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The Specirum of Molecular Oxygen

Paul H. Krupenie

Optical Physics Division, National Bureau of Standards, Washington, D.C. 20234

This is a critical review and compilation of the observed and predicted spectroscopic data on O

and its ions O3,

3, and O3, The ultraviolet, visible, infrared, Raman, microwave, and electron para-

magnetic resonance spectra are included. Each electronic band system is discussed in detail, and tables
of band origins and heads are given. The microwave and EPR data are also tabulated. Special subjects
such as the dissociation energy of O, perturbations. and predissociations are discussed. Potential
energy curves are given, as well as f-values, Franck-Condon integrals, and other intensity factors. A
summary table lists the molecular constants for all known electronic states of O and O;. Electronic

structure and theoretical calculations are also discussed.

Key words: Critical review; electronic spectrum: molecular oxygen; potential energy curves; rotational

SpectTum; speciroscopic constants.
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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,
04, and 03" 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.

Oy 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 wolecular oxygen play an hmportant 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 A, spectrographs
have to be evacuated because of the strong absorption
of light by the 0,, B3%2;—X33; Schumann-Runge
transition; more than 99 percent of this absorption is
due to the dissociation continuum (1750-1300 A).

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

Topies not considered in detail in this review include
absorption coefficients, 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 useful reviews concerning spectra should

P The first volunie of this series is “The Band Spectrum of Carbon Menoxide.” Nat. Bur.
Stand, (UG, Maiw Stand. Rell Dats Ser., NSRDS-NBE 5 (1900).

2Data on O5 is mainly from study of the solid. Gas phase O; has been observed as 2 product
of various i feld et al., J. Chem. Piyvs, 45, 1844-5 (1966)). See
sec, 2.4,

303" is known only from eleciron impact experiments and theoretical caleulations.

4 For details sec. e.g.. McCormnae and Omholt [261] and Roach [332]

* Figures in brackets indicate the literature references in Section 15.

} B F
le reactions {f

J. Phys. Chem. Ref. Datg, Vol. 1, Ne. 2, 1972

be mentioned: Wallace [396] has tabulated band head:s
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-
pally a '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 lo atmospheric chemistry.

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

Gaydon [316].

2. Electronic Structure of O, and Its lons
2.1. Electronic Structure of O, and o,

The vider of the molecular orbitals (MO’s) for O; has
been given by Mulliken ¢ [284];

10’,, < lo. < 20'{1 < 2(711 < 30_(1 < 177'14 < ].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 1oy
are virtually atomic ls orbitals; 20, and 2o are modified
2s; all other orbitals no longer resemble their separated
(atomic) form. The electron configuration which gives
rise to the ground state, X 327, and also 10 the observed
states a 'A, and b 13§, is KK(204)2(20)%(304)2 (17,)*
(1m4)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 *% 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 1two lowest electron configurations itable
1). A repulsive Il state is inferred from ab initio calcu-
lations and from the predissociation of the B 3%; state.
All bound. etates which dissociate to 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 (ClI) calculations by

® Another commonly used natation designates the orbitale as
agls < 0uls < 72s < 0u2s < 0y2p < Wulp < Wylp < 0u2p.
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Schacfer and Harris [344]. (See also [187].) Five other
states, recently observed, arise from unknown or un-
certain excited electron configurations. In addition there
have been observed numerous states belonging to
Rydberg series. Eight states of O} are known. Configura-
tions for seven of them are established.

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

Of state

XM,

@, 4°T,
T, (A =195), 2D,
21, (4 =—195)
b*%;, B3

c 2z

Electron ionized
1w, (from X 3%7)
17y (from X 325)
lary (from 'Ay)

17, (from 'Z})

30y (from X 3273)
(20y) (from X 3Z73)

The configuration (17,)*(lmy)? includes three %I,
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-Pischel [300]," using a valence bond
approach, has estimated the relative separation between
a number of low-lying states of Oz, and has shown,
qualitatively, that 311 states would not lie at low ener-
gies. Indeed, no stable 311 state of O has been identified.
It was further concluded that 3% and ?%} states arising
from *P -+ 1D are repulsive. One of the two possible
13: states derivable from these atomic products, the
B state, has been observed and is stable. No 32} state
is known.

Miller et al. [276] have shown from observed magnetic
hyperfine structure of *0'70 that the unpaired elec-
trons in the O bond are primarily pw rather than po
and have concluded that “‘electron configurations which
put unpaired electrons in the po orbit are unimportant
in the O2 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 4-X, O¢). He there-
fore inferred the existence of a new state of Of, likely
{1, which would perturb 4211, around v==6. No numeri-
cal data were published. Such a ?II state is unknown,
and Lal’s correlation of such state with 4S,+1D, is
incorrect.

2.2. Numerical Calculations

a. Semiempirical

Moffitt [280] has shown the need te 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 Oy states derived from wiw? and wiw} con-
figurations. Both '%; and 3A; were predicted as bound
('3 at higher energy), and both were predicted to lie
below A4 3%%. Experimentally the tentative order is
¢ 133, C ®Ay, both below the A state. Both ¢ and C
states dissociate to ground state atoms. Moffitt also
showed that the ionic state 3%; dissociates to 'D+3P
hecause 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 OFf 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 7y, wymy, and aim. 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 127,
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 w-eleciron approximation).
Excitation energies of unobserved states 2@, 41,
and 2@, were indicated. The *&, state fell near the
b4%;; the other two lay far above it. The *®, state
would be about 1 eV above A1, I, several volis
above *I1,, and 2@, several volts above *I;. 2@, seems
bound with D¢ about 2.5 V. 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 staies 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 (AO’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 327 —327. 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 X®%; and 'X} 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 ry, DY,
and w. to within a few percent of the experimental
values, large potential maxima (~% 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 OF at r=1.217
A by the LCAO method using a minimum basis set ot
Slater orbitals for thec all clcetron problem. Fifteen
dimensional CI makes significant improvement in some
of these properties. The relative merits of various
approximate treatments (for the ground state of Oy)
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 fifteen configuration calculation  lowers the total
energy of the giound state by 5 €V, but still gives a pour
value for D¢. For w3 configuration the *A, state was
predicted to lie between 337 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: *P, '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 basis 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 ¢ 27 state was calculated to lie
below both € 3A, and 4 3%, The new results suggest
that the '3; state ('D+1S) has a larger binding energy

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

[161]. The additional bound states are
83- (3P+1D) at 5.94 eV, r. ~ 2 A.
111,(D+1D) at 8.13 eV, r, ~ 1.55 A.

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

IA,(3P+1S) at 8.71 eV, ro ~ 2 A.

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

2.3. Eiectronic Structure of OZ*

The ion O3* has been observed only in electron
impact experiments. Perhaps %' spectra might he
observed in a hollow cathode discharge in low pressure
O,, for Carroll and Hurley [77] have observed N3*
under those circumstances. Appearance potentials for
02+ 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

2+, 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 earlier, 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 'X}. Hurley [208] has
estimated the lifetime of the A4 state (0%*) for dissocia-
tion by tunneling as ~ 1 sec., and 10°® sec. for the X
state (O03*).

2.4. Electronic Structure of O;

The molecular ion O; is formed in gas discharges
containing oxygen, and has been detecied by mass
spectrometer in Hy+ O, 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 Oy is

KK{(20y)? (200)* (Cay)? (Yiru)* (1mg)® X 201y
b a b b a

The molecular ground state dissociates into ground state
products O(*P)+O-(?P%) 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 D%0z)=4.07 eV. This places
O3z, X[l about 0.4 eV below 0., X 3%;. The dissocia-
tion energy is cyclically related to several other quanti-
ties by the formula D%O;)+ EA(O;)=D0z)+ EA(O)
where the following values have been used: D%0q)=
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(5.116 0.002 eV) [62], EA(0:)=(0.43+0.02 eV)’
[312], and EA(0O) = (1.478 £0.002 eV)? [39].

re for the ground state 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 KOs, and the value 1.377 A, estimated by
the use of Badger’s rule [49]. This approximate value
of ro is consistent with that expected by analogy with
F; (1.3-1.4 A). From the low-temperature fluorescence
emission spectra of O; in alkali halides Rolfe [336]
has obtained ®¢=1152-1163 cm~', weXe =8.5 cm™',
w.=(780£100) cm~', AG"(})=1123-1145 cm".
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 O; in alkali
halide crystals {194] has yielded an extrapolated value
for the isolated ion: AG"(3) ~ 1090 cm-'. This value
leads to wp ~ 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 scatiering of electrons by
gaseous ;. They obtained we ~1090 cm™, wexe ~ 12
om~!, Combining this vibrational data with AC”(}) of
Holzer et al. [194] gives compromise values w, ~ 1113
em™!, wexe ~11.7 em~! (uncertainties are assumed as
we =25 em™!, wexe£4 cml), )

There has been much speculation about a stable
425 state of Os5 which dissociates to O(*P)+ 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 *Il,;—
X211y, but an upper state assignment as *2; 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 O; (presumably 433) which
lies approximately 1 eV above the ground state. Recent
calculativus (see below) indicate that this excited state
lies somewhat higher.

The lowest-lying configurations eof O3 which dissociate
to ground-state configurations of O+ 0O~ (though
perhaps not to ground-state producis) are:

(@) (B (Yary)3(1my) ¢ —21y
(b) (30g)2(1’#u)4(17g)2(301:) =23, 235, A, 41X

(€) (80rg)*(1mu)*(1my)® (o) —*23(2),
. 22; (2), 2Ag, 2Agz’, 4%+

5,250, Ay

92

7 Spence and Schulz {361} and Boness and Schulz [4Y] discuss a number of different values
for EA{Q:) 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.

8 EA(0)=1.465=0.005 eV was obtained by Branscomb et al. [58]. Recent ex'perimenzé
{unpublished) which use E4{QO) do not unambiguously suppert this value or that of Berry
et al. [39] 1t is desirable that this quantity be remeasured with improved aceuracy.

(d) Boy) (Amu)*(Lmr,)* =255
‘ (not to ground state O+ 0-)

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: 437, *3%, I, 235, 23, [*2f, 13§, 1.,
Ay, 2A4) *3;, and X2II,. 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 Photoelectran Spectroscapy

The known ionization potentials of O, have been
determined spectroscopically (i.e., from Rydberg series
limite plus data on clectronic transitions in O%), 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 o311y, 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 . . . wgpo,  and . . . wgnpm,
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=07265 cm-! establishes the O} 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. :

Temative classifications of Rydberyg states 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 & {or 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}, o 13, and
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3%+ Rydberg states arising from [orbidden transitions
have had their fine structure studied; the other observed
states or series are assigned as:

b 42;7 B 22; < (30y)(npo) 33;, (npm,) A1,
€ 135 < (204) (ndny) 311, (nsoy) 327

For the «!3;—513! and B3%;—X°Z; transitions,
AG' and B' from fine structure analysis are close to
the values for the O, X %Il state.

The eleciron 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 Of, including *Il,, *[y,
1, %7, and a new state at 21.34 eV. An 0Of term at
this energy was confirmed experimentally by Brion [61].
This energy may represent “removal of a 0u2s 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 Oy ; this may be a transition to a repulsive state of
O;, with a minimum at 20.7 eV which is close to the
Rydberg limit of 20.3 eV [147] and the limit 1D+ 4S°.

Lichten [252] has teniatively 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 (.2p)% (7wy2p)? (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).

AlJohonry et al. {12, 11] were the first to study Of
extensively by photoeleciron spectroscopy (PES).
More recently Turner and May [384], Turner [383] and
especially Edgvist et al. [125] have extended these
measurements, the latter even resolving overlapping
vibrational structure of a *I1, and 4 *[1,.

Price (see discussion by Dixon and Hull [115]) has
vbserved a new broad feature with 1.5 €V hall width at
23.7 eV in the photoelectron 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 2Il, state of Of, the uppermost *Il, state
derivable from a win2 configuration. It is not certain
that this state is stable.

Edqvist et al. [125] have studied the FPES of O, in
the range 12-28 eV with both 584 A and 304 A photons.
They observed vibrational levels of the 4 11, among the
higher levels of the a4ll, state. The diffuse state 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 21y, a *Il,, 4 *11,, b *Z;, and
B 2%j;. Geiger and Schrider [158] have observed many
of these features (as well as some which are siill 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, ¢ ‘27, 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 *%;,
v > 3. He interpreted this broadening which begins at
20.7 eV, the dissociation limit for &*%;, 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 ¢V) 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 O5

0. 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 %0, are missing.®

The B *%;—X *Z7 Schumann-Runge transition domi-
nates the spectrum of molecular oxygen. Discrete bands
of this allowed transition span the region 5350-1750 A;
an even sironger 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
weakeur than B —X; the exceptions are transitions }c)elow
1300 A, mainly to Rydherg states. Retween 1300 A and
300 A continua overlap the discrete structure. Weak
b 2 —X % atmospheric bands (9970-5380 A) and
a 'Ay—X 3%; TR 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 *I1,—X 11, (2-),
6530-1940 A; b*Zj—a*Il,; (1-), 8530-4990 A; and
c*2i—b*3; Hopfield bands, 2360-1940 A. Additional
states of O} known from Rydberg series and photo-
electron the Of doublet aund

quartet states to be placed on a common energy scale.

spectroscopy enable

3.1. a'Ay- X335 Infrarcd Atmospheric System (15,800
9240 A)R

The 'Ay—3%; magnetic dipole intercombination tran-
sition in O, predicted by Mulliken [283], was hrst
observed by Ellis and Kneser in 1933 [126] in absorp-

“ For example, for the AP¥ L state levels occur with Ne=1,3,8,...:)=0,1,2,. ..
all rotational levels ave +. For the B siate levels occur with N=0,2,4 . . .; J=1,2.3,
. .+ all rotational levels are —.
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lion by liquid oxygen. The fine structure was resolved
and the transition assigned as 'A,~*X; 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 Herzherg [191].
The spectra were taken with a three-meter grating in
first order (dispersion, 4.9 A/mm). The observed a~X
band 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
@ heads and no clear zero gap.

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

Of nine possible branches, only one pair remained
unresolved: (¢PQR). The other branches are *R, #R,
KQ’ QQ’ 1’175 I'Q’ l’lP'

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]. lts fine structure was resolved, but the
numerical data has not been published [91].

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

The b1!'X4—X3Z; magnetic dipole intercombinaiion
transition consists of doublet P and R branches, i.e.,
P, @, 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 most extensive and precise
measurements of the 5—X transition are by Babcock
and Herzberg [24] who studied absorpiion 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 extcnsion of carlicr work by Babcock
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 {18070, '0Q180) 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 6—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.

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

The b—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:
18Q,, 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3—1; OO0 and
1860180, 0-0, 1-0. The spectra were produced using a
plane grating spectrograph of 30-foot focus with recipro-
cal dispersion of 0.88 to 0.12 A/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 c¢m~!. These measurements have provided
molecular constants for the X and b states for the three
isotopes studied. ® w, was derived from AG"(3). and
the vibrational constams of Curry and Herzberg [99],
with AG"($) =1556.3856 helieved (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 O branch of
the b—a, 0~0 band at 19,080=30 A in a low pressure
discharge through He containing a trace of O,. This
appears to have been the first observation of an electronic
transition in a diatomic molecule which is primarily
(electric) quadrupole [301]. (This system is forbidden
by magnetic dipole selection rules since AA=2.)

3.4, ¢'3;—X3%; Herzberg Il System
(4790-4490; 2715-2540 A} R

Absorption bands of this very weak forbidden transi-
tion have been observed among the stronger 433} —
X7%7 bands by Herzberg [189]. The observed band
origins are listed in table 6; predicted origins are given
in table 7; rotational constants for the ¢ '2; state are in
tahle 39. The spectra weve ohserved in fourth order of
a 21-t. 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, SO0 (4'): 0~0, %070 (A"). 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 at almospheric pressure, and an r.f. electrodeless discharge.
Branscomb [57] lists a number of these references: see also Chamberlain, Fan, and Meinel{82]
and Herman, Herman, and Bakotoarijimy [183].

14 Appendix C discusses molecular constants tor the ground siate.
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The ¢~X bands [with branches "P, ”(, "R, #(] have
structure similar to the X system, but weaker by a
factor 103, and with much greater difference |B'~B”"|
because of the feeble binding energy of the c¢ state.
Unblended line positions are assumed uncertain by
-+0.1 em~*; numerous blended lines have considerably
larger uncertainties. Long exposures resulted in 0.1 em™!
displacements between iron arc calibration spectra and
¢ —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 07 (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 fi/mm. M;casured 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 fearures of the nighiglow specirum lie within
several Angstroms of the calculated band positions
{189, 103]. Broida and Gaydon [63] had observed some
bands in an oxygen afterglow (4600-3600 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 came electron configuration.
A short extrapolation of vibrational terms makes it
certain that the ¢ 13 state dissociates to ground state
atoms.

The c¢~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. C?A,~X3%; Herzberg lll 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 4?3} <X 337
bands. Observed C—X sub-band origins are listed in
table 8a; rotational constants for the C 3A, 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-
mentis he (Herzberg) observed to bands 5-0 and 6-0.
The only carefully determined vibrational guanium
AG(5Y2)=611.16 cm~? is for *A; components. Assign-
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ment of the upper state as *A, is based on the assumed
electron configuration, 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 ?Il,. S, and R- and P-form branches were
detected. Both odd and even J were observed in the
upper state, an indication that A > 0.

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 4~X bands, 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 been
ascribed by Finkelnburg and Steiner [141], to the
collision-induced forbidden iransition, 3A—3%. 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] sirongly suggests that
the %A, state dissociates to ground state atoms. Experi-
mental data is insufficient to allow a reliable potential
curve tv be drawn. Gilmore [16]1] has sketched in a
fragmentary curve just below that of 432, 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 em™!, 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-?

B.(*A;) is assumed a good approximation to the true
B, values. By assuming further that B;(3As)— Bs(3Az)
=B(*A3)— Be(*As), the former being unobserved,
85 (%Az) has been approximately calculated [189].

3.6. C*Ay—a'Ay; Chamberlain System (4380-3700 AR

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 guantum numbering for the
upper statc is bascd on that tentatively assumed by

Herzberg[189].

3.7. ASY}—X3X; 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 £+~ transition identified -with like multiplicity
{or both states. The dominant Q-branch lines consist of
six components: 9Qs, Psz, Ay, Wiz, WRos+ WPy, and
), which was observed for the strongest bands; faint
hranches SRs1, 013, °Py2, and 9Pus were also observed
n some bands [187]. Observed A~X bands and rotational
:onstants for the 4 32 state are given in tables 10 and
11, respectively. A Deslandres array of predicted band
wositions can be found in the paper by Herzberg [187].

Dufay [119] and others ientatively identified. some
bands of the UV night airglow ** (38003100 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 bhands in emission from
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 4 3%} before dissociation is 11.

- A summary of Herzberg’s fine stiructure analysis
,187] follows. Relative wavenumbers of unblended lines
are assumed accurate to =0.04 cm~1; very weak struc-
ture at longer wavelengths is accurate to £0.1 em-1,
‘Rotational constants for the 4 state could not be deter-
.mined from combination differences because so few
members of the O- and S- form branches were observed.
Instead, differences B,—B, and D,—Dj obtained
from @=branch lines were used together with precise
values. of By and Dj [24]. (For the 1-0 band only
Iragmentary branches were observed.)

A%G values drop drastically with v'; 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 ¢'; a power scries 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(v'+4) —0.00097 (v +4)*

D! =[4.79—0.30(v'+1) +0.10(' +1) 2] % 10-¢
G(v') =799.080"+3)~12.16(/+1P—0.550(/+3)
Tow') =35007.15+786.51v'~12.9850' *—0.5500'.

. 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

"4 Addiional references to observations of A-X bands in the night sky are given by
Chamberlain {801, Broida and Gaydon [63], and Barth and Kaplan [30]. These include un-
ceitain identification of bands not observed in the laboratory. (See.also Babeock [23})

laharatary.

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 Fg>F; > Fy; for
X335, beyond low N, F; > Fs> F,. Splitting of both
states is fitted roughly by the formulas of Schlapr
[346]: (See also theory of Present [318].) The positive
quantity — (2\+a) increases significantly for high o'
[8 to 11], indicating increasing deviation from. Hund’s
case b likely to case c, 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. B3, —X3Y; Schumann-Runge System
(5350-1750 A) R

The B3%;—X 337 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 em~!). The dissociation energy
of O, (D9=4126015 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 f&, 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 more recently.
Ossenbriiggen [311] reported fine structure of a dozen
bands measured from plates taken by Fiichtbauer and
Ilolm [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 o' 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: long

J: Phys Cham 8af Data Vol. 1, No. 2, 1972
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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 em™'. Line
intensities quoted Dby 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 /i!mm; hydrogen lamp background source).
Bands measured included 1-0 to 50, 4~1 to 7-1. The
fine structure of the 1-0 and 4—1 bands was given for
the first 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
obgerved. Improved constants far the X and B states
were obtained. Sharp line positions were assumed ac-
curate to +0.1 cm~! (poor lines to +=0.8 em~?).

Knauss and Ballard [233] photographed ahsorption
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 44902450 A
which were attributed to the B—X transition. Details
concerning these bands 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 Balard
{233] be increased by 0.07 A 1o 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
Herzherg have verified this discrepaney in line positions.
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fieation 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 3100-2500 A emitted from a high-voltage arc
in oxygen. The observed bands include 1-12, 0-11,
1-11, ¢-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 au
unpublished manuscript by Feast and Garton [136).
Origins are given [152] for bands 2-10, 0-9, 3-8, 3-7,
2-6, 3-6, 46, 2-5, 5-6, 3~5. 4-5, 5-5, 7-5, 6~5, 54,
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, 09, 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, 5-4. and 6~4. These bands extended
to high J (~59 max). (Unidentified lines, generally
weak are included in the list) Dispersion was
42 em~mm at 2475 A and 36 cm-/mm at 2200 A.
Measurements were assumed accurate to 0.2 cm-!
(0.01 to 0.02 A) for sharp lines. Some lines of the hand
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 (46002400 ﬁs)_ 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 ¢', 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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uphed in fourth order of a 3-m vacuumvspeétrogr‘aph
aspersion  0.65 1o 0.4 ﬁx/mm; resolution 160,000,
xvgen pressure 3 to 350 mm). A Lyman discharge
ibe was background source for the 50 cm long absorp-
ion tube. The region studied in detail was 1804 A (11-0)

v 1750 ;\, the limit of discrete absorption. v’ -0 bands -

vere observed for v =12 to 21. The last bound level,
V=22, was extrapolated. All measurements, were
made .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 em~. Fine structure, band origins, and, for the B
1ate, vibrational quanta and rotationial constants were
Jiven. v

Electric dipole selection rules allow twelve possible
ovanches: P, 2.5, Riz5, PQzs, PRis, BQui, BQy2, RPy,.
I'he six main branches with AJ=x=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 ¥Piz (AN==3, AJ=:%1)
were -identified. This was the first case known where
forbidden branches with- AN>1 have been observed
for an allowed (3 — 3 transition.

'_ Near the convergence limit, the triplet splitiing
" was the same order of magnitude as the rotational
structure. The triplet splitting was discussed 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-Holtgreven 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
irregularitics. Term valucs for the F; components of
the B3Z; state showed slight deviation from Schlapp’s
formulas [346] Ti—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 3Py +1Ds.

Bands having v" = 16 lie higher than the préviously
accepted dissociation limit. @¢(22-0) is predicted to
lie at 57127 em~! (F2). Some lines of 22—0 were detected,
but the quantum ass_i'gnments are uncertain. A short
extrapolation beyond the origin of the 21-0 band gave
kaﬂ convergence limit 571285 cm~! which was in close
-agreement with one derived from the A33;—X3%;
bands, provided that pairs of dissociation products
included the 3P, state. This led to D%Q;)=41260=+15
em~! (5.1156:+0.002 eV). The magnitude of the uncer-
tainty reflects the difference beiween the B and A dis-
sociation  limits, 15,868.6 cm~!, which represe‘nts‘ 1D
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3P,. This agrees with the values given by Moore {281]
to within about a em™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 atmosphere of oxygen. Eight ncw bands werce
identified in absorption (2270~1980 A) and 28 new bands
in emission (3800~2100 A). (Dispersion 4 A/mm in emis-
sion; 2 fi/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 NOo.

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 spcctrograph, photo
graphed the absorption spectrum excited 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) —3.3 X 10-2(p+1%)*?
~57X10-8(p+3)3— 1.3 xX10-8(v+3)4 -

Ogawa and Chang [306], using a 3 m-vacuum spectro-
graph (linear reciprocal dispcrsion, 2.85 iilmm‘), photo
graphed 34 abserption 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
Ballaid [233] (see [voinote 15).

More than 1000 new lines belonging to -absorption

! Phue Cham. Kef. Data, Vol. 1. No. 2. 1972
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bands in »"=1, 2 progressions have been measured &iy
Hudson and Carter [199a] in the region 2020-1750 A.
Their published line list spans the region 1895-1877 A
(relative accuracy = 0.02 fo\A). (See also sec. 11.6.)

Ackerman and Biaume [3] have remeasured under
high resolution bands 00 through 130, 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 i close agicewent, but small differences in both
sets of data are found for B, and D, for v'=12, 13.
(See table 42 footnote.}

The O, 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 ot both quantiiies have been
obtained from measurements of Ackerman and Biaume

[3}

3.9. Miscellaneous Absorption Transitions 15851140 A,

Alberti, Ashby, Douglas Bands Including «'Z;
— b5, @!XF<—X3E; (Tanaka Progression M),

B33+« X3%7; (Tanaka Progression 1), 'Ay<a'A,,
I, < a'A, Ogowa-Yamawaki transition 3%}
X3,

In 1952, Tanaka [369] observed numerous absorption
band heads in the region 1350—-1030 A, most of which
remained nnelassified (tahle 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 II, now labeled S—X and ao—X,
respectively. (See tables 13a and 14, respectively.)

The spectra were produced hy Alherti et 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 f\/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 « and B states, tentatively assigned as 'S by
Alberti et al. have B, and AG values similar to those of
the ground state of Of, and are assumed to be members
of Rydberg series. The upper states of bands originating
from the a'A, 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 O in the region 1262~
1144 A (dispersion, 1.42 A/mm). They remeasured the
fine structure of both o—X and 8—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 33, has a
similar appearance to a—X and B-X; it is a member of
a Rydberg series converging to O}, X *I1,.

Ogawa and Yamawaki [308], partly on the basis of
quantum defect arguments, suggest that the g state is
likely 33.¢. Tentative electron configuration of the upper
states they observed are:

(mg2p) Bpmu) B34,  (8=0.653)
(we2p) Bpmu) o 123t (530716}
(my2p) (4pmra) *2it (6=0.675)

From the relative intensities in the B-X bands [308],
it was concluded, that the 1292 A band observed by
Tanaka [369] is likely the 1-0 band of the g—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 cm-* (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
a: we ~ 1957, wexe ~ 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 I, —a 'Ay. Unclassified bands are included in
table 30. Rotational constants for the a3}, 'A,,
M,, B3%%, and new 3%} staies are given successively
in tables 43 to 47. ‘

3.10. Rydberg Series

Well established Rydberg series are known whose
convergence limits are the b42;, B*Z;, and ¢*3;
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 A4 2Il, are uncertain. A vibra-
tional progression, possibly belonging to the first term
of a series converging to the ground state of Ojf, 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 Rydberg 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
<eries converging to Of, a’ll,. The two calculated
limits differed by 1100 cm~!; their mean was assumed
10 correspond to the second I.P. of O.. 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-
tiomal progressions labeled M, N, N’ provided a poor
value for the energy of the A%l state of Of. These
hands appeared as doublets, which likely were (ab-
sorption) peaks of P and R branches. Bands not reclas-
«ified in more recent work are listed as unclassified
itable 30a). Possibly some of these bands defy unam-
higuous assignment because the early terms of Rydbesrg
series often deviate from a Rydberg formula with roughly
constant 8 and because higher terms may be perturbed
1253].

a. X 1,0} ) « X 33 (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 OfF, 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 constanis to that of the Of ground
state. The weak, violet shaded progression of doublets
(separation ~ 45 c¢m™!), 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 ecm~! higher than that calculated from a formula
fitted to the presumed @ heads of the other terms).

Matsunaga and Watanabe [{259], studying absorption
coefficients 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 *X-(0}) <X *Z~(0,)(730-660 AR

Price and Collins [320] firsi observed several progres-
sions attributed to a Rydberg series converging to
0, b*2;. Tanaka and Takamine [371] unscrambled
some of this structure, reassigned the bands, and
provided a reliable term value for Of, b *%;. 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 (307)
(lmfdmg? npoy 32, n=>5, ...

The band heads are fitted by

R
o = 146568 T h—1.679) :
Additional weak, diffuse, and slightly red-degraded
series with »'=10,1,2 converge to the same limit [290,
417] (table 20); these have possible configuration (307)
(A7) (darg? npmy 3y, n=4, . . . The series limit from
measured band heads is 146568+ 2 c¢cm~'. By using an
approximate correction for the origin-head separation,
the origin of 54%;, v=0 is placed at 146556 cm™.

© B %%:(0;) < X *%:(0,) (650-600 AR

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. Gilmaore [161] assigned the new state as 35
Turner and May [384] observed structure for this state
in photoelectron-spectroscopy, but labeled it 43 .

The strong series can be represented by

R

o =163702(x=7) “‘(“W , =
n—u, <

4,...

Yoshino and Tanaka [417] found an additional weak
series which is unclassified (table 30¢). The Rydberg
states are likely

npoy X < oy2p
or
npay < ay2p.

Ogawa [303] assumed that excitation to po would lead
to unstable or weakly bound states and concluded that
npwy °Il, was the more likely classification. The
vibrational constants for the B state are w, ~ 1156 cm~!,
wexe ~ 22 cm~' [303, 417]. A Birge-Sponer extrapolation
vields D0 ~ 14,613 em -1 [0+ (2D%) + O (3P)].

d. ¢ *Z5(0]) < X 3%(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%, ¢*27— 59%;. The bands located the v=0
level of the upper state. Codling and Madden [89a] have
observed several Rydberg series whose limits are O,
¢42;, 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

o=198125(+30) — S n=3, ...

R
(n—0.159)

J. Phys. Chem. Ref. Data, Vol. 1, Ne. 2, 1972
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The Rydberg states are likely ndm, (excited from 20v)
311, or possibly ndoy 32y [253]. The next series beginning
at 594.3 A is fitted by

R

- R a=3, ...
o =198125 = 75 o550 " T %

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
(8 ~ 0.03) is possibly ndo,n=3, . . ., 7. The structure
of the weak series is uncertain (table 30f).

The absorption specira 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 2% state about 1-2 eV
higher than ¢ 4%; is expected due to removal of a 0,25
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 B 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. A 2II,— X ?I1, 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 4 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 diffuse
emission bands which he considered due to ozone
(5000-2280 1“1) Johnson [221] produced a number of
these bands (4400-2300 A) in an oxygen discharge,
and determined that they were not due to ozone. The
specira were taken on a quartz prism 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 riumbers to these
band heads.

¢ 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].
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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 air
grating spectrograph and a 'z-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 structure 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 21-ft. 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 2" 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 F(%1lz)

- level of the X state of Oj. Eight branches were observed

for the A4 -X transition: Ry, Pi, Rz, P33 SRy, Py,
QR,s, and 9P;,. Q branches were too weak to be ob-
served, since, for case b, 2 ceases being a good quantum
number. (4 2Il, is in Hund’s coupling case b; 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 emission 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 n;x-radius concave grating spectrograph,
dispersion 1.2 A/mm). His fine structure analysis of
emission from a highfrequency discharge was later
extended [53], but only in the earlier paper did he list
observed B, values. Bozdky [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 21l,: B, = 1.0632 — 0.0206 (v+ %)
X 2Tly: B, = 1.6892 — 0.0195 (v + $).
These have been 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
i 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
()4 emission in the region 7000-2000 A: He found that
some bands attributed by Johnson [221] to O3 appeared
1o be Of or-O 11, and he detected no bands of Oy in his
source. (Feast used a medium quartz spectrograph;
source pressure was 0.05 mm Hg. Band heads were
assumed correct to +=0.5 /CX.)

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 A and a prism spectrograph (7000-2800 &) He
extended the A4—X system (6530-1910 4&), including
(v'—1) bands for ¢’ 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 '80) [20, 42] has led Bhale and Rao 1o raise
previously used " 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 D9 (A4 2I1,) directly from observa-
tion of the A—X system limit.

3.12. b*Z;—a’lly First Negative System of O;
(8530-4990 AV

The violet-degraded b—a band svstem 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 ai
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.

Additional band heads have been observed in high
frequency discharges (low rotational temperature
sources) by Mulliken and Stevens [287], Bozéky 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 ¢ and b states are given
in tables 49 and 51, respectively.

Mulliken [284] assigned these bands as %5 —*Il,
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 21t grating spectro-
graph (dispersion ~ 1.25 A/mm; resolving power
~ 180,000). The prominent band head is formed by the

?Q.; 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 9Q.s head.

The *% rotational energies have been accounted for
by the theory of Bud6 [64].'® The experimental fine struc-
ture parameters are €=0.1847 em~' and y=0.00033
em~! [291a). Separations AF;(J) and AFy3(J) for the
inverted *Il 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 to a probable
periurbation of the *I1 state by 23, *Il,, or *A, derived
from O+ (2D,) + O(®Py). The interval Fj (J)=F}(J) is
about three times that of i (J)—F. (J). The perturba-
tion displaces the F level away from F;, and F» toward
F;. No detailed study of this perturbation has been
made.

A-doubling is very smallin “Ils» and *I13; it increases
linearly with J in *I1;. In 4IL.;p it increases at first, and
then decreases for highest J. A-doubling for ¢Il,;; and
4T1_y2 [65] increases systematically with ». Formulas have
been derived by Budd and Kovées [65] for the A-doubling
in a *1l staie, intermediate in coupling between Hund’s

7 Unpublished wavenumb'ers and eslimated intensities of the observed lines for the 2-0
and 0-2 bands have heen depesited in the archives of the Royal Society [291b).
" 59352 (N +3/2), Fa(N-+112), Fa(N~1/2), Fu(N ~3[2)
@ B (W), Fe*Haa), FoC i), FuCille)
in order of increasing energy. The subseript is the value off A+ 2. Q=]A+E[: /=0, Q+1,....
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case @ anu v. Lumpdarlson with Nevin's data. seems
adequate. '

A case (a) *II state gives rise to 48 branches for a
4357 —*I1, transition (case (b) gives 27 branches). Since
level F|(N) is blended with F;(N), and level F{(XV) is
blended with F; (V) 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 Budd’s
theory [64], assuming the a *Il, state is intermediate in
coupling between Hund’s cases (a) and (b).

Dufay et al. [122] have produced several new emission
bands (8347-6750 A) 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 dc discharge by using dispersion
of 3 A/mm (assumed precision of about +0.07 ecm-! 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 ?Qy; head. A-doubling is small
{(~ 0.10 cm™) for all components of a 'II except *II_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]. Kovécs
and Weniger [238] have used all previous measurements
of Nevin and Weniger to obtain values of 4 forallv <6
(see footnote under a *Il; in table 1 and also sec. 5).

3.13. ¢ ‘X; — b *Z; Hopfield 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 O.. Herzberg [186, p. 559]
suggested that the lower state of this new system might
be the H state, tentatively assigned as 31l by Price and
Collins [320]. Tanaka, Jursa, and LeBlanc[370] extended
Hopfield’s observations (2360 1940 A). By using a

total pressure of 20 mm and. 0. 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 2-X
transition. Tentative vibrational constants were obtained
by assuming the 1940.3 A band was 0~0. Similar AG
values for progression II of Tanaka and Takamine
[371] suggested that the upper state of progression II
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
Af/mm at 2100 A). From the close agreement between
the vibrational constants for this progression and values
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obtaineda rrom tine structure on another system by Nevin
[291a], the lower state was identified as 5*%; O3,
Assuming an allowed transition, LeBlanc assigned the
upper state of the Hopfield bands as ¢ 7. 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 (Ty) is then [417, 370
198098 cm~1=24.561 eV above 0. X3X;, v=0.
Codling and Madden [89] have recently observed new
Rydberg series converging to both v=0 and 1 levels of
the ¢ *%; state. For the c state AG(}) = 1540 em 7, close
to that of the ground state of O: The v=0, 1 series
limits are 19812530 cm™' and 199665+30 cm™,
respectively. These agree with the prior data to within
experimental error [89].

The ¢—# 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, c—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 bécause the observed bands have such an irreg-
ular Franck-Condon locus.

4, (0,), Collision Complex or Oy, 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 tn answer
the question: are the high pressure bands of oxygen due
to 0,? Inevitably, this leads to consideration of the
possible existence of a stable dimer, Os 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];
i.e., if two O» molecules are associated for a time long
compared with a vibrational period characteristic of
this union. A collision complex (O.). 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
lerature, there is no general agreement on the meaning
{ the terms dimer and complex; in addition, (Os): and
)1 are often nsed interchangeably.

While some experimental results are consistent with
she stability of Oy, a stronger case can be made for a
short-lived collision complex (0»): 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 ¢m~!, has
predicted 7 bound vibrational levels for the interacting
pairs (Oy)z, assuming a Lennard-Jones potential.

A dimer of O 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 O4 molecule. Therein,
the formation of Q4 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

ympressed 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-

snce.”

More recently, in another thesis, Kcys [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 summarizcd 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 pm and 6.4 pm ; induced absorption corre-
sponding to the 0. ground state fundamental
and first overtone,

(2) 12600~6800 A : intensity proportional to pres-
sure. Includes bands of O, (a—X, 4—X) transi-
tions and bands attributed to a complex.

3) 68003000 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., ('Ay+1A,)—(335+
3%5)-

(4) 2900-2400 A ; triplet (so called high pressure)

bands whose frequencies are tentatively corre-

lated with 3A,—33; O..

