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High resolution spectroscopy and spectral simulation of C 2
using degenerate four-wave mixing
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Degenerate four-wave mixing in the sub-Doppler phase conjugate geometry was used to record high
resolution spectra of the 3Hg—a *11, (0—0 Swan band of gproduced in an oxy-acetylene flame.

The line positions of isolated transitions were measured to an accuraey8&f10 3 cm™* and
calibrated using a Fizeau interferometer system. The data obtained from these spectra was used to
calculate rotational constants and lambda doubling parameters félitetates from which the line
positions for the whole band were calculated. Noticeable improvements between experimental and
calculated line positions are seen when compared to previously published values. The effect of
inaccuracies in line positions on the simulation of degenerate four-wave mixing spectra is discussed
and some examples of the improvement in simulation using the newly calculated line positions are
presented. ©1999 American Institute of Physids$s0021-960609)03701-(

I. INTRODUCTION LIF has been used to detect the radical in flatnasd to

measure absolute concentrations in a flared a low pres-

Spectroscopic study of radical or transient species suchyre plasm3.Polarization spectroscopy has also been used to

as excited or chemically reactive molecules is often ham'generate Doppler broadened spettig scanning a narrow

pered by the hostile conditions in which such species arg nqyigth dye laser. Broadband or multiplex spectra were
created. Typical environments include flames and plasmar%corded using DFWM in single laser shots and used to de-

: g : . ) [fe time-resolved temperature values in an oxy-acetylene
where the high luminosity limits the signal to noise ratio of

LT lame® More recently DFWM with counterpropagating
spectra and resolgUon Is often degrade.d by the Doppler e{g)ump beams was used in our laboratory to yield sub-Doppler
fect. Laser techniques such as laser-induced fluorescence

(LIF) and nonlinear optical methods providing coherent sig Spectra for comparison with simulated spectra derived using

nals, offer solutions to some of these experimental problems'fhe published line positions in thé0-0 band of the

31 _4 3 10 ; ;
The nonlinear processes of degenerate four-wave mixing Mg—a °II, system of .Q' In th|s previous yvork the
(DEWM), and polarization spectroscopS have been pectra were recorded using laser intensities which were con-
shown to allow high resolution spectroscopy of molecular OrS|dered to be just below saturation levels. From the present

radical species in flamé€ In particular DFWM has been work it is clear that partial saturation was present in the
used for a variety of measurements in combustion andPreviously presented spectra. This is evident in the previous

plasma diagnostiésand is finding increasing application in WOk where broadening of the spectral lines and reduced
studies of molecular dynamiésQuantitative interpretation esolution was observed in regions where the spectrum be-
of spectra requires a detailed understanding of the sign&°Mes congested. It was noted that some spectral features
generation process and their accurate simulation in turn reshowed apparently higher resolution than the corresponding
quires accurate values of relevant molecular parameters. TrBeoretical simulation. This phenomenon was ascribed to the
aim of the present paper is to show that DFWM may be usegffects of interference arising from coherent addition where
for h|gh resolution spectroscopy of molecular radicals to de.COﬂtfibUtiOﬂS from C|OS€|y Spaced lines led to destructive in-
termine accurate absolute values of electronic transitioferference. This effect also is enhanced by the broadening
wavelengths leading to improved values of the molecula€aused by partial saturation and will be explored further in a
constants. The accurate and precise wavelength determineparate publicatioht. It was noted that the quality of spec-
tion is vital for synthesis of complex molecular spectratral simulation depended critically on the accuracy of spec-
where spectral features may consist of two or more unretral line positions in constructing features consisting of sev-
solved components. In the case of spectra generated by no@ral unresolved components. The relative intensity of
linear methods such as DFWM the correct prediction ofstrongly blended features is an important aspect of the simu-
spectral intensities is critically dependent on the relative polation if the spectra are to be used as probes of the local
sitions of unresolved components owing to the coherent adenvironment, e.g., for inferring a flame temperature. Al-
dition of their respective contributions. The importance ofthough it was apparent that inaccuracies in transition wave-
these considerations is illustrated in the present work by é&ngths could affect the simulation the spectral resolution
study of the DFWM spectrum of £ obtained in the previous work was insufficient to make a
Recent interest in theQadical reflects its importance in  meaningful test of published spectral line positions.

