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This review presents systematized data on absolute probabilities of electronic transitions in diatomic

molecules published between the beginning of 1961 and the end of 1973, and relative transition

probabilites published between the beginning of 1966 and the end of 1973. The paper reviews

theoretical relationships lying at the basis of experimental methods for determining absolute transition

probabilities. Individual methods are not reviewed in detail, since the details can be found in the

cited literature. The following material is tabulated: absolute probabilities of electronic transitions, the

dependence of the dipole moments of electronic transitions on internuclear distances, and the

Franck-Condon factors (Tables I, II, and IV, respectively), using all publications known to the

authors. In addition to the complete systematization of probability data, the authors attempt to

provide a critical analysis of published results with a view to selecting the most reliable. The

recommended values of the squares of the matrix elements of the dipole moments of electronic

transitions are listed in Table III. The last chapter compares calculations of the Franck-Condon

factors obtained for different molecular potentials.
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1. INTRODUCTION

Data on the probabilities of optical transitions in
molecular systems have assumed great importance in
connection with many problems in science and technol-
ogy. Such data are essential for calculations of the
emissive and absorptive powers of plasmas formed, for
example, during electrical discharges in gases, when
space vehicles enter the atmosphere, during the opera-
tion of quantum-mechanical oscillators, in MHD instal-
lations, in plasma chemistry, and so on. The necessary
data on the atomic transition probabilities can be found
in various reference publications,[1'18] but no such
sources are available for molecular transition proba-
bilities. Moreover, despite the obvious importance of
data such as the absolute probabilities of electronic
transitions in diatomic molecules, there is a total lack
of systematization of such data obtained in the course
of the last decade. The last Soviet paper is the review
published by Sosnikov[2] in 1961. It is important to note,
however, that data on the absolute probabilities of elec-
tronic vibrational transitions were obtained for most
molecules during the last decade. A number of general-
izing papers[ 3 ' 4 ' 7>1 0^1 0 7 ), appeared during that time both
in the USSR and abroad, but none was concerned mainly
with atmospheric components at high temperatures. The
last summary of data on the relative probabilities of
electronic vibrational transitions was given by Orten-
berg and Antropov in 1966.t9]

In the present review, we shall systematize data on
the absolute probabilities of electronic transitions in
diatomic molecules published between the beginning of
1961 and the end of 1973, and on the relative probabili-
ties published between the beginning of 1966 and end of

1973. Specifically, we shall list values of the absolute
probabilities of electronic transitions, the dependence
of the electronic transition moments on the distances
between the nuclei, and numerical data on the Franck-
Condon factors. These data are summarized, respec-
tively, in Tables I, II, and III and incorporate all the
published material known to the present authors.11

In addition to the complete systematization of proba-
bility data, we have attempted to provide a critical
analysis of the results, designed to establish which are
the most reliable. This has been dictated by practical
needs and is not at all trivial because of the ambiguity
of some of the data. There is no unanimity among the
different authors in fields such as the determination of
the square of the matrix element, the normalization of
the Hanle-London factors, and so on. We shall, there-
fore, begin by giving a brief summary of the theory of
the problem, which will enable us to provide a unified
approach to published data on transition probabilities.
We shall also briefly review the main experimental
techniques for the determination of absolute transition
probabilities. The various details of these methods will
not be gone into because they can all be found in the
published literature. In the last section, we shall com-
pare calculations of the Franck-Condon factors obtained
for different molecular potentials.

2. BASIC THEORETICAL RESULTS

A. General Analysis

Transition probabilities are the most important
quantum-mechanical characteristics of emission and
absorption processes. t5~7>10] These concepts were first
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introduced by Einstein, who discussed them in terms of
certain coefficients, now known as the Einstein coef-
ficients. Thus, the probability of spontaneous transition
is characterized by A n r n and the probability of stimu-
lated emission and absorption is characterized, respec-
tively, by the products of the coefficients B n m and
B m n , on the one hand, and the electromagnetic energy
density, on the other. The Einstein coefficients are
related as follows:

gnBnm = (1)

(2)

where g m and gn are the statistical weights of the
energy levels E m and En, unm is the wave number
for the transition in cm"1, h is Planck's constant, and
c the velocity of light. According to the quantum theory
of radiation, for a dipole transition

' ^ - v ^ , (3)

*.»ι|·. (4)

" " " · — W

where S n m is the transition strength, given by
. |2

h, l " ' ft, i

The quantity Rnk m ^ is the matrix element of the dipole
moment, evaluated for the wave functions for the com-
bining states. The formula given by (4) refers to the
general case where the states involved in the transition
may be degenerate (degree of degeneracy, respectively,
equal to gn and g m ) . The sum is evaluated over all the
allowed transitions between states in the upper and
lower degenerate levels.

Since the Einstein coefficients are related, the coef-
ficients B n m and B m n can also be expressed in terms
of the transition strength:

8π3 Sn

We g

8Π3 Sn

(5)

(6)

In addition to the Einstein coefficients, the transition is
also frequently characterized by a dimensionless quan-
tity, namely, the oscillator strength fmn for the transi-
tion in absorption, which is related to the Einstein co-
efficient A n m and the strength S n m of the transition as
follows:

fmn — -

~3h0~Vnm~7Z

(7)

(8)

If we express the transition strength in (3) and (8) in
terms of atomic units,2' take the wave number in cm"1,
and substitute for Planck's constant h, velocity of
light c, and electron charge and mass e and m, we ob-
tain the following formulas for the oscillator strength
fmn in absorption and for the emission coefficient A n m :

Snm

0)
(10)

where fmn is dimensionless and A n m has the dimen-
sions of sec"1.

The coefficient A n m is also related to an important
excited-state parameter, namely, the lifetime τη:

(11)I n = - 3 — =

If we use (10) and (11), we can also express τη in
terms of the strength of the transition [or, more pre-
cisely, in terms of the strengths of the transitions, be-
cause (11) includes the sum of the probabilities of all
transitions from E n to E m ] :

(12)

B. Molecular Transitions

Consider a molecular transition between nondegener-
ate levels (e'A'S'v'J'M') and (e"A"z"v"j"M"). Here,
Λ and Σ are quantum numbers characterizing the com-
ponents of the orbital and spin angular momenta of
electrons along the line joining the nuclei, v, J, and Μ
are the vibrational, rotational, and magnetic quantum
numbers, and the symbols e' and e" characterize the
individual states in Λ-doubling of levels involved in the
transitions. The singly primed parameters refer to the
upper level and the doubly primed to the lower level.
The matrix element of the dipole moment for a given
transition is

Σ-»-/-Μ· = \ Ψ e' (13)

where Ρ = P e + Pnuc is the electric dipole moment of
the electrons (e) and nuclei (nuc), dr = dTedTn is the
product of the volume elements in the electronic and
nuclear configuration spaces, and Ψ is the resultant
wave function of the molecule.

In the first approximation (the Born-Oppenheimer
approximation), the resultant wave function for the
molecule (without including the nuclear wave function),
can be written as the product of the electronic * e ,

wave functions:vibrational Φν, and rotational

= Ψ.-ΪΑ (r., r) i Ψ, (r) Ψ / Μ (θ, φ); (14)

where r s are the coordinates of electrons relative to
the nuclear axis of the molecule, r is the distance be-
tween the nuclei, and θ and φ are the angular coordi-
nates of the dipole moment.

Substituting (14) in (13), and summing the squares of
the matrix elements over the quantum numbers M' and
M", we obtain the expression for the strength of the
line

Γ,ε'Λ'Σ'υ'.Γ VI ι De'A'Z'n'J'Jtf''|2 e n /1e\
•Je"A"E"»-J"= 2j |"e-A-I-rt'M-l = "J'J·"· '» ' · (Id)

where R v ' v " is the radial part of the line strength,
S J ' J " is the Hanle-London factor which, in general,
depends on the quantum numbers J, Σ, Λ :

Sj'j~= 2 1 ί Ψ?·Μ-/(θ,φ)Ψ^Μ-8ίηθώθώφ|2; (16)

and the function f ( θ, φ) represents the dependence of
the dipole moment on the angular coordinates θ and φ .

The expression for R v ' v " will be found from the
general expression for the Einstein coefficient (3).

The Einstein coefficient for a rotational line of an
electronic vibration-rotation transition can be obtained
by substituting (15) in (3):

The Einstein coefficient for an electronic vibrational
transition is obtained by summing (17) over all the pos-
sible transitions and dividing the result by the statisti-
cal weight of the electronic state gn = gA'(2S + 1):
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Σ Σ Σ ^
»'β"Σ'Σ* J"

ί Α,(25 + 1) 3ft ,
(18)

where g^' = 1 if Λ' = 0, and g\' = 2 it A' * 0. The factor
2S + 1 represents the degeneracy in electron spin.

On the other hand, the quantity A^™« can be obtained
from the general expressions given by (3) and (4):

6 4 π 1 3 Σ.ΣΣ,Ι*?-Χ·,Λ,-Σ-,-Ι2

where the sums are evaluated over all transitions be-
tween the levels degenerate in Λ and Σ'.

The matrix element is given by

-dr; (20)

where the electronic moment of the transition is given
by:

mi; .-Σ- = f Ψ?·Ϊ· (r.. r) Ρ,Ψ£Σ. (r,, r) dxe. (21)

Equating (19) and (18), we obtain

y ν
7> Σ-ν» (22)

The Hanle-London factors must satisfy the normaliza-
tion condition

(23)

Thus, using (17), (22), and (23), the Einstein coef-
ficients for a rotational line can be written in the form

= ^ -
Σ Σ ι
e'e" Σ'Σ" (24)

This expression was obtained for a line correspond-
ing to a transition between rotational levels degenerate
only in the magnetic quantum number M. The statisti-
cal weight of a rotational level of this kind is 2J + 1. If
we consider rotational levels which are degenerate in
both Μ and Λ, their statistical weight is gy\(2J + 1). If
the rotational levels are degenerate in Μ, Λ, and S,
their statistical weight is gA(2S + 1)(2J + 1).

It is important to emphasize that (24), which gives
the Einstein coefficient for an electronic vibration-
rotation transition line, has the same form independently
of the statistical weight of the rotational levels joined
by the transitions. However, the Hanle-London factors,
in the first case, refer to a single rotational line, and
their normalization is defined by (23). In the second
case, the Hanle-London factors refer to the Λ-doublet
and must be normalized as follows:

Σ %
Σ'1'J"

(25)

In the third case, the Hanle-London factors which
refer to the rotational multiplet must be normalized as
follows:

Σ5^-=(2/' + 1). (26)

Assuming that the electronic moment of the transi-
tion, given by (21), is independent of the distance be-
tween the nuclei, we obtain the following expression for
the matrix element in (24):

= ?„•„-1 - p; (27)

where gy'v" i s the Franck-Condon factor which deter-
mines the probability of the vibrational transition

qv.v.. = \ (28)

The magnitudes of the matrix elements cannot at
present be evaluated in the general form given by (20).
However, F r a s e r t l l ] has shown empirically that, even
when the electron wave function depends on r, the
electronic and vibrational parts of the transition
strength can be separated by the r-centroid method.
For the product of Morse-type vibrational wave func-
tions, we have the approximate expression

(29)

where r ν ν
is the r-centroid for the transition and 5

is the delta function. The former is given by

r-w = • (30)

Substituting (29) in (20) and integrating with respect
to r, we obtain, (a) without the vibration-rotation inter-
action

and (b) with the vibration-rotation interaction

-) I 2 ;

where

• dr

(31)

(32)

(33)

Theoretical estimates of the effect of the vibration-
rotation interaction have been obtained for the mole-
cules OH295, Mgf5, and others. The effect of this inter-
action on gv'v" w a s f°und to be substantial» The criter-
ion for estimating, in the first approximation, the mag-
nitude of the vibration-rotation interaction is given
ini 2 9 5 l :

where Be and ωβ are, respectively, the rotational and
vibrational constants of the molecule. For molecules
with y < 0.001, the interaction is unimportant.

