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Theoretical study on electronic states of carbon monofluoride
and on the predissociation of the lower lying states

Ioannis D. Petsalakis
Theoretical and Physical Chemistry Institute, The National Hellenic Research Foundation,
48 Vassileos Constantinou Avenue, Athens 116 35, Greece

~Received 24 December 1998; accepted 17 March 1999!

Adiabatic potential energy curves ofX 2P, 12 doublet excited electronic states of CF and the
ground state of CF1 have been determined by MRDCI~multi reference single and double
excitations configuration interaction! calculations. The potentials of the excited electronic states are
complicated by interactions with repulsive states as well as by valence–Rydberg interactions.
Potential energy curves of higher-lying Rydberg states have been generated with the aid of quantum
defect calculations. Radiative lifetimes have been calculated for theA 2S1 and theB 2D states while
predissociation lifetimes have been obtained by a five-state complex-coordinate rotation calculation
involving the lowest five doublet states along with their mutual interactions. The results are in
agreement with the existing experimental data regarding the predissociation of thev.1 levels of
A 2S1, while predissociation is predicted for all the vibrational–rotational levels of the 22S1, for
the v.1 levels of the positive parity substate ofD 2P and for the higher vibrational levels (v
.2) of B 2D. For the latter two states predissociation increases significantly with the rotational
level. © 1999 American Institute of Physics.@S0021-9606~99!30822-9#
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I. INTRODUCTION

The spectroscopy of the CF radical has been studied
many different methods~Refs. 1–6 and references therein!.
Two band systems of the doublet manifold,A 2S1 –X 2P in
the region 2075–3000 Å andB 2D –X 2P in 1900–2200 Å,
and the a 4S2 –X 2P transition have been identified an
characterized, while a number of new bands in the region
to 7.89 eV, associated with higher electronic states have b
obtained but have not been well characterized.6 The A 2S1

state has been found to be predissociated abovev51 ~Ref.
3! and several mechanisms for the predissociation have b
postulated, including interaction with a4P state,3 and indi-
rect interaction with a4S2 state.6 In recent laser-induced
fluorescence work on theA 2S1 –X 2P transition,5 the life-
times of vibrational levels of theA 2S1 state are found to be
in agreement with the results of a theoretical calculatio7

where the predissociation involves tunneling through a b
rier in the potential energy curve of theA 2S1 state which is
presumed to result from an avoided crossing with anot
2S1 state at large internuclear distances.

Except for the above-mentionedab initio study which
involved only theX 2P, A 2S1, andB 2D states, earlier HF
and MCHF calculations on the electronic states of CF h
yielded information on several valence and Rydberg state
this system.6 The potential energy curves thus obtained sh
crossings at large internuclear distances~R! between valence
states with different dissociation limits and at shortR cross-
ings with Rydberg states. For example, theB 2D state is
predicted to have an avoided crossing with a Rydberg 3d 2D
state at shortR ~which was not included in the latest theore
ical work on this state!.7 However, in these HF and MCHF
calculations it was not possible to obtain the different typ
of states~or different parts of a potential energy curve! with
10730021-9606/99/110(22)/10730/8/$15.00
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one set of calculations and thus to obtain them with sim
accuracy6 although they did yield a lot of information on th
configurations characterizing the different states in the
ferent regions of the internuclear distance.

Firstly, in the present work large-scale multireferen
configuration interaction calculations have been carried
on the ground and doublet excited states of CF in an effor
obtain uniform-accuracy potential energy curves for the
cited states of CF including the higher states which might
associated with the observed and as yet unassigned ba
Secondly, quantum defect functions have been determ
for Rydbergs, p, andd states which may be used to genera
higherns, np, andnd Rydberg states. Thirdly, transition d
pole moments, radial coupling matrix elementsd/dR, and
rotational-electronic coupling matrix elements connect
the statesX 2P, A 2S1, B 2D, 2 2P, and 22S1 have been
calculated. The potential energy curves and the interac
matrix elements of these five states have been included
five-state complex-coordinate-scaling calculation of th
vibrational–rotational levels and widths. The object of t
latter calculations was to determine predissociation lifetim
for vibrational levels of the above excited states in a mu
state treatment, including all the possible interactions
tween them.

