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ABSTRACT

“The electronic band spectra of the neutral molecule '*C'°0.

HO™O, and MCMO, and the molecular jon *C'*0* are of considerable importance in

astrophysics and atmospheric physics. The rotational emission spectra of these molecules

in the

are routinely used in millimetre radio astronomy to map the moleculur densil
interstellar medium.  These molecules are present in circumstellar envelopes, and
cometary and planctary atmospheres. The molecular ion CO* has upplications in the

study of radiative heating of hypersonic space craft at ape velocity and in the

atmospheric fringe of Venus.
“Fhe vacuum ultraviolet spectra of the fourth positive (A 'TT - X ') system of
carbon monoxide isotopomers *C™0 and "'C™0 excited in the anode column of a hollow-

ion

cathode discharge tbe, and of the isotopomers "C'°0 and "'C*0 generated in emi

in & jet discharge apparatus were photographed in the spectral region 1370 - 1935 A on

a 0.6 m vacuum grating spectrograph. Detailed rotational analysis for thirty nine bands

isotopomers of the A-X system has been carried out. Several perturbations

of the thry

aceurring in the A 'TT state due to its neighbouring states € 'Z', o’ °E*, d A, 1 'X;, and

molecular constants,

DA were observed. Froma

were obtained for the A 'TI statc as well as for the perturbing states of the three
isotopomers.  Perturbing parameters and mixing coefficients which characterize
perturbations were also derived.

Using the experimental data of the fourth positive system of the three isotopomers,

the term values of the A 'T1, v=0 (o 9 levels of “C'0, v=1 and 2 levels of “C"*0, and



v=1 level of "CO were determined. “The term values of the Rydberg st

and 1, C'E%, and E ', v=0 were caleulated for the isotopomers “C™0 and 'C™0, by
combining the present data and those of the B'S' - A 'L C 'Y - A 'L and

E'TT- A M systen

en from the literature. The molecular

onstants of Rydberg states

B. C. and E were determined from the calculated term values.

The comet-tail (A 1, - X *£" s

stem of “C'0" occurring in the cathade glow

of & hollow cathode discharge tube and photographed in the spectral 1

e AR5 - 8500

A at high ion was reinvestigated. Spi

ing of the rotational levels of wll the

analyzed ten bands was observed.  The observed intensity distribution of the branches

is in good with i i Rotational constants were obtained for
the A *IT, and X *Z* states from a global fit of the present data of the comet-tail system

and the infrared and microwave data available from the literature,

vi
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CHAPTER 1
INTRODUCTION
1.1 Importance of Molecular Spectra in Atmospheric Physics and Astrophysics
With the development of quantum mechanics great progress has been made in the

experimental studics and i ding of the clectronic spectra of diatomic

molecules. Information about the vibration and rotation of the nuclei and the electronic

structure of the molecules are provided by their electronic spectra. Properties such as

chemical valence can be from the el ic structure.

and rotational energy levels of a molecule can be obtained very precisely from a detuiled

analysis of its electronic spectrum. From a of the vibrati ies and

the anharmonicities of a molecule, forces between the constituent atoms and

dissoci;

tion energy can be estimated. The rotational analysis of the electronic bands of
a molecule gives accurate values of the moments of inertia and internuclear separations

in various energy states. It also provides information on the nature of the coupling

Dbetween the rotational motion of the molecule, as well as information about the possible

perturbations between the energy levels of different electronic states. Thermodynamic

specific heat, entropy, and free energy can be estimated from the

vibrational and rotational partition functions. From the vibrational and rotational
constants of the electronic states and other molecular data, intensities of the bands of the

clectroni

spectra can be caleulated.

Molccular spectra play a very important role in the investigations of atmospheric and
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astrophysical phenomena. A few examples of these are the molecular absorption
spectrum of the earth’s atmosphere. the emission band spectra of the aurorae, the

radiations from the night and the twilight sky which are produced in the upper of

the atmosphere, the cometary spectra, and the spectrum of lightning. The presence of all
natural isotopomers of CO, namely, *C**0, "'C**0, “C"0. and "'C™*O was established in

the solar spectra by Farrenq ez al. (1991) from a high resolution study using an infrarcd

Fourier transform spectrometer. The emission of radiation from the earth’s atmosphere

gives

isc to band spectra due to several molecular speci

For example, the spectrum
of the night sky reveals band spectra of Ny, O, and NO; the N,' bands have been
observed in the twilight; the spectra of aurorac consist of the N, and N, bunds. The
main features of the auroral spectra are very similar to those obtained in a hollow-cathode

discharge in nitrogen. Important information about the physical conditions and the

compositions of the atmospheric layers can be obtained from a study of their spectra. The

temperatures and depths of the atmospheres of the celestial objects are estimated Irom the

intensity distribution of their emission spectra. The absorption spectra of the planctary

atmospheres confirm the presence of polyatomic molecules suct

CO,, Cll, NH, e

CO, in Venus, earth’s atmosphere, and Mars; CH, in many plancts: NH, in Jupiter and

Saturn, Cometary spectra are a good example of the application of molecular spectra to
of molecular jol

astrophy: The ion tail of a comet con:

s such as CO', N, 11,0,

ete., and its dust tail cons

s of mostly dust particles. The coma of a comet gives

radiation emitted by the molecular radic: C,, CN, OH, NH, NH,, etc., which is
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overlapped by a weak continuum with Fraunhofer atomic lines, arising from the reflection
of sunlight by the solid particles of the cometary nuclei. The band spectra emitted in the
coma (head of the comet) and the nucleus are different from those occurring in the tail.
Molecules such as CO, etc., are present in interstellar space. Temperatures of the stars
can be determined from their emission spectra.  These types of investigations are
necessary to understand the nuclear processes through which the energy is relcased in

these objects.

1.2 Electronie Configurations and Spectra of the Isotopomers of CO and CO*

The number of electrons in the outer most shells of the constituent atems of the
molecule determines its binding character and the natwe of the electronic states. The
ground state clectronic configurations of the carbon and oxygen atoms are

C: K28 2p%  0: K25 2p' [

“The ground state electronic configuration of CO molecule is written as (Mulliken, 1932)

K K (z0)* (yo)* (wn)' (xo)f : X' 11.2]

The other low lying excited states are obtained by promoting one of the xa electrons of

the ground state configuration to the vat orbital and one of the wr electrons to the vit

orbital. The resulting i ions and states are rep; as

- - - - (wn)' (x0) (vm) ¢ a 'M,and AT 11.3]

and



/ 4
- - wm' (x0) (vm) ¢l E e Bd A,

DES T and DA 11

The D’ 'E* state in [Eq.[1.4] has been observed by Wolk and Rich (1983). Higher excited
states of CO are obtained by raising one of the xo electrons of the ground state expressed

in Eq.[1.2] 1o thé uc orbital and one of the wrt orbitals to the uo orbital. "They are

- - - (wo)' (x0) (uo) @ 'Efand 'Y 11.5]

and

- - - (wn)’ (x0)* (o) : Tl and 'T1. 1.6

To date none of the four states referred to in Eqs. [ 1.5 and [1.6] has been abserved.
Further higher excited states of CO are obtained by promoting one of the xo clectrons 1o

the Rydberg orbitals 3sa, 3pa, and 3pr, cte., which are written as

- - - (wn)' (x0) (350) @ b 'E'und B 'Y 1171
wim e o (Bpo) ¢ §E and CE 1181
S - - - - (@pm T ad E'M [IR]

Lefebvre-Brion et al. (1964) have shown that the Rydberg states converge to the ground
state of the CO* molecule. The observed molecular states of CO and their RKR potential
energy curves below 95000 cm™ given by Tilford und Simmons (1972) are shown in a
modified form in Fig. 1.1. The electronic spectrum of CO in the spectral region 600-8600
A has been extensively studied both in emission and absorption. From the known 24
electronic states of CO, a total of 30 electronic transitions are observed. OF these, the

prominent band systems are (i) the Angstrom (B'E*-A'T) system (4100-6600 A), ii) the
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Figure 1.1 RKR potential energy curves for the electronic states of *C'*0 below
95000 em’ (adopted from Tilford and Simmons, 1972).
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Herzberg (C'*-A'T) system (3680-5705 A). iii) the third positive (b'E'-a'll) system
(2600-3800 A), and iv) the fourth positive (A'TI-X'E") system (1 140-2800 A).

The CO* molecular ion is obtained by the removal of one cleciron from the CO
molecule. The electronic configuration of the ground state of the CO' molecule arises
by the removal of an electron from xG orbital of the ground state (X'E') of the CO
molecule and is written as

K K (z0) (yo) (wr)* (x0) : X' 11.10)

The electronic configurations of the first three excited states are

K K (20 (yof (wr)' (xa) : AT, 1
.- - - (wn'(xc) : BY 12
c- - - (wr)'(xo) (vr) @ CA, 1113

The electronic states X'E* and AT, dissociate into C*CP) and  O('P) atoms. The
Rydberg-Klein-Rees (RKR) potential energy curves modified from Krupenic (1966) for
the X°Z', A, and B*Z’ states which are of interestin the present work along with that
of the ground state (X'Z’) of ncutral CO are given in Fig. 1.2 (adopied from Krupenie,
1966). The three prominent band systems arising from the three well known electronic
states X, A, and B of the CO* molecule are i) the comet-tail (A*T1-X'E') system (3080-
8500 A), ii) the Baldet-Johnson (B*Z*-A™T) system (33154236 A), and iii) the first
negative (B3E*-XE*) system (1800-3152 A). The trnsition C*A,-Al1, was first abserved
at lower resolution by Marchund er al. (1969), who assigned the vibrational quantum

numbers for the observed bands. Later, Cossart und Cossart-Magos (1990) observed
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several bands of this system in the presence of Ne and perfarmed the rotational analysis

of the 0-2, 1-1, and 2-2 bands.

1.3 Importance of the Fourth Positive System of CO and the Comet-tail System of
co*

The molecule CO and the molecular ion CO* are constituents of solar atmospheres,
comet tails, interstellar space and planetary atmospheres. Hence their speetra are of great
importance in astrophysical phenomena. The observation of the pure rotational emission
line of CO from interstellar space by Wilson et al. (1970). supports the contention that

CO is by far the most abundant molecule among the diatomic molecules, in the

medium. From radi ical observations, the abundance ratios "*C/"'C

and "O/™0 were obtained for the i medium and with the th ical

models (see Auduoze 1977). Spectroseopic studics of astronomical objects by roc!

1s and

sutellites in recent times, extending the spectral range to the vacuum ultraviolet region,

have increased their importance in astrophysics. CO has been sively observed in o
variety of enviornments such as stars (Tsuji, 1986), planets (Encrenaz, 1990),
circumstellar and interstellar media (Huggins, 1987), and in the supernova 1987A (Mcikle
etal., 1989). Wiedemann and Ayres (1991) and Allard et al. (1992) have shown that CO
is a major opacity source in the infrared region in cool stellar atmospheres, where
transitions oceur inside the ground X 'Z* state. A rocket spectrum obtained by Smith and

Stecher (1971) provided the first obs ion of the i | ic itions of




Deslandres (1888) was the first to the study CO emission spectrum. He observed
the strong uitraviolet emission bands of CO and named them the fourth positive system
and this is now identified as the A 'TT - X 'S* system. Gerd (1936) and Onaka (1957)
studied this system in emission in medium resolution and identified rotational lines up to
J=55 for some bands. Simmons et al. (1969) made high resolution measurements of this

system in i The first ive study of the A 'IT state of CO was

performed by Field (1971) and Field et al. (1972) by constructing the appropriate energy
matrix and fitting all the available absorption, emission and radio frequency data
involving the A 'IT, a °T1, and the perturbing states. This systematic analysis provided
fully- deperturbed band origins and rotational constants for the A 'T1, v=0to 23 levels and
the perturbing states. The perturbation analysis of the data of the A-X system of *C'*0
initially carried out by Field (1971) has been extended to high J values for the v=0 level

by Le Floch et al. (1987) and for the levels v=1 to 4 by Le Floch (1989). This

deperturbation analysis has provided the final vibrati and rotational

showing a smooth variation with v to within the experimental errors, predicted term
values for incompletely observed levels, and mixing coefficients for each interaction.
Some of the resulting mixing coefficients were used by Le Floch et al. (1990) to analyze
the available life time measurements of both short-lived levels of A 'IT and long-lived
levels of triplet states.

The bands of the fourth positive system of CO are extensively used in
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astrophysi

. Goldberg et al. (1965) and Porter et al. (1967 have detected the A-X bands
in absorption in the VUV solar spectrum. In the extreme UV solar spectrum, the A-X
fluorescence excited by the atomic lines C,, and Cyy has been observed by Bartoe et al.
(1978). The same fluorescence is also observed in the spectrum of giant Arcturus (Ayres,
1981). From the meusured line intensities of the A-X system of sunspots in the UV
region by Jordan et al. (1979), the solar minimum tempertaure was determined by Marcis
and Petropoulos (1983).

The isotopomers of CO were also observed in the stars, planctary nebulae, novae,
and interstellar space. With the International Ultraviolet Explorer (IUE), llanson et al,
(1992) observed both *C'"°O and *C"“O in the direction of 20 Aql, and Welty and Fowler
(1992) studicd these isotopes toward HD 210121, A detailed investigation of these
isotopes toward {Oph was made by Sheffer et al. (1992) and Lambert ct al. (1994) using
the Goddard High-Resolution Spectrograph (GHRS) on the Hubble Space Telescope
(HST). Mitchell et al. (1990) have measured numerous absorption lines with (1 < 1”7 <24

between X 'E*, v=0 and | for both "*C'"0 and '*C'"O toward several young stellar objects.

The presence of stable carbon isotopes *C and '’C in the solar system in the ratio

11.0: 0.122 by number and "0, 'O, and ™O in the ratio 23.7 : 9.04 x 107 :4.76 x 10?,
relative to unity for Si was well documented by Grevesse ct al. (1991) and Andres and
Grevesse (1989). All combinations of the isotopomers of CO, except '*C'"0, have been

detected in the radio emission from dense galactic gas clouds. The ratio of the isotopes

shows the effects of nuclear ing and isotopic ionati A ding to Hanson
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et al. (1992), the isotopic fractionation of CO depends on the competing processes of
charge exchange through the reaction
C + "0 «""C'°0 + "C + 36 K. L1y
This reaction favours the production of "C'°O where temperatures are low (T < 36 K),
and UV photodissociation, which enhances the more abundant “C'O through self-
shiclding in the absorption lines.
To identify the isotopomers of CO in astrophysical objects and to obtain precise
estimates for the abundance ratios of isotopes. it is essential to have accurate laboratory

data. It is customary to study the spectra of isotopically substituted molecules in order

to ummbiguously identify the emitter of a particular band system or confirm the
vibrational numbering in an electronic state, etc. In the absence of published transition
frequencies of a band system for isotopomers, standard isotopic relations are used to
predict these frequencies (Herzberg 1991). For a perturbed band, as in the case of the
fourth positive system, the results of such calculations are often misleading since they fail
to account for the perturbations of the A 'IT state by a number of overlapping singlet and
triplet states. The deperturbation analysis of the perturbed bands not only gives
information about the perturbed state but also provides spectroscopic information about
the perturbing states.

‘There is a great need in laser spectroscopic studies to understand the fine structure
of the valence state A 'l of CO. Various techniques have been used to measure the life

time:

and collision rates for the A state. Interpretation of rotationally resolved lifetime



measurements carried out by laser techni ires accurit

data, such as, extra line a:

ignments and mixing coefficients.  Knowledge about the

lifetime of the excited state is important in gas kinetic studies 1o set up experiments for

determining collision and reaction rates, as well as for modelling media such as terestrial

and planetary atmospheres where chemical processes are interacting with radiation.

such as transition moments

Lifetimes are very closely connected to the busic propertie:
and their variation with internuclear distance, perturbations, nonradiative decay,
predissociations, fluorescence, etc. of molecular states.  From a detailed study of
perturbations, accurate mixing coefficients and the deperturbed life times of both the
perturbed and the perturbing states can be determined.

The spectra of the moleculur ion CO' are also of considerable importance in

astrophysical phenomena. For example, the comet-tail (A *[1, - X *£') band system ol
CO* was first observed in the tail of comet Morehouse 1908¢ by Pluvinel and Baldet
(1909, 1911): measurements by Erickson et al. (1981) have provided strong evidence of

CO" in Orion molecular cloud 1: Dixon and Woods (1975) observed CO' terrestrially by

y. The ¢ il system of CO* which oceurs in the region 308(0-

applications in the study of radiative heating of the hypersonic fringe of the

plunet Venus which contains a co

iderable amount of CO,. Precise laborutory duta on
the spectra of CO* will be very useful in the study of the spectra resulting from the
astrophysical phenomena mentioned above. For these reasons, a systematic study of the

comet-tail band system of "*C'*O* hus been undertaken.



1.4 Present Investigation

One of the aims of the present research project is to record and analyze the spectra
of the A 'IT- X 'E* system of the isotopomers *C'°0. *C™*O, and ""C™*O in the spectral
region 1370 -1935 A under high resolution. The other aim is to study the perturbations
present in the spectra and obtain deperturbed molecular constants for not only the
A 'IT statc but also for the perturbing states. The third aim is to calculate the term

ilso

values of several vibrational levels of A 'IT state of VC""0, *C™*0, and "'C*0. It is
:
thee aim of the present work 1o obtain accurate molecular constants for the A I, and X

¥ states of the molecular ion CO* from the high resolution study of its comet-tail

(A *1, - X *E*) system. The anode column of a hollow-cathode discharge tube und a jet

discharge apparatus were used 10 excite the isotopomers "'C'°0. "*C"*0, and *C™0. Their
emission spectra were photographed on a 10.6 m vacum grating spectrograph at Steacie
Institute of Molecular Sciences, Ottawa. The molecular ion C'“0* was excited in the
cathode column of the hollow-cathode discharge tube and its emission spectrum was
photographed under medium and high resolutions. The design of the hollow-cathode
discharge wbe is such that it facilitates the study of both anode and cathode glows
independently. The jet discharge over more conventional sources is preferred because the

former produg

ectra of comparatively low rotational temperature where the low-J lines

are clearly identified and free from overlaps. Details of the hollow-cathode discharge tube

and jer dischurge apparatus, the used, and the

followed are presented in Chapter 2.
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The theory of electronic spectra and perturbations pertinent to the present
investigation is reviewed in Chapter 3. This chapter also discusses various contributions
to the tot~! molecular Hamiltonian H. The energy matrix and fitting procedure used 1o
obtain deperturbed molecular constants and perturbation parameters are described in this
chapter.
Chapters 4 to 8 of this thesis are written in such a way that cach chapter

constitutes a full paper in u peer-reviewed

entific journal. Chapters 4 and 6 have

already appeared in the Journal of Molecular Spectroscopy (Hari

C., Reddy, 8. P.,
and Le Floch, A. C.,.J. Mol. Spectrose. 167, 334 (1994) and ibid 167, 424 (1994)), and
Chapter 7 has been published in the Astrophysical Journal (Haridass, C., and Huber, K.
P.. Astrophys. J. 420, 433 (1994)). The results of Chapters 5 and & will soon be
communicated to one of the peer-reviewed journals. Because of this, the reader will find
the sections on *“Introduction” in chapter 4 to 7 to be somewhat repetitive. The author
appeals to the examiners and readers of the thesis to kecp this in mind.

The fourth positive (A 'Tl - X 'E*) system of the carbon monoxide isotopomers
13C™*0 and "C™O0 excited in the anode column of a hollow-cathode discharge tube, was
observed in the spectral region 1710 - 1935 A for the first time and photographed on a
10.6 m vacuum grating spectrograph at Steacie Institue of Molecular Sciences, National
Research Council, Ottawa. The rotational structure of five bands (Av=1, and 2 and X,
v=2 1o 6) of the isotopomer L0 and two bands (A, v=1 and X, v=4 and 5) of "'C"*0

waus analyzed. Several perturbations were observed in the A 'TT state of both isotopomers.
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The observed perturbations are in good agreement with those estimated by theoretical

calculations. The effective molecular constants were obtained for the A 'I1T state as well

as for the ing states of both i ; i and mixing

which ize cach ion were also derived. The details of these

results are presented in Chapter 4.
‘The vacuum ultraviolet spectra of the A 'T1 - X 'Z* system of the isotopomer
1'C™O generated in emission in a jet discharge occurring in the region 1460 -1670 A were

observed for the first time and under high ion. The

analysis of the rotational structure of nineteen bands was curried out. Strong and weuk
perturbations were observed in seven levels (v'=0, 1, 2, 4, 6, 7,and 9) of the A 'IT state.
The 1-0 band of the intercombination e % - X 'E* system was observed because of
“intensity borrowing” from the main A - X system. Accurate deperturbed constants for
the A "I state and the perturbing states have been determined. Perturbation parameters

and mixing i which ize each ion were also derived. The

results of this investigation are presented in Chapter 5.

Using the experimental data of the A 'TT - X 'X* system of the isotopomers ?C"*0
and ''C™*O given in Chapter 4, the term values of the A 'T, v=I and 2 levels of *C"*O
and v=1 level of "'C™0 were culculated. The term values of the Rydberg states B 'Z*,
v=( and 1, C'Z*, v=0, and E 'T1, v=0 were also calculated for these two isotopomers by
combining our data of the A-X system and those of the B 'E* - A 'T1, C 'Z* - A'M1, and

E 'M - A'TT systems taken from the literature. From the calculated term values, the
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molecular constants for the B. C, and E states of *C"*0 and *C"O were determined. The
interaction between the C and E states was taken .imu account in determining these
constants. The details of these results are outlined in Chapter 6.

Twenty three bands of the fourth positive system of *C'*0 occurring in the region
1370 - 1600 A were photographed at high resolution in emission from a jet discharge in
mixtures of argon and *CO,. The rotational structure of thirtcen of these bands was
analyzed. The term values for the A 'T1, v=0 to 9 levels have been calculated. The
mixing coefficients of strongly perturbed v=0 and 6 levels have been evaluated.  In
uddition, the *C isotope shifts have been measured for several multiplets in the spectra
of C;and Cy. The results obtained for the A-X system of “C**0 isotopomer are presented
in Chapter 7.

Following our recent work (Haridass, C., Prasad, C. V. V., and Reddy S. P.,

Astrophys. J. 388, 669 (1992)), the comet-tail (A *I1, - X *£*) system of *C"0" occurring
in the region 3345 - 8500 A was reinvestigated. The spin splitting of the rotational fevels
was obscrved in all the bands of this system. The observed intensity distribution of the
branches of this system is in good agreement with those estimated by theoretical

calculations. The data of the rotational lines of ten bands of this system, the microwave

data of Bogey et al. (1983) and infrared data of Davies and Rothwell (1985) were
analyzed in a global fit using the effective Hamiltonian for the *I1 state given by Brown
et ul. (1979) and the molecular constants were derived for the A 1 and X 2E' states.

The details of the results are given in Chapter 8.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
The Fourth Positive (A'TT - X'Z*) system of the carbon monoxide isotopomers
1, 12C™0 and MC™O was excited in the anode column of a hollow-cathode discharge
tube and in a jet discharge apparatus and photographed on a 10.6 m vacuum spectrograph.
The comet-tail (AT, - X’Z*) system of the carbon monoxide fon *C'0* was excited in
the cathode column of the hollow-cathode discharge tube and was photographed on
medium and high resolution optical spectrographs. In this chapter, the sources of

molecular excitation, their i and the phs used arc described. The

and the of the spectra are also briefly presented

here.

2.1 Sources of Molecular Excitation
a) The hollow-cathode discharge tube

A ic diagram of the holl hode discharge tube and the associated gas-

handling system is shown in Fig. 2.1. The main features of this discharge tube are a
copper hollow cathode (H), a Kovar-Pyrex seal (K), and Pyrex glass body (PG), a
tungsten anode (T), a cathode window (W) and an anode window (W,). The hollow-
cathode, 75 mm long, 17 mm in outer diameter and 1 mm in wall thickness, was silver-

soldered to the Kovar tube 19 mm in inner diameter of the Kovar-Pyrex seal. The Pyrex

section of this seal was ioined to the Pyrex glass body, 145 mm long and 50 mm in outer

21
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il
diameter. The anode arm (A), 20 mm in outer diameter, branches off from the main body

of the discharge tube. The tungsten anode was fused into the side branch of the anode
arm. The S1-UV quartz windows (W,) and (W), each 3.0 mm thick supplicd by Esco
Products Inc., were attached to the ground end-surfaces of the anode and cathode branches
of the discharge tube with Torr Seal (a low vapour pressure resin supplied by Varian
Associates, Inc.). In Fig. 2.1, R, is the primary reservoir of the experimental gas ("*C"°0,
13C™*0, or 'C™0) and R, is the corresponding secondary reservoir.

The main advanta,,. of the hollow-cathode discharge tube is the provision of
separate columns for anode and cathode, which facilitate photographing the two glows
independently. Reddy and Prasad (1989) have demonstrated that in a hollow-cathode the
cathode glow is a rich source of positive molecular ions (c.g., CO*, N*,, CO*,) and the
anode column consists exclusively of neutral (e.g., CO, N,, NO, etc.) molecules.

Morcover, spectral broadenings such as Doppler, pressure, and Stark broadenings are

in a holl hod: itation unlike the excitations in straight d.c. arcs and
conventional clectrodeless discharges. In the present study the Fourth Positive System
of “C™0 and "C™0 was excited in the anode column, and the comet-tail system of
"C'%0* was excited in the cathode column, of this discharge tube. An applied d.c.
voltage of 1.1 kV from a power supply unit rated at 2 kV and 0.25 A was used to
maintain the CO* discharge in the cathode column. Under normal operating conditions,
an applied d.c. voltage of 1.1 kV gave a current of 60-65 mA and the pressure inside the

discharge was approximately 0.8 Torr. A steady CO discharge was maintained with a 1.3



kV d.c. voltage and ~ 90 mA current.

b) Jet discharge apparatus

‘The experimental arrangement of the jet discharge apparatus, used in the excitation
of the A-X spectra of *C"*O and "C'™O0 is shown in Fig. 2.2. A mixture of argon and
the experimental gas expands in one dimension from a high pressure reservoir through
a slit nozzle, 5 mm long and ~ 0.020 mm wide into the low pressure region from where
it is removed by an Edwards EH500/E2M80 pump combination having a capacity of 140
litres/s. The slit (S), formed by two knife edges of X-Acto blades bevelled on one side.
is isolated not only from the tungsten anode (T) situated at the center of the Pyrex tube,
connecting with the slit-nozzle assembly, but also from the grounded booster and the
rotary pump combination (not shown in figurc) acting as the cathode for the d.c.
discharge. The tip of the anode which is at | mm upstream from the slit-nozzle is
carefully centered both longitudinally and laterally. A voltage of 600 V is applicd o the
tungsten anode to maintain a d.c. discharge at a current of ~ 60 mA. With the discharge
running, a thin sheet of luminous gas expands from the tip of the anade in a plane normal
to the slit dircction. The direction of observation is purallel to the slit direction and is
through the thin emission zone at approximately 2 mm downstream [rom the nozzle
orifice. Under normal operating conditions, the pressure in the reservoir is ~ 300 Torr,
Light emitted from the jet discharge is collected by a lithium fluoride spherical lens (1)

and it and onto the slit (S,) of the spectrograph by Lil¥
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prism/cylinder combination (L,). The pump and the nozzle assembly could be rotated
around a pivot underneath the predispersor (L,) making it possible to select and isolate
a narrow wavelength region in the higher orders of the 10.6 m concave grating
spectrograph.  The preference of a jet discharge over more conventional sources stems
from the fact that the former, in contrast to the latter, produces spectra of comparatively
low rotational temperature where low-J lines are clearly identified and are relatively free
from overlaps by the returning R and P branches of strongly degraded bands. With the
advent of the supersonic jet expansion technigue very fow rotational temperatures have
been achieved. For example, Liverman et al. (1979) using u pulsed supersonic free jet
have observed the lowest rotationul temperature of (.17 K from the fluorescence
excitation spectrum of oxaly! fluoride (C;F;0,). Smalley et al. (1974, 1975) from the
study of supersonic expansion of NO, seeded in Ar achieved a rotational temperature of
3 K. In all the experiments mentioned above, the chemical intermediates have been

produced either by electron bombardment or laser photolysis.

Obi et al. (1983) have
demonstrated that a laser is not necessary for the photochemical production of free
radicals in a jet. The free radical HNO was formed by irradiating a mixture of 11,, NO,
Ar and Hg by a simple Hg lamp. A rotational temperature of approximately 16 K was
achieved for cooled HNO from the laser-induced fluorescence. Droege and Engelking
(1983) showed the presence of cooled (rotational temperature about 11 K) OH radical
from the emission of a coronu discharge in & mixture of H,0 and He in the downstream

from the nozzle. Huber and Sears (1985) and Huber and Vervioet (1992) have obtained



27

low rotational temperatures between 20-30 K for the emission spectra of NO and N, in

the jet expansion. In the present work, the rotational temperatures are found to be

considerably higher and are of the order of 200 K to 300 K, where the emitting species

involving larger parent molecules. Veeken and Reuss (1985)

is the product of reactiol
studied the infrared laser absorption of CO; clusters by a jet discharge using both the slit
and pinhole nozzles. The conclusions arrived at from their study are: 1) the use of a slit
nozzle expansion yields a much higher spectral resolution (a factor of 10) than from a
circular nozzle expansion with the same gas flow. 2) From the observed rotational
temperatures it is found that a slit source with a width D produced more clusters than a
circular source with a diameter D at the same stagnation pressure. 3) The slit nozzle
produces line shapes with a sharp maximum in contrast to the circular nozzle which
produces a broad maximum. The molecules emerging from a pinhole nozzle may have
substantial velocity components along the line of observation. Huber and Sears (1985)
and Huber and Vervioet (1992) using a pinhole nozzle in their jet discharge apparatus
have documented the resulting Doppler effects of line shapes and line positions for
spectra in the visible and near infrared regions. In the vacuum ultraviolet region, the line
shapes and positions would be proportionately larger and might effect the peak positions

of the individual lines by as much as 0.20 cm, or by more than 5 times the expected

aceuracy of our measurements (0.03 cm™). In order to avoid these complications, the two

dimensional jet expansion from a pinhole nozzle was replaced by a one-dimensional

expansion from a slit nozzle, following the recommendations by Veeken and Reuss
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(1985). The slit construction is a simplified version of the design given by Comer and

Foster (1993).

2.2 Excitation Mechanisms
a) The hollow-cathode discharge

When a d.c. voltage is applicd acros

the electrodes of a hollow-cathode discharge
tube, electrons released from the cathode accelerate through the tube. The aceelerated

electrons collide with the molecules or atoms of the experimental and excite them o

different higher atomic states or molecular rotational, vibrational and clectronic stat

Since these excited states are unstable, the atoms and moleucles will relax 1o the Jower

ion is

energy states through the emission of eclectromagnetic radiation. The emi:

maintained as long as the discharge be is subjected 1o the electric field. The free
electrons released from the cathode acquire sulficient kinetic energy to produce positive

moleuclar ions in the collision process. The ions concentrate around the cathode and the

excited neutral molecules spread out into the anode branch of the discharge tube.

b) The jet discharge

When a mixture of an experimental ga

s und a large quantity of a monatomic
carrier gas such as argon or helium at high pressure is cjected into an evacuated chamber
through a small nozzle (or orifice), under conditions where the flow of the mixture is

many times faster than a sound wave, a jet of the mixture is pushed out of the nozzle.
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In the ubsence of viscous forces, heat conduction, and shock waves, the expansion is

and an i ically ding gas must cool. ‘The cooling of the gas implies

that the expansion converts random thermal motion in the static gas into directed motion
in the expanding gas. This free jet expansion is illustrated in Fig. 2.3. In this figure, the
conditions down stream from the nozzle are indicated for various multiplets (X/D) of the
nozzle diameter D (Miller 1984), where X is the distance from the nozzle and D is the
diameter of the nozzle It is assumed that the pressure behind the nozzle is 10

atmospheres of helium at room temperature. The arrows indicate the conversion of
random velocities of the gas behind the nozzle to uniforn velocity in front of it. Thus
the free jet expansion "monochromatizes" the gas velocity. The Mach number, M which
is the ratio of the flow velocity to the local speed of the sound increases as the distance

(X/D) increa However, the value of M will not increase indefinitely as a function of

X/D and the decreasing frequency of collisions causes M to approach a limiting value.
The most important physical property is the width of the velocity distribution which is
a direct measure of the translational temperature of the gas. For X/D = 10, this width

corresponds to a temperature of less than 5 K and subsequently drops to 0.4 K. Under

more extreme itions the if can approach 0.01 K. These low
temperatures characterize the energies of the collisions that occur in the expanding gas.
As a result of these collisions, the internal degrees of freedom of the molecules, i.e., the
vibrational and rotational energy levels will relax toward these same low temperatures.

“The density of the gas and the probability of collisions decrease as the expansion
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Figure 2.3 A Schematic diagram of a free jet expansion. The scale refers to measuring
M

distance (X/D) downstream in units of the nozzle diameter (D).
number; T: temperature in Kelvin, d: density (in torr at S.T.P);

H M.mh

millitorr; C: number of collisions between X/D = 5 and the mdxutcd point.
(adopted from Miller 1984).
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proceeds. In supersonic and static gas expansions, condensation is a slow process.
Cooling requires only two body collisions, while condensation requires three body or
higher order collisions to form nuclei around which condensation takes place. A common
method for limiting condensation is to use a large amount of carrier gas such as helium

or argon and small quantity of the cxperi lar gas. In the ic frec jet

cxpansion, most of the collisions will be between the carrier gas atoms. When a rare gus

is used as carrier gas the i 1! forces in the mixed-gas ion are on average

much weaker than in a pure molecular expansion, thus greatly reducing condensation.

2.3 Spectrographs
a) The 3.4 m Jarrell-Ash Ebert grating spectrograph

A schematic diagram of the optical layout of this spectrograph is shown in Fig.
24. In this instrument light from the source (LS) is incident directly upon the upper
section of the concave miror (M) (with radius of curvature 6.655 m, diameter 0.406 m,
and numerical aperture {/35) after passing through two quartz cylindrical lenses (L,) (a
collimating lens, 0.100 m in focal length and 0.030 m in diameter) and (L) (a condensing
lens 0.450 m in focal length and 0.030 m in diameter) and a slit (S) (width 30 pm). The
concave mirror collimates the light onto the grating (G). The dispersed light from the
grating is then focused onto the photographic plate (P) by the lower section of the
concave mirror.  The plate holder which holds two 5.08 cm x 25.45 cm photographic

plates can be tilted on its vertical axis to obtain the best focus for a fixed slit position.
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The tilt of the plate holder is found to have a linear dependence on the grating angle.
A Buusch and Lomb plane grating with 1200 grooves/mm and blazed at 1.4 pm
and an MIT echelle grating (300 grooves/mm blazed at 5.7 pm) are available for this
spectrograph. The ruled area of each of these gratings has a width of 186 mm and groove
length of 63 mm. In the present work the Bausch and Lomb grating was used in the
second, third and fourth orders. The measured reciprocal dispersions of the spectra are

0.34 A/mm at 3450 A in the fourth order and 0.28 A/mm at 5100 A in the second order.

b) 10.6 m vacuum grating spectrograph

‘The general layout of the spectrograph is shown in Fig. 2.5 (Douglas and Potter
(1962)). Light from the source after passing through a lithium fluoride prism and
cylindrical lens combination (not shown in this figure) falls on the slit (E) which can be
adjusted in width and length without breaking the vacuum. This light can be blocked by
a shutter which is a small mirror oriented in such a way that when it blocks the light from
the source, it reflects the light from the reference source (an iron hollow-cathode). Light
after passing through the slit is incident on the concave grating (A) (radius of curvature
10.685 m, ruled area 198 mm x 100 mm), mounted on a turn table (B) which can slide
along the rails (C) directed toward the slit. The dispersed light from the grating is then
focused onto the photographic plate which is inside a plate holder mounted on a rigid
aluminum-alloy beam (F). The plate holder has a length of 0.93 m and holds two plates,

each of size 5 cm x 45 cm. A small side tank (H) (0.15 m in diameter and 1.00 m long)
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is joined to the main vacuum tank and it allows introduction of the photographic plate or
removal from the vacuum tank without breaking the vacuum. A gate valve (1) can close
this opening between the main vacuumn system and the small tank. In order to remove
the plate holder from the spectrograph, the small tank is first swung into position directly
adjacent to the gate valve. The small chamber is evacuated by a mechanical pump and
the gate valve is opened. By means of a rack and pinion (not shown in the diagram), the
plate holder is driven on small wheels to the small tank. After closing the gate valve the
uir is admitted into the small chamber.

The spectrograph is evacuated by two parallel pumping systems. The larger
system consists of Edwards 1500 liters/s oil diffusion pump followed by a 52 litre/s
Kinney mechanical pump. Pumping for at least twelve hours gives good vacuum when
the initial pressure of the interior is one atmospheric. After achieving good vacuum the
larger system is shut off and the tank is pumped continuously by a smaller system
consisting of National Research Corporation fractionating pump followed by a small

booster and a | litre/s Kinney ical pump. The equipped with a

normal incidence concave grating with 600 grooves/mm and blazed at 12,000 A was used

in the seventh and eighth orders in the present work.

24 Experimental Procedure
Carbon dioxide ("’C*%O;) gas with a purity of 99.1 atom % of '*C,and an impurity

of 5.1 atom % of O supplied by Matheson Gas Products was used to study the fourth



36
positive (A ' - X 'Z) system of *C*0. The “C™*0 gas with a purity of 97.6% of "0
and the '*C™0 gas with specified purities of 98% of "C and 95.7% of "0, both supplicd
by Merck Sharpe & Dohme Canada Ltd. were used for the study of the A-X system
excited in the anode column of the hollow cathr.de discharge tube. For the study of the

same

stem of the *C""0 isotopomer in the jet discharge, the “C™0, gas having a purity
of 99.1 atom % of '*C, and 99.9 atom % of "0 supplied by Isotech. Ohio, was used.
The discharge tube and the secondary reservoir R, in the gas-handling system (sce
Fig. 2) were thoroughly evacuated. A small quantity of the experimental gas (*C*0,
12C"0 or '*C™*0) from the primary reservoir R, was admitted into R, by opening the stop
cock S, Direct-current voltages of 1100 V (for CO*) and 1300 V (for *C™0 and "'C™*0)
were applied between the electrodes of the discharge tube. The gas from R, was then
admitted into the discharge tube through stop cock S, and the discharge was initiated with
a tesla coil. In the present work, the experiment was carried out under stagnant
conditions of the gas. The pressure of the gas inside the discharge tube was regulated

until a bright, stable istic discharge was maintai To maintain a steady

discharge with a characteristic glow, it was necessary to recvacuate the discharge tube and
admit a fresh sample of the gas intermittently.