Finally, if we substitute (27), (31), or (32) in (24),
we can express the Einstein coefficient in terms of the
Franck-Condon factor gv'v"> the Hanle-London factor
Sj ' j " and the electronic transition strength Sg m :

. 64π» , sim9v'v
sj:r

where

= y y

(35)

(36)

In general, the electronic transition strength S n r n

depends on the r-centroid [see (31)].

In practice, the electronic transition probabilities
are frequently characterized not by the electronic
transition strength but by the square of the matrix ele-
ment which, for absorption, is given by

(37)

In the case of emission,

(38)

The electronic transition strengths in (37) and (38)
are equal: S™n = S § m , i.e., they are symmetric with
respect to the direction of the transition.

As a rule, original papers give the squares of the
matrix elements for absorption, i.e., | R m n 2 . The
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Einstein coefficient (35) is then determined from the
formula

ra «A· (39)

It was shown above [see (9)] that the oscillator
strength fmn is related to the transition strength fmn.
Substituting for the transition strengths in (9), we ob-
tain the oscillator strength f e v j for an electronic
vibration-rotation transition line, the oscillator strength
fv'v" for the band, and the electronic oscillator strength

(40)

(41)

/.-~-! !££<v«~>^, (42)

where fevj> Vv"> f™11 refer to the absorption processes,
and < vw'w") and (i^emn ) a r e the mean wave numbers
for the vibrational band and the electronic transition.

If we suppose that vevj ** ( *Vv" ) a n c* u s e the sum
rule (25) and the sum rule for the Franck-Condon fac-
tors

Σ ?.·*· = Σ ?.·«-= ι (43)

we obtain the following relationships between the oscil-
lator strengths of the rotational line f e v j , the vibra-
tional band fy'v"» and the electronic transition fmn:

I·*
(44)

η

For the lifetime of the vibrational level v' which is
frequently used to determine | Rg11"!2, we have from
(12)

(45)

where 64π4/31ι = 2.02 x 10~e, vv'v" is in cm"1, and
| R m n | 2 is in atomic units.

It follows from the foregoing discussion of the elec-
tronic transition probabilities that these can be calcu-
lated only if we know the electronic transition strength,
the Franck-Condon factors, and the Hanle-London
factors. The Hanle-London factors for diatomic mole-
cules can readily be calculated. For example, the mono-
graph by Covacsra] gives the necessary formulas for
different types of electronic transition. Various
methods have been developed for calculating the Franck-
Condon factors (see Chap. 5). Theoretical calculations
of the electronic transition strength Se do not yield
satisfactory results. The calculated values occasionally
differ from the experimental results by as much as an
order of magnitude and, therefore, so far, the main
source of our data on electronic transition strengths is
experiment.

3. EXPERIMENTAL DETERMINATION OF ABSOLUTE
TRANSITION PROBABILITIES AND STRENGTHS

The experimental methods for determining the abso-
lute values of | Re ( r v ' v " ) | 2 and S e ( r v ' v " ) are based on
relationships connecting these quantities with others,
some of which are determined experimentally (inte-
grated emission coefficients, integrated absorption co-
efficients, lifetimes), whilst others can be calculated
( S J ' J " , qv'v")· These relationships are as follows.

(1) For the integrated emission coefficient in a rota-
tional line (per unit solid angle), we have

\ ]vdv = -^-Aj'j.Nne'Slv.j·. (46)

line

where A J ' J " is given by (35) and the level population
under the conditions of local thermodynamic equilibrium
is given by

Nne'Z'v'j* = Ν ~ —exn ( — — ) , (47)

Q' — ^ Qn ̂  Qno ^ QnvJ) (48)
η V J

—w) · ^49^
(50)

<?nuc=

(51)

(52)

For heteronuclear molecules g a > s = Qnuc· F ° r homo-
nuclear molecules

gf = /(2/+l), g}=(/ + l)(2/ + l). (53)

In (47)—(53), the symbols E n , E n v , E n v j are the ener-
gies of electronic, vibrational, and rotational levels,
Qin is the internal partition function for the molecule,
Qnuc * s the nuclear partition function, qa>s are the
nuclear statistical weights for antisymmetric and sym-
metric rotational levels, σ is the symmetry number
equal to 1 for heteronuclear and 2 for homonuclear
molecules, Ii and I2 are the nuclear spins, and B n v is
the rotational constant of the n-th electronic level.

The differences between the statistical weights of
symmetric and antisymmetric levels lead to an alterna-
tion in the line intensities in the spectra of homonuclear
molecules in the case of Σ - Σ-, Σ - Π-, and Π - Σ
transitions. For the Π - Π, Δ - Δ, Π - Δ, and Δ - Π
transitions, the intensity alternation is observed in the
Λ components of the doublet in accordance with their
nuclear statistical weights.

Using (35), (46), and (47), we obtain the following
expression for the integrated emission coefficient in a
rotational line:

16π3

V 4 I R?" \\2 ψ.

(54)

£Q-Nexp ( " + n"kT

+ ""'·'') ;

where Ι67Λ/3 = 3.22 x ΙΟ'23, ν is in cm'1, and Se and
I R m n | 2 in atomic units.

(2) For the integrated emission coefficient in a
vibrational band we have

(55)

In accordance with (19), (31), and (36), the Einstein
coefficient for a vibrational band is

(56)

Under the conditions of local thermodynamic equili-
brium, the population is given by

= N
? A.(2S + 1)

(57)

-exp I
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From (56) and (57), the integrated emission coef-
ficient in an electronic vibrational band is

kT

(58)

(3) An analogous expression can be obtained for the
electronic vibrational subband corresponding to transi-
tions between individual components of the electronic
levels, each of which is characterized by the component
of the spin angular momentum:

v ^ ( 2 5 + i ; p - i ^ w - e x P l π—I ( 5 9 )

Ν kT E + E

j v dv = -

exp (

(4) The integrated absorption coefficient in a rota-
tional line and a vibrational band is, respectively,

f K,dv=
bands

where the stimulated absorption coefficients

(60)

(61)

and
can be expressed in terms of the Einstein coef-

ficients An™, and An^,, through the general formula
(2).

In accordance with the above relationships, the elec-
tronic transition strengths of diatomic molecules are
currently measured by the following three main
methods:

(1) emission method,

(2) absorption method,

(3) determination of the lifetime of the excited state.

In the first two methods, the source of the spectrum
must satisfy the requirement that the plasma is in
either complete or local thermodynamic equilibrium be-
cause (54), (58), (59), (60), and (61), used for these
methods, were obtained on the assumption of a Boltz-
mann distribution of molecules over the energy levels.
The number of such sources is quite small. The follow-
ing have been used in the experimental determinations
of S e : shock tube/1 1"1 4'3 9-4 0'1 7 7-1 8 1) high-temperature
King furnace,[ 1 7 > 2 5 > 8 4 ] dc arc with cooled elec-
trodes, t4 5-5 7'2 6 5) flames,[«,",«*,*»] and spherical
bomb.[ 1 0 1 ' 2 0 2 ) In all these methods, the reliability of the
final results is determined, above all, by the extent to
which the plasma in the source can be regarded as an
equilibrium plasma. It follows from (54) or (61) that the
composition and temperature of the plasma must be
known- if the electronic transition strength is to be de-
termined. For example, in the shock tube this involves
the calculation of the state of the gas (composition,
pressure, and temperature) behind the shock wave front
from the values of the initial parameters and the meas-
ured shock-wave velocity.[2941

We shall not consider in detail the various methods
used to determine the electronic transition strength by
the emission or absorption techniques, and will only
emphasize one important disadvantage of these methods.
When the composition of plasma formed in the source is
calculated, the concentrations of the molecules may be
subject to substantial errors because of the uncertain-
ties in the thermochemical quantities. It follows that the

electronic transition strength obtained by the emission
or absorption method is subject to substantial uncertain-
ties. The size of these uncertainties is not, as a rule,
quoted in the original papers, and is not included in the
uncertainty assigned to the electronic or oscillator
transition strength. In come cases, when the concentra-
tion of the diatomic molecules at room temperature is
sufficient to provide the absorption spectra, there is no
need to calculate the composition and, therefore, this
source of possible error in Se is eliminated.1-75'851

If we use the lifetime method to determine the prob-
abilities of electronic transitions, we need not know the
number of emitting molecules. This is why this particu-
lar method is so widely used (see Table I below). In this
method, the molecules are excited by a beam of photons
or electrons, and the spectrum is analyzed as a func-
tion of time. Excitation by photons produces a much
smaller perturbation in the medium under investigation
than excitation by electrons, and ensures the maximum
possible selectivity of excitation. However, because
sufficiently strong pulsed light sources in the required
wavelength range are not as yet available, most of the
lifetime measurements are carried out with sources
excited by electron beams. In recent years, there have
been many experiments in which the excitation of mole-
cules was achieved with the aid of laser beams. This is
particularly promising in connection with the possibility
of using tunable lasers. [ 2 1 7 > 2 3 4 ' 2 6 e ' 2 6 9 J The excitation is
produced in a low-pressure gas, which is necessary to
ensure that the excited molecules do not undergo a
large number of collisions (collision quenching). The
pressure dependence is usually taken into account by
measuring the lifetime for different pressures and then
extrapolating to zero pressure.

Several methods are used to determine the lifetime.
In one, after the source is turned on and equilibrium is
established between the excited and radiating molecules,
the source is turned off at a known time and the dura-
tion of afterglow is measured (by investigating the dis-
tribution of intensity as a function of time).

This method has been used to determine the lifetimes
of C2.^ CH/ 2 1 ' 2 2 1 N2, NO/ 2 2 ' 7 7 ! BaO,r268i I2/

2 6 41 and so
on. The phase shift technique is the most widely used.
It is known that, if the upper state is excited at time
t = 0 by a very short pulse, the intensity of the emitted
photons is proportional to exp(-t/r) where τ is the
mean lifetime. In this case, one observes the phase
lag Θ of the emitted pulses of radiation which is related
to the lifetime and the frequency of the exciting pulses
by the formula

θ = tg-1 ωτ. (62)

Thus, by measuring the delay (phase shift), and
knowing u>, we can calculate τ. The lifetimes of most
of the diatomic molecules have been obtained by this
method (see, for example,[ 2 3 ' 3 0 ' 4 β-4 8 ' 7 0 ' 7 1 ' 2 4 2 ' 2 4 3 1). Know-
ing the lifetimes of the electronic excited states, we
can, whenever necessary, calculate the corresponding
electronic transition strengths or oscillator strengths
from (41) and (45).

