&

XIDE ISOTOPOMERS

TOTAL OF 10 PAGES ONLY
MAY BE XEROXED

DUANXIANG WANG, B.Sc.










s

i




THE GAMMA SYSTEM OF THE NITRIC-OXIDE ISOTOPOMERS
MNISQ, BN 150, N B0 AND 5N 150

By

©Duanxiang Wang
B. Sc., Tongji University. China

A THESIS SUBMITTED TO THE SCHOOL OF GRADUATE
STUDIES IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE

DEPARTMENT OF PHysICS
MEMORIAL UNIVERSITY OF NEWFOUNDLAND
Jury 1992

St. JOHN'S NEWFOUNDLAND



Bibliothéque nationale
du Canada

National Library
of Canada

Acquisitions and Direction des acquisitions et
Branch  des services

385 Weskngton Sireet 395, rue Welngion

Ottawa, Ontano Ottawa (Ontano)

KIAONS KIAONG

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and

et Merieen e

L'auteur a accordé une licence
irré ble et non i
per a la Bibliothéq

nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése

in any form or format, kil
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

de quelq i et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése a la disposition des
personnes intéressées.

L’auteur conserve la propriéié du
droit d'auteur qui protége sa
thése. Nila thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN ©0-315-78106-8

Canadi



DEDICATED TO MY PARENTS



ACKNOWLEDGMENTS

I am greatly indebted to my supervisor Professor S. P. Reddy for suggesting the
research project and for his constant encouragement and guidance through all aspects
of this thesis.

1 wish to express my thanks to Mr. C. Haridass for his initial help in operation of
the apparatus and also for useful discussions in Lhe computational work. [ would like
to thank Dr. €. V. V. Prasad for his constructive suggestions and Dr. K. P. Huber
for providing some reference materials.

I extend my thanks to the following technical personnel for their assistance:
Messrs. M. Ryan, R. Cuest and R. Bradley of the Physics Department for ma-
chine shop work. some drafting work and some photographic work, respectively, and
Messrs T. Perks and M. Hatswell of the Technical Service for skillful glass blowing,
I also wish to thank the staffs of the Computing Services of the University for their
assistance,

‘The financial assistance received from the Physics Department and Dr. Reddy’s
NSERC grant is gratefully appreciated.

I would like to extend my thanks to my wife, Lina, for her help and understand-
ing. Finally, and most of all, my thanks go to my parents for their constant spiritual

support and unfailing encouragement.

iii



ABSTRACT

The spectra of the gamma (AN X2HE,) system of the nitric-oxide i

pommers
HINT6Q, 1IN0, MN0 and PN O, excited in the anode glow of a two-colun
hollow-cathode discharge tube of special design (Reddy and Prasad, J. Phys. F. Se
Instr. 22, 306, 1989), were photographed in the spectral region 2000-27300 A onoa
2'm Bausch and Lomb spectrograph under medinm resolution and the spectrung of

15N 180 was also recorded on a 3.0 m Jareell- Ash specteograph inder high resolution

The spectrum of "N 190 was vbtained from the natural presence of nitrogen-11 aid
oxygen-16 of low pressure air in the discharge tabe. The spectra of N0 and

HN 180 were produced by admitting nitrogen-15 and oxygen-18 it the discharge

tube, respectively. The spectrum N ™0 was produced by admitting a mizture of

nitrogen-15 and oxygen-18 into the same discharge tube. The gamma system has

been observed for the first time for N80,

For each of the isotopomers, six bands, namely, 1-0, 0-0, 01, 0-2, 0-3 and 01, each
having four heads Piace, Paagr/Quaes, Puiee and Pyypp/Q iy, hiave been observed. The
vibrational structures of the observed bands have been analyzed from the wavenum-
ber data of the band heads of all the isotopomers of NO. In each case AG(1/2) of
the A?L7 state and vibrational constants w, and w,r, of the X1y, and X211,

components of the ground electronic state have been determined.



The rotational stracture of the individual 0-1, 0-2 and 0-3 bands ~f the gamma
system of N80, photographed under high resolution, has been analyzed using the

efl

ctive Hamiltonian proposed by Brown et al (J. Mol. Spectrose. 74, 204, 1979)
and a unique set of molecular constants has been obtained by the method of merging.
The derived molecular constants in cm™" of 15N 120 are:

AN AG(L/2) 2371

XL we 1B19.15; w,r, - 12.870; B,=1.55644; 0, =0.015343; D,=1.5574x10 ©.

Also abtained for the X211 state are the values of Ay, Apy, poy g0 for v = 1, 2,

and 3§ levels.
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Chapter 1

INTRODUCTION

1.1 Importance of Molecular Spectra

Along with the development of quantum mechanics in late 1920's, greal, progress

was made in the experimental studies of the electranic spectra of diatomic molecnles

and their theoretical understanding. From the investigation of the electronic spec-
trum of a molecule, its electronic, vibrational and rotational energy levels can be
obtained very precisely. Alsc, information about the molecular electranic structure,

and vibration and rotation of its nuclei can be obtained. Properties such as chem-

ical valence can be understood from the clectronic structure, From a knowledge of

the vibrational frequencies and the anharmonicities of a molecule, the furces between
the constituent atoms as well as its dissociation energy can be caleulated. Detailed
rotational analysis of the electronic bands of a molecule gives accurate values of the
moments of inertia and internuclear separations in various energy states, and provides
information on the nature of the coupling between the orbital and spin motions of its

electrons and rotational motion of the molecule, as well as information about the pos-

ates. From the

sible perturbations between the energy levels of different electronic

known and ional partition functions, several thermodynamic quanti-

ties can be estimated. From a knowledge of the vibrational and rotational constants
of the electronic states of a molecule, quantities such as Franck-Condon factors which

are proportional Lo the intensity of the bands can be estimated.
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Molecular spectra also play an important role in the investigation of the atmo-

i

spheric and astrophysical ph such as molecular absorption of the solat radi-

ation in the earth’

atmosphere, emission spectra of atrora, emission from the night
sky and twilight, all of which are produced in the upper layers of the atmosphere.
“These molecular spectra provide information about the physical conditions and the
eompaosition of the atmospheric layers. The temperature and height of various atmo-
spheric layers can be estimated from the intensity distribution in the bands of the
atmospheric spectra. The comet tails give emission spectra of neutral molecules and

molecular ions. The temperature of the stars can be estimated from their srectra end

the stars can be classified according to their temperatures (sce Herzberg, 1950). From

the spectra of celestial objects, abundance ratios of isolopomners can be probed, which
in turr, give information regarding the molecular processes through which energy is

Audouze, 1977).

generated in objects (se

1.2 Significance of Nitric Oxide

Nitric oxide is a very interesting molecule because in its ground electronic state
it has an unpaired 7 electron which gives rise to the X[ state with X[,/ and
X132 components separated by about 120 cm ™" due to spin-orbit interaction. It is
a very important active molecule in several regions of the earth’s atmosphere. In the
atmosphere, where its volume mixing ratio s of the order of 10-° ~10-8, NO is chiefly
produced through oxidation of N ;0 by the excited oxygen atom O('D). The N ;0 is

a by-product of microbial metabolism and is present in relatively large concentrations
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in the atmosphere. Other sources of NO in the carth's atmosphere are high altitude
aircralt, nuclear blasts, volcances, lightning, ete. (McDermid ef al., 1982). The role
played by various oxides of nitrogen in the catalytic destruction of vzone (O3) can be

understood by the following chemical processes:

NO+O, -
NOL+O -

03+0 20,

However, nitric oxide in the stratosphere can also be involved in smog reactions and
produce ozone. In the troposphere, NO is involved i the photuchemical production of

ozone and is a major product of internal combustion engines and combustion po

plants (Kivel et al., 1957). Global measurements of the NO concentrations w the

atmosphere would enhance the understanding of atmospheric phy

nd chemistry.

The v (A5~ =XM1, system of nitric oxide has important applications in at-

mosphere science. For example, the bands of this are used Lo measnre NO

column densities in the mesesphere in order to interpret emissions in anrora and to
establish the relative spectral response of monochromators in the ultraviolet region
(Langhoff et al. 1988). Recently, this system has been found to be potentially at-
tractive for an optically-pumped ultraviolet laser with inherently narrow linewidths,
since its A 2L+ state possesses a radiative lifetime of nearly 200 ns and the stimn-

lated A— X emission cross section is of the order of 107" ¢rn? (Burrows ef al. 1985).
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Iriormation from the spectra of nitric oxide has applications in problems con-
cerning the upper atmosphere, pollution, hot air re-entry into the atmosphere, and
combustion. In these applications, quantitative data on wavelengths, absorption coef-
ficients, oscillator strengths f, etc., are needed. However, interest in the electronically

excited states of NO stems from the theory of molecular structure and quantum me-

chanics.

Electronic Configurations and Potential Energy Curves of NO

The ground state electronic configurations of the nitrogen and vzygen atoms are

N: 12 252 2p°

80: 1s* 27 2p*
The electrons in the outermost shells of the constituent atoms of a molecule determine
the moleeular binding and the nature of the molecular states. The electronic config-
uration which gives risc to the ground state (X 2[T) of the NO molecule is expressed as:

K K (20)? (yo)? (wr)! (z0)? vm: XL,

The first excited doublet A2X* state of NO is obtained by taking the antibond-

ing v electron to the uo Rydberg orbital as shown below:

K K (20) (yo)? (wr)! (zo)? uo: APS*,
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The v system arises from the transition A*S" -N*1L Gilmore (1965) has given
potential energy curves for N2, NO and O, and their ions N} NO * and O . The
potential energy curves of the electronic states of NO adopted from Gilmore are shown

in Figure 1 1.



0
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Potential encrgy curve for the electronic states of "N '%0 as modificd from Gilmore 1961
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1.4 Previous Work on the y (A*E* - X*IT) System and the Infrared Vibration-

Rotation and Pure Rotation Spectra in the X *[l state of Nitric Oxide

Because of the importance of the nitric oxide molecule, the spectra of the most
abundant isotopomer "N 'O have been studied by many investigations over a long
period. Strutt (1917) was the first to observe the ¥ system of NO. Subsequently nu-
merous investigations have been carried out on different 1y pes of spectea of NO, which

include the el ic spectra, vibrati tation spectri, pure rotation spectra, ro

tational Raman spectra, magnetic rotation spectra, magnetic and electronic spectra,
etc. For references on these carlier studies the reader is referred toa review article by
Miescher and Huber (1976) and Huber and llerzberg (1979). “Berkley News Letlors”
are to be consulted for more recent references on this subject. We review brielly here
the work done since 1970 on the v (A 25+ -X?11) system and the Infrared and mi-
crowave spectra of the isotopomer N 150, 1N 180, 15N M0, SN0 and N 170,

arising from the ground state X *I,.

