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Broadband absorption spectra aatal initio calculations are combined to complete and reinterpret
part of the vacuum ultraviolet spectra of the CF radical. We have found a new band at 190.8 nm
which we have assigned to the CPS, " —X 211 (1,0) transition.Ab initio calculations show that the
band at 186.6 nm formerly assigned as CF*S, " —X 211 (0,0) by White et al.[J. Mol. Spectrosc.

75, 318 (1979] corresponds to the CE 23" —X 2II (2,0) band. The CRC 23" state is heavily
perturbed by thé\ 23 * state and by repulsiv& * states. The observed predissociation pattern for
the C22* (v'=0,1,2) states is well reproduced by the calculations. Information on the CF
C23*—X2II and D 2[1-X?II electronic transition moments and corresponding oscillator band
strengths is also presented. ZD03 American Institute of Physic§DOI: 10.1063/1.1526637

I. INTRODUCTION v'=0 state could be a perturbed vibrational level of the
AZ23* state because they could not find a state in their cal-
The CF radical is a common intermediate in fluorocar-culations at the right energy to correlate with the observa-
bon chemistry in either plasmiag or flames’ Ultraviolet  tions. Recently, Petsalakfsfound a similar problem trying
spectroscopy is one of the most extended methods to obtatd assign theC’ 23" —X2I1(0,0) transition to the excited
information on the CF radical in hostile environmeffs?  states predicted by his calculations.
TheA 23" —X2IT andB ?A—X 21 bands have been the sub- In the present paper we have analyzed the absorption
ject of many studies because they are located between 1%pectrum of the CF radical between 189 and 202 nm. Besides
and 235 nm, where experimental work is easily accessiblehe B2A—X?2I1(0-2,0) bands, we have identified the
Two-photon excitation processes on the OFII-X?II C23T=X?I1 (1,0, (0,0, (2,1, and (0,1 bands. The
bands®~1? have facilitated the study of part of the vacuum C 23, " —X 2I1(1,0) and(0,0) bands are broadened by predis-
ultraviolet. Johnson and Hudgéfismention that no other sociation, and their intensity in absorption is comparable to
bands are observed in the @F?I1-X 2I1 spectral region, those of theA 23+ —X 2IT and B 2A—X ?II bands. We have
even though transitions to tf@ (223 %) andC’ S " states, employed the complex coordinate method and previously
identified by Whiteet al,>'*should be detectable. They ex- calculated published and unpublishedb initio data by
plain the lack of additional spectral features in the two-Petsalaki¥ to predict energy terms, and predissociation of
photon spectra by the fast predissociation of @& and the C?Y " state. The agreement is remarkably good for
C' 23" states. C23" v'=0,1 and suggests that th@' 23" v’ =0 state
There has only been one extensive study to date on thassigned by White is in fact th€ 23 * p'=2 state. This
vacuum ultraviolet transitions of the CF radical by WHite, resolves one of the remaining problems in the vacuum UV
which has only been partially publishéd*® A common  spectral assignment of the CF radical.
characteristic of the spectral transitions observed in the
vacuum UV spectra of the CF radical is the existence of
extensive perturbations and predissociation. White’s experil- BROADBAND ABSORPTION EXPERIMENTAL
mental study was accompanied by theoretical calcuPETAILS
|5_1t_i0ns’l3,15 to help assign bands to different electronic tran- g experimental method is described in more detail in a
sitions. Relevant t(z) trlls ng’k was the a§§|gnment of the banpecent paper on the CRZS*_X2IT and B2A—X2II
at 195 nm fo th+e§: 22 —X“I1(0,0) transition, the 186.6 NM  panqdl7 |0 brief, radical species were generated in an
band to C’“%"—X H(?é%’ and the 191'22 nm band 10 gyelarf High PerformancélLam Research Corpdielectric
C’—X(O,l).zvv+h|teet al.=*" correlated theC X stale 10 etch system. This is a dual-frequenty MHz, 27 MH2,
the 3po (2°X7) Rydberg state and suggested e capacitively coupled commercial etch system, designed for
wafer processing and equipped with fused silica viewports
3Electronic mail: Jorge.Luque@lamrc.com on opposite sides of the chamber. Radical species were gen-
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erated using a combination of argon and cyclooctafluorobuabilities from calculations in the present study are included
tane (c-GFg) feed gases at a pressure of 160 mTorr and totain the database. We note that the only elements fbrinitio
rf powers of 2 kW in both rf sources. calculations in the spectral simulation are the electronic tran-
The UV source was a Xenon arc lani@riel, 150 W  sition moments. The other factors in the spectral simulations,
equipped with arf/1.5 collimating lens and a shutter. UV- including the band positions, rotational constants, Franck—
enhanced aluminum mirror§Thorlabs, Inc. were used to Condon factors, and predissociation rates are from spectro-
direct the exit beam to a condensing léBsimund Scientific  scopic analysis of the data in the present paper or from other
Co), which focused the beam onto the entrance slit of axperiments?
spectrograph(SP-750i, Acton Research Corp., 0.75 m
Cze.rny-Turne)..The spectra were .takt.an with a 2400 I/mm Il AB INITIO CALCULATIONS
grating and typical spectral resolution is 0.02 nm. The wave-
length scale was calibrated with suitable atomic transitions in ~ The details of theab initio calculations used to derive
the range of 193-260 nm. The accuracy was 4 ti*~1  potential energy curves, transition strengths, and predissocia-
pixel) for the 2400 I/mm grating including the error in grat- tion rates have been reported previously by Petsaliisr
ing position reproducibility. The light detector was a 1024-the purpose of the present work, in addition to the calculated
channel photodiode arrayDM-220, Andor Technology potential energy curves, rotational electronic and radial ma-
Corp), and its linearity was calibrated in the range used fortrix ~elements reported earlier, theC?23*—X?2II,
spectral measurements. C23"—AZ%3S ", D2II-X2I, andD ?I[I-A23 " electronic
Absorption spectra were measured by combining foudipole transition moments were calculated for values of in-
separate measurements, taken under different conditions: dernuclear distance between 0.9 and 2.4 A. Furthermore, the
tector background(plasma off, shutter closgd source potential energy curve of the*® ~ state was added to com-
(plasma off, shutter openfull spectrum(plasma on, shutter plete the picture of the lower lying states of CF. Predissocia-
open; and optical emissiofplasma on, shutter closedrhe  tion widths of the first seven vibrational levels of tBe?S, *
last measurement is required to remove the contribution oftate for rotational leveldN=0, 5, 10, 15, 20, 25, and 30
optical emission from excited species in the plasma, whiclwere calculated using a five-state coordinate calculation
can be considerable for some plasma species. Stray liglsimilar to the previous calculations for theé =0 level of
might become a source of systematic error when it is morehis state'® These additional calculations were necessary for
thana few percent of the total light spectral irradiance. lithe interpretation of the observed spectra.
decreases the true absorbance value by the percentage of
stray light in the lamp spectrum. This situation is likely with
measurements near the, @bsorption onset at 195 nm. The
stray light was estimated by the difference between the tran®A. Ab initio calculations
mitted light in the optically dense spectral region below 190
nm and the detector background spectra.
The absorbancé)) spectra were calculated as follows:

IV. RESULTS AND DISCUSSION

Theab initio potential curves of the lower lying states of
CF are shown in Fig. 1. Th&23" C23*, and DIl
Rydberg states and ti&?A valence states show complicated
shapes, which result from their mutual interactions and
—A=-nolL (1) avoided crossings. Thé 2I1 state has a characteristic

Rydberg shape at short internuclear distance; at 1.5 A it has

and interpreted by the Lambert-Beer law, wherés the 3 maximum from an avoided crossing with repulsive valence
average number density in the optical p&tm °), o-is the  states. Thed 25+ andC 23 * Rydberg states change charac-
absorption cross sectiofen?), and L is the optical path ter at long distances as indicated by the avoided crossings.
length where the absorbers are distributed. Integrating th?inally, theB 2A state shows a maximum at 1.9 A as a result
absorbance in frequency for a spectral transition and withyf an avoided crossing with a repulsi¢A state correlating

In Isourc& plasma I plasma emission

I source | background

nol<1, with ground state dissociation limits. The agreement between
lo—I(v) the vertical calculated transition energies and experimental
f l—dV:’JTrefv/van, (2)  values is within 0.1 eV for the four states while for the
0 C?3* state the error is only 0.03 el¢f. Table Il of Ref.

wherel is the light beam initial intensityl,(v) is the inten-  16). Table | shows the vibrational spacing and rotational con-
sity after passing the sample, is classical radius of the stants obtained from th€ 23" state potential curve. The
electron,v is the frequencycm™ %), andf . is the oscillator ~ rotational constants and vibrational spacings are much
strength of the transition between two vibrational levels. smaller than those expected from an unperturbed Rydberg
Spectral computer simulation of the rotational structurestate. Vibrational spacing and rotational constants do not de-
of the different vibronic transitions was used to identify crease steadily as expected with vibrational level, further
bands, estimate line shape broadening, determine band ovemenfirming the complex interactions of ti@?3,* state with
laps, and measure temperatures. The database/spectral simther states, mainly by the avoided crossing with A&, *
lation programLiFBase®® was modified to include the CF state. Early calculations using the multiconfiguration
AZST_X?II, B2A-X2II, C?S =X 21 andD 2II-X2II  Hartree—Fock methddfound this state to be very similar to
bands. Line shape and population distributions are selectabtae A 23" Rydberg state with comparable potential curve
parameters to model the spectra. Absolute transition prokparameters B,=1.719 cm !, @,=0.0186 cm?, w,=1846
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FIG. 2. Calculated dipole transition electronic moments for the
C23+*—X2[I, C23"-A23", D 2[I-X 2, andD 2I1-A 25" transitions
of the CF radical.
T s ' ' 5
: . 0 . . . . L
) 2 2 tistate complex coordinate rotation calculation of vibrational
Internuclear distance (A) rotational levels and their widths. Results for (Bé3.* state

