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1. Introduction

This report, the second ! in a series on the spectra of
diatomic molecules, includes a review of the literature
(through February 1971) on the spectra of Oz,2 O,

$, and O3+ and a compilation of critically evaluated
numerical data on band positions, molecular constants,
energy levels, potential energy curves, transition proba-
bilities, and other molecular properties derived from
the spectrum. Though emphasis is on the gas phase,
condensed oxygen is considered in discussions of
Raman spectra, simultaneous transitions, e.g., 2(1A,) —
2(*%;), and the so called high pressure bands. The
cited references are mainly those from which the tabu-
lated numerical data are taken, but include also some
which deal with interpretation and history.

O, is the dominant molecule in thermochemistry and
is the second most abundant constituent in the earth’s
atmosphere. The dissociation, predissociation, and band
systews of molecular vxygen play an mporiant role in
the aurora, airglow, and nightglow.* Molecular oxygen
is an important constituent of stellar atmospheres
(including that of the sun) and possibly of planetary
atmospheres. Meeks and Lilley [269]> have suggested
that the microwave spectrum (60 GHz) can be used as a
probe of the thermal structure of the earth’s atmosphere
and as a space probe of planetary aumospheres.

In laboratory studies below 2000 1?\, spectrographs
have to be evacuated because of the strong absorption
of light by the O,, B*2;—-X33; Schumann-Runge
transition; more than 99 percent of this absorption is
due to the dissociation continuum (1750-1300 1&)

The ionization potentials of O, are known from con-
ventional spectroscopy of OF, from Rydberg series
limits, photon impact (UV absorption), photoionization,
electron impact, and photoelectron spectroscopy. An
extremely useful review of electron spectroscopy,
electron impact, photoelectron spectroscopy, and
Penning ionization has been given by Berry [38].

Topics not considered in detail in this review include
ahsorption coeflicients, collision and photon cross
sections, photoionization and absorption cross sections,
collision detachment cross sections, dissociative re-
combination coefficients, ion-electron recombination,
and charge transfer collision cross sections.

Photoionization cross section measurements have
been recently reviewed by Schoen [350]. Autoionization
of O, Rydberg states has been qualitatively discussed
by Price [319]. Cook and Ching [93] have discussed in
detail the divergence of measured absorption coefficients.

Two very uscful revicws concerning spectra should

?The first volume of this series is “The Band Spectrum of Carbon Monexide.” Nat. Bur.
Stand. (U.5.), Nat, Stand. Rel. Data Ser., NSRDS-NBS 5 (1960).

?Data on Oy is mainly from study of the solid. Gas phase Os has been observed as a product
of various jon-molecule reactions (Fehsenfeld et al., J. Chem. Phys. 45, 1844-5 (1966)). See
sec. 2.4,

303" is known only from electron impact experiments and theoretica) calculations.

4 For details see. e.g.. McCormac and Ombholt [261] and Roach (332].

* Figures in brackets indicate the literature references in Section 15.
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be mentioned: Wallace [396] has tabulated band head:
for O, and Of transitions, as well as term values and ro-
tational constants for the various states; Gilmore [161]
has summarized a great deal of information about the
potential energy curves of O and its ions. In addition,
a capsule summary of many O, transitions and the con-
ditions under which they are observed is contained in
a review by Herzberg [190] on forbidden transitions in
diatomic molecules. Singlet molecular oxygen (princi-
pallya 'A, and & '2}) has been reviewed by Wayne [404].
The possibly important role of reactivity of oxygen with
pollutants is mentioned in a discussion of the relation
of laboratory measurements to atmospheric chemistry.

Reproductions of spectra are not given here but can be
found in references cited in table 1 as well as in “The
1dentification of Molccular Spectra” by Pearse and

Gaydon [316].

2. Electronic Structure of O, and Its lons
2.1. Electronic Structure of O, and (038

The vrder of the molecular orbitals (MO’s) for Os has
been given by Mulliken ¢ [284]:

10'0< 1U1l<2011< 20'11 < 3Ug< 17Tu < ].7Tg< 30’1,.
K K b a b b a a

The bonding.character of each orbital is designated as
K (inner), b (bonding), or a (anti-bonding). 1oy and loy
are virtually atomic 1s orbitals; 20, and 20, are modified
2s; all other orbitals no longer resemble their separated
(atomic) form. The electron configuration which gives
rise to the ground state, X 325, and also 10 the observed
states @ 'A, and b 25, is KK(20¢)?(204)*(30)2(17,)*
(1my)2. The possible states originating from excited con-
figurations are summarized in table 2.

0, is one of the few paramagnetic molecules with an
even number of electrons; the ground state has a per-
manent magnetic moment due to unpaired spins. Pre-
diction of the ground state as *X was an early success of
the molecular orbital method and an early failure of the
Heitler-London method. Only by ‘“reexamination’ was
Heitler-London theory able to predict the correct
gound state.

Seven known stable states of the neutral molecule
arise from the two lowest electron configurations (table
1). A repulsive *Il, state is inferred from ab initio calcu-
lations and from the predissociation of the B 3% state.
All bound. states which dissociate ta ground state atoms .
have been observed. This inference is based on the semi-
empirical potential curves for the unobserved states de-
termined by Vanderslice et al. [387} and Gilmore [161],
and from configuration interaction (CI) calculations by

® Another commonly used notation designates the orbitals as
aals < ouls < 0p25 < 0u2s < 0y2p < mu2p < Ty2p < Gu2p.



THE SPECTRUM OF MOLECULAR OXYGEN 427

Schaefer and Harris [344]. (See also [187].) Five other
states, recently observed, arise from unknown or un-
cerlain excited electron configurations. In addition there
have been observed numerous states belonging to
Rydberg series. Eight states of Oi are known. Configura-
tions for seven of them are established.

The electronic structure for a number of states of
O. and O3 has been given by Mulliken [284]. A weakly
hound state at about 6.5-7 eV, dissociating to *P,+
1D, was hinted at, but such state has not been observed.
Mulliken’s summary of the lower ionizations of O. is
given below.

Electron ionized O3 state
1m, (from X 3%;) X,
lwu (from 1Y 325) a QH"’ ‘4 21—[('

1m, (from 'Ay)

1, (from '23)

30y (from X 3%73)
(20y) (from X 3Z3)

211, (4 = 195), *®,
My (A=— 195)
b3, B3,

c 23

The configuration (lw,)3(1my)? includes three 2II,
states, only one of which is known (bound). All three
should combine with the ground state of the ion. (See
the recent discussion of these 2I1, states by Dixon and
Hull [115]; this is mentioned in sec. 2.5.)

Nordheim-Péschel [300],” using a valence bond
approach, has estimated the relative separation between
a number of low-lying states of O, and has shown,
qualitatively, that 31l states would not lie at low ener-
gies. Indeed, no stable 31l state of O has been identified.
It was further concluded that *%; and 32} states arising
from 3P +'D are repulsive. One of the two possible
3% states derivable from these atomic products, the
B state, has been observed and is stable. No 3%} state
is known.

Miller et al. [276] have shown from observed magnetic
hyperfine structure of 070 that the unpaired elec-
trons in the O; bond are primarily p# rather than po
and have concluded that “*electron configurations which
put unpaired electrons in the po orbit are unimportant
in the O» molecule.”

Lal [248] reported seeing new bands in the visible
and UV regions which could not be fitted into other
known systems (e.g., B—X, O or A-X, Of). He there-
fore inferred the existence of a new state of Of, likely
2TI, which would perturb 4211, around »=6. No numeri-
cal data were published. Such ‘a 2I1 state is unknown,
and Lal’s correlation of such state with *S,+1D, is
incorrect. '

2.2. Numerical Calculations

a. Semiempirical

Mofhitt [280] has shown the need to include configu-
ration interaction to obtain reasonable excitation energies
relative to the ground state and correct dissociation

products. By using an intuitive modification of the single
configuration MO method he predicted the relative
order of O, states derived from wiw} and 77} con-
figurations. Both '3, and ®A,; were predicted as bound
(*=; at higher energy), and both were predicted to lie
below A 3X%. Experimentally the tentative order is
¢35, C3Ay, both below the 4 state. Both ¢ and C
states dissociate to ground state atoms. Moffitt also
showed that the ionic state 3% dissociates to 'D—+3P
because of the non-crossing rule.

Watari [402], treating O: as a six [#] electron problem,
has predicted the correct order of several states of the
two lowest configurations. Linnett [254] has accounted
for the double bond of O and the bond order of Of as
2.5. Orville-Thomas [309], has used MO theory to
show that the 0—0 band length in various oxygen-con-
taining molecules decreases with increasing bond order.

Fumi and Parr [150] have computed vertical excita-
tion energies for the states arising from the three
configurations w7y, whwy, and aiw). They used
LCAO-MO wave functions plus CI between states
of the first and third configurations, but with neglect
of overlap and empirical. fitting of some parameters.
Their relative energies were in fair agreement with
experiment and with the more complicated results of
Moffitt {280]. The 'A, was predicted to lie below 13,
but it was not certain whether these should be bound.
Gilmore [161] has drawn them as slightly stable.

Bassani, Montaldi, and Fumi [32], using the method
of Fumi and Parr, have calculated vertical excitation
energies of Il and ® states of O; relative to the ground
state of the ion (in the -electron approximation).
Excitation energies of unobserved states 2d,, 11,
and *®, were indicated. The *®, siate fell near the
b*3;; the other two lay far ahove it. The 2@, state
would be about 1 eV above A 211, I, several volts
above 2I1,, and *®, several volis above *I1,;. *®, seems
bound with D¢ about 2.5 eV. This state as sketched by
Gilmore [161] would have a binding energy of about
4.2 €V if its minimum were 1 ¢V above the minimum of

. 2I1,. The other two unobserved states are also stable in

this approximation [32].

Vanderslice et al. [387], using a valence-bond approxi-
mation and experimental data, have estimated the poten-
tials for 12 repulsive states derived from ground state
atoms. These states were slightly altered in Gilmore’s
figures [161] to account for configuration interaction.

b. Single configuration ab initio

Itoh and Ohno [212] have used different screening
constants for the O atom and its ion (AQ’s for covalent
and ionic structure) to calculate excitation energies
(at r=1.207 A) for m-electron states. In general, their
results agree with those of Moffitt [280] and Fumi
and Parr [150]. A reasonable value was obtained for the
separation %, —%%:. Contour diagrams were given of
individual and total orbital electron densities for the

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972
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ground state. Bader et al. [25] have reproduced Wahl's
more recent calculated individual and total charge
density contours for the O, ground state at r. (based
on nearly H—F wave functions).

¢. Configuration interaction ab initio

Meckler [268] has built up LCAO MO functions from
a minimum basis set of Gaussian atomic functions to
study the full CI for the X33, and '3} states. The
eight atomic electrons were distributed among 12 spin-
orbitals arising from 2p atomic levels, with no s—p
hydridization. Though his calculations give ro, DY,
and w, to within a few percent of the experimental
values, large potential maxima (~4% D°) which peak at
~ 4 A were calculated for both states. There is no ex-
perimental evidence to support this. In all cases Meckler
assumed filled 1s and 2s shells. His results are less
accurate than those of Kotani et al. [236], but are given
as a function of r.

Kotani et al. [236], have made very extensive calcu-
lations of electronic properties of O; and O3 at r=1.217
A by the LCAO method using a minimum basis set ot
Slater orbitals for thc all clecetron problem. Fiftecn
dimensional CI makes significant improvement in some

. of these properties. The relative merits of various
approximate treatments (for the ground state of O.)
are compared. Properties calculated include, among
others, D¢, excitation energies, quadrupole moment
(Q), oscillator strengths (f), and polarizabilities. The
same nine states are considered as were treated by
Fumi and Parr [150], and Itoh and Ohno {212]. Kotani
et al. [236] have shown that excitation of 2s electrons
(as was done by Meckler) produces significant changes.
A comparison is made of the energy levels calculated
by CI with more than a dozen different approximations.
A fifiteen configuration calculation lowers the total
encrgy of the ground state by 5 €V, but still gives a puor
value for D°. For win} configuration the A, siate was
predicted to lie between 2% and '27, as is tentatively
found experimentally.

Schaefer and Harris [344] have calculated potential
energy curves for 62 states of O derived from the lowest
states of O: 3P, 'D, 'S. Twelve bound states were pre-
dicted, including seven found experimentally, and
several predicted earlier by others. Several new bound
states are predicted. In the calculations, only a mini-
mum STO hasis set was nsed together with a complete
“valence CI” to give the correct dissociation products.
Screening parameters were used appropriate to the
3P ground state. The ¢ '2; state was calculated to lie
below both C 2A, and 4 ?%%. The new results suggest
that the '3 state (}D+1S) has a larger binding energy

than A, (1D ~+1D), the reverse of the sketch by Gilmore

[161]. The additional bound states are
3% ((P+'D) a1 5.94 eV, 1.~ 2 A.
,(0D+1D) at 8.13 eV, r. ~ 1.55 A.
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1A,(3P+1S) at 8.71 eV, re ~ 2 A.

More recent (unpublished) calculations by H. H. Michels
are qualitatively the same.

2.3. Eiectronic Structure of O3

The ion O3* has been observed only in electron
impact experiments. Perhaps O3* spectra might he
observed in a hollow cathode discharge in low pressure
0., for Carroll and Hurley [77] have observed NZ*
under those circumstances. Appearance potentials for
03+ were long ago given as 54.1 eV [163] and 50.1 eV
[166]. Recently, Hurley and Maslen {209] and Hurley
[208] have theoretically predicted the energies, molec-
ular constants, and approximate potential curves for
03+, derived from curves of N;. The ground state
appearance potential was estimated as 35.92 eV, smaller
by 15 eV than prior experimental values. Dorman and
Morrison [118] have remeasured the appearance poten-
tial of O3+ to be 36.2+0.5 eV which lies close to the
calculated value. The discrepancy between this value
and carlier, higher values is not explained. Daly and
Powell’s [101] measured value for the appearance
potential of the O3+ (X state) is about 1 volt higher than
that of Dorman and Morrison; the 4 33} state energy
was found to be =4 eV above X 3. Hurley [208] has
estimated the lifetime of the A4 state (0%*) for dissocia-
tion by tunneling as ~1 sec., and 103 sec. for the X
state (03+).

2.4. Electronic Structure of O;

The molecular ion O; is formed in gas discharges
containing oxygen, and has been detected by mass
spectrometer in Hy+ 0, at 0.1 mm pressure (A. Schmel-
tekopf, private communication). It is formed also in
the D layer of the upper atmosphere, and is stable in
solution or in ionic lattices [97].

The ground state configuration of O; is

KK(204)? (204)* (0y)? ('mm)* (1mry)® X 20,
b a b b a

The molecular ground state dissociates into ground state
products O(*P)+O-(2P®) which can form a total of
24 states.

The ground state dissociation energy has been crudely
estimated by Bates and Massey [34], by Creighton and
Lippincott [97] from a semiempirical formula using the
frequency of a Raman line of KO, and more carefully
by Mulliken [286]. By using an improved value for
EA(O.) [312] one obtains DY0z)=4.07 eV. This places
03, X *[1y; about 0.4 eV below 0., X #33;. The dissocia-
tion energy is cyclically related to several other quanti-
ties by the formula D%O0,)+ EA(O:) = D%0sz)+ EAO)
where the following values have been used: D%0Q,)=
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(5.116 £0.002 eV) [62], EA(O:)=(0.43%0.02 eV)’
[312], and EA(O) = (1.478+0.002 eV)2 [39]. )

re. for the ground staie is tentatively given as 1.33 A
which is a compromise between the values 1.28 A [2]
and 1.32-1.35 A [171], both calculated from crystal
structure of KO., and the value 1.377 A, estimated by
the use of Badger’s rule [49]. This approximate value
of r. is consistent with that expected by analogy with
F; 1.3-14 /51). From the low-temperature fluorescence
emission spectra of O; in alkali halides Rolfe [336]
has obtained ®e =1152-1163 cm™', weXe =8.5 cm™!,
w,= (780+=100) AG"(3) =1123-1145
These results were in good agreement with AG"(3) =
(1145=2) cm™! obtained from Raman spectra in solid
KO; [97]. Recently, the Raman spectrum of O3 in alkali
halide crystals [194] has yielded an extrapolated value
for the isolated ion: AG"(}) ~ 1090 cm~!. This value
leads to w, ~ 1107 cm*, wex, ~ 8-9 cm~'.

Spence and Schulz [361] and Boness and Schulz [49]
have measured vibrational spacings of the ground
state of O produced by scattering of electrons by
gaseous O,. They obtained we. ~ 1090 cm™}, wexe ~ 12
cm~1l. Combining this vibrational data with AC"(3) of
Holzer et al. [194] gives compromise values w,~ 1113
em™!, wexe ~ 11.7 ¢m~! (uncertainties are assumed as
we 25 cm™!, wexe+4 cm1), )

There has been much speculation about a stable
427 state of Os which dissociates to. O (3P) + O~ (*P)
[34, 68, 211, 351, 92, 286]. but most likely no low-lying
stable excited states exist for O~ [286, 232, S. Smith,
private communication]. The fluorescence observed
by Rolfe [336] has generally been assigned as 2Il,;—
X211y, but an upper state assignment as 23, cannot
be ruled out. Rolfe [336] had indicated that the upper
state term value was 3.65 eV above the ground state of
O; (this was the long-wavelength limit of excitation).
Hurst and Bortner [210] obtained evidence of excitation
to an electronic state of O3 (presumably ¢X7) which
lies approximately 1 eV above the ground state. Recent
calculativus (see below) indicale that this excited state
lies somewhat higher.

The lowest-lying configurations of O; which dissociate
to ground-state configurations of O+ O~ (though
perhaps not to ground-state products) are:

cm™!, cm™!,

(@) Bog)(1my)3(dmry)—>11,
(b) (30g)2(1my)*(1my)2(30y) —223%, 225, 2A,, 125

(€) (30¢)2(1my)*(1my)*(30) —225(2),
235(2), 2By, 2Dy, 125,235, Ay

"Spence and Schulz [361] and Boness and Schulz [49] discuss a number of different values
for EA(O:) which are found in the literature, but state why they prefer the value of Pack and
Phelps [312]. R. Celotta (unpublished results) has recently obtained a value which is virtually
the same as that of Pack and Phelps.

® EA(0)=1.46520.005 eV was obtained by Branscomb et al. [58]. Recent ex’perimems’
(unpublished)- which use E4(Q) do not unambiguously support this value or that of Berry
et al. [39]. 1t is desirable that this quantity be remeasured with improved accuracy.

(d) (Boy) (my)*(1mmy)*—25}
: (not to ground state O+ O-)

Until recently the structure of the possible states of
O; has been largely speculative; early estimates of
the relative bonding of different states were crude
[34, 286]. A rough guide to these energies was provided
by calculated values for analogous states -of Fi [144,
192]. Recent tentative results of SCF CI calculations
[M. Krauss, private communication, 271a} show numer-
ous stable states besides the ground state.

The stable states in order of increasing binding
energy are: ‘37, 23¢, 4Il,, 235, 23, (22, 43¢, 1.,
1Ag, 2Ay) 43, and X 2Il;. The states enclosed in

brackets all have binding energies of ~1 eV. (Several
of these statee are included in fig. 2.)

2.5. lonization Potentials, Rydberg Series,
Photoionization, and Photoelectron Spectrascapy

The known ionization potentials of O, have been
determined spectroscopically (i.e., from Rydberg series
Limits plus data on clectronic transitions in O3), by
photoionization, electron impact, ion-molecule collisions,
and by photoelectron (photoemission) spectroscopy.
No known Rydberg series converges to the ground
state of Of, though the first terms of such series have
been tentatively identified (see sec. 3.9, 3.10). The
lowest-lying Rydberg term, expected at about 8 eV,
probably mgnso 431y, is a dipole forbidden transition
from the ground state, and remains unobserved [161].
In addition, interaction with other states causes mixing
of configurations and contributes to the weakness and
diffuseness of such forbidden Rydberg terms of excited
O..  Configurations . . . wgnpo, and . . . wmpmy
do give rise to allowed Rydberg series. Broadening of
auto-ionization has been discussed by Price [319]. A
recent photoionization measurement of the lowest
IP of O, by Samson and Cairns [342, 42], (12.059 =
0.001) eV=097265 cm-1 establiches the Of encrgy
level scale. Samson and Cairns have given a useful
summary of previous determinations of this IP by several
methods.

Details of the observed Rydberg series are given
in secs. 3.9 and 3.10; only a few Rydberg states have
had their fine structure analyzed.

Tenlative classifications of Rydberg staies are given
by Huber [197] and Leclercq [251}; additional classi-
fications and related discussions are to be found in
papers which give the experimental details (see also
refs. [253, 125]). Even though the assignments of quan-
tum numbers n and defects & for the lowest terms in the
various series are open to some interpretation (especially
those of Yoshino and Tanaka [417]), the series limits
and Rydberg formulas still properly describe the
Rydberg series.

Rydberg states are known from transitions origi-
nating in the X and b states. The 833}, «13%, and
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3%+ Rydbery states arising from forbidden transitions
have had their fine structure studied; the other ohserved
states or series are assigned as:

b 42;, B Zz; - (30—11) (np(ru) 32{73 (npﬂ'u) 3I_[u
¢ 13y < (20u) (ndmy) 311, (nsay) 327

For the a!2;—b1%} and B32}—X?Z; transitions,
AG' and B’ from fine structure analysis are close to
the values for the OF, X 2I1, state.

The electron impact method yields directly the ver-
tical IP, not the adiabatic IP obtained by all other
methods. Frost and McDowell {147} have measured by
electron impact five states of O3, including 1y, I,
1., X, and a new state at 21.34 eV. An Of term at
this energy was confirmed experimentally by Brion [61].
This energy may represent “removal of a oy2s or oy2p
electron with or without simultaneous excitation of
another electron in one of the other orbits™ [147]. At
22.03 eV evidence exists for a process leading to forma-
tion of Of ; this may be a transition to a repulsive state of
O3, with a minimum at 20.7 eV which is close to the
Rydberg limit of 20.3 eV [147] and the limit 'D+14S°.

Lichten [252] has tentatively identified a metastable
state of O, at ~ 12 eV in electron bombardment studies.
The observed lifetime is > 10-3s. Possible configuration
of this state is (m.2p)3 (7¢2p)? (oyR). McGowan and
Kerwin [262] have observed four new states of Of,
(produced by molecule-ion collisions) at 23.9eV,27.9 €V,
31.3 eV, and 34.1 eV (uncertainty = 0.2 eV).

Al-Joboury et al. [12, 11] were the first to study O

extensively by photoelectron spectroscopy (PES).
More recently Turner and May [384], Turner {383] and
especially Edqgvist et al. [125] have extended these
measurements, the latter even resolving overlapping
vibrational structure of @ *II, and 4 I1,.

Price (see discussion by Dixon and Hull [115]) has
observed a new broad feature with 1.5 €V half widih at
23.7 €V in the photoelectiron spectrum of O: with
304 A photons. Dixon and Hull [115], on the basis of
semi-empirical calculations, have assigned this feature
as a new 2II, state of Of, the uppermost %II, state
derivable from a w372 configuration. It is not. certain
that this state is stable..

Edqvist et al. [125] have studied the PES of O; in
the range 12-28 eV with both 584 A and 304 A photons.
They observed vibrational levels of the 4 211, among the
higher levele of the a4Il, state. The diffusc statc with
vertical IP of 24.0 eV corresponds to the state observed
by Price.

Extensive vibrational structure was observed [125]
in the following states: X %Iy, a *Il,, 4 211y, b *Z;, and
B 2%;. Geiger and Schrider [158] have observed many

of these features (as well as some which are still un-
identified) in the energy loss spectrum up to 21 eV.
Additional features [125] include a 211, state at 24.0 eV;
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above this, ¢ *2;, v=0-2; and at 27.4 ¢V, an unidenti-
fied peak in an unexplained continuum extending from
25.5 to 28 eV. The features at 23.7 and 27.4 eV had been
seen earlier by McGowan and Kerwin [262].

Turner [383] observed marked broadening for B 23,
v > 3. He interpreted this broadening which begins at
20.7 eV, the dissociation limit for 6%, as possibly
due to strong interaction between the B state (which he
assumes is ‘%;) and b state. Edqvist et al. [125], with
slightly better resolution, see sharp structure only.

Samson [340] used photons ranging in energy from
27-66.6 eV to study the photoelectron spectrum of O,
and found states at 23.5, 24.6, and 27.3 eV; uncertainty
was estimated as =0.3 eV (see also McGowan and
Kerwin [262]). Signal-to-noise ratio prevented resolution
of possible structure above 27.3 eV. Samson speculated
that the state at 23.5 eV (and possibly also the state at
24.6 eV) might arise from removal of a 0.2s electron,
and the state at 27.3 eV might arise from removal of
a 042s electron.

3. Electronic Spectrum of O, and O3

O, is a weak light emitter because, for most of its
excited states, transitions to the ground state are strongly
forbidden. Since 'O has zero nuclear spin, antisym-
metric rotational levels of 60, are missing. ?

The B *%; —X #%; Schumann-Runge transition domi-
nates the spectrum of molecular oxygen. Discrete bands
of this allowed transition span the region 5350-1750 4;
an even stronger dissociation continuum spans the
region 1750—-1300 A. Most other O, transitions which
have been observed under high resolution are forbidden
by electric dipole selection rules and are considerably
weakeﬂr than B—X; the exceptions are transitions lﬂ)elow
1300 A, mainly to Rydberg states. Retween 1300 A and
300 A continua overlap the discrete structure. Weak
b '3} —X 3% atmospheric bands (9970-5380 A) and
a 'Ay—X *3; IR atmospheric bands (15,800-9240 A)
have also been observed.

In contrast with O., the three observed transitions for
Of are all electric dipole allowed: A 2I1,—X*I1, (2-),
6530-1940 A; b+3;—a*Tl; (1-), 8530-4990 A; and
¢%;—b*3; Hopfield bands, 2360-1940 A. Additional
states of Of known from Rydberg series and photo-
the OQ‘ doublet
quartet states to be placed on a common energy scale.

clectron spectroscopy enable aud

3.1. alAy X337 Infrarcd Atmospheric System (15,800-
9240 A)R

" The 'Ay—3%7 magnetic dipole intercombination tran-
sition in Oz, predicted by Mulliken |283], was frst
observed by Ellis and Kneser in 1933 [126] in absorp-

® For example, for the X “2‘; state levels occur with ¥=1,3,5,.. .:J=0,1,2,.. .
all rotational levels are +. For the B3Z; siate levels occur with N=0,2,4 .. .. J=1,2,3,
. .; all rotational levels are —.
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tion by liquid oxygen. The fine structure was resolved
and the transition assigned as 'A,—3%; by Herzberg
{in 1934), who photographed these bands in the solar
spectrum. Details of the solar 0-0 and 1-0 bands were
given somewhat later by Herzberg and Herzberg [191].
The spectra were taken with a three-meter grating in
first order (dispersion, 4.9 A/mm). The observed a—X
hand positions and rotational constants for the a state
are listed in tables 3 and 37, respectively. Rotational
constants for the X state are in table 36.

The bands, inherently very weak, are characterized by
0, P, R, S, and Q-form branches; they showed two strong
Q heads and no clear zero gap.

Relative accuracy of the observed line positions in the
0-0 band is =0.03 cm~! for unblended lines; in 1-0, it
is 2 0.07 cm~'. (See footnote 6(a) in ref. [191] regarding
absolute accuracy.) The small difference hetween
Fs—F, and F.—F; for the ground state accounts for
overlapping 9P and QR branches. {See also Babcock
and Herzberg [24] and sec. 8 of the microwave spectrum.)

Of nine possible branches, only one pair remained
unresolved: (2PQR). The other branches are R, iR,
ll’Q’ QQ, I'P, I'Q, TIP‘

The 0-0 band has been observed in the day and night
airglows [165], and is weaker than might be expected
because of reabsorption by the lower atmosphere.
The 0-1 band was found in emission from the night
sky [91, 385]. lis fine structure was resolved, but the
numerical data has not been published [91].

3.2. b'3; — X3 ; Atmospheric System (9970-5380A)R

The b'S§—X 327 magnetic dipole intercombination
transition consists of doublet P and R branches, i.e.,
P, ’Q, R, and #Q branches,'® the latter two forming a
weak head. Observations of these weak, red-degraded
bands date back to the work of Wollaston in 1802 and
Fraunhofer in 1817. The mest exiensive and precise
measurements of the 4—X transition are by Babcock
and Herzberg [24] who studied absorption in the labora-
tory (with air paths up to 30 m) and solar absorption by
the earth’s atmosphere (100 km air paths). These meas-
urements were an cxtcnsion of carlicr work by Babeock
and collaborators [see especially Dieke and Babcock
[112] and Babcock [22] from which the transition was
first identified as '2>—"% by Mulliken [283]. The early
work led Giauque and Johnston [160] to some of the
earliest identifications of isotopes (1¥0'70, ¥0180) by
spectroscopy. The only additional detailed absorption
measurements are the fragmentary data on the 4-0
band by Ossenbriiggen [311]. Band origins and heads for
the =X transition are listed in tables 4 and 5, respect-
ively; rotational constants for the X and b states are
listed in tables 36 and 38, respectively.

12 These magnetic dipole bands are always observed in almost any spectrograph of moderate
size which is not evacuated. These branches are also possible for an electric quadrupole
transition, but those arising from AJ == 2 have not been observed.

The 6—X bands were first detected in the solar
spectrum!'’ and later produced in the laboratory. Absorp-
tion measurements in the 1920’s and 1930’s, mainly by
Babcock and collaborators, culminated in a definitive
work by Babcock and Herzberg [24] wherein are given
references to the earlier measurements. Bands of this
system have also been produced in emission from a
variety of sources,'? but studies of these, with few
exceptions, only provided identification of several addi-
tional band heads not seen in absorption (table 5).

Babcock and Herzberg [24] have measured the
fine structure of the following absorption bands:
16Q,, 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3—1; *0'70 and
160180, 0-0, 1-0. The spectra were produced using a
plane grating spectrograph of 30foot {focus with recipro-
cal dispersion of 0.88 to 0.12 }o\/mm, For unblended
medium intensity lines, wavelengths have been deter-
mined with an accuracy of about 0.001 A. Combination
differences for bands with v”"=0 were in agreement to
within 0.005 cm~'. These measurements have provided
molecular constants for the X and b states for the three
isotopes studied.'® w, was derived from AG"(}), and
the vibrational constanis of Curry and Herzberg [99],
with AG"(3) = 1556.3856 believed (then) to be accurate
within £0.001 cm~'. A least squares refitting by Albritton
et al. [9] gives 1556.379 = 0.006.

3.3. b3} —a 'A, Noxon System (19,080 A)

Noxon [301] observed emission of the ¢ branch of
the b—a, 0—0 band at 19,080+ 30 A in a low pressure
discharge through He containing a trace of Q.. This
appears to have been the first observation of an electronic
transition in a diatomic melecule which is primarily
(electric) quadrupole [301]. (This system is forbidden
by magnetic dipole selection rules since AA=2.)

3.4. ¢'3;—X33; Herzberg Il System
(4790-4490; 2715-2540 A) R

Absorption bands of this very weak forbidden transi-
tion have been observed among the stronger 4*%;—
X3%; bands by Herzberg [189]. The observed band
origins are listed in table 6; predicted origins are given
in table 7: rotational constants for the ¢ !X 5 state are in
table 39. The spectra were ohserved in fourth order of
a 21t. grating spectrograph; oxygen pressure was
2.7 atm. The molecular constants for the ¢ state were
obtained by assuming the values for the ground state
from the work of Babcock and Herzberg [24].

"' The current and early band designations are compared: 0-0, 1-1 (4); 1-0 (B); 2-0 (a);
3-0 (a'); 4-0 {a"): 0-0, %050 (4’'): 0-0, "0 70 (4"). The 0-0 and 1-0 bands, designated

. A and B. respectivelv. by Fraunhofer in 1817 were among the first molecular bands observed.

" These bands have been observed in the night airglow and aurorae, and in the laboratory
in oxygen-enriched nitrogen afterglows, CO+ O, explosions, He discharge containing a trace
of Oz, glow discharge in pure O: al atmospheric pressure, and an r.f. electrodeless discharge.
Branscomb [57} lisis a number of these references: see also Chamberlain, Fan, and Meinel [82]
and Herman, Herman, and Rakoloarijimy [183].

9 Appendix C discusses molecular constants ror the ground state.
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The c¢—X bands [with branches *P, 7@, ¥R, #Q] have
structure similar to the 5~X system, but weaker by a
factor 10°, and with much greater difference |B'—B"|
because of the {eeble binding energy of the ¢ state.
Unblended line positions are assumed uncertain by
+0.1 cm~; numerous blended lines have considerably
larger uncertainties. Long exposures resulted in 0.1 ¢em™!
displacements hetween iron arc calibration spectra and
c¢—X line positions.

Herzberg [189] analyzed the fine structure of six
absorption bands. Degen [103] has analyzed the structure
of two feeble emission bands observed in an oxygen-
argon afterglow. These have been tentatively identified
by Degen as the 0~7 (4491 A) and 0-8 (4791 A) members
of the c—X system. The new v’ numbering, still tentative,
is five units larger than that provisionally assumed by
Herzberg [189]. The spectra were taken by Degen on a

3 m grating spectrograph, exposure 100 hours, disper-

sion 3 A/mm. Measured rotational line positions are
uncertain by 0.1 A. The 0—7 band had been mentioned
earlier by Broida and Gaydon [63] but it had not been
assigned; the 4791 A band is new.

Many features of the nightglow spectrum lie within
several Angstroms of the calculated band positions
[189, 103]. Broida and. Gaydon [63] had observed some
bands in an oxygen afterglow @600-3600 A) which
might be fitted into this Delandres array, but only with
considerable uncertainty. Some bands observed in the
UV airglow suggested an increase in Herzberg’s pro-
visional v’ numbering by unity, but this had only been
hinted at by Chamberlain [79]. The numbering used by
Degen [103] places the ¢ state below both C and 4; all
three states derive from the same electron configuration.
A short extrapolation of vibrational terms makes it
certain that the ¢13; state dissociates to ground state
atoms.

The ¢—X transition, assumed allowed as electric
dipole radiation, is only spin forbidden, and is likely so
weak because it is forbidden as electric dipole radiation
in the separated atoms. )

3.5. C3A,~ X33, Herzberg Ill System (2630-2570 A)
R and High-Pressure Bands (2924-2440 A)

Fragments of two very weak, triple-headed bands
have been observed in absorption by Herzberg [189],
who uscd a 350 mecter absorbing path at 2.7 atm.
pressure. These underlie the far stronger 432;<X3%;
bands. Observed C-X sub-band origins are listed in
table 8a; rotational constants for the C3A, state are in
table 40.

Vibrational numbering in the C state is uncertain.
Arbitrarily, Herzberg [189] assumed that the triplet
observed by Herman [182], whose middle sub-band head
is at 2913 A, was the 0~0, and assigned the two frag-
ments he (Herzberg) observed to bands 5-0 and 6-0.
The only carefully determined vibrational quantum
AG(5Y2)=611.16 cm~! is for A3 componentis. Assign-
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ment of the upper state as *A, is bhased on the assumed
electron configuraiion, though the number of missing
lines near the origin could not be determined. Thus,
it could not be shown, unequivocally, that the upper
state is not 3Il,. ¢S, and R- and P-form branches were
detected. Both odd and even J were observed in the
upper state, an indication that A > (.

Herzberg [189] has assumed that the C—X bands are
the free-gas analogue of the diffuse triplets, nearly coin-
cident with the positions of the A—X hands, as observed
by Wulf [415]. Finkelnburg and Steiner [141], and
Finkelnburg [140]. These high-pressure bands (table 8b),
first observed under pressures of 60—600 atm, had heen
ascribed by Finkelnburg and Steiner [141], to the
collision-induced forbidden transition, *A—33. In a
later paper Finkelnburg [140] ascribed these to vibra-
tions of a collision complex. (See sec. 4 on condensed
oxygen.)

Observation of the diffuse structure till nearly the
3P+3P dissociation limit {140} strongly suggests that
the A, state dissociates to ground state atoms. Experi-
mental data is insufficient to allow a reliable potential
curve to be drawn. Gilmoure [161] has sketched in a
fragmentary curve just below that of 433}, following
Herzberg [189]. The C~X transition is forbidden only
by the rule AA=0, =1, but is extraordinarily weak,
likely because it is also forbidden in the separated atoms.

For the v'=6 level, the triplet splitting between
3A; and %A, is 145.9 cm™', indicating case a coupling.
Splitting between middle and short wavelength com-
ponents of the high pressure triplets is 138 cm! [141,
182]; the splitting between the middle and the long
wavelength components is 118 em-1.

B.(*A;) is assumed a good approximation to the true
B, values. By assuming further that Bs(3As)— Bs(3As)
=Bs(*As)— Bs(*A;), the former being unobserved,
%5(*Az) has been approximately calculated [189].

3.6. C?A,—a'A, Chamberlain System (4380-3700 A)R

Twenty-seven weak bands (table 9) observed in the
airglow have been tentatively assigned by Chamberlain
[81] to the intercombination, electric dipole transition,
C3A,—a'A, (see table 1 of ref. [81] for a list of band
heads). Identification is uncertain because of low
dispersion (21 A/mm). The quanium numbering for the
upper state is based on that tentatively assumed by

Herzberg[189].

3.7. A% —X33; Herzberg | System (4880-2430 A )R

Very weak absorption bands of this forbidden electric
dipole transition were first observed by Herzberg [185];
additional bands were observed at longer wavelength by
Herman [182]. A detailed fine structure analysis of these
strongly red-degraded bands which showed no prom-
inent heads was later given by Herzberg [187] (4th order,
21-ft. grating; absorbing paths up to 800 m-atm; 3rd
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order iron lines served as- calibration). This was the
first 2+=%- " transition' identified with like multiplicity
for both states. The dominant Q-branch lines consist of
six components: 9Q;, 9Pss, 20Q;, Rz, Ras+ WPy, and
«(), which was observed for the strongest bands; faint
branches SR»1, 2Qy3, °Pss, and °Ps; were also observed
n some bands [187]. Observed A—X bands and rotational
:onstants for the 4 3%} state are given in tables 10 and
11, respectively. A Deslandres array of predicted band
wsitions can be found in the paper by Herzberg [187].

Dufay [119] and others tentatively identified some
bands of the UV night airglow * (3800-3100 A) as mem-
bers of the A-X system. Finally, Chamberlain [80]
definitely confirmed these identifications by fine struc-
ture assignments. Meanwhile, Broida and Gaydon [63]
produced A-X bands in emission from laharatory
afterglows (table 11). (See also Gaydon [153].) Observa-
tion of a new progression showed ‘that Herzberg’s
1952 v' numbering [187] should be increased by unity
(Herzberg’s original numbering [185] was raised by 4).
Barth [28; 29, 30] observed this system in oxygen and
oxygen-nitrogen (“air”) afterglows (4500-2500 A)
and wae able to partially resolve rotational structurc.
Unless further revision in numbering is necessary, the
last-vibrational level in A 3% before dissociation is 11.
. A" summary of Herzberg’s fine structure analysis
,187] follows. Relative wavenumbers of unblended lines
are assumed accurate to = 0.04 cm~!; very weak struc-
ture at longer wavelengths is accurate to =0.1 em-!,
Rotational constants for the 4 state could not be deter-
“mined from combination differences because so few
members of the 0- and S- form branches were observed.
Instead, differences B,—B, and D,— D) obtained
Arom @=branch lines were used together with precise
values of By and Dy [24]. (For the 1-0 band only
fragmentary branches were observed.)

A%G values drop drastically with #'; a polynomial
of a' few terms is a poor fit to the AG’s. B! decreases
non-linearly with »'. D, increases even more sharply
with v'; a power scrics is a poor fit to this data. These
complications - together with the revised quantum
numbering for v’ lead to the following tentative formulas
fitted to v’ =1 to 4 (see footnote to table 41):

B.=0.91053— 0.01416(1}'+%) —0.00097 (v +1)2

D} =[4.79—0.30(2' +1)+0.10 (' +1) 2]  10-6
G(v') =799.08('+3)—12.16('+12—0.550('+3)
T@(:/) =35007.15+786.51v"'~12.9850' 2—0.550v'3.

The short wavelength limit of these rapidly converg-
ing bands made necessary.a slight revision in the dis-
sociation energy of O, (but see sec. 3.8 and sec. 6 on

* -1 Additional references to observations of .4—X bands in the night sky are given by
vCh_ainbeﬂain [80], Broida and Gaydon [63], and Barth and. Kaplan [30]. These include un-
¢ertain identification of bands not observed in the laboratory. (See also Babeock [23].)

dissociation energy). In sec. 4 on high pressure and
condensed oxygen spectra, there is briefly discussed
confusion of A—X bands with certain high-pressure
bands.

Triplet splitting for 433 shows F3 >F; > Fs; for
X337, beyond low N, F; > F3 > Fy. Splitting of both
states is fitted roughly by- the formulas of Schlapg
[346]. (See also theory of Present [318].) The positive
quantity — (2\+ «) increases significantly for high +'
[8 to 11], indicating increasing deviation from. Hund’s
case b likely to case ¢, near dissociation. vy is virtually

- zero for v =1 to 6 but becomes negative thereafter.

The 11-0 band was observed till N'=15. A diffuse
feature where N'=17 lines are expected likely indi-
cates predissociation by rotation [187].

3.8. B*X 7 —X3X; Schumann-Runge System
(5350-1750 A) R

The B*Zy—X 327 transition is the most extensively
studied system of molecular oxygen, with more than 100
single-headed bands identified. These bands are red-
degraded and show no prominent heads (origin-head
separation is only a few cm™). The dissociation energy
of Oz (D°=41260=x15 cm™!), one of the most precisely
known for any diatomic molecule, is derived from the
convergence limit of the upper state [62]. Band origins of
this very intense system, for both emission and absorp-
tion, are listed in table 12. Rotational constants for the
Xand B states are given in tables 36 and 42, respectively.

Schumann, in 1903, first observed 14 discrete absorp-
tion bands of this system lying below 2000 A, though he
was not able to measure wavelengths. Absorption bands
were later observed by Steubing, Bloch and Bloch
Ducleaux and Jeantet, Hopfield, and Leifson; these
measurements are now of historical interest only. In
1921, Runge [338] first produced B—X bands in emission .
by using a high-voltage arc in oxygen. A summary of the
more recent measurements on this system follows.

Fiichtbauer and Holm [149] observed a number of
band heads absorbed by heated oxygen (2000-2300 A,
dispersion ~ 3 A/mm); their assigned v’ values should
be raised by two units. Only the 8-1 band, from among
their observations, has not been recorded mote recently.
Ossenbriiggen [311] reported fine structure of a dozen
bands measured from plates taken by Fiichtbauer and
ITolm [149]; these have been remeasured more recently
(table 12).

Lochte-Holtgreven and Dieke [256] classified . nu-
merous lines, including many measured by Fesefeldt
[137] from plates taken by Runge [338] with a 6.5 m
grating instrument in second order. The bands (4370~
3100 A), looking like a .many-lined spectrum, were
emitted from a high-voltage arc in oxygen, and were
characterized by low v’ and high v". (»'=0, 1, 2;
v"=11 to 21). P and R branch lines fell close to one
another, giving the appearance of doublets. For.N-= 20,
the lines split into two. components, -with - the lo'n‘g
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wavelength component stronger. At very mgh N [the
highest reported was 89)] the stronger component split
into two, producing a triplet structure. In bands with
v’ =2, the short wavelength component was too weak to
be identified with certainty. Some of Fesefeldt’s meas-
urements on two plates differed by up to 5 cm~'. Line
intensities quoted by Lochte-Holigreven and Dieke
were taken from Fesefeldt {137].

"Pulskamp [323] photographed weak bands of the
v""=0 and 1 progressions including the first measure-
ments of the 0—0 and 3-1 band heads (dispersion
2.76 A/mm). Vacuum wavelengths were given for these
heads and some fine structure. A discharge tube
continuum was used as background source.

Curry and Herzberg [99] measured bands observed in
third order of a 3 m grating spectrograph (dispersion
~1.7 f\/mm; hydrogen lamp background source).
Bands measured included 1-0 to 5-0, 4—1 to 7-1. The
fine structure of the 1-0 and 4—1 bands was given for
the tirst time; these bands had been observed under low
resolution by Pulskamp [323]. P and R branches were
separated, but no doublet or triplet separation was
observed. Improved constants for the X and R states
were obtained. Sharp line positions were assumed ac-
curate to 0.1 cm~! (poor lines to =0.8 cm~?).

Knauss and Ballard {233] photographed absorption
bands in the region 1925-1760 A produced by a 3-m
vacuum spectrograph viewing a condensed discharge
through a capillary. Rotational analysis was given for
bands of the (v'—0) progression with v’ =4 to 15. Their
band origins together with those of Curry and Herzberg
[99] were fitted by a formula which gave a poor prediction
for the 0-0 position. Their formula representing B,
values for the B state gave too small values for By and
B.. Lines of the 14—-0 band were broadened; in 15—0
they were doubled, with splitting much greater than that
found by Lochte-Holtgreven and Dieke [256]. Very
complicated structure was observed for 16—0.%*

Millon and Herman [278] observed several band
heads in an uncondensed discharge in O.. These were
identified as 0-4 to 0-11; 1-10, 1-11. Feast [133]
questioned some of the vibrational assignments. (See
the discussion of Feast below.)

Lal [246], using a high-frequency discharge, produced
more than two dozen bands in the region 4490-2450 A
which were attributed to the B—X transition. Details
concerning these bande were never published. The
many-line structure of these nearly headless bands
makes identification difficult. Lal’s vibrational assign-
ments were questioned by Feast [132, 133] because of
the irregular Deslandres array. Feast [132] observed
bands in the same region and indicated that “the heads
are so weak . . . that analysis has been made by identi-

'» Hudson and Carter [199a} have suggested that the measurements of Knauss and Ballard
[233] be increased by 0.07 A to adjust an apparent systematic shift relative to the measure-
ments of Curry and Herzberg [99] and more recent work of Brix and Herzberg [62). Recent
measurements by Ackerman and Biaume [3] who used the same instrument as Brix and
Herzberg have verified this discrepancy in line positions.
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fication of the rotational structure of each band and
‘heads’ that seem present with small dispersion are
found, with higher dispersiom to be merely due to
chance overlapping of structure from several bands.”
Lal’s bands are listed in table 30 as uncertain excluding
five which appear to coincide with previous measure-
ments.

Feast [134] has given rotational analysis for bands in
the region 31002500 A emitted from a high-voltage arc
in oxygen. The observed bands include 1-12, 0-11,
1-11, 0-10, 1-10, 1-9, 2-9, 1-8, 2-8, 2-7. ““There
are too many blended lines in the region 2-10 and 0-9 to
allow detailed analysis.” Spin triplets were not resolved:
each band showed only P and R branches. Measure-
ments were assumed accurate to 0.2 cm—1,

Garton and Feast [152] gave a preliminary report on
absorption from heated oxygen and assigned vibrational
quantum numbers for bands below 2500 A. Higher J
values than the data of Ossenbriiggen [311] were ob-
served. Line positions and band origins were given in an
unpublished manuscript by Feast and Garton [136].
Origins are given [152] for bands 2-10, 0-9, 3-8, 37,
2-6, 3-6, 4-6, 2-5, 5-6, 3-5, 4-5, 5-5, 7-5. 65, 5—4,
6—4, and also fine structure of yet other bands (emission
and absorption) whose origins and rotational constants
had been published previously.

Herczog and Wieland [181] have extended to longer
wavelength the absorption studies of the B—X bands.
They measured fine structure of the 1-8, 2-8. 1-7, and
2-7 bands (80 atm, 1070 °C; cell length = 20 cm).

Feast and Garton [136] have given a detailed line list
of B-X bands which they observed (3100-2125 A)
in both absorption at 1900 °C and emission from a high-
voltage arc. These include 0-12, 0-11, 1-11, 1-12,
1-10, 0-10, 1-9, 2-9. 1-8, 2-8. 2-7; bands not reported
previously include 2-10, 0-9, 3-8, 3-7, 2-6, 3-6, 46,
5-6, 2-5, 3-5, and 4-5; remeasurement of bands
previously observed by Ossenbriiggen [311] include
5-5. 65, 7-5. 54, and 6~4. These bands extended
to high J (~59 max). (Unidentified lines, generally
weak are included in the list) Dispersion was
42 cm~'Yfmm at 2475 A and 36 cm~/mm at 2200 A.
Measurementg were assumed accurate to 0.2 cm-!
(0.01 to 0.02 A) for sharp lines. Some lines of the band
identified as 1-7 by Herczog and Wieland [181] were
included here as belonging to the 3-8 band.

Durie [123] observed emission of more than 30 band
heads in a water/fluorine flame (4600—2400 A). The
several new bands were subsequently reported by
Rakotoarijimy, Weniger, and Grenat [324]. Durie’s
band heads were sharp because the low effective rota-
tional temperature resulted in less overlap of rotational
structure than is usually encountered.

Brix and Herzberg [62] have made the most precise
measurements of the B-X Schumann-Runge bands
with high v, and from their convergence limit, have
determined a seemingly definitive value for the dissocia-
tion energy of O. (but see the limitation mentioned in
sect. 7). The strongly red-degraded bands were photo-
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aphed i fourth order of a 3-m vacuum spectrograph

ispersion - 0.65 to 0.4 A/mm resolution 160,000,

xygen pressure 3 to 350 mm). A Lyman ‘discharge

ibe was background source for the 50 cm long absorp-
on tube. The region studied in detail was 1804 A 11-0)
v 1750 A, the limit of discrete absorption. v'—0 bands
vere observed for v' =12 to 21. The last bound level,
=92, was extrapolated. All measurements, were
miade -against second order iron lines as standard
wavelengths. Relative wavenumbers of unblended lines
are accurate-to =+ 0.05 cm~!; absolute error was
4:0.2 ¢cm~. Fine structure, band origins, and, for the B
late, vibrational quanta and rotational constants were
Jven. )

Electric dipole selection rules allow twelve possible
oranches: P, 5, Riz5, TQz5, PRus, BQ2i, BQyz, BPy,.
The six main branches with AJ==1 were identified
(for low N); also, some lines of the six satellite branches
(AN==1, AJ=0,£1) as well as two electric dipole
forbidden branches TR3;-and VP33 (AN==3, AJ==1)
were -identified. This was the first case known where
{orbidden branches with- AN>1 have been observed
foran allowed (2 —2) transition.

Near the convergence limit, the triplet - splitting
was the same order of magnitude as the rotational
structure. The triplet splitting was diecuesed by Brix
and Herzberg [62] in terms. of Schlapp’s formulas [346]
and deviations therefrom. [Since then, more extensive
theory of splitting for the ground state has been given by
Tinkham and Strandberg [375] and others; see sec. 8
on’ microwave spectrum.] Previously, triplet splitting
had:‘been observed only by Lochte-Holigreven and
Dieke [256] and Knauss and Ballard [233].

For v' = 16, perturbations in structure occur accom-
panied by the appearance of extra lines and intensity
irrcgularitics. Tcrm valucs for thc . componcnts of
the B3%; state showed slight deviation from Schlapp’s
formulas [346] T:—oo=F:(N)=B,N(N+1)—D,N?
(N+1)2. Short branches and large perturbations
limited the use of combination differences.

There remained approximately 100 weak unclassi-
fied lines just to long wavelength of the dissociation
-continuum. - Perturbations prevented assignment of
these lines. The perturbations indicate the presence of
another stable state dissociationing to 3Ps+ !Ds.

Bands having v" = 16 lie higher than the previously
accepted dissociation limit. ¢o(22—0) is predicted to
lie at 57127 em~! (F2). Some lines of 22—0 were detected,
but' the quantum assignments are uncertain. A short
.éxtrapolation beyond the origin of the 21-0 band gave
4. convergence limit 57128=5 cm~! which was in close
‘agreement with one derived from the A33; X337
bands, provided that pairs of dissociation products
included the 3P, state. This led to D%0;)=41260*=15
em™! (5.1156+0.002 eV). The magnitude of the uncer-
tainty reflects the difference between the B and A dis-
sociation limits, 15,868.6 cm~!, which represents 1D —
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3P,. This agrees with the values given by Moore [281]
to within about a cm~1.

Rakotoarijimy, Weniger, and Grenat [324] have
extended observations in the UV, both in absorption
and emission, by using a high-frequency discharge in
an atmospherc of oxygen. Eight new bands were
identified in absorption (2270-1980-A) and 28 new bands
in emission (3800-2100 A). (Dispersion 4 A/mm in emis-
sion; 2 A/mm in ‘absorption.) Details were not given,
only -a Deslandres table of band origin wavelengths.

Herman, Herman, and Rakotoarijimy [183], using a
similar emission source, observed numerous bands,
and reported fine structure, rotational constants for
both states, and band origin wavelengths. Fine structure
was .given for 1-21, 2-21, 2-22, 2-23, 2-24, 2-25,
3-22, 3-23, and 3—24. Origins were also given for 0-20,
3-25,5-27, but no fine structure.

Bass and Garvin [31] have reported several absorption
heads produced following flash photolysis of NO,.

Fitzsimmons and Bair [142] observed heads of 30
absorption bands with high »". These high energy
states were produced in secondary processes following
photolysis of ozone. Of these bands, all but five had
previously been seen in emission; the other five had not
been observed before.

Ogawa [302], using a quartz spectrograph, photo-
graphed the absorption spectrum excned by an -ac
silent discharge (dispersion 1.46 A/mm at. 2100 A)
Seventeen bands of the B—X system were identified,
several new. Rotational constants for both upper and
lower states were obtained, including several for low
v” for which there had been no previous determination.
The primary aim was the observation of the B—X
system from excited vibrational levels of the ground state
and the clarification of discrepancies in rotational
constants for the B state. The observed region was
2250-1970 A, with numerous overlapping lines in this
many-line spectrum. Resolving power was too low for

_observation of electron spin splitting. Using previous

data as well as his own, Ugawa observed that the
B, versus v plot for B33, showed positive curvature
for v=0 to 15, and was virtually straight for v=16 to 21.
A formula fitted to the first group of levels was given

B,=0.8184—0.01238(v+%) —3.3 X 10-2(v+3%)*
—5.7X10-8(p+%)3—1.3X 10—6(U+'Jz_)4_

Ogawa and Chang [306], using a 3 m-vacuum spectro-
graph (lincar reciprocal dispcrsion, 2.85 A/mm), photo-
graphed 34 absorption bands in the region 2000-1770 A.
The observed bands, half of them new, include members-
of progressions with v"=0, 1, 2, 3. A detailed line list
is given, together with a table of band origins. For the
(v'-0) progression, the band origins differed by..an
average 0.3 cm~! from adjusted values of Knauss and’
Balla:d [233] (see . footnote 15).

More than 1000 new lines belonging to absorption
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hands in v"=1, 2 progressions have been measured kzy
Hudson and Carier [199a] in the region 2020-1750 Ao
Their published line list spans the region 1895-1877 A
(relative accuracy +0.02 /GX) (See also sec. 11.6.)

Ackerman and Biaume [3] have remeasured under
high resolution bands 0-0 through 13—0. They used the
same instrument as did Brix and Herzberg [62]. The
measurements of Curry and Herzberg [99] and Brix
and Herzberg [62], where they overlap Ackerman’s,
are in close agreement, but small differences in both
sets of data are found for B, and D, for v'=12, 13.
(See table 42 footnote.)

The 0., B-X, 0-0 transition energy and the zero
point energy of the B 327 state have been debated (need-
lessly) for more than 30 years because of a misreading of

the early literature. (Compare, for example refs. [162].

and |175).) Improved values of both quantities have been
obtained from measurements of Ackerman and Biaume

[3].

3.9. Miscellaneous Absorption Transitions 1585-1140 A.

Alberti, Ashby, Douglas Bands Including X
—b1%y, alXi<—X3X; (Tanaka Progression M),

B33+ < X*X7 (Tanaka Progression 1), 'A,<alAy,
i, <-a'A;, Ogawa-Yamawcki transition 33}
«—X3%;.

In 1952, Tanaka [369] observed numerous absorption
band heads in the region 1350-1030 A, most of which
remained unclassified (table 30d). (See also table 13h.)
Alberti et al. [7] have recently measured fine structure
of absorption bands in the region 1585-1195 A. The
observed bands include some involving new electronic
states of O, as well as several bands of Tanaka’s
progressions 1 and 1I, now labeled 8—X and a—X,
respectively. (See tables 13a and 14, respectively.)

The spectra were prodnced hy Alberti ot al in an
80-cm absorption tube by a high frequency and a pulsed
discharge, and were photographed at very high disper-
sion (0.35-0.15 A/mm). The sixteen bands observed
included absorption from X, a, and b states; some bands
were weak, but all were largely overlapped by strong
oxygen continua which made observation extremely
difficult. The data were fragmentary; identification of
upper states and vibrational numbering was tentative.