Cisak et al. (1970) measured part of the ¥ system of N0 and "N "0 un-
der medium resolution of a quartz prism spectrograph and obtained the vihrational
constants and isotopic displacements. Engleman Jr. et al.. (1970) studied the 1-0
band of the y system of SN0 and "N "0 (in addition some bands of "'N"0).
Engleman Jr. and Rouse (1971) studied 17 bands of "N 150 + system in the spectral
region 2700 -3100 A under high resolution and determined the molecular constants
for v=0 to 16 of the X ?IT state and v=0) tu 5 of the A% state. Freedman and
Nicholls (1980) reanalyzed the high resolution data of the 1-0 and 00 bands of the ~
system of "N 160 and the 1-2 band of “N ™0 and '*N 50, ubtained by Engleman
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Jr. and Rouse (1971), using the unique perturber treatment methods described by

Zare et al. (1973).

Amiot et al. (1978) obtained the high resolution Fourier spectra of the infrared vi-
bration bands 1-0 and 2-0 of "N'®0 and 1-0) band of N 70, N!0 and *N %0 in
the X211 state. These anthors reported a detailed analysis of the 1-0 band of N %0
and the preliminary results for the spectra of the other isotopomers. Amiot and

C

elachvili (1979) investigated similar spectra of the 1-0 and 2-1 bands of '*N 190
and the 1-0 band of ¥N'70 and '*N'0 in the X?II state. Molecular constants
of these isotopomers were determined by these authors using the direct approach

method.

“The analysis of the infrared 1-0, 2-0 and 3-0 bands of "N '°0 in the X ’II state
was reported by Valentin et al. (1978) and Henry et al. (1978). Teffo et al. (1980)
reported the results of the analysis of the infrared vibration-rotation 1-0, 2-0 and 3-0

bands and the X ?[T;; = *[1;/; (1-0) subband of '*N'60 and 'SN'*0.

Molecular beam technique was used by Meerts and Dymanus (1972) to obtain
extremely precise A doubling and hyperfine structure constants of "N '°0. Patel and
Kerl (1978) used the opto-acoustic spectroscopy for the study of **N'°0 and obtained
accurate values of the A doubling for the [T/, v=0 and 1 levels. High resolution laser
magnetic and infrared-radio-freq 'y doubl e spectra of the 1-0

and 21 bands of "N 60, '*N 180, N '*0 and "N '7O in the X Il state have been

studied by Dale et al. (1977).
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1.5 Present work

The present research project is concerned about the observation of the vibrational

spectra of the v (A?E7-X?*I1,) system of the nitric oxide isotopomers ''N "0,

15N 180, "N 80 and 3N 'O under medium dispersion and its anal Also, it s

the aim of the present work to record this system of "N ™0 under high resolution and

to carry out the rotational analysis of several bands. The 3 sgstern of NO way excited

in the anode glow of a two-column holluw-cathode discharge tibe, designed in onr

laboratory. and photographed in the spectral region 2140-2730 A vander medinm reso-

lution of a 2 m Bausch and Lomb spectrog 5 of the band

aph. The vibrational analys
heads of this system for each of the isotopomers was carried out and the vibrational
constants of the upper and lower clectronic states A and X were determined. The spec-
trum of the v system of "N **0 has been observed for the first time, The -1, -2
and 0-3 bands of this isotopomer were photographed under the high resolution on a
3.4 m Jarrell-Ash spectrograph in the fifth order of a 1200 grooves/mm grating. The
rotational structure of these bands has been analyzed using the effective Hamiltonian
method and a unique set of molecular constants for the A and X states of "N ™0

was obtained.

Chapter 2 describes the experimental techniques. Theoretical aspects of the NO 5
system are presented in Chapter 3. Details of the vibrational and rotational analyses

of this system of the isotopomers of NO are given in Chapter
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EXPERIMENTAL TECHNIQUES

The nitric-oxide isotopomers "N 160, 1SN 180, "N '80 and '*N '#0. were excited
in a two-column hollow-cathode discharge tube. The gamma (v) (A?E*
X ?I1,) system of these isotopomers resulting from this excitation was photographed
with medium and high resolution optical spectrographs. A concise description of the
spectrographs, the discharge tube and the experimental procedure is given in this

chapter.

2.1 Two-Column Hollow-Cathode Discharge Tube

A schematic diagram of the design of the two-column hollow-cathode discharge
tube and the gas-handling system is shown in Figure 2.1. The discharge tube con-
sists of a copper hollow cathode C, a Kovar-Pyrex seal K, a Pyrex glass body S,
tungsten anode A, a cathode window W, and an anode window W,. The hollow-
cathode (9.0 cm long, 1.8 cm in outer diameter and 0.1 cm in wall thickness) was
silver-soldered to the Kovar tube (1.9 cm in inner diameter). The Pyrex section of
the Kovar-Pyrex seal is joined to the main Pyrex glass body (14 cm long and 4.6
cm in outer diameter). A side-arm (1.7 cm in outer diameter) branches off from the
main body of the discharge tube. A tungsten anode was fused into the branch of

the side arm. The quartz windows W, and W, of S1-UV type, supplied by Esco

10
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Products Inc., are 0.3 cm thick and were attached to the ground end surfaces of the
cathode and anode branches of the discharge tube with Torr Seal (which is a low
vapor pressure resin). In Figure 2.1, R, and R, are the reservoirs for oxygen-18 and

nitrogen-15, respectively, and R’y and R'; are the corresponding secondary reservoirs.

The hollow-cathode discharge tube’s main advantage is the physical separation of
the cathode and anode glows which can be independently photographed. The cathode
glow is an excellent source for the molecular ions and the anode glow is a convenient
source for the neutral molecules. Reddy and Prasad (1989) have given details of this
discharge tube with examples of excitation of the spectra of the molecular ions CO ™,
COj and Nj in the cathode emission and those of neutral molecules CO and N in
the anode emission.
i lecular ions, it is imes necessary to use, in ad-

In the of certain

dition to the experimental substance, a carrier gas such as helium or neon. When high
current is required for the excitation of the spectra, it may be necessary to cool the
cathode with running cold water or to immerse the cathode portion in a coolant such
as liuid nitrogen . In the present experiments, for the excitation of the spectra of the
isotopomers of NO, neither a carrier gas nor a coolant was found necessary. In the

present study the v system of NO is excited in the anode column of the discharge tube.



Chapter 2. 13

used to maintain the

AD.C. power supply unit rated at 200 \"and 250 mA wa;

discharge. The circuit diagram of this unit is shown in Figure 2.2, It consi
powerstat P, a step-up transformer T (1750-0-1750 V'), a bridge rectifier with four

high voltage diffused silicon rectifiers Dy to I | (VARO VCA0), an ail filled capacitor

(15 pF, 2000 V) and several Dale HL IO type resistors Ry to Rz (R 1006 100 W,

Roa: 1to 20 kQ, 100 Wi R 4 to Ry 20 ki), 100 W,

SO0k, 9 W) The output volt-

it

age is controlled by adjusting the primary voltage of the transformer. o the pres

experiments the output voltage and current are 1100V and 70 mA, respectively,
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2.2 Mechanism of a Hollow-Cathode Discharge

When a d.c. voltage is applied between the cathode and the anode of a discharge
tube, electrons released and accelerated from the cathode collide with the molecules
(or atoms) of the experimental gas and excite them to higher energy states and jonize
some of them. The excited positive moleenlar ions concentrate around the cathode
while the neutral molecules spread out in the discharge tube. In the present desipn,
il

ing the radiations from these two columns independently. The moleenles or theie

the provision of separate columns for the cathode and anode glows

ilitates recs

jons excited to different higher unstable rotational, vibrational and electronic states

return to the lower energy states by emitting electromagnetic radiation of energy fie',
h being the Planck’s constant and ' being the frequency (in s ') of the emitted
photon. As long as the discharge is maintained between two electrodes, cllisions

between the electrons and the molecules (or the atoms) continue to take place and

the emission of radiation is maintained. Oue of the advantages of a hollow cathode
discharge tube relative to a parallel plate d.c. discharge is that the temiperatire of
the hollow-cathode is lower than that of the cathade plate under similar excitation
conditions. Because of this the spectral lines from the hollow-cathode discharge tube

have smaller Doppler widths. Another advantage is that the discharge is steady in

the former case. Also, in a hollow-cathode discharge tube, the effvets of pressure

broadening and Stark broadening of spectral lines are minimized.
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2.3 Spectrographs

A2 m Bausch and Lomb dual grating spectrograph and a 3.4 m Jarrell-Ash Ebert
grating spectrograph are used Lo record the electronic spectra of NO. A brief descrip-

tion of the spectrographs and the experimental procedure is given below.
(a) The 2 m Bausch and Lomb Dual Girating Spectrograph
The optical Jayout of the 2 m Bausch and Lomb dual grating spectrograph is

schematically shown in Figure 2.3 for an incident monochromatic light beam:. The

light beam which is collimated onto the adjustable slit S is reflected by the plane

mirror M onto the upper section of the spherical mirror CM which has a focal length
of 2m and a numerical aperture of £/15.3. The reflected light is dispersed by one of
the gratings G which has 600 grooves/mm and is blazed at 2.5 um ot G which has
1200 grooves/mm and is blazed at 1.0 um. These plane gratings, each with a ruled
area of 128 mm (width) < 102 mm (length) are mounted back to back on a rotatable
turret T. The dispersed light reaches the lower part of the spherical mirror which
focuses the light onto the photographic plate P. The plate holder can accommodate
one 1015 cm > 25.10 cm plate or two 5.08 cm < 25.40 cm photographic plates. The
measured reciprocal dispersions of the spectra are 4. 14 A/mm at 2157 A in the first
order of the 600 grooves/mm grating, and 2.01 4/mm at 2367 A in the first order of

1200 grooves/min grating.
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(b) The 3.4 m Jarrell-Ash Ebert Grating Spectrograph

The optical layout of the 3.4 m Jarrell-Ash h is sch ically shown
in Figure 2.4 for polychromatic incident light. This is similar to that of the 2 m
Bausch and Lomb spectrograph except that the slit and the plate holder are on the
same side for the 3.4 m instrument. Light from the source, after passing through two
quartz cylindrical lenses Ly (10.0 cm in focal length and 3.0 cm in diameter), and L,
(45.0 em in fcal length and 3.0 cm in diameter), is incident directly on the upper
section of the concave mirror M (radius of curvature: 6.655 m, diameter: 40.6 cm
and numerical aperture: {/35). It is then collimated onto the grating G by mirror
M. The dispersed light from the grating is focused onto the photographic plate P by
the lower scection of M. The plate holder which holds the photographic plates can
be tilted about a vertical axis. For a fixed slit position, obtained for the best focus
condition, the Lilt of the plate holder has a linear dependence on the grating angle. A
Lypical plot of the plateholder tilt versus grating angle for this spectrograph is given
by Prasad(1987). An MIT echelle grating having 300 grooves/mm and blazed at 5.7
m and a Bausch and Lomb plane grating having 1200 grooves/mm and blazed at
14 um are available for this spectrograph. The ruled area of each of these gratings
is 186 mm (width) < 63 mm (length). In the present work the 1200 grooves/mm
grating was used in the fourth order for the standard spectral lines and in fifth order
for the N'®0 spectrum. The measured reciprocal dispersions of the spectra are

0.313 A/mm at 2455 A in the fifth order.
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2.4 Experimental Procedure

‘The experimental gases nitrogen-15 and oxygen-18, with specified purities of 99.9%
and 98% respectively, were used in the present work. The gas-handling system made
of Pyrex glass which was connected to the hollow-cathode discharge tube is shown

schematically in Figure 2.1,

Reservoirs Ry and R contain 0, and '*N, respectively. R'; and R', rep-
resent the secondary reservoirs for these gases. With the stop cocks S, and S, in
closed position, the whole gas handling system and the discharge tube were thor-
oughly evacuated. The secondary reservoirs R’y and R’; were then filled with 120,
and 5N, respectively. With stop cock S in closed position, small amounts of '*0 ,
and 'SN, were admitted into the discharge tube through S'; and S',, respectively.
An approximate ratio of '®0; to 'SN, admitted into the discharge tube is ~ 2:1
for the excitation of the 'SN'®0 spectrum. When only '*N, was admitted in the
discharge tube, the spectrum of "N '®0 was excited. [f only '®C, was admitted, the
spectrum of "N '80 was excited. However, the spectrum of '*N'®0 ‘was obtained

by the natural presence of %0 and "N, of low pressure air in the discharge tube.