combustion and plasma chemistry as well as astrophysics. In this paper we report the use of DFWM to obtain high
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A2 waveplate counterpropagating direction to the probe, was reflected by

; 7 H o I Dye .| NdvAG this second beamsplitter and directed through a spatial filter
I 0 Laser into a photomultiplier tube for detection. The signal was am-

| plified and digitised using a boxcar averager and recorded on

P Eéer?é‘mmeter L { Computer —{ Boxcar a laboratory computer. To ensure that the transitions were

== only weakly saturated, several spectra were recorded at dif-
o ferent input laser intensities. Analysis of the variation in sig-

A <+ nal level with incident intensity yielded a value ofl

We ~0.03 for the data presented later wherées the incident
laser intensity andl is the line center saturation intensity.
Wavelength calibration was performed using a Fizeau

interferometer systerfLambdameter LM-00) This device
consists of four interferometers of varying width incorpo-
FIG. 1. Schematic diagram of the experimental set-up. rated in a temperature stabilised single block. Light entering
the device is split and passed through all of the interferom-
i 3 3 eters with the inteferograms recorded electronically and ana-
resolution spectra of th€0-0 d “II,—a °II, band of G lyzed to give a vacuum wavelength reading with a precision
produced in an atmospheric pressure oxy-acetylene flamey, 1o 1105 nm. The calibration of the interferometer sys-
Special care was taken to ensure the spectra were unsaturaiggh was checked using a single-mode diode laser locked to
in order to avoid line broadening. Spectral simulation usingyne of the hyperfine transitions of the caesiugliBe. With
the most accurate values of the transition frequencies oby myitimode laser input, the linewidth of the laser is much
tained using Fourier transform spectroscopy by Affiahd  |arger than the precision to which the wavelength reading is
by Prasad and Berndthindicated discrepancies attributable given. The analysis of the interferograms attempted to fit the
to inaccuracy in published line positions. By accurate cali--gntral wavelength from the laser spectrum; where it was
bration of the DFWM spectra the absolute frequencies of;naple to do this an error was returned and the data point
only clearly resolved transitions were measured and used {@jected. One laboratory computer simultaneously recorded
derive the improved values for the molecular constant§he wavelength reading and signal level for each laser pulse
which are presented here. Using these new constants thgq controlled the scanning of the dye laser. The0 band
transition frequencies for the entire band were recalculategds ihe d 3Hg—a 3[1,) system of G was recorded in several
and used to construct a synthetic spectrum. The importancg&ctions from 512.5 nm to the bandhead at 516.67 nm with
of accurate transition frequencies for unresolved componenig,e dye laser being stepped across the transitions in steps of

of blended spectral lines is discussed in the context of simug 0pp2 nm, taking 20 useful laser shots at each point.
lating complex molecular spectra generated by DFWM.

llI. CALCULATION OF TRANSITION FREQUENCIES

The experimental values of all the clearly-resolved tran-

The experimental lay-out is illustrated schematically insition wavelengths were taken from the recorded spectra. A
Fig. 1. G, was produced in an oxy-acetylene flame from alLorentzian was fitted to each peak, to provide the most ac-
standard welding torch. The torch was supplied with indus-curate measurement of the line center. Although the Abrams
trial grade oxygen and acetylene, and was operated slightlgnd Lind modéet**® predicts a Lorentzian cubed line shape
fuel rich to increase the L concentration. The Swan this applies only to the case of monochromatic lasers with
(d 3Hg—a %11,) system of G was probed using a multimode stationary atoms. In the case where the transition is both
scanning dye lasdiSpectra Physics PD)3vith a linewidth  homogeneously and inhomogeneouéBopplen broadened
of just under 0.1 cm!. The dye laser was pumped, at a the line shape is more complex and the situation is further
repetition rate of 10 Hz, with the frequency tripled output of complicated by use of a finite bandwidth laser. In practice a
a Q-switched Nd:YAG lasefSpectron Lasers, SL404G simple Lorentzian provided a good fit to the recorded line
which produced 55 mJ per pulse of 355 nm light5 ns  shapes. Where the spectral lines had a distinct peak but were
duration. The dye laser output was attenuated and allowednly closely separated from adjacent transitions, these were
to propagate over several meters and through several apditted simultaneously. Where peaks in the spectrum came
tures to spatially filter the beam. For the experiments defrom two or more blended transitions, their wavelengths
scribed an overall pulse energy of less than @Jlwas used were not used in the subsequent spectral calculation. A num-
in a uniform beam profile of~2 mm diam in the interaction ber of transitions were present in several of the spectral
region. The laser beam was passed through a 70:30 bearseans, and the variation in their measured peaks gave an
splitter to produce the weak probe beam. The majority of theestimated error of 0.003 cnb.
energy was passed through the interaction region and retro- The band studied is thé0—0 vibrational band of the
reflected to form the two counterpropagating pump beamdd 3Hg—a %11, electronic transition of the Cradical. Both
The weaker probe beam was passed through a second 50:30 states correspond to Hund’s cdsgcoupling for the low
beam splitter and directed to cross the pump beams in thé&rotational levels, but rapidly switch to approximate Hund'’s
interaction region at a small angle-1°). All beam polariza- case (b) for the higherJ levels. Three strondg® and R
tions were linear and parallel. The signal, which travels in éranches are observed, corresponding to transitions between

