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ABSTRACT We report the detection of acetylene (CpH») at
low concentrations by electronic resonance-enhanced coherent
anti-Stokes Raman scattering (ERE-CARS). Visible pump and
Stokes beams are tuned into resonance with Q-branch transi-
tions in the v, Raman band of acetylene. An ultraviolet probe
beam is tuned into resonance with the A—X electronic tran-
sition of CyHj, resulting in significant electronic resonance
enhancement of the CARS signal. The signal is found to in-
crease significantly with rising pressure for the pressure range
0.1-8 bar at 300 K. Collisional narrowing of the spectra ap-
pears to be important at 2 bar and above. A detection limit of
approximately 25 ppm at 300 K and 1 bar is achieved for our
experimental conditions. The signal magnitudes and the shape
of the CoH» spectrum are essentially constant for UV probe
wavelengths from 233.0 to 238.5 nm, thus indicating that sig-
nificant resonant enhancement is achieved even without tuning
the probe beam into resonance with a specific electronic reson-
ance transition.

PACS 42.65.Dr; 42.62.Fi; 42.65.-k

1 Introduction

Coherent anti-Stokes Raman scattering (CARS) is
a useful and accurate technique for performing spatially re-
solved measurements of temperature and major-species con-
centrations [1, 2]. CARS can be used for simultaneous meas-
urement of multiple species concentrations and temperature
in a single laser shot when using appropriate broadband
laser sources [3]. The detection limit for CARS is typically
1000 ppm or greater at atmospheric pressure [1], even for
well-optimized CARS systems with polarization background
subtraction.

Electronic resonance-enhanced (ERE) CARS was first
demonstrated for dilute solutions of diphenyloctatetraene in
benzene [4]. Several molecules and radicals have been in-
vestigated via ERE-CARS including I, [5,6], NO, [7,8],
C, [9-11], S-tetrazine vapor [12], OH [13], and CH [14].
Hanna et al. [15] demonstrated ERE-CARS for nitric oxide
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(NO) by implementing a dual-pump CARS approach and
observed significant resonance enhancement. Kulatilaka et
al. [16] employed ERE-CARS to monitor NO concentrations
in a combustion environment. A detection limit of approxi-
mately 50 ppm was demonstrated in a hydrogen-air flame,
thus confirming the utility of ERE-CARS for measurements
of minor species in reacting flows. Kulatilaka et al. [17] sub-
sequently investigated pressure-scaling and saturation effects
for NO ERE-CARS. The ERE-CARS signal for NO was
found to increase with rising pressure up to 2 bar and to remain
nearly constant thereafter up to 8§ bar.

Measurements of acetylene (C,H,) concentration are
important for understanding many combustion processes.
Acetylene plays an important role in the chemical kinetics of
both soot initiation and growth [18, 19], and also in the forma-
tion of polycyclic aromatic hydrocarbons [19]. Measurements
of acetylene, moreover, are useful for understanding surface
chemistry related to chemical vapor deposition as well as to
carbon-nanotube synthesis via combustion [20].

2 Experimental description

The energy-level diagram for the C,H, ERE-
CARS process is shown in Fig. 1. The frequency differ-
ence between the pump beam at a vacuum wavelength
A1 =532.215nm (18789.4cm™!) and the Stokes beam at
X2 =594 nm (16815 cm™") corresponds to a Raman shift of
1974 cm™"! — the frequency of the bandhead for the v, band of
acetylene. The Raman polarization induced in the medium is
detected using an ultraviolet (UV) probe beam at A3 = 236 nm
(42370cm™"). The ERE-CARS signal is near resonance with
various ro-vibrational bands in the A—X electronic transition
of CoH, [21-23], and has a wavelength Acars = 225.5 nm
(44350cm™"). Acetylene is a linear molecule in its ground
electronic state with five fundamental vibrations [24], and
has a planar trans-bent geometry in its lowest excited singlet
state [21]. Among five fundamental vibrations in the ground
electronic state, three are Raman-active; the other two are
infrared-active. The v, band at 1974 cm™! corresponds to
symmetric stretching of the molecule and is the strongest of
the three Raman-active modes [24]. The complete v, Raman
band of acetylene can be acquired by scanning A, for fixed A;
and A3.
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FIGURE 1

2.1 Optical system

The experimental apparatus for our C,H, ERE-
CARS measurements is shown in Fig. 2. The second-har-
monic output of an injection-seeded, Q-switched Nd:YAG
laser (Spectra-Physics Model Quanta Ray PRO 290-10) is
split via a 90/10 beam splitter. Ninety percent of the second-
harmonic beam is employed to pump a tunable, narrowband
dye laser (Continuum Model ND 6000), which produces an
output beam at a wavelength of approximately 704 nm. LDS
698 laser dye is used within the ND 6000 dye laser. The re-
maining 10% of the second-harmonic beam is used as the
pump beam (@) ). The repetition rate of the laser is 10 Hz, and
the temporal pulse length is approximately 8 ns at full-width
at half-maximum (FWHM).