The pressure in the discharge tube for the best excitati dition is

0.8 Torr.

A DC voltage of 1100 V is applied between the electrodes of the discharge tube.
A Tesla coil was used to initiate the discharge. The pressure of the gas inside the

discharge tube was regulated until a bright and steady discharge was obtained. The
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medium resolution emission spectra of 'SN'#0, "N ®Q, "N %0 and "N 00 in re-
gion 2140-2730 A were photographed on the Bausch and Lomb spectrograph and the
high resolution emission spectra in the same region were photographed on the Jarrell-
Ash spectrograph. The slit width was set at 20 pm for the former and 26 pm for
the latter. Iron arc and copper arc, both of d.c. type, were used as the sources of
the standard spectra recorded on the Bausch and Lomb spectrograph, An iron-neon
hollow-cathode lamp was used as the standard source for the high resolution spectra
recorded on the Jarrell-Ash instrument. The axis of the hollow-cathode discharge
tube and the axis of the Jarrell-Ash spectrograph coincide with each other, and the

axis of the Fe-Ne lamp is perpendicular to the axis of the spectrograph. A front-

surface-coated plane mirror, mounted on an optical beneh, reflects the: light from

the Fe-Ne lamp onto the slit of the spectrograph. It can be moved from and re

in the original position on the optical bench, thus ensuring best collimation condition.

A Hoya U-340 glass filter and a chlorine gas filter were used to climinate e over-
lapping orders. Kodak SWR photographic plates were used Lo record the spectra.
The exposure times vatied from 3 seconds to 4.5 hours, depending on the intensity of

the band, order of the grating, and the type of filter. The pholographic plat

were
developed in Kodak developer D-19 at room temperature for about 4 minutes and

were then fixed in Kodak fixer for 30 minutes.

2.5 Measurement of Spectra

The spectra were measured on a model M 1205C comparator, supplicd by Cacrner
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Optical Co.. Although the least count of this instrument is 0.001 mm, the reading
can be estimated to an accuracy of 0.0005 mm. The relation between air wavelengths
Aawr of the spectral lines and their comparator readings d is given by the following
polynomial equation

Yo ): ald-do, @1
where dy is the comparator reading of the first standard line and a, are the coefficients
of the polynomial. The method of least squares fitting was used to obtain the values
of these coeflicients from the wavelengths of standard lines. In general the standard
deviations of the fit were about 0.012 A and 0.003 A for medium and high resolution
spectrum, respectively. The wavelengths of the standard Fe-arc lines and Cu-arc lines
were taken from Gatterer and Junkes (1956) and Shenstone (1955) respectively , and
the standard Fe-Ne lines from Crosswhite (1958 and 1975). The air wavelengths of
the band heads and the rotational lines were then calculated using the values of a,.
‘The following Edlen’s formula (1953) for the refractive index n was used to convert

the air ! into vacuum

2949810 25540

B Rl
n=1464028 X 107 + e 4 e,

(22)

where v = 10%/(n)ar), and Ay, are in Angstrém units. An iterative method was
used until the absolute value of the difference between the successive values of the
wavenumbers was less than or equal to 1071° cm~!. The analysis of the spectra was

performed on Vax 11/785 and Unix Dec System 5500 computers.
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THEORETICAL ASPECTS FOR THE ANALYSIS OF THE NO »
SYSTEM

In this chapter the theoretical aspects of the slectronic spectra of diatomic molecnles
which are relevant to the present work are described. A detailed theory of the elec-

tronic band spectra s found in Mulliken (1931, 1932) and Herzberg (1950, 1971).

3.1 Vibrational and Rotational Structures of Electronic Band Systems
(i) Eler tronic and vibrational terms
“he total energy E (usually expressed in ergs) of a diatomic molecule is represented

as the sum of its electronic energy E, vibrational energy E, and rotational energy

E, (within the Born-Oppenhei imation). Accordingl

E=E.+E,+E,. (3.1)

Lt this treatment the translational and nuclear spin energies are excluded from con-

sicleration. The term value T (in cm~") of an energy level is represented by
T = Efhe = T. + G(v) + Fu(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.
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The wavenumber (in cm™!) of a spectral line between the rotational levels of an
upper (‘) and a lower (") electronic state is given by
v =T-T"
= (T -T) +[G() - G"(v")] + [F(J") = F)(J")]
= Uty t . (3.3)

For a given electronic transition, v, = T — T2 is the system origin and v, + v, = vy

is the band origin, where v, = G'(t) - G"(v") and v, = Fu(J") = Fu(J").

The electronic terms for different multiplet components of an electronic state

are generally expressed in the first imation, i.e., considering no rotation and

vibration of the molecule, as

T, =Ty + AAS,, (3.4)

where T is the electronic term, neglecting the electronic spin, A and 5, are the

A 1

along the i axis of the electron orbital angular mo-
mentum  and the clectron spin angular momentum S, respectively, and A is the
spin-orbit coupling constant. The electronic states are labelled £, IT, A, & -+ for
A=0,1,2,3,- -, respectively. For a regular state, (eg. [, state), A is positive, and
for inverted state, (eg. TI, state) A is negative. Depending on whether the electronic
wave function ¥, remains unchanged or changes sign when reflected at any plane
passing through the internuclear axis, the electronic £(A = 0) states are designated

as B* or £7. The multiplicity of an electronic state is given by 25 + 1, which is the

number of of § projected along the i lear axis.
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The vibrational terms G(v) of an electronic state of a molecule are expressed as
G(v) = we(v + 1/2) =were(v + 1/2)* + weyalv -+ 1/2)* 4 -+, (3.5)

where w, (in cm™) is the vibrational constant and w,z., weye, elc., (also in em 1)

tepresent the anharmonic terms of the vibrational motion.

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

The ber v, of a vibrational it glecting the contribution from

the rotational levels is given by

vy = vyt Wl(0' 4 1/2) —wlml(v' + 12 Fwlyl(u’ 4 1/2) )
w0+ 12) + Wi+ 1/2)7 - Wyl U Lf2)t e (36)

If detailed rotational analysis of the structure of many bands of an electronic band
system is carried out, the band origins vy can be directly fitted to Fquation 3.6 and
the constants v, we, WeZe, Wele, ebc., are obtained. In the absence of such an analysis,
the wavenumbers of the band heads are fitted to the above equation Lo obtain the

specified constants.

The vibrational isotope shift Av of a band with given v’ and v” is represented by
Av = Uggr = Vg

(L= Pl +1/2) — (o + 1/2)]

=(1 = Pl + 172 — wlall” 1 172))

+(1 = o) wlyh(v' + 1/2)° — Wyl (" + 1/2)°) ¢ (8.7)
where vy, and vl ate the wavenumbers of the band origins (or band heads), with

given v’ and v" of an ordinary molecule and its isotope, respectively, and p = [p/p'|'/2,
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Here p and i are the reduced masses of these molecules (i=(myma)/(my +my)).

i) Coupling between rotational and electronic motions

The splitting of the rotational levels in these multiplet states depeids on the type
of coupling between various angular momenta of the molecule. Hund’s case (a) and
case (b), which are important for the present work, will be discussed here. In Hund's

case (), we come spin-orbit coupling and A-type doubling.

Spin-orbit coupling: The interaction of the spin angular momentum of the elec-
trons with their orbital angular momentum causes splitting in the clectronic states.
In Hund’s case (a) the coupling of the nuclear rotation angular momentum £ with
electronic motion is weak, and the electronic orbital and spin angular momenta L
and § are strongly coupled individually to the internuclear axis. The sum of the
quantized projections along the internuclear axis of the clectron orbital and the spin
angular momenta is given as
Q=A+5, (3.8)
The clectronic states £, TT, A, ¢, etc., have A=0, 1, 2, 3, etc., respectively. For a
fixed A, © can take 25+1 values. Thus the components arising from the spin-orbit
coupling of a ?Il state are ?Myj; and 2[l,/. In Hund’s case (a), R and §i combine
to form the total angular momentum J. For a given value 2, quantum number J is
given by
J=Q,Q+1,Q+2. (3.9)
Both J and © have either integer or half integer values depending on whether the

multiplicity (28+1) of the state is odd or even, respectively.
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A\-type doubling: Fven though the coupling between the rotation of a molecnle

and the orbital muiion of its electrons is very small, it gives rise to a splitting of the
degeneracy that arises for the electronic states with A £ 0. This splitting is called

Atype donbling.

In Hund’s case (b) the spin vector § is weakly coupled o the internuclear a:

s
(this means that €1 is not defined) and X combines with & to form the new vector V,
which is the total angular momentum apart from the spin. The quantum number N
is given by

N=AA+10A #2000 (3.10)

The vector N combines with § to form J. For a given N, J has the values

J=N+SN+S-1,N+S§ -

SN OS] (3.11)

Thus each rotational level N has (25+1) components (which represent the multipl

ity
of the states). In this case, J can be either an integer or a half-integer, depending on
the multiplicity being odd or even. ¥ states always belong Lo Hund’s case (b); and
multiplet 1, A, etc., states can belong to Hund’s case (a) or Hund's case (b).

Hund’s coupling cases represent idealized limiting cases. They represent the ob-

served spectra to a good approximation. However, small or even large deviations from

these limiting cases are found. The reason for this is that some interactions were ne-

glected in the idealized coupling cases, and particularly that the relative magnitude
of the interactions changes with increasing rotation. Thus, a transition Lakes place

from one coupling case to another with increasing rotation. For the X *I stale of
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NO, a transition takes place from case (a) to case (b) at high J values.

A rotational level is positive or negative depending upon whether the total eigen-
finction (W) remains unchanged or changes sign upon reflection at the origin. This
property is called the parity. Kopp and Hougen (1967) introduced the following con-

vention for labeling the rotational levels with half integer J values:

“levels with parity[+(~1)77'/%] are ¢ levels

and those with parity [—(~1)’~1/2] are f levels.”

Later Brown et al.. (1975) extended this labeling convention to the rotational levels

with integer J values as

“levels with parity [+(~1)7] are e levels

and those with parity [-(—1)7] are f levels.”

