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The Spectrum gf Molecular Oxygen 

Paul H. Krupenie 

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

This is a critical review and compi1ation of the obsef\'cd and predicted spectroscopic data on O2 

and its ions 02" , Oil, and O~T. 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 head~ are given. The microwave and EPR data are also tabulatt'd. Special subjects 
such aJ;' the dissociation energy of Oz, perturbations. and predissociations are discussed. Polentiai 
energy curves are given, as weB as I·yalues, Franck·Condon integrals, and other intensity factors. A 
summary table lists the molecular constants for all known electronic states of 02 and 0,;. Electronic 

structure and theoretical c:1!culations are al~o discussed. 

Key words: Critical review; electronic spectrum: molecular oxygen; potential energy curve~; rotational 
spectrum; spectroscopic constants. 
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1. Introduction 

This report, the second 1 in a series on the spectra of 
diatomic molecules, includes a review of the literature 
(through February 1971) on the spectra of O 2 ,2 O2 , 

Ot, and O~+':l 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 
condensed oxygen is considered jn discussions of 
Raman spectra, simultaneous transitions l e.g., ~ 

2 C'2:;), and the so called high pressure bands. The 
cited references are mainly those from which the tabu
lated numerical data are taken, but include also some 
which deal with interpretation and history. 

O 2 is the dominant molecule in thermochemistry and 
is the second most abundant constituent in the earth's 
atmosphere. The dissociation, predissociation, and band 
syt'tews uf llwlecU]C11 uxygen play all il1lpOrlaH! rule in 

the aurora, airglow, and nightglow.4 Molecular oxygen 
is an important constituent of stellar atmospheres 
(including that of the sun) and possibly of planetary 
atmospheres. Meeks and (269)5 have suggested 
that the microwave spectrum (60 GHz) can he used as a 
prohe of the thermal structure of the earth's atmosphere 
Clwl ClS a space probe of planetary atmospheres. 

In laboratory studies below 2000 A., spectrographs 
have to be evacuated because of the strong absorption 
of light the O2, B 82:; -X a2:g Schumann-Runge 
transition; more than 99 percent of this absorption is 
due to the dissociation continuum (1750-1300 A.). 

The ionization potentials of O2 are known from con-
ventional spectroscopy of 01 ~ from series 

photon impaet (UV absorption), photoionization, 
electron impact, and photoelectron spectroscopy. An 
extremely useful review of electron spectroscopy, 
electron impact, photoelectron spectroscopy, and 
Pennini! ionization has been given by Berry [38]. 

Topics 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 reo 
pomhination coefficients, ion-electron recombination. 

and charge transfer collision cross sections. ' 
Photoionization cross section measurements have 

been recently reviewed by Schoen [350J. Autoionization 
of O2 Rydberg states has been qualitatively discussed 
by Price [3191. Cook and Ching (93] have discussed in 
detail the of measured absorption coefficients. 

Two very ueeful review5 concerning 5pectra 5hould 

1 The fir~! vulume this ,wries is "The Band Sl'edrum of Carbon ,\1nnnxine." Nat. Bur. 
StttJIJ. Nat. 81c.HU. HcC+ UgHl ':5el •• NSnD3-NBB (190d). 

2 Data on 0. is 

O~t is known only from electron imru('t eXI,eriments and theoretical (:uleulatiol1s. 

4 For d('tnils see. C.!! •• l\kConlluc and Omholl Ruaeh 
, Figures in brackets indicate the literature 
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be mentioned: Wallace [396] has tabulated band head~ 
for O~ and Ot transitions, as well as term values and roo 

tational constants for the various states; Gilmore [161] 
has summarized a great deal of information about the 
potential energy curves of O2 and its ions. In addition. 
a capsule summary of many O 2 transitions and the con~ 
ditions under which they are observed is contained in 
a review by Herzberg [190] on forbidden transitions in 
diatomic molecules. Singlet molecular oxygen (princi
pallya ILly and b 12:t) has been reviewed by Wayne [404]. 

The possibly important role of reactivity of oxygen with 
pollutants is mentioned in a discussion of the relation 
of laboratory measurements to atmospheric chemistry. 

Reproductions of spectra are not given here but can be 
found in references cited in table 1 as well as in "The 
IdemificalioH of Molecular Spectra" by Peanse and 

Gaydon [316]. 

2. Electronic: Structure of O 2 and Its Ions 

2.1. Electronic Structure of O2 and O~ 

The OHler of the molecular orbital~ (MO'5) fm O2 ha::, 

been given by Mulliken 6 [284J: 

lall < 10'11 < 2afJ < 20-u < 30-f} < 1171/ < I17a < 30-11 • 

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). lo-y and 10-1/ 
are virtually atomic Is orbitals; 2cr!l and 2a-u are modified 
2s; all other orbitals no resemble their separated 
(atomic) form. The eJectron configuration which gives 
rise to the ground state, X , and also to the observed 
states a ILl!! and b , is KK(2ag )2(2cru):2(30-y)2(l17u)4 
(I 17 YF. The possible states originating from excited con~ 
figurations are summarized in table 2. 

O2 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 :12:, was an success of 
the molecular orbital method and an failure of the 
Heitler-London method. Only by "reexamination" was 
Heitler·London theory able to predict the COlTect 
gound state. 

Seven known stable states of .the neutral molecule 
arise from the tWO lowel::ll electron configurations !table 
1). A repulsive aDu state is inferred from ab initio calcu
lations and from the predissociation of the B all; state. 
All bound. states whi~h cli",,,,o~iMe to ground state atoms 

have been observed. This inference is based on the semi
empirical potential curves for the unobserved states de
termined by Vander~lic: et a1. I38?] and Gilmore [161J, 
and from configuratlon mteraction (CI) calculations by 

• Another (:ommollly used notation designates Ih{' orhitals 1I~ 
ugls < u"h < a-,/2s < u.2s < a-y2p < 7T u2p < 1tv2p < u.2p. 
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Schaefer and Harris ,See also fI87].) 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 0; are known. Configura-

tions for seven of them are established. 
The electronic structure for a number of states of 

O2 and 01 has been by Mulliken [284]. A weakly 
hound state at about 6.5-7 e V, dissociating to 
lD!h was hinted at, but such state has not been observed. 
Mulliken's summary of the lower ionizations of O2 is 

given below. 

Electron ionized 

17Tg (from X 3.'2:g) 
1?Tu (from X :~:£g) 

17Tu (from Illy) 
17Tu (from l.'2:t) 
3fT g (from X :~.'2:;;) 

(2fTu) (from X 

01 state 
X 2Ily 

a 4lllH A zIT" 
2Il u (A = 195), 2<1>u 

2Ilui (A = - 195) 
b 4.'2:;;, B 2.'2:;; 
c 4.'2:; 

The configuration (l7T II )3(l7Tg)2 includes three 2TIII 

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 zilu states by Dixon and 
Hull [1I5J; this is mentioned in sec. 2.5.) 

Nordheim-P()schel [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 3Il states would not lie at low ener
gies. Indeed, no stable 3Il state of Oz has been identified. 
It was further concluded that and 3.'2:t states arising 
from ap + ID are repulsive. One of the two possible 

states derivable from these atomic products, the 
B state, has been observed and is stable~ No :i.'2:t state 
is known. 

Miller et al. [276] have shown from observed magnetic 
hyperfine structure of 160 170 that the unpaired elec
trons in the O2 bond are primarily p7T rather than pfT 
and have concluded that "electron configurations which 
put unpaired electrons in the pfT 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, O2 or On. He there
fore inferred the existence of a new state of 0;, likely 

which would perturb A2Ilu around v= 6. No numeri
cal data were published. Such a 2Il state is unknown, 
and LaPs correlation of such state with 45 u + 1D g is 
incorrect. 

2.2. Numerical Calculations 

a. Semiempirical 

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

products. By using an intuitive modification of the single 
configuration MO method he predicted the relative 
order of O2 states derived from and 7T~7T~ con
figurations. Both 1.'2:~ and :llliti were predicted as bound 
(1.'2:-U at higher energy), and both were predicted to lie 
below A :i.'2:it. Experimentally the tentative order is 
c 1.'2:;, C 3llui , both below the A state. Both c and C 
states dissociate to ground state atoms. Moffitt also 
showed that the ionic state 3.'2::u dissociates to 1 D + ap 
because of the non-crossing rule. 

Watari [402], treating O2 as a six [7T] electron problem, 
has predicted the correct order of several states of the 
two lowest configurations. Linnett [254] has accounted 
for the double bond of O2 and the bond order of Ot 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 [ISO] have computed vertical excita
tion energies for the states arising from the three 
configurations 7T~~1Tt, and ?T~1T~. They used 
LCAO-MO wave fUlldions plus CI between states 
of the first and third configurations, but with neglect 
of overlap and empirieal fitting of some parameters. 

Their relative energies were in fair agreement with 
experiment and with the more complicated results of 
Moffitt [280]. The I Ilu was predieted to lie below 1.'2:~, 

but it was not certain whether these should be bound. 
Gilmore [161] has drawn them as slightly stable. 

Bassani, Montaldi, and Fumi 1321, using the method 
of Fumi and Parr, have calculated vertical excitation 
energies of II and <I> states of Od relative to the ground 
state of the ion (in the 7T-eleet ron approximation). 
E~citation energies of unobserved states 2<1>1l? 4Ily , 

and 2<1>g were indicated. Tlw 2(1)/1 state fell near the 
b the other two lay far ahove it. The 2<1>1/ state 
would be about 1 eV above A 211/l, 4IlfJ severa] volts 
above 2Ilu , and 2<1>$1 severa] volts above 4Ilg• 2$u seems 
bound with De about 2.5 e V. This state as sketched by 
Gilmore [161J would have a binding energy of about 
4.2 eV if it::> minimum were 1 eV above the minimum of 

. 2Ilu • The other two unobserved states are also stable in 
this approximat ion F321. 

Vanderslice et a1. [3871, using a valence-bond approxi· 
mation and experimental data, have estimated the poten
tials for 12 repulsive states derived· from ground state 
atoms. These states were slightly altered in Gilmore's 
figures [161] to account for configuration interaction. 

b. Single configuration ab initio 

Itoh and Ohno [212] have used different screening 
constants for the 0 atom and its ion (AO's for covalent 
and ionic structure) to calculate excitation energies 
(at r= 1.207 A) for 7T-electron states. In general, their 
res ults agree with those of Moffitt [280] and Fumi 
and Parr [150J. A reasonable value was obtained for the 
separation _3.'2:t. 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 a1. [25J have reproduced Wahl's 
more recent calculated individual and total charge 
density contours for the O2 ground state at Te (based 
on nearlyH-F wave functions). 

c. 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 3!-;; and lI~ 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 To, DO, 
and We to within a few percent of the experimental 
values, large potential maxima (~! DO) which peak at 
~ 4 A were calculated for both states. There is no ex

peri mental evidence to support this. In all cases Meckler 
assumed filled Is and 2s shells. His results are less 
accurate than those of Kotani et a1. [236], but are given 
as a function of T. 

Kotani et a1. [236], have made very extensive calcu
iations of electronic properties of O 2 and Ot at r= 1.217 
A by the LCAO method using a minimum basis set ot 
Slater orbitals for the all electron problem. Fifteen 

dimensional CI makes significant improvement in some 
of these properties. The relative merits of various 
approximate treatments (for the ground state of O 2) 

are compared. Properties calculated include, among 
others, De; 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 a1. [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 
tJ1tagy uf LIlt gluuml :sLatt by J tV, but still giVtS a pUUl 

value for De. For 7T~7T~ configuration the 3~u state was 

predicted to lie between 31t and Il~, as is tentatively 
found experimentally. 

Schaefer and Harris [344] have calculated potential 
energy curves for 62 states of O 2 derived from the lowest 
states of 0: ap, 1D, 1S. 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 'W::lS used together with a complete 

"valence CI" to. give the correct dissociation products. 
Screening parameters were used appropriate to the 
3p ground state. The c Il~ state was calculated to lie 
belo.w both C 3Ll u and A 31t. The new results suggest 
that the 11~ state (ID+ IS) has a larger binding energy 

than lLl u(1D+lD), the reverse of the sketch by Gilmore 
[161]. Thp. Rrlditional bound states are 

31~ (3p+ ID) at 5.94 eV, re ~ 2 A. 

ITIfJ(lD+ ID) at 8.13 eV, Te ~ 1.55 A. 
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More recent (unpublished) calculations by H. H. Michels 
are qualitatively the same. 

2.3. Electronic Structure of O~~ 

The ion O~+ has been observed only in electron 
impact experiments. Perhaps O~+ spectra might he: 
observed in a hollow cathode discharge in low pressure 
O:~, for Carroll and Hurley [771 have o.bserved N~+ 
under tho.se circumstances. Appearance potentials for 
O~+ 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, mo.lec
ular constants, and approximate potential curves for 
O~+, derived from curves of N2 • The ground state 
appearance potential was estimated as 35.92 eV, smaller 
by 15 e V than prior experimental values. Dorman and 
Morrison [118] have remeasured the appearance poten
tial of O~+ to. be 36.2 ± 0.5 e V which lies close to the 
calculated value. The discrepancy between this value 
aUll tallitl, higlJtl valut::; I::; Hut tXl'laiued. Daly and 
Powell's [101J measured value for the appearance 
potential of the O~+ (X state) is about 1 volt higher than 
that of Dorman and Morrison; the A 31~ state energy 
was found to. be ~ 4 e V above X Il:. Hurley [208] has 
estimated the lifetime of the A state (O~+) for dissocia-

tion by tunneling as - 1 sec., and 1050{) sec. for the X 
state (O~+). 

2.4. Electronic Structure of 0; 

The molecular ion 0; is formed in gas discharges 
containmg oxygen, and has been detected by mass 
sper.trometer in H2 + O2 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 co.nfiguration of 0; is 

KK(2Ug)2 (2uuV (aUg):? (17Tu)4 (l7Tg)3 X 2TIgi . 

b a b b a 

The molecular ground state dIssociates into ground state 
products Oep) + O-(ZPO) which can form a total of 
24 states. 

The ground state disso.ciation energy has been erudely 
estimated by Bates and Massey [34], by Creighton and 
Lippincott [971 from a semiempjneal formula using the 
frequency of a Raman line of [(02 , and more carefully 
by Mulliken r286J. By using an improved value for 
EA(02) r312] one obtains DO(Oz)=4.07 eV. This places 
O2, X 2Hyi about 0.4 eV below O2 , X :r~:y. The dissocia

tion energy is cyclically related to several other quanti
ties by the formula DO(02) + EA(02) = D()(02) + EA(O) 

where the following values have been used: DO(02) = 
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(5.116±0.002 eV) [62], EA(02)=(0.43±0.02 eVF 
[312], and EA(O) (1.478±O.002 eV)8 [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 KOz, and the value 1.377 A, estimated by 
the use of Badger's rule [49]. This approximate value 
of r e is consistent with that expected by analogy with 

(1.3-1.4 A). From the low-temperature fluorescence 
emission spectra of O2 in alkali halides Rolfe [336] 
has obtained w~ = 1152-1163 cm-l, wexl~ = 8.5 cm-I, 

(780± 100) em-I, AGII(!) = 1123-1145 cm- 1
, 

These results were in good agreement with AG"(i) 
(1145 ± 2) cm- I obtained from Raman spectra in solid 
K02 [97]. Recently, the Raman spectrum of O2 in alkali 
halide crystals (194] has yielded an extrapolated value 
for the isolated ion: AGII(!) ~ 1090 em-I, This value 
leads to w: - 1107 cm- 1 , WeX; - 8-9 cm- I

, 

Spence and Schulz [361] and Boness and Schulz [49] 
have measured vibrational spacings of the ground 
state of O2 produced by scattering of electrons by 
gaseous O2 , They obtained We ~ 1090 cm-l, WeXe - 12 
em-I, Combining this vibrational data with AC"a) of 

Holzer et aL [194] gives compromise values We ~ 1113 
cm- 1 , WeXe -11.7 cm-1 (uncertainties are assumed as 
we± 25 cm- I , wexe±4 cm- I ). • 

There has been much speculation about a stable 
4kg state of 0; which dissociates to O(3P) +O-(4P) 
[34, 68, 211, 351, 92, 286], but most likely no low-lying 
stable excited states exist for 0- [286, 232, S, Smith, 
private communication]. The fluorescence observed 
by Rolfe [336] has generally been assigned as 2TIui -;' 

X2 II gi , but an upper state assignment as cannot 
be ruled out. Rolfe [336] had indicated that the upper 
state term value was 3.65 e V above the ground state of 
O2 (this was the long-wavelength limit of excitation). 
Hurst and Bortner [210] obtained evidence of excitation 
to an electronic state of O2 (presumably 4k ;) which 
lies approximately 1 e V above the ground state. Recent 
calculaliuw; (:;ee beluw) jlldictlle Lhat Lhb excited slale 

lies somewhat higher. 
The lowest-lying configurations of O2 which dissociate 

to ground-state configurations of 0 + 0- (tho11gh 
perhaps not to ground-state products) are: 

( c) (3a g) 2 ( 1 Tr u) 3 (1 Tr g) 3 (3a 11) - 2!. i; (2) , 
(2), 2Ag , 2Uyl , 

1 Spence and Schulz [361] and Boness and Schulz [4\1J discuse a number of diff ... rent values 
for EA(Ol) which are found in the literalure, but state why they prefer the value of Pack and 
Phelps (312]. R. Celolla (unpublished results) has recently obtained a value which is virtually 
the same as that of Pack and Phelps. 

• ~A(O)= 1.465 ± 0.005 eV was obtained bv Branscomb et al. IS8J. Recent ex·periment~ 
(unpublished) which use EA (0) do not unambiguously support this value or that of Herry 
el aL (39).11 is desirable Ihal this quantity be remeasured with improved accuracy. 

(not to ground state 0 + 0- ) 

Until recently the structure of the possible states of 
02" has heen 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 F~ [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: 4!.g, 2kt, 4TIu , , 2kg , [2!t, 4!.t, 2TI u, 

4Ag , 2Au] 42:;;, and X 2TIg • The states enclosed in 
brackets all have binding energies of ~ I eV. (Several 
of these states are included in fig. 2.) 

2.5. Ionization Potentials, Rydberg Series, 
Photoionization, and Photoelectron Spedro~tftpy 

The known ionization potentials of O2 have been 
determined spectroscopically (i.e., from Rydberg series 
limite plue data on electronic transitions in 0'i), by 

photoionization, electron impact, ion-molecule collisions, 
and by photoelectron (photoemission) spectroscopy. 
No known Rydberg series converges to the ground 
state of O~, 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 Trgnsa g 3ny, 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 
O2• Configurations ... 1Tynpau and ... TrynpTru 
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 O2 by Samson and Cairns [342, 42], (12.059 
0.001) e V = 97265 cm-1 establishes the O~ energy 

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, 

Tt:uLaLi ve dtl:;::;j[iCtlliuJl::5 of Rydberg 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 0 for the lowest terms in the 
various series are open to some interpretation (especially 
those of Yoshino and Tanaka [417]), the series limits 
and Rydberg formulas still properly describe the 
Rydberg series. 

Rydberg states are known from transitions origi
nating in the X and b states. The {3 3!.t, a 1 kt, and 
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Rydberg states arising from forbidden transltJOns 
have had their fine structure studied; the other observed 
states or series are as: 

For the ex l'i,t-b l'i,t and f3 transitions, 
tJ.Gf and Bf from fine structure analysis are close to 
the values for the Ot, X 2TIy state. 

The electron impact method yields directly the ver
tical IP, not the adiabatic IP obtained by all other 
methods. Frost and McDowell [147] have measured by 
electron impact five states of 0; , including 4TIu , 

2TIu , , and a new state at 21.34 e V. An O;t term at 

this energy was confirmed experimentally by Brion [61]. 
This energy may represent "removal of a U'u2s or U' fJ2p 
electron with or without simultaneous excitation of 
another electron in one of the other orbits" [147]. At 
22.03 e V evidence exists for a process leading to forma
tion of Ot; this may be a transition to a repulsive state of 

0i , with a minimum at 20.7 e V which is close to the 
Rydberg limit of 20.3 eV [147] and the limit 1D+4S0. 

Lichten 1252] has tentatively identified a metastable 
state of O2 at ~ 12 e V in electron bombardment studies. 
The observed lifetime is > 10-3s. Possible configuration 
of this state is (7T u2pp (7Tg2p)2 (U'gR). McGowan and 
Kerwin [262] have observed four new states of Ot, 
(produced by molecule-ion collisions) at 23.9 e V, 27.9 e V, 
31.3 eV, and 34.1 eV (uncertainty± 0.2 eV). 

Al-Johollry et al. [12, ]]] were the first to study 0: 
extensively by photoelectron spectroscopy (PES). 
More Turner and May [384], Turner [383] and 
especially Edqvist et al. [125] have extended these 
measurements, the latter even resolving overlapping 
vibrational structure of a 4IIu and A 211 11 , 

Price (see discussion by Dixon and Hull [115]) has 
ulJ:serveu a Hew lJroi:ul feature with 1.;:; eV half width at 

23.7 e V in the photoelectron spectrum of O2 with 
304 A photons. Dixon and Hull [115], on the basis of 
semi-empirical calculations. have assigned this feature 
as a new 211u state of Ot, the uppermost 2IIu state 
derivable from a 7T~7T~ configuration. It is not certain 
that this state is stable. 

Edqvist et al. lI2!)] have studied the PE~ of O2 in 
the range 12-28 e V with both 584 A and 304 A photons. 
They observed vibrational levels of the A 2TIu among the 
higher levels of the a 4 Hu state. The diffuse state with 

vertical IP of 24.0 e V corresponds to the state observed 
by Price. 

Extensive vibrational structure was observed [125] 
in the following states: X 2TIg , a 4II1h A 2IIu, b 42g, and 
B Geiger and Schroder J158] have observed many 

of these features (as well as some which are still un
identified) in the energy loss spectrum up to 21 e V. 
Additional features [125] include a 2llu state at 24.0 e V; 
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above this, c 4'i,i./, v=0-2; and at 27.4 eV, an unidenti
fied peak in an unexplained continuum extending from 
25.5 to 28 e V. The features at 23.7 and 27.4 e V had been 
seen earlier by McGowan and Kerwin [262]. 

Turner [383] observed marked broadening for B 
v > 3. He interpreted this broadening which at 
20.7 e V, the dissociation limit for b 42 g' as possibly 

due to strong interaction between the B state (which he 
assumes is 4'i,~) and b state. Edqvist et al. [125J, with 

slightly better resolution, see sharp structure only. 
Samson [340] used photons ranging in energy from 

27-66.6 e V to study the photoelectron spectrum of O2 

and found states at 23.5,24.6, and 27.3 eV; uncertainty 
was estimated as 0.3 e V (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 e V (and possibly also the state at 
24.6 might arise from remov.al of a U'u2s electron, 
and the state at 27.3 e V might arise from removal of 
a U'fJ2s electron. 

3. Electronic Spectrum of O 2 and Oi 

O2 is a weak light emitter because, for most of its 
excited states, transitions to the ground state are strongly 
forbidden. Since 16 0 has zero nuclear spin, antisym
metric rotational levels of 16 0 2 are missing. 9 

The B :~2.~ Schumann-Runge transition domi-
nates the spectrum of molecular oxygen. Discrete bands 
of this allowed transition span the region 5350-1750 A; 
an even stronger dissociation continuum spans the 
region 1750-1300 A. Most other O 2 transitions which 
have been observed under high resolution are forbidden 
by electric dipole selection rules and are considerably 
weaker than the exceptions are transitions below 
1300 A, mainly to Rynherg states. Between 1300 A and 

300 A continua overlap the discrete structure. Weak 
b l'i,t-X 32y atmospheric bands (9970-5380 A) and 

a ItJ.fJ-X :~'i,g IR atmospheric bands (15,800-9240 A) 
have also been observed. 

In contrast with O2 , the three observed transitions for 

Oi are all electric dipole allowed: A 2llu-X 2TI g (2-), 
65.30-1940 A; b a 4 IIUi (1-), 8530-4990 A; and 
c 41 ii - b Hopfield bands, 2360-1940 A. Additional 
states of Ot known from Rydberg series and photo
electron ~pectr05copy enable the 02" doublet aud 

quartet states to be placed on a common energy scale. 

3.1. a lay x 3:£y Infrared ~tmospheric System {15,BOO-

9240 A)R 

The 1 A.g- magnetic dipole intercombination tran-
sition in O2 , predicted by Mulliken l2Hi1] , was first 
observed by Ellis and Kneser in 1933 [126] in absorp-

.. For exam pI!'. for the X'2'; 51ale levels occur with N= 1, 3, .. : J = 0, 1, 2, ... ' 
all rotationallevcls are +. For the BSl;; slate levels occur ... ; ]=l. 2.3. 

... ; all rotational levels are -. 
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lion by liquid oxygen. The fine structure was resolved 
and the transition assigned as 1dg _ 32y by Herzberg 
(in 1934)~ who photographed these bands in the solar 
spectrum. Details of the solar 0-0 a~d 1-0 bands were 
given somewhat later by Herzberg and Herzberg [191J: 
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 theX state are in table 36. 

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

Relative accuracy of the observed line positions in the 
0-0 band is ±0.03 cm- 1 for unblended lines: in 1-0, it 
it; .J.... 0.07 em-l. (See footnote 6(a) in ref. [191] rcgarding 

absolute accuracy.) The small difference between 
F2-Fl and F2-F:3 for the ground state accounts for 
overlapping (~P and QR branches. (See also Babcock 
and Herzberg [24] and sec. 8 of the microwave spectrum.) 

Of nine possible branches, only one remained 
unresolved: (QPQR). The other branches are ''''R, HR, 
11Q, QQ, I'P, f'Q, op. 

The 0-0 band has been observed in the day and night 
airglows [165], and is weaker than be expected 
because of reabsorption by the lower atmosphere. 
The 0-1 band. was found in emission from the 
sky [9], 385]. Its fine structure was resolved, but the 
numerical data has not been published f91]. 

3.2. b l!'t -X 3!,y Atmospheric System (9970-5380A) R 

The b -X :~Iy magnetic dipole intercombmaiion 
tranSItIOn consists of doublet P and R branches, Le., 
P, I'Q, R, and RQ branches,10 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 b-X transition are by Babcock 
and Herzherg [24] who studied absorption in the labora
tory (with air paths up to 30 m) and solar absorption by 
the earth's atmosphere (]OO km air paths), These meas
urement~ were an cxten8ion of carlier work by Babcock 

and collaborators [see especialJy Dieke and Babcock 
[112] and Babcock [22] from which the transition was 
first identified as lI-:lI by Mulliken r283]. The early 
work led Giauque and J ohn8ton [160] to some of the 
earliest identifications of isotopes (160l70, 16 0 180) by 
spectroscopy. The only additional detailed absorption 
measurements are the fragmentary data on the 4-0 
band by Ossenbriiggen [3Il]. Band origins and heads for 
the b-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. 

,. These magnetic dipole bands are always observed in almost any spectrograph of moderale 
size which is nol evacuated. These branches are also possible for an ele(,tric quadrupole 

transition, but those arising from I:.J =±2 have not bee'n observed. 

The b-X hands were first detected in the solar 
spectrum ll 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, 12 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 [24J have measured the 
fine structure of the following absorption bands: 
160 2 , 0-0, J-O, 2-0,3-0, ]-1,2-1, 3-1; 160 17 0 and 
160 180, 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 aecuracy of about 0.001 A. Combination 
differences for bands with v"=O were in agreement to 
within 0.005 em-I. These measurements have provided 
molecular constants for the X and b states for the three 
isotopes studied. 13 w~ was derived from dGIICt) , and 
The vibraTional constanlS of Cuny and Herzberg [99], 
with dG"(t) = 1556.3856 believed (then) to be accurate 
within ±O.OO] cm- I . A least squares refitting by Albritton 
et a1. [9] gives 1556.379± 0.006. 

3.3. b Ilt-a 1dl/ Noxon System (19,080 A) 

Noxon [301] observed emission of the Q branch of 
the b-a, 0-0 band at 19,080± 30 A in a low pressure 
discharge through He containing a trace of O2 • 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 dA = 2.) 

3.4. c1Ii/-X :~2g Herzberg II System 
(4790-4490; 2715-2540 A) R 

Absorption bands of this very weak forbidden transi
tion have been observed among the stronger A :llt
X band5 by Herzberg The observed band 

origins are listed in table 6; predicted origins are given 
in table 7; rotational constants for the c state are in 
tl'lhlp :i9. Tlw "pp~trFl wpre observed in fourth order of 

a 21-ft. grating spectrograph~ oxygen pressure was 
2.7 atm. The molecular constants for the c state were 
obtained by assuming the values for the ground state 
from the work of Babcock and Herzberg [24]. 

11 The curren! and early band designations are compared: 0-0, 1-1 (A); 1-0 (Ii); 2-0 (or); 

3-0 (a'); 4-0 (a"): 0-0, '6() "'0 (A'); 0-0, 16() 110 (AU). The 0-0 anol--{) banrls, designated 
A and B. n'specti\,,.h'. bv rraunh"f..r in 11117 were among Ill,. firs! mole"ular bands observed. 

"These halld~ have l>"e11 .. b,;,·rved in the nighl airglow and aurorae, and in the laboratory 
in oxygen-enriched nitrogen afterglows, CO+ O. explosions, He discharge containing a tracl" 
of O2• glow discharge in pure O2 almospberic pressure, and an T.r. e1ectrodeless discharge. 
Branscmnh lSi 1 lists a number of the~e references: see also Chamberlain, Fan, and Meine! [821 
and HNman. Hernlan, and R"kotoariiimy P83I. 

,. Appendix C discusses molecular conslants lor the ground slate. 
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The c-X bands [with branches PP, PQ, HR, RQ] have 
structure similar to the b-X system, but weaker a 
factor 10\ and with greater difference IB'-B"I 
because of the feeble binding energy of the estate. 
Unblended line positions are assumed uncertain by 
::to.l cm- 1 ; numerous ])lended lines have considerably 
larger uncertainties. Long exposures resulted in 0.1 cm- 1 

displacements between iron arc calibration spectra and 
c-X line positions. 

[1891 analyzed the fine structure of six 
absorption bands. Degen [103] has analyzed the structure 
of two feeble emission bands observed in an oxygen
argon afterglow. These have been tentatively identified 
by Degen as the 0-7 (4491 A) and 0-8 (4791 A) members 
of the c-X system. The new v' numbering, still tentative, 
is five units than that provisionally assumed by 
Herzberg [189]. The spectra were taken by Degen on a 
3 m grating spectrograph, exposure 100 hours, 
sion 3 A/mm. Measured rotational line positions are 
uncertain by 0.1 A. The 0-7 band had been mentioned 
earlier by Broida and Gaydon [63] but it had not been 
assigned; the 4791 A band is new. 

Many fearures of the nightglow spectrum lie within 
several Angstroms of the calculated band positions 
[189, 103]. Broida and Gaydon [63] had observed some 
bands in an oxygen afterglow (4600-3600 A) which 
might be fitted into this Delandres array, but only with 
considerable uncertainty. Some bands observed in the 
UV suggested an increase in Herzberg's pro
visional v' numbering by unity, but this had only been 
hinted at by Chamberlain [79]. The numbt:ring used by 
Degen [103] places the c state below both C and A; all 
three states derive from the 'same electron configuration. 

A short extrapolation of vibrational terms makes it 

certain that the c II.; 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 3Au-X 3:1: y Herzberg III 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 u5cd n 350 meter ab50rbing path at 2.7 atm. 

pressure. These underlie the far stronger A3Iit~X aIii 
bands. Observed C-X sub-band origins are listed i-n 
table 8a; rotational constants for the C 3 Au state are in 
table 40. 

Vibrational numbering in the C state is uncertain. 
Arbitrarily, Herzberg [189] assumed that the triplet 
observed by Herman [182J. whose middle sub-band head 
is at 2913 A, was the 0-0, and assigned the two 
ments he (Herzberg) observed to bands 5-0 and 6-0. 
The only carefully determined vibrational quantum 
AG(51/2) = 611.16 cm- 1 is for :iAa components. Assign-
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ment of the upper state as 36. u is based on the assumed 
electron configuration~ 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 3TI li• QS, and R- and P-form branches were 
detected. Both odd and even J were observed in the 
upper state, an indication that A> O. 

Herzberg [189] has assumed that the C-X bands are 
the free-gas analogue of the diffuse triplets, nearly coin

cident with the positions of the A-X bands, as observed 
by Wuli [4151. 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 transition, :5.1_ 32:. In a 
later paper Finkelnburg [140J ascribed these to vibra
tions of a collision complex. (See sec. 4 on condensed 
oxygen.) 

Observation of the diffuse structure till nearly the 
ap + ap dissociation limit [140], strongly, suggests that 
the :lLl,lI state dissociates to ground state atoms. Experi
mental data is insufficient to allow a reliable potential 
curve to be drawn. Gilmore [161] has sketched in a 

fragmentary curve just below that of A 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 
36.3 and 36.2 is 145.9 cm-1, indicating case a coupling. 
Splitting between middle and short wavelength ,com
ponents of the high pressure triplets is 138 cm- I [141, 
182]; the splitting between the middle and the long 
wRvp.lp.ngth ~()mponp.nts is 112 em-I. 

Bt,(3Az) is assumed a good approximation to the true 
Bl' values. By assuming further that Bs(3Aa)-B5(3A2) 
=B6(3A3)-B6(3Az), the former being unobserved, 
B5 (:;6.2) has been approximately calculated [189J. 

3.6. Ca ..:1 11 - a 1 Ag Chamberlain System (4380-3700 A) R 

Twenty-seven weak bands (table 9) observed in the 
airglow have been tentatively assigned by Chamberlain 
[81] to the intercombination, electric dipole transition, 
C 3Au- a 1 Au (see table 1 of ref. [811 for a list of band 
heads). Identification is uncertain because of low 
dispersion (21 A/mm). The quantum numbering for the 
uppcr I5tatc il5 bal5cd on that tenlati vdy alSlSumed by 
Herzberg [189]. 

3.7. A 3:I1t -X 3:Io Herzberg I System (4880-2430 A )R 

Very weak absorption bands of this forbidden electric 
dipole transition were first observed by Herzberg [185J; 
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 f187] (4th order, 
21-ft. grating; absorbing paths up to 800 m-atm; 3rd 
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order iron lines served as calihration). This was the 
lirsl 2+~~:- transition identified with like multiplicity 
rorhoth states. The dominant Q-branch lines consist of 
.;ix components: QQ3, QP32 , QQ1, QR12,QR23+QP21, and 
'lli which was observed for the strongest bands; faint 
hranches sRZ1 , °Q13, OP12, and oPZ3 were also observed 
n some bands [187]. Observed A-X bands and rotational 
:onstants for the A state are. given in tables 10 and 
ll, respectively. A Deslandres array of predicted band 
)ositions can be found· in the paper by Herzberg [187]. 

Dufay[119] and others tentatively identified some 
bands of the UV night airglow 14 (3800-3100 A) as mem
hers 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 hanos in p.misslon from lRhorRtory 

afterglows (table 11). (See also Gaydon [153J.) Observa
tion of a new progression showed that Herzberg's 
] 952 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 (4S00-2S00 A) 
~md. was able to partially resolve rotational structure. 

Unless further revision in numbering is necessary, the 
last vibrational level in A 3!,it before dissociation is 11. 

A summary of Herzberg's fine structure . analysis 
1187]. follows. Relative wavenumbers of unblended lines 
(lre assumed accurate to ±0.04 cm-I ; very weak struc
ture at longer wavelengths is accurate to ±O.l cm- l • 

Rotational constants for the A state could not be deter-
. mined from combination differences because so few 
members of the 0- and S- form branches were observed. 
lnstead, differences B~-B~ and D~-D~ obtained 
from branch lines were used together with precise 
values of B~ and D~ [24]. (For the 1-0 band only 
fragmentary branches were observed.) 

is.2G values drop drastically with v'; .a polynomial 
of a few terms is a poor fit to the IlG's. B~ decreases 
non-linearly with v'. D~ increases even more sharply 
with v'; a powcr scries is a poor fit to thi:s data. TIJt~:se 

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' +!) -0.00097 (v' +t) 2 

n~ [4.79-0.30(v' +-1) +O.lO(v' +-1)2J x 10-6 

G(v') =799.08(v'+!)-12.16(v'+i)2-0.5S0(v'+!)3 

To(v') =35007.1S+ 786.51v'-: 12.98Sv'2-0. 550v' 3. 

The short wavelength limit of these. rapidly converg
ing bands made necessary. a slight revision in the dis
sociation. energy of 02 (but see sec. 3.8 and sec. 6 on 

.. Additional. references to ohservations of A-X bands in the night are given hy 
-Chamberlain [80], Broida and Gaydon [63], and Barth and Kaplan [30]. include un· 
certain identification of bands not observed in the Jaboratory~ (See.also l;Iabcock [231·) 

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 A alit shows F 3 > F 1 > F 2; fOl 
X 3ly-, beyond low N, F2 > F3 > Fl. Splitting of botb 
states is fitted roughly by the formula,s of SchlapJ: 
[346l (See also theory of Present [318].) The· positive 
quantity - (2A + a) increases significantly for high Vi 

[8 to 11], indicating increasing deviation from Hund's 
case b likely to case c, near dissociation. )I is virtually 

. zero for Vi = 1 to 6 but becomes negative thereafter. 
The ll-O band was observed till N' IS. A diffuse 

feature where N' = 17 lines are expected likely indi
cates predissociation by rotation [187]. 

3.S. B sIu -x 3~i Schumann-Runge System 
(5350-1750 A) R 

The B 3:!,U--X 3:!,ii transition is the most extensively 
studied system of molecular oxygen, with more than 100 
single-headed bands identified. These hands are red
degraded and show no prominent heads (origin-head 

separation is only a few cm- I ). The dissociation energy 
of O2 (Do=41260± 15 cm- I ), one of the mostprecisel) 
known for any diatomic molecule, is derived from the 
convergence limit of the upper state [62], Band origins 01 
this very intense system, for both emission and absorp
tion, are listed in table 12. Rotational constants for the 
X and B states are give!) in tables 36 and 42 ,.res pecti vely . 

Schumann, in 1903, first ohserved 14 discrete absorp· 
tion bands of this system lying below 2000 A, though ht 
was not able to measure wavelengths. Absorption bandf 
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 hands in emission 
by using a high-voltage arc in oxygen. A summary of the 
more recent measurements on this system follows. 

Fiichthauer and Holm [149] observed· a number of 

hand 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 [3Il] reported fine structure of a dozen 
bands measured from plates taken by Fiichtbauer a~d 
Hulm [149]; lhe~e 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 a6.S m 
grating instrument in second order. The bands (4370-
3100 A), looking like a· .many-lined spectrum,were 
emitted from a high,voltage arc in oxygen, and were 
characterized by low v' and high VII. (Vi =0, 1, 2; 
v" = II to 21). P and. R branch lines fell close to· one 
another, giving the appearance of doublets. ForN~ 20, 
the lines split into two components, with the long 
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wavelength component stronger. At very mgh N [the 
highest reported was 89J the stronger component split 
into two, producing a triplet structure. InLands with 
Vi =2, the short wavelength component was too weak to 
he identified with certainty. Some of Fesefeldt's meas
urements on two plates differed by up to 5 cm- I . Line 
intensities quoted by Lochte-Holtgreven 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 wavelerigths 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 A/mm; hydrogen lamp background source). 
Bands measured included 1-0 to 5-0, 4-1 to 7-1. The 
fine structure of the 1-0 and 4-1 bands was given for 
the hrst time; these bands had been observed under low 
resolution by Pulskamp [323]. P and R branches were 
separated, but no doublet or triplet separation was 
observed. Improved constants for the X ;'Inn R ~tate!' 
were obtained. Sharp line positions were assumed ac
curate to ±0.1 cm-1 (poor lines to ±0.8 em-I). 

Knauss and Ballard [233] photographed absorption 
bands in the region 1925-1760 A produced by a 3-m 
vacuum spectrograph viewing a condensed discharge 
through a capillary. Rotational analysis was given for 
bands of the (V'-O) progression with Vi =4 to 15. Their 
hand 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 r 

values for the B state gave too small values for B nand 
B 1• 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 16-0.1;; 

Millon and Herman [278] observed several band 
hpads in an uncondensed discharge in 0·). 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 [~4()]. using a high-frequency dIscharge, produced 
more than two dozen bands in the region 4490-2450 A 
which were attributed to the B-X transition. Details 
concerning these bands were never published. The 

many-line structurt;: 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 Carler 1199a) have suggested thai the measurements uf Knauss and Ballard 

(233] be increased by 0,07 A to adjust an apparent systematic shift relative to the measure
ments of Curry and Herzberg 199J and more recent work of Brix and Herzberg [62). Recent 
measurements by Ackerman and Biaume 13J who used the same instrument as Brix and 
Herzberg have verified this discrepancy in line positions. 
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fication of the rotational structure of each band and 
'heads' that seem present with small dispersion are 
found, with higher dispersiom to be merely due to 
chance overlapping of structure from several bands." 
Lal's bands are listed in table 30 as uncertain excluding 
five which appear to coincide with previous measure
ments. 

Feast [134] has given rotational analysis for bands in 
the region 3100-2500 A emitted from a high-voltage arc 
in oxygen. The observed bands include 1-12, 0-11, 
I-ll, 0-10, 1-10, 1-9,2-9, 1-8, 2-8, 2-7. HThere 
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 em-I. 

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 Ossenhriiggen [311] were ob
sel ved. Line positions and band Oligins wen:: given iu an 

unpublished manuscript by Feast and Garton [136]. 
Origins are given [152] for bands 2-10, 0-9, 3-8, 3-7, 
2-6,3-6,4-6,2-5,5-6,3-5.4-5.5-5,7-5,6-5,5-4, 
6-4, and also fine structure of yet other bands (emission 
and absorption) whose origins and rotational constants 
had been published previously. 

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

Feast and Garton [136] have given a detailed line list 
of 8-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, O-ll, I-ll. 1-12, 
1-10,0-10,1-9,2-9, 1-8,2-8,2-7; bands not reported 
previously include 2-10, 0-9,3-8,3-7,2-6,3-6,4-6, 
5-6, 2-5, 3-5, and remeasurement of bands 
previously observed by Ossenbriiggen [3Il] include 
5-5. 6-5, 7-5, 5-4, and 6-4. These bands extended 
to high J (- 59 max). (Unidentified lines, generally 
weak are jududeu ill Lhe list.) DisperSion was 
42 em ~1/mm at 2475 A and 36 em -J/mm at 2200 k 
Measurements were assumed accurate to 0.2 cm-1 
(0.01 to 0.02 A) for sharp lines. Some lines of thp banrl 
identified as }-7 by Herczog and Wieland [181] were 
included here as belonging to the 3-8 band. 

Durie [123] observed. emission of mor~ than 30 band 
heads in a water/fluorine flame (4600-2400 A). The 
several new bands were subsequently reported by 
Rakotoarijimy, Weniger, and Grenat [324]. Durie's 
band heads were sharp because the low effective rota
tiona] 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 Vi, and from their convergence limit, have 
determined a seemingly definitive value for the dissocia
tion energy of O2 (but see the limitation mentioned in 
sect. 7). The strongly red-degraded bands were photo-
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'aphed. fourth order of a 3-m vacuum spectrograph 
;ispersion 0.65· to 0.4 A./mm;resolution 160,000, 
xygmlpressure 3 to 350 mm). A Lyman discharge 
Ihe was background source fot the 50 em long absorp

lOll tube. The region studied in detail was 1804 A (11 ~O) 
II 1750 A, the limit of di:;erete ah::sorption. v'-"O hande 

,\'t~re observed for v' 12 to 21. The last bound . level, 
,'= 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 em absolute error was 

cm-1
• Fine structure,. band origins, and, for the B 

I ate, vibrational quanta and rotational constants were 

Electric dipole selection rules allow twelve. possible 
Pl,Z,3, R 1 ,z,3, PQzs, PR 1S , RQ21, FlQaz, RP:l1 • 

rhe six main branches with AI =±I were identified 
(for low N); also, some lines of the six satellite branches 
f 6.N:=± 1, ilJ = 0, ± I)a8 well as two electric dipole 
forhidden branches TRsl and Np]3 (aN=±3, ilJ=±I) 
were identified. This was the first case -known where 
forbidden branches with· aN> 1 have been observed 
roran allowed (I.-I.) transition. 

Near the convergence limit, the triplet splitting 
was the same order of magnitude as the rotational 
:itrueture. The triplet splitting was discussed hy Brix 

and Herzberg [62] in terms of Schlapp's formulas [346] 
Ilnd deviations therefrom. [Since thtm, more extensive 
Iheory 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 Loch~e-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 
irregularities. Term vo.lucs for thc F z components of 

the B32.ii state showed slight deviation from Schlapp's 
formulas [346] T2-uo=F2.lN) =BvN(N+l)-DvN2 
(N+ 1)2 .. Short branches and large perturbatIOns 
li.mited 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 statedissociationing to SP2 + 1 D2 • 

Bands having' v' ~ 16 lie higher than the previously 
accepted dissociation limit. 0"0(22-0) is predicted to 
li'e at 57127 cm- 1 (F2). Some lines of22-0 were detected, 
hut the quantum assignments are uncertain. A short 

extrapolation beyond the origin of the 21-0 band gave 
a. convergence limit 57128±5 cm- 1 which was in close 
t:lgreement with one derived from the AZI:-xsI.i 
bailds, provided that . pairs of dissociation products 
included the 3P2 state. This led to DO(02)=41260±15 
cm~l (5.1156±0;002 eV). The magnitude of the uncer
tWIlly l~fl~(;;(8 llt~' Ji[[~I~m;~ L~lW~~1l tht:: B clllci A. Wb
sociation limits, 15,868.6 cm- l , which representslD-

3P2. This agrees with the values given by Moore [281] 
to within about a cm -1. 

Rakotoarijimy, Weniger, and Grenat [324] have 
extended observations in the UV ,both in absorption 
and emission, by using a high-frequency discharge in 
an atmol5phere of oxygen. Eight new banda wcrc 

identified in absorption (2270-I980A) and 28 new bands 
in emission (3800-2100 A). (Dispersion 4 A/mm in emis
sion; 2 A/mm in' absorption.) Details were n~t given, 
only a Deslandres table of band origin wavelengths. 

Herman, Herman, and Rakotoarijimy [183], a 
similar emission source, observed numerous bands, 
and repo~ted fine structure, rotational constants for 
both states, and band origin wavelengths. Fine structure 
was given for 1-21, 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 N02• 

Fitzsimmons and Bair [142] observed heads of. 30 
absorption bands with high· v. fI

• These high energy 
states were produced in secondary processes following 
photolysis of ozone. Of these bands, all but five had 
previously been seen in emis~ion; the other five had not 
been observed before. 

Ogawa [302], using 0. quartz spectrograph, 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 rotationa1 
constants for the B state. The observed region waf! 
2250-1970 A, with numerQUS 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, Ogawa observed that the 
B t' versus v plot for B 3"kU- showed positive curvature 
for v= 0 to 15, and was virtually straight for v= 16 to 21. 
Aformula fitted to the first group oflevels was given 

Bv= 0.8184-0.01238(v+i) -3.3 X 10-2(v+i)2 

Ogawa and Chang [306], using a 3 m-vacuum spectro
graph (linear reciprocal dispersion, 2.85 A/mm), photo 

graphed 34 absorption bands in the 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 bible of band origins. For the 
(v'-O) progression, the band origins differed by an 
average 0.3 cm -1 from adjusted values of Knauss and 
Dallald [233] (~t:t: footnote Hi). 

More than 1000 new lines belonging to absorption 

I Dk"" C":h .. m_ Kef. Datai Vo1.1, ";'0.2.1972 
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bands in vir = 1, 2 progressions have been measured by 
Hudson and Carter in the region 2020-1750 A. 
Their published line list spans the region 1895-1877 A 
(relative accura~y ± 0.02 A). (See also sec. 11.6.) 

Ackerman and Biaume [3] have remeasured under 
high resolution bands 0-0 through 13-0. They used the 
same instrument as did Brix and Herzberg [62]. The 
measurements of Curry and Herzberg [99] and Brix 
and Herzberg [62], where they overlap Ackerman's, 
are 111 du::;e Clg1t;ell1t:mt, Lut small differences in both 

sets of data are found for Br and D/, for v' 12, 13. 
(See table 42 footnote.) 

The O2 , B-X, 0-:-0 transition energy and the zero 
point energy of the B 32:u- 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 l175J.) Improved values ot both quantities have been 
obtained from measurements of Ackerman and Biaume 
[3]. 

3.9. Miscellaneous Absorption Transitions 1585-1140 A. 
Alberti, Ashby, Douglas Bands Including a 1 Itt 
""-Dl~it, al~d+-X3~y (Tanal(a Progression 11), 

p :~Ilt ~ X 3Ig (Tanaka Progression I), 1 Au<E-O 1 Ay , 

IIln ~a.lAg. Ogawa-Yamawaki transition 3I I1 
~X3Ig. 

In 1952, Tanaka [369] observed numerous absorption 
band heads in the region 1350-1030 A, m'ost of which 
rp.m.::llnp.rl l1nd.::l!'\!'\ifip.rl (tahlp. ~Orl), (Sp.p' al~o tahlp. l~h_) 

Alberti et a1. [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 O2 , as well as severa] bands of Tanaka's 
progressions I and II, now labeled f3-X and 
respectively. (See tables 13a and 14, respectively.) 

Thp. spp.p.tra wp.re prorlllr.p.rl by A lbel·ti et a1. in an 

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

Both a and f3 states, tentatively assigned as IIi; by 
Alberti et al. have B L! and b.G values similar to those of 
the ground state of 0;, and are assumed to be members 
of Rydberg series. The upper states of bands originating 
from the a 1 b.g and b lId states are possibly Rydberg 
states, whose series limits are an unknown state of Ot. 

Ogawa and. Yamawaki [308] have photographed 
forbidden ahsorption bands of O2 in the region 1262-
1144 A (dispersion, 1.42 A/mm). They remeasured the 
fine structure of both a-X and f3-X transitions reported 
by Alberti et a1. [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 a, v=4, N 
7, 9, 11 (with perturbed B 1, < 1.59). The 1144.6 A 

band, whose upper state was designated SIlt, has a 
similar appearance to a-X and {3-X; it is a member of 
a Rydberg series converging to Ot, X 

Ogawa and Yamawaki (308], partly on the basis of 
quantum defect arguments, suggest that the f3 state is 
likely 3IJ. Tentative electron configuration of the upper 
states they observed are: 

(0=0.653) 

(0=0.716) 

(S=0.675) 

From the relative intensities in the f3-X bands [308], 
it was concluded, that the 1292 A band observed by 
Tanaka [369] is likely the 1-0 band of the {3-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 {3-X, 0-0 band is estimated 
to lie at 75,450 cm-1 (1325.4 A) [308] which it 
~ 810 cm-1 10wer than a-X, 0-0. 

Though the b.G values are irregular, Ogawa and Yam a
waki roughly estimate vibrational constants: 

{3: We --- 1957, WeXe ~ 19.0 

a: We 1957, WeXe --- 19.7. 

Tables 13 to 18 contain successively the band posi
tions for transitions f3-X, a-X, a-b, 3:kt -X, Ib.u-a 
Ib.y, and 1TIn-a Ib.IJ. Unclassified bands are included in 
table 30. Rotational constants for the a lIt, Ib.th 

1 TIu , f3 3It, and new aI~ states are given successively 

in tables 43 to 47. 

3.1 O. Rydberg Series 

Well established Rydberg series are known whose 
convergence limits are the b 4Ig, B ,and c 4!~ 

states· of Ot. 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 4TIui and A 2TIu are uncertain. A vibra
tional progression, possibly belonging to the first term 
of a series converging to the ground state of Ot, has 

also been observed (table 13b). Nearly all measurements 
of Rydberg series in O2 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 serieR havp. hp.p.n irlp.nti£erl 

in the absorption coefficient studies by Cook and 
Metzger [95] and Huffman et a1. [204]; numerous ab
sorption maxima in the continua (106(}-S80 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 
,,('rice converging to Ot, a 4I111 • The two calculated 

limits differed by 1100 em-I; their mean was assumed 
It) eorrespond to the second J.P. of O2 • It is not certain 
Ilial these progressions are members of the specified 
H ydberg series because of their fragmentary nature 
and the poor agreement between the two limits. Addi
Iional progressions labeled M. N, N' provided a poor 
\'alue for the energy of the A 211u state of O~-. These 

hands appeared as doublets, which likely were (ab
:-;orption) peaks of P and R branches. Bands not rec1as
"ified in more recent work are listed as unclassified 
(I able 30a). Possibly some of these bands defy unam
higuous assignment because the early terms of Rydberg 
s(~ries often deviate from a Rydberg formula with roughly 
constant 0 and because higher terms may be perturbed 
1253]. 

a. x2ny(0~)~X3I~(02)(1290-1180A)V 

The first l.P. of O2 is known most precisely from 
photoionization measurements [342]. There are no 
confirmed Rydberg series converging to the ground 
~late of 0; , though Tanaka [369J has tentatively identi-

fied a five-member vibrational progression of doublets 
in absorption (table 30c) as belonging to the first elec
tronic term of such a series, in part, because of the simi
larity in vibrational constants to that of the 0; ground 

state. The weak, violet shaded progression of doublets 
(separation ~ 45 cm- 1), showed some rotational struc
ture. Intensity of the fourth member of this progression 
seemed abnormally strong and diffuse. Thus Tanaka 
expected a pert urbation of level v = 4 of the upper st ate 
of this Rydberg transition (its position is more than 
100 cm- 1 higher than that calculated from a formula 
fitted to the presumed Q 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 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.) 

