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L aser spectroscopy is assuming an ever-increasing role 
in the diagnostic probing of the hostile, yet easily 
perturbed, environments characteristic of combus

tion. 1 Physical probes, due to their intrusion, can seriously 
perturb flame behavior, are limited in spatial resolution 
and temporal response, and may not survive at high tem
peratures, pressures, and aerodynamic loadings. Laser 
techniques, nonintrusive by definition, circumvent these 
problems and are nonperturbing when properly applied. 
In addition, laser approaches are capable of simultaneous 
high spatial and temporal resolution. Spontaneous Raman 
scattering received much early attention in the 1970s in 
this regard. It has many desirable diagnostic attributes but, 
unfortunately, its weakness precludes successful applica
tion to practical, hydrocarbon-fueled flames which are 
typically highly luminous and soot laden. Consequently, 
coherent anti-Stokes Raman spectroscopy (CARS) has 
been accorded considerable emphasis due to its strong sig
nal levels and coherent character. The applicability of 
CARS to instrumentally-adverse situations typical of prac
tical combustion devices is, by now, well established. 
CARS has seen use in gas turbines, diesels, furnaces, and a 
myriad of other real-world devices.2 

Compared to spontaneous Raman scattering, a major 
limitation of CARS, besides complexity, is the inability to 
measure more than a single constituent at a time as nor
mally implemented. Recently, a variety of multi-color 
CARS techniques has been demonstrated to overcome this 
shortcoming.3 Such multi-species capability is motivated 
by applications to transient or limited duration phenome
na, e.g., supersonic combustion, propellant burning, inter-
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FIGURE 1. Coherent anti-Stokes Raman Spectroscopy 
(CARS). Diagnostic applications of CARS generally em
ploy crossed-beam phase-matching arrangements and 
spectrally broadband Stokes lasers with optical multi
channel detection. 

nal combustion engines. Even when combustion is contin
uously sustained, such approaches, of course, greatly ex
pedite data collection and permit correlations to be 
developed among the various parameters. Here, various 
multi-color CARS approaches to simultaneous multiple 
species measurements will be reviewed together with some 
intended applications. 

CARS for combustion diagnosis 
To place these techniques in perspective, we begin with 

a brief review of CARS in its traditional diagnostic imple
mentation. (Greater detail is found in Refs. 1 and 4 and 
the references found therein.) As illustrated in Fig. 1, inci
dent laser beams at frequencies ω1 and ω2, termed the 
pump and Stokes respectively, where ω1 > ω2, interact to 
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Measurements of medium properties are 
performed, as in Raman scattering, from 
the shape of the spectral signatures and/ 

or intensity of the CARS signals. 

generate coherent signal radiation at frequency ω3 = 2ω1 

- ω2. This is the most commonly employed form of 
C A R S , so-called frequency degenerate or two-color 
CARS, since the two pump beams are at the same frequen
cy. The interaction occurs through the third order nonlin
ear susceptibility of the medium to create an oscillating 
polarization and, thus, the signal radiation. The third or
der nonlinear susceptibility is both density and tempera
ture dependent providing the underlying basis for diagnos
tics. 

Measurements of medium properties are performed, as 
in Raman scattering, from the shape of the spectral signa
tures and/or intensity of the C A R S signals. Allowable 
beam interaction geometries are constrained by phase-
matching requirements that ensure that the signals, gener
ated throughout the interaction volume defined by laser 
beam overlap, are in phase and grow constructively. The 
wave vectors of the various beams, of magnitude noted in 
Fig. 1 and with direction along the propagation axis, must 
satisfy the phase-matching diagram shown. The crossed-
beam, phase-matching geometry that results is commonly 
known as B O X C A R S because of the boxlike shape of the 
phase-matching diagram. The beams need not reside in a 
plane and the phase-matching diagram can be "folded" 
into three dimensional arrangements. Many beam geome
tries are possible including several with just two input 
beams. 

When the frequency difference ω1— ω2 is close to the 
frequency, ωv, of a Raman resonance in a particular spe
cies, the CARS radiation at ω3 is Raman-resonantly en
hanced and results in a signature uniquely characteristic of 
that molecular species. Since vibrational Raman reso
nances are typically excited, the CARS signals from the 
various species are well separated spectrally and generally 
only one constituent can be probed at a time. Actually 
each molecular constituent possesses an ensemble of vi
brational and rotational levels. Diagnostically, a broad
band Stokes source, typically 150 c m - 1 F W H H , is em
ployed so that all resonances can be probed simultaneous
ly with optical multichannel detection permitting single 
pulse measurements. 

