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THE absolute intensities of electronic spectra of di-
atomic molecules have great practical and theoretical
significance. The presently available experimental
and theoretical data are, however, contradictory and
are scattered in papers which are unrelated in either
point of view or unity of purpose, and which frequently
pertain to different branches of physics. The last re-
view paper on absolute intensities, by Mulliken and
Rieke,’ dates back to 1941. The purpose of the present
article is to systematize the accumulated material on
the probabilities of electronic transitions, and is
closely related to the reviews of Kolesnikov and Les-~
kov! and Nicholls et al.3:33 on absolute electronic in-
tensities in atoms and on relative intensities in di-
atomic molecules. Papers published since 1940 inclu-
sive have been reviewed.

1. CONNECTION BETWEEN THE QUANTITIES THAT
DETERMINE THE ELECTRONIC TRANSITION
INTENSITY

The intensity of absorption of monochromatic light
by a gas layer of thickness 1 is characterized by an
absorption coefficient k (v), determined from Beer’s
formula® 10,25,31
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Vo emtr M, (1)
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where Iy and I are respectively the transmitted and
incident light intensities per unit wave-number
interval. The factor £ =1 — exp (-hcv/kT), which
takes into account the correction for the induced emis-
sion, can in most electronic transition be taken equal
to unity. The integral f k (v)dv is taken over all the
electronic bands and characterizes the intensity of the
given electronic transition as a whole.

It is frequently necessary to use an absorption co-
efficient k (v), averaged within a certain interval Ay
over the vibrational and rotational transitions. This
coefficient can be readily obtained (see, for example,
Blokhintsev,!! p, 342) by averaging over all directions
in space, summing over the rotational transitions, and
averaging over the vibrational transitions:

-
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Singly and doubly primed symbols refer to the upper
and lower state, respectively; wy,~ is the Boltzmann
probability of finding the lower electronic state at the
vibrational level v”; Ay’ v is the vibrational proba-
bility (the Franck-Condon factor) for a transition be-
tween the states v’ and v”,
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where ¢y and Py~ are the vibrational wave functions,
n the concentration of the absorbing molecules, G’ the -
electronic degeneracy of the upper state, and Ré the
square of the electronic moment of the transition

e f e (S r v

where g are the electronic wave functions, and the
summation is carried out over all the electrons. In
the case of degeneracy it becomes necessary to choose’
real Po. The sum in (2) is taken over all v’ and v”
for which the transition wave numbers lie in an aver-
aging interval v + Av/2 small compared with the spec-
tral region occupied by the entire electron system. In
the derivation of (2) it is assumed that the total proba-
bility of transition between two states is the product
of the electronic, vibrational, and rotational probabil-
ities, each of which is the square of the matrix ele-
ment for wave functions that depend, respectively,
only on the electronic, vibrational, and rotational co-
ordinates, !»8,18,228

One frequently employs instead of (3) the formula
for the dipole velocity®® a derivation of which can be
found in texts on quantum mechanics:%

= gt § i (3 9, i,

where v is the wave number of the electronic transi-
tion at a given internuclear distance and m is the
electronic mass. In a theoretical calculation, (3) and
(3a) yield different results, owing to the use of ap-
proximate wave functions.

If it is necessary to take more accurate account of
the distribution of intensity over the rotational lines,
additional factors, representing the rotational proba-
bilities, must be introduced under the summation sign
in (2).

Integrating over the entire electronic system, we
obtain’>8

2
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2 ab
Vemav= ko) dv=21501"" @)
where f%bs is called the electronic oscillator strength
in absorption. Substituting Eq. (2) for ky,(v), using
the relation 2 gy’ y» = 1,9 and dropping the super-
V’

DIn_the presence of a continuous spectrum (photodissociation,
photoionization) we add to the sum the integral over the contin-
uous vibrational states.
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script of fgbs, we obtain (see references 6 — 8):

fer 8?}:1”‘0 RGvmax = 1.085- 10V vy,  R2G, (5)
where R} is in cm? and vy, is in em™. Formula

(5) in this form defines the oscillator strength not only
in absorption but also in emission. Here G is the de-
generacy of the final state, so chosen as to account for
transitions from the initial state (either nondegenerate,
or one of the components of the degenerate electronic
state) to all the components of the final electronic
state; vy gy is the wave number corresponding to the
maximum of intensity of absorption or emission of the
electronic band system.z)

The oscillator strength in emission can also be de-
fined with the aid of (4), where kay(v) is defined by
formula (2), in which the probability wy» is replaced
by the probability of finding the upper electronic state
wy’ at the vibrational level v/ and G’ is replaced by
G”.

An electronic transition in an atom corresponds to
a narrow spectral line, with V%as.x = v§,. In the case
of molecules, an electronic transition corresponds to
a broad spectral line; V%?a?x and vg2. can be deter-
mined from plots. of the potential energy of the mole-
cule, using the Franck-Condon principle?® (Fig. 1).

A direct calculation of k,(v) for different mole-
cules shows that Vianba%( depends little on the tempera-~
ture up to approximately 10,000°K.

It is known that the sum of the oscillator strengths
(4) or (5), taken over all the electronic transitions
from a given electronic level, is equal to the number
of optically active electrons of the molecule?!®? (os-
cillator strengths corresponding to transitions to
lower levels, i.e., emission, should be taken here
with a minus sign).3)

From (2) and (5) we obtain

v

ne? 1
kaV) = o 1125 —2 1o D) @, o
Vmax Av

(6)

The absorption coefficient (and through it the os-~
cillator strength) can also be related to the intensity

3)The oscillator strength is sometimes defined differently, with
Vmax replaced in (5) simply by the wave number v in that region
of the spectrum where the measurements are carried out.??7+4151229:232
Such a definition is incorrect, for by it the oscillator strength is no
longer a characteristic of the electronic transition as a whole.
This definition caused several misunderstandings and errors, for
example, in the determination of the oscillator strength of the
Schumann-Runge system of the O, molecule.®”'**” In the last of
these papers it is assumed in error that v;bai = Vo, in which
connection [compare (5) with (8)] the natural width of the rotation
line*** is overvalued by approximately a factor of 10. The book by
Penner*®” introduces an erroneous connection between f:bs and
fo™, owing to the wrong definition of the oscillator strength.