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

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

(3, has no permanent dipole moment, and consequently
under normal conditions has no vibration-rotation spec-
trum. However, Crawford, Welsh, and Locke {96] have
ohserved ahsorption corresponding to the (), vibrational
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
3591, however, found a shoulder at 1610 cm™ in the in-
frared ‘spectrum of condensed oxygen; this frequency
is consistent with a possible vibration in Q4. The spectral
feature at 1610 cm~! has a more plausible explanation,
says Cairns [73, 74), who observed the infrared spectra
of a 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 A) 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)?° Dianov-Klokov
studied the intensity variation in the absorption spectra of
compressed and condensed oxygen (12600-3000 .f\).
The spectra included a-X and b~X bands of 0., and
bands attributed to an (O2%), complex. Cho, Allin, and
Welsh [87] have studied effects of pressure on absorp-
tion intensities in e~ X and 6~X bands of Oz. 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(1Ay)—-2(3%7), lying close to Os,
135 —X 327, in the spectrum of O:-N; liquid mixtures.
Landau, Allin, aud 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 (O:): 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 between 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 (Q:): complexes. Whether these
are called induced dipole transitions or result from a
collision complex, weak interactions are responsible.
Rettschnick and Hoytink [329] explain simultaneous
transiticns 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 Oy 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 B—F» which was inconsistent with
a dimer. Cairns and Pimentel [74] have interpreted
their results on the infrared spectra of solid a-oxygen
as showing no evidence for Q,, siressing the uncer-
tainty in previous identifications, Barrett, Meyer, and
Wasserman [27] drew similar conclusions from their
study of the erysial 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 A), 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 3%; [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
from a collision induccd forbidden transition in O,
3A, <~ X 125. 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 4—X Herzberg
bands of O, (3000~2400 A). The triplet bands increased
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in intensity with increased pressure; the A-X bands of
Q. disappeared with increased pressure. These triplets
were attributed to (O2).

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 mnor antiferromagnetic exchange completelv
explained the interaction between oxygen molecules.
His review of other physical properties revealed no
conclusive evidence {or a stable O4 molecule.

Physical adsorption, magnetic susceptibility meas-
urements, and the use of E.P.R. techniques by Mulav
and Keys [282] and Keys [231] have provided evidence
for the existence of O4. A discussion of possible bend-
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 oxvgen are not found in the low pres-
sure gas. The simultaneous transitions can be con-
sidered induced by weak intermolecular forces or
due to formation of shortlived (unstable) collision
complexes. The virtually unchanged infrared spectrum
(wavelengths >3pu) is not consistent with a dimer;
but the shoulder at 1610 cm=' could represent vi-
bration in Os. The triplet bands (2900-2400 A) are
tentatively assigned to a transition in Oz, as was done
in the original work by Finkelnburg and Steiner. The
quadratic pressure or concentration dependence of
intensities for simulianeous transitions (126003000
A) observed by some only indicates dependence on
initial reactants (two bodies) but does not indicate
whether or not the final product is a 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 O, 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-. k7. 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,, A3} state

In the 11-0, 4%%;#—X?S; band, Herzberg [187]
letected a strong perturbation above N=11. No
létails were given.

5.2, O;, B2Z, state

Ackerman and Biaume [3] have implied a perturba-
ion'” of »—5 from a diecontinuity
\Gexpt,— AGeae. obtained from their  study of the
3 837 —X %27 fine structure. Albritton et al. [9],
1sing measurements of B-X bands bv several au-
hors, have found a discontinuity at v==5 and 6 in
plots of A2G. Measured values of o4(5—0] and. oo
{6—0) 'are about 0.7 cm~! larger and smaller respec-
tively, 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

in differences

bands. Albritton et al. consider the possibility of

vibrational perturbations of levels v=5 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 4is 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., v=16, J=8. (b) Normally, Pi<P;<P; and
Ri < R:2 < Rj, but perturbations in the 19—0 band cause
lines R2(7), Rs(7) to be interchanged in order; also
Py(9)," P5(9). This arises from perturbation of v=19,
1=8.

5.3. 0f, a ‘Il state

" In his fine structure analysis of Of, b4%5—all,
bands with »"=0, 1, 2 [291], Nevin found that Brandt’s
formulas . [56] representing -energy of a *I1 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 -separation F3(J)—F:(J). Displacement

“of Fy levels away from Fs, and F levels towards Fi-

[66] whereby the q<T

- bands with v"=3 and ¢
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wi.s attrlbufed by Nevin [91a] to perturbation -of
a*lly by eltgher I, I, or A,—with dissociation
prod’ucts O(Pg) + O+ (2D,). According to. Budé and
Kovics [66] the observations deviate from the theory
of Brandt [56], with the two middle components lying’
closer than was expecteq (by several cm™) to the lowest
energy component. A possihle explanation was proposed

interacti(?n to two 2], Ztsat’:: :)Snec .O()I;pélc;gh}: ic?tpl;zf r;)}:
served directly. Kovies [237] explained the seemingly
anomalmfs m'ulti%)let splitting of @*Il, as also arisiné‘
from spm~sl,31n interaction. The observed deviation .
from Brandt’s formulas, then, being due to the joint

effect of the two types of ; . .
t 18 -
Weniger [238]). interaction (see Kovées-and

The new 211 ; -
» term, dissociating to 18,4+ 2P, is esti-

mated to lie ~5700 ¢py-1 above A tI1,, the other state

perturbing a *Il,. Spin-orhj .
1t cou ,
new state is ~ — 104 ¢m-1 pling constant for. the

6. Predissociqfion of the B33 state

Ubse?'ved‘ line broadening in Oz B-X bands has led
to varying mterpr.etations of prediésociation of the B
state. The repulsive 2y, state derived from ground
state atoms was assigned a5 the state causing predis-
sociation, but the courge of this state was ambiguous‘v
The three types of Crossings which had been used m

various explar.latiox;s are shown in fig. 1. Several
recent the‘ore.tleal Papers [288, 331] provided a seem-
ingly . qualitative explanation of

arising from the 5] n of the. line broadening as

. . uState, from a single curve crossing

at the right limb of B state near v=4. Recent

g;;ntugl“‘n]l?c?anical calculations by Schaefer and
'fr;n: rs[ inj)rll;?ter that.the predissociation an’ses‘mainly
P 1t coupling which is independent of J

(rather than orbit-rotatjop coupling which is J depend- -
?ﬁt) ?ﬁd g;ag ﬁglfrehy involve repulsive states 31T,
am’;r’l& %Onﬁgur.:ti;v lffh all di.ssociate‘ to ground-state
hat the *I1 N Interaction calculations show
that 1 € "Ml potential cyrye almost certainly crosses
the I?ft ln.nb of the B sigye and the TI, curve cross‘es‘
tl;e I;Ight limb 'of the B state. A summary will be given
of the experimental anq non-experimental factors

affecting the interpretay; i e
ton of predi iati
B 53 - state. predissociation of the

In - 1936, Flory 143 . i
cociation of B 1 E ] postulated an allowed- predis-

7 bya repulsive 31, state derived
l:)ms. The predissociation was in-
€ absence of B~X emission bands

with v >2, (2) bro £

with v’ >2, (3) madem'ng of B-X absorption lines
o g Very weak fluorescence, disappearing
at low DPressure, as observed by Rasetti [327], where

assumed  depopulation of leyels B y=8, by predis.

sociation, was reasonaple a ;
. . o vand (4) fl
irradiated by 1849 § {4) fluorescence in oxygen

mercury 1j . o
formation, Feast [133) y light leading to ozone

observed B~X emission from
scounted 'such predissociation;

o Phys. Chem. Rof Rete Vat 1 M. A tava
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Volman [391] presenied strong 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 311,
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'). :

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 »'=3, 4 but not 5. li was specifically to deter-
mine whether levels of B 3%;, v < 8 were predissociated
that Carroll [76] reexamined the absorption specira 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 v'=11. Carroll [76] suggested that 3[I,
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] 10 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 35X predissociating B,
v=11. :
High temperature absorption. measuremenis by

Hudson and Carter [199a, 200] indicaie 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 widihs measured
by Hudson and Carter in B—X bands 3-0 to 12-0
varied from 2.5 em-! to 0.9 em-t; 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 =328,
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 13\) 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 325 —3I1, 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 Og, using the resulis of Murrell
and Taylor. _

Ackerman and Biaume [3] have since observed line
broadening for v=0 tv 13, invidental tu 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 results were not in complete support of the
conclusions reached by Murrell and Taylor [288].

The non-empirical calculations of Schaefer and
Miller [344.a] indicate that the repulsive curve deduced
by Murrell and Taylor [288] and Riess and Ben-Aryeh
[331] is not *I1,, but could be 511, or *Y; and still offer a
partial explanation of the observed predissociation of
the B state. Schaefer and Miller speculated that the
1, curve crosses the left limb of the B state near
v—4 and the Tl curve crosses the B state vu 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: (3o, 2Um Bl  Goy)lm ) (1w (3ow),
and (3oy) (1m)2(1mg)*(30y). An important implica-
tion of the assumed crossing of the left limb of the
B state by ®mry is that the *11,— X *Z; transition would
dominate the O: continuum in the region. 2000-
1750 A. A more reliable determination of predissociation
Iine widths [J dependence| is necessary to reselve
remaining questions concerning the predissociation of

B33
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7. Dissociation Energy of O,

The dissociation energy D° for the ground state of O,
i+ (41260+15) cm~?. This value is determined from
{1} the convergence limit of the B 3%, state [62] at
57127.5 cm™!, (2) the separation between dissociation
limits for the B and 4 23} states as representing the
energy O(1D:)~0(P;), and (3) the assumption from
the non-crossing rule that the atomic product common to
both B and 4 states is O (3P;). The uncertainty takes into
account the inability to rule out possible potential
maxima of about 2 em~!. 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 80,, 180,, 160’80, and the hyperfine structure
ol 1%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 Qs, 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
F; by about 2 em-! (5-mm wavelength transition).
Beringer, in 1946, first observed this very weak ab-
sorption without resolving Fo—F; and Fy~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].

Bl F\.2,3 means J=N+1, N, N-1. Fo-Fy=v.; Fr-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
V.since 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] %
(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 '80,. 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'Q 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 €070
and the theoretical hyperfine spectrum calculated with
the assumption that I(?70)=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, ¢=140 MHz. (Miller and Townes
also measured the fine structure of %0, ®0., and
180180.)

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=3 states [279, 411, 422].
BAN=A)=0;AM=0,x1.
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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
valnes 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 metastable a'A, 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 B (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 %) [156].

9. Raman and 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

HAN=0,8)=x1; AM=0,x1.
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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 5 A/mm dispersion and obtained
values for AG(}) and By in close agreement with those
derived from electronic spectra. Rotational spectro-
grams have heen published hy several anthore [405,
3264, c, 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, even at 60 atm the lines
were only broadened and not completely washed out.
Saha [339], using about the same dispersion as Trumpy
(~12 ijm), 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 strue-
ture in the rotational Raman spectrum of Oy, 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 em~! corresponds to Fy(13)—F.i(11). The
fluorescence was not observed at 8-mm pressure,
contrary to cxpuctativns. 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
détermined 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
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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
iio of Raman to Rayleigh intensities' in the gas.

9.2. Zeeman Effect in Electronic Spectra

Zeeman. spectrum of the b 12§ <X 3%; transition
a» been produced by application of magnetic fields
iy to 26,000 g [347]. The absorption spectrum around
600 A includes extra lines which arise from splitting
i the ground state rotational levels. Zeeman splitting
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
and R branch lines. Zeeman lines to the violet of the
() .and BQ lines were somewhat weaker, and displaced
~omewhat further from the fieldfree lines. Maximum
ine sharpness and mumimum displacement occurred
for N~7. .
Bozoky  and Schmid [55] produced measureable
Zeeman splitting of lines belonging to the b X5 —
2 M1,, Of 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
"ol the. ground state are discussed in section 8.2.)

10. Potential Energy Curves

Potential - energy curves for electronic states of
03, 05, and Of are shown in figure 2. Some of these
‘c":urvés have been derived from spectroscopic data by
the use .of the RydbergKlein-Rees (RKR) procedure;
for these, numerical data (taken mainly from Albritton
1 al. [9]) are given in table 53. For several other states
where data is sparse the dutted curves in figure 2 are
only suggestive. For the ¢ 1%; and C A, states of O,
only tentative vibrational quantum numbers can be
assigned. For O; the approximate curves are derived
{rom tentative ab initioc quantum mechanical calcula-
tions. (See sec. 2.4.)
~The curves for 12 repulsive states of O, which. dis-
sociate to ground-state atoms had been estimated
semiempirically by Vanderslice et al. [387) and slightly
adjusted by Gilmore [161] to account for the effects of
wvonfiguration - interaction. - Rccent configuration inter-
action calculations by Schaefer and Harris [344] indicate
un 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
~uind were ‘included in. Gilmore’s curves [161]. (See
sec. 2.2¢.)

*The-curves in ¥ig. 2 differ from those ot Gilmore
|161] as follows: (1) the ¢ 'Z; state now lies below
C*Ay because of morc rocent spectroscopic data, (2)

the shape of the X ?II; state of Oj is slightly altered

wocause v has been increased by unity, (3} numerous
approximate curves have been deleted, and (4) approxi-

" mate potential curves derived from CI calculations ar¢

indicated for some stable states of O;.

The various RKR results by different authors provide
turping puints that dille1, in geoeial, by 0o 1‘;i01’i: 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
O, 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 rpy,. The possible
causes of the scaiter include (1) vscillations iu rotational.
constants, (2) sensitivity of the RKR method to inac-
curacies, especially in B, values, near the dissociation
limit, and (3) perturbations. -

Albritton et al. [9] have recalculated the potential
curve for the B 257 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 1y, Numerical experiments by Albritton
et al. showed that monotonically varying ry;, could be
obtaincd by thc usc of adjusted By values lying within
the experimental uncertainties of the values quoted by
Brix and Herzberg. To eliminate irregularities in ryy,,
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).) o

RKR potentials have been calculated by Singh and

" Rai [355] for the X, a, 4, and b states of Oj. A change

in vibrational quantum numbering [42] voids their
results for the Of 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 O3* are briefly men-

" tioned in sec. 2.3; details can be found in references

[{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 alialysis‘,"'pi
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

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



448

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
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 Oy are sum-
marized (table 54); thc extensive mcasurcments of
f-values for the O», B32; ~X 335 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) 2% 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 dofinition and meaning of electronice
F-values (fe) and electronic Einstein 4 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—84,0) (2S+1)
and G" is the number of orbitals of state v". Values of
Jvw 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 4,+» 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).

v’ " -
=( v ")',.z =7 .
(v, 9") o

25 Franck-Condon factor: gerro=(p', v"}% 1 id: Terr

o)
TS

- See ref. [244. 9). The following phase convention was used by Albritton et al. [9]
for the vibrational overlap 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 Re(r) has
often 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
clectronic 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”|Z 0.1 A the Franck-Condc
factors are often good approximations. For weak banc
(those with (relatively) small Franck-Condon factors,
or for electranie transitions where |rl—r"| > 0.1 A
then Morse based Franck-Condon factors may be
unreliable. For an extreme case where | r;—ry| ~ 0.4
A (0., B 3% —X3X;) 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.?® 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'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 pum) bands at a pressure of four atmos-
pheres. The underlying continuous absorption, pro-
portional to pressure, is attributed to collision complex
(Os)e. 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 1ef.
(26]).

Relative intensity ratio I(0—0)/I(1-0) is estimated
as = 200; ratio of Franck-Condorn factors is about 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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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
-1 band.”™

Morse based Franck-Condon faciors have been cal-
culated 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 liguid oxygen the a—X trari(s)ition 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
ax the 0-0; in the gas it is much weaker and corres-

ponds to Franck-Condon principle expectations.

11.2. b'%:—X3A: Atmospheric System
g g

The integrated absorption coefficient for the b—X,
0-0 band has recently been studied very extensively.
Burch ¢t al. [67] obtained for the intcgrated mass
absorption coefficient a value of (4.09%0.25) g
em? em~!, smaller by 20 percent than the value of
Wark and Mercer [398]. Burch et al. considered the
+ffects 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,
messure, and path length. Line positions used were
rom Wark and Mercer [398] who also tabulated
ines for the isotopic molecules 070 and '¢0'¥0.
I'he absorption coefficent of Wark and Mercer was
liased on solar spectra, and an assumed constant line
width of 0.048 cm~!. The band strength 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 A4 value for the 0—0 band is 0.085 em~? [67h]
table 54). The observed line strengths [67] were
fitted 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,
hut 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
et al. [272] have alsu examnined in 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 Schiapp

449

[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 esiimate is made of the contribution to
3 A ww by the 0-1 band (i.e., (0.7) (.085)=.006), the
radiative lifetime (7) for level b’E;, =10 is 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 1(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'X —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
s~1.28 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 t0 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 been calculated
by Nicholls [296]. RKR resulits (table 57) are from
Albritton et al. [9].

11.4. A33;~ X337 Herzherg | Transition

The A3%3~X32%; transition has a widely spread
Condon locus which is characteristic of a transition
dominated by a continuum  (Z,qwe=0.0138) [104].
Jarmain and Nicholls [219] have calculated RKR Franck-
Condon factors which are slightly different 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 < Fpw< 1.53 A) from emission
band intensities and Morse based Franck-Condon
factors (4880-2590 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 A(0-0) ~ 0,13 5%, 7 ~ 8 5. Wark and Mercer [398]
more recently obtained 4 ~ 0.106, 7 ~10 s. (This corrects a misprint in their paper; private
vemnmunivativn, D, Wark). van de Hulst [207] has relative nties 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 Uncertainty in this transition probability is a factor of 2. The quoted numerical value,
different from that given by Noxon. is based on 2 more recent value of A for 5-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 4-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 4—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
0,. Cross sections (extrapolated to zero pressure)
varied from 15x 107 cm? (1900 A) to 3 x 1072 cm?
(2300 A). The A—X continuum peak was calculated to
be at 1870 ic\, but could not be checked experimentally
because of B—X overlap.

Degen [102] has measured intensities of A—X bands
emitted in the afterglow of a microwave discharge in
an Os-Ar mixture (3% O:) in order to provide relative
band strengths for this system. Both photographic and
photoelectric measurements 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 (variation 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
w, ~2w,). Because of this complication and the
dependence on somewhat unreliable ¢, ,» 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. 7-3-8 for the range
1.31A <7< 1.53 A. 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 4—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. ¢ '27—X 3, Herzberg Nl System; C °A,—X 337
Herzberg Il System; C3*A,—a'A;, Chamberlain
System; A 337 —b '3} Broida-Gaydon System

Nicholls [296] has calculated Morse Franck-Condon
factors for these systems. Krassovsky et al. [241] have
estimated Einstein 4 values for ¢ 'Z; —X and C A, —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- state are voided

by the recent drastic change in quantum numbering
[103].
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11.6. B 3%, —X 2 Schumann-Runge System

For the B33;—X 3%, transition, the strongest in
O., the absorption continuum accounts for nearly all
of the transition probability, i.e., Tygyo ~ 0.0025 [172].
An asymmetric, broetd topped dissociation continuum,
peaking near 1420 A, connects with the far weaker
discrete structure at 1750 A. Mulliken’s crude theoreti-
cal estimates of fer (U.U3—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 wavc
functions have estimated fer to be 0.15-0.46 from the
dipole approximation, and 0.01-0.1 from the velocity
approximation. Experimentally, 3f... (1750~1350
A)=0.1520.015 [271, 164] and Sy fwo ~ 0.000255 [4].

At the onset of discrete structure (1750 A) 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 transitior
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; and' an unidentified
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 coethcients to be used in calculating

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 Ji), 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 fvalue in agreement with photoelectric
measurements. This resolved a discrepancy between
previous measurements where photographic resulis
were about 20 percent higher than phetoelectric.

2 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 Caok [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 1o 900 X)
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
cation, “The exact meaning of the (integrated) f-
vilue reported in this paper is not clear, because the
measured. value might refer to several overlapping
continua.”

Bixon et al. [45], when remeasuring the absorption
ol the B—X continuum, found non-smooth features.
‘I'his structure in the photo-dissociation continuum is
sccounted for theoretically because the potential of
1hie: excited state is partly attractive.

Jarmain and Nicholls [218] have calculated Franck-
i_ondon densities in the B—X photodissociation con-
tmuum (1750-1275 f&). By using absorption coeficients
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
1258], 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
wnd intensities, and fvalues. 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
K.{r) or transition moment matrix elements relevant
10 a moderate range of r centroids, 1.25 A< Forer < 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 ﬂ; (crude}
region (f\)
Keek etalooeal. 229 5000-3500 0.015
Biberman et al......... 43 5000-3000 1
Keck et alo.ooooinins 230 4700-3300 028
Watanabe et al......... 400, (230) | 4000 (extrap.) | .06 =
I'reanor and
Wurster............... 380 3900-2650 .048
Suhole Vi, 360 3900-2650
Krindach et al..........| 242 38002800
Wurster and
‘Treanor... ....oee..es 416 3370-3230 .035-.052
{4ébert and Nicholls...| 177 3000-2450
Bethke.ooovienni 40 2020-1750 (2 frro=0.00029)
Ditchburn and :
Heddle.......cc....... 113 2025-1750
Hudson and Carter...| 202 1950-1580
Ackerman et al......... 4 20251750 (2 fro= 0.000255)
Hasson et al......o.l, 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 Ty 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 fyr 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,
photoelectrically, absolute integrated absorption
intensities for pressure-broadened oxygen spectra in
the region 2000-1750 A. Bands with low »' showed
little overlapping: bands with large »' 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"=1 and 2. (See also Hasson
et al. [173Ly

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 fyw
is at 14—0; the peak (RKR) Franck-Condon factor
[216, 172, 9] in the v'—0 progression is at 14—0. The
fvw 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™! to 0.25 cm™. Predissociation lifetime is

2(10-11) s; radiative lifetime is 2.5(10-%) s. The proba-
bility of predissociation is ~ 99 percent.

Hudson and Carter [202] found absorption cocffici ents
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 hv 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
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[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 fvalues 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, e}; 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 caleulaied 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 function of § for two isotopes, and found a
10 percent drop from N'=1 to 21; the r centroid was
virtually independent of /.

11.7. A*II, —X?Il, 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 A-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 <Tpy < 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 vpossible secondary process was considered: the
cascading to the b state from an unknown state having
T~ 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 O} 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;
ihsolute error was estimated as =0.1 us; relative error
asz20.02 ws.

‘Dufay et al. [122] have produced b—a- bands emitted
tullowing 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
quiem

Shemansky and Vallance Jones [353] have estimated
intensities of b—a bands in the aurora, from lifetime
uneasurements. [220a] and Morse. Franck-Condon
‘factors and 7~centroids [409].

Zare [421] has compared calculated rotational line
sirengths (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
guantum number v, but a detailed comparison with
theory requires more reliable intensity measurements.

i 1.9. lenization Transitions

“Nicholls [297] has™ calculated Morse-based Franck-
:ondon’ factors for ionization of O.. For ionization
5 (X} — 0:(X 337) the results are voided (as well as
he RKR results of Jain and Sahni [213]) because of an
increase of unity in the vibrational numbering [42] of
thé(O; ground state. Asundi and Ramachandrarao [21]
recalculated RKR Franck-Condon factors for the first
ionization transition using the revised yuantum 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 ionization to excited states of Of by
Jain and Sahni [213] for isotopes 1600 and 180,).
Dnly for the higher. vibrational levels of Of, 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

‘phnice 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 photoe}ecuon
‘pectra of Oy by use of two photons: He (584 A, 212 eV)
and Ne (736-744 A doublet, 16.8-16.7 eV). For the
'rmmd 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 mixture of direct photo-
ionization and autoionization. Edqwst 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 4 %11,
state. They also resolved the doublet structure of the
X1, state (separation of multiplet components .is
200 em-1).

Schoen [349], from early photoionization measure-
ments on O3, 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 ahsorption coefficients
for Oy 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 Watanabe [260], and Samson and Cairns [341]. The
sma]]acst band width used in these measurements 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. [3731 detected no O, absorption in the
region 4000-2050 A and concluded that absorption
coefficients were less than 10~* em!, 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 *I1
state by measurements in windows of the 1780—1850 A
region. The only two measurements give k=0.44 cm—!

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972
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at 1781 A and £=0.28 cm—' 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 absorption 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 410 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 coefficients
in the region of the Lyman a-doublet (1217.8-1214.8 1&),
For the doublet

AGA) kem ™)
1215.72 0.278
} +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 A5-0.95)A/ mm).
Ogawa [304] has summarized results of earlier measure-
ments, Gaily [151] has measured absorption coeflicients
(1215.67-1212.57 A) at 760 torr, for Lyman-a. He obtain-
ed kvalues roughly twice that of Ogawa. Otber windows
(k< 1) have also been studied (1300-1000 A) by Watan-
abe et al. [400], Watanabe [399], and Cook and Ching
[94]. (See also measurements by O%awa 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:
~ 1300 A.
1200-1100 A:
1100-~1020 A:

air windows (4 -~ 20 cm—1)-

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

in this region; none have been confirmed.

1020840 A:  intense diffuse Hopfield c~b bands
of Of. Rydberg series; ionization
continua overlapped by dissociation
continua (k ~ 300 cm ). ‘

<840 A: sudden onset of strong continua;

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

The fvalue for this region (A <1300 A) is ~ 6 [245,
407, 1]3 At 1094 A, 1069 A, and 1044 A, Watanabe and

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

3 Ladenburg et al. [245]. 1100-166 A. f=5.93; Weissler and Lee 407}, 1300-300 :{,f=‘6.1;
Aboud et al. {1],909-100 A, #=6.9.
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Marmo [401] observed absorption minima, with k-values
somewhat pressure dependent. This was interpreted as
indicating feeble but unresolved structure.

11.11. Miscellaneous (transition probability
parameters)

a. O3, B2Z;

Doolittle et al. [117], studying photoionization of
O, with (584—-358 A) photons, have observed possible
predissociation of Of, B2X;. 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— 4 2I,.

b. O

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 Os
against clectron attachment of 1 X 10~Y s,

c (O:):

Dianov-Klokov has obtained crude estimates of the
lifetime of the collision complex (Oz).. From band
widths [108] he obtained a lower limit 0.3X10-13 g;
the diffuseness of bands of the complex, hence the
spacing of its energy levels, exceed the spacing of the
a~X, 0. bands which are characterized by B~ 1.44 cm™'.

such that 7., < ;B% ~2X10-" g [109].

d. Other

Smith [358] has considered the effect of autoionizatior
on the relative intensity. of vibrational peaks in photo
eleciron spectroscopy. Qualitative calculations ar
given for O transitions to the OF 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 eV (namely, the neon doublet,
736 A and 744 A).

Jonathan et al. [222] have observed the photoelectron
spectrum of G2, a'Ay (to OF, X 2II,). The relative in-
tensity distribution was qualitatively different from that
obtained in the PES of O2, X®Z, 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-% s
(Lichten had assumed a lifetime of > 10-3 s). Freund,
in addition, obtained qualitative information on a
repulsive 3[1, Rydberg state of 0. having energy
22-23 eV.

Ogawa [305] has observed six absorption bands
originating in the a'A, state (a new band was found a

'1455.0 A). Tentative absorption coefficients were ok
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tained (1486.0-1408.5 A). Preliminary cross sections for
excitation of excited states of Op have also been ob-
iained 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
(), 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
natrices. .

{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 Pitts [6] have observed O:; a—X,
0~0 emission, together with simultaneous transiiions in
solid oxygen. The lfetime of O, (‘!Ay) was estimated as
< 10% 5 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'Ag,

c'2;, C*Ayi, and A33;. For study of all but the a’A,
state very long absorption paths are necessary. A
potentially strong charge transfer transition C3A,— 512§
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 B3X; state are still
under study. Potential curves calculated with CI wave-
functions indicate that the repulsive ®ll, state crosses
the left limb of the B3Z; state. Predissociation of the
B3%; state, primarily arising from spin-orbit coupling,
likely involves more than one repulsive state. The
answers to remaining questions concerning predissocia-
tivn of the B state may depend on more careful examina-
tion of the J dependence of measured line widths. v

Several states of OFf need further study: C?A,,
¢*2., B35 From among these only for the 13 state
has there been any rotational analysis. An electric dipole
allowed transition B 23 ; — A4 211, has not been observed,
but this 7, — o, transition is not inherently strong.

Pronounced changes in spin splitting are likely near
the dissociation limits of states B3Z; (O.) and A2l
(O%); the former had been discussed some years ago.

The most reliably measured of all oxygen transitions
remains b 127 —X?X_, 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 unceriainties in B, values and
band origins.
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TaBLE 1. Molecular constants, electron configurations, ana

i ion iss. issociation ener
State 1 T Te (2%)(;{}3&2‘,‘3‘%’)%@(3-”“) Ry o (:;D:,odw:'s stsuc ot ;ew Ke We WeXe We Ye WeZe ‘ Te l
e - . 10%dyne/cm b3
«*Z, |1980¢°8 i 2 &4 2 {is40]
7 172000 H
8z, [163702 W [163917 I 4 2 pgrip, 114203 | 14773 630 | (W156) (22)
ctaq (158700 H o4 2 3Pg+®p, {19200
b*xg" [146556 146752 P42 'Dg+ 'S, 20408 | 21002 675 [1i96.913 11713456 12796516 |
sz, 137435 137776 2 3 2 pgtts, 13662 | 14108 3.80 | 898.17 |13.568 1408220 |-
o', [129889 130161 2 3 2 *pgets, |21208 | 21723 505 |1035.534 |1032194 13816042
Xty | 97365 97204 2 2 2 4 pgt®s, | 53732 | 54681 1710 | 190513 |6.2818 L1TI23 1
¢ E,0,7) =—XPEg (0,) 10 = 198125  -R/An-0.159)%, n:3, ..(595-510 R) ; © = 198125 ~-R/An-0.955)", n:3, ...(595-510%) {
Rydberg series a‘:g'io,')‘—xmq‘ {0,) 10 = 163602 -R/(n-0.658)% n=4, ...{650-800 %) ‘
b 250 ) =X Eg (0;) 10" = 146568 -R/(n- 16791, n=5, ..{730-6601%) '
"y 89244.9 ;
By 882784 i
35,0 | 87369 a ap,
o'zt | 76262.4 | 78089 4 1 o) 1750 | pe2n) 9) ‘
8°xr,* | 75450 ' 75263 4 npm| 18.05 (1957) (19.7)
B33, | 4935815 | 4979433 2 3 3 Ppg+ t0giPr| 7770 | 8i21 2.37 |709.05770| 10.614080 |-059212435 |-.023974994 (16042799 |
ALt | 3500715 | 35398.70 2 3 3 *Pg* *Pg €253 6649 3,01 |799.08 12.16 -.550 152153 |
|
C3Ay; | 34318 34735 z 3 Pyv Py 6941 7312 265 (750) (14) 15y |
ez, | 32664 | 33058.4 2 3 pg*3pg | 859 8989 297 | 794.29 |12.736 -0.2444 00055 L84
. |
B'Egt 113120.9085 | 13195.314 2 4 2 spardpg  |2mi3s | 2sesz 967 [1432.6661 | 13.9336 | ~.0143 1.226843] ;
a'ag 7882.39 | 7918l 2 4 2 pgrip, 133378 | 34130 10.73 | (15093} (12.9) Laisee |
x*zg" [} [+ 2 2 2 4 2 *Pg* *Py 41260 42047| W77 |1580.1932 | 11.980804 |.047474736 |-1.2727481(-3) | 1.207535¢8
General: (a) Where indicated, the standard deviation of each coeffi- b'2%:  (a) Molecular constants fitted to v < 3.
cient is less than 5 units in the last non-underlined or non- (b) Yon=.129.
italicized digit. Because the coefficients are correlated. {c} Reproduction of &-X spectra, ref. [24].
additional digits are included to minimize roundoff error. (d) b4, o (0-0) = 5240,
Where approprlale., an'er.nr_v includ s, n parentheses. the ¢'2%7:  {a) Bands only having v=0, 6~11 have been studied; observed
power of 10 by which it is to be multiplied. .
' ¢—X bands lie far from the 0-0 band.
(b} ZPE = G(0)+ Ypy, both obiained from a low order poly- e , .
; i tb) Misprint in value of @, given by Degen [103] is corrected.
nomial fitted to several levels where appropriate. (b) Yay=—.84.
{c} Values of k. are.arbxlral'lly gve.n -to two deczmal.pl.ac.esv (d) ¢ state Ty is calculated.
(d} Values of r. are listed to many digits ‘T“IY 1o permit ff"”‘g (e} Reproductions of c—X spectra, ref. [189, 103].
for the purpose of numerically integrating the Schridinger Conn _ . . . K X
equation. Not all digits are significant in the least squares wis (a) AG(54)=611.16 for *A;. No other vibrational quantum is
souse. 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
Dy for the ground state as given by Babeock and Herzberg [24]in 1948. Birge-Sponer extrapolation gives too high dissociation
A reexamination of these ground state coefhicients is found in Ap- energies.
pendix C. (c) For the 6-0band Ay — 34, = 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
X"%;: (a) Molecular constants fitted to v < 21. only from electron configuration arguments. The electron
(b) 8.=—2.846158 {—6). configuration requires an inverted state 3A,; [189). The
(¢) Yoo=.275. higher energy subband of the 6-0 C-X band has beer
td} The X state deviates from pure Hund’s case b with increas- identified as %As because its effective B, is larger than for
ing.J. as expected [374]. since rotational energy increases 3As., implying a normal 3A state. The same argument is
with J. consistent with a 34, sublevel at higher energy, i.e., the
a ‘A, (a) Molecular constants fitted tov<1l. electronic state is inverted.
(b} w, and wex, have been estimated [191}, since the =1 level te) Vibrational numbering in this state is uncertain.
is the highest ohserved under high resolution. Absorption (f) Identification of C—-a bands is only tentative [81].
{from condensed oxygen includes ¢~X bands withy'=2.3 4 {#g) An approximate potential curve was drawn by Gilmore
186, 249]. {1611
() Yoo=.23. (h} Reproduction of C—X spectra, ref. {189].
(d) Miller [277] suggests a small correction to By for the effect () ou{0-0) (high pressure bands) = 34319.
of electronic mass carried along by the nuclei during mo- A%%F: (a) Molecular constants are fitted to v < 4.
Jecular rotation: this would alier the quoted values of B, (b) Formula fitted to D,’s includes a term: +0.10{-+1)2(10-5).
and re. (c) The 4 state deviates from Hund’s case b and approaches
(e) Reproductions of a~X spectra. ref. [191, 277]. case ¢ near the dissociation limit.
J. Phys. Chem, Ref. Datg, Vol. 1, No. 2, 1972
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Be Qe e (l:iﬁ) “oie) Z;::,;;" ﬁziz:ie:n System nome Speciral region ::E:ﬁ:q “');;’) Reterences
[1.557] e—~b V| Hoptield 2360 E 1940 b 2 250, 89
&72) b 6 417, 125
1.287297 |.02206747 594.18 {b—ea V | First Negative 853¢ ~ 4990 b 7 | 291, 408, 250, ¢
1.06297 0205830 4460 A—=X R | Second Negotive 6530 - 1940 b 23 | 385, 52, 53, 42,9
5 L104320  [.01545646 515.41 a—b [ 20 1291, 408, ¢
f 168912 .0195769 848.7 a 20 | 342, 42,365,52,53, 9
| i
8%
417, 303
417, 290
[1.450 -— 1230 o] 7
(1.4 48] -— 1245 [¢] 7
7086} [28.0} -— 1144.6 bt O 308
ambp V 1585 - 1538 i 7
1699 Q18 (960) ca—X ¥V 1280 - 195 b ' 4 7,308
(.7) 1.02) (974) |B=x VI 1295 - 1180 b 5 7, 308, 369
818975  |.0N9225  |~6.30472(-4) 35120 |B=eX R |Schumann-Runge 5350 -~ 1750 b 21 99, 62, 302, 3
.9i053 £i416 ~.00097 479 | -30 [(395.83) {A~=~X R |Herzberg I 4880 - 2430 b " 187, 63
C—~0 R | Chamberloin 4380 - 3700 81
High pressure 2925 - 2440 i 182, 141
[371es1) jC=—X R | (Herzberg It 2630 - 2570 a 3 1ag
0.9155 01394 ~.000740 {10.5] 393.08 |cwwX Herzbergq L 4790-4490, 27i5-2540 b [ 189, 103
1 b-—>o Noxon 19080 301
14004736 |.018169303 |-4.2941920 (-5)| 5.356 | .077 i?|2.97‘i beeX R |Atmospheric 9970 - 5380 b 5 24, ©
1.4263 L0171 [4.97] {751.66) [oawX R | IR Simospheric 15800 - 9240 ; 1 191
1445622 | 01593268 | 6.406456 (-5) ! 787.382 f b 27 99, 24, 62, 302, 9

(d) Triplet splitting of the A4 state, the reverse of the splitiing
in the ground state, has Fy > F, > F, [187]; paramﬂﬂ
X is negative for the 4 state.

e) Yoo =—.60.

() Tois caleulated.

(g) Reproduction of 4~X spectra, ref. [187, 1041

{a) Molecular constants are {rom a computer least squares
fit to levels v = 13, The entire set of coefficients in addition
to those tabulated includes:

Ys0 = 2.2067951 (—3), Yeo=—1.5990957 (—4),

Y79 =4.4274814 {— 6) for vibrational term values, and

Y (8e) =1.57426 (—6),Y 4, =6.70586 (—6),

Y5 =—9.35318 (—7), Yer = 2.90100(—8) for B . values.

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

(c) Position of »=-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 arc uncertain.

(d} Yoo=—0.66.

(e) Low order coefficients fitted to v = 4 are as follows:

e = 109.309, wex, = 30.6468, weye = — 0.138732: also
B. =0.81902, v, = 1.2055 (—2), y. =~ 5.56190 (—4).

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

76.175].

Ba%g:

[308] consider the evidence to favor 3%z,

(b) Ty is obtained from approximate we. wex. and extrap-
olation to v=10.

{c} Electron configuration and vibratiena! quantum assign-
ments are tentative.

v (a) AG(3)=1889.2.

(b} Vibrationa) levels are perturbed; wex. is only approximate
71

(0) Reproduction of a—X spectra, ref. [308].

(d) a—b, oe(0-0) =63141.5.

s2E: ta) Dy is abnormally large relative to thai of most other
states of O.. But D, for the 8 and « states are O(10-3)
[808).

(a} Alberti et al. {7] identified this state as ’Z,, 1 Ogawa et al.

{b) Reproduction of *=}—X spectra, ref. {308}.

YA, (a) Vibrational quantum numbering is tentative.

(b) 0a(0-0) (*A—a)=80396.0.

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

(b) Vibrational quantum numbering is tentative.

(e} u(0-0)} (1l,—a) = 81362.5.

e

MO Y- X0
BtO,)—X(0-) Rydberg series: Reproduction of spectra. ref.
417.371|.

¢(0;) =A(O.) Rydberg series: Reproduction of spectra, ref. [89a).

Rydberg series: Reproduction of spectra, ref. [303, 3711,
[303.

0;

X2, (a) Vibrational constants fitted by the author to v<10;
rotational constants fitted by Lofthus (unpublished).
th

te)

A -- 200 {see Albrition et al. [9) and the early
determination by Stevens [365)).

