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Application of CARS spectroscopy for diagnostics in high temperature 

environment 

Abstract: 

Marcus Alden 

The Combustion Centre 

Lund Institute of Technology 

P.O. Box 118, S-221 00 Lund 

Sweden 

Different applications of Coherent anti-Stokes Raman Scattering (CARS) 

for non-intrusive diagnostics at high temperatures are reviewed. Its 

application to small laboratory flames and large-scale (10 x 10 m) 

furnaces are described as well as probing 

Finally the potential of using pure 

in electrical discharges. 

rotational CARS and its 

applicability to flame measurements are described. 



I. Introduction 

During the last two decades several laser spectroscopical techniques 

have been developed and applied in different areas for diagnostic 

purpuses. One of the areas which has benefitted most from these new 

diagnostic techniques is the combustion field in which non-intrusive 

spatially and temporally resolved measuremnts are of great importance 

for a more complete picture of phenomena related to this field. One of 

the techniques that has proven to have a great potential for high 

temperature diagnostics is Coherent anti-Stokes Raman Scattering or 

CARS. The main advantages with CARS spectroscopy compared to e.g. 

spontaneous Raman Scattering (RS) for diagnostic purpuses is the 

coherent nature of the CARS process and the signal strength, which 

could be on the order of 10 6 times stronger than RS. Another advantage 

with CARS over RS is that the CARS signal is generated in a spectral 

region where fluorescence, induced by the laser beams, is almost 

absent.· This fact is of special importance when probing in sooty and 

particle laden environment where the weak RS is masked by broadband 

fluorescence from soot particles and large molecules. 

The theory and first demonstration of this non-linear optical 

[1], phenomenon was shown in the mid-sixties by Maker and Terhune 

however, it was not until 1973 its application to combustion and high 

temperature diagnostics was proposed by Taran and coworkers [2]. Since 

this demonstration on H2 molecules in a stable well defined H2 /air 

flame, the technique has been used in several applications; 

see e.g. Refs. [3-10]. 

II. Brief theory and background 

The CARS theory is rather complex and in this paper only a brief 

overview will be given, for further details we refer to references 

cited below. 
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The CARS effect may be described as an interaction of two photons from 

one laser beam at frequency w , and one photon from a laser beam 
p 

at frequency ws through the third-order nonlinear susceptibility 

X( 3 ) to generate an anti-Stokes photon at WAS= 

=2wp-wS. The CARS generation can be described both 

classically using Maxwell's equations or quantum-mechanically 

utilizing the density matrix theory, e.g. as described by St. Peters 

[u], DeWitt et al. [12] and by Druet et al. [u]. 

It can be shown that the CARS intensity IAS at frequency wAS 

may be written [14] 

2 
41T w 

I = [ AS 
AS 2 

c 
( l) 
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where Ip and Is are the laser intensities of the pump and 

Stokes beam, respectively, and z is the path length from which the 

CARS signal is generated. Following the presentation in Ref. 14, the 

third-order susceptibility can be divided into a resonant and a 

non-resonant part 

( 2) 

where the non-resonant part XNR• arises from electronic 

transitions and remote Raman transitions, and XR consists of one 

real and one imaginary part. For a Raman transitions j we thus have 

2c 4 dcr wJ. 
X = X I + i X II = Nll b ( ) --..,..---.....::....---:,-;;-----

R h(;J'i" · · dll · w. 2 -(w -w ) 2 -if. (w -w ) 
s J J J J p s J p s 

( 3) 

In this equation Nllj is the population difference between the 

initial and final states, b. is the line strength factor, dcr/dll 

is the· Raman cross-secti6n for the molecular species and r. is 

the Raman linewidth. Examining Eqs. (1)-(3) several dirferences 

between CARS and spontaneous Raman scattering can be seen. Firstly, 

the CARS signal is highly nonlinear in both number density, laser 

intensity and Raman cross-section, whereas ordinary Raman scattering 

has a linear dependence of these factors. Secondly, the CARS process 

involves the population difference between the levels involved in the 

process, which means that NLlJ is equal to N for low temperature 

and 0 for infinite temperature. Finally the CARS process also involves 

the Raman linewidth r .. From Eqs. (2) and (3) it can be seen 
J 

( 4) 

