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Laser Absorption Spectroscopy to
Probe Chemically Reacting Flows

aser absorption spectroscopy is now a well established tool to perform temperature,

density and velocity measurements in a wide variety of aerodynamic and combus-
tion flows. Measurements are usually performed on heterogeneous molecules like NO,
C0, CO, and H,0 which present strong absorption line strengths in the infrared region
due to their high dipole moments. In this paper, we present examples of applications
using mid-infrared laser diodes in several hypersonic wind tunnels and combustion
facilities of Onera and DLR followed by a review of actual developments in new OPO
based laser sources providing better coverage of the infrared domain and opening
new possibilities of ultra sensitive detection using cavity enhanced or photo-acoustic
methods and stand-off distance measurements based on lidar schemes.

Introduction

Laser Absorption Spectroscopy for aerodynamics was developed in
the mid 70’s using infrared lead-salt diode lasers to probe combustion
media [1][2] and has been used in hypersonic flows since the mid 90’s
[3][4] to probe the free stream in hypersonic facilities like the Onera-F4
hot shot facility [5], the DLR-HEG shock tube [6][7], or the Onera-S4
[6] and Astrium SIMOUN wind tunnels [8]. The technique is based on
measuring the absorption intensity of a fast wavelength tuneable laser
beam passing through the flow. Velocity, translational temperature and
concentration measurements can be derived from the spectral features
of molecular absorption lines acquired at high spectral resolution. Mea-
surements are usually performed on heteronuclear molecules like CO,
NO and H,0 which are naturally present as a result of real gas effects
or as trace pollution species in air flows or on CO, in the case of Mar-
tian re-entry studies. All of these molecules have strong absorption line
strengths due to their high dipole moments and usually the fundamental
levels of absorption lines are located in the mid infrared region (wave
number > 4 um), which is well covered by CW lead-salt diode lasers
(Figure 1).
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Figure 1- Absorption spectrum of some molecules of aerodynamic interest and

spectral emission windows of some of the laser diodes used in wind tunnels

and combustion applications.
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These lead-salt diode lasers have very narrow line width emissions
(around a few MHz or 10-* cm™") and can be finely tuned (with a resolu-
tion close to 10 cm") around absorption lines so that the temperature
and pressure broadening can be visualized without any interference
broadening from the laser line width itself. This high spectral resolu-
tion feature therefore allows temperature measurements from the Dop-
pler line shape on trace molecules in low pressure (less than 1000 Pa)
chemically reacting media such as in hypersonic flows where the lines
are broadened mainly by temperature effects with typical Doppler line
widths of 10 cm". The gas velocity can also be determined from the
Doppler shift induced in the line positions of the absorbing species
when the beam is not perpendicular to the flow axis. The Doppler shift
is of the order of 102 cm™ at wavelengths around 5 um for bulk ve-
locities superior to 1000 m/s. Specie density measurements are pos-
sible from the integrated intensity of an absorption line if the gas is at
Boltzmann equilibrium. Figure 2 illustrates the measurements that can
be made from a spectrum presenting an NO absorption line with its
Doppler-shifted component for flow conditions indicated in the figure.
The unshifted line results from absorption of molecules at low veloci-
ties in the boundary layer of the flow or which are diffused outside of
the flow.

Such measurements can be made at repetition rates up to 10 kHz
which is fundamental to probe high enthalpy facilities with short dura-
tion flows (200 ms for Onera F4 and a few ms for DLR HEG) and where
the aerodynamic conditions change quickly in the order of a few per-
cent per ms. Lead-salt diode lasers are good at performing these high
speed measurements as well as emitting in the mid-infrared to probe
molecules of aerodynamic interest. However, one main drawback is
that cryogenic technology (usually liquid nitrogen cooling) must be
used to cool these diodes operating around 100K and as well as the
HgCdTe detectors for optimal performance in the mid-infrared. Up to
now, non-cryogenic instruments using visible or near infrared diodes
have been limited to H,0, or atomic species like Rubidium or Potas-
sium which must be seeded beforehand in the flow [7].
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Figure 2 - The usual parameters which can be deduced from pressure-free absorption lines (Velocity is determined with an accuracy of about 5%

whereas temperature and density have accuracies around 10%)

Fortunately, recent developments in new laser sources (Quantum
Cascade Lasers [9], Interband Cascade Lasers [10], GaSb DFB laser
diodes [11], OPQ [12],...) now allow us to consider non-cryogenic
setups (at least for the laser emission part) to probe the molecules
of aerodynamic interest on their most absorbing lines in the infrared
domain. Advances in cavity enhanced techniques [13](CRDS, ICOS,...)
that improve the sensitivity of detection also offer new possibilities for
probing some of these molecules in the visible or near infrared region
with room temperature lasers.

