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1. Introduction

Optical clocks based on laser-cooled atoms and ions potentially bave superior
stability and accuracy over present-day time standards, but until recently, no
practical device was fast enough to count optical cycles in order to generate time.
Now that obstacle has been circumvented using pulsed lasers to span an octave {rom
the infrared to the ultraviolet with a grid of equally spaced, phase-coherent
frequencies [1-8]. Here we report on work at NIST toward the realization of a
highly stable and accurate optical timepiece [9] that uses a femtosecond laser to
phase-coherently divide the frequency of a well stabilized laser that is locked to a
narrow transition of a single, laser-cooled '99Hg’ ion [10,11}.

2. Atomic clock basics

All clocks consist of two major components: a device that generates periodic events,
and a means for counting, accumulating, and displaying these cvents. For example,
the swing of a pendulum can provide the periodic events that are counted,
accumulated, and displayed by a set of gears driving a pair of clock hands. Atomic
clocks add a third component: the resonance of a well-isolated atomic transition,
which is used to control the oscillator frequency. If the frequency of the oscillator is
made to match the transition frequency between (wo nondegenerate (and largely
unperturbed) atomic states, then the clock will have improved long-term stability
and accuracy. For an atomic-clock based on a microwave transition, high-speed
electronics count and accumulate a defined number of cycles of the refercnce
oscillator to mark a unit of time. The same basic concepts apply for an atonic clock
based on an optical transition at a much higher frequency. However, if all other
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factors are equal, the stability of the optical standard will be proportionally higher.
This is the principal advantage of an optical clock over a microwave clock. The
stability can be quantitatively expressed by the Allan deviation 6,(t) which provides
a convenient measure of the fractional frequency instability of a clock as a function
of averaging time t [12]. For an oscillator locked to an atomic transition of

frequency f, and lincwidth Af,

- Afnn.t =i _L_
Gy(r)~< Jo >, o Y NT o

where Af,_ is the measured frequency fluctuation, N is the number of atoms, and T
is the cycle time (the time required to make a single determination of the line
center) with T>7. This expression assumes hat other noise sources are reduced (o a
sufficiently small level such that quantum-mechanical atomic projection noise is the
dominant stability limit [13,14]. In this case, 0,(1) decreases as the square root of
the averaging time for all clocks, so a ten-fold decrease in the short-term Allan
deviation leads to a hundred-fold reduction in averaging time T to reach a given
instability. This point is particularly important if wc ultimately hope to reach a
fractional frequency uncertainty of 10™*®, which is anticipated as the limit for many
optical clocks [15]. In this case, 6,(7) < Ix10%7 "2 s clearly desirable to avoid
inordinately long averaging times.

3. The optical frequency standard

Our optical [requency standard [[0] is based on a single, nearly motionless and
unperturbed '**Hg* ion that is confined in a cryogenic, spherical Paul trap. The ion
is cooled, state-prepared and detected by light that is scaltered on the strongly
allowed 28, - 2P, transition at 194 nm. The %S, (F = 0, mg= 0) - 2Dy, (F = 2, mg=
0) electric-quadrupole alifowed transition at 282 nm (t (Dsp) = 0.09 s) provides the
reference for the optical standard (Fig. 1). 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 (@ = 1.5 x 10") was observed [10]. We lock the
frequency-doubled output of a narrowband and stable 563 nm dye laser [16] to the
narrow S-D resonance by the method of electron shelving, whereby each transition
to the melastable D-state is detected by the suppression of the scattering of many
194 nm photons on the strongly allowed S-P transition [17,18]. The short-term (1-
10 s) fractional frequency instability of the probe laser is < 5 x 107, which matches
well to the best stability predicted by the shot-noise-limited detection of the S-D
transition of a single mercury ion. The fractional frequency instability of the single
ion mercury standard is expected to be < 1 x 10™® v with a fractional frequency
uncertainty that approaches 10" [10]. However, in our present realization of the
"%Hg* optical standard, the stability obtained from locking to the ion was degraded
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. Figure 1. Quantum-jump absorption spectra of the 'S,,(F=0) * "D,,(F=2) *m, = 0 electric-quadrupole
transition and a partial energy level diagram of "Hg’ with the relevant transitions indicated. of,,, is the
frequency detuning of the 282 nm probe laser, and P is the probability of finding the atom in the ground
state. The upper spectrum is obtained with a Rabi excitation pulse 20 ms long (averaged over 292
swecps) and the lower spectrum corresponds to an excitation puise 120 ms long (averaged over 40
sweeps). The linewidths are consistent with the Fourier-transforn limit of the respective pulse times {10].

primarily because the signal contrast was less than 100 % (sec the spectra in Fig. 1)
and there was substantial dead time between probes of the 5-D resonance. Hence,
of1) €2 x 10" for averaging times up to ~ 30 s (where the frequency stability of
the laser is dominantly controlled by the cavity), at which point ¢,(1) began to
average down as 7 (as the control of long term frequency fluctuations is
transferred to the ion) {9,10].

