purposes 
and to realize a countable clock output, we 
must phase-coherently convert the optical 
signal to a lower frequency. The clockwork 
that divides the 1.064-PHz optical frequency 
to a countable microwave frequency f, is 
based on a femtosecond laser and a novel 
microstructure optical fiber. The Ti:sapphire 
femtosecond ring laser emits a train of pulses 
(compressible to -25-fs duration) at the 
nominal repetition rate off, = 1 GHz (47). 
The frequency-domain spectrum of the pulse 
train is a uniform comb of phase-coherent 
continuous waves separated by f,. The fre- 
quency of the nth mode of this comb isf, = 

nf, + & (48, 49), where& is the frequency 
offset common to all modes that results from 
the difference between the group- and the 
phase-velocity inside the laser cavity. If the 
frequency comb of the laser covers an entire 
octave, then& can be measured by frequency 
doubling an infrared mode (n) and heterodyn- 
ing it with an existing mode (2n) in the 
visible portion of the comb (7, 9). The het- 
erodyne signal yields the frequency differ- 
ence 2(nf, + &) - ( 2 4  + &) = &. Only 
recently, with the arrival of microstructure 
silica fibers (also called photonic crystal fi- 
bers), has the required octave-spanning spec- 
trum been attained with high repetition rate, 
low-power femtosecond lasers (50, 51). The 
unique dispersion properties of the micro- 
structure fiber provide guidance in a single 
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spatial mode (- 1.7-p,m diameter) with zero 
group velocity dispersion near 800 nm (50). 
Because temporal-spreading of the pulse is 
minimized, peak intensities in the range of 
hundreds of GW/cm2 are maintained over a 
considerable propagation length, thus provid- 
ing enhanced spectral broadening due to self- 
phase modulation. With -200 mW (average 
power) coupled into a 15-cm piece of micro- 
structure fiber, the total spectral width is 
broadened from - 15 to -300 THz (spanning 
from -520 nm to - 1 170 nrnl 

In addition tof,, a second heterodyne beat 
f, is measured between an individual comb 
element f, = mf, + f, (m is an integer) and 
the 532-THz local oscillator of the Hg+ stan- 
dard. As shown in Fig. 2, two phase-locked 
loops (PLL) are used to control f, and f,, 
thereby fixing the clock output f,. PLL-1 
forcesf, = Pf, by controlling the pump power 
of the femtosecond laser (9). Similarly, 
PLL-2 changes the cavity length of the fem- 
tosecond laser with a piezo-mounted mirror, 
such that f, = of,. The constants a and P are 
integer ratios implemented with frequency 
synthesizers that usef,/100 as a reference. In 
this manner, the frequencies of both PLLs are 
phase-coherently linked to f, such that all 
oscillators used in the clock are referenced to 
the 532-THz laser oscillator itself. When f, 
and f, are phase-locked, every element of the 
femtosecond comb, as well as their frequency 
separationf,, is phase-coherent with the laser 
locked to the Hg+ standard (52). With no 
other frequency reference as an input, we 
realize all aspects of a high-accuracy, high- 
stability optical atomic clock: a stable local 
oscillator (the laser) locked to a narrow atom- 
ic reference, and a pulsed microwave output 
that can be recorded with a counter. 

High-stability output. With both PLLs 
closed, the -1-GHz microwave output has 
the value off, = fHg/(m + a + p). If we 
choose the signs of beats f, and f, such that 
a = -P, then f, would be an exact sub- 
harmonic of fHg. The stability of the 532-THz 
laser (given above) should be transferred to 
each element of the femtosecond comb, in 
addition tof,. We obtainf, from the bandpass- 
filtered photocurrent generated with -5 mW 
of the broadened comb light incident on a 
p-i-n photodiode. We have measured the in- 
stability off, by subtracting it from the output 
of a synthesizer that is referenced to a hydro- 
gen maser for which u,(l s) = 2.5 X 10-l3 
The stability of this difference frequency is 
then analyzed with both a high-resolution 
counter and a dual-mixer time-measurement 
system (53). Both results are consistent with 
the resolutions of the respective measure- 
ments and the maser stability, demonstrating 
that the 1-s instability off, is at least as good 
as that of the hydrogen maser. 

Before we can conclusively state that a 
microwave signal with stability matching that 

of the optical standard can be obtained from 
the optical clock, f, needs to be compared to 
an oscillator with stability substantially better 
than that of the hydrogen maser. This could 
be either the microwave output of a second 
optical clock, or the high-stability output of a 
cryogenic microwave oscillator (54). None- 
theless, lacking these we can verify the ex- 
ceptional stability of the comb in the optical 

I PLL I I 

domain and thereby infer the expected stabil- 
ity off,. This is done by comparing one 
element of the optical comb to the Ca optical 
standard that operates at 456 THz (657 nm). 
For this measurement the femtosecond comb 
is phase-locked to the '99Hg+ standard as 
described above. For short averaging times, 
the femtosecond comb is effectively con- 
trolled by the stable Fabry-Perot cavity of the 

Femtosecond Laser + 
Microstructure Fiber 

I 

Clock Output A D  . !!.I 
Optical Standard (f,, ) . PD 3 f,=f, + ( m + a + p )  

i f, 

............. ......................... 
f,= a fr 

Fig. 2. Schematic of the self-referenced all-optical atomic clock. Solid lines represent optical beams, 
and dashed lines represent electrical paths. Photodiodes are designated by PD. The femtosecond 
laser, having repetition rate f,, combined with the spectral broadening microstructure fiber 
produces an octave-spanning comb of frequencies in the visiblehear infrared, represented by the 
array of vertical lines in the center of the figure. As shown above this comb, the low-frequency 
portion of the comb is frequency-doubled and heterodyned against the high-frequency portion in 
PD 1, yielding the offset frequency fo that is common to  all modes of the comb. Additionally, an 
individual element of the comb is heterodyned with the optical standard laser oscillator (f, = 532 
THz) that is locked to  the clock transition frequency of a single lg9Hg+ ion. When detectei on PD 
2, this yields the beat frequency f,. Two phase-locked loops (PLL) control fo and f, with the result 
that the spacing (fi) of the frequency comb is phase-locked to the Hg+ optical standard. Thus, fi 
is the countable microwave output of the clock, which is readily detected by illuminating PD 3 with 
the broadband spectrum from the frequency comb. See the text for further details. 