(iv) Rotational terms of the electronic states

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

represented by
F(J) = BJI(J + 1) = A = D[J(J + 1) = A 4o (3.12)
and those of a multiplet electronic state belonging to Hund's case (a) are given by
F(J) = BJJ(J +1) = Q) = D[J(J +1) = QP+ -+, (3.13)

1

where B, and D, are and centrifugal distortion respectively.

"These constants can be expressed in terms of the vibrational quantum number v and
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the equilibriun molecular constants B., a, ve, D, and 3. as
B, = B — ae(v+1/2) + (v + 1/2)* t oo, (3.1
and
Dy = Do + Ba(v +1/2), (3.15)

where B, = h/(8ncur?), and D, = 4B2/w? (Kratzer's relation). r, represents the

equilibrium internuclear distance and s the reduced mass. Here o, . B, i, = D,
and v, < a.. Here h and c are universal constants.
The rotational levels of a 2X* state in Hund's case (b) are given by
Fie(N) = B,N(N +1) - DN¥(N 1) 4 lw, (3.16)
2 |
Fyy(N) = BuN(N + 1) = DuN* (N £ 1) - (N 1 1), (3.17)

where F\(N) and Fyy(N) refer to the components with J=<N |-1/2 and N 1/2, re-
spectively, and 7, is the spin-splitting constants (also called spin-rotation interaction

constant). In terms of J, Fi(N) and Fy;(N) can be written as
Fild) = B = Y20 +1/2) = Dd = 120 4120 bl 172), (318)

and

1
Fag(J) = By(J + 1/2)(J +3/2) — Dy(J + 1/2)*(J +3/2)* - é-'.,('l +3/2). (3.19)
In a ?I1, state, a series of rotational levels exists for each of the sub-states 211, and
?II3/2 with the levels of ?IIy, having higher energy than the corresponding levels of
?1,/5. Hence the I,/ levels are called the Fy levels and the other ones are called

the F, levels. In both ?[T;/; and [Ty, the rotational levels are doubly degenerate



Chapter 3. 30

due Lo the A-doubling. Al these four types of rotational levels can be represented by

the following expressions:

gz
Fuld) = B +1) = L75| = DI + 1) L7572
»%g"ﬁ e VD ATE R )
1
Fght Eulp.,;.l(.l+ 1) - 1.73], (3.20)
Fuld) = BJG 1) - LT3 - DI+ 1) - LT3
LB W By oy sy +32)
21.,+A.,](_)(+ t
L%;l., + %Am[-/(! +1)= 173, (3.21)
Wy

Fie(J) = ByJ(J+1)+0.25] = D,[J(J + 1) +0.25
1-;-}",,(! +05) - %A., = %AD,,[J(J —n+02s,  (322)

il

Piy(J) Bu[J(J + 1) +0.25) = D,[J(J + 1) +0.25]

1 1 1
~gPlJ +08) = A S An(T + 1) 4028 (329)
In the above equations p, and g, are the A-doubling parameters, 4, is the spin-orbit
coupling constant and Ap, is the centrifugal distortion parameter of the spin-orbit
coupling constant. The expressions for the twelve branches of the 2+ — 2II system

can be obtained from the general equation

v = (Top = Tin) + Fe(J") - Fa(J"), (3.24)

with J”
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3.2 Method of Rotational Analysis

(i) Effective Hamilton|

In the absence of an external electric or magnetic field, the effective Hamiltonian

for a diatomic molecule is expressed as

H = Hyt o+ Hog 4y + g,

where Hj includes the terms which are independent of rotation and represents the
vibronic term energy 7, of different clectronic states. The teri Hyo represents the
Hamiltonian describing the rotation of the nuclei, and is given by

Hyy = B(r)R?

= (h/8x%urt)(J - L - §)?, (3.26)

where B(r) is the radial part of the rotational cnergy operator, juis the reduced mass,
r is the internuclear distance, and R is the rotational angular momentum operator.
The term Heq is the Hamiltonian for the centrifugal distortion and is cxpressed as

Hey = DY + H(RE -, (3.27)

where D and H are the quartic and sextic distortion constants. The Lerm /1, describes

the fine structure of spectral levels and can be wrilten as

His = Hyo + Hyy + Hyp + [, (3.28)
where H,, is always equal to zero for the doublet states. The term //,, represents Lhe
pin-orbit i ion and can be d as

Ho = A(r)L-§+--

i

A(r)(LeS, + /2005 4+ 1/20.8,) -, (3.29)
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where A(r) is the spin-urbit coupling constant. Equation 3.29 also contains the cen-
trifugal correction terms Ap,, etc. The term H,, in equation 3.28 is the spin-rotation

Iarmiltonian and is given by
H, = 2(r)i-§
= yr)J-L-5).5, (3.30)
where y(r) is the spin-rotation constant, the last term Hiy in equation 3.28 is the

A-doubling in rotational levels and contains the A-doubling parameters o, p,  and

their centrifugal corrections. This Hamiltonian can be expressed as

My = ofr)(ALS% +A283) +p(r)(ALS_N. + AZS,.Ny)
—q(r)(AZN? 4+ ATNE) £ (3.31)

The parameter o(r) is zero for one or two. The p(r) and q(r)
are A-doubling parameters for the ?II state in this work. The term Hys, in equa-
Lion 3.25 represents the Hamiltonian for the hyperfine structure, which is too small

for optical spectra and can be ignored in the present work.

Brown et al. (1979) and later Amiot et al. (1981) calculated the corresponding
matrix elements of the effective Hamiltonian (equation 3.25) for 2E* and 2II states.
Table 3.1 gives the matrix elements of the Hamiltonian for these two states. The
measured line positions are compared iteratively with the calculated line positions
which are the appropriate differences between the term values of the upper and lower
electronic states. These term values are obtained as the eigenvalues of the Hamilto-

nian matrix.
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Table 3.1: Matrix elements of the Hamiltonian for *I1 and *

tates

Molecular Labeling® Matrix element b
constant
% L1 1
2,2 1
33 1
B, 1,1 2(zF1)
2,2 231
33 241
23 (1)
D, L1 2z F1)?
2,2 -2}(z?1)
33 -z (2? + 1)
23 22%(52-1)'?
T 11 05(zF1)
Ay 2,2 0.5
33 0.5
Ap, 2,2 0.5(z*1)
33 -0.5(z + 1)
P 33 F0.5z
Q@ 33 Tz
23 £0.5(z?1)12

“Labels 1, 2, and 3 refer to states ?S*, I3/ and Iy, respectively.
)
J+05
e upper and lower signs of notation + and F refer to the e and [ levels
respectively.
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In our computer program, the Harmiltonian matrix is diagonalized to obtain the
eigenvalues, i.c., the term values of the upper and lower states involved in the tran-

lated line

sition. The measured line positions are d i ively with the cal

positions which are the appropriate differences between the term values of the two

are the adjustabl in the ef-

tronic states. Th

fective Hamiltonian. An improved set of molecular constants is generated from a
least-squares fit of Lthe calculated line positions to the observed ones. This non-linear

least-squares procedure is repeated until a set of molecular constants is obtained.

(ii) Method of merging

1

In the analysis of the data in multiple esti of a
given molecular parameter are often obtained. A method of “merging” is often used
Lo reduce these multiple estimates to a single “best possible” parameter. Taking into
account the uncertainties and the correlations of individual bands, the multiple esti-
mates of the molecular constants are combined together. In the present work, molec-
ular constants obtained from the individual bands using the effective Hamiltonian

method of Brown et al.. (1979), their standard deviations and variance-covariance

matrices are used as input for the lated least-sq merging fit.
P ging

“The relation between the input parameters and the best possible values of output
parameers in the merge procedure is given by the following set of equations in the
matrix notation

Y= XB+5, (3.32)
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where Y, 8 and § are the column vectors of the inpul parameters, the output param-

The “best

eters and the unknown errors, respectively and X is the coefficient matrix,

possible” parameters § are obtained in such a way that the squates of the deviations

are minimized subject to the inter-relations among 8. An estimate of § from the
least-squares fit in the matrix notation is given by
B=(XTelX) NTeoty, (3.33)

where ® is a nondiagonal generalized weight matrix, which is composed of the variance-
covariance matrices obtained from the individual band fits. The estimated variance

% is expressed as

5 = (Y = XBYOU(Y — XB)/, (3.841)
where [ is the number of degrees of freedom. The estimated variance-covariance

matrix § which is associated with § is given by
6=5%7, (3.35)
where ¥ is the dispersion matrix which can be written as
V= (XTeN), (3.36)

For further details of the method of merging, the reader is refered Lo Albritton b al.

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

3.3 The Rotational Structure of a Band of a %' - 21I,

A 5+ state always belongs to Hund's case (b), and the splitting of a 25 state

is due to the spin splitting. For a ?[[ state, the resultant electron spin § is 1/2 and
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%, = £1/2, and hence there are two substates 2I1y/, (J = 0.5,1.5:+) and My,
(= 15,2

intermediate between () and (b). Since the spin-orbit coupling constant A is large

-). A 2II state may belong either to case (a) or case (b) or to cases

for the X ?[T stute of NO, the [T state belongs to case (a) at low J values. As the two
states [T and 2X* belong to Hund’s case (a) and case (b), respectively, a Z*-?[

transition is known as a mixed case transition.

The rotational structure of a band arising from ?T*-2[1 transition consists of

twelve branches. The selection rules which govern this transition are as follows:

AJ=0 e f
AJ=+l e—e fe |
Foes b Himete

For a regular doublet state, eg. ?II, state, the character of the lowest rotational level
is “~" and “+”, that is, “~" is for [y, and “+” is for ?[I3/2, and the signs are
just opposite for a ?[1, state (Mulliken, 1931). In accordance with the above selection
rules, for each band the following twelve branches occur: Raizz, Ritees Qaizer Quiess
Pupsy Price Razgs, Rizeey Qaagey Quzesy Paags and Prae,. For the v system of the NO
molecule, the four satellite branches Qaie, Paifs, Rizee and Qizes are weaker and
closer relative to corresponding main branches Rigee, Quies) Qazse; and Prayy, respec-
tively. Thus satellite branches are neither observed nor resolved, therefore in total,
cight branches prevail in a band of the 25*- [l transitions. In eight-branch bands,
the two outer branches Ry sf and Pip,. are usually decidedly weaker than the other

branches (Mulliken 1931).
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A schemetic energy level diagram including all the twelve branches is shown in
Figure 3.1. In this figure, the parity of the levels, selection rules and character of

lowest rotational level are taken into consideration as described above.

For the NO v system, the Pizee, Prys/Quaes, Puce and Quicy/Pryy branches
form four different heads in the rotational structure of a band. The 2%* Il
and 25* — 21, subbands have two different band origins. I this wark, only the
(Tug - Tun) value is determined. The band origins of the two subsystems can be
calculated from (Tog — Ton) + (1/2)(Aw = 2B,) and (Tuys - Tar) - (1/2)(Av - 214,

respectively.
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ANALYSIS OF THE SPECTRA OF THE y SYSTEM OF NITRIC
OXIDE

As mentioned in Chapter 2, the y system of the nitric oxide isotopomers N 190,
15160, N 180 and 3N 180 were excited in the anode glow of the two-column hollow-
cathode discharge tube. Other experimental information is given in detail in the same
chapter. Theoretical aspects relevant to the vibrational and rotational analyses pre-
sented in this thesis were discussed in Chapter 3. In the present chapler the vibra-
tional and rotational analyses of the  system of all the four isotopomers are given.
Vibrational analysis is presented in Section 4.1 and rotational analysis of the 0-1, 0-2
and 0-3 bands of N %0 is given in Section 4.2. Summary of the present research is

given in Section 4.3.