The emission spectra of CO* in the region 3000-8000 A was photographed under
medium dispersion of the Bausch and Lomb spectrograph and under high resolution of
this instrument as well as on the Jurrell-Ash spectrograph. The slit width was maintained

at 0.020 mm for the former and 0.030 mm for the latter. Koduk SWR, Spectrum
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Analysis No.1, 103 a-O, 103-F, and 1-N plates were used to record the spectra in different
spectral regions. Corning and Hoya glass filters were used to eliminate overlapping
orders of the spectra.  Exposure times ranged from 1 min to 12 hrs depending on the
intensity of the band, sensitivity of the photographic plates, and the transmittance of the
filters. The photographic plates were developed in Kodak developer D-19 at room
temperature for about 4 minutes and were then fixed in Kodak fixer.

The A'lT - X'E* system of the carbon monoxide isotopomers “C*0 and ""C"*0
excited in the anode column of a hollow cathode discharge tube was recorded in the
spectral region 1710-1935 A on the 10.6 m vacuum grating spectrograph. For the jet
emission cxperiment on this system of *C"“0 and "*C™O, argon seeded with '*C'*0; and
'C™*0, respectively was expunded from a high pressure reservoir through a slit nozzle
5 mm fong and approximately (.020 mm wide into the low pressure region from where
it was removed by a diffusion pump having a capacity of 140 litres/s. A d.c. voltage of
600 V applied to the anode was sufficient to maintain a steady jet discharge at a current
of 60 mA. The emission spectra of *C'°O in the region 1370-1600 A und *C™*O in the
region 1460-1670 A under high resolution were photographed on the 10.6 m vacuum
spectrograph using the slit width of 0.020 mm. The Overlapping orders of the spectra
were eliminated by using a lithium fluoride prism/cylinder combination. Exposure times
were ~ 3 hr for each of the *C"0 and “C™0 spectra with the hollow-cathode excitation
and from 10 to 90 min for the spectra of '*C'°0 and "’C'*O with the jet excitation method.

The spectra were recorded on Kodak SWR plates.



2.5  Measurement of Spectra
Two different types of measuring devices have been used in the present work.

First a linear comparator supplied by the Gaertner Optical Comip:

ny. Chicago, was used
to measure spectra of CO*, '*C"*0 and '*C"*0. The least count of the instrument is | pm,
but the readings can be estimated to an accuracy of 0.2 pm. The Following procedure
was used to calculate the vacuum wavenumbers of the rotational lines photographed in

the Jarrell-Ash Ebert grating spectrograph. The positions of the band heads, rotational

lines, and the standard Fe-Ne lines were measured and their comparator readings d were

recorded. The air wavelength A, of the standard Fe-Ne lines taken from Crosswhitc

(1975) and their comparator readings were fitted to a least-squares polynomial:

A, =Y a,(d-d) . 121

=

where d, is the comparator reading of the first

standard line and the a; are the le:
squares coefficients. In most of the cases a second degree polynomial fit was found to
be adequate and gave standard deviations of (.03 A and 0.003 A For the medium and high

spectra respectively. Using the i a, the gths in air of the

band heads and the rotational lines were calculated from Eq. |2.1]. They were then
converted to vacuum wavenumbers v (cm) by using Edlen’s formula (1953) for the

refractive index n for air,

n=l 64328 x 1004 42810, 25540 1221

146 % 10¥ -v2 41 x 10% -2
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where =1 (.in A
v Hxx A.

For the spectra photographed on the vacuum grating spectrograph and measured on the

Gacrtner , the vacuum of the rotational lines were calculated by

recording the comparator readings d of the rotational lines and the standard Fe-Ne lines.
The vacuum wavelength A, of the standard Fe-Ne lines taken from Crosswhite (1975)
and their comparator readings were fitted to Eq. [2.1]. A second degree polynomial fit
was found to be adequate and gave a standard deviation of 0.001 A for the high
resolution spectra. Using the coefficients o, the vacuum wavenumbers (v = 1/A,,. in em)
were calculated from Eq. [2.1]

‘The second i is a i i ing device at the National

Research Council Laboratory and was used to measure the A-X system of C'°O and
'C"™0 photographed on the 10.6 m vacuum spectrograph. In this device the measuring
microscope is replaced by a photoelectric scanning device which displays line contours

on an osci screen. The ings are with ic devices

and the results are recorded on a floppy disk. The positions of the rotational lines and
the standard Fe-Ne lines were measured and their comparator readings d were recorded.
Three random vacuum wavelengths A, of the standard Fe-Ne lines taken from
Crosswhite (1975) were used to obtain the coefficients a, of the polynomial in Eq.[2.1].

The numerical calculations were performed by a personal computer. In most cases a third
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or fourth order polynomial fit was found to be adequate. The standard deviations were

found to be 0.0015 to 0.0030 A for high resolution spectra. The personal computer then
calculates the vacuum wavenumbers (v = 1/A,,) of the rotational lines and plots the

spectra.
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CHAPTER 3
THEORY OF THE ELECTRONIC SPECTRA AND PERTURBATIONS
The theory of the electronic spectra and perturbations of diatomic molecules
relevant to the present work is outlined in this chapter. For a detailed discussion of this
topic, the reader is referred to Mullikan (1931, 1932), Hougen (1970), Lefebvre-Brion and

Field (1986), and Herzberg (1991).

31 Vi i and i of Electronic Band Systems
(i) Electronic and vibrational terms

Under the Born-Oppenheimer approximation, with the exclusion of transltional
and nuclear spin energies, the total energy E (in ergs) of a diatomic molecule is
represented as the sum of its electronic energy E,, vibrational energy E,, and rotational
energy E;

E=E +E +E,. 1311

The term value T (in cm™) of an energy level is given by

T = E/hc

T, + G(v) + F,0), 13.2]
where v and J are the vibrational and rotational quantum numbers, respectively, and

T, = E/he, G(v) = E/hc and F,(J) = E/hc are the electronic, vibrational and rotational
terms, respectively. The wavenumber v (in cm”) of a spectral line corresponding to u
transition between the rotational levels of an upper (T') and a lower (T”) electronic state

is given by

42
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VT - T
= (T -T) + [G'(V) - G"v)] + [F/(") - F"(0")]
=V VY, [3.3]

For a given clectronic transition v, = T, - T.” is the system origin and v, + Vv, = v,, is the

band origin, where v, = G'(v) - G“(v"), v, = F,/() - F,"("). In the first approximation,
the clectronic terms T, for different multiplet cc =uts of an electronic state can be
expressed as

T, =T, + AAL, [34]
where T, is the electronic term neglecting electron spin, and A is the spin orbit coupling
constant, The quantum number A corresponds to the angular momentum A which is the

component along the internuclear axis of the clectron orbital angular momentum L.

Similarly, Z, corresponds to the projection Z, of the electron spin angular momentum §

along the i axis. The el ic states are desi; as I, I1, A, ¢, v

corresponding to A =0, 1, 2, 3, ..., respectively. The A = 0 (Z) electronic states are
designated as Z* and ' depending on whether the electronic wavefunction y, remains
unchanged or changes sign upon reflection through any plane containing the internuclear
axis. The number of components of S projected along the internuclear axis is referred to
as multiplicity of the state and is given by 28 + 1, where S is the total electron spin
angular momentum quantum number. For all the singlet electronic states, S = 0. An
electronic state is referred to as "regular” or "inverted" if the spin-orbit coupling constant
A is positive or negative respectively. The vibrational term G(v) of an electronic state

is given by
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G(V) = LV + 1/2) - OX (v + 127 + @y (v+1/D) + ..., 13.51
where w, is the vibrational constant and .,

)eXes Y, €tc., are the anharmonic constants,

(i) Vibrational structure of the electronic spectra and isotope shifts

The Vg Of a vibrati transition lecting the rotational

contribution is given by

Vo =V, + G'(V) - G"(v)
©/(VH1/2) - 0%/ (VHI/2) + @y (v+1/2)' + ...
-0, (V' H1/2) +0. % (V2 - 0y V) -

13.01

The system origin v, and the vibrational constants 0, ®x, and .y, for both upper (') and

lower (") levels can be obtained from the leas imated

c

squares fit of the band origins v,

from the rotational analysis of many bands of an electronic band system. In the absence

of such an analysis, the band heads may be used to es

ate the vibrational constants but
these are not as accurate as the ones obtained from the rotational analysis.

The relation between the vibrational constants ©!, w)x/), and o'y, of an
isotopomer and the corresponding constants ®,, %,, and @y, of an ordinary molecule

are given by the following expressions:

=pw, O =pox, and 0l =p'oy.. 13.7]

where p = [p/p']" and p, and p' are the reduced masses of the ordinary molecule and its

spectively,  The Vy' Of a vibrati transition of the

isotopomer is given by
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Vi = pO(VH1[2) - PP0/%,(VH1/2) + P00,y (V+1/2) + ...
-pO (V' H+1/2) + PO x (V' H1/2) - PPy (V2 + ... [3.8]

The vibrational isotope shift AV = V.. - V,.' can be represented by

Av = (1-p) [0/ (V'+1/2) - 0 (v"+1/2)]
(1-pY) [@.x(V+2) - "% (V" +1/2)")
+(1-pY) 00y, (V' +1/2)* - 0y, (vV'+1/2))] + ... 13.9]

(iii) Coupling between rotational and electronic motions
The interactions between the various angular momenta of the molecule cause the
splitting of the rotational level in the multiplet states. Hund classified five different
coupling cases. Of these five, the two most important ones known as Hund’s case (a) and
case (b), are represented in Fig. 3.1 and will be discussed here.
Hund’s Case (a): In this case, each of the orbital angular momentum L and the spin
angular momentum S, of the electrons is separately coupled to the internuclear axis of the
molecule giving the resultant angular momentum £ along the same axis as
Q=A+3, [3.10a]
The quantum number Q associated to this angular momentum Q is given by
Q=A+3Z, [3.10b]
where Z, has 28+1 values (-S, -S+1, ... S-1, and S) for a given S, and hence the total
angular quantum number Q also has 2S+1 values for a given value of A. Thus the

clectronic state I (A = 1 and S = 1/2) has two spin-orbit coupling components I,
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i)

Figure 3.1 Vector diagrams for angular momenta: i) Hund’s case (a) and ii) Hund’s case
(b) (see text for details).
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and My, corresponding to Q=1/2 and Q=3/2, respectively. In Hund's case (a), nuclear

rotationa) angular R and the el ic angular Q combine to form

the total angular momentum J and the associated quantum number J has the values

J=0,Q0+1,Q42 ... 3.11]

Both J and Q arc cither integers or half integers ing on whether the

(2S+1) of the state is odd or even. The splitting of the degeneracy that arises for the
electronic states with A # 0 is referred to as A-type doubling, which is due to a weak
coupling between the rotational motion of the nuclei and the orbital motion of the
clectrons.

Hund’s Case (b): In Hund's casc (b) the electron spin angular momentum § is weakly
coupled to the internuclear axis, so that it is not possible to define an angular momentum

€ unlike in Hund’s case (a). However, the total angular momentum N of the molecule

i formed by the resultant of the vectors A and R. The quantum number N corresponding
to this angular momentum takes the values
N=A A+l A42 . [3.12]
The total angular momentum J of the molecule is given by the vector sum of N and S.
For a given N, the quantum number J has the values :
J = N45, N+S-1, N+5-2, ... IN-SI . 3.13]
Thus cach rotational level N has (2S+1) components which represent the multiplicity of

the electronic state. In this case, J can be cither an integer or a half integer depending

on whether the multiplicity of the state is odd or even. The Z(A = 0) state always

bhelongs to Hund’s case (b), whereas the multiplet IT (A=1), A (A=2), etc., states belong
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to either Hund's case (a) or Hund's case (b).
The Hund's coupling cases represent ideal limiting cases which are a good
approximation to the observed spectra. But large deviations from these limiting cases are

found because of neglected interactions in the idealized coupling cases, in particular, the

change in relative i of the i ions with i ing rotation. Thu

for
particular electronic state it is possible to observe a transition from one coupling case o
another for increasing rotation. Recently in our laboratory, for the gmu:}d clectronic
state [T, of *N'™O (Wang ct al., 1996), a transition from case (a) to case (b) has been
obscrved at high J values.
(iv) Rotational terms of the electronic states and their parity
The rotational terms of a given vibrational level of a singlet ¢lectronic state are

represented by

F(3) = BJJU+1) - A'] - D,IIU+1) - A + .. 13.14]
and those of a multiplet clectronic state belonging to Hund's case (a) neglecting the A-
type doubling are given by

F,(J) = BUQ+1) - @] - DIIU+1) - QF + ..., 13.15)

where B, and D, are rotational and il distortion constants, respectively. The

constants B, and D, can be expressed in terms of the vibrational quantum number v and
the equilibrium molecular constants as

B, =B, - 0, (V+1/2) + Y, (V112 + ... , [3.16]
and

D, =D, + b, (v1/2) + ... , 13.17)
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where B, = h/8r’cr.?, and D, = 4B "/o),? (Kratzer’s relation). Here, p is the reduced mass

of the molecule, r, the equilibrium i distance, @, is the equilibrium

vibrational constant, o, << B,, ¥, << 0, and B, << D, When the A- doubling is taken
into account the expression for the term energies becomes more complicated.  For

example, for a 2T state, matrix clements of the molecular Hamiltonian H in a Hund’s case

(a) basis set have been developed by Brown et al. (1978, 1979). The form of these will
be discussed in detail in a subsequent section. The best practical procedure for
calculating the energies is to compute the matrix elements of H and diagonalize them.
The rotational terms of a 2Z* state in Hund’s casc (b) are given by the following

expressions:

Fie (N) = By N(N+1) - D, N*(N+1)* + (1/2)y, N [3.18]
and

Fy (N) = B, N(N+1) - D, N (N+1)* - (1/2)Y, (N+1) . [3.19]
Here F,(N) and Fy(N) refer to the components having J=N+1/2 and J=N-1/2 respectively,
and ¥, is referred to as the spin-splitting constant or the spin-rotation interaction constant.

In terms of the rotational quantum number J, the above rotational terms are expressed

Fy. (3) = B, (J-1/2)J+1/2) - D, (-172)(J+1/2)* + (112)y, (3-1/2) [3.20)
and
Fy (1) = B, (J+1/2)(J43/2) - D, (J+1/2)°(043/2)* - (172)y, (+3/2) . [3.21]
(Note: ¥, in Eqs. [3-18] to [3-20] is different from ¥, in Eq. [3.16]).
The positive or negative parity of a rotational level of an electronic state depends

upon whether the total cigenfunction y of the molecule remains unchanged or changes
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sign upon reflection at the origin. Kopp and Hougen (1967) used the following convention
in labelling the rotational levels ¢ and f with half integer J values:

"Levels with parity +(-1)"~'* are ¢ levels and those with parity —(-1)- 1

are f levels.”
Later Brown et al. (1975) extended this convention to the rotational levels with integer
J values which can be stated as:

"Levels with parity + (-1)’ arc e levels and those with parity - (-1) are I

levels."

3.2 General Remarks on Perturbations

Perturbations are generally viewed as occurrence of molecular energy levels at

Tl icians consider p when quantities

clion

disagree with the corresponding experimental quantities because important inter:
terms are neglected in the calculations. The observed regularity of the pattern can be
generally represented in a simple algebraic representation in which the term value T, of

u band spectrum is considered as a simple, and rapidly-convergent polynomial function

of the rotational and vibrational quantum numbers v and J.

The term values of a given electronic s d in the form of a double

e are expre:

power series by Dunham (1932) which is given by

Ty= 3 Vi (vH12) BO+DI 13.22)

o

The above p i ion is simply a ion of the ion of a smooth
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variation in the v and J quantum numbers. Perturbations may be viewed as a failure of
a subset of the observed v, J levels to be accommodated by the empirical energy level
expression defined by a majority of the sampled levels. Perturbations are also recognized
when a band which appears us unperturbed in isolation from other vibrational bands
disagrees with an interpretation of its rotational constant or vibrational energy
representation

B, = E Yy (v+1/2) 13.23]

T

or
G =Y Yo (v+1/2) . [3.24]
T

‘The Dunham expression (Eq. [3.22]) is based on the concept of potential energy curve
which obeys Bom-Oppenheimer approximation and the neglect of certain couplings
between the angular momenta associated with the nuclear rotation, electron spin, and
electron orbital motion. The concept of potential energy curve provides self consistency
checks for molecular constants given by the Kratzer relation (Kratzer, 1920) (which is
valid for harmonic or Morse potentials)

D, = 4B./w? 13.25]
and the Pekeris relation (Pekeris, 1934) (which is valid for a Morse potential)

0, = (6 BJw,) [(@xJ/B)'" - 1] . 13.26]
The indication of the presence of unsuspected perturbation can be found when fitted

constants satisfy the above mentioned consistency checks.
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3.3 The Molecular Hamiltonian H
The perturbations can be studied by constructing a deperturbation model which is
represented by a Hamiltonian H given by

H=H"+H, 13.27]

where H” is the zero-order model consisting of functions like the potential energy curve

V(R), an electronic eigenfunction ¢(v.R), a set of ro-vibronic cigenvalues and

eigenfunctions E,; and X,,(R), and H’ represents the neglected terms that couple the zero-

order functions with different ic state

. The pi i in the above
constructed deperturbation model should govern the strength of the perturbation. By

refining the molecular structural of the Hamiltonian H. the

model is made to account for the propertics of all observed levels. The deperturbation
model should describe equally well the strongly perturbed and relatively perturbation-free
levels.
The molecular Hamiltonian in the absence of an external magnetic or electric field
is given by
H = H, + H,, + Hy + Hy, 13.28]

hut

where H, is the fativistic Hamiltonian for ic energies in the Born-
Oppenheimer approximation and gives the vibronic term energy T, for the allowed
vibrational states of different electronic states. The last term H,, is the Hamiltonian for
the hyperfine structure and is rarely resolved in the optical spectra and hence it is

neglected here. The term H,,, the iltoni ibing the rotation of the

nuclei. The term Hy (relativistic part of the Hamiltonian) describes the fine structure of
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the rotational Ievels. Now the terms H,,, and H,, will be considered in detail.

(a) The rotational Hamiltonian H,;:
‘The rotational part of the Hamiltonian is expressed as (Hougen, 1970)
H.,=BR?
= (1/24R)R*
= (12pRH)(R,? + R ), [3.291
where B is the rotational operator, p is the reduced mass, R is the internuclear separation,
and R is the nuclear rotation angular momentum operator. R, = 0 since R is
perpendicular to the z direction. The operator H,, can be reexpressed in a convenient
form from the definition of the totul angular momentum J =R + L + S as
Hy = (1/2pR%) [UL8,)7 + (LS,
= (1/2pR%) [ + (P-1,) + (88,
+ (L'S + LS - ('L + JLY) - J'S" + J'SY), 13.30]

where J* =1, £il,, L* = L, £ iL,, $* = S, £iS,. The first three terms 12- 15,
(L -L3), and (S* - S,})| have exclusive diagonal matrix elements and represent the
rotational energy in the Hund’s case (2) [JMQASE) basis function given by

E(R) = (W/2pRH[J0+1) - Q + S(S+1) - Z* + L(L+1) -AY. 13.31]
The remaining three terms of the rotational operator (Eq. 3.30} which are neglected in the
Born-Oppenheimer approximation and couple the orbital, spin and total angular momenta
are responsible for perturbations between different electronic states. They are classified
as:

1. The spin-electronic operator Hg, = (1/2pR? (L*S' + L'S*) which gives rise to
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spi ic (AQ=0) p
2. The L-uncoupling operator Hy: = (1/2pR%) (L7 + J'L*) which causes heterogencous

(AQ= 1) electronic-ra

onal perturbations.

3. The S-uncoupling operator (1/24R®) (J'S" + J'S") which is also responsible for

I per
The spin-electronic operator:

The selection rules for the off-diagonal clements of the operator Hy, are AS2 =0,
AA = -AT = £1 and AS = 0. The operator L*S" can be written as

ST =Y+ T 1332)
1 7 T ]

L

The summation involves two-electrons for both 1* and §™ operators and can give non-zero

matrix elements between wavefunctions that differ by two spin-o1bi

The rotational
operator B = h%2pR? acts on the vibrational part of the wavefunction and hence the
matrix elements are written as

B, = (VIBIV) = B3, 13331

The contribution of Hy;

p: to the ibution from Hy, (spin orbit) is small for
the CO molecule.
The L-uncoupling operator:

The selection rules for this operator are AQ = AA = %1, and AS = 0. It is
responsible for the transition from Hund’s case (a) to Hund’s case (d) (Herzberg, 1991)
as J increases. The total matrix element of the BJ'L' operator is proportional to

[J(+1) - QQ-1)]'?. The L-uncoupling perturbations result in a large and strong J-
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dependent A-doubling for non-Rydberg states. The A doubling of a 'IT state due to
interaction witha X state via the L-uncoupling operator is observed for the CO molecule.
The S-uncoupling operator:

‘The selection rules for this operator are AS = 0, AQ = AX = £1, and AA = 0 and
the operator mixes different components of the same multiplet electronic state. It is
responsible for the transition from Hund's case (a) to case (b) as J increases. The total

interaction from the -2BJ + § term which result from Eq. [3.30] is given by

M [BUT S+ 5 SO gy 0) = -2 (B (v1)'™ [J0+1) - Q@D
X [S(S+1) - (QANQ-A+D)]' 13.34]

with phase convention for S* operator of the form
S*ISE) = +h[SES+1) - ZEED? ISz41). 1335
The vibrational part of the BJ - S matrix element gives
<viBlv> = B, 13.36]
il the S uncoupling operator acts between two components of a multiplet state that
belongs to the same vibrationa) guantum number. This operator causes perturbations
between the Q spin component of the v* level and the Q & 1 components of the (v + 1)*
level of the same electronic state if there is a near degeneracy between them. For heavier
molceules the crossing of rotational levels are observed when the spin splitting between
the spin substates of one vibravienal level is slightly smaller than the vibrational interval.

(b) The ivistic fine structure iltonian Hg:

The term H,_ is given by the sum of three terms
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Hy

so + He + Hygo 13.37)
where the spin-orbit operator Hy, represents interaction between the spin and the orbital
angular momenta of the electrons. the spin-rotation operator Hy, represents the electron
spin and rotational angular momenta of the nuclei. and the spin-spin operator Hg,
accounts for the interaction between the spins of different electrons. These interactions
remove the spin degeneracy of the levels of un clectronic state and give rise to the

es of the same

multiplet or zero-field splitting. They are also responsible for mixing sta

multiplicity or different multiplicities thus providing a mechanism for observing forbidden

transitions and homogeneous (AQ = 0, AS = 0, £1) perturbations. A briel description of
each term is given below:
(i) The spin-orbit operator Hy:

‘The Hamiltonian operator for spin-orbit and spin-other orbit interactions may be

explicitly written ir- electron coordinates and velocities (Van Vieck 1951, and ma

y also

be reduced in the molecule fixed coordinate frame (Veseth, 1970) as

1|z
Hio = 9 | 20t 13381
re |y

where o (= e/hc) is the fine-structure constant. The first part of Eq. |3.38] is a single
electron operator and represents spin-orbit coupling of euch electron in the ficld of the
two nuclei with charges Z, and Z,. The second term is a two clectron operator and is due
to interelectronic interactions. It has the effect of partially counterbalancing the ficld of

the bare nuclei. The spin-orbit Hamiltonian can be represented by onc electron operator
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(Ficld et al. 1972) as

3

Hy, =Y a1, with gL =Y "T s 1339]
T 3

where I, is the orbital angular momentum of the electron i about the nucleus K, and Zqx

is the effective charge of the K® nucleus, and ¢ is an operator that acts only on the radial
part of the wavefunction. Expunding [,-s, = Les, + 1207 +17s)s the Hamiltonian
cun be written as

Hy = ¥ 4,15, + 12005+ 15)] - 13401

The first term (4, *s;,) in the Hamiltonian Hy, is used when two states belong to the same
values of A and X quantum numbers. The selection rules are AA = AX =0 and AS =0
or £1 (Kayama and Baird (1967)). The diagonal matrix elements for two interacting
states having the same value of S and A 0 has the form

(AZSQv [Hy| AZSQy) = A, AZ, 1341]
where Ay, is the spin-orbit coupling constant. According to Eq. [3.41] the fine structure
levels are expected to be equally spaced with an interval of AA. Nonzero off-diagonal
matrix elements occur mainly between states belonging to the same configuration having
selection rules AA = AX = 0 but AS = 1. When the two interacting states are far from

each other, the effect causes only second-order effects called i i spin-orbit

effects which are important in understanding the strong spin-orbit transition to the Hund's
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case (c) limit. A transition from case (a) to case (¢) is possible if the interacting states

are near degenerate. The matrix elements for the second part of Eq. [3.40], i.e., (1's,' +

I7s;"), are calculated if the two interacting states differ by AA = £1 and AX = £1, for a
given signed value of Q. These interactions between states of different symmetries are
very common and are observed in the present work.

(ii) The spin-rotation operator Hgy:

The operator Hgy accounts for the interaction between the clectron spins and the

magnetic field arising from molecular rotation. Kayana and Baird (1967) and Green and

Zare (1977) derived an ion for the mi ic Hamiltonian in Hund's case (a)

basis which is given by

R,,.cos0,.
Hy = 2,00 |3 7, | K0 e 1342l

where py is the Bohr magneton, p, represents the nuclear magneton (=n/M)jp,),(m/M) is
the ratio of the muss of the electron to that of the proton, I is the moleculur moment of
inertia, Zy is the nuclear charge, Ry is the distance of nucleus K from the center of mass,
By is the angle between the electron coordinate ry and the moleculur space-fixed axis.
Eq.|3.42| can be expressed for a diatomic molecule when [ is related to the rotational

constant B, as

ZyRipc080,, ” ZyR 080y,
7

7
Tia L

Hg, = - 1.05x10* B, |y° 5, 'R - 13.43]
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‘The effective form for the spin-rotation Hamiltonian for a case (a) basis is given by
Brown and Watson (1977) as
Hy=YR-S=y(-L-S)-S
=y(N-L)-S. 13.44]
For the case (b) basis, this operator is represented by
Hy =yN -S. 13.45]
The diggonal matrix elements of Hg, in the case (a) basis for both operators in Eq. |3.44]
and 13.45] are given by
(ASZQ [Hg| ASEQ) =y |[E - S(S+h).
and
(ASEQ |Hg| ASZQ) =7[QZ - S(S+1)]. [3.46]
‘The diagonal matrix clements obtained from Eq. [3.45] which are particularly uscful for
the case (D) basis is given by
INJSA |Hg| NJSA) = (f2)1JJ+1)-N(N+1)-S(S+1)] - 13.47]
There exists an off-diagonal matrix element for this operator for the selection rules
AQ=AY= %1, AA= (), and AS= 0, and is represented by
(ASZQuv [He [AS.E£1,Q£ 1) = (S.Quv | (Y2)* S°[E£1.Q41,v)
=(y/2) [JU+1) - QQED[™ [S(S+1) - Z(E£1)]'3.48]
“This off-diagonal matrix element is similar to the one obtained for the operator H,,, (S-
uncoupling), but its sign is opposite to that of the B, contribution.
(iii) The spin-spin operator Hgg:

This operator represents the interaction energy between the magnetic dipoles
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as:

ated with the spins of two different electrons. The expression for two electron

operators is given by
’_1[3(1',]-5,)(r,fsl.)—(sl'.tj)r,f] : 13491
=

where o is the spin-spin constant (this constant is different from the fine structure

constant o = ¢/he in the expression for the spin-orbit Hamiltonian lly,) . The sclection

rules for this operator are AS =0, £1, £2, AT =-AA = O or 1 or 2 and AQ = 0. The

spin-spin interaction is zero for both the singlet and doublet £ states. The effe

ve spi-
spin Hamiltonian with AS = AZ = 0 is represented by
Hy = 2HAESI-SY- 1350]

For an electronic state which obeys Hund's case (1) basis, the non zero matrix elements

of this Hamiltonian are represented by
(SEIHIS,E) = (/HNIIT - SES+1)]- [3.51]
The spin splitting of the = states with $>1/2 (° states) is due to the spin-spin effeet and

is given by ECE,) - E('Z,) =20 13.52|

3.4 Energy Matrix and Fitting Procedure:

The first numerical treatment of the appropriate Hamiltonian describing the
interactions between a'l, and A'M states and the perturbing a”E*, d*A, ¢’ I'S, and D'A
states of CO was carried out by Field (1971). Later Rergeman and Cossart (1981) in an

exhaustive study of the valence states of the CS molecule have discussed in detail the

Hamiltonian matrix elements of the relevant singlet and triplet states and their mutual
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clectrostatic interactions (spin-orbit and rotation-electronic). In the present work, we have

used their expressions for the Hamiltonian matrix elements and these are presented in
Tables 3.1 and 3.2 for ¢ and [ parity respectively. From the analysis of the perturbations
of ”C'"0 #'M and A'TT stucs, Field et al. (1971, 1972) have concluded that the
perturbation matrix elements (o, B) arc the product of a vibrational factor and a constant
clectronic perturbation parameter (a, b), where the parameters a and b are characteristic
of the relevant electronic configurations within the single configuration approximation.
The effective perturbation parameters 0. and P are defined in the e/f basis set as

O ={A M vy | Ho | @ *yve ) = - (1/4) a (vy|ve)
oy, =CA MLV, | Hyg | a7 '8 vy ) = (1/4) a (v lve)

Oy = (A 'Ly | Hy | d A, v, ) =- (/2 /4) a (v lv)
By = (A ML v, [ He [ T'Z0) == v b(u[Blv)

Baftv=2) = (A 'Mvy | Hy | D '8vy Y = [5=2) b valBvo),  [353]
where x = J(+1), a = <27l al* 20>, and b = <2nl I 120>, From the known vibrational
wavefunctions, the initial values of the coupling terms o.and [ for any pair of levels can
be culeulated.

The effective Hamiltonian for the *I'T state which is the upper state of the comet-

tail (AT, - X*£*) system of CO*, was discussed in detail by Brown et al. (1979) and the
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TABLE 3.2 Matrix elements for the f parity levels of the Hamiltonian for the A 'TT and the perturbing [ 'S D A
e % and d *A states (adopted from Le Floch. 1989)

f Am | 'z’ pa o e’ dA
3 e 1 i e e 4
‘LEVE'-S A L R L L U P T Bl Wl
ATl -280/F | BT | o ° I ° ° & s ° °
| oo e o o =] ° ° ° o ° o o
oa nwal G o ° ° ° ° o | ww | o
B o ° o ° ° o 3 3
= B i bafodal o o ° ° o °
i q Yoo
- EEEE
g %)
o o °

Asterisks(*) identify the corresponding matrix elements are not included in the energy matrix becaucs they belong to a different
parity. (This is only for £ states)
Matrix elements in paranthescs are considered zero in the present study, becaues they concern perturbations of the T state.

€9
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corresponding matrix elements were also given by them. Later Amiot et al. (1981) listed
the matrix elements of the complete Hamiltonian for the *T1 and *X* states. and Douay
(1988) made some corrections for the matrix elements of the parameters Y. ¥, and ¥,
given by Amiot et al. The matrix elements of the Hamiltonian which ae relevant to the
present work are given in Table 3.3.

A it p for fitting the ing in the

described in Section 3.3 will be implemented. This fitting routine is a weighted
nonlinear, least-squares procedure which combines the Hellmann-Feynman theorem
(Hellmann, 1937; Feynman, 1939) and Marquardt’s iterative algorithm (Marquardt, 1963),
The program accepts cither transition frequencics (F) or term energics as input data, along
with the initial guesses of the molecular parameters and estimated experimental

uncertainty for each datum (o;). The Hamiltonian matrix is evaluated by using the initial

and then di i The transition ies are obtained
from the term energies (resulting ei and p 10 the
observed ies. Ce ions to the are and a new set of term

energies is generated using the adjusted parameter value. This procedure is repeated until

convergence is achieved.

Using Marquardt’s algorithm the correction vector § which is subtracted from the
fitted parameters, is obtained by solving the equation
(A-MB=g, 13.54]

where the normal equation matrix A has dimensions m x m where m is the number of

fitted parameters, and g is the gradient or error vector. The clements iy of the matrix are



TABLE 3.3 Matrix clements of the Hamiltonian for *TT and *Z* states (Brown et al..1979)

Molecular Constant

T,

Y

Py

Yy
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| Labelling

1Ll
22
33

33

23

X4l

(- ”

x(x F 1)
x(x-1)
x(x* + 3)

230 - )2
+0.5(x 7 1)

05
-0.5

0.5(x* -1)
-0.5(¢ + 1)

F0.5x

"Lables 1, 2, and 3 refer to states *Z*, Iy, and *T1,,, respectively.

' =J+0.5.

“The upper and lower signs of notation = and # refer to the e and [ levels respectively.
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given by
5
a, = Z‘uv‘(af,/ab‘) [CIZEIA .M, 13.55)

where N is the number of input data, b; and b, are the parameters to be fitted, f; is the
culculated value of the transitions or term energies being evaluated at the current value

as the of

of the parameters, w; (=1/c°) is the ing weight comp i

the square of the estimated experimental uncertainties. The error vector g has clements

given by

N
& =X W -F)f/b,) + J=1 e m, 13.56]
=

where F, is the experimental value of the i* datum. In solving Eq. |3.541, (he initial

value of the Marquardt’s parameter A was fixed as 10" and was divided by 10 at cach

iteration. The F Fey theorem was used to calculate the first
order derivatives appearing in the normal equation matrix |Eq. |3.55] and error vector

|Eq. 3.56]. The procedure is as follows: The eignvector ly) of the Hamilionian H,

associated with the eigenvalue f; may be written in terms of the Hund”

se (a) busis set

function 1) as

v
Iy) =Y C,lo,)s 13.57]
=
where N is the di ion of the Hamiltonian matrix. The Hamiltonian H may be
as a linear ination of the molecular a8

H= E‘h‘./l] . [3.58)
=
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From the Hellmann-Feynman theorem we obtain

@,

b,) =y, 1K) 1y) =Y 3 CiC i, 1H,10) 13.59]
=l

‘The advantage of using the Hellmann-Feynman theorem is that it provides all of(af‘/al;/_)
after single diagonalization of H rather than n+1 diagonalizations that would otherwise
be needed to compute the derivatives by finite differences (Lefebvre-Brion and Field
1986). The first order derivatives (af,/ah,) are computed from the knowledge of the
voefTicients C,, of the eigenvectors in the standard basis and of the matrix elements {¢,|

H; 19).
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CHAPTER 4

THE FOURTH POSITIVE (A 'TI-X 'S*) SYSTEM OF C"0) AND “C*0,

EXCITED IN A HOLLOW CATHODE DISCHARGE
4.1 Introduction

Neutral CO and its ion CO* are important constituents of the solar atmosphere, stellar

atmospheres, comet tails, interstellar space, and planetary atmospheres, and CO is by far

the most abundunt molecule in

interstellar spuce (see Haridass et al. 1992 and the
references therein).  CO is also, after H;, the most abundant molecule in the universe,
Spectroscopic studies of these objects by rockets and satellites in recent times extending
the spectral range to the vacuum-ultraviolet region have increased their importance in
astrophysics. It is essential m. have accurate laboratory data of the spectra of various
isotopomers of CO and CO" in order to estimate abundance ratios of isotopes “C/"'C and

*0/™*0 on celestial objects such as comets, meteorit

ars, planctary nebulae and
interstetlar space. This chapter is concerned with experimental investigation of the fourth
positive (A 'TI-X 'Z') system of the isolopomers ")C 'O and "'C™*0, in which the upper
state A is perturbed by states a’ X', d "A, ¢ "Z, 1 'X, D 'A, and D’ 'E'. The refevant
electronic configurations are

K K (z0)* (yo)* (wn)* (xo)* X'z

e - (wn)'(xo) (v a TLA'M

Se- - W 0P (v @ LA CTE TE DA D

Deslandres (1888) was the first to study the emission spectrum of CO and in

particular its fourth positive system. Over the years a large number of investigations have

70
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been carried out on the spectra of CO in the microwave, infrared, visible, ultraviolet and
vacuum-ultraviolet regions. For the previous work on the fourth positive system of
'2C"*0, the reader is referred to the reviews by Krupenie (1966), and Tilford and Simmons
(1972) and the compilation by Huber and Herzberg (1979). More recent references on
this system are given by Le Floch et al. (1987). Even though the fourth positive system

of "*C""0 was investigatcd extensively both in emission and absorption, the work done

on this system for the less-abundant i; is 'y or non-
existent. Tilford and Simmons (1972) reported band head measurements of the absorption
spectrum of A(v')é— X(v”=0) of "'C**O from v'=2 to 16 at wavelengths shorter than 2000
A. Domin (1986) provided rotational analyses of 28 emission bands of the A-X system
of "'C"“O at wavelengths longer than 2000 A. Studies on the iourth positive system of
C™0 and "'C™0 are alnost non existent but for the study of the A-X system of “C"*0
in laser-excited fluorescence by Vikis (1978a.b).
The A "I state of CO is extensively perturbed by its other electronic states a’ *Z*,

d 'A, e "X 1'Z, and D 'A because of their proximity to the former. Perturbations of the
rotational structure can be observed at almost all vibrational levels of state A. For “C'°0
many perturbations have been reported. Krupenie (1966) classificd the perturbations in
the A 'IT state in his review paper. Simmons et al. (1969) carried out a critical analysis

of the perturbations in the A state from the absorption spectra of the A-X system. Field

(1971) and Field et al. (19724, 1972b) ed a dep ot ion for the A

"I state. Le Floch and Amiot (1985) studied the Fourier Transform spectrum of the

Angstrém (B 'E* - A ') system of CO and revised the previous perturber assignments.
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Le Floch et al. (1987) made an extensive study of perturbations in the A 'T1, v=0 state
of CO. Le Floch (1989) performed perturbation calculations for the A 'T1, v=0 10 4 states

of CO. Further Le Floch (1992) tabulated accurate energy levels for the A ', v=0to §

for CO. A q itative analysis of the p ions in the A 'T1 v=0, 3 and § levels of
PC™O was performed by Prasad et al. (1984) from its observed B - A system. Malak ¢t
al. (1984) reported observations of perturbations in the A ', v=0 to § of "'C™0 through

the same system. Kepa (1988) studied the Herzberg (C 'E* -A 'TT) system of "'C*O and

performed a preliminary itative analysis of jons in the A 'T1, v=0 state
caused by the e "X, v=1 state. From a study of the E 'TT - A 'IT and B - A systems of’
0, Kepa (1986) partially analyzed the perturbations in the A state. laridass and
Huber (1994) (see Chapter 7) observed perturbations in the A ', v=0, 1. 2, 5 and 6
states of '*C'*O from the A-X system.