are given in Table Ill. TheC 23" state is strongly predisso-
ciated. In general, predissociation increases with vibrational
level and is nearly independent of the rotational quantum
number. The exception is th€ =2 vibrational level that is
very weakly predissociated at low rotational quantum num-
cm 1, weX.=22.9 cm''). However, this method is known bers. The main mechanism for predissociation is the strong
to be inaccurate for treating complex interactions and forkadial interaction with theA S " state, consistent with the
predicting avoided crossings. low rotational dependence of predissociation. TRE&S,*
Figure 2 and Table Il show the electronic transition mo-state also has strong rotational—electronic coupling with the
ment for theC—X, C-A, D—-X, andD-A transitions. The D 2II and the ground stat& °I1. The effects of the various
C-X transition dipole moment has a smooth shape with dnteractions cancel out a large part of the radial coupling for
maximum at 1.45 A coinciding with the change of RydbergC 23+ ' =2, leaving rotational—electronic coupling as
character in theC 23" state. Also the rotational-electronic dominant for large rotational quantum number values.
interaction switches fron€C—D to C—X dominated at this
distance(Fig. 7 in Ref. 16. The C-A transition is very B. Ab .
strong at short internuclear distances. The sharp change be- sorption spectra
tween 1.2 and 1.5 A is coincidental with the sharp maximum  Figure 3 shows the absorption spectrum of the CF radi-
in the radial coupling between tH@2s* andA23 " states cal in the region between 188.5 and 201 nm. There are as-
(Fig. 6 in Ref. 16. signable bands from the (B—X system at 194 and 198 nm
The potential energy curves, radial coupling interactionsthat correspond to th®-X(2,0) and (1,00 bands respec-
and rotational—electronic interactions are included in a multively. The band at 194.7 nm was assigned by Whittal. as

FIG. 1. Potential energy curves of te’IT, A23*, B2A, C23*, D 2II
states of CF. The quartet*s ~ and the singlet ground state of CRre also
shown.

TABLE I. Summary containing the experimental and calculated vibrational spacings, rotational constants, and
predissociation lifetimes of the CE 23" state. Calculated predissociation lifetimes are given for rotational
quantum numbeN=10.

Vibrational spacing Predissociation lifetime B,
cost (cm™) (ps (cm™)
v’ Calculated Observed Calculated Observed Calculated Observed
0 1.70 1.3:04 1.564 1.5950.007
1 1111 1135 0.43 0.5:0.1 1.490 ~1.56
2 1090 1181 500 ~10.0¢ 1.485 1.532% 0.0006
3 1273 0.21 1.495
4 1351 0.05 1.496
5 1352 0.02 1.450
6 1284 0.01 1.432

#From Whiteet al. (Refs. 13 and 14
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TABLE II. Ab initio electronic transition moment in atomic units (£MD.3935 a.u.) for the CE 2% " —X 211,
C23*—A23*, D2[1-X2I, and D 2[1-A 23" systems. TheC 25" —X 21 transition moment has to be
increased by 25% to match the relative intensities of theB=H(0,0) and(1,0) bands of the spectrum in
Fig. 3.

Internuclear
distance in A

(bohr in parenthesgs C23 X211 C23t-A%S* D 2I1-X 211 D2I-AZs*
0.900(1.7) 0.657 230 2.308 750 0.100 718 3.219 330
0.953(1.8 0.530 060 2.396 350 0.146 551 3.289 520
1.058(2.0 0.380 230 2.418 220 1.167 129 3.385 600
1.164(2.2 0.295 140 2.031 820 0.165 129 3.440 650
1.270(2.9 0.340 100 2.031 820 0.160 507 3.435 650
1.375(2.6) 0.499 040 1.306 710 0.161 740 2.323 600
1.481(2.8 0.558 060 0.897 870 0.173 335 0.048 129
1.587(3.0 0.470310 0.649 430 0.252 161 0.013508
1.693(3.2 0.327 010 0.541 880 0.243 220 0.013 569
1.799(3.9 0.228 520 0.444 310 0.236 429 0.012 708
1.904(3.6) 0.044 160 0.217 510 0.224 940 0.011 943
2.010(3.8 —0.088 580 0.356 690 0.207 074 0.009 424
2.116(4.0 —0.055 690 0.548 390 0.173 050 0.006 719
2.222(4.2) —0.039 920 0.602 870 0.144 073 0.003 566
2.328(4.4) —0.026 510 0.590 700 0.124 145 0.000 854
2.381(4.5 —0.020 840 0.552 980 0.109 846 0.000 136