41 Vibrational Analysis

For each of the isotopomers N 160, 1SN 160, !N '8Q and 'SN '#0, the 1.0, 0.0, 0-
1,0-2, 0-3 and 0-4 bands have been observed in the spectral region 2140-2730 A. The
isotopomer "N !0 was excited with natural presence of nitrogen-14 and oxygen-16
of low pressure air in the discharge tube and the isotopomers '*N 180, '*N '*Q) and
15N 180 were excited by admitting nitrogen-15, oxygen-18 and a mixture of these,
respectively, into the discharge tube. The spectra photographed under the medium

dispersion in the first order of a 600 grooves/mm grating on the 2 m Bausch and Lomb

39
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spectrograph are reproduced in Figure 4.1. On account of the known bands of the v
system of "N 60, the vibrational assignments for the band heads of the other three
isotopomers of nitric oxide were found to be straight forward. For each vibrational
band, four heads, Piz.. and Ppass/Quazes of A2Z* =X 213/ and Pyyee and Paijs/Quiap
of A?5*~X?M1,; are observed as seen in Figure 4.1. The bands are degraded to

shorter

lengths. The vacuum bers (in cm™) of the band heads, their
relative intensities and vibrational assignments are listed in Tables 4.1, 4.2, 4.3 and
4.4 for “N 180, 1N 10, 1N 180 and '*N '#0, respectively. The wavenumbers of the
band heads are arranged in Deslandres vibrational schemes for these isotopomers in
Tables 4.5, 1.6, 4.7 and 4.8, respectively. The vibrational terms G(v) are represented
by Equation 3.6 in Chapter 3. If one includes the first anharmonicity term only, G(v)
becomes:
G(v) = we(v + 1/2) = wezo(v + 1/2)% (4.1)
The vibrational quanta AG(v + 1/2) between levels v and v + 1 of a component of
an electronic state are represented by
AG(v+1/2) = G(v+1)-G(v)
= (We ~ weTe) — oo + 1/2). (4.2)
In Deslandres Tables 4.5 to 4.8, the values of AG(v + 1/2) in the upper (A25*)
and lower (X?M/5, X 2[ly/2) states are also given. The observed vibrational quanta
AG(v + 1/2) for the Pyys/Quies heads of X211y, and for the Progs/Qizes heads of
XM/, versus (v + 1/2) are separately fitted to a linear least-squares program and
the values of (w, — w,z,) and -2w,z, as per Equation 4.2 are obtained. The values of
we and w,r, calculated from these for the two components of the II state are listed in
Table 4.9. For each of the isotopomers, as only the 0 and | vibrational levels of the

upper A ?E* state are observed (from the 0-0 and 1-0 bands), it was possible to obtain
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the AG/(1/2) value only. For example, the average value of AG/(1/2) of A28 state
from the Q heads of “N®0 is 2345.3 cm™". Similarly the corresponding AG'(1/2)
values are obtained for the other isotopomers and these values are also listed in Table
19.

In principle one can calculate the isotope shifts of the vibrational bands in an
electronic band system from Equation 3.7. However, these shifts cannot be caleulated
because only AG(1/2) (not w, and w,=,) is known for the AY state. Instead, the
vibrational constants w, and w,z, for the XM/ and X *[1y; components of '*N %0

and “N'®0 are calculated from those of "N 0 using the relations
w, = puey (13)
Wizl = plwet,, (4.4)
where p = (u/u)"/2, and * is the reduced mass of "N 150 or "IN 'O (p=0.9821196
for 15N'%0 and p=0.9736636 for ““N '%0). The calculated values of w} and wizh are
also listed in Table 4.9. [t is seen from this table that the agreement between the

observed and calculated values is very good. If one could use the band origin data
instead of the band head data, the agreement would have been even better.
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Chapter 4. 3

Table 4.1: Band heads of the v (A?E"—X 1) system of the "N 'O molecule

Band head* Relative Assignment
(em=") intensity v ="
- w9 W 0

H051.7 w 0-0
44076.4
T2
11944

42177.8 s 0-1
A42201.3
42300.8

40332.5 5 0-2
A0354.3
40454.9
40473.1

38513.6 vs 0-3
38534.1
38636.2
38653. 1

36723.8 s 0-4
36742.8
36845.4
36864. 1

“The four heads for each band are formed by the Pizee, Prap/Qizes Piice and Paigy/@uues
branches in the order of increasing wave number.
From the medium dispersion spectra.
“The abbreviations for the relative intensities vs, s, m, w and vw represent very strong, strong,
wmedium, weak and very eak, respectively,
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Table 4.2: Band heads of the y (A *5* =X *IT) system of the N 90 mole

Band head % Relative Assignment
(em™t) intensity o

16347.6 W MO
16370.9
46470.7
16488.4

H4047.5 m 0-0
44071.2
44172.1
44193.0

42207.8 s 0-1
42230.3
42330.4
+2350.9

40393.5 s 02
40414.8
40517.7
40534.6

38606.2 vs 0-3
38625.9
38726.9
38745.2

36846.0 s 0-4
36864.7
36967.9
36984.2

“The four heads identified for cach band are formed by the Pee, Pias/@iaess Prrve and
Payyy/Quiey branches in the order of increasig wave number.
From the medium dispersion spectra.
“The abbreviations for the relative inte:
medium, weak and very weak, respectively.

tics vs, 5, m, w and vw represent very strong, strong,



Chapter 4. 13

“Table 4.3: Band heads of the v (A2E~ =X [I) system of the "N '*0 molecule

Band head Relative Assignment
(em 1) intensity v ="

T 63293 vw 10
46354.9
46453.9
46470.6

A44049.6 m 0-0
A44072.8
A4T1L
11187.9

422

404223 s 0-2
A04:42.9
A0544.3
40560.8

38649.5 vs 0-3
38669.3
38770.9
38787.2

36903.3 s 0-4
36920.4
370249
37039.3

“The four heads identified for cach band are formed by the Pizee, Prass/Q@uzess Price and
P117/Qune; branches in the order of increasing wave number.
om the medium dispersion spectra.
The abbreviations for the relative intensities vs, s, m, w and vw represent very strong, strong,
medium, weak and very weak, respectively.

ek
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Table 4.4: Band heads of the v (A 2£7 =X 2IT) system of the N0 molecule

Band head “* Relative Assignment
(em™) intensity -

16280.6 w T
46305.5
A6404.3

46426.6

4H0HLE m 0-0
44068.4
441712
41189.5

42252.31 s 0-1
42273.92
42375.99
42394.27

40486.36 s 02
40506.52
40609.25
40626.65

38746.01 vs 0-3
38764.86
38868.29
38884.54

37030.3 ] 0-4
37048.0
371520
37167.2

“The four heads identified for cach band are formed by the Pizee, Paags/Quzess Pruee and
Pryy7/Quuey branches in the order of ncreasing wave numiber.

The 1-0, 0-0 and 0-4 band heads are measured under the medium dispersion and the -1, 0.2
and 0-3 band heads are measured under the high dispersion.

“The abbreviations for the relative intensities vs, 3, m, w and v represent very strony, strong,
medium, weak and very weak, respectively.



Table 4.5: Deslandres table of band heads® (in cm™') of the v (A 2E* —X*IT) system of the "N '*0 molecule

mmeas g
8

v 0 1 2 3 4
Y
AG(1/2) AG (3/2) AG'(5/2) AG(7/2)
] 44051.7 18739  42177.8 18453 403325  1819.9  38513.6  1789.8  36723.8

44076.4 1875.1 42201.3 1847.0  40354.3  1820.2  38534.1 1791.3 367428
44174.2 1873.4  42300.8 1845.9 404549  1818.7  38636.2 1790.8  36845.4
44194.4 1873.5  42320.9 1847.8  40473.1 1820.0  38653.1 1789.0  36864.1

AG'(1/2)
2342.4
2343.9
2346.1
2346.6

1 46394.1
46420.3
46520.3
46541.0

“The four heads for each band are formed by the Pyaee, Prass/Quzess Piree and Payyy/Qurey branches in the order of increasing
wave number.
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Table 4.7: Deslandres table of band heads® (in cm™') of the v (A?E* =X II) system of the "'\ '*O molecule

0 44049.6
44072.8
44171.1
44187.9

AG'(1/2)
2279.7
2282.1
2282.8
2282.7

1 46329.3
46354.9
46453.9
46470.6

AG(1/2)

1828.2

1829.0
1826.5
1827.5

42221.4
42243.8
42344.6
42360.4

AG(3/2)

1799.1
1800.9
1800.3
1799.6

40422.3
40442.9
40544.3
40560.8

AG (5/2)

1772.8
1773.6
1773.4
1773.6

38649.5
38669.3
38770.9
38787.2

AGT2)
1762

36903.3
36920.4
37024.9
37039.3

“The four heads for cach band are formed by the Pya.r, Paars/Qizes Pirce and Pyypp/Qyyes branches in the order of increasing

wave number.

“p aaydeyy)
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Table 4.8: Deslandres table of band heads® (in cm™") of the v (A 2Z*—X 2II) system of the '>N '20 molecule

| AGTD ACT(/2) AG"(5/2) AC(T2)
0 J 14014.8 1792.5 42252.31 1765.95 40486.36 1740.35 38746.01 1715.7 37030.3
40684 17945  42273.92  1767.40 40506.52 1741.66 38764.86 17169 370480

{ 441712 1795.2 42375.99 1766.74 40609.25 1740.96 38868.29 1716.3 37152.0

| 41189.5 1795.2 42394.27 1767.62 40626.65 1742.11 38884.54 1717.3 37167.2

]_v

16280.6
16305.5
46404 3

*The four heads for each band are formed by the Piace Faazs/Quaess Prave and Paigg/Quiey branches in the order of increasing
wave number.
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Chapter 4.

4.2 Rotational Analysis of the 0-1, 0-2 and (-3 bands of SN '*Q

The + system of 'SN'80 was photographed under high resolution in the fth
order of a 1200 grooves/mm grating on the 3.4 m Jarrell-Ash spectrograph. OF all
the bands attempted, the 0-1, 0-2, 0-3 and 0-4 bands were recorded with measurable
intensity. The rotational analysis of the 0-1, 0-2 and 0-3 bands is carried out, but
that of the 01 band is not done as it is overlapped with an inpurity specteum. lron
and neon lines from Fe-Ne hollow-cathode lamp, photographed in the fourth order of

the grating, were used as wavelength standards.

