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ABSTRACT

The electronic band spectrum of the molecular ion **c'®0*
is of considerable importance to astrophysics as this species
is one of the major constituent of the solar chromosphere,
stellar atmospheres, and comet tails. It has also application
in the study of radiative heating of hypersonic space craft at
escape velocity and in the atmospheric fringe of the planet

Venus.

The molecular ion CO' was excited in a hollow-cathode
discharge tube of special design (5. P. Reddy and C. V. V.
Prasad, J. Phys. E. Sci. Instrum. 22, 306 (1989)). The comet-
tail (A%m, - X?s') band system of this molecular ion occurring
in the cathode glow of the discharge tube was photographed in
the spectral region 3345 - 8500 A on a 2 m Bausch and Lomb
dual- grating spectrograph in the first order of a 600
grooves/mm grating under medium resolution. Spectra were also
recorded under high resolution on the same spectrograph in the
second and third orders of a 1200 grooves/mm grating as well
as on a 3.4 m Jarrell-Ash Ebert grating spectrograph in the
second, third, and fourth orders of a 1200 grooves/mm grating.
Of the seventeen bands with v' = 0 to 8 and v" = 0 to 4
recorded in this system, detailed rotational analysis of
twelve (6-0, 4-0, 3-0, 2-0, 1-0, 2-1, 1-1, 0-1, 2-3, 0-2, 0-3,
and 0-4) bands have been carried out. Rotational constants
were obtained for the A1, and X?s' states using the effective
Hamiltonian proposed by Brown and his co-workers (J. M. Brown
et al., J. Mol. Spectrosc. 74, 294 (1979)).
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Experimental data on the rotational structure of the
first negative (B%z' - X?z') system (Rao, Astrophys. J. 111, 50
(1950) and Misra et al., J. Mol. Spectrosc. 125, 54 (1987)),
the Baldet-Johnson (B?.E' - A’N,) system (Jakubek et al., Can.
J. Phys. 65, 94 (1987)), and the microwave spectrum of the v
= 0 level (Sastry et al., Astrophys. J. 250, L91 (1981)) and
of the v= 0, 1, and 2 levels (Bogey et al., J. Chem. Phys. 79,
4704 (1983)) of CO' have been reanalysed using the effective
Hamiltonian. A single set of molecular constants were then
obtained for the X, A, and B states of CO' by the method of a
global fit of the molecular constants obtained from the
analysis of the comet-tail, Baldet-Johnson and first negative
systems and the microwave data. The vibrational constants for

these three states were obtained from the band origin data.
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CHAPTER 1
INTRODUCTION

1.1 Significance of molecular spectra in atmospheric physics

and astrophysics

The spectroscopic studies of the molecules progressed
with the development of the quantum theory in the late 1920's.
The electronic spectra of the molecules provide information
about the vibration and rotation of their nuclei and their
electronic structure. From the electronic structure, an
insight into the important properties such as chemical valence
can be achieved. From a detailed analysis of the electronic
spectrum of a molecule, its electronic, vibrational, and
rotational levels can be derived very precisely. From this,
one can obtain information about its moment of inertia,
internuclear separation, and nature of the coupling between
the electronic and rotational motions of different electronic
states. Intensities of the bands of the electronic spectra
can be calculated from the vibrational and rotational
constants of the electronic states and other molecular data.
From the vibrational frequencies and the corresponding
anharmonicities, forces between the atoms of a molecule and
its dissociation energy can be estimated. Thermodynamic
properties such as specific heat, entropy, and free energy can
be estimated from the knowledge of the vibrational and
rotational partition functions. Thus the study of the
electronic spectra of a molecule enables one to understand its
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various physical and chemical properties.

Molecular spectra also play a very important role in the
atmospheric and astrophysical phenomena. Examples of these
are the molecular absorption spectrum of the earth's
atmosphere, the emission band spectra of the aurora, the
radiation from the night sky and the twilight produced in the
upper layers of the atmosphere, solar spectrum, cometary
spectra, and spectrum of lightning etc. From the intensity
distribution of the emission spectra of these celestial
objects, their temperatures can be inferred. The presence of
polyatomic molecules in the planetary atmospheres can be
established from their absorption spectra. As an example of
the application of molecular spectra to astrophysics the
cometary spectra are briefly discussed here. Various parts of
a typical comet are shown in Fig. 1. It consists of a coma
that appears as a round and diffuse nebulous glow, a nucleus
in the middle of the coma, and two tails. The gas atoms
released from the nucleus by the radiation from the sun have
a velocity of ~ 1 km/s. The nucleus has an approximate
diameter of 1 to 10 km. The coma and the nucleus together
constitute the head of the comet. One of the two tails, known
as ion tail, is nearly straight and consists of molecular ions
such as €0*, N,', and H,0' etc. The other tail is known as dust
tail as it consists of mostly dust particles. The frozen solid
nucleus of the comet can be seen from the earth by the
sunlight it reflects. The coma gives molecular emission from

the radicals C,, CN, OH, NH, and NH, etc., overlapped by a weak
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continuum with Fraunhofer lines. When the comet is far away
from the sun the parent molecules of the most abundant
radicals are presumed to be H,0, CH,, and NH,. It was found
that for the band systems observed in comets the lower state
is the ground state of the particular molecule. This suggests
that these bands are excited by sunlight through a resonance
fluorescence mechanism. This fluorescence mechanism is
confirmed by a study of the intensity distribution in the
rotational structure of the cometary bands. The partial
molecular density in the comets is estimated from the total
intensity of the bands (see for example, Wurm 1943, Herzberg

1950, and Abell 1975).

1.2 Electronic spectra of CO and €O

The neutral carbon monoxide €O and its ion CO' are
important for a number of reasons including for their
astrophysical significance. Carbon monoxide is present in
solar chromosphere, stellar atmospheres, and tails of comets.
Also, the comet-tail (A2, - ¥’z*) band system of CO' was first
observed in the tail of the Comet Morehouse - 1908c by
Pluvinel and Baldet (1909 and 1911) and was later observed in

the laboratory by Fowler (1909 and 1910).

The type of the molecular binding and the nature of the
electronic states of a molecule are determined by electrons in
the outer most shells of the constituent atoms of the

molecule. The electronic configurations of the ground states



of the carbon and cxygen atoms are

c: K 2s? 2p%; 0: K 2s? 2p* [1.1]
The electronic configuration of the ground state (X's') of the
CO molecule is written as (Mulliken 1932)

K K (2z0)? (yo)? (wn)* (x0)? & X'z* [1.2]
and those of the low lying excited states of CO are written by
promoting one of the xo electrons to the vr orbital and one of
the wr electrons to the vr orbital. The resulting
configurations are

—=== (wr)* (xo) (vm) : a’l, and AW, [1.3]

———= (wm)?® (x0)? (vs) : a'’zt, &%, d%,, =,
I'z", and D!a. {1.4]
The !z* state in Eq. [1.4] has not yet been observed. Higher
excited states of CO are obtained by raising one of the xo
electrons of Eq. [1.2] to the wo orbital and one of the wm
electrons to the us orbitals as given below:

—=== (wr)* (x¢) (ue) : °=* and 'z*, [1.5)

(wr)? (x0)? (uo) : °m, and ‘I. [1.6)
However, none uf these four states has been observed so far.
Further higher excited states of CO are obtained by promoting
one of the xo electrons to the Rydberg orbitals 3so, 3po, and
3pr etc., which are identified as
==== (wr)* (xo) (3so) : b’s* and B!z*. [1.71
—_—— = - (3po) : j%* and C'z*. [1.8]

mome - (3pr) : ¢, and EM. [1.9]



These Rydberg states converge to the ground state (X*3') of the
CO" molecule (Lefebvre-Brian et al. 1964). The electronic
spectrum of CO has been extensively studied both in emission
and absorption in the spectral region G600 - 8600 A. A total
of 30 electronic transitions are observed from the 24 known
electronic states of CO. Of these, the prominent band systems
are (i) the Angstrom (B'S* - A'I) system (4100 - 6600 A), (ii)
the Herzberg (C!s* - A'l) system (3680 - 5710 A), (iii) the
third positive (b’z" - a’l,) system (2600 - 3800 A), and (iv)

the fourth positive (A'l - X!I') system (1140 - 2800 A).

The electronic configurations of the ground (X’x') and the

first three excited states (A%m,, B?z%, and C?A.) of co' are

KK (z0)? (yo)? (wm)* (xo) : X%, [1.10]
== = (yo)? (wm)® (x0)* : Am, [1.11]
== = (ye) (wm)' (x0)* : B%Z', [1.12]
and -= = (yo)? (wx)? (x0) (vm) : C%A,. [1.13]

The electronic states X?s* and AN, dissociate into C'(’P) and
0(°P) atoms whereas the B?s' state dissociates into C'(?P) and
o('D) atoms. The molecular states which are of present
interest are X?s', A%N,, and B?Z* and their RKR potential energy
curves along with that of the ground state (X's') of neutral

CO are given in Fig. 2 (modified from Krupenie 1966).

For the CO' molecule, the X, A, and B states are clearly
identified and the band system arising from these states are
(i) the comet-tail (A%, - X?z') system (3080 - 8500 A), (ii)

the Baldet-Johnson (B?s* ~ A%m,) system (3315 - 4236 A), and
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(iii) the first negative (B%Z' - X’3') system (1800 - 3102 A).
The transition C%a, - A1, in CO' was identified by Marchand et
al. (1969), but its vibrational numbering is uncertain and the

rotational structure is not completely resolved.

After the laboratory work of Fowler (1909 and 1910)
several researchers also observed the bands of the comet-tail
(A-X) system (see Krupenie 1966 and Huber and Herzberg 1979).
Baldet (1925a,b) observed most of the known bands of this
system and Birge (1925) identified the transition as (A%, -
X?s*). Coster et al. (1932), Schmid and Gero (1933), and
Bulthuis (1935) performed the rotational analysis for several
bands (v' = 2 to 11 and v" = 0 to 2). Rao (1950a) did the
rotational analysis of the 0-2, 0-3, and 0-4 bands of this
system and identified the upper state as an inverted Il state
and revised the vibrational assignments of this state by
lowering the previous assignments by 3 units. These new
assignments were later confirmed by Asundi et al. (1970) and
Dhunwad et al. (1979) from the isotope shifts of the bands of
the A-X system and the B-A system of c'®0' and '*c"o',
respectively, from the corresponding bands of '’C'®0*. Gagnaire
and Goure (1976) reanalysed the 2-0 band of this system of
Co*. Coxon and Foster (1982) carried out the deperturbation
analysis of the v = 0, 5, and 10 levels of A, using the
experimental data of Coster et al. (1932), Bulthuis (1935),
and Rao (1950a). These authors found that the ground state

rotational constants obtained by Gagnaire and Goure (1976) are



incorrect. Katayama and Welsh (1981) and Brown et al. (1984)
reinvestigated the rotational structure of the 0-0 band.
vVujisié and Pe&i¢ (1988) reinvestigated the 4-0, 3-0, and 0-2
bands of this system of !’c'*0'. The previous work done on the
rotational analysis of the comet-tail system since 1932 is

summarized in Table 1.1.

The first negative (B’T* - X?3') system of CO* which
consists of single-headed bands degraded to longer wavelengths
was investigated by several researchers. Blackburn (1925)
gave the first vibrational assignments for the bands of the
system. Biskamp (1933) extended this system to shorter
wavelengths and identified 22 additional bands under low
dispersion in an intense high frequency discharge in helium
containing a trace of CO. Coster et al. (1932) and Schmid
(1932) performed the rotational analysis of a few bands of
this system prior to Biskamp without providing reliable
rotational constants. Schmid observed the splitting only in
the spectral lines with high rotational quantum number (J =
30-34) . Schmid and Gerd's work (1933) on the rotational
analysis of the 0—0 band of this system established that the
ground state is the common lower state of the comet-tail and
first negative systems. The spin splitting in the %= states
of CO' was first studied by Woods (1943). Rao (1950b)
analyzed fifteen bands of this system rotationally and
reported the rotational and vibrational constants for the X

and B states along with the |v,' - 7,"| differences for some



*) sestem

TABLE 1.1 Rotational anaiysis of the comet-tail (A7 i
of 12¢l60* prior to the present work

Author Band(s) Rema ek (s)

1. Coster et al. (1932) 5-0, 6:0, 7-0 A was constidered 'regular’. Rao (1950)
8-0 tdentifind State A as "{nverted® and
decreased the v' ass | g

onts by 3unics

2. Sclmld & Gers (1933) Same remarks as above .

Lo

40, 4-1

-2, 7-2

3. Bulthuls (1935) 9-0, 100, 11-1  Same remarks as above.
12-1, 13-1, 1322

4. Rao (1950) 0-2, 03, 0-4 A vas fdentiffed as ‘inverted'.  v'
assignaents by Coster ¢t al. (1932), Schmid
and Gerd (1933), and Bulthuls (1935) were
decreased by 3 units.

5.  Gagnaire & Goure 2-0 The band was not fully resolved and their
(1976) calfbration seened to be erroncous as
suspected by Coxon and Foster (1982).

6. Katayama & Welsh 0-0 This band was excited by laser-fnduced

(1981) Qisréicanes mtdod | cheatved extes Yinasitn
the i, and; concluded that the
axirs Lines Serd au- to perturbations of A:
v =0byX

7. Coxon & Foster
(1982)

0o

. 1041, 10-2 Ho;ome txparhmnl Jitay Bepuriutbicion
do r the data of the 5.0

oL 153
(Bulthute; 1998 13-1, 13-2) ‘and 0-3 (Rn
1950) bands. Concluded that A, v =0, 5 and
10 vere perturbed.

8. Brown e al. (1984)  0-0

Observed this band (also see Katayama and
Welsh, 1981) In laser-induced fluorescence.
Effective Haniltonian technique vas used for
the upper level. These authors concluded that
the data of Schatd and Gerd (1933)

questionable.
9. Vujsié & Pesié 2-0, 3.0, 4-0 These are the 5.0, 6-0, and 7-0 bands reported
(1988) by Coster st al. (1932), Holecular constants

were deternined, but effective llaniltonian
technlque was not used.
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bands. Rao's |v,' - v,"| values are one half of those reported
by Woods. For the previous work done on this system, the
reader is referred to Krupenie (1966) and Huber and Herzberg
(1979). Misra et al. (1987) reexamined the 0-0, 0-1, ahd 0-2
bands of the B-X system and reported the spin splitting
constants for various vibrational levels by combining the
earlier experimental data of Rao (1950b). Misra et al.
included in their analysis the microwave data reported by
sastry et al. (1981) for X?s', v = 0 and Bogey et al. (1982)

for X%, vi=1.

The Baldet-Johnson (Bs* - A2Ml,) system consists of double
double-headed bands degraded to shorter wavelengths. Baldet
(1924) and Johnson (1925) were the first to investigate this
system. Later Bulthuis (1934) gave the rotational analysis of
the 0-0 and 0-1 bands. Rao and Sarma (1953) summarized the
work on all three observed transitions for CO' stressing the
revision of vibrational numbering for the A state. Conkic et
al. (1978) reinvestigated the rotational structure of the 1-0
band of '2C’0'. Jakubek et al. (1987) photographed 0-0, 0-1,
and 1-0 bands under high resolution and obtained precise
values for the molecular constants of the BZ*, v = 0 and 1 and

A, v =0 and 1 states.

The CO' ion has a strong electric dipole moment and hence
is expected to have a strong microwave spectrum. Dixon and
Woods (1975) were the first to observe CO' terrestrially by

microwave spectroscopy. In the laboratory, its millimeter
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(Sastry et al. 1981 and Piltch et al. 1982) and submillimeter
(Van den Heuvel et al. 1982) wave spectrum was measured in the
ground vibrational state. Bogey et al. (1982) reported the
observation of the rotational transition in the vibrational
states v = 0 and 1. Subsequently Bogey et al. (1983) extended
the measuremerits to higher vibrational levels of '*C'0' and to
other isotopomers (v = 4 for 2c'%0', v = 0 and 1 for “c'o' and

13¢%*, and v = 0 for “c'0').

Considerable work on the rotational structure of the A-X,
B-A, and B-X systems of the other isotopomers of CO' has also
been carried out. Recently in our laboratory the rotational
analyses of the comet-tail band system (Prasad and Reddy,
1989), Baldet-Johnson system (Reddy and Prasad, 1989a) and the
first negative system (Prasad and Reddy, 1990) of '’co' were
performed. For the references on the work done on the
electronic band system of other isotopomers of CO', the reader
is referred to these three papers. It may be mentioned that
Brown et al. (1983) refitted the experimental data of the
rotational structure of the (2-0) and (0-0) bands of the
comet-tail system of *C!®0', reported by Vujisic et al (1980)

and concluded that the latter's work was erroneous.

1.3 Present investigation

The present work is concerned about the spectroscopy of
the molecular ion '2c®0'. Prior to the present work several

researchers investigated the A-X, B-X, and B-A systems of CO'.