NThis statement is true for both atoms and molecules, if we
use for the latter the definition (4) of the oscillator strength in
absorption or emission. If the fo are defined by means of the
approximate expression (5), then the sum rule should be satisfied

only approximately.
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FIG. 1. Definition of »82% and
viax according to the Franck-.
Condon principle, The ordinates
represent U (r).

of emission of an electronic system of bands. Let us
consider a layer of hot gas in thermodynamic equilib-
rium of thickness ! (Fig. 2). By Kirchhoff’s law we
have for emission in the direction of r

Iy=B, (1 —e~towx), (7)

where I, is the intensity of radiation from a unit sur-
face of the gas into a unit solid angle per unit interval
of the wave number; B,, is the intensity of absolute
black body radiation

By =

2hc?v3
GReV/RT _ ¢ *

Let us establish also the connection between fgbs
and the average lifetime of the electronic state!! Tm,n

!

FIG. 2. Radiation from a layer of
hot gas of thickness [ in a solid
angle dQ) in the direction of r.

where m and n are the numbers of the states pertain-
ing to the upper and lower electronic levels, respec-
tively. Leaving out the rotational transitions, summa-
tion over which yields a factor of order unity, we ob-
tain for the total average lifetime 7 =1/ EAV',V”’

v
where Ays y» are the Einstein coefficients:!!

B4nte?

3,8, G o O
>

64e?
3h

RG" (Vmas)®.

2 -Av',v” =
v

Here v8M. is the wave number corresponding to the
maximum probability of transition from the upper
level v’ to the vibrational levels v” of the lower
electronic state. G” is the electronic degeneracy,
corresponding to the number of components of the
lower electronic state to which the transition takes
place. Substituting fae.bs from (5), we obtain

iabs b

jsbs _ me  Vmax g:___1 G Vinax
¢ T G” W eml)s '

max

8

where 7 is in seconds and vy, is in em™L.

In addition to the relations considered above, it may
be useful to employ in some cases. the connection be-
tween the oscillator strength and the refractive index
of the gas n(v) (see references 11, 7, 16, 21, 132,
169, and 184) and the polarizability."11:% Thus, for
cold gas and v lower than the long-wave absorption
threshold we have
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! abs
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nt(v)—low—— Y

1 ¢ k(0)do
(V abs )2—'\’2 +F S (1)2—\72 ] (9)
where the summation is over individual bands of the

discrete spectrum, and integration is over the continu-
ous spectrum. We have here for individual vibrational

bands of the electronic system

v,
fabs = /abs Qo o7y

abs
Ve max

where vy v is the wave number of the vibrational
transition and V%%Slax is the wave number correspond-
ing to the maximum of absorption in the given elec-
tronic system.

The foregoing formulas are valid if the total tran-
sition probability can be represented as a product of
the electronic, vibrational, and rotational probabilities.
The latter, strictly speaking, is not true, since the
electronic wave functions depend on the internuclear
distance r, and consequently the transition probabil-
ity in the electronic-vibrational band is proportional
to

| )b DR ar |

Fraser!®? has shown separation is possible even in
this case, but R2 must be regarded as a function of v
(or of the mternuclear distance ry« ,v”» at which the
transition takes place in accordance with the Franck-
Condon principle at a wave number v —the so-called
r-centroid). At the same time, (5) becomes incorrect;
fgbs as defined by (4) is no longer a constant charac-
teristic of the electronic transition on the whole, since
generally speaking f k (v)dv does not remain constant,
say, when the temperature changes, etc. Sometimes
formula (5) is taken as the main definition of fabs then
fa 8 is considered a function of y.

Since the author believes that the existence of a
clear cut Rze( v) relationship has not been sufficiently
investigated (see the discussion of the experimental
results ), we shall henceforth assume everywhere
Ré(v) = const.

2. THEORETICAL CALCULATIONS OF OSCILLATOR
STRENGTHS

Except for the simplest cases, it is necessary to
resort to approximate wave functions in theoretical
calculations of oscillator strengths. In particular, the
significant assumption is made that the total wave func-
tion of the molecule (or of the atom) can be repre-
sented as a linear combination of products of single-
electron y functions. The state described by each
such % function is called the electronic orbit (the
orbital approximation).7,26-28

Owing to the oscillating character of the wave func-
tions, the oscillator strengths usually depend strongly
on the assumptions made, so that calculations of f,
made by different methods for the same electronic
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transition may deviate by several powers of ten.
Therefore the data obtained by rather laborious theo-
retical calculations must still be regarded in most
cases as tentative and as requiring experimental con-
firmation.

From the qualitative point of view, a very valuable
classification of electronic transition was proposed by
Mulliken."s80:8 [t ig necessary to separate first tran-
sitions of the Rydberg molecular series, in which the
electron goes to an excited molecular orbit close to
the atomic orbit. The intensity of such transitions is
usually large, and the oscillator strengths can be cal-
culated relatively accurately. Next come transitions
of external (valence) electrons between molecular
orbits proper; the probability of such transitions van-
ishes when the nuclei are infinitely diluted. There are
two methods of orbital approximations.’?T In the first,
the total electronic wave function is constructed with
allowance for the symmetry properties and the total
spin of the electron, as a linear combination of the
products of wave functions of the component atoms;
these functions are usually found in the orbital ap-
proximation (AO method)."»26:28:29,36 The gecond is
based on single-electron ¥ functions, which describe
the state of the electron in the molecule and are usu-
ally linear combinations of the atomic orbital func-
tions. The total molecular wave function is repre-
sented in the form of a linear combination of prod-
ucts of molecular orbital functions (LCAO MO
method ).7»26:21:1,20 gpecific calculations are usually
modifications of one of these methods. An idea of
their use can be gained from references 7, 30, 71, 37,
and 220 — 222,

Among the orbital transitions of the valence type,
Mulliken distinguishes between transitions from the
ground state (N) into the excited one (V), which
are close to Rydberg transitions (sometimes being
simply the lower terms of the Rydberg molecular
series), and usually have a high intensity (NV tran-
sitions ). From the point of view of the AO method,
the V state corresponds to an ionic structure of the
initial atomic wave functions with the nuclei highly
diluted. This type usually includes a parallel £-Z
transitions. The following estimates have been de-
rived’ for NV transitions: for those similar to NV
transitions in Hy,

ms—z) (LCAO MO), (10)
and
R, ~ Wi’ — (A0), (11)
and for transitions similar to NV transitions in Hj,
R~ e (12)

where r is the distance between nuclei A and B, and
S is the integral of the overlap of the two initial atomic
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single-electron wave functions
S(r)——-IS‘I’A(V)‘I’B(V)dV .

