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Foreword

The National Standard Reference Data System is a government-wide effort to give to the
technical community of the United States optimum access to the quantitative data of physical
science, critically evaluated and compiled for convenience. This program was established in
1963 by the President’s Office of Science and Technology, acting upon the recommendation of
the Federal Council for Science and Technology. The National Bureau of Standards has been
assigned responsibility for administering the effort. The general objective of the System is to
coordinate and integrate existing data evaluation and compilation activities into a systematic,
comprehensive program, supplementing and expanding technical coverage when necessary,
establishing and maintaining standards for the output of the participating groups, and providing
mechanisms for the dissemination of the output as required.

The NSRDS is conducted as a decentralized operation of nation-wide scope with central
coordination by NBS. It comprises a complex of data centers and other activities, carried on
in government agencies, academic institutions, and nongovernmental laboratories. The
independent operational status of existing critical data projects is maintained and encouraged.
Data centers that are components of the NSRDS produce compilations of critically evaluated
data, critical reviews of the state of quantitative knowledge in specialized areas, and
computations of useful functions derived from standard reference data.

For operational purposes, NSRDS compilation activities are organized into seven categories
as listed below. The data publications of the NSRDS, which may consist of monographs,
looseleaf sheets, computer tapes, or any other useful product, will be classified as belonging to
one or another of these categories. An additional “General” category of NSRDS publications
will include reports on detailed classification schemes, lists of compilations considered to be
Standard Reference Data, status reports, and similar material. Thus, NSRDS publications
will appear in the following eight categories:

Category Title

General

Nuclear Properties

Atomic and Molecular Properties

Solid State Properties

Thermodynamic and Transport Properties
Chemical Kinetics

Colloid and Surface Properties
Mechanical Properties of Materials

OO Ttk WN -

The present compilation is in category 3 of the above list. It constitutes the fifth
publication in a new NBS series known as the National Standard Reference Data Series.

A. V. Asmin, Director.
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The Band Spectrum'of Carbon Monoxide*
Paul H. Krupenie

This is an exhaustive review of the literature and a eritical compilation of the observed
and predicted spectroseopic data on CO, CO*, and CO?* in the gas phase.

Key Words: Carbon monozxide, spectrum, review.

1. Introduction

There exists no unified compilation of spectro-
scopic data for diatomic molecules. The standard
references in use, now incomplete and out of date,
~ are the tables of molecular constants in Herzberg’s
book [99]! and the more extensive compilations
by Rosen et al., [213] which include band positions
and perturbations. Rapid accumulation of new
data has made apparent the need for a current
eritical review and more extensive compilation.
This need has been partially met by recent tabu-
lations of band head wavelengths by Pearse and

Gaydon [187], and the compilation of these and

other data for a select group of diatomic molecules
of astrophysical interest by Wallace [266]. The
only recent review known to the author which is
devoted to a single molecule is that of Lofthus
[153], “The Molecular Spectrum of Nitrogen.”

The present work, first in a series on diatomic
molecules,? follows the approach of Lofthus and
is devoted to a single molecule. This report
includes a comprehensive review of the literature
on the spectrum of CO, CO*, and CO* in the gas
phase,® and a compilation of critically evaluated
numerical data on band positions, molecular con-
stants, energy levels, potential energy curves, and
other molecular properties derived from the
spectrum. Estimates of reliability are given
where possible.

Papers from which the tabulated data have been
extracted are discussed in the text of this report.
Early data of presumably low precision have been
included in the tabulations only where better or
moie recent data are not available. The refer-
ences cited constitute a critical bibliography rather
than an exhaustive one. The author will be

*Work supported in part by the National Aeronautics and Space Admin-
stration.

1 Figures in brackets indicate the literature references on page 78.

2 The sscond report in this series will be devoted to Os.

¢ Information on C O3+ is obtained from electron impact.

indebted to readers who bring to his attention
significant references not included in the bibliog-
raphy.

No spectrograms are included in the report
(but see table 1 for references with reproductions
of spectra). However, R. W. Nicholls of the
Department of Physics, York University Toronto,
Ontario, Canada has forthcoming identification
atlases for various band systems including several
for carbon monoxide.

Discussions of infrared intensities, absorption
coefficients, and line shapes and widths are omitted
here; literature on these topics can be traced from
references in the recent paper by Benedict et al.,
[18].

Carbon monoxide is an important molecule for
the following reasons: (1) It is a product of com-
bustion of organic molecules and plays an impor-
tant role in the reactions of flames; (2) it appears
as an impurity in many systems and its spectrum
is readily excited, especially the strong A-X
Fourth Positive system in the UV; (3) it is a con-
stituent of the solar chromosphere, stellar at-
mospheres, and comet tails [CO*], [the increase in
rocket and satellite observations will enhance its
importance]; (4) because it is a light molecule its
electronic structure is amenable to theoretical
analysis; (5) it is isoelectronic with N, which is
important as the primary constituent in the earth’s
atmosphere; and (6) it can be obtained in pure
form and is readily handled in the laboratory.

The spectrum of CO is dominated by three
prominent band systems: A'M—X'T+t Fourth
Positive system (28001140 A), b3zt —a® Third
Positive system (3800-2600 A), and B'Z*—A'Tl
Angstrom system (66004100 ). The A-X
system is the most pronounced and extensive,
with more than 150 bands being observed. For
CO* the A2I,—X23*t Comet Tail system (7200
3080 A) is the strongest. This system may be



important in radiative heating of hypersonic
vehicles at escape velocity or in the atmospheric
fringe of the planet Venus (which contains CO,).

Study of the carbon monoxide spectrum in the
visible region originated with the work of Ang-
strom and Thalén in 1875. The earliest band head
measurements in the UV were made by Deslandres
in 1888, and by Lyman shortly after the turn of
this century. All of the early observations on
CO have been cataloged in volumes V and VII
of Kayser’s Handbuch der Spektroscopie [127], but
they can most easily be traced from an early
review on the band spectira of CO by Birge {23].

The modern study of the spectrum of carbon
monoxide began in 1926. In that year, Birge
[22, 23] obtained the vibrational analysis of the
AT—-X'3+ Fourth Positive system, which, to-
gether with the correlation of emission and absorp-
tion measurements, enabled him to draw an energy
level diagram for the observed electronic states.
The impetus provided by the development of the
quantum theory together with improved spectro-
scopic techniques resulted in extensive work in
the 1930’s on rotational analyses, and study of
perturbations and predissociations. In the early

1940’s, there appeared the first studies of Rydberg
series, followed a decade later by the beginning of
preciseinfrared vibration-rotation spectral measure-
ments and microwave studies. Controversy of
30 years standing over the value of the dissociation
energy of CO appears to have been convincingly
settled by Douglas and Mgller's re-examination
[56] and review of the suspected predissociations
of the A'I state.

The mid-1950’s ushered in renewed interest in
forbidden transitions and new states. Two bands
previously thought to originate from high vibra-
tional levels of the a’3=* state (though questioned
by Garg [68], Herzberg [99], and Gaydon [69]),
have been indirectly found to originate from the
f°=+ state by more recent work of Herzberg and
Hugo [101]. The I'S - state, previously known
only from its perturbations of the A state,
has been observed in forbidden transition to the
Xiz* state. Complete details are not yet
available.

Current effort is still centered more on the
determination of energy levels (i.e., precise
measurements of line positions) rather than on
the more difficult intensity measurements.

2. Electronic Structure of CO and COt

The early work of Mulliken [167, 168], largely
intuitive and semiempirical, has laid the foun-
dation for our understanding of the electronie
structure and spectroscopic properties of carbon
monoxide. Recent numerical calculations quali-
tatively account for & number of these features,
though quantitative predictions are generally less
reliable. The order of bound electronic states
lying below 11 eV has been correctly predicted,
but not their numerical term values. Energies
of some unobserved electronic states have been
estimated. Calculated ionization potentials agree
fairly well with experimental values. Hartree-
Fock calculations question the experimentally
determined polarity of the dipole moment. Theo-
retical prediction of the identity of the B state
as II has been confirmed experimentally. Poor

values are obtained for the ground state binding
energy and potential energy curves of low lying
states.

This section reviews what is known about the
electronic structure of CC and CO* and briefly
summarizes the results of numerical calculations.
Elements of molecular orbital theory and defi-
nitions of terms used are given elsewhere [200,
250, 172]. Abbreviations used include: IP, ion-
ization potential; MO, molecular orbital; LCAG,
linear combination of atomic orbitals; CI, con-
figuration interaction; SCE, self-consistent field;
a.1., atomic units (=27.210 eV).

2.1. Electronic Structure

The relative order of the molecular orbitals for
CO is as follows [46, 171, 168, 109, 173]:

(@) ols < o*ls < 628 < %28 < w2p=w2p < o2p < #w2p=w2p < o*2p
() K K za Yo wr xa o U
(e} 1o 20 3 4o 1w 50 2 6o
inner inner b. a.b. b. a.b. a.b. a.b.



Orbital designation (a) specifies the atomic origin
of the MO’s; designations (b) and (c) in current
use, do not. 'The bonding character of the orbitals
is specified above as: bonding, antibonding, or
nonbonding. 1c¢ and 2¢ orbitals virtually retain
their purely atomic character and are often called
K or inner orbitals.
is a mixture of C(2s) and O(2p), though the actual
ratio is a function of 7. The 5¢ (slightly a.b.)
and 1z orbitals have similar energies and can
be expected to have their order reversed at some
value of r. Isoelectronic molecules have similar
MO’s and roughly similar sequence of MO’s, as
is the case for CO and N, up to about 11 eV.
At higher energies this similar order is destroyed.

The assignment of the electronic structure and
dissociation products of a number of states of
€O and CO* bhas been given by Mulliken [168].
The ground state configuration is

X13+(10)%(20)%(30)*(40)*(1m)*(50)%

An examination of the ionization process from
successively deeper lying orbitals shows why
only three states are known for CO*. This is
summarized below:

Electron Ionic IP.(eV) ¢
ionized state
50 Xzz+ 14. 013
1w Al 16. 544
4o B2z+ 19. 671
3o 23+ 4143

The ionization of the 3¢ electron has not been
observed. There is some evidence for a state
of CO™ at 25.6 eV (0.5 eV) from electron impact
[151] and photoionization [270] studies. (This
has been called the (2=t state, but it does not
correspond to the removal of a 3¢ electron.)
Codling [42] has recently observed structure in
the 500 A region which appears to include a
Rydberg series whose convergence limit lies above
20 eV. By analogy with N} the electron con-
figuration of this limiting state may result from
a two-slectron excitation. States of CO%**, de-
tected at 41.8 eV and 45.7 eV in electron impact

4 The thres lowest IP have been determined experimentally from Rydberg
series limits and electronic spectra of CO* (sec. 5.3). Only a caleulated value
is available for the IP of the 3¢ electron {109, 173]. Long ago Mulliken [169]
estimated this quantity as 32 eV.

2

794-908—66

3¢ is primarily O(2s); 40

experiments [55, 263], have not been observed
spectroscopically. Hurley and Maslen [111] have
calculated the lower state energy to be 41.17 eV.

Ground state atoms C(*P)-+O(*P) give rise to
18 possible electronic states of CO (table 2).
Only eight of these have been observed: X'Z%,
A, d*A,, €27, oPZ, 2T, AU, and T'27; all the
others are probably weakly bound or repulsive,
though the 'A state might be slightly stable [167].
However, a ({II'I) or ('All) perturbation at low
J in AMI, v=0, 1 at about 8 eV can only come
from a stable state [44, 71, 216]. Therefore, if
real, these perturbations would most likely arise
from one of the unobserved states. A possible
(‘A%A) perturbation of the & state indicates the
presence of a'A state at about the same energy
[137]. By analogy with N, such a state would
lie at about 9 eV.

Kaplan [126] has reported a state of unknown
type at about 4.8. eV above X. The reality of a
state of CO at this emergy is, however, highly
questionable [168, 99, 187].

Tor the higher energy excited molecular states
beginning with C'Z*, at least one excited atom is
required in the dissociation products, since the
electronic energy alone exceeds the heat of dis-
sociation into ground state atoms. In the case
of singlet states of CO not formed from ground
state atorns, both atoms must be excited. Table
1 is a summary of the known molecular constants
and includes the assigned electron configuration
and dissociation products where possible, for the
observed electronic states. Table 2 gives the
lowest lying configurations and possible molecular
states, with the observed states indicated. .

Mulliken [171] has recently compared the ob-
served lower excited states of the #*r configuration
with those predicted for CO. The d-state of
CO was proposed to be a case (b) #°x *A in disagree-
ment with the earlier experimentally determined
assignment as &*II,. Carroll [40] experimentally
confirmed Mulliken’s assignment of the d state
as A, but definitely established it to be inverted.
A 7%r configuration gives rise to a ®A, state in the
usual approximation. A theoretical interpreta-
tion of the anomalous multiplet splitting in the
d3A term has been given by Kovécs [137].

The #°r states are !=*, I'=~, 1A, a/*Z%, ¢*2-, and
d*a,. Recent information [100, 238a] indicates
the T state lies at about 66000 cm™, and the e
state at about 63000 em~. The 'A state and
13+ yemain unobserved.



2.2. Numnerical Calculations

a. Semiempirical

Semiempirical studies have provided a quali-
tative understanding of several properties of the
carbon monoxide molecule. The triple bond for
the ground state has been accounted for by Sahni
[217], Mulliken [170], and Linnett [152]. (See
also ref. [154].) Moffitt [164] bhas correlated
the decrease in bond length for states of CO and
CO* with increase in =bond order. Sahni [217],
with neglect of 1s electrons and the use of many
approximate integrals, has derived individual and
total orbital electron densities which are shown in
contour diagrams. The lowest ionization of CO,
that is, removal of an almost nonbonding electron
from the 50 orbital, has been shown loosely
equivalent to removal of an electron from the
carbon atom [217, 170, 152]. Indeed, the dissocia-
tion products of the ground state of CO™ are
C++0.

b. Single Configuration

Several calculations for CO have been made
using single configuration LCAO-MO-SCF wave
functions. Ground state energies have been cal-
culated by Ransil [199, 200} and Hurley [110] using
functions constructed from minimal basis sets.
Merryman et al. [159], and Brion and Moser {29]
have calculated excitation energies for a number
of states from similar functions. For states lying
above 9 eV the calculated energies are too high.
To describe such states it is necessary to include
more than one configuration or to introduce atomic
orbitals of higher quantum number. Lefebvre-
Brion et al. [146], have compared the vertical exci-
tation energies calculated from SCF functions
built from extended basis sets. Calculated values
agree fairly well with experiment, even for states
lying above 11 eV.