Diode laser absorption spectroscopy in windtunnels

A typical diode laser absorption spectrometer (DLAS) is presented in
Figure 3a. Such an instrument is composed of a laser emission head,
photo-detectors and fast digitizers to convert and record the signals
from the photo-detectors. For operations in the mid infrared domain,
the diode laser emission head is in the form of a liquid nitrogen cooled
cryostat containing one or two lead-salt diodes operating near 100 K.
Nowadays Quantum Cascade lasers (QCL[9]) working in CW mode can
also be used in the same cryostats. Stabilized current generators are
used to control the diode temperature and current more finely for the
required laser emission. A 500-mm focal length monochromator and
optical collimating components are used to filter a single mode out of
the emission spectrum of the diode and collimate the output laser light
into a beam of about 15-mm diameter. About 30% of this beam is devi-
ated for wavelength and intensity calibrations using a 0.00975 cm! free
spectral range confocal spherical Fabry-Perot etalon and a reference cell
filled with the gas to be probed at a few hundreds of Pascal. All these
elements are grouped on an optical bench 1.5 m long and 0.8 m wide.
The rest of the laser beam exiting this bench is then made to cross the
gas medium to be studied with the help of mirrors before measurement
of its intensity on a third photo-detector. Figure 3b presents a set of three
absorption spectra (two for calibration and one for the medium being
probed) which is typical when performing measurements with this in-
strument. The spectra are obtained through tuning the wavelength over
about 1 cm™ in a time interval of 1 ms. Figure 4 shows a typical experi-
mental arrangement which is usually used in the Onera F4 wind tunnel.
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Figure 3 : Typical DLAS spectrometer
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Figure 4 - Typical DLAS set up in the F4 wind tunnel The laser emission
bench and the optical detection setup are outside the vacuum chamber. The
laser beam enters the vacuum chamber through CaF, windows and crosses
the flow at the smallest possible angle to the flow's axis, so as to induce the
largest Doppler shift for velocity measurement purposes.

Data reduction

After wavelength and intensity calibration with the help of the calibra-
tion channels (Figure 3b), the useful segment of each corrected spec-
trum is matched to simulated spectra through an iterative non- linear
least-squares fitting procedure [14] to retrieve the velocity, the kinetic
temperature, and the concentrations of the absorbing species. The
simulated spectrum is constructed from the classical Beer-Lambert
absorption law. In a homogeneous medium, the attenuation of the
beam intensity /(o) is thus described by:

I(o)=1,(0) eXp[—SX.f(O',O'x ).N.L}

where [,(o) is the initial intensity of the beam, N the density of
the absorbing molecules, L the absorption path length, and S the
absorption strength of the line centered at position o . The function
f(o,0,) is the normalized absorption line shape which takes into
account all types of line broadening around the center wave number
o . Because of the high resolution achievable here, there is no line
broadening due to the instrument used; the line profile is described
solely by thermodynamic and molecular parameters of the medium.
It is, in most cases, a Voigt function which is itself a convolution of
a Doppler profile f,; with a Lorentz profile £, . The Doppler profile
describes broadening due to thermal motion of the molecules at the
kinetic temperature, 7 :
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o-o0, ’
folo=ooT)= o ® axD(T) XpHaw(T)”

with the half-width at half maximum (HWHM) of the absorption ex-

pressed in cm™ as :
2T =3.58.10"0, /1
mmolecule M

a,,(T) =[In(2) ~
where k, is the Boltzman constant and A/ is the molar mass. The
Lorentz profile represents line broadening due to collisions. It depends
on the pressure P and the kinetic temperature of the medium:

1 1
Ta, (P,T)' . (G—O'x)z
a, (P,T)

I (O'—O'X,P,T)=

with HWHM given in cm™ as :

P T ylor
au P =a (L) 2|2
L L PO T

The coefficients a, (B,,T,)and ylor are derived either from
quantum mechanics or through experiments. In our case, we use the
values of ylor (=1.5)and ay, (F,,T;) from the HITRAN database
[15], tabulated for a reference pressure F, = 1 atmosphere and tem-
perature 7, = 296 K.