It is important to note, however, that the lifetime
method has a number of features which restrict its ap-
plication. These include: (1) the possibility that the
lifetime may be affected by collision quenching, as
noted above; (2) cascade transitions are possible from
levels lying above the level under investigation, and
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TABLE I. Absolute probabilities of electronic transitions in di-

atomic molecules (the squares of the matrix elements of dipole moments

l R m n | 2 , the oscillator strengths f™", and the lifetimes of excited states

r)

Table I continued

Mole-
cule

A1O

DBr
BC1

BF

BH

BO
BaO

BeF

BeO

Br2

c2

CF

CH

CD

CH

CN

Transition

Λ·Π-Χ·Σ
Λ·Π — Χ·Σ

Α'Π — Χ 'Σ

Λ'Π-Χ'Σ

4 2 Π - Χ 2 Σ
/ΙΐΣ-Χ'Σ

42Πί —Χ2Σ
Λ2ΠΓ — Χ2Σ

Β'Σ-Χ'Σ

B3nju-XiSJ

<i3ri — α3Π
(Swan system)

/3Πβ — α 3 Π η

(Fox-Herzberg
system)
Χ2Π — Χ 2 Σ
Β 2 Σ — Χ 2 Σ

Λ2Σ — Χ2Π

Β 2 Σ — Χ 2 Π

4 2 Λ - Χ 2 Π

Β 2 Σ - Χ 2 Π

C 2 2 - X 2 n

Λ2Δ — Χ2Π
ΑΙΠ — Χ1Σ

£1Λ — Αϊ Π
(32 - 3Π)?
Am — Χ2Σ
(red system)

Β 2 Σ — Χ 2 2

(violet system)

Ι Β™η |\
at. un.

1.04

2.88

5.8+1.4) X
ΧΙΟ"2

0.50

0.59±0.08

0.49±0.16
0.44±0.08
0.38±0.14
0.50±0.04

0.57+0.19

O.50±0.08

0.30±0.15
0.21
0.21

0.11
0.11

0,027±O.O0

(1.6±0.3)x
ΧΙΟ"2

0,10
|fl,|J/|J?.|Ji=

— 19
0.26+0.11

0.20
0.20+.0.02
0.22±0.02

0.16±0.03

0.11

0.54

0.28

0.45+0.07

0.38±0.05
0.35+0.08

fmv.

(2.7±2.2)·10-3
3.00-10-2

1.5-10-2
1.42-10-3

0.10
0.12

0.41

(4.2±1.0)·10-3

/o,o =

= (3.5±0.5)-10-2

2.94-10-2

/0.0 = 2.6-10-»
3.80-10-2
3.71-10-'

/0.0=1.94-10-3
/0.0 = 3.35-10-2

(3.5±0.5)-10-2

/ΟΌ —
= (1.6±0.5)-10"2

(2.8±0.9)-10-2
(2.5+0.5) -ΙΟ"2

(2.2±0.8)-10"2

(2.8±0.2)-10-2

= (4.3±0.1)-10-3
(3.3±1.2).1O-2

2-10"4

0.011

2.11-10-2

2.24-10"1·
(1.7±0.8)-10-2

2.7-10"2

2.7-10"2

(2.55+0.75)-ΙΟ"2

1.67-10-2

1,6-10-2

(5.9±0.6)-10-3
5.2-10-3
4.9-10-3
9.4-10-3
6.0-10-3

(1.9±0.3)10-3
3.6-10"3

2.8-10-3
1.1-10-3
3.2-10-3
3.0-10-3
2.7-10-3

6.0-10-3

4.8-10-3
(1.5±Ο.3)·1Ο-3

(5.9±0.6)-10-3

/o.o —
= (4.6±1.5)-10-2

/0,0 = 6.45-10-3

/o.o=3.4-10-3
(4.5+0.9)-10-3

3.3-10-3

1.61-10-2
(2.0±0.4)·10-2

(3.5±0.5)·10-2

(2.7+0.7)-ΙΟ"2

(2.7±0.6)-10-2

τ, nsec

127±4

25.6±5.0
19.1±2.0
(0.1.2)
2.8±0.3
(0. 1. 2)

4.0±0.4

159±16

12000+3000
356 (0)

90±4 (0)
1200(27)
150 (14)

200±50

778

19.0+2.0 (1)

19±2 (1)
19.0

18.8±2.0(0)
542+17
476±50
540±40
560+60
300±30
470±75

800+100
400±60

1000+400
345+50

266+7 (0)

(5—18)?

60±12(0)
470±50

76+25

72±6
210+25 (0)

72±2

8000
7290 (1)

137+45 (10)

49

85+10(0)

59.0(0)
39.4J-9.3(0)

Ref-
erences

216

217

218

3 6 3

242

243

2 4 3

2 4 4

i«2, 372

2 4 5

247

268

2 6 9

247

247

248

2ββ

\ 234

249

250

292

12

13

14
15

IS
17

107

12

247

247

3 5 3

2 4 3

2 0

292,293
19

2 0

243

381

2 4 5

2 5 0

2 1

22

2 3

24
36

378

250

2 1

23

25

36

381

2 5

23

3β

162, 361

381

245

245,357

366

381

23

3 8 1

3 1

3 1

3 2

106

107

109

no
278
291
267

324

326

247

8 3

377

342

2 6

27

28

3 0

324-

ethod

r
c
£
f
c
c

c

c
a

c

f
c
c
f
f
b
c

c

b

c

b
a
b

a, h

b
σ

fa, o

f
Ε
b
c

c, 1
b
c

c, 1
c
c
c
c
c
c
c
a
f
c
c
c
c

h, ο
f
c

c
f
a

c
c

c

f
c
c
c
a
0

1
1
1
c
c
b
c
b
c
b
f
b

c
b
c
a

a, b
c
c

Mole-
cule

CO

CO+

CP

cs
GeO

GeS
H 2

K2

LiO

Mgr
Mg(
N,

Transition

&3Σ — ο3Π
(third positive
system)

0

αιΣ—Am
Β1Σ—Χ'Σ

α3Π —Χ1Σ

Ι Η™" I*,

at. un.

0.38±0.05

0.34+0.02

.093±0.015

Cameron system)

Α ' Π - Χ Ι Σ
(fourth positive
system)

Ο'Σ- Χ!Σ

£1Π — Χ · Σ
d?U — 0 3Π
α'3Σ

Β'Σ—α'η
Λ2Π — Χ 2 Σ

(comet tail

system)

Β2Σ — Χ2Σ
(1st negative
system)

Α2Π — Χ 2 Σ
№ Σ — Χ 2 Σ
Β 2 Σ — A2H
Α'ΪΙ — Χ'Σ

*»Π—Χ'Σ

a3rj χΙΣ
β'Σ —Χ'Σ
(Lyman system) -

Cin-Χ'Σ
(Werner system)

Ο 3 Σ - 6 3 Σ

B3nSu-X'S+

ΒΙΠ-Χ'Σ

Α^Σ-X-U

Λ2Π-Χ2Σ
βίΣ-Χ'Σ
Β3Π — Α>Σ

[1st positive
system of

N2(l+)]

0.60
0.72

0.58
0.67

0.45

1.69

0.16

0.15

0.11+.0.04,
0.08

mn
'e

2.7-10-2

(8.9±1.5)·10-3

(Λ e ι_η \\ \f\-Z
1.0H-U . 1;· 1U

7.4-10-3

/ο.0=7.3-10-3

/ο-ο —
(1.64±0·32)·10-'
/ 0 . 0 = 1 . 5 · 1 0 - '

/ 0 . 0 =1.62-10-'

/θιθ =

= (1.5+0.1) -10-'

/ 0 . 0 =1.63-10- '

/ 0 . 0 =1.11·10- 2

/2.0 = 4.5-10-2

1.95-10-1

1.5-10-1

1.5-10-1

0.163+0.015
/0.0 = 0.12

(9.4+0.9J-10-2

/ 0 . 0 =1.42·10-*

1.77-ΙΟ"2

/0.0 = 7,12·10-*
(7.9±0.7)·10-3

1.66-ΙΟ-2

1.54-ΙΟ"2

/0.0 = 2.8·10-*
/0.0 = 8.1-10-*
/0 0 = 2.5·10-3
/ο.ο=5.91·1Ο-3

0.51

0.29

= (1.9+0.5)-10-3
/0.0 = 1.69·10-3

0.26
0.28

ί0 0 = 4.76-10-2
0.70
0 31
0.29

1.9-ΙΟ"6

4-10-'
<2.0-10-3
-1.3-10-3

1.71-10-3

τ, nsec

82±9

57.5(0)

97±8 (0)
86±9
40±4

800±200
3.6±0.3) (0)

50±10(0)
25+4

26.3(0)
75±8

220±50 (0)

21.8(0)
25±4 (0)

3.8±1.4(1)

000+400)-103

7000-103

510±630)·103

12000-103

400+1100) χ
Χ 103

0.5±1.0(2)

9.0±1.0(2)

15.9±0.5 (0)

1.4±0.2(0)

31±4
3.7-103(5)

90
2600 (1)
3490 (1)

3770±120 (1)

2600+500 (4)

46±8 (0)

53.4±5.0(0)
101

43.8
39.5 (0)

51 (0)
45+5 (0)

255+25 (0)
184±14 (0)

depends on the
matrix
Ditto
,8±0.2(4.5,6)

0.81 (7)

0.53 (0)

1.0(8—11)
0.83(0)

0.6±0.2(0.1,

0.88(0, 1, 2
35-1-8
26+2
11.9

1800 (14)
1500(10—13)
680 (10—14)

2500 (14)
720 (26)
410(11)

880±40 (20)
12.4
9.7

9100

R e f " Νerences

314

37

107

33

37

34

35

38

379

378

19

33

35

38

43

2 2 2

2 4 3

3 4 6

358

3 »

4 0

41

318

204

219

2 4 1

3 4 1

19, 243

42

43

4 4

4 5

107, 108

3 4 3

345.

3 5 5

356

43

19, 243

43

3 5

2 9

37

38

223, 283

350

2 0 6

2 2 1

247

3 8

19, 243

34

4 6

319

127

£2i

117

117

117

48

263

5 1

51

243

52

287

53

54

251

252

3 7 1

5 1

243

251

252

287

3 5

277

371

182

183

257

258

259

2 e i

359

55

2Θ0

363

361

49,50

49,50

IL

56

57

lethod

a

c

c

;

c
c
c
c
c
c
c

c

c
c
h

b
a
c
c
h

c
f
c

c
c
c
c
e
1
c
h
a
h
0
c
0

c
c
c
c
c
c
1
c
f
c

c
c
c
1
c
c
0

0
0

c
c

c —m

c—m
c

h
ί
h

f
h
h
c
ί
c
hh
f
c
c
c
h

c
c
h
c
c
c
c
c
f
ί
Γ
r
c

b
e
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Table I continued Table 1 continued
Mole-
cule Transition IH, I2,

at. un.

MH

[2nd positive
system of
N2(2+)]

Α3Σ — ΧΙΣ
(Vegard-Kaplan
system)

Α'Π — Χ ' ϊ
(Lyman-Birge-
Hopfield system;

Η'Σ — Χ^Σ
(Birge-Hopfield
system)

(Biige-Hopfield
system)

Ε3Σ — Α3Σ l
Ε^Σ-ΒΗΙ \

εη-cm ι
Α 2 η Ζ

ηΧΣ
(Meinel system)

£ 2 Σ - Χ2Σ
(1st negative
system)

C'n-ΐΐΔ

d'S—c'Tl
(2Σ — 2Π)?