CF C-X(0,0), but the peaks at 190.7 and 199.7 nm have nokinally, the G B—X(5,0) has an even larger effect. We have
been reported to date. We assign them as theCEK(1,0)  removed the obvious spikes in tkiz-X(1,0) band to facili-
and (0,1) bands. The shoulder overlapping te-X(1,0)  tate the comparison with simulation.

band at 191.2 nm corresponds to t6e-X(0,1) band as The experimental spectral resolution is 0.02 nm~&
assigned by Whiteet al. and which we reassign as the ¢cm™%, but theC—X(0,0) and especially th€—X(1,0) band
C-X(2,1) band. The signal-to-noise ratio decreases quicklappear broadened. Whiet al. already mentioned that the
toward 190 nm because of the, @iterference in the optical C—X(0,0) band is diffuse, so they only analyzed the band-
pathway. Figure 3 shows the assignment of the O head positions to obtain a rotational constant of 1.60%tm
B3x, X%, Schumann-Runge bandheatisyhich grow  The CFD-X(0,0) transition is known to be at 190.4 nm, but
quickly in intensity toward the vacuum UV, blocking it is not observed in Fig. 1. Three factors contribute to the
the xenon lamp light below 188 nm. Degradation in the qual{ack of absorption fronD—X(0,0). First, it overlaps with the

ity of the absorption spectra is caused by the, O strongC—X(1,0) band. Second, it also overlaps with the O
B-X(3,0), (4,0) and(5,0) bands. The incomplete removal B—X(5,0) bandhead. Finally, the transition is weak; White
of the O, absorbance in the optical path produces negativebserved théd—X(2,0) and(1,0) bands, but not the funda-
and positive spikes on top of the CF spectral features. Thenental(0,0.. The CFC—X(1,0) transition was not reported
C-X(0,0) band is mildly effected by the OB-X(3,0) by White" either. Perhaps the broadened band appeared as
band, whereas the {B—X(4,0) band is clear at 192.5 nm. an absorption background in their photographic plates. Re-

TABLE lIl. Calculated energies in ciit (referred toC v’ =0, N’ =0) and predissociation lifetimes for the first
seven vibrational levels of thé 23" electronic state of CF for selected rotational levels.

v

N 0 1 2 3 4 5 6
0 E 0 1111.0 2201.3 3474.3 4825.1 6178.2 7462.8

T 1.7ps 0.43ps 97.4 ns 0.22ps 0.05ps 0.02ps 0.01ps
5 E 44.1 1152.9 2243 3516.2 4867.1 6219.2 7502.7

T 1.7ps 0.43ps 10.9 ns 0.21ps 0.05ps 0.20ps 0.01ps
10 E 169.9 1272.3 2362.2 3636.3 4986.7 6336 7617.1

T 1.7ps 0.43ps 0.52ns 0.21ps 0.05ps 0.02ps 0.01ps
15 E 374.2 1466.1 2555.6 3830.9 5180.9 6525.2 7802.3

T 1.6ps 0.44ps 0.10ns 0.20ps 0.05ps 0.02ps 0.01ps
20 E 656.4 1734.1 2823.1 4100.4 5449.6 6786.4 8058.7

T 1.5ps 0.45ps 32.0 ps 0.18ps 0.05ps 0.02ps 0.01ps
25 E 1016.2 2076.4 3165 4445 5796.1 7120.4 8387.2

T 1.4ps 0.47ps 14.4 ps 0.16ps 0.04ps 0.02ps 0.01ps
30 E 1452 2495.9 3580.5 4862.7 6214.6 7525.1 8795.4

T 1.4ps 0.51ps 7.04ps 0.15ps 0.04ps 0.02ps 0.01ps
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(1.7+0.2)x 10" cm™ 3 after Abel inversion. The accuracy of
these temperatures was confirmed by the good agreement
between the observed and simulaidX(1,0) band shape,
and by the ratio of th&8—X(1,0) and(2,1) band intensities.
The quality of the fits is similar for th&—-X and C-X
bands.