In a flow with bulk velocity v, the center line wave number o will be
Doppler-shifted to o, — Ao, with

Ao =0, Kcos(l9) ,
c

where @ is the angle between the laser beam and the flow axis, and
c is the speed of light. In this case, the line shape has to be calculated
from this shifted wave number o — Ao, .

In @ medium in thermodynamic equilibrium at 7, the quantum me-
chanical expression of the line strength S _ is given as

o.(T,) l_exp{_ kGT}

S (T)=S8 (T, ). =2~ B =
(D=5 )QX(D . {
—exp| —

where h is Planck’s constant. S (7; ) is determined experimentally
or calculated at 7; = 296 K [15]. Q_(T') is the partition function,
E _the molecular low-energy transition x absorbing at wave number
o..

Typical measurement results in high enthalpy wind tunnels

A simple two-layer model is usually assumed for the flow generated
in high enthalpy wind tunnels. One layer corresponds to the flow core,
with a constant free stream velocity V. The other layer (called the
external layer) includes all of the gases outside the flow core with no
bulk velocity that contribute to rest-position lines in the absorption
spectrum. Figure 5a shows a series of spectra acquired at different
times during a run together with the corresponding best fitted simu-
lated spectra inferring the values for velocity, temperature and NO
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a) Typical flow absorption changes during a run at the DLR HEG shock tube monitored
on the NO (R3/2) line [6]. The acquired spectra are matched to simulated ones to infer
values for velocity, temperature and NO density
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b) Changes over time in parameters deduced from acquired spectra for a run at the
Onera F4 wind tunnel. The measured values are compared to two series of results from
CFD calculations Equilibrium and Frozen hypothesis[16][17])

Figure 5 — Example of DLAS measurement results in high enthalpy wind tunnels

density. Only the spectral window around an NO line is presented. The
parameter values derived from the processing of successive spectra
are traced in Figure 5b and can be used to follow the time variations
of such transient flows usually occurring in high enthalpy wind tun-
nels. In Figure 5b, the measured values are compared to two series
of results from CFD calculations [16][17] assuming either ‘equilib-
rium conditions’ (where, using the temperature parameter example,
vibrational temperature is equal to the kinetic temperature) or ‘fro-
zen conditions’ (where the vibrational temperature remains at much
higher values than the kinetic one and close to the temperature before
expansion along the nozzle).

Measurements of aero engine effluents

We illustrate here the potential of laser absorption spectroscopy mea-
surements on aero engine effluents through experiments performed
in the framework of a European research project, MENELAS (Minority
effluent measurements of aircraft Engine emissions by infrared Laser
Spectroscopy [18]), carried out by a consortium of several aero-
space institutes and laboratories led by Onera. The techniques which

a) DLAS instrument at DLR testbed

b) Combustor in operation

were under development were MIDROPO (Mid-infrared Doubly Reso-
nant Optical Parametric Oscillator), Mid-infrared Pico-second LIDAR
(MIRPL) and tunable diode laser absorption spectroscopy (DLAS).
The latter was considered to be the technique with the highest ma-
turity, which was ready to undergo field experiment demonstrations
during the project's lifetime. The demonstrations were performed with
a model gas turbine combustor in the DLR premises in KéIn and on
the exhaust gases of Cessna Citation Il research aircraft at a test site
at Amsterdam Airport Schiphol. An adapted version of the DLAS wind
tunnel equipment already described above was deployed to probe CO,
CO0,, NO and H,0 during these two demonstrations.