Price and Collins [320J first observed several progres
sions attributed to a H.ydberg series converging to 
O~, b Tanaka and Takamine [371] unscrambled 
some of this structure, reassigned the bands, and 
provided a reliable term value for 0;, b . Namioka 

et a1. {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 (30-g ) 

(l7Tu)4(l1Tgr npo-u 3I;;, n 5, ... 

The band heads are fitted by 

0- = 146568 - {n 
R 
1.679)2 

Additional weak, diffuse, and slightly red-degraded 
series with Vi 0,1,2 converge to the same limit [290, 
417] (table 20); these have possible configuration (30-g) 

(11Tu)4(17T,,)2 np1T1I n=4, ... The series limit from 
measured band heads is 146568± 2 em-I, By using an 
approximate correction for the origin-head separation, 
the origin of b 4LiI , v = 0 is placed at 146556 cm- l • 

c. B 2l:y(0~) ~ x 3:£;(02) (650-600 A~R 

Tanaka and Takamine [371] first observed members 
of a Rydberg series whose limit was a new state of 
Ot at ~ 20.3 eV. Ogawa [303] and Yoshino and Tanaka 

[417] considerably extended this to include members 
with v' = 0 to 3 (tahle 21). In addition to this strong 
series, a weak, diffuse series with the same limit was 
found by Yoshino and Tanaka [417J (table 22). Both 
strong and weak series are single headed and red de
gnlclp-cl. hl1more [1 til J l'Issignecl the new s;tate ag 

Turner and May [384] observed structure for this state 
in photoelectron- spectroscopy, but labeled it 4:L;;. 

The strong series can be represented by 

0- = 163702 (± 7) R 
{n - 0.658)2 , n = 4, .. 

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

or 

Ogawa [303] assumed that excitation to po- would lead 
to unstable or weakly bound states and concluded that 
np1Tu 3nll was the more likely classification. The 
vibrational constants for the B state are We ~ 1156 cm- 1 • 

WI'XI' 22 cm- l [303~ 417]. A Birge-Sponerextrapolatio~ 
yields DO ~ 14,613 em -1 fO + (2DO) + 0 (3P) J. 

d. c 41:u(0;) ~x 3I;(0:z) (595-510 A) 

LeBlanc [250b] showed thaI bands originally observed 
by Hopfield [195] and thought to belong to O2 were really 
due to O~, c b 4Ijj. The bands located the v= 0 

level of the upper state. Codling and Madden [89a] have 
observed several Rydberg series whose limits are Oi, 
c 4:Lu, v= 0,1, confirming Lhe tentative vibrational num
bering given by LeBlanc [250b]. The series beginning 
at 542.3 A (table 23) can be reproduced by 

0-= 198125(± 30) - (n 
R 
0.159)2' n= 3, 

J. Phys. Chern. Ref. Data, Vol. I, No.2, 1972 
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The Rydberg states are likely nd7ig (excited from 2u-u) 
311 11 or possibly ndu-g 32:u The next series beginning 

at 594.3 A is fitted by 

R 

is likely nSU-g These tentative designations of the 
Rydberg states are just the reverse of that published 
[89b]. A weak series converging to about the same limit 
(0 - 0.03) is possibly ndu-, n=3, ... ,7. The structure 
of the weak series is uncertain (table 30f). 

The absorption spectra were produced using electron 
synchrotron radiation as a background source. The 
bands are broadened by autoionization. The c state has 
~G(t) = 1540(± 30) cm- t • A 22: state about 1-2 eV 
higher than c is expected due to removal of a u-u2s 
electron, but no series was found converging to such 
limit. 

Lindholm [253, 185] has tentatively identified a num
ber of new Rydberg tranBitions and reinterpreted others. 

(For example, consider the identification of the f3 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 2llu -". X 2ng Second Negative System of O~ 
{6530-1940 A)R 

The A - X system of red-degraded, double-headed 
bands of at 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 hands. Band origins are listed in table 24; 
observed band heads are listed in table 25. Rotational 
constants for the X and A 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 a;t, which is one unit larger than that commonly 
in use for 40 years (see the end of this section). 

In 1911., Stark mea3ured the positione of diffuse 

emission bands which he considered due to ozone 
(5000-2280 A). 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 
spectra 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-t ) and arranged them in a Deslandres table. Birge 
(1925)16 assigned vibrational quantum numbers to these 
band heads. 

IS 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 [l35]. An 
incorrect formula is given by Ellsworth and Hopfield 1127J. 
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Ellsworth and Hopfield [127] produced additional 
bands in a high-voltage discharge, extending Johnson's 
obse~vations down to 2180 A. Both a I-m concave air 
grating spectrograph and a 1/2-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 Ot 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 VII number
ing; in the detailed publication, he listed v" values two 
units larger, based on conclusions drawn by Mulliken 
and by Stueckelberg, which were later shown to be 
incorrect. Birge's v" numbering was used by Mulliken 
[294] in his rn,as~ive review. 

A-doubling was measurable only for the F t (2I11!2) 

level of the X state of Ot. Eight branches were observed 
for the AX tran~ition; RI, P1, R 2 , [12; SR 2 J, QP21, 

QR 12 , and QP12. Q branches were too weak to be ob
served, since, for case h, k ceases being a good quantum 
number. (A 2I1u is in Hund's coupling case b; X 2I1g is 
in Hund's coupling case a; 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 vfl 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'-O) progression. The recent isotopic work of Bhale 
and Rao [42] showed that these really belonged to the 
(il -1) progression. 

Boz6ky [52] observed bands under low resolution 
(quartz spectrograph, dispersion 2.5-3 A/mm) and high 
resolution (6.5 m-radius concave grating spectrograph, 
dispersion 1.2 A/mm). His fine structure analysis of 
emission from a highfrequcney di3chllrge was later 

extended [53], but only in the earlier paper did he list 
observed B!' values. Bozoky [52, 53] has given the fine 
structure analysis of seven bands in the region 4360-
2380 A: 0-10, 0-9, 1-6, 5-3, 6-3, 7-2, 8-2: No band 
origins were tabulated. Formulas for rotational 'constants 
are [53, 42J 

A 2111/: Bl' = 1.0632 0.0206 (v + t) 

X 2I1g: B~, 1.6892 - 0.0195 (v + i). 

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 spectrugraph, Lal [247] photo
:raphed bands emitted from a high-frequency discharge 
/I oxygen. He mentioned numerous additional doublet 
lands which seemed to lie along a narrow Condon 
neus, but published no numerical data for these. 

Feast viewing an electrodeless discharge in 
pure oxygen, observed bands along subsidiary Condon 
loci which likely included some of those mentioned 
by Lal Feast undertook this study to reexamine 
Oa emission in the region 7000-2000 .A: He found that 
l:iome bands attributed by Johnson [221] to 0 3 appeared 
10 be or -0 II, and he detected no bands of 0 3 in his 
:;ource. (Feast used a medium quartz spectrograph; 
source pressure was 0.05 mm Hg. Band heads were 
assumed correct to ± 0.5 A.) 

Byrne observed emission from a high-frequency 
through pure oxygen, by using both a 3-m 

spectro~raph (dispersion, 2.5 A/mm) below 
and a prism spectrograph (7000-2800 He 

extended the A-X system (6530-19.t1.0 A), including 
bands for v' through 23. The many-line structure 

at shorter wavelengths prevented positive identifica
tion of additional bands. Linton [255J 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 Rl band heads 
(using 180) [20, 42] has led Bhale and Rao to raise 
previously used v" values by unity. Bands of the VII 0 
progression were observed for the first time. The 
A-X svstem was excited by a microwave discharge in 
oxyge~ 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 Ot. Measurements are being con
sidered [42J to obtain DO (A 2fLJ directly from observa
tion of the A-X system Jimit. 

3.12. b 4~ii ~ a 411lli First Negative System of 0; 

(8530-4990 A)V 

The violet-degraded b-a band system of Ot 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, Hol
land's published measurements of spectra from hollow 
cathode emission taken by Cario. A band observed at 
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 (low rotational temperature 
sources) by :Mulliken and Stevens [287], Boz6ky and 
Schmid [54], and Singh and LaI [354]. The most promi~ 
nent heads are listed in table 27; the origins are in table 
26. Rotational constants for the a and b states are given 
in tables 49 and respectively. 

Mulliken these bands as 4I,g -4TIu 
from the probable electronic configuration of Ot, and 

assumed the vibrational numbering of Mulliken and 
Stevens [287]. Fine structure analysis of this system by 
Nevin [291] confirmed :Mulliken's assignment. 

Nevin used both a discharge through helium 
vUJlll<'!'JllJ'''~ a small amount of oxygen (total pressure 3-4 
mm; oxygen pressure - 0.1 mm) and a hollow cathode 
to the six bands he studied. The spectra were 
photographed in second order of a 21-ft grating spectro-

(dispersion ~ 1.25 A/mm.; resolving power 
180,000). The prominent band head is formed by the 

.oQ24 branch (= 78 cm- 1 from the origin). Wavelength 
calibrations were derived from neon in the discharge 
and an iron arc. Absolute wavelengths were assumed 
I':'orrel':'t to 00] A: relative aCCllr:::lCY WRS l'I<;<;l1med mllch 

better [291a]' Wavenumbers 17 were given to three 
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 -I between plates 
were not eliminated. Absolute values of wavenumbers 
were averaged from measurements of three plates 
[291 c]. Lines possibly belonging to the 1-4 band were 
observed but not analyzed.' Faint lines of unknown 
origin were observed near the °Q24 head. 

The 42 rotational energies have been accounted for 
by the theory of Bud6 [64].18 The experimental fine struc
ture parameters are E=0.1847 cm- I and ')'=0.00033 
cm- 1 [291al. Separations 6F2l (J) and 6F43 (J) for the 
inverted -ITI states,18 calculated from modified formulas 
originally obtained by Brandt [56], are not in complete 
agreement with those derived from experiment [291 a]. 
Nevin [?91a} considered this deviation due to a probable 

perturbation of the 4n state by 42u , 4nu , OJ' 46 11 derived 
from 0+ (?·Du ) + o (=3Pg ). The interval F~(J)-F~(J) is 

about three times that of F~' (J) - F~' (J). The perturba

tion displaces the F4 level away from Fa, and F2 toward 
Fl. No detailed study of this perturbation has been 
made. 

A-doubling is very small in 4rh!2 and 4I13!2; it increases 
linearly with J in 4TI l !2. In 4TI_ l !Z it increases at first, and 
then decreases for highest J. A-doubling for and 
4 TI-1!2 [65J increases systematically with v. Formulas have 
been derived by Budb and Kovacs [65] for the A-doubling 
in a 4n state, j'ntermediate in coupling between Hund's 

" Unpuhli"lo .. rl wavenumber, and eslimate" inlen~ilie,. 41f Ih .. observed lim,s fnr the 2-0 
an,j 0-2 bands have het'n rl;po"ited in the ar,-,hjvt'~ 411' tb~ Royal S"ciely 1291 bJ. 

b 4 :2.,j: F,(N+3/2}. F,(N+ jf2), F,(N- ]/2), F.(N-3/2) 

a "IT.I: [.',(4!)"1'} , Fd'It.!2j, F,,('II'I'). F,('ILlI.l 

ill order of increasing energy. The subscript islhe value of A+::i:. H= IA+ 21;1=0, 0+ I, .•.. 

J. Phys. Chem. Ref. Data, Vol. 1, No.2, 1972 
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case a anu u. vUIHl-'dI1S0n wnn r~evm7s data seems 

adequate. 
A case (a) 4I1 state gives rise to 48 branches for a 

4~g_4lTu transition (case (b) gives 27 branches). Since 
level F; (N) is blended with F ~ (N), and level F ~ (lV) is 

blended with F~ (N), the branches involving them are 

blended, and the number of possible branches is re
duced to 40; all have been observed. The intensity dis
tribution in these branches is in agreement with Budo's 
theory [64], assuming the a 4 I1u 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 dis persion 
of 3 A/mm (assumed precision of about ± 0.07 cm- 1 is 
not confirmed in the· reexamination by Albritton et al. 
(91). 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 Q ... head rather 

than the most prominent °Q24 head. A-doubling is small 
(- 0.10 em-i) for all components of a 4I1 except 4I1_i/2, 
where it is several times Weniger pointed out that 
the coupling constant A is negative, and has been mis
printed by both Herzberg [186] and Rosen [337]. Kovacs 
and Weniger [238] have used all previous measurements 
of Nevin and Weniger to obtain values of A for all v ::s:; 6 
(see footnote under a 4I1ui in table 1 and also sec. 5). 

3.13. c 4I; ~ b Hopf!eld System of 0; 

(2360-1940 A) V 

In 1930, Hopfield [195) produced five single-headed, 
red-degraded bands in a condensed discharge in a He 
+02 mixture (2220-2130 A.). He assumed the progression 
belonged.to a new system of O2, Herzberg [186, p. 559] 
suggested that the lower state of this new system might 
be the H state, tentatively assigned as 3I1 by Price and 
Collins [320J. Tanaka,]ursa, and LeBlanc [370] extended 
Hopfield'l; ob~ervation:s (2360 1940 A). By using a 

total pressure of 20 mm and O2 pressure of 1 mm in the 
discharge they suppressed the stronger A-X, Ot 
system which spRnnprlthe !';amp. spp.dral region. The 
appearance of the fine structure suggested a 2:-k 
transition. Tentative vibrational constants were obtained 
by assuming the 1940.3 A band was 0-0. Similar ac 
values for progression II of Tanaka and Takamine 
[3711 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 
A/mm at 2100 A).· From the close agreement between 
the vibrational constants for this progression and values 
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omamea !rom tine structure on another system by Nevin 
[291a], the lower state was identified as b 42:i O~. 
Assuming. an allowed transition, LeBlanc assigned the 
upper state of the Hopfield bands as c It was then 

understood· that the slight diffuseness of the observed 
lines arose from the superposition of four lines inthf 
quartet transition. 

The energy of the e state (To) is then [417, 370: 
198098 cm- 1 =24.561 eV above O:~, X 3Ly , v=O. 
Codling and Madden [89] have recently observed new 
Rydberg series converging to both v = 0 and 1 levels of 
the c 4Iu state. For the estate aC(t) 1540 em-I, close 

to that of the ground state of O 2• The v=O, 1 series 
limits are 198125 ± 30 cm- 1 and 199665 ± 30 em-I, 
respectively. These agree with the prior data to within 

experimental error [89]. 
The c-b band origins and heads are given in· tables 

28 and 29, respectively. Rotational constants for the 
band c 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, e-X, or to an 
otherwise unobserved transition, A-b. Band head 
positions are uncertain by several Angstroms. Unam
biguous assignments to the transition A...;....b cannot be 
made because the observed bands have such an irreg
ular Franck-Condon locus. 

4. {Ozh Collision Complex or 0 41 Stable Dimer 
of O2• 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 
(;onclp.n~p.cl molp'(;1l1ar oxygp.n i~ I'm Http.mpt to HngWer 
the question: are the high pressure bands of oxygen due 
to 02? Inevitably, this leads to consideration of the 
possible existence of a stable dimer, 0 4• 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 O2 molecules are associated for a time long 
compared with a vibrational period characteristic of 
this union. A collision complex (02)z will be considered 
a similar pair of molecules whose interaction time is 
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ot compared \vjth the time between collisions 
nore strictly, not long compared with a vibrational 
eriod characteristic of the interacting pair).19 In the 
terature, there is no general agreement on the meaning 
f the terms dimer and complex; in addition, (02)2 and 
)J arp. oftp.n 11~p.fllnterc:h~mgeably. 

While some experimental results are consistent with 
:he stability of 0 4 , a stronger case can be made for a 
~hort-lived collision complex (02)2 to account for bands 
observed in high pressure oxygen and the numerous 
simultaneous transitions which are induced (made 
lllJowed) by intermolecular forces. It is difficult to 
describe as a chemical entity a colliding pair with a 
binding energy of ~ 600 cm- 1 (~0.008 eV) 1231}. 
Cashion [78], using a binding energy of 82 em -1, has 
predicted 7 bound vibrational levels for the interacting 
pairs (02h, assuming a Lennard-Jones potentia1. 

A dimer of O 2 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 
st.ability and characteristics of an 04 molecule. Therein, 
the formation of 0 4 was postulated to account for the 
decreased paramagnetism with increased concentration 
of oxygen in liquid oxygen-nitrogen mixtures. Since then 
measurements of the spectra and physical properties of 

)mpressed and condensed oxygen have been inter
reted both as supporting or denying the existence of a 

;table 0 4 molecule. Knobler [234] has recently written 
"that there has been no irrefutable proof of its exist
ence." More recently, in another thcsis, Kcys [231] 

concluded "that the formation of 0 4 , irrespective of its 
exact electronic configuration, is a reality." 

Most of the literature on these topics can be traced 
through the cited references, especially the theses by 
Knobler and by Keys. Much earlier, Heller [179] had esti
mated a vibrational frequency and binding energy for 
the complex, and, in addition, had summarized the dif

ferent kinds of experimental evidenc.e indicating the 
existence of (02h (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 JLm and 6.4 JLm ; induced absorption corre
sponding to the O 2 ground state fundamental 
and first overtone. 

(2) 12600-6800 ;/ ; intensity proportional to pres
sure. Includes bands of Oz (a-X, b-X) transi

tions and bands attributed to a complex. 
(3) 6800-3000 A ; intensities of the broad, diffuse 

bands are roughly proportional to the square of 
the pressure. Simultaneous transitions in cou
pled O2 molecules; e.g., (ld y + lay)-

3lg). 
(4) 2900-2400 A ; triplet (so called high pressure) 

bands whose frequencies are tentatively corre
lated with 3L1 u - 3l g , O 2• 

19 See the brief discussion of radiative relaxation by Arnold et al. [18J. 

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

O2 has no permanent dipole moment, and consequently 
under normal conditions has no vibration-rotation spec
trum. However, Crawford, Welsh, and Locke ~96) have 
oh::;~rvp.fI ah::;orptlon ~orrp,sponding to the O 2 vibr::ttional 

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 
l359], however, found a shoulder at 1610 cm-\ in the in
frared . spectrum of condensed oxygen; this frequency 
is consistent with a possible vibration in 0 4• The spectral 
feature at 1610 cm- l has a more plausible explanation, 
says Cairns [73, 74], who observed the infrared spectra 
of a and {3 oxygen; it is due to an O2 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 
tine 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 [lB2, 389, 120]. 

In a series of articles (1955 to 1964)20 Dianov-Klokov 
studied the intensity variation in the absorption spectra of 
compressed and condensed oxygen (12600-3000 A). 
The spectra included a-X and b-X bands of O2 , and 
bands attributed to an (02)z complex. Cho, Allin, and 
Welsh [87] have studied effects of pressure on absorp
tion inteneitiee in a-X amI b-X bands of O 2 • Both 
Dianov-Klokov [108] and eho 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(1 L1g)-2 (3ly-) , lying close to O 2 , 

Ilt-X 31g, in the spectrum of 02-N2 liquid mixtures. 
Landau, Allin, amI W dsh [249] have observed violet
degraded bands (of simultaneous transitions) in all 
three forms of solid oxygen. The spectra (12600-
3300 .A) were interpreted as O2 transitions supp.rposp.d 
on a continuous distribution of lattice frequencies. The 
authors deny formation of an (02h 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 

2U These references ~an be \rac.ed thmugh rel. \lOBj. 

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



442 PAUL H. KRUPENIE 

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 O2 species. A similar quadratic pressure 
dependence in absorption has most often been in
terpreted as evidence for a dimer. But not all results 
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 temperRtllre depenclencp of the intensity of the 

band at 6340 A. 
Dianov-Klokov [107J 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 (02h complexes. Whether these 
are called induced dipole transitions or result from a 
collision complex, weak interactions are responsible. 
Rettschnick and Hoytink [329J explain simultaneous 
transitions of the complex as due to electron exchange 
between the two oxygen molecules during collision. 

Prikhotko et a1. [321] have drawn no conclusion about 
a dimer from their study of the spectra of solid oxygen. 
Junlan et al. [223] inferred that there wa13 no 0 4 in the 

')I-phase of solid oxygen from X-ray diffraction of single 
crystals. They concluded that there was no 0 4 in other 
solid phases or in solution, because of the similar 
structure of ')1-02 and ./:1-F2 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 0 4 , stressing the uncer
tainty in previous identifications, Barrett, Meyer, and 
Wassennan [27J drew similar conclusions from their 
study of the crystal structure of a-oxygen. Blickens
derler and Ewing [47] have found some speetroscopic 
evidence for bound dimers in dilute oxygen at low 
temperatures. Further studies are in progress. 

Finkelnburg and Steiner l141] 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 O2 , 36,u-X [187, 188]. The 
bands, headless and red-degraded, not appear at 
lower pressures. The convergence limit of these bands 
was roughly coincident with the dissociation limit of 
O2 , This, together with the quadratic increase of absorp
tion with pressure, that the bands originated 
from a collision induced forbidden transition in O 2 , 

36,u~ X Finkelnburg, however, later [140] inter
preted these bands as arising from vibration in 0 4 • 

Herman [1821 studied the variation of absorption 
coefficient with pressure in the visible and UV spectra 
of compressed oxygen up to 30 atm. The triplet bands 
were shown to be independent of the A-X Herzberg 
bands of O2 (3000-2400 A). The triplet bands increased 
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in intensity with increased pressure; the A-X bands of 
O2 disappeared with increased pressure. These 
were attributed to (02)z' 

Knobler recently remeasured magnetic sus-
ceptibility of liquid oxygen at temperatures of 65-90 K 
and concluded that neither the chemical approach of 
Lewis nor antiferromagnetic completely 
explained the interaction between oxygen. molecules. 
His review of other physical properties revealed no 
l:undu:sive eviLieIll:e fur a stable 0 4 molecule. 

Physical adsorption, magnetic susceptibility meas
urements, and the use of E.P.R. techniques by Mulay 
and Keys [282J and Keys [231] have provided evidence 
for the existence of 0 4 • A discussion of possible bond
ing in the climer 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 [243bJ 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 interaetion:5. T13ai and Robin::'lon [382J 

have more recently calculated the intensity of one 
double transition and fvalues for several double 
transitions. Tabisz et a1. [3681 studied intensity profiles 
of both single and double transitions in compressed 
oxygen in the near. IR and visible regions. The bands 
were interpreted as collision (pressure)·induced elec
tronic transitions, with no evidence for the existence of 
quasi-stable complexes. 

In summary: Many spectral features of compressed 
and condensed oxygen are not found in the low pres
sure gas. The simultaneous transitions can be con
sidered induced by weak intermolecular forces or 
due to formation of short-Jived (unstable) collision 
complexes. The vlrtually unchanged mfrared spectrum 
(wavelengths > 3f..t) is not consistent with a dimer; 
but the shoulder at 1610 cm-1 could represent vi
bration in 0 4 • The triplet bands (2900-2400 A) are 
tentatively to a transition in O 2 , as was done 
in the original work by Finkelnburg and Steiner. The 
quadratic pressure or concentration dependence of 
intensities for simultaneous transitions (12600-3000 
A) observed by some only indicates dependence on 
initial reactants (two bodies) but does not indicate 
whether or not the final prDduet is a stable dimer. 

The displacement of band frequencies from 
those of low pressure O2 indicates negligible change 
in electron configuration, which suggests a weak 
interaction between pairs of O 2 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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dndingenergy exceeds ", kT~ But even in studies of 
olid oxygen, the presence of stable dimers has not 
teen unequivocally established. 

5. Perturbations 

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

In the 11-0, A 3:kti"-X3kj band, Herzberg [187] 
letected a strong perturbation above N = 11. No 
letails were given. 

Ackerman and Biaume [3] have implied a perturba
ion of v - 5 from a discontinuity in differences 

~CexPtl. AGca1c.obtained from their study of the 
13~u - X 3~i fine structure. Albritton et al. [9], 
using measurements of B-X bands bv several au
\tors, have found a discontinuity at v= 5 and 6 in 

plots of !!:,.2G.Measured values of (J"o(5-0J and (To 

(6-0) are ahout 0.7 cm-1 larger and smaller respec
tively, than values which a smooth plot for A2G. 
Unpublished results of R. A. Howard and S. G. Til
ford show very hroad lines for the 5-0 and 6-0 B-X 
hands. Albritton et ale consider the possibilIty 'of 
vihrational perturbations of levels v= 5 and 6, per
haps originating in crossing hy a repulsive poten
tial curve derived from ground state 'atoms. Present 
accuracy of B v values does not permit an unambiguous 
verification or denial that. there is a vibrational 
p~rturhation [9]. 

F or 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), 
i.e., 16, 8,(b) Normally, PI < Pz < P3 and 
Rt < R2 < R3 , hut perturbations in the 19-0 band cause 
lines Rz(7), R3 (7) to be interchanged in order; ,also 
P2(9), P3(9). This arises from perturbation of v= 19, 
1=8. 

5.3. Ot., a 4TIUi state 

In his fine structure analysis of Ot, b 42,g -a 4IIui 
hands with v" = 0, 1, 2 [291], Nevin found that Brandt's 
formulas [56J representing energy of a 4I1 state, 
indicate probable perturbation of the a state. An 
(~mpirical formula was developed [291b] which fitted 
the rotational structure better than Brandt's formulas. 
According to Brandt, F 4 (J) - F 1 (J) is about three 
limes the separation F 3 (J)-F2 (J). Displacement 
of F4 levels away from Fs, and F2 levels towards F 1 , 
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Volman f391} presented strong photochemical evidence 
in favor of it. 

Wilkinson and Mulliken [414] obtained high resolu
tion B-X spectra which showed rotational line broaden
ing in the 12-0 absorption band, but not in 13-0 and 
above. A predissociation was proposed, caused by 3llu 

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 
Vi < 12 arose from predissociation or was due to un
resolved triplets (because triplet splitting decreases at 
lower v'). 

Under lower resolution Rakotoarijimy et a1. [324] 
observed diffuseness in B-X absorption bands having 
v I = 4. Herman et a1. [183] also claimed strong perturba
tion of Vi = 3, 4 but not 5. It was specifically to deter
mine whether level:; of n 2I.;, v < 8 were predi550ciated 

that CarroU [76] reexamined the absorption spectra of 
the B-X system under high resolution. He found all 
lines in the 4-1 band diffuse. indicating onset of a pre
dissociation below Vi =4, N=O. A weaker predissocia· 
tion was also observed for lines having N 25 in Vi = 3. 
He concluded that possibly v' = 5 was also predissoeiated. 
Reexamination of plates taken by Brix and Herzberg 
[62] indicated another, but weaker, predissociation 
peaking at v' = 11. Carroll [76] suggested that afIu 
crossed the right limb of the B state potential curve 
near v=4, but could not determine whether B. v= 11 
was crossed by the same state. 

Lines in B-X bands 2-0 and 1-0. broader than 
expected, were attributed by Carroll [76] to blends of 
fine structure components. Vanderslice et a1. [387] 
considered this broadening more likely due to predis
sociation of the many levels of the B state by a nearly 
tangent 3fIu curve. Carroll further found a minimum 
in line broadening for B, v=9, suggesting two pre
dissociations with perhaps predissociating B, 
v=lL 

High temperature absorption measurements by 
Hudson and Carter [199a, 200] indicate that the B 
btatei:s predis50ciated in levd5 v= 3 to 17, pO::l5ihly 

also in v=2. Myers and Bartle [289] also presume that 
v = 2 should be predissociated. Line widths measured 
by Hudson and Carter in B-X bands 3-0 to 12-0 
varied from 2.5 cm-1 to 0.9 cm- I ; for ]3-0 to 17-0, 
line widths were""" 0.5 em-I. Line widths for 2-0 were 
(0.5 ± 0.2) cm-I, so predissociation was not conclusive. 
These results were interpreted to mean that crossing 
by an u 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 predissodation 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 = 8, 
II, with minimum at 9; (3) v = 12, sudden triplet splitting 
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increase. The question remains whether 12 show;?, 
triplet splitting and not apparent broadening. 

Riess and Ben-Aryeh [331] and Murrell and Taylor 
[288] have applied the Franck-Condon principle to 
predissociation broadening of B-X lines. They have 
shown that a maximum in predissociation probability 
occurs near curve crossing just below v= 4 (at r between 
1.84 and 1.92 A) and that subsidiary maxima may occuI' 
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 3I;-3fIu 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
sodation pattern can then lead to the form of the 
appropriate repulsive potential. The theory was applied 
to the B state of O2 , using the results of Murrell 
and Taylor. 

Ackerman and Biaume [3] have since observed line 
broadening fm 0 tv 13, iuci.Jenlal tv 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 [344a] indicate that the repulsive curve deduced 
by Murrell and Taylor [288] and Riess and Ben-Aryeh 
[331] is not afIu, but could be 5fIu or 51~ and still offer a 
partial explanation of the observed predissociation of 
the B state. Schaefer and Miller speculated that the 
:3 TI 11 curve crosses the left limb of the B state near 
v- 4 and the 1 nil curve cro:;ses the B :;Lalt: OIl 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 T(, three configurations were 
important: (3U n )2(11Tu )3{l1T g)3, (3CT!J)(l1T u )4(11Ty )2(3uu), 

and (3CTg) (117"u)2(11Tg)4(3<7u). An important implica
tion of the assumed crossing of the left limb of the 
B state by 3 1T1/ is that the :q lu-X transition would 
dominate the 0:< continuum in the region 2000-
] 750 A. A more reliahle dt'lcrllli Ilal ion of predissociation 
line widths [J depel}(lencel is necessary to resolve 
remaining qUf~stions (:oIH'I:rning I he predissociation of 
BaI II . 
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7. Dissociation Energy of O2 

The dissociation energy DO for the ground state of O2 

(41260± 15) cm- I • This value is determined from 
II) the convergence limit of the B 3I; state [62] at 
h 7127.5 em-I, (2) the separation between dissociation 
l,wits for the B and A 3I~ states as representin.g the 
energy 0(1D2 )-0(3P2), and (3) the assumption from 
Ihe non-crossing rule that the atomic product common to 
both B and A states is 0 (3P2 ). The uncertainty takes into 
aecount the inability to rule out possible potential 
maxima of about 2 cm- t • Details are given by Brix and 
Herzberg (62]; a succinct summary is given by Gaydon 
!J 54]. 

8. Microwave Spectrum of O2 

A summary is given below of the fine structure spec
trum of 160 2 , 180 2 , 160 180, and the hyperfine structure 
of 160 170. 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 
lire given in table 35. The magnetic resonance (Zeeman) 
spectrum is discussed. For details of the theoretIcal 
temperature- and pressure-dependence line widths, and 
Ihe non-resonant (Debye) spectrum the reader is re
ferred to papeI."s by Artman and Gordon [19J, 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 O2 is electrically non-polar, it has a per
manent magnetic moment associated with the aligned 
spins of two unpaired electrons. Consequently, mag
netic dipole (resonance) transitions (AN = 0, AJ = 
±1) are allowed between the spin multiplet components 
of the ground state of O 2 , i.e., components with the 
same value of N, but different values of J. The com
ponents21 F 3 and F 1 lie close together and below 
F2 by about 2 cm-1 (S-mm wavelength transition). 
Beringer, in 1946, first observed this very weak ab
sorption without resolving F 2-F 1 and 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 
p~rtiany 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-

5ions of early theory by Kramers and Hebb. (See Brix 
and Herzberg [62].) The position of the 1_ line near 
2.S-mm wavelength was first measured by Anderson, 
Johnson, and Gordy [14]. 

• designates N=l, J'-J"=1-2. The Pauli principle permits only odd integral values of 

V.since the 160 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 O2 microwave spec
trum. These papers account for the fine structure 
theory of the O2 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 f378]. (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] zz 

(12.3, 14.2, 16.3 em-I). The latter two have been iden
tified in the solar spectrum by Gebbie et al. [157]. 
Additional magnetic dipole rotational tran~itions oh
served in the laboratory and the solar spectrum are 
included in table 33. 

Miller, javan, and Townes [274] measured the 
transitions in 160 180 and 180 2 • Since none ,of these 
lines showed splitting due to magnetic hyperfine 
structure, it was assumed that 180 had zero nuclear 
spin [273, 274, 379], a result that has since become well 
established. 

The hyperfine structure of 160 170 arises from mag~ 
netic dipole and electric quadrupole interactions of 
the 170 nuclear spin with the unpaired electron spins. 
Miller and Townes [275] have confirmed the assignment 
of nuclear spin 1 = i for 17·0 [10, 159] by obtaining 
agreement between observed frequencies for 160 170 
and the theoretical hyperfine spectrum calculated with 
the assumption that 1( 170) =i. The theory of the 
hyperfine structure is given by Frosch and Foley [146]. 
For the two parameters representing the magnetic 
interaction energy, the data of Miller and Townes [275] 
give b=-102 MHz, c= 140 MHz. (Miller and Townes 
also measured the fine structure of HjU2, l1lU 2, and 
160 180.) 

8.2. Zeeman Effect and EPR Spectrum 

The Zeeman effect of O2 was first studied in the b-X 
system by Schmid, BudD, and Zemplen. This low resolu
tion work was done with high magnetic fields which 
broke down internal coupling. An extended Zeeman 
theory23 of the rotational levels of the 160 2 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= I and N= 3 states [279,411,4221 . 

tlN = D.J = 0; tlM = 0, ± 1. 
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dipole transitions between Zeeman levels of the ground 
vibrational state, using fields up to 9000 gauss. Some 
quantum numbers were assigned on the basis of Henry's 
theory. These observations were considerably extended 
by Tinkham and Strandberg [376] who observed over 
200 lines and identified 40. For more than half the 
observed lines t::.J =± 2. J breaks down as a good 
quantum number in magnetic fields of ~ 10,000 gauss 
and all t::.J transitions then become allowed. 

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

to 2 ppm. (They also measured 160 170.) 
Hill and Gordy [193], using magnetic fields of ~ 100 

gauss, introduced no decoupling of internal angular 
momenta. Zeeman splittings were observed for lines 
L, 3_, and 3+. 

The electronic paramagnetic resonance (EPR) 
spectrum of the metastable a 1 fly state has recently 
been studied by Falick et a1. [129] who observed the 
four tJ.M J 1 transitions 24 for the J = 2 level. Miller 
[277] using greater precision, observed these in addi
tion to four tJ.M J = 1 transitions for the j = 3 level. 
Measured magnetic interaction parameters are included 
in table 35. Miller's value of Bo (1.41808 .00020 cm-1 ) 

is the same as that obtained from the a I t::.g-X al:y 
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. X a!y- state. Paramagnetic resonance 
absorption between N=3, j=4, M=-4 and N=5, 
j = 5, M = - 4 levels were observed by Evenson et a1. 
[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 III the earth's atmosphere, have been assigned 
with some uncertainty to 02(27.8-51 cm- I ) [156]. 

9. Raman and Zeeman Effects 

9.1. Raman EHect 

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

.. t:J.N=O,t:J.j=±l; t:J.M=O,±l. 
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first examples of pure vibrational transitions in a homo
nuclear diatomic molecule, were the observations oi 
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-1 ). (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 Bo in close agreement with those 
derived from electronic spectra. Rotational spectro
grams have heen publi~hp.cI hy ~p.vp.rRl ::mthors [405, 
326a,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. Surpriaingly, even at 60 atm the linel) 

were only broadened and not completely washed out. 
Saha [~39], using about the same dispersion as Trumpy 
( - 12 A/mm), was unable to see discrete rotational 
structure in liquid oxygen, indicating far more broad
ening in the liquid than in the gas at 60 atm. 

Renschler et a1. [328] have measured triplet struc
ture in the rotational Uclluan !SveclrUIIl of O 2. Positions 
of lines observed at 21.29 cm-1 , 14.30 cm -1, and 16.25 
cm-1 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 O2 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 B 3!u -x 3!y-, 
8-vll (with vl/= 8 through 22). The doublet separation 
of 60 cm-1 corresponds to F;(l3) -F~:(ll). The 
fluorescence was not observed at 8-mm pressure, 
contrary to expecl(1liun~. Rasetti considered these 
doublets to represent a possible transition between 
the Raman effect and fluorescence which he called 
"selective Raman effect" (now caBed 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 RayJeigh scattering was 
determined as 0.014 by Weber el a1. [406], considerably 
lower than previous vaJues (0.03-0.06) [314, 315, 60], 
presumably because of the actual isolation of the 
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Huyleigh line from the Raman· lines; The new value 
ft· presents an upper limit. The mean rate of 
01 polarizability with inter-nuclear distance was de
tt'l'lIIined hy Stansbury et al. [364] as 1.4; from the 

Itio of Raman to Rayleigh intensities in the gas. 

9.2~ .Zeeman Effect in Electronic Spectra 

Zeeman spectrum of the bilt ~X 3lg transition 
iI~ heen produced' by application of magnetic fields 

iJi to 26,000 g [347]. The absorption spectrum around 
600 A· includes extra lines which arise from splitting 
}f the ground state rotational levels. Zeeman splitting 
,vu,.;about 1 cm-1 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 
Hud Rbranch lines. Zeeman lines to the violet of the 
/'0 and RQ lines were somewhat weaker, and displaced 
:--olIlcwhat further from the field-free lines. Maximum 
line sharpness and mmimum displacement occurred 
rill' N ---,7. 

Boz6ky and Schmid [55] produced meas ureable 
Zt'eman splitting of lines belonging to the b 4lg -;. 
II "Ilu. Oil-0band at 5631 A by use of magnetic fields 
.,1' 15,000 and 23,000 g. No detailed report has been 
published. (Zeeman effects in the microwave spectrum 
HI' the. ground state are discusseo in section 8.2.) 

10. Potential Energy Curves 

Potential energy curves for electronic states of 
0:;, O2 , and Otareshown in figure 2. Some of these 
(~urveshave been' derived frGm spectrGsCGpic data by 
the use of theRydberg~Klein·Rees (RKR) procedure; 
lor these, numerical. data (taken mainly from Albritton 
d, al. [9]) are given in table 53. FGr several other states 
where data i~ ~pan;e the uutted CUI yes in figure 2 are 

only suggestive. For the c and C 3~u states Gf O2 

only tentative vibrational quantum numbers can be 
u8signed.F Gr 0; the approximate curves are derived 
frum . tentative ab initio quantum, mechanical calcula
tions. (See. sec. 2.4.) 

The curves for 12 repulsive states of O2 which. dis
l'>ociate to grGund-state atoms had been estimated 
semiempirically by Vanderslice et al. [387] and slightly 
adjusted by Gilmore [161] to account for the of 
(;onfiguration . interaction. Recent configuration inter 

a(~tiGn calculatiGns by Schaefer and Harris [344] indicate 
an entirely different Grder fGr these states compared 
with the semi empirical estimates~ Schaefer and Harris 
found that five unGbserved states of O2 , are likely stable; 
two. of these had been assumed stable in prior work 
lind were included in Gilmore's curves [161]. (See 

·2.2c.) 
The curves in.fig. 2 differ from those Gt (;iJmore 

. 1161],' as fGllows: (1). the. c 11; state now lies below 
Ct ~u heeau5C of more recent, ::lpectroseopie data', (2) 

the shape .Gf ~he X HIgstate of Ot is slightly altered 

.uccause V has been increased by unity, (3) JlUBltTolI~ 
approximate curves have been deleted, and (4) approxi" 

mate potential curves derived from CI calculations are 
indicated for some stable states Gf O2, 

The various RKR results by different authors provide 
turning, puint::; that JllIel, 111 g,el1elal, Ly IlU mOlcLhan 

0.003 A. The single exception has been. theR 3lu 
state which, in all published results, shows erratic inner 
turning points abouve v = 15. RKR potential curves Jor 
O2 were first calculated' by Vanderslice et al. [387]. 
The irregularity of the left limb Gf theB 3lu 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 T min' The possible 
causes of Lhe scaLLer indude (1) o:scmaliull~ i~l rulaLiuual 
cGnstants, (2) sensitivity of the RKR method to inac
curacies, especially in Bv values, near the dissociation 
limit., and (3)perturbatiGns. 

Albritton et al. [9] have recalculated the pGtential 
curve for theB 3I; state using the recent accurate data 
of Ackerman and Biaume [3] up tov= 13; the use of the 
data of Brix and Herzberg [62] above v= 13 yielded 
irregular Tmin' Numerical experiments by Albritton 
et al. showed that mGnGtonically varying Tmin could be 
ohtained by the use of udju::lted B v values lying. within 

the experimental uncertainties of the values quoted by 
Brix and Herzberg. To eliminate irregularities in Tmin, 

it was concluqed, Bv values accurate to 0.0005 cm-1 

WGuld be necessary for v > 13. (There appears, hGwever, 
to be no. a priori reaSGn why the left limb of a potential 
must always be monotonic (M. Krauss, private 
cGmmunication).) 

RKR pGtentials have been calculated. by Singh and 
Rai [355J for the X, a, A, and b states of O~.A change 
in vihrational quantum numhering [42] voidsthelr 

results for the Ot grGund state, hut Asundi and Rama
chandrarao [21] have recalculated the curve for the Ot 
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 
fGr this state). Albritton et al. [9] do not mention this 
possibility. 

Potential energy curves for O~+ are briefly men
tionedin sec. 2.3; details can be fotmdin references; 

[209] and (208]. 

11. Transition Probability Parameters 

It is not uncommon to find extenSIve and reliable 
measurements Gf the positions of spectral lines origi· 
nating in a given state of a molecule, the analysis oj 
the spectra being in terms Gf a notation which is largely 
agreed upon. By CGntrast, in the area of spectroSCGpy 
which is loosely called quantitative spectro>;copy,the 

experimental Darameters . which measure transition 

J. Phys; Chern.· Ref. Data.Vol. 1. No.2, J 972 
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probabilities are not nearly so extensively studied 
nor so well established, and the notation used in their 
description is sometimes ambiguous and not standard
ized. The notation by a given author may vary from 
paper to paper. 

In this section not all topics will be consldered 
quantitatively. Measured radiative lifetimes and 
f-values for many transitions in O2 and 0: are sum
marized (table 54); the extensive measurements of 

f.values for the O2 , B 3Iu -X 3Ig transition are sum
marized in table 55. Absorption coefficients for selected 
features in theUV are summarized in table 56; most 
other absorption coefficients and integr ated band in
tensities are considered only qualitatively. Calculated 
Franck-Condon parameters (table 57) 25 are considered, 
with the reservations that results based on the Morse 
potential may, in some instances, be poor approxima
tions, and that the use of the r centroid approximation 
for determining electronic transition momcnts has 
some limitations [214, 244]. Nearly all of the data in 
table 57 are from the extensive calculations of Albritton 
et aI. [9]. 

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

In a recent review by Nicholls [298], the general 
concepts used in application of the Franck-Condon 
principle are briefly discussed, and a summary is given 
of recent measurements and calculations of aero
nomically important transition probability parameters. 
Difficulties with the definition and meaning of electronic 

I-values (leI) and electronic Einstein A coefficients 
for discrete spectra 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 a1. [410] have compared the two conven
tions as applied to transition moments for 6.S 0 transi
tions only where electronic transition moment R e 

(Nicholls)= v'g'G"R e (Mulliken) where g' is the elec
tronic degeneracy of state v', i.e. (2 0:\,0) (25 + 1) 
and G" is the number of orbitals of state v". Values of 

111'1''' or T1" are independent of convention since these 
parameters involve ratios g' I g" = G" IG'; but absolute 
values of transition moment, transition moment matrix 
elements, and A 11'V" depend on the convention used. 

Bates [33] assumed some years ago that Ru(r) did 

not vary rapidly with internuclear distance for electronic 
transitions with 6.A = 0 (labelled paralIe] transitions). 

"Franck-Condon factor: q,.,.,.= {v', v") 2; r centroid: 1' •. " .• = (V(';ro:?); r' centroid=-r~,,~ 
v, V 

See ref. [244. 9]. The following phase ('<.Invention was used by Albritton et al. [9] 

for the vibrational "The sign of 'l'r at the inner turning point 
positive." Integration determines the phase 
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"The position regarding perpendicular-type transition: 
(i.e., .1A =± 1) is more uncertain" [33]. In the literatun 
it has often been assumed that transitions with 6.A =± 1 
will have Re(r) rapidly varying. These generalizations 
are not rigorously based .. The behavior of Re (r) has 
often been deduced from crude band intensities and 
the use of Morse based Franck-Condon factors. A brief 
comparison of the use of Morse and RKR potentialf 
follows. 

The Morse potential is a three parameter analyti( 
function [186] which may represent a useful approxi 
mation, mainly for low vibrational levels of a givell 
electronic state. For use with fragmentary data j 

provides a qualitative description of electronic state 
and transitions. When used to describe electronj 
transitions where lr~-r~l<: 0.1 A the Franck-Cond( 
factors are often good approximations. For weak bam 
(those with (relatively) small Franck-Condon factors, 
or for clcr.tronir. tran!';ition~ whcn,: I I > 0.' A 
then Morse based Franck-Condon factors may be 
unreliable. For an extreme case where I r~ -r'; I ~ 0.4 
A (02 , B 3I-;; -X 3Ig) comparison betwee~ Morse and~ 
KKK results is striking r292. 310, 172, 9j. 

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.26 The RKR potentials do not predetermine rela
tions among molecular constants as do semi empirical 
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 
potcntial curve hounded by the known term yalue~. 

11. J. a 1.1g-X 31:; Infrared Atmospheric System 

et aI. [26] have measured absolute intensities 
of discrete absorption of the a-X, 0-0 (1.26 /Lm) 
and 1-0 (1.065 p,m) bands at a pressure of four atmos
pheres. The underlying continuous absorption, pro
portional to pressure, is attributed to collision complex 
(02)2. A radiative lifetime for the 0-0 transition of the 
isolated molecule was estimated as 45 minutes (see table 
54); in pure oxygen at one atmosphere, it is only 9.2 
minutes. Additional discussion of effects of pressure, 
comJ)Jexes, and comparison with other measurements is 
given by Badger et al.; (:see el.5peciaUy table 1 of 1 ef. 
[26]). 

Relative intensity ratio 1(0-0) 11(1-0) is estimated 
as ~ 200; ratio of Franck-Condon factors is aho11t 7() 

[296, 9]. Integrated absorption coefficients of continua 
in the region of these bands exceeds those for the 
discrete bands above t atm pressure. Badger et at 
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. 

or. 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 
til' the 0-0 band in twilight emission as arising from 
I"ausorption by the lower atmosphere. "The emission 
I nte of the 0-0 band should be about 10 times that of the 
11 -1 band." 

Morse based Franck-Condon factors have been cal
"Idated for a small Deslandres array [168b, 296]. RKR 
values of Albritton et a1. [9] are given in tab1e 57. 

The nine branches of this system an have comparable 
i III ensities [191], confirming the theoretical form ulas 
of Van Vleck [388]. The intensity of the a-X system in 
Ilw gas phase is Jess than to that of the b-X system; 
ill liquid oxygen the a-X transition is five times stronger 
than the b-X transition [126j. Both transitions have an 
absolute intensity in the liquid which is greater than in 
! he gas. The 1-0 band in the liquid is nearly as strong 
as Ihe 0-0; in the gas it is much weaker and corres
ponds to Franck-Condon principle expectations. 

11.2. b 1l:.t-)(3A;; Atmospheric System 

The integrated absorption coefficient for the b-X, 
0--0 band has recently been studied very extensively. 
Hureh et al. [67] obtained for the integruted mass 
lIiJsorption coefficient a value of (4.09 ± 0.25) g-l 

!'m2 em-I, smaller by 20 percent than the value of 
Wark and Mercer [398]. Burch et a1. considered the 
'~ITects of line broadening half-width of self-broadened 
Ixygen lines decreased with J at one atm 
II1d line shape, and the dependence on temperature, 
"C8SUI e, and path length. Line PO!;itjOllS used wel-e 

rom Wark and Mercer [398] who also tabulated 
ines for the isotopic molecules 160 170 and 160 180. 
rile absorption coefficent of Wark and Mercer was 
based on solar spectra, and an assumed constant line 
width of 0.048 em-I. The band strength value based on 
pxtrapolation to low pressure from measurements 
1)1' Cho et al. [87], primarily on induced absorption gives 
II bout the same value as that of Burch et a1. (who 
labeled their absorption coefficient as band strength). 

The A value for the 0-0 hand is 0.085 cm-1 [67b] 
(table 54). The observed line strengths [67] were 
11Hed about as well by rotational weighting functions 
hased on experiment [85J as by theoretical weighting 
functions of Schalpp [345, 346] based on strictly case b 
,~(mpling. Recently, Watson [403] derived weighting 
factors considering d'eviations from Hund's case b, 
hut for Qz; these are virtually identical with Schlapp's 

results. Adiks and Dianov-Klokov [5] have determined 
Ihe fvalue for the 0-0 band (corresponding to A ~ 
0.082 sec from a low pressure limit of the integrated 
absorption coefficient. No significant ]-dependence 
was detected. Relative distribution of intensities within 
Ihe band followed Schlapp's formulas [346]. Miller 
1:1 aL [272] have al~u e,Aamined ill delailthe line width~ 

fllld intensities of the b-X, 0-0 band and obtained a 
~lightly smaller value for the Einstein A coefficient 
I han that of Burch and Gryvnak [67]. They concluded 
that the theoretical Hejnl-London factors of Schlapp 

[346] and Watson [403] fitted their data more closely 
than did the empirical ones of Childs and Mecke [85]. 

For bands other than 0-0 the measured parameters 
are crude. If an estimate is made of the contribution to 
1i"~ l"l''' by the 0-1 band (i.e., (0.7) (.085)= .006), the 
radiative Hfetime (7) for level bI1+, v= 0 is estimated as 

g 

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) 11(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] Ii; - a 14y Noxon System 

The absolute transition probability of the b-a, 0-0 
transition was estimated by Noxon [3011 as 1.7 X 10-3 

S-I.28 The 0-0 emission band was observed superimposed 
on a strong continuum. Observed hand width was 20 A. 
In photon units of intensity, the ratio b-a, 0-0 to b-X, 
0-0 was about 0.004. Noxon assumed that the Q branch 
represented 20 percent of the hand intensity. See 
Noxon's paper for mention of earlier estimates of the 
transition probability of this electric quadrupole 
transition. 

Morse Franck-Condon factors have been calculated 
by Nicholls [296]. RKR results (table 57) are from 
Albritton et a1. [9]. 

11.4. A 3IuT 
- X 3 Iq Herzberg I Transition 

The A 31 ?t - X 31 9 transition has a widely spread 
Condon locus which is characteristic of a transition 
dominated by a continuum (lvrql~'O= 0.0138) [104]. 
Jarmain and Nicholls [219] have calculated RKR Franck
Condon factors which arc slightly different than those 

cited by Degen et a1. [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 Re which decreases 
slowly with r. This behavior was consistent with that 
found by Degen and Nicholls [105] who deduced their 
R e (for the range 1.33 < Tv'v" < 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 10-7, 2 orders of magnitude 

., Childs and Mecke f8S} i()ng a!/o obtained A 10-0) - 0.13 s-t. T - 8 s. Wark and Mercer[398] 
more recently obtained A - 0.106, T -10 s. (This corrects a misprint in their paper; private 
\oVlUUlUtlit.aillufI, D, W<tf[{). van de Hulst [Z07J has dIscussed relallve uncertainties in the early 
measurements. A critique of various determinations of A (O-O) is given by Wallace and Hunten 
/3971. For other early measurements see, e.g., Childs {84J, Mecke and Baumann (2671, and 
Panofsky [3l3). 

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

Ditchburn and Young's [114] measured absorption 
cross sections in the A-X continuum associated with 
the v" = 0 progression (2500-1850 A) did not obey 
Beer's law. The additional absorption at increasing 
pressure (2500-2000 A) was ascribed to formation of 
0 4 • Cross sections (extrapolated to zero pressure) 
varied from 15 x 10-:N cmz (1900 .A.) to 3 X 10-Z4 cmZ 

(2300 A). The A-X continuum peak was calculated to 
be at 1870 A, but c()uld 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 02-Ar mixture (3% O2) 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 approxl
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 qv'v" 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 e(T) = const. 1'-3.8 for the range 
l.31 A < f < 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 A-X system Degen 
et al. [104] include RKR Franck-Condon factors and r 
centroids which had been calculated by J armain for a 
large Deslandres array. 

11.5. c lI~-X 3Ig Herzberg II System; C 34u-X 3Ig 
Herzberg III System; C 34u-a lAg Chamberlain 
Syd~m; A 3'l:1i-h l'l:t Broida-Gaydon System 

Nicholls [296] has calculated Morse Franck-Condon 
factors for these systems. Krassovsky et aL [241] have 
estimated Einstein A values for C JI;-X and G 3~1l_X. 
These numbers are not tabulated in the present work. 
(See sec. 3.14 concerning the Broida-Gaydon bands.) 
The calculations pertaining to the C 1 I~ state are voided 
by the recent drastic change in quantum numbering 
[103]. 
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11.6. B 3Iu-X 3Ig Schumann-Runge System 

For the B 3I;-X 3Ig transition, the strongest in 
O2, the absorption continuum accounts for nearly all 
of the transition probability, i.e., Iv'qv'o ~ 0.0025 [172]. 
An asymmetric, broad topped dissociation continuum. 
peaking near 1420 A, connects with the far weake~ 
discrete structure at 1750 A. Mulliken's crude theoreti
cal estimates of J~l (0.U3-U.55) l2S5J bracket the various 
experimentally determined values (0.14-0.26)29 which 
include both continuum and discrete contributions. 
Kotani et aL [236], using configuration interaction wav.e 

functions have estimated Jel to be 0.15-0.46 from the 
dipole approximation, and 0.01-0.1 from the velocit} 
approximation. Experimentally, Ifcont (1750-1350 
A)=0.15±0.015 [271, 164J and IvIv'o ~ 0.000255 [4]. 