The third-harmonic output at 355 nm of the same injection-
seeded Spectra-Physics Nd:YAG laser is sum-frequency
mixed with the Continuum dye-laser output at 704 nm, gen-
erating a tunable UV probe beam (w3) at 236 nm. A beta-
barium-borate (8-BBO) crystal mounted in an Inrad Auto-
tracker III is used for the sum-frequency mixing process. This
tunable UV source, whose maximum energy is ~ 4 mJ/pulse,
constitutes the probe beam (13). Finally, the second-harmonic
output of an unseeded Nd:YAG laser (Continuum Model
Precision PRO 9010) is used to pump another tunable, nar-
rowband dye laser (Lumonics Model SpectrumMaster). Rho-
damine 610 laser dye is employed to generate the Stokes beam
(w») near 594 nm.

The two Nd: YAG lasers are synchronized using a digital
delay generator (SRS Model DG 535) so that all three beams
overlap temporally with a peak deviation of less than 1 ns.
A combination of a half-wave plate and a polarizer is placed
within each beam path to control the pulse energy. The polar-
izer is also used to set the desired polarization for each beam.
The pump beam and the Stokes beam are linearly polarized,
with the polarization axis set at 60° with respect to the vertical
axis. The UV probe beam is vertically polarized. A three-
dimensional folded BOXCARS geometry is employed to sat-
isfy the phase-matching requirement [25].

A 50-mm diameter, 500-mm focal-length, UV-grade
fused-silica lens is used to focus the three beams. However,
to obtain better signal-to-noise ratios while maintaining rea-
sonable spatial resolution, the beams are overlapped about
25 mm away from their focal plane. This spatial overlap also
reduces saturation effects for both the Raman and electronic
transitions [12] because of reduced laser irradiances at the
probe volume. The length of the resulting probe volume is
about 6 mm. The diameters of all three beams at the probe vol-
ume are approximately 200 wm, as measured by translating
a razor blade across the overlap region while monitoring the
transmitted power of each laser.

The three input beams and the signal beam are recolli-
mated using another 50-mm diameter, 500-mm focal-length
lens. The Stokes beam (A ) is directed into a wavemeter (High
Finesse Model WS-6) to record its wavelength when scan-
ning the Stokes dye laser. The pump beam (A;) is trapped
using a beam dump. The UV probe beam (13) is directed onto
a pyroelectric joulemeter (Molectron Model J3-05). The UV
probe pulse energy is recorded continuously so that shot-to-
shot fluctuations in the UV-beam energy can be accounted for
in subsequent data analysis.

The ERE-CARS signal and the non-resonant four-wave-
mixing signal are directed through an analyzing polarizer of
high rejection ratio. The transmission axis of the analyzer
is set perpendicular to the polarization direction of the non-
resonant signal, thus minimizing non-resonant interferences.
The analyzing polarizer is mounted on a high-resolution ro-
tation stage to achieve the best possible suppression of non-
resonant background. Light scattered from the UV beam at
236 nm is blocked using four band-pass filters [15], as shown
in Fig. 2. The signal beam at ~ 225.5 nm is isolated using
a 1-m spectrometer (SPEX Model 1000M) and collected via
a solar-blind photomultiplier tube (PMT-Hamamatsu Model
R7154).

2.2 Flow and pressure systems

For measurements of the detection limit, we em-
ploy ajet flow of acetylene in a buffer gas of nitrogen. Molecu-
lar mixing is ensured by combining a gas flow of 1000 ppm
C,H; in N, with an additional flow of pure N, sufficiently far
upstream of the nozzle. The diameter of the nozzle producing
the jet flow is approximately 10 mm. Careful adjustments are
made to ensure that the probe volume is completely encom-
passed by the jet.

The pressure-scaling experiments are performed in a pres-
sure vessel which can accommodate pressures up to 8 bar.
The inlet of the vessel is connected to a gas bottle containing
1000 ppm C,H; in Nj. In addition, the outlet of the vessel is
connected to a vacuum pump. It is ensured that no residual
mixture remained in the vessel prior to refilling of the vessel
at each pressure.