As far as the comet-tail system is concerned, even though 15
bands have been analyzed rotationally over a long period, the
structure of several strong bands have not been analyzed.
Analysis of the experimental data using the effective
Hamiltonian of Brown et al. (1979) for ’l state is expected to
give accurate molecular constants and none of the previous
workers had the opportunity to use this method, except Brown
et al. (1984) who analyzed the 0-0 band of the A-X systenm,
excited by laser-induced fluorescence. As mentioned in the
previous section all the recent studies on the comet—-tail
system were done on a few selected bands only (see Table 1.1)
and hence it is considered essential to reinvestigate this
important band system of CO* more exhaustively. In the
present work the molecular ion '%c1%0' was excited in the
cathode glow of a hollow discharge tube of special design
(Reddy and Prasad 1989b). Seventeen bands with v' = 0 to 8
and v" = 0 to 4 of the comet-tail (AZm, - X?z*) system of this
molecular ion occurring in the spectral region 3410 ~ 8480 A
were photographed under medium resolution. Of these, twelve
bands (6-0, 4-0, 3-0, 2-0, 1-0, 2-1, 1-1, 0-1, 2-3, 0-2, 0-3,
and 0-4) were photographed under higher resolution and their
detailed rotational analysis has been carried out. The
structure of six (6-0, 1-0, 2-1, 1-1, 0~1, and 2-3) of these
twelve bands were analyzed for the first time since Rao
(1950a) decreased the v' assignments by 3 units and correctly
identified the A state as an inverted 2m state. Rotational

constants were obtained for the A’l, and X!z* states using the



effective Hamiltonians for the 2 (Brown et al. 1979) and
states. The same method was used for the analysis of the
experimental data of Jakubek et al. (1987) for the Baldet-
Johnson (B%' - A%N,) systenm. A similar method with an
effective Hamiltonian of 2t' state was used for the analysis
of the experimental data of Misra et al. (1987) and Rao
(1950b) for the first negative (B’' - X%:') system and the
microwave data of Sastry et al. (1981) and Bogey et al. (1983)
for the v = 0, 1, and 2 levels of the X%:' state. The
rotational constants of various vibrational levels and the
band origins of several bands thus obtained from the band-by-
band fits and from the microwave data were all merged together
in step by step approach using a correlated least-squares
method. A unique set of molecular constants for the X%,
A?n,, and B%' states, and the band origins of all the bands
used in the analysis, of '2C!*0' were obtained from this global
least-squares fit. Thus, this type of global fit combining
all the available experimental data was attempted for the
first time for the cO' ion. The present work provides
statistically and spectroscopically more meaningful molecular
constants for three electronic states of €0' which is
important astrophysically. In Chapter 2, a description of the
hollow cathode discharge tube and the details of the
experimental techniques are presented. The method of analysis
and the results obtained from the rotational analysis of the
intense bands of the A-X system are given in Chapter 3. The

procedure used for a global £it of all the available
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experimental data and the final results are discussed in

Chapter 4.



CHAPTER 2
EXPERIMENTAL TECHNIQUES

The spectrum of the molecular ion CO' was excited in the
cathode column of a hollow-cathode discharge tube. Seventeen
bands of the comet-tail (A%, - X!s*) system of this molecular
ion were photographed under medium resolution. Of these,
twelve bands were photographed under high resolution. The
hollow-cathode discharge tube, two optical spectrographs used
in the experimental work, and the experimental procedure are
described in this chapter. A brief description of the
mechanism of the hollow-cathode discharges and the measurement

of the spectra are also included here.

2.1 The holl di ge_tube

The hollow-cathode discharge tube and the gas handling
system are schematically shown in Fig. 3. The discharge tube
consists of a hollow cathode (C) made from a copper cylinder
75 mm long, 17 mm in outer diameter and 1.5 mm in wall
thickness. It was silver soldered (S) to a Kovar tube of a
Kovar Pyrex seal (K), 19 mm in inner diameter. The Pyrex end
of this seal was joined to the Pyrex glass body (P), 140 mm
long and 46 mm in outer diameter. A side arm (A) 17 mm in
outer diameter was attached to the main body. A tungsten
anode (T) was fused into the branch of this side arm. Two S1-
UV quartz windows W, and W,, 1.5 mm thick, supplied by Esco

Products Inc., were attached to the ground end surfaces of the

w Y
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anode and cathode branches of the discharge tube, with Torr
Seal, a low vapor pressure resin supplied by Varian Associates
Inc. A ball and socket arrangement, which is not shown in
Fig. 3, 1is provided to facilitate the connection or
disconnection of the discharge tube to or from the pumping

system.

In the present design the provision of separate columns
for the anode and cathode facilitates photographing the two
glows independently. The present design of the hollow-cathode
discharge tube is somewhat similar to the one used by Herzberg
et al. (1981) for the excitation of the spectra of triatomic
molecules H, and D; in the cathode column which is immersed in
liquid nitrogen. Inert gases like helium or neon can be used
as a carrier gas to produce spectra of molecular ions or to
suppress the spectra of neutral molecules. But for the
production of the CO' emission no carrier gas was found to be

necessary.

Reddy and Prasad (1989b) have demonstrated that in the
modified hollow-cathode discharge tube the cathode glow is a
rich source of positive molecular ions and the anode column
consists exclusively of neutral molecules. Figure 4
illustrates the remarkable difference in the two spectra
photographed from the anode and the cathode columns,
respectively. The emission from anode column shown in Fig.
4(a) comprises of the 3A (c’z* - a’m,), the fourth positive

(A'I - X!2*), and the third positive (b’z* - a’l,) systems of the

neutral CO molecule with no trace of the CO' spectrum, while
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spectrum of the cathode glow, shown in Fig. 4(b) consists of
the first negative (B?z* - X?3*) system of the molecular ion CO*
and the two strong band heads of the A%, - XM, system of
Co,t. From Fig. 4, it is amply clear that two entirely
different spectra can be obtained from the same discharge
tube. The spectral broadenings such as Doppler broadening,
pressure broadening, and Stark broadening are minimized in the
hollow cathode discharges compared to the excitations in
straight d.c. arcs and conventional electrodeless discharges.

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
discharge in the hollow-cathode discharge tube. A detailed
circuit diagram of this unit is shown in Fig. 5. The unit
consists of a powerstat (P) which controls the primary voltage
of the step-up transformer T. The output of the transformer
was connected to a bridge rectifier through a resistor R,
rated as 100 0, 100 W. The bridge rectifier consists of four
high voltage diodes D, to D,. The output from the rectifier
was connected to the bleeder resistors R, to Ry (DALE H100)
each of which is rated at 20 ka, 100 W. The variable resistor
R, acts as a bleeder resistor when it is set at 20 ko. The
main function of the bleeder resistor is to quickly discharge
the capacitor when the unit is switched off. The purpose of
the resistor R, is to calibrate the voltmeter which measures
the voltage across the resistor R; according to the voltage on
the capacitor. The required voltage across the electrodes of

the discharge tube was obtained by adjusting the powerstat.



+103108dEd PAIITI-110
pue £10198170a iy f103sTSe1 o(qerima 1Ty fsioastsaz paxty :ly-fy Iy
11 faeas-zamod g $33T] 103TATPUT i

a-Tg ¢1pmzosuery dn-de3s
“37un $1ddns 1an0d eyl 103 meaFeIp ATNIATI TITWAUIS ¥

¢sapoTp
fasny i fyoatas S

©-
A

9,
] 1y

3 #HO9
ASil




w 23 %

The discharge was operated in the stationary condition of the
gas. An applied d.c. voltage of 1100 V gave a current of 60
to 65 mA under normal operating conditions of the discharge
tube. In the best operating conditions the pressure inside
the discharge tube was found to be approximately 0.8 Torr as

read on a thermocouple gauge.

2.2 Mechanism of holl discharge

The emission of radiation in the hollow-cathode discharge
tube is due to the collisions between the accelerated free
electrons, released from the cathode because of the applied
d.c. voltage between the electrodes, and the atoms or
molecules of the experimental gas. In this collision process,
the translational kinetic energy of the free electrons is
transferred to the atoms or molecules, exciting them to
different higher atomic states or rotational, vibrational, and
electronic molecular states. Since these higher states of the
atoms and molecules are unstable, they return to the lower
energy states through the emission of electromagnetic
radiation of energy hv', h being the Planck's constant and v'
being the frequency in s™. The energy hv' is egual to the
energy difference between the upper and lower states. The
emission of radiation is maintained continuously as long as

the discharge tube is subjected to the electric field.

In the collision process some »f the free electrons

released from the cathode acquire sufficient kinetic energy
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and ionize the molecules. These positive molecular ions
concentrate around the cathode and the excited neutral
molecules spread out into the anode branch of the discharge
tube. This proposition is very clear from Fig. 4 where the
cathode glow shows the spectrum of the CO' ion and the anode

glow shows that of the neutral CO molecule.

2.3 Spectrographs

The emission spectrum of CO' from the cathode glow was
photographed on a 2 m Bausch and Lomb (B&L) dual grating
spectrograph and a 3.4 m Jarrell-Ash (J-A) Ebert grating
spectrograph. These two spectrographs are briefly described

in this section.

(i) The 2 m Bausch and Lomb dual grating spectrograph

A schematic representation of the optical layout of this
spectrograph is shown in Fig. 6. A variable slit S allows the
light from a source to enter the spectrograph. The light is
then reflected by a plane mirror M onto the upper portion of
a spherical mirror (SM), which has a focal length of 2 m and
a numerical aperture of £/15.5. The advantage of this
spectrograph is that it has two gratings mounted back to back
on a rotatable turret T. The required grating (G, or G,),
either the one with 600 grooves/mm blazed at 2.5 um or the one
with 1200 grooves/mm blazed at 1.0 um,each having a ruled area

of 10.2 cm x 12.8 cm, can be selected by rotating the turret.
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The collimated light from the spherical mirror is dispersed by
the selected grating. The dispersed light from the grating is
then incident on the lower section of the spherical mirror,
which focuses it onto the photographic plate (P). The plate
holder accommodates one plate of size 10.16 cm x 25.40 cm or
two plates each of size 5.08 cm x 25.40 cm. The Hartman
diaphragm located in front of the slit on the spectrograph
enables the spectra to be photographed in juxtaposition. The
measured reciprocal dispersions of the spectra photographed on
the B&L spectrograph are 8.3 A/mm at 5000 A in the first order
of the 600 grooves/mm grating and 1.05 A/mm at 7200 A in the

second order of the 1200 grooves/mm grating.

(ii) The 3.4 m Jarrell-Ash Ebert grating spectrograph

The optical layout of this spectrograph is almost the
same as that of the B&L spectrograph, except that the slit and
the plate holder are on the same side of the spectrograph. In
this instrument light from the source is incident directly on
the upper section of the concave mirror after passing through
two quartz cylindrical lenses (one collimating lens 10.0 cm in
focal length and 3.0 cm in diameter and the other a condensing
lens 45.0 cm in focal length and 3.0 cm in diameter). The
concave mirror, which has a radius of curvature of 6.655 m, a
diameter of 40.6 cm and a numerical aperture of £/35,
collimates the light onto the grating. The dispersed light
from the grating is focused onto the photographic plate by the

lower section of the concave mirror. Best focus for a fixed
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slit position is obtained by tilting the plate holder about
the vertical axis. This tilt is found to have a linear
dependence on the grating angle. A B&L plane grating having
1200 grooves/mm blazed at 1.4 pm and an MIT echelle grating
having 300 grooves/mm blazed at 5.7 um are available for this
spectrograph. Both these gratings have a ruled width of 186
mm and a groove length of 63 mm. In the present work the 1200
grooves/mm 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 0.98 A/mm at

5100 A in the second order.

2.4 Experimental procedure

The carbon monoxide gas whose purity is given as 99.99%
was supplied by Matheson Gas products. The gas-handling
system made of Pyrex glass which was attached to the hollow-
cathode discharge tube is shown in Fig. 3. The discharge tube
and the secondary reservoir R, were thoroughly evacuated.
First, a small quantity of CO from the primary reservoir R,
was admitted into R, by opening the stop cock S;. The stop
cock §; was closed and the gas was admitted into the discharge
tube through stop cock S,. A d.c. voltage of 1100 V was
applied between the electrodes of the discharge tube and the
discharge was initiated using a Tesla coil. Under normal
operating conditions, the pressure inside the discharge tube

was monitored to be approximately 0.8 Torr as read on a
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thermocouple gauge. The emission spectra of CO' in the region
3000 ~ 8000 A was photographed under medium dispersion on the
B&L spectrograph and under hiyh resolution on this
spectrograph as well as on the J-A spectrograph. The slit
width was maintained at 20 ym for the former and 30 um for the
latter. An Fe-Ne hollow-cathode lamp was used as a source for
the standard spectrum. The details of the twelve bands
photographed under high resolution are given in Table 2.1.
Kodak SWR, Spectrum Analysis No. 1, 103 a-0, 103-F, and 1-N
plates were used to photograph the spectrum in different
spectral regions. Overlapping orders of the spectra were
eliminated by using Corning and Hoya glass filters. Exposure
times varied from 1 min to 12 h 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.

2.5 Measurement of spectra

A linear comparator, model M 1205C, supplied by the
Gaertner Optical company, Chicago, was used to measure the
photographic plates. Although the least count of the
instrument is 0.001 mm, the readings can be estimated to an
accuracy of 0.0005 mm. The relation between the air
wavelengths (A,,) of the spectral lines and their comparator

readings (d) is given by the formula
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TABLE 2.1 Comet-tail bands of CO*: recording details
Band Spectrograph Grating order
6-0 3-A 12002/mn Fourth
(186 mm x 63 mm)
40 J-a # Third
3-0 J-a L Third
2-0 J-a " Third
1-0 J-a W Third
2-1 J-a " Third
1-1 J-A " Second
0-2 J-A " Second
0-1 B&L 2002/cm Second
(128 mm x 102 mm)
2-3 B&L " Second
0-3 B&L d Second
0-4 B&L Third

6004/mn
(128 mm x 102 mm)
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a (a-ag) ¥, 12.11
0

where d; is the comparator reading of the first standard line.
The comparator readings (d) were obtained for the band heads,
rotational lines, and standard Fe-Ne lines. The coefficients
ag;, a,, az, ... etc., were obtained using the method of least-
squares by fitting the air wavelengths A, of the standard Fe-
Ne lines and their corresponding comparator readings to Eq.
[2.1]. In most of the cases a second degree polynomial fit
was found to be adequate. The wavelengths of the standard Fe-
Ne lines were taken from Crosswhite (1958 and 1975). In
general the standard deviations of the fit were found to be
around 0.03 A and 0.003 A for the medium and high resolution
spectra, respectively. The air wavelengths of the band heads
and the rotational lines were calculated from Eq. [2.1] after
determining the coefficients. They were then converted into
vacuum wavenumbers v (cm’') by using Edlen's formula (1953) for

the refractive index n of air,

= 25540 9 9
n= 1+ 6432.8 x 1070 4 2949810 + 200 12,21
146 x 108 - v 41 x 10° - o
108
where v =z—=5— (), in units of Angstréms).
air

An iterative method was employed to calculate the vacuum
wavenumbers and the iteration was continued until the absolute

value of the dif the ive values of the

wavenumbers was less than or equal to 10%m’?. A VAX 11/785

computer was used to perform the numerical calculations.



CHAPTER 3

COMET-TAIL (A%I, ~ X’s') SYSTEM OF ?c'So!

3.1 Vibrational and rotational structure of an electronic
band system

(i) Electronic and vibrational terms

Within the Born-Oppenheimer approximation, the total
energy E (usually expressed in ergs) of a diatomic molecule
(with the exclusion of the translational and nuclear spin
energies) can be represented as the sum of its electronic
energy E,, vibrational energy E,, and rotational energy E..
Thus

E=E, + B + E. (341
The term value T (in cm!) of an energy level is given by

T =T, + G(v) + F,(J), [3.2]
where v and J are the vibrational and rotational quantum
numbers, respectively, and T,, G(v), and F,(J) are the
electronic, vibrational and rotational terms respectively.

The electronic terms of different multiplet components
are generally expressed in the first approximation (i.e.,
considering the case of zero rotation) as

T, = T, + AAZ,, [3.3]
where T, is the electronic term, A and =, are the quantized
projections along the internuclear axis, of the electron
orbital angular momentum L, and the electron spin angular
momentum S, respectively, and A is the spin-orbit coupling

= 3] =
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constant for the given electronic multiplet state. The
electronic states are designated as =, 1, A, ®, --—-
corresponding to A = 0, 1, 2, 3, ..., respectively. The
quantity A is positive or negative depending on whether the
state is regular or inverted. The electronic states (A = 0)
are designated as =' or =7, depending on whether the electronic
wave function ¢, remains unchanged or changes sign upon
reflection at a plane passing through the internuclear axis.
The multiplicity of an electronic state is given by 25 + 1,
which is the number of 3, components along the internuclear
axis. For example S(3%, = 0) is =zero for all singlet

electronic states.