The experimental set up for the model combustor is presented in Fig-
ure 6. As the model combustor had optical access, the technique was
not only used to measure at the outlet but inside the combustor as
well. Fast fluctuations in the flow with a time scale of less than 1 ms
were observed (Figure 7a) for the measurements. In order to reduce
these effects on the spectra acquisition, the spectrometer was set
to conduct measurements at a f=10 kHz repetition rate. This optical
measuring technique provides integrated values along the line of sight
of the laser beam.

c) Positions of optical measurements
inside and at the outlet of the combustor

Figure 6 — DLAS experimental setup on a DLR combustor (Courtesy DLR Kéin[19])
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c) Horizontal profile of integral temperatures weighted with the CO concentration at
x=10 mm inside the combustor at T,=850 K and T.=2000 K

Figure 7 — Examples of DLAS results for the DLR combustor (T,= air preheat
temperature; T_: Flame temperature; detailed description is given in reference[19])

Therefore integral values had to be calculated [19] from the spatially
resolved measurements with conventional techniques to allow a com-
parison with the optically measured data. Figure 7 (b,c) presents two
comparative examples of temperature and CO concentration horizon-
tal profiles. There is a good agreement with a deviation of about 10
% near to the flow axis whereas large differences, which are yet to be
explained, appear close to the wall of the combustor.

Aerospacelab

The experimental setup for the second field experiment carried out
during the MENELAS project is depicted in Figure 8a. The spectrometer
was put in a van type vehicle placed at a distance of approximately 4
meters from the probed zone and mirrors mounted on poles near the
engine were used to direct the laser beam so that it crossed the flow
vertically at a distance of 80 cm downstream of the engine outlet.
Only measurements on CO and H,0 were tried during the time window
allowed for the experimental campaign. A few examples of results
obtained are presented in Figure 8b for a set of successive spectra
acquired at 10 kHz during 6 ms for engine thrust settings at 30% of
maximum power (other details can be found in reference [20]).
These MENELAS experiments demonstrated that infrared laser ab-
sorption spectroscopy has the potential for fast and high spatial reso-
lution measurements of combustion species. However, some future
development work on more rugged equipment is still needed as the
goal is to replace the gas analysis currently performed with intru-
sive probe measurements in order to fulfill ICAQO standards for engine
emission measurements and to help us understand the combustion
processes in a gas turbine.
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b) Examples of measurements

Figure 8 — DLAS measurements on the exhaust gases of the NLR’s Cessna Citation
Il research aircraft at a test site at Schiphol Airport Amsterdam (Courtesy NLR)

Prospects

The use of mid-infrared diode lasers has been a great help in the
development of absorption spectroscopy for applications in different
flow media in aerodynamics and combustion. The trend now is to
develop low cost setups with non-cryogenic semiconductor lasers
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(QCL [9] in the mid IR, interband cascade lasers (ICLs [10]) and GaSb
DFB diode lasers [11] in the 2-3 um range) for less cumbersome and
more routine use of this technique. Moreover, the beams from such
lasers can be more easily collimated and open up new possibilities for
fiber-optic coupling. This can help to protect the beam up to the edges
of the flow thereby reducing the interference caused by diffused mol-
ecules outside of the flow. The fiber optic possibility also allows for
the use of miniature probes which can be placed inside the flow for
localized probing.

However, semiconductor lasers emit only on limited spectral windows
and are of low power. Fortunately development in non linear optics
now offers the possibilities of new laser sources (OPO [12]) with high

Box 1 - High Speed Cavity Ring-Down Spectroscopy

brightness and wide spectral coverage in the mid-infrared spectrum.
(see box 2).

Other improvements which may offer new possibilities for the laser
absorption technique are:

- Use of several laser beams at different wavelengths for simultane-
0us measurements on several species

- Flow tomography coupled with Abel inversion through the use of
several laser beams or quick spatial scanning of a single laser beam
- Use of multi-pass or CRDS methods to enhance sensitivity (see box 1):
this can help with the probing of very weak absorption lines (like that
for 0,) or can allow for short absorption lengths, with the aim of build-
ing miniature probes placed in a flow for more local measurements [l

CRDS is a laser-based absorption spectroscopy technique which directly deduces the absolute value of optical losses in a high finesse
optical cavity from its photon lifetime [0’keefe]. The ring-down cavity is created by positioning two highly reflective mirrors (R>99.99)
around the gas medium of interest. The light source is coupled to the ring-down cavity, resulting in a rapid buildup of the intensity of
radiation trapped inside. After abruptly stopping the laser injection, the stored light propagates back and forth within the cavity and, at
each pass, gradually leaks out through the mirrors. The transmitted intensity I(t) is an exponential decay of the initial intensity 10 given

by the equation

I@t)=1I,exp(—t/7) (1)

where 7 is the ring-down time of the cavity. The loss rate per distance is then given by