The resolution in the simulation was varied to obtain the
best fit. TheB—X bands fit well with the instrumental reso-
lution of 0.02 nm. TheC—-X(0,0) band is best simulated with
a Gaussian line shape with bandwidth of 0.035(fWHM).
Finally, the C—X(1,0) is best fitted with a Lorentzian line
— T 3 —  0,B-X(v\0) shape with a bandwidth of 0.06 nfFWHM). The P,

190 192 194 196 198 200 +Qq, bandhead of theC—X(1,0) band is wider than the
Wavelength (nm) same bandhead f(@—_X(O,C_)). The CFB v_’=0_,1 levels are
, . , , . . known not to be predissociated, so the linewidths correspond
[ CF Simulation (T;, =860 K, T, =450 K) ] to the instrumental resolution. Deconvolution of the broad-
C-X(1,0) C-X(0,0) B-X(1,0) ening in theC—-X(0,0) and(1,0) bands gives average broad-
004 [ ] enings of 4-1 and 162 cm™ ! respectively, confirming that
these bands cannot be rotationally resolved.

We found that theC 25 v’ =0 band is best fitted with
a rotational constanB,,_,=1.605-0.01cm !, in good
agreement with White¥$ value of B,,_,=1.595+0.007
cm 1. For CFC23* v’=1, the interference from the O
i ] bands in the lamp spectrum with tkie-X(1,0) is strong and
DXO0) | CX@D C-X(0,1) the value ofB, _,;~1.56 cmi ! is only an estimate. The vi-

r brational spacingAG; ¢ is 1135-5 cm 1, with part of the

. . . . . . error arising from the uncertainty in the rotational constant.

190 192 194 196 198 200 Table | summarizes the values of the energy terms, rotational
Wavelength (nm) constants, and predissociation lifetimes derived from the ex-

erimental data. We have included the data from Wtate

FIG. 3. Upper panel: Experimental abs_orption spectru_m of the CF radicafributed by him toC’ 22+ v’ =0 but labeled here a8 22+
between 188.5 and 201 nm at a resolution of 0.02 nm infg G\r plasma '—o) f .

at 160 mTorr. Lower panel. Spectral simulation including the CF v'=2) for gomparlson. . )
B2A—X2[1, C23*—X2II, and D 2IT-X 21 bands. The rotational tem- The ab initio calculations reproduce th&G, ; spacing

perature is 450 K and the vibrational temperature is 860 K. The transitiortg within 25 cmi  and theA G, ; spacing to within 90 cmt.
2y +_y 2 2 2 ) ) ' .
probabilities of the CFC °% " —X “I1 andD “II-X °II bands are fromab g pradicted rotational constants are only 3% systemati-

initio electronic transition and RKR wave functions. The CES *—X 2I1 I I h h d he diff b
intensities are normalized to the GA—X 2I1(1,0) and(0, 0) bands. The cally smaller than the measured ones. The difference be-

simulation also includes broadening from predissociation in thetween theab initio rotational constantsB,.—,—B, ), is
C22*-X211(0,0) and(1,0) bands. The location of theB-X bandheads  nearly identical to that observed experimentally.
is also i_ndicated. The role of QOnterference in the lamp spectrum is dis- The predissociation lifetimes far’=0 and 1 are pre-
cussed in the text. . s L .
dicted within the error limits of the present experimental
results. TheC 2> " v'=2 appears to have a calculated pre-
dissociation lifetime that is too long, although the experi-
cently, we have observ&the very broadened C&A—X(3,0) mental result shows an unexpected increase of the predisso-
band[~16 cmi ! full width at half maximum(FWHM)] at  ciation lifetime compared to that of th€ > v'=0 and
210 nm. This band was omitted in White’s study also. v'=1 levels. The calculations predict this qualitative behav-
The lower panel of Fig. 3 displays the simulation of theior. White’s thesi$* describes the predissociation ©f 23 *
CF spectra. There are three plots overlaid, corresponding o' =0 as being rotationally dependent, increasing from at
the CFB—X, C—X, andD—X transitions. The hot bands are least 0.15 cm® at low rotational numbers to-1 cm ! for
overlapped with the main bands for each system, as can hk=35.5. Table Il shows that the calculated predissociation
seen, for example, at 198.5 nm with ti8-X(1,0) and rates increase very quickly with rotation, as is observed ex-
B-X(2,1) bands. The simulation uses calculated absolutperimentally. Above theC 23 * v’ =2 level, where there is
transition probabilities. Vibrational temperatures, rotationalno experimental data available, the calculations predict
temperatures, and ground electronic state CF number densityghly predissociated levels with nearly constant vibrational
were determined from the well-characterized 8FX and  spacings because of the extensive perturbation. In summary,
B—X band$’ in the same plasma conditions. From thethe ab initio calculations confirm the attribution of the peak
A-X bands the rotational temperature was determineét 190.7 nm to theC—X(1,0) transition, and suggest very
to be 460:20K, and the vibrational temperature was strongly that the previously designat€d?s, " v’ =0 level,
840+ 40 K. The CF column density was %80 cm 2,  which had not been assigned to any known state, is in reality
which corresponds to a reactor center number density aheC23" v’ =2 level.
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TABLE IV. Calculated vibrational transition probabilities for the ©F3, " —X 2T1(3—-0p") with theab initio electronic transition moment normalized to the
CF B ?A—X 2[1(0,0) and(1,0) bands and RKR vibrational wave functions.

