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A hollow-cathode discharge tube of special déign with

. physical separation of the anode and cathode columns was

used ‘to exdite the neutral molecules 12c160 ana 13cl8c and
the molecular iors 13c180* ahd 158,*. The initial experiments
have delonsti‘atgd that the cathode'qlow.is an excellent
source bf'ma]e:ular h:ms as well as neutral molecules in

their hxgh-nlying excited states while the anude qlow contains
.

almost exclusively ,the heutral molecules. The - excited

spectra were recorded on medi\m\ and high resolutlon optical

specirographs .- * * &

six bands ot Herzbérg :(clz“' - alm) system of
)

13C130 in the spectx‘al ion 3660 - '4190 A were observed

fﬂl‘ th& first time amd the xotational structure of f].VE of

them was _ analyzed Perturbations’ ohserved ifh the v = 3

, and 5 levels of state A were analyzed and information

concernlng the perturbing states was obtained.

In a reinvestigakion of the third positive (bz+ - a3ny)

.sys‘tem and the’ three Ka‘plan bands (which have not been
1 il 2 ! .
-, understood’ since their first observation in 1930) of 12c160

in the region: VSOOL— 3830 A, ‘five new bands o this molecule
were 'observed in the present work. The Kaplan bands and
the five ne\w bands are now assigned to a v'- progression
ussignmé;igé are confirmed from ‘the calculated Franck-condon

tactors and from the experimental data of the cottespoqdinq

T



bandsgof 13cl80, observed for the first time. With the

/identification of the v = 2 level in state b of CO, .the

in the literature ils now satisfactorily resdIved.
Three bands of the Baldet-Johnson (B2st - A2m{) system

ih the region 3700 - 4225 & and seven bands of the ccmet-

tail (A2ni - ¥25*) system ‘in the regiop " 3620 - 6165 A, of

. 13¢180*%, were rotationally analyzed For the first, time.

D
controversy regarding the dxssociaticn 1imit of ‘cQ existing ..

. Of.the fifteen bands observed in the first neqative ke

Byt - X2zg%) . systenm Nof 15N+, in the region 3570-
5170 &, twelve ”);;nds werg rotationally analyzed.
Perturbations,nbserved’in the v = 0 level of state B were
analyzed and”was fnupd‘ to be perturbed by the y‘= 25 level

. of the AZni;'u state of 15N*. 1In all these investigations,

with the exception of third positive ‘'system of CO (for.

which only the vibrational analysis was perfoymed), final
molecular constants of various electronic states involved
were ob,tained by the method of "merging."
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CHAPTER 1

INTRODUCTION
L]

1.1 significance of Molecular Spectra

’ Even though the experimental invest/’iqation and empirical
interpretation of molecular spectra began more than a
century aq: it isionly after _t}{e development of quantum.
mechanics’ in 1926‘,; that " reat progress has been made in the ’

spéctrnscopic studies of fiolecular structure. Many features

of molecular spectra can be understood on the basis of

quantum mechanics. Conversely, in many instances, molecular
specti‘oscopy, just as étnﬁic spectroscopy, provided excellent
contirmations of the predictions of quantum: theory and thus
established its importance in understanding many atomic and
molecilar phenomena. !

From an investigation ofthe electronic spectrun of a
molecule, ‘information about its electronic structure and the
vibration and rotation of its nuclei can be obtained.
?roperties such as chemical valence can be understood frm:\
the electronic structure. The forces between the atoms of
a molecule a‘nd its dissociation| engrgy can be calculated
from the vibrational frequencies and the corresponding
anhamblyicities. A detailed rotational analysis of the

bands of an electronic spectrum provides very precise values

- L




for the electronic, vibrational and rotational levels of a
molecule. Su;h a study alsd’ enables one to obtain infoﬁnatioﬁ

about its moments of inerfia and imternuclear separations in
various energy states, nature of the coupling between
electronic (both orbital and spin) and rotational motions,

and the perturbations which may occur between the energy .
levels of different electronic-states. The bresence’of the -
perturbing elect}’ronic states which may not be observed
directly in some iystances can be inferred from thesanalysis
of tihe observed perturbations in a band ;ystem. From a
knowledge of the vibrationdl and rotational partition
functions (Qy and Qp), the thermodynamic quantities such ‘nf;
heat content (HO), heat capacity (Cp or Cy), -entrppy (s9)
and free energy (Fo) can be estimated. From the observation
of intensity alternatfon (whether the even or odd J (or N)
lines are strong) in the rotational structure of a homo-
nuclear diatomic molecule, the nuclear spin and the nature of ¥
nuclear statistics (whether Bose~Einstein or Fermi-Dirac) can

be determined. Iif t}_‘lﬁ hyperfine structure of a molecule is

observed, quantities such as the nuclear magnetic moment and

nuclear quadrupole moment /can be obtained. Properties of

free radicals and molecular jons which have short life times

lgnd are difficult to synthesize chemically can _be inferred by\

the observation and analysis of their spgcera.‘ From a know- a‘
ledge of the vibrat;cnal and rotaticn§1 constants of the

. N A
electronic states of a band system, quantities such as

¢




Franck—gcndan factors which are proportional tothe intensities
of the bands can be calculated. The information thus
obtained for a molecule/free radical/ion by spectroscgpic
mefécds enables one to undérstand its various physical and
chemical properties. .

THE SPECEER GF sSVSET A1AEsiG And PEIVAtOHTC HOTEGHLes
are very importapt in the investigation of astrophxsical
problems. In addition to the absorption bands occurring in
the solar spectrunm, the emission spectra of bands occurring
in the aurora, light of the might sky, and twilight, which
are produced in the upigx;layerg of the atmosphere; are
observed.  These IPESEE BEGULde GRSIGL IHEoBRAtIoN ARG
the physical ccnditiur;s and the compositions of tl;e atmosphéric
layers. The temperature and heiglit of various atmospheric
layers, in which auroral or night sky emissions take place,
can ‘be estimated from the intenmsity distributibn of a band.
The spectra of comets contain many emission band systems of
various molecules and .a weak' continuum with Fraunhofer
lines. The band spectra emitted in the head of a eomet,
called coma, and its nucleus are ¢ifferent fromthose occurring
ir_| the tail.’ From the total intensity of the radiations
emittéd by a molecule in a comet, its partial demsity can
be estimated. From a study of the spectra emitted by
stars, the tem;erature of the stars can be estimated and
they are classified according to their temperatures. The
study of molecular spectra of celestial sourcgs gives the




information regarding the abundance ratios of isotopes. sul
investigations are necessary to understand the "“Cls
processen: ‘Ehrough, vhich 4he enerey is gemrated in tﬁgse"
objects. )

1.2 Importance ofy the Electronic Specfra of co, cot, N,
ang N3t 7 .

The\ neutral carbon monoxide and nitrogen molecules and
their ions used in the present work, are interesting for a
variety of reasons, including for their astrophysical impor-
tance. . Carbon monoxide is a Gonstituent' of the solar chromo-
sphare., steilar atmospheres, and tails of comets. . The 'comet-
\tail (A%1; - x25%) band system of cot molecule was first ob-
served in the tail of the comet, Morehouse-1908c, by Pluvinel
and Baldet (1909,1911), @nd was later observed in the ].abo;.—a-
tory by Fowler (1909, 1910). Nitrogen, being the _primary
constituent in the earth's atmosphere, has a significant role
in atmosphéric phenomena such as ‘aurorae and air glows. The ]
Meinel band system (Azﬂi’“ - X254%) of Np*, was first observed
in the aurora. Tr: first nega‘tive (B2y* - X234%) system of
Np* and several other band systems of ﬁz were also observed
in the auroral emissions. The méir: features of the auroral
spectrum are very similar to those of a hollow-cathode
discharge in nitrogen. The first negative system of Ny*

* was also observed in the tails of cv;mets. + The carbon
monoxide and diatomic nitrég‘en are isuelectrani.c iami S0 are

* s
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(_.t\l'{eir ions., Hence, the electronic states and also some band
systems of these moleculés, as well as those of their ions,
bear a clear resemblance. Thes# molecules are availablé in
a very pure form and éan be readily handled in the laboratory. \ﬂ
Recently, from radio astronomical measfXements, the abundance
ratios of isofopes subh as 12c/13c, 14n/15N, ‘160,180, "and
f . ®70/180  vere estimated for meteorites, stars, planetary
nebulae,, novae, and interstellar space (see Audouze, 1977).% \ -

N
At present these ratios are not_in their final form and

'y

they should be revised and updated. ‘&c 1S essential to <
¢ 13c% gna 1583 A

have the agcuz%ti laboratory data on
molecules and their ions so that ‘these molecules can be 3
identified isf'the celestial objecEs and very precise esbin'\atfes
i for the. abundance ratios‘of isotopes can be obtained.. At
present, the laboratory data on the electronic spectra Pf‘
the 13¢180 and 15N, molecules and their ioms is either.frag-
. mentary or nonexistent. Moreover, it is customary to s(:\'xd’)('\~ .
the spectra of isotopically substituted molecules in order ~
to unambiguously ‘identify the emitter~of a parti.cular band
system, or confirm the vibrational numbering in an electror_xic
state, etc. The principal objective of the present investi-
“ gation is to obtain as much laboratory -data as possible on
the spectra of these mﬁlecules and their ions. Several
‘electronic states of these molecules, for example, aln of
%;clﬁo, A2n; of 12¢160%, and B2zt of 14N,* are known to ’ :

. e severely perturbed. The situation in the corresponding %

o= ' Y
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" cgnfi‘gurations of carbon ahd oxyqén atoms are:’ \ -

electronic stated of 13c180, 13cl80+, and 1%N,* is not
known. It is also the objective of this work to understand
the nature’ of these e1ectromc, states\ £ isotopically

substituted molecular species.

1.3 Electrol

States of COwtnd cot

The nature of the electronic states of a molecule and

their binding character (bound state or repulsive state)
are determined to a large extent by the.electrons in the

outermost shells of the constituent atoms; The electronic

&C ¢ K 282 2p2 .
! (1.1]
80 : K 252 2p4 8

The ‘electronic configuration which gives rise to the ground
state (x1zt) of @he CO molécule is writtemas (Mulliken, 1932)
: T :

N « KK (20)2 (yo)2 {un)d (x0)2<: xlgt, “[1.2)
. )

The electronic configurations of the low-lying excited

states of CO can be o‘ﬁtained Ly promotan (i) onel of the xo
electrons into the ve orbital and (il) one of'the w,l electrons
in«:o the vr orh'i.tal. The resulfing electronic’ confxguzatmra
and states arq written as / !

[ = % e

a i .
Lot (k) (ve) ¢ alny, Al . '/. 1-3]
: / ‘.

. [ \




- === ()3 (x0)2 (vr) : a'3zt, o3z,

a3y, 1z*, 1137, DY [1.4]

The lz* state o’f configuration [1.4] has not yet been
observed. ' Further excited states of CO are obtained b;{
promoting one of the xs electrons to Jthe Rydberq orbitals
"3s0, 3po, and 3pr. Th&eqptromc confwratlons Of the

: v

resulting states are written as

= === m% () (3s0) & bOF, Blzt . P
L mm et % () (3pe) & 3%, dlnt . v
,% T . (1.:’)?

- w == (wn)4 (xe) (3pr) = 3

3 2 4
ke According to Lefebvre-Brion et al. (1964) .these Ryclberq

‘states converge to the ground state (X =+) of cot*., « The
&

‘Rydherq-Klem-Rees (RKR) potential energy’é};—ves of all

these observed states of 12c160 below 95000 cm‘1 given by
Tllford and 5ymmons (1972) are shownc in a mcd1f1ed form in‘
Figure 1. It may be no\:ed that states X, a, a', 4, e, A,
I, ahd D dissociate into ¢(3p) and o(3p) atoms.

thenswe experimental studies have heen ade both in

,emlssion and absorpt‘.on on the electronic spectt of the

12¢160 molecule which spans the region 600-8600f &.°y In
addition to the fourteer: electronic states listed/above and
shown in Figure 1, several other Rydberg states ying above
98000 cn~1 are also known for this molecule. More than thirty’
electronic transitions, taking place. among‘these efectronic

states, are identified. ,0f all these transitions, thef{prominent

. =




POTENTIAL ENERGY (crmi')

2-0 25 . g
°
INTER NUCLEAR DISTANCE (A) :
Figure 1. RKR potential energy curves for the electronic
states of 12c160 below 95000 cm~1. The electronic

states, ‘which,ére of interest in the ‘present waork,
% are shown in Doxes. .

1o 5
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band systems are (i) \the Angstrom (Blzt - Alg)' systen
(4100 - 6600 R), (ii) the Hefzberg (clz*“- alm) system

(3680 - 5705 &) ' (iii) the third fmiciye (b3z* - a3n,) systen
(2600 - 3800 &), and (iv) the fourth positive (alm - x1z*)
system (1140 - 2800 R). x -

: Removal of one electrom from the (O molecule results
in the co* ion.  Even thol;gh the electronic states of cot
dissociate into ¢t + 0 atoms, traditionally this molecule
is ddentified as co*. The ?lectronic configurdtion of the
ground state of €O is given bg; the configuration [1.1].
Removal Vof an~- aléctron‘ from xo orbital resplts in' the

ground state)of the co* molecule and hence its configuration

i3 written a
KK (20)2 (y0)2 (vm)* (x0) : xB* . (1.6]°

The electronic configurations of the higher electronic states
’

of cot are vzittnn' as: o &
KK (20)2 (yo)? (wn)? (x0)2 = A%M3 . ) [1.7
KK (rz..)2 wo) (wn)t (x0)2 z B2t . [A]‘..s]
KK (z0)? (yo)? (wn)3 ('xn(vn)_ . cp . [1.9)

The electronic states X2zt and A2nj ‘dissociate into c*(2p)

and o(%p) atoms vhereas the B2s* state dissociates into

" c*(2p) and 0(!D) atoms. The RKR potential energy curves of

the X2g*, A2n;, and B2st states (which are of interest in




the present work), along with that of ‘the gro:md state of
co a’re shown in Figure 2 (modifi’eg from Krupenie , 1966).
i e T26T6ob oTosuts, SRy thres EIecETonlE Etates
x25*, A2ny, and B2zt are J<:1a§ar1y identified and three band
systems arising from these stat.es; i.e., (i) the comet-"tail
(A%m3 - xzﬁf) system (3080 = 8500 }) ©(ii) the Baldet-
Johnson (B2s* - A2mj) system (3315 - 4236 R), and ' (iii)
the first negative (B2sH - X25+) system (1800 - 3152 &) are
thoropthy‘ investigated. Recently, Maré};and et g.'y(lsss)
4 identified a new transition C2a; - A2m; in cO*, but its
v—ibraticmal. nun‘\hez’inq is uncertain and .the rgtational Lo
, stn;ctm;eu is not fully resolved. For more details of all the g
electronic states ‘and other spectrdscopic details of the co-
and co* molecules, the .reader is referred t? Krupenie

(1966) and Huber and Herzberg= (1979).
1.4 Electronic States of Nyt
The electronic confiqurétion of the nitrogen atom is
JN : K 252 2p3 | [1.10])

The electronig tonfiguration of the ground state (xl):g+) of

a

/-\Nz is written as

K K (zag)2 (You)? (wry)4 (xaglz H xlxg’f. [1.11)

Removal of an electron from the xogq orbital results in the

ground state of Nz*' whose configuration is written as

% ¢ .




POTENTIAL ENERGY (em)

180000

160 000

¢ @p)+ oD
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Figure 2.. RKR poténtial energy curves for the ground’

electronic state of:
states of 12cl60+,
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12c160 and the electronic




-12-- -

K'K (zaq)2 (You) 2 (wry)? (xog) : xzzg". [1.12]

The configuration—Qf the first excited state of Np* is

R 7KK (20g)2? (You)? (xn)? (xgg)? : A
s

i {1.13]

Y “ , .
The B2z," and- c2z,* states arise from the mixture of the

fauowiﬁq configurations: - .
-
KK (209)2 (you) (wrg) 4 (xog)?, [1.14a]
and\ .
i 7
K K. (20g)% (you) 2 (wru)? (xog) (vrg) . [1.14b]

" The Contiguratgn [1.14a] is obtained by removfing ‘@ electron
from the yo, orbital of the ground state of N, whereas the

configuration (1.145] is obtained by promoting one of the

wry] electrons into the vrg Brbital from the ground state of °

N,*. The Configuration [1.14a] is dominant in state B,
whereas the Cohfiguration [1.14b] fs dominant in state C:

Theoretically, several other electronic states (quartet and

doublet I and A states) are possible from the Configuration

fl.l&b] but none of them have been observed in Nz"’. Thefe
is some controversy regarding the existence of the alsy*
state. Similarly, the Dz“i,g state also arises from the
mixture of configurations O

KK (209)2 (You)2 (wrg)? (x0g)? (vmg), [1.35a)

KK (an)z (You) 2 (wry) 4 (vrg) . [1.15b]




-B - “
Evenff though“the theoretical calculations predict many more
electronic states for this molecule, only states X, A, B,
D, and C are correctly identified. The RKR potential
energy curves for tiiese five states and that of the ground
state of N, given by Lofthus/and Krypenie (1977) is shown
in modified form in Figure T\ It should be noted that the
x1z4%. state of N dissociates into £wo ground state N(4s0)
atoms while the X2zgt, Azni ar B%y*, ana 13211i g states of
Nyt a1 ssoointe: Qidka N(%4s0) + N;(:‘P) atoms and its ci’-zu
state dlssoclates‘ into N(200) + N*(3P) atoms. ‘&
The_ four prominent electronic band sys(:ems of this
. molecule are (i) Meinel (Azni a Xzzg+) band systen (5515-
17706 R), (ii) flrst negative (B25,% - x22g+) band systen
(zaso -5865 A), (111) Janin-a*Incan (L>2ni - A2n o) band
system (2057 — 3074 &), ana (iv) second negative (czzu+ X254
system (1276 - 2223 x). For more details of the electronic
states and transitions of 'N* and other speEtroscopi;:
details of this molecule, fhe reader is referred to Tyte
and Nicholls (1965), Lofthus and Krupenie (1977), and Huber ,
and Herzberg (1979) . ’ H]
O '
1.5 Eeient Investigations \_.

- .
The neutral molecules, 12c160 and 13¢180, and the molecular

ions, 13c180* and 15N,*, studied in the present investigations
Wwere excited in a hollow—cathode discharge tube and their

emission spectra were photographéd under medium and high
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resolutions. The design of this hollow-cathode discharge
tube is such that the anode and cathode columns are physically
separated so that the characteristic ‘anode and cathode
glows can be separately photographed.  Details of the
hollow-cathode discharge tube, the spec’troqraphs used, and
the experimental procedure followed ar;a presented in Chapter
2. The theory of molecular spectra pertinent\to the present
© investigations is reviewed in .;:hapter 3.

' The Herzberg (clz* - Alm) band system of the 13cl80
molecule, consisting of ‘six bands degraded to shorter
wavelengths, occurring in the region 3660 - 4190 i, were
observed for the first time and photographed under high
resqlution. Their,ri;tational structure, except that of the
apparently complex 0-0 band, was analyzed. The molecular
" conistants ohtained from the wnalysisWr the inatviaual
bands were merged with those obtained from the earlier
study of the m\gstro‘n (Blz* - alm) band system of 13cl8o
(see Prasad et al., 1984) and a unique set of molecular
constants for the A, B, and C states °F this molecule was
obtained. The perturbations observed in the v = 3 and 5
levels of state A are in good agreement with those observed
earlier by Prasad et al. (1984). The details of all these
results are prasaﬁted‘ in Chapter 4. The brelimlnary results
;)f this study have already appeared in a publication (see
Prasad et al., 1985).

ne
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The third positive (b3z*t - a3ly) system and-the three
Kaplan bands of 12c160, all degraded to shorter wavelengths,
occurring in the reéion 2500 - 3830 A, were reinvestigated,
and in addition to the previously known bands, five new bands
were observed fc; the first timef The three Kaplan bands and
the five new bands are now assigned to a v'- progression with
v' = 2 of the third positive system. The new vibrational
assignments are confirmed from ‘the calculated Franck-Condon
factors and also the experimental data obtained. for the
corresponding bands of 13c180, observed for the first time
in our laboratory. The identification of the v = 2 level of
the b3s+ state favors the "higher" value of 89460 cm~l for the
dissociation limit, rather than the "lower" value s88362 cm™1,
existing in the litergture. The Kaplan bands of CO observed
in 1930 are now interpreted as a part of the thi‘td positive
system. The results of this investiqatien are presented in
Chapter 5 and have recently appeared in\a_ publication (see
Prasad et al., 1987).

The Baldet-Johnson (B2z* - A2nj) and the comet-tail
(A2n; - x25%) band systems of 13c180%, occurrings'in the
regions, 3700 - 4225 & .and 3620 - §165 A, respectively, were
observed for the first time. The bands of the Baldet-
Johnson system are degraded to, shorter wavelengths and those
of the comet-tail system are degraded to longer wave'lengt\h's.
The rotational structure of the bands of these systems\were

analyzed. The molecular constants obtained from the analysis
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of the individual bands of both systems were merged together
and a unique set of constants for the X, A, and B states of
13¢l80+ jis obtained. The results obtained for the Baldet-
Johnson system are discussed in Chapter 6 and those for the

comet-tail system are presented in Chapter 7.

Fifteen bands of the first negative (B25,* - X25g%) ®

system of the 15N,* ion, all degraded to shorter wavelengths,
“dccurring in the region 3570 - 5170 A, were observed and the
rotational ‘structure of twelve of them, with v' = 0 to 2 and
v" = 0 to 5, were analyzed in the pre'sent work. The final
constants of states B and X are obtained by the method of
merging. The spin spiitting of the roti;tiunal levels was
observed in several bands of this system. The v = 0 level of
state B is found t6 be perturbed and the information
regarding the pe}}turbing state is also .obtained fpom' this

analysis. The details of all these results are ocutlined in

.———€hapter 8. Finglly, the conclusions drawn from tlfepre\sent
°

investigations are summarized in Chapter 9.




CHAPTER 2
£
EXPERIMENTAL TECHNIQUES

The spectra of the neutral molecules 12c¢60 ang 13cl8o
and of the molecular ions 13c180* and 15N,* were excited in
a specially designed hollow-cathode disch;rge t\;be.. Several
band systéms of these molecular species redylting from this
excit#tion were photographed with medium and high ré3olution
optical spectraqraphs. _A concise déscription of the hollow-
cathode dascharge tube ang the spectrographs, and the expari-

‘mental pxocedure are presehted ln this chapter. Also discussed

brlefly here is the mechanism of the hollqw-cathode dlschargss.

' y . !

: . r N i

2.1 Hollow-Cathode' msgame" Tube
J T -

The design ‘of the hollow-cathode discharge tube is

schematically shown in Figure 4. The holl-ow eaumée ©

madé from ‘a copper cylinder is 9. o ent lonq, 1. é cm 1n outer

diamete¥ ‘ahd 0.3 cm in wall thickness and was silver scldered
(1) to a- 1 9 cm 1nner diameter Kovar, tube, wh(tjh is the
. lower section of a Kovar-pyrdx seal (H). THe upper end’ of
this seal was joined to the mairr: pyr;x glass b(‘:ﬂyl (E),

+14 &m long and 4 6 cm'in outer diameter, of the dlscrjarge

tdbe. The s—lde‘ arm (F), 1.7 cm in'outer diameter, branchés

out -from ‘the main body. A tungsten anode (B) was fused into
’ .

v . EEC R




Pump

Figure 4.
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X
~ Anode Glow

"CFT cathade Glow

-

A schematic diagram of the hollow-cathode discharge
tube. A: ball and sbcket joint; B: tungsten anode; -
: anode window; D: cathod¢ window; E: pyrex glass

body; F: anode column; G: COP

rings.

per cathode; ‘H: Kovér-
. pyrex seal; and I: silver scl%!
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the branch of the side arm. A ball and sockememant
(A) facilitates the ion or adi ion of the

discharge tube to or from the pumping system. Two SL-UV
. quartz windows (C and D) (supplied-by Esco Products Inc. ),
0.3 cm thick, were attached to the grounded end surfaces of
the anode and cathode branches of the discharge tube with
Torr Seal, a low va‘por pressure resin. ’

' The main advantage of the present design of the h6llow-
cathode discharge tube is the physical ‘sep?rati_on f the

anode and cathode gkows which can thereby be photographed

i 1ly. The p: o! a carrier gas, such as
helium or neon, is sometines necessary to produce the
‘spectra of molecular ions and/or suppress the spectra of
neutral n;olecnles. In the present work, no carrier gas was
found necessary to produce the spectra of 13cl®o* and
15§,*.  In certain nxcitatxons, it may be necessary to cool
the cathode portion ot the discharge tube with an appropnate
coolant. ,'Po; example, HerzBerg et ;1. . (1981) produced the
emission spectra of the triatomic nolac‘ular species Hj and
D3 in a hollow-cathode discharqe tube of a somewhat similar
design in a flow of Hy and D, gas, respeetivsly, and .\mmersing
the cathode portion in 11quid nitrogen. -

Preliminary axperiments with tl:xe present ~discharge
t‘ube‘proved that the cathode glow is an excellent source to
record the spectra of the molecular ions and the ax‘;ode glow

is convenient for the .study of the spectra of the neutral
. s
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molecules. As ‘an illustration, the spectra of the anode
. - and cathode glows of molecular nitrogen-14 in the region
- 3345-5’227 A obta{ned w#ith the present hollow-cathode _discharge
tube under identical conditi’on’s are shown in juxtaposition
in Figure 5. It is’noted from this figure that the two"
spei:);ra are remarkably different; the anode ‘qlow spectrum
[see Figure 5(a)] contains exclusively the bands of the
“"second fpositiv;"syseem (€31 - BIg): of the neutral 14N, ’ ‘
molecule (with the exception of the weak appearance of the
b nomall){ yeryPstrong 0-0 band of the t&t negative s&stem
of 24N,%) and the cathode glow spectrum [see Figuieé 5(b)]
consists 'of the first ‘negative system (B2z,* - xzzg*) of
- the moleculgr ion 14N;*. Also seenin Figure s is the
’occurrence of some strong bands of the 'second positive
‘;‘ system of.“l_{g Ain the cathede’ glow. The spectra illustrated .
in Figure 5 were photographed without any carrier gas.
; B N Perhaps the;_p];esence of a carrier gas, such as helium, could
have gnsther %u;:prassed the intensity of the bands of the
‘h,second positive system in the cathode glow. From this

illustration, it is amply Clear that in the hollow-cathode

" discharge tube of the design used in the present work, the
anode glow almost exclusively consists of the spectra of
the neutral holécules and thd cathode glow is a very rich
source of molecular ions. 3

\[t should be noted that, in place of the present 4 o
design of the hollow-cathdde tube, if one uses a disgharge
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Figure 5. Spectrum of molecular nitrogen - 14 excited in a hollow-cathode . 4
discharge tube @h the spectral region 3345 - 5230 8. (a)_Anode s
\ *glow spectrum cons,isting of the second pogitive (C3Ny - B3Ng) N

system of the neutral 14N; molecule and (b) Cathode_glow ‘
T . spectrum consisting of the first negative system (B2L,* - X2Ig*). 3

of the molecular ion 14N+ and some bands of the second positive

system of N2. For both (a) and (h) the excitation‘conditions

- are ‘Mdentical and are recorded on a 2 m Bausch and Lomb spectro-
( graph in the first order of a 600 grooves/mm gratingy. ¥
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tube in which the cathode glow and the Tde glow are in

the same column, the spectra of a neutral molecule and of

its ion cannot be 1. The spectral broadenings,

such as Doppler ing, ing, and Stark

broadening -are greatly minimized in the hollow-cathode
discharges compared to the excitation in a straiqht‘ d.c.
arc or in a conventional ;&ectrodelesa discharge, The
mechanism of the electrical discharge in a hollow-cathode-
tube i$ discussed in Section 2.2.

A d.c. power supply unit rated at 2000 V and‘ 250 mA
was used to maintain the discharge. 'The details of this
unit were described earlier by the author gPrasad, 1983)
and a ci.rcuit: diagram of this unit is dkown in Figure 6.
Its main components are a powerstat (P), a step-\up transformer
T (1750 V-0-1750‘V), a bridge rectifier made up of four high
voltage diffuséd silicon reetifiers, D; to D (VARO VC40),
an oil-filled condenser (15 xF, 2000 V) and several DALE
HL100 type Atesis’t:rs Ry to Ry (Ry: 100 @, 100 Wi Rp: 1 to
20 Kn, 100 W; R3 to Rg: ZO‘KI-I, 100 W; and R: 390 Ka, 9 W).
The desired voltage is applied betvee_n the anode and the cathode
of the discharge tube by adjusting tharprlma’ry voitage of
the transformer. At normal operating conditions of the
discharge tube, an applied volf‘.age of 1100.V gave a ‘cur'tent

of '65 mA.




3

Rs s

’

Figb;e 6. Circuit diagram for the 2000 v d.c. power supply unit. P: powerstat;
T: step-up transformer; Dj to D4: high voltage recPifiers; R} to Ry: resistors;

M: voltmeter and C: oil-filled condenser.
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2.2 Mechanism of Hollow-Cathode Discharges
/

ffhe mechanism of an electrical discharge in a hollow-
cathode disch#fye tube can be understood in the following
menner. A d.c. voltage applied between the two electrodes
of an evacuated discharge tube releases frge electrons from
the cathode which are then acceleyated -by the electric

field. The accelerated electrons follide with the atoms’

and molecules of the gas admitted /Ainto the discharge tube.
In this collision process, th€ Eranslational Kinetie energy
of free electrons is transferred to the atoms and molecules
of the gas in the'\\ discharge tube, thus enahling’ the atoms
to be excite‘d to upper electronic states and t‘.he mo]:ecules
to be excited to dif‘ferent upper rotational, vibrational,
anci ‘electronic states. As the excited sStates of the atoms
and molecules are highly unstable, they decay to ‘their
lower. energy states by. giving up thg excess energy " by
emitting electromaqnétic radiation of energy hu', where h

is the Planck's constant and »'

is the frequency (in s~1)
'of the emitted photon. As long a\s the power suppl;'r is
maintained between the ele:étrades, collisions between the
accelerated free electrons and the atoms and- molecules,
* ccnt.iQﬁue to take pldce and the emission of the rad%ation is

maintained. L

If the free electrons released from the cathode acquire

suffizient kinetic energy, they ionize_the molecules of the

gas during the,collisions. fThese molecular ions, because

7
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]
of their positive charge, concentrate around the cathode.
The BatHsds “region also contains some excited neutral
-molecules, but most of them spread towards the anode. This
explains the spectra shown in Figure 5, where the cathode
glow spectrum consists of the N+ spe&t&an’d some noma\lly
strong bands of - Np, and the ﬁancde glow 'spactr\m\ almost

exclusively consists of the spectrum of neutral Nj. At

times, it is also found that certain band systems of the neutral” '

molecules, arising from high-lying states, are pr‘eferentially
excited in the cathode glow rather than 1n the anad‘e glow,
probably because- of the co],llsions hetween the neutral
molecules and the correspondinq molecular 1ons, present
abundantXy in the cathode glow (sez, for example, Chapter 4).

3 =

2.3 and Experimental P:

The electronic spectra of the molecules studied in the
present investigations were photographed on'a 2 m Bausch and
. .

Lomb dual grating spectrograph and a 3.4 m Jarrell-Ash

B

Ebert grating jspectrograph. A brief description of thes
Y

spectrographs and the experimental procedure that was followed \>

are presented in this section. .-
o ’

(i) The 2 m Bausch and Lomb Dual Grating Spectrograph

The cpﬂcal layout of this spectrograph for an incident
monochromatic light beam is schematically shown in Figure

7. The light beam entering the spectrograph through a variable
@ - ?

1

e
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Figure 7. Optical path of a monochromatic light beam in the 2 m Bausch and Lomb dual
grating spectrograph. S:.slit; M: plane mirror; SM: spherical mirror;
7 T: rotatable turret; G) and Gp: gratings; and P: photographic plate. \ .
i ” \
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slit (s) is ref@d by the Qﬁne mirror (M) onto the upper
portion of a spherical mirror (SM). The mirror has a focal

. length of 2 m and a numerical aperture of f£/15.5. 'The light
reflected from ‘the spherical mirror is then dispersed by one
of the gratings Gy or G;. These plar(e gratings, one with
600 grooves/mm and blazed at 2.5 pm and the other with
1200 grooves/mm and blazed at 1.0 um have a ruled area of 128
mm (width) x 102 mm (groove length) and are mounted back to
back on a. rotatable tﬁrret T. The desired grating can ke
brought into the required position by rotating the turret.

h The light dispersed by.the gr‘atinq reaches the lower portion
of the sphericai mirror (SM. which f‘ocuss‘es it onto the
photographic plate (P). The plate holder is désigned to
accomdeate one 10.16 cm x 25.40 cm or two ‘5.08 cm x 25.40 cm-
photdgraph;ic plates. The measured reciprocal dispersions of
the spéctra vary from 8.2 A/mm at 5500 & in the first order of
the 600 grooves/mm grating to 0.69 &/mm at 4880 & in the third

order of the 1200 yrooves/mm grating.
»
(ii) -4 m J =] As] Grating Spectrograph

A schematic diagram of the optical layout of this

, vspec:trm;iraph is shown in Figure 8. Light from a source is
‘collimated by two quartz cylindrical 1en5§“L1 (collimating
lens, focal length 10.0 cm ands diameter 3.0 cm) and Lp

«condensing lens, focal length 45.0 cm and diameter 3.Q cm)

onto the slit (5) and then to the upper section of the

N R /




" Figure 8.

\

Optical layout of the 3.4 m Jarrell-Ash Ebert grating spectrograph.
L1: quartz cylindrical source lens; Lp: quartz cylindrical slit lens;
S: slit; M: collimating mirror; G: grating; and, P: photographic plate.

sgEe
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concave mirror (M), whos¢ diameter is 40.6 cm, radius of-
curvature is 6.655-m and numerical aperture is f/35. The
mirror (M) collimates the light onto the grating (G). "rhe
light dispersed by the graéinq consists o; a parallel group
of rays for each wavelength and is condensed by t;rg lower
section of M onto the photographic i)lates (P). - The cnme:ra
which holds the plates can be tilted about a vertical axis.
For a fixed siit position obtdined for the best 4focus
condition, the tilt of the camera is found to have a linear
dependence on the grating angle. A typical plot of the camera
+tilt versus grating nngle‘ is given in Fligute 9.7 ‘The p‘lateu_
holder is designed to accommodate‘ one 5.08 cm x 50.80 cm or
two '5.08 cm X 25.40 cm photographic plates.