At the onset of discrete structure (1750 A) the elec
tronic transition moment Re 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, Re might be expected 
to decrease with increasing r since the B-X transition 
is forbidden by electric dipole selection rules in th«: 
separated atoms. Bates [33] has stated that paralle: 
transitions (6A = 0) should have Re only weakly de· 
pendent on r. Nicholls [293J expects sizable r de· 
pendence for a molecular transition with large I r; -T~ I; 
for B-X this quantity is relatively large, 0.4 A.. Thes~ 
qualitative rules for estimating the behavior of transitioJ 
moments are in conflict for the B-X system. 

(a) Photodissociation Continuum, 1750-1300 A 

The measurements of Watanabe et al. [400J in
dicated a possible discontinuity at ~ 1400 A arising 
from an intersection of B 3~,; ann an uninentified 

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 coeHicients to be used in calculating 

'[values. 
The most reliable photoelectric measurements oj 

absorption are by Metzger and Cook [271] who usee 
a continuum background source. A number of bandl 
and windows (regions of weak absorption) were founc 
(1350-1100 A), 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 [-value in agreement with photoelectric 
measurements. This resolved a discrepancy between 
previous measurements where photographic results 
were about 20 percent higher than photoelectric. 

29 The early I-value determinations for B-X absorption continuum are summarized bl 

Heddle [178] and Goldstein and Mastrup [164]. Absorption coefficients at specified wav~; 
lengths (1745-1272 A) have been measured by Huffman et al. [206J. Metzger and Cook [27J), 

and Goldstein and Mastrup [164]; these disagree by at most 20 percent. Hudson and Cartel 
[202] have measured variation of absorption cross section with temperature (300 K to 900 K) 
for the region 1950-1580 A. 
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'The peak absorption coefficient is (390 ± 40 cm-1) 

HI about 1420 A [271, 164, 401J. Goldstein and Mastrup 
i'1\1I1 ion, "The exact meaning of the (integrated) f· 
volue reported in this paper is not clear, because the 
lw:asured value might refer to several overlapping 
l'ontinua." 

Hixon et a1. [45J, when remeasuring the absorption 
the B-X continuum, found non-smooth features. 

This structure in the photo·dissociation continuum is 
nccounted for theoretically because the potential of 
t he excited state is partly attractive. 

J armain and Nicholls [218J have calculated Franck· 
Condon densities in the B-X photodissociation con
IIII1Ium (1750-1275 A). By using absorption coefficients 
measured by others, they deduced a transition moment 

'he continuum which connects smoothly to that for 
ilitiCrete, structure at the dissociation limit. (The results 
of Marr [258J, Churchill [88], Keck et a1. [228J and 
Nicholls [294] should only be considered qualitatively.) 
i\ dip in Re for v' = 11 to 16 was tentatively ascribed to 
predissociation of v' = 12 [414]. (Compare also Marr 

Churchill [88], and Keck et al. [228].) 

(b) Discrete Bands, 5000-1750 A 
Numerous measurements have been made on absorp

inn cross sections and coefficients, integrated emission 
llllld intensities, and [values. Franck-Condon factors 

,Hive been calculated for these transitions. Results of 
I~xperjment and calculation have been combined to 
yield values of leI (for the discrete structure,lv'v", and 
U t' (r) or transition moment matrix elements relevant 
!o Ii moderate range of r centroids, 1.25 A < rv,v" < 1.75 
A. These results are, in most instances, not quantita
lively reliable because of large experimental uncer
Illinlies, and because Franck-Condon factors based 
nn Morse functions have been used, a poor approxi
Illation for this transition. The intensity parameter 
measurements span nearly the entire spectral 
known to this system: 

Author Ref. Spectral /r., (crude) 
region (.A) 

K(~t:k et a1.. ............. 229 5000-3500 0.015 
lIiilf!rman et al ......... 43 5000-3000 .1 
t\{:ek et al. .............. 230 4700-3300 .028 

WlItanabe et a1.. ....... 400, (230) 4000 (extrap.) .06 
Treanor and 

Wurster ............... 380 3900-2650 .048 
~)lIbolev ................... 360 3900-2650 
~;rinclach et al. ......... 242 3800-2800 
Wurster and 

Treanor ............... 416 3370-3230 .035-.052 
116bert and Nicholls ... 177 3000-2450 
U~·lhke .................... 40 2020-1750 (Ij,.to=0.OO029) 
IJllehburn and 

lIeddle ................ 113 2025-1750 
Hudson and Carter ... 202 1950-1580 
l\I'kerman et al.. ....... 4 2025-1750 (Iho= 0.000255) 
1I11l'son et a!. ........... 173 2035-1945 

The absolute fvalues of Ackerman et a1. [4], Hudson 
and Carter [202], Hasson et aL [173], and Bethke [40J 
are the most reliable (table 55). The results of Ditchburn 
and Heddle [113] and Hebert and Nicholls [177] are in 
marked disagreement with the trends suggested by 
other measurements. The measurements of Ackerman 
et a1. [4], when used with the RKR Franck-Condon 
factors of Harris et al. [172] or Albritton et a1. [9], 
suggest that Re drops by about 9 percent as Tv'v" 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 lei deduced from the !t"v" values of 
Ditchburn and Heddle [113] seemed far larger than 
theoretical estimates. This motivated Bethke [40] 
to redetermine the absorption intensities. Using a 
grating U V 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 v' showed 

little overlapping: bands with v I showed significant 
overlap. These measurements have been extended and 
slightly improved by the recent results of Ackerman 
et aI. [4]. Hudson and Carter [202] were the first to 
observe absorption from v" = 1 and 2. (See also Hasson 
et a1. [173].) 

Pressure broadening is necessary for observation of 
true absorption intensity of a band. Bethke's data at 
low pressure [40] demonstrates that "relative absorption 
intensities can be grossly in error in unpressurized 
medium and low resolution spectra." The peak Ir'v" 

is at 14-0; the peak (RKR) Franck-Condon factor 
[216, 172, 9] in the v'-O Rrogression is at 14-0. The 
IV'l'" 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 [1I3]. 
Heddle [178] concurred in the view that the I-values 
based on this assumption were unreliable. The ge neral 
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-I to 0.25 em-I. Pre dissociation lifetime is 
2(10-11) s; radiative lifetime is 2.5(10-9) s. The proba
bility of pre dissociation is - 99 percent. 

Hudson a~d Carter [202] found absorption eoeffiei ent5 

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

Absolute band ivalues for the V
ll= 1, 2 progressions 

are given by Hudson and Carter [199a] for the region 
2020-1750 A (table 55). They are obtained from the 
photoelectric absorption spectrum taken at tempera
tures of 300, 600, and 900 K by use of a modified curve 
of growth technique. A nearly invariant transition 
moment (-- 1.5 a.u.) is deduced for the v" 1, 2 pro
grt~ssiions: -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 J armain [215, 216, also unpublished results]. 
These values are generally smaller than those of Harris 
et a1. [172] and Albritton et a1. [9] by as much as 50 
percent for the (v'-D) progression, and larger than 
those of Halmann and Laulicht [169]. 

Farmer et ai. D31] 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 a1. [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. [242c] 
on the magnitude of transition probabilities and the 
variation of Re with r. 

Halmann, in a series of papers, some with Laulicht. 
has measured absorption coefficients for B-X bands 
l167, 168a, eJ; in one instance l168eJ, 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. 0 ther 
possible effects on radiative properties, due to isotopic 
substitution, are discussed by Halmann, especially 
possible effect on the electronic transition moment. . 

J armain [215, 216, 217], Harris et a1. [172], Halmann 
and Laulicht [169] and Albritton et a1. [9] (table 57) have 
all calculated RKR-based Franck-Condon factors~ These 
values differ from one another by as much as a factor of 
two. Morse-based results of Nicholls [292], Ory and 
Gittleman [310], and Halmann and Laulicht [168d] differ 
from the RKR values by as much as a factor 102 , and 
are not reliable for this transition for which dTe -- 0.4 A. 
Though the Franck-Condon factors of Harris et al. [172], 
and Halmann and Laulicht [169] significantly disagreed, 
their T 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 fUJlctiun uf j fur Lwo isoLoves, aud found a 
10 percent drop from N' = 1 to 21; the r centroid was 
virtually independent of J. 

11.7. A 2nu -X 2ny Second Negative System of 0: 

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

By using Morse Franck-Condon factors [409] he deduced 
an R e which was linear, and having slightly positive 
slope (1.2 < r1"V" < 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 a1. 
[409] also obtained a parabolic shape for R e from a fit 
to Jeunehomme's lifetimes. 

Morse Franck-Condon factors and r-centroids have 
been tabulated by Nicholls [295]. Wentink et a1. [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 aI. 
[9] (table 57). 

Dalgamo 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 Ot, namely b-a, c-b. They 
assumed that cascading fr~m unidentified higher-lying 
states contributed less than 10 percent to the popula
tions of lower-lying states. 

11.8. b 4l:g -a 4 flu First Negative System of at 

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

Jeunehomme [220a] has measured somewhat pressure
dependent radiative lifetimes of several vibrational 
levels of the b state (table 54). Decay of fluorescence 
was interpreted as superposition of two exponentials. 
A possible secondary process was considered: the 
cascading to the b state from an unknown state having 
T 16 p.,s (see discussion in ref. [220 a]). 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 fOJ 
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 Re considered 
here. 

Fink and Welge [139] excited Ot by a modulate( 
electron beam. Radiative lifetimes were measured h 
the phase shift method; this experiment was at lowe 
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Pt'(~ssure than that of J eunehomme. Lifetimes obtained 
.,'pre about 10 percent larger than those of Jeunehomme; 
lhsolute error was estimated as±O.l MS; relative error 
as±O.02MS. 

Dufay et al. [122] have produced b-a bands emitted 
till/owing high energy proton bombardment of oxygen. 
From the' band excitation cross sections and by use of 
Nicholls'Franck-Condon factors [295), they deduced a 
linearly increasing tr::lnsitionmoment ffir 1.2 < r < 1.SS 
A. The intensity distribution is unlike that found in the 
!llOre conventional spectroscopic sources for this 
~ystem. 

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

,Zare (421] has compared calculated rotational line 
strengths (Le., averaged sums for each branch) with the 
("rude relative. intensities estimated by Nevin (291]. 
H(~ concluded that, in general, "if electronic perturb a
. lions can be ignored, fairly reliable rotational line 
strengths may be calculated" in intermediate coupling 
~vjthout knowing all splitting parameters well (or at all). 

The results showed no obvious trend dependent 011 

quantum number v, but a detailed comparison with 
I heory requires more reliable intensity measurements. 

11.9. Ionization Transitions 

Nicholls [297] has calculated Morse-based Franck-
:ondon factors for ionization of O2 • For ionization 
)t(X2IIg ) - 02(X3~g) the results are voided (as well as 
,he'RKR results of Jain and Sahni f213]) because of an 
increase of unity in the vibrational numbering [42] of 
theOi ground state. Asundi and Ramachandrarao [21] 
recalculated RKR· Franck-Condon factors for the first 
iimization transition using the reviseu 4uauLuHl lJumLta

'ng of Bhale and Rao [42]. (See the more extensive cal
,~ulations by Albritton et aI. [9] (table 57). See also the 
4everal values for ionization to excited states of O~ by 
Jain and Sahni[213] for isotopes 160 180 and 180 2). 

Dnly for the higher. vibrational levels of Ot, A and b 
1\tates, do the RKR values differ by more than 10 percent 
from Morse function values (compare ref. [393, 168c, 
:~97]). Isotopic substitution for these transitions had a 
lurger effect on the Franck-Condon factors than did the 
I'hoie~ of potential for vl-O transitions. 

Early electron impact studies were crude [147, 394, 
Early photoelectron spectroscopy was done with 

:jB41 (21.2 eV) photons exclusively [148, 37,362]. More 
recently Collin and Natalis [90J obtained photoelectron 
~pectra of O2 by use of two photons: He (584 A, 21.2 e V) 
IInil. Ne (736-744 A doublet, 16.8-16.7 eV). For the 
v,r()und state of 0; a much longer vibrational progres-

was produced by the N e photons than hy the He 
photons. In addition, a second maximum in intensity 
IH~tribution around v' = 7 was also observed with the Ne 
Ilhotons. The increase of photoionization cross section 

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. Edqvist et a!. [125] have 
used He photons 584 A and 304Ain their study, andfor 
the first time, resolved structure belonging to the A 211u 

state. They also resolved the doublet structure of the 
X 2ng state (separation of multiplet components is 
200 ern-I). 

Schoen [349], from early photoionization measure
ments on O2 , deduced that autoionization was important 
for. the first two vibrational levels of the ,Ot 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 .1 O. UV Absorption Coefficients of O2 

No detailed examination of the absorption coefficients 
for O2 is intended, because this has been incorporated 
into a comprehensive review ofUV 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 
smallest band. width u5ed in the15e 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. r3731 detected no O2 absorption in the 
region 4000-2050 A, and concluded that absorption 
coefficients were less than 10-4 cm-1 , 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 3D 
state by measurements in windows of the 1780-1850 A 
region. The only two measurements give k= 0.44 cm-1 
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at 1781 A and k= 0.28 cnr l at 1796 A. The I-value of 
this weak continuum is estimated as O.Ol. 

Diffuse absorption peaks at 1293 A, 1332 A, and 
1352 A,detected by Tanaka [369], have also been 
observed in absorption eoeff}(,lf'nt me::l~l1rement~ hy 
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 3P+ IS; the 
other two features may arise from lll+ III or 3p+ IS. 

The region 1300-1050 A inc1udes complex absorption. 
Price and Collins (329) observed a weak continuum 
beginning at 110sA and extending to shorter wavelength. 

Ogawa [304)30 haE? measured absorption coefficients 
in the region of the Lyman a-doublet (1217.8-1214.8 A). 
For the doublet 

Measurements were made at pressures :::s; 6.::S torr, and 
the results extrapolated to zero pressure. A 3-m vacuum 
spectrograph was used (dispersion (1.45-0.95)A/mm). 
Ogawa [304] has summarized results of earlier measure
ments. Gaily [151] has measured absorption coefficients 
(1215.67 -1212.57 A) at 760 tOIT, for Lyman-a. He obtain
ed k-values roughly twice that of Ogawa. Other windows 
(k< 1) have also been studied (1300-1000 A) by Watan
abe et a!. [400], Watanabe [399], and Cook and Ching 
[94]. (See also measurements by Ogawa and Yamawaki 
[307] at the 1187-, 1271-, and 1307-1 windows). 

The region of the O 2 spectrum below 1300 A can 
then be loosely categorized as follows: 

. - 1300 A; air windows (k 20 em -1)'. 

1200-1100 A: weak continuum (k - 50-100 cm -1). 
1100-1020 A: increasing strength of dissociation con-

tinuum; complex spectrum. Rydberg 
series converging toX, Ot should lie 
in this region; none have been confirmed. 

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

< 840 A: sudden onset of strong continua; 
Rydberg series. Mainly continua, but 
with complicated structure down to 600 A 
(k > 300 cm -1). Absorption maximum at 
800 A; another at 500 A. 

The [value for this region ("- < 1300 A) is - 6 [245, 
407, 1].31 At 1094 A, 1069 A, and 1044 A, Watanabe and 

"" Ogawa [304J has shown that Lyman·a wavelength does nol coincide exactly with the maxi· 
mum of this O. transmission window. This has important implications for atmospheric 
processes. 

3. Ladenburl! et al. 1245]. lloo-160 A.j= 5.93; Weissler and Lee [407J. 13OO-300A,j=6.1; 
Aboud et al. [1],909-100 A,f=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) 

Doolittle et a!. [117], studying photoionization of 
O2 with (584-358 A.) photons, have observed possible 
predissociation of Ot, B 2k.q. 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 2 TIu. 

Only crude estimates exist for the lifetime of 02". 
Electron impact studies led Frost and McDowell [1471 
to estimate T> 10-6 s. Conway [92] and Prasad and 
Craggs [317J estimated the lifetime of excited OJ 
against electron attachment of 1 X 10-9 S. 

Dianov-Klokov has obtained crude estimates of the 
lifetime of the collision complex (02h. From band 
widths [108] he obtained a lower limit 0.3 X 10-13 s; 
the diffuseness of bands of the complex, hence the 
spacing of its energy levels, exceed the spacing of the 
a-X, O2 bands which are characterized by Be ~ 1.44 cm-1 . 

1 
such that Tmax :::s; -n - 2 X 10-I1 s [109]. 

c !:' 

d. Other 

Smith [358] has considered the effect of autoionizatior 
on the relative intensity. of vibrational peaks in photo 
electron spectroscopy. Qualitative calculations ar 
given for O 2 transitions to the O~ ground state (compar 
ref. [90]). The striking effects of autoionization are i 
lustrated in experiments by Branton et a1. [59], who useo 
photon energies below 21 e V (namely, the neon doublet, 
736A and 744 A). 

Jonathan et a1. [222] have observed the photoelectron 
spectrum of O2 , a I Ag (to O~, X 211g). The relative in
tensity distribution was qualitatively different from that 
uLLaiueu in the PES uf 02, X :;t::Zg to the same stale of 
the ion. 

Studies by Freund [145] on molecular translational 
spectroscopy suggest that the silo state reported by 
Lichten [252] at ~ 12 e V likely has a lifetime < 10-4 s 
(Lichten had assumed a lifetime of > 10-3 s). Freund, 
in addition, obtained qualitative information on a 
repulsive 3TIu Rydberg state of O2 having energy 
22-23 eV. 

Ogawa [305] has observed six absorption bands 
originating in the a 1 Ag state (a new band was found a1 
1455.0 A). Tentative absorption coefficients were or 
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lained (1486.0-1408.5 .A). Preliminary cross sections for 
ncitation of excited states of O2 have also been ob
I Hi ned 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 As for 
6:)28.A. 

(b) Molecular quadrupole moments (definitions and 
Ilumerical values) have been summarized most recently 
by Birnbaum [44]. The various measurements for 
O2 disagree by up to a factor of 10. 

(c) Schnepp and Dressler [348] and Boursey et aL 
150] have observed the O2 , H-X transition in solid 
matrices. 

(d) Ben·Aryeh [36] has discussed emissivity of the 
B-X transition for optically thick systems (where there 
are departures from Beer'~ law). (Spp ::llso BlRke et aL 
\46].) 

(e) Akimoto and Pitts [6] have observed O2 , a-X, 
0-0 emission, together with simultaneous transitions in 
solid oxygen. The lIfetime of 02 (1 ily) was estimated as 
< 10-6 s at liquid helium temperature. 

13. Summary and Conclusion 

For many electronic states of O2 only a few vibra· 
I ional 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 ILly, 
c l~; ,C 3Llll i, and A 3~~. For study of all but the a J Lly 
state very long absorption paths are necessary. A 
potentially strong charge transfer transition C 3 Llu- b 1 ~it 

has not been observed; a large LlTe is a complicating 
factor. 

The apparent irregularities above v = 15 in· the left 
limb· of the potential curve of the B 3~u state are still 
under study. Potential curves calculated with CI wave
functions indicate that the repulsive anu state crosses 
the left limb of the B 3lil state. Predissociation of the 
B :l~u state, primarily arising from spin-orbit coupling, 
likely involves more than one repulsive state. The 
answers to remaining questions concerning predissocia
liuH uf lhe B Slale may depend on more careful examina
tion of the J dependence of measured line widths. 

Several states of Ot need further study: C 2Lly, 
c 4~;. B :1'2-;;. From among the!;e only for the r. 4'5:; state 

has there been any rotational analysis. An electric dipole 
allowed transition B 2~ii-A 2llu has not been observed, 
but this '1T u - fT g transition is not inherently strong. 

Pronounced changes in spin splitting are likely near 
the dissociation limits of states B 3l;; (02) and A 2llu 
(Ot); the former had been discussed some years ago. 

The most reliably measured of all oxygen transitions 
remains b llt -X :ll;" with Ll2F's disagreeing by at most 
0.005 cm-1; Recently computer least squares refitting 
of these measurements which were published in 1948 
has demonstrated that the early graphical fitting gave 
too small estimates of uncertainties in Bv values and 
band origins. 
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TABLE 1. Molecular constants, electron confiErurations, ano 

M. O. configurotion Oiss. p,oduels Dissociotion ~ner9Y 
ke i We WeXe W,,'Ie weZe 

Stote To Tt 
(ZO'q){2O'u}(3CTg) (l7Tu)(l1Tg)(37Tul Ry 0+0 0° Ot' re 

c'l:u - 198098 1 2 'I 2 
10 dynt/cm 

[1540J 
i-

f 172000 H 

6':2:9 - 163702 H 163917 I 4 2 'PgT'OU 14203 14775 6.30 (1156) (22) 

Clt.g 158700 H I .; 2 lpg .. 'Ou 19200 

b'Iq- 1'16556 146759 I 4 2 'Og+<Su 20408 21002 6.75 1i96.9.!} 17.13~ 1.2796516 

A'II" 137435 137776 

12 

2 '3 2 'Pg + 'Su 13662 14108 3.80 898.[1 13.56§. 1.408220 

o'n,,; 129889 130161 2 3 2 3pg .. ·SU 21208 21723 5.05 I035.5~ 10.32194 1.3816042 

x'n g 97365 97204 2 2 4 1 ~P9 i 'Su 53732 54661 17.10 1905.~ 16.28l.!! 1.117123 

{C' kU-(0;) -X'Ig- (0,) :0' = 198125 -R/(n-0.159)', n'3, ... (595-510 l) ; 0' • 198125 -R/{n-0.9(5)' • n=3, ... (5S5-510l) 

Rydb~rg $e,in (0.) :(]" = 163602 -R/(n-0.65S)', n=4, ... (650-600~) 
b' (0,) :(]" = 146568 -R/{n-I.679)\ n=5, ... (730-660)1.) 

'Ilu 89244,9 

't.u 88278.4 

'!u+ 87369.1 4 I np ... v 

a'I, .... 76262.4 .,6089 4 1 np 1ru 

,B'I u+ 75450 75263 4 I np'tT,. 

B'!~- 49358.15 49794.33 2 3 3 i'Pg '" 'Dg)P' 7770 

AlIU" 35007.15 35398.70 2 3 3 'Pg+ 'p. 6253 

C't.ui 34319 34735 2 3 3 'P" ~ 'P9 6941 

clIu- 32684.1 35058.4 2 :3 3 'P9+ 'Pg 8596 

b'Ig+ 13120.9085 13195.3)4 2 4 2 

I 
'Pgi' 'P9 28139 

0'6 9 7682.39 7918.11 2 4 2 'Pgi' 'Pg 333' 

X'Ig- 0 0 2 2 2 4 2 'Pgi' 'Pg 41260 

General: /a) Where indicated, the standard deviation of each coeffi
cient is less than 5 units in the last non-underlined or non
italicized digit. Because the coefficients are correlated. 
additional digits are included to minimize roundoff error. 
Where appropriate, an enlry includ es, in parentheses. the 
power of 10 by which it is to he multiplied. 

(b) ZPE= G(O) + Yoo , both obtained from a low order poly· 
nomial fitted to several levels where appropriate. 

{c) Values of kr are arbltranly given to two decimal places. 
Id) Values of r~ are listed to many digils only jo permit fitling 

for the purpose of numerically integrating the Schriidinger 
equation. Not all digits are significant in the least !'>quares 

In the published literature to dale, rotational constants for electronic 
states of O2 have ali been determined assuming the values for Bo and 
Do for the ground state as !riven by Babcock and Herzherg r241 in 1948. 
A reexamination of these ground state coefficients is found in Ap
pendix C. 

State: 

X ~lg: (a) Molecular constants fitted to v 2l. 
(b) 8,,=-2.846158 (-6). 
(c) YO\)= .275. 
Id} The X state deviates from pure Hund's case b with increas

ing}, as expected 13741. since rotational energy increases 
with}. 

a lAp: (a) Molecular constants fitted to v ~ L 
(b) We and WeXc have been estimated 1191], since the v= 1 level 

is the highest observed under high resolution. Absorption 
from condensed oxygen includes a-X bands with v' = 2,3,4 
fS6,249]. 

(c) Yoo= .23. 

17.50 (1927) (19) 

18.05 (1957) (19.7) 

8121 2.37 709.0~UQ 10.61!!QS!.Q -.059212435 -.023974994 1.6042799 

6649 3.01 799.08 12.16 -.550 1.52153 

7312 2.65 (750) (l4) (-1.5) 

8989 2.97 794.29 12.736 -0.244<4 .00055 1.5174 

"'~ I 9.67 
,m.66" I"."" -.0143 1.2268431 

34130 10.73 U509.31 (12.9) 1.21569 

11.77 1580.l9?? i 11.980804 .04747<4736 -1.2727481(-3) 1.2075358 

b 12 z: (a) Molecular constants fitted to v ~ 3. 

(h) YO\)= .129. 

(c) Reproduction of b-X spectra. ref. [24J. 
(d) b-A, O'H(G-O) = 5240. 

ell/I: (a) Bands only having v = 0,6-11 have been studied; observed 
c-X bands lie far from the 0-0 band. 

(b) Misprint in value of Q'p given by Degen [103] is corrected. 
(b) Yoo=- .84. 
(d) c state To is calculated. 
(e) Reproductions of c-X spectra, ref. [189,103]. 

C :IAui: /a) AG(5t)=611.16 for :'A:l . No other vibrational quantum is 
known from band oricins. 

(hl If the C state really lies above the c state, then because the 
stales are isoconfigurational, it could be guessed that they 
havc similar vibrational constants. For both states a linear 
Birge-Sponer extrapolation gives too high dissociation 
energies. 

(c) Forthe6-0band 3 a:,- 3 A2=145.91 (A=-72.96). 
(d) The missing lines near the origin are not uniquely estab· 

lished so that identification of this state .as 3A" foHows 

only from electron configuration arguments. The electron 
configuration requires an inverted stale 3 Alii {189J. The 
higher energy subband of the 6-0 C-X band has beer: 
identified as 3A~ b'ecause its effective B .. is larger than for 
3A2, implying a normal .3A state. The same argumenl is 
consistent with a ~Al sublevel at higher energy, i.e., the 
electronic state is inverted. 

(e) Vibrational numbering in this state is uncertain. 
(f) Identification of C-a bands is only tentative [81]. 
(p;) An approximate potential curve was drawn by Gilmore 

[161]. 
(h) Reproduction of C-X speetra, ref. [189]. 
(i) <TH(O-O) (hi~h pressure hands} = 34319. 

A :r~:t: (a) Molecular constants are fitted to v ~ 4. 

I 
I 

1 

I 

: 

i 

rd) Miller [277] suggests a small correction to Eo for the effect 
of electronic mass carried along by the nuclei during mo· 

lecular rotation: this would alter the quoted values of B" 
and reo 

(e) Reproductions of a-X spectra. ref. [191. 277]. 

(h) Formula fitted to D/:s includes a term: +O.1O{v+V2)2(lO-6). 
(co) The A state deviates from Hund's case band approache::: 

case c near the disso{'jaliol1 limi!. 
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,i, \\"cialioll products for the electronic stntes of O2 and 0i * 

De I>e Zero pI. Observed HunO$ 
"mal. Ref~r!"ces Be Q e )€. System nome Spectrel legion cauplin9 

~1O-6) (10-6 ) energy transition cose (06S.) 

[1.557] c-b V Hopfield 2360 1940 250, 89 

(572) 417, 125 
, 

l. 2872!l1 .02206747 i 594.19 b-o V fjr~1 NegQli~e 8530 4990 291, 408, 250, 9 

1.062g] .0205830 446.0 A-X R Second Negative 6530 \940 23 365, 52, 53, 42,9 

I.I043gQ .0154§.§..1@. 515.41 o-b 20 i 291, 408,9 

1.689g .0195769 948.7 20 342, 42,365, 52, 5~, 9 

[1.451J 1230 

[1.446J 1245 

[1.706l [28.0J -x 1144.6 b I 0 

a-I> V 1585 1535 

1.699 .016 1280 1195 

0.71 CO2) V 1295 1180 

.BI89!.§. .0119225 -6.30472 (-4) R I Schumann - Runge 5350 1750 21 

.91053 .01416 -.00097 4.79 -.30 R I H .. zberg I 4880 2430 

R ! Chamberlain 4380 3700 
141 {Hiqh pressure 2925 2440 

R Herzber9 m '26'30 '2570 0 

I 0.9155 .01391 -.000740 [10.5] 

1.40047~ .018169303 -4.2941920 (-5) 5.356 .077 R 

.0171 [4.97J 

1.4456li .01593268 6.406456 (-5) 787.382 

(d) Triplet splitting of the A state, the reverse of the 
in the ground state, has F" > Fl > F2 rI87]; parameter 
A is negative for the A state. 
You .60. 

(f) To is calculated. 
(g) Reproduction of A-X spectra, ref. [187,104]. 

!I :'2u: (a) Molecular constants are from a computer least squares 
fit to levels v ~ 13. The entire set of coefficients in addition 
to those tabulated includes: 
Y50 = 2.2067951 (-3), Y 60=-1.5990957 (-4), 
y 70 =4.4274814 (-6) for vibrational term values, and 
Y;q(oe)=J..57426 (-6), Y.n=6.70586 (-6), 
YS1 -9.35318 (-7), Y61 =2.90100(-8)[orBr values. 

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

( c) Position of v = 22, the last level before dissociation has 
been calculated by Brix and Herzberg [62]. Fragmentary 
structure of the 22-0 band was observed, but the rota· 
tionnl i!l:5:5i!,!;nlncnt:5 i!lrc unccrti!lin. 

(d) Yoo=-O.66. 
(e) Low order coefficients fitted to v 4 are as follows: 

We = 709.309, WeX{' ]0.6468, WcYe 0.138732: also 
K =0.81902, Di, = 1.2055 (-2), '}'r =- S.5610 (-4). 

(0 Reproduction of B-X spectra, refs. [99,233,62,302,306, 
76. ] 75J. 

f3 !lI,t: (a) Alberti et al. \7] identified this state as I~i/; Ogawa et 

[30B] consider the evidence to favor :l::£ii. 

(b) To is obtained from approximate We, WeX" and extrap
olation to v = o. 

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

r~:T,: (a) AG(i) = 1889.2. 

(b) Vibrational levels are perturbed; w,.Xp is only approximate 
[7]. 

(0) Reproduction of a.-X apcctra, ref. [308]. 

(d) a-b, <To(O-O) = 63141.5. 

:\l~: (a) Do is abnormally large relative to that of most other 

states of Oz. But Dr for the f3 and a states are 0(10 .. 5 ) 

[308J. 

Herzberg II 4790-4490,2715-2540 189,103 

Noxon 19080 I 301 

Almospheric 9970 - 5380 24, 9 

I A Atmospheric 15800 - 9240 

I 
191 

27 99,24, 62, 302,9 

(b) Reproduction of 3l;;-X spectra, ref. t308). 

1.1 11 : (a) Vibrational quantllm numbering is tentative. 
(b) <TI'(O-O) (I.1,,-a) =80396.0. 

l\ II,: ta) Bo is derived from even .I levels only: odd levels aTe 

perturbed. 
(hl Vibrational quantum numbering is tentative. 
(e) rr.,(O-O) (,Il ll-a) =81362.5. 

b(O~' )-X()~) Hydberg series: Reproduction of spectra, ref. [303,371J. 

li(Ou' )-X(O·.) HydLerll series: Reproduction of spectra. ref. [303. 

417.:nll· 

c(o;) -X(O~) Hydberp: series: Reproduction of spectra, ref. [89 a]. 

0" 

(al Vihrational constants fitted by the author to v>s: 10; 

rolaliolla.! constants fitted by Lofthus (unpublished). 
(h) Yo,,= 0.2. 
II:) /1 ZOO (see Alhritton et at [9) and the early 

ddefillillalioll hy Stevens r365]). 
(Ii) For sonw ('videncl' of A-doubling see Stevens [365]. 
(I') Th .. pholoionizalion measurements of Samson and 

Llilll!:> 1342j i::Il5 1:ilighlly III()uified by the isotopic 
m{~asurements on the A 2TI u-X 2f]g bands of O~' 

hy Bhale and Rao [20, 42] give 97265 em-lor 
J2'()59 eV. Uncertainty of the photoionization 
IIlNISllrCmems was stated as :!:lO em' '=:!:O.OOI eV. 

A Jargt' uncertainty might be attached to this value 
say Dihclcr and Walker [111], hecause of partially 
re;.;olved au{oionized bands in this region, as 
qb::,crved in an ioniz.ation effIciency CUI ve. III ad

dition, the thermal distribution at room temperature 

finds a peak population for.l = 8; the unresolved 
rotational envelope could introduce an uncertainty 
of 17 em-I. The photoionizo.tion mca:mrcmcnt 

is assumed to correspond to the 2111/2 limit. The 
(hypothetical) 2D state without spin-orbit splitting 
would be 100 em-I higher !the separation of the 
douhlet levels in the O~ ground stale is -200 em-I). 
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rOlltnutes to table 1-Continued 

Nicholson !299] had ohtained a value for IP(01) 

from ionization efficiency curves which is virtually 

the same as that of Samson and Cairns [342]. 

(I) t'mmJPES)= 20 [90]; Vmax(speetroseopy)= ]6. 
(g) Reproduction of photoelectron spectra. ref. [125]. 

(a) This term value is determined from the position of 

the b l !,; as deduced from Rydberg series [417J, 
with an approximate correction for head-origin 
separation, and the 0-0 band origin for transition 

0i . b-a. 
(b) Molecular cunstants fitted to t':;;; 6. 

(c) A (v=O to 6) varies monotonically from -47.92 

to -48.05 [238J. (See also [408].) 
(d) Yon=0.22 

(e) vmax (PES)=20 [12:)J; Vma,,{spectrosr:opy) = 8. 

(a) The term ,'aloe is derived from the assumed posi· 

tion of the v=O level of X 211u state without ,.pin 

;;;plilling plu!' Ihf:' 0-0 origin [40070 em 1] caleu
lated from the limited number of A-X band 

origins (table 24). A fit to the band heads lo
cates the 0-0 dQublet at 39979 and 40179 em -J. 

The extrapolated band origin for 0-0 does not 
he quile mIdway between the extrapolated doub

lets (heads). and though based on few data points. 

is based on more reliable data than the band heads. 

(b) A =8.2 f365]. A·doubling is negligible ill the 
IIICa"UI<:OII,elJI" vf SIt"\'t"II" [36::1]. 

(t') Vibrational COllstants fitted by the author to 

v 8. Rotational constants fitted by Lofthus (un
published) and Albritton et a1. [9]. 

(d) Y llu=O.3 

Ie) vmax(pES)= 16 [125J. 
(f) A-X, 0"\](0-0) =40070; calculated. 

Igl Reproductions oro;, A-X spectra, refs. [221, 

127,42]. 

la) Term vaJuf' derived from limit of Rydberg series 

r417J. assuming band origins, based on an approx· 

imate corrt'ctiiJll to observed band head pm;itions. 
The original da! a quoted uncertainty of ± 2 cm- 1 

(±0.0002 eV). Band head measurements would 
give limit 146568 em- l . 

(b) MoleeuJ~r constants fitted by Albritton et al. [9] 
to :,. 

(e) YU{l=0.02 

(ci) vrnax (PES)=6 (125]. 

Ie) O"(}(O-O) (O~, Ira) = 16666.74 
In Heproduction of 0;,+ • b-a spectra, rd'. [408J. 

The potential curve for this slate has been eslimal<"c! 

by Gilmore [1611. Judge [2241 has recently observec: 
fluorescence following illumination (photon impact. 
by 630 A radiatiun. With 625 A radiation (0.15 e '," 

difference) the fluorescence pattern changed so tbat 

Judge assumed the position of the 26.1/ state to bt 
determined as 19.68 to within 0.15 eY. Lindholm 

has identified a possible Rydberg serie;.; from amO!lf: 

the energy-loss peaks observed by Geiger and Schroder 
[I581; the limit is at 19.96 e\'. 
(a) Term value derived from Rydberg series limit 

[4171. iAI-./oboury et a!. tIll ill'S! suggested thai 
thi!' slale might be -12;;. hy analogy with correspond

ing stale,. in N~). 

(h) Uncertainty in w" - ± 5; uncertainty in WeX" 

[4]71. Similar values were ohtained from photo

electron spectroscopy jl25]. There is no rotational 
analysis. 

(c) rc - 1.34 A [161J. 

(ci) Assuming identification of this state is correct. 

then' "hould exist hands for B 220-1> A 2TI" with 

0"(0-0) - 26]60 em- l (3821.5 A.). 
(t-') v rnax (PES)=6 [90, 12Sj. 

(unclassified) 21.3 e V: The term value is the mean of electron impact 

measurements by Frost and McDowell [147] and 

Brion [6n Sji.igren and Lindholm [3571 assumed that 
the state al :n.3 eV is not stable. bUI represents an 
ion-moleeule r(:'aetiun. 

c 4!jj: (s) Rydberg series limit 14171 for b state plus c-b, 
0-0 position as extracted by LeBlane [2501 frum 

the reassignment of the Hopfield bands. Rydberg 

8t'ries of Codling and Madden [89J give closely 

the same limit. Molecular constants for the b 
state as deri\'ed by LeBlanc [2S0bJ are not entirely 

compatible wilh those derived by Nevin f291 a1. but 
clearly belong to the same slate. 

(h) aG(t) from Rydherg series is 1540 [891. 
(c) vmaxIPES)= 2 [1251. 
(d) Reproductioll of OJ, c-b spectra, ref. 1250a]. 

Possible new states: Features tentatively identified as new states of 

O~ have been observed in electron and photon impact experiments 

r262 , 125. 340J. They occur at the following energies (eV): 23.5-23.9 
(as;;umed to he 2nu hy Edqvisl et al. [125J), 24.6, 27.3-27.9, 31.3, 
34.1. 

*Enlarged copies of table J may be obtained from the author upon 
request. 
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TABLE 2. Electronic configurations Jor molecular oxygen 

Electron configuration 
Molecule States 

(lUg) (lUll) (2uy) (2uu) (3ug) (l'1Tll) (by) (3u lI) 

1 2 4 2 c 4I.1, 2I.1' :l~u, 2It 

1 4 2 B2Ig , C2~g, b 4Ig 

Ot 
I 2 3 2 211 ui , 2Il u , A 2Il/l' 2CPlli> a 411,,1 
I 

! 2 4 1 X 2 Il il 

1 4 2 1 lIt, lI.1 , l~", 3I;, 3I.1(2), 3~v, sI,l 

2 4 1 1 tIl u , sIlu 
O2 

2 3 3 lIt, c lIu, l~u, A 3It, B 3Ii" C 3~lt; 

2 2 2 2 2 4 2 X :JIg, a l~f}, b lIt 

0(3P g) + 0(3P g): .b lIt, lIt, elI", 1 Il g, lllu, a I ~g, A3I~, 3I~ ,X 3Ig , 3Il g, sn u, C saul. SIt (2), 5I", 5 fIl" 5 fI", 5~g 
(The 2411, sIl" state is repulsive. and preclissociates B sI".) 
The 1421, lIt, l~u states are slightly bound, but. not observed spectroscopically. 

For O~, the C 2.Ll y state is known from possible Rydberg series and fluorescence. (See footnotes to table 1.) 

For·02' see sect. 2.4. 

TABLE 4. Band origins oj the b II; - X 3I; atmospheric sysi 

Isotope Ao uo v'-v 
(A) (em-I) 

TABLE 3. Band origins oJthe a l~g_X sIi atmospheric IRsystem (R) 160 2 7708.41 12969.2821 I-I 
7619.33 13120.9085 0-0 

Ao(A) uo(cm- 1) v'-v" Ref. 6968.63 14346.076 2-1 
6882.47 14525.6609 1-0 

(15800) 6327 0-1 385 6369.80 15694.74 3-} 
12683.0 7882.39 0-0 191 6286.61 15902.4174 2-0 
10674.1 9365.89 1-0 191 5795.13 17251.0922 3-0 
(9240) I 10820 2-0 86 

i 5383.49 a (13571.l3) 4-0 

459 

0-1 band he.ad observed in twilight· emission by Vallance Jones and 
Harrison [385]. 

Data from Babcock and Herzberg [24J; refitted using least squares 
by Albritton et al. [9J. 

u--O, 1-0 band origins from high resolution measurements by Herz· 
berg and Herzberg [191]. 

2~O 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 
hy -110 ~m-l, relative to \eetilUlltl::Od gi:l.l!! 1'luu,to: l'u:sitiuUI;. (Stltl 

also Ellis and Kneser U261.) 

a Obtained from fragmentary data by Ossenbriiggen [311]. 

Data from Babcock and Herzberg [24]. 

Data from Babcock and Herzberg [24]. 
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TABLE 5. Band heads (~f' the b 12:: -X :32:; atmospheric system (RJ 

(9970) 
(8803) 
8697.8 

(8623) 
8103 
7987 
7879.17 
7779.03 
7683.85 
7593.73 
7240 

7141 
7043 

6953 
6867.2 

10027 
11357 
11494.0 
11594 
12338 
12517 
12688.20 
12851.54 
13010.73 
13165.14 
13808 
14000 

V'-V" 

0-2 
2-3 
1-2 
0-1 
5-5 
4-4 
3-3 
2-2 
1-} 
0-0 
5-4 
4-3 
3 2 

2-1 
1-0 

Ref. 

240 
196, 184 
196, 184 
226,270 
183 
183 
196, 184 
196, 184 
196, 184 
196, 184 
183 
183 
103 

183 
98 

Presence of the 0-2 band in the night sky has been suggested by 

Dufay [121]; Krassovsky [240], using higher dispersion did not observe 
it. Findlay [138], did observe it in an afterglow from an oxygen dis
charge. Many bands (showIng some rotational structure) were observed 
in CO-O:z explosions by Hornbeck and Hopfield [196] and Herman et 
a1. [184]. Most intense were O-Oanci ]-1. Herman et al. [183] produced 
many bands in a high frequency discharge through 02 at atmospheric 
pressure. Some band head positions differed from earlier observa
tions [196] by up to 5 A. Curcio et a1. [98] observed two bands in abo 
sorption by the earth's atmosphere. Observed wavelength of 0-2, 
2-3, and 0-1 bands are uncertain; so are the identifications. A band 
head at 8597.8 A has been identified as 0-1 [196; 184, 183], but lies 
far from its predicted position. The wavelength - 8645 A given by 
Kaplan f226] and Meinel [270] for the band labeled by them as 0-1 
corresponds to the origin of that band; the head position given above 
was derived from this value. 

TABLE 6. Band origins of the c 11:;;- -X :r~:; Herzberg 
II system (R) 

(a) emission 

4791.4 20864.7 

4491.5 22258.3 

Data from De:ren 1103]. 

(b) absorption 

2714.5 36828.75 

Data of Herzberg [189j. 

'l./-V" 

0-8 
0-7 

6-0 
7-0 

8-0 

9-0 
10-0 
11-0 

Tentative v' values used are those of De!!en [l031, and are an in· 
crease of 5 over those provisionally used by Herzberg [189J. 

The broad Condon locus for this system results in weakening; of 
the bands at lonl!er wavelengths. 

TABLE 7. Calculated band origin wavelengths (1) of the c I!;_X :l!; Herzberg 1I s)'stem 

>z I 
I 5 

... 0 1 2 3 4 6 7 9 10 11 12 
v 

0 ~OnO.n :1?H.7 :i3RO 3 350? 0 3761.2 39BO.3 4.222.4- 4491.3 4791.5 5128.8 5510.3 5915.2 61.15.1 

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 47S0.R S070.n ,S4?Q R 

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 T7l4.5 2834.2 2963.0 3101.8 3251.7 3414.2 3590.8 3783.4- 3994.2 4225.9 4481.6 4765.0 5080.9 
7 2672.3 2788.3 2912.9 3046.9 3191.4 3347.8 3517.4 3702.0 3903.6 4124.6 4367.8 4636.7 4935.2 
8 2634.0 2746.6 2867.4 2997.1 3136.9 3287.8 3451.3 3628.8 3822.4 4034.0 4266.3 4522.4 4806.0 
9 2599.2 2708.9 2826.2 2952.2 3087.7 3233.9 3391.9 3563.2 3749.6 3953.1 4175.9 4421.0 4691.6 

10 2568.0 2674.9 2789.3 29]1.9 3043.7 3185.6 3338.8 3504.7 3684.9 3881.2 4095.8 4331.3 i 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 

'----
I 

Bands enclosed in the rectan:rle are those observed by Herzberg 1189] in absorption. Underlined entries are those from afterglow emission 
studies by Degen [103]. frum whuse publication this table was taken. 
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lMlLE 8. (a) Band origins oJthe C 3Llu-X 3I- Herzberg III system (R) 

Ao (To 

(A) (cm-1 ) v'-v II 

2578.62 38768.79 r 6-0 
2588.36 38622.88 F2 

2619.93 38157.63 5-0 Fs 

Data from Herzberg [189]. Vibrational quantum· numbering is 
11llCertain. 

2924 34190 
2913 34319 0-0 

·2904 34425 

2855 35016 
2842 35176 1-0 
2832 35300 

2795 35768 
2783.9 35910 2-0 
2769.1 ~tio')') 

2739.8 36488 
2729.9 36621 3-0 
2720.7 36744 

2689.8 37166 
2679.3 37312 4-0 
2671.6 37420 

2642.7 37829 
2632.7 37973 5-0 
2626 38068 

2598.8 38408 
2590.3 38594 6-0 
2582.4 38712 

2559.9 39052 
2553.5 39150 7-0 
2537 39305 

2525.4 39596 
2517 39718 8-0 
2510 39821 

2497.4 40030 
2488.7 40169 9-0 
2482 40278 

2472.5 40433 
2465.1 40554 10-0 
2456.5 40696 

,. ................... " ............ ................. ~ .......................... 
" ..................................... .......................... 11-0 

2440 a 40971 

lIata from Herman [182] and (a) Finkelnburg and Steiner [141]. 
quantum assignments by Herzberg [189] are tentative. These 

~'4'lidless absorption maxima were first observed by Finkelnburg and 
,fdriner [141] in oxygen at pressures from 60-600 atm; path lengths 

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 A-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 'V bands 

AH Vi_V" 
Tentative 

(A) identification 

4378 5-5 aLll 

4326 5-5 36.3 
4317 3-4 36.3 
4244 4-4 36.1 

4240 6-5 3Ll2 
4221 4-4 3Ll2 
4215 0-5 ada 

4135 1-2 36. 1 

4127 5-4 36. 1 

4114 3-3 °Q.l e-4 36.2 
4107 

1-2 3Ll2 
4090 3-3 3Llz 

4086 
3Ll3 

3Ll:! 
4071 3-3 36.3 
4031 6-4 36.1 
4009 6-4 3Ll2 

3985 6-4 36.:! 
3887 3-2 36.3 
3866 3;""2 3Llz 
3861 5-3 3Ll3 

3844 3-2 36.3 
3813 6-3 36.1 
3792 6-3 36.2 
3771 6-3 36.3 
3698 5-2 36. 1 

Data from Chamberlain [8J]. Quantum numbering is tentative. 

T AHLE 10. Band origins of the A;s 2:.;; - X a 2:.; Herzberg / System 

(To v'-v /I (To Vi_V" 

(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 9-0 
37910.23 4-0 40920.45 10-0 
38546.26 5-0 41153.94 11-0 

Data from Herzberg [187]; Vi values are larger by unity than those 
used by Herzberg (see Broida and Caydon [63J). 0-0 band position 
is calculated. The 1-0 band position is derived from relatively frag· 
mentary data. 
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11. Balld heads of the A-X system observed in emission 

UH r vt-v /I Ref. 
(em-I) I 

4880 20486 2 0-10 
4577 21835 5 0-9 
4421.9 22608.3 4 30 
4309 23201 7 0-8 
4281.1 23352.1 2 2-9 30 

I 

4274.4 23388.8 2 4-10 
I, 

30 
4170 23974 6 1-8 
40M 24599 5 0-7 
4044* 24721 2 2-8 3D 
4041.2 24738.4- 2 4-9 30 

3938 25386 7 1-7 
3842.2 25435.1 2 3-8 30 
3840 26034 5 
3829 26109 8 
3771.2 26509.5 2 7-9 30 

3737.7 26746.6 4 5-8 30 
3734 26773 8 1-6 
3726.1 26829.9 2 3-7 30 
3657* 27337 2 6-8 30 
3634.6 27505.3 2 4-7 30 

3633 27518 8 2-6 
3552.5 28141.4 4 5-7 30 

3542 28225 8 

3479.3 28733.6 6-7 30 
3459* 28902 2 4-6 30 

3453 28952 8 2-5 
34]4.7 29276.4 4 7-7 30 
3370 29665 10 3-5 
3366.5 29695.7 . 2 1-4 30 
3315.7 30151.0 2 6-6 30 

Band head wavelengths are from Broida and Gaydon [63] unless 

otherwise indicated. Experimental band positions are uncertain by 
2 5 an~"trom". Band ori1!inll are given for Qb::;ervation::; of Darth 

and Kaplan [30]. These were eaJ('ulated by a formula of Herzber~ 
[187J. Laboratory after/!Iow intensities are from Broida and Gaydoll 

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

UH I Vi_V" Ref. 
(em-I) 

3292 30368 4 4-5 
3285 30433 7 2-4 
3257.1 30693.8 4 7-6 

I 
30 

3225.0 30998.9 2 5-5 30 
3211 10 3-4 

3142 31818 7 4-4 
3080 32458 ............. 5-4 
3066 32606 5 3-3 
3026 33037 3 6-4 
3002 33301 5 4-3 

2945 33946 5 5-3 
2931 34108 1 3-2 
2895 34532 6 6-3 
2873 34797 2 4-2 
2850 35077 5 7-3 

2820 35451 3 5-2 
2775 36025 3 6-2 
2734 36566 5 7-2 
2696 37081 4 8-2 

2667 37484 2 9-2 
2644 37810 1 10-2 
2622 38127 3 7-1 
2588 38628 2 8-1 
2563 39005 1 9-} 

1 

supplemented by those of Barth and Kaplan. 

*Means wavelength from Broida and Gaydol1 and intensity frolll 

Dalll! amI Kapiun. NUIllt:IOUI:> uJJiliullal Luud:, haY\:: \;eell i.Hlribuled 

to this system. with only (juan/um assignments suggested but 
wavelengths reported. See rek [29,80. 102]. 
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TABLE 12. Band origins of the B3ku -X 3!.g-Schumann-Runge system (R) 
(a) emission -

.. 

'\0 0-0 Vi_V" Ref Ao 0-0 

tA) (cm-1) (..\) (em-I) 

;;-:145,61 18701.74 ·5-27 183 3500.0 .28563.5 
:i:n2.1 18749.1 2-~5 183 3433.4 29117 
:1155.7 19390.6 3-25 183 3370.1 29664.6 
~)O64.8 19738.6 2-24 183 3356.8 29781.7 
'WOS.3 20380.4 3-24 183 3293.7 30352 

,[H16:8 20754.9 2-23 183 3232.9 30923.0 
4(,72.4 21396.3 3-23 183 3223.0 3l()18 
4!)H6.6 21796.5 2-22 183 3162.5 31611 
4S0.3.5 22198.7 1-21 183 3104.3 32204.4 
tk155.6 22437.4 3-22 183 3039.4 32892.2 

4422.9 22603.3 ()-'20 183 2983.4 33508.9 
,rU2.6 22863.3 2-21 256 2979.0 33559 
-t292.4 23290.6 1-20 256 2923.4 34197.3 
-l214.7 23719.8 0-19 256 2869.8. 34835.7 
4173.2 23955.9 2-20 256 2867.6 34862 

24407.8 1-19 256 2814.3 35522.7 
,102Ll 2486L6 0-18 256 2762.7 36185.7 
;)987.3 25072.4 2-19 256 2762.5 36188.3 
:1<Jl2.0 2::;549.0 1-10 256 2711.2 36072.0 
3841.1 26026.7 ()-'17 256 2663.2 37537.9 

26714.6 1-17 256 2661.8 37557 
27216.2 0-16 256 2618.6 38177 

:~65L2 27380 2-17 324 2613.9 38245.2 
:\583.0 27901.6 1-16 256 2569.3 38910.1 
:3516.6 28428.7 0-15 256 2567H 38944 

IINman, Herman and Rakotoarijimy [183]. Fine structure is given 
,·r ]-21; 2-22,23,24,25; 3-22,23,24. For some of these bands only 

m'Hh'rate to high N values were observed (11 to 50). Wavelengths of 
hand origins are included for 0-20, 3-25, 5-27, though no fine struc
hill' was published. Calculated positions of additional long-wave
i,'II)1lhhanol'; haw'! all'lo hppn givpn. 

I ,00:hte~Holtgreven and Dieke [256] observed no low-] lines for 
114111.ls 2-15 and 2-16. For 0-11 they observed structure only for high 
I vldues.[3061-3128 A]. 

Hllkotoarijimy, Weniger, Grenat [324] give only a Deslandres table 
iii bandorgin wavelengths, but no fine structure. 

FI!mll [134]. 

