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LASER TECHNIQUES IN CHEMICAL DIAGNOSTICS

by Brigine ATTAL

SUMMARY

Optical disgnostics 1echniques which are applicsble to fluid dynamics, combustion resarch and stmospheric
sounding, have been used for many years.

The introduction ot the laser gsve great imgp to the development of these techniques which cen provide
informations tike fempersture or concentretion, non i ivah ly and if possible remotely.

We will discuss only thres of these laser techniques in this course, namely : laser-induced fluorescence (LF),

spontanecus Aaman scattering (SAS) and ‘coberent anti-stokes Rsman scattering {CARS). They are currently the
most widely used for the disgnostics of flowfields snd combustions.

Keywords {NASA ! : Dpticel - Laser

Filuvo. - Flow char istics - (i

- Maman Spectroscopy - Mamen rcettering -

LES METHODES OPTIOUES EN CHIMIE ANALYTIQUE

AESUME

Les méthodss optiques sont de plus en phus utilisées comme méthodes d'investigation dans les flammas et
les écoulements sérodynamiques ou pour I'dtude de U'stmosphire.

Actusllement, I'utilisation du laser est b Forigine du développement important de ces méthodes | elles
mt fowrnk des informetions telles que température at concentrations, avec précision st sans qu'aucuns sonde
ne perturbe I"échantilion.

Nous limiterons Ia discussion sux trois techniques les plus couramment utilisses pour ['snalysa ds combustion
#t d’dooul s : |la fluor , la diffution Raman spontande et ia diffusion Reman anti-stokes cohérente.

Mors cMs (Semique CEDOCAR) : Expioration optique - Tempéeature combustion - Diftusion Ramar - Diffution Raman
AntiStoker (bhérente - Fluorescence - Spectroicopis s - Ecoulerment Huide.

INTRODUCT 10N

The search for new and improved diagnostic techniques appli-
cable to fluid dynamics, combustion research and atmospheric sounding
has bheen actively pursued for many years in several laboratories. Speci-
fically, the purpose has heen the development and implementation of te-
chnigues which were to provide most of the necessary informations non-
intrusively, accurately and if possible remotely. The techniques also
were to be of adequate sensitivity (1 to 1000 rm) and resolution capa-
bility (1 to 10 m).

The desire to perform the measurements nonintrusively immedia-
tely suggests the use of optical diagnestic techniques. The introduction
of the laser gave great impetus to the development of these techniques
which are based essentially upon interaction of photons with particles.
The processes of interest used for diagnostic purposes are specifically :

- Mje scattering (1], absorption [2], fluorescence {3-7], Rayleigh (3, 91,
Raman [10-14], resonance Raman [15] which are all spontaneous scattering
processes, coherent anti-Stokes Raman scattering known as CARS [16, 17]
and related non linear optical processes such as RIKE and SRGS.

In order to compare the potential of spontanecus scattering phenomena, a
common convenient parameter known as the scattering cross-section (in

units cw?/sr) can he introduced. The scattering cross-section associated with
these processes vary over a large range and typically are of the order of
10" cm?/sr for Mie scattering, 107%° cm?/sr for absorption and fluorescen-
ce, 107?7 cm?/sr for Rayteigh, 107°° cm?/sr for Raman scattering. The
resonance Raman scattering cross-section may be up to six orders of ma-
gnitude higher than the spontaneous vibrational Raman scattering. The non-
linear optical techniques on the other hand, are characterized by

large signal strength good spatial resolution, but also present specific
and delicate problems and are costly. The technique with the larger scat-
tering cross-section seems a priori more attractive. However, cross-section
is only one of the characteristic parameters and all the aspects of any
particular technique have to be considered carefully in performing a par-
ticular measurement in a particular situation. We will discuss only some

of these laser techniques, namely : fluorescence, spontaneous Raman scat-
tering and CARS which are currently the most widely used for the diagnos;-
tics of flowfields and combustions.



taneous Ramgn Scattering (SRS) and describes hoy temperature and number
density are obtained from the spectra] data. The measurement techniques
are described apg the problems encountered with Pulsed lasers are discussed.

Such easily analysed samples as cold of warm aerodynamic jets, but sps is
of limited Potential in oy Pressure gases, fluorescent samples or jn Jyu-

In the last part of chapter 11, we present a study of electrp-
nic resonance enhancement in CARS ,which shows great promise for sensitive
detection of trace species and for high resolution molecular Spectroscopy.
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[ - LASER INDUCED FLUORE SCENCE L.1.F)

I - IMTRODUCTION

When a beam of Tight passes through a B2S, part of thjs light
will interact with the molecules and be re-emitted in all directions. A
fraction of this light can be collected and analysed to determine some
of the Properties of the gas, using an arrangement such as that shown
schematically in Fig. 1. The lNMuorescence process is initigted by irra-
diating the mlecules with 3 laser tuned to a particular electronic ab-
sorption line. The malecules are excited into the upper statc of the
transition. After some time delay, called the natural lifetime (typically
10-? 5), the molecules reemit light while undergoing a transition to
the initia] ground electronic state, provided that they are not first
de-excited hy some nan-radiative process, The fluorescence energy-level]
diagram for » molecule which s excited by a monochromatic laser radia-
tion is shown in Fig. 2.

GAS UNDER STUDY

Fig. 1 - Typical experimental arrange-

t for LIF and 55 ; p ; he in-
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During the time the molecule remains in the excited electronic
state (077 3], it is likely to underge collisions with other molecules ;
the collision rate at STP is on the order of 10'° per second. These col-
tisions can have several effects. One effect is that they can cause the
ahsorhing molecule to lose "memory” of the direction and polarization of
the incident beam, increasing the depolarization and isotropy of the
fluorescence. When collisions distribute the originally excited molecules
among various rotational or vibrational upper states, the spectral dis-
tribution of the fluorescence hroadens. With same other collisions, all
or wost of the excitation energy can be degraded in a non-radiative
process. This latter phenomenon reduces the fluorescence intensity aml
is, therefore, referred to as quenching. Thus, the fluorescence intensity
depends upon the pressure, temperature and nature of the gas. Therefore,
the partial pressure of all molecular species present in the sample vo-
lume, as well as the rate constants for the deactivation of the studied
excited state,must be known before LIF can be used effectively for quan-
titative measurements.

2 - FLAMES STUDIES BY L.I1.F.

The availability of tunable dye lasers has markedly enhanced
the ability to inquire into the chemistry and physics of combustion sys-
tems, and now makes LIF well suited for the study of trace compounds in

- complex combustion media.

A spectroscopic study of Cil, OH, €, and CN by LIF in two ana-

lytically useful flames such as air-acetylene and nitrous oxide-acetylene
has been done by Fujiwara et al {3]. In this work, laser excited back-
ground molecular fluorescence may interfere with the signal of atomic
fluorescence.

An application of LIF to a study of the chemistry of sulfur
in rich hydrogen/oxygen/nitrogen flames has been carried out by Muller
et al (36] ; this work demonstrates a simple procedure for taking quen-
ching effects into account. Fluorescence measurements of 5,, SH, 50,, S0
and OH concentration as well as H-atom densities (in sulfur-free flames),
along with measurements of flame temperature have been employed to deve-
lop a kinetic model for the highly coupled flame chemistry of sulfur.
Several studies have been performed on the hydroxyl radical in flames

7

1371 ; Cotterean et al [38} have performed an investigation of low pres-

sure flames with short duration laser pulses in order to obtain hoth a

direct measurement of the quenching rate under various experimental con-

ditions and the direct local OH concentration in a single pulse.

firieser et al [39} have demonstrated that laser ftuorescence
can be used to detect ND in atmospheric-pressure flames. Laser fluores-
cence techniques for NO are of interest for studying the mechanisms of
NO formation and its influence on chemical processes and polluant forma-
tion in flames. )

Finally LIF spectroscopy is heing developed as an in-situ,
real time diagnostic for polycyclic aromatic hydrocarbons in combustion
systems [40). They are known to be formed in sooting flames and are of
interest both for their carcinogenic properties amd possible role in the
soot formation process.

3 - FLOWFTELD TNVESTIGATION 8Y [.1.F.

A practical application has been carried out at ONERA in a hot
subsonic jet which was produced by combustion of jet fuecl and has a mass
flow rate of about t kg/s. The purpose was to study the noise emission of
the jet in relation to acoustic studies.

In the course of preliminary Raman scattering work on the jet
a considerable spurious fluorescence emission,for a flow temperature up
to 900 K,had precluded any detection of Raman lines,using an argon ion la-
ser as the source. It was thus proposed to use these naturally present
fluorescent components as tracers of the combustion products {18]. A pre-
liminary work was done in order to :

1) study the influence of the jet temperature,

2) monitor homogeneity of the spatial distribution of the fluo-
rescent species in the jet. Then,a comparison with the spa-
tial distribution of a well known combustion product such
as {0, was done in order to check that nearly no quenching
effects occurs.

Bensity fluctuation studies have been carried out on the fluorescence
products of the jet. Finally, some other fluorescent molecules which can be introdu-

ced into any kind of jet are presently bheing searched.