CFC-X CFC-X
band I yron Nyron Ayrpn band I yron Nyron Ay
(v'0") Qoo A) A) foror (s (v'v") Qoo A) A) furor (s7h
0,0 0.442 47 1.243 1950 1B502  4.4€&+07 0.453 33 1.289 1908 16402 6.0€E+07

0.27031 1.190 2000 5.68-03 1.8E+07
0.144 02 1.160 2052 2.86-03 8.8 E+06
0.07273 1.137 2106 1.E2-03 4.2€+06
0.036 10 1.119 2162 7.2704 2.0&+06
0.017 70 1.103 2220 3.E3-04 1.0E+06
0.008 61 1.088 2280 1804 49E+05
0.004 16 1.075 2342 9.£8-05 2.3&+05

0.024 14 1.325 1956 18103 4.5€&+06
0.122 22 1.197 2006 2B503 9.4FE+06
0.136 07 1.163 2057 2K503 8.6& + 06
0.103 34 1.138 2110 2B4 03 6.1E+06
0.068 01 1.119 2165 18903 3.9£+06
0.04109 1.103 2222 8K4 04 2.3€&+06
0.023 64 1.088 2281 5RP9 04 1.3&+ 06
0.01315 1.075 2342 3.E6-04 7.5£+05
0.007 12 1.063 2406 1E704 4.0&+05
0.003 78 1.051 2471 98105 2.1&+05

Oo0oo0oo0oo0o0oo
~No o wN PR

PRPPRPRPRPRPRPPPRPPRPP
Boovwuouhrwnkrko

2,0 0.101 63 1.369 1866 58603  2.2&£+07 3,0 0.00227 1.655 1830 4B604  1.9E+06
2,1 0.474 51 1301 1912 1HY02 6.9E+07 3,1 0.22399 1376 1874 1B402 5.0F+07
2,2 0.013 63 1.071 1960 3B9-05  1.1&+05 3,2 0.38893  1.322 1920 1B%02  6.5£+07
2,3 0.02123 1216 2010 6ES04 2.14£+06 3,3 0.05010  1.125 1967 58604 1.7E+06
2,4 0.074 85 1172 2060 1B303 5.1E+06 3,4 000034 1121 2015 1B%06  4.6E+03
2,5 0.087 07 1139 2112 1E603  5.26+06 3,5 0.02839  1.200 2066 7R904  2.2&E+06
2,6 0.076 16 1121 2166 16703  4.46+06 3,6 005332 1137 2117  1H%03  3.3E+06
2,7 0.056 13 1.103 2223 1E+03  3.2%+06 3,7 006398 1.123 2171  1B303 3.7E+06
2,8 0.037 61 1.088 2281 8E404 2.16+06 3,8 0.05775 1105 2226 1B603  3.4E+06
2,9 0.02378 1.076 2341 5E304 1.3E+06 3,9 0.04488  1.090 2284  1B203  2.6E+06
2,10 0.014 41 1.064 2404 3E6-04  8.3E+05 3,10 003158 1.075 2343 7B904 18E+06
2,11 0.008 40 1.053 2469 2B+04  48FE+05 3,11 0.02111  1.064 2405 5R704 12E+06
2,12 0.004 76 1.041 2535 1BX04 27E+05 3,12 001355 1.054 2469 3B704  7.8E+05
2,13 0.002 65 1.030 2606 7B405  1.5E+05 3,13 000833 1.043 2535 2B604 4.7E+05
3,14 0.00492 1.031 2604 1B204 2.7E+05
3,15 0.00284 1.019 2675 8EG-05 15E+05
3,16 0.00163 1.011 2749 5B905 8.9%+04