Fig. 3. Measured stabil- 
ity of the heterodyne 
signal between one el- 
ement of the femto- 
second comb and the 
Ca optical standard at 
456-THz (657 nm). The 
femtosecond comb is 
phase-locked to the 
532-THz laser oscilla- 
tor. The black triangles 
are the stability data 
without cancellation of 
the additive fiber noise, 
which is represented by 
the dashed line. The red 
squares are the mea- 
sured stability with ac- 
tive cancellation of the 
fiber noise and im- 
proved stability in the 
Ca standard. These re- 
sults are about an order Averaging Time (s) 
of magnitude better 
than the best stability reported with a Cs microwave standard, which is designated by the solid line (24). 
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539-THz laser oscillator. and for T 2 30 s the 
control shifts to the IU'Hg+ ion. We detect. 
filter, and count the heterodyne beat signal 
between a single element of the comb at 456 
THz and a frequency-stabilized diode laser 
locked to the IS,, ++ 'PI intercombination 
transition of a laser-cooled ensemble of Ca 
atoms (43. 35).The Borde-Ramsey technique 
r >6 ) is used for locking the diode laser to the 
456-THz clock transition with resolutions 
ranging from 0.96 to 1 1.55 kHz. wh~ch  are 
integer subharmonics of the recoil splitting. 
Il'hen the Ca standard is operated w-~th 0.96-
kHz resolution. the Allan deviation of the 
heterodyne signal between the Hg+-stabi-
lized comb and the Ca standard is shown as 
the triangles in Fig. -3. For .T < 10 s, the Allan 
deviation averages down roughly as 9 X 

10 ' ' ; ' '. which is consistent with the 
~upwteed instability of the Ca standard in its 
present configuration. We also obsene a 
nionotonic degradation in the 1-s instability 
of the heterodyne beat frequency as the sta- 
bilit] of the Ca standard is degraded by using 
lower resolution Ramsey fringes. However, 
to1 r 10 t .  fluctuation5 introduced by the 
!YO-m-long optical fiber that transmits the 
<\2-THr llght to the femtosecond system 
beg~nto pose l~nl~tationWe haxe measured 
the fiber-~nduced noise by double-passing the 
l~ght  through the opt~cal fiber, and the aver- 
Ape fractional frequency fluctuat~ons are in- 
Jicated by the dashed line In Fig 3 Further-
more. foi T > 30 s. the instability of the Hg7 
itandard 1s ant~cioated to contnbute to the 
measurement at approximately the same level 
:is the Ca standard. Nonetheless, the mea-
sured stability improves with averaging to 

1.5  X 1 0  l 5  at 101) s. 
More recently, we have implemented active 

cancellation (44, 57) of this fiber noise and 
h a ~ cfurther ~mproved the signal-to-noise ratio 
in the Ca spectroscopy. Data taken under these 
condition> reveal a fractional frequency insta- 
hilib of 7 X 10 l at 7 = l s. These results are 
plotted as the square data points in Fig. 3. In this 
cdse. we cannot place great s~gmficance in the 
stab~lit\. for T > 1 u for two reasons First. the 
Allan de~iation tor akeraglng tlmes T > 1 5 1s 
~dlculated from the juxtaposition of 1 -s aberag- 
zs Such data analysls 1s known to result in 
ulases for certain noise processes (58) Second. 
although not generally the case, for this specific 
data the 532-THz laser osc~llato~%as not 
locked to the '""Hg* ion and therefore it was 
necessaq to subtract out the smooth and pre- 
d~ctable dnft (- I Hz  s )  of the Fabry-Perot ca\ -
it\ to which this laser is stabillzed Howeker. 
neither of these affect the measured 1-s Allan 
deviation. which provides an upper limit for 
the short-term ( I  -s) instability of 7 X 1 0 "  for 
the ontical comb. Aeain. this 1-s instabilitv is 

L 

consistent with that of the Ca standard in its 
present configuration. Siinilar stability in the 
- I -GHz clock output remains to be verified. 

Conclusion. We ha\-e constructed an op- 
tical clock based on the 1.064-PHz (282 nm) 
electric-quadrupole transition in a laser-
cooled. single lgYHg+ ion. The optical fre- 
quency is phase-coherently divided down to 
provide a coherent microw-ave output through 
the use of a mode-locked femtosecond laser 
and a microstructured optical fiber. The 
short-term (I -s)  instability of the optical out- 
put of the clock is measured against an inde- 
pendent optical standard to be 5 7  x 10 - I 5 .  

This optically referenced femtosecond comb 
provides a countable output at 1 GHz, which 
should ultimately be usable as a higher accu- 
racy reference for time scales. synthesis of 
frequencies from the radio frequency to the 
UV. comparison to other atomic standards, 
and tests of fundamental properties of nahlre. 
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