The Jarrell-Ash spectrograph can be equipped with either-
an MIT echelle grating blazed at 5.7 wpm and having 300
grooves/mm or a Bausch and LoT grating blazed at 1.4 gm
and having 1200 grooves/mm. Both these gratings have a m}ed
width of 186 mm and a groove ZFength of 63 mm. ‘In the’present
work, the Bausch and lomb grating was used in second and third
orders. The weaéured reciprocal dispersions of the spectra
are 0.9 i/mm at 5200 A in the second order and 0.6 ;\/n\m at
3700 A in the third order. ’ ~-

(iii) Experimental Procedure

g . '
The 12¢160 and 14N, gases used in the present work wexe

supplied by Matheson Gas Product’s and their purities were
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Bigure 9." A plot of the' camera ;ilt reading versus grating angle for a fixed slit *
.position obtained for’the best focus condition on’ the 3.4 m Jarrell-ash

spectrograph. . - -
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rated as 99.99%. The 130180 and 15N, gases were supplied .
by Merck sharpé and Dohme Canada Limited. The purity of the
"13018y gas was rated as 99% of 13¢ and 95% of 180, and that
of the 15N, gas was rated asés.sx of 15N. The gas-handling
system made ofv pyrex glass which was attached to the hollow
cathode discharge tube is shown in Figure 10. 1Inthis figure,
R; and Ry are thaprimary‘and second.a;ry reservoirs, .respec—u
tively, and Sj, s;, S3, and S4 are the stop-cocks. B; and
B, are ball ana socket arrangements; B) is used to connect
or disconnect the experimental gas to ox&from the s‘ystem and
B, is used to connect or disconnect the discharge tube.
Either the anode branch or ‘the cathode branch was first
aligned’ with the optical axis of the spectro\qraph. Then
the discharge tube was thoroughly eyacuated and a small
quantity of one of the expgrimental gases from thg reservo(ir\
was slowly adfajtted intnn& discharge tube in stages. ‘:'g In
the present investigations, the experiments vere done under
the stagnant (not continuous flow) conditions of the «j{ .
A. d.c. pover supply of 1100 V was applied between the
electrodes of the” discharge tube and the discharge was
initiated with a tesla coil.. b’l‘h:e pressure of the gas-
inside: the tube was regulated until & bright and ste@dy
characteristic discharge was obtained. A fresh supply of
khe experimental gas had to-be re-admitted into the discharée
tube to maintain the discharge for tines longer than an

b
hour. The emitted r?diations were photographed under medium

[
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‘\Pigure 10. Gas-handling system. T: liquid nitrogen trap; S) to Sg .
B stop-cocks; By and Bp: ball and sccket je.lnts. R1 and Rz: o,
primary and v rs; f
discharge tube. ~
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and high resolutions as the Bausch and Lomb spectrograph and

‘under high resolution on the rrell-Ash spectrograph. The

slit width was maintained aﬁ) sm on the Bausch and Lomb

spectrograph and 30 pm on the Jarrel}—hsh spectrograph. An

Fe-Ne hollow-cath.nde lamp was used as a source for the
.

standard spectrun;,r‘

Kodak SpectrumAnalysis No. 1, 103 a-0, and 103-F type

plates were used to photograph various band systems. corning’

) gla;s filters and Hoya glass filters were used to eliminéte
the overlapping orders. - Depending on the intensit; of the
band, sensitivity of the photographic plate, and the
transmittance of the filter, the exposure times varied from 5
seconds to 8.5 hoq}'s. In general, longer exposure times were
 required on the Jarrell-Ash spectrograph. fhe details of
photographing various systems will be discussed in their
respective chapters.

All the photographic plat’es were developed in Kodak
developer D-19, kept at a temperature of 20°C for about 4
ninutes. After finsing them in cold water, they vere fived
in.Kodak fixer for ‘about 15 minutes. Then the _plates were
washed in the running water for at least 30 minutes befox;e

they were dried.

2.4 Measurement of Spectra '

o
The photographic plates vere measured on a linear

comparator” nodel M1205C, supplied by the Gaertner Optical ¢
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Company, Chicago, Illinois, U.S.A. The least count of the
instrument is 0.001 mm but the readings can be estimated
accurately up to 0.6005 mm. The positions of all the

spectral lines, including the standard Fe-Ne lines were

and the readings (d) were recorded. The
comparator readings of the standard Fe-Ne lines and their

air wavelengths (i , ) were fitted to a polynomial

air

ek T B0 (a-ag), . [2.1)

by the method of least squares to obtain the ‘coefficients

ag, aj, az, ... etc. Here, dy is the comparator reading ot

the first standard line. ‘The wavelengths of the standard

Fe-Ne line,!s were taken from ‘Crosswhite (1958 and 1975).

The standard deviation of a typical least-squares fit was
generally about 0.003 A. After obtaining the coefficiéents
ag, aj, az, ... etc., phe air wavelengths of. the band heads
a@nd the rotational lines were calculated from Eq. [%.5]. The
air wavelengths were t:h.en converted int_o vacuum wavenumbers
v ('in cm'l) by using the Edlen's formula (1953) for the

refractive index, n, &

e,
o 949810 25540
n=1+64325x105+ 2949 0+ (3.2]
146 x 108 - ,2 41)(10"-»2

s 8
where » = —20 @

X ALir air

in the units of Angstrom).

(<



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

absolute value of the differ | the ive

values of the wavenumbers was less than or equal to
1010 cn"l. The mathematical calculations involved here and
also in the subsequent analysis of the spectrd were performed

on a VAX 11/785 computer.
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CHAPTER 3
RETICAL ABPECTS OF ELECTRONIC SPECTRA

® '
.

. The theory of electronic’ spectra of diatoﬁic molecules

which is mainly relevant to the present investigations.is
briefly discussed in this chaptér. 'The theoretical aspects
“pertinent to the cafqulation. O‘f Franck-Condon factors and
to the merging procedure to obtain a unique set of molecular
constants from those of the individual bands are outlined.
Finally, the theory of perturbations in electronic spectra '
is also briefly presented. A detailed theory of electronic:
band spectra can be found in Mulliken (1930, 1931, 1932) and
Herzberg (1950, 1971).

3.1 Energy levels of a Diatomic Molecule

o

Within the Born-Oppenheimer approximation (1927), the
total energy E (usually expressed in ergs) of a diatomic
molecule, neglecting its translational and nuclear spin

energies, is represanted as
E = Eo + Ey + Er, S03.1]

where Eg is the electronic energy, is the vibrational -
energy, and Ey is tx;g rotational ergy. The term values

(in cm~! units) of the molecuie.are given by

-39 -
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* q
T = E/hc =Te + G(V). + Fy(J), . [3.2]

where v and J are vibrational and rotational quantum numbeys;
respectively, and To, G(v), and F(J) are the electronic,
vibr!cional, and rotational term values, respectively. The
wavenumber (in. cm~l) of 2 spectral line arising from a
transition between the rotational levels of an upper ( )

and a lower (") electronic state-is given by .

")+, 16" (v =6" (v + Ry (@) -F" (3"))

= ve * vy * up. [3.3]

For a given electronic transition, vg(= Tg'-Te") is the

system oriin and v + vy = ug is the band origin. The
three terms of Egs. [3.2)] m will be discussed in

T

the following paragra

(i) Electronic Terms and States
0
The term Te in Eq. [3.2] is generally expressed as
N Te'= Tg + AAZg, [3.4]

~-where Ty is‘ the electfoljic term value when the net electronic
spin angular momentum S of the molecule is neg].ectéd,.A is
the spin-orbit c ling’ uonst_ant, and A "and zg are the
quantized px"ujectgs, along the internuclear axis, of the

" electronic orbital and spin angular momenta 1 and &,
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respectively. Electfonic states with A = 0, 1, 2, ... are
labelled £, W, A, ... Fespectively. For all the singlet
(S, %g =0) and £(A = 0) states, Ty is identical with Te.
The nstant A in Eq. [3.4) is either positive or negative;
in the former case, the electronic state is termed a regular

. State, whereas in the latter case, it is known as an inverted
staze. The Z'electronic states are designated as z* or 3~,

depending on whether the electronic wavefunction e remains\

or sign, ively, upon réfle::/tion at

'a plane passing through the internuclear axis. The mul{iplicity
of an ele:;trnnic state is given by 25+1, which is the
number of g components along the internuclear axis. If
the two nu;:lei of a diatomic‘molecula have the same chargé,
for example, 14N,, 14);1.51«, and 15N, (or H,, HD, and D),
the electric field of the ;luclei in which the electrons
’ move, has a center of 'sy'mne‘try.a For suchhmolecules, if g
remains unchanged or changes® sign when reflected at the
cen‘ter, in:-he first case the electronic state is called an
even (gerade, g) state and in the second case, it is called
an odd (ungerade,fu) state. These states are represented

as 2q*, 2¢7, Byt ByT, Mgt My, ... ete.

(ii) "yjbx_—gt;‘ onal Terms and Vibrational Structure
of Electron Spec

? The vibratienal term values G(v) of an electronic

state are written as

~
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G(V) = we(vhh) - veXe(VHh)2 + weVe(vHy)d + ..., [3.5]

uhere ue 1s the vibrational frequency and weXe, weVe, etc.
are the anharmor}ic constants.  In instances where the
expex:imenéu data are not obtained for sufficiently high
values of v, weYe and other higher anharmonic constants in
Eq. [3.5] will be neglected. For a vibrational transition
to take place between two electronic states, there are no
strict selection rules to be satisfied; Eut; the intensities
of these transitions’are governed by Franck-Condon factors
(see Section 3.2). ~ Neglecting the 'cont‘r‘ibntion from the
rotational 1eveis, the wavenumber vyi yn of a vibrational

transition is g.wen by

i ,un = ve o' (Vi) - g (VIH2 4 ugye (V)3 4L
> »
- e (VY + we"xe" (V') 2 - we"ye" (vi44)3 +..[3.6]

The origins obtainet; from the detailed rotational analysis
of a band, structure or the wavenumbers of the band fieads
obtained from the measyrements can be directly fitted to
the above expression to obtain the constants Ve Ve uexe,
weYe, etc. In the matrix notation, Eq. [3.6] \can be written

as =
v=x B+4, . 3.7)

where v. and B are the column vectors; » contains either

band origins or wavenumbers of band heads and 8 contains
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the unknowh molecular constants to be estimated. The
coefficient matrix x contains the coefficients of ve, we',
we'Xe', ... etc., and A 'is the column vector containing the
unknov;n measurement errors. Using the method cf least-
squares, the molecular constants B (quantity with ~ indicates
that it is an estimate obtained from the least-squares

fitting) can' be estimated_from the expression,
& L .
B= (xT )71 4T » ) (3.8]

The- edftimated variance of this least-squarés fit is given

by

2= (w-xBT (v-xBre [3.9]

, !
where f is the degrees of freedom. "The uncertainties in
the estimates of the’molecular constants are the square
roots of the diagonal elements of the variance-covariance
matrix (8) associated with B. This variance-covariance

matrix is given by
8 = ;z(xT %L, [3.10]
The vibrational isotope shift Av of a band is given by

i

a7 = vy = vy

un )
= (1=p) [we' (v'+5) - we"(v'4+y)]
- (1792) [we'%e ' (v'4H) 2 = we"xe" (v'44) 2]

+ (1m0 we'Ye (V1) = we'ye (vV'H)31, ... [3.11)

—




where vy yn and vivv’;,-u are the wavenumbers of the band

origins (or band heads), with a given v' and v" of an ordinary

molecule and its isotope, respectively, and p = [,./,ﬁ]‘i %

4, and ul being the respective reduced masses of these
. molecules.

’

© (iii) Rotational Terms and Rotational Structure of
Electronic § ’

The rotational structure of an electrgpigsband system s B

+ is dependent on the nature of the electronic states involved

In this section, only the general features of this structure

are discussed but the compl'ex details &f' the rota‘tional

structures of the individual electronic transltiohs will be
7 presented in subsequent chapters. . Each vibrational level‘

of a given electronic state contains a series of rotational

levels and the tern values of these levels, in case of singlet

electronic states, are represented by ~, s

: . f
y Fy(J) = By[J(J+1)-A2] - DV[J(‘tl)-Az]z +oee [3.12] .

where By = (h/8n?cu) [1/742] is the rutatio‘ﬁ;l constant and
Dy = 4B,%/w? is the centrifugal stretching constaht. Here
# is the reduced mass of the molecule and r is the internuclear .
separation. The constants B, and Dy can be expresséd ,in
terms of vibrational quantum number (v) and the equllibnum

molecular constants as
E

By

o - me(VH) + ... [3-13a)



and \\ X
N\ Dy = Po 5 falvh) + ... TN [3.13B)

The Dy, values obtained in the present inJZstiqations are so
small (of the order of 10~6 cm-}) that a reliable estimate
of Dy and B could not be made, whereas Be/(=h/81%cure?)
and oo are estimated veryaccurately. The doublet, triplet,
etc., electronic states contain two, three, etc., séries of
vibrational leve}s. The spacing of theAeration levels
in these multiplet states as a/-function of the rnta;‘ional
quantum number - depends on 4the type ;:f coupling betwee:

various angular momenta of the molecule, such- as the electrdnic
orbital angular momentum L, the electronx\c spin angular’
momentum 8, and in the nuclear _rotation angular mcme:xxgn R.
Of all the five diféerent'coupling cases distinguished by
Hund, the tuo—m?s?_—i;mrcant ones known as Hund's case (a)
and case (b), will be discussed here’.

In Hund's case (a), the elecgronic orbital and-spinp
angular momenta are stronqu coupled individually to the
1nternuc1ear axis. The sum of the quantized projections A
and Zsot the orbital and spin angular momenta, r;;pectlvely,

qlonq the internuclear axis is given by

cQ=A+3Ig . [3.14)~
&

~For -a given electronic state, i.e., for a fixed l\, the

number of values that q can take is the §ame as that of the

multiplicity of the state. The nuclear rotation angular
[
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nomentum vector R combines with o to form the total angular

nomentum vector J. For a. g

en value of 0, J has the

values
J=0,0+1,0+2, ... [3.15]

Both J and 0 have either integral or half-integral values,
depending on whether the multiplicity of the state is odd

or even, respectively.

In Hund's case (b), the spin angular momentum vector S

may be very weakly cpupled tp the internuclear axis or not
coupled at all.  In either case, @ is‘not defined ar;d t\kle
orbital angular momentum vector % coandhes with R to form a
hew vector W, which is the total angular momentum apart
from the spin. The possible values of new quantum number N

are -

N

A A1, A+ 2,... " [3.16
/f H [ ]

if A = 0, N takes all the integral values from zero onwards.
The vector N combines with § to form the total angular

nmomentum vector J. Now for a given N, J has the values

J=N+5, N¢ s, .[. [N-5| . [3.17]
. L : :

Thus, for a given N, each rotational level has 2S+1 components

which is the multiplicity of the electronic state. In this
case also, J can have either integral or half-integral values

depending on whether the multiplicity is odd ot even,
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3
respectively. In most of the cases, multiplet I 'states,
i.e., 25, 3z, etc., belpng to Hund's case (b), whereas the
multiplet n and A states can belong to either case (a) or
case (b). There are some instances where 35 state belongs
to Hund's case .(c) which is not of interest in the present
work. There are several rotational selection rules to be
satisfied in.a specific electronic transition and these

will be di in the : chapters.

(iv) Parit: i ) i vels

’ The parity’ of a rotational level is defined to be
either pcsitivg or naga‘tive qepanding on whether the total
eigenfunction (¥) remains unchanged or changes sign, respec-
tively, upon reflection a\:. the origin. In case of a s+t
state, the rotational levels with ]'even J values are positive
and those with odd J values are negative, whereas for a £~
state, the rotational levels with even J values are negative
and those with odd J are positive. For the electronic
statés with A » 0, i.e., for m, a, .._.Jetc., states, the
rotational 1levels are doubly degenerate and for each‘a
value, there is.a positive and a negative rotational level.
Thisl type of splitting of the rotational levels is called-
A-type doubling.

In \:h‘e case of homonuclear diatomic molecules (e.g.,
14N, and 15N2) for exehange of nuclei; the total elgenfunctlon
(¥) either remains unr:hanged or changes sign; xn the fitst
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case, the rotational level is symmetric (s) and in the second
case, it is anti-symmetric (a). In a given electronic
state either the positive rotational levels are symmetric
and the negative levels are anti-symmetric or the positive
are anti-symmetric and the negative are smetx{c. In the
case of gerade electronic states, i.e., Zg, INg, etcy,i all
the positive rotational levels are symmetric and the negative
1;:15 are anti-symmetric and the reverse is true for
ungerade states, i.e., for Z,, Iy, etc., stat:gs.
. Kopp and Hougen (1967) introdurced the folléwing convention
- fox labelling the rotational levels with half-integral ' J
values: B . . X i
o levels with parity [+(-1)771/2) are e levels, S
and “hose With parity [-(—1)3'1/2]~are £ levels.
Later, O t al. (1975) extended this labelling convention
to the rot‘:::ilal levels with integral J valués. According
to them, )
levels with parity [+(-1)7] are e levels,
F and those with parity [-(-1)7] are £ levels.

The advantage §f using e and f labelling scheme is that i

is independent of the coupling case in question and _de‘ nas
-on

only on J and parity, which ar€ very well defined in field
frée space. According to this convention, all the rotational
levels in a lz* state are e levels and those in a 1z~ state
are f levels. The general rote{tional selaction rules that

are applicable for the electric dipole transitions are




L - 4w

AT = 0, *1 and ++— - .
In terms of this 1apelling §cheme (e and f) these selection
rules are written as

a3 =0, e+ f

) 8J =11, e+ e, andfc——f.x
The rotational levels shown in the energy level-diagrams in
thé following chapters are labelled according to this
scheme. \) '
K

3.2 Franck-Condon Factors

) o

The intensity of an emitted radiation is defined as
the energy emitted l;y the source per second. If Ny: is the
number of -molecules in the upper state z;nd Ayt yn is the
f;:action of molecules participating ‘,in the transition, then

the intensity is expressed as

Iyr,vn'= Ryt hocovyr g Ayr yn [3.18]

where wy: yn is the frequency (in cm™!) of the emitted
radiation. The Einstein coefficient for spontaneous emission,
Ayr,yn, is given by

Ay, yn = (641%/30)v3y0 yu | Ryr,yn |2 . [3.19]

For electric dipole tranmsitions, Ry: yn represents the
matrix elements of the electric dipole moment. These

matrix elements are written as
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» | Ryr,un 2= | Me1(R) |2 fuy' wy'ar 12, [3.20]
i where | Mgy(R) |is the electronic transition dipole moment _
- which depends on the co-ordinates of the electrons only,
) and y,' and y," are the wavefunctions of the upper and

" lower vibrational states. The integral in Eq. [3.20]) is

the overlap integral and the square of its modulus. is called

the Franck-Condon factor (FCF) gyt,yw. Substitution of Egs.

[} " [3.19] and [3.20] into Eq. [3.18] gives

Agrgn = (6873) T e v, N i (B2 eyt |2

. . s Y 3.21)

For a given electronic transition, Nyr, vy, yn and I}s‘lel (®) |2
. can be qterally taken as constants and the intensity of
the emitted radiation is proportional to FCF. The wavefunction&
V’v' and wv" can be obtained by solving the Schrddinger equation

of a diatomic molecule,
(h/8124c) 92 +4((E/hc) - UJp = 0 -, (3.22]

where s is the reduced mass of the molecule and U is the
effective potential energy (in cm~1y. '1"hej solution of this
_equation depends on the mathematical form of U. 3 In the
present work, the "Klein-Dunfim potential" suggested by
Jarmain (1960, 1971) was used to solve the Schrédinger
equation and consequently FCFs were calculated. The theory
of Klen-Dunham potential is reviewed earlier if one of the

Ph.D. theses from our laboratory (Verma, 1977). A computer
[

©
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)
progran prepared by Jarmain and McCallum (1970), was modified
by the author to operate it on a VAX 11/785 computer and

was then used to calculate the Franck-Condon factors qu, ,u-
e .

3.3 Merging of Lea: Parameters

The molecular constants are generally estimated-from
the wavenumbers .of .spectral lines by the least-squares
meth_ad. The importance Qf the method of least-squares and
the “mathematical expressions involved are compiled by
Albritton et al. (1976). There are several approaches o
obtain the molecular constants from the spectroscopic data.
Some of these arc the method of combination alffefences,
discussed widély by Herzberg (1950) ,(/tradi:ionu term value

method suggested by Aslund (1965), improved term value

approach and the direct approach, both proposed by Albritton

et al. (1973). These methods are critically discussed by
Albritton et al. (1973). The method of direct approach in
which the wavenumbers of all the observed spectral lines of
a band are used to obtain the mol’ecular constants of both the
upper and lower vibrational states simultanecu;ly, provides
a set of molecular constants which ‘are statistically more
meadingful than the ‘ones obtained by the other methods.
Generally, the bands of one system or those of different
sy‘s\:ems of a,molecule share common lower or upper vibrational
levels. When the individual bar;ds of such systems are

analyzed to obtain molecular constants, the common vibrational
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levels wi;l have multiple-estimates for their constants. These
multiple estimates can be reduced to a single "best possible®
estimate in several ways. Albritton et al. (1977) proposed
a method of "merging" in which the results of the individual
bands obtained by least-squares fits are combined together,
giving due consideration to the uncertainties and the
correlations of various l\olecular constants. The theory of
this method of merging is briefly discussed in this section.

The molecular constants obtained in the band by band
analysis and their variance-cav‘qriange matrices are used as
the i_nput for this 'least-squares merging fit in which the
multiple estimates are redjced to_a,single value. The
relation between the - input parawéf:gl:nd the best xvossiple
values of the output parameters in this mergir;g procedure is

given by the set of equations in matrix notation,

Y =X8+§, 5 [3.23]

where ¥, g, and § are the column vectors representing the

input parameters, the output pa ': and the

errors, respectively. Here, the coefficient 'matrix X
relates the- input parameters of Y to the correspdnding
value of . The least-squares solution of Eq. [3.23] provides
molecular constants g s'uck; that the squares of the ,unknown
errors § are minimized subject to the %nterrelations among
§. These interrelations exist because the variance-covariance

matrices associated with the least-squares fits of the
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individual bands have generally unequa(diagonal elements
and non-zero off-diagonal elements. In order to obtain a
set of molecular: constants § with due consideration for
these unequal variances and non-zero covariances, a coéelatéd
least-squares fit (see Albritton et a_f., 1976) should be
used. The expression for g, in matrix notation, froh such

a correlated least-squares fit is given by
f = (xT o~V "1 xT p-1y, - [3.24)

‘where & is a non-diagonal generalized weight matrix composed
of various variance-covariance matrices obtained from the
individual band by. band fits. The estimateéd variance of

this merged lepét-squares fit is given by . b
o /

s = (- x)T el (v - Xy, [3.25]

here f is the degrees of freedom of the merged fit. The
merged dispersion matrix is given by
= (xT o1 x)-1, [3.26]
- .

The uncertainties in’the estimates of the merged molecular
~ ;

constants which are the square roots of the diagonal elements

' of the variance-covariance matrix associated with j are

wWyiven by = o

A Ay
6 =027, o Clasam
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According to Coxon (1978), ft 1s convenient to combine
two or more sets of separately merded -parameters into a
single set of parameters by least-sq\iare.s graﬁd merge
metho@ (which is similar to the“’ one described abo“le),
instead of o):;taining the final set of parameters through a
‘one large single merging. The single set of paraketers
from the final grand merge are identical with those derived
from the equivalent single step merge, provided the weight
matrxx used in the grand merge is comp}sed of the dispersion
matrices [Eq. 3.26] of earlier merges b\lt niot of the variance-
covariance matrices of the input. parameters [Eqg. 3.27].

3.4 Perturpations

The theory of perturbations 'in the spectra of diatomic
molecules "has been dealt with by 'several authors. The
important ones among them are Kronig (1928), Herzberg
(1950) , Kovacs (1959)‘and Lefebvre-Brion and Field (19.86) .
In general, the wavenumber v of a rotational line of a
band which is free from perturbations can be represented by

an emplrxcal expressfon

v=a+bl+CI2+ ... X ( [3.28]
) ’
However, when perturbations occur, a rotatiomfal line or a
s &
series of successive lines viate considerably from Eq.
[3.28]. For certain types‘o perturbations, in addition to

the deviations, weakening in -intensity may also appear.
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Dieke and Mauchly (1932, 1933) observed this type of intensity
fluctuations in the rotational structures of the bands of

third positive system (b3z+ - a3my) of 12¢160 in which both

the electronic states are perturbed. In general, these.

deviations increase to a maximum with increasiné J and
suddenly change sign and then incréase to z:/mand continue
to. follow the regular smooth course. The behavi_cur of these
deviations largbly depends ‘on the nature of the’perturbing
&lectronic state. ’

if E; and E; are,two nearby unperturbed energy levels
of a molecule and E; and Ep are the corresponding perturbed

levels of E; and E, respectively, then

. _ Ep+Ep 2 2% 5
Ejp = + L(alw,]2+62)7 [3.29]
where § -E;, is the separation of the unperturbed

levels and (Wi is the matrix element of the perturbation

function W, which is ither an additional term in the
potential enefqy or/ an operatdr due to the additional term
in‘kinetic energy \(Herzberg, (1950, p. 13). The shifts in
the levels E,-E; and Eu-Ep are equal in magnitude and
opposite in sign. Of the levels E; and Ep, the one lying
at a higher energy will be shifted ‘tﬁwards highex; energies
and the one lying at a lower energy will be shifted towards
l'ower energy, i.e., if E; > Ez, then E > Ej and Ep < Ej.
Generally, ;Pe levels E; and E; belong to two different
electronic states of the le‘ecule.
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Based on theoretical considerations, Kronig (1928)
\

derived the following selection rules for the occurrence of

(2)

(3)

1) )

- selection rule

perturbations between two energy™bevels.

The rotational quantum number J must be ‘same for

both the levels, i.e.,

AJ = 0. /

This is a rigorous rule and must be satisfied in

all circumstances. In Hund's case (b) a further

: -~
also :holds. .
The “selection rule for the resultant spin S of
the two states is ° ’ '
AS = 0, *1, Pl )

which suggests that a singlet state can be perturbed

.- »
by either a singlet or a triplet state. This
h ;

selection rule is valid for 'Hund's case (a) as
well as case (b). In case (a) additional Selection
rules

AZ = 0, *1 and A0 = 0, *1
apply. : o
For _thél c;amponents of the-orbital angular momgnf:um

along the internuclear axis of the two stateg the

selection rule is

A = 0, #1. "
-




& Bl
3 .

This rule is valid in all Hund®s cases in which A
is defined. .
(4) Both the rotational levels should have the same
parity, i.e., /aither positive or negative. In
case of hnmonucle‘ar diatomic molecules, both the
levels must be eiEhsr symmetric or anti-symmetric.
From thi/s rule, itralso follows that, in case of
homonuclear diatomic molecules, a gerade state
cannot perturbh an ungerade state and vice versa;
perturbations can occur only between two gerade
states or two ungerade states. Accordimg to the
e and £ labelling scheme of Brown e_tﬂ (1975)
-an ‘e level cannot be perturbed by an f level and
vice versa. In s\immary, these rules are represeh{ed’
as . ’ i ’
4 + e, = -, +<—/—'—,
s s, a+— a, s+ a,
g+ g, u~—-*u, q«f—* u,
and e«—e, f+— f, e+ f.
These rules are as rigorous as the first one

(4J=0) and should always be satisfied.

-

These four are the most important and general selection

4 rules to be fulfilled foé perturbations to occur between

two states. Lefebvre-Brion and Field (1986, p. 39) tabulated
the selection rules for different types of perturbations

that can occur between two states of a molecule.
.




According to Mulliken (1937), if aA = 0, it is called a
homogeneous perturbation and if ar = #1, it fs a heteroganeou;
perturbation. In homogeneous perturbations, the matrix.
elgnent 1s\independent of the’ rotational quantum number J and
the dgvxations due to perturbatmns do not become zero when.
J=0. Hence, it. appears as if the entire vmratmnal level is
shifted. For this reason, ‘ according’ to ‘Dieke (1941) ,
sometimes “the t;omageneous perturbation is s:a_lled the
vibrational perturbation and the other oné is called the
rotational perturbation. X B

he general behaviour of the deviations of the rotational’

lines in the ﬁighdorhood of the maximum perturbation as a

¥
& fupction of rotational quantum number J is shown in Figure

11. Somet‘imes«'a heterageneous perturbation in the initial
rotational 1évels produces a shift &in the vib‘rational ‘le;el
and appears as if it were a vibrational perturbation. The
question whéther it is a vibrational or rotational pertur-
bation is decided dependinq on the points and .magnitudes of
perturbations in all‘the branches of a band. -
The selection rules discussed above provide the condi-
tions necessar& for the occurrence of perturbations. Some-
times: “even if all these conditions are fulfilled, still per-
turbations may not occur, 1f the overlap 1nteqral of the vi- .
brational eigenfungtions is zerc. Hence it can be said that an
analogue of the Franck-8bndon pyinciple governs the occurrence

of perturbations {n addition to thé above selection rules. In
3
\
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other . words, two vibrational levels, belonging to two
different electronic states and having approximately the
same energy, will influence each other strongly only if
classically the system could go over- from one state to the
other without a large alteration of position and momentum.

That means two vibrational levels interact with each otherl

if they lie in the nei of the i ions of the
potential energy curves of the two electromic states and

" also all the Kronig's selection rules are fulfilled.
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ERG (Clz*t - alm) sysTEM oF 13cl8o
! : .

-

In this chapter, the first observation of the Herzberg
band system of the 3c'80 molecule is reportea ana its
rotational analysis is presented. A review of the previous
work on this system in *2c'%0 and other isotopically substituted
carbon monoxide molecules, together with the experimental
details pertinent to the present work, is given in Section
4.1. In Section’4.2, the rotational structure of a lz* - In
system is discussed. The resl;lts obtained from the analysis
of the Herzberg system of >c'% are presented in section
4.3. Finally, the perturbations observed in the Alm state
and the information obtained on the perturbing states are

discussed in Section 4.4.

4.1 Introduction : :

Herzberd§ (1929) observed eight bands of 12c160 in the
region 3680-5710 & and assigned them to the transition
15 - aln. Prior to this; Duffendack and Fox (1927) observedl
three of these bands and incorrectly assigned them t“'- the
fngstrém (Bls* - alm) band system because of the similarity
in appearance. ‘-lowever, Asundi (1929) and Johnson and Asundi

(1929) photogmgphed the 0-1, 0-2, and 0-3 bands of the

o Gl
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Herzberg system under high resolution and correctly identified
the transition as clz* - Aln from their rotational analysis,
Schmid and Gerd (1935 a,b) performed the rotational analysis
of the 0-0, 0-1, 0-2, 0-3 and 0-4 bands and found eviderz’c,g
for the pre-dissociation in the upper state. No bands of this
system itk & 5 6 wave ever Bee observed, but the existence
of the level v = 1 of the clz* state was confirmed witLﬁ
observation of the 1-0 band of the clz* - xlz* system in”
absorption by Damany et al. (1966) and in electron’ scattering
by Skerbela et al. (1955)i both under low resolution. This
was later reaffirmed by Tilford and Vanderslice (1968) v‘zith a
higli resolution study.” Most of the details of the C-A .system
of CO are reviewed by Krupenie (1966). - '

Asundi et ‘al. (1970) studied the isotope shifts of four
pand heads of the 13¢160 molecule of the Herzberg system from
the corresponding band heads of 125164, Kepa (1969) did some

preliminary work on the Herzberg. bands of 120185 ang 1316,

and later did rotational analysis of seven bands of

13¢160 with v = 0 to 6 and tound‘perturbations in the 0-0, O~
1, and 0-6 bands (Kepa, 1978). Janjié et al. (1978) iaerfomed
the rotational analysis of the corresponding seven bands in
12c1a°. Kepa (1982) analyzed the rotational structure of six
0-v" bards with v" = 0 to 5 in %c'%. The nain results'
presented in this chapter on the Herzberg system of 13c18o

have appeared already in a publication (Prasad et al., 1985).

s
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The Herzberg band systzm of 13¢180 was produced in the
cathode glow of the dischirge but not in the anode glow. The
reason for this appears to be that neutral 13c180 molecules
are excited to the high-lying clz* -state when they collide
with molecular ions !3c18* which are abundant in the cathode
glow. In our initial experiments with lzcuolsimilar obser-
vations were also made. The bands of this system were photo-
graphed under mediunm dispersion in the first order ;t a 600
grooves/mm grating and also under high resolutiod in the
third order of a 1200 grooves/mm grating on the Bausch and
Lomb spectrograph. The reciprocal dispersions of the high
resglutian spectra .ary from 0.99 'A/mm at 3860 A to
0.69 &/m at” 4880 A. Kodak Spectrum Analysis No. 1 and
103a-O plates were used to photograph the spectra, and the
exposure times Heré in the rnn;g of 10 to 60 minutes, depending

on the intensity of the band. In general, the measurements

of the 1 lines are up to ~0.003 A.

4.2 Rotational Structure of a:lzt - lj system

The rotational structure of a band belonging to a
N
13+ - 1 systenm contains three branches, known as P, Q, and

R, in apcor%fnce with the. rotational selection rules,

, AT =<1 (e—e)
AT = 0 (e—f)
and AJ = +1 (e—+e), respectively.

A schematic energy level diagram showing the P, Q, and R
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of this ion is shown in Figure 12. The

parity selection rule to be satisfied in this transition is

Hemmy defty —fen

The term values of the rotational levels of the

1z+* and ln state are expressed, respectively, as

"Fy(@) = B@J(3+1) 5 D@2 (I+1)2 + ..., {a.1)
and {)
TN\ Fy@).= BylI(3F1) - 1) - DI+ - 112 + ..., ra.y)
accor:;inq to Eq. [3.8]. From the above equations, the

expressions for the wavenumbers of the P(J), Q(J”)/, and R(J)
lines can be written, respectively, as
P(3) = vo + By'3(T-1) - Dy'32(3-1)2

- BIEHD - 1)+ D334 - 112, [4.3)

Q(J) = vg + By'J(I+.) - Dy'32(3+1)2

- B "[3(I+1) - 1] + D" (I(I+1) - 112, [4.4)
R(J) = vg + By' (J+1) (J+2) =Dy ' (3+1)2(J+2) 2
- By"[3(I+1) - 1] + D"[T(I+1) - 1)2, [4.5)

where vg is the band origin. The wavenumbers of the rotational

lines of the P, Q, and R branches were simultaneously fitted

to the, above iong and the vor Bv', D,,',

By , and - Dv" were obtained by the method of least-squares.