4= bxperimental arsugement

Pigioe 3 pwesents the experimential et up nsed for the inves-
tigalion of the jet. The arpon ion Laser bean s focised into the jet,to
A sl b voalume ol about | oan?, amd dppropr ite aptics caliect the emitted
Fluorescemce at right anple from the Yaser beam avis. The spectral diseri-
mination s accomplished through colared Filters ahsorbing the hadkpround
radiat ion due o Mie amd Raviciph scttering (ot the incident wavelemethy.
e Thereccence sipnal is detected hy a photomul tiplicr. The oarpat si-
epal from the photomi tiplior is amplified, digitized and proces-ed by o

ot er .
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Py 3 - Experinental arrangement for laser-induced ([ luoresconce .

h - Resultes

The (luorescence intensity increases with the burner temperati-
re up to 500 K and then decreases rapidly. Therefore.all measurements are
done at 900 K (Fig. 4). Jet profiles of the spatial distribution ol the
fluorcscence intensity have heen recorded and show that the Muorescent
species are evenly distributed across the jet. Flactnation spectra of
the Tluorescence intensity (Fig. 5) are drawn for several spatial posi-
tions in the jet. They show that the amplitwle of the turbulence is smai-

ler in the center of the jet.
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Fig. 4 - Fluoresconcy inlensity as a function

uf temperatupe,

Fimally, a correlation was made botween the Pl escence signals
emitted at JdifCerent axial positions in the jer and the vatpat ol oA 1jxed
nlerred radioneter monitor tige the emission from an axing pasition. The
times it vhich the maxing oceur in the correlation function (TFig. ()
are drawn as a function of the distance between the volumes probod by
flusrescence and by radiometvy. A stratght Line is ohtained Yig. 6(b)),

the slope of which gives the convection velocity.

4 - SATURATED LASER FLUORESCINCE 1M COMBUSTION STUDIES

A harricr to the quantitative appl kcation of (luorescence to
species amlysis in flames has been the need of prelminaey informa( ons
about quenching effects, llowever, by solving the rate cquations for the
system, it can he shown that when the power density of the {aser is high
cnough to saturate or nearly saturate optical transitions, the MNuores-
cence intensity hecomes independent of the laser intensity, quenching
rates and fluorescence lifetime.

e
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N-:bjtt—f':‘ by Piepmeir [471]. Theoretical developments have been made by Daily (5, 42,
43). Successful application of the technique to flame radicals such as
T 11 CH, OH, C; and CN have been demonstrated [19, 20, 44-461. In practice,
T 7 T it may be very difficult to saturate fully,

B

since the rate of quenching
is generally large in flames. However, it has been shown by Baronavski

and Mc Donald (19, 20] that if the laser beam is focused to a small cross

Fig. 5 - Fluctuation spectra of the Fluorescence intensity for different axial sectional area in order to reach partial saturation,

then a measurement
and radial positions in the jet.

of fluorescence power versus laser Spectral intensity yields the total
quenching rate together with the mumber density.
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The saturation fluorescence technique is not applicable to
all molecular species. There are specific criteria which must be met.
The molecule must first of all have a known cmission spectrum. Moreover,
it is necessary to tune the laser to a suitable molecular absorption wa-
velength. With the lasers which are available today, it is possible to
study several molecules of interest for combustion diagnostics ; the most
important of these molecules are listed in table 1. The use of saturated
fluorescence eliminates or at least reduces the problem of quenching ,and
has the further advantage that the fluorescence intensity becomes insen-
sitive to variations in laser power. However, the generation of high
concentrations of excited states under saturated excitation,in an active
f1ame cnvitonment,opens up the possibilities for laser induced chemistry
effects that also must he taken into account or avoided 1361, Saturated
[Tuorescence measurements have been applied to minor constituents such
as Ol and C; in a Bunsen flame {481 or CH and CN in an homogeneous flame
(in order to make comparison between absorption and [uorescence) [46].
Oli has been selected by scveral groups for saturated Fluorescence studics
147, 49, S0] . Reference [49] Rives a multilevel model of response to
hser excitation and in reference [501,a Nd : YAG pumped dye laser is used
to excite an isolated rotational transition of Of. The resulting flucres-
cence signal is analysad,hoth spectrally and temporally,in order to study
the development of the excited state rotationat Qistribution.

TABLE I - FLECTRONIC TRANSITIONS OF SOME MOLECULAR RADICALS

MOLECULE Ak ELECTRONIC TRANSITION
NO 2270 ATt -
oH 3064 ATEt -—— X2
NH 3360 AMl; - X357
CN 3883 RIF* - x75pt
CH 4315 ATA - xR
Cq 5165 Ay — a’n,

These wavelengths correspond to the handhead positions,
which are particularly well-defined spectral feature in
the rotational lines structure [51].
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Il - SPONTANEOQUS RAMAN SCATTER NG

_—_—

1 - INTROTUCTTON

The Raman effect js a light scattering phenomenon which takes
place in a materia)l medium and wherehy the scattered Iighe undergoes a
wavetength change,and the scattering molecules ap energy change. This
process is illustrated in Fig. 7. Figure 1 shows a typical experimental
arrangement for which both spontaneous Raman scattering and LIF can he

ohserved. The scattered light intensity for the Raman process can he
expressed by

d6
d4

EXCITED
ELECTRONIC
E;v/ e g -

qu" -—PLlle GJ »el-fz

VIRTUAL
-— —-l— ————— STATES “ITErH--——==

CROUND

(X] ececrnome

Fig. 7 - Energy level diagram
(O STATE

of the rotational () and vi-
o brational (b) Raman process,
and resulting spectra,

h“- - .
lu.l::

-ty
\ﬁlr;hn-l Roman bands Mstatisonl Roosn lisay

G D e W g,
{b) {a)

where N is the number density of scattering molecules in the initial tevel

the other parameters are defined in Fig. 1.

Two important differences must he pointed out
Raman scatfrering is a very weak Process compared to fluorescence
its scattering cross-section is ten oraers of
introduction},

» Since
magnitude smiller (sce

the tem "scattering” is used to design

ate a re-emission process which
is effectively instantaneous

swhereas {luorescence process is characte-
rized hy a significant time delay.

T

o
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Muring the scattering process, there is also a possibility that
no exchange of cnergy takes place bhetween the incident light and the mo-
lecules ; the process is then called Rayleigh scattering. Quantum theore-
tically, the incident photons collide elastically or inelastically with
the motecules, to give Rayleigh and Raman lines respectively ; the ine-
lastic process is mich less probable than the elastic one.

When an inelastic collision occurs between a molecule in its
ground state and the incident photon, energy is supplied to the molecule
which is thus raised to a higher energy level. The scattered photon is
of lower cnergy and gives tise to what is called the Stokes line. If the
scattering molecule is initially in an excited state and gives up energy
to the impinging photon thus moving to a lower energy state ; the scatte-
red photon gives rise to the anti-Stokes line.

Recause of energy conservation, the energy of the scattered pho-
ton is equal to B w, (incident photon) plus or minus the energy gap % iy
hetween the initial and the final states of the scattering molecule (w is
the angular {requency). A Raman spectnmm is thus composed of two symmetri-
cal bands which are shifted with respect to the incident light frequency.

"Since the anti-Stokes line must originate from molecules of higher energy,
which are less abundant in a medium at Boltzmann equilibrium, the anti-
Stokes lines are expected to he weaker than the Stokes lines.

2 - SPECTRAL PPOPERTIES

The vibrational and rotational quantum mmbers of the initial
state of the melecule are called v and J respectively. As pointed out
from the former discussion, the cnergy state of the molecule is changed
through a Raman scattering process ; v and/or J quantum numbers are thus
different in the final state. Consequently, there are two different groups
of Raman spectra : pure rotational and vibrational as illustrated in
Figs. 7(a) and (h) respectively. In the first case,only the J value js
changed after the transition,whereas both v and J change in the last

case.

The rotational Raman spectnm is governed hy a selection rule
applied to each individual rotatiomal transition, namely :

AJ =0, %2 m
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AJ = 0 corresponds to the undisplaced line (Rayleigh scattering). The
transition J » J + 2 results in a shift to longer wavelengths (Stokes
lines) and the transition J + 2 + J results in a shift to shorter wave-
lengths (anti-Stokes lines).

The rotational term values for diatomic molecules are repre-
sented hy the expression :

B - FU) BJ(U+1Y _DJWU+1)
C

where hois the Planck’'s constant, ¢ is the tight velocity, E{J) is the
rotational encergy, B and D are the rotational constant amd the centrifu-

gl distortion constant respectively.

sirg Lig. (2), the magni tude of the {requewy shift for hoth
Stokes and anti-Stokes transitions can he found :

FlJ+2) _ FJ) - (45-6D)U+%LBD(J+%) (3)

Faquation (3) gives the positions of the series of rotational Raman 1incs
on either side of the Rayleigh line : these lines constitute the pure
rotational Raman spectrim,

The vibrational selection rules for the vibrational Raman spec -
trum of an oscillator are :

The term value for the anharmonic vihrating rotator is given by :

T =Gv) + Fl) = u.(u-+%_) _uexe(v+1)z+ul y (vel)
2 2
+ By J(U+1)- D, JU+ ) (5

where
¥ wg is the vibration frequency of the oscillator with nuclei
in the equilibrium position,

" oo
"B, =B, - (n+ ) (6a)
! = DE t Be (” + T) (ﬁb )

= a, and B, are the rotation-vibration coupling constants.

T, =, and we ¥, are the anharmonicity constants,



1]

The Raman spectrum of the vibrating rotator governed by the vibrational
selection rulesAv = + 1and rotational selection rules AJ = 0, + 2, - 2
consists of three vibrational branches which are called q, s and O res-
pectively. Because of the anharmonicity of the vibration and of the
coupling between rotation and vibration, each rovibronic lLevel of the
ground electronic state of the molecule gives rise to a particular set
of distinct Raman lipes.