The most accurate wave functions for the ground
state of CO have recently been reported by Wahl
and Huo [265] and Huo [109]. Huo has calculated
single determinantal SCF wave functions from two
extended basis sets, including one built by extend-
ing the basis set necessary for obtaining accurate
Hartree-Fock functions for the atoms. The cal-
culated value of the total molecular energy is
—112.7877 a.u. 'This result was obtained from a
minimal basis set supplemented by 1s;, 1s;, 2s;,
2¢!, 2pm, 2pm., 2pa;, 2po., 3de, 3do, 3dm,,
3d=.,, Zpar.',’, 4fw,., 3s,, and 3s,. Expectation values

of several one-electron operators are given as
well as contour diagrams for orbital and total
charge densities [109(b)].

Expectation values of a number of one-electron
operators were calculated, including the dipole
moment whose polarity was determined as C*O-,
in disagreement with the reverse assignment given
by Rosenblum, Nethercot, and Townes [215] from
microwave experiments. Huo [109] and Nesbet
[173] have independently concluded that more
accurate SCF functions should not change the
sign of the dipole moment, and that the polarity
should be considered undetermined.

Nesbet [173] has calculated SCF functions for
the ground state of CO using a double exponential
basis set with optimized exponents for each
occupied atomic orbital. This basis set appreci-
ably lowers the total energy but makes only a
small change in the binding energy from that
using a smaller basis set. The addition of do and
dx orbitals makes only a small change in the total
energy but makes a larger improvement in the

binding energy.
c. Configuration Interaction

Configuration interaction has been used to
calculate the correlation energy [experimental total
energy—Hartree-Fock energy]. Combined use of
extended basis sets and CI results in improved
values of excited state energies and gives lower
calculated total energies. Lefebvre-Brion et al.
[144], have found that use of a basis set which
includes functions from the M shell (3s and 3p)
with Slater exponents improves the calculated
vertical excitation energies more than does
doubling the number of L shell functions. By
using orbitals constructed from a minimal basis
set and including CI they have also [145] calculated
potential energy curves for a number of states.
These include repulsive °II and 'II states which lie
at 11.5 and 12 eV, respectively. The latter value
agrees with the vertical excitation energy of the
F state and suggests that the F state is not 'II.
[See also ref. 146.] The fragmentary data in
section 5 suggest that the F state may be triplet.
Lefebvre-Brion [147] predicts the state to be '=*
(table 1). )

Fraga and Ransil [66] have calculated the
molecular energy and dipole moment for the
ground state of CO using a limited CI with minimal
SCF wave functions. Even with 14 configurations
(having the same symmetry as the ground state)



Eeare—Eans is about 27 eV. These results indicate
the need [66] to include MO’s with different A
values and atomic orbitals of different ! values
from those utilized in the ground state.

2.3. Rydberg States and Rydberg Series

The observed Rydberg states in CO (table 1
supplement) are most probably singlet, and
either IT or =¥, since they have all been detected
in absorption series. There may exist others
which do not combine with the ground state and
could be observed in emission, but to date none
have been reported. The electronic structure of
the states considered is given below:

Configu- Possible Rydberg states Convergence
ration limit [CO+]
a(Ro) I3+ 35+
a(Rx) 1, 31 X, B
=3(Ro) 1, 3M0; A
3 (Rw) I3+, 13- 1A, 33+, 38—, 3A

For the most likely Rydberg orbitals apz or
npo, the most likely states are II or Z. Huber
[106] believes that the states converging to the
X and B states of CO* are 'Z* and the « states
converging to AT, are 'II, all having Rydberg
orbitals npo. Tanaka [254] has speculated that
the sharp 8 series is composed of =+ states and
the diffuse g states are 'II. With present know-

ledge it is not possible to specify uniquely their
symmetry types.

Rydberg states with orbital n dissociate into
atoms at least one of which is configurationally
excited (i.e., having principal quantum number
greater than in its ground state, (n—1)2>3).
Huber [106] suggests that the dissociation products
of series converging to states X and A are
C(n—1)s(*P%-+O(°P), and states converging to B
have products C(n—1)s(*P°)+-0('D).

Lefebvre-Brion, Moser, and Nesbet [147] have
recently calculated the energies of Rydberg
levels of CO which are of symmetry type !4zt
and 1#TI and lie below the first ionization potential.
The calculated energies fall within 0.2 eV of the
observed values for the B!Z*, C!zt, *Z*, and
¢S+ states which probably belong to Rydberg
series converging to the ground state of CO™.
The configuration interaction functions used
were built from LCAO-MO-SCF orbitals used
previously [146, 148] for calculations on the
ground state of CO, but with extended basis sets.

The deviations between these calculated ener-
gies and experiment indicate that the E state is
I, and the F state may be !'Z*. The E state
assignment has been confirmed experimentally by
Tilford et al. [257]; the tentative assignment of
the I state as 't is untested. (See sec. 5.2f
and table 1, footnote F(**).) No °II Rydberg
levels of CO have been observed to date. Codling
[42] has recently observed Rydberg series con-
verging to what may be a new state of CO* above
20 eV, but the symmetry and type of Rydberg
levels have not been identified as yet.

3. Electronic Spectrum of CO and CO*

The spectral region 8600600 A includes all the
presently known electronic transitions of CO and
CO*. Intense systems span most of the region
between 7500-1100 A. From 3800 A to longer
wavelengths are found the B-A Angstrom bands
and the d-a Triplet system, the latter system
composed of many bands, only four of which have
bad rotational analysis. Between 7200-3000 A is
found the A-X Comet Tail system of CO*, the
most prominent system of the ion. From 3800-
2600 A is the b—a Third Positive system which is
most important because of the most violent per-
turbations and predissociation of the b state. The

A-X Fourth Positive system dominates the region
between 2800-1140 A, though the shorter wave-
length bands are rather weak. Below 1200 A are
found, in general, weak systems, incompletely
studied, for which no rotational analysis is avail-
able. In total 29 transitions are found among the
23 known states of CO. Three states of CO*
partake in three observed transitions. Details
of the observed transitions are discussed below,
including the determination of vibrational and
rotational constants, multiplet splitting, and
coupling cases of the electronic states. The
critically evaluated data pertaining to these
transitions have been tabulated in section 12.



3.1. A'I—X'Z* Fourth Positive System
(2800-1142 A R

The AI-X!Z* Fourth Positive system, orig-
inally attributed to carbon, is the most prominent
system of carbon monoxide in the ultraviolet and
vacuum UV regions. The single-headed red-
degraded bands of this allowed transition are about
a thousand times stronger than those due to
forbidden transitions which they overlap. Wave-
lengths of more than 150 emission bands which
have been observed in the region 2800-1280 & are
assembled in table 3a. Included among these are
early measurements by Lyman and Deslandres
of 30 band heads whose vibrational assignments
are due to Birge [23], and which have not been
reported by anyone else. Band origins for this
system are given in table 4. Rotational constants
for the X and A states are given in tables 36 and
37, respectively. Positions of a number of un-
identified bands have been assembled in table 35sa.
These have been observed together with the A—X
system and possibly belong to it.

Attention is focused on the A-X system by the
numerous perturbations of the A'Il state, a
detailed discussion of which is given in section 4.1.
The recently observed I'=~ state was first identified
from its interaction with the A state. Several
predissociations of the A state have been reported
which have led to conflicting values of the dis-
sociation energy of CO. Re-examination of these
by Douglas and Mgller [56] has shown that none
of them are real.

The work before 1926, including the earliest
band head measurements by Deslandres and
Lyman, was discussed and analyzed for the first
time by Birge [23]. All observations prior to
that date were in emission, except for Leifson’s
[149] observation of the strong +’/=0 progression
(with »’=0 to 11) in absorption. The vibrational
analysis of this system [23, 22] and the correlation
of Lyman’s emission bands with the absorption
bands of Leifson showed that they were due to
neutral CO. Thus an energy level diagram could
be drawn with the lower state of this system
established as the ground state.

Estey [60] remeasured part of the A-X system
in the region 2800-1970 A, and observed 16 new
bands which involve high vibrational levels of
the ground state. His source was a low pressure
discharge, viewed with a quartz spectrograph
having dispersion 3.91 A/mm-121 A/mm. Each
band clearly shows a single P, Q, and R branch

as is expected for a 'II-'Z transition. Less
extensive band head measurements by Wolter
[277] agree with those of Estey to within 0.1 A.

Headrick and Fox [90] measured bands in the
region 2170-1280 A, using a 1-m focal length
vacuum spectrograph. Several new bands were
reported, mostly at shorter wavelength. The
source was a low voltage arc in CO at 0.5 mm
pressure with a trace of hydrogen. Wavelengths
obtained from the use of two different standards
agreed to within 0.2 A, and are close to the va.lugs
of Xstey [60] where they overlap near 2000 A.
Dispersion was 17.4 A/mm. Intensities, originally
given as densitometer readings, have been con-
verted in this report to a scale with the maximum
reading taken as 10. In table 3a, for the bands
above 2000 A, the intensities are those given
primarily by Estey [60]; below 2000 A, the inten-
sities are those of Headrick and Fox [90]. Several
strong unidentified bands at short wavelengths
have been included in table 35a.

Read [209] has given the vibrational analysis of
65 heads, observed in a hollow cathode discharge
in flowing CO,, and viewed with a 2-m focal
length vacuum spectrograph with dispersion of
4.2 A/mm. In addition, he resolved the rotational
structure for 12 bands, but details only of the 1-1
and 4-10 bands have been published [209D].
This was the first rotational analysis of bands
involving the ground state of CO. A-doubling
was found to be negligible, as had been de;termined
from earlier studies of the B'Z—A'Il Angstrom
bands.

A formula was obtained which fit the newly
reported band heads as well as those of Estey
at longer wavelength:

ou(v —1'") =64756.3 -+ (1497.492" —17.18410")
—(2155.610"' —13.2843v""*
+0.0122'%) —0.0804 o'v"’.

The derived vibrational constants are very close
to the best values listed in table 1.

The papers of Estey [60], Headrick and Fox
[90], and Read [209] include almost all of the
emission band head measurements of the A-X
system. Shortly after their publication there
began to appear extensive rotational analyses,
mostly by Schmid and Gerd.

In a Geissler discharge in CQO,, Gerd [73] ob-
served a series of bands in the region 2700-1950 A
Numerous perturbations were easily recognized in
all branches. Using a 6.5-m focal length grating



with dispersion of 1.2 A/mm, he obtained the
rotational structure of the 4-11, 5-13, 6-15, 7-16,
8-17,9-19, 10-20, and 10-21 bands. Gerd further
reported [74] rotational structure for the 9-18,
11-20, 12-22, and 13-24 bands, and, in addition,
gave a Deslandres table of 84 band origins calcu-
lated from the band heads with a positive correc-
(B/ +'B'/)
4(B/_B//)’
[209, 73].

Table 4 gives an extensive list of band origins
which includes several additions of low accuracy
which supplement the Deslandres table of Herz-
berg [99, p. 156-7]. Herzberg’s table is mainly
that of Gerdp [74] with slight modifications and
nuraerous additions of low accuracy. The A-X
system origin is at 64746.5 cm~" [209].

The heads of the 14-23, 15-25, and 16-25 bands
listed by Estey [60] deviate by +13.2, +14.8,
and -+21.7 cm™!, respectively, from Read’s
formula. Gero [74] believed that the appearance
of these bands was due to accidental accumulation
of lines, where strong overlapping is observed.
The first of these heads lies close to a band reported
by Kaplan [125] at 2518 A, and the third lies close
to a band of the 3A system (¢-a). Gerd concluded
from this evidence that the v=13 level of the A
state was the last before dissociation. However,
Tanaka, Jursa, and LeBlanc [255] have since
observed the A state to v==20.

Schmid and Gerd {228] reported the measure-
ment and rotational analysis of many bands by
Kelemen [in a dissertation], including 1-8, 2-9,
2-10, 3-9, 3-10, 3-12, 4-10, 4-12, 4-13, 5-11, 5-12,
5-14, 6-13, 6-14, 7-14, 7-15, 7-17, 8-16, 818,
8-19, 9-17, 920, and 10-19. From these data
and those of Read [209] and Gerd {73, 74], they
obtained formulas for the rotational constants for
both the XIZt and ATl states. Schmid and
Gerd [228] suggested that Read should have in-
cluded a higher power of J in his expression for
¥,(J), which would have resulted in slightly
larger B, values. The calculation of B, for the
strongly perturbed A state follows the method
of Gers [71].  Least squares fitting to the observed
data gives for A'TI : B,=1.6116-0.02229(v+14) —
0.000105(v-+14)? (table 1). Brons’ [31] rota-
tional analysis of the 10-19, 10-20, and 10-21
bands gives Bjy, Big, Biy, and B,y slightly smaller
than the values of Schmid and Gerd {228].

Tschulanowsky and Stepanow [262] have given
the rotational analysis of the 3-8, 3-7, 2-8, 2-7,

tion of making use of previous data

2-6, 1-6 and 1-5 bands, including the determina-
tion of rotational constants and a discussion of
various perturbations of the A state. Twenty-
four bands were observed with a dispersion of
8.4 A/mm (with resolution of lines separated by
0.07 A), and details of the three best are given.
Branches were observed up to J values of 35.
The three best bands for analysis were 3-8, 2-7,
and 1-6. The R branches were measured very
inaccurately and their details are not given.

Onaka [182] has looked at the 6-13 and 6-14
bands with a vacuum echelle spectrograph of high
resolution (~170,000) and high dispersion
(0.30-0.26 A/mm). Earlier attempts at analysis
of the lower rotational levels in A, v=6 was
prevented by the complicated structure due to
overlapping of the »=6 level by levels of the
d*A; and @*Zt states. Several perturbations
were found (see sec. 4.1). The lines of the 6-14
band are not given. A formula for the rational
structure of the v=="6 level is given by Onaka from
an unpublished work on the Fourth Positive
system:

Tooa(AMI) =74197.44-1-1.4616J( J+1).