<
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Figure 12. A schematic energy level diagram showing the
first few rotational transitions in a band of a
lp+ - 11 system.
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-3 Analysis of the Spectra
4.3 of the Spe P

The assignment of vibrational quantum numbers to the
Herzberg bands of 13c180 is straightforward. A photograph of
these bapds obtained under medium resolution is shown in
Figure 13. When the cathode glow of the discharge was photo-
graphed in the region 3618-6165 A&, in addition to the
Herzberg system, the Baldet-Johnson (B2s* - A2mj) system and
the comet-tail (A2nm3 - x2z%) system of 13¢c18o* were also
observed on the photographic platel. The bands of all these
three systems can be seen in Figure 13. Also seen in this
figure are the Herzberg band system of 13clfo and the
Rngstrém (Blzt - All) band systems of the 13¢160 and y@3c180
molecules. The vacuum wavenumbers of the band heads of the
Herzberg system, their relative intehsities, and vibrational

quantum numbers are listed in Table 4.1.
(i) Rotational Analysis

The rotational structures of the 0-2 and 0-3 bands of
this system photographed under high resolutipn are shown as

exanples in Fi es 14 and 15, respectively. The quantum

numbers J and the vacuum of the I lines of
1

the 0-1, 0-2, 0-3, 0-4, and 0-5 bands are listed in Tables

4.2 to 4.6, respectively. For every spactral line the

{"nhs - "calc) value is also given in parentheses, next to

the Yobs value, except for t&e perturbed lines and a very few

unperturbed lines which are excluded from the analysis.
PR i

\




Figure I3.

The emission band systems produced in the cathode _glow of the hollow-
cathode discharge tube by the excitation of the 13C180 molecules 13 :hs
region 3615 - 6165 A. _(a) Balde:-Johnson (B2f* - A2llj) system of 13cléo*;
(b) Herzberg (cl+ - alm) system of 13c160; (c) Herzber?(cli* - Aln
system of 13c180; (d) comet-tail (A2l3 - X2I*)system of 13clBo+; (e)
BlE+ - Alll) system of 13¢160; and (f) Angstrém (Bli*(- All) system of
13c180, This spectrum is photographed on Bausch and Lomb spectrograph in
the first order of a 600 grooves/mm grating. :

~

)
Angstrém

o




3618:77 R

———

e

I

438354 A

Op—

Se—

o1

H— (a)

(b)

0-0

o3 (o

5-0
4404.75 &

T

(d
5171:60 R

0-4-

0-5

(c)

(d)
(e)

5429.70 A

()
616359 3

”"'Wwv'mw -

T

0-1

T
— (e)
(f)

— 89 =



- - 69-
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TABLE 4.1 Herberg (C 1=+ - A 'IT) band system of the '3C '80 molecule

Band Head Band Origin® Relativ < Assignment
(em™!) % Intensity vy
271478 27154.77 ¢ m 0-0
25735.0 25741.437(7) s 01,

v P
243540 24359.716(8) - s X 0-2
23002.8 23007.58(5) : ‘m 03 o
216846 21689.555(6) w 0-4

20397.8 20402.394(7) W 0-5

ANumbers in parentheses are the uncertainties in the last digit and correspond to
one standard deviation.

bAbbrevistions for relative intensities, s, m, W, and vw denote strong, medium,
wesk, and very wesk respectively.

Extrapolated from the origin af_the O-1 band and the value of the AG(1/2) of
the AT state.
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Figure 14. Rotational structure of ?hi 0-2 band of the Herzberg i
(c alnm) system of 13cl80 photographed on the 2 m
. Euusch and Lomb spectrograph in the third order of a
1200 grooves/mm grating.
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+  Figure 15. Rotational strugture of the 0-3 band of the Herzberg
(clr+ - alm) syStem of 13cl80 photographed on the
5 2 m Bausch and Lomb spectrograph .in the third order
. of a 1200 grooves/mm grating. -~
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(@ em1) of the

‘TABLE 4.2 Vacuum ] lines of the 0-1
. ban .
g’ kY
' R() " qu )
.
1 . 25743.60( 0.07) - 25739.99( 0.00y”
2 25755.45( 0.00) 25744.87( 0.02) 25737.79( 0.01)
3 25761.06( 0.10) ,  * 25746.85(0.02) 257236.28( 0.04)
4 25767.11(-0.03) 25749.46(-0.01) 25735.27(-0.06)
5 25773.95(-0.02) *25752.74(-0.03) - 25734.99(-0.11)
8, 25781.48( 0.02) 25756.72( 0.00) 25735.50(-0.02)
7 25780.50(-0.02) 25761.34( 0.08) © 25736.59(-0.02)
8 25708.30(-0.02) 25766.62( 0.00) * 25738.35(-0.01)
9 25307‘.89( 0.01) 25772.55(-0.01) 25740.78( 0.01)
10 25817%97(-0.03) 25779.13(-0.03) . 25743.85( 0.01)
1 25828.78( 0.00) 25786.41(-0.01) . 25747.56(-0.01)
12 25849.23( 0.01) 25794.34( 0.00) 25751.9% 0.00)
13 25852.31(-0.01) 25802.00(-0.01 ¢ 25757.01(-0.08)
14 25865.05(-0.03) 25812.19( 0.04) 25762,74(-0.01)
15 25878.46(-0.03) 25822.02(-0.03) 25769.14( 0.01)
16 25802.64( 0.08) 25832.56(-0.03) 25776.17( 0.00)
7, 25907.22(-007) 25843.78(-0.05) 25783.89( 0.03)
18 2022700 003)  \_ 25855.68(-0.09) 25792.26( 0.01)
19 25038.78( 0.07) 25868.20(-0.05) 25801.33( 0.05)
20 25055.89(-0.02) 25881.42(-0.03) 25810.96(-0.02)
21 25072.80( 0.03) * 25805.38( 0.07) 2583!.43( 0.09)
22 . 25000.82( 0.04) 25909.83( 0.00) 25832.26(-0.10)
23 \ N 25024.96(-0.05) 25844.02(-0.03)
24 25040.89( 0.04) 25856.38(-0.02)
25

25957.34(-0.01) /

(,26800.42( 0.00)
b

|

'
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TABLE 4.3 "uuum wavenumbers (in\cm"] of the rotational lines of the 0-2
. band _
TR R(JH ' Q) P)
1 24368.88(-0.03) 24361.87( 0.03) 24358.05%
2 24373.78(-0.06) p 24363.26( 0.02) -~ 24356.13(-0.04)
3 24379.50( 0.03) 24365.35( 0.01) [ 24354.66(-007)
4 24385.85( 0.05) 24368.14( 0.01) 24353.99(-0.01)
5 24392.81(-0.01) 24371.65( 0.03) 24353.99( 0.03)
6 24400.50( 0.05)| 24375.84( 0.02) ~~24354.66(,0.04)
2 24408.08( 0.01) 24380.62(-0.09) 24356.03( 0.05)
8 24418.09( 0.00) 24386.27(-0.03) 24358.05( 0.01)
9 24427.93( 0.03) 24392.54(-0.05) 24360.82( 0.02)
10 24438.43( 0.01) 24309.51(-0.07) 24364.28( 0.01)
11 24440.65( 0.01) " 24407.26(-0.02) 24368.43(-0.01)
12 24461.57( 0.02) 24415.63(-0.04) 24373.32( 0.01)
13 24474.15(-0.02) 24424.74(-0.03) 24378.91( 0.03)
14 24487.47(-0.02) 24434.55(-0.02) 24385.16( 0.00)
15 % 24501.60( 0.09) 24445.03(-0.04) 24392.15( 0.00)
+18 24516.25( 0.02) 24456.25(-0.03) 24399.85( 0.01)
175 24531.85( 0.00) 24468.15(-0.04) 24408.27( 0.03)
18 24547.80( 0.03) . 24480.74(-0.07) 24417.38( 0:03)
19 % 24494.11(-0.02) 24427.24( 0.08)
20 24508.18( 0.00) 24437.69( 0.00)
21 i 24522.88(-0.02) 24448.90(-0.03)
22 ° N 24538.37( 0.02) - 24461.03%
“th used in the analysis.
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TABLE 44  Vacuum wavenumbers® (in cm™) of the rotational lines of the 0-3
d

ban

J ) R(J)

QY

P(J)
~ 3
s ~
1 53017.90 23010.39 2300740
2 23023.87 <\ 2301337 23006.29
3 23020.79 23011.93 23005.07
4 2303657 23015.88 2300475
5 T 2304435 , 23019.57 2300543 |
6 23052.30 23024.87 , 23006.61
i 23055.81 23030.61 23002.79
8 23066.67 23036.91 - 23006.61
9 23077.48 28044.13 23010.39
10 23088.72 23053.30 23014.50
11 23100.57 23057.31 23010.42
12 23113.13 23066.85 23024.87
13 23126.15 23076.62 23030.91
,u 23140.10(-0.01) 23087.17 $3037.87(:0.01)
15 23154.86( 0.03) 23008.36(-0.05) 23045.53( 0.04)
16 23170.25( 0.06) 23110.24(-0.03) 23053.84( 0.00)
)iJ 23122.82(-0.04) %3062.94( 0.01)
18 23136.20( 0.02) 23072.76( 0.00)
19 23150.25( 0.02) :
20 23165.00( 0.00) 23004.61( 0.00)
21

23106, ea(\(} oo))

®The (Vgps - Vee) values are given in parentheses only for the unperturbe({ lines

whigh are used n the analysis
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TABLE 4.5 Vacuum wavenun}bels (in em™) of the‘mtstionagines of the 0-47

band
J K()) Q) R
1 21608.71(-0.06) 21691.73( 0.03) % 5
2 21703.90( 0.04) 7 21693.29( 0.03)" 2158&14(-0.0(5)
3 21709.67(-0.06) * 21605.54(-0.08) 1684.95(-0.05)"
4 21716.36(-0.01) 21608.71( 0.00) ému.so( 0.02)
5 21723.82( 0.03) 21702.61( 0.01) 21684.95( 0.00)
6 , 21732.01( 0.01) 21707.29( 0.01) 21686.14( 0.05)
7~ 21740.98( 0.00) 21712.74( 0.01) 21688.01( 0.00)
8 21750.73( 0.00) 21718.99( 0.03) 21690.72( 0.01)
9 21761.28( 0.01) €+ 21725.97( 0.00) 21694.21( 0.02)
10 21772.66( 0.08) 21733.77( 0.01) 21698.48( 0.02)
11 21784.67(-0.01) 21742.33( 0.00) 21703.50( 0.00)
12 21797.55( 0.00) 21751.67(-0.01) 21700.31(-0.02)
18 21811.21( 0.01) 21761.79(-0.02) 21715.93(-0.01)
14 21825.61(-0.02) 21772.66(-0.06) 21723.34( 0.01)
15 +21840.95( 0.12) ~ 21784.41( 0.00) * 21732.51( 0.00)
16 21856.81(-0.01)- 21796:90( 0.01) 21740.46(-0.01)
17 21873.58(-0.01) 21810.14(-0.01) - 21750.21( 0.00)
18 21891.12(-0.02) 21824.17(-0.01) . 21760.74( 0.00)
10 21909.45(-0.01) 21838.99(-0.02) 21772.10( 0.04)
20 \ 2102850 0.02) 21854.60(-0.01) 21784.15(-0.01)
21 . 2104851008 21870.98(-0.02) 21796.90(-0.14)
2 . 21888.17(-0.01) 218}0.73( 0.01)
23 21906.16( 0.02) 21825.15(-0.03)
24 ) . 21840.49( 0.05)
25 21044.30(-0.02) 21856.46(-0.02)
26 21873.32( 0.01)
, .
. b )
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— TABLE46  Vacuum wavenumbers® (Tn em™) of the rotational lines of the 0-5
band
v J . RO 3 Q) P(J) ¥
?
1 . 20404.60( 0.03)
. 2 20416.78(-0.03) 20406.20(-0.02) 20309:15( 0.00)-
3  20422.84( 0.03) 20408.69( 0.01) 20398.08( 0.00)
4 . 20429.50(-0.03) 20411.96( 0.00) 20397.84( 0.01)
5 20437.23(-0.03) 20416.07( 0.01) 20398.40( 0.00)
6 *20445.73( 0.02) . 20421.00( 0.01) 20399:79(-0.01)
e 7 20455.01( 0.02) 20426.76( 0.02) * 20402.01(-0.01) -
8 20465.08(-0.01) " 20433.31( 0.00) 20405.06( 0.00)
20476.02( 0.00)° 20440.72( 0.01) 20408.93( 0.00) -
410 20487.75(-0.02) 20448.93(-0.01) 20413.65( 0.02)
11 20500.39( 0.04) 20457.99( 0.00) 20419.15(-0.01) =
12 20513.76( 0.00) - 20467.88( 0.01) 20425.51( 0.00)
13 20527.92 20478.67 20432.66 '
3 | 14 20543.08 20490.42 20440.72
i 15 T 20559.06 20504.12 20449.67
\lﬁ 2057602 " 20514:43 C 2045062
7 20504.60 20528.92 20471.25
18 ' 20543.95 20478.67
19 20559.82 20491.47
2% . 20577.03 - 20505.02
21 20502.17 20518.90
- 22 . 20533.64

2The (Vp; = Veale) Values aré given.in parentheses only for the unperturbed lines

( | which ate used in the analysis” - /




= 9 =
These differences were obtained from the least-squares fits
of the individual bands. In general, the standard deviation
o;’ such least-squares fits was found to be ~0.03 cm™l.

The n:olecular constants obtained by merging those'from
the fmgstrﬁm and Herzberg systems are presented in various
tables of this chapter. The origins of the Herzberyg bands
are listed in Table 4.1. The rotational constants By and
Dy for different vibrational levels of Alm, Bls* and clz*

are listed in Table 4.7. The Dy value of the aln state

could not be estimated because the wavenumbpr éata of ths’

°
. 1-0 band of Angstrém system, which are free from perturbations
in the v" = Q@ state are very limited. For the scme reason,

the 0-0 bands of the }wmgstriﬁm and Herzberg systems could

not be rotationally analyzed. Table 4.8 contains the’

’
equilibrium molecular constants of the aln and Blz* states.

The values of B, and ae Of states A and B derived from
those of By listed in Table 4.7.are also given in Table
4.8. Using the B value, the equilibrium inteﬁmclear
distance (re) and the moment of inertia (Ig) of these
states were calculated and are listed in the same table.
As only one vibrational level (v = }; was observed iln the
clz* state, B? and ag could not be estimated for it. From
the By value, Ip and ro were obtained and these values are

also listed in Table 4.8.
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TABLE 4.7 Rotational eon:'gnts' (in cm™) for the A 'ﬂ B!'S* and C 'T*

states of * 3
A
V)bntlona! A'r B!tt cigt
Level =
- B, D, x 10% B, D, x 10° B, - D,x10°
K < 0 145743) . ° 17607(1) 5.8(2)  1.7665(1)  5.6(2)
1 1.4366(1)  5.8(2)  17473(2) 6.2(4)
2 1.4173(2)  7.9(3)
3 1.3031(3)  1.6(5) . .
4 13772(1)  6.7(2)
5 1.3561(2)  10.2(7)
‘g . . °Numbers in the pa are the inties in the last digit and
corzespond to one standard deviation.
bCouId' not be estimated from the observed data.
)
4. \ .
, = N
\
- A}
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TAB[E 4.8 . Equilibrium molecular constants 8 (in em™, unless stated otherwise)
of A 'l B'T*, and C 'T* states of 'C 'O

Molecular A B!Lt . ' ciot
Constant t N =
5 7

65075.7, 86045,
w, 1444.7(9) 205&3.’9g
WeXe 15.84(1) ® 35 A
B, . 1.4667(2) 1.7811(2) '
a, ) 0.01092(2). 0.0226(1)
(&) 1.2339 1.1197 ooL1243°
I, (g.cm?) 1.9086 x 10°%° ’ i.5717\ x 1073 1.5847 x 1079 /-

it digits and correspond

This value is for the v=0 level of the C'S* state and is obtained from the By
value.




(ii) vibrational Analyeis and Isotope Shifts

) L4
The origins of the Herzberg bands listed in Table 4.1,

and those of the Angstrdm bands of 13¢180 (modified values
taken. from Prasad et al. (1984), using method of merging)
werercombined fogeﬁher in 'the vibrational analysis. The
origi;:s of the 0-1, 0-2, 0-4, and 0-5 bands of both systems
and that of the 1-1 band of .the inqstr‘dm system were
simultaneously fitted to Eq. ([3.6]) to obtain a unique set
of vibrational constants we and weXe for the Alm state which
are given in Table 4.8. The origins of the 0-0 and 0-3
.bands of both systems and also that of the 1-0 band of
Angstrém sys_tem we;re not included in the analysis because
of’ perturbations in the v = 0 and 3 levels of the Aln state.

The vibrational constants of states B and C could not
be obtained directly from Eq. (3.\;1 because only two 1av9is
(vyv 0 and 1) of B and one level (v = 0) of C were observed.
For the C state, no vibrational constants could‘ be' obtained.
However, the gollowing indirect methqt?‘was used ‘to obta:in
valuzof we and weXe for state B. The “term values (Te) of
the A and B of Ncl80 afe assumed to be the same as those
of 12¢¥60 (which are given by Tilford and Simmons (1972)
and Eidelsberg et al. (1987) for the A and B sta;:es,
respectively) and are li.sted in Table 4.8. The‘se term
\"alues, the vibrational constants of Alm, and the origins
of the 0-1 and 1-1 bands of the Angstrém (B - A) system of
13¢180, were used in Eq. [3.’6] o - obtain the vibrational
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constants we and weXe Of state B. The values thus derived

. are also listed in Table 4.8.

: - .
3 The bapd origins listed in Table 4.1 and those of the

A:*tri‘n band system were used together to obtain the .

\
. vibrational term values for all the obsexved %els with
.

respecteto the v = 0 level of ‘the A state™ These term values
. are listed in Table 4.9. Using the we and wexe values of
\ state A, listed in Table 4.8, the actual posifion of the
v = 0 level from the minimum of its p;)tential energy curye
“is calculated to be 718.43 cm™1.
* In order to obtain the isotope shifts ({av) of the
Herzberg bands of 13c180 from the corresponding bands .of
12¢160, the band origins of=l2cl6o were calculated from Eq.
[3.6] using the vibrational constants pf‘the C and A states,
.reported by Tilford and Vanderslice (1968) and Simmons et
al. (1969), resp*ively. This was done becausa recent
( values for these origins are not readily available. 2 The
observed isotope shifts which correspond to the differences
between the calculated band origins of 12c160 and those of /
"the corresponding bands of 13c180, obtained in the present
work and given in Table 4.1, are listed in Table 4.10.
These isotope. shifts were alse calculated from Eg. [3.11)

.
using vibrational constants of C and A states of 12¢l60 and

the value of ,(=u' (12c160)/,% (13¢c180) = 0.9530] and are
listdd in the same table. The agreement betweén these and -

the observed values is very satisfactory.
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TABLE 4.9 Vlbrauunnl term values (in cm") of the A 'fl, B'C*, and C 'E*
v . - states of 13C 8
" A .
Vibrational AN’ Bzt clgt
2 Level '
. A S
0 0.0.  22146.43(4) 27147.9
“ 1406.51(4) 24133.52(5)
2 . 2788.17(4) ‘
3 4139.71(4) =3 ~
4 5458.41(4)
5 6745.52(4)

® The term values are expressed relative to the v=0 leyel of the A 'II state,
which is at a height of 718.43 em™! from the minimum of its potentml energy

curve.




TABLE 4.10 Isotope shifts (in cm™) of the Herzberg bands of 1°C 180

- .
} : . Tsotope Shift Av ( %0 %0 - G 1%0) s ®
- Band Observed Caleulafed * |
4 . ~ =~ :
0-0 +15.84 - +15.56 )
o1/ . -52.15 C T .
0-2 -118.77 11740 ’
. : .
03 ™ -176.66 -179.18 -
0-4 e -236.43 -237.82
J ; . 3
05 -202.85, -203.35 i
-
( N
. .
3 -
o " "
1 £ L
-5 ®
\; .
. ~
v
e
A}
-t




4.4 Perturbations in the alm state of 13cl8¢

According to Kronig's selection rules (see Section 3.4),

a 1ln state can be perturbed by either singlet or triplet %,

1, or A states. In this chapter, the perturbations caused
by 35+ and 35~ states in a In state are of interest. Since
a = state does not have A-type doubling, a given rotational
. level of a @ state peiturbs only cne ‘of the A-doublet

<components of the N state, depending on its parity. Thus,

¥ . the pérturbations caused by a =t state are differept from .

2
\

ra those caused by a £~ state. In gereral, if a singlet state

' is .perturbed by a triplet stayte, maximum perturbation is

expected at three different'J values. In a iz* - 1n transition,

R the P and R lines occur between & levels only, whereas:the °
F 8 .

. Q lines arise betweer’. e and f levels (see Figure 12). Hence i

“the perturbatlons in the P7dnd R lines are sipildr, but

different from those in the Q 11nes. Hence if a' ln state
is perturbed by a 3% state, the ,three perturbatmns in the .
P and R branches on one hand and in the Q brahch on the other,
Y Will be at dlfferent J values. Based on the parlty considera-
P tlons_, it is established that‘ any of the following two .
\typés of pertur‘baticns can uccur in the irncreasing order of X
FP | inabanq: s
'(i)_ Pefturbatidns, first in the Q-brancl;, then in the P
~ ' and R branches, and finally in the Q branch again.
(ii) Perq&r_ba—t_ic;ns’, \first in the b3 and R branches, then in

the Q branch, and finally in the P and R branches again.




1f the 33+ state causes one of these two types of perturbations,
the 3z~ statd causes the other typé of perturbation.

Among ‘_the five rotationally analyzed banfss of the
Herzberg system of 13cM0, some irregularities in the
rpf;ationa.l structure of [the 0-3 and 0-5 bands are observed

‘unlike “in the structurg of the 0-1, 0-2, and 0-4 bands.

This 4ndicates that there are no perturbations in the clst,

- 0 level and in the Alm, v;=1, 2, and 4 levels. From
this, it is clear that the levels All, v = 3 and 5 are
perturbed. The fact thét n rotatlonal analxsls was poss1ble
for the 0-0 band because of its- complexity indicates that\

_the v =0 level of A,l'n is strongly pertutbeq. A recent

study by LeFloch et al. (1987) indicates- that the ¥ = 0

levell of this” state in 12c160 was/'strongly perturbed by .

more than one electronic state. Similaxly, the v

0 level

“of state A in 13ciSo might be perturbed by more than ‘one
+electronic state.

. Using the appropriate molecular constants liste-d in
Tables 4.1 and 4.7 'and Egs. [4.3 to 4.5], the wavenumbers
of P(J), Q(3), and R(J) of the 0-3 and 0-5 bands were
calculated. The deviations of the b_servg.gr wavenumbers of
these spectral Vllnes from the calcu%hted ones are piottsd
against J, as shown in F)'.qure'ls. As explained above, the
deviations in the P and R branches are found to be similar
but different from\}cjsa in the Q branch. JIn the 0-3-band,

the perturbations ,are observed in the Q, P and'R, and Q

™
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branches at, J=2, 6, and 10 respectively. ,As the 'P and @ ©

branches are perturbed at ‘different J values, this is not a
MI-Torl-a perturhati’on and is clearly a n;z: perturbax’zicn.
Finally, on the considerations of parity and proximity of’
the elactro;ﬂc states, it is concluded that thé v = 3 level
of Alm state is perturbed by a'3z* state. But, although the -
difference, AA, between the perturbed and the perturbing
state’s is +1, -the ‘perturbaticn curves are similar to those
of the AA = 0 perturbation (see Figure 11). T’hi.s is du’e ‘to; _‘ >

a shift in the band origin. If the origin is shifteti by

approximately +1.0 cm ~1, the calculated wavenumbers increase
"

by +1.0 cm~1.and hence the differencés’ the jobserved

agd _dalculated wavenumbers decrease by .the same amount (- ¥

uniformly in all the hraw Then thesé curves look .

similar to the perturbation curves of AA-=+1—(see Figure

11).' Hence it is clear that the origin of the 0-3 band ds
" shifted due to the-perturbations in the initial rotational

levels. , ’

From the perturbation curyes drawn for the 0-5 band (s€e

Figure 16), it is seen that the maximum perturbations ocour
at J=15, 18, and 21 inQ, Pand R, and Q branghes, xespectively.
Hence, as in Xhe case of the vibrational lével v=3, the y=5°
level of A¥n state is also found to be perturbed by the
a's* state. ' In this case, the perturbation curves ‘are..ﬁ
simiiar to those shown in Figure 11 for the gase ‘ot

AA = £1. 2s the initial rotational levels are not perturbéd A
WL, ! . o A

. E
(S N g ®

<
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; . in the v=5 level, ro significant shift in the @igin of the

& 0-5 band is observed. The perturk ons observed in j/~the

with those observed in the clorrespont_iing bands of the Angstrém

= & . system (Prasad et al., 1984). This agreement confirms.the

cor! ‘of_the assi of the rotational quantum

numbers in the 0-3 and 0-5 bands of both the systems.
The rotational constants B, of the pefturbing leveld

"1 are obtained -through a piocedlire described earlier by

Coster and Brons (1934) and Herzberg (1950, P. 289). To.
4 .obtain these By values, the rotational term values F(J) of
the perturbed levels v=3 and 5 of the All state are plotted
against J. The' plot drawn for the v=5,"1eve1 is shown in’

Figure 17. “In this £igure the points of fiaximun pezturbatmn

At these points, acccrdinq to Kronig's' selection rule (1),

B the perturbing state will also havethe same J values. For

a f’z state, there are three levels with same J having N

values equal to J-1, J, and J+1. The dashed curves in

Figure 17 represent the energy curves for the components N

o » .= -1, J, and J+1 of the 3% state. . From the energy curve

of N=J in Figure 17, the rotational term values F(J) for

.different’ J and hence ‘the correspnding By, value of the
perturbing state are obtained. The accuracy of the B,

‘e vallie £hus obtained for the perturbing state is somewhat

less than that of the” corresponding By value uf the Aln

i ’ @ 0-3 and 0-5 bands of this.system are in excellent agresr.nent \

N\

. *
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state. The By va1u¥ obtained for the levels partux.:blng
the v=3 and 5 levels of state A are listed in Table 4.11,
which are in good agreement with those obtained from the

Angstrmn band system by Pr:afad et al (1984) The B‘,‘ values

. obtamed for the perturbing levels are smaller than those

of the perturbed lavels of the alm stute and hence only
those vibrational leyels which are slxght-ly above the
vibrational levels t;f the Alm state can perturb the lattqr
' From B,,'val'uen of ‘t};e perturbing states and the energy
values '(Tg'+ G(v) +°Fy(J)} of the perturbed 1eve1'§ at the
points of maximum pett‘:urbatio_h » the positions of the pazturt;lng
vihra"tional vlave;l' g’l‘e + G(v)_l are calculated. These
Te + G(V) values of the perturbing levels be}onging to the
a'3f* ana o3 sfates of tne 13ci8 mqlecule are also
calculated from the constants of 12¢16p (Tilford and Simmons
1972), using the usual isotope relations. All‘these values
are listed in Table 4.11 and the agreemeit between them is
v‘ery satisfactory.” It is found that the levels v=3 and 5
of All are perturbed, by the levels v&13 and 16 of a'3zt,
respectively. For the sake of completenéss,‘l the vidlues of
By and Te * G(v) of the level (v = 1 of @) perturbing
the Aln‘ v = Naval‘, giverf by Prasad et al. (1984), ar:\aj.so
given in the{ same table.‘ Thg .vibrational levels 'of the

32"‘ Aln, and e3z”states indicatigg the perturbed reqions

are spown in Figure 18.

{
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TABLE 4.11 B, and (T, + G(v;) values of the perturbing levels of 35" and
o 9L+ states of BC 180

T, + G(v)
. . Calculated from ., Calculated l'mmb
Perturbed Perturbing B} observed known constants
level of A 'IT level perturbations.
em!) (em™) fer™) :
. s
. < 4
v=0 = 1 of 35 1.074(7) 65816.58 65806.48 .
. .
v=323 v=13of a'3T* 1.00?[9) N\ 69956.05 69958.36
v=5 , v=1I60ra'3L" 0996(3)  72660.85 72667.46

[

3Uncertainty in the last dlg)t is indicated in parenthesu and corresponds to one
standard deviation. =

bTaken from Tilford and Simmons (1972).
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From Figure 18, it lis seen that the levels v=1,.2, and
4 of Alm are not very c}qse to ‘the levels v=11, 12, and
15 of a'3zH and also v=3[, 4, and 7 of e3z~, respectively.
But these viblatichal levels of the a' and’e states may cause
perturbations in the v=1, 2,-and 4 levels of sbataa at:nionas
rotatiBnal 16vels. As the hollow-cathode discharge tube used
in the ?resent study was generally operated at low currents,
the rotational levels with J > 25 are not excited. Hence,
“the, perturbaticns’ are: not observed in the v=1, 2, and 4
levels of Aln state for J < 25. Though level v=8 of &3z~
fa closer to w5 of Aln‘lthé’n v=16 ‘of a'3z*, only thq latter
is causing gffturhutions{’/in the v=5 “level. The' rea;on for
this is th& though éh;’ vibrational levels are closer, the
potential‘ energy curve pf the e3z~, state might not be
c.i_'ossing the curve of Alm in the proximity of the v=5 level
'(see ne.nberg 1950, P. 286). In the case of the 'Alu, v=0
level, as the perturbing level v=1 of e3z~ is very close
(the difference between them is only 12.28 cm™1), the initial
rotational levels arg strongly interactlnq‘, which could be
tl’;'. reason for the con;plicated structure of the 0-0 bands

of the HerzBerg and Angstrdm systems of 13cl80.




CHAPTER 5
* THIRD POSITIVE (b3z* - a3my) SYSTEM OF cO:

OBSERVATION OF THE v = 2 LEVEL OF b3z* STATE

The third positive system (b3c* - a3m,) and three Kaplan
bands (represented in the literature as K - amy) ‘of 12clfo
are reinvestigated in the present work. 1In a rean#lysis, the

Kaplan bands and five newly observed bands are now assigned to

the v" progressions with v'=2 and v"=0,to 3 and 5 to 8 of the

third positive system. Also, the correspor}ding bands of
13¢180 are observed and anélyzed for the first time. The new
vlbtational assignments of the bands of 12¢160 are confirmed
from the calculated Franck-Condon factors and isotope data’
obtained from the. bands of 13cl8o. The present %ork
intérprets the Kaplan bands of CO as a part of the t:hix:d
positive system, after. their firs} Pbservation in 1930. All
these results which have appeared in a recent publicat.ion
(Prasa\:dwv_e_; al., 1987) are presented in this chapter. T)’ag
contrib;xtions made by ‘' earlier researchers to the third
positive system and “the Kaplan bands of CO are discussed in
Section 5.1. The experimental details pertinent to this
system are also briefly outlined i: the same Section. The
results obtained f£rem the vibrational analysis of this

system in the 12¢160 and 13¢180 molecules and also the

- G5 =




Frarick-Condon factors of these bands in.12c160 are presented .
;o . s

_of the previous work on this systen” the reader is
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in section 5.2. Finally, Section 5.3 is’ devoted to the -
discussion of the results présented .in Section 5.2.

5.1 Introduction

The third positive system of 12¢160 was first oSservad_-
by Deslandres in ‘1888 (as quoted by Birge, 1926) and the

wibrational - gquantum numbers, were first assigned to - these .

bands by Johngon (1926) who identified the lower state ‘of s
B ‘ b

these bands with the upper state -of »the Cameron bands,

observed. for the first time )by Cameron (1926). Later, some
controversy pgevailed over the correct identificatidn of the‘
upper and lower states of the hay&és of the third positive
system. Finally, Dieke and Mauchiy (1952 and 1933) correctly
identified the trang};ion as b?s* - a%my.’ Both the electronic
statps a 'and b ara severely perturbed’ and ‘these ‘perturbations
cause intensity fluctuations in the rotational lines and

clustering of lines toward the tails. For a detailed review . i

referred to the review asticle by Kru;;enie (1966) . orly the * g
v" progressions.with Wb ahd I were known: $oi Ehis system. -
Barrow et al. ’(1955) studied the intensities of the bands of
this system and’ reported that éhe 2-0 band could notvpe"
observed even though it has sufficient ipt;nsity to -

appear according to the caldulated Franck-Condon - factors ' .
s :

(FCFs). Kaplan .(1930) reported three new bands of 12¢l6p,




.o -es-
The rough measurements of these three bands photographed
N y §
under low dispersion were 2518, 2630, and 2750 A. Kaplan

assigned them to a new system l(—-a31'lr (see Krupenie, 1966)

4]  and suggested that the K state could be a metastable quintet
Sy
"§p, state. The third positive system and % Kaplan bands were
P

never observed in any of the isntopicall‘y substituted
carbon monoxide molecules, prior to the present work on 13c180.
The emission spectra of 12¢16p and 13¢c180 were excited
separately in the hollow-cathode discharge tube described
earlier (see Section 2.1). The-Keplan bands and the third
positive system vere excited bette:ah the anode glow of the
aischarge. The spectra were phr.'yggraphed under. medium
dispersion on the 2 m Bausch'and Lomb spectrograph in the
£irst order of a 1200 grooves/mm grating. In the spectral
region 2500-3830 &, ‘the reciprocal dispersion of the spectra
is.about 4.1 &/mm. Maintainihg the slit width at 20 m,
the spectra were photographed on ch‘ak Spectrum Analysis
No. % plates with exposure times up to 30 minutes. The
accuracy of the measur.emem;_s is ~0.05 A.
P

5.2 Analysis of the Spectra

Th;\ bands of the third positive stem degraded to
shorter wavelengths have multi-headed structure and. in the
‘present work for each band, only the sharp head formed at
the longest wavelength is measured. The three Kaplan bands

‘ and the five new bands of 12c160 and 13cl%0 observed in the

VAR
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spectral ;‘éginn 2500-3830 & are now considered as a V'

progression with v'=2 of the third positive system. The
spectrograns of the emission spectra of 122350 and 13cl8q
photographed under medium dispersion in the region 2500-
3360 R are presented in Figure 19. The vacuum wavénumbers
of‘the band heads of 12cl60 ang 13¢180, their relative
intensities, and the vibrational quantum numbers are listed
in ’I:able 5.1." The vibrational analyses for the bands of
12¢160 and 13cl80" 1listed in this table were carried out

separately and the  results are summarized in this Section.