The Raman shifts can be represented by the equation:

ToT 2 Ao+ B, U(J+1) - BL U+ 1) )
D, J(UH1) 1 0y Ui+ )
with Mg = C(»') - G(v) = me(v' -v) - CRER (' - p2 4 0 - )
T AR YL L PN 20 - w)a v,

Neglecting the centrifugal distortion constants, the following equations
are obtained for the 0, $ and g Raman shifts :

AT(O)= AW, + 2B, (3B, +BL)J «( Bo-B) J* a)
AT(S) =Au, +6By +(5By - By ) J+( B, - BL)J* @b
AT(O):AQ°+(B;-B-:)J (J+1) (8c)

For a cold vibrational transition (originating from v = 0),
the difference between B,' and B," is very small. The lines of the g
branch are, thercefore, very close to each other and are usually not re-
solved, giving rise to a compact and intense Q branch. The s and 0 bran-
ches appear much weaker since their lines are note superimposed.

An advantage of SRS lies in the fact that homonuclear diatomic
molecules, which are infrared inactive, are %aman active and can be
easily analysed. At this point, a few words should he said about the clas-
sification of molecules into groups. Molecules are classified according
to the relative values of their three moment of inertia. Those possessing
three different moments of inertia are referred to as asymmetric top. If
all three moments of inertia are equal, the molecule is called a spherical
top, and if only two moments are equal but the third is different, the
molecule is referred to as a symmetric top. These may be further divided
into prolate for which LRI L N and oblate for which I".‘ L M I If
1, = 0, the molecule is a linear molecule, which is a special case of

¥

prolate symmetric top. Linear molecules may have g center of inversion ;

they then belong to th point group ; a molecule that does not have a

center of inversion is referred to as helonging to point group c_ [51].

Molecules having a center of inversion do not have a permanent
dipole moment and, therefore,do not have a pure rotational infrared spec-
trum. The same is true for spherical top molecules. The asymetric top mo-

In the case of Raman spectra, the amplitide of the dipole moment
tnduced by the incident radiation must change during the transition. Ac-
cording to the Placzek polarisability theory [12, 13], the amplitude of
the induced dipole moment for a melecule is given by :

©
S« E (9)
where a is the malecular polarizability and £ the electric vector of the

incident radiation of frequency w . The polarizability o can he developed
as a function of the normal coordinate of vibration q

ot} = o, + o qlt) (10}
dqlte
In a non-symmetric molecule, a periodic change of the polarizability takes
place during all normail vibrations. The induced dipole changes and the
molecules are, therefore, Raman active. For symmetrical moiecules this is
not always the case although it is possible for a linear symmetrical mo-
lecule to be infrared inactive and Raman active, Tt should be noted here

that all homonuclear diatomic molecules like 0,, Np, H, etc. .. are infra-

Fo

T

g S

o
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3 - LINE INTENSITIES OF ROTATIONAL AND VIBRATIONAL RAMAN SPECTRA

One of the fundamental mesurable quantities of interest for
the applications considered is the intensity of a given line..Fo'f‘ a
theorical determination of the intensity of a spectral line, it Ts.neces—
sary to know the distribution of the molecules in the various initial
states and the corresponding transition probabilities [51].

a - Population distribution

According to the Maxwell-Boltzmann distribution, the mmber
of molecules in each of the vibrational states is proportional to :

_G(vihe
Ny e kTy (n

where « is the Boltzmann constant and T,, the vibrational temperature.

In order to obtain the number of molecules in a particular
energy level referred to the total number of molecules N, the state sum
or partition function

- x Ggu)hC) (12)
Qv _}; © P( K Tw

mist he utilized.

The mmber density of molecules in the state v is therefore,

N, = N ex G(")hc) (13
v v p( k Ty

i i is proportional to :
The number of molecules N, in the rotational level J propo

N e (2J+1)exp f_,L_JﬂE_)gJ {(14)
! kT,
where :
# Tp is the rotational temperature,
# g, is the weighting factor due to the nuclear spin function,
J

* the level|s)has a{2 s +i)-fold degeneracy in the absence of an

external field

It is seen that HJ goes through a maximum as we increase J.

j - (KT q12
This maximm is found for Joax = 'ﬁﬁz‘

19

In an analogous way as in the vibrationa] state, one alsg
makes use of a rotationat partition function g so that ane has :

N, =N (2J+’l)exp(.. -_ﬁmF(‘J)hc)g (15)

Q, kT, /°7
At this point, from eqs {14} and {15}, we note that the intensity of each
tine is proportional to the mmber density N and that the dependence of
intensity upon temperature is given by a known finction -

FT) = 2041 eXp[_(M)b_ng
Q, O. kT

with TR sT,=T.

J

Due to the very smal) differences in the wivelengths of the
rotational lines, in Particular when a mixture of gases is involved,
the resolution sometimes  jg insufficient to separate the contribut jons
of the various species. Therefore, vibrational Raman scattering, which
permits clear identification of species since the vibrational Raman
shifts of the various constituents are generally quite different, is
more advantageous to use, In the following, the discussion will there-
fore he restrictod to this process. We note in passing that the o and s
branches,as mentioned above,are mich weaker than the g-branch. They are
therefore of minor importance as (ar as application to 815€5 Lre concer-
ned,and they will he neglected in the following.

b -~ Raman line int(_rrE‘i_tkip_s_

The Q-branch, if a highly dispersive instnment is used, can
he resolved into components corresponding to the cnergy levels charac-
terized by the excited vibrational quantum mmber v = 1, 2,... These, of
tourse, will appear at high temperatures in hands which are called
"hot hands'" and may be used to determine temperature as will he discussed
later.

The intensity of the scattered light for a 1ipe of the Stokes
Q-branch js Riven hy :

v, U5 vit,u)= N '3{5) FTHedl« E(v41)  (16)
8
and for a line of the anti-Stokes Q-branch by :

PAlS(‘U'J_B‘U'_'])J): N E_’(_{%) HT)x o 8. v (17)
AS



where
“(293 are the differential cross sections for the Stokes
d9°S or AS ’ ¢ B ; )
and anti-Stckes branches respectively. They are praportional
to(~§ andcui, respectively, where ) and uis are the frequen-
cies of the Stokes and anti-Stokes lines,
¥+ 1 and v are derived from the transition moments which are

cnclosed in the numerators of the scattering cross section.

The remaining parameters are presented in Fig. 1. igs (16) or {17} show
thiit the ratio of the intensities of two suitably chosen lines jor in-

tegrated intensities of two bands} is independent of the mumber density
ind temperature can thus be obtained. Once the temperature is known, the
nwher density can be obtained from the measurement of the intensity of

one line (or from the integrated intensity of one hand).

Any set of lines can be used to measure temperaturc. lowever,
this set of lines should be selected in order to maximize signal to noi-
se ratio and accuracy of measurement. The purpose of the next section is
to pive simple rules for the selection of the best precedure.

4 - METHODS USED TO DETERMINE THE TEMPEPATURE

Several approaches can be used in order to determine the tem-
perature. Setchell {31] has measured it from the relative intensities of
the Stokes lines of hydrogen and also from the ratio of the intensities
of the hot Stokes band to the cold Stokes hand of nitrogen. On the other
hand ,Lederman [30] has used Stokes and anti-Stokes bands. llowever some
general rules must he outlined.

The set of bands or lines to he used depends on the range of tempera-
tures expected. Figure B shows the fraction of nitrogen molecules in the
v =0and v =1 energy states as a function of temperature. When the
temperature is low (< 1000 K), the Fraction of molecules in excited vi-
brational states is insufficient to permit the use of the anti-Stokes
Q-branch (v =t + 4 = 0) or of the hot Stokes Q-branch (=1 + 4 = 2).
Temperature is, in this case, best measured from the relative intensi-
ties of the rotational lines of the cold Q-branch for = 0 + ar = 1), These
lines have a spacing of about | cm~! for nitrogen , but it is not ne-
c€essary to resolve the branch as the analysis of the shape of its en-
velope is generally sufficient. Figure 9 is an illustration of the Stokes
Q-branch profiles for nitrogen at 293 K and 1000 K.

FRACTIONAL VIBRATIONAL POPUL ATION
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Fig. 8 -Fraction of ni-
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Fig. 9 - Rotational structure of the
fundamental stokes Q branch of nitro-
gen for even values of rotational
quantum number J at_room temperature
and 1110 K from [26)

Two methods are availahle at higher temperatures ; they bhoth

require the presence of molecules in an excited vibrational

Stokes Q-branch integrated intensities (Fig, 10}. Equations (16) and

(17) lead to :

¢
B :(«.o_s) exp ( fio
AS wye k T

(18)

T

7
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temperature. These two temperatures are generally equal, unless

The latter can be rewritten in a different way in order to give tempe-
equilibrium conditions do not prevail [(e.g. in a discharpe).

e -1 2. -~ When the vibrational temperature is high enough, both vibrational
T = ﬁ ‘-L)R- (L-Og Ei + 4 L'Og :;_-:5 ) a9 and rotational temperatures can he similtaneously measured [52].
ke nSs !
It appears from Fig. 10 that this method is applicable above 1000 K. 5 - BACKGROUMD STGNALS
It is also possible to measure the temperature from the rﬂtio """"""""""""
of intensities of the first hot band to the cold band or from the ratio SRS is a weak process, so that any hackground light teads in
of two consecutive hot band intensities (second and first, third and general to very poor signal to noise ratjo. Backgroumd interference may

second...). arise from room lighting, chemiluminescence or laser-induced processes

such as Rayleigh and Mie scattering, fluorescence or htackbody emission

of particles heated by chemical reaction or by the laser.

