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Abstract. Experiments have been performed which demonstrate that the ratio of resonant
to nonresonant third-order susceptibilities measured in multiplex USED CARS are affected
by the time correlation of the pump fields. Comparing the resonant to nonresonant signal
ratio obtained with decorrelated fields to the ratio obtained with correlated fields, a relative
increase of 2.5 was measured for the nitrogen Q-branch, whereas a corresponding increase
of 1.9 was observed for the hydrogen Q(1)-line. To compare our experimental results with
theoretical calculations of the spectral shapes, the nonresonant third-order susceptibilities
of a number of gases were re-evaluated by calibrating to the nonresonant susceptibility of

argon.

PACS: 42.65Dr

Coherent anti-Stokes Raman scattering (CARS) is a
spectroscopic technique which allows instantaneous
measurements of temperature and species concentra-
tion. High and collimated signal intensity generated
by short and ultrashort laser pulses and a high spatial
resolution of tenths of a mm?, in conjunction with an
anti-Stokes shifted signal wavelength has enabled the
application of CARS even in industrial environments
[1]. The ultimate goal in CARS is to derive tempera-
ture and concentration of various molecules simulta-
neously, either from spectral shape or from absolute
signal intensity [2, 3]. The results of such measure-
ments are in general as precise as the theoretical
modelling of the experimental spectrum.

During the past decade, progress in modelling
CARS-spectra was achieved by incorporating effects
like collisional narrowing [4] and cross coherence
[5, 6]. Among other processes, a potential source of
measurement errors was found in the use of time-
correlated multimode pump laser beams in crossed,
phase-matched beam configurations [7]. In this
contribution it is shown how laser field statistics affect
the determination of temperature and concentration in
multiplex USED CARS [1] applications.

USED CARS is especially suitable when pump
laser beams originating from diffractively-coupled
unstable resonators are employed. Its insensitivity to
beam steering, its high signal intensity with relatively
high spatial resolution and ease of alignment are
advantages of this technique. Moreover, the beam
setup in USED CARS satisfies simultaneously the
phase matching condition for a large pressure range
[8]. The measurements reported were performed using
abroadband CARS spectrometer. This avoids the need
of an additional reference channel, as usually em-
ployed in narrowband CARS [7], because of the short
measurement times and high repetition rates [9].

The measurements reported were performed in
calibrated binary mixtures of resonant and nonreso-
nant gases. CARS spectra were obtained with correlat-
ed and uncorrelated pump fields in a USED CARS
configuration as well as with decorrelated pump fields
in a BOXCARS [1] setup. Multiplex CARS spectra
were obtained from mixtures of hydrogen/nitrogen
and nitrogen/oxygen as the resonant/nonresonant
species. Spectra of the latter mixture were compared
with theoretical calculations. In addition, pure reso-
nant and nonresonant signal intensities were meas-
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ured. For calibration purposes a number of effective
nonresonant susceptibilities were re-evaluated.

1. Theory

When phase-matching requirements are satisfied, a
CARS signal at frequency w=m; +w;—w, is gen-
erated by the interaction of two photons of frequency
, and w; (usually termed pump photons and, in the
following, frequency degenerate, w;=w;) with a
photon of frequency w, (termed Stokes photon) via the
third-order susceptibility y*(w,w;, —w,,®,) of the
medium. The CARS intensity is given by the K — T-
formalism [5, 6] as:

I(0) = ke <1) + 2xnr<{Re {r(@ — @)} >

+1/2Irl0— o)*>
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where yz denotes the resonant third-order suscepti-
bility, ynr the effective nonresonant third-order sus-
ceptibility and I,(w) the spectral distribution of the
pump laser [10]. In deriving (1), the Stokes laser
integration was neglected because in multiplex CARS,
the Stokes intensity distribution is usually much
broader than the pump laser distribution. Consequent-
ly, measured spectra are referenced by spectra of a
purely nonresonant gas.