II. CALCULATIONS

A. Ab initio calculations

Ab initio MRDCI8 calculations have been carried out o
the doublet electronic states of CF for 16 values of the in
nuclear distance ranging from 1.7 to 4.5 bohr. Similar cal
lations have been carried out on electronic states of the
ion, CF1, of which only the ground-state potential
required for the present work. The AO basis set employ
0 © 1999 American Institute of Physics
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consists of the (10s6p/5s4p) sets for C and F of Dunning9

augmented withd polarization functions with exponent 0.7
for C and 0.90 for F, and with Rydberg functions 2s and 2p
for F and 2s, 2p, and 2d functions for C, with exponents a
in Dunning and Hay.10

The calculations have employedC2v point group sym-
metry where the2S1 states correspond to2A1 states, the2D
to 2A1 and2A2 , the2S2 to 2A2 , and the2P to 2B1 and2B2 .
Five roots of each symmetry,2A1 , 2A2 , and2B1 have been
calculated at each value of the internuclear geometry. In
der to have a uniform description of the electronic states o
R, rather large sets of reference configurations, determ
on the basis of preliminary calculations at different values
the internuclear distance, have been employed. For the2A1

calculations the reference space consisted of 65 refer
configurations~yielding 115 configuration functions!, for the
2B1 calculations there were 68 reference configurations~135
configuration functions!, and for the2A2 calculations there
were 68 reference configurations~187 configuration func-
tions!. For the 1A1 states of CF1 there were 72 referenc
configurations~89 configuration functions!. From the sets of
all the configurations generated by all single and double
citations with respect to the reference functions, selec
was carried with a threshold of 131026 hartree and the re
sulting CI spaces were of size between 40 000 and 73 0
for different values ofR. Extrapolation to zero threshold an
the full CI correction11 was applied to the eigenvalues.

For the X 2P, A 2S1, B 2D, 2 2P, and 22S1 states,
dipole transition moments and interaction matrix eleme
over the electronic wavefunctions have been calculated
all the above values of the internuclear distanceR. The in-
teraction matrix elements are radial coupling for pairs
states with the sameL, for which the matrix elements o
d/dR have been calculated and the rotational–electro
coupling matrix elements for pairs of states differing inL
by 1.

Some additional MRDCI calculations on the electron
states of CF have been carried out, one set employing
single-configuration~valence and Rydberg! reference space
as an aid to understanding the shape of the potential en
curves, and one set of calculations employing refere
spaces consisting of only single open-shell configurations
order to separate the Rydberg contributions from the vale
contributions. The potential energy curves obtained from
above calculations on the Rydberg states,E(R), along with
the potential energy curve of the ground state of CF1,
Vi

1(R), have been employed to calculate quantum de
functionsh i l l(R) wherei refers to the ionic state andll to
the particular channel,12,13 from

tanph i~R!1
tanpn i~R!

Al i
~n i~R!!

50, ~1!

where

n i~R!5@2~Vi
1~R!2E~R!!#21/2, ~2!

and

Al i
~n i~R!!5)

k50

l i S 12
k2

n i
2D . ~3!
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The factor@Al i
(n i(R))#21 serves to eliminate solutions wit

l i,ni .13 Equation~1! is employed first, with theab initio
potentials substituted forE(R), for the determination of the
quantum defects. The higher Rydberg states are calcul
subsequently by introducing the calculated quantum de
functions in Eq.~1! and varyingE(R) to find those energies
which satisfy the equation. In this manner all thell Rydberg
states up to the ionization limit are generated.

B. Multistate vibrational calculations involving
complex scaling of the internuclear coordinate

A multistate-complex scaling method for the calculati
of predissociation resonances that has been described in
tail elsewhere12,14 has been employed for the present fiv
state~X 2P1, A 2S1, B 2D1, 2 2P1, and 22S1! calcula-
tions of vibrational rotational levels and their widths.

The transformation of the nuclear coordinateR→r
5Reiu with u real, allows the calculation of energies an
widths of predissociation resonances in terms of square i
grable functions by solution of a complex eigenvalue pro
lem

uH= 2z= u50, ~4!

wherez= is the diagonal matrix of complex eigenvalues. T
resonances correspond to the eigenvalueszk which are stable
with respect tou and

zk5Ek2
i

2
Gk , ~5!

whereEk is the energy position andGk is the linewidth of the
resonance.