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 XNR· This can be explained 

according to Fig.l, which shows the behaviour for a strong weak and a 

line. If XNR is small, the resulting CARS lineshape is given by 

X' 2 + X" 2 and does not reveal any unusual spectral features as shown 

in Fig. la. However, if XNR is large in Eq. (4), the resulting 

CARS lineshape is given by 

( 5) 

4 

which means that the CARS resonance appears as a modulation of a 

background as shown in Fig. lb. The occurence of XNR is limiting 

the possibility to detect small number densities, and several 

approaches have been suggested to avoid this problem, e.g. by 

polarisation supression [1s]. When several resonances are present, as 

in a rotational-vibrational molecular band, the resulting CARS 

spectrum is further complicated through strong interactions of 
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neighbouring resonances and the background. Thus a computer code 

describing Eqs. (l)-(3) is needed to generate theoretical spectra, 

which can be used for evaluation of recorded spectra. As an example of 

computer generated CARS spectra, theoretical spectra of N2 at 

different temperatures are shown in Fig. 2. The spectroscopic 

constants for N2 are from Gilson et al. [16] and a dependence of Raman 

linewidth f on the rotational quantum number J as given by Hall [17] 

is accounted for. The occurrence of an increasingly prominent 

vibrational hotband, v=l + v=2, for increasing temperature is observed 

together with rotational lines of increasing strength. For the chosen 

laser linewidth only the even-J rotational lines are resolved whereas 

the odd J-transitions appear only at higher resolution. The difference 

in rotational line intensities is due to a nuclear-spin effect, 

accounted for by a multiplicity factor gJ included in the 

individual Raman cross-sections in eq. (3). For N2 (I( 1 ~N) = l)gJ 

is 6 for even-J lines and 3 for odd-J lines. The ratio 2 results in an 

intensity factor of 4 due to the quadratic dependence on x( 3 ). 

The origin for the CARS process may be schematically described by an 

energy-level diagram as shown to the left in Fig. 3, where two photons 

at w and ws beat the Raman vibration wR, which then is 

coupled to a second w photon and give rise to an anti-Stokes 
p 

photon at (W -ws)+w = wAs· In order to achieve 

high efficienc~ in th~ CARS process it is important to fulfil the 

phase-matching condition, which is illustrated to the right in Fig. 3. 

The simplest type of phase-matching is the collinear approach (at the 

top), but since the spatial resolution normally is too low with this 

approach, the BOXCARS approach, shown in the middle, was introduced by 

Eckbreth [18]. However, when probing Raman transitions with small 

shifts, also this technique may be troublesome. This problem was 

solved by the introduction of folded BOXCARS (at the bottom), where 

all the input laser beams are spatially separated [19-21]. 

Until the mid-seventies the CARS technique was limited to stationary 

media since a CARS spectrum was recorded when the narrow-band laser 

beam at ws was frequency tuned through the Raman resonances, i.e. 

when wR = wp- ws. This procedure takes several minutes 

and thus excludes probing in non-stationary media, e.g. turbulent 

flames, sparks etc. However, in 1976 Roh et al. [22] showed how a 

single-shot CARS spectrum could be generated. This technique which is 

illustrated in Fig. 4 is based on the use of a broadband dye laser 

(~100-200 cm- 1 ) which covers all vibrational/rotational Raman 

transitions of the molecule under study. The broadband behavior of the 

dye laser is simply achieved, either by using a mirror instead 

grating or by using the grating in zeroth order. The CARS beam 

is anti-Stokes shifted from the pump beam is thus broadband and 

of the 

which 

has to 

be dispersed with a spectrograph and consequently detected with an 

optical multichannel analyzer. The spectra in Fig. 4 is an example 



from measurements on Nz• The dye-laser spectral distribution is tuned 

to the correct region, e.g. by changing the dye concentration. In the 

figure four single-shot dye-laser spectra and one single-shot 

corresponding CARS spectrum are shown using a 1 m spectrograph. 