(i) Third Positive System of 12cléo

The three:Kaplan bands of 12¢16¢o are rnow assigned’as
2-0, 2-1, and 2-2 bands of this system. The.present measure-
ments of the hgadé of these three bands at the longest
wavelengths\ are 2524.49, 2638.07, and 2760.71 &. The’2-3
band is the weakest of all the eight bands observed in this
progression and the 2-4 band is too weak to be observed.
The positions of t'!‘le heads of the 2-5 and 2-8 bands do not
fit well in the Deslandres scheme, probably due to the
perturbations in the initial rotational lines. In their

study of the cameron (a3m, - x!z*) band system of 12cléo,

Field et al. (1972) found that the wvibrational levels v=5

and B of the a’m, state were perturbed

Krthe initial

rotational 1levels, whiéh is in agreemen with 'our
% - "

observation. >

T



. 4 i
~ ‘ ~
t of the third posltive (b3£* - a3My) system of the’
12clﬁo and 13c180 molecules,” in the reqlon 2500 - 3360 &, -
photographed on Bausch .and Lomb spectrograph in the first
order of a 1200 grooves/mm grating.

Figure 19.
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TABLE 5.1 Third positive system of the "?C 10 and C'®O molecules

=T

Bsw‘) ’

R " Relative Assignment
’c 180 l@L‘“o Intensity viov
30600.0 30400.1 s ~ 20
31805.3 377168.0 w 21
371503.3 37386, I o oo
36211.9 36169.8 f\ m ‘ 22
35792.8 35759.9 . n L1
35287.3 352733 s e =
34560.9 34588.0 v & o3
3111.3 34156.7 — e
335767 33645.2 w “Lod
32459.0 32576.3 m 93
31805.2 320378 s T o2
31308.6 314410 W 25
30834.9 310229 | m 14
30242.6 30460.8 s 03,
20760.3 30006.4 w 26
20238.1 204949 m 15
28618.0 28008.9 m 04
28231.8 28530.0 w 27
27672.6 270060 n 16
27022.8 273195 w 05
26700.9 " 271087 oW 2.8
26135.6 26522.1 w 17/ -

2 Abbreviationis for relative intensities vs, s, m, w, and vw denote very strong,

strong, medium, weak, and very weak respectively.
g \

A

[
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Excluding the wavenumbers of the band: heads of the 2-5
and 2-8 bands, the band head data of all the rsmaining fwenty
bands weré used to obtain the vibrational constants-~qf the .
p3x* and a’n, states and the system origin /pununaneo sly . R
The vacuum wavenumbers of these band heads were fitted to Eq.
(3-6]. and the derived molecular constants are 1iwRed in Table
5.2. The values obtained for we and weXe Of -thé a3n, state of
12¢l60 in the present work are very close to the departutbed ¥
vlbrational constants cbtained - from the analysls‘ of the .
Cameron bhand system by Field et al. (1972) The valueiof veXe

fo;_- the b3z*s state {see, Table 5.2) obtained in t/ﬁ-is;;alz\lalysis

. may appear rather large. This can be understgod £ the fact'

{ that b3=+ is a high-lying state and its vibraticnal levels are =
close to the disséciation 1imit (see Section 5 3). 4[:\ view of .
this, ‘it is believed that ‘the potential energy| curve of pist

state pay show large anhamonicn:y.

L]

(i) ck-Cond -adtor:

3

|
In an attempt to study the intensities o% the bands
belonging to the thifd positive system of 12019 , the FCFs" _—
for all the bands of this system are calculated 7:ccording to.
the theory aidcussed in Section 3.2. A computer ;;roqram \ '
prepaLz'ed by Jarmain and McCallum (1970) wa mo‘gifi.e‘d‘ to

operate &n a, VAX 11/785 computer and, then .used to cajculate . , -

the FC}‘S. The vibrational donstants we an%'

. / & oA
" 2 /
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TABLE 5.2 Vibrational constants for the a’ll, and b'C* states of the '%C 1%0
and 3G '*0 molecules .

. 2 D
Vibrational’ 123510 Bg8o*
, Constant -
* em™) all, biEt ~ %I, BTt
SR 9
— B .
‘v, (system origin) 34999.75+1.6 35000.3;4:2.0
o . 5, . 5
w, . 173825408 233390421 16552307 222000326
© 165655 . 2224.2%
= ! -
WeXe 14.20:40.1 58.8,40.7 NM28)+0.17  52.10+0.8

29* 7 sgat

5
R
"'rhese are the vibrational constants of the electronic states of 1C '20 caleu-

lated from the corresponding values of the C %0 molecule using the isotope *

relations.




Table 5.2 and the rotational constants’ Be and ap listed by
Huber and Herzberg (1979) for the b3t state of 12160 and
the deperturbed molecular constants éeparted by Field et
al. (1972) for the adn, state of 12c160-were used to calculat‘e\
the ‘FcFé. The values of FCFs for all the bands relative to
that of the 0-0 band are listed in Table 5.3. " In general,’
the relative intensities quoted in Table 5.1 are’ qualitatively
in good agreement with'the FCFs listed in Table 5.3. veEY
small values obtained for'the FCFs of the 2-3 and 2-4 bu‘nds
provide the explanation for the weakness of the 2-3 band
and the absence of the 2-4 band. Thus the agreement between
the relative ;m:énsities of the bandg andstheir FCPs confirms

not only the correctness of the vibrational quantum numbers

assigned th the bands but also the existence of the v=2

level in the b3zt state. The FCFs calculated in the present
work are mor@ accurat‘e than the ones. reported -earlier /by
Barrow et -al. (1956) and Ortenberg (1961), who used the
molecular constaqts available at that time in their

calculations.
N * A
(iii) Third Positive System of #3c18

In view of the similarity of the spectra of }2c160 and
.

13¢18p, the assignment of the vibratiohal quantum numbers

to the bands of 13c1%0 is strai ward. As tH€ ial
H \
sample of 13¢180 contains some traces of 12c and 160, some

of thepband heads of 13c180 are slightly overlappeq by those
. v i

<
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TABLE 5.3 Franck-Condon facfors for the third positive system of '2C 180

S
o L1 2 ER 5 6 7 8

0 100° 12 L9 07 040 0.0

1 204 033 007 053 . 074 062 040 021

2 153 050 079 01l 007 040 056 049 033

) 2The FCFs listed here aré relative to- that of the 0-0 band. The actual value of

FCF obtained for zhguo band is 0.20.- .

) \ i




of 13C1lso, 120180, and 12c16b, and hence, in general, ;_he
accuracy of the measurements is slightly less for the bands:
of 13c18. The vacuum wavenumbers, of :1;; band heads are
listed in- Table 5.1. Just as for the case of 12c160, the

positions of the 2-5 and 2-8 bands*of 13c180 were not used
inobtaining the vibrational constants. The vacuum wavenumbers
of heads of all the remaining 20 bahds were fitted to Eq.
[3.6) and the derived constants are listed in Table 5.2. The
vibrational constants we and weXe fOr the b and’a states of
13¢180 are also calculated from those of 12c160 using the
;tan&gnd isotopic relations wel = pug, welkel = p2ugxe, and
p as quoted in Chapter 4 [Sectio‘x“l.:!(ii)‘] and are listed in
the same table. These calculated values are in good agreement

with‘those obtained dix‘ebt}v)h E ;
- (iv) ZIsotope Shifts

The observed isotope shifts (aAv) of the bards of the

third positive system of 13¢cl80 from the corresponding
; . '

bands of 12c160 are obtained as the differences between the

wavenumbers of the measured band heads, i.e., [v(12c160)-

.»(13c180)] (Table 5.1) and listed in Table 5.4. The calculated

isotope shifts, using the molecular constants of 12¢160 (Table
5.2),. p as quoted in Section 4.3(ii) and Eq. [3.11] are
also listed in the same table. The agreement bétween them

is good except for the perturbed 2-5 and 2-8 bands. r
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: TABLE 5 4\§mope shifts (in cm™) in the third positive system of %G 180 -
. ) ,
' Band < Isotope Shift Av (1%C 1%0 - 13C '%0)
¢ _ Observed \ Caleulated(fly
" 20 F109.9N v +2001 |
21 +127.3 +1210
1-0 . +117.2 . +1119 N
) 22 .\4421 _ N /
11 +32.9 +328
0-0 +140 © 4130 (
b 23 -27.1 2 . 203 ’
[ e ') ; 454 o . -437
01 685 . -681 e
. 13, K RUEY L T .
P 02 . -1428 1426 J
’ 2:5% -132.4 -169.2
[P .~ 1880 -18838
0-3 . : -2165 :
' 2e 035.3
/ 15 2574 -
0.4 -987.7
2.7 -208.7
1-6 . & 1 3234
» 05 -356.4
28" -350.5
17 ' -380.9 '

: “The large discrepancy between the observed and caleulated isotope shifts may
be due to perturbations in the initial rotational levels.
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5.3 Discussion =
<

The results presented in the pre\’lious section clearly
show the occurrence of the v=2 leyel of the b3zt stage in
both 12c150 nnd 13c18p, The term value Tp of b3ct of 12c16
is obtamecf-—a’s 83686.5 on~! from the sum of _the system
origin, ve = 34999.8 cm~l (see Table 5.2) and t® term
value Te = 48686.7 cm™l of a1, (Huber and Herzberg, 1979).
The vibrational levels v=0, 1, and 2 of the b3s*.state of
12¢160 are found to be situated at 84838.8, 87055.4, and

89154.8 cm"1, ively, with to the minimum of

the potential energy curve of x1s*. This indicates that’
the v=2 level of tha b state is clearly lyinq below the disso-
ciation 1imit DO » 89460 &1 (i.e., D® = 90542 cn~1), reported
by Brewer and Searcy (1956). i -
The dissociation energy of the CO molecule has a long
controversial history with a variety of value ;-anqing from
55822 to 89608 cm™! and the earlier work is reviewed by Gaydon
T (1968). The values for the dissociation energy Dp0(co) below
58.252 cm-1 (=10.94 eV) are generally considered as "low" and
those above this value as "high" inthe literature. Douglas
and Mgller (1955) reported a value of 89595 t 30 cnl .for
the dissgciatian limit from a study of the predissociut'iop‘
in the B3+ state of 12c160 and 13¢160. Recently, Eideisberg
et-a.. (1987) reported a value of Do° = 89592 cm™l (D®
‘= 9064 * 15 cm™l) for the dissociation limit /from a study

of the predissociation in state B of 12cl6o, 13¢l6p0, ana
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13¢180 from of study '6f the B-X system. Brewer and Searcy
(1956) reported a value of 89460 +.150 cm™! from the experi-

ments on effysion from a Knudsen cell. The works reported,

Douglas and Mgller (1935), ffrewer and Searcy (1956), and

Gaydon (1968) resolved this question il)/ favor of the "high"
value with some minor inconsistenci‘e& Krupenie (1966)
considers the value reported by Brewer and Searcy, (1956) as
the best value for the dissociation limit, but Huber and
Herzberg (1979) listed the value reportq\d hy Douglas and
Mgller (1955). The only spectroscopic evinance supporting

a "lower" value for the dissociation 1limit, <88262 cm™1

(see Barrow et al., 1956) was the absence of bands with .

v'=2 in the third positive system b3+ - admy). But the
present work firmly establis/hes the ‘existence of the v=2
level of b3zt and hence provides strong evidence in favor
of the "high" value for the dissociation limit, and the

arguments in favor of the "lower" value are no longe¥™

‘valid. Since the first observatioh of Kaplan bands in

1930, no further work has ever been reported.on these bands

and tHe nature of the so-called K state is unresolved. In
the present investigation with the -observation of ppew bands

of 12¢c160 and 13cl%, calculation of Frapck-Condon factors’

and identifying satisfactory isotope shifts, it is firmly estab—

lished that the Kaplan bands form a part of the third positive
system of CO. Thus, the problem which remained unsolved

for nearly 60 years is solved in the present work.
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CHAPTER 6

BALDET-JOHNSON (B2z* - A21) SYSTEM oF 13cl8ot
’1{19 results of the rotational analysis of the 1-0,
0-0, and 0-1 bands of the Baldet-Johnsen (B2:* - A2ny) systém
of 13cl8o*, observed for the first ,time in Ehe present

work, are presented in this chapter. The previous work

done on the ing band sy of 12¢160* and other
isotopically substituted CO* molecules is reviewed in
Section 6.1. A brief .description of -the experimental

details pertinent to the present work jf included in the

same section. The general appearance of the rotational *

structure of a band of a'2s* - 21; transition is discussed
in Section 6.2. Finally, the rotational analysis of the three
bands| of the B:;ldet—Johnsoq system of 13cl80* and the
noledydar constants obtained from it are pres;nteq in

Section 6.3.

6.1 Introduction

. Three bands of the B25* - A%l system of 12c160* were
first observed by Baldet (1924, 19253)’ and these bands plus
three additional bands of this gystem were also observed by
Joqnsor.\ (1925).‘ Bulthuis (1934) reported the rotation;l

analysis of two bands of ,aBalde€~J921nsnn system. 'In thesé
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w earlier studies, state A was considered to be a regular 0

" state. However, Rao (1950a) who performed a detailed

rotational analysis of the comet-tail (A2n - X2z*) system of

12¢160* ang Rac and Sarma (1953) who did rotational analysis

of the Baldet-Johnson system of the same ion concluded that

state A is an inverted doublet n (i.e., mj) state and

revised the earlier vibrational numbering by lowering QY v

values of state A by three units. It shBuld be noted that

- Rao (1950b) also did the rotational analysis of the first

negative (B2c¥ - x23+) system of 12c160%. The new vibrational

, numbering in state A was confirmed by Asundi et al. (1970)

and Dhumwad et al. (1979) from the isotppe shifts of the

bands of the comet-tail system and -the Baldet-Johnson

system of 13_(:150* and 12c180*, respectively, from the corre-
sponding bands of 12c160*. Recently, Jakubek et a¥gm (1987)
reinvestigated the rotaticnal structure of the 1-0, 0-0, and
0-1 bandg_ of the Baldel:—Juhnsbn system of 12¢l6o* ana
reported the rotaticnal constants for states A and B.

Conkié et al. (1978) analyzed some bands of this system in p

12¢180+ ang 13¢160* but Brown et al. (1983) consider that the .
results of Conkié et al. (1978) are questionable. Jakubek
et al. (1986) performed the rotational analysis of the 1-0,

0-0, and 0-1 bands of this system in the 14c160* molecule.

\
In the present work the 1-0,0-0, and 0-1 bands of the
| Baldet-Johnson -system of 13¢c180t were observed and their

rotational .structures were analyzed . for the first time.

~
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These bands were excited in the cathode glow of a hollow-
cathode discharge (see Section 2.1) ‘and photographed under

medium dispersion in the first order of a 600 grooves/mm grating

on the Bausch and Lomb spectrograph and under high resolution

in the third order of a 1200 groovés/mm grating on the
Jarrell-Ash spectrograph. The exposure times for the high
resolution spectra were I hour for the strong 1-0 and 0-0
bands and 2 hours for the 0-1 band. Kodak Sqectrum Analysis
No. 1 plates were used and the slit width was ma‘intained at
30 um on the Jarrell-Ash spectrograph. The reciprocal
dispersion of the spectra is about 0.58 &/mm at 3960 A. In
general, the measuremer;ts of the s‘pectfal lines are accurate

o .
up to ~0.003 R.

6.2 Rotational Structure of a 25+ - 2n; System

If the spin-orbit coupling constant A (see Section
3.1(i)) of a 2§ state is negative and large in magnitude,
then the state is called an inverted state and belongs to
Hund's case (a). Normally a 25 state Selongs to/ Hund's
case (b) and hence 25+ - 211 represents a mixed case transition.
The rotational structure of such a system contains twelve
different branchgs A schematic energy level #iagram
showing all the twelve branches is given in Figure 20. The

selection rules to be satisfied in this transition are
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A schematic energy level diagram showing the
first few rotational transitions of all the

twelve branches of & band of a 2r+ - 2[j

system.

Figure 20.

i
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& AT =0, e+~ f, 2 3
AT =1, e——e, £+ ¢ »

+-—~—,\+c—f~+, -~/:-

The twelve different branches of this s)‘rstem -are identified

as Prreer Pazesr Quzer’ %2fe’ Rizee! Ra2ef’ Plieer Paiee’

Q1err %ifer Ryjeer and Ryyfpe I the bands of this

system degrade to shorter wavelengths, ks in the Baldet-_

Johnson system, then the Plee, 012“, Pllee’ and 'Qllet
branches, form four different heads in the rotational structure

of a band.' In some 1n\tances, all these four heads can be ¥ o

clearly seen even undet medium resalution (for example,” See

Baldet-&ohﬁson bands of 13¢180* in fjgure. 13).

st The rotational levels of a- 23+ state in Hund's case -

-
4 ¢ (b) are qiven by . .
v D 5 - & - A e " ¢
.  Fre(NF = ByN(N+1) - DyN2(N+1)2 + SyyN, . [6.1)
& % Y - = o
v and 5 E Rl 5
< Fag(N) = ByN(N+1) - DN2(N+1)2 = kyy(N+1), . T[6.2] -
. . - . .
: . nere “Fie(N) ahd Fpg(N)' refer to-tbe -combonents, with -
i J = N+1/2 and N—l/'g, respez:tively, and 7y idji;he spin-
" splitting constant. In terms of J, Fia(N) and Fpge(N) can
A Se writt,en"as . L . ' ) O
. D e Fla(@) £ By(I-h) () - Dy(I-9)2(3+4)2 + hyy(T-%), [6.3) .
, . oand - i . . 2 -
! F26(3) = By(@+%) (34) - 9,,'(3&)2(«%)2 - hiv @), (6.4 S




In a.2n; state, a series of rotational levels exists
1/2(J=0.5, 1.5,...) and P
2n3/2(J=1.5, 2.5,...) with the levels of 21 having lower

- for each of the suh-states\

3/2
4 - 5

energy than the corresponding levels of an )2+ Hence the

- E 2n,3/2» levels are called the F; levels and the other ones

are icalled the F, levels. In both 21, . and 21 the

/2 372"
rotational levels are doubly degeﬁerate due to the A-doubling
=0 T7 kel Pan; 2 in 2

" . which'is larger in 111/2 than in 113/2. All these four

iy types of rotational levels-can be represented by the following
R expressigns: .
21[3/2 : F1e(J) = By[J(J+1)-1.75] - DV[J(J+1)-1.75]2
: 2
* : +»s[£".3§_~.+ 28vBv] (3-4) (34%) (343) g
= h
o g S ; Ay v .
’ Vs ' +% Ay +% A =
v pv[J (T+1) - 1.75], [6.5]

Fy£(J) = By[3(Tl)-1.75] - Dy[J(J+1)-1.75]2 ¥
. -5 [BvBy? ﬂ"} (3-%) (3+k) (3+3)
o< i :

At \
L ! +5 Ay + HApy [T (J+1) \_;E‘, [6.6] )
; B
2"1/2 t Fpe(d) = By[J(J+1)+0.25] - Dy[J(J+1)+0.25)2
o+ ’sp¥(€l+u.S)-k&v—%AD“,[J(J+1)+0.25], 6.7 °° -

: ' . Far(J) = By[J(I+1)+0.25)-Dy[J (J+1)+0.25]2 J

2 %Pv(J+o.5)-HA‘,‘—%AW[J'(J+1)+0.25]. (6.8] ' i

e 5 \
In t:_he above equgtions Py and gy are the A—doubli{lq parametggs |

(see Mulliken and Christy, 1931), Ay is the in-orbit

coupling con.'scanc (see Section 3.1(i)) and is the
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centrifugal distortion parameter of the spin-orbit coéupling

The sions for the twelve branches of the

.2g* - 21y system can be obtained from Egs. [6.3] to [6.8]

according to the general exp}esslon
v = (T'yg - ™) + R @) - F" (@), 6.9]

with J" = J. In this equation Tyy is the term value of the
vibrational *level of the 2z* state and Ty is the average

term value of the vibrational levels T, and T,

VIl (3/2) VII(1/2),
of the 21 state (all with respect to the minimum of the g'round
state potential energy curve). A band of this system has
“two origins, one for each of the 25+ - 2"1/2 and 2zt - 2113/2
sub-bands. In the present work, instead of the two origins
only the (Ty'-T,") yalue is determined. If necessary, the
4 . S
two origins can be calculated from (T,,'-'l’v") * (1/2)Ay.
> [ & N

The 1-0, 0-0, and 0-1 bands of'Balgiet—Johnson system

of 13c180*, photographed under medium dispersion are shown

‘in Figure 13 in which all the four possible heads (P;,..,

Q50f7, Plieer M4 Q) o) are clearly seen for all’ the

bands. The vacuum wavenumbers of the band heads,. relatives

' intendities, and vibrational quantum numbers are listed in

Tabie 6.1 for all the three bands.
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TABLE 6.1 Baldet-Johnson (B?C* ~ A%IT;) band s}stem of the '3C '80*
molecule
Band Head® - T/ TP - Relative® + Assignment
(em™) lem™) Intensity )

L an

26798.11 26825.265(6) w 1-0

26750.84 - s

25860.09‘."‘ - m

26885.61 s

. h

2513032 © 25222.567(4) m 00

25157.85. s

25260.60 s

Y
25283.18 s
. ®
23669.41 * 23758.512(5) w 0-1
i S ),
23694.06 m
23798.70 m
e ~ g
23819.36 ’ s
j . «
R <

The four heads identified for each band are formed by Psee, Quzir, Pypeer and
Qyer branches in the orddof increasing wavenumber.

bThe number in the parenth&ws mdrfates the uncertamty in the last digit and

corresponds to one standard deviation.

CAbbreviations for relative intensities, s, m, and w represent strong, medium, and

weak) respectively.
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(i) Rotational Analysis P

The rotational structure of the 0-1 band of this
system photographed under high resolution on thg Jarrell-
Ash spectrograph is shown in Figure 21. _In this figure,

all the twelve that are in the rotational

structure of a band of this system cafi be clearly seen.
The rotational gquantum numbers and the Vacul._ll; wavenumber_s‘
of the spectral lines of the 1-0), 0-0, and 0-1 bands are
listed in Tables 6.2, 6.3, and 6.4, respectively. The
vacuum wavenumbers of the spectral lines of all the branches\
we’re simultaneously fitted to the exprgssions of their
respective branches (EQ. .6.9] and the molecular constants
were estimated by the me‘thed— of least-squares. For every
spectral line, except for the ories' not included in “the
analysis, the ("obs.' "calc) value is given in parentheses.
These differences were obtained from the least-squares fits
of the individual bands. Ih gene.\l, the standard deviation
of stch a least-squares fit is found to be ~0.04 cm1,

The molecular constants obtained from the analysis of
the indi.’vidua]. bands were merged t‘ogethe’:r. The Tv'-Tv"
values obtained from the merging are listed in Table 6.1.
The rotational constants By, Dy, Ay, Apy, Py and qy Of
state A and By, Dy, and vy Of state B\)for difteren‘t vibrational
levels are listed in Table 6.5. The values, of Bg and ag Of
states A and B weg:e not calculated’ from the By values

listed /h) this table. As the lower staté of this systenm,

- . .




Figure 21. Rotational structure of the 0-1 band of the«Baldet-Johnson
. (B25+ - A2M;) system of 13c1l80+% photographed on the Jarrell-
Ash spectrograph in the third order of a 1200 grooves/mm
grating? _ B °
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Vacuum wavenumbers
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band
2+ 21-1,/2
J Picld) ( Paa(J) Quzedd)
\\
0.5 ; - - 26762.70(-0.02)
1.5 -26758.37;—0.02) 26761.55( 0.01) 26761.55(-0.02)
2.5 26754.66' 26760.71( 0.05) 26760.71( 0.01
35 26750.50° 26760.10( 0.03) 26760.10(-0.02
4.5 26747.12(-0.01) 26759.84( 0.08) 26759.84( 0.00
7 55 26743.98( 0.03) 26759.84( 0.09) 26759.84( 0.00
6.5 26741.05(-0.02) 26760.10( 0.08) 26760.10(-0.03
7.5 26738.51( 0.04) 26760.71% - 26760.71( 0.00
8.5 26736.14(-0.03) 2676155 26761.55(-0.03)
9.5 26734.12(-0.03) 26762.64( 0.06) 26763.70(-0.04,
10:5 26732.39(-0.04) '26764.07( 0.08) 26764.14(-0.05)
115 26731.01( 0.02) ‘ 25765.72&»0,0)] o 26785.90(-0.03]
12.5 26729489( 0.04). 26767.67 26767.06( 0.01
135 26728.97(-0.02) 26769.76% 26770.25(-0.02
145 26728.36(-0.07) 26772.54% 26772.90( 0.03
155 26728.11(-0.04) 26775.47(-0.03) 26775.78( 0.02
16.5 2&72&11&-0.05) 26778.60(-0.08) 26778.97( 0.03)
175 26728.36 926782.04(-0.07) 26782.43( 0.02
185 26728.97% 26785.81(-0.04) 26786.18( 0.02
19.5 26729.89(-0.05) 26789.88( 0.01) 26790.21( 0.01
205 . 26794.18( 0.00) 26794.54( 0.01
215 26798.82( 0.04) 26%99.15( 0.01
225 26803.73( 0.07) 26804.05( 0.01
‘235 26809.24( 0.01

245 * 26814.70( 0.00
255 ,26820.45(-0.01)
265 26826.52( 0.02
275 . 26832.85( 0.03
285 26839.49( 0.06)
205 B 26846.41"
305 26853.65'

’

@ em™) of the rotational lines of the 1-0




“TABLE 8.2 (continued)
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-y,

Qaore(3)

Rizee(J)

Rayon(J)

26765.90( 0.00)
26767.96( 0.04)
26770.25( 0.01)
26772.90( 0.06)
26775.78( 0.05)
26778.97( 0.06)
26782.43( 0.05)
26786.18( 0.04
26790.21( 0.03
26794.54( 0.03
26799.15( 001
26804.05( 001
26809.24( 0.00
26814,70(-0.02
26820.45(-0.04

26839.49(-0.03)
26846.41(-0.03
26853.65( 0.01
26861.16( 0.04
26868.90( 0.01

26876.99( 0.05,

26765.90(-0,03)
26767.96(-0.01)
26770.25(-0.05)
26772.90(-0.02)
26775.78(-0.04)
26778.97(-0.05)
26782.43(:0.08)
6786.18

26700212 A\’

26704.78%

26799.41( 0.08)
26804.50°

26809.43(-0.04)
26814.92(-0.05)
26820.73(-0.03)
26826.80(-0.03)
26833.16(-0.03)
26839.86( 0.02)
26846.75(-0.02)
26854.03( 0.04)
26861.57( 0.08)
26860.25(-0.02)

- -
26782°97( 0.02)
26788.78( 0.05)
26704.78(-0.02)
26801.20( 0.05)

26889.94f
26809.73|
26909.88( 0.02)
26920.24( 0.03)




TABLE 6.2 (continued)
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Q

- By,

\

J Pueld) PainfJ) Quied )
N AN

15 26883.47(-0.05) 26886.67(-0.02) o 26886.67(-0.04)

2.5 26879.57(-0.05) 26885.95(-0.01) 26885.95(-0.06)
35 26876.04(-0.04) 26885.61( 0.02} 26885.61(-0.04)
45 .26872.8%(-0.08) 26885.61( 0.03) 26885.61(-0.04)
5.5 26870.05(:0.01) 26885.95( 0.04) 26885.05(-0.05)
65 26867.40 - 26886.67] 0.08) 26886.67(-0.04)
75 26865.46( 0.01) . 26887.75 26887.75(-0.01)
85 26863.61(-0.06) 26889.16% 26889.16(-0.01)
95 26862.24(0.00)  26890.79( 0.03) 26890.94( 0.02)
105 26861.16(-0.01) 26892.94( 0.09) 26893.06( 0.09)
115 26860.45( 0.01) 26895.32( 0.02) 26895.52( 0.03)
12.5 26860.09(,0,92) 26898.12( 0.03) 26898.32( 0.02)
135 26860.09( 0:03) 26901.29( 0.05) 26901.52( 0.05)
145 26860.45( 0.06) 26904.77( 0.04) 26905.02( 0.04)
155 26861.16( 0.08) 2608.63( 0.05) 26908.88( 0.04)
165 26862.24> 26912.71(-0.07) 26013.09( 0.03)
175 26863.61% 260117.30(-0.03) 26917.63( 0.01)
185 © 26865.20( 0.04) 26922.14(-0.08) 26022.55( 0.01).
195 26867.33(-0.01) 26027.42(-0.05) 26927.71(-0.09)
205 26869.75(-0.03) i

215 26872.48(+0.10)

o




TABLE 6.2 (continued)
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0 3 =
ZE+ o 7“3/2
J Quireld) Riteld) Rai(9)
L5 26803.06( 0.01) 26893.06(-0.04) '
2.5 26895.52( 0.00) 26895.52(-0.06) 26008.28( 0.02)
35 26898.32(-0.01) 26898.32(-0.00). 26914.40
45 26901.52( 0.02) 26901.52(-0.07) 26920.50*
55 26905.02( 0.00) 26905.02(-0.11) 26927.42*
6.5 26908.88(-0.01) 26908.88 26934.33(-0.04)
75 26913.00(-0.02) 26013.00% 26941.75(-0.02)
85 26917.63(-0.05) 26017.00(. 0.06) 26049.60( 0.07)
95 26922.55(-0.05) 26022.80( 0.02) 26057.69( 0.06)
105 26927.89( 0.02) 26928.11( 0.04) 26966.15( 0.06)
115 26933.52( 0.02) 26933.73( 0.02) 26974.91( 0.02)
125 26939.49( 0.02) 26039.74( 0.04) 26984.10( 0.06)
135 26045.85( 0.06) -  26946.16 26993.51(-0.03)
145 26952.48( 0.02) 26952.81( 0.08) 27003.44( 0.06)
155 26950.52( 0.04) 26959.83( 0.07) 27013.55(-0.03)
(18.5 26966.85( 0.00) 26067.21{ 0.06) © 27024.05(-0.07)
17.5 26974.55(-0.01) 26074.91( 0.03)
185 26982.60(-0.03) - 26082.97( 0.01)
195 26991.01(-0.03) 26991.37(-0.02)
20.5 26999.70(-0.10) . 27000.12(-0.04)

*Not used inthe analysis.
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TABLE 8.3 Vacuum wavenumbers (in em™) of the rotational lines of the 0-0
band N @
4 2nm

J Pizecld) Paardd) o Quzdd)

0.5 - 25160.08( 0.03) -

L5 25155.68(-0.04 25158.95( 0.03) 25158.95( 0.01)

2.5 25161.72( 0.00 26158.18( 0.05) 25158.18( 0.00)
35 25148.04(-0.03 25157.73( 0.04) 25157.73(-0.02)

4.5 25144.77( 0.02 25157.65( 0.06) 25157.65(-0.02)

5.5 25141.76(-0.02, 25157.92( 0.10) 25157.92( 0.00)

8.5 25130.14(-0.01 25158.50( 0.10) 25158.50(-0.02)
15 25138.85(-0.01 - 25159.37( 0.05) 25159.44(-0.02)

85 25134.90(-0.01 25160.65( 0.07) 25160.73(-0.01)

95. = 25133.2! 25162.25( 0.06) 25162.35(-0.01)
105 25132.0: 25164.12(-0.01) - 25164.32( 0.00)
115 25131.09 (-0.03) 25166.60(-0.02)
12.5 25130.48| .01(-0.03) 25169.26(-0.01)
13.5 25130.32f 25171.97(-0.04) 25172.24(-0.01)
145 25130.36(-0. 25175.27(-0.05) 25175.57(-0.01)
15.5 25130.89( 0.04; 25178.93(-0.05) 25179.28( 0.02)
16.5 25131.66( 0.01 25182.96(-0.02) 25183.26(-0.01)
17.5 25132.82( 0.04; 25187.29(-0.03) 25187.63(-0.01)
18.5 25134.29( 0.02 25191.99(-0.02) 25192.33(-0.01)
1905 25136.16( 0.07) 25197.01(-0.03) 25107.40( 0.01)
205 25138.33( 0.06) 25202.40(-0.02)° 25202.84( 0.06)
215 25208.13(-0.01) 25208.53( 0.01)
225 25214.25( 0.04) 25214.61( 0.00)
235 25220.59(-0.03) 25221.07( 0.03)
245 25227.38( 0.00) 25227.85( 0.03)
25.5 25234.51( 0.02) 25234.98( 0.03)
26.5 95241.04(-0.01) 25242.43( 0.00)
271.5 25249.72(-0.04) 25250.21(-0.04)
285 25257.89(-0.02) 25258.48( 0.05)

\ -
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TABLE 6.3 (continued)
22+ o Zn‘/2
J Qaar(J) Ryzeld) Roald)
0.5 25163.34( 0.06) 25163.34( 0.03) 25160.92
15 25165.44( 0.03) 25165.44(-0.01) 25175.97%
2.5 25167.90( 0.03) 25167.90(-0.04) 25180.80( 0.01)
35 25170.71( 0.03) 25170.71(-0.05) 25186.83( 0.01)
45 25173.86( 0.03) 25173.86(-0.07) . 25193.20( 0.00)
5.5 25177.36( 0.05) 25177.36(-0.07) 25109.87(-0.05)
65 25181.17( 0.03) _ 25181.17(-0.11) 25207.00( 0.03)
75 25185.32( 0.01) ° 25185.48( 0.02) 25214.38( 0.01)
8.5. 25189.84( 0.02) 25190.00( 0.01) 25222.11( 0.01)
9.5 25194.67( 0.00) 25194.88( 0.02) 25230.18( 0.00)
10.5 25199.87(0.01) 25200.06(-0.01) 25238.84(-0.06)
115 25205.38(-0.01) 25205.62( 6.00) 25247.34(-0.01)
12,5 25211.27( 0.00) , 2521'1.48[-0.03) 25256.42(-0.03)
135 25217.45(-0.03) 25917.73(:0.01)
14.5 25224.01(-0.03) 25224.28(-0.04)
15.5 25230.92(-0.03) 25231.17(-0.07)
16.5 25238.12(-0.06) 25238.54( 0.04)
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- TABLE 8.3 (continued) '
‘.
2w+ 2“:/2
; ”7
J Pliecld) Padd) Quedd)

L5 25280.71(-0.08) 25283.98(-0.03) 25283.98(-0.06)

2.5 25276.89(-0.06) 25283.36(-0.03) 25283.42,

35 25273.47(-0. 04) \ 25283.18( 0.01) 25283.22

N T 25270.44(-0.04) " 25283.36( 0.00) 25283.42

r 5.5 25267.84(-0.01) 25283.98( 0.03) 25284.04

6.5 25265.65( 0.03) 25284.99( 0.05) 25285.09)

75 25263.83( 0.03) - - -25286.48|

- 85 25262.38( 0.00) - 25288.3]

9.5 25261.41( 0.04) 25200.40( 0.06) . 25280.47

: 105 25260.77( 0.01) 25293, 03(30 .08) 25203.13

115 25260.60( 0.04) 25295.70 25206. 14|

125 25260.77( 0.01) 25299512 25209.62

135 25261.41( 0.04) 25303.31% 25303.47]
145 25262.38(-0.01) 25307.55" 25307.70( 0.02)
N 155 25263.83( 0.01) 25312.11(-0.06) 25312.33( 0.00)
16.5 25265.65( 0.00) 25317.17( 0.08) 25317.41( 0.02)
175 25267.84(-0.85) 25322.51(-0.03)  25322.85( 0.00)
185 25270.44(-0.10) 25328.30(-0.08) 25328.66(-0.06)
19.5 25334.53% 25334.90(/0.00)

20.5 25341.32( 0.02) R

p
.
-y



TABLE 6.3 (¢oninued)

P TE*‘mJﬂ '
™~ > @ .
3 sz\{ll Rieed) */ Rayald)
= —3

15 25200.47(-0.01) 25200.53( 0.00) .