In the present chapter we report the high resolution vacuum ultraviolet study of the
fourth positive system of *C**0 and "C'™*0 in emission in the spectral region 1710 - 1935
A. The spectra were excited in the anode glow of a hollow-cathode discharge tube and

eight bands of "*C'™*0 with v'=0 to 2 and v”=2 to 6, and three b

s of 'CM*O with v'=0

to 1 and v”=4 and 5 were recorded. The rotational structure of five bands (1-4, 1-5, 2-2,
2-5, and 2-6) of *C"O and two bunds (1-4 and 1-5) of "*C™O was unalyzed. Strong
perturbations of the order of 2 cm™ in the A, v=1 level, and weak perturbations in the A,
v=2 level, of “C"0O were observed. Also, weak perturbations were observed in the A,
v=I level of “C"™0. The deperturbed molecular constants were obtained for the A state

of both i p

pic i ion was also obtaincd for the perturbing
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vibrational states of a’ 'Z*, d ’A. ¢ 'Z’, D 'A and I 'E. Mixing coefficients and electronic

which ize each ion were also derived.

4.2 Experimental Details

The bands of the fourth positive system of “C'™0 and "*C'™O were excited in the

anode column of a hollow-cathode discharge tube of special design (Reddy and Prasad.
1989). Carbon-12 and oxygen-18 gas with a specified purity of 97.6% of 'O and carbon-
13 and oxygen-18 gas with specified purities of 98% '*C and 95.7% of ™0, both supplied
by Merck Sharpe and Dohme Cunada Limited were used in the experiments. A d.c
voltage of 1300 V applied between the electrodes of the dischurge tube maintained the
discharge in cach gas, at a current of ~ 90 mA where the pressure inside the discharge
tube was ~ (.8 Torr. The spectra were photographed on a 10.6 m vacuum spectrograph
at the Herzberg Institute of Astrophysics, National Research Council of Canada in the 6™
and 7* orders of a normal incidence concave grating with 600 grooves mm™ blazed at

12000 A. The slit width of the spectrograph was maintained at 20 pm. The spectra were
photographed on Kodak SWR plates. A lithium fluoride prism/cylinder combination
(Huber ctal.. 1987, Huber etal., 1992) was used to predisperse the light entering the

g thus eliminati pping orders of the sprctra. The exposure time was

3 hrs to record each of the "*C™0 and “*C™*0 emission spectra. An Fe-Ne hollow-cathode
lamp was used as a source for the reference spectra whose wavelengths were taken from
Crosswhite (1975). The measurements, made at Memorial University of Newfoundland

on a Gaertner Optical Compuny compurator (Model M 1205 C), have accuracies of ~
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4.3 Rotational Analysis
(a) Rotational structure of the bands

The rotational structure of 4 band arising from a [T - 'E" transition gives

se to P,
Q.. und R, branches corresponding to the rotational selection rule A= -1, 0, and +1 and
is schematically shown in Fig. 4.1. The notation for e/l parity levels adopted here is
according to Brown et al. (1975). The measured wavenumber v of the rotational levels
of a band in a ' - 'Z* transition free from perturbations can be represented by

V=V, + B, (x-1) - D,/ (x-1)* - (B,” X" - D,” "), |10

where v, is the band origin, x = J'(J™+1), x” = )"(J"+1), B,” and D,” are the molecular

constants of the upper state 'T1, and B,” and D,” are those of the lower 'X'. 1t can also
be represented by
v =TI - T(v"J")
=T+ B/ (1) - D, (s~ 1)* - |G, (v") + B,” x” -D,” x"*|. 421
In Eq.|4.2), T, is the vibrational term of the upper state A 'T1, and the term in the square

o

bracket represents the vibration-rotation term T”(v”,J”) of the lower X '¥' relative 10

X'Z v=), 17=0.

Authier et al. (1993) estimated precisely the mass-independent Dunham coefficients
for the ground state X 'Z* of CO. Making use of these coefficients the ground state term
values T”(v”,J") are estimated in the present work for "C™0 and "'C™0. The rotational

unalysis of the band is straight forward and the assignment of J values to the rotational
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Figure 4.1. A Schematic energy leve! diagram showing the first few rotational
transitions of the three branches of a band of a 'TI - 'E* transition.
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structure including those with perturbations was done with the help of precisely known

combination differences A,F"(J) (Herzberg, 1950). The rotational structures of the 1-4,

1-5, 2-2, 2-5, and 2-6 bands of *C"*O and of the 1-4, 1-5 bands of "'C*O are analyzed.

The rotational structures of the 1-5 bands of "*C™0 and ''C"™O are shown in Fig. 4.1 (a).
‘The rotational quantum numbers and the vacuum wavenumbers (in eni') of the spectral
lines of these bands are listed in Tables 4.1 and 4.2 for *C™0 and "'C™O respectively.
(b) Interactions between the levels of A 'T\ and the nearby levels

Many crossings occur between the vibrational levels of the A 'IT state of CO and

those of its nearby states a’ 'Z*, d 'A;, e ', 1'Z and D 'A. The appropriate ma

elements of the singlet and triplet states and their mutual electronic interactions are given

by Field (1971), Bergeman and Cossart (1981) and Lefcbyre-Brion and Field (1986).

Numerous perturbations can be observed near the cra gs. These arise mainly from the
rotation-electronic Hy; (L-uncoupling operator, see Eq. |3.30] in section 3.3(1)) and spin-
orbit Hy, (see Chapter 3, Eq. |3.40]) Hamiltonian operators, which can be represented by

Hyy: = -(1/2pR%) (* L + I LY, 14.3]

Hyo = Z ! 0,07 s+ sy +al, s, 14.4]

In these equations p is the reduced mass of the molecule, R is its internuclear separation,
J and L are the total and orbital angular momentum operators, d is the spin orbit coupling
constant, | and s are the orbital and spin angular momentum operators of the individual
clectrons.

Garetz et al. (1991) constructed a perturbation diagram for "C"O locating the
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TABLE 4.1 Vacuum wavenumbers (in ecm™) of the rotational lines of five bands of the
fourth positive (A-X) system of *C*0"

Band 1-4 1-5
] R() Q) Py R Q) Py
0 57987.90( 7)
1 90.25(-6)  57984.30( 0)
2 92.33( 6) 83.31(6) S55991.72( 0)
3 93.76( 6) 81.66(-2) 90.21(-4)
4 947 (1) 79.57(0)  57967.58(4)  S6003.40( 9) 88.26(-2)
5 95.00( 2) 76.98( 3) 61.89(-2) 03.86( 1) 5801
6 94.85( 0) 7380 0) 559 (1 03.86(-4) K200 55904 800-2)
7 94.16(-1) 70120 1) 49.03(-6) 03.40(-0) T0A0-1) 8.
8 93.01( 4) 65.93(2) 4188(-1) 02.44(-K) 75.44-2) SLA0)
9 91.27( 2) 61.16(-1) 34.11(-5) 0109 0) T0.98(-3) A398(2)
10 89.00( 3) 55.88( 1) 25.91(0)  56999.15( 1) 60.06( 2) 3609 1)
1 86.13(-1) 49.89(-1) 17.10(-3) 96.65(-1) 60.41¢-2) 27.67(2)
12 82.66( 2) 45.63(3) 07810 1) 93.57( 2) 56.46(-6) 18730 0)
12 41140 4) 52.02( 0)
13 77.65(-3) 37.58(0)  57897.90(-2) BB.93(-9) 48.88(-4) 09.3104)
14 76.04( 4) 300 -1) 87400 1) R7.78(-2) A187(-3)  55899.19( 1)
15 70.63(-4) 22.16(-2) 75.41(2) B3.04( 8) M5104) 877D
16 65.14(-3) 13.74( 2) 66.66(-2) 77.92(-5) 26.54( 1) 7949 1)
17 59.20(-1) 04.52( 0) 54.32(-1) 72.56(-1) 17.81(-6) 67.092)
18 52.77(0)  57896.36( 2) 4179 0) 66.64(-7) 10.300 2) 5579 5)
19 45.75(-6) 85.97( 3) 2881(-1) 00.53( 2) 43.35(-3)
20 821 7541C1) 15.29(-7) S55890.61( 0) 30.54(-3)
21 30400 7) 64.40( 1) B0.25(-4)
22 5290(2)  STI87.0( 1) 00.54( 5)
23 12.69(-3) 40.90( 5) 79T S8200 1)
2 28.24(-4) 56.39(2) 46.34(-7)
25 15 (-1)
26 01.44(-1)
27 57786.16( 1)

28 73.25(-3)
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TABLE 4.1 (Continued)

Band 22 25
] RO) Q) P R() Q) PO)
0 63458.95(-6)
1 61.300-6) 574118 (4)
2 6RIAS) 63454140 0) 136(2)  5740436(8)  ST3980(-5)
3 5220(3) 634429 (-5) 02.89( 5) 945 (9)
4 6463 1) 49.80(0) WBICH)1556(-1) 00.66(-6) 887 (1)
s 64.43(:2) 46.65( 1) 3L736)  I58(-1)  S7398.01(-6) 83.27(4)
3 6367 2) 42.86(2) 24MER) 15.66(-2) 94.82(-5) 769 (2)
7 6220(:2) WA 17676-3)  1488(-6) 91.02¢:3) 7046 5)
8 60.17( 0) 33,60 1) W64-7)  13.59(-6) 87.07(:3) 63.18(-3)
9 S7.48(0) 20 (1) 0LOY-1)  1LT7CT) 8224¢-1)  55.46(-1)
10 54.14¢-2) 2054(3)  633920(1)  09.45(-6) 1687(6)  4T.18(2)
1 50.19(-2) 14.700) 8199(0)  06.60(-3) 71.05(-3) 3839(:2)
2 45.62(0) 07.121) TIASED) 03138 64.67(:3) 2901(-8)
3 4037-4)  63IVBI5(-2) 6032(-5)  57399.25( 57.75(-6) 19.15(-8)
14 34.50-5) 9€0.15(2) 4858-3)  9482(4) 50325) 0BT
15 28.10( 4) 50.72(0) 364(2)  89732) 4235(-5)  ST297.86(-6)
16 21.00( 7) 70.64(2) 2216)  B4I2T) 33.84¢:6) 86.43(:3)
17 1325(9) 60.01(3) 09.59( 3) 2482(3) 74.49( 1)
18 04.70¢6) 4RSE(D)  6329534(6)  TLO(4) 1524(:3) 61.90(-5)
19 63395.70( 1) 36S5(h 80.42( 5) 64210 0) 05.13(-2) 4R.B2(-6)
20 6.1 (1) 233(2 64.84( 4) 57294.43(-5) 352(-1)
21 75.44(-9) 10.75(0) 4841(9) 8322(5)

2 6428(3)  63296.81(3) 3182(9) 71.42(:8) 06.45( 5)
2 $2.22(4) 59.00(9)

24 67.000) 4627 1)

25 27101

26 180 (-4



TABLE 4.1 (Continued)

Band 2-6
] R QN POy
0
i 55444.75(-6)
2 46.75(-4) 55437.89( 2) 55431.98( 4)
3 48.27( 0) 36.48( 9)
4 49.25( 1) 34.39( 0
8 49.76( 3) 31.98( &) 17.11( 4)
6 49.76( 5) 28.93( 4) n2¢n
s 49.25(7) 253 D) 04.69( 2)
8 48.3 (1) 21.64( 3) 55397.77( §)
9 468 (1) 17.11( 6) 90.32( 4)
10 448 (1) 12,12(7) 82.35( 1)
1 422(1) 06.62( 5) 73.900 0)
12 39.07(-3) 00.62( 3) 65.03( 7)
13 35.54(-2) 553942 (1) 55.53(0)
14 31.8(2) 87.18( 5) 45.60( 0)
15 272(D 79.68( 3) 35.15¢-1)
16 T1.72( 6) 24.22(-2)
17 16.42( 3) 63.24(7) 12901y
18 54.21(4)

19 03.9(2) 44.75( 8)

20 34.69( 4)

21 24.22(9)
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TABLE 4.2 Vacuum wavenumbers (in cm™) of the rotational lines of 1-4 and 1-5 bands
of the fourth positive (A-X) system of "C*0*

Band 14 1.5
) R() Q) Py) RJ) Q) P()

1 58150.69(-3)

2 5261(2) 56196.24¢ 1)

3 5393(-3)  5%142.47(0) 94.87( 4)

4 403 (-1) 92.95( 0)

5 37.94(-5) " 56207.90( 5) 90.59(-2)

6" S50 34.96(-3) 07.90(-1) 87.76(-4)

7 54.51(4) 31.47¢:3)  5811142(3) )(J..4‘J(~3) 56164.47( 5)
8 1-4) 2746(-5) 04.48(-6) 06.65( 4) R0.76(-2) S7.86( 6)
9 S1.81( 8) 228 (-2) 58097.13(-5) 05.27( 0) 76.52(-4) 5073 1)
10 49.57(-4) 17.95(-8) 89.27(-6) 03.47(2) 71.88( 1) 43.19(3)
1 472(2) 12.54(-1) 80.91(-6) OLIS¢-1) 66.74( 2) 35.09(-5)
12 43870 1) 06.55(-1) T211-1)  56198.39( 0) 61.11(2) 26.61(-5)
13 403 (1 00.03(-5) 62.74(-4) 95.17( 1) 55.01( 1)

14 36.14(3)  58093.07(-2) 52.87(-6) 91.51( 5) 48.44( 0)

15 31.47¢-1) 85.60( 0) 4261( 3) 87.32(3) 41.42( 1)

16 26.35( 1) T161¢-1) 3175 1) 8271 T) 33.89(-2)  56088.00( 3)
17 20.68(-3) 69.12(-1) 20.39¢-1) 25.90(-4) T7.19¢:1)
8 14.55(-3) 60.13(-1) 08.53(-3) 17.56( 7)

19 07.83(-9) 50.63(-1)  57996.26( 4) 08.61( 4)

20 00.72(-5) 40.67(2) 56099.22( 4)

2 30.16( 1) 89.31¢-1)

22 1931 7897(-1)

2 078 (1)

24 57995.54(-K)

“The number in parentheses represents (Vy,-Ve,) in the last digit.
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ssings of the A 'T1, v=0 to 13 levels with the nearby states. We have now obtained

similar perturbation diagiams for the A 'T1, v=0 to § levels of “C"0 and "'C™0 using the
data of Field (1971) and the isotopic relations (Dunham, 1932). These diagrams are
presented in Figs, 4.2 and 4.3 for “C"0 and *'C™0, respectively. 1t is evident from these
figures that the calculuted values for the corresponding energy levels can be obtained
Irom the eigenvalues of a specific energy matrix which includes the perturbed state and

are obtained

the perturbing states. The cigenvectors of the appropriate energy matri
from the wavefunctions which are expressed as a lincar combination of severul
wavefunctions of interacting states.  The coefficients C, that appear in the linear

combinations are called the mixing coefficients (see Chapier 3). Accurate va

s af the
mixing coefficients are very useful to analyze the life time measurements of short-lived
(') and long-lived triplet (2" 'E*, d *A,, ¢ 'T) levels.

In the present work, the occurrence of perturbations are muinly due to the

For the: the operators 1, and 1., pliy
a very important role. The selection rules for Hy,, (Lefebvre-Brion and Field, 1986) are

AS

i, AZ =0, AA = AQ =11, 14.51
where S is the spin angular momentum quantum number, ¥, A, and €2 are respectively

the projection quantum numbers of the spin, orbital and total clectronic ang

momentit

onto the internuclear axis. For the operator H, the first term in Eq. [4.4] contributes to
the interconfigurational interactions. The sclection rules for I, (Lefebvre-Brion and

Field, 1986) are

AS =0, £1: AA =-AL =11} AQ =0, 1.6
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Field (1971) and Field et al. (1972 ab) have concluded from the analysis of the
perturbations in the a ' and A 'T1 states of “*C™0 that the perturbation matrix clement
(0. B) is the product of a vibrational factor and a constant electronic perturbation
parameter (a. b). The parameters a and b are characteristic of the relevant electronic
configurations within the single configuration approximation. Hall et al. (1973) from the
ab initio calculations have shown that the constants (a, b) are strongly dependent on (he

ctive perturbation parameters o and 3

internuclear separation of the molecule. The

that are fitted to the present set of experimental data are defined in the ¢/f basis set by

the following set of equations (Lefebvre-Brion and Ficld, 1986) (same as F.[1.53]):
O = (A T, vy [ Hg Lo 'S0 v = (1) a (v |v)

= (AT, TG T v,y = (i a (v vy

= (AT vy g, [d A v = (37 Gy v

2 By
Bany3 2 = (A MLy [H DA v = T3 b dBlvy,  147)

AL v T H 2 vy = b v B v

where x = J(+1). a =21 |nl‘520). and b = (2n I |?.G). From the known vibrational
wavefunctions, the initial values of the coupling terms o and 3 for any pair of levels can
be calculated.
(c) Fitting procedure

The neighbouring levels which cross with the A 'I1, v=1 and 2 levels of C™0O and
those with the A 'TT, v=1 of ""CO are shown with circles in Fig. 4.2 and 4.3,

respectively. These are summarized below.
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OO, AL v=l: o 'S v=l00 DA, v=ls

Al v=2 'S, v e T ov=4 d AL v=T.

Bero, AN, DA [

‘The perturbing levels interact with the vibrational levels of the A state at different J
values and the dimension of the appropriate energy matrix depends on the J runge
considered. The Hamiltonian matrix used in the present analysis contains not only the
perturbing levels which cross the A state levels but also those which interact strongly with
them. The present experimental data for the A, v=I level of "*C™0 and "'C*O which
involve four vibrational levels for the former and three vibrational levels for the latter
were fitted satisfactorily to the cigen values of a 31 x 31 energy matrix. Also our data
for the A, v=2 level of "“C™0O which involve one perturbed and seven perturbing levels
were fitted successfully to the cigenvalues of a 33 x 33 energy matrix. In these fittings,

the observed wa

enumbers were fitted to the energy matrix by an appropriate weighted

nonlinear least-squares method with the help of a computer program (see Appendix A of

Ref. (Le Floch et al.. 1987 for details). This program, which includes an iterative

proce

combines Marquardt’s algorithm with the Helmann-Feymann theorem. In this

program the following main steps are adopted: initial values of the matrix were calculated

and the matrix is then di i the ei or the di between them are

P with the experi of the of the rotational
structure; corrections to the molecular parameters are calculated; and the final iteration

is carried out until the convergence of the parameters is obtained. At the last stage of this

procedure, the wavenumbers (v,) from Eq. [4.1] and the mixing coefficients ure
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caleulated,  The (v,y,-V,,) values of the rotational structure of the analyzed bands thus

in Tables d.1 and 4.2, The final values of the

obtained are listed in parenthese:
dimensionless variance ¢° are 1.3 for v=1. and (.8 for v=2, of *C*0. and 2.7 for v=1 of
icto.
4.4 Results and Discussion
(a) Perturbations in *C"*0
AT v=1:

The occurrence of perturbations in the observed rotational structure of bands is
visually exhibited by a plot of the deviation |T(v.)),

us the rotational

W= Tl vers

quantum number J. Such a plot for the A, v=1 level of "*C™0 is shown in I

2.

this figure strong discontinuities are noted at J=12/13, 14/15, and 17/18 and these

characteristic of strong spin-orbit interaction Hy, between the A 'T1, v=1 level and the o
'E*, v=10 level. It should be noted that for 'E" states the J-crossing (J,) oceurs for the F,
(parity ¢) components whereas the F, and F, (both of parity ) components have lower and
higher J.’s, respectively. This mixing has yiclded an extra line [Q(12) 57 941,14 em'|
(see Table 4.1) which belongs to the intercombination band a”'2' (v=10) -X 'X' (v=5).

Apart from the strong a’ *E* - A "1 perturbation, the interaction between D 'A, v=1 and

A 'T1,v=1 gives rise to an additional perturbation near J=27, which characterizes rotation-

electronic interaction Hy,. The fittied values of the vibrational terms T, for the A "1,
v=1,a" "%, v=10 and D 'A, v=1 levels and the rotational constants B for the A, v=1 and
', v=10 level are given in Table 4.3. Also listed in this table are the fitted perturbation

parameters oy, and B, which are determined for the first time. The values of the
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TABLE 4.3 Molecular parameters’ (in eni™) of the A 'Tl. v=1 state and the perturbing
states D A, ' 'E* and d *A of *C0.

Moleeular A'M D'A Wi a'a
Parameter v=I v=l v=10 v=5
T ©6202.946(6) 66461.2(9) =
T, = = 66288.2(1) 66029,71"
7 < > = 66063.18"
T = 5 3 66096.65"
B 1.50658(3) L17241" LI 1.16052"
D xl0° 6.8" 6.3" 57 S8
o - - 2911 8"
B » 0.085(9) - -
yx10° = = 1.2 8.
A 2 3 1.iF L2l
A, x10* - - - -L0"

*The number in parentheses indicates the uncertainty in the last digit and corresponds
to one standard deviation.
"Fixed constants in the least squares fit

are tken from Field (1971).
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fixed parameters which were used in the least squares fit are also given in Table 4.3.
Perturbations occurring in the A 'T1, v=1 level are also represented in Fig. 4.5.

In this figure the percentage 'f1 character of each rotational level is plotied against J for
both ¢ and 1 parities for the A 'TI, v=1 level as well as for the 2’ ', v=10 state. These
quantities are equal to 100 C,%, where C, (= (@, | ) is the mixing coefficient extracted
from the cigenvectors of the energy matrix from the final diagonalization which uses the
values of the fited parameters. In Fig. 4.5 the percentage T character greater than 50
is concerned with the levels having dominant 'TT character whereas it is fess than 50 for
the perturbing o’ ‘E*. v=10 level. The 'TT character of A, v=1 drops to 65% for J=12, and
for ', v=10 it reaches 34% for the Fy(f) component. The dips at J=14 and J=18 are duc
1o the crossing of the Fy(e) component and Fy(f) component of the perturbing a’, v=10
level (see Herzberg, 1991). A weak perturbation oceurs between the D, v=1 and A. v=1
levels at J=27 for which the 'TT character of the A state drops to 73% with no cxtra lines.

For the A 'T1. v=1 rotational levels. the percentages of singlet and triplet character are

presented in Table 4.4, These values are of importance for the determination of life-times
af the A T state,
AT, v=2

As seen in Fig. 4.2, the I, v=3, e, v=4, and d, v=7 levels cross the A, v=2 level at

s J for

J=7/8, 27/28, and 36/37, repectively. A plot of deviation [T(v,J),p, - T(v.J).,] vers
A, v=2 level is given in Fig. 4.6. It is seen from this figure the deviation is largest for
J=26 and is due to the perturbing e, v=4 level. The fitted values T, and B of A, v=2, T,

of 1, v=3 are given in Table 4.5. Also given in this table are the fitted perturbation
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TABLE 4.4 Percentage of the squares of mixing coefficients of A 'TL v=1 and 2 and
o' L', v=10 of C™0 and A 'T1, v=I of C"0

o ¥cl'o

Al Pl AT A'T

v=l v=2
J 3 r f ¢ r e r
1 99.0 99.0 9.9
2 9l 99.1 9099 9.9 99.7 9.7
3wl 99.1 99.9 999 99.7 9.7
4wl 99.1 99 99.8 99.7 9.7
5wl 9.1 99 9.7 9.7
6 ol 99.1 0wy 99.3 99.7 9.7
7 w2 0.1 9.9 941 99.7 9.7
K 992 99.1 99.9 95.7 99.7 9.7
9wl 989 9.9 99.2 998 9.6
0o 9l 984 9.9 99.6 99.8 98
[T 95.6 99 99.7 998 9.8
12 92 054 EER) 909 99.8 99.8 98
1395y 97.3 98 99.8 99.8 9.8
1 73 988 9.8 99.8 99.8 9.8
15 912 99.0 9.8 99.8 99.8 9.8
16 980 984 99.8 99.8 99.9 99.9
17 w0 928 w7 99.7 99.9 99
18 904 8.0 99.7 997 99.9 99
19w 985 0.6 9.7 99.9 9.9
00 w7 994 w5 9.6 99.9 99.9
2 w7 - 9.6 99.3 99.5 99.9 99.9
2w 9.7 8.8 994 999
23 W w7 973 99.2 9.9
4 w7 w7 988 999
25 9.5 98.0
26 98.7 959
27 32

o 978
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parameters o, , and B', ; which are determined for the first time. The values of the fixed

parameters used in the least-squares fit arc also listed in Table L5, Even though the 1.

v=3 level crosses the A, v=2 level at the low vilue of J=7/8. the corresponding

1T ) -TCv D) ] s 8

nificant (Fig. -.6). The dip corresponding to this perturbation

is seen clearly in Fig. 4.7 in which the percentage "I characier is ploned ag

Fig. 4.7 udditional dips at J=24 and 26 are also scen, arising from the interaction between
the A, v=2and ¢, v=4 levels. The values of the percentage 'H character for the rotational

level of A, v=2 for both e and I paritics are given in Table 4.4

(b} Perturbations in "'C""0

A'm, v

The perturbation diagram given in Fig. 4.3 for *'C¥0 shows the location of the
crossings of the A 'Ti v=0 10 5 levels. It is clear from this figure that the A, v=1 level
is perturbed by the D, v=1 level at J=28 and the 1. v=2 level at J=35/36. Unlike the 1-1
and 1-5 bands of “C™O which are strongly perturbed hy. the o’ v=10 level, the

corresponding bands of "'C*0 do not show any perturbation by the a’, v=10 level hec

of the large difference in their energics. ‘The trend appeari

in Fig. 4.8 characterizes the
interaction due to the nearby levels of a”.v=10 and d ‘A, v=5, located just below the A,
v=l level. The corresponding drop appears also in Fig. 4.9 where the percentage 'I1
character of the ¢ and f levels is shown. The fitted values of T,, B and D of A, v=1 and
the values of the fixed parameters are given in Table 4.6. The values of the percentage

'TT character for the rotational levels of A, v=1 are listed in Table 4.4,



95

04Dy JO T=A ‘L1, V JO S|19A9] Kiued j pur 3 9Y) 4oj [ SUSIIA JTIEYD LT, aduuaaing Ly ndiy

00z 001
T T 076

oot
r

0v6

4 0001

fred § @ x—sn
Aied 9 : 0—o

JeRYD 11, %



96

"0uD;; JO 124 'L, ¥ UL [ SSI9A S[223] [EUONRIOI Y1 JO ["(a)L - *('A) L) SUONRIAIp 10 10jd §'+ 2m31g

00€ 00 001

fued j: % L] ® % .
furedo: o ;80




97

0per J0 124 'L, V jo sp2a2] Aiued § pue 2 31 Joj [ Sns1an a1ouieyd 11, 98eIdd1d 6'p A3k

[
00€ 00T 001 00
: : — 0086
4 0586
4 0066
4 0S°6¢
*ibé ; .
Ared § @ —x
freda:0—o

2RO 1, %



98

TABLE 4.6 Molecular parameters* (in em") of the A Tl v=1 state and the perturbing
states a’ *E* and d *A of VC™0.

Molccular A'm >3 d'a
Parameter v=1 v=5
T 66177.045(6) . -
57 - - 65920490
T, - 66066.930" 65953.960"
T - - 65987.430"
B 1.43748(4) 1.06557" 1.11087"
D x10° 6.6(1) el st
o - 2.8 .8
¥x10° - 7.2 8.3
2 - AL 1.2
A, x10° - - -1

*The number in parentheses indicates the uncertainty in the last digit and corresponds

to one standared deviation.
*Fixed constants in the least squares fit are taken from Ficld (1971).
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(¢) Electronic perturbation parameters
The clectronic perturbation parameters a and b (Eq. |4.7]) were extracted from the
fitted spin-orbit parameter o and the rotation-electronic parameter ff, and are presented
in ‘Table 4.7. The overlap integrals (v, |vp), and (v, | B | v, calculated by Field and quoted
by Le Floch (1989) for "*C'"O were used in the present work because the overlap integrals
are the same for all isotopomers in the first approximation. Table 4.7 shows that the
present results are consistent with those obtained previously. For example, the spin orbit
parameter o = 88.6(3) em™ for the a’~A interaction is in agreement with the values given
by Field (1972b) and LeFloch (1989). As expected, we note that this value is smaller
than the one obtained for the ¢-A interaction (98(4) cmi”). For the rotation-electronic
parameter b our value 0.212(16) cm™ for the 1-A interaction is very similar to the results
of Field and Le Floch. Finally, for the D-A interaction, our value of b = 0.137(15) cm”
confirms the smaller value (about a half of the one for the I-A or I-a) previously obtained

by Le Floch et al. (1987).

4.5 Conclusions

High resolution measurements of five bands of '*C'™0 und two bands of *C'*0 of
their Fourth Positive System have been carried out.  With these data it was possible to
extend the analysis up to J=28 for A 'TI, v=1, and J=26 for v=2, of “C'*O and J=26 for

v=1of "C™0. The present analysis provides accurate deperturbed constants for the state

A. Mixing coelfici C,, andel i i s aand b have also been
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TABLE 4.7 Spin-orbit and rotati lectroni obtained from perturbations of
the A 'TI, v=1 and 2 levels of “C"0 and v=1 level of MC*
Perurber v, (v v « a [CALINS B b
(em™) em?) ©m" (unitless)

Al
al L 10 01314 29101
$8.60)
d’a 5 02882 975" 95.7
DA 1 06223 D085 0.13705)

o o 0907 39"

1201539 32" 840
e’T 4 0.2976 7.3(3) 98()
dA 7 -0.1880 62" 933
8 02460 83" 957
1's 3 03775 00403)  0.212(16)
D'A 3 -0.374% 00424 o
o)
WL 100 0034 28" 84.6
RS 5 02882 9.7 95.7

“Calculated by Ficld (private communication) und taken rom Le Floch (1989)
*Fixed constants in the least-squares fit are taken from Field (1971),
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estimated. The molecular parameters obtained in the present work are useful for the study
of the abundance ratio of the CO isotopomers in several astrophysical objects and in
interstellar space. The accurate term values of the A state obtained from the present work
when combined with the data on the Angstrsm (B 'E' -A 'T). the Herzberg

(C ' - A 'TTyand (E 'T1- A 'TT) systems of *C"™0 and '*C"0, it will make it possible
to estimate accurate term values and molecular constants for the Rydberg states B, C, and

C.

I The results presented in this chupter have appeared in a publication (Harid

Reddy, $.P., and Le Floch, A. C., ). Mol. Spectrosc., 167, 334 (1994)). A reprint of this

paper is included in the Appendix.
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CHAPTER §
DEPERTURBATION ANALYSIS OF THE A 'M1 - X 'S SYSTEM OF “C"™0
EXCITED IN A JET DISCHARGE
5.1 Introduction

Carbon monoxide occurs in the atmospheres of the sun, strs, and planets.

including carth and in the products of bustion. The infrared
band of CO plays an i role in the propagation of radiation, parti of the
atic and quasi ic radiation of lasers. Observations of the upper

atmosphere of Mars by the Mariner 6, 7, and 9 spacecraft have shown that the fourth
positive (A ' - X 'E") system of CO is the strongest molecular emission feature of the
day glow in the vacuum ultraviolet (VUV) region between 1100 A to 2000 A (Barth et
al., 1969, 1971, and 1972). This process is due to the resonant fluorescent scattering of
solar radiation in the vacuum ultraviolet by the fourth positive system of CO. This
system of CO is on2 of the most important band systems occurring in the VUV region
because it has been extensively used to detect the CO in astrophysical objects, to probe
their physical conditions to understand the physical and chemical processes taking place.
and to develop new sources of coherent radiation. From recorded high resolution stellar
spectra, the existence of "'C, 70, and **O isotopes was established in the atmosphere of
Alpha Herculis by Maillard (1973, 1974). Similarly Hall et al. (1972, 1973) identifed the
same isotopes in the recorded high resolution sunspot spectra. In the solar system, the

ratio of “C and "'C was found to be 11.0 : 0.122 and that of %0, O, and *O was found

to be 23.7 1 9.04 x 107 : 4.76 x 10?, all relative to Si (Grevesse et al., 1991 and Anders
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and Grevesse. 1989). All isotopomers of CO except "'C70O have been detected in the

radio frequency emission from dense galactic gas clouds. which shows the effects of
nuclear processing and isotopic fractionation. The information on the A-X system of the
rarer isotopomers of CO should enable astronomers to detect them in the directions of
highest CO column density.

The A 'l state of CO is extensively perturbed by its nearby electronic states

a’ "I d *A.e X, 1'Z, and D'A. Because of such perturbations, it is not poss

le 10

predict uccurately the term value of the A-X transitions for isotopic species by means of

standard isotope relations. For the isotopomer "'C**0, the information on the A ' state
is obtained from the Angstrom (B 'X* - A '), Herzberg (C'E' - A '), and

(E 'M -A 'Tl) systems. In all these systems, only quantitative information of the
perturbations in the A 'f1 state is known. For complete information on the literature for
this isotopomer the reader is referred to Chapter 4 and the references therein. A literature

survey reveals that no measurements of the bands of the A-X system of "'C™0 wre

available (see for example, Morton and Noreau, 1994). We have therefore undertaken the

study of the high-resolution VUV emission spectrum of this system of "'C™0 in the

spectral region 1460-1670 A for the first time. The spectra were generated in emission

from a d.c. discharge in i ing argon as containing trace amounty of

13C0,. Thirty bands with v’ = 0 to Y and v" = )10 § were recorded. In this chapter, the
rotational analysis of nineteen bands (0-0, 0-1, (-2, 1-0, 1-1, 2-0, 21, 2-2, 2-3, 4-0, 4-3,
4-4,6-1, 6-3,7-1, 7-2, 7-3, 9-2, and 9-5) of the A-X system of "C"*O will be reported.