The 7 system of nitric oxide arises from the transition A %' X211, The upper
ALY state belongs to Hund’s case (b) and the lower X?I1, state normally belongs
to Hund’s case (a) (see below). The rotational structure of a band arising from a
A?8* X1, transition gives rise to 12 branches which are designated as Praye, Prayy,
Quaefs Qagey Rrzee and Rapyy, from 2 — 2Mlyp (F2), and Pryery Prigp, Quier, Quiger
Ritee and Raugg, from 25+ = 2M1y5 (Fy). These twelve branches of a band, degraded
to shorter wavelengths, are schematically shown in Figure 3.1. The labelling of the
parity of the levels in the e/f notation is given according to Brown et al (1975). As the
bands of this system are degraded to shorter wavelengths, the Py, and Pryr/Qyae
branches from 25* — [y, and Py, and Quiey/ Pargy branches from *%' 2H,,
form four distinct heads in the rotational structure of a band. The characteristic
band origin T} — T} is estimated from the analysis(see below). The bhand origins of
the 28+ — 2[1y/; and 2T+ - ?II,/, subbands of a band arc obtained from the relation
(T = T2') £ (1/2)(Av - 2B,), where A, is the spin-orbit coupling constant of the 211

state and B, is its rotational constant. The effective Hamiltonian for the 2% and 11
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states of diatomic molecules, discussed in detail by Brown et al (1979) (see Section 3
in Chapter ) was used in the analysis of the 0-1, 0-2 and 0-3 bands of the 7 system
of SN0, Amiot et al (1981) gave a complete list of the matrix elements of this
Iamiltonian and the matrix elements used in the present analysis are listed in Table

3.1,

The rotational structure of the 0-2 band of the « system of '*N 180 photographed
under high resolution on the 3.4 m Jarrell-Ash spectrograph is shown in Figure 4.2. [n
this figure the four heads and the twelve branches expected in a ?£+ ~ ?II transition
are identified. As the spin splitting of the rotational levels of the A 2E* state is very

small, the v, values could not be estimated.

The rotational quantum numbers of the vacuum wavenumbers of the spectral
lines of the 0-1, 0-2 and 0-3 bands of the y system of 'SN'®0 are listed in Table
4.10. The vacuum wavenumbers of the spectral lines of all the twelve branches of a
given band were simultancously used as input to the nonlinear least-squares program
and the molecular constants and their standard deviations were obtained. The values

Of (Vs - Veat) oblained from the least-squares fit of the bers of the bands

are given in parentheses in Table 4.10. In general, the standard deviation of the
least-squares fit is found to be about 0.05 cm™'. As seen from the Fortrat diagram
plotted in Figure 4.3 for the 0-2 band, the wavenumbers of the corresponding pairs of
branches, Pryee and Paygg, Quies and Qazpe, and Ry and Raagy, become closer and
closer together with increasing J. This indicates clearly the transition from case (a)

to case (b)(sce Herzberg, 1950, p. 262).
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Chapter 4. 55

Table 4.10: Vacuum wavenumbers® (in em’!) of the rotational lines of the
(APE*-X M) system of N 180

0-1 band

1 Paud) Prayy(3) Quzes(J) Qazeld) Rizee(d) Razpi(3)

15 42270.70(- 8) 42274.42( 1) 12274.42( 1) 4228175( 9) 42281.75( 9)
25 266.74(10)  273.92( 2)  273.92( 2)  2B488(10)  281.88( 10)

35 26384 273.92( 1) 273.92( 1) 268S3( 1) 288.53( 11)
45 260.72° 20442(-2)  20442(- 2)  29267(10)  2267(10) DA
55 25742 6)  275.50{ 1) 27550 1)  207.20( 3)  297.29( 3)
65  255.49% 276.495(-12)  276.95(-12)  302.52( 6)  302.52( 6)  331.50(

75 253.90( 11)  279.i1(- 6)  279.11(- 6)  308.10(- 7)  30B.10(- 7)

85  25281( 3)  2BL75(-4)  28L75(- 4)  31443( 1) 314.43( 1) 350.66(-
95  25231( 0)  284.88(- 6)  284.88(- 6)  32L.19( 0)  I20.19( 0)  361.06(
105 25231(-5)  288.53(- 8)  288.53(- 8)  328.48(- 1)  328.48(- 1)  370.98(
115 25281(-12)  292.67(-14)  292.67(-14)  336.31( 1)  336.31( 1)  383.30(-

125 253.90(-15)  297.52(- 1)  207.52(- 1)  344.56(- 6)  344.58(- 6)  305A( |
135 255.49° 302.75(- 4)  302.75(- 4)  35348(- 3)  353.48(- 3)  A0T.86(
145 257.87( 4)  30857( 1)  30B57( 1)  362.85(- 6)  362.85(- 6)  420.80(
155 260.72° 31480(-7)  314.80(- 7)  37280(- 3)  I72K0(- 3)  AI(-

165 260.84( 9)  320.72( 1) 32072( 1) 3BAT(11)  BBAAT(C11) 44845
175 267.63(12)  320.08( 0)  320.08( 0)  304.27( 0)  394.27( 0)  4G3.00(-
185 27191( 10)  336.97(- 1)  336.97(- 1)  405.76(- 2)  405.76(- 2)  47H.16(

195 345.40(- 2)  345.40(- 2)  4IT.78(-4)  AITTB(- 4)  4us.5H®
205 354.39( 0)  354.39( 0)  43040( 1)  43040( 1) 50993
215 363.90( 1)  363.90( 1)  443.55( 5)  443.55( 5)

25 373.88(- 5)  373.88(- 5)  457.15( 1)  4s7.5( 1)

)

5)

)]
0)
n
2)
by
N
")
5)
n)
5)
0)

6)
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Table 4.10 (Continued)

0-1 band

(continued)

J Praee(d)  Payggld) QizeglJ) Qazseld) Rizedd) Rayys(J)

A6 B) 3RAE(- 5) Ti22-10)  A71.22(-10)
BO5.B(-14)  395.48(-14) 186.03( 1) 486.03( 1)
107.27( 1) w727 n) S01.31( 4) 501.31( )
HO.8( 1) HOA8( 1) SITA0( B)  BLTAN( 5)

275 (2)  as2.22( 2] (-3)  53334(- 3)
285 #15.50( 3)  45.50( 3)  550.23( 0)  550.23( 0)
5 20( 0)  150.20( 0)  S67.55(- 7)  567.55(- 7)

57(- 8)  AT357(- 8) 585.55(. 585.55(- 1)
ABBAO(- B)  48B.49(- 5) 604.10( 6)  604.10( 6)
L 50L04( 5) 623.05(- 1) 623.05(- 1)
519.99( 1) 519.99( 1) 642.64( 2)  642.64( 2)
506.55( 3) 536.55( 3) 662.73( 0)  682.73( 0)
553.40(-12)  553.49(-12)  683.39( 2)  683.39( 2)
STLI8(- 5)  5TLIB(- 5) 704.61( 5)  704.61( 5)
589.34(- 8) 589.34(- 8) 72634( 5) 72634 5)
a08.20( 5) 608.20( 5) 748.58( 2 748.58( 2)
627.18° 627.18° 771.35(- 4) 771.35(- 4)
GAT8( 12)  6AT.38( 12)  TOATI(- 4)  TIATI(- 4)
G67.53(-10)  667.53(-10)  B18.67( 1)  818.67( 1)
688.55( 0) 688.55( 0)
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Table 4.10 (Continued)

0-1 band
(continued)
J Priee(d) Payy(J) Quies(4) Qaized) Riree(J) Raigg(4)
05 o -
15
25 3) 2104950 3) 4241008 9)
35 42383.30(- 3) A230LAT(- 1) 42304.27(- 1) A0R.75(- 8)
15 38041 305.12(- 4) 30512 A13.19(-15)
55 37840 06.64( 0)  BYGGI( 0)  AIBAY-6)  A18.3(- 6)

65  376.98(- 5)  B98.7L( 0)  B987I( 0)  A2LO7(- 9)  ADOT(-9)  A52.00(-11)
75 375.99(- 9) A0LAI( 2) AL 2) 0.40(- 7) 43040 7) A63.00(- 2)
85  375.99* 40463(- 2)  A0L63(- 2)  ABTAO( B)  ABTAO( 3)  A7a5T( B)
95  375.99( 0)  408.55( 2)  A08.55( 2)  4MO2( 5) 4449 5)

105 376.98( 13)  41286(-13)  412.86(-13)  452.00( 3)  A52.00( 3)

1.5 378.0( 11) 418.05( 0) 418.05( 0) 161.57(- 9) A61.57(- 9) SOB.6A(- 1)
125 380.41( B)  423.70( 0)  423.70( 0)  ATO.O7( 4)  ATOMI( A)  B2L44(-10)
135 383.47° 420.98( 3)  20.98( 3)  480.82( 1)  As0.m( 1)

145 386.17(- 4)  436.77(- 2)  436.77(-2)  A9L26(- 2)  A91.26(- 2)

155 389.92(-10)  444.25( 2)  444.25( 2) 502.38( 5) 50238 5
165 394.27% 452.27( 2)  452.27( 2)  513.95(- 2)
175 399.45(- 1) 460.81(- 5)  60.81(- 5)  526.18(- 3)
185  404.95(-12)  470.06(- 1)  470.06(- 1)  530.00(- 3)
195 41L38( 12)  479.80( 2)  A79.89( 2)  £52.47( 3) AT
205 418.05( 1) 490.27( 2)  490.27( 2)  560.43(- 1)  S66.43(- 1)
205 425.49( 8)  50LAT(- 5)  SOLIT(- 5)  580.93(- B)  580.93(- ¥)
25  433.42( 5)  512.75(- 1) 512.75(- 1) 506.08( 1)  59e.18( 1)
235 441.87(- 5) 524.89(- 2) 524.89(- 2) 61191 0)  611.91( 0)
245  451.16( 10)  537.64( 2)  537.64( 2)  628.27( 3)  628.27( )
25,5 460.81( 3) 550.89(- 4) 550.89(- 1) 645.16( 1) 645.16( 1)
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Fable: 4,10 (Continued)

Pueatd)

[
BLI6(- 1)

550.05( 11)
5T1.64( 14)
590.05( 1)
606.30( 14)
623.05°

Gi0.21( 8)

arny

Pugeld)

504.37(

755.79(- 3)
76,
797.97(- 6)
819.88(-11)
812.55( 2)
865.56(- 8)
889.32( 1)

0-1 band
(continued)
Qugld) Qaizelh) Rield) Rayys(1)
S6LB4( 2) 86273 9)  662.73( 9)
579.27(- 2)  680.70( 0)  6BO.70( 0)
BO437( 2)  699.31(- 4)  699.31(- 4)
G003 6)  TIBST( 1) TIBET 1)
626.18(- 1) T38.38( 2)  738.38( 2)
3.03( &) 758.68(- 5) 758.68(- 5)
660.40( 6) 779.58(-10) 779.58(-10)

678.32( 3)
696.81( 3)
TI591( 1)
735.65( 8)
755.79(- 3)
TT6.62(- 2)
797.97(- 6)
B19.88(-11)
812.55( 2)
865.56(- 8)
889.32( 1)

80L.24( 3)
823.24(- 4)
845.91(- 4)
869.20( 2)
892.87(-11)

801.24( 5)
823.24(- 1)
845.91(- 1)
869.20( 2)
892.87(-11)
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Table 4.10 (Continued)