The vibrational terms G(v) of an electronic state of a

molecule are expressed as
G(V) = wo(VH+1/2) = wX,(V+1/2)% + 0,y (v+1/2)" + ..., [3.4]

where w, is the vibrational frequency and w,X,, w.y., etc. are
the anharmonic terms of the vibrational motion. The
wavenumber (in cm™) of a spectral line arising from a
transition between the vibrational levels neglecting the

contribution from the rotational levels is given by

Vyrgn = Vg + @' (VI+1/2) = ' X' (V'+1/2)% + w'y ' (V'+1/2)% + ..
= W (VIH1/2) + 0" XU (VI+1/2)2 = oMy, (VH1/2) + .. [3.5]
The constants v,, w.; weXes w.¥e, ..., €tc., can be obtained

either from a detailed rotational analysis of the band
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structure or directly from the measured wavenumbers of the
band heads. Equation [3.5] can be written in a simplified
matrix form as

Y =+ [3.6]
where Y is a column vector containing either the values of the
band origins (determined from the rotational analysis) or the
vacuum wavenumbers of measured band heads as the input
parameters and f is a column vector containing molecular
constants to be estimated as output parameters. The
coefficient matrix X contains the coefficients of v,, w,, w.X,,
wYes +++, etc., and § is a column vector containing the
unknown errors of measurements. The method of least-squares
is used to obtain the molecular constants g which is given by

A = (XX) X7y [3.7]
(where ° on g indicates that g is an estimate obtained from
the least-squares fit). The estimated variance of the least-
squares fit is given by

o2 = (Y - Xp)T (Y ~ Xp)/f [3.8)
where f is the number of degrees of freedom. The dispersion
matrix V is given by

Vo= (xTx) [3.9]
and the variance-covariance matrix associated with j is given
by

b = o%. {3.10]
The uncertainties in the estimated values of the molecular

constants are the square roots of the diagonal elements of .
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(ii) Rotational terms of singlet electromic states

The rotational terms of a given vibrational level of a
singlet electronic state are represented by

F (J) = B,[J(J+1) = A?] - D,[T(T+1) - A% + ..., [3.11)
where B, = (h/8x2cu)(1/%,”) is the rotational constant, ; and
r, being the reduced mass and the internuclear distance
respectively of the molecule and D, = 4B/’ is the
centrifugal distortion constant. The constants B, and D, can
be expressed in terms of the vibrational quantum number v and

the equilibrium molecular constants as

B, =B, = a, (V+ 1/2) + 7, (Vv + 1/2)% + ..., [3.12]
and
D, = D + fo (V+ 1/2) + ..., [3.13]
where
B, = h/8n%cur,? and D, = 4B /w2, [3.14]

Here a, << B,, 7, << @, and B, << D,. In the present work, the
constants y, and B, could not be estimated because of their

very small magnitudes.

(iii) coupling between rotation and electronic motion

Spin-orbit coupling: The interaction of the spin angular
momentum of the electrons with their orbital angular momentum
(usually known as spin-orbit coupling) causes splitting in the
electronic states. There is no spin-orbit coupling for i, ",
..., etc., states. But states such as %m, i, ..., %, *a,

+.., are split into 2S+1 components, which are distinguished
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by the quantum number £, which takes values S, S-1, ..., =S
and represents the component of the spin angular momentum
along the internuclear axis. The resultant of the electronic
orbital and spin angular momenta in the direction of the
internuclear axis, represented by the quantum number a is
given by

Q=A+ 3, [3.15])
The value of 0 is indicated as a subscript following the term
symbol. Thus the components arising from the spin-orbit
coupling of a Il state are ’,, and 2I,,. If the rotational
angular momentum R of the molecule is imposed on the spin
splitting, we come across several coupling cases, which are
classified into five cases by Hund and are known as Hund's
coupling cases. Of these five, Hund's case (a) and case (b)

are important for the present work.

In Hund's case (a), R and @ combine to form the total
angular momentum J. For a given value of the guantum number
Q, J has the values

J=0, 0+1,08+2, ... [3.16]
Both J and 0o have either integer or half integer values
depending on whether the multiplicity of the state is odd or
even, respectively.

A-type doubling: The coupling between the rotation of
the molecule and the orbital motion of its electrons is very
small. However, this gives a splitting of the degeneracy that
arises for electronic states with A » 0. This splitting is

called A-type doubling. The split levels are either positive
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(+) or negative (-) corresponding to the positive and negative
eigen functions that correspond to the orbital motion of the
electrons around the internuclear axis. This positive and
negative character of the rotational 1levels is known as

parity.

Hund's case (b) arises when the spin vector S is very
weakly coupled to the internuclear axis as a consequence of
its coupling with the axis of rotation of the molecule. Such
a situation applies to = states almost always; it also applies
to m, A, ... states for small atomic numbers. In Hund's case
(b) 0 is not defined. The component of L along the
internuclear axis, i.e., A, combines with R to form the new
vector N, which is the total angular momentum apart from the
spin. The possible values of the guantum number N are

N=A, A+ 1, A+2, ... [3.17]
If A = 0, N takes all integer values from zero onward. The
vector N combines with § to form J. For a given N, J has the
values

J=N+58, N+§ -1, ... [N - §]|. [3.18]
Thus each rotational level N has (2S+1) components which
represent the multiplicity of the states. Kopp and Hougen
(1967) introduced the following convention for labelling the
rotational levels with half integer J values:

'Levels with parity [+(-1)"12] are e levels and those
with parity [-(-1)""?] are f levels.'

Later Brown et al. (1975) extended this labelling convention

to the rotational levels with integral J values which is
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stated as follows:
'Levels with parity [+(-1)’] are e levels, and those with

parity [-(-1)"] are f levels.'

3.2 Method of rotational analysis
(i) Effective Hamiltonian

The effective Hamiltonian for a diatomic molecule in the
absence of external magnetic or electric field is given by

H = Hy + Hypp + Hy + Hy + Hyg, [3.19]

vhere H, includes the terms which are independent of rotation

and represents the vibronic term energy T, for the allowed

vibrational states of the different electronic states. The

term H,, represents the Hamiltonian describing the rotation of

the nuclei, and is given by

H.. = B(r) R* [3.20]

= (h/8x2ur?) (I-L-5)2, [3.20a)

where B(r) is the radial part of the rotational energy
operator, s is the reduced mass, r is the internuclear
distance, and R is the rotational angular momentum operator.
The term H,y in Eq. [3.19] represents the Hamiltonian for the

centrifugal distortion and is given by

Hy = =D(R?)? + H(R?)® + o [3.21]

where D and H are the quartic and sextic distortion constants.

The third term H, in Eq. [3.19] describes the fine structure
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of spectral levels and is composed of four parts. It is

written as

He, = Hyo + Hy + Hy + Hygy [3.22]

where H,, represents the spin-orbit interaction and can be

written as

Hy, = A(X) L . § + —=== [3.22a)

= A(r) (LS, + 1/2 LS. + 1/2 LS,) + ----. [3.22b)

where A(r) is the spin-orbit coupling constant. Equations
[3.22 a & b] also contain additional terms involving the

centrifugal ions to the A, i.e., terms with

Ap,, Ag, Ay, etc. The term H,, in Eq. [3.22) represents the
spin-spin interaction term and is zero for all doublet states

as shown below. The term H, can be represented as
H,, = e(xr) (35,2 - 8%). [3.22¢c)

The matrix element for S, is %, and for doublet states it takes
values + 1/2 & -1/2, and that of S? is written as §(S+1) and
is equal to 3/4. With the help of the matrix elements 3, and
S(S+1) it can be easily verified that the expression

[335,2 - §(5+1) ] is always equal to zero for the doublet states.
The term H,, in Eq. [3.22] is the spin-rotation Hamiltonian and

is given by

Her = 7(X) R . 8 [3.224]

= y(xr) (J-L-S) . S, [3.22e]
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where ¢(r) is the spin-rotation constant. The last term H,
in Eq. [3.22] represents the A-doubling in rotational levels
and contains the terms with the A-doubling parameters o, p, q,
and their centrifugal corrections. This Hamiltonian can be

expressed as

Hy = o(x) (A2 + A35,%) + p(r) (ASN. + A’S,N,)

- g(r) (A2 + AN2) + ... [3.22f]

The A—doubling parameter o(r) in this expression has non-zero
value only for the states with multiplicity three and higher.
only the parameters p(r) and q(r) and in some cases their
centrifugal corrections are significant for the 2m states.
The last term Hye, in Eq. [3.19] represents the Hamiltonian for
the hyperfine structure, which is rarely resolved in the

optical spectra and is not considered here.

Brown et al. (1979) discussed the effective Hamiltonian
[Eg. 3.19] for the 2n state in detail and calculated the
corresponding matrix elements. Later Amiot et al. (1981)
listed the matrix elements of the complete Hamiltonian for the
1 and z* states. The matrix elements of these Hamiltonians
which are relevant to the present work are given in Table 3.1.
The measured line positions are compared iteratively with the
calculated 1line positions which are the appropriate
differences between the term values of the upper and lower
electronic states. These term values are obtained as the

eigen values of the Hamiltonian matrix. In the computer
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TABLE 3.1 Matrix elements of the Hamiltonian lor states

Molecular Labelling® Matrix element":
constant
T, 1,1 1
2,2 i}
3,3 1
B, 1,1 X(x¥1)
2,2 x2-1
)3 x%+1
2,3 -(x2-1)112
Dy 1,1 x3(xT1)?
2,2, -x*(x%-1)
3,3 -x2(x%43)
2,3 2x2(x?-1) 17
= 1,1 0.5(xF1)
A 2,2 0.5
3,3 0.5
Bpy 242 0.5(x2-1)
3,3 -0.5(x2H1)
Py 3,3 70.5x
qy 3,3 Fx
2,3 40, 5x(x?-1) /%

“Labels 1, 2, and 3 refer to states 23*, M, and 7l
respectively.

Px = J + 0.5.

“In the notation + and ¥ the upper and lower signs refer to
the e and f levels, respectively (see Brown et al., 1975).
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program, the matrix formed with the matrix elements listed in
Table 3.1 is diagonalized to obtain the eigen values, i.e.,
the term values of the upper and lower states involved in the
transition. The molecular constants appear as adjustable
parameters in the effective Hamiltonian. An improved set of
molecular constants is generated from a least-squares fit of
the calculated line positions to the observed ones. This non-
linear least-squares procedure is repeated until a

satisfactory set of molecular constants is obtained.

(ii) Method of merging

In the analysis of the molecular spectra, multiple
estimates of a given molecular parameter are often obtained.
These multiple estimates can be reduced to a single 'best
possible' estimate in several ways. Among these, the method
of 'merging' is often used in molecular spectroscopy. In this
method, multiple estimates of the molecular constants obtained
from the individual bands by the method of least-squares are
combined together, taking into account their uncertainties and
the correlations existing among them. In the present work the
molecular constants were obtained by analyzing the rotational
structure of the individual bands using the effective
Hamiltonian proposed by Brown et al. (1979). These molecular
constants, their standard deviations, and their variance-
covariance matrices are used as input parameters for the
correlated least-squares merging fit. The relation between

these input parameters and the best "possible estimates"
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obtained as output parameters in the merging procedure is
given by the set of equations in matrix notation as (similar
to Eq. 3.6)

Y =XB + 6. (3.23)
Here Y, B, and § are the column vectors representing the input
parameters, the output parameters, and the unknown errors
respectively; the coefficient matrix X relates the values of
Y to the values of 8. The least-squares solution of Eq.
[3.23) gives molecular constants p as output parameters in
such a way that the squares of the deviations are minimized
subject to the inter-relations among §. The equation for g

(the symbol * indicates that it is an estimate from the least-
squares fit) in matrix notation is given by

B = (XTox) ! XTely, [3.24]
where ¢ is a nondiagonal generalized weight matrix, which is
composed of the variance-covariance matrices obtained from the
band by band fits. The estimated variance o? is given by

o = (Y - Xg)T &M (Y - Xp)/E, {3.25]
where f is the number of degrees of freedom. The merged
dispersion matrix is written as

¥ = (XTeiX) . [3.26]
The estimated variance-covariance matrix  which is associated
with j is given by

6= o (3.27]
The uncertainties in the merged molecular constants which are
obtained as output parameters are the square roots of the

diagonal elements of the matrix 6. For further details of the



method of merging the reader is referred to Albritton et al.

(1977), Coxon (1978), and Prasad and Reddy (1988).

3.3 The i 1 of a band of a n, - *3*
transition

A ?n, state consists of a series of rotational levels for
each of the substates I,,, (J = 0.5, 1.5, ...) and 0y, (J =
1.5, 2.5, ...) with the levels of ?m,;, having lower energy
than the corresponding levels of *I;. The I state is called
an inverted state because the spin-orbit coupling constant A
is negative. It belongs to Hund's case (a) because A is large
in magnitude. Normally a 2% state belongs to Hund's case (b).
The splitting of a ?: state is due to the magnetic moment
produced by the motion of the nuclei and precession of the
electronic orbital angular momentum about the internuclear
axis. As the two states 2m, and 22’ belong to Hund's cases (a)
and (b), respectively, a 2m, - 2z* transition is known as a

mixed case transition.

The rotational structure of a band arising from a
*m; - 23' transition consists of twelve branches. The

selection rules to be satisfied in this transition are

AT =0 e «— f
AT = %1 e e £ o f
= k= e =,
The twelve different are i ted in

with the selection rules given above as Ryees Raees Quirer Querr



Paieer Paacer Ruteer Ruzees Quiger Quzors Piiser aNd Pppeee A schematic

energy level diagram showing all the twelve branches is given
in Fig. 7, in which the parity of the levels is indicated in
the e/f notation given by Kopp and Hougen (1967) and Brown et
al. (1975). If the bands of this system degrade to longer
wavelengths, as in the case of comet-tail system, then the
Rizeer Qice/Rozeer Rizeer aNA Quige/Ryzee branches form four different
heads in the rotational structure of the band. Each band of
this system has two band origins, one for each of the

2m,, - 25* and M, - c* sub-bands. In the present work,
instead of two origins, only the (T,; - T,;) value is
determined. The band origins of the two sub-systems can be

calculated from (Ty - T.,z) * (1/2) (A, - 2B,).

3.4 Rotational analysis of the comet-tail system of cO'

The spectrum of the cathode glow of the hollow-cathode
discharge tube (described in Chapter 2), photographed in the
region 3345 - 8500 A under medium dispersion is shown in Fig.
8. 1In this figure, in addition to the 17 bands of the comet-
tail system of CO’ several bands belonging to the Baldet-
Johnson (B%z* - A%N,) system of CO', the Angstrém (B'Z' - A'll)
and the Herzberg (C's' -~ A') systems of the neutral molecule
CO are also identified. The vacuum wavenumbers of the band
heads of the comet-tail system of €O', their relative
intensities and vibrational quantum numbers are given in Table

3.2. The four heads identified for each band are formed by
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A schematic encrgy level diagram showing the first few
rotational_transitions of all the twelve branches of a

band of a 2ij - 2¥ transition.

ure 7.,

Fig
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TABLE 3.2 Comet-tail (A%, - X%5') band sy. em of the

12G2%0* molecule

Band head®
(em™

1
)

T, - THp
(em™)

Relative®
intensity

Assignment
e yn

29826.11¢
29817.05¢

29692287

29288.41
29276.55
29163.94
29153.11

28484471

28367.51¢
28347.42¢

27891.72
27878.69
27763.28
27751.66

26462.56
26449.20
26336.38
26324.35

25009.13
24994.99
24882.58
24870.02

23529.04
23514.03
2340224
23388.97

22022.07
22006.17
21895.08
21880.93

21345.58
21330.09
21218.80
2120494

19839.22
19822.66
19712.03
19697.31

29212.897(2)

26384.760(2)

24930.349(2)

23449.261(2)

21941.217(1)

21265.232(1)

19757.570(2)

vs

vs

8-1

3-0

2-0

1-0
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TABLE 3.2 (Continued)

Band head® T, o pn B Relative®
(eml) (en™D intensity

18550.12¢ W 3-3
18535. 649
18424.15¢
18409.14¢

18305.32 18222.329(2) El 0-1
18287.64
18177.66
18162.05

17685,77¢ w 1-2
17674.914
17559.40¢
17542, 944

17070.47 16988.471(2) vw 2-3
17053, 51
16943.22
16928.20

16152, 50 16068.576(2) s 0-2
16133.97
16024,72
16008,45

14030.53 13945.479(2) m 0-3
14011, 01
13902.43
13885.44

11938.78 11852.563(2)° w 0-4
11918, 26
11810.34
11792.68

°The four heads identified for each band are formed hy
Rateer Qaige/Razees Rizeer a0d Quige/Rizgr branches in

the order of decreasing wavenumher.

PThe number in the parentheses indicates the uncertainty
in the last digit and corresponds to one standard
deviation.

“The abbreviations for the relative intensities vs, s,
w, and vw represent very strong, strong, medium, wcak,
and very weak respectively.

9Band head is measured under the medium dispersion.

°This value is obtained from the analysis of the 0-4
band and is not included in the merging.
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Ryionr Qa11o/Razeer Filear @Nd Queo/Rizee in the order of decreasing
wavenumber. The measurements of the band heads are made on
high dispersion plates for 13 bands and on medium dispersion

plates for the remaining 4 bands as indicated in Table 3.2.

