_—.,
INTERNATIONAL ATOMIC ENERGOGY AUFENCY i'lill

UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL GRUANIZATION et
P ———— 1}

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE (ITALY) - I 0. 0. B8 - MIRAMARE - 8TRADA COSTIERA 11 - TELEPHONE : 2260-1
CANLE: CENTRATOM - TELEX 400302 - |

H& SMR/204 ~ 27

WINTER COLLEGE ON

ATOMIC AND MOLECULAR PHYSICS

{9 March - 3 April 1987)

COMBUSTION DIAGNOSTICS

M. Alden

Lund Institute of Technology
5-221 00 Lund
Sweden



72

V. COMBUSTION STUDIES USING LASER TECHNIQUES

Ten years elapsed atfter the invention of the laser in 1960

beforc it was used in combustion probing. The Raman technique was
first used in this context, since it did nol roquire any tunable
laser. Much of the early work on lascr applications in combustion
diagnostics was presented in a conference proceedings in 1974
[82]. As the tunability of the laser became larger, and doubling
and mixing processcs allowed further wavelength extensions, the
laser-induced fluorescence {LIF) and Coherent anti-Stokes Raman
Scattering {CARS) techniques became importart in combustion
diagnostics. The numbers of combustion mcetings presenting papers
on laser techniques were rapidly growing in the second half of
the seventies, see e.g. [B83-86]. A comprehensive review of the
applications of laser diagnostic techniques was written in 1979
by Eckbreth et al. [87], and recently the field was reviewed by
Bechtel and Chraplyvy [88). In this chapter most attention is
paid teo laser-induced fluorescence, Raman spectroscopy and CARS,
since these tochniques have proved to be very important tools in
combustion diagnostics. Other laser techniques, both spectro-
scopic, such as absorption and optogalvanic, and nan-spectro-
scopic, such as lascr Doppler anemometry and elastic scattering
{Mie and Rayleigh scattering}, are also valuable and will be

briefly revicwed in a final section.

V.1 Laser-Induced Fluorescence {(LIF)

Laser-induced flunrescence (LIF) js baserd on laser excitation

of atoms or molezules from the ground state to an ex-

cited statc. After a short time the atom/meiecule reemiis
radiation. This radiation can be analyzed and information on

both temperatures and concentrations can be deduced. Since the
ground state, responsible for the excitation, is definite and the
fluorescence from the corresponding upper state also occurs freom
definite vibrational and rotational levels, the selectivity using
LIF is considerable. This selectivity combined with high sensi-
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tivity makes LIF a very powerful diagnostic tool.

Until recently, the LIF technique was limited to atoms and
molecules with absorption bands accessible ta lasers, but using
the two-photon absorption technique even species with absorption
bands in the VUV can now be detected, as will be discussed more
later. During the last few years several review articles de-
scribing the LIF technigues applied to combustion diagnostics
have appeared,e.g. Refs. [89-91],

A typical experimental sct-up for a LIF experiment is shown in
Frg. V.I, The dye laser beam is focused in the flame and the
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TRIGGER
POWER LLAME
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Figure V.1 , Experimcntal set-up for a laser-

induced fluorescence experiment,fc]

fluorescence light is collected at right angles. There are essen-
tially two methods of acquisition of the fluorescence spectrum,
which are described in Fig. V.2. The approach shown in Fig, V,2a,
where the laser frequency is scanned through the absorption
region of the molecule, is called excitation spectroscopy. Here
the fluorescence is detected using a broadband filter. An
excitation spectrum is similar to an absorption spectrum, with
the advantage of detecting the fluorescence light against a null
background. Exampels of excitatioh spectra are given in Figs.
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—7
/7’ In Fig.V.4 an other example of an excitation spectrum is
shown, now for C2 radicals. The other type of fluorescence

alm - uiw,

v.3 and 4. Fig. V.3 shows an OH spectrum, which was realized
using the tracking device described in Chapter IV,
—7
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Figut~ V.2 , a) The principle of vxcitation
spectroscopy, bl The principle of WAVELENGTE 1nm)]

L luvrescence spectiuscopy.

(ae FOwER Fiqure Y. 4 Excitation spectrum from C

v\\‘r\,\m B ;
radicals in a propar:/air flame, [c|

spectrum, illustrated in Fig. V.2b) is obtained when using a fixed laser
wavelength to excite a specilic lavel of the molecute. Then the

$

1 .
VMhW\ resulting fluorescence spectrum i3 rccorded through scanning a

monochromator. A [luorescence spectrum of CN is shown in Fig.

¥.5. Here a specific wavelength is pumped and through collisional

diation.
kJ L-J ~he resolution of an excitation spectrum is given by the laser

scurce, whereas for a fl.uor.scenc. Lpectrum the resolution is set

u L energy transfer other levels are also populated and emit ra-

W ENGIH  fam] by the monochromator used. Several molecules of interest in
combustion chemistry have been detected using one-photon LIF.
Zn Table V.1 these molecules,mainly intermediate radicals, are

Figure V.3 ., Excitation spectrum of the OH s L.
9 P _isted. In addition to the spocies listed in Table V.1 Muller

radicals in a propanc/air flame.jcl ; . .
prot i et al. have investigated the chemistry of sulfur in rich

Hz/OZ/N2 flames and have thus shown LIF from sz, SH, SO
and 50, [125].

Kol ., e e A e
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V.1.t Concentration Measurements

Tre application of LIF for concentration measurements is very

wide and as already has been pointed out, the sensitivity is

high. E.q9, Na atoms at concentrations down to 1p4
1.1

INTENSITY

atoms/cm3
have been measured for atmospheric-pressure flames {126].