25 ., 25203.03(-0.07) 25203.13(-0.03) 25306.06( 0.01)
35 {25206.14( 0.02) 25206.22( 0.02) 25312.33( 0.02)
45 25299.501(-0.04 25209.62(-0.03) 25319.02( s.osy
55 45303.31(-0.07 . 25303.47(-0.0 25326.04( 0.00)
6.5 25307,55(-0.06) . 25307.70(-0.05) , 25333.40(-0.02)
75 25312.26( 01) 25312.42( 0.02) 25341.32(-0.06)
85 £5317.34( 0.05) 2531%.41(-0.05) 253%9.68( 0.02)
9.5 25322.81( 0.08) 25322.93( 0.01) 25358.35( 0.02)
105 25328.61( 0.03) 25328.83( 0.04) 25367.45( 0.04)
115 25334.85( 0.01) @ 25385.10( 0.04) * 25376.95( 0.05)
125 25341.50( 0.01) 25341.78( 0.04) 25386.83( 0.04)
135 25348.59( 0.03) 26348.84(0.02) - 25307.11( 0.03)
145 25356.02(-0.01). 25356.31( 0.00) 25407.77( 0.00)
155 25363.87(-0.03) 25364.17(-0.03) o

\

.

- ®Not used in the analysis.
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TABLE 6.4 Vacuum wafenumbers (in 2m™) of the rotational lines of the 0-1
band . § 3
1
o W
Y
J Piae9) P‘}’zn{”/ Quzed)
0.5 - - 23606.14%
1.5 23691.70* 23695.03¢ 0.05) 23695.03( 0.02)
2.5 23687.86( 0.00) 23694.36 23694.36( 0.03)
3.5 23684.35( 0.02) * 23694.06% 23694.06( 0.03)
4.5 23681.15(-0.02) 23604.06( 0.04) 23604.06(-0.05)
5.5 23678.38(-0.01) 23694. 45&0 .00) 23694.54(-0.02)
6.5 23676.04( 0.05) 23695.35° 23695.35(-0.03)
7.5 23673.96( 0.00) 23606.48( QSOS 23606.52(-0.07)"
8.5 23672.28(-0.03) +23697.97(-0.03 23608.14(-0.02)
9.5° 23671.00(-0.03) 23690.95( 0.01) 4 23700.07(-0.04)
10.5 23670.16( 0.03) 23702.19(-0.05 23702.39(-0.05)
11.5 23669.62( 0.02) 23704.86(-0.07 ' 23705.11(-0.03)
12.5 23669.41(-0.04) 23707.93(-0.05; 23708.18(-0.04)
13.5 23669.67(-0.01) 23711.62(-0.05)
14.5 23670.27(-0.01] 23715.45(-0.
15.5 23671.25( 0.00) 23719. 35( 0. 05
16.5 2372.64( 0.04) 23723.01(-0.04 0)
17.5 23874.40( 0.07) 93728.86(-0.01 23720.19(:0.01)
18.5 23676. 54 23734.20( 0.03 23734.55(.0.04)
10.5 .23679.12% ) 23739.86( 0.02 23740.25( 0.05)
20.5 23681.51° 23745.94( 0.08 23746.33( 0.07)
21.5 23685.02( 0.08) 23752.38( 0.09 23752.87
22.5 23688.51(-0.04)
23.5 23602.47(-0.05)
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TABLE 6.4 (continued)
25+ 21'[, "
R Qaore(J) Rz (9) 4‘113“)
0.5 #3609.36( 0.08) 23699.36( 0.05; 23705.82;0.07)
1.5 23701.53( 0.07) 23701.53( 0.02; 23711.34%
2.5 23704.08( 0.07) 23704:08( 0.00) 23716.96( 0.02)
3.5 23707.01( 0.07) 23707.01(-0.02) 23723.13( 0.03)
w5 23710.31( 0.06) 23710.31(-0.04) * 23720.68( 0.04)
5.5 23713,97( 0.05) 23713.97 23736.57( 0.02)
6.5 23718.02( 0.04) 23718.02 23743.82(-0.01)
7.5 93722.42( 0.02) 23722.42% © 23751:47(-0.01)
85 23727.22( 0.02) 23727.38( 0.00) 23759.48(°0.03)
9.5 23732.38( 0.00) 23732.59( 0.01 23767.89(-0.03)
105 23737.00(-0.03) . 23738.09(-0.05 23776.64(-0.05)
115 !, 23743.82(-0.03) 23744,10( 0.02) 23785.78-
125 23750.11(-0.04) 23750.37(-0.03) '93795.30(-
135 . 23756.79(-0.02) 23757.08( 0.00) 3805.18(-
145 23763.84(-0.01) ! 23764.11(-0.03) 5
155 23771.26(-0.01) 23771.57( 0.00 23826,00(
16.5 23779.07( 0.02) 23779.38( 0.00) 23837.07(-
17.5 23787.24( 0.03) 23787.60( 0.05 23848.46(-0.05)
18.5 23795.79( 0.06) 23796.16( 0.07) 23860.26( 0.02)
19.5 23804.69&0.07) 23872.35( 0.00)
20.5 23814.00 23884.90( 0.08)
215 23823.46(-0.06) 23897.73( 0.07)
22.5 23833.50(-0.02)
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TABLE 8.4 (continued)
22«} = 21-[: /Z -

i Piredd) Pyl Quedd)

15 23816.71(-002) 23820.00( 0.05) 2382000( 0.0) '
25 23812.94(-003) 23819.36(-0.06) 23819.3" ¢

35 23800.60(-005) 23819.36( 0.04) 23810.36(-0.02)
45 23806.72(-005) 23819.60( 0.04) 23819.60(-0.05)
55 23804.20(-004) 23820.50( 0.07) 23820.50(-0.03)
65 23802.31(-001) 23821.70( 0.06) 23821.70(-0.08)

5 23800.73(-003)- 23823.34( 0.05) 23823.40(-0.02),

85 23790.61(-0.02) . 2825.43(0.06) " 23825.53( 0.00)

5 23708.91(-0.03) 43827.90( 0.01) 23828.00( 0.03)
105 23708.70( 0.02) 23830.89( 0.05) 23831.08( 0.04)
115 23708.91(0.04) 23834.24( 0.01) 23834.48( 0.03)
125 23799.49( 0.00) 23838.07( 0.01) 23838.34( 0.05)
135 23800.53(-0.03) 23842.30' 23842.61( 0.04)
145 23802.03(-0.03) 23847.07( 0.06) 23847.3)( 0.04)
155 23803.94(-008) ' 23852..20( 0.06) 23852.48( 0.05)
165 23806.33(-0.04) 23857.60(-0.01) 23858.06 0.06)
17.5 23800.11&0.08) 23863,61(-0.02) 23864.08 B
185 23812.33 23870.08(-0.04) 23870.51( 0.05)
105 . 23816.15( 0.02) 23876.91(-0.07) 23877.31( 0.03)
20.5, 23884.27( 0.00) 23884.65( 0.00)
215 23801.98(-0.01) 23802.37(-0.02)
225 23000.12(-0.02) _ 23000.53(-0.03)
235 23008.67(-0.05) 23909.07
245 23017.67(-6.06) 23918.03>

~




- 135~
TABLE 6.4 (continued)
b My,
,
4
I QurlJ) Riee(9) Roya(J)
15 23826.42(0.00) 7 23826.42(-0.05) 23836.09(-0.04)
25 23829.14( 0.01) 23820.14(-005) 23842.02(-0.06)
35 23832.25(-0:02) 23837.25 23848.46( 001)
4.5 23835.84(-0.01) 23835.84> 23855.22(-0.05)
5.5 . 23839.88( 0.02) 23830.95(-0.03) 23862.51(-0.01)
65 23844.20(-0.02), . 23844.44(-0.01) 23870.20( 0.00)
75 23849.18(-0.02) 23849.34(-0.02) 23878.34( 0.02)
8.5 23854.52(-0.01) 2385472( 0.02) 23886.92( 0.04)
9.5 23860.46(-0.03) 23860.53( 0.05) 23605.92( 005)
10.5 23866.49( 0.00) 23866.73( 0.03) 23905.39'
115 23873.15( 0.03) 23873.38( 0.03) 23015.19( 005)
125 23880.20( 0.01) 23880.47( 0.03) 23025.53
13.5 23887.60(-0.01) 23887.98( 0.01) 23036.18( 0.03)
145 23895.64( 0.00) 23805.92(-0.01) 23047.22(-0.08)
15.5 23904.01( 0.00) 23004.33( 0.01) 23058.91( 0.03)
16.5 23912.74 23913.09(-0.06)
17.5 23921.98* 23922.35(-0.06)

"Not used in the analysis.
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»
TABLE 6.5 Rotational Constants® (in-cm™*) of the A *II; and p 25+ states of
P lSC |80+ .
,
A i+
Rotational
Constant v=1 v=0 v
B, * 1.4342(1) 1.4160(1) 1.6201(1) 1.5045(1)
D,x10-8 5.0(2) 4 33(2) 44(2) 51(2)
% , - __00183(3)  0.0173(5)
A, | -I2150(6) . -122.040(8)
\ Apy -0.03134(3) -0.03088(3) g
p,x10%2 -0.96(4) 0.72(5)
q,x10* -14(8) -13.2(8)

2The number in the parenthibses indicates the
ronesponds to one standard deviation.

-
uncertainty in the last digit and
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# i.e.,v the A2Nj state is same as the upper state ‘of the.
comet-tail (A21; - X2c*) band system (see Chapter 7), the

molecular constants obtained from the analyses of these two

7 systems were merged together to obtain a unique set of
constants for the X, A; and B statés. In faet, the By values
obtained from this merging were used ‘to obtain the equilibrium

Q mol‘ecular con-stants and all these results will be discussed ,‘

- in Chapter 7. 3

(ii) Isoto S ts . B

s In order to obtain the isotope shifts (av) of the Baldet-
\ Johnson bands of 13c180* relative to the cc;rrespnnding bands
of 12¢160*, the (Ty' - Ty") values of 12cl60* were calculated
from Eq. [3.6] using the‘vibraticnal constants of the B and A
states 1listed by Huber and Herzberg (1979).  The isotope
. shifts, which correspond to the differe’nges between the
calculated (Ty' - Ty") values of 12c160* and those of the .
corregponding bands of 13¢180% obtained in the present work ¥

(Table 6.1), are listed in Table 6.6. The isotope shifts were i

also obtained using the (Ty' - Ty") values of 12¢160* quoted
by Jakubek et al. (1987) and’ are also listed in the same ,
table.‘ The isotope shifts were also calculated from Eq.
[3.11] using the vibrational constants of the B and A states
“of 12cl60* and the value of ,[=p* (12c160%)/u% (13c18o*) =

0.9530] and are<listed in thq same table. The observed
3

isotope shifts which were obtained from the calculated
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. /
*  TABLE 6.6 Isotope shifts (in cm!) in the Baldet-Johnson system of 'C '8O*

/ Tsotope shift A ( 2C 180* - 13C 180*)
% |
/

Band Present work® Jakubek et al. (1087 Caleulated
1-0 80.03 81.72 '80.27
0-0 334 5.05 3.72
01 -67.65 Sl 6596 . -67.24

Aszained from the calculated (T,’ = T,") values of '*C '®0* using the\constants
listed by Huber and Herzberg (1979).¢ B '

bobtained from the ( T,'-T,") values of '2C '®O% reported by Jakubelf et ‘al.
(1087). P
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. -9
(Ty'- Ty") values of 12cl60* are in better agreement with the

calculated ones than those obtained from the values of Jakubek

N et al. (1987). . ‘n

o
'
t ;
Rl $ . " ¥
) , ’
\j\/\ 7 .
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CHAPTER 7

COMET-TAIL (A%mj - X23*) sysTm oF 13cl8o*
- 4 1

In this chapter, observation of nine bands of the comet-
tail (A21; - X2z+) system of 13cl8o+ and the cesults of the
rotational analysi's of seven of them are presented. The
‘previous woxk done on this system in 12c160% and other
isott‘);:icun.y substituted molecules is reviewsd 1.11 Section
7.1. The experimental details relevant to this band system
are also briefly presented in the same section. The rotational
‘structure of a 21j - 2% system is discussed in Section 7.2.
The ’results obtained from the rotational and vibrational
a’nalyses of this system are givem~in Section 7.3.

P

7.1 In Ju

The comet-tail _banld system (A215 - X2z+) of 12c160+ ion

has been the subject of numerous spectroscopic studies, since
/its first observation by .Pluvinel and Baldet (1909, 1911) in
‘the tail of the comet Morehouse-1308c and shortly after that
by Fowler (1909, 191:] in the laborat;ry. Several other
researchers also observed the bands of this system under low
resolution (see Krupenie, 1966). Baldet (1_925b,c) observed
most of these banqa and Birge (1925) identified the transition.

Coster et al. (1932), Schmid and Gerd (1933), and Bulthuis

- 138 - * B
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(1935) perfome‘d the rotational nnaly'sis' of several bands.‘
In all these studies the upper state was considered as a
regular state. Rao (1950a) identified this state as an
inverted state and revised the vibrational numbering of this
sta’tn w;-nich was later confirmed by Asundi et al. (1970) and
Dhumwad et al. (1979), as stated in Section 6.1. The work
done on’ this system prior to 1966 was reviewed by Kupeni‘e
(1966) . _Gaqnaira and Goure (1976) reinvestigated' the syste‘m
and analyzed the rotational structure of th& 2-0 .band of
12¢l60*.  rater Katayama and Welsh (1981) analyzed the 0-0
band of this system and found the perturbations in the v=0
level of state A. They cbserved some extra lines in the
structure of the 21, - 25* sub-band.. In an erratum
published later, Katayama and Welsh (1982) corrected some
molecular constants reported earlier by them. Coxon and
Foster (1982) performed- the deperturbation analysis of the
levels Azni, v=0, 5, and 10 using-allvthe available spectro-
scopic data  of .A2Nj ¢ X25* pertinent to these levels.
Later Brown et LL (1984) ;'eanalyzed the 0-0 band of _this
system. The work done on this band system in the isotopically
substituted co* molecules is very fragmentary. Vujgiié et
al. (1980) and Brown et al. (1983) investigated the 2-0 and
0-0 bands, respectively, of this system in the 13¢l6p+
moledu].e._ Brown et al. (1983) refitted the data reported by
vujisié et al. (1980) and concluded that the work of the

latter was erroneous. . N
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l:ecently in our ]l.‘aboratory, nine bands of the comet-tail
band system 13¢c180%, excited in the cathode glow of the hollow-
cathode discharge, were observed for the first time. They
were photographed under medium dispersion in the first
order of a 600 grooves/mm grating on the Bausch and Lomb

spectrograph. Two of these bands (0-1 and 0-2) were photo-

graphed under high resolution in the second order of a 1200

grooves/mm grating on the Bausch and Lomb spectrograph. Of
the remaining seven bands (5-0, 4-0, 3-0, 2-0, 2-0, 2-1, and

1-1) which were| photographed under high resolution on the

Jarrell-Ash spectrograph, ‘the 1-1 band was recorded in the

second order and the‘rest were in the third order of a 1200
grooves/mm grating. The exposure times for the high resolution
sp! 2 on the Bausch and Lomb spectrograph were about an hour,
whereas on the Jarrell-Ash spectrograph, the times varied from
45 minutes (for the 3-0 band) to 8.5 hours (for the 1-1
band) . Kodak Spectrum Analysis No. 1, 103_a-o and 103-F
plates were used to photograph the spectra. The slit widths
were maintained at 20 um and 30 um on the Bausch and Lomb and

the Jarrell-Ash spectrographs, respectively. The reciprocal

dispersions of the spectra are -0.56 A/mm at 3950 & in the

third order. on the. Jarrell-Ash spectrograph and about
1.42 &/mn at 6200 & in the second order on the Bausch and Lomb
spectrograph. The measurements of the spectral lipes are

accurate up to ~0.002 & for the spectra photographed in the
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third order and--0.004 & for those recorded in the second

order.

7.2 Rotational Structure of a 21j - 2z System ,

The rotational structure of a 2m; - 2z* system contains

. twelve and is similar to that of the

23t - 25 system discussed in Section 6.2 A schematic energy
level diagram showing the tweive branches of a 2!1-1 - 25+
system is shown in Figure 22. The selection rules’ be

satisfied in this transition are

AT =0, e—f,

AT = 21, es—re, Pe—sf,
7 te——m, tefet, and -odfe-.

The tﬁg}ve different branches of this system are identified

3% Rylee’ Rzsz' Qite’ 2et’ Paree’ l?!?.!t' Rilee’ Rlztt’

Qiter %zer’ Pireer 2™ Prpgee  If the bangs of this

system degrade to longer wavelengths, as in the case of ~

comet-tail system, then the Rzlee’ Qzlte' Rllee' and Qllfe
branches form four different heads in the rotational structure

of a band.  In some instances, all these four heads can be

* clearly seen even in the spectra photographed. under medium .

2

resolution (see, for example, the 2-0 band of comet-tail
-

system of 13c180* shown in Figure 13).. The rotational

levels of the 23* and 2mj states involved in this transition

can be expressed by Egs. [6.1 to 6.4{ and Egs. [6.5 to 6.8],




Figure 22. A schematic energy level diagram showing the
first few rotational transitions of all the
twelve branches of a band of a 2§ - 25+ *
system. N 'Y
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respectively. The expressions for the twelve branches of a
2n; - 2zt system mentioned dbot can be obtained from' Egs.

[6.3 to 6.8] according to a general expression,
vo= (T'yp - Ty + Fp' @) - F"G"), [7.1]

with J" = J. In this equation, Ty and Tyy are the same as

- those explained in Section 6.2 in connection with the Eq.

[6.9), and Fy'(3') and Fg"(3") refer to the ra:?tional

o levels of the 21; and 2=+ states, respectively. The rotational

origins, one for each of the 2.

quantum number J' takes values J-1, J, and J+1 for various
P, Q, and R branches in accordance with, the selection:mlg/s
given above. All the bands of this system have'two band
172 - 2zt and 21‘13/2 - 23% sub-
bands. Fo.r the bands of the comet-tail system, the
(Tyn = Tyy) value is estimated from the analysis. The band
origins of ' the two sub-systems can be calculated from

(ten - Typ)  (1/2)Ay. 2

The Jcomet- tail system of 3fcl80* photographed under

7.3 Analysis of the Spectra

medium dispersion is s own u?xgure 13.  All the four
possible heads are identified for the 2-0 band only Three
heads are identified for five bandsl and two heads ére
identified for each of the weak 1-0 and 2-1 bands.' For the
3-0 band only two heads are identified in the medium resolution

spectrum while all the four heads jre clearly identified in
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the high resolution spectrum. The vacuum wavenumbers of the
four heads of each band’ relative intensity of the band, and
the vibrational quantum numbers are listed in Table 7.1. The

vacuum wavenumbers listed for the R heads of’

11ee 209 Qge
both 0-1 and 0-2 bands are slightly uncertain because of the

diffuse nature of the 2n3/2 - 23+ sub-bands.

(i) Rotational Analysis

The rotationa{ structure of the 4-0 band of the comet-
tail system of the 13cl80* molecule photographed under high
resolution on the Jarrell-Ash spectrograph is shown in Figure

23. 1In this figure, all the twelve es that are

in its rotational structure, are clearly identified. As the

. spin-splitting of the rotatjonal levels of the X235+, v=0

level is not resolved, the pairs of the: branches Ry, ..

and Prreer Qzer 379 Prjee 8nd Q). and

are overlapping. This type of overlapping was

and Qyifer %ger

Riaee

,observed in all the bands of this system. For the 0-1 and

0-2 bands, the rotati;:mal structures of only the 2111/2 = 25+
sub-bands were analyzed and those of the zﬁla/z - 23+
sub—b;nds could' not be analyzed because of their dit%used
nature. ' The rotational quantum numbers and the vacuum
wavenumbers of Qe spectral lines of all the seven bands
analyzed in the present Wwork are listed in Tables 7.2 to 7.8.
The vacuum wavenumbers of the spectral lines of all the

branches of a band were simultaneously fitted to the
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TABLE 7.1 Comet-tail (A’II; - X?C+) band system of the '*C 0* molecule
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Band Head®
(em™)

oot

{em ™)

Relative® Assignment
Intensity V-t

27572.38
27560.99
27447.17
27436.64

™
26206.66
26194.60
26081.26
26070.09

24816.72
24803.88
24690.91
24670.32

23402.79
23380.10
23276.60
23264.31

19882.21
19867.14
19755.62
19742.12

27498.287(5)

26131.812(4)

24740.998(3)

23326.086(4)

10803.859(5)
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TABLE 7.1 (continued)
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Band Head®
(em™)

;
b
/- T,
(em™)

Relative” Assignment
Intensity P

18419.19
18403.19
18202.2°
18277.6°

16364.95
16348.29
16253.4°
16236.8°

18339.717(9)%

v
m& 709(9)

d

“The four heads idextified for each band are formed by Ryye, Quirer R“w. and
Qi1r. branches in the order of decreasing wavenumber. :

I>The number in the parentheses indicates the uncertainty in the last digit and

corresponds to one standard deviation.

CAbbreviations for the relative intensities s, m, w, and vw represent strong,

medium, weak, and very weak respectively.

dExlmpolsted from the origin of the ?IT; ), - *C* band and the Ag value.

The vacuum wavenumber of this head is slightly uncertain because of its diffuse

nature.
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TABLE 7.2 Vacuum wavenumbers (in em™!) of the rotational lines of the 5-0
band
My - 28+ s o~
’
I o
vd Rapeeld) Rooe(J) Quirel9)
0.5 27564.61( 0.08) 27560.99( 0.00) _ - -
15 27567.79( 0.00) 27560.69( 0.02) 27560.99( 0.00)
2.5 27570.18(-0.02) 27559.51( 0.01) -+ 27580.69( 0.02)
33 27571.74(.0.02) 27557.51( 0.01) 27550.51( 0.01)
45 27572,38 27554.67( 0.02) 27557.51( 0.01) )
5.5 27579.38( 0.04) . {27550.98( 0.03) 27554.67( 0.02)
6.5 27571.37( 0.01) 7546.41(-0.01) 27550.98( 0.03)
7.5 27569.53( 0.00) 27541.05( 0.02) 27546.41(-0.01)
85 - 27566.80(-0.08) 27534.8%( 0.02) 27541.05( 0,02)
9.5 27563.36( 0.03) 27527.75( 0.02) 27534.82( 0.02)
- 105 27558.98( 0.03) 27 01) 27557.75( 0.02)
115 : 4(0.00) 27519.80(-0.01)
12.5 27501.41(-0.01) . 27511.04( 0.00p ° !
135 27490.96( 0.01) 27501.41(-0.01)
14.5 ,- 27479.64( 0.00) 27490.96( 0.01)
15.5 27467.50( 0.03) 27479.84( 0.00)
16.5 27454.45(-0.01) 27467.50( 0.03)
17.5 27440.62( 0.03) 27454.45(0.01)
18.5 27425.89( 0.02) 27440.62( 0.03)
10.5 ’ 27410.36( 0.07) 27425.80( 0.02)* -
20.5 27393.81(-0.05) 27410.36( 0.07)
. 215 2 27376.60( 0.02) 27393.81(-0.05)
. 225 27358.35(-0.08) 27376.60( 0.02)
235 27358.35(-0.08)
'
1
¢ /
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TABLE 7.2 (continued) (
M, - 25¢
~
J Qazerd) Paeld) Pze?(’n\
?

0.5 27556.88(-0.01) . .

15 27553.81(-0.02) 27556.88(-0.01) .

2.5 27549.95( 0,01) 27553.81(-0.02) 27543.06(-0.07)

35 27545.19(-0.01) 27549.95( 0.01) 27535.59(-0.08)

4.5 27539.62( 0.00) 2754519(-0.01) 27527.41( 0.04)

5.5 27533.15(-0.04) 27539.62( 0.00) 27518,22( 0.00)

6.5 27525.92( 0.00) 27533.15(-0.04) 27508.23( 0.00)

75 27517.79(-0.02) 27525.92( 0.00) 27497.44( 0.04)

8.5 27508.82(-0.04) 27517.79(-0.02) , 27485.72(-0.01)

9.5 27499.03(-0.03) 27508.82(-0.04) 27473.21( 0.00)
10.5 27488.39(-0.02) 27499.03(-0.03) 27459.89( 0.04)
115 27476.89(-0.03) 27488.30(-0.02) 27445.59(-0.05)
125 27464.60( 0.02) 27476.89(-0.03) 27430.62( 0.02)
13.5 27451.39(-0, 27464.60( 0.02) 27414.66(-0.04)
14.5 27437°30(-0°02) . 27451.39(-0.01) 27397.98( 0.01)
15.5 27422.48(-0.01) 27437.39( 0.02) 27380.41( 0.02),
16.5 27406.77( 0.00) 27422.48(-0.01) 127361.97( 0.01)
175 27390.20( 0.01) 27406.77( 0.00) 27342.62(-0.06)
18.5 27372.80( 0.03) 27390.20( 0.01) 27322.58( 0.02)
19.5 27354.50( 0.01) 27372.80( 0.03) 27301.59( 0.00)
20.5 *27335.35(-0.01) 27354.50(,0.01) 27279.76(-0.01)
21.5 27315.39( 0.01) 27335.35(-0.01) 27357.11( 0.00)
22.5 . 27294.57( 0.02) 27315.39( 0.01) 27233.63( 0.04)
23.5 < 27294.57( 0.02) 27209.18(-0.04)
24.5 27183.97(-0.03)

e
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TABLE 7.2 (continued) -
My, - 254
\
J Riteld) Riae(d) Qureld)
05 27440.17( 0.02) 27436.64( 0.08) -
5 27443, 26&0 .01) 27436.13( 0.02) 27436.64( 0.06)
.5 27445.59 27434.77( 0.02) 27436.13( 0.02)

35 27448.79(-0.04) 27432.50( 0.02) 2743417& 0.02)

4.5 27447.17(:0.00) 27429.33( 0.02) 27432.50( 0.02)

55 27448.72( 0.05) 27425.28( 0.03), 27429.33( 0.02)

8.5 27445.23(-0.03) 27420.30(.0.02) 425,28( 0.03

7.5 27442.94(-0.02) 0.07) 27420.30( 0.02)

85 27439.72(-0.03) 27414.33(-0.07)

9.5 27435.80(-0.04) . 27407.55(-0.08) -
105 27430.62( 0.00) 27391.33(-0.f 04) 27389.87(-0.08)
115 27424.70( 0.01) 27381.87(-0.02) 27391.33(-0.04)
125 27417.83(-0.03) 27374.48(:0.02) - 27381.87(-0.02)
13.5 27410.14( 0.02) o 2736p.19(- 27371.48(-0.02)
14.5 27401.51( 0.04) 27347.96(-0.04) 27360.19(-0.01)
15.5 27334 .04,% 0.05) 27347.96(-0.04)
16.5 , 27320.94( 0.06) 27334.94( 0.05)
175 27320.94( 0.06)

<
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TABLE 7.2 (continued)

3 My, - 25+
I . Quzedd) Pueld) Piagdd)
\ )
= R =0

15 27429.33% - . =
2.5 27425.28> 27429.33% . -
35 - 27420.49( 0.03) 27425.28" 27411.17( 0.06)
45 27414.66(0.03) ¥  27420.49( 0.03) 27402.65( 0.04)
55 27407.84(-0.05) 27414.66( 0.03) 27393.29( 0.09)
85 27400.22(-0:03) © 27407.84(-0:05) 27382.89(-0.01)
75 27391.72( 0.01) 27400.22(-0.03) -
8.5 27382.30( 0.03) 27391.72( 0.01) 27359.64( 0.05)
9.5 27371.91(-0.02) 127382.30( 0.03) . 27346.60( 0.02)
10.5 27360.08( 0.00) 27371.91(-0.02) - 27332.63(-0.05)

S115% 27348.50(-0.03) 27360.68( 0.00) 27311.85(-0.02)
12,5 © 27335.43(-0.05) 27348.50(-0.03) _ 27302.00
1355 27321.49(-0.04) 27335.43(-0.05) 27285.50(-0.06)
s - 27306.67( 0.00) 27321.49(-0.04) 27268.08( 0.03).
155 27290.93( 0.03) 27306.67( 0.00) 27249.61(-0.02)
16.5 27274.28( 0.96) 27290.93( 0.03) 27230.37( 0.05)
17.5 t / 27274.28( 0.05) 27210.14( 0.04)

- 1
?Not used in the analysis.
B A d
-
X .
N ,
8 "
. 4 &
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TABLE 7.3 Vacuum wavenumbers (in cm™!) of the rotational lines of the 4-0
band
\
My, - 20+ -~

"3 ?  Raudh RaoglJ) Qaire(J)

0.5 26108.27( 0.09) 26194.60(-0.03) 26194.02(-0.03)

L5 26201.52( 0.01) 26194.36(-0.03) 26194.60(-0.03)

2.5 26203.97(-0.05) 26193.34( 0.00) - 26194.36(-0. 03)

3.5 . 26205.68(-0.05) 26191.47(-0.01) 26193.34( 0.00)

4.5 < 26206.66( 0.04) 26188.83( 0.02) 26191.47(-0.01)

5.5 26206.66(-0.04) - 26185.33(°0.00) 26188.83( 0.02)

6.5 126205.97( 0.00) 26181.06( 0.02) 26185.33( 0.00)

7.5 26204.47( 0.04) 20175.97( 0.02) -+ 26181.06( 0.02)

8.5 26202.13( 0.05) 26170,08( 0.04) 26175.97( 0.

9.5 26198.98( 0.07) 26163.35( 0.03) 26170.08( 0.0:
10.5 26194.96( 0.02) 26155.81( 0.02) 26163.35( 0.03)
1.5 26100.20( 0.05) - 26147.46( 0.00) 26155.81( 0.02)
12.5 26184.59( 0.05) 26138.31( 0.00) 26147.46( 0.00)
13.5 26178.18( 0.05) 26128.36( 0.00) 26133.31( 0.00)
14.5 26170.93( 0.03) 26117.60( 0.00) 26128.36( 0.00)
15.5 26162.84(-0.01) 26106.00(-0.04) 26117.60( 0.00)
18.5 26154.04( 0.05) 26003.63(-0.03) 26106.00(-0.04)
17.5 26144.28(-0.04) 26093.63(-0.03)
18.5 26133.81(-0.02) = - 2 .
19.5 , 26122.51(-0.01) ( .