Both a and B states, tentatively assigned as '3 bif
Alberti et al. have B, and AG values similar to those of
the ground state of O3, and are assumed to be members
of Rydberg series. The upper states of bands originating
from the a'Ay and b'2} states are possibly Rydberg

states, whose series limits are an unknown state of Of. -

Ogawa and Yamawaki [308] have photographed
forbidden absorption bands of Q. in the region 1262—
1144 A (dispersion, 1.42 A/mm). They remeasured the
fine structure of both a—X and B—X transitions reported
by Alberti et al. [7] but observed in addition, a new
band at 1144.6 A. All bands observed were double-
headed, had three branches, and were violet-degraded.
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Rotational perturbations were found for o, v=4, N
=7, 9, 11 (with perturbed B,<1.59). The 1144.6 A
band, whose upper state was designated 32, has a
similar appearance to a—X and f-X; it is a member of
a Rydberg series converging to O3, X 211,

Ogawa and Yamawaki [308], partly on the basis of
quantum defect arguments, suggest that the 8 state is
likely 3%, #. Tentative electron configuration of the upper
states they observed are:

(mg2p) 3pmu)B32 7, (6=0.653)
(m2p) (B3pmy) o 123t (6=0.716)
(mg2p) (4pmy) 22it (6=0.675)

From the relative intensities in the —X bands [308],
it was concluded, that the 1292 A band observed by
Tanaka [369] is likely the 1-0 band of the B—X transi-
tion; the isotope shift observed by Tanaka (as yet un-
published) agrees with this assignment (see footnote 5,
p. 1811 of ref. [308]). The B—X, 0-0 band is estimated
to lie at 75450 em-i (1325.4 A) [308] which places it
~ 810 em~?* lower than a—X, 0-0.

Though the AG values are irregular, Ogawa and Yama-
waki roughly estimate vibrational constants:

B: we ~ 1957, wexe ~ 19.0
o we ~ 1957, wex. ~ 19.7.

Tables 13 to 18 contain successively the band posi-
tions for transitions B—X, a—X, a-b, 33 —X, 'Ay—a
1Ay, and 'Tl, —a 'A,. Unclassified bands are included in
table 30. Rotational constants for the «!Zi, 'A,,
T, B 327, and new ®Z} states are given successively
in tables 43 to 47.

3.10. Rydberg Series

Well established Rydberg series are known whose
convergence limits are the 5425, B?Xj, and c43;
states of OF. Unclassified progressions of bands exist
below 1300 A (see table 30) which likely include mem-
bers of unidentified Rydberg series. Reported series
with limits a *Il; and A *II, are uncertain. A vibra-
tional progression, possibly belonging to the first term
of a series converging to the ground state of Of, has
also been observed (table 13b). Nearly all measurements
of Rydberg series in O; have been made with either
3-m or 6-m grazing incidence vacuum spectrographs,
mainly with the use of the helium continuum as back-
ground source.

Many terms of Rvdberg series have heen identified
in the absorption coefficient studies by Cook and
Metzger [95] and Huffman et al. [204]; numerous ab-
sorption maxima in the continua (1060-580 A) remain
unclassified.
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Price and Collins [320] have assigned two pairs of
progressions (H, I and H', I') to separate Rydberg
series converging to Of, aIl,. The two calculated
limits differed by 110¢ cm™!; their mean was assumed
10 correspond to the second I.P. of Os. It is not certain
that these progressions are members of the specified
Rydberg series because of their fragmentary nature
and the poor agreement between the two limits. Addi-
lional progressions labeled M, N, N' provided a poor
value for the energy of the A %I, state of O3. These
hands appeared as doublets, which likely were (ab-
sorption) peaks of P and R branches. Bands not reclas-
sified in more recent work are listed as unclassified
itable 30a). Possibly some of these bands defy unam-
biguous assignment because the early terms of Rydberg
series often deviate from a Rydberg formula with roughly
constant & and because higher terms may be perturbed
1253].

a. X 2T1,(0;) « X 3% (0,){1290-1180 A}V

The first I.P. of O is known most precisely from
photoionization measurements [342). There are no
confirmed Rydberg series converging to the ground
state of Of, though Tanaka [369] has tentatively identi-
fied a five-member vibrational progression of doublets
in absorption (table 30c) as belonging to the first elec-
tronic term of such a series, in part, because of the simi-
larity in vibrational constants to that of the Of ground
state. The weak, violet shaded progression of doublets
{separation ~ 45 cm~!), showed some rotational struc-
ture. Intensity of the fourth member of this progression
seemed abnormally strong and diffuse. Thus Tanaka
expected a perturbation of level v=4 of the upper state
of this Rydberg transition (its position is more than
100 cm~! higher than that calculated from a formula

fitted to the presumed @ heads of the other terms).
Matsunaga and Watanabe [259], studying absorption

coefhicients with a line source, have also tentatively
fitted a series of terms (1125-1040 A) to a Rydberg
formula converging to ~ 12.1 eV. The reality of this
series has not been confirmed by use of a continuum
source [259]. (See also sec. 3.9 for a discussion of the
band at 1144.6 A.)

b. b 'E7(0}) < X *X7(0,)(730-660 AR

Price and Collins [320] first observed several progres-
sions attributed to a Hydberg series converging toc

i, b*2;. Tanaka and Takamine [371] unscrambled
some of this structure, reassigned the bands, and
provided a reliable term value for Of, b *X;. Namioka
et al. [290] and Yoshino and Tanaka [417] have con-
siderably extended the number of terms, including
series with v'=0 to 4 (table 19). The bands are single
headed, sharp (therefore, showing a small effect of
autoionization). and red-degraded. According to Namioka
[290] the likely configuration for this series is (30y)
Am)Amgl npoy 335, =05, . ..

The band heads are fitted by

R
o = 146568 — "= 1.679)° -
Additional weak, diffuse, and slightly red-degraded
series with »'=0,1,2 converge to the same limit [290,
417} (table 20); these have possible configuration (3oy)
(1) (ary)? npmy 31, n=4, . . . The series limit from
measured band heads is 1465682 cm~'. By using an
approximate correction for the origin-head separation,
the origin of 54%;, v=0 is placed at 146556 cm™'.

¢ B I¥;(0;) <X 35;(0,) (650-600 A)R

Tanaka and Takamine [371] first observed members
of a Rydberg series whose limit was a new state of
Of at ~20.3 eV. Ogawa [303] and Yoshino and Tanaka
[417] considerably extended this to include members
with v"=0 to 3 (table 21). In addition to this strong
series, a weak, diffuse series with the same limit was
found by Yoshino and Tanaka [417] (table 22). Both
strong and weak series are single headed and red de-
graded. Gilmare [161] assigned the new state as 235
Turner and May [384] observed structure for this state
in photoelectron-spectroscopy, but labeled it 42 ;.

The strong series can be represented by

R
(06582 "=

o=163702(x£7) —
Yoshino and Tanaka [417] found an additional weak
series which is unclassified (table 30e). The Rydberg
states are likely

npoy *uy < oy2p
or
npy 31, < ag2p.

Ogawa [303] assumed that excitation to po would lead
to unstable or weakly bound states and concluded that
npty °I1, was the more likely classification. The
vibrational constants for the B state are w, ~ 1156 em-!,
wexe ~ 22 cm~! [303, 417]. A Birge-Sponer extrapolation
vielde N® ~ 14,613 em -1 [0+ (2D%) + O (3P)].

d. ¢ *Zi(0}) — X ?Z:(0,) (595-510 A)

LeBlanc [250b] showed that bands originally observed
by Hopfield [195] and thought to belong to O» were really
due to 0%, ¢2;— b42;. The bands located the v=0
level of the upper state. Codling and Madden [89a] have
observed several Rydberg series whose limits are Of,
¢?23, v=0,1, confirming the tentative vibrational num-
bering given by LeBlanc [250b]. The series beginning
at 542.3 A (table 23) can be reproduced by

R 5. n=3, . ..

o =198125(230) ~ g g
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The Rydberg states are likely ndwy (excited from 20,)
311, or possibly ndog 3%y [253]. The next series beginning
at 594.3 A is fitted by

R

o=198125— m »

n=3, ...

is likely nsoy3Z3. These tentative designations of the
Rydberg states are just the reverse of that published
[89b]. A weak series converging to about the same limit
(6 ~ 0.03) is possibly ndo, n=23, ., 7. The structure
of the weak series is uncertain (table 30f).

The absorption spectra were produced using electron
synchrotron radiation as a background source. The
bands are broadened by autoionization. The ¢ state has
AG(3)=1540(=30) cm-!. A 23 state about 1-2 eV
higher than ¢ 437 is expected due to removal of a o 2s
electron, but no series was found converging to such
limit.

Lindholm [253, 185] has tentatively identified a num-
ber of new Rydberg transitions and reinterpreted others.
(For example, consider the identification of the 3 state.)
Some of his identifications are likely speculative be-
cause of the use of oversimplified theory of Rydberg
transitions. It should be recalled that the electron con-
figurations assigned to the various Rydberg series are
tentative; varying interpretations abound because no
series has been studied under high resolution.

3.11. AZIl,— X 211, Second Negative System of O}
(6530-1940 A)R

The A—X system of red-degraded, double-headed
bands of Of has been extensively studied under low res-
olution. Nearly 120 vibrational transitions have been ob-
served, but rotational analyses have been published for
only eleven bands. Band origins are listed in table 24;
observed band heads are listed in table 25. Rotational
constants for the X and A4 states are given in table 48 and
50, respectively.

Recent isotopic work by Bhale and Rao [42] has estab-
lished unequivocal vibrational numbering for the ground
state of Of, which is one unit larger than that commonly
in use for 40 years (see the end of this section).

In 1914, Stark mcasurcd thc positions of diffusc
emission bands which he considered due to ozone
(5000-2280 A). Johnson [221] produced a number of
these bands (4400—2300 1&) in an oxygen discharge,
and determined that they were not due to ozone. The
spectra were taken on a quartz pnsm spectrograph
(dispersion 6 A/mm at 2300 A 16 A/mm at 3000 A)
Johnson grouped the heads in pairs (separation, 200
cm™') and arranged them in a Deslandres table. Birge
(1925)¢ assigned vibrational quantum numbers to these

band heads.

18 The vibrational constants were listed by Birge in a report of the National Research Council
(1926) and in the International Critical Tables (1929), and are quoted by Feast [135]. An
incorrect formula is given by Ellsworth and Hopfield [127].

J. Phys. Chem. Ref. Datq, Vol. 1, No. 2, 1972

Ellsworth and Hopfield [127] produced additional
bands in a high-voltage discharge, extending Johnson’s
observations down to 2180 A. Both a 1-m concave ajr
grating specirograph and a !/;-m vacuum grating spectro-
graph were used. Bands in the region 2180-1970 A, too
weak to be measured, were thought to include progres-
sions which would require a change in v" numbering,

The first fine struciure analysis by Stevens [365]
confirmed Of as the source of these bands. The 1-7,
0-7, 1-8, and 0-8 bands were photographed in second
order of a 21ft. Rowland grating (dispersion, 1.32
A/mm) The bands were emitted from a hollow cathode
discharge, and with greater intensity from a helium
discharge containing a small amount of oxygen. In an
abstract of this work, Stevens used Birge’s ¢" number-
ing; in the detailed publication, he listed ¢" values two
units larger, based on conclusions drawn by Mulliken
and by Stueckelberg, which were later shown to be
incorrect. Birge’s ¢" numbering was used by Mulliken
[284] in his massive review.

A-doubling was measurable only for the Fi(2Il,;)
level of the X state of OF. Eight branches were observed
for the 4 X transition: Ry, P, Rz, Ps; SRy, Py,
@Rz, and 9P;s. Q branches were too weak to be ob-
served, since, for case b, 3 ceases being a good quantum
number. (4?11, is in Hund’s coupling case &; X 211, is
in Hund’s coupling case @ see footnotes to table 1).
Many lines were blended. No band origins were tabu-
lated, though line lists were given.

Some doubts had been raised by Ellsworth and Hop-
field [127] and Stevens [365] about the correct v” num-
bering. This was thought to be dispelled by Mulliken
and Stevens [287] who observed emxss:on from a high-
frequency discharge down to 2060 A. The region below
2180 A included only members of the [then labeled]
(v'-0) progression. The recent isotopic work of Bhale
and Rao [42] showed that these really belonged to the
(v'~1) progression.

Bozoky [52] observed bands under low resolution
(quartz spectrograph, dispersion 2.5-3 A/mm) and high
resolution (6.5 m- -radius concave grating spectrograph,
dispersion 1.2 A/mm) His fine structure analysis of
emission from a high-frequency discharge was later
extended [53], but only in the earlier paper did he list
observed B, values. Bozoky [52, 53] has given the fine
structure analysis of seven bands in the region 4360-
2380 A: 0-10, 0-9, 1-6, 5-3, 6-3, 7-2, 8-2. No band
origins were tabulated. Formulas for rotational constants
are [53, 42]

A 2Ily: B, =1.0632 — 0.0206 (v + %)
X 21,: B,=1.6892 — 0.0195 (v + 3).
These have heen obtained, together with the band

origins, from a least squares fit to the original data by
A. Lofthus (at the request of the author).
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On a small prism specirograph, Lal {247] photo-
raphed bands emitted from a high-frequency discharge
n oxygen. He mentioned numerous additional doublet
rands which seemed to lie along a narrow Condon
«ocus, but published no numerical data for these.

Feast [135], viewing an electrodeless discharge in
pure oxygen, observed bands along subsidiary Condon
loci which likely included some of those mentioned
by Lal [247]. Feast undertook this study to reexamine
O3 emission in the region 7000~2000 A. He found that
some bands attributed by Johnson [221] to O, appeared
10 be OF or-O 11, and he detected no bands of O3 in his
source. (Feast used a medium quartz spectrograph;
source pressure was 0.05 mm Hg Band heads were
assumed correct to + 0.5 /fk.)

Byrne [71] observed -emission from a high-frequency
discharge through pure oxygen, by using both a 3-m
vacuum spectrograph (dispersion, 2.5 A/mm) below
2800 :\, and a prism spectrograph (7000-2800 zzs). He
extended the 4—X system (6530-19410 }1), including
(v'=1) bands for v’ through 23. The many-line structure
at shorter wavelengths prevented positive identifica-
tion of additional bands. Linton [255] observed several
additional bands in a liquid-oxygen cooled discharged in
oxygen and reassigned quantum numbers of others.

A study of the isotope shift in the R; band heads
(using 180) [20, 42] has led Bhale and Rao to raise
previously used v” values by unity. Bands of the v"=0
progression were observed for the first time. The
A-X system was excited by a microwave discharge in
oxygen at 0.1 mm pressure. Spectra were photographed
on a 3.4 m-vacuum grating spectrograph; dispersion
was 5.5 A/mm. Vibrational constants for both states
were refitted to their measurement of about 40 bands.
The constants quoted in table 1 are based on a fit to
the band origins; these values are compared with a
fit to more than 100 bands observed by many authors
(see Appendix D). The new vibrational quantum number-
ing has readjusted the values of the positions of the
X and A states of Of. Measurements are being con-
sidered [42] to obtain D? (4 2I1,) directly from observa-
tion of the A—X system limit.

3.12. b*Z;— a*lly; First Negative System of O;
(8530-4990 A)V

The violet-degraded b—a band system of Of was
first observed by Schuster and by Wiillner (1877-8)
near the negative pole of a discharge tube filled with
oxygen. Additional low resolution observations were
made by Steubing (1910). The first partial fine structure
resolution was by Frerichs (1926), who divided the
observed lines into two branches per band, using Hol-
land’s published measurements of specira from hollow
cathode emission taken by Cario. A band observed ail
5900 A by Steubing (and shown later to the 2—2 band)
was not detected by Frerichs because of overlapping
rotational structure produced in the hollow cathode.

Additiona! band heads have been observed in high
frequency discharges (low votational temperature
sources) by Mulliken and Stevens [287], Bozdéky and
Schmid [54], and Singh and Lal [354]. The most promi-
nent heads are listed in table 27; the origins are in table
26. Rotational constants for the a and b states are given
in tables 49 and 51, respectively. -

Mulliken [284] assigned these bands as Zg—*I,
from the probable electronic configuration of Of, and
assumed the vibrational numbering of Mulliken and
Stevens [287]). Fine structure analysis of this system by
Nevin [291] confirmed Mulliken’s assignment.

Nevin [291] used both a discharge through helium
containing a small amount of oxygen (total pressure 3—4
mm; oxygen pressure ~ 0.1 mm) and a hollow cathode
to produce the six bands he studied. The spectra were
photographed in second order of a 21-ft grating spectro-
graph (dispersion ~ 1.25 A/mm; resolving power
~ 180,000). The prominent band head is formed by the

Qs branch (= 78 cm™' from the origin). Wavelength

calibrations were derived from neon in the discharge
and an iron arc. Absolute wavelengths were assumed
correct ta 0.01 A relative acenracy was assumed much
better [291a]. Wavenumbers!? were given to three
digits beyond the decimal; use of current conversion
tables would change these values in the last digit. For
the 0—3 band shifts of =0.08 cm~!' between plates
were not eliminated. Absolute values of wavenumbers
were averaged from measurements of three plates
[291c]. Lines possibly belonging to the 1-4 band were
observed but not analyzed.: Faint lines of unknown
origin were observed near the YQ24 head.

The X rotational energies have been accounted for
by the theory of Budo6 [64].!® The experimental fine struc-
ture parameters are €=0.1847 e¢m~' and y=0.00033
em~! [291a]. Separations AFs;(J) and AFy3(J) for the
inverted *I1 states,'® calculated from modified formulas
originally obtained by Brandt.[56], are not in complete
agreement with those derived from experiment [291a].
Nevin [291a] considered this deviation due tn a probable
perturbation of the *I1 state by *23, 4II,, or *A, derived
from O+ (2D,) + O(®P,). The interval F}(J)=F{(J) is
about three times that of ' (J)—F.'(J). The perturba-
tion displaces the F; level away from F;, and F» toward
Fi. No detailed study of this perturbation has been
made.

A-doubling is very small in “Il;;» and *Ily; it increases
linearly with J in *I1;52. In *Il_;2 it increases at first, and
then decreases for highest J. A-doubling for 4I1,» and
41142 [65] increases systematically with v. Formulas have
been derived by Budé and Kovacs [65] for the A-doubling
in a *1l state, intermediate in coupling between Hund’s

17 Unpublished wavenumbers and estimated intensities of the observed lines for the 2-0
and 0-2 bands have heen d(;pnsiled in the archives of the Royal Society {291b).

> b3 PN +3/2), Fo(N+1/2), Fs(N—1/2), FA(N—3[2)
@i Fy(Ysz), Fo(VHae), FyClhge), FaG o)
in order of increasing energy. The subscript is the value of A+ 2. Q=1A+Z}:J=0,0+1,....
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case @ anu v. Lumpalson with-INevin’s data seems
adequate. ’

A case (a) ‘Il state gives rise to 48 branches for:a
43,5 — 411, transition (case (b) gives 27 branches). Since
level F/(N) is blended with F;(N), and level F;(N) is
blended with F; (N), the branches involving them are
blended, and: the number of possible branches is re-
duced to 40; all have been observed. The intensity dis-
tribution in these branches is in agreement with Budé’s
theory [64], assuming the @ *I1, state is intermediate in
coupling between Hund’s cases (a) and (b).”

Dufay et al. [122} have produced several new emission
bands (83476750 &) by high-energy proton bombard-
ment of oxygen.

Recently, Weniger [408] extended measurements of
this.system into the photographic infrared region. He
observed emission of a de¢ discharge by using dispersion
of 3 A/mm (assumed precision of about =0.07 cm™! is
not confirmed in the reexamination by Albritton et al.
[9]). Observed bands include 0-3, 4,5, and 1-4, 5, 6: de-
tailed line lists were published only for 0—3 and 1-4. For
the 0 3 band head, Weniger listed the Q4 head rather
than the most prominent °Qss head. A-doubling is small
(~0.10 cm™) for all components of @ *IT except *I1_yp,
where it is several times larger. Weniger pointed out that
the coupling constant 4 is negative, and has been mis-
printed by both Herzberg [186] and Rosen [337]. Kovéacs
and Weniger {238] have used all previous measurements
of Nevin and Weniger to obtain values of A for allv <6
(see footnote under @ *Ily; in table 1 and also sec. 5).

3.13. ¢ %, > b %, Hopfje!d System of O
(2360-1940 A) V

In 1930, Hopfield [195] produced five single-headed,
red-degraded bands in a condensed discharge in a He
+0, mixture (2220-2130 A). He assumed the progression
belonged to a new system of Oz. Herzberg [186, p. 559]
suggested that the lower state of this new system might
be the H state, tentatively assigned as *II by Price and
Collins [320]. Tanaka, Jursa, and LeBlanﬂc [370] extended
Hopfield’s: observations (2360 1940 A). By using a

total pressure of 20 mm and. O, pressure of 1 mm in the-

discharge they suppressed the stronger 4-X, Of
system which spanned the same spectral region. The
appearance of the fine structure suggested a X—X
transition. Tentative vibrational constants were obtained
by assuming the 1940.3 A band was 0-0. Similar AG
values for progression Il of Tanaka and Takamine
[371] suggested that the upper state of progression 1I
was possibly the lower state of the Hopfield system
[370].

LeBlanc [250] resolved the P and R branch fine
structure for the 0—4, 0-5, and 0-6 bands; other bands
had other spectra superimposed (dispersion -~ 1.5
A/mm at 2100 A).'From the close agreement between

the vibrational constants for this pregression and values
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..optainea irom tine structure on another system by Nevin

[291a], the lower state was identified as 527 O%.
Assuming an allowed transition, LeBlanc assigned the
upper state of the Hopfield bands as ¢ *S;. It was then
understood ‘that the slight diffuseness of the observed
lines arose from the superposition of four lines in the
quartet transition.

The energy of the c state (T;) is then [417, 370
198098 cm~!=24.561 eV above 0, X337, v=0.
Codling and Madden [89] have recently observed new
Rydberg series converging to both v=0 and 1 levels of
the ¢ 42, state. For the c state AG(3) = 1540 cm~!, close
to that of the ground state of Os. The v=0, 1 series
limits are 198125+30 cm~! and 199665+30 cm-!,
respectively. These agree with the prior data to within
experimental error [89].

The c—b band origins and heads are given in tables
28 and 29, respectively. Rotational constants for the
b and ¢ states are listed in tables 51 and 52, respectively.

3.14. Unclassified Bands

Other sections mention bands which are unclassified
or whose classification is in doubt; such bands are
assembled in table 30. Bands in the same category,
but not tabulated in this report, are briefly discussed
below.

In an oxygen afterglow, Broida and Gaydon [63]
produced a number of weak, single-headed, red-
degraded bands (4835-3655 A). Several bands did not
correlate with known transitions; others could tenta-
tively be assigned to transitions A-X, ¢—X, or to an
otherwise unobserved transition, A—b. Band head
positions are uncertain by several Angstroms. Unam-
biguous assignments to the transition 4-b cannot be
made because the observed bands have such an irreg-
ular Franck-Condon locus.

4. (0,); Collision Complex or O,4, Stable Dimer
of O.. High Pressure Bands of Oxygen and
Simultaneous Transitions in Compressed
and Condensed Oxygen.

This brief summary of the experimental data on the
spectra and physical properties of compressed and
condensed molecular oxygen is an attempt to answer
the question: are the high pressure bands of oxygen due
to O,? Inevitably, this leads to consideration of the
possible existence of a stable dimer, Q4 For this dis-
cussion a dimer will be defined as “two molecules
which interact over a period of time long compared to
the time between intermolecular: collisions so that the
vibrational and rotational degrees of freedom cannot be
treated as those of two independent particles” [234];
ie., if two O2 molecules are associated for.a time long
compared with a vibrational period characteristic of
this union. A collision complex (Os), will be considered
a similar pair of molecules whose interaction time is
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ot long compared with the time between collisions
nore strictly, not long compared with a vibrational
eriod characteristic of the interacting pair).’* In the
terature, there is no general agreement on the meaning
{ the terms dimer and complex; in addition, (Os): and
)s are often used interchangeably.

While some experimental results are consistent with
ihe stability of O,, a stronger case can be made for a
short-lived collision complex (O.): to account for bands
observed in high pressure oxygen and the numerous
simultaneous transitions which are induced (made
allowed) by intermolecular forces. It is difficult to
describe as a chemical entity a colliding pair with a
binding energy of =600 cm™' (<0.008 eV) [231).
Cashion [78], using a binding energy of 82 cm~!, has
predicted 7 bound vibrational levels for the interacting
pairs (O2)2, assuming a Lennard-Jones potential.

A dimer of Os was first mentioned by C. Harries and
by E. Baur in 1907. It was, however, a paper by G. N.
Lewis in 1924, that started serious inquiry into the
stability and characteristics of an O molecule. Therein,
the formation of O4 was postulated to account for the
decreased paramagnetism with increased concentration
of oxygen in liquid oxygen-nitrogen mixtures. Since then
measurements of the spectra and physical properties of

»mpressed and condensed oxygen have been inter-

reted both as supporting or denying the existence of a
stable O4 molecule. Knobler [234] has recently written
“that there has been no irrefutable proof of its exist-
ence.” More recently, in another thesis, Keys [231]
concluded “that the formation of Oy, irrespective of its
exact electronic configuration, is a reality.”

Most of the literature on these topics can be traced
through the cited references, especially the theses by
Knobler and by Keys. Much earlier, Heller [179] had esti-
mated a vibrational frequency and binding energy for
the complex, and, in addition, had summarized the dif-
ferent kinds of experimental evidence indicating the
existence of (O:): (a van der Waals complex, he called it).

The observed spectra of compressed and condensed
oxygen are divided into four groups which will be dis-
cussed roughly in the following order.

(1) 3.3 um and 6.4 um ; induced absorption corre-
sponding to the O, ground state fundamental
and first overtone.

(2) 12600~6800 A ; intensity proportional to pres-

cure. Includee bande of O, (o-¥V L_V) tra

Includes bands of O; (e—X, &-X) transi
tions and bands attributed to a complex.

(3) 6800~3000 A ; intensities of the broad, diffuse
bands are roughly proportional to the square of
the pressure. Simultaneous transitions in cou-
pled O, molecules; e.g., ('A,+'A,)— 337+
33%5)-

(@) 2900-2400 A ; triplet (so called high pressure)
bands whose frequencies are tentatively corre-

lated with 3A,—3%;+ O.,.

' See the brief discussion of radiative relaxation by Arnold et al. (18]

Observed frequencies are slightly displaced from those
of the free molecule.

O has no permanent dipole moment, and consequently
under normal conditions has no vibration-rotation spec-
trum. However, Crawford, Welsh, and Locke {96} have
obhserved ahsorption corresponding to the O, vihrational
fundamental frequency in high pressure (up to 60 atm)
and liquid oxygen. Shapiro and Gush [352] have observed
both the collision induced fundamental and first overtone
bands in oxygen at pressures of several atmospheres.
“It is significant that the perturbation is sufficient to
alter the transition probabilities but has negligible effect

~ on the vibrational frequency” [96]. Smith and Johnston

[359], however, found a shoulder at 1610 cm™ in the in-
frared ‘spectrum of condensed oxygen; this frequency
is consistent with a possible vibration in Oy4. The spectral
feature at 1610 cm~! has a more plausible explanation,
says Cairns [73, 74}, who observed the infrared spectra
of @ and B oxygen; it is due to an O vibration-translation
combination band (in the solid oxygen lattice).

In liquid oxygen Ellis and Kneser [126] first observed
bands (6800—-3000 ;\) which were attributed to simulta-
neous transitions (in two coupled oxygen molecules).
Some of the bands, observed more recently in the gas
phase under pressures of less than 10 atmospheres (path
lengths > 350 m) [187, 188], were diffuse and showed no
fine structure even with dispersion of 1.2 A/mm. Several
of these bands, also attributed to a complex, have been
observed in the absorption spectrum of the atmosphere
during the setting sun [182, 389, 120].

In a series of articles (1955 to 1964)2° Dianov-Klokov
studied the intensity variation in the absorption spectra of
compressed and condensed oxygen (12600-3000 fO\).
The spectra included a—X and 5—X bands of O., and
bands attributed to an (02); complex. Cho, Allin, and
Welsh [87] have studied effects of pressure on absorp-
tion intensitics in =X and 6~X bands of Q.. Both
Dianov-Klokov [108] and Cho et al. [87] concluded that
the pressure induced effects dominate the magnetic
dipole effects above 1.5 atmospheres. and are consistent

- with the earlier observations in the atmosphere [182,

389, 120]. Robin [333] has observed some of the bands
at pressures up to 5000 atm. .
Cho, Allin, and Welsh [86] have observed simulta-
neous transitions 2('Ag)-2(33%;), lying close to O.,
13+ —X 337, in the spectrum of 0,-N, liquid mixtures.
Landau, Allin, and Welsh [249] have observed violet-
degraded bands (of simultaneous transitions) in all
three forms of solid oxygen. The spectra (12600-
3300 A) were interpreted as O, transitions superposed
on a continuous distribution of lattice frequencies. The
authors deny formation of an (0:): complex “since
simultaneous transitions are a general feature of in-
duced absorption, particularly in condensed phases.”
This general feature refers to induced vibration-rotation
transitions in condensed hydrogen. Whitlow and Findlay

2 These references can be traced through ref. {108}
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[412], studying emission of compressed oxygen. found
the intensity variation for the simultaneous transitions
to be proportional to the square of the concentration
of the excited O species. A similar quadratic pressure
dependence in absorption has most often been in-
terpreted as evidence for a dimer. But not all resulis
show this dependence [234, 107].

Dianov-Klokov {109] has estimated from band widths
an upper limit to the lifetime of the complex which is
smaller than the (loosely defined) time beiween col-
lisions at atmospheric pressure. Arnold, Browne, and
Ogryzlo [17] have deduced an unbound complex from
the temperature dependence of the intensity of the

band at 6340 A.

Dianov-Klokov [107] has emphasized that “all the"

absorption bands in the 12600—3000 A region in liquid
and condensed oxygen are basically related to inter-
molecular interaction,” and that the spectra correspond
to dipole transitions in (O3): complexes. Whether these
are called induced dipole transitions or result from a
collision complex, weak interactions are responsible.
Rettschnick and Hoytink [329] explain simultaneous
transitions of the complex as due to electron exchange
between the two oxygen molecules during collision.
Prikhotko et al. [321] have drawn no conclusion about
a dimer from their study of the spectra of solid oxygen.
Jordan et al. [223] inferred that there was no O, in the
v-phase of solid oxygen from X-ray diffraction of single
crystals. They concluded that there was no Oy in other
solid phases or in solution, because of the similar
structure of y—0, and 8—F: which was inconsistent with
a dimer. Cairns and Pimentel [74] have interpreted
their results on the infrared spectra of solid «-oxygen
as showing no evidence for Q,, stressing the uncer-
tainty in previous identifications, Barrett, Meyer, and
Wasserman [27] drew similar conclusions from their
study of the crysial structure of a-oxygen. Blickens-
derfer and Ewing [47] have found some spectroscopic
evidence for bound dimers in dilute oxygen at low
temperatures. Further studies are in progress.
Finkelnburg and Steiner [141] first observed the high
pressure bands of oxygen (2900-2300 /OX), a long pro-
gression of diffuse triplet maxima in absorption by oxy-
gen at pressures of 60—600 atm. Some of these are
tentatively ascribed to O., 3A,—X 33; [187, 188]. The
bands, headless and red-degraded, did not appear at
lower pressures. The convergence limit of these bands
was roughly coincident with the dissociation limit of
O,. This, together with the quadratic increase of absorp-
tion with pressure, suggested that the bands originated
Lo o ~1313 [N 1% A favhiddan trnnn-:l;/\v‘ 'e)

ITom & COiision inGucca i1oroiaacn ransiion i Uz,

8Ay, <X 1%5. Finkelnburg, however, later [140] inter-
preted these bands as arising from vibration in Os.

Herman [182] studied the variation of absorption
coefficient with pressure in the visible and UV spectra
of compressed oxygen up to 30 atm. The triplet bands
were shown to be independent of the A-X Herzberg
bands of O, (3000-2400 j\). The triplet bands increased
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in intensity with increased pressure; the A—X bands of
O, disappeared with increased pressure. These triplets
were attributed to (Os)2.

Knobler [234] recently remeasured magnetic sus-
ceptibility of liquid oxygen at temperatures of 65-90 K
and concluded that neither the chemical approach of
Lewis nor antiferromagnetic exchange completely
explained the interaction between oxygen molecules.
His review of other physical properties revealed no
conclusive evidence for a stable O4 molecule.

Physical adsorption, magnetic susceptibility meas-
urements, and the use of E.P.R. techniques by Mulay
and Keys [282] and Keys [231] have provided evidence
for the exisience of Q4. A discussion of possible bond-
ing in the dimer has also been given [231].

Blickensderfer and Ewing [348a, b] have observed the
collision-induced simultaneous transitions in gaseous
oxygen at low pressure (1~3 atm) and temperatures of
300 K and 87 K. Mechanisms of the absorption in-
duced by binary collisions were discussed. No direct
evidence for a bound state dimer was found. Krishna
[243a] and Krishna and Cassen [243b] have recently
developed a general theory of relative intensities for
the oxygen simultaneous transitions (bimolecular
induced transitions). Robinson [335] had earlier dis-
cussed enhancement of forbidden transitions by weak
intermolecular interactions. Tsai and Robinson [382]
have more recently calculated the intensity of one
double transition and f-values for several double
transitions. Tabisz et al. [368] studied intensity profiles
of both single and double transitions in compressed
oxygen in the near IR and visible regions. The bands
were interpreted as collision (pressure)-induced elec-
tronic transitions, with no evidence for the existence of
quasi-stable complexes.

In summary: Many spectral features of compressed
and condensed oxygen are not found in the low pres-
sure gas. The simultanecus transitions can be con-
sidered induced by weak intermolecular forces or
due to formation of short-lived (unstable) collision
complexes. The virtually unchanged infrared spectrum
(wavelengths >3u) is not consistent with a dimer;
but the shoulder at 1610 cm-! could represent vi-
bration in O4. The triplet bands (2900-2400 [o\) are
tentatively assigned to a transition in O;, as was done
in the original work by Finkelnburg and Steiner. The
quadratic pressure or concentration dependence of
intensities for simultaneous transitions (12600-3000
A) observed by some only indicates dependence on
initial reactants (two bodies) but does not indicate
whether or not the final product is o stable dimer,
The slight displacement of band frequencies from
those of low pressure O. indicates negligible change
in electron configuration, which suggests a weak
interaction between pairs of Q. molecules.

Various physical properties provide some evidence
for a stable dimer. At low temperatures it is expected
that a dimer would become important when its feeble
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inding -energy exceeds iT. But even in studies of:
olid: oxygen, the presence of stable dimers has not
een unequivocally established.

5. Perturbations

“Perturbations mentioned in section 3 were incidental
to the discussion -of the electronic-vibrational tran-
sitions. In this section, attention will be focused on
several  specific perturbations, even though the data
may be fragmentary.

5.1. 0,, A33} state

In the 11-0, 435 —X?3; band, Herzberg [187]
letected - a strong perturbation above N=11. No
letails were given.

5.2. O3, B2%,, state

Ackerman and Biaume [3] have implied a perturba-

ion" of v—5 from a discontinuity in -differencee
\Gexpt, — AGeae. obtained from their study of the
3 335 —X 327 fine structure. - Albritton et al. [9],
1sing measurements of B-X bands by several au-
hors; “have found a discontinuity at v=5 and 6 in
plots. of A%G. Measured values of 00(5—0] and oo
(6—0) are about 0.7 cm~! larger and smaller respec-
lively, than values which give a smooth plot for A2G.
Unpublished results of R. A. Howard and S. G. Til-
ford ‘show very broad lines for the 5-0 and 6—0 B—X
bands. Albritton - et "al. consider the possibility of
vibrational perturbations of levels v=35 and 6, per-
haps -originating in crossing by a Trepulsive poten-
tial curve derived from ground state "atoms. Present
accuracy of B, values does not permit an unambiguous
verification or denial that there is a vibrational
perturbation-[9].

‘For the B—-X transition, Brix and Herzberg [62]
mentioned two. perturbations: (a) In the 16—0 band
a ‘conspicuous perturbation occurs in R(7) and P(9),
ie., =16, J=8. (b) Normally, P;<P;<P; and
Ri < R: <R3, but perturbations in the 19—0 band cause
lines R2(7), R3(7) to be interchanged in order; also
Ps(9); P3(9). This arises from perturbation of v=19,
1=8.

5.3. 03, a IL; state

In his fine structure analysis of OF, b*27—a*lly
bands with v”"=0, 1, 2 [291], Nevin found that Brandt’s
formulas [56] representing energy of a. *Il state,
indicate probable perturbation of the a state. An
empirical formula was developed [291b] which fitted
the rotational structure better than-Brandt’s formulas.
According to- Brandt, Fi(J)—Fi(J) is about three
times the
of Fq levels away from F3, and F. levels towards F:

[66] whereby the q41]

~irradiated by 1849 }
separation F3(J)—F2(J).  Displacement.
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was attributed by Nevip [914a]

a*lly by either 43 *IL,, or ‘A
products O(®Py) + , :
Kovacs [66] the o

to .perturbation of
—with dissociation
b0+ (*D,). According to Budé and
Servations deviate from the th
of Brandt [56], with the two middle components 1(;?2
closer than was expected (by several cm™) to the lowest
energy component. A poggih]e explanation was proposed
u state is coupled by spin-orbit
u States, one of them not yet ob-
; ¢s [237] explained the seemingly-
anomalolfs m_um?let splitting of a*Il, as also arising
from Spm.sl,)ln Interaction. The observed deviation‘
from Brandt’s formulas, then, being due to the joint

effect of the two types of ; '
int t f e
Weniger [238]). eraction (see Kovécs -and

The new *ll; term, disso

interaction to two 2I]
served directly. Kovg

' ciating to %S, + 3Py, is esti-
mated to lie ~57 - v
00 cm-1 above A 2Il,, the other state

perturbing a *11,. Spin-orbj .
it coupli
new state is ~ — 104 o1 pling constant for the

6. Predissociuiion of the B33~ state

Observed line broadening in 0, B~X bands has led
to varying lnterprftations of predissociation -of the B
state. The repulsive Ty, gy, derived from ground
stat'e .atoms Was assigned as the state causing predis-
sociation, but the course of this state was ambiguous
Thf-) three types of Crossings which had been used ir;
various explar'lations are shown in fig. 1. Several
Tecem the.ore.t ical papers [288, 331] provided a s‘eém-
1n.g1'yvquahtat1ve €xplanation of the line broadening as
Ansng fltom th.e 1L, state, from a single curve crossing
at the right limb of th, B state near v=4. Recent
g; i‘lntur;44m‘3,c}fla“ical calculations by Schaefer and
fr(l) n613rs[ in-::)]ri)rilter that.the predissociation arises mainly

P coupling which s independent of J
(rather than orblt-rotation coupling which is J depend-
fﬁt) 2}11(1 r;;ig 5t2h_ereb}‘r involve repulsive states °T1,,
ato:r’l . uéonﬁ " .whn::h all dissociate to ground-state
! h o gurauo.n Interaction calculations show
that t € "Il potential curve glmost certainly crosses
the I.Cft hl.nb of the B state and the I, curve crosses
the right limb ,Of the B state, A summary will be given
of the experimental and . non-experimental factors

affecting the interpreta; d
ton of predissociati
B33 - state. p sociation of the

In 1936, Flory [143 .
cociation of B EE b] Postulated an allowed predis-

u DY a repulsive 3[I, sta i
from ground s.tate atomg, Tlll)e prediss;cisati:)ii‘;rsw;ﬁ
vctked t,o explain (1) the absence of B—~X emission band=
thh Y, >2,2) broadenjng of B—X absorption line;
with 07 >2, (3) very weak fluorescence, disappearing
at low pressure, as observed by Rasetti [327], where

assumed depopulation of levels B, v=8, by predis-

sociation, was r
» Was reasonable, and (4) fluorescence in oxygen

mercury light leading to .ozone
observed B—X emission from
scounted 'such predissociation;

formation. Feast [133]
bands with v'=3 and ¢

J Phys Chem. Raf Datn Val 1-AMia 2 109a
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Volman [391] presentied sirong photochemical evidence
in favor of it.

Wilkinsen and Mulliken [414] obtained high resolu-
tion B—X spectra which showed rotational line broaden-
ing in the 12—0 absorption band, but not in 13-0 and
above. A predissociation was proposed, caused by 3Il,
having a very -shallow, broad well. crossing the lefi
limb of the B state potential curve at 6.9 eV. 1t could not
be established whether broad structure in bands with
v’ < 12 arose from predissociation or was due to un-
resolved triplets (because triplet splitting decreases at
lowerv'). .

Under lower resolution Rakotoarijimy et al. [324]
observed diffuseness in B—X absorption bands having
v'=4. Herman et al. [183] also claimed strong perturba-
tion of v' =3, 4 but not 5. It was specifically to deter-
mine whether levels of B 223, v <8 were predissociated
that Carroll [76] reexamined the absorption spectra of
the B—X system under high resolution. He found all
lines in the 4—1 band diffuse. indicating onset of a pre-
dissociation below v'=4, N=0. A weaker predissocia-
tion was also observed for lines having N ~ 25 in»' = 3.
He concluded that possibly v’ =5 was also predissociated.
Reexamination of plates taken by Brix and Herzberg
[62] indicated another, but weaker, predissociation
peaking at »'=11. Carroll [76] suggested that 3Il,
crossed the right limb of the B state potential curve
near v=4, but could not determine whether B, v=11
was crossed by the same state.

Lines in B—X bands 2-0 and 1-0, broader than
expected, were attributed by Carroll {76] to blends of
fine structure components. Vanderslice et al. [387]
considered this broadening more likely due to predis-
sociation of the many levels of the B state by a nearly
tangent 311, curve. Carroll further found a minimum
in line broadening for B, v=9. suggesting two pre-

dissociations with perhaps 527 predissociating B,
v=11.
High temperature absorption measuremenis by

Hudson and Carter [199a, 200] indicaie that the B
stale is predissociated in levels v=3 to 17, possibly
also in v=2. Myers and Bartle [289] also presume that
v=2 should be predissociated. Line widths measured
by Hudson and Carter in B—X bands 3-0 to 12-0
varied from 2.5 em~! to 0.9 cm-!; for 130 to 17-0,
line widths were ~ 0.5 cm~1. Line widths for 2-0 were
(0.5£0.2) cm!, so predissociation was not conclusive.
‘I'hese results were interpreted to mean that crossing
by 311, occurred between v=2 and 3, on the right limb
of the B state. No comment could be made about 1-0
for experimental reasons. Hudson and Carter [200]
have pointed out the important role in atmospheric
chemistry of predissociation of vibrational levels of
the B state. (See also ref. [201].)

The predissociation is thus characterized by: (1)
B, v=4, lines are broadest; onset of predissociation
possibly at v=2; (2) broadening peaks again at v =28,
11, with minimum at 9; (3) v= 12, sudden triplet splitting

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972

increase. The question remains whether v=12 shows
triplet splitting and not apparent broadening.

Riess and Ben-Aryeh [331] and Murrell and Taylor
[288] have applied the Franck-Condon principle to
predissociation broadening of B—X lines. They have
shown that a maximum in predissociation probability
occurs near curve crossing just below v=4 (at r between
1.84 and 1.92 10\) and that subsidiary maxima may occur
above the crossing point which do not necessarily
indicate a crossing of the left limb of the B state. Tun-
neling is responsible for predissociation broadening
below the crossing point. Franck-Condon factors for
B 337 —3T1, were found to be sensitive to the form of
the repulsive curve. No additional crossing of the left
limb of the B state was indicated.

Child [83] has derived an analytical expression for
the probability of predissociation as a function of
vibrational quantum number. Analysis of a predis-
sociation pattern can then lead to the form of the
appropriate repulsive potential. The theory was applied
to the B 3%, state of O, using the results of Murrell
and Taylor. _

Ackerman and Biaume [3] have since observed line
broadening fur v=0 tv 13, incidental tov their primary
objective which was fine structure analysis. They were
not sure that the apparent peak in broadening for the
B-X, 11-0 band does not arise from separation of the
triplets, which makes line widths difficult to measure.
They cautioned against the use of photographic line
widths as cross section data if the spectra have been
taken mainly for fine structure analysis, but believed
that their resulis were not in complete support of the
conclusiens reached by Murrell and Taylor [288].

The non-empirical calculations of Schaefer and
Miller [344a] indicate that the repulsive curve deduced
by Murrell and Taylor [288] and Riess and Ben-Aryeh
[331] is not *IL,, but could be 3II, or ®X; and still offer a
partial explanation of the observed predissociation of
the B state. Schaefer and Miller speculated that the
31, curve crosses the left limb of the B state near
v—4 and the Il curve crusses Lhe B stale vn the right,
perhaps between v=0 and 1. The nearly parallel cal-
culated and RKR potential curves for the B state imply
that improved wavefunctions would only lower the
calculated curve.

A general conclusion drawn by Schaefer and Miller
is that high-lying excited valence states are poorly
described by a single electron configuration. They found
that for the B state near r. three configurations were
importani:  (30,)2(lmy )3(lmy)3, (3o, )1my ) (1w )2 (30),
and (3og) (17y)2(l7g)*(30w). An important implica-
tion of the assumed crossing of the left limb of the
B state by 3w, is that the #I1,—X *X; transition would
dominate the O: continuum in the region 2000-
1750 A. A more reliable determination of predissociation
line widths [J dependence| is necessary to resolve
remaining questions concerning the predissociation of

B33,
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Volman [391] presented strong photochemical evidence
in favor of it.

Wilkinson and Mulliken [414] obtained high resolu-
tion B—X spectra which showed rotational line broaden-
ing in the 12—0 ahsorption hand, but not in 13-0 and
above. A predissociation was proposed, caused by 3l
having a very shallow, broad well, crossing the left
limb of the B state potential curve at 6.9 eV. It could not
be established whether broad structure in bands with
v/ < 12 arose from predissociation or was due to un-
resolved triplets (because triplet splitting decreases at
lowerv'). o

Under lower resolution Rakotoarijimy et al. [324]
observed diffuseness in B—X absorption bands having
v'=4. Herman et al. [183] also claimed strong perturba-
tion of v'=3, 4 but not 5. It was specifically to deter-
mine whether levels of B 3%, v < 8 were predissociated
that Carroll [76] reexamined the absorption spectra of
the B—X system under high resolution. He found all
lines in the 4—1 band diffuse, indicating onset of a pre-
dissociation below v' =4, N=0. A weaker predissocia-
tion was also observed for lines having N ~ 25 inv' =3,
He concluded that possibly v’ =5 was also predissociated.
Reexamination of plates taken by Brix and Herzberg
[62] indicated another, but weaker, predissociation
peaking at v'=11. Carroll [76] suggested that °Il,
crossed the right limb of the B state potential curve
near v=4, but could not determine whether B, v=11
was crossed by the same state.

Lines in B—-X bands 2-0 and 1-0, broader than
expected, were attributed by Carroll [76] to blends of
fine structure components. Vanderslice et al. [387]
considered this broadening more likely due to predis-
sociation of the many levels of the B state by a nearly
tangent 3I1, curve. Carroll further found a minimum
in linc broadening for B, v=9, suggesting two pre-
dissociations with perhaps %X; predissociating B,
v=11. . ,

High temperature absorption measurements by
Hudson and Carter [199a, 200] indicate that the B
state is predissociated in levels v=3 to 17, possibly
also in v=2. Myers and Bartle [289] also presume that
v=2 should be predissociated. Line widths measured
by Hudson and Carter in B-X bands 3-0 to 12-0
varied from 2.5 ¢cm~! to 0.9 cm-1; for 13-0 to 17-0,
line widthe were ~ 0.5 em-1. [ine widths for 2-0 were
(0.5+0.2). ecm~, so predissociation was not conclusive.
These results were interpreted to mean that crossing
by 31, occurred between v=2 and 3, on the right limb
of the B state. No comment could be made about 1-0
for experimental reasons. Hudson and Carter [200]
have pointed out the important role in atmospheric
chemistry of predissociation of vibrational levels of
the B state. (See also ref. [201].)

The predissociation is thus characterized by: (1)
B, v=4, lines are broadest; onset of predissociation
possibly at v=2; (2) broadening peaks again at v =38,
11, with minimum at 9; (3) v=12, sudden triplet splitting
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increase. The question remains whether v=12 shows
triplet splitting and not apparent broadening.

Riess and Ben-Aryeh [331] and Murrell and Taylor
[288] have applied the Franck-Condon principle to
predissociation broadening of B—X lines. They have
shown that a maximum in predissociation probability
occurs near curve crossing just below v=4 (at r between
1.84 and 1.92 A) and that subsidiary maxima may occur
above the crossing point which do not necessarily
indicate a crossing of the left limb of the B state. Tun-
neling is responsible for predissociation broadening
below the crossing point. Franck-Condon factors for
B 337 —3[1, were found to be sensitive to the form of
the repulsive curve. No additional crossing of the left
limb of the B state was indicated.

Child [83] has derived an analytical expression for

" the probability of predissociation as a function of

vibrational quantum number. Analysis of a predis-
sociation pattern can then lcad to the form of the
appropriate repulsive potential. The theory was applied
to the B33 state of Og, using the resulis of Murrell
and Taylor.

Ackerman and Biaume [3] have since observed line
broadening for v=0 to 13, incidental to their primary
objective which was fine structure analysis. They were
not sure that the apparent peak in broadening for the
B-X, 11-0 band does not arise from separation of the
triplets, which makes line widths difficult to measure.
They cautioned against the use of photographic line
widths as cross section data if the specira have been
taken mainly for fine structure analysis, but believed
that their results were not in complete support of the
conclusions reached by Murrell and Taylor [288].

The non-empirical calculations of Schaefer and
Miller [344a] indicate that the repulsive curve deduced
by Murrell and Taylor [288] and Riess and Ben-Aryeh
[331] is not 3I1,, but could be I, or *3; and still offer a
partial explanation of the observed predissociation of
the B state. Schaefer and Miller speculated that the
31, curve crosses the left limb of the B state near
v=4 and the 'Il, curve crosses the B state on the right,
perhaps between »==0 and 1. The nearly parallel cal-
culated and RKR potential curves for the B state imply
that improved wavefunctions would only lower the
calculated curve.

A general conclugion drawn by Schaefer and Miller
is that high-lying excited valence states are poorly’
described by a single electron configuration. They found
that for the B state near r. three configurations were
important:  (30)2(lm.)2(mg)3,  (Bop)(my)i(lmg)?(30mw),
and (3oy) (174)2(1mg)4(30w). An important implica-
tion of the assumed crossing of the left limb of the
B state by 2wy is that the 311,— X 327 transition would
dominate the O, continuum in the region 2000—
1750 A. A more reliable determination of predissociation
line widths [J dependence] is necessary to resolve
remaining questions concerning the predissociation nf

B33,
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7. Dissociation Energy of O,

The dissociation energy D° for the ground state of O,
s» (41260£15) cm~'. This value is determined from
1) the convergence limit of the B 33 state [62] at
571275 cm™, (2) the separation between dissociation
limits for the B and A 33} states as representing the
energy O(1D;)-0(3P;), and (3) the assumption from
the non-crossing rule that the atomic product common to
hoth B and A4 states is O (3P;). The uncertainty takes into
account the inability to rule out possible potential
maxima of about 2 cm~!. Details are given by Brix and
Herzberg [62]; a succinct summary is given by Gaydon
[154].

8. Microwave Spectrum of O,

A summary is given below of the fine structure spec-
trum of 160, 180;, 16080, and the hyperfine structure
of %0'70. The observed line frequencies are collected
in tables 31—33; line widths are given in table 34. Mis-
cellaneous data derived from the microwave spectrum
are given in table 35. The magnetic resonance (Zeeman)
spectrum is discussed. For details of the theoretical
temperature- and pressure-dependence line widths, and
the non-resonant (Debye) spectrum the reader is re-
ferred to papers by Artman and Gordon [19], Tinkham
|374, 375}, and papers since 1959 by M. Mizushima, and
A. A. Maryott. Additional references are given in a com-
pilation by Wacker et al. [392].

8.1. Rotational Spectrum

Through O is electrically non-polar, it has a per-
manent magnetic moment associated with the aligned
spins of two unpaired electrons. Consequently, mag-
netic dipole (resonance) transitions (AN=0, AJ=
=+1) are allowed between the spin multiplet components
of the ground state of O., i.e., components with the
same value of N, but different values of J. The com-
ponents?! F3 and F; lie close together and below
Fs; by about 2 em-! (5-mm wavelength transition).
Beringer, in 1946, first observed this very weak ab-
sorption without resolving Fo—F; and F,—F; structure,
and in the following year Van Vleck accounted, theo-
retically, for the intensity distribution of this line whose
existence he had previously predicted. This line was
partially resolved by Lamont (in 1948) and by Strand-
berg, Meng, and Ingersoll. Burkhalter et al. [69] first
resolved the fine structure in the 5-mm wavelength
-egion (60 GHz) and found deviations from the theo-
etical formulas of Schlapp [346], which were exten-
sions of early theory by Kramers and Hebb. (See Brix
and Herzberg [62].) The position of the 1_ line near
2.5-mm wavelength was first measured by Anderson,

Johnson, and Gordy [14].

2 Fy.2 3 means J=N+1, N, N-1, Fo-F3=v_; F.~Fy=v,. 1_ designates N=1, J'—J"=1-0;
; designates N=1, J'—J"=1~2. The Pauli principle permits only odd integral values of
Vsince the '°0 nucleus has zero spin.

Miller and Townes [275] and Mizushima and Hill
[279] revised Schlapp’s formulas. Zimmerer and
Mizushima [422] and West and Mizushima [411] ex-
tended these formulas, and remeasured many fre-
quencies with high accuracy. (Table 31 also includes
more recent measurements by McKnight. and Gordy
[265] and Wilheit and Barrett [413].)

Tinkham, in his thesis [374], and in three papers
with Strandberg [375-377] has developed the most
extensive theoretical treatment of the spin multiplet
structure and intensities of the O microwave spec-
trum. These papers account for the fine structure
theory of the O; ground state [375], the magnetic
field interactions (Zeeman effect) [376], and the line
widths [377]. Tinkham’s fine structure parameters
have been recently revised by Tischer [378]. (Compare
also West and Mizushima [411] and Appendix C.)

Magnetic dipole rotational transitions (AN=1),
predicted by Tinkham [374], have been observed
under high resolution by McKnight and Gordy [265] 2
(12.3, 14.2, 16.3 cm~1). The latter two have been iden-
tified in the solar spectrum by Gebbie et al. [157].
Additional magnetic dipole rotational transitions oh-
served in the laboratory and the solar spectrum are
included in table 33.

Miller, Javan, and Townes [274] measured the
transitions in %00 and !'20,. Since none of these
lines showed splitting due to magnetic hyperfine
structure, it was assumed that '®0 had zero nuclear
spin [273, 274, 379], a result that has since become well
established.

The hyperfine structure of 0'70O arises from mag-
netic dipole and electric quadrupole interactions of
the 70 nuclear spin. with the unpaired electron spins.
Miller and Townes [275] have confirmed the assignment
of nuclear spin I=% for O [10, 159] by obtaining
agreement between observed frequencies for %0'70
and the theoretical hyperfine spectrum calculated with
the assumption that I(*"0)=4%. The theory of the
hyperfine structure is given by Frosch and Foley [146].
For the two parameters representing the magnetic
interaction energy, the data of Miller and Townes [275]
give b=—102 MHz, c=140 MHz. (Miller and Townes
also measured the fine structure of '*U., 'O, and

160180.)
8.2. Zeeman Effect and EPR Spectrum

The Zeeman effect of O; was first studied in the 5—X
system by Schmid, Budé, and Zemplen. This low resolu-
tion work was done with high magnetic fields which
broke down internal coupling. An extended Zeeman
theory?® of the rotational levels of the 'O, ground
state developed by Henry was further improved by
Tinkham and Strandberg[376]). In the microwave region,
Beringer and Castle first resolved lines of the magnetic

22 Remeasured- fine structure frequencies are close to values previously obtained for the
N=1and N=3states [279, 411, 422].

BAN=AJ=0; AM=0,+1.
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dipole transitions between Zeeman levels of the ground
vibrational state, using fields up to 9000 gauss. Some

- quantum numbers were assigned on the basis of Henry’s
theory. These observations were considerably extended
by Tinkham and Strandberg {376] who observed over
200 lines and identified 40. For more than half the
observed lines AJ==2. J breaks down as a good
quantum number in magnetic fields of ~ 10,000 gauss
and all AJ transitions then become allowed.