1 1-R+4
=———+a

cr L

(2)

with ¢ the speed of light, L the cavity length, R the reflectivity of the mirrors, A the diffraction losses of the mirrors, and ¢ the medium
absorption coefficient. A plot of the loss rate & as a function of the laser frequency is a CRDS spectrum. The absorption loss profile is
directly proportional to the chosen absorption line profile from which one can deduce the specie concentration, as well as the tempera-
ture, pressure and velocity in gas flows. CRDS has originally been developed with pulsed laser sources [0’keefe] but has since been
proven to work with continuous-wave lasers as well [Romanini]. The basic principle of a cw-CRDS setup is illustrated in Fig. B1-01.

R Ringdown R
Tunable Optional 7 cavity 7
cwLaser [ | Switch —_——
, ) )

>
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Photo- |
detector

Light Intensity -

1
L]
1Ll

Time —»

Figure B1-01. Diagram of a typical ring-down setup that produces an exponential decay of the transmitted light after termination of the laser coupling.
An optional acousto- or electro-optic switch is generally used to interrupt injection by cw laser sources and prevent further entry of light. 7, and 7

Compared with traditional single or multi-pass absorption methods, CRDS exhibits the advantages of long effective absorption path
lengths (many kilometers) combined with intrinsic insensitivity to source-intensity fluctuations, thus offering a great sensitivity which
already been exploited in a wide variety of fields. But the measurements times using a standard scheme are usually relatively long in the
order of seconds if not minutes due the laser wavelength positioning and optical switching for a clean exponential decay in the cavity.

Improvements in the measurement speed are therefore required to enable fast and sensitive analysis of transient flows such as those
generated in blow-down hypersonic wind tunnels. Indeed, the flows we are targeting are generated during short gusts, typically lasting a
few 100-ms, with aerodynamic conditions changing by a few % per ms. A scheme allowing the measurement of an absorption line within
time period of a ms is therefore required (shorter times are sought to combat fluctuations in combustion flames). Another difficulty arises
from the low pressure nature of the gas met in wind tunnels, usually of a few mbar presenting absorption line widths essentially due do
Doppler broadening and which are at one tenth smaller than those at atmospheric pressure (Lorentz broadening).

Aerospacelab
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It has already been demonstrated that, in conventional cw-CRDS, a rapid extinction of the laser beam, enabling a free exponential photon
decay is possible without any optical switch using only a fast sweep either for the cavity length at fixed laser frequency [He1], or for the
laser frequency over the motionless cavity modes [He2]. In both cases, a partial build-up of the intra-cavity energy rapidly occurs as
soon as the resonance condition between the laser frequency and a cavity mode is satisfied. The subsequent light exponential decay is
observed as the laser frequency and the cavity mode come out of resonance. However, to get a decent signal to noise ratio, averaging
procedures have to be applied on the signals thus giving long integration times. At Onera, we further developed the fast laser sweep
concept with low noise avalanche photo-detectors and were able to reduce the acquisition time of an exploitable absorption profile to 2
ms with a repetition rate of 250 Hz compatible with our wind tunnel application [Debecker].

In the case of a rapid laser frequency sweep on a static cavity of length L, the maximum achievable frequency resolution corresponds to
the free spectral range (FSR), whichis FSR . = 1/2nL, in spectroscopic cm™ units with n the refractive index approximated to one and
henceforward discarded. As an example, for a 50-cm-long cavity, the separation between ring-down events is 0.01 cm " (0.3 GHz). In
flows simulating reentry conditions at high altitudes, this resolution is insufficient to probe low pressure absorption line widths (or Dop-
pler shifts for velocity measurements) which are of the order of 0.05 cm'. We present below two ways we investigate how to improve
spectral resolution in high speed cw-CRDS designs.