Il. EXPERIMENT
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the F,, F,, andF; spin components. Weak& branches the fit to the experimental line positions are given in Table II.

are also present, but were not observed in the present stud’€y are given in the form of the parameters used in the fit,
Some spectroscopic studies of the i@dical, such as those SOMe of which are a combination of a number of the indi-
of Curtis and Sarré® and Suzukiet al.2” have also detected Vidual constants. The individual values can easily be calcu-

satellite transitions between differeft spin components, lated from these combinations. The errors quoted for the pa-
whereAQ = = 1. Again these were not seen in this work. rameters that were varied are given in parentheses and are

12C is by far the most naturally abundant isotope of car-2'€ equal to one standard deviation in units of the last quoted

bon. Owing to this, and the quadratic dependence of thdigit. The table lists the molecular parameters for the lower
- L 3 .

degenerate four-wave mixing signal strength on moleculaf® ~lu lével, and then the dlference b%tween the upper state
concentration, transitions frof?C, completely dominated 2and lower state valuesX(d “Ilg)—X(a °II,)).

the spectra recorded, with no discernible contributions from 1 he standard deviation of the difference between calcu-
other isotopestC, is a homonuclear diatomic molecule with lated and observed values for the fitted transitions came to

' -3 ~am-L which i ; ;
a nuclear spirl for both atoms of zero, which results in the 3410 ° cm = which is reasonably consistent with the er-

absence of all the antisymmetric energy levels. Forfie rors calculated for the measured values. If the calculated
states, there is a small energy difference for the fwoom- transitions wavelengths of Prasad and Bernath are used in-
ponents, which possess opposite parity. Therefore because ?)tpa:jd, tr:jenbthe stzndellrd deviation 'nyzzg_%'ﬁer‘f?c\?vﬁfl calcu-
the zero nuclear spin, one of theAedoublets is missing for ated and observed values comes to cm - e

eachJ with the missing component alternating with increas—th's is only approximately a factor of 2 greater, the differ-

ing J. This results in a slight staggering of the separations?nﬁez.:c? thet (;alculate(g trar:csmon We;]\_/erllengths aret sutbfstan-
between transitions in both tHe and R branches. Thé,, lally difterent in a number of ways which are important for

P,, and P lines form a triplet where, for highed, the subsequent simulation of experimental spectra. This is

P, /P, components appear as a closely spaced doublet. T early illustrated in Figs. 2 and 3. Figure 2 shows the dif-
staggering of the separations in bd®hand R branches re- erence in experimental and calculated valueg,{-vcad

sults in thisP, /P, doublet alternating between being sepa—];:o,r the gtteldttrilr?smons from ttr']té)lt,) Tz’ gnd P3| brlar:cgets. .
rated and strongly blended. igure 3 plots the same quantity but using calculated transi-

