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ABSTRACT

Optical-optical double resonance (OODR) spectroscopy
using two tunable dye lasers is used to systematically
analyze the high lying and low lying electronic states of
BaO. Three new electronic states - plrt, Elrt, and a3zt -
are observed directly for the first time. Numerous per-
turbations are observed in both high lying and low lying
states. a 3t is shown to be the lowest excited electronic
state of BaO from the vibrational dependence of a3r* ~ A'ln
spin-orbit interaction matrix elements. Improved spectro-
scopic constants for every BaO electronic state except
xly+ are obtained from separate deperturbation of the low
and high lying states.

clzt-a3:t, clxt-b3n, and clzt-a'ln band systems are proposed
as a viable means to determine nascent populations in
these metastable, reservoir BaO states.

Sub-Doppler OODR excitation spectra are used to
simultaneously monitor BaO (Alx+) rotational, translational,
and angular momentum orientational relaxation with Ar and
CO2 collision partners. OODR collisional satellite
line widths are interpreted in terms of moments of the
center of mass scattering angle. Propensities for small
changes in J and small angle scattering are observed
and gualitatively understood in terms of a long range,
weak collision model. A cross section for J =1, M= 0 »

J =1, [Ml = 1 reorientation of 4.2 + 1.2 A2 is measured when
Bad collides with COp. J = 1 » J = 2 transfer is also accompan-
ted by-sdighificant redrientation.ofrthe«J vector with respect
to-.space~fixed axes.



s

ArT and dye laser excitation of Ca0 is also repor-
ted. These spectra prove unambiguously that the a3mn
and A'!l states of Ca0 are lower levels for at least
part of the orange and green band systems.
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This thesis represents an extensive study of alkaline
earth oxide structure and dynamics in low pressure flames.

Specifically, BaO formed in the reaction

Ba + C02 + Ar -» BaO + CO + Ar {ds L)

and Ca0O formed by

Ca + NZO + Ar -~ CaO + N2 + Ar (1.2)

are studied by laser spectroscopy. The results obtained
include: (1) discovery of a new, low-lying, metastable
electronic state of BaoO, a3z+; (2) development of a
spectroscopic map by which the nascent populations of
low lying metastable BaO electronic states can be monitored;
(3) unambiguous assignment of two lower states in the
complex and controversial orange and green band systems
of Ca0 as A'!l and a3nm; (4) simultaneous monitoring of
BaO rotational and translational relaxation in BaO v Ar
and BaO ~ COp collisions; (5) interpretation of velocity
changing collisions in terms of a simple kinematic picture
whereby OODR line widths are related to moments of the
center of mass scattering angle; and (6) measurements
of collision induced angular momentum reorientation in
low J levels of excited Bao (alz’).

Interest in alkaline-earth oxide flames stems

from the range of chemiluminescent photon yields observed
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for different metal atom-oxidant comloinations.1_"8
For example, at total pressures of ® 1 torr, photon
yields for reactions of N0 with Ca, Sr, and Ba are,
respectively, 1.2%,4 6.6%5, and 15%.2 Moreover, these
yields are observed to be strongly pressure dependent:
in the Ba + N,0 reaction the photon yield varies from 0.2%
at 3 x 1073 torr to 23% at 10 torr.2s3 The pressure de-
pendence of these photon yields has been interpreted as
evidence for a precursor to A12+ -+ X12+ chemilumin-
escence.3'5_7’9’10
Although there is a consensus that a metastable, re-
servoir state acts as precursor to chemiluminescence, the
identity of this state has been the subject of controversy:

3,5,6,9-11,%

both b3n and high vibrational levels of xl!y* 7,12

have been suggested. Evidence for b3l comes from the ob-
servation that Aly"' vibrational levels perturbed by b3n (via

spin-orbit interaction) exhibit greater photon yields than

9,10

do unperturbed aAlr? vibrational levels.”’ The primary

argument invoked for xlz¥ is spin-conservation: the ground
states of Ba and N,0 are, respectively, 'S and xzt so

that chemical production of b3l would violate the spin-

I

conservation rule. On the other hand, the spin-=

forbidden reaction (: . | '

CENE

TIn Ba0O this state has recently been renamed as b3 in light

of the discovery of the lower lying a3f+state (Appendix 6).,
In all other alkaline-earth oxides it is called a3T.
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Ba(1s) + S0,(x'a) » Bao(x's™) + so(x®:7), (1.3)

where the reaction exothermicity is insufficient to
populate either the lowest BaO triplet state or the lowest
SO0 singlet state, is found to proceed four times more

rapidly than the spin-allowed reaction:l3'14

Ba(ls) + co,(x!z¥) » Bao(x1z") + co(xlz™), (1.4)

The role of intramolecular perturbations in efficient
inﬁersystem trahsferiis well estaBl‘ji‘_sﬁed.ls-_l9 Eerturbatiéns
arise from mixing of Born—Oppenhgimer basis states and a
sharing of structural properties. Thus, perturbations
between b3 and AlsT result in the loss of spin as a good
quantum number and intersystem transfer rates comparable
to those for rotational energy transfer. It is certain
therefore, that b31 is a precursor to A12+ but the ques-
tion remains as to which state, X12+ or b3m, is initially
formed in the reaction. Recently, Reuther and Palmer
have demonstrated from the vibrational dependence of Alz pho-
ton.yleldslneasured over a pressure range of- several ‘orders of
magnitude- that high v1bratlona1 levels Qﬁ xly T'7ﬂazlre initially
formed and transfer to b31 occurs subsequent&ygwia gt
p3m A xIx?t perturbations.20 |

The role of excited state metal reactants in these

reactions has also been investigated both experimentally21”23

and theoretically.12’24 The reactions appear to be well
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suited to the study of laser induced excited state
chemistry.

The addition of CO results in
production of excited, metastable metal atoms.25’26
This reaction has been proposed as an efficient generator
for atomic metastables to be used in alkali-akaline-earth
excimer lasers.z7

Spectroscopic questions relative to the chemistry
discussed above are: (1) where are the low lying, energy
reservoir states; (2) where do these metastable

* and alrt: and (3)what is the

states cross and perturb X!:
high energy electronic structure of the alkaline-earth
oxides? The first two guestions are relevant to ground
state reactions as shown above and the third question

to excited state reactions. If the high

energy structure is known, populatiéns cén be probed and
the energy flow pathways established unambiguously.

To an extent, these spectroscopic questions are answered
for BaO by this thesis. Some of the results have
already been employed by Torres-Filho and Pruett in

probing populations in high vibrational levels of xizt

and low levels of A*l@ and bof.2%
The technique employed to characterize both the high
lying and low lying states of BaO is OODR. Appendix

5 reported the first observations of OODR excitation into
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clz? and subseguent fluorescence into b3m and A'lm.
Appendix 6 reports the first observation of a32+, also
via OODR induced CIZ+ fluorescence. Appendix 7
describes the ease with which extra lines in the OODR
excitation spectrum can be recognized by virtue of
their narrower power broadened line widths. The OODR
technique, excitation spectra, fluorescence spectra,
and the deperturbation analysis employed in characterizing
all of these states is described in detail in Chapter 3.

Chapter 2 of this thesis summarizes the methods
and utility of deperturbation. The principles are
further illustrated in Appendices 1, 3, and 4. The
computer programs as well as sample output are given in
Appendix 2.

Chapter 4 presents preliminary results of Art and
dye laser excitation of CaO where the orange and green
band systems of this molecule are established as potential
population probes for a®n and A'ln. These bands should
also permit the characterization of a3n »~ x1r¥ ana
a'ln ~ x!rxt perturbations.

In Chapters 5 and 6 OODR is shown to be a powerful
means by which energy transfer processes subsequent to
chemical reaction can be monitored. Spgcifically,

a single alyt rovibronic level is prepared with a narrow

distribution of speeds along the laser propagation
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direction as well as a specific orientation of the
total angular momentum with respect to space fixed
axes. Rotational,translational, and orientational
relaxation is then monitored simultaneously via excita-
tion to Clz+ while clzt 5 xiz? UV fluorescence is
detected. Chapter 5 presents the rotational and
translational relaxation results. The latter are
interpreted in terms of moments of the center of mass

scattering angle. Depolarization, or orientational

relaxation,is discussed in Chapter 6.

I will state several times in this thesis that a
spectroscopic assignment is straightforward (in fact,
embarrassingly so). Simplicity is the virtue of double

resonance laser spectroscopy.
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7. Introduction

The regular patterns exhibited by diatomic
band spectra are often interrupted by missing, shifted
and extra lines. These phenomena are collectively
referred to as perturbations and result from mixing of
Born-Oppenheimer basis states via interactions in
the molecular Hamiltonian. These interactions can or-
dinarily be neglected but are significant when the
energy separation between mutually interacting levels
becomes comparable to the interaction matrix element.

Often, one of the interacting states is not
readily observed owing to electric dipole selection
rules (e.g. a low lying triplet state). Although
perturbations complicate spectral analysis, they can
provide a wealth of information on the structure of
such dark states.

The goal of deperturbation is to express
observed eigenvalues in terms of basis state properties
and mixing coefficients. This allows the calculation
of both static and dynamic molecular properties in
both perturbed and unperturbed spectral regions.

For example, intersystem crossing has been shown to
proceed principally via levels which share the
properties of both electronic states; the branching

ratio from one state to another can be calculated from
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the perturbed level mixing c:oefficients.l_4
The purpose of this chapter is to outline
the techniques of deperturbation employed in Appendix
1 on the First Negative Group of N2, Bzz; - X2yt
and in Chapter 3 on the high and low lying states

of BaO. The computer programs used for these

works are listed in Appendix 2 and are described below.
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IT. Method

The techniques of deperturbation are not newr.s'-19

First, a model is chosen by selecting a basis set of
electronic states and then by setting up the Hamiltonian
matrix, whose off-diagonal elements connect different
basis states and are responsible for spectroscopic
perturbations. Methods for deriving the Hamiltonian

can be found in Refs. 5 through 24. BAn excellent

review of the perturbations found in diatomic molecules

25 The matrix

has been written by Lefebvre-Brion.

elements are expressed in terms of parameters, such

as energies, rotational constants and perturbation

matrix elements, which are to be least squares fitted.
Initial guesses for the parameters are made,

the Hamiltonian is numerically diagonalized, and

differences between eigenvalues are calculated to

obtain transition fregquencies. These are then compared

to experimental frequencies and the parameters are varied

to obtain the best fit to the data. This is the so-

called direct approach to determining molecular con-

stants:».'z’?_30 In order to deal with small matrices

and avoid computer storage problems, each band is

usually fit individually and the results from each

band-fit are subsequently merged in a statistically

rigorous fashion by taking into account correlations
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between different parameters.26'3l’32'*

Although this method works well for unperturbed
systems where all non-zero constants can be determined,
deperturbation usually suffers from incomplete informa-
tion on the perturbing state so that many parameters must
be held fixed at estimated values. If uncertainties
in these parameters and correlations with other para-
meters, both varied and fixed, are not considered, the
merge procedure is not statistically rigorous and may
fail (see Appendix 1 for further discussion).

Fixing parameters which cannot be determined by
least squares adjustment is essential in obtaining
fitted parameters which are physically significantly.

For example, if one spin component of a 2I state perturbs
a 23% state with larger rotational constant,but the

other component lies below the 25+ origin and

does not perturb 217 significantly, the 2T spin-orbit
constant, AH’ cannot be determined. However, if AH

is fixed at zero, the energy obtained for the 2I level
will be incorrect by an amount comparable to AH'
Generally, it is useful to calculate and fix perturbation

matrix elements which cannot be determined in order to

TAn alternative to band by band fitting is to fit all

bands simultaneously. Athénour has developed an algorithm
for this global fit approach which does not used a pro-
hibitive amount of computer storage.33
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obtain physically significant rotational and centrifugal
distortion constants.

After preliminary fits to the data, energies and
rotational constants are obtained which are used to
construct a Rydberg Klein Rees (RKR)34 potential energy
curve which is in turn used to calculate second order
perturbation parameters,centrifugal distortion constants,
and correct initial guesses for fixed interaction matrix
elements (see below, Appendix 1, and Refs. 35-37). The
above procedure is repeated until self-consistency is
attained.

Two criteria are used to define complete depertur-
bation: (1) observed minus calculated transition fre-
guencies must be random and comparable to experimental
error and (2) perturbation matrix elements and second-
order constants such as centrifugal distortion must be in-
ternally consistent. When the data are fit band by band,
as opposed to a global fit of all bands simultaneously,
an additional criterion for complete deperturbation
is employed: vibrational intervals and rotational constants
must decrease monotonically in a regular fashion with
increasing vibrational gquantum number, If these cri-
teria are not met, either the data are systematically
in error or the model Hamiltonian is incomplete.

Appendix 1 illustrates these principles in

the deperturbation of the N2t B2:f - x22§ band system.
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III. Computer Programs

The two programs used in Appendix 1 and Chapter 3
are listed in Appendix 2. The second procram consists
of a main, calling routine, LSQ, and subroutines
NEWFIT, DMFSD, DSINV, TRED2, TQL2, PRINT, PRINTA,
PUNCH, PLOT, NAMEIT, LEVEL, SETUP, and MATRIX. NEWFIT
is a non-linear least squares algorithm based on the

work by Wentworth38 39

and Marguardt and was originally
written by R. Stern and T. Bergeman with modifications
made by A. Kotlar and myself. The DMFSD and DSINV rou-
tines are standard matrix inversion algorithms. TRED2
and TQL2 are matrix diagonalization routines:
PRINT, PRINTA, PUNCH, and PLOT are all output subprograms.
The subroutines NAMEIT, LEVEL, SETUP, and MATRIX
are unique to a specific deperturbation problem and
separate routines are given for Nt B2rE - Xzz;, BaO
high lying state, and BaO low lying state deperturbation.
NAMEIT simply assigns names to parameters in MATRIX.
The order of these names corresponds to a code used
to input the initial guesses; the parameters for each
deperturbation model are listed in Appendix 2 along with
their physical origin. LEVEL is a calling routine for
the calculation of energy levels and transition fre-

guencies: it first calls SETUP to calculate J independent

factors in MATRIX, then calls MATRIX to calculate all non-
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zero matrix elements, and then calls TRED2 and TQL2
to diagonalize MATRIX.

Sample output for a fit to the BaO algt - xiz*

(0,0)
band is given in Appendix 2. The output consists of
initial, intermediate, and final parameters followed
by a listing of the covariance and correlation matrices
and eigenvalues and eigenvectors of the scaled curva-
ture matrix. The latter may be used in diagnostic least
squares40 but are not used here. The observed transitions,
or energies, are then compared to calculated values.
Each transition is labeled by upper and lower level
rotational quantum numbers, ranks, -and parities; if
energies are fitted, the lower level labels are set equal
to zero. The rank is an energy ordering index: 1 corresponds
to highest energy. Following this is a plot of the resi-
duals and then a table of term values,beneath which
mixing fractions are given. In the doublet fitting
routines, fractional I character corresponds to 2H3/2: the
difference between the sum of the & fraction and 1T frac-
tion.fromunity is,therefore, the 2H1/2 fractional character.
In the BaO low lying state fitter, T character represents
1y and ¢ character represents total I character. In
the BaO high lying state fitter, I character represents
state #3 in the Hamiltonian, I character represents

state #1. The specification of ¢ and T character to be
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output is done in LEVEL by squaring and summing elements
of the unitary matrix which diagonalizes MATRIX.

The first program in Appendix 2 is called CALC

and calculates frequencies for perturbed 2gt _ 23t

and 21 - 237t

band systems. The ground state must always
pe 25F. 1t requires subroutines MATRIX, SETUP, NAMEIT,
TOL2, and TRED2 from the doublet fitter. This program
was used in the deperturbation of Np* B2:j - Xzzg
(Appendix 1) to aid in extending rotational analyses

as well as predict positions and relative intensities

(from mixing fractions) of extra lines. Sample output

+

is included (the B2:ij - X2z (3,5) band) and is self-

explanatory.
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IV. Interpretation and use of perturbation matrix

elements

Besides dererturbed energigs and rotational:'" .
constants which permit the construction of basis
state potential energy curves, perturbation matrix
elements are obtained. These can be used to determine
second order constants, perturbing state absolute
vibrational numberings, and an LCAO description of
the molecular bonding.

These principles are illustrated in Appendices 1
and 6. In Appendix 1, Np* A?m,; ~ B?:} vibronic ro-
tation-electronic and spin-orbit interaction matrix
elements are factored into vibrational and electronic
parts. From calculated vibrational integrals, obtained
from deperturbed RKR curves, a constant electronic
matrix element is obtained. The validity of this
factorization is discussed in Refs. 41 and 42. These
electronic factors can then be used with different
calculated vibrational integrals to generate vibronic
matrix elments which are otherwise indeterminate.
Moreover, perturbation sums can be evaluated in the
calculation of second order constants. For example,
the N2+ Bzza spin-rotation constant, y, for a given
vibrational level is calculable from second-order spin-

orbit interactions with all A?I, vibrational levels
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not included in the deperturbation model Hamiltonian
(see Appendix 1). Agreement between calculated and
fitted second order constants is used as a criterion
for complete deperturbation,

More importantly, factorization of perturbation
mat;ix elements has been used to determine absolute
vibrational numberings for perturbing stateslg’43
(Appendix 6). When the absolute numbering is unknown,
deperturbed energies and rotational constants yield a
family of potential energy curves,corresponding to
different v numberings, with di{gerent fundamental
vibrational frequencies and internuclear distances.
However, vibrational integrals between mutually inter-
acting states are generally different for each member
of the family of perturbing state curves. By choosing
trial numberings, calculating vibrational factors,
and then checking for constancy in the electronic factor,
the correct numbering is determined.