For crossed, linearly polarized laser beams, the
third-order susceptibility of a gaseous medium in terms
of the tensor components of y**)(w) can be expressed as

[11]:
1Pw) = yr(@)+ xxr =311111(@) D)
+ (g, e + Xnr, ) 9(1/3). 2

Here, subscripts r and b denote the resonant and buffer
gas species, respectively, ¢ is given by cosacosp
+osinasinf, where « and f§ are the angles between
polarization of pump and Stokes beams and pump
beam and analyzer, respectively (if no analyzer is used
f=0) and ¢ the depolarization ratio of the Raman
resonant molecule. Off-resonant Raman contributions
of the buffer gas are included in yng , The tensor-
component ¥,,;,(w) can be written as:

3x1111(@)=Q2aN/h)a - G(w) ™' -p-a 3)

where N is the absolute number density of Raman
resonant molecules, a a vector of transition ampli-
tudes, p a diagonal matrix of fractional population
differences and G(w) the relaxation matrix. The other
symbols have their usual meaning. Further details of
the calculation algorithms can be found in [12, 13].
From (2) and (3) it follows that — especially at high
temperatures and low concentration of Raman reso-

B. Lange and J. Wolfrum

nant molecules — an enhancement of the nonresonant
signal contribution due to laser field statistics can
result in systematic errors in derived temperature and
concentration.

The origin of the enhancement can be better
understood by studying the molecular response to the
applied external electrical fields of pump and Stokes
laser. The external electromagnetic fields act as a
driving force in the medium. Due to its relatively high
mass the nucleus of a molecule cannot follow the rapid
amplitude fluctuations of a multimode pump-laser
field as fast as the electronic contributions (which are
summed up to yug) do. However, for Gaussian sta-
tistics of the pump field fluctuations, resonant and
nonresonant intensities increase in a similar manner.
As a consequence, for Gaussian statistics, the ratio of
resonant to nonresonant CARS intensities is nearly
independent of the coherence between intensity fluctu-
ations of the pump beams [7]. Decorrelated pump
fields are given when the relative delay between the two
pump beams amounts to several times the coherence
length which can be calculated from the pump laser
linewidth. For non-Gaussian pump laser field sta-
tistics, an enhancement of the ratio ¢ — given by
resonant to nonresonant intensities of decorrelated
relative to correlated pump fields — generally occurs, as
long as the Raman relaxation time 7, is long compared
to the typical time 7, of intensity fluctuations in the
pump field. Decorrelated pump laser fields exist pro-
vided 6 > max(T,7,).

Using a simplified model to describe the amplitude
fluctuations following Gaussian statistics, it has been
shown that ¢ can be calculated as a function of relative
delay ¢ between the pump laser fields using the first-
and higher-order correlation functions [7]. More
detailed expressions, including non-Gaussian [14] and
super-Gaussian laser field statistics have been derived
[15]. A further approach [16] gives an expression for
the nonresonant signal increase as a function of
doubling efficiency of the fundamental Nd : YAG-laser
beam at 1.064um and describes effects of non-
Gaussian pump field fluctuations as non-thermal cross
coherence [17]. However, it seems to be more reliable
and easier to achieve uncorrelated pump laser fields
experimentally than to incorporate these theoretical
models in CARS-fitting codes.

2. Experimental Setup

The broadband CARS spectrometer is shown sche-
matically in Fig. 1 in a folded BOXCARS setup. The
USED CARS setup has been described previously
[8, 18] when temperature and concentration profiles of
a laminar counterflow diffusion flame were obtained.
In Ref. [18] the nonresonant signal contribution was
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Fig. 1. Broadband CARS spectrometer in BOXCARS setup

Fig. 2. a Beam splitter for equally strong and decorrelated
BOXCARS pump beams. b Schematic diagram of USED CARS
as circular rotated BOXCARS

suppressed by polarization techniques, ruling out
measurement errors caused by an enhancement of
nonresonant signal contributions.

The frequency doubled donut-shaped output of a
Nd:YAG-laser (100 mJ, linewidth 0.8cm ! FWHM,
pulse duration 8ns) acts as the pump beam in the
CARS process as well as pumping a home-made

broadband dye laser. The dye laser was operated with
pyridine dissolved in methanol to match the hydrogen
Q-branch at 4155c¢cm ™! (A,=683nm) and rhodamine
101 for the nitrogen Q-branch at 2330cm™!
(4, =607nm), respectively. The bandwidth of the
Stokes laser was narrowed by an intracavity etalon to
50 cm ™. By angle-tuning the etalon, the Stokes inten-
sity maximum can easily be shifted spectrally. In
addition, possible off-resonant contributions are
avoided by such a narrow Stokes source.