For some evidenee of A-doubling see Stevens [365].
The photoionization measurements of Samson and
Cuirns {342} as slighldy modified by the isoopic
measurements on the 4L —X?*7]; bands of O;
by Bhale and Rao [20. 42} give 97265 cm~' or
12.059 eV. Uncertainty of the photoionization
measurements was stared as =10 cm- '==:x0.001 eV.
A large uncertainty might be attached to this value
say Dibeler and Walker [111], because of partially
resolved autoionized bands in this region, as
vbzerved in an ionization efficiency cwive. In ad-

(e}
{e)

dition, the thermal distribution at room temperature
finds a peak population for j=28; the unresalved
rotational envelope could introduce an uncertainty
of ~17 em~!. Thc photoionization mcasurcment
is assumed to correspond to the i limit. The
thypothetical) 211 state without spin-orbit splitting
wolild be 100 em~' higher tthe separation of the
doublet levels in the O ground state is ~200 em~-!).

J. Phys. Chem, R§f. Data, Yol. 1, No. 2, 1972
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Foutnotes to table 1— Continued

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

(1) ©max(PESY= 20 [90]; vmay(spectroscopy)=16.

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

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

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

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

d) Yoo=10.22

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

(2} The term value is derived from the assumed posi-
tion of the v=0 level of X ?ll, state without spin
splitting plus the 0-0 origin (40070 cm '] caleu-
lated irom the limited number of A-X band
origins (table 24). A fit te¢ the band heads lo-
cates the 0~0 doublet at 39979 and 40179 cm-'.
The exirapolated band origin for 0-0 does not
lie quite nudway between the extrapolated doub-
lets (heads). and though based on few data poinis,
is based on more reliable data than the band heads.

(by A=8.2 [365]. A-doubling is negligible in the
measurenrents ol Stevens [365].

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

(d) You=10.3

te) Umax(PES)=16 [125].

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

1g) Reproductions of Oj, 4-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 vbserved band head positions.

The original data quoted uncertainty of £2 cm-?

(=0.0002 eV). Band head measurements would

give limit 146568 cm~'.

Molecular constants fitted by Albritton et al. [9]

to v 3.

(¢) Yoo==0.02

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

(e) oo(0-0) (Oy, b~a) = 16666.74

) Reproduction of Of, b~a spectra, ref. [408].

b

J. Phys. Chem. Ref. Data, Vol. 1, Ne. 2, 1972

C 2y

{unclassified)

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

Judge assumed the position of the A, state to be

determined as 19.68 to within 0.15 eV. Lindhoim [253}

has identified a possible Rydberg series from among

the energy-loss peaks obeerved by Geiger and Schrider

{158]; the limit is at 19.96 eV.

(a) Term value derived from Rydberg series limit
[417]. (Al-Joboury et al {11] first suggested thai
this state might be *X5, by analogy with correspond-
ing states in Ni).

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

(€) ro~ 1.34 A [161].

(d) Assuming identification of this state is correct,
there should exist bands for B?Z; — 4 2[1, with
o (0-0) ~ 26160 cm~' (3821.5 ‘\)

(¢) Vpmax (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]. Sjogren and Lindholm [357| assumed that

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

ion-molecule reaction.

ta) Rydberg scries limit {417] for & 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 &
state as derived by LeBlanc [250b] are not entirely
compatible with those derived by Nevin {291a], hut
clearly belong to the same state,

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

(€) Tmay (PESY=2 [125].

(d) Reproduction of O}, c=b spectra, ref. [250a].

Possible new states: Features tentatively identified as new states of

O; have been observed in electron and photon impact experiments

[262, 125. 340]. They occur at the following energies (eV): 23.5~23.9

tassumed to be *I1, 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.
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TABLE 2. Electronic configurations for molecular oxygen

Electron configuration
Molecule ' States
(loy) (ow)  QRoy) . Qoa}  Boy) (m) (Imgd  Bow)
1 2 4 2 €157, 22, P, B3t

1 4 2 234, By, C*Ay, 6955

O%
2 3 2 2lluiq 2Hn-, A 2Hu, 2Dy, a 41w
2 4 1 X211,
1 4 2 1 AL, 1B, WAy, 85, 320 (2), %y, S
2 4 1 1 1., *,

O,
2 3 3 1Tk, 187, WAy, A%EF, B3, C¥Au

2 2 2 2 2 4 2 X335, a4, 0153

OGPy +00P): b15F,155, ¢ 157, Ty, My @ 1Ag, A5

+ 3y +

w
(The 2411, 211, state is repulsive. and predissociates B 3%;7.)

5, X 3%7, 3y, 3Ty, € %A, 553 (2), %47, *11y, 511, 24

The 1421, ¥3;, 1A, states are slightly bound, but not observed spectroscopically.
For O3, the C 2A, state is known from possible Rydberg series and fluorescence. (See {ootnotes to table 1.)

For Os see sect. 2.4.

TABLE 3. Band origins of the a 1A, —X 33,7 atmospheric IR system (R)

Aolh) oolem™) v'-p'’ Ref.
{15800) 6327 0-1 385
12683.0 7882.39 0-0 191
10674.1 9365.89 1-0 191
(9240) 10820 20 - 86

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

0~0, 1-0 band erigins 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 cm~*, relative to cstimated gus phase positivus. (See

also Eilis and Kneser [126].)

TaBLE 4. Band origins of the b3} — X 3% atmospheric sysi

Isotope Ao oo Vo
&) (cm™?)
180, 7708.41 12969.2821 . 1-1
7619.33 13120.9085 0-0
6968.63 14346.076 2-1
6882.47 14525.6609 1-0
6369.80 15694.74 3-1
6286.61 15902.4174 2-0
5795.13 17251.0922 ’ 3-0
5383.49 2(13571.13) 4-0

Data from Babcock and Herzberg [24]; refitted using least squares
by Albritton et al. [9].
2 Obtained from fragmentary data by Ossenbriiggen [311].

160170 7618.71

6891.67

13121.978 0-0 -
14506.26 - 1-0

Data from Babcock and Herzberg [24]

1600 7618.12

6899.96

13122.986 0-0
14488.84 1-0

Data from Babcock and Herzberg [24].

J. Phys. Chem. Ref. Data, Vol. 1, Ne. 2, 1972
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TaBLE 5. Band heads of the b '3} —X 32- armospheric system (R)

it o o' Ref.
(,51) (em™h)
TaBLE 6. Band origins of the ¢ ‘57 ~X 32, Herzberg
(9970) 10027 0-2 240 11 system (R)
{8803) 11357 2-3 196, 184
8697.8 11494.0 1-2 196, 184
(8623) 11594 0-1 226, 270 Ao o g
8103 12338 5-5 183 (&) (em) vy
7987 12517 4-4 183
7879.17 12688.20 3-3 196, 184
7779.03 12851.54 2-2 196, 184 (a) emission
7683.85 13010.73 1-1 196, 184 4791.4 20864.7 0-8
7593.73 13165.14 00 196, 184 4491.5 22258.3 0-7
7240 13808 5-4 183
7141 14000 4-3 .18 Data from Degen [103].
7043 14195 32 183
6953 14378 2~1 ] 183
6867.2 14558 1-0 98 (b) absorption
6276.6 ‘ 15928 2-0 98 2714.5 36828.75 6-0
s . 2672.3 37409.55 7-0
Presence of the 0—-2 band in the night sky has been suggested by 2634.0 37954.11 8-0
Dufay [121]; Krassovsky [240], using higher dispersion did not observe 2599.2 38461.30 9-0
it. Findlay [138], did observe it in an afterglow from an oxygen dis- 2568.0 38929.70 10-0
charge. Many bands (showing some rotational struciure) were observed 2540.0 39357.80 11-0
in CO-0, explosions by Hornbeck and Hopfield [196] and Herman et B
al. [184]. Most intense were 0-0and 1-1. Herman et al. [183] produced Data of Hersberg [189].

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 01 [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 o the origin of that band; the head position given above
was derived from this value.

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 (A) of the ¢ 'Z; —X 35~ Herzberg 1l system

o 0 1 2 3 4 5 6 7 8 9 10 11 12
0 3060.6 32137 3380 3 35A2 O 3761.2 3080.3 4222.4 4491.3 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 | K070.6 | 54998
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 | 2052.2 | 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 whese publication this table was taken.

4. Phys. Chem. Ref. Datg, Vel. 1, Ne. 2, 1972
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Ag o
(A) {em=1) v~y
2578.62 38768.79 Fs
60
2588.36 38622.88 F.
2619.93 38157.63 50 F3

Pdata from Herzberg [189]. Vibrational quantum numbering is

sneertain,

{(b) Band heads of diffuse high-pressure bands (R}

2924
2913
- 2904

2855
2842
2832

795
2783.9
2769.1

2739.8
2729.9
2720.7

2689.8
2679.3
2671.6

2642.7
2632.7
2626

2598.8
2590.3
2582.4

2559.9
2553.5
2537

2525.4
2517
2510

2497 .4

2488.7
2482

2472.5
2465.1
2456.5

34190
34319
34425

35016
35176
35300

35768
35910
260292

36488
36621
36744

37166
37312
37420

37829
37973
38068

38408
38594
38712

39052
39150
39305

39596
39718
39821

40030
40169
40278

40433
40554

1-0

3-0

4-0

5-0

7-0

8-0

2-0

bata from Herman [182] and (a) Finkelnburg and Steiner {141].
T quantum assignments by Herzberg [189] are tentative. These
tendless absorption maxima were first observed by Finkelnburg and
stviner [141] in oxygen at pressures from 60-600 atm; path lengths
swre 0.2-2.6 m. These bands have not been observed at low pressures

(below 1 atm). More recent measurements by Herman [182] extended
this system to longer wavelength. Herman observed that these triplets
increased in strength with increased pressure, while the A~X bands
which they overlap, disappeared. The center absorption maxima
(strongest) correlated closely with the wavelengths of the 4-X bands.
Herman observed, in addition, feeble structure in the region 2990~
3017 A, and around 3050 A. “The spacing and weakness of this
structure,” said Herman, “made it impossible to tell whether this was
a continuation of these triplets.”

TaBLE 9. Possible 3A,— A, bands

Ay o Tentative
A v identification

4378 ' 5-5 3A,
4326 5-5 3Ag
4317 34 3Ag
4244 4~4 344
4240 6-5 37,
4221 4-4 3Aq
4215 65 57,
4135 1-2 3A,
4127 5-4 3,
4114 3-3 %Ay

5-4 3A2
4107 { T "
4090 3-3 3A,

5~4 3As
4086 {}__ ; o
4071 3-3 3Ag
4031 64 34,
4009 6-4 5A,
3985 ' . 64 37,
3887 3-2 SA,
3866 3-2 3A,
3861 5-3 3A,
3844 3-92 3A,
3813 6—3 3A,
3792 6-3 . 3A,
3771 6-3 37,
3698 5-2 3A,

Data from Chamberlain [81]. Quantum numbering is tentative.

TABLE 10. Band origins of the A3%} — X 3% Herzberg I System

oo v'-o" oo v'~y"
(35007.15) 0-0 39138.54 6—0
35780.06 1-0 39681.29 . 7-0
36523.85 2-0 40166.80 8-0
37234.84 3-0 40584.67 90
37910.23 4-0 40920.45 10-0
38546.26 5~0 41153.94 11-0

Data from Herzberg [187]: ¢ values are larger by unity than those
used by Herzberg (see Broida and Gaydon [63]). 0~0 band position
is calculated. The 10 band position is derived from relatively frag-
mentary data.

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)

i o H o= Ref. An ou I v’ =" Ref.
(A {fem™1) . (A) (em™)
4880 20486 2 0-10 3292 30368 4 4-5
4577 21835 5 0-9 3285 30433 7 24
4421.9 92608.3 4 1-9 30 3957.1 30693.8 4 7-6 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 44
4170 23974 6 1-8 3080 32458 e 5-4
4064 24599 5 0-7 3066 32606 5 3-3
4044 24721 2 2-8 30 3026 33037 3 64
4041.2 24738.4 2 49 30 3002 33301 5 43
3938 25386 7 17 2945 33946 5 5~3
3842.2 25435.1 2 3-8 30 2931 34108 1 3~2
3840 26034 5 06 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
3737.1 96746.6 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 72
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 281414 4 5-7 30 2622 38127 3 7-1
3-6 2588 38628 2 8-1
342 ) 2823 8 {1f5 2563 39005 1 9-1
3479.3 28733.6 4 6-7 30
3459* 28902 2 4-6 30
3453 28952 8 2-5
3414.7 29276.4 4 7-7 30
3370 29665 10 3-5
3366.5 29695.7° 2 1-4 30
3315.7 30151.0 2 60 30

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

). 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
Barih ard Kaplan, Numesvus additional bands have been auribuied
to this system. with only quantum assignments suggested but ne
wavelengths reported. See refs. [29, 80, 102].
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TaBLE 12. Band origins of the B *2;—X 3%; ‘Schumann-Runge system (R)

{a) emission ’
Ao oo v'=v"" | - Ref Ao oo vy’ Ref. Xo oo V=" Ref-
A (em-1) (&) (em™1) (&) {em1)
1345.61 18701.74 | - 5-27 183 3500.0 28563.5 2-16 256 2527.6 39551.1 3-8 136
: 18749.1 2-25 | 183 3433.4- 29117 - 1-15 324 2521.9 39641 -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 403046 | 2-7 | 134,395
1905.3 20380.4 - | 3-24 183 3293.7 | 30352 1-14 324 2478H 40343 0-6 218
18168 20754.9 | - 2-23 183 3232.9 30923.0 0-13 256 24415 40945.9 3-7 136
40724 21396.3 3-23 183 3223.0. | ‘31018 2-14 324 2405.1 | . 41566 4-1 324
#586.6 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 32204.4 | - 0-12 256 2391H 41811 0-5 278
4455.6 22437.4 3-22 .| 183 3039.4 32892.2 1-12 134 2371.4 42156 5-7 324
4422.9 22603.3 | 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 0-4 278
1292.4 23290.6 1-20 256 2923.4 34197.3 1-11 134 2325.8 42982.4 4-6 136
4214.7 23719.8 0-19 256. 2869.8 | . 34835.7 0-10 134 2316.1 43162.6 2-5 136
4173.2 | 289559 | 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
4021.1 | - 248616 0-18 | 256 2762.7 -36185.7 | 0-9 136 2265.0 44136 66 324
3987.3 25072.4 2-19 256 2762.5 36188.3 2-10- 136 2250.5 44420.5 4-5 136
5912.8 25549.0 1-18 256 2711.2 36672.0 1-9 134 2221.0 45011.2 &5 136
“3841.1 26026.7 0-17 256 2663.2 | 37537.9 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
3073.2 27216.2 0-16 256 2618.6 38177 39 324 2168.1 46108.3 7-5 136
3651.2 27380 2-17 324 2613.9 38245.2 | 1-8 134 2151.0 46476.0 5-4 136
3583.0 27901.6 1-16 256 2569.3 38910.1 2-8 134 2144.5 46616 8-5 324
'3516.6 28428,7 0-15 256 2567TH 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'
wrd-21; 2-22, 23, 24, 25; 3~22, 23, 24. For some of these bands only
maderate to high V values were observed (11 to 50). Wavelengths of
Band origing are included for 0-20, 3~25, 5-27, though no fine struc-
e - was “published. Calculated positions of additional long-wave-
tength bands have also heen given.

“lochte-Holtgreven. and Dieke [256] observed no low-J lines for
bands 2-15 and 2-16. For 0-11 they observed structure only for high
1 values [3061-3128 Al

Rakotoarijimy, Weniger, Grenat [324] give only a Deslandres table
vl hand orgin wavelengths, but no fine structure.
Feast [134].

Millen 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 measnred by Hebért and Nicholls [176];

measured line positions differ by several em=! from the more ex-
tensive measurements of Feast and Garton [136]. Many bands which
have been observed under low resolution (40 A/mm) in an auroral
spectrogram have been attributed to O, B ~X. These identifications
by Vegard and Kvifte [390], with many bands assigned ¢" > 20, are

‘ uncertain.

' J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972
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TaBLE 12. Band origins of the B 3%y —X 327 Schumann-Runge system (R)— Continued
{b) absorption
As fex] v'=p"’ Ref. Ao Ty v’ Ref. Ao Oy vy’ Ref.
(A) {em=1) (&) (cm-1) (&) {em™)

4671.73 21399.36 323 142 2282.2 43804.1 3-5 136 1024.5 51062.0 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
4379 19 2986541 2-21 142 2178.7 45885 4~4 302 1902.54 52561.39 5-0 3
4292.08 23292.18 =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 64 302 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 60 2
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 -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 84 302 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
3516.11 28432.39 015 142 2037.7 49059.2 T3 302 1825.3 54704.0 14 1 306
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 44.57 | 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 33507.90 011 142 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 72 306 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 69
2521.9 39644.6 1=t 181 1967.0 50840.1° 11-3 306 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 290 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=10670 °C. Rotational
constants of Curry and Herzherg [99] were used.

Feaet and Carton [136].

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

Ogawa and Chang [306].

Fitzsimmons and Bair [142] observed numerous band heads twhich
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 46704: 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 detected in flash photolysis of ozone [264], but
no wavelengtho were givon, Head origin ccparation for these bande
is about 1 em~1.

Carrall[76] observed three band heads.

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

Ackerman and Biaume [3]. These extensive new measurements
supersede the earlier work of Curry and Herzbery [99] and Knauss
and Ballard [233].

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 B3%F <X 335 svstem (V)

Origins ?
‘oo o' t Ref.
(em-1) ‘
79228 2-~Q i 31
81072 3~0 1 37
Band heads »
n Ax an 1 v/ =" AG
‘ (A) (em~1)
3 1293.31 77321.0 2 1-0
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
-1205.38 82961.4 9 (4-0)
1204.54 83019.2 9
1182.32 84579.5 5-0
1181.64 84628.1 2

# Data of Alberti et al. [37]. Bands labeled 2-0 and 3-0 had pre-
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TABLE 15. Bands of the o 153 < b1S2 system (V)

To v v

& {em~1)
1583.9 63141.5 -0
1571.9 63625.9 1-1
1537.9 65031.0 1-0

Data from Alberti et al. [7]. The 1-0 band appears diffuse because
of overlapping P and R branches; rotational structure of the other

two is sharp.

TABLE 16. Bands of the *} <= X33 transition

viously been obeerved by Tanaka [369] under low rcsolution (bis
progression 1). Alberti et al. did not observe the 1292.5 A band, but
Opawa 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 Alberti et al Rata.
tisnal structure was diffuse and only partially resolved.

" Data of Tanaka [369]. These appear to belong to one term in a
X3y (OF) <= X327 Rydberg series. v’ numbering of Ogawa and
Yamawaki [308] is one unit higher than that originally suggested
““fanaka [369] and assumed by Alberti et al. [37]. Tanaka expected a
- slrong predissociation of " =4; the intensity for the band labeled
“4-0 is irregular with respect to other bands in the progression; the
hand position is about 150 cm=1 larger than the expected position, so
ilentification is uncertain.

TasLk 14, Bands of the o 23 < X *Z; system (V)

Ay oo v ="
& (em~1)
1279.5 78151.3 1-0
1250.0 80002 2-0
1222.1 81822.7 3~0
1196 4 83500 .6 14-0

Data from Alberti et al. [7}. Misprints of 40 line positions and
liund origin have been cerrecied by Ogawa and Yamawaki {308].
Thie 2-0 band is diffuse: the others are sharp. The 0—0 band position
-1300 A is overlapped by a strong continuum. Some of these bands
lhiad-previously been observed under low resolution. by Tanaka [369]
ilils. progression II), but had not been identified. Observed bands
are-weak. -

Ay
A

a0
{em~1)

="

1144.6

7369.1

Data of Ogawa and Yamawaki [308].

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

Am

. oo o=y
{8) (cm)
1243.8 80396.0 0-0

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

TaBLE 18. Bands of the 'Tl, < a A, transition

TAy To '=p"
(fx) {em~?)
1229.0 81362.5 00

Data from Alberti ©t. al. [7]. Strong, vuly partially resvived I, @, R
branches. The upper state is perturbed.

J. Phys. Chem. Ref. Datg, Vol. 1, Ne. 2, 1972
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TABLE 19. Streng Rydberg series h327(03) <« X¥Z-1(0,)
n AA)2 i olem™!) n* AG 2 n A @ 7 ofem~i) n¥ AG
{0~0)} band series (2~0) band series AGsp
5 732.992 10| 136 571 23131 | 174 | 5 720.063 71 138877 | 33158 | 1006
6 710.613 o | 140 724 43333 | 1165 || 6 699.071 3| 143 047 43458 | 1131
7 700.713 7| 422 53347 | 1157 || 7 689.695 5| 144 99 58279 | 1086
8 695.292 6 | 143 835 63247 | 1167 || 8 684.384 o | 146117 6.3280 | 1002
9 691.931 5 | 144 523 7326 | 1170 || 9 681.130 3| 146 815 7.330 | 1095
16 689.69 5 | 144 992 834 | 1162 || 10 678.981 1| 147 280 8339 | 1096
1 688.212 6 | 145 304 9318 | 1164 || 11 677.525 2 | 147 59% 9327 | 1092
12 687.133 7l wasssz | 1w029 | 1165 || 12 676.485 4| 14782 |1030 | 1089
13 686.317 4 | 145705 | 1128 | 1162 || 13 675.673 2 | 148001 |1132 | 1003
14 685.678 4| 1as8a 1220 | 1162 || 14 75.076 31 148131 |12.29 1095
15 685.198 4 | 145943 | 135 162 || 15 674.606 4| 14825 |1327 | 1095
16 684.838 7| 146020 |1415 | 162 | 16 674.250 31 148313 {1420 | no
17 684.492 2 | 146094 |1522 167 || 17 673.905 1 148 389 | 15.31 1088
18 684.211 3| 14615 |63 1163 || 18 73.653 0| 148444 |1630 | 1093
19 683.988 2 | 146202 |173 1161 || 19 673.431 0| 148493 |174
20 683.805 2 | 424|183 1162 || 20 673.258 1 148 532 | 184
21 683.651 1] 186273 |193 163 || 21 673.102 1| 1ssee 1194
22 683.520 1 146 301 | 203 1163 || 22 672.983 0| 148502 | 203
23 683.408 1 14632 |23 1163 || 2 672.872 0] 148617 213
924 683.312 0| 146346 202 1166 || 24 672.789 00 | 148635 |202
25 683.217 0] 146366 |233 161 || 25 672.707 00 | 148653 | 232
26 683.130 o | 14638 244 1162 || 26 672.619 00 | 148 673 | 244
27 683.076 0| 146397 253 1162 || 671.781::0.014 148 858+3 1090
28 683.011 0 | 146410 |264 1162
20 682.961 00 | 146421 | 274 1163 (3-0) band sorics
30 682.906 VY] 146433 28.5 DG
31 682.863 00 | 146 442 296
o 682.277:0.009 146 568::2 ne2 |, 10425 2 | 130 073 23168 | 1066
_ 6 693.585 1 144 178 4.3612
(10} baud serics AGuw || g 684.568 2 | 146 078 53250 | 1069
5 725.977 10 137 745 3.3152 | 1132 2 6;9'327 ! 147 209 6‘3230 1056
6 © 704778 10| 141 889 43343 | 1158 676.086 L] 17910 733
o ; : 10 673.963 1| 148 376 8.355
7 605.078 6 | 143 869 53310 | 1123 .
8 689.695 5| 144 992 6.3305 | 1125 || M 672.547 2] 148688 9834 | 1060
. P 2 |1 o s | 10 || 12 671,538 3| w891z | 1020 | 108
0 68011 R I bons | 1oe |l 13 670,716 1 149 094 | 1134 | 104
14 670.127 1 149 226 | 12.33 1067
11 682.743 5 | 146 468 9324 | 1128 :
12 681.676 6 | 146697 |1031 126 || 1® 665.659 L} 149330 | 13.82
13 680.888 3| 14687 |1128 | 1134 || 1O 669,281 07y 149414 1434
14 680.260 4 | 147003 |i228 | 198 || 7 668.999 O} 19477 1526
15 679.789 5 147 105 | 1395 mse || 18 668.733 0 149 537 | 163
* 666.898::0.027 149 948:-6 1060
16 679.433 3| w7182 (1415 | na
17 679.066 1| 14721 |1530 | 1128
18 678.809 1 147 317 | 163 1127 (4-0) band series
19 678.595 1| 147363 173 1130
20 678.412 1 147 403|183 129 || 5 709.026 o | 141 039 3.3178
2 678.259 1| 7436|193 130 || 6
2 678.131 1. 147 464|203 128 || 7 679.503 0 | 147147 | 5331
23 678.018 1| 147489 | 213 18 || 8 674.466 0 | 148 265 6.326
24 014911 v | 187512 | 224 uzs || v
25 677.844 0 | 147527 232 1126 || 10
26 677.760 0 | 147545 243 128 || 11 667.790 0 | 149 748 9.332
27 677.694 0 | 14755 253 12 666.801 0| 19970 | 1028
28 077.635 00 147 572 26.3 13 606.011 0 150 148 11.30
29 677.581 00 | 147584 | 274 14 665.367 0| 150203 | 1239
w 676,911 0,014 147 7303 1z | » 662.2170.035 151 0088

> Estimated 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 approximaied band origins is 146556 cm=—.

J. Phys. Chem. Ref. Data, Vol. T, No. 2, 1972
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Tasre 20. Feak Rydberg series b *¥7(03) « X *E(02)

n AA) i 1 o(em) n* AGy

(0-0) band series
T

5 727.634 [ 1 137 432 3.465 1150

6 708.483 0] 141 147 4.497 1114

7 §99.409 3] 142 978 5.525 1096

8 694.845 3| 143 917 6.428 1257

9 691.415 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 1163

13 686.157 1] 145 739 11.47 1165

14 685.521 11 145 874 12.53 163

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

o 682.27 = 0.10 146 57020 1160
{1-0) b band series AGar

5 721.593 0 | 138 582 I 3.463 1154

6 702.931 2 | 142 261 4.478 1174

7 694.087 1 144 074 5.476 1133

8 688.830 1 145 174 6.547 1055

9 685.873 1 145 800 7.533 1103

10 683.988 2| 146 202 8.463 I

11 682.582 Q 146 503 9.442 1140

12 681.510 1 146 733 10.47 1128

13 680.719 0 | 146 904 11.49 1140

14 680.102 0 | 147 037 12.55 1130

15 679.652 1 147 134 13.53 1131

16 679.307 4 147 209 14.46 1130

17 A78.981 1 147 280 15.55

o 676.91 +0.09 147 73020 1130
(2-0) band series

s 715.624 [ ; 130 736 3.467

6 697.179 Q| 143 435 4.495

7 688.673 0| 145 207 5.477

8 683.857 0| 146 229 6.453

9 680.719 0 1 146 904 7.480

10

11 677.309 00 | 147 643 9.479

12 676.311 0 | 147 861 10.45

13 675.474 00 | 148 044 11.57

14 674.914 00 | 148 167 12.54

15 674.466 00 | 148 265 13.53

16 674.130 00 | 148 33¢ 14.45

© 671.77+0.09 148 860+ 20

Data from Yoshino and Tanaka [417].

J. Phys. Chem. Ref. Data, Val. 1, No. 2, 1972
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TABLE 21. Strong Rydberg series B2Z;{03 ) X?5-(0z)

n MA) 1 ofem-) n* AGi n AMA) I o{cm™") n* AG s
(0~0) band series (2-0) band series © AGsp
4 | (702.6) 142 320 102 || 4 | (692.1) 144 488
5 | 651.349 6 | 153 528 3.984 | 1140 || 5 | 642.09 5 | 155 740 3.290 | 1014
6 | 633.903 6 | 157 753 2205 | 1120 || 6 | 625295 4 | 159 943 4.297 | 1040
7| 625.797 6 | 159 796 5310 | 1114 {1 7 | 617.35 7 | 161 982 5.303 | 1029
s | 621.308 3 | 160 951 6.315 | 1106 || 8 | 613.007 3 | 163 130 6.311 | 1028
9 | 618.622 4 | 161 650 7312 | 1130 1l 8 | 610.370 4 | 163 835 7317 | 1019
10 | 616.867 4 | 162 110 8.301 | 1117 {|10 | 608.637 4 | 164 302, 8.325 | 1025
11| 615.59 5 | 162 444 9.339 | 1103 |[11 | 607.464 4 | 164619 | 9310 | 1023
12 | 614.742 5 | 162 670 10.31 1108 |12 | 606.597 3 | 164 854 10.32 1023
13 | 614.070 1| 162 848 11.33 1109 {{13 | 605.954 2 | 165 029 11.32 1020
14 615.567 2 162 981 12.24 1108 14 605.473 ‘ 2 165 160 12.31 1028
15 | 613.182 3 | 163 084 13.32 109 ({15 | 605.073 2 | 165 269 13.35 1018
16 | 612.879 3| 163 164 14.28 mz |16 | 604.771 1| 165 352 14.35 1017
17 | 612.642 4 | 163 228 15.20 1110 {17 | 604.524 1| 165 420 15.36 1010
18 612.302 1 163 294 16.4 1106 {118 A4 R95 1 1A5 474 1A.3
19 | 612.234 2 | 163 336 17.3 1105 |11 | 604.170 0 | 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 (8-0) band series
23 | 611.749 0 | 163 466 21.5
2 | 611667 0 | 163 488 22.6 5 637.941 3 | 156 754 3.288
w | 610.8660.025 163 7027 109 )| 6 | 621.184 1 | 160 983 4.304
7| 618.454 2 | 163 011 5.307
(1-0) band series AGye 3 6UY. 1Y 3 164 158 6.318
o | 606.598 3 | 164 854 7.311
4 (697.2) 143 431 |10 604.863 2 165 327 8.333
5 | 646.547 8 | 154 668 3.289 | 1072 1! | 603.710 1| 165 642 9.315
6 | 629.435 7 | 158 873 4299 | w70 [|12 | 6V2.85 1| 165 877 10.32
7 | 621467 6 | 160 910 5.303 | 1072 |13 | 602.23¢ b 166 049 11.81
8 | 617.069 6 | 162 057 6.316 | 1073 ||}4 | 601.730 i) 166 188 12.35
9 | 614.402 6 | 162 760" 7.314 | 1075 ||}° | 0601360 0 | 166 287 13.33
10 612.645 4 | 163 227 8322 | 1075 i‘; 2%'3% 3 ;zg jgg ii?‘;
11| 611445 4 | 163 547 0317 | 1012 |1°0 ) CONRE e sonas |
12 | 610.581 4 | 163 778 10.3) 1076 oTL =R
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
2 | 607.969 0 | 164 482 18.3
® | 606.756%0.011 164 8113 1074

Data from Yoshino and Tanaka [417]. Gilmore {161} assigned the Qf state which is the series limit as most likely 22 7. n=4 terms observed
by Tanaka and Takamine [371}.

4. Phys, Chem, Ref. Dato, Vol. 1, No. 2, 1972
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TABLE 22. Weak Rydberg series B*55 (0f)« X 335 (O,)

n AR) I of{em-1) n* AGyz
(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 1049 | 1112

13 613.950 1 162 878 11.87 1113

® 610.87+0.12 163 700:x30 1110
(1-0) band series AGae

7 620.665 | 161 118 5.452 1113

8 616.680 0 162 159 6.434 1069

9 614,265 1 162 796 7.383 1080

10 (12 519 0 163 260 R416 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

o 606.76£0.11 164 81030 1080
(2—0) band series AGss

7 616.406 2 162 231 5475 969

8 612.642 4 163 228 6.418 1035

9 610.217 1 163 876 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

= 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

o 606.423 0 164 902 7.403

10

11 603.559 00 165 684 9.483

o 599.16:+0.07 166 900+20

Data from Yoshino and Tanaka j417}.

J.- Phys. Chem. Ref. Data;, Vol. 1, Ne. 2, 1972
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TaBiLE 23.  Strong Rydberg series ¢ 12,(03) < X 32 7(02)

(0-0) Band series

(1-0) Band series

]

n A(A)Y olem~1) n* n % rA) oiem™) n*

3[1 <32 Transitions
& 542.28(x0.1) 184 410 2.828 4 537.88(::0.1) i85 920 2.825
5 524.68(+0.1) 190 580 3.817 5 520.42(+0.1) 192 15¢ 3.822
6 517.13(0.05) 193 375 4.807 6 513.02(=0.1) 194 920 4.81
7 513.02(x0.1) 194 920 5.86 7 509.08(x0.05) 196 433 5.83
8 510.79(=0.05) 195 775 6.83 8 506.78(=x 0.05) 197 324 6.85
9 509.23(=x0.05) 196 375 7.92 9 505.25(=0.05) 191 922 1.93
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 £ 199 665(+30)
i2 507.14(%0.05) 197 184 10.80
oo 198 125{(x30) ‘

3% «—3% Transitions

i
E 504.32(£0.2) 168 260 1.917 3 589.04(:+0.2) 165 770 Lo
4 537.24(x£0.1) 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(%0.05) 193 817 bR TS ) S11.92(4+0.05) 195 343 5.045
7 512.49(=0.05) 195 126 6.05 ® 199 665(==30)
8 510,40(=0.05) 195 925 7.06
o« 198 125(=30)
. : . o R . _ R

Data from Codling and Madden [89]. I] series fitted by o= 198125 — -(ﬂ—_l—]—s—g—)g 3 series fitted by 0=198125— m)w_,

TABLE 24. Band origins of the 4 *1},—X 11, system of O,

ay(em=1) DA ou{cm=') v
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 -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 Bozoky
[52. 53] by A. Lofthus. Both Stevens and Bozoky published detailed
line lists and rotational constants but not band origins.

L. Phys. Chem. Ref. Data, Vel. 1, Ne. 2, 1972
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TABLE 25, Bond heads of the A, —X i, system of OF (R)

A (A) on (em”) i v’ Ref. Air (IEU oy {eml) I v’ =" Refl.
17 6531.8 15305 0-15 71.255 4238.0 23589 G 1-10 135
k1 - -

_ - 1-15 237 4219.1 23695 0 3-11 221
6102.9 16381 4182.2 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 24684
5304.2 18637 415 i 3972.0 25169 1-9 71
5308.6 | 18832 3943.6 25350

— — . 3~14 71.135 3959.4 25249 G 5-11 221
5142.9 19439 - 3 3929.0 25440 7
5154.8 19394 5-15 71 3959.4 6 3-16 221
5102 19595 3 i35 3929.0 7
5086.3 19655 0-12 287 3859.5 23003 8 0-8 221
5035.1 19855 3830.5 26099 8
4871.6 26496 1-12 287 — — 9-9 59
4826.3 20714 REERY 26211

- - REEST Tt 37339 26774 8 -8 991
4783.8 20898 3706.6 26971 8
4803 20815 3 5-14 | 135 3727.5 26820 . 8 3-9 223
4760 21002 : 3700.5 27016 8 135
4720.8 21177 0-i} 287 3653.0 27367 2 &-11 138
4678.6 21368 - -

- - 2-12 71 3629.8 27542 8 -7 221
14636.5 21562 3603.7 27741 7

_ _ 6-14 52 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

- - #3-312 71 $517.7 28420 8 =T 221
4466.5 22383 3494.2 28611 7
4403.0 22705 4 0-10 Pral - - 1011 135
4363.2 22012 127 i 54655 20844 1
4368 22887 : 2-11 52 29221 8 66 291
4331 23081 29422 8
4351.0 22977 4-12 73 3416.2 29264 2 9-7 221
4313.4 23177 3393.3 29463 4
4348 22992 6-13 52 3351 29837 3 7-9 52,135
4311 23189 3330 30023
4271.8 23403 #11-15 71 3334.2 29984 5~8 135
4237.0 23595 3312.7 30178
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Tasig 25, Band heads of thejA *I1,—X 11, system of O3 (R)— Cominued
a (A) oplem™H) 1 V=" Ref. A (A ow {cm~1) v’ =" Ref.
3322.6 30088 6 37 221 2839.7 35205 9 34 221
3300.3 30292 6 2823.7 35404 8
3322.6 30088 6 1-6 221 2821.0 35438 &6 255
3300.3 30292 6 2806.1 35626 3 221
3271 30504 8-9 52,135 2776.7 36003 7 4-4 221
3257 30699 3 2761.9 36196 7
— - 11-10 135 2763.0 36182 2-3 247
3225.8 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
3231.2 30939 8 -6 221 2703.2 36982 2 3-3 255
3210.8 31136 8 2688.5 37184 2 221
-— — -8 1338 2691.5 27143 1 -5 135
3160.7 31629 2677.8 37333 1
- - 57 221,255 2666.5 37491 4 6-4 221
3141.0 31820 5 2652.2 37692 4
3148.1 31756 36 255 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
30713 32550 4-6 247 2594.3 38535 8 53 221
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 35 221 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
2937.1 34038 2 G '6 221 2500.6 39078 6 7-3 221
- - 2488.3 40176 6
2919.8 34239 8 45 221 2478.0 40343 4 52 221
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 76 135 2433.5 41081 3 6-2 221
2860.0 34955 3 2421.8 41279 2
2854 35025 55 52 2392.6 41783 3 -2 221
— - | 2381.0 41986 3
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TABLE 25. Band heads of the AIl,~X 11, system of O3 (R)— Continued

n(A) outem=) | 1 | oo Ref. Mmd) | ou(em) P v Ref.
- - 10-3 7 -~ -~ 100 42

2371.8 42149 2097.1 47671
2354.3 42462 1 8-2 221 2090.3 47824 14~1 287
2343.3 42662 1 2080.8 48042
2330.3 42900 6-1 247,221 - - 11-0 42
2318.4 43120 1 20715 48260
2317.9 43129 9-2 127 2068.3 48334 151 287
2307.2 43329 2059.7 48536
2291.1 43034 ™1 127 - —_ 12 0 42
2280.5 43837 2046.4 48850
2284.9 43753 10-2 127 2048.1 48810 16-1 T
2274.6 43950 2039.8 49009

- - 81 127 - - 13-0 42
2246.2 44506 2024.3 49385
2252.8 443(5 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 1141 287 - -~ 21-1 71
2155.3 40383 1066 50865 |
2138.6 46745 12-1 287 - - 291 71
2128.4 46969 1956 51125

- - 90 42 - - 23-1 T
2125.8 47026 1942 51493
2112.2 47329 13-1 287
2103.7 47520 L

Data from Johnson [221], Ellsworth and Hopfield [127], Mulliken
nd Stevens (2871, Bozdky [52], Lal [247], Feast [135], Byrne {71},
wd Linton [255]. Band head measurements by different authors
sometimes disagree by more than 1A. Blending has also led to more
than one possible quantum assignment for some bands. The v" quan-
lum 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
not always consistent with these wavelengths.