Hendrie and Kusch [180] also studied these Zeeman
transitions and obtained total g-values for the rotational
states. Bowers, Kamper, and Lustig [51] repeated
Tinkham and Strandberg’s measurement on 14 lines.
Lines were measured with an accuracy of =5 ppm.
Positions of absorption lines were fitted to calculated
values based on the Tinkham and Strandberg theory
to 2 ppm. (They also measured '0'70.)

Hill and Gordy [193], using magnetic fields of ~ 100
gauss, introduced no decoupling of internal angular
momenta. Zeeman splittings were observed for lines
1_,3_, and 3;.

The electronic paramagnetic resonance (EPR)
spectrum of the metiastable a'Ay state has recently
been studied by Falick et al. [129] who observed the
four AM,=1 transitions?* for the J=2 level. Miller
[277] using greater precision, observed these in addi-
tion to four AM,;=1 transitions for the J=3 level.
Measured magnetic interaction parameters are included
in table 35. Miller’s value of By (1.41808 +.00020 cm-1)
is the same as that obtained from the a'A,—~ X33
electronic spectra [191] within experimental uncertainty.
(Miller’s value includes the effect of electronic mass.)

Tischer [378] has observed 275 magnetic dipole transi-
tions between Zeeman components of the fine structure
terms for the X33 state. Paramagnetic resonance
absorption between N=3, J=4, M=—4 and N=5,
J=5, M=—4 levels were observed by Evenson et al.
[128] using 890 GHz laser excitation (table 33). Observed
zero-field energy difference between N=3, J=3 and
N=5, J=5 levels is fitted slightly better by the
theoretical parameters of West and Mizushima [411]
than by those of Tischer [378]. Work in progress (Even-
son, private communication) on 12 additional lines
should lead to a consistent set of theoretical param-
eters which will also reproduce the rotational line
frequencies. (See Appendix C.) Several lines, observed
high in the earth’s atmosphere, have been assigned
with some uncertainty to 02(27.8-51 cm~1) [156].

9. Raman oand Zeeman Effects
9.1. Raman Effect

The vibrational Raman effect has been observed in
both liquid and gaseous oxygen. Rotational Raman spec-
tra have been observed only in the gas. Among the

BHAN=0,4]==x1;AM=0,%1.
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first examples of pure vibrational transitions in a homo-
nuclear diatomic molecule, were the observations of
McLennan and McLeod (in 1928) [266] in liquid oxygen.
which was irradiated with two different mercury lines.
Both 1-0 and 2—0 vibrational transitions were detected
(the latter smaller than the gas phase quantum by ~ 35
cm™). (Both transitions are electric dipole forbidden.)
Shortly thereafter, the fundamental frequency was
detected by Rasetti and others in the gas at atmospheric
pressure and above. Rasetti [326] also first observed
the rotational Raman spectrum. Recently, Weber and
McGinnis [405] observed the vibrational and rotational
Raman spectra under 5A/mm dispersion and obtained
values for AG(z) and By in close agreement with those
derived from elecironic spectra. Rotational spectro-
grams have bheen published hy several authars [405,
326a, ¢, 381,406, 366, 328).

Bhagavantam [41], irradiating oxygen with visible
light, had found that rotational structure disappeared
above 30 atm pressure (no wavelengths were given).
Trumpy [381], using 4046.8 A Hg light, studied the
pressure effect on rotational Raman spectra at 15,
30, and 60 atm. Surprisingly, cven at 60 atm the lines
were only broadened and not completely washed out.
Saha [339], using about the same dispersion as Trumpy
(~12 /DX/mm), was unable to see discrete rotational
structure in liquid oxygen, indicating far more broad-
ening in the liquid than in the gas at 60 atm.

Renschler et al. [328] have measured triplet struc-
ture in the rotational Raman specirum of O,. Positions
of lines observed at 21.29 cm-?, 14.30 cm-!, and 16.25
cm~! are in good agreement with magnetic rotation
spectra measurements (compare table 33).

Depolarization ratio for Raman scattering was
determined by Cabannes and Rousset [72] to be 0.261 =
0.010; Bhagavantam [41] had obtained p < 0.3. Recently
Yoshino and Bernstein [418] obtained 0.33.

In a study of mercury light scattered by O, at at-
mospheric pressure, Rasetti [327] observed, in addi-
tion to the Raman lines, a series of doublet lines
spanning the region 3980-2365 A. This fluorescence
spectrum, excited by the 1849 A line of Hg, corres-
ponds to elements of two branches of B33 —X33%;,
8—v" (with v"=8 through 22). The doublet separation
of 60 cm~! corresponds to FZ(13)—F"(11). The
fluorescence was not observed at 8-mm pressure,
Rasetti considered these
doublets to represent a possible transition between
the Raman effect and fluorescence which he called
“selective Raman effect” (now called Resonance
Raman effect). That is, where entire branches might
be expected, only Raman lines were observed whose
transition probability was very high. (See Rasetti’s
table 2.)

Depolarization ratio for Rayleigh scattering was
determined as 0.014 by Weber et al. [406], considerably
lower than previous values (0.03-0.06) [314, 315, 60],
presumably because of the actual isolation of the

contrary to expectations.
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Rayleigh line from the Raman:lines: The new value
represents an upper limit.. The mean rate of change
ot polarizability with inter-nuclear distance was de-
termined by Stansbury et al. [364] as 1.4, from the
itio of Raman to Rayleigh intensities in the gas.

9.2. Zeeman Effect in Electronic Spectra

Zeeman spectrum of the b '2f «<-X 337 transition
as been produced by application of magnetic fields
1o 26,000 g {347]. The absorption spectrum around
600" A includes extra lines which arise from splitting
o ihe ground state rotational levels. Zeeman spliiting
wis about 1 em~! for a magnetic field of 21,400 g. Lines
were noticeably broadened at pressures above 10 atm.
The most intense Zeeman:lines lay to the red of the P
aud R branch lines. Zeeman lines to the violet of the
") and BQ lines were somewhat weaker, and displaced
~omewhat further from the field-free lines. Maximum
inc sharpness and minimum displacement occurred
for N ~ 7.
Bozéky and - Schmid - [55] produced measureable
Zeeman splitting. of lines belonging to the & 37—
7M1, 0f 1-0 band at 5631 A by use of magnetic fields
“of 15,000 and 23,000 g. No. detailed report has been
published. (Zeeman effects in the microwave spectrum
of the ground state are discussed in section 8.2.)

10. Potential Energy Curves

Potential energy curves. for electronic states of
03, 02, and O3 are shown in figure 2. Some of these
curves have been derived from spectroscopic data by
the use of the Rydberg-Klein-Rees (RKR) procedure;
for these, numerical data (taken mainly from Albritton
¢t al. [9]). are given in table 53. For several other states
where data is sparse the dutted cwives in figure 2 are
only suggestive. For the ¢ '%; and C *A, states of O»
only tentative vibrational quantum numbers can be
assigned. For O; the approximate curves are derived
from tentative ab initio quantum mechanical calcula-
tions. (See sec..2.4.). -

The curves for 12 repulsive states of 02 which. dis-
wmate to ground-state atoms had been estimated
scmiem'pir_ically by Vanderslice et al. [387] and slightly
adjusted by Gilmore [161] to account for the effects of

Frrraiio [ S- Py

vonfiguration  intcraction.
action calculations by Schaefer and Harris [344] indicate
an-entirely different .order for these states compared
~with ‘the semiempirical estimates: Schaefer and Harris
found that five unobserved states of O are likely stable;
two of these had been assumed stable in prior work
ind were included in Gilmore’s curves [161]. (See
-~see. 2.2¢.)

“The  curves in Fig. 2 differ from those ot Gilmore
|161] as follows: (1) the ¢ 13 state now lies below
“C*Ay “becausé: of more rcecent spectroscopic data;, (2)

the shape of the X %Il state of OF is-slightly altered

‘Recent confzuration inter
ICCCNT COMngUraiion Iinwey

wucause v has been increased by unity, (3) numerou
approximate curves have been deleted, and (4) approxi-
mate potential curves derived from CI calculations arc
indicated for some stable states of O;.

The various RKR results by different authors provide
turuing pumla that differ, in general, by no more than
+0.003 A. The single exception has been the B33
state which, in all published results, shows erratic inner
turning points abouve v=15. RKR potential curves for
0O, were first calculated by Vanderslice et al. [387].
The irregularity of the left limb of the B3Z; potential
curve has since been examined by others including
Gilmore [161], Richards and Barrow [330], Ginter and
Battino -[162], and Harris et al. [172]. The scatter re-
mained in the third decimal place in ry;,. The possible
causes of the scatter include (1) vscillations in rotational-
constants, (2) sensitivity of the RKR method to-inac-
curacies, especially in B, values, near the dissociation
limit, and (3) perturbations.

Albrition et al. [9] have recalculated the potential
curve for the B 32 state using the recent accurate data
of Ackerman and Biaume [3] up to v=13; the use of the
data of Brix and Herzberg [62] above v=13 yielded
irregular rp;,. Numerical experiments by Albritton
et al. showed that monotonically varying ry, could be
obtained by the use of adjusted B, values lying within
the experimental uncertainties of the values. quoted by.
Brix and Herzberg. To eliminate irregularities in ryyq,
it was concluded, B, values accurate to 0.0005 c¢m™!
would be necessary for v > 13. (There appears, however,
to be no a priori reason why the left limb of a potential
must - always be monotonic (M. Krauss, - private
communication).) '

RKR potentials have been calculated by Singh and
Rai [355] for the X, a, 4, and b states of O;. A change
in vibrational quantum numbering [42] voids their
results for the O} ground state, but Asundi and Rama-
chandrarao [21] have recalculated the curve for the Of
ground state with the corrected quantum numbering.
Singh and Rai have commented that the A state curve
appears to be approaching its convergence limit very
rapidly (which suggests a possible potential maximum-
for this state). Albritton et al. [9] do not mention this
possibility. '

Potential energy curves for O%+ are briefly men-

tioned in sec. 2 3; detaile can

[209] and [208].

11. Transition Probability Parameters

It is not uncommon to find extensive and reliable
measurements of the positions of spectral lines origi-
nating in a given state of a molecule, the analysis-of
the spectra being in terms of a notation which is largely
agreed upon. By contrast, in the area of spectroscopy
which ‘is loosely called: quantitative spectroscopy, the

experimental varameters which' measure - transition
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probabilities are not nearly so extensively studied
nor so well established, and the notation used in their
description is sometimes ambiguous and not standard-
ized. The notation by a given author may vary {rom
paper to paper.

In this section not all topics will be considered
quantitatively. Measured radiative lifetimes and
f-values for many transitions in O, and O, are sum-
marized (table 54);
f-values for the O., B33%;~X33; transition are sum-
marized in table 55. Absorption coeflicients for selected
features in the UV are summarized in table 56; most
other absorption coefficients and integrated band in-
tensities are considered only qualitatively. Calculated
Franck-Condon parameters (table 57) 25 are considered,
with the reservations that results based on the Morse
potential may, in some instances, be poor approxima-
tions, and that the use of the r centroid approximation
for determining electronic transition moments has
some limitations [214, 244]. Nearly all of the data in
table 57 are from the extensive calculations of Albritton
et al. [9].

For each electronic transition the radiative lifetime
of the upper state is discussed together with the tran-
sition probability parameters corresponding to the tran-
sition. In general, the form of transition moments
should be regarded as tentative.

In a recent review by Nicholls [298], the general
concepts used in application of the Franck-Condon
principle are briefly discussed, and a summary is given
of recent -measurements and calculations of aero-
nomically important transition probability parameters.
Difficulties with the definition and meaning of electronic
f-values (fo) and electronic Einstein A coefficients
for discrete specira have been discussed by many
authors, most recently by Tatum [372] and Schadee
{343]. In addition to these conceptual difficulties,
different conventions in the use of degeneracies lend
confusion when several sets of data are compared.
Wentink et al. [410] have compared the two conven-
tions as applied to transition moments for AS =0 transi-
tions only where electronic transition moment R.
(Nicholls)= Vg'G"R, (Mulliken) where g’ is the elec-
tronic degeneracy of state v', i.e. (2—8a,0) (2S+1)
and G" is the number of orbitals of state v". Values of
Sy or 7y are independent of convention since these
parameters involve ratios g'/g"=G"/G’; but absolute
values of transition moment, transition moment matrix
elements, and A4,» depend on the convention used.

Bates [33] assumed some years ago that R.(r) did
not vary rapidly with internuclear distance for electronic
transitions with AA=0 (labelled parallel transitions).

the cxtensive mecasurcments of

(', ")
(v',v")

See ref. [244. 9]. The following phase convention was used by Albritton et al. [9]

2 Franck-Condon factor: ge»=(v’, v")% r centroid: T = 3R cemmid=7i_,'_"

_ )
T (e, ")
for the vibrational overiap integrals: “The sign of ¥, at the inner turning point was (—1)" and

at the outer turning point was always positive.” Integration determines the phase listed in
table 57.
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“The position regarding perpendicular-type transition:
(i.e., AA==1) is more uncertain’ [33]. In the literature
it has often been assumed that transitions with AA==1
will have R.(r) rapidly varying. These generalizations
are not rigorously based. The behavior of R.(r) has
otten been deduced irom crude band intensities and
the use of Morse based Franck-Condon factors. A brief
comparison of the use of Morse and RKR. potentials
follows.

The Morse potential is a three parameter analytic
function [186] which may represent a useful approxi
mation, mainly for low vibrational levels of a given
electronic state. For use with fragmentary data i
provides a qualitative description of electronic state
and transitions. When used to describe electroni
transitions where |r/—r”|Z0.1A the Franck-Condc
factors are often good approximations. For weak banc
(those with (relatively) small Franck-Condon factors,
or for electronic fransitions where |ri—r"|>01 A
then Morse based Franck-Condon factors may be
unreliable. For an extreme case where | r,—r] ~ 0.4
A (0., B 325 —X 3%;) comparison between Morse and i
KKR results is striking [292, 310, 172, 9]. :

The RKR method of calculating potential curves
from spectroscopic data is based on numerical integra-
tion of two phase integrals. From these integrals are
obtained the turning points for a given vibrational term
value.?® The RKR potentials do not predetermine rela-
tions among molecular constants as do semiempirical
potentials. However, if the vibrational term values and
rotational constants are not known up to the dissocia-
tion limit then the method yields only a portion of the
potential curve boundcd by the known term values.

11.1. a'Ay—X °X; Infrared Atmospheric System

Badger et al. [26] have measured absolute intensities
of discrete absorption of the a—X, 0-0 (1.26 pm)
and 1-0 (1.065 wm) bands at a pressure of four atmos-
pheres. The underlying continuous absorption, pro-
portional to pressure, is attributed to collision complex
(02)2. A radiative lifetime for the 0—0 transition of the
isolated molecule was estimated as 45 minutes (see table
54); in pure oxygen at one atmosphere, it is only 9.2
minutes. Additional discussion of effects of pressure,
complexes, and comparison with other measurements is
given by Badger et al; (sec especially table 1 of ref.
(26)).

Relative intensity ratio I1(0—0)/I(1-0) is estimated
as = 200; ratio of Franck-Condon factors is ahout 76
[296, 9]. Integrated absorption coefficients of continua
in the region of these bands exceeds those for the
discrete bands above 3 atm pressure. Badger et al.
cite references to other work on a much weaker con-
tinuum underlying the 2-0 band, and a far weaker one
underlying the 3—0 band.

* See, e.g., [162, 330] for citations of the basic papers upon which the method is based.
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probabilities are not nearly so extensively studied
nor so well established, and the notation used in their
description is sometimes ambiguous and not standard-
ized. The notation by a given author may vary from
paber 1o paper.

In this section not all topics will be considered
quantitatively. Measured radiative lifetimes and
f-values for many iransitions in O, and Oj are sum-
marized (table 54); the extensive measurements of
f-values for the O,, B33y —X33; transition are sum-
marized in table 55. Absorption coefficients for selected
features in the UV are summarized in table 56; most
other absorption coefficients and integrated band in-
tensities are considered only qualitatively. Calculated
Franck-Condon parameters (table 57) ?° are considered,
with the reservations that results based on the Morse
potential may, in some instances, be poor approxima-
tions, and that the use of the r centroid approximation
for determining electronic transition moments has
some limitations [214, 244]. Nearly all of the data in
table 57 are from the extensive calculations of Albritton
et al. [9].

For each electronic transition the radiative lifetime
of the upper state is discussed together with the tran-
sition probability parameters corresponding to the tran-
sition. In general, the form of transition moments
should be regarded as tentative.

In a recent review by Nicholls [298], the general
concepts used in application of the Franck-Condon
principle are briefly discussed, and a summary is given
of recent measurements and calculations of aero-
nomically important transition probability parameters.
Difficulties with the definition and meaning of electronic
f-values (fu) and electronic Einstein 4 coefficients
for discrete specira have been discussed by many
authors, most rceently by Tatum [372] and Schadec
[343]. In addition to these conceptual difficulties,
different conventions in the use of degeneracies lend
confusion when several sets of data are compared.
Wentink et al. [410] have compared the two conven-
tions as applied to transition moments for AS = 0 transi-
tions only where electronic transition moment R,
(Nicholls)= Vg'G"R, (Mulliken) where g’ is the elec-
tronic degeneracy of state v', i.e. (2—8a,0) (25+1)
and G" is the number of orbitals of state v". Values of
fww or T» are independent of convention since these
parameters involve ratios g'/g"=G"/G’; but absolute
values of transition moment, transition moment matrix
elements, and A, depend on the convention used.

Bates |33] assumed some years ago that K.(r) did
not vary rapidly with internuclear distance for electronic
transitions with AA=0 (labelled parallel transitions).

25 Franck-Condon factor: grve=(v", ¥"}% r centroid: Tpp-= (;} :m’; 3 7% centroid=T7r
v,
I
= (’;v’, r;,)) - See ref. [244. 9). The following phase convention was used by Albritton et al. [9]

for the vibrationa! overtap integrals: “The sign of ¥: at the inner turning point was (~1)* and
at the outer turning point was always positive.” Integration determines the phase listed in
table 57.
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“The position regarding perpendicular-type transitions
(i.e., AA=x1) is more uncertain” {33]. In the literature
it has often been assumed that transitions with AA==1
will have R.(r) rapidly varying. These generalizations
are not rigorously based. The behavior of R.(r) has
often been deduced from crude band intensities and
the use of Morse based Franck-Condon factors. A brief
comparison of the use of Morse and RKR potentials
follows.

The Morse potential is a three parameter analytic
function [186] which may represent a useful approxi-
mation, mainly for low vibrational levels of a giver
electronic state. For use with fragmentary data i
provides a qualitative description of electronic states
and transitions. When used to describe electronic
transitions where |r/~r"|Z0.1A the Franck-Condor
factors are often good approximations. For weak bands
(those with (relatively) small Franck-Condon factors
or for electronic transitions where |r,—r,| > 0.1 A
then Morse based Franck-Condon factors may be
unreliable. For an exireme case where | r,—r,| ~ 0.4
A (0..B 33, —X 3%;) comparison between Morse and
RKR results is striking [292, 310, 172, 9].

The RKR method of calculating potential curves
from spectroscopic data is based on numerical integra-
tion of two phase integrals. From these integrals are
obtained the turning points for a given vibrational term
value.?8 The RKR potentials do not predetermine rela-
tions among molecular constants as do semiempirical
potentials. However, if the vibrational term values and
rotational constants are not known up to the dissocia-
tion limit then the method yields only a portion of the
potential curve bounded by the known term values.

11.1. a'A;—~X *%; Infrared Atmospheric System

Badger et al. [26] have measured absolute intensities
of discrete absorption of the a~X, 0-0 (1.26 um)
and 1-0 (1.065 um) bands at a pressure of four atmos-
pheres. The underlying continuous absorption, pro-
portional to pressure, is attributed to collision complex
(O2)2. A radiative lifetime for the 0—0 transition of the
isolated molecule was estimated as 45 minutes (see table
54); in pure oxygen at one atmosphere, it is only 9.2
minutes. Additional discussion of effects of pressure,
complexes, and comparison with other measurements is
given by Badger et al.; (see especially table 1 of ref.
[26]).

Relative intensity ratio [(0~0)/1(1-0) is estimated
as = 200; ratio of Franck-Condon factors is about 76
[296, 9]. Integrated absorption coefficients of continua
in the region of these bands exceeds those for the
discrete bands above 4 atm pressure. Badger et al.
cite references to other work on a much weaker con-
tinuum underlying the 2—0 band, and a far weaker one
underlying the 3—0 band.

* See, e.g., {162, 330] for citations of the basic papers upon which the method is bas¢
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Vallance Jones and Harrison [385] account for absence
of the 0-0 band in twilight emission as arising from
reabsorption by the lower atmosphere. “The emission
rate of the 0—0 band should be about 10 times that of the
11 band.”

Morse based Franck-Condon factors have been cal-
cnlated for a small Deslandres array [168b, 296]. RKR
values of Albritton et al. [9] are given in table 57.

The nine branches of this system all have comparable
intensities [191], confirming the theoretical. formulas
of Van Vleck [388]. The intensity of the a—X system in

the gas phase is less than = that of the b—X system;

in liquid oxygen the a—X 1rari;ilion is five times stronger
than the b—X transition [126]. Both transitions have an
absolute intensity in the liquid which is greater than in
the gas. The 1-0 band in the liquid is nearly as strong
as the 0-0; in the gas it is much weaker and corres-

ponds to Franck-Condon principle expectations.

11.2. b'37—X3A5 Atmospheric System

The integrated absorption coefficient for the b—X.
0-0 band has recently been studied very extensively.
Burch ot al. [67] obtained for thc intcgrated mass
absorption coefficient a value of (4.09+0.25) g!
em? cm™!, smaller by 20 percent than the value of
Wark and Mercer [398]. Burch et al. considered the
flects of line broadening half-width of self-broadened
wygen lines decreased with J at one atm pressure)
ind line shape, and the dependence on temperature,
nessure, and path length. Line positions used were
vom Wark and Mercer [398] who also tabulated
mmes for the isotopic molecules %070 and '¢0'¥0.
I'he absorption coefficent of Wark and Mercer was
hased on solar spectra, and an assumed constant line
width of 0.048 cm~1. The band sirength value based on
extrapolation to low pressure from measurements
of Cho et al. [87], primarily on induced absorption gives
about the same value as that of Burch et al. (who
labeled their absorption coefficient as band strength).

The A value for the 0—0 band is 0.085 cm~?! [67h]
table 54). The observed line strengths [67] were
fited about as well by rotational weighting functions
hased on experiment [85] as by theoretical weighting
functions of Schalpp [345, 346] based on strictly case b
coupling. Recently, Watson [403] derived weighting
factors considering deviations from Hund’s case b,
but for O. these are virtually identical with Schlapp’e
results. Adiks and Dianov-Klokov [5] have determined
the f-value for the 0-0 band (corresponding to A=
1,082 sec ~!) from a low pressure limit of the integrated
absorption coefficient. No significant J-dependence
was detected. Relative distribution of intensities within
the band followed Schlapp’s formulas [346]. Miller
ot al. [272] have alsu examined iun detail the line widths
and intensities of the b~X, 0—0 band and obtained a
slightly smaller value for the Einstein A coefficient
than that of Burch and Gryvnak [67). They concluded
that the theoretical Hinl-London factors of Schlapp
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[346] and Watson [403] fitted their data more closely
than did the empirical ones of Childs and Mecke [85].

For bands other than 0-0 the measured parameters
are crude. If an estimate is made of the contribution to
3 A v by the 0-1 band (i.e., (0.7) (.085)=.006), the
radiative lifetime (7) for level b‘E;, v=01is estimated as

11 seconds (table 54), which is slightly larger than earlier
values [85, 398].27 .

Wallace and Hunten [397] have measured the airglow
photon intensity ratio I(0-0)/I(0-1) as 17=2:; Noxon
[301] measured 20+4 in the laboratory. Morse-based
Franck-Condon factors [168b, 296] give 23; RKR results
[9] give 14.

11.3. b’2} —a A, Noxon System

The absolute transition probability of the b-a, 0-0
transition was estimated by Noxon [301] as 1.7 X 10-3
5128 The 0—0 emission band was observed superimposed
on a strong continuum. Observed band width was 20 A.
In photon units of intensity, the ratio b-a, 0-0 to b-X,
0-0 was about 0.004. Noxon assumed that the Q branch
represented 20 percent of the hand intensity. See
Noxon’s paper for mention of earlier estimates of the
transition probability of this electric quadrupole
transition.

Morse Franck-Condon factors have heen calculated
by Nicholls [296]. RKR results (table 57) are from
Albritton et al. [9].

11.4. A3Z,;- X337 Herzberg | Transition

The A3%}~X3%; transition has a widely spread
Condon locus which is characteristic of a transition
dominated by a continuum  (Zyqy0=0.0138) [104].
Jarmain and Nicholls [219] have calculated RKR ¥ranck-
Condon factors which arc slightly diffcrent than those
cited by Degen et al. [104]. These differ from Morse
based values [168b, 296] by as much as a factor of 3.
Franck-Condon densities [219], calculated for the photo-
dissociation continua of the v'' =0, 1, and 2 progressions
(2500—1500 A), when used with the measured absorp-
tion cross sections of Ditchburn and Young [114],
have led to a transition moment R. which decreases
slowly with r. This behavior was consistent with that
found by Degen and Nicholls {105] who deduced their
R. (for the range 1.33 < Fw< 1.53 A) from emission
band intensities and Morse based Franck-Condon
factors (48802590 A). (No details were published.)

Jarmain and Nicholls [219] tentatively estimated the
continuum f value as 2X 1077, 2 orders of magnitude

** Childs and Mecke [85] long ago obtained 4(0-0) ~ 0.13 5!, 7 ~ 8 s. Wark and Mercer [398]
more recently obtained A ~0.106, 7 ~ 10 s. (This corrects a misprint in their paper; private
vulmunivation, D. Wark). van de Hulst [207] has discussed relative uncertainties in the early
measurements. A critique of various determinations of 4(0~0) is given by Wallace and Hunten
{397]. For other early measurements see, e.g., Childs [84], Mecke and Baumann (267}, and
Panofsky [313].

2 Uncertainly in this transition probability is a factor of 2. The quoted numerical value,
different from that given by Noxon, is based on a more recent value of A for b-X, 0-0 deduced
by Burch and Gryvnak [67].
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smaller than previously thought {114] (see discussion
in ref. [219]). The possibility of over-lapping continua
near the A-X band convergence limit (2500 A) may
lead to an overestimate of f values in the nearby con-
tinuum.

Ditchburn and Young’s [114] measured absorption
cross sections in the A~X continuum associated with
the v"=0 progression (2500~1850A) did not obey
Beer’s law. The additional absorption at increasing
pressure (2500—2000 A) was ascribed to formation of
Q. Cross sections (extrapolated to zero pressure)
varied from 15X 1072 cm? (1900 A) to 3 X 1073+ cm?
(2300 10\). The A-X continuum peak was calculated to

~ be at 1870 ;\, but could not be checked experimentally
because of B—X overlap.

Degen [102] has measured intensities of 4—X bands
emitted in the afterglow of a microwave discharge in
an O,-Ar mixture (3% O:) in order to provide relative
band strengths for this system. Both photographic and
photoelectric measuremenis were made, which were
calibrated against a standard tungsten strip filament
lamp. From the measured intensities of more than 30
bands (estimated uncertainties were 5-20%) and the use
of Morse based Franck-Condon factors and interpolated
r-centroids, Degen deduced a linear decrease in transi-
tion moment with r (varniation of about 20%). An approxi-
ate method was used to obtain integrated band intensi-
ties from measured rotational line intensities in these
bands, which heavily overlap one another (because
®,' ~2w,). Because of this complication and the
dependence on somewhat unreliable gu,» and r-
centroids. the transition moment and band strengths
are likely not very reliable (4600—2800 A ).

Degen and Nicholls [106] have made photoelectric
relative intensity measurements of 36 A-X bands
produced in an argon oxygen afterglow. In addition
they tabulated calculated relative band strengths
using transition moment R (F)= const. F-38 for the range
1.31A <7< 1.53A. The band strengths were placed
on an absolute scale (table 58) by Hasson et al. [174]
who measured the absolute absorption coefficient for
the 7-0 band. In an atlas for the A—X system Degen
et al. [104] include RKR Franck-Condon factors and r
centroids which had been calculated by Jarmain for a
large Deslandres array.

11.5. ¢ '37—X ®%; Herzberg Il System; C 2A,—X 33
Herzberg 1l System; C3A,—a A, Chamberlain

Svstem; A 35.3__5 123 Rroida-Geavdan Svctom

aycon >yet!

Nicholls [296] has calculated Morse Franck-Condon
factors for these systems. Krassovsky et al. [241] have
estimated Einstein A values for ¢ '2; —X and C 34, —X.
These numbers are not tabulated in the present work.
(See sec. 3.14 concerning the Broida-Gaydon bands.)
The calculations pertaining to the ¢ 13,7 state are voided

by the recent drastic change in quantum numbering
[103].
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11.6. B 3%, —X 33~ Schumann-Runge System

For the B33;—-X 33, transition, the strongest in
O:, the absorption continuum accounts for nearly all
of the transition probability, i.e., Tygyo ~ 0.0025 [172].
An asymmetric, broaod topped. dissociation continuum,
peaking near 1420 A, connects with the far weaker
discrete structure at 1750 A. Mulliken’s crude theoreti-
cal estimates of fe; (0.03—0.55) [285] bracket the various
experimentally determined values (0.14—0.26)2° which
include both continuum and discrete contributions.
Kotani et al. [236], using configuration interaction wave
functions have estimated fe; to be 0.15-0.46 from the
dipole approximation, and 0.01-0.1 from the velocity
approximation. Experimentally, 3 fin. (1750-1350
A)=0.1520.015 [271, 164] and 3. fyo ~ 0.000255 [4].

At the onset of discrete structure (1750 ;\) the elec-
tronic transition moment R, is already small, and the
crude experimental evidence suggests that it drops by
a factor 2 to 4 as r increases from 1.26 A <r<1.75 A
(1750-4300 A). Qualitatively, R. might be expected
to decrease with increasing r since the B—X transition
is forbidden by electric dipole selection rules in the
separated atoms. Bates [33] has stated that paralle!
transitions (AA=0) should have R. only weakly de
pendent. on r. Nicholls [293] expects sizable r de
pendence for a molecular transition with large | r.—r% |;
for B—X this quantity is relatively large, 0.4 A. Thes:
qualitative rules for estimating the behavior of transitio
moments are in conflict for the B—X system.

(a) Photodissociation Continuum, 1750-1300 A

The measurements of Watanabe et al. [400] in-
dicated a possible discontinuity at ~ 1400 A arising
from an intersection of B3X;7
state. This has not been mentioned by subsequent
authors. Bethke [40] believed that Watanabe’s measure-
ments failed to include sufficient pressure broadening
for the absorption coefhcients to be used in calculating

and ' an unidentified

‘f-values.

The most reliable photoelectric measurements of
absorption are by Metzger and Cook [271] who usec
a continuum background source. A number of band:
and windows (regions of weak absorption) were founc
(1350-1100 ;&), including those observed by Tanak:
[369]. (See the figures in ref. [271]) See also Huffmar
et al. [206]. Goldstein and Mastrup [164] have photo-
graphed the same continuum region and have obtained
an integrated jvalue in agreement with photoelectric
measurements. This resolved a discrepancy between
previous measurements where photographic results
were about 20 percent higher than phetoelectric.

* The early f-value determinations for B~X absorption continuum are summarized by
Heddle [178] and Goldstein and Mastrup {164]. Absorption. coefficients at specified wave:
lengths (1745-1272 A) have been measured by Huffman et al. {206], Metzger and Cook [271],
and Goldstein and Mastrup [164]; these disagree by at most 20 percent. Hudson and Carte
[202] have measured variation of absorption cross section with temperature (300 K to 900 K|
for the region 1950-1580 A.
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The. peak absorption coefficient is (390 +40 cm™!)
a1 about 1420 A [271, 164, 401]. Goldstein and Mastrup
emtion, “The exact meaning of the (integrated) f-
vnlue reported in this paper is not clear, because the
measured. value might refer to several overlapping
vontinua.”

Bixon et al. [45], when remeasuring the absorption
of the B—X continuum, found non-smooth features.
This structure in the photo-dissociation continuum is
accounted for theoretically because the potential of
the excited state is partly attractive.

Jarmain and Nicholls [218] have calculated Franck-
{.ondon densities in the B—X photodissociation con-
tinuum (1750-1275 A). By using absorption coeflicients
measured by others, they'deduced a transition moment
in the continuum which connects smoothly to that for
discrete structure at the dissociation limit. (The results
of Marr [258], Churchill [88], Keck et al. [228] and
Nicholls [294] should only be considered qualitatively.)
A dip in R for v’ =11 to 16 was tentatively ascribed to
predissociation of v’ = 12 [414]. (Compare also Marr
|258], Churchill [88], and Keck et al. [228].) ’

(b) Discrete Bands, 5000-1750 A

Numerous measurements have been made on absorp-
ion cross sections and coefficients, integrated emission
wand intensities, and f-values. Franck-Condon factors
aave been calculated for these transitions. Results of
experiment and calculation have been combined to
vield values of fer (for the discrete structure, fy, and
R.(r) or transition moment matrix elements relevant
10 a moderate range of r centroids, 1.25 A < Fyw < 1.75
A. These results are, in most instances, not quantita-
tively reliable because of large experimental uncer-
tainties, and because Franck-Condon factors based
on Morse functions have been used, a poor approxi-
mation for this transition. The intensity parameter
measurements span nearly the entire spectral region
known to this system:

Author Ref. Spectral fer (crude)
region (/D\)

Keek etal.....o......... 229 5000-3500 0.015
Biberman et al......... 43 5000~-3000 .1
Keck et ali..ooanns., 230 4700~3300 .028
Watanabe et al......... 400, (230) | 4000 (extrap.) |.06
Freanor and

Wurster............... 380 3900-2650 .048
Boboleveeiineinin... 360 3900-2650
¥rindach et al.......... 242 3800—-2800
Warster and

Treanor............... 416 3370-3230 .035-.052
Hébert and Nicholls...| 177 3000-2450
Bethke..oooeeniinnanns 40 2020-1750 (2 fro=0.00029)
i¥1chburn and

Heddle................ 113 2025-1750
ludson and Carter...| 202 1950-1580
Ackerman etal......... 4 2025-1750 (2 fro=0.000255)
Hasson et al............| 173 2035-1945

The absolute f-values of Ackerman et al. [4], Hudson
and Carter [202], Hasson et al. [173], and Bethke [40]
are the most reliable (table 55). The results of Ditchburn
and Heddle [113] and Hébert and Nicholls [177] are in
marked disagreement with the trends suggested by
other measurements. The measurements of Ackerman
et al. [4], when used with the RKR Franck-Condon
factors of Harris et al. [172] or Albritton et al. [9],
suggest that R, drops by about 9 percent as Tpyw de-
creases from 1.37-1.31 A in going from transition
0-0 to 19-0. (The experimental uncertainty in the
measurements is & 20%.)

The value for fo deduced from the fy» values of
Ditchburn and Heddle [113] seemed far larger than
theoretical estimates. This motivated Bethke [40]
to redetermine the absorption intensities. Using a
grating UV spectrometer, resolution 0.4 A, he measured,
photoelecirically, absolute integrated absorption
intensities for pressure-broadened oxygen spectra in
the region 2000-1750 A. Bands with low o' showed
little overlapping: bands with large v showed significant
overlap. These measurements have been extended and
slightly improved by the recent results of Ackerman
et al. [4]. Hudson and Carter [202] were the first to
observe absorption from ¢"=1 and 2. (See also Hasson
et al. [173])

Pressure broadening is necessary for observation of
true absorption intensity of a band. Bethke’s data at
low pressure [40] demonstrates that “relative absorption
intensities can be grossly in error in unpressurized
medium and low resolution spectra.” The peak fy»
is at 14-0; the peak (RKR) Franck-Condon factor
[216, 172, 9] in the v'—0 progression is at 14—0. The
S are given in table 55.

Wilkinson and Mulliken [414] had shown that line-
broadening due to predissociation invalidated Ditchburn
and Heddle’s assumption of constant line breadth [113].
Heddle [178] concurred in the view that the fvalues
based on this assumption were unreliable. The general
increase in line breadth between v'=2 and 3 and be-
tween v'=12 and 13 is due to both collision damping
and predissociation. Based on these joint effects, Heddle
estimated the line breadth due to predissociation as
0.15 cm™! 10 0.25 cm~!. Predissociation lifetime is
2(10-1) s; radiative lifetime is 2.5(10-%) s. The proba-
bility of predissociation is ~ 99 percent.

Hudson and Carter [202] found absorption cocfficients
decreased with increasing wavelength, and at 1750 A,
the variation with wavelength suddenly changed slope.
Similar behavior was described by Marr [258].

Absolute band f-values for the v"=1, 2 progressions
are given by Hudson and Carter [199a] for the region
2020-1750 A (table 55). They are obtained from the
photoelectric absorption spectrum taken at tempera-
tures of 300, 600, and 900 K by use of a modified curve
of growth technique. A nearly invariant transition
moment (~ 1.5 a.u.) is deduced for the v»''=1, 2 pro-
gressions; this is roughly the same as found by Marr

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972



452

[258]) from the data of Bethke {40} Both Marr, and
Hudson and Carter used RKR-based Franck-Condon
factors of Jarmain [215, 216, also unpublished results].
These values are generally smaller than those of Harris
et al. [172] and Albritton et al. [9] by as much as 50
percent for the (v'-0) progression, and larger than
those of Halmann and Laulicht [169]..

Farmer et al. [131] have obtained f-values for the
v' =0 progression, all larger than those of Bethke [40];
the reasons for this discrepancy are not clear.

Buttrey et al. [70} have compared measured and
calculated line widths for B-X shock tube emission
spectra. They found that the Morse based Franch-
Condon factors of Nicholls [292] were too large, and did
not predict the observed discrete spectral distribution
in the region 4700-3300 A. Buttrey’s results are in
rough agreement with those of Krindach et al. [242¢]
on the magnitude of transition probabilities and the
variation of R, with r.

Halmann, in a series of papers. some with Laulicht,
has measured absorption coefficients for B—X bands
1167, 168a, el|; in one instance |168e}, agreement was
found with measurements of Bethke [40]. Halmann and
Laulicht [168b, d] calculated Morse-based Franck-
Condon factors and r-centroids for several isotopes for
the B—X transition. Though the numerical values are not
reliable, one qualitative feature likely is; isotopic sub-
stitution has largest effect on Franck-Condon factors for
transitions which fall between Condon loci. Other
possible effects on radiative properties, due to isotopic
substitution, are discussed by Halmann, especially
possible effect on the electronic transition moment.

Jarmain [215, 216, 217], Harris et al. [172], Halmann
and Laulicht [169] and Albritton et al. [9] (table 57) have
all calculated RKR-based Franck-Condon factors. These
values differ from one another by as much as a factor of
two. Morse-based results of Nicholls [292], Ory and
Gittleman {310], and Halmann and Laulicht [168d] differ
from the RKR values by as much as a factor 102, and
are not reliable for this transition for which Ar. ~ 0.4 A.
Though the Franck-Condon factors of Harris et al. [172],
and Halmann and Laulicht [169] significantly disagreed,
their r centroids were virtually the same. Halmann and
Laulicht [169] deduced a transition moment, decreasing
linearly with r centroid, but quite different from that
given by Churchill [88]. For the 5-0 band, Halmann and
Laulicht [170] have calculated RKR Franck-Condon
factors as a functivn of J {or two isutopes, and found a
10 percent drop from N'=1 to 21; the r centroid was
virtually independent of /.

11.7. A2Il, — X211, Second Negative System of O

Jeunehomme [220a] has measured radiative lifetimes
(table 54) which were found independent of pressure
(over the range 3.7-32 w). He produced 4-X bands in
both an interrupted discharge and modulated discharge:
lifetimes based on the latter source were more accurate.

PAUL H. KRUPENIE

By using Morse Franck-Condon factors [409] he deduced
an R. which was linear, and having slightly positive
slope (1.2 <Twyr < 1.4 A). This was in contrast to a
parabolic convex upward shape obtained by Robinson
and Nicholls [334] from relative emission intensity
measurements. Jeunehomme believed that the Robinson
and Nicholls results contained too much scatter to
enable calculation of radiative lifetimes. Wentink et al.
[409] also obtained a parabolic shape for R, from a fit
to Jeunehomme’s lifetimes.

Morse Franck-Condon factors and r-centroids have
been tabulated by Nicholls [295], Wentink et al. [409],
and also for isotopic molecules, by Halmann and Lau-
licht [168b]. Recent isotopic work by Bhale and Rao
[42] which raises the earlier v” values by unity, will
modify all the above results. Albritton et al. [8], by a
comparison of calculated and observed relative inten-
sities of A-X bands. support the v" renumbering of Bhale
and Rao. RKR Franck-Condon factors employing the
revised quantum numbering have been calculated by
Asundi and Ramachandrarao [21] and Albritton et al
[9] (table 57).

Dalgarno and McElroy [100] have calculated mid-day
dayglow intensities due to fluorescence of solar ionizing
radiation. Above 120 km, their results show the A-X
intensity to be about three times that of the other
observed transitions in Of, namely b—a, c—b. They
assumed that cascading from unidentified higher-lying
states contributed less than 10 percent to the popula-
tions of lower-lying states.

11.8. b*X; —a*Il, First Negative System of OF

Rao [325] excited b—a bands in four different labora-
tory sources: ac uncondensed and condensed discharges,
dc and hollow cathode discharges. Peak intensities at
the band heads were measured photographically with a
Steinheil glass spectrograph. (Rao estimated the ac-
curacy to be =5 percent.)

Jeunehomme {220a] has measured somewhat pressure-
dependent radiative lifetimes of several vibrational
levels of the b state (table 54). Decay of fluorescence
was interpreted as superposition of two exponentials.
A possible secondary process was considered: the
cascading to the b state from an unknown state having
7~ 16 us (see discussion in ref. [220a]). Jeunehomme,
using Morse Franck-Condon factors [409, 295} and
graphically determined r-centroids, deduced a large
curvature in the transition moment. Wentink et al
[409] from virtually the same measured lifetimes, also
tentatively deduced a marked convex upward shape for
the variation in transition moment. The use of RKR
Franck-Condon factors and r centroids [9] would not
alter the qualitative shape of the portion of R, considered
here.

Fink and Welge [139] excited Oj by a modulatec
electron beam. Radiative lifetimes were measured b’
the phase shift method; this experiment was at lowe
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pressure than that of Jeunehomme. Lifetimes obtained
~ere about 10 percent larger than those of Jeunehomme;
heolute error was estimated as 0.1 us; relative error
as+0.02 us. '

Dufay et al. [122] have produced b—a bands emitted
tollowing high energy proton bombardment of oxygen.
trom the band excitation cross sections and by use of
Nicholls” Franck-Condon factors [295], they deduced a
linearly inereasing transition moment for 1.2 <7 <1.55
A.‘The intensity distribution is unlike that found in the
more. conventional spectroscopic sources for this
-mystem, ’

Shemansky and Vallance Jones [353] have estimated
intensities of b—a bands in the aurora, from lifetime
measurements. [220a] and Morse Franck-Condon
‘factors and r-centroids [409].

Zare [421] has compared calculated rotational line
strengths (i.e., averaged sums for each branch) with the
crude relative ‘intensities estimated by Nevin [291].
He concluded that, in general, “if electronic perturba-
“tions can -be ignored, fairly reliable rotational line
“strengths may be calculated” in intermediate coupling
‘without knowing all splitting parametere well (or at all).
“The results showed no obvious trend dependent on
quantum- number v, but a detailed comparison with
1heory requires more reliable intensity measurements.

11.9. lonization Transitions

Nicholls [297] has calculated -Morse-based Franck-
sondon factors for ionization of Os. For iomization
O3 (X 2T1g) — O (X 3Z;) the resulis are voided (as well as
‘he RKR results of Jam and Sahni [213]) because of an
increase of unity in the vibrational numbering [42] of
the OF ground state. Asundi-and Ramachandrarao [21]
recalculated RKR Franck-Condon factors for the first
ionization transition using the revised yuautuin number-
‘ng of Bhale and Rao [42]. (See the more extensive cal-
sulations by Albritton et al. [9] (table 57). See also the
several values for jonization to excited states of O3 by
Jain and Sahni [213] for isotopes 600 and 180,).
Dnly for the higher. vibrational levels of O, 4 and b
states, do the RKR values differ by more than 10 percent
from- Morse function values (compare ref. [393, 168c,
297]). Isotopic substitution for these transitions had a
larger effect on the Franck-Condon factors than did the
choice of potential for v'—0 transitions.

" . Early electron impact studies were crude [147, 394,
75} Early photoelectron spectroscopy was done with
584 A (21.2 eV) photons exclusively [148, 37, 362]. More
recently Collin and Natalis [90] obtained photoelectron
apectra of Oz by use of two photons: He (584 A 21.2 eV)
and: Ne (736-744 A doublet, 16.8-16.7 €V). For the
‘weound state of ‘Of a much longer vibrational progres-
#ion was produced by the Ne photons than by the He
photons. In addition, a second maximum in intensity
\distribution around ¢’ = 7 was also observed with the Ne
photons. The increase of photoionization cross. section
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with decrease in photon energy was interpreted by the
authors as due to the photo-ionization process being
a photon-energy dependent mixtureé of direct photo-
ionization and autoionization. Edqvist et al. [125] have
used He photons 584 A and 304 A in their study, and for
the first time, resolved structure belonging to the A *Il,
state. They also resolved the doublet structure of the
X?[1, state (separation of multiplet components is
200 cm ).

Schoen [349], from early photoionization measure-
ments on O, deduced that autoionization was important
for the first two vibrational levels of the .Of ground
state. The results indicated near zero transition prob-
abilities for these levels, in conflict with that expected
for direct ionization (i.e., the Franck-Condon factors
for these transitions are > 0.1).

11.10. UV Absorption Coefficients of O,

No detailed examination of the absorption coefficients
for O, is intended, because this has been incorporated
into a comprehensive review of UV photoabsorption
cross sections by Hudson [198]. Watanabe [399] had
reviewed measurements made before 1958. Sullivan and
Holland [367] have tabulated absorption coefficient
measurements made up to 1966, for wavelengths below
3000 A. Huffman [203], in a more recent summary of
absorption cross sections, discussed discrete absorption,
but tabulated only absorption of the continuum at wave-
lengths of solar lines below 1215 A.

The most recent measurements (which include cor-
rections for scattered light and pressure gradients
where necessary), not always in agreement, are those of
Huffman et al. [204], Cook and Metzger [95), Matsunaga
and Watanabhe [260], and Samson and Cairns [341]. The
smal]ocst band. width used in these mecasurements was
0.3 A. Observations include numerous unclassified
absorption maxima. A detailed discussion of the sources |
of the continua (i.e., which dissociation or ionization
process) is to be found in the cited references [204, 95,
260, 341].

Some highlights are discussed below. Table 56 gives a
succinct summary of some special absorption features;
the cited numerical values should not be regarded as
definitive.

Thompson et al. [373] detected no O, absorption inthe
region 4000-2050 A, and concluded that absorption
coefficients were less than 10~4 cm~!, their sensitivity.

The B-X Schumann-Runge continuum dominates
the region 1750-1300 A, the peak absorption of this
asymmetric continuum occurring near 1420 A. Absorp-
tion by the B—X transition has been discussed separately
in detail (sec. 11.6).

Wilkinson and Mulliken [414] have detected a weak
continuum arising from a transition to a repulsive ®T1
state by measurements in windows of the 1780-1850 A
region. The only two measurements give k=0.44 cm-!
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at 1781 A and £=0.28 cm-1 at 1796 A. The f-value of
this weak continuum is estimated as 0.01.

Diffuse absorption peaks at 1293 A, 1332 A, and
1352 A, detected by Tanaka [369], have also been
observed in ahsorption coefficient measnremenis by
Watanabe et al. [400] and Goldstein and Mastrup [164].
Tanaka has suggested that the feature at 1293 A repre-
sents a continuum arising from products *P-+1S; the
other two features may arise from 'D+1D or 3/ +18.

The region 1300-1050 A includes complex absorption.
Price and Collins [329] observed a weak continuum
beginning at 1105 A and extending to shorter wavelength.

Ogawa [304]° has measured absorption coeflicients
in the region of the Lyman a-doublet (1217.8-1214.8 A).
For the doublet -

AA) kem™Y)
121572 | 0.278.
}i 0.02
1215.63 | 0.304

Measurements were made at pressures < 6.3 torr, and
the results extrapolated to zero pressure. A 3-m vacuum
spectrograph was used (dispersion (1.45—0.95);\/mm).
Ogawa [304] has summarized results of earlier measure-
ments. Gaily [151] has measured absorption coefhicients
(1215.67-1212.57 A) at 760 torr, for Lyman-a. He obtain-
ed kvalues roughly twice that of Ogawa. Other windows
(k< 1) have also been studied (1300-1000 10\) by Watan-
abe et al. [400], Watanabe [399], and Cook and Ching
[94]. (See also measurements by Ogawa and Yamawaki
[307] at the 1187—,1271—, and 1307-A windows).

The region of the O, spectrum below 1300 A can
then be loosely categorized as follows:
~1300A:
1200-1100 A:
1100-1020 A:

air windows (k -~ 20 cm ).

weak continuum (£ ~ 50-100 cm ).
increasing strength of dissociation con-
tinuum; complex spectrum. Rydberg
series converging to X, O} should lie

in this region; none have been confirmed.

1020-840 A: intense diffuse Hopfield c-b bands
of O} . Rydberg series; ionization
continua overlapped by dissociation
continua (k ~ 300 cm 1)

<840 A: sudden onset of strong continua;

Rydberg series. Mainly continua, but
with complicated structure down to 600 A
(k > 300 cm™!). Absorption maximum at
800 ;\; another at 500 A.

The f-value for this region (A <1300 A)is ~6 [245,
407, 113 At 1094 A, 1069 A, and 1044 A, Watanabe and

3 Ogawa [304] has shown that Lyman-« wavelength does not coincide exactly with the maxi-
mum of this O, transmission window. This has important implications for atmospheric
processes.

3t Ladenburg et al. [245}, 1100-160 A. f=5.93; Weissler and Lee [407], 1300-300 A,f= 6.1;
Aboud et al. [1],909-100 A, = 6.9.
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Marmo [401] observed absorption minima, with £-values
somewhat pressure dependent. This was interpreted as
indicating feeble but unresolved structure.

11.11. Miscellaneous (transition probability
parameters)

a. Of, B2Z;

Doolittle et al. [117], studying photoionization of
0. with (584—-358 fGX) photons, have observed possible
predissociation of Of, B?22;. Predissociation lifetime,
short relative to the radiative lifetime which is estimated
as 10-8 s, was assumed to explain the absence of the
allowed transition B 23;— A4 *I1,.

b. O7

Only crude estimates exist for the lifetime of Os.
Electron impact studies led Frost and McDowell [147}
to estimate 7>10"% s. Conway [92] and Prasad and
Craggs [317] estimated the lifetime of excited Oy
against electron attachment of 1 X 10-Y &,

c. (0:2)

Dianov-Klokov has obtained crude estimates of the
lifetime of the collision complex (O2):. From band
widths [108] he obtained a lower limit 0.3 X103 s;
the diffuseness of bands of the complex, hence the
spacing of its energy levels, exceed the spacing of the
a—X, O: bands which are characterized by Be~ 1.44 cm~1,

1 _
.~ 2X107 s[109)

such that 7, <

d. Other

Smith [358] has considered the effect of autoionizatior
on the relative intensity of vibrational peaks in photo
electron spectroscopy. Qualitative calculations ar
given for O transitions to the O ground state (compar
ref. [90]). The striking effects of autoionization are i
lustrated in experiments by Branton et al. [59], who used
photon energies below 21 ¢V (namely, the neon doublet,
736 A and 744 A).

Jonathan et al. [222] have observed the photoelectron
spectrum of Oq, a'Ay (to OF, X 2I1). The relative in-
tensity distribution was qualitatively different from that
obtained in the PES of Os, X 3Z; 10 the same state of
the ion.

Studies by Freund [145] on molecular translational
spectroscopy suggest that the 51, state reported by
Lichten [252] at ~ 12 eV likely has a lifetime < 10-4 s
(Lichten had assumed a lifetime of > 10-3 s). Freund,
in addition, obtained qualitative information on a
repulsive 3Il, Rydberg staie of O, having enérgy
22-23 eV.

Ogawa [305] has observed six absorption bands
originating in the a!A, state (a new band was found at
1455.0 A). Tentative absorption coefficients were ok
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1ained (1486.0-1408.5 1&). Preliminary cross sections for
vxcitation of excited states of O, have also been ob-
1ained by Konishi et al. [235].

12. Miscellaneous

(a) Bridge and Buckingham [60] have deter-
mined the depolarization ratio at one atm and 20 °C;
po=(3.09+0.02)10-2. Polarizability is 1.598 A® for
6328 A.

(b) Molecular quadrupole moments (definitions and
numerical values) have been summarized most recently
by Birnbaum [44]. The various measurements for
0, disagree by up to a factor of 10.

(c) Schnepp and Dressler [348] and Boursey et al.
[50] have observed the 0., B—X transition in solid
matrices. .

(d) Ben-Aryeh [36] has discussed emissivity of the
B-X transition for optically thick systems (where there
are departures from Beer’s law). (See also Rlake et al
146].)

(e) Akimoto and Piits [6] have observed O.; a—X,
0—0 emission, together with simultaneous transitions in
solid oxygen. The lifetime of O, (!A,) was estimated as
< 1076 s at liquid helium temperature.

13. Summary and Conclusion

For many electronic states of O: only a few vibra-
tional levels have been studied under high resolution.
Only fragmentary data exists for some states, and in
some instances, the vibrational quantum numbering
-is uncertain. Isotopic studies can be used in principle

to provide the unique quantum numbering, but the for-
bidden transitions of interest are inherently weak. The
states which are incompletely studied include a'A,,
¢12y, C*Ay, and A 35;. For study of all but the a’A,
state very long absorption paths are necessary. A
potentially strong charge transfer transition C3A,—b 137
has not been observed; a large Ar, is a complicating
factor.

The apparent irregularities above v=15 in the left
limb of the potential curve of the B33, state are still
under study. Potential curves calculated with CI wave-
functions indicate that the repulsive 3II, state crosses
the left limb of the B33y state. Predissociation of the
B?%; state, primarily arising from spin-orbit coupling,
likely involves more than one repulsive state. The
answers to remaining questions concerning predissocia-
tivnr of the B state may depend on more careful examina-
tion of the J dependence of measured line widths.

Several states of Oj need further study: C*A,,
c25. B2%;. From among these only for the 437 state
has there been any rotational analysis. An electric dipole
allowed transition B 237 — A4 211, has not been observed,
but this 7, — gy, transition is not inherently strong,

Pronounced changes in spin splitting are likely near
the dissociation limits of states B33; (0,) and A 2I1,
(03); the former had been discussed some years ago.

The most reliably measured of all oxygen transitions
remains b '3 —X 3% -, with A, F’s disagreeing by at most
0.005 cm~'. Recently computer least squares refitting
of these measurements which were published in 1948

‘has demonstrated that the early graphical fitting gave

too small estimates of uncertainties in B, values and
band origins.