V'-V" Ref. 1,.0 0-0 Vi-V" Ref-
(A) (cm- l ) 

2..;..16 256 2527.6 39551.1 3 .... 8 136 
.1-15 324 2521.9 39641 1-7 324 
()-,14 256 2488.7 40170 4-8 324 
2-15 256 2480.4 40304.6 2-7 134,395 
1-14 324 2478H 40343 0-6 278 

0-13 256 244L5 40945.9 3-7 136 
2-14 324 2405.1 41566 4-7 324 
1-13 324 2396.1 41722.3 2-6 136 
0-12 256 2391H 41811 ()-,S 278 
1-12 134 2371.4 42156 5-7 324 

0-:11 134 2359.8 42363.6 3-6 136 
·2-12 324 2331H 42887 0-4 278 
1-11 134 2325.8 42982.4 4-6 136 
0-10 134 2316.1 43162.6 2-5 136 
2-11 324 2294.3 43572.4 5-6 136 

1-10 134 2282.2 43804.1 3-5 136 
0-9 136 2265.0 44136 6-6 324 
2-10 136 2250.5 44420.5 4-5 136 
19 134 2221.0 46011.2 5-6 136 
2-9 134 2193.6 45573.3 6-5 136 

2178.6 45887 4-4 324 
0-8 324 

.3-9 324 2168.1 46108.3 7-5 136 
1-8 134 2151.0 46476.0 5-4 136 
2-8 134 2144.5 46616 8-5 324 
0-7 278 2125.2 47040 6-4 324 

2101.3 47574 7-4 324 
2079.2 48080 8-4 324 

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

Feast and Garton [136]. 
Waelbroeck and Bauer [395] resolved rotational structure in. the 

2-7 band in an especially intense source of the B-X bands in emission. 
Thp 0-9 hano ha;;; also been meSlSllred by Hebert and Nicholls [176]; 

measured line positions differ by several cm-I from the more ex
tensive measurements of Feast and Garton [136]. Many bant:ls which 
have been observed. under low resolution (40 A/mm) in an auroral 
spectrogram have been attributed to O2• B -X. These identifications 
by Vegard and K vifte [390], with many bands assignet:l v" > 20, . are 
uncertain. 
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TABLE 12. Band origins of the B 3!,u - X skS- Schumann·Runge system (R) -Continued 

(b) absorption 

I 
<To 

I 
v'-v" I Ref. Ao 

I 
<To 

(em-I) (1\) (em-I) 

4671. 73 213~.U I 3-'-23 112 2282.2 13804.1 
4586.16 21798.63 2-22 142 2250.5 44420.5 
4502.98 22201.29 1-21 142 2220.8 45014.1 
4455.02 22440.34 3-22 142 2193.5 45574.7 
4...~7? lq ??Hfi.t;41 ?-:7.1 14? ?17K7 4.')88;) 

4292.08 23292.18 1..,20 142 2168.1 46108.8 
4214.80 23719.24 0-19 142 2150.9 46476.9 
4172.99 23956.88 2-20 142 2144.9 46608.4 
4095.67 24409.14 }-19 142 2125.3 47038.0 
4021.82 24857.34 0-18 142 2123.6 47074.0 

3987.36 25072.16 2-19 142 2110.2 47373.0 
3912.72 25550.43 1-18 142 2104.4 47504.7 
384}.02 26027.37 0-17 142 2101.4 47572.6 
3742.11 26715.30 1-17 142 2084.3 47963.2 
3723.74 26847.09 3-18 142 2079.6 48071.8 

3673.07 27217.43 0-16 142 2060.2 48524.0 
3582.39 27906.36 1-16 142 2059.6 48537.3 
3568.96 28011.37 3-17 142 2041.6 48966.2 
3516.11 20432.39 o 15 142 2037.7 49059.2 
3499.30 28568.97 2-16 ]42 2033.64 49157.10 

3369.98 29665.25 0-14 142 2025.5 49355.1 
3356.81 29781.63 2-15 142 2025.36 49358.15 
3232.85 30923.53 0-13 142 2020.6 49473.6 
3223.11 31016.98 2-14 142 2017.2 49558.0 
3162.40 31612.40 1-13 142 2007.46 49798.09 

3157.40 31662.46 3-14 142 1999.0 50023.8 
3104.31 32203.93 0-12 142 1998.6 50034.2 
3097.54 32274.32 2-13 142 1998.17 50045.68 
3039.76 32887.77 1-12 142 1983.60 50413.34 
2983.50 33507.90 O-II 142 1982.0 50453.5 

2613.9 38245.8 1-8 181 1977.6 50567.1 
2569.2 38911.2 2-8 181 1971.97 50710.83 
2521.9 ;$904U.O I-I HH 1967.0 50840.1 
2480.3 40306.0 2-7 181 1960.58 51005.26 
2441.5 40945.9 3-7 136 1958.2 51067.0 

2396.1 41722.3 2-6 136 1953.7 51185.4 
2359.8 42363.6 3-6 136 1947.33 51352.26 
2325.8 42982.4 4-6 136 1940.5 51563.8 
2316.1 43162.6 2-5 136 1939.25 51566.4 
2294.3 43572.4 5-6 136 1924.8 51953 

Herezog and Wieland [181]: p=80 atm. T= 1070 0c. Rotational 
constants of Curry and Herzberg [99J were used. 

Fe~et and Cll.rt<)ll (136). 

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

Ogawa and Chang [3061. 
Fitzsimmons and Bair [142] observed numerous band heads Iwhich 

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 earlier 
by the same photolysis by McGrath and Non'ish [263]. New bands 
include 3-18, 1-16, 3-17, 3-14, 2-13. In addition, bands were ob· 
served at wavelengths ionger than 46701\: these are tent~live)y 
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v'-v" Ref. AO <To 

(A) (em-I) 

3-5 136 1924.5 51962.0 

4-5 136 1924.19 51969.81 4-0 .3 
5-5 302 , 1919.37 52100.4 7-1 99 
6-5 302 1910.2 52350.2 11-2 306 
4-4 .i02 1902.54 52561.39 5-0 3 

7-5 302 1901.1 52600.0 8-1 306 
5-4 302 1897.7 52695.1 12-2 306 
8-5 302 1887.0 52995.5 13-2 306 
6-4 302 1884.5 53065.3 9-1 306 
9-5 302 1882.43 53122.79 6-0 ~ ,-' 

4-3 302 1877.9 53250.9 IIH 306 
10-5 302 1869.4 53494.0 10-1 306 
7-4 302 1863.72 53656.27 7-0 3 
5-3 302 1855.9 53882.8 11-1 306 
8-4 302 1846.51 54156.28 8-0 3 

6-3 302 1844.1 54228.4 12-1 306 
9-4 302 1833.9 54529.7 13-} 306 

10-4 302 1830.76 54622.17 9-0 3 
7 3 302 182::i.3 54704.0 14 1 306 
2-1 76 1818.4 54993.8 15-1 306 

11-4 302 1816.50 55050.90 10-0 3 
0-0 3 1808.4 55297.1 17-1 306 
5-2 302 1805.1 55398.1 18-1 306 
8-3 302 1803.79 55438.90 ll-O 3 
3-1 76 1792.6] 55&4.57 12-0 3 

9-3 302 1782.99 56085.47 13-0 3 
6":'2 302 1774.92 56340.47 14-0 62 
}-o 3 1768.33 56550.54 15-0 62 
4-1 99 1763.06 56719.50 16-0 62 

10-3 302 1758.94 56852.41 17-0 62 

7-2 306 1755.79 56954.54 18-0 62 
2-0 3 1753.46 57030.18 19-0 62 

11-3 306 1751.84 57082.83 20-0 62 
5-1 99 1750.86 57114.77 21-0 62 
8-2 306 (1750.5) 57127 22-0 62 

12-3 306 
3-0 3 
9-2 306 
6-1 99 

\ 
15-3 31 

identified as 6-28, 4-27, 5-28, 6-29. More recently weak band;;: 
0-17 and }-17 were detected in flash photolysis of ozone [264]. but 
110 wuyclen;::tho were ;.:;ivon. Head urie;in Depuration for thcoc band," 

is about 1 em-l • 

Carmll [76] observed three band heads. 

Bass and Garvin [31] observed several band heads foBowin:r pho
tolysis of N02• 

Ackerman and Biaume [3]. These extensive new measurement:" 
supersede the earlier work of Curry and Herzber:r [99] and Knauss 
and Ballard [233]. 

Origin of the 22-0 band is prediNed by a short extrapolation. OnI) 

fragments of thi~ band. the la~t hefure dissociation, were observed 
by Brix and Herzber~ [62]. 
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TABLE 13. Bands of the f3 3I:_ X 3I; system eV) 

Origins 

Band heads b 

TI AH (jH I Vi-V/{ fj,G 
(A) (em-I) 

-
~ 1293.31 7732}.0 2 1-0 

Q 1292.52 77368.2 2 i 

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 2 

I 
5-0 

I 
1181.64 84628.1 2 

i 

" Data of Alberti et aI. [37]. Bands labeled 2-0 and 3-0 had pre· 
vi.,usly been observed by.Tanaka [369] undcr Io~v rcaoJution <hill 

pro{.,'Tession l). Alberti et a1. did not observe the 1292.5 A. hand, but 
Ogawa and Y amawaki[308]. did and gave reasons why this band was 
difficult to detect under high resolution. v' numbering is that of Ogawa 
lIud Yamawaki. which i;;; CIne highpT thAn thAt of Alb.,.rti et ,,1 Rota. 

I ivnal structure was diffuse and only partially resolved. 
h Data of Tanaka [369]. These appear to belong to one term in a 

,PIIII (Ot) -X3Ii Rydberg series. v' numbering of Ogawa and 
)umawaki [308] is one unit higher than that originally suggested 

Tanaka [369] and assumed by Alberti et aJ. [37J. Tanaka expected a 
:<1 nmg predissocjation of v' = 4; the intensity for the band labeled 
4-(} is irregular with respect to other bands in the progression; the 
harid position is about 150 cm-1 larger than the expected position. so 
id!:ntification is uncertain. 

TAtlLt; 14. Bands of the a 'L~ - X 3I.ii system (V) 

AH 0"0 v'-v" 
(A.) (cm- l ) 

1279.5 78151.3 1-0 
1250.0 80002 2-0 
1222.1 81822.7 3-0 
1 Nfl 4 83599.6 1-0 

. Data from Alberti et al. [7]. Misprints of 4-0 Hne positions and 
ililtld Qrigin have been corrected' by Ogawa and Yamawaki £308]. 
·l;hf: 2-0 band is diffuse: the others are sharp. The 0-0 hand pO!\ltion 
- ]300 A is overlapped by a strong continuum. Some of these bands 

bad· previously been observed under low resolution by Tanaka [369] 
ihis. progression II), but had not been identified. Observed bands 
lIl'cweak. 

TABLE 15. Bands o/the a lI~ ~ b lI~ system (V) 

An 0"0 v'-v" 

(A) (em-I) 

1583~9 63141.5 0-0 
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 0/ the 3I~ - X 3I~ transition 

Data of Ogawa and Yamawaki [308]. 

TABLE 17. Bands of the lLlu - a lLl(; transition 

Data from Alberti et a1. [7]. Sharp rotational structure; strong 
P, R branches, but weak, head·forming Q branch. The upper state is 
likely ungerade, because the transition is strong. 

TABLE 18. Bands a/the Inu a iLiJ'( transition 

Data from Alberti ct al. [7]~ StlOng, oIlIy JHutially It::oulvt::u P, Q, R 
branches. The upper state is perturbed. 

J. Phys. Chern. Ref. Data; Vol. 1, No.2, 1972 
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TABLE 19. ::-it rong Rydberg series h 4I;;(Ot) (02 ) 

I AG I [2 n , 

(0-0) band series 

5 732.222 10 136 571 3.3131 1174 5 
6 710.613 9 140 724 4.3333 1165 6 
7 700.713 7 142 712 5.3347 1157 7 
8 695.292 6 143 825 6.3247 1167 8 
9 691.931 5 144 523 7.326 1170 9 

10 689.696 5 144 992 8.344 1162 10 
11 688.212 6 145 304 9.318 liM 11 
12 687.133 7 145 532 10.29 1165 12 
13 686.317 4 145 705 11.28 1162 13 
14 685.678 4 145 841 12.29 1162 14 
15 685.198 4 145 943 13.25 1162 15 
16 684.838 7 146 020 14.15 1162 16 
17 684.492 2 146 094 15.22 1167 17 
18 684.211 3 146 154 16.3 1163 18 
19 683.988 2 146 202 17.3 1161 19 
20 683.805 2 146 241 18.3 1162 20 
21 683.651 1 146 273 19.3 1163 21 
22 683.520 1 146 301 20.3 1163 22 
23 683.408 1 146 326 21.3 1163 23 
24 683.312 0 146 346 22;2 1166 24 
25 683.217 0 146 366 23.3 1161 25 
26 683.139 0 146 383 24.4 1162 26 
27 683.076 0 146 397 25.3 1162 00 

28 683.011 0 146 410 26.4 1162 
29 682.961 00 146 421 27.4 1163 
jO 68£.9Ob 00 146433 28.5 

31 682.863 00 146 442 29.6 
co 682.277±0.D09 

I 
146 568±2 1162 

5 

(1 --0) Laml !:>~dt:;,; t:.G:m 
6 
7 

5 725.977 10 137 745 3.3152 1132 
8 

6 704.778 10 141 889 4.3343 1158 
9 

7 695.078 6 143 869 5.3310 1123 
10 

8 689.695 5 ]44 992 6.3305 1125 
1] 

9 686.375 4 145 693 7.339 ]]22 
12 

10 684.211 3 146 154 8.343 1126 
13 

11 682.743 5 146 468 9.324 1128 
14 

12 681.676 6 146 697 10.31 1126 
15 

13 680.888 3 146 867 11.28 1134 
]6 

14 680.260 4 147 003 12.28 1128 
17 

15 679.789 5 147 105 13.25 1130 
18 

16 679.433 3 147 182 14.15 1131 
17 679.066 1 147 261 15.30 1128 
18 678.809 1 147 317 16.3 1127 
19 678.595 1 147 363 17.3 1130 
20 678.412 1 147 403 18.3 1129 5 
21 678.259 1 147 436 19.3 1130 6 
22 678.131 1 147 464 20.3 1128 7 
23 678.018 1 147 489 21.3 1128 8 
~4 011.911 0 141 512 22.4 1123 9 
25 677.844 0 147 527 23.2 1126 10 
26 677.760 0 147 545 24.3 1128 11 
27 677.694 0 147 559 25.3 12 
28 677.635 00 147 512 20.5 13 
29 677.581 00 147 584 27.4 14 
co 676.911 ±0.014 147730±3 1128 co 

Q. ESlimaleu average error of Ihe measuremem is 0.007 A for data in tables 
Data from Yoshino and Tanaka [417J. Series limit based on approximated 
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(2-0) band series 

720.063 7 138 877' 
699.071 3 143 047 
689.695 5 144 992 
684.384 0 146 117 
681.130 3 146 815 
678.981 1 147 280 
677.525 2 147 596 
676.485 4 147 823 
675.673 2 148 001 
675.076 3 148 131 
674.606 4 148 235 
674.250 3 148 313 
673.905 1 148 389 
673.653 0 148 444 
673.431 0 148 493 
673.258 1 148 532 
673.102 1 148 566 
672.983 0 148 592 
672.872 0 148 617 
672.789 00 148 635 
672.707 00 148 653 
672.619 00 148 673 
671.781±0.OI4 148 858±3 

(3-0) band series 

714.425 4 139 973 
693.585 1 144 178 
684.568 2 146 078 
679.307 1 147 209 
676.086 1 ]47 910 
673.963 1 148 376 
672.547 2 148 688 
671.538 3 148 912 
670.716 1 149 094 
670.127 1 149 226 
669.659 1 149 330 
669.281 0 149 414 
668.999 0 149 477 
668.733 0 ]49 537 
666.898±0.027 149 948±6 

(4-0) band series 

709.026 0 141 039 

679.593 0 147 147 
674.466 0 148 265 

667.790 0 149 748 
666.801 0 149 970 
660.011 0 150 148 

665.367 0 150 293 
662.217±0.O35 151 008±8 

origins is 146556 em-I. 

tlG5/1 

3.3158 1096 
4.3458 1131 
5.3279 1086 
6.3280 1092 
7.330 1095 
8.339 1096 
9.327 1092 

10.30 1089 

11.32 1093 
12.29 1095 
13.27 1095 
14.20 nOl 
15.31 1088 
16.30 1093 
17.4 

18.4 

19.4 
20.3 

21.3 

22.2 
23.2 
24.4 

1090 

AG';j2 

3.3168 1066 
4.3612 
5.3250 1069 
6.3290 1056 

7.338 
8.355 
9.334 1060 

10.29 1058 
11.34 1054 

12.33 1067 
13.32 

14.34 
15.26 
16.3 

1060 

3.3178 

5.331 

6.326 

9.332 

10.28 
11.50 

12.39 
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[ I ~(cm-') I 
(O-O} band serie5 

5 ! 727.634 

i 1 

708.483 
699.'W9 
694.845 
691.415 

10 I 689.366 
11 688.053 
12 I 686.955 
13 I 686.157 
14 

I 

68.>.521 
15 685.006 
16 684.719 

17 684.384 
~2.27 ± O.10 

5 I 721.593 
6 702.93J 
7 694.087 
8 688.830 
9 685.813 

10 683.988 
II 682.582 
12 681.510 
13 680.719 
14 680.102 
}5 679.652 
16 679.307 
17 n7R9Rl 
00 676 .91 ± 0.09 

~~,-.--' 
6697.179 
7 I 61lS.673 

8 I 683.857 
9 680.7l9 

10 
II 677.309 
12 676.311 
13 675.414 
14 674.914 
IS 674.466 
16 674.130 
ro 6il . i7 ± 0.09 

i 0 137 432 
0 J41 147 
3 142 978 
3 143 917 
1 144 631 
I 145 061 
1 145 338 
2 145 570 
I 145 739 
I 145 874 
3 1<5 984 
2 146 045 
0 1<Ui 111 

)46 570:!: 20 

0\ ]38 582 
142 261 
144 074 
145 ]74 
145 800 
146 202 
146 503 
1<Ui 733 
146 904 
147 037 
147 134 
147 209 
147 280 

2 
I 
I 
I 
2 
0 
I 
0 
0 
I 
I 
1 

147 730±20 

(2-0) band series 

0 lao n6 
0 143 435 
0 145 207 
0 146 229 
0 146 904 

00 147 643 
0 147 86] 

00 148 044 
00 148 167 
00 148 265 
00 148 339 

148 860± 20 

Data from YQsnino and Tanaka [417]. 

I 

I 

3.<Ui5 
4.497 
5.525 
6 .428 
7.518 
8.520 
9.426 

10.<Ui 
11.47 
12.53 
13.65 
14.43 
15.52 

:1.46:1 
4.478 
S.ij.76 

6 . .')47 

7.5:1:1 
B.4().~ 

9.442 
10.41 
11.49 
12.55 
13.53 
14.46 
J5._:\S 

3 _M;i 

4.495 
5.477 
6.4S3 
7.480 

9.479 
}045 

11.57 I 
12.

54 1 13.53 
144-S 

467 

1150 
lll4 
1096 
1257 
]]69 
1141 
1165 
]]63 
1165 
ll63 
1150 
1164 
1163 
1160 

!l.(.' 3J : 

]]54 

1174 
11:13 
1055 
1103 

]]40 
} J28 

1140 
!l30 
1131 
lI30 

1130 

J. Phys. Chern. Ref. Data, Vol. 1, No.2, 1972 
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TABLE 21. Strong Rydberg series 

n A(A) I 1 o-(cm- I ) n* ~G11'.!. n 

(0-0) band series (2-0) band series b.C5/? 

4 (702.6) 142 329 1102 4 (692.1) 144 488 

5 651.349 6 153 528 3.284 1140 5 642.096 5 155 740 3.290 1014 

6 633.903 6 157 753 4.295 1]20 6 625.225 4 159 943 4.297 1040 
7 625.797 6 ]59796 5.310 1114 7 617.351 7 161 982 5.303 1029 

8 621.308 3 160 951 6.315 1106 8 613.007 3 163 ]30 6.311 1028 
9 618.622 4 161 650 7.312 1110 9 610.370 4 163 S35 7.317 1019 

10 616.S67 4 162 110 8.301 1117 10 60S.637 4 164 302, 8.325 1025 

11 615.596 5 162 444 9.339 1103 11 607.464 4 164 619 9.310 1023 

12 614.742 5 162 670 10.31 llOS 12 606.597 3 164 854 10.32 1023 

13 6J4.070 162 848 11.33 1109 ]3 605.954 2 165 029 11.32 1020 
14 613.567 2 162 991 12.34 ]lOS 14 605.473 2 165 160 12.31 1020 
]5 613.182 3 163 084 13.32 1109 15 605.073 2 165 269 13.35 1018 

16 612.879 3 163 164 14.28 llI2 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 
lR fi12.:N2 1 loR 294 lfi.4 1106 lR h04.~?!) 1 JnS 474. 16.3 
19 612.234 2 163 336 17.3 nos 19 604.170 0 165 516 17.3 
20 612.085 2 163 376 18.3 1106 00 602.827 ±0.015 165885±4 1022 
21 611.959 1 163 410 19.4 

22 611.848 1 163 439 20.4 (3-0) hand series 

23 611. 749 0 163 466 21.5 

24 611.667 0 163 488 22.6 .5 637.941 3 156 754 3.288 
00 610.866 ± 0.025 

I 
163 702± 7 1109 6 621.184 I 160 983 4.304 

7 613.454 2 163 011 5.307 

(1-0) band series 6,(;:112 H bUY. 1 tV 3 164 158 6.318 
9 606.598 3 164 854 7.311 

4 (697.2) J<j·343] 10 604.86.3 2 16,5 .'327 8.333 

5 646.547 8 154 668 3.289 1072 '11 603.710 I 165 642 9.315 

6 629.435 7 158 873 4.299 1070 ' 12 602.856 1 165 877 10.32 

7 621.467 6 160 910 5.303 1072 13 602.234 1 166 049 11.31 

8 617.069 6 162 057 6.316 1073 14 601.730 1 166 ]88 12.3.5 

9 614.402 6 162 760 7.3]4 1075 15 601.360 0 166 287 13.33 

10 612.645 4 163 227 8.322 1075 
16 601.072 3 166 369 14.29 

11 611.445 4 163 547 9.317 1072 
17 600.853 0 166 4:30 IS.17 

12 610.581 163 778 10.31 
00 599.136±O.0]8 166 907 ±,s 

1076 
13 609.917 163 957 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 
IS 608.271 1 164 400 16.3 1074 

19 608.121 0 164 441 17.2 1075 

20 607.969 0 164 482 18.3 
00 606.756 ± 0.011 164 811 ±3 1074 

Data from Yoshino and Tanaka [4171. Gilmore [1611 assigned the 0; state whi~h is the series limit as most likely 22: y . n = 4 terms observed 

by TaflHkaand Takamine[371J. 

J. Phys. Chern. Ref. Data, Vol. 1, No.2, 1972 
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TABLE 22. Weak Rydberg series B 21;g (Ot)<E- X 3Ig (02) 

n A(.A) I a-(cm-1) n* AG 1/2 

(0-0) band series 

7 624.877 0 160 031 5.47'1 1087 
8 
9 618.482 1 161 686 7.386 1110 

10 616.680 0 162 159 8.443 nOI 
11 615.462 0 162 480 9.491 Ill0 
12 614.623 1 162 701 10.49 ll12 
13 613.936 I 162 878 II.57 1113 
co 610.B7±0.12 163700±30 1110 

(1-0) band series t:.G a/2 

620.665 161 118 5.452 1113 
616.680 0 162 ]59 6.434 1069 
614.265 162 796 7.383 1080 
61?SJQ 0 163 260 2<116 1079 

611.286 0 163 590 9.484 1058 
610.453 0 163 B13 10.49 1089 
609.791 163 991 11.58 1075 
609"286 I 164 126 12.67 1079 
608.908 0 164 228 13.74 1068 

co 606.76±O.1l 164 81O±30 1080 

(2-0) band series t:.GS/2 

7 616.406 2 162 23] 5.475 969 
B 612.642 4 163 228 6.41B 1035 
9 610.217 I 163 876 7.378 1026 

]0 608.498 1 164 339 8.407 
11 607.357 0 164648 9.391 1036 
12 606.423 0 164 902 10.53 
13 605.818 0 165066 11.45 
14 605.310 00 165 205 12.64 
15 604.976 00 165 296 13.57 
co 602.81±0.O7 165890±20 1010 

(3-0) band series 

7 612.746 I 163 200 5.443 
8 608.781 1 164 263 6.446 
9 606.423 0 161 902 7.103 

10 
11 603.559 00 165 684 9.483 
co 599. 16±0.07 166900±20 

Data from Yoshino and Tanaka f4] 7]. 
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542.28(±O.1) 
5 524.68(±O.lJ 
6 S17.13(±O.05) 193 375 
7 S13.02(±O.J) 194 920 
8 510.79(±O.O5) 195 775 
9 509.23 (±O.05) 196 375 

10 508.32(±O.O5) 196 726 
11 507.63(±O.05) 196 994. 

197 184 
lYtl lL:b(±::5U) 

;:; 594.32(±O.2) 168 260 
537.24(±O.1) 186 140 

5 522.46 (± 0.1) 191 400 
6 515.95(±U.05) 193 81'1 

512.49(±0.05) 195 126 
8 51OAO(± 0.05) 195 925 

198 125(±30) 

PAUL H. KRUPENIE 

3D .;- 32: Transitions 

2.828 
3.817 
4.807 
5.86 
6.83 
7.92 
8.86 
9.85 

10.80 

4· 
5 
6 
7 
8 
9 

10 

32: .;-32: Transitions 

1.917 3 
3.026 4 
4.040 5 
!J;U41 () 

6.05 
7.06 

537.88(± 0.1) 
520.42(±O.1) 
513.02(±O.1) 
509.08(± 0.05) 
506.78(±O.05) 
505.2S(±O.U!J} 
504.30(±O.05) 

185 920 
192 150 
194 920 
196 433 
197 324 
1 Y'I \J22 

198 295 
199 665(±30) 

199 665(±30) 

Data from Codling and Madden [89]. D series fitted by (1"= 198125 - (n- ~]59r' 2: series fitted by (1"= 198125 _ R . 
- (n-0.96)2 

(To(om- I ) u u" (To(cm-') 1/ v v 

22809.3 0-10 30193.6 1-6 
24388.5 0-9 38633.3 5-3 
26001.] 0-8 39368.6 6-3 
26872.4 1-8 41884.5 7-2 
27645.4 0-7 42565.4 8-2 
28517.3 1-7 

These band origins are published for the first time, having been 
obtained by a least squares fit to the data of Stevens [3651 and Boz6ky 
[52, 53J by A. Lofthus. Both Stevens and Bozbky published detailed 
line lists and rotational constants but not band origins. 

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

2.825 
3.822 
4.81 
5.83 
6.85 
-'.\J;; 

8.95 
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All (AI 

"" 
6531.8 15305 0-15 71.25S 

! 42:18.0 2~.')89 ,-! 1-10 I ;,l 

iii i 
1-15 237 I' 4219.1 2.36% 0 3-11 221 .1 

6102.9 16381 \i 4182.2 2::3904 I.L 

4-16 71 II 4115.8 24.290 8 0-9 221 
5729.1 17450 r 4082,4 24488 8 

,I 
5678.3 17606 287 I! 

4092.0 24431 2-10 71 
1\ 

II 
4059.9 

5498.4 1~Hl2 287 II 4-11 71 II 
5443.0 18367 

II 
,1,050.1 2<),68;1-

5364.2 Usb:)'! 71 

\i 
3972.0 25169 1-9 71 

5308.6 18832 3943.6 25350 

71. 1% I 3959.4- 252,19 6 5-11 221 
;;J42.9 19439 I 3929.U 

5154.8 E>::394 71 I· 3959A 2:'12·1·1) 6 3-10 221 
5102 19S95 3 135 ,I 3921.).0 2S·'j,·j.() j' 

·1 
5086.3 1965:; (}-12 287 II :·ms().!) :Z:;(iO:1 H 0-8 221 
5035.1 19855 

'1 
:-jH:W.S :u)ot)t) [) 

II 
4877.6 20496 1-]:2 2(\7 !1 2-tJ 52 
4,826.3 20714 II :~g :·1· 26211 

If 
ji 37:i3.9 26774 8 1-8 221 Ii 

4783.8 20898 

I 
.3706.6 26971 8 

4803 20815 3727.5 26820 8 3-9 221 I 
4760 21002 I 3700.5 27016 8 135 

4720.8 21177 2H,;" II 3653.0 27367 2 3-11 135 
4678.6 21%8 I 

2-12 71 

I 
3629.8 27542 8 (}-7 221 

4636 . .5 21562 3603.7 2774,1 7 

6-14 S2 I 3620.1 27616 2 2-8 221 

4599 21739 3594.5 27812 2 

4536.3 22038 *1...:]1 71 3567.7 28021 4 9-ll 135 
4495.9 22236 3541.9 28225 4 

"';}-12 71 5517.7 28420 8 1-7 221 
4466.5 22383 3494.2 286] 1 

4403.0 22705 0-10 1(}-11 135 
4363.3 2291:2 127 3465.9 20044 

4368 22887 2-1] :')2 3421.2 29221 8 221 
4331 2308] 3397.8 29422 8 

4351.0 221)77 4-12 3416.2 29264 2 2-7 221 
4313.4 23177 :);5()3.! 21)463 4 

4348 22992 6-1:~ 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 2359.5 33]2.7 30178 

J. Phys. Chern. Ref. Data, Vol. 'i I No.2, 1972 
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TABLE 

AI! (TI!(t'Ill-l) I 
, 

v'-v" I Ref. AI! (A) U'H (em-I) I v'-V" Ref. 

3322.6 30088 6 &-7 221 2839.7 35205 9 &-4 221 
3300.3 30292 6 2823.7 35404 8 

3322.6 30088 6 1-6 221 2821.0 35438 8-6 255 
3300.3 30292 6 2806.1 35626 3 221 

3277 30504 8-9 52,135 2776.7 36003 7 4-4 221 
3257 30699 3 2761.9 36196 7 

- - 11-]0 135 2763.0 36182 2-3 247 
3225.8 30991 2749.] 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 2-6 221 2703.2 36982 2 3-3 255 
3210.8 3]]36 8 2688.5 37184 2 221 

7-8 135 2691.S 37113 1 B--5 135 
3160.7 31629 i 2677.8 37333 1 

- - 5-7 221,255 2666.5 37491 4 6-4 221 
.3141.0 31020 G 2652.3 ~7nq? 4 

3148.1 3]756 &-6 255 2646.7 37772 6 4-3 221 
3127.9 31961 2632.7 37973 6 

3143..4 31803 1-5 247 2630.7 38001 2-2 247 
3123.2 32009 5 221 2617.3 38196 

3113.6 32108 2 8-8 135 2617.3 38196 7-4 247 
3095 32301 2 2602.6 38412 

3088.7 32367 5 6-7 135 

I 
2602.9 38407 4 10-5 135 

3070.0 32564 5 2588.9 38615 4 

3071.3 32550 4-6 247 2594.3 38535 8 5-3 221 
3052.5 32750 2581.0 38733 8 

3062.8 32640 8 2-5 221 2577.6 38784 3-2 247 
3043.6 32846 8 2564.0 38990 

3022.8 33072 2 7-7 135 2562.5 39013 2 11-5 135 
3005.0 33268 2 2546.1 39233 71,255 

2987.5 334.63 8 3-5 221 2545.5 39273 7 6-3 221 
2970.0 33660 7 2532.8 39470 6 

2980.0 33547 1-4· 255 2526.8 39564 4-2 247,221 
2962.0 33751 4 221 2513.8 39768 3 

2957.1 34038 2 6 6 221 2500.6 3997S 6 7-3 221 
- 2488.3 40176 6 

2919.8 34239 8 4.-5 221 2478.0 40343 4 5-2 221 
2901.9 34450 7 2465.8 40543 2 

2907.1 34388 5 2-4 221 2458.6 40661 ] 8-3 221 
2890.3 34588 7 2446.9 40856 1 

2877.3 34745 3 7-6 135 2433.5 41081 3 6-2 221 
2860.0 34955 3 2421.8 41279 2 

2854 

I 
35025 5-5 52 2392.6 41783 7-2 221 

- - 2381.0 41986 3 

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



THE SPECTRUM OF MOLECULAR OXYGEN 473 

TABLE 25. Band heads of the A 21lu - X 2nl: system o/Ot (R) - Continued 

}.H(A) uH(cm-1 ) I v'-v" I Ref. 