Ellsworth and Hopfield [127): For bands below 23004, vacuum
savelengths were published. For wavelengths above 23004, air wave-
lengths were published. In the above table air wavelengihs are given
above 20004

Ieast {135): Mislabeled a band at 4218.3A as the R, head of the
120 band. Johnsen [221] had previously observed a head at 4219.1A,
the Ry head of 3~11, which is likely the same feature. Feast used

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

Byrne [711: Vacuum wavelengths ohserved below 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 electron bombardment of oxygen, produced some bands of
this system. The pair of heads at 4772.5, 4725.0A do not belong 1o the
5-13 transition as they had assumed. The band at 3160.7A is possibly
the R, head of the 5~7 band. Emission i ities ed 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 (cale);
15506 (calc);

20496 (obs.)
15541 (obs.)

Ref. (71, 225
Ref. [287]
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TABLE 26.  Band origins of the bi%; —a*[ly First Negative system of ~ TABLE 27. Band heads of the b *Z: — u *11,,, First Negative system of
or () 05 (V)

o {cm™t) v ‘[ Ref. Aa (A) oy (em-") i e Ref.

8527.1 11724 0-5 408

11799.81 - 0-5 408 8347.3 197 | 16 408

12053.09 1-6 408 8240 12133 2-7 122

12733.12 04 408 8110 12327 3-8 122

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

13895.34 1-4 408 7757.8 12887 1-5 408

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

15651.82 e 29la 7650 13068 3-1 122

16666.74 0-0 2la 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-§ 122

Data from Nevin [291z, b}, Nevin and Murphy [291¢]. and Weniger $6856.3 14581 0-2 287

{408]. Weniger’s value for the 0-3 origin is 0.82 onr! larger than 6770 14767 1-3 ! 130

Nevin's value. (6684) 14957 2-4 130

6419.2 15574 10 0-1 287

6351.1 15741 10 1-2 54

62919 15889 | 6 2-3 354

6232.7 16040 | 3 3-4 354

6177.2 16184 3 45 354

H26 4 16589 ) 10 [11} 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

3814.4 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 54 354

5295.7 18878 9 2-0 287

5274.7 18953 10 3-1 54

5259.2 19009 6 42 354

5251.2 19038 10 5-3 354

5241.0 19075 8 64 354

5234.7 19098 9 7-5 354

5005.6 19972 2 30 287

4998.6 20000 2 4-1 354

4992.6 20024 2 5-2 354

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

Data from Mulliken and Stevens {2&(]. Bozoky and Schmid o4,
Singh and Lal [543]. Fan {130}, Dufay et al. [122], and Weniger [408].
[ntensities are from Singh and Lal. The most prominent heads (listed
above) oceur in the branch “Quy; at longer wavelength is a weaker
head in branch “P.. Numerous other bands 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 ¥y, head.
or is misidentified. Bands labeled 1-3 (6756 A) and 2~4 (6750 A) 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 identificd as 2—2, 4-2, 42,5 3, and 7 5 bands of

the b—a system of Q.
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TABLE 28. Band origins of the ¢33 — b ‘37 system of 0%,

TaBLE 29. Band heads of the ¢ ‘27— b D

47

system of O} (V)

B

b

oo {em™1) v’ MA) oy (em™Y) 7 S
45080.3(4) . 06 2363.1 42317 0.02 0-9
46071.5(3) 0-5 2314.8 43200 0.17 0-8
47097.1(1) 04 2266.4 44123 0.50 0-7
2218.3 45080 0.90 0-6
Data of LeBlanc [250]. The fine structure is given only in his thesis 21706 46070 0.66 -5
St 2193.4 47094 0.46 0t
LeBlanc’s calculated iron line positions differed from the established 2076.6 48156 0.37 0-3
wavelengths in the third decimal place. The rotational line positions 2030.5 49249 0.25 -2
et . race. 1985.0 50378 0.17 0-1
were given to three decimal places in cm™! (one too many, even assum- 1940.3 51538
snp that the band lines were as accurately known as the calibration : 0.15 0-0
«tandards). Kayser’s tables were used for conversion to wavenumbers
#these differ at ~ 2100 & by ~ .006 cm™! from the Meggers tables). So Data of Tanaka, Jursa, and LeBlanc [370] who measured vacuum
the band positions [250a] are uncertain in the first or second decimal wavelengths. Inténsities are densitometer readings on a logarithimic
place in em~!. The last digit listed by LeBlanc is given in parentheses scale.
i» {focus attention on the uncertainty of his values.
TaBLE 30.  Miscellaneous unclassified bands
(a)
A o 1 A o 1 A o I
A (em™) 4 fem=") (4) {em-1)
1 1003.7 99630 3 | M 933.3 107150 8 kN 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
s 985.8 | 101440 4 |1 853.2 117200 3 §p 810. 123330 10
975.3 102530 8 845.9 118212 5 802.1 124670 8
965.4 103580 10 839.0 119195 6 793.9 125960 6
956.1 104590 7 832.3 120145 4 286.1 127210 .
M 957.2 104470 8 {I 843.9 118500 2 j0Q 714.7 139994 9
947.9 105500 10 836.6 119530 4
938.9 - 106510 9 829.6 120540 S w 697.8 143300 5
030.6 107460 7 8230 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
ac members of Rydberg series. Those bands reclassified 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

i I , o i} v
MAY LT Glem Ao | MAY T oem™) Ac || AMA) | 7] olem Ao | A | I atem-y
893.8 |4 | 111 882 856.1 | 1 116 809 756.0 | 1 132 275 7545 |3 | 132 538
: 1 061 1102 828
8854 |5 | 112 943 881} 2 | 117 911 7513 12 | 133 103 7496 |3 | 133 404
1017 1052 820
W75 |4 | 113 960 8406 | 2 | 118 93 746.7 | 1 133 923 7448 |1 | 134 264
983 1013 - : 812
#70.0 | 1 114 943 833.5 | 1 119 976 7422 |1 134 735 7402 |1 | 135 099 |
892 Y87 803
‘w33 1 | s 835 826.7 | 1 120 963 7318 | 1 135 538

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

867

859

835
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TaBLE 30. Miscellaneous unclassified bands— Continued

{c)

XA [ olem) | I
1250.51 E 79967.7 2
1250.21 \ 79998.7 2
1222.58 81794.2 2
1222.01 81832.4 g
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..

(dy
}\(;%) T a{em~') i Dissociation products
1349 74130 9 P+ 1S or D+ 'D
1334 74960 ‘ 7 P+ 1S or '‘D+'D
1290 77520 l 6 3P 418

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

AA) G 7 wA) o{em=N ! i MA) ar{em=1) 1 H
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 Q 1084.51 092207 5 4
1206.75 82867.2 9 1122.34 89099.6 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 852184 7 1120.76 89225.2 5
1171.35 85371.6 7 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 850202 | 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 1112.25 89904.6 2
1161.47 86097.8 5 1050.17 95999 7 6
1106.36 903865 | 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 03361.6 6
1153.20 86715.2 8 1104.41 90546.1 4 1047.60 95456.3 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 ) 1102.37 90713.6 5
1136.09 88021.2 5 1101.74 90765.5. | 4
1135.13 88095.6 5 1100.34 90881.0 4
1134.74 88125.9 5 i

Absorption bands observed by Tanaka [369]. The groupings are his: most bands are violet degraded.
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477

TaBLE 30 (¢). Bands in the region below 600 A
\

m? AMA) 1 o (em™)
9 594.95 1 168 080
10 594.13 1 168 310
1 593.47 0 168 500
12 593.00 0 168 630
13 592.64 0 168 740
14 592.36 00 168 820
15 592.15 00 168 880
e 169 350=-40

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

sumber.

Data from Yoshino and Tanaka [417]. Weak, diffuse bands. Un-
crrtain 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(i). Unidentified violet-degraded band heads observed
with b—a(1-), OF

a () o (cm™) A (A) . o (cm™*)
6337.4 15-775 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

TaBLE 30(f). “Weak series”

Data of Bozoky [52].

TABLE 30(j). Unidentified band heads among double-headed A-X

I
Probable n AA) a(ecm-?)
3 537.41(=0.1) 186 080
G e
5 516.10(== 0.05) 193 761
5 512.62(=+ 0.05) 195 076
7 510.48(+0.05) 195 894

Data from Codling and Madden [89]. This series is only crudely

ied by

R

0=198125—

(n+0.03)

s n=31t07

interpretation of the series is uncertain.

I'asLe 30 (g). Unclassified absorption bands observed by Alberti et al

}\H(;\) on(cm™)
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

siructure observed.

(hj
M (R) ou (em™?)
1265.6 79 014
1262.6 79 202

system of O3
X (A) o (cm™) I Ref.
5736.1 17 429 71
4399.6 22 723 127
4199.2 23 807 1
3997.3 25 010 4
3950.6 25 305 6
2952.5 33 860 5
2895.6 34 525 8
2881.8 34 690 6
2376.4 42 068 1

Red-degraded bands. Mainly data of Johnson [221]; also data of
Byrne [71] and Ellsworth and Hopfield [127].

TasLE 30 (k).

Unclassified band heads (emission) (R)

AA) afem™1) NA) a(em-)
4487.7 22 277 3543.6 28 212
4384.0 22 804 33520 29 824
4307.7 23 208 3286.8 30 416
4296.2 23 270 3219.1 31 056
4144.8 24 120 3099.7 32 252
4123.6 24 244 3095.9 32 291
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 Alberti et al. [7]. Strong heads; diffuse, open rotational
siucture, violet shaded. Possibly absorption from a'Ay or b!'Z;.
Jhe kinetic absorption spectroscopy observations of Donovan et al.

1110} support the assignment of the a 'A, state as the lower state of
ronds in table 30 (g), (h).

Data of Lal (1948)[246]. Band heads were observed in a low pressure,
high-frequency discharge [246]. Though attributed to the B 3% —X 335
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 (1). New band progression of O in the 830-900 A region TABLE 31.  Observed fine structure (microwave) frequencies for Os
(MHz)
v @ AA) 1 of{em~1) AGeap Remark
T Isotope | ¥ v_ Ref. vy Ref.
0 902.59 3 110 792 Sharp
1064 60, | 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 " 7] 59164.215 422 | 60434.776 422
1011 9 | 58323.885 422 | 61150.570 422
3 871.74 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 119 | 55221.372 411 | 64127.777 411
972 21 54671.145 411 | 64678.2 =+ 0.2 270
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 {(53070) 225
941
. . Quoted uncertainty is =0.010 MHz unless otherwise indicated.
8 841.88 3 118 782 914 Diffuse (See also Wilheit zmdd Barrett [413]). For tille 23, line, uncertainty
! . may be 0.2 MHz.1, and 3. lines are mean values.
9 835.45 2 ( 119 6% s Diffuse (7) " gata from Zimmerer and Mizushima [422], West and Mizushima
[411]), Mizushima and Hill [279], McKnight and Gordy [265], and Kahan
2 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 PO, 3 S8IV0 109
by Huffman et al. [205]. These bands may originate from a ‘A, or b 155, 5 | 59875 109 | 59810 109

7} 58965 | 109

Dara from Miller, Javan, and Townes [274]. Uncertainy is =2 MHz.

801G | 3 58650
4 59220
5 59685
6 | 59540
7 | 59075
8 | 58670

Data from Miller, Javan, and Townes [274]. Uncertainty is 2 M
Miller and Townes [275} have assumed that the theoretical frequen:
for the 0, and *0*®0 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" Vi
180170 4 11/2 92 2 (60250)
1172 13/2 59250
13/2 15/2 59398
5 5/2 712 59359
7/2 9/2 59431
92 11/2 » (59519)
13/2 11/2 60130 11/2 13/2 59627
15/2 13/2 59989 13/2 15/2 59748
15/2 17/2 59889
6 712 92 59790
11/2 9/2 59737 9/2 1172 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 HY3BS 15/2 172 © (60179)
6 1172 92 59322 9/2 11/2 4(60172)
- 972 - 772 59390 1172 13/2 ¢ (60251)

3 measured 60240-60250.

b no experimental wavelength given for this line.
¢ no experimental wavelength given for this line.
¢ measured two lince 60170-60180.

¢ observed strong feature, no frequency given.

Data from Miller and Townes [275]. (

stants b=--102 MHz, ¢=140 MHz, for 140,

TABLE 33. Magnetic dipole rotational spectrum of O2

)= calculated, assuming magnetic hyperfine structure con-’

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

(a) 300 K
A N'-N" v (MHz) o (em~1) Ref. N Transition
- +
3-1 368499.02= 0.21 12.29 265
3-1- | 424763.80+ .20 14.17 265, 157 1 (1.97)a) 1.78
3-1 430985.28+ .20 14.38 265 3 1.85 1.72
3-1 487250.05%= .21 16.25 265, 157 5 1.75 1.66
5-3 25.80 257 7 1.73 1.62
5-3 775770 *10 25.88 128 9 1.69 1.57
5-3 27.80 257 11 1.63 1.53
-5 7-5 35.40 257 13 1.54 1.48
G -5 37.39 157 15 1.49 1.35
Teh -5 39.24 157 17 1.48 1.42
H-8 9-7 48.95 257 19 1.47 1.37
G-g* 9-7 51.00 257 21 1.40 1.37
Ho- 11-9 58.36 155 23 (1.49)(b) (1.26)(b)
10-10 11-9 60.47 155 25
14~ 14 15-13 83.45 257 — e
Iﬁ:;i:; ;]{:ig 1?228 i;; Data of Battaglia and Cattani [35] supplemented by data of (a)
e ) ‘ : Hill and Gordy [193], and (b) Anderson, Smith, and Gordy [16]. Recent

“Direct measurement.

“luferred from rotation measurement and fine structure meas-

wrethonl.

* Inferred from laser measurement and EPR measurement.

*Lehbie et al. 1155] obtained 39.35 em™!,
“1;ebbie et al. [155] obtained 50.88 cm~'.

i1nn from McKnight and Gordy [265], Evenson et al. [128], Gebbie

w4 6 157, 155], MacQueen et al. [257], and Eddy et al. [124].

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. =¥ is half-width at half-peak absorption; some-
P

times this is given in units of cm~/atm.

J. Phys. Chem. Ref. Data, Vol. 1, Neo. 2, 1972
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TABLE 34. Line widths (%) in MHz/mmHg— Continued

() 193 K
Av
Line 2y
. p
- 4.7
Data from Anderson, Johnson, and Gordy [14].
(© 90 K
Line Ay
IJ
- 5.80
T 2.01
9— 1.94
1+ 5.63
3+ 5.77
5+ 5.22

Data from Hill and Gordy [193}.

(d) Line widths for magnetic resonance lines

Transition AK
r
Ny M 300 K 78K
1 1 Qa1 2.35+0.10 6.13:+:0.3
1 2 2« "1 220+ .10 6.00% .2
1 2 T 0 Jiorioeoioieeenans 592+ .3
1 2 0 1 2.23+0.14 6.20%+ .1
2 9 ~le 0 | BO3x 3
3 4 0«1 2.00+0.10 570+ .3
5 4 —T 0 e 6.0 = .5
5 6 0e—1 Do 5.5 =+ .3

Data of Tinkham and Strandberg [377].

TABLE 35. Miscellaneous constants derived from the microwave
spectrum '+*
{a) Zeeman constants (ppm)
& & g
& 8¢ &
~147+10 1405+15 63=6

Data from Bowers et al. [51]. Compare also Hendrie-and Kusch
[180], Tinkham and Strandberg [376, 377], and comments by
Kayama and Baird [227].

&s: Spectroscopic splitting factor for free electron spin {{ree elec-
tron spin magnetic moment).

&,: In Oy, unpaired electron spin moment.

&v: Molecular rotational magnetic moment (sometimes labeled
&r OF g.'\') -

g:: Molecular electronic oribital moment (also labeled g,,) .

No standard notation exists for these quantities.

(b) Q(*(04) =0.04(10-%) cm?
This value of the quadrupole moment is {rom Anderson et al. [15).
It is based on a theory of Mizushima and an arbitrary assumption
about one of the parameters.

(¢) egQ('%0Y0)=2.7MHz
The value of the quadrupole coupling constant is frvm Miller [273).

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972
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(d) For the a *A, state.
gv=(~ 1234+ .025) 10~
£1.=0.999866 =+ .000010
Qlelectronic quadrupole moment) = (—3.19+0.65)10-% esu-cm
Data from Miller [277]. See Miller’s table 2 for additional observe:|
and derived constants.

! Bowers et al. [51] did not state the numerical value of & that
they assumed. Kayama and Baird [227] indicated that Tinkham and
Strandberg {376, 377] had used —2.00229. The current value i»
~2.002319 which was assumed by Kayama and Baird, however, with-
out corrections, in their treatment of the true spin-orbit interaction
Hamiltonian which they used instead of the isotropic form AL -8
used by Tinkham and Strandberg. The true spin-orbit interactign
mixes '3} with the ground state. Preliminary ab initio calculations
by Pritchard et al [322] imply that spin-orbit effects “contributc
75 percent to the observed [A] splittings.”

*Parameters for the fine-structure Hamiltonian have been dis-

cussed by Wilheit and Barrett [413], McKnight and Gordy 12651
Tischer {378], and West and Mizushima [411]. )

TaBLE 36. Rotational constants for the X %3 state .

v By(em™1) D,.(10-% cm~1)
180, 0 1.43768 5.02
1 1.4220 4.8
2 1.4068 3.6
3 1.3886 4.7
4 1.3743 3.8
5 1.3590 3.5
6 1350 e,
7 1329 i
8 1316 e,
9 1.298 e
10 1282 e
11 1.269 4.79
12 1.250 4.79
13 1.235 4.79
14 1.221 4.79
15 1.202 4.79
16 1.186 4.79
17 1.171 4.79
18 1.156 4.79
19 1.139 4.79
20 : 1.121 4.79
21 . 1.104 4.79
22 1.001 4.9
23 1.075 ()
24 1.055 (6)
25 (1.033)
8O0 0 1.3958
1010 0 1.3579

v=0, 1: data from Babcock and Herzbery |24]. rehited using least
squares by Albritton et al. [9] (see Appendix €},

v==2-5: data from Ogawa [302] Bs and B. of Feast and Garton
[136] are ~ 0.003 cm~! larger. Albrition et al. |9} found that the founth
decimal place of B, values of Ogawa was only suzgestive,

v=6: data from Feast and Garton | 1136},

v="7-11: data from Feast |134].

v==12-21: data from Lochte-Holtzreven and Diecke |256]. For o= 21
data of Herman et al. [183} wre Tar b A only

v=22-25: data from Herman ¢ al [183] No dma for low N for
v==24, 25; only fragmentary dat lon the [atter. For == 23 the quoted
value is the mean of two deterninatine wineh differ by 0.034 em™*

Isotopic B, values are from Babeos koand Heszherg [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 |oeoeeereeieveninnns

Data from Herzberg and Herzberg [191], adjusted by use of B, 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 A3 state

v B, D.(10-8)
0 (0.90321) (4.67)
1 0.8880 (4.5)
2 .8686 (a7
3 .84905 5.0
4 82717 5.4
5 80336 6.2
6 77640 8.4
7 74465 10.4
8 .70633 12.9
9 .65805 18.2
10 .59346 31.2
11 4969 165.

481

Isotope v B, D, (10-%)
0, 0 1.391382 5.486
1 1.373135 5.588
2 1.354785 5.651
3 1.33646 5.95
4 1.321
BOIH (i} 1.3520
1 1.3331
18010 0 1.3141¢2) 5.05
1 1.2974(0)

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

hy Albritton et al. [9] to data on Q.. Refitting changed B,’s in the
nfth decimal place. Fragmentary data on the b—X, 4-0 band [which
vives By] is from Ossenbriiggen [311]. 1sotopic 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 ¢ ' state

v B, D.(10-%) Ref.
0
1
2
3
4
5
6 0.7935 10.5
7 0.7695 9.7
8 0.7440 (9.5)
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=8,
Y, 11 are assumed equal to that for v==10 [189]. Herzberg assumed
that the D, values were uncertain by = 10 percent. Tentative v num-
bering of Degen has been assumed.

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

v B,
345 5 0.8233
30, 5 “(.8177)
3A; 6 1971
34, 6 7915

“ Bs (*As) is calculated (see discussion, sect. 3.5).
Data of Herzberg [189] Difference Bs(*Asz)—Bs(3As) is real
{189]. Vibrational numbering is tentative.

Data from Herzberg [187]. Vibrational quanium 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.
Bq, Do have been calculated, for the 0 level was not observed under
high resolution. Dy, D; are of low accuracy because bands with low
v’ are extremely faint. B, values decrease and I}, values increase at
an increased pace as the convergence limit is approached [187).
Byy is determined from low N values only. Q-branches were used for
determining (B,—B{) and (D!—D!?) 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 D¢=15.02(10-5),
Appendix C discusses the revised ground state constants.

TABLE42. Rotational constants for the B33; state

v B, D, (10-8)
0 0.8127 5.06
1 .8001 6.61
2 7852 5.10
3 7699 4,54
4 71537 3.56
5 L7372 5.7
6 7194 5.71
7 L6997 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=20-13, data of Ackerman and Biaume [3].
v=14~21, data of Brix and Herzberg [62].
Brix and Herzberg obtained v= 12, B=10.5625, D=13(10-%)
v=13, B=0.5247, D=16.8(10-%)
Ackerman and Biaume have compared their measurements to
earlier values of Knauss and Ballard [233], Curry and Herzherg [99],
Brix and Herzberg [62], Ogawa [302], Ogawa and Chang [306].

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972
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TaBLE 43. Rotational constants for the B33} state

Crude B, values from Alberti et al. [7]. Quantum numbering is that
suggested by Ogawa and Yamawaki [308}, who fitted longer branches,

v B.(cm~Y)
2 1.65
3 1.63

including many blended lines, by using both B, and D..

TABLE 44. Rotational constants for the « ‘2’; state

KRUPENIE

TABLE 48. Rotational constants for the X 211, state of O3

v B, Ref. ‘ A

0 (200.81)
1 (199.99)
2 52 199.03
3 52 198.38
4 (197.55)
S i (196.74)
6 1.563 53 196.14
7 1.540 365 195.30
8 1.522 365 194.46
9 1.504 53 193.46

10 1.484 53 192.58

Data from Stevens {365] and Bozoky [52—3] was refitted on a ¢

ks DBy (o)
0 1.691
1 1.675
2 1.640
3 1.633
4 1.59

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

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

v [308].

TABLE 45. Rotational constants for the ®X? state

v B, (cm™)

D, (10-¢ em—1)

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

B, (em-1)

1.451

Data from Alberti et al. {7].

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

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 Bozoky. The values in parenthesis have been calculated from
A,.=201.212-0.8136 (v+1).

TABLE 49. Rotational constants for the a*Il; state of OF

v B D, (10-%)
0 1.0968Y 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

p=0, 1, 2— Nevin [291b].
v=3~Nevin and Murphy [291c], who list uncertainties
5 === 0.00002
Dy=%0.04 X 10-¢
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-¢).

TaBLES0. Rotational constants for the A 21|, state of Of

v B, Ref.
L] 1.053 365
1 1031 365
2 e
"3 e
4 e
5 0.953 52
6 0.928 H2
7 (L9140 52
8 .88 52
Data from Stevens [360] and Bosokoy |H2] was refited by A. Lofthus;
the values obtained prapluealls inothe onginal relerences differ slightly
from those cited above Dicakey 60« (10 %),
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TaBLE 5. Rotational constants for theb*2; state of O TaBLE 53. RKR potentials for electronic states of O, and O3 — Con.
T
v v i Te+V T'min Tmax
Y B. ; D. (107 em™) | e (&) (A)
0 1.27626 5.91 7.00 | 11193.80 | 1.388 1.0494 1.4693
1 1.25420 6.07 7.50 | 11894.14 1.475 1.0454 1.4806
2 1.23213 6.28 8.00 | 12568.82 1.561 1.0417 1.4917
. 8.50 13277.83 1.646 1.0380 1.5027
Data from Nevin [291b]. Probable error B ~:0.00005; probable 9.00 | 13961.18 1.731 1.0346 1.5136
error D~=%0.09 X 10-5,
Spin fine-structure constants for this state are also given by Nevin, 9.50 14638.87 1.815 . 1.0312 1.5244
uning the theory of Budo [64]. 10.06 | 15310.91 1.898 1.0280 1.5351
10.50 15977.28 1.981 1.0250 1.5457
3 i e 11.00 16637.98 2.063 1.0220 1.5563
4 BI81 s 11.50 | 17293.00 2.144 1.0191 1.5669
5 1.158
6 1.135 12.00 | 17942.34 2.225 1.0164 1.5774
12.50 18585.98 2.304 1.0137 1.5879
Data of Le Blanc [250b). 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
TaBLE 52. Rotational constants for the ¢*%; state of O} 1450 | 21103.29 2.616 1.0039 1.6299
15.00 21718.21 2.693 - 1.0017 1.6403
v B, D, 15.50 22327.33 2.768 0.9995 - 1.6509
16.00 22930.61 2.843 0.9974 1.6614
0 1.557 (10-%) . 16.50 23528.05 2.917 0.9953 1.6719
Data from Le Blanc [250]. Only the order of magnitude of D, is 17.00 | 24119.60 2.990 0.9933 1.6825
given, 17.50 24705.24 3.063 0.9913 1.6931
18.00 25284.93 3.135 0.989%4 1.7038
18.50 25858.64 3.200 0.9876 1.7145
. 19.00 26426.33 3.276 0.9858 1.7253
TaBLES53. RKR potentials for electronic states of O, and O}
Most of the RKR potentials are taken from the work of Albritton 13(5)2 gggig?g 324('6" ggﬁi}’ }Zig(l)
et al. [9]. The data for the a 1A, state is extrapolated after v=1. The z o o2 . bt o -
data for the 4337 state is based on the work of Degen et al. [104]. 20.50 28092'9,‘% 3.483 0.9807 1.7580
u . . . 21.00 28636.17 3.550 0.9791 1.7691
tor the A state, v=0 is not known experimentally from high resolu- 21.50 29173.18 3.617 0.9776 1.7802
tion measurements and v==1 is known only from fragmentary branches. | ——— — — —
tor vibrational levels which are underlined the potentials have been 22.00 | 29703.92 3.683 0.9761 1.7915
exirapolated. The data taken from Albritton et al. [9] has been rounded; -
the tabulated numbers are given to one digit beyond the last significant 0. a4,
digit as determined from the experimental data. ’
- 0.50 0.0 0.982 1.2156449
v vV Te+V Tmin Tmax :
(em™1) eV) (A) i (A) -~ 0.25 376.7521 1.028 1.17999 1.25489
- 0.00 751.658 1.075 1.16619 1.27228
0. X235 0.50 1496.633 1.167 1.14757 1.29814
. 1.00 2235.158 1.259 1.13396 1.31904
050 090 o 12073358 1.50 | 2967.233 1.350 1.12293 1.33742
<025 | 3945748 049 | 11726052 | 1.2457931 2.00 | 3692.86 1440 | 1.1135 1.85422
0.00 | 787.3818 098 | 11590417 | 1.2626908 2.50 | 4412.05 1.529 | 1.10528 1.36923
0.50 | 1568.5332 194 1.1406952 | 12877204 -+  3.00 ) 512476 1617 | 1.0979 1.3848
1.00 2343.7613 .291 1.1272513 1.3078976
150 | 3113.0972 386 11163265 | 1.3255800 ‘ 02 4735
200 | 3876.57 481 1.10700 1.34170 = 0.50 0.0 1.636 1.2268431
‘i?,g ﬁgﬁgfg ‘ 223 igﬁ‘f’ig iii(‘;ﬁ - 0.25 357.4241 1.680 1.100331 1.267217
3.50 6132.07 760 1.08478 1.38451 0.00 712.9766 1.724 1.176241 1.285186
4.00 6872.34 852 1.07864 1.39759 0.50 1418.8469 1.812 1.157272 1.311972
’ ’ ) ’ ' 1.00 | 2117.7290 1.899 1.143442 1.333696
;gg ;ggg‘gg l‘zgg i'gzzg i 'Eggg 1.50 | 2809.6121 1.984 1.132251 1.352859
‘3.50 9058-73 1 '123 1 .06271 1 .4'34460 2.00 3494.4855 2.069 1.122734 1.370428
N : ’ ' : 2.50 4172.3385 2.153 1.114398 1.386898
6.00 9776.11 1.212 1.0580 14464 3.00 4843.1603 2.237 1.106952 1.402561
0.50 10487.80 1.300 1.05306 . 1.4580
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TABLE 53.  RKR potentials for electronic states of Oy and Of — Con. TABLE 53. RKR potentials for electronic states of O, and Of —Cu

v vV TtV Tmin Tmax v 14 Te+V Tmin Tmax
tem™) (eV) (A) (A) (em™) eV) (A) (A)
O_! A 322
12.00 | 6777.701 7.014 1.34332 2.37471
, 12.50 | 6933.801 7.033 1.34097 2.41874
—0.50 0.0 4.389 1.52153 13.00 | 7078.535 7.051 1.33883 2.46652
13.50 | 7211.822 7.068 1.33690 2.51859
Hgiig """ 3958 | 4438 | 1.454 1600 1400 | 7333.678 7.08 | 133515 2.57557
0.50 785.6 4.486 1.429 1.638 X
1.00 | 1168.7 4.534 1.411 1.668 o 2 ¢
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
250 | 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 1712 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 4.790 1.250 1.822 1.00 | 2821.26 12.402 1.04431 1.20904
150 | 36018 4838 133 | 1s6 1.50 | 3745.33 12.516 1.03445 1.22536
5.00 | 3934.9 4.877 1.887 1.872 2.00 | 4661.26 12.630 1.02604 1.24028
5.50 4237.3 . 4.914 1.332 1.897 2.50 5569.05 12,742 1.01867 1.25422
2.0 -
6.00 | 4527.2 4.950 ) 1.326 1.925 3.00 | 6468.70 12.854 1.01206 1.26744
6.50 | 4804.8 4.985 1 L322 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 3321.2 5.047 1.313 2.014
8.00 5555.6 5.078 1.310 2.050 4.50 9118.80 13.182 0.99546 1.3042¢
850 | 5772.9 5105 1.306 2 089 5.00 | 9985.89 13.290 0.99071 1.31577
0.00 | 59734 5150 1304 2151 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 5.171 1.298 2.245
10.50 | 6438.7 5.187 1.297 2.323 7.00 | 13372.82 13.710 0.97436 1.35999
11.00 | 65426 | 5.200 1.297 2.493 7.50 | 14199.20 13.812 0.57079 1.37067
‘ 8.00 | 15017.44 13.914 0.96738 1.38125
0.B3; 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 1 20517.18 14.596 0.94709 1.45355
150 | 1374200 6.344 147050 178749 12.00 |21270.29 14.689 0.94459 1.46375
2.00 | 1703.961 6.385 1.45776 1.81426 07 a T,
2.50 2027.872 6.425 1.41631 1.83979
3.00 2345.774 | 6.465 1.43623 1.86450 —0.50 0.0 16.138 1.3816042
i-gg ggz;gg 2-22*;’ i*jfgg }‘3?3_2? —025 | 2584628 | 16.170 1.3387259 | 1.4291889
. - - . . 0.00 515.411 14.202 1.32923 1.45041
450 | 3261.631 6.578 141132 193631 0.50 | 1025.437 16.265 1.30007 1.48208
500 | 3553643 6614 La0a3e | 196005 1.00 | 1530.301 16.323 1.28395 1.50781
ss0 | 3838650 6650 139786 1.98393 1.50 | 2030.005 16.390 1.27003 1.53052
6.00 4118.423 06.684 1.539181 2.00806
2.00 | 2524.547 16.451 {25087 1.55135
6.50 | 4386.700 6.718 1.38615 2.03258 250 | 3013 999 i o Va0t
7.00 | 4649.207 6.750 1.38084 2.05761 3.00 | 3498.150 16.572 i 1.58948
750 | 4903.657 6.782 1.37586 2.08329 3.50 | 3977.209 16.031 I 1.60735
8.00 | 5149.746 6.812 1.37117 2.10976 4.00 | 44511 16.650 L 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 fo s P 1.6415
5.00 5383.42 [ETRHEN [ Y] 1.6579
9.50 | 5834.589 6.897 1.35878 2.19571 550 | 5811t I s P 1.6741
10.00 6043.932 6.923 1.35518 2.22722 6.00 629500 Py [T 1.6900
1050 | 6243.285 6.948 1.35184 2.26056 6.50 | 674310 oo U 1.7057
11.00 | 6432.167 6.971 1.34876 2.29602 T - S . j
1150 | 6610.416 6.993 1.34592 2.33395 B et SR PN L7213
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TaBLE 53. RKR potentials for electronic states of Oz and Of — Con.

v vV Te +V T'min Tmax
(em™1) (eV) (A) | (&)
03 4 211,

—0.50 0.0 17.082 1.4082204

—0.25 293.9937 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 23375.89 17.501 1.25621 1.664908
4.00 | 3767.31 17.549 1.24923 1.68587
450 | 4151.95 17.597 1.24281 1.70640
500 4529 80 17 /44 1 93688 1.7266h0
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; 5435

—0.50 0.0 - 18.196 1.2796516

—0.25 298.1764 18.233 1.2400818 1.3242684
0.00 504.192 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
4.00 | 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
550 | 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

J. Phys. Chem. Ref. Data, Vol. 1, Ne. 2, 1972



486

PAUL H. KRUPENIE

TABLE 54. Lifetimes, Einstein coefficients, and oscillator strengths

Molecule Transition Band Ca(s) A (s7Y) Apen (s7Y) Absorption f-value —) Ref.
0. a'fg—-X 32; 0-0 3.88(10%) 2.58(10-%) 4.15(10-12) 26
DI & 0-0 0.085 2.47(10-'%) 67b
o -0 0.0069) 84
9-0 (0.1636 = .0040)10-3 256
-1 0.0704 = 0042 356
134 —a 1A 0-0 1.9(107?) 301
Z ’é’})—X ”Eg; (1-10%) 28,420,241 419
‘ 7-0 1.24(10-) 174
¢1S~X %%, ~10- 241
' > 10~ 420
C3,—X "’2; =< 10-° 241
> 10-3 420
B3%;-X %% (see table 55)
[0 a*M, > 1073 (est.) 386,13
) A 210, v=0 677(10-9
1 679(10-%)
2 679(10-%)
3 666(10-",
4 671(10-7)
5 680(10-%)
6 675(10-%)
7 676(10-9) 220a
A4°2N,—-X1, 4-4 (3.66 == .18)10-+ 220a
b *2; v=0 (1.12 = .04)10-¢ 220a
1 (1.10 = .05)10-¢
2 (1.22 = .04)10-
b ‘*E!;— a‘ll, L 0-0 0.00102 220a
0.
a-X: 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.)
0—A

(a) Relaiive transition probabilides as estimated years ago by Childs [84] would give A;; = 0.008.
(b) *“The probability of the entire electronic transition is equal 10 0.0878 = 0.0053 sec-'"
value is approximate.

Noxon’s original estimate [301] of 2.5(10-%) s~! was based on b~X, 0~0, 4-value being 0.143. Uncertainty is a factor of 2.
(a) Tutal frvalue in the cuntinuam below 2500 A s estimated as 2(10-7) {219].

(b) Estimates of the lifetime for the A4 state range from 10-%s 10 10%.

(c) f-value for the A—X transition in compressed oxygen is estimated as ~ 10-¢ [110].

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

according to Sitnik and Khlystov [356]. Th

: Only crude estimates are available.

