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Abstract: Detecting reactive traces gases in the atmosphere requires fast acquisition
time and in-situ probing without air sampling. Several trace gases present a maximum
absorption cross-section in the ultraviolet (UV) range, which call for a spectrally-
resolved spectroscopy technique with a fast acquisition rate in this range to detect them.
The Dual Comb Spectroscopy (DCS) technique meets these requirements. We present
a DCS setup using a homemade bidirectional Ti:Sa laser cavity in the infrared (IR) range
and use Second Harmonic Generation (SHG) to extend it to the UV range. We use O»
detection to quantitatively characterize the setup in the IR range and show preliminary

UV-DCS interferograms.

1. Introduction

Reactive trace gases in the atmosphere, such as
NOx, BrO or HO and Aromatics have a major
influence over air quality [1,2] and
consequently on climate [3] and present a
maximum absorption cross-section in the UV
range. To detect these reactive species in the
atmosphere, the development of measurements
without air sampling is required. In this context,
coupling UV-Lidar techniques with absorption

spectroscopy is an undeniable technique [8]. It
should be noted that radicals detection requires
a spectroscopic technique with high spectral
resolution (to be able to assess several species
simultaneously or to avoid interfering species)
and fast acquisition time (to overcome intensity
and phase fluctuations of the light source due to
atmospheric turbulence). Since these gases are
reactive and their concentration in the
atmosphere is very low (ppt), achieving
sufficient SNR for their optical detection
requires the use of an integrated optical path
technique (IP-LIDAR) [6, 7]. Coupling UV
Lidar and spectroscopy on long path absorption
exists since the 90’s on SO,, NO,, O3, OH, BrO,
HONO [17-21].

Recent works demonstrate Dual Comb
Spectroscopy (DCS) LIDAR in the NIR as a
novel methodology for atmospheric remote-
sensing of green-house gases, agricultural gases
or urban pollution (see the review of Cossel et
al [22]). Some laboratory demonstrations have
been recently reported in the UV [9-11].

Based on our feasibility study for long-path
absorption UV-DCS [5], we are developing a
dedicated experiment, toward atmospheric
traces gases detection. Our approach is based on
a bidirectional ring Titanium-Sapphire (BD-
TiSa) laser and proof-of-principle resolved
spectral molecular lines has been reported [12]
We present in this paper recent achievements of
IR-DCS using a BD-Tisa and the first results in
the UV spectral range using this laser cavity
arrangement.

DCS spectroscopy principle is reported in detail
in [4, 13]. From a spectral point of view, DCS
uses the coherent beating between two optical
frequency combs (OFCs) with different
repetition ratesf¢p 1 /2. This beating results in a
radiofrequency (RF) comb (comb of spectal
lines separated by Afrep = frep1 — frep2 )
whose frequencies can be mapped to the optical
frequencies (as illustrated in Figure 1). Thus,
any spectroscopic information in the optical
range is imprinted on the RF comb. In the
temporal domain, OFCs are coherent trains of
pulses (a train of fs pulses generated by a mode-
locked laser for example). DCS in the temporal
domain corresponds to the beating between the
two trains of pulses. The Fourier transform of
the resulting interferogram reveals the spectral
signature of the absorbing medium (see Figure
2). The absence of moving mechanical pieces
like in  conventional Fourier-transform
spectroscopy allows interferogram acquisition
rate up to several kHz, at which most
atmospheric turbulence effects are frozen out.
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Figure 1. Principle of DCS in the spectral
domain. The two combs (in blue and red) have
a slight repetition rate difference Afy.,. Thus,
their beating creates a RF frequency combs. f,,
offset frequency with Af, = fo1 — fo.2-
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Figure 2. Principle of DCS from a temporal
point of view. The two trains of pulses (in blue
and red) have a slight repetition rate difference.
Thus, one direction “walks through” the other,
pulse pair after pulse pair. The integrated
interference term gives, on a larger scale (each
pair of pulse produces one point) an
interferogram, whose Fourier transform
contains information about the pulses and the
absorption medium.