By representing each interacting state by a
molecular orbital configuration and perturbation operators
by sums or products of one-electron operators, electronic
perturbation matrix elements can be written in terms
of one-electron ini:eglfalls.zs"44'45 These principles
are applied in Appendices 1, 3, and 5. One-electron

molecular integrals can, in turn, be further reduced

to sums of atomic one-electronic integrals by the
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LCAO-MO method.25'46n48

When the atomic integrals

are known, this procedure can be inverted to obtain

descriptions of the molecular orbitals in terms of

atomic orbitals. In Appendix 1, for example, atomic

and ionic nitrogen spin-orbit splittings are used to

show that the valence lwu and Zcu orbitals are com-

prised of ® 100% and * 33% 2p atomic orbital charac-

ter, respectively. When electronic perturbation matrix

elements are unknown, these semi-empirical techniques

provide the experimentalist with crucial estimates of

interaction matrix elements and spin-orbit constants

with which he can begin to analyze a perturbed spectrum.
Finally, the importance of ab initio calculations

in deperturbation is noted. Ab initio calculations

are not only an alternative to semi-empirical estimates

but more importantly provide estimates of parameters

where semi-empirical estimates do not exist or are ex-

pected to be unreliable. These principles are exemplified

in Refs. 41,49 through 54 and in Appendix 4. For example,

A-doubling in CH was calculated ab initio by Hammersley

and Richards to within 1% of experimental values and is

in better agreement with the astronomical value than

are terrestrial experimental values.50
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V. Conclusion

In summary, deperturbation yields a characterization
of band spectra in terms of a physically meaningful
model which in turn may be used to calculate a variety
of molecular properties as well as extend band analyses.
This should be contrasted with the fitting of spectro-
scopic data to an arbitrary model which can merely result
in reproduction of the experimental data and has no

useful predictive power.
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I. Introduction

As discussed in Chapter 1, the spectroscopic
characterization of low lying, long lived, electronic
states is essential to the understanding of alkaline-
earth oxide flame dynamics. This chapter describes
the results of optical-optical double resonance (OODR)
experiments on BaO used to detect and characterize
not only a3xt, b3m, and A'ln but also three high

+

lying states-Dlz , C12+, and E12+—which can be used to

probe lower level populations.

OODR is defined as stepwise excitation from
an initial to a final via a real intermediate level:
in these experiments alyt « x1zxt is pumped and * < alst,
where * denotes Dzt, clz¥, or Elxt, is subsequently
probed using two tunable dye lasers. OODR transitions

are detected by * » X12+ Uv fluorescence or by decreases

in A12+ ¥ XIZ+ pump laser induced fluorescence (Fig. 3.1) .
1

Two types of dye lasers - broad bandwidth (AvFWHM = 1 cm )

and fregquency stabilized, narrow bandwidth

1

(Av » 3 x 102 cm Y) - are used. Broad bandwidth

FWHM
lasers are employed for survey spectra and low resolution
characterization of plxt (v = 4-6), clst (v = 0 and 4),
and Elxt (v = 2).

OODR with two narrow spectral width lasers yields

(1) sub-Doppler excitation spectra (* -+ X12+ UV fluorescence



Figure 3.1:

il T

OODR excitation spectrum illustrating

the two means of detection: (1) decrease

in A » X fluorescence (upper trace) and (2)
increase in C =+ X UV fluorescence (lower
trace). alzt « x1zt (1,0) P(1) is pumped
while clz? « alz* (3,1) R(0) is probed.

The upper trace is slightly broadened instru-
mentally; the lower trace lineiwidth ig'de-
termined solely from homogeneous broadening

mechanisms (Chapter 5).
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vs. probe laser frequency) and (2) enhances
* < A18+ <+ X12+ pumping efficiency. The former results in

+

cl:™ - A12+ (L,0), (2,1), and (3,1)+ transition frequencies

measured to a precision of 3 x 103 cm™! and unambiguous
detection of extra lines at perturbations (Appendix 7).
Enhanced OODR pumping makes clzt 5 a3zt ang b3no emission
detectable and improves the * - x!xT emission signal to
noise ratio (S/N) by a factor of * 50.

Previous OODR experiments employed broad bandwidth
or unstabilized, narrow bandwidth or fixed
frequency lasers in demonstrating the utility of OODR
in simplfying excitation spectra and in accessing states
with nominally zero transition moments to the ground
s’c:ate]'-5 (Appendix 5). A review of double resonance spec-
troscopy including OODR has recently been published by
Steinfeld and Houston.6

Previous spectroscopic studies of the low lying
(T, < 20,000 cm™}) states of Bao dealt with x13%, alz¥,

+ had not been detected

b3, and A'ln. Until this work ad:
(Appendix 6). Mahanti7 was the first to correctly analyze
A12+ = X12+ vibrational structure. Lagergvist, Lind, and

Barrow 8 (LLB) rotationally analyzed eleven bands (through

T(v*,v') where v* and v' denote the clst ana alz?t
vibrational quantum numbers, respectively. v" and v
are reserved for X!yt and the final level of OODR
induced * fluorescence, respectively.
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v' = 5) of the algt - xipt system and detected numerous
perturbations but were not able to definitely determine
the perturbing state symmetries. Field9 re-examined
LIB's data and from perturbation patterns and magnitudes
as well as the vibrational variation of interaction
matrix elements not only assigned the perturbing state
symmetries as b3l and A'!l but also determined the zero
vibration energies of these states with respect to X12+.
Field's analysis was subsequently verified by the detection of

10'11, time-resolved laser

Arlm = X12+ chemiluminescence
induced A'lnm » xtzt fluorescence,12 and broad bandwidth OODR
induced clzxT = A'lm and b3m; fluorescence (Appendix 5).

13=15

Microwave and microwave-optical double resonance

17-20 yperiments have provided precise x1z% ana

(MODR)
A12+ rotational constants and dipole moments.

Higher lying states (T, > 20,000 cm 1) of Bao were
first observed by Pa.rkinson21 who vibrationally analyzed
bands observed in shock tube absorption between 290 and
390 nm and assigned the lower state as x'zT pbut he could
not determine. the upper state electronic symmetry.
Parker22 re-examined this spectral region, extended
Parkinson's analysis, and corrected Parkinson's upper state
vibrational constants which were inexplicably in error.

The upper electronic state of this Parkinson band system

was established as C!r' in OODR experiments described in

Appendix 5. Field, Capelle, and Reve11i3,using an Ar’
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laser to pump alst « x5 and a broadband dye laser to

probe * < Alst, detected excitation into nineteen * vibra-
tional levels but could not unambiguously group these
levels into electronic states owing to irregular energy
and rotational constant variations. However, every

level observed exhibited 137 electronic symmetry.3

2 (TP) observed and vi-

Recently, Torres-Filho and Pruett
brationally assigned over one hundred clxt - x1:% bands

by pulsed dye laser excitation from high X12+ vibrational
levels (v" = 7 through 33); TP also noted irregular

Clz+ vibrational intervals signalling the presence of
perturbations. In fact, these perturbations are primarily
responsible for the finite electric dipole C + a and b
transition moments.

This work reports observation of two additional high
lying electronic states,Dlz+ and E12+,and partial depertur-
bation of cltr’ v = 0, 1, 2, and 3 (Section III.A.).

cl:¥ emission into a3sxt, als™, b3n, and a'ln is
analyzed and combined with data from Refs. 8 and 19 in
‘deperturbation and improved spectroscopic constants for these
low lying states are obtained (Section I11I.B.). The
results of this deperturbation, discussed in Section IV,
suggest: that another low lying, hitherto unseen electronic
state-of BaO exists-in this energy region.

The known electronic structure of BaO and means

by which low lying level populations can be monitored



are reviewed and discussed in Section IV.
In Section II, experimental details of the OODR

experiment are presented.

-G
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II. Experimental

The method for producing diatomic metal oxides

has been described in detail elsewhere.24’25

Briefly,
Ba metal (Alfa, 99.999% purity) was placed into an
alumina crucible (Mathis) which was, in turn, inserted
into a tungsten basket heater (Mathis) and then resis-
tively heated (= 50 amps at * 3-6 VAC) until the metal
melted. Ba vapor was then entrained in a flow of Ar
carrier gas (Airco, 99.998% purity) and mixed with COj
(Airco, 99.8% purity) to spontaneously form BaO. A
weak, red chemiluminescent flame was observed initially
but was no longer visible to the eye after about one hour.
Steady state operating pressures were typically 0.5 - 4 torr
Ar, 0.05 torr CO, and 1 x 10”% torr Ba.

From an Ar flow rate of * 10 cm3sec_l,measured
(using a Matheson #603 calibrated flow tube) before expan-
sion,and knowledge of the flame pressure, a flow rate in
the flame of * 5 x 10° cm sec © is estimated. This
produces a negligible Doppler shift in C « A excitation
spectra.

Fig. 3.2 illustrates the optical arrangement for
narrow bandwidth OODR. A Coherent Radiation CRlP art
laser operating at 514.5 nm with 4.4W output power was

used to simultaneously pump two Coherent Radiation

CR599-21 dye lasers. Dye laser outputs were typically



Figure 3.2:

Optical schematic diagram of OQOODR
apparatus. The focussing lens 2 was
sometimes removed (see Chapter 5). See
text for discussion of components and

filters used.
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FWHM ~

stabilized at A * 600 nm. The pump laser frequency

100 mW single mode (Av 1 MHz) and frequency

was monitored using a Spectra Physics 2 GHZ free

spectral range (FSR) spectrum analyzer; the probe laser
was monitored using a Tropel 1.5 GHz FSR spectrum

analyzer, a 300 MHZ FSR fixed length semi-confocal
Fabry-Perot etalon, and an I, cell. I, fluorescence
excited by the probe laser was detected perpendicular

to the laser propagation direction through a Corning 2-60
color glass filter by a Hamamatsu R372 photomultiplier
tube (PMT) operated at - 600 VDC; the PMT current was
measured using a Hewlett Packard 425 microammeter.

Pump and probe lasers were combined at beam splitter 5 so
that they propagated collinearly (Fig. 3.2). The beam split-
ter resulted in * 50% loss in each beam+. The lasers were
then focussed into the oven chamber using a 2 in. diameter,
12 in., focal length quartz lens (this lens was sometimes
removed for experiments described in Chapters 5 and 6).

The minimum beam waists (1/e intensity points) were
estimated to be * 50 um at the focal point which

was * 1 in. below flame center. These conditions

resulted in optimum S/N of = 200. Pump laser

+Alternative1y, beam splitter 5 in Fig. 3.2 could be

eliminated and the lasers crossed via lens 2; the same
S/N results.
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induced alzt » x1z? fluorescence was monitored perpen-
dicular to the laser propagation direction through
Corning glass color and Ditric Optics 10 nm bandpass
interference filters: for A - X (0,2) emission,

Corning 2-61 and Ditric 650 nm (center frequency):; for

A-+>X (1,2) emission, Corning 2-62 and Ditric 630 nm;

for A » X (2,1), Corning 3-66 and Ditric 590 nm; and

for A - X (3,1), Corning 3-67 and Ditric 570 nm. * > xizt
UV fluorescence was monitored through a Corning glass

7-37 color filter and a Ditric Optics 480 nm cut-off (short A
passingﬁinterference ﬁilﬁer;gBdEH»A+Xiandﬁﬁyxﬁflu0ﬂe5@ence were
foeussed wsing 2 in. diameteﬁ; 2.5- iny«focdl Tength quartsz
lenses onto Hamamatsu R372 and R212 PMTs, respectively.

PMTs were operated at -600 VDC and currents were measured us-
ing Keithley 417 fast picoémmeters. Resolved spectra were
obtained by collimating the fluorescence with a 2 in.
diameter, 4 in. focal length lens and then focussing with

a 2 in. diameter, 8 in. focal length lens onto the

entrance slit of a Spex 1802 monochromator equipped with

a 1200 groove/mm classical grating blazed at 1.2yu.
Monochromator output was monitored using an RCA C31034A

PMT cooled to - 20.0°C (Products for Research) and operated
at - 1400 vDC. The C31034A output was subsequently

measured using Ortec photon counting equipment (9301

preamplifier, AN302/N. quad amplifier, T105/NL dual
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discriminator, 416A gate and delay generator, 441 rate-

meter, and M250/N nimbin) . Typical *+X12+ total UV fluor-
escence signals were lxlO_T anps. A15++X12+, *+X12+, Iy
fluorescence, and the 300 MHz Fabry-Perot transmission peaks
were simultaneously recorded on a four pen Esterline-

Angus strip chart recorder. I, excitation spectra were

used for absolute frequency calibration26 to .003 cm_l

and the 300 MHz Fabry-Perot transmissions were used

for relative frequency calibration to .003 cm_l.

Exciton 590 dye was used in the CR599-21 probe laser
always andin the CR599-21 pump laser for alst « xig¥
(0,0) and (1,0) excitation. alzx™ « x13* (2,0) and (3,1)
were pumped with a broad bandwidth dye laser with
Exciton 540 dye.

The broad bandwidth lasers (home-made) exhibited

1

a spectral width (FWHM) of * 1 cm ~ with a three stage

birefringent filter inserted in the laser cavity.27_30

Typical output powers were 0.5-1W. The optical arrangement
was identical to that described above except that spectrum

analyzers and an Iy cell were not used and the 300 MHz

1

Fabry-Perot was relaced by a 3.057 cm — FSR solid quartz

etalon,which provided a relative precision of 0.2 cm"l.
Absolute frequency calibration to 0.5 cm_l was obtained
by passing the probe laser through the monochromator

along with Ne emission from an Oriel pen lamp.31

The OODR experiment would proceed by tuning
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the pump laser to an A <« X transition and monitoring

resolved A12+ -+ X12+ fluorescence through the monochroma-
tor in both thepumped band and in at least one additional

band; separations between fluorescence lines correspond

8,15,16

to known ground state combination differences

32;33

and were thus used to determine J'. Knowledge of

the laser frequency was sufficient to determine the

+ 8

- x1z%t pana excited.7’ For narrow bandwidth exci-

13 8Ba160 was se-

alg
tation, only the most abundant isotope,
lected (Fig. 3.3), but the shifts corresponding to dif-
ferent isotopes of Ba were unresolvable when broad band-
width excitation was employed. Broad bandwidth pumping
usually resulted in excitation of two lines corresponding
to different values of J' but the fluorescence could
always be resolved in an A12+ » x!'5% pand other than the
one pumped and the transitions were thereby unambiguously
assigned. The pump laser frequency was then fixed while
the probe laser was scanned to obtain * <« A12+ excitation

spectra.



Figure 3.3:
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alyT« x1:% (1,0) excitation spectrum
(probe laser blocked) illustrating the
isotopic selectivity of single mode
pumping. Lines corresponding to the most
abundant isotope, 138Bal60 (71.7%), are
labeled only by the rotational transition.
Note the intensity of P(l) relative to

1355,1%5 (6.6%) R(11).
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Figure 3.3
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IITI. Results

A. * <« Alr"T Excitation Spectra

l. Electronic and Vibrational Structure

* « alz’ pband heads observed here are given

in Table 3.1. * state vibrational assignments are
made by counting nodes in resolved * -+ x1zt uv
fluorescence spectra (Fig. 3.4): because the * state
equilibrium internuclear distances (Rg) are * 1.14 times
Re (X12+) (see below), Franck-Condon intensity distri-
butions for emission from a single * vibrational level
are reflections of * vibrational wave functions.34’35
Fluorescence from the Elst and c levels in Table 3.1 is
too weak to provide reliable node counts.

Clz+(v* = 1) is strongly perturbed at low J (see
below) so that an extra band head is observed (Table 3.1).
Fluorescence from this extra band exhibits the same
Franck-Condon intensity distribution as the main band in-
dicating that the extra band fluorescence intensity is
borrowed from the main band; this precludes a vibrational
assignment by the above method for the perturbing level.

It should be noted that the vibrational assignments
in Table 3.1 indicate that Dlr% lies below clz™ but
since CIE+ was discovered21 and named previously
(Appendix 5) it seems undesirable to re-name these states

here.



Table 3.1: * « AlrT Band Heads®

AlzT < X1z’

* (v*;v') Agégd(nm) GHead(cm_l) Ba?g'?zf$ed
cizp? (0,0) 623.58(2) 16032.0(5) (0,1), (0,0)
cirt  ,onyBadn  BOT-Toae)  ledse.3sad) ((0,0)
cizgt (2,1) 609.2764 (11) 16408.380 (3) (1,0)
cixt (3,1} 4 594.0521 (20) 16828.894 (6) £ FL )

c (c+2,1) 593.4745 (10) 16845.268(3) ’

ctzt (3,2) 611.64(4) 16345. (1) (2,0)
cizt (4,2) 596.28(4) 16766. (1) (2,0)
clz” (5,3) 598.35(2) 16708.1(5) (3,1)
plz* (3 618.83(4) 16155. (1) (2,0)
plr* (4,2) 604.83(4) 16529. (1) (2,0)
plrt (5,3) 609.39(2) 16405.3(5) (3,1)
plr* (6,3) 595.71(2) 16782.1(5) (3,1)
glzt (e,2) 605.31(4) 16516. (1) (2,0)
c (c+4,3) 600.25(2) 16655.2(5) (3,1)

%Uncertainties of lo in the last digit are given in parentheses.



Figure 3.4:

¢lzt 5 %137 resolved UV fluorescence
The number of nodes in the Franck-Condon
intensity distribution indicates that

v¥ = 4. Each band consists of a P and

R doublet.

il
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Figure 3.4
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Observation of only P(AJ = J*% - J' = -1) and

R(AJ = + 1) branches in * <« A12+ excitation 4g the

basis for assigning the electronic symmetries as 1Z+.The

c « AlxT (c+4,3) band does not exhibit simple P and R

branch structure but is extensively perturbed; no rota-

tional analysis of this band or of C «+ A (5,3) was

attempted. The vibrational assignment, c+4, results

from deperturbation of clst and is discussed more fully

below.
2. Rotational Structure

As mentioned above, the rotational structure
for all of the bands in Table 3.1, except (c+4,3), con-
sists of two branches, P and R; thus, only e parity
levels (corresponding to reflection of electronic coordin-
ates in a plane containing the internuclear axis)ﬁéwﬁare
observed. In unperturbed spectral regions, the
rotational assignments are straightforward owing to
selection of at most two (when broad bandwidth pumping
is employed) alx" rovibronic levels by the pump laser,
and the fact that R(J') always lies to higher frequency
from P(J'). Rotational relaxation in A12+ resulting in
many weaker transitions in the #<alr" excitation spectrum
(Chapter 5) permits a rotational analysis of the entire

band for one pump laser frequency: the collisional

satellite rotational assignments are easily and quickly
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made as a result of the unambiguous assignments made

for the *+A12+ tréﬁsitions from the pumped A12+7rovibronic
level (hereafter referred to as principal lines)

(see Fig. 3.5). In practice, more than one A12+ < XIZ+
pump frequency is*used to facilitate rotational
assignments in perturbed spectral regions,

When single mode pumping is employed, sub-Doppler
excitation spectra are obtained not only for the
principal lines but also for the collisional satellites
(see Chapter 5 for a discussion of veiocity randomization
and line broadening observed as a function of the collision-
al change in J'"). Fig. 3.6 illustrates the resolution
obtained in the clx® <« alr* (3,1) band head.