Tanake, Jursa, and LeBlanc [255] reported on
the absorption spectrum of the Fourth Positive
system in the vacuum UV for the first time since
the pioneer work of Leifson [149], and Hopfield
and Birge [104]. Using rare gas continua as
sources, Tanaka et al., observed new bands and
extended known bands to shorter wavelengths, all
under low resolution, covering the spectral region
of 1177-1544 A. The (v"-0) progression was
observed for »'=0 to 20; also the (2’-1) pro-
gression for =0 to 13. In addition, the isotopie
CB01% band progression (v'-0) was observed up
to »’=17 (not including 16). Tanaka et al.,
used pure CO in an 8-cm long absorption cell, at
pressures of 0.01 to 600 mm of Hg. The spectro-
graph used was a 2-m focal length normal incidence
type with a dispersion of about 8 A/mm. The
absorption band positions are given in table 3b;
the observed isotopic bands of CB0!" are given
in table 5. Several unidentified bands which
were found are given in table 35b.

MecCulloh [157a] and McCulloh and Glockler
[157b] first studied emission by C®0® in the
positive column of an uncondensed discharge at
low current density in CQO, in the spectral region
of 1900-6500 They reported vibrational
analysis of 35 bands of the Fourth Positive system



and rotational analysis of bands in the (0—'’)
progression of the Angstrom system (B'Zt—A'm).
Band origins were obtained from the head measure-
ments by using rotational constants of Schmid
and Gero [228] and the equations for the isotope
effect. Low resolution precluded rotational analy-
sis. The observed emission heads and origins
of the isotopic A-X bands are given in table 5a.

MecCulloh and Glockler [157b] believed that
Read’s [209] vibrational formula for the ground
state was good for higher vibrational levels of
C20%, However, they assumned that his results
were unduly influenced by errors in the short wave-
length heads due to poor standards, and were not
consistent withmore recentinfrared measurements.
Hence, they fitted molecular constants for the
normal and isotopic species which represented
both Read’s data and the infrared data of Lage-
mann et al., [139]. Slightly different constants
have recently been calculated by Benedict [17] to
fit the most recent infrared data as well as that for
the A-X system. (See table 1.) Vibrational
constants for the AT state of C**0 were obtained
[157] from Read’s values for the normal isotope
and the ratio of reduced masses. These are
included in table 37.

High dispersion absorption spectra in the
vacuum UV region have recently been photo-
graphed by Herzberg and Bass [100], and by
Wilkinson and Tilford [276]. Several previously
unobserved transitions are included in these
studies, as well as bands of the ¢”’=0 progression
of the A-X system up to »/=20, some bands of
the »”/=1 progression, and also isotopic (C1*0')
A-X bands. The rotational analyses of these
bands should provide definitive values of the
rotational constants for the A'I state and precise
vibrational quanta for this state [238a].

3.2. Bigt—AuI Angsgom System (6620-4120
YV

In 1875, Angstrom and Thalén [see ref. 23] °
observed a group of bands which became known
as the Second Positive system of carbon. Fifty
years later, analysis by Birge [23] showed that
this system, which now bears the name of Angstrom,
arose from the allowed transition B!Zt—A'Il
in carbon monoxide. This system has been a
fertile ground for study because of the numerous

& The data of Kngstrom and Thalén, as well as fine structure observations
of Toos and head measurements by Watts and Wilkinson at the turn of the
century, are also listed on p. 277 of Vol. V of Kayser's “Handbuch der Spee-
troscopie” [127a]. )

perturbations and suspected predissociations of
the A state. These single-headed violet-degraded
bands have also been observed for the isotope
B0, Band heads and origins for the normal
isotope are given in table 6; the isotopic (C0')
heads and origins are given in table 7. Rotational
constants for the A and B states are given in
tables 37 and 38, respectively.

Included among the original observations were
weak bands at 4301 A and 4581 A which were
later identified (23] as possibly belonging to the
v'=2 progression but which lay to wavelengths
longer by more than 10 A from the expected head
positions. Johnson and Asundi [121] believed
that these two bands belonged to another system.
Only one other band with +’=2 has been reported
[255], but its identification is also uncertain since
the B state is predissociated in levels v==0 and 1
and presumably also in ¢==2 at J==0. Another
uncertain band, included as 0-6 by Birge [23],
lies about 8 A to longer wavelength from its
expected position. A band observed by Me-
Lennan, Smith, and Peters [158] at 7246 A, has
not been reported elsewhere.

The first rotational quantum analysis of the
0-1, 0-2, 0-3, and 1-1 bands was made by Hul-
thén [108]. The 5610 A band was the strongest
observed, and incorrectly assigned as the 2-2
band. The correct vibrational quantum assign-
ments are obtained by reducing Hulthén’s v by 2
and raising his v"/ by 1. Bands were also ob-
served at 6078 &, 6622 A, and 4511 &, but the
structure of these could not be determined at
that time.

Jasse [115] has given the rotational analysis for
the 0-0 and 1-0 bands. His source was a high
voltage electric discharge in CO, at low pressure.
Spectra were taken using a grating spectrograph
of 3.25-m focal length; claimed precision is
+0.01 A. Hulthén [108] and Jasse [115]
believed that the structure of the 0-0 and 1-0
bands was more complicated than the others of
this system, having two additional branches.
Birge [23] believed that the additional branches
were probably spurious, while Johnson and Asundi
[121] thought that the additional branches might
originate from overlapping lines of C.. Later,
more accurate work by Rosenthal and Jenkins
[216], and Schmid and Gerd [224] indicated that
perturbations of A'Il, =0 were responsible for
the confused structure of the 0-0 and 1-0
bands, resulting in displacement of the band heads
from their expected positions.



Johnson and Asundi [121] observed the 0-0 and
0~1 bands in the first order of a 21-ft focal length
grating spectrograph (supplanting Jasse’s meas-
urements), and re-evaluated constants from Hul-
thén’s data [108). They also gave the first
preliminary evaluation of the fine structure of the
0-4 and 0-5 bands, with details given by Asundi
[5]. Referring to Jasse’s analysis of the 4511 A
band, they considered the lines at 22172.3 cm™!
and 22175.7 em™! as extraneous to the band.
Also they relabeled the line at 22171.8 cm™!
as Q (1).

New measurements of fine structure of the 0-0,
0-1, 0-2, and 0-3 bands were made by Rosenthal
and Jenkins {216] primarily to study perturbations,
though the results are not completely reported in
this work. (See sec. 4 on Perturbations.) It was
found that Jasse, and Johnson and Asundi, did
not correctly identify P and R lines above J=8
and Q lines above J=10 because of the large
increase in A-doubling in the region of a pertur-
bation. [See fig. 1 of ref. 216—the difference
between the R and @ deviation curves.] Cor-
rections to Jasse's assigments for several lines of
the 0-0 band were made [2186].

Coster and Brons [44] have given the rotational
analysis of the 0-0, 0-1, 0-2, 0-3, and 0—4 bands
in order to interpret the perturbations of the
»=0, 1,2, 3, and 4 levels of the A'Il state. Their
dlscha,rge tube produced strong Angstrom bands
relative to the background of CGO, bands. A
value of ox(0-0) for the system of 22163.1 cm™!
was obtained. (Herzberg {99] Lists 22171.3 cm™.)
{See also sec. 4.1.)

Schmid and Gerd [224], from observations in
second and third order using a 21-ft focal length
grating spectrograph, gave improved measure-
ments of the 0-0, 0-1, 1-0, and 1-1 bands. They
obtained rotational constants for the BIZ+ state,
and in additicn, AG(%)=2082.07 cm™.

McCulloh [157a) and McCulloh and Glockler
[157b] have reported the B-A Angstrom bands
due to C0" emission in the positive column of an
uncondensed discharge. The perturbations in
the A!I state are discussed at some length [157a]
(see sec. 4.1) and details are given of the rota-
tional analysis of the (0—v’’) progression including
the 0-1, 0~2, 0-3, 0-4, and 0-5 bands, and the 1-1
band. The CB0'%, 0-0 head lies to the red of the
Cr20"® head. Overlapping by Third Positive
bands (b?=+—a’ll) prevented rotational analysis
of the 0-5 isotopic band.. QOverlapping of regular
and isotopic bands required 0-1 branches to be

identified by a method analogous to the Loomis-
Wood method (see pp. 191-2 in Herzberg [99]).
For the 0-2 band there is almost complete super-
position of the P and R branches such that R(J) ~
P(J+10). The region beyond the tail of this
band and also the 0-3 band is quite free from the
general background caused by CO; bands. There-
fore, these bands are useful when searching for
predissociation in the B!=Z* state. The 04
band has a near superposition of the P and R
branches.

Since only one v’/ progression was a.nalyzed no
information can be obtained about the vibrational
constants of the B!It state. (See Schmid and
Gers [224].) Values for w, and w,z, for the isotopes
C20% and C®0® were approximated from a
study of the isotope effect. The abnormally large
value of w2, for the B state suggests probable
rapid convergence of levels. (See table 9a and
footnote B!Z* to table 1.)

Douglas and Mgller [56] have photographed
under high dispersion and analyzed the 0-1, 1-1,
and 0-2 Angstrom bands of CC®. The bands
were observed in a discharge through O, in a tube
containing carbon, using a 21-ft focal length
grating spectrograph with a reciprocal dispersion
of 2.5 A/mm. Their primary aim was an examina-
tion of reported predissociations of the C20
and C®O® molecules (see sec. 5.2).

3.3. Clzt— AT Herzberg System
(5710-3686 A) V

The C'3+—A'TI Herzberg system, which partly
overlaps the B—A trom system, consists of
eight observed bands of the ¢'=0 progression. No
bands of this system have been observed with »" >
0, but the level C, v=1 has recently been observed
in the C—X system [276]. This suggests that
there is either predissociation for »” >1, or that a
weak transition is expected from the Franck-
Condon principle. Table 8 lists the heads and
origins of the C—A system. The rotational con-
stants for the C'Z+* state are give in table 39 and
those for the A'MI state in table 37. Three bands
of this system were first observed by Duffendack
and Fox [58] who thought that the new bands
pelonged to the Angstrom system because of
their similar structure. Herzberg [97] observed
eight bands and recognized these as belonging to
a new system whose upper state he incorrectly
designated as !A, by analogy with the Grotrian
diagram for the Mg atom, as was done at that



time, following Mulliken. The new level lay
between the B!ZT and ¢*Zt states.

Asundi [3] and Asundi and Johnson [121]
observed the 0-1, 0-2, and 0-3 bands using a
21-ft focal length grating spectrograph in first
order (wavelengths of the stronger lines are
believed accurate to within 0.01 A). Fine strue-
ture analysis showed the C state to be '=. The
Q branches were reported to be twice as strong as
the P and R branches. For the AII state there is
no combination defect up to J==17 (limit of
observations here), indicating no appreciable
A-doubling to high rotational quantum numbers.
This is so for »'=1 to 5, not for »''=0, for which
combination defects occur from almost the lowest
J values. [See ref. 224.] For the 0-0 band, only
the calculated position is given, because of con-
fusion with a band asscciated with the Third
Positive system of CO (b°3t—a®). A band
reported by Deslandres at 3893 A which Wolter
[277] did not observe is the 0-1 band of the C-A
system.

Schmid and Gerd [224] observed the 0-0, 0-1,
0-2, 0-3, and 04 bands of the C-A system.
From the rotational analysis, a value of B, of
1.9422 em™' is obtained.

3.4. Hopfield-Birge Systems (1816-95¢ A)
a. Biz+, Qi3+, EifY, F(Zt),% G(O), and H3Z+--X1z+,

In 1927, there appeared preliminary reports
by Hopfield [103] and Hopfield and Birge [104]
concerning the observation of seven band systems
of CO both in emission and absorption. These
transitions, all going to the ground state, included
four whose upper states had not previously been
recorded: ¢/3Z%, EI, F('Z%), and G('H). Strong-
est absorption was to the highest lying levels (G,
F, E, C). Full details of this work have never
been published. Though several of the bands
have since been observed elsewhere, only the
a*3+t—X1Z*+ gystem has been studied in detail
[101] and will be discussed in section 3.4b. The
other six transitions will be discussed together
since the information about them is incomplete.
Recently, however, high dispersion measurements
have been made of the C—X, 0-0, and 1-0 bands,
with »’=1 observed for the first time [276].

The observed band heads of all six systems are
given in table 9. The rotational constants for

¢ It is not certain whether the ¥ state is singlet or triplet. (See sec. 5.2f
and table 1, footnote F(1Z+).)
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the B, C, E, and & states are given, respectively
in tables 38, 39, 40, and 43.

Read [209] observed several emission bands
belonging to the B-X, C—X, and E-X transitions.
Tanaka et al. [255] have seen some of these in
absorption. Since the B, values of the three
excited states and the ground state are roughly
the same, each band had the appearance of a
doublet with a clear center under low resolution.
Identification of the B-X, 2-0 band [255] is rather
uncertain.

Recently, Tilford et al. [257] have identified
the E state as 'II from analysis of the violet-
degraded 0-0, E-X band observed in absorption
under high dispersion. This identification con-
firmed the theoretical prediction by Lefebyre-
Brion et al. [147]. A-doubling is about 0.2-0.3
em™ for §~20. (The J’=31 level is perturbed.)
The isotopic (C*0%) 0-0 band was also analyzed.
(Table 40.)

b. @3z+—X1Z+ (1816-1280 L) R

Of all the band systems of CO which were
originally observed by Hopfield and Birge [103,
104], only the dipcle forbidden a”3z5+—Xiz+
system has been extensively studied (by Herzberg
and Hugo [101]). A long progression of bands
has been observed up to ©"=23, because of the
large difference in internuclear separation between
the two states involved. The upper state of this
system is responsible for many perturbations of
the AT, 5°Z+, and Il states.

The band heads and origins of the o’'—X
system are given in table 10. The rotational
constants for the X and o’ states are given in
tables 36 and 41, respectively.