104 The total numher o of photoelectrons detected over a given
time interval obeys Poisson statistics. The fluctuation about the mean value n
104 is given hy the standard deviation ¥a. fut n is actually made up of two parts
Fig. 10 - Ratio of astokes to anti-stokes n=ong 4oy
10% Raman intensity as a function of tempe- where ng is the mmher of signal photoclectrons wherens ng is the mmber
rature,

of hackground photoclectrons, The signal to noise ratio can therefore he

10'4 described by the following expression :

2 - Ds ::_!EEE_____
N YT{ I1+nﬂ/n5

It is important to note that although the noise ng is substracted from

10 ¢

n in order to retrieve ne, S5/N can he considerably degraded by the pre-

Relstive intmsity

sence of ng- Thus, to obtain the hest S/N, ng Mist be minimized. Severai
of these backgrouml sources that can he encountered are discussed helow H
they are classified in three groups :

1 - Laser-induced background emissions (Rayleigh, Mie, {luores-

cence), scattering by windows, etc. Apart from fluorescence,

Fig. 11 - The vesolved Q branch of

these emissions are not very hard to reduce or eliminate
nitrogen, from [25]

since they are spectrally well separated from the Raman
sigral. With a rejection of 107", which can be obtained

by an efficient monochromator and filters, these hackground

signals can, in general, be completely eliminated. The
problem of fluorescence {from windows or from the system
under study) is more delicate becausc this noise may occur
Two comments must be made : at the same wavelength as the Raman line. Two methods

i it is hased on rotational structure, gives ‘
- The first method, because it is Could he used to crcumnt e bl ot ooho

1.
. i two ive the vibrational
the rotational temperature while the others give background :
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(i) with (W lasers by wobbling the output slit at a fixed rate and em-
ploying phase - sensitive detection, similar to the technique emplo-

yed for the detection of weak infrared absorption lines of pollutants.

This only works if the fluorescence background has a broad and un-

. resolved spectral feature.

(ii) polarization modulation of the laser light (which causes a modula-
tion of the Raman light entering the spectrograph [531}, with phase
sensitive detection ; the fluorescence which is unpolarized is here
discriminated against.

2 - Noise signals such as gas luminosity, ambient light and
dark current of the photomultiplier. Because these signals
are independent of the laser power, their contributions can
be casily reduced by using pulsed lasers in conjunction

with time-gated electronics.

3 - Laser-induced particle incandescence. This noise is only
observed when pulsed lasers are used. It is due to the
black-body emission of particles heated by the incident
beam.S/N can be increased by using very high power pulsed
lasers [54] but a simpler solution will be proposed helow.

Fram the above, it is evident that the probhlems which arise
with OW and pulsed lasers are quite different. Quantities measured de-

pend also upon the choice of the laser source.

6 - APPLICATION TO FLOWFIELD AND COMBUSTION DIAGMOSTICS

Different techniques have been used to study turbulent media

in the last years.

‘ M, Lapp and his group, using a C.¥. Argon/ion laser, applied

" vibrational Raman scattering to the measurement of concentration and tem-
perature. They have used the resolved Q-branch intensity profile to the
measurement of temperature in a f1ame [26]. Some recent results have been
reported by Drake et al [55], Warshaw et ai [56] and Lapp [57, 581 in
which the thermodynamic and flowfield properties of an Hz-air co-flowing
jet turbulent diffusion fiame have been measured. Stokes to anti-Stakes

intensity ratio for N, were used to determine temperature, whereas the con-

centration of Nz, H, and H,0 were evaluated from the Stokes signal inten-
sity following a calibration. A pulsed dye laser source producing 1 J
pulses at repetition rates up to 1 pulse/s was used.

26

Lederman et al [30,59,61 | have been active in the [ield of

laser Raman diagnostics for a number of years. They use a 150 "W Q-switched

Ruby laser, capable of providing six pulses per minute with a pulse half-
width shorter than 20 ns. This source has been used to obtain data on
several systems. The first one was a coaxial air-(0; mixing jet where
concentration of 00; has been obtained. The second was an air-methane-Cn;
flame were concentration of species and temperature has been measured

and the third a simulated internal combustion system in which the tempe-

rature and concentration of species has been demonstrated to be measurable

Williams et al (62] have also used both Q-switched and free-
running modes of a ruby laser to study the turbulent mixing region of a
rocket plume. Time averaged temperatures, obtained from the pure rota-
tional branches, range from 900 K to 1800 K, with H,, 0,, CO and (0,
mmber density being between 1017 and 10? cm™?,

Two particular problems deserve further discussion :

1. - When the system under study contains particulate matter, laser-modu-
lated particulate incandescence occurs (as discussed in 5.3). The
soot particles absorb the incident laser radiation, are heated up
to.temperatures far above the ambient flame temperature and, thereby,
emit greatly increased amounts of hlackbody radiation. This phe-

nomenon may prevent detection of Raman emission ; for exmm]e,Eckhreth'

has shown that signal to noise ratios as low as 107¢ to 10~ can
occur in hydrocarhon flames for a laser power density of 10°% W/cm?

2. - Only mean values and statistical distributions are obtained {rom
signal averaging over several pulses. This is due to the low repe-
tition rate of pulsed lasers ; these repetition rates are in the
range of 1 to 100 pulses per second.

This difficulty must be circumvented in order to perform time-
resolved measurements, e.g. for studies of turbulent media. Therefore,
1 mm spatial resolution and 10 ps response time must be achieved. For
typical combustions, the averaged power of the laser source must he
50 kW over periods as long as possible. Free-running ruby lasers, which
provide up to several tens of joules over periods of 1 ms are suitable
for this purpose.

Figure 12 presents the experimental arrangement used at ONERA
to-evaluate the potential of such a technique [63]. The ruby laser,
whu?h normally emits 30 joules, is used here in an intracavity con{igu-
ration. For this application, the output mirror M; has been replaced by

5 -

I
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an afocal system composed of a 23 cm focal length lens L and a concave
mirror M, having 25 cm radius of curvature, The net two-way energy avai-
lable for Raman scattering is then about 100 J in 700 us.
[
My

on /)IF IF o
S [P

Fig. 12 - Experimental arrange-
- t} ment for SRS measurement with a
_;:::“2 pulsed lagser.
Ruby
Red
wjn M‘

The light scattered from the t mm long hy 200 ym diameter focal
volume is collected by two sets of £/ AR coated optics, oriented at 0°
with respect to the laser beam. One channel collects the Stokes emission
from N, at 828.4 nm, the other one the anti-Stokes line at 597.6 mm. The
Stokes line is filtered by an interference filter of 2.4 mm width and
6 mm of Schott RG 780 glass, and then detected by means of an RCA B852
phototube ; the anti-Stokes emission is isolated by interference (3.5 nm
width) and wide band pass dichroic filters, and then detected by an RTC
XP 1003 tube. The Raman signals are displayed on a scope screen together
with the photocurrent delivered by the diode that monitors the laser power.
RC circuits with a time constant of about 1% us provide integration over
30 or so laser spikes.

A 24 wm diameter premixed H,/0, burner was selected for the

present work in order to obtain temperatures in the range of 15 K to 2%0 X,

and to avoid laser-induced particle incandescence problems. N, was added

as the Raman scatterer and a cross flow of cold gas through a small hori-
zontal nozzle can be supplied in order to create turbulence in the sample
volume. This gas can be either reactive (0,, Hz) or uvnreactive (N,, CO;, H,y).
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Before performing measurements of turbulence, it wag verified
that all sorts of noise were eliminated or sufficiently reduced,
except laser-induced particle incandescence which only vanishes when clean
gases are blown through the probe volume. However, it has been found that
these particles can be burnt up and ejected in a feyw microseconds irres-
pective of their number and size. This is evidenced in the scope traces
of figure 13. These recordings were obtained in room air and are quite
typical. For STP conditions, an anti-Stokes signal can not he detected
with our apparatus. A signal appears however on the anti-Stokes channel ;
it is due to laser.induced particle incandescence, The anti-Stokes chan-
nel is more aflfected by the presence of particles due to jts higher pain
and because the high temperature of the particle surface {> 400p K) cau-
ses more radiation to he emitted into its bandwidth than on the Stokes
Side. One sees that the burst of particle radiation lasts no mare than

S0 us. This is verified even in the presence of heavy particles. Possible
explanations for these observations are hased on particle ablation or
ejection,

Fig. 13 - Scope tra-
ces of laser (L) and
Raman (A.S. and 3)
Intensities obtained
in air at sTp,

o?t the initial 5p s, the disturhing influence of particles can be prac-
tlca}ly eliminated with free-running ruby laser pulses. g the flow ig
suff:ciently slow, e.g. 0 to 10 m/s, Particles entrained are kept from
Penetrating deeply intg the focal region and from causing any disturbance.

Measurements were then performed in the stable flame Hy + 0, + N,
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our measuremcnt accuracy is on the order of 3 % for these conditions,

given the laser power, N; mumber density and PM quantum efficiency.
Finally, figure 15 presents a typical set of traces observed

in the mixing zone with CD; injection. This was cbtained with a 7 L'ns '

Time constant. Strong turbulence is observed, with temperature variations

as large as 30 V peak to peak, associated with comparable density f{luctua-

tions on a time scale of 50 ps.

7] 100 200 300 us

i intensities
Fig. 14 - Scope traces of laser and Raman in
obtained in the stable flame at about 1500 K and 502

of Njp.