Of the thirteen bands of the comet-tail system
photographed under high resolution the rotational structure of
twelve bands (6-0, 4-0, 3-0, 2-0, 1-0, 2-1, 1-1, 0-1, 2-3,
0-2, 0-3, and 0-4) was analyzed. Of these twelve bands, the
rotational structure of six (6-0, 1-0, 2-1, 1-1, 0-1, and 0-2)
was analyzed for the first time since Rao (1950a) decreased
the vibrational assignment of the upper state by 3 units and
identified the state as an inverted 1 state. The rotational
structure of the 4-0 and 1-1 bands of this system photographed
under high resolution on the 3.4 m Jarrell-Ash spectrograph
are shown in Figs. 9 and 10, respectively. In these figures,
the expected twelve branches in their rotational structures
are clearly identified. The pairs of branches Ry and Qg
Qazer @nd Py, Ryzee and Qg and Q¢ and Py, are due to the
spin splitting of the rotational levels of the X?:* state. As
the value of the constant 7, which represents the spin
splitting of the rotational levels of the X’z* state, is very
small the actual splitting of the rotational lines could not
be shown clearly for the 4-0 and 1-1 bands. The rotational
quantum numbers and the vacuum wavenumbers of the spectral
lines of all the twelve branches analyzed in the present work

are listed in Table 3.3. The effective Hamiltonians of the 2
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Figure 9.
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TAGLE 3.3 Vacuum wavenumbers_(in cm_ ') of the rotational lines of
the bands of the AZi; - X2+ system of 12c160+
6-0 Band (A, - X'E)

J Ry Razee(d) LAYAE)) Qa3 Pareeld) Paaee(J)
0.5 29280.45( 1) 29276.55( 1) 29272.07( 0)

1.5 83.88(-2)  76.09( 0) 29276.55( 1)  68.65( 1) 29272.07( 0)

2.5 86.39(1)  74.67(1)  76.09( 0)  646.24( 0)  68.65( 1)

3.5 87.90( 0)  72.26¢ 0)  74.67( 1)  58.86(-1)  66.24( 0)

4.5 8B.AL(-2)  68.89¢ 1)  72.26( 0)  52.56( 2)  58.86(-1) 29239.27(-1)
5.5 87.93(-6)  64.52(-1)  68.89( 1)  45.18(-1)  52,54(-1)  29.03( 1)
6.5  86.52(-5)  59.19( 0)  64.52(-1)  36.90( 0)  45.18(-1)  17.79( 1)
7.5 86.16(-2)  52.88(-1)  59.19¢ 0)  27.61(-2)  36.90( 0)  05.64( 6)
8.5  80.78(-1)  45.59( 0)  52.88(-1)  17.36(-1)  27.61(-2) 29192.47*
9.5 37.34(3)  45.59( 0)  06.15(1)  17.35¢-1)  78.30°
10.5 28.110 37.34( 3) 29193.93( 0)  06.15( 1)  63.08(-2)
1.5 17.79¢-1)  28.11° 80.74( 1) 29193.93( 2)
12.5 06.54(-2)  17.79(-1)  66.56( 1)  80.74( 1)
1.5 29194.32( 1) 06.54(-2)  S51.38( 0)  66.56( 1)
1.5 29196.32( 1) 35.26( 5)  51.38( 0)
15.5 18.09( )  35.26( )
16.5 18.09( 4)




- B =

TABLE 3.3 (Continued)

6-0 Band (A%, - X'3')

3 Ry Rizee () Qira() Quzee(3) Praald) Pizee(9)

0.5 29157.02(-2) 29153,11( 0)

1.5 60.35( 1) 52.48( 2) 29153.11( 0) 29145,24( 0)

2.5 62.56(-2)  50.77(-2)  52.48( 2)  40.68( 0) 29145.24( 0)

3.5 63.78(-1)  4B.06( 0)  50.77(-2)  35.05(-1)  40.68( 0)

4.5 63.94(0)  44.28(-1)  48.06( 0)  28.38(-2)  35.05(-1) 29115.40(-1)
5.5 63.08( 1)  39.48( 0)  44.28(-1)  20.71(0)  28.38(-2)  04.83( 1)
6.5 61.13(-1)  33.65(2)  39.48( 0)  11.97( 0)  20.71( 0) 29092.94*
7.5 58.16(0)  26.75(2)  33.65(2)  02.17(-1)  1L.97¢ 0)  80.79*
8.5 54.12(-1)  18.79( 2)  26.75( 2) 29091.37( 2)  02.17(-1)  66.58*
9.5  49.05(-1)  09.78( 0)  18.79( 2)  79.50( 1) 29191.37( 2)  51.97*
105 42.93(-1) 29099.75( 1)  09.78( 0)  66.58( 1)  79.50( 1)  36.26(-2)
1.5 35.76( 0)  B8.66( 2) 29099.75( 1)  52.61( 1)  66.58( 1)  19.42(-3)

12.5 76.47(-3)  88.64(-1)  37.58(-1)  52.61( 1)
13.5 76.47(-3) 21.53( 0) 37.58(-1)
14.5

21.53( 0)
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TABLE 3.9 (Continued)

4-0 Band (A, - X%

I Ryat) Razee () RATACH Qzee () Pay0(3) Pazre(3)
0.5 26453.24(-1) 26444.74(-2)
1.5 56.85(-5) 26449.07( 0) 41.46( 1) 26444.74(-1)

2.5 59.64(-2) 47.96( 3) 26449.07( 2) 37.25¢ 0) 41.46( 3) 26429.61(-6)
3.5 61.51(-1)  45.85( 1)  47.94( S)  32.15( 0)  37.25( 2)  21.50(-4)
4.5 62.48(-1)  42,90(-1)  45.86( 4)  26.13(-2)  32.15( 3)  12.48(-5)
5.5 62.56( 1) 39.07( 1) 42.90( 3) 19.28( 1) 26.13( 1) 02.62( 1)
6.5 61.70(-2)  34.33( 2)  39.04( 2)  11.50( 2)  19.23( 1) 26391.75(-5)
7.5 60.00( 1)  28.66(-1)  34.27( 1)  02.78(-2)  11.42(-1)  80.07(-2)
8.5 57.37¢ 1) 22.13( 0) 28.62( 0) 26393,21(-1) 02.72(-2) 67.49( 0)
9.5  53.82(-2)  14.71( 1)  22.08( 1)  B82.75( 0) 26393.13(-3)  54.01( 1)
10,5 £9.40( 0)  06.36( 0)  14.62(-1)  71.40( 2)  82.66(-2)  39.60(-2)
11,5 44.07( 0) 26397.11(-1)  06.29¢ 0)  59.13( 2)  71.29¢-1)  24.35( 2)
12,5 37.86( 2)  86.94(-4) 26397.06( 2)  45.96( 2)  59.00(-2)  08.15( 0)
13.5  30.70¢ 0)  75.93(-1)  86.91( 2)  31.88( 0)  45,83(-2) 26291.02(-5)
14.5 22.67( 1) 63.95(-4) 75.84( 0) 16.96( 4) 31.75¢-3) 73.05(-6)
15.5 13.70¢ 0) 51.12(-3) 63.91( 2) 01.08( 2) 16.78(-3) .23¢ 0)
16,5 03.83(-2)  37.41( 1)  51.05( 1) 26284.30( 1)  00.91(-3)
17.5 26393.09¢ 0)  22.71(-2)  37.29( 1)  66.62( 0) 26284.14(-3)
18.5  BL.A1( 1)  07.16(-1)  22.66( 3)  48,05( 0)  66.51( 1)
19.5  68.83( 0) 26290.63(-7)  07.06( 0)  28.57(-1)  47.12( 0)
20.5  55.38( 5)  73.22(-9) 26290.50(-6)  08.21( 1)  28.45( 1)
21.5  40.95( 3)  55.06( 3)  73.22( 5) 26186.93( 0)  08.05(-1)
22,5 25.58(-1) 54.81( 7)  64.70(-5) 26186.78( 0)
23,5 09.35(-1) 41.60(-6)  64.58( 0)
24,5 41.50( 1)

£
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TABLE 3.3 (Continued)

nd (AT, , . X75")

1.5 26331.75( 0)  23.90( 0) 26326.35(¢ 1) 26316.50( 1)
2.5 36.2600)  22.47(-2)  23.90( 2)  12.06(-5)
3.5 35.81(0) 20,10 0)  22.67( 1) 06.77( 1)
45 36.38(0)  16.76( 1)  20.07( 0)  00.45(-1)
5.5 35.99(0)  12.44( 1)  16.69(-2) 26293.17( 1)
6.5 34.62(0)  07.16(2) 12.3%( 0)
7.5 32.280(-1)  00.91C 1)  07.08(-2)
8.5 29.00( 1) 26293.70( 2)  00.81(-2)
9.5 26.92(-1)  85.52¢ 3) 26293.61( 0)
105 19.48(-2)  76.37( 2)  85.41(-2)
S 13.28(-2)  66.26( 2)  76.25(-2)
125 06.13(-1)  55.19¢2)  66.17( 1)
13.5 26297.98(-3)  43.13( 0)  $5.06(-2)  00.21( 3)
90(-3)  30.17( &) 43.01(-2) 26184.27( &)
155 78.86( 0) 16,20 3)  30.04( 1)  62.32( 1)
165 67.84(-1)  01.23(-3)  16.07( 1)  49.48(-1)
175 55.85(-2) 26185.38¢ 0)  01.16( 2)  30.64( 2)
185 42.91(-2)  68.58( 3)  85.24(-1)  10.81(-3)
19.5  29.0902)  30.69(-6)  68.42( 1) 26090.07(-3)

205 16.19¢2)  31.92(-8)  50.60(-1)  68.36(-5)
21.5 26198.34( 0) e 1)
2.5 81.57( 1) 12.15¢ 1)
2.5 63.85( ) 26091.48¢ 1)
%5 43.11¢ 0) €9.87¢ 2)
255 25.43(-2) 41.27¢ 0)
6.5 04.83(-1) 2.2 1
27.5 26083.28( 1) 25999.27¢ 1)
2.5 60,73(-2) 73.81( 2)
9.5 37.25(-2)

0.5 12.84( 1)

31.5 25987.45( 0)

2.5 S99

N5 338 )

.5 05,57( 0)

Pradd)

26316.50( 2)
12.06(-3)
06.74¢ 1)
00.41( 0)

120 0)

.86¢ 0)

L65¢ 1)

Lage1)

31 0)

19¢-1)

12 0
15.10¢ 2)
00.07¢-1)

26186.11(-1)
61.20(-1)
49.35¢ 2)
30.30¢ 0)
10.74( 3)

26089.98( 1)

Puald)

26296.33(-3)
86.0(-3)
6.86( 1)
£5.56(-8)
53.41(-6)
40.30(-2)
26.20(-2)
1.6(-2)
26195.1¢( 1)
¢ 1)
60.20( 0)
41.26(-3)
21.61(-2)
00.58(-3)
26078.78(-5)
$5.06(-3)
2.62(-1)
07.78¢-1)
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TABLE 3.3 (Continucd)

3-0 Band (A’ - X3%%)

I R Ryared) Qja(I) Qzec(9) Paa(d) Pare(3)
05 26994.99(-1) 24990,37(-1)

15 25002.69(-1)  94.83( 0) 24994.99( 0)  87.12(-1) 24990.37( 1)

2.5 05.58( 0)  93.81(-1)  94.83(2)  82.99(-3)  87.12( 1) 25975.34( 0)
3.5 07.61(-1)  91.93(-2)  93.81(1)  78.04(-3)  82.99( 0)  67.31( 1)
4.5 08.81( 1)  89.19(-2) 91.93( 2) 72.22(-4)  78.04( 1) 58.41(-1)
5.5 09.13(-1) 85.60(-2) 89.19( 2) 65.55(-3) 72.22( 0) 48.69( 0)
6.5 08.58(-2) 81.15(-5) 85.60( 3) 58.02(-3) 65.55( 1) 38.09¢ 0)
7.5 07.20(-2) 75.88( 2) 81.15( 3) 49.68( 0) 58.02( 2) 26.64(-1)
8.5 06.96(-1)  69.73( 2)  75.79(-1)  40.46( 0)  49.64( 2)  14.34( 0)
9.8 01.83(-2) 62,70( 2) 69.66( 2) 30,34( 0) 40,38( 1) 01.18( 0)
10.5 24997.85(-3)  S4.84( 2)  62.59(-1)  19.39( 1)  30.28( 2) 24887.16(-1)
11,5 93.02(-2)  46.03(-3)  54.71( 0)  07.57( 0)  19.28(-2)  72.29(-1)
12,5 87.32¢-2)  36.46( 1)  45.95(-2) 24894.90( 0)  07.45(-4)  56.57(-1)
13.5 80.76(-1) 25.99( 1) 36.34(-1) 81.36( 0) 23894.77(-3) 39.97(-2)
14,5 © 73,33(-1) 14.67( 2) 25.86(-1) 66.99( 2) 81.28( 2) 22.54(-2)
15.5 65.01(-1) 02.47( 2) 14.55( 2) 51.73( 2) 66.86( CY 04.23(-2)
16.5 55.85( 0) 24889.39( 0) 02.32(-1) 35.60( 1) 51.61( 2) 24785.15( 3)
1.5 75.47( 2) 24889.23(-2) 35.50( 3) 65.12( 3)

18.5
19.5
20.5
2.5
22,5
235
2.5

60.67¢ 2)  75.32( 0)
44.98( 1) 60.51( 0)
28.44( 0)  44.79(-4)
11.03( 1) 28.24(-4)
24792.86* 10.84(-2)

73.55(-2) 24792.53%
73.34(-6)
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TABLE 3.3 (Continued)

3.0 Band (A'Ml;,, - X'")

3 Ruad) Ryzee(d) Queel) Quzee() PriealD) PrznI)

0.5 24873.95( 0) 24870.02( 0)

1.5 77.51(-1) 69.65(-1) 26870.02( 1)

2.5 80.16( 0)  68.37(-1)  69.65( 1) 24857.87( 0)

3.5 B1.89( 1)  66.15(-2)  68.37( 1)  52.64(-1) 24857.87( 2)

4.5 82,58(-8)  63.00(-3)  66.15( 1)  46.4B(-3)  52.64( 2) 24832.99( 0)
5.5 82,53( 2)  58.93(-3)  63.00( 1)  39.66( 3)  46.48( 1)  22.90(-2)
6.5  81.46( 0)  53.93(-3)  58.93(2)  31.42(-1)  39.40( 1)  11.90(-1)
7.5 79.42(-2)  48.05( 2)  53.93( 2)  22.49(-2)  31.37(-1) 26799.96(-2)
8.5  76.50( 0)  41.20( 3)  47.97( 0)  12.63(-3)  22.44(-1)  87.14( 1)
9.5  72.65( 1)  33.41(2)  41.13(2)  0L.85(-3)  12.57(-2)  73.3( 0)
67.86(-1)  26.69( 1)  33.29(-2) 24790.17( 0)  01.79(-1)  5B.64( 0)

3
w

11,5 62.16( 1)  15.07( 3)  26.58(-2)  77.55( 0) 24790.07(-2)  43.00(-1)
12.5 55.50¢ 1) 04.47(-1) 14.94¢-1) 63.99( 1) 77.44(-1) 26.45( 0)
13.5 47.90(-1) 24793.01( 2) 04.35(-3) 49.52( 1) 63.93( 3) 09.00¢ 2)
14.5  39.40(-1)  80.57(-1) 26792.86(-2)  34.11( 0)  49.45( &) 24690.58(-1)
15.5 29.98( 0) 67.26( 2) 80.47¢ 0) 17.79(¢-1) 37.05( 5) 71.25¢-2)
16.5  19.65( 2)  52.99( 1)  67.12( 0)  00.52(-3)  17.64(-3)  51.00(-4)
17.5  08.35( 0)  37.80( 1)  52.85( 0) 24682.33(-6)  00.46( 3)  29.83(-5)
18.5 24796.17( 1)  21.68( 0)  37.66( 0)  63.24(-7) 26682.25(-1)  27.81( 0)
19.5  83.04( 1)  04.65(-1)  21.57( 3)  43.25(-6)  63.17( 0) 24584.84( 2)
20.5  64.99( 1) 24686.67(-4)  04.53( 0)  22.34(-7)  43.17( 0)  60.96( &)
21.5  54.02( 1)  67.81(-3) 24686.60( 4) 23.23(-2)  36.09(-2)
22.5 38.13( 2) 67.72( 4) 10.40( 2)
23,5 21.33( 4) 24483.74( 1)
24.5  03.55( 0)
25.5 24684.88( 0)
26.5  65.03( 0)
27.5  44.80( 1)
28.5 23.34(-3)
29.5  01.04( 2)
30.5 24577.76( 0)
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3.3 (Continued)

= 6L =

2-0 Band (AN, - XT")

J Razeeld) Qieald) Qazae(9) Paaee(J)
0.5 23514.03( 1) 23509.32( 0)

1.5 23521.79¢ 1) 13.96( 1) 23514.03( 2)  06.12(-1) 23509.32( 0) 23501.40(-7)
2.5 24.83( 2) 13.06( 0) 13.96( 2) 02.11(-2) 06.12( 0) 23494,35(-1)
3.5 27.064( 0)  11.36( 0)  13.09( 4) 23497.29¢-1)  02.11( 0)  86.41(-1)
4.5 28.44¢ 0)  O0B.85( 0)  11.36( 1)  91.63(-3) 23497.29( 1)  77.68( 0)
3.5 29.04(¢ 1) 05.50(-2) 08.15( 2) 87.17(-4) 91.63( 0) 68,19( 8)
6.5  28.79¢ 0)  01.34(-2)  05.50( 1)  77.90(-4)  85.17(-1)  57.75( 1)
7.5 27.74(¢ 1) 23496.37(-2) 01.34¢ 1) 69.80(-4) 77.90( 0) 46,55( 0)
8.5 25.87(¢ 1) 90.57(-3) 23496.37( 2) 60.90(-5) 69.80( 0) 36.54( 0)
9.5  23.17¢ 0)  83.96(-3)  90.57( 1)  S51.16(-6)  60.90(-1)  21.72( 1)
10.5 19.65( 0) 76.53(-3) 83.96( 2) 40.69( 1) 51.16(-1) 08.08( 0)
1.5 15.31¢ 1) 68.29(-2) 76.53( 2) 29.34( 1) 40.60(-3) 23393.70( 9)
12.5  10.14(-2)  59.20( 6)  68.29( 4)  17.15( 0)  29.1%(-9)  78.42( 7)
13.5  04.16¢-2)  49.38( &)  59.18( 0)  04.15¢-2)  17.04(-5)  62.34( 8)
14.5 23497.33(-4) 38.67( 5) 49.29( 2) 23390.42( 7) 04.06(-4) 45.42( 6)
s 89.66(-8) 27.13( 5) 38.564(-1) 75.78( 5) 23390.32( 3) 27.63( 0)
16.5 81.21(-8) 16.74( 3) 26.97(-4) 60.30( 2) 75.67( 1) 09.11( 2)
17.5 01.50(-2)  14.59(-5)  46.00(-2)  60.22( 2) 23289.73( 0)
18.5 23387.55( 4)  OL.39(-5)  26.97( 4)  43.94( 0)  69.52(-4)
19.5 72.73( 6) 23387.46( 4)  09.11( 9)  26.87( 2)  4B.50(-7)
20.5 57.05( 5)  72.55(-3) 08.89(-4)
n.s 40.50( 0)  56.84(-6)
22.5 23.146(-4) 40,29
23.5 04.92* 22.92*
2.5 23286.02(-3) 04,71
25.5