J. Phys. Chem. Ref. Dataq, Vol. 1, Ne. 2, 1972
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TABLE 1. Molecular constants, electron configurations, anu
T — - e
State T Te (za‘;}(améﬂ,o)'(gﬁrr:)‘ﬂ#,’;&)(am) Ry e lmsssgmmn Bl ke We WeXe We Ye WeZe T |
crz,” |1980e8 2 4 2 10%aynesem | e ac) 2
? 172000 H
8234 163702 H |163917 t 4 2 3Pg+ 70y 14203 14775 6.30 (156) (22)
ctag |158700 H s 2 Pyt i,  [19200
b‘}:q’ 146556 146759 1 4 2 ‘c>9'«‘su 20408 | 21002 6.75 1196 .913 1713456 1.2796516
a?[, (137435 137776 2 3 2 pg+ts, [13662 | 14108 3.80 ( 898.17 |I13.568 1.408220
o*ll,; |129889 130161 2 3 2 *Pg+ sy 21208 | 21723 505 11035.534 |10.32194 1.3816042
X*Ng | 97365 97204 2 2 2 4 1 Pgitsy 53732 | 5468! i7.10 1905.13 16.2818 117123
¢4 £,7(0,7) ~—X?Eg (0,) 10198125 -RAn-0.159)°, n=3, ..(695-510 R} ; O - 198125 ~R/An-0.355)", n=3, ...(595-510K) {
Rydberg series { B*Zq(0,') ~—XZg (0,) i0 = 163602 -R/(n-0.658)% n=4, ...4650-600 &)
b 25107 ) =X Ig (0,) 0 146568 -R/(n-1.679), n=5, ...{730-660 ) 1
My 89244.9 ;
‘ay 88278.4 ;
3T 87369.1 4 1 npr,
a's,* | 76262.4 | 76089 4 npm) 17.50 ne2n) ()] “,
B8x,* | 75450 ' 75283 4 | npm,| 18.05 (1957) (9.1
B I, | 49358.15 | 49754.33 2 3 3 (*pg+ ‘Dg)Pr| 7770 8i21 2.37 {709.05770| 10.614080 |-0592i2435 |~.02397499¢ |1.6042799 |
ALt | 35007.15 | 35398.70 2 3 3 Pt 2Pg 6253 6649 3.01 |799.08 12.16 -.550 1.52153 ’
Clay | 34319 34735 2 3 3 3Py * P, 6941 7312 265 | (750) 14) ~15) |
ez, | 3zes4n | 33088.4 2 3 3 segripg | 8596 8989 297 | 794.29 |12.736 -0.2444 .00055 15174
. i i
bzt [13120.9085 | 13195.314 2 4 2 Pg* *Py 28139 28852 ‘ 9.67 [1432.6661 | 13.9336 -.0143 1.2268431 ;
a'ag 788239 | 7918.01 2 4 2 pgrdp,  [33378 | 34130 10.73 | (1509.3) 112.9) 1.21569
X*Zg” o [¢] 2 2 2 4 2 *Pg* *Pq 41260 42047 .77 |1580.1932 | 11.980804 |.047474736 |-1.2727481(-3) |.207535s%
General: (a) Where indicated, the standard deviation of each coeff- b'Z3:  {a) Molecular constants fitted to v < 3.
cient is less than 5 units in the last non-underlined or non- (b) Yoo=.129.
italicized digit. Because the coefficients are correlated. (¢) Reproduction of X spectra. ref. [24].
additional digits are included to minimize roundoff error. (d) b4, o (0-0) = 5240.
Where appropnale., an‘er.nry includ cs., 11? parentheses. the ¢137: (a) Bands only having v=0, 6-11 have been studied: observed
power of 10 by which it is to be multiplied. .
d ° ¢—X bands lie far from the 0—0 band.
(b) ZPE.= G(0Y+ Yoo, both obtained from a lo‘f’ order poly- (b) Misprint in value of a, given by Degen [103] is corrected.
nomial fitted to several levels where appropriate. (b) Yoo=—.84.
(¢} Values of k. are‘arbnranly glve.n ‘to two dccxmal.p].ac.es. (d) ¢ state Ty is calculated.
(d)Y Values of 7. are lx_sted to-man)i digits (?nly 1o p‘ermxf ﬁAnmg (e) Reproductions of c—X spectra, ref. [189. 103].
for the purpose of numerically integrating the Schriddinger CoL c _ s ) . . .
equation. Not all digits are significant in the least squares wit () AG(54)=611.16 for A‘ No other vibrational quantum is
sense. known from band origins.
(b) 1f the C state really lies above the ¢ state, then because the
In the published literature to date, rotational constants for electronic stales are isoconfigurational, it could be guessed that they
states of O, have all been determined assuming the values for By and have similar vibrational constants. For both states a linear
D, for the ground state as given by Babcock and Herzberg [24]in 1948. Birge-Sponer extrapolation gives too high dissociation
A reexamination of these ground state coefficients is found in Ap- energies.
pendix C. (¢) For the 6-0 band Ay —3A, = 145.91 (4 =—72.96).
State: (d) The missing lines near the origin are not uniquely estab-
lished so that identification of this state as 3A, follows
X3%;: (a) Molecular constants fitted to v < 21. only from electron configuration arguments. The electron
(b) 80 =—2.846158 {—6). configuration requires an inverted state 3A,; [189]. The
{c) Yoo=.275. higher energy subband of the 6-0 C—X band has beer
(d} The X state deviates from pure Hund’s case » with increas- identified as %A; because its effective B, is larger than for
ingJ, as expected [374]. since rotational energy increases 3A., implying a normal 3A state. The same argument is
with J. consistent with a 3A; sublevel at higher energy, i.e., the
a'A,:  (a) Molecular constants fitted to v < 1. electronic state is inverted.
(b) w, and wex, have been estimated {1911, since the v=1 level {e) Vibrational numbering in this state is uncertain.
is the highest observed under high resolution. Absorption (f) 1dentification of C—a bands is only tentative [81].
from condensed oxygen includes a—X bands withv'=2,3,4 (#) An approximate potential curve was drawn by Gilmore
[86. 249]. [161].
(c) Yoo=.23. {h) Reproduction of C-X spectra. ref. [189].
(d) Miller [277] suggests a small correction to B, for the effect (i) oi(0-0) (high pressure bands) = 34319.
of electronic mass carried along by the nuclei during mo- A?Z¢: (a) Molecular constants are fitted to v < 4.

Jecular rotation: this would alier the quoted values of B,
and re.
(e} Reproductions of a—X spectra. ref. [191, 277].
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(b) Formula fitted to D,’s includes a term: +0.10{p+1)2(10-¢).
(c) The A4 state deviates from Hund’s case b and approaches
case ¢ near the dissociation limit.
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I
Be [« % Y “z;} (xoie) Zeir:'gp;' ?’Zi?ﬁ:n System nome Spectral region ‘cgc:ii?q (Z)’B"g") References
[1.557] c—b V| Hopiield 2360 - 1940 o 2 250, 8¢
572) | b 6 |47, 25
1.287297 |.02206747 59418 {o—0o V ‘ First Negative 8530 ~— 4930 b 7 |esl, 408, 250, 9
1.06297 {.0205830 4460 |A—=X R |Second Negative 6530 - 1940 b 23 365, 52, 53,42,5
71104320 |.01545646 515.41 a—b | 20 29, 408, 9
‘ 1.68912 0195769 948.7 a 20 | 342, 42, 365,52,53, 9
H i
89
417, 303
417, 290
[1.as1] -—0 1230 o 7
{1.4486] -—a 1245 [¢] 7
[.708] [28.0] -— 144.6 b 0 308
ae—bp V 1585 - 1535 7
1.699 .016 (960) fa=~—X V 1280 - 1195 b 4 7, 308
(.7) (02) (974) |B=—x v 1295 - 180 b 5 7, 308, 369
818975  |.0N9225  |-6.30472(-4) 351,20 |[B==X R |Schumenn—Runge| 5350 - 1750 ; b 21 99, 62, 302,3
21053 01416 -.00097 479 | -30 [(395.83) |A=+X R |Herzberg 1 4880 - 2430 | b n 187, 63
C—=o R |Chomberloin 4380 - 3700 8
High pressure 2925 - 2440 n 182, 141
. (371 est) jC=—Xx R | Herzberg I 2630 - 2570 < 6 189
0.9155 01391 -.000740 [10.5] 393.09 [cewX Herzberg L 4790-4490, 2715-2540| b " 189, 103
b—>c Noxon 19080 301
14004796 |.018169303 | -4.2941920 (-5)| 5.356 | .077 | 712.977 |b=~=X R | Atmospheric 9970 - 5380 , b 5 24, 9
1.4263 L0171 [4.27] {{751.66) |o=>Xx R | IR Atmcspheric 15800 - 9240 i 191
1445622 | .01593268 | 6.406456 (-5) E 787.382 J b 27 99, 24, 62, 302, 9

B35

CRE

354
i

(d) Triplet splitting of the A state, the reverse of the splitiing
in the ground state, has Fy > F, > F, [187]; parameter
\ is negative for the 4 state.

(€) Yoo =—.60.

() Tois calculated. )

(g) Reproduction of A—X spectra, ref. [187, 104],

(a) Molecular constants are from a computer least squares
fit to levels v < 13. The entire set of coefficients in addition
to those tabulated includes:

Ys50=2.2067951 (—3), Yeo=—1.5990957 (—4),

Y70 =4.4274814 (— 6) for vibrational term values, and
Yai(8e) =1.57426 (—6),Y 4, =6.70586 (—6),

Y51 =—9.35318 (—7), Ye1 = 2.90100(—8) for B values.

(b) Coefficients fitted by Ackerman and Biaume [3] were
obiained graphically.

{¢) Position of v=22, the last level before dissociation has
been calculated by Brix and Herzberg [62]. Fragmentary
structure of the 22~0 band was observed, but the rota-
tional assignments are uncertain.

(d) Yoo=—0.66.

(e) Low order coeflicients fitted to v < 4 are as follows:
we = 709.309, wexe = 10.6468, weye = — 0.138732: also
B. =0.81902, o, =1.2055 (—2), 3. =—5.5610 (—4).

(f) Reproduction of B—X spectra, refs. [99, 233, 62, 302, 306,
76.175].

(b) Reproduction of 32;~X spectra, ref. {308].

Ay

(a) Vibrational quantum numbering is tentative.

(b) 00(0-0) (*A,—a)=80396.0.

1.

ta) By is derived from even J levels only: odd levels are

perturbed.
(b) Vibrational quantum numbering is tentative.
{e) arp(0-0) (111,—a) = 81362.5.

H0OJ)—X(0,) Rydberg series: Reproduction of spectra, ref. [303, 371].
B(0,)—~X(0.) Rydberg series: Reproduction of spectra. ref. [303,

4173711

(07} =X10:) Rydberg series: Reproduction of spectra, ref. [89al.

0;

X2,

(a) Alberti et al. {7] identified this state as '3, ; Ogawa et al.

[308] coneider the evidence to favor 353,

(b) To is obtained from approximate w., wex. and extrap-
olation to v=0.

(c) Electron configuration and vibrational quantum assign-
ments are tentative.

(a) AG(3)=1889.2.

(b) Vibrational levels are perturbed; wcx. is only approximate
71

(o) Reproduction of a~X spcetra, ref. [308].

(d) a—b,00(0~0) =63141.5.

{a) Dy is abnormally large relative to that of most other
states of O.. But D, for the 8 and « states are O(10-9)
{308].

(a)

(h)
1¢)

()
()

Vibrational constants fitted by the author to v=<10;
rotational constants fitted by Lofthus (unpublished).
Yoo=0.2.

A - 200 (see Albrittion et al. [9) and the early
determination by Stevens [365])).

FFor some evidenee of A-doubling see Stevens [365].
The photoionization measurements of Samson and
Caitns [342] as slightily modified by the isotopic
measurements on the A4 *11,—X ?fl, bands of O;
by Bhale and Rao [20. 42] give 97265 cm-! or
12.059 eV. Uncertainty of the photoionization
measurements was stated as =10 cm ™ *=x0.001 eV.
A large uncertainiy might be attached to this value
say Dibeler and Walker [111], because of partially
resolved autoionized bands in this region, as
vbserved in an ivnizativn effiviciscy curve. In ad-
dition, the thermal distribution at room temperature
finds a peak population for j=8; the unresolved
rotational envelope could introduce an uncertainty
of
is assumed to correspond to the 211,z limit. The
(hypothetical) *T] state witheut spin-orbit splitting
wotild be 100 cm-! higher (the separation of the
doublet levels in the O; ground state is ~200 cm-!).

~ 17 em=-!. Thc photoionization mcasurcment

J. Phys. Chem. Ref. Data, Vol. 1, No. 2,1972
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Foutnotes to table 1—Continued

Nicholson [299] had ohtained a value for IP(0Oy)
from ionization efficiency curves which is virtually
the same as that of Samson and Cairns [342].

(1) vman(PES)= 20 [90]; vmax(spectroscopy)=16.

(g) Reproduction of photoelectron spectra, ref. [125].

(a) This term value is determined from the position of
the b'X; as deduced from Rydberg series [417],
with an approximate correction for head-origin
separation, and the 0—0 band origin for transition
0;.b-a.

(b) Molecular constants fitted to v < 6. )

(¢) A {(v=0 to 6) varies monotonically from —47.92
to —48.05 [238]. (See also [408])

1d) Yoo=0.22

(€) Vmax( PES)=20 [125]; vmaxispectroscopy)=8.

(a) The term value is derived from the assumed posi-
tion of the v=0 level of X 211, state without spin
splitting plus the 0-0 origin [40070 cm 1] calcu-
lated irom the limited number of A-X band
origins (table 24). A fit to the band heads lo-
cates the 0~0 doublet at 39979 and 40179 cm-!.
The extrapolated band origin for 0—~0 does not
lie quite midway between the extrapolated doub-
lets (heads). and though based on few data points,
is based on more reliable data than the band heads.

tb) A=8.2 [365]. A-doubling is negligible in the
measurcients of Stevens [363].

(¢) Vibrational constants fitted by the author to
v =< 8. Rotational constants fitted by Lofthus (un-
published) and Albritton et al. [9].

(d) You=0.3

(€) Umax(PES)=16 [125].

() A=X, 0o (0-0) =40070; calculated.

(g) Reproductions of ‘();, A-X spectra, refs. [221,
127, 42]. ‘

(a) Term value derived from limit of Rydberg series
[417]. assuming band origins, based on an approx-
imate correction to observed band head positions.
The original data quoted uncertainty of =2 c¢m-!
(=0.0002 eV). Band head measurements would
give limit 146568 cm-'.

(h) Molecular constants fitted by Albritton et al. [9]
tov<3.

(¢) Yoo=10.02

(d) vmax(PES)=6 [125].

(e) go(0-0) (O;, b—a)=16666.74

() Reproduction of O}, b—a spectra, ref. [408].

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972

C2A,:

B*Z;:

(unclassified)

The potential curve for this state has been estimated
by Gilmore {161]. Judge [224] has recently observed
fluorescence following illumination (photon impacti
by 630 A radiation. With 625 A radiation (0.15 ¢V
difference) the fluorescence pattern changed so that

Judge assumed the position of the 24, state 1o be

determined as 19.68 to within 0.15 eV. Lindholm [253]

has identified a possible Rydberg series from among

the energy-loss peaks observed by Geiger and Schréoder

[158]; the limit is at 19.96 eV.

(a) Term value derived from Rydberg series limit
[417]. (Al-Joboury et al. {11] #irst suggested that
this state might be X7, by analogy with correspond-
ing states in N3 ).

(b) Uncertainty in w.~ = 5; uncertainty in wex, ~=+2
[417]. Similar values were obtained from photo-
electron spectroscopy {125]. There is no rotational
analysis.

(¢) re~1.34 A [161].

(d) Assuming identification of this state is correct.
there should exist bands for B23; — 4 [, with
o (0-0) ~ 26160 cm~' (3821.5 A).

() vmay (PES)=6 (90, 125}

21.3 eV: The term value is the mean of electron impact

measurements by Frost and McDowell [147] and

Brion [61]. Sjigren and Lindholm [357] assumed that

the state at 21.3 eV is not stable. bul represents an

ion-molecule reaction.

(a) Rydberg scries limit [417] for b state plus c—b,
0-0 position as extracted by LeBlanc [250] from
the reassignment of the Hopfield bands. Rydberg
series of Codling and Madden [89] give closely
the same limit. Molecular constants for the b
state as derived by LeBlanc [250b] are not entirely
compatible with those derived by Nevin [291a]. but
clearly belong to the same state.

(h) AG(%) from Rydberg series is 1540 [89].

{€) vmax (PESY=2[125].

(d) Reproduction of O;, c—& spectra, ref. {250a].

Possible new states: Features tentatively identified as new states of

O; have been observed in eleciron and photon impact experiments
[262, 125. 340}. They occur at the following energies (eV): 23.5-23.9
(assumed to be 2Il, by Edgvist et al. {125]), 24.6, 27.3-27.9, 31.3,

34.1.

*Enlarged copies of table 1 may be obtained from the author upon

request.



U-1 band head observed in twilight emission by Vallance Jones and
Harrison [385].

00, 1-0 band origins from high resolution measurements by Herz-

" berg and Herzberg [191].

2-0 band head from liquid oxygen absorption measurements of Cho,
Allin, and Welsh [86].

2:0,3-0,4—0 bands observed in solid oxygen by Landau, Allin,and
Welsh [249]. These positions are shifted to higher wavenumber
by ~110 em-?, relative to cstimated gas phase pusitivus. (See

also Ellis and Kneser [126].)
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TABLE 2. Electronic configurations for molecular oxygen
Electron configuration
Molecule ’ ) States
(lag) (low) (20'17) (20'!-() (30'9) (Y7ry) (1779) (Bow)
1 2 4 2 ¢ 137, Ty, 2y, 22
1 4 2 235, B25, C?Ag, biZ7
Of
2 3 2 211ui, 2y, 4 2, *®ui,y @ 1l
2 4 1 X,
1 4 2 1 A5 57, WAy, 335, 355 (2), %Ay, 2r
2 4 1 1 lnu’ SH“
0.
2 3 3 34, ¢ 127, W, 432, B3Z7, CPAu
2 2 2 2 2 4 2 X355, a'Ag b15;
OCPg)+0(@P,): b 334,124, ¢ e, g, Hluy @Ay, A337,33%, X 337, 314, 31us € 3Awi, 753 (2), %2, ®11y, 5Thy, Ay
(The 2411, 311, state is repulsive. and predissociates B 33;7.)
The 1421, 133, 1A, states are slightly bound, but not observed spectroscopically.
For O3, the C 2A, state is known from possible Rydberg series and fluorescence. (See footnotes to table 1.)
For Os see sect. 2.4.
TaBLE 4. Band origins of the b'3} — X 3% atmospheric syst
Isotope Ao oo Vo
(A) (em™)
{I'aBLE 3. Band origins of the a'A,—X 337 atmospheric IR system (R) 160, 7708.41 12969.2821 1-1
’ . 7619.33 13120.9085 0-0
Ao(h) oolem™) vy Ref. 6968.63 14346.076 2-1
6882.47 14525.6609 1-0
(15800) 6327 0-1 385 6369.80 15694.74 3-1
12683.0 7882.39 0-0 191 6286.61 15902.4174 2-0
10674.1 . 9365.89 1-0 191 5795.13 17251.0922 3-0
(9240) 10820 2-0 - 86 5383.49 2(13571.13) 4-0

Data from Babcock and Herzberg [24]; refitted using least squares

by Albritton et al. [9].

@ Obtained from fragmentary data by Ossenbriiggen [311].

180170 7618.71 13121.978 0-0 -
6891.67 14506.26 1-0
Data from Babcock and Herzberg [24].
180180 7618.12 13122.986 0-0
6899.96 14488.84 1-0

Data from Babcock and Herzberg [24].

J. Phys. Chem. Ref. Data, Vol
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TABLE 5. Band heads of the b '2r —X 33> atmospheric system (R)

v o o' —" Ref.
A) (cm~1)
(9970) 10027 0-2 240
(8803) 11357 2-3 196, 184
8697.8 11494.0 1-2 196, 184
(8623) 11594 0-1 226, 270
8103 12338 5-5 183
7987 12517 4-4 183
7879.17 12688.20 3-3 196, 184
7779.03 12851.54 2-2 196, 184
7683.85 13010.73 1-1 196, 184
7593.73 13165.14 0-0 196, 184
7240 13808 5-4 183
7141 14000 4-3 183
7043 14195 3 2 183
6953 14378 2-1 183
6867.2 14558 1-0 98
6276.6 - 15928 2-0 98

Presence of the 0-2 band in the night sky has been suggested by
Dufay [121]; Krassovsky [240], using higher dispersion did not observe
it. Findlay {138], did observe it in an afterglow from an oxygen dis-
charge. Many bands (showing some rotational structure) were observed
in CO-0O; explosions by Hornbeck and Hopfield {196] and Herman et
al. [184]. Most intense were 0—0and 1-1. Herman et al. [183] produced
many bands in a high frequency discharge through O; at atmospheric
pressure. Some band head positions differed from earlier observa-
tions [196] by up to 5 A. Curcio et al. [98] observed two bands in ab-
sorption by the earth’s atmosphere. Observed wavelength of 0-2,
2-3, and 0-1 bands are uncertain; so are the identifications. A band
head at 8597.8 A has been identified as 0-1 [196, 184, 183], but lies
far from its predicted position. The wavelength ~ 8645 A given by
Kaplan [226] and Meinel [270] for the band labeled by them as 0-1
corresponds to the origin of that band; the head position given above
was derived from this value.

PAUL H. KRUPENIE

TABLE 6. Band origins of the ¢ 'S; —X 337 Herzberg
1] system (R)

Ao oo by
(A) (em~1) Y
(a) emission
4791.4 20864.7 0-8
4491.5 22258.3 0-7
Data from Degen [103].
(b) absorption
2714.5 36828.75 6-0
2072.3 37409.55 7-0
2634.0 37954.11 8-0
2599.2 38461.30 9-0
2568.0 38929.70 10-0
2540.0 39357.80 11-0

Data of Herzberg [189].

Tentative v values used are those of Degen {103}, and are an in-
crease of 5 over those provisionally used by Herzberg [189].

The broad Condon locus for this system results in weakening of
the bands at longer wavelengths.

TABLE 7. Caléulated band origin wavelengths (4 ) of the ¢ 27 ~X 33~ Herzberg Il system

o
o 0 1 2 3 4 5 6 7 8 9 10 11 12

0 3060.6 3213.7 3380.3 35A2.0 3761.2 3080.3 49222 4. 44901.3 4791.5 5128.8 5510.3 5045.2 6445.1

1 2990.3 3136.3 | 3294.7 | 3467.2 | 3655.6 | 3862.2 | 4089.7 | 4341.5 | 4621.4 | 4934.4 | 5286.5 | 5685.5 | 6141.0

2 2925.5 3065.1 | 3216.2 | 3380.4 | 3559.2 | 3754.8 | 3969.5 | 4206.2 | 4468.5 | 4760.4 | 5087.4 | 5455.8 | 5873.9

3 2865.8 2999.7 | 3144.3 | 3301.0 | 3471.3 | 3657.1 | 3860.5 | 4084.0 | 4330.8 | 4604.5 | 4909.7 | 5251.9.] 5638.2

4 2811.0 2939.6 | 3078.4 | 3228.4 | 3391.1 | 3568.2 | 3761.6 | 3973.5 | 4206.7 | 4464.5 | 4750.8 | 5070.6 | 5499 8

5 2760.6 2884.6 | 3018.1 | 3162.1 | 3318.1 | 3487.5 | 3671.9 | 3873.6 | 4094.9 | 4338.8 | 4608.7 | 4909.0 | 5245.0

6 2714.5 2834.2 | -2963.0 | 3101.8 | 3251.7 | 3414.2 | 3590.8 | 3783.4 | 3994.2 | 4225.9 | 4481.6 | 4765.0 | 5080.9

7 2672.3 2788.3 | 2912.9 | 3046.9 | 3191.4 | 3347.8 | 3517.4 | 3702.0 | 3903.6 | 4124.6 | 4367.8 | 4636.7 | 4935.2

8 2634.0 2746.6 | 2867.4 | 2997.1 | 3136.9 | 3287.8 | 3451.3 | 3628.8 | 3822.4 | 4034.0 | 4266.3 | 4522.4 | 4806.0

9 2599.2 2708.9 | 2826.2 | 2952.2 | 3087.7 | 3233.9 | 3391.9 | 3563.2 | 3749.6 | 3953.1 | 4175.9 | 4421.0 | 4691.6

10 2568.0 2674.9 | 2789.3 | 2911.9 | 3043.7 | 3185.6 | 3338.8 | 3504.7 | 3684.9 | 3881.2 | 4095.8 | 4331.3 | 4590.7

11 2540.0 2644.6 | 2756.4 | 2876.1 | 3004.5 | 3142.7 | 3291.7 | 3452.9 | 3627.7 | 3817.7 | 4025.2 | 4252.4 | 4502.2

Bands enclosed in the rectangle are those observed by Herzberg {189] in absorption. Underlined entries are those from afterglow emission

studies by Degen [103]. from whose publication this table was taken.

J. Phys. Chem. Ref. Daig, Vel 1, Ne. 2, 1972
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{ABLES. (a) Band origins of the C%A,— X35~ Herzberg Il system (R) (below 1 atm). More recent measurements by Herman [182] exte'nded
this system to longer wavelength. Herman observed that these triplets

increased in strength with increased pressure, while the A—X bands
Ao oo o which they overlap, disappeared. The center absorption maxima
(A) (cm=1) vy (strongest) correlated closely with the wavelengths of the A-X bands.
Herman observed, in addition, feeble structure in the region 2990—
2578.62 38768.79 Fy 3017 A, and around 3050 A. “The spacing and weakness of this
6-0 structure,” said Herman, ““made it impossible to tell whether this was
2588.36 38622.88 Fy a continuation of these triplets.”
2619.93 38157.63 5-0 F;
Data from Herzberg [189]. Vibrational quantum numbering is . TABLE 9. Possible °A,— 'A, bands
uncertain.
i . Tentative
@A) vY identification
(b) Band heads of diffuse high-pressure bands (R)
( 4378 5-5 3A,
2924, 34190 4326 5-5 3As
2913 34319 0-0 4317 3-4 3As
2904 34425 4244 4-4 34,
2855 ‘ 35016 4240 6-5 34,
2842 35176 1-0 4221 4—4 37,
2832 35300 4215 6-5 Qg
4135 1-2 34,
2795 35768
2783.9 35910 2-0 4127 5-4 3A,
2769.1 26099 4114 3-3 °a,
—_ 3
2739.8 36488 4107 {?—; 322
2729.9 ’ 36621 3-0 4090 3-3 3A,
2720.7 36744
- 3
2689.8 37166 4086 {?_; ai.a,
2679.3 37312 : 4-0 4071 3-3 3A,
2671.6 37420 . 4031 6—4 3A,
4009 6—4 3Ay
2642.7 37829
2632.7 37973 5-0 3985 6—4 3A,
2626 38068 3887 3-2 3A,
3866 3-2 34,
2598.8 38408 3861 5-3 3A,
2590.3 38594 6—0
2582.4 38712 3844 3-9 3A,
3813 6-3 3,
2559.9 39052 3792 6-3 3A,
2553.5 39150 7-0 3771 6-3 3A,
2537 39305 3698 5-2 3A,
25254 39596 Data from Chamberlain [81]. Quantum numbering is tentative.
2517 39718 8-0
2510 39821
TABLE 10. Band origins of the A33* X 327 Herzberg I System
2497.4 - 40030
2488.7 - 40169 9-0 oo o'—" oo ="
2482 40278
(35007.15) 0-0 39138.54 6-0
;igg-‘;‘ :8:22 ‘ 100 35780.06 1-0 39681.29 7-0
24-56.5 40696 36523.85 2-0 40166.80 8-0
) 37234.84 3-0 40584.67 9-0
37910.23 4-0 40920.45 10-0
Bt—R—" S w2 | 0| aness | o
2440 240971

- Data from Herzberg [187]: v’ values are larger by unity than those
Data from Herman [182] and (a) Finkelnburg and Steiner [141). used by Herzberg (see Broida and Gaydon [63]). 0~0 band position

{iw quantum assignments by Herzberg [189] are tentative. These is calculated. The 1-0 band position is derived from relatively frag-

isndless absorption maxima were first observed by Finkelnburg and mentary data.

viner [141] in oxygen at pressures from 60—-600 atm; path lengths

##re 0.2-2.6 m. These bands have not been observed at low pressures

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972
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TABLE 11. Band heuds of the A—X system observed in emission (R)
Nii on i V' Ref. A ou I v =" Ref.
(AZA) (em~1} (4) (em™)
4880 20486 2 0-10 3292 30368 4 4-5
4577 21835 5 0-9 3285 30433 7 2-4
4421.9 22608.3 4 1-9 30 3257.1 30693.8 4 -6 30
4309 23201 7 0-8 3225.0 30998.9 "2 5~5 30
4281.1 23352.1 2 2-9 30 3211 31134 10 3~4
4274.4 23388.8 2 4-10 30 3142 31818 7 4~4
4170 23974 6 1-8 3080 32458  |eeeeennd 5~4
4064 24599 5 0-7 3066 32606 5 3-3
4044* 24721 2 2-8 3¢ 3026 33037 3 64
4041.2 24738.4 2 4-9 30 3002 33301 5 4~-3
3938 25386 7 1-7 2945 33946 5 5~3
3842.2 25435.1 2 3-8 30 2931 34108 1 3~2
3840 26034 5 0=6 2895 34532 6 6~3
3829 26109 8 2-7 2873 34797 2 4~2
3771.2 26509.5 2 7-9 30 2850 35077 5 7-3
3737.7 26746.6 4 5-8 30 2820 35451 3 5-2
3734 26773 8 1-6 2775 36025 3 6-2
3726.1 26829.9 2 3-7 30 2734 36566 5 -2
3657 27337 2 6-8 30 2696 37081 4 8-2
3634.6 27505.3 2 4-7 30
2667 37484 2 9-2
3633 27518 8 2-6 2644 37810 1 10-2
3552.5 28141.4 4 5-7 30 2622 38127 3 7-1
3-6 2588 38628 2 8-1
3542 28225 & {1—5 2563 39005 1 9-1
3479.3 28733.6 4 67 30
3459* 28902 2 4-6 30
3453 28952 8 2-5
3414.7 29276.4 4 -1 30
3370 29665 10 3-5
3366.5 29695.7 2 1-4 30
3315.7 30151.0 2 6—0 30

Band head wavelengths are {rom Broida and Gaydon [63] unless
otherwise indicated. Experimental band positions are uncertain by
2 5 angstroms. Dand origins arc given for observations of Darth
and Kaplan [30]. These were calculated by a formula of Herzberg
[187]. Laboratory afterglow intensities are from Broida and Gaydon

_J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972

supplemented by those of Barth and Kaplan.

*Means wavelength from Broida and Gaydon and intensity from
Basth and Kaplan. Numesous additional bands have been auribuied
to this system. with only quantum assignments suggested but no
wavelengihs reported. See refs. [29, 80, 102].
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TABLE 12. Band origins of the B 327 —X 3% ‘Schumann-Runge system (R)
’ (a) emission

Ao ) v'=v"" | - Ref Ao oo v'—v'’ Ref. || Ao oo v'=o" Ref-
A (em-1) A& (em1) &) (em1)

534561 18701.74 | - 5-27 183 3500.0 28563.5 2-16 256 2527.6 39551.1 3-8 136
hA3 18749.1 2-25 183 3433.4- 29117 1-15 324 2521.9 39641 1-7 324
19390.6 3-25 183 3370.1 29664.6 0-14 256 2488.7 40170 4-8 324

5064.8 19738.6 2-24 183 3356.8 29781.7 2-15 256 2480.4 40304.6 2-7 | 134,39
1905.3 20380.4 3-24 183 3293.7 30352 1-14 324 2478H 40343 0-6 278
1816:8 20754.9 2-23 183 3232.9 30923.0 0-13 256 2441.5 40945.9 3-7 136
4072.4 21396.3 3-23 183 3223.0 31018 2-14 324 2405.1 41566 47 324
4586.6 21796.5 2-22 183 3162.5 31611 1-13 324 2396.1 41722.3 2-6 136
4503.5 22198.7 1-21 183 3104.3 |- 322044 | - 0-12 256 2391H 41811 0-5 278
4155.6 22437.4 3-22 183 3039.4 | 328922 1-12 134 2371.4 42156 5-7 324
4492.9 29603.3 0-20 183 2983.4 33508.9 0-11 134 2359.8 42363.6 3-6 136
4372.6 22863.3 2-21 256 - 2979.0 33559 2-12 324 2331H 42887 04 278
1992.4 | . 23290.6 1-20 256 2923.4. 34197.3 1-11 134 2325.8 42982.4 4-6 136
42147 23719.8 0-19 256. 2869.8 . 34835.7 0-10 134 2316.1 43162.6 2-5 136
4173.2 23955.9 | 2-20 256 2867.6 34862 2-11 324 2294.3 43572.4 5-6 136
4095.9 24407.8 1-19 256 2814.3 35522.7 1-10 134 2282.2 43804.1 3-5 136
40211 24861.6 0-18 - | 256 2762.7 36185.7 0-9 136 2265.0 44136 6-6 324 .
3987.3 25072.4 2-19 256 2762.5 36188.3 2-10- 136 2250.5 44420.5 4-5 136
4912.8. 25549.8 1-18 256 2711.2 36872.8 19 134 2221.0 45011.2 55 136
3841.1° 26026.7 0-17 256 2663.2 | 875379 2-9 134 2193.6 45573.3 6-5 136
: 2178.6 45887 44 324

3742.2 26714.6 1-17 | 256 2661.8 37557 0-8 324

3673.2 27216.2 0-16 256 2618.6 38177 3-9 324 2168.1 46108.3 7-5 136
3651.2 27380 2-17 | 324 || 2613.9 38245.2 | 1-8 134 2151.0 | 464760 | 5-4 136
3583.0 127901.6 1-16 256 2569.3 38910.1 2-8 134 2144.5 46616 8-5 324
'3516.6 28428.7. 0-15 256 2567H 38944, 0-7 278 2125.2 - 47040 6—4 324
2101.3 47574 7-4 324
2079.2 48080 8-4 324

Herman, Herman and Rakotoarijimy [183]. Fine structure is given’
wri-21; 2-22, 23,24, 25; 3-22, 23, 24. For some of these bands only
moderate to high N values were observed (11 to 50). Wavelengths of
band origins are included for 0-20, 3-25, 527, though no fine struc-
inie - was -published. Calculated positions of additional ‘long-wave-
totiprth hands-have also heen given.

Lochte-Holtgreven. and Dieke [256] observed no low-J lines for
hiands 2-15 and 2-16. For 0-11 they observed structure only for high
J values [3061-3128 A].

Ruakotoarijimy, Weniger, Grenat [324] give only a Deslandres table
i hand orgin wavelengths, but no fine structure.

Feast [134].

Millon and Herman [278] list band heads only. Feast [133] lists
possible alternative quantum assignments for several bands.

Feast and Garton [136].

Waelbroeck and Bauer [395] resolved rotational structure in the
2-7 band in an especially intense source of the B-X bands in emission.
The 0-0 hand has also been measured by Hebért and Nicholls [176];
measured line positions differ by several ¢cm-! from the more ex-
tensive measurements of Feast and Garton [136]). Many bands which
have been observed under low resolution (40 .&/mm] in an auroral
spectrogram have been attributed to 0., B—X. These identifications
by Vegard and Kvifte [390], with many bands assigned v" > 20, are
uncertain.

' J. Phys. Chem. Ref. Data, Vol. 1, Ne. 2, 1972
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TABLE 12. Band origins of the B 3%y —X 337 Schumann-Runge system (R)— Continued
(b) absorption

o o6 =y Ref. Ao ) v’ =o'’ Ref. Ao oo =" Ref.

A (em=1) (&) (em-1) (A) (cm~1)
4671.73 21399.36 323 142 2282.2 43804.1 3-5 136 1024.5 51962.0 10-2 306
4586.16 21798.63 2-22 142 2250.5 44420.5 4-5 136 1924.19 51969.81 4~0 3
4502.98 22201.29 1-21 142 2220.8 45014.1 5-5 302 1919.37 52100.4 7-1 99
4455.02 22440.34 3-22 142 2193.5 45574.7 6-5 302 1910.2 52350.2 11-2 306
437919 9298A5.41 9-21 142 2178.7 45885 44 302 1902.54 52561.39 5-0 3
4292.08 23292.18 1-20 142 2168.1 46108.8 7-5 302 1901.1 52600.0 8-1 306
4214.80 23719.24 0-19 142 2150.9 46476.9 5-4 302 1897.7 52695.1 12-2 306
4172.99 23956.88 2-20 142 2144.9 46608.4 8-5 302 1887.0 52995.5 13-2 306
4095.67 24409.14 1-19 142 2125.3 47038.0 6—4 302 1884.5 53065.3 9-1 306
4021.82 24857.34 0-18 142 2123.6 47074.0 9-5 302 1882.43 53122.79 6—0 3
3987.36 25072.16 2-19 142 2110.2 47373.0 4-3 302 1877.9 53250.9 14-2 306
3912.72 25550.43 1-18 142 2104.4 47504.7 10-5 302 1869.4 53494.0 10-1 306
3841.02 26027.37 0~17 142 2101.4 47572.6 7-4 302 1863.72 53656.27 7-0 3
3742.11 26715.30 1-17 142 2084.3 47963.2 5~3 302 1855.9 53882.8 11-1 306
3723.74 26847.09 3-18 142 2079.6 48071.8 8-4 302 1846.51 54156.28 8-0 3
3673.07 27217.43 0-16 142 2060.2 48524.0 6-3 302 1844.1 54228.4 12-1 306
3582.39 27906.36 1-16 142 2059.6 48537.3 9-~4 302 1833.9 54529.7 13-1 306
3568.96 28011.37 3-17 142 2041.6 48966.2 10~-4 302 1830.76 54622.17 9-0 3
35616.11 20432.39 0-15 142 2037.7 49059.2 73 302 1825.3 54704.0 14 1 206
3499.30 28568.97 2-16 142 2033.64 49157.10 2-1 76 1818.4 54993.8 15-1 306
3369.98 29665.25 0-14 142 2025.5 49355.1 11-4 302 1816.50 55050.90 | 10-0 3
3356.81 29781.63 2-15 142 2025.36 49358.15 0-0 3 1808.4 55297.1 17-1 306
3232.85 30923.53 0-13 142 2020.6 49473.6 5-2 302 1805.1 55398.1 18-1 306
3223.11 31016.98 2-14 142 2017.2 49558.0 8-3 302 1803.79 55438.90 11-0 3
3162.40 31612.40 1-13 142 2007.46 49798.09 3~1 76 1792.61 55 84.57 12-0 3
3157.40 31662.46 3-14 142 1999.0 50023.8 9-3 302 1782.99 56085.47 13—-0 3
3104.31 32203.93 0-12 142 1998.6 50034.2 6-2 302 1774.92 56340.47 14-0 62
3097.54 32274.32 2-13 142 1998.17 50045.68 1-0 3 1768.33 56550.54 15-0 62
3039.76 32887.77 1-12 142 1983.60 50413.34 4-1 99 1763.06 56719.50 | 16—0 62
2983.50 33507.90 0-11 142 1982.0 50453.5 10-3 302 1758.94. 56852.41 17-0 62
2613.9 38245.8 1-8 181 1977.6 50567.1 -2 306 1755.79 56954.54 | 18-0 62
2569.2 38911.2 2-8 181 1971.97 50710.83 2-0 3 1753.46 57030.18 19-0 62
2521.9 396490.6 1= 181 1967.0 50840.1 11-3 3006 1751.84 57082.83 20—-0 62
2480.3 40306.0 2-7 181 1960.58 51005.26 5-1 99 1750.86 57114.77 | 21-0 62
2441.5 40945.9 3-7 136 1958.2 51067.0 8-2 306 (1750.5) 57127 29-0 62
2396.1 41722.3 2-6 136 1953.7 51185.4 12-3 306
2359.8 42363.6 3-6 136 1947.33 51352.26 3-0 3
2325.8 42982.4 4-6 136 1940.5 51533.8 9-2 306
2316.1 43162.6 2-5 136 1939.25 51566.4 6-1 99
2294.3 43572.4 5~6 136 1924.8 51953 15-3 31

Herczog and Wieland [181]: p=80 atm, T=1070 °C. Rotational
constants of Curry and Herzberg [99] were used.

Feast and Garton [136].

Ogawa {302]. Many bands observed by Ogawa had previously been
reported by Rakotoarijimy, Weniger, and Grenat [324] and Feast
and Garton [136].

Ogawa and Chang [3061.

Fitzsimmons and Bair [142] observed numerous band heads {(which
are included in this table of origins) of vibrationally excited oxygen
produced by secondary processes in flash photolysis of ozone. High
J values were populated. Some of these had been produced carlier
by the same photolysis by McGrath and Norrish [263]. New bands
include 3-18, 1-16, 3-17, 3-14, 2-13. In addition. bands were ob-
served at wavelengths longer than 4670A; these are tentatively

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972

identified as 6-28, 4-27, 5-28, 6-29. More recently weak bands
0-17 and 1-17 were detecied in flash photolysis of ozone [264], bu
no wavelengthe were given. Head-origin scparation for these bande
is about 1 em~.

Carroll [76] observed three band heads.

Bass and Garvin [31] observed several band heads following pho-
tolysis of NO,.

Ackerman and Biaume [3]. These exiensive new measurements
supersede the earlier work of Curry and Herzberg [99] and Knauss
and Ballard [2331.

Origin of the 22-0 band is predicted by a short extrapolation. Only
fragments of this band. the last before dissociation, were observed
by Brix and Herzbery [62].
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TABLE 13. Bands of the 832+ < X337 svstem (V)

Origins ?

go v'-p" Ref. TABLE 15. Bands of the o 153 < b 13+ system (V)
(em~1) T
An oo : '=p"
79228 2-0 37 L -1
81072 3-0 37 A) {em~Y)
1583.9 63141.5 0-0
Band heads » 1571.9 63625.9 1-1
1537.9 65031.0 1-0
n Ay au 1 v =" AG
(A) {em=1) Data from Alberti et al. [7]. The 1-0 band appears diffuse because
of overlapping P and R branches; rotational structure of the other
3 1293.31 77321.0 2 1-0 two is sharp.
Q 1292.52 77368.2 2
1868.7
1262.97 79189.7 3 2-0
1262:14 79230.5 3
1841.7
1234.09 81031.4 4 3-0
1233.43 81074.7 4 TABLE 16. Bands of the 2% <= X3} transition
1205.38 82961.4. 91 (a0 A o0 oy
1204.54 83019.2 9 A) (em-1)
|
1182.32 84579.5 2 5-0 1144.6 87369.1 0-0
1181.64 84628.1 2

" Data of Alberti et al. [37]. Bands labeled 2—0-and 3—-0 had pre-

vinusly ‘been observed by Tanaka [360] under low rcsolution (his
progression 7). Alberti et al. did not observe the 1292.5 A band, but
Ogawa and Yamawaki[308], did and gave reasons why this band was
difficult to detect under high resolution. »' numbering is that of Ogawa
and Yamawaki. which is one higher than that of Alherti et al. Rota-
lional structure was diffuse and only partially resolved.

- -"Data of Tanaka [369]. These appear to belong to one term in a
A2y (03) <~ X3%; Rydberg series. »' numbering of Ogawa and
Yamawaki [308] is one unit higher than that originally suggested

" Tanaka [369] and assumed by Alberti et al. [37). Tanaka expected a
«irong predissociation of v'=4;. the intensity for the band labeled
4-0 is irregular with respect to other bands in the progression; the
hatd position is about 150 cm~! larger than the expected position, so
ilentification is uncertain.

TasLe 14. Bands of the a 23 < X 9%; system (V)

Data of Ogawa and Yamawaki [308].

TABLE 17. Bands of the 'A, < alA, transition

A ao v'—v"
ey (em=1)
1243.8 80396.0 0-0

Data from Alberti et al. [7]. Sharp rotational structure; strong
P, R branches, but weak, head-forming Q branch. The upper state is
likely ungerade, because the transition is strong.

TABLE 18. Bands of the 'T1, < a A, transition

Ay oo v ="
& {em=1)
1279.5 78151.3 1-0
1250.0 80002 2-0
1222.1 81822.7 3~0
1196 4 22500 4 4-0

.Data from Alberti- et al. [7]. Misprints of 4-0 line positions and
tiund. origin have been corrected by Ogawa and Yamawaki {308].
‘The 2—0 band is diffuse: the others are sharp. The 0—0 band position
~11300 A is overlapped by a strong continuum. Some of these bands
had - previously been observed tnder low resolution by Tanaka [369]
ihis. progression II), but had not been identified. Observed bands
are weak. ’

"y 0o v'=v"-
{A) {cm—)
1229.0 81362.5 0-0

Data from Alberti <t al. [7]. Strong, only partially resolved 2, @, R
branches. The upper state is perturbed.

J. Phys. Chem. Ref. Datq, Vol. 1, No. 2, 1972
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TABLE 19. Strong Rydberg series h3%7(0f) < X327 (0y)
n AMA)2 7 o{cm ™) n* AG n MA) 2 I olem~1) n* AGys
(0—-0) band series (2-0) band series AGsps
S 732.222 10 136 571 3.3131 1174 5 720.063 7 138 877 3.3158 1096
6 710.613 9 140 724 4.3333 1165 6 699.071 3 143 047 4.3458 1131
7 700.713 7 142 712 5.3347 1157 7 689.695 5 144 992 5.3279 1086
8 695.292 6 143 825 6.3247 1167 8 684.384 0 146 117 6.3280 1092
9 691.931 5 144 523 7.326 1170 9 681.130 3 146 815 7.330 1095
10 689.696 5 144 992 8.344 1162 10 678.981 1 147 280 8.339 1096
11 688.212 6 145 304 9.318 1164 11 677.525 2 147 596 9.327 1092
12 687.133 7 145 532 10.29 1165 12 676.485 4 147 823 10.30 1089
13 686.317 4 145 705 11.28 1162 13 675.673 2 148 001 11.32 1093
14 685.678 4 145 841 12.29 1162 14 675.076 3 148 131 12.29 1095
15 685.198 4 145 943 13.25 1162 15 674.606 4 148 235 13.27 1095
16 684.838 7 146 020 14.15 1162 16 674.250 3 148 313 14.20 1101
17 684.492 2 146 094 15.22 1167 17 673.905 1 148 389 15.31 1088
18 684.211 3 146 154 16.3 1163 18 673.653 0 148 444 16.30 1093
19 683.988 2 146 202 17.3 1161 19° 673.431 ] 148 493 17.4
20 683.805 2 146 241 18.3 1162 20 673.258 1 148 532 18.4
21 683.651 1 146 273 -19.3 1163 21 673.102 1 148 566 19.4
22 683.520 1 146 301 20.3 1163 22 672.983 0 148 592 20.3
23 683.408 1 146 326 21.3 1163 23 672.872 0 148 617 21.3
24 683.312 0 146 346 22.2 1166 24 672.789 00 148 635 22.2
25 683.217 0 146 366 23.3 1161 25 672.707 00 148 653 23.2
26 683.139 0 146 383 24.4. 1162 26 672.619 00 148 673 24.4
27 683.076 0 146 397 25.3 1162 o 671.781+0.014 148 858+3 1090
28 683.011 0 146 410 26.4 1162
29 682.961 00 146 421 27.4 1163 (3-0) band series
30 682.906 o 146 433 28.5 AGyyz
31 682.863 00 146 442 29.6
B 682.2770.009 146 568=+2 1162 5 714.495 4 139 973 3.3168 1066
. 6 693.585 1 144 178 4.3612
(170 baud sesics aGwe 1| 4 684.568 2 | 146 078 53250 | 1069
5 725.977 10 137 745 3.3152 1132 8 679.307 ! 147 209 6.329 1056
6 704.778 10 141 889 4.3343 1158 9 676.086 I 147 910 7.338
- 10 673.963 1 148 376 8.355
7 695.078 6 143 869 5.3310 1123
P 689.695 5 144 992 6.3305 1125 11 672.547 2 148 688 9.334 1060
. 12 671.538 3 148 912 10.29 1058
9 686.375 4 145 693 7.339 1122 .
10 684.211 3 146 154 8.343 1126 13 670.716 1 149 094 11.34 1054
1 682.743 5 146 468 0.394 1128 14 670.127 1 149 226 12,33 1067
12 681.676 6 146 697 10.31 1126 15 669.659 1 149 330 13.32
13 680.888 3 146 867 11.28 1134 16 669.281 0 149 414 14.34
14 680.260 4 | 147003 1228 | 128 || 17 668.999 0 19477 1 1526
- 18 668.733 0 149 537 16.3
15 679.789 5 147 105 13.25 1130 - 666.898--0.027 149 9486 1060
16 679.433 3 147 182 14.15 1131 . - -
17 679.066 1 147 261 15.30 1128
18 678.809 1 147 317 16.3 1127 (4-0) band series
19 678.595 1 147 363 17.3 1130
20 " 678.412 1 147 403 18.3 1129 5 709.026 0 141 039 3.3178
21 678.259 1 147 436 19.3 1130 6
22 678.131 1 147 464 20.3 1128 7 679.593 0 147 147 5.331
23 678.018 1 147 489 21.3 1128 8 674.466 0 148 265 6.326
24 671911 [§] 147 512 22.4 1123 9
25 677.844 0 147 527 23.2 1126 10
26 677.760 0 147 545 24.3 1128 11 667.790 0 149 748 9.332
27 677.69%4 0 147 559 25.3 12 666.801 0 149 970 10.28 -
28 677.635 00 147 572 26.3 13 666.011 0 150 148 11.50
29 677.581 00 147 584 27.4 14 665,367 Q 150 293 12.39
] 676,911 +0.014 147 7303 1128 % 662.217+0.035 151 008+8

* Estimuted average error of the measurement is 0.007 A for daia in 1ables 19~22.
Data from Yoshino and Tanaka [417]. Series limit based on approximated band origins is 146556 cm~!.
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Tasire 20. Weak Rydberg series b 12710;) < X *2(0y)

2 A ! o(em™) n* ACy:
(0-0) band series
5 727.634 0| 137 432 3.465 | 1150
6 708.483 0} 1431 147 4.497 1134
71 699.409 3| 142 978 5.525 1096
8 694.845 34 143 917 6.428 1257
Q2 691.415 1 144 631 7.518 1169
10 689.366 1 145 061 8.520 1141
11 688.053 1] 145 338 9.426 1165
12 686.955 2 | 145 570 10.46 163
13 686.157 1] 145 739 131.47 1165
14 685.521 1} 145 874 12.53 1163
15 685.006 31145 984 13.65 1150
16 684.719 2| 146 045 14.43 1164
17 684.384 01 146 317 15.52 1163
© 682.27 £ 0.10 146 57020 1160
(1~0) b band serics AGyre
5 721.593 0 | 138 582 1154
6 702.931 2 | 142 261 13174
7 694.087 1 144 074 1133
8 688.830 1 145 174 1055
9 685.873 1| 145 800 1103
10 683.988 2 | 146 202
11 682.582 Q¢ 146 503 1140
12 681.510 1 146 733 128
13 680.719 0 | 146 904 1240
14 680.102 0 | 147 037 1138
15 679.652 1] 147 134 1131
16 679.307 1 147 209 1130
17 A7R.981 1 147 280
© 676.91 £ 0.09 147 73020 1130
{2~-0) band series
S 715.634 0 1320 734 3.4R7
[ 697.179 | 143 435 4.495
7 688.673 8| 145 207 5.477
8 683.857 0 | 146 229 6.453
9 680.719 0] 146 904 7.480
10
11 677.309 00 | 147 643 9.479
12 676.311 Q| 147 861 10.45
13 675.474 006 | 148 044 11.57
14 674.914 00 | 148 167 12.54
15 674.466 80 | 148 265 13.53
16 674.130 00 | 148 339 14.45
© 671.77+0.09 148 860+ 20

Data from Yashino and Tanaka [417).
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TABLE 21. Strong Rydberg series B22;(03)X327(0,)

n INEN) 1 oem-") n* AG n AMA) 1 of{em™") n* AG gy
(0-0) band series | (2-0) band series AGs»
4 | (702.6) 142 329 1m0z || 4 | 692.1) 144 488
5 | 651.349 6 | 153 528 3.284 | 1140 || 5 | 642,09 5 | 155 740 3.290 | 1014
6 | 633.903 6 | 157 753 4.295 | 1120 || 6 | 625.225 4 | 159 943 4.297 | 1040
7 1 625.797 6 | 159 79 5310 | 1114 {] 7 | 617.35] 7 | 161 982 5.303 | 1029
8 | 621.308 3 | 160 951 6315 | 1106 || 8 | 613.007 3 | 163 130 6.311 | 1028
9 | 618.622 4 | 161 650 7312 | 1110 || 9 | 610.370 4 | 163 835 7317 | 1019
10 | 616.867 4 | 162 110 8.301 | 1117 |l10 | 608.637 4 | 164 302, 8.325 | 1025
11 | 615.59% 5 1162 444 9.339 | 1103 {{11 | 607.464 4 | 164 619 9310 | 1023
12 | 614.742 5 | 162 670 10.31 108 {12 | 606.597 3 | 164 854 10.32 1023
13 | 614.070 1 | 162 848 11.33 109 {113 | 605.954 2 {165 029 11.32 1020
14 613.567 2 162 981 12.34 1108 14 605.473 2 165 160 12.31 1028
15 | 613.182 3 | 163 084 13.32 1209 |15 | 605.073 2 | 165 269 13.35 1018
16 | 612.879 3| 163 164 14.28 mez {16 | 604.771 1 | 165 352 14.35 1017
17 | 612.642 4 | 163 228 1520 | 1110 {[17 | 604.524 1| 165 420 15.36 | 1010
18 612.362 1 163 204 16.4 1106 {18 604. 295 1 1A5 474 16.3
19 | 612.234 2 | 163 336 17.3 1105 |{19 | 604.170 o | 165 516 17.3
20 | 612.085 2 | 163 376 18.3 1106 || » | 602.827+0.015 165 8854 1022
21 | 611.959 1 | 163 410 19.4
22 | 611.848 1 | 163 439 20.4 (3-0) band series
23 | 611.749 0 | 163 466 21.5
24 | 611.667 0 | 163 488 22.6 5 | 637.941 3 | 156 754 3.288
« | 610.866=0.025 163 7027 109 | 6 | 621184 1 | 160 983 4.304
7| 613.454 2 {163 011 5.307
(1-0) band series AGys 8 | 6wl 3 | 164 158 6.318
9 | 606.598 3 | 164 854 7.311
4 | (697.2) 143 431 ~ l10 | 604.863 2 | 165 327 8.333
5 | 646.547 8 | 154 668 3289 | 1072 |11 | 603.710 bolo165 642 9.315
6 | 629.435 7 | 158 873 4.299 | 1070 [|12 | 0602.856 1| 165 877 10.32
7 | 621.467 6 | 160 910 5303 | 1072 ||18 | 602.234 1} 166 049 11.31
8 | 617.069 6 | 162 057 6.316 | 1073 {14 | 601730 1| 166 188 12.35
9 | 614.402 6 | 162 760 7.314 | 1075 |15 | 00L.360 0 | 166 287 13.33
10 | 612.645 4 | 163227 | 8322 | 1075 ||}6 | 601.072 3 | 166 369 14.29
| 611445 4 | 163 547 0317 | 1072 (|17 | 600853 0| 166430 15.17
12 | 610.581 4 | 163 778 10.31 w6 || T | P-136=0.018 166 907:£5
13 | 609.917 3 | 163 957 11.33 1072
14 | 609.425 4 | 164 089 12.33 1071
15 | 609.039 4 | 164 193 13.32 1076
16 | 608.733 3 | 164 276 14.31 1076
17 | 608.502 1 | 164 338 15.23 1082
18 | 608.271 1 | 164 400 16.3 1074
19 | 608.121 0 | 164 441 17.2 1075
20 | 607.969 0 | 164 482 18.3
© | 606.756+0.011 164 811%3 1074

Data from Yoshino and Tanaka [417}. Gilmore [161] assigned the OF state which is the series limit as most likely 22 ;7. n=4 terms observed
by Tanaka and Takamine [371).
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TABLE 22. Weak Rydberg series B2%5 (03X 357 (O,)

n AR I gfem—1) n* AGye
(0-0) band series
7 624.877 0 160 031 5471 1087
8
9 618.482 1 161 686 7.386 1110
10 616.680 0 162 159 8.443 1101
11 615.462 0 162 480 9.491 1110
12 614.623 1 162 701 10.49 1112
13 013.950 1 162 878 11.57 1113
© 610.87+0.12 163 70030 1110
(1-0) band series AGape
7 620.665 1 161 118 5.452 1113
8 616.680 0 162 159 6.434 1069
9 614.265 1 162 796 7.383 1080
10 612 519 1] 162 260 2416 1079
11 611.286 0 163 590 9.484 1058
12 610.453 0 163 813 10.49 1089
13 609.791 1 163 991 11.58 1075
14 609.286 1 164 126 12.67 1079
15 608.908 0 164 228 13.74 1068
g 606.76+0.11 164 81030 1080
(2-0) band series AGs
7 616.406 2 162 231 5.475 969
8 612.642 4 163 228 6.418 1035
9 610.217 Bt 163 876 7.378 1026
10 608.498 1 164 339 8.407
11 607.357 0 164 648 9.391 1036
12 606.423 0 164 902 10.53
13 605.818 0 165 066 11.45
14 605.310 00 165 205 12.64
15 604.976 00 165 296 13.57
o« 602.81+0.07 165 89020 1010
(3—0) band series
7 612.746 1 163 200 5.443
8 608.781 1 164 263 6.446
[} 606.423 0 164 902 7.403
10
11 603.559 00 165 684 9.483
o 599.16+0.07 166 90020

Data from Yoshino and Tanaka [417].
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TaBLE 23.  Strong Rydberg series ¢ 42,(03) — X 33 ,(0y)