Strong perturbations of the order of 10 ¢m™ in the A, v=0 level, and weak perturbations
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inthe A, v=4, 6, 7, and 9 levels are observed. The deperturbed molecular constants are
obtained for the A,v=0), 1, 2,4.6. 7, and 9 levels. Spectroscopic information was also
obtained for the perturbing vibrational states of a’ 'E*, d A, e "X, 1'Y, and D 'A. Mixing
coefficients and clectronic perturbation parameters which characterize each perturbation
are also derived.
5.2 Experimental Details

The A-X system of "*C™*0 was excited from a d.c discharge in a supersonically
expanding jet of argon gas containing trace amounts of “C"*0,. The '*C™0, gas with a
purity of 99.1 atom % of ''C and 99.9 atom % of "*O was supplied by Isotech. Ohio. A
detailed description of the experimental procedure to record the A-X spectra is given in
Chapter 2. The jet emission spectra were photographed on the 10.6 m vacuum
spectrograph of the National Research Ceuncil, Ottawa in the 7" and 8" orders of a
normal-incidence concave grating with 600 grooves/mm and blazed at 12,000 A, which
gave reciprocal dispersions 0.21 A/mm and 0.18 A/mm, respectively. In addition to the
fourth positive bands of '*C™0, the jet spectra contuin a number of atomic emission lines

which are attributed to "*C. The final wavelength calibration was made with the help of

''C, emission lines at 1561 A and 1657 A in the 7" order and at 1450 A in the 8" order.
5.3 Rotational Analysis

The rotational structures of the (-0 band of the A-X system of '*C'*0 and that of
the I-0 band of its ¢ *X - X 'S’ system are shown in Fig. 5.0. The rotational analysis of

the A-X bands is straight forward, and the assignment of J values in the perturbed region

is unambiguously achieved with the help of precisely known ground state combination
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These ination dil were obtained by calculating the ground state

term values 1”(v”,J”) by miking use of the precisely estimated m: independent Dunham
coelticients reported by Authier et al. (1993). The rotational quantum numbers and the

absolute vacuum wavenumbers (in cm™) of the rotational lines of the nineteen analyzed

bands are listed in Table 5.1. The procedure adopted for the deperturbation analysis of

the A-X bands of "'C™0 is the same as the one discussed in Chapter 4. In this chapter

a brief discussion of the results obtained are outlined. Many crossings occur between the
vibrational levels of the A I state and those of its neighbouring states o’ ¥, d A, ¢ ',
1S, and D 'A. A perturbation diagram locating the crossings of the A 'TT, v=0 to 13
levels with the nearby states for *C'°0 was constructed by Garetz et al. (1991). Similar
perturbation diagrams for the A 1, v=0 to 5 levels of *C'*O and "C'*O are given in

Fi and 4.3. Perturbation diagrams for ""C'™*0 are now extended for levels up to v=9

and are given in Figs. 5.1 and 5.2. It is evident from these figures that the calculated
values for the corresponding energy levels can be obtained from the eigenvalues of a

cific encrgy matrix which includes the perturbed states and the perturbing states. The

oceurrence of perturbations is mainly due to the interconfigurational interactions. These
perturbations arise mainly from the rotation-electronic  and spin-orbit Hamiltonian
operators Hy, and Hg,. The selection rules (Lefebvre-Brion and Field, 1986) for these
operators are
Hy:  AS = 0:A% = 0; AA = AQ = £1 15.11
Het  AS=011: AA =-AZ =4 AQ = 0. 5.2

Here S is the spin angular momentum quantum number, and , A, and © are the quantum
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TABLE 5.1 V.x;uum wavenumbers® (in cm”) of the rotational lines of the bunds of the
A 'T1 - X 'Z* system and of the related intercombination bands of "'C™*0

Band AX(O-0) e-X (-0
J R() Q) PU) R'() Q'() Py
0 64759.57( 2)
1 T6143(4)  64756.16( 1) GITRO.S0(-0)"  (TTT.RK(-0F
2 T62.18( 1) 75477 1) TRRI3C-1)" 775782
3 T73.14( 3) 752.62(0)  G4743.96( 3) T6143(-6)" T7250C2F 64769, 14(-2)"
4 771490 4) T749.68( 0) 13799 Ty TSRR6( 1" TOR.36( 5)
% T70.02¢ 3) T4581( ) TALGR(-1) TSRS 763.24(-0 TI007( 1Y
6 T6R.37(-6) T4080(-2) 73307 ) TST.500 0 20440 1)
7 766.50( 4) 751.3200) 724.60( 1) 782200 2 T34 1Y
8 763.78(-4) 744.93( 2) 716.11( 5) 7174 4)" T20.00( 3y
v 760.26( 3) 738.32(-4) 71202) 772500 9) 72280 '
10 766.5 (-3) 73168 7) 097.54( 5) 755189 THLAOC6)!
1 7614 (2) T24.59( 5) 6R6.92(-1) 748460 1) 699.14¢ 3"
12 TI703-3) GRO.GI( 9 739.74¢ 3y 67504 0)*
13 70397 T09.11¢-1) 674.02( 3) G014 (2
14 T44.44(-4) H0.63(-1) GOLE (1) 045.50( 0)*
15 TIRI(2) 691.63( 1) 649.24( 9) 628,19 9y
16 T31.03(-3) 6G82.02( 4) 636.40( 4) 601 (1)
17 T4.59¢-T) 67151(-1) 623.04(-3) SRRK (-2)"

18 716.13(-4) 661.76( 2) 69.07( 4)
19 TOT09( 2) 649.85( 5) 5959 (2)
20 696.20(-8) 637.33( 7) 580.34( 8)

21 695.24(-8) 62365 1) 564.26( 6)
2 682.02(-3) 6IR.GI(-4) 546.46(-3)
px3 669.3 (-4) 602.1(2) 53R.60(-1)
24 656.18(-3) S8O.18( 7) SI846( 5)
25 569.16( 0) 4994 (2)
26 ATRIRC D)

27 546.5 (-3)



TABLE 5.1 (Continued)
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Band A-XO-1 e-X(-1)

J R() Q) PU) R'(J) Q'U) P'U)

0 6271587(2)

POTIT9(2) 271254 %) 627428 (-1)" 62734.31( 3)*

2 7IKSAS)  TILITC2) G2T0SSI(4)  TAS07CT) T32AR(I)F

T T96061) T09.0201)  TO043C1)  TIT90C8) 729020 0) 403"
4 TRANA) TO62I-1)  GVA29(5)  TISASCDN 7249201y

5 T0TK03)  T025 (1) 69842A3)  TILL (2 7200001 GRGR4( 1)
6 TSI WTSD) GRIIAES) 71446(2)  GT7.39(0)
7T 726N 1) T0B4902)  GRLT(D) 730428 GILGI-IN

X 7202200 70239(7)  67346( 1) TISAIC4) GRIYR( 1Y

9 TITEKGD) G905 1) GRTGD)  TI003-6) 680.52( 2)"
10 7249(1)  GRIGI( 1) GSSAR(1)  71317(-T)" 669.32(-0)"
1 TI952-3)  OR28G(2)  645.22(-2) 657.44( 2)*
12 T1447(3)  67S72-1)  645.22(3)  GUBAO( 2) 633.68(2)"
3 GOR.IS(-3)  G3304(-2) 62030( 3"
u 660.13¢:0)  62L13( 1) 604.96(-3)"
15 651.54(-2)  GO9.11( 1) SH8.000 4y
16 642420 1) 59679 0)

17 63245(-2)

18 6234( 1)



TABLE 5.1 (Continued)

m

Band A-X(@O0-2) e-X(1-2)
J RU) Q) PU) R'() Q'v) P'Q)
0 606961 (-1)
1 GIR.1I(-1) GOGY285(-3) 31 6071463
2 GURONA)  GULGO-D) GUGKSKT-S)  T2S65(6)F  TIZSNGY
3 TI001(-4)  6RI63-3)  GRLOICS)  GURASCS)  7OSI-3F 607063 ()"
4 T0RGY(4)  GRGYACD)  GTA9ICD  GIGINGDY TOSSSY T0LS2AS"
5 T07.551-2)  GRAIS(-1)  G79206)  GILO D) TONTIHY  6O7.6004)"
6 70633-4)  GTRIA(D)  GT093-H  GRSS (1) G9SIOCS) 6SRATD"
7 TR0 GRIGH-6)  6R2924)  T2NSICH' 72K G707
K T0264-3)  GRIT (D) GRARRCD)  TIGS2A-D G653 I 6M0TC0"
8 672,15
9 GUUSK-A)  G7T74(-D)  GA0AGH)  TILTS0) 656374y 6622200y
0 T06.77(-2)  671.56-6)  63747-3) 6954 (1) 45 83-4) 6L
1L TOLB6(-S)  6GS29(8) G261 1) 6RO.OU-3) 630755
12 GTIGET)  6583T-Y)  G2782Y)  GRLO (1) 6163 (-1
3 65128(:2)  GIG3 (1) 6TLOC 1Y 63390y
14 GRTSS(4)  643.63(4)
15 635.52-3)
16 626.85(4)
17 61742(-4)



TABLE 5.1 (Continued)
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Band 10 11
J R() Q) PUJ) R(J) QU) PO)
0 661789 3) 64135.21(-5)
1 181.24(3)  6617546(-1) 137.50(-5)
2 1830 (1) 17421(2) 66I6849( 1)  139.16(-8) G4130.61(-1) 64124.83(-4)
3 184.0(2)  17237(0)  163.69(-6)  14027(-8)  12884¢1)  1200(-2)
4 184.0 (-2)  169.83(-6)  1SB44(5)  140.82(-4)  12648(-2)  114.98(-2)
] 184.05(3)  16683(4)  15244( 1) 140.82(4)  12355(0)  109.18(-1)
6 IBRICE)  16311(4)  MS83CD)  1402(1)  12003(2)  102.76(-1)
7 IBL6T4)  15KG9(-4)  13BG3(1)  138RY(4)  1ISRICD  095.77¢1)
8 179611 15381(4)  13080(0)  13701(0)  1ILIGED  O88.18¢2)
9 17690(0)  148I8¢-1)  122.38(3)  I34.57C-1)  10584(D)  080.02(-0)
10 17362(4)  14202(3)  11330(2)  13161(6)  09995-1)  071.23(3)
1l 169.65(3)  135.09(2) 10361 1) 127.91¢2)  093.50(2)  O0GL84(-7)
[ 3) 1277400 093322 1236(2)  0K6AN0)  051920-6)
13 IS9R8(3)  11971(3)  08239(1)  LISR9(-3)  OTRI4C0)  04143(2)
14 154201 HLOX(3) 00851 11350D)  07049¢)  030.31(-2)
15 M78(2)  10173(2)  OSR62A6)  107.52(:2)  O6LGACD)  OI86I-0)
16 09182(4)  (45.92(1) 1009 (-1) 006.32(-1)
17 081.27(3) 0326 (1) 04223(5) 6399347 2)
18 07013(5)  018.53(3)  08601(-0)  O3LS6(0)  979.93(-6)
19 05833(4)  003.89(2)  077.62(-4)  02037(1)  96589(-4)
20 3 (4591(4) GSYBB.60-1) 008.57(2)  YS1.23(-5)
21 WS87(4)  0328400)  97274(0)  059.14(0) G399G.18(3)  936.02(-1)
22 OSSO O19.18(0)  956.23(-0) 983.15(-0)  920.15(-6)
23 073.53(-4)  00491(2)  939.07(-5)  038.19(-4)  969.56(-0)  9V3.78(-1)
24 06147¢-1) 65990.01C3)  921.38( 0) 955.36(-1)  8RG.77(-0)
25 (HR72(-3)  97445(2)  903.00(-1) 940.57(-2) 869.13(-4)
26 035.31(-5) 9584 (1) 883.99(-2) 925.17(-3)
27 M2L12G1)  94L44(4)  R643S(-4) 909.17( 1)
2 007.38(2)  92377(6)  844.13(3) 89235( 3)
20 OSLESCD)  90646(-2)  822.88(:9) 875.96(-1)
0 97592 887.57( 4) 857.93( 0)
3 YSUI(E)  RORAG(1) 779931
ki) Y419 () BAB.IG( 1)
Kk} 924.42(:6)  827.50(0) 73379 3)
M 9065 (4)  RBO6.IS(2)  709.76(-0)



TABLE 5.1 (Continued)

Band 1:0_(Continued)
] R(O) Q) P

35 887.03(5)  TRIGS(0)  6RSIZ(O)
36 RE7.28(1)  763.64(-1) 6600 ( 1)
7 B4686(-4)  73956(-0)  633.96(-1)
R B2582-4)  TIS65(S)  607AR(4)
39 R03.99(-4)  691.09(-2) SR0.1 (-2
40 78236(5)  66604(5)  S5235(-6)
41 759.04(-4)  64027(4)  S23T75(-3)
42 73530( 1) 613.76( 1) 4954 (1
43 S86.44( 6) (0)
44 686.47( 6) SSRATC0)  434.70(-3)
45 S3LT(1 40LT6(-5)




TABLE 5.1 (Continued)
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Ban 2:0 2-1
J RU) Qu) PO) _R() [o10)} P()
0 67560.44( 1) 65516.79( 4)
1 562.57(-4)  67556.91(-3) S19.00¢5)  65513.28(-0)
2 564.16( 4) 555.65(3)  67549.99( 3) 520.55(2) 51205(3)  6550639(3)
3 565.01( 3) 553.66(2) §45.15(0) 521.52( 5) 510.14( 1) 5018 (2)
4 565.24( 6) 55102 1) 539.6 (-1) 521.74(-5) 507.62(-0) 496.26(-3)
5 5648 (1) 547.7706) 533.61( 6) 521.52(4) 504.46(-1) 490.36¢ 4)
6 563.65( 5) 543.74( 0) 526.79( 3) 52055 1) 500.69( 0) 483.79( 8)
7 561.83( 2) 539.07(-1) 519.36( 3) 519.00( 2) 496.26( 2) 476.48( ()
8 559.39( 2) 534.08(-4) 511.24(2) 5:6.79( 1) 491.43(-9) 46R.64( 2)
9 556.26(-1) 52803 1) 502.49( 3) 513.93(-1) 485.71( 2) 4603 ( 1)
10 2.52( 2) 52143(2) 493.07( 3) 51049 1) 479.40( 2) 451097
1 514.17( 3) 482.99( 3) 506.39( 1) 47251 6) 44135(7)
12 5430 (2) 506.25( 2) 472.26( 3) 465.0(2)
13 537.24( 2) 497.71( 6) 460.85( 2) 456.67(-4)
14 530.89( 9) 488.44( 3) 448.79( 2) 4480 ( 1)
15 1-1) 478530 1) 436.07( 1) 43848( 3)
16 515.94(-2) 467.99( 4) 422,700 2)
17 507.47(-6) 456.72(-0) 408.62(-1)
18 4982 (-3) 444.83( 0) 393.91(-2)
9 4884 (-2) 432, 1 378.49(-6)
20 4785 ( 3) 419.00(-3) 3624 (-1)
21 467.1 ( 2) 405.17( 6) 3451 (-7
2 454.84( §) 390.49(-2) 3286(2)
2 4409 (4) 375.13(-7) 303 (1)
2 4527 (-2)
2 4322(1) 3590 (-0 M12(1
25 417.300 3) 342.1 () 2703 (4)
25 282.1 (-2)
26 40240(-7) 3238 (-3) 2548 (2)
2 3869 (-1) 302.20(-1) 23295(4)
27 317.08(-3) 211.16(-5)
Kl 305 (-2) 2929 (3) 188.85(-5)
» 2722(2)
n 2519 (-1)
3 231.89(-:2)
»n 2008 (1)



TABLE 5.1 (Continued)
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Band 22 2.3

3 R(U) Q) PU) RU) QU) rJ)

0 6MITON-D) GIS0L3%-7)

1 49935(1)  63493.65(:2 SO3666T)  OIUR02-)

2 S0097(-0) 492490 1) 634BGTISCE)  SOS36LE)  496XTCS)  GMILIN-G
3 S0205(3)  49069( 1)  4RLIB)  SOASHD) OSISE) AR663CY)
4 S024 (1) 4BR29( 1) 47699(4)  SOTON-H) 49291 IRLSOS)
s 502.34( 5) ATLIBED)  SOTONED) 900664 47SRRC0)
6 S0156(2)  4BL6Y(1)  46472(1)  SOGSH0)  4RO6I-S)  H6Y.60(-5)
7 S00.07¢-1)  4T7404)  4STT0CD)  SOSA6(D)  ARRSUC6)  A628S(-d)
8 49822(0)  47288(9)  4SO0C3)  SORGOGL)  ATRACD 4SS4TCS)
9 495.63(-3) 46742(1)  441.84(-2) 473.09-4) A417.55¢-3)
10 49249(-2)  46L4A 1) 43304(-1) 4674061 AWDN-D
1 4886(-2)  45484(3)  42363C-D 461.16(-1)

12 484390 1) 447611 41364(2) 454200 A202009)
13 47940(0) 43984 1) 402993 446.99(4)

14 4314501) 3918403 43903 5)

15 42246( 1)

16 41287 1) 421304

17 402.72( 6)

18 391.84(-2)
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TABLE 5.1 (Continued)

Band 4.0, 4-3
J RU) Q) P() RO) Q) PU)
0 70230.62( 1) 64171.6()(-4)
1 232,640 1) 70227.11(-1) 173.71(-4)  64168.18(-6)
2 2340(1) 225.68( 3) 175.25( 5) 166.92(-3)  64161.45( 1)
3 22344( 1)  T0215.16(-1) 176.02( 1) 165.01( 1) 161.66(-7)
4 22045(-1) 209.51( 5) 1760 (-2) 162.39(-1) 151.40( 0)
5 233.34(3) 216.79(-0) 202.99(-1) 175.72( 2) 159.13(-5) 145.48( 9)

6 231.64( 1) 21237 1) 195.85( 1) 174.61( 4) 155.29¢-1) 1389 (1)
7 22923( 1) 207.20( 1) 187.93(2) 172.76(-2) 150.75(-1) 1316 (1)

8 22599(¢-7) 201.30( 2) 179.24(-2) 170.30(-6) 145.51-T) 123.55(-1)
9 222.16( 1) 194.65( 2) 169.94( 8) 114.99( 1)
10 217510 0) 187.25( 0y 159.73( 1) 163.50(-4) 133.24(-4) 105.83( 8)

1 2123 (2) 179.16( 4) 148.85( 0) 126.12(-2) 095.8 (-1

12 206.02( 1) 170.21(-4) 137.25( 1) TI838( 1) 085.37( 1)
13 199.16( 2) 160.65( 0) 124.90( 1) 109.86(-8)
14 191.56( 3) 150.30( 1) TL78¢-1) 100.85(-1)
15 1R3.106(-1) 1392100 097.96(-1)

16 174.01(-6) 127.38¢ 1) 083.38(-2) 080.6 (-2)
17 164.26( 4) 114.79¢-1) 068.13( 4) 069.71(-2)
8 153.61(-2) 101.50( 3) 052.04( 1)

19 142.28(-1) 087.43( 3) 035.25( 0)

20 130.19¢-1) 072.65( 5) 017.70¢-1) 0328 (1)
21 117.43( 6) 057.09(4)  69999.41(-3) 019.10( 4)
bo ] 040.73(-1) 004.69(-7)
2 023.65(-5)

24 0063 (4)

b 69987.42( 7)

26 96R.00(-5)



TABLE 5.1 (Continued)

7

Band 4-4

) R() Q) PO

0 62199.8 (-2)

1 2020 (-1) 62196.51(-5)

2 203.55(-4) 195.28(-6)

3 204.50( 2) 193.49( 1)

4 190.99(-1) 62179.92(-7)
5 204.50( 5) 187.89(-4) 174.13¢-1)
6 203.55( 5) 184.21¢-1) 167.70(-0)
7 201.97( 4) 179.92(2) 160.64( 1)
8 199.77( 4) 174.92(-4) 152.96( 2)
9 196.8 (-1) 169.37(-4)
10 193.49(-1) 163.21(:2)
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TABLE 5.1 (Continued)

Band 6-1 63 o
] R(J) Q) PU) R() Q) PO)
0 07301 (-1) 66715.91( 4)
! 73295(-8) T1785(4)  6671242(-5)
2 734.13(2)  70726.11(0)  70720.6 (-2) 717.85( 4)
3 723797 T15.73(2) 708.79(-2)  66700.82( 2)
4 720.58( 3) 709.87(-1) 719.22( 0) 705.85(-3) 695.22( 1)
5 73263(3) 716.59( 1) 703.26( 2) 718.17(-6) 702.20(-2) 688.79(-7)
6 730.53( 2) 711.84( 1) 695.82( 1) 71647(-3) 697.80(-2) 68L7 (-1)
7 727.65( 2) 706.27(-0) GRT.61( 1) T13.97(-8) 692.65(-4) 673.98(-3)
8 7239 (-1) 699.94( 1) 678.60( 1) T710.93( &) 686.80(-4) 665.49( 0)

9 71949( 2) 692.79(-1) 668.81(2) 706.93( 1) 6RO.17(-7) 656.1 (-1)
10 71423( 1) 6R4.89( 2) 658.22(2) 702.20-7) 672.90(-2) 6464 (2)
1 T08.16( 0) u76.17( 1) 646.82( 1) 696.87(-1) 664.86(-1) 635.54( 1)

2 0132 1) 666.65( 1) 634.65( 1) 656.14( 5) 624,100 1)
13 693.62(-5) 656.34( 0) 621.66(-2) 6464 (-2)
14 GRS.18(-4) 645.24( 0) 607.88(-4) 636.29(-3)
15 6762 (2) 633.36( 0) 593.29(-8) 625.34(-0)

16 6G6.01( 6) 620.67( 0) 577.95(-9)
1 GSS.18( 6) 607.17(-1) 561.98( 8)
I8 6435 (-1) 592.92( 1)

19 63115( Ty 577.95(3) 521.31( 5)

2 SGLYBC0)  S08.7 (-1)
2 GORA-D)  S4524(7)  489.50(4)
2 S27.81¢-5  469.38(2)
3 500.64( 4)

2 490.49(-4)
25 470.68( 1)



TABLE 5.1 (Continued)

19

Band 2.4 72
) R() Q PU) RQ) [olt) )
0 69935.74(-2)
1 195L88(-6) OFLSRCD)  G9932.20(4)
2 7195826) 9504 (1) 9IRAT( 5
3 958.22(-8) 947.78(0)  71939.90( 2) 9387 (-1) )(-2) 620440 1)
4 957.60(-0) 944.47( 1) 933.95(2) 938.32( 6) DS 11(-) Y1460 1)
3 956.05(-1) 940.30( 1) 927.06(-8) Y3I687(-1) -0 YO795(-1)
6 953.71( 1) 935.34( 4) 919.52( 0) 934.70( ) 916.28(-2) Y0053 1
7 9504 (-1) 929.46(-1) 91L14( T 93L69C-1) 91069 1) RY2.26(-1)
8 946.46( 0) 922.83( 2) 901.79( 2) 92793 2) YO428( 1) ()
) 941.57(-2) 915.36( 4) BYL.GK( 2) 923.34( 1) RIT.02(-3) RTIIR(O0)
10 935.7 (-2) 907.04( 5) R/RO.70(-1) Y1791¢-0) BRY.02( | KOL74( ()
11 9295 (1) R97.86( 4) B68.94( 2) YULTOC0) RBO,18(-1)

12 RB7.88( 5) 856.34( 4) Y04.6 (-1) R70.54(-1) X

13 877.03( 4) 842.86( 0) R60.12( 1) R26.00( 3)
14 865.36( 5) 828.54(-3) RARRO( 1) RI205(-6)
15 852.84( 4) R36.77(-2) 797.40(-4)
16 839.47( 3) B23.98( 6) TRLYN L)
17 82524( 1) 81021(2)

1R B10.17( 2) 795.63(-6)

19 TR232)

20 763.23( 4)

21

2 7300 (-1)
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TABLE 5.1 (Continued)

Band 74
J RU) Q) PU)
o 65968 K ( 2)
1 97038( 8) 65965.04(-1)
2 971.55¢ 9) 963.56(-0) 65958.36( 6)
3 Y7L.78¢-7) 961.32(-2) 953.52( 7)
4 971.52( 0) Y58.35(-3) 947.94(9)
5 970.38(-6) 954.65(-2) 941.44(-7)
6 96K.57(-5) 950.22(-0) 934.44(-0)
 j 966.05(-0) 945.01(-2) 926.60(-2)
X 962.74(-0) 939.08(-2) YIRO5(-1)
9 9589 (-3) 93240(-2) Y0R.74(-2)
10 953R5(-4) 9248 5(-6) RYB.6 (-1)
] 9482 (-1) 916.82(-2) BB7.8 (-2)
12 9419 (-2) 907.93( 0) R7641( 0)
13 9349 (-2) BIR33( 5) BSLI2(-0)
4 927.1 (1) 8878 (-1) 837.43( 6)
15 9IRS (-1) 8766 (-1) K22.88( 3)
16 864.7 (-1) 8077 (1)
17 B32.20( 6)

" 8IBTICD)



TABLE 5.1 (Continued)

Band 92 9.5

J R() (] P() R() Q) PU)
0
i TAWI6( 3) G6379.07( 3)

GOITADI)
2 287.16(-9) BOLCH 3T2300D
3 IBOLED 369970 0)
4 281.01(-4) 379.57( 5) 360.80( 2) O6356.03 2)
5 276.63( 0) IWOSCL) I62T9EH 300D
6 271.29(-2) IISKICE)  3SKRO6D) 28X S)
7 265.08(-4) TR 3S2EAN A
8 258.03(-0) I008(4) 3609 3581
9 250.02(-4) S044200)  IYG-D 36K 1)
10 241.14(-6) 359.0(-1) 330.99(-2) J05.67( R)
1 231.45(0) 322.27(0)
12 327100
13 30232 3
14 291.306( 3)

o ~Vew) % 10% in units of em '
"Rotational lines correspond to F, levels: R'(J)="R(J): P'())="P(J).
“Rotational lines correspond to F, levels: Q'())="Q()).

“Rotational lines correspond to F; levels: R'()="R()); P'(H)=9P1}).
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Figure 5.1 Perturbation diagram of *C*0 for A
relative to X 'Z*, v=0 and J:
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Figure 5.2 Perturbation diagram of *C*O for A 'I, v=510 9. The term values T (J) arc
relative to X 'Z*, v=0 and J=0
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numbers of the of angular along the il axis of the spin,

orbital and electronic angular momenta, respectively. From the deperturbation analysis
of the a "1 and A 'T1 states of *C*O, Field et al. (1971, 1972a, and 1972b) have shown

that cach perturbation matrix clement (o, ), between levels of a given puir of states

to on and m'n configurations. is the product of a vibrational factor and a

constant electronic perturbation parameter (a, b). ions for the relevant i

matrix elements are given in Tables 3.1 and 3.2 and also in Eq. [4.7]. These expressions
have been used in constructing the energy matrix for '*C™O.
In Figs. 5.1 and 5.2, the circles denote the crossing of the neighbouring levels with

the A ', v=0 10 9 levels. The crossings of the perturbing levels with the A state for

which the perturbation analysis has been carried out are summarized below:

A'TLy=0: ¢ '8, v=1; d'A, v=4; o’ T, v=9: D 'A, v=0;

v=l: DA, v=l; 11T, v=2i e 8 vada’ T, valli d A, v=6r

v=2: 1'%, v=3ie ', v=di o’ 8

i2:d A, v=T;

v=4: D 'A, v=5; 1 'Z, v=6: 0’ T, v=15; ¢ 'E v=T; d YA, v=10;

v=6: D 'A, v=8: 1 'E v=y;

a’ "I v=18; ¢ °T v=10; d A, v=13;
v=To 0’ ' v=19; e T v=I1 d A, v=14, DA, v=10; 11T vel T

vay: ', v=

3’2, v=22ie 'L v=145d A, v=17: DA, v=13; 1T, v=14,
The Hamiltonian matrix used in the present analysis contains not only the perturbing
levels which cross a level of the A state but also those which interact strongly with them.
A weighted nonlincar least-squares method (Le Floch, 1989) was used to fit the observed

wavenumbers to the energy matrix. This method necessarily uses an iterative approach
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which combines Marquardt’s algorithm (Marquardt, 1963) with the Hellmann-Feynmn
(Hellmann, 1937) theorem. The (V,,, - V,,,) values of the analyzed bands are also listed

in parantheses in Table 5.1.

5.4 Results and Discussion
(a) Perturbations in the A 'T1 levels of "C™0:
AT, v=0:
For this level, three bands (-0, 0-1 and 0-2) have been used in the deperturbation
s the

analysis. A plot of deviation [T(v.J),, - T(v.)),l versus J that character

occurrence of perturbations in the observed rotational structure of these bands is shown
in Fig. 5.3. The most important feature of this figure is the strong discontinuities
associated with the A "I rotational levels at J=3/4, J=0/7, and J=10/11, and these are

characteri

c of strong spin-orbit interaction Hy, between the A 'T1, v=0 level and the

e X, v=I level. It should be noted that for the 'E" state the J crossing (J,) oceurs for the
F, (f parity) component, whereas the components F, and F, (both of parity ¢) have lower
and higher J,’s respectively. The mixing between A 'T1, v=Oand ¢ ‘%, v=1 is so strong,
that it has yielded a total of 94 extra lines (31 belonging to the intercombination band ¢
X (v=1) - X ' (v=0); 28 belonging to ¢ 'T' (v=1) - X 'E' (v=1); and 35 belonging

€'Y (v=1) - X 'E* (v=2)) which are given in Table 5.1. Apart from the strong ¢ "X - A

m ion, the spin-orbit i ion between d ‘A, v=4und A "1, v=0) gives rise o

an additional perturbation at J=21/22 and near J=25. No extra lines are observed hecause

of this interaction. The fitted values of the vibrational terms T\, for the A '[1, v=0, ¢
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v=l, and d A, v=4 levels, the rotational constants B’s for the A, v=(). ¢, v=1. and d. v=4

levels and the centrifugal distortion constant D for the A state are given in Table 5.2,
Also listed in this table are the fitted spin - orbit parameter o, and «',, which are
determined for the first time. The spin - spin parameter (A) of the ¢ ‘%, v=1 level was
also detemined in the present analysis. The values of the fixed pararmeters which were

used in the least - squares fit are also given in Table §

The perturbing levels interact
with the A, v=4 level at different J values and the dimension of the appropriade energy
matrix depends on the J - range considered. The Hamiltonian mairix used in the present
work contains not only the perturbing levels which crossthe A state but also those which
interact strongly with them. The present experimental data for the A, v=0 level were
fitted satisfactorily to the eigenvalues of a 33 x 33 energy matrix for J,,,=27. In this fit,

the value of the dimensionless variance o is 5.1.

Perturbations occurring in the A 'TT, v=0 level are also presented in Fig, 5.4. In
this figure the percentage 'TT character of each rotational level is plotted against J for both

eand f parities for the A. v=0, e, v=1and d, v=4 levels. In Fig. 5.4 the % '11 charact

greater than 50 corresponds to the level having a dominant 'IT character, wher

than 50 for the perturbing (¢ 'X, v=I) level. This figure clearly shows the effects of a
strong perturbation that occurs between the ¢ ' and A 'TT states.  The percentage 'T'1
character of A, v=(0 drops to 43% for J=4 and for ¢ *3, v=1 it reaches 49% for the F, (¢)
component. The dips at J=6 and J=11for A, v=0 are du¢ to the crossing of the F, (1) and

F, (¢) components of the perturbing ¢, v=1 level. At these J values the % 'I character

for ¢, v=1 reaches 45 und 47. The decrease inthe values of the percentage ‘11 character
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to 62% and 77% at J=22 and 25 for both e and f parities are due to the crossing of the
F, and F, components of the d A, v=4 level. The percentage Tl character of the
single(A 'TT) and triplet (e %) states are presented in Table 5.3. These quuntities will

have 1i unce for the ination of the intrinsic lifetimes of the A 'T

(v) and the perturbing states.

A M=

The perturbation analysis for A 'Ml, v=1 was carried out by using 10 and 1.1
bands. For this level it was possible to observe the crossing of the perturbing levels
D 'Av=l, 1'5,v=2, ¢ 'L, v=3,and d *A, v=6 with the A 'TI,v=1 level at J=28/29, J=36,
J=43 und 44 respectively (see Fig. 1.1). A plot of deviations [T(v.J),, - T(v,))y] versus
J iy given in Fig. 5.5. In this figure the largest deviation at J=44 is due to the crossing
of the d *A, v=6 level. Itis also seen that at J=28/29 the deviution in both e und f parity
levels characterizes the crossing of the 'A, v=1 level and at J=36, the deviation in the f
level corresponds to the crossing of the 1'Z, v=2level. A total of 11 parameters (T, for
A, v=1, B, for A, 1, D, ¢, and d, D, for A, rotation-electronic perturbation parameter
for Lund D, und spin-orbit interaction parameter o for e and d) were estimated and are
given in Table 5.4. The values of the fixed parameters used in the least - squares fit are
also listed in Tuble 5.4. The Hamiltonian matrix used in the analysis of the data of the
A. v=I level contains three more additional perturbing levelsa’ *£*, v=I1, e '8*, v=2 and
d *A,v=5 which do not cross but interact with the A 'TT, v=I level. The experimental
data of the A, v=I level were fitted satisfactorily to the eigenvalues of a 31 x 31 energy

matrix. The value of the dimensionless variance o® obtained is 1.5, which indicates that
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TABLE 5.3 Percentage of the squares of mixing coefficients of A 'T1. v=0, 1. 2, 4, 6,
7. and 9, and ¢ ‘L. v=1and 4 of "C"0.

A'll e’ Al
v=0 v=l v=l

J e f e f e r

1 809 82.0 99.6 99.6
2 6.0 80.3 8.6 99.6 99.6
3 66.1 7.3 80 99.6 99.6
4 23 72.4 489 99.6 99.6
5 623 65.0 288 9.7 99.7
6 75.0 54.5 15.0° 99.7 99.7
T 80.1 58.0 80 99.7 99.7
8 80.0 70.9 149 99.7 99.7
9 754 81.0 212 99.7 99.7
10 64.9 87.7 37 99.7 W97
i 50.8 91.8 473 v9.7 99.7
12 70.3 94.2 280" 99.8 998
13 83.5 95.7 149" 9.8 9.8
14 90.3 96.5 8.1" 99.8 99.8
15 93.5 96.8 47 99.8 99.%
16 94.7 96.6 29 99.8 99.8
17 9058 92.2 99.8 99.8
18 88.0 8.1 99.8 99.%
19 938 94.2 99.8 908
20 90.8 91.2 99.8 99.8
21 70 7.3 99.8 99.%
22 625 62.3 99.8 99.%
23 855 $5.6 99.8 99.8
24 874 £1.5 99.8 99.%
25 774 71.4 99.8 99.8
26 99.7 99.7
27 3.1 99.4 99.4
28 95.7 95.7

29 95.7 95.6



TABLE 5.3 (Continued)
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A'll e '3 Al

v=ll v=1 v=1
- < e f
30 99.4 9.3
3 997 9.6
32 99.8 9.6
33 99.% 99.4
M 998 988
35 99.8 933
36 99.8 881
3 998 98.4
2 997 993
39 996 95
40 980 95
4l 97.3 9.4
42 99.3 9.1
43 988 97.1
s 67.2 460
as, 979 o912



TABLE 5.3 (Continued)

A'l O A'll
v=2 v=d v=d
J e L [ 3 [ r
! 99.9 999 1000 1000
2 9.9 99.9 1.0 1000
3 99.9 999 999 99.9
4 99.9 99.8 937 9s5.7
s 99.9 9.8 Y 99.9
6 99.9 99.6 000 100.0
7 99.9 9.0 1000 100.0
H 99.9 86.0 100.0 100.0
9 99.9 9.0 1000 100.0
10 99.9 9.5 1000 100.0
1 99.8 99.7 1000 1000
12 9.8 9.7 [y 1000
13 99.8 99.8 1000 100.0
14 99.8 998 1000 100.0
15 99.8 9.8 1000 100.0
16 9.7 99.7 1000 100.0
17 99.7 9.7 1000 100.0
18 99.6 99.7 100.0 100.0
19 9.6 99.6 100.0 100.0
20 9.4 99.5 1000 100.0
21 99.1 99.4 1000 100.0
2 98.4 99.3 100 0.0
Rl 96.1 989 100.0
24 76.6 983 231 99.9
25 88.7 96.7 99.9
26 97.1 91.0 9.9
27 98.2 57.5 422
28 91.8 879
29 94.8 95.3
30 90.3
31 88.7
32 96.8



‘TABLE 5.3 (Conlinucd)
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Al A'n A'n
v=6 v=1 =9
J c r c [ < f
1 9.5 9.9 929 99.9
2 9.5 99.5 9.9 99 9.9 99.9
3 PS5 99.5 99.9 99 9.9 99.9
4 9.5 99.5 99.9 999 9.9 99.9
5 99.6 99.6 9.9 99.9 9.9 99.9
6 9.6 99.6 99.9 999 99.9 99.9
7 99.6 99.6 99.9 99,9 99.9 99.9
8 99.7 99.7 9.9 99.9 9.2 99.9
9 99.7 99.7 99.9 99 9.9 99.9
10 9%9.7 99.7 99.9 999 9.9 99.9
11 99.7 99.7 929.9 99.9 9.9 99.9
12 99.8 99.8 99.9 99 99.7
13 9298 99.8 9.9 99.8 96.9
14 998 9%9.8 9.8 W8 98.7
15 9.8 99.8 9.8 99.8
16 9.8 99.8 99.7
17 99.9 9.8 99.6
I8 998 99.8 99.3
19 930 93.0 98.2
20 999 99.9 82.1
21 999 9.9
22 99.9 99.9 98.8

‘percentage character correspond to F, level.
ter correspond to F; level,
ter comrespond to F; level.

“percentage ch
‘percentage cha
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the experimental data of the 1-0 and 1-1 band are well represented by the energy matrix.
A plot of percentage ' character versus J is shown in Fig. 5.6, In this figure, the
value of the % 'Tl character for both e and f parities of the A, v=1 level at J=28/20
decreases to Y6, corresponding to the crossing of the perturbing D 'A, v=1 level. A dip

at J=36 to 88% for the f parity level is due to the interaction of the ' v=2 level with

=3 level cro:

the A, v=1 level. Though the ¢ '%, Ao v=1oan J=43, the plot of
percentage 'TT character versus J in Fig. 5.6 shows a weak interaction compared to the
interaction between d ‘A, v=6 and A 'T1, v=1 at J=44. This is due 10 the large value of
the interaction parameter o', , = 9.60(46) cm' estimated from the d - A interaction, which

is three times the value of the parameter o, ; = 2.98(10) em! estimated from the ¢ - A

interaction. The values of the percentage 'TT character for the rotational levels of A, v=1

for both e and f parities are given in Table
A'M, v=2:

Perturbation analysis of the A, v=2 level was carried out from four observed
bands with v'=2 and v"=0 to 3. Even though the perturbation diagram (Fig. 5.1y predicts
three crossings: 1 'Z, v=3 at J=8, e ', v=4 at J=27, and d A, v=7 at J=33, for the
observed J (J,,,,=33) it was possible to see only two well defined crossings duc to I and

e states. A plot of [ T(vJ)yy, - T(vJ)e] versus J for the A, v=2 level is shown in Fig. 5.7.

In this figure, the discontinuity in the f parity level at J=8 duc to the crossing of 1'Y, v=3

is burely seen. This discontinuity is due to the crossing of the I, v=3 level with the A

v=2 level and characterizes rotati jic i jon. The strong di inuities at

=24/25 and at J=27/28 are characteristic of strong spin-orbit intcraction between the
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A, v=2 level und the e, v=4 level. It should be noted that for *% state the J crossing (J,)
oceurs for the 1, (parity f) component, whereas the F, and F, (both of parity e)
components have lower and higher J's, respectively. For the recorded spectra, it was

possible to observe the crossing of Fy(e) and Fy(f) components since the observed J,,,, in

P and R branches is 29 and it is 32 in the Q branch. This mixing has yielded 3 extra
lines [R(23), 67452.662 em”, Q(27), 67317.080 cm™, and P(25), 67282.119 cm'| (see
“Tuble 5.1) which belong to the intercombination band e *E'(v=4) - X 'E*(v=0). The fitted
values of the vibrational terms T, for the A 'Tl, v=2 und e *Z', v=4 levels, the rotational
constants B, for the A, v=2,

and e, v=4 and the D, for A, v=2 are given in Table 5.5.

Also listed in this table are the fitted perturbation parameters B, and 0, which are

determined for the first time. The values of the fixed parameters which were used in the

t - squares fit are also given in Table 5.5. The experimental data for the A, v=2 level
were litted satisfactorily to the cigenvalues of a 33 x 33 energy matrix which contains not
anly the perturbing levels which cross the A, v=2 level but also the D 'A, v=3 and o’ '%*,
v=I1 levels which interact with the former. The dimensionless variance ¢* obtained in
the fitis 8.3, This lurge value is due to the difficulty in predicting the crossing of F, and
I, components of the ¢ 'S, v=4 level. At higher J values (J > 28) the rotational lines of
the P branch of the 2-0 band are overlapped by the 8-4 band. At low J values the A, v=8
level is strongly perturbed by the d 'A, v=15 level. Therefore, the fit of the expermental
data of the A, v=2 level shows a large variance. Perturbations occurring in the A, v=2
level are also presented in Fig. 5.8, in which the percentage 'T1 character is plotted against

J for both ¢ and I parities for the A 'TI, v=2 level and the

¢ ', v=4level. Even though the 1, v=3 level crosses at the low value of J=7/8, the
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%'T1 Character

o——a : ¢ parity A 'TI v=2
+:eparitye’S v=4

# == : fparity A 'Tlv=2
v : f parity ¢’ v=4
100 - MG B
N
N
*
80
60 -
40+
20 - i
0 5 10 15 20 25 30 35

Figure 5.8 Percentage Tl character versus 1 for the ¢ and f parity levels of A 'I1, v=2 of "C""0.

Tl
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corresponding devia

fon [T, - Tvd)gl i small and is masked by a large deviation

of = 2.2 em™ due to the cro:

ng of the ¢ ‘X v=4 level. But the dip at J=8 of the € parity
level in Fig. 5.8 clearly indicates the crossing of the I v=3 level. AtJ=24 the percentage
"I character of A, v=2 decreases to 77% and it reaches 23% for the Fy(e) component of

the ¢, v=4 level. The percentage 'fT character reaches 42% for the Fi(f) component of

ev=4 and it drops to S8% for A, v=2 at J=27. This mixing is due (o the strong spin-orbit

interaction between the e "X and A 'TT

The percentages of the singlet and triplet

characters of the rotational levels for both ¢ and [ parities are given in Table 5.

AT v=4:

The 4-(), 4-3, and 4-4 bands were used in the analysis of the perturbed A "1, v

level. OF the predicted five crossings of the perturbing D. 1, &, ¢. d states with A, v

only one perturbation due to D 'A, v=5 at J=4 was observed as the maxium value of J=26
in the recorded 4-0 band. A plot of | T(vJ),, - T(v.J)| versus J for the A, v=d level is

given in Fig. 59. In this figure, the discontinuity associated with the A '11 rotational

level at J=4 due to the crossing of the ID state is not ¢l

ly seen due to a large s

cring

of the observed data. The fitted values T, and B, of A, v=

and the pertarbation
parameter B, ¢ are listed in Table 5.6. In the same wble the values of the fixed

parameters used in the least - squares fit are also listed. ‘The experimental data for the

A, v=4 level of "'C™0 are fitted satisfactorily to the cigenvalues of a 33 x 33 energy
matrix. In this fit, the final value of the dimensionless variance o* is 0.9,

Perturbation occurring in the A, v=4 level is also represented in Fig. 5.10. In this

figure the dip at J=4 for both e and f pariti

is due to the crossing of the D A, v=5 level
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with the A, v=4 level and characterizes the rotation-clectronic interaction. The values of
the % 'TT character for the rotational levels of A. v=4 of both ¢ and f paritics are given
in Table 5.3.