Five bands of this system were first reported
in absm;pt-ion by Hopfield [103] with the one at
1696.9 A designated as the 0-0 [104]. On the
basis of an additional band found by Birge at
1731.2 A, Estey [60] raised the vibrational guantum
numbering in the ¢’ state by one unit. The final
assignment was deduced by Beer [16] from rota-
tional perturbations in the $*Zt—e®0 Third Posi-
tive bands caused by the ¢ 7*S" state. This raised
the quanturn numbering of Hopfield and Birge by
three units.

Recently, only two papers have dealt with this
system [255, 101]. 'Tanaka, Jursa, and LeBlane
[255] have seen a long progression of these single-
headed red-degraded bands under low resolution.
Because a short absorption cell was used, the 0-¢,



1-0, and 2-0 bands were not observed. Herzberg
and Hugo [101] observed this progression in absorp-
tion under high resolution in the region 1810-1280
A. These forbidden bands were photographed in
fourth and fifth orders of a 3-m focal length
spectrograph, with reciprocal dispersions of 0.63
and 0.50 A/mm, respectively.

In most of the bands [101] all four predicted
branches, i.e., TP, TQ, ®*Q, and ®R, are observed
and give the appearance of a doublet structure.
The order of the sublevels of the a’*Z* state is
given as F3 >F; > >F,.

The triplet splitting for the @’ state is approxi-
mately constant for N>5. [N was formerly
called K.] A discussion of splittings for N<(5
determined from other bands has been given by
Gerd and Lorinezi [80]. The sum of splittings
[2A++] in corresponding members of the P and B
branches is approximately constant, with small
change of A with ».

The rotational analysis results in the following
formulas for the ¢’°=* state.

co=55822.92-+1230.651 (v’ +1)—11.013(v"-+3)2
+0.07378(v’ - 1)3—0.00115(v’ +1)*—1081.59.

[Ref. 101 used 1081.74 for the ground state zero-
point energy.]

B,=1.3453—0.01872(v+ 1)
+0.000205(p+3)2— 0. 0600051 (z-1-3)*.

D’ was found to be about 6.5X107® and varied
little from »’'=2 to 23.

Only a perturbation in =4 at approximately
J=20 was observed. The perturbing level is
@11, v="7, which has not been observed directly.
Other perturbations which occur at high J (due
to A, ¢’I1, and b°Z*) were not observed.

3.5. f—X'zt Cameron System
(5860-1779 A) R

The ¢®II—X'Z* transition consists of quintuple-
headed bands, degraded to the red, covering the
spectral region 5800-1770 A. This forbidden
intercombination system is overlapped by the
B+ —X23+ First Negative bands of COt and
the A—X system of CO. Recent high dispersion
measurements by Rao [201] have provided an
accurate value for the vibrational term interval
AG (3) of the ¢®II state, but there is still lacking
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an accurate value of wz, The observed band
heads of the ¢®M—X'St transition are listed in
table 11, the origins in table 12. Rotational
constants for the @*I state are given in table 42.

The band system bearing his name was first
observed by Cameron [39] in an uncondensed
discharge in neon with a trace of CO; the following
year it was seen in absorption by Hopfield and
Birge [104]. Johnson [119] first identified these
bands as due to transitions from the lower states
of the Third Positive system to the ground state
of CO, and assigned vibraticnal quantum numbers
to the bands. Knauss and Cotton [131] also
observed these bands at low pressure in an elec-
trodeless discharge in CO.

Schmid and Gers [232] observed the 4-8 band
in a Geissler discharge in neon. Because of the
coincidence of one head of this band and the
intense red-degraded band reported by Kaplan
[126], Sehmid and Gerd believed that the level
reported by Kaplan at 38820 cm™ above X was
not real. (See footnote (K) of table 1.)

Herman [94] reported selective excitation of the
a-X system between 5000-2000 A in s feeble
discharge through CO at low temperature. De-
tails are not given except for mention of the R,
(or Q;) heads of the 2—4 and 0-1 bands, at 2299 A
and 2159 &, respectively. Comparison was made
between the R, and €, heads calculated from
vibrational constants given by Johnson [119] and
the faint low dispersion measurements of the night
sky by a number of authors. The apparent
agreement for a number of bands suggested to
Herman the possible presence of the o~X system
in the night sky. Nc¢ other mention has been
made of such correlation, and this agreement may
be fortuitous.

Recently, Tanaka, Jursa, and LeBlanc [255]
observed the ¢’/=0 progression in absorption
under low resolution. Unlike other inter-
combination bands observed by them, this pro-
gression did not develop to high »” because of the
Franck-Condon principle. [Note that ref. 255
lists vacuum wavelengths.]

The first high dispersion measurements of this
system in absorption were those of Gers, Herzberg,
and Schmid [79] who gave the fine structure
analysis of the 0-0 and 1-0 bands. This was the
first example of analysis of the fine structure of a
8! transition. At least for large J the a3II
state is close to Hund’s case (b). Thus the
quantum number N (formerly K) has meaning
for the rotational levels of both upper and lower



states in this transition. Two equivalent nota-
tions of the nine branches are given below:
P 3 Q3 RS

P, Q R; P, Q: R,

oP *Q °R PP °Q BR °p RQ °R.

The combination differences which give A/F,
for the I, component of the ¢ state do not coincide
because of the very strong A-doubling of this
component.

Gerd [76] used a Geissler discharge in neon
with a trace of CO to excite (in emission) the
a-X bands and, weakly, the A-X system. His
close examination of the work by Gerd, Herzberg,
and Schmid [79] revealed the use of two unreliable
standard iron lines by Schmid and Gerd, which
accounted for a discrepancy in their wavelengths.
Gers tabulated the rotational lines for the 0-0,
0-1, -2, 0-3, 1-3, 14, and 2-5 bands.

The most precise measurements of the a-X
systern have recently been made by Rao [201]
who has given the rotational structure of the 0-0,
0-1, 0-2, 0-3, 1-3, and 14 bands seen in a Geissler
discharge. A 21-ft focal length grating spectro-
graph was used in fourth and fifth order, with an
iron are providing a comparison spectrum. Errors
in the combination differences for the 0-1 band
by Gerd were clarified. Relative accuracy of the
line measurements [201] is estimated to be +0.003
A. (A reproduction of the 01 band is given in
this reference.)

Rotational constants for the ground vibrational
levels are close to those obtained from infrared
measurements. Derived values for vibrational
quanta for the ground state are the best available
from electronic spectra of CO, but are inferior to
those determined from infrared measurements.
A value of 1714.61 em™ is obtained for the vibra-
tional quantum AG () for the a state, confirming
the value obtained previously [79].

3.6. b’z*—a’rt Third Positive System
(3820-2660 A) V

The Third Positive system of carbon,’” is com-
posed of strong quintet-headed red-degraded
bands whose structure is characterized by in-

7 Deslandres called the Third Positive group all [CO] bends in the UV
region not belonging to the Fourth Positive group or Second Positive group
(Angstrom system). Some authors refer to the »'=0 progression as Third
Positive and call the »’=1 progression ‘“5B”. The two together should be
. treated as a single system,
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tensity fluctuations due to perturbations of the
upper state. Since the upper state is also pre-
dissociated, only the »"=0 and 1 progressions are
known, the latter having been dubbed by Asundi
[4] as 5B, and at that time thought to be a
new system. This is understandable because
violent perturbations of the 5*Z* state drastically
alter the relative appearance of the two progres-
sions. The original measurements by Deslandres
[127a, 23] in 1888, of emission from discharge
tubes containing carbon and oxygen, included
some bands down to 2295 A which turned out to
be part of the 3A system (*Zt—a%d). The
confirmed bhands of the b-a system extend from
3830-2660 A. These vibrational heads are given
in table 13. The rotational constants for the
b*Z* and @’ states are given in tables 43 and 42,
respectively.

The first assignment of vibrational quantum
numbers of the §Z+—g'll system was made by
Johnson [119] who identified the lower state with
the upper state of the Cameron bands. Pre-
viously Wolter [277], using bigh resolution, had
observed five bands of the »"=0 progression. He
mentioned the repeated rise and fall of intensity
of the band lines and, in addition, reported the
appearance of weak diffuse lines between the main
lines. Later this systemr was observed by Duf-
fendack and Fox [57, 58] who concluded that the
group of bands labeled by Johnson [118] as the
v’=4 progression constituted the ¢’ =0 progression
of 2 new system called 3A4.

Asundi [4] observed the b-a and 3A bands
in an uncondensed discharge using a 21-ft focal
length grating spectrograph. Outside the first
(longest wavelength) head of these violet-degraded
bands were faint lines which decreased in spacing
toward higher wavelengths, formed a diffuse head,
and continued further with a gradual increase in
spacing. Asundi attributed the b—a system to a
5% 51 transition. Birge [23] disagreed and con-
sidered the transition as 3T—3H, an assignment
later firmly established by Dieke and Mauchly
[54].

An extensive discussion of the spin splitting
and A-doubling in these bands has been given by
Dieke and Mauchly [54], who observed the 0-0
to 0-4 bands using dispersion of <{1A/mm.
Budé [32] has used these data to obtain rotational
constants for the ¢®II state. Dieke and Mauchly’s
analysis established the transition as 32+ —°II, with
triplet (spin) separation of the §°Z state unnotice-



able for J<(20. The character of the A-doubling
and the number of missing lines near the origin
identified the lower state as regular °II, interme-
diate in coupling between case (2) and (b). From
a study of the Zeeman effect on this band system
Schmid [236] showed that, beginning at about
N=22-23, the &’ state belonged to coupling
case (b). The 32 terms have separation <{0.2 cra™!
for N up to about 20. The terms in order of de-
creasing energy are anomalous: F; >F; >F;.

The b-a bands represent a transition from case
(a) to case (b); i.e., the I state already departs
from case (a) coupling for small N. Fifteen
branches are allowed by the selection rules, of
which fourteen were observed as well as the trace
of a fifteenth. Nine strong bands indicate cou-
pling close to case (b). The five head-forming
branches are Q;, O, P;, P;, and P,.

Many large perturbations, mostly far from the
heads, cause the characteristic intensity fluctua-
tions first mentioned by Wolter [277], and cause
clustering of lines toward the tails. At high pres-
sure the tails show characteristic triplets especially
in the 0-1 band at 2977 &. [See fig. 2 of ref. 54b.]
In front of the heads (at shorter wavelength) are
faint lines forming very weak series which do not
form heads. Dieke and Mauchly showed that
“these are due to transitions with AN=3. Itisnot
certain whether these were the lines found by
Asundi [4].

Schmid and Gerd [226] have reported clustering
of Q-branch lines in the »"=1 progression caused
by perturbations of the $*Z* state. The positions
of these perturbations converge to a limit which
seems to coincide with the predissociation limit
common to the »"=0 progression and to the B
state. Gerd’s [75] report on the fine structure of
the 1-0 band has confirmed the predissociation of
the upper state between N=42 and 43.

Rotational analysis of the 0-4, 0-5, 1-4, and
1-5 bands has been given by Beer [16]. Per-
turbation of »’/=4 was observed and assigned
to a’z*. :

The molecular constants for the b state are
somewhat uncertain. Schmid and Gerd’s values
{226] are quoted by Herzberg [99]; i.e., B,=2.075,
@,==0.033, B;=2.025 em~. Stepanov [246] has
criticized the way these values were determined
and his values are listed in table 1, i.e., B,=1.988,
@,=0.042 cm™!. For AG(}) from measurement
of b-a bands Schmid and Gers [226] obtained 2109
em~!. Jevons [117] had previously listed 2214
em™! from the data of Asundi [4]. Gerd’s [75]
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estimate of 2198 cm™ is the value listed in Herz-
berg. This value was obtained by extrapolation to
N=0 of the difference between the Q lines of the
1-0 and 0-0 bands. Stepanov [246] criticized
this value and used a different method to obtain
2188 cm~! which is the value quoted in table 1.
These constants should be accepted as only ten-
tative and renewed attempt should be made to
determine them more precisely.

3.7. ¢Z*—a'll 3A System (2710-2306 A) V

Duffendack and Fox [57, 58] measured the
excitation potentials of several band systems of
CO, including five bands of a new system appearing
at about 11.1 eV. These bands had the same final
state as the Third Positive system, [6°Zt—a?II],
but originated from a state about 1.02 eV above
the b state. The new system was labeled 3A,
and bands were identified as the (0-v’") pro-
gression for v"/=0 to 4. The violet-shaded bands
were multiple headed.

Faint, five-headed bands of this system were
produced by Asundi [4] in an uncondensed dis-
charge in CO. The first and fifth heads are
strongest; hence, under low dispersion the bands
appear double-headed. The electronic multiplet
separation of the measured extreme heads is
largest for the 0-0 band, and, as with the Third
Positive bands, decreases for higher vibrational
states.

An equation for the heads is given by Asundi [4]

c=43542.5
—(1726.5v"" —14.4v"7?).
43612. 4

Schmid and Gerd [230] excited intense 3A bands
in a discharge through neon in a Geissler tube
with carbon electrodes and gave a preliminary
report on the 0-1, 0-2, and 0-3 bands. They
detected 12 branches in each band, the remaining
branches being weak and overlapped. Six branches
are heaJd fonning: 03, 02, Pa, Pg, Pl, and Q1 in
order of diminishing wavelengths. The nature
of the branches shows the upper state to be
33, with negligible multiplet splitting.

Gerd [77] reported the detailed rotational
analysis of the 0-1, 0-2, and 0-3 bands observed
at a dispersion of 1.3 A/mm. A predissociation
in this system is observed at about 11.5 eV. The



combination differences for the ¢°Il state agree
well with those of the b~¢ system which confirms
the order of the bands and band lines and the
>+ character of the ¢ state. A value of By—=1.9563
em~! is derived.

The last observed lines of the R; branch of the
0-1 3A band lies in the region of a spurious pre-
dissociation in the P branch of the red-degraded
9-18 Fourth Positive band. The rotational analy-
sis of the 3A bands shows that the apparent
increase of intensity of some of the Fourth Positive
band lines [74] in this region are caused by super-
position of certain 3A lines.

The band heads of the 3A system are given in
table 14, and the rotational constant B,=1.9563
is included in tables 1 and 44.