C.CF C?3*—-X2II and D?I1-X2II absolute transition Transition probabilities are calculated from the overlap

probabilities of the vibrational wave functions. These are calculated from

The C 25+ —X 2T andD 2[T—X 21T transition probabili- the potential energy curves by numerical integration of the

ties used in the simulation and displayed in Tables IV and VSchralinger equation. The potential energy curves can be
were obtained from theb initio electronic transition mo- obtained either from thab initio calculations or by |nVert|ng

ments and Rydberg—Klein—Re@RKR) wave functions. The the experimental vibrational and rotational molecular con-
oscillator strength is defined &y stants. The latter is the preferred method for diatomic mol-

ecules. The most common approach to calculate state poten-

—6 _
3.0376<10 * (2= o' +a7) tial curves from spectroscopic constants is the RKR method.

rn=

oY Ny sy (2= o) In this work, we have used a computer progfatmased on
2 the algorithm described by VandersliteThe RKR protocol
X f Py (1) -Re(r) - hyn(r)dr |, ()  implemented in the present work has been proven robust in

o ) . other studies, most recently for the N®*3 *-X2[1 and
wherey, represent the vibrational wave functiof&(R) is  p 2[T_x 2[I electronic transition&

the electronic transition moment,is the wavelength of the In Table VI there is a complete list of the spectroscopic
transition(in cm), and §;; is the Kronecker delta, which is constants entered in the RKR calculations. The ground state
equal to O when#j, and 1 wheri=j. A=0 for X states, ,nstants have been determined in several std@fé€5The

andAhq&O f:)r acljl the other states. he vibrational Einstein™OSt ECent by Wollbrandt al*?includes vibrational levels
,T e re ate_ emission quantity, the V'" ratlpna ,E'nSte'nup to v”=12. Wollbrandtet al. also determined th® °I1
emission coefficient between two levels v” is, in units of

=y state constants up to’'=6 in the same experiment. That
S data set is more complete than previous determinations by
2.026<10°6 (2— 8914 A7) Johnsonet all® and Robberget all* The C?3 " state is
v = )\S’v” T (2—- Son’) problematic because of the extensive perturbations. We have

chosen to use approximate molecular constants to represent
the vibrational levels up to'=2.

2
f Yo (1) Re(r) - dhn(r)dr] . “) Normalization of the CRC—X transition probabilities is

X
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TABLE V. Calculated vibrational transition probabilities for the ©FPII—X 2I1(0—3p") bands with theab initio electronic transition moment and RKR
vibrational wave functions.

CFD-X CFD-X
band Fyryr )\U'u” Av’v” band Iyryr )\U,U" Av’v"
(U,U”) Qoo (A) (A) fv'u” (Sil) (U’U”) Qv on (A) (A) fu'v” (Sil)
0,0 0.084 43 1.211 1904 3.E+04 6.8FE + 05 1,0 0.236 29 1.240 1842 10403 2.0+ 06
0,1 0.178 98 1.191 1952 7.84 04 1.3E+06 1,1 0.180 16 1.217 1886 7B7% 04 1.5+ 06
0, 2 0.212 49 1.171 2001 9.4 04 1.5&+06 1,2 0.034 81 1.194 1933 156 04 2.7E+05
0,3 0.187 20 1.153 2053 8.85-04 1.2&+ 06 1,3 0.003 32 1.194 1980 1B4 05 2.2&+04
0,4 0.137 03 1.135 2105 5.8+ 04 8.7E+05 1,4 0.052 52 1.164 2029 2R304 3.6E+05
0,5 0.088 44 1.118 2160 3.68-04 5.2+ 05 1,5 0.099 37 1.145 2080 489 04 6.4FE+05
0,6 0.052 18 1.103 2217 2.E2-04 2.8&+05 1,6 0.111 46 1.128 2133 416404 6.8E+05
0,7 0.028 86 1.088 2276 1E404 1.4E+05 1,7 0.096 50 1.112 2187 3B404 5.5+ 05
0,8 0.015 22 1.073 2337 58205 7.1E+04 1,8 0.07132 1.096 2244 2B4 04 3.7E+05
0,9 0.007 74 1.059 2400 2.B5 05 3.3E+04 1,9 0.047 40 1.082 2302 1B4 04 2.3E+05
0,10 0.003 84 1.046 2466 18605 1.4%€+04 1,10 0.029 23 1.068 2362 18604 1.3E+05
1,11 0.017 07 1.055 2425 6.E6-05 6.9E+04
1,12 0.009 57 1.042 2490 3B+ 05 3.5E+04
1,13 0.005 21 1.03 2557 1F205 1.76+04
2,0 0.297 02 1.270 1784 1.8%03 2.7¢E+06 3,0 0.222 26 1.302 1731 9KE7 04 2.1&+06
2,1 0.014 39 1.239 1826 6.86- 05 1.2E+05 3,1 0.059 29 1.283 1770 2B4 04 5.6 E+05
2,2 0.061 70 1.229 1869 2.E+04 5.1E+05 3,2 0.129 48 1.254 1811 5KE1 04 1.1+ 06
2,3 0.11983 1.206 1914 5.28 04 9.6 E+ 05 3,3 0.007 06 1.222 1853 3B7#05 6.1+ 04
2,4 0.057 69 1.184 1960 2.66-04 4.4%F+05 3,4 0.037 17 1.219 1896 16204 3.0E+05
2,5 0.003 40 1.153 2007 1.63-05 2.6E+04 3,5 0.087 83 1.196 1940 3B504 6.8FE +05
2,6 0.011 80 1.160 2056 4EF 05 7.5£+04 3,6 0.057 34 1.174 1986 25304 4.2F+05
2,7 0.049 12 1.138 2106 2.82-04 3.0&£+05 3,7 0.01053 1.151 2033 4B2 05 7.7E+04
2,8 0.076 69 1121 2159 3.E3-04 4.4&E+05 3,8 0.001 82 1.165 2081 6B9 06 1.0E+04
2,9 0.082 33 1.105 2213 3.86-04 4.5E+05 3,9 0.024 50 1.133 2131 9B6 05 1.4&£+05
2,10 0.07180 1.091 2268 2B+ 04 3.6&£+05 3,10 0.051 23 1.115 2183 2B504 2.8E+05
2,11 0.054 78 1.077 2326 288 04 2.5E+05 3,11 0.065 37 1.100 2236 26704 3.4E+05
2,12 0.038 12 1.063 2386 1E6-04 1.6&£+05 3,12 0.064 95 1.086 2291 2B9 04 3.1E+05
2,13 0.024 80 1.051 2447 88 05 9.7€+04 3,13 0.055 28 1.072 2348 26 04 2.5€E+05
2,14 0.015 35 1.038 2512 5H2 05 55E+04 3,14 0.042 36 1.059 2407 15304 1.7&+05
2,15 0.009 15 1.027 2578 2B705 2.9E€+04 3,15 0.030 10 1.047 2468 1504 1.1%+05
2,16 0.005 30 1.016 2647 1B3 05 1.5+ 04 3,16 0.020 21 1.035 2531 6H4 05 7.0E+04
3,17 0.01300 1.024 2596 484 05 4.1E+04
3,18 0.008 08 1.013 2664 28505 23E+04