(0-0) Band series

(1-0) Band series

n NA) ofem~1) n¥ n x(A) olem-1) n*
3]1 3% Transitions
& 542.28(+0.1) 184 410 2.828 4 537.88(=0.1) 185 920 2.825
5 524.68(+0.1) 190 590 3.817 5 520.42(=0.1) 192 150 3.822
6 517.13(%0.05) 193 375 4.807 6 513.02(=0.1) 194 920 4.81
7 513.02(=0.1) 194 920 5.86 7 509.08(=0.05) 196 433 5.83
8 510.79(=*0.05) 185 775 6.83 8 506.78(x0.05) 197 324 6.85
9 509.23(x0.05) 196 375 7.92 9 505.25(x£0.U0) 191 922 .93
10 -508.32(=0.05) 196 726 8.86 10 504.30(==0.05) 198 295 8.95
11 507.63(*0.05) 196 994 9.85 o 199 665(=30)
12 507.14(=0.05) 197 184 10.80
s 198 125(%30)
3%, «—3% Transitions
3 594.32(+0.2) 168 260 1.917 3 589.04(+0.2) 16% 770 1.916
4 537.24(x0.1) 186 140 3.026 4 532.89(=0.1) 187 660 3.023
5 522.46(=0.1) 191 400 4.040 5 518.29(=0.05) 192 942 4.040
6 515.95(x0.05) 193 817 2.04¢ o 911.92(=0.05} 195 343 3.045
7 512.49(0.05) 195 126 6.05 w 199 665(=30)
8 510.40(=+0.05) 195 925 7.06
o 198 125(+30}.
R . R . R
Data from Codling and Madden [89]. Il series fitted by ¢ =198125— Tn=1.150)" 1150)° 3 series fitted by 0=198125— 006"

TABLE 24. Band origins of the 4211, —X *11, system of O%

oy(em=1) v co(em~1} v oo

22809.3 0-10 30193.6 1-6
24388.5 0-9 38633.3 5-3
26001.1 0-8 39368.6 6-3
26872.4 1-8 41884.5 7-2
27645.4 0-7 42565.4 8-2
28517.3 1-7

These band origins are published for the first time, having been
obtained by a least squares fit to the data of Stevens [365] and Bozdky
[52, 53] by A. Lofthus. Both Stevens and Boziky published detailed

line lists and rotational constants but not band origins.
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E25. Band heads of the AL, —X 2, system of OFf (R)
M (A) on (em™) 1 v'=o" Ref. har (A) o (em™l) I v'=y" Ref.
W2 6531.8 15305 0-15 71.255 4238.0 23589 G 1-10 135
— — 1-15 237 42191 23695 0 3-11 221
6102.9 16381 4182. 23904 71
— — 4-16 71 4115.8 24290 8 G-9 221
5729.1 17450 4082.4 24488 8
5678.3 17606 1-14 287 4092.0 24431 2-10 71
— —_ 4059.9 24624
5498.4 18182 0-13 287 — 4-11 71
5443.0 18367 4050.1 2468+
5364.2 18637 4-15 T 3972.0 25169 1-9 71
5308.6 18832 3943.6 25350
- — 314 1,135 3959.4 25249 G 5-11 221
5142.9 19439 - 3 3929.0 25440 1
5154.8 19394 5-18 71 3959.4 25249 0 3-1G 221
5102 16585 3 i35 3029.0 25140 7
5086.3 19655 0-12 287 3859.5 23903 8 0-8 221
5035.1 19855 3830.5 26009 8
4877.6 20496 1-12 287 - — 2-9 52
4826.3 20714 3811 26211
- - 3—12 _T;. 3733.6 26774 8 1-8 221
4783.8 20898 3706.6 | 26971 8
4803 20815 3 5-14 135 3727.5 26820 8 3-9 223
4760 21002 3700, 27616 8 135
4720.8 21177 0-i1 287 3653.0 27367 2 8-11 138
4678.6 21368 - -
- - 2-12 71 3629.8 27542 8 07 221
£636.5 21562 3603.7 27741 7
_ _ 6-14 59 3620.1 27616 2 2-8 221
4599 21739 3594.5 27812 2
4536.3 22038 #1-11 71 3567.7 28021 4 9-11 135
4495.9 22236 3541.9 28225 4
— - 3—12 71 3517.7 28420 3 1-7 221
4466.5 22383 3494.2 28611 7
4403.0 22705 4 0-10 .221 - — 10-11 135
4363.2 22012 127 3465.9 20844 1
4368 22887 2-11 52 3421.2 29221 8 -6 221
4331 23081 3397.8 29422 8
4351.0 22977 4-12 71 3416.2 29264 2 2-7 221
4313.4 23177 3393.1 29463 4
4348 22992 6-13 52 3351 29837 3 -9 L1358
4311 23189 3330 30023
4271.8 23403 *11-15 71 3334.2 29984 58 135
4237.0 23595 3312.7 30178
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TABLE 25. Band heads of thelA2T1,—X Il system of O3 (R)— Continued
A (A) aulem™1) I V' =" Ref. A (A) ou (cm1) v'—v" Ref.
3322.6 30088 6 3-7 221 2839.7 35205 9 34 221
3300.3 30292 6 2823.7 35404 8
3322.6 30088 6 1-6 221 2821.0 35438 86 255
3300.3 30292 6 2806.1 35626 3 221
3277 30504 89 52,135 2776.7 36003 7 44 221
3257 30699 3 2761.9 36196 7
- - 11-10 135 2763.0 36182 2-3 247
3295.8 30991 2749.1 36365
3231.2 30939 8 0-5 221 2720.0 36754 7 5-4 221
3210.8 31136 8 2705.3 36954 7
32312 . 30939 8 6 291 2703.2 36982 2 3-3 255
3210.8 31136 8 2688.5 37184 2 221
- — 7-8 135 2691.5 37113 1 8-5 135
3160.7 31629 2677.8 37333 1
- - 5-7 221,255 2666.5 37491 4 64 221
5141.0 31020 5 2652.2 37692 4
3148.1 31756 3-6 255 2646.7 37772 6 4-3 221
3127.9 31961 2632.7 37973 6
3143.4 31803 1-5 247 2630.7 38001 2-2 247
3123.2 32009 5 221 2617.3 38196
3113.6 32108 2 8-8 135 2617.3 38196 4 247
3095 32301 2 2602.6 38412
3088.7 32367 5 67 135 2602.9 38407 4 10-5 135
3070.0 32564 5 2588.9 38615 4
3071.3 32550 4-6 247 2594.3 38535 8 5-3 221
3052.5 32750 2581.0 38733 8
3062.8 32640 8 2-5 221 2577.6 38784 3-2 247
3043.6 32846 8 2564.0 38990
3022.8 33072 2 -7 135 2562.5 39013 2 11-5 135
3005.0 33268 2 2548.1 39233 71,255
2987.5 33463 8 3-5 221 2545.5 39273 7 6-3 221
2970.0 33660 7 2532.8 39470 6
2980.0 33547 1-4 255 2526.8 39564 4-2 247,221
2962.0 33751 4 221 2513.8 39768 3
2987.1 34030 2 66 221 2500.6 30078 6 7-3 291
- - 2488.3 40176 6
2919.8 34239 8 45 221 2478.0 40343 4 5-2 221
2901.9 34450 7 2465.8 40543 2
2907.1 34388 5 2-4 221 2458.6 40661 1 83 221
2890.3 34588 7 2446.9 40856 1
2877.3 34745 3 -6 135 2433.5 41081 3 62 221
2860.0 34955 3 2421.8 41279 2
2854 35025 55 52 2392.6 41783 3 7-2 221
- - 2381.0 41986 3
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TABLE 25. Band heads of the A1, —X 11, system of Of (R)— Continued

Ax(A) on{cm™) i 1 j v —v"’ ‘ Ref. )\H(A) op{em=1) i ] v -y’ ! Ref
‘ J
- — 10-3 7 ~ ~ 10-0 42

2371.8 42145 2097.1 47671
2354.3 42462 1 82 221 2090.3 47824 14-1 287
2343.3 42662 1 2080.8 48042
2330.3 42900 61 247,221 - - -0 42
2318.4 43120 1 2071.5 48260
2317.9 43129 9-2 127 2068.3 48334 15-1 287
2307.2 43329 2059.7 48536
2291.1 43634 =1 127 - - 12 0 42
2280.5 43837 2046.4 48850
2284.9 43753 10-2 Y27 2048.1 48810 16-1 7
2274.6 43950 2039.8 49009

— - 81 127 - - 13-0 42
2246.2 44506 2024.3 49385
2U5LB 443105 11-2 287 2029.9 49248 17-1 71
2243.5 44559 2022.0 49440
2223.6 44958 9-1 127 2013.7 49644 18-1 71
2213.0 45174 2005.9 49837

- - 13-2 71 - - 19-1 71
2187.9 45692 1991.5 50213

— - 10-1 127 1985 50378 20-1 71
2183.2 45789 1977 50582
2164.0 46197 111 287 - ~ 21-1 71
2155.3 46383 1066 50865
2138.6 46745 12-1 287 - - 22-1 71
2128.4 46969 1956 51125

— — 90 42 - - 23-1 7
2125.8 47026 1942 51493
2112.2 47329 13-1 287
2103.7 41520

Data from Johnson [221], Ellsworth and Hopfield {127], Mulliken

nd Stevens (2871, Bozdky [52], Lal [247], Feast [135], Byme {71},
wmd Linton {255]. Band head measurements by differem authors
sometimes disagree by more than 1A. Blending has also led to more
than one possible quantum assignment for some bands. The v quan-
)um numbering, one unit larger than that in general use, has recently
been unequivocally determined from isotopic measurements on the
A=~X bands by Bhale and Rao [42)].

Johnson {221]: Wavelengths assumed correct; his wavenumbers are
ant always consistent with these wavelengths.

" Ellsworth and Hopfield [127]: For bands below 23004, vacuum
wavelengths were published. For wavelengths above 23004, air wave-
iengths were published. In the above iable air wavelengths are given
above 20004

Feast [135): Mislabeled a band at 4218.3A as the R, head of the
#4710 band. Johnsen [221] had previously observed a head at 4219.1A,
the Ry head of 311, which is likely the same feature. Feast used

roughly the same intensity scale as Johnson, with a maximum of 9.

Byrne {71}: Vacuum wavelengths observed helow 20004 and listed
above. Many-line structure in this region. An asterisk (¥) indicates
weak band and uncertain identification. Koval et al. [239], using high-
energy eleciron bombardment of oxygen, produced some bands of
this system. The pair of heads at 4772.5, 4725.0A do not belong to the
5-13 transition as they had assumed. The band at 3160.7A is possibly
the R, head of the 57 band. Emission intensities measured photo-
electrically by Robinson and Nicholls {334] are not much different
from eye estimates given in the table.

The possibility of misidentifications can not be excluded. Com-
parison of the observed band positions with those calculated from
the band head coefficients in Appendix D indicate two likely mis-
identification:

R., 1-12
Ry, 0-15

20527 (calc);
15506 (calc);

20496 (obs.)
15541 (obs.)

Ref. [71, 225]
Ref. [287]
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TABLE 26. Band origins of the bi% 7 —a*Ily First Negative system of ~ TaBLE 27. Band heads of the b "2 — u *I1; First Negative system of
o () Os (V)

oo (cm~1) v’ =" Ref. A (A) ou (em™) i v'=v" Ref.

8527.1 11724 0-5 408

11799.81 0-5 408 8347.3 11977 16 408

12053.09 1-6 408 8240 12133 2-7 122

12733.12 0-4 408 8110 12327 3-8 122

12963.91 1-5 408 7899.7 12655 04 408
13683.99 0-3 291c

13895.34 14 408 7757.8 12887 1-5 408

14657.67 0-2 291b 7700 12983 2-6 122

15651.82 0-1 2912 7650 13068 3-7 122

16666.74 0-0 291a 7347.7 13606 0-3 287

17829.34 1-0 291a 7235.0 15818 1-4 408
18957.77 2-0 291b

7150 13982 2-5 122

Data from Nevin [291a, b}, Nevin and Murphy [291c]. and Weniger 6856.3 14581 0-2 287

{408]. Wcniger’s valuc for tho 0-3 origin is 0.82 cm! larger than 6770 14767 1-3 130

Nevin's value. (6684) 14957 24 130

6419.2 15574 10 0-1 287

6351.1 15741 10 1-2 54

6291.9 15889 6 2-3 354

6232.7 16040 3 3-4 354

6177.2 16184 3 4-5 354

6026.4 ws80 | 10 0-0 987

5973.5 16736 10 1-1 54

5925.7 16871 9 2-2 54

5883.5 16992 8 3-3 54

5847.4 17097 2 44 54

5814.4 17194 1 5-5 354

5631.9 17751 10 1-0 287

5597.6 17860 10 2-1 54

5566.7 17959 6 3-2 54

5540.8 18043 2 4-3 54

5520.9 18108 2 5-4 354

5295.7 18878 9 2-0 287

5274.7 18953 10 3-1 54

5259.2 19009 6 4-2 354

5251.2 19038 10 5-3 354

5241.0 19075 8 6-4 354

5934.7 19098 9 7-5 354

5005.6 19972 2 3-0 287

4998.6 20000 2 4-1 354

4992.6 20024 2 5-2 354

! Bhue Cham. Ref. Data. Vol. 1. Ne. 2. 1972

Data from Muliiken and Stevens [2Z8/(], Bozoky and Schmid {54},
Singh and Lal [543]. Fan {130], Dufay et al. {122], and Weniger [408].
Intensities are from Singh and Lal. The most prominent heads (listed
above) occur in the branch “Q.s; at longer wavelength is a weaker
head in branch *P.;. Numerous orther hands observed in aurorae
have been attributed to this system by Vegard {390], but the identifica-
tions are uncertain. The band observed by Fan [130] at 6684A is
uncertain (excitation by high-energy electrons). A band at 7891.14,
labeled 0—4 by Mulliken and Stevens [287}, is possibly the P, head.
or is misidentified. Bands labeled 1-3 (6756 A) and 24 (6750 &) by -
Dufay et al. [122], are misidentified (excitation by high-energy protons).
Among a number of unclassified bands (table 30i) Bozoky [52] observed
what can now be identified as 22, 4-3, 4-2,5 3, and 7 5 bands of
the b—a system of Of.
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TABLE 28. Band origins of the ¢y — b 437 system of O%,

47

TaBLE 29. Band heads of the ¢ 27 — b 437 system of O3 (V)

B

b

ao (em™) o'
45080.3(4) 0-6
46071.5(3) 0-5
47097.1(1) 0-4

)ata of LeBlanc [250]. The fine structure is given only in his thesis
tstal, .

J.eBlanc’s calculated iron line positions differed from the established
wavelengths in the third decimal place. The rotational line positions
weye given to three decimal places in em=! (one too many, even assum-
mp that the band lines were as accurately known as the calibration
wandards). Kayser’s tables were used for conversion to wavenumbers
tihese differ at ~ 2100 A by ~ .006 cm™! from the Meggers tables). So
the band positions [250a} are uncertain in the first or second decimal
place in em~!. The last digit listed by LeBlanc is given in parentheses
1o focus attention on the uncertainty of his. values.

M @A) au (cm™)
2363.1 42317
2314.8 43200
2266.4 44123
2218.3 45080
2170.6 46070
2123.4 47094
2076.6 48156
2030.5 49249
1985.0 50378
1940.3 51538

1 v'="’
0.02 0-9
0.17 0-8
0.50 o7
0.90 0-6
0.66 0-5
0.46 0-4
0.37 0-3
0.25 0-2
0.17 0-1
0.15 0-0

Data of Tanaka, Jursa, and LeBianc [370) who measured vacuum
wavelengths. Inténsities are densitometer readings on a logarithimic

scale.

TABLE 30. Miscellaneous unclassified bands

%\ o 1 A o 1 A o bi
(A) (em™1) (&) (cm~") (A) (em-1)
i 1003.7 99630 3 M 933.3 107150 8 IN 826.0 121064 8
993.0 100700 8 - 924.5 108170 9 819.9 121963 8
983.1 101720 10 916.3 109130 8 814.1 122830 7
972.6 102820 8 909.2 109990 6 808.6 123670 4
K 985.8 101440 4 |7 853.2 117200 3 1P 810.8 123330 10
975.3 102530 8 845.9 118212 S 802.1 124670 8
965.4 103580 10 839.0 119195 6 793.9 125960 6
956.1 104590 . 7 832.3 120145 4 786.1 127210 4
M 957.2 104470 8 I 843.9 118500 2 714.7 139924 2
947.9 105500 | 10 836.6 119530 4
938.9 106510 9 829.6 120540 5 4 697.8 143300 5
930.6 107460 7 2230 121510 2
922.8 108360 3 816.6 122460 1

Data from Price and Collins [320] who arranged the absorption bands in the above progressions; uncertainty attends their assignments
us members of Rydberg series. Those bands reclassiied as members of now well-established Rydberg series are not included in the above.

(See also section 3.10 and ref. {251, 253, 125].

(b) Unclassified progressions observed in absorption

&
¥

1 11 m v
o o e T

MO I] emm | Al Ab) | T| otem A || MA) | 1| otem™) | Ao | MA) | I| ofem-)

893.8 | 4 111 882 856.1 | 1 ~ 116 809 756.0 | 1 132 275 754.5 | 3 132 538
’ 1 061 1 102 828

8854 |5 112 943 848.1 | 2 117 911 751.3 |2 133 103 7496 | 3 133 404
1017 1 052 820

8775 | 4 113 960 840.6 | 2 118 963 746.7 | 1 133 923 744.8 |'1 134 264
983 1 013 : 812

#70.0 | 1 114 943 833.5 |1 119 976 7422 |1 134 735 740.2 |1 135 099
892 ugt 803

$63.3 11 115 835 | 826.7 | 1 120 963 7378 | 1 135 538

Data of Tanaka and Takamine [371]. These are non-Rydberg progressions.

A

867

859

835
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TABLE 30. Miscellaneous unclassified bands — Continued

(c)

X (;\) o{cm™!) 1
1250.51 79967.7 2
1250.21 79998.7 2
1222.58 81794.2 2
1222.01 81832.4 2
1169.14 83602.3 3
1172.08 85318.4 7
1171.35 85371.6 7
1148.62 87061.0 2

Violet shaded doublets observed in absorption by Tanaka [369] la-
beled by Tanaka as progression I1. It is not certain whether these are
vibrational members of the first term in a Rydberg series whose limit
is the first L P. of O..

(d)
AA) olem™Y) i Dissociation products
1349 74130 9 5P +1Sor'D+'D
1334 74960 7 s3P+1Sor'D+'D
1290 77520 6 3P 418

Maxima in absorption continua observed by Tanaka [369]; tentative designations are included.

AAY olem=" | T A o(cm™") 1 ?\{:n\) o(cm=1) 1
1268.81 78814.0 1 | 1125.60 88841.5 4 1090.63 91690.1 5
1268.08 78859.4 1 1125.34 88862.0 5 1089.82 91758.3 3

1124.68 88914.2 4 1089.46 91788.6 4
1244.26 80369.2 | 10 1123.62 88998.1 3 1088.68 91854.4 4
1243.49 80419.0 | 10 1123.08 89040.9 6 1088.38 91879.7 5
1122.78 89064.6 3
1207.50 82815.7 ¢} 1084.51 92207.5 4
1206.75 82867.2 9 1122.34 80099.6 5 1083.67 92279.0 4
1205.38 82961.4 9 1121.94 89131.3 5 1083.44 92298.6 5
1120.98 89207.7 5 1082.29 92396.7 6
1172.08 8521R 4, 7 1120.76 89225.2 5
1171.35 85371.6 1 1067.22 93701.4 8
1116.78 89543.2 3 1066.85 93733.9 8
1164.23 85893.7 9 1115.87 89616.2 4 1066.09 93800.7 8
1163.87 85920.2 | 10 1115.10 89678.1 5 1065.78 93828.0 8
1162.98 85986.0 8 1113.89 89775.5 3 1064.93 93902.9 8
1162.44 86025.9 8 1112.98 89848.9 3 1064.68 93924.9 8
1161.72 |  86079.3 9 1112.29 89904.6 2
1161.47 { 86097.8 5 1050.17 95999 7 &
1106.36 90386.5 4 1049.86 95250.8 8
1154.36 86628.1 6 1106.13 90405.3 5 1048.91 053371 7
1154.06 86650.6 | 10 1105.00 90497.7 3 1048.64 05361.6 6
1153.20 86715.2 8 1104.41 90546.1 4 1047.60 05456.3 6
1152.98 86731.8 6 1103.95 90583.8 5 1047.41 95473.6 6
1151.67 86830.4 7 1103.64 90609.3 4
1151.46 86846.3 6 1032.70 96833.5 5
1102.59 90695.5 4 1031.35 96960.3 5
1136.41 87996.4 5 | 110237 90713.6 5
1136.09 88021.2 5 1101.74 90765.5 4
1135.13 88095.6 ( 5 1100.34 90881.0 s |
1134.74 881259 | 5 \

Absorption bands observed by Tanaka {369]. The groupings are his; most bands are violet degraded.
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TaBLE 30 (e). Bands in the region below 600 A4
m? )\(A) 1 o {cm™)
9 594.95 1 168 080
10 594.13 1 168 310
J1 593.47 ¢ 168 500
12 593.00 0 168 630
13 592.64 0 168 740
14 592.36 00 168 820
15 592.15 00 168 880
o 169 35040

477

TABLE 30(3). Unidentified violet-degraded band heads observed

with b~a(1—), OF

“m is a running number proportional to n, the principal quantum
swmber. : :

Data from Yoshine and Tanaka [417). Weak, diffuse bands. Un-
crriain classification whose Rydberg series limit falls between vi-
brational levels of state B 23;. It is not certain whether this limit
ilentifies a new state of Oj.

TABLE 30(f). “Weak series”

M (A) o (em™) M (A) o (em™!)
6337.4 15775 5853.5 17 079
6325.4 15 805 5835.1 17 133
5961.7 16 769 5834.4 17 135
5952.5 16 795 5824.9 17 163
5941.2 16 827 5588.2 17 890
5922.5 16 880 5579.4 17 918
5915.2 16 901 5570.7 17 946
5904.7 16 931 5557.1 17 990
5895.3 16 958 5553.1 18 003
5876.6 17 012 5548.8 18 017
5873.5 17 021 5532.2 18 071
5863.1 17 051 5267.0 18 981

Data of Bozoky [52].

TABLE 30(j). Unidentified band heads among double-headed A-X
Probable n }\(}B\) a(cm-?) system of O3
3 537.41(=0.1) 186 080 x (&) o (o) / Ref.
L S S ST TPN
5 516.10(= 0.05) 193 761 ,
5 512.62(+0.05) 195 076 5736.1 17 429 71
7 510.48 (= 0.05) 195 894 4399.6 22 723 127
: 4199.2 23 807 1
3997.3 25 010 4
Data from Codling and Madden [89]. This series is only crudely 3950.6 25 305 6
med by 2952.5 33 860 5
o= 193125__";_2, =310 7 2895.6 34 525 8
(n+0.03) 2881.8 34 690 6
2376.4 42 068 1
interpretation of the series is uncertain.

TaBLE 30 (g). Unclassified absorption bands observed by Alberti et al

A (R) on(cm™1)
1186.5 67 272
1481.5 67 499
1442.7 69 314

Data of Alberti et al. [7). Strong violet shaded bands. Probably
absorption from a'Ay, but not conclusive. Diffuse; no rotational
structure observed. '

(hj
A (A) ou (cm™)
1265.6 79 014
1262.6 79 202

Data of Alberti et al. [7]. Strong heads; diffuse, open rotational
sructure, violet shaded. Possibly absorption from a!A, or & 2.
“Fhe kinetic absorption spectroscopy observations of Donovan et al.

i110] support the assignment of the a 'A, state as the lower state of
#snds in table 30 (g), (h).

Red-degraded bands. Mainly data of Johnson [221]; also data of

' Byrne {71] and Ellsworth and Hopfield [127].

TaBLE 30 (k). Unclassified band heads (emission) (R)

AMA) alem1) AMA) a(em-1)
4487.7 22 277 3543.6 28 212
4384.0 29 804 - 3352.0 29 824
4307.7 23 208 3286.8 30 416
4296.2 93 270 3219.1 31 056
4144.8 24120 3099.7 32 252
41236 24 244 3095.9 32 201
4116.6 24 285 2790.3 35 828
4063.1 24 605 2733.3 36 575
3779.4 26 452 2678.2 37 327
3693.7 27 065 2451.7 40 776
3569.8 28 005

Data of Lal (1948) [246]. Band heads were observed in a low pressure,
high-frequency discharge [246). Though attributed to the B 3% — X By
transition, the bands produce an irregular Deslandres array. Some

heads may be due to clustering of overlapping lines of different bands
[132].
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TaBLE 30 (). New band progression of O» in the 830-900 A region TABLE 31. Observed fine structure (microwave) frequencies for O
(MHz)
P /\(;\) I o(em™1) AGs1p2 Remark
T Isotope | iV 7 Ref. vy Ref.
0 902.59 3 110 792 Sharp
1064 180, 1| 118750.343 265 | 56264.772 411, 265
1 894.01 5 111 856 Diffuse 3| 62486.255 422,265 | 58446.590 422,265
1062 5| 60306.044 422 | 59590.978 422
2 885.60 7 112 918 Diffuse " 71 39164.215 422 | 60434.776 422
1011 91 58323.885 422 | 61150.570 422
3 877.74 8 113 929 Sharp 11 | 576114 =02 279 | 61800.169 411
1004 13 | 56968.180 411 | 62411.223 411
4 870.07 7 114 933 Diffuse 15| 56363.393 411 | 62996.6 =+ 0.2 279
988 17 | 55783.819 411 | 63568.520 422
5 862.66 6 115 921 Sharp 19 | 35221.372 411 | 64127.771 411
972 21 54671.145 411 | 646782 =02 279
6 855.48 5 116 893 Diffuse 23 | 541294 =04 279 | 65224.120 422
948 25 | 53599.4 +0.8 279 | 65764.744 411
7 848.60 4 117 841 Sharp 27 1(53070) 225
941
. Quoted uncertainty is =0.010 M2z unless otherwise indicated.
8 841.88 3 118 782 Diffuse (See also Wilheit and Barrett [413]). For the 23, line, uncertainty
oL . N b may be 0.2 MHz.1, and 3, lines are mean values.
9 835.45 2 119 6% Diffuse (?) Data from Zimmerer and Mizushima [422], West and Mizushima
[411], Mizushima and Hill [279], McKnight and Gordy [265], and Kahan
a This is a running number and does not necessarily indicate the cor- [225]. Kahan observed atmospheric absorption of solar radiation.
rect vibration quantum number.
" Qverlapped.
Red-degraded bands observed together with Rydberg progressions 0, 3 58900 109
by Huffman et al. [205]. These bands may originate from a 'Ajor b 1%}, 5 | 59875 109 | 59810 109
7} 58965 109

Data from Miller, Javan, and Townes [274]. Uncertainty is =2 MHz.

16010 | 3 58650
4 59220
) 59685
6 | 59540
7t 59075
8 | 58670

Data from Miller, Javan, and Townes [274]. Uncertainty is =2 M
Miller and Townes [275] have assumed that the theoretical frequens
for the 80, and Q80 transitions are more accurate than the expe
mental values.
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TABLE 32. Magnetic hyperfine structure lines
‘ Isotope N F' F" v_ F' F vy
160170 4 11/2 9/2 2(60250)

1172 13/2 59250

13/2 15/2 59398

5 5/2 Uv2 59359

72 9/2 59431
9/2 11/2 b (59519)

13/2 11/2 60130 1172 13/2 59627

15/2 13/2 59989 13/2 15/2 59748

15/2 17/2 59889

6 7/2 9/2 59790

11/2 9/2 59737 9/2 11/2 59864

13/2 11/2 59638 11/2 13/2 59956

15/2 13/2 59519. 13/2 15/2 60060
17/2 15/2 oY385 15/2 17/2 ¢ (60179)
6 11/2 9/2 59322 9/2 11/2 4(60172)
9/2 712 59390 11/2 13/2 € (60251)

2 measured 60240-60250.
® no experimental wavelength given for this line.
¢ no experimental wavelength given for this line.

9 meacured two lincs 60170-60180.
¢ observed strong feature, no frequency given.
Data from Miller and Townes [275]. (
stants b=-—102 MHz, ¢ =140 MHz, for 15Q,,

TaBLE 33. Magnetic dipole rotational spectrum of O
J=1" N'-N" v (MHz) o (em™7) Ref.
2.1 3-1 368499.02+ 0.21 12.29 265
P2 3-1 424763.80= .20 14.17 265, 157
j-10 3-1 430985.28+ .20 14.38 265
-2n 3~1 487250.05+ .21 16.25 265, 157
1-4 5-3 25.80 257
he3e 5-3 775770 =10 25.88 128
v 5-3 27.80 257
6-5 7-5 35.40 257
[FR0) 7-5 37.39 157
T 7-5 39.24 157
B--8 9-7 48.95 257
y--g* 9-7 51.00 257
-4 11-9 58.36 155
10-10 11-9 60.47 155
14~ 14 15~13 83.45 257
10-16 17-15 95.00 257
2020 21-19 115.70 257

*1irect measurement.
“Inferred from rotation measurement and fine structure meas-

sent.

* Inferred from laser measurement and EPR measurement.
*Lebbie et al. |155] obtained 39.35 ecm~!.

“1.ebbie et al. [155] obtained 50.88 em-!.

13a1a from McKnight and Gordy [265], Evenson et al. [128], Gebbie

s+ sl |157, 155], MacQueen et al. [257], and Eddy et al. [124].

)= calculated, assuming magnetic hyperfine structure con-

TABLE 34. Line widths (%) in MHz/mmHg

(a) 300 K
Transition
N
- F

1 (1.97)(a) 1.78

3 1.85 1.72

5 1.75 1.66

7 1.73 ' 1.62

9 1.69 1.57
11 1.63 1.53
13 1.54 1.48
15 1.49 1.35
17 ) 1.48 1.42
19 1.47 1.37
21 1.40 1.37
23 (1.49)(b) (1.26)(b)
25 [

Data of Battaglia and Cattani [35] supplemented by data of (a)
Hill and Gordy [193], and (b) Anderson, Smith, and Gordy [16]. Recent
measurements by Zimmerer and Mizushima [422], and Stafford and
Tolbert [363] also show decreasing line widths with increasing N.
Earlier measurements by Artman and Gordon [19] had line widths
nearly independent of rotational state (~1.97). Artman examined
various line broadening theories, concluding that Van der Waals
and exchange interactions were primarily responsible for the line
widths. Currently, no theory of line broadening accounts for the

A
experimental results. 2 s half-width at half-peak absorption; some-
p

times this is given in units of cm~!/atm.
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(d) For the a A, state.

A .
TABLE 34. Line widths (_v) in MHz/mmHg— Continued
P gv={(~1.234 = .025)10-*

b) 193 K .= 0.999866 = .000010
; Q(electronic quadrupole moment)= (— 3.19x0.65)10-% esu-cm’
) Ay Data from Miller [277]. See Miller’s table 2 for additional observe
Line 7 and derived constants.
1 07 ' Bowers et al. [51] did not state the numerical value of g, that
- they assumed. Kayama and Baird [227] indicated that Tinkham and
Data from Anderson, Johnson, and Gordy [14]. Strandberg {376, 377] had used —2.00229. The current value i-
(c)90 K —2.002319 which was assumed by Kayama and Baird, however, with-
out corrections, in their treatment of the true spin-orbit interaction
Av Hamiltonian which they used instead of the isotropic form AL -8
Line I_’ used by Tinkham and Strandberg. The true spin-orbit interaction
mixes 'Z} with the ground state. Preliminary ab initio calculations
1— 5.80 by Pritchard et al. [322] imply that spin-orbit effects “contributc
7 2.01 75 percent to the observed [A] splittings.”
9 1.94 2 Parameters for the fine-structure Hamiltonian have been dis-
1+ 5.63 cussed by Wilheit and Barrett [413], McKnight and Gordy [265!.
34 5.77 Tischer [378], and West and Mizushima [411}.
5+ 5.22

TABLE 36. Rotational constants for the X *3; state .
Data from Hill and Gordy [193].

(d) Line widths for magnetic resonance lines v Bi(cm™) D (10-% ecm™")
Av 150, 0 1.43768 5.02
Transition — 1 1.4220 4.8
P 2 1.4068 3.6
3 1.3886 4.7
N J M 300 K 78 K 4 1.3743
1 1 0——1 2.35+0.10 6.13+0.3 2 13230
1 2 2«1 2.20+ .10 6.00+ .2 7 ]'329
1 2 1< 0 ol ereeeeenraans 592+ .3 8 1.3]6
1 2 0« 1 ©2.23%+0.14 6.20+ .1 9 1208
3 2 —1le O | 593+ .3 10 1‘282
3 4 0«——1 .2.00+0.10 5.70+= 3 - 1.269
5 4 —1< 0 | 6.0 = .5 12 1'250
5 6 O0——1 | 5.5 = .3 13 1935
: 14 1.221
Data of Tinkham and Strandberg [377]. 1 1202
TaBLE 35. Miscellaneous constants derived from the microwave 16 1.186
spectrum.'+* i 1.171
18 1.156
e 19 1.139
(a) Zeeman constants (ppm) 9 191
g_; & & 21 1.104
& & & 22 1.001
23 1.075
~147+10 140515 63=6 24 1.055
. 25 (1.033)
Data from Bowers et al. {51]. Compare also Hendrie-and Kusch
{180], Tinkham and Strandberg [376, 377}, and comments by 180170 0 1.3958
Kayama and Baird [227].
&s: Spectroscopic splitting factor for free electron spin (free elec- 18050 0 1.3579
tron spin magnetic moment). !
&' In Oy, unpaired eiectron spin moment. v=0, 1: data from Babcock and Herzberg |24]. rehited using least
gv: Molecular rotational magnetic moment (sometimes labeled squares by Albritton et al. [9] (see Appendix ().
& or ). . v=2-5: data from Ogawa [302]) By and B. ol Feast and Garton
£1: Molecular electronic oribital moment (also labeled g,). [136] are ~ 0.003 cm~! larger. Albrition et al. [9] found that the fourth
No standard notation exists for these quantities. decimal place of B, values of Ogawi wax only suzpestive.

v="6: data from Feast and Garton | 136].

(b) Q(*%0,) =0.04(107¢) cm? v="T-11: data from Feast |134]).

This value of the quadrupo]e moment is from Anderson et al. [15} v=12-21: data from Ln('hlv-llnll',‘lr\'rn and Diecke [25(}]. Forv=21
1t is based on a theory of Mizushima and an arbitrary assumption 4.1, of Herman et al. [183] are for hish A auby
about one of the parameters. v=22-25: data from Herman et ol [183] No data for low N for
v=24, 25; only fragmentary dina tor the latier. For 1= 23 the quoted
(c) egQ('*0**0) =2.7MHz value is the mean of two determinations wheeh differ by 0.014 em=
- The value of the quadrupole coupling constant is from Miller {273). Isotopic B, values are from Babeock and Herzberg [24]
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TABLE 37. Rotational constants for. the a ‘A, state
v B, D, (10-9)
0 1.41774 4.97
1 14006 [.oveveiiiiniieenenns

Data from Herzberg and Herzberg [191], adjusted by use of By and

Dy values for the X state (discussed in Appendix C).

TaBLE 38. Rotational constants for the b 3% state

TaBLE 41. Rotational constants for the A3Z? state

v B, D.(10-%)
0 (0.90321) (4.67)
1 0.8880 (4.5)
2 8686 %))
3 84905 5.0
4 82717 5.4
5 80336 6.2
6 77640 8.4
7 74465 10.4
3 70633 12.9
9 65805 18.2

10 .59346 31.2

11 4969 165.

481

Isotope v B, D, (10-%)
180, 0 1.391382 5.486

1 1.373135 5.588
2 1.354785 5.651
3 1.33646 5.95
4 1.321

180170 0 1.3520
1 1.3331

180180 0 1.3141(2) 5.05
1 1.2974(0)

Data from Babcock and Herzberg [24], refitted using least squares

hy Albritton et al. [9] to data on *#0,. Refitting changed B,’s in the
ifth decimal place. Fragmeniary data on the 4—X, 4-0 band [which
vives B4} is from Ossenbriiggen [311]. Isotopic data is from Babcock
and Herzberg [24]; the fifth decimal place is suggestive, since the data
have not been refitted by least squares.

TABLE 39. Rotational constants for the ¢ '3; state

v B. D.(10-9) Ref.
0 0.9084 (7.4%+2) 103
1
2
3
4
5
6
7
8 . .
9 0.7167 (9.5) 189
10 0.6882 9.5
11 0.6573 9.5

Data from Herzberg [189] and Degen [103]. D, values for v=38,
Y, 11 are assumed equal to that for =10 {189]. Herzberg assumed
that the D, values were uncertain by +10 percent. Tentative » num-
bering of Degen has been assumed.

TABLE 40. Rotational constants for the C 3A, state

v B,
3A4 5 0.8233
34, 5 “(.8177)
3A, 6 7971
37, 6 7915

4 Bs (*Ay) is calculated (see discussion, sect. 3.5).

Data of Herzberg [189]. Difference Bs(3Az)—Bs(3A:) is real
{189]. Vibrational numbering is tentative.

Data from Herzberg [187]. Vibrational guantum numbering is
that of Broida and Gaydon [63], and is one unit larger than that of
Herzberg. The 11-0 band shows a strong perturbation for N > 7.
By, Do have been calculated, for the 0 level was not observed under
high resolution. D;, D, are of low accuracy because bands with low
v’ are extremely faint. B, values decrease and D, values increase at
an increased pace as the convergence limit is approached [187].
By; is determined from low N values only. Q-branches were used for
determining (B,—B;) and (D,—Dj) for the A-X bands. The
tabulated B, and D, differ from those cited by Herzberg [187]; the
assumed ground state constants are Bo=1.43768 and Do=5.02(10-),
Appendix C discusses the revised ground state constants.

TABLE42. Rotational constants for the B 33 state

v B, D, (10-)
0 0.8127 5.06
1 .8001 6.61
2 .7852 5.10
3 .7699 4.54
4 7537 3.56
S L1372 5.7
6 7194 5.71
7 .6997 6.96
8 6771 6.71
9 .6538 7.21

10 6270 9.75

11 .5980 9.31

12 .5640 14.16

13 .5269 23.91

14 .4836 21.2

15 .4399 25.7

16 .3953 34.3

17 .347 45

18 .296 152

19 .258 49

20 .207 76

21 .159 105

v=0-13, data of Ackerman and Biaume [3].
v=14-21, data of Brix and Herzberg [62].
Brix and Herzberg obtained v=12, B=0.5625, D=13(10-¢)
v=13,8=0.5247, D=16.8(10-¢)
Ackerman and Biaume have compared their measurements to
earlier values of Knauss and Ballard {233], Curry and Herzberg [99),
Brix and Herzberg [62], Ogawa [302], Ogawa and Chang [306].

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972



482

TaBLE 43. Rotational constants for the B2} state

v B.(cm™Y)
2 1.65
3 1.63

Crude B, values from Alberti et al. [7]. Quantum numbering is that
suggested by Ogawa and Yamawaki [308], who fitted longer branches,
including many blended linee, by using both B, and D..

TaBLE 44. Rotational constants for the o 12‘; state

v Dy (cm—?)
0 1.691
1 1.675
2 1.640
3 1.633
4 1.59

Data fium Alberti et al. [7].. Ogawa and Yamawaki [308] obtaincd

slightly different values by fitting longer branches with both B, and
D,, but many blends were included. D,’s varied irregularly with

v [308].

TABLE 45. Rotational constants for the 32: state

v B, (cm™) D, (10-% cm™?)

0 1.706 2.80

Data of Ogawa and Yamawaki [308].

TABLE 46. Rotational constants for the ‘A, state

v B, (cm™Y)

0 1.446

Data from Alberti et al. [7].

TABLE 47. Rotational constants for the 11, state

D) B, (em~1)

0 1.451

Data from Alberti et al. [7].
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TABLE 48. Rotational constants for the X *I1,, state of O
v B, Ref. A,

(200.81)
(199.99)

52 199.03

52 198.38

(197.55)

(196.74)

53 196.14

365 195.30

365 194.46

53 193.46

53 192.58

Data from Stevens [365] and Bozoky [52—3] was refitted on a cc
puter using the method of least squares. These values obtained vy
A. Lofthns differ slightly fram the values obtained graphically in the
original references. D (calc) ~ 5.3(10-%). Vibrational quantum number,
that of Bhale and Rao [42], is one unit larger than that assumed in the
original references.

A, values are from Albritton et al. [9] who refitted the data of Steven
and of Boziky. The values in parenthesis have been calculated from
A.=201.212-0.8136 (v+1).

TABLE 49. Rotational constants for the a*Ily; state of Of

» B. D, (10-%)
0 1.09681 4.83

1 1.08099 4.73

2 1.06531 4.64

3 1.05027 5.04

4 1.033

5 1.017

6 0.999

v=0, 1, 2— Nevin [291b].
v= 3~ Nevin and Murphy [291c], who list uncertainties
»===0.00002
Dy=2%0.04 x10-¢
v=4,5, 6~ Weniger [408]. For v=3 he has B;=1.047, 4,=-—47.94.
D, were only estimated to be O(10-%).

TABLE 50. Rotational constants for the A 1, state of O3

v B. Ref.
0 1.053 365
1 1.031 365
2 i,
T
I S PP
5 ).U53 ©h2
6 0.928 52
7 0.910 52
8 (.88 52
Data from Stevens {365 and Bosoby [92] was refitted by A. Lofthus;
the values obtained graphically i the onginal references differ slightly

from those cited above, Diealey a0 - (g "),
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TABLES51. Rotational constants for theb*2; state of O3
v B, D, (10-%)
0 1.27626 5.91
1 1.25420 6.07
2 1.23213 6.28

Data from Nevin [291b]. Probable error B ~=0.00005; probable
error D~ =0.09 X 10-6,

Spin fine-structure constants for this state are also given by Nevin,
wning the theory of Budo [64].

F N OO PO PURURROIN
4 1.181
5 1.158
6 1.135
Data of Le Blanc [250b].

TaBLE52. Rotational constants for the ¢4 state of O3

v B, D,

0 1.557

(10-°)

Data from Le Blanc [250]. Only the order of magnitude of D, is
given,

TaBLE 53. RKR potentials for electronic states of Oz and O}

Most of the RKR potentials are taken from the work of Albritton
et al. [9]. The data for the a A, state is extrapolated after v=1. The
idnta for the 433} state is based on the work of Degen et al. [104].
tor the A state, v=0 is not known experimentally from high resolu-
tion measurements and v=1 is known only from fragmentary branches.
tor vibrational levels which are underlined the potentials have been
exirapolated. The data taken from Albritton et al. [9] has been rounded;
the tabulated numbers are given to one digit beyond the last significant
digit as determined from the experimental data.

TABLE 53. RKR potentials for electronic states of O, and O3 —Con.

v 14 Te+V Trin Tmax
(em™) (eV) &) &)
0 X335
- 0.50 0.0 0. 1.2075358
= (.25 394.5748 .049 1.1726052 1.2457931
0.00 787.3818 .098 1.1590417 1.2626908
0.50 1568.5332 194 1.1406952 1.2877294
1.00 2343.7613 291 1.1272513 1.3078976
1.50 3113.0972 .386 1.1163265 1.3255800
2.00 3876.57 .481 1.10700 1.34170
2.50 4634.21 515 1.09880 1.35672
3.00 5386.03 .668 1.09146 1.37093
3.50 6132.07 760 1.08478 1.38451
4.00 6872.34 .852 1.07864 1.39759
4.50 7606.86 943 1.07296 1.41025
5.00 8335.65 1.033 1.06767 1.42257
5.50 9058.73 1.123 1.06271 1.43460
6.00 9776.11 1.212 1.0580 1.4464
06.50 10487.80 1.300 1.0330 1.4580

v Vv Te+V Fmin Tmax
(cm™) (eV) (A) (&)
7.00 | 11193.80 1.388 1.0494 1.4693
7.50 | 11894.14 1.475 1.0454 1.4806
8.00 12588.82 1.561 1.0417 1.4917
8.50 | 13277.83 1.646 1.0380 1.5027
9.00 | 13961.18 1.731 1.0346 1.5136
0.50 | 14638.87 1.815 1.0312 1.5244
10.00 | 15310.91 1.898 1.0280 1.5351
10.50 | 15977.28 1.981 1.0250 1.5457
11.00 | 16637.98 2.063 1.0220 1.5563
11.50 | 17293.00 2.144 1.0191 1.5669
12.00 | 17942.34 2.225 1.0164 1.5774
12.50 | 18585.98 2.304 1.0137 1.5879
13.00 | 19223.91 2.383 1.0112 1.5984
13.50 | 19856.12 2.462 1.0087 1.6089
14.00 | 20482.58 2.540 1.0063 1.6194
14.50 | 21103.29 2.616 1.0039 1.6299
15.00 | 21718.21 2.693 1.0017 1.6403
15.50 | 22327.33 2.768 0.9995 1.6509
16.00 | 22930.61 2.843 0.9974 1.6614
16.50 | 23528.05 2.917 0.9953 1.6719
17.00 | 24119.60 2.990 0.9933 1.6825
17.50 | 24705.24 3.063 0.9913 1.6931
18.00 | 25284.93 3.135 0.9894 1.7038
18.50 25858.64 3.200 0.9870 1.7145
19.00 | 26426.33 3.276 0.9858 1.7253
19.50 | 26987.98 3.346 0.9841 1.7361
20.00 27543.52 3.415 0.9824 1.7470
20.50 | 28092.94 3.483 0.9807 1.7580
21.00 | 28636.17 3.550 0.9791 1.7691
21.50 | 29173.18 3.617 0.9776 1.7802
22.00 | 29703.92 3.683 0.9761 1.7915
02 a ‘Ag
~0.50 0.0 0.982 1.2156449
—0.25 376.7521 1.028 1.17999 1.25489
0.00 751.658 1.075 1.16619 1.27228
0.50 | 1496.633 1.167 1.14757 1.29814
1.00 | 2235.158 1.259 1.13396 1.31904
1.50 | 2967.233 1.350 1.12293 1.33742
2.00 | 3692.86 1.440 1.11353 1.35422
2.50 | 4412.03 1.529 1.10528 1.36933
3.00 | 5124.76 1.617 1.0979 1.3848
Ga b ‘2;
—0.50 0.0 1.636 1.2268431
—0.25 357.4241 1.680 1.190331 1.267217
0.00 712.9766 1.724 1.176241 1.285186
0.50 | 1418.8469 1.812 1.157272 1.311972
1.00 | 2117.7290 1.899 1.143442 1.333696
1.50 | 2809.6121 1.984 1.132251 1.352859
2.00 | 3494.4855 2.060 1.122734 1.370428
2.50 | 4172.3385 2.153 1.114398 1.386898
3.00 | 4843.1603 2.237 1.106952 1.402561
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TABLE 53. ' RKR potentials for electronic states of Oy and O35 — Con. TABLE 53. RKR potentials for electronic states of Os and Of —Co

v Vv Te+ vV T'min Tmax v 14 T&‘ +V T'min Tmax
(em™) {eV) (&) &) {cm™) (€v) (&) 8
3% +
0. 473 12.00 | 6777.701 7.014 1.34332 2.37471
12.50 | 6933.801 7.033 1.34097 2.41874
—050 0.0 4.389 1.52153 13.00 | 7078.535 7.051 1.33883 2.46652
025 13.50 | 7211.822 7.068 1.33690 2.51859
0.00 395.8 . 4.438 1.454 1.600 14.00 | 7333.678 7.083 1.33515 2.57551
0.50 785.6 4.486 1.429 1.638 03 X 1,
1.00 | 1168.7 4.534 1.411 1.668
1.50 | 1544.7 4.580 1.397 1.696
—0.50 0.0 12.052 11171227
2.00 | 19125 4.626 1.385 1.722
2.50 | 22721 4.671 1.375 1.748 —0.25 | 475.46 12.111 1.0853699 | 1.1520296
3.00 | 2623.5 4.714 1.366 1.772 0.00 | 948.69 12.157 1.07307 1.16750
3.50 | 2966.1 4.757 1.357 1.797 0.50 | 1889.04 12.286 1.05646 1.19048
4.00 | 5298.9 4.798 1.350 1.822 1.00 | 2821.26 12.402 1.04431 1.20904
450 | 36218 4838 1343 1846 1.50 | 3745.33 12.516 1.03445 1.22536
5.00 | 3934.9 4.877 1887 1.872 2.00 | 4661.26 12.630 1.02604 1.24028
5.50 4231.3 4.914 1.332 1.897 2.50 55690.05 12.742 1.01867 1.25422
6.00 | 4527.2 4.950 1.326 1.925 -
: 3.00 | 6468.70 12.854 1.01206 1.26744
650 | 4804.8 4985 1.322 1.953 3.50 | 7360.21 12.964 1.00606 1.28010
7.00 5070.0 5.018 1.317 1.982 4.00 8243.57 13.074 1.00055 1.29233
7.50 59321.2 5.047 1.313 2.014
8.00 | 55556 5.078 1.310 9,050 4.50 | 9118.80 13.182 0.99546 1.30420
850 | 5772.9 5 105 1.306 2,089 5.00 | 9985.89 13.290 0.99071 1.31577
000 | 59734 5130 1304 2.131 5.50 | 10844.83 13.396 0.98626 1.32710
6.00 | 11695.64 13.502 0.98207 1.33823
9.50 | 6154.0 5.152 1.301 2.182 6.50 | 12538.30 13.606 0.97811 1.34918
10.00 | 6309.1 5171 | - 1.298 2.245
1050 | 6438.7 5.187 1.297 2.323 7.00 | 13372.82 13.710 0.97436 1.35999
11.00 | 6542.6 5.200 1.297 2.423 7.50 | 14199.20 13.812 0.97079 1.37067
8.00 | 15017.44 13.914 0.96738 1.38125
0.B3S; 8.50 | 15827.54 14.014 0.96413 1.39174
9.00 | 16629.50 14.114 0.96101 1.40216
~0.50 0.0 6.174 1.6042799
9.50 | 17423.32 14.212 0.95801 1.41252
—0.25 175.9373 6.196 1.5526332 1.6618190 10.00 | 18208.99 14.310 0.95513 1.42282
0.00 | 351.204 6.217 1.53266 1.68771 10.50 | 18986.53 14.406 0.95235 1.43309
0.50 | 697.700 6.260 1.50589 1.72668 11.00 | 19755.92 14.501 0.94968 1.44333
1.00 | 1038.736 6.303 1.48649 1.75876 11.50 | 20517.18 14.596 0.94709 1.45355
150 | 1374.200 6344 | 147000 1.78749 12.00 ) 21270.29 14.689 | 0.94459 1.46375
2.00 | 1703.961 6.385 1.45776 1.81426 05 a I,
2.50 2027.872 6.1425 1.41631 1.83970
3.00 2345.774 | 6.465 1.43623 1.86450 —0.50 0.0 16.138 1.3816042
i '38 ggz;gzg 2-:2‘:’ 1‘23;13‘; i-g‘;gg‘; —0.25 | 2584628 | 16.170 1.3387259 | 1.4291889
- - . . . 0.00 515411 16.202 1.32923 1.45041
450 | 3261631 6.578 1.41132 1.93631 0.50 | 1025.437 16.265 1.30007 1.48208
500 | 3553643 6614 140434 196005 1.00 | 1530.30] 16.328 1.28395 1.50781
550 | 3838 654 6650 139786 198393 1.50 | 2030.005 16.390 1.27093 1.53052
6.00 4118.425 0.684 1.539181 2.00800
2.00 | 2524.547 16.451 125987 1.55135
6.50 | 4386.700 6.718 1.38615 2.03258 550 | 3013999 st oot L aame
7.00 | 4649.207 6.750 1.38084 2.05761 3.00 | 3498.150 16.572 I 1.58948
7.50 4903.657 6.782 1.37586 2.08329 3.50 3977.209 16,631 1.2 1.60735
8.00 | 5149.746 6.812 1.37117 2.10976 4.00 | 4451.11 16.690 1. 1.6246
8.50 | 5387.153 6.842 1.36677 2.13720
9.00 | 5615.548 6.870 1.36264 2.16578 4.50 | 4919.85 to. o 1 1.6415
5.00 5383.42 IRH [ R 1.6579
9.50 | 5834.589 6.897 1.35878 2.19571 550 | 581181 To e 1o 1.6741
10.00 | 6043.932 6.923 1.35518 2.22722 6.00 | 62095.00 oot b 1.6900
10.50 | 6243.235 6.948 1.35184 2.26056 6.50 | o7 o U 1.7057
11.00 | 6432.167 6.971 1.34876 2.29602 S e - L7213
11.50 | 6610.416 6.993 1.34592 2.33395 £ ‘ [ . 021
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TABLE 53. RKR potentials for electronic states of O; and Of —Con.

v 14 T+ V Tmin T'max
(cm™1) (eV) (A) (&)
O3 A4 1,

—0.50 0.0 17.082 1.4082204

—0.25 223.9937 17.110 1.3627045 1.4599662
0.00 445.99 17.138 1.34550 1.48344
0.50 884.90 17.192 1.32265 1.51895
1.00 1317.03 17.246 1.30623 1.54820
1.50 1742.37 17.298 1.29308 1.57434
2.00 2160.92 17.350 1.28202 1.59857
2.50 2572.70 17.401 1.27240 1.62153
3.00 2977.69 17.451 1.26388 1.64359
3.50 3375.89 17.501 1.25621 1.66498
4.00 3767.31 17.549 1.24923 1.68587
4.50 4151.95 17.597 1.24281 1.70640
5.00 4529.80 17.644 1.23688 1.72666
5.50 4900.87 17.690 1.23135 1.74673
6.00, 5265.16 17.735 1.22618 1.76666
6.50 5622.66 17.779 1.22132 1.78652
7.00 5973.37 17.823 1.21672 1.80634
7.50 6317.31 17.865 1.21237 1.82617
8.00 6654.46 17.907 1.20822 1.84604
8.50 6984.82 17.948 1.20427 1.86599
9.00 7308.40 17.988 1.20048 1.88604

0% %5

—0.50 0.0 18.196 1.2796516

—0.25 298.1764 18.233 1.2400818 1.3242684
0.00 594.192 18.270 1.225006 1.344421
0.50 1179.798 18.342 1.204882 1.374788
1.00 1756.836 18.414 1.190329 1.399706
1.50 2325.307 18.484 1.178624 1.421904
2.00 2885.211 18.554 1.168714 1.442435
2.50 3436.547 18.622 1.160065 1.461838
3.00 3979.32 18.689 1.15236 - 1.48043
3.50 4513.52 18.756 1.14539 1.49843
@ 5039.15 18.821 1.13902 1.51599
4.50 5556.22 18.885 1.13313 1.53319
5.00 6064.72 18.948 1.12766 1.55014
5.50 6564.65 19.010 1.12254 1.56690
6.00 7056.02 19.071 1.11773 1.58351
6.50 7538.82 19.131 1.11318 1.60003
7.00 8013.05 19.189 1.10886 1.61649
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TABLE 54. Lifetimes, Einstein coefficients, and oscillator strengths

Molecule Transition Band " (s) A (s7Y) Apren (s71) Absorption f-value Ref.
0. a'BD—-X 33 0-0 3.88(10%) 2.58(107%) 4.15(10-2) 2
° ISt _X 53~ 0-0 0.085 2.47(10-1%) 67b
! ! 1-0 0.0069) 84
20 (0.1636 +.0040)10-3 356
1-1 0.0704 = .0042 356
~3) 301
b1Zt—aldy 0-0 1.5(107?)
A HZQ.T—X RN (1-10% 28,420,241 419
’ 7-0 : 1.24(10-%) 174
13- X5, ) ~ 104 241
>10-3 420
CA—X 7% <10 241
> 10-3 420
B3S-—X %% (see table 55)
u g
O} a I, > 10~ (est.) 386,13
A T, =0 677(10-7
1 679(10-Y)
2 679(10-%)
3 666(10"
4 671(10-Y),
5 680(10-*)
6 675(107Y)
7 676(10-%) 220a
A 11, —X 1], 4-4 (3.66 = .18)10~* 220a
T 4
b “’25 v=0 (1.12 =.04)10-8 220a
1 (1.10 = .05)10-¢
2 (1.22 = .04)10-
b Z-—atll, 0-0 0.00102 220a
9
(028
aX: Other estimates of transition probability lie within %50 percent of the cited value. Badger et al. {26] discuss the pressure depend-
ence of the reciprocal lifetime of the a 'A, state. (Radiative half life is ~ 0.69 times the cited value.)
oA

T
M R

c—X,C-X:

b3y
b-a:

(a) Relative transition probabilities as estimated years ago by Childs (84] would give 4;; = 0.068.