3.8. a"°5+—@’If Asundi System (8590-3900 A) R

The multiheaded bands of the ¢’-a system have
been studied mostly under low dispersion, with
only a few rotational constants determined for
the ¢’ state from their analysis. More accurate
values for these constants are available from analy-
sis of another system [101]. Two bands which
were believed to originate from levels with »>30
in the ¢’ state [78] most probably belong to a new
83+ state whose term value is uncertain. The
observed vibrational heads of the a*Tt—a’Il
system are given in table 15. Rotational constants
for the @’ and @ states are given in tables 41 and
42, respectively.

MecLennan, Smith, and Peters [158], using low
dispersion, observed a large number of red-
degraded bands produced in a long, high-voltage
discharge tube filled with CO. (A number of
these bands which have not been identified are
listed in table 35c.) Shorily thereafter Asundi
[4] discovered 16 red-degraded bands of the system
bearing his name which were overlapped by the
BA,—a*O Triplet bands below 5700 X, The
a’—o bands appear double headed under low dis-
persion, but have five heads when seen under
higher dispersion.

By assuming the band at 8592 A was the 1-0,
Asundi assigned vibrational quantum numbers.
A new term of the ¢’-X system found by Estey
(at 57763 em™!) [60] required the v’ assignments
to be raised by unity. The correct " numbering
was finally established by Beer [16] who indicated
that a perturbation of the ¢°II, y=4 term is caused
by o/32*, v=0, which required Asundi’s original
o’ values to be raised by three. [See ref. 80.]
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Knowledge of the a’—a system was considerably
extended by the observations of Garg [68].
Numerous impurity CO bands were observed
during the preparation of a discharge tube for the
study of emission from SnBr, vapor. The band
positions are assumed accurate to 44 em™.
Garg’s formula, fitted to both his and Asundi’s
measurements, is given below with »" numbering
of Gers and Lérinezi [80].

on=7213.84+1218.1(v' +3%) —9.5(»’+1)?
—1740.9(v""+3) +14.4(v"" + )%

A few bands which cannot be fitted in this system
are listed separately, and assumed members of
an unknown system. (See table 35c.) Garg’s
table of band heads shows increasing deviation of
observed-calculated differences for »*>16. It is
not presently known whether such deviations
arise from perturbations, or are due to incorrect
identification of particular subheads wused to
calculate these deviations.

Schmid and Gers [233], in a note, reported
several red-degraded bands near the heads of the
violet degraded 53X+ —a®TI Third Positive system.
An especially strong band is observed at 2670 A
in a Geissler tube discharge in neon with carbon
electrodes, in the presence of very little oxygen.
In another brief communication Schmid and Geré
[231] ascribed the bands as due to a 3T—a%l
transition. The upper state, provisionally desig-
nated as f*°Z, was suspected as including high
vibrational levels of the @32 state. This was
supposedly confirined by Gero 78], but Herzberg
[29] believed the bands belonged to another state
and confirmed this indirectly in later work [101l.

Gerd and Lorinezi [80] have given the rotational
analysis of the 8-0, 9-0, 10-1, and 11-1 bands
which were observed in emission. The 8-0 band
is weaker than the rest and its branches are not
given. The high dispersion measurements are
relatively free of overlap by other systems, and
allowed measurement of lines to & few hundredths
cm~t.  Rotational constants for 2%, v=8 to 11
are cbtained. A long extrapolation of these
[which is usually dangerous] gives the molecular
constants B,=1.331 em™' and «,=0.0186 cm™!
which are the values listed by Herzberg [99].
The rotational constants for the upper levels are
smaller by only about 1.5 percent than those
given previously from perturbation data [234al.
From more recent work on the a/T+—XIZ*
system, Herzberg and Hugo [101] obtained im-



proved constanis B,=1.3453, «.=0.01872, and
=0.000205 cm™.
The spin splitting of the 3% state is rather large.
For the 10-1 band, the splitting is constant

above N=5. The splitting (in em™) is almost
the same for each of the bands as is seen below:
Fa—Fz Fl—Fz
9-0 1. 40 0, 97
10-1 1.37 .88
11-1 1. 40 1. 01

(See ref. 80 for a correction to table 2 of ref. 78).

3.9. d°A,—aTi Triplet System (7500-3770 A) R

The d’A,—a’d Triplet bands of CO are a fairly
extensive system of moderate intensity spanning
the visible region of the spectrum. Merton and
Johnson [160], in studying the effect which the
presence of helium had on band spectra of carbon,
first isolated two progressions of this system.
These red-degraded bands were later assigned to
CO when Birge [21] identified the lower state as
¢l and gave a vibrational anslysis. Extension
of the system to longer wavelengths by Asundi
[7] required an increase in »’ assignments by two
units. Carroll [40] has reported that the number-
ing for the d state vibrational levels should be
increased by one more unit. Only recently the
upper state was identified [40] as 3A;, following a
prediction of the A character by Mulliken [171].
Kovées [137] has explained the inverted char-
acter of this state which is not expected in first
order from a #’» configuration. Band heads are
given in table 16; origins in table 17. Rotational
constants for the d3A; state are given in table 45.

Asundi [7], from study of three bands at longer
wavelength, concluded that the band at 15540
em™ was not 0-0, and that the o’ assignments
as listed by Gero and Szabé [32] should be raised
by two. The bands were found to have five
heads. He was not certain whether his band at
13303 cm™ was definitely 0-0, and speculated
that the system origin might be at longer wave-
length than his range of observation.

Herman and Herman [92, 96] observed emission
of d®A—a’Il Triplet bands in a low current dis-
charge in neon with traces of CG at liquid nitrogen
temperatures. Under these conditions bands with
high »" predominate. Bands with »’=6 [add 3 to
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the ¢’ assignments of Herman and Herman] are
relatively weak compared to intense bands for
»’=5and 7. The bands with ¢/=12 are relatively
weak and those with v"=13 are enhanced com-
pared with those for »’=14. A new system of
triple-headed bands was also observed and is
discussed further in section 3.14.

Recently Sato [219] used a 33.3 MHz discharge
to produce more than 40 rather intense bands of
the d—a system. His low dispersion measure-
ments included almost all bands observed pre-
viously as well as the 12-0, 5-1, 6-1, 6-2, 7-2,
172, 182, 19-3, 20-3, 174, 214, and 22-4.
His o’ values should be raised by three units. Un-
certainty in the shorter wavelengths is about
0.5 A; uncertainty in the longer wavelengths is
about 1 &

For a number of bands, Sato’s measurements
differ considerably from those of several other
authors. This raises questions about quantum
assignments for other bands observed by Sato.
This system should bs reexamined to clarify the
band identification.

Gers and Szabé [82] have given the rotatlonal
analysis for the 30, 4-0, 6-0, 7-0, and 9-1 bands.
(Their original »’ assignments are too low by
three units.) The fine structure was interpreted
as showing the transition to be J*Ii,~a¢*l,. The
upper state was later correctly identified as *A; by
Carroll [40]. Gero and Szabé observed these
bands in a Geissler discharge in neon with traces
of oxygen. The bands also appeared under
favorable conditions without the presence of a
noble gas. In the latter case there was overlap
with the Angstrom and Asundi bands, B't—A'Il
and /2t —aPIl, respectively.

Twenty-seven branches were observed, doubled
because of A-doubling. It was established that
A-doubling of the band lines agreed with that
of the ¢TI state (from the 6°2+—¢*1I Third Positive
bands) and that the A-doubling of the d term was
immeasurably small. Rotaticnal constants, coup-

ling constants A, and Y-——% for the d state were

calculated from combination differences and the
F,—F, differences based on Budé’s formulas [32b]
for a transition between two triplet II states in
intermediate coupling between cases (a) and (b).
Corrected values are given by Carroll [40].
The origins of four bands were calculated by Gerd
and Szabé [82] using an average of nine Q-branches
whose series were extrapolated to J==0. Based
on these zero positions the vibrational term differ-



ences were calculated for the d term. A formula
fitted to the correctly numbered »’’=0 progression
is given here as oo(v’—0)=11598.50+1152.58
('+3)—172812 (v+3%)2—0.1125 (v'+1)* which
gives g,(0—0) at 12,172.96 cm™".

Carroll [40] has given the rotational analysis
of the 3—0 band based on high resolution measure-
ments and has shown the upper state to be 2A; in
agreement with electron-configuration theory and
not I, as indicated by Gerdé and Szabé [82].
Mulliken [171], on the basis of LCAO-MO cal-
culations for the lower excited states of CO, had
predicted a ®A state at about the observed energy.
Carroll’s work was initiated to clarify the nature
of the upper state, and is the first reported example
of a 3A—?II transition with nonnegligible (multi-
plet) splitting. The source used was a discharge
through flowing helium with a trace of CO. Of
the several bands observed, the one at 6401 A
was analyzed because it extended to high J and
was relatively free from overlapping by other
structure. All 27 branches were observed, al-
though sometimes the A-doublets were not resolved
for lower J. There are nine subbands, each com-
posed of three doublet branches, although the
branches going to °II; of the lower state are only
resolved at higher J. The %A, state is case (a)
at low J and changes to case (b) at higher J
(See fig. 1 of ref. 40.) The a state also is case (a)
at lower J.

Carroll’s measurements agree well with the
previous ones of Gerd and Szabé for the 3 -0 band,
with several differences in classification of lines.
In addition, some of Gerd’s assignments at low J
seem to be spurious. Detailed evidence is given
for the assignment of the upper state as °A;, includ-
ing confirming evidence from the intensity distri-
bution in the fine structure. At that time there
had been no theoretical calculation of branch in-
tensities for a 2A—3I1I transition, but such formulae
have since been obtained by Kovdes [136], for
various coupling conditions of the states involved.

The energy formulas of Budé [32b], although
good to a first approximation, do not give the rota-
tional term values of the 2A, state with sufficient
accuracy [40]. This deviation between the ob-
served and calculated energies, which affects most
strongly the middle multiplet component, is ex-
plained by Kovéies [137] as arising from the joint
effect of two factors normally neglected: (1) spin-
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spin interaction, and (2) spin-orbit interaction by
mixing with a nearby state, probably 'A. No A
state has been observed directly, though a possible
perturbation of A, »=0 by such state has been
mentioned by Rosenthal and Jenkins [216].

3.10. e*=-—X!g+ Transition (1540-1240 A) R

A forbidden electronic transition, £z~ —X!Z+,
has been observed by Herzberg and Hugo [101]
in the vacuum UV region. They observed a long
v’’=0 progression of weak, red-degraded single
headed bands in absorption by use of a 3-m focal
length vacuum spectrograph, at dispersions of
0.63 and 0.50 A/mm. These bands have also
been seen under low dispersion by Tanaka, Jursa,
and LeBlanc [255]. The existence of the =~
state had previously been inferred from perturba-
tions in the B—A bands [101] and in the A-X bands
[234b]. Many ¢—X bands are overlapped by bands
of the A-X, ¢/-X, and J-X transitions [161, 255].
Table 18 lists the band heads and origins of the
e-X system. Rotational constants for the 3=~
state are given in table 46.

The observed progression began with a relatively
strong band at 64816 cm™* which was labeled 0-0.
Since then, two bands have been found at longer
wavelength [100] which suggested raising the o’
values reported earlier by two units. Fine strue-~
ture analysis of these bands [238a] showed con-
clusively that the »” values of Herzberg and Hugo
should be raised by unity.

Fine structure has been determined for the 5-0,
6-0, 7-0, 9-0, 11-0, and 13-0 bands, which resem-
ble a !IT—!T transition, but with the Q branch dou-
bled. Electric dipole selection rules (4~ —,
AJ=0, +1) indicate five branches are expected for
a 33~ —13¥ transition which is possible because of
spin-orbit interaction: Q, ¢P, 2R, ®R, and °P.
Recall that the selection rule prohibiting £~—Z+
transition does not apply to intercombinations
[220]. In the 3T state, F;, and F, sublevels (J=
N+1) lie close together, with the ®P and °R
branches nearly coincident and separated from
the Q branch. These conclusions are confirmed
in the observation of the 8-0 band, for in most
other bands, the three Q-form branches are not
resolved. Herzberg and Hugo [101] have made
no quantitative intensity measurements, but
have compared the intensity factors of the Q-form
branches as given by Schlapp [220].



The formulas fitted to their data (with revised
quantum numbering) are given below:

B, =1.2848—0.0181(v" %) +0.0001(+' +3)*

oo(v’ —0)=64236.32+1113.167 (v’ +1) —9.596
(v’ +1)240.00587 (" +3)*—1081.59

where the last number is the zero-point energy of
the X state.

3.11. O'z"—a”Z" Knauss System (3256-2930
AV

Knauss [130], in an abstract, reported four
violet-degraded bands obtained in an electrodeless
discharge through CO. These were identified as
belonging to C'Z+—a’3Z* (table 19). More recent
data on the a’ state indicates that the 2/ values
should be two units larger than those quoted by
Knauss.

3.12. Kaplan Bands (2750-2526 A) V

A. In a brief note Kaplan [125] reported three
bands forming a new system when a trace of CO
was excited in a long atomic hydrogen tube. The
bands resembled the 3A system (*Zt-—a’ll),
each having six heads and degraded to the violet.
The transition is attributed to K—a®ll, the upper
state being tentatively identified by Kaplan as a
metastable quintet. These bands do not appear
under ordinary conditions. (Schmid and Gerd
[227] have speculated that these bands may be the
v’'=2 progression of the b—a Third Positive sys-
tem.) Assuming »'=0 yields 7,=89889 cm™!
(above X) for the upper level. The bands are
listed in table 20.

B. Kaplan [126], in an abstract, reported an

intense single band at 2575 &, similar in structure

to the A'II—X!'2+ Fourth Positive bands, hence
degraded to the red. This band was discovered in
quenching mercury resonance radiation by CO.
Schmid and Gers [232] indicated that this band
coincided with a head of the 4-8, @*H—X!Z
Cameron band (which according to Cameron
himself was the most intense band of the system)
and disputed the reality of the 2575 & band as due
to a new CO transition. Schmid and Gers [234b]
indicated that the disputed band is strongly
overlapped by the 0—0 band of A'TI—X'Z of CS
in a variety of discharges and this level of CO
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would appear to be illusory, and should not be
included among CO terms.