AT, v=6:

The perturbation diagram (Fig. 5.2) shows the location of the crossings of the

AT v=51t09 levels. Itis clear from this figure that the perturbing levels D, v=y, 1, v=8
and o, v=18 cross the A, v=6 level at J=19, J=31, and J=3Y. As the observed J,, in the

6-1 and 6-3 bands

s 26, only one perturbation due to the D 'A. v=8 level is observed,
A plot of [T(v\J)y, - T(v.J)l versus J is shown in Fig. 5.1, The fitted values T, and
B, of the A, v=6 level and the perturbation parameter B, are given in Table 5.7. The

values of the fixed parameters ure also listed in the same table. In Fig. 5.01 o

discontinuity should be seen in both e and  parity levels due to the crossing of the D,
v=_8 level with A, v=6 at J=19. However, it is obscured because of large scattering in the
observed data. A dip in the plot of percentage 'T1 character of the rotational levels for
both e and F parity levels shown in Fig. 5.12 is duc to the rotation-electronic interaction
between the D, v=4 level and the A, v=6 level. The values of the % 'I1 character for the
rotational levels of A, v=6 for both the parities are given in Table 5.3. The dimension
of the energy matrix used in fittng the data of the 6-1 and 6-3 bands is 31 x 31 and the
dimensionless variance o* for this fit is 1.3.
Al v=T:

In the present deperturbation analysis for the A, v=7 fevel of "'C™0, the rotational

lines of the 7-1, 7-2, and 7-4 bands have been used. For the muximum value of J
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TABLE 5.7

Molecular parameters® (in cm’

') of the A 'II, v=6 state and the perturbing states I 'S, D 'A, 2’ °Z, e °S and d *A of “C*0

Molecular A'm 1's D'A
Parameter v=6 v=8 v=9 v=8
T 72773.0196(52) 72222.68" 72898.11° 72898.11°
B 1.336165(25) 1.02297" 1.01196° 1.01196°
D x10° 6.6" 53" 58" 58
B - 0.04° 0.01° 0.013732)
i 4 e 5 FEN
v=17 v=18 v=9 v=10 v=12
T & - - - 72608.65"
T, 72506.87" 73359.54 72500.51" 73388.92° 72644.59
T, o - - - 72680.53
B 0.96844° 0.95464° 1.02457" 1o1015° 1.00923"
D x10° S 5.1° 5.6° 5.6 54"
o 4.0° -3.9° bl 07 63"
¥x10° 7.0° 7.0 5 . -8.0°
A -LI* -L1® 0.7° 0.7 12
Ap x10° s - - - -1.0°
“The number in parentheses indicates the uncertainty in the last digit and corresponds to one standard deviation.

*Fixed constants in the least squares fit are taken from Field (1971).

[Qa
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T v=19 a0 =20

(4,,,s=22 for both 7-1 and 7-2 bands). only one perturbation duc to
is observed even though it is expected to observe five different crossings from in Fig, 5.2,
A plot of |T(v\))yp, - T(vJ)yl versus J for AL v=7 is given in Fig. 5.13. In this figure the
discontinuity at J=20 in the [ parity level of A, v=7 is due to the crossing of the Fy()
component of the a” 'E*, v=17 level. For the maxium value of J=22 observed in the 7-2

band the cr

sing of the Fy(e) and Fy(1) at higher J values could not be seen. The fitted
values of the vibrational term T, for A, v=7 and the rotational constants B, for A, v=7
and o', v=19 are given in Table 5.8. In this table, the fitted spin-orbit perturbation

parameter o5, and the fixed parameters used in the fit are

Iso listed.  An energy matrix
of dimension 33 x 33 is used in the simultaneous fit of the experimental data of the 7-1,

7-2, and 7-4 bands. The dimensionless variance 6 obtained in the fit is 0.9. The

crossing of the F(f) component of a” 'X*, v=19 with A, v=7 is scen in Fig. 5.14

adrop
in the value of the % 'TT character of the f parity level of A, v=7 at J=20. ‘I'his is
characteristic of the spin-orbit interaction bewteen a* *E' and A "I states. "The values of’
the percentage 'TT character for the rotational levels of the A, v=7 level for both ¢ and I
parities are listed in Tuble 5.3.
A'M, v=9:

The deperturbation analysis of the A, v=y level was carricd out from data of the
9-2 and 9-4 bands. In the weal. 9-2 band, it is possible lo assign only a few rotational
lines of the Q branch (see Table. 5.1). All the three (R, Q, and P) branches are identificd
for the 9-5 band. A plot of [T(v.J),y, - T(v,J)l versus 1 is displayed in

Fig. 5.15. In this figure the discontinuity at J=13/14 for the f parity level characterizes
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the weak rotation-clectronic interaction between the A 'Tl, v=9 level and the 1 'S, v=13.
“The fitted values of T, and B, for A, v=9. the perturbation parameter B, and the fixed
parameters used in the fit are given in Tuble 5.9. The value of the dimensionless variance
o'=1.4 confirms that the experimental data for the A, v=0 level were fitted satisfactorily
1 the cigenvalues of a 31 x 31 energy matrix. A plot of the percentage 'TT character
versus J for both ¢ and f parities for A, v=Y is given in Fig. 5.16. In this figure, the dip

between

atJ=13 of the f parity level to the the
the "E" and 'IT states. The values of the percentage 'TT character for the A, v=9 level for
both ¢ and [ paritics are listed in Table 5.3.
b) Electronic perturbation parameters

“The electronic perturbation parameters a (spin-orbit interaction) and b (rotation-

electronic interaction) (Eq

3| und [4.7]) extracted from the fitted coupling terms o

(spin-orbit i i ) and B (rotati ic interaction parameter) are
presented in Table 5.10. These parameters a and b are calculated by dividing o and B

by the vibrational overlap integral (v, |v,) and the rotational overlap integral {v,[B|v,)

respectively.  These integrals calculated by Field and quoted by Le Floch (1989) for
BCO are also given in Table 5.10 and were used in the present analysis for "C'*O
hecause in the first approximation the overlap integrals are the same for all the
isolopomers of CO. Most of the values of a and b obtained in the present work are
consistent with those abtained by Field (19724) and Le Floch (1989). For example, the

vilue of a=Y99.07(55) cm for the e(v=4) - A(v=2) interaction is in agreement with the

value a1 = 98.9 e’ given by Field (1972) and a = 9905 cm” given by Le Floch
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TABLE 5.10 Spin-orbit and rotation-electronic parameters obtained from perturbations of

the A 'M, v=0, 1. 2,4, 6, 7. and Y levels of ''C"*0

Perturber v, (valv) « a (alBlyY
(em) (em™) (em™)
A'lLv=0
a5 8 00965 20 8334
9 00682 14 83.04
0 00479 -0 83.04
103522 B32UED) 9452793
2 04116 102" 9895
a’a 4 03691 -1243250)  YS25(38)
'z 0 0.2867 0033 vy
i ~0.4743 noss* 023
D'A 0 0.2723 n.02s" 00
Alllv:
w100 01341 28" 8304
101009 210 83,04
g 2 02860 7.0 9895"
300845 298010 141(5)
d'a 5 0.2882 9.8 Y5750
G 03139 9.60(d6) 86(4)
' 2 04686 O0S40RO1)  0.2334020)
D'a 1 06224 -D06K212)  01096(19)
A'flv=2
WOE 1 00907 4 8304
12 01539 32 §3.04
e'r 402976 TI0@L) WITSS)
d'a 7 0880 64" 9575
L 3 03775 0035K@47)  0.190025)
D'a B 00694 001 0.0y



TABLE 5.10 (Continued)

Penurber v, (v\|v) « E walBlvy B b
(em”) (cm?) (em™) (unitless)
AL v=d
P LR AU g 834
e's 7 a0l a5 9895
da 000156 05" 95.74
[ 00754 0.009" 023
DA § 02943 0.0192(60)  0.06520)
Al v=6
aE 0T 9IS 40 83.02
I8 0.1895 83.05
¢’r 9 .2860 98.95
10 0063 07 98.96
a4 12 0 63" 95.74
[ | 03258 0.038" 023
9 02617 0030 023
pla & 03188 0013732)  0.043(10)
AL v
' 9 01765 3.94013) 89(3)
'S 1 0y Ly 98.94
w13 091 66" 95.75
uooamr S8 95.75
s w0 03016 -0.03" 023
D'A 9 02775 0.03" 0.09
A'lv=9
24 o7 23 83.04
2 0136 28" 83.07
e'T 13 01881 4 98.95
a6 01561 53 95.75
it B 02318 00222(31)  0.19227)

TalcuTated by Field (private communication).

"Fixed constants in the least-squares fit and are taken from Field (1971).
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(1989). However the new value fora (e.v=3 - A.v=1)is 141(5) em* which is $2%larger
than the one obtained earlier. The value of a for the o-A, and d-A interactions (89(3) cm”'

and 95.2.

8) ent) are in agreement with the results of Field and Le Floch (85 em ' and

82 cmr'). The values of the rotation

electronic interaction parameter b (0.2334(20),
0.190(25), and 0.192(27)) for the I-A interaction obtained in the present analysis are very
similar to the results of Le Floch and Field (0.2290(24) and 0.2273(38)). The b value
(0.1096(19)) for the A-D interaction is in agreement with the value (.11 obtained by
Le Floch et al. (1987). It is much smaller than the value 0.47 expeeted from ab initio
calculations by Hall et al. (1973). This illustrates the limited validity of the single
configuration approximation and the difficulty of ab initio calculations to estimale a value
for b.

The values of the molecular parameters T and B given in Tables 5.2 to 5.9 are the
effective values which depend on the choice of a particular Hamiltonian matrix used in
the analysis of rotational levels of the A ' state. For example, in the deperturbation
analysis of the A 'T1, v=0 level, a 33 x 33 cnergy matrix was constructed by including
its nine neurest neighbouring levels (see Table 5.2), and the X'E', v”=0, 1 and 2 levels.
A complete set of deperturbed molccular constants T2 and B’ of A 'I1, v=0 can be
obtained by considering the contributions arising from the nine nearest neighbouring
levels to first order and subtracting the second order contributions arising from remote
levels. The second order corrections are estimated through Van Vieck transformation,

The completely deperturbed molecular cos

stants T” and B’ are represented by
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T =T 30 O 1531
o
and
B’ =B"- b3 Ou(AY) - q(D 'A). [54]
&

Here the second-order correction parameters O, O, and q are defined as (Bergmann and

Cossart, 1981, and Zare et al., 1973):
O(A’) = ¥ W, [/AT, 15.5]
Oy(A) = -3 W, ["ABJAT,? 156]
and
4(D ') = b3 (v, |B V[ ATp “Tup)s 1571
where
W, = (A Tl Hyl|A)
AT, = T(A ') - T(AY)
and

AB, = B(A 'TT) - B(A?Y). 15.8]
Here the A* represents each of the triplet a’ *Z*, € °Z', d *A. and a *I1 states and
{A 'M[Hy, |A") is given in Eqs. [3.53]. The second order corrections are calculated,

considering only those levels which are excluded in the least-squares fit (18 to 20 remote
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levels of the perturbing triplet states and 8 to Y vibrational levels of the 'A state) by using
the appropriate electronic perturbation purameters a and b (given in Table 5.10), the

values of the overla 3

integrals given by Field and Eq

5.8 These corrections
O(A%), O,(A") and g(D 'A) are presented in Tables 5.11 and 5.12. In the deperturbation
analysis for the A 'T levels the matrix, elements concerning the a 'TT state are not taken

into account because states A 'TT and a 'TT are farther apart.  However, to caleulate

completely deperturbed constants for the A 'TT levels, the contribution from the a 'T1 state

is accounted for by calculating the second order corrections due to a ‘Il levels, The
values of the correction parameters Ota 'F1) and Oy, (a ') given in Tables 5.11 and 5.12
are 0.110 em™ and 0.05 x 10% em! (Le Floch, 198Y) respectively. The large constant
value of O can be attributed to the fact that A Tl and a ' are from the same
configuration and hence the potential curves are similar (Fig. 1.1). Both A 'TT and a 'l

have the sume equilibrium internuclear distance and hence the overlap integra

significant only when Av=0. The same argument holds for the constant value of
0.05%10* cm™ for the parameter Opy(a 'IT) given in Table 5.12. The T, values given in
Table 5.11 were fitted to the expression

T, = T, + Ov+1/2) - OX (V172 + 0,y (v+1/2)", 1591
and the equilibrium vibrational constants T,, ®, 0.X,, and 0.y, along with their standard
deviations are given in Table 5.13. The B” values given in Table 5.12 thus obtained were

fitted to the relation

B’, = B, - 0,(v+1/2) + Yv+1/2)" + B,(v+1/2), 15.10]
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TABLE 5.11 Deperturbed T, values for the A 'TT levels of "C*0.

A'l ™ O(AY) (em™) T,
v (em™ a’ 'z e’r d'a  a’n (em”)
0 64762.899(17) 0.070 -0.083 0298  0.110  64762.504(62)

I 66176.942(13) 0.078 0.138 0022 0.110  66176.594(54)
2 67559.307(10) 0.064 0.084 0.002  0.110  67559.047(40)

70229.3130(39) 0.095 0.023 0.139  0.110 70228.946(55)
6 72773.0196(52) 0.027 0.053 0098 0.110  72772.732(44)
W 73997.8523(87) 0.032 0.086 0,086  0.110  73997.538(48)

Y 76354.3629(90; 0.031 0.021 0015 _0.110 _76354.186(28)

MNumber in parantheses indicates uncertainty in the Jast digit and corresponds to one standard
deviation

‘TABLE 5.12 Deperturbed B, values for the A 'IT levels of "C*0.

AT B O,(AY) x 10° (cm™) ax10° B’
cm’!

v (cm™) o’ ‘T e’E d’a a’m D'a (em™)

o 1.45747¢21) 045 22 1440 005 51 145765(21)
1 1.43769920) 092 611 285 005 003 1.437797025)
2 1417460094) 091 437 402 005 003 1417551095)
4 137736721) 604 -1.76 108 008 013 13TISI4G0
6 1.336165(25) 097 -151 A3 005 004 1336222(26)
7 1.315522(56) a2 27 -136 005 003 131S583(57)
Y 127379011 -0.12 295 478 005 010 127387011

Number in parantheses indicates the uncertainty in the last digit and correspond to onc
standard de
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TABLE 5.13 Equilibrium moleculr constants' of the A 'T state of “C*0

Molecular Constant Value (em”)
] 64043.352(83)
, 14406, 157(70)

Ox, 15.994(15)

oy, x 10° 184193
B, 1466991 1)

o, x 107 1.920(10)

Y. % 10 -1.87(22)

8, % 10° 7.101.5)

Number in parantheses indicates uncertainty in the last digit and coriesponds to one
standard deviation.
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and the equilibrium rotational constants B, 0., ¥, and 8, estimated for the A 'T1 state

along with their standard deviations are listed in Table 5.13.

5.5 Conclusions

High resolution spectra of nineteer bands of the fourth positive system of "'C"*0
excited in @ jet discharge were photographed on the 10.6 m vacuum grating spectrograph.
Perturbations in levels v=0, 1, 2,4, 6, 7, and Y of the A 'I1 state have been studied in
detail and the deperturbed constants were obtained.  Mixing coefficients and electronic

perturbation parameters have also been estimated. The derived molecular constunts are

useful to the to predict the abund ratio of the i of CO in the
interstellar space. When term values of the A 'TT state are calculated from the data of the
present work and combined with the data of the Angstrém (b 'E* - A 'T), Herzberg

(C'E' - A '), and (E 'TT- A ') systems of ''C™0, accurate spectroscopic information

for the Rydberg states B. C. and E states can be obtained.
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CHAPTER 6

PRECISE ROVIBRONIC TERM VALUES OF SOME VIBRATIONAL LE

OF THE A 'T1, B 'Z", C 'Z" AND E 'TT STATES OF “C™0 AND “C"0.

6.1 Intreduction
After molecular hydrogen, carbon monoxide is the most abundant molecule in the
universe and is used in millimeter radioastronomy to map the density of molecules in the

interstellar medium. The spectra of the CO isotopomers are studied in interstellar space,

stellar atmos S, (-tails, and planetary In all these media the CO
abundance with respect to H, is determined by the rate of its predissociation under the
influence of the UV 1adiation field. 1t has been suggested by Bally and Langer (1982)
ation of discrete states could be

that the photodestruction rate of CO through predissoci

larger than that due to continuum absorption and that this effect explains the observed

anomalous isotope ratios of various isotopomers of CO in inters|
Predissociation in discrete absorption lines of CO is also influenced by coincidence with
the rotational structure of H, and other molecular lines. Interstellar CO has been the
subject of several studies through its ultraviolet electronic ransitons A 'T1-X 'E*,

B 'Z-X 'E*, and C 'E*-X'Z* that are based on the spectra of § OPHIUCHT acquired with
the Copernicus satellite and the Hubble Space Telescope.  For details on these studies the

reader is referred to Scheffer et al. (1992) and the seferences therein.

To identify the absorption and emission spectra of the astrophysi objects and

predict the presence of the CO isotopomers, accurate laboratory spectral data are

169
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necessary. Moreover the A 'IT state is perturbed by its nearby electronic states a’ 'X",
d'A.e ¥, 1", D 'Aand D’ "X and hence one cannot assume the extrapolation of the
data of “C™0 for its other isotopomers. In Chapter 4 the rotational anlaysis of several
bands of the fourth positive (A 'TI-X 'E’) system of “C™0 and C"0. recorded in the
spectral region 1710-1935 A on a 10.6 m vacuum grating spectrograph has been reported.
Several perturbations observed in lh’c AT state of these isotopomers have been analyzed
and these include A, v=1 and 2 states of *C™*0 and A, v=1 state of '"C'*0. Deperturbed
molceular constants for the A 'IT state have been obtained for *C™*0 and "C™0.

Accurate term values of the B 'X*, v=0 und 1 levels of *C'°O were first determined
by Le Floch and Amiot (1985) by combining the data obtained from the Fourier
‘I'unsform spectroscopy and the conventional data of the B 'E*-A 'TT system. Later
Eidelsberg et al, (1987) obtained the term values of the B 'E*, v=0, I and 2 levels from
the study of the B 'E*-X 'Y’ system. Le Floch (1992) reported the term values of the
A'TL v=10 § states of "*C"O and computed accurate term values for the C 'E*. v=0) and
E 'I1. v=0 levels. from the measurements of the C 'Z*-A T, E 'TI-A 'Mand A 'TI-X 'Z*
systems. As far as the isotopomers are concemed. the term values were obtained for the
B 'Y, v=(. | and 2 levels of ''C"*0, “C™0 and "'C™0. and the B, v=0 and 1 levels of
HCMO (1987). Al the reported term values are with reference to X 'Z*, v=0 and J=(.
“The information on the C 'E* state of the CO isotopomers is obtained through the study
of the € 'E'-X X" system by Eidelsberg et al. (1990, 1991, 1992) and of the Herzberg
(C £ A ') system by Janjic et al. (1978). Prasad et al. (1985) and Kepa (1988).

Roncin et al. (1993) recorded the 0-0 band of C 'E*-B 'E' sytem in the infrared region
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for the four isotopomers of CO on a Fourier Transform interferometer and have reported

band origins and molecular constants of the excited state C 'Y, Recently Baker et al.

(1993) have tabulated the experimental term values for the E 'T1, v=0 and 1 levels of the
isotopomers *C'*0, "'C'*0, “C™O und ''C"*O, obtained from a study of the 2+1
resonance enhanced multiphoton spectra af the E-X system.

The purpose of the present work is to obtain accurate term values for the A "1, v=1

and 2, B 'E*, v=0and 1, C'E*, v=0 and E "1, v=0 states of “C*0 by combining our data

of the A-X system (Harida, o 1994) with those of its B-A ( Kepa (1986) and Rytel
(1970)), C-A (Janji¢ et al. (1978)) and E-A (Kepa et al. (1978) and Kepa (1986)) systens.
It is also the aim of this work to calculate the precise term values for the A, v=1, B, v=0
and 1, C, v=0 and E, v=0 states of ''C"*O by combining our data of the A-X system with
those of the B-A (Prasad et al., 1984, and Maluk et al., 1984), C-A (Prasad ¢t al., 1985,
and Kepa, 1988) and E-A (Kepa, 1988) systems.

Section 6.2 describes the determination of the rovibronic levels of A 'I1 v=1 and 2

of “C™0 and v=1 of "C™0. as well as B ‘X', v=0 and 1. C 'Y, v=0 and E 11, v=0) of

both i The of their B, C and £ states determined from

the culeulated term values are given in Section 6.3, Conclusions are summarized in

Section 6.4.
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6.2 Determination of Rovibronic Term Values
ero:
(i) The A 'T1, v=1 and 2 levels
Rotational analysis of the 1-4, 1-5, 2-2, 2-5 and 2-6 bands of the A 'TI-X 'Z* system
of “C™0 recorded on a 10.6 m vacuum grating spectrograph at Ottawa was performed
and the wavenumbers of the rotational lines are listed in Chapter 4. The term values

“T'(v.J) of the X 'E* state can be obtained from the Dunham expression,

TOd) = Y Vi (v4172) a1 1611
m
where
Yiu = Upy w2 [m(Ay, v +4,,%m |
and
(1) = (Ume ) + (1/my).
Here Uy, are the mass-i Dunham A, and A,,” are the mass-scaling

parameters for CO, and m. and m, are the masses of carbon and oxygen atoms. The
T(v.J) values for v=2, 4, 5 and 6 of X 'Z* state of *C™O are calculated from Eg. |6.1]
using the numerical values of U, A, and A,” calculated by Authier et al. (1993). The
rovibrational term values of the A 'T, v=1 state are then obtained, by adding the observed
wavenumbers of the 1-4 and 1-5 bands of the A-X system to the corresponding values
for v=4 and 5 of X 'Y*. By this procedure we have obtained 124 term values, 73 of e
parity and 51 of f parity, with J=1 to 28 for A 'T1, v=1. Euch vibrational term value is

obtained from several independently determined weighted average values. Each weight
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is tuken as the reciprocal of the square of the relevant total error. Finally the term values
of A 'T, v=1 with reference to X 'Z*, v=0 and J=0 are listed in Table 6.1. For further
clarification, we mention here as an example that the value 66310.46(2) emi! for the ¢
parity level of J=8 is the weighted average value obtained from the P and R branches of
the 1-4 and 1-5 bands (see Table 6.1). It should be noted that in "Table 6.1, the value
66433.90(2) em” for J=12 level of the f parity belongs to the perturbing a” 'E'. v=10 level
which appears as an extra line in each of the -4 aud 1-5 bands of the A-X system.
Because this perturbation is strong, the rotational levels of A, v=1 are severely affected.
A plot of the A-doubling, i.c.. the T, -T, values. against J for A 'T1, v=1, given in Fig. 6.1

shows large anomalous behaviour of the A doubling at J=12/13, 14/15 and 17/18.

Using a similar pr we have the rovibronic term values of the A ',
v=2 level, by adding the wavenumbers of the 2-2, 2-5 and 2-6 bands of the A-X system
to the corresponding term values of the X 'X*, v=2, 5 and 6. as mentioned above, and
these are presented in Table 6.1. For the v=2 level, the term values for J=1 10 26 are
obtained from a total of 192 values, of which 121 belong to the ¢ parity and 71 belong
to the f parity. A plot of the A doubling against J shown in Fig. 6.2 indicates
perturbations at J=7/8 and 22/23 and thesc are caused by the | 'Y, v=3 and ¢ 'E, v=4
levels. The term values of the rovibronic levels of the A ‘T, v=1 and 2 of C™0 are
reported for the first time.

(i) The B 'E*, v=0 and I levels
Among the observed Rydberg states of CO, the B 'E' (.... 2p* 2pa 3s0) stte is the

first member of the nso series which converges to the ground state X 2E' of the molecular
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TABLE 6.1 Rovibronic term values® (in cm™) of the A 'IT (v=1 and 2), B 'Z* (v=0 and
1), C 'Z* (v=0) and E 'TI(v=0) states of *C*O

A'll
v=1 V-2

i c level f level ¢ level f level
1 662053 (2) 66205.25(3) 67618.1 (1)

2 662112 (2) 66211.26(3) 676239 (1) 67623.97(5)
3 6622033(3) 66220.27(3) 676329 (1) 67632.91(4)
] 66232.30(8) 66232.31(3) 67644.77(3) 67644.76(3)
5 066247.33(7) 66247.33(4) 67659.61(2) 67659.61(8)
6 66265.38(2) 66265.38(3) 67677.42(4) 67677.40(5)
7 06286.42(1) 66286.41(2) 67698.20(4) 67698.06(2)
8 66310.46(2) 66310.45(6) 67621.93(2) 67622.09(3)
9 66337.47(2) 67748.65(2) 67748.71(3)
1n 66367.49(1) 67778.31(1) GT778.34(8)
n 66400.59(1) 66400.32(1) 67810.93(2) G7810.98(8)
12 66436.55(2) 66438.4 (1) 67846.52(2) 67846.56(3)
12 66433.90(2)

13 66475.42(1) 66476.22(3) G7885.06(2) 67885.11(3)
4 66516.33(5) 66518.09(6) 67926.54(2) 67926.60(3)
15 66564.02(3) 66563.10(8) 67971.00(4) 67971.05(6)
16 66611.60(3) 66611.08(0) 68018.41(3) GBOIZ.A4(D)
1”7 66662.51(3) 66661.79(3) 68068.7 (1) 6RO6R.77(9)
18 66716.48(1) 66717.08(1) 68122.02(7) 68122.04(5)
19 66773.48(3) 66773.64(1) 68178.2 (1) 68178.25(6)
20 668334 (2) 66833.54(2) 68237.33(2) 68237.4 (1)
2 668964 (3) 66896.49(3) (8299.42(4) 68299.48(3)
2 66962.49(0) 66962.46(3) 68362 (3) 68364.43(5)
il 67031.37(6) 67031.38(2) 68431.90(9) 68432.31(5)
24 67103.21(4) 68503.11(2)
as 67178.0 (3) 68576.69(3)
20 67255.81(3) 68652 (1)
7 67335.45(3)

i) 67420.95(9)
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B'E c'y

v=0 v=| v=0 v=0
J ¢ level ¢ level ¢ level e level [ level
0 86916.6 (3) 919186 (2)
| 69204 (2) 889539 (2) 919223 (M 929331 () 92933387
2 86927.8 (1) R8961.29(9) 91930.00(%) 92940.77(%) 92940791
3 $6938.94(6) B¥9T2.2803) £1941.06(6) 929519 (1)
4 #6953.83(4) 88986.9 (1) 91955.90(7) 9296697(7) 92966.77()
5 86972.37(2) §9005.42(6) 91974.41(4) 92985.64(4) 92985.36(5)
6 86994.67(4) $9027.29(5) 91996.61(5) 9300K.15(5) 93007.67(5)
7 87020.61(3) 89052.80(4) 92022.51(4) 93033.70(0)
8 705027(3) H9082.10(4) 92052.15(4) 93064.22(3) 93063.43(4)
9 §7083.63(2) 89115.01(3) 92085.43(4) 93097.80(3) 93096.90(01
10 7120.74(3) 89151.71(3) 921226 (3) YIALOTR
" 87161.51(2) K9191.89(d) 9216, 9379510
12 87206.003) 89235.82(3) 92207.54(4) 93221.23(4) 93219.5400)
13 87254.1903) #9283.32(4) 92255.01(5) 93269.77(4) 93267.81¢)
14 K7306.09(3) 893346 (1) 92307.38(5) 93322.13¢4) 93IOSKS)
15 87361.66(3) 92362.85(3) 93378.13(4) 93375.56(6)
16 §7420.95(3) 92422.03(6) 93437.95(4) 93I9S5)
17 87483.93(2) 92484.87(4) 93501.42(3) 9349K.15(7)
] 8§7550.57(3) 92551.38(5) 93S68.625)
19 87620.90(3) 92621.57(5) 93639.55(5)
20 £7694.95(4) 92695.45(8) 93714.1209) 93K ()
2 §7772.61(4) 92772997
2 §7854.02(5) 928542 (1)
2 §7839.10(7)
2 88027.78(4)
25 88120.17(3)
26 88216.25(5)
27 88316.25(2)

o8 KR419.550)

“These are the weighted average values and the number in the parentheses indic:
stical error and corresponds to 3 standard deviations.
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ion CO". Eidelsberg et al. (1987) obtained the rovibrational term values of B X', v=0,1
and 2 of four isotopomers of CO including those of *C™O, dircctly from the analysis of
the Hopefield-Birge B 'E'-X 'Y’ system. In the present work, we obtain the term values
of the B 'E*, v=0 and 1 levels of "C*0 by adding the wave numbers of the 0-1 and 0-2
bands by Kepa (1986) and of the 0-1,0-2 and 1-1 bands by Rytel (1970) of the Angstrim
(B 'Z*-A 'TT) system, with those of our data on five bands of the A-X system and the
corresponding term values of X '', v=2, 4. 5 and 6 calculuted from the mass-independent
Dunham coefficients, as mentioned above. A total of 940 term values with J=0 10 28 for
Bw=0. and 59 term values with J=1 to 14 (all of ¢ parity) for B. v=1 have been
estimated. Finally the weighted average term vatues for v=0 and 1 are presented in Vable
6.1. The motivation for reporting the new term values for B, v=0 of ™0 is that the
values reported by Eidelsberg et al. (1987) have shifts of about +0.3 cm™ and our term
values are in good agreement with the values obtained by Drabbels (1993a). The term
value 87160.58 cm” of B, v=0, J=11 reported in (Eidelsberg ctal., 1987) scems to be a

misprint. The new term values for B, v=1 except for J=:

and 6 are in good agreement
with the values reported by Eidelsberg et al. (1987).
(iii) The C "X, v=0 level

The term values of the Rydberg state C 'E* (.... 2pr' 2pg 3po) can be obtained from
the analysis of the bands of the Hopefield-Birge system (C '£'-X 'E'), the Knauss system
(C'S*-a’ 'E%), C 'E*-B 'E* transition or C 'X'-d A, system. We report here for the first
time the rovibrational term values of the C 'Z*, v=0) level of *C™O by combining our

experimental data of the A-X system with those of the Herzberg (C-A) system by Janji¢
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ctal. (197%) and the X 'E* state (see above). In all 440 term values for C 'Z*, v=0. J=0
0 22 have been estimated. The weighted average term values are presented in Table 6.1,
(iv) The E 11, v=0) level

Most of the information on the Rydberg state E 'IT (.... 2px* 2po 3pn) of the CO

isotopomers has been obtained from the emission spectra of the E 'T-A ' transitions by
Kepa (1986, 1988Db) and Kepa et al. (1978). Eidelsberg et al. (1990, 1991, 1992) have

carried out one phaton absorption studies of the E 'T1 (v=0, 1 and 2) - X '£* ( v=0)

transitions in four isotopomers of CO, with *C, ""C. "“O and ™O. Baker et al. (1993)

performed the rotational analysis of the 0-0 and 1-0 bands of the E-X system of the
isotopomers of CO from their 2+1 resunance enhanced multiphoton spectra and observed
perturbations in both the ¢ and f levels of the E T, v=1 state. The authors have also
tabulated the term values for the f parity levels of E, v=0 and 1. We have now obtained
the rovibrational term values of both the e and f parity levels of E, v=0 of *C™*O by
combining the wavenumbers of the 0-1 and 0-2 bands of the E-A system obtained by
Kepa (1986) and 0-1 band by Kepa et al. (1978), with those of the five bands of the A-X
system and the term values of the X 'Z* system (see above). In all 675 term values of
the E. v=(l J=1 10 20 levels are calculated.  Of these, 440 are ¢ levels and 235 are f
levels. Finally the weighted average term values are listed in Table 6.1. It is noted from
this table that except for J=1, the e levels have higher term values than the corresponding
{ levels, and The magnitude of A-doubling (I T, -TJ ) increases with J and it is 4.25 cm
"for J=20. It was shown by Hines et al. (1990) and Lefebvre-Brion and Field (1986)

that this A-doubling for the E ' state of CO is due to the mutual rotation-electronic
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interaction between the C 'E*

v=0and E 11 v=0 levels which are the o and 1t

components of the 3p Rydberg comples. A plat of the A-doubling versus 141 for 15

M. v=0 of C™0 is shown in Fi

6.3 and it gives a straight line which can be
represented by the relation (Brown and Merer. [979)

Ty

(y JU+1). 16.2]

The value obtained for the A-doubling parameter from

0.3 is g, = 0.01065(10)
em ', This value is less than 0.01148(29) em™ obtained from the AF() differences. and
also less than 0.01107 (17) em™, obtained by Jenkins-MceKellar method, by Kepi (1986)
and Kepa et al. (1978). However the present value is in better agreement with the value
0.01062(10) em™, reported by Baker et al. (1993).
neg.
(i) The A '11, v=1I level

The term values of the A 'Ml, v=1 stue of ""C*O are caleulated from the
wavenumbers of the 1-4 and 1-5 bunds of the A-X system and the term values of the X
'St v=4und 5. A total of 93 term values for A, v=0, J=2 to 24 arc calculated. OF these,
50 are e levels and 43 are  levels. The resulting weighted average term values are given
in Table 6.2. Table 6.2 shows that there is no significant A-doubling in the vy=1 level
of "*C*0 unlike *C*O as discussed before.

(ii) The B '3*, v=0 and 1 levels

The term valucs of the B, v=0 and | of ""C™O arc calculated by combining the
wavenumber data of the 0-1 and 1-1 bands of the Angstrom (B-A) system (Prasad et al.,

1984 and Malak et al., 1984), with the term values of A 'I1, v=[ obtained from the
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TABLE 6.2 Rovibronic term values® (in cm™) of the A 'TT (v=1), B
C'T* (v=0) and E 'TT (v=0) states of "C"0

182

'S (v=0 and 1),

Al B'E (2]
vl w0

! e level Clevel ¢ level ¢ level ¢ level ¢ level flevel
1 R9L0 ) SSOSEG) 919220 (1)

GOIRATAY)  GOISATIR  KOOIRIOE)  KKOISTD) 9192961
3 GOI934N(T) BOIIBOU6) 6D OI9LIAE) 90T 9S00
4 GOXMESH) 664U BEISLES()  WNOMG () OWSIIN  B6SIKT) 926N
5 66219.23()  BOOT0SG(S)  BROSTONO)  O19TIONG)  92ONDOMN)  O29N2e0(6)
6 66236523 6623645(1)  HEILTG2)  KKOTRI(L) 9I9OLI0CH  O3BLINY) 0300480
7 6625659 G625656(1)  KT0IOSGR) RS (1 G0ITETS) 930D OWIRTAD
B GOAMSTH  GO29SHI) BRI S004TH 96D DISTRSD) 0WSTN
9 6630S4NT)  6630S3SY)  KTOTGEUM)  BIGLY (1) OTTONS)  OUKION 930801

10 66334.113)
1 66365.67(3)
12 66400.113)
13 66437422)
14 66477.59(2)
15 6652061(2)
16 6656647(2)
17 66615.2003)
18 666668 (1)
19 66721.19(6)
M 667784 ()
21 668386 (2)

06334.12(4)
6365.68(4)
66400.11(4)
66437.42(3)
66477.58(3)
66520.60(1)
66566.46(1)
66615.19(2)
66666.78(4)
66721.20(4)
66778.51(3)
66838.60(3)
66901

)
06961.5 (4)
670359 (2)

§7112.05(3)
7150.96(4)
87193.38(2)
§7239.39(4)
KT2B883(1)
§7341.9003)
¥7398.39(3)
B745837(2)
87521.9903)
87589.0004)
§7659.69(5)
¥7733.8002)
KTR11.38(6)
K7892.65(9)
879770 (3)

KO096.81(8)
RO135.190)
RO177.12(8)
K9222.539)
80271387
ROIATATY
§9379.5 (1)
RO438K (1)
895015 (1)
#9567.7 (2)
K9637.4 (1)
#7107 )
BYTRT.0 ()
HOKGR.A (3)

92110190

921,

01,
929437(5)
92240.25(5)
922K9.60(5)
92342.57(4)
92399.00(5)
9245891(3)
925223704
925K9.36(6)
92659.85(7)
92733.8106)
92811.35(8)
Y2R9243(5)

92970.7 (4)

D35S0
CHIERAT
93207.55(2)
93253.0002)
GRUIK)
91S7.21)
93141704
974.70(2)
DISINTUS)

93606.3 (2)

DI2LANS)
93614904
91206040
93252100
93017200
YISIRIY)
CETIRITEN
YMTLTN)
935358 )

9I02AX5)

“These are the weighted average values and the number in the parenthe:

statistical error and corresponds to 3 standard deviations.

indicates the
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analysis of the 1-4 and 1-5 bands of the A-X systm, and the term values of the X 'E",
v=4 and 5 calculated as mentioned carlier. For B, v=0, 288 term values with J=1 to 24
and for B, v=1, 275 term values with J=1 to 23 are calculated. The resulting weighted
average term values are presented in Table 6.2. For B, v=0, 50% of our term values
show shifts in the range 0.1 to 0.2 em” (except for J=7) from those reported by

E

sberg et al. (1987) and the remaining 50% agree with latter within the range 0.01

10 009 em. For B, v=1, 73% of our term values show shifts of -0.1 to -0.4 cni* from

those of Eidelsbery et al. (1987) and the remaining 27% agree within -0.04 to -0.09 em’,
(iii) The ¢ 'Y, v=0 level
By using the procedure similar to the B 'Z* state, 440 term values of the C 'Z*, v=0

level of "'C™0 are obtained for J=1 to 24 by combining the wavenumbers of the 0-1 band

of Herzberg (C-A) system (Kepa, 1988a and Prasad et al., 1985), with the term values

obtained for the A, v=1 level from the analysis of the A-X system along with the term
values of the ground state X 'I'. The weighted average term values of the C 'X*, v=0
are Jisted in Table 6.2,

(iv) The E 'T1, v=0 level

the

The term values of E, v=0 of "'C"*0 are by
of the (-1 band of the E-A system (Kepa, 1988b), with those of the 1-4 and 1-5 bands
of tie A-X system and the term values of the X, v=4 and 5 from Eq. [6.1]. A total of
161 term values for E, v=0, J=3 to 19 are calculated. Of these, 94 are e levels and 67

are the { levels. Finally the weighted term values for E, v=0 of “C™0 are listed in Table

in the case of *C'0, the term values of the e levels for E, v=0 are higher
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than those of the ing f levels. The magnil of the A-doubling. i.c.. (1,-Eh
increases with J and has a value of 3.77 em” for J=19. As in the case of E. v=0 of
13C1*0. the A-doubling in E(v=0) of "'C"O is caused by the interaction between the €'Y,
v=0 and the E T, v=0 levels. A plot of the A-doubling versus J(-+1) is shown in Fig.
6.4 and the slope of the graph gives g,=0.009957(50) e, “This value is in agreement
with the values 0.00989(19) cm” reported by Kepa (1988b) and 0.00973(10) em ' given

by Baker et al. (1993).