CRDS spectral resolution enhancement by simultaneous laser and cavity tuning

One way to enhance spectral resolution involves simultaneous laser and cavity tuning. In order to increase the number of recorded
ring-down events, the cavity resonance mode frequencies (7,4, ) must be synchronously swept in the opposite direction to the laser
mode (). This leads to an increased number of frequency-matched events between the laser and the cavity, giving ring down points
separated by a spectral interval smaller than the FSR of the static cavity as shown in Figure B1-02. An experimental result on an O, line

at high and low pressure is presented in Figure B1-03.
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Figure B1-02 — Increased ring-down events for simultaneous cavity and wavelength tuning (0.4 cm in 2 ms)
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Figure B1-03. Absorption spectra for O, in air, recorded during a 280-Hz laser frequency-sweep and a synchronous 5-um cavity modulation range. (a)
At atmospheric pressure, a Lorentzian profile of 0.095-cm-1-FWHM is superposed to the experimental points. (b) At 20 mbar, a 0.025-cm-1-FWHM
Gaussian profile provides a fit of the plotted points.
The spectral resolution enhancement factor can be derived from the expression of the dynamic FSR for a moving cavity [Debecker]:
FSRdynamic 2;1/ (3)
2L-24-L
%

A
where ¥, and ¥, are the linear scanning velocities respectively for laser wavelength and cavity length tuning. The velocity for a
resonance mode of the cavity is expressed as V. = —AV, / L and must therefore be of opposite sign to ¥, for spectral resolution
gnhancement.
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The denominator in equation (3) presents all of the parameters to tune for resolution enhancement. Fig. B1-04a illustrates one of the
possibilities, namely the influence of cavity length scanning velocity ¥, while other parameters are fixed at the values A =0.766 um,
L=0.5m, ¥, =0.2 cm-1/ms corresponding to one of our experimental setups described in reference [Debecker]. Fig. B1-04b shows
that the resolution enhancement increases with shorter cavities, which is quite welcome in the task of miniaturizing a CRDS device.
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Figure B1-04- Dependence of the dynamic FSR and the enhancement factor of spectral resolution on the cavity length tuning speed.
CRDS spectral resolution enhancement using transverse modes

Another scheme we investigated for increasing spectral resolution during a rapid scan of the laser wavelength is based on the use of a
cavity’s transverse mode structure. But the straightforward use of the different mode orders leads to quite noisy absorption line profiles
because of mode overlapping and also due to the fact that each transverse mode exhibits a distinct decaying coefficient. This is because
each mode has a distinct spatial overlapping pattern with the mirrors' surfaces which are generally not homogeneous in reflectivity.
However, these problems can be circumvented through off axis injection (Fig. A5). By choosing a proper ad hoc cavity length, called
the “magic length”, the continuum comb of the TEMmn cavity structure modes encountered by an incoming plane wave is converted
into a fractionally degenerate mode structure. For a particular length, the “magic length”, therefore is a finite number N of the family of
degenerate modes within an FSR on-axis of the cavity. This factor N also defines the number of cavity round-trips before the spatial beam
overlapping leading to an effective FSRoff-axis = FSR on-axis/N thereby increasing the spectral sampling by a factor of N. The cavity’s
length can be imagined as having been stretched by the factor N. There is no overlapping between individual transverse modes and the
same surfaces of the mirrors are seen by all the groups of degenerate modes leading to absence of mode-to-mode fluctuations and
hence quite smooth absorption profiles. Moreover, this injection scheme is also useful for attenuating the ringing effect usually observed
with on-axis injection [Courtois].

-
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Figure B1- 05 - (Left side) Off-axis injection principle with below its on-axis spectral equivalence. (Right side) Comparison between TEM0O on-axis
injection (Excitation of first transverses modes can be observed on the figure) and N=3,K=1 (i.e same cavity size) off-axis injection of the cavity.
Because in off-axis (for discrete round trip Gouy phase value) light spatially overlaps on itself after N round trips (red ring down events), apparent FSR
is divided by N. Since one resonance leads to one point on the profile, spectral resolution is increased by a factor N.
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Box 2 - New laser sources for absorption spectroscopy

Most lasers have a frequency tuning range which is restricted to a small fraction of the frequency gap between the quantum levels con-
nected by the laser radiation. This rather limited wavelength tunability has restricted the potential use of the main lasers to only a few
applications of spectroscopy. Indeed, in order to address the fundamental absorption lines of most molecular species, a laser source that
provides wide tuning over the mid-infrared domain (2-10 um) is needed. Among the potential laser sources, there are quantum cascade
lasers and parametric devices. Here, our interest is mainly focused on parametric devices which are very promising for spectroscopy
due to their very broad tunability.