( s
< .
) - \




TABLE 7.3 (continued)

- 154 -

m, 7 2wt ’
J Qe ) Piieeld) Paog(J)
0.5 26100.44(-0.01)  * - .
L5 26187.46(-0.01) 26190.44(-0.04) 26183.36( 0.02)
25 26183.62(-0.04) 26187.46(-0,01) 26176.78( 0.01)
35 26178.00(-0.04) 26183.62(20.04) 26169.40( 0.00)
45 26173.56(-0.03) 26178.99(-0.04) 26161.15(-0.06)
55 26167.36( 0.01) - 26173.56(-0.03) 26152.21( 0.00)
6.5 26160.27(-0.02) 26167.36( 0.01) 26142.38(-0.02)
75 26152.38(-0.05) 26160.27(-0.02) 26131.78(-0.01)
85 26143.75( 0.00) 26152.38(-0.05) 26120.36( 0.00)
9.5 26131.28( 0.01) 26143.75( 0.00) 26108.16( 0.03)
105 26123.07(-0.01) 26134.28( 0.01) 26005.12( 0.03)
115 26112.2( 0.04) 26123.97(-0.01) 26081.23( 0.00)
125 26101.00( 0.03) * 26112.92( 0.04) 26066.63( 0.05)
135 26088.28( 0.02) 26101.00( 0.03) 26051.16( 0.05)
145 26074.75( 0.02) 26088.28( 0,02) 26034.88( 0.04)
15.5 26060.39(-0.01) ' 26074.75( 0.02) 26017.78( 0,02)
16.5 26045.22(-0.05) 26060.39(-0.01) 25009.89( 0.01)
17.5 26029.27(-0.06) 26045.22(-0.05) 25081.23( 0.04)
185 26029.27(-0.06) 25061.64(-0.06)
19.5

4

25041.35(-0.05)
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TABLE 7.3 (continued)
1[1.,/2-2):‘ y
3
I RineelJ) Ryz(J) Quireld)
/
=
05 zsm 26070.09( 0.00) - ,
15 26076.87( 0.09) . 26060.71( 0.01) 26070.09( 0.00)
25 26079.16( 0.00) 26068.45( 0.01) 26069.71( 0.01)
35 26080.66( 0.06) 26066.33( 0.01) 26068.45( 0.01)
45 26081.26( 0.08) 26063.33( 0.00) * 26066.33( 0.01)
55 26080.93( 0.05) 26059.47( 0.01) 26063.33( 0.00)
6.5 26079.74( 0.02) 26054.70(-0.03) . 26059.47( 0.01)
75 26077.72( 0.03)" 26049.14( 0.01) 26054.70(-0.03)
85 26074.75(-0.05) 26042.65(-0.02) 26049.14( 0.01)
95 26071.05( 0.02) 7) * 26035.32(-0.01) ,  26042.65(:0.02)
105 26066,38(-0.02) 26027,08(-0.05) 26035.32(-0.01)
115 26060.92( 0.03) 26018.08( 0.02) 26027.08(-0.05)
125 26054.50(-0.03) 26008.12( 9.00) 26018.08( 0.02)
135 26047.25(-0.0¢) 25907.33( 0.01) 26008.12( 0.00)
145 2,6030.15(-0.3%( 25985.63(-0.02) 25097.33 0.01)
155 * 26030.17(-0.05) 25993.15( 0.04) 25985.63(-0.02)
"16.5 26020.34(-0.05) 25950.70(-0.02) 25973.15( 0.04)
175 25945.45( 0.00) - 25950.70(-0.02)
185 25030.32( 0.00) 25045.45( 0.00)
105 25914.32(-0.01) 25030.32( 0.00)
20.5 25897.48( 0.01) 25014.32(-0.01)
215 25870.75(-0.01) 25897.48( 0:01)
225 N 25861.18( 0.00) 25879.75(-0.01)
23.5 s 25861.18( 0.00)
\
a
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TABLE 7.3 (continued) N
znl/Z 2 ZE’

\

J QizedJ) Puld) Vv “Praald)
.

1.5 26062.94(-0.01) - -
2.5 26058.99( 0.00) 26062.94(-0.01) 26052.23(-0.01)
35 26054.18( 0.02] 26058.99( 0.00) 26044.78( 0.07)
45 26048.47( 0.00] 26054.18( 0.02) 26036.24(-0.07)

26041.87(-0.04
26034.45(-0.03]
26026.18( 0.00)
26017.01( 0.00)
26006.97(-0.01
25096.08( 0.00)
25084.29(-0.02
25971.68( 0.00)
25058.15(-0.03
25043.80(-0.01
25928.56(-0.03)
25012.46(-0.03
25895.57( 0.03)
25877.68(-0.04
25859.02(-0.02)
25839.50( 0.01)

26048.47( 0.00)
26041.87(-0.04)
26034.45(-0.03)
26026.18( 0.00)
26017.01( 0.00)
26008.97(-0.01)
25096.08( 0.00)

25912.46(-0.03)
25895.57( 0.03)
25877.68(-0.04)
25850.02(-0.02) ,
25839.50( 0.01)

26027.08&0.03] :

26017.01
26005.94( 0.02)
25004.04(-0.01)
25981.23(-0.09)
25967.72( 0.01)
25953.24(-0.01)
25937.96( 0.05)
25921.76( 0.05)
25904.71( 0.06)
25886,80( 0.08)

2Not used in the analysis.

Py

0

~
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TABLE 7.4 Vacuum wavenumbers (in em™!) of the rotational lines of the 3-0
/ v a

nd
.
7 25+
| e

J RaeeJ) Raze(J) Qzire(J)

0.5 24807.44? 0.01) 24803.88( 0.00 24803.23(-0.02)

15 24810.81(-0.04) 24803.70(-0.03) 2480388 0.00)

25 24813.46(-0.02) 24802.82( 0.01 24803.70(-0.03)

35 24815.33(-0.01) 24801.12( 0.01 24802.82( 0.01)
.45 24816.38(-0.05) 24798.85( 0.02 24801.12( 0.01)

5.5 24816.72(-0.01) 24795.38( 0.00; 24798.65( 0.02)

6.5 24816.26( 0.00) 24701.35( 0.00 24705.38( 0.00)

75 24815.02( 0.01) 24786.59( 0.04 24791.35( 0.00)

&5 24812.99( 0.01) 24781,02( 0.05 24786.59( 0.04)

9.5 . 24810.21( 0.04) 24774.66( 0.04 24781.02( 0.05)
10.5 24806.64( 0.07) 24767.53( 0.03) 24774.56&0.04
115 24802.27( 0.07) 24750.64( 0.04 24767.53( 0.03
1255 24797.14( 0.10) 24750.92( 0.00 24759.64( 0.04)
135 24790.99(-0.10) 24741.48( 0.01 24750.92(-0.00)
145 24734.‘18&-0 08) 24731.22(-0.03) | 24741.48( 0.01)
155 24777.10 24720.26( 0.00) 24731.22(.0.03)
16.5 24758.50&0 07) 24708.42(-0.07) 24720.26( 0.00)
17.5 59.58 24708.42(-0.07)
18.5 24749.51(-0.01)
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TABLE 7.4 (continued)
iy, -2t
J Qarl 1) PyieelJ) Pon(J)
N TRy s

0.5 24799.65(-0.02) g "

L5 24796.69(-0.03) 24799.65(-0.02) 24792.53(-0.01)
2.5 24792.95(-0.04) 24796.60(-0.03) 24786.00(-0.02)
35 24788.46(-0.02) 24792.95(-0.04) 24778.69(-0.04)
4.5 24783.18(-0.02) 24788.46(-0.02) 24770.65(-0.02)
5.5 24777.10(-0.05) 24783.18(-0.02) 24761.81(-0.01)
6.5 24770.30(-0.01) 24777.10(-0.05) 24752.21( 0.00)
7.5 24762.71( 0.00) 24770.30(-0.01) 24741.85( 0.03)
8.5 24754.33( 0.00) 24762.71( 0.00) 24730.71( 0.05)
9.5 24745.21(0.03) ‘" — 24754.33( 0.00) 24718.77( 0.05)
10.5 24735.27( 0.02) 24745.21( 0.03) 4 2470804 0.07)
11.5 24724.54(-0.01) 24735.27( 0.02). 24692.58( 0.04)
12.5 24713.13( 0.05) 24724.54(-0.01) 24678.32( 0.03)
13.5 24700.82(-0.01) 24713.13( 0.05) 24663.29( 0.03)
14.5 24687.85( 0.03) 24700.82(-0.01) 24647.49( 0.02)
15.5 24674.02(-0.01) 24687.85( 0.03) 24630.91( 0.00)
16.5 24659.50( 0.02) 24674.02(-0.01) 24613.53(-0.05)
17.5 24644.10(-0.05) 24659.50( 0.02) 24595.40(-0.08)
185 24644.10(-0.05)



TABLE 7.4 (continued)
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2y, - 28

J Rild) Rz 3) Qur(J)
0.5 24682.80( 0.00) 24679.32( 0.01) -

1.5 24686.16( 0.01) 24879.0%( 0.01) 24679.32( 0.01)
2.5 24688.60( 0.02) 24677.83( 0.01) 24670.02( 0.01)
3.5 246900.10( 6.01) 24675.90( 0.01) 24677.8( 0.01)
4.5 . 24600.91(-0.03) 24673.10( 0.02) 24675.90( 0.01)
5.5 24690.91( 0.05) 24669.44( 0.01) 24673.10( 0.02)
6.5 24689.94(0.01) 24664.94(-0.01) 24669.44( 0.01)
7.5 24688.19( 0.00) 24659.62(-0.01 24664.94(-0.01)
8.5 24885,50(-0.02) 24653.45(-0.02 24659.62(-0.01)
9.5 24682.18( 0.00) 24646.49( 0.00) 24653.45(-0.02)
10.5 24677.94( 0.02) 24638.63(-0.03 24646.49( 0.00)
1.5 24672.81(-0.02) 24630.00( 0:00 24638.63(-0.03)
12.5 24666.80(-0.01) 24620.51( 0.00) 24630,
13.5 24660.13( 0.00) 24610.18( 0.00) 24620,51( 0.00)
14.5 21652.31(-0.02) 24599.02( 0.00) 24610.18( 0.00)
15.5 24644.10{ 0.01) 24587.05( 0.02) 24509.02( 0.00)
16.5 24634.83( 0.01) 24574.19(-0.02) 24587.05( 0.02)
17.5 24624.74( 0.03) 24560.54(-0.01) . 24574.19(-0.02)
185 2613.81{ 0.03) 24546.04(-0.02 24560.54(-0.01)
19.5 24602.02( 0.02) 24530.72(-0.02) 24546.04(-0.02)
20.5 24580.40( 0.00) 24514.55(-0.05 24530.72(- oyf
21.5 24575.07(0.01) 24497.61(-0.01 24514.55(-0705)
2.5 24561.71(0.02) 24479.81( 0.00)A. o1)
23.5 24546.50(-0.01) 24461.19( 0.01 24479.81( 0.00)
24.5 24530.72( 0.05) 24441.74( 0.02) 24461.19( 0.01)
25.5 24513.92( 0.01) 24421.43( 0.00) 2444174( 0.02)
26.6 24106.32( 0.00) 24400.32( 0.00 22421.43( 0.00)
2.5 24477.92( 0.02) 24378.30( 0.01 24400.32( 0.00)
8.5 24458.64(-0.02) 24355.63( 0.01) 24378.30( 0.01)
20.5 24438.54(-0.05) 24355.63( 0.01)
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I QizedJ) k

Pired

J)

PI'.'"”)

15 24672.19( 002) -
25 24668.33( 0.04
35 24663.60( 0.02)
45 24658.04( 0.00
55 . 24051.65( 0.00)
65 24641.42(-0.02)
750 24636.37(-0.01)
85 24627.49(-0,01
05 24617.78( 0.00)
105 24607.21(-001
115 24505.81(-0.03)
125 24583.60(-0.02
135 24570.55(-0.02)
145 24556.68( 0.00
155 24541.04(-0.03
165 24526.39(-0.03
175 24510.01(-0.04)
185 24402.83(-001
195 - 24474.82( 0.01)
205 24455.96( 0.01)
215 24436.20( 0.03)
225 24415.71(-0.04)
235 24304.43( 0.02)
245 24372,25( 0.01)
25.5

24672.19( 0.02)
24668.33( 0.04)
24663.60( 0.02)
24658.04( 0.00)

" 24651.85|
24644.42|
24636.37|
24627.49
24617.78|

0.00)
-0.02)
-0.01)
-0.01)

0.00)

24607.21(-001)
24505.81(-0.03)
24583.60(-0.02)

24541.94
24526.39
24510.01
24402.83

24474.82f

24455.96( 0.01)
24436.20( 0.03)
24415.71(-0.04)
24304.43( 0.02)
24372.25( 0.01)

24661.40(-0.05)
24654.03( 0.02)
24645.73( 0.00)
24636.59(-0.02)
24626.67(0.01)
24615.89( 0.02)
24604.27(0.02)
24501.81(0.01)
24578.53(0.01)
24564.42(0.02)
24549.46(0.01)
24533.68(0.01)
24517.07( 0.01)
24400.63(0.01)
24481.39( 0.04)
24462.29( 0.03)

- 24442.36( 0.03)

24421.60( 0.02)
24309.98(-0.03)
24377.66( 005)

2Not used in the analysis.
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TABLE 7.5 Vacuum wavenumbers (in em™) of the rotational lines of the 2-0

band
), - 25

J RapelJ) RazglJ) Queeld) -

0.5 23392.72( 0.01 23380.10(-0.07) 23388.45(-0.05)

15 23396.21(-0.02 23389.10(-0.01) 23389.10(-0.07)

2.5 23398.97(-0.02 23388.29(-0.02) 23380.10(-0.01)

3.5 23400.99(-0.02 23386.75(-0.01) 23388.29(-0.02) s
4.5 23402.28( 0.00] + 23384.48( 0.01) * 23386.75(-0.01)

5.5 23402.79(-0.02 23381.44(-0.01) 23384.48( 0.01)

8.5 - \23402.59(-0.01 23377.70( 0.03) 23381.44(-0.01)

7.5 '23401.64( 0.00] 23373.18( 0.02) 23377.70( 0.03)

85 23399.94( 0.00) 23367.93( 0.02) 23373.18( 0.02)

9.5 23397.50( 0.0j. 23361.94( 0.03) 23367.93( 0.02,

10.5 23394.33( 0.04, 23355.18( 0.01) 23361.94( 0.03,

11.5 23390.49( 0.06, 23347.72( 0.04) 23355.18( 0.01)

12.5 23385.74( 0.09 23339.49( 0.03) 23347.72(.0.04) . b
13.5 23380.26( 0.06, 23330.53( 0.04) 23339.49( 0.03)

14.5 23373.97&—0.02 23320.80( 002)? 23330.53( 0.04)

15.5 23367.21 0.03) 23320.80( 0.02)

16.5 23350.54* 03) 23310.29(-0.03)

17.5 23350.79(-0.04) © 23287.15(-0.02) 23299.09(-0.03)

i85 23341.56(-0.03) 23274.45(-0.03) 23287.15(-0.02)

19.5 23261.05( 0.01) 23274.45(-0.03)
20.5 23246.80(-0.06) 23261.05( 0.01)
21.5 23231.87(-0.06) 23246.80(-0.08)
22.5 23216.26( 0.01) 23231.87(-0.08)
23.5 23199.91( 0.08) 23216.26( 0.01)
24.5 L. 23199.91( 0.08) :
25.5 23164.72(-0.02) - ~

26.5 ; 23164.72(-0.02)
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TABLE 7.5 (continued)
N
My, - 25t

J Quasedd) PaelJ) Paan(J)

0.5 23384.91(-0.01) - -

L5 23382.01(-0.01) 23384.91(-0.01) v -

2.5 23378.33(-0.04) 23382.01(-0.01) 23371.31(-0.01)

3.5 23373.97(-0.02) 23378.33(-0.04) 23364.09(-0.02)

45 23368.85(-0.01 23373.97(-0.02) 23356.17( 0.01)

5.5 23362.98(-0.02] 23368.85(-0.01) 23347.49( 0.01)

6.5 23356.39( 0.00] " 23362.08(-0.02) 23338.08( 0.03)

75 . 23349.04( 0.00) 23356.30( 0.00) 23327.90( 0.02)
- 85 23340.95(-0.01 23340.04( 0.00) 23316.99( 0.01)

9.5 23332.11(-0.02 23340.95(-0.01) 23305.36( 0.03)
10.5 23322.55( 0.00) 23332.11(-0.02) 23202.99( 0.05)
1L5 23312.23(-0.01 23322.55( 0.00) 23270.85(°0.04)
12.5 23301.20( 0.02 23312.23(-0.01) 23265.96( 0.02)
13.5 23289.39( 0.00)] 23301.20( 0.02) 23251.36(- 0.03)
145 23276.90( 0.05, 23289.30( 0.00) 23236.02( 0.04)
15.5 23263.58( 0.01 ~ 23276.90( 0.05) 23219.90( 0.01)
16.5 23249.56( 0.02). 23263.58( 0.01) .23202.99(-0.07)
17.5 23234.79( 0.01) 23249.56( 0.02) 23185.52( 0.03)
18.5 *23219.24(-0.03 23234.79( 0.01) 231867.19( 0.01)
19.5 23202.99(-0.03, 23219.24(-0.03) 23148.12( 0.00)
20.5 23185.08(-0.04) 23202.99(-0.03) 23128.32(-0.01)
215 23168.22(-0.06] 23185.98(-0.04)

225 23149.70 23168.22&-&06)

23.5 23130.65( 0.08) N 2314970

24.5 23110.64( 0.04) 23130.65( 0.08)

25.5 23110.64( 0.04)
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TABLE 7.5 (continued) é
My - 2C*

J Rield) RiyaelJ) Qurel 9

0.5 23267.90( 0.03) 23264.31( 0.02) -

L5 23271.24( 0.02) 23264.08( 0.01) 23264.31( 0.02)

2.5 23273.80( 0.03) 23263.07( 0.02) 23264.08( 0.01)

35 23275.54( 0.03) 23261.25( 0.02) 23263.07( 0.02)

4.5 23276.47( 0.01) 23258.59(-0.01) 23261.25( 0.02)

5.5 23276.60( 0.00) 23255.19( 0.02) 23258.59(-0.01)

6.5 23275.03( 0.00) 23250.01(-0.03) 23255.19( 0.02)

75 23274.45(-0.02) 23245.00(-0.01) 23250.91(-0.03)

85 23272.18(-0.01) 23240.05(-0.02) 23245.90(-0.01)

9.5 23269.11(-0.01) 23233.36(-0.07) 23240.05(-0.02)
10.5 23265.21(-0.03) - 23225.95(-0.03) 23233.36(-0.07)
11.6 23260.52(-0.03) 23217.72(-0.02) +23225.95(-0.03)
125 23255.07( 0.01) 23208.65(-0.03) 2321772(-0.02)
13.5 23248.77( 0.01) 23198.80(-0.03)" 23208.65(-0.03)
145 ‘23241.68( 0.03) 23188.17( 0.00) 23198.80(-0.03)
15.5 23233.79( 0.05) 23176.70( 0.00) 23188.17( 0.00)
16.5 23225.10( 0.08) 23164.40(-0.03) 23176.70( 0.00)
175 23151.35(-0.01) 23164.40(-0.03)
185 23137.50( 0.02) 23151.35(-0.01)
195 ' 23122.82( 0.03) 23137.50( 0.02)
20.5 23107.35( 0.05) 23122.82( 0.03)
215 23107.35( 0.05)
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TABLE 7.5 (continued)
¢ My - 2%

J Quzed J) Pue(d) Puagld)

L5 23257.16( 0.01

25 23253, 35(-0.011"\ 23257.16( 0.01) 23246.33*

35 23248.77( 0.00) 23253.35(-0.01) 23239.15( 0.08)

45 23243.38( 0.01) 23248.77( 0.00) 23230.94( 0.00)

5.5 23237.16(-0.01) 23243.38( 0.01) 23221.99( 0.05)

8.5 23230.17( 0.00) 23237.16(-0.01) 23212.19( 0.01)

75 23222.37( 0.00) 23230.17( 0.00) 23201.62( 0.01)

85 23213.74(-0.03) 23922.37( 0.00) 23190.25( 0.01) -

9.5 23204.33(-0.03) 23913.74(-0.03) 23178.09( 0.02) -
105 23104.15( 0.00) 23204.33(-0.03) 23165.18( 0.08)
115 23183.12(-0.02) 23104.15( 0.00) 23151.35( 0.02)
125 23171.31(-0.01) 23183.12(-0.02) 23136.78( 0.02)
135 23158.70( 0 00) 23171.31(-0.01) / 23121.40( 0.02)
145 23145.29( 0.01) 23158.70( 0.00) 23105.21( 0.00)
155 23131.08( 0.02) 23145.29( 0.01) s
16.5 23116.06( 0.03) 23131.08( 0.02) 23070.40(-0.05)
17.5 23100.13(-0.06) 23116.06( 0.03) 23051.89( 0.01)
185 | 23083.52(-0.04) 23100.13(-0.06) -
195 23066.14( 0.03) 23083.52(-0.04) 23012.26(-0.05)
205 23066.14( 0.03) .
®Not used in the analysis.

v
=
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TABLE 7.6 Vacuum wavenumbers (in,cm™) of the rotational lines of the 1-1
- band \ "
\ znm _2p+
1 RaeelJ) ﬁ Rooe(J) Qaireld)
L)
05 r. 19867.14{ 0.06) 10866.34( 0.02)
15 - 19867.14(-0.03) 19867.14( 0.08)
25 19877.13(-0.05) 19866.56( 19867.14(-0.03)
35 19870.49( 0.04) 19885.37| 19866.56(-0.03)
45 IQBSI.WLD.D?) 19863.42 19865.37( 0.04)
5.5 1988 19860.82( 19863.42( 0.02)
65 wssz z\(-o o1) 19857.53( 19860.82( 0.02)
75 19881 54 0.05) 10853.57| 19857.53( 0.01)
85 1880.68( 0.00) 19848.93 19853.57( 0.01)
0.5 19878964 0.08) ~I\10843.61 19848.93( 0.00)
10.5 19876.40(-0.03) 19837.64 19843.61(=0.02)
115 19873.30( 0.02) 19831.00( 0.01) 19837.64(-0.01)
125 19860.49( 0.04) 10823.67( 0. 19831.00( 0.01)
135 19865.04( 0.10) 19815.65 19823.67( 0.02)
145 19850.75( 0.02) 19806.96/ 19815.65( 0.02)
15.5 19797.54 19806.96( 0.02)
165 . 19787.51 10707.54(-0.03)
17.5 19776.71 19787.51( 0.00)
185 19765.40 19776.71(-0.06)
195 19753.21 19765.40( 0.05)
20.5 19740.43 19753.21(-0.04)
215 19727.09% 19740.43£-0.03]
225 19712.83( 0.00) 19727.09
23.5 19607.93(-0.05) 19712.83( 0.00) .
245 19882.50( 0.06) 19697.93(-0.05)
25.5 19666.11(-0.10) 19682.50( 0.08)
26.5 19649.34( 0.06) 19666.11(-0.10)
275 19649.34( 0. Oﬂj
.
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TABLE 7.6 (continued) .
znl/i — ZEf &
S
J Quaed J) Pael ) PaaglJ)
0.5 19862.76(-0.02) . -
15 19860.01( 0.01) 19862.76(-0.02) .
2.5 19856.52(-0.02) , _19860.01( 0.01) 19849.40( 0.00)
3.5 19852.39(-0.02) 19856.52(-0.02) 19842.43( 0.02)
4.5 19847.60(-0.01) 19852.39(-0.02) 19834.7%(-0.03)
5.5 19842.09(-0.05) 19847.60(-0.01) 19826.46( 0.04)
6.5 19835.96(-0.03) 19842.00(-0.05) 19817.43( 0.01)
7.5 19829.16(-0.01) 19835.96(-0.03) 19807.66(-0.08)
8.5 10821.65(-0.02) 19829.16(-0.01) 19797.28(-0.11)
9.5 19813.50( 0.00) 19821.65(-0.02) 19786.37( 0.01)
10.5 19804.63(-0.02) 19813.50( 0.00) 10774.69( 0.02)
s 19795.13( 0.00) 19804.63(-0.02) 19762.33( 0.04)
125 '16784.93( 0.00) “ 19795.13( 0.00) 19749.24(-0.01)
135 19774.05(-0.01) 19784.93( 0.00) 19735.56( 0.04)
14.5 10762.42(-0.08) 19774.05(-0.01) 19721.18( 0.06)
15.5 19750.29( 0.02) 19762.42(-0.08) 19706.08( 0.03)
16.5 10737.40( 0.04) 19750.29( 0.02) 19690.35( 0.05)
17.5 10723.78( 0.01) 19737.40( 0.04) -
18.5 10709.55( 0.05) 19723.78( 0.01) 19656.78( 0.02)
19.5 10694.54(-0.01) 1970955( 0.05) 19639.01( 0.04)
20.5 10678.90(-0.02) msgg}m.m)
215 19662.61( 0.01) 19678.90(-0.02)
22.5 10645.50(-0.01) 19662.61( 0.01)
2.5 19645.59(-0.01)



TABLE 7.8 (continued)
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zn:/z -gt

J Ryl ) Ryl ) Qureld)

0.5 " 19745.69( 0.04) 19742.12( 0.01) - .
1.5 19749.24 19742.12( 0.08) 19742,12( 0.01)
2.5 19751.93( 0.08) 19741.‘23( 0.00) 19742.12( 0.08)
35 10753.91( 0.07) 19739.71( 0.02) + 19741.23( 0.00)
4.5 19755.14( 0.04) 19737:40(-0.01) 1?139.71( &02)
5.5 19755.62( 0.00) 19734.40( 0.00) 19737.40(-0.01)
6.5 16755.38(-0.03) 19734.40( 0.00)
7.5 19754.47( 0.02) H?’T??}.IZ(~0.04) 19730.64(-0.01)
8.5 10752.75( —0.01) - 19720,87('—0.06) 19726.12(—0.04)
9.5 19750.20(0.08) 19714.93(-0.03) 10720.87(-0.06)
10.5 10747.13(-0.03) 19708.21(-0.05) 1071493(-0.03) -
115 10743.24(0.01) 19700.78(-0.04) 19708.21(-0.05)
12.5 19738.59[ 0.00) 19692.61(-0,02) 19700.78(—0.04)
13.5 \19733.21( 0.01) 19683.71( 0.00) 19692.61{-0.02)
14.5 19727.09( 0.03) 19674.08( 0.02) 10683.71( 0.00)
15.5 16720.24( 0.06) 9663.70( 0.07) 19674.08( 0.02)
16.5 19663.79( 0.07)

.
?
4
X
.
N —%
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TABLE 7.8 (continued)
2“:/1 -
[
J N
J Qi I P9 Piagld)
1

15 19735.05( 0.02) . .-

25 19731.43( 0:01) 19735.05( 0.02) - - .
35 10727.00( 0.01) 19731:43( 0.01) 10717.37( 0.10)
45 10722.02( 0.02) 19727.09( 0.01) 19709.55

5.5 10716.20( 0.01) 19722.02( 0.02) 19700.78( 0.00)  «

6.5 10709.55(-0.09) 19716.20( 0.01) 19691.51( 0,08) .
‘7§ 19702.32(-0.03) 19700.55(-0.09) 19681.30(-0.04)

85 10604.30(-0.02) 19702.32(-0.03) 19670.62( 0.10)

9.5 10685.49(-0.07)  19694.30(-0.02) 19658.90(-0.06)

0.5 10676.03(-0.03) 19685.49(-0.07) 19646.67( 0.01)

1.5 10665.78(-0.04)- 19676.03(-0.03) 19633.60(-0.03)
125 10854.85( 0.00) 19665.78(-0.04) 190610.88( 0.02)
135 10643.12(-0.01) 19654:85( 0.00) 19605.38( 0.03)
145 10630.68( 0.01) 19643.12(-0.01) 19590.30
15.5 10617.46(-0.02) 19630.68( 0.01) 19574.17( 0.05)
165 ° - 10603.60( 0.06) 19617.46(-0.02) ’
17.5 . 19603.60( 0.06)

2Not used in the analysis.
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TABLE 7.7 Vacuum wavenumbers (in cm™!) of the rotational lines of the 0-1 T

e band - %

M,y - 2*
d

J Ratee(J) RolJ) Quireld)

05 - 18403.1¢* -

15 18410.26(-0.03) 18403.39(-0.05) 18403.19%

2.5 18413.52 18402.75(-0.03), 18403.19(-0.05)

35 -/ 18415.75(-0.04) 18401,69( 0.01) m 18402.75(-0.03) 3

4.5 18417.80( 0.02) 18309.98(.0.04) ] 18401.69( 0.01)

55. - 18418,78( 0.05) 18397.55(-0.01) 18399.98( 0.04)

6.5 ~ lS«ll\?.lGL-O.(M] 18394.58( 0.03) 18397.55(-0.01)

7.5 * 18419.19 18390.93( 0.04) 18394.58( 0.03)

8.5 18418.36g0.03] 18386.61( 0:02) 18390.93( 0.04)

9.5 18416.73 18381.61(-0.04) 18386.61( 0.02)
10.5 18414.83(-0.01) 18376.09( 0.02) 18381.61(-0.04)
115 18412,12(-0.01) 18369.85( 0.01) 18376.09( 0.02)
12.5 18408'84( 0.07) 18362.93(-0.04) 18369.85( 0.01)
13.5 i . 18355.47( 0.02) . 18362.93(-0.04)

S 145 18347.30( 0.01) 18355.47( 0.02)

15.5 18338.46(-0.02) 18347.30( 0.01)
16.5 : 18329.03( 0.00) 18338.46(-0.02)
17.5 g 18318.91(-0.01) 18329.03( 0.00)
185 18308.16( 0.00) Seg 18318.91(-0.01)
19.5 % 18296.70(-0.05) 18308.16( 0.00)
20.5 . 18284.71( 0.02) 18206.70(-0.05)
215 : i 18284.71( 0.02)




TABLE 7.7 (continued)
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'y
. 2”1/2*23*
< i "
I Qa2 J) PareelJ) . Pazgld)
05 18308.72( 0.02) - ¥
15 18305.94(-0.03) 18308.72( 0.02) 18301.74( 0.11)
2.5 18302.56(-0.04) 18305.94(-0.03) .
35 18388.62( 0.03) 18302.56(-0.04) -
45 18383.06( 0.01) 18388.62( 0.03) 18370.06( 002)
5.5 18378.66( 0.00) 18383.06( 0.01) 18362.93
6.5 18372.71(-0.03) 18378.66( 0.00) 18354.01( 0.05)
7.5  18366.17(-0.01) 18372.71(-0.03) 18344.50(-0.01)
8.5 18358.98( 0.00) 18366.17(-0.01) 18334.35(-0.07)
9.5 18351.12(-0.01) .. 18358.08( 0.00) 18323.73( 0.04)
105 18342.62(-0.03) 18351:12(-0.01) 18312.20(-0.03)
115 18333.51(-0.01) 18300.23(-0.08)
125 18323.73(-0.02) d 1828774 0.00)
136 18313.31(-0.03) 18274.45( 0.09)
145 18302.30( 0.02) .03) 18260.43( 0.01)
155 18200.55(-0.03) 18302.30( 0.02) , 18246.00
165 18278.22(-0.01) 18200.55(-0.03) " 18230.56(-0.03) -
175 18265.26( 6.03) 18278.22(-0.01) 18214.73(-0.02) '
185 18251.63( 0.04) - 18265.26( 0.03)
19.5 18251.63( 0.04)

2Not used i the analysis. ~
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TABLE 7.8 Vacuum wavenumbers (in cm™) of the gptational ll@‘the 0-2
band
-
o1, e 20+
; 7 (o
.

I RateelJ) RaatJ) Quireld)

05 - . 16347:98* -~ 16347.26% d

15 - 16348.29(-0.05) 16347.98% .o y
2.5 16358.40(-0.05) 16347.98( 0.00) 16348.29(-0.05)-

35 16361.08( 0.10) 16347.01( 0.00) 16347.98( 0.00)

4.5 . 16362.84(-0.06) 16345.42(-0.01) * 16347.01( 0.00)

55 16364.11(-0.00) 16343.23(-0.02 16345.42(-0.01)

6.5 18364.95( 0.05) - 16340.46( 0.00) " 16343.23(-0.02)

75 16364.95(-0.03) 18337.07( 0.01 18840.46( 0.00)

85 16364.53( 0.08) 16333.06( 0.00) 16337.07( 0.01)
0.5 16363.37( 0.07) ¢ 16328.42(-0.02 16333.06( 0.00)

10.5 16361.65( 0.12) 16323.21(-0.01 16328.42(-0.02)

115 15359.04&0.00] . 16317.39( 0.01' 16323.21(-0.01)

12.5 16356.33 16310.62(-0.02 16317.39( 0.01) .

135 16352.42(-0.04) 16303.87(-0.02] 16310.92(-0.02)

14.5 16348.29° ¢ 16296.23( 0.01 16303.87(-0.02) .
15.5, 16343.23(-0.03) 16287.93(-0.02 16206.23( 0.01) A
16.5%. 16337.74( 0.04) 16279.03(-0.03) 16287.93(-0.02) .
17.5 16331.48(-0.02) 16269.60( 0.05) 16279.03(-0.03)

185" ! 16259.47( 0.03) 16269.60( 0.05)

195 16248.66(-0.05, 16259.47( 0.03)

205 16237.42( 0.08 16248.66(-0.05) - 2
215 el 16225.41 16237.42( 0.06) .
22.5 16212.8 16225.41( 0.01) B
235 16212.81(-0.01)

»
\




Table 7.8 continued

g

My - 2Tt
.
J Q) " Puad Puagld)
- )
105 '16343.75( 0.03) - s
1.5 1634110_8( 0.03) 16343.73( 0.03) Ed
2.5 16337.74(-0,04) 16341,0§03) " 16330!83( 0.08)
3.5 16333.89(-0.01) 16337.74(-0.04) 16323.80( 0.02)
4.5 . 16329.41( 0.00) 16333.89(-0.01) 16316.36(-0.04)
5.5 16334.31(-0.01) 16320.41( 0.00) * - 16308,43(0.01)/ ™~
6.5 16318.62( vl).I)O) 16324.31(-0.01) 16299.79(-0.05)
75 16312.31( 0.00) 16318.62( 0.00) 16200:67( 0.02)
8.5 16305.29(-0.01) 16312.31( 0.00}« 16280.90( 0.04)
9.5 16297.91( 0.02) 16305.20(-0.01) 16270.49( 0.03)
10.5 16289.77( 0.01) 16297.91( 0.02) 16259.47( 0.01)
115 16280.99(-0.04) 16289.77( 0.01) 16247.87( 0.02)
12.5 16271.72( 0.02) 16280.99(-0.04) 16235.65( 0.01)
13.5 16261.75( 0.00) 16271.72( 0.02) 16222.84( 0.01)
145 16251.23( 0.03) 16261.75( 0.00) 16209.42( 0.01)
15.5 16240.05( 0.01) 16251.23( 0.03) 16195.37(-0.02)
16.5 . 16228.32( 0.05) 16240.05( 0.01) 16180.71(-0.05)
17.5 16215486(-0.05) 16228.32( 0.05)
18.5 16202.90(»001) 16215.86(-0.03)
10.5 » 16189.28(-0.03) 16202.90(-0.01)
205 16189.28(-0.03)

2Not used in theganalysis.



expressions\of their respective branches [Eq. 7.1 an;i the
molecular constants were estimated by the method of least-
\! squares. The (vobs - "calc) values, obtained from the
least-squares fits of the vg:.qum wavenumbers of individual

bands; ar; given in those tables in parentheses. However, %
these values are not given for 2 few\spe;:tral lines which i
are not used in the analysis. In general; the standard
. deviation of such a least-squares fit is ~0.04 cm™1.

