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Abstract. Generation of widely tunable frequency combs in the UV,
visible, and infrared is discussed for use in cavity-enhanced transient
absorption spectroscopy on gas-phase clusters. Progress towards cavityenhanced two-dimensional spectroscopy is also presented.

1 Introduction
Typically ultrafast optical spectroscopy is done on optically dense samples such as solids or
liquids which have relatively large absorption of both pump and probe pulses.
Unfortunately, there are many samples of interest, such as gas-phase clusters, which only
exist at densities lower than those which are easily studied with traditional methods. In
order to study vibrational dynamics of these low-density samples the interaction strength
must be increased; either by extending the physical size of the sample or resonantly
enhancing the signal. The former is not feasible for gas-phase clusters in a molecular beam.
The latter option must therefore be utilized by borrowing techniques from the already
successful fields in cavity-enhanced linear spectroscopy [1] and combining them with
ultrafast methods.
In order to resonantly enhance the signal, a frequency comb laser is coupled to a ring
cavity constructed around the sample. The effective sample interaction length, and therefore
signal, is then proportional to the cavity finesse. By also resonantly enhancing the pump
light using a geometry shown in figure 1b), the excitation is also enhanced. We have
previously shown that a sensitivity of ΔOD = 1×10 / √Hz can be achieved in a transient
absorption measurement of gas-phase molecular iodine [2]. This demonstration experiment
was done with both the pump and probe light at 529 nm. However, in order to have a more
widely applicable spectrometer, the pump and probe wavelengths must be tunable.
Experiments currently under development require tunability across the ultraviolet (UV),
visible, and mid-infrared (MIR) spectral regions.
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Fig. 1. a.) Layout for the generation of tunable optical frequency combs in UV, visible, and MIR
spectral regions. Typical spectra are included for HNLF output, amplified 1050 nm pump, and
tunable near-infrared signal combs. b.) Experimental cavity layout, a gas slit nozzle is used to
generate a molecular beam at the foci of two crossed ring cavities for the enhancement of both pump
and probe light. Reference cavity is used for noise subtraction [2].

2 Generation of tunable frequency combs
The layout for tunable frequency comb generation is depicted in figure 1a). The initial
comb is generated using an erbium fiber oscillator centered at 1550 nm with a repetition
rate of 100 MHz. To act as high-power pump for further nonlinear processes, one output of
the oscillator is amplified in a nonlinear erbium doped fiber amplifier (EDFA) and
compressed in a standard fiber patch cord to a duration less than 50 fs due to the fiber's
inherit anomalous dispersion at 1550 nm. This pulse is then directly coupled into a short
(<5 cm) piece of highly nonlinear fiber (HNLF) which generates an optical soliton and a
phase-matched dispersive wave [3]. Fiber lengths and pump diode powers are tuned to
center the dispersive wave at 1050 nm with an average power of approximately 30 mW.
This portion of the spectrum is then selected by a band pass filter (BPF) and used to seed a
two-stage ytterbium doped fiber amplifier (YDFA) consisting of a core-pumped
preamplifier, fiber-based stretcher, cladding pumped power amplifier, and a grating
compressor to generate a 10 W average power comb with a pulse duration less than 100 fs
as described in [4]. We have measured the output comb tooth linewidth to be less than 10
kHz.
For the generation of ultraviolet and visible frequency combs, the output of the YDFA
is first frequency doubled via a second harmonic generation (SHG) crystal and frequency
tripled in a sum-frequency third harmonic generation (THG) crystal. The third harmonic is
directly used as the UV pump for ultrafast experiments. The second harmonic is used as a
pump in a synchronously pumped optical parametric oscillator (SPOPO), shown at the
bottom of figure 1a), which consists of a dual focus cavity that is matched to the oscillator
cavity length and has a difference frequency generation (DFG) crystal at the first focus to
generate a signal and idler pair tunable from 900 to 1400 nm. An SHG crystal at the second
cavity focus frequency doubles either the signal or the idler to generate a tunable visible
frequency comb from 450 to 700 nm. Both the UV and visible combs are several hundred
mW average power and approximately 200 fs in duration before being coupled into the
pump and probe enhancement cavities. The probe cavity is made from matched pairs of
positively and negatively chirped mirrors for a round trip GDD of less than 100 fs across
the entire tuning range of the visible comb to maintain a short pulse duration at the sample.
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MIR comb generation is done in a single-pass optical parametric amplifier (OPA),
shown at the top of figure 1a), which is made up of a periodically poled lithium niobate
(PPLN) crystal pumped by the YDFA output already discussed. The desired signal
wavelength for difference frequency generation (DFG) is produced by a second EDFA and
HNLF branch similar to the one used for the YDFA seed but optimized for output centered
between 1300 and 1500 nm for an idler output tunable from 3 to 5 μm [5]. An acousto-optic
modulator (AOM) is placed in the signal arm in order to tune the carrier offset frequency of
the generated idler comb to match the offset of the enhancement cavity. Several planned
experiments will require a single MIR comb as a probe with a UV pump to study the
vibrational dynamics of excited gas-phase molecules and clusters. A third EDFA, HNLF,
and OPA will also be implemented for use in cavity-enhanced two-dimensional MIR
spectroscopy as described in [6]. GDD optimized broadband cavity mirrors for the MIR
combs have also been designed.
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