23285.97( 3)



3.3 (Continued)

2-0 Band (A, - X?5%)

J Riteal) Rizee(J) Q3 Qzeeld)

Pha(d)

0.5 23392.91( 0)
1y

23388.97( 0)

96.59( 1) 88.72( 0) 23388.97( 0) 23381.10(-1)
2.5 99.26(-8)  87.55(-1)  88.72( 1)  76.91(-1>
3.5 23401.15(-8)  85.46(-5)  87.55( 0)  71.82(-1)
45 02.17(-3) 82.53(-4)  85.46(-3)  65.85( 0)
5.5 02.24(-6)  78.70(-4)  82.53(-1)  58.98( 1)
6.5  0L.50( 1)  73.98(-3)  78.70¢-1)  51.23( 2)
7.5 23399.78(-2)  68.34(-6)  73.98( 0)  42.53(-2)
8.5 97.26( 4)  61.87(-3)  68.34(-2)  32.97(-4)
9.5 93.77( 3) 54.57(7)  61.87C 1)  22.54(-3)
10.5  89.47( 10)  46.28(6)  54.40(-6)  11.21(-5)
1.5 37.10(4)  48.18( 1) 23299.12( 7)
125 27.05(5)  37.00¢ 0)  86.02( 7)
13.5 16.05(-2)  26.87¢-8)  72.05( 8)
1.5 06.27(3)  16.05¢ 5)  57.19( 8)
15.5 23291.58(3)  04.20¢ 2)  641.45( 8)
16.5 77.98( 2) 23291.46(-1)  24.80( 6)
17.5 63.45(-5)  77.87¢-2)  07.29¢ 5)
18.5 48.07(-9)  63.40(-2) 23188.94( 8)
19.5 47.98(-9)  69.66( 6)
20.5 49.51C 5)
2.5 28.51( 5)
2.5 06.57(-1)
2.5 83.83¢ 1)

23381
76,
n
65
58
51
W
2
n
11
23299
85
n
57
“

.10¢ 0
.91( 0)
.82( 1)
.85( 2)
98¢ &)
.23( 6)
53¢ 1)
.97(¢ 0)
.sa( 1)
.21( 0)
.01( 2)
.89( 0)
.93(2)
.06( 1)
32(2)

2.69( 2)

07.15(-1)
23188.75(-2)

69.47(-4)

49.21(-10)

28.40( 4)

23357,
18
3.

9.
o7,

23293,

Prn)

(¢ 0)
28( 2)
as-1)
7C 0
17¢-2)
3C 1)

.38C 1)
A2¢-1)
.02¢ 1)
.98(-3)
Ja2¢-1)

Ju(-2)

.70(-2)
12(-8)
L15¢-6)



= a3 =

TAELE 3.9 (Continued)
1-0 Band (%M, - X?£%)

I R Rapee(3) Qield) RETICH Paa(d) Pazee(J)
0.5 22010.03(-1) 22006.13( 0) 22001.39(-1)

1.5 13.99( 0)  06.17( 0) 22006.13( 1) 21998.25(-1) 22001,39( 0) 21993.55( 0)
2.5 17.16( 0)  05.40(-3)  06.17¢ 1)  94.33(-3) 21998.25( 1)  86.49( 0)
3.5 19.57( 1) 03.88(-3)  05.40( 0)  89.66(-2)  95.33( 0)  70.07( 0)
4.5 21.17( 0)  01.58(-3)  03,88¢ 0)  84.20(-2)  89.66( 1)  60.69( 0)
5.5 22.01( 0) 21998.52(-3)  OL.58( 1)  77.96(-3)  B84.20( 2)  50.54( 0)
6.5 22.07(-1) 94.67(-3) 21998.52( 2) 70.94(-3) 77.96( 2) 39.63( 1)
7.5 21.36( 0)  90.09( 2)  94.67( 2)  63.20(0)  70.94( 2)  27.90(-1)
8.5  19.88( 1)  84.68( 0)  90.00(-2)  54.64( 1)  63.12(-1)  15.43(-1)
9.5 17.60( 0) 78.50( 0) 84,62( 0) 45.30( 0) 54.56( 0) 02,18(-2)
105 14.55( 0)  71.55¢ 0)  78.43( 0)  35.19(0)  45.22(-1) 21888.12(-5)
115 10.74( 2)  63.82( 0)  71.48( 0)  24.30(0)  35.09(-1)  73.34(-4)
12,5 06.11(-1)  55.30(-2)  63.74( 0)  12.60(-3)  24.21( 0)
135 55.22(-1) 12.56( 0)



- 6l =

TABLE 3.3 (Continucd)

1-0 Band (AMy,; - X'0')

I Ry Ryzee(3) Quead) Quzar(3) Priald) Przee(9)

0.5 21884.85( 0) 21880.93( 0)

1.5  85.62( 1)  80.75(-1) 21880.93¢ 1) 21873.06¢-1)

2.5 91.52( 1)  79.72(-1)  B0.75( 1)  68.96(-2) 21873.06( 0)

3.5 93.54(-1)  77.85(-1)  79.72( 1)  64.00(-2)  68.96( 1) 21853.27( 1)
4,5 94.76( 1)  75.12(-1)  77.85( 2)  58.19(-2)  64.00( 1)  44.35(-2)
5.5 95.08(-1)  71.53(-2)  75.12( 3)  51.52(-3)  SB.19( 1)  34.64( 0)
6.5  94.57( 0)  67.02(-4)  71.53( 2)  44.03(-7)  51.52( 1)  24.07( 1)
7.5 93.20(-1)  61.82( 0)  67.07( 1)  35.70C 1)  44.03( 3)  12.58(-3)
8.5 91,00( 0) 55.69( 1) 61.77( 0) 26.50( 2) 35.62(-1) 00.33( 0)
9.5  B87.94( 1)  48.69(-1)  55.62( 0)  16.43( 1)  26.40(-1) 21787.20( 2)
10.5  84.01(-2)  40.86( 0)  48.62(-1)  05.51( 0)  16.33(-2)  73.21( 1)
11,5 79.26( 0)  32,20( 1)  40.78( 0) 21793.77( 1)  05.43( 0)  58.37( 0)
12,5 73.67¢ 0)  22.67( 1)  32.10( 0)  80.40*  21793.69( 1)  42.68(-1)

13,5 67.23(1)  12.31( 1) 22.56(-1)  67.71(-3)  80.40" 26.19( 1)
1.5 59.92(-1)  01.09(-1)  12.18(-2) 67.66( 2)  08.81( 0)
15.5 21789.05( 1) 00.97(-1) 53.35(-1) 21690.60(-2)

16.5 21788.94( 1)



TABLE 3.3 (Continued)

o BBy

2-1 Band (A%, - X&)

3 Rpa(d) Razee(d)

Qintd)

Qaz0¢(9)

Paiee(d)

Poaee(d)

0.5 21333.90(-4) 21330.07(-1)
1.5 37.81¢-2)  30.09(-1)
2.5 40.93C 0)  29.34( 0)
3.5 43.27¢ 0)  27.79( 0)
45 46BL(-1)  25.49(1)
5.5 45.58(-1)  22.38( 0)
6.5  43.56( 0)  18.50( 0)
7.5 48.79¢-1)  13.82(-2)
8.5  43.21( 0) 08.39( 0)
9.5 40.85(-1)  02.17( 1)
105 37.70(-1) 21295.15( 1)
15 33.79C 2)  87.34( 1)
12.5  29.08( 4)  78.75( 1)
13,5 23.58C 6)  69.35( 0)
1.5 17.27¢ 7)  59.20( 4)
15,5 10.07¢ 0)  48.17(-1)
165 02.15¢ 0)

21330.07¢ 0)
30.09¢ 1)
29.34( 3)
21.79¢ 3)
25.49¢ 4)
25.38( 5)
18.45¢ 1)
13.77¢ 0)
08.30(-1)
02.06(-2)

21295.04(¢-1)
87.23¢-1)
78.63( 0)
69.22(-1)
59.04( 0)

21325.38(-1)
22.21( 0)
18.37(-1)
13.69(-2)
08.25(-2)
02,22(-4)

21295.04( 1)
87.26( 0)
78.69( 0)
69.35( 1)
59.22( 0)
48.31¢ 1)
36,60 1)
24.10¢-1)
10.8( 1)

21325.38( 1)
22.27( 2)
18.36( 2)
13.69( 2)
08.25( 3)
02.00( 1)

21294.99( 1)
87.18(-1)
78.61(-1)
69.27( 1)
59.11(-1)
48.19(-1)
36.48(-1)
23.97(-2)
10.73( 3)

o

21302.85¢ 0)
94.28(-2)
84.94(-4)
74.85¢-3)
63.96(-4)
52.30¢-4)
39.86(-4)
26.82(-6)
12.65(¢-2)

21197.85¢-3)
82.30¢ 0)
65.96( 2)
8.79¢ 1)



TABLE 3.3 (Continued)

I Rpa)
5 21208,83( 0)
12.53( 0)
15.38(-1)
17.37(-1)
18.52(-1)
18.80(-1)
18.26( 1)
16.82(-1)
14,55(-1)
11.43( 0)
10,5 07.45( 1)
115 02.61( 0)
12.5 21196.91( 0)
135 90.40( 5)
14.5
15.5

0.
B
&
30
4.
5
6.
¥
8.
9,

21206

21199.

12

Rz (J)

.94( 0)
7501
L72(-1)
.82(-2)
09(-1)
.48(-3)
.04(-2)
L79( D)
.60(-1)
.61( 1)
RZIEY)
.03( 0)
.46 0)
.05( 1)
.75( 0)
L61( 0)

s G

2-1 Band (AN, - X2

Q)

21206.94( 1)
0.75¢ 1)
03.72( 2)
01.82( 2)

21199.09(¢ 3)
95.48( 3)
91,04( 4)
85.70( 0)
79.53(-1)
72.51( 0)
64.64( 0)
55.92( 1)
46.31(-1)
35,93 4)

Qizae9)

21197.16( 0)
93.07(-1)
88.14(-1)
82.36(-2)
75.72(-3)
68.24(-2)
59.92( 0)
50.73( 0)
40.69( 0)
29.79( 0)
18.04( 0)
05.43( 0)

21091,98( 1)
77.65(-1)
62.49(-1)

P

21197,

21091.
7.

(3

Prage()

16¢ 2)

07¢ 1)
24( )
L36¢ )
20 )
24(2)
.85(-1)
67( 1)
.59(-1)
69(-1)
.93¢-1)
93¢ 1)

85¢-1)
55¢ 1)

2177.52¢ 1)
68.68(-1)
59.03( 0)
48.50( 0)
37.12(-1)
24,86(-4)
11.80(-3)

21097.89( 0)
83.12( 0)
67.48( 0)
50.97¢-3)



TABLE 3.3 (Cont inued)

= 67 =

1-1 Band (Al -

x25°)

I Rua)

Ry (9}

Qaeald)

Qazar(d)

P210.(9)

Paare(J)

0.5 19826.40( 0)
1.5 30.40( 0)
2.5 33.62(-2)
3.5 36.16( 0)
4.5 37.95( 3)
L 38.96( 0)
6.5 39.22(-3)
7.5 38.77(-3)
8.5 37.62( 2)
9.5  35.68( 0)
0.5 32.99( 0)
1.5 29.59( 1)
12.5  25.40( 0)
13.5  20.48( 0)
14.5  14.79(-2)
15.5 08.41( 1)
16.5  01.21(-1)
17.5 19793.28(-2)
18.5  84.62( 0)
19.5  75.17(-1)
20.5  64.99( 0)
215 54.03(-1)
22.5  42.32( 0)
235 29.83( 1)
24,5 16.61( 1)
25.5  02.60( 0)
26.5 19687.83( 1)
27.5

19822.52(-3)
22.66¢ 0)
22.01¢-2)
20.63(-5)
18.59¢ 2)
15.73¢-1)
12.15¢ 0)
07.86¢ 2)
02.77¢ 0)

19796.97¢ 0)
90.41(-1)
83.13¢ 0)
75.010¢ 1)
66.31¢ 1)
56.78¢ 1)
48.48(-1)
35,45¢-1)
23.68¢ 0)
11.16¢ 2)

19697.86¢ 1)
83.83¢ 0)
69.00¢ 1)
53.44¢ 1)
37.13¢ 2)
19.99¢-2)
02.16¢ 0)
83.54(-1)
66.16¢ 0)

19822.52(-2)
22.66( 2)
22.01( 0)
20.63(-2)
18.59( 5)
15.73( 4)
12.15( 5)
07.76(-1)
02.70( 0)

19796.93( 4)
90.37( 3)
83.04( 0)
75.00(¢ 0)
66.21( 1)
56.65(-1)
46.37(-1)
35.36( 2)
23.57( 2)
10.98(-2)

19697.71( 1)
83.66( 1)
68.82(-2)
53.24(-2)
36.96( 3)
19.82(-1)

19817.80( 1)
1.71(-3)
10.92(-3)
06.39(-4)
01.13(-3)

19795.15(-1)
88.43( 1)
80.93(-1)
72.72( 1)
63.76( 0)
54.07( 1)
43,59(-2)

32
20
07
19694

L45(

L4B(-

.86¢

.35(-!

.25¢
.31
.65(
L26(
.09¢
.16(
4
.05¢

(-

2)
1)
4)
5)
2)
0)
1)
1)
3
3)
2)
4)

19817.80( 2)
14.71(-1)
10.92(-1)
06.39(-1)
01.13( 1)

19795.10(-1)
88.36(-1)
80.88( 0)
72.65( 0)
63.67(-1)
53.98¢ 1)
43.52( 0)
32.3( 1)
20.40( 0)
07.69(-2)

19694.26(-3)
80.09(-1)
65.20( 2)
49.52( 1)
33.09¢ 1)
15.93¢ 3)

19597.94(-3)
79 28( 0)
59.82(-2)

19803.10( 0)
19795.42( 0)
87.02( 0)
77.88( 1)
66.01( 1)
51.37¢ 0)
48.00(-2)
33.91(-1)
21.08(-1)
07.51( 0)
19693.17(-3)
78.12(-2)
62.33(-1)
45.76(-3)
28.45(-5)
10.44(-3)
19591.67(-2)
72.11(-4)
51.89( 2)
30.83(-1)
09.06( 0)
19486.53( 1)
63.23(-1)
39.18(-1)
16.38(-1)
19388.84( 2)




TABLE 3.3 (Continued)

- 68 -

1-1 Band (A%, - X7%")

J

Ritea

)

Rizee(3)

i) Quzee () Prieald) Paage(h)
0.5 19701.18( 0) 19697.31( 1)
1.5 04.97(-1) 97.21( 1) 19697.31( 2) 19689.53( 2)
2.5 07.86(-10)  96.26(-4)  97.21( 2)  85.51(-2) 19689.53( &) 19677.86( 2)
3.5 10.14( 1) 94.56(-5)  96.26(-2)  80.72(-2)  85.51( 0)  69.95(-2)
4.5 11,67(¢-1) 92.04(-2)  94.54(-2)  75.15( 1)  80.72( 1)  61.27(-1)
5.5 12.03( 1) 88.67(-4)  92.04( 2)  68.73( 2)  75.15( 5)  51.82( 3)
6.5 11.72(-2) 84.53(-2) 88.67( 1) 61.46(-1) 68.73( 6) 41.47( 0)
7.5 10.63(-2) 79.53(-5)  B4.53( 3)  53.44( 2)  61.46( 4)  30.34(-1)
8.5  08.72(-3) 73.78(¢-1)  79.53( 1)  44.57( 0)  53.40( 3)  18.43( 2)
9.5  06.04( 2) 67.21( 2)  73.78( 6)  34.90( 1)  44.48(-2)  05.68( 2)
10.5  02.48(-1) 59.79¢ 1)  67.12( 0)  24.38(-2)  34.82( 0) 19592.11( 0)
11.5 19698.13(-1) 51,55(-1)  59.70( 0)  13.13( 2)  26.36( 2)  77.75( 2)
12,5 92.96(-2) 42,56 2)  S1.43(-4)  00,98(-2)  13.04( 2)  62.52(-4)
13.5  86.02( 0) 32.68( 0)  42.43( 1) 19588.08( 0)  00.89(-2)  46.58( 1)
1.5  80.25( 2) 28.01(-1)  32,57( 0)  74.35( 0) 19588.00( 2)  29.77( 0)
15.5  72.63( 0) 10.57¢ 2)  21.87(-3)  59.82( 1)  74.27( 3)  12.15(-1)
16.5  64.25( 2) 19598.27(-1)  10.44( 1)  44.45(-2)  59.70( 0) 19493.68(-8)
17.5  54.99(-2) 85.18(-2) 19598.16( 2)  28.29(-2)  44.36( 2)
18.5  44.99( 2) 71.29¢ 0)  86.06( 2)  11.35¢ 0)  28.16(-2)
19.5 36,13 0) 56.58(-1)  71.12(-2) 19493.56(-2)  11.21(-1)
20.5  22.50( 2) 41.08( 0)  56.44( 1)  74.95(-6) 19493.45¢ 1)
21,5 10.02¢-1) 26,74(-3)  40.89(-2)  55.65( 3)  74.85( 0)
22.5 19596.76( 0) 07.63(-1)  24,57(-1)  35.37(-6) 55.43(-3)
23.5  B2.64(-3) 19489.71( 0)  07.42(-2)  14.43(-1)  35.27( 0)
2.5 67.79C 1) 70.98( 1) 19489,51(¢ 1) 19392.59(-5) 16.26( 1)
25.5  52.06(-2) 51.43( 1) 70.76( 1)  69.97(-6) 19392.47( 1)
26.5 35.58(¢ 1) 31.05(¢-2) 51.19¢ 0) 48.65( 2) 69.84(-1)
27.5 18.25(¢ 0) 09.90( 0) 30.80(-2) 22.45( 3)
28.5  00.09(-4) 19297.43(¢ 3)



