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ULTRA-PRECISE PHASE CONTROL OF SHORT PULSES -
APPLICATIONS TO NONLINEAR SPECTROSCOPY"

YUN YE, LISENG CHEN, R. JASON JONES,
KEVIN HOLMAN AND DAVID J. JONES
JILA, National Institute of Standards and Technology and University of Colorado

Boulder, Colorado 80309-0440, USA
E-mail: Ye@JILA.colorado.edu

Recent progress in precision control of pulse repetition rate and carrier-envelope phase of
ultrafast lasers has found a wide range of applications in both precision spectroscopy and
ultrafast science. In this contribution we discuss the impact of optical frequency comb to
precision molecular spectroscopy, optical standards, nonlinear optics, and sensitive
detection. :

1. Introduction

Precise phase control of femtosecond lasers has become increasingly important
as novel applications utilizing the femtosecond laser-based optical comb are
developed that require greater levels of precision and higher degrees of control.'
Improved stability is beneficial for both “frequency domain” applications, where
the relative phase or “chirp” between comb components is unimportant (e.g.,
optical frequency metrology), and, perhaps more importantly, “time domain”
applications where the pulse shape and/or duration is vital, such as in nonlinear
optical interactions.> For both types of applications, minimizing jitter in the
pulse train and noise in the carrier-envelope phase is often critical to achieve the
desired level of precision. Phase-stabilized mode-locked femtosecond lasers
have played a key role in recent advances in optical frequency measurement,™*
carrier-envelope phase stabilization,>>® all-optical atomic clocks,”® optical
frequency synthesizers,” coherent pulse synthesis,'® and ultra-broad, phase
coherent spectral generation."!

The capability of absolute optical frequency measurements in the visible and
IR spectral regions adds a new meaning to the term of precision molecular
spectroscopy. Understanding of molecular structure and dynamics often involves
detailed spectral analysis over a broad wavelength range. Such a task can now be
accomplished with a desired level of accuracy uniformly across all relevant
spectral windows, allowing precise investigations of minute changes in the

* This work is supported by ONR, NASA, NIST and NSF.
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molecular structure over a large dynamic range. For example, absolute frequency
measurement of vibration overtone transitions and other related resonances (such
as hyperfine splitting) will reveal precise information about the molecular
potential energy surface and relevant perturbation effects. We have pursued a
similar study in iodine molecules, performing high-resolution and high-precision
measurement of hyperfine interactions of the first excited electronic state (B) of
I, over an extensive range of vibrational and rotational quantum numbers
towards the dissociation limit. Experimental data demonstrate systematic
variations in the hyperfine parameters that confirm calculations based on ab
initio molecular potential energy curves and electronic wave functions derived
from a separated-atomic basis set. We have accurately determined the state-
dependent quantitative changes of hyperfine interactions caused by perturbations
from other electronic states and identified the respective perturbing states. Our
work in I, near the dissociation limit is also motivated by the desire to improve
cell-based portable optical frequency standards.'> Indeed, I,-stabilized lasers
have already demonstrated high stability (< 5 x 10" at 1 s averaging time) and
have served well for optical atomic clocks.®

For the time domain applications to molecular spectroscopy, stabilization of
the “absolute” carrier-envelope phase at a level of tens of milli-radians has been
demonstrated and this phase coherence is maintained over an experimental
period exceeding many minutes,"” paving the groundwork for synthesizing
electric fields with known amplitude and phase at optical frequencies. Working
with two independent femtosecond lasers operating at different wavelength
regions, we have synchronized the relative timing between the two pulse trains at
the femtosecond level,'* and also phase locked the two carrier frequencies, thus
establishing phase coherence between the two lasers. By coherently stitching
optical bandwidth together, a “synthesized” pulse has been generated.'® With the
same pair of Ti:sapphire mode-locked lasers, we have demonstrated widely
tunable femtosecond pulse generation in the mid- and far- IR using difference-
frequency-gene:ration.ls The flexibility of this new experimental approach is
evidenced by the capability of rapid and programmable switching and
modulation of the wavelength and amplitude of the generated IR pulse. A fully
developed capability of producing phase-coherent visible and IR pulses over
broad spectral bandwidths, coupled with arbitrary control in amplitude and pulse
shape, represents the ultimate instrumentation for coherent control of molecular
systems.

The simultaneous control of timing jitter (repetition rate) and carrier-
envelope phase can be used to phase coherently superpose a collection of
successive pulses from a mode-locked laser. For example, by stabilizing the two
degrees of freedom of a pulse train to an optical cavity acting as a coherent
delay, constructive interference of sequential pulses will be built up until a cavity
dump is enabled to switch out the “amplified” pulse.16 Such a passive pulse
“amplifier”, along with the synchronization technique we developed for pulse