The Hamiltonian matrix in Eq.~4! consists of blocksH= IJ

whereI,J stand for the different electronic states. A basis
of Hermite polynomials is employed and matrix elemen
over the nuclear energy operator and over the electronic
tential energy functions and interactions are comput
where the latter are evaluated numerically with the aid o
Gauss–Hermite quadrature procedure.12

In the present case we use 100 harmonic oscillator fu
tions per state which result in a 5003500 complex eigen-
value problem. Stabilization of the eigenvalues was achie
for complex rotation angles from 2° to 10° and for some
the eigenvalues for larger values ofu.

III. RESULTS AND DISCUSSION

A. Potential energy curves

The ab initio total energies calculated in the prese
work for electronic states of CF and the ground state of C1

have been listed in Table I. Potential energy curves h
been plotted in Fig. 1 for the2S1 and the2P states and in
Fig. 2 for the2D and the2S2 states, showing the expecte
complicated shapes, which result from their mutual inter
tions and avoided crossings. The potential energy curve
the ground state of the cation, CF1 has also been plotted in
both figures as a reference for the potentials with Rydb
character. As shown in Fig. 1, the potential energy curves
all the excited2P states calculated in the present work ha
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 08 Dec
TABLE I. Calculated total energies~hartree!a of electronic states of CF and the ground state of CF1.

R A 2S1 2 2S1 3 2S1 1 2D 2 2D 3 2D 28 2D

1.7 21.089 741 21.039 905 21.010 359 21.002 038
1.8 21.194 641 21.146 150 21.115 454 21.107 200 21.108 398 21.081 285
2.0 21.297 735 21.254 438 21.223 109 21.213 692 21.214 273 21.187 682
2.2 21.322 304 21.283 116 21.249 123 21.241 401 21.240 781 21.213 363
2.4 21.310 154 21.280 176 21.240 198 21.279 778 21.227 475 21.198 642
2.6 21.291 565 21.272 346 21.238 707 21.284 357 21.198 136 21.168 262
2.8 21.306 560 21.246 811 21.231 010 21.277 064 21.165 685 21.133 780
3.0 21.324 448 21.232 395 21.207 128 21.268 792 21.132 129 21.104 892
3.2 21.335 458 21.228 675 21.178 001 21.261 803 21.100 235 21.071 237 21.195 702
3.4 21.338 520 21.229 255 21.208 911 21.258 502 21.071 342 21.041 641 21.231 302
3.6 21.336 654 21.240 126 21.226 557 21.258 735 21.047 470 21.018 174 21.255 297
3.8 21.333 138 21.256 540 21.234 273 21.274 548 21.026 830 20.995 239 21.261 016
4.0 21.328 688 21.270 197 21.241 506 21.288 820 21.010 559 20.978 591 21.263 272
4.2 21.324 612 21.278 127 21.248 590 21.298 327 21.265 562
4.4 21.321 718 21.282 314 21.254 999 21.305 951 21.266 951
4.5 21.321 405 21.283 180 21.258 190 21.309 470 20.983 812 20.967 338 21.268 955

X 2P D 2P 3 2P 4 2P 5 2P 1 2S2 1 1S1

1.7 21.156 090 21.044 012 21.002 215 20.994 674 20.979 339 20.952 681
1.8 21.285 790 21.150 273 21.107 880 21.100 378 21.084 393 20.926 417 21.058 446
2.0 21.434 899 21.255 776 21.214 632 21.206 272 21.189 129 21.090 684 21.165 719
2.2 21.497 472 21.280 757 21.240 912 21.231 715 21.214 541 21.178 234 21.193 384
2.4 21.514 922 21.267 670 21.227 438 21.218 811 21.202 401 21.220 959 21.182 142
2.6 21.509 765 21.238 357 21.197 306 21.188 759 21.171 325 21.242 168 21.153 236
2.8 21.498 991 21.233 062 21.203 608 21.190 011 21.164 915 21.255 088 21.120 113
3.0 21.481 933 21.258 171 21.216 669 21.209 902 21.168 733 21.270 085 21.086 404
3.2 21.462 343 21.275 851 21.233 064 21.227 529 21.179 804 21.279 122 21.055 019
3.4 21.441 966 21.290 151 21.247 747 21.237 683 21.206 498 21.289 272 21.027 094
3.6 21.422 481 21.300 337 21.256 144 21.246 248 21.226 315 21.299 752 21.002 859
3.8 21.404 773 21.307 943 21.263 526 21.252 073 21.239 545 21.306 230 20.983 559
4.0 21.389 086 21.313 446 21.270 258 21.257 242 21.249 244 21.310 601 20.968 312
4.2 21.375 626 21.316 842 21.273 821 21.261 063 21.255 639 21.315 942 20.954 871
4.4 21.363 888 21.320 356 21.276 999 21.264 585 21.259 288 21.319 042 20.946 206
4.5 21.358 476 21.321 208 21.277 023 21.265 791 21.260 968 21.320 516 20.942 261

a2136.000 000 should be added to the entries.
ss
f
ba-
or-

r-
characteristic Rydberg shapes at shortR while for R about
2.6 bohr they have maxima which result from avoided cro
ings with repulsive valence states.