Thz fluorescence Power Sp from an upper level with the

K\~—v______—*___ population N2 is given by

Aa.
v T v v Y v v T v T v - SF = ?f —4%"— R [\I2 (1)
380 385 390 o

where AF is the fluorescence wavelengli,

Figur? V.5 , Laser-induced fluorescence raciative decay, 2 is the

AZI is the rate for
light-collrection argle and V is the

spectrum from CN radicals in a acctylene/nitrous sarple volume. In order to telats

52 io the undisturbed total
oxide flame [92],

Population Npe the corresponding rat: zquations have to be
solved, If we for simpliciry consicder the twe-level system shown

Table V.1 . Molecules of interest in combustion in Fig, v.6

chemistry, and the corresponding absorption wave-

2 —_—
lengths together with references,
Molecule Abs. wavelength {nm) kef, By: I, Bal, Anl Qn y
oK ~306 22,93-94 1
c ~516 101,102,105-111
2
; oH ~431 101,102,108,112-115 Figure V.6 . A simpie model for radiation
388 101,102,113,115 Processes in a two-level system,
CN -
03,1186
NH ~136 22,101,103, the rate equations can be wrj:-ton
\o ~226 161,115-117 an,
[ 3 LI | Ly
co ~399, ~466 118,119 GE TN By Lt N, MAsy v 2y By 1) (2)
N
NO 450-470 120
2 21 N
. 405 1 —2 - -
€3 de T MiBip T, s NylAy 40, v By T ) (3)
CH.O 320-345 122
2 123 where Blz and BZI are the Einstein coefficients for absorp-
c,0 657-677 tion of radiation and stimulated emission, respectively, I, is
- 430-900 ) 124 zhe laser energy density,
2

and Q2T is the nen-radiative rate for
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ecxcitation induced by collisions {guenching). The quenching
ignifically reduces the flucrescence signal. Solving (2) and (3)

or a steady state condition,i.e g% =g - and noting that
P=N]+N2, the result for N2 is

B.oINp {4)

2 Oy tAy B B, T

wen {4} is inserted into (1) the resulting fluorescence power
_ he A MpBy T (5)
o S el calb

[°21’A21"512’Bzr”:T

I the limit of low laser spectral intensity (5) may be

itten
A
he By2 (" )
§. == ——gvl_—£_ 1 N,
Foolp \Qgy*hyy/ v (6)

us, the fluorescence intensity is critically dependent on the
enching rate Q21 through the factor A21/(Q21+A2’) which is
mmonly called the fluorescence yield or Stern-Vollmer factor.
r OH A~ x 108 sec”! [127) whereas the quenching rate in
pical flame gases at atmospheric pressure exceeds 102 sec™!
1], 7iving a Fluorescence yvield of only about one part in a
ousand. The quenching phenomenon has limited the applicability
LIF, but there exist different approaches to avoid this
oblem, which are briefly described below.

tgggﬁigﬂL The saturation technique fur avoiding the quenching

dblem was [irst described by Piepmeier [128] and more recently
Daily [129]. ¥ollowing the propusal by Daily, the flucrescence
Yer at high laser power, i.e, IU(BI2+BZIJ>>02'+A2 is

ren by

A B
g« Dc 721 ( 12

== = (=2 VYavn (7)
£ 2p dr B12*321) T

‘ther, since glﬂlzquBZ', ( 94 and g, are the
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degeneracies of level 1 and 2, respectively), the factor
BIZ/{BIZ+321) can be replaced by l/(l+g1/g2),

Early experiments using saturated fluorescence on atoms seeded
into a flame were performed by Omenetto et al. [(130] and later by
Daily et al. {131]. Baronawski et al, [105,107] realized that
complete saturation may be difficult to achieve in molecules,
Therefore, in their approach SF in Eq. {5) is Taylor

expanded in I\,'1 . The result is

he 221 Bia Np(Qy Ay,
TBE T 1, (8)

S, & - == -—————‘I?V(N -
F Ao A B12+Bz1} T (B12+Bz1)

F

which is almost identical to the formula given in [107], the only
difference is that Baronawski et al. [(107] have used B12/{B12+B21) =12
in their derivation. If S; is plotted versus /1, the

intercept leads to NT‘ whereas the quenching rate QZT can be
determined from the slope, Barcnawski et al used this saturation
techniqus for determination of concentrations of C2 in oxy-
acetylene flames. However, the two-level model used by Baronawski
et al. is clearly inadequate, since the molecules also possess
vibrational as well as rotational structure. In order to inter-
pret data correctly, it is important to account for rotational
relaxation during the laser pulse as well as collision-induced
rotational and vibrational energy transfer in the upper state.
Rotaticnal energy transfer has been examined by many workers,
where the OH molecule usually has served as test object [132-
134], whereas the vibrational energy transfer has been examined
by Lengel et al, [135]. As has been described by Crosley, [138],
there are two limiting cases for energy transfer:

a) If the rotational and vibrational transfer rates are much
higher than the quenching rate Q, the upper state will thermalize
before quanching, resulting in a broad fluorescence spectrum.

b} If the guenching rate Q is much higher than the rotational/
vibrational energy transfer rate, only those states coupled by
the laser will be populated,
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In the case of OH, neither of the two cases applies, and this
intermediate situation has been examined by several authors
{137-140]. As was pointed out by Verdieck et al. [141] and Berg
et al. [138], a very fast rotational redistribution in the lower
State means that there are NT/Z molecules in the excited state
rather than N‘O/z » which is the case in the absence of any
rotational relaxation, (N1° i5 the undisturbed number in

state 1 whereas NT are all molecules,)}

Using the saturation techniques, special attention must be paid
for avoiding laser-induced chemistry, which was observed by
Mubler et al. [142] when investigating Na atoms in flames with
laser pulses of 2 us.

Both experimental and thecretical investigations on the
influence of the temporal and spatjal laser pulse shape cn
the saturation conditions have been performed [143,144].

Short pulse excitation . This technique for concentration
measurement was developed by Stepowski et al. [95,145]. A shor:
laser pulse of duration T much shorter than the quenching and

radiative times is used. It can be shown that the maximum
fluorescence power after the laser pulse has terminated is then
independent of the quenching rate and rotational relaxation. Due
to the restriction on the laser pulse length, this method is only
applicable to low pressure flames.

In addition to the two techniques described, another method has
been developed by Muller et al. [125], utilizing a calibration
procedure, In still another method used by Bechtel et al. [96}
the quenching rates are actually calculated, and the number
densities from the major collision partners were determined using
the Raman technique.

A useful paper has been written by Daily [146] in which uncer-
tainty considerations for LIF such as Rayleigh scattering and
trapping effects are discussed.
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V.1.2 Temperature Measurements

LIF has also been extensively used for temperature mecasurements.
One technique is to scan the laser frequency across different
transitions in e.g. OH followed by a broadband fluorescence
detection. This technique for measuring the ground state
rotational temperature of OH has been used in e.g, Refs, [147-
149]. In another technique, the OH rotational temperature is
estimated through excitation of molecules in two different
rotational levels in the ground state to the same upper level, By
ratioing the fluorescence intensities the temperature can be
deduced [150,151]. In yet another technique, the temperature is
estimated from the observed rotational [152) and vibraticnal

[ 53] collisional distributions in the upper electronic state
of OH.