(f-system)

0.19
0.09

0.10—0.12

0.09±0.02
0.19+0.05
0.10+0.02

0.16
0.16

0.42+0.12

0.47+0.16

0.6

0,6

). 30+0.03
0.18

0.5 (?)
0.16

.49+0.11

0.55
37±0.13
0.50

48+0.05

2.8-10"3no (0,0)

/o,o = 2.1-10-3

1.92-10-3
2,8-10-3

/ 0 .0= 1.89 ΙΟ"2

6.010-2

6.3-10-2
4.310" 2

0.035 from
(0.2)

0.018 from
(0.0)

0.018 from
(0.0)

5-10-3

4.5.10-2

3.43-10-2

2.47-10-2
3.8-10-2

3.48-10"2

2.0-10-3

(8.3±2.0)-10-3
(7.45+1.5)-ΙΟ-3

1.8-10-3

2.6-10-3

(1.2±0.1)-10-3
2.4-10-3

4.2810-3 no 0.2
(3.4+0.8).10-3

2.2-10-3
2.38-10-3 no 0.0

= (3.64±0.05)-10-<
/o-o =

= (3.8+0.3)-10-*
2.38-10-3 no 0 0

2.4-10-3

8900 (0)

4O00±300

7000+400 (2)

7500+200 (2)
7900+500

48+8
47+8

72

27+5

44.4±0.6(0)
39.7+1.6(0)

45.4(0)
37+3

39.0+2.5
|(12.6±4.3)-10·

2.5-10»(0)
(115±20)-103

140-103

120-103

80-103

150-103

14.1±1.O(O)
0.9±0.2

(190±30)-103

(270+100)-103

7600 (0)
10700 (3)

13900±1000 (1)
13900±1000 (1)

(12230) (3)
(6200±400) (10)
(9200±2000) (2)

59.2±6
70+.15

65.4

265
59
BO
272
(07
105

243
22,159

221
255
227
272

228
270
271

71.5±5

66.6+1.3(0)
58.6±5.0(0)

40±20
61.3±1.6(0)
65.8±3.5

65±2
65.9±1.0
59.2+4.0

30
65.8(0)

425+60

455±90 (0)

480±90 (0)

485+90 (0)
18±3 (0)
28+5

449+54 (0)

375 (1)
178±19
181+.22 (1)

196±30 (0)

225,273

5S

106,107
105
179
59

223
335
329
224

328,376
22β,34Β

243
35
57
62
6a

68
15»

106,107
221
327
227
226
253
254
255
272
352
5»
21

70,71
36

70,71

70,71

70,71

106,107

C, h
C

h

Mole-|
cule

OH

SO

SiD
SiH+!
SiO

SiO+
SnO

SnS
TiO

YO

((3-system)

e2rt—Α-Σ

C 2 n - Χ2Π
(6-system)

(e-system)

BTI - .Υ1Σ

Α3Σ — Λ'3Σ
(forbidden
transition-
Herzberg I
system)

α3Σ — Χ3Σ
(Schumann-
Runge system)

i'32 _ X3V

— Λ'3Σ

)
•2Σ -Χ2Π
^-system)
' 2 Σ - Χ 2 Π
(̂ -system)
ι2Δ-.Υ2Π

'Π-ΑΓ1Σ

3022 Α(?)
3Π ΑΊ2

Β'Π —Α'ΙΣ
<,3π _ χίΣ
(C3A — Χ3Δ)
(α-system)
^ 3 φ _ χ 3 Δ

(y-system)
ΟΙφ-ΑΙΑ
(β-system)
Β2Σ - Χ 2 2

0.038

0.039

0.035

0.10
0.09

0.08

0.08
0.062

0.25—0.34
Fiom(0.10)—

(0.15)

l.75from(0.0)
-75from(0.0)|

/o.o =
= (4.0+0.2)-10-4

/o.D =

= (4.09±0.4)-10"4

9.110- 4

4.75-10-3 no 2.4
5.8-10-3 no 5.0

2.7.10-3
4.9-10-3

/o.o=2.46-10-8
/3-o =

= (5.3+1.0)-10~6

6.1-10-1
7.0-10-1
9.0-10-3
9.7-10-2

1.70-10-2

1.37-ΙΟ"2

1.20-10-2

1.6-10-2

7.ο-1-24-ΙΟ-'»

U. ι = 1.5-10-ι
/a 0 = 2.89-10-8
/ο-ο-=3.3·10-Ό

4.6·10-<
4.0-ΙΟ"2

108±6
215 (1)

3.16-ΙΟ3 (0)

/o.o —
= (1.02+0.08)-ΙΟ"3

(0.50+0.03)-ΙΟ"2

/oo =

= (1.48+0.13).10":

/o.o =
-(7.7+1.1).10-1

18.4±4.0

55.7 (0)
10000

6.4+0.4 (10)
6.7±0.3 (9)

/ο.ο
= (7.1+1.1).ΙΟ"»

/

/ο.ο; '
8.0±0.8 ·10-4

5.9±0.6

10.048+0.009
from 0.1

0.204±0.04
from 0.0

0.4146

0.395

7 0 0 - -

= (8.4+0,8) -10-'
/ο.ο —9-6-10-»

£/„.,„ = 6.17. ΙΟ-*

1.60-10"1

/„.„ = 9 . 0 - ΙΟ"3

(4.1+0,4)-10~l

( )
/ο.ο = (8+4)-10-»
/ο.ο=2.4-10-3
/ο.ο=4.5-10-3

/ο.ο = 3-3-ΙΟ"3

/ο.ο —5.0-10-*
(2.3+1.3J-10-2

(2.3+1.3)·ΙΟ"2

(6+1)-ΙΟ"3

1.0·ΙΟ'1

1.3-10-'

/ο.ο = 2.02-10-»

0.030+0.006
πο (0.0)

0.089±0.036
πο (0.0)
2.25-ΙΟ-2

2.49-10-2

1200+400(0)
20—170(0—7)

1120+40(0)

676+56 (0)

850+130(0)

660+20

770+80

1010+50

775 (0)

16.9±3.5 (0. 1
2, 3)

12.4+2.5
17.3+3.3(0)
10.2+2.0

700+100 (0)

680+100(0)

9.6+1.0
8.3+0.8

τ depends on
matrix
τ depends on
matrix

253 (0)

140 (0)

220

230

106,107
212
231

333

10,334

105
106,107

79
105
243

106,107

243
262
81

260

105,152

106,107

38

104

276

360

92

280,281

48,Tl

70,71

95

102
202

220

220

200
51

103

103

c—m I
b
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(3) the results may be ambiguous when the level under
investigation is common to a number of transitions.
Because of this, the lifetime method cannot, for exam-
ple, be used to determine the transition probabilities
for molecules with a predissociating upper state.£23>1831

We have mentioned the most widely used experi-
mental methods for the determination of the electronic
transition strengths of diatomic molecules, which are
based on measurements of intensities and of the life-
times of excited states.

There are a number of cases t 7 e > e 0 ' 2 3 0 ] in which the
interference method can be used to determine Se. This
method was developed by Rozhdestvenskii and is known
as the hook method. It is widely used to determine the
oscillator strengths for atomic spectral lines. [ 2 e 7 ) The
hook method has not been widely used for molecules.
This is obviously due to the fact that the method yields
satisfactory results only in the case of oscillator
strengths of allowed rotational lines separated by more
than 0.5 A. This condition is not commonly satisfied in
molecular spectra. Moreover, the hook method is sub-
ject to the basic disadvantage of all emission and ab-
sorption methods, namely, the fact that it requires a
knowledge of the equilibrium concentration of the mole-
cules.

4. SUMMARY OF DATA ON TRANSITION
PROBABILITIES FOR DIATOMIC MOLECULES.
RECOMMENDED VALUE OF lR™nl2

All the results of experimental and theoretical de-
terminations of absolute electronic transition probabili-
ties of diatomic molecules which are known to the pres-
ent authors and were published between 1961 and 1973
are given in Table I. It is important to emphasize that
there is no general agreement as to the definition of
the matrix element of the dipole moment of an elec-
tronic transition. Some authors define | Re | 2 as the
transition strength and use it as a measure of the prob-
ability of the entire electronic transition (I) or the
transition from one component of the electronic multi-
plet (II). In the first case, the electronic multiplet state
is looked upon as a single state and Λ-doubling and spin
splitting are neglected. The statistical weight of a rota-
tional level is then taken to be gA(2S + 1) (2J + 1) and
the normalization of the Hanle-London factors is given
by (26). The second case obtains when at least one of
the electronic states involved can be classified as a or
c type Hund coupling. In this procedure, transitions
from the individual components of the electronic multi-
plet are considered separately. The statistical weight
of the rotational level is then gA(2J + 1) and the
normalization of the Hanle-London factors is given by
(25).

In most published papers, and with the definition
adopted here (see Chap. 2), the square of the matrix
element of the dipole moment of an electronic transi-
tion is given by | R m n | 2 = Sm n/ge", where g e " is the
degeneracy of the lower electronic level which is equal
to gA(2S + 1) or g\, depending on whether we are con-
sidering a transition of type I or II.

It is also important to note the results reported
in[22,*8,56,iio,iu,243] w h e r e the authors use the following
definition of the electronic transition probabilities:

Bmn = ~GnDmn = ^-G,l\RTn\2, (64)

In these expression, G is the Mulliken coefficient
which gives the number of final wave functions belong-
ing to a given energy level with which one of the wave
functions for the initial state can combine. The Mulliken
coefficient for different types of electronic transition

Π - Π
n~ Gm = 1,

Π - Δ
= 1,

Δ —I

= 1; 2 - n : G n = l, Gm = 2.

The quantities | Re f determined from the formula
| Re |2 = Se /ge and (3) and (6) are related to the 1 Re f
in (63) and (64), as follows:

Ι « Γ lftom(3)= Ι ΛΪ"1 ILm (63)*»Gm,

Ι Λ Γ lirom (6)= I «""Ifrom (64)gmGn.

(66)

(67)

v>Gm | Λ Γ f , (63)

All the foregoing must be remembered when we
compare t'ue electronic transition moments determined
by different workers. We think it is useful to give the
values of the squares of the matrix elements of the
dipole moments of electronic transitions in a unified
form, in accordance with our definition of | Rg^f
given above. These values are listed in the third
column of Table I. Whenever the original papers do not
quote the value of | R m n f but list the oscillator
strengths fe or lifetimes τ of excited states, these
values are given in columns 4 and 5 of Table I. We note
that Table I gives the values of the squares of the
matrix elements and oscillator strengths for absorp-
tion, i.e., | R m n f and fmn, respectively. Some workers
quote the oscillator strengths not for the entire elec-
tronic transition but for a particular vibrational band,
in which case this is noted in Table I (for example,
in [ 2 5 0 ] the authors quote the value f0)0 = 1.6 x 10~2 for
the Swan system C2). In that case, if the original paper
emphasizes which band was used to obtain fmn or
| Rmnj2) Table I lists this band. For example, for the
Ύ system of NO, the third column gives "0.018 from
(0, 0)", which means that | R m n | 2 was determined us-
ing the (0, 0) band.[ 7 8 ] This will be particularly fre-
quently encountered for band systems characterized by
a strong dependence of | R m n | 2 on r.

The fifth column of Table I lists the lifetime data.
The numbers in parenthesis after the value of τ indi-
cate the numbers of vibrational levels for which the
lifetimes were measured if these levels are indicated
in the original paper.

In the seventh column we indicate the methods used
to obtain the values of | R m n l 2 , fmn, or τ listed in
Table I. We use the following notation: a—absorption in
the shock tube; d—absorption in the spherical bomb,
b—emission in the shock tube, e, r—spectra excited by
dc arc or flame, respectively, h—measurements per-
formed on the absorption spectra in the King furnace,
sample chambers, etc., c—based on lifetime measure-
ments, c-m—measurements performed in an inert-gas
matrix, k—method of hooks was employed, s—measure-
ments were performed on the solar spectrum; o—values
recommended on the basis of relative intensity meas-
urements, f—data obtained by theoretical calculations,
1—recommended value is based on a critical review of
the literature.
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Some of the results given in Table I require further
explanation. These explanations are listed below.