Equation (11) should be used for large r and (10)
for small r. Tables of molecular integrals,3%% are
useful in the calculation of S and of other molecular
quantities.

Finally, we can single out the so-called NQ tran-
sitions, much less intense than the NV and due to
transitions of electrons between a non-binding 7-or-
bital and a binding or repelling o orbital.’»?® These
usually include the perpendicular Z-II transitions.
Their low intensity is explained by the fact that the
transition npo-npm is forbidden in the combined atom
(i.e., the atom whose nuclear charge is equal to the
sum of the charges of the component nuclei). From
the point of view of the AO method, the Q state cor-
responds to the initial wave functions of the neutral
atoms. Not all the transitions of the valence electrons
are of the NV or NQ type; thus, one cannot assign to
these states transitions that are strong in the com-
bined atom, if the molecular orbits of the outer elec-
trons of the V and Q states are close to the atomic
orbits of the latter. The NV and NQ transitions are
of greatest practical interest, since they fall in the
visible and ultraviolet regions of the spectrum.

In connection with the estimate of the oscillator
strengths, we mention a theoretical paper by ter Haar,’
who established the following ‘‘sum rule’’ for single-
electron transitions. If A is the orbital quantum num-
ber, A=0,1,2,..., correspondingto o, m, 6...
states, and if by the selection rules A\ = 0, 1, then

2 fe= 1:;:}\" Zfe':%’

AA=21 Ar=0

2

(13)

where the summation is over all the transitions of the
electron from the given molecular orbit to all the
others. Individual oscillator strengths can be either
positive (in absorption) or negative (in emission).

Table T lists the theoretically calculated oscillator
strengths with an indication of the method employed
and the corresponding literature reference.

3. EXPERIMENTAL DETERMINATION OF OSCIL-
LATOR STRENGTHS

The experimental values of the oscillator strengths
are frequently quite indeterminate, owing to the fol-
lowing principal difficulties. If k(v) is experimen-
tally determined with the aid of formula (1), the re-
solving power of the instrument and the presence of
a rotational band structure are of appreciable signif-
icance.!® If the values of I are not too small, total ab-
sorption takes place in the maxima of the rotational
lines. Consequently, if the resolving power is low,
the change in the intensity in the transmitted radia-
tion is determined, depending on the pressure p and
on I, by the regions with minimal k (v), and

V. N. SOSHNIKOV

N 'S
l ln [ I’VD ]\BV
may prove to be less than (1/7)k,,(v) by a factor of
several times ten. We can assume that

(6B M )y ~ e~HravM) (1a)

only when the rotational lines overlap, when the re-

sultant spectrum is continuous, or when I is small,

so that even at the maxima of the rotational lines we
have

Ehaax (V1< 1, (14)

and

( I_V>W& Ehge (V) L. (1b)

< Ivg

In the latter case (absence of self absorption), Eq. (7)
is also simplified and becomes

I, ~ Btk (v) 1. (7a)

If emission in a certain interval Ay is considered,
the quantity k (v) in (7) and (7a) can be replaced by its
value (6)*°12 only if the rotational lines overlap or if
the values of ! satisfy (14). It is also easy to verify!l,?
that if (14) is satisfied the intensity of the light ab-
sorbed or emitted in the vibrational band is respec-
tively

(ic)
(7b)

abs 7 npe ’
]v’, »=D"n Rer’, v Vor, -G,
em ‘o n ’
v, w=D'n Requ', " Vo!, v"G )

where D’ and D” are constants that depend on the
choice of the system of units and on the geometrical
characteristics of the experimental setup; n” and n’
are the concentrations of the absorbing and emitting
molecules, respectively.

The electronic oscillator strength can be determined
by measuring the coefficient of absorption in an individ-
ual rotational line, provided the vibrational and rota-
tional transition probabilities are known. Since the re-
solving power is usually insufficient to separate the in-
dividual portions of the rotational lines, appreciable
corrections must be introduced in such measurement.!?
Examples of such calculations can be found in refer-
ences 160, 177, and 17 (in the last work we repeated
the numerical calculations, which take account of the
insufficient resolving power, and obtained the same
result).

In some cases {208 can be obtained from low-
resolution measurements if the exact relative inten-
sities and contours of the rotational lines are known.%
226 But in this case it is necessary to know the impact
half-width of the line and the arrangement of the rota-
tional lines. Attempts to make the rotational lines
overlap by adding broadening gas at high pressure
may be unsuccessful. Thus, Weber and Penner®®
added helium at a pressure of several atmospheres
in a determination of fg.bs of the NO vy system;
strangely enough, Beer’s law, i.e., linearity of the
function
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Table 1. (cont’d)