The wave numbers of all the distinct transitions recordecf'on_ positions quoted _by Prasad and Bernath instead. Com-
in the experimental scar@bout 140 in all were used in a parison of these two figures shows that the newer calculated

least-squares fit to calculate molecular constants forkhe ppsitions are closer io the experimental values than those
states. The constants required w@ehe relative energy of given by Prasad and Bernath, and these latter values become

the electronic and vibrational stat®,andD, the usual rota- increasingly inaccurate for higher In addition, the differ-
tional constantsp, p, and g which ,are x-(;Iouinng coeffi.  €nces between the calculated values of Prasad and Bernath,

cients, the spin-coupling constamtand with H, Ap , 0p , and the experimental values showla s_ystematic differpnce
po, andgp which are centrifugal correction terms. The fit betwegn the separafe pranches. This W.'” Ieaq o consis-
was made using thid? Hamiltonian of Brown and Merer for te_ntly Incorrect separations betwe_en nelghbqung lines from
31T statest® with the initial values for the constants taken asdlfferent branches. These separations, especially between the

those reported by Prasad and BerridtBecause of the ab- doublets from thé®>; andP, branches, are important b_ecause
they affect the overlap of such closely separated lines. An

sence of any satellite transitions in the fitted data for which .
AQ+#0, some of these constants can only be poorly detern@ccurate value for the separations and therefore the over-

mined. For the fitting to the experimental transition frequen-:cap’ leads to. poor smt:laﬂo;_\i of ?I)I(psnml(lam?l td((ajgenerate
cies, the parametess, H, 0, p 0p , Pp anddp, for the lower our-wave mixing spectra. This will be illustrated more

energy state, and, op andpp for the upper state were fixed clearly in .the foII(_)wing section. Similar results.to this were
to the values given by Prasad and Bernath. These were, E.)lso obtained using thg calculated and experimental values
most, weakly dependent on the set of transition wavelength r the R branch transitions.
used in the reduction. All the other parameters, however
were varied to achieve a good fit to the experimental posi—rv' SIMULATION OF EXPERIMENTAL DFWM
. SPECTRA
tions. The subsequently recalculated values for the transi-
tions, in vacuum wave numbers, are given in Table |. The  Experimental spectra were both simulated and fitted us-
numbers in parentheses are the difference between calculatet) a theoretical expression for the DFWM signal level. The
and observed wavelengthsyc— vopd X10° in cm ™l computer program used for the spectral simulation is based
Where there is no parentheses then the transitions were noh the theoretical expression given by Bratfalesral!®
sufficiently isolated to be measured or were not observed. Ahis gives the electric field strength, from the four-wave
number of the experimental transition frequencies for Righ mixing process for an electronic transition of an ensemble of
were significantly displaced from the expected values, this isnolecules illuminated with monochromatic light of arbitrary
due to the presence of perturbations, most probably in theatensity in both pump and probe beams with all input beams
upperd 3Hg state. The transitions that were not included inlinearly and parallel polarized. It does not consider the effect
the fit to obtain the molecular parameters are indicated in thef motion of the atoms. In the limit of a weak probe beam, as
table and the difference between calculated and observeslas used for this experiment, the expression is approximated
values are also given. by that given by Abrams and Lif#*® for small absorption
The values of the molecular parameters obtained fronand reflectivity, where the electric fiel&, can be written as

Downloaded 10 Feb 2004 to 163.1.240.35. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



388 J. Chem. Phys., Vol. 110, No. 1, 1 January 1999 G. M. Lloyd and P. Ewart
TABLE I. Calculated vacuum wave numbefia cm™2) for the rotational lines of the swah 3l'Ig—a %1, (0-0) band of G.2

J P1(J) P2(J) P3(J) R1(J) Ra2(J) Rs(J)

0 19381.7715

1 19373.6715 19385.1531 19386.5453

2 19372.3420 19370.1645 19388.9705 19389.1623 19391.0409

3 19371.7552 19369.6645 19367.2364 19392.5166 19393.3015 19396.1500

4 19369.3127 19367.0376 19364.6239 19396.3589 19397.8976 19400.9565

5 19367.0174 19364.7923 19362.46921) 19400.4849-46) 19402.618(70) 19406.365(—34)

6 19364.8766 19362.67(R) 19360.5118-24) 19404.914010) 19407.678(127) 19411.5649-41)

7 19362.9407 19360.92(88) 19358.968(—40) 19409.6310-29) 19412.9050-70) 19417.336125)

8 19361.1936-47) 19359.313{46) 19357.5596—-66) 19414.61870) 19418.409812) 19422.972(1-27)