Because of low resolution and low precision,
perturbatiops are not readily detectable in broad band-
width excitation spectra. However, the opposite 1is true
for single mode OODR: perturbations are sensitively
detected by the appearance of extra and shifted{i
'&iﬁﬁgijféﬁpendix“7).1t is usually poséible to analyze
perturbed spectral regions from A12+ combination
differences® but it is sometimes necessary to verify
assignments by selecting a different intermediate A12+
rovibronic level: for example, for the clzt vx = 3,

J% = 50 perturbed level both Alz® v' = 1, J' = 49 and
51 are pumped,in turn, and the R(49)land P(51) principal

transitions probed to reveal and verify the existence of



Figure 3.5:

Figure 3.6:

-68-

Low resolution D!zt « alyt (4,2) excitation
spectrum (broad bandwidth excitation).

alst (v' = 2, J' = 22) is pumped. Note

the strong R(22) and P(22) principal lines
above £he many weaker collisional satellite
transitions; P(J') (lower numbers) and

R(J" + 10) (upper numbers are unresolved

at low J'.

High resolution excitation spectrum of

* < alzt (3,1) band head [R(6)].

ol
(v! = 1, J'" = 15) is pumped; the prin-
ciple R(15) and P(15) lines are at lower
frequency and wouid be off scale. Note

the resolution of * 0.01 gL,
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o
four J* = 50 extra lines (see Appendix 7)!

==

+ + ;
clzt - als™, pixt - aly and Elxt - alrt transi-

tion frequencies are given in Tables 3.2, 3.3, and 3.4, re-
spectively. Only the cizt - alxt (1,00, (2,1), and (3,1)
bands are measured by single mode OODR.

Rather than fit the bands in Tables 3.2-3.4 by
varying A12+ constants as well as * state constants,
transition frequencies are converted to * term values by
adding calculated AIE+ term values (precise to 0.01 cm-l)
determined below (Section III.B.). This
greatly simplifies the deperturbation since the lower
state need not be considered and, except for the single
mode OODR data, results in an insignificant loss in pre-
cision. For the single mode OODR data the sub-Doppler
precision is all but lost. The factor of three gain in
precision obtainable by fitting transition frequencies
rather than term values is sacrificed for faster and
more economical fitting of term values. Term values for

cizt, piz*, ana Elzt are given in Tables 3.5, 3.6, and

3T
3. cl3z* Deperturbation

A total of eleven peturbations in

clyt <« aly" excitation spectra have been detected and

are summarized in Table 3.8 and Fig. 3.7.+ Extra lines
..I..

In addition to perturbations resulting from lower level
interactions (Section III.B.)



Table 3.2:
Jb
17 16
28
33 16
37 16
38 16
39
40
41 16
42 16
43
44 16
45
46 16
47
48
49

029.6

0l6.8

013.3

012.0

006.1

01l6.6

013.0

009.1

16

Y Transition Wave

024.0°

023.5

16

018.2

16
16

004.0

15

999.9

15

995.4

(0,0)

15

1.5

15

15

1L

15

15

15

Numbers

P (J)

995.6

978.2

976.9

968.5

965.5

271.5

966.3

957.3

15

15

15

15

15

15

" P

990.1°€

987.7
979.9
871.0
959.0

952,77



Table 3.2: C°Z

=

10

11

12

13

14

15

15

17

18

348

20

2L

22

23

24

25

16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16

16

447.694
448.114
448.476
448.772
449.017
449.194
449.309%
449.359%
449.349%
449.274%
449.139
448.949
448.671
448.351
447.967
447.514

446.995

- AlZ

—— . 1,0

16 483.041

16 483.416

16 483.745

16 483.996

16 484.181%*

16 484.301%*

16 484,352*

16 484.344%*

16 484.268%*

16 484.129*

16 483.926

16 483.660

16 483.330 16

16 482.946 16 428.900* 16

16 482.495 16 427.231 16

16 481.984 16 425.480 16

16 481.412 16 423.700 16

16 480.777 16 421.781

16 480.097 16

16 479.353 16
16
16
16
16
16

P(J)

437.519
436.460
435.361
434.192

432.976

430.324
428.906
427.431
425.882
424.275
422.599

420.855

16

o i

+ Transition Wave Numbers (continued)

482.083

16

481.490

L&

480.841

16

480.132

16

472.065

16

470.768

16

469.412

16

467.992

16

466.512

16

464.972%

16

463.378

16

461.719

16

460.007

16

458.237

16

456.406

16

454.533




J

26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

16

16

16

16

16

1LE

16

16

16

16

o s

Table 3.2: ClZ+ - AlZ+ Transition Wave Numbers (continued)
R (J) P (J)
(1,0)continued
16 472.660
16 471.498
16 470.289
16 469.034
467.732
466.383 16 437.634
464.980% 16 435.309
463.545 16 432.931
462.052 16 430.508*
16 428.054
458.921 16 425.543
457,232 16 422.973
455,544 16 420.361
453.682
451,492



10

11

12

13

14

15

16

17

18

19

20

2L

22

23

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

406.662
407.066
407.418
407.715
407.957
408.144%*
408.276%*
408.356%*

408.380

408.124%*
407.930
407.678
407.370
407.004
406.578
406.094
405.552
404.939
404.251
403.451
402.518

401.301

16 404.835°

16 403.252

(2,1)

+ e
Transition Wave Numbers

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

P(J)

405.695
405.135
404.510
403.839
403.106
402.321
401.488
400.593
399.645*
398.648
3917.591
396.481
395.313
394.095
392,817
391.487
390.096
388.643
387.137

385.560

380.395

~ T

(continued)



Table 3.2: CTZ

3
24
25
26
27
28
29
30
31
12
33
34

40

42

16

16

16

16

16

16

16

16

16

16

16

401.917
400.753
399.624%*
398.401
397,398
396.110
394.766
393.337

391 .795

377.062"

372.1087

;.

- A12+ Transition Wave Numbers (continued)
R(J) PUI)
(2,1) continued
16 399.678 16 378.432 16 380.747
16 397.714 16 376.196 16 378.145
l6 375.786
16 399.128 16 373.604
16 371.453
16 369.207 16 369.929°
16 367.183
16 364.876
16 362.518
16 360.071
16 357.510
16 377.508



1

Table 3.2: C°I

10

11

12

13

14

15

16

17

18

19

20

21

Z2

23

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

16

844.029*%
844.403
844.711
844.952
845.124*
845.230*
845.268%*
845.244%*
845.158%
845.010
844.800
844.532
844.206
843.826
843.388
842.897
842.352
841.744
841.139
840.426

839.684

838.053

837.166

+

16

828.602%

16

828.784%

16

828.894%*

16

828.822

16

828.662

16

828.415

16

828.080

16

827.653

16

827,133

16

826.521

16

825.816

16

825.015

16

824.122

16

823.123

16

B22.027

16

820.832

16

819.526

16

818.134%

16

816.632%

16

815.029

16

813.334%

(3,1)

16
16
16
16
16
16
16
16
16
16
16
16
16
le
16
16
16
16
16
16

16

P(J)

841.828
841.113
840.327
838.476
838.544
837.568
836.520
835.406
834.234%*
832.998
831.707
830.356
828.943
827.486
825.971
824.412
822.783
821.152%*
819.409
817.644

815.825%

16

-

Transition Wave Numbers (continued)

825.777

16

824.178

16

823.248

16

822,233

16

919.93%

16

818.666

16

817.307

16

B15.849*%

16

814.305

16

Bl2.676*

16

810.941

16

809.114

16

807.194

16

805.349




Table 3.2: C™Z

J

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47

16

16

16

16

16

16

16

16

16

16

16

16

16

16

le

16

16

16

16

16

16

16

16

-78-

Ly o 1E+ Transition Wave Numbers (continued)
R(J) P(3)
(3,1)continued

836.232 16 B1l1l.529 16 813.967
835.251 16 809.627 16 812.057
834.244% 16 807.622 16 810.106
833.146 16 805.478 16 808.114
832.024 16 806.055
830.850 16 803.956
829.626 16 801.807
828. 350 16 799.616
827.010 16 797.366
825.803 16 795.083
824,282 16 792.728
822,722 16 790.497 16 790.104
821.134%* 16 787.955
819.781
818.146%*
816.456
814.710
812.915%*
811.047
807.122
805.294 16 804.425
802.649 16 760.553
800,303 16 757.463
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Table 3.2: ClZ+ - A12+ Transition Wave Numbers (continued)

J R(J) P(I)

(3,1) continued

48 16 797.723 16 754,246

49 16 794.898 16 804.947 16 750.866

50 16 791.729 16 801.314 le 747.294

51 : 16 788.175 16 743.448 16 753.500
52 16 739.283 16 748.871

53 16 734.735
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Table 3.2: C12+ - AlZ+ Transition Wave Numbers (continued)
J R(J) P(J)
(3,2)°
21 16 324.8
22 16 323.0
23 16 321.3
24 16 319.4
25
26
27 16 313.8
28
29
30 16 335.6 16 307.6
31 16 334.4 16 305.2
32 16 333.1 16 303.3
33 16 301.0
34 16 298.8
35 16 296.5
36
37 16 291.7
38 16 289.3
39 16 286.8
40 16 321.4 16 284.2
41 16 281.9
42 16 317.8 16 279.0

43 16 316.0 l6 276.1



Table 3.2:

J

44 16 313.9
45 16 312.0
46 16 310.0
47 16 307.7
48 16 305.3
49

50

51

52 16 302.0

.

- A E+ Transition Wave Numbers (continued)

(3,2) continued

16 291.4°

16

16

16

16

16

16

16

16

16

273.7
270.6
267.6
264.6
261.2
257.6
254.5
2511

246.7

P (J)

16 255.9°



P(J)

—82~

Table 3.2: C12+ - AlZ+ Transition Wave Numbers (continued)
J R(J)
(4,2)%
16 16 748.8
17 16 747.3
18 16 745.6
19 16 744.0
20 16 742.2
21 16 740.2
22 16 738.3
23 16 736.3
24 16 734.1
25 16 731.6
26 | l6 729.5
27 16 750.7 16 727.0
28 16 748.8 16 724.2
29 16 747.3 16 721.7
30 16 718.6
31 ‘ 16 715.6
32 16 712.4
33 16 709.0
34 16 705.3
35 16 701,7

36 16 697.6



wil B
1.+ 1.+ . .
Table 3.2: CZ - A"YI Transition Wave Numbers (continued)

Footnotes:

®Absolute accuracy of 0.5 cm_l and relative precision of

0.2 cm_l from broadband (Av=®1 cm—l) laser spectra.

bJ is AlZ+ rotational quantum number.

C. . . .
Underlined frequencies correspond to extra lines.

d'Absolute accuracy of 0.005 cm-:L and relative precision of

- cm_l) laser

0.003 cm L from single mode (Av * 3.3x10"
spectra.

L

*Blended line, accuracy and precision of 0.01 cm

tNot included in deperturbation analysis.



Table 3.3:

[}

17
18
19
20
21
b
23
24
25
26
27
28
29
30
3d
32
33
34
35
36

37

D!z

+

- alyt Transition Wave Numbers

16
16
16
16
16
16
16
16
16
16
16
16
16

16

16
16
16

16

149.2
148.1
147.1
146.1
144.8
143.5
141.8
140.0
138.2
136.9
135.1
133.3
131.3
128.1

127.0

122.4
120.2
117.5

115.2

P (J)

16

16

16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16

134.3

132.6

128.2
126..1
124.2
¥ala7
119.3
116.8
114.5
112D
10941
106.1
103.2
100.2
097.0
094.1
090.8
087.6
084.1

080.4

-84~



Table 3.3:

g

38
39
40
41

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

(continued)
R(J) P(J)
(3,2) (cont.)
16 076.8
16 073.1
16 069.2
16 065.3
(4,2)%
16 511.2
16 523.5 16 509.4
16 522.5 16 507.5
16 521.3 16 505.6
16 520.2 16 503.5
16 518.9 16 501.3
16 517.5 16 499.2
16 516.1 16 497.2
16 514.5 16 494.5
16 512.9 16 492.1
16 511.2 16 489.6
16 509.4 16 486.9
16 507.5 16 484.3
16 505.6 16 481.4
16 503.5 16 478.4
16 501.3 16 475.4
16 472.0

-85~



Table 3.3:

g

32

33

18
19
20
2X
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

(continued)
R(J) P (J)
{(4,2) {(cont.)
16 465.4
(5,3)

16 382.8

16 380.4

16 378.0

16 375.8
16 392.8 16 373.7
16 381.4 16 371.3
16 389.8 16 368.8
16 387.8 16 366.3
16 386.1 16 364.0
16 384.1 16 361.3
16 382.7 16 358.6
16 380.4 16 355.6
16 378.0 16 352.5
16 375.8 16 349.3
16 373.7 16 346.5
16 371.3 16 343.0
16 368.8 16 338.5
16 366.3 16 336.3

wlil=



Table 3.3:

o

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

57

19
20
21
22

23

(continued)
R(J) P(J)
(5,3) (cont.)
16 361.3
16 358.6 16 326.2
16 355.6 l6 322.5
16 352.5 16 318.4
16 349.3 16 314.5
16 346.5 16 310.9
16 343.0 16 306.6
16 339.9 l6 302.2
16 336.4 16 298.5
16 333.4 16 294.1
l6 328.9
16 325.9
16 322.8
16 318.4
16 314.5
16 310.3
(6,3)2
16 756.7
16 772.4 16 754.7
16 770.8 16 752.5
16 769.7 16 750.6
16 768.1 16 748.2

o



Table 3.3:

J

24
25
26
27
28
29
30
31
32
23
34
35
36

(continued)

R(J)

16

16

16
16
16
16
16
16
16
16

(6,3)2 (cont.)

P (J)

766.5
764.6

763.0

756.7
754.7
152:.5
750.6
748.2
745.4
743.1

740.4

16
16

16

16
16
16
16
16
16

745.4
743.1

740.4

735.0
732.3
728.9
125.8
722.4

719.3

8gee footnote a in Table 3.2

b

See footnote b in Table 3.2

-88-~
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4+

Table 3.4: Elz" - A12+ Transition Wave Numbers

b

J R(J) P (J)
(e,2)2

19 16 491.6
20 16 489.4
21 16 506.0 16 487.5
22 16 504.8 16 485.4
23 16 503.7 16 482.9
24 16 502.2 16 480.7

85ee footnote a in Table 3.2.

bSee footnote b in Table 3.2.



Table 3.5:
J
18 32
27 32
34 33
36 33
37 33
38 33
39 33
40 33
41 33
42 33
43 33
44
45 33
46
47 33

48

33

C L

8405

928.5

029.9

063.3
081.7
098.4
116.8

135.3

1541

185.0

205.1

246.8

289.8

312.3

Term Values

T (cm

4

v=02

33

075.2

33

092.5

33

109.1

128.3

33

33

146.8

165.5

33

33

172.9

192.6

33

33

233.4

33

276.0

-90-



J

10
11
12
13
14
15
16
17
18
19
20
21
22

23

33

33

33

33

33

353

33

33

33

33

33

33

33

33

33

33

33

33

33

33

Table 3.5: ctzt

173.023
175 : 505
178.445
181,835
185.690
1,89 . 591
194.756%
199 .859%
205.616
211.724
218.289
225,317
232.765
240.698
249.073
257.898
267.169
276.898
287.068

297.685

Term Values (continued)

T (cm

v=1

L

C

33

204.834

33

205.274

33

206.168

33

207.524

33

209,325

33

211.572

33

214.270

33

217.415

33

221.017

33

225,065

229.566

33

33

234.518

33

239.820

33

245.778

33

252.092

33

205.266

33

258.858

33

211, 328

33

266.078

33

217.822

33

2715, 155

33

224.803

33

281.884

33

232.159

33

290.477

33

299.524

33

309.029

33

3192.002

-0]1-
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Table 3.5: C12+ Term Values (continued)
J T (cm™ 1)
v=1 (continued)

24

25

26

27 33 375.751

28 33 388.490

29 33 401.695

30 33 415.363 33 415.363

31 33 429.501

32 33 444.102

33 33 459.166%

34 33 474.710

35 33 480.709

36 33 507.163

37 33 524.087

38 33 541.422

39 33 Bb5H9.269

40 33 577.452

41 33 595.817



10

11

12

13

14

15

16

17

18

19

20

21

22

23

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

Pable 3.85: ©ry'

623.410
623.871L
624.786
626.166
628.000
630.294
633.049
636.264%
639.928%
644.058%
648.650%
653.695%
659.189
665.150
671.564
678.437
685.762
693.541
701.771
710.448
719.579
729.142
739.106

749.443

Term Values (continued)
T(cm_l)

v=2C

33 751.760

-93-



1+

Table 3.5: C

J

24

25

26

27

28

29

30

3L

32

33

33

33

33

33

33

33

33

33

33

760.013
T12:923

784.567

809.358
822.693
B36+253
850.269
864.707

879.540

-
Term Values (continued)
T (cm ™)

v=2 (continued)

33 761.963

33 770.685

33 181.526

33 810.082




Table 3.5: c 3t

10
11
12
13
14
15
16
17
18
19
20
2.1
22

23

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

061.232
062.119
063.453
065.233
067.458
070.128
073.220
076.810
080.830
085.298
090.217
095.591
101.420
107.707
114.449
121.650
125,308
137.419
146.041
155.064
164.573
174.538%

184.978

T (cm

v=3

Term Values (continued)

3

34

046.058

34

047.344%

34

049.076*

34

051.224*

34

053.796

34

056. 79 8%

34

060.228

34

064.085

34

068.367

34

073.067

34

078.189

34

083. 736

34

089.695

34

096.073

34

102.870

34

117.699

34

125. 732

34

134.166

34

143.025%*

34

152 . 286%

34

161.957




1.+

Table 3.5: CI

24

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

195.876
207.240
241%. 071
231.353
244.105
257. 317
270.993
285.122
299.719
314.756
330.426
346.294
362.651
379.473%
397.038
414.828%*
433.069
451.761
470.910%

490.489

530,930
551.778

573.031

T (cm )

Term Values (continued)

1

v=3 (continued)

34 172.047%*

34 182.538

34 193.443

34 204.755

34 216.439

-06-



Table 3.5:

J

48
49
50
51

52

clyt Term values (cont.)

34 594.627
34 616.513
34 639.664

34 660.973

T (cm™ 1)

v=3 (cont.)