So far, only temperature measurements from molecular spectra have
been discussed. However, atomic spectra can also be used for

the same purpose.

An attractive technique for temperature measurement is to seed a
flame with e.g. In, Tl or Ga, and to use the two-line
fluorescence technique [156-158]. This technique is further
described in Paper 9,

V.1.3 LIF for PAH Measurements

Besides concentration measurements of radicals and temperature
measurements, LIF can be used for detection of polyaromatic
hydrocarbons (PAH:s) in flames. Since PAH are thought <of being
important for the scot formation, detection of these species is
important. Several groups have used LIF for PAH detection in
flames e.qg. [159-162],

We have performed a serie of experiments for testing the poten-
tial of identification of different PAH:s in flames [163].
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yitial experiments were performed using a gas chromatograph (GC)
»l1lowed by laser-induced fluorescence detection. Fig. V.7 shows
e resulting chromatogram when feeding the GC with several

\H:s, and using a He-Cd laser for excitation. In order
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Figure V.7 . Laser-induced fluorescence detection
of PAH:s as seperated by a gas chromatograph [163].

» capture the corresponding spectra, a diode array detector was
sed instead of a photomultiplier, For comparing the “cold" PAH
r»ectra with the flame spectra, certain PAH:s were seeded into a
ran flame and the spectra were detected with the diode array
:tector. Fig. V.8 shows the fluorescence spectra of different
\H:s seeded into the flame, when exciting with a quadrupled YAG
1ser beam at 266 nm.
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~ Fluatanthena

Anths scene

Figure V.8 . Laser-induced filuorescence spectra
of different PAH:s seceded intoc a propane/air
flame {163].

V.1.4 Imaging Experiments

All LIF experiments discussed so far have been performed using a
photomultiplier tube or a dicdc array in the dispersive detection
mode. Hcwever, as was realizea in Paper 3, it is possible to use
a detector array in an imaging mode, for space-resolved detection
of radicals. This Paper describes the space-resolved detection of
OB in a methane/air flame. The technigue was further developed in

Paper 4,where two radicals, ¢, and OH, could be detected
simultamecusly using two laser systems,

Recently it has been shown by Dr, Crosley's and Dr. Hanson's
[164-167] groups at SRI and Stanford University, respectively,
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that the technique can be extemded to yield information from a

plane through the flame.

Fig. V.9 shows the space resolved PAH distribution through a
diffusion flame at three different heights above the burner. The
fluorcescence light was detected through a 10 nm wide interference

filter at 405 nm.

DETECTOR CHANNELS

Figure V.B . Space-resolved PAH distribution
at three different heights; 5, 10 and 25 mm above
the burner, using a diocde array detector.[163]

V.1.5 Two-photon Excitation.

As was indicated in the beginning of this chapter, it has become
possible to detect molecules and atoms that normally are un-
detectable with laser techniques, by using two-photon excita<ion.
Atoms are excited [rom the ground state to an excited state of
the same parity from which fluorescence can be detected in the
decay to a lower excited state. In this way it is possible to
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detect atoms that absorb in the VUV region. Referring to Chapter
IIl it is appearent that atoms play very important parts in
combustion chemistry. The atoms that are most important in this
context are shown in Table V.2, where also the excitation

Table.V,.2 . Atoms of great importance in com-
bustion chemistry, and their corresponding two-
photon wavelengths and detection wavelengths,

Atom Laser Fluorescence
wavelength {nm) wavelength{nm)

E 206 656

c 280 909

N 21 869

c 226 845

s 308 1046

wavelengths together with the corresponding fluorescence wave-
lengths are shown. Hydrogen atoms have been detected by two-
photon LIF from a DC discharge [168). Oxygen and nitrogen atoms
have been investigated in a similar way by Bischel et al, [1691],
whereas the first flame detection using two-photon excitation of
oxygen is described in Paper 5. Carbon and oxygen atoms have
also been detected in a discharge [170].

Molecules have also been detected using two-photon fluorescence.
Most experiments have been performed on NO. Although NO may be
detected directly, several groups have uged two-photon excitation
for temperature measurements from the NO spectrum [171,172].
Two-photon excitation of CO has also been reported {173]. An
interesting experiment has been performed by Crosley and Smith
{174], who detected OH in a flame using two-photon excitation.




.2 Raman Scattering

¢ Raman efloct was theotretically nredicted in 1923, and first
sserved by C.V. Raman in 1928, ®With “ne invention of the lasor
1 1960, the application of Raman scartering becams an important
wl for analytical purposes. The big advant g with Raman
r‘attering are  a) quenching does not canse any problem, h)
iman cxperiments do not require any tunabic laser source, c)
weeral spectes can be measured simultancously, d) both rota-
onal and vibrational temperature are easily obtained, and o)
oms, radicals as well as molecules that absorb down in the VUV region
Comeascer -d,

fortunately, the Raman effect is very weak, eliminating the
s5ibility of measuring small number densities, especially in a
gh-background environment. However, [or detection of ma jor
ecies the technique is guite adequate,

veral books describing the Raman effect both theoretically and
perimentally have been published, e.g., [175-180] and its use in
mbustinn and flow diagnostics is reviewed in Refs,|181-183],
e theory will here be briefly described followed by sections

scribing temperature and concentration measurements,

2.1 Theory

assically, the Raman effect can he described in terms of the
larizability of a molecule. When a molecule is placed in a

atic electric field, the molecule is distorted . The

sitively charged nuclei and the electrons are attracted towards
? negative and positiv pole of the field, respectively. This
momenon causes the appearence of an induced electrical dipole

nent, and the molecule is said to be polarized. The induced
wle v , can be written

si= 1 E {9)

ire @ is the polarizability of the molecule and E is the

applied field. If E is due to a light wave, e.g a laser pulse,

expressed as a travelling wave at frequency v, amplitude EO
and considering that the molecule undergoes vibrational as well
as rotatiopal motions, which change the polarizahility period-

ically, the induced dipole moment for a vibrating molecule can be
writte-n

u = (-.)_04 b sin 27 \,RtlﬂosjnZn\;t (10)
where 1, is the polarizability in the equilibrium positien, g

is the amplitude of the change in the polarizability during the
vibrat_on, and uRis the vibrational frequency.

Using common triqonometric relations, Eg. (10) can be written
o= u Bl sin 2n . b+ 1/2¢ E_ icos Zr.lv-vR)t-cos 2u(va)} (11}

Thus, the oscillating dipole has sidebands at {requencies Vivg
in addition to the band at the frequency u. This classical
picture of the Raman effect is qualitatively describing the
phenomema, but an examination of a Raman spectrum indicates that

for a correct description a quantum mechanical treatment is
needed.