3.13. @A, —~Xiz+ Transition (1620-1230 A) R

In a study of absorption spectra of CO in the
vacuum ultraviolet region, Tanaka, Jursa, and
LeBlanc [255] observed a weak progression of
single headed bands extending to high +’, assumed
to correspond to the R heads of the transition.
At that time the upper state was thought to be
311, and is now known to be ®A;. The ¢’ values
given in reference [255] need to be raised by one
unit. (See the discussion of +" numbering in the
Triplet d-a bands.) The band heads are listed
in table 21.

3.14. &5~ —a’Ti Herman System (5430~4270 A)
R

In a study of the d°A;—a’I Triplet bands,
Herman and Herman [96, 92] reported a new
progression of emission bands similar in appear-
ance [red-degraded], but having more closely
spaced heads. These bands were attributed to a
new system whose upper state was assumed to be
d (then thought to be ®1) and the lower state
assumed to be a new triplet level lying near ¢°II.
Long ago Merton and Johnson [160] had observed
some of these bands, but had not identified them.
By using the absorption data of Herzberg and
Hugo [101] and that of Tanaka, Jursa, and Le-
Blanc [255], Barrow [12] has shown that the
Herman bands constitute the (2/-0) progression
of the €¥Z~—a?ll, transition (table 22). The o
numbering of Barrow should be raised by unity
[238a]. “It is anticipated that other bands of the
Herman system will probably be found at longer
wavelengths” [12].

3.15. Ej/zt—X'z+, 'mI—X'%+, and Several Uni-
dentified Tz'ansitions in the Vacuum UV
Region (1189-930 A)

In a discharge in CO at several mm pressure
Tschulanowsky and Gassilewitsch [261] excited a
number of weak bands in the region 1200-930 A.
Included among the bands is the single band of the
E-X Hopfield-Birge transition. Most of the
bands are unclassified and are listed as such in
in table 35d. Several bands belong to a new
system labeled E =—XZ by Tschulanowsky
[260] (see table 23). The (0-v’’) progression of



red-degraded bands has a system origin at 90866.2
em~. The relative error is estimated to be 0.01
to 0.03 A (or less than 3 em™). The constant
2’ value is uncertain and was assumed to be zero.
A formula is obtained which fits the heads:
o(0-0'") =90869.45— (2171.19 v/"~14.28 v''?), giv-
ing constants which deviate considerably from
those of the ground state. On this basis the
reality of the E, state is questioned.

For the most intense band at 1183.62 A, a value
of (B'-B’")=—0.6882 cm~! was obtained. Both
branches observed were of comparable intensity.
By using B’/=1.8702 cm™! one obtains Bj=1.182
em~* (which is given in table 47), 7" ~1.44 &, and
a5(0-0)=00866.2 cm~1=1100.52 A. This suggests
a very weak bond and a state with a flat potential
curve. The B is not considered accurate, but a
rough confirmation of its magnitude was obtained
from a partial analysis of two other bands. It is
estimated that «, for the E, state <1000 cm™!
(comparable to the b2} state of Ny).

Tschulanovsky [260] has also reported a group
of weak, overlapped red-degraded bands in the
region of 1100-1000 A which form a new II-X
system. The measurements are not very reliable.
The best resolved band is the 0-1 at 1034.65 A,
which shows the P and R branches longer and more
intense than the Q. A value of (B’-B’")=
—0.7659 cm™ gives B’=1.139 (see table 48)
using B}'=1.9052 cm~!, The calculated origin
of the IT—X!Z* system is at 98836 cm~. The
bands are given in table 24.

3.16. f*nt-a’L Transition (2980-2670 A) R

Schmid and Gerd [233] have observed several
red-degraded bands (table 25) near the heads of
the 1-0 and 0-1 violet-degraded b—a Third Posi-
tive system. An especially strong band appeared
at 2670 A in a Geissler tube discharge (between
carbon electrodes) in neon, in the presence of very
little oxygen. Schmid and Gerd [231] ascribed the
bands to a *Z*—¢®I transition. The upper state,
provisionally designated as f°Z*, was suspected as
including high vibrational levels of the a’?T*
state. The supposed confirmation of this assign-
ment by Geré [78] was not fully accepted by Garg
[68], Gaydon [69], and Herzberg [99]. The work
of Herzberg and Hugo [101] on the o/-X tran-
sition implies that the Schmid and Ger6 bands
do not belong to the a’—¢ system.

Gerd [78] has given the rotational analysis of
the two f-a bands which he labeled the 30-1 and
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34-0 bands of the o’-a transition. Stepanov
[247] labeled these with ¢’ increased by one unit.
For the ¢®II state in coupling case (a), 27 branches
are allowed. Relatively large triplet splitting
of the =+ terms is indicated sinee most of these
were observed. Spin splitting (ecm™!) is found
to be roughly independent of N:

2979.9 A 2669.7 A
F-F, 0. 80 105
¥y F, 1. 08 1. 43

(See p. 461 of ref. 80 for a correction to Gerd’s
paper.) Perturbations are indicated near N=0
of the f state, presumbably caused by #=+. Ro-
tational constants for the f state are estimated
using the unperturbed levels with higher N
(table 49). The unperturbed term values of the
upper state vibrational levels are estimated to lie
at 83744 and 85969 cm™' (36 cm™! has been added
to Gerd’s figures [78] to account for revised a—X
data). Stepanov [247] obtained values close to
those of Geré which, when revised, would give
83755 and 85960 cm™.

The small B values (0.83 and 0.75 cm™) for
the f state terms imply either high vibrational
quantum states or a weakly bound electronic
state with large 7,. This rather peculiar struc-
ture should be re-examined experimentally.

3.17. '£--X'®* Transition (1520-1460 A) R

Three red-degraded bands consisting of a
single Q branch have been observed in absorption
[100] under high dispersion and correspond to the
forbidden I'S——X!3*+ transition. Rough meas-
urements of wavelength indicate a vibrational
frequency near 1000 c¢cm™. Full details are not
yet available.

The I'>~ state had previously been known only
from its perturbation of the A'II state (see table
54s). A number of the perturbations caused by
the I state have been assembled by Schmid and
Gers [225, 234b], Kovdces [135], and from more
recent measurments of the BIZt—A'II Angstrom
bands by Deutsch and Barrow [52]. These
authors all assumed that the »=0 level of the I
state perturbed A'Il, »=1. The above measure-
ments [100] suggest that it is probably the v=1
level of the I state that is involved.

Earlier estimates of B, of about 1.48 em™



implied a value of @, of about 0.046 which is
rather large for any state of CO. [But the b
state has an a, of 0.042 or 0.033]. Deutsch and
Barrow [52], by assuming the value of a, as 0.018
cm~! which is similar to other states having the
configuration #%s*r*, have derived a term value
for the electronic state and vibrational and rota-
tional constants. These values, adjusted by
raising their » values by one unit, are listed in
table 1. The state lies at about 65630 cm™.

A sumomary of the observed I'=~ perturbations
is given below:

p(AII) - o(I'=-) J T ,—(I'z7)

1 1 35 66678

2 2 7 87704

3 4 40 65699

4 5 23 70667

5 7 44 72547

6 g 30 73459

8 11 34 76080

9 12 13 76915
11 15 16. 5 79360 (ref. 234b)

All data points but the last are those of Deutsch
and Barrow [52]. (Term values are in em™").

3.18. Unidentified Bands

A. Herman [95] has found two new groups of
triplets attributed to CO, which had earlier been
found in comets, using as source a 90-cm long
discharge tube with carbon electrodes, filled with
xenon to a pressure of 10 mm of Hg. The two
groups of triplets have different structure. Group
(a) 1s red-degraded as is evident even under low
dispersion, group (b) has branches which look like
lines (as may be seen in fig. 1 of ref. 95). (See
table 35¢.) No further details are given.

B. Johnson [118] has observed five double-
headed red-degraded bands together with other
bands belonging to CO™. They are described as
similar to the A*I,—X22* comet tail bands, but
with different separation, and each head is not
a close doublet. These are given in table 35].

C. Barbier [11] has observed 26 bands in the
night sky (5200-3200 A) which were attributed
to a new transition to the ground state of CO. The
upper state is at 21962 cm~!, with «,=2610 cm™!
and w.z,=23.8 cm~!. Pearse [186] has questioned
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this assignment since w,>w). The identity
of these bands as belonging to CO is highly ques-
tionable.

D. Huffman et al. {107] have observed nu-
merous unclassified bands (table 35f) in their study
of the absorption coeflicients of CO between
1000-600 A. These are in addition to many
previously observed Rydberg states, and other
bands seen by Tanaka [254] and Henning [91].

3.19. P, Q, R, S, T—XIE; Tanaka Systems
(860-630 A) R

Among numerous absorption bands which make
up several Rydberg series, Tanaka [254] observed
five new progressions with roughly constant
frequency difference. These progressions, rep-
resenting transitions from the ground state to
the P, Q, B, S, and T states, are listed in table 26.
Weissler et al. [270] have observed the P state
and the S (or T') state by photoionization. Kaneko
{124] has observed these in electron impact.

3.20. Rydberg Series (940630 A)

Rydberg series are of special interest because
their convergence limits give the ionization
potentials of the molecule. Absorption measure-
ments have been reported of such series whose
convergence limits coincide with the three spectro-

scopically observed states of CO*. Recently,
series converging to what appears to be & new
state of CO* have been observed [42]. The series

converging to the B, A, and X states of CC* are
given, respectively, in tables 27, 28, and 29. The
observed Rydberg states of CO are most likely
13+ or I, though no fine structure analyses have
yet confirmed the tentative assignments. Details
of their possible electronic structure have been
given in section 2. The spectroscopic observations
are reviewed below.

A number of bands which reportedly belong to
Rydberg series have been observed under low
resolution by Henning [91] and Anand [2]. Un-
certainties in the measurements make their series
limits unreliable. Henning [91] observed 22
bands in absorption, including 10 which formed
two progressions having nearly equal frequency
difference (=~21550 em™"). The positions of these
broad bands are uncertain by +50 cm™., Anand
[2] observed six headless bands in emission, and in
the same spectral region (900-850 f&) saw a series
of four bands in absorption. Both series were



fitted by a Rydberg formula with a common limit
of 14.5 eV, which falls between the term values of
vibrational levels of CO*, X2Z*. Henning’s
bands are listed in table 35g. Anand’s are listed
in table 35h.

Tanaka [254], using a 3-m focal length
grazing incidence vacuum spectrograph, observed
numerous bands, including most of those reported
by Henning, as well as the F and G bands of
Hopfield and Birge [104]. A band at 783.1 A
(127,698 cm™), reported to be very diffuse by
Henning, was seen under higher dispersion to have
three close heads, each being sharp and degraded
~ to the red. Tanaka found two sets of absorption
bands of equal intensity, one sharp and one
diffuse, each forming a Rydberg series labeled the
“g" geries and converging to-a common limit at
630.12 A=19.675 eV. The sharp series in the
region 700-620 A can be represented by the
formula

R

5 ... 12

More recently, Huffman, Larrabee, and Tanaka
[107] have observed the n=4, 0-0 terms of the
“g” sharp and diffuse Rydberg series in their
study of absorption coefficients of CO in the region
1000-600 A. (See also table 27.)

Another Rydberg series labeled “a’ was found
[by Tanaka] to span the region 800-730 A Tts
convergence limit was at 749.74 A=16.536 eV.
The “a’ series can be represented by the formula

R

(n—1.60) " 9.

¢=133380— 5 ...

The “B” series includes transitions from the
X1z+ state of CO to electronic states which con-
verge to the B*Z* state of CO*. A diffuse band
always appeared on the short wavelength side of
each sharp band. The “a” series converges to
the A2l state of CO*. This latter series is
strongly overlapped by other bands. Both “g”
and “a” series show vibrational structure which is
close to that of the ionic states which are their
series limits. Tanaka [254] tentatively ascribed
the sharp and diffuse series to (*Z+)—X'Z* and
(MI) —!=+ transitions, respectively.

Takamine, Tanaka, and Iwata [253] have ob-
served two Rydberg series converging to 884.73 A
and 868.13 A, respectively. These series are the
0-0 and 1-0 vibrational series whose convergence
limit is the lowest iomization potential of CO:
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113029+ 32 ecm™! or 14.0134-0.004 eV. This con-
vergence limit is within the experimental error of
that derived from the limits of the ‘g’ and “a”
series and the origin of the B-X system of CO*.
(The values in eV quoted here differ from those
originally given in ref. 253 because of a slight
difference in conversion factor.) The series has
been represented by a formula

R

o=1 13029.‘(7?.88)5, n=

6, ... 14.

3.21. B’Zz+—X2*zt+ First Negative System of CO*
(3150-180¢ A) R

The B?Z+—X?=+ First Negative system of
carbon, originally observed by Deslandres (see
also ref. 127a, p. 233), consists of an extensive
group of single-headed, red-degraded bands. The
upper state of this system is the highest lying
state of CO* which has been observed spectro-
seopically, though a more energetic state has been
tentatively identified from electron impact and
photoionization measurements. Vibrational heads
of the B-X system are given in table 30, origins in
table 31. Rotational constants for the X2=+ and
B2zt states of CO™ are given in tables 50 and 52,
respectively.

A number of bands observed by Schniederjost
[ref. 127a, p. 213] were later correctly identified by
Jevons [116] as belonging to Deslandres’ system.
Additional bands of this system were reported by
Johnson [118] and Blackburn {26] who gave the
first vibrational assignments. This system was
extended to shorter wavelengths by Biskamp’s
report [24] of 22 new bands in an intense high
frequency discharge in helium containing a trace
of CO. The dispersion used was 8.8 A/mm [wave-
lengths are uncertain to +£0.05 A]. A formula
was fitted to the observed band heads: '

o=45651.5-+ (1695.60' —24.250"2) _
—(21960"'—15.120'72)

Deviation from this formula of levels with ¢'=7
suggested [24] perturbation of this level as due to
crossing of the 23 states.