9 19359.691®) 19358.0608 19356.5546 19419.90583) 19424.11501L9) 19429.15487)
10 19358.38684) 19356.9584 19355.6580 19425.41741) 19430.0768-28) 19435.24380)
11 19357.3565 19356.1945 19355.1639 19431.2538 19436.251p-15) 19441.866419)
12 19356.5150 19355.5907 19354.7633 19437.2%H45 19442.6837—37) 19448.4158%)
13 19355.9747 19355.3101 19354.7704 19443.6334 19449.322%) 19455.496468)
14 19355.6035 19355.2043 19354.8679 19450.128414) 19456.2358-16) 19462.506622)
15 19355.5624 19355.4030 19355.3633 19457.224 19463.3366—-8) 19470.056€15)
16 19355.6633 19355.796773) 19355.9343 19463.98834) 19470.7364—26) 19477.5274-1)
17 19356.126@3) 19356.471668) 19356.9378 19471.399625) 19478.2958-10) 19485.554631)
18 19356.699¢-7) 19357.3672 19357.98834) 19478.831621) 19486.1866-23) 19493.483R7)
19 19357.6696-53) 19358.5168-35) 19359.49181) 19486.756256) 19494.2016-23) 19501.99215)
20 19358.713(1-13) 19359.9156-15) 19361.0202-198) 19494.647(®0) 19502.5861—-49) 19510.37697)
21 19360.192&@2) 19361.5364—36) 19363.02326) 19503.082615) 19511.0534-110 19519.3709
22 19361.705F5) 19363.44145) 19365.0272—-9) 19511.427011) 19519.9337 19528.2088
23 19363.696@B) 19365.5321—-34) 19367.5338L7) 19520.3716 19528.8502 19537.6902
24 19365.6770-14) 19367.9447-6) 19370.00980) 19529.1661 19538.2272 19546.9785
25 19368.1800-5) 19370.503230) 19373.019815) 19538.6177 19547.5898 19556.9487
26 19370.6266-28) 19373.424017) 19375.96685) 19547.8583 19557.4642 19566.6845
27 19373.6428-19) 19376.44981) 19379.481239) 19557.8157 19567.2699 19577.1445
28 19376.553(721) 19379.881412) 19382.897(1-15) 19567.4989 19577.6419 19587.3247
29 19380.084(20) 19383.369%44) 19386.918P-15) 19577.9607 19587.8875 19598.2749
30 19383.457710) 19387.3136-19) 19390.8010-39) 19588.0834 19598.7570 19608.8966
31 19387.5025-35) 19391.264483) 19395.329113) 19599.0483 19609.4396 19620.3371
32 19391.3376-21) 19395.720158) 19399.677R2) 19609.6074 19620.8061 19631.3972
33 19395.897(0) 19400.1316 19404.7129 19621.0738 19631.9226 19643.3275
34 19400.1918 19405.1008) 19409.524618) 19632.0666 19643.7854 19654.8233
35 19405.266G-22) 19409.9706 19415.068113) 19644.0328 19655.3331 19667.2426
36 19410.0194 19415.45@%) 19420.3416-8) 19655.4564 19667.6910 19679.1711
37 19415.6086-6) 19420.7799 19426.398285) 19667.9207 19679.6669 19692.0784
38 19420.8187 19426.7765 19432.1270-40) 19679.7724 19692.5186 19704.4369
39 19426.922(-56) 19432.5580 19438.686344) 19692.7329 19704.9201 19717.8307
40 19432.5880 19439.06632) 19444.8789-24) 19705.0102 19718.2639 19730.6165
41 19439.2050-8) 19445.3031 19451.945441) 19718.4644 19731.0882 19744.4949
42 19445.3253 19452.32¢2%) 19458.5954—33) 19731.1649 19744.9221 19757.7054
43 19452.4549-20) 19459.0133 19466.16834) 19745.1104 19758.1667 19772.0663
44 19459.0287 19466.543B) 19473.274467) 19758.2317 19772.4884 19785.6989
45 19466.669613) 19473.6863 19481.3521568)b 19772.6657 19786.1507 19800.5399
46 19473.6958 19481.72(3?10)b 19488.9134—30)° 19786.2055 19800.9575 19814.5922
47 19481.846(B69)"° 19489.3197 19497.4952 19801.1249 19815.0353 19829.9103
48 19489.3240 19497.8683 19505.5()9&5269b 19815.0812 19830.3242 19844.3800
49 19497.9821 19505.9108 19514.5935 19830.4824 19844.8151 19860.1721
50 19505.9107 19514.9658 19523.0607 19844.8532 19860.5827 19875.0568

@The number in parentheses indicates,(— vo,d X 10* in cm™.

bIndicates lines not used in the fit to calculate the molecular parameters.

and Tz, the longitudinal and transverse relaxation times for
that transition.é, is the normalized detuning for the transi-
tion, given by6n=(w—w0n)T2n with wg, the transition line
center.ls is the line center saturation intensity for the tran-
sition, I =#%/(Ty T, [un|?). L is the length of the interac-
tion region, and ,, andl ,, the pump and probe beam inten-
sities, respectively.