Quantum mechanically the incident laser beam of Erequency v
consists of photons with the encrgy hv, out of which a small part
after iiteractions with the molecules either gain or loose
energy, equal to the rotational or vibrational energy-splittings,
The elastic scattering is called Rayleigh scattering, whereas the
inelast.c scattering gives rise to the Raman components, These
Processes are shown in a schematic energy level diagram in Fig,
V.10. The molecules are excited to virtual states, from which
they immediately return to a final state emitting photons with

4n enercy equal to the one of the incident photon plus or minus
the energy difference between the initial and final state. An
examination of the schematic energy level diagram and the corres-
ponding spectrum in Fig. V.10 reveils the structures in a Raman
Spectrur. The Raman components, where the incident photon has
gained cr lost energy are called the anti-Stokes and Stokes
componemts, respectively. The selection rules for vibrational
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Figure V.10 . Energy level diagram jillustrating
the Raman effect, where for simplicity only one
transition in each branch is shown.

and rotational Raman transitions are aAv = 0, +) and AJ = 0,:2.

Considering the pure rotational Raman spectrum we see that the
Rayleigh peak is surrounded by Stokes and anti-Stokes Raman
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lines. Recalling from Chapter II, the term value for rotational
movement, ignoring the centrifugal distortion, is given

by F{J)=BJ(J+1), Considering that the J value can be changed
two units, the rotational lines appears at frequencies

Vg,ag = V3 B(4T+6) {12)

Eg. (12) represents a series of equidistant Raman lines, separated
by 4B. For a diatomic molecule the number of molecules NJ in the
rotational level J of the lowest vibrational state at temperature
T is proportional to the Boltzmann factor times the degeneracy

Ry ~ {23+1) exp(-F(J)hc/kTl = (23+1) expl-BJ{J+1)}hc/kT] (13)

The actual number of molecules in a rotational state J is given
by

No = ob (23+1) exp |-BJ (J+1)hc/kT) (14)
J Qr

where N is the total number of molecules and Qr is the rota-
tional partition function

Q. = 1+3exp [-2Bhc/KkTi+ Sexp [~ 6B he/KT) + ...

Q, can be replaced by

kT
Q, =~ g (2J+1) exp [~he B (J+1) /kT]dT = g0 {15)

In Fig. V,11ga N; is shown as a function of J for different B
with fixed T, whereas Ny as a function of J for different T
with fixed B is shown in Fig.V.11h, As can be seen the popu-
lation goes through a maximum for a certain J value, J
which is given by

max’

(te)

J = 00,5896 Vﬁ?-

1
max B 2
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A A lines are, at low temperatures, much weaker than the Stokes ones,
./ ;’\\300|( since these transitions orginate from excited states. The number
> 3 189 cn”! Do of molecules in a vibrational state v is given by
=4 \ ! :
g 1 : \ N '
i } ! i ) N, = 6; exp [-Go{V) he/kT] (20)
zy

where, as in the rotational case, N is the total number of

molecules and Q, now is the vibrational partition function

.._.________‘_-_‘h

Q, = 1+exp[-G°(1lhc/kTJ*exp[-GO(ZIhc/kT]+... (21)

-

Fig, V.12 a} and b} shows the normalized population density for

v=0 and v=t, respectively, for three different molecules, O
N2 and H2'

a b 1.0

okl dadndod o efadatabalababe batodadodobadadalolododadated

2t

Figure V.11 ., a) Plot of NJ for different B
values, b) Plot of NJ for different T.

Returning to Fig. V.10, the vibrational transitions occur at vivg.

A vibrational band consists of three branches, the S, @ and
O-branch which correspond to AJ=+2,0 and -2, respectively. The

Raman shifts for the three branches are given by {1813) Qs
, 1000 2000 3000 K
‘“R)s = Avo‘+63v. +(SBV.-BVH)J +(Bv.-Bv"l J (17)
a b

- 2

{leo = Ay e zav. - (33v,+3v,,}.3 + ”’v"Bv"' J (18} _ . -
Figure V.12 . a) The normalized population

o _ _ 2 for v=0, b) The normalized population

(UR'Q = vy +IBV. B u)J +(B,,"B .} J (19)

for v=1,
where 4V is the vibrational frequency shift and B,. and
B,« as usual indicate the rotational constant in the upper and

lower state, respectively. As is indicated in Fig. V.10, the 0-and © V.2.2 Concentration Measurements
S-branch are much weaker than the Q-branch, which according to

Eg. (19) consists of several very narrow lines since the The Raman technique has proved to be a valuable tool for con-

centration measurements both jin exhaust gases and in flames,

Rotational Raman scattering is limited for concentration measure-

difference between Bv.and anis in general very small. As
is indicated in the figure, the intensity of the anti-Stokes
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ments since in a gas mixture, several rotational lines are super-~
imposed. Therefore, this discussion will be limited to vibra-

tional Raman scattering.
The intensity from a vibratiopal Raman line is yiven by
1 =CNI o%2F(T) (22)

where C is a constant, N the number density, Io the laser
intensity, ¢ the Raman cross-section, §l the solid angle, R tae
length of the observed segment of the laser beam, and F(T} is a
temperature dependent factor determined by the spectral width and
resolution of the detection system and the investigated molecule.
Especially when measuring high-temperature gases, a knowledge of
F(T) is a prerequisite for correct concentration measurements.
F(T) can be calculated as described by Setchell [184] and
Eckbreth [185].