(a) See table 55 for a list of band f-values.
(b) 27 fia=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 =+ 510-%s [220a).
(a) 4-4 band f-value is calculated [220a).
(b) Fink and Walge [129], from mcasurcments on scvcral A-X bands, obtaincd r(4 2T1,) — (7.1 = 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]. V

ance {386] has estimated b—q
lifetime as < 10-%s, within an order of magnitude of that estimated from fo. (See Ref. [13] on lifetime.)
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TABLE 55. Absolute f-values for the Oy B3Z; — X *%; bands

o
: 0 2
) 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 2.13-4
7 3.81-6 5.78-5 3.394
8 6.68-6 9.40-5 5.46—4
9 1.06-5 1.384 9.87-4
10 1.57-5 1.914 1.03-3
11 2.09-5 2.38-4 1.04-3
12 2.53-5 9 734 1.29-3°
13 2.88-5 2.93-4 1.04-3
14 3.03-5 2.95-4
15 2.92-5 2.77-4
16 2.59-5 2.42-4
7 2.23-5 2.01-4
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 Haceon 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), etr)

TABLE 56. UV absorption; some special features

MA) k{cm~1) Ref. Comments

4000-2050 <10+ 373

1750-1300 | 390 (peak) B-X Schumann-Runge
continuum,

1800-1400 Peak at 1420 A. Weak 2T,

1796 0.28 } 414 (repulsive) — X 3%

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 0.29 971

11570 0,44,

1142.8 0.31

1126.9 0.62

1108.3 020
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Table 57. Franck-Condon integrals,

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

[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 téble. &

02 alég - XBE; Infrared atmospheric system

. ac 4 - 2
v oy s qV'V” }\c()v ) quVuUG qV'V”JO r r phase
0s 0 7882439 948691 12686,51 44833411 3.810+15 14217 1.482 +
1 6326601 162972 15807475 34284+ 9 24077+13 l1e547 24289 +
2 47932,20 le260-4 20862.88 1388+ 7 6652410 14555 2487 +
1s 0 9365489 1303-2 1067704 1071410 1003414 04902 Qe713 -
1 7809.51 Fe586-1 12804490 4e566+11 34566+15 1227 1510 +
2 62?6.70 247912 115931,93 64903+ 9 44333413 le547 24295 +
3 476724 442964 20976449 L4e655+ T 24219+11 1e568 24518 +
4 3280493 1.735-6 30479412 60126+ 4 24010+ 8 24079 34782 +
2y 0 10823459 6e794~5 9239,08 84615+ 7 9e325+11 0198 ~0e782 +
1 926721 24814~2 10790473 2424C+10 24076+14 0e928 0e772 -
2 7734440 94258-1 12929425 44284+11 3313415 1.238 1539 +
3 6224494 Lo 4972 16064441 1.085+10 6752413 1547 2302 +
&4 4738463 S+802-4 21103412 14043+ 8 44942+11 le581 20547 +
5 3275432 64073-6 30531.37 24134+ 5 64989+ 8 2+008 34622 +
35, 1 10699411 24591-4 9346457 3173+ B 34394412 0«302 0571 +
2 9166430 44548=2 1090953 34502+10 34210414 0+953 0832 -
3 7656484 £.881~1 13060,22 3,987+11 3.053+15 14248 1568 +
4 617053 Ges23-2 16205405 14509+10 94312413 l1e548 2311 +
5 4707622 1e867-3 21243496 1948+ 8 94168+11 1e592 2575 +
6 3266476 le652~5 3061133 5.759+ 5 1.8B1+ 9 1,957 34510 +
THE CALCULATED ARRAY EXTENDED THROUGH { 3521)e Q LESS THAN 1.0~6 HAVE BEEN OMITTED.
A4 3 - : -
02 b gg-x Eg Red atmospheric system
0s O 13120.51 S+308-1 T621e42 24103+12 2759416 le222 14495 +
1 11564453 6+660-2 86476132 1.030+11 1,191+15 14370 14857 +
2 10031.72 245233 Q99AR.38 2.547+ 9 2.555+12 l.464 2.131 +
3 8522426 546485 11733,98 34496+ 7 2+979+11 l1e573 2eb44 +
1s 0 14525466 6eb64T~2 6884437 2+037+11 24959415 1.089 14169 -
1 12969.28 T4928-1 7710.53 1e729+12 | 2.243+16 16233 1e524 +
Z 1143be4( Led22-1 8743495 1977411 24261415 1378 1880 +
3 9927.01 84284=3 10073453 84104+ 9 84045413 1e471 20151 +
4 8440,71 247364 ] 11847.35 le645+ 8 1.388+12 1e574 20453 +
5 697739 6e417-6 14332,.,01 24180+ 6 14521+10 1.636 26672 +
2s 0 15902442 24639~3 6288435 14061+10 1.688+14 0e919 Q785 +
1 14346404 le315-1 697057 3.883+11 5571415 14106 1210 -
2 12813423 64527-1 T804 4,43 le373+12 14759+16 le243 1e554 +
3 11303.77 14943-1 8846461 2.807+11 34172415 le386 1905 +
4 9817446 14802-2 10185,93 1705410 le674+14 le478 29172 +
5 8354,15 84232-4 11970410 447994+ 8 44010+12 1577 2e464 +
& 6913469 2+¢512~5 14464,05 84301+ 6 £5e739+10 leb43 24690 +
3, 0 17251.0¢9 6£,911-5 5796« T4 2+5484+ 8 6121112 Cel56 0«240 -
1 15694471 B8e753~3 €371+457 34384+10 5¢311+14 Ce947 Qe846 +
2 14161490 1e924-1 7061420 50463+11 Te737+15 Jel2% 1252 -
3 1265244 S5elb44-1 790361 1e¢042+12 1¢318+16 1257 1583 +
4 11166414 2e499~1 8955465 Fe479+11 34885+15 14394 14930 +
5 3702482 362402 10306428 2960+10 24872+14 Teaulth 24194 +
6 8262437 14968-3 12103407 14110+ 9 9e¢172+17 Ta581 26477 +
7 6844.,67 T+617-5 14609.91 2elli2+ 7 1e672+11 lefititt 2708 +
8 5449466 2¢025-6 18349477 36277+ 5 17864 @ 1728 2959 +
TﬁgﬁCALCULATED ARRAY EXTEMDED THROUGH { 3521}e Q LESS THAN 1e0-6 liAVE DM OMITTEDS
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Table 57. Franck-Condon integrals--continued

O2 3321—1-){3;1; Schumann-Runge system

= 2

vt v 9% gty ngaC) Qy1ym9s o149, T r phase
Os 2 46268490 1¢303~6 2161428 16290+ 8 56970+12 le404 1974 +
3 44759443 lel73-5 2234417 1.052+ 9 4,4,710+13 less20 24017 +
4 43273413 Te582~5 2310490 6ellh+ 9 24659+14 1e435 24061 +
5 41809.81 BeT41~4 2391.78 26734410 lel43+15 lo451 24106 +
6 40369436 le465-3 2477413 94638+10 34891415 les467 2¢153 +
7 38951466 446T76-3 2567429 2.763+11 1¢076+16 lets84 20202 +
8 37556465 1le239~2 2662464 6e563+11 2¢465+16 1500 20252 +
9 36184429 24763-2 2763463 1.309+12 44736+16 l1e518 2305 +
10 34834456 5¢240-2 2870471 2e215+12 T«715+16 le536 2360 +
11 33507449 " 84514=2 2984441 34203+12 14073+17 14554 20416 +
12 32203412 le¢192-1 3105429 3.981+12 14282+17 1573 24476 +
13 209221455 le443 1 3233499 4hea266112 1319117 le593 2+538 +
14 29662.88 le514-1 3371422 ° 34951+12 16172+17 le614 2604 +
15 28427426 le378-1 3517.75 3e164+12 8¢996+16 1e635 2673 +
16 27214485 1.087-1 3674646 24190+12 54960+16 le657 26746 +
17 26025487 Tell7-2 3842433 14307+12 3e¢403+16 1.680 24823 +
18 24860454 40370~2 4022644 6e714+11 16669416 1e705 24905 +
19 23719,.,13 24213=2 4216401 26953411 7.005+15 1,731 2993 +
20 22601494 94585-3 4424440 1107411 24501+15 l.758 3.088 +
21 2150930 3e525-3 4649415 34508+10 Te546+14 1e787 30191 +
1y 2 4695643 le234-5 - 2129463 1277+ 9 54999+13 1e397 - 14955 -
3 45446497 9¢847-5 2200437 96243+ 9 44201414 leg4l2 14997 -
4 43960466 5e557~4 2274476 44721+10 2075415 le428 24040 -
5 42497435 2e352~3 2353409 1805+11 Teb6T72+15 le443 24084 -
6 41056489 TeT732-3 2435464 5¢351+11 2¢197+16 le459 24129 -
7 39639419 24013-2 2522476 le254412 44969+16 le475 2176 -
8 38244418 44189-2 2614478 26343+12 8e4961+16 1e491 20225 -
9 36871482 609672 2712410 3e493+12 1.288+17 1.508 2276 -
10 35522409 94140~-2 2815415 44097+12 1e455+17 14526 24328 -
11 34195,02 94128-2 2924440 34650+12 le248+17 le543 20382 -
12 32890466 6e¢350~2 3040438 20259+12 Te431+16- le561 2437 -
13 31609.08 24328-2 31636465 T7e352+11 2324416 14579 24490 -
14 30350641 3eb441-4 3294485 9.619+ 9 2919+14 le566 2427 -
15 29114479 1e553-2 3434468 3¢833+11 l1e116+16 14629 24656 +
16 27902438 6e165~2 3583492 le339+12 3.737+16 leb47 2¢715 +
17 26713,40 1.,087-1 3743444 2.072+12 5¢534+16 le669 2786 +
18 25548407 le284-1 3914419 20142+12 5:472+16 16692 20863 +
19 24406466 lelsh—-1 4097824 leb664+12 44061+16 le716 2945 +
20 23289447 BeQ62~2 4293478 1.018+12 24372416 le742 3034 +
21 22196483 44589-2 4505415 54018+11 lell4+16 1770 34130 +
2y 1 49154 4,46 54300-6 2034440 64294+ 8 3.094+13 1.376 1896 +
2 4762165 64008-5 2099.88 64488+ 9 3.090+14 14391 16936 +
3 46112419 L2454 2168462 4e162+10 1.919+15 le406 16977 +
4 44625489 24087-3 2240485 1.855+11 84277+15 16421 24019 +
5 43162457 7e540~-3 2316482 6.063+11 24617+16 le436 20062 +
6 41722611 24057-2 2396481 1e494+12 "6e235+16 le451 24107 +
7 40304642 44280~2 2481412 24802+12 14129417 le467 2¢152 +
8 38909441 beT724~2 2570407 36961+12 1e541+17 le483 24199 +
9 37537404 Te696~2 2664404 44,070+12 1.528+17 14499 24248 +
10 36187431 5e824~2 2763440 2.760+12 94987+16 16516 24297 +
11 34860424 24124-2 2868460 84997+11 34136+16 1531 2343 +
12 33555488 5¢507-5 2980410 2081+ 9 64982+13 le4t76 24115 +
13 32274431 14853-2 3098444 64230+11 24011+16 - 14576 24486 -
14 31015464 5¢696-2 3224418 14699+12 54271416 14593 24537 -
15 © 29780.,01 649302 3357496 1.830+12 54450+16 le611 24596 -
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Table 57. Franck~Condon integrals--continued
02 Bag;-XBg; Schumann-Runge system

ot x(vac) T T phase

v v . GO qv.v., ° q.lem'V0 qv‘v"“o
2516 28567461 3e928-2 3500447 94157+11 24616+16 1.630 24655 -
17 27378462 3e934=3 3652449 8.073+10 2210+15 leb4l 24682 -
18 26213429 1.018-2 3814486 1+834+11 44807+15 1.688 24854 +
19 2507189 54989-2 3988453 9e439+11 24366+16 1705 24910 +
20 23954470 lelll-1 - 4174455 1.527+12 34659+16 1.729 2990 4+
21 22862405 1e257~1 4374406 1.502+12 3434416 1.755 34078 +
3, 1 49796427 14979-5 2008,18 264434 9 1e216+14 1370 1880 -
2 48263447 24013-4 2071496 24263+10 1.092+15 14385 1919 -
3 46754400 1e258-3 2138485 1.286+11 64013+15 1.399 14959 -
4 45267470 54375-3 2209.08 4,986+11 24257+16 lets1l4 24000 -
5 43804.38 le646~2 2282,88 le384112 Ge0061+10 lea2% 28042 -
& 42363493 366772 2360450 2¢795+12 1.4184+17 letbs 24085 -
7 40946423 54929~2 2442423 44070412 1e667+17 1459 24129 -
8 39551422 6e571-2 2528437 4e066+12 1.608+17 1e475 24174 -
9 38178486 4e331-2 2619425 2¢410+12 9.203+16 1a490 24220 -
10 36829413 94417-3 2715424 4e 704411 le732+16 14504 24258 -
11 35502406 22395-3 2816e74 1072+11 3+805+15 1.536 24368 +
12 34197469 34150-2 2924417 1.260+12 = 4,308+16 le546 24391 +
13 32916412 5¢446—2 3038402 1.942+12 64393+16 le562 2e44] +
14 31657445 3e492-2 3158481 1.108+12 3.508+16 1.579 20492 +
15 30421483 24823~3 3287.,11 Te948+10 24418+15 14587 24508 +
1é 29209.42 1.221-2 3423,55 3.042+11 8+.885+15 1628 2657 -
17 2802044 54283~-2 3568482 la.162+12 34257+16 leb44 2706 -
18 26855411 6e233-2 3723469 1e207+12 3e242+16 l.664 24769 -
19 25713470 24540~2 3888,.,98 44319411 le111+16 1.683 24829 -
20 24596451 24017-5 4065462 3.001+ 8 7.382+12 1.984 4041 +
21 23503487 3¢218~2 4254462 4e178+11 9.821+15 1.745 32050 +
4y O 51969472 2.881~6 1924420 44064+ 8 24102+13 1.351 1.826 +
1 50413434 54726-5 1983,60 Te337+ 9 34699+14 1365 le864 +
2 48880454 542324 2045480 6+110+10 24987+15 1e379 1902 +
3 47371408 24893~3 2110499 3.075+11 1e457+16 1.393 1941 +
4 45884417 1.070~2 2179437 14034412 44765+16 le407 14982 +
5 48427 645 281562 2251417 2.416+12 1.0734.17 l.422 2.022 +
6 42981.00 4e941-2 2326461 34924412 1.686+17 1.437 24065 +
7 41563430 56894-2 2405497 4e4232+12 1759417 le452 24107 +
8 40168429 44031~-2 2489453 2612412 14049+17 le467 24150 +
9 38 (Y5493 84393-3 257759 4,4901+11 1.901+16 1e479 24185 +
10 37446420 26916~3 2670450 14531+11 5.734+15 1.509 24284 -
11 36119413 3.091~2 2768462 1.456+12 54260+16 14519 24309 -
12 34814477 4e503=2 2872434 1.900+12 64615416 1.535 24355 -
13 33533,.19 1¢900~-2 2982412 Telb5+11 2+403+16 14550 20399 -
14 32274452 1e902~4 3098642 64393+ 9 2.063+14 le622 24664 +
15 31038490 20620-2 3221.76 Te836+11 24432416 14594 2544 - +
16 29826449 44910~2 3352472 14303+12 34886416 lab11 24595 +
17 28637451 24392-2 3491492 5.618+11 1.609+16 1.627 24645 +
18 27472418 2¢859~5 3640405 5.928+ 8 1.629+13 14840 36479 -
i9 26330477 2924~2 " 3797.84 54338+11 1e406+16 1.680 24827 -
20 25213458 be313-2 3966412 1.012+12 24551+16 1.699 24889 -
21 24120494 44079~2 4145478 5725+11 1.381+16 1.720 24955 ~
55 0 52560452 P 74576-6 1902457 1100+ 9 5782+13 1.345 14811 -
1 5100414 P 143714 1960463 1.819+10 9278414 1.359 1849 -
2 49471433 P 1e126-3 2021437 le364+11 6eTHT+15 1e373 1+886 -
3 47961487 P 54506-3 2084499 6.075+11 2.914+16 1e387 1925 -
4 46475457 P 14758~2 2151467 1e765+12 8204416 1e401 16965 -
5 45012425 P 3.768~2 2221462 3e436+12 1e547+17 Tetlt 24005 -
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Table 57, Franck-Condon integrals--continued
0, B%I]-ng; Schamann-Runge system
- 2
vyt o Ggrgn )\évaC) qvxvnﬁi QerynTo r r phase
by 6 43571.80 P 5.278-2 2295006 4e366+12 1902417 1430 24046 .
7 42154.10 P 46298-2 2372425 34220+12 16357417 les4tss 2086 -
8 4075909 P 1.283-2 2453444 8.685+11 3+540+16 10458 261232 -
9 39386472 P 7.930~4 2538493 44845+10 1.908+15 1e492 26239 +
10 38037.00 P 2+408-2 2629,02 16325+12 54040+16 1495 28236 +
11 36709.93 P 34928-2 2724406 1943412 Tel34+16 1¢509 20279 +
12 354054656 P 1e579~2 282442 Ta006+11 26481+16 le524 20318 +
13 34123,99 P 66553~4 2930649 20604+10 8.886+14 le568 26478 -
14 32865,32 P 266672 3042.72 9.467+11 3,111+16 1.565 2452 -
15 3162970 P 3.844-2 3161659 1216+12 3¢848+16 1581 2498 -
16 20417422 P 2a288-32 3287260 2e642+11 84036115 le594 2.535 -
17 29228430 P 5¢262-3 3421.34 1e314+11 3+4840+15 1.633 24674 +
i8 28062698 P 34970~2 3563441 8.773+11 26462+16 leb44 2704 +
19 26921657 P 3:805-2 3714649 Te424+11 14998+16 ls661 24759 +
70 75804438 P 3.340-3 3875431 E.740+10 1.481+15 Tab67 2+ 766 +
21 2471173 P 14609~2 4046466 2.428+11 6.001+15 1.719 2961 -
6y O 53123,30 P 1,711~-5 1882.41 26565+ 9 le362+14 1.340 L1798 +
1 51566692 P 2.826~4 1939,23 3.874+10 14998+15 le354 1834 +
2 50034,12 P 2,090-3 1998,64 2o618+11 1310+16 1368 1e8/2 -+
3 48524 4,66 P 9.032-3 2060481 1,032+412 5.008+16 1.382 1910 +
& 47038635 P 2+481-2 2125692 26582+12 1e214+17 1396 16949 +
5 45575603 P 4s367-2 2194418 44133412 14884417 le4l0 1988 +
é 44134058 P 4e591-2 2265480 3,947+12 le742+17 lets24 2027 +
7 4271688 P 2¢182-2 2341400 14701412 Te265+16 l.438 20065 +
3 41321.87 P 345074 2420403 2474410 1e022+15 le434 2038 +
Qo 3994951 P 1395-2 2503416 8.896+11 34554416 le&73 20172 -
10 38599,.78 P 34470~2 2590469 1e996+12 TeT703+16 1e486 20210 -
11 3727271 P 14896-2 2682493 9+820+11 34660+16 16500 24248 -
2 35968.35 P 16153~-5 2780422 5366+ 8 1.930+13 1.683 2931 +
13 34686477 P 24070=2 288294 8e638+11 26996+16 1539 2372 +
14 33428610 P 3.298-2 2991.50 le232+12 44,118+16 14554 204l +
15 32192.48 P 6.965~3 3106,32 2¢323+11 7480415 1e565 2e445 +
16 30980407 P 64669-3 3227.88 1.983+11 64143+15 1.601 26568 -
17 2979109 P 3.556~2 3356,71 9¢401+11 2801416 1.613 2601 -
18 2862576 P 24279-2 3493,36 5e346+11 1.530+16 1628 24647 -
19 27484435 P 66201=5 36384,43 la287+ 9 3.538+13 1783 34251 +
20 26367.16 P 2.848=2 3792460 5¢221+11 1377+16 1679 2821 +
21 2527452 P 44287-2 3956455 6.921+11 1749+16 1.696 24877 +
15 0 53656409 30402-5 1863,72 56254+ 9 2.819+14 1.335 1785 -
1 5209971 5e141-4 1919440 7.270+10 3,788+15 1349 1821 -
2 50566490 3e432-3 1977458 4e43T7+11 26244416 1e363 14858 -
3 49057444 1e311-2 2038443 1+548+12 Te594+16 1377 10896 -
4 47571613 3.084~2 2102.12 3.320+12 1e579+17 1.390 14934 ~
5 4610782 40388~2 2168.83 46301+12 1.983+17 leb404 1972 -
6 4466736 38255-2 2238677 2.901+12 16296+17 le418 2010
7 43249666 6e024-3 2312.16 4876411 2.108+16 le429 2040 -
8 41854465 308832 2389622 2¢847+11 10191+16 le454 2119 +
9 4048229 266722 2470422 le 773412 T+175+16 let465 24147 +
1o 39132.56 2¢477~2 2555442 l1e484+12 5.808+16 1e478 24185 +
11 3780549 le646-3 2645,12 8+895+10 3e363+15 le4 84 2192 +
12 3650113 loel49-2 273964 56589411 26040+16 le516 2303
13 35219,.56 2+986-2 2839433 1.305+12 40595+16 1529 2339 -
14 33960489 G.879-3 2944 ,.56 3.869+11 le314+16 leb42 26373 -
15 32725426 3e412-3 3055.74 10196+11 3¢913+15 le576 2492 +
16 31512485 249052 3173.31 9.092+11 24865+16 le585 24512 +
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Franck-Condon integrals--continued

3 - 3~
02 B EU—X ‘S:g Schumann-Runge system

vyt S qv'v" lgvaC) qV'V"UO qleMZO T r2 phase
7917 30323.87 14910-2 3297.73 5326+11 145615+16 1.599 245564 +
18 29158454 26712~4 3429,53 60724+ 9 14961+14 14677 20846 -
19 28017,13 266612 3569424 54853+11 1.640+16 leb46 26711 -
20 26899495 24968-2 371748 56777+11 le554+16 le662 24759 -
21 25807430 8e 7074 3874487 1.497+10 3s862+14 1e647 2686 -
8s O 54156463 640545 1846450 94616+ 9 54208414 le331 1773 +
1 52600+25 = 8e4401~4 1901.13 le223+11 66431415 1e345 14809 +
2 51067 eb4 5073-3 1958419 6e756+11 34450+16 14358 1e845 +
3 49557498 le715-2 2017484 20088+12 1.035+17 1e372 14882 +
4 4807167 3e441-2 2080423 3,823+12 1.,838+17 14385 14920 +
5 LEANB RA 2.877-2 2145454 3.925+12 1.8290+17 1.299 1.957 +
6 45167490 1.826~2 2213,96 1682412 74598+16 le412 14993 +
7 4375020 96514~5 2285470 Te967+ 9 3.486+14 1,395 14918 +
8 42355419 le391~2 2360499 14057+12 4e4TT+16 leb&s 2091 -
9 40982.83 2e748~2 2440405 le892+12 Te154+16 le458 ° 24126 Ll
10 39633610 8e768~3 2523414 Se458+11 26163416 14470 24158 -
11 38306403 2+581-3 261056 le451+11 56558+15 10499 24254 +
12 37001467 24385-2 2702458 1.208+12 L4elT1416 1.507 24272 +
12 25720409 le&25-2 2790455 T7a405+11 26045+10 16520 2308 +
14 34461642 1e529~4 2901480 64257+ 9 2¢156+14 14588 2558 -
15 33225480 20062~2 3009471 Te564+11 2+513+16 14560 26434 -
le 32013439 24095~2 3123469 6.874+11 24201416 14573 ‘24474 -
17 30824441 845690~5 3244418 24545+ 9 Te845+13 14512 2219 .
18 29659.08 le948-2 . 3371465 56081+11 14507+16 1.617 2618 +
19 28517467 2¢541~2 3506460 5¢894+11 1.681+16 le631 24660 +
20 27400448 64319-4 3649,57 1300410 34562+14 1,615 24578 +
21 26307484 149712 3801.15 3.,589+11 Geb4l+15 14681 24830 -
9s 0 5462243 Se751-5 1830475 1.589+10 84680+14 1.327 le762 -
1 53066405 142473 1884444 1e864+11 94889+15 14340 14798 -
2 51533,24 6e837~3 1940450 94357+11 44822+16 le354 le834 -
3 50023.78 24050-2 1999405 2.566+12 1e¢283+17 1e367 1870 -
4 48537647 36494=2 2060426 36995+12 1939+17 l1.381 1907 -
5 4707416 3¢033~2 2124631 3e164+12 1¢490+17 16394 10943
& 45633470 7+361-3 2191436 66995+11 3.192+16 le406 16975 -
7 44216400 2176-3 2261463 1.881+11 84318+15 1e430 24049 +
8 42820499 2¢106-2 2335430 1e654+12 7.082+16 le439 2072 +
1 4144863 1874 2 2412663 1335+12 54532416 le452 24106 +
10 40098490 4o 568-4 2493483 2e945+10 14181+15 le449 2083 +
11 3877183 lel248-2 2579419 Te274+11 24820416 1.487 26213 -
1z 3746Te47 2:162~2 2668,98 1137412 44260+16 1.499 20247 -
13 36185.90 24303-3 2763451 1.091+11 3¢949+15 1506 2259 -
14 34927423 9¢561-2 2863410 4e074+11 1e423+16 1538 24369 +
15 3369160 22792 2968410 8¢716+11 24936+16 1.550 24402 +
16 32479.,19 340423 3078489 1e042+11 34385+15 16557 20417 +
17 31290421 GeBOO=3 3195« 8Y 3.002+11 Fe394+15 14593 2541 -
18 30124488 26439~2 3319451 6e669+11 24009+16 1.603 24576 -
19 28983647 28193 3450424 64863+10 14989+15 1e610 2581 -
20 27866429 1420%9-2 3588457 2.616+11 76290415 14652 24735 +
21 267734664 2¢710~2 3735402 54202+11 1393+16 le665 2773 +
10s O 55050.81 le&31-4 1816450 24388410 le315+15 14323 1e752 +
1 53494 443 16695-3 1869435 2¢595+11 1.388+16 14337 14788 +
2 51961462 Be&t77~3 1924450 1e189+12 60179416 1350 14823 +
3 50452416 24260-2 1982408 2.902+12 let64+17 14363 14859 +
4 48965486 3e264=2 2042424 34832+12 1e876+17 1377 14895 +
5 4750254 20108-2 2105415 24260+12 1.073+17 1+390 14930 +
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Table 57. Franck-Condon integrals--continued
02 Baz;-xagé Schumann~Runge - system
- 2
viov" =8 qv'v" kgvaC) quvuO'o qvlvnﬁo r r phase
10s 6 46062409 1519-3 2170498 le485+11 6,839+15 1398 1949 +
7 44644439 7e¢537-3 2239492 6.707+11 24994+16 les422 24023 -
8 43249438 261772 2312617 ls761+12 Te617+16 le434 24055 -
9 41877.,01 8e458-3 238794 6e211+11 2601+16 Le445 22086 -
10 40527429 1e628-3 2467447 1.083+11 44391+15 le473 24178 +
11 39200621 1.853-2 2551401 1el16+12 44375+16 14480 24191 +
12 37895485 14097~-2 2638481 5.972+11 24263416 le492 2223 +
13 36614428 8e241-4 2731418 44045+10 14481415 14529 24350 -
14 35355461 14821-2 2828440 84048+11 2.845+16 1e529 24338 -
15 34119698 14076-2 2930483 44274411 1le458+16 le54] 24371 -
16 22907458 le405~3 3038481 5.005+10 1.647+15 1.578 2503 +
17 31718459 24012=-2 3152473 6e421+411 2.037+16 l.581 24501 +
18 30553427 849413 3272497 2.550+11 Te791+15 1.593 24533 +
19 2941186 34449-3 3399499 84776+10 2.581+15 14631 24669 -
20 28294467 243232 3534424 56262+11 le489+16 1.638 24684 -
21 27202.02 64200-3 3676420 le248+11 34394+15 l.648 24707 -
11, © 55439405 1.924~4 1803,78 36279+10 14818415 1320 le744 -
1 53882.67 20123-3 1855488 3e321+11 1,789+16 1.333 1e778 -
2 B2349.R6 9.7233~3 1910.22 1.396+12 7.310+16 1.346 1.814 -
3 50840440 2¢318-2 1966494 3+046+12 14549417 1.360 14849 -
4 49354409 24832~2 2026418 3.405+12 1.680+17 14373 14885 -
5 47890.78 1299-2 2088.08 1e426+12 64831+16 - 1.385 1.918 -
7 45032462 le211~-2 2220461 1,106+12 40981+16 le4l6 24008 +
8, 4363761 la756~2 229160 le59+12 6e369+16 16429 24041 +
S 42265425 14968-3 2366401 1e486+11 64281+15 le437 24058 +
10 4091552 6e765-3 2444406 44633+11 1.896+16 16463 260142 -
11 39588445 14708=-2 2525499 1.060+12 44196+16 let74 24172 -
12 382844.09 2e544-3 2612405 le427+11 5¢465+15 le482 24189 -
13 37002452 64706-3 270252 34397+11 le257+16 1e511 24286 +
14 35743484 1.671-2 2797468 Te633+11 2+728+16 l.522 2315 +
15 34508422 14400-3 289786 54754+10 1986+15 1e525 24315 +
16 33295481 9e526-3 3003438 3e516+11 14171416 1e561 2439 -
17 32106483 1e579~2 3114460 54225+11 le677+16 le572 26471 -
18 30941450 141074 3231490 34280+ 9 le015+14 1527 24279 -
19 29800409 1e450-2 3355469 3.836+11 lel43+16 le614 24609 +
20 28682490 14315-2 3486440 34103411 8.900+15 leb27 24643 +
21 27590426 7o ts35~4 3624447 14561110 443208+14 1e684 22856 -
125 0 55784458 2e377~4 1792461 44126+10 24302+15 le317 le736 +
1 54228420 20458~3 1844406 34919+11 24125+16 1330 1770 +
2 52695440 1.041=-2 1897.70 1e523412 8.023+16 1343 1.805 +
3 51185494 26229-2 1953,.66 24989+12 1e530+17 le356 1840 +
4 49699463 2¢305-2 2012.09 2.830+12 14406+17 1.370 1875 +
5 48236431 Te040~3 2073413 7+4901+11 3.811+16 le381 14907 +
6 46795486 S«564~4 2136494 - 9800+10 44586415 le404 14978 -
7 45378610 14407~2 22034670 le3io+12 5+966+16 letl2 14995 -
8 43983.15 l1.170-2 2273660 94953+11 44378416 le&t24 2028 -
9 4261Ce79 1.015-5 2346482 7.853+ 8 34346+13 1e341 14706 -
10 41261.U6 1.068-2 2423459 7¢505+11 3096416 le457 20124 +
11 39933.99 1.153-2 2504413 Te340+11 24931+16 la469 2156 +
13 37348405 14145-2 2677452 5e¢965+11 24228+16 1504 26263 -
14 36089438 94696-3 277090 44557+11 l.645+16 le515 24293 -
15 34853476 bet85~4 2869,.13 14899+10 6e619+14 14559 2447 +
le 33641435 le406~2 2972453 54353+11 14801+16 1553 2412 +
17 32452437 64219-3 3081e44 24125+11 6e897+15 16563 24439 +
18 31287.04 3¢129-3 3196421 94583410 2.998+15 1e597 24559 -

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



PAUL H. KRUPENIE

494
Table 57. Franck-Condon integrals--continued
3. 3 -
02 B s_ju~X gg Schumann-Runge system

. vac 3 4 - 2
LA [ q.v!vn }‘é ) qV'V"GO qv'V"cO r r phas:
12519 30165463 1e613-2 3317423 4e420+11 14332416 14605 24577 -
20 29028444 24021-3 3444490 44943+10 14435415 14609 2577 -
21 27935480 9,203-3 3579464 2.006+11 5,605+15 14650 20728+
135 0 56085441 2.701-4 1783400 6.766+10 2.673+15 1e314 1.729 -
1 54529404 2.638-3 1833.88 4.277+11 24332416 1.328 16763 -
2 52996423 1.040=2 1886.93 1.548+12 8.202+16 10341 1.798 -
3 51486.77 24020-2 1942425 2.756+12 1.419+17 14354 14833 -
4 50000446 1.776-2 1999,98 2.220+12 14110417 1.367 1.867 -
5 48537414 34306~3 2060428 34780411 1.835+16 1.378 14895 -
6 47096469 24611-3 2123429, 2.728+11 1.285+16 14398 1.958  +
7 45678499 14352-2 2189419 1.288+12 5.885+16 1409 14985  +
8 44283,98 60607-3 2258,15 5,738+11 24541416 14420 24015  +
9 42911.62 T2408~4 2330437 5.854+10 2.512+15 1et47 24104 -

10 41561489 1.160-2 2406405 84328+11 34461416 1453 24111 -

11 40234482 549983 2485441 3.907+11 1.572+16 1eb46k 26140 -

12 38930446 1e245-3 2568468 74346410 24860+15 14492 24236+

13 37648488 14200-2 2656412 60404411 2.411+16 14498 24246 o+

14 36390.21 3.605-3 2747499 1.737+11 64321415 1.508 24269+

15 35154 459 24607 2 2844458 le567111 54508115 1e537 2368 -

16 33942418 16225-2 2946419 4.791+11 14626416 1546 24391 -

17 32753420 74873~4 3053414 2.766+10 9.060+14 14546 24375 -

18 31587.87 84314-3 3165477 24620411 84277+15 1.586 24515+

19 30446446 9.930-3 3284445 2.803+11 8.533+15 14597 2.549 &

20 29329,27 34204-4 3409,56 84084+ 9 2.371+14 1e658 24775 -

21 28236463 14365-2 3541450 3.072+11 8.674+15 le640 24692 -
THE CALCULATED ARRAY EXTENDED THROUGH (13521)e Q@ LESS THAN 1e0=6 HAVE BEEN OMITTED.

O; qug - 0, XBE; Ionization system
0, 0 97365400 1.884-1 1027406 1.73
1 95808462 2.710-1 1043.75 2.382:%2 5'232113 e 1500t
> 96275.81 2.262-1 1060472 1e921+14 Le811419 1.4 1e302 . -
2 92766435 1e4495-1 1077498 1.194+14 1.107+19 ,%:ééé %:ggé z
91280.04 Be364~2 1095453 64361+13 5.806+18 1.080 10165  +
5 89816473 44232-2 1113438 340
34066 .
6 88376427 2.000-2 1131.55 1:381:%2 % ;gg:%g 1'062 Lioes
g 22228.58 9.017-3 1149.97 54929412 5.156+17 1’331 i'gzﬁ z
3.57 3.932-3 1168472 24463+12 . . . N
2.108+17 14017 14033  +
9 84191420 1e676-2 1187477 1.000+12 84423416 1.004 14005 -~
10 82841447 740414 1207413
_ . 4.003+11
ié 235§4.4o 24931-4 1226.78 1.587+11 ?'3@2:12 g:ggé 8.322 !
210404 1e215~4 1246.73 64270+10 . . N
. 5.029+15 04968 04933

13 78928447 5.040=5 1266.,97 ﬁ.478x10 . N

£ 5 - 2e 1la?50+15 0e957 Ue912 -

14 77 - )

669480 2.099-5 1287450 94834+ 9 7.638+14 0.947 04893 &

15 764364,17 84806-6 1308,31 3,932+

9 I -

16 75221477 347346 1329440 14589+ 9 f’?gﬁiii 3'235 2'224 N
a7 T40324 (8 14605-6 1350475 64511+ 8 40820413 BOpeot 0°8’7 M
b 9923157 306451 1007468  2.563+14  3.536415  1.190 1430 5

97681419 84139-2 1023474 74585+13 74409415 Telt 1351 -
2 96148438 54385-3 1040.06 45.787+12 12+17 '
4 2863892 B4398-2 1056465 70118413 2:?251%; i'fﬁﬁ %'357 N

4 93162461 1.337-1 1073.51 1.081+14 1.007+3 0 DESS 1.222 .