At large R the 2A1 calculations have yielded three2S1

states and two2D, while at shortR at some points a fourth
2S1 is obtained and at others a second Rydberg2D. The
potential energy curves of the two higher2S1 states are

FIG. 1. Potential energy curves of2P ~dot-dashed lines! and 2S1 ~solid
lines! electronic states of CF and the ground state of CF1.
 2008 to 194.177.215.121. Redistribution subject to A
-
rather peculiar at shortR. However their shape is the result o
avoided crossings as may be seen in Fig. 3, where ‘‘dia
tic’’ states, obtained from single-reference calculations c
responding to the important configurations of the2S1 states
at differentR, have been plotted along with the multirefe
ence2S1 states. In particular, the lowest2S1 ~i.e., theA!

FIG. 2. Potential energy curves of2D ~dotted lines! and2S2 ~dashed line!
electronic states of CF and the ground state of CF1.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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state is characterized throughout by a single configurat
with one open shell in the 6s orbital or a 2p→6s excitation
with respect to the ground state configurati
1s22s23s24s25s21p42p. However, the character of th
state changes since at shortR the 6s orbital has Rydbergs
character while atR larger than 2.6, it has valence charact
The Rydbergs character is taken on forR larger than 2.6
bohr by the nexts orbital, which at shorterR has Rydbergp
character. The change in the Rydberg character of the se
2S1 state is indicated as an avoided crossing at 2.6 bohr~see
Fig. 3!. At largeR for the second2S1 state, starting at abou
2.8 bohr, and for the region 2.6–2.8 bohr for the third2S1

state, the potential energy curves follow the 5s→2p ~with
respect to the ground state configuration! diabatic state~solid
triangles in Fig. 3!, while atR larger than 3.5 bohr, the con
figuration 5s2→6s2p also becomes important.

Virtually identical energies are obtained by the2A1 and
2A2 calculations of the2D states. As shown in Fig. 2, th
potential energy curve ofB 2D shows a maximum at 3.6 boh
which is a result of an avoided crossing with a repulsive2D
state correlating with ground state dissociation limits~state
28 2D in Table I!. The potential energy curves of the high
2D states shown in Fig. 2, also have the characteristic R
berg shapes with minima at 2.2 bohr, where the avoi
crossing between the first two~the valence and the Rydberg!
2D states has been depicted in the plot as a crossing.
valence2D state is characterized by the 5s→2p configura-
tion for R out to 3.8 bohr, at which point and for largerR the
configuration 5s2→6s2p gains importance. The2S2 state,

FIG. 3. Adiabatic potential energy curves for the first three2S1 electronic
states of CF~open squares, open diamond, and open triangles, respecti!
and potential energy curves of the diabatic states characterized by e
tions 2p→6s ~curve a!, 5s→2p ~curve b!, 2p→7s ~curve c!, and 2p
→8s ~curved! with respect to the ground state configuration~see text!.
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
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correlating with ground state dissociation limits is repulsi
and extends back through the other states and above the
ionization limit.

In Table II, the vertical transition energies at 2.42
bohr ~which is the minimum of the fitted potential energ
curve of the ground state!, and the adiabatic electronic tran
sition energies of the excited states with respect to
ground state have been listed, while the available experim
tal Te values~6,15! are also included in brackets. Also liste
are the computed vertical and adiabatic ionization potenti
The labels listed next to the states in Table II refer to
Rydberg~R! or valence (V) character of the excited state
while the atomicl labelss, p, or d refer to the predominan
contribution of the corresponding atomic orbitals with sm
exponents to the Rydberg state. Thesel labels are rather
formal sincel-mixing is allowed in the molecular symmetry
As shown in Table II, theDEadiabobtained from the potentia
energy minima is very close to the experimental energy
ference, within 0.05 eV for theA 2S1 state. For the
2 2P(3p) state ~or D 2P! the theoretical transition energ
differs by 0.1 eV from the experimental, while for the v
lenceB 2D state the error in the theoretical transition ener
is 0.13 eV. These differences of the theoretical transit
energies from the experimental are typical of such calcu

ly
ita-

TABLE II. Vertical transition energies~eV! at Rmin of X 2P and adiabatic
transition energies~eV!, E2.2–E(X 2P)min ,a for electronic states of the CF
molecule.