An experimental set-up for Raman experiments is shown in Fig.
V.13, which was used for concentration measurements of exhaust
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Figure V.13 . Experimental set-up for
Raman experiments [b],
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gases. Since, as already mentioned, the Raman effect is s0 weak,
special efforts are often made to increase the signal strength.
In Fig., V,13 this was achieved by placing the sample cell inside
the laser cavity thereby increasing the laser intensity, A
spherical mirror was also placed behind the cell in order to
catch additional light. Similar intracavity enhancements of the
Raman signals have been reported,e.g in{ 186-188], whereas
mul:ipass enhancement cutside the laser cavity has been shown by
Hill et al. [189-191]. When probing exhaust gases the Raman
sigonals may be swamped in laser-induced fiuorescence caused by
particles, This problem was avoided in Paper & by using a simple
filter system, More sophisticated fluorescence supression
techniques are described by Setchell and Aeschliman [192-193}), In
Fig. V.14 Raman spectra from gases sucked at two different

.
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Figure V,14 , Paman Spectra from two different
positions in a flame [d],
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positions in a propane Bunsen-burner tlame are shown. It is
illustrated how the fuel and oxygen are consumed and carbon-
dioxide and carbonmonoxide are created. {The water peak is not

~ Table V.3 Different molecules of interest in combustion chemistry,
and the corresponding Raman shifts and arnss-sections,

representative since the gases were sucked through a water e
condensor), 1n order to examine the detectivity limit, cali- Molecule Ramanshift (cm ') do/dai5320)
bration gases of 880 ppm NO and 1.6 % CO were examined. Resulting N 2331
. , . 2 1
spectra are shown in Fig. V.15 a) and b). Recently Leipertz et Nozlvzl 754 7.9
SF6 775 3.9
Celglv,y) 991 t2.2
{ 1 03 1103 2.6
14 10 50, vy} 1151 5.4
_ Nzo(u|) 1285 2.1
> ; C02(2v2) 1286 0.98
w
2 @ ?u b CyHg 1297
E E NOZ(»1D 1320 16.0
€Oy (vy) 1388 1.3
CiHg 1451
J VJ o, 1556 1.41
T T ool 0 T = C2H4|\12) 1623 1.65
SIE 538 nm S44  SL6 pm <, 1832
NO 1B76 0.43
. C,H 197
Figure V.15 . Raman spectra of a)} 880 ppm NO Cﬁ 2 3 4.74
and b) 1.6 % co. [b] o 2045
2145 1.04
N,O
al.[194]) have measured gas concentrations down to 100 ppm using a HZS(u ) 2224 0.5
ruby laser, whereas Hargis [195,196) used a KrF-laser to detect Cﬁ 1 2611 3.22
below 5 ppm of CH,. However, as pointed out by Hargis, special CH.0 2633
care has to be taken using this high power UV beam, due to Hci 2766
multiphoton photodissociation, CH, (v, ) 2886 3.2
' 2914 5.65
In order to meas iti it is i Dz 2986 2.56
ure pumber densities it is important to know CH, (v.} :
Ve 3017
the relative Raman croas-sections of gases. Table V.3 shows the Raman C :{ (v.) s
frequencies and corresponding cross-sections for gases of Nﬁ ' 3020 4.13
importance in combustion phenomena. The Raman cross-sections are ‘ C.H, (\.) 3048
66" 3070 8.0
. d o(N HCN
normalized to N, where 3 Qz)is set to 0.46 x 10730 ' NH. (v.) 33
3 \" 3334 2.83
H,0 3652 1.96
CH 3665
HF 3962 1.26
TR
: HZ 4160 1.85
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intensities of two rotational lines with quantum numbers J and

2 .
cm/sr [87]. The values in Table V.3 are from Refs. 187,1971, J'., The temperature using the Stokes branch is thus given by
and calculated to an excitation wavelength of 5320 A,

Raman spectroscopy is very useful for concentration measurenents heb
[T (T +1) ~J03-1) ) N

and has been used in investigations of jets [198,199], gas nixing TS = (T IT779) 126)
+
phenomena {200,201], both laminar [202,203] and turbulent flames Izt 974 (2J7+3) 4B(J +372\0
V= ‘437
204-206) and in internal -combustion engines |207-209]. ln[( )—-— ( - 7—)
{ ) g I/ g5 (J+1) (Je2) |\V-9B(I+I72

(2J+3)

V.2.3 Temperature Measurements

] ] . with a similar expression for TAS Fig. V.16 shows how the
Raman scattering is very well suited for temperature measurements temperature can be estimated through plotting IS(J)/IS(J')
of combustion gases since the intensity of a Raman line isg for J=6, J'=18 and J=4, J'=20 as a function of temperature for
directly proportional to the Boltzmann factor. There are many
ways of performing a temperature measurement using Raman 10

spectrgscopy, utilizing both rotational and vibrational Raman

scattering, ;‘_
It first pure rotational Raman scattering is considered, the 20
intensity of line J is given by {183]
1J~quzvR)‘.sJ (23)
1 l
where S; is the line strength, Using the selection rules for T1ﬁ.8
Raman transitions, and the expressions for SJ given in Ref, [1],
the Stokes and anti-Stokes rotationai intensities can be ex-
pressed as

: 1000 2000 3000
C Ng (Ie1) (J+2) [v-4B(J+3/2)" ‘ TEMP. K
I (J) = I2J+3|Qr exp [- BJ{J+1) he/kT) (24)

Figure V.16 . The temperature dependence of the

4 ratio of two rotatiocnal Raman-lines intensities.
C Ng (J-1) I [v+4B(I+3/2) ]

g} = 2310, exp [- BI(J+1) he/kT] (25}

the N, molecules. Alternatively, the rotational temperature can
be estimated .through rearrangement of Eq. (24) and a straight-
line plotting procedure, where the temperature is deduced from

where C is a constant including the laser intensity, h 1 £ the 1
e slope o e line.

collection efficiency ete., and 97 is the nuclear-spin

function. The temperature can be estimated by measuring the .
When using rotational Raman scattering for temperature




98

measurements, it is important to use a monochromator with high
hackground rejection, preferrably a double monochromator or a

Fabry-Perot interferometer.

Drake et al. [210-212) have used rotational Ramzn scattering for
flame temperature measurements, whereas Hickman et al, [213)
measured the gas temperature in an intracavity ce2l! and Barrett
et al, (214] measured the temperature in an electrical discharge
using a F-P interferometer and the pure rotational Kaman clfect.
Recently, spontaneous Raman scattering has been used for detec-
tion of oxygen atoms in a H2/02 flame [215]. The atom lines
appear at 158 and 227 cm“‘, and may be partially masked by
rotational lines from 02, if the resolution is not high enough.

Although rotational Raman scattering has been successfully
applied for temperature measurements in combustion zones, most
work has been carriecd out using vibrational transitions.
Pioncering work in temperature measurements was carried out by
Lapp and Penncy et al. in the early seventies [216~-219]).