Multi-color wave mixing 
Figure 2 summarizes the various approaches conceived 

to date for simultaneous, multiple species CARS measure
ments.3 Dual Stokes approaches5 are a straightforward 
extension of CARS. For each constituent to be measured, 
a separate Stokes laser is introduced. Three-dimensional 
phase matching (folded BOXCARS) is usually employed 
to produce spatially separable CARS signals. Due to the 
complexity of arranging the beams, generally just two 
Stokes lasers are used. One thus performs two separate, 
two-color wave mixing sequences to monitor two different 
constituents. The CARS signatures are located spectrally 
where they would normally occur, i.e., at the pump fre
quency plus the Raman shift, 

In dual pump approaches,6 two narrowband pump la
sers, ω1 and ω1, are used in conjunction with a single 
broadband Stokes laser to monitor two species via two 
separate, three-color wave mixing processes. This is mere
ly CARS in its most general form with frequency degen
eracy removed, i.e., three different input waves. In fre
quency degenerate CARS, dual species capability is sacri
ficed. An interesting aspect of this approach is that the 
spectra from the two constituents reside in the same spec
tral vicinity simplifying optical multichannel detection. 
The spectra occur at frequencies of 

and are separated by 

FIGURE 2. Summary of multi-color wave mixing ap
proaches for simultaneous multiple species CARS capa
bility. 
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By judicious selection of ω1 , spectral overlap can be 
avoided or minimized to a significant extent. 

Dual broadband CARS 
Both of the foregoing techniques permit measurement 

of two species simultaneously. They can be extended to a 
greater number of species by adding more Stokes or pump 
lasers respectively, but clearly at the cost of increased ex
perimental complexity. Approaches which permit many 
species, i.e., at least three, to be measured with no further 
increase in complexity, involve the synergistic use of the 
laser frequencies employed. 

In dual broadband C A R S , 7 two broadband Stokes la
sers are used in conjunction with a pump laser and a com
bination of two- and three-color wave mixing processes 
occurs simultaneously, assuming all are phase matched. 
The two, two-color sequences are normal two-color 
CARS processes as in the dual Stokes method described 
previously. However, in addition, there is the three-color 
wave mixing sequence for Raman resonances that corre
spond to the frequency differences between ω2 - ω2 . 
Since the frequency difference range spanned by two 
broadband sources is quite large, Raman resonances over 
a several hundred wavenumber range can be blanketed. 
The dual broadband CARS signature resides at the fre
quency 

ω3 = ω1 + (ω2
 — ω2 ) = ω2 + ωc (4a) 

and is the same as would pertain in a two-color wave mix
ing process for an o>c Raman resonance. In the same fre
quency region there is also a contribution from ω1 - ω2 

resonances, i.e., 

This contribution will be highly smeared spectrally since it 
is the broadband ω2 scattering from the excited Raman 
coherences at ω1 - ω2 = ωB. Depending upon the relative 
concentrations of the species C and B, this background 
could be negligible or may have to be accounted for to 
perform accurate measurements. 

The spectral positioning of the two broadband dye la
sers clearly depends on the application and species of mea
surement interest. For hydrocarbon-fueled combustion, 
the spectral location of the various major species reso
nances is quite fortuitous. In the most common approach, 
the two Stokes sources are positioned to generate CARS 
from major combustion products, namely C O 2 and H 2 O . 
The H2O Raman bandhead is situated at 3657 cm-1, the 
major bands of C O 2 at 1285 and 1388 c m - 1 . Centering 
the C O 2 Stokes source near 1326 c m - 1 permits full cover
age of the C O 2 band system. The frequency difference of 
2331 c m - 1 between the two broadband sources permits 

excitation of the N 2 Raman resonances from which the ω1 

pump beam scatters to generate the CARS signature. Since 
N 2 is the dominant constituent in airfed combustion and 
nearly inert chemically, it is an ideal thermometer. Other 
species possess Raman resonances in the broad frequency 
difference range spanned by the two broadband sources, 
notably C O at 2143 c m - 1 , and are detectable if sufficient
ly abundant. There are a variety of alternate spectral 
placement strategies that may be preferable depending on 
the specific diagnostic circumstance. 