- - 10-3 7] 
2371.8 42149 

2354.3 42462 I 8-2 221 
2343.3 42662 I 

2330.3 42900 6-1 247 , 221 
2318.4 43120 1 

2317.9 43]29 9-2 127 
2307.2 43329 

2291.1 43634 7-1 127 
2280.5 43837 

2284.9 43753 ]0-2 ]27 
2274.6 43950 

- - 8-1 127 
2246.2 44506 

~~~~.~ 44;S'{ :) 

J 
11-2 287 

2243.5 44559 

2223.6 44958 g....:l 127 
2213.0 45174 

- - 13-2 7] 

2187.9 45692 

- - 10-1 127 
2183.2 45789 

2164.0 46197 11-1 287 
2155.3 40383 

2138.6 46745 12-1 287 
2128.4 46969 

- - 9-0 42 

2125.8 47026 

2112.2 47329 13-1 287 
2103.7 4i!>~U 

Data from Johnson [221], Ellsworth and Hopfield [127], Mulliken 
lld Stevens (287}, Boz6ky [521, Lal (247), Feast [135}, Byrne til}, 
IlId Linton [255J. Band head measurements by different authors 
,\Imetimes disagree by more than 1A. Blending has also led to more 
than one possible quantum assignment for some bands. The v" quan· 
111m numbering, one unit larger than that in general use, has recently 
1)<:('0 unequivocally determined from isotopic measurements on the 
A;~x bands by Bhale and Rao [42]. 

Johnson [221]: Wavelengths assumed correct; his wavenumbers are 
iu) t always consistent with these wavelengths. 

Ellsworth and Hopfield . [127J : For bands below 230oA, vacuum 
~)lIvelengths were published. For wavelengths above 2300A, air wave· 
II'nglhs were published. In the above table air wavelengths are given 

l l(~ve 2000A. 

Feast [135]: Mislabeled a band at 4218.3A as the RJ head of the 
i)<JO band. Johnson [221] had previously observed a head at 4219.1A, 
iIi/' Rz head of 3-11 , which is likely the same feature. Feast used 

AH(A) uH(cm- l ) [ v'-v" Ref. 

- - l()-{) 42 
2097.1 4.7671 

2090.3 47824 14-1 287 
2080.8 48042 

- - n·-o 42 
2071.5 48260 

2068.3 48334 15-1 287 
2059.7 48536 

- - 120 42 
2046.4 48850 

2048.1 48810 16-1 71 
2039.8 49009 

- - 13-0 42 
2024.3 4938.5 

2029.9 49248 17-1 71 
2022.0 49440 

2013.7 49644 18-1 71 
2005.9 49837 

- - 19-1 71 
1991.5 50213 

1985 50378 20-1 71 
1977 505S2 

- - 21-1 71 
1966 50B65 

- - 22-1 71 
1956 51125 

- - 23-1 71 
1942 51493 

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

Byrne [711: Vacuum wavelengths observed helow 2000A and listed 
above. Many·line structure in this region. An asterisk (*) indicates 
weak band and uncertain identification. Koval et al. [239], using high. 
energy electTon bombardment of oxygen, JlToduced some bands of 
this system. The pair of heads at 4772.5, 4725.0A do not belong to the 

5-13 transition as they had assumed. The band at 3160. 7A is possibly 
the R2 head of the 5-7 band. Emission intensities measured photo. 
eJectrically by Robinson and NichoJJs [3341 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: 

20527 (calc); 
15506 (calc);, 

20496 (obs.) 
15541 (ohs.) 

Ref. (71 , 2251 

Ref. [287J 

J. Phys. Chern. Ref. Data, Vol. \, No.2, 1972 
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TABLE 26. Band origins of the b ~:£; - a 4 [lui First Negative system of 
or (V) 

(To (em-I) vr_v" Ref. 

11799.81 0-5 408 
12053.09 1-6 408 
12733.12 0-4 408 
12963.91 1-5 408 
13683.99 0-3 291c 
13895.34 1-4 408 
14657.67 0-2 291b 
15651.82 0-1 291a 
16666.74 0-0 291a 
17R?'9.:i4 1-0 291a 
18957.77 2-0 291h 

Data from Nevin [291a, bj, Nevin and Murphy [291c]. and Weniger 
[4081. Weniger's value for the 0-3 origin ;3 0.S2 om-I la.rgor than 

Nevin's value. 

I D"',,~ rh .. m. Ref. Data. Vol. I. No.2. 1972 

TABLE 27. Band heads of the b 4:£~- - alii Hi Fif:,'! Negative system of 

0; (v) 

AH (A) I (TH (em-I) I [J'_·v" Ref. 

8527.1 11724 0-5 408 
8347.3 11977 1-6 408 
8240 12133 2-7 122 
8110 12327 3-8 122 
7899.7 12655 0-4 408 

7757.8 12887 1-5 408 
7700 12983 2-6 122 
7650 13068 3-7 122 
7347.7 13606 0-3 287 
7235.0 13818 1-4 408 

7150 13982 2-5 122 
6856.3 14581 0-2 287 
6770 l4767 13 130 

(6684) 14957 2-4 l30 
6419.2 15574 lO 0-1 287 

6351.1 15741 10 [-2 54 
6291.9 15889 6 2-3 354 
6232.7 16040 3 3-4 354 
6177.2 16184 3 4-5 354 
fi05>fi4. lfi:;~9 10 f)-I) 2ft7 

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 4-4 54 
5814.4 17194 1 5-5 354 

5631.9 17751 10 1-0 287 
5597.6 17860 10 2-1 54 
5566.7 17959 6 3-2 54 
5540.8 18043 2 4-3 54 
5520.9 18108 2 5-4 354 

5295.7 18878 9 2-0 287 
5274.7 18953 10 3-1 54 
5259.2 19009 6 4-2 354 
5251.2 19038 10 5-3 354 
5241.0 19075 8 6-4 354 

5234.7 19098 9 7-5 354 
5005.6 19972 2 3-0 287 
4998.6 20000 2 4-1 354 
4992.6 20024 2 5-2 354 

Data from Mulliken and Stevens (28t), Bozoky and :Schmid l.':>41, 
Singh and Lal [543]. Fan (130], Dufay et a!. [122], and Weniger [4081. 
Intensities are from Singh and Lal. The most prominent heads (listed 
above) occur in the branch °Q~t; at longer wavelength is a weaker 
head In branch ·'P~I. Numerous other bands observed in auroral! 
have been attributed to this system by Vegard {390J. 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.L~, 
labeled 0-4 by Mulliken and Stevens [287], is possibly the SP21 head. 
or is misidentified. Bands labeled 1-3 (6756 A) and 2-4 (6750 A) by. 
Duray et al. [122], are misidentified (excitation by high·energy protons). 

Among a number of unclassified bands (table 30i) Boz{)ky [52] observed 
wha.t can now be identified a~ 2-2, 4-3, 4 2, G 3, and 7 :; band~ "r 
the b-a system of 0;. 
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TABLE 28. Band origins of the e 42.; --'7 b 42:~ system of 0+2 TABLE 29. Band heads of the c 42ii--'7 b 42!! system of 

Data of LeBlanc [2501. The fine structure is given only in his thesis 
r:;;)Oa]. 

At! 

2363.1 
2314.8 
2266.4 
2218.3 
2170.6 
2123.4 
2076.6 
2030.5 
1985.0 
1940.3 

UH (em-I) 

42317 
43200 
44123 
45080 
46070 
47094 
48156 
49249 
50378 
51538 

I v-v 11 

0.02 0-9 
0.17 0-8 
0.50 0-7 
0.90 0-6 
0.66 0-5 

I 

0.46 0-4 
0.37 {}-3 
0.25 0-2 

I 
0.17 0-1 
0.15 0-0 

LeBlanc's calculated iron line positions differed from the established 
\' :lYdengths in the third decimal place. The rotational line positions 
',','re given to three decimal places in cm- I (one too many, even assum
JIll' lhat the band lines were as accurately known as the calibration 
d;;ndards). Kayser's tables were used for conversion to wavenumbers 
illwsc differ at - 2100 A by .006 cm-1 from the Meggers tables). So 
1 he band positions [250a) are uncertain in the first or second decimal 
l'i1Jce in em-I. The last digit listed by LeBlanc is given in parentheses 

Data of Tanaka, Jursa, and LeBlanc [370] who measured vacuum 
wavelengths. Intensities are densitometer readings on a logarithimic 
scale. 

focus attention on the uncertainty of his values. 

L- , Ii 

A (j I 
(A) (em-I) 

11 1003.7 99630 3 
993.0 100700 8 
983.1 101720 10 
972.6 102820 8 

II' 985.8 101440 4 
975.3 102530 8 
%5.4 103580 10 
956.1 104590 7 

M 957.2 104470 8 
947.9 105500 10 
938.9 106510 9 
930.6 107/1.60 7 
922.8 108360 3 

TABLE 30. Miscellaneous unclassified bands 
(a) 

, i 

A (j I 
(em-I) 

M' 933.3 107150 8 
924.5 108170 9 
916.3 109130 8 
909.2 109990 6 

I 853.2 117200 3 
845.9 118212 5 
839.0 119195 6 
832.3 120145 4 

l' 843.9 118500 2 
836.6 119530 4 
829.6 120540 5 
82.'\.0 ]511510 3 

816.6 122460 1 

it 

A u I 
(em-I) 

N 826.0 121064- 8 
819.9 121963 8 
8J4.1 122830 7 
808.6 123670 4 

P 810.8 123330 10 
802.1 124670 8 
793.9 125960 6 
786.1 1272]0 4 

Q 714.7 139924 2 

W 697.8 143300 5 

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

(See also section 3.10 and ref. [251,253, 125J. 

(b) Unclassified progressions observed in absorption 

1 II III IV 

A(A.) I ! X{A} I 
I 

A(A) A(A) o-(cm- I) au I I 

u{cm- J) au I u(cm- I ) au I u(cm- I ) An-
I 

893.8 4 III 882 856.1 1 116809 756.0 1 132 275 754.5 3 132 538 
1 061 1 102 828 867 

885.4 5 112 943 848.1 2 117911 751.3 2 133 103 749.6 3 133 404 
1 017 I 052 820 859 

H77.5 4 113 960 840.6 2 118 963 746.7 1 133 923 744.8 1 134 264 
983 1 013 812 835 

il70.0 1 114943 833.5 I 119 976 742.2 1 134 735 740.2 1 135 099 
8Y2 YH7 803 

B63.3 1 115 835 826.7 1 120 963 737.8 1 135 538 
I 

Data of Tanaka and Takamine [37J.]. These are non-Rydberg progressions. 

J. Phys. Chem. Ref. Data, Vol. I, No.2, 1972 
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TABLE 30. Miscellaneous unclassified bands-Contmued 

1222.58 
1222.01 

1169.14 
................................ ~ .......... 

1172.08 
1171.35 

1148.62 

8]794.2 

81832.4 

83602.3 

853]8.4 

85371.6 

87061.0 

2 
2 

3 

7 

2 

Violet shaded doublets observed in absorption by Tanaka [369] la· 
beled by Tanaka as progression n. It is not certain whether thebe are 
vibrational members of the first term in a Rydberg series whose limit 
i~ the nr3t, 1. P. of Oz. 

Maxima in absorption continua ohserved by TanakaJ369]; tentative designations are included. 

l\cA) <I(tCIW') I- I A(A) 
\ 

cr{cm-') I A(A) cr{cm-') 

1268.81 78814.0 1 1]25.60 88841.5 4 1090.63 91690.1 
1268.08 78859.4 1 1125.34 88862.0 5 1089.82 91758.3 

1124.68 88914.2 4 1089.46 91788.6 
1244.26 80369.2 10 1123.62 88998.1 3 1088.68 91854.4 
1243.49 80419.0 10 1123.08 89040.9 6 1088.38 91879.7 

I 

1122.78 89064.6 3 
1207.50 82815.7 9 10&1..51 92207.5 
1206.75 82867.2 9 1122 . .14 89099.6 5 1083.67 92279.0 
1205.38 82961.4 9 1121.94 89131.3 5 1083.44 92298.6 

1120.98 89207.7 5 1082.29 92396.7 
1172.08 3531R4. 7 1120.76 89225.2 5 

t 

1] 71.35 8537].6 7 1067.22 93701.4 
1116.78 89543.2 3 1066.85 93733.9 

1164.23 85893.7 9 1115.87 89616.2 4 J066.09 93800.7 
1163.87 85920.2 10 1 ]]5.]0 89678.1 5 1065.78 93828.0 
1162.98 85986.0 8 1113.89 89775.5 3 1064.93 93902.9 
1162.44 86025.9 8 

I 
1112.98 89848.9 3 

I 

1064.68 93924.9 
1161. 72 j 86079.3 9 11 ]2.29 

I 
89904.6 2 

116J..47 
f 

86097.8 5 ]050.17 %??? 7 
1106.36 90386.5 4. 1049.86 95250.8 

1154.36 86628.1 6 1106.]3 90405.3 5 1048.91 95337.1 
1154.06 86650.6 10 1105.00 90497.7 3 ]048.64 95361.6 
1153.20 86715.2 8 lI04.41 90546.1 4 1047.60 95456.3 
1152.98 86731.8 6 1103.95 90583.8 5 1047.41 95473.6 
1151.67 86830.4 7 1]03.64 90609.3 4 
1151.46 86846.3 6 1032.70 9683.3.5 I 1102.59 90695.5 4. 1031.35 96960.3 
1]36.41 87996.4 5 i 1]02.37 90713.6 5 
1136.09 88021.2 5 1101.74 90765.5 4 

I 

1135.I3 88095.6 5 J100.34 90881.0 4 [ 

I 1134.74 88125.9 5 
I 
I 

I 

i 

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

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

1 

5 
3 
4 
4 

5 

4-

4 

5 
6 

8 
8 

8 
8 
8 
8 

6 

8 
7 
6 
6 
6 

5 
5 



THE SPECTRUM OF MOLECULAR OXYGEN 477 

TABLE 30 (e). Bands in the region below 600 A 

" I a A(A.) I U (em-I) 

<) 594.95 1 168 080 
10 594.13 I 168 310 
J1 593.47 0 168 500 
12 593.00 0 168 630 
3 592.64 0 168 740 
4 592.36 00 168 820 
5 592.15 00 168 880 
oc 169 350±40 

., III is a running number proportional to n, the principal quantum 

HII JlliJer. 

Data from Yoshino and Tanaka [417]. Weak, diffuse bands. Un
I'nlain classification whose Rydberg series limit falls between vi
klt lional levels of state B 2!i1. It is not certain whether this limit 
ld"ntifies a new state of 0 ; . 

Probable n 

3 
4 
5 
5 
7 

TABLE 30(f). "Weak series" 

537.41 (± 0.1) 

516.10(± 0.05) 
512.62 (± 0.05) 
5IO.48(± 0.05) 

186 080 

193 761 
195 076 
195 894 

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

Illed by 

u= 198125 
R 

(n+0.03)2' n=3 to 7 

llll erpretation of the series is uncertain. 

'L\l1LE 30 (g). Unclassified absorption bands observed by Alberti et al 

All (A.) ulI(cm- l ) 

1136.5 67 272 

1481.5 67 499 
1442.7 69 314 

Data of Alberti et ale l7j. ~trong violet shaded bands. Probably 

nh1iorption from a Ill.g, but not conclusive. Diffuse; no rotational 
~ !f'tIcture observed. 

1265.6 
1262.6 

(hI 

79 014 
79 202 

Data of Alberti et al. [7). Strong heads; diffuse, open rotational 

"!rllclure, violet shaded. Possibly absorption from a Ill.y or bl!~. 

n,t: kinetic absorption spectroscopy observations of Donovan et al. 
H liil support the assignment of the a Ill.y state as the lower state of 
!'J lld s in table 30 (g), (h). 

TABLE 30(i). Unidentified violet·degraded band heads observed 
with b-a(l-), Ot 

Au (.A.) Ull (cm- I ) All (A) UH (cm~ l) 

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 I 18 981 

l 

Data of B02()ky [52]. 

TABLE 30(j). Unidentified band heads among double-headed A-X 
system 0/0; 

A (A) U (cm- I ) 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]. 

TABLE 30 (k)_ Unclassified band heads (emission) (R) 

A(A) CT(cm-1) A(A) (T(r.m-I) 

4487.7 22 277 3543.6 28 212 
4384.0 22 804 3352.0 29 824 
4307.7 23 208 3286.8 30 4]6 
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 Lal (1948) [246]. Band heads were observed in a low pressure, 

high-frequency discharge [246]. Though attributed to the B 3!; -X 3!g 
transition, the bands produce an irregular Deslandres array. Some 
heads may be due to clustering of overlapping lines of different bands 
[132]. 

J.Phys. Chern. Ref. Data. Vol. 1, No.2, 1972 
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TABLE 30 (I). New band progression 0/02 in the 830-900 A region 

v' a 
I 

A(A) I o-(cm-l) IlG"+112 Remark 

0 i 
902.59 3 llO 792 Sharp 

1064 

1 894.01 5 III 856 Diffuse 11 

1062 

2 885.60 7 112 918 Diffuse h , 
1011 

3 877.74 8 113 929 Sharp 
1004 

4 870.07 7 114 933 Diffuse 
988 

5 862.66 6 115 921 Sharp 
072 

6 855.48 5 116 893 Diffuse 
948 

7 848.60 4 117 841 Sharp 
941 

8 841.88 3 118 782 Diffuse 
914 

9 835.45 2 119696 Diffuse (?) b 

a This is a running number and does not necessarily indicate the cor· 

rect vibration quantum number. 
h Overlapped. 

Red·degraded bands observed together with Rydberg progressions 
by Huffman et aL [205]. These bands may originate from a lag or b rk~. 

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

TABLE 3l. Observedfine structure (microwavejJi"el/nenciesfor O2 

(MHz) 

1I_ v+ fief. 

160 2 1 118750.343 265, 56264.772 411,265 
3 62486.255 422.265 58446.590 422,265 
5 60306.044 422 59590.978 422 
7 59164.215 422 60434.776 422 
9 58323.885 422 61150.570 422 

11 57611.4 0.2 279 61800.169 411 
13 56968.180 411 62411.223 411 
l5 56363.393 411 62996.6 0.2 279 
17 55783.819 411 63568.520 422 
19 55221.372 411 64127.777 411 
21 54671.145 411 64678.2 ±O.2 279 

23 54129.4 ±0.4 279 65224.120 422 
25 53599.4 0.8 279 65764.744 411 
27 (53070) 225 

Quoted uncertainty is ::t: 0.010 MHz unless orherwise indiealed. 
(See also Wilheit and Barrett [4131). For the 23+ line, uncertainty 
may be 0.2 MHz.l+ and 3+ lines are mean values. 

Data from 'Zimmerer and Mizushima [422}, West and Mizushima 
[411J, Mizushima and Hill [279J, McKnight and Gordy [265], and Kahan 
[225]. Kahan observed atmospherie absorption of solar radiation. 

Data from MUler, lavan, and Townes [2741. Ullcenaimy is::!:Z MHz. 

"0"0 I 3 58650 
4 59220 
5 59685 
6 59540 
7 59075 
8 58670 

• 

Data from Miller, lavan, and Townes [274J. Uncertainty is ± 2 M 
Miller and Townes [2751 have assumed that the theoretical frequen4 
for thelB()~ and 160 180 transitions are more accurate than the expt 
mental values. 
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TABLE 32. Magnetic hyperjine structure lines 

Isotope N F' F" v_ F' F" v+ 

160 170 4 11/2 9/2 a (60250) 
11/2 13/2 59250 
13/2 15/2 59398 

5 5/2 7/2 59359 
7/2 9/2 59431 
9/2 11/2 b (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 7/2 9/2 59790 
11/2 9/2 59737 9/2 11/2 59864 
13/2 11/2 59638 11/2 13/2 59956 
15/2 13/2 59519 13/2 15/2 60060 
17/2 15/'L ~Y3H5 15/2 17/2 c (60179) 

6 11/2 9/2 59322 9/2 11/2 d (60172) 
9/2 7/2 59390 11/2 

i 
13/2 e (60251) 

--

a measured 6.0240-60250. 
b no experimental wavelength given for this line. 

no experimental wavelength given for this line. 
d rneueured two linea 60170-60130. 

e observed strong feature, no frequency given. 

Data from Miller and Townes [275]. ( )= calculated, assuming magnetic hyperfine structure con· 
stants b=-102 MHz, c=140 MHz,-for 16Q2. 

TABLE 33. Magnetic dipole rotational spectrum oj O2 

,' .. ./" N'-N" v (MHz) u(cm- 1) Ref. 

Ir 3-1 368499.02± 0.21 12.29 265 
a 3-1 424763.80± .20 14.17 265, 157 

" -1 b 3-1 430985.28± .20 14.38 265 
'j 2 10 3-} 487250.05± .21 16.25 265, 157 
4-1 5-3 25.80 257 
;> -3" 5-3 775770 10 25.88 128 

,1 5-3 27.80 2S7 
() -;) 7-5 35.40 257 
/J -() 7-5 37.39 157 
I _{)<I 7-5 39.24 157 
II -H 9-7 48.95 257 
'J H" 9-7 51.00 257 
O-IJ 11-9 58.36 155 
010 11-9 60.47 155 
1-14 15-13 83.45 257 
1>- J6 17-15 95.00 257 
'020 21-19 115.70 257 

"Direcl measurement. 
"lllkrred from rotation measurement and fine structure meas· 

;"'HII{tnl. 

Inferred from laser measurement and EPR measurement. 
M j;f~hhje et al. 1155] obtained 39.35 em-I. 

Ld)bie et al. [155] obtained 50.88 em-I. 

lJillll from McKnight and Gordy 1265], Evenson et al. [128], Gebbie 
1157, 155], MacQueen et al. [257], and Eddy et al. [124]. 

TABLE 34. Line widths (.:l;) in MHz/mmHg 

(a) 300 K 

Transition 
N 

+ 

(1.97)(a) 1.78 
3 1.85 1.72 
5 1.75 1.66 
7 1.73 1.62 
9 1.69 1.57 

11 1.63 1.53 

13 1.54 1.48 
15 1.49 1.35 
17 1.48 1.42 
1Q 1.47 1.37 

2] 1.40 1.37 
23 (1.49)(b) (1.26)(b) 
25 ..... ~ ,. ............................... .............. " ............ 

Data of Battaglia and Cattani [35] supplemented by data of (a) 
Hill and Gordy [193], and (b) Anderson, Smith, and Gordy [16]. Recent 
measurements by Zimmerer and Mizushima [422], and Stafford and 
Tolbert [363J 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 hroadening accounts for the 

experimental results. is half-width at half-peak absorption; some-
p 

times this is given in units of em-Itatm. 

J. Phys. Chem. Ref. Data, Vql. 1, No.2, 1972 
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TABLE 34. Line widths (~"') in MHz/mmHg- Continued 

Ib) 193 K 

Data from Anderson, Johnson, and Gordy [J4]. 
(c)90K 

Data from HiJ1 and Gordy [193]. 

(d) Line widths for magnetic resonance lines 

N 

:3 

3 
5 

5 

Transition 

J ! 
M 

1 0«--1 

2 2+- 1 
2 I+- 0 

2 O+-
2 -1 0 

4 0+--1 
4 -I+- 0 
6 0+--1 

300 K 

2.3S±0.10 

2.20± .10 

2.23±O.14 

2.00±0.1O 

Data of Tinkham and Strandberg [377]. 

p 

78 K 

6.13±O.3 

6.00± .2 
5.92± .3 
6.20± .1 
fi_9R± .3 
5.70± .3 
6.0 .5 
5.5 .3 

TABLE 35. .Miscellaneous constants derit'ed from the microwave 
spectrum 1,2 

(a) Zeeman constants (ppm) 

-147± 10 1405± 15 ·63±6 

Data from Bowers et a1. [51]. Compare also Hendrie -and Kusch 
PSO], Tinkham and Strandberg [376, 377], and comments by 
Kayama and Baird [227]. 
gs: Spectroscopic splitting factor for free electron spin (free elec· 
tron spin magnetic moment). 
g.;: In O 2 , unpaired electron spin moment. 

gs: Molecular rotational magnetic moment (sometimes labeled 
gr or gK). 

g/.= Molecular electronic oribital moment (also labeled gp). 
No standard notation exists for these quantIties. 

(b) Q(I6()2) = 0.04(10- 16) cm 2 

This value of the quadrupole moment is from Andenwn et ai. [15]. 
It is based on a theory of Mizushima and an arbitrary assumption 
about one of the parameters. 

(c) eqQ( 160I70) =2.7MHz 
The value of the quadrupole coupling com;Hml it; frum Milltjl [273]. 

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

(d) For the (l lAy state. 

g.\' = (-1.234± .025)10- 4 

gl. = 0.999866 ± .000010 

Q(electronic quadrupole moment) (-3.19±0.65)1O-25 esu-em' 

Data from Miller (277]. See Miller's table 2 for additional observed 
and derived constants. 

gs thai 
they assumed. Kayama and Baird [227J indicated that Tinkham anti 
Strandberg {376, 37iJ 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 .he isotropic form i\L· S 
used by Tinkham and Strandberg. The true spin·orbit interactioll 
mixes ! I7, with the ground state. Preliminary ab initio calculation~ 

by Pritchard et al. [322] imply that spin-orbit effects "contribu\(' 
75 percent to the observed [A] splittings." 

2 Parameters for the fine·structure Hamiltonian have been dh;
cussed by Wilheit and Barrett r413], McKnight and Gordv [2651-
Tischer [378], and West and Mizushima [411J. 

TABLE 36. Rotational constants for the X :II; state. 

v B,.(cm- I ) D,.(10-6 em-I) 

160~ 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 1.350 ........................... 
7 1.329 .................... "." .... 
8 1.3]6 ........ ~ ~ .I .I .. ., .. , ~ •••• ., .. ., ~. 

9 1.298 ................ '> ............... 

10 I.ZBZ ..... ,. ...................... 
11 1.269 4,79 
12 1.250 4.79 
13 1.235 4.79 
]4 1.221 4.79 
15 1.202 4.79 
16 1.186 4.79 
17 1.171 4.79 
13 1.156 4.79 
19 1./39 4.79 
20 1.121 4.79 
21 1.104 4.79 
22 1.091 4.9 

23 1.075 (7) 
24 1.055 (6) 
25 (1.033) 

16 0 11 0 0 1.3958 

v=o, 1: data from Babcock Herzberg 1241. whfled usmg least 
squares by A1britton el al. [9] Aplwndix (:). 

v = 2-5: data from Ogawa [302]. B'l and }I;, oj" Ft·asl and Garton 
[l36j are - 0.003 em-I larger. A1britlon 1'1 OIL 1"1 fOllud lhat the fourth 
decimal place of B t• values of OJ.t;<lwa was ollh SII;.'.;.!,·,;I iVI~. 

v=6: data from Feast and Garlon I J:VII. 

v=7-11: data from FeasIIU;J·I. 
v= 12-21: data from 1.o('lIh··llolI;':I('\' ... , ;11'.1 I Ji.·,'I.;,·1256]. Forv= 21 

d~ta of Herman et al. IHt~1 an' fOI Ili:,11 ,'\ ",," 

v=22-25: data from IINIII"" ,.\ "I [lIn I !\!" data for low N for 
v=24, 25; only frup:llwlJlarv .1:1\;,1"1 till" 1:1111"1. rill' ,,=23 the quoted 
value is the Ilwan .. f Iw" .1"\'",,,i".IIII'''·· \\1'1<"11 dilft'" by O.Oll). em-I. 

IsotopIC fl" values an' f""11l 1;;lt"." f. "1101 lit') ;:Iwr;.: 124J. 
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TABLE 37. Rotational constants for. the a lL1" state 

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

/)(1 values for theX state (discussed in Appendix C). 

TABLE 38. Rotational 

Isotope v 

160 2 0 

2 
3 

160 17 0 0 
1 

16 0 180 0 

B,-

1.391382 
1.373135 
1.354785 
1.33646 
1.321 

1.3520 
1.3331 

1.3]41(2) 
1.2974(0) 

state 

5.486 
5.588 
5.651 
5.95 

5.05 

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

hy Albritton et a1. [9] to data on 16 0 2 • Refitting changed B,.'s in the 
hilI! decimal place. Fragmentary data on the b-X, 4-0 band [which 
j.!ives B 4 ] is from Ossenbriiggen [311]. Isotopic data is from Babcock 
,HId Herzberg [24]; the fifth decimal place is suggestive, since the data 

have not been refitted by least squares. 

TABLE 39. Rotational constants for the c IIu stale 

o 

2 

3 
4 
5 

6 
7 
8 
9 

10 

II 

0.9084 

0.7935 
0.7695 
0.7440 
0.7167 
0.6882 
0.6573 

Ref. 

(7.4±2) 103 

10.5 
9.7 

(9.5) 
(9.5) 189 
9.5 

(9.5) 

Data from Herzberg [189J and Degen [I03J. ill' values for 11=8, 

I), II are assumed equal to that for v= 10 [189]: Herzberg assumed 
that the D I- values were uncertain by 10 percent. Tenlalivev num· 
hl!ring of Degen has been assumed. 

TABLE 40. Rotational constants for the C :lL1" state 

v B,. 

3L13 5 0.8233 
3L12 5 (/(.8177) 
3 L13 6 .7971 
3L12 6 .7915 

a B5 (3L1 2 ) is calculated (see discussion, sect. 3.5). 

Data of Herzberg [lS9]. Difference B6(3L13)-B6(3L12) is real 
1189]. Vibrational numbering is tentative. 

TABLE 41. Rotational constants for the A 3 2 ~ state 

v B I - D t-(1O-6) 

0 (0.90321) (4.67) 
1 0.8880 (4.5) 
2 .8686 (4.7) 
3 .84905 5.0 
4 .82717 5.4 
5 .80336 6.2 
6 :77640 8.4 
7 .74465 10.4 
S .70633 12.9 
9 . 65S05 IS.2 

10 .59346 31.2 
11 .4969 165. 

Data from Herzberg [IS7]. Vibrational quantum numbering is 
that of Broida and Gaydon [63], and is one unit larger than that of 
Herzberg. The ll-O band shows a strong perturbation for N> 7. 
Bo, Do have been calculated, for the 0 level was not observed under 

resollllion. D 1 , D2 are of low accuracy because bands with low 
are extremely faint. Br values decrease and D.- values increase at 

an increased pace as the convergence limit is approached [IS7]. 
Btl is determined from low N values only. Q·branches were used for 
determining (B:_-B~) and (D;_-D~) for the A-X hands. The 

tabulated Br and D I - differ from those cited hy Herzberg [IS7]; the 
assumed ground state constants are Bo= 1.43768 and Do= 5.02(10-6 ). 

Appendix C discusses the revised ground state constants. 

TABLE 42. Rotational constants for the B 32u state 

v B" D" (J0-6) 

0 0.S127 
1 .8001 
2 .7852 
3 .7699 
4 .7537 
5 .7372 
6 .7194 
7 .6997 
8 .6771 
9 .6538 

10 .6270 
11 .5980 
12 .5640 
13 .5269 
14 .4836 
15 .4399 
16 .3953 
17 .347 
18 .296 
19 .258 
20 .207 
21 .159 

v = 0-13, data of Ackerman and Biaume [3]. 
v= 14-21, data ofBrix and Herzberg [62]. 

5.06 
6.61 
5.10 
4.54 
3.56 
5.71 
5.71 
6.96 
6.71 
7.21 
9.75 
9.31 

14.16 
23.91 
21.2 
25.7 
34.3 
45 

152 
49 
76 

105 

Brix and Herzberg obtained v= 12, B=O.5625,D= 13(10-6 ) 

v= 13, B=0.5247, D= 16.8(10-6 ) 

Ackerman and Biaume have compared their measurements to 
earlier values of Knauss and Ballard [233J, Curry and Herzberg [99), 
Brix and Herzberg [62], Ogawa [302], Ogawa and Chang [306]. 

J. Phys. Chern. Ref. Data, Vol. 1, No.2, 1972 
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TABLE 43. Rotational constants for the f3 3I~ state 

Crude B., values from Alberti et a1. [7]. Quantum numbering is that 
suggested by Ogawa and Yamawaki [308], who fitted longer branches, 
including many blended lince, by ueing both B,. and Dr. 

TABLE 44. Rotational constants for the a II: state 

o 1.691 
1 1.675 
2 1.640 
3 1.633 
4 1.59 

Data fWlll Albt::lti ct a1. [7]. Ogawa and Yamawaki [308] obtained 

slightly different values by fitting'longer branches with both B I, and 
D,., but many blends were included. D/s varied irregularly with 
v [308]. 

state 

Data of Ogawa and Yamawaki [308], 

TABLE 46. Rotational constants for the 1 au state 

Data from Alberti et a!. [7]. 

TABLE 47. Rotational constants/or the Inu state 

Data from Alberti et a1. [7]. 

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

TABLE 48 Rotational constants /orthe X 
'~ state o/O~ 

I 
v BI' Ref. At· 

0 .. ~ ... ,. ........................... (200.81) 
1 ........................ (199.99) 

2 1.643 52 199.03 
3 1.622 52 198.38 
4 ............. , ........ (197.55) 
5 .... ~ " ............................... ~ (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 Boz(,ky [52-3] was refitted on a co 
puter using the method of least squares. These values obtained JJ) 

A. 1.ofthl1!>. tlifff'T !>.lightly from the val\le~ obtained graphically in th,· 

original references. D (calc) 5.3(10-6). Vibrational quantum number. 
that of Bhale and Rao [42], is one unit larger than that assumed in tht· 
original references. 

A /' values are from Albritton et a1. [9] who refitted the data of Steven~ 
and of Boztlky. The values in parenthesis have been calculated from 
A,.=201.212-0.8136 (v+t). 

TABLE 49. Rotational constants/or the a 4n Ui state o/Ot 

V B,. D,. (10- 6 ) 

0 1.09681 4.83 
1.08099 4.73 

2 1.06531 4.64 
3 1.05027 5.04 
4 1.033 
5 1.017 
6 0.999 

v=O, 1, 2-Nevin [291b]. 
v=3-Nevin and Murphy [291c], who list uncertainties 

B,,=±O.OOOO2 

D!)=±O.04 X 10-6 

v=4, 5, 6- Weniger [408]. For v=3 he has B3= 1.047, A,. =-47.94. 
D,. were only estimated to be 0(10-6 ). 

TABLE 50. Rotational constants/or the A ~111I state of 0; 

v 

o 
1 

2 

3 

4 
5 
6 

1.053 
1.031 

O.');):~ 

O"I:W 
0.')10 

O.HII:. 

;JL 

;):!. 
;:)2 

;)2 

Data fmm Sk"I'II,'" r~h;)lllnd II"/,,k, I:'~)I was rdilled by A. Lofthus; 
the vahws oillail"'.! graph ... alh In II ... "Ilvinal r .. rl'rcnces differ slightly 
from Ill",.,,· I'il<'d 11\"'\'" Ii /,·;.1.·1 I. () • (In •. ). 
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TABLE 51. Rotational constants for the b 4~i state of 0; 

Data from Nevin [291bJ. Probable error B - ±0.00005; probable 
Nror D-±0.09 X 10-6• 

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

Data of Le Blanc [250b]. 

TABLE 52. Rotational constantsfor the C4~u state ofO~ 

Data from Le Blanc [250]. Only the order of magnitude of Do is 
ttiven. 

TABLE 53. RKR potentials for electronic states of O2 and O~ 

Most of the RKR potentials are taken from the work. of Albritton 
."!. al. [9]. The data for the a 16.g state is extrapolated after 1. The 
dilla for the A 3~~ state is based on the work of Degen et aI. [104]. 
for the A state, v= 0 is not known experimentally from high resolu
IHIII measurements and v= I is known only from fragmentary branches. 
For vibrational levels which are underlined the potentials have been 
tXlrapolated. The data taken from Albritton et ai. [9] has been rounded; 
lilt.' tabulated numbers are given to one digit beyond the last significant 
tiigit as determined from the experimental data. 

e>O.SO 0.0 O. 1.2075358 

0.25 394.5748 .049 1.1726052 1.2457931 
(1.00 787.3818 .098 1.1590417 1.2626908 
0.50 1568.5332 .194 1.1406952 1.2877294 
1.00 2343.7613 .291 1.1272513 1.3078976 
1.50 3113.0972 .386 1.1163265 1.3255800 

2.00 3876.57 .481 1.10700 1.34170 
2.50 4634.21 .575 1.09880 1.35672 
:l.00 5386.03 .668 1.09146 1.37093 
3.50 6132.07 .760 1.08478 1.38451 
4.00 6872.34 .852 1.07864 1.39759 

4.50 7606.86 .943 1.07296 1.41025 
5.00 8335.65 1.033 1.06767 1.42257 
5.50 9058.73 1.123 1.06271 1.43460 
6.00 9776.11 1.212 1.0580 1.4464 
6.50 10487.80 1.300 1.0536 1.4::'00 

TABLE 53. 

v 

7.00 
7.50 
8.00 

8.50 
9.00 

9.50 
10.00 
10.50 
11.00 
11.50 

12.00 
12.50 
l:i.OO 

13.50 
14.00 

14.50 
15.00 
15.50 
16.00 
16.50 

17.00 
17.50 
18.00 
18.50 

19.00 

19.50 
20.00 

20.50 
21.00 
21.50 

22.00 

-0.50 

-0.25 
0.00 
0.50 
1.00 

1.50 
2.00 
2.50 
3.00 

-0.50 

0.25 

0.00 
0.50 
1.00 

1.50 
2.00 
2.50 
3.00 

RKR potentials for electronic states of O2 and Ot - Con. 

V Te+ V rmin rmax 

(em-I) (eV) (A) (A) 

lU93.80 1.388 1.0494 1.4693 
11894.14 1.475 1.0454 1.4806 
12588.82 1.5(.1 1.0417 1.4917 

13277.83 1.646 1.0380 1.5027 
13961.18 1.731 1.0346 1.5136 

14638.87 1.815 1.0312 1.5244 
15310.91 1.898 1.0280 1.5351 
15977.28 1.981 1.0250 1.5457 
16637.98 2.063 1.0220 1.5563 
17293.00 2.144 1.0191 1.5669 

17942.34 2.225 1.0164 1.5774 
18585.98 2.304 l.0137 1.5879 
19223.91 2.383 1.0112 1.5984 
19856.12 2.462 1.0087 1.6089 
20482.58 2.540 1.0063 1.6194 

2] 103.29 2.616 1.0039 1.6299 
21718.21 2.693 1.0017 1.6403 
22327.33 2.768 0.9995 1.6509 
22930.6] 2.843 0.9974 1.6614 
23528.05 2.917 0.9953 1.6719 

24119.60 2.990 0.9933 1.6825 
24705.24 3.063 0.9913 1.6931 
25284.93 3.135 0.9894 1.7038 
25858.64 3.200 0.9870 1.7145 

26426.33 3.276 0.9858 1.7253 

26987.98 3.346 0.9841 1.7361 
27543.52 3.41[, 0.9024 1.7470 

28092.94 3.483 0.9807 1. 7580 
28636.17 3.550 0.9791 1.7691 
29173.18 3.617 0.9776 1. 7802 

3.683 0.9761 

O2 a 16.g 

0.0 0.982 1.2156449 

376.7521 1.028 1.17999 1.25489 
751.658 l.075 1.16619 1.27228 

1496.633 1.167 1.14757 1.29814 
2235.158 1.259 1.13396 1.31904 

2967.233 1.350 1.12293 1.33742 
3692.86 1.440 1.11353 1.35422 
4412.03 1.529 1.10528 1.36933 
5124.76 1.617 1.0979 1.3848 

0.0 1.636 1.2268431 

357.1211 1.6g0 1.190331 1.267217 

712.9766 1.724 1.176241 1.285186 
1418.8469 1.812 1.157272 1.311972 
2117.7290 1.899 1.143442 1.333696 

2809.6121 1.984 1.132251 1.352859 
3494.4855 2.069 1.122734 1.370428 
4172.3385 2.153 1.114398 1.386898 
4843.1603 2.237 1.106952 }.402561 

J. Phys. Chem. Ref. Data, Vol. 1, No.2, 1972 
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TABLE 53. RKR potentials for electronic states of O2 and O~-Con. TABLE 53. RKR potentials for electronic states of O2 and O;t - Cll 

v V Te+ V r ml1x 
(em-I) (eV) (,.\) 

12.00 6777.701 7.014 1.34332 2.37471 

-0.50 0.0 I 4.389 I 1.52153 
12.50 6933.801 7.033 1.34097 2.41874 
13.00 7078.535 7.05] 1.33883 2.46652 

-0.25 •••• ~ • 5 •• " •• " " .... " " " ~" & " • " * ••••• " " " 

0.00 395.8 4.438 1.454 1.600 

13.50 7211.822 7.068 1.33690 2.51859 
14.00 7.083 1.33515 

0.50 785.6 4.486 1.429 1.638 
1.00 1168.7 4.534 l.4Il 1.668 

O~ X :any 

1.50 1544.7 4.580 1.397 1.696 
0.50 0.0 12.052 1.1171227 

2.00 1912.5 4.626 1.385 1.722 
2.50 2272.1 4.671 1.375 1.748 0.25 475.46 12.11] i.0853699 1.1520296 
3.00 2623.5 4.714 1.366 1.772 0.00 948.69 12.157 1.07307 1.16750 
3.50 2966.1 4.757 1.357 1.797 0.50 1889.04 12.286 1.05646 1.19048 
4.00 3298.9 4.790 1.350 1.B22 1.00 2821.26 ]2.402 1.04431 1.20904 

4.50 3621.8 4.838 1.343 1.846 1.50 3745.33 12.516 ].03445 1.22536 

5.00 3934.9 4.877 1.337 1.872 
5.50 4237.3 . 4.914 1.332 1.897 
6.00 4527.2 4.950 1.326 1.925 
6.50 4804.8 4.985 1.322 1.953 

2.00 4661.26 12.630 1.02604 1.24028 
2.50 5569.05 12.712 1.01g67 1.25422 
3.00 6468.70 12.854 1.01206 1.26744 
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 5321.2 5.047 ].313 2.014 

8.00 5555.6 5.078 1.310 2.050 4.50 9118.80 13.182 0.99546 1.30420 

8.50 5772.9 5.105 1.306 2.089 5.00 9985.89 13.290 0.99071 1.31577 

9.00 5973.4 5.130 1.304 2.131 5.50 10844.83 13.396 0.98626 1.32710 
6.00 11695.64 13.502 0.98207 1.33823 

9.50 6154.0 5.152 1.301 2.J82 6.50 12538.30 ]3.606 0.97811 1.34.918 
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 6542.6 5.200 1.297 2.423 7.50 14199.20 13.812 0.97079 1.37067 

8.00 15017.44 13.914 0.96738 1.38125 
O2 B 3!"1 8.50 15827.54 14.014 0.96413 1.39174 

-0.50 0.0 6.174 
i 

1.6042799 

9.00 16629.50 14.114 0.96101 1.40216 

9.50 17423.32 14.212 0.95801 ] .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 ]8986.53 14.406 0.9523& 
0.50 697.700 6.260 1.50589 1.72668 19755.92 14.501 0.94968 

1.00 1038.736 6.303 1.48649 1.75876 
1.50 1374.200 6.344 1.47090 1.78749 

20517.18 ]4.596 0.94709 
21270.29 14.689 0.94459 

2.00 1703.961 6.385 1.45776 1.81426 O~ a 4nl/i 
2.50 2027.872 6.425 1,1.1631 1.83979 

3.00 2345.774 6.465 1.43623 1.86450 0.50 0.0 16.138 1.3816042 

3.50 2657.493 6.503 1.42714 1.88869 
4.00 2962.845 6.541 1.41889 1.91257 

-0.25 258.4628 16.170 1.3387259 1.4291889 
OM 515.411 16.202 L322:n 1.45041 

4.50 3261.631 6.578 1.41132 1.93631 0.50 1025.437 16.265 1 .. ,0007 1.48208 

5.00 3553.643 6.614 1.40434 ].96005 1.00 1530.301 16.328 ].2S:W!) 1.50781 

5.50 3838.654 6.650 1.39786 1.98393 l.50 2030.005 16.390 1.27m;{ 1.53052 

6.00 4]18.425 6.684 1.39181 2.00806 

6.50 4386.700 6.718 1.38615 2.03258 
2.00 2524.547 16.451 1.~;,(m7 1.55135 
2.50 3013.929 ]6.512 1.:';·,OJlI 1.57089 

7.00 4649.207 6.750 1.38084 2.05761 3.00 3498.150 16 . .')7:: I :',1·1 ~,/, 1.58948 
7.50 4903.657 6.782 1.37586 2.08329 3.50 3977.209 J(!.fJ;\1 I :~:I:ri I 1.60735 
8.00 5149.746 6.812 1.37117 2.10976 4.00 4451.1 ] ltd,'III I . :~:~hh 1.6246 
8.50 5387.153 6.842 1.36677 2.13720 
9.00 5615.548 6.870 1.362M 2.16578 4.50 4919.R.') 1/ .... 1): 1 :':~IIO 1.6415 

5.00 S:ilt~.tJ,2 lI,nn .• 1:'1:\'1 1.6579 
9.50 5834.589 6.897 1.35878 2.19571 5.50 :>g!I·I.Rl III Hr.: l 1:'11111 1.6741 

10.00 6043.932 6.923 1.35518 2.22722 6.00 (IL');),f)'l 1f,'II') I :~Il:'H ].6900 
10.50 6243.235 6.948 1.35184 2.26056 
11.00 6432.167 6.971 1.34876 2.29602 
11.50 6610.416 6.993 1.34592 2.33395 

6.S0 (1701·:\.11) 1(, '1,1 I 1'1,·,· 1. 7057 -
1 --

7.00 7IHlI.I:' I, \1 
I 

I 1'1:") 1. 7213 --
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TABLE 53. RKR potentials for electronic states of O2 and Oit - Con. 

O~ A 211" 

-0.50 0.0 17.082 1.4082204 

-0.25 223.9937 17.110 1.3627045 1.4599662 
0.00 445.99 17.]38 1.34550 1.48344 
0.50 884.90 17.192 1.32265 1.51895 
1.00 1317.03 17.246 1.30623 1.54820 
1.50 1742.37 17.298 1.29308 1.57434 

2.00 2160.92 17.350 1.28202 1.59857 
2.50 2572.70 17.401 1.27240 1.62153 
3.00 2977.69 17.451 1.26388 1.64359 
3.50 3375.89 17.501 1.25621 1.66498 

4.00 3767.3] 17.549 1.24923 1.68587 

4.50 4151.95 17.597 1.24281 1.70640 
5_00 452980 17.644 ] ?3flAA l_7?fltlfl 

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 
9.00 7308.40 17.988 1.20048 

0i b 4Ii 

-0.50 0.0 }96 1.2796516 

-0.25 298.1764 18.233 1.2400818 1.3242684 
0.00 594.]92 18.270 1.225006 1.344421 
0.50 1179.798 18.342 1.204882 1.374788 
l.00 1756.836 18.414 ].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 

5556.22 18.885 1.13313 
6064.72 18.948 
6564.65 1.56690 
7056.02 1.58351 
7538.82 1.60003 
8013.05 1.61649 
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Molecule 

02 

0+ 
2 

a-X: 

b-X: 

b-a: 
A-X; 

c-X, C-X: 
B-X: 

PAUL H. KRUPENIE 

TABLE 54. Lifetimes, Einstein coefficients, and oscillator strengths 

Transition Band T(S) A,., (S-I) A t"l'" (S-I) Absorption f-value Ref. 

a 'Lly-X 32;;- 0-0 3.88(103) 2.58(10- 4) 4.15(10- 12) 26 
b 12;-X 32;; 0-0 0.085 2.47(10- 1 °) 67b 

1-0 (0.0069) 84 
2-0 (0.1636 ± .0040)10-3 

356 
1-1 0.0704 ± .0042 356 

b 12~-a lily 0-0 1.::>(10-3 ) 301 
A 32t-X :r~:iI (1-103) 28,420,241,419 

7-0 1.24(10- 10) 174 
c 12~,-X 32y - 10-4 241 

> 10-3 420 
C 3Ll,,-X 32;;- ,,;; 10-5 241 

> 10-3 420 
B 32;'-X :12i1 (see table 55) 

a 4nll > 10-:1 (est.) 386,13 

A 2TI" v=O 677(l0-!l~ 
1 679(1O-!l) ) 
2 679(10-!l) 

3 666(l0-!J~ 

4 671(10- lJ) 

s 680(l0-!l) 
6 67S00-i) 
7 676(10- 9) 220a 

A 2TI lI -X 2TIu 4-4 (3.66 ± .18)10-4 220a 
b 42; v=O (1.12 ± .04)IO-'} 220a 

1 (1.10 ± .05)10-6 

2 (1.22 ± .04)10-6 

b 42;-0 4TI" 0-0 0.00102 220a 

Other estimates of transition probability lie within ± 50 percent of the cited value. Badger et at [26] discuss the· pressure depend
ence of the reciprocal lifetime of the a ILl!1 state. (Radiative half life is ~ 0.69 times the cited value.) 
(a) Relative transition probabilities as esllmated years ago by Childs [84] would give All = 0.068. 

(b) "The probability of the entire electronic transition is equal to 0.0878± 0.0053 sec-Po according to Sitnik and Khlystov [356]. Tille 
value is approximate. 

Noxon's original estimate [301] of 2.5(10-3
) S-l was based on b-X, 0-0, A-value being 0.143. Uncertainty is a factor of 2. 

(a) TUlal/-value JIJ lite cUlllillUUlll Lduw 2:::;00 A i:, e~ljmaled a:, 2(10-') [219]. 
(b) Estimates of the lifetime for the A state range from 1O-4s to 1O:1s. 

(c) f-value for the A-X transition in compressed oxygen is estimated as - 10-9 [110]. 
(d) f70 is absolute, not relative. Unceriainty is ± 15 percent. 
Only crude estimates are available. 
(a) See table 55 for a list of band [values. 

(b) ;~':27 f,.,o = 2.5(10-
4). but this means little since the continuum so dominates the discrete structure. See sect. 11.6 for a discussioll 

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

Uncertainty in lifetime are ± 5(10-!l)s [220a]. 
(a) 4-4 band [value is calculated [220a]. 

(b) Fink and Welge [139], from measurements on sCYeral A-X bands, obtained T(A ~nu) - (7.1 == 0.6)]0- 7". 

All lifetimes are based on data exrapolated to zero pressure. 

[value for the 0-0 band is calculated (and based on Morse function Franck-Condon factors) f220aJ. VilIlC(·/:W6/ has estimated b-a 

lifetime as < 1O-6s, within an order of magnitude of that estimated fromj;Jo. (See Ref. [13] on lifetinw.) 
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TABLE 55. Absolute f-values for the O2 B 31" - X 31i bands 

V" 

Vi 

0 1 2 

0 3.4& 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 3.39-4 
8 6.68-6 9.40-5 5.46-4 
9 1.06-5 1.38--4 9.87-4 

10 1.57-5 1.91-4 1.03-3 
11 2.09-5 2.38--4 1.04-3 
12 2.53-5 173-.-1 1.22-,R 

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 
17 2.23-5 2.01-4 
18 1.83-5 
19 1.44---5 

Data of Ackerman et a1. [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], Halmnnn and Laulicht [168e], and Hasson et a1. (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 a1. Data of Farmer et al. [131] are discrep
ant. (Notation! 34.5-R mean .. 34.5 (10-8). et(') 

TABLE 56. UV absorption; some special features 

X(A) I 
4000-2050 
1750-1300 

1800-1400 
1796 
1781 

1352 
1332 
1293 
1244 
1205 
1153 

1215.7 
lIS7.l 
1166.8 
11::"1,0 

1142.8 
1126.9 
1108.3 

k(cm- 1} 

< 10-4 

390 (peak) 

0.28 } 
0.44 

185 
55 
20 

1200 
430 
200 

0.28 
, 

0.20 
0.29 
0.44 

0.31 
0.62 
0.20 

Ref. I 

373 

Comments 

B-X Schumann-Runge 
continuum. 

Peak at 1420 A. Weak 3n" 
414 (repulsive) - X 31i 

continuum. (f-value for 