4. The frequency divider

Figure 2 shows the optical clock in more detail, consisting of the optical frequency
standard and the femtosccond-laser-based optical clockwork {9]. The Hg* standard
provides high accuracy and stability, but to realize a countable clock output, we
must phase-coherently convert the optical signal to a lower frequency. The
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Figure 2. Schematic of the self-referenced all-optical atomic clock. Solid lines represcnt optical beams,
and dotted lines represent electrical paths. The femtosccond laser, having repetition rate f;, combined
with the spectral broadening microstructure fiber produces an octave-spanning comb of frequencies in
the visible/near infrared spectrum, represcnted by the array of vertical lines in the center of the figure.
As depicted above this comb, the low frequency portion of the comb is frequency-doubled and
heterodyned against the high frequency portion, yiclding the offsct frequency £, that is common (o all
modes of the comb. Additionally, an individual element of the comb is heterodyned with the optical
standard lascr oscillator (fi/2 = 532 THz) whosc harmonic is locked to the clock transition frequency of
the single "Hg' ion. This yiclds the beat frequency fi. Two phasc-locked loops (PLL) control f, and fi
with the result that the spacing (f;) of the frequency comb is phasc-locked to the Hg' optical standard.
Thus f; is the countable microwave output of the clock, which is readily detected by illuminating a diode
with the breadband spectrum from the frequency comb. Sce the text for further details.

clockwork that divides the 1.064 PHz optical frequency to a countable microwave
frequency £, is based on a femtosccond laser and a novel microstructure optical
fiber. The Ti:sapphire femtosecond ring laser emits a train of pulses (<25 fs
duration) at the nominal repetition rate of f, = 1 GHz [19]. The frequency-domain
spectrum of the pulse train is a uniform comb of phase-coherent continuous waves
separated by f.. The frequency of the n™ mode of this comb is f, = nf,+f, [20,21],
where £, is a frequency offset common to all modes that results from the difference
between the group- and the phase-velocity inside the laser cavity [22]. If the
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frequency comb of the lascr covers an enlirc octave, then f, can be mcasurcd by
frequency doubling an infrared mode (1) and heterodyning it with an existing mode
(2n) in the visible portion of the comb [3,7). The heterodync signal yields the
frequency difference 2(nf, + f,) - (2nf, + f,) = f,.  Only recently with the
development of microstructure silica fibers {23,24] has the required octave-spanning
spectrum been attained with high repetition rate, low-power, femtosecond lasers.
The unique dispersion properties of the microstructure fiber provide guidance in a
single spatial mode (~1.7 wm diameter) with zero group velocity dispersion near
800 nm [23]. Becausc temporal spreading of the pulse is minimized, peak
intensities in the range of hundreds of GW/cm? are maintaincd over a significant
propagation length, thus providing cnhanced spectral broadening duc to self-phase
modulation. With approximately 200 mW (average power) coupled into a 15 cm
picce of microstructure fiber, the total spectral width is broadened from ~15 THz to
~300 THz (spanning from ~520 nm to ~1170 nm).

In addition to f,, a second heterodyne beat f, is measured between an
individual comb clement f,, = mf; + f, (m is an integer) and the 532 THz local
oscillator of the Hg* standard. As shown in Fig. 2, two phase-lock loops (PLL) are
employed to control f, and f}, thereby fixing the clock output f,. PLL-1 forces f, = f3f,
by controlling the pump power of the femtosccond laser [7]. Similarly, PLL-2
changes the cavity length of the femtosccond laser with a piezo-mounted mirror,
such that f, = of,. The constants o and § are integer ratios implemented with
frequency synthesizers that utilize f/100 as a reference. In this manner, the
frequencies of both PLL's are phasec-coherently linked to f; such that all oscillators
employed in the clock are referenced to the 532 THz lascr oscillator itsell. When f,
and f, are phase-locked, every element of the femtosecond comb, as well as their
{requency separation f,, is phase-coherent with the laser locked to the Hg" standard
[{25). With no other frequency references as an input, we rcalize all aspects of a
high accuracy, high-stability, optical atomic clock: a stable laser that is locked to a
narrow atomic reference, and whose {requency is phase-coherently divided to give a
pulsed microwave output that can be recorded with a counter [9].

5. High-stability clock output

With both PLL's closed, the ~I GHz microwave output has the value of £, = fi;/(m
+ ot + f). If we choose the signs of beats f, and f; such that a = -£, then f; would be
an exact sub-harmonic of fy/2. The stability of the 532 THz laser should be
transferred to each clement of the femtosecond comb, in addition to f,. We obtain £
from the bandpass-filtcred photocurrent generated with ~5 mW of the broadened
comb light incident on a p-i-n photodiode. We have measured the instability of f.
by subtracting it from the output of a synthesizer that is referenced to a hydrogen
maser for which o,(ls) = 2.5 x 103, The stability of this diffcrence frequency is
then analyzed with both a high-resolution counter and a dual-mixer lime
measurement system [26]. Both results arc consistent with the resolutions of the
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respeclive measurements and the maser stability, demonstrating that the 1 s stability
of f; is at least as good as that of the hydrogen maser [9].