3 Results and discussion

The ERE-CARS signal is acquired while scanning
the frequency of the Stokes dye laser and fixing that of the
UV probe beam. In past ERE-CARS measurements of nitric
oxide [15, 16], we have performed both UV scans (1, fixed,
A3 varying) and Stokes scans (A, varying, A3 fixed). However,



CHAI etal. Detection of acetylene by electronic resonance-enhanced coherent anti-Stokes Raman scattering

733

Joule Meter FIGURE 2 Experimental system for

C,H; ERE-CARS

Lens PressureVessel | ol S -:
A 532 nm Pol Iperlure :
A VA — —— —H—l‘\ Filters :
B 1 T=70% @ 226nm!
s . | D _ | T=1% @ 236nm,
< " Beam “‘“’)EﬁEcAFs |
D ave igna 1
. Mewr[:}nump 226nm |
=IPol 1
1-Meter |
Poidtl ==Pol g A2 Spectrometer !
2 4= 1 ]
A2 M2 rDelay Generator -: :
]
' ] ]
SER 9 L ! Solar-Blind |
\ Narrowband Q-switched 1 PMT 1
Crystal switche: 1 H
Dye Laser Nd:YAG Laser | | Digital I
594 nm : Oscilloscope !
T
\ 355 nm - a i ::. ............ J
R 532 nm B Injection-seeded || =
704 nm Narrowband |~ Q-switched L
Dye Laser Nd:YAG Laser I :
704 nm p————N

for this work, we present only Stokes scans. UV scans are
performed but yield essentially constant signals owing to the
broad character of the electronic resonance interaction. The
ERE-CARS signal is averaged over 10 laser shots and sub-
sequently corrected for shot-to-shot UV (A3) fluctuations via
division by the UV energy. It is observed that the fluctuations
in the Stokes laser beam (A,) are negligible.

Spectral v, band structures for 1% C,H, at 0.05 atm and
300 K for various pulse energies of both the pump beam (w;)
and Stokes beam (w;) are shown in Figs. 3 and 4. The San-
dia CARSFT code [26] is used to calculate theoretical CARS
spectra for given laser linewidths at the specified temperature

1.2

Experiment

1.0

0.8

0.6

(CARS Signal)'”?

0.4

0.2

0.0 ——————
1970 1971

L I A R I AL AL AN I
1972 1973 1974 1975 1976
Raman Shift (cm™)

FIGURE 3 Comparison between experimental and theoretical C;H, ERE-
CARS spectra for 1% C;H, in buffer N, gas at 0.05bar and 300 K.
The experimental spectrum is obtained for pulse energies of 2 mJ/pulse,
2mJ/pulse, and 0.5 mJ/pulse for the pump, Stokes, and probe beams, re-
spectively. The theoretical linewidths are 0.01 cm~! and 0.15 cm™! for the
pump and Stokes beams, respectively. The Q-branch lines with odd rotational
quantum number J > 7 are labeled

Computer

and pressure. The CARSFT calculations do not include any
effects of saturation. Figure 3 shows a comparison between
theoretical and measured spectra for the same experimental
conditions at fixed energy levels for w; and w,. Good agree-
ment is achieved between theory and experiment. The remain-
ing differences between theory and experiment are probably
due to slight saturation of the experimental spectrum. The
odd rotational lines are well resolved in Fig. 3, but the even
rotational lines are not evident. The linewidth (FWHM) of
the pump beam (1) is ~ 0.003 cm~!;in comparison, that of
both the Stokes beam (X,) and the UV probe beam (X3) is ap-
proximately 0.1 cm~!. From Fig. 3, we observe that the odd
rotational lines have FWHMs of approximately 0.1 cm~'. By
comparing the two cases in Fig. 4, we find clear evidence

----- Pump = 2 mJ/pulse; Stokes = 2 mJ/pulse
Pump = 8 mJ/pulse; Stokes = 8 mJ/pulse
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FIGURE 4 Saturation broadening of C;H, ERE-CARS spectra at 0.05 bar
and 300 K for 1% CH; in N;. The pulse energy of the UV probe beam (w3)
is 0.5 mJ /pulse for both measurements
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for saturation broadening of the Raman resonances at higher
pump and Stokes laser irradiances.