(b) “The probability of the entire electronic transition is equal to 0.0878+-0.0053 sec™'" according to Sitnik and Khlystov [356]. Th:
value is approximate.

Noxon’s original estimate [301] of 2.5(10-3) s~! was based on b—X, 0~0, 4-value being 0.143. Uncertainty is a factor of 2.

(a) Tutal f~value i the cuntinuum below 2500 A is cstimated as 2(10-7) {219].

(b) Estimates of the lifetime for the A state range from 10-%s to 10%.

(c) fvalue for the A-X transition in compressed oxygen is estimated as ~ 10-° {110].

(d) fro is absolute, not relative. Uncertalmy is = 15 percent.

Only erude estimates are available.

(a) See table 55 for a list of band f-values.

(b) ,;:-'ﬁ 0= 2.5(10-%), but this means little since the continuum so dominates the discrete structure. See sect. 11.6 for a discussion

of the B—X continuum (1750-1300 A).
03

Uncertainty in lifetime are = 5(10-%s [220a].

(a) 4—4 band f-value is calculated {220a].

(b) Fink and Welge [139], from mcasurcments on scveral 4~X bands, obtained 7 (4 2I1) — (7.1 2= 0.6)10- 7.

All lifetimes are based on data exrapolated to zero pressure.
f-value for the 0-0 band is calculated (and based on Morse function Franck-Condon factors) {220a]. Vance |386] has estimated b—a
lifetime as < 10-%s, within an order of magnitude of that estimated from fuo. (See Ref. [13] on lifetime.)
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TABLE 55. Absolute f-values for the O; B¥2; — X *Z; bands

o
o
0 1 2
0 3.45 10
1 3.90-9
2 2.38-8 5.35~7
3 9.90-8 2.08-6
4 3.21-7 6.15-6
5 8.52-7 1.53-5
6 1.91-6 3.15-5 2.134
7 3.81-6 5.78-5 3.394
8 6.68—6 9.40-5 5.46-4
9 1.06-5 1.38—4 9.874
10 1.57-5 1.91+4 1.03-3
11 2.09-5 2.38—4 1.04-3
12 2.53-5 2.73—4 1.22-3
13 2.88-5 2.93-4 1.04-3
14 3.03-5 2.95-4
15 2.92-5 2.774
16 2.59-5 2.42-4
17 2.23-5 2.014
18 1.83-5
19 1.44-5

Data of Ackerman et al. [4] for v"'=0 and 1 progressions; data of
Hudson and Carter [199a] for v''=2 progression. Estimated uncer-
tainty in these measurements is = 20 percent. Compare also data of
Bethke [10], Halmann and Laulicht [168e], and Hasson et al. [173] which
are in agreement within experimental error (estimated as 10-30%).
However, Bethke’s value for the 3-0 band (7.4-8) differs considerably
from that of Ackermann et al. Data of Farmer et al. [131] are discrep-
ant. (Notation: 3.45—8 means 3.45 (10-8), ete.)

TABLE 56. UV absorption; some special features

)\(/i.) kem™1) Ref. T Comments
4000-2050 <104 373
1750-1300 | 390 (peak) B~X Schumann-Runge
' continuum,

1800-1400 Peak at 1420 A. Weak 411,

1796 0.28 ; 414 (repulsive) — X 325

1781 0.44 continuum. { f-value for
this region estimated
as 0.01.)

1352 185

1332 55

1293 20

1244 1200 369, 400

1205 430 | 271

1153 200

1215.7 0.28 Windows, regions of

1187.1 0.20 minimum absorption.

1166.8 0.29

1157.0 0.44 21

1142.8 0.31

1126.9 0.62

1108.3 0.20
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Table 57.
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Franck-Condon integrals.

Franck-Condon integrals are taken from the extensive calculations of Albritton et al.

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972

[97; these include calculations for unobserved tramsitions. For the O A32§—X32’
transition data from Degen et al. [1047 are placed at the end of the t&ble. &
1 3 - .
02 a ag - X Ez Infrared atmospheric system

. (vac) 3 4 = 2
v ov" T qV'V” }\0 qV’V”GO qV'V”JO r r phase
0s O 7882439 9,869-1 12686451 44833+11 3.810+15 14217 14482 +
1 6326401 162972 15807475 34284+ 9 24077+13 14547 24289 +
2 4792420 le260~4 20862.88 1388+ 7 64652410 14555 24487 +
1, 0 9365489 1e¢303-2 10677404 1071410 1.003+14 04902 Q713 -
1 780951 9e586-1 12804490 44566+11 34566+15 1227 1¢510 +
2 6276470 2¢791-2 -15931,93 64903+ 9 4+4333+13 le547 24295 +
3 476724 be296-4 20976449 44655+ 7 24219+11 l1e568 24518 +
4 3280493 14735-6 30479412 60126+ &4 20010+ 8 24079 34782 +
2s 0 10823459 6e794~5 9239,08 84615+ 7 94325411 0e198 ~0e782 +
1 9267.21 24814~2 10790473 2+4240+10 2.076+14 04928 0772 -
2 7734440 94258-1 12929425 44284+11 34313+15 1e238 1539 +
3 6224494 4e 4972 16064441 1.085+10 6752413 1.547 24302 +
4 4738463 94802-4 21103412 14043+ 8 4e942+11 le581 2547 +
5 3275432 64073-6 30531,37 21344+ 5 64989+ 8 24008 36622 +
3, 1 10699411 24591-4 9346457 34173+ 8 34394+12 0e302 ~0e571 +
2 9166430 44548-2 10909453 34502+10 3¢210+14 04953 0832 -
3 7656484 84881~1 13060,22 3+987+11 34053+15 1e248 1568 +
4 6170653 6e423-2 16205005 14509+10 94312+13 le548 20311 +
5 4707622 l1.867-3 21243496 1948+ 8 9¢168+11 14592 2575 +
6 3266476 le652~5 3061133 54759+ 5 14881+ 9 1.957 34510 +

THE CALCULATED ARRAY EXTENDED THROUGH ( 3321)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.

02 b%zg-xgg; Red atmospheric system

0s O 13120451 9.308-1 T621e42 24103+12 2759+16 le222 1495 +
1 11564453 64660-2 8647613 1.030+11 14191+15 1.370 1857 +
2 10031.72 2.523-3 9948.38 2.547+ 9 2.555+413 lessbly 2.131 +
3 8522426 54648-5 11733,98 34496+ 7 24979+11 le573 26444 +
1, 0 14525466 6e64T7-2 6884437 24037+11 24959415 1089 le169 -
1 12969.28 T4928~-1 7710453 1e729+12 | 2.243+16 le233 1e524 +
2 1143664 ( led22-1 8143495 1¢977+11 2e261+15 1378 14880 +
3 9927.,01 84284=-3 10073453 84104+ 9 B8e045+13 le47l 2+151 +
4 8440471 247364 11847,35 le645+ 8 1.388+12 1e574 20453 +
5 6977439 6e4l7-6 14332401 24180+ 6 1.521+10 le636 2672 +
2s 0 15902442 24639-3 6288435 1.061+10 l1e688+14 04919 0785 +
1 14346404 le315-1 6970457 34883+11 5571415 14106 1210 -
2 12813,.,23 64527-1 7804443 le373+12 14759+16 le243 1e554 +
3 11303.77 le943-1 8846461 2.807+11 364172+15 le386 1905 +
4 9817446 1¢802-2 10185,93 14 705+10 leb674+14 le478 20172 +
5 8354415 8e232~4 11970410 44799+ 8 44010+12 14577 24464 +
6 6913469 24512~5 14464405 84301+ 6 54739+10 le643 2+690 +
2, 0O 17251.09 6£4911-5 5796.74 3.548+ 8 6.121+12 0656 0+240 -
1 15694471 847533 6371457 3e384+10 5¢311+14 Ca947 0e846 +
2 14161490 le924-1 7061420 5463+11 Te737+15 le12% 14252 -
3 12652444 S5¢144-1 7903461 14042+12 1318+16 1257 1583 +
4 11166614 20499~1 8955465 3¢479+11 34885+15 14394 14930 +
5 370282 3e240-2 10306428 2¢960+10 2e872+14 Tet 8}t 20194 +
6 8262437 le968~3 12103407 14110+ 9 9172417 lef81 26477 +
7 6844,67 Te617-5 14609.,91 2442+ T 1672411 1efhtitl 24708 +
8 5449466 24025-6 18349.77 36277+ 5 1e7864 © 1728 24959 +

THE CALCULATED ARRAY EXTENDED THROUGH { 3521}e Q LESS THAN 1+0-6 HAVE DRI iN OMITTED.
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Table 57. Franck-Condon integrals--continued
3 - J3_- o
02 B gu—X gg Schumann-Runge system
4 —

vt vt S8 qV'V" }‘C()vaC) qV'V"UO q'V'V”OO r r phase
0s 2 46268490 1e303-6 2161428 1.290+ 8 5.970+12 le404 1974 +
3 44759443 le173-5 2234417 1.052+ 9 44710+13 1e420 2017 +
4 43273413 7+.582~5 2310490 6elé4+ 9 24659+14 1e435 24061 +
5 41809.81 3eT41~4 2391.78 2734+10 1.143+15 lo451 2106 +
é 40369436 le&65-3 2477413 9.638+10 34891+15 le467 20153 +
7 38951466 446763 2567429 24763+11 1e076+16 le&484 20202 +
8 37556465 1e239-2 2662464 6e563+11 24465+16 1500 2252 +
9 36184429 2¢763-2 2763463 1¢309+12 44736+16 1518 24305 +
10 34834456 5240-2 2870471 2¢215+12 Te715+16 1536 2360 +
11 33507449 8e514-2 2984441 34203+12 1.073+17 le554 24416 +
12 32203412 1e¢192-1 3105429 3.981+12 1.282+17 14573 26476 +
13 209221655 le443-1 3233499 hel&6112 1319117 1.593 2.538 +
14 29662.88 le514-1 3371+22° 36951+12 16172+17 le614 24604 +
15 28427426 l1.378-1 3517.75 3e164+12 84996+16 14635 20673 +
16 27214485 1.087-1 3674446 2¢190+12 54960+16 1e657 2746 +
17 26025487 Tetsl7-2 3842433 14307+12 3¢403+16 1l.680 24823 +
18 24860454 44370-2 4022444 6e714+11 1.669+16 l.705 24905 +
19 23719413 24213-2 4216401 24953+11 7.005+15 l.731 24993 +
20 2260194 9¢585-3 4424440 1.107+11 2.501+15 1.758 34088 +
21 21509430 34525-3 4649415 34508+10 Te546+14% 16787 30191 +
ls 2 46956443 le234=5 " 2129463 1277+ 9 50999+13 1397 14955 -
3 45446497 9¢847-5 2200437 9e243+ 9 44201+14 le4l2 14997 -
4 43960466 545574 2274476 4eT721+10 2.075+15 le428 24040 -
5 42497435 2¢352-3 2353409 1.805+11 Teb672+15 le443 24084 -
6 41056489 Te732-3 2435464 5¢351+11 24197+16 14459 24129 -
7 39639.19 24013-2 2522476 le254+12 44969+16 le475 24176 -
8 38244.18 441892 2614478 2e343+12 84961+16 le491 26225 -
9 36871.82 6¢967-2 2712410 3e493+12 1.288+17 1.508 24276 -
10 35522409 9¢140-2 2815415 4e097+12 le455+17 le526 20328 -
11 34195,.,02 9.128-2 2924440 34650+12 1e248+17 le543 2382 -
12 32890466 6¢350-2 3040438 20259+12 Te431+16- 16561 24437 -
13 31609.08 24328-2 3163465 Te352+11 2+324+16 1579 24490 -
14 30350441 3eb41-4 3294485 9.619+ 9 2.919+14 1.566 2427 -
15 29114479 le553-2 3434468 3¢833+11 1e116+16 le629 24656 +
16 27902438 6e165~-2 3583492 1.339+12 3.737+16 le647 24715 +
17 26713440 1.087-1 3743444 2.072+12 50534+16 le669 24786 +
18 25548407 le284-1 3914419 20142+12 54472+16 14692 20863 +
19 247106466 lal44-1 4097 e24 le664+12 40061116 le.716 2945 +
20 2328947 B8e062~2 4293678 1.018+12 24372416 1e742 3¢034 +
21 22196483 44589-2 4505415 5.018+11 l1e114+16 1.770 34130 +
2y 1 49154446 54300~6 2034440 6e294+ 8 3.094+13 1.376 14896 +
2 4762165 6+008~-5 2099.88 6488+ 9 3.090+14 1.391 14936 +
3 46112419 4e245-4 2168462 4e162+10 1.919+15 1e406 1977 +
4 44625489 24087-3 2240485 1,855+11 84277+15 le421 24019 +
5 43162457 7¢540~-3 2316482 6.063+11 2.617+16 le436 20062 +
6 417226411 24057~-2 2396481 less94+12 6.235+16 1e451 24107 +
7 40304442 4e280-2 2481412 24802+12 16129+17 le467 24152 +
8 38909441 6eT24~2 2570407 34961+12 1541417 1483 24199 +
9 3753704 T4696-2 2664404 44070+12 1528+17 1.499 20248 +
10 36187.31 5824=2 2763440 24 760+12 9.987+16 1.516 2297 +
11 34860424 24124-2 2868460 8+4997+11 3+136+16 1531 24343 +
12 33555488 5.507-5 2980410 24081+ 9 6+4982+13 1476 24115 +
13 32274431 1e853-2 3098444 64230+11 2¢011+16 14576 24486 -
14 31015.64 546962 3224418 1699412 5271+16 14593 24537 -
15 64930-2 3357496 1.830+12 5.450+16 14611 2596 -

29780401
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Table 57. Franck-Condon integrals--continued

4] Ba,’g;-X"—s)j; Schumann-Runge system

2

LANRARE To qv|vv| )\ivaC) qvlvn'ﬁi qvlvno'f; r r phase
2916 28567461 34928-2 350047 94157+11 24616+16 14630 24655 -
17 27378662 369343 3652449 84073+10 24210+15 le641 24682. -
18 26213429 1.018-2 3814486 1¢834+11 44807+15 l.688 2854 +
19 2507189 5¢989-2 3988453 9e439+11 24366+16 1.705 24910 +
20 23954470 lelll-1" 4174455 le527+12 3.,659+16 1.729 24990 +
21 22862405 le257-1 4374406 le502+12 3434416 1755 34078 +
3, 1 49796427 14979-5 2008418 2443+ 9 le216+14 1370 1880 -
2 48263447 2¢013=-4 2071.96 24263+10 14092+15 1385 1919 -
3 46754400 164258=3 2138485 1.286+11 64013+15 1e399 = 14959 -
4 45267470 54375-3 2209408 44986+11 24257+16 letls 24000 -
5 43804 .38 1.646-2 2282,88 le384112 64061+16 les2? 20042 -
[ 42363493 36772 2360450 24795+12 1e184+17 le4b4 24085 -
7 40946423 54929-2 2442423 44070412 1e667+17 1.459 2129 -
8 39551422 6e571-2 2528437 4e066+12 1.608+17 1e¢475 20174 -
9 38178486 . 44331-2 2619425 2¢410+12 94203416 1.490 2220 -
10 36829.13 9¢417-3 2715424 44704411 le732+16 le504 24258 -
11 35502406 2e395-3 281674 1072411 34805415 le536 24368 +
12 34197469 34150-2 2924417 14260412 44308+16 1le546 24391 +
13 32916412 S5e446-2 3038402 14942412 64393+16 1e562 20441 +
14 31657445 3e492-2 3158.81 1108+12 36508+16 14579 20492 +
15 30421.83 24823~3 3287411 7.948+10 2¢418+15 14587 2508 +
16 29209.42 1.221-2 3423,.55 3.042+11 8.885+15 l1.628 24657 -
17 28020e44 54283-2 3568482 le1624+12 3e4257+16 1644 2706 -
18 26855411 6e233=2 3723469 1e207+12 3e6242+16 le664 24769 -

19 25713470 2e540-2 3888,98 44319411 le111+16 14683 2829
20 24596451 240175 4065462 3.001+ 8 76382412 le984 40041 +
21 23503487 34218~2 4254462 4e178+11 9.821+15 1745 34050 +.
4s 0O 51969.72 2.881-6 1924420 44044+ 8 2.102+13 1,351 1.826 +
1 50413434 5726-5 1983460 Te337+ 9 3.699+14 1e365 1864 +
2 48880454 56232-4 2045480 64110+10 24987+15 14379 1902 +
3 47371408 24893~-3 2110499 34075+11 le457+16 1.393 1941 +
4 45884477 1e070~-2 2179437 1e034+12 44T745+16 1e407 1982 +
5 44421645 26156=2 2251417 2416412 1.073+17 l.422 2.022 +
6 42981400 Le94]1-2 2326461 3e924+12 1.686+17 le437 24065 +
7 41563430 5¢894-2 2405,97 46232412 1.759+17 le452 2107 +
8 40168429 44031-2 2489453 2e612+12 1.049+17 le467 24150 +
9 3B (Y5493 84393-3 257759 44901411 1901+16 le479 2185 +
10 37446420 24916-3 2670450 1e531+11 54734415 1509 2284 -
11 36119.13 3,091-2 2768462 le456+12 5260+16 1519 2309 -
12 34814677 44503-2 2872434 1.900+12 64615+16 14535 24355 -
13 33533.19 1¢900-2 2982412 Te165+11 2¢403+16 1.550 2399 -
14 32274452 1e902~4 3098642 66393+ 9 24063+14 le622 2664 +
15 31038490 2¢620-2 3221.76 Te836+11 24432+16 1.594 2544 +
16 29826449 44910~2 3352472 . 14303+12 3.886+16 1.611 24595 +
17 28637451 24392-2 3491492 54618+11 1609+16 le627 24645 +
18 27472418 24859-5 3640405 56928+ 8 le629+13 1840 34479 -
19 2633077 24924-2 " 379784 54338+11 1.406+16 1.680 24827 -
20 25213458 6e313~-2 3966412 le012+12 2551416 1e699 2889 -
21 24120694 44079-2 4145478 5¢725+11 1l.381+16 1720 24955 -
59 0 52560452 P 74576-6 1902457 14100+ 9 5¢782+13 1.345% 1811 -
1 51004614 P 1e371-4 1960463 1.819+10 9278414 1.359 1849 -
2 49471433 P 1,126-3 2021437 le364+11 6eT47+15 1373 1886 -
3 47961487 P 54506~3 2084499 6.075+11 24914416 1.387 14925 -
4 46475457 P 14758~2 2151467 le765+12 84204+16 Je401 1965 -
5 45012425 P 3.768-2 2221462 3e436+12 1e547+17 lety16 20005 -
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Table 57. Franck-Condon integrals--continued
w3 v3aT an _ N
O2 B EU-X Zg Schumann-Runge system

vtov" T qv.v., )\évaC) qV.v..cri qv'v”jo r r phase
bs 6 43571.80 P 5.278-2 2295006 4e366+12 1.902+17 14430 24046 -
7 42154.10 P 46298-2 2372+25 30220+12 16357+17 lag4s 24086 -
8 40759,09 P 1,283-2 2453444 Be685+11 36540+16 1e458 2123 -
9 39386672 P 7.930-4 2538,93 46845+10 1.908+15 1.492 26239 +
10 38037.00 P 2¢408-2 2629402 1e325+12 54040+16 14495 2236 +
11 36709.93 P 34928-2 2724406 1943412 Tel34+16 1509 2279 +
12 35405656 P.1e579-2 282442 T7.006+11 26481+16 1.524 2318 +
13 34123,99 P 66553-4 2930649 26604+10 8.886+14 1,568 26478 -
14 32865,32 P 2.667-2 304272 9.467+11 3,111+16 1565 2452 -
15 31629670 P 3a844-2 3161659 10216+12 3e848+16 1581 24498 -
16 20417629 P 9¢288-3 3287060 2e642+11 8,036115 le594 2.535 -
17 29228430 P 5+262-3 3421634 1e¢314+11 34840+15 16633 2674 +
18 28062498 P 3,970-2 3563441 8o773+11 20462+16 le644 26704 +
19 26921457 . P 3.805-2 3714049 Te424+11 1.998+16 1s661 24759 +
20 ?5804.38 P 3.340-3 387531 Ea740+10 1.481+15 1ab67 26166 +
21 24711673 P 14609-2 4046466 26428+11 6.001+15 1.719 26961 -
65 0O 53123,30 P 1,711-5 1882441 2,565+ 9 le362+14 1.340 16798 +
1 51566092 P 2.826~4 1939,23 26874+10 1+4998+15 le354 1834 +
2 50034412 P 26090-3 1998,.,64 20618+11 16310+16 le368 1e872 +
3 48524 ,66 P 9.032-3 2060.81 1,032+12 5,008+16 1.382 1910 +
4 47038635 P 2e481-2 2125693 26582+12 le214+17 1396 16949 +
5 45575603 P 46367-2 2194418 44,133+12 1.884+17 le410 1988 +
[S] 44134458 P 4¢591-2 2265680 36947+12 1eT742+17 let24 2027 +
7 4271688 P 2182-2 2341400 1701412 Te265+16 lo438 2065 +
8 41321687 P 36507~4 2420403 2474410 16022+15 le434 2038 +
9 3994951 P 1e395-2 2503616 8.896+11 3e554+16 le473 20172 -
10 38599,.78 P 3e470-2 2590469 1¢996+12 T7e703+16 1.486 20210 -
11 37272671 P 1.896-2 2682493 9.820+11 36660+16 1500 26248 -
12 35968435 P 16153-5 2780422 54366+ 8 1.930+13 1,683 24931 +
13 34686677 P 24070-2 2882694 84638+11 26996+16 1539 2372 +
14 33428010 P 3.298-2 2991450 le232+12 46118+16 lea554 241t +
15 32192648 P 6.965-3 3106.32 26323+11 T+480+15 1,565 26445 +
16 30980.07 P 64669-3 3227.88 1983+11 64143+15 1601 2¢568 -
17 29791.09 P 3.556=-2 3356,71 96401+11 2801416 l1.613 2601 -
18 28625.76 P 2¢279-2 3493436 5e346+11 1.530+16 1.628 20647 -
19 27484435 P 64201-5 3638443 16287+ 9 3.538+13 1,783 3e251 +
20 26367.16 P 2¢848-2 3792460 50221+11 1.377+16 1.679 2821 +
21 25274452 P 4.287-2 3956455 6.921+11 1749+156 1.696 2877 +
5 0 53656,09 3402-5 1863,72 56254+ 9 26819+14 1le335 16785 -
1 52099.71 5141-4 1919.40 7.270+10 34788+15 1e349 1¢821 -
2 50566690 34323 1977+58 4e437+11 26244+16 14363 14858 -
3 49057444 1e311-2 2038.43 1¢548+12 Te594+16 1377 1896 -
4 47571613 3¢084-2 2102a12 3e320+12 16579+17 14390 14934 ~
5 46107.82 4e388-2 2168083 46301+12 1.983+17 le404 1972 -
6 44667636 36255~2 2238677 2.901+12 16296+17 le418 24010 -
7 43249666 6e024~3 2312616 4e874+11 2.108+16 16429 26040 -
8 41854465 3.883-3 2389622 2¢847+11 1.191+16 le454 2¢119 +
Q 40482029 2e672-2 2470622 1e773+12 T«175+16 le465 24147 +
10 39132456 20477~2 2555642 le484+12 54808+16 le478 24185 +
11 37805449 le646-3 2645,12 86895+10 36363+15 " le4 84 2192 +

12 3650L.13 lo149-2 273964 5589+11 26040+16 le516 2¢303
13 35219456 20986-2 2839433 1.305+12 40595+16 1.529 20339 -
14 3396089 9.879-3 2944,56 36869+11 le314+16 le542 20373 -
15 3272526 304123 3055474 10196+11 3¢913+15 le576 20492 +
16 31512.85 2+4905-2 3173431 9.092+11 24865416 1585 24512 +
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Table 57.
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Franck-Condon integrals--continued

02 BSE;-X3E; Schumann-Runge system

viov" 04 qv'v” lgvaC) qvlvuci qv'vﬁjo T r2 phase
Ts17 30323487 1le910-2 3297.73 54326+11 14615+16 14599 2554 +
18 29158454 2e712-4 3429453 60724+ 9 1.961+14 14677 20846 -
19 28017413 24661~-2 3569424 54853+11 14640+16 1.646 24711 -
20 26899,95 24968-2 3717648 56777+11 14554416 le662 2e759 -
21 25807030 8e 7074 3874487 1497+10 3e862+14 lebaT 20686 -
8s O 54156463 64054-5 1846450 9616+ 9 54208414 14331 1773 +
1 5260025 8e401~4 1901.13 1.223+11 66431+15 14345 14809 +
2 5106Teb4 54073~3 1958019 6e756+11 34450+16 1e358 1e845 +
3 49557498 le715-2 201784 2.088+12 1.035+17 1372 1882 +
4 48071467 3e441-2 2080623 3.823+12 1,838+17 1.385 14920 +
5 LAEANDR .36 2.877=-2 2145454 3.925+12 1.829+17 l1.399 1957 o+
6 45167490 1.826-2 2213,96 1.682+12 74598416 le412 16993 +
7 43750620 9¢514-5 2285470 Te967+ 9 3e486+14 1395 1918 +
8 42355419 1e391-2 2360499 1.057+12 4e4T7T+16 le&t5 24091 -
9 40982483 2e748-2 2440,4,05 le892+12 Te754+16 le458 24126 -
10 39633610 8e 768~3 2523414 5e458+11 26163+16 14470 24158 -
11 38306403 24581-3 2610656 le451+11 54558+15 14499 24254 +
12 37001467 24385-2 2702458 1.208+12 4a4T1+16 le507 26272 +
12 25720409 le&25-2 2799455 Te405+11 26045+106 164520 2308 +
14 34461642 14529-4 2901480 66257+ 9 2¢156+14 1.588 24558 -
15 33225.80 2.062-2 3009.71 Te564+11 24513416 1.560 20434 -
16 32013439 20095=2 3123469 64874+11 24201416 1.573 26474 -
17 30824441 8¢690-5 3244418 2545+ 9 Te845+13 le512 2219 -
18 29659,08 le948=~2 3371465 50081+11 1507416 1e617 24618 +
19 28517467 2¢541-2 3506460 5¢894+11 1.681+16 ls631 24660 +
20 27400448 64319-4 3649457 1300+10 34562+14 1.615 2578 +
21 26307484 149712 3801.15 3.589+11 Se&441+15 1,681 2830 -
9s 0 5462243 G¢751-5 1830475 14589+10 Be680+14 14327 le762 -
1 53066405 le247~3 1884444 1e864+11 94889+15 14340 1798 -
2 51533424 64837~3 1940450 94357+11 44822+16 le354 1.834 -
3 50023.78 24050-2 1999.,05 24566+12 14283+17 1e367 1870 -
4 48537.47" 364942 2060426 34995+12 14939+17 1.381 1907 -
5 47074416 3¢033-2 2124631 3e164+12 1¢490+17 1e394 14943 -
[S) 45633.70 Te361~3 2191436 6e¢995+11 3.,192+16 le406 14975 -
7 44216400 20176=3 226163 l1e881+11 84318+15 14430 20049 +
8 42820699 201062 2335430 le654+12 7082416 1e439 24072 +
o 41448063 le874-2 24126063 le335+12 54532+16 le452 24106 +
10 40098490 4o568-4 2493,83 2e¢945+10 1181+15 le&49 24083 +
11 3877183 1e248-2 257919 Te274+11 2.820+16 1.487 20213 -
12 37467647 24162-2 26638,98 1.137+12 44260+16 1.499 26247 -
13 36185490 24303-3 2763451 1.091+11 3e949+15 14506 2259 -
14 34927423 9¢561-3 2863610 44C74+11 le423+16 14538 2369 +
15 33691460 2¢279-2 2968410 8¢716+11 2e936+16 14550 24402 +
16 32479419 34042-3 3078489 1e042+11 34385+15 14557 20417 +
17 31290421 F¢800-3 3195489 3002+11 9e394+15 14593 24541 -
18 30124488 20439=2 3319451 6e669+11 2.009+16 l.60% 2576 -
19 28983647 20819-3 3450624 6¢863+10 1.989+15 1e610 24581 -
20 27866029 14209-2 3588457 2¢616+11 T¢290+15 l1e652 2735 +
21 26773664 26710-2 3735402 50202+11 1+393+16 le665 2773 +
10, 0O 55050481 le&31-4 1816.50 24388+10 1.315+415 1.323 1e¢752 +
1 53494443 1¢695-3 1869435 24595+11 1.388+16 14337 16788 +
2 51961462 Bel&T77-3 1924450 14189+12 6179+16 1350 1823 +
3 50452416 24260-2 1982.08 2.902+12 le464+17 14363 14859 +
4 48965486 3e264~-2 2042424 34832+12 1«876+17 1377 14895 +
5 475026054 20108-2 2105415 24260+12 1.073+17 1390 14930 +
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Table 57. Franck-Condon integrals--continued
02 BBEL-XBz; Schumann~Runge system
4 - 2
viowt o, Qg ngac) qV'V"Gi 91 gm0y r T phase
10s 6 46062409 14519-3 217098 1l.485+11 66839+15 1398 14949 +
7 44644439 T7e¢537-3 2239492 6+707+11 20994+16 le422 24023 -
8 43249438 241772 2312417 la761+12 Te617+16 le434 24055 -
9 41877,01 8e458-3 238794 6e211+11 2:601+16 le445 24086 -
10 40527429 1.628-3 2467447 1.,083+11 44391+15 le473 2178 +
11 39200.21 1.853-2 2551401 lel16+12 44375+16 14480 24191 +
12 37895485 1097-2 2638481 50972+11 2.263+16 le492 2223 +
13 36614428 8e241-4 2731418 44045+10 1.481+15 14529 2350 -
14 35355461 14821-2 2828440 84048+11 2845416 1le529 24338 -
15 34119698 1e076-2 2930483 44274411 le458+16 le541 24371 -
16 32907458 le405-3 3038481 5.005+10 l.647+15 1.578 24503 +
17 31718459 20012-2 3152473 6el421+11 2.037+16 1.581 2501 +
18 30553427 84941~3 3272497 24550+11 Te791+15 1.593 24533 +
19 29411486 3e449-3 3399.99 84776+10 24581+15 l.631 24669 -
20 28294.67 203232 3534424 50262+11 14489416 l.638 24684 -
21 27202602 64200-3 3676420 1.4248+11 34394415 1.648 24707 -
11, O 55439,.,05 le924~4 1803,78 36279410 1.818+15 1320 le744 -
1 53882467 2¢123-3 1855,.88 36321+11 1.789+16 1.333 1.778 -
2 B52349,R6 9.723-3 1910,.22 1.396+12 7.310+16 1.346 l.814

3 50840440 26318-2 1966.94 36046+12 16549417 1.360 14849 -
4 49354409 24832-2 2026418 3e405+12 1.680+17 1.373 1885 -
5 47890078 1299-2 2088408 le&26+12 6+831+16 1.385 14918 -
7 45032462 le211-2 2220461 1,106+12 44981+16 le4l6 24008 +
8 4363761 1e756-2 2291460 1e459+12 64369+16 1e429 2041 +
9 42265425 14968-3 2366401 1e486+11 64281+15 le437 24058 +
10 40915452 6eT765-3 2444,06 44633+11 1.896+16 14463 260142 -
11 39588445 1.708-2 2525499 1.060+12 44196+16 le474 2172 -
12 38284409 2e544-3 2612.05 le427+11 5¢465+15 le482 24189 -
13 37002652 6e706-3 2702452 3e397+11 1.257+16 le511 24286 +
14 35743484 1e671-2 2797.68 Te633+11 2.728+16 1.522 2315 +
15 34508422 14400-3 2897.86 5¢754+10 1986+15 1.525 24315 +
le 33295.81 Ge526-3 3003438 3e4516+11 1e171+16 le561 20439 -
17 22106483 1e579-2 3114,60 54225+11 1e677+16 16572 26471 -
18 30941450 1¢107-4 3231490 34280+ 9 1.015+14 1.527 2279 -
19 29800409 1e450-2 3355469 3.836+11 lel43+16 leb14 24609 +
20 28682490 14315-2 3486440 34103+11 84900+15 1e627 24643 +
21 27590.26 7eh35-4 3621447 1,5661110 4e308+14 1e684% 2e856 -
125 0 55784458 2e377~4 1792,.61 44126+10 2.302+15 le317 l1.736 +
1 54228420 2+458~3 1844406 34919+11 2.125+16 1330 1770 +
2 52695440 1.041-2 1897,.,70 l1e523+12 84023+16 le343 1805 +
3 51185494 26229-2 1953466 2.989+12 1.530+17 1e356 14840 +
4 49699463 24305-2 2012609 24830+12 1.406+17 14370 1875 +
5 48236431 70040~3 2073413 74901411 34811+16 1381 1907 +
6 46795486 9e564~4 2136494 9.800+10 44586+15 le404 1978 -
7 45378616 le40T7~2 2203470 le315+12 56966+16 les12 14995 -
8 43983415 16170-2 2273660 9.953+11 44378+16 let24 24028 -
9 4261C.79 1.015-5 2346482 74853+ 8 34346+13 14341 1e706 -
10 4126106 1.068-2 2423459 7505411 3009€+16 le457 2124 +
11 39933499 1.153=-2 2504413 7e¢340+11 2931+16 10469 24156 +
13 37348405 la145-2 2677452 5¢965+11 24228+16 le504 2263 -
14 36089438 94696-3 2770490 44557+11 le645+16 la515 24293 -
15 34853476 4eu85-4 2869,13 14899+10 64619+14 14559 2447 +
le 33641435 le406-2 2972453 5353411 1801+16 1e553 20412 +
17 32452437 6+219-3 3081e44 2125+11 64897+15 16563 24439 +
18 31287404 3¢4129-3 3196.,21 9.583+10 24998+15 14597 24559 -
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Table 57. Franck-Condon integrals--continued
3 - 3 - ol
O2 B gu-X gg Schumann-Runge system
vac 4 = i
vt % yryn kg ) Gy rynCo U1y T r" phas
12,19 30145463 le613-2 3317423 44420+11 1e332+16 1605 2577
20 29028644 24021-3 3444490 44943+10 le435+15 1609 2577 -
21 27935480 94203-3 3579.64 2.006+11 5.605+15 14650 20728 +
13, C 560854.41 2701-4 1783,.,00 L.766+10 24673+15 14314 1729 -
1 54529404 2.638-3 1833,.,88 442T7T7T+11 24332+16 1.328 16763 -
2 52996423 1.040-2 1886493 le548+12 84202+16 le321 1798 -
3 5148677 2¢020~2 1942425 24756+12 14419417 le354 14833 -
4 50000446 14776~2 1999,.,98 24220+12 16120+17 1367 14867 -
5 48537614 34306-3 2060428 3.780+11 1.835+16 14378 14895 -
6 47096469 2¢611-3 2123429 2¢728+11 1.285+16 14398 14958 +
7 45678499 1e352~-2 2189419 10288+12 5.885+16 16409 14985 +
8 44283498 6+4607-3 2258415 54738411 24541416 14420 24015 +
9 42911462 T2 4084 2330437 5¢854+10 24512+15 letts7 20104 -
10 41561489 1e160-2 2406405 8e328+11 3e461+16 le453 24111 -
11 40234482 54998-2 2485441 34907+11 1.572+16 letbs 26140 -
12 38930446 le245-3 2568468 T7.346+10 2.860+15 le492 24236 +
13 37648488 1.200~2 2656412 6e404+11 24411+16 1e498 24246 +
14 36390421 3.605-2 2747499 1e737+11 64321+15 14508 24269 +
15 35154459 2607 2 2844458 le567111 54508115 l1eS537 24368 -
16 33942418 le225-2 2946419 44791+11 1e626+16 le546 2391 -
17 32753420 T7e873-4 3053414 2.766+10 9.060+14 le546 24375 -
18 31587487 84314-3 3165477 2.620+11 84277415 1586 24519 +
19 30446446 9¢930~3 3284445 2+803+11 845323+15 1.597 2549 +
20 29329427 362044 3409.,56 8084+ 9 24371+14 1,658 24775 -
21 28236463 le365-2 3541450 34072+11 84674+15 le640 26692 -
THE CALCULATED ARRAY EXTENDED THROUGH (13421)e Q LESS THAN 1+0-~6 HAVE BEEN OMITTED.
+ 2 3_- . .
02 X Hg - o2 X gg Ionization system
0s 0 97365400 14884~1 1027406 1e739+14 1.693+19
. . l.166 14360 +
1 95808462 2¢710~-1 1043,.,75 2¢384+14 24284+19 lel41l 1:302 -
2 Q4275,.81 2.292-1 1060672 le921+14 le8B11+19 lel19 1e251 +
2 3?726.35 14495-1 1077.98 le194+14 1.107+19 1.098 14206 -
280404 B8e364-2 1095453 64361+13 54806+18 l.080 lel65 +
5 89816473 4e232~2 1113,38 3.066+13
. . 2¢754+18 1.0632 14128 -
3 88376427 24000~2 1131.53 14381+13 1.220+18 l.046 14093 +
. 86958458 9017-3 1149.97 54929+12 54156+17 1031 14062 -
85563457 3¢932-3 1168472 2e463+12 2+108+17 1.017 14033 +
9 84191420 1e676-2 118777 1.000+12 84423+16 1.004 1005 ~
1? 82841447 7e041~4 1207413 4.003+11 3e4316+16 0.991 04980 +
ié 81514440 2¢931-4 1226478 1.587+11 14294+16 0e979 0e956 -
80210,04 1e215~4 1246473 64270+10 5.029+15 0e968 0+933 +
13 78928447 5.040-5 1266.97 2+478+10 1l4250+15 06957 06912 -
14 77669,80 24099-5 1287450 9e834+ 9 7+4638+14 0947 0893 +
15 164364,17 84806~-6 1308431 34932+ 9 34005+14 0.937 0874 -
16 75221477 34734-6 1329440 14589+ 9 1.195+14  G.o2s 0857 4
17 T4032e 718 le605-6 1350475 64511+ 8 44820413 Co01% 06841 -
1s 0 99237.57 34645-1 1007468 34563+14  3,536419 P.190 14430 4
1 97681419 8¢139-2 1023474 7¢585+13 74409+16 lel6: 1+351 -
2 96148438 54385-3 1040,06 4e787+12 4e602+17 i
- . . ] lel6n 1377 -
; ?46?8.92 84398~2 1056465 74118+13 6727418 Tel2n 16273 +
x 331)2.61 1.337-1 1073451 l.081+14 1007434 et 16222 -
21«?89-30 le246-1 1090.64 Ge603+13 8aBULHT 1 Lo 14179 +
& ©0248484 84953~2 1108405 64581+13 5,939 1 PaOhE 1el40 -
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Table 57. Franck-Condon integrals--continued

0"2~ xzng -0, XSZ; Tonization system

v " T4 qV'V" }‘iva(:) qv;vnﬁi qV‘V"Oo T r2 phase
7 88831.14 54515-2 1125.,73 3.866+13 36434418 14052 l1e106 +
8 87436413 34073-2 1143,69 24054+13 14796+18 l.037 1073 -
9 86063477 1e¢598-2 1161.93 1.019+13 84768+17 l.023 1044 +
1o 84714404 74920-3 1180444 44815+12 44079417 1.009 14016 -
11 83386497 3e794=-32 1199423 20200+12 1e834+17 0.997 0991 +
12 82082461 le775~3 1218,.,28 9.816+11 84057+16 0985 0967 -
13 80801.,04 841754 1237.61 4e313+411 34485+16 0973 0944 +
14 79542437 347314 1257419 le878+11 1.493+16 06962 0923 -
15 78306474 1e696-4 1277403 8e144+10Q 6:377+15 0952 0902 +
16 77094433 Te715-5 1297411 34535+10 24725+15 06942 04885 -
17 75905435 3¢525-5 1317443 1.542+10 14170+15 04933 0e867 +
18 74740402 14624~5 1337497 64780+ 9 54067+14 . 0925 0e852 -
19 73598461 T4565-6 1358,72 34016+ 9 20220+14 0917 0837 +
20 72481443 3e574-6 1379.66 l1e361+ 9 9.865+13 04910 0e824 -
21 71388478 le717~6 1400478 64246+ 8 4e459+13 0903 0e812 +
25 0 101077.57 24901~1 989434 24995+14 34028+19 1229 1510 +
1 99521419 44502-2 1004481 40438+13 4et16+18 1,212 1e473 +
2 97988.38 14659-1 1020453 le561+14 1.530+19 lel74 14378 -
3 96478492 54231-2 1036.50 44698+13 4e532+18 1e143 1304 +
4 94992,61 64789-4 1052.71 5.819+11 5.528+16 1,195 14459 +
5 93529430 444702 1069.18 3.657+13 3¢420+18 1e115 le246 -
6 92088.84 8.982-2 1085491 74015+13 6.460+18 1093 14195 +
7 90671.15 9816-2 1102.89 Te317+13 6.634+18 le074 l1e155 o
8 89276414 8e056-2 1120412 54733+13 5118+18 l.058 1,118 +
9 87903477 54584-2 1137.61 34793413 3.334+18 l1.043 1.086 -
10 86554 ,04 3.466~2 1155,.,35 2e247113 l1e945418 le028 1055 +
11 85226497 14993~2 1173434 le234+13 1.052+18 l1.015 14028 -
12 83922,.61 1.086-2 1191457 64419+12 54387417 1.002 1.002 +
13 82641404 54692~3 1210405 3.213+12 24655+17 0990 0978 -
14 81382437 2+4903-3 1228477 1e565+12 1e273+17 04979 0955 +
2515 80146474 1e453~3 1247471 Te481l+11 54996+16 0968 0934 -
16 78934434 74190-4 1266488 36536+11 2¢791+16 0.958 0914 +
17 77745435 35364 1286425 le661+11 le292+16 00948 0895 -
18 76580602 le 73274 1205682 7¢800+10 56973+15 0939 0e878 +
19 75438462 8e556-5 1325458 34673+10 24771+15 0930 0862 -
20 74321643 4e243-5 1345451 1742410 14294+15 0622 06847 +
21 73228.78 7al24~5 13665.58 R.340+ 9 6£.108+14 0.915 0a834 -
39 0 102885401 le227-1 971496 le337+14 1e375+19 1266 14602 +
1 101328463 24602-1 986,89 24707+14 26¢743+19 l1.238 1533 +
2 99795482 145292 1002405 14520+13 le516+18 1e182 1386 -
3 98286436 Teb26=-2 1017444 74051+13 6.930+18 1.185 14408 -
4 96800.05 14092-1 1033406 9+903+13 G.586+18 ls154 1e331 +
5 95336474 34006-2 1048491 2.605+13 24483+18 1.125 14259 -
6 93896428 Te590-4 1065400 64283+11 5900+16 16173 1e407 -
7 02478459 32222 1081e33 Z2e557+13 2e3065+18 lel02 l1e21% +
8 91083457 64789-2 1097489 5130+13 4e673+18 1,081 16171 -
9 89711.21 Te938-2 1114469 5731413 Se142+18 1.064 1132 +
10 88361648 Te016-2 1131.72 4a 8460413 4.277+18 1.048 1098 -
11 87034441 50246~2 1148497 3458+13 3.010+18 14034 1068 +
12 85730405 3e512-2 1166445 24213+13 1.897+18 14020 1.039 -
13 84448448 201772 1184415 1e311+13 1.107+18 1.007 1013 +
14 83189.81 1¢277-2 1202.07 Te352+12 6e116+17 04995 0989 -
15 81954,18 74199-3 1220619 36963+12 36248+17 04984 0966 +
16 80741478 3e4945-3 1238452 24076+12 1e677+17 04973 0945 -
17 79552479 2¢120-3 1257403 14067+12 84490+16 04963 0925 +
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Table 57. Franck-Condon integrals--continued
o+ 2 3_- s .
9 X ng . O2 X Zg Ionization system
, (vac) 3 4 - 2
v v %% qvlvn )\O qvlvnco quvnc'e r x phase
18 7838746 lel125-3 1275471 5¢417+11 44246+16 04954 0906 -
19 17246406 5927~4 1294456 2¢732+11 2¢110+16 0944 0889 +
20 76128487 3e117~4 1313.56 16375+11 . 1.047+16 0936 0873 -
21 75036422 leb642-4 1332,69 64937+10 56205+15 0.928 0858 +
4e 0 104659488 24977-2 955448 36413413 34572+18 14310 le714 +
1 103103450 2e4349-1 969490 24575+14 | 24655+19 le274 16623 +
2 101570470 14139~1 984454 1.193+14 1o212+19 1.250 le566 +
3 100061424 96524~2 999439 94542413 9¢547+18 le204 le&t7 -
4 98574493 b4e733~3 1014446 44533+12 44469+17 14224 14516 -
5 97111.61 8e316-2 1029.74 74616413 7¢396+18 1,163 14355 +
6 95671416 7e360-2 1045425 6e445+13 64166+18 le135 1288 -
7 94253446 le558~2 1060497 1¢304+13 1e4229+18 14106 1216 +
8 92858445 le645-3 1076491 16317+12 16223417 1,138 14316 +
9 91486409 2e743-2 1093.,06 24101+13 14922+18 1090 1193 -
10 90136436 54529~-2 1109.43 44049+13 34649+18 1,071 1e148 +
11 88809429 64608-2 . 1126401 44.628+13 44110+18 14054 le112 -
12 87504493 64093-2 1142,79 44082+13 34572+18 14040 14080 +
13 86223435 4eT97-2 1159.78 3.075+13 24651+18 le026 14051 -
14 B496K4L AR 24397-2 1176.96 2.0844132 1.770+18 1.013 1.025 +
15 83729406 2e234=2 1194433 1311+13 1.098+18 1.001 1000 -
16 82516465 le392-2 1211488 7e820+12 66453+17 04990 0977 +
17 81327467 843433 1229.59 44488+12 3e650+17 04979 0956 -
18 80162434 44863-3 1247647 24505+12 24008+17 0969 0936 +
19 79020493 24780-3 12654,49 1.372+12 14084+17 04959 0917 -
20 17903474 1¢569-3 1283,63 Te419+11 5780416 0.950 0900 +
21 76811410 8¢ 794~4 1301490 3¢985+11 34061+16 0e942 0883 -
5, 0 106402420 4e145-3 939483 44993+12 54313+17 le364 14855 +
1 104845,82 84906-2 953,78 1.026+14 1.076+19 1318 1e735 +
2 103313,01 2¢675-1 967493 2949+14 34047+19 14283 leb46 +
3 101803,55 1le719-2 982,28 1e814+13 le847+18 1.279 1650 +
55 4 100317e24 14286-1 996484 14298+14 le302+19 le215 le475 -
5 98853493 le231-2 1011459 14189+13 1e4175+18 le163 1e¢339 +
6 97413.47 2¢940-2 1026455 2¢718+13 2.648+18 1e177 1¢391 +
7 95995,77 74688-2 1041,71 64801+13 6.528+18 lelbs 14309 -
8 94600.76 44789~2 1057.07 44055+13 34836+18 16119 1e248 +
.9 93228440 6e952-3 1072463 5.633+12 54252417
. . 1.087 14170 -
10 91878467 34029-3 1088439 24349412 2.158+17 le114 1:256 -
11 90551460 24503-2 1104434 l.858+13 le683+18 1079 lel69 +
12 89247424 4eT01~-2 1120448 3e341+13 20982+18 le.061 le127 -
13 87965,67 56620-2 1136481 34826+13 3e4365+18 l.046 14093 +
14 86707400 54315-2 1153431 34465+13 34004+18 1.032 140
64 ~
15 85471437 bo344~2 1169.98 2¢712+13 24318+18 1.019 14037 +
16 84258496 34216-2 1186482 1.924+13 l1¢621+18 14006 1012 -
17 83069.98 24220-2 1203,80 1e272+13 1+057+18 04995 04989 +
18 81904.65 le&56-2 1220.92 84001+12 ©e553+17 Ue984 Qe967 -
19 80763424 9e¢206-3 1238419 44850+12 34917+17 04974 04947 +
20 79646405 50666-3 1255456 2863+12 24280+17 0965 0928 -
21 78553441 3e423-3 1273.,02 14659+12 14303+17 0.956 0911 +
6s 0 108111494 3¢103~4 924497 30922+11 44240+16 le436 24049 +
1 106555456 le676-2 938448 2¢028+13 204161+18 l.372 - 1878 +
2 105022.76 le587~1 952,17 1.838+14 1.930+19 1.326 1757 +
3 103513430 242781 966406 24527+14 24616+19 142973 14673 +
4 102026499 24891-3 9804613 34071+12 36133+17 le167 14303 -
5 100563467 9e942-2 994,439 le011+14 14017419 Le22% 14503 -
6 99123422 5299~-2 1008484 5161+13 5.116+18 le )8 14397 +
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Table 57. Franck-Condon integrals--continued

T

O; Xlﬂg - O2 XBZé Ionization system
v o qV'V" )évac} qvlvuﬁg qvlvnci T rz phase
7 97705452 14163-3 1023448 1,085+12 1060+17 le247 1590 +
8 96310651 " 44788-2 1038431 4277413 44119+18 lel54 Ta334 -
9 94938615 66304~-2 1053432 50394+13 50121+18 16127 16269 +
10 93588642 24959-2 1068451 2425413 20270+18 1103 10212 -
11 92261435 2¢400-3 1083,88 1.885+12 14739+17 l1.063 1¢111 +
12 90956099 44571~3 1099642 3e440+12 34129+17 1.097 1215 s
13 89675041 2e344-2 1115.13 1¢690+13 1.516+18 1.069 lel47 -
14 88416474 44090-2 1131.01 2.827+13 2¢500+18 l1.052 1108 +
15 87181612 4e849-2 1147404 3.213+13 2+801+18 1.038 1077 =
16 85968.71 Lab62~2 1163.21 2.962+13 24547418 l1.024 1049 +
17 B4 ({94 (3 3e924~2 1179653 Ze391+13 2e021+18 le0Q12 leQ24 -
18 8361440 36014-2 1195497 1s762+13 1e473+18 1.001 1000 +
19 82472499 2e169-2 1212452 1e217+13 1.004+18 04990 0e978 -
20 81355.80 le489-2 1229417 84016+12 6e522+17 04980 06958 +
21 8026310 D867 32 1245490 54102412 4«0905+17 0.970 0+939 -
0 109789413 14030-5 910484 le364+10 14497415 1548 24369 +
1 108232,75 14547-3 923494 1.961+12 26123+17 lett46 24078 +
2 106699.94 34960-2 937621 44811+13 5133418 . 1.381 1.902 +
3 105190448 24182-1 950.66 2¢540+14 24672+19 1335 14780 +
4 103704617 1¢540-1 964628 1e717+14 1781+19 le304 1706 +
5 102240486 3e746-2 978408 4 4004+13 44094+18 1,233 1.511 -
[ 100800+40 4eB41-2 992.06 44,958+13 44,997+18 14239 - le541 -
7 99382471 84046-2 1006421 T«897+13 Te849+18 le194 le425 +
8 97987470 Te866~3 1020454 Te401+12 Te252+17 lelds 14291 -
9 96615433 14586-2 1035603 14430+13 1.382+18 1.169 le374 -
10 95265460 54355-2 1049470 44630413 44411+18 1.135 1290 +
11 93938453 LeT155~2 1064453 36942+13 34703+18 lel12 1234 -
12 92634417 le722-2 1079451 1e368+13 1,268+18 1.088 14178 +
132 91352.60 465574 1094466 3e474+11 3,174+16 l.016 0+988 -
14 90093,93 50953=-3 1109.,95 44353+12 3.922+17 1.083 1183 -
7415 88858.30 24202-~2 1125,39 le545+13 1e¢373+18 14060 1e127 +
16 87645690 365972 1140496 2422+13 2¢123+18 le044 16092 -
17 86456491 442212 1156465 2.728+13 2.358+18 1,030 14062 +
18 85291458 4e109-2. 1172445 24550+13 24175+18 le018 1036 -
19 84150618 3e545-2 1188635 20¢112+13 1778418 1.006 1e012 +
20 83032,99 24813~2 1204434 1.610+13 1e337+18 0e996 0990 -
21 81940434 201012 1220440 Leibb+13 94470+17 0.986 0970 +
8y 1 109877.37 54809-5 910411 Te707+10 84468+15 l.564 24417 +
2 108344456 Lelhla-3 922.98 5¢614+12 6.083+17 1.456 22108 +
3 106835,10 7e151~2 936602 86720+13 9+316+18 14390 1e927 +
4 105348480 24554-1 949,23 20986+14 3e145+19 1e343 14805 +
5 103885,.,48 8e1l12-2 962460 94094413 9e448+18 14320 14752 +
[ 102445,02 T7+985-2 976413 84585+13 84795+18 14249 16555 -
7 . 101027.33 le106-2 989.83 1e140+13 le152+18 1268 1625 -
8 99632.32 7¢903~-2 1003469 7¢816+13 Te787+18 le204 14450 +
S 98259695 3e194-2 1017.71 34030+13 24978+18 le166 1353 -
10 96910423 5¢764-4 1031.88 5e246+11 5,084+16 1260 14633 -
11 95583,15 3.086-2 1046,21 26¢695+13 24576+18 1e145 le315 +
12 94278679 4e995-2 1060468 4e185+13 36946+18 1e119 1253 -
13 92997422 33742 1075430 2¢714+13 2¢524+18 1.098 14202 +
14 91738455 9¢375~-3 1090,05 Te238+12 66640+17 1.073 leleyg -
16 89290452 6e966-3 111994 46959+12 460428+17 le072 1¢158 +
17 88101453 2¢050-2 1135,05 1.402+13 14235+18 1.052 le¢110 -
18 86936420 3e174~2 1150627 2+085+13 1,813+18 1,037 1eQ77 +
19 85794.,80 366922 1165457 2¢331+13 20.000+18 1e024 1049 -
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3

Franck-Condon integrals--continued

+ 2 - R .
02 X Hg - O2 X gg Ionization system

v' oyt o q \(vac) _ 5
° - ~ 9y 1410, Ay iy, T T phase

20 84677461 3e634-2 1180,95 24206+13 14868+18 1.012 1025 +
21 83584496 36206-2 1196439 1.872+13 14565+18 1.002 1002 -
9s 2 109956462 le834—4 909.45 24438+11 2+680+16 1.582 20469 +
3 108447.16 GelT74-3 922.11 1.208+13 14310+18 le467 2139 +

4 106960485 14094~-1 934,492 14339+14 1e432+19 14399 14952 +

5 105497.54 24669-1 947489 34134414 34307+19 14353 14832 +

6 104057408 2¢931~2 961401 34303+13 34437418 1e349 1837 +

7 102639439 1055-1 974428 lel&i+lé 14171419 1le260 1.585 -

8 101244437 44893~-5 987471 5.078+10 5¢141+15 0.580 —0390 +

9 99872401 5¢675-2 100128 54653+13 5¢646+18 le214 1478 +

1o 98522,28 54296-2 1015400 5.065+13 44990+18 lel77 1382 -
11 97195.,21 beT26-3 1028486 44339+12 44218417 14125 le244 +
12 95890485 1¢008-2 1042485 84892+12 84526+17 1e181 1+359 +
13 94609.28 34836-2 1056498 3e¢249+13 34074+18 la128 le274 -
14 93350661 441912 1071423 36409+13 3.182+18 l1e105 16221 +
15 92114.98 20289-2 1085460 1.789+13 le648+18 1.085 1e172 -
16 9090258 44740-3 1100408 34560412 3e6236+17 l.058 14108 +
17 89713459 24510-4 1114466 1.813+11 14626416 lelts 1350 +
18 88548426 7¢519-3 11294323 54220+12 4,623+17 l.063 1137 -
19 87406486 14883-2 1144407 14257+13 14099+18 1045 14094 +
20 86289467 26796=2 1158489 1.796+13 14550+18 1,031 1e064 -
21 85197.02 34233~2 1173475 1,999+13 14703+18 l.019 l.038 +
10, 3 110026465 4e264-4 908487 5,679+11 64249+16 14600 2525 +.
4 108540435 14700-2 921432 2¢174+13 2¢360+18 1e477 20171 +