this region estimated 

369,400 
271 

271 

as 0.01.) 

Windows~ regions of 
minimum absorption, 

487 
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VI v" 

0, 0 
1 
2 

1, 0 
1 

2 
3 
4 

2, 0 
1 

2 
3 
4 
5 

3, 1 

2 
3 
4 
5 
6 

Table 57. Franck-Condon integrals. 

Franck-Condon integrals are taken from the extensive calculations of 
r9J; these include calculations for unobserved transitions. For the 
transition data from Degen et al. [1041 are placed at the end of the 

7882.39 
6326.01 
4793.20 
9365.89 
7809.51 

6276.70 
4767.24 
3280.93 

10823.59 
9267.21 

7734.40 
6224.94 
4738.63 
3275.32 

10699.11 

9166.30 
7656.84 
6170.53 
4707.22 
3266.76 

9.869-1 
1.297-2 
1.260-4 
1.303-2 
9.586-1 

2.791-2 
4.296-4 
1.735-6 
6.794-5 
2.814-2 

9.258-1 
4.497-2 
9.802-4 
6.073-6 
2.591-4 

4.548-2 
8.881-1 
6.423-2 
1.867-3 
1.652-5 

Infrared atmospheric system 

A(vac) 
o 

12686.51 
15807.75 
20862.88 
10677.04 
12804.90 

15931.93 
20976~49 
30479.12 

9239.08 
10790.73 

12929.25 
16064.41 
21103.12 
30531.37 

9346.57 

10909.53 
13060.22 
16206.05 
21243.96 
30611 .. 33 

4.833+11 
3.284+ 9 
1.388+ 7 
1.071+10 
4.566+11 

6.903+ 9 
4.655+ 7 
6.126+ 4 
8.615+ 7 
2.240+10 

4.284+11 
1.085+10 
1.043+ 8 
2.134+ 5 
3.173+ 8 

3.502+10 
3.987+11 
1.509+10 
1.948+ 8 
5.759+ 5 

3.810+15 
2.077+13 
6.652+10 
1.003+14 
3.566+15 

4.333+13 
2.219+11 
2.010+ 8 
9.325+11 
2.076+14 

3.313+15 
6.752+13 
4.942+11 
6.989+ 8 
3.394+12 

3.210+14 
3.053+15 
9.312+13 
9.168+11 
1.881+ 9 

1.217 
1.547 
1.555 
0.902 
1.227 

1.547 
1.568 
2.079 
0.198 
0.928 

1.238 
1.547 
1.581 
2.008 
0.302 

0.953 
1.248 
1.548 
1.592 
1.957 

a1. 

1.482 
2.289 
2.487 
0.713 
1.510 

2.295 
2.518 
3.782 

-0.782 
0.772 

1.539 
2·302 
2.547 
3.622 

-0.571 

0.832 
1.568 
2.311 
2.575 
3.510 

THE CALCULATED ARRAY EXT~NDED THROUGH 3,21). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0, 0 
1 
2 
3 

1, 0 

1 
<:: 
3 
4 
5 

2, 0 
1 
2 
3 
4 

5 
6 

3" 0 
1 
2 

3 
4 
5 
6 
7 

8 

13120.91 
11564.53 
]0031 .. 72 
8522.26 

14525.66 

12969.28 
11430.41 
9927.01 
8440.71 
6977.39 

15902.42 
14346.04 
12813.23 
11303.77 

9817.46 

8354.15 
6913.69 

17251.09 
15694.71 
14161. 

12652.44 
11166.14 

9702.82 
8262.37 
6844.67 

5449.66 

O2 

9.308-1 
6.660-2 
2 ... ')23-3 
5.648-5 
6.647-2 

7.928-1 
1.~<::L-1 

8.284-3 
2.736-4 
6.417-6 

2.639-3 
1.315-1 
6.527-1 
1.943-1 
1.802-2 

8.232-4 
2.512-5 
6.911-5 
8.753-3 
1.924-1 

5.144-1 
2.499-1 
3. 
1. 
7.617-5 

Red atmospheric system 

7621.42 
8647.13 
99£-..8.38 

11733.98 
6884.37 

7710.53 
Cl{43.95 

10073.53 
11847.35 
14332.01 

6288.35 
6970.57 
7804.43 
8846.61 

10185.93 

11970.10 
14464.05 

5796.74 
6371.57 
7061.20 

.61 

.65 
10306.28 
12103.07 
14609.91 

18349.77 

2. 
1. 
2.547+ 9 
3.496+ 7 
2.037+11 

1.729+12 
1.977+11 
8.104+ 9 
1.645+ 8 
2.180+ 6 

1.061+10 
3.883+11 
1.373+12 
2.807+11 
1.705+10 

4.799+ 8 
8.301+ 6 
3.5481 8 
3.384+10 
5.463+11 

1.042+12 
3c479+11 
2.960+10 
1.110+ 9 
2.442+ 7 

3.277+ 5 

2.759+16 
1.191+15 
2.555+13 
2.979+11 
2.959+15 

2.243+16 
2.261+15 
8.045+13 
1.388+12 
1.521+10 

1.688+14 
5.571+15 
1.759+16 
3.172+15 
1.674+14 

4.010+12 
5.739+10 
6.121,12 
5.311+14 
7.73 7 +15 

1.318+16 
3.885+15 
2.872+ 1'1 
9.172+17 
1.672+}] 

1.7fl6-1 t' 

1.222 
1.370 
1./{64 

1.573 
1.089 

1.233 
1.378 
1.471 
1.574 
1.636 

0.919 
1.106 
1.243 
1.386 
1.478 

1.577 
1.643 
0.656 
0.947 
] . ) 
J.. ~) ->. 

] .. 39 /1 

] .. 1.11', 
I .. I; n] 

1 .. () {~Ii 

I .. 771: 

1.495 
1.857 
2 ... 131 
2.444 
1.169 

1.524 
1.880 
2.151 
2.453 
2.672 

0.785 
1.210 
1.554 
1.905 
2.172 

2.464 
2.690 
0 .. 240 
0.846 

.252 

1.583 
1.930 
2.194 
2.477 
2.708 

THE CALCULATED ARRAY EXTENDED THROUGH ( 3,21 J. Q LESS THAN .O-i, 111'.\1' 1'.1 I N OMITTED. 
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Table 57. Franck-Condon integra1s--continued 

3 - 3-
O2 B ~u-X l.g Schumann-Runge system 

---------------------------_. -------
2" :A(vac) 3 4 phase v' v" qlT'V" qv'v"Oo qv'v"Oo r r 

°0 0 

----------------~-----------------------------------------------------
0, 2 46268.90 1.303-6 2161.28 1.290+ 8 5.970+12 1.404 1.974 + 

3 44759.43 1.173-5 2234.17 1.052+ 9 4.710+13 1.420 2.017 + 
4 43273.13 7.582-5 2310.90 6.144+ 9 2.659+14 1.435 2.061 + 
5 41809.81 3.741-4 2391.78 2.734+10 1.143+15 1 .. 451 2.106 + 
6 40369.36 1.465-3 2477.13 9.638+10 3.891+15 1.467 2.153 + 

7 38951 .. 66 4.676-3 2567.29 2.763+11 1.076+16 1.484 2.202 + 
8 37556.65 1.239-2 2662.64 6.563+11 2.465+16 1.500 2.252 + 
9 36184.29 2.763-2 2763.63 1.309+12 4.736+16 1.518 2.305 + 

10 34834.56 5.240-2 2870.71 2.215+12 7.715+16 1.536 2.360 + 
11 33507.49 8.514-2 2984.41 3.203+12 1.073+17 1.554 2.416 + 

12 32203.12 1.192-1 3105.29 3.981+12 1.282+17 1.573 2.476 + 
13 30921.55 1.443 1 3233.99 4.266112 1.319117 1.593 2.538 + 
14 29662.88 1.514-1 3371.22 3.951+12 1.172+17 1.614 2.604 + 
15 28427.26 1.378-1 3517.75 3.164+12 8.996+16 1.635 2.673 + 
16 27214.85 1.087-1 3674.46 2.190+12 5.960+16 1.657 2.746 + 

17 26025.87 7.417-2 3842.33 1.307+12 3.403+16 1.680 2.823 + 
18 24860.54 4.370-2 4022.44 6.714+11 1.669+16 1.705 2.905 + 
19 23719.13 2.213-2 4216.01 2.953+11 7.005+15 1.731 2.993 + 
20 22601.94 9.585-3 4424.40 1.107+11 2.501+15 1.758 3·088 + 
21 21509.30 3.525-3 4649.15 3.508-r10 7.5q6-r14 1.787 3.191 -r 

1, 2 46956.43 1.234-5 2129.63 1.277+ 9 5.999+13 1.397 1.955 
3 45446.97 9.847-5 2200.37 9.243+ 9 4.201+14 1.412 1.997 
4 43960.66 5.557-4 2274.76 4.721+10 2.075+15 1.428 2.040 
5 42497.35 2.352-3 2353.09 1.805+11 7.672+15 1.443 2.084 
6 41056.89 7.732-3 2435.64 5.351+11 2.197+16 1.459 2.129 

7 39639.19 2.013-2 2522.76 1.254+12 4.969+16 1.475 2.176 
8 38244.18 4.189-2 2614.78 2.343+12 8.961+16 1.491 2.225 
9 36871.82 6.967-2 2712.10 3.493+12 1.288+17 1.508 2.276 

10 35522.09 9.140-2 2815.15 4.097+12 1.455+17 1.526 2.328 
11 34195.02 9.128-2 2924.40 3.650+12 1.248+17 1.543 2.382 

12 32890.66 6.350-2 3040.38 2.259+12 7.431+16 1.561 2.437 
13 31609.08 2.328-2 3163.65 7.352+11 2.324+16 1.579 2.490 
14 30350.41 3.441-4 3294.85 9.619+ 9 2.919+14 1.566 2.427 
15 29114.79 1.553-2 3434.68 3.833+11 1.116+16 1.629 2.656 + 
16 27902.38 6.165-2 3583.92 1.339+12 3.737+16 1.647 2.715 + 

17 26713.40 1.087-1 3743.44 2.072+12 5.534+16 1.669 2.786 + 
18 25548.07 1.284-1 3914.19 2.142+12 5.472+16 1.692 2.863 + 
19 2 /, /,06.66 1.14 /,-1 4097.24 1.664+12 4.061+16 1.716 2.945 + 
20 23289.47 8.062-2 4293.78 1.018+12 2.372+16 1.742 3.034 + 
21 22196.83 4.589-2 4505.15 5.018+11 1.114+16 1.770 3.130 + 

2, 1 49154.46 5.300-6 2034.40 6.294+ 8 3.094+13 1.376 1.896 + 
2 47621.65 6.008-5 2099.88 6.488+ 9 3.090+14 1.391 1.936 + 
3 46112.19 4.245-4 2168.62 4.162+10 1.919+15 1.406 1.977 + 
4 44625.89 2.087-3 2240.85 1.855+11 8.277+15 1.421 2.019 + 
5 43162.57 7.540-3 2316.82 6.063+11 2.617+16 1.436 2.062 + 

6 41722.11 2.057-2 2396.81 1.494+12 6.235+16 1.451 2.107 + 
7 40304.42 4.280-2 2481.12 2.802+12 1.129+17 1.467 2.152 + 
8 38909.41 6.724-2 2570.07 3.961+12 1.541+17 1.483 2.199 + 
9 37537.04 7.696-2 2664.04 4.070+12 1.528+17 1.499 2.248 + 

10 36187.31 5.824-2 2763.40 2.760+12 9.987+16 1.516 2.297 + 

11 34860.24 2.124-2 2868.60 8.997+11 3.136+16 1.531 2.343 + 
12 33555.88 5.507-5 2980.10 2.081+ 9 6.982+13 1.476 2.115 + 
13 32274.31 1.853-2 3098.44 6.230+11 2.011+16 1.576 2.486 
14 31015.64 5.696-2 3224.18 1.699+12 5.271+16 1.593 2.537 
15 29780.01 6.930-2 3357.96 1.830+12 5.450+16 1.611 2.596 
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Table 57. Franck-Condon integra1s--continued 

O2 
3 - Schumann-Runge system B'\' 
'~u 

----------------
A(vac) 3 4 2 phase v' v" 

°0 qv'v" qv'v""o qv'v·t<:'o r r 
0 

2,16 28567.61 3.928-2 3500.47 9.157+11 2.616+16 1.630 2.655 
17 27378.62 3.934-3 3652.49 8.073+10 2.210+15 1.641 2.682 
18 26213.29 1.018-2 3814.86 1.834+11 4.807+15 1.688 2.854 + 
19 25071.89 5.989-2 3988.53 9.439+11 2.366+16 1.705 2.910 + 
20 23954.70 1.111-1 4174.55 1.527+12 3.659+16 1.729 2.990 + 

21 22862.05 1.257-1 4374.06 1.502+12 3.434+16 1.755 3.078 + 
3, 1 49796.27 1.979-5 2008.18 2.443+ 9 1.216+14 1.370 1.880 

2 48263.47 2.013-4 2071.96 2.263+10 1.092+15 1.385 1.919 
3 46754.00 1.258-3 2138.85 1.286+11 6.013+15 1.399 1.959 
4 45267.70 5.375-3 2209.08 4.986+11 2.257+16 1.414 2.000 

5 4380 /1.38 1.646-2 2282.88 1 •. 384112 6.061+16 1.429 2.042 
6 42363.93 3.677-2 2360.50 2.795+12 1.184+17 1.444 2·085 
7 40946.23 5.929-2 2442.23 4.070+12 1.667+17 1.459 2.129 
8 39551.22 6.571-2 2528.37 4.066+12 1.608+17 1.475 2.174 
9 38178.86 4.331-2 2619.25 2.410+12 9.203+16 1.490 1".1"1"0 

10 36829.13 9.417-3 2715.24 4.704+11 1.732+16 1.504 2.258 
11 35502.06 2.395-3 2816.74 1.072+11 3.805+15 1.536 2.368 + 
12 34197.69 3.150-2 2924.17 1.260+12 4.308+16 1.546 2.391 + 
13 32916.12 5.446-2 3038.02 1.942+12 6.393+16 1.562 2.441 + 
14 31657.45 3.492-2 3158.81 1.108+12 3.508+16 1.579 2.492 + 

15 30421.83 2.823-3 3287.11 7.948+10 2.418+15 1.587 2.508 + 
16 29209.4.2 1.221-2 3423.55 3.042+11 8.885+15 1.628 2-657 
17 28020.44 5.283-2 3568.82 1.162+12 3.257+16 1.644 2.706 
18 26855.11 6.233-2 3723.69 1.207+12 3.242+16 1.664 2.769 
19 25713.70 2.540-2 3888.98 4.319+11 1.111+16 1.683 2.829 

20 24596.51 2.017-5 4065.62 3.001+ 8 7.382+12 1.984 4.041 + 
21 23503.87 3.218-2 4254.62 4.178+11 9.821+15 1.745 3.050 + 

4, 0 51969.72 2.881-6 1924.20 4.044+ 8 2.102+13 1.351 1.826 + 
1 50413.34 5.726-5 1983.60 7.337+ 9 3.699+14 1.365 1.864 + 
2 48880.54 5.232-4 2045.80 6.110+10 2.987+15 1.379 1.902 + 

3 47371.08 2.893-3 2110.99 3.075+11 1.457+16 1.393 1.941 + 
4 45884.77 1.070-2 2179.37 1.034+12 4.745+16 1.407 1.982 + 
5 44421.45 2.756-1" 21"51.17 2_416+1:;> 1.07?, ..... ]7 1.422 2.023 ..... 
6 42981.00 4.941-2 2326.61 3.924+12 1.686+17 1.437 2.065 + 
7 4156:3.30 5.894-2 2405.97 4.232+12 1.759+17 1.452 2.107 + 

8 40168.29 4.031-2 2489.53 2.612+12 1.049+17 1.467 2.150 + 
y 3!){Y5.Y'!; 8.393-3 2577.59 4.901+11 1.901+16 1.479 2.185 + 

10 37446.20 2.916-3 2670.50 1.531+11 5.734+15 1.509 2.284 
11 36119.13 3.091-2 2768.62 1.456+12 5.260+16 1.519 2.309 
12 34814.77 4.503-2 2872.34 1.900+12 6.615+16 1.535 2.355 

13 33533.19 1.900-2 2982.12 7.165+11 2.403+16 1.550 2-399 
14 32274.52 1.902-4 3098.42 6.393+ 9 2.063+14 1.622 2.664 + 
15 31038.90 2.620-2 3221.76 7.836+11 2.432+16 1.594 2.544 + 
16 29826.49 4.910-2 3352.72 1.303+12 3.886+16 ] .611 ?,95 + 
17 28637.51 2.392-2 3491.92 5.618+11 1.609+16 1.627 2.645 + 

18 27472.18 2.859-5 3640.05 5.928+ 8 1.629+13 1.840 3.479 
19 26330.77 2.924-2 3797.84 5.338+11 1.406+16 1.680 2.827 
20 2521;;.~!) 0.;;1;;-2 3966.12 1.012+12 2.551+16 1.699 2.889 
21 24120.94 4.079-2 4145.78 5.725+11 1.381+16 1.720 2.955 

5, 0 52560.52 P 7.576-6 1902.57 1.100+ 9 5.782+13 1.34::; 1.811 

1 51004.14 P 1.371-4 1960.63 1.819+10 9.278+14 ] . 1.849 
2 49471.33 P 1.126-3 2021.37 1.364+11 6.747+1~) 1.373 1.886 
3 47961.87 P 5.506-3 2084.99 6.075+11 2.914+]6 ].3fn 1.925 
4 46475.57 P 1.758-2 2151.67 1.765+12 8.204+]6 1. Ii 0] 1.965 
5 45012.25 P 3.768-2 2221.62 3.436+12 1.547+17 ] .ill h 2.005 
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Table 57. Franck-Condon integrals--continued 

_x3~- SchJrnann-Runge 
g 

system 

A (vac) 3 4 phase v' VII q",v" qv'vllO"o ',ll1'v,,:::Io 
r 

('\"0 0 

-------------------------
6 43571.80 P 5.278-2 2295.06 4.366+12 10902+17 1.430 2.046 
7 42154.10 P 4.298-2 2372.25 3.220+12 1.357+17 1.445 2.086 
8 40759.09 P 1.283-2 2453.44 8.685+11 3.540+16 1 .. 458 2.123 
9 39386.72 P 7.930-4 2538.93 4.845+10 1.908+15 1.492 2.239 + 

10 38037.00 P 2 .. 408-2 2629.02 1.325+12 5.040+16 1.495 2.236 + 

11 36709.93 P 3.928-2 2724.06 1 .. 943+12 7.134+16 1 .. 509 2.279 + 
12 35405.56 P 1.579-2 2824.42 7.006+11 2.481+16 1.524 2.318 + 
13 34123 .. 99 P 6.553-4 2930.49 2.604+10 8 .. 886+14 1 .. 568 2.478 
14 32865.32 P 2.667-2 3042 .. 72 9.467+11 3 .. 111+16 1.565 2.452 
15 31629 .. 70 P 3.844-2 3161.59 1.216+12 3.848+16 1.581 2.498 

16 30417.29 P 9.388-3 3287.60 2 .. 642+11 8.036115 1.5')4 2.535 
17 29228.30 P 5.262-3 3421.34 1.314+11 3.840+15 1.633 2.674 + 
18 28062.98 P 3.970-2 3563.41 8.773+11 2.462+16 1.644 2.704 + 
19 26921.57 P 3 .. 805-2 3714.49 7.424+11 1.998+16 1.661 2.759 + 
/0 75R04.'1R P ~A'140-~ 387') .. ':n 5 .. 740+10 1 .. 4R1+15 1.(;67 7.766 + 

21 24711 .. 73 P 1.609-2 4046.66 2.428+11 6.001+15 1.719 2.961 
6, 0 53123 .. 30 P 1.711-5 1882.41 2.565+9 1.362+14 1.340 1.798 + 

1 51566 .. 92 P 2.826-4 1939.23 3.874+10 1.998+15 1 .. 354 1.834 + 
2 50034.12 P 2 .. 090-3 1998.64 2 .. 618+11 1.310+16 1.368 1.812 + 
3 48524.66 P 9 .. 032-3 2060.81 1..032+12 5.008+16 1.382 1 .. 910 + 

4 47038 .. 35 P 2.481-2 2125.93 2.582+12 1.214+17 1.396 1.949 + 
5 45575.03 P 4.367-2 2194.18 4.133+12 1.884+17 1.410 1.988 + 
6 44134 .. 58 P 4.591-2 2265.80 3. 2 1 .. 742+17 1.424 2.027 + 
7 42716 .. 88 P 2.182-2 2341.00 1. 7 .. 265+16 1.438 2.065 + 
8 41321.87 P 3.507-4 2420.03 2.474+10 1.022+15 1.434 2.038 + 

9 39949.51 P 1.395-2 2503.16 8.896+11 3.554+16 1.473 2.172 
10 38599.78 P 3.470-2 2590.69 1.996+12 7.703+16 1.486 2.210 
11 37272.71 P 1.896-2 2682.93 9.820+11 3.660+16 1 .. 500 2.248 
12 35968.35 P 1.153-5 2780.22 5.366+ 8 1.930+13 1.683 2.931 + 
13 34686 .. 77 P 2.070-2 2882.94 8.638+11 2.996+16 1.539 2.372 + 

14 33428.10 P 3.298-2 2991.50 1.232+12 4.118+16 1.554 2.414 + 
15 32192.48 P 6.965-3 3106 .. 32 2.323+11 7.480+15 .1 .. 565 2.445 + 
16 30980.07 P 6.669-3 3227.88 1.983+11 6.143+15 1.601 2.568 
17 29791.09 P 3.556-2 3356.71 9.401+11 2.801+16 1.613 2.601 
18 28625.76 P 2.279-2 3493.36 5.346+11 1.530+16 1.628 2.647 

19 27484.35 P 6.201-5 3638.43 1.287+ 9 3 .. 538+13 1 .. 783 3.251 + 
20 26367.16 P 2.848-2 3792.60 5.221+11 1 .. 377+16 1 .. 679 2.821 + 
21 25274.52 P 4.287-2 3956.55 6.921+11 1.749+16 1.696 2.877 + 

i, 0 53656.09 3.402-5 1863.72 5.254+ 9 2 .. 819+14 1.335 1.785 
1 52099.71 5.141-4 1919.40 7 .. 270+10 3.788+15 1.349 1.821 

'2 50566.90 3.432-3 1977.58 4..,437+11 2.244+16 1.363 1.858 
3 49057.44 1.311-2 2038 .. 43 1.548+12 7.594+16 1.377 1.896 
4 47571.13 3.084-2 2102 .. 12 3.320+12 1 .. 579+17 1.390 1.934 
5 46107.82 4.388-2 2168.83 4.301+12 1..983+17 1.404 1.972 
6 44667.36 3.255-2 2238.77 2.901+12 1,,296+17 1.418 2.010 

7 43249.66 6.024-3 2312.16 4.874+11 2.108+16 1.429 2.040 
8 41854.65 3.883-3 2389.22 2.847+11 1.191+16 1.454 2.119 + 
9 40482.29 2.672-2 2470.22 1.773+12 7 .. 175+16 1.465 2.147 + 

10 39132.56 2.477-2 2555.42 1.484+12 5.808+16 1.478 2.185 + 
11 37805.49 1.646-3 2645.12 8 .. 895+10 3 .. 363+15 1.484 2.192 + 

12 36501.13 1.149-2 2739.64 5.589+11 2.040+16 1.516 2.303 
13 35219.56 2.986-2 2839.33 1 .. 305+12 4.595+16 1.529 2.339 
14 33960.89 9.879-3 2944.56 3 .. 869+11 1.314+16 1.542 2.373 
15 32725.26 3 .. 412-3 3055.74 1.196+11 3.913+1:; 1.576 2.492 + 
16 31512.85 2.905-2 3173.31 9.092+11 2.865+16 1.585 2.512 + 
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Table 57. Franck-Condon integrals--continued 

°2 
B3 

I!u Schumann-Runge system 

-----------------
v' v" A (vac) 3 4 2 phase (}o qv'v" qv'v l1O"o qy'y"::Y o r r 

0 

7,17 30323.87 1.910-2 3297.73 5.326+11 1.615+16 1.599 2.554 + 
18 29158.54 2.712-4 3429.53 6.724+ 9 1.961+14 1.677 2.846 
19 28017.13 2.661-2 3569.24 5.853+11 1.640+16 1.646 2.711 
20 26899.95 2.968-2 3717.48 5.777+11 1.554+16 1.662 2.759 
21 25807.30 8.707-4 3874.87 1.497+10 3.862+14 1.647 2.686 

8, 0 54156.63 6.054-5 1846.50 9.616+ 9 5.208+14 1.331 1.773 + 
1 52600.25 8.401-4 1901.13 1.223+11 6.431+15 1.345 1.809 + 
2 51067.44 5.073-3 1958.19 6.756+11 3.450+16 1.358 1.845 + 
3 49557.98 1.715-2 2017.84 2.088+12 1.035+17 1.372 1.882 + 
4 48071.67 3.441-2 2080.23 3.823+12 1.838+17 1.385 1.920 + 

5 46608.36 3.877-2 2145.54 3.925+12 1.829+17 1.399 1.957 + 
6 45167.90 1.826-2 2213.96 1.682+12 7.598+16 1.412 1.993 + 
7 43750.20 9.514-5 2285.70 7.967+ 9 3.486+14 1.395 1.918 + 
8 42355.19 1.391-2 2360.99 1.057+12 4.477+16 1.445 2.091 
9 40982.83 2.748-2 2440.05 1.892+12 7.754+16 1.458 2.126 

10 39633.10 768-3 2523.14 5.458+11 2.163+16 1.470 2.158 
11 38306.03 .581-3 2610.56 1.451+11 5.558+15 1.499 2.254 + 
12 37001.67 2.385-2 2702.58 1.208+12 4.471+16 1.507 2.272 + 
13 35720.09 1.625-2 2799.55 7.405-t-11 2.645-t-16 1.:':;20 2.308 -t-
14 34461.42 1.529-4 2901.80 6.257+ 9 2.156+14 1.588 2.558 

15 33225.80 2.062-2 3009.71 7.564+11 2.513+16 1.560 2.434 
16 32013.39 2.095-2 3123.69 6.874+11 2.201+16 1.573 2.474 
17 30824.41 8.690-5 3244.18 2.545+ 9 7.845+13 1.512 2.219 
18 29659.08 1.948-2 3371.65 5.081+11 1.507+16 1.617 2.618 + 
19 28517.67 2.541-2 3506.60 5.894+11 1.681+16 1.631 2.660 + 

20 27400.48 6.319-4 3649.57 1.300+10 3.562+14 1.615 2.578 + 
21 26307.84 1.971-2 3801.15 3.589+11 9.441+15 1.681 2.830 

9, 0 54622.43 9.751-5 1830.75 1.589+10 8.680+14 1.327 1.762 
1 53066.05 1.247-3 1884.44 1.864+11 9.889+15 1.340 1.798 
2 51533.24 6.837-3 1940.50 9.357+11 4.822+16 1.354 1.834 

3 50023.78 2.050-2 1999.05 2.566+12 1.283+17 1.367 1.870 
4 48537.47 3.494-2 2060.26 3.995+12 1.939+17 1.381 1.907 
5 47074.16 3.033-2 2124.31 3.164+12 1.490+17 1.394 1.943 
6 45633.70 7.361-3 2191.36 6.995+11 3.192+16 1.406 1.975 
7 44216.00 2.176-3 2261.63 1.881+11 8.318+15 1.430 2.049 + 

8 42820.99 2.106-2 2335.30 1.654+12 7.082+16 1.439 2.072 + 
I) 41448.63 1.874 2 2412.63 1.335-t-12 5.532-t-16 1.452 2.106 + 

40098.90 4.568-4 2493.83 2.945+10 1.181+15 1.449 2.083 + 
1 38771.83 1.248-2 2579.19 7.274+11 2.820+16 1.487 2.213 
12 37467.47 2.162-2 2663.98 1.137+12 4.260+16 1.499 2.247 

13 36185.90 2.303-3 2763.51 1.091+11 3.949+15 1.506 2.259 
14 34927.23 9.561-3 2863.10 4.07 l f+11 1.423+16 1.538 2.369 + 
15 33691.60 2.279-2 2968.10 8.716+11 2.936+16 1.550 2.402 + 
16 32479.19 3.042-3 3078.89 1.042+11 3.385+15 1.557 2.417 + 
17 31290.21 9.800-3 319:>.tsy 3.00L+ll 9.394+15 1.593 2.541 

18 30124.88 2.439-2 3319.51 6.669+11 2.009+16 1.605 2.576 
19 28983.47 2.819-3 3450.24 6.863+10 1.989+15 1.610 2.581 
20 27866.29 1.209-2 3588.57 2.616+11 7.290+15 1.652 2.735 + 
21 26773.64 2.710-2 3735.02 5.202+11 1.393+16 1.66:) 2.773 + 

10, 0 55050.81 1.431-4 1816.50 2.388+10 1.315+15 1.323 1.752 + 

1 53494.43 1.695-3 1869.35 2.595+11 1.388+16 1.337 1.788 + 
2 51961.62 8.477-3 1924.50 1.189+12 6.179+1 1.350 1.823 + 

50452~16 2.260-2 1982.08 2.902+12 1.464+1 1.363 1.859 + 
4 48965.86 3.264-2 2042.24 3.832+12 1.876+1 1.377 1.895 + 
5 47502.54 2.108-2 2105.15 2.260+12 1.073+]7 1.390 1.930 + 
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Table 57. Franck-Condon integra1s--continued 

o B3~-_X3~- Schumann-Runge 
2 u '-'g 

system 

A(vac) 3 4 r phase v I v" 0-0 qv'v" 0 qv'v"o-o Qv'v"(1o 

10, 6 46062.09 1.519-3 2170.98 1.485+11 6.839+15 1.398 1.949 + 
7 44644.39 7.537-3 2239.92 6.707+11 2.994+16 1.422 2.023 
8 43249.38 2.177-2 2312.17 1.761+12 7.617+16 1.434 2.055 
9 41877.01 8.458-3 2387.94 6.211+11 2.601+16 1'.445 2.086 

10 40527.29 1.628-3 2467.47 1.083+11 4.391+15 1.473 2.178 + 

11 39200.21 1.853-2 2551.01 1.116+12 4.375+16 1.480 2.191 + 
12 37895.85 1.097-2 2638.8.1 5.972+11 2.263+16 1.492 2.223 + 
13 36614.28 8.241-4 2731.18 4.045+10 1.481+15 1.529 2.350 
14 35355.61 1.821-2 2828.40 8.048+11 2.845+16 1.529 2.338 
15 34119.98 1.076-2 2930.83 4.274+11 1.458+16 1.541 2.371 

16 32907.58 1.405-3 3038.81 5.005+10 1.647+15 1.578 2.503 + 
17 31718.59 2.012-2 3152.73 6.421+11 2.037+16 1.581 2.501 + 
18 30553.27 8.941-3 3272.97 2.550+11 7.791+15 1.593 2.533 + 
19 29411.86 3.449-3 3399.99 8.776+10 2.581+15 1.631 2.669 
20 28294.67 2.323-2 3534.24 5.262+11 1.489+16 1.638 2.684 

21 27202.02 6.200-3 3676.20 1.248+11 3.394+15 1.648 2.707 
ll, 0 55439.05 1.924-4 1803.78 3.279+10 1.818+15 1.320 1.744 

1 53882.67 2.123-3 1855.88 3.321+11 1.789+16 1.333 1.778 
2 ,,)'~49.B6 9.733-3 1910.22 1.396-1-12 7.310-1-16 1.346 1.814 
3 50840.40 2.318-2 1966.94 3.046+12 1.549+17 1.360 1.849 

4 49354.09 2.832-2 2026.18 3.405+12 1.680+17 1.373 1.885 
5 47890.78 1.299-2 2088.08 1.426+12 6.831+16 1.385 1.918 
7 45032.62 1.211-2 2220.61 1.106+12 4.981+16 1.416 2.008 + 
8. 43637.61 1.756-2 2291.60 1.459+12 6.369+16 1.429 2.041 + 
9 42265.25 1.968-3 2366.01 1.486+11 6.281+15 1.437 2.058 + 

10 40915.52 6.765-3 2444.06 4.633+11 1.896+16 1.463 2.142 
11 39588.45 1.708-2 2525.99 1.060+12 4.196+16 1.474 2.172 
12 38284.09 2.544-3 2612.05 1.427+11 5.465+15 1.482 2.189 
13 37002.52 6.706:"'3 2702.52 3.397+11 1.257+16 1.511 2.286 + 
14 35743.84 1.671-2 2797.68 7.633+11 2.728+16 1.522 2.315 + 

15 34508.22 1.400-3 2897.86 5.754+10 1.986+15 1.525 2.315 + 
16 33295.81 9.526-3 3003.38 3.516+11 1.171+16 1.561 2.439 
17 32106.83 1.579-2 3114.60 5.225+11 1.677+16 1.572 2.471 
18 30941.50 1.107-4 3231.90 3.280+ 9 1.015+14 1.527 2.279 
19 29800.09 1.450-2 3355.69 3.836+11 1.143+16 .614 2.609 + 

20 28682.90 1.315-2 3486.40 3.103+11 8.900+15 1.627 2.643 + 
21 27590.26 7.435-/1 362'1.47 1.561t10 4.308-1-14 1.684 2.856 , 0 55784.58 2.377-4 1792.61 4.126+10 2.302+15 1.317 1.736 + 

1 54228.20 2.458-3 1844.06 3.919+11 2.125+16 1.330 1.770 + 
2 52695.40 1.041-2 1897.70 1.523+12 8.023+16 1.343 1.805 + 

51185.94 2.229-2 1953.66 2.989+12 1.530+17 1.356 1.840 + 
4 49699.63 2.305-2 2012.09 2.830+12 1.406+17 1.370 1.875 + 
5 48236.31 7.040-3 2073.13 7.901+11 3.811+16 1.381 1.907 + 
6 46795.86 9.564-4 2136.94 9.800+10 4.586+15 1.404 1.978 
7 4!:i378.16 1.407-2 2203.1U 1.:.11:>+12 5.966+16 1.412 1.995 

8 43983.15 1.170-2 2273.60 9.953+11 4.378+16 1.424 2.028 
9 42610.79 1.015-5 2346.82 7.853+ 8 3.346+13 1.341 1.706 

10 41261 .. 06 1.068-2 2423.59 7.505+11 3.096+16 1.457 2.124 + 
11 39933.99 1.153-2 2504.13 7.340+11 2.931+16 1.469 2.156 + 
13 37348.05 1.145-2 2677.52 5.965+11 2.228+16 1.504 2.263 

14 36089.38 9.696-3 2770.90 4.557+11 1.645+16 1.515 2.293 
15 34853.76 4.485-4 2869.13 1.899+10 6.619+14 1.559 2.447 + 
16 33641.35 1.406-2 2972.53 5.353+11 1.801+16 1.553 2.412 + 
17 32452.37 6.219-3 3081.44 2.125+11 6.897+15 1.563 2.439 + 
18 31287.04 3.129-3 3196.21 9.583+10 2.998+15 1.597 2.559 
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Table 57. Franck-Condon integrals--continued 

O2 
- 3--x Eg S~humann-Runge system 

i--(vac) 3 4 2 phas, v' v Tl 

0'0 qv'v" qv'vllO"o qv I v"oo r r 
0 

12,19 30 .63 1.613-2 3317.23 4.420+11 1. 1.605 2.511 
20 • 44 2.021-3 3444.90 4.943+10 1 • 5 1.609 2.517 
21 21935. SC) 9.203-3 3579.64 2.006+11 5.605+15 1.650 2.728 + 

13, 0 56085.41 2.701-4 1783.00 4.766+10 2.673+15 1.314 1.729 
1 54529.04 2.638-3 1833.88 4.277+11 2.332+16 1.328 1.763 

2 52996.23 1.040-2 1886.93 1.548+12 8.202+16 1.341 1.198 
3 51486.77 2.020-2 1942.25 2.756+12 1.419+17 1.354 1.833 
4 50000.46 1.776-2 1999.98 2.220+12 1.110+17 1.367 1.867 
5 48537.14 3.306-3 2060.28 3.780+11 1.835+16 1.378 1.895 
6 47096.69 2.611-3 2123.29 2.728+11 1.285+16 1.398 1.958 + 

7 45678.99 1.352-2 2189.19 1.288+12 5.885+16 1.409 1.985 + 
8 44283.98 6.607-3 2258.15 5.738+11 2.541+16 1.420 2.015 + 
9 42911.62 7.408-4 2330.37 5.854+10 2.512+15 1.447 2.104 

10 41561.89 1.160-2 2406.05 8.328+11 3.461+16 1.453 2.111 -: 
11 40234.82 5.998-3 2485.41 3.907+11 1.572+16 1.464 2.140 

12 38930.46 1.245-3 2568.68 7.346+10 2.860+15 1.492 2.236 + 
13 37648.88 1.200-2 2656.12 6.404+11 2.411+16 1.498 2.246 + 
14 36390.21 3.605-3 2747.99 1.737+11 6.321+15 1.508 2.269 + 
15 35154.59 3.607 ::3 2844.58 1.567111 5.508115 1.537 2 .. 368 
16 33942.18 1.225-2 2946.19 4.791+11 1.626+16 1.546 2.391 

17 32753.20 7.873-4 3053.14 2.766+10 9.060+14 1.546 2.375 
18 31587.87 8. 3165.77 2.620+11 8.2.77+15 1.586 2.519 + 
19 30446.46 9. 3284.45 2.803+11 8.533+15 1.597 2.549 + 
20 29329.27 3.204-4 3409.56 8.084+ 9 2.371+14 1.658 2.775 
21 28236.63 1.365-2 3541.50 3.072+11 8.674+15 1.640 2.692 

THE CALCULATED ARRAY EXTENDED THROUGH (13,21>. Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0+ x2n - 0 3 - Ionization system 2 'g 2 X l:g 

0, 0 97365.00 1.884-1 1027.06 1.739+14 1.693+19 1.166 1.360 1 95808.62 2.710-1 1043.75 + 
2.384+14 2.284+19 1.141 1.302 ? 94275.81 2.292-1 1060.72 1.921 .... 14 1.cHl+19 1.119 3 92766.35 1.251 + 1.495-1 1077.98 1.194+14 1.101+19 1.098 1.206 4 91280.04 8.364-2 1095.53 6.361+13 5.806+18 1.080 1.165 + 

5 898'16.73 4.232-2 1113.38 3.066+13 2.754+18 1.063 1.128 6 88376.27 2.000-2 113l.53 1.381+13 1.220+18 1.046 1.093 7 86958.58 9.017-3 1149.97 + 
5.929+12 5.156+17 1.031 1.062 8 85563.57 3.932-3 1168.72 2.463+12 2.108+17 1.017 1.033 + 9 84191.20 1.676-3 1187.77 1.000+12 8.423+16 1.004 1.005 

10 82841.47 7.041-4 1207.13 4.003+11 3.316+16 0.991 0.980 11 81514,40 2.931-4 + 
1226.78 1.587+11 1.294+16 0.979 0.956 12 80210.04 1.215-4 1246.73 

13 78928.47 
6.270+10 5.029+15 0.968 0.933 + 5.04n-5 266.97 2.478110 1.956 .... 1:; 0.9,7 0.912 14 77669.80 2.099-5 1287.50 9.834+ 9 7.638+14 0.947 0.893 + 

15 76434.17 8.806-6 1308.31 3.932+ 9 3.005+14 o. 0.874 16 75221.77 3.734-6 1329.40 1.589+ 9 1.195+14 () . 0 .. 857 + 17 7403Z.fB 1.605-6 1350.75 6.511+ 8 4.820+13 • () 1 0.841 1 , (I 99237.57 3.645-1 1007.68 3.563+14 3.536+1 j • ) ()(, 1.430 + 97681.19 8.139-2 1023.74 7.585+13 7.409+1 J. '[ (,:' 1.351 
::' 96148.38 5.385-3 1040.06 4.787+12 4.602+) l • .1 (, Ii 1.377 c;, 94638.92 8.398-2 1056.65 7.118+13 n J.} ?I! 1.273 + LI 931~'2.61 1.337-1 1073.51 1.081+14 I • ) 1.222 91689.3 1.246-1 1090.64 9.603+13 : .. onL 1.179 + .84 8.953-2 1108.05 6.581+13 j • () (\1; 1.140 
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Table 57. Franck-Condon integrals--continued 

0+ 
2 - O2 

X3 - I' . Eg on~&at~on system 

Vi vir A(vac) 3 4 
phase 

°0 qv'vlf qv'v1l0o qv'vl1oo r 
0 

7 88831.14 5.515-2 1125.73 3.866+13 3.434+18 1.052 1.106 + 
8 87436.13 3.073-2 1143.69 2.054+13 1.796+18 1.037 1.073 
9 86063.77 1.598-2 1161.93 1.019+13 8.768+17 1.023 1.044 + 

10 84714.04 7.920-3 1180.44 4.815+12 4.079+17 1.009 1.016 
11 83386.97 3.794-3 1199.23 2.200+12 1.834+17 0.997 0.991 + 

12 82082.61 1.775-3 1218.28 9.816+11 8.057+16 0.985 0.967 
13 80801.04 8.175-4 1237.61 4.313+11 3.485+16 0.973 0.944 + 
14 79542.37 3.731-4 1257.19 1.878+11 1.493+16 0.962 0.923 
15 78306.74 1.696-4 1277.03 8.144+10 6.37"7+15 0.952 0.903 + 
16 77094.33 7,715-5 1297.11 3.535+10 2.725+15 0.942 0.885 

17 75905.35 3.525-5 1317.43 1.542+10 1.170+15 O. 0.867 + 
18 74740.02 1.624-5 1337.97 6.780+ 9 5.067+14 O. 0.852 
19 73598.61 7.565-6 1358.72 3.016+ 9 2.220+14 0.917 0.837 + 
20 72481.43 3.574-6 1379.66 1.361+ 9 9.865+13 .0.910 0.824 
21 71388.78 1.717-6 1400.78 6.246+ 8 4.459+13 0.903 0.812 + 

, 0 101077.57 2.901-1 989.34 2.995+14 3.028+19 1.229 1.510 + 
1 99521.19 4.502-2 1004.81 4.438+13 4.416+18 1.212 1.473 + 
2 97988.38 1.659-1 1020.53 1.561+14 1.530+19 1.174 1.378 
3 96478.92 5.231-2 1036.50 4.698+13 4.532+18 1.143 1.304 + 
4 94992.61 6.789-4 1052.71 5.819+11 5.528+16 1.195 1.459 + 

5 93529.30 4.470-2 1069.18 3.657+13 3.420+18 1.115 1.246 
6 92088.84 8.982-2 1085.91 7.015+13 6.460+18 1.093 1.195 + 
7 90671.15 9.816-2 1102.89 7.317+13 6.634+18 1.074 1.155 
8 89276.14 8.056...,2 1120.12 5.733+13 5.118+18 1.058 1.118 + 
9 87903.77 5.584-2 1137.61 3.793+13 3.334+18 1.043 1.086 

10 B6SS/I • OL~ 3. /166-2 1155.35 2.247113 1.945-118 1.028 1.055 1-
11 85226.97 1.993-2 1173.34 1.234+13 1.052+18 1·015 1.028 
12 83922.61 1.086-2 1191.57 6.419+12 5.387+17 1.002 1.002 + 
13 82641.04 5.692-3 1210.05 3.213+12 2.655+17 0.990 0.978 
14 81382.37 2.903-3 1228.77 1.565+12 1.273+17 0.979 0.955 + 

,15 80146.74 1.453-3 1247.71 7.481+11 5.996+16 0.968 0.934 
16 78934.34 7. 1266.88 3.536+11 2.791+16 0.958 0.914 + 
17 77745.35 3. 1286.25 1.661+11 1.292+16 0.948 0.895 
18 76580.02 1.737-4 1::305.02 7.0001-10 :;.97::H-15 0.939 0.875 1-
19 75438.62 8.556-5 1325.58 3.673+10 2.771+15 0.930 0.862 

20 74321.43 4.243-5 1345.51 1.742+10 1.294+15 0.922 0.847 + 
21 73228 .. 78 ' .. 124-5 136,).,)s:! A.~40+ 9 6.10A.f..14 0.915 O.s:!34 

, 0 102885.01 1.227-1 971.96 1.337+14 1.375+19 1.266 1.602 + 
1 101328.63 2.602-1 986.89 2.707+14 2.743+19 1.238 1.533 + 
2 99795.82 1.529-2 1002.05 1.520+13 1.516+18 1.182 1.386 

3 98286.36 7.426-2 1017.44 7.051+13 6.930+18 1.185 1.408 
4 96800.05 1.092-1 1033.06 9.903+13 9.586+18 1.154 1.331 + 
5 95336.74 3.006-2 1048.91 2.605+13 2.483+18 1.125 1.259 
6 93896.28 7.590-4 1065.00 6.283+11 5.900+16 1.173 1.407 
7 92470.59 :;..2332 1081.3:3 2.557+13 2.3651-18 1.102 1.219 1-

8 91083.57 6.789-2 1097.89 5.130+13 4.673+18 1.081 1.171 
9 89711.21 1.938-2 1114.69 5.131+13 5.142+18 1.064 1.132 + 

10 88361.48 7.016-' 1131.7"2 4.s:!40+13 4.277+18 1.048 1.Q9s:! 
11 87034.41 5.246-2 1148.97 3.458+13 3.010+18 1.034 1.068 + 
12 85730.05 3.512-2 1166.45 2.213+13 1.897+18 1.020 1.039 

13 84448.48 2.177-2 1184.15 1.311+13 1.107+18 1.007 1.013 + 
14 83189.81 1.277-2 1202.07 7.352+12 6.116+17 0.995 0.989 
15 81954.18 7.199-3 1220.19 3.963+12 3.248+17 0.984 0.966 + 
16 80741.78 3.945-3 1238.52 2.076+12 1.677+17 0.973 0.945 
17 79552.79 2.120-3 1257.03 1.067+12 8.490+1t) 0.963 0.925 + 
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Table 57. Franck-Condon integra1s--continued 

- O2 Ionization system 

v' A(vac) 3 4 phase v" 0-0 qv'v'f qv'v,r<Jo qv'v'rC!'; r 
0 

---------
18 78387.46 1.125-3 1275.71 5.417+11 4.246+16 0.954 0.906 
19 77246.06 5.927-4 1294.56 2.732+11 2.110+16 0.944 0.889 + 
20 76128.87 3.117-4 1313.56 1.375+11 1.047+16 0.936 0.873 
21 75036.22 1.642-4 1332.69 6.937+10 5.205+15 0.928 0.858 + 

4, 0 104659.88 2.977-2 955.48 3.413+13 3.572+18 1.310 1.714 + 

1 103103.50 2.349-1 969.90 2.575+14 2.655+19 1.274 1.623 + 
2 101570.70 1.139-1 984.54 1.193+14 1.212+19 1.250 1.566 + 
3 100061.24 9.524-2 999.39 9.542+13 9.547+18 1.204 1.447 
4 98574.93 4.733-3 1014.46 4.533+12 4.469+17 1.224 1.516 
5 97111.61 8.316-2 1029.74 7.616+13 7.396+18 1.163 1.355 + 

6 95671.16 7.360-2 1045.25 6.445+13 6.166+18 1.135 1.288 
7 94253.46 1.558-2 1060.97 1.304+13 1.229+18 1.106 1.216 + 
8 92858.45 1.645-3 1076.91 1.317+12 1.223+17 1.138 1.316 + 
9 91486.09 2.743-2 1093.06 2.101+13 1.922+18 1.090 1.193 

10 90136.36 5.529-2 1109.43 4.049+13 3.649+18 1.071 1.148 + 

11 88809.29 6.608-2 1126.01 4.628+13 4.110+18 1.054 1.112 
12 87504.93 6.093-2 1142.79 4.082+13 3.572+18 1.040 1.080 + 
13 86223.35 4.797-2 1159.78 3.075+13 2.651+18 1.026 1.051 
14 R4Qf,4.68 3.397-2 1176 .. 96 2.084-1-13 1.770-l-1B 1.013 1.025 • 
15 83729.06 2.234-2 1194.33 1.311+13 1.098+18 1.001 1.000 

16 82516.65 1.392-2 1211.88 7.820+12 6.453+17 0.990 0.977 + 
17 81327.67 8.343-3 1229.59 4.488+12 3.650+17 0.979 0.956 
18 80162.34 4.863-3 1247.47 2.505+12 2.008+17 0.969 0.936 + 
19 79020.93 2.780-3 1265.49 1.372+12 1.084+17 0.959 0.917 
20 77903.74 1.569-3 1283.63 7.419+11 5.780+16 0.950 0.900 + 

21 76811.10 8.794-4 1301.90 3.985+11 3.061+16 0.942 0.883 
5, 0 106402.20 4.145-3 939.83 4.993+12 5.313+17 1.364 1.855 + 

1 104845.82 8.906-2 953.78 1.026+14 1.076+19 1.318 1.735 + 
2 103313.01 2.675-1 967.93 2.949+14 3.047+19 1.283 1.646 + 
3 101803.55 1.719-2 982.28 1.814+13 1.847+18 1.279 1.650 + 

5, 4 100317.24 1.286-1 996.84 1.298+14 1.302+19 1.215 1.475 5 98853.93 1.231-2 1011.59 1.189+13 1.175+18 1.163 1.339 + 6 97413.47 2.940-2 1026.55 2.718+13 2.648+18 1.177 1.391 + 7 95995.77 7.688-2 1041.71 6.801+13 6.528+18 1.144 1.309 8 94600.76 4.789-2 1057.07 4·.055+13 3.836+18 1.119 1.248 + 
9 93228.40 6.952-3 1072.63 5.633+12 5.252+17 1.087 1.170 10 91878.67 3.029-3 1088.39 2.349.12 15B+17 1.114 1.256 11 90551.60 2.503-2 1104.34 1.858+13 .683+18 1.079 1.169 + 12 89247.24 4.701-2 1120.48 3.341+13 2.982+18 1.061 1.127 13 87965.67 5.620-2 1136.81 3.826+13 3.365+18 1.046 1.093 + 

14 86707.00 5.315-2 1153.31 3.465+13 3.004+18 1.032 1.064 15 85471.37 4.344-2 1169.98 2.712+13 2.318+18 1.019 1.037 + 16 84258.96 3.216-2 1186.82 1.924+13 1.621+18 1.006 1-012 17 83069.98 2.220-2 1203.80 1.272+13 1.057+18 0.995 0.989 + 18 81904 ... 6c:, 1.456-2 1220.93 0.001-1-12 6.5531-17 0.984 0·967 
19 80763.24 9.206-3 1238.19 4.850+12 3.917+17 0.971J 0.947 + 20 79646.05 5.666-3 1255.56 2.863+12 2.280+17 0.96~ 0.928 21 78553.41 3.423-3 1273.02 1.659+12 ~.303+17 0.956 0.911 + 6, 0 108111.94 3.103-4 924.97 3.922+11 4.240+16 1.436 2.049 + 1 106555.56 1.676-2 938.48 2.028+13 2.161+18 ] .372 1.878 + 

2 105022.76 1.587-1 952.17 1.838+14 1.930+19 '] .3?I, 1.757 + 3 103513.30 2.278-1 966.06 2.527+14 2.616+]9 1 • ;:)() ':\ 1.673 + 4 102026.99 2.891-3 980.13 3.071+12 3.133+}7 1 • 1 1.303 5 100563.67 9.942-2 994.39 1.011+14 1.017+19 1. 1.503 6 99123.22 5.299-2 1008.84 5.161+13 5.116+1 I • Jill, 1.397 + 
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Table 57. Franck-Condon integra1s--continued 

- O2 
Ionization system 

'A(vac) 3 4 phase VI v" 
°0 qv'v" qv'vllCTo qv'v"oo r 

0 

7 97705.52 1.163-3 1023.48 1.085+12 1.060+17 1.247 1.590 + 
8 96310.51 4.788-2 1038.31 4.277+13 4.119+18 1.154 1.334 
9 94938.15 6.304-2 1053.32 5.394+13 5.121+18 1.127 1.269 + 

10 93588.42 2.959-2 1068.51 2.425+13 2.270+18 1.103 1.212 
11 92261.35 2.400-3 1083.88 1.885+12 1.739+17 1.063 1.111 + 

12 90956.99 4.571-3 1099.42 3.440+12 3.129+17 1.097 1.215 + 
13 89675.41 2.344-2 1115.13 1.690+13 1.516+18 1.069 1.147 
14 88416.74 4.090-2 1131.01 2.827+13 2.500+18 1.052 1.108 + 
15 87181.12 4.849-2 1147.04 3.213+13 2.801+18 1.038 1.077 
16 85968.71 4.662-2 1163.21 2.962+13 2.547+18 1.024 1.049 + 

17 H4{{9.('3 '3.':1L4-2 1J.79.5'3 L.391+1~ 2.02(+1H 1.012 1.024 
18 83614.40 3.014-2 1195.97 1.762+13 1.473+18 1.001 1.000 + 
19 82472.99 2.169-2 1212.52 1.217+13 1.004+18 0.990 0.978 
20 81355.80 1.489-2 1229.17 8.016+12 6.522+17 0.980 0.958 + 
21 00263.16 9.067 3 1245.90 5.102+12 4.095+17 0.1)70 0.9:39 

7, 0 109789.13 1.030-5 910.84 1.364+10 1.497+15 1.548 2.369 + 
1 108232.75 1.547-3 923.94 1.961+12 2.123+17 1.446 2.078 + 
2 106699.94 3.960-2 937.21 4.811+13 5.133+18 1.381 1.902 + 
3 105190.48 2.182-1 950.66 2.540+14 2.672+19 1.335 1.780 + 
4 103704.17 1.540-1 964.28 1.717+14 1.781+19 1.304 1.706 + 

5 102240.86 3.746-2 978.08 4.004+13 4.094+18 1.233 1.511 
6 100800.40 4.841-2 992.06 4.958+13 4.997+18 1.239 1.541 
7 99382.71 8.046.-2 1006.21 7.897+13 7.849+18 1.194 1.425 + 
8 97987.70 7.866-3 1020.54 7.401+12 7.252+17 1.144 1.291 
9 96615.33 1.586-2 1035.03 1.430+13 1.382+18 1.169 1.374 

10 95265.60 5.355-2 1049.70 4.630+13 4.411+18 1.135 1.290 + 
11 93938.53 4.755-2 1064.53 3.942+13 3.703+18 1.112 1.234 
12 92634.17 1.722-2 1079.51 1.368+13 1.268+18 1.088 1.178 + 
13 91352.60 4.557-4 1094.66 3.474+11 3.174+16 1.016 0.988 
14 90093.93 5.953-3 1109.95 4.353+12 3.922+17 1.083 1.183 

7,15 88858.30 2.202-2 1125.39 1.545+13 1.373+18 1.060 1.127 + 
16 87645.90 3.597-2 1140.96 2.422+13 2.123+18 1.044 1.092 
17 86456.91 4.221-2 1156.65 2.728+13 2.358+18 1.030 1.062 + 
18 85291.58 4.109-2· 1172.45 2.550+13 2.175+18 1.018 1.036 
19 84150.18 3.545-2 1188.35 2.112+13 1.778+18 1.006 1.012 + 

20 83032.99 2.813-2 1204.34 1.610+13 1.337+18 0.996 0.990 
21 81940.34 Z.lUl-L lZZU.4U 1.156+13 9.470+17 0.986 0.970 + 

8, 1 109877.37 5.809-5 910.11 7.707+10 8.468+15 1.564 2.417 + 
2 108344.56 4.414-3 922.98 5.614+12 6.083+17 1.456 2.108 + 
3 106835.10 7.151-2 936.02 8.720+13 9.316+18 1.390 1.927 + 

4 105348.80 2.554-1 949.23 2.986+14 3.145+19 1.343 1.805 + 
5 103885.48 8.112-2 962.60 9.094+13 9.448+18 1.320 1.752 + 
6 102445.02 7.985-2 976.13 8.585+13 8.795+18 1.249 1.555 
7 101027.33 1.106-2 989.83 1.140+13 1.152+18 1.268 1.625 
8 99632.32 7.903-2 1003.69 7.816+13 7.787+18 1 .• 204 1.450 + 

9 98259.95 3.194-2 1017.71 3.030+13 2.978+18 1.166 1.353 
10 96910.23 5.764-4 1031.88 5.246+11 5.084+16 1.260 1.633 
11 95583.15 3.086-2 1046.21 2.695+13 2.576+18 1.145 1.315 + 
12 94278.79 4.995-2 1060.68 4.185+13 3.946+18 1.119 1.253 
13 92997.22 3.374-2 1075.30 2.714+13 2.524+18 1.098 1.202 + 

14 91738.55 9.375-3 1090.05 7.238+12 6.640+17 1.073 1.144 
16 89290.52 6.966-3 1119.94 4.959+12 4.428+17 1.072 1.158 + 
17 88101.53 2.050-2 1135.05 1.402+13 1.235+18 1.052 1.110 
18 86936.20 3.174-2 1150.27 2.085+13 1.813+18 1.037 1.077 + 
19 85794.80 3. 1165.57 2.331+13 2.000+18 1.024 1.049 
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Table 57. Franck-Condon integra1s--continued 

0+ 
2 - O2 

Ionization system 

v' vir Ie (vac) 3 4 2" 
Go qv'v" 0 qv'v"O'o Qv'v,r0"o r r phase 

20 84677.61 3.634-2 1180.95 2.206+13 1~868+18 1.012 1.025 + 

21 83584.96 3.206-2 1196.39 1.872+13 1.565+18 1.002 1.002 
9, 2 109956.62 1.834-4 909.45 2.438+11 2.680+16 1.582 2.469 + 

3 108447.16 9.474-3 922.11 1.208+13 1.310+18 1.467 2.139 + 

4 106960.85 1.094-1 934.92 1.339+14 1.432+19 1.399 1.952 + 

5 105497.54 2.669-1 947.89 3.134+14 3.307+19 1.353 1.832 + 

6 104057.08 2.931-2 961.01 3.303+13 3.437+18 1.349 1.837 + 

7 102639.39 1.055-1 974.28 1.141+14 1.171+19 1.260 1.585 
8 101244.37 4.893-5 987.71 5.078+10 5.141+15 0.580 -0·390 + 

9 99872.01 5.675-2 1001.28 5.653+13 5.646+18 1.214 1.478 + 

10 98522.28 5.296-2 1015.00 5.065+13 4.990+18 1.177 1.382 

11 97195.21 4.726-3 1028.86 4.339+12 4.218+17 1.125 1.244 + 

12 95890.85 1.008-2 1042.85 8.892+12 8.526+17 1.161 1.359 + 

13 94609.28 3.836-2 1056.98 3.249+13 3.074+18 1.128 1.274 

14 93350.61 4.191-2 1071.23 3.409+13 3.182+18 1.105 1.221 + 

15 92114.98 2.289-2 1085.60 1.789+13 1.648+18 1.085 1.172 
16 90902.58 4.740-3 1100.08 3.560+12 3.236+17 1.058 1.108 + 

17 89713.59 2.510-4 1114.66 1.813+11 1.626+16 1.144 1.350 + 

18 88548.26 7.519-3 1129.33 5.220+12 4.623+17 1.063 1.137 

19 87406.86 1.883-2 1144.07 1.257+13 1.099+18 1.045 1.094 + 

20 86289.67 2.796-2 1158.89 1.796+13 1.550+18 1.031 1.064 
21 85197.02 3.233-2 1173.75 1.999+13 1.703+18 1.019 1.038 + 

10, 3 110026.65 4.264-4 908.87 5.679+11 6.249+16 1.600 2.525 + 
4 108540.35 1.700-2 921.32 2.174+13 2.360+18 1.477 2.171 + 
5 107077.03 1.496-1 933.91 1.837+14 1.967+19 1.408 1.979 + 

6 105636.58 2.564-1 946.64 3.023+14 3.193+19 1.363 1.861 + 
7 104218.88 3.951-3 959.52 4.473+12 4.661+17 1.450 2.141 + 
8 102823 .. 87 1.082-1 972 .. 54 1.176+14 1.209+19 1.270 1.612 
9 101451.50 1.061-2 985.69 1.108+13 1.124+18 1.195 1,405 + 

10 100101.75 2.923-2 998.95 2.932+13 2.035+18 1.228 1.516 

10,11 98774.71 6.001-2 1012.41 5.783+13 5.712+18 1.186 1.406 
12 97470.34 1.998-2 1025.95 1.850+13 1.804+18 1.150 1.315 + 
13 96188.77 4.087-4 1039.62 3.637+11 3.499+16 1.259 1.635 + 
14 94930.10 2.113-2 1053.41 1.808+13 1.716+18 1.138 1.299 
15 93694.48 3.888-2 1067.30 3.198+13 2.996+18 1.113 1.239 + 

16 92482.07 3.293-2 1081.29 2.605+13 2.409+18 1.093 1.192 
17 9129:3.08 1.507 2 1005.37 1.146+13 1.047+10 1.073 1.14~ + 
18 90127.76 2.200-3 1109.54 1.611+12 1.452+17 1.041 1.066 
19 88986.35 7.158-4 1123.77 5.044+11 4.488+16 1.101 1.236 
20 87869.16 7.613-3 1138.06 5.165+12 4.538+17 1.055 1.120 + 

21 86776.51 1.700-2 1152.39 1.111+13 9.641+17 1.038 1.081 

THE CALCULATED ARRAY EXTENDED THROUGH (l0.21). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

+ 4 
02 a flu - 02 Ionization system 

o. a 129889.26 9.684-3 769.89 2.122+13 2.756+18 1.291 1.669 + 
1 128332.88 5.387-2 779.22 1.139+14 1.461+19 1.314 1.728 + 
2 126800.07 1.377-1 788.64 2.808+14 3.560+19 1.338 1.791 + 
3 125290.61 2.150-1 798.14 4.230+14 5.299+19 1.363 1.858 + 
4 123804.30 2.299-1 807.73 4.363+14 5.401+19 1.389 1.928 + 

5 122340.99 1.788-1 817.39 3.273+14 4.005+19 1.416 2.004 + 
6 120900.53 1.048-1 827.13 1.852+14 2.240+19 1.444 2.084 + 
7 119482.84 4.744-2 836.94 8.091+13 9.668+18 1.474 2.170 + 
0 110007.83 1.681-2 846.83 2.767T13 3.265+15 J.so5 2-263 + 
9 116715.46 4.701-3 856.78 7.474+12 8.723+17 1.538 2.363 + 
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Table 57,. Franck-Condon integra1s--continued 

0+ 3 - Ionization system 
2 - 02 X ~g 

1.(vac) 3 4 phase v' v" 
°0 qv'v" qv IV'tOO qv'v"oo r 

0 

-----
10 115365.73 1.042-3 866.81 1.600+12 1.846+17 1.57'3 2.471 + 
11 114038.66 1.828-4 876.90 2.712+11 3.092+16 1.611 2.590 + 
12 112734.30 2.526-5 887.04 3.619+10 4.080+15 1.652 2.721 + 
13 111452.7'3 2.716-6 897.24 '3.760+ 9 4.190+14 1.696 2.868 + 

1, 0 130904.15 3.548-2 763.92 1.9j9+13 1.04;;:+19 1.276 1.o~O 

1 129347.77 1.2'31-1 773.11 2.664+14 3.446+19 1.298 1.686 
