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In this article we summarize our progress in developing and testing a femtosecond-
laser-based optical clockwork that provides a single-step phase-coherent connection
between emerging optical frequency standards and the cesium microwave standard
on which the Sl second is based. This clockwork enabled absolute optical frequency
measurements with statistical uncertainty ~ 2 x 10715, and it was used in the
demonstration of an optical clock with instability < 7 x 10715 in 1 s. Recent
experiments demonstrate the intrinsic fractional instability and inaccuracy of the
clockwork are less than 6.3 x 10716 in 1 s and 4 x 10717, respectively.

1 Introduction

Emerging optical frequency standards based on laser-cooled atoms and
ions promise superior stability and accuracy over existing microwave
standards’'?34. However, until recently an appropriate clockwork for di-
viding down the very fast optical oscillations to a countable frequency had
been missing. As demonstrated in the past two years, a clockwork based
on mode-locked femtosecond lasers provides a convenient, robust, and accu-
rate means of phase-coherently linking optical frequencies to standards in the
microwave domain®®789, This breakthrough has revolutionized optical fre-
quency metrology and has enabled a new generation of atomic clocks based
on optical transitions. Here we summarize our recent progress in using the
femtosecond-laser-based clockwork in conjunction with the Ca and Hg* opti-
cal frequency standards!® to make a functioning optical clock.

2 Frequency measurements and an o‘ptical clock

A mechanical analog of the femtosecond-laser-based clockwork is that of a
large reduction/multiplication gear that provides a single-step connection be-
tween the optical and microwave domains of the electromagnetic spectrum
[Fig. 1(a)]. As illustrated by this analogy, the clockwork can be engaged in
the microwave domain, where it functions to “multiply up” a Cs-referenced
oscillator to the optical domain. Or alternatively, the clockwork can be phase-
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FFigure 1. (a) Using a mechanical analogy the femtosecond-laser-based clockwork functions
as a ~ 500,000 : 1 reduction gear (clearly not to scale here) that enables a single step con-
nection between the optical and microwave domains. (b) In reality, the clockwork consists
of an octave-spanning comb ol phasc-locked CW oscillators generated with a femtosecond
laser and nenlinear nicrostructure fiber.

locked to an optical {frequency standard and thereby ~divide down” to a count-
able frequency in the RE/microwave domain. As shown in Fig. 1(b), the
femtosceond-laser-based clockwork actually consists of an octave-spanning
comb of phase-locked continuous-wave (CW) oscillators that are generated
when the spectral out put of a femtosecond lascer is broadened in nonlinear mi-
crostrueture fiber. The spectrum obtained directly from a mode-locked laser
consists of a comb of regularly spaced continuous waves that are separated by
the pulse repetition rate f.. ‘The frequency of the n'™ mode of the comb is
given by f, = nf, + f., where f, is the frequency offset common to all modes
that is caused by the differenee between the group and the phase velocity
inside the laser cavity™!12 The easily measured f, is directly linked to an
optical frequency (f,) provided that f, is known. If the frequency comb of
the laser covers an entire octave. f, can be readily measured by frequency-
doubling many of the infrared modes and heterodyning them with existing
modes in the visible portion of the comb®. The heterodyne signal vields the
difference 2(nfr 4 fo) — (2nfo+ f,) = fo. With the arrival of novel microstruc-
ture silica fibers! ! the typical femtosecond laser bandwidth of 15 THz can
be broadened to the required octave (> 300 THz) via self-phase modulation.
This is possible even with the refarively low energy pulses (< 1 nJ) obtained
from high-repetition-rate femtosccond lasers. In contrast to the work of at
the PTB'®, the approach we have taken is to fully control both f, and f, for
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TFigure 2. Record of 50 measurements of the stabilized laser that has its harmonic locked to
the Hgt clock transition. All measurements were taken over a two week period in August
of 2000, and the weighted mean is 532 360 804 949 571.3 Hz. Only statistical error bars
are shown, and they are representative of the counter gate time and number of samples
acquired for each measurement. The statistical uncertainty in the mean of these data is 1.2

Hz.

the octave spanning comb such that every tooth of the comb will ultimately
bear the same properties as the optical or microwave oscillator that serves as
the reference.