There are four common methods of determining temperature from
vibrational Raman scattering. The most straight-forward technique
is to compare the intensity of the integrated Stokes and
anti-Stokes intensities. This ratio is given by [220]

I Vo g hev

v~ (o) ool 5]
= = {—2) ox (27)
IAs ufuR P' kT

This ratio as a function of temperature for three different
molecules is shown in Fig. V.17, This technique for temperature
measurements has been used by Widhopf et al. 1221), and by Drake
et al. [222] for determinations of probability density functions
(pdf's) of temperatures in turbulent diffusion flames. One
drawback with the Stokes to anti-Stokes approach is that the
bands are separated by a large wave number interval, ~4660

em™! for N2 » which means that proper corrections for differ-
ences in sensitivity, background and absorption have to be made.
This problem is avoided in the other three techniques, that are
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Figure V.17 . The Stokes to anti-Stokes ratio
as a function of temperature for HZ'NZ and
02_

basez on investigations of the O-branch of e.qg. NZ' At high
temperature the excited states v=1, v=2 start to be populated.

Due to the molecular anharmonicity these bands are frequency-
shifzed and give rise to a characteristic sawtooth-like spectrum

A Raman spectrum of N2 from a Hzlair flame, with a fundamental

band (v=0-+v=1) and the "hot band" (v=1- v=2} is shown in Fig. v.18.

The separation between these bands is only about 30 c:rrl_1 for N2.

The intensity for an individual line in the vibrational Stokes
-branch (aJ=0, av=1) js given by [215]

gJ(2J+‘le+‘I}(v-URl4 he
I{v,J) ~ QrQV exp [-ﬁ Giv,J)1] (28)

For the anti-Stokes signal (Av=-1}, the vibrational amplitude
factor v+1 is replaced by the factor v {223}, Experimentally, the
observed intensity is due to several individual lines modified
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543 550 551 nm

Figure V.18 . Raman spectrum from N2 molecules

in a flame. [b)

by an instrument function g{v)

I = L If{v,J)glv) {29}

obs v,d
One technique is based on comparing the maximum inFensity of the
fundamental band to the maximum intensity of the first hot band,
as used by Stricker [224] and Stephenson et al. [225}. The
second technique, frequently called the Band Area Method [219],
compares the total intensity of the hot band to that of the
fundamental band. In the third method the complete contour of.a
band is.calculated and fitted te an experimental spectrum. This

technique has been extensively used see e.g. [226-229].

So far, the discussion has been limited to the analysis of

this is
diatomic molecules and preferrably Nz. The reason for . S
obvious, the molecular spectra become much more complicated a

the molecule grows. As can be seen from Fig, V.13 the Raman

—“
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spectrum of H20 from an H2/air flame is much broader and more

complex than the N2 spectrum in Fiq, V.18. Nevertheless,
theoretical spectra of H,0 [230,231] and CO, £231,232] have
been calculated which show good agreement with experimental
ones, and have consequently been used for temperature and
concentration measurements in flames.

¥ ] ] -
592 593 594 nm

Figure V.19 . The Raman spectrum of HZO
molecules in a flame [b],

In the previous section it was described how

intermediate radicals could be visualized using an optical
multichannel analyzer. Such experiments using Raman techniques
were already outlined in 1974 by Hartley [233] , who called it
Ramanography. This technique was also used by Webber et al, {234]
in experiments on a CH4-jet. The application of multichannel

detectors for Raman scattering in combustion diagnostics has also
been illustrated in Ref. [235].

V.3 Coherent anti-Stokes Raman Scattering

Coherent anti-Stokes Raman scattering or CARS is an optical
nonlinear effect that was discovered by Maker and Terhune

in 19865 [236]. During the seventies, applications were found in
several areas, such as chemistry, biolegy and physics . For reviews
see Refs. {237-239]. The application of CARS in combustion
diagnostics was first realized by Taran and coworkers [240-242],
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and now several review articles describing CARS as a diagnosti=
tool in combustion research have appeared [243-246]. The CARS .
theory and the different cxperimental approaches ?re discussed in
Paper 8 and the field will here be briefly summarized.

V.3.1 Theory

The CARS effect may be described as an interaction of two photons
from one laser beam at frequency “p' and ong photon froT a

laser beam at frequency wg through the third-order nonlinear
susceptibility x(3) to generate an anti-Stokes photon at
'"A5=2mp-ms The CARS generation can be described both
classically using Maxwell's equations or quantum-mechanically
utilizing the density matrix theory, as described by St. Peters
[247,248], DeWitt et al. [249] and by Druet et al, [250,251]).

It can be shown that the CARS intensity IAS at freguency Wag
may be written [87]
[an? “a

2
S 2
1 = ._‘___—] 1,714
AS | o2 p

2141222 (3C)

where Ip and IS are the laser intensities of the pump ax.ud Stokes
beam, respectively, and z is the path length from which the

CARS signal is generated. Following the presentation in [87), the
third-order susceptibility can be divided into a resonant and a

non-resonant part

{31)
X = Xg * XNR

where the non-resonant part XNR? arises from electronic
transitions and remote Raman transitions, and Xp consists of one
real and one imaginary part. For a Raman transition j we thus

have

“3 (32)

. ) -
b} wjz‘lmp“wsl AT lag-ug)

]
2c do
=xl‘ixll=—-—._'~ﬁ‘b]-(
R hagd 1 NI

Ir this equation Nﬁj is the population difference between the
initial and final states, bj

is the line strength factor, do/di
is the Raman ¢ross-section for the molecular species and .

is the Raman linewidth, Examining Egs, {301-(32) several differ-
enzes between CARS and spontaneous Raman Scattering can be seen.
Pirstly, the CARS signal is highly nonlinear in both number
densizy, laser intensity and Raman Cross-section, whereas
ordinary Raman scattering has a linear dependence of thege
factors, Secondly, the CARS Process involves the pPopulation
difference between the levels involved in the process, which
means that Na; is equal to N for low temperature and 0 for
infinite temperature, Finally the CARs process also involves the
Raman linewidth Fj. From Egs. (31) and (32} it can be seen

= x'z*x"2+2x'xNR+xNR2 (33}
Since x* has a dispersive behaviour whereas x" has lineshape
behaviour and XNr iS a constant, a Cars spectrum has a complex
lineshape depending on the magnitude of Xyr- This can be
explained according to Figq, V.20, which shows the behaviour for a
weak ard a strong line. 1f Xygr 18 small, the resulting CaRs
lineshape is given bY x'? + x"2 and does not reveal any

tnusual spectral features as shown in Figq. V.20a. However, if

XNg 18 large in Eq.(31}, the resulting CARS lineshape is
giveq by

and several approaches have heen Suggested to avoid thjs problem,
which will be described later, When several resonances are
pPresent as in a rotational-vibrational molecular band, the
resul-ing CARs Spectrum is further complicated through strong
interactions of neighbouring resonances and the background.
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WEAK LINE
STRONG LINE '

1xI’ '
X'

e ey N SO

t |

a b
Figure V.20 . a) The CARS lineshape for
strong line b) The CARS lineshape for a weak

line.