The polarizations of pump and Stokes beams were
made linear and parallel by means of retardation plates
and polarizers. In USED CARS, the circular pump
beam was enlarged to a diameter of 18 mm. To a large
extent, decorrelated pump fields were created by means
of two square rods of quartz. After being combined,
coaxial pump and Stokes beams were focused by an
f=200mm achromatic lens into a cell equipped with
sealed quartz windows. 23 mJ pump energy and 5mJ
(H,) or 11 mJ (N,) Stokes energy were applied. The cell
pressure was measured by two capacity manometers
(MKS Baratron) for the pressure ranges up to 10 and
800 Torr, respectively. BOXCARS measurements were
performed by reducing the circular pump beam to a
diameter of 3 mm and by means of the beam splitter
shown in Fig. 2a. Thickness and refractive index were
chosen to produce a horizontal distance of 13.5mm
and a path delay of the equally strong pump beams of
46mm, which is nearly three times the coherence
length (16 mm). In addition, this type of beam splitter
eliminates the sometimes difficult alignment of the
pump beams because here they are automatically
parallel to one another. The same amount of energy
and the same focusing lens were used in the BOXCARS
experiments. In Fig. 2b it is also shown how the
USED CARS process can be thought of as the sum of
single BOXCARS scattering events. USED CARS sig-
nals were spectrally filtered by using a short-wave pass
and a dichroic mirror. BOXCARS signals were filtered
spatially by an aperture and spectrally by a dichroic
mirror. After passing through a 1.3 m-monochromator
(McPherson Mod 209, equipped with a 2400 1/mm
grating) signals were detected by a linear diode array
(SI, IRY 512). From a fit of CARS flame spectra, the
dispersion at the nitrogen CARS wavelength of 473 nm
was found to be 0.00266 nm per pixel and the overall
spectral resolution from room air spectra to be
0.009nm. The BOXCARS interaction volume was
measured to be 1.1 mm x 80 um (Ly5). Performing the
USED CARS measurements and carefully adjusting
identical foci of pump and Stokes laser beams, we
obtained strong biharmonic pumping [19] at a pump
energy as low as 10mJ and a Stokes energy of 9m]J,
respectively. The vibrational temperature derived from
the laser stimulated population of the higher vibra-
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tional states amounts to 2620 K, measured in ambient
room air. The rotational temperature of the ground
and first vibrational states remained constant at 300 K.
By slightly defocussing the Stokes laser, biharmonic
pumping was reduced until no vibrational hot band
could be observed at room temperature. The resonant
signal BOXCARS intensity in ambient room air was of
the order of 6 x 10° detector counts per laser pulse
(inserting a sheet of white paper in front of the entrance
slit, the signal could be seen by eye). A correction of the
detected signal intensities due to the measured non-
linear response of the diode array was not significant
because the signal strength was set by calibrated
neutral density filters to be in the range of linear
detector gain. Measured spectra were stored and
referenced by a laboratory computer and subsequently
transferred to an IBM 3090-180 mainframe.

3. Results and Discussion

In the pressure range studied here the impact of laser
field statistics is related mainly to the intensity as-
sociated with the nonresonant third-order suscepti-
bility yxg- Therefore we decided first to re-evaluate yng
for a number of gases. This was done by comparing the
absolute intensities and the intensity distribution of
spectra measured in the nonresonant gas under study
to the spectra measured in argon and oxygen, respec-
tively. The two nonresonant spectra of each measure-
ment cycle were obtained within a few minutes to avoid
de-adjustements caused by long-time drifts. Before
each measurement, the cell was flushed and evacuated
several times. Because of the much higher threshold for
laser-induced breakdown in oxygen compared to
argon, first yyg of oxygen was calibrated carefully (at
lower pump and Stokes energies) to be 0.81+0.10
times yng Of argon (literature value: 0.839). Measure-
ments of this ratio at 437nm and 473 nm showed no
difference. For subsequent measurements oxygen was
used as a standard.

In the results reported a possible enhancement of
g cancels out, in contrast to a calibration procedure
using resonant intensities [20]. In addition, the weak
dispersion of yyg [21] also cancels. The results pres-
ented were obtained by USED CARS (either correlated
or decorrelated) and by BOXCARS. Each spectrum
was the average over 500 individual laser pulses. The
spectral shapes of measurement and calibration spec-
trum were compared in order to detect resonant
contributions. However, for the species listed in
Table 1, such a resonant contribution was not ob-
served. For the hydrocarbons it should be mentioned
that far off-resonant Raman contributions were prob-
ably detected. The results of all measurements are
summarized in Table 1. For comparison, literature
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Table 1
Species Effective yng expressed Literature values
in units of yyg of Ar
[9.6 x 1078 em?/erg]
0, 0.81%f 0.798%2, 0.83912
H, 0.73° 0.598%4, 0.63*°
D, 0.82%f 0.839%2
N, 0.74¢ 0.87%2 0.881:¢
NO 1.97f 1.97%°
CO, 0.96f 0.943%°
CH, 3.31° 2773
C,H, 8.84° 6.36%°
C,H, 13.2¢ -
C,Hg 15.4° -
i-C,H 13.6° 12,7 (n-C,H,g)b°
SF¢ 1.55%f 1.61%8, 13450