AS

100 200 300 s

Fig. 15 - Scope tracea of laser and Raman intensities
observed when a CO; flow is injected near the probe

volume.
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[TT - COHERENT ANTI-STOKES RAMAN SCATTERING

This technique is based on a four wave mixing process and is
one of the many well-known third-order fonlinear optical processes.
CARS offers an attractive altermative to conventional Raman Spectroscopy,
its superiority coming from its coherent nature.

CARS has been [irst applied to crystal spectroscopy [64-66])
and to the measurement of third-order susceptibilities in gases 167-69].
Then, it has been used for point non-intrusive diagnostics in various
flames [70-76] amd recently in combustors of practical interest [77-801 ;
it has also proved successful for studies of low-pressure gases, dischar-
ges or plasmas [81, 82). Broadband Multiplex CARS is an interesting de-
velopment of the method for obtaining instantaneous temperature and con-
centration measurements {83, 841. Uigh resolution Raman spectroscopy is
another application of CARS which shows great promise. lsing CW lasers,
it has heen applied to ultra high resolution work in gases [85-87}. High
resolution vibrational [88) and rotational [89] CARS spectra were also
obtained in gases with high power pulsed sources. CARS has been used
with picosecond lasers to study relaxation mechanisms [90],

CARS has also allowed the observation of fluorescence (ree re-
sonant Raman spectra in liquid biological samples [91, 92] as well as
in gases [93, 94]. Recently, the theory of resonant CARS in the limit of
Poppler broadening has heen developed [95],

The theoretical understanding of third-order nonlinear proces-
ses aml of CARS in particular is presented in the first part of this
chapter. A classical approach is used to introduce the basic equations
of the interaction process. However, the quantum mechanical treatment
leads to the proper expression of the nonl inear susceptibility. The
latter is obtained by conventional perturbation thecry or by means of a
time ordered diagrammatic representation and its spectral properties are
then deduced. The applicability of CARS to Practical temperature and

molecular Spectroscopy. Some experimental results cbtajned on iodine va-
por are finally presented.

-

e
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A - CONVENTIONAL CARS

I - CARS THEO?Y

In gases, CARS is observed when two collinear light heams with
frequencies w; and w;, called laser and Stokes respectively (with wy > wg),
traverse a sample with a Raman active vibrational mode of frequency
my W1 0. A new wave is then generated at the anti-Stokes frequency
Wy = wy + wy - wy = 20y - wy,in the forward direction and collinear with
the pump beams (Fig. 16). This new wave results from the inelastic scat-
tering of the wave at wy by the molecular vibrations which are coherently
driven by the waves at w; and w; (hence the name of the effect). We note
that the same mechanism creates, for reasons of symmetry, a similar wave
at 2w; - wy {CSRS for coherent Stokes Raman scattering}.

-
[ J] ™™
0 .
" I Fig. 16 - CARS and CSRS.
2up-wy
—

CARS is a nonlinear optical process. We recall that, in non-
linear optics, when intense optical beams are applied to the medium :
1 - a monlinear polarization is created at the incident wave frequencies
as well as at linear combinations of these frequencies,

2 - the coupling between this nonlinear polarization and the incident
electric fields results in the amplification or attenuation of these
fields,and in the growth of new electromagnetic waves as in the CARS
process. The spatial and temporal evolution of these waves are des-
cribed by the well-known Maxwell equations.

At high field strengths, the polarization which is created in
the meditm can be exmressed in terms of a power series in the field am-

plitudes :

{S) _ L(HE N _x'u.\gl-’- -KU,EJJ- . (20)

n

where XU s the susceptibility tensor of order (m),
i? the polarization vector,
and E the clectric field vector.

X"]is the ordinary linear susceptibility of the medium

aml therefore (' js associated with linear effects such as dispersion
and absorption. The quantities x/?) and x"' arc called the second ;nd
third order nonlinear susceptibilities of the medium ; ¥12) ;o respon-
sihle for such offects as frequency doubling or pParametric canverq;on
and vanishes in media possessing inversion symmetry,c.g. controqy;met;ic
crystals, pases and Viquids ; xi1) stands [or g large class of ;ffccts
such as third-harmenic generation amd three-wave mixing via two photon
and Raman nonl incarities [661. Thus, CA7S is only one of the many phoe-

norena which arise from this cubic rolarization

‘ - Two methods can be used to derive the expression of this po-
Far]Zﬂt]Un : the first vne uses a classical rodel to describe the ficlds
Interaction ; however, a more rigorous expression is obtained through
2 quantum mechanical calculation of the third-order susceptibility x!*),

a4 - the classical approach to polarizahility

In this calculation, the molecular polarizahility a js deve-
loped to first order as a function of the normal coordinate of vihration
9,35 expressed in Eq. (10). Jn the linear interaction of the waves with
matter, the macroscopic polarization is given by :

K
_.§ = N« E (21)

where the electric field is expressed by the sum :

~ _imi_k'z) Mt kz)
E - %(Elz,u{)e Y Ez,pe * —1c.c) (22)

of the two incident fields travelling in the forward direction along th
Zaxis i i .

+ kyoand k; are their wave vectors. The vibration is driven in re-
sonance by the force -

F- _8w
59

where the energy of the system ig

W - 1xE?
2
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- -~ wit - (k1 - ke 2]
and where only the cross term E{z, w)Et{z, wy)e 1l{wr - w2)

is considered. The vibration is described by the damped harmonic oscilla-

tor equation :

! - F (23)
(‘:ETI+ f"_éTa-u)v)q_m

where T is the damping constant and m the reduced mass.

The solution of this equation is given by :
il -tk k2]

q=1_ S Elz,wpE(z,00e + cc (v
4m §q D
with D = W} () - W) ilw,- W)l (25)

Therefore, substituting Eqs. (10) and (24) into Eq. (21), the polarization
component of frequency wy = 2wy - we is given by :

) 2 SilwtiklZ)
Pty 1N Ez)E iz e~ vec) oo
2

with l'_(_; = 2l_<1 - k_a and gj.:%(%)t%

llere, the nonlinearity in the molecular polarizability is re-
presented by the third-order nonlinear susceptibility g{’l. The electro-
magnetic wave at the anti-Stokes frequency wy can be written :

ity _k,Z)
Ez '.uJ\—1(E(z,une ? Y c.c) (27)
— 4 J _5 — 3

where k; is the wave vector of the anti-Stokes wave, along the z axis.

The propagation of this wave is governed by the wave equation :

t 1

(v - D..‘SS_ ) E(Z;', 1.)3) = ﬂ ‘S @(z:t)l‘)‘g)
c! 5'1 Cl KTE

The ;lave equation then can be reduced to the steady state equation :

in 1 x Sz
§ Btz - inw, X Ez,0)E(z.9)e )

§z 2¢

The growth condition for this wave, also called the phase-matching con-

dition)is thus : ,

Sk = Ky -ky=0

3

b - quantum mechanical approach

More properly, the third-order polarization can be written

under steady state conditions :

qs_‘)rh 13) —i(h)al’_k;Z) )

(z,t, W) = 1_(_F1(z.u)31e +cc (29)
2

with

2 13) 2 .
P (2, :% 2_(,__ (—Usnu)“ q.-O‘)E(Z,Qig(Z,u{)fm)

This equation (as Eq. (26)) gives the nonlinear relation between the in-

cident electric fields and the polarization which is set up in the medium.

The quantum mechanical derivation of the nonlinear susceptibi-
lity terms is done through a perturbative treatment of the electric field
interactions 195-971. In the density operator formalism, the quantum
state of the scattering molecules is represented,at point z,by the densi-

ty operator p with the equation of motion :
{m}
. (m) {m-4} im}

$e' tz,h = 1 ([H.,p 1z,hl+[VlZ.|),plz.h])+ §piz 3N
St h t

damg.
where p is the density operator of order (m). Hy is the free molecule
Hamiltonian with discrete spectrum of eigenstates |n> correspoiding to
eigenvalues fm“ i the perturbation Hamiltonian which describes
the interaction of the molecules with the radiation field is
V(z. t} = - P . E (2, t) in the dipolar approximation,P js the dipole
momen t operator;g%]dmp is the damping term, which is determined by
stochastic processes such as spontaneous emission of light and collisions
between molecules. In the usual procedure, Bq. (31} is solved in an ite-
rative mode, up to order 3, in order to get the third-order susceptibili-
ty 25“'. Nevertheless, it has heen shown by several authors [98, 99] that

the susceptibility terms can also be obtained in a much shorter and easier
manner, by means of a diagrammatic representation of the density operator.

(m)

The density operator at any specified interaction order can be
shown to result from a number of contributions. Each of these contribu-
tions is associated with a specific time sequeme. of perturbations to
the density operator. It has been shown that elementary time-ordered con-
tributions can be visualized by a diagram [98]. The density operator
formal ism,in association with such a diagrammatic representation,leads
te a rapid derivation of all relevant susceptibility terms [95-99],and

T ol
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ta an easy interpretation of the physical mechanisms involved [95-1007.
his derivation will not he given here. However, the calculation shows
that, if we use a set of four molecular levels la>, |b>, [n>, |n'> as
depicted in the energy level diagram of Fig. 17, the CARS susceptibility
can be written :

(%)) i q;blnln.
L “QJJO 'Ht)‘p'*)l‘d!): ‘I’R + LN.R (321

4 ———

ny
Fig. 17 - Energy level diagram of the
CARS process,
s B
jos1y . by
o> loy

where KR“‘b'"’"' is the Raman-resonant part associated with the Raman
active transition of [requency uy . betveen |a> and {b>, for the set
of two excited electronic states |n> amd |n'>. In gAS mixtures, part
Xy p.» which is called non resonant,is small and is contributed hoth
by the probed molecules (to a small extent) and for the most part hy
the molecular species which do not possess a vibrational resonance near
W T w1 T wa. These molecular species are also called non~-Raman-resonant
(diluent molecules). in is composed of terms analogous to those of
gaa‘b’n'"' but with nonresonant two-photon sum or difference denomina-
tors in place of the Raman resonance demominator. In the usual case
where the number density W of the probed molecules is small compared to
that of the diluent molecules, 5ﬁn is mainly contributed by the latter,
and is therefore a frequency-independent real tensor (provided that the-
re are no one- or two-photon electronic resonances in the dituent molecu-
les).