34 648.714

34 670.559

34 638.397

-97-~
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1.+

Table 3.5: C7I Term Values (continued)

J
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

34

T(cm—l)

Efé?
530.6
53%. 7
545.3
553.3
561.8
570.5
579.9
589.6
599.7
609.9
621.0
632.4
643.8
656.1
668.4
681.5
694.3
707.8
721.4
735.7

749.9

@absolute accuracy of 0.5 em™1 and rela@}ve precision of
0.2 em~l. Energies are relative to X!» Y(v"=0, Jg'=0).
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Table 3.5: (cont.) (footnotes)

bUnderlined energies correspond to perturbing levels
(derived from extra lines).

CAbsolute accuracy of 0.02 em™ 1 and relative precision

of 0.01 cm~l. Energies are relative to xlr ¥ (v"=0,
J"'=0).

*
Blended or otherwise degraded line. Relative precision
0.02 cm™1l.
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Table 3.6: D!3  Term Values

J T(cm-l)
v = 32

16 33 924.8
17 33 932.3
18 33 940.7
19 33 9247.8
20 33 956.4
21 33 965.7
22 33 975.0
23 33 984.9
24 33 995.1
25 33 005.9
26 34 016.9
27 34 028.7
28 34 040.5
29 34 053.0
30 34 065.7
31 34 079.0
32 34 092.7
33 34 107.0
34 34 121.3
35 34 136.4
36 34 151.6

37 34 167.4



Table 3.6:

(continued)

J

38
39
40

L=

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

T(cm

Ly

v = 3a

34 183.5

34 200.0

34 217.0

Ly

T (cm

v = 49

34 284.8

34 291.2
34 297.9
34 305.3
34 312.9
34 320.9
34 329.5
34 338.6
34 347.8
34 357.6
34 367.9
34 378.5
34 389.6
34 401.0
34 412.9
34 425.2

34 437.8

~101~



Table 3.6: (continued)
Jd
31
32
J T(cm_l)
-
17 34 670.0
18 34 678.1
19 34 685.7
20 34 694.1
21 34 703.1
22 34 712.3
23 34 722.1
24 34 732.3
25 34 743.1
26 34 754.0
27 34 765.4
28 34 777.1
29 34 789.6
30 74 802.1
31 34 815.2
32 34 828.6
33 34 842.7
34 34 856.9
35 34 871.8

T(cm_ )
v = 42

1

(cont.)

34 451.1

34.464.2

=]

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53

34
34
34
34
34
34
34
35
35
35
35
35
35
35
33
35
35

35

887.0
903.1
919.1
935.5
952.2
969.6
987.2
005.3
024.0
042.9
062.1
082.3
102.3
122.9
144.5
165.3
187.1

209.1

-102-
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Table 3.6: (continued)

J T (cm 1)
v = 62

18 35 054.5
19 35 062.4
20 35 070.9
21 35 080.1
22 35 089.2
33 35 098.9
24 35 109.2
25 35 119.7
26 35 130.6
27 35 142.1
28 35 154.1
29 35 165.9
30 35 178.5
31 35 191.5
32 35 205.2
33 35 219.6
34 35 233.9
35 35 248.4
6 35 263.8
37 35 279.4

aSee footnote a in Table 3.5



Table 3.7:

Elst Term values

Jd

18
19
20
21
22
23
24

25

T(cm

34

34

34

34

34
34

34

34

Ly

301.0
309..0
317.8
326.9

336.2
346.3

3570

367.8

d5ee footnote a in Table 3.5.

-104~-



Table 3.8: Summary of clz* perturbations

Perturbing State

clzt (v#) 2 3 4 5
0 J2 = 41.5
no=0.139(2) s — — —
Bly (v=b)
1P Tyz 0 J, = 31.0 J, > 41
2 3 * 4
n = =0.09(3) g = 17.64(25) ¢ = 1.09(11) —
Bly (v=b+l) c(v=c)
2 J2 = 24.0 J3 = 28.5 J4 > 33
£ = 1.004(5) £ = 0.270(16) ﬂl4 = 0.24(4) E—
c (v=c+l) ;%
3 J2 < 0 o J3 = 33.6'I¥Q J4 = 37.4 J5 = 51.5
£ = 7.689(12) = 0.19(3) = (0.35(4) = 4.824(7)

c(v=c+2)

fFach perturbation is characterized by the J value where it culminates (Tor JTqreesdy
a heterogeneous (n) or homogeneous (f) parameter in cm~l (see Table 3.9), and a

=G0 T~



b

Table 3.8: (Continued) (Footnotes)

perturbing state assignment (when possible). Uncertainties of lo in the last
digit are given in parentheses. Values of n and £ may also be found in

Table 3.10 with extra digits necessary to reproduce the data precisely (see
Footnote a to Table 3.10).

A heterogeneous interaction matrix element between perturbing states 2 and 3
was also fitted (see Table 3.10).

=89 T~
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Figure 3.7: C12+ vibration-rotation energy vs. J(J+1)
indicating presence of spectroscopic
perturbations. [§ s denote culminations
of heterogeneous Bl » CIZ+ interactions;
® s denotes homogeneous c¢ W C12+ inter-
actions; os and x s denote unassigned
homogeneous and heterogeneous interactions,

respectively.



E(J) x 1073

35.5

35.0
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FIGURE 3.7
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and corresponding term values may be found in Tables

3.2 and 3.5 respectively.

To deperturbh ClZ+, a simple, phenomenological
Hamiltonian matrix (Table 3.9) is employed for reasons
discussed below. Only e-parity levels are considered:

a total of four perturbing states, numbered 2 through 5,
(1 corresponds to C12+), are included with two types of
interactions: J-dependent, or heterogeneous, and J-
independent, or homogeneous. The computer program is
listed in Appendix 2.

In Hund's case 'a', homogeneous perturbations re-
sult from spin-orbit or configuration interactions; he-
terogeneous perturbations are a consequence of rotation-

37  gtates which can perturb lr”

electronic interactions.
are 3%, 1g, SHO, and 35~ in the case 'a' limit;

only the 1s¥ & 11 interaction is J-dependent.

However, if the 31 state is intermediate between

Hund's case 'a' and Hund's case 'b' (i.e. if spin

is partially decoupled from the internuclear axis), nominal
31, and 31, may also perturb 13+, and since spin-uncoupling
increases with J,3Hm12+ interactions may exhibit a J de-

=7 Only one interaction matrix element - either ho-

pendence.
mogeneous or heterogeneous - is fit for each perturbation;
where the J-dependence of the interaction is not obvious,

the homogeneous model is selected.
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Diagonal matrix elments are represented by 1+

rotational energy expressions: E+BJ(J+1)—DJ2(J+1)2.
Deperturbed C12+ and perturbing state energies,

rotational constants, and interaction matrix elements

are given in Table 3.10. Correlation matrices for

each fitted level are given in Table 3.11. The results

are discussed below for each C18+ vibrational level.
v¥ = 0

One perturbation culminating at J = 41.5 was previously
reported and analyzed (Appendix 5). From interference be-
tween || and | transition moments in clxt & x1zt uy
fluorescence, it was concluded that the perturbation was
heterogeneous and the perturbing state was assigned as

Bln(v = b) which lies higher and has a smaller rotational

constant than clz® (v* = 0).
v = 1
Three perturbations are observed. A strong,

homogeneous perturbation culminating at J = 31.0 results
in a doubling of the C «+ A (1,0) head (Table 3.1). The
perturbing state (#3) lies higher and has a smaller
rotational constant than Clr™ (v* = 1).

In addition, several extra lines (Table 3.2) are ob-
served corresponding to a level (#2) below C12+ (v*¥ = 1)

but with a smaller rotational constant so that no crossing



Table

State

3.9: e-Parity Hamiltonian Matrix for clzgt Deperturbation

2
El + le—Dlx
£+ %% B, + B,X - D,x°
12 © N12 2 2 2
_ 2
€13 3% By & Byx = Dyx
e
514 + Nyg X 0
t15 ¥ L

where x = J(J+1)
E vibronic energy
_ h .
B = BrlonR? rotational constant
D centrifugal distortion constant

3 homogeneous interaction parameter

n heterogeneous interaction parameter

SYMMETRIC

SLTT-
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Table 3.10: ©l8T Darsmeters®
v =0

~ 4
E; = 3.27497,,, + 0.00005 x 10
B, = 0.2383,5, + 0.0003
D, = 2.8 fixed @ IO

~ 4
E, = 3.27708,,, + 0.00010 x 10
B, = 0.2264,5. + 0.0006
B, = 2.8 Simed % 107
ny, = 0.1395,0  + 0.002
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Table 3.10: (cont.)
v = 1

_ 4
E; = 3.31808g,, + 0.00007 x 10
By = 0.2379,,, + 0.0005

_ -6
D, = 1.30 ¢ + 0.18 x 10

_ 4
E, = 3.316689, o+ 0.000006x 10
B, = 0.2223g5,5 + 0.0014
D, = 2.8 Ewmd  w Lo ¢
nyy =D-D95q4 + 0.03

_ 4
Ey = 3.31918,;5 + 0.00008 x 10
By = 0.2167,5, + 0.0010
D, = 2.8 Fiwed x 1077

B 1
£13 = 1.764,5, + 0.025 x 10

_ 4
E, = 3.323611:4.+ 0.000016x 10
B4 = 0.21 fixed
D, = 2.8 fized x 107
14 = 1.09,44 + 0.11
Mgy = DuZBgng + 0.04
g2 = 0.9
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Table 3.10: (cont.)
v = 2

_ 4
El = 3.3623484700 + 0.0000003 x 10
B, = 0.2314,,,  + 0.0004

_ -7
D, ==5.8,4 + 2.4 x 10

_ 4
E2 = 3.363831560 + 0.000006 x 10
B2 = 0.20469540 + 0.00009
D, = 2.8 fixed x 107
512 = 1.004086 + 0.005

- 4
E3 = 3.3639631100 % 0.0000011 x 10
B3 = 0.21 fixed
D3 = 2.8 fixed pid 10_7
513 = 0.270146 + 0.016

_ 4
E4 = 3.36629340 + 0.000020 x 10
B4 = 0.21 fixed
D, = 2.8 fixed x 10”7
Nyg = 0.2755, + 0.04
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Table 3.10: (cont.)
v = 3

4
E, = 3.405545.,, + 0.000003 x 10
B, = 0.23027.,,, + 0.00003

=4
By = Ballgoe + 0.12 x 10

4
E, = 3.405042, 4, + 0.000003 x 10
B, = 0.20753,,, + 0.00003
D 2.8 Fixed x 10~7
£, = 7.689,,, + 0.012

4
E, = 3.408435,5 + 0.00003 x 10
By = 0.2068,5, + 0.0003
D, = 2.8 x 1077
Eyg = 0.19; 4, + 0.03

4
E, = 3.40880,5, + 0.00011 x 10
B, = 0.2080,,, + 0.0008
D, = 2.8 x 10”7
£14 = 0.35;c, + 0.04

4
E; = 3.41226;455 + 0.00004 x 10
B, = 0.20563,,; + 0.00015
D, = 2.8 fixed x 1077
£15 = 482455, + 0.007
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Table 3.10: (cont.)

v = 4
i 4
El = 3.447602018 + 0.000017 x 10
By = 0.2291,,. + 0.0005
— -7
Dl = 9.2277 + 0.4 x 10
02 = 0.5
®Al11 units are cm~l. Parameters are defined by Table 3.9.

Uncertainties quoted are lo estimates. Three extra
digits, statistically insignificant, are given in order
to account for correlations among parameters when using
these parameters to reproduce the data (Ref. 38);
correlation coefficients can be found in Table 3.11.
Variances quoted are a measure of the accuracy of the
experimental errors quoted in Table 3.5: ¢2 > 1 means
these errors were underestimated and vice versa for

2 < 1; 0?2 = 1 means the uncertainties quoted are com-
parable to the differences between observed and calculated
term values. This variance is approximately related to
the rms deviation by: o . ~0.20 cm~l for v*=1 and ¢ and
orms v0.01lc cm‘l for V*=3,3, and 4. All parameters not
listed were fixed at zero.



By

By

Bs

B,

Ny

Table 3.11: cl!:zt correlation Matrices?

1.000
-0.941
=0. 440

D.432

0.263

V=0

1.000

0

O

Coldb2z 1.0

-0,308 -0.848 0,342 1,000

SLTI=



Table 3.11: (cont.)

1.600

0.553 1.900

0,589 0.998 1,000
-0.648 -0.921 -0.934 1.000
-0.650 -0.815 -0.836 0.973 1,000
-C.614 -0.996 -0.999 0.933 0.841 1,000
-0.552 -0.982 ~0.975 0.843 0.720 0.973 1.000

0,061 -0.215 -0,197 ~0,022 -~0.204 0.19% 0.293 1,000

0.641 0£.992 0.997 -0.941 -0.847 -0.999 -0.968 -0.183 1.000

0.563 0.980 0.971 -0.863 -0.758 -0.968 -=0.992 ~0.252 0.963 1.000
0.594 0,987 0.981 -0,886 -0,785 -0.879 ~0,.592 -0.234 0,576 0.998
0.288 0.081 0.105 -C.366 -0.546 -0.110 0.030 0.916 0.123 0.024

V=1 (CONT,)

1.000

0.051 1.000

- W



Table 3.11: (cont.)

V=2
E, 1.000
B, 0.127 1.000
D; =0.261 =0.950 1.000
£, 0.195 0.049 0.058 1.000

E2 -U.147 =-0.122 -0.001 =-0.786 1.000
B2 Oo142 C.087 0.038 0.790 -0.995 1.000

E4 0.09" wv.984 -0.891 0,064 -0,146 0.116 1.000

E3—0.143 -0.212 0.227 -0.190 C.146 -0.137 -0.164 1.000
513 -U.059 -0.828 0.779 0.053 0.048 -0.019 -0.841 -0.209 1.000

N4 0.155 0.999 -0.959 0.030 -0.102 0.068 0.983 -0.203 -0.833 1,000

“611=



Table 3.11

1.000
-0.954
-0.858
<0963
-0.971

0,880
-0.179

D.156

0.398

0.015
-0.010

0.115
-0.069

2,074

0.027

(cont.

1.000
0.954
0.889
0.920
-0.862
£.152
=0.122
-0.444
0.087
-0.093
-0.017
0.208
-0.216
0.110

)

1.000
0.766
0.804
-0.765
0.314
-0.278
~J536
0.174
=0+ Y19
0.078
0.30¢6

- + 312

1.000
0.957
-0,839
0.067
-0.047
-0.326
-0.008
0.004
-0.100
t.068

"0 0072

1.060
-0.936
0.092
-0.070
-0.347
-0.013
0.008
-0, 109
0.069

-0.074

0.229 -0,020 -0.023

1.000
-0.091
0.070
0.335
0.007
-0.002
0.097
-0.075
0,080

0,013

1. 000
~“0.999
-0.080

0.068
-0.068

0.058

C.067
-0.062

0.076

1.000
0,052
-0.058
0.057
-0.051
-0.052
0.0u47

-0.062

1. 000
-0.110 1.000
0.111 -0.998
-0.068 0.962
-0.162 0.189
0.162 -0.205

-0,139 0,158

-0¢T~-



Table 3.11 (cont.)

V=3 {(CONT.)

B3 1.000

513 -0,959 1,000

E4 -0.182 0.188 1,000

B4 0.198 -0.203 -0.998 1.000

El4 -0.14% 0,170 C€.923 -0,907

1.000

~fc L=



Table 3.11 (cont.)

E, 1.009
Bl -0.960 1.000

Dl -9.%93 0,983 1,009

Sparameters are defined by Table 3.9. CorrelaE
and related to the covariance matrix by:cj4=o

ion matrices are symmetric Sy
2452 s B P
ij/(gigj\% where cjj is the ij

; i e . . 2
correlation coefficient, Uij the 1jth covariance matrix element, and o; the

ith variance

e =
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occurs. In order to fit the data, interactions

between not only this state and v* = l(nlszut'

also interaction between 2 and 3 (n23)cﬁééd5‘t0 he
considered; both interactions are found to be heterogene-
ous. Comparing E, and B2 values in the v* = 0 and

v¥ = 1 fits (Table 3.10),

1

Il
Il

E2(V* 1) - E,(v* 0) = 396.1 cm

(3wl

0) =-0.004 s

Bz(v* = 1) - Bz(v*

where E2 and B, are the perturbing state energy and
rotational constant, respectively. These differences

are typical of vibratienal and rotational intervals
observed in this energy region (see below and Ref. 3)

and it seems plausible, therefore, that these vibrational
levels belong to the same electronic state (i.e. Blm);
the heterogeneous nature of the 1 ~ 2 and 2 ~ 3 inter-
actions in v* = 1 further supports this hypothesis.

A third perturbation is apparent at J > 40

and 1is assumed to be homogeneous.

Three perturbations are observed with crossings
at J, = 24.0, J3 = 28.5, and J4 > 33. The first two

(states 2 and 3) are well characterized by the appearance
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of extra lines and appear to be J-independent although
the interactions are two weak to be certain. At

J > 33 a strong perturbation becomes apparent; it is

not possible to extend the analysis with only the R
branch data in hand. A J-dependent interaction is
assumed but the term values could be equally well fit
assuming a J-independent interaction. The former model
is chosen because it results in a more reasonable

value for the C12+ rotational constant; the homogeneous
interaction model gives a value of Bl (v* = 2) less than
the value of Bl (v*¥* = 3). It is apparent from the
negative value of Dl (Table 3.10) that v* = 2

is incompletely deperturbed.

Four interactions are observed with crossings

J, < 0, J, = 33.6, J, = 37.4, and J5 = 51.5. An extra

2 3 4
head results from the 1 ~ 2 perturbation (Table 3.1,

Fig. 3.8); extra lines étéxQLgo)Oﬁﬁﬁfweéwﬁat_theﬁ?t%

Sy

other crossings. All four perturbations are fit toyf
homogeneous. interaction models but only the 1 ~ 2
interaction is definitely J-independent. This level is
well fit despite the exclusion of at least three other
weakly interacting perturbing states detected by the

appearance of extra lines (Appendix 7). v* = 3 perturbations
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are illustrated in Fig. 3.8.