A monochromatic spectrum was simulated by adding the

|/~Ln|2ANnT2nknL (1-i6y,)
: 2€oh (1+57)

20T (1+87)
X .
[1+415u/16 (1+67) 1%

This contains a summation over all transitionghereu, is
the electric dipole momentAN,, the population difference
between ground and upper stdtg the wave vector, and,,
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TABLE Il. Molecular parametergin cm™ ) for the a °II, state of G and
the difference between the upp.'dar3l'[g state and lowea °II, state. 0,024 n P
. [ ] . .l..- . 2 . P2
Parameter a 31, (d °y)—(a °,) _— ] Py
T 0.0 19378.464502) ogoa. 29R0%g o0 x 00 %7 oM
B 1.62407%30) 0.12152984) - 0004 . S .
Dx10° 6.47935) 0.376@31) 5 xx x° x o XX o °
ApX10* 2.7673 2.6615) = oo
A —15.2696 1.269118) A
Hx 102 7.85° ~7.88 z o
o+p+q 0.67726 —0.0646087) 0.02-
p+2gx10° 1.408 1.010:36)
qx10* —4.9721) —2.66626) x
OD_'_pD—’»qDXlO6 —-8.12% 8.127 T T T 7 T T T 1
Pp+ 20, X 108 9.42 —0.942 0 5 10 15 20 25 30 3 40 50
Op X 10 —1.288 2.4919) J
N —0.147655) 0.17810)

FIG. 3. Difference between experimentally measured and calculated line
positions for theP branches, using the calculated values given by Prasad and
Bernath.

4ndicates parameters fixed to the values of Prasad and BeiiRafh13.

signal field at a frequency from all transitions in the spec-

Tmtjm V\.'t'th t?fhc?rfrect phase ind tar'r%jl to glwla i.he signal passing the laser through a Fabry—Petatos and scanning
intensity at that frequency. A negligibie popuiation was as-,q dye laser through several free spectral ranges. The spec-

sumed in the upper state, and the ground state populatiorg%l profile was found to be well approximated by a Gaussian

were assumed to follow a Boltzmann distribution such thatOf width (FWHM) 0.090 eml To simulate the effect of this
ANy (235 +1)exp(-Eq/kgT) with Ey the ground state en- finite bandwidth on the measured spectra, the theoretical

ergy,J.n the tptal angular momentum, aﬁ’Fthe temperature. monochromatic spectrum was convolved with a Gaussian of
The _s!mulatlo_n assumed equal relaxation rates for all th%vidth 0.090#3=0.053 cnil. The factor ofv3 comes from
transitions which were observel, =Ty, T, =Tp, andthe 0 i dependence of the signal intensity on the input
relative dipole momentg., and ground state energlé_&] laser intensity, in the unsaturated regime. With a finite laser
were calculated by the program that was used for fitting angyangwidth, there will also be contributions to the signal from
calculation of the transition frequencies,,. The effect of nearly degenerate four-wave mixing, particularly when the
the variation of degeneracy of the levels involved in the tranyotion of the molecules is taken into account. These how-
sitions was also incorporated.dependent geometrical fac- gyer were not included in these simulations.
tors have been derived by Willianes al*° for the different This simulation method which has been outlined is based
rotational branches and for different geometries to accoung,, 5 theory which deals only with the effects of molecular
for variation in signal level owing to such factors. The signal yotion in the forward geometry with small crossing angles
field was also mgltiplied by the geometrical fac®g given  gnq not in the phase-conjugate geometry as was used in the
by Williams et al*° _ resent work. It also only compensates for the finite band-
_ The laser used was not monochromatic but had a bancsl)vidth of the input lasers in a simple manner. In addition,
width wider than that of the transitions. A time averagedcrossover resonances are not included although these do not
measurement of the laser spectral profile was obtained by.cur in this spectral region of CAs the input intensities
were weak the effects of molecular motion and finite band-
width, including nearly-degenerate four wave mixing, can be
Py calculated by perturbative means, but such additional calcu-
0.02 4 * P lation is computationally expensive. The simulation and fit-
Py ting of experimental spectra on an ordinary PC would not be
o feasible in a realistic time scale with such additional analy-
sis. The high quality of agreement between our final simula-
tions and the experimental data justifies the neglect of these
additional factors in these circumstances. Finite bandwidth
effects will be more important, however, when saturation
occurs, especially with larger bandwidth input fields. Mo-
lecular motion would also significantly alter the spectral line
shape in the case where the input laser bandwidth is much
less than the Doppler width.
An important parameter for the correct simulation of
J complex rotational spectra is the homogeneous linewidth of
the transitions, which in the theoretical approach used here is