2. Experimental setup

Since DCS relies on the beating between two
frequency combs, one needs to ensure a high
degree of mutual coherence between the two
combs. In our case, a homemade bidirectional
cavity has been built: since the two combs share
the same gain medium (Ti:Sa crystal) and
cavity, they have a high degree of mutual
coherence without any need for feedback loop
[12,14]. A schema of the cavity is presented in
Figure 3.

The choice of Ti:Sa was made to ensure high
enough output power (up to 300 mW average
output power in each direction in the IR), along
with low intensity noise, which makes this setup
suitable for long-path absorption spectroscopy
in the IR and UV range. The cavity produces
around 100 fs-long pulses with a repetition rate
of about 118 MHz, whose carrier wavelength
can vary from 760 to 810 nm.
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Figure 3. Schema of the bidirectional cavity
[15]. A 532 nm pump laser is focused in a Ti:Sa
crystal, creating two counterpropagating beams
that are emitted in different directions through
the output coupler mirror. A prisms compressor
is used to compensate for dispersion, enabling
the solitary wave to propagate inside the cavity.

3.Requirements for gas detection

To estimate the mutual coherence between the
two combs, the detection of the A-band of
ambient O; centered a 760 nm , was carried out
with our laser setup (see figure 4). The resulting
spectrum, shown in Figure 5, gives an upper
bound of 1.5 GHz for the spectral resolution of
our experiment, which corresponds to the
pressure-broadened linewidth of O, under
ambient atmospheric conditions (1 atmosphere,
296°K). The close-up on the P branch shows
Fano-like asymmetric line-shape, the origin of
which has not yet be identified in our setup.
Such asymmetric line-shapes were reported in
other DCS spectra [16].
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Figure 4. Setup for the O, detection experiment.
After propagations through the open path (7
metets), the beams are superimposed and
focused on a photodiode. The output current is
amplified through a transimpedance amplifier,
filter-out with a low-pass filter with 50 MHz cut
frequency to avoid aliasing. The signal is
digitized with a 12 bit acquisition card.
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Figure 5. The Fourier-transform of a S5ms
temporal windows of the IGM. The x-scale
corresponds to the Fourier frequencies. (left)
Envelop of the light pulses in which is
imprinted the absorption spectrum signature of
O (P and R branches of the A band), obtained
with the DCS setup and averaged over 10
spectra. (right) a close-up shows Fano-like line
shapes.

4. DCS the UV range

The extension into the UV range, is achieved by
frequency-doubling through a 1-mm long BBO
crystal, creating UV output power up to 40 mW
in average for each OFC. This output power is
sufficient to achieve UV-DCS on a km-long
open path [5]. The UV generated beams are then
combined to obtain interferograms such as the
one presented in Figure 6. The spectral envelop
of the Fourier transform of the UV
interferogram agrees in width and shape with
the one measured using a conventional grating
spectrometer (GS) within the uncertainty of the
GS measurement (see figure 7).

Figure 6: Interferograms obtained at the same
time in the IR range (left) and in the UV range
(right) with a contrast up to 70% and a noise
ratio of about 20 in the UV range for a single-
shot measurement. Af,.,=4,3 Hz and f,., = 1138
MHz.
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Figure 7: Comparison of retrieved spectra using
UV-DCS and a grating-based spectrometer
(GS). (blue dotted line) GS spectrum of the light
radiation of direction 1. (Orange dotted line) GS
spectrum of direction 1. (red plain line)
Calculated combined spectra of direction 1 and
direction 2. (green plain line) retrieved envelop
spectra using the UV-DCS setup. The absolute
position of the spectra has been adjusted on
each other.

Proof-of-concept UV-DCS using this setup
using will be first made on atomic Cesium for
methodology validation, then on a gas cell of
NO;, as a first step towards an open-path
implementation of UV-DCS.
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