TABLE 3.3 (Continucd)

69 ~

0-1 Band (AR, - X7')

3

R Razee(d) Qi Quaeeld) Pau(d) Paaecld)
0.5 18290.17*
1.5 95.14°  18287.64( 0) 18279..59*
2.5 98.99* 87.17( 2) 18287.64¢ 0)  75.77*  18279.59* 18267.99( 3)
3.5 1830165 85,96(-1)  87.17¢ 2)  71.70° 75.77% 60.39( 0)
4.5 03,660 84.07(-1)  85.96(-1)  66.52" 7.70% 52,09(-3)
5.5 04,56 BL.53(3)  84.07¢-1)  60.79% 66.52% 43.18( 3)
6.5  05.32(-3)  78.23(2)  81.53( 3)  53.96 60.79% 33.50( 2)
7.5 05.22(-2)  74.20(-1)  78.23( 2)  46.92(-5)  53.96° 23,14 3)
8.5 04.42(-1)  69.51(-2)  74.20(-1)  39.10( 2)  46.92¢-5)  12.03(-2)
9.5 02.89(-2)  64.13(-1)  69.51(-2)  30.49( 0)  39.10C 2)  00.27(-2)
10.5  00.69( 0)  58.02(-2)  64.13(-1)  21.18(-2)  30.49( 0) 18187.85( 4)
11.5 18297.79( 3) 51.21(-3) 58.02(-2)  11.20( 0) 21.18(-2) 74.66(-1)
12.5  94.16( 3)  43.74( 1)  51.21(-3)  00.46(-5)  11.20¢ 0)  60.78( 0)
135 89.77(-2)  35.51(-1)  43.74( 1) 18189.12( 2)  00.46(-5)  46.23( 2)
1.5 B4.72(-1)  26.59(0)  35.51(-1)  77.00( 0) 18189.12C 2)  30.91(-2)
15.5  78.97( 0)  16.96( 0)  26.59( 0)  64.18( 1)  77.00C 0)  14.96( 1)
16.5 72490 0)  06.62( 1)  16.96( 0)  50.63(-2)  64.18( 1) 18098.28( 1)
17.5  65.31( 1) 18195.60( 5)  06.62¢ 1)  36.43( 2)  50.63(-2)  80.86(-1)
18.5  57.36(-3)  83.79( 1) 18195.60( 5)  21.46( 1)  36.43( 2)  62.75(-2)
19.5  4B.74(-2)  71.32(4)  83.79C 1)  05.81( 1)  21.46(-1)  43.93( 3)
20.5 $8.06(-1)  71.32( 4) 18089.46¢ 3)  05.81( 1)
215 46.16(2)  5B.06(-1)  72.35( 2) 18089.46( 3)
22.5 29.49( 0)  44.16( 2) 72.35( 2)
23.5 16.12(-1)  29.49( 0)
26,5

14.12(-1)



TABLE 3.3 (Continued)

- 70 =

0-1 Band (A'M,, - X%')

Ryjee(d)

Rizee ()

Qeeld)

Qzee(J)

Piea(d)

Praee(d)

0.5 18165.95(-1) 18162.05(-2)

1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5
9.5
10.5

69.83(-
72.93(-

75.33¢
76.90(
77.66(
77.66(
76.90(
75.33(
73.03(
69.91¢
66.02(

61.33(-

55.93¢
49.72¢

42.69(~

34.97%

26.41(-

2)
4)
3)
3)
1
1
2)
1
&)
2)
2)
2)
2)
2)
3)

2)

62.05(-2)
61.33( 3)
59.76( 2)
57.40(-1)
54.28(-1)
50.43( 3)
45.71(-3)
£40.28(-2)
34.06(-2)
27.09( 0)
19.35( 2)
10.79( 1)
01.46( 0)

18091,37( 0)
80.50(-1)
68.89( 2)
56.44(-2)
43,32
29.36( 3)
1468

17999.03(-8)
82.73
65.79(-2)
47.95¢ 0)
29.43( 1)

18162.05(-2)
62.65(-2)
61.33( 3)
59.76( 2)
57.40(-1)
54.28(-1)
50.43( 3)
45.71(-3)
40.28(-2)
34.06(-2)
27.09( 0)
19.35¢ 2)
10.79¢ 1)
01.46( 0)

18091.37¢ 0)
80.50(-1)
68.89( 2)
56.44(-2)
43,320
29.36( 3)
16,68

17999.03(-8)
82.73¢
65.79(-2)
47.99( 0)
29.43( 1)

18154.28¢ 0)
50.43( 4)
45.71¢-1)
40.28( 1)
34.06( 1)
27.09( 4)
19.28( 1)
10.79( 8)
01.32(-7)

18091.31¢ 3)
80.39(¢-1)
68.74( 0)
56.35( 3)
43,16( 2)
29.11(-4)
16.38(-1)

17998.85(-3)

18154,28( 0)
50.43( 4)
45.71(-1)
40.28¢ 1)
34,06( 1)
27.09¢ 4)
19.28( 1)
10.79¢ 8)
01.32(-7)

18091.31( 3)
80.39¢-1)
68.74( 0)
56.35( 3)
43.14( 2)
29.11(-3)
16.38(-1)

17998.85(-3)

18106.77(-3)

18095.90(-2)
86,25( 0)
7181 1)
58.100
44.60( 0)
29.86( 3)
14.33C &)

17998.02¢ 4)



EE

TABLE 1.3 (Continued)
2.3 Band (A, - X25')

E ) Razee() Qa9 Qzartd) Para(d) Prae(9)
0.5 17053.36( 0) 17048.67( 0)

1.5 17061.13( 0)  53.51(-1) 17053,36( 0)  45.70( 0) 17048.67( 0) 17041.09( 5)
2.5 66.42( 3)  52.99( 0)  53.51( 0)  42.05( 1)  45.70( 0)  34.30( 3)
3.5 66.98( 3)  S1.75¢ 0)  52.99( 0)  37.68( 1)  42.05( 1)  26.79(-1)
4.5  68.84( 2)  49.83(2)  S1.75¢ 0)  32.61( 1)  37.68C 1)  18.65( 2)
5.5 70.03( 4)  47.15(-2)  49.83( 2)  26.84( 0)  32.61( 1)  09.77( 1)
6.5 70.47(2)  43.80(-2)  47.15(-2)  20.35(-2)  26.84( 0)  00.14(-5)
7.5 70.18(-2)  39.76(-1)  43.80(-2)  13.19(-1)  20.35(-2) 16989.91(-2)
8.5  69.21(-3)  35.01(-1)  39.76(-1)  05.36( 3)  13.19(¢-1)  78.92(-3)
9.5  67.57(-2)  29.51(-4)  35.01(-1) 16996.74(-1)  05.36(-3)  67.32( &)
10,5 65.20(-2)  23.35(-4)  29.51(-4)  B7.45(-2) 16996.74(-1)  54.89(-1)
1.5 62.16(0)  16.53(2)  23.35(-4)  77.51(3)  87.45(-2)  41.84( 2)
12.5  58.35( 0)  08.92( 0)  16.53( 2)  66.79( 0)  77.51( 3)  28.02(-1)
13,5 53.86( 1)  00.62(-1)  08.92( 0)  55.39( 1)  66.79¢ 0)  13.52(-1)
165  48.63( 0) 16991.58(-3)  00.62(-1)  43.28( 1)  55.39( 1) 16898.37( 3)
15.5  42.69(-1)  81.92( 3) 16991.58(-3)  30.45( 0)  43.28( 1)  82.43( 0)
16.5  36.06( 0)  71.44( 0)  81.92( 3)  16.93( 3)  30.45( 0)  65.82( 1)
17,5 28.66(-2)  60.31¢3)  71.46( 0)  02.68( 3)  16.93( 3)  4B.50( 2)
18.5 48.37(¢-3)  60.31 (3) 02.68( 3)
19.5 35.80( 0) 48.37(-3)
20.5 35.80( 0)



TABLE 3.3 (Conti

red)

2-3 Band (A'Mly,; - X3')

3

Rizea () Ryzge (D)

RITACH

Qu2er(3)

0.5 16932,064(-3)

35.87( 1) 16928.20(-3)
38.86( 0)  27.42( 0)
41.08(-2)  25.84( 1)
42.54(-1)  23.47( 0)
43.22( 0)  20.33( 1)
43.14( 2)  16.41( 0)
42.23-1) 11720 D)
40.60( 1) 06.25( 0)
38.13(-2) 16900.00( 0)
34.93(-1) 16892.97(-1)
30.96¢ 1)  85.19( 1)
26.23( 3)  76.62( 1)
20.68( 3)  67.26(-1)
16.35( 2)  57.15( 1)
07.28( &) 46.24(-1)

16.5 16899.38( 1)

17.5
18.5

16928.20(-3)
27.42( 0)
25.84( 1)
23.47¢ 0)
20.33( 1)
16.41( 0)
11.72¢ 1)
06.25¢ 0)

16900.00( 0)

16892.97(-1)
85.19( 1)
76.62( 1)
67.26( 0)
57.15( 1)
46.24( 0)

16916,

77( 0)

16 1)
L74( 0)
.57¢ 0)
.63( 2)
.86(-2)
37¢ 0)
.07¢-2)
.05( 2)
.20( 0)
L63( 3)
.26(2)
.05(-2)

12(-2)

L41(-3)
.95(-2)

Phald)

65.95(-2)

Puge(d)
16909.15(-2)
16916.77( 0) 01.42%
12.16( 1) 16893.04(-2)
06.74( 0) 83.83(-1)
00.57( 0) 73.85( 0)
16893.63( 2) 63.08(-1)
85.86(-2) 51.61%
77.37C 0) 39.36*
68.07(-2) 26.15¢ 2)
58.05( 2) 12.27( 1)
47.20( 0) 16797.65( 3)
35.63( 3) 82.20(-1)
23.24( 2)
10.05(¢-2)
16796.12(-2)
81.41(-3)



TAELL 3.3 (Conti

0-2 Band (AR, - X'i")

“

Rr1ee() Raare(3) Qa3 QiaelD) Praald) Paaee(3)

0.5 16136.83*  16133.69(-1)

1.5 6153t 33.97(-2) 16133.69( 0) 16125.89*

2.5 4s5.17% 33.60(-2)  33.97( 0)  22,18"  16125.89*  16114.43( 0)
3.5 4B.13% 32.59( 0)  33.60( 1)  18,39* 22.18% 06.87*
4.5 50.84% 30.91( 0)  32.59( 3)  13.04* 18.39*  16098.92(-1)
5.5 51.38% 28.55(-2)  30.91( 4)  07.92* 13.04% 90.19( 0)
6.5  52.34(-2)  25.56( 1)  28.55( 3)  01.29% 07.92* 80.82( 2)
7.5 52,50(-1)  21.88( 0)  25.51( 2) 16094.54(-1)  01.29* 70.76( 1)

8.5  52.03( 2)  17.56( 2)  21.81(-1)  87.06( 0) 16094.54( 1)  59.99(-4)
9.5  50.84( 1)  12.53¢ 0)  17.47¢ 0)  78.86¢ 0)  86.98( 0)  48.60(-6)
10.5  49.00¢ 0)  06.87¢ 1)  12.49¢ 0)  70.00¢ 1)  78.79( 1)  36.61(-2)
11,5 46.48(-1)  00.53C 0)  06.79( 1)  60.47C 0)  69.92( 1)  23.87(-6)
125 43.36( 2) 16093.52( 0)  00.41(-2)  50.27(-1)  60.40( 2)  10.64( 7)
135 39.49( 1) 85.84(-1) 16093.39(-4)  39.43( 0)  50.21( 3) 15996.47(-8)
1.5 34.96( 1) 77.49(-2)  85.70(-4) 27.91( 0) 39.35( 3) 81.78(-8)
15.5  29.76(-1)  68.48( 1)  77.34(-5)  15.72(-1)  27.83(3)  66.47(-4)
16.5  23.90( 0)  S8.81( 2)  68.32,-4)  02.81° 15.65( 4)
1.5 17.62('5)  48.62(-1)  5B.62(-4) 15989.34(-1)  02.81°
185 10.14(-1)  37.40( 2)  48.25(-4)  75.15(-1) 15989.16(-5)
19.5 02.26( 1) 25.66( 0) 37.20(-3) 75.06( 5)
20.5 16093.67( 0)  13.26¢ 1)  25.50( 2)
21.5  84.41(-1)  00.24( 6)  13.09(-1)
2.5 74.67(¢-1) 00.01( 0)
235 63.86( 1)




- 98 ca

0-2 Band (Ally,; -

Qieald)

Priaeld) Prage(1)

1.5 16008.45(-1) 16000.65(-2)

2.5 16019.35¢ 0)  07.76(-1) 16008.45( 1) 15996.88(-2) 16000.65( 1)

3.5 21.82( 1)  06.40(-1)  07.79( 1)  92.37(-2) 15996.88( 1)

45 23.53( 1) 04.25(-3)  06.40( 2)  87.12(-2)  92.37( 2)

5.5 26.51(1)  01.42(0)  04.25(1)  81.13(-2) 7.12( 2) 15963.99(-2)
6.5 24.72(-1) 15997.78(-2)  01.42( 5)  74.39(-3)  81.13(2)  56.23¢
7.5 26.23( 1) 93.45( 1) 15997.78( 3)  66.95(-1)  74.39(2)  43.57(-3)
8.5 22.98( 0)  88.38( 0)  93.40( 0)  SB.77( 1)  66.89(-1)  32.25(-4)
9.5  21.00( 0)  82.53(-3)  88.28( 1)  49.83( 1)  58.70( 1)  20.20(-5)
10.5  18.27¢ 0)  75.96(-5)  82.45( 0)  40.16( 1)  49.76( 1)  07.53( 6)
11,5 14.86( 3)  68.65(-8) 75.89( 0)  29.76( 1)  40.07( 0) 15893.98( 2)
12,5 10.64( 2)  60.71( 0)  68.59( 1)  18.57(-3)  29.63(-2)  79.67( %)
13,5 05.73( 4)  S1.B4(-11)  60.53(-1)  06.70(-3)  18.53( 2)

1.5 00.01( 0) 51.77( 0) 15894.11(-1)  06.58(-5)
15.5 15993.63( 3) 80.76(-1) 15894.01( 0)
16.5  86.48(2) 66.70(-1)  80.60(-5)
17.5 51.92(2)  66.53(-4)
18.5 36.36(-1)  51.75(-1)
19.5 20.10¢ 0)  36.19(-3)
20.5 03.11¢ 1) 19.93(-2)
2.5 15785.39( 1) 02.93(-1)
2.5 66.97( 4) 1785.22( 1)
2.5 47.80( 5)  66.74(-2)
%.5

47.58( 1)



TABLE 3.4 (Continucd)

0-3 Band (A’,;, - X2Z')

J Rayaa(J) Razee(d) Qi (d) Qazae(J) Praatd) Paree(J)

0.5 14015.85%  14010.65( 3)

1.5  19.86° 11.01( 4) 14010.65( 3) 14002,98%

2.5 22.18" 10.70( 0)  11.01( 4) 13999.31*  14992.98*  13991.54( 0)
3.5 25.22*  14009.83( 1)  10.70¢ 0)  95.62*  13999.31% 84.26(-1)
4.5 27.00* 08.33( 2) 09.83( 1) 90.83* 95.62° 76.37( 0)
5.5  28.87% 06.19( 2)  08.33( 2)  85.55° 90.83* 67.88( 1)
6.5 30.10¢-2)  03.43( 1)  06.19¢ 2)  79.29% 85.55° 58.75( 2)
7.5 30.53(-2)  00.05( 1)  03.43( 1)  72.85(-7)  79.29% 49.01( 4)