FIG. 2. Difference between experimentally measured and calculated line . . .
positions for theP branches, using the calculated values presented in thidoverned by the transverse relaxation tifiye Few publica-

paper. tions give any indication of the homogeneous linewidth for
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516.58 516.60 516.62 516.64 516.66

FIG. 4. Experimental spectrum and theoretical fit to the bandhead region of Wavelength / nm

the Swan(0-0 band of G. Open circles, experimental data; solid line,
theoretical simulation. FIG. 5. Enlargement of bandhead region with simulations using different
line positions. Open circles, experimental data. Simulations are shown using
line positions from this work, solid line; Amiot, long dash; Prasad and
Bernath, short dash.
the G, molecule in an atmospheric pressure flame, and those
values that are quoted show some disagreement. The value
of T, used for these simulations was obtained by fitting aisolated lines exist in the bandhead region, and so few lines
theoretical spectrum to an appropriate section of thex:  from these spectra were included in the data used to calculate
perimental spectrum. Where many rotational transitions existhe new molecular parameters. This improvement in fitting is
within a small spectral range, the overlap, and therefore theonfirmed by the quality of fit factor used for fitting the
intensity, of the spectral feature is strongly dependent on theimulations to the experimental data, which consisted of the
intrinsic transition linewidth. The ratio of the intensities of sum of the squares of the residue between theory and experi-
such blended features to isolated transitions is thereformental data. For the whole bandhead region as shown in Fig.
changed substantially by variation in the linewidth. This ef-4, this factor was 65% larger when using the Prasad and
fect is most evident around the bandhead region, and so Bernath line positions and over three times greater with those
value of T, was obtained by fitting the spectral region from given by Amiot.
516 nm onwards which contains both the bandhead and The importance of accurate line positions for spectral
many isolated® branch transitions. Only a small rangeTof ~ simulation is most evident in regions of the spectrum where
values enabled both isolated and blended features to be ghe separation oP,/P, doublets approaches the homoge-
multaneously fitted. The whole region was fitted withas  neous width. Alternate doublets then become strongly
an adjustable variable to obtain a value of 0.161 ns, whiclblended and the effects of coherent addition are seen in the
corresponds to a homogeneous linewidth of 0.066tihe  resulting spectral line intensity. This is illustrated in Fig. 6
spectrum was also fitted using the line positions given bywhich shows four spectra of such a region between 515 and
Prasad and Bernath to obtain a valueTef=0.156 ns. This 516 nm. Figure @) shows the experimental spectrum in
value is very similar to that obtained with the newly calcu-which the P, /P, components lie to the short wavelength
lated transition frequencies indicating that such a derivatiorside of the triplets. For most of the spectrum these doublets
of T, is fairly insensitive to the exact transition wavelengths.do not overlap and no increase in signal arises from coherent
Figure 4 shows the experimental spectra and theoretical fit taddition. Only at the low wavelength end of the region plot-
this bandhead region, showing the high quality of the simuted does such an effect occur. The other three diagrams of
lation in this complex spectral region. In all these simula-Fig. 6 are simulated spectra which have been fitted to the
tions the temperature was fixed to 3000 K. This is the averexperimental data using the line positions presented in this
age temperature previously measured in this flame usingiork, those of Prasad and Bernath and finally those of
degenerate four-wave mixif® and is similar to the value Amiot. Using the previously published line positions the
calculated and measured by other optical means for such R, /P, doublet separations are wrong and in the alternate
flame?! The bandhead spectrum is, in any case, fairly insendoublets, which are more closely separated, the simulations
sitive to variations in the temperature. predict overlap and a subsequent increase in signal level
Figure 5 shows a smaller section of this bandhead speavhere this is not observed experimentally. For Eh&riplet
trum with the theoretical simulation. For comparison, the fitsmarked with an arrow in Fig. 6, for example, the ratio of the
of a theoretical simulation using the transition wavelengthsP, /P, doublet peak height to that of the neighboring iso-
given by Prasad and Bernathand also those given by lated P5 transition is approximately 1.80 for the experimen-
Amiot!? are also shown. Although the bandhead spectra ar&l spectrum, 1.94 for the simulation using the new line po-
less sensitive to the precise line positions than many othesitions, 2.68 using those of Prasad and Bernath, and 4.24
parts of the G Swan(0-0 band, it is clear from Fig. 5 that with Amiot’s. Use of these less accurate line positions makes
the best simulation is obtained using the line positions pret very difficult to simulate such a spectral region well. This
sented in this paper. This is despite the fact that very fews again indicated by a dramatic incredaéleast three times
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species which are short-lived or are produced only in hostile
environments. Degenerate four-wave mixing in the phase
conjugate geometry, as was used for these experiments, is a
sub-Doppler technique. The cubic dependence of signal
strength on incoming nonsaturating laser intensities can also
ll h “1 lead to a measured transition width less than that of the prob-