Parametric devices are wavelength converters based on a second order nonlinear optical process. Basically, the frequency conversion
is obtained by illuminating a nonlinear crystal with a laser beam at a given frequency (), ), see Figure B2-01. The crystal acts as a
gain medium for the production of two waves called signal and idler, respectively at frequencies @, and @, suchthat o =, + @,
this relationship expresses the conservation of the photon energy which is a specific property of any parametric process. Because the
parametric conversion is not a resonant process, the possible values of the signal and idler frequencies do not depend on the discrete
energy levels of the nonlinear medium, in opposition to a laser medium. Indeed, @, and @, are determined by the conservation of
momentum or phase matching condition &, =k, + k, where k is the wave vector of the wave j. Given that each wave vector depends
on the refractive index of the medium, the signal and idler frequencies can easily be tuned by changing the propagating conditions of the
three waves through the nonlinear crystal yielding a frequency tuning range that is limited only by the optical dispersion of the index of
refraction and the optical transmission of the nonlinear crystal.

Signal

Laser beam

- Residual pump
—
=

Idler
Figure B2 - 01 - lllustration of the parametric conversion process

Two main approaches for adjusting the output wavelengths are now well developed. The first one uses a birefringent crystalline medium
where the phase matching condition and subsequently the @, and @, frequencies are obtained by selection of the waves' polariza-
tions, crystal orientation and/or temperature adjustment. The second one uses a micro-structured nonlinear medium to compensate
the optical dispersion of the material periodically. In which case, the momentum conservation is obtained in a quasi-phase matching
approach where the optical wave vectors are related to the grating vector of the periodic structure (kG) by kp =k, +k +k;, where
|kG| =2z /A, A isthe grating period. Most of commercial quasi-phase matched crystals are produced with ferroelectric materials
(lithium niobate, lithium tantalite, ....) where the ferroelectric orientation has been periodically poled in opposite directions by using an
electric-field poling technique, see Figure B2-02. Such a technique allows the nonlinear material to be engineered for the desired output
wavelengths by choosing the poling period. The signal and idler frequencies can be tuned around the central wavelength, which is fixed
by the poling period, by adjusting the crystal's temperature.

Figure B2 - 02 - Principle of the quasi-phase matching technique (left) and picture of a commercial periodically poled crystal comprising 12 parallel gratings

Parametric devices based on birefringent or quasi-phase matched crystals are able to convert a fixed pump frequency into a pair of
widely tunable mid-infrared radiations that can be used for spectroscopic applications. Nonetheless, the simplest architecture based
on a pump laser followed by a non linear crystal cannot provide the required specifications for most spectroscopic applications. Firstly,
the parametric conversion efficiency is rather low and therefore, after only one pass through the non linear crystal, the available energy
is usually too limited for high sensitive gas sensing. Secondly, the band width of the parametric gain curve is relatively broadband (10
cm or more) leading to signal and idler line widths that are too broad for spectroscopic applications which require a line width of less
than 0.01 cm™.
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To overcome these two limitations, two approaches have been developed. The first one is based on difference frequency generation
(DFG). Basically, DFG-systems use a mid-IR narrow band radiation which is obtained by mixing a pump laser beam and a tunable diode
laser, usually working in the telecom band, through a nonlinear crystal. This approach has been mainly used in the continuous wave
regime with a multipass cell in order to perform high sensitive DFG-spectrometers. The main advantage of DFG-spectrometers results
from their simplicity, however the range of applications is limited by the availability of tunable diode lasers and the low output power level
available after DFG. The second approach is based on optical parametric oscillators (OPQs). In this case, the nonlinear crystal is placed
within an optical resonator, taking advantage of multiple round-trips through the parametric gain medium.

The simplest OPO scheme is based on an optical resonator which is resonant at only one wavelength (signal or idler, exclusively). Singly
resonant OPO provides good conversion efficiency (> 10 %) and can deliver a narrow line width by inserting intra-cavity dispersive
elements or by injection-seeding the optical resonator with an external laser source. However, the introduction of dispersive elements
(diffraction grating, Fabry Perot etalon) increases the optical losses of the resonator and consequently the threshold of oscillation of the
OPO whereas the injection seeding technique reduces the spectral range of the OPO to the seed source tunability. These two limitations
can be circumvented by using an optical resonator where both the signal and idler radiations are resonant in two separate cavities, see
Figure B2-03. As has been demonstrated at Onera, a dual-cavity doubly resonant OPO can oscillate on a single longitudinal mode with
a low threshold of oscillation. For reasons of compactness, the dual-cavity doubly resonant OPO developed at Onera is based on two
entangled cavities where four mirrors are placed symmetrically on each side of the non linear crystal, see Figure B2-03. The signal and
idler waves oscillate between pairs of mirrors M1-M3 and M2-M4, respectively. The inner mirrors (M1, M4) are deposited onto the
crystal faces whereas the external mirrors (M2, M3) are mounted on two PZT actuators for fine frequency tuning. The radii-of-curvature
of external mirrors are chosen to optimize the mode overlapping between the two cavities and the pump beam.