2 Ref. [27], ® Ref. [20], © Ref. [7a], ¢ Ref. [7b], ® measured at
473 nm, { measured at 437 nm, estimated error bounds of experi-
mental data are +10%, methods: 1=CARS, 2=FISHG,
3=dcSHG, 4=THG

data of nonresonant (electronic) third-order suscepti-
bilities are also listed. All values are scaled to the yyg of
argon measured by the same method. Inspection of
Table 1 shows differences in the yng of hydrogen and
nitrogen from the literature data. This is especially
important in air-fed combustion, where nitrogen is the
major constituent of the gas. For the hydrocarbons, an
increase of yng With the numbers of C-H bonds was
found; however no linear relation [22] was obtained.
The ratio of yar(H,) to xxr(D,) Was measured to be 0.9
which is close to the ratio obtained in [21].

The effect of non-Gaussian pump beam fluctu-
ations leads to an increase of ¢. In Fig. 3a, two spectra
measured in the identical mixture of 1 Torr hydrogen
and 799 Torr nitrogen with USED CARS are plotted.
Shown are the Q(2)— Q(0) transitions of hydrogen. The
spectra are normalized to have the same nonresonant
signal intensity at a Raman shift of 4175 cm~ L. The
straight line denotes the spectrum measured with
nearly decorrelated pump fields, the dashed line the
spectrum with totally correlated pump fields. The
decorrelation of the pump fields in USED CARS was
achieved by inserting two quartz rods of 50 mm length
parallel to the beam in such a way that each covers an
opposite 7/2 section of the circular pump beam. From
phase-matching requirements it can be calculated that
for the pump beam diameter given, two pump photons
were used, which differ by 82 degrees within the
angular pump beam. Therefore a small amount of
correlated signal contribution still remains. Neverthe-
less a nearly two-fold reduction of resonant intensity is
obvious for correlated fields from Fig. 3a. Figure 3b
shows spectra measured by BOXCARS and decorre-
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Fig. 3. a USED CARS spectra of 1 Torr hydrogen in nitrogen
at 800 Torr measured by correlated pump fields (----- } and
nearly decorrelated pump fields ( ). b Comparison of CARS
spectra of 1 Torr hydrogen in nitrogen at 800 Torr measured by
BOXCARS ¢ ) and decorrelated USED CARS (----- )

lated USED CARS for the same conditions. As men-
tioned above, the difference in resonant intensities
shown in Fig. 3b is due to the small contribution of
correlated signal in USED CARS.

In addition, we have measured the ratio of resonant
to nonresonant susceptibilities independently in pure
gases. The Q(1)-line of hydrogen at 10 Torr served as
the resonant signal and 800 Torr of nitrogen as the
nonresonant. Assuming an exact square dependence
on concentration of the nonresonant signal-intensities,
their strength at 10 Torr pressure was calculated. The
ratio of resonant hydrogen to nonresonant nitrogen
intensities at 10 Torr in correlated USED CARS was
found to be (2.5+0.3) x 10°, whereas in BOXCARS
measurements a ratio of (4.7 4 0.3) x 10° was obtained.
The error bounds describe one standard deviation
derived from repeated measurements. From these
measurements a ratio ¢ of 1.94+0.3 is obtained.

The same type of measurements were performed
for nitrogen/oxygen. Because nitrogen is most fre-
quently used for CARS-thermometry, its nonresonant
third-order susceptibility, Raman cross section and
linewidth data have been extensively measured [7, 12,
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Fig. 4. CARS spectra of 10 Torr nitrogen in oxygen at 800 Torr
measured with BOXCARS ( ) and correlated USED CARS
[CREREN ). The dashed line shows the theoretical calculation for the
given conditions

23]. Figure 4 shows the BOXCARS Q-branch spec-
trum (straight line) and the USED CARS spectrum
obtained with correlated pump fields (dotted-dashed
line) both measured in a mixture of 10 Torr nitrogen
and 790 Torr oxygen and a theoretical calculation
(dashed line) using (1)—(3) and the nonresonant suscep-
tibilities listed in Table 1, respectively. The Raman
cross section as recommended in [23] was used and
computed for our wavelength. Nitrogen—nitrogen
collisions were assumed because of the lack of
nitrogen—oxygen collision broadened linewidths.
From Fig. 4 it is evident that — similar to the hydrogen
case shown in Fig. 3 — an enhancement of yyg at zero
delay occurs. The enhancement was measured in pure
gases by the procedure described above at a pressure of
8 Torr. A resonant to nonresonant signal intensity
ratio of (3.3+0.3)x 10* was obtained for correlated
pump fields in USED CARS, whereas (8.240.5) x 10*
was determined in BOXCARS. From this the nitrogen
Q-branch ratio ¢ amounts to 2.540.3.