Figure 3 displays CARS signatures from C O 2 , N 2 and 
H2O generated simultaneously in the postflame zone of a 
premixed methane-air flame. Although generated simulta
neously, the signals were sequentially recorded due to the 
dispersion desired for quantitative measurements, i.e., 
~20 cm - 1 /mm. This precludes simultaneous recording on 
the optical multichannel detector in a conventional spec
trograph for well-separated vibrational resonances. To 
overcome this l imitat ion, specially-designed spectro
graphs, such as the one shown in Fig. 4, have been con
structed to permit the simultaneous recording of all the 
CARS signals at relatively high dispersions. 

Despite the use of two broadband sources in the three-
color wave mixing, the CARS spectral resolution is gov
erned, as in two-color processes, by the spectral width of 
ω1 and/or the resolution of the spectrograph employed. 
This is due to the Raman resonances being well defined by 
the specific molecular constituents and not by the manner 
in which the resonances are excited. 

It should also be noted that the three-color dual broad
band process will not be as intense as a normal two-color 
process due to the intensity difference between a pump 
laser and a Stokes source, i.e., I1

2I2 versus I1I2I2 . However, 
it will not be as weak as one might initially suspect due to 
the spectral integration aspect of dual broadband CARS, 
i.e., many frequency combinations drive each Raman reso
nance. For a resonance centered between two, equally-
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FIGURE 3. CARS signatures of CO2, N2 and H2O simul
taneously generated in the post-flame zone of a meth
ane-air flame using dual broadband CARS. A combina
tion of planar and folded BOXCARS phase-matching 
geometries was employed. 



broad Stokes lasers, all of the energy in each laser is em
ployed in the wave mixing. This is unlike normal two-
color broadband CARS where only a thin spectral slice of 
the Stokes laser drives the Raman resonance. Due to the 
increase of the CARS signal with increasing pressure, dual 
broadband CARS should be capable of single pulse mea
surements of the major constituents at the elevated pres
sures typical of gas turbines, internal combustion engines 
and burning propellants. Furthermore, in dual broadband 
CARS, a beneficial spectral averaging may occur resulting 
in improved single pulse spectral quality. 

For all wave mixing combinations to occur, each must 
be phase matched according to a diagram similar to that 
shown in Fig. 1. There are a number of schemes for doing 
this involving planar or folded B O X C A R S or combina
tions thereof. 7 , 8 A particularly simple arrangement8 is 
shown in Fig. 5, which exploits the annular output of the 
diffractively-coupled unstable resonator often employed 
for the ω pump laser. In this scheme, the two Stokes 

FIGURE 4. Specially-designed spectrograph that permits 
the capture of widely-separated vibrational CARS signa
tures onto an optical multichannel detector at high spec
tral dispersion. 

FIGURE 5. Dual broadband USED CARS phase-match
ing geometry. USED CARS is an acronym for Unstable-
resonator Spatially Enhanced Detection coherent anti-
Stokes Raman Spectroscopy. 

beams are coaxially aligned and placed inside the annular 
pump beam. A l l processes are three-dimensionally phase 
matched and good spatial resolution results due to the ab
sence of any collinear beam overlap. 

Dual pump-Stokes CARS 
The last technique shown in Fig. 2 is a hybrid technique 

termed dual pump-Stokes CARS due to the fact that the 
low Raman shift source, ω2, can serve as both a pump and 
Stokes source. It may be considered a specialized variant 
of dual broadband CARS. If the low frequency Raman 
resonance is narrow, the strength of the two-color CARS 
signal is greatly enhanced by contracting the ω2 band
width. In so doing, this will sharpen the underlying, nor
mally diffuse background spectrum in dual broadband 
CARS for ω1 — ω2 resonances, Eq. (4b), producing two 
well-defined spectral signatures in close proximity as in 
the dual pump approaches. This situation arises in exam
ining multi-color strategies for H 2-air combustion. One 
Stokes source is centered at 3657 c m - 1 to track the ap
pearance of H2O product in the reaction. Subtracting the 
N 2 Raman shift approximately, one positions the low Ra
man shift source at 1246 c m - 1 to generate H 2 CARS from 
its pure rotational S(4) transition which is very sharp. This 
permits the disappearance of the fuel to be tracked. 

By making this laser narrow to enhance the two-color 
mixing, an H2O signature appears along with N 2 in the 
three-color "dual broadband" process. The H2O band-
head occurs 80 c m - 1 to the high frequency side of the N 2 

signature, i.e., (3657-1246)-2331. Hydrogen-fueled com
bustion is receiving much emphasis currently for hyper
sonic flight vehicles such as the "Orient Express." 