Figure 5 shows a comparison of theoretical and experi-
mental ERE-CARS spectra of C,H, for the v, Raman band
at various UV probe wavelengths from 233.0 nm to 238.5 nm.
From Fig. 5, we observe no significant change in the ERE-
CARS spectrum as a function of UV wavelengths. The ro-
vibrational structure of the acetylene A—X electronic transi-
tion is discussed in detail by Innes [21] and Watson et al. [22].
The initial and final levels of the fundamental Q-branch transi-
tion at 1974 cm™! are characterized by (vi = 0,v) =0,/ =0)
and (v =1, vj =0, I = 0), respectively. Watson et al. [22]
and Innes [21] list the frequencies and the approximate tran-
sition strengths between the (v; =0, vy =0, I} = 0) band
in the X level and various vibrational bands in the A level.
The bands in the A level that are connected with the ground
(v5 =0, v; =0,1; =0) band are listed in Table 1. The band
frequency, strength (S = strong, M = medium, W = weak,
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FIGURE 5 C;H, ERE-CARS spectra at 1.0 atm and 300 K in a jet flow of
1% C,H; in buffer N,. The UV probe wavelength varies from 233.0 nm to
238.5nm
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FIGURE 6 C;H, ERE-CARS spectra at four different sub-atmospheric
pressures. The spectra are recorded for a mixture of 1000 ppm CoH; in Ny
buffer gas inside the pressure vessel. For all spectra, the UV probe wave-
length A3 =236 nm. The pulse energies for the pump, Stokes, and probe
beams are 8.0, 8.0, and 0.5 mJ/pulse, respectively

VW = very weak), and corresponding UV probe wavelength
are listed for exact resonance with a given band. Neither Wat-
son et al. [22] nor Innes [21] provide any information on tran-
sitions from the (v = 1, vj = 0,1} = 0) band in the X level.

Although it appears from Table 1 that we should have ob-
served a significant increase in signal for A3 = 236.5nm as
compared to the other probe wavelengths investigated, no sig-
nificant change is observed in the ERE-CARS spectrum. In
fact, the maximum signal strength is found near 236 nm, so
that most of the measurements reported in this paper are ob-
tained with a probe wavelength of 236 nm.

ERE-CARS measurements for the v, Raman band of
C,H, are also performed for pressures ranging from sub-
atmospheric (0.1 bar) to above atmospheric (8 bar) at 300 K.
Figure 6 shows comparisons between theoretical and experi-
mental spectra at different sub-atmospheric pressures from
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0.1 to 1 bar, while Fig. 7 shows similar comparisons at pres-
sures from 2 to 8 bar. We find, as expected, that individual ro-
tational lines blend into a band structure as the pressure rises.
In general, the theoretical and experimental spectra agree well
for pressures less than 2 bar. The experimental spectrum at
0.1 bar is not as clearly resolved as the theoretical spectrum.
This result is almost certainly due to the higher level of satura-
tion for the Raman transitions at lower pressure. For pressures
higher than 1 bar, the experimental spectra are narrower than
the theoretical spectra. This trend becomes more pronounced
at higher pressures. The implication is that significant col-
lisional narrowing occurs at pressures above 2 bar; unfortu-
nately, the CARSFT code does not include a collisional nar-
rowing model for C,H;. The experimental spectra tend to be
more symmetric at higher pressures as compared with the the-
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A band v Strength A3
(v'2, V'3, Kp) (em™1) (nm)
©,1,0) 43245.12 S 242.30
©,1,1) 43258.05 S 24222
©,1,2) 43296.75 w 242.00
o, 1,3) 43360.94 VW 241.62
(1,0,0) 43584.45 w 240.32
(1,0, 1) 43596.31 M 240.26
©0,2,0) 44275.27 M 236.40
©,2,1) 44289.35 S 236.32
©,2,2) 44331.40 W 236.09
(1,1,0) 44631.78 M 234.42
(1,1, 1) 44 644.45 M 234.35
©,3,0) 45285.72 S 230.88
0,3, 1) 45301.13 S 230.80
0, 3,2) 45347.15 M 230.56
(1,2,0) 45662.68 M 228.89
(1,2, 1) 45676.42 S 228.82
TABLE 1 Bands in the A level connected with the (v/2 =0, v"4 = 0, I =

0) band in theX level

oretical spectra, again presumably due to strong collisional
narrowing.