The expression of the Raman resonant susceptibility is obtained
by solving Eq. (31), [96] :

abnn’
). e VI
3 (_Jb; O+ u)!—lil:

(A+ B)[p°lu¢+m_P°m6)]m)

with A= age Woey (0 - ws - ir 0"
B= e Moy (o, + wy 4 4T )
= IIbn una (mna A 1rna )7t
g = Yon Ma (mna Tt lT‘na !
Y= ubn una (mnb Twr irnb !
A= 1%n una (mnb tug e irnb )

W is here the mumber density of active molecules. The absorption frequen-

ctes from states |a> and |b> to state n> are w_ and i

and the r-s are the corresponding damping facto:: PR n?sr::ge;:i:?iy‘

component of the dipole moment operator y, W = (a[ag . &1 |n> where

€1 is the unit vector in the direction of polarization of the wy field ;

Mynt Mg Mg, involve interactionswithuu, wr and wy fields respectively.
The spectral dependence of the nonlinear optical susceptibility

tensor x!3) (i, wy, wy, - wz) as a function of the applied field fre-

quencies wy, w,,is directly reflected in the rate of growth of the signal

wave at wy. By tuning the applied field {requencies and monitoring the

resultant changes in the signal amplitude, one performs an analysis of

the spectral properties of g!" (- w3, w, a1, - wy) and thus a nonlinear

optical spectroscopy of the medium. As shown in Eq. (32),5{” contains

two parts : a Raman resonant XR and a non resonant Xi.r.. It is the pre-

sence of this nonresonant nart which is one of the most severe prohlems

tn the application of CARS spectroscopy.

Off electronic resonance, zall the coefficients A, B, on, B, v, &
are of similar mignitude and the Raman resomant part (Fq. (33)) of the
Susceptibility thus reduces to :

X Ne¢ °
R=28C (p.- } dG 1 (34}
ﬁ&)“u)" “ P“ dJ? l‘-)bd-. “'J4+h)2_ i[:n

where gg’is the spontaneous Raman stattering cross-section defined in
cvapter [T and Nngi is the population of unperturbed motecutar state

li~ .'A spectral aalysis reveals the Raman resonances [w; - w, = 1
contained in the denominator of Iq. (34) (also present in Fq. (25]]-‘El
Thus. CARS spectroscopy, when carried out in the proper frequency domain,
BIVCS information ahout the Raman active vibrational modes of the medium.
IdenFification of these vibrational resonances and measurement of their
amplitudes are the hasis for a whole lire of experiments ranging from
Pure Raman spectroscopy to analytical chemistry.
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the 2 axis,is a solution of the waye equation. Integrating kg. (28),we

expression :

1
ln T _C | E;(z.(;%w)l withn =1, 2,3 ,
8n

we obtain the anti-Stokes intensity :

2 S

13) :

Lo 1K 00 00 wpege [T (sindiag |
Sk

where &, and &, are the unit polarization vectors of the PtmMp waves.

Two remarks can be drawn from Fqs. (28) and (35) :

1 - the anti-Stokes field polarization vector is oriented along the
vector §, = x00(- uy, wy, . - w2) & &, &, which depends on
the applied field polarizations as well as on the tensor proper-
ties of the susceptibility. This vector has two independent com-
ponents associated with the nonresonant and the Raman resonant
parts of the susceptibility (as shown in Eq. (32)). This property
can be used for nonresonant hackground cancellation in the spectra.

2 - The CARS signal intensity, which is the parameter directly measu-
red using photodetectors, is proportional to {¢,]? (Eq. 35) and,
therefore,to the squared number density of the medium. [t also
has a sinusoidal dependence on ¢ ; in gases, however, we have
Sk = 0 because the dispersion is weak, so that the behavior is
parabolic over long distances. Punp depletion would eventually
limit this parabolic growth.

Z - PRACTICAL APPLICATION OF CAnS

The laws governing the signal growth and the spectral pro-
perties of CARS have been established in the preceding chapter. We
shall see now that CARS offer many advantages over other optical me-
thods for non intrusive spatially resolved diagnostics of gases aml
reactive media.
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a - Spatial resolution

IInfocused parallel beams with large diameters are seldom used
hecause no spatial resolution is possible in this Beometry. Since the
growth of the power density I, is proportional to I{ T; , it seems ad-
vantageous to focus the beams to a small diameter and tq us

power sources. IFf the condition gk = 0 jg assumed, then jt cap he shown
that :

- the anti-Stokes flux is contained within the same cone angle

as the pump beams emerging from the foca) region, :
- this flux is generated for the most part within the focap
region {where i 1, is large),

the focus,is independent of beam diameter axl focal length
and is given hy :

2 H 2 2
P -2 (40w !
3 ( 3:) -l]qr-’ 51 B R
C
where refractive indices were taken as unity, ) = Me/w with
Wy Ty, = ws,and Py and P; are the powers at w; and w,

- the total power in the anti-Stokes heam, some distance beyond

respectively.
In practicat experiments, the spatial resolution is on the ar- :

b - S@Etral informat jon

The spectra are usually retrieved by hotding uy fixed, tuning
m? so- that w, - o, js SWEPL across the resonances of interest,whi
nitoring the anti-Stokes f]uy (Fig. 18a). A CARS spectrum ¢

Ohta]" in a 51ngle ) 4 : WN 1R
ml 5e b lSlng a b dband arran ement i
) ( L TOa rr g a5 S]IO 1
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Aw)

W uy Vy
{9 Fig. 18 - Retrieval of CARS
spectra @ a) scanning ;
b) multiplex.

c

P )
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We note, however, that the existence of the nonresonant sus-
ceptihility poses a problem with the detection of trace species in mix-
tures, since the nonresonant contribution from the diluent gases may
swamp the Raman-resonant part of the trace species of interest. As a
matter of fact, detection sensitivities are in the range of t0? to 10%
ppm for most cases of interest. These figures can he improved by a fac-
tor of about 30 if advantage is taken of the different tensor properties

of Xn and X, {potarization CARS) .

¢ - CARS instnmentation and results

The spectrometer is composed of a YAG laser coupled with a
tunahle dye laser ; it has been developed jointly with Quantel {Fig. 193.

This system can operate in different modes, e.g. with :

Fig. 19 - Laser soutrce

- i s jon of traces s ies

collinear heams for detection pecies, Ty h

- ROXCARS to improve spatial resolution, wmplifier. BD : paral-
lel plate for production

- polarization cancellation of nonresonant hackground, of parsllel beams for
boxcets (borcars arram-

gement shown, transla-
tion of the plate allows
passage to collinear ar-
rangesent without loss
of slignment). BS : beam
*. splitter for veference
channet. DI, D2 : KDP
J’ dovblers. DC ; dye cell.

DH : dichroic mirror.

- multiplex arrangement for single shot measurements.

E : Fabry-Perrot etalom.
grating. ©T : Glam—

L3
| :
I,‘ll *_‘El”—_ﬂ Iiﬁ ('l;'hg.ywlon pril-.l;: AR

A0 AL T @tiﬁ
N "u qu q—"‘:‘b}}?ggu “;’, rrala

o T

coated parallel plate
for besm translation,

PE : Prisw axpander.

SA : saturable absorber.
T : telescope. A/4 and
Af1 are quarter-wave

and half-wave plates res-

pectively. wy @ "laser”
beam. w3y @ “stokes" besm.
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The passively Q-switched Yag oscillator,with two amplifiers and
one frequency doubler,delivers over 150 mJ ol radiation at 532 nm in 10
ns pulses at 1 to 10112 {wy beam). A part of the green radiation pumps
the dye chain which is composed of a dye laser and one amplifier stage
and produces the "Stokes™ heam at w;. The linewidth is 0.7 em™! ; it can
he casily reduced to 0.07 em™! for high resolution spectroscopy. The dye
chain delivers from 1 to 5 mJ of tunable radiation in a diffraction-limited
beam over the useful CARS range of 560-700 nm, regardless of the linewidth.
A broadband mode of operation is also provided for the dye laser, giving
about 50 cm™' linewidth; this mode is used for multiplex CARS experiments,
in conjunction with a spectrograph and an optical multichannel analyser
IR3f. The anti-Stokes signals are {iltered by means of compact ouble
monochromators preceded by dichroic filters ; detection is done with ™
tubes. We use a reference cell filled with 50 bars of Argon which only
has a nonresonant susceptibility. The CARS emission from this cell permits
normalization of the signals generated in the sample, thus eliminating
the influence of the laser power fluctuations. The photocurrent pulses
from signal and reference channels are treated by an electronic device
that gates them, calculates their ratio, square root and average for a
lixed mmber of shots.