{f»' 25{;?9.30 le246-1 1090464 F«603+13 8.8U5+ 1 *’()\u 1:179 :

: C0248.84 8.953~2 1108.05 64581+13 5.,9904 |1 Denas 16140 -
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Table 57. Franck-Condon integrals--continued

o'; xzng -0, X3g; Tonization system
VAR ALE 5 . qv'v" livac) d 1 ynTg qv‘v"co Ar r2 phase
7 88831.14 545152 1125473 34866+13 36434+18 1.052 14106 +
8 87436413 340732 1143,69 24054+13 1796418 14037 14073 -
9 86063477 1e598~2 1161.93 1.019+13 8e768+17 1.023 1044 +
1o 84714404 Te920-3 1180444 4o815+12 44079417 1.009 14016 -
11 83386497 347943 1199423 24¢200+12 le834+17 04997 0991 +
12 82082.,61 le775-3 1218,.,28 9.816+11 84057+16 04985 0e967 -
13 80801404 8e175-4 1237461 44313+11 3485416 04973 0944 +
14 79542 4,37 " 3.731~4 1257419 1.878+11 1.493+16 0s962 0e923 -
5 78306474 1696-4 1277403 84144+10 6377415 0982 0902 +
16 77094433 Te715-5 1297411 34535+10 2¢725+15 0e942 0885 -
17 75905435 3e525-5 131743 1542410 1¢170+15 0933 0e867 +
18 T4740.,02 146245 1337.97 64780+ 9 56067+14 . D925 0e852 -
19 73598461 T4565~6 1358,72 34016+ 9 24220+14 04917 0e837 +
20 72481443 24574~-6 1379.66 l1e361+ 9 9.865+13 04910 De824 -
21 71388478 le717~6 1400478 6246+ 8 4o 459413 0e903 0e812 +
29 O 101077457 24901~1 989.34 2995+14 34028+19 le229 1510 +
1 99521.19 405022 100481 46438413 44416+18 le212 1e473 +
2 97988438 14659-1 1020453 le561+14 1.530+19 lel74 14378 -
3 96478.,92 50231~2 1036450 44698+13 44532+18 le143 14304 +
4 94992,61 64 789~4 1052471 5.819+11 5.528+16 1.195 1s+459 +
5 93529430 4 e&T0O-2 1069418 2.6574+13 34.420+18 le115 le246 -
6 92088484 8e982-2 1085,4,91 74015+13 64460+18 14093 14195 +
7 9067115 9.816-2 1102.89 T4317+13 6.634+18 1e074 14155 -
8 89276414 84,056=-2 1120412 5.733+13 5,118+18 1.058 14118 +
9 87903.77 54584-2 1137.61 3+793+13 34334418 1.043 14086 -
10 86554 ,04 3.066-2 1155.35 2247113 1e945+18 le028 1055 +
11 85226497 1¢9932-2 1173634 1e234+13 le052+18 1.015 14028 -
12 83922.61 1.086-2 1191457 64419+12 54387417 1.002 14002 +
13 82641404 54692-3 1210.05% 3213+12 24655417 04990 0978 -
14 81382.37 249033 1228477 le565+12 1e273+17 0979 0e955 +
2315, 80146474 le453-3 1247471 Te481+11 54996+16 04968 0e934 -
16 78934 .34 T7+190-4 1266488 34536+11 24791416 04958 0914 +
17 77745435 345364 ' 1286425 le661+11 14292+16 0+948 0e895 -
i 76580402 Le737—4 1305402 7+0800+10 54973+15 06939 04878 +
19 75438462 8e556-5 1325458 3.673+10 26771+15 0930 0862 -
20 7432143 Le243-5 1345451 1e7424+10 1e294+15 0eG22 0e847 +
21 73228.78 ?al24~5 1365.88 8,340+ O 6. 108+T4 0.915 N«834 -
34 0 102885.01 le227-1 971.96 1le337+14 1e375+19 1266 16602 +
1 101328,.63 24602~1 986489 2707414 2e743+19 1.238 14533 +
2 99795.82 1e529-2 1002405 14520+13 1e516+18 14182 1386 -
3 98286436 Telb26=2 1017444 74051+13 6,930+18 1.185 le408 -
4 96800405 1e092~1 1033.06 9.903413 9.586+18 1.154 1331 +
5 95336474 34006~2 1048691 24605+13 2+4483+18 14125 1259 -
6 93896428 T7e590~4 1065400 64283+11 54900+16 1.173 1407 -
7 02478459 362232 1081433 2e557+13 24365+18 l.102 14219 +
8 91083457 6e789-2 1097.89 54130+13 446T73+18 l1e081 14171 -
9 89711421 T4938~2 1114469 57314132 54142+18 14064 1132 +
10 88361448 Te016~-7 1131.72 LaRG0+13 4.277+18 1.048 14098 -
11 87034441 5246~2 1148497 3e458+13 3.010+18 1034 14068 +
12 85730405 36512-2 1166445 26213+13 1.897+18 1.020 1039 -
13 84448448 261772 1184415 1311413 1.107+18 1.007 14013 +
14 83189.81 1e277-2 1202.07 Te352+12 661164+17 0995 0989 -
15 81954,18 74199-3 1220419 36963+12 34248+17 04984 0e366 +
16 80741478 34945-3 1238452 2¢076+12 16677+17 0e973 0s945 -
17 79552479 204120-3 1257403 1.067+12 B84490+16 0.963 0925 +
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Table 57. Franck-Condon integrals--continued
of Xzﬂ -0 Xaz- Ionization system
2 g 2
. : a 3 - 2
viovn % Gy ryn xgv © Ay ty9, RARLLP B ¥ phase
18 78387e46 16125-3 1275471 5¢417+11 44246+16 0.954 06906 -
19 77246406 5e927=4 1294456 20732+11 24110+16 Oe944 0+889 +
20 76128487 3e117~4 1313456 14375+11 , 1e047+16 04936 0«873 -
21 75036422 le642-4 1332469 64937+10 54205+15 0.928 0858 +
49 0 104659488 24977-2 955448 3e413+13 34572+18 14310 le71l4 +
1 103103450 2e349-1 969,90 24575+14 ' 24655+19 1e274 14623 +
2 101570670 le139~1 984454 1.193+14 14212419 1.250 1le566 +
3 100061424 9e524=-2 999439 9e542+13 9¢547+18 le204 le&47 -
4 98574493 4o T733~3 1014446 44533+12 4a4694+17 le224 14516 -
5 97111.61 8e316~2 1029.74 Te616+13 Te396+18 14163 1355 +
6 95671.16 Te360-2 1045425 6el4s5+13 64166+18 le135 l.288 -
7 94253446 1e558~2 1060,97 1¢304+13 14229+18 14106 1216 +
8 92858445 le645~3 1076491 14317412 14223417 1.138 14316 +
9 91486409 2 743-2 1093406 2+101+13 14922+18 1090 1193 -
10 90136436 54529-2 1109,.43 44049413 34649+18 ls071 lel48 +
11 88809,29 6+608~2 - 1126401 4,628+13 44110+18 1.054 l1ell2 -
12 87504,93 64093~2 1142,79 44082+13 34572+18 1.040 1080 +
13 86223435 447972 1159.78 3.075+13 24651+18 le026 1051 -
14 B4GAL AR 2.397-2 1176.96 2.0844+12 1.770+18 1.012 1.028% ES
15 83729406 20234=2 1194433 1e311+13 1.098+18 l.001 14000 -
16 82516465 le392-2 1211488 7e820+12 64453+17 06990 0977 +
17 81327467 843433 1229459 4488412 3e650+17 0979 0956 -
18 80162434 44863-3 124747 2+505+12 24008+17 0969 0936 +
19 79020493 24780-3 1265449 1e372+12 le084+17 04959 0917 -
20 77903474 1e569~3 1283,63 Tedl9+11 5.780+16 0.950 04900 +
21 76811.10 8¢ 794~4 1301490 3.985+11 34061416 06942 08832 -
5, 0 106402420 4e145-3 939483 44993412 54313+17 le364 14855 +
1 104845,82 84906-2 953,78 1.026+14 1.076+19 l.318 1e735 +
2 103313,01 2¢675-1 967493 1 24949+14 34047+19 14283 1e646 +
3 101803.55 1e719-2 982.28 le814+13 14847+18 le279 1650 +
5y 4 10031724 1e4286-1 99684 14298414 1e302+19 1
. 5 4 -
5 98853493 le231-2 1011459 1.189+13 1:175+18 1.%23 %:3;3 +
6 974132,47 2¢940-2 1026455 24718+13 2.648+18 14177 1391 +
7 95995,77 74688~-2 -1041,71 6.801+13 64528+18 lalbs 14309 -
8 94600476 44789-2 1057.07 44055413 34836+18 1.119 le248 +
.9 93228440 6e952~3 1072463 54633+12 5
. 252+17 -
10 91878467 34029~3 1088439 2.349+12 2:158+17 iigfz %:gg -
11 90551460 24503-2 1104.34 14858+13 1.683+18 1079 l1e169 +
%g 23247.24 4e701-2 1120448 34341+13 20982+18 1.061 1el127 -
965,467 54620-2 1136481 3826413 3+365+18 1.046 14093 +
14 - 86707400 543152 1153431 3e465+13 3+004+18 1
2 -
15 85471437 403442 1169.98 24712+13 2:318+18 1:3?9 i:ggi +
16 84258496 3e216-2 1186.82 1924413 1e621+18 1006 14012 -
i; 83069.98 242202 1203,.80 14272413 1.057+18 04995 0989 +
81904.65 la456-2 1220.92 Be001+12 Ge553+17 Ue984 ‘ Q967 -
19 80763424 94206-3 1238419 44850412 36917417
06974 0947
20 79646405 50666-3 1255456 2¢863+12 2:280+17 0:965 0928 i
21 78553441 36423-3 1273,02 1.659+12 1.303+17 0.95¢6 0911 +
6s O 108111.94 3¢103~-4 924497 3¢922+11 44240416 let36 24049 +
1 106555456 le676-2 938448 24028+13 24161+18 14372 1878 +
2. 105022.76 1.587~1 952,17 1.838+14 1930+19 12326 1757 +
3 103513430 262781 966406 2¢527+14 24616+19 14203 14673 +
4 102026499 24891~3 980413 34071412 36133417 lTalbv 14303 -
5 100563467 9e942-2 994439 le011+14 1e017+19 Le2zy 14503 -
[ 99123422 5e299~2 1008484 5¢161+13 54116418 Telta 14397 +
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Table 57. Franck-Condon integrals--continued

BN
T

. T

02 Xéﬂg - 02 X32; Ionization system
5\ 1 —

viou" \70 quvn }L<V5C) qv IVH(T; qv ty""% r rz phase
7 9770552 14163-3 1023448 1.085+12 1.060+17 le247 1590 +
8 96310451 4,788-2 1038431 4e2TT+13 40119+18 1.154 1334 -
9 94938,15 6e304-2 1053432 54394+13 5121+18 lel27 1269 +
10 93588442 24959~2 1068651 2e425+13 20270+18 1.103 1212 -
11 92261435 244003 10832.88 14885+12 1¢739+17 1.063 1e111 +
12 90956499 44571~3 1099442 3e&40+12 34129+17 1.097 1e21% '+
13 89675a41 | 2e344-2 1115.13 1.5690+13 1.516+18 1.069 1147 -
14 88416474 44090-2 1131401 2.827+13 24500+18 1e052 1.108 +
15 87181612 4o 8492 1147404 3.213+13 2.801+18 1.038 1-077_ -
16 85968, 71 LebH2~2 1163,21 2+962+13 24547418 le024 le049 +
17 B& ({94 (3 3e924~2 11796453 de391i+1s 2602 (+18 leQ1Z leD24 -
18 83614440 36014~2 1195497 la762+13 le473+18 1001 1000 +
19 82472499 2¢169-2 1212452 14217+13 14004418 04990 06978 -
20 81355480 less89=-2 122917 8+016+12 6e522+17 0+980 0e958 +
21 8020310 2867 2 1245420 54102412 4e005+17 0.D70 0930 -
0 109789413 1.030-5 910,84 1e364+10 1,497+15 1le548 24369 +
1 108232.75 1¢547~3 923494 1.961+12 2123417 les4t6 24078 +
2 106699494 3¢4960~2 937e21 44811+13 5.133+18 . 1.381 14902 +
3 105190,4.48 24182~1 950.66 24540+14 2:672+19 1335 1780 +
4 103704417 le540~1 964628 le717+14 1781419 le304 1706 +
5 102240486 B3eT4H6-2 978408 44004+13 44094+18 14233 1.511 -
6 10080040 LeB41~2 992.06 44958+13 4,997+18 14239 le541 -
7 99382471 84 046~2 1006421 7897413 TeB849418 16194 1e425 +
8 97987470 7+866-3 1020454 Te401+12 Te252417 lelés 1291 -
] 9661533 1e¢586~2 1035403 1430413 1.382+18 1,169 1le374 -
10 95265460 5¢355~2 10494.70 44630+13 be411+18 1.135 14290 +
11 193938453 4e755-2 1064453 3e942+13 3.703+18 le112 le234 -
12 92634417 le722-2 1079451 1e368+13 1.268+18 1.088 le178 +
13 91352.60 4e 5574 1094466 3e4T74+11 34174416 ls016 0988 -
14 90093493 59533 1109495 46353412 3,922+17 1.083 1183 -
7415 88858,30 242022 1125,39 12545+13 14373+18 14060 16127 +
16 87645490 365972 1140496 24422413 20123+18 le044 14092 -
17 86456,91 42212 1156465 2.728+13 2.358+18 1030 l.062 +
18 85291.58 44109-2. 1172445 24550+13 24175+18 1.018 1036 -
19 84150018 3¢545-2 1188435 2¢112+13 16778+18 1,006 1012 +
20 83032.99 2¢813~2 1204434 1.610+13 1e337+18 0996 0990 -
21 81940434 291012 1220440 ledibb+13 9¢470+17 0e986 0970 +
8s 1 109877.37 54809-5 910.11 Te707+10 B,468+15 l.564 2417 +
2 108344 ,56 Loh1l4-3 922498 5614412 6.083+17 le456 24108 +
3 106835,10 Tel151~2 936,02 8,720+13 94316+18 14390 16927 +
4 105348,80 245541 949423 2.986+14 3145419 le343 148058 +
5 103885.48 8e1l12-2 962460 9e0944+13 G4t 8+18 1e320 1+752 +
3 102445,02 724985-2 976413 84585+13 8§,795+18 14249 14555 -
7 101027,33 lel06~2 989,83 14140+13 le152+18 le268 1625 -

8 99632432 7e903-2 1003469 Te816+13 7.787+18 le204 14450
9 98259.95 341942 1017471 34030+13 24978+18 1.166 14353 -
10 96910423 SeTbb4~0 103188 Se246+11 5,084+16 1260 1633 -
1 95583,15 30086~2 1046421 26695+13 26576418 l1el45 1315 +
12 94278679 44995~2 1060468 44185+13 36946+18 16119 1253 -
13 92997.22 363742 1075430 2714413 2524418 1.098 1202 +
14 . 91738.55 9e375-3 1090.,05 Te238+12 66640+17 14073 lelty -
16 89290452 6e966-3 1119494 42959412 4o428+17 1072 lel58 +
17 88101453 24050~2 1135.,0% 1e402+13 1235418 1052 1110 -
18 86936420 3e174~2 1150627 2+085+13 1.813+18 1,037 1077 +
19 85794.,80 30692*2 1165457 2¢331+13 2000+18 le024 14049 -
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+ 2
O2 X Hg - O2 X

3 ~

Franck-Condon integrals--continued

gg Ionization system

v' v GO quvn lévac> qvlvnﬂi qv_lvu'.?o r rz phase
20 84677+61 36342 1180495 24206413 1.868+18 1.012 1025 +
21 83584.,96 34206-2 1196439 1.872+13 1+565+18 14002 1002 -

9s 2 109956462 le834~4 909445 24438411 24680416 l.582 24469 +

3 108447.16 Qe4T4-3 922411 1.208+13 le310+18 lets67 20139 +
4 106960485 14094-1 934492 1.339+14 le432+19 14399 1952 +
5 105497454 24669-1 947,89 34134414 2.307+19 14353 1.832 +
6 104057408 2¢931-2 961.01 34303+13 3.437+18 le349 1837 +
7 102639439 1¢055~1 974428 lelsl+lé 14171419 14260 1.585 -
8 101244437 44893-5 987471 5.078+10 5¢141+15 0.580 ~0e390 . +
9 99872401 50675-2 1001428 54653+13 5646+18 l1e214 1e478 +
1o 98522.28 54296~2 1015400 5.065+13 44990+18 1177 1382 -
11 97195421 4e726-3 1028486 44339+12 44218417 1a125 le244 +
12 95890485 14008-2 1042485 84892+12 84526+17 le161 14359 +
13 94609428 3e4836-2 1056498 34249413 3.074+18 1.128 le274 -
14 93350461 441912 1071423 3.409+13 34182+18 1.105 16221 +
15 9211498 24289-2 1085460 1.789+13 1le648+18 1085 1172 -
16 20902.58 4e740~3 1100408 3e560+12 34236+17 le058 1108 +
17 89713459 2¢510~4 1114466 1.813+11 1626416 lelad 1350 +
18 88548426 7e¢519-3 1129433 54220+12 4,623+17 l.063 14137 -
19 87406486 148832 1144407 1e257+13 1.099+18 1e045 14094 +
20 86289.67 2¢796~2 1158489 1,796+13 1e550+18 1.031 1064 -
21 85197402 34233~2 117375 1.999+13 1.,703+18 1.019 14038 +
10, 3 110026465 442644 908487 5,679+11 64249+16 14600 2525 +
4 108540435 1le700-2 921432 24174413 24360+18 le477 20171 +
5 107077403 le496~1 933491 1e837+14 1e967+19 ls408 14979 +
6 105636458 24564~1 946664 34023+14 3¢193+19 14363 1861 +
7 104218488 34951~3 959,452 Go473+12 4e661+17 1e450 20141 +
8 ©102823.87 l.082~1 972454 lel76+14 14209+19 1270 le612 -
9 101451450 14061~2 985469 1.108+13 14124+18 14195 1e405 +
10 10010178 29232 398428 2+932+132 24935+18 le228 le516 +

10411 98774471 66001~2 1012441 5.783+13 54712418 14186 16406 -
12 97470634 14998~2 1025495 1.850+13 1804418 14150 14315 +
13 96188477 440874 1039462 34637+11 34499+16 1,259 14635 +
14 94930410 2¢113-2 105341 14808+13 l1e716+18 le138 14299 -
15 93694448 34888-2 1067430 34198413 2+4996+18 le113 14239 +
16 92482407 3293~2 1081429 24605413 24409+18 1.093 14192 -
17 21293.08 l1«507- 2 109527 lelaG+12 le047+10 le072 leld5S +
18 9012776 24200~3 1109454 l1e611412 16452417 1.041 14066 -
19 88986435 Tel58~4 1123,77 5.044+11 44488+16 lel0l 1e236 -
20 87869416 Te613~3 1138406 5.165+12 44538417 1.055 14120 +
21 86776451 147002 1152439 14111+13 9.641+17 1.038 1.081 -

THE CALCULATED ARRAY EXTENDED THROUGH (10s21)e G LESS THAN 1.0-6 HAVE BEEN OMITTED.

OZ aqﬂu - 02 X32; Ionization system
Qs © 129889,26 Q.684-3 769,89 2+122+12 2«756+18 le291 1669 +
1 128332.88 5¢387-2 779.22 1.139+14 le4614+19 le314 1728 +
Z 126800407 1e377-1 788464 2.808+14 3+560+19 l.338 1791 +
3 125290461 2¢150-1 798414 44230+14 54299+19 14363 1858 +
4 123804430 2+299~1 807473 44363+14 54401+19 1.389 12928 +
5 122340499 1.788-1 817439 3.273+14 44005419 le416 2004 +
6 120900453 14048~-1 82713 le852+14 24240+19 legad 24084 +
7 119482484 Lo Th4-2 836494 8,091+13 9.668+18 1e474 24170 +
8 118087483 le681-2 846483 24767+13 34268+18 1e450% 202863 +
g 116715446 4e701~3 856478 Ted74+12 8e4723+17 1538 2+363 +
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Table 57. Franck-Condon integrals--continued
o;“ aé‘nu -0, x%; Ionization system
vt T Gty kgvac) qv.v.mi S IRBICI r T phase
10 1153654.73 1e042-3 866481 14600+12 1.846+17 1.573 2471 +
11 114038466 le828-4 876090 2¢712+11 3.092+16 le6ll 24590 +
12 112734430 2e526~5 887404 3.619+10 44080+15 le652 20721 +
13 111452.,73 267166 897e24 34760+ 9 44190+14 le695 24868 +
ls O 130904,15 34548-2 163492 (e 959413 1eQ42+1LY Le276 1e630 -
1 12934777 14231-1 77311 2e664+14 Bebts6+19 1.298 1+686 -
2 127814496 14580~-1 782438 34299+14 44216+19 16321 1e7464 -
3 126305450 Te392-2 79173 1e489+14 14881+19 14343 14802 -
4 124819419 6¢013~4 801.16 14169+12 1e460+17 1.335 16751 -
5 12335%,88 54251~2 810e66 94855+13 1e216+19 1+400 1965 +
6 121915442 1e515~1 820624 2eT45+14 34347+19 ls426 24034 +
1 120497473 1.787~1 829.89 34126+14 34 767+19 le&b4 24113 +
8 119102472 1e291~1 839461 24182+14 24598+19 le483 2199 +
9 117730435 belB4—2 849440 1.058+14 le246+19 1e514 20292 +
1o 116380462 24391-2 859425 34769+13 44386+18 1547 2392 +
11 115053455 6e655~3 869416 1e014+13 le166+18 1583 2502 +
12 113749,19 le416~3 879413 24084412 2371417 1¢620 2621 +
13 112467462 2¢310=4 889414 34286+11 3.696+416 l.661 24754 +
14 111208495 2aRAG~5 899471 3a946+10 44389+15 1706 24902 +
15 109973432 26716 909.31 34553+ 9 34907+14 l.756 3073 +
2s O 131898440 Tel18-2 758416 le633+14 24154419 1262 14594 +
1 130342402 le416~1 T6Ts21 34136414 44087419 1.283 leb46 +
2 128809.21 64096~-2 776434 14303+14 1.678+19 14303 1697 +
3 127299.75 2e155-3 | 785455 Laeblb+l2 54660+17 le347 1+829 -
4 125813444 8e255~2 794483 lebb4+14 2068+19 1355 1837 -
5 124350413 9.545-2 804.18 1.835+14 2.282419 1.2378 1.897 -
6 122909,67 143512 813,61 24509413 34083+18 14397 1944 -
7 121491.97 2¢319-2 823410 44159413 54053418 1e440 2080 +
8 120096496 le220~1 832466 2+114+14 24539419 le4bs 2145 +
9 118724460 14679-1 842428 24809+14 34335+19 1e493 2229 +
1o 117374487 1e269-1 851497 24052+14 2+408+19 14524 20322 +
11 116047.80 6e321~2 861471 Qe879+13 1146+19 14557 2422 +
12 114743 .44 2e233-2 87151 3e¢3273+13 3.870+18 1e592 2532 +
13 11346187 5e784~3 861435 Bet48+12 9e4585+17 14630 2e653 +
i4 112203.20 14115-3 891424 1e574+12 1e767+17 14671 24787 +
15 11096757 1¢598~4 901e16 22183+11 2¢423+16 1.71¢ 24938 +
16 109755416 le682~5 911,12 24224410 2e441415 1e767 3elll +
17 108566.18 le267—6 921410 146214 © 1.759+14 14825 3316 +
3s 0 132872400 1.039-1 752460 24437+14 36238+19 le249 1+560 -
1 131315462 1.031~1 T61e52 2+335+14 34067+19 14268 14608 -
2 129782.81 let&l6-3 770652 3.096+12 44017+17 la271 1599 ~
3 128273435 6e255~2 779458 14320414 14693419 1e315 le732 +
4 126787404 Te024-2 788472 le431+14 1.815+19 14336 14783 +
5 125323.,73 2e454—4 797.93 44830+11 64053+16 l1.298 le625 +
& 123883.27 6,122-2 807,21 1.,164+14 1.442419Q 1.390 1.934 -
3, 7 122465458 84813-2 816456 1¢619+14 14982+19 l1e413 1995 -
8 121070457 1e253~2 825,97 2223+13 2692418 le432 24041 -
9 119698420 24519-2 835,43 44320413 5.171+18 le479 26194 +
1o 118348.47 le241~1 844,96 26057+14 24435+19 le504 24263 +
11 117021440 le612-1 854455 2¢583+14 34023+19 1534 24353 +
12 11571704 1e¢135~1 864418 14758+14 2+034+19 1567 24454 +
1R 114435.47 5.179-2 872.86 7.760+13 8.881+18 1.602 2.565 +
14 113176480 leb646-2 883457 2¢386+13 2¢701+18 1640 20686 +
15 111941417 34759-3 8934.33 54272412 54902+17 14681 2822 +
16 11072877 6e221~4 903011 8e445+11 9e351+16 16727 2974 +
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Table 57. Franck-Condon integrals--continued
ot aAH -0 X3z_ Ionization system
2 2 g
v =58 Q1 kgvac), qvtvuni Q1 n0g r r phase
17 109539.78 7+398-5 912.91 FeT24410 1.,065+16 1.778 34150 +
18 108374445 6e161-6 922473 7843+ 9 84499+14 14837 3361 +
e O 133824.96 1a237=1 T47.25 2.965+14 3.968+19 le236 1e¢528 +
1 132268.58 44696-2 756404 1e087+14 1.437+19 1e254 14570 +
2 130735.77 14926~2 764490 44305+13 5.628+18 1+282 16647 -
3 129226.31 Te697-2 77384 le661+14 2e146+19 1299 1686 -
4 127740400 34438-3 T8Ze 84 Telb{+12 9el55+17 14307 le5694 -
5 126276469 540712 791491 14021414 14289+19 14348 14820 +
6 124836423 548802 801,05 lel44+14 1,428+19 14368 14870 +
7 123418453 7e736-5 810425 le454411 1e795+16 l.527 20431 -
8 122023452 66072 819451 1+200+14 l.465+19 le425 24033 -
9 12065116 Tets277-2 828484 1.304+14 1e574+19 le449 24097 -
10 119301443 34603-3 838421 6e118+12 74298+17 le457 24103 -
11 117974436 443672 84764 74170413 84458+18 1le517 24307 +
12 116670600 le401-1 85712 26224414 24595+19 le545 24388 +
i3 115388443 le517~1 866464 24330+14 2.689+19 1577 26487 +
14 114129.76 9e222~2 876420 1371+14 1le565+19 leb12 24598 +
1S 112894412 Seb42—2 885479 5e240+12 54916118 l«650 2«720 1
16 111681472 9e905~3 895440 1«380+13 1.541+18 le692 . 24857 +
17 110492474 14895-3 90504 2557412 2e825+17 la737 34012 +
18 109327441 2e545~4 914,468 34326411 3+4636+16 le789 34191 +
19 108186.01 2¢340-5 924433 26963410 3.205+15 1.849 36407 +
20 107068482 14396~6 933,98 le714+ 9 14835+14 14923 34679 +
Sy O 134757427 1s278-1 742408 3e128+14 44215419 - le224 14498 -
1 133200489 9+046-3 750475 24138413 24848+18 1.237 14526 -
2 131668408 SeT47-2 75948 1e312+14 16727+19 1.266 1603 +
3 130158462 34149~2 768429 64945+13 94039+18 14282 l1eb64] +
4 128672432 240092 777417 44280413 5.508+18 16313 le728 -
5 127209.00 6e100~2 78611 le256+14 1¢597+19 1329 le766 -
6 125768455 1s052~4 795411 2092+11 24632+16 1.251 le465 -
7 124350485 54826-2 804.18 14120+14 14393+19 1.381 1908 +
8 122955484 3e921-2 813430 7289+13 8.963+18 14400 1958 +
2 L21583e4 ¢ He860~-3 82248 1+UB3+13 14280+18 le448 20411 -
10 120233.,75 7.905~2" 831471 le374+14 14652+19 le4bl 20135 -
11 118906468 5¢067-2 841400 8518413 1,013+19 14485 20201 -
12 117602.31 T+023=4 850,32 1.142412 1e343+17 l.581 24550 H
13 116320474 Te772~2 . 859,69 14223414 1¢423+419 14557 24428 +
14 115062407 1e555-1 869410 24369414 2.726+19 1.588 24523 +
15 113826445 1e325~1 878453 1.954+14 24224419 le623 24633 +
le 112614404 64626-2 887499 9a463+13 14066+19 l.661 24756 +
17 111425405 2e¢164~2 897.46 2+993+13 34335+18 1.703 24894 +
18 110259,73 448013 906495 6e435+12 T4096+17 14749 34051 +
19 109118.32 74280-4 9l6e44 Ges59+11 1032+17 l1.801 3234 +
20 108001413 - Te376-5 925492 $.292+10 1.004+16 le862 34455 +
21 106908.48 4eT20-6 935438 5767+ 9 6.,166+14 1.938 34738 +
6s 0O 135668494 14190-1 737409 2.971+14 44031+19 1.212 1e469 +
1 134112456 3.868-4 745464 9¢330+11 1.251+17 l.261 14616 -
2 132579.75 64876-2 754426 le602+14 2124419 le252 1567 -
3 131070429 8,683-4 762,95 14955412 24563417 1.246 14529 -
4 129583.,99 5¢577=2 771.70C le2lé4+14 14573419 1295 1678 +
5 128120.67 1.182-2 780451 2s486+132 34185+18 1300 147053 +
6 126680422 34507~2 789439 T74130+13 9.032+18 143432 14806 -
7 125262452 44096-2 798432 84050+13 1.008+19 1.360 1846 -
8 123867451 54262-3 807431 HEAERFE] D 1.239+18 1e403 1983 +
9 122495414 64584~2 816436 16210+14 1e482+19¢ le414 14999 +
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Table 57. Franck-Condon integrals-~continued

O; aqnu -0, ng; Tonization system

viowt a, Q1 )\{()vac) qv,vnsz 9y 1y T r2 phase
1o 121145442 1e459~2 825445 24594413 34142+18 14430 20037 +
11 119818435 2+702-2 834,460 4e649+13 5570+18 le476 24185 -
‘12 118513.98 B84328-2 843478 1e386+14 14643+19 1e498 26243 -
13 117232441 2e012-2 853401 3241413 3.799+18 14519 2297 -
14 115973474 Le861(~2 BOZelb 2e912+13 34376+18 le575 2402 i
15 114738412 le202-1 871455 14815+14 24083419 1600 24561 +
16 113525.71 1+570-1 880486 24297+14 24607+19 le634 24669 +
17 112336472 le023-1 890,418 le451+14 1.630+19 l.672 24793 +
18 11117140 4e059-2 899451 5¢577+13 6200+18 le714 24932 +
19 110029499 14049-2 508484 14397+13 1.538+18 1a760 34091 +
20 108912480 14798-3 918417 2323412 24530+17 14813 3278 +
21 107820416 24004~4 927447 ZeDl2+1 L 2eTUT+10 1876 36505 +
THE CALCULATED ARRAY EXTENDED THROUGH [ 6321)s Q LESS THAN 10-6 HAVE BEEN OMITTED.
0+ Azn -0 XBT- Ionization system
2 u 2 “g

0, O 137434451 Z2¢881~3 72762 Te480+12 - 1.028+18 1.299 1690 +
1 135878413 1e994~2 735495 5.001+13 64796+18 le321 le747 +

2 134345,32 664752 744435 14570+14 2¢109+19 le344 1806 +

3 132835486 le315~1 752481 34083+14 44096419 1e367 14869 +

4 131349456 1¢880~-1 T61e33 44261414 54597+19 1+391 1934 +

5 129886624 2¢017-1 769490 Lo 420414 5¢741+19 le&415 2003 +

6 128445478 1e691-1 778454 3e584+14 44604+19 le&40 24074 +

7 127028409 le¢140~-1 787623 26336+14 2+4967+19 le466 24149 +

8 125633408 64296-2 795,97 le248+14 1e568+19 le492 26226 +

9 124260471 2¢893=-2 804eT76 54550+13 64897+18 14520 24308 +
10 122910.98 1a117-2 813460 24074+13 24550+18 le548 24393 +
11 121583,.,91 34654-3 822448 6e568+12 7986417 1e576 2482 +
iz 12027955 14017-3 83140 loe 771412 2130417 1606 2576 +
13 118997498 2e418~4 840435 4074411 4e848+16 le636 20675 +
14 117739431 44907-5 849433 84009+10 9e829+15 le668 2779 +
15 116503468 8e492-6 858434 1343410 le564+15 1.701 24890 +
16 115291.28 l1e247~6 867,37 1,911+ 9 24204+14 le736 34008 +
1, ¢ 138305454 1e225~2 723404 3e241+13 44483418 1l.287 14658 -
1 136749416 62015-2 731e27 14538414 24103419 14308 16712 -

2 135216436 1e238~1 739856 3.061+14 44139+19 1,330 16769 -

3 133706.90 14305~1 747491 34120+14 46171419 1e352 1828 -
& 132220459 6e178-2 756431 le428+14 1.888+19 1e375 14888 -

5 13075727 2e467-3 764478 5516+12 Te213+17 14390 1918 -

6 129316482 24648~-2 773430 5.727+13 Te406+18 le428 24044 +

7 127899412 1e029-1 781487 24153+14 2754419 - le452 24108 +

8 126504411 14530~-1 790449 3+096+14 34917+19 1477 24182 +

9 125131475 le435~1 ) 799416 20811+14 34517419 . 1503 24259 +
10 123782,02 9.808 2 807.87 1e860+14 2e302+19 le530 2240 +
11 122454495 50210~-2 816463 94567+13 14172+19 14558 20426 +
12 121150459 | 20226=2 825442 34958413 4e795+18 le587 24515 +
3 119869,01 74805-3 834424 le344+13 le611+18 le616 24609 +
14 118610434 2274~3 843,10 34794+12 44500+17 1a647 24708 +
15 117374072 5¢539-4 851.97 84957+11 14051417 l.678 24813 +
16 11616231 lel32~4 860486 la774+11 24060+16 le712 24925 +
17 114973433 14936-5 869477 24942+10 34383+15 le746 3044 +
18 113808400 20760-6 878467 44068+ 9 44629+14 le783 34173 +
2s 0 139149444 24862-2 718465 Te712+13 14073419 14275 14628 +
1 137593406 Feb34-2 72678 24510414 34453+19 1e296 1680 +

2 136060425 lell6-1 734497 2e¢812+14 3.826+19 1.317 le734 +

3 134550479 34666-2 743421 84930+13 14202419 1.337 14786 +
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Table 57. Franck-Condon integrals--continued
D; AZEIu - O2 XBZ; Ionization system
2 ——

v To q\,vvu }\[(}VEC) qvvqu; qvvvu Oo z r phase
4 133064449 2¢476~3 751452 5¢834+12 TeT64+17 le374 14500 -
5 131601417 6e328~2 759.87 le#42+16 1.898+19 14388 14927 -
6 130160.72 9e248~2 768428 2.039+14 24654419 le410 14988 -
7 128743,02 34667-2 776474 Te826+13 1.007+19 le433 24050 -
8 127348,.,01 2+535-4 785425 54236+11 64668+16 .14500 24298 +
9 125975464 4eT96-2 793480 94588+13 1.208+19 le489 2221 +
10 124625492 le199~-1 80240 24321+14 2893+19 le514 24294 +
11 123298485 le427~1 81104 24676+14 34299419 le541 24375 +
12 121994448 le120-1 81971 20034+14 24482+19 14569 20460 +
13 12071291 624932 828e41 lela2+1l4 1e379+19 14597 Ze549 +
14 119454424 249302 837el4 44994+13 54966+18 le627 2¢644 +
15 118218462 1,060~2 845,89 14752+13 26071+18 1657 2743 +
16 117006421 36¢127~3 854,466 5.009+12 5.861+17 14689 24849 +
17 115817.22 7583-4 863443 1.178+12 14364417 le722 24961 +
18 114651490 le516-4 872420 2+285+11 24620+16 14757 34081 +
2519 113510449 24493-5 880498 34646410 44138+15 1e794 3212 +
20 112393.30 34356-6 889473 LeT65+ 9 54355+14 1.833 34352 +
3s O 139966420 44882-2 Tldets6 1e339+14 1¢873+19 le264 1600 -
1 138409,82 1.075-1 72249 2.851+14 34946+19 la284 1650 -
2 136877402 54506=2 730458 le412+14 1933+19 1e304 1699 -
3 135367456 203674 738473 5872+11 T7.949+16 14365 14899 +
4 133881425 54528~2 T46493 1e326+14 1776419 le351 14827 +
5 132417.93 6e716-2 755419 14559+14 2065+19 1372 1e882 +
[ 130977448 64697~3 763e49 14505413 1.971+18 1.389 le922 +
7 129559478 2¢380-2 77184 5176413 64706+18 le424 24033 -
8 12816477 8e066-2 780425 1.698+14 2¢176+19 le4446 20092 -
9 126792441 5523-2 788469 lel26+14 1e427+19 1470 24158 -
10 125442468 26423 797418 5216+12 6e542+17 le484 24186 -
11 124115.,61 24637~2 805470 50042+13 6e258+18 le528 24340 +
12 122811425 Qe F45~2 8144268 1e842+14 Z2e262+19 14553 20412 +
13 121529467 14371-1 822484 24460+14 24990+19 1+580 26496 +
14 120271.00 14160~1 831446 2:017+14 2e426+19 1608 24585 +
15 119035.38 64994~2 840409 1180+14 le404+19 1.638 24680 +
16 117822.97 3e212-2 848473 54254413 6191+18 le668 - 22780 +
17 116633.99 1e162-2 857438 le8844+13 24151+18 1.700 2886 +
18 115468466 343753 866404 54195+12 54999+17 14733 2999 +
19 114327.25 7.931-4 874.68 1.185+12 1.255417 1.768 2.120 +
20 113210.,06 1e¢510~4 883431 24190+11 2.480+16 14805 3252 +
21 11211742 2¢321-5 891492 3¢271+10 34667415 le844 3¢395 +
4y C 140755,.,83 64815~-2 710445 1.901+14 2.675+19 1e254 16573 +
1 139199.45 94191~-2 718439 Z24479+16 34451419 le273 1le621 +
2 137666464 1s4014-2 726439 24645+13 3e642+18 14260 14658 +
3 136157.18 26866-2 734444 74234+13 9.849+18 1.318 1741 -
4 134670488 6o t449~-2 T42455 1.575+14 24121+19 1.337 1e788 -
5 133207456 Te455=3 T50eT1 le762+13 24347+18 l1e353 1e02¢4 -
6 131767410 24558~-2 758492 5.852+413 Te711+18 1,387 14926 +
7 130349.41 64578~2 76717 1e457+14 14899+19 1«407 14979 +
8 128954440 1¢673~2 715447 3+4587+13 44626+18 let27 24031 +
9 127582.03 1409G~2 783481 24264+13 2.888+18 lets662 20147 -
10 126232430 6e926-2 792419 14393+14 1.758+19 14483 24200 -
11 124905423 54999-2 800461 le169+14 le460+19 1e507 24268 -
12 123600487 54785-3 809.06 1.092+13 1e350+18 l1e525 24315 -
13 122319430 le944~2 817453 34557413 44351+18 1.568 24464 +
14 121060463 96102-2 826.03 le615+14 1+955+19 1.592 24536 +
15 119825,00 le333~1 834,455 24293+14 2.747+19 1.620 24624 +
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Table 57. TFranck-Condon integrals--continued

0; A2Hu - 02 XBS; Ionization system
vt Ig Q1 kévaC) qv'v“ci qv'v”sz ¥ 4 phase
16 118612,60 l.152~1 843,08 1.923+14 24281419 l1e649 24718 +
17 117423.61 62962-2 851462 1e127+14 1e324+19 1679 24818 +
18 116258.28 34155-2 860415 4,957+13 54763+18 la711 24925 +
19 115116488 lel10-2 868468 1.694+13 1.950+18 1.744 34039 +
20 113999,.69 3,092~3 : 877419 4,4581+12 54223417 1.779 36161 +
21 112907.04 648534 885,68 9,+864+11 16114417 1816 34294 +
55 0 141518432 = ~84280-2 706.62 2e347+14 34321419 le244 le549 -
1 139961.94 6e171-2 T14.48 14692+14 2.368+19 1.263 1593 -
2 138429413 8.015-4 722439 24126+12 24943+17 14302 14713 +
3 136919467 5625-2 730436 lebsh+l4 1.977+19 16306 = 1e706 +
4 135433437 2ed4l4=~2 | 738437 64073+13 Be224+18 le322 1748 +
5 133970.05 1.013~2 T46444 24435413 34262+18 1.354 1841 -
6 132529459 50675-2 754455 1e321+14 14751419 14371 1880 -
7 131111.90 . le339-2 16271 3.017+13 34956+18 1.389 1e924 -
8 120716.89 1.606-2 770.91 3.505413 4.547+18 le423 24030  +
5 9 128344452 64062-2 779415 1.282414 1e645+19 lats43 24081 +
10 126994,79 1.966-2 787443 44026413 5112+18 le463 24136 +
11 125667472 7+805-3 795475 14549+13 1946418 1.501 20263 -
1z 12430634306 Gesld~2 804409 le233+14 1e534+19 le520 2312
13 123081.79 58572 812447 1.092+14 1e344+419 leS4bs 2383 -
14 121823.12 5752~3 820486 1040+13 14267+18 1563 20429 -
15 120587.49 1e959~2 829427 3e435+13 4e143+18 1607 24591 +
16 119375.09 Qel31~2 837470 1.553+14 14854+19 1632 24666 +
17 118186410 le320-1 846412 20179+14 24575+19 le661 24759 +
18 11702077 lell7-1 854455 1«790+14 24095+19 l.691 24859 +
19 115879437 64549~2 862.97 1.019+14 1.181+19 le723 24966 +
20 114762418 24848-2 871437 44304+13 44940418 le756 3+080 +
21 113669453 F4507-3 879474 1.396+13 1.587+18 l1.791 30204 +
6s 0 142253.67 9.086~2 702497 24616+14 3e721+19 1.235 1525 +
1 140697.29 3e142~2 710475 84752+13 14231+19 14252 1566 +
2 139164449 1.654=2 718457 44457+13 64203+18 1.277 14635 -
3 137655403 S5elt1-2 726445 le341+14 1e846+19 le294 1e674 -
4 136168472 3e352=4 734438 Be463+11 lel52+17 1.282 1609 -
134705440 44180-2 ) 742436 1.022+14 14376419 1,339 14793 +
<) 133264495 24579-2 750439 6.103+13 84134+18 1356 1837 +
7 131847.25 64633~3 758445 1.520+13 24004418 1390 1s941 -
8 130452424 SellT=~2 766656 lel306+14 le482+19 le 406 1976 -
9 129079.88 1e322-2 T74471 24843+13 34669+18 le424 24022 -
10 127730415 ls474-2 782490 3071413 34922+18 14459 26134 +
11 126403.08 54705-2 791e12 le152+14 14456419 1.479 2187 +
i2 125098472 le 7472 799437 34420+13 44279+18 1499 2e242 +
13 123817414 84908-3 807464 16691413 24094+18 1.538 26376 -
14 122558447 6e374-2 815494 1e173+14 14438+19 1.558 20429 -
15 121322485 54368~2 824425 9.585+13 14163+19 1le583 24502 -
16 120110444 3e427~3 832457 5.938+12 Tel132+17 1.597 24532 -
17 118921446 2¢479=2 840489 4e169+13 4.958+18 1.648 24722 +
18 117756413 9.776-2 849421 14596+14 1.880+19 la674 24803 +
19 116614472 1.320-1 857453 24093414 24441+19 1.703 24902 +
20 115497453 1e057-1 865482 le628+14 1.881+19 1.735 34009 +
21 114404489 54844-2 874409 84750+13 14001+19 1.768 3e124 +
75 0O 142961489 94233-2 699449 24698+14 34857+19 le226 14503 -
1 141405451 le026-2 © 707419 2.902+13 4e104+18 le241 14537 -
2 13987270 3¢650-2 71494 94989+13 14397+19 1.266 1605 +
3 138363424 24700-2. 722473 74151413 9.895+18 1.283 1+643 +
4 126876494 14034~2 730458 2652+13 34630+18 1.311 1724 -
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57. Franck-Condon integrals--continued

of a%n - 0. X5
2 u

Ionization system

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

27 "
VI V" no qV‘V” )\(()vaC) qvlvncl'o qVIVYIFl; T r Phase

5 135412.62 44310-2 738448 1.070+14 1e449+19 le326 le758 -

6 133973,17 24789-4 T46e42 6,707+11 84985+16 1308 1666 -

7 132555447 34799~2 754640 8.848+13 16173419 le372 1884 +

8 131160646 2¢170-2 T62+42 44896+13 64421+18 1390 1928 +

9 129788409 7.813-3 77049 1,708+13 24217418 lett24 24036 -

10 128438437 44793=2 778458 1e015+14 1e¢304+19 les4l 20076 -
11 12711130 9¢602-3 786671 1e972+13 24507418 le459 24119 -
12 125806493 1e770-2 794487 3.524+13 44433+18 le495 2241 +
13 124525.36 5e433~-2 803405 14049+14 1.306+19 1.515 26296 +
14 123266469 14236-2 811.25 24316+13 2.854+18 l1e535 24349 +
15 12203107 1e323~2 8194486 2¢403+13 24933+18 1.575 26490 -
16 120818466 beS5Tb—2 821469 Le160+14 letOL+1Y L1e59( 20551 -
17 119629467 445T79-2 835,91 74839+13 94378+18 le622 2626 -
18 118464435 Teb4b66-4 84bLelYy le241412 16470+17 leblé 2¢561 -
19 117322.94 3e510-2 852635 54668+13 66650+18 14689 24859 +
7520 116205675 16084-1 850654 1.700+14 1.976+19 1.717 24949 +
21 115113611 1e316-1 868471 2.007+14 24311419 1748 34055 +
8, © 143642497 8.838-2 696417 2620+14 34763+19 le218 16483 +
1 142086459 8abd23-4 703480 2e416+12 3e433+17 le223 le482 +