l resolution spectroscopy. This is particularly so for molecular

U_Jl l I l jl ing laser. In addition the contribution to the measured line-
L S width from the homogeneous width of the transition is also
' less because of the nonlinear nature of the process. A truly
(c) monochromatic nonsaturating input laser would measure a

linewidth of less than half that obtained using linear tech-
LL.“I | J J llb( i l l ‘

H nigues, with a subsequent increase in resolution. All these

factors contribute to the high resolution possible with
DFWM as demonstrated here.

The transition wavelengths measured from the experi-
mental spectra were used to recalculate molecular parameters
) for the a °I1,, »=0 andd °Il;, »=0 states. These were

then used to calculate transition wavelengths for the whole
‘ band. A comparison of the newly calculated wavelengths
LI_N[ | L | l‘
(a)

Intensity

with the those observed experimentally, showed substantially
greater agreement than with the line positions reported in
earlier works. In particular, a systematic movement of all
transitions in one branch with respect to those in another
which could clearly be seen from previous published wave-
length data was removed. This is important in providing
more accurate values for the separation of near-neighboring
transitions. It is hoped that these new line positions will be
beneficial in future work where simulation of this band of the
C, radical is required.
, ! , X ) ! The importance of accurate knowledge of line positions
5150 5152 5154 515.6 5158 516.0 in simulating spectra using nonlinear processes such as de-
Wavelength / nm generate four-wave mixing was illustrated. Experimental
FIG. 6. Part of the spectrum of the Swét-0) band of G illustrating the spegtra from  different regl_ons of the . Swad_ °I1
effect on relative line intensities of inaccuracies in line positions used in—a& “I1(0—0) band of Gwere simulated and fitted using the
simulating blended featureéa) Experimental datdthis work. Simulation  line positions presented here and also from two previous
using line positions given byb) this work, (c) Prasad and Bemattid)  gpectroscopic studies of this band. In all regions of the spec-
Amiot. . . . . ",
trum better fits were obtained with the new line positions
because features containing overlapping transitions were cal-

largey in the square of the residue between simulation an&ulated to have the correct intensity in comparison to isolated

experimental data using these previous transition Wavet_ransmons. Where spectroscopic techniques such as DFWM

lengths compared to the newly calculated values are used for diagnostic measurements, great importance is
' often attached to the variation in intensity of spectral features

or the ratio in intensities of different features. The work pre-
V. CONCLUSION sented here demonstrates that a sufficiently accurate knowl-

High resolution spectra have been taken of the Swar?dge of the spectral line positions will at times be necessary

d 3Hg—a 3[1(0—0) band of G, using degenerate four-wave to obtain correct results from such measurements.
mixing. The conditions of the experiment were not the most
favorable for high resolution spectroscopy. The source wa$CKNOWLEDGMENTS
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