Comparing the energies of perturbing levels

4(v* = 1), 3(v* = 2), and 2(v* = 3),

14

Il
1l
il

E, (v¥ 3) - E5(v* 23 410.8 cm

(3.2)
1

Eq (v* 2) - E,(v* 403.6 cm

1)

and considering that these interactions are all homo-
geneous, it is plausible that they belong to the
same electronic state. Unfortunately, the data are
insufficient to determine rotational constants

except for level 2 (v* = 3). Extrapolating to higher
energy, the next two levels of this state are predicted
to lie at 34458 cm © and 34865 cm Y. The latter

is close to the ¢ (v = c+4) level mentioned above,

lf, which is in turn near C12+(v*=5)

E(v=c+4) =~ 34855 cm
from which it may borrow oscillator strength. On this
basis the 4(v* = 1), 3(v* = 2), and 2(v* = 3) perturbing
levels, and the level with head at 16 655.2 em ! in
Table 3.1 are tentatively assigned as c(v = c), c(v=ctl),
c(v=c+2), and c(v=c+4), respectively. The lower case C

label for this state is chosen because oscillator

+
strength to alst and xl:x" appears to be borrowed from

+Calculated from the head position giyen in Table 3.1
and assuming the head-origin separation to be
negligible
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Figure 3.8: Perturbations in Clz¥ (v* = 3). Observed
minus calculated term values are plotted
against J.
a) Calculated term values with 512, 513,
514, and 515 (see Table 3.9) set equal to
Zero. O s denote main levels (> 50%
clzt character), & denote #2 perturbing

state levels, @ denotes #3 extra level

and x s denote #5 extra levels.

b) As in({a)except 512 included and equal
to 7.689 cm~l. 1Insert shows 1+ 3 and
1 ~ 4 interactions when 15 (4.824 cm™ 1Y) .is
also included. Note that the center of gravity
for the 1 ~ 3 interaction is preserved
despite appearances when 512 = 515 = 0. This

illustrates the complicated level shifts

associated with multiple perturbations.
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clz*. This intensity borrowing, the homogeneous

nature of c ~ C12+ interactions, and observation of
1t 3.+ 3 . . .

C*Z =+ a’r and b°I, emission (Section III.B) suggest

that this state has predominantly triplet character.?

i

No perturbations are obvious within the pre-

cision of the broad bandwidth excitation spectrum.

It is seen From Table 3.10 that the deperturbed

clz* energies and rotational intervals decrease

+0nly three states may homogeneously perturb clit in

first order: !z+, 31m_,, and 3:~. It is conceivable
that ¢ could have 123 character but somewhat surpris-
ing that it would have no oscillator strength to the
Alz* or xlzt states; moreover, i+ a l3* mixing cannot
explain clz* » a3zt and b3n, emission. Similarly,
37~ & lx+ mixing cannot account for this emission in-
tensity since 33~ n ®:% electric dipole transitions
are forbidden32. 1In addition 31~ ~ l3% perturbations
should exhibit two crossings for each pair of inter-
acting vibrational levels (for a near Hund's case 'b'
31~ state) 37 whereas the data do not provide conclu-
sive evidence of multiple crossings: in v* = 2, the
1~ 3 and 1 ~ 4 interactions could correspond to the
two e parity36 components of 3:~ but the 1 n 3 inter-
action is ~ 5 times stronger than the 1 ~ 4 interaction,
contrary to expectations.37 Evidence for guch a multi-
ple crossing is not observed in v* = 1 (Fig. 3.7)?3H0m12+
mixing accounts for all observations: °I, * b Iy
and a3y’ emission is allowed and only one homogeneous in-
teraction is expected for a Hund's case 'a' 3I state.
It is plausible, therefore, that the ¢ state has

31, symmetry.
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monotonically with increasing v as expected from
anharmonicities in the potential but in contrast +to the
irregularities observed for perturbed values.?3
However, the wvariations are not regular even after
deperturbation. This is not surprising considering (1)
the phenomenological nature of the Hamiltonian matrix,
(2) strong correlations between fitted parameters
(Table 3.11), (3) neglect of second order energy and
rotational constant corrections, and (4) neglect of
additional perturbing states. The great density of
electronic states in this energy region manifested by
the large number of perturbing levels detected would
make complete deperturbation difficult even with
additional data; second order effects, in
particular, are on the order of 1-10 — owing to
strong spin-orbit interactions associated with the heavy
Ba atom. Nonetheless, local deperturbation of inaividual
vibrational levels has been achieved: the constants
given in Table 3.10 reproduce the spectra to within experi-
mental error and provide reliable mixing coefficients essen-
tial to population monitoring of lower energy states.

It is convenient to summarize spectroscopic data
in the form of potential energy curves. To this
purpose Clz+ energies and rotational constants from
Table 3.10 are combined with data from Ref. 23 and least

squares fitted to a polynomial in (v + 1/2) (i.e. a Dunham
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. 39
exXpansion™ ") :

E(v,3) = $ Y, (v+1/2)35@+¥ (3.3)
L.,k

where E(v,J) is the vibration-rotation energy and the
Y, are spectroscopic constants (wg, Bgs.-.). Ref. 23
"data are assigned uncertainties of 1 cmfl, which is
greater than the quoted error, since they are derived
from band heads and not origins. Although the energies
from Ref. 23 are perturbed, the unperturbed energies
determined here are weighted according to their uncer-
tainties in Table 3.10 and constrain the fitted para-
meters. In addition, first order perturbation energy
shifts tend to average to zero if enough levels are
considered; the results presented in Table 3.12 represent
a potential not designed to precisely reproduce observed
energies but rather provide estimates for

properties such as bond strength, equilibrium inter-
nuclear distance, and Franck-Condon factors. Comparison
with constants from Refs. 22 and 23 is also given:;

the latter rotational constants were determined by
matching observed and calculated clzt 5 %'z Franck-
Condon intensity factors. Vibrational constants reported
in Ref. 22 were obtained from less precise as well as
perturbed data. Also given in Table 3.12, are spectro-

scopic constants for B!'I and ¢ determined from the



Table 3.12: Spectroscopic Constants for High Lying States of Bao?

plz* clzt Bly glyt c
4
voe X 10 3.2701 (6)  3.27562 (30) < 3.27708 (30) 3.4226 (6) <3.32361 (30)
T X 1074 3.2835 (6)  3.28727 (30)
a5 ~0.425 0.943
-2
Y. (0 )x 10 4.036 (28) 4.360 (8) > 3.96 (5) > 4.08 5
A0 e [4.39]D - - )
¥, (-0 %) -3.8 (3) =0.90 (16) 1.3 (5)
2
Y30(weye)x10 4.1 (10)
Y, (Be) 0.2197(20)  0.2397 (6) > 0.2284 (10)> 0.2174 (10)>0.210  (10)
5 [0.23931]C
¥, (~ag)x10 1.8 (4) =2.70 (18) -4.1 (15)
. [-0.17]C
R, (R) 2.314 (10) 2.2151 (28) < 2.269 (5) < 2.326 (5) <2.37 (6)

3711 units are cm™1 except where noted. Uncertainties of 1o in last digit are given
in parentheses and are generously estimated to account for incomplete deperturbation.
Previously reported values are given in brackets below the values determined here.

bRef. 22
c_Ref. 23

s



-133-
assignments made above and the fitted parameters in

Table 3.10.

4. plrxt ang El:xt

Since no perturbations are obvious within
the limited precision and resolution afforded by
broad bandwidth OODR, D!r¥ and Elr' term values from
Tables 3.6 and 3.7, respectively, are least squares
fitted to 12+ energy expressions. The results are
given in Tables 3.13 - 3.15. The pl:* energies and
rotational constants are subsequently fit to poly-
nomials in v + 1/2. The results are given in Table 3.12;
in the energy expansion, D12+(v* = 6) 1is excluded

d too high

because the energy is #* 20 cm
due to a perturbation near the band origin. Insufficient
data preclude varying a perturbation matrix element and

+

deperturbing the plrt - als (6,3) band origin.

B. c!r¥ Fluorescence Spectra
1. Electronic and Vibrational Assignments

Emission from Clr* to not only xlz%
and aAlxt but also a3z, b3m,, b%m;, and A'll is observed
(Appendices 5 and 6).clzt 5> b31 and A'ln fluorescence
assignments are based upon the constants for the lower

states reported by Field9 as well as the rotational



Table 3.13: D!:" Parameters®

v =3 v = 4
_ 4 _ 4
E, = 3.386637. o + 0.000012 x 10 E, = 3.423970,,, + 0.000013 x 10
B, = 0.2149..  + 0.0003 B, = 0.2147,,_  + 0.0005
D. = 6.2 + 2.0 % 107" D, = 1.8 + 0.4 x 1070
1 "7415 - = 1 *®237 i
62 = 0.9 62 = 0.24
v =5 v = 6
_ 4 _ 4
E, = 3.460543.,. + 0.000010 x 10 E, = 3.498212_ . + 0.000010 x 10
B, = 0.21217_ . + 0.00017 By = 0.21167,,, + 0.00013
D. = 3.4 + 0.6 x 10”7 D. = 2.8 Fized x 1077
1 4447 + 0. 1 :
g2 = 2.0 g2 = 0.5
a

See footnote a, Table 3.10

AN



Table 3.14: pirt Correlation Matrices®

v = 3 v =4

El 1.000 El 1.000

B1 -0.959 1.000 Bl -0.962 1.000

Dl -0.9204 0.984 1.000 Dl -0.907 0.983 1.000
v =25 v = 6

El 1.000 El 1.000

Bl -0.934 1.000 Bl -0.929 1.000

Dy -0.844 0.970 1.000

aSee footnote a, Table 3.11.

-SE€T-
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Table 3.l15a: E12+ Parametersa

— 4
E1 = 3.422650281 + 0.000027 x 10
Bl = 0.2174172 + 0.0005
Dl = 2.8 fixed X JLO_7
g2 = 0.6
a

See footnote a, Table 3.10.

Table 3:15b: E12+ Correlation Matrix?

Eq 1.000

B1 <0979 1.000

85ee footnote a, Table 3.11.
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structure observed: P,R, doublets for b3HO and P,Q,R
triplets for b®lN; and A'ln (Appendix 5). The former
implies AQ = 0 and the latter implies AQ = 1, where
is the projection of J onto the internuclear axis.32'40
a3z+ assignments are made from (1) the pattern of

B R

emission (PP, PQ, R, and "R branches, where the super-

script denotes the change in N = J, J + l)41 and (2) ob-
servation of a3Z+ n~ A'lTl perturbations described below.37
In addition, emission ascribed to a3z+ could not be
accounted for by any other known lower state (Appendix 6).
Typical emission spectra can be found in Appendices 5
and 6. The 3pt energy level structure is illustrated
in Figure 1 of Appendix 6.

Vibrational assignments for b3I and A'lm are

2 +

made from Field's analysis.” a%r’ vibrational

assignments are made from the vibrational variation of

* o4 A'lN matrix elements (see Chapter 2 and Appendix 6).

adx

observed Clrt emission bands are given in Table
3.16 along with calculated band head positions. Band
heads are not observed since emission from a single
clzt rovibronic level is monitored; evidence for cigt
rotational relaxation, which could produce a band head,
in the form of collisional satellite lines is not
observed at pressures * 1 torr.

In order to provide estimates of band head positions

useful to the experimentalist, perturbed A'ln and b3m
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19

-1 10-12 14 17 322 em” respec-—

energies+,l7 577 cm

tively, are used. clz?

perturbed energies are also
used by correcting the deperturbed energies in Table
3.10 by the difference between observed (from Table 3.1)
and calculated (from constants in Tables 3.10 and 3.31)
clyt - aAlrt band heads observed in excitation. Dif-
ferences between perturbed and deperturbed energies

for the remaining states are neglected since large, low
J interactions responsible for shifting the band head
are not present (see below). The heads calculated in
Table 3.16 are accurate to + 5 cn l. Emission from

Clz+ (v* = 4), Dlz+, and Elz+ +o states other than

x13% was not examined.

2. Rotational Analysis
32 ‘of- the bands listed in Table,3.1% are

rotationally analyzed. Transition wave
numbers and rotational assignments are given in Tables
3.17 through 3.20. The bands are only partially
analyzed since emission from a single rovibronic level
populates at most four (e.g. clzxt 5 a3:" emission) and
as few as two (e.g. cizt 5> alst or b3no) lower levels.
Thus, to obtain complete rotational analyses it is

necessary to painstakingly re-tune both pump and probe

00
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Table 3.16: Observed CIE+ Emission Bands®

i “Heaa (e ) MHoaa ()
clst 4 a3y’
(3,6) 14 813 674.9
(3,7) 14 362 696.1
(3,8) 13 916 718.4
(2,11) 12 166 821.7
(2,12) 11 735 851.9
cizt > alz®
(3,0) 17 325 577.0
(2,0) 16 905 591.4
(3,1) 16 829 594.1
(1,0) 16 449 607.8
(2,1) 16 408 609.3
(3,2) 16 336 612.0
(0,0) 16 032 623.6
(1,1) 15 953 626.7
(2,2) 15 916 628.1
(3,3) 15 846 630.9
(0,1) 15 536 643.5
(1,2) 15 460 646.6
(2,3) 15 426 648.1
(3,4) 15 359 650.9

(0,2) 15 043 664.6



Table 3.16: (cont.)
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Band cHead(cm—l) Aﬁiid(nm)
(v*,v)
clzt 5 alst (cont.)
(1,3) 14 971 667.8
(2,4) 14 939 669.2
(B4+5) 14 875 672.1
(0,3) 14 553 686.9
(2,5) 14 455 691.6
(3,6) 14 394 694.5
(2,6) 13 974 715.4
(3,7) 13 915 718.4
(1,6) 13 519 739.5
(2,7) 13 495 740.8
(3,8) 13 439 743.9
(2,8) 13 019 767.9
(3,9) 12 966 771.1
(1,9) 12 092 826.8
(2,10) 12 074 828.0
(1,10) 11 621 860.3
clzt 5 b3,

(3,1) l6 264 614.7
(2,1) 15 844 631.0
(1,0) 15 833 631.4
(3,2) 15 826 631.7
(0,0) 15 416 648.5
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Table 3.16: (cont.)
?32?V) 0Head(cm—l) Agigd(nm)
clyt b3m; (cont.)
{1,1) 15 390 649.6
(0,1) 14 973 667.7
(2,3) 14 973 667.7
(3,4) 14 964 668.1
(1,2) 14 952 668.6
(3,5) 14 540 687.6
(0,2) 14 535 687.8
(3,6) 14 120 708.0
(3,7) 13 705 128.5
(2,6) 13 700 729.7
(3,8) 13 294 752.0
(2,7) 13 284 752.6
(3,9) 12 888 775:7
(1,7) 12 829 779.3
(2,9) 12 467 801.%
(1,8) 12 418 805.0
(3,11) 12 089 827.0
(1,9) 12 012 832,23
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Table 3.16: (cont.)

?32?V) S Miend (o)
clzt 5 p3g
o
(3,0) 16 551 604.0
(2,1) 15 689 637.2
(3,3) 15 238 656.1
(2,3) 14 818 674.7
(3,4) 14 810 675.1
(3,5) 14 385 695.0
(1,3) 14 364 696.0
(3,6) 13 965 715.9
(3,7) 13 550 737.8
(2,6) 13 545 738.1
(3,8) 13 139 760.9
(3,9) 12 733 785.1
(2,8) 12 719 786.0
(3,10) 12 331 810.7
(1,8) 12 264 815.2
(3,11) 12 934 837.7
(1,9) 11 857 843.1
cizt > arin
(3,1) 16 018 624.1
(2,1) 15 598 640.9

(1,0) 15 588 641.3
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Table 3.16: (cont.)

1 Air

?32?v) UHead(cm_ ) AHead(nm)
clzt » a'ln (cont.)
(3,2) 15 580 641.7
(0,0) 15 171 659.0
(1,1) 15 144 660.1
(0,1) 14 727 678.8
(2,3) 14 725 678.9
(3,4) 14 714 679.4
(1,2) 14 705 679.8
(2,4) 14 294 699.4
(0,2) 14 288 699.7
(3,5) 14 287 699.7
{1,3) 14 270 700.6
(2,5) 13 867 720.9
(3,6) 13 864 721.1
(1,4) 13 839 722.4
(3,7) 13 445 743.6
(2,6) 13 444 743.6
(3,8) 13 029 767.3
(2,7) 13 024 767.6
(3,9) 12 618 792.3
(3,10) 12 210 818.8
(2,9) 12 197 819.6

(1,8) 12 154 822.6
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Table 3.16: (cont.) (Footnote)

4Band head positioni are calculated from clyt constants
in Table 3.10; a3:", Aly™, b3m, and A'll constants

are taken from Table 3.31 except for the energies of
A'lnl and b3711 for which the perturbed values,

Voo = 17577 cm~1 10-12 ang 17 3222 em~l respectively,
were used. Cl:it energies from Table 3.10 were changed
so that calculated C+A heads agreed with those observed
in Table 3.1 (see Text). Heads are accurate to + 5 cm—1
or + 0.3 nm.



13
20
30
40

13
20
27
30

40

20

30

16
22
32
43

Table 3.17:Clz™ - a3zt

14
14
14
14

14

14
14
14
14
14

14

13

13

12
12
12

12

Rp(a'-1)

818.1
818.0%
815.5
810.0

804.4%

368.2
368.3%
367.1
364.9
363.0

338.5

920.6

907.9

166.8
165.4%*
163.6%*

153.2%

P

] _o(J')
(3,6)
14 815.9 14 804.3
14 815.0% 14 800.6%*
14 812.3 14 792.8
14 806.3 14 779.0%
14 797.3 14 745.8
(3,7)
14 366.4 14 356.8
14 366.5%* 14 353.5%
14 364.6 14 345.9
14 361.7 14 338.9%
14 358.5 14 334.0
14 350.7 14 305.2
(3,8)
13 918.7 13 892.4
13 914.7
(2,11)#
12 165.8 12 150.1
12 165.4%* 12 143.8
12 163.0% 12 131.3
12 152.7% 12 110.6

~145-

Transition Frequencies (cm

P (37+1)

14
14
14
14

14

14
14
14
14

14

12
12
12

12

808.5
804.0%*
4952
7795 0%

763.5

358.9
355.4%*
347.1
338.9%*

335.1

151.1
144.8
132.5

112.0
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: + - : -
Table 3.17: clz™ - a3z+ Transition Frequencies (cm 1-) (cont.)

g* Rr(gr-1) Ry (ay Powan Pp (g7 41)
(2,12)7
16 11 735.4 11 734.4 1] 718.5 11 719.5
22 11 734.3% 11 734.3% 11 712.5 11 713.6
s 11 733.1% 11 732.5% 11l 701.0 11 702.1
43 11 723.5%* 11 723.5%* 11 681.2 11 682.3
#Assignments chosen correspond to Ca(a32+ spin-spin constant,

See Table 3.25)greater than 0.See text for discussion of the
branch assignments.

T3t is clzt rotational quantum nmuber.