The origin for the CARS process may be schematically described by
an energy level diagram as shown in Fig. V.21, where two photons
at”pa”d s i i t ti-Stokes
coupled to a second wp photon and give r1§e o ? an

photon at (mp-ws)+mp= wpg- In order t? achieve high .
efficiency in the CARS process it is important to fulfx} the.
phase-matching condition, which is illustrated to the r1ghF in
Fig. V.21. The simplest type of phase-matching is the collirear
approach {at the top), but since the spatial resolution noruélly
is too low with this approach. “whe BOXCARS approach, shown in
the middle, was introduced by Eckbreth }252]. However, when
probing Raman transitions with small shifts, also this techrique

beat the Raman vibration wp, which then is

may be troublesome. This problem was solved by the introduction

¥

Figure V.21 .The energy level diagram describing
the CARS process {to the left), and different
Phase-matching conditions (to the right}

of folded 30XCARS {at the bottom), where all the input laser beams
are spatially separated [253-255]), Recent calculations by
Greenhalgh [256) show that for a half Crossing angle of the pump
beams of less than 20 degrees, there is no significant loss jn

the CAEkS imtensity in going from planar BOXCARS to foided
BOXCARS.

V.3.2 Experiments

As has seen pointed out the first combust

ion measurements using
CARS were parformed by Taran et al,

In these early experiments on
hydroges in flames, the Stokes beam was produced by stimulated

Raman scattering in a high pressure H2 cell, In this way the

hydroger comtents were mapped out in a hydrocarbon flame.

Up till 7976 all CARS spectra were recorded through scanning the

frequency ol the Stokes beam wg, whereas the pump beam was held

fixed at We. In this way the applicability of CARS was limited
to stationary media. However, in 1976 Roh et al, [257] showed how
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a complete CARS spectrum could he captured in a sinyle laser

pulse, using a broadband dye lasor.

As was described in the provious section, a CARS spectrum is
yuite complex and for quantitative measurcments nf e g,
temperatures it is almost necessary to have a computer code for
generating theoretical CARS spectra, Such computer codes have

been realized in several laboratories o.q. [25B-261], An examgple

of a computer generated CARS spectrum [or N, at 2000 K and a

rosolution of 0.5 Cmal is shown in Vig, v.22, which
was  aenepated with a code, that was kindly put to our disposal

by R.J. a0,

HO0 wo
RANAW SHIFY {tm ')

Figure V.23 . CARS spectrum of 02 at different

INTENSITY

positions in a flame, captured using a diode array
detector [276].

scope slide through the focal region, and recording the CARS
signal from the slide as it is moved. Such a recording is shown

in Fig. V.24, where the square root of the intensity is displayed
10

210 il Mag

waveNumBERS  [em]

Figure V.22 . Theoretical CARS spectrum for N2
at 2000 K , and a resolution of 0.5 cm™!

In the last ten years several papers describing CARS measurement -

in flames |262-266), scoty flames {267,268], comhustors [269-271] g

and internal combustion engines [272-274] have been reported, and éls

recently a detailed comparison between CARS and thermocouple =

temperature measurements was published by Farrow et al. [275). An

example of broadband CARS spectra in a flame is illustrated in

Fig. V.23, which shows BOXCARS spectra of 02 at three differen-=

positions in the flame. This figure clearly illustrates the

temperature effect on the spectra. The spatial resolution in this

kind of experiment can be measured through translating a micro- l M T r

POSITION (mem)

i Figure V.24 Illustration of the spatial resolution of the
' CARS signal [277],



108

- . o=
as a function of distance. Fig. V.24 indicates a spatial rest
lution of about 1 mm, which could be increased or decreased by

2] ser
either changing the focusing lens or the angle between the la

beams.

For the same reason as in Raman spectroscopy, ?referrahly the
spectra of diatomic molecules have boen investigated for -
temperature measurements, However, Hall et al. l2631278| ave
constructed a computer code for CO, and H,0 which yields very
gnod agreement with experimental spectra. As can be seen from
Fig. V.25, which shows a CO2 broadband BOXCARS spectrum from a

i irqg o
Co/air flame, the spectrum does not show a rotational smearirg

co,

1
_..,/Lz\-.‘//u.'\..,..-»n\, e P N
1400

1450
FAMAN SHIFT {cm )

Figure V.25 CARS spectrum of C02 molecules
in a CO/air Elame [279].

the vibrational lines, due to a very small vibration-rotation
interaction in this molecule [280], and the different peaks
correspond to transitions between different vibration modes. (We
recall from Chapter 11 that 002 has 3 x 3 - 5 = 4 different
vibration modes). The CARS spectra shown in Figs. V.23 and 25
were captured using a dicde array detector and as described.;n
Papers 7 and 8 ,this type of detector is one-dimensional, which
means that it is difficult to correct for the spectral nonrepro-

-...uwm T S —— e . .
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ducibility of the broadband dye laser pulses. However, using a
double-slit in the monochromator entrance plane, and utilizing
two parts of the diode array, proper corrections may be per-
formed. We have made preliminary double-slit experiments, where a
Na calibration lamp was used, The result is shown in Fig. V.26a
and b, In Fig, V.26 a) the resulting Na doublet using ore slit in
a 1 m Jobin-Yvon HR 1000 is shown, whereas the double slit
spectrum is shown in Fig. V.26 b).

1 detector channels 1024

Figure V.26 . a) The Na Spectrum as when using a
single slit b) The Spectrum when using a double-
slit arrangement {281],

Measurements of the vibrational and rotational populations in
sparks and electrical discharges répresent a field for which the
RS technigque looks very promising, Already in 1976 Nibler et
al. [282] used CARS in this context to measure the vibrational
po>pulation of 02 in an electrical discharge, and in 1978

Smirnov et al. [283] used a high-resolution set-up to measure the
v.brational, as well as rotational distribution in a discharge,
Recently Pealat et al, [284] studied a hydrogen plasma whereas
Dreier et al. [285] have used CARS to measure the vibrational
pcpulation of N, in a microwave-excited N,-CO-He mixture.
Typical CARS spectra of N2 at different positions in a bc




discharge are shown in Fig. V.27, These spectra, which all are

resonance,e.qg. in N2 and w_*- s 15 tuned to a resonance of

& minor constituent, the background may be supresseqd by a
hegative contributijon from the first resonance. Lynch et al, have
stated, that Xygr could be Supressed by at least one order of
magnitude [286),

