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The application of coherent anti-Stokes Raman scatter
ing (CARS) as a measuring tool in combustion diagnostics is 
well documented (e.g., Ref. 1). In the first CARS measure
ments the wavelength of a dye laser at frequency ωs was 
scanned through the wavelength region of the Stokes Raman 
band, determined by a fix-frequency laser at ωρ. The Raman 
shift of the studied molecule is then given by ωp - ωs = ωR. 
The CARS signal is generated through the third-order non
linear susceptibility χ(3) and observed at ωAs = 2ωp - ωs. 
These early CARS measurements were clearly limited to 

stationary phenomena, e.g., laminar flames. In 1976 Roh et 
al.2 showed that a complete CARS spectrum could be cap
tured in one laser pulse by using a broadband (~150-cm-1) 
dye laser and a spectrograph followed by optical multichannel 
detection. A broadband laser profile can easily be obtained 
either by using the dye-laser grating in zeroth order or by re
placing the grating with a totally reflecting mirror. 

The CARS technique with the broadband approach has 
been used in various real-world applications, e.g., Refs. 3-7. 
In some of these experiments the aim was to measure proba
bility distribution functions (pdf's) of temperature, which 
require at least a thousand single-shot CARS spectra to be 
statistically significant. The temperature from each single-
shot measurement is normally evaluated by regression anal
ysis of the experimental and theoretical generated CARS 
spectra. Clearly, with thousands of spectra this is a delicate 
task even for a very advanced computer. 

The time-consuming analysis of the broadband CARS 
spectra was avoided by Eckbreth et al.8 by using different 
quick-fit methods. Then only parts of the broadband spectra 
were evaluated and compared to theory. In one such quick-fit 
method the temperature pdf was obtained by taking the ratio 
of the intensity of the fundamental band to that of the hot 
band of the studied N2 molecule and comparing these ratios 
with those obtained from theoretical spectra. 

In this Letter we report on an alternative quick-fit tech
nique. Instead of using a broadband dye laser we have used 
a dye laser with only two wavelengths. The two-wavelength 
operation of the laser was achieved by using a wedge in the 
dye-laser cavity. With a proper inclination angle of the 
wedge, which covered half of the expanded laser beam in the 
cavity, it was possible to get a dye-laser beam with wave
lengths centered at the fundamental band and at the hot band 
of the N2 molecule, respectively. The approach of using a 
wedge in the dye-laser cavity to achieve lasing at two wave
lengths was shown in 1975 by Schmidt.9 We have modified 
a commercial Quanta-Ray PDL-1 dye laser for our measure
ments. The arrangement is shown in Fig. 1. The pump beam 
at 532 nm is focused on the dye cell, and the dye-laser cavity 
beam is expanded by a prismatic beam expander to a sheet of 
~1 X 25 mm. The wedge, which is made of quartz and has an 
inclination angle of ~0.8°, was then inserted into the beam 
as shown in the figure. Half of the beam is refracted in the 
wedge and meets the grating in a slightly different angle than 
the unrefracted light, thus producing a different wave
length. 

The experimental setup for testing the two-color CARS 
technique was similar to the one described in Ref. 10 except 
for the wedge in the dye laser. A Quanta-Ray DCR-1A Nd: 
YAG laser, producing ~220 mJ at 532 nm in 6-nsec pulses, was 
used. Ten percent of this power was split off and served as 

Fig. 1. Experimental approach for producing two wavelengths using 
a wedge. 
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a pump beam at ωp in the CARS process, whereas the rest of 
the green light was pumping the dye laser producing a Stokes 
beam at ωs of ~25 mJ around 607.3 nm. The laser beams 
were then aligned according to the BOXCARS approach,11 

permitting spatial resolved measurements, and focused in a 
premixed CH4/air flame with a f = 30-cm lens. The laser 
beams, two at ωp, one at ωs, and the CARS beam at ωAS, were 
recollimated with a second f = 30-cm lens. After the lens a 
dichroic mirror and an interference filter (HWHM = 10 nm), 
centered at the N2 anti-Stokes wavelength at 473.3 nm, were 
used to isolate spectrally the CARS beam. The CARS beam 
was then directed to a 2-m Ebert spectrograph with a dis
persion of ~1 Å/mm in fifth order and detected with a Tracor 
Northern diode-array detector TN-4IG, which was placed at 
the exit plane of the spectrograph. The detector array, which 
consists of 1024 diodes (2.5 mm X 25 μm), is placed behind an 
image-intensifier stage, and the system is gateable down to 
0.5 μsec for background suppression. To synchronize the 
laser pulse with the detector gating and readout, a special 
master trigger unit was constructed. The recorded CARS 
signals were stored on a Logic Data P80 CPM computer for 
subsequent data processing. 

