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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.

Introduction

Since mode-locked femtosecond lasers were introduced into the field of optical frequency metrology about four
years ago they have become indispensable tools in this exciting and expanding area of research [1]. It is now
widely accepted that femtosecond lasers will play a critical role in the next generation of atomic clocks based on
optical frequencies [2,3]. Moreover, in the near future it is likely that stable optical oscillators (i.e. lasers) will
be one of the sources with the lowest phase noise in any region of the electromagnetic spectrum. The mode-
locked femtosecond laser can function as a synthesizer to transfer the low-noise properties of such optical
oscillators to the microwave domain, or to virtually any visible or near-infrared frequency. In this talk, we will
describe the important properties and control mechanisms of femtosecond lasers for use in optical clocks and
low noise frequency synthesis. Recent results and known limitations will be presented. In addition, the role of
femtosecond lasers in searches for possible time-variations of fundamental constants [4], and the coherent
control of ultrafast pulses [5,6] will be presented.

Femtosecond laser-based synthesizers

A femtosecond laser and its associated frequency comb can be viewed as a general purpose, extremely
broadband synthesizer with either an optical or microwave frequency reference (Fig. 1). The output of the
synthesizer can similarly be an optical or microwave frequency. To accomplish this, it is required that both
degrees of freedom of the associated frequency comb be measured and controlled. 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=nfith (M

Here, f; is the repetition frequency of the laser (typically 0.1 to 1 GHz), » is an integer, and fis a common offset
frequency—called the carrier-envelope offset frequency—due to dispersion in the laser cavity.
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Figure 1: The frequency domain output of a femtosecond laser is an array of discrete frequencies separated by the laser’s
repetition frequency f;. The entire comb is offset by the frequency fy. Measuring and controlling both £, and £ provides a
connection between these two microwave frequencies and the optical frequency f,. As such, the femtosecond laser can be
viewed as a general purpose, extremely broadband synthesizer with optical and microwave inputs and outputs.
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In recent experiments we have tested the performance of the femtosecond laser synthesizer for optical-to-
optical synthesis (ports 1 — 4) and optical-to-microwave synthesis (ports 1 — 3). In the case of optical-to-
optical synthesis, the validity of Eq. (1) has been verified at the 10" level by comparing multiple femtosecond
laser synthesizers that employ broadband Ti:sapphire lasers [7] as well as narrowband lasers with additional
spectral broadening in nonlinear microstructure fiber [8]. These results appear to be limited mainly by noise of
a technical nature (thermal and mechanical fluctuations) and total integration time. Additionally, Hertz-level
linewidths have been achieved for all the comb elements when the femtosecond laser is referenced to a
stabilized CW laser oscillator [9]. In the case of optical-to-microwave synthesis, we have demonstrated the
generation of 10 GHz signals down converted from the optical domain with unprecedented phase noise (-100
dBc/Hz at 1 Hz offset) and fractional frequency instability (3 x107° at 1 s of averaging). Such extremely low-
noise microwave signals should be useful for applications in radar, optical analog-to-digital conversion, and
other experiments requiring precise timing,.
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