Early fine structure measurements on lower
vibrational levels of both states did not provide
reliable rotational constants because of overlap-
ping lines and poor resolution. These include
studies by Coster, Brons, and Bulthuis [45] and
by Schmid [237]. The latter observed measurable



spin splitting only for high rotational quantum
number, typically about 30-34. The 3-5 band,
however, showed doubling (about 1.3 cm™ width)
for P(23) and R(24).

The rotational analysis of the 0-0 band by
Schmid and Gerdé [222] established the ground
state as the common lower state of the Comet
Tail and First Negative bands.

Rao [202a] has made a comprehensive study
of the B-X system of CO* under high resolution
which has provided the best values of molecular
constants of both states, band origins, rotational
constants, and spin doubling coefficients. [For
the latter see table 53.] Previously Woods [278]
had reported values of |y'—y’’| for the B and X
states which are about half those of Rao.

Rao [202a] has given the fine structure of the
0-0, 0-1, 0~2, 0-3, 0-4, 1-2, 1-3, 1-4, 1-5, 2-3,
2-4, 2--5, 2-6, 3-5, and 4-7 bands. Observations
were made viewing a hollow cathode discharge
with a 21-ft focal length grating spectrograph in
fourth order. Six branches are possible for a
22-?3 transition, with each line of the P and R
branches split into a triplet by the selection rule
AJ=0, -1. The satellite branches *Q,; and ®*Qy;
were very weak except at very low N. The
bands consist of a doublet P branch and a doublet
R branch, with doublet splitting resolved only for
higher N values.

3.22. A1 —X?%+ Comet Tail System® of CO*
(7200-3080 A) R

Important characteristics of comet tail spectra
are bands of carbon compounds. Among these
are found the strongest bands of CO*, A%l ~-X*Z,
which were first discovered in these celestial
sources [189], and shortly thereafter weakly

produced in low pressure Geissler discharges in
CO by Fowler [64]. These bands which extend
from the UV through the visible region have two
double heads degraded to the red. Bach band
shows eight branches (out of a possible 12), four
originating from each I doublet component.
The other four are not resolved because of unre-
solved spin splitting of the X2T state. Rao
[202b] has found that previously used »' number-
ing should be lowered by three units. Perturba-
tions of levels Al »==5 and 10 indicate crossing
by the ground state. Table 32 lists the observed

8 Earlier referred to as the Third Negative bands of carbon,
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A-X band heads; precise origins are listed in
table 33. Rotational constants for the X and A
states of CO* are given in tables 50 and 51,
respectively.

Merton and Johnson [160), Johnson [118], and
more recently Asundi [6] bave observed bands of
this system in a discharge through helium with a
very small partial pressure of CO (~10~* mm).
Baldet [9] observed four heads of each of 40
bands (in the region 6400-3080 A) produced by
electron bombardment of CO in the most extensive
single observation of this system. He drew a
Fortrat parabola for the eight observed branches
of the band at 3997 &, but the more extensive
rotational analysis of many bands to which he
alluded has not been published.

Birge 21} showed that the First Negative and
Comet Tail bands had a common lower state.
His vibrational assignments, as given in an early
review by Herzberg [97], were based on a fit to
all of Baldet’s data with neglect of a weak band
at 5281 A. This analysis did include three com-
parably weak bands at 6400 &, 5800 A, and 6000 A,
whose intensities were estimated as % by Baldet.
These were assigned as 0-0, 1-0, and 2-1 tran-
sitions. Rao [202b] did not see these weak
bands, nor have any B-A bands been observed
with »”’ values corresponding to the above
assignments. In addition, the above quantum
assighments gave abnormal Condon parabolas.
By lowering the v’ assignments by three units and
omitting the four weak bands (listed in table
35i), these difficulties were eliminated [202b].

Much work has been devoted to fine structure
analysis of lower lying vibrational levels. Black-
burn [25] reported seeing the Comet Tail bands
under high resolution, but gave no quantitative
data. Sometime later Coster, Brons, and Bul-
thuis [45] observed the fine structure of the 2-0,
3-0, 4-0, and 5-0 bands produced in a low pressure
discharge in flowing CO. Relative accuracy for
sharp lines was claimed to be 0.002 A. The
M, state was found to be in Hund’s coupling
case (a) for low rotational quantum numbers.
Schmid and Gerd [222] have given the fine struc-
ture of the 0-0, 1-0, 1-1, 2-1, 3-2, and 4-2
bands. Rotational analyses of many more bands
have been given by Bulthuis [34a, 35] who has
published details only of the 6-0 band and the
most intense branches of the 7-0, 8-1, 9-1, 10-1,
10-2, and 11-2 bands. Perturbations of the upper
level were found in the 10-1 and 10-2 bands.



The fine structure of the 0-2, 0-3, and 04
bands has been given by Rao [202b] who, in
addition, reduced previous data [34, 45, 222] to
evaluate rotational constants for the AZII,; state.
Accuracy of +£0.00025 cm™! is claimed. The
following formula was obtained:

B;=1.58940—0.01942(v'+ 1),
em™! {est).

D;~6.60 X 107

An average value of -117.5 em™ was derived
for the coupling constant A (which is negative
because the A state is inverted). A useful com-
parison of the branch designations used by
previous authors can be found in Rao’s paper
[202b].

3.23. B:3t—ANI, Baldet-Johnson Integcom-
bination System of COT (4249-3310 A) V

This system of double double-headed, violet-
degraded bands has been much less extensively
studied than the other two known transitions for
CO*+. Spin splitting of the upper state is ob-
servable; for the lower state it is negligible.
Vibrational quantum numbering is based on the
work of Rao [202b]. Observed band heads are
given in table 34. :

Merton and Johnson [160] mentioned a number
of faint violet-degraded bands among their
A-X Comet Tail bands and similar in appearance.
Johnson [118] reported the band heads for the
0-1, 1-2, 0-0, 1-0, 2-0, and 3-0 transitions.
Several additional bands were found which have
not bheen identified (table 35i). Meanwhile,

Baldet [8] had previously reported the 0-1, 0-0,
and 1-0 transitions from electron bombardment
of low pressure CQ.

Baldet [10] mentioned high dispersion measure-
ments of the 0-1, 0-0, and 1-0 bands, but his fine
structure analysis has not been published. Bul-
thuis [34b] has given the rotational analysis of the
0-0 and 0-1 bands. These bands extended to
moderate J (~25), were very weak, and were
overlapped by the much stronger A-X Comet
Tail bands. The bands were observed in a hollow
cathode discharge. The spin splitting of the
B2%Z level was observable, and Bulthuis concluded
that the spin splitting in the B-X band for higher
J [34b] is due essentially to the B state. Rota-
tional constants for each 2II sublevel were obtained
which, when averaged, are in reasonable agree-
ment with more recent results of Rao [202b].
For higher J the doublets P»—Qi: and R,—Q,; are
clearly separated, but the doublets R;,—Q, and
P:—Q: show only one component even for the
highest J values (~25).

Recently, Rao and Sarma [205] have sum-
marized the work on all three observed transitions
for CO* stressing the revision of ¢’ numbering for
some B2Z—A?II1; Baldet-Johnson bands, and changes
in branch designation because earlier fine structure
analysis incorrectly labeled the A state as I,
instead of inverted. Making use of the value
for the spin splitting constant v=0.0192 for B*Z,
v==0 and |y'—y’’| obtained previously [202z], they
obtained values of v for the X state which are
given in table 53. Blending of branches of the
intercombination bands prevented accurate deter-
mination of rotational constants.

4, Perturbations

A number of states of CO and CO* undergo
perturbations, most notably the AMI and HZH.
The A state has the greatest number of pertur-
bations; the b state suffers perhaps the most severe
disruptions in its rotational structure.

For CO, the identity of most perturbing states
is known. The existence of the I'Z~ state, not
directly observed until recently, was revealed
from itsinteractions with the A'TI state. Supposed
predissociations of the A state [227,74], indicated
by intensity drops in the band fine structure,
are not real. However, perturbations may occur
at these positions. Table 54 summarizes the
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data on reported maximum perturbations, some
of which are uncertain.

This section which supplements table 54 is
concerned only with the reported rotational per-
turbations. Multiplet splitting and A- doubling
are discussed in seetion 3; predissocations, a
special case of perturbations, are discussed in
section 5.

4.1. A'YI State
a. 'v=0

Stepanov [244] has determined the matrix ele-
ments of interaction of =;_x with ‘I, (in inter-



mediate coupling between cases (a) and (b)), and
has applied the results to perturbations of A'IL,
v=0, J=9, 12, 16. By using the data of Gerd
[224a, 71], he obtained numerical values of the
matrix elements which were found to be functions
of J, and not constant as had been found by Budé
and Kovées [33]. The almost linear increase with
J led to the conclusion that the A'II state was in
intermediate coupling close to case (b), as had
been previously established (see sec. 3.1). Step-
anov [245] has also mentioned the importance of
including the distorting affect of a third level at
the common point of intersection for low J.

Coster and Brons [44] have also reported a
perturbation affecting all branches at J=1; the
perturber is II or A since both A-components are
affected together, most probably 'II since the
perturbation is already large at J=1. This
perturbing 'II state has not been observed directly.
In addition, all lines below J=16 showed devia-
tions of 6-10 c¢m™!; most of these being due to
crossing by 32 levels. The 32 term value was
estimated at 64815 cm™!; from the data of Herz-
berg and Hugo [101] ¢*Z~, v=1 was found at 64803
cm~!. For high J (presumably >30) [44], a °II
perturbation is mentioned.

Crawford [50] has studied the Zeeman effect in
the B-A Angstrom bands. [His fig. 5 shows the
Zeeman pattern for the P(1) and R(1) triplets of
the 0-0 band at 4511 A and also the asymmetry
of the Q doublets at low J for the 0-3 band at
5610 A.] He has tabulated a number of magnet-
ically sensitive lines which show large Zeeman
patterns. These normally occur near points of
large rotational perturbations. For the 0-0 band
this includes Q(25) and probably others. (See
sec. 4.1, b to d for additional magnetically sensitive
lines.) Crawford described the appearance of the
0-0 B-A band as having weak and fragmentary
extra branches (see sec. 3.2; note particularly the
same difficulty of Jasse [115]).

Watson [268, 269] has reported additional faint
lines for the 0-0 B—A bands including the occur-
rence of extra lines at the perturbations. Some of
the P, Q, and R lines at the perturbation of J~28
become sharp doublets. The Zeeman pattern
indicated that the perturber was not a singlet state,
and was assumed to be d*II, (now known to be d°A;).
Extra lines appear for J=38, 10, and 17.

The perturbed lines show large irregular Zeeman
patterns at medium and high J values. Neigh-
boring lines are apparently insensitive to the

23

magnetic field. The perturbing state is assumed
to be case (a) ’II. Watson [269] has given a table
of Zeeman patterns of the perturbed band lines in
the 0-0 B-A band.

b. v=1

At J~0 Rosenthal and Jenkins [216] found a
perturbation in all branches which they ascribed
to oI, v=1. Schmid and Gers [225] believed,
however, that the perturbing state was 'Il, an
unobserved state.

Coster and Brons [43] have found the following
perturbations in the 0-1 B-A band: K(26), P(26),
Q(23), Q(26), Q(29), and Q(35), with extra lines
corresponding to R(26) and Q(29). These seem
to include the a’3Z* perturbations as well as 2~
perturbations reported elsewhere [262,225]. The
observed deviations do not exceed 2 cm™!, with
the largest deviations accompanied by intensity
reductions. Two additional = perturbations are
found at Q(25) and Q(35) which may also be due
to the 1=~ state.

Read [209] has observed a perturbation at J ~26
in the 1-0 A-X band. Geré [74] reported a 3=~
perturbation at J=44 in another A-X band.

Geré [71] has found small perturbations at small
J in »=1 with both A-components affected the
same.

Tschulanowsky and Stepanow [262] observed
perturbations in A-X bands, including the appear-
ance of extra lines. In all cases the P and Q
branches were perturbed differently and pertur-
bations result from interaction with the ¢*Z state.
For the 1-5 A-X band an extra line was incorrectly
attributed to Q(28) and should be revised as
follows: Q(28)=55571.07, Q(29)=>55554.84, with
the extra line for J=29 at 55559.10 cm™!. A '3
term perturbs both J=26 and 35. An additional
perturbation at J=26 [44] is due to one component
of a 33 state.

Crawford [50] has listed as magnetically sensitive
lines Q(23) and Q(24) in the 0-1 B-A band. Near
the perturbation at J~28 in this band Watson
[268,269] found that several P, Q, and R lines
appeared as doublets.

MecCulloh [157a] reported a perturbation of the
lower state in the 0-1 B—A band for C¥Q .
Perturbed lines include P(16), Q(13), Q(19), and
R(16). The perturbing state is *=* with B~1.13
cm~!. (This is the isotopic analog to what Coster
and Brons [43] found.)



c. 9=2

Rosenthal and Jenkins [216] observed perturba-
tions at J=25, 29, and 33 in the 0-2 B-A band.
Extra lines appeared in the P and R branches for
J=25 and 33. Tschulanowsky and Stepanow
[262] saw the same perturbations in the A—X bands
including extra lines in the P branch for J=25 and
26. The perturbing state is ¢*Z~, »=4 (from the
data of Herzberg and Hugo [101]). From pertur-
bations [44], the term value of 67953 cm™ is
obtained.

Gerd [73] observed doubling of the Q(7) line
in A-X bands. The perturber is '2-. Deutsch
and Barrow [52] observed this perturbation in the
B-A bands, and have tabulated the perturbations
caused by the I'=~ state for all vibrationallevels
of the Al state. Crawford [50] gives the following
magnetically sensitive lines in the 0-2 B—A band:
P(25), P(26), P(34), and P(35).

d. =3

Rosenthal and Jenkins [216] reported perturba-
tions at J=28, 31, and 34 in B-A bands. Coster
and Brons [44] showed that these levels are crossed
by the a’3z* state. The estimated term value for
the perturber is 69459 cm™; ¢/3Zt, =12 is found
at 69602 cm~! from the data of Herzberg and
Hugo [101]. Coster and Brons [44] found another
small perturbation of Q(38) which is due to the
13- state.