Whereas in scanning CARS the spectral resolution of the spectra is 

given by the linewidth of the lasers used, the resolution in broadband 

CARS is given by the dispersion of the spectrograph. 

III CARS Applications 

III.l Vibrational CARS 

An experimental set-up for CARS spectroscopy studying vibrational 

Raman resonances is shown in Fig. 5. In most cases the second harmonic 

from a Nd:YAG laser is used both as pump beam at wp in the CARS 

process·and also for pumping a dye laser which produces the Stokes 

laser at ws. The beams are arranged according to the BOXCARS 

configuration and focused and crossed in the flame with a lens L. The 

CARS beam generated from the common crossing point of the incident 

laser beams follows the properties of the primary laser beams. Thus, 

in order to recollimate the signal a second lens L is used. Since the 

CARS beam is generated almost collinearely with the isolated pump 

beam, a dichroic mirror is used to spectrally isolate the CARS beam. 

In Fig. 5 is shown both the set-up for scanning CARS using a 

photomultiplier tube and boxcar integrator and the detection scheme 

for broadband CARS consisting of some spectrograph and a diode-array 

detector (DA) connected to a multichannel analyzer. A diode array does 

normally consist of 512 or 1024 intensified diodes 25 ~m x 2.5 mm 

each, which can be gated to discriminate against continous background, 

e.g. flame emission. As example of different CARS spectra of molecules 

of interest in combustion diagnostics Fig. 6 shows some broadband 

BOXCARS spectra [10]. The spectrum of Oz is the one that resembles 

that of Nz most, however, every second line in this spectrum is 

missing due to the nuclear spin effect (I( 16 0)=0,gJ=O for even 

6 

J). Another diatomic molecule shown in the figure is Hz. This light 

molecule has an extremely large rotational constant. This fact makes 

it easy to resolve all the individual rotational transitions in the 

Q-branch. The nuclear-spin-weighting factor for Hz are 3 and 1 for 

odd- and even -J transitions, respectively (I( 1 H)=l/2). This results 

in a nine-fold intensity alternation between rotational transitions in 

the Hz CARS spectrum. The large splitting between the J-transitions 

makes Hz CARS spectra well suited for ~emperature measurements. H20, 

being a polyatomic molecule, has a more complicated CARS spectrum than 

the diatomic molecules discussed so far. A recording is included in 

Fig. 6. Nevertheless, it has been possible to obtain excellent 

agreement between experimental and theoretical CARS spectra of H2 0 

[23]. The CARS spectrum of CH~, shown in the figure, is too 

complicated to be completely analyzed; identified is only the strong 

Raman-allowed transition at a shift of 2916 cm- 1 • 
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As was mentioned in the introduction CARS has shown to have great 

potential for real word applications. One of the first demonstrations 

of this kind was CARS experiments on a semi-industrial oil furnace 

[a]. A couple of years ago we initiated a project aimed at 

investigation of the potential for making CARS experiment in a 

full-scale (10m x 10m) industrial coal furnace [7]. For this purpose 

a movable CARS table was built, where collinear CARS was used for its 

simplicity. In order to increase the inherently bad spatial resolution 

with collinear CARS, a beam expander was used to increase the 

laser-beam diameter about a factor of three. The laser beams were then 

focused with a lens, f=5m, through an inspection hole, into the 

furnace. On the opposite side of the furnace, also after an 

inspection hole, the generated CARS beam was recollimated with a lens, 

f=3m, and detected similary as was shown in Fig. 5. During the 

experiments it was evident that the large beam attenuation through the 

furnace (5% transmission) made it impossible to make any broadband 

experim~nts because of consequent-low signal intensity. Therefore the 

dye laser was used narrowband c~o.4 cm- 1 ) and then a CARS signal was 

clearly detected using a photomultiplier tube and a gated integrator. 