State Type DEv ~eV! DEad ~eV!

A 2S1 Rs 5.65 5.25~5.293!b

2 2S1 Rp 6.40 6.31~6.35!c

3 2S1 Rd 7.48 7.24
4 2S1 Rs ¯ 7.48
B 2D V 6.36 6.27 ~6.125!b

2 2D Rd 7.88 7.45
3 2D Rd 8.60 8.00
D 2P Rp 6.82 6.38~6.481!b

3 2P Rd 7.91 7.46
4 2P Rp 8.15 7.71
5 2P Rd 8.61 8.18
1 2S2 V 7.96 ¯

1 1S1(CF1) 9.06d 8.75e

aRmin52.4223 bohr,E(X 2P)min52137.515 069 hartree.
bExperimentalTe ~Ref. 15!.
cExperimentalDE0 – 0 ~Ref. 6!.
dExperimental vertical IP 9.2360.08 ~Ref. 16!, 9.1760.17 ~Ref. 17!, 9.55
60.01 ~Ref. 18!.

eExperimental adiabatic IP (8.960.12) ~Refs. 1, 2!, 9.060.2 ~Ref. 19!,
9.1160.01 ~Ref. 18!.
TABLE III. Expansion coefficients of the quantum defect functions@cf. Eq. ~6!#.a

Channel a0 a1 a2 a3 a4

2S1 3s 11.413 149 216.715 957 9.989 543 22.618 930 0.252 706
2S1 3p 231.641 893 57.733 006 239.984 122 12.301 635 21.419 764
2P 3p 5.872 032 29.878 012 5.859 449 21.553 864 0.153 471
2P 3d 257.978 214 97.728 264 261.080 230 16.676 914 21.682 657
2D 3d 0.928 098 20.851 989 20.025 280 0.105 012 20.016 945

aThe present expansion is valid forR between 1.8 and 3.6 bohr and for2S1 3p between 1.8 and 2.8 bohr.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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tions and are comparable to those of the previous CI work
the X 2P, A 2S1, andB 2D states.7

On the basis of the transition energies listed in Table
there is no evidence of a2S1 state referred to asC8 ~6,15! at
6.64 eV, and therefore the observed bands must be assi
to a different transition, not involving any of the Rydbe
states. The assignment of the observed band at 6.35 eV t
transition 22S1(3p) –X 2P ~Ref. 6! is also consistent with
the calculatedDEadiab ~cf. Table II!. As mentioned in the
introduction, additional bands in the absorption spectra of
associated with transitions involving Rydberg states h
been observed and not well characterized.6 For example
there is reference to a transition calledF –X 2P with F either
a 2S1 or a 2D state at 7.32 eV, to a transitionH 2S1 –X 2P
at 7.38 eV and to a close-lying transitionG 2P –X 2P,
which has been tentatively associated with the 3d Rydberg
states. The Rydberg states of the present work which
labeled 3d, 4 2S1 at DEad 7.48 eV, 32P at 7.46 eV, and
2 2D at 7.45 eV are within 0.12 eV of the above experime
tal energies and would support the assignment of the ab
transitions to the 3d Rydberg states and the assignment
2 2D(3d) to the experimentalF state. Additional bands hav
been observed at 7.52, 7.60, 7.69, and 7.89 eV som
which may be associated with transitions involving t
higher Rydberg states of Table II, depending on whether
observed energies refer to vertical or adiabatic transitio
For example, the 42P(4p) state calculated atDEad 7.71 eV
might be involved in the 7.60 eV band while the 32D(4d) at
8.00 eV might be involved in the 7.89 eV band.