For the spectra shown in Figs. 6 and 7, the square root of
the ERE-CARS signal is integrated in the Raman shift range
from 1970 cm~! to 1978 cm™! and plotted as a function of
pressure in Fig. 8. Figure 8 shows that the square root of the
integrated ERE-CARS signal increases sharply with increas-
ing pressure from 0.1 to 4 bar and then increases gradually
beyond 5 bar. The spectral scans are repeated at pressures of
1, 4, 5, and 7 bar. From these repeated measurements, we
conclude that the square root of the integrated ERE-CARS
signal is repeatable to within 5%. Baum et al. [27] performed
acetylene absorption measurements in the wavelength range
189-229 nm for a path length of 127 mm. They found that
the absorbance near 226 nm is negligibly small at 1 atm for a
C,H; concentration of 630 ppm. Therefore, despite changes
in number density and the effects of line broadening, we con-
clude that the effects of UV absorption can be neglected for
our experiments up to 8 bar.

Raman Shift (cm™)

FIGURE 7 C;H; ERE-CARS spectra at pressures from 2 to 8 bar. All spec-
tra are recorded for a mixture of 1000 ppm CHj; in N» buffer gas inside the
pressure vessel. The UV probe wavelength 13 and the pulse energies are the
same as for Fig. 6
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signal with increasing pressure in the pressure range 0.05-8 bar
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FIGURE 9 C,H; ERE-CARS detection-limit measurements at 1 atm and 300 K in a jet flow of 1000 ppm C,H; in N buffer gas, diluted with additional N».

For all spectra, the pulse energies for the pump, Stokes, and probe beams are 8, 8, and 2 mJ/pulse, respectively. The probe wavelength is 236.0 nm

As mentioned previously, acetylene displays an essen-
tially constant electronic coupling with the (vj =1, vj =0,
I} = 0) level in the ground electronic state, thus yielding
nearly the same resonance enhancement in the pressure range
0.1-8 bar. This factor, combined with strong collisional nar-
rowing at high pressures, results in a substantial increase in the
ERE-CARS signal with rising pressures for a constant mole
fraction of C,H,. The gradual increase in square root of the in-
tegrated ERE-CARS signal beyond 5 bar is presumably due to
broadening of the Raman transitions at higher pressures.

As indicated previously, the detection limit for CARS can
be improved by several orders of magnitude by tuning the
UV laser beam to a suitable electronic resonance. Figure 9
shows ERE-CARS spectra over the v, Raman band for differ-
ent CoH; concentrations. A mixture of 1000 ppm C,H; in N,
buffer gas is diluted with additional N, to establish the given
concentration levels. The measurements are performed in a jet
flow produced from a nozzle. We established a C,H, detec-
tion limit of 25 ppm upon suppressing the non-resonant signal
from the N, buffer gas. This result suggests that ERE-CARS
has excellent potential for minor-species measurements, even
in reacting flows.

Figure 10 shows that the square root of the integrated
ERE-CARS signal (1970 cm™'-1978 cm™') varies linearly
with acetylene concentration at atmospheric pressure. This

16.0
= 120
© o
c 7 "
n L
% 8.0 -
< 1 el
©  40]
g o
7 T
0.0.08" ——
0 200 400 600 800 1000 1200
[C,H,] ppm

FIGURE 10 Square root of integrated CoH, ERE-CARS signal as a function
of CoH;, concentration in a jet flow at 1 atm. A typical error bar of 10% is
shown at a concentration of 500 ppm

result verifies the expected theoretical behavior, as indicated
bylcars o [x© ]2, where Icags is the irradiance of the CARS
signal and x @ is the third-order nonlinear susceptibility [4].

4 Conclusions and future work

Electronic resonance-enhanced coherent anti-
Stokes Raman scattering (ERE-CARS) has been applied to
obtain acetylene spectra at pressures ranging from 0.1 to 8 bar.
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The acetylene ERE-CARS signal is found to rise sharply
with increasing pressure from 0.1 to 4 bar, but more grad-
ually from 5 to 8 bar. As expected, the square root of the
integrated ERE-CARS signal at 1 atm and 300 K varies lin-
early with C,H, concentration. The detection limit under
these conditions is found to be approximately 25 ppm. No
significant changes in spectral signature or signal levels are
observed as the UV probe wavelength is varied from 233.0 to
238.5nm.

We plan to apply ERE-CARS for measurement of C,H,
profiles in high-pressure counter-flow diffusion flames in the
Purdue high-pressure flame facility [28]. Quantitative analy-
sis of these profiles will require either calibration or the incor-
poration of a collisional narrowing model [29-31] for C,H; in
the CARSFT code.
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