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 significantly better than the
hydrogen maser. This reference oscillator could be either the microwave output of a
second optical clock, or the high stability output of a cryogenic microwave
oscillator [27]. Lacking these, we can still veri{y the stability of the comb in the
optical domain, and thereby infer the expected stability of f,, by comparing onc
clement of the optical comb to a second optical standard with high stability. For
cxample, we can delect, 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
ISy - °P, intercombination transition of a laser-cooled cnsemble of calcium atoms
[28,29]. The Allan deviation of the heterodyne signal between the Hg* stabilized
comb and the Ca-stabilized optical standard is shown as the triangles in Fig. 3. For
7 < 10 s the Allan deviation averages down roughly as 9 x 107" 72 which is
higher than that of the Hg" standard (recail that the Hg" standard stability for 7 < 10
s is primarily controlled by the cavity (see Scc. 3)), but consistent with that expected
of the Ca standard in its present configuration. It is also consistent with the
monotonic increase in the 1 s instability of the heterodync beat frequency as the
stability of the Ca standard is degraded by using shorter probe times and lower
resolution signals [9]. Howcver, for 7 > 10 s, frequency and phase fluctuations
introduced by the 180 m long optical fiber that transmits the 532 THz light to the
femtosecond systcm begin to degrade the stability observed between the Ca
standard and the Hg-referenced comb. We have measured the [iber-induced noise
by double-passing the light through the optical fiber and find that the average
fractional frequency fluctuations are between 2 to 4 x 10% for 1 s <7 < 10 5. For
7> 10's, the fiber noise averages down as 1/7. Finally, for 7> 30 s the instability of
the Hg* standard in its present configuration contributes to the measured instability
al approximately the same level as the Ca standard.  Noncthcless, the measured
fractional [requency instability decreases with averaging to ~1.5 x 10 at 100 s.

More recently, we have implemented active cancellation {30,31] of this
fiber noise and have further improved the signal-to-noise in the Ca standard. Data
taken under these conditions reveal a fractional frequency instability of 7 x 10" at
7 = 1 s. These results arc plotted as the square data points in Fig. 3 [9]. In this case
we cannot place great significance in the stability for 7 > 1 s for two reasons. First,
the Allan deviation for averaging times 7 > 1 s is calculated from the juxtaposition
of 1 s averages. Such data analysis is known o result in crrors for certain noise
processes [32]. Second, for this specific data the 532 THz laser oscillator was not
locked to the "?Hg* ion, and therefore it was necessary to subtract out the smooth
and predictable drift (~1 Hz/s) of the Fabry-Perot cavity to which this laser is
stabilized. However, neither of these affect the measured 1 s Allan deviation, for
which we find an upper limit of 7 x 10 for the optical comb. Again, this 15
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'Figure 3. Measured stability of the heterodyne signal between one element of the femtosecond comb and
the Ca optical standard at 456 THz (657 nm). The femtosecond comb is phase locked to the 532 THz
laser oscillator. The triangles are the stability data without cancellation of the additive fiber noisc. The
squares are the measured stability with active cancellation of the fiber noise and improved stability in the
Ca standard. These results are about an order of magnitude better than the best stability reported with a
cesium microwave standard, which is designated by the solid line [34].

instability is consistent with that of the Ca standard in its improved configuration.
Similar stability in the ~1 GHz clock output remains to be verified.

Finally, when f; and f; are detected and counted with respect to the
frequency of the hydrogen maser (which acts as a transfer standard to the NIST
realization of the SI second [33]), an absolute mecasurement of the '°9Hg+ clock
transition can be made [11], fu, = 1 064 721 609 899 143 (10) Hz. The statistical
uncertainty of our measurcments is about +/- 2 Hz, limited in part by the fractional
frequency instability of the maser al our micasurement times and in part by the
accuracy determination of the cesium standard. The systematic uncertainty of +/- 10
Hz assigned to fy, is based on theoretical arguments in licu of a full experimental
cvaluation. A sccond '**Hg* standard has been constructed toward making a full
evaluation.
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6. Conclusion

In conclusion, we have constructed an optical clock based on the 1.064 PHz (282
nm) electric-quadrupole transition in a laser-cooled, single *’Hg* ion. The optical
frequency is phase-coherently divided to provide a microwave output using a mode-
locked femtosecond laser and a microstructured optical fiber. The short-term (1 s)
instability of the optical output of the clock is measured against an independent
optical standard to be < 7 x 108, This optically-referenced femtosecond comb
provides a countable output at I GHz, which uitimatcly could be used as a higher
accuracy reference for time scales, synthesis of frequencics from the RF to the UV,
comparison to other atomic standards, and tests of fundamental properties of nature.
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