For our experiments we cmploy a compact Tizsapphire femtosecond laser
with f = 1 GHz!'%. A detailed description of the operation and servo-control
of this laser hus been provided elsewhere!”. Control of f, is achieved by vary-
ing the power of the laser that optically pumps the femtosccond laser. Once
fs is phase-locked to a stable RE source!®, the reruaining free parameter of the
comb, f,, can be phase-locked to either a microwave or an optical standard.
When the reference is a microwave standard, f, is detected by illuminating a
fast photodiode with a portion of the continuum output from the microstruc-
ture fiber. A suitable error signal used to control the femtosecond cavity
length is generated by mixing the I GHz harmonic of the photocurrent with
a signal synthesized from a stable RF oscillator. We have verified!” that the
instability of each optical comb element is then limited by the instability of
the reference oscillator—in our case the hydrogen maser with Allan deviation
oy(1s) ~ 2 x 10713, Furthermore, a measure of the ability of the clockwork
to accurately compare a Cs primary standard (the NIST-F'1 Cs fountain) to
optical standards has been achieved in the measurcinent of the clock transi-
tions of the Hg* and Ca standards at NIST'?. Figure 2 shows a rccord of
50 different measurements of the frequency of the local oscillator locked to
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the gt frequency standard taken over a two-week period in August 2000.
The weighted mean of these data have a statistical uncertainty of only 1.2 Hz,
or fractionally 2.3 x 1071 For the total integration time of approximately
20 000 s, this uncertainty is near that of the hydrogen maser that provided
the RF reference and only a factor of ~ 1.5 above the uncertainty of NIST-
F1 (which calibrates the frequency of the hydrogen maser). The conclusion
{rom this result is that the clockwork can accurately transfer the stability and
accuracy ol the best microwave standards to the optical domain,

With f, again fixed as already described, one can alternatively control
f+ by phase-locking one mode of the comb to the laser oscillator of the Hg*
or Ca standard. Tf the modes of the comb are phase-coherent, this approach
provides the tremendous leverage of the mode number m ~ 500 000 in con-
trolling fr. Indeed, if f, = 0, then f. is the m*™® sub-harmonic of the optical
standard, with the fractional frequency fluctuations of the optical standard
being transferred to f.. This scheme contains all essential elements of an op-
tical clock: a stabilized laser oscillator locked to an atomic transition and a
clockwork capable of counting a certain nuinber of optical cycles to penerate
an interval of one second. We have recently demonstrated such an optical
clock with the Hg? standard serving as the reference®®. Initially, we were
able to verify that the instability in f. was comparable to that of the hydro-
gen maser, but lacking a more stable microwave source, we were unable to
determine whether the instability of f, approached that of the stabilized laser
of the Hg" standard [o,(7) < 2 x 1071 for 1s < 7 < 100 s]. However, we
could test the stability ol the comb in the optical domain by weasuring the
fluctuations of the beal between one tooth of the Hgt-stabilized comb and
the Ca standard. In such an experiment, we measured an Allan deviation
as low as 7 x 10715 in 1 s of averaging—Tlimited by the present instability of
the Ca standard. This provided the first indication that it was possible to
transfer the stability of the Hg™ standard to the entire comb. Furthermore, it
demonstrated the ability to dircctly compare the frequency ratio and relative
stability of widely scparated optical standards (76 THz in this case) without
the use of a RF/microwave reference oscillator.