As mentioned above the Rydberg states of CF have b
calculated by multireference CI calculations where the re
ence spaces consisted of only single open shell config
tions. In this manner it was possible to construct ‘‘diabati
Rydberg potential energy curves, for the 3s and 3p 2S1,
3p, and 3d 2P, and 3d 2D, which at shortR, coincide with
the adiabatic states of CF. Based on these potentials an
ground-state potential energy curve of the cation, CF1, also
calculated in the present work and listed in Table I, quant
defect functionsh i l l(R) have been calculated for values ofR
between 1.8 bohr and 3.6~for p 2S1 2.8! bohr, in the func-
tional form

FIG. 4. Potential energy curves ofs, p, andd Rydberg states of CF, gener
ated by the quntum defect calculations.~Dashed lines! s 2S1, ~dash-dot!
p 2P, ~short dash-dot! p 2S1, ~dot! d 2D, and~solid lines! d 2P.
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j 50

4

ajR
j , ~6!

and with the aid of Eq.~1!. The resulting coefficientsaj of
Eq. ~6! are listed in Table III. In Fig. 4, there is a plot o
potential energy curves of Rydberg states of CF genera
from the quantum defect functions while the energies
some Rydberg states at 2.2 bohr are listed in Table IV. F
ther information on the higher Rydberg statesns, np, andnd
may be generated with the data provided in Table III, Ta
I, and Eq.~1!. As it was not possible to obtain the 3p 2S1

state forR larger than 2.8 bohr, all thenp 2S1 states are
limited to that distance.

B. Lifetimes

The results of some further calculations on the low
lying states of CF,X 2P, A 2S1, B 2D, 2 2P, and 22S1 are
presented below. In Fig. 5 there is a plot of the adiaba
potential energy curves of these states while in Figs. 6 an
there are plots of the interaction matrix elements, radial,
rotational-electronic coupling, respectively, over the ele
tronic wavefunctions of the above states. In Fig. 8, the c
culated dipole transition moments between theX 2P and the

TABLE IV. Energiesa ~hartree! of ns, np, and nd Rydberg states of CF at 2
bohr.

n ns 2S1 np 2S1 np 2P nd 2P nd 2D

3 21.321 031 21.279 593 21.277 336 21.236 353 21.240 331
4 21.249 720 21.236 218 21.235 495 21.218 876 21.220 357
5 21.224 962 21.218 983 21.218 660 21.210 308 21.211 040
6 21.213 552 21.210 399 21.210 227 21.205 445 21.205 863
7 21.207 370 21.205 509 21.205 406 21.202 415 21.202 678
8 21.203 649 21.202 461 21.202 394 21.200 400 21.200 577
9 21.201 237 21.200 433 21.200 387 21.198 992 21.199 116

10 21.199 586 21.199 016 21.198 983 21.197 969 21.198 060

a2136.000 000 should be added to the entries.

FIG. 5. Potential energy curves of theX 2P, A 2S1, B 2D, 2 2P, and
2 2S1 states, involved in the CCR calculations.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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A 2S1 andB 2D states have been plotted. The dipole tran
tion moments of the present work~see Fig. 8! are essentially
identical to those of previous work7 except for the shortR
values of theX 2P→B 2D transition moment, where th
adiabaticB 2D state has Rydberg character because of
avoided crossing with the Rydberg 22D state~cf Fig. 5!. The
calculated transition moments obtained without the Rydb
contribution, with theB 2D state following the valence curv
through the crossing, and indicated by asterisks in Fig
reproduce the previous results.7

The radiative lifetimes of vibrational levels of theA 2S1

andB 2D states are listed in Table V along with experimen
~5,20! and previous theoretical7 values. For theA 2S1 state
the present theoretical values should be compared with
shifted values of the previous work~values in brackets in
Table V! since the presentTe value~42 290 cm21! is close to

FIG. 6. Calculated radial coupling matrix elements over the electro
wavefunctions of singleC2V components of the states.

FIG. 7. Calculated rotational-electronic coupling matrix elements over
electronic wavefunctions of singleC2V components of the states.
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the experimental value~42 693 cm21! while for theB 2D the
present values for the radiative lifetimes should be compa
to the unshifted previous values since the presentTe value
~50 564 cm21! for the X–B transition is closer to that of the
previous theoretical value~50 892 cm21! than to the experi-
mental~49 400 cm21!. As shown in Table V, the theoretica
lifetimes are lower than the most recent experimental val
for vibrational levels ofA 2S1 ~Ref. 5! and closer to earlier
experimental values.20 For thev50 level of theB 2D state
the present work obtains a larger theoretical value for
lifetime than the previous,7 since the avoided crossing wit
the Rydberg state leads to lower transition moments at s
R, and in good agreement with the available experimen
data. A shift of the potential energy curve of theB 2D state to
match the experimentalTe value would make the agreeme
even better.