6.3 Molecular Parameters

The term values thus obtained in Scction 6.2 and presented in ‘Fables 0.1 and 6.2
were fitted to the appropriate energy matrix of one dimension for the B 'Y state and of
2 x 2 dimension for the C 'Z* and E 'I states. The energy matrix for the B state is

represented by

TB'T, v=0and 1, 1) = T," + B x - D) x* 16.31
and the diagonal elements of the 2 x 2 matrix are given by
TC'Tv=0, 1) =T, + B, x- D, x*

T(E "ML, v=0, §) = Ty + B, (x-1) - D (x- D)2, 16.4]

where x=J(J+1). The observed A-doubling of the E 'TT state for both *C™0 and ''C"™0
is mainly due to the interaction with the neighbouring C 'E' Rydberg state. Since the
levels of C state have e parity, only the e levels of the E state will be perturbed. The off-
diagonal rotation-electronic interaction element for the ¢ parity levels in the 2 x 2 matrix

is represented by
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(T(C '=". v=0. ) | Hy I TUE "ML v=0. ) = 2 B ()", 16.5]

For the analysis of the data of both C and E states of “C™*0 and "'C™0 a nonlincar fiting
procedure described by Le Floch et al. (1987) (also see Chapter 3. section 3.4 is used.
For the B state a nonlincar fitting procedure, described by Haridass et al. (1992) and
modificd for the singlet states is used. The value of the dimensionless variance obtained
(6*=1.5 for B,v=0, 1.5 for B,v=1 and 0.70 for C and E. v=0) for “C™0 indicates that all

the term values for B, C and E

es arc well represented by the energy muatrix given

above. Similarly the dimensionless variance obtained (6°=1.2 for B.v=0, 1.5 for B. v=1

and 0.74 for C and E. v=0) for *C"0 indicates the term values for B. C and | re

also well represented by the energy matrix. The corresponding resul

< appear in Table
6.3 and 6.4, along with the previous results for comparison.
cio:
(i) The B 'S* State

The molecular parameters T, B and D are presented in Table 6.3. It should be noted
that the va.ne 86916.705 (6) cm' obtained for T," from the new term values of the BB,
v=0 state is more accurate than the value 86916.42(4) cm” reported by Eidelsberg et al.
(1987) and is in good agreement with the value 86916.7047(19) cm ' reported by

Drabbels et al. (1993). The present rotational constnts B and 1D obtained are m

agreement with those reported by Eidelsberg et al. (1987) within the error lin

or
v=1, the values of the molccular parameters T and B are in good agreement with those

in Eidelsberg et al. (1987).
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TABLE 6.3 Molecular constants® (in em™) of the B 'S*, C 'E*, and E 'IT states of “C"*0

v T, B, D, x10° q, B Ref.
E'N
0 Y2931.466(7)  1.85960(7) 601" 0.01065(10)  1.654(6) 1
92929.74 (5) 59(1)  0.01062(10) 2
9292961 (8) 18705 (25)  6.02) 3
486(47°  0.01148(29) 4
187087(16)  650(29)° 4
c's
0 9191886(2)  1.8622(1) 572" 1
919181 (2)  1.85354(55)  6.9(4) 3
185125(7)  5.5(1) 5
18517921)  6.9(6) 6
Bz
0 86916.705(6) 1.85549(5)  6.09(7)
86916.7047(  1.85553 62

86916.42(4)  1.85553(23)  6.257(26)
86916.42(4) 1.85553(23)  6.2(1)
1.855597(6  6.142(65)
1.855533(1  6.11(12)
I 88950.303(9) 1.83123(6) 6.3"
§8950.24(6)  1.83100(42)  635(54)

88950.24(6) _1.83100(42) 6.3(5)

“The number in parentheses indicates the uncertainty in the last digit and corresponds to
one standard deviation.

"Fixed constant in the least squares fit (from data of Eidelsberg et al., 1987).

“Obtained from [ parity term values.

“Obiained from ¢ parity term values.

“The uncertainty corresponds to 3 standard deviations.

ent Work, 2:Baker et al. (1993), 3:Eidelsberg and Rostas (1990). 4:Kepa (1986),

ic ctal. (1978), 6:Roncin et al. (1993), 7:Drabbels (1993a), 8:Eidelsberg et al. (1987),

:Rytel (1970),

o % — O B W0 —
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TABLE 6.4 Molccular constants® (in em") of the B'S", € '¥*, and E "1 states of "'CM0

v T, B, D, x10" 4 i Rel.
0 92031216(9)  L77371(5) 547" 0.009957(50)  1584¢h 1
92929.43(5)  L77412014F S5 0.00973(10) 2
92929.37(3)  1.78423(23)  5.9(2) 3
1.77896(13)  5.7025)  0.00989(19) 4

0 91918.97(2) 1.77612(8) 3
91919.06(5) 1.76517(56) 4.2(1) 3

1.7670 (3) 6.9(5) 8
1.766512(70)  5.302(80) 6

1.76623(50)"  4.4(1.4)" 7

1.7665(1) 5.6(2) 8

By

0 86917.455(5)  1.76977(6) 6.1(1) !
86917.34(8)  1.76980(42) 5.6" 9
86017.34 (8)  1.76980(42)  5.6(1.0) 3
1.7694 (1) 4.8(3) 10

1.769653(48)  5.49(34) 1

1.7697(1) 5.8(2) 8

| 88904.663(7)  1.74757(5) 6.3(2) 1
88904.81(8)  1.74733(33) 6.0" 9
8R904.81(8)  1.74733(33)  6.0(5) ki
1.7476 (6)  7.0(1.1) 10

1.74709(11)  5.66(22) i

1.7473(2) 6.2(4) 8

*The number in parcntheses indicates the uncertainty in the last digit and corresponds to
one standard deviation.

*Fixed constant in the least squares fit (from data of Eidelsherg ctal., 1987).

“Obtained from [ parity term values.

“The uncetainty corresponds to 3 standard deviations.

1:Present Work, 2:Baker et al, (1993), 3:Eidelsberg and Rostas (1990), d:Kepa (1988h),
5:Prasad et al. (1985), 6:Kepa (1988a), 7:Roncin ct al. (1993), 8:Prasad and Reddy (1988),
9:Eidelsberg et al. (1987), 10:Prasad ct al. (1984), [1:Maluk et al, (1984).
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(ii) The C '%* State
“The molecular parameters T and B for v=0 of C 'E* are presented in Table 6.3. The

* obtained from the term values of C ', v=0 is 0.76 cm’!

value 91918.86(2) cm” for T,
greater than the value reported by Eidelsberg and Rostas (1970), but is in good agreement
with the value 91918.780(8) en" obtained by combining the band origin (5002.075(15)
em'y of the C-B (0-0) band reported by Roncin et al. (1993) and the present T," value
of 86916.705(6) cm! listed in Table 6.3, The value 1.8622(1) em” of the deperturbed
rotational constant B, is significantly greater (see Table 6.3) than the ¢ffective values
reported in the literature (Eidelsberg and Rostas. 1990, Janji¢ et al. 1978. and Roncin
etal., 1993) due to strong C ~ E interaction. The value of the difference (AB,") in the
range 0.0087(6) to 0.0110(1) cm™' thus obtained is in harmony with the value of the

observed A-doubling p: 0.01065(10) em™ and with the correction term

neter g

ABS = d BYCTSSTY) = 0.01081(8) em” obtained from the perturbation theory.
(iii) The E 'T1 State

Table 6.3 gives the molecular parameters T and B of the E *T1, v=0 level. The value
of T," obtained in the present work is more accurate than the effective value (T," - B")
reported by Baker et al. (1993) and Eidelsberg and Rostas (1990). The value of B, =
1.85960(7) ¢! s in good agreement with the values reported in the literature (Baker

et al.. 1993, Kepa. 1986) within the error limits. The value 1.8705(25) cm’! mi}urlcd by

Eidelsberg and Rostas (1990) for B of E 'TT v=0 is B, pertaining to the Q branch. From
the experimental result of the perturbation parameter B represented by

B=Cv B v a2 16.61
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it is possible to obtain the value of /(/+1) for the p Rydberg orbital, Using the value of

B = 1.654 em” and B, = 1L860Y em' (the ave of B, and B obtained from the

present work, /(/+1) is found to be 1.580. which is smaller than the "pure precession”
value of 2 for the p Rydberg orbitals.
* Co:
(i) The B 'T* Stare

The values of the molecular parameters T. B and D for B'Y'. v=0 and | of "'C%0
obtained in the present work are listed in Table 6.4 These values agree with those

reported in the literature (Eidelsberg and Rostas, 1990, Prasad ¢

L TR, Malak et al,

1984, und Prasad and Reddy, 1988).

(ii) The C "X* State
Table 6.4 gives the molecular parameters for C, v=0 of "'C™0 obtained from the

deperturbation anal The value 91918.97(2) cm' for

is more accurate than

91919.06(5) cm* reported by Eidelsberg and Rostas (1990), but it is 0.087 cm” preater
than the value 91918.883(11) cm™ obtained by combining the band origin for the 0-0
bund of the C-B system (SU01.428(30) ¢m™) reported by Roncin et al. (1993) and the
present value 86917.455(5) em” obtained for T," from the analysis of the term values of

the B 'Z*, v=0 state. The deperturbed rotational constant B, (due to strong ¢ 1§

interaction) is significantly greater than the effective value reported in the litcrature
(Eidelsberg and Rostas, 1990, Prasad et al., 1985, Kepa, 19884, Roncin et al., 1993, and

Prasad and Reddy, 1988) (sce Table 6.4). This difference AB,” between the value of B
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obtained in the present work and those reported in the literature is obviously due to the
effect of the C - E coupling. This difference is in the range 0.00912(31) to 0.01095(57)
em' and is in harmony with the obscrved value of the A-doubling parameter
,=0.009957(50) em ' for the E 'TT, v=0 level and the value for the correction term

AB, = (.00990(5) cm” abtained fiom the perturbation theory.

)
(iii) The E 'Tl State
The deduced molecular parameters T and B of the E 'T1, v=0 level of '*C'*0 are

presented in Table 6.4, The value of T, obtamed in the present work is more accurate

than the effective value (T," - B,") reported by Baker et al.(1993) and Eidelsberg and

Rostas (1990).  The rotational constant B = 1.77371(5) em" obtained from the
simultancously-fitted term values of the C and E states is less than the value reported in
the literature (Eidelsberg and Rostas, 1990, Kepa, 1988b). The value of By= 1.77412(14)
em! reported by Baker et al. (1993) is obtained from the fit of the f parity term values.
The value of /(/+1) calculated from the experimental values of B (1.583 em™) and B,
(1.77492 em'', average value of B, and B,") is 1.591 which is smaller than the pure

precession value of 2.

6.4 Conclusions
Accurate rovibronic term values for the A 'T1, v=1 and 2, B ', v=0 and 1, C 'E",
v=0 and E 'TI. v=0 levels of *C*O and A "M v=1. B'¥", v=0 and 1. C 'E*. v=0 and E

"I, v=0 levels of "'C™0 with reference to X 'S'. v=0, J=0 are determined by combining

the available wavenumber data of the B-A, C-A, E-A and A-X systems and the accurate



m
term values of the ground state X '¥*. These term values show a good internal

col

istency of the Rydberg B. C und E states via the B-A. C-

and A-X transitions.
Fram these term values it will be possible to obtain wavenumbers for the transitions £

M(v=0) - B'SHv=0 and 1) and those of the tra

ions between the highly excited
Rydberg states to the lower B'S". C'Y* and E'TT states. "The term values deduced in the
present chapter should be useful for the astronomers who are interested i the

of the a ances of the CO i P ini molecutar clouds.

The results presented in this chapter have appeared in a publication (Harig €., Reddy,

S. P., and Le Floch. A. C.

. Mol. Specirose. 168, 429 (1994)). A reprint is included in

the Appendix.
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CHAPTER 7
HIGH-RESOLUTION SPECTRA OF THE A 'l — X '=* SYSTEM OF “C"0

AND THE ATOMIC LINES OF "C,, AND “C, IN THE VUV REGION

7.1 Introduction

Laboratory investigations of the CO molecule have created a very detailed picture
of its rovibronic structure from the ground state up to energies that come close to the first
ionization potential at 14.014 eV. This is particularly true for the most abundant

isotopomer, "*C'""O, where the identification and ing of i itions can

now rely on a solid base of observed rovibronic energies instead of having to resort to

uncertain i specially at gths in the vacuum ultraviolet
(VUV) region of the spectrum. The X 'S* ground state levels have been reduced by
Farreng ct al, (1991) to an exhaustive set of Dunham coefficients; LeFloch (1992) has
tabulated term values for A 'IT; and Eidelsberg et al. (1987, 1991, 1992) have provided
term values and transition wavenumbers relevant to many of the higher excited states
reached in dipole-allowed transitions from X 'E*.

The picture is less complete for the isotopomers of lower abundances. For
wavelengths shorter than 2000 A no high-resolution measurements have been published
for the rotational structure of the bands of the fourth positive system (A 'Tl - X 'Z%),
although Tilford and Simmons (1972) have reported band head measurements in the
AWY) & X(v" =0) progression of C'O from v’ =2 to 16. At wavelengths longer than

2000 A. Domin (1986) has carried out the rotational analyses of 28 emission

195
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bands of the A-X transi

jon of *C™0. the transitions involving A levels with v/ =3 to 11
and ground state 'E* levels with v = 12 10 22. These authors provide no information on
the three lowest vibrational levels in A 'T1, and fail to report the measured wavenumbers
of individual lines which could be reduced to upper-state tevm values with the help of the
very extensive and precise ground state data of Farreny et al. (1991).

As a first step in an effort to closc this information gap. the results of a high-

resolution study of *C*0 at wavelengths between 1600 A and 1370 A, which include

transitions from the A 'TT levels with v/ =0...9 10 X 'E" levels with v 0, .5, are presented

in this chapter. Similar results might be obtained from a wide-ranging absorption study

of the v/ & 0 8 i However, considering the high costs of pure
pp i P

isotopes, it seems more economical to take advantage not only of the high sensitivity of

an emission experiment, but ulso of the sequence structure of the emission spectra which
makes it possible to derive the same upper-state information from measurements over a
much narrower range of wavelengths by simultancously recording bands with v* > (),
Again, for the reduction of the line measurements to upper-state term values the ground
state levels are reliably calculated from the Dunham coefficients of Farreng et al. (1991).
The A ' state of *C"°O is also accessible through the transitions from higher-
lying Rydberg states. Rytel (1970) reported wavenumbers of the six bands in the v'=0)
— v”=0 to 5 lower state progression, and the 1-0 and 1-1 bands of the B 'X' — A "Il
Angstrom system. Junji¢ et al. (1972) extended these studies to the 1-4, 1-5, and 1-6
bands. Kepa (1978) and Kepa, Para, and Rytel (1990) observed the same A state

levels together with the v” = 7 in the Herzberg system from v/ =0 of C'E%. In addition,
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Kepa, Rytel and Rzeszut (1978) contributed measurements for the (-1 and 0-2 bands of
the 'l — A 'TT wansition. Since all three Rydberg states have been observed in
absorption from X 'Z* (Eidelsberg and Rostas (1990); Eidelsberg etal. (1991, 1992)) it
is, in principle, feasible to derive the A state energy levels from appropriate combinations
of emission and absorption data. However, the A = X transitions in the 1500 A region
can be measured at nearly twice the resolution thut was available for the B « X, C «
X, and E <= X bands recorded at wavelengths shorter than 1210 A (Eidelsberg et al.
(1987)). It is primarily for this reason that we prefer the more direct route outlined above
which closes the cycles of observations and leads to a stringent test on the reliablilty of
present and previous measurements.

In the absence of published wavenumbers it has been suggested by Hanson, Snow,
and Black (1992) that the A-X transitions for isolopic species can be predicted with the
help of vibrational and rotational constants that have been derived from those of '*C''0
(Tilford and Simmons (1972)) by means of standard isotope relations. However, the
results of such calculations are often misleading since they fail to account for the many
perturbations of A 'TT by a number of overlapping singlet and triplet X and A states
(Simmons, Bass, and Tilford (1969): Field (1971); Field et al. (1972); Le Floch et al.

(1987); Le Floch, Rost

and Schamps (1988); and Le Floch (1989)) interactions which
may shift the alfected A 'TT rovibronic levels by several cm™" from their anticipated
positions. The location, though not the strength, of a perturbation can be predicted fairly
well from diagrams of the sort shown in Figure | of a recent publication of Garetz,

Kittrell, and Le Floch (1991). However, it is hoped that the energy levels presented here
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will, to a large extent. eliminate the need for uncertain extrapolations.

7.2 Experimental Details and Data Reduction

The A - X spectra of ''C"0 were generated in emi

sion from a de discharge in

ding Ar ining trace amounts of ''C**0, (Matheson, 9.1 atom%

"C, 5.1 stom% ™0). The use of CO, rather than CO is known to result in a “clean”

discharge where any carbon deposited in the source is continuously bumt up by the

oxygen freed in the reaction producing CO, making it possible to carry out prelimi

y
experiments with CO, with carbon 13 present in natural abundance without the danger of
contaminating the system before turning to the final experiments with enriched ''C'
isotopes.

The preference of a jet discharge over more conventional sources stems from the
fact that the former, in contrast to the latter, produces spectra of comparatively  low
temperature where low-J lines are clearly visible and are relatively free from overlaps by
the returning R or P branch lines of strongly degraded bands. The rotational temperatures

can be as low as 20 K (Huber and Sears (1985); Huber, Klug, and Alberti (1987); and

Huber, Holland and Coxon (1992)).

The molecules emerging from a pinhole nozzle may have substantial velocity
components along the line of observation. The resulting Doppler effects on line shapes
and line positions have been documented by Huber and Scars (1985) and Huber and
Vervloet (1992) for spectra in the visible and near infrared regions; at the VUV

wavenumbers of the present work they would be proportionately larger and might affect
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the peak positions of individual lines by as much as 0.25 cm™, or by more than five times
the expected accuracy of our measurements.

In order to avoid these icali following recorr dations by Veeken and

Reuss (1985), the two-dimensional jet expansion from a pinhole nozzle has been replaced

t, 5 mm long and

by u one-dimensional expunsion from a slit nozzle. The s

approximately 0.015 mm wide, is formed by two knife edges which are isolated not only

from the ngsten anode at the center of the pyrex tube connecting with the noz

assembly, but also from the grounded booster and rotatory pump combination that doubles

as cathode for the de discharge. The slit ion is 4 somewhat simpli version
ol the design shown in Fig. | of Comerand Foster (1993). The tip of the anode at | mm
upsticam from the nozzle slit is carefully centered with respect to the latter, both
longitudinally and laterally. With the discharge running, a thin sheet of luminous gas

expands Trom the tip of the anode in a plane normal to the direction of the nozzle slit.

The line of observation is parallel to the slit direction and passes through the thin
emission zone at approximately 2 mm downstream from the nozzle orifice. The gas

mixtures expand from a relatively low reservoir pressure of 300 Torr, and a voltage of

600 V applied to the anode is sufficient to maintain a steady discharge of around 60 mA

(for other det see Chapter 2).

The jet emission spectra were photographed on the 10.6 m vacuum spectrograph

of the National Research Council in the 7" and 8" orders of a normal-incidence concave
grating with 600 grooves mm™, the reciprocal dispersion being 0.21 and 018 A mm™.

respectively. Predispersion of the light entering into the spectrograph was achieved by
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a lithinm fluoride prism/cylinder combination in the manner described by Huber etal.

(1987, 1992). With « spectrograph slit width of 0.020 mm, expost

¢ times varying from

10 to 90 minutes were needed to record the CO emission of Koduk SWR plates.
P!
The molecular spectra together with i number of atomic emissions were measured

against Fe and Ne standards (Crosswhite (1975)) in overlapping orders.  “The final

wavelength calibration was made with the help of O, and N emission lines (Kaufmann
and Edlen (1974)) which appear as impurities in the jet discharge at 1493 A in 7 order
and at 1304 A in the 8" order respectively. Following the completion of the rotational
analyses we have checked the compatibility of our results with the B © X and B = A
measurements of Eidelsberg etal. (1987) and of Rytel (1970) by comparing the upper-state
term values derived from subtracting the B <> A transitions from the B = X transitions

to obtain the A state energies. The comparision was limited to v=0 of the B 'E'; for 77%

of the results the agreement was better than 0.1 em”, with only 3% falling outside the
0.2 em” limits. There is evidence for a small systematic shift of abour 0.02 cm'.
7.3 Results

Of the 23 red-shaded bands recorded between 1370 and 1600 A 13 bands (00,
0-1, 10, 2-0. 3-1, 3-2.4-0, 5-1, 6-1, 7-1, 7-2, &-2, and 9-5) were selected for rotational
analysis, giving preference to bands of low to medium intensity with rotational lines that
are not excessively saturated. The rotational structure of the 0-0 band of the A-X system

of "*C"“0 and that of the 1-0 band of its ¢*E -X '* system are shown in Fig. 7.0. The

intensity of the Q branch lines in unperturbed bands is found to be strongest for J=6,

the rotational is Tess than 300 K, i.e., very much lower
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than in standard de discharges, but considerably higher than what might be expected from
u jet discharge in Ar mixed with CO rather than CO,. The rotational quantun numbers
and the vacuum wavenumbers (in cm™) of the spectral Tines of the above mentionied bands
are listed in Table 7.1
The rotational analysis of the bands is straightforward, and even in perturbed

structures the J numbering is unambiguously achicved with the help of precisely known

ground state ination di The upper-state term values, suitably averaged over

multiple observations, are collected in Table 7.2 and are dispuyed in Figure 7.1 after

subtraction of the estimated upper-state rotational energies B'V(J+1). Unperturbed levels

are represented by essentially horizontal line: nee of

trong deviations marking the pro

perturbations by various singlet and wiplet states. The ¢ and  levels (Brown el al.
(1975)) refer to the rotational energy levels with parity +(-1)" and -(-1)', respectively, the
former being observed in the R and P branches, the fatter in the Q branch ransitions.

The perturbations of primary interest in an astrophysical context oceur in v/ = 0,

6, and 8 where they influence the low-J rotational structure seen in absorption from
ground state levels populated at the temperature of the interstellar medium, The patiern

of three avoided crossings in A 'M(v = 0) at J=7 and 10 in the ¢ and f levels,

respectively. observed in this work, and again atJ = 14 or 15 in the ¢ Ievels observed by
Rytel (1970) from B 'S* is compatible with the perturber being v=1 of ¢ '£. The spin-
orbit interaction matrix element is 8.53 em™, very similar to the value derived by Lelloch

et al. (1987) from the analogous perturbation in *C'"“0 and large

nough to shift the
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TABLE 7.1 Vacuum wavenumbers (in cm) of the rotational lines of the bands of the
A 'TT - X 'E* system of "C'0

Band 0-0'

J R(J) Q) P{)

0 64754089

1 756.324* 64750.401

2 758.075 749.160*

3 759.065* 747.203 064738.023

4 759.065* 744.592 732.400°

5 780750 64772598 TMI274 64772.598 725964

6 755.155 767327 737.264 765.242 718.648

7 749.160° 762,993 732.400* 756.871 710300 64724913
8 759.562 726.635 747.567 700.057* 712170
L 756.324* 719.552 737.673 686.835 700471
10 752.526 710.674 727.744 689.776
1 748.082 699.625 718.198 679.09
17 742783 686.149 709.091 668.122
13 700.057" 656369
14 690.875
15 681.330
16 671.112

7 660.463
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TABLE 7.1 (Continued)

Band 0-1'
J R() Q) P
0 62658182
1 660426 62654279
2 662.146 653138
3 663325 651320 62642178
4 663325 648.840 636,648
5 662444 62677.040 645671 62677.040 630406
6 659.808 671933 641.893 669.853 623217
7 654219 667853 637.257 661.719 015156
8 604730 631.749 052766 605.133
9 661719 624.922 643,144 592,600
10 058,182 616.
1 654279 OS85
12 659.606 615,572
13 606.9%7
14 298282
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TABLE 7.1 (Continued)

Band 10 2:0

J R(J) Q) P) R() QM) P()
0 66207.319 67622.672

1 209.688 66203.608 624,968 67618.981

2 211485 202283 626.571 617.645  67611.691
3 212481 200.308 66191.259 627.579 615.525 606.575
Il 212721 197.672 185.776 621.579 612753 600.775
5 212481 194.386 179.332 627.204 609.395 594.468
6 211485 190.441 172331 625,996 605,066 587.218
7 209.939 185.776 164727 624.084 600.113 579.382
R 207.722 180.576 156.440 621.493 594.794 570.847
Y 204.853 174.664 147.636 618.168 588.493 561.616
n 201.258 168.066 137.914 614211 581.525 551.662
n 197.049 160.798 127.676 609.395 573.864 541.061
12 192,090 152.804 116.782 604.144 565.496 529717
13 186415 143.167 105.217 598.052 556450 517.703
1] 179.587 135.776 092.968 591.302 546,700 504.990
15 175.034 125.730 079.971 583757 536.223 491.572
16 166.887 115179 065.914 575.563 525.089 477.445
17 158.620 103.964 053.995 566.629 513.257 462.638
] 091.970 038.594 556.855 500.666 447.126
19 081.112 546.700 487.295 430924
20 067.071 535.710 473414 414,001
2 053.127 523763 458.729 396.361
2 038.594 511070 443318 378.024
3 496.866 427.189 358.852
24 410293

b} 392.576

26 373928

n 353.705
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TABLE 7.1 (Continued)

Band 3-1 32
J Rd) (U] P(Y R &[] Py
0 66910.112 64839.359
1 912396 66906.528 841614 64835.682
2 913.900 905.016 66899314 43188 834423
8 914.766 903.003 894.153 Rd4.163 32,405 04823.598
4 914766 900,174 888.374 844,163 §29.708 I7.886
5 914.218 896.621 881.831 844,163 #26.349 811714
6 913.900 892373 874.768 842919 822.260 804.687
i 910912 887.416 $66.829 841083 817.595 797.030
8 908.169 381.830 $58.28% §38.592 812,156 TH.604
9 §75.404 848.956 §35.492 806.123 779.702
10 900.540 868.290 $39.079 831,666 799.304 770,068
il $95.900 860.607 §28.261 827.161 791957 759.551
2 890.268 852,050 816,869 §22.260 83,764
13 883.959 842.893 804.746 810,158 775.135
14 876853 833026 791.907 765.528
15 869.262 822339 778.427 755.452
16 860.607 811.050 764.288 744.615
17 851.649 799.019 733102
18 786238 720973

19 772.680 708058
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Band 40 51

J R() ou) PU) _RO) folé)) PU)

0 70356.162 69576.732

1 358303 70352.485 578.753 69573.049

2 359.679 351.007 580.144 571416

3 359.982 348.565 70339916 580.396 569.067 560.528
4 359.982 345438 333.905 580.144 565.891 554.504
5 358.879 341.547 327.075 578,970 561.901 547.667
6 357.065 336.808 319.492 577.082 557.1712 540.070
7 354.487 331343 31074 574.387 551.616 531650
8 351007 325.116 301.768 570.890 545.275 52247
9 346960 318.060 292.155 566,522 538.127 512411
10 341935 310239 281.342 561.536 530.182 501.630
11 336.306 301.768 269.838 555.560 521.442 490.179
12 329.764 292,155 257.537 548.862 511.922 477.772
13 322482 282.029 244.489 541352 501.630 464.586
14 314428 271.087 230.641 533.056 490.398 450.618
15 259.326 216.046 523949 478515 435.863
16 246.808 200.638 514.090 465814 420313
1”7 233.461 184.456 503.355 452329 403.943
18 219.381 167.435 491.836 437878 386,769
19 204.494 479.559 42812 368.877
20 188.783 466.368 406.876 350.114
21 172341 452329 390.148 330.592
2 155.164 437878 nsn a7
23 136982 42211 354.131 289.071
k2] 118177 405.669 334876 267.106
25 313997 244.297
26 295.167 220,621
2 273.105

2% 250.446

» 226.175
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TABLE 7.1 (Continued)

Band 6-1 1-1
J RO) Q) PO) R(Y Q) Py
0 70863.782
1 865.491 T0860.094 72107754
2 866,337 858.125 72114265 105919 .
3 $66.337 $55407 70847279 114.265 103,288
4 $65.491 851741 B40.812 113,506 099,761
5 §63.782 847.279 833,548 11915 095.303 081,643
6 861,321 $41.952 $25.418 109.390 090,099 073480
7 858.125 35833 16436 105919 083.823 064,575
8 853950 828919 806,684 101608 076,779 054.762
9 849.057 820198 796126 096402 068831 011054
10 843275 $12.633 784760 090099 059.990 032413
u $36.701 £03.293 772589 083399 050270 019.920
12 $20310 W31 759.612 075477 039.045 006,644
13 821198 782.102 745807 066741 02147 71992354
14 812,190 770.281 731164 057,130 012,799 971212
15 802465 757,619 002,499
16 44134 71988.365
17 729.674 . 973315
18 957.342
19 940.57)

20 922,826



TABLE 7.1 (Continued)

Band 7-2 8-2

J RU) QU) PQ) RO) Qn PU)
0 T0040.562 71259.7120

1 042509 036939 261.448 71256.469

2 043638 035.204 70029.604 262.191 254558 71248.880
3 043.638 032.695 024519 262.191 251810 243340
4 043.148 029313 018231 261232 248.115 236.857
5 041.631 025.053 011.242 259318 243.340 229.568
6 039.254 019.964 003.353 256469 237.795 221416
7 036,047 014,004 69994.681 252921 231389 212356
8 032,043 007.218 985.130 248.325 224.104 202.390
9 027.065 69999.519 974.698 242982 215950 191,603
10 021.324 991.026 963.531 236.857 206.909 179.803
" 014.628 9R1.669 951.329 229.568 196.979 167.179
2 007.218 971.431 938.468 221416 186.156 153.643
13 69999.031 960.379 924541 212350 174.463 139.265
14 989.725 948.448 909.851 202390 161.825 123547
15 979.623 935.627 894.356 191.904 148302 107.770
16 922.016 877.968 179.803 134251 090.624
17 907.532 860.704 167.179 118.591 073.027
18 153278 102278 053.780

19 084.850
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TABLE 7.1 (Continued)
Band 9-5
J R() Q) P
0 66383.467
1 385.300 66379.920
2 386.280 378.342
3 386.280 375.671
4 385.619 372353 66361.608
5 384.064 368.060 354.710
6 381.702 363.022 347.017
7 378.342 357.085 338.371
8 374353 350.353 328,982
9 369.447 342,759 318.731
10 363.498 334.290 307.681
1 357.085 325.025 295.755
12 349.547 314777 282,957
3 304.013
14 292.045
15 279.469

*indentify strongly bended lines.
“Doubling of columns in the data of the 0-0 and 0-1 bands for cach branch denotes the
perturbation regions and extra lincs.
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TABLE 7.2 Rovibronic term values of the A 'TI (v=0 to 9) state of *C"0

v=0' v=1

J 3 e r 3 e f

1 64754.17 64754.08 66207.32 66207.28
2 760.11 760.13 21334 213.31
3 769.14 769.25 222.52* 222,36
4 78111 781.35 23447 234.43
) 795.84 796.40 64827.74* 249.52 249.52
6 813.19 64827.82 81445 842.42 267.64 267.63
7 832.35 844.50 83532 859.78 288.75 288.69
8 85221 865.89 858.94 879.92 31293 31288
| 891.89 884.91 902.08 340.03 340.04
10 921.61 91281 929.87 37021 370.18
n 954.67 942.19 960.71 403.37 403.31
12 990.66 972.72 995.68 439.55 439.39
13 65029.37 65034.40 478.69 477.49
14 076.62 52075 521.50
15 i22.12 565.37 566.52
16 170.63 615.86 614.69
17 222.36 666.40 665.86
18 720.52 719.90
19 778.73
20 838.03
21 901.08

2 967.18*



TABLE 7.2 (Continued)

v=2 v=3

J 3 f c l’ 1§ I

1 6762270 67622.66 690006.22 69006.18 70356.16 70350.16
2 628.64 628.67 012.08 012,04 361,98 362.04°
3 637.57 637.58 020.85 02091 A70.08 370.02
4 649.60 649.51 032.69 032.65 38221 38220
5 664.40 664.53% 047.33 047.33 396.08 396.08
6 682.31 68225 064.91 06491 414,00 413,99
7 703.17 703.02 085.48 085.48 43425 434.25
8 726.99 721.10 108.96 108.93 45740 457412
9 753.78 753.87 13539 135.37 48345 483,43
10 783.56 783.03 164.71 164.68 512.34 51235
1 81631 816.38 196.96 197.00 544.08 544.28*
12 852.03 852.08 23222 23201 578.82 §78.74%
13 890.73 890.78 270.32 270.32 601630 616.30
14 93237 932.43% 336 3129 050.82 050.82
15 977.00 977.01 35221 355.24 700.15 700.12
16 68024.54 68024.60 402.19 402.12 74634 746.

17 075.07 075.15 451.74% 45181 795.31 795,30
18 128.54 128.60 504.01° Ri7.31
19 184.96 184.92* 560.11 902.12
20 244.31 244.38 959.75
21 306.64 300.68 71020.29
22 3771 371.90 083.75
23 439.65 440.05 149.84
24 509.72 511.06 218.95
25 584.90

26 661.43

27 740.02
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TABLE 7.2 (Continued)

v=5 v=6 v=1

J ¢ r e f ¢ r

I 7167280 71672.76 72959.85* 72959.80 74207.38 74207.42
2 678.46 678.41 965.20 965.12* 21297 212.88*
3 687.00 686.99 973.31 973.33 221.15 221.19
4 698.35 698.39 984.26 984.24 23225
5 712.64 712,61 997.98 997.99 246.02
6 729.70 729.74 73014.50 73014.52 262.59
7 749.66 749.68 033.88 033.89 281.89
8 77241 77247 056.09 056.11 303.97
9 798.08 798.09 081.14 081.17 328.78
10 820.55 826.56 109.02 109.01 356.36
1 857.89 857.86 139.68 139.72 386.69
12 891.99 892.02 173.17 17321 419.74 419.74
13 928.97 929.05* 209.47 209.52 455.56 455.57
14 968.78 968.76 248.61* 248.64 494.14 494.14
15 72011.43 72011.45 290.55 290.55 53546 53541
16 056.89 056,95 33540 335.27 579.40 579.47
17 105.20 105.29 382.63 6206.25
18 1560.33 1560.28* 67575
19 210.26 21029 728.04
20 267.04 267.03 782,98
21 326.56 326.61
22 388.97 38895
2 454.13 454,
24 522.06 521.90
25 592.70 59175
26 0667.25
27 743.12
28 821.98

29 902.82
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TABLE 7.2 (Continued)

v=8 v=9
] e f (] [
1 75426.53 75426.90* 76611.28 76611.24
2 431.88 432.21 616.62 616.69*
3 439.81* 440.29 624.54 624.50
4 450.61* 451.04 635.20 635.29
S 464.15 464.31* 648.56 048,55
6 480.29 480.43 664, 66458
7 499.13* 499.29 683.24 683,22
8 520.83 520.87 704.55 70458
9 545.11 545.20 728.60 T28.58
10 572.21 572.24 755.28 755.21
1 601.95 601.99 784.60 784.56
12 634.46 634.46 816.62* 81642
13 669.62 669.65 851.19 851.27
14 707.53 707.50 BERAI
15 748.06 748.06 928.44
16 791.70 791.69
17 837.34 837.30
18 885.88* 885.84
19 936.84 936.86

“Term values are given relative to X 'E* (v=0), J=0).

*Identify levels derived from strongly blended lines.

"Doubling of columns in the v=() level for both ¢ and f paritics denotes the perturbation
regions and extra lines
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lowest rotational levels by 2 cm” more from their unperturbed postions. The percentage
' character in the mixed A state levels can been seen from Table 7.3: since ¢ 'Y makes
no significant contribution to the transition moment, the '1 - 'S Hinl-London factors for

transitions to the mixed upper-state levels must be reduced accordingly.

The perturbation in v=6 arises from spin-orbit interaction with the Q = |
component of d *A; (v=12). Here, the interaction produces no A-type splittings in the

perturbed levels. A preliminary deperturbation analysis estimates the interaction matrix

element at close to 7 em™; the calculated A 'TT charcter of low-) levels is again shown

in Table 7.3 and should be used to reduce the Honl-London factors that would be

for iti to the deps ipper-stat ibronic levels.  The
perturbation of low-J levels in v=8 has not yet been analyzed. The occurrence of
sizable A-type doubling points to a £ perturber, possibly v=12 of e 'S and/or v = 20 of

F i P

In addition to the fourth positive bands of "'CO, the jet spectra contain a number

of atomic multiplets that can be attributed to '*C. The wavenumbers of these lines,

together with the corresponding transitions of ?C are given in Table 7.4 which compares

the observed isotope shifts Av with theoretical predictions by Clark (1984) based on

iguration Hartee-Fock ions of the so-called specific mas

ifts Av,. The
observed shifts represent the sum of the specific shifts Av, and of the more familiar
normal mass shifts Avy; the latter result from the dependence of the Rydberg constant on
the reduced mass of the electrons and always displace the transition of the heavier isotope

to higher wavenumbers (positive shift). For the three multiplets at 1329, 1335, and
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TABLE 7.3 Percentage 'TT character in mixed A state levels of *C'‘0*

A(v=0)" Alv=6)°
1 e f e,f
I 95% 95% 81%
2 94 94 83
3 93 9 86
4 91 93 89
5 87 92 91
6 76 920 93
7 54 86 95

HOned teom he pesnt \york and the results of a deperturbation analysis (Field 1993) for the

lower state levels of the B 'Z* — A 'TT (Angstrom) system of "C'*O (Rytel, 1970;
Janjié et al., 1972).

"Perturbed by ¢ ' (v=1).

