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Abstract—This paper describes recent advances in the design
and control of femtosecond laser combs for their use in optical
clocks and in the synthesis of low-noise microwave and optical
signals. The authors present a compact and technically simple
femtosecond laser that directly emits a broad continuum and
shows that it can operate continuously on the timescale of days as
the phase-coherent “clockwork” of an optical clock. They further
demonstrate phase locking of an octave-spanning frequency comb
to an optical frequency standard at the millihertz level. As verified
through heterodyne measurements with an independent optical
frequency standard, this provides a network of narrow optical
modes with linewidths at the level of <150 Hz, presently limited
by measurement noise. Finally, they summarize their progress in
using the femtosecond laser comb to transfer the stability and low
phase-noise optical oscillators to the microwave domain.

Index Terms—Frequency metrology, frequency synthesis,

optical clocks, ultrafast optics and lasers.

1. INTRODUCTION

INCE femtosecond lasers were introduced into the field

of optical frequency metrology about four years ago [1],
[2]. they have become indispensable tools in this exciting and
expanding area of research [3]-[5]. It is now widely accepted
that mode-locked femtosecond lasers will play a critical role
in the next generation of atomic clocks based on optical fre-
quencies [6], [7]. Inthisrole, the femtosecond laser (sometimes
in conjunction with nonlinear optical fiber) serves as the “op-
tical clockwork™ or “synthesizer” that phase-coherently divides
the uncountable rate of optical cycles to a countable microwave
frequency for subsequent use and comparison to existing stan-
dards. The connection between optical and microwave domains
is understood most readily in the frequency domain, where the
spectrum of the femtosecond laser consists of a comb of evenly
spaced modes with frequencies given by

f‘u = ”f'r‘ T fa- (1)

Here, f,. is the repetition frequency of the laser (typically
0.1 to 1 GHz), n 1s an integer, and f, is a common offset
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frequency—sometimes called the carrier-envelope offset
frequency—due to dispersion in the laser cavity. We have
experimentally tested the validity of (1) [8], as have others [2],
[9]-[11], to uncertainties approaching one part in 10'%.

With these facts established, we have now begun to tum
our aftention toward the more practical issue of actually
making a robust and reliable optical clockwork that functions
in a manner more akin to radio-frequency and microwave
synthesizers (e.g., a tumkey device that could readily operate
for days and weeks). In spite of its very desirable properties,
the nonlinear microstructure fiber used in conjunction with the
femtosecond laser is often found to be the weak point when
we consider the reliability of present optical clockworks. The
recent introduction of lasers that emit octave-spanning spectra
directly, and thereby circumvent the need for nonlinear spectral
broadening in microstructure fibers, is an important advance
toward a more reliable clockwork. Section II of this paper
describes our efforts in this direction. We present details of a
technically elegant broad-band femtosecond laser with 1-GHz
repetition rate and its use as an optical clockwork that does not
employ a microstructure optical fiber. As will be shown, this
system can be tightly phase locked to an optical oscillator for
periods approaching 1 day. With improved thermal control, we
expect this could be extended to indefimte periods.

On a second front, we continue to explore new opportuni-
ties that arise as our control of the femtosecond laser improves.
Specifically, while our earlier work has demonstrated that the
associated mode comb of the optical clockwork can be exceed-
ingly stable [8], we now show that we are able to make the
linewidth of the elements of the mode comb reproduce that of an
optical frequency standard at a level that begins to be interesting
(<150 Hz). Tight control of the octave-spanning optical comb
means that we can now envision the phase-coherent transfer of
not only the stability, but also the linewidth of a very narrow
optical oscillator to several hundred thousand comb elements
spanning the visible and near infrared spectrum. Such an array
of narrow optical oscillators would be a valuable general tool for
spectroscopy, and the tight phase control will also be critical for
the creation of low-noise microwave signals that are generated
by dividing down optical oscillators with the femtosecond op-
tical clockwork. It seems clear that in the near future the ultimate
stability and phase noise performance from any electromagnetic
oscillator will belong to a laser referenced to narrow atomic tran-
sitions. The challenging task of using the femtosecond laser to
transfer the properties of optical oscillators across the optical
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