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Electronic-resonance-enhanced coherent anti-Stokes Raman spectroscopy
of nitric oxide
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A dual-pump, electronic-resonance-enhanced coherent anti-Stokes Raman spect(GeRBy
technique for the measurement of minor species concentrations has been demonstrated. The
frequency difference between a visible Raman pump beam and Stokes beam is tuned to a vibrational
Q-branch Raman resonance of nitric oxifNO) to create a Raman polarization in the medium. The
second pump beam is tuned into resonance with rotational transitions il heband of the
AZ3 " — X211 electronic transition at 236 nm, and the CARS signal is thus resonant with transitions

in the (0,0) band. We observe significant resonant enhancement of the NO CARS signal and have
obtained good agreement between calculated and experimental spec2@)33American Institute

of Physics. [DOI: 10.1063/1.1604947

Electronic-resonance-enhance@®RE) coherent anti- quency bandwidth of approximately 0.08 th The 355 nm
Stokes Raman spectroscoffJARS) measurements of nitric  third-harmonic output of a Continuum model 8010 Nd:YAG
oxide (NO) were performed using a three-laser CARS tech{aser was used to pump a second Continuum model ND6000
nique. The technique that we have demonstrated is a variagie laser to produce tunable laser radiation at a wavelength
of the dual-pump CARS technique developed for the simulof 472 nm. The 472 nm output of the dye laser was fre-
taneous detection of two specieSAn energy level sche- guency doubled to 236 nm using an INRAD Autotracker 11|
matic for the technique is shown in Fig. 1. The first pumpwith a beta barium boraté3-BBO) crystal to produce the
and Stokes beams are visible laser beams with frequencigﬁjmp beam at frequency, with an estimated frequency
far from resonance with the & *—X?II electronic transi-  pandwidth of 0.2—0.3 cit.
tion. The second pump beam at freqUeWiS in or near The CARS Signa' was generated using a three_
electronic resonance. This wide separation of the frequenciqﬁmensiona"y phase-matched arrangement. The pulse ener-
w; and w3 of the two pump beams distinguishes our tech-gjes for the 532, 590, and 236 nm beams at the CARS probe
nique from previous ERE CARS experimefitSwhich were  yolume were typically 30, 20, and 1 mJ, respectively. The

performed with the same laser frequency for both pumpcaARS focusing lens had a focal length of 300 mm. After
beams, and with both the pump and Stokes beams at or near

electronic resonance. In some cases, three laser frequencies,
all in or near electronic resonance, were used in ERE CARS c
experiment$:’ v d
The pump source for the; pump beam was a Con- “}““;\ """ [~
tinuum model 9010 injection-seeded, Q-switched 5
Nd:yttritium—aluminum—garnetYAG) laser with a repeti- e
tion rate of 10 Hz, pulse length of approximately 7 ns, and
pulse energy for the 532 nm output of approximately 750 mJ.
The 532 nm output was also used to pump a Continuum
model ND6000 narrowband, tunable dye laser to produce the
Stokes beamd),) at a wavelength near 590 nm with a fre-

dAlso at: Department of Chemistry, Princeton University, Princeton, New Y a
Jersey 08544.

YAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Energy level schematic diagram of the dual-pump ERE CARS pro-
lucht@purdue.edu cess.
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passing through the ERE CARS probe volume, the pump, 3500 F ‘ ' a (9‘5') E
Stokes, and CARS signal beams were recollimated using ¢, 5 4o, f| " Expt (Intensity)'" °P1 ©5) RR,(Q.S) ]
300 mm focal length lens. The 532 nm pump and StokesZ © Theory 277 T, (9.5)
beams were directed into beam dumps. The 236 nm pumE . 2590 ¢ ]
beam was directed into a pyroelectric Joulemeter to measurc3 § 2000 £ P,(®5) 002(8'5) E
the pulse energy. The ERE CARS signal was directedgg 1500 b Quaf88) 89

through apertures and four 45° incidence, 215 nm dielectricgy & M

mirrors. The 215 nm mirrors were used at 0° incidence and% £ 1000

had approximately 70% transmittance at 226 nm but lessO & 500

than 1% transmittance at 236 nm. These mirrors served a: o B

spectral filters and reduced significantly the background from

the 236 nm scattered light. The ERE CARS signal beam was 42200 42300 42400
then focused onto the entrance slit of a 0.5 m spectrometer UV Pump Frequency (cm'1)

and a solar-blind photomultiplier was used to detect the 226 _ _ )
FIG. 2. ERE CARS spectra obtained by scanning the ultraviolet pump beam

nm ,ERE CARS S|gn_al. The ERE CARS signals and the UI_With the Stokes beam frequency fixed at 1874.35 tnThe NO concentra-

traviolet pulse energies were recorded on a shot-by-shot baon was 1000 ppm and the cell pressure was 13.0 kPa.

sis using gated integrators while either the Stokes dye laser

or the ultraviolet pump dye laser was scanned under combackground. This resulted in a drastic reduction in the inten-

puter control. sity of the nonresonant background. The ERE CARS signal
Polarization techniques were used to suppress the notntensity was also reduced, but the signal-to-noise ratio for

resonant four-wave mixing background sigh&oth the 532  the ERE CARS signal was significantly increased.