“Perturbed by d ‘A, (v=12).
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TABLE 7.4 Wavenumbers and "*C isotope shifts (cm") for vacuum ultraviolet transition
of C, and C,

Observed Calculated
Transition v(*cy v('oy Av Avg av!
€, 1329 A
25°%2p*, ‘p-2s2p’, P 7525398 7525441 +043
239.72 24008 4036
23886 +038 +0.27 H0.38
237.56 .42
21186 4041
210.56 4049
C 1335 A
25°2p, 2257, D 74932.62 7493337 +0.75
§69.20 369.97 +0.77 +0.26 1086
806,68 K67.57 +089
C, 1561 A
252p°, 'P-252p", 6408986 6409 +0.69
07454 +04
073.44 Ll +15 023 +0.67
047.54 048.28 +0.74
046.45 047.15 +0.70
043,51 04410 +0.59
C, 1657 A
282p%, 'P-2572p3s. ‘P 6037673 60376.57 016
35264 35250 014
349.73 34959 .14 +021
33622 33607 015
317.02 3167 03
309.22 r
Cu 1931 A
25°2p%, 'D-25%2p3s, 'P" 5178917 _ 51789.00 017 018
aKauiman and Edlen (1974): Kelly (1987).

“Present work

CAVy=-VA(m/M)=-v*5.5x10™ A{1/M(amu)}, where m and M are the electron and nuclear misses
respectively. (see Clark,1984).

YAV = Avy + Av,, see Eq. [4] and Table I of Clark (1984); bused on Hartee Fock calenlations of
Av,

“Strongly blended lines.
"Outside the range of wavelengths recorded in the present work.
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1561 A the observations are in very sati y with the jions which

claim an accruacy of 10% - 20%. The negative, rather than positive, shifts of the
multiplet at 1657 A und of the strong singlet line at 1931 A support Clark’s (1984)
conclusion that the specific mass shift, although positive if the number of p electrons in
the upper state is greater than in the lower state, will be negative if there are more p

clectrons in the lower state and will tend to reduce, or even reverse the effects of the

positive normal shift.

7.4 Cone

The consistency of the A state term values in Table 7.2 with the B — A emission
data of Rytel (1970) and the B & X measurements of Eidelsberg et al. (1987) gives
reason fo believe that the energies relative to X 'S (v=0. J=0) for most of the A state
rovibronic levels displayed in Figure 7.1 have been established with an accuracy of about
+0.10em . Further evidence for the absence of gross measurements or calibration errors

comes from the close between the and d 1°C isotope shifts

in three muitiplets of Cyand C
As part of a study of the *CO/"CO abundance ratio in the atmosphere of {
Ophiuchi, Wannier, Penzias and Jenkins (1982) have calculated the wavelengths of the

progression of A <= X R(0) lines that can be observed in absorption from the ground

state of ''C'0. The conversion of these gths to for c
with the experimentally established term values (e levels) for J = 1 in Table 7.2 reveuls

discrepancies of 18.7, 4.4, and 1.7 cm™! for the 0-0, 1-0 and 6-0 transitions and smaller
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errors for transitions 1o v/ =2 to 5. Since the set of molecular parameters used in the

calculations has not been published, it is impossible to identify the origin of these
differences, although it appears likely that they may vesult from the filure of the
calculations to account for the many A state interactions with close-lying X and A levels.
A more recent study of CO abundances in the direction of § Ophiuchi by Sheffer et al.
(1992) helps to emphasize this point, These authors observe an interstellar featre at a
rest wavenumber of 72960.2 e, unquestionably the R(0) line in the (f¢-0) band of

A« X at 72959.85 cm” listed in Table 7.2, but they rejected this assignment because
of the poor agreement of the rest wavenumber with the predicted position by 3.6 em' to

the red region of the interstellar line where a much weaker feature, just barely visible

above noise, can be detected. As may be appreciated from an inspection of Fig. 7.1 and

from the discu.

sion of the preceding section, the discrepancy between prediction and
observation comes from the neglect of a consideration of the interaction of A(v=6) with
the lower-lying level d *A, (v=12) which pushes the lowest J levels in A 'T1 by as much

as 3 em” 1o higher energies. The correct modelling of the 6-0) interstellar lines must also

take into account the upper-state mixing ratios in with the daw in Table 7.3,

The results presented in this chapter have appeared in a publication (Haridass, C., and
Huber, K. P., Astrophys. J. 420, 433 (1994)). A reprint of this paper is included in the

Appendix.
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CHAPTER 8
COMET-TAIL (A *T1, - X *£*) SYSTEM OF *C"0*: REINVESTIGATION
8.1 Introduction
‘The spectra of the molecular ion CO* are of considerable importance for the

understanding of the chemical and physical processes that take place in the solar and

stellar ils and the i space. For example, the comet-tail

(AT, - X 2 system of CO* was first observed in the tail of the comet Morchouse
1908c by Pluvinel and Baldet (1909, 1911); strong evidence of CO* in Orion molecular
cloud 1 was provided by Erickson et al. (1981); CO* was the first terrestrial molecular

ion observed in the microwave region by Dixon and Woods (1975). This molecular ion

has also been used as 2 monitoring probe for chemical dynamics in the investigations of

the i rescarch and ion processes. The comet-tail system of CO*
which occurs in the region 3080 - 8500 A has applications in the study of radiative
heating of hypersonic spacecraft at escape velocity and in the atmospheric fringe of the
planet Venus which contains considerable amounts of CO,. Observation of the pure
rotational emission line of the neutral CO molecule from the interstellar space by Wilson

et al. (1970) proves that neutral CO has been by far the most abundant molccule in the

medium. From radi ical observations, the abundance rations "C/"*C
and '“O/"0 were obtained for the interstellar medium and are compared with the
theoretical models (see Audouze, 1977). Precise laboratory data on the spectra of CO and
CO* and their various isotopomers would be very useful in the study of their spectra

resulting from the astrophysical phenomena mentioned above.  With this objective in

223
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prespective, a sysiematic study of several electronic band systems of “C'*0, “C"*O,
C™*O, *C"*0*, *C"0*, and “'C'*0* has been undertaken in our laboratory. For example,
Prasad and Reddy (1988, 1989, and 1990) and Reddy and Prasad (1989a) performed
detailed rotational anlayses of the Herzberg (C 'Z* - A 'TT) and the Angstrom (B 'Z* -
A ') systems of "C™O and the comet-tail (A *TT, - X ’E*), the first-negative
(B2E* - X*Z*), and the Baldet -Johnson (B ’E* - A ™) systems of “C"0*. Molecular
constants for the X *Z*, A T, and BZ" states of '*C"“0* have been obtained by Haridass
ctal. (1992) by using a merge technique (Albritton et al., 1977 and Coxon, 1978). In this
paper the authors have analyzed the rotational structure of the individual bands of the
A-X system, and reanalyzed the data of the B-X (Rao, 1950 and Misra et al., 1987), and
B-A (Jukubek et al, 1987) systems, and the infrared (Davies and Rothwell, 1985) and
microwave data of the v=0, | and 2 levels (Sastry et al,, 1981 and Bogey et al., 1983).
The molecular constants and the band origins thus obtained from these analyses were
combined and all multiple estimates were reduced to a single set of values using a grand
merge procedure. It was believed that the non-smooth variations of molecular constants
in the A M, state, especially the higher-order constants such as D,, Ay, P, G, are
attribated to the neglect of perturbations. Recently Bembenek et al. (1994) recorded new
bands in the Baldet-Johnson (B*Z* - A °IT,) system of “C'*O* and performed rotational
analysis. In their analysis they have excluded the perurbed lines of the bands with a
common lower v”=0 level and claimed that the molecular constants of the B *Z* and
AN, states thus obtined slm\;/ a smooth variation with the vibrational quantum number

(v+1/2). These authors found that the A-doubling parameters p, and q, of the A [], state
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obtained by Hariduss et al. (1992) do not obey tradionally recognized polynomial
dependence on the vibrational quantum number (v+1/2). Wang et al. (1996) from our
laboratory recently analyzed the gamma (A *Z* - X *I1,) system of "N'™*O together with
the available infrared vibration-rotation absorption bands of the same isolopomer and
found that the A-doubling parameters p, and g, of the ground X T, state show a smooth
variation with (v+1/2). These authors have also discussed the nature of the signs of these
parameters. The information about the A *T1, state of CO' can be obtained from the
rotational anlaysis of the A-X and B-A systems and similarly the information about the

B 2Z* stute can be obtained from the rotational analysis of the B-A and B-X systems. The

present author (Haridass, 1990) reanalyzed the data of B-A system reported by Jakubek
etal. (1987)and those of the B-X system reported by Rao (1950) and Misra etal. (1987)

and obtained the merged molecular constants for the B, A, and X states. The constants

thus obtained agree well within the error limits with those reported by Jukubek et al,
(1987) and Misra et al. (1987). This agreement implics that our method of determining
the merged constants is basically correct. However, when Haridass etal. (1992) included
their data of the A-X system with those of Jakubek et al. (1987), Ruo (1950), Misr ¢t
al. (1987), infrared data of Davies und Rothwell (1985) and the microwave data of Sastry
et al. (1981) and Bogey et al. (1983) the variation in the values of the molecular constants
p, and ¢, as a function of (v+1/2) is found to be irregular. After publication of the paper
(Haridass et al., 1992) we have noted that in the recorded spectra there are some
systematic shifts of the rotational lines of several bands of the A-X system duc to inherent

difficulties in the experimental procedure. Because of this situation we now decided 1o
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make corrections to these shifts und reanalyze the data of the A-X system.

Weak perturbations in the A 2Tl v=0 state at 2.5 €J < 6.5 due to X *Z*, v=10
state resulting in extra lines of the sub-band of A I, - X *5*, which have been observed
by Katayama and Welsh (1981) in the laser-induced spectra of CO*.  Deperturbation
analysis for the A *T1, state of CO* from the available spectroscopic data (Bulthuis and
co-warkers, 1932, 1935; Rao, 1950: Katayama and Welsh, 1981) of the perturbed levels
A, v=l, 5, and 10 using a modem direct fitting approach was carried out by Coxon and

Foster (1982). These authors have also calculated an accurate RKR potential curve for

the X ¥ and tabulated the term vl

and the RKR turning points for high-lying

levels. R and sub analysis of the 0-0 band of the A-X

system of CO' using loser-induced fluorescence excitation was also carried out by Brown
et al. (1984),

In the present chapter, the rotational structure of 10 bands (4-0, 3-0, 2-0, 1-0
twith common v* =0), 01-1, 0-2, (-3, 0-4 (with common v’ =0), 2-1 and 1-1) photographed
under high resolution is analyzed. In our recorded spectra extra lines were not observed
and therefore we have analyzed the 0-1, (-2, 0-3, and 0-4 bands for rotational levels J >
6.5 but did not include lines with J < 6.5) because of perturbations, We have combined
the experimental data of the ten bands referred to above with those of the infrared data
of Davies and Rothwell (1985) and the microwave data of Bogey et al. (1983) for v=0,
1. 2, 3and 4, in a global fit, using an effective Hamiltonian for the *IT state given by
Brown et al. (1979) and the matrix elements for the *TT and E* states given by Amiot et

al. (1981) and Douay et al. (1988) and molecular constants were derived for the A I,
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and X I” states. From the values of the T, for the A, v =0 to 4 and X,

levels. the equilibrium vibrational constants were obtained for both states with respect 10

the X %, v=(.

8.2 Experimental Details

The molecular ion CO* was excited in the cathode column of the hollow - cathode
discharge tube. The high resolution spectra of seven bands were photographed on the 3.1
m Jarrell-Ash spectrograph equipped with a 1200 grooves/imm grating blazed at 1.4 pm,
five Fainds (40, 3-0, 2-0, 1-0, and 2-1) in the third order, and two bands (1-1 and 0-2)
in the seccond order. Three bands were photographed on the 2.0 m Bausch and Lomb
spectrograph, two bands (0-1 and 0-3) in the second order af & 1200 grooves/mm grating
blazed at 1.0 pm, and one band (0-4) in the third order of a 600 grooves/imm grating
blazed at 2.5 ym. The slit width was maintained at 30 pm for the former and 20 pm for

the latter. The reci ispersions of the spectra varicd from 0.60 A/mm

at 3820 A in the third order to 1.05 A/mm at 7200 A in the second order. Overlapping

orders of the spectra were eliminated by using Corning and Hoya glass fillers. “The

exposure times on the photographic plates (103 a-0, 103-F, and 1-N) varied from 45 min
to 12 hr. An Fe-Ne hollow-cathode lamp was used as source for the reference spectra
whose wavelengths were tuken from Crosswhite (1975). The spectral measurements mide
on the Gaertner Opticul Company comparator (Model M 1205C) have an accuracy of
40.03 A for the high resolution spectra.

8.3 Analysis of the Spectra
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The upper A T, state of the comet-tail system belongs to intermediate Hund’s case
() — case (b) (case (a) for small rotation and case (b) for large rotation) as shown later
in this section. Its lower state X *X* belongs to Hund's case (b). The rotational structure
of a band for « *TT, - £* transition exhibits 12 branches designated as * I, - *5* : Ryyee
Rug Ot Qs P 10 Prgand * Ty = 5 Ry Rigs Qs Grae P 41 Py 15
shown schematically in Fig. 8.1. The parity of the levels in the e/f notation is according
to Brown ct al. (1975). As the bands are degraded to longer wavelengths. the Ry
QuidRazs Ryjee and Qyy/Ryy, branches form four distinet heads of a band in the

order of . The effective Hamiltonian for the *I state discussed

in detail by Brown ct al. (1979) was used in the present work to analyze the rotational

structure of the comet-tail bands. The matrix elements of the Hamiltonian for the *I and

cs used in the present work are taken from Amiot et al. (1981) and Douay et al.
(1988).  The matrix clements of these Humiltonians which are relevant to the present
work are

T 4B x(x D -DsHx F 1P 2057, (xF 1)

A T - 05 A - 0.5 Ay [F+ 1+ B, X+ 1]-D, & [x° +3]

0.5p,x #q, X

T T, + 05 A, + 0.5 Ay, [X- 1]+ B, - 1] - D, x* [x* - 1]
T - By - 1] 4+ 2.0 DX (6P~ 1P £ 0.5, x %% - 1]'7, 1811
where B, and D, are the rotational constants, ¥, is the spin-rotation constant, A, and Ay,

are the spin-orbit constants, p and ¢ are the A-doubling constants, and x = (J + 0.5). The



o
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Figure 8.1 A schematic energy level diagram showing the first few rotational transitions

for all 12 branches of a band of a *I1, - 2E* system.
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upper and lower state signs + or # in the above matrix elements refer to the e/f levels.
respectively.
The rotational structure of a section of the (-2 band of the comet-tail system
photographed on the 3.4 m Jarrell-Ash spectrograph in the second order of the 1200

grooves/mm grating is shown in Fig. 8.2. In this figure the four heads and the ten

branches (out of the expected twelve) of their rotational structure are clearly identified.

It is to be noted that each of the branches, Qu/Pye in the Ty, - *Z* sub-band and

R, 3/Qye in the *T1y, - *Z* sub-bund form two close pairs and appear as one branch. The

intensities of the lines of the resolved puirs (Ryy, Que) and (Qyay, Pyy.) are found to be
approximately equal.  These pairs of branches give directly the spin-splitting in ine
ground *E* state.  To verify the observed intensity pattern of a band in the I, - *Z*

transition of CO*, intensities of the branches were calculated using the following

expressions given by Earls (1935):
Branches Line Strength S,
E::: (2 + 1) 5 (21 + DU [4F +4) + 1 -2)])/32)
Raan (20 + 1+ (21 + 1) U 477 + 4] - 7 + 2A1)/32)

(2 + D) |@)F +4)-1) = U@+ 12 -2 - 7+ 28} )/32JJ + 1)

(2 + 1) [P +41-1) £ U 8P + 122 - 2 + 1 - 20)])/323(J + 1)

(@14 1P £(2) + 1)U [45* +4) + 1-24])/32() + 1)
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Here U = [A* - 4 + (2) + IV[', L = A/B, A is the spin-orbit constant, and B is the

rotational constant. The upper and lower signs of notation % and # refer to the branches

arising from the *Tl,, -* £* and *M,, - *=* ctively. The caleulat

intensities are displayed in Figs. 8.3 and 8.4. Tn these figures. it is clearly seen that the

ratio ¢¥ the intensities of the unresolved pairs (Quaef/P e and Qyy /R,y

s approxinately
3:1 and that of the resolved pairs (Qyu and Py, and Qs and Py, is approximately 1:1.

In the case of the 1-0 and I-1 bands, i.e. bands with a common upper level, it was

possible to observe 12 branch

since the bands were strong and the rotational lines are
resolved.

To rule out the possibility of systematic shifts in the observed spectra due to
various experimental procedures, the spectra can in principle be calibrated with the atomic

lines of carbon and oxygen if they appear in the CO* spectrum itself.  However, these

atomic lines were not observed in the present work. The emission spectrum has the

advantage of displaying several bands involving the same upper vibrational levels and

therefore provides a critical check of the &

signments and systematic shifts.  As the

ground state rotational levels of CO* are known ac

rately, it is possible to calculate the
shifts for the bands arising from the same v’ and different v”, by combining the observed
wavenumbers of the rotational levels with the corresponding term values of the ground
state. The ground state term values for v=0, 1, 2, 3 and 4 for both ¢ and f levels are
calculated from the Dunham parameters and the spin-rotation constant y, given by Bogey
et al. (1983) and the G(v) values calculated by Coxon and Foster (1981). For example,

the rovibrational term values of A 2T, v=(), e and f levels are obtained by combining the
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observed wavenumbers of the (-1, 0-2, 0-3 and 0-4 bands of the A-X system to the
corresponding term values of the v=1, 2, 3 and 4 levels of the X *Z* state. The term
values of the v’=0) level calculated from the (-2 band are found to be consistently lower
by (.197 cm™ than those calculated from the 0-1, 0-3 and 0-4 bands. Using a similar
procedure, the rovibronic term values of the A [, v=1 and 2 levels are calculated by
combining the wavenumbers of the 1-0 and 1-1, 2-0 and 2-1 banas, respectively. of the
A-X system 1o the corresponding term values of the X 2I*, v/ =0 and 1 as mentioned
above. The calculated term values of the v'=1 level from the 1-0 band are found to be
consistently lower by 0.265 cm" than those calculated from the 1-1 band. A systematic
shilt was observed for the term values of the v'=2 level calculated from the 2-1 band with
those calculated from the 2-0 band and is found to be -0.113 ¢cm. The corrections for
the observed wavenumber of the (-2 band with respect to 0-1, 0-3 and 0-4 bands was
made by adding the constant value of 0.197 cm. Following the same procedure the
shifts of the other bands were corrected. After making these corrections for the
systematic shifts the rotational quantum numbers and the vacuum wavenumbers of the
spectral lines of all the ten bands (4-0, 3-0, 2-0, 1-0, 2-1, 1-1, 0-1, 0-2, 0-3, and 0-4) are
listed in Table 8.1.

In the present work, the wavenumber data of the ten bands. the infrared data of
the rovibronic spectra (Davies and Rothwell, 1985), and the microwave data of the v=0,

1,2, 3, and 4 levels both for the X *Z* state (Sastry et al., 1981 and Bogey et al., 1983),

a total of 2513 transitions were used simultaneously in a nonlinear least-squares fit. The

weights were culculated from the expression w = 1/6%, where G is the uncertainty for the
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TABLE 8.1 Vacuum wavenumbers (in erx") of the rotational lines of the bands of the
AT, - X 32 system of “C*0*

4-0 Band (A *Tly; - X5

3 Rud)) Raxl)) Qh) Q) Poatd)

05 26453235(21) 26449311( 5) 26448.690( 23) 26434741 §)
15 456850(-20)  44V.034(-11)  4d92TI-15) 1423 )
25 459.639%( 9) 447.875¢-13) 449.034( 12) 43220

35 461.506( 11) 445.827(-9) 447.875( 19 43200911 421.503(- 9)
45 462477(15) 442899 12)  HSTRS10) 426.106(-20) 412477¢-11)
53 462.515(-18) 439.038(- 4) 442.856( 19) 419.22%- &) 402576( )
6.5 461.702(- 3) 434.307( 8) A38.975(- 8) 40453 D 391749 Ty
7.5 459974(- 5) 428.663( 5) A34.244( 13) H02.781( 10) 380052 3
85 457.347(-7) 422.102(-17) H28.564(-17) A93175(-19) 367443 1)
95 453.822(- 6) 414.674(- 6) 422.014(-19) A82.6099-21) 3530670 19)
105 449403 2)  400.360( 19) 414.580(- 5) 371.335(-14) 5000 12)
1.5 444072 1) 70201 406,243 7) 59081 2y 21208 §)
125 4378500 11 380.941(-18) 396.990( 3) JS.0200 18) 08070 0)
135 430.698(- 4) 375.927( 13) 386.823(-13) RXIR L) 290997 S)
145 422.670( 10) 363.951(-14) 375.803( 21) 316.899( 23) 2730100 0)
155 413.703(- 9) 3SLNC5) 363.801(-23) 30LOISC 8) 54.119(-10)
165 403.861( 5) 332.351¢- ) 350.970( 9) 284.236(- 1) 234.34K(- 2)
175 393.086(- 5) 322.672(-14) 337214021 266.544(-20) 20367
185 381413 3) 307.123( 11) 322.528( 1) 247.99% 5) 192.098( B)
195 368.825(- 6) 290.632( 3) 306.954( 20) 228.495(-12) 169.621¢ 13)
205 355.380(48)  273.224(-11)  290.46K( 26) 208.114(- 7) 146226 1)
215 340.948( 27) 254.946( 15) 273.046( 6) 186.813(-17) 12192910y
225 325.583(-12) 235.716¢ 1) 254.728( 2) 164.610-21) 196.759( 1)
235 30934%-6)  215.606( 21) 235.497(- 4) 141.504(-20) 070.674¢ 1%)
245 194.568( 27) 215.301(-61) NS4 6) (M3.665( 8)
255 172.592( 10) 194.305(- 4) 192.597( 14) 015.774¢ 22)
265 149.700(- 6) 172330(-11) 066.717(-30) 259K6.965( 2

215 125.908(- 5) 149.435(:21) 040.015¢ 15) 957217 5)
285 101.196(- 5) 012.321(-19) 926.591(- 5)
295 ROS.0600 )
30.5 ROL547(-08)
315 923.907( 31) #29.2500- 9)
325 T95.004¢ 1)
335 ¥60.300(-22)

345 827.167(- 2)

355 793.121(23)
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TABLE 8.1 (Continued)

40 Band (A Tl - X ’E)

I Ryl Qi) Quzalh) Pueld) Py}

0.5 26328246( 8)

1.5 3307290 11)  26324.294(-5)  26316.452( 4)

25 334.240( 10) 323.864( 20) 312.055(-12)  26316.452( 27)

35 335.782( 7) 322.413(-9) 306.717(- 3) 312055(20)  26296.329(- 5)

4.5 336.337(-15) 320.036( 3) 300.406( 0) 306.683( 4) 287.067( 14)
335.961( 0) 316.691( 14) 293.117(- 9) 300.331(-25) 276.806(- 2)
334.584(-19) 312.366( 11) 284.884( 4) 293.050(-17) 265.562(-35)
332.263(-16) 307.078( 11) 275.652(-17) 284.831( 19) 253.407(-14)
328.974(-13) 300.813¢- 1) 265.490(- 4) 275.610( 18) 240.277(- 5)
324.7200- 9) 293.611( 16) 254.344(- 9) 265.397(-10) 226.182( 2)
319.515( 1) 285.407(- 4) 242251C 1) 254.258( 0) 21LILIE- 5)
313.305(- 8) 276.254(- 9) 229.173(-10) 242.148( 3) 195.096( 6)
306.168( 11) 266.167( 15) 215.171( 18) 229.055(-14) 178.107( 4)
298.036( 0) 255.099( 22) 200.165( 3) 215.048( 18) 160.139(-18)
288.944(- 6) 243.060( 20) 184.225( 15) 200.040( 10) 141.255( 4)
278.918( 18) 230.042( 1) 167.291(- 7) 184.079( 10) 121.381(- 6)
267.886( 0) 216.070(-10) 149.435( 9) 167.160( 13) 100.578( 12)
255.891(-18) 201.156(- 3) 130.587(- 8) 149.234(-32) 078791 2)
2429700 1) 185.272(- 6) 110811( 5) 130.429¢ 3) 056,059 3)
229.084( 18) 168.419(-18) 090.068( 8) 110.622(- 6) 032.376( 7)
214.225( 23) 150.631(- 7) 068.360( 3) 089.853(-20) 007.712(-16)
198.376( 0) 131.8G5(-15)  045.677(-22) 068.155(- 6)  25982.118(-17)
1R1.605( 16) 12,176 11) 022.111( 26) 045.506( 12) 955.603( 13)
163.846( 5) 091.482(-11)  25997.525( 7) 021.858(-14) 928.061(-33)

145.154(21)  069.867( 2)  971992(-5)  25997.303( 8) 899.653( 4)
125.466( 0)  047.270¢11)  945.512-11)  97L751(-14)
104834(-5)  023.747( 6)  9I8.081¢-17)  945.269(-13)
O83.283(29)  25999.241(-7)  889.733( 12) 917.824(-23)
060.726(17)  973.812(12)  860412(19)  §89.448(-13)
037.179(-28) 860.101(-24)
Q12.762( 16) 829.818(-20)
798.645( 43)




TABLE 8.1 (Continued)

3-0 Band (A °TI

I Rue) Rau()) Q) Quah) Pal)

24994.994(- ) 24994.307C §)  24990.369( 6)
25002687(29)  994.834(- 3) 994994 10y Y8V 5)
005.577( 200 993.806(-14) 994.834( 20} 982.994(- 1) 24975.325- §)

007.611( 12) 991.925(-22) 993.R00( 18) 978.039(- 7) V67,313 10)
008.814( 29) 989.230(12) 991925 19) 972.215(-16) 9SKA12- T
009.128( 15) U85.659(27)  9RV.147(-21) 965.548(-11) QIRONTC )
008.584( 2) 981.213(25)  985.559(-13) 958.024(- 8) YIBORYC 1)
007.196( 3) 975.884(- 1) 981097(-22) 949.636(-12) 920.636(- 2)
004.956( 13) 969.726( 2) 975.794(-14) 940.381(-27) YL T
001.833( 0) 962.703( 0) 969.658( 21y 930.283(-27) YOLITC D
24997.853(- 8) 954.822( 1) 962.593(-14) 919.335(-10 NR7.155¢-
993.024(- 2) 946.081( 4) 4 872200 1)
987.317(-10) 936.450(-15)  945.950(-13) HS0.567( 1)
980.760(- 3) 925.991(-10)  936.340(- 8) 881.359( 27) §39.973 5)
973.325(- 8) 914,666(- 1) BO6.918(-19) K 4(-28)
965.013(-23) 902471 4) 9145510 25) 851.672(- 9) B04.234( 18)
955.854(-16) 889.383(-18) 902322 5) §35.540(-15) THS063 12)
B75.474( &) 889.243( 2) RIBSYI( 13) 765.039¢ 14)

860.666( 3) 875320 22) BO0.737( 6) 44147 )

844.983(- 7) B60.506( 21) 752018 0) 722.379¢-10)

828.440(- 5) B44.790(-13) T62.453( 14) 69.771(- 5)

RI1.033( 4) 828.250( 0) 7420000 8) 676.299(- 1)

B10.837(13) 720.688( 1) 651.954(- 5)

773.554(-20) 792.529( 4) 6Y8.484(- 8) 626.764( 11)

753.523(-10) 773.343(- 8) 675.446( 9) 600.701¢ 21)

732.605(-11) 651.507(- 4) ST3T30(-11)

T10.801(-19) 732.370(- 4) 626.718¢ 6) S45.918(-15)

G88.142(- 3) 601.038(- 2) 517.284( 28)

S74.503 )
547.077C 5)
SIRTRIC13)
489.55K(-41)
459.542(- 3)
335 428.642( 30)




TABLE 8.1 (Continued)
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30 Band (A Ty, - X )

Rueld)

Quuld)

Q)

Pield)

P

16.5

24873.949%( 3)

K77.514(- 6)
80.163(- 1)
B81.887( 8)
882.581(-43)
R§2.533( 14)
881.441(- )
79.421(:20)
£76.504(- 4)
K72.646( 0)
R67.836(-21)
862.138(- 1)
855.495( 2)
$47.898(-23)
839.399(-22)
£29.981(-14)
819.649( 6)
R08.353(-13)
796.169( 5)
T804 4)
T6K.986(- 1)
7S4.018( 5)
73813 15)
721.329( 33)
703.550(- 3)
684.881(- 8)
665.298(- 5)
644.804( 8)
623.337(-31)
601038 18)
ST1750( 5)

24K70.019( 12)
869.650( )
B6RITI( 15)
$66.147( 10)
63,002 13)
858.931( 19)
$53.929( 22)
847.971(- 3)
K41.126( 12)

50( 23)

824.634(21)

8$14.943(:30)

R04.400(- 8)

792.928( 10)

TROSI( 14)

767.187( 21)

752.902(- 4)

TII 3)

721.626( 8)

T04.589(- 3)

686.639(- 7)

667.774(- )

647.983(-12)

622.291(- 1)

605.662(- §)

583.141( 10)

559.678( 4)

535.301(- 1)

510.040( 27)

483.825(17)

456.675(-14)

428.642(-12)

399.685(:21)

24862.138(-17)
857.867(- 2)
852.639(-15)
846.483(-27)
839.462( 24)
831.442( 4)
822.494(-16)
812.676( 20)
801.897( 23)
790.174( 6)
777.545( 10)
763.994( 15)
749.521( 23)
734.114( 20)
TIT.785( 17)
700.524( 3)
682331(:21)
663.240(-23)
643.253(- 2)
622.336( 8)
600.523( 39)
577.756( 33)
554.074( 29)
529.426(-25)
503.922(-21)

24839.399( 20)
831.368(- 2)
822.441( 8)
812.566(- 3)
801.785( 6)
790070 7)
T77.437( 15)
763.846(-10)
749.369( 3)
733.881(-72)
T17.600(-18)
00367C 6)
682.177(- 6)
A63.078(- 8)
643.072( 4)
622.100(-33)
600.278(- 1)
S77.503(- 6)
553.852( 30)
529.240¢ 21)
503.725( 23)
477.260(-10)
449.898(-27)
421719 52)
392.456(-41)

24842,159( 23)
§32.991( 3)
$22.895(-17)
B11.897(-11)
799.963(-15)
TH7.135( 13)
773.343( 2)
758.641( 6)
743.000(- 5)
726.452(- 1)
709.003( 25)
690.575(- 7)
671.251(-14)
650.996(-33)
629.832(-43)
607.810( 8)
584.793(-21)
560.917( 8)
536.085(- 4)
510.348(- 8)
483.741( 31)
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2-0 Band (A °T1,,

Raedd)

Ra()

Qul)

LD

295
305
3Ls

23521.758(-15)
524.811C 1)
527.011(-19)
528.431(- )
529.012(- 5)
528.769(-14)
521.736( 6)
525.857( 1)
523.168( 7)
519.645( 1)
515.302(- 1)
510.140( 2)
504.151( 3)
497.323(- 8)
489.665(-21)
481.215( 3)
471.902(- 5)
461.749(-22)
450.802( 0)
438.982(-16)
426.353(- 6)
412.872(-12)

S05.558( 9)
501.428( 24)
496.462( 23)
490.670( 15)
484.057( 6)

468.391( 14)
459309( 3)
449.415( 4)
438.699( )
427.156( 12)
414778 7)
401.572( 4)
37.554( 17)
372.686( 12)
356.988( 8)
340.452( 0)
323.002( 1)
304.905( 11)
285.864( 4)
265.990( 1)
245.307( 28)

514.029( 24)
513921(-14)
SI3.057( )
511.362( 16)
508.845( 18)
505.469¢:21)
501.326(- 9)
496362 )
490.554(-15)

476.560( 46)
468.270( 7)
A59.173(-10)
449.278(- 1)
438.555( 5)
426.976(-18)
414.603(- 8)
401.425( 25)
387.401( 42)
372.485(- 2)
356.788( 4)
340.240(- 8)
322.868(- 9)
304.709( 38)

23509324 3)
500.125(- 4)
SO2.113¢ 9)
497.323( 24)
491.667( 6)
AB5197(-10)
4T1.934(- 2)
469.839(-10)
460929(-16)
451.216(- )
SH0.063¢-19)
4293111
703 9)
A04.143¢ 0y
390.333( 1)
375.689( 1)
360.213( 2)
343922 2)
326.799(- 5)
A0RB7I N
290.108( 15)
270.516( 21)
250.084( 15)
228.835( 22)
206.742( 16)
183.824( 18)
160.084( 30)
135.489( 21)
110.063( 16)
O83.829( 40
056.669(-26)
028779 16)

23501 428(-

494.309(
480
AT1.603(
468.133(

451743

446.558(
A34.552(
421.729(
A08.003¢
303.030¢
3700

362.260(-

71(

327.622(-

309,083
29.711(
209.514(
248.498(
220.659(
204.002(
180.504(

A0
15)

-2

1
1)
E)
1
2
n
L1}
il
101
Ky
1
"
Ll
®
o)
7
9
17
10y

156.202( 25)

131,020

13)

105.017(-44)

078.240(-

14)

050.674( 4d)

.17
22992 KK4(

7
n
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TABLE 8.1 (Continucd)

2-0 Band (A M, - X *£*)

J Ried) Quel)) Qi) Puecd) Pual)

05 23392.855( 6)
15 396.516(-2)  23388910( 0)  23381.048(-10)
399.304( 10) 388.662( 18) 376.858(- 9)

401.179¢ ) 387.488( 2) 371.766(-18)

402.067(- 5) 385.439( 2) 365.786(-24) 2 14- 3)
402.283( 10) 382.505( 7) 358.932(-14) 3 33021
401.503( 20 378.684( 17) 351.159(-33) 331422 5)
399.799(- 2) 373.966( 20) 342.529(-20) 319736 3
397.221¢- 7) 368.365( 29) 332.981(-35) 307.151¢-10)
393.791( 26) 361.870( 34) 322.571(-24) 293.696(- 6)
389.423( 12) 354.436(-11)  311.296¢ 10) 279.343(-14)
384.174( 7) 346.186( 17) 299.071(-19) 264.125( 0)
378.048( 14) 337.019( 15) 285.992(-15) 248.020( 11)

371016( 5) 326.930(-22) 272.034(- 4)  23285.864(-20) 230.989(-20)
363.097(- 3) 316017 4) 257.194C 9) 271.907( 1) 213.113(-13)

354.301C 0) 304.189( 1) 241.438(- 9) 257.057( 13) 194.353¢- 7)
344.620( 6) 291.477(- 1) 224.821(- 5) 241.296(- 1) 174.723( 10)
334.031(- 9) 277.872(-11) 207.324( 2) 224.655(-12) 154.176(-10)
322.571(- 8) 263.415( 11) 188.932(- 5) 207.158( 4) 132.747(-33)

310.243C 1) 248.043( 1) 169.688( 18) 188.769( 10)
297.009¢ 9) 231L.797(- 1) 149.512(-i1) 169.498( 15)

282.888( 6) 214.682( 10) 128.516( 19) 149.345( 18)
267.893( 13) 196.667( 3) 106.602( 10) 128.300( 8)
251991(- 3) 177.787( 11) 083.829( 20) 106.395( 17)
235.219(- 5) 158.013( 5) 083.571(-15)
217.581( 10) 137.373( 13) 059.918( 0)
199.055( 21) 115.840( 6) 035.402( 29)
179.639( 23) 093.423(- 6)
070.141(- 6)
295 045.961(-26)
0.5 020965( 14)

3Ls 22995.055( 16)



5
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TABLE 8.1 (Continued)

1-0 Band (A Tl -

J RaelD) Rul) Quud) Q) Paedd)

05 220103190 2) 22006434 18)  22005617(20) 22001652 7

15 014.284( 15) 000.462( 7 006399 4)  20WRAT(2D)  2200L65K ) 2AMISIH D
25 017.447( 3) 005231 15) 006.434( 2) YOA68C 100 2AIRSISC I OR6ISKC 6)
35 019.852(10) 004207 5) 005.706( 21) ONUO4R( 1) YUASOR( 12)

45 021.478( 16) 001912 3) 004.178¢ 17) OB4AGS(- B)  ORODOIC 10N 9700320 16y
55 022.307C 3)  21998.855( 16) 001.869( 10) 9IB2ATCI0)  RIAIK(C 5

65 022.382( 15) 994.988(-3)  21998.782( 2) 971233 9) 9IRATISE D 9SOTIRCA1)
75 021.664( 14) 990.383( 20) 9949310 9) 963433 0) OTLIG00 5)  VILKGS( 22)
85 020.160( 7) 984961( 5) 990.294( B 9S4875( 10) 963363 7 YRASIC LN
95 017.883( 9) 978.788( 20) 9R4BB0( 1) 9455360 16)  9S4RO0(21)  9IS60d( 12)
105 O14.814¢ 2) 971.814( 16) 978.690( 18) 935.396( 1) 02403 13)
s 010.963(- 4) 964054 8) 97LT1IC 1K) NSRS O
125 0063500 13) 9555190 8) 963.947( 15) Y266 D KT
135 00091111 946.188(- 3) 955,408 20) 900.339(- 3) 9126990 15)  §57.9540 17)
145 21994.683(-36)  936.099( 13) 946.076( 17) BRTIOSCI0) 90023820 KALSGOC )
155 987.736( 7) 925.192(- 3) 935951C 6) B73.067C 1) REZ005(S1) K244060 0)
165 9799590 10) 913521 5) 925.046( 1) RSB254(C O) RT29300200  K00ATOC 0)
175 901.054( 5) 913368( 1) RA2650(- B) TRITIOA 1)
185 962.025( 7) 887.793C 1) 900.894( 13) R26.274(- 2) RI2A0M ) TORASSL 1)
195 951853(-10) BT3.768( 22) BR.632( 17) BOA200 1D K20A07C B 242900(-12)
205 BSB10( 3) B13.565( 6) LIS B 7209210 15)
215 929.151(:20) B43.268(- 8) 8587120 1) 724120 ) TS.053- )
25 91662011 826.805(-46) 843.031(-40) 752865(-16) 6R2409(-12)
235 903.281¢-12) H09.616(-14) 732.544(-16) GSKI9M- 7)
245 889.178(22) 791.601(-13) 71141831 6.783(- 9)
25.5 T72.781(-20) 689.525(-21) G903 6)
26.5 753.169(-21) 666.435(-16)
275 752931(- 9) 643.319(-44)
285 732515(- 5) 619.043(-:37)

29.5 689.525(-33) 593961(-42)
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TABLE 8.1 (Continued)

10 Band (A M1, - X ’L)

J Riuel) Rizfd) Quilh) Q) Pueed) Pianl)

05 21885.112( 3)  218RLIY4C10)

&} HBRBBI( 9) HB1044023)  2088L194(24)  21873.323( 5)

891784( 3) 840010 5) 881.015( 17) 869.220(- 1) 21873.323(27)

RYIES4( 18) 878138 2) 879.989( 16) 864.265(- 6) 869.206(16)  21853.511( 23)