’ The molecular constants obtained from the analyses of
the bands of comet-tail (A-X) and the Baldet-Johnson (B-A)
systems of 13cl80* were merged together. The T,' - T,"
values thus obtained for the’comet-tail bands are listed in

Table 7.1. The T,' - T," values given for the 0-1 and 0-2

bands in this table were obtained from the origin of the
2n1 2" 2s* sub-band and the Ag value. The merged rotational,
constants By and Dy of the X and B states and y, values of
the B state for various vibrational levels are listed in
Table 7.9. The values of yy for the v;o, 1, and 2 levélg
of state X could not be determined in the present analysis
because the spin-splitting of the rotational levels 1]n this
state is not observed. The i‘otat\ional conétants Bys Dy \-]
Ay, Apy, Py, and qy obtained for the Azni state, from. the N :
same merged fit are listed separately in Table 7.10. The

values Dbta%ed for the A-dol_nblinq parameter, q, appear to

be slightly irregular, but those for all. time other parameters

i are consistent and reasonably accurate.: The values Be 'and
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TABLE 7.9 Rotational constants® (in em™!) of the X?E* and BC* states of
llc llo’
: xegtb BTt
v 1
Level B, D, x 10° D,x108  4,x10°
o 1.78554(8)  4.3(1) 1.4(2) 18.1(3)
at 1.7688(1) 1.5(2) 5.8(2) 17.0(5)
2 1.7543(3) 8:8(3)

*

2The number in the parentheses indicates the uncertainty in the last digit and

corresponds w‘qne standard deviation.
o

DThe +, values'could not be estimated for the vibrational levels of the X2+

state from the observed data.

3




- 175 - .

TABLE 7.10 Rotational constants® (in cm™!) of the A%, state of '3C 180+

Vibrational B,  D,x10° A,  Ap,x10* p,x10° g x10%
Level " i
0 L4340(1)  50(2) -122.151(8) -3.133(3) :O.ﬂG(A) -138)
1 LAIGT()  34() -122.062(6) -3.089(3) -065(4) -12.3(7)
2 130072(0)  5.0(1)  -121.982(6) 30513) -082(4) +34(7)
3 138264(8)  3.2(1). -121.712(6) -3.000(3) -L12(5) -0.7(2)
A LI6BO0), 28(1) -121607(6) -2938(4) -045(5) -24(5)
5 134975(9)  Q4(2)  -12L618(8) -2.865(5) -052(5) +3.8(L5)

“The number in the parentheses irdicates the uncertainty in the last digit and
corresponds to one standard deviation.
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ag for the X and B states listed in Table 7.11 were obtained
from the By values given in Table 7.9. For the A state,
the B, and ag were obtained from the B, values listed in
Table.7.10, and are presented in Table 7.11. The equilibrium
internuclear distance (re) and the corresponding moment of
inertia (Ig) for states X, A, and B, calculated from their

Be values, are listed in Table 7.11.

(ii) vibrational Analysis and Isotope Shifts
The (Ty' - T,") values of the comet-tail (A-X) bands®

(see Table 7.1) and the Baldet-Johnson (B-A) ba’nda '(sea ®

Table 6.1) were fitted together to Eq. [3.6) and the system
origin (ve) of the comet-tail system and the vibrational
constants of its states X and A were obtained simultaneously.

The Te value of state A, which is identical to the system

. origin of the A-X system, and the vibrational constants of

the A and X states are liSted in Table 7.11. As only the v=0
and 1 1levels of state B, are observed, it; vibrational
constants could not be obtained directly. Hence the system
origin ve Of the B-A system of 13cl80* is assumed to be the "
same as that of 12c160* aad is taken from Huber #hd Herzberg
(1979). This system origin, the vibrational cnnsc;nf.s of
A2n; (see Table 7.11) and the (T,' - T,") values of the 1-0
&nd 0-0 bands of B-A system (see Table 6.1) of 13c180% were
used in Eq. [3.6] to obtain we and weXe of the B state and

these estimated values are listed in Table 7.11. The T

£ .

7



-177 - l
» e
TABLE 7.11 *Equilibrium molecular constants® (in em™!, nnlm stated otherwise)
of tht XT*, AT, and B?C* states of 3G 18

\
Molecular xgt AT B+ 4,
Constant
T 00 20732.6,(3)
.
w, 2110.39(3)
WX, 13.824(9) 12.444(9)
eYe 0.0264(9) .
B, 1.79415(8) 1.44177(8) 1.63239(8)
a, 0.01701(6) 0.01683(2) 0.02582(6)
re(A) 1.1156 1.2445 11696
I, (g.em? 1.5603 x 107 1.9416 x 10°° 1.7149 x 10°%°
7
2The number in the p heses indicates the inty in the last digit and
corresponds to one standard deviation.
)
2 . .
cl
\
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value of the B2z* state is obtained, by adding the system
origin of the B-A system and the T value of the A state, and
given in the same table. The ten (Ty' - Ty") values .(see
}ables 6.1 and.7.1) arising from eleven differenf,‘“vibr.ational
levels of states X, A, and ‘B could not be reduced to the
vibrational term values because the correqu/nding system of
equations is underdetermined.

In order to obtain the isotope shifts (av) of the comet-
tail bands of 13cl80+* from the corresponding bands of 12¢l6ot,
“the (Ty' - T,") values of 12c160* were calculated from Eq.
[3.6] using the vibrational constants of the A and X states,
listed by Huber ~and Herzberg (1979), because recent
experimental values of (Ty' - T,") are not readily available.
The isotope shifts, which correspond to the differences
between the calculated (Ty' - Ty") values of the bands of
12¢160* and those of the corresponding bands of 13cl8o+
obtained in the present work (see Table 7.1), are listed in
Table 7.12. The isotope shifts were also calculated from Eq.
[3-11] using the vibrational constants of the A and X states
of 12¢160* and the value of the p (see Section 5.3(1f)), and
are listed in the saae table. The agreement betwegn the
observed and the calculateq isotope shifts is very good.

(114) ck-Condo ~
According to "the relative intensities of the E)-U and

' 1-1 bands of the comet-tail system of 12cl60*, originally
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TABLE 7.12 Isotope Shifts (in em™!) in the Comet-tail system of '3C 180+

o g
\
= Isotope Shift Av ( 12C 180* — B3C 1B0+)
pand . Observed® Calculated -
50 315.85 314.92 -~
0 . 25460 253.77
30 190.98 190.19
20 124.66 124.16
1-1 5 4501 -45.65
01 -116.01 -116.61

0-2 -214.58 -215.14
\

2 Relative to the (T, - T,”) values of '2C '80* calculated from its constants

listed by Huber and Herzberg (1979).

g
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given by Baldet (1925b,c) and listed by Krupenie (1966), the

_ 0-0 band is%stronger than the 1-1 band. But in the present
b \

investigation, it is found that the 1-1 band in both 12cl60*
_amd 13c18* abpears with medium intensity whe’s_as the 0-0
band is too weak to be identified p\;ecisely. In order to re-
solve this controversy, the Franck-Cohdon factor3 for the
bands of comet-tail system of 12¢160* ana 13¢180* were calcu-
ﬁted using a Klein-Dunham potential, according to‘the the(;ry
discussed in Section 3.2. In calculating the FCFs for the
bands of 12c160F, the constants listed by Huber and Herzberg
(1979) £of the A2nmj and X2zt states were used. The molecular
constants obtained for the A and X states of 13c180% in the
present work (see Table 7.11) were used to calculate the FCFs
for the bands of 13c180*. These calculated FCFs are listed in
Table 7.13, Earlier, Nicholls (1962) calculated the FCFs for
the bands of the comet-tail s’tem of 12¢160* using the Morse
potential. Later Krupenie and Benesch (1968) improved these
values using the RKR potential. The values obtained by
Krupenie vand Benesch (1968) are al;o listed in Table 7.13 for
comparison and the agreement between these values and those
obtained in the present work is excellent. Hence it can be
concluded that the FCFs obtained for the ®ands of 13c18o* for
the first time are also\ accurate. In the px‘e‘sent calculations
and in those of Nicholls (1962) and Krupenie and Benesch

4
(1968) the FCF of the 0-0 band is found to be very much
.
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»
TABLE 7.13  Franck-Condon factors for the bands of the Comet-tail system of
E the '2C'1%0* and '3C '0* molecules -,

2
- IZC I60+‘ lﬂC 180-6-
Band : . Lo
L8 Present Krupenie and Benesch (1968) ! v
50 “0122 ’ 0122 0.128
40 0.150 0.158 0.i60 .
3-0 T 0180 0.180 . - 0175 -
2-0 0.167 0.167 ooass
0 . 0.113 0.113 0.102
21 . - 0009 - 0.000 oot
00 0.042 0.042 L 0.036
1t 0.103 0193 0.190
N\ 01 0.152 0.152 0.137
02 0.251 * 0.251 . 0.239
- ‘
- ~
<
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. ; .
g—maller i(approximately five times) than‘that of the 1-1 band

observation.

which is in good a with the




__CHAPTER 8

FIRST NEGATIVE (B25,* - X25g*) SYSTEM oF 15n,+
e . .

N
In" this chapter, the ohsewaéicrg'af fifteen bands of

_the first negative (B2Eyt - X2zg*) system of I°N;* and the

rotational ,analysis of twelve of them are presehted. The ol

previdds work on this systém is reviewéd in Section 8.1.

Also given in this section is a brief description of the

.
experimental details that are pertinent to the present

investigation. In Section 8.2, the rotational struGture of
a’ zv}‘.*/- 25+ transition is discussed. ' Finally, the' results
chainied “fron tnw wothtionsy Hnd vibrational analysis’of
this system ~.are presented in Section g.3: 'J.’)"Ae perturbations
observed in the v=0 level of state B are also discussed in

the same secttion.

8.1 Introduction : Py

Even though the first negative (B2z,* - xzzg*) system

was first observed-mote than a century ago, Fassbender (1924)

was the first to perform a partial rotational analysis of a

few bands a}}d list \‘:he band head positions for ‘thirty-six

bands. Merton and Pilley (1925) and Herzberg (1928) observed

‘many bands of_this system under low resolution and the

latter gave the ‘most complete vibrational ahalysis of this
T s <
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system. Coster and Brons (1931, 1932), Parker (1933a,b),
Brons (1934, 1935), Childs (1932), and Cnvfo‘rd_ and Tsai
(1935) performed the rotational analysis of many bands of
this system and studied the perturbations in various vibrﬁonal
levels of thesztu* state. Iater, Douglas (1952) and Tyte
(1962 iss:) studied this system extensively and found a
numbe(; of new bands degraded -to lonq;r uuveleng'&is and
analyzed the rntational structure of some of these bands,
Klynning -and Pages (1972) annlyzed the rotational structure
of six bands, degraded ‘to shcrher wavelengths, ' ‘The prevxous
work done on this system has been publishad in the form of
review articles by Tyte ang-Nicholls (1955) and' Lofthus and
Kmpenxe (1977) . / "

The most recent i.nvestxqatxnns of the first negative
system of 14N,* began with the work of Dick et al. (1978) who
photographed some bands under high resolution and reported
preliminary results of their qnalyéis. Later Gottscho et
al. (1979) performed a complete deperturbation of this system
and presented nost. precise constants for the X, A, and B
states of this molecule fd #1so reported that there is no
evidenge of a‘2u+'- B2zy* perturbations and A%mj ., is the
only state causing perturbations in the B25,* state. Chevaleyre
and Perrot (1981) performed the rotational analysis of some

‘bands degraded to lohger wavelengths and analyzed some pertur-

b&:ions_ #n the higher vibrational levels 5! itaéa B. Recently, .

Klynning and Pages (1982) reanalyzed twenty-five bands of
¥ .




this system and presented the molecular constants for th;
% A,' B, and c2z,* .states obtained from the term value
approach, using seventyyone hand‘s in tatil.

The bands of thé first negative system of 14“;" arlsing
from the 'vibrational levels v s 11 of the upper state are
strong and degraded to shorter wavelengths, whereas those °

arising from the vibrational leVels v = 11 are very weak and
deqraded to longer wavelengths. The bands arisinq f;om the
: 1evels v=8 to 11 of state B, dependmg on the lower state
vibrational 1dvels to which the transitlons are taking place,
either belong to one of these two categories or appear wn:hout

any head. In most of the’ excltatlcn conditions, the bands of

this - system are overlapped by -those of the second positive

(c3ny - B31g) system of 14N;. Under favorable conditions, the
'Lntens'ity of the second'bositive system may be reduced but it

is very difficult ti’g suppress «it~completely. Becauée of these

reasons, the ‘rotational analybis of the first negative system

of léu >t is vefy complex. .

Although the work done om the first negative system of

141«2*‘ is very extensive, the work done on this system of chab

Lsotoplcally substituked nitrogen ions (14N15N)* and 15N,*,

is very fragmentaty. The work done by Wood and Dieke on this
system of (14N15w)* (1938) and 15N;* (1940F confirmed the
_vibrational numbering of thé -bands of this system. ' Wood and
Dieke (1940) measured the rotational _structure of 1-0,
0-0, 1-2, 0-1, and 0<2 bands of 15y, and estimated the’

. ’

¢

A




nuclear spin of 15N, but did ndt report the molecular constants
of the B and X states from their analysis. . Colbourn .and
Douglas (1977) reported the observation of the: 0-0 band of
this system of l5Nz'* without giving the tftational analysis.
The molecular constants of the B and X states of 15N,* have
mot yet been estimated from the experimental data and the
perturbations occurring in_ its B state.have also (ot been

analyz}d. The main objective of the prsuelg\t:' study of this

e systen of 15N,% 'is to obtain .accurate molecular constants

!ur the B and X states and understand the perturbations

occurnng in \:he rctaticnél struoture of the bands ot this

system. ¢

The fh:st wive system of 15N,* was excited in the

cathode glow of the hollov-cathode diichax‘qe tube Flfteen

bands of this system were photoqraphed under medium dispersion

in the fit_st order of a 600 grooves/mm grating on a Bausch
and ,Lomb specprograph. Except for the very weak 3-5 and
3-6 _bnnc_is, the res{ were photographed under high resolution.
The 0-2, 1-3, and 2-4 bands were photographed in the third
order of a 1200 grooves/mm gtating on the Bausch and Lomb
spectrograph. Of the remaining ten bands sz‘-.l' 1‘-0, 1-1,

0-0, 2-3, 1-2, 0-1) 2-5, 1-4, and 0-3). which were photographed

won the Jarrell-Ash spectrograph, the 0-3, 1-4, and’2-5 bands .

. M p
were recorded in the second order and trka rest were recorded
in the third order of a 1200 grooves/mm grating. The expasufe
times for the high resolution spectra photographed Dn’the

N ¢




=187 =

Bausch and Lomb s ctragy&p{are about 5 mimftes; and thge
photographed ~on the Jarrell-Ash spectrograﬂ:] 'va\g/_f;:om 5 2
seconds (for the strong lines of the 0-0 band) to five hours

, (for the 0-3, 1-4, and 2-5 bands). Kodak Spectrum Analysis
No. 1, 103 a-0, and 103-F plates were used to phot.o"gxaph
the gpectra. The siit width was maintained at 20 sm on the
Bausch and Lomb spectrograph but it was varied froA 15 um
to 30 upmf on the Jarrell-Ash speictrograph, c_iepending qn the

intensity of the ban?. The reciprocal dispsr§ions c/f the

spectra vary from 0.51 A/mm'at 4200 & in third order to

0.95 &/mm at. 5100 & in the second order. The measurements

of the spectral. lines are accuraté up to ~0.002 Y L 4

8.2 Rotational Structure of a 2zt - 2g* system —

In most of the situations, a 2s* state belongs to i
Hund's case (b) and hence, a 2zt - 2z% syStem represents
’ pure case (b) trapsition. In this case, the quantum nu‘mber

N of 'the total angular momentum, apart from spin, is defined.
. The rotational structure of a band belonging to thié system
contains four main.branches Rjp, Ry, »i’l, and P, and two
satellite branches 3(221 and qué. A schematic enérgy level
diagram s!'iowinq all these six bi—al;ches is given ‘in Figure‘
24. ihe‘ selection rules to iaa shstied for the main branches
* - (indicated by the solid ii‘nes in this figure‘) Oof this transitj.ion B

are v
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a 25t - 25+ system.
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wrs, s mefels, 7
“. The' selection‘rulgs for the satellite branches (shc;wn in
Sers A. ;lashed lines in Figure 24) are B
AT = 0 and e+ €. .
B ' The"® labelling of these satellite branches, qul and
) Pgi;, is dependent upon their proximity to the R-and P

. branches, 'respectively. The intensity of these satellite

and falls:off -very rapidly with increasing N. In some

ins\/:anées& the s$atellite branches may be too, weak to be
;s N v ¢

PO

observed.

.~ The rotational levels,of. a 2z* state in Hund's case

% (b) are given by Egs. [6.1] and [6.2]. The expressions for ¢

| the six branches of a 25+ - 25% can be obtained from Eqs. [6.1]

1
-~/ _and [6.2], according to the general expression,

Pl . . v =werFg'(N') - R, [8.1]

expressions for the rotational levels of a 23 statd. The

quau{um numbér N" takes values N+1 and N-1 for R nd P branches,

T ctively, iy fice with'the selection rules given

above. The expressions . for all the six branches are explicitly
given by Herzberg (1950)

- branches is always ‘small compared to that of ‘the main branches -

with N' = N. Here v is the ‘band origin and Fy are the '

13




‘25. 1In all, fifteen bands degraded to shorter wavelengths

- intensities, and the vibrational guantum mmbars are given

8.3 Analysis of the Spéctra

The first negative (822" - x23g%)  system of 15N,%, »

photographed under medium dispersion, is"shown in Figure

are identified here. In addition, some bands of the second

. positive -(C*my - B3Mg) system of 15N, can also be seen.

The 3-5 and 3-6 bands of the first ;:egative éystem, which .- ‘ ]
are very weak, were neither measured under medium dispersxon
nor photographed under high resolu:mn., The vacuum wavenumbers
of the band heads of all the ramaining thirteen bands measured

on plates photographed under high resoluticn, then- felative ;

in Table 8.1.
(i) Rotational Analysis

The rotational structure of the 1-3 band of the first
negative system of 15N+ photographed under high resolution
on ‘the Bausch apd Lomb 'spectrograph’ is shown in Fiqure 26. w
It is clearly sgen in this figure that 5he rotati‘onal lines
with the odd N values are stronger than those with the even
N values, givin altei;nation of intensity in ;.he band. The
alternation of the intensity,l which is)observed for all vthe
bands of this system, c:n ﬁe underst{od on the ‘basis of the
nuclear spin of 1/2 for the 15N nuoleus (see Herzberg, 1950;
p. 135 209). Similar alternatlcnmf intensity is expected

i thie ‘rotat1ena ,structure of the bands of the neutral 15N2 y




2.

Figure 25.

The emission band-systems produced in the cathode glow of the hollow-
cathode discharge tube by the excitation of the 15Nz molecules im~the
region 3475 - 5206 R. (a) First_negative (B2I,+ :§x2 *) system of

13N* and (b) Second positive (C3My - B3llg) system¥of "15Np. Dot (.)
represents the band head of the second positive system of 14N15N and
dazger (1) represents the band head of the first negative system of
(14§15N)+. This spectrum is photographed on Bausch and Lomb spectro-
graph in the first order of a 600 grooves/mm grating.

.
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TABLE 8.1 First negative (B °E,f - X °C%) band syslem/l;l\Sl;ne 15Nzt molecule
- % = § ~

N L
Band Head " Band Origin® » Relative, Assignment
(em™") (em™!) _ Intensity vi-y!
27068.4 z?§97.4o° m T
27827.6 27855.985(6) m 1-0
25720.0 25753.656(6) m 11
25538.4 ass62.783() v 0-0
23862.4 23884.206(6) w R %1
23659.9 23681.700(7) m 12
23438.7 " 23460.493(5) s 01
218542 21873.700(6) w 2.4
21620.9 21640.266(6) m .13

\2136@.1 . ‘21388.491(6) s . 02

19876.8 19804.179(14) | vw 8. 25
19612.5 19629.869(7) w ) 14
19320.8 19347.246(6) " m 03
b
¥

2The number in the parentheses indicates the \mcertamty m the last digit and
corresponds to one standard deviation.

bAbbreviations for relative intensibies vs, s, m, w, and vw represent very strong,
strong, medium, weak, and very weak respectively.

7
€Caleulated ffom the ferm values of v'=2 and v" =1 levels.




. *putyeab
uni/s2A0016” 00ZT ® JO I9PIO PATYI BY3F UT nmmumouumamm quoT pue

yosned sy3 uo paydeabojoud +sza 3o we3sks (,Pzzx - ,Mzpd) -

aaT3ebau 3ISITI 8y3l JO pueq £-T aYP JO 2INIONIFS [BUOTIBION *9Z 2InBTJ




W 26'02912

puog v-2

bmm

——t— T

It 1
el
\Wo €0'G98IZ



molecule. The electron spin splitting of the rotational
lines can also be clearly seén il‘l;igure 26 for the spectral
lines with N > 5. Similar splitt_i_x:; of the rotational
lines is obser;led in all the bands with v' = 0 for N > 19 and
in those with v' = 1 for N> 5. Of all the four bands wigh

v' = 2, photographed under high resglution, the rotational

. structure of the 2-1 band could not be analyzed because it

is overlapped by the strong .0-1 band of the secopd positive
system of 15N;. In the remaining three pands (2-3, 2-4, and
2-5), the rotational lines .are identified only up to N = 19
and for all ‘thasa spectral lines the spin splitting is f;ot
observed. The satellite bramches Py, and Roy; are not
observed in any of the bands of this system.‘ In the rotational

structure of the 0-0 band, the lines in the Py and P, branches

with N = 22 to 32 could not be identified because these lines
are overlapped by th;"ut.rong lines of the R; and R; branches
as well as the initial lines of the P, and P, branches. The
rotational quantum numbers and the vacuum wavenumbers of the
spectral lines of all the tw:;ve bands analyzed in the present
work are listed in Tables 8.2 to 8.13. The vacuum wavenumbers
of the spectral lines of all the branches of a band were simul-
taneousiy fitted to the expressicng of tqe Ry, Ry, Pp, and
Pj branches [Eq. 8.1] and themolecular constants were’esg:‘imated

by the method of least-squares. The (v ) values,

obs ~ Ycale
obtained from é:e least-squares fits of the vacuum wavenumbers *

of individual bands, are given in parentheses in these
L 5 £ - -
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TABLE 8.2 Vacuum wavenumbers (in em™) of the rotational lines of the 1-0
band 2 1
.
Ne Ry(N) Ry(N) Py(N) Py(N)
0 27859.84( 0.01) - - .
1 7863.04( 0.02)  27863.04( 0.08)  27852.44( 0.02) -
2 27868.25(0.00) 27868.25( 0.06)  27840.00(0.01)  27849.0)
3 27872.84(002) 2787275 27845.98(-0.01)  27845.08
4 27877.58(-0.05)  27877.58( 0.05)  27843.12(-0.02)  27843.12)
5 27882.64(-0.05)  27882.50( 0.02) - 27840.54(0.00)  27840.43
6 - 27888.00(0.01)  27887.87(0.03)  27838.16(-0.02)  27838.05|
7 27893.40(-0.05)  27803.33(-0.04)  '27836.06( 0.00)  27835.86
8  27899.30(-0.02)  27809.10(-0.03)  27834.17(-0.02)  27833.98
9 27905.35( 0.00) —27905.11(-0.02)  27832.60( 0.04)  27832.43
10 27911.64( 0.03) 27911.37(-0 01)  27831.15(-0.02)  27831.02
11 27918.11(:0.01)  27917.83 27830.01(-0.02)  27829.75
12 27924.80(0.02) ¢ 27924.59( o 00)  27820.17(0.04) 2782888
13 97031.88(0.02)  27931.53(-0.03)  27828,54( 0.06)  27828.20(
14 "27939.12(0.03) , 27938.74(-0.03) 27827,85|
15 27046.60( 0.04)  27946.20(-0.02) 27327335(-0.05) 47827.58)
16 27954.20(0.02)  27053.91( 0.00) ‘ 27827.95(-0.03) . 27827.65
17 27962.20(-0.02)  27061.81(-0.02) - 27827.95
18 27970.40(-0.01)  27970.03( 0.03)  27828.88(0.0%) 2782854
19 27978.83(-0.01)  27078.43( 0.03)  27820.75(0.08) 27826730
27087.48(-0.02)  27087.06( 0.02)  27830.76(0.04)  27830.35|
21 . 27996.38(-0.02) . 27095.94( 0.02)  27832:03(0.02) 2783161
22 . 27833.60( 0.06)  27833.12
23 27835.32( 0.00) . 27834.92
24 27837.30(-0.03)  27336.91( 0.01)
25 27830.61( 0.02)  27839.17( 0.03)
2 27842.08(-0.01)  27841.61(-0.02) -
27 27844.84( 0.01)  27844.30( 0.04) -,
28 27847.81( 0.00)  27847.22(-0.00)
20 27851.02(-0.01)  27850.55( 0.04)
30 - - .
31 . 27858:20( 0.01)  27857.72( 0.00)
32 - -
33 27866.24(-0.06)  27865.71( 0.00)
34 . o - -
35 27875.30(-0.08)  27874.77( 0.04)

2Not used in the analysis.
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Vacuum wavenumbers (in cm™) of the rotational lines of the Y1

TABLE 8.3
band

N Ry(N) ~ . RN) Py(N) PyN) -
0 25757.48(-0.09) . s .

1 25761.62( 0.00), 25751.62( 0.03) 25750.11 «0.01)

2 [ 25766.00(-0.02)  25766.00( 0.03)  25746.84(001)  25746.84( 0.04)
'3 \25770.67:003)  25770.67(0.05) 2574382(0.04)  25743.82( 0.03)
1 \e5775.56 25775.56( 0.01)  25741.10(-0.04) 2574110 0.04)
5 5780.85(-003)  25780.77(0.01)  25738.66(-0.05)  25733:61( 0.00)
6 25786.37(0.02) ‘25786.25(0.00)  25736.52(-003) .

7 . 2579218(001) ° 2579198(-0.03)  25734.63(:0.04) -
8 95798.26(0.03)  25798.06( 0.01) . 25733.02(-0.05) " .
9 92580458 0.02) ' 25804.33(-0.03)  2573L76(0.01)  25731.60( 0.03)
10 25811.22( 0.05 . 25810.93(-0.02, / - - )
11~ 25818.00(0.03) | 25817.75-0.07)  /25720.96(0.02)  25729.89(-0.04
12 °25825.27(0.05)  25824.94(-0.02 - . 25720.7( 0.05
13 25832.60(0.04)  25832.350-0.02)  25720.27(003)  25728.99(-0.01)
14 25840.40{ 0.04) 25840.09(0.03)  25720.27(-0.04)  25728.00(-0.06)
15 25848.30(0.05)  25847.99(-0.03)  25720.69( 0.03) S
16 25856.64(0.04)  25856.23-0.02)  25730.31(0.03)  25729.96(-0.02)
17 25865.15(0.02)  2864.74(-0.02)  25731.21{003)  25730.84(-0.03)
18 25873.93(0.00)  25873.53(-0.01) . 25732.41(005)  25732.05( 0.02)
10 2588303(003)  25882.57(-0.02)  25733.88(006)  25733.51( 0.04)
20 25892.30(-0.04) 25801.87(-0.04) 25735.58| 0,02) 25735.16(-0.03)
21 925001.96(0.00)  25901.52( 0.01 s .

22, 25011.78(-0.08) ° 25011.35(-0.02)  25730.81(-005)  25739.43(-0.02)
23 ° 25021.99(0.00)  25921.50(0.00)  25742.41(-0.01)  25741.98(-0.02)
24 25032.37(:0.05)  25931.91( 0.00) = 25744.80(-0.02)
25 '25043.11(0.00)  25042.61(0.03)  25748.35(-0.03)  25747.91(-0.01)
26 925054.05(-0.02)  25953.55( 0.03 5 25751.33( 0.03)
.27 259065.26(-0.03)  25064.76( 0.07 - . 2575495 0.01)
28 2 - 25750.46( 0.07) ” 25758,81(-0.06)
20 25088.53(-0.02)  25087.95(0.02)  25763.57(-0.04)  25763.00( 0.02)

f31 \

-25772.81(-0.08)

25772.36( 0.06)

®Not used in the analysis.
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TABLE 8.4 . Vacuum wavenumbers (in em™) of the rotational lines of the 0-0
band >
b g b
N Ry(N) Ry(N) Py(N) '\ Po(N)
1 25570.77(-0.03) _25570.77(-0.03)  25559.21( 0.03) -
2 25575.25( 0.00 25575.25( 0:00) 25555.85(-0.02) 25555.85(-0.02)
. 3 25579.90( 0.02 25570.99( 0.02)  25552.87(0.02)  25552.87( 0.02)
4 25584.96(-0.02 25584.96(-0.02) 25550.16( 0.04) 25550.16( 0.04)
5 25590.29( 0.01 25590.29( 0.01) 25547.67( 0.00) 25547.67( 0.00)
6 25595.84(-0.01 25595.84(-0.01) 25545.53( 0.03) 25545.53( 0.03)
7 . 25601.71( 0.00 25601.71( 0.00) ° 25543.62( 0.00)
8 25607.87( 0.01 25607.87( 0.01) 25542.05( 0.03)
9 25614.29( 0.01 25614.29( 0.01) ~-25540.68(-0.03)
10 25620.95(-84Q4, 25620.95(-0.04) 25539.66(-0.02)
11 2562707 0.00)  25627.97( 0.00) 25538.90(-0.04) -
12 25635.25( 0.01), 25635.25( 0.01) E 25538.37(-0.11)
13. © 25642.78(-0.01 25642.78(-0.01), 25538.37( 0.07) 25538.37('0.07)
14 '25650.65( 0.03 *25650.65( 0.03) 25538.37(-0.04) 25538.37(-0, .04)
15 25658.73( 0.01 25658. 73( 0.01)"  25538.90( 0.10) 25538. 90( 0 10]
16 25667.09(-0.02)" 25667.09(-0.02) - V
17 25675.77( 0:00 25675.77( 0.00)  25540.45( 0.01) 2554045( 0.01)
18 - - 25541.69( 0.01) 25541.69( 0.01)
19 25693.98 25603.75 25543.18(-0.02)  25543.18(:0.02)
20 25703.37 25701.80 25544.98(-0.02)  25544.98(-0.02)
21 25712.98 2571343 25547.09( 0.00) 25547.09( 0.00)
22 25722.40 25723.34 - - .
23 25737.33 25733.51 - -
24 25745.42 25743.20 - -
25 25755.78 25755.63 Noe -
26 25766.74 25768.74 - -
27 25777.15 25778.06 - -
28 25791.02. 25780.81 - =
29 25802.60 25801.80 - -
30 25814.80 25814.13 - -
31 25827.33 25826.66 = =
32 25840.09 25839.53 - =
33 25853.22 25852.65 25595.40 25504.81
34 25866.63 - 25866.06 25601.17 -25600.58
35 25880.31 . 25879.72 25607.26 25606.66
36 25804.19 - 25803.68 25613.70° 25613.06
37 25908.50 25907.89 25620.28 25619.70
38 25022.93 25922.30 25627.24 25626.62
39 25937.76 25037.20 25634.42 25653.88
40 25952.70 25952.36 25641.98 25641.38

~
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TABLE 8.4 (contipued) X
b ¥ b
N RN, RyN) ; —'E.(%J) Py(N)
41 2596811 25967.53 ¢ 2564@5, . 25610.93
42 3 - 25657.93 25657.41
43 25999 54 2509308 25666.14 25005.57
'
S

2The ("oh,"’mc) values are given in parenlhmes quly for the unperturbed lines »

/" which are used in the analysis.