8.5  30.33(-3) 13996.05( 1)  00.05C 1)  65.69(-3)  72.85(-7)  38.63( 4)
9.5 29.50(-4)  91.42( 1) 13996.05( 1)  57.86(-4)  65.69(-3)  27.63( 4)
105 28.09(¢-1)  86.15( 0)  91.42( 1)  49.44(-2)  S7.86(-4)  16.00( &)
5 26.00(-1)  80.29( 2)  86.15¢ 0)  40.39¢ 0)  49.44(-2)  03.73( 2)
5 23.30¢-1)  93.77(2)  80.29( 2)  30.68(-2)  40.39( 0) 13890.85( 1)
5 19.97(-1)  66.61( 0)  73.77( 2)  20.38( 0)  30.68(-2)  77.36( 2)
S 15.96(-5)  S8.86( 3)  66.61( 0)  09.40(-4)  20.38( 0)  63.24( 3)
5 11.37(-4) 50.46( 3) 58.86( 3) 13897.85(-1) 09.40(-4) 48.47( 1)
s 41.60( 1) 50.46( 3)  85.61(-4) 13897.85¢-1)  33.11( 4)
5 31.74( 3) 41.40( 1) 72.77(-3) 85,61(-4) 17.08( 3)
18.5 20,410 2)  3.74(3)  59.31(-1)  72.77(-3)  00.50¢ 9)
5 10.48( 3)  21.41( 2)  45.20( 0)  59.31(-1) 13783,21( 8)
s 13898.91(¢ 5)  10.48( 3)  30.42(-3)  45.20( 0)  65.31 (9)
5 13898.91( 5)  15.05(-3)  30,42(-4)
5 13799.03(-2) 15.04(-3)
5 82.37(-2) 13799.03(-2)
5 65.09( 0)  82.37(-2)
s 47.13( 0)  65.09( 0)
s 47.13( 0)



TABLE 3.3 (Continued)

J Rizea(3)

Rizee(3)

0-3 Band (A%N,,, - X*%')

Quiral) Qizae()

0.5 13889.14(¢ 2)
1.5 93.09¢ 1)
2.5 96.36( 1)
3.5 98.91( 0)
4.5 13900.75(-3)
5.5 01.94(-1)
6.5  02.43( 2)
7.5 02.18( 1)
8.5  01.24( 0)
9.5 13899.60( 0)
10.5  97.26¢ 0)
1.5 96.24( 0)
12.5  90.49( 0)
135 86.07( 0)
1.5 80.95( 1)
15.5  75.12¢ 0)
16.5  68.60( 0)
175 61.36¢-2)
18.5  53.48( 0)
19.5  44.86( 0)
20,5 35.54(-2)
21,5 25.55(-2)
22,5 14.90( 2)

23,5 03.49( 0)
2.5 13791.45( 3)
25,5 78.66( 1)

26.5  65.16(-3)

27,5 51.06( 2)

13885.31( 1)
85.44(-1)
84.89(-2)
83.66( 1)
81.72( 1)
79.03(-3)
75.71( 0)
71.67( 1)
66.90(-1)
61.47(¢ 0)
55.32( 0)
48.47(-1)
40.94( 0)
32.69( 0)
23.75(¢-1)
16.24( 1)
03.80(-1)

13792.80( 1)
81.08( 0)
68.71( &)

13885.31( 1)
85.44(-1) 13874
84.89(-2) 69
83.66( 1) 64
8L.72( 1) 58
79.03(-3) 52
75.71( 0) 45
n.e(y N
66.90(-1) 28
61.47¢ 0) 19,
55.32( 0) 09
48.47(-1) 13798
40.95( 0) 87
32.69(0) 75
23.75(-1) 62
16,160 1) 49
03.80¢-1) 35

13792.80( 1) 20

81.08( 0) 04
68.71( 4) 13688
7
54

.00(-1)
65 0)
.59( 0)
83( 1)
235(-1)
.20( 0)
.34 0)
L77¢-1)
.52¢ 0)
.57( 0)
.92¢ 0)
.57 0)
.52(-1)
L77¢-1)
.35 0)
21(-1)
.39(-1)
.88(-1)
L70( 1)
.80( 1)
\23( )

Pua ()

13874.00(-1)
69.65( 0)
64.59( 0)
56.83( 1)
52.35(-1)
45.20( 0)
37.34¢ 0)
28.77¢-1)
19.52( 0)
09.57¢ 0)

13798.92¢ 1)
87.57( 0)
75.52(-1)
62.77(-1)
49.35¢ 0)
35.21¢-1)
20.39(-1)
04.88(-1)

13688.70¢ 1)
71.80( 1)
56.23( 3)

Praee(d)

13832
21
10,

13799..

86
73
59
4
30.
14
13698

A1)
.85( 0)
.88( 0)
o6t

.83 0)
76(-1)
-99(-1)
.53(-2)
.39¢ 0)
L57C )
.o1( 1y



TAELE 3.3 (Continned)
0-4 Band (A'Ml,,; - X'")

J 0 R Ryzer(d) Qi) Qazee(3) Paraald) Pazeeld)
0.5 11920.84*  11917.83( 0)

s st 18.26( 0) 11917.83( 1) 11910.15*

2.5 30.39° 18.10(-2)  18.26( 1)  07.13*  11910.1.

1.3 32.61* 17.38(-1) 18.10(-1) 03.11¢ 07.13*

4.5 34.85( 0) 16.05(-3) 17.38( 1) 11898,53* 03.11* 11884.12( 1)
5.5 36.54% 14.18(-1) 16.05( 0) 93.50% 11898.53* 75.85¢ 1)
6.5 37.98( 0) 11.70(-1) 14.18( 2) 87.67% 93,50 66.92(-4)
7.5 38.66(-1)  08.63(-1)  11.70( 3)  81.30(-5)  87.67* 57.53( 1)
8.5 38.78¢ 1) 04.93(-4) 08.63( 3) 246.44(-5) 81.30(-1) 47.48(-1)
9.5  38.28( 0)  00.72(-1)  04.93(0)  66.92* 74.44( 0)
10.5  37.21( 1) 11895.90(¢ 0)  00.72( 4)  59.01(-1)  66.92* 25,69 1)
1.5 35.54( 0)  90.49( 1) 11895.85( 0)  50.41( 0)  58.98C 1)  13.89¢ 0)
12,5 33.27(-1)  84.49( 2)  90.40(-2)  41.20(-1)  50.36( 1)  01.52( 0)
13.5 30.45¢ 1) 77.86(-2) 84.42( 1) 31.42(-1) 41.164(-1) 11788.56(-1)
14,5 26.99(-2) 70.68( 1) 77.79¢-1) 21.05(-1) 31.36(-1) 75.02( 0)
15.5  22.97(-1)  62.91( 2)  70.64( 4)  10.10( 0)  20.99( 0)  60.89(-1)
16.5 54.50(-1) 62.80(-1) 11798.58( 2) 10.05¢ 3) 46.20( 1)
1.3 45.56( 0)  54.42(-1)  B6.44( 1) 11798.48( 1)  30.86(-2)
18.5 - 45.46( 1) 73.70( 0)  86.33(-1)  14.96(-4)
19.5 25.80(-2) - 60.37(-2) 73.61(-1)
20.5 15.06( 0) 25.69(-4) 46.51( 1) 60.29( 0)
2.5 03.64(-7)  14.96( 0) 46.39( 0)
22.5 11791.75¢-2)  03.61( 1)
2.5

& g

11791.66( 0)




TABLE 3.3 (Continued)

3

Rina(3)

Rizee(d)

0.5 11796.21(-1) 11792.

15
2.5
3.5
4.5
5.8
6.5
7.5
8.5
9.5
10.5
1.5
12.5
13.5
4.5
15.5
16.5
17.5
18.5
19.5
20.5
1.5
22.5
23.5

11800.24¢ 1)
03.57¢ 0)
06.27( 2)
08.28( 1)
09.63( 0)
10.32( 1)
10.34( 0)
09.72¢ 1)
08.41¢-1)
06.45( 0)
03.83¢-1)
00.54(-2)

11796.63( 0)
92.08( 5)
86.83( 4)
80.90( 1)
.36 3)
67.12( 0)
59.26( 1)
50,75 1)
41.55(-2)
31.78( 3)
21.27(-2)

L
92,
91.
89.
86.
83.
80.
75.
70.
65.
58.

0-4 Band (A, -

LATACH

30t
68( 0) 11792,
23(-2) 9
15¢-1)  92.
38(-2) 9.
9(-3) 89,
87(-4) 86,
16(-2) 8.
74(-4) 80,
72¢0 5.
00¢ 0)  70.
63(-1) 64
.60( 0) 58
.89(-3) 51
58(-1) 43
.52(-8) 35
26

30t

.68( 1)

23( 0)
15( 1)
38( 0)
96( 0)
87( 0)
16( 2)
74( 0)
63¢-1)

+90(-1)
.53( 1)
490 1)
L79( 1)
L6 2)
RI&)

Quzer(d)

11783.93*

11698

75
62
4
3

233(-1)
14( 0)
.27¢ 0)
J72(-1)
.53(-1)
.65(-3)
L15(¢-1)
.00( 0)
15¢ 0)
.66( 0)
.51 0)
L7110 0)
.24(-1)
.13 0)
.40( 3)
L98( 1)
.89( 0)

11783.93*
81.33C 1)
77.14¢ 2)
12.21( 3)
66.72( 2)

60.53( 3) 11730,
9.
8.

53.65( 1)
46.15( 3)
37.96( 2)
29.09(-1)
19.61( 1)
09.44( 0)
11698.63(-1)
87.16(-2)
75.06(-2)
62.30( 0)
48.86(-1)
34.78(-3)

Piaced)

1
of

1169%.
3.
0.
6.

8
i
5

30¢-2)
70( 0)
40(-1)
47¢ 0)
88( 1)
83 1)
-1

*Not included in the analysis.
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and %3' states whose matrix elements are given in Table 3.1
were used in analyzing the rotational structure of the bands.
The vacuum wavenumbers of the spectral lines of all the
branches of a given band were simultaneously used as input in
the non-linear least-squares program. The molecular constants
and their standard deviations were obtained from the least-
squares fit. In general, the standard deviation of the least-

squares fit is found to be ~ 0.03 cm’.

The molecular constants obtained from the analysis of
eleven bands (6-0, 4-0, 3-0, 2-0, 1-0, 2-1, 1-1, 0-1, 2-3,
0-2, and 0-3) were merged together. Nine molecular constants
(B,, D,, and 7, for the X?z* state and B,, D,, A,, Ap,, Py, and q,
for the A%m; state) and the band origin (T', - T",) were
estimated from the analysis of the individual bands. The spin
splitting constant v, of X?z* and the A-doubling parameters p,
and g, of A%, could not be estimated for some weak bands.

These molecular constants, their standard deviations, and the

rresponding vari. riance matrices were used as input
data for the Merge 1. As the 0-4 band is weak and diffuse a
good set of molecular constants could not be estimated from
its wavenumber data and hence the resulting constants were not
included in the merging. In the Merge 1, the 101 initial
parameters obtained from the analysis of the individual bands
were reduced to 58 parameters (12 band origins, 6 each of B,,
Dy, Ay, Bp, Py, and q, for v =0 to 4 and v = 6 for A%, 4 each

of B, and D, for v = 0 to 3, and v,, v:, and y, for X2z*). The
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T', - T", values thus obtained are listed in Table 3.2 and the
rotational constants are listed in Table 3.4. These band
origins and the rotational constants, their standard
deviations, and the corresponding dispersion matrix are used
as input for the next merge (discussed in Chapter &) in which

all the experimental data on CO' were merged together.
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TAELE 3.4 Rotational constants® (in cm'!) of the AN, and X2g" states

126160
a7,

v B, D, x 10°% A, -Ap, x 10 p, x 102 g, x 10*

0 1.57784(3)  5.75(4) 122.053(2)  4.72(9) 1.28(2)  -1.12(25)

1 1.55877(3)  5.67(4) 122.000(2)  2.38(7) 1.07(2) 0.43(13)

7 1.53912(3)  6.68(6)  121.894(2)  5.17(13)  1.14(2)  -1.90(33)

31.52004(3)  7.44(5)  121.823(3)  3.22(16)  0.44(3) 3.80(27)

4 1.50061(3)  7.00(5) 121.861(3)  4.30(13)  0.90(3)  -0.23(24)

b 1.482469"

6 1.46293(7)  13.88(3) 120.385(3)  5.76(33)  1.63(6)  -1.3(1.1)
Xz

v B, D, x 105 v, x 10°

0 1.96623(3) 7.09(6)  6.06(10)

1 1.94674(3) 4.71(4) 8.0(1)

? 1.92741¢4)  4.96(6)  7.3(2)

3 1.90833(3)  5.01(5)

The number in the parentheses indicates the uncertainty in the last digit
and correspond to one standard deviation.

“Galeulated from the expression B, = B, - a,(v + 1/2).



CHAPTER 4
GLOBAL FIT OF THE EXPERIMENTAL DATA OF CO'

The present study on the CO' molecule is aimed at
obtaining a precise set of molecular constants for the threc
well established electronic states X2£', A%, and B*' by a
method of global merging. In addition to the comet-tail

(A%m, - X*z') system of CO', discussed in Chapter 3, the first
negative (B2s* - X?3') system (Rao, 1950b and Misra et al.,
1987), the Baldet-Johnson (Bs' - A%l,) system (Jakubek et al.,
1987), and the microwave data of the v = 0, 1, and 2 levels of
X?s* (sastry et al., 1981 and Bogey et al., 1983) were
reanalysed using the effective Hamiltonians of *I (Brown et
al., 1979) and 2z* states. All the molecular constants and the
band origins obtained from these analyses were combined by the
method of correlated least-squares fit and all the multiple
estimates were reduced to a single set of values. The details
of this correlated least-squares fit are given in Section
3.2(ii). The vibrational term values of all the observed
levels and the vibrational constants w,, w,X,, and w.y, of the
three electronic states were estimated from the band-origin
data. The rotational constants obtained from the global fit
were used in estimating the equilibrium rotational constants
B, and a,. The moment of inertia I, and the equilibrium
internuclear distance r, were calculated for the three

electronic states using the corresponding B, values.
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4.1 The first negative (B?3' - X’3') system

The rotational structure of a ?% - ¢ transition, in which
both the electronic states belong to Hund's case (b), consists
of two series of doublets, one series corresponding to AN = +1
(R branch) and the other to AN = -1 (P branch). The P series
consists of the Py, and P, branches, and a satellite branch
"Qizc, and the R series consists of the Ryj,, and Ry branches,
and a satellite branch "Q,. The two satellite branches Qi
and *Q,,, are normally very weak and in most cases may not even
be observed. A schematic energy level diagram showing all the
six branches is given in Fig. 11. Here the subscripts 1 and
2 refer to the F, and F, components, respectively, and e ani
f refer to the parities of the rotational levels. If the spin
splitting of the spectral lines is not fully resolved, only
one R and one P branch would be observed, instead of two for
each branch. If the bands are degraded to longer wavelengths

as in the case of the B-X system, R branch forms the head.

In the present work, the experimental data of the 12
bands (0-3, 0-4, 1-2, 1-3, 1-4, 1-5, 2-3, 2-4, 2-5, 2-6, 3-5,
and 4-7) reported by Rao (1950b) and the 3 bands (0~0, 0-1,
and 0-2) reported by Misra et al. (1987) were reanalysed and
the molecular constants were estimated using the effective
Hamiltonian of a 2:' state. The details of the method of
analysis and the matrix elements of the 2s' state used in the
Hamiltonian are given in Chapter 3. The values of the

molecular constants and their standard deviations along with
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the variance-covariance matrices obtained from the band by
band analysis were used as the input data for Merge 2 (Merge
1 is discussed in Section 3.4). In this merge 89 initial
parameters were reduced to 49 parameters (13 band origins, 5
for each of B',, D',, and 7',, and 7 for each of B", D",, and
y",). The 36 rotational constants (B,, D,, and v,) obtained
from Merge 2 are given in Table 4.1. The molecular constants
thus obtained agree well with the values reported by Misra et
al. (1987). The controversy over the |y', - +",| differences
of the bands of this system existing in the literature is
reexamined. Although the y, values reported in the present
work for various vibrational levels of states X and B are
slightly different from those of Misra et al. (1987), the

|v'y = ¥",| values are in good agreement with those reported
by them and Rao (1950b). The |y', - y",| values presented in
Table IV in the Appendix show that the values reported by

Woods (1943) are relatively very high.

4.2 The Baldet: (B?* - Al,) system

The Baldet-Johnson system arises from a transition
between a ?z' [Hund's case (b)] state and %I, [Hund's case (a)]

state, thus representing a mixed case transition.  The

rotational structure of a band arising from a
transition consists of twelve different branches. The

selection rules to be satisfied in this transition are
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TABLE 4.1 RuLntlunﬂl constants® (in cm™!) of the B2S' and
states of CO' obtained from the B-X system

v B, D, x 108 Yy
B2zt
0 1.78462(2) 8.029(8) 0.025(1)
i 1.75445(3) 8.214(13) 0.025(1)
2 1.72411(2) 8.422(11) 0.027(1)
3 1.69363(6) 8.507(29) 0.024(1)
4 1.66409(12) 8.98(97) 0.009(4)
P
0 1.96723(2) 6.288(9) 0.016(1)
2 1.92924(3) 6.362(14) 0.016(1)
3 1.91011(2) 6.392(9) 0.016(1)
4 1.89093(2) 6.431(10) 0.018(1)
5 1.87156(3) 6.394(14) 0.017(1)
6 1.85234(3) 6.535(14) 0.020(1)
7 1.83332(12) 6.71(10) 0.006(4)

"Number in the parentheses is the uncertainty in the last

digit and corresponds to one standard deviation.
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The twelve different branches in this system are identified
as, Pueer Paacrr Quzers Qurer Rizeor Razeer Pricer Parerr Quars Quins
Ryees and Ryg. Here the subscripts 1 and 2 refer to the F,
and F, components, respectively, and e and f refer to the
parities of the rotational levels. A schematic energy level
diagram s\"mwinq all 12 branches of a band of a *u' - I,
transition in Fig. 12. If the bands of a system are degraded
to shorter wavelengths as in the case of the Baldet-Johnson
system, the Py, and Py /Q;;,¢ branches form two heads of the
2g* - n,,, subband and the Pj;,, and P,;/Q), branches form two

heads of the 2z* - 2m,,, subband.