. In some experiments, the technique of background suppression
using the tensor properties of the nonlinear susceptibility leads to
an improved detectivity. It has been studied in detail for collinear
beams and several possible polarization arrangements have heen descri-
hed [83, 102]. In BOXCARS, some flexibility is afforded by the availa-
bility of two spatially distinct “laser’ heams at wy, which can have dif-

ferent polarizations. A discussion of that problem will be found in
reference [78].

The feasibility of concentration measurements in flames hy
CARS w; i i )
:: was shown in 1973 [70]. Since then, many experiments have heen car-
ried out and many species have heen detected.

— ONFT_:;: ;ilrst r_neasuranent of p'ra?tical interest was conducted in
a1 N‘mr.ouq a4 simulated turbomachine comhustor fueled by Lerosenc
that comhucto;‘ z:ecl:ra oo n‘ecurdEd' ot oo o etiasion,
) prcscnt;d i ],_..t e flml.r cenferlme without background cancellation
A, slg. 20. n.thls spectrum, the first vibrational hot
contrain oy ;'8 fen. Numerical processing of this data yields a con-

* 5% and a temperature of 1150 + 50 K, in good agree-
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ment with gas chromatograph and thermocouple measurements giving 78
and 1050 K respectively. Other gases Studies were 0,, CV, (Fig. 21) a 'qu b -
and CF-.
a . oin
{]
Nentinas: suscepiibility (arbitrary whits) i i
_ B a6 ' Fig. 22 - Rotationalty redolved CARS g
g a2en Y fos brancl_l of Hy. The fundamental Raman
1: ' % transftion 0, J] +[I, J] is sounded
2, = a (a) ¥ithout the discharge, showing ,
% a z fos rotational temperatyre T = 290 + 5
3 * 4 an and (b} with 4 discharge of 0V, 34 .
. . . % |es $es LT we then measure T = 475 * 15 g
Fig. 20 - Time-averaged scanning CaARs 3, O . .
spectrum of N3 in the exit plane of ;

combustor ; 10 laser shots are avera-
ged at each poinc.

2% 2330 310 Bor Heo _
- wylem- 1) Fig. 23 - CARS fundamenta) Q line of 5
t\/;‘/Tm Hz.lrom Initial levelg T=1, v =
1of /Py . (_nght) and J = 1y o, (left) in the
of discharge.
o .
- L * .':.‘o-
Fig. 21 - Time-averaged scanning o Lt S, .
CARS spectrum of CO; taken at 44 . R
the same location as the spectrum .
of figure 20 36 shots are avera- ..
ged at each point. . 2 . <7 " 2080 5 o 1wy °4|M0.'u:ll.n(‘)
g RTINS
* W v Pt e . 060 L gtom) O My mete Kactun 1y
. .,‘.
1 4——'__4‘_L_ﬁ+‘_q* 1908 -
1420 .y, 1400 1380
Li-wp (em’) oD\
1404
o
A low pressure discharge in H: was investigated in order to \
gather information on the population distribution in the rovibrationai 1e0e 1a
Ll
manifold of the H, ground electronic state [82]. The plasma pressure \\
. L 7
was held at 1.3 10-* pars, Typical results are shown in Figs. 22, 23, O-0—g-0
: . . ’_"‘***"f o |
Detection of M, in 4 premixed ethylene + air flame has been e i -
—— 09 o
conducted for temperature and H, concentration measurements BOXCARS D B A B e .
. »
with polarization cancellation was used. A flame investigation along a b
the burner axis was carried out ; the results are shown in Fig. 24, ‘
The reader is referred to reference (78] for other results obtained f;sih:"b;r::dul (a) and vertical (p) Profiles of p, concentration
with this instrument and to references [74) and [97) for reviews of £ i the radia}

other works in various experimental situations.

e

s
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B - RESONANCE-ENHANCED CARS

We recall that the detectivity offered by CARS in the chemi-
cal analysis of mixtures is limited, due to the presence of the diluent
background susceptibility. The detectivity can be improved by either
cancelling the background or enhancing the Raman-resonant part relative
to the hackground. The present discussion is devoted to the problem of
electronic resonance enhancement of the CATS susceptibility. Resonant
CARS spectra were first seen in-solutions by Chabay et al 1911. The
demonstration in the gas phase is more difficult,and was given somcwhat
later using the [, molecule 193] ; from these results, a detailed theory
of the spectral properties was also propesed [96]. The improvement in
detection sensitivity ranges from 102 to 10*,depending on the wavelength
used ; this certainly justifies continuation of this delicate work on
other molecules and radicals which are of interest to combustion. Seve-
ral ohservations in C» 1103] amd ND: [94, 104] were reported recently.

1 - SPECTPAL PROPERTIES

Resonance CARS spectroscopy is usually carried out hy holding
w), fixed near a one-photon absorption and by tuning w, (Fig. 25). The
rules governing the interpretation of the resonance CARS spectra have
been discussed some time ago [96, 971 and we chail only summarize the
results here. The rules are deduced from the consideration of the sus-
ceptibility expression. When the electronic resonances are approached,
only two terms in Eq. (32) become large, thus we have :

o L)
Le = Nﬁ! t‘)_t;“) T (pAg _Pfd) (36)
[t | 2 b
Since A, 8 and y all undergo large enhancements and large variations as
the field frequencies are varied, the spectral analysis is complicated
somewhat. The CARS spectrum may present a complex structure, very dif-
ferent from the off-resonance case, since any of the three {reguencies
w1, wz and w; may come into resonance with absorption lines. In addi-

tion, some other terms, which are not Raman-resonant and therefore, which

are not included in Eq. (32), may hecome large [1051. llowever, simpli-
fications occur since :

- when the Raman spectrum is analysed wi - w2 is tuned over a finite
spectral domain and a 1imited number of Raman transitions contribute
to the susceptibility. For a given Raman transition between two parti-
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cular rovibrational levels la> and fr> of the grourxl ¢lectronic state
(Fig. 25). there arc only a few types of allowed one-photon transitions
to the excited electronic state. €.g- A1 = + 1 for iodine. Therefore,
the mmber of abserption lines that w; and wy can reach to cnhance x"‘
is finite

- one can often assume that n;h << o:a in Roltzmann equilibriim and in
the ranre of temperature used for the experiments. Then the term pro-

partional to 0:h in Fq. (36) can he neglected.

11 [
i B

Fig. 25 - Energy level diagram of the
resonance CARS process.

o u>\\ _//I b> m

5]
4 ~_ fa>

There are three types of lines associated with the initial
rovibronic state |a> as depicted in Fig. 26. We call these laser-en-
hanced Raman resonances (Fig. 26{a))double-electronic resonances (Fig. -
26(b}) and anti-Stokes-enhanced Raman resonances (Fig. Zﬁ(c}i. Roth
fundamental and overtone vibrational bands are possible when w; is tu-
ned to successive higher vibrational levels of the ground electronic
state. The order of magnitude of resonance enhancement can change si-
gnilicantly from one overtone to the other, depending on the rotational
structure of the absorption spectra of the molecular species investipa-
ted. Obviously,a preliminary knowledge of this fine structure is rchi—
red to perform the assignments of the resonance CARS lines.

A noteworthy character of the double electronic resonances

is tha i iti i
- t their positions in the spectrum, which are given hy the condi-
1on - - - i

oy iz uo, .~ W, are a function of wy, contrary to the Raman

resomances for which oy depends only

on the spectroscopic co
of the molecule (kq. 7). v e

Th j .
derabie e ohservation of double electronic resonances is of consi-
able importanc ;
the < n;“"Le to the spectroscopist, since one can easily identify
orres in : . . :
ponding w_, ~absorption lines if the w__ transition,in reso-

nance wit i i i
i h wi,is known. This can facilitate the analysis of unknown
portions of ahsorption spectra.



Fig. 26 - Energy level diagrams

representing the states contri-
- buting to resonmce-enhmced

o " 4 m]*  caRs in a diatomic molecule

such as Ia.
() uw (laser) enhanced fun-

damental (AV=1) Raman transi-

P > R Ia')l 2

Joer

1) p——

Je 2 gulads J W) tron- .
J ey 15> I {b) double electronic reso-
[z] nance vith wy = Y and
g —— 38 1 Y J it wy ® Wy
(o)p.R.r-p]J (b)[QoS.R.H]J (c)[Q.rop,R]J (c}) W o, (anti-stokes) enhanced
fundamental Raman transition.

2 - EXPERIMENTAL RESULTS

The resonance CARS spectrometer is composed of two flash-pumped
dye lasers producing beams with divergence near the diffraction limit
and peak pawer of 1 to 10 k¥ between 480 and 650 nm (Fig. 27). The
linewidths are 0.02 cm™' and 0.05 cm~! for laser and Stokes {requencies
respectively. Their beams are made collinear ; they are hoth horizon-
tally polarized.

The experimental procedure used in iodine is detailed in re-
ference [78]. The laser frequency is tuned to the Riv' = 13 ~w=1] 67
ahsorption line of the B « X electronic transition,to achieve resonance
enhancement. Then w, is tuned to the v = & level of ground electronic
state { in order to scan the fifth overtone Raman band Iv' =6 -v =1},

o, 3 - senic s H 1 W

of resonance CARS spectro- =

meter. DF : dichroic fil- | ] [
ter ; DM : dichroic mirror ;H--—-g—°-—i~-\‘—¥|—E-* -%
oM AC
(<] 1, ¥

F : colored Eilter ; FP :

Fabry-Perrot etalon ; IF :

grating ; M : monochroma- _ DM
tor and detector assewbly ; LASER

PE : prism beam expander ; ¥ -1 I |'

interference Eilter ; G :
PE
RC : reference cell ; 5 : H“‘""—‘_"_"‘”"“‘—‘
' Y HEAD

sample cell..