*
Blended or otherwise degraded line. See text for
discussion.
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+ 1. T

Table 3.18: Cl: )

+ . " i —
- Aly" Transition Frequencies (cm

J R(J'-1) P (J'+1)
(3,6)

9 14 406.2 14 396.9
13 14 405.8 14 392.6
20 14 404.8 14 384.2
27 14 400.8 14 373.0
30 14 397.9 14 367.1
40 14 386.8 14 345.7

(3,7)

9 13 928.8 13 919.4
13 13 928.5 13 914.8
20 13 926.2 13 905.5
27 13 896.6
30 13 918.9 13 888.6

(3,8)
20 13 451.9 13 431.6
30 13 445.8 13 415.1
(3,9)
13 12 978.6 12 965.0
27 12 973.4 12 946.4

31 is clxt rotational quantum number.
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Table 3.19: clzt - b3 Transition Frequencies (cm_l)+

=0 Q=1

J REI'-1)"  PAT 1) R(J'-1) 0(J3') — P(3'+1)
(0,0)
18 15 430.1 15 422.3 15 413.2
$F . 15 437.7 15 425.6 15 412.8
34 15 444.8 15 429.5 15 413.8
48 15 471.3 15 449.9 15 427.7
(0,1)
18 14 987.7 14 979.6 14 970.9
27 14 997.0 14 984.5 14 972.4%
34 15 004.5 14 990.1 14 973.6
48 15 030.3 15 010.0 14 988.2%
(0,2)
18 14 551.3 14 543.5 14 534.9
(3,2)
9 15 852.6 15 849.1 15 844.5
(3,4)

9 14 841.9 14.833.8 14 987.6 14 983.5 14 979.2
13 14 844.5 14.832.4 14 990.2 14 984.7 14 978.3
20 14 848.7 14 830.8 14 995.0 14 986.4 14 976.9
-1 SR T 15 002.2 14 989.2 14 975.2
40 14 870.3 14 834.2 15 013.0*% 14 995.3 14 977.7*

+J' is C12+ rotational quantum number.

* . 3
Blended or. otherwise degraded line. See text for
discussion of precision.
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Table 3.19: Cls3T-b31 Transition Frequencies_(cm-l) (cont.)

13
20
27
30

40

13
20
27
30

20
40

Q=

R(J'=1) P(Ft41)
14 417.9 14 409.4
14 419.7 14 407.8%
14 424.4 14 406.4
14 430.7 .14 406.6
14 432.6 14 406.4
13 993.8 13 985.7
13 996.2 13 984.0
14 002.5* 13 984.4
13 573.8 13 565.5
13 582.6 13 564.7
13 606.4 13 571.6

(3,5)

(3,6)

(3,7)

Q=

- R{T'-1) Q(&l)
14 560.7 14 556.8
14 563.2 14 557.3
14 568.1 14 559.3
14 574.7 14 563.0
14 576.5 14 563.3
14 588.0 14 570.4
14 137.3 14 133.4
14 139.7 14 134.2
14 144.9 14 136.1
14 151.8 14 140.0
14 154.5 14 141.2
13 717.7 13 713.6
13 725.4 13 716.8
13 748.6 13 731.6

14

14
14
14
14
14
14
14
14

14

13
13
13

552.4
551.4
550.1
550.7
549.7
594+ 3
129.1
128.1
127.0
127.8

127.8

709.5
707.7

713.8
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Table 3.19: Clz" - b3n Transition Frequencies (cm_l) {cont.)

. S=0 {s Q=1

J' R(I'“1)" P(J'+1) R(I'-1) o) =  B(J'+1)

9 13 157.2 13 149.0 W ) 13 301.1 13 297.2 13 292.9
13 13 158.7 13 147.0 13 301.7 13 296.0 13 290.2
26 13 166.9- 13 149.4 13 310.2 13 301.6 13 292.7
27 13 172.2 13 148.6 13 314.2 13 302.8 13 291.0
30 13 320.6 13 307.8 13 294.6
40 13 334.3% 13 317.1 13 299.5%

(3,9)

9 12 744.7 12 736.5 12 888.2 12 884.4 12 880.1
13 12 746.9 12 735.6 12 890.0 12 884.3*% 12 878.4
20 12 754.8 12 737.6 12 898.1 12 889.5 12 880.6
27 12 761.3 12 737.8 12 903.7 12 892.3 12 880.5
30 12 766.4* 12 740.6% 12 909.4 12 896.5 12 883.0
40 12 781.6 12 747.7% 12 923.9 12 906.8 12 889.3

(3,10)

20 12 345.4 12 328.6
27 12 353.0 12 330.3
30 12 357.8 12 332.0

40 12 374.2% 12 339%9.8%
(3,11)

27 12 090.8 12 079.4 12 067.8
30 12 095.4 12 082.8 12 069.8

40 12 112.2*% 12 095.7* 12 078.1%
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Table 3.20: clx¥_a"lp Transition Frequencies (cmhl);A

J' R(J'-1) Q(J") P(J'+1)

(0,0)
18 15 191.0 15 182.7 15 174.4
27 15 199.2 15 186.6 15 174.6
34 15 206.8 15 189.8 15 175.2
48 15 233.9 15 209.4 15 189.4
(0,1)
18 14 751.6 14 743.2 14 735.0
27 14 760.6 14 748.4 14 735.9
34 14 769.5 14 753.7 14 738.1%*
48 14 798.7 14 776.2 14 755.3
(0,2)
18 14 314.4 14 306.4 14 298.1
27 14 324.6% 14 312.4% 14 300.0%*
34 14 331.7 14 316.5 14 301.5
48 14 363.8 14 342.4 14 320.3
(3,2)

9 15 616.9 15 612.8 15 608.2
13 15 618.2 15 612.6 15 606.4
40 15 640.8 15 623.1 15 604.9

"

* 0
Blended or otherwise degraded line.
discussion of precision.

J' is C12+ rotational quantum number.

See text for
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Table 3.20: C12+4A“Lnﬁ'Transition Frequencies {émTl)(cont.)

e R(J'-1) Q(J') P(J'+1)
(3,4)

9 14 748.1 14 739.7
13 14 750.6 14 744.6 14 738.6
20 14 754.6 14 745.4 14 736.5
30 14 762.2 14 747.6 14 735.2
40 14 7767 14 768.2

(3,5)

9 14 320.5 14 316.4 14 312.2
13 14 322.8 14 316.8 14 310.8
20 14 327.6 14 317.8 14 309.3
27 14 333.1 14 319.0 14 308.6
30 14 334.0 14 317.0 14 306.8
40 14 361.3 14 334.7 14 324.2

(3,6)

9 13 897.4 13 893.3 13 889.1
13 13 899.6 13 893.2 13 887.5
20 13 903.4 13 902.4 13 885.2
27 13 907.8 13 902.9 13 881.8
30 13 923.0 13 903.8 13 895.0

40 13 931.9 13 914.7 13 896.5
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+ - . ; - .
Table 3.20: Cly -aA'lngTransition Frequencies (cm l) (cont.)

I R(J'-1) Q(3") P(J'+1)
(3,7)

9 13 478.7 13 474.6 13 470.6
20 13 488.6 13 479.6 13 470.2
30 13 497.9 13 485.2 13 4723
40 13 511.7 13 494.2 13 476.9

(3,8)

9 13 062.2% 13 058.4 13 053.8%
13 13 063.8 13 058.3 13 052.2
20 13 071.7 13 063.4 13 054.7
27 13 077.2 13 065.6 13 053.7
30 13 082.8 13 069.9 13 056.5
40 13 096.9% 13 079.6 13 062.1

(3,9)

9 12 649.2 12 645.2% 12 641.0
13 12 650.8 12 645.7% 12 639.9
20 12 659.0
37 12 665.2 12 653.7 12 641.8
30 12 670.3 12 657.6 12 644.3
40 12 685.7 12 668.5 12 651.1

(3,10)

9 12 239.5 12 235.5 12 231.4
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lasers and then re-scan the monochromator from * 600 nm

113

to = 850 nm. Instead, a grid of c!:' levels spanning

JT*

9 to 40 was used to provide bits of rotational
data in the lower levels over the same J range without
undue loss in spectroscopic characterization of the
lower states.

Rotational assignments are straightforward
from knowledge of &* determined by clit « alyt ex-
citation spectra (Section IITI.A) and AJ selection rules.32
However, in perturbed spectral regions where the relative
positions of P, Q, and R branches are anomalous,assign-
ments are more difficult but still possible. From

37 and random differences

predicted perturbation patterns
comparable. to experimental error between calculated and
observed term values, the rotational assignments made
in these regions are verified.

In the case of clit » a3:t emission where the
lower levels are not perturbed (vy = 11 and 12) it
is not possible to distinguish between P and Q or

R and Q in the P~-form and R-form branches, respectivelyT.

This corresponds to an ambiguity in the sign of the a32+

TIt is possible to determine this by examining emission

from both J* and J* + 2 where the term values for all
three of the 3:t sub-levels for N = J* + 1 can be un-
ambiguously measured and assigned: P-form emission

from J* populates the J=J% if parity) and J=J*+1 (e parity)
sub-levels of the N=J*+1 357 level; R-form emission from
J*+2 populates the J =J*+1 (e parity) and J=J*+2 (f parity)
sub-levels of the same N=J*+1 level.
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spin-spin constant, C;. In Table 3.17, C; > 0 has

a
been assumed. For perturbed 3:% levels, the sign of Cj

is unambiguously determined, for A'l1 ~ a3:t interactions
are diagonal in J and not N so that each spin

sub-level with a different’'value of J*

is affected differently. In this case,

only one sign for Cy (i.e. one set of line assignments),
yields a calculated spectrum with random residuals
comparable to experimental error.

Transition frequencies are converted to term
values, relative to X12+ (v" = 0, J" = 0), by subtracting
the frequencies in Tables 3.17-3.20 from C12+ term
values in Table 3.5. This does not degrade the data
precision since E(v*,J*) is precise to 0.0l em 1
whereas the fluorescence transition frequencies are
measured to an accuracy of only 0.5 cm—l and a precision
of ~ 0.2 cm_l. Term values are given in Table 3.21
through 3.24. In fitting these term values,
differences between transitions‘ s ) B
belonging to different branches but the same band were
fit, weighted according to their uncertainty of 0.2 cm—lT,

as well as term values for each level, which were given

uncertainties of 0.5 cm~l. The discrepancy between

Trhe weights are l/&% where §:; is the experimental

error associated with the itﬁ datum.
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Table 3.21: a3zt Term 'Values®

J F](cm-l) Fz(cm-l) Fg(cm_l)

¥ =6
19 262.7
19 265.3 19 276.5

10 19 272.3

12 19 283.4

13 19 286.4 19 300.8
14 19 297.4

19 19 339.6

20 19 342.7 19 362.3
21 19 359.9

29 19 461.0

30 19 464.7 19 492.0
31 19 492.0

39 19 628.6%*

40 19 635.8 19 687.2
41 19 669.5

v =17

8 19 712.6

9 19 714.5 19 724.0
10 19 721.9

12 19 733.1%

13 19 734.9%* 19 747.9%*
14 19 746.0%*

19 19 788.0

20 19 730.5 19 809.2
21 19 808.0

26 19 866.4
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Table 3.21: a32+ Term Values (cont.)

J Ej(cmfl) Fz(cm_l) Fg(cm—l)
27 19 8¢9.6 ¥=1 (cont.) 19 892.5%
28 19 892.5%

29 19 908.0
30 19 912.5 19 935.9
31 19 936.9
39 20 094.6
40 20 082.4 20 127.8
41
v = 8
19 20 234.5
20 20 236.3 20 262.6
29 20 363.1
30 20 356.3
v =11
15 21 519.0
16 21 520.0 31 535.7
17 21 534.7
21 21 573.7%
22 21 573.7% 21 595.3
23 21 594.3
31 21 701.1%
32 21 701.8% 21 733.4
33 21 732.2
42 21 898.4%
43 21 898.9% 21 940.9

44 21 939.6
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Table 3.21: a3:’ Term Values (cont.)

J F](cm_l) Fz(cm_l) Fa(cmﬂl)
v =12

15 21 950.4

16 21 951.4 21 967.2

17 21 966.2

21 22 004.8%*

22 22 004.8* 22 026.6

23 22 025.5

31 22 13L.6%

32 22 132.2% 22 163.7

33 22 162.6

42 22 328.0%

43 22 328.0%* 22 369.2

44 22 370.4

a

Fl' F2, and F3 refer to levels with J =N + 1, N, and

N=1; respectively.32

*
Blended or otherwise degraded line. See text for

discussion of precision.



-159-

Tabl < mIad i T
able 3.22: A'r Term Values

3. T (em 1) 3T (emh)
v =6 v =7 )

8 19 674.6 8 20 152.0
10 19 683.9 10 20 161.4
12 19 695.6 12 20 172.9
14 19 708.6 14 20 186.6
19 19 750.3 19 20 228.9
21 19 770.9 21 20 249.5
26 19 830.6 26
28 19 858.3 28 20 334.7
29 19 873.1 29 20 352.1
31 19 903.9 31 20 382.4
39 20 046.2 39 20 524.2
41 20 087.4 41 20 564.7

F =B v =29
19 20 703.2 12 21 122.8
21 20 723.5 14 21 136.4
29 20 825.2 26 21 258.0
31 20 855.9 28 21 285.0
-

See text for discussion of precision.
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Table 3.23: b3l Term Values

2 =0 Q=1
g T (cm 1) 7, (cm ) 7 (cm 1)
v =20
17 17 400.9
18 17 408.6
19 17 417.8
26 17 489.2
27 17 501.4
28 17 514.2
33 17 583.2
34 17 598.5
35 17 614.2
47 17 838.0
48 17 859.4
49 17 881.6
v=1
17 17 843.3
18 17 851.3
19 17 860.1
26 .- 17 929.9
27 17 942.4
28 17 954.6%
33 18 023.5
34 18 037.9
35 18 054.4
47 18 2790
48 18 299.3
49 18 321.1%
v =2
8 18 228.2
9 18 231.8
10 18 236.3
17 18 279.7
18 18 287.5
19 18 296.1

*
Blended QY otherwise degraded line. See text for
discussion of precision.
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Table 3.23: b3I Term Values (gont.)

g Tolem™h) - T, (cm o) gf(cm"l)
8 19 238.9 19 093.3

9 19 097.3
10 19 247.0 19 101.6
12 19 256.9 19 111.2
13 19 116.7
14 19 269.0 19 123.0
19 19 306.3 19 160.0
20 19 168.7
21 19 324.2 19 178.2
29 19 268.8
30 19 281.8
31 19 295.8
39 19 562.8 19 420.0%
40 - 19 437.8
41 19 598.9 19 455.4%

8 19 663.0 19 520.1

9 19 524.0
10 19 671.4 19 528.4

12 19 681.7 19 538.2
13 19 544.1
14 19 693.8 19 550.0
19 19 730.6 19 587.0
20 19 595.7
21 19 748.7 19 605.0
26 19 800.6 19 656.7
27 19 668.4
28 19 824.8 19 680.7
29 19 838.4 19 694.5

30 19 707.7
31 19 864.6 19 78,3

39 19 845.0

40 19 862.6
41 19 880.8




Table 3.23: . b3I Term Values /(cont.)

5

8

9
10
12
13
14
19
20
21
26
27
28
29
30
31

10
19
20
21
39
40
41

Q

T (cm )

20

20
20

20

20

20
20

20
20

20

g =0

1

087.0

095.1
105.3

117.4

507.0

515.3
572.5

590.3
826.6

861.4

Ee(cm

19

19
19

19
20

20
20

20
20

20

20

20
20

20
20

20

+y

943.6

951.8
961.7

973.3
010.2

028.1
079.6

103.6
116.5

143.2

363.2

371.3
429.7

447.4
684.4

719.3

[
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gf(cm—l)

19

19

20

20

20

20

20

20

947.4

967.2

019.0

091.3

129.8

367.2

438.2

701.5
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Table 3.23: b3 Term Values (cont.)

2 =0 . o=

J Te (em™ 1) T (cm Y gf(cm_l)
8 20 923.6 20 779.8

9 20 783.7
10 20 931.8 20 787.9

12 20 942.7 20 799.7

13 20 805.4
14 20 954.4 20 811.2

19 20 988.1 20 844.9
20 20 853.4
21 21 005.6 20 862.4

26 21 059.2 20 917.2
27 20 928.7
28 21 082.8 20 940.3

29 20 950.4

30 20 963.2
31 20 976.4

39 21 098.7%

40 21 115.9
41 21 133.6%

8 21 336.1 21 192.6

9 21 196.4
10 21 344.3 21 200.7

12 21 354.5 21 211.4

13 2E Z1.7T.1%
14 21 365.8 21 223.0

19 21 400.2 21 256.9

20 21 265.6
21 21 417.4 21 274.5

26 21 470.1 21 327.6

27 21 399.0
28 21 493.5 21 350.9

29 21 504.6% 21 361.6

30 2. 374.5
31 21 530.4% 21 388.0

39 21 651.4 21 509.2

40 21 526.3
41 21 685.4% 21 543.8



g,

19
21
26
28
29
31
39
41

26
27
28
29
30
21
39
40
41

Table 3.2
Q

Te

ez |
21
21
21
21
21
22
22

3: b3 Term Values

@ =0

(cm l)
v = 10
809.6
826.5
878.3
901.1
913.2
939.0
058.9%
093.2%

(cont.)

Ee(cm

21

21
2L

21
21

21

iy

140.5

163.5
175.6

301.1
420.8%

455.0%

~164-

—i;
Te(cm 7)

21 151.9
21 188.1

21 437.4%



Table 3.24: . A“h§ Term Values

J

17
18
19
26
27
28
33
34
35
47
48
49

17
18
19
26
27
28
33
34
35
47
48
49

T (cm 5 gf(cm_l)
v =20

17 640.0

17 648.2
17 656.5
17 7277

17 740.4
17 752.4
17 821.2

17 838.2
17 852.8
18 057.4

18 099.9
18 119.9

v=1

18 079.4

18 087.7
18 096.0
18 166.4

18 178.5
18 191.0
18 258.5

18 274.3
18 289.9%
18 510.6

18 533.4
18 554.0

*
Blended or otherwise degraded line.
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See text for discussion of precision.
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Table 3.24: A'ln Term Values (cont.)