In the present work, the experimental data of the 3 bands
(1-0, 0-0, and 0-1) reported by Jakubek et al. (1987) were
reanalysed and the molecular constants were estimated using
the effective Hamiltonians of the %I, and z' states. The

details of the method of analysis along with the matrix

elements for the Hamiltonians of the “I and states are
given in Chapter 3. fThe values of the molecular constants,
their standard deviations and the variance co-variance
matrices obtained from the band by band analysis were used as
the input data for Merge 3. In this merge, 33 initial

parameters were reduced to 23 parameters (3 band origins, 3

for each of B,, D,, and v, for v = 0 and 1 levels of the B*:'
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A schematic energy level diagram showing the first few
ratational transitions of all the twelve branches of a

band of a 25+ - 21; transition.
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state, and 7 for each of B,, D,, A,, Ap, Py, 4., and p,, for v
= 0 and 1 levels of the A%l state). The 20 rotational
constants obtained from Merge 3 are given in Table 4.2. The
values of the constants thus obtained are in good agreement
with those reported by Jakubek et al. (1987) which are shown

in Appendix, Table II.

4.3 The microwave data

Very precise values of the ground state molecular
constants of a molecule are normally obtained from its
microwave spectrum. In the present work, the microwave data
reported by Sastry et al. (1981) for the v = 0 level and Bogey

et al. (1983) for the v = 0, 1, and 2 levels of X' of CO'

were analyzed using the Hamiltonian of the %' state. The nine
molecular constants (3 for each of B,, D,, and v, for v = 0, 1,
and 2 levels of X*z' state) and their standard deviations thus

obtained are given in Table 4.3 in units of cm’! and MHz.

4.4 Global fit

The details of the band by band analysis of the comet-
tail (A%m, - X%'), the first negative (B%:' - X%:') and the
Baldet-Johnson (B?z" - A’,) systems, and the microwave data of
the ground state X?z' of CO' are described in Sections 3.4,
4.1, 4.2, and 4.3, respectively. In this section, the details
of the global fit, i.e., the grand merging of all these data

are presented. As each of the electronic states B, A, and X

of CO' is observed more than once (for example, X%' is
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TABLE 4.2 Rotational constants® (in cm')
ot the B2Z' and AZMl; states of
CO* obtained from the B-A system

B2t
Molecular v =0 v=1
constant
B, 1.78458(4) 1.75456 (4)
n, x 10° 7.93(6) 8.19(6)
7 x 102 2.122(9) 2.06(1)
A%,
B, 1.57957(4) 1.56016(4)
D, 6.62(6) 6.64(7)
A 122.051(2) 121.981(2)
-Apy ¥ 10* 1.91(7) 0.97(11)
Py x 102 1.52(2) 1.45(3)
-q, x 10 2.3(1) 2.2(2)
-Ppy x 108 2.6(6) 4.8(1.1)

“Number in the parentheses is the uncertainty
in the last digit and corresponds to one
standard deviation,
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TABLE 4.3 Rotncionnl constants® (in em™) of the X state

£ CO* obtained from the microwave data

v B, D, x 108 Yo x 104

0 1.96746227(4) 6.317(1) 9.1056(3)
(58983.035(1) MHz) (0.1894(0) Miiz) (272.98/(9) Milz)

1 1.9484386(2) 6.45(3) 9.0494(4)
(58412.719(7) MHz) (0.1935(10) Milz) (271.296(11) Milz)

2 1.9293524(3) 6.42(4) 8.9732(5)
(57840.530(9) MHz) (0.1926(13) Milz) (269.011(15) M)

*Number in parentheses is the uncertainty in the last digit and

corresponds to one standard deviation.



observed in the comet-tail system, the first negative system,
and the microwave spectrum) it is obvious that the rotational
constants estimated for the vibrational levels of these states
have multiple estimates. All these multiple estimates were
merged together and a single set of constants were obtained

for the X, A, and B states of CO'.

It is convenient to combine two or more sets of
separately merged parameters into a single set of parameters
by a least-squares grand merge method instead of obtaining the
final set of parameters through only one large single merging
(see Coxon, 1978). The estimated parameters from the final
grand merge are identical with those derived from the
equivalent large single step merge, provided the weight matrix
used in the grand merge is composed of the dispersion matrices
of earlier merges but not of the variance-covariance matrices
of the input parameters. In the present case, the 9
parameters (B,, D,, and y, of the v = 0, 1, and 2 levels of
X’5') obtained from the microwave spectrum of X’s' and the 49
parameters (13 band origins, 5 for each of B,, D,, and 7y, of
the B%:' state, and 7 for each of B,, D,, and y, of the X’z*
state) obtained from merging (Merge 2) the bands of the first
negative system were first merged together. All these 58 (9
+ 49) parameters, their standard deviations, and the
corresponding dispersion matrices were all used as the input
parameters for Merge 4. 1In this merge these were reduced to

52 parameters (13 band origins, 5 for each of B,, D,, and v, of
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the B2z’ state and 8 for each of B, D,, and y, of the X'’
state). The molecular constants obtained from Merges 1 (the
A-X system), 3 (the B-A system), and 4 (combination of the B-X
system and the microwave data of state X) were combined in
Merge 5, in which 58 parameters from the A-X system, 23
parameters from the B-A system, and 52 parameters from the
combination of the B-X system and the microwave data, thus
making a total of 133 parameters, were reduced to 104
parameters (27 band origins, 8 each of B,, D,, and v, for v -
0 to 7 of X2*, 6 each of B,, D,, A,, Ap,s Py 4, fOr v = 0 to 4
and v = 6 of A%, py and p, of A%l,, 5 each c¢f B,, D,, and y,
for v = 0 to 4 of B%Z'). The rotational constants thus
obtained from Merge 5 for the vibrational levels of the X, A,
and B states of CO' are listed in Table 4.4. The D,, A., 1.,
p.. and q, values obtained in this work show a large scatter
because of their smallness in their values. This can be
understood from the fact that most of the experimental data is
from the optical spectra. The 27 band origins obtained from

Merge 5 are given in Table 4.5.

The B, values listed in Table 4.4 were fitted to the
standard spectroscopic relation,

B, = B, - a, (Vv + 1/2), (4.1)

and the equilibrium rotational constants B, and a, were

estimated for the ¥‘z', A’N,, and B’:' states. The equilibrium

rotational constants and their standard deviations are

presented in Table 4.6. The moments of inertia I, and the
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TAKLE 4.4 Rotational constants® (in ca’') of the B3, AMI,, and X2I' states of CO' from

the global fit

v B, D105 1x10

poxo?

qulct

“Paw10f

T laann el Do
11.754963(5)  8.226(3) 19.20(6)
2 1.724780(9)  8.453(6) 21.01(13)
3 1.693/86(49)  8.535(26) 18.47(18)
4 1.6660912)  8.977(97) 9.4(3.5)
01.5/9629(7)  6.752(9) -
11.560316(8)  6.575(14) -

2 1.540634(15)  6.829(42) -

3 1.521391(14)  6.870(23)

4 1.501838(11)  6.337(15)

6 1.464150(61) 13.13(30)

0 1.96746246(3) 6.326(1)  9.1053(3)
1 1.94843360(9) 5.772(8)  9.0483(4)
2 1.9293521(1)  6.374(3)  8.9730(5)
3 1.910278(6)  6.414(3) 10.21(8)

4 1.891097(9)  6.461(5) 12.58(12)
5 1.87167(2) 6.404(10) 11.32(12)
6 1.85252(1) 6.568(11) 14.11(20)
71 6

.83332(12) .710(95)  5.5(3.5)

A,

122.048(1)
121.989(1)
121.895(2)
121.825(3)
121.856(3)
120.384(3)

pond

1(38)

1.43(1)
1.17(2)
1.04(2)
0.57(3)
1.01(3)
1.39(6)

-2.86(10) 2.6(6)

40,

-2,
-1

2(1)
1(3)

7(2)
(1.1

4.8(1.1)

*Nunber in the parentheses is the uncertafnty in the last diglt and corresponds to

ane standard deviatlon.



TABLE 4.5 Band origins® (in em ') of the three
systems of CO' obtained from the global
fic

Assignments Rand orfpins
v ol

45633.6/0(3)
£3449.520(3)*
41296.133(2)*
42915.322(3)
42478.744(2)
40852.196(5)
40385.754(5)
39898.79/(19)
39172.795(2)
38759.363(8)
38323.175(11)
37392.187(3)
37079.881(2)
36696.777(10)
36291.052(2)

0-0
0-1
0-2
1-2
2-3
1-3
2-4
3-5
0-3
1-4
2-5
4-7
0-4
1-5
2-6

29212.895(6)
26384.761(2)
24930.349(2)
23449.261(2)
21941.207(1)
21265.235(1)
19757.589(1)
18222.298(1)
16988 .481(1)
16068.575(1)
13945.464(2)
11852.563(2)®

CoONORNENWL SO
FLUNLUMMM00000

Baldct-Johnson system

26906.986(1)
25227.587(1)
23692.359(1)

com
soo

*Number in the parentheses s the uncertainty in
the last digit and corresponds Lo one standard
deviation.

*The band origins are obtained from the band by
band analysis.
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TABLE 4.6 Equilibrium molecular constants® (in em™!) of the X2Z',
A%ll,, and B states of CO'

P Lo A2 B2zt

0.0 20731.790(2) 45876.797(3)
w, 2214..088(2) 1562.075(2) 1734.447(8)
w0, 15.0929(8) 13.5364(9) 28.131(5)
W -0.00767(8) 0.01028(9) 0.3674(7)
b, 1.97698785(5) 1.589444(7) 1.799980(4)
a, 0.01904853(5) 0.019461(3) 0.030146(3)
D, x 10° 6.305" 6.583% 7.754°
ru(A) 1.11521840(1) 1.243768(3) 1.168767(1)
1. (gew?) x 100 1.41595200(1) 1.761194(3) 1.555195(1)

“Number in the parentheses is the uncertainty in the last digit and
sponds to one standard deviation.

culated from the expression D, = 4B,3/w.z2.
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equilibrium internuclear distances r, calculated from the

corresponding B, values are also presented in the same table.

All the band origins given in Table 4.5 were fitted
together to the expression

Vey = ve + 0" (VI41/2) - w'y

S(VI41/2)2 + W'yt (Vi+1/2)°

- " (VI41/2) + w"x

e (VI'+1/2)2 = w"y". (V'+1/2)7. [4.2]
The vibrational constants o,, w,X,, and w,y. of all the three
states and the system origins of the A-X and B-X systems were
obtained simultaneously from this fit. All these constants,
along with their standard deviations, are listed in Table 4.6.
The term values of T, of the AN, and B?:' states listed in this
table, are the same as the system origins of the A-X and B-X
systems respectively. The equilibrium centrifugal stretching
constants D, were calculated for the X, A, and B states from
the expression,

4

De= 4.3

@
0w

0 N

using the corresponding B, and w, values and are listed in the
same table. The vibrational term values of the vibrational
levels of the states X, A, and B relative to the v = 0 level
of X were obtained from all the band origins listed in Table
4.5 and are listed in Table 4.7 along with their standard
deviations. The position of the v = 0 level of state X%
relative to its potential minima is calculated using its
vibrational constants and is found to be 1103.270 cm'. It is

appropriate to comment on the accuracy obtained in this work.
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TABLE 4.7 Vibrational term values® (in cm™®) of the X', A2l
and B%' states of CO*

AL,

B2zt

v X2zt

[ 0.0°

1 2183.808(1)

B 4337.601(1)

3 6460.659(1)

4 8553.882(2)

5 10616.203(10)
6 12648.384(4)

7 14650.179°

20406.155(1)
21941.246(1)
23449.120(1)
24930.349(2)
26384.761(2)
27812.599¢

29212.896(2)

45633.765(1)
47313.133(2)
48939.436(3)
50514.,973(22)

52042.365¢

"Number in the parentheses is the uncertainty in the last digit
and corresponds to one standard deviation.

“The term values are expressed relative to the v = 0 level of
the X25' state, which is at 1103.270 cm’! above the minimum of

its potential energy

“This term value is calculatsd from the expression
T#G(v) - 1103.270 cm™?

curve.
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For example, the B, values of the ground state of CO' are
1.96623(3), 1.96723(2), and 1.96746227(4) obtained from the
A-X system, the B-X system, and the nmicrowave data
respectively. The final value reported from the global fit in
Table 4.4 is 1.96746246(3). Even though the values obtained
from the A-X and B-X systems are less accurate than the value
obtained from the microwave data (Sastry et al. 1981 and Bogey
et al. 1983), the inclusion of the latter has helped to obtain
more precise value from the global fit, than from the optical
data. It can be also seen from Tables 4.1 and 4.2 that the B,
values obtained from the data of Misra et al. (1987) and
Jakubek et al. (1987) are accurate up to 5th decimal place
whereas the corresponding values obtained from the global fit
in the present work are accurate up to 6th decimal place.
Thus the molecular constants obtained from the global fit are
more precise at least by one order of magnitude than the

values existing in the literature.
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APPENDIX

In this Appendix, the molecular constants of CO' obtained
from the first negative system by Misra et al. (1987), Baldet-
Johnson system by Jakubek et al. (1987), and the microwave
data of the v = 0,1 and 2 levels of X’3' state by Sastry et al.

(1981) and Bogey et al. (1982) are presented in Table T, 11,

and IIT respectively. The differences |y', - (",| for the
B25' - X’ system obtained in the present work and those

available in the literature are compared in Table IV.
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TABLE 1 Rotational constants® (in cm™) of the B%' and

%' states of CO* by Misra et (1987) .

v B, D, x 10° 7, % 102
B3

0 1.784787(45) 8.078(37) 1.664(66)

1 1.75466(10) 8.274(58) 1.51(13)

2 1.72433(11) 8.496(71) 1.23(14)

3 1.69393(20) 8.63(13) 1.35(22)
x2g

0 1.9674656(31) 6.354(38) 0.91051(89)

1 1.9484388(43) 6.344(47) 0.9048(12)

2 1.929479(63) 6.437(41) 0.846(25)

3 1.910331(97) 6.464(58) 0.97(12)

“ 1.89107(11) 6.468(70) 0.49(16)

5 1.87176(13) 6.466(84) 0.63(17)

6 1.85255(17) 6.59(12) 0.49(20)

“Nunber in the parenthescs is the uncertainty in the last
diglt and corresponds to one standard deviation.
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TABLE IIT Rotatiomal constants® (in cm™?) of the X' state of C0'

obtained from the microwave data

v By D, x 10° Y x 107

0 1.9674624(4)° 6.32(2)° 9.107(2)*
(58983.040(12) MHz)  (0.1895(5) Miiz) (273.01(5) Mitz)

1 1.948439(1)° 6.45(3)4 9.069(4)°
(58412.72(4) Miiz) €0.194(1) Milz) @271.27Q11) M

2 1.929347(4)¢ 6.42(2)¢ 8.901(8)"
(57840,37(13) MHz) (0.193(1) Milz) (269.53(23) M)

Number in parentheses is the uncertainty in the last digit and
corresponds to one standard deviation.

bSastry et al. (1981).
Bogey et al. (1982).

dCalculated in the present work from the experimental data of Bopey
et al. (1983).
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TABLE 11 Rotational constants® (in cm™') of the
B%' and A%, states of CO* by Jakubek
et al. (1987)
%5
Molecular v=0 v=1
constant
By 1.784564(54) 1.754520(56)
D, x 10° 7.941(78) 8.153(78)
Yv x 102 2.116(11) 2.065(15)
Ty 25227.6135(24) 26906.9837(29)
Aty
B, 1.579539(54) 1.560115(58)
D, x 108 6.602(76) 6.595(86)
A, 122.0507(28) 121.9856(32)
-Ap, X 10¢ 1.927(97) 1.051¢136)
P, x 107 1.531(32) 1.412(43)
-qu ® 10¢ 2.27(16) 2.47(26)
-poy ¥ 108 3.10(77) 2.87(123)
b 0 1535.0585(31)

*The number in the parentheses indicates the
uncertainty in the last digit and correspond to one
standard deviation.
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TABLE IV Comparison of the values of |y, - y",| (inem D)
obtained in the present work with the previous

values.
(SR e I - ¥l
Woods (1943) Rao (1950a) Present work

0,1 0.0180 0.009 0.0092
0,2) 0.0159 0.008 00092
0,3 0.0153 0.010 0.0093
1,2) 0.0172 0.009 0.0092
1.3) 0.0158 0.008 0.0002
(1,4) 0.0150 0.010 0.0067
(1,5 0.0159 0.009 0.00/9
2,8) 0.0149 0.009 0.0085
2,5 0.0153 0.009 0.0096
2.6) 0.0150 0.008 0.0069

(3,5 0.0153 0.007 0.0071
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