0-2 band

J Praee(1) Faags(J) Quzertd) Qaapeld)
05 o

L5
25
35 40495.71( 3)
45 492.83( 10)
5.5 400.36( 3)  508.47(
6.5 188.68° 510.21(- 1)
75 487300 10) 51239 1) S41.52(- )
85  486.55( Bl 515.43(- 1) - 2)
9.5  486.36( 6)  518.92( ) 2)
105 486.65(- 3) 522.91(- 1) 3)
1L 4BT67( 5) 5T0.00(- 2)
125 489.13( 1) S79.70(- 2)

.5 491.29( 10) HH9.00(- 1)
145 493.94( 12)
155 497.08( 8)  511.20(- 4)
165 500.77( 2) .68( 0)
175 505.19( 1) 566.61( 1)
185 &10.21° 575.00( 1) (7]
195 51543( 4) 58417 3) 565.58( 3)
205 593.77( 2) 669.77( 1)
215 603.96( 2) 1)
22.5 Lol 1) 614.70( 1) 697.97( 7)
235 626.11( 11)  626.11( 1) T1280(- 1)
24.5 637.85(- 3)  637.85(-3) 728300 1)
2.5 650.33(- 1) 650.33(- 1) T44.33(- 2

o)

ANBITAS( 13)

SUBLOR(. 2

o 2

697970 7)

TI280- 1)
728300 1)
TA1.33(- 2)

59

B (1)

10547.36°

]

A8L17"
505.01( B

o

A7)
BIRLR( 10)
057 1)
BN 1)
it

GTORGE 3)
SI( 10}
700.65( 10)
T 12)
LS 6)
9870 5)
W621( 1)
AT H)
03.26( 11)
K22.30( 10
w1900 7)
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Table 4.10 (Continued)

335

ars
W5
395
0.5
415
425
435

Praesld)

Paggld)

.

18(

TI7.00( 3

A58

TT0.45(-
TH8.06(-

B06.3%(
825.20(
B44.46(
#64.39(

84.85(-
905.90(-

(-
70.04(-
L
05.H2(-

0-2 band

(continued)

Quth

B676.94(- 1)
691.00(- 3)

770.45(- 10)
T88.06(-11)
806.38( 3)
825.20( 8)
B4L16( 1)
864.39( 0)
BR4.85(- 1)
905 90(- 8)

T

60

Quzeld)

6099 1)
A2 2)
75.90( 1)
BI4L19(- 2)
33.06(- 5)
852.60( 12)
87261( 1)
#93.22( 1)
914.39( 0)
936.13(- 1)
958.45(- 2)
981.36(- 1)
41004.81(- 3)
028.87(- 2)
053.46(- 5)
078.64(- 7)
104.49( 0)
130.79(- 5)

Rizeld)

760.99( 1)

778.12(- 2)
705.90( 1)
BLLLO(- 2)
833.06(- 5)
852.69( 12)
872.61( 1)
893.22( 1)
914.39( 0)
936.13(- 1)
938.45(- 2)
981.36(- 1)
41004.81(- 3)
028.87(- 2)
053.46(- 3)
078.64(- 7)
104.49( 0)
130.79(- 5)

Razgs(J)

862.09( 6)
882.80( 8)
904.19( 9)
926.03( 4)
948.47( 3)
971.52( 6)
995.03(- 2)
41019.26( 5)
044.00( 6)
069.28( 6)
095.11( 3)
12199}
148.61( 10)
176.25%
204.13(-10)
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Table 4,10 (Continued)

J Prree(d) Puyr(h) Quies(N Qugeld) Bypeed) Bagh)
0.5 T

15 40626.65( 0) 40626.65( 1)

25 40619.08(-10) 62665 626.65°

35 61517* 626.65(- 1) BALA2( )

45 61341( 5)  627.78(- 2) G16.00( 1)

55 61.07° 629.44(- 1) 651280 1)

65  609.90° 63172 1) 657.04(-11)

75 609.25(- 8)  634.61( 0) 3
85  609.25( 1)  638.21( 10) GTORB6(- 1) GT0HG(- 1)
95 609.90( 12)  642.26(- 3) GTROT( 1) GTRET( 1) TiRa0b

105 6LLOT( 11)  647.96(- 1)  647.06(- 1)  GRT.OB( 1) 1) TILST(15)
15 GI2TA(- 1) 6H245(- B)  65245(- 3)  6OG.IS( 4) 695 1)
125 615.7(- 1) 658.50( 1)  T05.82( 5) 2 5)
135 618.18(-4)  665.10(- 6)  665.10(- 6) 71612 )  TIGIA ¥)
145 621.88(- 1) 67243(- 1) 726.97( 2)
155 626.11(- 8) 33(- 1) T38.A2(- 5)
165 63LIS( 4)  GBB.86( 0)  GBBHG( 0)  7S0.GI( 0)
175 63606 1) 697.97(- 3)  697.97(- 3)  76RAT(- 1)
185 64283 2)  707.73(- 4)  TOTI(-4)  T6.76( 1)
195 649.55(- 5)  7I821( 6)  TIB2I( 6)  TH0TA(- 1) THOTA(- 1)
205 657.04( 4)  T29.07( 2)  T2007( 2) KIS 1) KISBI 1)

G63.68(- 3)

- 5)

215 665.10( 7)  T40.79( 2)  740.79( 2)  R2.56(-2)  K20.56(- 2)
225 673.66(- 1) 753.01( 1) 75300( 1) MSGA2(- 1) K362 1)
235  682.06( 3)  675.88( 3)  675.8R( 1)  ASLGR® 52,64

245 6U2.76(-4)  779.29(- 2)  779.20(-2)  BGU.0G( 2) KGO 2)
255  703.30( 1) 793.41( 2)  79341( 2)  WKTGI(- 1) KST.GI(- 1)
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Table 1.10 (Continned)

1 Paed)

265  TLLIC 1)

T5LAH(- 3)
501 1)
20( 1)
900 6)
BO9A1( B
3 #25.20(-14)
355 81.90(- 5)

"ugy(9)

808.14( 5)

K23.38(- 1)
B30.31( 1)
BB5.84( 1)
H72.98( 2)
BON.74( 1)
909,07 2)
428.01( 0)
G4T.56(- 1)
A(

031.89( 2)
05:1.46( 1)
077.64(- 0)
14 2)
125.82( 1)
150.80( 0)
176.25(-13)
202.58( 1)

-2 band

(continued) o R R

Quesd) Qa1 Ryield) Rarzs(d)
B08.1H( 5) 905.90( ) 995.90( 0)
823.38(- 1) 920.79( ) 920.79( 0)
839.31( 1) 91425(- ) 9L25(- 1)
B85.81( 1) 961.38(- 1)  964.38(- 1)
872.98( 2)  985.03(- )  98.03(- 7)
890.74( 4)  41006.39(- 3) 41006.39(- 3)
909.07( 2 028.29(- 5)  028.29(- 5)
928.01( 0) 050.86(- 1) 050.86(- 1)
G4T50(- 1) OTLON( 1) 074.00( 1)
967.75( 1) 097.70(- 2)  097.70(- 2)
988.43(- 8)  121.99(- 6)  121.99(- 6)

41009.87(- 1) 146.92(- 5)  146.92(- 5)
03L89( 2)  172.48(- 2)  172.48(- 2)
05446( 1) 198.63( 1) 198.63( 1)
077.64(- ) 225.33(- 1) 225.33(- 1)
oL44( 2)
125.82( 1)
150.80( 0)
176.25(-13)

202.58( 1)



Chapter .

Table 4.10 (Continued)

1 PuaeelJ)

0.5 T
15 38T6LAG(- 1)
25

35 -4
45 TBLIG-15)
55 TILY( 5)
65 TAT45( 0)
75 T46.35(- 1)
85 7501
95 T46I(- 1)
105 T46.78( 2)
15 748.03(- 3)
125 T40.88(- 7)
185 T34 9)
145 756.12°
155 759.26( 8)
165 763.45( 1)
175

18.5

195

205

215

225

235

2435

2.5

Praos)

38T61.86( 9)
6199( 0

TSI 9)
T2 0)
T69.18(- 2)
TILTA- 3)
93( )
T8.06(- 1)
T83.00( 0)
TWIHI(- 1)
(1)

i

7
806
B13.52( 2)
820.37(- 1)
829.86( 2)
838900 0)
848.55(- 1)
H58.80(- 2
86.68( 2)
BELLI(- 1)
893.26( 10)
905.88( 7)
919.01(- 4)

0-3 band

Quzer(4)

ABTABG( 9)
1990 1)
9)

00 0)
LI 1)

806.23(

813.52( 2)
7(- 1)
B20.86( 2)
838.90( 0)
B18.55(-
B58.80(- 2)
#69.68( 2)
BBLAL(- 1)
£93.26( 10)
905.88( 7)
919.01(- 4)

Qaageld)

IRTT29( 1)

B3LIB(- 3)
BINSI(- 3)
850.25(- 1)
R60.59( 2)
HTLAT( 1)
BR2.98( 1)
H95.03(- 1)
907.70( 1)
920.98( 1)
434.81(- 3)
949.33( 1)
- 9)
979.99( 1)

996.23(- 1)
39012.92(-16)

iz

B3198(- 3)
RI051(- )

KTLAT( 1)
BR2L98( )
RI5.03(- 1)
w700 0)

[

K( 1)
930B1(- 3)
94903 1)
96,3

979.99( 1)

39012.92(-

63

Raegs()

ARHGLNT( W)
iGN K)
HTHAN- 9)

03202 9)
QK100 1)

079.09(- H)
996.1(-13)
014,90 )
D320 T)
ustaz 2)
062"

a0.09(- K)

110.54(- 1)
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Table 1,10 (Continued)

0-3 band

bl Praeld)  Praggtd) Quaestd) Qaazeld) Rizee(d) Raaps())

2 1) .92( 1)
W7 1) 947.37( 1) 048.55( 3)
962.40(- 1) 962.40(- 1) OGT.1I(- 8)  06T.11(-5)
978.00(- 8)  O78.00(- 8)  O86.30(- 8)  086.39(- 1)
90431(- 3)  99431(- 3) 106.25(- 7) 106.25( 1)

A901LI6(- 6)  BO0ILI6(- 6)  126.67(-10)  126.67(- 2)

02866(-13)  02866(- 1) MTTAG- 8)  4TT( 1)
335 04667(-11)  046.67(-11)  169.38(-11)  169.38(- 1)
3 06553 5) 06553 5)  191.66(- 9) 191.66( 1)
5.5 O0BL6G6(-12)  0B1.66(-12)




:
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Table 4.10 (Continued)

0-3 band

(contin

b Pued)
s

L5

25

35

45 3887L.16"
55  869.08h
65 8RBT 2)
75 86829 T)
85 868.29(- 9)
95 869.22( 1)

105 870700 2
15 R7282( W)
125 B75.64( 3)
135 879.11( 5)
145 882.98°

155  887.89(- 3)
165  893.26(- 6)
175 899.46( 8)
185 906.13( 4)
195 913.53( 6)
205 92155 7)
215 930.02(-12)
25 930.52( 7)
235 949.33(- )
25 960.13( 11)
25 97111}

