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TRANSITION PROBABILITIES AND FRANCK-CONDON FACTORS
FOR THE SECOND NEGATIVE BAND SYSTEM OF OF

J. L. Fox

Institute for Atmospheric Sciences and Department of Mechanical Engineering
State University of New York at Stony Brook

A. Dalgarno

Harvard-Smithsonian Center for Astrophysics, Cambridge

Abstract. Transition probabilities for the second neg-
ative band system of O] are computed using the dipole
transition moment presented by Wetmore et al. [1984].
Vibrational levels v" = 0 — 54 of the X2II, ground state
and v' = 0 — 33 of the excited A%Il, state are included.
Franck-Condon factors for ionization-excitation of O,
(X°Z;75v =0-25) to OF (A%0,;v" = 0 — 33) are also
presented.

1. Introduction

The second negative band system of O arises from the
transition A?IL,(v') — X2 (v"). The excited electronic
state A%I1, can be populated by photoionization and elec-
tron impact ionization of O, and by fluorescent scattering
of radiation by OF (X?I,) in planetary and cometary at-
mospheres. The latter process is a source of excitation
of high vibrational levels (v > 5 — 7) of ground state OF
in the atmospheres of the terrestrial planets [Fox, 1985,
1986]. Recently, James et al. [1988] and Schappe et al.
[1988] have investigated the production of the second neg-
ative band system by electron impact on O;. They have
presented cross sections for production of specific bands
within the system and for the system as a whole. Analysis
of the emission spectrum requires Franck-Condon factors
for the excitation-ionization of ground state O; to pro-
duce OF (A?I1,) and radiative transition probabilities for
individual bands of the second negative system. Since
transition probabilities were not available, both James
et al. and Schappe et al. used Franck-Condon factors to
compute the ratios of band intensities, a practice which is
valid only if the transition moment is constant with inter-
nuclear distance. In addition, in computing the Franck-
Condon factors, James et al. used a Morse potential,
which is less accurate for high vibrational levels than a
Rydberg-Klein-Rees (RKR) potential.

Several years ago, in connection with studies of the vi-
brational distribution of O in the dayside ionospheres
of the terrestrial planets [Fox, 1985; 1986], we computed
transition probabilities of the second negative band sys-
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tem, using the ab initio dipole transition moment of Wet-
more et al. [1984]. Wetmore et al. [1984] presented ab-
sorption oscillator strengths for the bands involving the
first eight vibrational levels of the ground and exc1ted
states, and lifetimes of the OF(4%Il,) state for v' =
0 — 33. The computed lifetimes agreed very well with
the available measured values [Jeunehomme, 1966; Er-
man and Larsson, 1977; Fink and Welge, 1968]. We
present here transition probabilities for vibrational levels
v" = 0 to 54 of the ground state OF (X2II,;) and v' = 0
to 33 of OF (A%I,). We also present Franck-Condon
factors for ionizalion-excitation ‘of Og(X E5v =0-
25) to produce OF (A%I,;v' = 0 — 33), a w1der range
of vibrational ‘quantum numbers than previously avail-
able [Nicholls, 1965; Krupenie, 1972]. Many vibrational
quanta are potentially important, because the equilib-
rium internuclear distance of the OF (A4%Il,) potential
curve is very different from those of the O2(X°E;) and
O} (X?Il,) states. Hence a wide range of vibra.tiona.l lev-
els of the A state are populated in ionization or fluores-
cent scattering; the excited states then decay to an even
wider range of vibrational levels of the ground state.

2. Calculations and Results

We have constructed vibrational wave functions for the
0F (X?1,), OF (A%1l,) and O,(X*X;’) states by numer-
ical integration of the radial equation of nuclear motion
[cf. Wetmore et al. 1984]. Our potential curves for OF
were adopted from the RKR values of Krupenie [1972] ex-
tended to larger internuclear distances using the asymp-
totic polarization term —%aR"‘, where a = 5.28a) is
the polarizability of atomic oxygen. The potential curves
for the ground state of O; were taken from Allison et
al. [1982). The Franck-Condon factors for ionization-
excitation of Oz(X*Z, ;v = 0 — 25) to OF (A’II,;v" =
0 — 33) are presented in Tables 1a — 1c. Our values for
ionization-excitation from O3(X3Z; ;v = 0) agree well
with those presented by James et al. [1988].

Transition probabilities and band origins of the second
nega.hve system are given in Tables 2a — 2e for O+(A .,
v' = 0 — 33) and OF (X?II,,»" = 0 — 54). Vibrational
levels of the X state with v" > 30 lie above the low-
est vibrational level of the A state, so some of the high
vibrational levels of the X state decay radiatively to vi-
brational levels of the A state. The “reverse” X — A4
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TABLE 1c. Franck-Condon Factors for Ionization of
0z(X%%; ;0" = 22 — 25) to OF (A%IL,;v")

n

v' 22 23 24 25

0  1.734(—13) 1.402(—14) 1.358(—15) 1.458(—15)
1 1.301(—10) 5.255(—12) 3.902(~13) 2.301(—14)
2 2.842(-8) 1.915(—9) 8.125(—11) 5.250(~12)
3 2.507(—6) 2.497(—7) 1.865(—8)  9.033(—10)
4 1114(-4) 1.547(-5) 1.660(—6) 1.365(—T7)
5 2.308(—3) 4.675(—4) 7.378(—5) 8.873(—6)
6 2.258(—2) 6.909(—3) 1.624(—3) 2.926(—4)
T 9.406(—2) 4.720(-2) 1.737(—2)  4.786(-3)
8 1.224(-1) 1.266(—1) 8.221(-2) 3.720(—2)
9 6.715(—3) 7.602(—2) 1.330(—1) 1.193(-1)