2 127814.96 1.580-1 782.38 3.299+14 4.216+19 1.321 1.744 
3 126305.50 7.392-2 791.73 1.489+14 1.881+19 1.343 1.802 
4 124819.19 6.013-4 801.16 1.169+12 1.460+17 1.335 1.751 
5 123355.88 5.251-2 810.66 9.855+13 1.216+19 1.400 1.965 + 

6 121915.42 1.515-1 820.24 2.745+14 3.347+19 1.426 2.034 + 
7 120497.73 1.787-1 829.89 3.126+14 3.767+19 1.454 2.113 + 
8 119102.72 1.291-1 839.61 2.182+14 2.598+19 1.483 2.199 + 
9 117730.35 6.484-2 849.40 1.058+14 1.246+19 1.514 2.292 + 

10 116380.62 2.391-2 859.25 3.769+13 4.386+18 1.547 2.392 + 

11 115053.55 6.655-3 869.16 1.014+13 1.166+18 1.583 2.502 + 
12 113749.19 1.416-3 879.13 2.084+12 2.371+17 1.620 2.621 + 
13 112467.62 2.310-4 889.14 3.286+11 3.696+16 1.661 2.754 + 
14 111208 .. 9") 2. Rf.,9-') 899./1 ~.946+10 4.389+15 1.706 2.902 + 
15 109973.32 2.671-6 909.31 3.553+ 9 3.907+14 1.756 3.073 + 

2, 0 131898.40 7.118-2 758.16 1.633+14 2.154+19 1.262 1.594 + 
1 130342.02 1.416-1 767.21 3.136+14 4.087+19 1.283 1.646 + 
2 128809.21 6.096-2 776.34 1.303+14 1.678+19 1.303 1.697 + 
3 127299.75 2.155-3 785.55 4.446+12 5.660+17 1.347 1.829 
4 125813.44 8.255-2 794.83 1.644+14 2.068+19 1.355 1.837 

5 12'1350 .. 13 9 .. 545'-2 804 .. 18 1 .. 835+1/1 2.282.j..19 1.378 1.897 
6 122909.67 1.351-2 813.61 2.509+13 3.083+18 1.397 1.944 
7 121491.97 2.319-2 823.10 4.159+13 5.053+18 1.440 2.080 + 
8 120096.96 1.220-1 832.66 2.114+14 2.539+19 1.464 2.145 + 
9 118724.60 1.679-1 842.28 2.809+14 3.335+19 1.493 2.229 + 

10 117374.87 1.269-1 851.97 2.052+14 2.408+19 1.524 2.322 + 
11 116047.80 6.321-2 861.71 9.879+13 1.146+19 1.557 2.422 + 
12 114743.44 2.233-2 871.51 3.373+13 3.870+18 1.592 2.532 + 
13 113461.87 ~.784-3 881.3!) 8.448"1-12 9.585"1-17 1.630 2.653 "I-

14 112203.20 1.115-3 891.24 1.574+12 1.767+17 1.671 2.787 + 

15 110967.57 1.598-4 901.16 2.183+11 2.423+16 1.716 2.938 + 
16 109755.16 1.682-5 911.12 2.224+10 2.441+15 1.767 3.111 + 
17 108566.18 1.267-6 921.10 1.621+ 9 1.759+14 1.825 3.316 + 

3, 0 132872.00 1.039-1 752.60 2.437+14 3.238+19 1.249 1.560 
1 131315.62 1.031-1 761.52 2~335+14 3.067+19 1.268 1.608 

2 129782.81 1.416-3 770.52 3.096+12 4.017+17 1.271 1.599 
3 128273.35 6.255-2 779.58 1.320+14 1.693+19 1.315 1.732 + 
4 126787.04 7.024-2 788.72 1.431+14 1.815+19 1.336 1.783 + 
5 125323.73 2.454-4 797.93 4.830+11 6.053+16 1.298 1.625 + 
6 123883.27 6.122-2 807.21 1. 16'1.j..1/} 1.l}/r2.j..19 1.390 1.93 /1 

3, 7 122465.58 8.813-2 816.56 1.619+14 1.982+19 1.413 1.995 
8 121070.57 1.253-2 825.97 2.223+13 2.692+18 1.432 2.041 
9 119698.20 2.519-2 835.43 4.320+13 5.171+18 1.479 2.194 + 

10 118348.47 1.241-1 844.96 2.057+14 2.435+19 1.504 2.263 + 
11 117021.40 1.612-1 854.55 2.583+14 3.023+19 1.534 2.353 + 

12 115717.04 1.135-1 864.18 1.758+14 2.034+19 1.567 2.454 + 
13 114435.47 5.179-2 873.86 7. 760.j..13 8.881.j..18 1.602 2.565 + 
14 113176.80 1.646-2 883.57 2.386+13 2.701+18 1.640 2.686 + 
15 111941.17 3.759-3 893.33 5.272+12 5.902+17 1.681 2.822 + 
16 110728.77 6.221-4 903.11 8.445+11 9.351+16 1.727 2.974 + 
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Table 57. Franck-Condon integra1s--continued 

0; a 4TIu - O2 Ionization system 

Vi v ll 1 (vac) . 3 4 2 phase ero Qv 1 v" Qv'v"Cio qv'v"('To r r 
0 

17 109539.78 7.398-5 912.91 9.724+10 1.065+16 1.778 3.150 + 
18 108374.45 6.161-6 922.73 7.843+ 9 8.499+14 1.837 3.361 + 

4 .. 0 133824.96 1 .. 237-1 747.25 2.965+14 3.968+19 l.'~6 1.528 + 
1 132268.58 4.696-2 756.04 1.087+14 1.437+19 1.254 1.570 + 
2 130735.77 1.926-2 764.90 4.305+13 5.628+18 1.282 1.647 

3 129226.31 7.697-2 773.84 1.661+14 2.146+19 1.299 1.686 
4 127740.00 3.438-3 7lj2.84 1.16/+12 9.15!:>+11 1.30t 1.094 
5 126276.69 5.071-2 791.91 1.021+14 1.289+19 1.348 1.820 + 
6 124836.23 5.880-2 801.05 1.144+14 1.428+19 1.368 1.870 + 
7 123418.53 7.736-5 810.25 1.454+11 1.795+16 1.527 2.431 

8 122023.52 6.607-2 819.51 1.200+14 1.465+19 1.425 2.033 
9 120651.16 7.427-2 828.84 1.304+14 1.574+19 1.449 2.097 

10 119301.43 3.603-3 838.21 6.118+12 7.298+17 1.457 2.103 
11 117974.36 4.367-2 847.64 7.170+13 8.458+18 1.517 2.307 + 
12 116670.00 1.401-1 857.12 2.224+14 2.595+19 1.545 2.388 + 

13 115388.43 1.517-1 866.64 2.330+14 2.689+19 1.577 2.487 + 
14 114129.76 9.222-2 876.20 1.371+14 1.565+19 1.612 2.598 + 
15 112894.13 341642~2 885.79 5.240+13 5.916-118 1.650 2.720 
16 111681.72 9.905-3 895.40 1.380+13 1.541+18 1.692 2.857 + 
17 110492.74 1.895-3 905.04 2.557+12 2.825+17 1.737 3.012 + 

18 109327.41 2.545-4 914.68 3.326+11 3.636+16 1.789 3.191 + 
19 108186.01 2.340-5 924.33 2.963+10 3.205+15 1.849 3.407 + 
20 107068.82 1.396-6 933.98 1.714+ 9 1.835+14 1.923 3.679 + 

.5 , 0 134757.27 1.278-1 742.08 3.128+14 4.215+19 1.224 1.498 
1 133200.89 9.046-3 750.75 2.138+13 2.848+18 1.237 1.526 

2 131668.08 5.747-2 759.48 1.312+14 1.727+19 1.266 1.603 + 
3 130158.62 3.149-2 768.29 6.945+13 9.039+18 1.282 1.641 + 
4 128672.32 2.009-2 777.17 4.280+13 5.508+18 1.313 1.728 
5 127209.00 6.100-2 786.11 1.256+14 1.597+19 1.329 1.766 
6 125768.55 1.052-4 795.11 2.092+11 2.632+16 1.251 1.465 

7 124350.85 5.826-2 804.18 1.120+14 1.393+19 1.381 1.908 + 
8 122955.84 3.921-2 813.30 7.289+13 8.963+18 1.400 1.958 + 
9 lLl!:>83.4 ( ~.86U-3 I::lL2.48 l.U53+L:i 1.280+11:5 1.448 2.111 

10 120233.75 7,,905-2 831.71 1.374+14 1.652+19 1.461 2.135 
11 118906.68 5.067-2 841.00 8.518+13 1.013+19 1.485 2.201 

12 117602.31 7" 023- /1 8S0.32 1 .. 1'12+12 1.343+17 1 .. 581 2 .. SS0 
13 116320.74 7.772-2 859.69 1.223+14 1.423+19 1.557 2.428 + 
14 115062.07 1.555-1 869.10 2.369+14 2.726+19 1.588 2.523 + 
15 113826.45 1.325-1 878.53 1.954+14 2.224+19 1.623 2.633 + 
16 112614.04 6.626-2 887.99 9.463+13 1.066+19 1.661 2.756 + 

17 111425.05 2.164-2 897.46 2.993+13 3.335+18 1.703 2.894 + 
18 110259.73 4.801-3 906.95 6.435+12 7.096+17 1.749 3.051 + 
19 109118.32 7.280-4 916.44 9.459+11 1.032+17 1.801 3.234 + 

108001.13 7.376-5 925.92 9.292+10 1.004+16 1.862 3.455 + 
106908.48 4.720-6 935.38 5.767+ 9 6.166+14 1.938 3.738 + 

6, 0 135668.94 1.190-1 737.09 2.971+14 4.031+19 1.212 1.469 + 
1 134112.56 3.868-4 745.64 9.330+11 1.251+17 1.261 1.616 
2 6.876-2 754.26 1.602+14 2.124+19 1.252' 1.567 
3 8.683-4 762 .. 95 1.955+12 2.563+17 1.246 1.529 
4 5.577-2 771.70 1.214+14 1.573+19 1.295 1.678 + 

S 128120 .. 67 1.182 2 7S0.S1 2.486+13 3.105+10 1.300 1.70::; ;-

6 126680.22 3.507-2 789.39 7.130+13 9.032+18 1.343 1.806 
7 125262.52 4.096-2 798.32 8.050+13 1.008+19 1.360 1.846 
8 123867.51 5.262-3 807.31 *****+12 1.239+18 1.403 1.983 + 
9 122495.14 6.584-2 816.36 1.210+14 1.482+1 1.414 1.999 + 
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Table 57. Franck-Condon integra1s--continued 

0+ 
2 

- 0 x3~- Ionization system 
2 g 

A(vac) 3 4 
phase v' V" 

0"0 qv'v" qv'vtt()"o qv'v"O"o r 
0 

10 121145.42 1.459-2 825.45 2.594+13 3.142+18 1.430 2.037 + 
11 119818.35 2.702-2 834.60 4.649+13 5.570+18 1.476 2.185 
12 118513.98 8.328-2 843.78 1.386+14 1.643+19 1.498 2.243 
13 117232.41 2.012-2 853.01 3.241+13 3.799+18 1.519 2.297 
14 115973.74 1.tH:d-L t>o2,.2.b 2.912+13 3.378+18 1.!:i75 2.492 

15 114738.12 1.202-1 871.55 1.815+14 2.083+19 1.600 2.561 + 
16 113525.71 1.570-1 880.86 2.297+14 2.607+19 1.634 2.669 + 
17 112336.72 1. 023-1 890.18 1.451+14 1.630+19 1.672 2.793 + 
18 111171.40 4.059-2 899.51 5.577+13 6.200+18 1.714 2.932 + 
19 110029.99 1.049-2 908.84 1.397+13 1.538+18 1.760 3.091 + 

20 108912.80 1.798-3 918.17 2.323+12 2.530+17 1.813 3.278 + 
21 107820.16 2.004-4 927.47 Z.~lL+l1 c...7U'9+16 1.876 3.505 + 

THE CALCULATED ARRAY EXTENDED THROUGH ( 6,21). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0+ A2n -
2 u O2 

Ionization system 

0, 0 137434.51 727.62 7.480+12 1.028+18 1.299 1.690 + 
1 135878.13 735.95 5.001+13 6.796+18 1.321 10747 + 
2 134345 .. 32 6.475-2 744.35 1.570+14 2.109+19 1.344 1.806 + 
3 132835.86 1.315-1 752.81 3.083+14 4.096+19 1.367 1.869 + 
4 131349.56 1.880-1 761.33 4.261+14 5.597+19 1.391 1.934 + 

5 129886.24 2.017-1 769.90 4.420+14 5.741+19 1.415 2.003 + 
6 128445.78 1.691-1 778.54 3.584+14 4.604+19 1.440 2.074 + 
7 127028.09 1.140-1 787.23 2.336+14 2.967+19 1.466 2.149 + 
8 125633.08 6.296-2 795.97 1.248+14 1.568+19 1.492 2.226 + 
9 124260.71 2.893-2 804.76 5.550+13 6.897+18 1.520 2.308 + 

10 122910.98 1.117-2 813.60 2.074+13 2.550+18 1.548 2.393 + 
11 121583.91 3.654-3 822.48 6.568+12 7.986+17 1.576 2.482 + 
12 120279.55 1.017-3 831.40 1.771+12 2.130+17 1.606 2.576 + 
13 118997.98 2.418-4 840.35 4.074+11 4.848+16 1.636 2.675 + 
14 117739.31 4.907-5 849.33 8.009+10 9.429+15 1.668 2.779 + 
15 116503.68 8.492-6 858.34 1.343+10 1.564+15 1.701 2.890 + 16 115291.28 1.247-6 867.37 1.911+ 9 2.204+14 1.736 3.008 + 

1, 0 138305.54 1.225-2 723.04 3.241+13 4.483+18 1.287 1.658 
1 136749.16 6.015-2 731.27 1.538+14 2.103+19 1.308 1.712 
2 135216.36 1.238-1 739.56 3.061+14 4.139+19 1.330 1.769 

:3 133706.90 1.305-1 747.91 3.120+14 4.171+19 1.352 1.828 
4 132220.59 6.178-2 756.31 1.428+14 1.888+19 1.375 1.888 
5 130757.27 2.467-3 764.78 5.516+12 7.213+17 1.390 1.918 
6 129316.82 2.648-2 773.30 5.727+13 7.406+18 1.428 2.044 + 
7 127899.12 1.029-1 781.87 2.153+14 2.754+19 1.452 2.108 + 

8 126504.11 1.530-1 790.49 3.096+14 3.917+19 1.477 2.182 + 
9 125131.75 1.435-1 799.16 2.811+14 3 • .517+19 ,1.503 2.259 + 10 123792.02 9.8082 807.87 1.860+14 2.302+19 1.530 2.:')40 + 

11 122454.95 5.210-2 816.63 9.567+13 1.172+19 1.558 2.426 + 
12 121150.59 2.226-2 825.42 3.958+13 4.795+18 1.587 2.515 + 

13 119869.01 7.805-3 834.24 1.344+13 1.611+18 1.616 2.609 + 
14 118610.34 2.274-3 843.10 3.794+12 4.500+17 1.647 2.708 + 
15 117374.72 5.539-4 851.97 8.957+11 1.051+17 1.678 2.813 + 
16 116162.31 1.132-4 860.86 1.774+11 2.060+16 1.712 2.925 + 
17 114973033 1.9,36-5 869.77 2.942+10 3.383'+15 1.746 3.044 + 

18 113808.00 2'.760-6 878.67 4.068+ 9 4.629+14 1.783 3.173 + 
2, 0 139149.44 2.862-2 718.65 7.712+13 1.073+19 1.275 1.628 + 

1 137593.06 9.634-2 726.78 2.510+14 3.453+19 1.296 1.680 + 
2 136060.25 1.116-1 734.97 2.812+14 3.826+19 1.317 1.734 + 
3 134550.79 3.666-2 743.21 8.930+13 1.202+19 1.337 1.786 + 

J . .phys. Chem. Ref. Data, Vol. I, No.2, 1972 



502 PAUL H. KRUPENIE 

Table 57. Fra~ck-Condon integrals--continued 

A
2n 'u - O

2 
X3~- Ionization system -g 

v' v" 1.(vac) 3 4 2 phase ao qv'v" qv' v'JU 0 qv'v" °0 
r r 

0 

4 133064.49 2.476-3 751.52 5.834+12 7.764+17 1.374 1.900 
5 131601.17 6.328-2 759.87 1.442+14 1.898+19 1.388 1.927 
6 130160.72 9.248-2 768.28 2.039+14 2.654+19 1.410 1.988 
7 128743.02 3.667-2 71'6.74 7.826+13 1.007+19 1.433 2.050 
8 127348.01 2.535-4 785.25 5.236+11 6.668+16 ,1.500 2.298 + 

9 125975.64 4.796-2 793.80 9.588+13 1.208+19 1.489 2.221 + 
10 124625.92 1.199-1 802.40 2.321+14 2.893+19 1.514 2.294 + 
11 123298.85 1.427-1 811.04 2.676+14 3.299+19 1.541 2.375 + 
12 121994.48 1.120-1 819.71 2.034+14 2.482+19 1.569 2.460 + 
13 120712.91 6.493-2 828.41 1.142+14 1.379+19 1.597 2'.549 + 

14 119454.24 2.930-2 837.14 4.994+13 5.966+18 1.627 2.644 + 
15 118218.62 1.060-2 845.89 1.752+13 2.071+18 1.657 2.743 + 
16 117006.21 3.127-3 854.66 5.009+12 5.861+17 1.689 2.849 + 
17 115817.22 7.583-4 863.43 1.178+12 1.364+17 1.722 2.961 + 
18 114651.90 1.516-4 872.20 2.285+11 2.620+16 1.757 3.081 + 

2,19 113510.49 2.493-5 880.98 3.646+10 4.138+15 1.794 3.212 + 
20 112393.30 3.356-6 889.73 4.765+ 9 5.355+14 1.833 3.352 + 

3, 0 139966.20 4.882-2 714.46 1.339+14 1.873+19 1.264 1.600 
1 138/~09.82 1.075-1 722.49 2.R51+14 3.946+19 1.284 1.650 
2 136877.02 5.506-2 730.58 1.412+14 1.933+19 1.304 1.699 

3 135367.56 2.367-4 738.73 5.872+11 7.949+16 1.365 1.899 + 
4 133881.25 5.528-2 746.93 1.326+14 1.776+19 1.351 1.827 + 
5 132417.93 6.716-2 755.19 1.559+14 2.065+19 1.372 1.882 + 
6 130977.48 6.697-3 763.49 1.505+13 1.971+18 1.389 1.922 + 
7 129559.78 2.380-2 771.84 5.176+13 6.706+18 1.424 2.033 

8 128164.77 8.066-2 780.25 1.698+14 2.176+19 1.446 2.092 
9 126792.41 5.523-2 788.69 1.126+14 1.427+19 1.470 2.158 

10 125442.68 2.642-3 797.18 5.216+12 6.542+17 1.484 2.186 
11 124115.61 2.637-2 805.70 5.042+13 6.258+18 1.528 2.340 + 
12 122811.25 9.945-2 814.26 1.842+14 2.262+19 1.553 2.412 + 

13 121529.67 1.371-1 822.84 2.460+14 2.990+19 1.580 2.496 + 
14 120271.00 1.160-1 831,.46 2.017+14 2.426+19 1.608 2.585 + 
15 119035.38 6.994-2 840.09 1.180+14 1.404+19 1.638 2.680 + 
16 117822.97 3.212-2 848.73 5.254+13 6.191+18 1.668 2.780 + 
17 116633.99 1.162-2 857.38 1.844+13 2.151+18 1.700 2.886 + 

18 115468.66 3.375-3 866.04 5.195+12 5.999+17 1.733 2.999 + 
19 11'1327.25 7.9:31-4 87'+.68 1.185+12 1.355+17 1.768 3.120 + 
20 113210.06 1.510-4 883.31 2.190+11 2.480+16 1.805 3.252 + 
21 112117.42 2.321-5 891.92 3.271+10 3.667+15 1.844 3.395 + 

4, 0 140755.83 6.815-2 710.45 1.901+14 2.675+19 1.254 1.573 + 

1 139199.45 9.191-2 718.39 2.479+14 3.451+19 1.273 1.621 + 
2 137666.64 1.014-2 726.39 2.645+13 3.642+18 1.290 1.658 + 
3 136157.18 2.866-2 734.44 7.234+13 9.849+18 1.:318 1.741 
4 134670.88 6.449-2 742.55 1.575+14 2.121+19 1.337 1.788 
5 133207.56 7.455-3 750.71 1.762+13 2.347+18 1.353 1.024 

6 131767.10 2.558-2 758.92 5.852+13 7.711+18 1.387 le926 + 
7 130349.41 6.578-2 767.17 1.457+14 1.899+19 1.407 1.979 + 
8 128954.40 1.673-2 775.47 3.587+13 4.626+18 1.427 2.031 + 
9 127582.03 1.090-2 783.81 2.264+13 2.888+18 1.462 2.147 

10 126232.30 6.926-2 792.19 1.393+14 1.758+19 1.483 2.200 

11 124905.23 5.999-2 800.61 1.169+~4 1.460+19 1.507 2.268 
12 123600.87 5.785-3 809.06 1.092+13 1.350+18 1.525 2.315 
13 122319.30 1.944-2 817.53 3.557+13 4.351+18 1.568 2.464 + 
14 121060.63 9.102-2 826.03 1.615+14 1.955+19 1.592 2.536 + 
15 119825.00 1.333-1 834.55 2.293+14 2.747+19 1.620 2.624 + 
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Table 57. Franck-Condon integrals--continued 

0+ A2n 
2 u - °2 x3~- Ionization system 

g 

l(vac) 3 4 - 2" phase Vi v" qv'v" qv' v "Cl'o qv'v"CYo r r Vo 0 

16 1'18612.60 1.152-1 843.08 1.923+14 2.281+19 1.649 2.718 + 
17 117423.61 6.962-2 851.62 1.127+14 1.324+19 1.679 2.818 + 
18 116258.28 3.155-2 860.15 4.957+13 5.763+18 1.711 2.925 + 
19 115116.88 1.110-2 868.68 1.694+13 1.950+18 1.744 3.039 + 
20 113999.69 3.092-3 877.19 4.581+12 5.223+17 1.779 3.161 + 

21 112907.04 6.853-4 885.68 9.864+11 1.114+17 1.816 3.294 + 
5, 0 141518.32 8,.280-2 706.62 2.347+14 3.321+19 1.244 1.549 

1 139961.94 6.171-2 714.48 1.692+14 2.368+19 1.263 1.593 
2 138429.13 8.015-4 722.39 2.126+12 2.943+17 1.302 1.713 + 
3 136919.67 5.625-2 730.36 1.444+14 1.977+19 1.306 1.706 + 

4 135433.37 2.444-2 738.37 6.073+13 8.224+10 1.323 1.748 
5 133970.05 1.013-2 746.44 2.435+13 3.262+18 1.354 1.841 
6 132529.59 5.675-2 754.55 1.321+14 1.751+19 1.371 1.880 
7 131111.90 1.339-2 762.71 3.017+13 3.956+18 1.389 1.924 
8 129716.89 1.606-2 770 .. 91 3.1:)0')+13 4.547+18 1.4'3 2.030 + 

5, 9 128344.52 6.062-2 779.15 1.282+14 1.645+19 1.443 2.081 + 
10 126994.79 1.966-2 787.43 4.026+13 5.112+18 1.463 2.136 + 
11 125667.72 7.805-3 795.75 1.549+13 1.946+18 1.501 2.263 
12 12436:;.36 6.415-2 804.09 1.255+14 1.:';34..,..19 1.~20 2.312 
13 123081.79 5.857-2 812.47 1.092+14 1.344+19 1.544 2.383 

14 121823.12 5.752-3 820.86 1.040+13 1.267+18 1.563 2.429 
15 120587.49 1.959-2 829.27 3.435+13 4.143+18 1.607 2.591 + 
16 119375.09 9.131-2 837.70 1.553+14 1.854+19 1.632 2.666 + 
17 118186.10 1.320-1 846.12 2.179+14 2.575+19 1.661 2.759 + 
18 117020.77 1.117-1 854.55 1.790+14 2.095+19 1.691 2.859 + 

19 115879.37 6.549-2 862.97 1.019+14 1.181+19 1.723 2.966 + 
20 114762.18 2.848-2 871.37 4.304+13 4.940+18 1.756 3.080 + 
21 113669.53 9.507-3 879.74 1.396+13 1.587+18 1.791 3.204 + 

6, 0 142253.67 9.086-2 702.97 2.616+14 3.721+19 1.235 1.525 + 
1 140697.29 3.142-2 710.75 8.752+13 1.231+19 1.252 1.566 + 

2 139164.49 1.654-2 718.57 4.457+13 6.203+18 1.277 1.635 
3 137655.03 5.141-2 726.45 1.341+14 1.846+19 1.294 1.674 
4 136168.72 3.352-4 734.38 8.463+11 1.152+17 1.282 1.609 
5 134705.40 4.180-2 742.36 1.022+14 1.376+19 1.339 1.793 + 
6 133264.95 2.579-2 750.39 6.103+13 8.134+18 1_356 1.837 + 

7 131847.25 6.633-3 758.45 1.520+13 2.004+18 1.390 1.941 
5 130452.24 5.117-2 766.56 1.1361-14 1.4521-19 1.406 1.976 
9 129079.88 1.322-2 774.71 2.843+13 3.669+18 1.424 2.022 

10 127730.15 1.474-2 782.90 3.071+13 3.922+18 1.459 2.134 + 
11 126403.08 5.705-2 791.12 1.152+14 1.456+19 1.479 2.187 + 

12 125098.72 1.747-2 799.37 3.420+13 4.279+18 1.499 2.242 + 
13 123817.14 8.908-3 807.64 1.691+13 2.094+18 1.538 2.376 
14 122558.47 6.374-2 815.94 1.173+14 1.438+19 1.558 2.429 
15 121322.85 5.368-2 824. 9.585+13 1.163+19 1.583 2.502 
16 120110.44 3.427-3 832. 5.938+12 7.132+17 1.597 2.532 

17 118921.46 2.479-2 840.89 4.169+13 4.958+18 1.648 2.722 + 
18 117756.13 9.776-2 849.21 1.596+14 1.880+19 1.674 2.803 + 
19 116614.72 1.320-1 857.53 2.093+14 2.441+19 1.703 2.902 + 
20 115497.53 1.057-1 865.82 1.628+14 1.881+19 1.735 3.009 + 
21 114404.89 5.844-2 874.09 8.750+13 1.001+19 1.768 3.124 + 

7, 0 142961.89 9.233-2 699.49 2.698+14 3.857+19 1.226 1.503 
1 141405.51 1.026-2 707.19 2.902+13 4.104+18 1.241 1.537 
2 139872.70 3.650-2 714.94 9.989+13 1.397+19 1.266 1.605 + 
3 138363.24 2.700-2 722.73 7.151+13 9.895+18 1.283 1.643 + 
4 136876.94 1.034-2 730.58 2.652+13 3.630+18 1.311 1.724 
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Table 57. Franck-Condon integrals--continued 

0; A
2

1lu 
o X3 - I .. . - 2 ~g on1zat1on system 

v' v" )..(vac) 3 4 2 phase (To qv'v" qv 'v llCJ 0 qv'V"C'O r r 
0 

5 135413.62 4.310-2 738.48 1.070+14 1.449+19 1.326 1.758 
6 133973 .. 17 2.789-4 746.42 6.707+11 8.985+16 1.308 1.666 
7 132555.47 3.799-2 754.40 8.848+13 1.173+19 1.372 1.884 + 
8 131160.46 2.170-2 762.42 4.896+13 6.421+18 1.390 1.928 + 
9 129788.09 7.813-3 770.49 1.708+13 2.217+18 1.424 2.036 

10 128438.37 4.793-2 778.58 1.015+14 1.304+19 1.441 2.076 
11 127111.30 9.602-3 786.71 1.972+13 2.507+18 1.459 2.119 
12 125806.93 1.770-2 794.87 3.524+13 4.433+18 1.495 2.241 + 
13 124525.36 5.433-2 803.05 1.049+14 1.306+19 1.515 2.296 + 
14 123266.69 1.236-2 811.25 2.316+13 2.854+18 1.535 2.349 + 

15 122031.07 1.323-2 819.46 2.403+13 2.933+18 1.575 2.490 
16 lZOc:ilt$.66 b.57b-~ 8Z1.6':1 1.16U+14 1.401+1'7 1.5')( L.5jl 
17 119629 .. 67 4.579-2 835.91 7.839+13 9.378+18 1.622 2.626 
18 118464.35 7.466-4 844.14 1.241+12 1.470+17 1.614 2.561 
19 117322.94 3.510-2 852.35 5.668+13 6.650+18 1.689 2.859 + 

7,20 116205.75 1.084-1 860.54 1.700+14 1.976+19 1.717 2.949 + 
21 115113.11 1.316-1 868.71 2.007+14 2.311+19 1.748 3.055 + 

8, 0 143642.97 8.838-2 ·696.17 2.620+14 3.763+19 1.218 1.483 + 
1 142086.59 8.423-4 703.80 2.416+12 3.433+17 1.223 1.482 + 
2 140553.79 4.701-2 711.47 1.305+14 1.835+19 1.256 1.579 

3 139044.33 6.193-3 719.19 1.665+13 2.315+18 1.270 1.606 
4 137558.02 3.051-2 726.97 7.940+13 1.092+19 1.298 1.686 + 
5 136094.70 1.938-2 734.78 4.884+13 6.647+18 1.314 1.723 + 
6 134654.25 1.214--2 742.64 2.964+13 3.992+18 1.343 1.810 
7 133236.55 3.642-2 750.55 8.614+13 1.148+19 1.359 1.845 

8 131841.54 3.926-5 758.49 8.998+10 1.186+16 1.495 2.346 + 
9 130469.18 3.825-2 766.47 8.495+13 1.108+19 1.406 1.978 + 

10 129119.45 1.518-2 774.48 3.267+13 4.218+18 1.424 2.022 + 
11 127792.38 1.192-2 782.52 2.487+13 3.179+18 1.458 2.133 
12 126488.02 4.486-2 790.59 9.078+13 1.148+19 1.477 2.180 

13 125206.44 4.814-3 798.68 9.449+12 1.183+18 1.491 2.211 
14 123947.77 2.378-2 806.79 4.528+13 5.612+18 1.531 2.350_ + 
15 122712.15 5.058-2 814.92 9.347+13 1.147+19 1.553 2.410 + 
16 121499.74 6.252-3 823.05 1.121+13 1.362+18 1.570 2.451 + 
17 120310.76 2.101-2 831.18 3.658+13 4.401+18 1.614 2.611 

18 119145.43 6.776-2 839.31 1.146+14 1.366+19 1.637 2.679 
1 q 118004.02 3.490-2 847.43 5.735+13 6.768+18 1.661 2.755 
20 116886.83 2.723-4 855.53 4.348+11 5.082+16 1.773 3.213 + 
21 115794.19 5.121-2 863.60 7.950+13 9.206+18 1.732 3.005 + 

THE CALCULATED ARRAY EXTENDED THROUGH 8,21). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0+ 4 - - O2 
3 - Ionization system 

2 b :5: g X I:g 

0, 0 146556.00 4.081-1 682.33 1.285+15 1.883+20 1.246 1.555 + 
1 144999.62 3.772-1 689.66. 1.150+15 1.667+20 1.293 1.673 + 
2 143466.81 1.618-1 697.03 4.779+14 6.856+19 1.340 1.794 + 
3 141957035 4.330-2 704.44 1.239+14 1.758+19 1.3136 1.919 + 
4 140471.04 8.227-3 711.89 2.280+13 3.203+18 1. 'd J 2·045 + 

5 139007.73 1.188-3 719.38 3.191+12 4.435+17 1. Lj 76 2.172 + 
6 137567.27 1.360-4 726.92 3.539+11 4.869+J.6 1 • ~) 1 <) 2.301 + 
7 136149.58 1.271-5 734.49 3.207+10 4.367+J', J • ') 6 J 2.430 + 

1, 0 147718.64 3.363-1 676.96 1.084+15 1.601+70 ·1. ;'1] 1.467 
1 146162.26 2.446-3 684.17 7.638+12 1. ] 1 fJ + I l' I • ? 61 1.632 + 
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Table 57. Franck-Condon integrals--continued 

- O2 
X3~- Ionization system 

g 

• V
U 1.(vac) 3 4 

phase °0 qv'v" qlTI vtlGo qv'v"cro 
r 

0 

-----
2 144629.46 2.331-1 691.42 7.051+14 1.020+20 1.305 1.705 + 
3 143120.00 2.624-1 698.71 7.693+14 1.101+20 1.351 1.824 + 
4 141633,69 1.227-1 706 .• 05 3.486+14 4.938+19 1.396 1.947 + 
5 140170.37 3.487-2 713,42 9.604+13 1.346+19 1.440 2.071 + 
6 138729.92 6.949-3 720.83 1.856+13 2.574+18 1.484 2.197 + 

7 137312,22 1.044-3 728.27 2.702+12 3.711+17 1.527 2.325 + 
8 135917.21 1.240-4 735.74 3.113+11 4.231+16 1.568 2.453 + 
9 134544.85 1.178-5 743.25 2.870+10 3.861+15 1.612 2.592 + 

2, 0 148847.02 1.636-1 671.83 5.397+14 8.033+19 1.177 1.384 + 
1 147290.64 1.678-1 678.93 5.363+14 7.900+19 1.225 1.503 

2 145757.8:3 8 .. 21'1-2 686 .. 07 2 .. 542+14 :3.707+19 1.270 1.609 
3 144248.37 4.793-2 693.25 1.438+14 2.075+19 1.317 1.743 + 
4 142762.06 2.320-1 700.47 6.751+14 9.638+19 1.361 1.855 + 
5 141298.75 1.960-1 707.72 5.529+14 7.813+19 1.406 1.976 + 
6 139858.29 8.278-2 715.01 2.265+14 3.167+19 1.450 2.099 + 

7 138440.60 2.250-2 722.33 5.971+13 8.266+18 1.492 2.224 + 
137045.59 4.388"':3 729.68 1.129+13 1.548+18 1.535 2.351 + 

9 135673.22 6.554-4 737.06 1.637+12 2.220+17 1.576 2.478 + 
10 134323.49 7.670-5 744.47 1.061-t-11 2.500-t-16 1.619 2,614 -t-
11 132996.42 7.298-6 751.90 1.717+10 2.283+15 1.660 2.749 + 

3, 0 149941.12 6.228-2 666.93 2.099+14 3.148+19 1.144 1.307 
1 148384.74 2.095-1 673.92 6.843+14 1.015+20 1.191 1.420 + 
2 1.94 1.709-2 680.96 5.412+13 7.947+18 1.239 1.551 
3 .48 1.612-1 688.03 4.948+14 7.191+19 1.283 1.646 
4 143856.17 2.505-3 695.14 7.456+12 1.073+18 1 .. 326 1.716 

5 142392.85 1.208-1 702.28 3.487+14 4.96:>+19 1.372 1./j88 + 
6 140952.40 2.180-1 709.46 6.105+14 8.606+19 1.417 2.007 + 
7 139534.70 1.405-1 716.67 3.816+14 5.324+19 1.460 2.129 + 
8 138139.69 5.223-2 723.91 1.377+14 1.902+19 1.502 2.252 + 
9 136767.33 1.318-2 731.17 3.371+13 4.611+18 1.543 2.378 + 

10 135417.60 2.462-3 738.46 6.113+12 8.278+17 1.584 2.504 + 
11 134090.53 3.538-4 745.77 8.529+11 1.144+17 1.626 2.638 + 

132786.17 4.022-5 753.09 9.416+10 1.250+16 1.669 2.777 + 
131504.59 3.779-6 760.43 8.593+ 9 1.130+15 1.705 2.991 + 

THE CALCULATED ARRAY EXTENDED THROUGH ( 3,21>. Q LESS THAN 1 .. 0-6 HAVE BEEN OMITTED. 

O2 
b\:+ -

g Noxon system 

0, 0 5238.52 9.770-1 19089.37 1.404+11 7.357+14 1.227 1.506 + 1 3755.02 2.283-2 26631.03 1.209+ 9 4.538+12 1.483 2.136 + 2 2297.32 2.136-4 43529.02 2.589+ 6 5.948+ 9 1.625 2.632 + 1, 0 6643.27 2.267-2 15052.83 6.648+ 9 4.416+13 0.985 0.910 ')159.77 9.290-1 19380 .. 71 1.27(,111 6.505-t-14 1.2:38 1.537 -t-

2 3702.07 4.760-2 27011.91 2.415+ 9 8.941+12 1.488 2.156 + 3 2270.17 7.217-4 44049.56 8.444+ 6 1.917+10 1.630 2.648 + 2, 0 8020.03 3.628-4 12468.79 1.871+ 8 1.501+12 0.673 0.243 + 1 6536.53 4.694-2 15298.64 1.311+10 8.569+13 1.004 0.955 
2 5078.83 8.768-1 19689.59 1.149+11 5.833+14 1.250 1.569 + 

3 3646.93 7.430-2 27420.35 3.604+ 9 1.314+13 1.494 2.177 + 3, 0 9360.70 4.426-6 1067:;.64 3.639+ 6 :;.410+10 0.154 -0.735 1 7885.20 1.213-3 12681.98 5.946+ 8 4.689+12 0.707 0.310 + 2 6427.50 7.266-2 15558.14 1.929+10 1.240+14 1.023 1.001 
3 4995.60 8.202-1 20017.61 1.022+11 5.108+14 1.261 1.601 + 

THE CALCULATED ARRAY EXTENDED THROUGH ( 3, 3) • Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 
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VI V" 

o ~ 0 
1 
2 
3 

1, 0 

1 
2 
3 

2, 0 
1 

2 
3 

3, 0 
1 
2 

3 
4 ~ 0 

1 
::> 
3 

5, 0 
1 
2 
3 

6, 0 

1 
2 
3 

7, 0 
1 

2 
3 

8, 0 
1 
2 

3 
9, 1 

2 
3 

10, 2 

3 

89482.61 
87999.11 
86541.41 
85109.51 
':I13~5.1~ 

89871.68 
88413.98 
86982.08 
93195.18 
<:71711.68 

90253.98 
88822.08 
95002.62 
93519.12 
92061.42 

90629.52 
96777.49 
95293.99 
9~R":j6 .. ')9 

92404.39 

98519.81 
97036.31 
95578.61 
94146.71 

100229.55 

98 7 L16. 05 

97288.35 
95856.45 

101906.74 
100423.24 

98965.54 
97533.64 

103551.36 
102067.86 
100610.16 

99178.26 
103679.92 
102222.22 
100790.32 
103801.71 

102369.81 

PAUL H. KRUPENIE 

'1' . .1, I. I: 1·111' 1 C"n.i"\l i ntegrals--continued 

1.422-1 
2.371-1 
2.286-1 
1.681-1 
3.;':11-1 

1.260-1 
1.091-3 
4.228-2 
3.078-1 
6.883-3 

1.400-1 
9.267-2 
1.637-1 
1.880-1 
6.226-2 

2.133-2 
5.301-2 
2.548-1 
~ .. 16::>-2 
1.303-1 

1.077-2 
1.395-1 
2.162-1 
4.544-3 
1.367-3 

') .0')3-2 
2.121-1 
1.160-1 
1.037-4 
6.651-3 

8.746-2 
2.389-1 
4.254'""6 
6.141-4 
1.844-2 

1.422-1 
2.913-5 
2.046-3 
3.824-2 
1.108-4 

5.053-3 

(I 

'A(vac) 
o 

1 
iI 

1117.54 
1136.38 
1155.52 
1174.96 
1U94.63 

1112.70 
1131.0'-1 
11 Lf9.66 
1(n3.U2 
1090.37 

1107.9fl 
1125.85 
1052.60 
106<).30 
1086.23 

1103.39 
1033.30 
1049.38 
10"'5 .. 69 
1082.20 

1015.02 
1030.54 
1046.26 
1062.17 

997.71 

1012.70 
1027.87 
1043.23 

981.29 
995.78 

1010.45 
1025.29 

965.70 
979.74 
993.94 

1008.28 
964.51 
978.26 
992.16 
963.38 

976.85 

Ionization system 
g 

1.019+14 
1.616+1L~ 

1.4B2+14 
1. (n 6+ 14 
I.LI4tl+14 

'1.144+13 
7.541+11 
2.783+13 
2.491+14 
5.310+12 

1.030+14 
6.494+13 
1.404+14 
1.537+14 
4.858+13 

1.588+13 
4.804+13 
2.205+14 
2 .. 613+1~ 
1.028+14 

1.030+13 
1.275+14 
1.888+14 
3.792+12 
1.376+12 

3.893+13 
1.953+14 
1.022+14 
1.097+11 
6.736+12 

8.477+13 
2.216+14 
4.724+ 9 
6.530+11 
1.878+13 

1.388+14 
3.247+10 
2.186+12 
3.915+13 
1.239+11 

5.421+12 

9.117+18 
1.422+19 
1.282+19 
8.819+18 
2.Z36+1Y 

8.218+18 
6.667+16 
2.420+18 
2.322+19 
4.870+17 

9.292+18 
5.768+18 
1.333+19 
1.438+19 
4.472+18 

1.439+18 
4.649+18 
2.101+19 
2.4,,)::>+lR 
9.501+18 

1.015+18 
1.237+19 
1.804+19 
3.570+17 
1.379+17 

3.844-118 
1.900+19 
9.196+18 
1.118+16 
6.765+17 

8.389+18 
2.162+19 
4.891+14 
6.665+16 
1.889+18 

1.376+19 
3.366+15 
2.234+17 
3.946+18 
1.287+16 

5.549+17 

1.169 
1.146 
1.126 
1.107 
1.19tl 

1.170 
1.109 
1.137 
1.228 
1.226 

1.181 
1.155 
1.263 
1.238 
1.202 

1.198 
1.301 
1.271 
1 .. 25'" 
1.214 

1.345 
1.309 
1.280 
1.204 
1.396 

1.353 
1.317 
1.292 
1.460 
1.405 

1.361 
1.326 
1.548 
1.470 
1.414 

1.370 
1.560 
1.480 
1.423 
1.572 

1.490 

2 
T phas\' 

1.368 + 
1.315 
1.267 + 
1.225 
1.435 + 

1.368 
1.202 + 
1.296 + 
1.509 + 
1.515 + 

1.395 
1.332 + 
1.593 + 
1.535 + 
1.441 

1.442 
1.690 + 
1.616 + 
1.SR5 + 
1.473 

1.804 + 
1.712 + 
1.641 + 
1.425 
1.943 + 

1.826 
1.735 + 
1.614 + 
2.122 + 
1.967 + 

1.850 + 
1.760 + 
2.375 + 
2.150 + 
1.992 + 

1.874 + 
2.412 + 
2.179 + 
2.018 + 
2.449 + 

2.209 + 

THE CALCULATED ARRAY EXT~NDED THROUGH (10, 3). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0, 0 
1 
2 
3 

1, 0 

1 
2 
3 

2, 0 
1 

122006.87 
120523.37 
119065.67 
117633.77 
123021.76 

121538.26 
120080.56 
118648.66 
124016.01 
122532.51 

1.655-2 
8.313-2 
1.879-1 
2.529-1 
5.369-2 

1.553-1 
1.466:"'1 
2.946--:2 
ge649-2 
1.428-1 
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+ 4 1 
02 a ITu - 02 a 6 g Ionization system 

819.63 
829.72 
839.87 
850.10 
812.86 

822.79 
832.77 
842.83 
806.35 
816.11 

3.006+13 
1.455+14 
3.171+14 
4.116+14 
9.995+13 

2.788+14 
2.538+14 
4.921+13 
1.840+14 
2.626+14 

3.667+18 
1.754+19 
3.776+19 
4.841+19 
1.230+19 

3.389+1() 
3.0 Ld3+]9 
5.839+1H 
2.2H/+I'i 
3.7111+1 ') 

1.297 
1.322 
1.348 
1.37') 
1 .? B J 

1 .30 i l 

].327 
1.348 
1.?65 
1.287 

1.685 
1.749 
1.817 
1.890 
1.642 

1.700 
1.761 
1.813 
1.602 
1.655 

+ 
+ 
+ 
+ 

+ 
+ 
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Table 57. Franck-Condon integra1s--continued 

+ 4 
- 0 a\~ Ionization system O2 a TIu 2 g 

VI v" fi.(vac) 3 4 phase CY o qv'v" qv'v"::;o qv~vl!;Jo r 
0 

~--'-'- ~~-----'~'~--------
2 121074.81 2.465-2 825.94 4.376+13 5.298+18 1.305 1.698 + 
3 119642.91 3.130-2 835.82 5.360+13 6.412+18 1.342 1.805 

, 0 124989.61 1.275-1 800.07 2.489+14 3.111+19 1.251 1.565 
1 123506.11 70749-2 809.68 1.460+14 1.803+19 1.270 1.611 
2 122048.41 5.823-3 819.35 1.059+13 1.292+18 1.307 1.-'19 + 

3 120616.51 9.317-2 829.07 1.635+14 1.972+19 1.319 1.741 + 
4, 0 125942.57 1.387-1 794.01 2.770+14 3.489+19 1.237 1.530 + 

1 124459.07 2.046-2 803.48 3.944+13 4.909+18 1.253 1.565 + 
2 123001.37 5.155-2 813.00 9.593+13 1.180+19 1.282 1.646 
3 121569.47 5.406-2 822.58 9.713+13 1.181+19 1.300 1.687 

S, 0 126874.88 1.319-1 788.18 2.694+14 3.418+19 1.//4 1.498 
1 125391.38 7.754-5 797.50 1.529+11 1.917+16 1.157 1.265 
2 123933.68 7.632-2 806.88 1.453+14 1.801+19 1.266 1.603 + 
3 122501.78 4.632-3 816.31 8.515+12 1.043+18 1.272 1.607 + 

6, 0 127786.55 1.139-1 782.56 2.377+14 3.037+19 1.212 1.467 + 

1 126303.05 1.055-2 791.75 2.126+13 2.686+18 1.238 1.538 
2 124845.35 5.993-2 800.99 1.166+14 1.456+19 1.251 1.563 
3 123413.45 8.380-3 810.28 1.575+13 1.944+18 1.284 1.655 + 

THE CALCULATED ARRAY EXTENDED THROUGH ( 6t 3) • Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0+ A2 
2 TIu - °2 

11:', 
a g Ionization system 

o~ 0 129552. 5.255-3 771.89 1 .. 143+13 1.,,80+18 1.306 1.708 + 
1 128068. 3.341-2 780.83 7.018+13 8.988+18 1.329 1.768 + 
2 126610.92 9.816-2 789.82 1.992+14 2.523+19 1.353 1.832 + 
3 125179.02 1.772-1 798.86 3.476+14 4.351+19 1.378 1.900 + 

1, 0 130423.15 2.018-2 766.73 4.477+13 5.839+18 1.293 1.672 

1 128939.65 8.649-2 775.56 1.854+14 2.391+19 1.315 1.729 
2 127481.95 1.465-1 784.42 3.036+14 3.870+19 1.338 1.790 
:3 126050.05 1.114-1 793.34 2.230+14 2.811+19 1.361 1.851 

2,. 0 131267.05 4.296-2 761.81 9.718+13 1.276119 1.280 1.639 
1 129783.55 1.185-1 770.51 2.591+14 3.363+19 1.301 1.693 + 

2 128325.85 9.558-2 779.27 2.020+14 2.592+19 1.323 1.748 + 
3 126893.95 7.990-3 788.06 1.633+13 2.072+18 1.339 1.785 + 

3, 0 132083.81 6.732-2 757.09 1.551+14 2.049+19 1.268 1.608 
1 130600.31 1.118-1 765.69 2.491+14 3.253+19 1.288 1.659 
2 129142.61 2.602-2 774.34 5.604+13 7.237+18 1.307 1.704 

3 127710.71 1.698-2 783.02 3.536+13 4.516+18 1.339 1.798 + 
4, 0 132873.44 8.697-2 752.60 2.040+14 2.711+19 1.256 1.579 + 

1 131389.94 7.840-2 761.09 1.778+14 2.336+19 1.276 1.627 + 
2 129932.24 1.735-5 769.63 3.805+10 4.944+15 1.127 1.099 + 
3 128500.34 5.927-2 778.21 1.257-1-1/1 1 .. 616-1-19 1 .. 322 1.749 

5, 0 133635.93 9.840-2 748.30 2.348+14 3.138+19 1.246 1.552 
1 132152.43 4.022-2 756.70 9.282+13 1.227+19 1.264 1,595 
2 130694.73 1.474-2 765.14 3.291+13 4.301+18 1.292 1.673 + 
3 129262.83 6.137-2 773.62 1.326+14 1.713+19 1.308 1.711 + 

6, 0 134371.28 1.012-1 744.21 2.455+14 3.298+19 1.236 1.527 + 

132887.78 1.276-2 752.52 2.995+13 3.980+18 1.251 1.561 + 
2 131430.08 J.,)64~2 760.06 0.999;-13 1.183;-19 1.270 1.6:3:i 
3 129998.18 3.189-2 769.24 7.006+13 9.108+18 1.295 1.674 

7, 0 135079.50 9.683-2 740.31 2.386+14 3.224+19 1.226 1.504 
1 133596.00 8.613-4 748.53 2.054+12 2.744+17 1.228 1.493 
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VI V" 

2 
3 

8, 0 
1 
2 

3 

132138.30 
130706.40 
135760.58 
134277.08 
132819.38 

131387.48 

Table 57. Franck-Condon integrals--continued 

0; A2n
u 

- O2 a
16g Ionization system 

5.266-2 
6.045-3 
8.772-2 
1.860-3 
4.927-2 

4.970-4 

)...(vac) 
o 

756.78 
765.07 
736.59 
744.73 
752.90 

761.11 

1.215+14 
1.350+13 
2.195+14 
4.503+12 
1.154+14 

1.127+12 

1.605+19 
1.764+18 
2.980+19 
6.046+17 
1.533+19 

1.481+17 

r 

1.266 
1.278 
1.217 
1.248 
1.256 

1.307 

1.605 
1.626 
1.482 
1.568 
1.577 

1.733 

THE CALCULATED ARRAY EXTENDED THROUGH ( 8, 3). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0, 0 
1 
2 
3 

1, 0 

1 
2 
3 

2, 0 
1 

2 
3 

3, 0 
1 
2 

3 

138673.61 
1:371')0.11 
135732.41 
134300.51 
139836.25 

138352.75 
136895.05 
135463.15 
140964.63 
139481.13 

138023.43 
136591.53 
142058.73 
140575.23 
139117.53 

137685.63 

0+ b4 - 0 a 16 Ionization system 
2 r.:g - 2 g 

5.030-1 
3.600-1 
1.131-1 
2.095-2 
3.190-1 

4.260-2 
3.267-1 
2.283-1 
1.240-1 
2.400-1 

1.989-2 
1.627-1 
3.900-2 
1.993-1 
8.429-2 

1.147-1 

721.12 
720.92 
736.74 
744.60 
715.12 

722.79 
730.49 
738.21 
709.40 
716.94 

724.52 
732.11 
703.93 
711.36 
718.82 

726.29 

1.341+15 
9.296+14 
2.829+14 
5.076+13 
8.722+14 

1.128+14 
8.380+14 
5.675+14 
3.474+14 
6.514+14 

5.229+13 
4.145+14 
1.118+14 
5.536+14 
2.269+14 

2.994+14 

1.860+20 
1.275+20 
3.840+19 
6.817+18 
1.220+20 

1.561+19 
1.147+20 
7.687+19 
4.896+19 
9.086+19 

7.217+18 
5.662+19 
1.588+19 
7.782+19 
3.157+19 

4.122+19 

1.252 
1.305 
1.360 
1.416 
1.210 

1.267 
1.317 
1.371 
1.170 
1.223 

1.269 
1.329 
1.133 
1.184 
1.239 

1.286 

1.568 
1.703 
1.847 
1.999 
1.463 

1.618 
1.736 
1.877 
1.367 
1.499 

1.591 
1.773 
1.279 
1.402 
1.542 

1.649 

THE CALCULATED ARRAY EXTENDED THROUGH ( 3, 3). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

o ~ 0 
1 
2 
3 

1, 0 

1 
2 
3 

2 ~ 0 
1 

2 
3 

3, 0 
1 
2 

3 
4, 0 

1 
2 
3 

64244.09 
82839.34 
81462.58 
80113.91 
86116.66 

84711.91 
83335.15 
81986.47 
87956 .. 66 
86551.91 

85175.15 
83826.48 
69764.10 
88359.35 
86982.59 

85633.92 
91538.98 
90134.22 
88757.47 
87408.79 

9.~54-2 

1.869-1 
2.125-1 
1.820-1 
2.571-1 

1.724-1 
2.645-2 
6.019-3 
3.087 1 
5.965-3 

7.773-2 
1.183-1 
2.131-1 
8.947-2 
1.209-1 

1.412-3 
9.372-2 
2.315-1 
1.061-3 
1.016-1 
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1187.03 
1207.16 
1227.56 
1248.22 
1161.22 

1180.47 
1199.97 
1219.71 
1136.92 
1155.38 

1174.05 
1192.94 
1114.03 
1131.74 
1149.66 

1167.76 
1092.43 
1109.46 
1126.67 
1144.05 

5 .. 592+13 
1.062+14 
1.149+14 
9.357+13 
1.642+14 

1.048+14 
1.531+13 
3.317+12 
2.101+14 
3.867+12 

4.803+13 
6.969+13 
1.542+14 
6.172+13 
7.954+13 

8.870+11 
7.189+13 
1.696+14 
7.422+11 
6.789+13 

4.711118 
8.799+18 
9.358+18 
7.496+18 
1.414+19 

8.878+18 
1.276+18 
2.720+17 
1.848+19 
3.347+17 

4.091+18 
5.842+18 
1.384+19 
5.454+18 
6.919+18 

7.595+16 
6.580+18 
1.528+19 
6.587+16 
5.934+18 

1.174 
1.153 
1.135 
1.118 
1.200 

1.177 
1.153 
1.154 
1.22'9 
1.188 

1.189 
1.166 
1.260 
1.240 
1.211 

1.152 
1.293 
1.269 
1.185 
1.222 

1.378 
1.331 
1.288 
1.249 
1.441 

1.386 
1.325 
1.342 
1.~10 

1.400 

1.415 
1.359 
1.586 
1.541 
1.466 

1.298 
1.671 
1.611 
1.364 
1.496 

pha! 

+ 
-t 

+ 
+ 

+ 
+ 
+ 
+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
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Table 57. Franck-Condon integraIs--continued 

0+ x2n 
2 g 

o b i + . . - 2 Lg Ion~zat~on system 

Vi VII l(vac) 3 4 
phase CJo qv'v" qvlVIl:TO qv'VIR"T O 

r 
0 

5, 0 93281.29 2.747-2 1072.03 2.230+13 2.080+18 1.330 1.766 + 
1 91876.54 1.967-1 1088.42 1.525+14 1.401+19 1.302 1.694 + 
2 90499.78 1.065-1 1104.97 7.897+13 7.147+18 1.280 1.642 + 
3 89151.10 6.719-2 1121.69 4.761+13 4.244+18 1.245 1.546 

6, 0 94991.04 5.463-3 1052.73 4.683+12 4.448+17 1.371 1.875 + 

1 93586.28 8.844-2 1068.53 7.249+13 6.784+18 1.338 1.789 + 
2 92209.53 2.219-1 1084.49 1.740+14 1.604+19 1.311 1.719 + 
3 90860.85 1.128-2 1100.58 8.463+12 7.690+17 1.305 1.716 + 

7, 0 96668.22 7.354-4 1034.47 6.643+11 6.422+16 1.417 2.003 + 
1 95263.47 2.403-2 1049.72 2.077+13 1.979+18 1.379 1.899 + 

2 93886.71 1.590-1 1065.11 1.316+14 1.236+19 1.347 1.813 + 
3 92538.04 1.643-1 1080.64 1.302+14 1.205+19 1.321 1.748 + 

8, 0 98312.84 6.570-5 1017.16 6.243+10 6.138+15 1.471 2.156 + 
1 96908.09 4.121-3 1031.91 3.751+12 3.635+17 1.426 2.028 + 
2 95531.33 5.921-2 1046.78 5.162+13 4.932+18 1.388 1.924 + 

3 94182.66 2.063-1 1061.77 1.723+14 1.623+19 1.356 1.839 + 
9, 0 99924.90 3.742-6 1000.75 3.733+ 9 3.730+14 1.537 2.348 + 

1 90520.15 4.477 4 1015.02 4.201111 4.218116 1.401 2.183 
2 97143.39 1.288-2 1029.41 1.180+13 1.147+18 1.435 2.054 + 
3 95794.72 1.070-1 1043.90 9.405+13 9.010+18 1.397 1.949 + 

10, 1 100099.64 2.994-5 999.00 3.003+10 3.006+15 1.546 2.378 + 
2 98722.89 1.689-3 1012.94 1.625+12 1.604+17 1.490 2.211 + 
3 97374.21 2.950-2 1026.97 2.724+13 2.652+18 1.444 2.080 + 

THE CALCULATED ARRAY EXTENDED THROUGH (10, 3) • Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

+ 4 
O2 a TIu °2 Ionization system 

0, 0 116768.35 3.150-2 856.40 5.015+13 5.856+18 1.305 1.706 + 
1 115363.60 1.351-1 866.83 2.074+14 2.393+19 1.332 1.775 + 
2 113986.84 2.534-1 877.29 3.753+14 4.278+19 1.360 1.851 + 
3 112638.17 2.735-1 887.80 3.909+14 4.403+19 1.391 1.934 + 

1, 0 117783.24 8.660-2 849.02 1.415+14 1.667+19 1.286 1.656 

16378.49 1.873-1 859.27 2.953+14 3. tf36+19 1.310 1.718 
2 115001.73 1.010-1 869.55 1.536+14 1.767+19 1.334 1.779 
3 113653.06 2.093-6 879.87 3.072+ 9 3.492+14 0.079 -2.410 

2, 0 118777.49 1.341-1 841.91 2.248+14 2.670+19 1.269 1,611 + 
1 117372.74 1.199-1 851.99 1.938+14 2.275+19 1.290 1.664 + 

2 115995.98 7.002-5 862.10 1.093+11 1.268+16 1.142 1.165 + 
3 114647.30 9.678-2 872.24 1.458+14 1.672+19 1.348 1.818 

3, 0 119751.09 1.549-1 835.06 2.660+14 3.186+19 1.253 1.569 
1 110346.34 3.;::'88-2 844.98 5.947+13 7.038+18 1.2{O 1.61U 
2 116969.58 4.593-2 854.92 7.350+13 8.598+18 1.304 1.704 + 

3 115620.91 8.418-2 864.89 1.301+14 1.504+19 1.323 1.748 + 
4, 0 120704.05 1.491-1 828.47 2.623+14 3.166+19 1.237 1.531 + 

1 119299.30 6.876-4 838.23 1.168+12 1.393+17 1.219 1.459 + 
2 117922.54 8.712-2 848.01 1.429+14 1.685+19 1.283 1.647 
3 116573.87 9.857-3 857.83 1.561+13 1.820+18 1.292 1.659 

5, 0 121636.36 1.269-1 822.12 2.284+14 2.778+19 1.223 1.496 
1 120231.61 1.163-2 831.73 2.021+13 2.430+18 1.253 1.576 + 
2 118854.85 6.867-2 841.36 1.153+14 1.370+19 1.265 1.598 + 
3 117506.18 9.445-3 851.02 1.532+13 1.801+18 1.303 1.707 

6, 0 122548.03 9.896-2 816.01 1.821+14 2.232+19 1.210 1.463 + 
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Table 57. Franck-Condon integra1s--continued 

0+ a4n - 0 
2 u 2 

b1 + 
Eg Ionization system 

v' v fl l(yac) 3 4 
°0 qv'v H 

0 qY'VIfCiO qy,V"OO r phase 

1 121143.28 4.014-2 825.47 7.137+13 8.646+18 1.234 1.525 
2 119766.53 2.764-2 834.96 4.747+13 5.686+18 1.247 1.550 
3 118417.85 4.703-2 844.47 7.810+13 9.249+18 1.277 1.633 + 

THE CALCULATED ARRAY EXTENDED THROUGH ( 6, 3). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0+ A2n 
2 u - 02 b1~; Ionization system 

0, 0 124313.60 1.086-2 804.42 2.087+13 2.594+18 1.315 1.730 + 
1 122908.Cl~ 6.U45-L 81.3.61 1.122"1-14 1.:379"1-19 1.340 1.796 + 
2 121532.09 1.524-1 822.83 2.736+14 3.325+19 1.366 1.866 + 
3 120183.42 2.309-1 832.06 4.008+14 4.817+19 1.393 1.942 + 

1, 0 125184.64 3.638-2 798.82 7.136+13 8.933+18 1.299 1.689 

1 123779.88 1.259-1 807.89 2.388+14 2.955+19 1.323 1.750 
2 122403.13 1.552-1 816.97 2.846+14 3.484+19 1.347 1.814 
3 121054.45 6.219-2 826.08 1.103+14 1.335+19 1.371 1.877 

2, 0 126028.53 6.836-2 793.47 1.368+14 1.725+19 1.285 1.652 + 
1 124623.78 1.370-1 802.42 2.651+14 3.304+19 1.307 1.708 + 

2 123247.03 5.517-2 811.38 1.033+14 1.273+19 1.328 1.762 + 
3 121898.35 4.466-3 820.36 8.089+12 9.860+17 1.374 1.900 

;;$, 0 126845 • .30 9.560-2 788.36 1.951-114 2.475+19 1.271 1.617 
1 125440.54 9.882-2 797.19 1.951+14 2.447+19 1.292 1.669 
2 124063.79 1.291-3 806.04 2.466+12 3.059+17 1.289 1.641 

:3 122715.11 F. ... '·H)F.-2 814.90 1.165+14 1.430+19 1.344 . 1.808 + 
4, 0 127634.92 1.113-1 783.48 2.314+14 2.954+19 1.259 1.585 + 

1 126230.17 4.817-2 792.20 9.688+13 1.223+19 1.277 1.630 + 
2 124853.41 1.572-2 800.94 3.060+13 3.820+18 1.310 1.720 
3- 123504.74 7.420-2 809.69 1.398+14 1.726+19 1.326 1.758 

5, 0 128397.41 1.145-1 778.83 2.424+14 3.112+19 1.247 1.556 