The two dye-laser beams were analyzed, and the wedge in 
the dye-laser cavity was adjusted by monitoring in real time 
with the diode-array detector. To check the dye-laser fluc
tuations from shot-to-shot a reference CARS setup was added 
to the experiment by splitting off laser light to a cell with argon 
at 7 atm. CARS beams were produced in the cell at two 
wavelengths through the nonresonant background of the 
third-order susceptibility χN(3)R. The signal and reference 
CARS beams were focused at the entrance plane of the spec
trograph, where the slit was rotated 90° to allow all the beams 
to be dispersed and recorded beside each other on the detector 
array. 

An experimental result is shown in Fig. 2, which is a pho
tograph of the Tracor Northern display. The CARS signals 
corresponding to the fundamental and to the hot band of N2 
molecules in the flame are shown to the left in curve α, and the 
corresponding reference peaks are shown to the right in this 
curve, which is a single-shot registration. A CARS spectrum 
measured with the dye laser in a scanning mode is shown for 
comparison in curve 6 in the figure. This spectrum also 
served as reference, determining the resolution which is to be 
used for the computer-generated CARS spectra. It was also 
used as a wavelength scale for the dye-laser beams, since the 
ratio of the intensity of the fundamental band to that of the 
hot band is critically dependent on the wavelengths used. As 
pointed out by Eckbreth et al. in Ref 8, generating accurate 
reference spectra for normalization with a multimode pump 
laser is not trivial due to mode-hopping of the dye laser. The 
normalization procedure described here is a rough approxi
mation. 

Since no isothermal tube furnace was available, the pre
mixed methane/air flame was used as a constant temperature 
object. These preliminary single-shot experiments revealed 
a mean temperature of 2075 K with a standard deviation of 
200 K. The standard deviation of the temperature is partly 
due to the fact that the methane/air flame was not a stable 
source. Furthermore, it was realized that the diode-array 
detector suffers from severe saturation. Thus the CARS 
signals had to be attenuated to ~600 counts/shot; i.e., the 
detector shot noise was not negligible. This difficulty has 
been discussed previously by other groups in CARS experi
ments with a similar detector array.12 

Clearly, the approach described above cannot be as accurate 
as a complete regression analysis, but it has certain distinct 
advantages. First, as stated, the computer time will be con-

Fig. 2. Display of the optical multichannel analyzer: (a) CARS 
signals at two wavelengths produced in the flame (left) and the cor
responding reference signals (right); (b) CARS spectrum measured 
with a scanning dye laser to determine the resolution and exact po

sitions of the two wavelengths. 

siderably lower. Second, the signal strength can be much 
higher than in a broadband measurement. In our case the 
signal was increased by a factor of ~20, which will be advan
tageous in measurements in environments with high particle 
contents. We are currently planning to do measurements in 
a full scale coal furnace, where the soot attenuation may be 
severe. Furthermore, complex fuels may give large differ
ences in XN(3)R. This can be overcome by applying a polarization 
technique which suppresses the XN(3)R term.13 As the CARS 
signal then is reduced by an order of magnitude, the two-
wavelength approach is favorable. 

Spark diagnostics is another field where we want to apply 
this new technique. In this case a very high spatial resolution 
is required, and then the laser power is limited to avoid gas 
breakdown in the probe volume. The two-wavelength ap
proach may then be useful, whereas the broadband CARS 
technique may give too low signal strengths. 

Goss et al.4 and Eckbreth14 have demonstrated methods 
in which the problem with the large dynamic range in CARS 
measurements on turbulent combustion is partly overcome 
by splitting the beam of detection into several beams of de
creasing magnitude. In the two-color CARS technique dis
cussed here, their methods can be applied. The problem is 
minimized in our standard setup. The dynamic range in a 
CARS experiment is determined by the dynamic range of the 
fundamental band intensity and the one of the hot band 
studied. By decreasing the intensity of the dye-laser wave
length corresponding to the fundamental band and increasing 
the other one, the individual dynamic ranges are changed, and 
the resulting total dynamic range is decreased. The dye laser 
intensities are easily varied by simply changing the position 
of the wedge in the setup described. 

The two-color CARS technique described here could, of 
course, be extended to, e.g., four colors, which in case of no 
background suppression would provide information about XN(3)R 
also. Eckbreth and Hall15 have proposed such measurements 
of XN(3)R using multiple-wavelength dye lasers, and measure
ments were demonstrated by Goss and Schreiber.16 
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Of course, the accuracy in CARS measurements using the 
two-color approach described in this paper is critically de
pendent on the frequency stability of the dye-laser compo^ 
nents. We have made some investigations of this property 
by observing the spectrum on the Tracor display when using 
the spectrograph grating in the highest possible order. In 
these tests we concluded that the stability of the dye-laser 
wavelength on a shot-to-shot basis is better than 0.025 A. 
However, on a longer time scale, the dye-laser wavelength may 
be changed due to temperature fluctuations of ~0.1 Å/C°. 

Work is now under way in our laboratory to further evaluate 
and refine this technique. The applicability to measurements 
in large burners and spark diagnostics will be examined. 
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