895.037( ) RIS 4) B78.110( 15) BSRABOC 12) 864.233( 3) B44.615( 10)

RYS38U( 5) B71.863( 25) B75.358(- 5) K51.804(- 8) 858.438( 20) RIES7(-12)

BYARTI(- 1) HG7.410( 0 871.790( 12) 844.321017) 851762 9) §24.297( 15)
7.5 R93.538( 20) H62.125¢- 5) 867.334(- 7) 835.960( 16) 8442440 9) 8128440 0)
85 K91314( 9) 850,000 1) 862.055( 2) 8267600 27)  B35.8B4(17) B00.577( 20)
95 BBB.239(- 1) 849.039( 22) 855.927( 14) 816.693(21)  826.665( 18) 787.440( 21)
10.5 R340 17) BALISIC- 4) 8489300 8) 805779(18) 816593 17) TI3.448( 14)

R79.560( 6) BI2.49K(- 6) 841.096( 15) 7940120 11)  BOS.673( 16) 58.617( 16)

87395017 822975¢ 1) 8324110 21) 793.889( 1) 742.927C 6)

HO7.459(- 4) R12.575(-20) B22.848(- 3) 767.951( 13) 726411( 16)

KO0.154( 12) KO1.400( 30) R12467( 4) 753.646( 10) 767.814( 8) 709.033( 8)

851977( 6) 7R3 15) K01.237( 8) 738.505( 16) 753.495( 0) 690.810¢- 1)

BA2.966( 14) 789.162( 15) 722512(15)  738351(12) 671.765¢ 11y

833.105( 20) 762625 9) 7762230 3 705.684( 23) 722.345( 8) 6S1.880( 24)

R22383(13) 748.008(- 1) 762460( 12) 687.998( 16) 705499( 7) 631.110(- 7)

B10.825(17) 7325680 10) 741.831(- 1) 669.477( 16) GB7.807( 3) 609.534(- 5)

T98410( 10) 716.283( 18) 732.390( 18) 650.109010)  669.287( 13)

785.155( 9) 716.066(- 3) 629.892(- 5) 649.909( 6)

771.042(- 5) 698924(- 1) GOBBAS(-11)  629.671(-21)

756.111¢ ) 6HO.940( 1) GOB.658( 16)

TH0318¢ 2) 662.122( 8)

723.689( 4) 642.445(- 3)

706212( 0) 621.928(-16)

GHT.896( 0) 600.597(- 5)

G68.7301(- 8)
G48.687(-53)




TABLE 8.1 (Continued)

2-1 Band (A 'Tl,,, - X *X)

J Rild) U] Qul) 2al)) Paat )
21333.999(- 1) 0.140( 4) 342 4
337.892( 1) 330.156( 5) 0.113¢- 9) 20322330 N
341.005( 2) 329.393( §) LA B
343.327(-10) 327.853( 6) 3 42(-15) 21302.890( 0)
344.899( 7) 325528 1) 327811 § 04337 D
345.664(- 3) 3224300 2) 325.472(- 5) 302.092( 7) 284993 0)
345.664( 2) 318.560( 12) 322.356(-13) 295.070-11) 274.900( 9)
344.868(- 7) 313.886(- ) 318.482( 2) W97 264001 4)
343302(- 4) 308.453( 6) 313.804(- 7) RIS B M- 8
340.962( 9) 302.216(- 1) 308.361( 0) 269.378¢-17) 2390900 1
337.813(- 4) 205.216( 0) 302.114(-14) GO81C )
333.899( 4) 287.417(- §) 295.102(-10y 248.359(-12) 212.672(-10)
329.188( 1) 278.860( 1) W33 236.600( ) 197.808(- 5)
323.690(- 2) 269493 6) 278.720- 7) 24.212- §) 182052 %)
317411( 3) 2 5 269.360( 4) 210,975 6) 1660060 1)
31033, 4) 248.400(- 2) 259.202( 4) 196952 17) LIS470(- 7)
3024700 0) 236673 3) 248.265( 13) 182.122( 6) 1309500 6)
293.802(-11) 224.160( 1) 236.511(- 6) 166.501(-10)
284.356(- 7) 210.844(- 8) 223971(-21) 1501280 9) e
274.122( 4) 196.754( 2) 210.681( 6) 1329490 9) 072.559(-10)
181.855(- 3) 196.551(-15) 114.976( 5) 051.522
251.236(- 3) 181.649(-15) M96.215( 2) 029.093
238.609( 6) 149.676(-10) 165.949(-18) 076668 3 O7.087(- 2
225.157(-10) 132.390(-15) 149.471¢- 3) 056303(21)  20983.674(-1d)
210.921(- 8) 114.308(-18) 132178(- 5) 035.167(-24) 959.4900- 8)
095.436(-12) 114.067(-28) 013.244(-24)
075.754(-15) 095.189(-19) 200990.524(-20)

2.5 055.263(-26) 967.001(-:26)



246

TABLE 8.1 (Continued)

2-1 Band (A Ty, - X '2")

1 Ryyl) Quuh) ) P Py (D)
05 21208.921(- 1)
15 202627 §)  21205031C 4)  21197.268( 16)
25 215491( 3) 204.841¢ 4) 193.183( 9)
x5 217487 0) 203.805¢ 1) 188.239(- 5) 21193.150( 8) 21177.600( 7)
4.5 218.631(- 1) 201.896(- 1) 182.450(-10) 188.199(- 4) 168.758(- 9)
55 218917 6) 199.143(- 5) 1758300 5) 182415( 4 159.097¢ 7
218371C 10) 195,553 7) 168.332(- 5) 175.761- 5) 148.558(- 4
216937(- 9) 191.082(- 9) 160.008( 10) 168.276( 7) 137083 1)
214.680( 8) 185787 2) 150.803(- 5) 159917(- 4) 124.935(-18)
211564 7) 179.639( 11 140772 5) 150.716(- 6) 11877 2)
207.588( 4) 172621C 1 129881 4) 140.669¢- 3) 097.948( 0)
202.766( 7) 164.750(-11) 1B.151C 13) 129.776( 3) 083.170(- 3)
197.079¢- 3) 156.055( 2) 105.545(- 5) 118.025( 1) 067.542(-10)
190.553(- 2) 146.486(- 9) 092.120( 5) 105.423 051.077(- 8)
183.179¢ 2) 136.096( 6) 077.838( 6) 091.983( 0) 033.782( 9)
174952 3) 124839 3) 062.713¢ 9) 077.698( 6) 015.613(- 4)
165.877( 5) 112.727(- 9) 046.728(- 3) 062.562( 7) 20996.607(-11)
155.946( 0) 099790 1) 029919( 6) 046.573( 0) 976.774(- 3)
145.166(- 5) 086.008( 12) 012.243¢- 9) 029.736(-10) 956.099( 4)
133557 8) 071.357(- 2) 20993.763( 15) 012.067(- 8)
12L069(-10) 055.876(- 1) 974.395(- 7) 20993.537(-25)
107.751(-11) 039.535(-17) 974.195(-12)
W3.601( 2) 022372(-11)
078.594¢ B 004.350(-23)
062730(- 7). 20985.507(-13)
046.017(-21) 965.807(-20)
028.487(- 7)

010.,094(-13)
20990.846(-30)




TABLE 8.1 (Continued)

247

1-1 Band (A °11,,

Raeld)

Ryn(h)

Quudh)

Quald)

Paadd

Vo

25
305
35

19830395 9)
$33.621(-16)
836157 7)
837.914(- 8)
838.961( 6)
839.219(-27)
$38.770(-25)
837.623( 21)
R35.676( 10)
§32.994( 9)
829.542(-17)
§25.402( 16)
$20.480( 15)
814.794(- 2)
808361 (-16)
R01.214( 7)
WITI(- B)
784.620( 10)

764.990(- 4)
754.032(-19)
742.3214-29)
720893 3)
716.651¢-1%)

19822.520(-14)
822,615(-33)
$22014(-10)

36)

H(-15)

BIS726( 8)

B12153( 18)

SOTR13( 1)

802.735(-12)

796929-11)

790.36%(-20)

783.089(- 5)

775062 ¥)

7567450 1)
746.426(-26)

723.626(-14)
7ILN2A 4)
GUTRIAC1T)
ORI 18)
669.004( 10)
653.444(- 2)
637.127(-15)
620081 1)
602.273( 13)
5R3.702( 22)
564.313(-:26)
544.268(31)
523.367(- 6)
SOLT3C11)

198225200 0)
K22.615¢100
966(-26)
§20.625( 4)
RIBA459(-50)
RIS.631(-28)
060- §)
§07.757(22)
802.641(:20)
T96.844(- 1)
790.268(-17)
782.954(:27)
774923 9)
766.119¢17)

735.263( )
723.466(- 7)
7109290 3)

697.623(-15)
683.593( 2)
668.769(-21)
653.244( 1)

602.060( 40)
583.424(-7)
564.1000 19)

523,097 0)

479.077(19)

9817.758¢- 181
SI4T120- )
8109220- 3
S00.385(- §)
SO0LI28C 5)
T95104-11)
T88IS6(-12)
TROKTS(- 4)
772651 6)
763.672(-20)
753983 3
73.523(-16)
M3 T)
720397¢-21)
07.733¢-10)
W43100-14)
GROISA(- 6
665.273¢ 24)
9.617( 26)
GIRIKIC 1)

S98.160( 30)
S4TI- 3)
SG0.083C 1)
9.924( 9)
519.047( 42)
497.342( 1)
A4.907¢-15)
a51.741(- )
421.749(-28)

10817758 5)
814071200
SI0878(-16)
S06.339(- 14
S01.069(- 5)
795.046(-10)
THR.2637)
TRO.7IS-30)
T7255417)
763.577:20)
TSIET- D)
7434190 T)
732.208:20)
720.200-27)
TO7.587(-16)
094.155(-19)
ORO.008( 7)
065.050-31)
404190 )

L)

6158500 12)

SYT93C11)

579262 1)

SSOKI(-32)

SIBTRR( 23)
497.132( 40y
474,660 4)
4SS5I 38)
427.57H( 3T)
4028500 6}
377408 19)
351,20 33
324214012
2964810 13)

198030541 5)
5

TITRIN M
767.934( 1)
757.3020 N
TSY22- T
7338250 00
T0.995( 1)
07408 )
693.067(- )
677.003.20)
22190100
(50050 1)

028,

- )
610.327-17)
S91.5490:20)
572053 3
SSLRO419)
S30.78d( 1)
S09.019( 2)
A80.533( 22)
HO3.298( 4

4145130 10)
IHO.016( 15)
362.742(- 5)
[ERARTE



TABLE 8.1 (Continucd)

248

11 Band (A *T, - X ')

) Ry Ryyl)) Qi) Q) Pyeld) Pl
05 197011827 19697.271(-30)
5 T04.966(-24) 697222 7)  19697271(-16)  19689.475(-37)

710.135(- 9)
711.499( 2)
712027(- §)
711.755(- 2)
710.625(-38)
T0BIGS( 10)
06038 6)
T2480(-16)
WRI31(-14)
692961(-21)
GR6.975(-31)
6§0.200(-19)
672.632( 12)
6064.194(-16)
654.986(- 5)
644.947(-15)
6341320 7)
622.454(-25)
610.015(¢-11)
596.754(-12)
SK2.694(- 6)
SGT837( 8)
S52.050¢- 2)
535,664~ 8)
SN 4
SKINTC 18)

096311(- 2)
694.575(-20)
692.040(-23)
GRRT28( 12)
684.530(-24)
619K 5)
GTATRA- 9)
667.162(-28)
659784 1)
651.545(- 7)
648252 6)
632674 2)
622009(- 8)
6105710 16)
598271-13)
585.178(-29)
571.294-30)

697.177(-15)
696.259(-22)
694.536(-19)
692.037( 24)
GRB.671( 14)
684.440(-41)
679.479(:23)
673.706( 1)
667.066(-29)
659.634(-38)
651.4291-10)
642.378(-17)
632.503(-37)
621.869(- 8)
610382(:23)
598.084(-42)
585.061( 21)
571.123(:25)
556.437(-14)
540.933(-16)
524.660( 16)
507.529(- 7)
489.623(- 3)
470915( 0)
451.430( 26)
431112019

685.513(-16)
680.719¢-12)
675.102(-16)
668.670(-20)
661464¢ 16)
653397 4)
644525 0)
634856( 12)
624344(- )
613.035(-14)
600939( 2)
587.995(-19)
SH273C11)
559.740(- 6)
544.408( 6)
528244(- 8)
511306( 9)
493561( 22)
474947(-31)

19689.475(-14)
685.461(-36)
GROGTR(-12)
675.058(-10)
668632 1)
661.353(-27)
653.329(13)
644.428(-11)
634.740(- 9)
624.222(-26)
612913(-23)
600812(-2)
587.862(-21)
5741610 17)
559.561(-36)
544.220(-23)
528.069(-15)
511137 16)
493.347(- 6)
474.805(22)
455434(23)
435.267(28)
142760 10)

369929 4)
346.582( 24)
322.445( 50)

19669.951( 3)

661.218¢:37)
651757 10)
6414300 3)
630.283(-10)
618.337-11)
605.596( 4)
592,029 4)
577.648( 0)
562.474( 10)
546.480( 9)
529.668(- 4)
512.046(-22)
493.632(-27)

454.420(-12)
433.633( 16)
411.987(-14)
389.599( 12)
366.327-47)
3423600 5)

V194715



249
TABLE 8.1 (Continued)

0-1 Band (A °Tl,, - X 59

L) Rue) Ren() Qud)) Panh)
05 IR286.503( 14)

L5 287.353(-40)

25 287.602( 2) 18267.912(-21)
33 287.093(-16) 200.358( )
45 2859220 3) L086( 3
55 284.001(-28) L103(- 9)
65 18305314( 5) 281M1C 1) 233.435(- %)
75 305.218( 21) 278.154C ) IB246.920625)  223.075(- )
85 304.416( 33) 74045C14) 2390563 202030 18)
95 302.892( 27) 294700 &) 2304890 17) 200.265( 16)
105 300.637(- 4) 264.070( 0) 221L.18X-2) 187.772(-14)
115 297.704(- 8) 257.939(-31) 200200 T 174.036( 12)
125 294.083 7) 251173 8) 200.456(-47) 160.778¢ 17)
135 289.737( 6) 243.652(- 2) 189.122( 14) 146.232( M)
145 284.669(- 8) 176.995(-14) 130.912¢-20)
155 278.887(:24) 164.236( 32 119620 )
165 272.409(-25) 216.801(-14) 150.707¢ 14) O98.280(-1.3)
175 265.267(25) 6.559(29)  136.50(28)  OK0941 24)
185 257.355( 19) 195.462(-11) 121.556( 7) 062.801¢-35)
19.5 248.714( 0) 183.668(-34) 105.915¢ 2)

205 1712260 8)  OBY.STIC 4)

215 229.356(41) ISB.OS8(39)  072.450(-60)

25 28537 1) 054.738(- 1)

235 129.457(-12) 036.245(-12)

245 194.854( 44) 114.115(- 1) 017.044(-16)

255 I81.895(33)  O81473C-15) 17997.127(-19)

26.5 168.208( 21) 063.965(-15) 976.500(-10)

213 045.744(- 5) 955.159(- 9)

25 026.773(-19) 933.114( 13)

29.5 007.061(-47) 910.229¢-46)

305 17986.687(-11) KRB 1)

315 965.548(-11)



TABLE 8.1 (Continued)
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0-1 Band (A 1y, - X ’£')

Ryyeed)

Quild)

Qi)

Pyield)

Pud)

18165.947(- 2)
169.829(-16)
172.927(-37)
175.331(27)
176.897( 31)
177.657( 6)
177.657(- 1)
176.897( 9)
175.331(-10)
173.032( 15)
169910 8)
166.022(-:20)
161.407( 15)
155.994( 28)
149.779( 12)
142.82K( 35)
135.030-17)
126.491(-37)
117.269( 32)
107.204( 29)
096.366( 24)
084.763( 24)
072.354(-12)
059.236( 13)

015.210( 25)
17998.953(-17)

18162051 3)
162.051( 4)
161.241(-29)
159.697(-18)
157.397(15)
154.279( 5)
150.432( 43)
145.713(-15)
140.278(-14)
134.059(-22)
127.086(-10)
119.346( 8)
10.290(-17)
101.463¢-40)
091.485( 57)
080.615( 32)
069.005( 37)
056.561(-22)
(043.423(-7)
029.519( 10)
014.856( 35)

17999.386( 20)
983.135(-11)
966.130(-31)
48.397(-15)

18154.279( 7)

145.713(- 6)
140278( 1)
134.059¢ 0)
127.086( 21)
119.278(-17)
110.790( 40)
101.463¢ 33)
091.366( 29)
080.495( 23)
Q68.818(-15)
056.440( 16)

17965.787(-27)
948.031( 3)
929.497( 19)
910.229( 65)
890.062(-25)

18119.196(-22)
110.645(-19)
101.315(-20)
091.217(-16)
080.359C 1)
068.743( 32)
056.258(-35)
043.137( 33)
029.175( 30)
014.436( 19)

17998.953( 32)
982.657(- 1)
965.612(-17)
947.807(-27)
929.287( 13)
909.950(- 1)
889.828(-37)

18106.770(-26)
095.895(-15)
084.249(- 1)
071.809¢- 8)

044.597(-38)
029.858(-29)
014.382( 12)
17998.023(-61)

963.159(-51)
944.573(-51)
925.298( 24)



TABLE 8.1 (Continued)

b

02 Band (AN, - X T)

) R,..() Ry} Qudh) Qusal )

0s 161339200 1) 16132.93%-15)

(&) 13388510V

25 BT 16116240 1)

35 3.800(- 2)

45 2.790( 26} 990.115¢- 3

55 128.77% 15) 131071 5) WO o)

125.755( 5) 12870 2) 080981 &)

75 16152720(- 9) 122,073 1) 125.676(- 7 094.733(-50 070.924¢ 100
152222 1) H7.737C 4) 122002 4) 087.252( 12) 060190 3y
151.037(-10) 112.7206(- 2) N7.640- 7 079.018(-18) O48.799¢- 13y
149.194(-11) 107.045(-13) H2.681(47) 070.159¢- 9) 036.769¢- 1)
146,707 10) 100,723 3) 106,953 1) 060.636(- 1) 0240060 0)
143.539( 20) 003,719 4) 100.608( 0y 050.437(- 5 D0691(- 9)
139.684( 13) 086.037(- 4) 3.S82-12)  OOSTIC1D 1S06.666(- 5)
135.160( 9) 077.682(-16) OBS.BYTCM)  O2.066( 10) 9RLIT6(- 1)
129.958- 1) 068.672(-11) 077.536(-23) OISKSK(- 5) 9606200 1)
124.101( 8) 059.0060 9) OGR.SIR-17) 003.009¢ 7) 950.597(- 4)
117613 61) 048.615(-22) OSER19GC20) 1SOR9ATIC- 1) CRTIRTTY
110.335( 0) 037.593-10) M4RAI6C25) 975260010 D16S9- 11

195 102458 18) 025 885(- §) 037.399(29) 96095 T)

205 0938710 6 013.485¢21) 025701-8)  M4XT6C 16)

215 084.6060- 4) 000.433-9) 013327 14) K64 D) RO0ATS-12)
074.668(- 5) 15986.706( 8) 0X0.246( 6) YILTGRC 1) 840467 7
064.056( 3) 972.263-10)  I1S986.4K1(-6)  ¥A207( 14) R19.722(-3%)
052.804( 56) 9S7.151-17) YT2.046(- §) K15.962( 9) TIRIR(-3)

941.354(-25) 956.926(-13) HS7.033(- 4) T76335(- )
924.904(- 2) 941.136(- §) K37.443¢ 1) IS362C 4
907.754( 6) RI7.179¢ 1)
$RY.BRY(-15) H7.505( 12) 796.233( 19)
871.355(-18) 889.629(-10) 774.600¢ 21)
852.159( 6) 752.281( 19)

£32.247( 4)
§11.622(-20)
790.344(- 6)

129293 31)



TABLE 8.1 (Continucd)

0-2 Band (A °I,, - X °E*)

J Rieeld) Q) Qua Pu) Py
0.5 16012.434( 22)

15 0163d4(-3)  16008573( 24)  16000843(- 7)

25 019.549¢ 7) 008620(- 5)  15997.076(- 1)

a5 022.013( 16) 007967¢ S) 992.566( 2)

45 023.724( 12) 006.548(-12) 987.315( 2)

55 024.703¢ 16) 004419¢ 0) 981.324( 0) 15964.171(- 1)
65 024917¢-7)  16001532(- 7) 974.590(- 7)

75 0244310 10)  15997921C 0) 967.135( 3) 943.765(17)
&S 023.172(- 7) 993.567( 1) 958.923(- 8) 932.449(17)
9.5 0121.207¢ 7 9RRATO( 2) 950.008( 14) 920.394( 13)
0.5 018.490( 8) 982651( 6) 940330 9) 907.585(-10)
1.5 015.040¢ 13) 976.083( 3) 929972( 9)  15940.239(21)

s 010.839( 5) Y68.786(  5) 918.768(- 4) 929.806( 5) 879.832( 6)
135 005.922( 16) Y60TSS( 9) 906899 1) 918.646(- 5) 864.855( 1)
14.5 000.246( 5) 951983 5) 894.310( 19) 906.773 6) 849.121(-10)
15.5 15993.850( 9) 942468(- 9) 880.960( 7) 894.142(-10) 832.681(- B)
16.5 986.706(- 1) 932.240(- 3) 866.892( 8) 880.798(- 7) 815.525( 6)
17.5 Y78.831(- 7) 921.272(- 6) 852.073(-12) 866.729( 2) 797.625( 4)
8.5 970.253( 17) Y09.587C 6) 836.553(- 5) 851.913(- 6) T18.953(-45)
19.5 960.904¢ 3) 897.160( 5) 820292(-11) 836.382(- 1) 759.632(-17)
20.5 950.852( 19) B884003( 3) RBO33I0(-11) 820.126( 7)

215 940.037( 3) 870.118( 3) 785.626( 13) 803.130( 1)

ns 928.492(-11) 855504 1) T67.184( 4) 785.419( 7)

235 916.229(-12) RA0.I81C 17) T48.018(- 5) 766.977( 8)

05 903.278( 28) B24.099( 0) 728.132(-10) 747.804( 1)

55 889.534( 6) 801311 4) 727.905(- 8)

205 875.074(- 3) 789.803( 12)

215 T71.546(- 4)

285 752.515(-10)

25

732901C 5)



TABLE 8.1 (Continued)

253

0-3 Band (A ‘T, - X °E9)

J Raelh) Raw ) Q) Quad Pulh)
05 HO10.669( 5)
[ OULOJ6C 1) 140106460 5)
25 010.787¢ 1) 011.009(- 2) 1399150111 1)
35 009.927( 22) 010.759( 10y ORI 9
4.5 008.424( 16) 009.853(-12) 9760210 10
55 006.296( 10) 008371 13) V67.9M( 5)
65 14030098 1) (03.561( 20) 006.221(- 7) 9SRIS0-16)
75 030S507G14)  000A70(-2) 0034790 5)  13972RI6(-35)  949.005(- 7)
85 0303290 10)  13996.172(- 4 000.117( 22) 96S687( 4 93BEI(- 5)
95 029.499( 10) 9LS61( ) 13990.083(- 8) 9578600 2)  927.6400 8)
105 028033 1) 986.299(- 6) 991465( 5) 949412(- 4 9160313
115 025.947( 3) 980436( 8) 986.209( 7) 940MI-4)  YOIIRS( 12)
125 023225 1) 973932( 11) 980329¢ 13) 93654 0 BOOY 1)
135 O19858-19)  966.796( 12) 9TIR0S( 5) 92033( 10)  KT77.429(15)
145 0ISBI6-I8)  959.026( 1)) 966.609( 15) YOI 1) BOA2TIY)
155 011268 9) 950.621( 7 958.891( 15) ROTI( 6)  RABSSS( 2)

941.596( 18) 950.486( 20) RESSKIC 0)  K3Z2000 17)
175 000.117CIT)  93L916( §) 941430 9 87, R) BT 11
185 139936160 10)  92L604C 2) 93742 ) B59.262-10)  SOOSTA 1)
195 910.663( 5) 921.445( 18) RISITAOS) TRII )
205 978.636( 6) §99.046(-29) 910475 1) RI0020- 6 765383
215 970.90( 1) 886K74( 21) K98.910( 27) RISOTC10) 746917 16)
225 961079 6) 873.995( 5) 790063 14) 727750 )
25 $60.470(-14) 782305(- )
245 940.972( 13) 846343 8) 12X 2)
255 920929 4) 831.565( 24) P47.195(- 4)
265 816091¢-11) 728630 7)
215 K00.030¢ 15) 709430(- 5)
2.5 783.203( 13) 689599 9)
25 669.086(-16)



TABLE 8.1 (Continucd)
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03 Band (A Ml,,; - X°%")

J Riiulh) Quud) Quzalh) PuelT) Pl
0.5 13889.135( 5)
15 ROZ.093-10)  13885.308( 3)
25 896.390( 16) §85.443015) 138740420 18)

BORA- 4) #84.927(17) 869.647(-18)  13873995( 2)
4.5 900.816( 3) ¥83.664( 3) B64.5BE(-18)  B69.604(-21)
55 901.968(-12) RRL719( 8) 858.853( 6) 864546(-11)
65 902.454( 8) §79.069( 7) £52.400( 12) 858792¢ 4)  13832.113(- 6)
75 902.200(- 3) §75.710(-2) $45.226(- 4) 852293(-28) 821.854( 8)
8.5 901.265(-12) 8716710 1) 837.378( 4) 845.137¢-17) 810882( 8)
9.5 899.639(- 3) £66.928( 1) §28.825( 5)  831270(-19)
105 897.302(- 6) 861.467(- 4 819.568(- 1) TH6831(-12)
s RO4.2TH( 4) §55.319¢-9) H9.595(:20)  B19453(-12) 773762(-22)
125 890.526(-16) 848.498( 10) TRIBO( D) BOUS24( 15) 760025(- 7)
[EX BRO.101-11) §40.937(-15) WIE3I-T)  TRKT-10) 74558 B
4.5 8RO.981(- 3) §32.715(- 5) 756180 10)  787.490(-20) 730448 O)
155 K75.149(-10) 23.809( 15) T62855(:28)  TISAI6C T) 714618 1)
16.5 B68.634(- 3) $14.166(-7) 749.468( 3) 762.729(- 6) 698.105( 4)
1.5 $61.402(-18) $03.854(- 5 75355(-2)  749.318( 10)
18.5 $53.509 2) 2.852(- 1) 20567100 73596C 5)
195 B44.900( 0) 781.165(11) 705.060(-8)  720381(- 1)
05 B35.608( 10) 68.761(- 4) 688.875(-16)  704877(- 7)
208 25.600(- 3) 755.678(- 1) 611.994(:31) 688698 0)
ns 814917 ) 741.920( 5) 671.7196(-27)
ns B03.540( 7) 27.471( 15) 654.234(-28)
us 79144911 712.303(- 6)
255 TI8.691(- 5) 696.475( 0)
%5 765.263( 23) 679.945(- )
75 751.090(- 4) 662.711(-M)
A5 736.280( 2)



TABLE 8.1 (Continued)

0-4 Band (A Tl,,; - X E)
] Ryl () Quuh) Quih Paalh)
0s 1916732 0)
1.5 917.749¢- )

11937.949(-18)
938.661( 1)
938.748(-17)
938.282( 1)
937.191(-17)
935.540(- 3)
933.274(-12)
930.423(-13)
926,985(- 7)
922.937(-15)
918.262(-53)
913.050(-29)
907.242(- 2)

1914178 23)
911697 19)
908627 1)
904.984( 18)
900.719(- 9)
895.904( 2)
890.493( 8)
$84.492( 14)
§77.90( 23)
870.700( 13)
§62.908( 7)
854,537 17)
845.544( 2)

$25.796( 2)
§15.030( 10)
803.636(- 9)
T91.685( 16)
779.093( 4)
765.933( 29)
752.128( 15)
737.739( 23)
722.736( 25)
707.127( 30)

674.041( 4)
0656.018( 29)

918218 29y
918.037(- 5)
YI7.310(- 2)
916.011( 14)
914.086(-12)
9HLE21( 8)
Y08.528(-13)
904.883( 0)
900.652( 16)

BY95.815( 14)
890.357(-19)
#84.375( 15)
877.752( 0)
870.552( 1)
862.753(- 4)

§25.623( 9)
8148430 1)
803.46K( 20)

LIS 1.301(-24)
B74402(-31)

8590100 2)
BS0.37(-15)
841.203- 2)
831421 1)
821.026(-19)
BI0081C 1)
T98.517(- 8)
TRO.356(-21)

773.630(- )
760.293(-10)
746,372 2)

T01L001- 7)
6RA.682(- 8)
G67.704(- )
650.234(-18)
632.108(:23)
6134100 3)
594.049(-30)
574.119(:27)

HISSL0S00 Ty
R15.773( 6)
RO0.897(- 6)
N57.905( )
BA7.422(- 9)

BOLA74( 11)
TRR.SIR( )
T14967(- 1)
T60.847( 7)
746.123(- 1)
T30.829( 10)
T14.921(- &)
698.429(-10)
OR1.3040 2)

645.429(- 2)
626,565(-10)
GO7.114(-10)



TABLE 8.1 (Continucd)

0-4 Band (A M, - X L")

J Ry, ()

Q)

Quaald)

Puel)

Pt

11796210( 17)
K00.214( 10)
$03.542(-10)
806.238( 1)
808.245(-15)
809.628( 9)
810321 5)
810341(-9)
809.721¢- 2)
BO8.438( 4)
$06.474(-10)
BO3.B84( 1)
BO0.615( 13)
796.672( 0)
792.082( 0)
T86.829(- 5)
780.936( 8)
774.359(- 6)
767139 6)
759.258(- )
750.749( 11)
741.548(- 4)

721.218( 1)
710.058(-12)
698.296( 26)
685.816(- 2)
672.708(- 6)
658.941(-18)

11792.627(- 9)
792.190(-13)
1109( 1)
749.353( 3)
786.927(- 4)
783.841(-10)
780,120 10)
T75.694(-14)
770.655( &)
764.928( 1)
758.556( 8)
51518 6)
3812 7)
735.469( 0)
726.452(-12)
716.794(-10)
06.480(-11)
695.535( 1)
683911 7)
671.634( 0)
658.707(- 5)
645.130(-10)
630.903(-16)
616,058 9)
600.531( 0)
S84.364(- 1)
567.540(-13)

11781.307(-10)
777.108(- 3)
772.235(- 9)
766.717( 2)
760.526( 1)
753.674( 0)
746.167( 3)
737.997( 3)
729.179( 14)
719.699( 20)
709.549( 14)
698.744( 9)
687.268(-12)
675.133¢37)
662.402(- 5)
48.989(- 2)
634.927( 4)
620227 23)
604.841( 6)
588.828( 11)
572.149(-2)

11746.094( 14)
731.918( 16)
729.061(- 3)
719.581( 12)
T09407(-10)
698.630( 22)
GRT.137(- 7)
675.036( 10)
662242(-12)
648.831( 2
634.737(-15)
620025( 1)
604.645(- 2)
588.631( 1)
571.946( 1)

11730.303( 13)
719.660(- 4)
708380 0)
696.437(- 2)
683.834(- 8)
670.595( 6)
656.687C )

* Numbers in parentheses correspond 1o (Vi - Vo) in the last digit.
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spectral positions of the lines. The values of o are in the range 0.01 to 0.1 ey for the
optical data, 0.01 to 0.001 em” for the infrared data and 0.2 to 0.6 x 10 cm™ for the
microwave data. The residuals between the calculated and observed wavenumber dataot
the optical spectra for all the ten bands are also given in Table 8.1. The dimensionless
variance in the fit is 2.5 and the root mean square deviation is ~0.016 cnr'. A setof 54
molecular parameters for the v = 0 to 4 levels for both states A *T1, and X X' thus
obtained are listed in Table 8.2. From this table. it is noted that the value of the A-
doubling parameters p, and g, do not show irregularitics in their v-dependence. 1t is
appropriate to comment on the values of the molecular constants obtained in this work

and the values reported in the literature. For example. the B, valuc of the A 11, state

obtained in the present work is 1.5796211(84) en'. The high precision of the B, value

upto 6

decimal place is due to the inclusion of the microwave d: “This value is in
agreement in the 4" decimal place within the error limits to the values 1.579629(102) em™*
and 1.579710(104) em” reported by Jakubek et al. (1987) from analysis of the individual
bands 0-0 and 1-0 of the B *E* - A *[1, system. We have reanlayzed the 1-0 band of

Jakubek et al. (1987) using our program and the value for B, of the A state is found to

be 1.579606(74) cm™. Using the value of 1.579496(26) cm™' and the values of the other

reported by ctal. (1994) the wavenumbers of the 0-1,
0-2, 0-3 and 0-4 bands of the A-X system can be reproduccd up to J=22.5 wilh an
accuracy of 0.01 em’. Beyond this J value there is a deviation in the (V,,-V,,,) values

from -0.028 cm to -0.195¢cm” for J=24.5 to J=33.5. Thus we conclude that the

molecular constants given in Tuble 8.2 can be used to repraduce the wavenumbers up to



TABLE 8.2 Rotational constants * (in cm™) of the A *TT,, and X *E* states of “C'*O" from the global fit

Molecular v=0 v=| v=2 v=3 v=4
Constant
A’TL
T 20406.2166(18)  21941.4793(12)  23449.2278(14)  24930.3444(18)  26384.7229(17)
B, 1.5796211(84) 1.5600719(74) 1.5407277(96) 1.521349(11) 1.5019686(98)
D, x 10° 6.735(11) 6.4641(96) 6.661(12) 6.690(12) 6.600(10)
-A, 122.0513(18) 121.9829(20) 121.8874(23) 121.8126(30) 121.8720(29)
- Ap, x 10° 2.179(55) 1.357(63) 1.467(70) 1.546(30) 0.804(81)
-q, % 10 2.619(75) 2.439(93) 2.61(11) 2.21(10) 3.16(12)
p. x 10 1.549(14) 1.293(17) 1.259(18) 1.054(21) 0.943(23)
T, 0 2183.92064(36)  4337.4571(19) 6460.7397(27) 8553.6771(28)
B, 1.967462265(60)  1.94843818(64)  1.92935252(90) 1.910180(16) 1.890985(16)
D, x 10° 6.3170(18) 6.3674(47) 6.4278(81) 6.399(22) 6.475(20)
¥, x 10° 9.10556(50) 9.0495(34) 8.9729(38) 8.972(65) 8.766(63)

*Number in parantheses is the uncertainty in the last digit and corresponds to one standard deviation.

85z
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the J levels reported in Table 8.1. Since least-squares technigue is only an inter polation

method, extrapolation of the data to higher rotational gquantum numbers will not give

accurate values. From Table 8.2 we claim that the values of the A-doubling parametersp,

and g, obtained in the present work do not show irregularities in their v-dependnce.
The B, values listed in Table 8.2 were fitted to the standard spectroscopic relation

B,=B -, (v+ 1/2)+ 7 (v+1/2) + 5, (v+1))} 18.21

and the resulting equilibrium molecular constants B,, o, Y. and 8, along with their
standard deviations are presented in Table 8.3. The D, values were fitted to the refation
D, =D, + B, (v+1/2) + ¢, (v+1/2) 18.3]

and the resulting values of D, and P, for the A state and D,,

and g, for the X state are
listed in Table 8.3. It should be noted that the value of D, = 6.4641(96) x 10“ cm™ of
the A state is not included in determining the parameters D, and B The equilibrium
molecular constants p,, or,, and B, are determined by fitting the values of the A-doubling
parameter p, given in Table 8.2 to the expression

Py =Pe- O (v 1/2) +B, (v + 127 18.4]
and their values are also given in Table 8.3. The term values T, for hoth A and X states
given in Table 8.2 were fitted to the expression:

T, =T+ 0, (v+1/2) - 0%, (v + 12 + 0y, (v+ 1/2) I8.5]
and the vibrational constants 0, 0.X,, and w,y, and T, thus obtained along with their
standard  deviations are also listed in Table 8.3, In fitting the Egs. [8.2) 10 |8.5] a
weighted least-squares fit was used in each case. The 2T, state of the comet-tail system

of CO* belongs neither to Hund’s case (a) nor to Hund’s case (b), but belongs to
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TABLE 8.3 Equilibrium molecular constants™ (cm) for the A *I, and B *L*
states of *C'*0*

Molecular Constants A, > g
T, 19628.298(69)
G(0) 1103.2321)
o, 1562.79(18) 2214.15(15)
0, 13.926(89) 15.150(25)
0y, 0.65(12)
B, 1.589482(20) 1.97695082(80)
o, x 107 1.9806(36) 1.89615(19)
¥ox 10 1.66(18) -3.018(70)
5, % 10" -1.92(24)
D, x 10" 6.752(12) 6.2856(44)
B x 10° -3.01(36) 6.52(81)
£ x 107 -5.5(2.2)
pex 107 1.631(22)
@, x 10} 1.99(23)
B, x 10" 1.08(49)

“In obtaini he molecular constants presented in this Table, a wieghted least-squares
fits were used.

"Number in parantheses is the uncertainty in the last digit and corresponds to

one standard deviation,
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intermediate

«

e (a) for

nall rotation and case (b) for large rotation). To continm

this a Fortrat diagram for the 0-2 band of the comet-tail system of “C"0" is constructed

and shown in Fig. 8.5. In this figure, the branches Ry, and Ry Qs 4nd Q. tnidd Py,

and Py,,, draw closer together with increasing J, as expected for the intermediate case (see

for example, Herzberg (1991). For the *T1, state. the value of A/B is found o be  -77.

8.4 Conclusions
The rotational structure of 10 bands photographed under high resolution was

analyzed together with the available infrared and microwave trar

sitions using (he matrix

elements of the effective Hamiltonian for the *IT state and the “X' A set of

rotational constants along with the T, values were obtained for the A *11, and X *2' states

from this global fit. The equilibrium vibrational and rotational constants were also

caleulated for the A and X states. From this reanaly: im that the i

we ¢l gularitics
in the higher order molecular constants have been corrected. 1t is also shown that the

A M, state changes from Hund’s case () at lower J to case (b) at higher ).



405

305 -

10.5 -

Y .

L '
16200 16100 16000 15900 15800 15700
wavenumber v (cm™)

Figure 8.5 Fortrat diagram of the 0-2 band of the comet-tail (A IT; - X *L*) system of C'°0".
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SUMMARY
The conclusions arrived at from the study of the spectra of various isotopomers
of CO and of C'O* are discussed at length in the sections “Conclusions” in the
respective chapters. To avoid repetition, a summary of the work presented in the thesis

is not given,
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