1 126992.66 1.274-2 787.45 2.609+13 3.313+18 1.262 1.588 
2 125615.90 4.821-2 796.08 9.556+13 1.200+19 1.293 1.672 + 
3 124267.23 3. /1'13-2 gOlf.72 6.606+13 8.210+18 1.309 1 .. 7] 1 + 

6, 0 129132.77 1.079-1 774.40 2.322+14 2.999+19 1.236 1.528 + 

1 127728.01 1.686-4 782.91 3.514+11 4.488+16 1.203 1.403 + 
2 126351.26 6.175-2 791.44 1.246+14 1.574+19 1.279 1.635 
3 125002.58 3.413-3 799.98 6.666+12 8.332+17 1.284 1.636 

7, 0 129840.98 9.523-2 770.17 2.084+14 2.707+19 1.226 1.503 
1 128436.23 4.949-3 778.60 1.048+13 1.347+18 1.255 1.583 + 

2 127059.48 5.215-2 787.03 1.070+14 1.359+19 1.266 1.602 + 
3 125710.80 3.594-3 795.48 7.140+12 8.976+17 1.304 1.711 

8, 0 130522.07 8.010-2 766.15 1.781+14 2.325+19 1.216 1.479 + 
1 129117.31 1.785-2 774.49 3.842+13 4.961+18 1.240 1.541 
2 127740.56 3.181-2 7R2.R4 A.A~1+13 8.470+18 1.254 1.670 

3 126391.88 2.095-2 791.19 4.231+13 5.347+18 1.282 1.647 + 

THE CALCULATED ARRAY EXTENDED THROUGH ( 8, 3). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0+ b4 -
- °2 b1~+ Ionization system 2 ~g g 

0, 0 133435.09 6.347-1 749.43 1.508+15 2.012+20 1.258 1.585 + 
1 132030.34 3.013-1 757.40 6.935+14 9.156+J9 1.324 1.750 + 
2 130653.58 5.762-2 765.38 1.285+14 1.679+19 1.394 1.937 + 
2 129304.91 S.Q40-3 77':1.37 1.284+13 1.660+]8 1.467 2.143 + 

1, 0 134597.74 2.686-1 742.95 6.550+14 8.817+19 1.204 1.449 
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Table 57. Franck-Condon integrals--continued 

+ b4 - 0 b1 + I . . 02 r.g - 2 ~g. on~zat1on system 

VI v" l(vac) 3 4 2 phase 
°0 qvlv" qv'v"Jo qv'v"Go r r 

0 

133192.98 1.781-1 750.79 4.208+14 5.605+19 1.274 1.630 + 
2 131816.23 3.855-1 758.63 8.831+14 1.164+20 1.335 1.784 + 
3 130467.55 1.428-1 766.47 3.171+14 4.137+19 1.404 1.967 + 

2, 0 135726.11 7.417-2 136.78 1.854+14 2.517+19 1.155 1.329 + 
1 134321.36 2.961-1 744.48 7.176+14 9.639+19 1.218 1.485 

2 132944.60 1.283-2 752.19 3.014+13 4.007+18 1.303 1.733 + 
3 131595.93 3.314-1 759.90 7.553+14 9.939+19 1.348 1.820 + 

3, 0 136820.22 1.749-2 730.89 4.480+13 6.129+18 1.111 1.226 
1 135415.46 1.505-1 738.47 3.738+14 5.062+19 1.169 1.364 + 
2 134038.71 2.075-1 746.05 4.996+14 6.697+19 1.233 1.526 

3 132690.03 1.534-2 753.64 3.583+13 4.755+18 1.274 1.592 

THE CALCULATED ARRAY EXTENDED THROUGH ( 3. 3) • Q LESS THAN 1.0-6 HAVE BEEN 01'-1 I TTED. 

+ 2 
02 X TIg - 02 Recombination system 

1t13 43152.15 1.048-6 2317.38 8.423+ 7 3.635+12 1.282 1.644 
2. 8 46920.94 1.904-6 2131.24 1.967+ 8 9.228+12 1.206 1 .. 706 ..... 

9 46455.14 3.499-6 2152.61 3.508+ 8 1.630+13 1.303 1.698 
10 46026.76 5.791-6 2172.65 5.646+ 8 2.599+13 1.300 1.691 + 
11 45638.52 8.667-6 2191.13 8.239+ 8 3.760+13 1.297 1.684 

12 45292.99 1.176-5 2207.85 1.093+ 9 4.951+13 1.295 1.678 + 
13 44992.15 1.451-5 2222.61 1.321+ 9 5.944+13 1.293 1.673 

3, 5 50324.49 P 1.907-6 1987.10 2.430+ 8 1.223+13 1.328 1.766 
6 49761.70 P 4.770-6 2009.58 5.878+ 8 2.925+13 1.324 1.756 + 
7 49228.92 1.042-5 2031.33 1.243+ 9 6.119+13 1.321 1.746 

8 48728.38 2.020-5 2052.19 2.337+ 9 1.139+14 1.317 1.737 + 
9 48262.58 3.512-5 2072.00 3.948+ 9 1.906+14 1.314 1.729 

10 47834.20 5.521-1) 2090 ... ~6 6 ... 04'+ 9 2.R90+14 1.:311 1.721 ..... 
11 47445.96 7.881-5 2107.66 8.417+ 9 3.994+14 1.309 1.714 
12 47100.42 1.025-4 2123.12 1.071+10 5.045+14 1.307 1.708 + 

13 46799.59 1.217-4 2136.77 1.248+10 5.839+14 1.304 1.703 
4, 3 !)330?2.3 1.87::>-6 1875.92 2.840+ 8 1.514+13 1.349 1.822 

4 52690.16 6.252-6 1897.89 9.145+ 8 4.818+13 1.345 1.810 + 
5 52099.36 P 1.710-5 1919.41 2.418+ 9 1.260+14 1.341 1.799 
6 51536.58 P 3.989-5 1940.37 5.460+ 9 2.814+14 1.337 1.788 + 

7 51003.80 8.144-5 1960.64 1.080+10 5.511+14 1.333 1.778 
8 50503.26 1.480-4 1980.07 1.906+10 9.626+14 1.329 1.768 + 
9 50037.46 2.420-4 1998.50 3.032+10 1.517+15 1.326 1.760 

10 49609.07 3.592-4 2015.76 4.385+10 2.175+15 1.323 1.752 + 
11 49220.84 4.862-4 2031.66 5.797+10 2.854+15 1.321 1.745 

12 48875.30 6.026-4 2046 •. 02 7.036+10 3.439+15 1.318 ·1.738 + 
13 48574.47 6.858-4 2058.69 7.860+10 3.818+15 1.316 1.733 

5, 2 55691.36 3.677-6 1795.01 0.350"1- 8 3.537"1-13 1.307 1.870 + 
3 55049.54 1.470-5 1816.55 2.451+ 9 1.349+14 1.362 1.857 
4 54432.47 4.520-5 1837.14 7.290+ 9 3.968+14 1.357 1.844 + 

5 5.3841.67 P 1.142-4 1857.30 1.782+10 9.596+14 1.353 1.832 
6 53278.89 P 2.466-4 1876.92 3.729+10 1.987+15 1.349 1.821 + 
7 52746.11 4.669-4 1895.87 6.851+10 3.614+15 1.345 1.810 
8 52245.57 7.889-4 1914.04 1.125+11 5.878+15 1.341 1.800 + 
9 51779.77 1.204-3 1931.26 1.671+11 8.655+15 1.338 1.791 
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Table 57. Franck-Condon integrals--continued 

x2n -
g 

O2 B
3
E: Recombination system 

,,(vac) 3 4 2 
phasi VI vir 

°0 qv'v" qv'v n0o qv'v:t°o r r 
0 

--------
10 51351.39 1.673-3 1947.37 2.266+11 1.164+16 1.335 1.783 + 
11 50963.15 2.131-3 1962.20 2.821+11 1.438+16 1.332 1.775 
12 ~OA17.Al 2.499-'1 1971) .. AO 3.241+11 1 .. 641+16 1.330 1.769 + 
13 50316.78 2.707-3 1987.41 3.448+11 1.735+16 1.328 1.763 

6, 1 58066.33 4.618-6 1722.17 9.041+ 8 5.250+13 1.385 1.921 

2 57401.10 2.469-5 1742.13 4.669+ 9 2.680+14 1.380 1.906 + 
3 56759.29 9.014-5 1761.83 1.648+10 9.356+14 1.375 1.892 
4 56142.22 2.535-4 1781.19 4.486+10 2.519+15 1.370 1.878 + 
5 55551.42 P 5.862-4 1800.13 1.005+11 5.582+15 1.366 1.866 
6 54988.64 P 1.160-3 1818.56 1.929+11 1.061+16 1.361 1.854 + 

7 54455.86 2.017-3 1836.35 3.258+11 1.774+16 1.:357 1.843 
8 53955.32 3.137-3 1853.38 4.927+11 2.659+16 1.353 1.833 + 
9 53489.52 4.419-3 1869.53 6.762+11 3.617+16 1.350 1.823 

10 53061.13 5.689-3 1884.62 8.499+11 4.510+16 1.347 1.815 + 
11 52672.90 6.744-3 1898.51 9.855+11 5.191+16 1.344 1.807 

12 52327.36 7.402-3 1911.05 1.060+12 5.549+16 1.341 1,800 + 
13 52026.53 7.554-3 1922.10 1.064+12 5.535+16 1.339 1.794 

7, 0 60431.05 .922-6 1654,78 6.449+ 8 3.897+13 1.405 1,975 + 
1 59743.51 2.769-5 1673,82 5.904+ 9 3.527+14 1.399 1,958 
2 59078.29 1.338-4 1692.67 2.760+10 1.630+15 1.393 1.942 + 

7, :3 ~84?>6.48 4.419-4 1711.26 8.817+10 5.152+15 1.388 1-927 
4 57819.41 1.124-3 1729.52 2.172+11 1.256+16 1.383 1.913 + 
.5 57228.61 P 2.351-3 1747.38 4.406+11 2.522+16 1.378 1.900 
6 56665.83 P 4.211-3 1764.73 7.662+11 4.342+16 1.374 1.888 + 
7 56133.04 6.633-3 1781.48 1.173+12 6.585+16 1.370 1.876 

8 55632.50 9.357-3 1797.51 1.611+12 8.963+16 1.366 1.866 + 
9 55166.70 1.198-2 1812.69 2.011+12 1.109+17 1.362 1.856 

10 54738.32 1.406-2 1826.87 2.306+12 1.262+17 1.359 1.847 + 
11 54350.08 1.526-2 1839.92 2.449+12 1.331+17 1.356 1.839 
12 54004.55 1.541-2 1851.70 2.428+12 1.311+17 1.353 1.831 + 

13 53703.71 1.458-2 1862.07 2.259+12 1.213+17 1.351 1.825 
fl .. 0 A?075.67 1.622-5 16)0.94 3.BBO+ 9 2.409+1 11 .1 .. 419 2·014 + 

1 61388.14 1.375-4 1628,98 3.181+10 1.952+15 1.413 1.997 
2 60722.91 5.940-4 1646.82 1.330+11 8.076+15 1.407 1.980 + 
3 60081.10 1.751-3 1664.42 3.798+11 2.282+16 1.401 1.964 

4 59464.03 3.972-3 1681.69 8.352+11 4.966+16 1.396 1.949 + 
.5 58873.23 P 7.402-3 1698.56 1.510+12 8.892+16 1.391 1.936 
6 58310.45 P 1.180-2 1714.96 2.339+12 1.364+17 1.386 1.922 + 
7 57777.66 1.651-2 1730.77 3.184+12 1.840+17 1.382 1.910 
8 57277.13 2.068-2 1745.90 3.885+12 2.225+17 1.378 1.899 + 

9 56811.32 2.349-2 1760.21 4.307+12 2.447+17 1.374 1.889 
10 56382.94 2.448-2 1773.59 4.388+12 2.474+17 1.371 1.879 + 
11 55994.70 2.364-2 1785.88 4.150+12 2.324+17 1.368 1.870 
12 55649.17 2.133-2 1796.97 3.675+12 2.045+17 1.365 1.863 + 
13 55348.34 1.813-2 1806.74 3.074+12 1.701+17 1.362 1.856 

9, 0 63687.73 7.635-5 1570.16 1.972+10 1.256+15 1.433 2.055 + 
1 6:3000.19 5.716-4 1587.30 1.429+11 9.004+15 1.427 2.030 
2 62334.97 2.176-3 1604~24 5.271+11 3.285+16 1.420 2.019 + 
3 61693.15 5.637-3 1620.93 1.323+12 8.165+16 1.415 2.002 
4 61076.08 1.120-2 1637.30 2.550+12 1.558+17 1.409 1.986 + 

5 60485.29 P 1.819-2 1653.29 4.025+12 2.434+17 1.404 1.972 
6 59922.50 P 2.515-2 1668.82 5.411+12 3.242+17 1.399 1.958 + 
7 59:389.72 3.036-2 1683.79 6.360+12 3.777+17 1.394 1.945 
8 58889.18 3.258-2 1698.10 6.654+12 3.919+17 1.390 1.933 + 
9 58423.38 3.149-2 1711.64 6.280+12 3.669+17 1.386 1.922 
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TableS7 .. Frauck~Lonovu 1ntegrals~-continued 

0+ x2n 
.2 g 

- O
2 

B3Z::-kecombination system 
u 

(vac) 3 4 phase 
VI v" qv'v" A qv'vltC"o qv'vuC'o r 

0'0 0 --------
57995.00 2.770-2 1724.29 5.404+12 3.134+17 1.383 1.911 + 

10 
11 57606.76 2.240-2 1735.91 4.282+12 2.467+17 1.379 1.902 

57261.22 .1.682-2 1746.38 3.157+12 1.808+17 1.376 1.894 + 
12 
13 56960.39 1.184-2 1755.61 2.188+12 1.247+17 1.374 1.886 

65267.22 3.076-4 1532.16 8.553+10 5.582+15 1.448 2.097 + 
10, 0 

1 64579.69 2.003-3 1548.47 5.394+11 3.483+16 1.441 2.077 

2 63914.46 6~599-3 1564.59 1.723+12 1.101+17 1.434 2.058 + 

3 63272.65 1.470-2 1580.46 3.724+12 2.356+17 1.428 2.041 

62655.58 2.492-2 1596.03 6.128+12 3.840+17 1.422 2.024 + 
4 
5 62064.78 P 3.419-2 1611.22 8.174+12 5.073+17 1.417 2.008 

6 61502.00 P 3.940-2 1625.96 9.165+12 5.637+17 1.412 1.994 + 

7 60969.22 3.895-2 1640.17 8.827+12 5.382+17 1.407 1.980 

8 60468.68 3.342-2 1653.75 7.390+12 4.468+17 1.402 1.967 + 

.'1 60007.88 2.499-2 1666.59 5.400+12 3.240+17 1.398 1.954 

59574.49 1.624-2 1678.57 3.433+12 2.045+17 1.394 1.943 + 
10 

11 59186.26 9.046-3 1689.58 1.875+12 1.110+17 1.390 1.932 

12 58840.72 4.194-3 1699.50 8.545+11 5.028+16 1.386 1.920 + 

13 58539.89 1. :)10-3 1708.24 3.0S0+11 . 1.774+16 1.302 1.906 

THE CALCULATED ARRAY EXTENDED THROUGH (10.13). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

o~ a 4TIu - 02 B3t: Recombination system 

0, 0 80531.18 6.639-3 1241.75 3.467+12 2.792+17 1.493 2.230 + 
1 79843.64 2.475-2 1252.45 1.260+13 1.006+18 1.474 2.175 
2 79178.42 5.071-2 1262.97 2.517+13 1.993+18 1.457 2.126 + 
3 78536.61 7.616-2 1273.29 3.689+13 2.897+18 1.442 2.080 
4 77919.54 9.420-2 1283.38 4.457+13 3.473+18 1.427 2.039 + 

5 77328.74 P 1.022-1 1293.18 4.724+13 3.653+18 1.414 2.001 
6 76765.96 P 1.008-1 1302.66 4.562+13 3.502+18 1.402 1.966 + 
7 76233.17 9.285-2 1311.76 4.113+13 3.136+18 1.391 1.935 
8 75732.63 8.105-2 1320.44 3.520+13 2.666+18 1.381. 1.906 + 
9 75266.83 6.786-2 1328.61 2.894+13 2.178+18 1.371 1.880 

10 74838.45 s. l~97-2 1336.21 2.304+13 1.724+18 1.363 1.657 + 
11 74450.21 4.335-2 1343.18 1.789+13 1.332+18 1.3·55 1.836 
12 74104.68 3.344-2 1349.44 1.361+13 1.008+18 1.349 1.818 + 
13 73803.85 2.531-2 1354.94 1.018+13 7.510+17 1.343 1.802 

1, 0 81546.07 4.396-2 1226.30 2.384+13 1 .. 944+1B 1.520 2.311 + 

1 80858.53 1.050-1 1236.73 5.548+13 4.486+18 1.500 2.250 
2 80193.31 1.310-1 1246.99 6.755+13 5.417+18 1.481. 2.194 + 
3 79551.50 1.109-1 1257.05 5.583+13 4.442+18 1.464 2.142 
4 70934~43 6.818-2 126b.81 3.353+13 2.647+18 1.448 2.094 + 
5 78343.63 P 2.903-2 1276.43 1.396+13 1.094+18 1.432 2.047 

6 77780~85 P 6.265-3 1285.66 2.948+12 2.293+17 1.414 1.992 + 
'7 77248.06 1.925-6 1294.53 8.871+ 8 6.853+13 1.915 3.848 + 
8 76747.52 4.332-3 1302.97 1.958+12 1.503+17 1.410 1.998 
9 76281.72 1.272-2 1310.93 5.644+12 4.306+17 1.396 1.953 + 

10 75853.34 2.054-2 1318.33 8.963+12 6.799+17 1.386 1.923 

11 75465.10 2.554-2 1325.12 1.097+13 8.282+17 1.377 1.898 + 
12 75119.57 2.725-2 1331.21 1.155+13 8.677+17 1.370 1.877 
13 74818.74 2.621-2 1336.56 1.·098+13 8.212+17 1.364 1.860 + 

2, 0 82540.31 1.292~1 1211.53 7.267+13 5.999+18 1.548 2,.399 + 
1 81852.78 1.604-1 1221.71 8.799+13 7.202+18 2.328 
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Table 57. Franck-Condon integrals--continued 

O~ a4~ - O2 
3 -

B L:u Recombination system 

1. (vac) 3 4 2 phase VI v tl 

°0 qv'v ll qv'v"J"o qv'v"oo r r 
0 

2 81187.56 7.969-2 1231.72 4.264+13 3.462+18 1.504 2.260 + 
3 80545.74 1.093-2 1241.53 5.712+12 4.601+17 1.478 2.176 
4 79928.67 3.342-3 1251.12 1.707+12 1.364+17 1.494 2.247 
5 79337.87 P 2.854-2 1260.43 1.425+13 1.131+18 1.464 2.148 + 
6 78775.09 P 4.963-2 1269.44 2.426+13 1.911+18 1.448 2.098 

7 78242.31 5.253-2 1278.08 2.516+13 1.969+18 1.434 2.057 + 
8 (((41.(7 4.14?-Z lZtl6.31 1.lJ4 -(+13 1.514+18 1.4~1 2.020 
9 77275.97 2.587-2 1294.06 1.194+13 9.226+17 1.410 1.986 + 

10 76847.59 1.271-2 1301.28 5.766+12 4.431+17 1.399 1.954 
11 76459.35 4.511-3 1307.88 2.016+12 1.541+17 1.388 1.919 + 

12 76113.81 8.253-4 1313.82 3.639+11 2.770+16 1.372 1.865 
3, 0 83513.92 2.226-1 1197.41 1.297+14 1.083+19 1.579 2.494 + 

1 82826.38 8.767-2 1207.34 4.981+13 4.126+18 1.552 2.406 
2 82161.16 1.496-6 1217.12 8.296+ 8 6.816+13 2.852 7.290 
3 81519.35 4.305-2 1226.70 2.332+13 1.901+18 1.521 2.318 + 

4 80902.27 7.258-2 1236.06 3.843+13 3.109+18 1.500 2.249 
5 80311.48 P 4.897-2 1245.15 2.536+13 2.037+18 1.481 2.190 + 
6 79748.69 P 1.440-2 1253.94 7.304-t-12 5.825-t-17 1.460 2·127 
7 79215.91 1.433-4 1262.37 7.123+10 5.643+15 1.362 1.777 + 
8 78715.37 5.756-3 1270.40 2.807+12 2.210+17 1.457 2.133 + 

9 78249.57 1.780-2 1277.96 8.528+12 6.673+17 1.439 2.075 
10 77821.19 2.609-2 1285.00 1.230+13 9.570+17 1.427 2.038 + 
11 77432.95 2.773-2 1291.44 1.287+13 9.968+17 1.417 2.008 
12 77087.41 2.440-2 1297.23 1.118+13 8.615+17 1.408 1.984 + 
13 76786.58 1.894-2 1302.31 8.576+12 6.585+17 1.401 1.962 

4, 0 84466.87 2.498-1 1183.90 1.505+14 1.272+19 1.612 2.599 + 
1 83779.34 1.287-3 1193.61 7.567+11 6.339+16 1.533 2.310 
2 83114.12 7.547-2 1203.16 4.333+13 3.601+18 1.569 2.463 
3 82472.30 7.769-2 1212.53 4.358+13 3.594+18 1.542 2.377 + 
4 81855.23 1.284-2 1221.67 7.044+12 5.766+17 1.512 2.277 

5 81264.44 P 4.466-3 1230.55 2.396+12 1.947+17 1.532 2.362 
6 80701.65 P 3.260..,.2 1239.13 1.713+13 1.383+18 1.499 2.250 + 
7 801b8.tI ( 4.~49-2 1247.37 2.344+13 1.879+18 1.481 2.193 
8 79668.33 3.427-2 1255.20 1.733+13 1.381+18 1.465 2.144 + 
9 79202.53 1.569-2 1262.59 7.795+12 6.174+17 1.450 2.097 

10 78774.15 3.383-3 1269.45 1.654,12 1.303+17 1.430 2.033 T 
12 78040.37 1.977-3 1281.39 9.394+11 7.331+16 1.446 2.106 
13 77739.54 5.184-3 1286.35 2.436+12 1~893+17 1.431 2.055 + 5, 0 85399.19 1.920-1 1170.97 1.196+14 1.021+19 1.648 2.715 + 

1 84711.66 6.270-2 1180.47 3.811+13 3.228+18 1.630 2.661 + 

2 84046.43 9.950-2 1189.82 5.907+13 4.965+18 1.594 2.541 
3 83404.62 1.391-3 1198.97 8.069+11 6.730+16 1.517 2.262 + 
4 82787.55 3.777-2 1207.91 2.143+13 1.774+18 1.561 2.443 + 
5 82196.75 P 6.128-2 1216.59 3.403+13 2.797+18 1.536 2.358 
6 81633.97 P 2.739-2 1224.98 1.490+13 1.216+18 1.512 2.282 + 

7 81101.19 1.274-3 1233.03 6.798+11 5.513+16 1.461 2.103 
8 80600.65 5.974-'" 1'4() .. 69 3.128+.12 2.521+.17 1.508 2.287 
9 80134.84 2.121-2 1247.90 1.091+13 8.746+17 1.485 2.208 + 

10 79706.46 2.842-2 1254.60 1.439+13 1.147+18 1.470 2.162 
11 79318.23 2.512-2 1260.74 1.254+13 9.943+17 1.458 2.125 + 

12 78972.69 1.703-L 1~b6.Z6 8.385+12 6.622+17 1.447 2.092 
13 78671.86 9.383-3 1271.10 4.569+12 3.594+17 1.438 2.063 + 

6, 0 86310.86 1.035-1 1158.60 6.654+13 5.743+18 1.687 2.845 + 
1 85623.33 1.827-1 1167.91 1.147+14 9.822+18 1.662 2.763 + 
2 84958.10 9.066-3 1177.05 5.559+12 4.723+17 1.605 2.559 
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Table 57. Franck-Condon integrals--continued 

0; a
4

Ilu - O2 B3~ Recombination system 

--------
,I VU l(vac) 3 4 "2 phase °0 qv1v" 0 qv'vlfCl"o qv'v ff0o r r 

3 84316.29 6.425-2 1186.01 3.851+13 3.247+18 1.613 2.605 
4 83699.22 6.196-2 1194.75 3.633+13 3.041+18 1.581 2.496 + 

5 83108.42 P 2.538-3 1203.25 1.457+12 1.211+17 1.523 2.289 
6 82545.64 P 1.748-2 1211.45 9.832+12 8.116+17 1.559 2.438 

7 82012.86 4.328-2 1219.32 2.387+13 1.958+18 1.533 2.350 + 

8 81512.32 3.417-2 1226.81 1.851+13 1.508+18 1.513 2.286 
9 81046.52 1.180-2 1233.86 6.280+12 5.090+17 1.492 2.218 + 

10 80618.13 5.182-4 1240.42 2.715+11 2.189+16 1.432 2.007 
11 80229.90 2.181-3 1246.42 1.126+12 9.038+16 1.507 2.287 
12 79884.36 8.236-3 1251.81 4.199+12 3.354+17 1.483 2.204 + 

13 79583.53 1.235-2 1256.54 6.223+1L 4.953+17 1.470 2.166 

THE CALCULATED ARRAY EXTENDED THROUGH ( 6,13). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0+ A2rr 
2 u 

_ x2rr 
g 

Second negative system 

0, 0 40069.51 1.648-6 2495.66 1.060+ 8 4.247+12 1.244 1.548 + 
1 38196.94 3.099-5 2618.01 1.727+ 9 6.597+13 1.259 1.586 + 
2 36356.94 2.763-4 2750.51 1.328+10 4.828+14 1.274 1.625 + 
3 34549.50 1.554-3 2894.40 6.408+10 2.214+15 1.290 1.665 + 
4 32774.63 6.183-3 3051.14 2.177+11 7.134+15 1.306 1.708 + 

5 31032.31 1.852-2 3222.45 5.534+11 1.717+16 1.323 1.752 + 
6 29322.57 4.338-2 3410.34 1.094+12 3.207+16 1.341 1.798 + 
7 27645.38 8.151-2 3617.24 1.722+12 4.761+16 1.359 1.847 + 
8 26000.76 1.251-1 3846.04 2.198+12 5.716+16 1.377 1.898 + 
9 24388.70 1.587-1 4100.26 2.302+12 5.615+16 1.397 1.951 + 

10 22809.21 1.681-1 4384.19 1.994+12 4.549+16 1.417 2.008 + 
1, 0 40940.54 1.315-5 2442.57 9.024+ 8 3.695+13 1.237 1.531 

1 39067.98 2.147-4 2559.64 1.280+10 5.002+14 1.251 1.567 
2 37227.98 1.626-3 2686.15 8.390+10 3.124+15 1.266 1.605 
3 35420.54 7.555-3 2823.22 3.358+11 1.189+16 1.282 1.644 

4 33645.66 2.395-2 2972.15 9.121+11 3.069+16 1.298 1.685 
5 31903.35 5.434-2 3134.47 1.7644012 5.6294016 1.314 1 .. 7/8 
6 30193.60 8.962-2 3311.96 2.467+12 7.448+16 1.331 1.772 
7 28516.42 1.057-1 3506.75 2.450+12 6.987+16 1.348 1.818 
8 26871.79 8.282-2 3721.37 1.607+12 4.319+16 1.366 1.865 

9 25259.74 3.354-2 3958.87 5.406+11 1.365+16 1.383 1.911 
10 23680.24 8.832-4 4222.93 1.173+10 2.777+14 1.383 1.898 

2, 0 41784.44 5.605-5 2393.24 4.089+ 9 1.709+14 1.230 1.514 + 
1 39911.88 7.944-4 2505.52 5.050+10 2.016+15 1.244 1.550 + 
2 30071.07 5.096-3 262Cle 61 2.012+11 1.071+16 1.259 1.507 

3 36264.43 1.940-2 2757.52 9.252+11 3.355+16 1.274 1.625 + 
4 34489.56 4.803-2 2899.43 1.971+12 6.796+16 1.290 1.664 + 
5 32747.25 7.899-2 3053.69 2.774+12 9.084+16 1.305 1.704 + 
6 31037.50 8.255-2 3221.91 2.468+12 7.660+16 1.321 1.746 + 
7 29360.31 4.538-2 3405.96 1.148+12 3.372+16 1.337 1.788 + 

8 27715.69 4.371-3 3608.06 9.305+10 2.579+15 1.348 1.812 + 
9 26103.63 1.156-2 3830.88 2.057+11 5.369+15 1.381 1.911 

10 24524.14 5.812-2 4077.62 8.572+11 2.102+16 1.396 1.951 
3, 0 42601.20 1.697-4 2347.35 1.312+10 5.589+14 1.224 1.499 

1 40728.64 2.087-3 2455.27 1.410+11 ·5.744+15 1.238 1.533 
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Table 57. Franck-Condon integrals--continued 

VI VII 

2 
3 
4 
5 
6 

7 
8 
9 

10 
4, 0 

1 
2 
3 
4 
~ 

6 
7 
8 
9 

10 

5 _ 0 

1 
2 
3 
4 

5 
6 
7 
8 
9-

10 
6, 0 

1 
2 
3 

4 

5 
6 
7 
8 

9 
10 

7, 0 
1 
2 

3 
4 
5 
6 
7 

8 
9 

10 
8, 0 

1 

38888.64 
37081.20 
35306.32 
33564.01 
31854.26 

30177.08 
28532.45 
26920.40 
25340.90 
43390.83 

41518.26 
39678.26 
37870.82 
36095.95 
343~3.63· 

32643.89 
30966.70 
29322.08 
27710.02 
26130.53 

4415~ .. ";32 
42280.75 
40440.75 
38633.31 
36858.44 

35116.12 
33406.38 
31729.19 
30084.57 
28472.51 

26893.02 
44888.67 
43016.11 
41176.11 
39368.67 

37593.79 
35851.48 
34141.73 
32464.55 
30819.92 

29207.87 
27628.37 
45596.89 
"+::SfL.4.33 

41884.32 

40076.88 
38302.01 
36559.70 
34849.95 
33172.76 

31528.14 
29916.08 
28336.59 
46277.97 
4440'_41 

1.130-2 
3.487-2 
6.558-2 
7.252-2 
3.749-2 

1.498-3 
1.804-2 
5.723-2 
4.664-2 
4.096-4 

4.373-3 
1.990-2 
4.904-2 
6.717-2 
4.320-2 

4.057-3 
1.264-2 
4.858-2 
3.518-2 
8.205-4 

8.386-4. 
7.768-3 
2.954-2 
5.708-2 
5.325-2 

1.386-2 
3.437-3 
3.739-2 
3.586-2 
1.778-3 

1.957-2 
1.513-3 
1.216-2 
3.841-2 
5.667-2 

3.199---2 
4.596-4 
2.093-2 
3.900-2 
7.807-3 

9.420-3 
3.910-2 
2.469-3 
1.fl.O-2 
4.477-2 

4.863-2 
1.295-2 
3.967-3 
3.372-2 
2.079-2 

7.124-4 
2.958-2 
2.199-2 
3.709-3 
Z.Z39-Z 
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A (vac) 
o 

2571.44 
2696.79 
2832.35 
2979.38 
3139.30 

3313.77 
3504.78 
3714.66 
3946.19 
2304.63 

2408.58 
2520.27 
2640.56 
2770.39 
2910.90 

3063.36 
3229.27 
3410.40 
3608.80 
3826.94 

2264.B~ 

2365.14 
2472.75 
2588.44 
2713.08 

2847.69 
2993.44 
3151.67 
3323.96 
3512.1.6 

3718.44 
2227.73 
2324.71 
2428.59 
2540.09 

26(.,0.01 
2789.29 
2928.97 
3080.28 
3244.65 

3423.74 
3619.47 
2193.13 
1.2l:H .06 
2387.53 

2495.20 
2610.83 
2735.25 
2869.44 
3014.52 

3171.77 
3342.68 
3529.01 
2160.86 
ZZ'1.9ti 

6.647+11 
1.778+12 
2.886+12 
2.742+12 
1.212+12 

4.118+10 
4.189+11 
1.117+12 
7.590+11 
3.346+10 

3.129+11 
1.243+12 
2.664+12 
3.159+12 
1.751+12 

1.411+11 
3.753+11 
1.225+12 
7.486+11 
1.464+10 

7./18+10 
5.871+11 
1.954+12 
3.291+12 
2.666+12 

6.001+11 
1.281+11 
1.194+12 
9.765+11 
4.105+10 

3.807+11 
1.369+11 
9.677+11 
2.681+12 
3.458+12 

1.700.,.12 
2.118+10 
8.328+11 
1.334+12 
2.286+11 

2.347+11 
8.246+11 
2.341+11 
1.438+12 
3.290+12 

3.130+12 
7.275+11 
1.938+11 
1.427+12 
7.589+11 

2.233+10 
7.920+11 
5.003+11 
3.676+11 
1.901+1L 

2.585+16 
6.593+16 
1.019+17 
9.203+16 
3.860+16 

1.243+15 
1.195+16 
3.006+16 
1.923+16 
1.452+15 

1.299+16 
4.931+16 
1.009+17 
1.140+17 
6.017+16 

4.607+15 
1.162+16 
3.591+16 
2.074+16 
3.825+14 

3.187+15 
2.482+16 
7.903+16 
1.272+17 
9.828+16 

2.107+16 
4.281+15 
3.790+16 
2.938+16 
1.169+15 

1.024+16 
6.144+15 
4.163+16 
1.104+17 
1.361+17 

6.389+16 
7.593+14 
2.843+16 
4.332+16 
7.044+15 

6.856+15 
2.278+16 
1.067+16 
6.286+16 
1.378+17 

1.255+17 
2.707+16 
7.087+15 
4.975+16 
2.518+16 

7.039+14 
2.369+16 
1.418+16 
1.701+16 
B.f06+16 

1.252 
1.267 
1.282 
1.297 
1.312 

1.316 
1.352 
1.367 
1.383 
1.218 

1.231 
1.246 
1.260 
1.274 
1.289 

1.298 
1.327 
1.340 
1.355 
1.351 

1.?12 
1.226 
1.239 
1.253 
1.267 

1.280 
1.307 
1.316 
1.330 
1.334 

1.370 
1.207 
1.220 
1.233 
1.247 

I.Z60 
1.257 
1.294 
1.307. 
1.318 

1.347 
1.358 
1.201 
1.215 
1.228 

1.241 
1.253 
1.277 
1.286 
1.299 

1.339 
1.335 
1.347 
1.197 
1.209 

1.569 
1.606 
1.644 
1.682 
1.720 

1·124 
1.830 
1.869 
1.912 
1.484 

1.518 
1.552 
1.588 
1.624 
1.660 

1.681 
1.763 
1.797 
1.835 
1.808 

1.470 
1.503 
1.537 
1.571 
1.606 

1.636 
1.714 
1.733 
1.768 
1.768 

1.880 
1.457 
1.489 
1.522 
1.555 

1.588 
1.565 
1.677 
1.709 
1.733 

1.817 
1.845 
1.445 
1.476 
1.508 

1.540 
1.568 
1.634 
1.655 
1.685 

1.806 
1.783 
1.814 
1.433 
1.463 

phase 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 



2 
3 
4 
5 
6 

7 
8 
9 

10 

42565.41 
40757.97 
38983.09 
37240.78 
35531.03 

33853.85 
32209.22 
30597.17 
29017.67 
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Table 57. Franck-Condon integra1s--continued 

A2nu - 02 x2n
g 

Second negative system 

517 

----------------------------------------------

4.758-2 
3.604-2 
2.082-3 
1.552-2 
3.202-2 

3.900-3 
1.328-2 
2.956-2 
1.891-3 

A(vac) 
o 

2349.33 
2453.51 
2565.21 
2685.23 
2814.44 

2953.87 
3104.70 
3268.28 
3446~18 

3 

3.669+12 
2.440+12 
1.233+11 
8.016+11 
1.436+12 

1.513+11 
4.436+11 
8.468+11 
4.621+10 

1.562+17 
9.947+16 
4.808+15 
2.985+16 
'.103+16 

5.122+15 
1.429+16 
2.591+16 
1.341+15 

r 

1. 
1.235 
1.243 
1.267 
1.279 

1.287 
1 .. 314 
1.326 
1.328 

1.525 
1.539 
1.607 
1.636 

1.651 
1.729 
1 .. 756 
1.753 

phase 

+ 
+ 
+ 

+ 
+ 
+ 

THE CALCULATED ARRAY EXTENDED THROUGH { 8,10J. Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 

0, 0 
1 
2 
3 
4 

5 
6 

1, 0 
1 
2 

3 
4 
5 
6 

2, 0 

1 
2 
3 
4 
5 

6 
3, 0 

1 
2 
3 

4 
5 
6 

16666.74 
15651.85 
14657.60 
13684.0U 
12731.04 

11798.73 
10887.06 
17829.38 
16814.49 
15820.25 

14846.65 
13893.69 
12961.37 
12049.70 
18957.76 

17942.87 
16948.62 

.02 

.06 
14089.75 

13178.08 
20051.86 
19036.97 
18042.73 
17069.13 

16116.17 
15183.85 
14272.18 

+ 4 - 4 O2 b Eg - a ~ First negative system 

2.642-1 
2.918-1 
2.063-1 
1.195-1 
6.207-2 

3.024-2 
1.418-2 
4.274-1 
2.369-2 
3.924-2 

1.199-1 
1.330-1 
1.037-1 
6.765-2 
2.446-1 

1.755-1 
1.409-1 
7.518-3 
2.216-2 
7.382-2 

9.346-2 
5.862-2 
3.473-1 
2.316-2 
1.416-1 

6.065-2 
9.424-4 
1.942-2 

5999.97 
6389.02 
6822.40 
7307.8U 
7854.82 

8475.49 
9185.22 
5608.72 
5947.25 
6321.01 

6735.53 
7197.51 
7715.23 
8298.96 
5274.88 

5573.25 
5900.18 
6259.77 
6656.88 
7097.36 

7588.36 
4987.07 
5252.94 
5542.40 
5858.53 

6204.95 
6585.94 
7006.64 

1.223+12 
1.119+12 
6.495+11 
3.U61+11 
1.281+11 

4.968+10 
1.830+10 
2.423+12 
1.126+11 
1.554+11 

3.925+11 
3.568+11 
2.259+11 
1.183+11 
1.666+12 

1.014+12 
6.861+11 
3.065+10 
7.511+10 
2.065+11 

2.139+11 
4.726+11 
2.396+12 
1.360+11 
7.042+11 

2.539+11 
3.299+ 9 
5.645+10 

2.038+16 
1.751+16 
9.521+15 
4.189+15 
1.631+15 

5.861+14 
1.992+14 
4.319+16 
1.894+15 
2.458+15 

5.827+15 
4.957+15 
2.927+15 
1.426+15 
3.159+16 

1.819+16 
1.163+16 
4.896+14 
1.128+15 
2.909+15 

2.818+15 
9.476+15 
4.562+16 
2.455+15 
1.202+16 

4.091+15 
5.009+13 
8.057+14 

1.338 
1.302 
1.272 
1.246 
1.224 

1.204 
1.185 
1.379 
1.309 
1.322 

1.282 
1.254 
1.231 
1.210 
1.430 

1.398 
1.337 
1.264 
1.302 
1.264 

1.2:38 
1.496 
1.442 
1.453 
1.350 

1.302 
1.174 
1.281 

1.792 
1.694 
1.617 
1.!552 
1.496 

1.446 
1.402 
1.903 
1.701 
1.755 

1.646 
1.573 
1.514 
1.462 
2.042 

1.960 
1.783 
1.576 
1.705 
1.600 

1.534 
2.233 
2.081 
2.129 
1.822 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 

THE CALCULATED ARRAY EXTENDED THROUGH ( 3. 6). Q LESS THAN 1.0-6 HAVE BEEN OMITTED. 
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\ 0 1 2 
Vi 

0 1.809-6 3.339-5 2.916-4 
1 1.488-5 2.383-4 1.765-3 
2 6.30(}-5 8.761-4 5.494-3 
3 1.836-4 2.222-3 1.179-2 
4 4.201-4 4.43g...:3 1.989-2 

5 7.975 -4 7.3B2~3 2.794~2 

6 1.307-3 1.066-2 3.412-2 
7 1.874-3 1.354-2 3.679-2 
8 2.375-3 1.536-2 3.570-2 
9 2.624-3 1. 53g...:2 3.097-2 

10 2.462-3 1.332-2 2.370-2 
II 1.715-3 8.762-3 1.426-2 

)( 0 1 2 3 
v' 

0 1.346 1.362 1.378 L395 
1 1.339 1.354 1.370 1.386 
2 1.331 1.346 1.362 1.377 

3 1.324 1.339 1.354 1.369 
4 1.318 1.332 1. 1.362 
5 1.312 1.326 l. 1.355 
6 1.307 1.320 1.334 1.348 
7 1.302 1.315 1.329 1.343 
8 1.298 1.311 1.324 1.337 
9 1.294 1.307 1.320 1.333 

10 1.291 1.304 1.316 1.329 
II 1.289 1.302 1.314 1.326 

PAUL H.KRUPENIE 

TABLE 57. Franck-Condon integrals-Continued 

02 A 3IJ - X 3Iy- Herzberg I system 

Franck-Condon factors 

3 4 5 6 7 8 

1.605-3 6,248--3 1.840--2 4.260-2 7.935-2 1.214-1 
8.012-3 2.479-2 5.519-2 8.985-2 1.052-1 8.298-2 
2.041-2 4.924-2 7.924-2 8.158-2 4.457-2 4.492-3 
3.553-2 6.516-2 7.053-2 3.593-2 1.434-3 1.700-2 
4.816-2 6.46g...:2 4.103-2 3.900-3 1.162-2 4.595-2 

5.368--2 4.999-2 1.343-2 2.713--3 3.372-2 3.537-2 

5.134-2 3.040-2 8.570-4 1. 66g...:2 3.605-2 1.034-2 
4.277-2 1.386-2 1.724-3 2.668-2 2.223-2 3.734-5 
3.168-2 4.153-3 7.860-3 2.642-2 8.092-3 4.344-3 
2.090-2 4.588-4 1.232-2 1.946-2 1.184-3 1.068-2 

1.231-2 4.947-5 1.249-2 1.152~~2 2.020-5 1.203-2 
6.011-3 3.515-4 8.568-3 5.372-3 4.550-4 8.314-3 

r centroids 

4 5 6 7 g 9 10 

1.412 1.430 1.448 1.467 1.485 1.507 1.528 
1.403 1.420 1.438 1.456 1.474 1.493 1.513 
1.394 1.410 1.427 1.444 1.463 1.483 1.506 

1.385 1.401 1.417 1.437 1.455 1.473 1.492 
1.377 1.392 1.409 1.428 1.447 1.463 1.482 
1.370 1.383 1.401 1.422 1.437 1.455 1.473 
1.363 1.378 1.395 1.413 1. 1.448 1.467 
1.360 1.373 1.391 1.405 1. 1. 1.457 
1.354 1.369 1.384 1.397 1 L 1.451 
1.350 1.366 1.379 1.394 1. 1. 1.447 

1.347 1.362 1.374 1.390 1.410 1.423 1.443 
1.344 1.359 1.371 1.387 1.406 1.421 1.440 

9 10 II 12 

1.546-1 1.654-1 1.495-1 1.140-1 
3.50(}-2 1.510-3 1.512-2 6.765-2 
1.049-2 5.486-2 7. 58g...:2 4.343-2 
5.478-2 4.681-2 6.822-3 9.761-3 
3.559-2 1.700-3 1.847-2 5.157-2 

3.171-3 1.4142 4.233-2 1.8282 
4.851-3 3.357-2 1.962-2 6.872-4 
2.013-2 2.515-2 6.205-4 1.826-2 
2.454-2 8.205-3 4.749-3 2.553-2 
1.771-2 4.555-4 1.313-2 1.612-2 

9.046-3 6.301-4 1.390-2 5.925-3 
3.434-3 1.676-3 8.748-3 1.340-3 

11 12 13 11 15 

1.550 1.573 1.597 1.621 1.647 
1.535 1.562 1.584 1.607 1.632 
1.525 1.545 1.570 1.592 1.619 

1.512 1.533 1.558 1. 1.602 
1.503 1.524 1.542 1. 1.590 
1.494 1.510 1.532 1. 1.576 
1.482 1.505 1.523 1.544 1.569 
1.475 1.495 1.515 1.534 1.558 
1.469 1.489 1.508 1.526 1.549 
1.464 1.481 1.501 1.519 1.539 

1.461 1.477 1.4% 1.516 1.534 
1.457 1.473 1.492 1.511 1.530 

Data from unpublished results of Jarmam, communicated to Uegen et aI. 1l04J. Many r centroids have been adjusted by Jarmain to give a 
smoother curve of r centroid vs. A. 

TABLE 58. Absolute band strengths Sv'v' a for the A 32~ - X 3I; bands 

\ 0 1 2 3 4 5 6 7 8 9 10 11 12 
v' 

0 2·39-12b 4.08- 11 3.28-10 I· 66-9 5.94-9 1.60-8 3 '37-8 5.71-8 7 ;90-8 9·(}6-8 8.69-8 7.00-8 4.73-8 

1 2.04- 11 3.03-10 2-07-9 8.67-9 2.47-8 5.03-8 7.49-8 7.99-8 5.72-8 2 -18-8 8.46- 10 7.58-9 3.02-8 

2 8-95-11 1-15-9 6.70-9 2.30-8 5 '1l-8 7.56-8 7-13-8 3.56-8 3.26-9 6.90-9 3-26-8 4.05-8 2.07-8 

3 2-70-10 3 '03-~ 1.49-8 4-16-8 7 -04-8 7.01-8 3'30-8 1-20-9 1-30-9 3.80-9 2,94-9 3-86-9 4.96-9 

4 6.36-10 6.25-9 2.60-8 5-84-8 7'25-8 4.24-8 3.71-9 1-01-9 3.66-8 2.59-8 1.10-9 1-10-8 2.77-8 

5 1.24-9 1.07-8 3.77-8 6-72-8 5-80-8 1-44-8 2.68-9 3-(}6-8 2.94-8 2.41-9 9-77-9 2.65-8 1-03-8 

6 2.09-9 1-59-8 4.74-8 6.62-8 3.64-8 9.48- 10 1-70-8 3-39-8 8-92-9 3.83-9 2-42-8 1.29-8 4-08- 10 

7 3-07-9 2-07-8 5.24-8 5.67-8 1· 70-8 1.96-9 2.81-8 2.16-8 3.33-11 1-65-8 1.88-8 4.23- 10 1-13-9 

8 3.97-9 2-40-8 5.20-8 4-30-8 5.23-9 9-19-9 2.86-8 8-08-9 4.00-9 2.07-8 6.34-9 3.35-9 1.64-8 

9 4-47-9 2-45-8 4.60-8 2'89-8 5.91-10 1-47-8 2.15-8 1-21-9 1.01-8 1· 54-8 3.62- 10 9.54-9 1-07-8 

10 4-25-9 2-15-8 3-58-8 1· 73-8 6.48-11 1-52-8 1 -30-8 2·11-11 1-16-8 8.01-9 5.12- 111 1.03-8 4.02-9 

11 2.99-9 1'43-8 2-17-8 8'55-9 4-66-H1 1-05-8 6 -13-9 4.81-111 8-11-9 3-08-9 1'38-!' 6-61-9 9'24-10 

a 8.:,: is in atomic units (aoe)2. 

b The superscript indicates the power of ten by which the entry is to be multiplied_ 

Data from Hasson et a1. {l74]. 
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\xv 
(I) {2} (3) 

FIGURE 1. Three types of crossing between a bound and a repulsive state 
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'Enlarged copies of figure 2 may be obtained from the author upon request. 
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Appendix A. Notation and Terminology 

The spectroscopic notation used in this report is that 
adopted in Herzberg's book[I86] 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. 
(I) Wavenumber in cm-1 is denoted by u; v is reserved 

for frequency in Hz. 
(2) N i~ total angular luomentum of electrons and 

nuclei exclusive of spin (case b, b' , d), formerly 
denoted by K. 

(3) Rotational angular momentum of the nuclei, 
formerly denoted N, is now denoted by R. 

(4) Dissociation energy is written as DO or De; rota
tional constants (for the zero level or equilibrium 
value, respectively) are denoted as usual by 
Do and De. 

(5) A transition is always represented with a dash, 
as 2ll -2I 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. 

(6) A perturbation by one state of another is indicated 
as e.g., (lLl I ll) perturbation, following an early 
notation of Kovacs. (Conventions used in some 
early papers include III X III or Ill, Ill.) 

(7) A progression of bands is indicated as follows: 
(a) v" 0 progression 

(b) (V' -0) progression 
(8) Reciprocal dispersion is given in A/mm. However, 

following the colloquial use of many spectros
copists this quantity is referred to as dispersion. 

(9) In the tables, wavelengths· above 2000 A are air 
wavelengths unless otherwise specified; below 
2000 A vacuum wavelengths are listed. 

(10) The known band degradation is indicated by 
R (red-degraded) or V (violet-degraded) in the 
headings of section 3 as well as in tables I and 3 
to 30. 

(11) Rotational constants in tables 36 to 52 are given 
in units of cm- t • 

(12) Zero-point energy is abbreviated by ZPE. 

(13) First negative system (or group) is abbreviated as 
(1-), etc. An alternate abbreviation used in the 
literature is lNG, etc. 

The following items apply to table I: 
(I) 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 head measurements. 

(2) Ere] means ro; [Be] means Bo; [We] means LlG{t) , 
as in Herzberg's book. 

(3) () means uncertain. 
(4) To is the mean height (in case of multiplets) above 

X,v=O,j O. 
(5) States which are pre dissociated have Pr written 

in the column for dissociation products. 
(6) All numerical data are in units of cm-1 unless 

otherwise indicated. 
(7) References cited include only those from which 

the numerical data have been extracted. Other 
pertinent references are cited in the appropriate 
sections of this report. 

(8) The tabulated molecular constants are largely those 
from which the RKR potentials have been de
rived, and represent the best fit to the vibrational 
term values or rotational constants where these 
have been compiled from various sources. 

(9) To avoid confusion of sign conventions several 
formulas are listed below: 

Vibrational terms: 

G(v) = We(V+t) - WeXe(V+t)2 

+ weYe(v+lP+ Weze(v+l)'" 

i.e., a negative value of WeXe from the table 
would mean a positive anharmonic term. 

Rotational terms: 

where (- Dv) is always < 0, and 

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



532 PAUL H. KRUPENIE 

The Dunham ·coefficients are given by 

G(v) = 2: YiO (V+1-)i 
i=l 

and 
Bv= L Yi1(V+t)i 

i=(} 

The tabulated coefficients 
- Y20 - WeXe, etc. 

are really 

(lO) 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 
yoo-

4 
aeWe a~w~ WeXe 

12Be I 144B~ 4 

Appendix B. Physical Constants l • 2, 3 and Conversion Factors 

c=2.9979250(l0) X 1010 cm-s- 1 

h=6.626196(50) X 10- 27 erg-s 
No=6.022169(40) X 1023 mole- 1 

1 eV.=8065.465(27) cm- 1 

ILA( 160 2 ) =7.9974575 a.m.u. 
IL A (160 t ) = 7.9973203 a.m. u. 

p,= ILA/No in g. 

Atomic masses' 
1°0 = 15.9949150 a.m.u. 
170 16.999133 a.m.u. 
180 17.9991600 a.m.u. 

k,,(I 60 2 ) =47.1194 X 10-2w~ (We in em-I; kp in dyne
em-I) 

I The molecular reduced masses are calculated from the data of Matlauch. Thiele, and 
Wapstra.1964 i\tQmic Mass T~hle. Nuclear Physics 67.1-31 (1965) which are based on the 
unified atom;" mass scale with '"C= 12. 

2 The reduced mass J..'A (0;) was calculated by assuming 5.48593 (10-4) a.m.u. for the mass 

of the electron and assuming that ionization removes an electron from one 0 atom (l n.m.u. = 
1/12 mass of 12C). 

k e ( 160t) = 47.1186 X 10-2 W~ 

r,("02) = 1.451868858 {f (B, in em-I; r, in A) 

1.451881312 ~ 
Be 

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. 

, The fundamental physical constants and conversion factors are those from the critical 
compilation of Taylor. Parker, and Langenberg, Rev. Mod. Phys. 41,375-496 (1969). The 
uncertainties in these values (enclosed in parentheses) represent one standard deviation. 
The value for No is likely subjeel 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 O2 Ground State 

For the level X 32,y, v=Q, there has for many years 
existed an apparent discrepancy between the values for 
Bo and Do determined from electronic spectra and 
microwave spectra [69]. Fine-structure analyses of O2 

electronic transitions have been based on the use of 
values for Bo and Do 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 

(4BI/-6DIf)-8D" (N+t)2 

and obtained 

Bo= 1.437770±0.000015 cm- 1 

Do= (4.913 ± 0.020) 10-6 cm-1 • 
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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 

Bo= 1.437836 (standard deviation 0.000055) 

Do= 4.986(l0-6} (standard deviation 0.050(10-6 ). 

If the error is assumed as three standard deviations we 
obtain 

Bo= 1.4S78:t 0.0002 cm- 1 

Do= (4.99±O.15)10-6 cm-t. 

(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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A2F;' (N) = (4B" - 6D")(N + !) - 8D"(N + 
the· results are 

Bo = 1.437891 (standard deviation,0.000055) 

Do--' :3.022(10-6) (lSli:uulanl deviatiun, 0.050(10 6). 

With error limits assumed as three standard deviations 
we get 

Bo= 1.4379±0.0002 cm-1 

Do= (5.02 ± 0.15) 10-6 em-I. 

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 B 0 

[1.43784] and Do as those obtained by Lofthus. 
In fitting the fine structure of the b 11; ~ X 32-

bands and obtaining the rotational constants (Bo, Do) 
and spin coupling constants (A, 'Y) for the ground state, 
Babcock and Herzberg [24] used the formulas of Schlapp 
[346] for the multiplet structure of the 3Ig state. In 
Schlapp's theoretical formulation A is 0) 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]. 'Y (or 
11. 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 O2 • In recent papers by West and 
Mizushima [411], Wilheit and Barrett [413], and Tischer 
[378] the same effective Hamiltonian i5 u8ed for the 

p-type triplet: 

with B=Bo+B tN(N+1) 
A= Ao+ A1N(N + 1) 
-y- YO+'YIN(N+ 1). 

The N -dependent contributions to the parameters arise 
from centrifugal distortion of the mo]er.111e. 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 these authors, 

used the rigorous microscopic Hamiltonian for the spin-

orbit coupling and deduced mixing of the ground state 
predominantly with lIt (but also with 1 Il g and 3Ily), 

rather than with only 3Ilg , 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 
fUHIJulatioIJ differs only in the interpretation of the 
several contributions to A and 'Y. 

Many values for Bo determined from microwave 
measurements have been based on a particular theory 
(formula) fitted to the observed fine structure. Micro
wave values of Do have not been reliable. McKnight and 
Gordy [265] have seemingly obtained for the first time a 
value for Bo that is independent of fine structure theory. 
They related their measurements of rotational and fine 
structure frequencies to a formula involving only 
coefficients Bo, Do, Ro- The formula is 

E(3, 3) -E(l, 1) 
h 

= 10Bo-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 

Bo 
430,985.28±0.2.0+ 140 DQ 

10 

McKnight and Gordy used Babcock and Herzberg's 
value for Do. By using the refitted value (5.022 ± 0.050) 
10-6 cm-1 = (0.1506± 0.0015) MHz [with 140 Do= (21.08± 
0.21) MHzJ we obtain 

Ro= 43100.636:T 0.029 MHz= 1.437682 
± 0.0000015 em-I} 

As has been pointed out by Tischer [378], the simpli
fied theory of Schlapp [346] provided Babcock and 
Herzberg [24J with a value of B, not Bo, where 
B=Bo-lLl +2/3Al. McKnight and Gordy [265] then 
abu uLLaiH~J fl, Hul Bo fur 

Fz (N) =N(N + 1) (Bo-lLl + 2{3Al) -D(;I2(N + 1)2. 

1 More recent (tentative) unpublished results communicated by M. Mizushima give 

B.= 43100.6355 MHz = 1.437682 cm" 

Dn=0.15259 MHz = 5.0899(10-6 ) cm- 1 

H. =-0.0000650MHz =2.17(10-9) em-I. 

These coefficients were determined from a simultaneous fit to fine'structure microwave 
measurements (unpublished) as .weJl as to the data of McKnight lI}ld Gordy [265l More ex· 
tensive microwave measurements still in progress (K. Evenson, M. Mizushima) are likely 
to lead to improved values tor aU nne .. trU()\\lTe parameters. 
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By using the values of Ji-l and A1 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 em -1 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 at A 2 llu - X 2 llg Transition. 

A computer least squares fit has been made by 
Lofthus to the fine structure measurements on bands 
of the Oi, A -X system of Stevens and of Boz6ky. 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 A -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 le:sult:s fUI the exLellSlve set uf R2 bi:l.IHl 

heads and the relatively few, but more reliable, band 
ori~ns. 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 WeXe for both 
states, however, fails to reflect the significantly different 
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Heads S.D. Origins S.D. 

R2 40483 5 
40572.3 

3.7 
rTe 

R2 40683 5 

0'(0-0) calc. 
39978 

40070 
40178 

A 2nu We 896.7 0.6 898.17 0.37 

WeX " 13.45 0.03 13.57 0.02 

ZPE 445.0 445.7 

x 2nu 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 WeYe's are used, singly, or to
gether. The WeYe'S are not statistically significant, but 
do produce relatively change in Wexe's from those 
quoted above. 