based on the CB-X(1,0) and(0,0) bands; their oscillator accurately for the low vibrational levels in the spectra. The
strengths were optimized in a previous sttiifo obtain the  ratios C—X(1,0)/C—X(2,1) andC-X(0,0)/(0,1) at 840 K
agreement with the experimentally observ@d X to B—X  vibrational temperature are very close to the observed values.
band intensity ratio, we have incremented the calculated\iso the ratioC—X(1,0)/(0,0)~1.3 is well reproduced by
C—X transition moment by 25%. The-X bands have not the simulation. The ratio of the Franck—Condon factors for
been optimized because of the lack of experimental data tgthese two bands given in Table IV is abeul; the improve-
compare with. The results suggest that the oscillator strengtfhent comes from the inclusion of the dependence of the
ratio of fc_x(1,0/fo-x(0,0) IS ~40. electronic dipole moment on internuclear distance in the cal-
In spite of theC 2> " state being perturbed, the experi- cylations.

mental transition strengths in Fig. 3 are reproduced fairly  The estimated oscillator strength for t8e-X (0,0) band

is 0.0125 after normalization to the well characterized
TABLE VI. RKR input spectroscopic constants cm?) for the states CF B-X(0,0) (1,0 andA-X (2,0, (1,0 bands. Adding the ra-
X2I, C237, andD 21 states. diative cascading from th€ 23" state to theA 23" state,
calculated to be~10% of the total emission fg_a (g0

H 2 25 + 2

Spfg:;’;?p'c (CRFe;( S (?;SCWEM f;e? 12 ~0.11), we obtain radiative lifetimes of #12 and 9

' i +2ns for theC23" v'=0 andv’=1 levels, compared
Y10~ we 1307.93 1130 1807.44 with 18 and 15 ns from non-correctedb initio calculations.
\;20;;3@(9 _Oléé%B _32'27: According to the predissociation rates estimated from the
sz=w:Z: —0.00108 ' observed spectral broadening, the fluorescence quantum

yield of the C23" state in the absence of collisions is

Yor=Be 1.416 26 1.615 1.73001 around 104, explaining the lack of experimentally observed
Y= — ae -0.018 44 -0.030 -0.019 413 - ira f the GE_X band
Yor= 7o 0.000 122 0.000 054 emission spectra from the GE—X bands.

The accuracy of the calculated transition probabilities
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