Passd)

38884.54( 5)
B81.94(- 5)
BR.10(- 3

BET.BO(- 5)
RI037(- 3)
BYLAB(- 1)
29(- 1)
MLTI(- 2
906.82( 0)
91257( 1)
919.01( 4)
925.98(- 5)
9I3T71(- 3)
942.09(- 1)
951.12( 1)
960.79( 1)
97LI( 1)
982.05(- 1)
993.68( 0)
39005.94( 0)
018.81(- 4)
032.38(- 2)
046.67( 6)
08147( 2)

BY

Quier(J)

SHBBLSA( )
881.94(- 5)
B86.10(- 3)
BHT.8O(- 5)
890.37(- 3)
BO3.18(- 4)
BT29(- 1)
9LT7I(- 2)
906.82( )

n
95012( 1)
960.79( 1)
o7LII( 1)
982.06(- 1)
993.68( 0)
30005.94( )
0I8.81(- 1)
032.38(- 2)
M6.67( 6)
081.47( 2)

Qaze(d)

Y0431
909.76(

30.02(
38.05(- 3
90.TH(-

956.17(

988.23(

1(- 3
976.86(- 3

7

J0000.21( 1)

012.92(

026.09(
040.07(

05162
069.82(-
85.71(-
102.23(-
119.37(- 3

137.21(
155.66(

U]
h

Fiiee()

ARBONIG(- T)

20431 0)

026.00(- )
0007 2)
054.62(- 1)
(-

156.660 1)

65

Ranggd)

ARY09.TH(-12)

906.1K( 1)
97RO 1)

J00.16( )

har.on(- 9
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“Table 4.10 (Cuntinued )

0-3 band

(continued)

66

J Prieed) Puygd) Quies(9) Qa17(J) Rited) Rags(9)
25 98327 9) 07696 3) 07696 3) 17475 3)  174.75( 3)
ns 09307 0)  09307( 0)  194.30( 5)  194.50( 3)
M5 109.85( ) 20483 2) 21483 2)
w5 122.26( ) 20581(- 1) 235.81(- 1)
s 145.33( 1) 25753 7)  28783( 7)
s 16404 3)  16104( 3) 27078 5)  279.78( 3)
325 183.40( 5)  183.0( 5)  30270( 6)  302.70( 6)
33.5 203.34( 1) 203.34( 1)

35 223.96( 2) 96( 2)

3.5 25.18(-2)  245.18(- 2)

0.8 267.08 0)  26T.08( 0)

3 28954 7) 28954 7)

“Number in the parenthesis is the uncertainty in the last digit and corresponds to the difference
between observed and calculated wavenumbers.
*Not used in the analysis.
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From the analysis of the individual bands, cight molecular parameters, B, and D,
for the A 2% state and B,, Dy Ay, Apy, pv and g, for the X?[1, state and the band

origing were estimated. The molecular constants thus obtained and their standard

deviations for the 0-1, 0-2 and 0-3 bands of the A-X system of N 80 are listed in
‘Table 4.11, and the band origins are given in Table 4.12. The molecular constants,
their standard deviations and the corresponding variance-covariance matrices were
used as input parameters for the correlated least-squares fit in which the output data
from the analysis of all three analyzed bands were merged together to reduce all the

redundant values o a single value using a MERGE progam.

The values of the molecular constants and the band origins obtained from the
MERGE program are listed in Tables 4.13 and 4.14, respectively. The B, values for

the X 11 state were fitted to the relation (see Equation 3.14)
B, = B, - ac(v +1/2), (43)

and the equilibrium rotational constants B, and a. thus obtained are given in Table
1.15. From the band origins, the values of w, and w,z, for the X *IT state were
caleulated (see Equation 3.6) and are also given in Table 4.13. As the values of D,
for v 1,2 and 3 vary irregularly, the value of D, is calculated from the Kratzer's
relation

D, = 4B2/u}, (4.6)
and is listed in Table 1.15. The equilibrium moment of inertia /, and the inter-
molecular separation r, obtained from the value of B, are also iisted in the same
table. The term value of the A, v = 0 level and those of the X 2IT , v=1, 2, and 3
levels (note Il v=0 level is at a height of 906,357 cm™! from the minimum of the

potential energy curve) are listed in Table 4.16. For N °0, the values of B, a. and
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D, are given by Amiot and Guelachvili (1979) and that of w, and wer, are given by
Engleman Jr. and Rouse (1971). We have calculated these values for N 10 from
the isotopic relations

Bl = p*B,,a} = p'a,, D} = p'D, w0} = pupwitl - plwt, 1.7

where p = (/)2 (p=0.9552905 for '*N'20). The abserved values of the molecilar
constants of N80 in the pressnt work are compared with the calenlated values in

Table 4.17. The agreement between them is found to be extremely good.

While the analysis of the 7 system of "N 1%0

i proggress, we fouad  refe

e
to the work of Teffo et al. (1980) who have analyzed the infrared vibrational and rota-
tional bands of '*N '®0. [n Table 1.18, the values of By, D, by and Ap, of the X411
state of 3N '%0 obtained in the present work are compared with the correspond

ing values given by "Teffo et al. In general, the values btained from the infrared

vibration-rotalion spectra recorded under higher resolution on a Fourier transform
spectrometer are expected to be more accurate than those oblained from the elec
tronic band spectra. Understandably the values given by Tello el al. seem tor be
more accurate. A comparison of the two sets of molecular constants can he made
from Table 4.18. The present B, values agree with the corresponding values of ‘Tell

et al. in the third decimal place, the D, values (which are of the order of 10

cm )
in the ficst digit, the A, values in the second decimal place, bul the: dp, value (which

is of the order of 107 an') agrees in the first digit for v 1 and differs greatly for

v = 2. But it must be noted herc that in the present work we have estimated Lhe

A-doubling coeficients p, and g, values also. These are ol considered by Tello 4 al
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Table 4.11: Rotational constants * (in cn™") of the 0 — 1,0 — 2, 0 - 3 bands of the
¥ system of 3N

Name 0.1 band 0-2 band 0-3 band
- A%t
", 1.81346( 7) 1.81334( 6) 1.81324( 8)
Dy > 108 150( 5) 4.83(3) 141 7)
X2,

A 122871( 3) 122.713( 2) 122.444( 3)
Apy % 10 094( 5) 0.13(4) -1.01( 8)
B, 1.53342( 6) 1.51782( 6) 1.50256( 8)
D, x 10° 444( 5) 4.70( 3) 442(7)
pex 10 9.5(2) 12.2(1) 10.0( 2)
X 10° -18(7) 7.6(4) 7.1(9)

“Number in the parenthesis is the uncertainty in the Iast digit and corresponds to one standard
deviation.
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2 Band origins® (in em ') of the v system of 5N %0

Band T,
01 A2336.877( 2)
X A0569.209( 1)
0.3 38827.282( 2)

“Number in the parenthesis is the uncertainty in the last digit and corre-
sponds to one standard deviation.

T
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72

“Table 113 Merged rotational constants ¢ (in em™!) of the X2[1 and AT states of

15y Mg
e o
1 7 L8139 1)  4.80( 2)
X
" B, )* IA(J"‘ Ay Apy » L0V p 102 q 100
1o 'I.’x(’l) >x" ~z 1.05(3)  1.08(2) 0.3 3)
2 LAITOR( 1) 1.68( 2) 0.06(4)  LIT(1)  0.66( 4)

3 L508I( 1)

tion.

181(2)

-0.89(8)  1.03(2)  0.602( 95)

mber in the parenthesis is the uncertainty in the last digit and corresponds to onc standard
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Tabie 411 Merged band uriging (in em ) of the 3 system of "N 40

Band
(8} 12336 878( 2)
"2 AA6Y2100 1)
-3 SSS2T IR 2)

*Number in the parenthesis is (he uncertainty in the bast digit and rorresponds 1
one standard deviation.
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e 0.15: Equilibrinm molecular constants @ (in om
21 state of N PO

, nnless otherwise stated) of

Malecular

constant

Data

1819.15( 1)
12.870( 2)

1 1(4)
0.015343( 5)
4.5574( 3)°

1.15056( 1)
1.79854( 5)

“Number in the parenthesis is the uncertainty in the last digit and corresponds to one standard

desiation.
*Caleul

lated from Kratzer's relation D, = (482)/(wd).
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ates of

Table 4.16: Vibrational term values 1,°% (in em ') of the X1 and A
By

state r Y

AR 0 HI130 2871 6)

X 3 AHB007( 6)
2 F561.078( 9)
1 1793.109( 6)

“Number in the parcathesis is the uncertainty in the fast digit and cortespuonds 1o e standard
deviation. T, =T, - Giz).

“The verm values are cxpressed relative o the » 1 lesel of the X 411 state, shuch s at 906,357
" above the mininmm of its putential energy curve.
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Table 117 Vibrational and rotational constants® (in em ') of the X?II state of
PN and N 1O

Constant LENAEY;
B, L7MY18(8)" 1.556:44( 1) 1.555874(8)
P 0.01753(1)* 0.015343( 5) 0.01528(1)
D, < 108 5.162(9) 1E5TI( 3) 1.549(9)
w, 1904405 1819.15(1) 1819.2598
Wt 11,1870 12.870(2) 12,9168

“Number in the parenthes
deviation

Mrom Aniiot and Guelachvili(1979).
“Feom Engleman Jr. and Rouse(1971)

i the uncertainty in the last digit and corresponds to one standard
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Table 4.18: Comparison of the rotational constants (in em™') of the XP state of
15y 180

Values from the preseat work on the 3 system

B. 1A1798( 1) 150281( 1)

D, « 108 1.68( 2) LRI(2)

A, 122.701( 2) 122.142( )

Ape 10 0.06( 1) <089 8)
Values from the infrared vibration-rotation hands

v I 2 a

B, 1.532897(7) 1.50219(2)

D, x 10° 4.575(5) 163(3)

4, 122.9107(6) 122.6688(7)

Ap, 108 1.44(3) 1.36(3)

" <From Teffo et al (1980).
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4.3 Summary

The: significance of the spectra of the nitric oxide is outlined. Ezperimental de-
tails for the ezcitation of the + (A?X* -X?I1,) system of the isotopomers N 150,
N1, N0, and "N ™0 are presented. For cach of the isotopomers. six bands.

vach with four characteristic band heads, are abserved under medium dispersion.

The « system of N0 and several bands of the same system of N %0 are
observed for the fiest time, For cach of the isotopomers the first vibrational interval
AG(1/72) of the A" state and the vibrational constants w, and w,z, of the X°1l,

state were obtained from the vibrational analysis of the band heads.

sturcture of the U-1, 0-2,and -3 bands of the + system of 3N '8Q

The rotat|
has been analyzed using the effective Hamiltonian method. The method of MERG-
ING has been used Lo obtain a unique set of rotational constants for the A2~ and
X1l states of N0, From the analysis, the molecular constants B, and D, of
AN and B,, D., A, Ape, py and g, of X?[1, are estimated. From a plot of the
Fortrat diagram for the 0-2 band it is established that the X?II, state changes from

Hund’s case (a) to case (b) for high J values.

-
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