For the spectra of Fig. 28, the temperature of iodine in the
cell is held at 45°C,so that the partial pressure of 1z is abaut 2.107?
bar mixed with air at a total pressure of 1 har. ¥hen w is slightly
shifted about w_ . the double electronic lines (dotted line of Fig. 28}
move apart or to the Raman lines. This drift which is clearly visible
from Fig. 28 (a) to 28 {d) ,facilitates the assignment of the lines. The
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yatter is given in tahle 11. The notation used to lahel these resonances
is that of ref. [93] : the first letter in the bracket defines the
Raman transition w,_, the second and the third ones are the W and v
transition respectively. Upper case lettering is used for exact or near
exact resonance with the field frequencies, lower casec lettering other-
wisc. For example, the resonance depicted in Fig. 26 (a) is labeled :
[afv+ 1— v}, Riv' ~v), rorp (B + 1—-)1J.

'( [Py )'/z
,.PA " L L Pret @ ) o WPS5 00!
2 Prygy J g hem) Uy ey 2t m J gy wylen)
7 12054 208 s & Rien
3 1209 12304 W W uon
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th (30, o)
1 "
! , |
1 i % B e S i |y y — Wated’)
w8 w0 s 262 249 %‘250 ) 2 sl
. (Ca
(:_ﬂ)uz ©, = 16956 (p M) w @ o 563 e
2f e L J ety lent) 1 !
o7 124959 2 . J e
oy 83 123039 {(NMY) &7 rzee9s
2 wm o 2S00
12526% |
1
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i
—t \ ) o e i t | ; :
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Fig. 28 - .

a:.ﬁ PZfimafzzc::Tmt?f I? at 45°C (1.9 mb) in air. The spectral position
ative intensities of the resonance CARS lines e indi

. . : A ’ di-

cated on the horizontal axis {using Eqy. (36})}, The positions o(a:‘;el:ai

an li .
man lines have been calculated using spectroscopic constants of rel’.[lOﬁ]

The iti i i
pesitions of the ¢lectronic lines have been calculated using the po-

sttions of the absorption 1i i i
Listed in the inset ':able. res given An ref'[“)’] A1 these values ore

TABLE 11 - RESOMNANCE CARS LINE ASSIGNMENTS

> [al6 - 13, P13 - 13, RC(27 - DT 67

2) Q6 ~ 13, RAI3 -~ 1), ¥(27 - 1)} &7

3> Q6 - 1), PCI3 - 1), PC27 - 1)) 63

Gy falb - 13, POYI - 1), P27 - 1)) 63

) [Q(6 - 1), PCI3 - 1), p(27 - 1}] 62

> ]| a6 - 1, P13 - 1), P27 - 1] 62

-

x



46

We ohserve equal intensities for Raman and double electronic
lines pertaining to the same J level. This reflects the fact that both
lines have the same width ; the dominant broadening mechanism at STP is
collisional broadening. Thercfore, all the linewidths are equal in Eq-
(36). As the buffer gas presrure decreases, the narrowing of the Raman
and ahsorption lines results in a growth of the CARS signal,until the
Doppler limit is reached. This growth clearly appears in Fig. 29 for
which the air pressure was reduced to 10”% bar. The line intensities
are increased by one order of magnitude as expected from the crude cal-
culation of resonant susceptibility (using Eq. (36)) which is given in
tahle 111. flowever, as the Raman and absorption lines do not have the
same widths 1957, there is an intermediate pressure domain {hetween
8.1077 and 5.307% bar for 1,} in which Doppler and collisional hroade-
nings are mixed. Beyond §.107? hars of total pressure, the one-photon
electronic transitions, which have heen so far collision broadened,
hecome Noppler broadened ; their Doppler widths are about 0.015 cm™!
for 1,. The Raman transitions are still collision~hroadened with a width
of about 0.004 cm~! ptahle IV]. Figure 30 displays the change in inten-
sity ratio between Raman and electronic lines. The ratio of corresponding
Raman and double electronic lines is close to 2 which is in good agree-

ment with the calculated value for a total pressure of ahout 2.1077 bar.

xf!]

-
RAM . " ‘Ram @ _elect. _ f;:;;
3'-".1u?t, _XI M Elect. rHﬂ.m.
Wy {cm™'} 16 955.65 16 955.90 16 955.74
Total pressure (bar]
d i - - -
{Zu;::'at.u.re (°c) 1 s 10’ 5.107° 2,107
31 0.6 6 38.6 86.9
us 2.3 23.2 8.2 333.3

TABLE 1II - The resonant susceptibility (arbitrary unit) is given as a function of

total pressure. This estimation is done using Eq. (36) and for the Raman
line [Q(6 - 1), R(Y3 - 1), r{27 - 1] 67.

Attention should he paid to the laser wavelength stability in
these experiments. Close to resonance, a very small drift of the frequen-
cy m results in a quite significant change of the line intensities as
seen in Fig. 30 (b) and 30 (c).
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ESSURE (bar)
ARS Line 1 21072 2.107? 5.10° "
RAMAN 0.2 0.04 0.004 0.001
DOUBLE-ELECTROMIC 0.2 0,04 0.015 0.015

TARLE IV - Resonance CARS linewidth (ecm ) in Iy as a funct n of tal
2 f 10 tota

Fmally |egaldil| the appl icat ion to 4 pec 5 detec tion

] g 1 ]

! triace s 1es

we note tllﬂt tllCSe lines are about 100 times stron

0, vibrational lines, although the nimber density
tional sublevel [a> is about 2000 times smaller in

therefore esti i
" stimate that practical detectivities in f{lames at atmospheri
pressure for resonance enhanced CARS should he in the ra T

ger than atmospheric
in the respective rota-
ly than in 02 . We

10 ppm, nge of 0.1 to
(Pa 142
P
ret Wy = 1695590 co "
2
20} m 2 J Wy = Wy {em”}
67 1249 89
YY) 63 125069
62 1252. 44
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Fig. 29 - Spectrum of I

air, 2 8t 457°C in 10 ? bar of
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2 CONCLUSTON
T:l—\" @ r
a0 p\Fret, w) 21695574 ca” . :
5 G~y e tle have reviewed some of the most important optical techniques
[ ]
7 1249.85 for diagnostics, which can all provide non intrusive and specific tempe-
63 :::g-:: raturce and concentration measurements in reactive media. These techniques
L 82 . . . . .
«© [3}] w have been very act ively studied because ol their advantage over the widely

used conventional techniques which require the insertion of solid probes.

It is worthwhile to summarize their relative advantages and
drawhacks, and to indicate what applications they are particularly well
suited for.

The fluorescence technique, which offers veTy strong signal

1252 253

1251 . . . .
1250 Wy —wy lew™ strength, scems a very attractive methad for trace species analysis. !

However, hecause of quenching, the informations which are obtained lrom

fluorescence spectra are difficult to interpret. We note that the prohlem
Pa

142
(p 172 "  16955.63 ca”" 2 (_P';:f) @ {!t!": vy =16955.62 o’ of quenching can be partly resolved hy using saturated LiT.
[\ Fret "

A
J '-'n‘“l”‘"’ The low scattering cross-section of the SRS is the major draw-
&7 1249, ) ) i ) ]
83 1250.96 ] back of this technique. llowever, when the concentration of major consti-

62 1252.71 3 . L . )
’ @ tuents is to be measured, it is preferable to use Raman scattering as a
10}

20

10} 51 precise and reliable probe of gas system. For trace species, Thorescence

is the preferred technique hut then concentration measurements are Jess
L)

¥ HEN accurate. Improvement in the collector optics and data acquisition equip-
1 1252 1253
1253 1250 2 wy—ug lcn™)

1 1252
- wplen™) to noise ratios. For example, partial pressure as low as 10°% atm. are

ment, including the photomultiplier performance, may tead to higher signal
12%

. £ ai detectable by SRS in mixtures when there is no interference from sonrces
bar of air.

Fig. 30 - Spectrum of I at 33°C (0.7 mb) in 2.10 of moise like stray light.

The unique properties of CARS, namely large signal strength col-
Yimated heam, and absence of fluorescence interference, make this technij-
que capable of discriminating more easily than SRS against numerous souTces
of noise. However, the CARS detectivity is limited by the nonresonant
background of diluent species. At this point, it must he emphasized that
SRS and CARS detectivities are not directly comparable since the SRS de-
tectivity depends on the total mumber of molecules of interest and is ex-
pressed in terms of a partial pressure, whercas the CARS sensitivity is
fiiven in temms of a mixing ratio due to the presence -of the diluent hack-
Bround. The detectivity then is of the order of 0.1 to 1 §. By using



background cancellation, the detection sensitivity is lowered to 10 to
1000 ppm lor usual gases in flames. Thus, CARS is now the best technique
I‘or. non intrusive flame diagnostics and has reached the stage of being
used by combustion engineers for practical measurements. However, the
equipment for CANS is complicated, delicate and more expensive than for
SRS.

Finally resonance CARS appears as a very attractive development

since the large enhancement observed [78] leads to an improved sensitivity.

Application of resonance-enhanced CARS to the detection of radical species
in reactive media is very promising. For example, we are now working on
the measurement of concentrations of molecular radicals such as C; and O,
which appear as a result of hydrocarhon decomposition in flames ; these
measurements will provide direct informations about soot formation and

the kinetics of chemical reactions.
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