DISTANCE FROM
CENTER

19 mm

INTENSITY

13 mm A

CARS has been shown in e.g. Noz by Guthals et a1. (288], in

I, vepour by Atta] et al, {289]), and was theoretically investj-
L gated by 2.9, Dryet et al. [251,290]. Recently, Taran and co-

workers [291,292] used resonance CARS to measure C2 in a

07 mm

microwave discharge and in an oxy-acetylene flame at a humber

0 min density of 5 x 1p') o3 and 19’3 cm™3, respectively,
pser—— ’/L " . N 1 0
2250 2300 2350 . From these experiments a detection Sensitivity of about 10
RAMAN SHIFT {cm) } cm™3 was deduced, which ig about 198 times lower than the

detectivity limit for €.9. CO at flame temperatures,

Figure v,27 . BOXCARS spectra of N2 at

d) The most promising technique for background rejection isg maybe
different positions in a pc discharge [277]

Polarization CaRrs [293-296], which utilizes the different tensor
Properties of Xyr 2nd xp. Thus, it was shown that the
backgroung could be rejecteq when the input laser beams were
polarized at a certain angle to each other, and detection of the
CARS beam followed at  another specifjc angle. Rahn et a). [293)
have shown an increase of signal-to-noise of over 200 when using

thermal equilibrium with a high vibrational temperature (~3000 i

K) and a low rotational temperature {~4po K),

As has been described, the Presence of Xygp+ the non-resonant
contribution to the third~order nonlinear Susceptibility, js a
complication when low number densities are to be measured, and
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Constituents in flames [296].

Another varijant of CARs ijs rotational CARs, which js described in




112

pe . q qrex 1
Paper 7 This technigque has a reat [)Cltelltlal since severa
spe e5 ma be detecte necusly s q o hroad-band dye
[a ] Y ted simulta 1 usin r Ye
laser Fur tlll,’[, 1ow tellperatures can be “eaSUIE‘d with hlgh

a acg Rotat a CARS5 exporiments have been pe d e.g.
ccur Y. ional P re tte in

L 247-2991.

il 5 g P P t
t 1 | 1
Wh u ng CARS w th high ower laser beams it 1S important to
vold saturation off . - D!
. .

avoid 1 ects ACCO[leg to Taran et al [}0 there
ar tLwo !)tt'“lldl [,Itulbatlo[ls. The first is stimulated Raman
yain where the Stokes beam 1s al"plli ied due to Stlllulated Raman

i . l‘ La 8 ¥ - e H
scatterinyg However, this effect 1s in gener 1l weak Th other

A -
' f ||a|lg' 5 the POPulat ion difierence factor throuqh

2 et which

; a a saturation ma b evere and thus makes tempe ature
vibrational 1 Y L rat
<

measurements impossible,

another effect that limits the intensity ?f the laser beam.CZOt
only in CARS but also in Raman and laser-induced fluo;es;izium
experiments, is optical breakdown, whi?h means thaF the "
becomes fully ionized and thus not available For dlaqn:s. Lot
purposes. The laser-induced breakdown effect is treate 1:down
where wavelength and pressure dependence etc. on the brea

threshold is discussed.

V.4 Other Laser Diagnostic Techniques

This presentation of laser techniques in combustion diagnosti?:c
has been [ocused on laser-induced Eluorescence, Raman scatteri ;
and CARS, since these techniques have been the ones Fhat are most
used. However, there are several other techniques wﬁlch under1
certain circumstances may be very valuable diagn?st1c toolsj n
this section some of these techniques will be briefly described.

Absorption. Traditional absorption measurements of gas concentra-
tions and tehperatures}wwe been used for a long time, Eg. Chof et
al. [302] used this technique for measurements of concentration
flame profiles of OH, NH and N“Z' whereas Schoenun? et al.

{303] measured CO concentrations and temperaturcs in a flame

usiag a tunable diode laser around 4.7 um,

In order to increase
the absorption, Harris et al,

used intracavity absorption to
measure atomic oxygen [304] in a discharge flow,

and €, in an
OXy-acetylene flame [305],

The great drawback with the absor

ption techniqué is that it is a
line-of-sight technigue,

Thus the resoclutien is Very poor. Recent

experiments have demonstrated how to get space resolved absorp-

tion measurement, through saturated absorption [306],

optical
Stark

modulation [307] ang optical Stark shifting [308],

Optogalvanic detection. The optogalvanic te
measurement of the current caused by laser jonization of molecules

or atoms, The technique has been reviewed by Smyth et al, {309], and

|
rfecently Goldsmith (310,311] used a multiphoton optogalvanic

en atoms in flames. The
echnique is that the electro-
urb the flow conditions,

chnique is based upon

approach to detect oxygen and hydrog
disadvantage with the optogalvanic t
des and the applied voltage may dist

Photoacoustic techniques,

In the photoacoustic technique the gas
is illuminated with resonant laser light.

can loose their énergy radiatively or by ¢
collisions appear as an increase in the tra
molecmles, At constant temperature thisg re

increase, which can be detected. This tech
Tennel et a).

The excited molecules
ollisions. The
nslation energy of the
sults in a pressure
nique has been used by
[312] for minor constituent measurements in
flames. The same technique was used by West et al. [313] in a
Pure rotational stimulated Raman experiment. a variant of the
photoacoustic technigue was proposed by Zapka et al, {314] in
which a strong laser pulse is producing a breakdown

in the flame,
and by measuring the acoustjc Pulse propagation by t

wo He-Ne
laser seams the flame temperature could be measured,

Raman gain/loss Spectroscopy. In Raman gain/loss experiments a
strong pump beam at frequency w

frequercy; alternativeln a loss g

bProduces a gain at the Stokes

t the anti-Stokes frequency. By
§ can be detected. Both these
ary part of the third-order
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nonlinear susceptibility. The eftects have bren observed both
with pulsed sources {315}, CW sources |1316], and with a

combination of pulsed and CW laser beams [317]). The applicability

to Flames was realized by Owyoung and Rahn in 1979 [318], and
recently Rahn reported time~resolved measuraments [319]. A
polarization variant of this technique is the Raman-~lnduced Kerr
Effect (RIKES), discovered in 1976 [320].

Elastic Scattering. This field, which is rather large includes

Rayleigh scattoring for temperature measurcments 321,322}, flow
visualization {323], and density measurements [324], and M.e
scattering for particle-size [325], and {low-velocity measure-
ments [326].
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