DThe lines in the Py(N) and Py(N) branches with N 22 {0 32 whict fall‘in the

returning branch could not be identified comccly
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TABLE 8.5 Vacuum wavenumbers (in cm™') of the rotational lines of the 2-3
band B
2

N Ry(N) Ra(N) Py(N) Py(N)

1 23802.20(-0.03) 23802.20(-0.03) = -

2 . 23806.55(-0.07] 2 -0.07) - -

3 23901.30( 0.00) 23901.30( 0.00) 23874.80( 0.01) 23874.80( 0.01

4 23906.36( 0.07] 23008.38( 0.07) 23872.22( 0.01) . 23872.22( 0.01

5 23911.56(-0.01 23011.56(-0.01) 23869.92( 0.00) 23869.92( 0.00,

6 23917.15( 0.00} 23917.15( 0.00) 23867.04( 0.01) 23867.94( 0.01

v 23923.06( 0.03] + 23023.06( 0.03) 23866.26( 0.01) 23866.26( 0.01

8  723929.20(-0.01; 23029.20(-0.01) 23864,88( 0.02) 23864. 38( 0.02

9 23935.60( 0.01 23035.69( 0.01) 23863.81( 0.03) 23863.81( 0.03
10 23942.44 -0.01 ,23042.44(-0.01) 23862.97(-0.02) 23862.97(-0.02
11 23949.52( 0.01 , 23040.52( 0.01) 23862.46(-0.04)  * 23862.46(-0.04
12 23956.86(-0.01 23956.86(-0.01) - - . - ¥
13 23964.48(-0.04) 23064.48(-0.04) | 23862.46( 0.03) 23862.46( 0.03]
14 23972.49( 0.03)  23972.49( 0.03) 23862.81(-0:03) - 23862.81(-0.03
15 23980.70( 0.00] 23080.70( 0.00) 23863.53(-0.02) 23863.53(-0.02]
16 i : 23864.57 0701 23864.57( 0.01
17 a3 23865.88( 0.0 23865.88( 0.01

st -
/ »
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TABLE 8.8 Vacuum wavenumbers (in em™!) of the rotational lines of the 1-2 -
band - o
N Ry(N) Ry(N) P(N) PoN) '

23685.52(-0.01) - -

23680.62(-0.07) - 23689.62(-0.03)  23678.19( 0.01 -
23604.16( 0.03) 23604.18(0.08)  2367497(-0.01 23674.97(.0.03)
23608.85(-0.07)  23608.86(0.00)  23672.08(-0.01)  23672.08( 0.05)
23703.08(-0.04)  23703.98(0.05)  2366051( 0.00)  23669.51
23709.44( 0.09)  23709.20(0.02)  23667.20(-0.05)  23667.20( 0.04)
: . 23665.26( 0.07)
23663.52(-0.01)
23462.16(-0.03)
23661.08(-0.10)
23660.40(-0.04)
23660.08( 0,05)
23659.62(-0.02)
~ 13 23763.88(0.08)  23763.53(-0.01 23660.11(-0.05)
a4 2377204( 0.05)  23771.69(0.02 23660.71( 0.02)
15  23780.55( 0.06) . 23780.17(-0.02)  2366176(-0.03)  23661.51(-0.03)
‘16 23780.27(-0.03)  23788.08(0.00)  2366304( 0.07) . 23862.71( 0.01)
17 23708.30(-0.02)  23798.00(0.08)  23664.49( 0.01)  23664.16(-0.01)
18 y 23807.00( 0.07).  23807.40(0.01) ' 23666.32( 0.07)  23665.98( 0.03)
19 23817.52(-0.04) .  23817.14(0.05)  2366842( 0.05)  23668.05( 0.00)
20  23827.63(0.04)  23827.21(0.01)  2367082( 0.03) ~ 23670.42(-0.03)
21 23837.88(-0.05)  23837.45(-0.07)  2367354( 0.02) . 23673.13(-0.04)

22 23848.50( 0.01)  23848.16(0.01)  23676.54(-0.03 -
23 - 23850.55( 0.02)  23850.10(0.02)  2367001(:0.02)  23679.48(-0.07)
24 2387080( 0.02) . 23870.32(0.01)  23683.63( 0.0: 23683.22( 0.02)
1y 25  23882.35( 0.01)  23881.89(0.04)  23687.57(-0.01 23687.11(-0.06)
26 2389417(-0.03)  23893.70(001)  2369191( 0.3 -
27 23906.36(-0.01 23005.89('0.05)  2360647(-0.01) , 23606.01(-0.02)
28 2301882(-0,01)  23018.25(0.03)  2370141( 0.02)  23700.96( o.o? N

20 2303157(-0.03)  23031.09(0.06)  2370665( 0.03)  23706.16( 0.03)
» 30  2304460(-0.07)  23044.07(-0.01)  2371207(-0.08 -
31 2305801(-0.03)  23057.51(0.08)  23717.00( 0.00)  23747.5% 0.04)

e
<)
5

23721.19(, 0.03) 23720.99(-0.02
23727.56

0.07) . 23727.30(-0.03;
23733.86(-0.09
. . 23740.88(0.00!
23748.05(-0.08
23755.69( 0.01)

o
1
2
3
4
5
6 23715.11(-0.02) -
7
8
9
10

33 : 23085.03(0.00)  23%054(-0.07) - 2373011 0.05)
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TABLE 8.7 Vacuum wavenumbers (in em™!) of the rotational lines of the 0-1
band ko ’

N Ry(N) Ry(N) Py(N) Py(N)

1 23468.58( 0.02| 23448.58( 0.02) 23456.94( 0.01 -

2 23473.01(-0.06) 23473.01(-0.06) 23453.64(-0.05 23453.64(-0.05.

5 23477.91( 0.01)  23450.80( 0.03)  23450.80( 0.03

4 23483.05( 0.00)  23448.17(000)  23448.17( 0.00

5 23488.51( 0.00) 23445.90( 0.01 23445.90( 0.

6 % 23494.30( 0.01) 23443.95( 0.03) 23443.95( 0.03

4 ¢ . 23500.40( 0.01) 23442.29( 0.02 23442.29( 0.07)

8 . 23506.81( 0.00) - * 23440.95( 0.00] 2344095 0.0DR

9 . 23513.55( 0.02) 23439.94( 0.00) 23430.94( 0.00]
1 . 23520.55(-0.03) 238439.26(0.01 23439.26( 0.01

g 23527.94( 0.00) 23438.86(-0.02, 23438.86(-0.02,

12 X ;i 23535.63( 0.01) 23438.86( 0.04] 23438.86( 0.04,
13 .60}-0. 23543.60(-0.01) 23430.06(-0.03) 23430.06(-0.03
14 23551.94( 0.03] 23551.94( 0.03)  .23430.61(-0.07) *.23430.61(-0.07,
15 23560.54( 0.01 23560:54( 0.01) 23440.62( 0.04] 3440.62( 0.04
16 23569.45(-0.01 23569.45(-0.01) 23441.79(-0.01 3@141,79 -0.01
17 23578.70( 0.00) 23578.70( 0.00) 23443.38( 0.04 23443.38(.0.04
18 23588.24(-0.02) 23588.24(-0.02) 23445.14(-0.06] 23445.14(-0.06
19 23508.14( 0.01) 23508.14( 0.01) 23447.41( 0.03] 23447.41( 0.03)
20 23449.89 0.01 23449.89( 0.01)
21 23452.60( 0.00) =~ 23452.69( 0.00)
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Vacuum wavenumbers (in cm™) of the rotational lines of the 2-4

I3
Ry(N)

Py(N)

Py(N)

TABLE 88
band

N Ry(N)

1 21881.65( 0.04)

2 21886.12( 0.04)

3 21800.90( 0.01

4 21806.02(-0.01

5 21901.48(

6 21007.29(

7 21013.42(

8 . 21019.88(

9 21026.67(
10 21033.81(-0.01

11 21941.23(:0.02

12 21949.04(0.03

13 21057.11( 0.04

14 21965.50( 0.06

15 21974.12( 0.00

16 21983.09( 0.00

17 21092.32(-0.04

18 "

19

21881.65( 0.04)
21886.12( 0.04)
21890.90( 0.01)

21896.02(-0.01)’

21901.48(-0.02)
21907.29(-0.02)
21913.42(-0.03)
21919.88(-0.03)

| 21026.67(-0.04)

21933.81(-0.01)
21041.23(-0.02)
21949.04( 0.03)
21957.11( 0.04)
21965.50( 0.06)
21974.12( 0.00)
21983.09( 0.00)
21992.32(-0.04)

21870.24( 0.00)

,21867.13( 0,00)

21864.39( 0/03)
21861.93( 0.00)
21859.83( 0.00)
21858.07(0.00)
21856.65( 0.00)

21855.53(-0.03

21854.77(-0.03)
21854.39( 0.02)'

21854.25(:0.02)

21855.92( 0.01)
21857.08(-0.01)

. 21858.63(0:05)

21860.39( 0.01)
21862.48( 0.00)
21864.86(-0.02)

21867.13( 0.00)
21864.39( 0.03)
21861.93(-0.00)
21859.83( 0.00)
21858.07( 0.00) .
21856.65( 0.00)
21855.53(-0.03)
21854.77(-0.03)

21854.39( 0:02),

21854,25(-0.02)*

218554732(0‘02)
21855.92(,0.01) .
21857.08(-0:01)
21858.63( 0.05)
21860.39( 0.01)
21862.48( 0.00)
21864.86(-0.02)
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TABLE 8.9 Vacuum wavenumbers (in cm™) of the rotational lines of the 1-3 P
band s
~ - G
N R,(N) \ Ry(N) Py(N) . Py(N)
" 21644.00(-0.00) (W . -,

o .
1 21648.24(-005)  21648.24(-0.01)  21636.78(-0.01) -

2. 21652.81(-002)  21652.81( 0.04) - 21633.63(-003)  21633.63( 0.02)

3 21657.63(-0.09)  21657.63( 0.00)  21630.87(0.00)  21630/87( 0.07)

4 21862.90(-0.05) ug:;yo 0.08)  21628.40(-0.04 21622/40( 0.05) =
5 2 :

6

7

8

21668.54( 0.01) 21658.42( 0.02) 0.03) « 21626.32( 0.08)
21674.46( 0.01) 21674.30( 0.00) 21624.61( 0.00; - (
+21680.73( 0:01) * 21680.55( 0.00) 21623.17(-0.05; ~-

%1'637-37 003) - 21687.14(-0.01)  21622.20( 0.03)  21621.92(-0.09)
9 1604.33( 0.03)  21604.06-0.02)  21621.49( 0:02)  21621.21(-0.08)
10 21701.62(0.01) . 21701.38(-0.01)  21621.21( 0.08)  21620.92( 0.00) .

o .11 21700.25(-001)  21708.98(-0.02)  21621.21(0.08)  21620.92( 0.02
/12 .. 21717.32(007)  21716.96(-0.01) . 21621.49( 0.02 21621.2@.02%
"313 T 21725.60( 001)  21725.28( 0.00) ' 21622.20( 0.03 21621.92( 0.01)
14 - 21734.27(000)  21733.93(-0.01)  21623.17(-0.04 -
C 15 7 21743.29{ 0.00)  2174291(-0.04) . 21624.61( 001)  21624.26(-0.01)
© .16 21752:65(-001) - 21752.98(0.01) ~ 21626.32(-0.02)  21826.02( 0.00
17 21762.36(-001) . 01761.06(-0.02)  21628.40(-002)  21628.07(-0.01
18 21772.40(-002)  21772.00(0.00)  21630:87( 0.02 21636-51( 0.01)
10 21782.78(-0.03)  21782.38(0.01)  21633.63( 0.00 21633.23(-0.02) ,
20 21793.53(-0.01) . 21793.130.05)  21636.78(.0.02 21636.34(-0.02) -
21 21804.58(-0.03) - 21804.14(-0.01) 2154‘&19(-0.04 ' 21639.80(-0.01)
22 - 21816.03( 0.01) 21815.55( 0.04) 21644.09( 0.04 21643.53(-0.08)
. 23 21827.74(-003) - 21827.31(0.07)  21648.24( 0.03 21647.74(-0.01)
i 24°  21830.79(-006)  21839.35 Q.05) -
1 ) 25 21852.23(-0.05) -21851:77(0.07)  21657.63( 0.08)  21657.07(-0.01)
< 2 21865.03(-0.0i)  21864.40(:0.04) .

*
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TABLE 8.10  Vacuum wavenumbers® (in em™) of the rotational lines of the 0-2
- band

Nz - RyN) | RyN) P(N) ™ Py(N)
\ ) ]

V3
21392.43( 008~ | T .

2130.57(-0.02 02) 2138407 0‘89 o
21401.17( 0.00) ~~ 2138182 21381.82( 0.02)

21406.11( 0.01 21406,11( 0.01) 21378.95(-0.03 -21378.95(-0.03)
21411.37(-002)  2141137(-0.02)  21376.49(-0.03)  21376.49(-0.03)
21417.01(-0.01)  21417.01(-0.01)  21374.39(-0.02 21374.39(0.02)  *
21423.01( 0.00)  21423.01(0.00) .  21372.71( 0.06 21372.71(0.06)
21120.34(-0.01)  21420.34-0.01) - 21371.22(-002) . 21371.22(-0.02) ;
21436.06( 0.02)  21436.06(0.02)  21370.22( 0.03)  21370.22( 0.03)
21443.07(-0.01)  21443.0700.01)  21369.48( 0.00) ©  91369.48 ooo)

r’?
\

© 0o a weto

10 21450.48( 0.01 21450.48(10.01) 21369.12(-0.01) ." k4
. 1 21458.22( 0.00 21458.22( 0.00) 21369.12(-0.01
st M 12 21466.37( 0.06, 21466.27(-0,04) 21369.48(-0.01, 5 X
v 13 21474.83( 0.07 21474,59(-0%7) 21370.22( 0.03] 21370:22(+0.03) ”
14 21483.62(0.07)  21483.47(-0.08)  21371.22(-0.03) 21371.22(-0.03) B
\/\ .15 21402.74( 0.04 21492.62(-0.08) 21372.71( 0.08) 21372.71( 0.08)
16<\ - 21502.25( 0.06, 21502.13(-0.06) 21374.39(-0.02] 21374.39(-0.02
o 17 21512.06( 0.03] 21511.90 21376.49(-0.03] 21376.49(-0.03,
18 21522.24(0.02) . 21522.06 21378.95(-0.03 21378.95(-0.03)
19 21532.74(-0.02] 21532.50 21381.82( 0.03] 21381.82( 0.03)
20 21543.55 21541.97 /;.Jggltm(-om 21384.92(-0.02)
21 21654.59 21555.03 1388.47( 0.02) 21388.47(0.02) *
22 21565.55 21566.48
23 21682.02 21578.25
24 21501.80 - 21589.55
25 21603.99 21603.85
26 21616.63 21616.63
2The (Vgpy - Vea)c) values are given in parenthcses only for the unpercurbed lines
which are used in the analysis. i
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TARLE 8.11 >~ Vacuum wavenumbers (in cm™') of the rotational lines of the 2-5

band
N RN}, 4 RN Py(N) _ Py(N)
. r

- . =
3 1991162(0.04)  19911.62(04)  19885.02(-004) 19885.02(-0.04)
4 - . 10882.77( 0.00) 10882.77( 0.00)
5 10922.50(-0.02)  19922.50(-0.02)  19880.94( 0.08)  19880.94 0.08)
7 10934.02(-001)  19934.92(-0.01)  19878.15(0.00)°  19878.15( 0.00)
8 1004165(-003)  10941.65-0.03) 5 -7
9 1004881 001) -  19948.81(0.01),  19876.93(0.01)  19876.93(0.01) -
10 19956.20(-0.07)  19956.20-0.07)1 10876.79(-0.06)  19876.79(-0.06)
11 <. 19964.11(0.01)  19964.11(0.01)  19877.12(-0.03)  19877.12(-0.03)
12 19972.31(0.08)  19972.31(0.03)  10877.87(0.06)  19877.87(0.06)
13 10080.86(0.06)  “19980.86(0.08)  10878.80(-0.02)  10878.80(-0.02)
14 - - - -
15 19900.04% 19099.04* 10881.91( 0.01) 10881.91( 0.01)

17 20018.26(-0.02) 7 20018.26(-0.02)

19886.35(-0.02)

19892.19( 0.01)

19886.35(-0.02)
19892.19( 0.01)

3Not used in the analysis.
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TABLE 812  Vacuum Wave)umbers (in em™) of the rotational lines of the 1-4
band -

N Ry(N) . RN Pi(N) Po(N)

0 “19633.66(-0.03) = - w
1 1963787(-005)  10637.87(-0.02)  19626,39(-0.03) - :

2 19642.52( 0.00)  19642.53(0.05)  19623.35(-0.01)  10623.35( 0.04)

3 19647.44(-0.07)  10647.44(0.00) 19620.65(-0.03)  10620.65( 0.04) P
4 19652.83(-0.05)  19652.83(0.05) 19 -001)  19618.37( 0.07). .

5 1065862(-001)  19658.55(0.04)  19616.44(-0.03)  -10616.44( 0.08) -
6

7

8

9

19664.80( 0.05)  19664.65(0.03)  1081493(-0.01)  19614171(-0.10)
10671.27( 001)  19671.17(0.07)  1061376(-0.03)  10613.68(0.04)
10678.13(-002)  19677.98(0.01) . 10613.00(-0.02)  19812.86( 0.00)
19085.43( 0.01)  19085.20(-0.02)  19612.63( 0.00) - 19612.46( 0.01)
10 19693.02(-0.05) - 10602.81(:0.04)  1961%:63( 0.00)  19612.46( 0.03)
11 °1970110( 0.01) _ 19700.82(0:03)  19613.00(-0.01) 19512.1%,0‘ 3)

.12 19709.52( 0.02 19709.18(-0.06) 19613.76(-0.01) 19613.60( 0.06)
13 19718.34( 0.05 19718.0150,01) 19614.93( 0.01) 19614.71( 0.04)
14 19727.43(-0.02 10727.03% 10616.44(-0.01) - «
.15 19737.05( 0.08 19736.69( 0.02) 19618.37( 0.01)  +18618.07( 0.00) 4
418 19746.93( 0.02 19746.54(-0.03) 19620.65( 0.00) 19620.35( 0.01) _ =
17 19757.21( 0.00} 19756.87( 0.03) 10623.35( 0.02) 19623.01( 0.01)
18 19767.79(-0.09) 19767.48(-0.02) 19626.39( 0.00) 19626.00(-0.04)
19 19778.98( 0.04 19778.54( 0.01) 19620.81(-0.03) 19629.486(-0.01)
. 19633.66( 0.00 19633, 23 -0.05)

21 - 19637.87( 0.00)  19637.48( 0.01)
l) 22 . 10642.52( 0.08)  19642.04( 0.00)

23 19647.44( 0.00)  19646.99(-0.01)

2Not used-in the analysis.
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TABLE 8.13  Vacuum wavenumbers (in ¢ém™!) of the rotational lines of the 0-3

band

N Ry(N)

RaN)

Py(N)

Py(N)

0 19351.17( 0.03)
1 19355.37(-0.03)
2 19360.02{-0.03)
3 19365.01{-0.07)
4 19270.57( 0.07)
5 19376.32( 0.01)
6 19382.49(-0.02)
7
8
9

10

19389.07(-0.02)
19396.04(-0.01)
19403.40(-0.01)
19411.15( 0.01)
11 19419.27( 0.00)
12 19427.81( 0.04)
13 10436.72( 0,05)
14 10445.94( 0.00)
15 19455.67( 0.07)
16 19465.60( 0.04)
17 19476.14( 0.07)
18 10486.86(-0.02)
19- 19498.09L0.0?)
20 19500.57% ~
21 19521.35%

19355.37(-0.03)
19360.02(-0.03,
19365.01(-0.07
19370.57( 0.07)
19376.32( 0.01)
19382.49(-0.02)
19389.07(-0.02)
19396.04(-0.01)
19403.40(-0.01)
19411.15( 0.01)
19419.27( 0.00)

*19427.81( 0.04)

19436.61(-0.06)
19445.94( 0.00)
19455.53(-0.07)
19465.52

*19475.99(-0.08)

19521.83%

T

19343.79( 0.01
19340.73( 0.05)
19337.97( 0.00) \
19335.66( 0.02)

19333.69(-0.02)
19332.18( 0.02)

19331.00( 0.00) _

19330.23( 0.00)
19329.84( 0.00)
19320.84( 0.00)
19330.23( 0.00)
19331.00(-0.01)
19332.18( 0.01)
19333.69(-0.04)
19335.68( 0.00)
19337.9%0.02)
19340.73( 0.03)
19343.79(-0.01)
19347.32( 0.04)
19351.17( 0.02)
19355.37(-0.03)

19340.73( 0.05)
19337.97( 0.00)
19335.66( 0.02)
10333.69(-0.02)
19332.18( 0.02)
19331.00( 0.00)
19330.23( 0.00)
19329.84( 0.00)
19329.84( 0.00)
19330.23( 0.00)
19331.00(-0.01)
19332.18( 0.01)
19333.69(-0.04,

19335.66( 0.00)

19337.97(-0.02)
19340.73( 0.03)
19343.79(:0.01)
19347.32( 0.04)
10351.17( 0.02)
19355.37(-0.03)

2Not used in the analysis.
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tables. However, these values are not given for the perturbed

lines and a very few unperturbed lines which are excluded from

the analysis. In general, the standard deviation of such a
least-squares fit is ~ 0.03 cm™l.

The molecular constants obtained from the analysis of
the individual bands were merged together to obtain a
unique set of molecular constants for the X and'B states
(see Section 3.3). The band origins obtained from the
-merged least-squares fit are. given in Table 8.1. The
uncertainty in the origin of the 2-5 band appears to be
high because the number of spectrai lines uéed in 'the

analxsis is limited. The -band origin of &he -1 band

quoted in this table was ohtalned from the term values of

the levels v = 2 and 1 of states E and X, respectlvgly.
The By, Dy, and v, values, of states X and B obtained from
the merged least-squares fit are listeé in Table 8.14. The
uncertamties in the By and Dy values of the X2zg*, v=s
and the Bzxu , vV = 2 are rather large compared to those of
the other levels because these values were obtaihed from
linited wavenumber datal The v, value of the B state was
estimated exclusively from the ‘wavenumher data of N = 33 to
43 in the 0-0 band and was not included in the merged fit.
The value of v, of state B could not be eshimated—beéauze\t‘;he

spin splitting was not observed in any of the bands with

v' =2. 'similarly, 75 Of state X could not be obtained because

the v" = 5 level was observed only in the 2-5 band. The Bg




’
TABLE 8.14 Rotational constagts® (in em™!) of the X ZE‘* and B 2D} states of
1SN+ -
2

N :

X 225-0- B Z‘E: -
Vibrational
Level B, D,x10° —7,x10° B, Dyx10°  7,x10%,
0 1.79520(8)  5.5(1)  18.3(4) 1.93731(9) 6.6(2) 1.1(9)
1 177817(8) . 5.6(1) 18.8(4) 1.91709(7) 6.4(1) 1.2(4)
2 LTBLI4(8)  5.8(1)  17.2(5) 1:80548(12) 16.0(3[ -
3 1.74342(8)  56(1)  19.1(5)
4 1.72639(10)  6.2(2) - 19.1(6) .
s _forses) 40() -

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

- o



and ae values of states X and B were Sbtained according to
Eq. [3.13a], from the B, values given in Table 8.14. The
Be and eg values thus obtained are listed in Table 8.15.
The equilibrium internuclear distance rg and the correspnding
moment of inertia Ig of Etait.es X and B, obtained from their
respective By values, are also presented in the same table.

"

(ii) Analysis and t.

All the band origins of the bands of the first negative |
(B-X) system of 15np%, except that of the 2-1 band (see
Table 8.1), were fitted to Eg. [3.6), and the system oriq‘in
u; and the vibrational h:nnstants obtained simultaneously
from this fi-t are listed in Table 8.15. In this table, the
Te value of sta'ta‘s is identical to the v value of the B-X
system. The twelve band or8gins given in Table 8.1, except
that of the 2-1 band, were also used to obtain the vibrational
term values of the X and B states. . These term values,
which afe relative to that of the v = 0 level of the X state
are presented in Table 8.16. Using the vibrational constants
of the X.state (see Table 8.15), the actual position of the
v. = 0 level from the minimud of its potential energy curve
is calculated to be 1062.522 cm™1.

The isotope shifts of the bands of the first negative
system of 15N,trare obtained'as the-differences of the origins
of the 4N, bands of this system and those of the corresponding
bands of 15“{.’1.9‘,':,0(1‘“2*) - vo(15N,%). The values of
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TABLE 8.15 Equilibriuwlecular constants® (in em™!, unless stated otherwise)

of the X 2, ™ind B 25} states of N .
P
+
Molecular Constant X5t B2
¥
™ 00 ; 25460.258(9)
w, S 2}31.534@ 2342.811(9)
v
WeXe 15.063(4) 24.656(3)
Wee -0.0324(4) . i
B, 1.80302(8) 1.04775(10)
a, 0.01720(1) . 0.02046(4)-
r. (A) ’ L1162 : 10742
1, (g.cm?) . ¢ 1.5518x107% 1.4372x10°%

3

)
“The number in the paremheses indicates the uncertlmy in the last dlgxt and
corresponds to one standard deviation.
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TABLE 8.18  Vibrational term values® (in cm™) of the X 72;’ and B 25} states

of 15Nz ) $
b &)k 3’2:#
T Level " G(v)- G(0) T. - (G(0)x
.0 0.0 25562.803(5)
T 2102.’329(4) 27855.974(5)
2 4174.328(5) : 30099.822(7)
3 6215.579(6) :
& oz 4 . 8226.135(7)
5 e 10205.614(11) -

The term values/are expressed relative to the v=0 level of the X 2T}t state,

S

- curve.
a

which is at a height of 1062.522 em™" from the minimum of its potential energy
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vo(14N,%) for the bands of this system were either directly

taken from Gottscho et al. (1979) or calculated from the

vibrational constants reported by . them. The values of

.
vo(19N,*)  are the experimental values obtained from  the

present work. -The isotope shifts thus obtained are listed in

.Table 8.17. The isotope shifts were also calculated from Eq. -

..(3‘.11] using the_“ib{ational constants of the X and B states
of 14N,* taken from Gottscho et al. (1979) and the value of
p = [u% (“Nz") / w1 (15N,%) 4 0.9662] and are listed in the
same table. The agreement between columns 2 and 3 of this

table is very good. X *

(iii) Perturbations in the BZuy* State of 151!:5

Accordinq to Kronig's selectum rules (see Section 3.4) a
25,* state can be perturbed by either doublet. or quartet zu
or Ty states. In this section, the perturbations caused by a
2, state in a 2;:., sgate are of particular interest. s both

e perturbing and perturb\ed states are doublet states, the

. maximum perturbations are expected at four different
positions Nin« the rotational structure of a band,
Hence, when a 25% state is perturbed, the maximum pertur-
pations are expected twice in the F; levels and twice
in the Fa, levels. Ittmann (1931) has given a qeneral
theoretxcal description of the perturhatxons between 23 and 2y
states. 'In.general, when a,2g5,t state is perturbed by a 2my

state, the four maximum perturbations expected are in
o
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- TABLE 8.17 Isotope shifts (in em™) in the first negative system of SN

Tsotope Shift Av ( MNgt - SN;f)

Band Present work “Calculated
21 84.37 8133
1-0 81.70 81.99
st 9.96 053
@
00 324 3.48
23 -54.16 5405
12 -61.01 =N\ .-60.76
s = 5
01 -69.21 -68.08
24 -120.06 -119.93
13 -120.03 -12885
v
+ 02 -130.44 -130.27
25 -183.79 -183.56
14 -195.14 -19472
03 -207.68 -207.36
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the following order: first, a perturbation at low N affecting v—\
only one spin componert (either F1 or Fp); then, two close
- perturbations affecting both the spin components; and final‘[‘y,
a fourth one affecting only one spin(camponent at higher N.
In some instances, the perturbations caused by a 2m, state in
a 23yt state may affect both the spin components (F; and Fp)
twice in rapid succesgion. t
Among the twelve bands of the first negative s‘ystem)'of

15N,+, for which the rotational structure is analyzed, some

’ irregularities are obs gd only in the 0-0,  0-1, 0-2, and 0?5,
bands. This indica&at' the v = 0 level of the B2zy* Hate
: of 15Nt is perturbeld. In the 0-1 'and ;3-3 bands, the
! rotational 1lines are ) ideq;ified only up to N = 21 and it
Y is difficult to make any conclusions from their structure
regarding the perturbations. In the 0-0* and 0-2 bands the Y
spectral- lines are identified up to N = 43 and 26,
respectively, and the perturbations in the v = 0 ‘level are
confirmed with the help of similar irrégularities in the
structure of these two bands. From Table 8.4, it .can be
noticed that thé épectra} lines belonging to Rj(N) and Rp(N)
branches are completely identified whereas the lines of Pj(N)
and P(N) branches with N- = 22 to 32 are not identified.
Hence, only the lines of R;(N) and R(N) branches were used
1 -tiie: subsequent .analysie. Using the SpPLropEiite) WOLAGUTAE
s constants listed in Tables 8.1 and 8.14, . the wavenumbers of

%~ Ry(N) and Ry(N) branches of the 0-0 band were calculated.

- A '
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The deviations of the observed wavenumbers of these spectral
lines from the calculated ones are plotted against N' in
Figure 27. From this figure, it can be found that the
maximum perturbations are observed at N' = 24 and 29 of the
Fy levels and at N' = 21 and 26 of the F, levels. Two
extra li'nes are observed at the maximum perturbations for
Ry(23) (N' = 24) and R,(20) (N' = 21) corresponding to Fi
and Fp levels resbectivély. Comparing the perturbation
" curves shown in Figure 27 with those given in Figure 11, it
can be concluded that this is a heterogeneous psrt’:urbaticn,
for which 4A » 0. 1In such a situation, z,* state can be
perturbed only by a I, state. “As the 'maximum perturbations
are occurring at four different N values ar‘ad\ii:he perturbed
state is the 2z, state, this perturbing I, state is obviously
a 2m, state. -¥n the 15N,* molecule a 2m, state which is
lying close to the B25,* state is the A2mj,, state. Thus
it is concluded tifhit the AZM; y state is causing perturbations
in the v = 0 level of the B2z,* state.
The molecular constants 1listed by Gottscho et al.
(1979) for the azni,u state of 14N,* and the value of 5 (=0.9662) -
“were used to obtain the corresponding constants of 15N,%.
Using these constants of state A of 15N,*, the (Tg + G(v))
and By, values of the vihratio;mal levels of state A were
calculated. As the By values ®f state A are smaller than
,the By value of state B, only the vibrational levels og

state A which are slightly above the v = 0 level of state B




Y

Figure 27. Plot of deviations (Vopbs - Vcale) Of the rotational lines
of Ry and Rp branches versus the rotational .quantum number
of the upper state N' in the 0-0 band. The lines joining
.the dots (.) represent R; branch and those joining the
crosses (x) represent Ry branch.
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. 0

can perturb the latter.' The N = 0 level of state B is at
26625.33 cm~l with respect to the minimum of the potential
. energy curve of state X. Only the;levels with v> 24 are }yinq
above the v = 0 level of state B. According to Kronig (1928),
éc the points of maximum perturbation; b th\the perturbed and
the perturbing levels have &%ual energy and the same J
‘value. Using this principle, the By value of the perturbing
level was calculated from the correspcnding F(J) value
wnich is the diference between the .total energy of
the ‘perturbed ‘;otatim{al level (Tg + G{v) +‘F(J) of state
B) and the sum"of the electroéic and vibrational #erms of the
" perturbing level (T, +'G(v) of state Ay The values of By
for v = 24, 25 and 26 of state A thus obtained "and the
corresponding values calculated from the known values of B

and ae are listed below: '\\

159,% 2 A%ny

v Value of By from Observed Value of By from |
Perturbations . Be and_ag
cm™1l) (cm™1)
24+ " 1.891 <. 1.249
25 1.197 L. 1:237
26 0.557 1.226

A glance at the values listéd above indicates that those

obtained for v = 25 from both methods are closer than the
» .

c@rresponding pairs of values. It is thus concluded that

, :

v
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st
the level v = 25 of state A is perturbing the level v = 0 of
state B of 15N,*. The calculated position of this perturbing
vibrational level is 27017.58 cm~1 and its By value, obtained
from the observed perturbations, is 1.197. em™1l, which is\
only an approximate value. ',1;1. the levels v = 1 and 2 of
state B, the rotational levels are observed ,up to N = 34
and 18, respectively, and no perturbations are observed

within these rotational levels.
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CHAPTER 9

CONCLUSIONS g

The conclusions arrived at from the study of wvarious
bands systems, discussed at length in the previous chapters,

are briefly summarized in thié chapter. The hollow-cathode

discharge tube, of  special design used in the present work,
) ;

is a véry useful device to excite the 'spectra of neutral
molecules and molecular ions. The feasibility of producing
the‘spectra of neutral mol‘eéules and thein ions with;:ut the(
overlap of each other greatly reduces the complexity of tixe'
specfra and this, in turn, helps to un‘am.big’uously assign the
quant;ulﬁ numbefs for the vibrational and rotational structure
of the bands. A classic example of exciting the second
positiv€ system of neutral 14N, and the first negative system
of 14“;* in the anode and cathode glows, respectively, is
clea;ly demonstrated in Figure 5.

In the present work on the third positive (b3zt - adnp)
system of both 12¢160 and 13c180 the v = 2 level - of
staté b is identified for the firjt/ time (Chapter 5).
This work has contributed to the 'spectroscopic knowledge
of . the carbon monoxide molecule in the following three
aspec§s> First of ail, the three Kaplan bands first ubsex..'ved
in 1930 have not been fully understood for the last fifty-

seven years. With the observation of additional bands in
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of the perturbing state is inferred. Similarly, the first
]
-
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12¢16p and new bands in 13cl80, these Kaplan bands have now
been consistently interpreted as a part of the th’i‘rd positive\
system of CO. Secondly, prior to the present work, a variety —
of values ranging from 55822 to 89608 em™1 were proposed for
the ;issociaticn limit of the CO molecule. Generally, a "high"
value (89460 cm~l) has been recognized as the dissociation
limit, but the lack of v = 2‘ level of state b favored a "low"7
value (=88262 cm™l). Now.with the identification of the v = 2
level of state b, the arguments :m favor of a "low" value are
no longer vali.d and the présent work strongly favors i‘f" Yhigh"
value for the dissdciation limit.  Thus the longstanding
controversy regarding the diésociation « energy of the co
molecule has been now resolved. Finally, the weXe value for
the blz+ state of 12¢160 is reported for the'first time in the
present work. All the data of the third positive system of
13¢18p js, of course, completely new. .

The Herzberg (clzt - alm) system of 13¢180 (chapter 4),
the Baldet*Johnson (ézx’f - a%3) system (Chapter 6), and the
comet-tail (A2mj - X22+; system (Chapter 7) 7f 13c180+ have
been observed and ‘their molecular constants are reported for
.the first time in the present work. THese molecular GorEtAREE
are useful in theoretical calculations, such as Franck-Condon
faétors, estimation of .new vibrational levels and 'the RKR
potential energy curves, etc. The obsérved‘ perturbations in

the Herzberg band system have been interpreted and the nature
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«
negative (B2my* - X25g*) system of 15N,* molecule is observed
and twelve bands of this system have been rotationally
anaxyied for the first time. Just as for 13cl80 ana 13cl8o*,
the derived molecular constants of the B and X states of 15N,+
az‘—e useful in calculation of several molecular properties of
these two states. The analysis of .t:he perturbations observed
in the v = 0 ledel of state B indicated that the A2ui'u (v =
25) is fhe’perturbing state. The experimental data obtained
on these three molecules in the_-prese.nt work are useful in
Adentifying their spectra in the celestial objects, like
a;xrorae, comets, and stars, et‘c., which in turn, may help in

evaluating the i ratios of i such as 12¢/13¢c,

14y/15N, and 160/180 in these objects.

DAS a part of the research work in t!-;e immediate future,
plans are currently 'underw to investigate the fourth
positive (Alm - xlz*) system bf 13c180, the first negative
(823t -x25+) system of 13c180t and the Meinel (Azni,u - x2zg%)
band system of 15N,*. The B2z,* state.of 14N+ is known to
be predissociating in a rather pe;:uliar way (see Douglas,
1952). In order to understand the behavior of this state of
15N;%, the first negative (B2zyt - X2s5g%) system of 15N2+‘w
been investigated in the present work. However only the bands
with w = 0 to 2, éll degraded to shorter wa‘ielengths, are

observed. If the bands arising from the highe;

vibrational
levels which are expected to degrade to longer wavelengths are

observed and analyzéd, then the nature of the B2E,* state of

.
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15N, can be understood better. It is also planned to

investigate these bands in the near future.
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