3 T (eml)  Te(emh)
v = 2

8 18 464.0

9 18.468.0
10 18 472.6
12 18 483.2
13 18 488.8
14 18 495.0

17 18 516.6
18 18 524.6
19 18 532.9
27 18 602.3%
28 18 614.6%
29 18 627.0%

33 18 696.3

34 18 711.5
35 18 726.5

39 18 792.3

40 18 809.9
41 18 828.1
47 18 945.5
48 18 966.9
49 18 989.0

v =4

8 19 332.7

9
10 19 341.1
12 19 350.9
13 19 356.8
14 19 362.8
19 19 400.5
20 19 409.6
21 19 418.6
29 19 508.8

30 19 523.4
31 19 535.8

39 19 662.4

40 19 664.8



Table 3.24: A'll Term Values (cont.)

2

10
12
13
14
19
20
21
26
27
28
29
30
31
39
40
41

10
12
13
14
19
20
21
26
27
28
29
30
31
39
40
41

~1.
T (cm 7)

19

19
19

19
19

19
19

19
19

19
20

20

20

20
20

20
20

20
20

20
20

20
20

20

v

Te(cm

5

760.4

768.6
778.6

790.7
827.5

845.8
898.3

922.7
936.9

964.2
071.8

108.8

183.4

191.7
201.8

213.9
251.6

269.9
323.6

349.5
348.0

376.0
501.2

536.6

19

19

1.9

19

19

20

20

20

20

20

20

20

e

764.4

784.6

837+3

912.4

954.0

098.4

187.6

208.2

252.6

328.5

367.2

518.4
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Table .3.24: A'll Term Values (cont.)

J

10
19
20
21
29
30
31
39
40
41

10
12
13
14
19
20
21
26
27
28
29
30
31
39
40
41

v =7

20 602.1

20 606.2
20 610.3
20 666.4

20 675.5
20 684.9
20 773.1

20 785.8
20 798.7
20 921.3

20 938.8
20 956.2

v —

21 018.6%*

21 022.5
21 027.1%*
21 037.7

21 043.1
21 049.3
21 083.3

21 091.7
21 100.4
21 154.2

21 165.7
21 177.7
21 188.2

21 201.1
21 214.5
21 336.2%

21 353.4
21 370.9
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Table 3.24
-1
Jd T lem 7)
v
8 21 431.6
9
10 21 439.8
12 21 450.6
13
14 21 461.5
19 21 496.1
26 21 566.1
27
28 21 588.5
29 21 600.7
30
31 21 626.7
38 21 747.4
40
41 21 782.0
A\
8 21 841.3
9
10 21 849.4

=169~

: A'ly Term Values (cont.)

gf(cm_

9

I

21

3

21

21

21

10

21

4y

435.6%*

455.8%

5777

613.4

764.6

845.3
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precision and accuracy results from calibration of
spectra against Ne and Ar reference 1ines:31 absolute
wavelength measurements made on different days wvaried by
as much as 0.02 nm (* 0.5 cm—l) because of irreproduci-
bility in alignment of the standard atomic pen lamp
with respect to both OODR induced fluorescence and the
monochromator slit. Interpolation between atomic lines
separated by more than 5 nm is accurate to no better
than 0.02 nm. On the other hand, separations between
O0ODR fluorescence lines separated by less than 3 nm are

precise to ® 0.01 nm (* 0.2 cm L

) from day to day. Thus,

differences between emission line frequencies for given

J* are weighted more heavily than absolute term values.
Blended line (indicated by an asterisk in

Tables 3.17-3.24) uncertainties were estimated to be

1

1.0 cm—l absolute accuracy and 0.5 cm — relative precision.

3. Deperturbation

In order to more precisely deperturb

+ -
the low lying states of BaO, A12+ + X1y  transition

1-

frequencies from Ref. 8 and MODR frequencies from Ref. 19

+Four lines from Ref. 8 could not be fit and were excluded:

R(77) in Alpy* - x1z* (1,1) was 0.7 em~ 1 too low, Rea(61)
and Pe(63) (extra lines) in (3,0) were both 0.4 cm~1 too
low, and R(96) in (4,0) was 0.6 cm~l too high.



-171~-
are included. Ref. 8 data are first converted to term
values by adding ground state term values calculated
from Ref. 16 (rotational energies) and Ref. 3 (vibrational
energies) to the transition frequencies in Ref. 8.
Although, this is not statistically rigorous, the superior
precision with which X12+ rotational constants are known
effectively breaks correlations between A12+ and x1!sz7t
term values. The term values so obtained are given

1 2nd 0.25 om™~ 1 for unblended

uncertainties of 0.05 cm
and blended lines, repspectively. MODR data from Ref. 19
are weighted according to the uncertainties quoted
there.

The Hamiltonian matrix used for deperturbation
is given in Table 3.25. 1In addition to one a32+, one
b31, and one A''Il vibrational level a second aly ¥ 1level
and a second b3, level are included. These matrix

elements have been derived previously but with a different

phase convention42; the phase convention of Condon and

Shortley43[i,e.<s Zil]S+[SZ>

+/S(S+1)-Z(Z+1)] is
employed here. The second b3, (b2) diagonal matrix
element (H99) is taken from Ref. 32 and is accurate for
any degree of: spin w’id uncoupling. The

interaction of this state with A12+ is expressed as a
product of a J-dependent b3n, ~ 312 mixing coefficient
and the b3nom A12+ spin-orbit matrix element since no

first order interaction between b3, and aAlz™ axigty. T
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Table 3.25: Hamiltonian Matrix Used for Deperturbation

e
Hyy <

Hyo

33
44
52
i

66
77

e
88

omooQH @B &= &H @& oW

o o s« « R«

of Low Lying States of Ba0@

[E, + B, x-D, x2]

E,, +B,, (x-1)-D,, (x-1) 2

E, + By (x+1) - D,_(x° + 4x + 1)-A —-C,
E, + Bb(x+1) - Db(x2 + 6x - 3) + zcb
B, + By (x-3) - D (x* - 4x+5) + A, - C,
[E_ + B_(x+2) - D_(x°+8x+4) + 2C_-2v ]

2 i
Ea + Bax—Da[x + 2x(1+1)]- Ca “¥ o

_ 2
[Epp + BpoX = DpoX”l
oY _ ¥ .4
E, o + By, (x-2;%= 22,)-D, ,[0.5(1+4x) -1]
e __o5% J 4
Hyp ==27% Inpar + nppaxlx
e _ 5k
Hyy = 278,

S = (B, [(1+4x)%-11/(2a ,)1% &, ,
a2 = Eap

H
H
Hio2 = fara
H
H
H

g2 = ~2*npip0%"
a3 = —(2x)% [B - 2 (x+1)D,1%
53 = 2D [x(x-2)1%
H£3 = 208, ~ Tpal
H73 =+ x%nba
Hgy = 2%EA2b
Hey = —[2(x—2)]%[Bb—2(x—l)Db]
He, = (2x) %n,



Table 3.25 (cont.):
5
(2) " [&

Hpg = Hoy = ba ~ "pal
He, = B, = -(x=2)7
57 = Byg ™ =20 gy
£ _f _ ..k
HG? = H76 = -2x [Ba—2(x+l)Da - Ya/2]

where x = J(J+1)

+ i
1,2,...,9denotes A'ZY(v,) , A" M(vy,)

3 3 35T
b3my(vy), boN,(vy), a Zo(va),

e +
ady, (v), Alp' (v, + 1),

b31, (vy+1) , respectively
A2 denotes AlrT(v_+1)

b2 denotes b3I, (v + 1)
E vibronic eénergy

_ h "
B = BZouRe rotational constant

D centrifugal distortion constant

A, b3 spin-orbit constant

b

C spin-spin constant

T a3t spin-rotation constant

b3 (v )

and

-173~

Zl = Y(Y-4) + 4/3 + 4x

725 = (321)'l [Y(Y-1)-4/9-2x]

Y = Ab/Bb

iy = <i||BL,||j> rotation-electronic interaction
€y = <i| |#SO||j> spin-orbit interaction

%11 elements are for both e and f parity36 except where
parity labels are explicitly given. When two signs are

given the upper (lower) refers to e(f).
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Only those parameters which could be determined are given
in Table 3.25; since no A'lm or b3m A-doubling is
observed, these terms are not included. The computer
program is given in Appendix 1.

Tables 3.26 and 3.27 and Figure 3.9 summarize
the AlzT o 31 and alxT & ar'ly perturbations observed
here as well as those observed and analyzed previously.s’9
a3zt o A'll perturbations are summarized in Table 3.28
and Fig. 3.10. The double perturbation between a3:%

(vy, = 8) and A'ln(v,, = 6) and alz" (v, = 7) at J = 28.5
is depicted in Fig. 3.11. Perturbations in each level
and the corresponding depertgrb&tion;modél are described
below. The final set of parameters and the corresponding
correlation matrices are given in Tables 3.29 and 3.30,
respectively. A12+ term values calculated by diagonal-
izing the matrix in Table 3.25 with the parameters

in Table 3.29 were used in converting * < alsT transition
frequencies to * term values above (Section III.A.).

Not all parameters in Table 3.25 are
determined but some are. fixed at estimated
values in order to obtain physically significant varied
parameters (see Chapter 2). Centrifugal distortion
constants were fixed at 2.8 x 10~/ cm_l, the value
reported for alzt in Ref. 8, except where noted. Fixed

energies and rotational constants were calculated from

Ref. 8 (AlxT), Ref. 9 (a'lm, and b31), or Appendix 6
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(a3xt). When indeterminate, b3T spin-orbit constants (Ap)
and b3I ~ A'!lI spin-orbit interaction matrix elements

11

) are fixed at -100 cm ~ which is approximately the

Car,pb
final mean value for both Ap and EA'b' b31 and a3z+
spin-spin constants, Cp and C,; respectively, and adzt
spin-rotation constants, Y,r are fixed at zero except
where noted. All other off-diagonal matrix elements
which could not be varied are fixed at values calculated
from the product of electronic (Ref. 9 for

alsTaarly, alz™wpdn, and a3z™ ~ b3 and Appendix 6 for

t oy A'11) and vibrational factors. The latter are

adz
calculated by generating Rydberg Klein Rees (RKR) poten-
tial curves44 from spectroscopic constants in Ref. 8
(alz¥), Ref. 9 (A'!l and b3N), and Appendix 6 (a®:x™)

and then numerically solving the Schrodinger equation

to obtain vibrational wavefunctions and matrix elements.
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Figure 3.9: A12+ vibration~-rotation energy vs. J(J+1)
illustrating perturbations by b3l (0),
b31, (0), b3, (@), and AlzT(x). Data
for v, = 0 through 5 is primarily from

A
Ref. 8.

Figure 3.10: A'ln vibration-rotation energy vs.
J(J+1) illustrating perturbations by a3zt
F3(D), Fyl®), Fi(®w), and A12+(x). Note
double crossing; A'lr o a3:t o alst, at

J. ~ 28.5 in v,, = 6.

o A
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10

6

5
J(J+1) x 1073

Figure 3.10



Figure 3.11:

~179-

Double perturbation between a’zt (v. = 8),

a

A'lu(v., = 6), and AlzT (v, = 7). The

A
a32+(F3) ~ A'ln crossing is depicted here.
The alst ~ A'ln interaction, which cul-
minates at J, = 28.5, is still weak.

clst (v* = 3, J* = 20) is prepared by

OODR.
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Table 3.26: Summary of als? ~ 131 perturbations .
Ja L

alst(v,) bBii(v,) @ =2 1 0 £y (om0 P Epp/ <V |V (em™h)

1° 0 45.1 60.3 89.6 11.02(2) 22.79 (4)

9= 1 27.6 43.6 79.7 -2.78(4) 22.7 (3)

3¢ 2 18.8 68.7 ~7.89(2) 21.92 (6)

4° 3 55.6 ~6.485(12) 22.76 (4)

4¢ 4 97.7 7.08 (fixed)

5¢ 4 38.3 -1.52(3) 20.8 (4)

5 5 88.9 11.(5) 38.  (17)

6 5 <0 3.5(3) 26.3 (22)

7 6 <0 14.0(21) 54.  (8)

<31 559 |alsts =22.6+ 0.4 cm™?

47 value at which unperturbed levels would be degenerate.

C

Alr

+

bDefined in Table 3.25.

Uncertainties in parentheses are ls estimates.

- X12+ transitions from Ref. 8 and MODR data from Ref. 19 were used.

=-TI81-



Table 3.27: Summary of Alt’ ~ a'ln Perturbations

A12+(vA) A'ln(vA,) Joa J;A,(cm_l) nAA,/<vA|B|vAI> (unitless)
L 0 104.0 0.11117(11) 1.0114  (10)
2° 1 96.0 -0.0212 (19) 0.64 (6)
%4 2 85.7 -0.0512 (21) 0.61 (3)
4@ 3 75.7 -0.0700 (4) 1.128 (6)
5C 4 63.9 ~0.0149 (9) 1.37 (8)
5¢ 5 — 0.063 (20) 0.9 (3)
7 6 28.5 0.088 (14) 1.44 (23)
8 7 <0 0.086 (16) 1.4 (3)

<a'ln||n,||alz*> = 1.014 + 0.024 unitless

aSee footnote a in Table 3.26.

bSee footnote b in Table 3.26.

cSee footnote ¢ in Table 3.26.

d s 5 i
An additional interaction parameter, which is multiplied by x3/2 (see Table 3.25),
was determined to be -9.3 + 0.3 x 1076 cm~1

-

—~Z8T~



Table 3.28: Summary of A'll a3z’ Perturbations

Jo2

A'ln(v,,)  alr'(v,)  F ()  F,(e) F () &, € ne/ Opilv,
0 2 (57.5)¢  35.9 (13) 64.3 (23)
1 3 (55.5) 25.  (8) 94. (30)
4 6 39,5  -19.5 (7) 58.1 (21)
5 7 (45.0) 37.5  31.2 -16.48 (29) 58.5 (10)
6 8 34.8 28.5  20.1 - 8.6 (7) 52.  (4)
7 9 11.2 1.0 (6) 38. (23)

<A'17| |HSO| |adz+> = 58.9 + 2.7 cm *

3g5ce footnote a in Table 3.26.

bSee footnote b in Table 3.26.

CJo values in parentheses are extrapolated values.

-€8T~-
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Table 3.29: Deperturbed Constants for Low Lying States?
of BaoO

Pit 1
Va = 0, vy = 0, Var = 0
E, = 1.6722373,,, + 0.0000003 x 10
Ba = 0.2578369,,, + 0.0000015
D, = 2.7435,,  + 0.0016  x 107’
E_ = 1.7388 fixed x 10%
B, = 0.2237 fixed
D, = 2.8 fixed x 1077
A, =-1.00 fixed x 102
£pp= 7-2886 fixed
E,,= 1.7515 fixed x 10%
BA'= 0.2237 fixed
D,,= 2.8 fixed x 1077
Nppe= 0-05017 fixed
€ g1y =100 fixed x 102
°% _ 9.07"

85ee Table 3.25 for definitions of parameters.

bsee Footnote a in Table 3.10 for definition of o2.



il
o
-
<

]
[ ®)

0.0000009

|+

1+

0.000004

0.010

[+

|+

0.000004

0.00012

I+

0.09

1+

|+

0.012

0.3

|+

|+

0.0018

0.00008

i+

0.00018

|+

fixed

0.0011

1+

+ 0.07

0.00022

|+

fixed
fixed
+ 0.22

fixed

Table 3.29: (cont.)
Fit 2

L 1, Yy, = 0, VA,
E, = 1.7218100,,
B, = 0.256734.,,
D, = 2.7753;,

E, = 1.738771,,
By = 0.22243,4,

D, = 1.364,,

A = =9.65g,,

Cp =0-4408

£pp = 1-10204 -
E,, = 1.751804,
B, .= 0.22277, 0

D, ,= 1.2538652
nype= 0-11164,4
Ea'p- 214098

E, = 1.74335.4,

B, = 0.256426

B, = 2.8

Eara™ 3-59%301

£, ==9-85

Nyt ==0.0902

fixed

X

X

=185~
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Table 3.29 (cont.)
Fit 3
v# = 2, vy = 1, Var T 1, LR 3
E, = 1.7712318;, + 0.0000020% 10*
B, = 0.2556764.,  + 0.000004
D, = 2.809 ¢ +0.006  x 1077
B, = 1.783804,,,  * 0.000003 x 10%
B, = 0.222464,, + 0.00019
Dy = 2.68,44 + 0.22 x 1077
A =-9.184,; + 0.06 x 1071
Cp = 4-8417 + 0.7
By ==2.77g5, + 0.04
By, = 1.79398,5, + 0.00004 x 10%
By, = 0.22054, + 0.0016
Dy = 2e3ges + 1.9 x 1077
napr =0-021230¢ + 0.0019
E,0p, = 1-0587,,, +0.0016 x 10°
E_ = 1.7877y43 +0.0011 x 10
B, = 0.254903 fixed
D, = 2.8 fixed x 1077
Eavg = 2:4611 + 0.8 x 10t
pa ="8-452 kS
"ha =-0.03855
6?2 = 0.7



Table 3.29 {(cont.)

Pit 4
Va T 3, vb = 2, VA, = 2, Vi = 4 (fixed)
E, = 1.8201474,,, + 0.0000007 x 10
B, = 0.254555., + 0.000004
D, = 2.811,., +0.007 x 107/
E, = 1.826884,,,  + 0.000016 x 10
B, = 0.2226,, + 0.0004
Dy = 3.1344 + 0.4 x 1077
A, =-1.108,,, +0.008  x 10°
Cp = 2.2985,, +0.013  x 101
£, ==7-89155 + 0.018
E,, = 1.834618,5,  + 0.000028 x 10
By, = 0.2193 . + 0.0004
By = LeByo, + 0.4 x 1077
Napr ==0.0511g4s + 0.0021
naa. ==9.32, 00 + 0.27 x 107°
Epip = 1-16365,0 + 0.0010 x 10°
E_ = 1.833263 fixed x 104
B, = 0.25338 fixed
D, = 2.8 fixed x 107/
Eprg =—7-307 fixed
Cpa = 1.853 fixed
ha = 0.0172 fixed
02 = 0.4
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2.9752034

Table 3.29 (cont.)
Fit 5

Va = 4, Vp 3y Vo = 4, Var = vV, = 5 (fixed)

E, = 1.8688413 . + 0.0000005 x 10

B, = 0.253541,,, + 0.0000023

Dy = 2.795g5,. + 0.003 1077

E_ = 1.869603,,, + 0.000010 10%

B, = 0.22032_, + 0.00004

D = 2.8 fixed 1077

A, ==9.6074. + 0.019 10t
Eap =—6-484.,, + 0.012

Ar = 1.883477.,, + 0.000013 10*

ar = 0.22011,..,  + 0.00012

o = 2B fixed 10”7
Napt =-0.070050,  + 0.0004

gy ™ Dby + 0.06 10t

E_ = 1.879089 fixed

B, = 0.251858 fixed

D, = 2.8 fixed 1077
arg =-2.1017 fixed 10t
gba = 5.329 fixed

e = 0.0487 fixed

E,, = 1.9136169,,, + 0.022 10*
B , = 0.21882542  fixed

s fixed 1077
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Table 3.29 (cont.)