The data presented in Figs. 5, 6, and 7 have been
cluded in a multistate complex coordinate rotation calcu
tion of vibrational–rotational levels and their widths. The

c

e

FIG. 8. Calculated dipole transition matrix elements over the electro
wavefunctions of singleC2V components of the states.

TABLE V. Radiative lifetimes of vibrational levels of theA 2S1 andB 2D
states of CF.

v t A 2S1 ~ns! t B 2D ~ns!

Present
Theoret.

Prev.
Theoret.a

Exper.b,c Present
Theoret.

Prev.
Theoret.a

Exper.c

0 21.7 23.9 26.7, 17.7 15.1 18.862,
~22.6! 18.062 ~16.6! 19.0

20.0
1 21.1 23.2 25.6, 18.0 15.7 ¯

~22.0! 19.062 ~17.2!
19.0

2 21.7 22.9 ¯ 19.0 ¯ ¯

~21.7!
3 28.7 22.8 ¯ 20.0 ¯ ¯

~21.7!

aValues in brackets obtained with shifted potential energy curves~Ref. 7!.
bReference 5.
cReference 20.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



10736 J. Chem. Phys., Vol. 110, No. 22, 8 June 1999 Ioannis D. Petsalakis
TABLE VI. Energy levels~hartree!a and predissociation lifetimesb resulting from the CCR vibrational calculations.

State v J51 J52 J55 J510 J515 J520

A 2S1 0 E 21.318 363 21.318 333 21.318 151 21.317 545 21.316 561 21.315 201
t ¯ ¯ ¯ ¯ ¯ ¯

A 2S1 1 E 21.310 455 21.310 426 21.310 245 21.309 645 21.308 670 21.307 322
t 60 ns 60 ns 56 ns 48 ns 38 ns 26 ns

A 2S1 2 E 21.302 786 21.302 757 21.302 579 21.301 987 21.301 026 21.299 697
t 0.07 ns 0.07 ns 0.07 ns 0.06 ns 0.05 ns 0.04 ns

A 2S1 3 E 21.295 653 21.295 651 21.295 452 21.294 878 21.293 962 21.292 681
t 0.36 ps 0.36 ps 0.35 ps 0.32 ps 0.27 ps 0.22 ps

2 2S1 0 E 21.280 823 21.280 777 21.280 604 21.280 029 21.279 098 21.277 812
t 1.7 ps 1.7 ps 1.7 ps 1.7 ps 1.6 ps 1.5 ps

2 2P1 0 E 21.276 799 21.276 769 21.276 587 21.275 980 21.274 997 21.273 637
t 234 ns 70 ns 13 ns 2.4 ns 0.6 ns 0.2 ns

2 2P1 1 E 21.268 699 21.268 669 21.268 488 21.267 883 21.266 901 21.265 543
t 3.3 ns 1.2 ns 0.22 ns 0.06 ns 0.03 ns 0.02 ns

2 2P1 2 E 21.260 606 21.260 576 21.260 396 21.259 798 21.258 825 21.257 481
t 0.87 ns 0.25 ns 0.06 ns 0.02 ns 6.2 ps 3.2 ps

2 2P1 3 E 21.252 619 21.252 589 21.252 410 21.251 813 21.250 842 21.249 499
t 0.09 ns 0.03 ns 5.9 ps 1.7 ps 0.94 ps 0.74 ps

B 2D1 0 E 21.282 874 21.282 736 21.282 275 21.281 527 1.280 492
t ¯ ¯ ¯ ¯ ¯

B 2D1 1 E 21.277 302 21.277 171 21.276 734 21.276 025 1.275 045
t ¯ ¯ ¯ ¯ 7 ms

B 2D1 2 E 21.272 491 21.272 365 21.271 946 21.271 264 21.270 322
t 1.2 ms 700 ns 160 ns 63 ns 29 ns

B 2D1 3 E 21.268 103 21.267 982 21.267 577 21.266 921 1.266 015
t 5 ns 15 ns 3.6 ns 1.3 ns 0.76 ns