10 5.900(—2) 7.356(—3) 2.053(-2) 1.016(—1)
11 6.192(-3) 5.850(—2) 4.635(-2) 4.604(—4)
12 4.703(-2) 9.229(—3) 1.657(-2) 6.410(-2)
13 3.429(-3) 2.321(—2) 4.265(-2) 1.985(—3)
14 1.634(-2) 3.251(-2) 1.707(-4) 3.272(-2)
15  2.951(—2) 1.487(-3) 2.373(—2) 2.542(-2)
16  8.420(-3) 1.061(-2) 2.612(-2) 1.064(-7)
17 4.815(-4) 2.378(—2) 3.776(—3)  1.602(-2)
18  1.057(—2) 1.456(—2) 2.530(-3) 2.333(—2)
19 1.708(-2) 2.260(-3) 1.369(-2) 1.046(—2)
20 1.343(-2) 6.014(—4) 1.683(-2) 6.189(—4)
21  6.132(-3) 5.578(—3) 1.097(-2) 1.808(-3)
22 1.245(-3) 9.781(-3) 4.001(-3) 7.144(-3)
23 6.771(—6) 1.044(—2) 4.421(-4) 1.021(-2)
24 9.526(-4) 8.500(—3) 1.820(—4) 9.795(—3)
25 2.404(-3) 5.760(—3) 1.414(-3) 7.443(-3)
26 3.440(-3) 3.381(-3) 2.696(—3)  4.808(—3)
27 3.830(-3) 1.747(-3) 3.422(-3) 2.736(-3)
28 3.607(—3) T7.957(—4) 3.551(-3) 1.396(—3)
29 3.259(—3) 3.133(—4) 3.269(-3)  6.430(—4)
30  2.698(—3) 1.015(—4) 2.780(—3)  2.668(—4)
31 2.134(-3) 2.358(—5) 2.238(—3)  9.849(-5)
32 1.631(-3) 2.278(—6) 1.731(-3)  3.133(—5)
33 1.213(-3) 2.267(-7) 1.206(-3) 7.972(—6)

transitions are indicated by negative band origins and
transition probabilities. For strong bands with fairly low
vibrational quantum number, intensity ratios computed
with our transition probabilities agree to within a few
percent with those computed with the Franck-Condon
factors of James et al. [1988] and Schappe et al. [1988].
Significant differences arise for weaker bands and higher
vibrational levels.

0 — 10)

TABLE 2a. Transition Probabilities (s™!) (Upper Entry) and Band Origins (nm) (Lower Entry) of the Second Negative Band System of
OFf (4;v' — X;0"

,vM

10
2.069( 5)

438.67
5.126( 2)

2.210( 5)
410.25
4.590( 4)

1.990( 5)
384.70
1.353( 5)

1.497( 5)
361.74
2.017( 5)

9.179( 4)
341.03
1.979( 5)

4.487( 4)
322.24
1.376( 5)

1.707( 4)
305.11
6.913( 4)

4.867( 3)
289.43
2.474( 4)

9.789( 2)
275.05
6.021( 3)

1.238( 2)
261.80
8.958( 2)

7.400( 0)
249.56
6.164( 1)

0

422.53
8.561( 4)

244.25 255.96 268.61 282.32 297.21 313.44 331.19 350.69 372.23 396.10
3453(3) 1.967(4) 6.621(4) 1444(5) 2.077(5) 1.879(5) 8.728(4) 5.956(3) 2.124( 4)

2.736( 2)

1

407.99
6.650( 4)

239.32 250.55 262.66 275.75 289.94 305.36 322.19 340.61 360.89 383.29
9.436(3) 4.535(4) 1.236(5) 2.042(5) 1.961(5) 8.541(4) 1.885(3) 3.827(4)  9.808( 4)

8.608( 2)

2

394.83
4.857( 2)

234.73 245.53 257.14 269.68 283.23 297.94 313.93 331.40 350.56 371.65
2.051(4) 8.279(4) 1.800(5) 2.154(5) 1.180(5) 7.607(3) 3.332(4) 1.001(5) 5.931( 4)

2.155( 3)

3

382.89
3.712( 4)

230.46 240.86 252.03 264.05 277.04 291.09 306.34 322.95 341.12 361.06
3.774(4)  1.272(5) 2161(5) 1.743(5) 3.624(4) 1.249(4) 9.408(4) 7.345(4)  2.056( 3)

4.570( 3)

4

372.04
7.010( 4)

226.48 236.51 247.28 258.84 271.31 284.77 299.35 315.19 332.47 351.39
6.108(4) 1.707(5) 2.203(5) 1.052(5) 4.608(2) 6.506(4) 9.753(4) 1.449(4)  2.205( 4)

8.528( 3)

5

362.13
3.748( 4)

222.78 232.47 242.86 254.01 266.00 278.93 292.90 308.05 324.54 342.54
8.018(4) 2.049(5) 1.930(5) 4.114(4) 1.700(4) 1.029(5) 5.055(4) 3.050( 3)  6.470( 4)

1.436( 4)

6

219.31 228.71 238.75 249.52 261.08 273.53 286.95 301.47 317.25 334.43 353.08

7
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