Parametric gain
M3 M2 ME M4 /'g'\
I
signal Signal
| <=2 = kA
=] P -
O M1 M3 T
M i SLM
Figure B2 - 03 - Dual-cavity doubly resonant OPO (left); Figure B2 - 04 - Principle of the spectral filtering by Vernier effect.

entangled cavities arrangement (right).

In a dual-cavity doubly resonant OPO, the signal and idler fields experience two different cavities whose optical lengths can be separately
adjusted to obtain different free spectral ranges. Doubly resonant oscillation can only take place at discrete spectral positions where there
is @ mode coincidence between the signal and idler cavities within the parametric gain curve. Thus, single longitudinal mode operation
can be achieved if the two cavities lengths are adjusted to get just one mode coincidence. This situation is achieved by choosing slightly
different optical lengths. Figure B2-04 illustrates the principle of mode selection that we call ‘spectral filtering by Vernier effect’. Experi-
mentally, stable single longitudinal mode operation is obtained if the two cavity lengths differ by 5 to 10 %. Once the doubly resonant
oscillation has been achieved, the output frequency can be finely tuned by adjusting the two cavities' lengths simultaneously by means
of two PZT actuators so as to maintain the mode coincidence during the frequency scanning procedure.

Fizeau
wavemeter

Miroir

. Mid-IR
Optical bench —l\ —’ B Lentille

Mid-IR
detector

Figure B2-05 : Experimental set-up for absorption spectroscopy; general diagram (left) an optical bench (right)

The potentiality of the dual-cavity doubly resonant OPO for spectroscopic applications has been tested with the experimental set-up
depicted in Figure B2 - 05. The pump radiation is produced by a compact passively Q-switched Nd: YAG laser. This commercial laser
(Innolight, model Mephisto Q) delivers 20 uJ pulses at a 10 kHz repetition rate, the pulse duration is 8 ns. The non linear crystal is a
6 mm-long multi-grating periodically poled lithium niobate (PPLN) providing a tunable idler radiation between 3.8 to 4.2 um. The output
coupling of the idler field is obtained through M4, which has a partial reflectivity (70 %) around 3.9 um.

In order to perform high resolution absorption spectroscopy, 50 % of the idler radiation goes through a 10-cm long absorption cell while

50 % is used for power normalization. We get absorption spectra by recording the ratio of the two signals versus the idler wavelength.
A Fizeau wavemeter monitors the signal wavelength coming from the OPO.
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An absorption spectrum of N,O at a pressure of 10 hPa is shown in Figure B2-06 as well as the simulated spectrum obtained from the
Hitran database. The results demonstrate that absorption spectra can be recorded in continuous, mode-hop-free scans over more than
10 nm. They also illustrate the narrow optical line width delivered by the dual-cavity doubly resonant OPO. This experiment is a prelimi-
nary step towards making highly sensitive gas sensors based on optical parametric oscillators.
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Figure B2 - 06 - N,0 absorption spectrum recorded at 10 hPa (in blue), the high resolution is illustrated by zooming the 3910 nm region (right side);
the most-intense absorption lines are attributed to the 2y, fundamental vibrational band, whereas the doublets of lines are related to the hot vibrational
band (2v, +v, > v,).
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Acronyms

DLAS (Diode Laser Absorption Spectrometer)

HWHM (Half-Width at Half Maximum)

OPO (Optical Parametric Oscillator)

MIDROPO (Mid-Infrared Doubly Resonant Optical Parametric Oscillator)
MIRPL (Mid-Infrared Pico-second LIDAR)

TDLAS (Tunable Diode Laser Absorption Spectroscopy)

CRDS (Cavity Ring Down Spectroscopy)
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