B 2D1 4 E 21.264 110 21.263 993 21.263 606 21.262 977 21.262 109
t 0.04 ns 1.4 ns 0.48 ns 0.22 ns 0.13 ns

a2136.000 000 should be added to the energy entries.
bFor predissociation lifetimes shorter than 10ms.
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calculations concern only the positive parity substates of
2P and2D states along with the2S1 states.21 The results are
summarized in Table VI in terms of energies of differe
vibrational–rotational levels and the predissociation li
times. It is possible to assign the vibrational–rotational lev
to particular electronic states on the basis of the domin
coefficient. Only lifetimes shorter than 1031026 seconds are
given. As shown in Table VI, the present results on the lev
of theA 2S1 state are in agreement with previous results a
observations. The levelsv50 andv51 are not predissoci
ated and only for rotational quantum numberJ of 20 is the
predissociative lifetime of thev51 level close to the value
of the radiative lifetime. For higher vibrational levels ve
short predissociation lifetimes are obtained~see Table VI!.
For v52, the predissociation lifetime is 0.07 ns forJ51 and
decreases only slightly withJ giving 0.04 ns forJ520. The
experimentally determined range for the predissociation l
time is from 0.4 to 2 ns, while the tunneling lifetime fo
rotationlessv52 is calculated at 4.2 ns~Ref. 7! and for
different rotational levels5 it varies from 3 ns~for J50! to 2
ns ~for J520!. For v53, the predissociation lifetime is 0.3
to 0.22 ps~betweenJ51 andJ520! with the tunneling life-
time 4.1 ps.7 Thus the present results are in agreement w
experimental observations regarding the predissociation
the different vibrational levels and regarding the slow var
tion of the lifetimes with rotational level. The absolute va
ues of the lifetimes obtained in the present work are a fa
of 10 lower than the experimentally estimated lower boun5

The predissociation lifetimes of the 22S1 state show
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that it is heavily predissociated with lifetimes of the order
picoseconds~see Table VI!. The 22S1 state lies in the vi-
brational continuum of theA 2S1 and it has very strong
radial coupling with it~cf. Figs. 5 and 6! and in this manner
it is predissociated. The assigned band at 6.35 eV to
X 2P→3p 2 2S1 transition is reported as diffuse,6 which is
consistent with short predissociation lifetimes for this sta
The D 2P state~or 2 2P! is not strongly predissociated fo
rotational levelsJ,5 of v50, while predissociation be
comes important for higher vibrational levels. The mech
nism seems to be via rotational-electronic coupling, sin
there is strong decrease of the lifetime withJ ~see Table VI!.
As shown in Fig. 7, the largest interaction of theD 2P state
is with 2 2S1 and therefore it is predissociated indirectly b
A 2S1. The results for levels of theB 2D state~see Table VI!
show that the vibrational levelsv50 andv51 are not sig-
nificantly predissociated but for higherv levels predissocia-
tion is faster than the radiativeB 2D –X 2P transition. Again,
the predissociation lifetime decreases with increasingJ, con-
sistent with the strong rotational-electronic coupling of th
state with the ground state,X 2P. Thus only the levels of the
positive parity substate ofD 2P are expected to be affecte
while both the levels of positive and the negative parity su
states ofB 2D are predicted to be equally predissociated.

IV. CONCLUSION

In the present workab initio MRDCI calculations are
presented on several electronic states of CF and on
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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ground state of CF1. An effort has been made to rationaliz
the complicated shapes of the potential energy curves
terms of Rydberg and valence contributions and quan
defect functions have been determined which have been
ployed in order to generate higher-lying Rydberg states
CF. On the basis of the electronic transition energies
observed bands involving theF, G, andH states of CF have
been assigned to the 3d 2 2D, 3 2P, and 42S1 states, re-
spectively, while additional observed bands may be ass
ated with some of the other electronic states calculated in
present work. Radiative lifetimes have been calculated
vibrational levels of theA 2S1 andB 2D states showing tha
better agreement with experiment is obtained when
valence-Rydberg interaction of theB 2D at shortR is taken
into account. Complex coordinate vibrational calculatio
over theX 2P, A 2S1, B 2D, 2 2P, and 22S1 states have
obtained predissociation widths and associated lifetimes
vibrational–rotational levels of these states. In agreem
with experiment, short predissociation lifetimes are cal
lated for levelsv.1 of theA 2S1 state. The 22S1 state is
found to be heavily predissociated even forv50, while
J-dependent predissociation of a smaller magnitude is
tained for the statesB 2D and 22P.
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