As- As-
sumed| As- [Calcu- d| As- |Calcu-|
Mole- value |sumed| lated abs | Bibliog- Mol e | Bibliog-
cules. Transition of | abs |y,abs Method|  ¢§ raphy Remarks 01?1 ee; Transition vzl;xe g:::ll,esd la:gtsl Method| ¢abs raphy Remarks
re (A)] mex | max | : 1o (A)} Ymax anax
137 x137 | 2,28 M 7 ‘
z,— X%, (64) 0| 100 e A1, 120019 | 20 | b | 0.029 7 | Without hybrid-
Bre 8,101, —X13;| 2.284 23(ct.] MO |2.1-102} 87 — XMy, izatlon and or-
) ogonalization
2.284 ref.84) 40 |6.,0-103| 7 Swan 131 19.4 Mo | 0.13 % | In different ap-
1 bands
prg:_:imations
8 __
13— X131 1.98 | (72) MO | 0,83 d e 503.1‘)‘02'
al . _ . 1,31 ] 19,4 MO | 0,18 79, 80 c
' S, —X12, 1,983 31(ct.] MO [2.1-107* ? : AO, 0,075 72 In accordance
1.983 ref.84) A0 [4.7-10°3| 7 MO with the ex-
p:gimental
N G fe® (CN
23— X1z, | 1.435) (80 MO | 0,45 v e : o001
F P i MO | 0.24 1% 1i Orthogonaliza-
2 s, —x15,| 1.435 345 | Mo [2,2.108| 7  Vtionand o
1,435 (cf.ref] AO |2.2.107¢ 7 hybridization
84) cllg—bl,, | 1.29 | 26 26 h | 0,039 7 Without hybrid-
I . L‘ o Delandr- i:aﬁonalmd or-
AI— X13*% 1,232 22 and (.07— 220 D’ Asambuch . thogonalization }
BH AO m 0 12 system 1.32 26 MO 0. 17 78 In differexft' ap-
proximations
- f:bsk= 0.03—
oA .
A2A—- X201 | 1.12 23 1;[(()), 0.0018 72 -lnwﬁf:ma:f: 1.32 | 26 MO 0.23 79, 80 M
pegimental
e, 2,65
) =1, = v __yivt| 2. 15 MO ~0.51 " i
MOand| 0.010— | 420 Li A2 X2 5 6 MO | ~0,49 n b
AOm| 0,014 A2 g x1zt| 2.65 21 | MO | ~1,00 7 i k,
CH 1.118| 23.2 3 1 0.008 73 See also discus- ¥ %0l 2,65 MO | ~0.66 i c
0.002 74 sion in ref, 76
B3 -—X?I| 1,12 27.2 r’o(;in_d 0,008— 220 See also
AOm| 0,018 ref. 176 3[[..__R3 1.1 4 7
Cist—xor| 1,12 30.4 [MOand] 0,007— | 220 Collu—Bllg, 1.18 130 | 32 | b 4 0,033 ’
AQm| 0,010 N, | Positive
’ system IT -
ASTI— X331 1,04 30 AO, | 0.0029 72 In accordance
MO with the ex- .
pegimental BrZe—X3 | 1,117 26 26 | MOf| 0.04 82 See also
NH 2 o, Negative | 1-117] 25.5 MO | 0.12 " In Shferont ap-
104 MO | 0.000— 220 =h2x N3 system I proximations
' AOm| 0,019 €2 = 0.025—
i 1.417] 25.5 MO | 0.18 79, 80 0.3;
[~
0,971 33 | MO [4,3-10-® 7
0,971 AO |6.1-107% 4
OH | A?S*— X1y 0.971 MO, |2-10"3— 220 3.08| 14,7 { 16 h 0,039 68 ithout allowance
AOm| 4.10- Na, 1.78] 14.7 h 0.26 69 for hybridization
0.971 MO, |~ 0.1 220 e AT, X3! '
AOm ~3.08 14.7 MO | ~0.2 0 Within the limits
£8bS - 0,03
0.6;C,1,k
B, AT, —X337} 1,59 | 30.6 | 30 k| 0.077 o8 Without allowance
for hybridization

0ey

‘N ‘A
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Table I. (cont’d)

As-
Mol " sumed| As- [Calcu-| L
:1 €| Transition |value d|lated |Method| ¢2bs Bibliog- Remarks
cwes of | abs | jabs e raphy
re (A) | max max |
B3y 1.20 | 69 69 MO 0.27 ? € See also ref.
- 176
- X33,
02 Schumann- | 1-21| 69 MO [0.01—0.9| 83 Different MO
Runge :i;;;:‘r:xxma-
system

Remarks. a) At small relative shift of potential curves, ¥225 has been ob-
tained with the aid of reference 6, assuming a harmonic oscillator and using
the Franck-Condon principle; at large shifts, the calculated values of the
Franck-Condon factors!—* were used. The parentheses contain the values of
V,‘:,bai of the unobserved spectra. vaPs is given everywhere in units of 10°
cm~'. b) By the formula R, = (RA0 + R¥9)/2, where R¥C and RAO are
taken from (10) and (11). c) From the dipole velocity (3a). d) In reference
7 —comparison with the experimental data on dispersion and polarizability.

e) From the formula R, = RMO/3, where Rhe'lo is taken from (10). f) By
formula (12). g) Exact two-center wave functions. h) Single-electron approxi-
mation of the type Hf. i) Calculation for various r. k) Comparison with fgbs
(LCAO MO), calculated in various approximations. 1) For perpendicular tran-
sitions — strong dependence of R% (r). m) AO with further account of the|““in-
teratomic correlation interaction’’ as proposed by Holley. n) In reference 64 is
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+H* + hv as a function of v.

given the electron probability of the transition 2po - 1sg, He*+ + H - He*

o(p)=—§ log [1] av,

where the integral was taken over the vibrational band,
was satisfied. Nonetheless, the ¥ (x) lines did not
pass through the origin, meaning that no overlap of the
rotational bands was achieved and that the actual os-
cillator strength could be many times greater than the
resultant value, f%bs = 0.0025 (cf. references 88, 226).
1t is also difficult to employ Beer’s law at low values
of pl, at which (14) is satisfied, owing to the very weak
absorption.

In references 100, 114, 115, 125, 134, and 150 and
others, a light source with a line spectrum was used
to measure the coefficient of absorption of the con-
tinuous spectrum (photoionization, photodissociation).
However, the measurements were again carried out
in regions where discrete bands were superimposed
on the continuous spectrum. In these regions, natu-
rally, a considerable spread in the measurement re-
sults was observed, and the true coefficient of absorp-
tion could not be determined from these results.