3 Comparisons between two clocks

A much more rigorous test of the clockwork involves checking the stability
and accuracy of the nonlincarly generated comb across its entire octave span.
To accomplish this we have operated two clockworks that are both phase-
coherently locked to the same CW reference laser (at 456 THz). Both combs
were controlled to have the saine value of f. but different values of f,. Sub-
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Figure 3. (left) Time records of the mecasured optical beat between two combs at the fre-
quencies of 275, 350 and 550 THz. The three traces are offset for display purposes. The
vertical scale is 1 Hz per division. (right) Allan deviation computed {rom the data at 550
THz. The 77 1/2 dependence is the result of juxtaposing 1 s samples to compute the Allan
deviation at longer gate times. When we compute the Allan deviation from data acquired
with counter gate times cqual the averaging time, we see a dependence closer to 771, This
is expected for white phase noise with an rms phase fluctuation constant in time.

sequently, we measured and analyzed the heterodyne beats between the two
combs in (llHLrC‘Ilf spectral regions to determine how precisely they track the
reference laser®'. Since the noise of the CW laser was common to both combs,
we could evaluate the precision of the various phasc-lock loops, as well as the
stability and frequency accuracy of the comb elements that are nonlinearly
generated in the microstructure optical fiber. Using optical filters in con-
junction with different detectors, we measured the absolute value of the offset
between the two combs and its instability at 550 THz, 350 THz, and 275 THz.
Sample results are shown in Fig. 3. While the magnitude of the fluctuations is
seen to inerease with frequency, the fractional flnctuations are approximately
constant across the spectrum. In fact, an average of all data accuired shows
that the 1 s Allan deviation differs by no more than 30 % for the three mea-
surement frequencies across the optical octave. Since both combs contribute
to the measured instability, we can assume that the fluctuations of a single
comb are smaller by a factor of /2. Taking the slightly larger Allan doviation
at 550 THz, we then establish an upper limit of 6.3 x 10718 for the one-second
instability of the femtosccond-laser-based clockwork. Furthermore, the offsct
of the measured beat between the two combs from the expected phase-locked
value provides information about possible frequency errors that might occur
in the nonlinear generation of the octave-spanning comb. The best previous
test? of the actual frequencies of the elements of an octave-spanning comb
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Figure 4. Time record of the difference frequency between the ~1 GHz output of two optical
clocks. The mean difference frequency was approximately 10 kHz. The one-second Allan
deviation of this data is 76 pHz, which implies a fractional instability of 5.3 x 10714 for the
1 GHz output of one of the clocks.

demonstrated an upper limit uncertainty of 5 x 10716, In our case, we find
the scatter of the measured offsets to be only 14 mHz, which yields an average
uncertainty in the frequencies of the comb lines of about 4 x 10717, Both of
these results are at the limit imposed by Doppler shifts, and active control of
all optical paths will be necessary in the future to reach higher stability and
accuracy.

The experiments just described prove that the stability of the best current
optical standards can be transferred to the octave-spanning comb. However,
the extraction of a microwave signal at frequency f, = 1 GHz with instability
equaling that of the optical comb has thus far proven difficult. In order to
remove any uncertainty introduced by the optical standard itself, we again
operated two optical clocks referenced to the same stabilized diode laser at
456 THz. In this case we set the mode spacings of the two combs to differ
by about 10 kHz (i.c., Af, = |fr1 — fr2| = 10 kHz). A fraction of the
light from each comb was focused onto its own fast photodiode such that
microwave signals at fr; and fro (and their higher harmonics) were generated.
These signals are band-pass filtered, amplified, and then mixed using low-noise
components. The resulting beat at 10 kHz was further amplified and low-pass
filtered before being sent to a counter. The typical 1 second instability of
this counted beat was about 150 pHz, which implies a fractional frequency
instability of 1 x 10713 on the 1 GHz carrier for one of the clocks. However,
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Figure 4 shows data for which the instability was decreased by about a factor
of 2. This yields a fractional instability of 5.3 x 10711 at 1 s for one of the
clocks. The Allan deviation of the 1 GHz output was also observed to average
down as 7~ !. Nonetheless, this short-term stability is nearly two orders of
magnitude above what we would expect based on optical comparison of the
two combs, and at least an order of magnitude above the more fundamental
limitation imposed by shot noise®?. While the reasons for this surprisingly
high short-term instability are not yet fully understood, the photodetection
process itself along with excess noise generated in the microstructure fiber®?
and the ferntosecond laser continue to be areas of investigation.
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