Simplified pure rotational CARS 
A variant of dual broadband CARS has led to a new 

and very simple approach to pure rotational C A R S . 9 Pure 
rotational CARS is of interest due to its thermometric ac
curacy at low temperatures, e.g., < 1000 K and the fact 
that its transitions in N 2 remain well separated even at 
high pressures, thus avoiding the complications of model
ing collisional narrowing in the spectra. Despite these fea
tures, pure rotational CARS has not seen widespread diag
nostic use since it is cumbersome to implement. To excite 
pure rotational resonances, the Stokes laser must be 
placed in close spectral proximity to the pump. However, 
dye laser physics precludes dye laser output spectrally 
close to the pumping source. Thus, with N d : Y A G based 
CARS systems, one must generate both the third and sec
ond harmonics simultaneously at considerable power loss 
to the latter. The third harmonic is used to pump the 
Stokes dye laser. 
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Quite importantly, the broadband Stokes 
laser can be arbitrarily positioned in a 

spectral sense. 

To perform dual broadband CARS for rotational Ra
man resonances in the 0-150 c m - 1 range, the two Stokes 
sources have to be considerably overlapped—so over
lapped, in fact, that one can simply employ a single broad
band dye laser (Fig. 6). Different frequency combinations 
within the broadband laser excite the rotational Raman 
coherences from which the ω1 pump scatters. Quite im
portantly, the broadband Stokes laser can be arbitrarily 
positioned in a spectral sense and third harmonic frequen
cy generation from the N d : Y A G laser is not necessary. 
Since precise spectral positioning of the dye laser is not 
required, calibration is eliminated and spectral shifting of 
the Stokes laser does not affect measurement accuracy. 
One needs to know only the shape of the amplitude pro
file, not its precise spectral location. Thus, the dye laser 
frequency can be selected on the basis of maximizing the 
output power or exciting a selected vibrational mode in 
addition. 1 0 

Another advantage of this new approach is the very 
good discrimination against the pump laser that can be 
obtained. This is achieved utilizing crossed-beam phase 
matching, Fig. 6, either planar or folded. Since the pure 
rotational CARS is situated in the green region of the spec
trum relative to the 532 nm pump, discrimination is expe
dited further by placing the solitary Stokes laser at wave
lengths beyond 600 nm. Figure 7 displays the pure rota
tional CARS spectrum of O2 generated using this new 
approach via planar crossed-beam phase matching. With 
this method, the CSRS (coherent Stokes Raman spectros
copy) spectrum is also simultaneously generated. Note the 
absence of any interfering emissions at zero Raman shift. 
Examination of the signal intensity indicates that single 
shot thermometry in flames should also be feasible. Due to 
the dual integration aspect of dual broadband CARS, nor
malizing the CARS spectra for dye laser irregularities may 
not be necessary, although this aspect requires further in
vestigation. 

Conditional sampling 
In diagnostic investigations of practical flame systems, it 

is often desirable that each instantaneous temperature 

FIGURE 6. A simplified approach to pure rotational 
CARS where the pump and Stokes wave-mixing lasers 
have arbitrary spectral separation. Phase matching can 
be accomplished either in a plane or three-dimensionally. 
A planar crossed-beam geometry is shown. 

FIGURE 7. Pure rotational CARS/CSRS spectrum of O2 

generated using the simplified approach to pure rota
tional CARS. 

measurement be "conditionally sampled," i.e., tagged, for 
either fuel and/or carbonaceous soot particle presence. 
This is due to the fact that temperature plays a controlling 
role in soot formation and burnout. By conditionally sam
pling the temperature probability distribution function, it 
is hoped that the understanding between soot particle for
mation/expulsion and the combustion process will be im
proved. Multi-color techniques are clearly well suited to 
providing the additional information. The presence of fuel 
is sensed through wave mixing in the fuel constituents or 
major fuel pyrolysis products. Soot-sensing strategies are 
based on the spectroscopic detection of C 2 produced dur-
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FIGURE 8. Spectroscopic approaches to the detection of 
the small, carbonaceous soot particles formed during hy
drocarbon-fueled combustion. 

ing laser vaporization of the carbon particles by the wave-
mixing laser beams (Fig. 8). The C2 can be detected either 
through Raman-resonant wave mixing or purely electroni
cally-enhanced CARS. The latter is possible due to the 
many C 2 Swan band features throughout the CARS (rela
tive to 532 nm) spectral region. The Raman-resonant 
wave mixing has been found to be quite intense and much 
stronger than the purely electronically-enhanced CARS. 
The former probably benefits from some electronic en
hancement as well. The sampling strategies for thermome

try, soot, and fuel can be integrated together using the var
ious multi-color approaches to C A R S previously de
scribed. 1 1 
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