AlO molecule. The transition Β2Σ - Χ2Σ was prev-
iously interpreted as Α2Σ - Χ2Σ (see, for exam-
ple,r i l 3~1 1 5 ' 2 l e ]) but it is shown in[ 3 1 5 J that the Α-state is,
in reality, the previously unknown low-lying 2Π state
(see alsor 2 1 8J).

BH molecule. The calculation of | R m n f in [ 3 7 2 ]

is subject to a computational error which is corrected
in [ 1 6 2 ) . The corrected values of | R™" |2 and fe are
given in Table I.

BaO molecule. There are two published papers on
the lifetime for the ΑιΣ - ΧΧΣ transition in BaO,[ 2 e 8 ' 2 6 9 ]

and they are very different. In the latest paper by
Johnson[26S] (one of the authors of[ 2 6 8 ]), it is shown that
the results in [ 2 6 8 ] are erroneous.

CH molecule. The table gives two values of the life-
time corresponding to the Fj and F 2 levels of the Ο2Σ
state, taken from[ 2 3 J. It is suggested inC23J that the
anomalously low values of τρ^ and T F 2 are due to the
predissociation of the CH molecule in the CZX state,
and the difference between them is due to the different
probability of predissociation of the levels ΈΊ and F2.
The value | R m n | 2 = (1.6 ± 0.3) x 10"2at.u. given in the
table for the C2Z - Χ2Π transition was obtained from
the data in [ 3 e i ) with the correct normalization of the
Hanle-London factors.[ 1 β 2 ]

CN molecule (red system). The value of | R m n |2

reported in[31J was subsequently improved inf 3 2l and the
improved value, based on'·3'1, is given in the table,
namely | R m n |2 = 0.10 at.u. Similarly, it is reported
in [ 1 0 9 ] that τ(Α2Π) = 3.5 μββο and this was subse-
quently corrected by the authors to τ(Α'Έ) = 8.0
μββο/ 2 7 8 ] We also note that the values of | R m n | 2 ob-
tained by the emission or absorption methods were
found using different values for the dissociation energy
of the CN molecule. Ιη[31»2β7], the value of D C N was
assumed to be 7.5 eV, while in [ 2 7 8 ] and[ 3 2 6 ] this value
was taken to be 7.89 and 7.6 eV, respectively.

Violet system. Different values of D Q N were also
used to determine I R m n | 2 : 7.89 eV inC278! and 7.5 eV
in[27,28,314]_ β

GeO, GeS, SnO, and SnS molecules. The lifetimes of
excited states of the intercombination transitions
a 3 n - ΧιΣ in these molecules are reported in[ 5 1 ] ,
where a low-temperature matrix was used. The result-
ing values of τ are not listed in Table I because they
depend on the temperature and nature of the matrix.

NH* and SCI molecules. The identification of the
molecular systems reported int 7 0 > 4 8 ) is doubtful, even
according to the authors themselves.

NO and O2 molecules. Since in the y and β systems
of NO and the Schumann-Runge system of O2 there is
a strong dependence of Re on r (see Table II), Table I
gives the values of | R m n | 2 and fmn with an indication
of the bands (whenever possible) used in the determina-
tion.

SO molecule. The value of fo,o for the Α3Π - X3j/
transition in SO was determined from the lifetime re-
ported in [ 2 8 1 ] . It is shown in [ 2 8 0 ] that the measured
value of τ given in [ 2 8 I ] must be referred to the Α3Π
state in the A-X transition in the SO and not the SO2

molecule as previous reported in [ 2 8 1 ! .

Sz molecule. It is reported in[71j" for the Β3Σ - Χ3Σ
26 „ AS,

system that £ fabs = 6.17 x 10 and S fem = 0.14.
v'=6 v"=4

The difference between these two quantities is explained
by the authors by the shift of the intensity maxima in
absorption and emission: for absorption X m a x = 2600 A
and for emission A m a x = 4200 A. The value Σ ί ^ δ

= 0.062 corresponds to | R m n | 2 = 0.58 at.u., averaged
over the interval 2440-2930 A.

Table II summarizes the results of studies of the
dependence of the matrix elements of dipole moments of
electronic transitions on the internuclear distance,
published between 1966 and 1973. The data reported up
to 1966 were systematized by Ortenberg and
Antropov.[9]3> The first and second columns of Table II
indicate, respectively, the molecule and type of elec-
tronic transition investigated. Column 3 gives analytic
expressions for the dependence of the matrix element
of the dipole moment of the electronic transitions on
the values of the r-centroid. Whenever Table II does
not list an analytic expression for R e (r), this means
that the original paper gives Re(r) graphically or in
tabular form. In all cases, the r-centroid interval for
which R e (r) is given is indicated (fourth column).

As already noted, Table I lists the results of all the
determinations, known to the present authors, of the
absolute probabilities of electronic transitions published
between 1961 and 1973, but it is important to emphasize
that these results differ very substantially among them-
selves. It was therefore decided to recommend the most
reliable values of the square of the matrix element of
the dipole moments of electronic transitions. These
recommended values of | R m n f were chosen on the
basis of a critical analysis of all the published results
listed in Table I, and the most reliable determinations,
in the opinion of the present authors, were used to
choose the recommended values of | R m n | 2 . These are
listed in Table III. Column 7 of Table III indicates the
original papers upon which the recommended values of
I R m n | 2 are based. When a number of such papers were
used in the selection of the recommended value of

.mn 2Le this value was obtained as the arithmetic mean.

In order to characterize the reliability of the recom-
mended values, each probability was assigned an ac-
curacy class in accordance with the scheme adopted
in [ 3 3 7 ] . If the uncertainty in | R n m f is less than 3%, the
results are in class A; if the uncertainty is less than
10%, they are in class B; if less than 25%, they are in
class C; and up to 50% in class D. The uncertainty in
the recommended values is determined as the random
error in the arithmetic mean,'3381 calculated using the
root mean square errors of the individual measure-
ments .

Since, in general, | R m n | 2 depends on the internu-
clear distance (see Table II), we have tried to recom-
mend values of | R™n f for vibrational bands [using the
(0, 0) band whenever possible]. Whenever the corre-
sponding values are not available, we recommend the
mean | R m n |2 for the entire electronic transition.

The fifth column in Table III lists the v' = 0 life-
times of vibrational levels in the upper electronic states
for the corresponding transitions, determined from the
recommended values of | R m n | 2 using (45). It follows
from (45) that the calculations of T V ' = Q were carried
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TABLE II. The function Re(r)

Mole
cule

A1O
BF

BO

BaF
BaO

BeO
BiCl

C2

CN

CO

CO+

H2

LaO
MgO
MnO
N,

NJ

NO

NO+

O2

°ί
OH

PbO
SiBr

SiCl

SiF

SiO

SnF

SnO

TiO

YO

Transition

Β2Σ-Χ2Σ
-Λ'Π-Χ'Σ

Α2Π —Χ2Σ

Β^Σ—Β^Σ
C — X

Λ'Σ —Χ'Σ

Β'Σ —Χ'Σ
Α—Χ

d3rj — α 3 Π
(Swan system)
4̂2Π . Χ 2 Σ

Β2Σ — Χ2Σ

Α'ΙΙ — Χ'Σ

Β'Σ—Χ'Σ

ί3Δ —α3Π
Λ2Π— Χ2Σ

Β 2 ! —Χ2Σ

Β'Σ-'-Χ'Σ
C'n—Χ'Σ

Β2Σ — Χ2Σ
Β'Σ —Χ'Σ
4800—6700 Α

(1st positive

system)

(2nd positive
system)

Α3Σ — Χ*Σ
(Vegaid-Kaplan
system)

Β 2 Σ - Χ 2 Σ

(1st positive
system)

^42π — χ^2
(Meinel system)

Λ2Σ-ΧΗΙ
[γ-system)

Λ ' Π - Χ ' Σ

Ί3Σ+ — Χ3Σ-
ε3Σ; — Χ 3 Σ -

(Schumann-
Runge system)
Λ2Π-Χ 2 Π

Α2Σ — Χ2Π

Bl —Χ'Σ
Β2Σ — Χ2Π

Β2Σ — Χ2Π

Λ2Σ-Χ2Π
Β 2 Σ-Χ 2 Π

Α^η — Χ'Σ

Α'2. — Α *111 / 2

Λ2Σ — Χ 2 Π 3 / 2

β ' Π — Χ'Σ
£3Δ Χ3Δ
(α-system)

(γ-system)

Β 2 Σ - Χ 2 Σ

const-(1 — 0.46Γ)
const-exp (0.205r)
const -(1 —0.3954r)
const-(l —0.911r)
const -(1 —0.479r)
const-(l —0.536r)
const-(l—0.775r)
const.[1.00-41.3 (r-2.0268)2]

const-{l±0.325 exp 1 —(r 0 0 —
- v * · ) ] }

0.1D(1 —5.07r)

const-{l-(-1.6(r ,#, roo)l
const-( — l + 1.7r)

1.9(1.0—0.6r)
const
9.21 · 10-'» (1 — 0.855 · 108r)

const
const · (— 1 +1.7380r—0.7454r2)
const · (— 1 -i-i.7266r — 0.7324r2)
const
const

const
const-ll + 1.42(rr, 0 — 0.76)]
const-[l + 0,31 (rp,0—0.73)]
const-exp (1 — l;98r)
const ·( — 0.6405 + 0.9778r)
const-(1 — 3.192r—1.99r2)
const-(l-1.278r+0.410r2+0,020r3)

const - (1 — 1.186r + 0.3278r2)

const-[-2.25(r-1.414) + l]
const
const · (1 — 1.2550r + 0.4063r2)
const • (1 -1.2677r - 0.4142r2)

const • (— 1 + 1 -9669r — 0,8636r2)

const •(—l + 2.1047r —0.9357r2)
const •(—1.206+ r)
const •( —l + 0.845r)

const •( —l+0.837r)

0.45 [1 +12.3 (r-1.16)2)2

const-(r-0.72)-" 2

const
const-( — l + 1.820r—0.814r2)

const-[1.30(r-0.677) + l]

const-( —1+2.1018/—1.0597r2)

4,7(l-0.68r)
const· !-" 3 · 8 * 0 - 1

const -(1—0.70r)

Λο,ο [1 + 0.86 (Γ, . , . - r o . o ) ]
const-exp [ —(5.97±0.12) r]
const -(1—0,5408r)
const-exp (4.11 — 1.92r)
const-exp (6.31— 3.05r)
const -(1 —0.3856r)
const
const exp (6.35—4.10r)
const-exp (9.24—5.93r)

const-(l—0,5307r)
const -(1 — 0.5208;·)
const-(l — 1.119r-f 0.356ra)

const ·( ! — 0.112r— 0.028r2)

Range of r, A

1.48-1.89
1.50-1.85
1.20-1.45
1.24-1.33

1.415—1,528
2.176—2.225

1,98-2.13
1.97—2.19
1.88—2.12
1.10—1.70

1.28-1.40

1.04-1,205
1.05-1.25
0.95—1.32
1.05—1.36
1.38-1.55
1.05—1.40
1.12—1.38
1.00-1.26
4 flit Ί \L1.UO—1.14

1.18—1.26
1.07—1.20
1.10—1.20
1.07-1.19
1.05—1,25
1.06-1.36
1.05-1.42
1.10—1.30
1.10-1.30
0.65—0.95
0.60—0.90