In Fig. 7 is shown a schematic view of the experimental set-up. The 

nine coal fired burners produce in total 150 MW of heat. In the figure 

is also inserted a CARS spectrum of N2 molecules, taken from the 

boiler b), whereas a) shows a computer generated CARS spectrum at 900K 

for comparison. Clearly, it is not quite adequate to make a scanning 

recording in a temperature fluctuating medium since a cool 

contribution to the CARS signal will be weighted stronger than a warm 

one. In order to get 

p.d.f. (probability 

single-shot spectra, 

a true temperature and to build up a temperature 

distribution function) based on several 

it is necessary to achieve the temperature 

information in a single laser pulse. One way to achieve this in a 

signal-intensity situation is presented in Refs. 24 and 25. 

technique is based on the use of a dye laser emitting only 

low 

This 

two 

narrow-band wavelengths instead of a broad wavelength distribution. 

The two-color dye laser is achieved by using a wedge in the dye-laser 

cavity as shown in Fig. 8 [24]. With a proper wedge, which covered 

half of the expanded laser beam in the cavity, it was possible to get 

a dye-laser beam with wavelengths centered at the fundamental band and 

hot band in N2 , i.e. approximately seven Angstrom apart. The apparent 

advantages with the two-color CARS approach is thus; l) higher signal 

strength since the dye-laser power is brought into only two components 

(the signal increase is about a factor of thirty.) 2) The temperature 

can be determined much faster than if a complete fitting procedure is 

used. This is of special interest when probing in turbulent media 

where several single-shot CARS spectra have to be used in order to 

build up pdf's. 3) It is possible to use photomultiplier tubes instead 

of diode-array detectors, which are much cheaper and probably have 

higher sensitivity. The disadvantage with the technique is that since 

only two components are being analyzed, the temperature accuracy is 



expected to be somewhat lower. We have 

accuracy by measuring 1000 single shot 

steady flame. The standard deviation 

whereas the same figure using a broadband 

made preliminary tests of the 

temperatures in a laminar 

of the temperature was ~80K, 

dye-laser and a complete 

regression analyses is ~50K. However, by using a correct referencing 

scheme, e.g. as described in Ref. 26 the number should be possible to 

decrease further. 

Another area in which the CARS technique is very attractive is in 

probing in electrical discharges and sparks. Here the possibility to 

measure both rotational and vibrational temperatures is of great 

importance since these are not necessarily the same. An example of a 

CARS spectrum of N2 in a DC electrical discharge is shown in Fig. 9 

[10]. Comparing this spectrum with those shown in Fig. 2 it is clearly 

evident that non-thermal equilibrium prevails. The rotational 

temperature is rather low, ~450K, whereas the vibrational temperature 

is much·higher ~2800K. 

III.2 Rotational CARS 
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So far only CARS measurements using vibrational Raman transition have 

been described. However, it is also possible to use pure rotational 

transition for diagnostic purpuses. The advantage with rotational CARS 

is that several species can be measured using only one single dye 

laser. Since the rotational transitions are normally separated with 

several wavenumbers it is also very easy to interprete the spectra, 

even without using a sophisticated computer code as was described 

above for vibrational CARS. Historically the main disadvantage with 

rotational CARS was the difficulty to spectrally isolate the signal 

from the primary laser beams which were separated only some tens of 

wavenumbers and of course several orders of magnitude stronger than 

the CARS beam. The first demonstration of pure rotational CARS was on 

H2 molecules [27]. However, due to the large rotational constant of 

this molecule the laser interferences were not too troublesome. The 

breakthrough came when the folded BOXCARS concept was introduced 

[19-21]. Here it was possible to spatially separate the rotational 

CARS beam from the laser beams and thus achieve a rotational CARS 

spectra free from interferences from the primary laserbeams. In Fig. 

10 is shown rotational CARS spectra of N2 , at the top in room air, and 

at the bottom from a flame (~2000K). It is evident that the spectrum 

is broadened and that the peak intensity is shifted towards higher 

J-quantum numbers as the temperature is increased. The spectra in Fig. 