2 140553,79 44701-2 T1le47 1.305+14 14835+19 14256 1579 -

3 1390444633 62193-3 719419 1.665+13 24315+18 1270 1606 -

4 137558402 34051=2 726697 T+940+13 1.092+19 1.298 14686 +

5 136094470 1e¢938~2 734,78 44884+13 6.647+18 1e314 1723 +

6 134654425 le214--2 T42e64 26964+13 3,992+18 16343 14810 -

7 133236455 306422 750455 Be614+13 1e148+19 14359 1845 -

8 131841e54 34926-5 75849 80998+10 14186+16 16495 24346 +

9 130469418 34825-2 T66e47 Be495+13 l.108+19 le406 14978 +

10 129119445 le518-2 TT4e48 34267+13 44218+18 led24 24022 +
11 127792.28 lel92-2 782452 24487+13 34179+18 le458 2133 -
12 12648802 L4e486=2 - 790459 94078+13 l1e148+19 1e477 2180 -
13 125206644 448143 798.68 9e449+12 l1¢183+18 le491 2211 -
14 123947.77 24378~2 806479 4.528+13 5.612+18 1.531 2e350. +
15 122712415 5,058-2 814492 94347+13 1e147+19 14553 2410 +
16 121499474 6e252-3 823405 16121413 1.362+18 1570 20451 +
17 120310476 2¢101~-2 831,18 34658+13 44401+18 leb1l4 2611 -
18 119145443 64 176-2 839431 lelb6+14 1.366+19 le637 2679 -
19 118004.02 3.4690~2 R47,43 5.7354+13 6.768+18 1.661 2.755 -
20 116886483 27234 855453 40348+11 5.082+16 1773 34213 +
21 115794419 5¢121-2 863460 7¢950+13 94206+18 1e732 3005 +

THE CALCULATED ARRAY EXTENDED THROUGH ( 8s21)e Q LESS THAN 1.0-6 HAVE BEEN OMITTEDe
O; bax- -0, X3z_ Tonization system
g

0s 0 146556400 4.081-1 682433 14285+15 1.883420 1e246 14555  +
1 144999,.,62 367721 68F.66. 1.150+15 1le667+20 le292 le673 +

2 143466481 1.618-1 697403 LeTT9+14 6e856+19 la340 14794 +

3 141957,35 44330~-2 704444 1239+14 1.758+19 1.386 1.919 +

&4 140471404 8e227-2 711.89 2¢280+13 34203+18 1e43] 24045 +

5 139007.72 1.188~3 719.38 3¢191+12 Lel35+17 lets76 26172 +

6 137567427 1e¢360=-4 726492 3e¢539+11 44869+16 Ta51Y 24301 +

7 136149.58 le271-5 734449 34207+10 L4436T7+1Y Jeh6] 24430 +

1, 0 147718464 3e363-1 676496 1,084+15 14601420 147211 1e467 -
1 146162426 2e846-3 684417 T4638+12 14116410 la261 1632 +
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Table 57. Franck-Condon integrals--continued
4 L - 3 - . N N
02 b gg - 02 X gg Ionization system
' p ~ P
vt T qV‘V" :\(;VQC) qvlan qV'V”GO r r phase
2 144629,4.46 26331-1 £91e42 Ta0B1+14 1.020+20 14305 1705 +
3 143120400 24624~1 698471 Te6934+14 1.101420 1.351 le824 +
4 141633,69 le227-1 706405 3+486+14 44938+19 14396 14947 +
5 140170437 34872 713442 2+604+13 14346+19 Le440 2071 +
[ 138729492 669493 72083 1.856+13 2574418 1.484 2197 +
7 137312422 14044~3 728427 24702+12 34711417 14527 2325 +
8 135917421 le240~4 735.74 34113411 4e231+16 1568 2453 +
9 134544485 14178~5 T43425 24870410 3861+15 14612 2592 +
2s O 148847.02 l1e636-1 671483 54397414 84033+19 1177 14384 +
1 14729064 14678~1 678493 54363+14 T74900+19 1ls225 14503 -
2 1457‘57.83 8,214 ~2 £86.07 2543414 23.707+19 1.270 1.608 -
3 144248,37 447932 693425 1e438+14 26075+19 le317 le743 +
4 142762406 24320~1 700647 6e751+14 94638+19 le361 14855 +
5 141298.75 14960~1 707472 5e529+14 7.8134+19 le406 1976 +
& 139858.29 - B8e278-2 715401 2265+14 34167+19 1.450 24099 +
7. 138440460 24250-2 722433 5.971413 8e266+18 1.492 26224 +
8 137045459 446388~3 729,68 14129+132 1¢548+18 14535 28351 +
9 135673422 645544 737,06 1,637+12 24220+17 1576 2478 +
10 134323449 Te678<5 Ths e T leB61+11 2+500+10 1e61% Z2s014 +
11 132996442 72986 751490 1.717+10 26283+15 1,660 24749 +
35 0 149941612 6e228-2 666492 2¢099+14 34148419 lals4 14307 -
1 148384.74 24095-1 673,92 6e843+14 1.015+20 1,191 le420 +
2 14685194 14709-2 680496 5.412+13 Te947+18 1.239 1551 -
3 145342,48 146121 688403 4e948+14 76191419 1.283 le646 -
4 143856417 245053 695414 Tal56+12 14073418 1e326 14716 -
5 142392485 1.208-1 702028 3e4BT+14 449605+19 le372 1888 +
[ 140952440 24180-1 709446 66105+14 84606+19 le417 2007 +
7 13953447C le405-1 716467 3¢816+14 54324+19 1e460 24129 +
8 138139469 . 542232 723,91 1e377+14 14902+19 le502 2252 +
9 13676733 1+318-2 731417 34371413 4e611+18 1543 24378 +
10 135417460 20462-3 738446 60113+12 Be278+17 1584 24504 +
11 134090453 3e538-4 745477 B4529+11 1e144+17 1626 24638 +
12 132786417 44022-5 753409 94416+10 1+4250+16 1+669 24777 +
13 131504459 3.779-6 T60e43 84593+ 9 1130+15 1.705% 24901 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 3421)s Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
02 blz; - alag Noxon system
0s O 5238452 94770-1 19089.37 le404+11 Te357+14 1
. . 227 14506 +
1 3755402 24283~2 26631.,03 14209+ 9 4e538+12 1:483 2:136 +
2 2297432 24136~4 43529402 2+589+ 6 54948+ 9 le625 2632 +
1s O 6643427 24267~2 15052483 64648+ 9 44816+13 0,985 06910 -
1 5150.77 ©.290-1 19280.,71 le270111 Ce585+14% 1e238 1+537 +
2 370207 4eT60-2 27011491 24415+ 9 8e941+12 le
. . 488 2‘156 +
3 2279.%7 Te217-4 44049456 Bebb4+ 6 14917+10 14630 24648 +
2 0 8020403 34628~4 12468,79 14871+ 8 14501+12 04673 Oe243 +
1 6536453 446942 15298,64 1.311+10 84569413 14004 04955 -
2 5078.83 84768~1 19689,59 1o149+113 5.833+14 1.250 14569 +
. 2 2222.32 Z.?é@:2 27429.35 3.§O4+ ? ;.314+13 le404 24177 +
. e 420~6 10673484 34639+ 6 3e410+L0 0e154 ~0e735 -
1 7885420 le213=3 12681.98 5946+ 8 44689+12 0707 04310 +
2 642750 742662 15558414 1.929+10 1e240+14 1.023 14001 -
3 4995.60 84202~1 20017461 l1e022+11 54108+14 le261 14601 +

THE CALCULATED ARRAY EXTENDED THROUGH ( 3, 3)a Q LESS THAN 1+0-6 HAVE BEEN OMITTED.
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Froanek Conden inteprals--continued

- 0,0
2

I, ; .
7 Jonization system
“

v v o quvu )\g\la(.) qv|vnf70 qvlvnOl(; r r2 phasc
0s O 89482461 le&422-1 1117454 1.019+14 94117+18 1169 1368 +
1 87999.11 24371-1 1136438 le616+14 le422+19 le146 1315 -
2 86541441 2.286~1 " 1155452 1.482+14 14282+19 le126 le267 +
3 85109451 le681-1 1174496 1.036+14 8¢819+18 lel07 le225 -
ls O Yl3b5418 B3edll-1 10944673 Zeall8+14 24236+19 14198 le435 +
1 89871468 le260-1 1112.70 Gelbs4+13 8,218+18 14170 1368 -
2 88413498 14091-3 113104 Te541+11 6.66T+16 14109 1202 +
3 86982,.,08 44228-2 1149.66 2.783+13 2¢420+18 le137 le296 +
2s O 93195,.,18 34078-1 107302 26491414 24322419 1.228 1509 +
1 01711468 6¢883-3 1090.37 5¢310+12 44870+17 le226 14515 +
2 90253.98 1.400-1 1107,98 1.030+14 9.292+18 le181 14395 -
3 88822.,08 942672 1125485 6e494+13 5.768+18 1,155 14332 +
35 O 95002462 le637-1 1052460 le404+14 1.333+19 14263 14593 +
1 93519412 14880-1 106943C 1e537+14 1.438+19 le238 14535 +
2 92061e42 6e226-2 1086423 4e858+13 4e472+18 le202 le&4] -
3 90629452 2¢133~-2 1103439 1.588+13 1.439+18 1.198 let42 -
by O 9677749 5301-2 1033430 44804+13 44649+18 1.301 14690 +
1 95293,99 2¢548~1 1049.38 2.205+14 2.101+19 l1.271 le616 +
2> 93834429 Ra1672-2 1065469 2.6A13+113 2.452+18 1.256A 1585 +
3 92404439 1e303-1 1082429 l1.028+14 9.501+18 le214 le473 -
5, 0 98519,.81 leQ77~2 1015.02 1.030+13 1.015+18 1e345 1804 +
1 97036431 1e395-1 1030454 1e275+14 16237+19 1¢309 1e712 +
2 95578461 2.162-1 1046426 1.888+14 1.804+19 1.280 le641 +
3 . 941466471 4be544-3 1062617 3e792+12 3.570+17 le204 le425 -
6s 0 100229455 le367-3 99771 le376+12 1.,379+17 1.396 14943 +
1 98746.,05 e 0CNn3=2 10l2.70 3893+13 2844118 1e352 1«82¢ 4
2 97288435 24121-1 1027487 1.953+14 14900+19 le317 le735 +
3 95856445 164160-1 1043423 1.022+14 9.796+18 1292 16674 +
75 0 101906474 1.037-4 981429 14097+11 1.118+16 le460 26122 +
1 100423424 66651-3 995478 6e736+12 64765+17 le405 1967 +
2 98965454 8e746-2 101045 8e477+13 84389+18 le361 1850 +
3 97533.64 24389-1 1025429 2e216+14 24162+19 le326 le760 +
8s 0 103551436 4e254-6 965470 4e 724+ 9 44891+14 l.e548 2375 +
1 1020067486 OCelél—4 IT79e T4 6e530+11 6.665+106 le470 28150 +
2 100610416 le844=2 993494 1.878+13 1.889+18 le4ls 14992 +
3 59178426 le&s22~1 1008,.,28 1.388+14 1e376+19 14370 1e874 +
9, 1 103679492 ‘24913-5 964451 36247+10 34366+15 1.560 26412 +
2 102222.22 24046~3 978426 24186+12 2234417 1480 2179 +
3 100790432 24824-2 992416 36¢915+13 34946+18 le423 24018 +
10, 2 103801471 1e108-4 963438 le239+11 1.287+16 1e572 20449 +
3 102369481 5.053-3 976485 5¢421+12 5549417 1e490 24209 +
THE CALCULATED ARRAY EXTENDED THROUGH (10s 3)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED
0; a4nu - O2 alag Ionization system
0s O 122006487 le655-2 81963 3+006+13 36667+18 14297 1«685 +
1 120523437 8e313-2 82972 le455+14 1754419 1.322 1e749 +
2 119065467 1879-1 839487 36171+14 34776+19 le348 .1-817 +
3 11763377 2¢529-1 850410 4ellb+1l4 44841+19 1e37% 14890 +
1, 0 123021.76 54369-2 812.86 9.995+13 1.230+19 Te281 1e642 -
1 121538426 l14553-1 822479 2788+14 36389419 le304 1700 -
2 120080456 let66-1 83277 24538+14 34048+19 14327 1e761 -
3 118648466 2e¢946=2 842483 44921+13 5.839+18 1e348 1.813 -
2s O 124016401 90649-2 806435 1.840+14 2285419 1265 14602 +
1 122532451 le&428-1 8l6.11 2626+14 34218410 1.287 1e655 +
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Table 57. Franck-Condon integrals-~-continued
+ 4 1
- A i i
02 a ﬂu O2 a Lg Ionization system
_— 3 - 3
VoV 0'0 qV'V” }‘(()VEC) qvvvlﬂo quV"Jo T r phase
2 121074481 2e465-2 82594 4376413 54298+18 14305 14698 +
3 119642491 34130~2 835482 54360+13 6.412+18 le342 1805 -
3, O 124989.61 1e275~1 800,07 2+489+14 34111419 l.251 14565 -
1 123506.11 ToT49~2 809468 1e¢460+14 148032+19 1270 1611 -
2 122048441 5e823~3 81935 14059+13 14292+18 14307 le719 +
3 120616,51 943172 829.07 1,635+14 14972419 1319 1741 +
49 0O 125942457 1.387~1 794401 2.,770+14 34489+19 1237 1530 +
1 124459,07 2046~2 803.48 3e944+13 44.909+18 14253 1565 +
2 123001.37 5.155~2 813,00 945934+13 1.180+19 1.282 le646 -
3 121569447 544062 822458 9e713+13 14181419 1.300 1687 -
5, 0 126874488 1e319-1 788.18 24694414 34418419 1e274 1498 -
1 125391438 Te 7545 797450 14529+11 1.917+16 le157 1265 -
2 123933.68 T4632-2 806488 1.4534+14 1.801+19 le266 14603 +
3 122501478 44632-3 816431 8e4515+12 1.043+18 ls272 1607 +
6s 0 127786455 S 1.139-1 782456 2.377+14 34037419 1,212 le467 +
1 126303,05 14055~2 791475 2.126+13 2+686+18 1.238 1538 -
2 124845,35 5.993~2 800,99 l.166+14 1e456+19 l.251 16563 -
3 123413,.45 84380~3 810428 14575+13 1.944+18 14284 14655 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 63 3)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
+ 2 1
0, A, -0, a ﬁé Ionization system
0> O 129552.12 5.255-3 771.89 14143+13 1+4/480+18 1306 1.708 +
1 128068462 3e341-2 780,83 7.018+13 8+988+18 1329 1768 +
2 126610492 94816-2 789482 1.992+14 24523+19 1353 1832 +
3 125179402 1.772-1 798486 3e476+14 44351+19 1.378 1900 +
1s 0 130423415 2¢018-2 766073 4a4T7+13 5.839+18 16293 1672 -
1 128939465 846492 775456 le854+14 24391419 14315 1729 -
2 127481495 le465-1 T84 442 34036+14 3.870+19 1.338 1790 -
3 126050405 lellt-] 793434 2.230+14 24811419 le361 14851 -
2y O 131267,05 442962 761481 Oe718+13 1276119 le280 le639 [
1 129783455 1e185-1 770451 24591+14 34363+19 14301 14693 +
2 128325,85 945582 779427 24020+14 24592+19 16323 1748 +
3 126893495 7e¢990-3 788406 14633413 2+072+18 1339 1785 +
35 0 132083,81 6e732-2 75709 1e5514+14 2+049+19 l.268 14608 -
1 130600431 le118~1 765469 2.491+14 34253419 1.288 1e659 -
2 129142461 2¢602~2 774434 5.604+13 74237418 14307 1e704 -
3 127710.71 1.698~2 783402 34536+13 44516+18 1.339 le798 +
4y Q 132873 .44 Be697~2 752460 2.040+14 2.711+19 le256 14579 +
1 131389,94 748402 761,09 14778414 24336+19 1.276 16627 +
2 129932.,24 1e735-5 769463 3+805+10 44944415 le127 1099 +
3 128500.34 5.927-2 778.21 1.287+14 1.616+109 1.222 1749 -
55 0 133635,93 9e840~2 748430 24348+14 3,138+19 l.246 le552 -
1 132152443 44022-2 756470 9.282+13 1.227+19 le264 14595 -
2 130694.73 le&74-2 765414 34291+13 44301+18 1e292 le673 +
3 129262483 64137=2 773462 1.4326+14 1.713+19 14308 le711 +
65 0 134371.28 1.012~1 744,421 2.455+14 34298+19 1e226 1527 +
1 132887.78 1e276-2 752452 24995+13 3.980+18 l1e251 16561 +
2 131420408 32642 760600 0e99%+13 1¢183+19 le278 l1e035 -
3 129998418 34189-2 76%e24 7.006+13 9.108+18 1e295 16674 =
7+ 0 135079450 94683-2 740431 2.386+14 34224+19 le226 14504 -
1 133596400 84613-4 748453 24054412 2eT44+17 1.228 14493 -

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



T

508 PAUL H. KRUPENIE
Table 57. Franck-Condon integrals--continued
& 4+ 2 1 . . .
O2 A Hu - 02 a’Ag Ionization system
ac 3 = 2
vy I, qv:vu )\c(,v ) qvvano qv'v” Oo T T pha:
2 132138430 ‘54266-2 756478 1.215+14 14605+19 le266 14605 4
3 130706440 6+4045-3 765407 1.350+13 le764+18 1.278 14626 4
8y O 135760.58 847722 736459 24195+14 2+980+19 1.217 1482 4
1 134277.08 1.860-3 TateT3 44503+12 6.046+17 1e248 1568 -
2 132819438 44927=-2 752490 1e154+14 14533419 1256 1577 -
3 131387448 449704 761411 1a127+12 14481417 14307 1e733 4
THE CALCULATED ARRAY EXTENDED THROUGH ( 8» 3)e Q LESS THAN 1.0-6 HAVE BEEN OMITTEDS
+ 4 - 1 . .
02 b xg - 02 a Ag Ionization system
0y O 138673,61 5.030-1 T21le12 16341415 1.860+20 1e252 16568 +
1 127190411 340001 728692 Fe2906+14 1e275+20 1305 1703 +
2 135732441 1.131-1 736,74 2.829+14 3.840+19 1360 1e847 +
3 134300451 2+095-2 744460 56076+13 64817+18 le416 14999 +
1s 0 139836425 34190-1 715,12 BaT22+14 14220420 1.210 1e463 -
1 138352475 4e260~2 72279 1e128+14 14561419 1267 14618 +
2 136895,.,05 362671 730449 84380+14 16147420 14317 1736 +
3 135463415 242831 738621 54675+14 T74687+19 14371 14877 +
25 0 140964463 le240~1 709440 3eb4T4+14 44896+19 16170 1367 +
1 139481413 24 400-1 71694 6e514+14 9.086+19 14223 1499 -
2 138023.43 1989~2 724452 54229+13 76217418 l.269 le591 -
3 136591453 1.627-1 7326411 4el45+14 5.662+19 1e329 16773 +
3, 0 142058473 3+4900~2 702493 1.118+14 1.588+19 16133 14279 -
1 14057523 1¢993-1 711e36 5¢536+14 7782419 le184 14402 +
2 139117953 8e429-2 718482 2269+14 3.157+19 1e239 1542 -
3 137685463 lel&sT7-1- 726429 2.994+14 44122+19 1286 14649 -
THE CALCULATED ARRAY EXTENDED THROUGH ( 3, Q LESS THAN 140-5 HAVE BEEN OMITTED.
vOZ Xzﬁg - 02 blx; Ionization system
Gs O 84244409 Qe354-2 1187.03 5.592+13 4e711118 lel74 37
1 82839434 l1e869~1 1207.16 le062+14 84799+18 1:;53 %:33? j
2 81462458 2e125~1 1227,56 16149414 9+358+18 14135 1288 +
3 80113491 1¢820-1 1248422 9e¢357+13 Te496+18 1.118 1249 -
1, O 86116466 2571-1 1161.22 leb42+14 le414+419 1.200 leb4l +
1 84711491 le724~1 1180447 1.048+14 8.878+18 1177 1386
2 83335.15 20645-2 1199497 14531413 1.276+18 1.153 16325
3 81986447 64019-3 1219,71 3317412 24720+17 lel54 1342
2, © 87956466 24087 1 1136s%2 2¢101+14 1e848+19 le229 1510
1 86551.91 54965~3 1155438 3.867+12 3e347+17 le188 1400
2 85175415 TeT773-2 1174405 44803+13 44091418 10189 1e415 -
3 83826448 14183-1 1192.94 64969+13 5.842+18 le166 14359 +
3, O 89764410 24131-1 1114,03 1e542+14 1384419 1.260 14586 +
1 88359435 8e947~-2 1131.74 66172413 Se454+18 14240 1541 +
2 86982459 1.209-1 1149466 T+954+13 64919+18 1.211 1466 -
3 85633,92 le4l2~3 1167476 8.870+11 7e595416 1.152 14298 +
4y 0O 91538498 943722 1092443 74189413 6.580+18 14293 14671 +
1 90134422 24315-1 1109446 14696+14 1.528+19 1269 le611 +
2 88757«47 le061~3 1126467 Te22411 64587+16 1.185 1+364 -
3 87408479 1,016~1 1144405 64789+13 54934418 le222 14496 -
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Table 57. Franck-Condon integrals-~-continued
+ 2 1+ . .
02 X ng - 02 b Zg Ionization system

: ac 4 - 2
viov" To qv'v" )\(()V ) qv'v"‘”'o qvlvm‘fu r r phase
5 C 93281429 2eTG4T~2 1072.03 24230413 2.080+18 1330 1e766 +
1 91876454 14967-1 1088442 1.525+14 14401419 14302 1e694 +
2 90499.78 1e065=-1 1104.97 T4897+13 TelaT7+18 1.280 le642 +
3 89151.10 6eT719-2 1121469 Lo 761413 44264418 1,245 1.546 -
6y 0O 94991404 S4463-3 1052.73 44683+12 Geb48+17 1371 1875 +
1 93586428 . BeB4b~2 1068453 Te249+13 6.4784+18 1.338 1786 +
2 92209453 2¢219-1 1084449 1.740+14 14604419 l1.311 14719 +
3 90860485 l1e128~-2 1100458 8e463+12 Te690+17 14305 14716 +
79 O 96668422 Te354~4 1034447 66643+11 bel22416 la417 24003 +
1 95263447 " 2e403-2 1049472 24077+13 14979+18 14379 14899 +
2 93886471 1+590-1 1065411 le316+16 1.236+19 14347 1813 +
3 92538404 1e643~1 1080464 14302+14 1.205+19 le321 le748 +
8s O 98312484 64570~5 1017.16 6e243+10 6+138+15 le471 2e156 +
1 96908409 44121-3 1031,91. 34751412 34635417 led26 24028 +
2 95531433 54921=2 1046478 54162+13 44932+18 1.388 1924 +
3 94182466 24063-1 1061477 1a723+14 16623419 1e356 14839 +
9s O 99924490 37426 100075 34733+ 9 34730414 14537 24348 +
1 9852015 Ledh 7T & 101502 Le2014 11 4e218116 le481 2+182 t
2 97143,39 1le288-2 1029.41 1,180+13 14147+18 14135 20054 +
3 95794472 1.070~1 1043490 9¢405+13 9010+18 1397 1949 +
10, 1 100099.64 24994~5 999.00 3.003+10 34006415 la546 2378 +
2 98722489 le689-3 1012494 1e625+12 14604+17 1490 2211 +
3 97374421 24950-2 1026497 2¢724+13 2e652+18 lebbs 2080 +

THE CALCULATED ARRAY EXTENDED THROUGH (104 Q LESS THAN 1.0-6 HAVE BEEN OMITTED.

O; aanu - 02 blg; Ionization system

Os O 116768,.35 34150-2 856440 5.,015+13 5.856+18 1305 1706 +
1 115363460 1.351~1 866483 24074+14 24393419 14332 1775 +
2 113986484 2e534-] 877429 34753+14 4e278419 14360 1851 +
3 112638417 26735-1 887480 34909+14 44403+19 14391 1934 +
1, 0 117783.24 Be660~2 849,02 le415+14 le667+419 1.286 le656 -
1 1162378.49 1.873-1 850,27 2.953+14 3.436+19 1.310 1.718 -
2z 115001473 1010-1 869455 1e536+14 1e767+19 14334 1779 -
3 113653.,06 2¢093-6 879487 3.072+ 9 30492+16 04079 -2410 -
2y O 118777449 le341~-1 841491 2:248+14 24670+19 1.269 1e611 +
1 11737274 1e¢199~1 851499 1,938+14 24275+19 1+290 1664 +
2 115995,.,98 74002-5 862410 14093411 l.268+16 lel42 14165 +
3 114647430 94678-2 872424 le458+14 1e672+19 1e348 le818 -
3s C 119751.09 l1e549~1 835,06 24660+14 3+186+19 1e253 14569 -
1 110834Ce24 3e588-2 844,98 5494T+13 Te038+18 1270 1610 -
2 116969458 4eH93~2 854492 Te350+13 84598+18 14304 14704 +
3 115620491 Be418-2 864,89 14301+14 1e504+19 1.323 le748 +
4s O 120704405 12491-1 828447 24623414 34166+19 le237 16531 +
1 119299430 648764 838423 1e168+12 16393+17 le219 le459 +
2 117922454 8e712-2 848401 1e429+14 14685+19 1.283 lab47 -
3 116573487 F4857-3 857483 le561+13 14820+18 1e292 14659 -~
5+ 0 121636436 1e269~1 822412 2e284+14 24778419 le223 1e496 -
1 120231.61 le163-2 831,73 24021+132 24430+18 1e253 1¢57¢ +
2 118854,85 68672 841436 1153414 1370+19 le265 1e¢598 +
3 117506418 Qe b45-3 851402 le532+13 1.801+18 14303 1707 -
635 C 122548,03 Se896~2 816401 le821+1¢ 20232+19 1.210 10463 +
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Table 57. Franck-Condon integrals--continued

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

+ 4
O2 a l'lu - 02 blz; Ionization system
vac 3 4 - —_
v' V"v =5 L hg ) Q1o qvlvndo T r2 phase
1 121143428 440142 825447 7137+13 8.646+18 1s234 14525 -
2 119766453 26 764-2 834,496 LeT4T7+13 54686+18 16247 1.550 -
3 118417.85 4eT0O3~2 Ba4 .47 7.810+13 94+249+18 1.277 1,633 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 64 3)}s Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
+ 2 1+ : .
02 A nu - 02 b gg Ionization system
0y O 124313460 1.086-2 804442 2.087+13 24594+18 le315 14730 +
1 122908485 6e045~2 813,61 lel22+1% 1,379+19 14340 1.79%96 +
2 121532409 le524-1 822483 2e736+14 34325419 14366 14866 +
3 120183442 24309-1 832406 44,008+14 44817+19 14393 14942 +
1s 0 125184464 3e638~2 798,82 7+136+13 8.933+18 1299 14689 -
1 123779.88 142591 807,89 2+388+14 24955+19 1.323 1750 -
2 122403413 le552~1 816497 24846+14 3.484+19 le347 14814 -
3 121054445 66219-2 826408 1103+14 14335+19 1371 1877 -
2s 0 126028453 64836-2 79347 le368+14 14725+19 1.285 1e652 +
1 124623.,78 1¢370-1 802442 24651+14 3¢304+19 1307 14708 +
2 123247.,03 . 5.517—2 811.38 1033+14 14273+19 l1e328 . 1e762 +
3 121898.35 Leltb6=3 820436 8.089+12 94860417 14374 1900 -
3s 0 126845630 Fe 5602 788436 1951114 24475+19 1.271 1617 -
1 125440454 94882-2 797419 1.951+14 26447419 1.292 14669 -
2 124063479 14291-3 806404 2e466+12 34059417 14289 14641 -
2 122715.11 Ha3NE~2 814490 le165+14 1.430+19 le344 . 14808 +
4y O 127634492 lell3~1 783,48 2¢314+14 24954+19 14259 1585 +
1 126230417 44817-2 792420 9.688+13 14223+19 1277 1630 +
2 124853441 le572-2 800494 3.060+13 34820418 1310 14720 -
3 123504474 Te&420-2 809469 1.398+14 1726+19 1e326 1758 -
59 0 128397441 1.145—11 778483 2e424414 34112419 le247 le556 -
1 126992466 le274-2 787445 2609+13 34313+18 1e262 1588 -
2 125615490 448212 796408 9.556+13 14200+19 14293 14672 +
3 124267423 3e1/h3-2 804,72 6.606+13 8.2104+18 1.309 Ta711 +
6s O 12913277 1.079-1 T74640 2322+14 24999+19 14236 1528 +
1 127728.01 le686~4 782,91 34514+11 44488416 14203 1403 +
2 126351426 64175~2 791,44 le246+14 1.574+19 1,279 14635 -
3 125002458 3e413~3 799498 6+666+12 84332+17 l1e28¢ 1e636 -
7+ 0 129840,.,98 9¢523~2 770417 2.084+14 24707+19 le226 14503 -
1 128436423 44949~3 778460 1.048+13 1e347+18 1.255 14583 +
2 127059448 5215-2 787403 1.070414 1e359+19 14266 1e602 +
3 125710480 3e594-3 795448 7+140+12 84976+17 14304 le711 -
8y O 130522407 84010~2 766615 1e781+14 24325+19 le216 le479 +
1 129117.31 14785-2 TT4449 34842+13 44961+18 14240 14541 -
2 127740456 24181~2 7R2.84 Afa631+13 84470+18 le254 14570 -
3 126391.88 24095-2 791.19 44231413 5e347+18 le282 1e647 +
THE CALCULATED ARRAY EXTENDED THROUGH ( 8s 3)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.
+ 4 - 1+ . .
02 b Zg - 02 b Zg Ionization system
0s O 133435409 663471 T49e43 1.508+15 24012420 1.258 14585 +
1 132030634 3.013-1 757440 6e¢935+14 9e¢156+19 1324 1750 +
2 130653458 54762~2 765438 1.285+14 1.679+19 1e394 1937 +
3 129204.01 5.940-3 77337 14284+13 14660+18 let67 2e143 +
1s 0 13459774 2:686-1 T42e95 64550+14 84817+19 le204 let49 -
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Table 57. Franck-Condon integrals--continued
+ 4 - 1+ e
O2 b Eg - O2 b Eg Ionization system
3 = 2
vl oy" Tq q,rym }\évac) Qg 1ynIg q 1,10, r r phase
1 133192498 16781-1 750479 44208+14 5.605+19 la274 1630 +
2 131816423 3¢855-1 758463 Be831+14 1e¢164+20 1335 1784 +
3 130467455 l1e428-1 766647 3¢171+14 46137+19 let04 1967 +
2y O 135726411 Tel17-2 736478 l.854+14 24517419 14155 14329 +
1 134321436 29611 44448 Tel76+14 9e639+19 le218 1e485 -
2 132944,60 1e283-2 752419 3.014+13 4,007+18 14303 14733 +
3 131595493 " 3.314-1 759490 Te553414 9¢939+19 1e348 1820 +
3y O 13682022 1e749-2 730489 4+480+13 64129+18 l1el12 1226 -
1 135415446 le505-1 738447 3.738+14 5062+19 14169 14364 +
2 134038.71 2075~1 746405 44996+14 64697+19 1.233 1e526 -
3 132690403 1e534~2 753.64 3.583+13 44755+18 le274 1592 -
THE CALCULATED ARRAY EXTENDED THROUGH ( 34 3)}e Q LESS THAN 1-0-6VHAVE BEEN OMITTED.
+ 2 3 - . :
02 X ﬂg - 02 B Ty Recombination system
1+13 43152415 14048~6 2317.38 8el23+ 7 34635412 1282 leb44 -
2, 8 L6920.94 1.904-6 2131.24 1967+ 8 Q.228+12 1.306 1.706 +
9 46455414 34499-6 2152,61 3.508+ 8 14630+13 1le203 1.698 -
10 46026476 54791-6 2172465 54646+ 8 24599+13 1300 1691 +
11 45638452 846676 2191413 84239+ 8 3.760+13 1297 14684 -
12 45292499 lel176~5 2207,.85 1.093+ 9 44951413 1.295% le678 +
13 44992415 le451-5 2222461 1e321+ 9 54944413 14293 14673 -
3s 5 50324449 P 14907-6 1987.10 2430+ 8 1223413 le328 le766 -
€ 49761.70 P 4.770-6 2009.58 5.878+ 8 2.925+13 1324 le756 +
7 49228492 14042-5 2031433 le243+ 9 6119+13 1e321 le746 -
8 48728438 24020~5 2052419 24337+ 9 14139+14 1.317 16737 +
9 48262458 34512~5 . 2072400 3¢948+ 9 1.906+14 le314 14729 -
10 47834420 54521=5 2090.56 60424+ 9 2.890+14 1.211 1721 +
11 47445496 7.881~5 2107466 8e4t17+ 9 3e994+14 1309 1714 -
12 4710042 1.025-4 2123412 1.071+10 5.045+14 l.307 1708 +
13 46799459 le217-4 2136477 14248410 54839+14 1e304 14703 -
4y 3 53407423 Le87h-6 1875,92 2840+ 8 14514+13 14349 1822 -
4 52690416 6e252-6 - 1897,89 9.145+ 8 44818+13 le345 1810 +
5 52099436 P 1s710-5 1919441 2418+ 9 1¢260+14 1e341 14799 -
6 51536458 P 349895 1940437 54460+ 9 2e814+14 14337 14788 +
7 51003480 8¢ lu4-5 1960.64 1.080+10 54511414 14333 14778 -
8 50503426 le480-4 1980407 16906+10 9e4626+14 14329 14768 +
9 50037446 24204 1998450 3.032+10 1517415 14326 1760 -
10 49609407 365924 2015.,76 44385+10 24175415 14323 le752 +
11 49220484 4y862-4 2031,66 54797+10 24854415 l.321 le 745 -
12 48875430 660264 2046402 7+036+10 34439+15 1.318 1738 +
13 48574447 64858~4 2058469 T¢860+10 3.818+15 1316 l1e¢733 -
5 2 55091436 3606776 1795461 64350+ 8 3e537+13 le367 1870 +
3 55049454 1e470-5 1816,.55 264514 9 1e349+14 le362 1857 -
4 54432447 44520-5 1837414 74290+ 9 3968+14 14357 le844 +
5 53841467 P lel42-4 1857430 1782410 Q596414 1.353 14832 -
6 53278489 P 2.466~4 1876.92 34729+10 1.987+15 1349 14821 +
7 52746411 4e 6694 1895.,87 6e851+10 34614+15 14345 14810 -
8 52245457 74889-4 1914404 1.125+11 5.878+15 le34l 1800 +
9 5177977 14204-3 1931426 1671411 8.655+15 1.338 1791 -
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Table 57. Franck-Condon integrals-~continued
O; ing - 021832; Recombination system

LA : = Gptgn }‘(()VHC) qvlvilci qv'v“ci r rZ phast
10 5135139 14673-3 1947437 24266+11 1,164+16 14335 16783 +
11 50963415 2¢131-3 1962420 24821+11 1e438+16 14332 1775 -
12 50617.61 2.499-3 1675.60 3.261411 1.641+16 1.330 le769 4+
13 50316478 27073 1987441 3a448+11 1.735+16 1e328 14763 -
6y 1 58066433 44618-6 1722417 94041+ 8 54250413 1385 10921 -
2 57401410 24469-5 1742413 beb69+ 9 2+680+14 14380 1+906 +

3 56759429 G4 014~5 1761483 le648+10 9e356+14 14375 14892 -

4 56142422 24535-4 1781.19 44486+10 2+519+15 14370 1.878 +

5 55551e42 54862~4 1800413 1.005+11 5,582+15 14366 1.866 -

& 54988464 1s160-3 1818456 1.929+11 1.061+16 le361 1854 +

7 54455,86 2017-3 1836435 3.258+11 1.774+16 14357 1843 -

8 53955.32 34137-3 1853.38 44927+11 2.659+16 1.353 14833 +

9 5348952 44419-3 1869453 6e762+11 3.617+16 14350 14823 -

10 53061.13 54689-3 1884462 8e499+11 4,510+16 1.347 1.815 +
11 52672490 6o T44~3 1898.51 Fe855+11 5¢191+16 le344 1807 -
12 5232736 T4402-3 1911.05 1.060+12 54549+16 le341 1800 +
13 52026453 Te554-3 1922410 le064+12 54535+16 14339 1e794 -
EEIRY 6043105 269226 1654478 6ed49+ 8 34897+13 le405 14975 +
1 59743451 2¢769~5 1673482 5.904+ 9 3.527+14 1399 14958 -

2 53078429 1e338-4 1692467 24760+10 1,630+15 14393 1942 +

Ty 3 584376448 Geal9—4 1711.26 84817+10 5152+15 l+388 1927 -
4 5781941 lel24-3 1729452 26172+11 le256+16 1383 14913 +

5 57228461 2+351-3 1747438 4e406+11 24522416 1378 1900 -

& 56665483 4e211-3. 1764,73 Te662+11 4e342+16 le374 1888 +

7 56133404 6e633~3 1781448 1e173+12 64585416 14370 14876 -

8 55632450 Se357-3 1797051 le611+12 8.963+16 le366 1866 +

S 55166470 14198~2 1812.69 24011412 14109417 14362 1856 -

10 54738432 14406~2 1826487 2+306+12 le262+417 1359 1847 +
11 54350408 le526-2 1839,92 2e6449+12 1e331+17 14356 1839 -
12 54004455 la541-2 1851470 2¢428+12 1e311+17 1.353 1831 +
13 53703.71 le458-2 1862407 24259+12 1e213+17 1351 14825 -
8y O 62078 .67 1.622-5 1610,.94 32.880+ 9 2409414 1.419 24014 +
1 61388414 le375~4 1626,98 34181+10 1e952+15 14413 14997 -

2 60722.91 54940-4 1646482 1330411 8.076+15 1e407 1980 +

3 60081.10 1.751-3 1664442 34798+11 24282+16 le401 1964 -

4 59464403 34972~3 1681469 8e352+11 44966+16 1.396 14949 +

5 5887323 76¢402-3 1698456 l.510+12 8+892+16 1.391 14936 -

6 58310445 1e180~2 1714,96 24339+12 le364+17 1.386 1e922 +

7 57777.66 1.651-2 1730,77 34184+12 1.840+17 l.382 1910 -

8 57277413 2+068-2 1745,90 3.885+12 2¢225417 1.378 1899 +

9 56811.32 2+349-2 1760,21 44307+12 2¢447T+17 le374 1889 -

10 56382.94 2e448-2 1773459 44388+12 2474417 1e371 1879 +
11 55994470 24364-2 1785,88 44150412 2324417 1.368 1870 -
12 55649417 2¢133-2 1796.97 3.675+12 2e045+17 1e365 1863 +
13 55348434 14813-2 1806,74 34074+12 14701417 l.362 14856 -
9s 0O 63687473 74635-5 1570.16 1.972+10 1e256+15 1.433 24055 +
1 6300019 S5eTlO=4 1587430 let29+11 9e0U4+15 le427 20306 -

2 62334497 24176-3 1604,24 54271+11 34285+16 1e420 24019 +

3 61693415 5637-3 1620,93 le323+12 B8e165+16 1e415 24002 -

4 61076408 1e120-2 1637430 24550+12 1.558+17 le409 14986 +

5 60485429 le819-2 1653,29 44025+12 24434+17 lad04 14972 -

6 59922450 24515-2 1668482 5e411+12 3¢242+17 14399 le958 +

7 59389.72 34036-2 1683,79 6+360+12 34TTT+17 1394 1945 -

8 58889418 34258-2 1698410 6e654+12 3919+17 14390 1933 +

9 58423438 34149-2 1711.64 64280+12 34669+17 1.386 le922 -
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Table 57. - Franck-tonuon zntegrals;-continugd

Q; X?ng - 02'ﬁ32; Recombination system -
. (vac) 4 _ S )
‘V’,V” ) o qv'v" :\O ' ) qv'V"GO qvlvuco T ‘ r phase
A 17 1.383 - 14911 +.
1 . 57995.00 2 170-2 1724429 54404+12 24134+
12 57606:76 242402 1735491 4e282+12 24467+17 _1-379 1902 - =~
12 - .57261.22 . 1e682~2 1746438 34157+12 1.808+17 - 1376 1-294 i
13 " 56960439 1e184-2 1755461 2¢188+12 1e247+17 - 1374 14886
105 0 65267422 340764 1532416 84553+10 5.582+15 1e448 20097  +
» 1 : lessl 24077 -
1 64579469 24003-3 1548447 54394+11 3e483+16 . E
2 '63914:46 " 64599-3 1564459 1,723+12  1.101+17 les34 24058 +
3 63272465 le&70~2 1580446 3¢ 724+12 24356+17 1428 2:041' -
R 62655458 2e492-2 1596403 6e128+12 %.849+17 le422 2024 +
5 6206478 - P 3e4419-2 161122 8+174+12 5,073417 le417 24008 -
6 61562.00 P 36940-2 1625.§6 9.165+12 54637+17 le&l2 14994 +
7 - 60969422 34895~2 1640417 " Be827T+12 54382417 1e407 . 16980 ¢ =
8 60468468 3e342-2 1653475 74390412 Le468+17 1402 14967 4+
-9 60002488 L 24499-2 1666459 - 54400+12 30240+17 14398 '10354 o
10 59574 49 le624=2 1678457 3e433+12 2045417 14394 14943 f
] O 1932 -
11 - 59186426 94046-3 1689458 14875+12 14110+17 1e39
12 58840:72- 461943 1699450 84545+11 5.028+16 14386 14920
13 58539489 1e510-3 1708e62% 34030+11° l1e 774416 l.882 1906

fHE CALCULATED ARRAY EXTENDED THROUGH (10s13)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.