1.643—1.995
1.63-2.02

1.736-1.90

1.19-1.43

1.15-1.60
A ΛΟ 4 f\1
1.lo—1.01

1.28-1.551.20-1.60
1.16—1.61
1.16—1.61

1.025-1.275
1.03-1.30

1.03—1.30
1.266—1.413
1.23-1.43

1.24-1.36
1.10—1.40
0.90—1.28
0.97-1.28

0.95—1.22
3400-5400A

0.974-1.153
1.024-1.120
0.90—1.40
1.02-1.12
1.11—1.20
1.00—1.20

0.9981—1.1403
1.01—1.16
1.00-1.20
1.12—1.28
1.10-1.30
1.31—1.53

1.359—1.374
1.325-1.355

1.20-1.40
0.8-1.3

2.020-2.148
2.097—2.282
1.924—2.075
1.903—2.06
1.626-1.735
1.454—1.635
1.43-1.62

1.563-1,661
1.9—2.2
1.9—2.2
1,8-2.2

1.734-1.898

References

115

184

118
121

122

123
124
215
362
248

203

249

278
291
185
342
186
345
355
222
186
289

13S
206
223
365
46
47

354
365
246

246

207

148

150

56

190
189
59
178
193
348
18»
193

348

192
191

193

64
68

194

195
330
380
196
335
59
77
78
157
197
198
237
347

208

86

145

351

199

163

167
167
168
169
167

04, 170
202
168

168

200

103

103

240

out on the assumption that Pig was independent of r,
but for a number of molecular systems this assumption
was very approximate. Such systems include, for ex-
ample, the Schumann-Runge system of O2, the β and y
systems of NO, the Β3Σ - Χ3Σ system of S2, and cer-
tain others for which Table III does not list the values
of τν '=0·

In conclusion, let us briefly consider some of the
results in Table III.

BeO molecule. The probability of the Β'Σ - Χ Χ Σ '

TABLE III. Recommended values of the square of the matrix ele-
ments of the dipole moment of electronic transitions and lifetimes of
excited states for the corresponding transitions in diatmoic molecules

Mole-
cule

AlO

BB r

BC1

BF

BH

BaO

BeO

C 2

CF

CH

CD

CH+

CN

CO

co+

cs
H2

N 2

N |

NH

NO

NO+

O 2

OH

S j

SO

SiF
SiH

SiH+
SiO

SnO

TiO

YO

Transition

Β 2 Σ — Χ 2 Σ

Α<ίΙ — Χ'Σ

ΑιΠ — Χ'Σ

Am — Χ'Σ
/1'Π-Χ'Σ
Λ'Σ — Χ'Σ
Β'Σ —Χ'Σ
d 3 n—ο 3 π
Β 2 Σ — Χ 2 Σ

4 2 Σ — Χ 2 Π
Β 2 Σ — Χ 2 Π
^2^ χζγι
Β 2 Σ — Χ2Π
ί 2 Σ — Χ 2 Π
Λ2Δ — Χ2Π

Λ'Π-Χ'Σ
^2[J χ2£

Β*Σ — Χ2Σ
Am Yiy
Β'Σ —Χ'Σ
C-Σ— Χ'Σ
£ ' Π — Χ ' Σ
!>3Σ — α3Π
α3Π — Χ ' Σ

Β 2 Σ — Χ 2 Σ

,4'Π-Χ'Σ
Β'Σ —Χ'Σ
C'n-Χ'Σ

Β3Π — Α3Σ

C Π — Β Π

Α3Σ — Χ'Σ
ο'Π — Χ'Σ
4 2 Π - Χ 2 Σ

Β2Σ —Χ2Σ

Α'ΪΙ — Χ3Σ
c'n — α'Δ
ά'Σ-c'Tl
c'n-6'Σ
4 2 Σ — Χ2Π
β2Π —Χ2Π

c2n-x2n
CH\ — Α%Σ

Am — Χ^Σ
(;32 χ32
4̂32 Χ32

^425;_χ2π

Β3Σ — Χ3Σ

Α3η-Χ'Σ
Β3Σ-Χ3Σ
A^Z— Χ2Π
Λ2Δ — Χ 2 Π

ΑΙΠ-Χ'Σ

/1'Π-Χ'Σ

Β'Π-Χ'Σ
^3φ χζ\
C34 — Χ3Δ
<7'φ — α'Δ

Β 2 Σ - Χ 2 Σ

from the
(0,0) band

0.48

0.97

1.04

2,88

0.50

0.50

0.58

0.30

0.076

0.016

0.083

0.40

0,031

0.082

0.086

0.018
0.01

0.75

0.010

0.61

5.9
0.048

7.76-10-2

0.012

2.1
0.50
0.41

0.40

at. un.

mean

0.50

0.20
0.11

0.042

0.98

0.24

0.59

0.52
0.34
0,14

3.8-10-s

0.08
0.12

1.0
1.0
0 15

0.53

.1-10-8
3.4-10-5

0.15

0.51

0043
0.23
0.19

0.056
0.076
26.4

0.062

8.3-10-'

0.58

1,0

1.1

127

25.6

19.1

2.8

159

356

90

150

18.8
517
346
480

470

74

7680
74

7,8
24.4

1.2

67

3700
47

220

0.5
1.4

9100

42

7.5.10»
121-ΙΟ3

13 000

66

440
480

18
485

18.4

55.7

780

3.5

740

9.6

3800

253

140

I

Β
C
Β
Β
Β
C
Β
C
D
C
C
Β
Β
C
Β
D
Β
Β
Β
Β
Β
Β
Β
Β
C
C

C
C
C
g

D
Β

Β

Β

Β
C
C
C
Β
C
C
C
C

C
Β
D
Β

C

C
C
Β

C

C

Β

C

C
C
C

C

References
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243

243
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266
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243. 293
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21, 23, 245, 250, 381

23,25,250,381
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245, 357, 381
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221, 226, 227, 243, 253-
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transition in BeO was determined in[248>266l. The re-
sults obtained in these two papers are very different.
Since the determination of the concentration of the BeO
molecules in1-248' may be subject to substantial error,
we think that the more reliable value of | R™n f is that
reported in [ 2 6 6 ] and this is, in fact, listed in the table.

CF molecule. The probability of the Α2Σ - Χ2Π
transition was determined from the lifetimes'1 9'2 4'1 and
from the emission behind the shock wave front.[2β8>2931

The results obtained in these two papers are in good
agreement if the improved thermodynamic data reported
in [ 2 9 2 ) for CF and CF2 are employed in the calculation
of the composition and gas-dynamic parameters behind
the shock wave front. We also note that, in their deter-
mination of | R™n12, the authors of[292] introduced a
computational error which was subsequently corrected
in'-293'. The table recommends the mean value of
| R i ? n | 2 based onr 2 4 3>2 9 3 1.

CN molecule. As already noted, different values of
DCN were used in determinations of | R m n ] 2 for the
red and violet systems by the absorption and emission
methods. We have converted all these results to the
dissociation energy D Q N = 7·5 eV, since this gives the
best correlation with lifetime data.

CO molecule. The mean value of R m n l for the
third positive b3Z - a 3 n system is recommended for
the wavelength band 2980-3900 A. The value of | R m n f
for the a 3 n - ΧιΣ Cameron system is based on absorp-
tion in sample-holders and shock tubes, Lifetime data
are contradictory and are not taken into account.

NO molecule. The recommended value of | R m n f
for the 6(Czn - Χ2Π) system was obtained by analyzing
the data on absorption in air behind a reflected shock

wave
Γ 334]

SiO molecule. The value of R m n | 2 for the Α1 Π
- ΧίΣ transition is recommended on the basis of the
lifetime of the A'n state reported in [ 2 2 0 ] for the wave-
length range 2340-2820 A. The values of | B.™n\z de-
termined on the basis of thermodynamic data given

in{99-102,202] d i f f e r a m o n g themselves to within an order
of magnitude. This may be connected with uncertainties
in the calculated concentrations of SiO and the unrelia-
bility of data on the thermodynamic properties of highly
heated components of the gas (in particular, SiCh,
SiCl, etc.; see, for example,'3391).

5. FRANCK-CONDON FACTORS

According to (28), the probability of a vibrational
transition is determined by the Franck-Condon factor
q v ' v " , i.e., the square of the overlap integral for the
vibrational wave functions. These factors are calculated
by choosing a suitable potential U(r) in the vibrational
Schrodinger equation

(68)

the solution of which yields the vibrational wave func-
tions Φν. The next step is to substitute the resulting
* v into (28) and evaluate the overlap integral.

The accuracy with which the Franck-Condon factors
are calculated increases with increasing accuracy of
the vibrational wave functions. The accuracy of these
functions, on the other hand, is determined by the ex-
tent to which the potential used in the SchriJdinger equa-
tion truly represents the potential of the molecule, and
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by the approximations used in solving the Schrodinger
equation.

The various potentials used to calculate the Franck-
Condon factors have been examined in r 9 ) 3 S 2 ] and, there-
fore, we shall simply list the various molecular poten-
tials: the harmonic oscillator and modifications of it,
the Lennard-Jones potential, the Hulburt-Hirschfelder
potential, the Morse potential, and, finally, various
" t r u e " potentials deduced from spectroscopic data. In
recent years, calculations of qv'v" have been largely
based on the Morse potential or the true potentials ob-
tained by the Rydberg-Klein-Rees methodr300] modified
by Vanderslicei301] and Jarmainr 3 0 3 ] (these methods are
reviewed in detail in [ 3 0 3 J ) . The Morse potential leads to
an exact solution of the Schrodinger equation. The cor-
responding wave functions Φν

 a r e expressed in terms
of Laguerre polynomials with alternating signs, and
integration of (28) turns out to be quite difficult. How-
ever, such difficulties have been overcome through the
use of computers. Various programs have been devel-
oped for the numerical integration, using the Morse
potential. Descriptions of the algorithms for these
programs can be found both in foreign and Soviet litera-
ture. A large number of papers concerned with calcula-
tions of the Franck-Condon factors using the Morse
potential is available in the literature (Table IV).

We note in connection with the above difficulty of
numerical integration of (28), especially when compu-
ters are not available, that there are very useful ap-
proximate methods for calculating the overlap integral
for the Morse potential. The most widely used of these
approximate methods is the α-averaging method[304]

(see also[ 1 6 7 1 for further details). The α -averaging
method leads to a relatively simple integration of (28)
in analytic form, and to simple working formulas for
calculating the Franck-Condon factors. The α-averag-
ing method is widely used in parallel with the method
of numerical integration of the Morse potential and is
found to yield good results (see, for example, the series
of recent papers1 1 1 8 ' 1 1 9 ' 1 4 8 ' 1 6 7 ' 1 6 8 1).

We have discussed in some detail the existing
methods of numerical integration of the Morse potential
and the α-averaging method because it has been a pop-
ular view that only the use of the RKR method will re-
sult in reliable values for the Franck-Condon factors.
Thus, Ortenberg and Antropov[9] state that the use of
the Morse potential may lead to substantial errors in
qv'v" and recommend that the " t r u e " potential be used
whenever possible.

We have carefully examined this problem. The fact
is that the use of the RKR potentials involves substan-
tial difficulties: (1) the Schrodinger equation (68) cannot
be solved exactly for the RKR potentials and, therefore,
approximate methods of solution are always employed
(see, for example,[305>306]) and this, of course, introduces
uncertainties into the wave functions, but there is
practically no information in the literature on the er-
rors in qv'v" due to the approximate solution of (68);
(2) a sufficient volume of reliable spectroscopic data is
not always available for the determination of the
" t r u e " potential (especially for large v).