10 were achieved by scanning the dye laser. In this case the frequency 

doubled output at 532 nm was used as pump beam, as in vibrational 

CARS, whereas the third harmonic at 355 nm is pumping the dye laser 

with coumarin 500 as dye. Unfortunately coumarine dyes are rather poor 

what regard efficiency, stability and spectral noise, which has 

limited the use of rotational CARS, although rotational CARS 

experiments using an excimer laser pumping two dye lasers has also 

been reported [28]. 
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Very recently a new technique has been proposed for generation of 

rotational CARS spectra which eliminates many of the previous problems 

[29,30]. This new technique, called rotational dual broadband CARS, 

utilizes one narrowband green laser at 532 nm and one broadband 

dye-laser beam split into two components and centered at an arbitrary 

wavelength. The principle for this technique can be described by 

looking at Fig. 11. One can see that a rotational Raman excitation is 

beaten by two photons, one from each broadband dye-laser beam so that 

each Raman transition is driven by an infinite number of 

frequency-difference pairs all equal to the specific rotational Raman 

transition. Once driven, the Raman excited vibration is coupled to a 

photon from the green beam at 532 nm thus producing a rotational CARS 

component in the vicinity of the pump beam. By looking at the 

phase-matching diagram for this CARS technique it is evident that a 

planar BOXCARS approach can be used where the rotational CARS beam is 

generated collinearely with one of the dye-laser beams. Since the 

wavelength of this beam can be choosen arbitrarily it is possible to 

spectrally isolate the CARS beam by a simple dichroic mirror as in 

vibrational CARS. In Fig. 12 is shown a single shot rotational CARS 

spectrum of 0 2 molecules at room temperature. An advantage with this 

technique is that each Raman component is a result of several 

frequency pairs from the dye laser, thus even in single shot an 

avereging effect does occur which will lower the noise and thus 

increase the temperature accuracy. Another advantage is of course that 

very stable and highly efficient rhodamine dyes can be used. An 

interesting feature with this technique is also that by using one 

additional green beam, i.e. in total four beams two green and two red, 

it is possible to produce simultaneously rotational and vibrational 

CARS spectra [30]. In this case a double folded BOXCARS approach is 

used and the dye laser is centered where the vibrational Raman 

resonance is, i.e. ws=wp- wR. For N2 this means that 

rhodamine 640 is used as dye and centered at 607 nm. This new 

technique for producing rotational CARS spectra has also been used for 

measurements in flame environment and these results as well as 

accuracies and detailed comparisons with vibrational CARS and 

conventional rotational CARS will be presented elsewhere [31]. 

IV Summary 

As has been described the CARS technique has a considerable potential 

for diagnostic purpuses in different high-temperature environment. The 

features as being a coherent process producing the signal as a new 

laser beam,the large signal strength, the non-intrusivness and to 

yield high spectral, spatial and temporal resolution are of 

considerable advantage in all kinds of applications. 
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Of special current interest in terms of CARS accuracy is the question 

of CARS noise, both for resonant and non resonant gases when using 

single and multimode YAG lasers. Several experimental and theoretical 

investigations have been made in this field, see e.g. Refs. 26, 32-34. 

Another field of interest is high-pressure applications, e.g. for the 

automobile industry. The problems in this field are the pressure 

induced effects that affect the spectral shapes, e.g. motional 

narrowing. 

With the same slope of achievment in the future as has been in the 

past years, it is most probable that the CARS technique will be a tool 

that might be useful also outside the laboratory, e.g. for control and 

steering of industrial processes. 
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Figure Captions 

1. The CARS line shape for different values of XR and XNR· la shows 
a strong line XR>>XNR· lb shows a weak line XR~XNR· 

2. N2 CARS spectra at different temperatures. 

3. The energy level diagram describing the CARS process (to the 

left), And different phase-matching conditions (to the right). 

4. Principle of broadband CARS 

5. General CARS set-up 

detection. 

illustrating scanning 

6. Broadband CARS spectra of 0 2 , H2 , H2 0 and CH~. 

and broadband 

7. Schematic view of the CARS experiments in a 150 MW coal 

fired furnace. Inserted is also an experimental and a computer 

generated CARS spectrum. 

8. Experimental approach for producing a two-color dye laser. 

9. N2 CARS spectrum from a DC discharge. 

10. N2 Rotational CARS spectra 

a) from room air 

b) from a Bunsen burner flame (T~2000K). 

11. Energy level diagram illustrating the principle for rotational 

dual broadband CARS. 

12. Single shot 0 2 rotational CARS spectrum at room temperature 

produced using rotational dual broadband CARS. 
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