Comparing the enhancement of hydrogen and
nitrogen we observe for both molecules a behaviour
departing from Gaussian pump laser statistics. For
pump laser fields with Gaussian statistics ¢ would be
close to 1 for both molecules since the relaxation times
at pressures of 10 and 8 Torr, respectively, are much
greater than 7 (12 ps). From the theory outlined in [16]
we expect, for a doubling efficiency of 35%, the
nonresonant intensity at zero delay to increase by a
factor of 3.4, which is higher than the increase obtained
in this work. However, on amplifying the fundamental
pump field at 1.064 pm a sub-Gaussian field statistics
may be created, which reduces the enhancement.
Furthermore, the question of Stokes laser statistics is
not addressed at all, although it is known [24] that the
temporal behaviour of a Stokes dye laser pumped by
part of the frequency doubled Nd:YAG laser light
roughly follows that of the pump source. In addition,
the fact that the nitrogen Q-branch consists of many
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overlapping lines might explain the different enhance-
ments observed [14]. Another explanation for different
enhancements might be a saturation of the CARS-
process. However, as shown in Fig. 3b for H, and in
Fig. 4 for N,, spectra measured with decorrclated
USED CARS and BOXCARS are similar to each
other, although the focal intensities (for the same
energies applied) are quiet different. From this we
conclude that saturation effects are not significant for
our experimental conditions.

There is also evidence of an influence of pump laser
field statistics on the shape of the resonant nitrogen
Q-branch [14] which is of special interest in CARS
thermometry. In simultaneous measurements of tem-
perature and multiple species concentrations [25, 26]
the observed enhancement of yng/xr at zero delay will
result in erroneous mole fractions although the spec-
tral fit matches the experimental spectrum.

If one is only interested in measuring the tempera-
ture by CARS in flames and plasmas, the best approach,
from our point of view, is to allow the nonresonant
signal contribution to vary during the regression, i.e. to
treat yng as a fit parameter as discussed in [22]. This
was confirmed by fitting computer generated spectra.
The test spectrum was calculated for a 15% mixture of
nitrogen in a gas of yr=30x10"'®cm?/erg and a
temperature of 2000 K.

The initial guess of temperature, mole fraction and
ynr Were 1600 K, 30% and 15 x 10~ 8 cm?/erg, respec-
tively. Other instrumental parameters, except laser
linewidth (narrowed by an etalon to 0.2cm™ 1), corre-
spond to our experimental setup. Temperature and
nonresonant susceptibility were allowed to vary simul-
taneously for best fit. It was found that five iterations
were sufficient to reach a convergence at a fitted
temperature of 2000 K. The fitted spectrum could not
be distinguished from the computer generated test
spectrum. As expected, the fitted nonresonant suscepti-
bility is somewhat greater than twice the yyy of the test
spectrum (the difference is due to the nonresonant
susceptibility of nitrogen, which is proportional to the
lower nitrogen mole fraction [22]). It can readily be
shown that in the weak signal limit, spectra of equal
ratio yg/yng have the same spectral shape [1, 22] and
will therefore result in identical fit temperatures.
However, due to the collisional linewidth contribution
of the diluent gas in environments of low nitrogen mole
fraction and at high pressure, it is important to know
both the gas composition and its total yug.

In conclusion, it has been shown that broadband
USED CARS measurements performed with multi-
mode correlated pump fields may result in erroneous
mole fractions when fitting the concentration-sensitive
shape of CARS spectra generated with non-Gaussian
pump laser fields. It is demonstrated that pump fields
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in USED CARS can be decorrelated to a good approx-
imation in order to minimize the nonresonant signal
contribution. The enhancements of hydrogen and
nitrogen were shown to differ for reasons not yet well
understood. In addition, the effective nonresonant
third-order susceptibilities for a number of gases
currently used in combustion diagnostics were
calibrated at two anti-Stokes wavelengths to that of
argon,
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