1t is obvious that a direct measurement of the in-
tensity of emission of gases in a discharge can hardly
be used to determine fg, since the concentrations of
the excited molecules are not known, and all the more
since the system may not be in thermodynamic equi-
librium.

In the analysis of measurements of absorption and
emission of gases heated to high temperatures in shock
tubes® 8137 jt is usually assumed that the rotational
lines completely overlap, owing to impact and Doppler

broadenings or owing to fulfillment of (14). This, how~
ever, does not always take place. The main difficulty
is that the quantity measured is usually the emission
from a mixture of components, and that the same over-
all intensity can be produced by a rather wide choice
of individual oscillator strengths. In addition, the tem-
peratures of the radiating gases, measured in reflected
shock waves, are always subject to error because it is
difficult to account for the energy losses in inelastic
reflection. This may cause the values of fg to be in
error by a factor of several times, owing to the sharp
temperature dependences of the component concentra-
tions and of the absorption cross sections. A special
study is also needed to ascertain whether thermody-
namic equilibrium obtains.

Nor is the value of fg determined from the lifetime
7 of the upper electronic state sufficiently reliable.
The transition to the lower state may be in the form
of a cascade, depending on the excitation conditions.
The quantity measured in this case is only one value
of the time, pertaining to transitions between different
electronic states, if the time corresponding to one of
the electronic states can be singled out at all.

Neglect of the rotational structure of the vibrational
bands can lead to serious errors in the measurement
of either the absolute or the relative intensities, in
particular in an experimental determination of the
function Rze(v) with the aid of formulas (1c) and (7b).
We note that the data of Nicholls?? concerning a sharp
dependence of RS on v for the Schumann-Runge bands
of the O, molecule are based on the erroneous meas-
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urements of Ditchburn and Heddle.}"»2%:12 The influence
of the rotational structure of the bands in other cases,
such as the y system of NOY, positive system I of
N, (reference 24) and others, is not known. In par-
ticular, we mention a paper unavailable to us, ¥ in
which doubts are raised concerning the correctness

of the theoretical and experimental data for positive
system I of N, (see also reference 136).

Obviously, therefore, in spite of the decisive sig-
nificance of an experimental measurement of fe, a
thorough analysis of the experimental conditions with
use of the theoretical data is necessary in each case.
Let us consider briefly the principal experimental
results for individual molecules.

Oxygen, O,. The absorbing system in the visible
and ultraviolet portions of the spectrum is the
Schumann-Runge system, the principal part of which
is situated at low temperatures in the continuous
photodissociation spectrum. It is therefore relatively
easy to obtain the total value of f k (v)dv, which gives
fabs = .16 for the oscillator strength.!® Using the
data of Ditchburn and Heddle,!" who measured the os-
cillator strengths of the vibrational bands of the
Schumann-Runge system, Nicholls?? derived a depend-
ence of Ré on v. However, the data of Ditchburn and
Heddle!"»12? for the discrete portion of the spectrum
were in error both in absolute and in relative magni-
tude!®3 (see also footnote 2). Bethke?® measured the
oscillator strength of the Schumann-Runge bands in
absorption, adding argon with total pressure up to 125
atm, and found from the oscillator strength of the (0, 0)
band (v ~ 49,400 cm™!), in accordance with (5), a
value fgbs = 0.16. The calculated values of fg.bs de-
crease, with increasing v, i.e., on going to larger v’,
up to v/ =15, for which %bs decreases by a factor
of four.

This change in fgbs is apparently due to the use of
incorrect Franck-Condon factors,* since fgbs ~ (.16
at still larger values of v, corresponding to the photo-
dissociation region. Adding to this the measurements
of absorption!®! and emission’:1%:23¢ in a shock tube,
we obtain as the most probable plot of Ré( v) the
curve shown in Fig. 3.7 References 90 — 130 list the
works devoted to absolute measurements of the in-
tensity in O,.3’ Ladenburg and co-workers!®:2* meas-
ured the refractive index directly in the region A
= 5900 — 1920 A, and found an empirical formula simi-
lar to (9), with f; =4.0 x 107° and (»){L),, ~ 52,600
em~! (transition v* = 0 — v’ = 5 of the Schumann-

*This may due to the unsuitability of the Morse model for the
potential curve of the upper state (see also table of Franck-
Condon factors”***),

tMore recent data on the absolute values of Ri(v) are con-
tained in reference 232. :

' $Noteworthy among these are the investigations of Meyer,
Heilpern,”” Herman,”® Robin'**’**° and the series of researches by
Dianov-Klokov®® who consider the change of the coefficient of
absorption in forbidden electronic transitions with increasing
pressure and on going to the liquid state of O,.
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FIG. 3. Dependence of the square of the electronic moment of
the transition of the O, molecule in the Schumann-Runge system
(in atomic units) on the wave number.

Runge system); f, = 0.202 and »{Z), . ~ 68,200 cm™
(the Schumann-Runge continuum ); f; = 5.93, V%’ax

~ 184,000 cm™! (ionization continuum). Stueckel-
berg? gives a theoretical calculation of the coefficient
of absorption of the Schumann-Runge continuum, and
the remaining papers report measurements of the co-
efficient of absorption in the ultraviolet and extreme
ultraviolet (see Table II).

Nitrogen, N;. The best known nitrogen systems
are positive I (for which, however, there are neither
theoretical nor reliable experimental data on the in-
tensities ), positive II, and the systems of Lyman-
Borge-Hopfield and Begard-Kaplan. The oscillator
strengths of the last three systems were determined
from the experimental lifetimes 7. To exclude the
possibility of a cascade process, the measured value
of 7 for No(2*) and of the ion Nj(1”) was extrapo-
lated!? to the energy of the exciting electron beam,
an energy corresponding to the excitation threshold
of the considered electron levels, but the authors noted
that this extrapolation was not sufficiently reliable.
The oscillator strength of the ionization continuum
was estimated®? from data on the dispersion. Meas-
urements were also made®?® of the radiation of air
in a shock wave, but these data were insufficient for
a final evaluation of the oscillator strength. Many
investigations were devoted to the measurement of
the coefficient of absorption in the extreme ultraviolet
(see Table II). Astoin and Granier!¥® measured the
coefficient of absorption in the interval A = 1000 —150A
and compared the results of the earlier investigations.