5 107077403 led96~1 933491 1837+14 16967+19 1e408 14979 +

& 105636458 2¢564-1 946664 36023+14 34193419 14363 14861 +

7 104218.88 3,951~-3 959452 GaltT3+12 4eb661+1T 1e450 20141 +

8 102823.87 1e082~1 972454 lel76+14 14209+19 14270 lebl2 -

g 101451450 1.061~2 985469 1.108+13 1e124+418 14195 14405 +

10 10010178 2e923-2 998698 2e932+13 24935+18 l.228 1.51¢ 4
10,511 98774471 640012 1012441 54783+13 54712+18 14186 14406 -
12 974T0e34 14998~2 1025495 1.850+13 1.804+18 14150 14315 +
13 96188477 44087~4 1039462 3.637+11 3e499+16 1.259 14635 +
14 94930410 2¢113~2 1053641 1.808+13 l1e716+18 1138 14299 -
15 93694448 34888~2 1067430 34198413 24996+18 I1e113 1239 +
16 92482407 3e293~2 1081429 24605+13 24409+18 1.093 14192 -
17 91293.08 l1«507-2 1095427 lel4G+12 14047+10 le073 lels5S -+
18 9012776 24200~3 1109454 1e611+12 16452417 le041 1066 -
19 88986435 Tel58~4 1123477 5044411 44488+16 le101 14236 -
20 87869416 T.613~3 1138406 54165+12 44538417 1.055 1120 +
21 86776451 14700~-2 1152439 14111413 Ge641+17 14038 l.081 -

THE CALCULATED ARRAY EXTENDED THROUGH (10s21)e Q LESS THAN 140-6 HAVE BEEN OMITTED.
0; 34ﬂu - O2 X32; Ionization system

Qs 0 129889.2&6 9.684-3 769,89 2.122+13 2756118 le291 1+669 +
1 128332.88 543872 779422 14139+14 le461+19 le314 1e728 +

2 126800407 1e377~-1 788464 2.808+14 34560419 1.338 14791 +

3 125290461 2¢150~1 798414 4e230+14 54299419 l1e363 14858 +

4 123804430 24299~-1 807473 44363+14 50401+19 1.389 14928 +

5 122340499 l1e788~1 817439 34273+14 44005+19 le416 24004 +

6 120900453 1e¢048-1 82713 14852+14 24240+19 legdsts 2¢084 +

7 119482484 boTh4-2 836494 84091413 9.668+18 le474 24170 +

3} 118087483 le681~-2 846483 24767+13 3e268+18 14505 20263 +

g 116715446 4e701-3 856478 TedT74+12 84723+17 1538 26363 +
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Table 57. Franck-Condon integrals--continued
0; a4ﬂ£ - O2 XBT; Ionization system

v'iov" Tq qV! " )\(()Vac) qvtvndi qv|v|.(50 r r phase
10 115365473 14042-3 866481 1.600+12 1e846+17 1.573 24471 +
11 114038466 1e828-4 876690 2¢712+11 34092+16 le61l 24590 +
12 112734430 245265 887404 34619+10 44080+15 le652 24721 +
13 111452473 24716-6 897.24 36760+ 9 44190+14 1.696 24868 +
1s O 130904415 3e548-2 163492 (e959+13 1e042+1Y le276 14630 -
1 129347477 l1e231-1 773011 2.664+14 3eb446+19 1.298 14686 -
2 127814496 14580~-1 782438 3e299+14 44216+19 1.321 le744 -
3 126305450 743922 79173 le489+14 1.881+19 1e343 14802 -
& 124819419 60134 801e16 1169412 1e460+17 1.335 1751 -
5 123355,88 54251~2 810466 94855+13 1.216+19 1e400 14965 +
6 121915442 le515-1 820e24 2eT745+14 3e347+19 le426 24034 +
7 120497473 le787~1 829,89 34126+14 34767+19 le454 2113 +
8 119102472 1e¢291~1 839461 2¢182+14 24598+19 le483 2199 +
9 117730435 6elt84-2 849440 1.058+14 le246+19 le514 24292 +
190 116380462 2391-2 859,425 34769+13 44386+18 1e547 24392 +
11 115053455 6e6655-3 869416 1.014+13 l.166+18 1.583 24502 +
12 113749,.,19 le416-3 879413 24084412 24371417 1620 20621 +
13 11246762 2¢310~4 889414 34286+11 3.696+16 l.661 24754 +
14 111208495 2aBA9-5 899421 34946+10 44389+15 1706 24902 +
15 109973432 246716 909.31 3553+ 9 34907+14 1756 3073 +
2 O 131898440 7el18-2 758416 le633+14 24154419 le262 le594 +
1 130342,02 le416-1 767421 34136+14 44087+19 1.283 14646 +
2 128809.21 64096~2 77634 1303+14 1e678+19 1303 1697 +
3 127299475 24155-3 . 785455 4e446+12 54660+17 1e347 14829 -
4 125813444 84255-2 794483 leb44+14 2.068+19 le355 14837 -
5 124350413 Ceb545=-2 804.18 1.835+14 2.282+19 1.278 1.897 -
6 122909467 1e351-2 813,61 24509+13 34083+18 14397 1e944 -
7 121491497 24319-2 823410 4¢159+13 5.053+18 1e440 24080 +
8 120096496 16¢220-1 832466 2e114+14 24539+19 le&b4 26145 +
9 118724460 1e679-1 842428 24809+14 3e¢335+19 1e493 2229 +
10 117374487 le269-1 851497 2.052+14 24408+19 1e524 2322 +
11 116047480 6e321-2 861e71 94879+13 lel46+19 1e557 26422 +
12 114743644 2e¢233-2 871451 3e373+13 3.870+18 14592 24532 +
13 112461487 5¢784-3 881435 Be448+12 9e385+17 1630 20653 +
14 112203620 le115-3 891424 1e574+12 1e767+17 14671 24787 +
15 110967457 1¢598-4 901e16 2+183+11 24423+16 le716 20938 +
16 109755,16 l,682-5 911,12 20224+10 24441415 l.767 3¢111 +
17 108566418 le267-6 921410 1e621+ 9 1.759+14 1.825 34316 +
35 O 132872400 1.039-1 752460 24437+14 34238+19 1e249 14560 -
1 131315462 1.031~1 761652 2¢335+14 3:067+19 14268 14608 -
2 129782.81 le416-3 770652 3.096+12 44017+17 16271 14599 -
3 128273435 6e255-2 779458 14320414 14693+19 l1e315 16732 +
4 126787.04 T¢024-2 788672 le431+414 1.815+19 14336 1783 +
5 125323,73 2e454=4 79793 44830+11 64053+16 l.298 16625 +
&6 123883,27 6.122-2 807.21 1.164+14 1.442+419 1.390 1.934 -
3, 7 122465458 84813-2 816456 1¢619+14 1.982+19 1413 1995 -
8 121070657 14253-2 825,97 2¢223+13 2.692+18 1e432 24041 -
9 119698420 24519-2 835443 44320413 5171+18 le479 20194 +
10 118348447 le241~1 844,96 24057+14 2e435+19 1e504 24263 +
11 117021440 le612-1 854455 2¢583+14 34023+19 le534 2353 +
12 11571704 1¢135-1 864.18 1¢758+14 24034419 1e567 2454 +
13 114435,47 54179=-2 873.86 7.7604+132 8.881+18 1.602 2+565 +
14 113176480 le646-2 883457 2¢386+13 2¢701+18 le640 2686 +
15 111941417 3¢759-3 893433 5¢272+12 5.902+17 1e4681 2822 +
16 110728477 6e221-4 9034611 8e445+11 1727 24974 +
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Table 57. Franck-Condon integrals--continued
0+ aAHu = 02 X3z_ Tonization system
v' v" % qV'V” )\c()vaC) V qvlvuﬁz qvlvnﬁi r r phase
17 109539.78 Te398-5 912,91 96724+10 1.,065+16 1.778 34150 +
18 108374445 6e161-6 922473 7843+ 9 84499+14 1837 3361 +
4, 0 133824.96 la237-1 747425 2.965+14 3.968+19 14236 14528 +
1 132268458 446962 756404 14087+14 1.437+19 1.254 1570 +
2 130735.77 14926-2 764490 44305+13 5628418 1.282 1e647 -
3 12922631 Te697-2 77384 le661+14 20146+19 1299 14686 -
4 127740400 3e438-3 T82e 84 {elb1+12 9e150+17 16307/ 1e5694 -
5 126276469 5¢071-2 79191 14021414 14289+19 1e348 14820 +
6 124836423 54880-~-2 801.05 l.144414 1.428+19 l1.368 14870 +
7 123418453 Te736-5 810425 le454+11 14795+16 le527 24431 -
8 122023452 6607-2 819451 1+200+14 1.465+19 le425 24033 -
9 120651416 Tel27-2 828484 1.304+14 14574+19 1e449 2097 -
10 119301.43 34603-3 838421 60118+12 7e298+17 le457 24103 -
11 117974436 443672 847664 7+170+13 8.458+18 le517 24307 +
12 116670600 le401~1 857.12 26224+14 26595+19 le545 24388 +
13 115388443 le517-1 866464 24330+14 2.689+19 1e577 24487 +
14 114129.76 9e222-2 876420 1371414 1e565+19 1e612 24598 +
15 112894413 Seb42 2 885472 54240+12 5216418 1650 2«720 i
16 111681472 94 905~-3 895440 14380+13 1.541+18 le692 . 24857 +
17 110492474 1.395-3 9C5404 2557+12 24825+17 la737 34012 +
18 109327441 2e¢545-4 914,68 3e326+11 3.636+16 1789 34191 +
19 10818601 2e¢340-5 924,433 24963+10 34205+15 1e849 36407 +
20 107068482 163966 933,98 le714+ 9 14835+14 14923 34679 +
5 0 134757427 142781 742408 3.128+14 44215+19 le224 16498 -
1 133200489 9.046-3 750475 24138413 2.848+18 le237 14526 -
2 131668408 Se747-2 759448 le312+14 1.727+19 le266 1603 +
3 130158462 3e149-2 768429 6e¢945+13 9¢039+18 14282 le64] +
4 128672432 24009-2 TT7717 44280+13 5.508+18 le313 le728 -
5 127209400 6¢100-2 786411 l1e256+14 14597+19 1329 le766 -
6 125768455 1e052-4 795411 24092+11 24632+16 le251 le&65 -
7 124350485 54826-2 804418 14120+14 14393+19 l1e381 1908 +
8 122955484 3¢921-2 813430 7+289+13 8.963+18 14400 1958 +
9 1215834 ( Ye860-3 BZZe48 1eUS53+13 14280+18 le448 2e111 -
10 120233.75 T76905-2 831.71 1e374+14 le652+19 le461 2135 -
11 118906468 5.067-2 841400 84518413 1.,013+19 1e485 26201 -
12 117602.321 T+023=1 850.32 1.142+12 1.343+17 le581 24550 1
13 116320474 TeT72~2 859469 1e223+14 14423419 14557 24428 +
14 115062407 1e555-1 869410 2e369+14 24726419 1.588 24523 +
15 113826445 1e325~1 878453 1.954+14 24224419 le623 24633 +
16 112614404 64626-2 887499 Se463+13 1.066+19 le661 20756 +
17 111425405 2e¢164=2 89746 24993+13 34335+18 1.703 24894 +
18 116259,.,73 44801=3 906495 6e435+12 T.096+17 14749 34051 +
19 109118432 7+4280-4 9l6atts 9e459+11 1.032+17 1.801 3234 +
20 10800113 - Te376-5 925492 9e292+10 1.004+16 le862 34455 +
21 106908.48 LeT20-6 935,38 56767+ 9 64166+14 1.938 3¢738 +
6s 0 135668494 1,190~-1 73709 24971+14 4.031+19 l.212 le469 +
1 134112456 364868~-4 T45464 94330+11 16251417 le261 16616 -
2 132579.75 60876-2 754426 le602+14 2e124+19 le252 1.567 -
3 131070429 84683-4 762,95 14955+12 24563+17 le246 14529 -
4 129583,99 5¢577=2 771.70 le2l4+14 14573419 1295 14678 +
5 128120.67 le182-2 780451 2+486+13 2e4185+18 le308 le705 +
6 126680422 34507-2 789439 T6130+13 94032+18 le343 14806 -
7 125262452 4e096-2 798432 8.050+13 1.008+19 1.360 1+846 -
8 123867451 54262-3 807431 HEEERFE] 2 16239+18 1.403 1983 +
9 122495414 645842 816436 16210+14 1.482+19 le4l4 14999 +
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Table 57. Franck-Condon integrals-~-continued

O+ aaﬂ -0 XBZ- Ionization system
2 u 2 g
ol g (vac) 3 4 - 2
v' v o, Gyryn }\o 914115, 9, 1yr0y r r phase
10 121145442 le459-2 825445 24594+13 3.142+18 14430 24037 +
11 119818435 24702-2 834460 4e649+13 54570+18 le476 24185 -
12 118513498 84328-2 843478 14386+14 14643+19 14498 26243 -
13 117232441 24012-2 853401 3e241+13 34799+18 14519 24297
14 1159732474 LeB86 /(-2 862626 2e912+13 3378+10 1e575 2: 492 !
15 114738612 14202-1 871455 le815+14 24083419 1.600 2561 +
16 113525471 1570-1 880486 2e297+14 24607419 le634 24669 +
17 112336472 le023-1 890418 le451+14 1.630+19 1,672 24793 +
18 11117140 44059-2 899451 5¢577+13 64200+18 le714 24932 +
19 110029499 14049-2 908484 14397+13 1.538+18 14760 34091 +
20 108912480 14798-3 918417 2323+12 24530+17 14813 3278 +
21 107820416 240044 92Te47 2ebl2+11L Z2eTUI+16 1e876 3505 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 6321)e Q LESS THAN 140-6 HAVE BEEN OMITTED.
o; Aznu -0, x3z'g Ionization system
0s O 137434451 24881-2 72762 Te¢480+12 1.028+18 1.299 16690 +
1 135878413 1e994~2 735495 5.001+13 64796+18 le321 le747 +
2 134345,32 664752 744435 14570+14 20109+19 le344 14806 +
3 132835486 1.315-1 752481 34083+14 44096+19 14367 14869 +
4 131349456 1.880~-1 76133 44261+14 54597+19 14391 1934 +
5 129886e24 26017-1 769690 b4e420+14 5¢741+19 le415 24003 +
6 128445478 1e691-1 T78e54 3¢584+14 44604+19 le440 2074 +
7 127028409 1¢140-1 78723 2e336+14 20967+19 le466 24149 +
8 125633408 64296-2 795,97 le248+14 14568+19 l1e492 24226 +
9 124260471 24893-2 804e76 54550+13 64897+18 14520 24308 +
10 122910498 le117=-2 813460 2¢074+13 24550+18 1e548 24393 +
11 121583.91 3e4654-3 822448 64568+12 Te986+17 1le576 2482 +
12 120279455 1e017-3 83140 1o 771412 2¢130+17 14606 2576 +
13 118997,98 2e418~4 840435 44074+11 44848416 le636 24675 +
14 117739431 44907-5 849433 84009+10 9e429+15 1.668 2779 +
15 116503468 8e492-6 ‘ 858434 1343410 le564+15 1701 2890 +
16 115291.28 le247~6 867437 1911+ 9 24204414 le736 3008 +
1, © 138305454 14225-2 723404 36241413 44483+18 14287 14658 -
1 136749416 6e4015~2 731627 1le538+14 24103419 14308 16712 -
2 135216436 1e238-1 739456 34061+14 44139+19 1,330 16769 -
3 133706490 l1¢305~1 747691 34120+14 44171+19 1e352 1828 -
4 132220459 64178-2 756431 le428+14 1.888+19 14375 10888 -
5 130757427 204673 764478 5e516+12 Te213+17 14390 14918 -
6 129316482 24648~-2 773430 5.727+13 Te406+18 1.428 24044 +
7 127899412 14029-1 781487 2e153+14 2754419 le452 24108 +
8 126504411 1¢530-1 790449 34096+14 34917+19 1477 24182 +
9 12513175 1e435~1 799616 2+811+14 3e517+19 14503 26259 +
10 123782.,02 9.808-2 807,87 1e860+14 2e302+19 1e¢530 2340 +
11 122454495 54210-2 816463 94567+13 1e172+19 14558 20426 +
12 121150459 2602262 825642 34958+13 44795+18 1587 24515 +
13 119869,01 74805-3 834424 14344+13 le611+18 leb616 24609 +
14 118610634 2¢274-3 843410 34794412 44500+17 14647 2708 +
15 117374672 54539-4 851497 84957+11 14051417 1,678 24813 +
16 116162431 lel32~4 860486 leT774+11 24060+16 le712 24925 +
17 114973.33 14936-5 86977 2¢942+10 34383+15 le746 3044 +
18 113808400 2.760-6 878467 44068+ 9 44629+14 1783 3173 +
2s 0 139149444 248622 718465 T6¢712+13 1.073+19 1.275 14628 +
1 137593406 9e634-2 726478 24510+14 34453+19 14296 1680 +
2 136060425 lellb-1 734497 2.812+14 3.826+19 14317 le734 +
3 134550479 3e4666-2 743421 84930+13 1.202+19 14337 14786 +
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Table 57. Franck-Condon integrals--continued
O; Azﬂu - 02 X32; Ionization system

vV O Q1 gn xff“) qv.v.,cg Q1 T T r”  phase
4 133064449 24476-3 751452 54834+12 Te764+17 le374 14900 -
5 131601.17 60328-2 759.87 le442+14 1.898+19 l.388 1927 -
6 13016072 94248-2 768428 2.039+14 24654419 le410 1.988 -
7 128743402 34667~2 776474 7.826+13 1.007+19 1e433 24050 -
8 127348401 24535-4 785425 54236+11 64668+16 .1500 2298 +
9 125975464 LeT96-2 793480 9.588+13 1.208+19 14489 24221 +
10 124625492 le199-1 802440 2321414 24893+19 l1e514 2294 +
11 123298485 le427-1 811404 2.676+14 3e4299+19 le541 24375 +
12 121994448 1.120-1 819.71 2.034+14 2.482+19 14569 2460 +
13 120712.91 6e493-2 828441 lels2+14 14379+19 14597 Ze549 . +
14 119454424 2¢930-2 837414 4e994+13 5.966+18 le627 26644 +
15 118218462 1,060-2 845,89 1,752+13 24071+18 le657 2¢743 +
16 117006421 34127-3 854,66 5,009+12 5.861+17 14689 24849 +
17 115817422 Te583-4 863443 14178+12 le364+17 le722 24961 +
18 114651490 le516~4 872420 2285+11 2.620+16 le757 34081 +
24519 113510449 24493-5 880498 34646410 44138+15 1794 3e212 +
20 112393.30 3¢356-6 889473 44765+ 9 54355+14 1.833 34352 +
3, 0 139966420 44882-2 Tldetsb 14339+14 14873+19 le264 14600 -
1 138409.82 1.075-1 722449 2.851+14 3.946+19 l.284 1e650 -
2 13687702 54506-2 73058 le412+14 1933+19 le304 1699 -
3 135367456 263674 738473 54872+11 Te949+16 1.365 1899 +
4 133881425 5528-2 746493 le326+14 1e776+19 l.351 14827 +
5 132417493 6eT716-2 755419 1e559+14 2.065+19 le372 le882 +
6 130977448 64697-3 763449 14505+13 1.971+18 1.389 1e922 +
7 12955978 24380-2 77184 5e¢176+13 6.706+18 le424 24033 -
8 12816477 8e066-2 780425 1+698+14 24176+19 letso 24092 -
° 126792441 54523=2 78869 le126+14 1e427+19 l1.470 24158 -
10 125442468 266423 79718 5216412 64542+17 le484 24186 -
11 124115461 24637~-2 805,70 5042413 64258+18 1.528 20340 +
12 122811425 9e¢945-2 814426 le842+14 24262+19 14553 20412 +
13 121529467 1.371-1 822484 24460+14 24990+19 1+580 20496 +
14 120271.00 1,160-1 831446 2.017+14 2e426+19 14608 24585 +
15 119035438 6e994~2 840409 1.180+14 le404+19 14638 24680 +
16 117822497 3e212-2 848473 5e254+13 6e191+18 le668 2780 +
17 116633499 lelb2-2 85738 le844+13 2¢151+18 1.700 24886 +
18 115468466 3e375-3 866404 54195+12 54999+17 le733 24999 +
i9 114327.25 7.931-4 874.68 1.185+12 1.2554+17 1.768 2.120 +
20 113210.06 1e510-4 883431 24190+11 2+480+16 1.805 3252 +
.21 112117642 20321-5 891492 34271410 34667+15 le844 3395 +
4y C 140755.83 64815-2 710445 1.901+14 24675+19 le254 14573 +
1 139199445 9¢191-2 718439 2.479+14 34451+19 1.273 14621 +
2 137666464 16014-2 726439 24645+13 3e642+18 1.290 1e658 +
3 136157,.,18 24866-2 13444 Te234+13 9.849+18 14318 la741 -
4 134670.88 6e449-2 742455 1,575+14 2¢121+19 1337 1788 -
5 133207456 Ted455=3 750671 le762+13 2e347T+18 1353 leB824 -
6 131767410 24558-2 758492 54852+13 7.711+18 l.387 14926 +
7 130349441 64578-2 76717 le457+14 14899+19 le407 1979 +
8 128954440 leb673-2 775447 3.587+13 4e626+18 les27 2031 +
9 127582.,03 14090-2 783481 24264+13 2.888+18 le462 2147 -
10 126232.30 64926-2 792419 1.393+14 14758+19 le483 2200 -
11 124905423 50999-2 800461 le169+14 1e460+19 1.507 24268 -
12 123600487 54785-3 809,06 1.092+13 14350+18 l1.525 24315 -
13 122319430 1s944-2 817.53 34557+13 44351+18 1.568 20464 +
14 121060463 94102-2 826403 le615+14 1e955+19 1.592 2536 +
15 119825,00 le333-1 834,55 24293+14 2.747+19 14620 24624 +
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Table 57. Franck-Condon integrals--continued
O-; A2Hu - 02 X3§3; Ionization system

- o 4y rgn kivaC) C qv'v"sﬁ T T phase
16 118612460 l.152-1 843,08 1.923+14 24281+19 14649 24718 +
17 117423461 64962-2 851462 le127+14 1e324+19 14679 24818 +
18 116258.28 34155-2 860415 44957+13 5¢763+18 l1.711 24925 +
19 115116488 le110-2 868468 1.694+13 1.950+18 l.744 3+039 +
20 113999.69 3.092-3 877419 4 4581+12 54223417 1779 34161 +
21 112907.04 64853-4 885.68 9.864+11 lell4+17 14816 34294 +
.55 0 141518432 ©8.280-2 706462 2e347+14 3321+19 le244 1e549 -
1 139961.94 6e171-2 1714448 le692+14 2+368+19 1.263 14593 -
2 138429,.13 8+015-4 722439 20126+12 2e943+17 1.302 14713 +
3 136919467 5.625-2 730436 lebb4+14 1e977+19 1.306 1706 +
4 135433437 2e484~2 738437 6e073+13 Be224+18 le322 le748 +
5 133970405 14013-2 746044 2435413 34262+18 1.354 1841 -
6 132529459 54675=-2 754455 1e321+14 1.751+19 1.371 14880 -
7 13111190 l.339-2 162471 3.017+13 3.956+18 1.389 1e924 -
8 129716.89 1.606-2 770.91 3.505+13 4.547+18 le423 2030 +
5, 9 128344452 6.4062-2 779415 le282+14 1.645+19 let43 24081 +
10 126994,79 l.966-2 187443 44026+13 5112+18 le463 24136 +
11 125667472 7+805-3 795475 1.549+13 1e946+18 l.501 20263 -
1z 1243063430 Getl3=2 804409 l1e233+14 le534+19 le520 2e312 -

13 123081.79 54857-2 812447 1.092+14 le344+19 le544 24383
14 121823412 507523 820486 1¢040+13 l1e267+18 le563 20429 -
15 120587649 1959-2 829427 3e435+13 40143+18 1607 2591 +
16 1193754069 94131-2 837470 1e553+14 1e854+19 l1e632 26666 +
17 118186410 14320-1 846e12 2179+14 2.575+19 le661 24759 +
18 11702077 lell7-1 854455 1.790+14 2.095+19 l.691 24859 +
19 115879.37 64549-2 862.97 1.019+14 14181+19 14723 24966 +
20 114762.18 24848-2 871437 44304+13 44940+18 le756 34080 +
21 113669453 9¢507-3 879.74 1.396+13 le587+18 1.791 34204 +
6s O 142253467 9.086~2 702497 24616+14 34721+19 l.235 14525 +
1 140697429 3e142-2 710475 84752+13 1.231+19 1e252 le566 +
2 139164449 le654=2 718457 4e457+13 60203+18 14277 14635 -
3 137655403 5¢141-2 726445 le341+14 1.846+19 le294 leb674 -
4 136168472 3e352~4 734438 8e463+11 1152+17 1e282 14609 -
5 134705440 44180-2 742436 1.022+14 1.376+19 1.339 14793 +
6 133264495 24579-2 750439 6103+13 84134+18 le356 14837 +
7 131847425 6¢633-3 758445 1.520+13 24004+18 1390 14941 -
8 130452624 Se1l1l7-2 766656 lel36+14 le482+19 le406 14976 -
9 129079.88 1e322-2 174871 24843+13 34669+18 lets24 24022 -
10 127730415 la474-2 782490 36071+13 34922+18 le459 20134 +
11 126403,.,08 54705-2 791412 le152+14 le456+19 1e479 24187 +
12 125098.72 le747-2 799437 3e420+13 4e2T79+18 1e499 24242 +
13 123817.14 8.908-3 807464 1.691+13 2.094+18 1.538 24376 -
14 122558447 643742 815494 1.173+14 1.438+19 1l.558 20429 -
15 121322.85 54368-2 824425 94585+13 1.163+19 1.583 24502 -
16 120110444 3e427-3 832457 5,938+12 Te132+17 14597 24532 -
17 118921446 204792 840489 4e169+13 44958+18 le648 26722 +
18 117756413 9e776-2 849,21 14596+14 1.880+19 le674 24803 +
19 116614472 1e320-1 857453 2.093+14 2¢441+19 1,703 24902 +
20 115497453 1e057-1 865482 le628+14 1.881+19 1.735 34009 +
21 114404489 5e844-2 874409 84750+13 1001419 1,768 3el24 +
7s 0 142961489 94233-2 69949 2698414 34857+19 le226 1503 -
1 141405451 le026-2 707419 2.902+13 4e104+18 le241 14537 -
2 139872470 3¢650-2 71494 94989413 14397+19 1.266 14605 +
3 138363424 247002 722473 74151413 9.895+18 1.283 leb43 +
4 136876494 1.034-2 730458 24652+13 34630+18 “le311 le724 -
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Table 57. Franck-Condon integrals--continued
O+ Azﬂ -0 X3T_ Ionization system
2 u 2 “g
. 4 = 2 )
v ov" Ty qV'V” }\(()V&C) qv.vnco qV'V”r'TO T r Phase
5 135413.62 44310-2 738448 1.070+14 1e449+19 le326 le758 -
6 133973,17 24 789~4 T46442 6,707+11 84985+16 1.308 14666 -
7 132555447 36799~2 754440 84848+13 14173+19 l1e372 14884 +
8 131160446 2¢170-2 76242 44896413 6e421+18 14390 1928 +
9 129788409 74813-3 77049 1,708+13 2.217+18 let24 24036 -
10 128438437 4e793-2 778458 le015+14 14304+19 le44l 2076 -
11 127111.30 94602-3 786071 14972+13 24507+18 1459 24119 -
12 125806493 14770~2 794,487 36524413 44433+18 le495 20241 +
13 12452536 5¢433-2 803.05 14049+14 1.306+19 1e515 2296 +
14 123266469 1e236-2 811425 24316+13 2¢854+18 14535 24349 +
15 122031407 1e¢323=-2 819446 2+403+13 24933+18 1575 20490 -
16 1208184606 beDTO—Z 827469 lel6U+14 ledQl+19 1e597 2e551 -
17 119629.67 445T79-2 835,91 7839413 9.378+18 le622 24626 -
18 118464435 Telbb-4 844414 le241+12 1e470+17 lebl4 24561 -
19 11732294 36510-2 852435 5.668+13 6+650+18 l+689 2859 +
7520 116205675 1e084~1 850654 1.700+14 14976+19 1.717 24949 +
21 115113611 143161 868471 2s007+14 24311419 1.748 34055 +
8, C 143642,.,97 8.838-2 696417 2¢620+14 34763+19 l.218 14483 +
1 142086459 8eb423~4 703.80 2e416+12 3e433+17 16223 1e482 +
2 140553,79 447012 T1le47 1.305+14 1.835+19 le256 1e579 -
3 139044433 64193-3 719419 1.665+13 24315+18 1270 14606 -
4 137558402 34051-2 726697 Te940+13 14092419 1.298 1e686 +
5 136094470 1¢938~2 734,78 44884+13 64647+18 1.314 le723 +
6 134654425 le214--2 T42e64 264964+13 3.992+18 1e¢343 14810 -
7 133236455 3e642-2 750455 8e614+13 1le148+19 1¢359 1845 -
8 13184154 39265 75849 84998+10 14186+16 le495 26346 +
9 130469.18 34825-2 766647 8e495+13 1.108+19 le406 14978 +
10 129119445 l14518-2 774648 36267+13 44218+18 le&24 2022 +
11 127792.38 l1el192~2 782452 2487+13 34179+18 le458 24133 -
12 12648802 4o486-2 790459 94078+13 1e148+19 1e&77 24180 -
13 125206444 4e814~3 798.68 9e449+12 le183+18 le491 20211 . -
14 123947,77 24378~2 806479 4,4,528+13 5.612+18 1.531 24350, +
15 122712415 54058-2 814492 9e347+13 lels7+19 14553 2410 +
16 121499474 6e252-3 823405 1e121+13 1e4362+18 " 14570 2451 +
17 120310476 241012 831,18 3e4658+13 44401+18 le614 2611 -
18 119145443 64 776-2 839,31 lel46+14 1.366+19 le637 24679 -
19 118004.02 2.490~2 B47.42 5.725+13 6.768+18 l.661 2.755 -
20 116886483 2¢723-4 855453 4e348+11 54082+16 1773 36213 +
21 1157944619 5¢121-2 863460 7¢950+13 94206+18 l1e732 34005 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 8s21)e Q LESS THAN 10-6 HAVE BEEN OMITTED.
+ 4 - 3_- ; .
O2 b gg - 02 X Eg Ionization system
Cs C 146556.00 44081-1 682433 14285+15 1.883+20 le246 1555 +
1 144999.62 3¢772-1 689.66. 1.150+15 1le667+20 1.293 14673 +
2 143466481 1,618-1 697.03 4o TT9+14 64856+19 le340 14794 +
3 141957.35 44330-2 104644 1¢239+14 1.758+19 1.386 1.919 +
&4 140471404 8e227-2 71189 2¢280+13 34203+18 1e43] 24045 +
5 139007473 l.188-3 719438 34191+12 Le&35+17 let76 2172 +
6 137567427 1le360-4 726492 3e539+11 44869+16 1519 24301 +
7 136149.58 le271-5 734449 34207+10 44367+ leH61 2430 +
1, 0 147718454 34363-1 676496 1,084+15 14601+20 T.211 le467 -
1 146162426 2e446-3 684,417 Te638+12 lel16410 1261 1632 +
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Table 57. Franck-Condon integrals--continued
b - 3 - . .
02 b Zg - 02 X gg Ionization system
vac = 2
v'ov! To qV'V" }\g ) qvlvnﬁo qV'V”UO r r phase
2 144629446 20331~1 691642 T7«051+14 1.020+20 1305 1705 +
3 143120400 26624~1 698471 T4693+14 1.101+20 1.351 14824 +
4 141633469 le227~1 706405 3e486+14 44938+19 1.396 14947 +
5 140170437 344872 713442 9.604+13 14346+19 le440 24071 +
6 138729492 609493 720483 1.856+13 24574+18 le484 2197 +
7 137312422 1e044~3 728427 24702+12 3¢711+17 1e527 2325 +
8 135917.21 1e240~4 73574 34113+11 44231+16 1.568 2453 +
9 134544485 1e178~5 743425 24870+10 3¢861+15 1e612 24592 +
29 0 148847402 le636~1 671483 54397+14 84033+19 1177 1384 +
1 147290.64 14678~1 678493 5363+14 74900+19 1225 1503 -
2 1457‘57-83 8.214-2 686.07 2.543+14 3.707+19 1.270 1.608 -
3 144248437 44793=2 693425 1e438+14 2.075+19 14317 le743 +
4 1427626006 24320~1 700447 6e4751+14 94638+19 le361 14855 +
5 141298675 14960~-1 707472 5529+14 7.813+19 le406 1e976 +
6 139858.29 84278-2 715.01 2265+14 34167419 1.450 24099 +
7 138440460 24250-2 722433 54971413 84266+18 1.492 2224 +
8 137045459 44388~3 729468 14129+132 1.548+18 14535 28351 +
9 135673422 66554~y 737406 1,637+12 20220+17 14576 26478 +
10 134323649 Te0O78~5 ThaesT l1e861+11 24500+10 le619 Zell4 +
11 132996442 7298-6. 751490 1.717+10 26283+15 14660 2¢749 +
35 0 149941612 6e228-2 666493 2+099+14 36148+19 lelt4 14307 -
1 148384474 22095-1 673,92 6e843+14 1.015+20 le191 1420 +
2 14685194 14709-2 680496 5e412+13 Te947+18 1.239 14551 -
3 145342448 l1e612-1 688403 44948+14 76191419 1.283 le 646 -
4 143856417 24505-3 695414 Te456+12 14073+18 1e326 16716 -
5 142392485 1.208-1 702428 3e4B7+14 4e4960+19 1e372 1888 +
6 140952440 24180-1 709446 64105+14 84606+19 le417 2007 +
7 13953447C le405-1 716467 3¢816+14 54324+19 le460 24129 +
8 138139469 . 5223-2 723,91 16377+14 1.902+19 le502 20252 +
9 136767633 1318-2 731417 34371+13 4e611+18 1e543 24378 +
10 135417460 20462~3 T738e46 60113+12 8e278+17 le584 24504 +
11 134090453 34538-4 745477 84529411 le144+17 le626 20638 +
12 132786617 44022-5 753409 94416410 1.250+16 1e669 2777 +
13 131504459 3.T779-6 T60e43 84593+ 9 1.130+15 1.705 24901 +
THE CALCULATED ARRAY EXTENDED THRQUGH ( 3s21)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
O2 blg; - alag Noxon system
O0s O 5238452 9¢770-1 19089437 le404+11 Te357+14 le227 1450
. . . . ¢206 +
1 3755,02 24283~2 26631403 1,209+ 9 44538412 le483 26136 +
2 2297432 20136-4 43529,02 2.589+ 6 54948+ 9 16625 24632 +
1s O 6643627 24267=2 15052483 646484+ 9 4e416+13 04985 0910 -
1 5159.77 0.290-1 19380.,71 le276411 6e585+14 1¢238 1537 +
2 3702.07 4e760-2 27011.91 24415+ 9 8e941+12 le488 24156 +
3 2270617 Te217—4 44049456 8eb44+ 6 14917+10 1.630 24648 +
2s 0 8020403 346284 12468479 14871+ 8 1501+12 0.673 0e243 +
1 6536453 Ge694~2 15298,64 1,311+10 84569+13 14004 0955 -
2 5078483 8e768-1 19689,59 1o149+11 54833+14 le250 1e569 +
3 3646493 76430-2 27420435 34604+ 9 1.314+13 let94 26177 +
3, 0 9368470 4eh206~6 10673484 34639+ 6 3e410+10 0e154 -0e735 -
1 7885420 1e¢213-3 12681498 5.946+ 8 44689+12 0707 04310 +
2 6427450 Te266-2 15558414 1.929+10 1¢240+14 1.023 l.001 -
3 4995460 84202-1 20017461 1e022+11 54108+14 le261 14601 +

THE CALCULATED ARRAY EXTENDED THROUGH ( 34 3). Q LESS THAN 10-6 HAVE BEEN OMITTED.
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Francl s Condan integrals--continued

- 0,0

[P .
/o Jonization system

23

v' " o qV‘V" }\(()VBC) qv",n"'fU qV'V"O[(; r rz phase
0s O 89482461 le422-1 1117454 1.019+14 94117+18 1.169 14368 +
1 87999.11 24371-1 1136438 le616+14 1e422+19 1s146 14315 -
2 86541441 24286~-1 " 1155,.,52 1.482+14 14282+19 lel26 16267 +
3 85109451 le681-1 1174496 1.036+14 84819+18 le107 1225 -
ls O 91355418 Be2ll—1 1l094.63 Zell8+14 2¢236+19 14198 le&435 +
1 89871.68 1e260-1 1112.70 Gelbt4y+13 84218+18 1,170 le368 -
2 88413498 1091-3 1131404 Te541+11 6466T7+16 1.109 1202 +
3 86982408 44228-2 1149.66 24783+13 24420+18 le137 14296 +
29 0 93195,.,18 24078~-1 107302 2491+14 24322+19 1.228 1509 +
1 91711.68 6¢883-3 1090637 5¢310+12 44870+17 1e226 14515 +
2 90253498 1¢400-1 1107498 1030+14 9.292+18 l.181 14395 -
3 88822.08 9¢267-2 1125.85 66494+13 5.768+18 l.155 1332 +
3, O 95002462 le637-1 1052460 le404+14 1.333+19 14263 14593 +
1 93519412 1+880-1 106943C 1537414 1.438+19 1238 1e535 +
2 92061e42 6e226=2 1086423 44858413 4e472+18 14202 les4l -
3 90629452 2133-2 1103439 14588+13 14439+18 le198 1e442 -
4y O 9677749 5¢301=-2 1033.30 44804+13 4,649+18 1.301 1690 +
1 95293499 24548-1 1049438 2.205+14 2.101+19 l1e271 16616 +
2 0383629 Ra162~-2 1065469 2.413+173 2.4587+18 1.256 1585 -+
3 92404439 14303-1 10824290 1.028+14 9.501+18 le214 1e473 -
5, 0 98519,.81 16077-2 1015,.,02 1.4030+13 1.015+18 1345 1.804 +
1 97036431 1e395-1 1030454 1e275+14 14237+19 14309 16712 +
2 95578461 2e162~1 1046426 le888+14 14804419 1.280 le641 +
3 . 94146471 465443 1062417 3e792+12 3.570+17 le204 le425 -
6s 0 100229455 le367-3 997471 1e376+12 1.379+17 1.396 16943 +
1 98746,05 NG 0Nn3=2 1012.70 3.893+13 2e844+18 le.352 1.82¢ 1
2 97288435 24121-1 1027487 1953414 1+4900+19 le317 1e735 +
3 95856445 14160-1 1043,23 1.022+14 9.796+18 14292 1674 +
75 0 101906474 1037-4 981429 16097+11 14118+16 1e¢460 20122 +
1 100423424 6e651-3 995,78 6.4736+12 64765+17 14405 14967 +
2 98965454 8¢ 746~-2 101045 8e477+13 84389+18 1e361 16850 +
3 97533464 24389-1 1025429 24216+14 24162419 16326 1e760 +
8s O 103551436 442546 965470 4eT24+ 9 44891+14 le548 2375 +
1 1020674806 Gelél—4 979 T4 6e530+11 ©e665+16 le47C 2150 +
2 100610416 le844=2 993494 1.878+13 1.889+18 let4l4 16992 +
3 99178426 le&22~1 1008,.,28 14388+14 1¢376+19 1370 1874 +
9, 1 103679.92 24913-5 964451 3e4247+10 34366+15 1.560 26412 +
2 102222422 24046-3 978426 24186+12 26234417 14480 2179 +
3 100790432 24824-2 992416 34915+13 34946418 le423 24018 +
10, 2 103801.71 le108-4 963438 1e¢239+11 1.287+16 le572 20449 +
3 102369,.81 5.053-3 976485 56421+12 5549417 14490 2209 +
THE CALCULATED ARRAY EXTENDED THROUGH (10s 3)e Q LESS THAN 1+0-6 HAVE BEEN OMITTED.
+ 4 —
0y ay, -0,a Ag Ionization system
0s O 122006487 le655-2 819463 3.006+13 34667+18 14297 14685 +
1 120523437 8¢313-2 829472 le455+14 14754+19 1.322 le749 +
2 119065467 1879-1 839487 3e171+14 3,776+19 le348 _1-817 +
3 117633477 20529-1 850,10 4ellb+14 44841419 1375 14890 +
1, 0 123021.76 54369-2 812486 9.995+13 1.230+19 1.281 leb42 -
1 121538426 14553~-1 822479 2.788+14 34389+19 1 e304 14700 -
2 120080456 le466-1 832477 24538+14 3.048+19 1.327 le761 -
3 118648466 24946-2 842483 44921+13 54839418 1.348 14813 -
2 0 124016.01 9:649~-2 806435 1.840+14 24287410 1265 1602 +
1 122532451 le428-1 8l6e11 24626+14 3218410 1.287 1e655 +
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Table 57. Franck-Condon integrals--continued
+ 4 1 ; .
O2 a nu - 02 a Ag Ionization system
—_ ac 3 - 2
vV OO qV'V" )‘"gv ) qV'V"jo qV_'V”Jo r r Phase
2 12107481 2¢465-2 825494 4e376+13 5298+18 1.305 1698 +
3 119642491 32130-2 835482 54360+13 6e412+18 le342 14805 -
35 0 124989,61 16275~1 800,07 24489+14 34111419 14251 14565 -
1 123506.11 ToTl49-2 809468 le460+14 14802+19 1270 1611 -
2 122048441 5e823-3 819435 14059+13 1292418 le307 le 719 +
3 120616,51 Qe317-2 829,07 1,635+14 14972419 1319 1e741 +
49 O 125942457 1.387-1 794401 2770+14 3e¢489+19 14237 14530 +
1 124459407 2¢046~2 803e48 3e¢944+13 44909+18 1253 1565 +
2 123001,.,37 5¢155-2 813,00 94593+13 1.180+19 le282 14646 -
3 121569447 54406~2 822458 94713+13 14181+19 1.300 14687 -
5, 0 126874488 1e¢319~1 788.18 24694+14 3.418+19 le224 1e498 -
1 125391438 Te754~5 797450 14529+11 1.917+16 1e157 1265 =
2 123933,.68 Te632-2 806488 1e453+14 1.801+19 le266 1603 +
3 122501.78 4e632-3 816431 8+4515+12 14043+18 1272 1.607 +
6s 0 127786455 1e139~1 782456 2.377+14 3.037+19 1,212 le467 +
1 126303.05 1+4055~2 791475 2¢126+13 24686+18 l1.238 1538 -
2 124845,35 54993~2 800499 l1e166+14 1e456+19 le251 14563 -
3 123413445 8.380~3 810428 14575+13 1e944+18 1.284 16655 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 63 3)e Q LESS THAN 1e0-6 HAVE BEEN OMITTED.
+ 2 1
0, A", - 0, a £, Ionization system
0> 0 129552.12 5.255=3 771.89 1.143+13 1.480+18 1.306 1.708 +
1 128068462 3e341-2 780483 T«018+13 84.988+18 le329 1e768 +
2 126610692 9.816-2 789482 1e992+14 24523+19 1e353 1832 +
3 125179402 le772-1 798486 3e4T76+14 44351419 le378 1900 +
1, 0 130423415 2018-2 766673 4e477+13 54839+18 1293 1e672 -
1 128939465 84649-2 775456 1e854+14 2¢391+19 14315 1729 -
2 127481495 le465-1 784642 34036+14 34870419 1.338 1790 -
3 126050405 lelle-1 79334 2+230+14 24811419 le361 1e851 -
2, 0 131267.,05 Lel2P6—-2 761481 Q04718113 le276119 les280 le&39 1
1 129783455 1e185~1 770451 24591+14 34363+19 1.3201 16693 +
2 128325485 94558-2 779427 2.020+14 24592+19 le323 l1e748 +
3 126893495 7¢990-3 788606 1e633+13 2072+18 14339 14785 +
3, 0 132083,81 6eT732-2 757409 1.551+14 24049+19 le268 14608 -
1 130600431 le118-1 765469 24491414 34253419 1,288 14659 -
2 129142461 24602-2 T74434 54604+13 Te237+18 14307 16704 -
3 127710671 14698-2 783402 3e536+13 44516+18 14339 le798 +
4y Q 132873444 84697~2 752460 2.040+14 20711419 le256 1579 +
1 131389,94 74840-2 761,09 1.778+14 2¢336+19 1.276 1e627 +
2 129932424 le735-5 769463 3+805+10 44944415 1e127 14099  +
3 128500.34 8.927-2 778.21 1.257+14 1.616+19 1.322 1749 -
5 0 133635493 94840~2 748430 2+348+14 34138+19 1246 14552 -
1 132152443 440222 756470 94282+13 14227+19 le264 1e595 -
2 130694473 led474-2 765414 36291+13 44301418 1e292 14673 +
3 129262.83 64137~2 773462 le326+14 1.713+19 14308 le711 +
6s 0 134371.28 l1.012~-1 Ta4,21 2.455+14 34298+19 1e226 16527 +
1 132887.78 14276~2 752452 2¢995+13 34980+18 le251 1e561 +
2 121420608 S3e264-2 760400 8e999+13 le183+1°9 le278 1e035 -
3 129998418 34189-2 769¢24 7.006+13 9.108+18 1.295 1e674
7 0 135079,.,50 9.683~2 740431 24386+14 34224+19 le226 1504 -
1 133596400 Beb613-4 748453 24054+12 2 744+17 le228 1e¢493 -
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Table 57. Franck-Condon integrals-~continued
¢ 0+ AZH -0 aIA Ionization system
27 e 72 g
vac 3 4 = 2 ;
v " Te qV'V" )‘é ) qvlvudo quvn O, r T pha:
605 4
13213843 54266-2 756478 1.215+14 1.605+19 16266 le
. ; 130%02:42 6:045-3 765:07 1.350+13 le764+18 1.278 14626 4
8y 0 13576058 8e772-2 736459 24195+14 2+980+19 1.217 le482 4
’ 1 134277408 1.860-3 TabheT3 44503+12 6.046+17 1.248 1568 -
2 132819.38 44927-2 752490 1e¢154+14 1e¢533+19 1e256 1577 -
3 131387.48 4e970-4 76111 14127+12 1.481+17 1307 1.733 +
THE CALCULATED ARRAY EXTENDED THROUGH { 85 3)e Q@ LESS THAN 140-6 HAVE BEEN OMITTED.

0; b4g; - 0z alAg Ionization system
0s O 138673461 5.030-1 721412 le341+15 1+860+20 le252 14568 +
1 127190611 340600-1 728692 Se296+14 le275+20 1e¢305 14703 +
2 135732441 le131~1 136474 24829+14 34840+19 1360 1le847 +
3 134300451 24095-2 744460 5¢076+13 64817+18 le416 14999 +
1s 0 139836425 34190-1 715.12 8e722+14 14220420 1.210 1e463 -
1 138352475 4e260-2 722479 le128+14 1.561+19 le267 14618 +
2 136895,05 3¢267-1 730449 84380+14 1147420 le317 1e736 +
3 135463415 20283-1 738621 5.675+14 Te687+19 1.371 14877 +
25 0 140964463 le240-1 709440 3ebaTh+14 44896+19 14170 14367 +
1 139481.13 24400-1 71694 6e514+14 9.086+19 1.223 1499 -
2 138023.43 1+4989-2 724452 56229+13 74217418 1,269 14591 -
3 136591453 le627-1 7326411 4el45+14 50662+19 1.329 1e773 +
35 0 142058473 34900-2 703493 1.118+14 1.588+19 1.133 14279 -
i 1 140575423 le¢993-1 711le36 5¢536+14 7782+19 le184 le402 +
2 139117453 8e429-2 718482 24269+14 34157+19 ls4239 1e542 -
3 137685,63 lel47-1 726429 24994414 4a122+19 l.286 14649 -

THE CALCULATED ARRAY EXTENDED THROUGH ( 3, Q LESS THAN 10-6 HAVE BEEN OMITTED.
+ 2 1+ : ;

02 X Hg B O2 b ﬁg Ionization system
0s O 84244 .09 Se354~2 1187,02 5.592+13 4a711118 lel74 1378 -+
1 82839434 14869-1 1207.16 le062+14 84799+18 1.153 14331 -
2 81462,58 24125-1 1227.56 1e149+14 9.358+18 14135 1.288 +
3 80113,91 1¢820-1 1248422 9.357+13 T6496+18 1.118 14249 -
1, 0 86116466 2¢571-1 1161422 leb642+14 1.4414+19 1.200 le&4l +
1 84711491 le724~1 1180447 1.048+14 8.878+18 16177 1386 -
2 83335,.15 2¢645-2 1199,97 14531+13 1.276+18 1.153 14325 +
3 81986447 6.019-3 1219.71 3e4317+12 2.720+17 l.154 14342 +
2, 0 87956.66 2.087 1 1136492 2¢101+14 le848+19 16229 14210 +
1 86551491 54965-3 1155438 3¢867+12 3e347+17 1.188 14400. -
2 85175415 Te773-2 1174,05 44803+13 44091+18 1.189 le415 -
3 83826448 le183-1 1192.94 64969+13 5.842+18 l.166 14359 +
3, 0 89764410 24131-1 1114,03 le542+14 1e384+19 1.260 1¢586 +
1 88359435 84947-2 1131.74 66172+13 5¢454+18 1le240 le541 +
2 86982459 14209-1 1149466 Te954+13 64919+18 le211 1e466 -
3 85633,92 le412-3 1167476 84870+11 T7e595+16 1.152 14298 +
45 0 91538,98 9e372-2 1092443 T74189+13 6.580+18 14293 14671 +
1 90134422 20315-1 1109446 1e696+14 1.4528+19 le269 le611 +
2 8875747 l.061-3 1126467 Tett22+11 64587+16 1.185 1364 -
3 87408479 l.016-1 1144405 64789+13 54934+18 le222 le496 -
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Table 57. Franck-Condon integrals--continued
+ 2 1+ . .
O2 X ng - O2 b Zg Ionization system
" ac 3 - 2
v v Go . qV'V" }\(()V ) qlenTTO qV'VmTU r r phase
5 0 . 93281429 2¢T747~2 1072,03 24230+13 2.080+18 1330 1e766 +
1 91876454 14967-1 1088442 1¢525+14 1e401+19 14302 14694 +
2 90499.78 1e065-1 1104,97 T74897+13 74147+18 14280 14642 +
3 89151.10 6e719-2 1121469 4eT761+13 44244+18 14245 14546 -
6s 0 94991,04 54463-3 1052.73 44683+12 4eb448+17 14371 1875 +
1 93586428 B8eB844~2 1068453 Te249+13 64784+18 1.338 1789 +
2 92209453 2¢219-1 1084449 1¢740+14 1.604+19 l.311 14719 +
3 90860485 1,128~2 1100458 Be463+12 T.690+17 14305 1+716 +
7 0 96668422 Te354~4 1034447 66643+11 6el422+16 le4l7 24003 +
1 95263447 T 24403-2 1049472 24077+13 1.979+18 14379 14899 +
2 93886471 1¢590-1 1065411 le316+14 14236+19 14347 1813 +
3 92538404 leb643~1 1080464 14302+16 1e205+19 le321 14748 +
8s 0O 98312484 64570-5 1017.16 66243+10 6e¢138+15 le471 24156 +
1 96908409 44121-3 1031,91. 34751+12 34635+17 le426 2028 +
2 95531433 54921-2 1046478 50162+13 44932+18 1.388 1924 +
3 94182466 24063-1 1061477 le 723414 16¢623+19 14356 - 1839 +
9s 0 99924490 37426 100075 3733+ 9 34730+14 14537 2348 +
1 2852015 LahTT & 101502 4e201+11 4218116 le481 2182 [
2 97143439 14288-2 1029.41 1,180+13 1147+18 le435 2054 +
3 95794472 1.070~1 1043490 94405+13 9.010+18 14397 14949 +
10, 1 100099464 24994-5 999,00 3,003+10 3,006+15 1546 24378 +
2 98722489 le689-3 1012494 1e625+12 14604+17 16490 2211 +
3 97374421 24950-2 1026497 2e724+13 24652+18 lesssy 24080 +
THE CALCULATED ARRAY EXTENDED THROUGH (10s 3)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
0+ a4r -0 blz+ Ionization system
2 u 2 3
0s 0 116768.,35 36150-2 856440 5.015+13 54856+18 1305 1706 +
1 115363460 le351-1 866483 2:074+14 24393+19 le332 14775 +
2 113986484 2¢534-1 877429 3e753+14 44278+19 14360 14851 +
3 112638417 2¢735~-1 887480 34909+14 44403+19 1391 1934 +
1, 0 117783.24 8e660-2 849,02 le415+14 1667419 l.286 1e656 -
1 116278.49 1.8723-1 850,27 2.953+14 3.436+19 1.310 1.718
2 115001473 1.010-1 869455 1e536+14 1.767+19 1e334 14779 -
3 113653,.,06 2¢093-6 879.87 3.0724+ 9 3e492+14 0079 -2¢410 -
2y 0 118777449 le341-1 841,91 26248+14 24670+19 1e269 1e611 +
1 117372474 l1¢199-1 851499 1e938+14 24275419 14290 le664 +
2 1159954,98 7+002-5 862.10 1.093+11 14268+16 lel42 1e165 +
3 114647430 9.678-2 872424 1e458+14 1.672+19 14348 1.818 -
3s C 119751.09 le549~1 835406 2660+14 34186+19 1.253 1569 -
1 11834Ge34 3e588-2 844,98 5¢947+13 Te038+18 14270 1610 -
2 116969458 44593~-2 854492 74350+13 84598+18 14304 14704 +
3 115620491 B8e418-2 864,489 14301414 1.504+19 1.323 le748 +
4s O 120704405 1s4491-1 828447 20623+14 34166+19 le237 1e531 +
1 119299430 64876-4 838423 1.168+12 14393+17 l1.219 1e459 +
2 117922454 8e712-2 848,01 1e6429+14 1.685+19 1.283 1647 -
3 116573487 Ge857-3 857483 le561+13 14820+18 le292 1659 -
5, 0 121636436 14269~1 822412 26284+14 24778+19 le223 1le496 -
1 120231.61 lel63-~2 831473 2021+12 24430+18 1e253 1e576 +
2 118854485 648672 841436 1e¢153+14 1+4370+19 le265 1598 +
3 117506418 Qeb445-3 851402 le532+132 1801+18 1.303 1707 -
6s O 122548,03 9¢896-2 816401 1e821+14 2232+19 1210 le463 +
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Table 57. Franck-Condon integrals--continued
+ 4
02 a Hu - O2 blzg Ionization system
vac - ry
vt 9 Dyt yrr Ké ) Q14115 9, 1,10 T r2  phase
1 121143428 44014~2 825447 Te137+13 8e646+18 le234 1.525 -
2 119766453 24764-2 834,496 LeT4T7+13 5,686+18 1.247 1.550 -
3 118417485 44703-2 844447 7.810+13 94249+18 1.277 1.633 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 63 3)s Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
+ 2 1+ ; .
O2 A nu - O2 b Eg Ionization system
0, O 124313460 1.086-2 804642 2.087+13 24594+18 1315 1730 +
1 122908485 640452 813,61 lel22+14 14379+19 14240 1.796 +
2 121532.09 le524-1 822483 2736414 34325+19 14366 1866 +
3 120183442 24309-1 832406 4,008+14 44817+19 1.393 14942 +
1, O 125184464 3¢638-2 798482 Te4136+13 8+933+18 14299 1689 -
1 123779.88 1¢259-1 807489 2+388+14 24955+19 1323 1750 -
2 122403413 le552-1 816497 2.846+14 3.484+19 14347 1e814 -
3 1210564.45 6219-2 826408 1.103+14 14335+19 1371 1877 -
2y 0 126028453 648362 79347 le368+14 14725+19 1.285 le652 +
1 124623.78 1¢370-1 802442 24651414 34304+19 1307 14708 +
2 123247.03 5¢517=2 811438 14033+14 16273+19 1.328 le762 +
3 121898435 4el66~3 820436 8.089+12 94860+17 le374 1900 -
3s O 126845430 94 560-2 78830 1¢2511 14 2+475+10 1.271 1617 -
1 125440454 9882-2 79719 14951414 2.447+19 l.292 14669 -
2 124063479 14291-3 806404 2e466+12 3.059+17 14289 1e641 -
3 122715.11 fa306=-2 814490 14165+14 1e430+19 le344 - 14808 +
4y 0 127634492 lel1l3-1 783,48 2431l4+14 20954+19 1.259 14585 +
1 126230617 44817-2 792420 9.688+13 1.223+19 1277 14630 +
2 124853441 le572-2 800494 3.060+13 34820+18 14310 14720 -
3 123504474 Te420-2 809.69 1.398+14 1726+19 1326 1758 -
5 0 128397e41 1.145—1‘ 778483 26424414 34112419 le247 14556 -
1 126992466 le274-2 787445 2609+13 34313+18 le262 14588 -
2 125615.90 44821~2 796408 94556+13 1.200+19 1,293 16672 +
2 124267.22 3e1/h3-2 804,72 6.606+13 8.210+18 1.309 14711 +
6s O 12913277 14079-1 774440 2+322+14 24999+19 1,236 1528 +
1 127728.01 le686-4 782,91 34514+11 44488+16 1.203 14403 +
2 126351426 6e175-2 791444 1.246+14 1.574+19 1.279 14635 -
3 125002458 3e4413-3 799498 64666+12 8e332+17 le284 1636 -
75 0 129840498 945232 770417 2.084+14 26707+19 1.226 14503 -
1 128436423 499493 778460 1.048+13 1e347+18 14255 1583 +
2 127059448 50215-2 787403 1070+14 1+4359+19 le266 14602 +
3 125710480 34594-3 795448 Te140+12 84976+17 l.304 le711 -
8s 0 130522407 84010~2 76615 1l.781+14 24325+19 l.216 14479 +
1 129117.31 147852 T74449 34842+13 44961+18 14240 14541 -
2 127740.56 2.181-2 7R2.R4 Aab631+13 84470+18 le254 14570 -
3 126391.88 24095-2 79119 44231+13 54347+18 1282 14647 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 8s 3)a Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
+ 4 - 1+ . .
02 b Zg - O2 b Zg Tonization system
0s O 133435409 643471 T49e43 1.508+15 2.012+20 l.258 14585 +
1 13203034 34013~1 757440 6e935+14 94156+19 1324 14750 +
2 130653458 5¢762~2 765438 14285+14 1,679+19 14394 14937 +
3 129304.91 54940-3 77337 1.284+13 1.660+18 let67 2143 +
1, 0O 134597.74 2686-1 74295 6¢550+14 84817+19 1204 le&49 -
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Table 57. Franck-Condon integrals--continued