In recent years, the true potential curve has been
constructed on the basis of spectroscopic data and has
been compared with Morse curves[ 6 1 > 2 8 5 ] and others. In
practically all cases, there is good agreement between
the true and the Morse potential curves (using the turn-
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TABLE IV. Franck-Condon factors in diatomic molecules Table IV continued

Molecule

AgCl
A1F
AID
A1H
A1O

AsO

AsO+

Au2

AuBe

AuH
BBr
BC1
BF

BH
BD
BO

BaF

BaO

BeF

BeO

BiF
BiO

Br2

C2

c-
CF

CH

CH+

CN

CO

CO+

CP

CaF

CaO

Cl a

Cu 2

CuF
Cul
GeO
H a

Transition

Β'Σ-Χ'Σ
Λ1Π — Χ'Σ
Λ'Π-Χ'Σ
Λ'Π-Χ'Σ
Β2Σ —Χ 2 Σ

C22 —Χ 2 Σ

(?)2Σ —Χ 2 Σ

Λ 2 Σ - Χ 2 Π
Β2Σ —Χ 2 Π
£>2Σ — Χ 2 Π
Λ ' Π — Χ ' Σ

AOi-XOg
Α,.2~Χ2Σ
Β 1 / 2 -Χ 2 Σ

Β'Σ —Χ'Σ
Λ'Π —Χ'Σ
Λ'Π —Χ'Σ
Λ'Π-Χ'Σ

&3Σ — α 3 Π
β ί Σ — Χ ' Σ
β ' Σ — Χ ' Σ
Λ2Π — Χ2Σ

(α- system)
Β2Σ — Χ 2 Σ

jP-system)

Λ - Χ
Β —Χ
C —Χ
D — X

Λ'Σ-Χ'Σ

ΛΉ-Χ 2 Σ

Β'Σ-Χ'Σ

ί 'Σ —Χ'Σ
ε'Σ—Am
Α —Χ
Λ 2 Π - Χ 2 Π
6*Σ — Χ2Π
Β3Π(Ο+) — Χ ' Σ

^fj a3JX
(Swan system)

' Σ Ι ~ ' Σ +
Β2Σ — Χ2Σ
Λ2Σ—Χ2Π
Β2Σ —Χ2Π
^2Δ X2JJ

β 2 Σ — Χ 2 Π
0 2 Σ — Χ2Π

Λ'Π—Χ'Σ

Β2Σ —Χ 2 Σ
Β 2 Σ — Λ 2 Π
&Σ — Χ2Σ
β ' Σ — Χ ' Σ
β ' Σ — Λ ' Π

(Angstrom system)
(£1Δ α3Π
Λ2Π(00+) —Χ'Σ(ΟΟ)
Β2Σ(ΟΟ+) —Χ'Σ(ΟΟ)
Χ2Σ(ΟΟ+)-Χ'Σ(ΟΟ)
Λ 2 Π - Χ 2 Σ

Β2Σ —Χ 2 Σ
Β2Σ —Λ 2 Π
Λ2Π — Χ2Σ
Β2Σ —Χ 2 Σ
Β 2 Σ - Λ 2 Π

Λ—Χ
Β - Χ
' Σ - ' Σ
Β'Π-Χ'Σ
ε'Σ—Χ'Σ
flTOfOJ)- Χ'Σ

Β'Σ —Χ»Σ
Β'Σ-Χ'Σ
ί'Σ-Χ'Σ
Λ'Π—Χ'Σ
Β'Σ-Χ'Σ

(Lyman System)

C'n —Χ'Σ
(Werner system)

"max

5
3
2
2

9
11
15
5
4
3
7
3
3
2
5

5
5
3

4
3
5
4
3
3
2
2

13
2

.13

5
3
4
3
4
3

10
3
3
4
7

15
15

6
7
5

44
9

4

4

2
2
2
2
1
4
2
2

4
0

19
5
0
0

7
10
10
13
11
11
10
10
5
5
5
2
3
3
6

11
13
29

3
4
4
3

29
36
17
12
13

"max

3
3
4
4

9
11
19
5
4
6
7
3
3
4
3

6
5
4
4
5
8
9
3
3
2
2

22
4

14

7
3
5
2
4
4

24
3
3
4
9

22
19
6
5
5

27
13

4
4

13
7
3
2
2
4
2
3
4
4
7

19
5
6

10

2
24
24
10
13
13
13
11
5
8
5
3
3
3
6

16
16
27

3
4
4
3

14
14
0
3

14

Method

α

Μ, R
R
R
α

R
Μ

Μ, R
a
a.
R
W
R
R
R
R

α , Β
α

cc

α

Μ
Μ
Μ
α

α

Μ, R
Μ, R

R
Β
R

(Χ

α
α
α

α

Β
Μ, R

α
α

Μ
R
R
R
α

α

α

R
R

α

Μ

R
R
α

Μ, R
R
α

R
R

Μ
M - j

α

α

Μ
Μ

Μ
R
R
R
R
R
R
R
Μ
Μ
Μ
α

α
α

W
R
R
R
Β
α

α

α

R - j
R
R
R
R

Ref.

299

236

112

112

113

114

115
236

292

290

279
332

l ie

l ie

116

116

235

282

298

298

117

117

117

118
119

236

236

120

121

120

122

123

123

123

123

124

215

125

126

248

120
120

120

171

128

282

238, 296

129

130

353

129

129

131

236

236

132
236

236, 357
367

368

205

284
316

37

37

286
134

134

133

135

135
135

135

117

117
117

136

128

128

137
120

120

138

139

140

140

375

141

143

145
145

143

Molecule

D2

H1O

Is
InF
LaO
LiH
LiO
Mg2

MgF

MgH>
MgO

MnO
N2

NJ

Na2

NH

NO

NO+

NbO
O2

OJ
OH
PN
PbO
RbH
RhC

Sa
SO

SiBr

SiCl

SiF

Transition

α'Σ — ιΡΠ
(Fulcher system)

Β'Π-Χ'Σ
β' 'Σ Β — Χ'Σ
£12 Β^Σ
β'Σ,,-Β'Σ»
ime—Β'Σ,,
№Σ,— c 3 n a

χ'π,,-α'Σ,
£1Σ_ β ' Σ Μ

X^glfli) — Χ'Σβ(Η2)
Β'Σ-Χ'Σ
C'n —Χ'Σ
Λ'Σ-Χ'Σ
B'n C l d -X'2
BjIIci-X'S

ίΊΣ-Χ'Σ
Β3Π(Ο£) — Χ'Σ,,
Β 3 Π ! - Χ ' Σ
Β 2 Σ - Χ 2 Σ
Λ'Σ —Χ'Σ
Λ 2 Σ - Χ 2 Π
Λ'Σ—Χ'Σ
Λ —Χ2Σ
C22 —Χ2Σ
Λ'Σ-Χ'Σ
Β'Σ-Χ'Σ
ε'Σ—Λ'Π
Β'Δ—Λ'Π

λ4800—6700 Α

Β 3 Π»—Λ 3 Σϋ

(1st positive system)

Λ 3 Σ Η — Χ ' Σ -
(Vegard-Kaplan system)

B 3 n g — Χ ' Σ 8

β ' 3 Σ" —Χ'Σ»
2''Σ- — Χ'Σ 8

α'Πο —Χ'Σ 8

uM u — Χ'Σ-
C 3 n u —Χ'Σ 4

Ζ>3Σα — B3Ug

Β2Σ — Χ 2 Σ
(1st negative system)

Β ' Π — Χ'Σ
43Π Χ3Σ
c'n—α'Δ
c'n-6'Σ
1̂2 cin

Λ2Σ-Χ2Π
(γ- system)

Β 2 Π - Χ 2 Π
(β-system)

Χ'Σ(ΝΟ+)-Χ2Π(ΝΟ)
Λ'Π(ΝΟ*)-Χ2Π(ΝΟ)
Λ'Π—Χ'Σ

42Λ — Χ2Δ

Λ3Σ — Χ3Σ
(1st Heizbeig system)

ε3Σ-χ3Σ
(Schumann-Runge system)

Λ2Π(Οί)-Χ3Σ(Ο2)
<ι*Π(0ί)-Χ3Σ(Ο2)
ΜΣ(Οί)-Χ3Σ(02)
Χ2Π(Ο£)-Χ3Σ(Ο2)

Λ2Π —Χ 2 Π
Λ2Σ —Χ Ζ Π
Λ'Π-Χ'Σ
Β, —Χ'Σ
Λ'Σ-Χ'Σ
£2ν Χ22
Β3Σ — Χ3Σ
Λ 3 Π - Χ 3 Σ
Β 3 Σ - Χ 3 Σ

Β 2 Σ - Χ 2 Π

Β2Σ —Χ2Π

Λ 2 Σ-Χ 2 Π

Β2Σ —Χ2Π

"max

3
18
15

8
9

13
14
18
19
20
15
17
12
5
5
5
5
5

26

5
10
17
10
25

3
4
8
5
3
3

4
12
12

2
4
9

13

17
18
19
15
6
4
0

20

10
2
3
3
4
5

5
24

18
7

10
5

10
5

11

20

14
15
10
10
15
10
15

4
2

4
11

3
26

9
25
10

2
2
2
2
1
2
3
2
2

"ma*

5
17
14
14
36
36
36
20
18
36
14
0
3
9
8

10
10
10
24

5
11
0

15
8
3
3
8
5
4
4

7
12
12

3
5
6

20

20
20
20
20
20
20
13
17

23
2
4
3
3

23

23
23

16
11
U
17
7
5

24

23

14

to
b

st
o

21
1

15
5
4
5
5
3

26
0

22
10
4
6
4
6
4
3

4
4

Method

R - j
Μ
R
R
R
R
R
Μ
Μ
Μ
R
R
R
Μ
Μ
Μ
Μ
Μ
Μ
α

Μ
R
Μ

R - j

α
α

R

α

α

α

α

Μ
R

R
M - j

R
R

R
R
R
R
R
R
Μ
Μ

R
R
R
R
R
R

R
R

R
R
R
Μ
R
α

R

R

R
R
R
R
R

Μ, R
R

M - j
Μ
α

R - j
Β
R
R
R
Μ
Μ
α

Μ
α
α

Β
Μ
Β
Β

ι

Ref.

141

143

1*3

143
143

143

143

143

143

143

134

145

145

285

285

285
285
285

144

142

207

145

369

325

146

147

317

148

149
149

150

61

151

145

209

145

153

153

153

153

153

153

153

154

155

261

71

71
71

71

156

157

157

158

134

134

117

134

142

239

160

145

134
134
134

134
161

161

209

374

163

165

164

71

280

71

166

167

167

167

167
168

169

117
170
94
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Table IV continued

Molecule

SiH

SiH+

SiO

SnF
SnO

SrH
SrO

ThO

TiO

YO
ZrO

Transition

m~x'n
Β-Σ — Α-Σ
Αϊ\~ Χ2Π

Λ'Π — Χ'Σ

A'R- Χ'Σ

Λ2Σ-Χ2Π
Α —Χ'Σ
Ώ'Π-Χ'Σ
2322-λ'2Σ
Β'Π-Χ'Σ
ΰ'Σ — Χ'Σ
Α'Σ — Χ'Σ
Β'Π~Χ'Σ
€'Π~ Χ'Σ
£»Π - Χ'Σ
Ε'Σ—ΧιΣ
G'A — Η'Φ
/·Π-Χ<Σ
δ'Π —α'Λ
*<Π — ι/·Σ
£'Φ —αΙΔ
ϋ 2 Σ-Χ2Σ
Β'Σ — Α'Σ
c3n - χ'π

"max

2
2
5
4
4
3
2
2
2
1
5

13
2
3
2
5

12
13

5
6
5
5
5
6

6
6
6
2

22
21

«inax

4
14

4
Η

3
2
2
2
5
4

19
4
3
6
5

18
18
10

9
9
8
9
9
7
6
6
β

3
22
21

Method

α

Μ
Μ
ct
Μ
R
Η
Γ(
α

R
Μ
R
α

α

α

α

R
R
Μ
Μ
Μ
Μ
Μ
Μ
Μ
Μ
Μ
Μ
Β
R
R

Ref.