A very crude estimate!l»}4 of the oscillator
strengths of the forbidden transitions can be made on
the basis of the value of pl necessary to be able to
photograph the forbidden electronic bands in absorp-
tion. We note also the work of Robin et al.?% on the
measurement of the coefficient of absorption of nitro-
gen at A = 2000 — 3000 A and at a pressure ~ 500 atm.

Nitrogen oxide, NO. Measuring the absorption in
the vibrational bands of NO mixed with helium at
pressures up to 30 atm, Weber and Penner® obtained
the value fae'})’,s = 0.0025 for the y system of NO. In
an analogous investigation, Bethke!® obtained fabs
= 0.0015 and f%.b;,s = 0.0024 (argon was added, with a
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total pressure up to 60 atmospheres). Bethke also
measured the intensity of the bands produced by super-
position of the vy, B8, 6, and € systems. By using their
values of the oscillator strengths and by calculating the
Franck-Condon factors for the 6 and € systems with
the aid of the wave functions of the harmonic oscillator,

we obtained from his measurements f‘é‘lgs ~ f%bs ~ 0.02.

As already noted, however, no complete overlap of the
rotational lines was obtained, in spite of the consider-
able pressure. The actual oscillator strengths may
therefore be much greater. Erkovich,? who measured
the intensity with a low-resolution instrument, ob-
tained an estimate f%bs ~ 0.04 from a calculation of
the true contour of the band. A later paper by Erko-
vich??® contains data that contradict each other as well
as those of his earlier work:% the tables of his article
list the values Rg ~ (0.11 —0.14) atomic units for the
B and y systems, respectively, giving an oscillator
strength ~ 0.002 — 0.003 for each system. At the same
time, the text and the plot refer to a value Rg ~ 0.7
atomic units for the 8 system, corresponding to an
oscillator strength ~0.1.

It follows from the shock-wave data® (Figs. 15a and
b) that fa S ~ 0.025% ( defining the oscﬂlator strength
as fo = 81r2mcR2 2G’'v/3h, Keck et al.’ obtained feg
= 0.006 % 0.002 in the interval A = 3500 —5000A). This
is apparently the most reasonable value. Neglecting
the rotational structure we obtain from Bethke’s data
fabs/ abs = 0.6, while Marmo’s data!” on the ratio of
the intensities of the y- and B-system bands yield
fabs/ fabs = 4. Taking these and the preceding results
mto account as well as the results of a comparison
with the data of reference 5, we must apparently as-
sume tentatively f20S < 1072

The radical CN. The oscillator strength of the
violet system of CN was determined by White,160 who
measured the absorption in the rotational lines of the
violet system of CN, obtamed in a short-duration dis-
charge in C,N,, and found £2PS = 0.1—0.06. The con-
centration of CN was ca_lculated assuming full disso-
ciation of the CyN,. An indeterminacy is introduced
here by the possibility of decomposition of the CN
during the time of the experiment, which may lead to an
overestimate of the CN concentration and accordingly
to an overestimate of f89S. White also investigated
the reaction

(CN), == 2CN

in an electric furnace at 1500° K, and determined with
the aid of the value of f%bs, obtained in the earlier
work, the dissociation energy D (C;N;) = 146 — 138
kcal. On the contrary, by specifying a dissociation
energy D (C,N,) = 145 kcal,'® chosen in accordance
with the thermochemical datal®® and D (CO) = 11.11 ev,
D(N;) =9.76 ev, D(CN) = 7.5 ev (Schmid, Gerd, and
Zemplen®®), White’s results yield fabs =0.081 (see

¥In the calculations we used the tables of equilibrium con-
centrations.'*® The calculation was based on formulas (6) and (7).
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also reference 82). We can then determine tentatively
the oscillator strength of the red CN system, by using
the measurements of the relative emission intensity
at T = 2573°K of the (0,0) band, [y, = 25,800 cm~!)]
of the violet system!®? and the (2,0) band [v2,0
= 12,700 cm~!] of the red system.!®! We neglect the
rotational structure, and apply formulas {5) and (7b).
Taking the Franck-Condon factors from references 160
and 164 we obtain (f8bS)..4 =0.0131 and (£&P S)v

~ 1.1 x 1073, contradicting the estlmate (f abs) .4
~ (f8bs)_, given by Herzberg. 162* Thus, the ch01ce of
oscillator strengths is determined, in the final analy-
sis, by the dissociation energy of CN and C;N,.

Recently a new value has been proposed, D (CN)
= 8.1 ev and accordingly D (CyN,) = 116 kcal (see the
discussions in references 166 — 168 and 219). This
choice is based principally on the work of Brewer,
Templeton, and Jenkins,®® who made optical measure-
ments of the relative intensity of emission in the most
intense portion of the violet (0,1) band of CN in a
graphite tube in equilibrium with a definite amount of
nitrogen (py, ~ 0.3 atm). It was assumed that the
intensity of emission in the (0,1) band is propor-
tional to the concentration of the excited CN mole-
cules [formula (7b)]. Measurements in the tempera-
ture interval T = 2500 —2900°K yielded the following
value of the reaction heat

C (graphite) + + N, =>CN — AH,, AH,=9% + 5 keal.

Assuming D(N,) =9.76 ev (225 kcal) and the
sublimation heat of carbon to be L(C) =17.37 ev
(170 keal), we obtain D(CN) =8.2 + 0.3 ev. On the
basis of this work, Gaydon uses in the new edition of
his book!®® a new value of dissociation energy for CN,
and thereby casts doubts on the results of Schmid,
Gerd, and Zemplen.? Doubts are also cast on the
accuracy of the experimental measurements of White,
smce it would follow from D (C3N;) = 116 kcal that
(fa ), = 6.5 x 107, But this value of fabs clearly
contradmts the theoretical estimate of Mulhken,160
who obtained (faPs), ~ 0.1. At the same time, if we
assume, to the contrary, that White’s first work with
(f%bs )v’ which agrees with the theoretical estimate,
is correct, it becomes difficult to understand how the
second work, carried out with the same apparatus,
with spectral instruments of the same resolving power,
and with approximately the same absorption intensity,
can cause a hundred-fold error in the determination

f f k(v)dv.