nm pump beam and the Stokes beams were linearly polarized The results of a spectral scan of the ultraviolet pump

with the polarization axis at 60° to the vertical. The ultravio- beam frequencys at fixed Raman shifto;—w, is shown in

let pump beam was vertically polarized. For this polarizationFig. 2. The scan was performed on a mixture of 1000 ppm of

arrangement the resonant CARS signal is generated with IO in a buffer gas of M. The cell was at room temperature,

nearly vertical polarization, while the nonresonant back-approximately 300 K, and at a pressure of 13.0 kPa. The

ground is linearly polarized at 30° to the vertical. A/ BBO  spectrum was modeled using a perturbative ERE CARS

polarizer was placed in the signal channel with its transmisanalysis’~’ The basic equation for the CARS susceptibility

sion axis perpendicular to the polarization of the nonresonaris given by

(0)

S( . ) N 1 MaadM3db PaaMibcM2ca
WA W], — Wy, W3)= 57 - . -
XCAR 4T 273 ﬁsa,b,c,d Wpa— (01— w2) —ily,)| @ga= wa =il ga) (| @cat @2—1Tcy
0 0 0
pga)ljlzbcﬂlca Péb)/-LZbc:u*lca Péb)lu'lbuu'an

Wea— w1~ T4 Wep— wot+il' gy Wept o +ilgy

where ycars(w4: w1, — w5,w3) is the CARS susceptibility, signments in Fig. 2 can be understood by examination of Fig.
Miac= Mac-1, Where u,. (Cm) is the electric dipole mo- 3. The main-branch electronic resonané@g9.5), R1(9.5),
ment matrix element for statesandc, &, is the unit polar- and P4(9.5) will be predominant in the spectrum when the
ization vector for the electric field of pump 1 is the RamanQ-branch transition between the=9.5=N+ 0.5 lev-
initial population of statea, N is the total number density els in the(1,0) band in the XII state is probed. The occur-
(m~3) of resonant moleculed; is Planck’s constantJ s, rence of theQ,(8.5), R,(8.5), andP,(8.5) lines in the same
I',;, is the dephasing rate () for the electric dipole transi- scan indicates that the Ram@rbranch transition between
tion between states andb, and other parameters are definedthe J=8.5=N—0.5 levels in thg1,0) band occurs at nearly

in a similar fashion. The Sand@Rrs cod€ was modified for  the same Raman shift.

the ERE CARS calculations and the NO spectral data were Comparison between theory and experiment is compli-
obtained from the spectroscopic database eadmse'®and  cated by the noise in the spectrum resulting from the multi-
from previous high-resolution NO CARS measureméhté.  mode frequency structure of the 236 and 590 nm beams. It is
The square root of the CARS intensity is plotted in Fig. 2also complicated by the short lifetime of the LDS 490 laser
versus the theoretical enhancement factor. The enhancemaite that was used to produce the 472 nm beam, resulting in
factor is the square root of the calculated CARS intensity fora continuous decrease in the 236 nm laser power over the
the ultraviolet pump frequency divided by square root of thecourse of the spectral scans. Despite this, we are able to
calculated CARS intensity fox;=532 nm. As can be seen reproduce the major spectral features of the data for a wide
from Fig. 2, there is good agreement between theory andange of ultraviolet pump laser scans with fixed Stokes fre-
experiment and we observe an enhancement factor of nearfjuency, using only two constant frequency offset parameters

2500 at the peak of th®,(9.5) line. The spectral line as- for the w, and w; beams. There appears to be significant
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A2x+ ap JN Fig. 4. The combination of the polarization suppression of
1 + e 105 10 the nonresonant background and the electronic resonance en-
2+ 19510 hancement results in a significant decrease in the CARS de-
=0 A ; N ? g-g g tection limit. Polarization CARS measurements of NO in
‘ plasmas have been reported by Doetkal!* and by Pott
yress e et al*® Pottet al® report a detection limit of 200 ppm NO at
room temperature and atmospheric pressure, but in the pub-
03 |@y 03] 04| 03[y lished CARS spectrum for this condition the NO signal is
just barely discernable from the background signal.
Q 0 Ri Ry Py Py We have o_lemonstrated_ the detection of ERE CARS sig-
KT ) nals from NO in concentrations as low as 100 ppm. Spectral
oo AT scans were obtained with a fixed Stokes frequency as the
NG 012 Bp N ultraviolet pump frequency was varied, and with a fixed ul-
v=r 1+ f 959 traviolet pump frequency as the Stokes frequency was var-
T-e958 ied. Good agreement between theory and experiment was
v obtained for both these cases. The use of the dual-pump ERE
v=0 v v 1 + f g.g g CARS technique allows us to separate clearly the process by

X2IT which the Raman coherence is induced in the medium from
the ERE process where the Raman coherence is probed with

FIG. 3. ERE CARS energy level diagram specialized to the case where tha second pump beam. This separation simplifies considerably

Raman resonance frequency is tuned to @branch resonances between the theoretical modeling of the ERE CARS process and may

the J”=9.5 in the (1,00 Raman band. The three main-branch transitions, . . . K
0,(9.5), R,(9.5), andP,(9.5), through which electronic resonance en- enable sensitive, selective detection of small polyatomic

hancement occurs are shown in the diagram; satellite transitions are néfiolecules in flames and plasmas. The successful implemen-

shown. tation of the technique for NO is a very significant step to-
wards ERE CARS detection of biological molecules of
interest®

saturation or Stark broadenitigpf the ultraviolet transition,
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