1ί7

167

117

172

117

71

213

213

214

238

2 0 2

236

168

173

200

174

120

120

2 8 5

2 8 5

285

2 8 5

2 8 5

2 8 5

2 8 5

175

175

175

176

120

120

ing points) although, in some cases, there are, of
course, considerable discrepancies. For example, a
discrepancy is observed in the Β2Σ state of CH[ 3 0 2 1 and
Β2Σ state of A1O.[U4]

There is a smaller number of papers on the calcula-
tion of the Franck-Condon factors for both the Morse
and the true RKR functions. Let us consider some of
them in greater detail. Thus, Flinn et a l/ 3 0 7 1 have cal-
culated qv'v" for the 7 system of Ν using the RKR
curves. Despite the fact that the shapes of the RKR
and Morse curves are in good agreement, especially
for small v, Flinn et al. found that, even for the (0, 0)
band, the factor qv'v" differed by about 40% from the
Morse value of qO)o. They explained this discrepancy
by saying that the true wave functions occupied the
regions beyond the classical turning points for the
given vibrational level. Subsequent papers concerned
with the study of Re(r) for the y system of ΝΟ [ 7 7 ' 1 9 8 ]

have cast doubt on the results of Flinn et al» Finally,
Jain and Sahnii 1 5 7 1 state directly that the results of
Flinn et al. are incorrect because of the errors ad-
mitted into the calculations. Extensive tables are re-
ported i n r i 5 7 ] of the values of q v ' v " for the 7 (v' = 5,
v" £ 23) and β (ν' =£ 24, ν" s 23) systems of NO. Com-
parison of these values with the Morse values of
q v ' v " [ 3 0 8 ] shows that the agreement between them is
fully satisfactory. We note that the authors of the review
paper given in [ e ] used mainly a comparison of the re-
sults in [ 3 0 8 ] with the erroneous data given by Flinn et
al . r 3 0 7 ) to reach the doubtful conclusion that the agree-
ment between the approximate and true potentials for a
given vibrational level cannot serve as an adequate
criterion for the accuracy with which the wave functions
and the factors q v ' v " are calculated. The results re-
ported in all the papers known to us in which the Morse
and RKR calculations of qv'v" a r e reported and com-
pared suggest the very opposite. Zare et al. [ 3 0 9"3 1 1 ] use
the RKR method to calculate qv'v" ί θ Γ t n e B 3 n 5 u
- Χ * Σ transition in I2 and the Β3Π - Α3Σ transition
in N2, and show that they are substantially different
from the Morse values of the factor qv' v"-[ 3 1 2 > 3 1 3 J How-

ever, the Morse values for the B-X system of I 2

[ 1 4 4 ]

and the first positive system of N 2

| e l ] ) were later recal-
culated, using improved molecular constants for these
systems, since it was pointed out ίη Γ β 1 > 1 4 4 ) that the
previously adopted vibrational identifications for both
molecular systems (and that used in[ 3 1 2 > 3 1 5 ] in construc-
ting the Morse potential) were erroneous. The value of
q v ' v " calculated in this way for the B-X system of I 2

[ 1 4 4 ]

are found to be in good agreement with the RKR calcu-
lations^0 9 1 (see the comparative Table I in[ 1 1 4 1). The
Morse qv'v" obtained in [ 6 1 ] are also in satisfactory
agreement with the RKR factors calculated by
Benesch[ 1 5 1 ] and Zare [ 3 U I (see Table II in [ 6 1 ] ) . The last
table is interesting since it clearly shows that the dif-
ferences between the RKR factors given in [ 1 5 1 ] and[ 3 U J

are almost the same as the differences between the
Morse and RKR factors. It is important to note that it
is emphasized i n [ e l ] and[ 1 5 1 ] that such differences can
be due not so much to the differences between the poten-
tials as to the differences caused by the approximate
method used to solve the Schrbdinger equation. More-
over, the fact that the vibration-rotation interaction has
not been taken into account (this may reach 10% for
J = 0-30f 1 5 1 1) may affect the results.

There are very few comparisons of the values of
q v ' v " for electronic transitions with a large difference
between the equilibrium internuclear differences. It is
therefore interesting to note the paper by Harris et
a l . r i 6 0 ] which gives extensive tables of values of these
factors for the Schumann-Runge system of O2 (v' s 20,
v" s 23). Their results are in satisfactory agreement
with the Morse factors qv'v"J3Z3]

Linton and Nicholls[115] used the shock tube to pro-
duce the emission spectrum of A1O. They investigated
the function R e (r) for the Β2Σ - Χ2Σ system and re-
calculated the Morse factors qv'v"· The function Re(r)
was found to be practically the same for both the Morse
and the RKR values of qv'v". [ 1 1 4 )

A recent paper by Wentink and Spindlerr2I5] reports
calculations of the RKR and Morse values of q v ' v " for
the Α'Σ - Χ'Σ transition in BaO and again show very
good agreement between them even for high ν [for ex-
ample, qo>o('M) = 0.1038 χ 10"1, qO)O(RKR) = 0.1019
x NT1; qe,17(RKR) = 0.1178, qe,i7(M) = 0.1182 and so on].
In [ 2 1 5 ] it is reported that Re(r) is of the form
const -(1 - k2r) and it is emphasized that the numerical
value of kz is practically independent of whether the
Morse or the RKR values are used for qv'v". We note
that, both in these and in other papers where averages
over the vibrational structure are employed, approxi-
mate values of qv'v" are frequently successfully used
(see, for example/2011),

The above comparison of the data obtained as a re-
sult of the calculation of qv'v" by the RKR and Morse
methods shows, in our opinion, that the two sets of re-
sults are practically equivalent for most molecular
systems. This does not mean that the Morse potential
is better than the RKR potentials (or vice versa). It is,
in fact, important to emphasize that, to be able to con-
clude which particular molecular potential is "correct,"
it is necessary to compare the results of calculations
with reliable experimental data in each specific case.
For example, it may be suggested that a criterion of
this kind can be obtained by comparing the rotational
constant B v for each vibrational level13031 where
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Β = (69)

Unfortunately, comparisons of this kind are not very
frequent in the literature..

All the calculations on the Franck-Condon factors for
diatomic molecules known to the present authors are
listed in Table IV.4' Sincet9] contains all work up to
1965 inclusive, Table IV summarizes data on qv'v"
between 1966 and the end of 1973. The order in which
the material is given in Table IV is as follows: the
first column indicates the molecule, the second the
electronic transition, and the third and fourth the maxi-
mum vibrational quantum numbers v' and v" up to
which (inclusive) the factors q v ' v " have been calculated.
The fifth column shows the molecular potential used to
investigate qy'v" a n <l the last column indicates the ref-
erence to the original source. The symbol Μ in the
fifth column indicates that the q v ' v " are calculated us-
ing the Morse potential and a direct evaluation of the
integral, the symbol a signifies that the factors q v ' v "
were calculated using the average Morse potential (the
α-averaging method), R indicates that the factors were
calculated using a potential determined from the spectro-
scopic constants, Β indicates the use of various modi-
fications of the harmonic oscillator, W shows that the
factors are calculated by the WKB method, q repre-
sents a quantum-mechanical calculation, and j shows
that the vibration-rotation interaction was taken into
account.

It is clear from Table IV that there are at present
practically no values for the q v ' v " factors with vibra-
tional quantum numbers ν > 20—25. However, data on
these factors and on transitions near the dissociation
limit are essential for calculations of the emissivities
of gases at high temperatures (up to 10 000"K) and for
large optical depths. There is no theory that could be
used to calculate qv'v" * 0 Γ vibrational transition be-
tween highly excited states (v > 25).

''We have scanned the abstracting journal Referativnyi Zhurnal—"Fizika"
and original papers in the following journals: Zh. Prikl. Spektrosk.,
Teplofiz. Vys. Temp., Tr. Fiz. Inst. Akad Nauk SSSR, Vestn. Mosk.
Univ. Fiz. Astron., Usp. Fiz. Nauk, J. Quantitative Spectrosc. and
Radiative Transfer, J. Chem. Phys., J. Mol. Spectrosc, J. Phys. (Proc.
Phys. Soc. Lond.), Indian J. Pure Appl. Phys., Indian J. Phys., Can. J.
Phys., Can. J. Chem., Trans. Faraday Soc, Chem. Phys. Lett., Phys.
Rev., J. Res. Nat. Bureau Stand., Astrophys. J., At. Data, Phys. Rev.
Lett., Physica, Combustion and Flames, Phys. Lett., Z. Phys., and
Z. Naturforsch.

2'The atomic unit is (ea0)
2 = 6.459 X 10~36 g-cm5 sec"2, where a0 is the

radius of the Bohr orbit in cm and e is the charge of the electron in
esu.

3)Data on the function Re(r) for some molecules are also given in a
recent paper by Klemsdal. I3 4 0]

"'Extensive data on the factors qv'v" calculated by the RKR method in
the Klein-Dunham-Jarmain version with molecular constants taken
mainly from the Herzberg monograph [s] are also given in the not very
accessible publication of the York University in Canada. [341] The
data are given for a number of systems of the following molecules:
A1C1, A1H, A1O, B2, BaH, BaO, BeH, BN, Br2, CH, CC1, CuH, GeO,
HC1+, He2, K2, FeO, etc.

C. H. Corliss and W. R. Bozman, Experimental
Probabilities for Spectral Lines of Seventy Elements,
NBS Monograph No. 53 (Russ. Transl., Mir. M.
1968).
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4 R. Anderson, At. Data 3, 227 (1971).
5 G. Herzberg, Molecular Spectra and Molecular
Structure, Vol. 1, Ν. Υ., 1960.
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1969.
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90, 237 (1966) [Sov. Phys.-Usp. 9, 717 (1967)].

10V. A. Kamenshchikov, Yu. A. Plastinin, V. M. Niko-
laev, and L. A. Novitskii, Radiatsionnye svoistva
gazov pri vysokikh temperaturakh (Radiation Proper-
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M. 1971.
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12A. G. Sviridov, Ν. Ν. Sobolev, and Μ. Z. Novgorodov,

J. Quantit. Spectr. Rad. Transfer 6, 337 (1966).
13A. G. Sviridov, N. N. Sobolev, and V. M. Sutovskii,
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14A. G. Sviridov, Tr. Fiz. Inst. Akad. Nauk SSSR 51,
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1 5M. Jeunehomme and R. P. Schwenker, J. Chem.

Phys. 42, 2406 (1965).
16A. R. Farbrain, J. Quantit, Spectr. Rad. Transfer 6,

325 (1966).
1 7R. L. Barger and H. P. Broida, J. Chem. Phys. 37,
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Transition Probabilities, Gov. Print, Washington,
1970.

16 J. E. Hesser and K. Dressier, J. Chem. Phys. 45,
3149 (1966).
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