A major shortcoming of the work of Brewer et al.
is the assumed proportionality of the intensity of emis-
sion and concentration of CN [formula (7b)]. Owing
to self absorption, the intensity of emission changes
with the temperature in the rotational lines, more
slowly than the concentration of CN, so that the dis-

*The value (f3P%);cq = 0.02, given in references 227 and 229,
was not determined experimentally, but proposed on the basis of
Herzberg’s estimate and an analogy with other molecules.



Table II. Experimental oscillator strengths

Mot | ab eneal | Bibli ] Emperic |
ole- s [ em b menf iog- Mol . ab tal og-
culeg| Transition l/:“u V:mx gaps value | raphy Remarks c::l:; Transition | vE%3 | Yihax fgbs '::i'“e raphy Remarks
of T (sec) of T(sec) i
HI |13 X18%| 45 0.012 0% 3% | d In ret. 205—salso He, 235 >0.05 163
continuum ? D). Individ-
ual absorption -
3‘_‘_“;58 a7t0 See 30,, 210, 211 | Measurement of
ref. 26'2 g H lifetime in
. 82 metastable
- state
HBr ‘r"ﬂ—:ﬁY{gj, 55 0.035 202, 208, | 4 In ref. 206—also
continuum 208 D(Br). Individ-
ual absorption AAT—X201 | 23 0,06 (M) 75,7 | Latest measure-
bands at CH ments of life-
v~ 65—75. See time in CH and
ref. 202 NH, see ref. 241
|
HCI |53 —X12* | 65 0.044 202, 203 | d Continuum o |A*Z"—XM| 33 1.2.103 See dis-
cussion -
HF | continuum 201 K () in the interval .
15=60.5—66.5 Li, Alzu—XIE‘; 15 About 0.3 184 Anomalous dis-
( persion in
' rotational
1':’Hu*XlE:; 18,5 ~0.015 % 84 138 | 4 Continuum and i lines
1::-111;2, bands, In ref.
i, | B A
3 4 or A= 2§+ + 2
1, 200, 209 A. For vibra: BET KRBT 28 0.081¢) o 8%, 160 f:bs taken in ac-
tional analysis | (violet cordance with
see refs. 186, system) D(C,Ny =145
190, 198, 104 AT — X3+ 10 1.1-10°3 161-164 keal s i
i d — X% A From ratio of in-
sy’ __xiy° | ~37 ~5,4-1072 188, 209 (red sys- 5] tensities of
v ¢ CN tem) emission of red
continuum and violet sys-
j - tems at T=2573°K
1;-"1'[,‘?— 23 ~4-1073 7,84, 21, | d In ref. 21—from without allowance
Xz, 25, 187, anomalous dis- for rotational
9, 191,
continuum 11895’ ~197 xl?:trastli::ali‘ fhe structure.
Br, and bands lines
0,76 185, 180 | 9 Absorption in
interval v
= 47-54 CoE continuum | Oxo- 2.8 158 Absolute measu-
JZ)O rements for dif-
1,3[F, — ' ~2.1073 7, 86,191, | ¢ . 190 ferent electronic
Cl, Hulz’ 3 199 Continuum systems, see
—X g also refs. 120,
122, 139, 157, 159,
F, 1,3Hu—X12; 34.5 ~4-1074 7,84 | d Continuum
lonization | ~136 0.69-0.79 114, | In ref. 169—by dis- BL—XPIT | ~55 0.025 (?) See dis- S°2°2;151°35°f5- 4
continuum 169-174 persion. Transi- NoOf (p-system) cussion f
tion between the 1A2EY — X201 | ~50 L1072 () See dis- | The game
excited states (y -system) cussion
(continuum) etc, continuum 145-153 Measurements of
I see also refs. 7, 155 k (/). See also
2 43, 109, 175 and refs. 120, 122,
225, 130
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Table I. (cont’d)

Mol ab Experi- EXPel:;'
ole- i4i s em b tal | Bibliog- Mole- b ment Bibliog-
cuI:s Transition | Ypay | Vmax fe>® ?ii‘ue :a;:);g Remarks cvglees Transition | Vmax | Ymax 278 value :aplf);s Remarks
of T(sec) of T(sec)
B —X3% 5| ~69 0.16—0,20 5,12, 18, | Emigsion, ab-
91,9 i i -
CoI,—B°I,| 32 | 28 0,048 4481078 | 140, cf. | Positive system Schumann- Nz ien | Sorption, disPehy
also 1. Excitation by Runge
ref. 5 electron impact system 124, 103, and 112—calcula-
: P y 106, 118, tion of the prob-
232, 236 ability of emis-
. . sion from individ-
A2, —X12 | 67 |36(cf.| <6.6-1077 >1072 139, 142 Vegard-Kaplan ual bands (see
ref. system. Excita- 0. also refs. 105,
142) tion with elec- 2 Tonization ~180 6—6.9 18, 92, 100, 120, 122)
tron .unpacs. and disso- 113, 115, | Absorption and
2,9-107% |2,3-10°¢ 135 See Lxch.ten“g ciation con- 124, 127 dispersion (see
correction tinuums ’ also refs. 105,
1,23-107 141,144 | b 120, 130)
L —xi3* 1076 Q-] 189 Lyman-Borge- 13 xsy, ~4.2.10"1
allly— X2 175(cf.| 54 8.8.10 1.7-10 Bopfield ays- b1Z —X3%| 13,1 | 13.1 4,32 1%)0_“’0 ~Zo 1281,2;29, See also refs.
ref. tem. Excitation atmospheric ~9- ~ 212-214
137 with electron bands
impact; mag-
netic dipole - -
tmnmfn_ See Remarks to Table II. a) See remark a) of Table I. b) Approximate estimate
also refs. 105 from the value of pl, necessary for photography of the bands. c) In the cal-
and 137 : s - :
culation we used the Franck-Condon factors which were graciously supplied
Ng* 1.36-107¢ 141, 144 | b Electric to us by I. T. Yakubov. d) f2°® was estimated from [k(v)dv. ) See also
80 (cf. Suadrupole refs. 131, 143, 237. f) See also refs. 143, 237. g) In ref. 231 there is also an
a"tE —X15] 'lesfg') 4.4-107¢ 141, 144 estimate of the lifetime of the metastable state a®ll.
BoasT . |ooet 6.6-107 |y
ngs 139
C3IL __;1)3" _fle(cf. 1.6.1078 uL, 4 | b
u 9{139)
continuum | ~ 140 3.3 120,121, | The dispersion
126, 182, was measured
184,138, | in ref. 132,
100
93, 94,101, | Measurements of
104, 105, the coefficient
108, 109, of absorption
114, 116, k@)
120, 122,
125, 126,
133, 134,
137, 138,
143
N, |BPE,—X23 21 | 25 0.040  |6.5-1078| 140, cf. | Negative system
also L Excitation
ref. 5 with electron
impact
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sociation energy is overestimated. Our own calculat-
tion has shown that when D (CN) = 7.5 ev and (f‘é‘"s)V
= 0.081 — 0.04, calculation by means of the approxi-
mate formula (7b) instead of the exact formula (7)
leads precisely to an overestimate of D(CN) by