Gero [74] found J=50 perturbed by the €=~
state. Tschulanowsky and Stepanow [262] have
seen the 32 perturbation in the A-X bands. In
the 3—-7 band extra lines are found for Q(27) and
Q(28). The extra line reported for Q(29) may
not be real, and cannot be assigned to J=28, 29,
or 30. Crawford [50] includes the Q(28) line as
magnetically sensitive in the 0-3 B-A bands.
Deutsch and Barrow [52] found I'Z~ perturbing
J=40.

MecCulloh [157a] found the maximum perturba-
tion at Q(21) in the 0-3 B-A band of C30.
P(21) was unperturbed. Either the =% state or
13- is responsible for the perturbation; the proper
assignment can only be established from examina-
tion of high rotational levels.

e. v=4

Coster and Brons [44] have found a perturbation
at J~31 in the 0—4 B-A band, the reality of which
is disputed by Ger6 [73]. Another perturbation

24

at J=34,37,—,is due to &Z~. The estimated
term value of 3T is 70878 cm™!; from Herzberg
and Hugo [101], one obtains 32—, =7 at 70966
cm™1,

Gerd [73, 71] has reported a 3Z* perturbation
at J ~0 and two others at J=23 and 27. The one
at J=23 is due to !=~ [52]. Asundi [5], in addition,
observed a very small perturbation for J=18.
Gerd [73] has reviewed the work on a number of
these perturbations and gives the following identi-
fications: J~0, 3=t+; J=23, =-; J=37, 3z~
Additional perturbations include J=46, 3+;
J=50, L.

f. ¥=5

Gero [73] has referred to close crossing of 3=+
and °II states which overlap perturbations of A,
v=>5. The first perturbation is at Q(30) in A-X
bands, and is due to 32*. The last perturbation
of this pair of overlapping states is at R(35),
Q(36), and P(37), due to *I. A I~ perturbation
is found at Q(44) [73, 52], and the onset of a =
perturbation at R(50).

g. v=6

Gerd [73] has observed overlapping *II and 32
perturbations near the heads of A-X bands. An
additional perturbation was observed at Q(52).
Since the other branches were not followed to
such high quantum numbers the nature of the
perturbing state could not be determined with
certainty, and was assumed by Gerd to be °II.
Several additional perturbations at J=29, 30 have
also been found [73, 52].

Onaka [182] later unraveled the structure near
the head in his observations of the 6-13 and
6-14 A-X bands. Details of the 6-14 band are
not given. A perturbation near J=0 which acts
on all branches, indicates a II or A perturber with
B, larger than that of the A state. (A similar
perturbation has been found of A, »=0 by Coster
and Brons [44], indicating the possibility of a
common state perturbing both the 0 and 6 levels.)
Several extra lines are observed for »=6, which
include P(7), R(7), Q(11), P(13), Q(13), and Q(16).
The perturbations observed are: J'=7~8, 11,
14, 16 in Q; and J’ ~0, all branches.

h. v=7

Read [209] has observed perturbations of R(25),
Q(27), and P(27) in the 7-1 A-X band. Another



perturbation at J=29 was designated as 32~ by
Gerd (73]. In addition, Geré found a =% per-
turbation at J=26, and a °II perturbation at
J=39. Gerd [74] mentions a sudden intensity
drop from R(46) to R(47) in the 7~16 A-X band
with no simultaneous line displacement.

i. v=8

Gerd [73) found the following perturbations in
A-X bands: J=18, z*+; J=27, *O; J=34 [52],
5=, Gerd [74] mentions the following sudden
intensity drops (no line displacement)

8-16, A-X R(35) >> R(36)
8-17, A-X R(35) >> R(37); R(36) over-
lapped.

jo v=9

Gers [73] found a 'Z- perturbation at J=13.
(See also ref. 52.) At J=37, a 33+ perturbation
is expected [74]. Gert [74] lists the following
intensity drops unaccompanied by line displace-
ments:

A-X

9-17, P(22) > P(23); R branch overlapped

9-18, P(22) >> P(23); R(19) >> R(22);
R(20), R(21) overlapped; Q(27) >>
Q(28); P(28) > P(29)

9-19, P(22) > P(23); R(19) >>R(21); R(20)
overlapped

9-20, P(23) and R branch overlapped; Q(27)

>> Q(28).

k. v==10
Gero [73] has studied numerous perturbations
of the A'Il state in the A-X bands. It is deter-
mined that for +'=10, at J=16 and 18, there are
perturbations of P(17) and Q(18) by %Z~. The
strongest perturbations are overlapped by the
82t state. The branch lines, however, are of nor-
mal intensity beyond the perturbed level and can
be followed to J=34. At J=32 there is a *II
perturbation.
1. v=11

Gert [74] found a perturbation of J=16 by I
and 1Z-,

m. =12

Gerd [74] found a perturbation of J=24 by 3=+,
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n. p=13

Gerd [74] has analyzed lines only up to J==15.
He indicates a probable °II perturbation near that
limit. For the bands with v=11, 12, 13 only one
band was observed, so that localizing the pertur-
bations is less certain than for the other bands.

4.2. E'II State

In the 0-0 E-X band Tilford et al., [257] ob-
served a perturbation at J’=31 in both R(30) and
P(32). These lines appear as doublets, and, in
addition, are anomalously more intense than their
neighbors. A state of type !Z* is the suspected
perturber.

4.3. ¢’I1 State

Beer [16] has studied the perturbations of the
@*T, v=4 level in the 0-4 and 14 bands of the
B3t —a?Ml Third Positive bands. Eight observed
crossing points are attributed to a perturbing 3=+
term for which B,=1.31 cm™' was estimated.
The perturbing state, which lies at an energy of
55380 em™! above the reference level X!'Z%, p=0,
J=0, has been identified as ¢’*Z% [235]. From
previous b-a studies by Dieke and Mauchly [54],
and Gerd [75] it is shown that the a3I1, v==0, 1, 2,
and 3 terms are regular (unperturbed). Dieke
and Mauchly [54] tried an analysis of the 0-4
Third Positive band, but could only conclude that
strong perturbations were probably present. Beer
found no perturbations of »’/=5 from the 0-5 and
1-5 bands. [In these bands the $°Z, v=0 and 1
levels are subject to strong and consecutive per-
turbations [54, 75]. (See sec. 4.6.)

The eight perturbations are listed in table 54c.
Numerous extra lines appear in the 0—4 and 14
bands.

Since the ¢®II state is no longer in coupling case
(a) for medium wvalues of rotational quantum
number [50], one can allow for violation of the
selection rule for perturbations AQ=0, 41. In
fact, in two places, the perturbations occur with
AQ=2, The absence of a perturbation at the
ninth crossing point where A2=3 results from the
rules for intermediate coupling. From the per-
turbations, B~1.31 cm™ and o,~55,380 em™!
(above X) are calculated for the perturbing state.
These values correspond closely to those of the
a’3zt, p=0 level. The 0-6 and 1-6 bands should
show the onset of perturbations sooner, but these
were not analyzed due to insufficient light inten-



sity. The lowest perturber level of 4’32t is most
certainly »=0, since @’Il, v=0, 1, 2, and 3 show
no perturbation. The Third Positive 0-6 and 1-6
bands should show perturbations at J~47. These
have not yet been observed.

Beer’s estimates of the constants for the a’
state agree fairly well with the accurate deter-
minations by Herzberg and Hugo [101].

4.4 dA, State

Gerd and Szab6 [82] have reported perturbations
in all components of the v=6 term of the d state
in the d®A;,—a®M Triplet bands at J=8§, J =13-14,
and J=14-15.

4.5. fix+ State

In a study of the 2980 A and 2670 & bands of
the f3Z+—a®I transition, Geré [78] observed
perturbations of the upper levels by the v=0 and
p==1 levels of the p3z+ state. The perturbatlons
are seen in the 2670 A band at N=13 in the
PQu(N), Ps, R, and 2@y branches. The N=
level for the otk)ler band also seems perturbed

AF(N
A plot of AN-D)
on N for small N; hence, a perturbation at N ~0 by
another 3% term. (See table 54e.) These bands
had at one time been thought to originate from
high vibrational levels of the a’*=* state.

versus N indicates dependence

4.6. b°z=* State

Dieke and Mauchly {54] have indicated that
numerous large perturbations of the upper state
of the §°=+—a’II Third Positive bands cause the
characteristic intensity fluctuations previously
observed by Wolter [277]. The perturbations
were ascribed to suceessive high vibrational levels
of the *% perturber, presumably o’°Z*. These
are mixed with levels of the state 2=*. The first
large perturbation in »=0 is at N=19, hence the
head region is not affected. However, there is no
apparent regularity of lines in the middle of the
bands. The perturbations result in clustering of
lines in some places and gaps in others. Similar
effects which are expected for lower N values near
the head region for bands with #’=1 would make
the o’ =1 progression appear to belong to another
system. In the »”=0 progression for »"’=0 to 4,
the last few lines in all branches showed perturba-
tions of increasing magnitude with increasing N
values, and the lines did not return to their regular
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sequence after perturbation. This indicates a
II or A perturber. [Fig. 2 of ref. 54 shows the
irregularly spaced triplets.] Deviations of a single
perturbation exceed 50 em™! [53].

Gerd [72] determined numerous perturbations
whose spacing decreased with increasing N.

Ger [75] observed the disrupted structure of the
1-0 b—¢ band. Perturbations made it impossible
to isolate branches below N=5. Often lines did
not follow in order of the quantum assignments.
Additional perturbations were found for 32 levels
N=17, 25, 30, 34, and 40. The perturber is the
same 2 state which affects the §*=*, =0 level.

The perturber would appear to be the 3+ state
[78, 247, 101], incorrectly identified previously as
high vibrational levels of the a’3Z* state. (See
further details on the f~¢ transition in the section
on electronic transitions.) The term values of
the perturbing levels lie at 83744 em™! and
85969 cm™1.

4.7. A1, State of COt
a. v=5

The AL, ;» (v=5) level is perturbed by the X2z
(v=14) level [45]. In the 5-0, A% ,— X2+ Comet
Tail band, the perturbations include a number of
successive extra lines in both the Q, and Q,
branches (most of them being displaced towards
higher frequency, one displaced towards lower
frequency). The perturbing state is Z. The
perturbations occur for a large number of lines,
because very similar B, values for both interacting
levels cause both sets of levels to stay close together.
At J=141 is the maximum perturbation of one
A—component of the II;; level by the = level with
J=N-—%; at J=221, the other A—component is
perturbed by =, J=N+13; the Iz, level is un-
perturbed. The perturbing = level lies between
1. and ;e for low J. (See fig. 4 of ref. 45.)
This, together with the fact that the peak per-
turbations lie so far apart, indicates a relatively
slight angle between the potential curves of the
interacting TI and Z levels.

For small J, the II;;; level is probably not
perturbed. From extrapolation of data for the
2-0, 3-0, and 4-0 bands, any displacement would
not exceed several tenths of a cm™:. Both
A-components of the I, level are displacd about
2 em™ for low J. The perturber is X22*. From
the two croasing points X,_1x A,.;5, a value of
B:=~1.7 em™ is determined which is in fair
agreement with the value for X°Z, v=14. The



extra lines are due to the X22(v=14)—X*Z (r=0)
transition. It seemed strange that perturbations
were not also observed in the other bands con-
sidered here (2-0, 3-0, and 4-0). This may be
explained by the fact that the observed crossing
of T and T here indicates that the potential
curves separate rapidly from one another, and
have different 7, The = levels would appear to
fall between the IT levels for low » and low J so
that & crossing with I, is not expected till very
high J, In fact, there appears to be a perturba-
tion of H3/2*—Z(4'—0) for J>301/2. (PrOb&bly due
to X, v=10 affecting the low energy A-component).

b. v=10

In the 10-1 and 102 AYI—X2s% Comet-Tail
bands, Bulthuis [35] found a perturbation of the
R1:Qu and QP branches. The perturbed level
is A2M,p, v=10. From a knowledge of the v’=9
and 11 levels the unperturbed branches of AT, —
X253+ for v’=10 can be accurately calculated by
addition of the mean values of A’Il;p—A%M;,
differences of these two known levels to
the measured branches of AZH,,—X2Z+(»=10).
The C—C (observed—calculated) differences for
the lines are the energy shifts due to the perturba-
tion. The shifts are small (about 3 cm™ at most)
(see fig. 3 of ref. 35) and include J=3% to 214, the

range observed. This can be understood from
the results of Ittmann’s [112] theory where the
matrix elements determining the magnitude of
the shifts are small for small J.

The perturbations occur for numerous J values
as can be seen from figure 3 of reference 35.
Here, for v=10, the crossing of perturbing levels
occur at very low J values. Hence, the pertur-
bation is observed for many J values because for
small J the two perturbing potential energy curves
are more parallel than in the case of high J, since
the energy differences for the same AJ increases
with J. This follows also because the interacting
levels have very similar B values.

All perturbing energies are negative (0—C) as
seen from figure 3 of reference 35; hence, the
perturbing level lies entirely above the perturbed
AL level. By making use of Biskamp’s [24]
band head formula, the perturber is found te be
X2zt p=18. Extrapolating from figure 3 of
reference 35, for J=0, the ratio of perturbations
in the two A-components is 2.5:3.6. This ratio
can be used to calculate the energies of the two
perturbing 2II—22 levels using Ittmann’s [112)
formulas. See figure 4 of reference 35 for energy
curves of the perturbing levels.

The details of the perturbations are given in
table 54g.

5. Dissociation Energies, Predissociations, and Convergence Limits

5.1 Dissociation Energy of CO

After a long history of controversy, the dis-
sociation energy of carbon moncxide D%CO),
having a value of 89460 cm™ or 11.091 eV [28],
can now be regarded as generally accepted, though
the triplet levels of the atomic dissociation
products are not known. From the noncrossing
rule the products would be C(*Py)+O(CP,), but
this has not been established as yet. Since the
X1zt state of CO dissociates to ground state
products [69, 56] it is possible to make a unique
correlation between a number of excited molecular
states and their dissociation products (table 1).

Reviews concerned with the dissociation energy
of CO have favored a variety of values. (Refs.
98, 235, 70, 87, 84, 69, 151, 88, 28, 56 and others.)
The work of Gaydon [69], Douglas and Mgller
[56], Brewer et al. [27], and Brewer and Searcy [28]
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