O; a4nu - 0, B?z; Recombination system

0 80531418 666393 1241475 3e467+12 2e792+17 14493 2230 +

1 79843 .64 2e475-2 1252445 14260+13 1+006+18 lets 74 24175 -

2 79178442 50071-2 1262497 24517+13 1.993+18 le4457 2+126 +

3 78536461 Teb616=2 1273.29 34689413 2+897+18 le442 24080 -
4 7791954 9e420-2 1283438 Le45T7+13 3e473+18 1427 24039 - +
5 77328474 P l.022-1 1293.18 44724+13 34653+18 letls 24001 -

6 " 76765496 - P 1.008~1 1302466 4.562+13 3.502+18 le402 1966 +

7 76233617 9e285-2 1311.76 44113+13 34136+18 14391 1935 -

8 75732463 84105-2 1320444 3.520+13 2.666+18 l.381 1906  +

9 75266483 6e786~2 1328461 24894+13 24178+18 14371 14880 -
10 - T4838.45 Seh07~2 1336421 24304+13 1e724+18 1e363 1857 . +
11 74450621 44335-2 1343418 1+789+13 1+332+18 1355 14836 =~
12 74104468 34344~2 1349444 14361+13 1.008+18 14349 le818 ~ +
13 73803485 Z4531-2 1354,94 1.018+13 7e510+17 1e343 1802 -
1, 0 81546,.,07 4¢4396~2 1226430 24384+13 1.944+18 1.620 24311 +
1 80858453 14050-1 1236473 54548+13 4,486+18 1+500 2250 @ -

2 . 80193.31 143101 1246499 64755+13 S5¢417+18 le481. 2194 .+
-3 79551450 14109-1 1257405 5.583+13 4e442+18 le464 20142 =
R T8934 443 64 818~2 1266487 Fe353+13 24647+18 le&448 2'094 +
5 78343463 P 24903-2 1276443 14356+13 1094418 le432 © 26047 -

I3 77780485 P 6.265-3 | 1285.66 2.948+12 24293417 les4ls 1992 +

7 " 77248406 1,925-6 ©1294,53 84871+ 8 6+853+13 14915 34848 '+

8 T6T47652 44332-3 1302497 1.958+12 14503417 1e410 14998 . . =

9 76281472 1e272-2 1310693 = 5e644+12 44306+17 1+396 1s953 +
10 75853434 24054=2 1318433 84963+12 6e799+17 14386 1s923 . -
11 75465410 2+554~2 1325.12 1.097+13 Be282+17 1377 14898 +
12 75119457 24725-2 1331421 . 14155+13 8e67T+17 1.370 14877 =
13 74818474 24621-2 1336456 1.098+13 8e212+17 1364 1860  +
25 0 82540431 14292~1 1211453 74267413 5.999+18 14548 24399 4+
1. 81852.78 1e604-1 1221.71 B.799+13 7.202+18 ' 24328 -
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Table 57. Franck-Condon integrals--continued
of a%n - o 835" Recombination system
2 1-lu 2 Tu v

vh oyt CTO qv'v" )\évaC) qvlvuJo qvlan-:) r r phase
2 81187456 Te969~2 1231472 4e264+13 36462+18 1.504 24260 +
3 80545474 14093-2 1241453 5¢712+12 44601417 1e478 2176 -
4 79928467 3e342~3 1251412 1.707+12 14364417 le494 26247 -
5 79337487 P 2+854~2 1260443 1e425+13 1131418 letbs 24148 +
6 78775409 P 44963-2 1269644 24426+13 14911+18 le448 24098 -
7 78242431 54253-2 1278408 24516+13 1,969+18 le434 24057 +
8 (1 {41e (7 belldb-2 1286431 le9a7+13 1le514+18 le421 Z2e020 -
9 77275497 24587-2 1294406 16194413 96226417 le410 14986 +
10 76847459 le271-2 1301428 5¢766+12 44431417 14399 1le954 -
11 76459435 44511-3 130788 2016+12 le541417 1.388 14919 +
12 76113,81 84253~4 1313482 34639411 2770416 le372 14865 -
3, 0 83513492 2226-1 1197641 16297+14 1.083+419 16579 26494 +
1 82826438 8eT767-2 1207434 4,981+13 44126+18 le552 20406 -
2 82161le16 le496-6 1217412 84296+ 8 64816+13 24852 7290 -
3 81519435 44305-2 1226470 2e332+13 1.901+18 le521 2318 +
4 80902427 Te258-2 1236406 3e843+13 34109+18 14500 24249 -
5 80311.48 P 44897-2 1245,15 24536+13 24037+18 le481 2190 +
6 797486469 P le4%40-2 125394 Te304+12 5e825+17 le460 2127 -
7 79215491 le&33~4 1262437 74123+10 54643+15 14362 1e777 +
8 78715437 5:756-3 1270440 24807412 24210+17 16457 24133 +
9 78249457 14780-2 1277496 84528412 66673417 1e439 24075 -
1o 77821419 24609-2 1285.,00 14230413 9¢570+17 le427 24038 +
11 77432495 267732 1291.44 14287+13 94968+17 Cle417 2008 -
12 77087641 20 440-2 1297423 l1e118+13 84615+17 14408 14984 +
13 76786458 1e4894-2 1302431 84576412 6.585+17 le401 14962 -
4y Q 84466487 2e498~1 1183490 14505+14 1.272+19 le612 24599 +
1 83779434 1.287-3 1193,.61 Te567+11 64339+16 14533 2310 -
2 83114412 Te547-2 1203416 44333+13 3,601+18 le569 2463 -
3 82472430 Te769~2 1212453 4¢358+13 3¢594+18 1e542 2377 +
4 81855423 1e284-2 1221467 Te044+12 56766+17 le512 24277 =
5 8126444 P Lel466~3 1230455 2e396+12 1e947+17 le532 20362 -
6 80701465 P 34260~2 1239413 1e713+13 1.383+18 1.499 2250 +
1 BULO8eB ( 4e549-2 1247437 2e344+13 1.879+18 1e481 2193 -
8 79668433 3e427-2 1255420 le733+13 l1.381+18 14465 26144 +
9 79202453 1¢569-2 1262459 TeT795+12 6e174+17 1.450 24097 -
10 78774 .15 2.383-3 1269.45 le&54112 1303+17 1430 20033 +
12 78040637 1e977-3 1281439 94394+11 7e331+16 lab46 24106 -
13 717739.54 54184-3 1286435 20436+12 1,893+17 le431 24055 +
5s 0 85399419 14920-1 1170497 1.196+14 16021419 l.648 24715 +
1 84711.66 66270-2 1180e47 34811+13 3e228+18 14630 24661 +
2 84046443 94950~2 1189.82 54907+13 44965+18 1e594 24541 -
3 83404462 16391-~3 1198.97 84069+11 6e730+16 1e517 26262 +
4 82787455 3e777-2 1207491 24143413 1,774+18 16561 26443 +
5 8219675 P 6.128-2 1216459 3e403+13 24797+18 le536 24358 -
6 81633497 P 26739~-2 1224,98 1.490+13 1e216+18 16512 24282 +
7 81101419 l1e274-3 1233403 64798+11 54513+16 les6l 24103 -
8 80600465 54974-3 1240.69 3.128+12 2.521+17 1.508 24287 -
9 80134484 2121-2 1247490 1.091+13 8e746+17 1,485 24208 +
10 7970646 2¢842~2 1254460 14439+13 lel47+18 1.470 264162 -
11 79318423 2¢512~2 1260474 1254413 9.943+17 1458 2125 +
12 T8972e59 le7U3~2 1466426 8e385+12 64622417 leagts7 24092 -
13 78671486 94383-3 1271410 44569+12 3e594+17 14438 20063 +
6s 0 86310486 le¢035-1 1158460 6e654+13 54743+18 l.687 24845 +
1 85623433 le827-1 1167491 lels7+14 94822+18 l1.662 24763 +
2 84958,10 9.066-3 1177405 5e559+12 L4eT23+17 1,605 24559 -
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Table 57. Franck-Condon integrals--continued
0; aéﬂu - 02 BBZ; Recombinatioﬁ system
ac - 2

A To qv'v" )\C(’V ) quvuso qV'V"UO r T phase
3 84316429 6e&25-2 1186.01 3.851+13 3.247+18 14613 24605 -
4 83699422 bel96~2 1194,.,75 34633+13 3.041+18 14581 20496 +
5 83108442 2¢538-3 1203.25 le&57+12 le211+17 1.523 24289 -
6 82545464 le748~-2 1211445 9.832+12 8el116+17 14559 2438 -
7 82012.86 44328-2 1219432 2+387+13 1.958+18 1.533 24350 +
8 81512432 3e417=2 1226481 14851+13 1.508+18 1.513 24286 -
9 81046452 1.180~2 1233,.,86 64280+12 54090+17 16492 24218 +
10 80618413 54182-4 1240442 2¢715+11 2+189+16 le432 24007 -
11 80229.90 24181-3 1246442 1.,126+12 9.038+16 1+507 24287 -
12 79884436 8e236-3 1251.81 44199412 3e354+17 le483 2204 +
13 79583453 1;235—2 1256454 6223+12 44953+17 le470 20166 -

THE CALCULATED ARRAY EXTENDED THROUGH ( 6513)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.

O; Azﬂu - Xgﬂg Second negative system

Qs O 40069451 l.648-6 2495466 14060+ 8 4o24T+12 le244 1548 +
1 38196494 34099-5 2618601 le7274 9 64597+13 le259 14586 +
2 36356494 2¢763~4 2750451 1.328+10 44828414 le274 14625 +
3 34549450 1e554-3 2894440 6¢408+10 20214415 14290 14665 +
4 32774463 6¢183~3 3051414 24177+11° Tel34+15 1«306 1«708 +
5 31032431 1e852-2 3222645 5¢534+11 1.717+16 14323 le752 +
6 29322457 4e338-2 3410434 1094+12 34207+16 le341 1.798 +
7 27645438 8e151-2 361724 le722+12 4eTELI+16 1e359 1e847 +
8 26000476 la251-1 3846404 24198+12 5716416 14377 1.898 +
9 24388470 le587-1 4100426 24302+12 54615+16 1397 14951 +
10 22809.21 le681~1 4384419 14994412 44549+16 le&l7 24008 +
1, 0 40940454 14315-5 2442457 94024+ 8 34695+13 16237 14531 -
1 39067.98 2e147-4 2559.64 1.280+10 5,002+14 1.251 14567 -
2 37227498 le626-3 2686415 84390+10 36124415 le266 14605 -
3 35420454 Te555-3 2823422 34358+11 14189+16 l.282 lebb4 -
4 33645466 24395-2 2972415 96121411 34069416 1.298 1«685 -
5 31903435 564342 3134.47 1.764412 5.629+16 1.314 1.728 -
6 30193460 8e962-2 3311496 24467+12 Te448+16 1.331 1e772 =
7 28516442 140571 3506475 24450412 64987+16 le348 14818 -
8 26871479 8e282-2 3721637 1e607+12 44319+16 le366 14865 -
9 25259474 34354-2 3958487 5e¢406+11 1e365+16 14383 1911 -
10 23680424 848324 4222493 1.173+10 2.77T7+14 1.383 14898 —
2s 0 41784644 5+605-5 2393424 44089+ 9 1709414 1.230 14514 +
1 39911.88 Te944-4 2505452 5,050+10 24016+15 le244 14550 +
2 30071487 540963 26206461 Ze812+11 1¢071+106 1e259 1587 b
3 36264443 1e¢940-2 2757452 9e252+11 3e355+16 le274 14625 +
4 34489456 44803-2 2899443 1e971+12 66796+16 14290 1664 +
5 32747425 T+899~2 3053469 2774412 9.084+16 1.305 1704 +
6 31037450 8e255-2 3221491 24468+12 Te660+16 le321 le746 +
7 29360431 44538-2 3405496 lel48+12 34372416 14337 1.788 +
8 27715469 44371-3 3608406 9.305+10 2.579+15 le348 14812 +
9 26103463 lel56-2 - 3830488 24057+11 56369+15 1.381 1e911 -
10 24524414 5¢812~-2 407762 8e572+11 24102416 1396 14951 -
3, 0 42601420 le697~4 2347435 1e312+10 5¢589+14 le224 1499 -
1 40728664 2087-3 2455427 1e¢410+11 ‘54 T44+15 l.238 14533 -
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Table 57. Franck-Condon integrals--continued
ot alm -0 XQH Second negative system
2 AT, - 0y XTI & ¥y

vl v Cp A ryn )\gvac) Qprgucy kLTS T 132 phase
2 38888464 1+130-2 2571444 6e647+11 2+5854+16 le252 14569 -
3 37081420 " 34487-2 2696479 1778412 6¢593+16 le267 1606 -
4 35306432 64558-2 2832435 24886+12 14019+17 14282 lebay -
5 33564,01 Te252-2 2979,38 2e742+12 94203416 1297 14682 -
7 30177408 le498~3 3313477 44118+10 1e243+15 le316 le724 -
8 28532445 1804-2 3504478 44189+11 14195+16 14352 1830 +
9 26920440 547232 3714466 1117412 3.006+16 1+367 14869 +
10 25340490 4e664m2 3946,19 7«590+11 14923+16 1+383 1e912 +
4y O 43390,83 440964 2304463 3¢346+10 1e452+15 1.218 le484 +
1 41518426 - 443733 2408458 34129+11 14299416 le231 l1.518 +
2 39678426 1,990-2 2520427 1e243+412 44931+16 le246 14552 +
3 37870482 449042 2640456 24664+12 16009+17 1+260 14588 +
4 36095495 6e717~2 2770439 34159+12 1e140+17 le274 1e624 +
S 34353463 443202 2910420 l1e751+12 ) 6a017+16 1.289 1e&60 +
6 32643489 44057~3 3063436 le411+11 44607+15 le298 14681 +
7 30966470 le264~2 3229427 34753+11 le162+16 1327 14763 -
8 29322.08 448582 3410440 16225+12 34591416 1340 1797 -
9 27710402 3¢518~2 3608,80 Tet86+11 2074416 1355 © 14835 -
10 26130453 842054 3826494 le464+10 34825+14 14351 1808 -
5+ 0 44153437 Be386=4, 22644873 7.218+10 3.187+15 la212 1470 -
1 42280675 Te768=3 2365414 54871+11 2.482+16 14226 14503 -
2 40440475 2e954~2 2472675 14954+12 7«903+16 1239 1537 -
3 38633431 5708=2 2588444 3.291+12 1272417 1.253 14571 -
4 36858444 5¢325=-2 2713408 24666+12 9.828+16 le267 1606 -
5 35116412 14386-2 2847469 64001+11 24107416 1.280 1e636 -
[ 33406.38 3e&37-3 2993 444 14281+11 44281+15 1307 1e 714 +
7 31729.19 3,739-2 3151467 16194412 3790416 1.316 le733 +
8 30084457 3+586=2 3323,.,96 9.765+11 2.938+16 1330 1e768 +
9- 28472451 1e778-3 351216 44105+10 1.169+15 14334 le768 +
10 26893402 1+957-2 3718444 3¢807+11 1.024+16 14370 1880 -
6s O 44888467 14513-3 2227473 1369+11 6el84+15 14207 le457 +
1 43016.11 l1e216-2 2324471 Qe677+11 44163416 l.220 14489 +
2 41176411 3¢841-2 2428459 2¢681+12 1e¢104+17 le233 14522 +
3 39368467 5667~2 - 2540,09 3e458+12 1e361+17 le247 14555 4+
4 37593477 31292 2660401 170012 6e389+16 le260 1588 +
5 35851.48 4e596-4 2789429 22118+10 7e593+14 14257 14565 +
6 34141,73 24093=-2 2928497 84328+11 24843+16 1,294 14677 -
7 32464,55 34900-2 3080428 14334412 44332416 16307 14709 -
8 30819492 7+807-3 3244465 22286+11 7+044+15 1.318 1e733 ~
9 29207.87 9e420-3 3423474 2¢347+11 64856+15 le347 16817 +
1o 27628437 349102 3619447 84246411 24278+16 1e358 1e845 +
7s Q 45596489 20469~3 2193413 2¢341+11 1.067+16 l.201 le445 -
1 43 (24433 1le 120-2 2287406 le438+12 64286+16 le215 le476 -
2 41884432 4etTT~2 2387453 3¢290+12 14378+17 le228 14508 -
3 40076488 44863-2 2495420 34130412 16255417 le241 14540 -
4 38302.01 1e295-2 2610482 74275+11 2e787+16 le252 1568 -
5 36559,.,70 34967~3 2735425 14938+11 T087+15 14277 16634 +
6 34849,95 3¢372~2 2869444 | 1.427+12 44975416 le286 14655 +
7 33172.76 24079-2 3014452 7+589+11 2.518+16 14299 14685 +
8 31528414 Tel24-4 317177 24233410 7.039+14 1.339 14806 -
9 29916408 24958-2 3342468 7¢920+11 24369+16 1e335 1783 -
10 28336459 2¢199~2 3529.01 54003+11 l.418+16 le347 16814 -
8s O 46277497 34709-3 2160486 34676+11 1.701+16 - 1e197 1e433 +
1 4440541 202392 2251498 le9614172 Be 106+16 14209 1e463 -+
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Table 57. Franck-GCondon integrals--continued

+ 2

2 .
O2 A 0, - 02 X ﬂg Second negative system

. ac 3 4 - 2

vt A » qv'v" }'iv ) qvlvnﬁo qvlv"C:) T r phase
2 42565441 4eT58~2 2349433 3e669+12 1e562+17 1e222 14495 +
3 4075797 3e604-~2 26536451 2440412 94947+16 1.235 14525 +
4 38983.09 24082-3 2565,21 1e233+11 44808415 le243 14539 +
5 37240478 le552~2 2685423 8.016+11 2+4985+16 le267 1607 s
& 35531403 34202~2 2814444 let36+12 e 103+16 14279 1636 -
7 33853485 34900~3 2953,87 1e513+11 5e¢122+15 le287 leb651 -
8 32209.22 1+328~2 3104470 4,436+11 14429+16 le314 1729 +
9 30597417 26956~2 32684.28 Be468+11 24591+16 1326 14756 +
10 29017e67 148913 344618 44621410 1e341+15 1328 =~ 1a753 +

THE CALCULATED ARRAY EXTENDED THROUGH ( 8+10)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED.

+ b4 - 4 R s
02 b Zg T am, First negative system

0s 0O 16666474 2e042-1 5999,97 1.223+12 24038+16 l.338 1792 +
1 15651485 24918-1 6389402 1a119+12 1la751+16 1.302 1694 -
2 14657460 2.063-1 6822.40 64495+11 9e521+15 1272 1617 +
3 13684400 iel95—] T307480 34061+11 4el189+15 le246 1552 -
4 12731404 64207~2 7854482 1.281+11 le631+15 1e224 10496 +
5 11798.73 3¢024-2 8475449 44968+10 5¢861+14 le204 leb4s -
6 10887406 lef418~2 9185422 1.830+10 1+992+14 le185 le402 +
ls 0O 17829438 Le2T4-1 5608472 2e423+12 44319416 14379 1903 +
1 16814449 24369-2 5947425 lel26+11 14894415 1309 1701 -
2 15820425 3e824~2 6321401 1554411 2+458+15 le322 1755 -
3 14846465 14199-1 6735453 3e¢925+11 54827+15 . .
4 13893469 1+330~1 7197451 3¢568+11 4e957+15 1-§§£ %-ggg t
5 12961437 14037~1 771523 2+259+11 2e927+15 1.231 1514 +
6 12049470 6eT65~2 8298496 1.183+11 le&26+15 1e21C lel62 -
2s 0 18957476 2e4466-1 5274488 le666+12 34159416 le430C 24042 +
1 17942487 le755-1 5573425 l.014+12 1.819+16 1.398 1960 +
2 16948462 le409-1 5900418 6+861+11 1e¢163+16 16337 . l.783 -
3 15975402 7¢518-3 6259477 3+065+10 44896+14 le264 1576 +
4 15022406 26216~-2 6656488 7+511+10 1128+15 l.302 1705 +
5 14089475 Ta382-2 7097436 24065+11 24909+15 le264 1600 -
. 6 13178.08 Se346~2 7588436 24139+11 24818+15 l1.228 l1e5 +
3 0 20051.86 5¢862~2 4987407 4eT26+11 Fel76+15 l.iéé 2-22; +
1 19036,97 34731 5252494 203%96+12 4e562+16 lets&s2 24081 +
2 18042.73 243162 5542440 1e360+11 24455415 le453 24129 +
3 17069413 lett16-1 5858453 Te042+11 14202+16 14350 14822 -
4 16116417 6e065-2 6204495 24539+11 4e091+15 14302 1690 +
5 15183485 Qeb2b-4 6585,94 34299+ 9 54009+13 lel74 14313 -
6 14272.18 1e942-2 7006464 5¢645+10 84057+14 14281 14649 -

THE CALCULATED ARRAY EXTENDED THROUGH ( 3s 6)e Q LESS THAN 1.0-6 HAVE BEEN OMITTED
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TaBLE 57.  Franck-Condon integrals— Continued
02 433} — X 337 Herzberg I system

Franck-Condon factors

1.809-6 | 3.330-5 | 2.916-4 | 1.605-3 | 6.248-3 | 1.840-2 | 4.260-2 |7.935-2 | 1.214-1 | 1.546-1 | 1.654~1 | 1.495-1 | 1.140-1
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
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
1.836-4 | 2.222-3 | 1.179-2 | 3.553-2 1 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
4.201-4 | 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

0 DD e O

7.975 4 | 7.382-3 | 2.794-2 | 5.368-2 | 4.998-2 | 1.243-2 | 2.713-3 | 3.372-2 | 3.537-2 | 3.171-3 | 1.414-2 4.232-2 | 1.828 2
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
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 | 6.205-4 | 1.826-2
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
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

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
1.715-3 | 8.762-3 | 1.426-2 | 6.011-3 | 3.515-4 | 8.568-3 ! 5.372-3 | 4.550~4 | 8.314-3 |3.434-3 | 1.676-3 | 8.748-3 | 1.340-3

- Bl BE B RN

[E—

r centroids

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
-1.339 | 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
1.331 | 1.346 | 1.362 | 1.377 | 1.394 | 1.410 | 1.427 | 1.444 | 1.463 | 1.483 | 1.506 | 1.525 | 1.545 | 1.570 | 1.592 | 1.619

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
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
1.312 | 1.326 | 1,340 | 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
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
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
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
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

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 | 1.49 1.516 1.534
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

O At=TN I e R % BN e O

—

Data from unpublished results of Jarmamn, communicated to Degen et al. |104]. Many r centroids have been adjusted by Jarmain to give a
smoother curve of r centroid vs. A.

TABLE 58. Absolute band strengths S, ® for the A 33t —X 327 bands

o
0 1 2 3 4 5 6 7 8 9 10 11 12
'
0 | 2-39-%*) 4.08-%! | 3-28-%0 [ 1-66™° | 5-94-° | 1-60-8 | 3-37-% | 5:71-% | 7:90-8 | 9-06-% 8-69-8 7-00-% | 4-73-8
1 [2-04-1 | 3-03-'%| 2.07-% | 8-67-% | 2:47-% | 5-03-8 | 7-49-8 | 7.99-8 | 5.72-8 | 2.18-8 8-46-1 | 7-58-% | 3-02-¢
2 18:95-1 | 1:15-° | 6-70-° | 2-30~% | 5-11-% | 7-56-% | 7-13-% | 3-56-8 | 3.26~° | 6-90~° 3-2678 4-05-8 2:07-8
3 12-70-" 13-03-Y | 1-49-% | 4-16-% | 7-04"% | 7.01-® | 3-30-% | 1-20~° | 1-30-® | 3-80-° 2-94-° 3-86-° [ 4-96-°
4 | 6-3671° |6-25-° | 2-60% | 5-84-8 | 7-257% | 4.24-% | 3.71-% | 1-01-° | 3-66-% | 2-59-8 1-10-% 1-10-8 | 2-77-8
5 | 1-24° | 1-07* |3-77-% |6-72°% | 5-80-% | 1-44-8 | 2-68-° | 3-06-8 | 2-94°8 | 2.41-9 9-77-% 2-65% | 1-03-%
6 | 2:09-° | 1-59-8 | 4.74-5 | 6-62-% | 3-64-% | 0-48-19| 1-70-¢ | 3-30-8 | 8.92-% | 3-83-° 2-42-8 1-29-% | 4-08-1°
7 |3-07° |2-07% |5-24-% | 5-67-% | 1-70-% | 1-96-° | 2-81-% | 2-16-% | 3-33-1 | 1-658 1-88-¢ 4-23-' | 1-13-°
8 |3-97-° |2-40-% | 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 |1 4:47° | 2-457° | 4-60% | 2-89°% | 5-91-*° | 1-47-% | 2-15-8 | 1-21-° | 1-01-% | 1-54-% 34627 | 9-54-° ] 1-07-®
10 | 4-25-° |2-15-% [3-58-% | 1-73-% | 6-48-' | 1.52-8 | 1-30~% | 2-11-1*| 1-16-% | 8-01-* 5-12-%% | 1-03-% | 4-02-°
i1 12-99-° 11-43-% | 2-17-% | 8-557° | 4-66-'% | 1-05~% | 6-13"° | 4-81-| 8-11-®* | 3-08~* 1-38-* 6-61-% | 9:2¢10

28, is in atomic units (age}.
® 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

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



520

PAUL H. KRUPENIE

N ! ! ! 1

24 |— C'42; -—l
o3Py +0*(*p%)
2z b— _
- e 0('D) +0*(*s°)
B*Xy |, o7 -
20— 2 - ]
CBg 7 3 +7400
s \C;;, 03P) +0*(%s%)
g ! -
18 Azn -7 ]
¢ \g}—j;j/ +
2 04Hu . =, 02
o 86— 4 T
S /
//
[ ond
O 2
S L X, o ]
O
2 H
3 ITI"‘*\\\ o
12 | )
> D o('p)+or's)
g %ﬁi’:ﬁ e 7T
% 0f— a'sht— 3 :~/ 'A A ' 3 | ]
] TNy RED B o®P1+0('s)
N s N i i
_ \ N =S o'y +0('p)
< o — Voo Tl ]
- 2 ! I, o(®*P)+0('D)
z . B , — S
AZSE— - 355
= 6 T 3 S #
3 : 3 RN R ]
O Coay— e 0P} +0(*P)
¢ Z;
0(°P) +07(2P%)
“RKR
————— OTHER
p I | l I l J ! !
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6
[e]
INTERNUCLEAR DISTANCE (A)

FIGURE 2. Potential energy curves for 0;.0:, and O%*

*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.

N is total angular momentum of electrons and
nuclei exclusive of spin (case b, &', d), formerly
denoted by K.

Rotational angular momentum of the nuclei,
formerly denoted #, is now denoted by R.

Dissociation energy is written as D°® or D¢; rota-
tional constants (for the zero level or equilibrium
value, respectively) are denoted as usual by
Dy and D..

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 O2, 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.

A perturbation by one state of another is indicated
as e.g., (*A'Il) perturbation, following an early
notation of Kovacs. (Conventions used in some
early papers include 'A X 1 or A, 'I1.)

A progression of bands is indicated as follows:

(a) v''=0 progression

(b) (v' —0) progression

@

3)

@)

©®)

©)

@

(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-), ete. An alternate abbreviation used in the
literature is ING, 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 hcad measurements.

(2) [re] means ro; [B.] means By; [w.] means AG(),
as in Herzberg’s book.
(3) ( ) means uncertain.

4)

To is the mean height (in case of multiplets) above
X,v=0,]=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.

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:

®

G(v) =we(v+1) — wexe(v+1)?
-+ weye(v+ %)" -+ (OQZQ(U -+ %)4
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 J*(J+ 1)+ H,J3(J+1)?
where (—D,) is always <0, and

B.=Be—ac(v+3%) +ve(v+3)2+ 8 (v+3)°2

Dr=De+ﬁe(v+%)
H,~H.
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The Dunham coefficients are given by

Glv)= 2 Yio(v+13)!

and

B.= Yulo+d)
i=0

The tabulated coeflicients

— Yoo ~ wexe, €lc.

are really Y0~ we,

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

Be Qewe
i
Yoo ' 128,

2wl weXe

144B% 4

Appendix B. Physical Constants!:-2-3 and Conversion Factors

¢=2.9979250(10) X 101 cm-s~?
h=6.626196(50) X 10-27 erg-s
No=6.022169(40) X 1023 mole -
1 eV =8065.465(27) cm~!
wa(180,) =17.9974575 a.m.u.
wa(1%04) =7.9973203 a.m.u.
p=ps/Noin g
Atomic masses-
100 == 15.9949150 a.m.u.
1700 =16.999133 a.m.u.
180 = 17.9991600 a.m.u.
£, (1800,) =47.1194 X 102 w2
cm~1)

(wein em~?; ko in dyne-

! 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 atomic mass scale with 2C=12.

2 The reduced mass ps (O;) was calculated by assuming 5.48593 (10~4) a.m.u. for the mass
of the el and ing that jonizati an el
1/12 mass of #C).

from one O atom (1 a.m.u.=

k.(1603)=47.1186 X 10-2 @2

re(1%0,) = 1.451868858 \/B% (Bein em=*; re in A)
€

re(160;)=1.451881312 \/Bl

€

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 fund, 1 physical and {actors are those from the critical
compilation of Taylor, Parker, and Langenberg, Rev, Mod Phys, 41, 375-496 (1969), The
uncertainties in these values losed in p h 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 X337, v=10, there has for many years
existed an apparent discrepancy between the values for
Bo 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 D, 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 (V)

EE

—6D"")—8D" (N+3)?

and obtained
Bo=1.437770+0.000015 cm ™!
Do=(4.913%0.020)10-% 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=4.986(10-%) (standard deviation 0.050(10-¢),

If the error is assumed as three standard deviations we
obtain

By=1.45378 % 0.0002 cin—!?
Do=(4.99+0.15)10-% cm™'.

(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, i.e.,
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AFJ(N) = (4B — 6D"')(N + &) — 8D (N + $)3,
the results are

By=1.437891 (standard deviation, 0.000055)
Do~ 5.022(107°) (standard deviativn, 0.050(10 €).

With error limits assumed as three standard deviations
we get
Be=1.4379+0.0002 cm™!

Do= (5.020.15)10-5 cm~".

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 ftting the fine structure of the b Z+—X 33-
bands and obtaining the rotational constants (Bj, Dosl
and spin coupling constants (A, v) for the ground state,
Babcock and Herzberg [24] used the formulas of Schlapp
[346]) for the multiplet structure of the 337 state. In
Schlapp’s theoretical formulation X 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 b [in which the electron spin is
completely decoupled from the molecular axis]. 7y (or
u 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 y 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=BNz+2/3\(352—S2) + uN - S
with B=Bo+B:N(N+1)

A=Xo+ M N(N+1)
T—Vo+tyiN(N+1).

[B1=—Do]

The N-dependent contributions to the parameters arise
from centrifugal distortion of the molecule. From the
solution of the secular equation are obtained 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 those authors,
used the rigorous microscopic Hamiltonian for the spin-
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orbit coupling and deduced mixing of the ground state
predominantly with 12} (but also with II; and 3Il),
rather than with only 31l;, 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
furmulation differs: only in the interpretation of the
several contributions to A and vy.

Many values for By 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
coefficients Be, Dy, Hy. The formula is

h

v(1,2—3,2) — v+ vs
=10B, — 140Do+ 1720Ho.
Quoting their numbers, we have
424,763.80=0.20— 56264.778 + 0.01 + 62486.255 = 0.01
=430,985.28 = 0.20 MHz.
Now 1720 Ho < 0.01 MHz is not considered further. Thus

_430,985.28-0.20+ 140 D

Bo 10

McKnight and Gordy used Babcock and Herzberg’s
value for Do. By using the refitted value (5.022 +0.050)
10-% em~1=(0.1506-0.0015) MHz [with 140 Dy=(21.08+
0.21) MHz] we obtain

B,=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— 1 +2/3x;. McKnight and Gordy [265] then

alsu obtained B, not By fur

! More recent { blished results

ive) d by M. Mizushima give
Bo=43100.6355 MHz = 1.437682 cm !
De=0.15259 MHz = 5.0899(10-¢) cm !
He=—0.0000650 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 ‘(;.?rdy [265] More ex-

tensive still in progr K. E , M i are likely
to lead to improved values {or all fine structure parameters.
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By using the values of ; 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 Bo is not
yet known.

Appendix D. Molecular Constants Derived from the O; A 2Il,—X 211, Transition.

A computer least squares fit has been made by
Lofthus to the fine structure measurements on bands
of the Of, 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 extensive set of Re 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 standard 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.
o R, 40483 5 40572.3 3.7
R. 40683 5
o (0-0) cale. 43.{9)??13 40070
A2y we 896.7 0.6 898.17 0.37
WeXe 13.45 0.03 13.57 0.02
ZPE 445.0 445.7
X, we 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 wexe’s from those
quoted above.