0; bég; - 02 blgg Ionization system

1 "

3 4 -

v.ov Co qV'V" )\c()VaC) qV'V"JO quvnoo r r phase
1 133192498 1e781-1 750479 44208+14 5.605+19 l.274 14630 +

2 131816423 34855-1 758463 84831+14 1.164+20 1e¢335 1784 +

3 130467455 le428-1 766647 3¢1714+14 44137+19 le404 1967 +

29 0O 135726.11 Te&l17-2 736478 le854+14 24517419 l1e155 16329 +
1 134321436 209611 C T4b4e48 Tel76+14 94639+19 le218 1e485 -

2 132944460 le283-2 752419 34014+13 44007+18 14303 14733 +

3 131595.,93 3¢314-1 759490 T4553+14 9¢939+19 14348 14820 +

3y 0 136820422 1e749-2 730489 4e480+13 64129+18 1e¢111 1226 -
1 135415446 1¢505-1 738447 3738+14 5.062+19 l.169 le364 +

2 134038471 2¢075-1 T46405 44996+14 64697+19 1e233 14526 -

3 132690403 1¢534-2 753464 34583+13 4e755+18 le274 14592 -

THE CALCULATED ARRAY EXTENDED THROUGH ( 34, 3). Q LESS THAN 1.0—6.HAVE BEEN OMITTED.
+ 2 3_- . .
O2 X ﬂg - O2 B Ty Recombination system

1,13 43152415 14048-6 2317438 8423+ 7 3e4635+12 le282 leba4 -
?s 8 46920.94 1.904-6 2131.24 1.967+ 8 Q.228+12 1.306 1706 +
9 46455414 34499-6 2152461 34508+ 8 1.630+13 1e303 14698 -

10 46026476 5.791-6 . 2172465 56646+ 8 2599413 14300 16691 +
11 45638452 86676 2191.13 84239+ 8 34760+13 16297 le684 -
12 45292499 le176~5 2207485 1,093+ 9 44951+13 14295 14678 +
13 44992415 le451~5 2222461 1e321+ 9 56944+13 14293 14673 -
3s 5 50324449 P 1.907-6 1987410 24430+ 8 1223413 le328 1766 -
6 49761470 P 44770-6 2009458 5878+ 8 24925+13 le324 le756 +

7 49228492 14042-5 2031433 1e2434+ 9° 66119413 14321 le746 -

8 48728438 24020~5 2052419 24337+ 9 14139+14 l.317 le737 +

9 48262458 3e4512-5 2072400 3948+ 9 1e906+14 le314 1729 -

10 47834420 54521=5 2090456 604272+ 9 2.890+14 1.211 1721 +
11 47445496 7.881~5 2107466 84417+ 9 3e994+14 1309 1e714 -
12 47100642 1e025-4 2123412 1.071+10 54045+14 le307 14708 +
13 46799459 1e217-4 2136477 1¢248+10 54839+14 14304 14703 -
4y 3 93307423 le875-6 1875492 24840+ 8 1.514+13 1.349 1.822 -
4 52690416 6e252-6 1897.89 94145+ 8 44818+13 1e345 1810 +

5 52099436 P 14710-5 1919441 2¢418+ 9 14260+14 1e341 14799 -

6 51536458 P 34989-5 1940437 54460+ 9 26814+14 14337 14788 +

7 51003.80 8e144-5 1960.64 1.080+10 5¢511+14 14333 1778 -

8 50503426 1¢480-4 1980407 14906+10 94626+14 14329 1768 +

9 50037446 204204 1998450 3.032+10 14517+15 14326 14760 -

10 49609407 3¢592~-¢ 2015.,76 44385+10 24175415 14323 1e752 +
11 49220484 44862-4 2031466 5797+10 24854+15 1.321 le745 -
12 48875430 66026-4 2046402 7+036+10 3e439+15 1.318 1e738 +
13 48574447 64858-4 2058469 7+860+10 34818+15 1e316 16733 -
5, 2 55621430 3607706 1795461 6e350+ 8 3e537+13 1e367 14870 +
3 55049454 14470-5 1816.55 24451+ 9 1e349+14 le362 14857 -

4 54432447 44520~-5 1837414 Te290+ 9 3e968+14 14357 le844 +

5 53841467 P lel42~4 1857430 14782+10 9.596+14 le353 14832 -

6 53278489 P 2¢466-4 1876492 3e729+10 1.987+15 le349 14821 +

7 52746411 4eb669-4 18954.87 6e¢851+10 34614+15 14345 1810 -

8 52245457 T¢889-4 1914404 1e¢125+11 54878+15 le341 1800 +

9 5177977 16204-3 1931426 1e671+11 Be655+15 l.338 14791 -
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Table 57. Franck-Condon integrals--continued
O; ing - O2 BBZ; Recombination system

vt % Gyt AévaC) qv'v“gi qv'v“czc; . r2 phasi
10 51351439 le673-3 1947437 2266+11 l,164+16 14335 14783 +
11 50963415 2¢131-3 1962420 24821411 1le438+16 1332 1775 -
12 50617.61 2a499-3 1975460 3.2641+11 1.641+16 1.330 le769 +
i3 50316478 26707-3 1987441 3e448+11 1e735+16 l.328 14763 -
6, 1 58066433 44618-6 1722417 9.041+ 8 54250+13 14385 1921 -
2 57401.10 2e469~5 1742,13 4e669+ 9 24680+14 14380 14906 +

3 56759429 S4014-5 1761483 1e648+10 9e356+14 14375 14892 -

4 56142422 24535-4 1781.,19 44486+10 24519+15 1.370 14878 +

5 55551842 P 5.862~4 1800613 14005+11 54582+15 le366 14866 -

[ 54988464 P 14160-3 1818456 14929+11 1061416 le361 1e854 +

7 54455486 24017-3 1836435 34258+11 1,774+16 14357 1843 -

8 53955432 341373 1853438 44927+11 24659+16 1353 14833 +

9 53489452 44419-3 1869453 6e762+11 34617+16 1350 14823 -

10 53061613 5¢689-3 1884462 8e499+11 44,510+16 16347 1.815 +
11 52672490 6o T44-3 1898451 9e855+11 5191+16 le344 1807 -
12 52327436 Te402-3 1911.05 1.,060+12 5¢549+16 le341 14800 +
13 52026453 Te554-3 1922410 1s064+12 54535+16 14339 1794 -
s O 60431405 2e922-6 1654478 6e49+ 8 3489T7+13 le405 14975 +
1 59743451 2¢769-5 1673482 5904+ ¢ 34527+14 1e399 1958 -

2 5907829 1e338-4 1692467 24760+10 1.630+15 14393 1e942 +

Ts 3 5843668 SGe4l9—4 1711l.26 854817+10 5152+15 le388 1e927 -
4 57819e41 lel24-3 1729452 24172411 14256416 le383 14913 +

5 57228461 P 2.351-3 1747438 La406+11 24522416 1e378 1900 -

<] 56665483 P 44211-3 1764473 74662411 4342416 le374 1.888 +

7 56133404 6+633~3 1781e48 lel73+12 64585+16 14370 14876 -

8 55632450 9e357-3 179751 le611+12 8.963+16 la366 1866 +

9 55166470 le198~2 1812.69 24011412 164109+17 1.362 14856 -

10 54738432 le406-2 1826487 24306+12 16262417 14359 1847 +
11 54350408 l1e526~2 1839,92 2e449+12 1¢331+17 14356 1.839 -
12 54004455 le541-2 1851470 20428+12 14311417 1,353 14831 +
13 53703671 le458-2 1862407 2+259+12 le213+17 1351 1825 -
8, 0O 6207567 1.622-5 1610.94 2.880+ 9 2.409+14 1.419 2014 +
1 61388414 1e375~4 1628,98 34181410 1.952+15 le413 1997 -

2 60722.91 549404 1646482 1.330+11 8,076+15 le407 1980 +

3 60081410 1.751-2 1664442 34798+11 24282+16 le401 1e964 -

4 59464403 349723 1681469 84352411 44966+16 1,396 14949 +

5 5887323 P 7¢402-3 1698456 le510+12 84892+16 1.391 1¢936 -

6 58310445 P 1,180~-2 1714,96 24339412 le364+17 l1.386 1922 +

7 5777766 le651~2 1730477 3¢184+12 1.840+17 le382 1910 -

8 5727713 24068-2 1745490 3¢885+12 24225417 1.378 1.899 +

9 5681132 2e349~2 1760421 44307+12 2644T+17 le374 14889 -

10 56382+94 20448~2 1773459 44388+12 264T74+17 1,371 1879 +
11 55994470 24364-2 1785488 44150+12 2e324+17 l.368 1870 -
12 55649417 20¢133~2 179697 34675+12 20045+17 le365 1.863 +
13 55348434 1,813-2 1806474 34074+12 14701417 l1.362 14856 -
Ss 0 63687473 7e635-5 1570416 14972410 le256+15 1e433 24055 +
i ©3000e19 SeT1i0—4 158730 let429+11 YeOUB+15 le42l 2030 -

2 62334497 2¢176-3 1604424 50271+11 34285+16 1.420 24019 +

3 61693415 5¢637-3 1620493 14323+12 8e165+16 le415 2002 -

4 61076408 le120-2 1637430 24550+12 14558417 le409 14986 +

5 60485429 P 14819-2 1653,29 4,4025+12 26434417 le404 14972 -

6 59922450 P 24515-2 1668482 5e411+12 36242+17 1399 1958 +

7 59389.72 34036~2 1683479 6e360+12 34777+17 le394 14945 -

8 58889418 34258-2 1698410 6e654+12 3e919+17 14390 1933 +

9 58423438 3¢149-2 1711.64 64280412 36669+17 1.386 le922 -
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Table 57. ' Franck-Uonuuu integrals--continued

d; Xzﬂg - OQIﬁSZ; Recombination system

(e 7 e

A %% qV'V" 1\0 qvlvnco qvvvuco T . r P
10 57995,00 2e770-2 1724429 54404412 34134417 1.383 14911 ot
11 57606476 2¢240-2 1735491 4e282+12 26467+17 14379 14902 = -
12 5726122 .1e682-2 1746438 3e157+12 1.808+17 1376 1894 +
13 56960439 lel184-2 1755461 2+188+12 1e247+17 1e374 1886 -
109 0 6526722 34076-4 1532416 8+553+10 54582+15 le448 24097 +
1 64579469 24003-3 1548447 5394+11 ‘36483416 le44l 24077 -
2 63914446 © 64599=3 - 1564459 14723412 14101417 le&34 24058 +
3 6327265 le470-2 1580446 3e724+12 2e356+17 1e428 2041 -
4 62655458 2e492-2 +1596403 6e¢128+12 3.840+17 le422 24024 +
5 62064e78 - P 34419-2 1611422 84174+12 5.0734+17 le417 2008 -
6 61502400 P 3e940-2 1625.§6 9.165+12 54637+17 1e412 14994 +
7 - 60969422 34895-2 1640617 8e827+12 54382417 le407 14980 -
8- 60468468 363422 1653475 7¢390+12 Lo 68+17 14402 1967 +
-9 60002.88 [ 24499~2 1666459 - 54400+12 34240+17 1.398 1954 -
10 59574 e49 leb624-2 1678457 36433412 2045417 1.39§ 1943 +
11 59186426 . 9.046-3 1689458 14875+12 14110+17 14390 1e932 -
12 58840.72- 41943 1699450 8e545+11 54028+16 1386 1920 +
13 58539489 14510-3 1708424 34030+11 " le774+16 le382 1906 -

THE‘CALCULATED ARRAY EXTENDED THROUGH (10s13)e Q LESS THAN 140-6 HAVE BEEN OMITTED.

‘ 0; aAHu - 02 BBZ; Recombination system

0s O © 80531418 - 6e639-3 124175 3e467+12 26792417 1le493 20230 +
1 79843464 24475-2 1252445 14260+13 14006+18 le474 2175 -

2 79178e4t2 5071-2 1262497 2¢517+13 14993+18 le4B7 24126 +

3 78536461 Te616-2 1273429 34689+13 24897+18 le&42 24080 -

4 77919454 9¢420-2 1283438 Lel5T7+13 34473+18 let27 24039 - +

5 77328474 P le022-1 1293,.18 beT24+13 34653+18 leb4l4 2001 -

6 76765496 P 1.008-1 1302466 44562413 34502+18 1402 le966 +

7 76233617 9¢285-2 1311.76 4¢113+13 3e136+18 1,391 16935 -

8" 75732463 8e1l05-2 1320444 34520+13 2.666+18 le381 14906 +

9 75266483 6e786~2 1328461 2894413 24178+18 1.2371 1880 -

10 T4838.45 5.407-2 1336421 2e304+13 le724+18 le363- 1e857 = +

11 74450621 4e335-2 1343418 14789+13 le332+18 14355 1836 -

12 74104468 3e344-2 1349.44 14361+13 l.008+18 le349 " 1e818 +

13 73803485 24531-2 1354,94 1.,018+13 T7e510+17 1e343 14802 -

1, 0 81546407 44396-2 1226430 2.384+13 1.944+18 1.520 2.311 +

1 80858453 14050-1 1236473 5¢548+13 4e486+18 14500 2250 -

2 .80193,.,31 le310~1 1246499 64755+13 5¢417+18 le481 2194  +

3. . 79551450 le109-1 1257405 5¢583+13 belt2+18 le464 2142 =~

&4 70934443 6e818-2 1266487 3e¢353+13 24647+18 le448 24094 +

5 78343463 P 24903-2 1276443 1.396+13 14094+18 les432 26047 -

6 77780485 P 64265-3 1285466 2.948+12 2e293+17 le414 le992 +

7 " T772484,06 14925-6 1294,53 84871+ 8 64853+13 le915 34848 +

8 76747452 44332~-3 1302497 1.958+12 164503+17 1e410 14998 -

S 76281672 le272-2 1310493 Seb644+12 44306+17 1.396 14953 +

10 . 15853434 2:054~2 1318433 84963+12 6e4799+17 1.386 1923 . -~

11 75465410 2e554-2 1325412 1097+13 Be282+17 1377, 14898 +

12 75119457 20 125-2 1331421 1le155+13 Be677T+17 1370 1.877 -

13 74818474 266212 1336456 1+098+13 Be212+17 14364 1860 +

25 0 82540431 14292-1 1211453 Te267+13 5.6999+18 le548 24399 +

1 81852478 1e604~1 1221.71 84799+13 T74202+18 ' 24328 -
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514 - PAUL H. KRUPENIE
Table 57. Franck-Condon integrals--continued
O; a4ﬂu -0, B3z; Recombination system
4 -

VAR ANEE C, Q1 kivaC) Ty 1y Ay ryr9o r B phase
2 81187456 Te969-2 1231.72 4e264+13 3.462+18 14504 24260 +
3 80545474 - 1e4093-2 1241453 5¢712+12 44601417 1e478 24176 -
4 79928467 3e342~3 1251412 1707412 1e4364+17 14494 260247 -

5 79337.87 P 24854~2 1260443 1e425+13 1.131+18 le464 24148
6 78775409 P 44963-2 1269644 24426+13 1911+18 let48 24098 -
7 78242431 54253-2 1278408 24516413 1+969+18 le434 24057 +
8 Tl t41le (7 LGelfh=2 128631 le9474+13 le514+18 le42l 24020 -
9 77275497 24587-2 1294406 1194413 94226417 le410 1986 +
10 76847459 1e271-2 1301.28 5766412 44431417 14399 14954 -
11 76459435 44511-3 1307.88 2016+12 le541+17 1.388 1.919 +
12z 76113,81 8¢253~4 1313.82 34639411 24770+16 1e372 14865 -~
3s 0 83513492 2¢226-1 119741 1¢297+14 1083419 1579 26494 +
1 82826438 84767-2 1207434 44981413 44126+18 14552 2¢406 -
2 82161416 le496-6 1217e12 84296+ 8 64816+13 24852 74290 -
3 81519435 - 44305-2 1226470 24332+13 1.901+18 le521 24318 +
4 80902427 ' T4258-2 1236406 34843+13 3,109+18 1500 24249 -
5 80311.48 P 44897-2 1245,15 24536+13 2,037+18 le481 2190 +
© 797486069 P le440-2 1253494 Te304+12 5e825+17 le460 2e127 -
7 79215491 le&33~4 1262437 74123+10 54643+15 14362 1777 +
8 78715437 52756-3 127040 24807+12 24210+17 1e457 2133 +
9 78249457 14780-2 127796 8+528+12 646734+17 1e439 24075 -
1o 77821419 24609-2 1285400 1,230413 9¢570+17 le427 24038 +
11 TT7432495 2¢773=2 1291e44 14287+13 9¢968+17 14417 24008 -
12 77087441 20440-2 1297.23 1.118+13 86615+17 1l.408 14984 +
13 76786458 148942 1302431 84576+12 66585417 le401 1e962 -
4y 0 84466487 2e¢498-1 1183490 1.505+14 14272419 le612 2599 +
1 83779434 1.287~3 1193461 Te567+11 64339+16 1.533 24310 -
2 83114.12 Te547-2 1203416 44333+13 3,601+18 1.569 26463 -
3 82472430 Te769~-2 1212453 4¢358+13 34594+18 1e542 2377 +
4 81855423 1e284-2 122167 7e044+12 5¢766+17 le512 24277 -
5 81264 ¢4 P 4e466-3 1230455 | 2396+12 1e¢947+17 l1e532 2362 -
6 80701465 P 34260~-2 1239,13 14713413 1.383+18 1.499 24250 +
7 80ULO8eB ( 4e549-2 1247437 2e344+13 1.879+18 le481 2193 -
8 79668433 3e427-2 1255420 1733413 1.381+18 le465 26144 +
9 79202453 14569-2 1262459 Te795+12 66174417 14450 24097 -
10 78771+.15 2.383-3 1269.45 le&54112 1¢302+17 16430 20033 +
12 7804037 1e977-3 1281439 9394+11 7+331+16 la446 24106 -
13 77739454 54184-3 1286435 24436+12 14893+17 le431 24055 +
55 0 85399.19 1¢920~1 1170497 1.196+14 1.021+19 le648 24715 +
1 84711466 6e270-2 1180447 34811+13 34228+18 1630 24661 +
2 84046443 94950~2 1189.82 5.907+13 44965+18 le594 24541 -
3 83404462 1e391-3 1198.97 84069+11 6+730+16 le517 24262 +
4 82787455 3e777-2 1207491 24143+13 1.774+18 le561 26443 +
5 82196475 P 60128-2 1216459 3e¢403+13 24797+18 1e536 24358 -
6 81633497 P 24739-2 1224,98 1e¢490+13 le216+18 le512 24282 +
7 81101419 le274~-3 1233,03 6e798+11 54513+16 les6l 24103 -
8 80600465 50974~3 1240.40Q 2.128+12 2.521+417 l1.808 2.287 -
9 80134484 24121-2 1247490 1.091+13 8e746+17 1,485 24208 +
10 79706446 2e842-2 1254460 14439+13 14147+18 l.470 24162 -
11 79318423 2¢512~2 1260e74 1e¢254+13 9943+17 le458 24125 +
12 78972469 1e703-¢ 1266426 84385412 64622+17 le&ss7 24092 -
i3 78671486 9.383-3 1271410 4e569+12 3e594+17 le438 20063 +
6s 0 86310486 1e035-1 1158460 6e654+13 54743+18 l.687 24845 +
1 85623433 le827-1 1167491 lel47+14 9.822+18 l.662 24763 +
2 84958410 9.066-3 1177405 54559+12 4eT23417 1.605 24559 -
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Table 57. Franck-Condon integrals--continued
0; a41'Lu - 02 BBZL_] Recombination system
vac 3 - 2
ot CQ qV'V" }\é ) qvlvudo qvlvllOo r T Phase
3 84316429 6e425-2 1186401 3.851+13 3e247+18 1e613 24605 -
4 83699422 6¢196-2 1194,75 34633+13 3.041+18 le581 2496 +
5 83108e42 24¢538-3 1203425 le457+12 14211417 1.523 24289 -
6 82545.64 le748-2 1211445 9.832+12 8e116+17 1559 2438 -
7 82012486 4e328-2 1219432 24387+13 1.,958+18 14533 24350 +
8 81512432 3e417~-2 1226481 1851+13 1.508+18 1513 20286 -
9 81046452 1,180~-2 1233,86 64280+12 5.090+17 le492 20218 +
10 80618.13 54182-4 1240442 2¢715+11 24189+16 le432 24007 -
11 80229.90 24181-3 1246442 14126+12 94038+16 1.507 2287 -
12 79884436 8e236-32 1251.81 44199412 3e354+17 le483 2204 +
13 79583453 1e235-2 1256454 6e223+12 4e953+17 le470 201606 -
THE CALCULATED ARRAY EXTENDED THROUGH ( 6s13)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
O; Aznu - ing Second negative system
0s O 40069451 le648-6 2495466 1060+ 8 4e24T+12 le244 le548 +
1 38196494 34099-5 2618401 le727+ 9 66597+13 le259 1586 +
2 36356494 24763~4 2750451 1.328+10 44828+14 le274 14625 +
3 34549450 1¢554-3 2894440 64408+10 26214+15 1.290 14665 +
4 32774463 6e183~3 30516414 26177411 7e134+15 1.306 1e708 +
5 31032431 le852-2 3222445 5¢534+11 1.717+16 le323 1752 +
[ 29322457 4e338-2 3410434 14094+12 3,207+16 le341 1798 +
7 27645438 8el1l51-2 3617.24 le722+12 4eT761+16 14359 14847 +
8 26000.76 le251-1 3846404 2.198+12 5716+16 1,377 1.898 +
9 24388470 1e587~1 4100426 24302+12 5¢615+16 1397 14951 +
10 22809.21 le¢681~1 4384419 16994+12 4e549+16 le&17 24008 +
1, 0 40940454 14315-5 2442457 9024+ 8 34695+13 le237 1531 -
1 39067.98 26 147-4 2559,.,64 1.280+10 5.002+14 l.251 14567 -
2 37227.98 le626-3 2686415 84390+10 34124+15 le266 14605 -
3 35420454 T74555~-3 2823422 3e358+11 14189+16 l1.282 leb44 -
4 33645,.,66 24395-2 2972415 9121411 3.069+16 1,298 14685 -
5 31903.35 5.434-2 3134447 1.764+12 5.629+16 1.314 1728 -
6 30193460 8e962-2 3311496 24467+12 Tet48+16 1.331 1772 -
7 28516442 10571 3506475 2e450+12 6.987+16 le348 14818 -
8 26871479 84282-2 372137 14607+12 44319+16 l.366 14865 -
9 25259474 3e354-2 3958.87 5¢406+11 14365+16 14383 1e911 -
10 23680424 8e832-4 4222493 14173410 2.777+14 1.383 14898 -
25 0 41784 e44 54605-5 2393424 4,089+ 9 14709+14 1.230 l1e514 +
1 39911.88 Te944~4 2505452 5.,050+10 2.016+15 le244 14550 +
2 38071487 5409263 2626461 2¢812+11 1e071+16 le259 1.587 1
3 36264443 1¢940-2 2757452 94252411 3e355+16 le274 1e¢625 +
4 34489456 44803-2 2899443 14971+12 64796+16 1.290 leb64 +
5 32747425 748992 3053469 2774412 9.084+16 l.305 le704 +
6 31037450 84255-2 3221.91 24468+12 7660416 14321 le746 +
7 2936Ce31 44538-2 3405496 le148+12 36372416 14337 1.788 +
8 27715469 4e371-3 3608406 94305+10 2.579+15 le348 14812 +
9 26103463 lel56~2 3830488 24057+11 54369+15 14381 1e911 -
10 24524414 54812-2 4077462 8¢572+11 2.102+16 le396 14951 -
35 0 42601420 le697-4 2347435 1.312+10 54589+14 le224 16499 -
1 40728664 24087-3 2455427 14410+11 S5eT44+15 1e238 1¢533 -
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Table 57.

PAUL H. KRUPENIE

Franck-Condon integrals--continued

2 2 .
02 A ]'[u - 02 X Hg Second negative system

v vt o q,rgn ngac) qyryuc, 1104 T IZ phase
2 38888464 14130-2 2571444 6e647+11 24585+16 1e252 1569 -

3 37081.20 34487-2 2696479 le 778412 6¢593+16 le267 14606 -

4 35306432 6e6558-2 2832435 2.886+12 14019+17 1.282 leb4s -

5 33564401 Te252-2 2979438 24742+12 94203+16 14297 14682 -

6 31854426 36 749-2 3139430 1212412 34860+16 14312 1e¢720 -

7 30177.08 le498-3 3313477 44118+10 le243+15 le316 le724 -

8 2853245 1.804-2 3504478 44189+11 14195+16 1e352 14830 +

9 26920440 547232 3714.66 lell7+12 34006+16 le367 1869 +

10 25340490 beb66G4~2 3946419 7e590+11 1.923+16 14383 14912 +
4y 0 43390483 44096-4 2304463 3¢346+10 le452+15 14218 le484 +
1 41518426 44373-3 2408458 34129+11 1299416 le231 le518 +

2 39678426 14990-2 2520427 le243+12 44931+16 le246 1552 +

3 37870482 44904-2 2640456 2:664+12 14009+17 1.260 14588 +

4 36095495 6e717-2 2770439 34159+12 l1e140+17 le274 16624 +

5 34303463 4e320-2 2910490 le751+12 6e017+16 le289 14660 +

6 32643489 44057-3 3063436 le411+11 4e607+15 le298 14681 +

7 30966470 le264-2 3229427 3e¢753+11 lel62+16 16327 le763 -

8 29322,08 44858-2 3410440 16225+12 34591416 1340 1797 -

9 27710402 34518=-2 3608480 Te486+11 2¢074+16 14355 © 1835 -

10 26130453 8e205~4 3826494 le464+10 34825+14 le351 14808 -
5+ 0 44153432 8e386-4 2264483 7218+10 32a187+15 le212 le&470 -
1 42280475 Te768-3 2365614 5¢871+11 2.482+16 14226 14503 -

2 40440475 26954~2 2472675 1¢954+12 74903+16 1e239 1537 -

3 38633431 5¢708-2 2588444 3e291+12 14272417 14253 1571 -

4 36858444 5¢325-2 2713408 2666+12 94828+16 le267 1606 -

5 35116412 1e386-2 2847469 64001+11 24107+16 1.280 14636 -

6 33406438 34373 2993 444 14281+11 44281415 1.307 1e714 +

7 31729419 3,739~-2 3151467 1194412 34790+16 1.316 1e¢733 +

8 30084457 34586-2 3323496 9.765+11 2938416 1330 1e768 +

9 28472451 1e778~3 3512416 44105410 14169+15 le334 le768 +

10 26893402 14957-2 3718444 34807+11 le024+16 14370 14880 -
65 0 44888467 14513-3 2227473 14369+11 6e144+15 1.207 le457 +
1 43016011 le216-2 2324671 9.677+11 44163+16 1,220 1l¢489 +

2 411766411 3e841-2 2428459 24681+12 lel04+17 le233 14522 +

3 39368467 56667-2 - 2540609 3¢458+12 14361417 le247 14555 +

4 375934772 3¢1929-2 2660401 1e700+12 6e389+16 le260 le588 +

5 35851448 4e596-4 2789429 24118410 7.593+14 14257 16565 +

6 34141,73 24093-2 2928,97 84328+11 24843416 14294 14677 -

7 32464455 34900-2 3080428 le334+12 40332+16 1307 1709 -

8 30819.92 7807-3 3244465 24286+11 7e044+15 1.318 1e¢733 -

9 29207487 9e¢420~-3 3423474 26347+11 64856+15 le347 16817 +
10 27628437 34910-2 3619.47 8e246+11 24278+16 1358 16845 +
79 O 45596489 24693 2193413 2e341+11 1.067+16 l.201 le445 -
L 43 (Lt e33 le (20-2 2287406 le438+12 64286+16 le215 14476 -

2 41884432 Le&TT~2 2387453 34290+12 14378+17 le228 14508. -

3 40076488 44863-2 2495420 3¢130+12 16255417 le241 16540 -

4 38302,01 le295-2 2610,83 7e275+11 2e787+16 le252 1568 -

5 36559,70 349673 2735425 1,938+11 7.087+15 14277 1le634 +

6 34849,95 343722 2869444 le427+12 44975+16 1,286 14655 +

7 33172476 2¢079-2 3014452 7¢589+11 2.518+16 14299 14685 +

8 31528414 Tel24-4 317177 20233+10 7.039+14 14339 14806 -

9 29916408 20958-2 3342468 7¢920+11 24369+16 14335 14783 -
10 28336459 2¢199-2 3529401 5¢003+11 1.418+16 14347 le814 -
8s O 46277497 34709-3 2160486 3e6T76+11 1.701+16 16197 le433 +
1 44405441 2e0239=2 2251498 le961+12 Be /06+16 1209 le463 +
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Table 57. Franck-Condon integrals--continued

O; Aznu - O2 Xzﬂg Second negative system
vac) 3 4 - 2
vt o qv'v" Xi qv'v'ﬁo qv'v"co T r phase
2 42565441 4eT758=2 2349433 34669+12 1e562+17 16222 1e495 +
3 4075797 3¢604~2 2453451 2e440+12 9e947T+16 14235 1e525 +
4 38983409 24082-3 2565421 1.233+11 44808+15 14243 14539 +
5 37240478 le552-2 2685423 8.016+11 24985+16 le267 14607 -
& 35531.03 34202~2 281l4e4b let36+12 5e103+16 1279 1e636 -
7 33853485 3+4900-3 2953487 14513+11 5¢122+15 l.287 1e651 -
8 32209.22 1.328-2 3104470 44436411 1+4429+16 1e314 1729 +
9 30597417 2¢956-2 3268.28 Be468+11 24591+16 le326 1756 +
10 29017467 14891-3 344618 44621+10 14341415 14328 14753 +

THE CALCULATED ARRAY EXTENDED THROUGH { 8s10)s Q LESS THAN 1.0-6 HAVE BEEN OMITTED.

O; qu; - a4ﬂu First negative system

0s O 16666474 20642-1 5999,97 l.223+12 24038+16 le338 le792 +
1 15651485 24918-1 6389402 14119+12 le751+16 1+302 14694 -
2 14657460 20063-1 6822440 64495+11 94521+15 le272 14617 +
3 1368400 lel95—1 7307480 34061411 4189+15 le246 le55¢2 -
4 12731404 66207-2 7854482 1.281+11 1e631+15 le224 16496 +
5 11798473 34024-2 8475449 44968+10 5¢861+14 le204 leb46 -
6 10887406 la&18~2 9185.22 1.830+10 14992+14 1185 1e402 +
l1s 0 17829438 4e2T74~1 5608472 24423+12 44319+16 14379 1.903 +
1 16814449 24369-2 5947425 lel26+11 14894+15 1.309 14701 -
2 15820425 3e924-2 6321.01 14554411 24458+15 le322 14755 -
3 14846465 l1e4199-1 6735453 34925+11 54827+15 1.282 1e646 +
4 13893469 14330-1 7197451 3¢568+11 44957+15 le254 1573 -
5 12961437 1.037-~1 7715423 24259+11 26927+15 le231 le514 +
6 12049.70C 6e765~-2 8298496 14183411 le426+15 le210 1e462 -
29 O 18957.76 20446-1 5274488 1l.666+12 34159+16 1e.43C 2042 +
1 17942487 le755-1 5573425 l.014+12 1.819+16 1.398 1960 +
2 16948462 1.409-1 5900418 6+861+11 1.163+16 16337 . 1783 -
3 15975.,02 7+518-3 6259477 34065+10 44896+14 le264 1e576 +
4 15022406 26216-2 6656488 7+511+10 1.128+15 1.302 1«705 +
5 14089475 T+4382-2 7097436 2.065+11 24909+15 le264 14600 -
S 13178,08 Se346-2 7588436 24139+11 24818415 1.238 le534 +
3s O 20051486 50862~2 4987.07 44726411 9e4476+15 1e496 20233 +
1 19036497 3e473-1 5252494 24396+12 4e562+16 lests2 24081 +
2 18042473 24316-2 5542440 14360+11 24455+15 le453 26129 +
3 17069413 letl6-1 5858453 Te042+11 14202+16 14350 14822 -
4 16116417 64065-2 6204495 24539+11 44091+15 14302 14690 +
5 15183.85 Qeb24-4 6585494 34299+ 9 54009+13 lel74 1313 -
6 14272.18 1e942-2 700664 5¢645+10 8.057+14 1,281 1e649 -

THE CALCULATED ARRAY EXTENDED THROUGH ( 3y 6)e Q LESS THAN 140-6 HAVE BEEN OMITTEDe.
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TaBLE 57. Franck-Condon integrals— Continued
0, 4 3%} — X 33; Herzberg I system

Franck-Condon factors

1.809-6 | 3.339-5 | 2.916-4 | 1.605-3 | 6.248-3 | 1.840-2 | 4.260-2 |7.935-2 | 1.2}4-1 | 1.546-1 | 1.654~1 | 1.495-1 | 1.140-1

0

1 ) 1.488-5|2.383-4 | 1.765-3 | 8.012-3 | 2.479-2 | 5.519-2 | 8.985-2 | 1.052-1 | 8.298-2 | 3.500-2 | 1.510~3 | 1.512-2 | 6.765-2
2 | 6.300-5 | 8.761-4 | 5.494-3 | 2.041-2 | 4.924-2 | 7.924-2 | 8.158-2 {4.457-2 | 4.492-3 | 1.049-2 | 5.486-2 | 7.589-2 | 4.343-2
3 | 1.836-4 | 2.222-3 } 1.179-2 | 3.553-2 | 6.516-2 | 7.053-2 | 3.593-2 | 1.434-3 | 1.700-2 | 5.478-2 | 4.681-2 | 6.822-3 | 9.761-3
4 | 4.201-4 | 4.439-3 | 1.989-2 | 4.816-2 | 6.469-2 | 4.103-2 | 3.900-3 | 1.162-2 | 4.595-2 | 3.559-2 | 1.700-3 | 1.847-2 | 5.157-2
5 | 7.975-4 | 7.382-2 | 2.794-2 [ 5.368-2 | 4,908-2 | 1.343-2 | 2.713-3 | 3.372-2 | 3.537-2 | 3.171-3 | 1.414-2 | 4.232-2 | 1.828-2
6 | 1.307-3 | 1.066-2 | 3.412-2 | 5.134-2 | 3.040-2 | 8.570-4 | 1.669-2 | 3.605-2 | 1.034-2 | 4.851-3 | 3.357-2 | 1.962-2 | 6.872-4
7 | 1.874-3 | 1.354-2 | 3.679-2 | 4.277-2 { 1.386-2 | 1.724-3 | 2.668-2 | 2.223-2 | 3.734-5 [ 2.013-2 ; 2.515-2 | 6.2054 | 1.826-2
8 | 2.375-3 | 1.536-2 | 3.570-2 | 3.168-2 | 4.153-3 | 7.860-3 | 2.642-2 | 8.092-3 | 4.344~3 | 2.454-2 | 8.205-3 | 4.749-3 | 2.553-2
9 | 2.624-3 | 1.539-2 | 3.097-2 | 2.090-2 | 4.588—4 | 1.232-2 | 1.946-2 | 1.184-3 | 1.068-2 | 1.771-2 | 4.555-4 | 1.313-2 | 1.612-2

10 | 2.462-3 | 1.332-2 | 2.370~2 | 1.231-2 | 4.947-5 | 1.249-2 | 1.152-2 | 2.020-5 } 1.203-2 | 9.046-3 | 6.301-4 | 1.390-2 | 5.925-3
© 11| 1.715-3 | 8.762-3 | 1.426-2 | 6.011-3 | 3.5154 | 8.568-3 | 5.372-3 | 4.550—4 | 8.314-3 |3.434-3 | 1.676-3 | 8.748-3 | 1.340-3

r centroids
o
0 1 2 3 A 5 6 7 8 9 10 11 12 13 14 15
o
0 1.346 | 1.362 {1.378 | 1.395 | 1.412 | 1.430 { 1.448 | 1.467 | 1.485 | 1.507 | 1.528 1.550 1.573 1.597 1.621 1.647
1 1.339 | 1.354 [ 1.370 | 1.386 | 1.403 | 1.420 | 1.438 | 1.456 | 1.474 | 1.493 | 1.513 1.535 1.562 1.584 | 1.607 1.632
2 1.331 | 1.346 | 1.362 | 1.377 ].394‘ 1.410 | 1.427 | 1.444 | 1.463 | 1.483 | 1.506 1.525 1.545 1.570 | 1.592 1.619
3 1.324 | 1.339 ] 1.354 | 1.369 | 1.385 | 1.401 | 1.417 | 1.437 | 1.455 | 1.473 | 1.492 1.512 1.533 1.558 1.579 1.602
4 1.318 [ 1.332 [ 1.347 [ 1.362 [ 1.377 {1.392 [ 1.409 }{ 1.428 | 1.447 | 1.463 | 1.482 1.503 1.524 1.542 1.568 1.590
5 1.312 {1.326 11,340 | 1.355 | 1.370 | 1.383 |-1.401 | 1.422 | 1.437 | 1.455 | 1.473 1.494 1.510 1.532 1.558 1.576
6 1.307 | 1.320 [ 1.334 [ 1.348 [ 1.363 {1.378 | 1.395 | 1.413 | 1.430 | 1.448 | 1.467 1.482 1.505 1.523 1.544 1.569
7 1.302 { 1.315 [ 1.329 { 1.343 | 1.360 {1.373 | 1.391 | 1.405 | 1.422 | 1.443 | 1.457 1.475 1.495 1.515 1.534 1.558
8 1.298°( 1.311 | 1.324 { 1.337 | 1.354 | 1.369 | 1.384 | 1.397 | 1.416 | 1.435 | 1.451 1.469 1.489 1.508 1.526 1.549
9 1.294 | 1.307 | 1.320 | 1.333 | 1.350 | 1.366 | 1.379 | 1.394 | 1.412 | 1.428 | 1.447 1.464 1.481 1.501 1.519 1.539
10 1.291 {1.304 } 1.316 {1.329 | 1.347 |1.362 | 1.374 | 1.390 | 1.410 | 1.423 | 1.443 1.461 1.477 1.496 1.516 | 1.534
11 1.289 { 1.302 | 1.314 }1.326 | 1.344 |1.359 | 1.371 | 1.387 | 1.406 | 1.421 | 1.440 1.457 1.473 1.492 1.511 1.530

Data from unpublished results of Jarmain, communicated to Degen et al. |104]. Many r centroids have been adjusted by Jarmain to give a
smoother curve of r centroid vs. .

TABLE 58. Absolute band strengths S\ ® for the A 33 ~X 337 bands

v
0 1 2 3 4 5 6 7 8 9 10 11 12
o
0 |2-39-12°| 4-08-7 [ 3-28-10 | 1-66=* | 5-94-* | 1-60-% | 3-37-% | 5-71-% | 7:90-% | 9-06-° 8-69-8 7-00-% | 4-73-¢
1 2-04-1 [3-03-1° | 2-07° [8-67° | 2-47-8 | 5-03-8 | 7-49-8 | 7.99-8 | 5.72-8 | 2.]18-8 8-46-1® ( 7-58-% | 3-02-%
2 189571 11-15-° | 6-70-° }2-30-% | 5-11-% | 7-56-% | 7-13-8 | 3-56-8 | 3-26=° | 6-90-° 3-2678 4-05-8 2-07-8
3 {2:70-° |3-03-° |1-49-® |4-16-% | 7-04-8 | 7-01-3 | 3-30-% | 1-20-° | 1-30-° | 3-80-° 2-94-° 3-867° | 4-96-°
4 16-367° 16-25-° | 2-60-% | 5-8478 | 7-25°8 | 4.24-8 | 3.71-% | 1:01-° | 3-66-8 | 2-59-% 1-10-° 1-10-8 2-77-8
5 11-24-° |1-07-% |3-77-% | 6-72°% | 5-80-8 | 1-44-8 | 2-68-° | 3-06-8 | 2-94-% | 2.41-° 9-77-° 2-65-8 1-03-8
6 [2:09-° |1-59-8 |4.74-8 }6-62-® | 3-64-% | 9-48-10| 1-70-% | 3-39-8 | 8-92-° | 3-83-° 2-42-% 1-29-% | 4-08-1°
7 13-07° }2-07-% |5-24-% |5-67-%8 | 1-70-8 |} 1-96-° | 2-81-% | 2-16-8 | 3-33-11 | 1-65-8 1-88-% 4-23- 1 1-13-°
8 |3-97® 12-40-% |5-20-® [4-30® | 5-23-° | 9:19-® | 2.86-% | 8-08-° | 4-00-° | 2-07-8 6-34-° 3-35-# 1-64-8
9 14:47° |2-45"% | 4-60-® |2-89-% | 5-91-1 | 1-47-8 | 2:15-% | 1:21-° [ 1-01-% { 1-54-8 3-62-'° | 9.54-° 1-07-8
10 | 4-25-° [2-15-% |3-58-% |1-73-8 | 6-48-1" | 1-52-8 { 1-30~% | 2-11-11} 1-16-% | 8-01-* 5-12-°  1-03-% | 4-02-°
11 12-99° }1-43-% |2-17-% | 8:55-% | 4-667'¢ | 1-05~% | 6-13-% | 4-81-'¢| 8-11-° | 3-08~* 1-38- 6-61-° | 9-24-10

28, is in atomic units (aoe).
" The superscript indicates the power of ten by which the entry is to be multiplied.

Data from Hasson et al, [174).
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(n (2) (3)

FiGURE 1. Three types of crossing between a bound and a repulsive state
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*Enlarged copies of figure 2 may be obtained from the author upon request.
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Appendix A. Notation and Terminology

The spectroscopic notation used in this report is that
adopted in Herzberg’s book [186] as modified by recom-
mendations of the Triple Commission on Spectroscopy
{J. Opt. Soc. Amer. 43, 425-30 (1953); 52, 476-7
(1962); 53, 883-5 (1963)]. A number of specific
conventions used are itemized below.

(1) Wavenumber in cm™! is denoted by o; v is reserved
for frequency in Hz.

(2) N is total angular momentum of electrons and
nuclei exclusive of spin (case b, b', d), formerly
denoted by K.

(3) Rotational angular momentum of the nuclei,
formerly denoted N, is now denoted by R.

(4) Dissociation energy is written as D° or D¢; rota-
tional constants (for the zero level or equilibrium
value, respectively) are denoted as usual by
D¢ and D..

(5) A transition is always represented with a dash,
as 2I1 —23 transition. The upper state is always
written first. < means absorption; — means
emission, for an electronic, vibration-rotation,
or rotational (here, microwave) transition. In
reporting the magnetic dipole rotation spectrum
of O,, whether in the microwave or far IR region,
authors have not used a consistent notation. The
notation assumed here is that used for electronic
transitions.

(6) A perturbation by one state of another is indicated
as e.g., ("AIl) perturbation, following an early
notation of Kovacs. (Conventions used in some
early papers include A X [T or 1A, 'IL)

(7) A progression of bands is indicated as follows:

(a) »'' =0 progression
(b) (v' —0) progression

(8) Reciprocal dispersion is given in A/mm. However,
following the colloquial use of many spectros-
copists this quantity is referred to as dispersion.

(9) In the tables, wavelengths above 2000 A are air
wavelengths unless otherwise specified; below
2000 A vacuum wavelengths are listed.

(10) The known band degradation is indicated by
R (red-degraded) or V (violet-degraded) in the
headings of section 3 as well as in tables 1 and 3
to 30.

(11) Rotational constants in tables 36 to 52 are given
in units of cm~1.

(12) Zero-point energy is abbreviated by ZPE.

(13) First negative system (or group) is abbreviated as
(1-), etc. An alternate abbreviation used in the
literature is 1NG, etc.

The following items apply to table 1:

(1) - Vibrational constants and term values T are as-
sumed to be derived from data on band origins.
(Herzberg [186] denotes these by the letter Z.)
In conformity with Herzberg, H denotes constants
derived from hecad measuremente.

2) [re] means ro; [B.] means By; [we] means AG(3),
as in Herzberg’s book.

(3) () means uncertain.

(4) T, is the mean height (in case of multiplets) above
X,v=0,J=0.

(5) States which are predissociated have Pr written
in the column for dissociation products.

(6) All numerical data are in units of cm~! unless
otherwise indicated.

(7) References cited include only those from which
the numerical data have been extracted. Other
pertinent references are cited in the appropriate
sections of this report.

(8) The tabulated molecular constants are largely those
from which the RKR potentials have been de-
rived, and represent the best fit to the vibrational
term values or rotational constants where these
have been compiled from various sources.

(9) To avoid confusion of sign conventions several
formulas are listed below:

Vibrational terms:

GC(v) =we(v+131) —wexe(v+3)?
+ weye(v+3)* + weze(v+%)*
i.e., a negative value of w.x. from the table
would mean a positive anharmonic term.
Rotational terms:
Fo(J)=B.J(J+1)—D,J2(J+1)*+H,J3(J+1)3
where (—D,) is always <0, and

B17=Be—ae(v+%) +")’e(’l]+‘%)2+ Se(v+%)3

D1‘=De+ﬁe(v+%)
H,~H,
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The Dunham coefficients are given by

G(v)= E Yio(v+1)!

and
B,= Yulo+)
i=o

The tabulated coefficients are really Yo~ we,
— Y50 ~ wexe, etc.

PAUL H. KRUPENIE

(10) Footnotes which give supplementary information
pertaining to the individual electronic states are
indicated at the end of table 1 and are identified
by the electronic state. Table 1 has been left free
of superscripts.

(11) The tabulated ZPE include the Dunham correction.
which adds an amount given by

B, oac.we
Yo 4 1198,

144B¢ 4

Appendix B. Physical Constants!:2:3 and Conversion Factors

¢=2.9979250(10) X 10'° cm-s~*
h=6.626196(50) X 10-27 erg-s
No=6.022169(40) X 1023 mole~!
1 eV =28065.465(27) cm ™!
wa(1602) =7.9974575 a.m.u.
wa(1%04) =7.9973203 a.m.u.
p=pua/Noin g
Atomic masses*
100 =15.9949150 a.m.u.
170 =16.999133 a.m.u.
180 =17.9991600 a.m.u.
E.(1800,) =47.1194 X 102 @2 (w. in ecm~!; k. in dyne-
cm~t)

1 The molecular reduced masses are calculated from the data of Mattauch. Thiele, and
Wapstra, 1964 Atomic Mass Table. Nuclear Physics 67, 1-31 (1965) which are based on the
unified atomie mass scale with 2C=12.

2 The reduced mass us [0;) was calculated by assuming 5.48593 (10-) a.m.u. for the mass
of the electron and assuming that ionization removes an electron from one O atom (1 a.m.u.=
1/12 mass of 2C).

ke(1°04) =47.1186 X 102 w?

re(180,) = 1.451868858 \/Bi (B in cm™'; re in A)

€
re(1°0;) =1.451881312 \/Bl
e

The “Tabelle der Schwingungszahlen” of Kayser has
been superseded by Natl. Bur. Stand. (U.S.) Monograph
3, “Table of Wavenumbers,” by Coleman, Bozman, and
Meggers (1960) which is based on the 1953 formula for
dispersion in standard air of Edlen. For low resolution
work the older tables are adequate.

3 The fundamental physical constants and conversion factors are those from the critical
compilation of Taylor, Parker, and Langenberg, Rev. Mod. Phys. 41, 375-496 (1969). The
uncertainties in these values (enclosed in parentheses) represent one standard deviation.
The value for Ny is likely subject to change in the near future and its uncertainty should be
assumed as 3 times the quo ted value.

Appendix C. Rotational Constants and Multiplet Splitting for the O, Ground State

For the level X327, v=0, there has for many years
existed an apparent discrepancy between the values for
By and D, determined from elecironic spectra and
microwave spectra [69]. Fine-structure analyses of O,
electronic transitions have been based on the use of
values for By and Dy which were determined graphically
by Babcock and Herzberg [24] in 1948. Even the most
recently published papers [302, 33] have used the
‘graphical method for determining rotational constants,
though now a least squares fit by computer is preferable.

Babcock and Herzberg derived their constants from

A.F'(N) _

"__ ey re 1\2
= (4B"'—6D")=8D" (N+})

and obtained
By=1.437770+0.000015 cm~!
Do==(4.9130.020)10-6 cm~!.
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Lofthus, using a computer and the method of least
squares on the same data (at the request of the author)
has obtained

By=1.437836 (standard deviation 0.000055)

Dy=14.986(10-5) (standard deviation 0.050(10-6).

If the error is assumed as three standard deviations we

obtain

Do=(4.99%0.15)10" cm™1.

(The error assumed by Babcock and Herzberg seems
too small.)

If the coefficients are derived from a formula which
does not unduly weight the effect of small N, ie.,
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F;"(N) = (4B"" — 6D"")(N + %) — 8D'"(N + %)3,
the results are

By=1.437891 (standard deviation,0.000055)
Dy=15.022(10-9) (standard deviation, 0.050(1_0*6 )

With error limits assumed as three standard deviations
we get
By=1.4379+0.0002 cm™!

Dy=(5.022+0.15)10-% cm™1.

The numerical values obtained from the two refittings
are the same within the assumed uncertainty.

Because of the result obtained by Lofthus, Albritton
et al. [9] reanalyzed all of Babcock and Herzberg’s data
using a more extensive theory of the fine structure for
the ground state and obtained the same values for By
[1.43784] and Dy as those obtained by Lofthus.

In fitting the fine structure of the & ‘2*— 3%~
bands and obtaining the rotational constants (Bo, Doj
and spin coupling constants (\, y) for the ground state,
Babcock and Herzberg [24] used the formulas of Schlapp
[346] for the multiplet structure of the 3%, state. In
Schlapp’s theoretical formulation A\ is (1) an approxi-
mate measure of spin-spin interaction of the unpaired
electrons, and (2) a measure of deviation from strict
Hund’s coupling case & [in which the electron spin is
completely decoupled from the molecular axis]. y (or
& as is used in subsequent papers) is a measure of the
interaction of the unpaired electron spins with the
magnetic field due to rotation of the molecule. Second
order contributions to B, A, and vy arise from both spin-
orbit and rotational effects.

More recent extensions of the fine structure theory of
the p-type triplet have been used for fitting the micro-
wave spectrum of O.. In recent papers by West and
Mizushima [411], Wilheit and Barrett [413], and Tischer
[378] the same cffcctive Hamiltonian is used for the
p-type triplet:

H=BN2+2/3x(352—S2)+uN-S

with B=Bo+B;N(N+1)
A=Xo+MN(N+1)

AT/ AT

Y= Yo iN{N+1).

[B]:——Do]

The N-dependent contributions to the parameters arise
from centrifugal distortion of the molecule. From the
solution of the secular equation are obtdined expressions
for the multiplet term values and the absorption fre-
quencies. Tischer formally introduced two parameters
which are orders of magnitude smaller than the others,
and when neglected in his fitting, give expressions
identical to those obtained by Wilheit and Barrett [413].
Kayama and Baird [227], by contrast with these authors,
used the rigorous microscopic Hamiltonian for the spin-
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orbit coupling and deduced mixing of the ground state
predominantly with 1%} (but also with 'TI, and 3II,),
rather than with only 2Il,, as had the others—but the
expressions for the term values have the same form as
those of Wilheit and Barrett and of Tischer, and the
{urmulation differs only in the interpretation of the
several contributions to A and 7.

Many values for Bo determined from microwave
measurements have been based on a particular theory
(formula) fitted to the observed fine structure. Micro-
wave values of Do have not been reliable. McKnight and
Gordy [265] have seemingly obtained for the first time a
value for By that is independent of fine structure theory.
They related their measurements of rotational and fine
structure frequencies to a formula involving only
coefhicients By, Dy, Ho. The formula is
E(S’ 3) A E(17 1) = V(l, 2_')3,2) — vyt

=10B,—140D,+ 1720H,.

Quoting their numbers, we have

424,763.80+0.20—56264.778 = 0.01 + 62486.255 + 0.01
=430,985.28 + (.20 MHz.

Now 1720 Hy < 0.01 MHz is not considered further. Thus

430,985.28 = 0.20+ 140 Dy

Bo= 10

McKnight and Gordy used Babecock and Herzberg's
value for Do. By using the refitted value (5.022 = 0.050)
1078 cm~1=(0.1506 =+ 0.0015) MHz [with 140 Dy=(21.08+
0.21) MHz] we obtain

Ro=43100.636 +0.029 MHz=1.437682
+0.0000015 cm~!.!

As has been pointed out by Tischer [378), the simpli-
fied theory of Schlapp [346] provided Babcock and
Herzberg [24] with a value of B, not Bo, where
B=Bo—p1+2/3\;. McKnight and Gordy [265] then
alsvu vbiained B, noi By fur

F2(1V)=N(N+ 1)(BQ_IJ:1+2/3)\‘)—D(\N2(N+ 1)')

blished

1 More recent (tentative) results

d by M. Mizushima give
Bo=43100.6355 MHz = 1.437682 cm '
Do =0.15259 MHz = 5.0899(10-¢) cm~!
Hy=—10.0000650 MHz = 2.17(10-¢) cm~".
These coefficients were determined from a simultaneous fit to fine-structure microwave
measurements (unpublished) as well as to the data of McKnight and Gordy {2651 More ex-

tensive still in progr (K. Evenson, M. Mizushima) are likely
to lead to improved values for all fine structure parameters.
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By using the values of u; and A, from the various authors
[411, 413, 378] a correction of —0.039 MHz is obtained
to the value of B deduced from the results of McKnight
and Gordy [265]. This gives Bo=43100.597 MHz
=1.437681 cm~! as the best value which is not inde-
pendent of the fine structure theory. In addition, the

centrifugal distortion - correction in the expression for
A may be slightly incorrect (T. A. Miller, private -com-
munication). Whether the new formalism will have a
significant effect on the numerical value for B, is ‘not
yet known.

Appendix D. Molecular Constants Derived from the O} A 2Il,—X 21l Transition.

A computer least squares fit has been made by
Lofthus to the fine structure measurements on bands
of the O3, A —X system of Stevens and of Bozéky. The
band origins, weighted by the reciprocal of the square
of the computed standard deviations, have been used
by the author to obtain a revised set of molecular con-
stants for the 4 —X transition. A similar set of constants,
fitted to all observed band heads, has also been com-
puted by the author. Below, a comparison is made
between the results for the exteusive set of Ry band
heads and the relatively few, but more reliable, band
origins. Standard deviations are quoted only for co-
efficients fitted to band origins.

Error has been assumed as three standarad deviations;
the head and origin results overlap one another and are
consistent with one another. Unexpectedly, the array
of more than one hundred band heads is best fitted in
a least squares sense by quadratic functions of both v’
and v". The rather small uncertainty in wex. for both
states, however, fails to reflect the significantly different
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Heads S.D. Origins S.D.
R, 40483 5 3.7
Oe R, 40683 5 40572.3
39978
a(0-0) calc. 40178 40070
A, we 896.7 0.6 898.17 0.37
WeXo 13.45 0.03 13.57 0.02
ZPE 445.0 445.7
X, w, 1907.2 1.07 1905.1 0.75
WeXe 16.44 0.06 16.28 0.04
ZPE 949.5 948.5

values obtained when wey.’s are used, singly, or to-
gether. The weye’s are not statistically significant, but
do produce relatively large change in wex.’s from those
quoted above.