~ 0.7 —0.4 ev respectively. The data on the doublet
splitting have been taken here from reference 160, and
the impact half width has been calculated from the gas-
kinetic cross section o = nr? at r = 2A. The value of
the latter hardly influences the final results, and the
deviation from the case o ~ 0 can in general be neg-
lected. When D (CN) = 8.2 ev and (f%bs)g = 6.5 X 1074,
the overestimate is merely ~ 0.1 ev. Thus, the results
of Brewer et al. are not decisive in the choice of D(CN),
although they furnish definite evidence in favor of D{CN)
=17.5 ev, (f8PS), =0.081, and accordingly (18b8) .0q
=1.06 x 1073, '

Hydroxyl, OH. Measurements on OH, by a method
similar to that used by White for CN, were made by
Avramenko and Kondrat’ev?®® and, using better appa-
ratus, by Oldenberg, Rieke, and Dwyer.""»17® A high-
resolution spectograph was used to measure the ab-
sorption in the rotational lines of the (0,0) band of
OH, the concentration of which in the mixture of water
vapor and oxygen was calculated theoretically. By
processing the results of the measurements obtained
under different temperatures and concentrations of the
initial components, Dwyer and Oldenberg!™ determined
simultaneously fg.bs and the heats of the different re-
actions in which OH was formed. The final values
they give are fgbs =1.26 x 10~% and D (OH) = 100.1
+ 0.9 kcal (4.34 ev). Repeating the measurements of
Oldenberg et al., Dyne!®! obtained only half the value
of the oscillator strength, and raised doubts concern-
ing the accuracy of the Oldenberg measurements (a
more detailed report of his work is given in reference

227). Analyzing the measurement results, he also
found that the impact broadening a (where a =
AVimp" In2 /A”Doppl) should be less than the value
obtained by Oldenberg et al. Were we to assume the
value D (OH) = 103 kcal,6%,166,119,218 ohtained by using
the Borge-Sponer extrapolation, in the method of elec-
tronic impacts, etc.®® and to recognize that the Olden-
berg measurements were made at T ~ 1750°K, we
would obtain a suitably modified value fgbs =5.4

x 1074, Analyzing the photographs of a discharge pro-
duced in water vapor, Barrow?!%:%7 investigated bands
which he ascribed to the transitions BZ*-A%Z* in OH.
From this he found the A%%* vibrational levels from

v =0 to a level with energy different from the disso-
ciation limit by less than 300 cm~!, from which fol-
lows that D (OH) = 101.3 kcal. This value agrees
with the measurement of Oldenberg et al. and is quite
likely, since it leads to fabS = 8.9 x 10~%. Hornbeck,®®
on the basis of a spectroscopical investigation of nine
lower vibrational levels of OH, obtained by extrapola-
tion D (OH) = 106.7 kcal. This extrapolation, how-
ever, is quite indeterminate (only up to the dissocia-
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tion limit of 19 levels) and can therefore not be re-
garded as final. Recently Carrington!®? repeated the
measurements with absorption of OH in a flame, in
order to resolve the indeterminacy in the oscillator
strength and the impact width. Using the most intense
rotational lines, he determined by the growth-curve
method an impact parameter a = 0.06 £ 0.06 for T

~ 2600°K, p =1 atm, at a molar composition 60% O,,
20% H,0, and 20% CO,. At the same time he deter-
mined from the low-intensity rotational lines, corre-
sponding to the linear portion of the growth curve, an
oscillator strength fa,\,;bS = 1.2 X 1073, which agreed
within the limits of errors with the value of Oldenberg
et al. In calculating the concentration of OH, he as-
sumed the dissociation energy value determined by
Barrow. Thus, the value f3PS = 1.2 x 107 can be re-
garded as final. We note that it is in good agreement
with the theoretical estimates (Table I).

Halogens and hydrogen halides. There have been
many measurements of the coefficient of absorption
in the continuous spectra of halogens (Table II), both
in the gaseous state and in solution. The oscillator
strength is determined from the value of the integral
coefficient of absorption f k(v)dv. The principal dif-
ficulty in this case is that the continuous spectrum is
the result of superposition of several electronic sys-
tems, to each of which corresponds an upper electronic
state with a repulsion potential curve. The most in-
tense in this case are the transitions that violate the
spin conservation rule, 30 —1E§. The experimental
absorption coefficients of individual components of
the electronic bands, as well as the analysis of the
potential curves I,, are contained in references 186
and 190. An analogous situation obtains for the con-
tinuous spectra in hydrogen halides, the oscillator
strengths of which are listed in Table II.
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