Fit 5 (cont.)}

A, = -1.0 fixed x 10°
Eppy = =708 fixed

52 = 0.25

Fit 6

Vp T 5y Wy, = 4, v, ., = 4, ¥, ™ 6

E, = 1.9172725,,, + 0.0000011 x 10°
B, = 0.252450.,,  + 0.000006

Dy = 2793457 + 0.016 x 1077
E_ = 1.913455.,,  + 0.000009 x 10°
B, = 0.218904., + 0.00009

D, = 2.8 fixed x 1077
A, =-8.844 4, + 0.013 x 107
£,y =-1-519,0, + 0.029
E,, = 1.925747,,  + 0.000013 x 10
By, = 0.21874,,, + 0.00008

Dy, = 2.8 fixed x 1077
apt ==0-0142,, + 0.0009
iy = L 0088, + 0.0019 x 102
E, = 1.924754,, + 0.00003  x 10
B = 0.2495,,, + 0.0003

D. = 2.8 fixed x 1077
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Table 3.29 (cont.)

Fit 6 (cont.)

c, = 0.834, + 0.15
v, ==0.012,,. + 0.004
Eprg ==1.934,, + 0.07 x 101
fpa = 41267 $ 8.8
i & 0.094683 + 0.007
o2 = 1.5
Fit 7
Vg = 5, Vi, = 5. Var 5 Vg 7 Vag = 6
E, = 1.91739,,,; + 0.00011  x 10%
B, = 0.252274, + 0.00026
D, = 2.54,., + 0.27 x 1077
E. = 1.95564,, + 0.0004 x 104
B, = 0.2175.,, + 0.0006
D_ = 2.8 fixed x 107/
A, =-9.1y. + 0.4 x 10°
Ep = Lalgna + 0.5 x 10%
E,, = 1.9689,,, + 0.0004 x 104
By, = 0.2174,,, + 0.0003
Dy, = 2.8 fixed x 107/
Mape = 0-062, + 0.020
Epry, = 9.805, + 0.25 x 10t



Table 3.29 (cont.)

Eba2

"a'A2

I

1

0

2-

-0

.

4.

0

1

0
2

=-3

Il

-0

.969662318

.24910899

8

.07477

.648075

3
.0388

.96534646

.2521213

.8

-4g91

.022

Fit 7 (cont.)

+ 0.000026

+ 0.00027
fixed

+ 0.05

+ 0.029
fixed

fixed

0.00005

|+

+ 0.00041
fixed
+ 0.3

fixed

X
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10

10

10

10

10”
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Table 3.29 (cont.)

Fit 8
Vp T 7, vb = 6, VA, = 6, v, = 8
E, = 2.01270,4, + 0.00023  x 10°
By = B0 + 0.0008
D, = 2.8 fixed x 1077
E, = 1.9981 + 0.0016 x 104
B, = 0.2163,,4 + 0.0013
D, = 2.8 fixed x 1077
A, ==9.544¢ + 1.5 x 10t
£y, = 1.404,. + 2.1 x 101
Eyo = 2.0111g,, + 0.0016 x 104
By, = 0.2157q5, + 0.0004
Dy, = 2.8 fixed x 1077
ant = 0-088c5c + 0.014
Exrp = 9-956 + 1.1 x 10t
B, = 2.01433,4, + 0.00006  x 10%
B, = 0.2478,, + 0.0010
D= 2.8 fixed x 1077
6, ==0.575qs + 0.26
Eara =78+3520 E 07
gba = 1.692 fixed
n,, = 0.01494 fixed

o2 = 1.5



Table 3.29 (cont.)

Fit 9
Va T 8, Vp T 7, Var = 7, Vg
_ 4
E, = 2.060725, + 0.00005 10
By = D280, + 0.0007
D, = 2.8 Fizal 10”7
_ 4
E_ = 2.04034.,,  + 0.00024 10
B, = 0.21484 ..  + 0.00028
D, = 2.8 Fisead 1077
_ 1
A, =-8.82)4, +0.23 10
gAb = 6.6984 fixed
~ 4
E,, = 2.05301 .  + 0.00024 10
By, = 0.2151,, + 0.0003
D, = 2.8 fixed 1077
noar = 0-0865cc + 0.016
_ 2
§arp = 1-012) 5, + 0.016 10
E_ = 2.058736966  fixed 104
Ba = 0.245677 fixed
D, = 2.8 Fixed 1077
Eara = 10360 & U
Eba ==1.0 fixed
179 =-0.00946 fixed
g2 = 2.8



Table 3.29 (cont.) ~194-~

Fit 10
VA = 8 (fixed), vy, = 8, VA,=8, va=10 (fixed) , VA2=9 (fixed)
E, = 2.060136 fixed x 104
B, = 0.249225 fixed
D, = 2.8 fixed x 1077
E, = 2.0816,,, + 0.0008 x 10%
B, = 0.2138,, + 0.0006
D, = 2.8 fixed x 1077
A, =-9.1;.. + 0.8 x 10t
£y, =—4.4574 fixed
B,y = 2,095, + 0.0008 x 10%
By, = 0.2115, + 0.0004
Dy, = 2.8 fixed x 1077
napr =-0.02993 fixed
Exip = 9-89g5 + 0.6 x 1071
E_ = 2.102578 fixed x 104
Ba = 0.244243 fixed
D_ = 2.8 fixed x 1077
£y = 1.2368 fixed x 101
£, ==3-136 fixed
Nba =-0.0286 fixed
E,, = 2.107154 fixed x 10%
B,, = 0.248155 fixed
Ppg = 2B fixed x 1077
Ny i pp= 0.02803 fixed
EbAZ =-4.336 fixed

g2 = 3.8



Table 3.29 (cont.

)

Fit 11
Va = 9 Vg = 9, Var = 9, o, = 10 (fixed)
E, = 2.108354, + 0.00006  x 10%
B, = 0.2521,., + 0.0023
D, = 2.8 fixed x 1077
E, = 2.1223,.4 + 0.0004 x 10%
By = 0.21190 g, + 0.00021
D = 2.8 x 1077
A, ==9.6,c, + 0.4 x 10%
£, =-6.17562 fixed
E,, = 2.1368 4, + 0.0004 x 10%
B,, = 0.21248,¢, + 0.00021
Dy, = 2.8 fixed x 1077
napr =-0-04118 fixed
£5vy, = Be gy + 0.3 x 101
E_ = 2.102578 fixed x 104
B, = 0.244243 fixed
D, = 2.8 fixed x 1077
Eprg = 17259 fixed x 10t
£, =—4.376 fixed
Ny, =—0-0395 fixed
o2 = 1.7
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Table 3.29 (cont.)

Fit 12
Va = 10 (fixed), Vi = 10, Var = 10, v, 11
E, = 2.1538850 fixed x 104
B, = 0.247085 fixed
D, = 2.8 fixed x 1077
B, = 2.16294,, + 0.00005  x 10%
B, = 0.21054, + 0.0005
D, = 2.8 fixed x 1077
A =-1.0 fixed x 102

£, ==5-7415 fixed

E,, = 2.177524, +0.00009  x 10%
By, = 0.213,,, + 0.007

Dy, = 2.8 fixed x 1077

Napr ==0.03804 fixed

Epp = 1.0 fixed x 107
E_ = 2.14614 ,, + 0.00003  x 10%
B, = 0.2424 5 + 0.0003
D, = 2.8 fixed x 1077

|Cal = 0.67g-, + 0.04

EA'a =-0.4657 fixed

£, = 0.1181 fixed
ny, = 0.001488 fixed

2.4
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Table 3.29 {(cont.)

Fit 13
v = L (fixed) , vy = 11, vy, = 11 {fixed), ¥, = 12
E, = 2.200247 fixed x 10%
B, = 0.246015 fixed
D, = 2.8 fixed x 1077
E, = 2.20443 ., + 0.00007  x 1lo*
B, = 0.2101,,, + 0.0006
D, = 2.8 fixed x 1077
A =-1.062,, + 0.020 x 102
£, ==3-606 fixed
E,, = 2.218382 fixed x 10%
B,, = 0.2083 fixed
D, = 2.8 fixed x 1077
Mant =-0.0237 fixed
Eyvy = 1.0 fixed x 102
E, = 2.189347 . + 0.000025 x 10%
B, = 0.24150,,, + 0.00023
D, = 2.8 fixed x 1077
|Cal = 0.43.4, + 0.03
EA'a ==7.832606 fixed
Eba = 1.9861 fixed
np, = 001871 fixed




Table 3.30:

EA 1,000
BA -0.722
D -0.545

Low Lying State Correlation Matrices?®

FIT 1

1.0860

o)
e}
<

UaBhd 1.1

-86T-



Table 3.30

EA 1. 030

E 0.090

a0
E_ -0.200
B, -0.363
Bn:-0.058
B, 0.000
D, ~0.024
D, ~0.001

Ab ~-0.004
Cb =0.014
-0.048
-3.179
-0.023
E 0.038

:(cont.)
1,000
0.120 1,000
0.084 -C.125
0.%17  0.207
~0.649 -0.344
=0.879 -0.225
-0.537 -0.261
-0.401 -0.405
=651 ~0.2060
0,514 0,013
~J:H92 —-0.195
0.397 0.29
-0.055 -0.113
-0.429 0.135

FIT 2

1.000

0.145 1.000

=0.1%4 -0.725 1.000
0,373 -0.5635 0.695
=18 =0,5%8 0.920
0.085 ~0.632 0.566
-0.121 -0.806 0.932
0.262 0,730 -0,824
-0.125 ~-0.430 0.656
0,116 0.924 -0.890
-0.022 -0,447 0.230
6.005 0.648 -0.143

1.000
0.485
0.624

D.783

1.000
C.2u40

H« 725

-0,691 -0,743

(}‘50“

G.u431

=~0+733 =0,728

0,195

~£:.152

0.158

-0.098

1.000

0.712 1.06090
-0.420 -0.815

0.857 0,754
-0 687 -0.9356

0,302 0.302

-0.250 ~0.206

66T~



Table 3.30: (cont.)

FIT 2 {CONT,)

Mape 1+000
- {]
£y, "0+ 459 1.000
Eprp 00752 -0.610 1,000

Eoy 0,100 0.097 0.509 -0.604 1.000
A'a



Table 3.30:

E, 1.000
Exe 0.273
E  -0.351
B, -0.408
Bar 0.017
Bb -, 123
D, 0.0u47
Dy 0.020
Dy -0.047
Ay 0.023
Cy —0.170
Napr  92.337
EAb 0.410
gatp 0.017
Ea -2.,012
-0.017

£ 0.064
a

(cont.)

1.000
=“0.+312
0.015
-C.268
~0.199
0.260
-0.278
0,113
=-C.01
-0.572
0.631
0.643
0.243
-0.208
g.178

0.397

1.000
0.018
0.002
=T33
-0.086
0,014
«0, 103
-0.458
0.326
<0059
-0. 117
0.025
0.024
0.048

-0.1862

FIT 3

1.000

0.134 1,000

-0 .256 -0.407 1.000
0.811 0,024 -0,250
0.126 ©0.982 -0.328
-0.266 =-0.275 0,621
2.041 0.170 0,255
-0.067 0.001 0.456
-0.063 ~0.426 0,132
0.17% 0.087 -0,531
-0.107 -0.882 0.239
0.102 0.907 -0, 213
-0.123 -0.936 0.341
=0.045 =-0.709 -0.051

1. 000
0.034 1.0C0

-0.245 -0.310

1.000

0.074% 0.217 -0,208 1.000

=0.,127 0125
6.325 -0,393
0.491 ©,063
0.012 -0.930
0.000 0,956

-0.019 -0.958

0.032 -0.787

-0.133 -0.124
0,257 -0.123
-0,176 -0.163
0.229 =0,268
-0.254 0,204
0.240 =-0.242
0.239 -0.077

-T0C—~



Table 3.30:

Cb 1.000

Nan -0.213
E Ab -J.,488

Earp ~0.097

Ea D.230

EA'a 0.010

gba -0.638

(cont.)

1.000
0.678

0.440

00406 -0!063

0.334

FIT 3

-0.406 -0.027 -0.940

(CONT. )

1.000

0.980 -0991&?

B.680 =0.837

-c0¢c~



Table 3.30: (cont.)

E, 1,000
Exv 0.618 1,000
E, -0.337 -0.886
By 0.179 G.441
Al 04228 =0.447
B, 0.205 0.419
D, 0.659 0.640
Dpyr =0.251 =0.479
D, 0.206 0.426
Ay 0.224 0.341
C, -0.452 -0.455
Naar 0.937 0,460
Epp 0.651  0.652
Eprp 0-088 0.116

nJd -0,921 -0.426

1.000
-0.607
0.432
-0.391
-0.617
0. 458
“Qu3 95
-0:253
0.205
-0.113
- 58 1
-0.126

0.098

FIT 4
1.000
~0.038 1.000
=-0.057 =0.927
0.782 -0,302
-0.052 0.991
-0.066 -0.919
-0.149 -0.85%
-0.026 -0.077
-0.122 -0.139
0.488 0,245
0.099 0.324
0.128 0.264

1.000
0.157
~0.524
0.997
0.976
-0.139
0.145
-0.295
-0.103

=0y233

1. 000
-0.315
0.142
0.087
-0.12%
0.419
0.627
-0.024

-0, U455

1.000
-0.923
-0.860

0.0G3
-0.161

0.206

0.233

0.268

1. 000
0.969%
=0+ 155
0.149
-0.287
-0.088
P22l

1.0600
-0.261
0.201
-0,338
-0.026

~0.278

~g0Eg~



Table 3.30: (cont.)
FIT 4 (CONT.)

Cb 1.0090
Nant -0.465 1.300
gAb -0.400 0.542 1.000
Ea'h -0.653 (.055 0.264 1,090

”zfA' 0.327 =0.977 -0.447 0.083 1.000

=y0¢~



Table 3.30:
EA 1.00D
EA' -0,18%4
Eb ~{J« 553
BA -0.289
BAI GOO'T}"
Bb -3.028
DA 0.083
Ab -~ 0. 300
MART -0,098
£ab 0.539
EA'b 0.015
Eb2 0,078
EA'b 1,000
Eb2 -Ga OQ“‘

(cont.)

1.000
0.291
-0.309
-0.091
=-0.070
-0.484
0.114
0.637
-0.183
06.085

=-0.007

1.000

1.000
-0.206
-0.C01

0.256
-0.456

0.72¢C

0253
«=.515

0.128

-0 0039

PIT 5

1.000

0.004 1.000
~0.084 -0.251
0.880 0.057
-0.160 -0.111
=185 0855
0.182 0.172
-0.007 0.973
-0.083 -0.003
FIT 5 (CONT.)

1.000
~0.028
0.848
-0.311
-0.421
=0.135

0.036

1.000
=-0.254 1.000
-0.362 -0.032 1.000
0.406 -0.780 -0.035
-0.052 C¢.044 O©0.757

0.035 0.003 -0.023

1.000
0.051

0.039

=50



Table 3.30:
EA 1.000
EA' 04089
Eb -0.351
BA -0, 282
BA‘ 0,080
Bb -0.023
DA 0,142
Ab ~0.156
Mant 0.103
gAb 0.262
gA'b 0.149
B 0.032
a
(2 -0.022
a
¥a 0.022
-0.02
EA'a 0.027
.013
Eba 0.0

"ba

-0.046

(cont.)

FIT 6
1.000
-0.,151 1,000
=0.045 -0.297 1.000
0.080 -0.157 0,008 1.000
-0,314 -0.083 0,062 -0.460
0.093 -0.433 0.830 0.040
-0.417 0.428 -0.,.083 -0.341
0.763 0.018 -0,.117 0,287
G.211 -0.837 0.316 0.155
0.365 ~0.18% -0,009 0.821
-0.133 -0.01% 0.036 -0.415
-0.016 -0.050 -0.003 0.458
-0.,169 -0.028 0.051 -0.609
~C.144 -0.095 0.041 0.045
-0.130 -0.016 0.046 -0.648
0.211 0.052 -0.057 0.489
0.020 0,078 0.003 -0.668

1. 000
0.031 1.060
0.778 -0.179

-0' 380 —Oo 026

0.012  0.443
-0.148 0.058
-0,207 0,020
-0.052 0.000
-0,109 90.032
-0.318 0.033
-0.119 0.030

0,202 -0,035

0.288 -0.003

1.000

-0.326
-0.421
=0.150
~0.214

0.0456
=0, 191
-0.236
-0.199

0.240

1.000
6.062
0, 464
-0.213
0.123
-0, 291
-0.109
-0.268
0.293

-0.163

1.0C0
0.190
0.012
$.045
0.011
0.081
0.004
-0.032

-00978

-90¢C—



Table 3.30:

1.000
=069
0.550
-0.78%
-0.2384
=0.812
D.748

-0.474

(cont.

1.000
-0.642
0.844
0.603
0.851
~0.885

0.1606

1.G00
=0+ 558
=-0.190

~J. 600

FIT & (CONT.)

1.000
C.476

0.971

D.479 -0.,949

-0.484

0.426

1.000

0.454

1.000

-0.608 -0,3959 1.0090

-0 3TH

C.449 ~0.248

1.000

=-L0E—



Table 3.30:

E

A

1.000

EAI -00555 1|000

Ep

Ba

£pa2

0.557 -0.996
-0,3945 0.526
-0.073 -0.172

-0.510 0.991

A -0.979 0.514

0.615 -0.985
0.773 -0.134
-0.5%2 0.321
-0.563 0.997
-0.022 0,141
-8,083 0.019
0.235 -0.367
-2,496 0,888
-0.186 0.494
0.104 ~-0.364

-0,200 0.476

(cont.)

1.000
-0.526
. 117
-0.994
-0.516
0.989
0.131
=0,3286
~0s 998
|
-0.03¢6
0.375
-0.879
-0,470
Ca. 341

-0.473

FIT 7

1.000
0.068 1.000
0.457 -0.1743
0.879 0.061
-0« 550 0.093
-0.585 0.006
0.304 0,082
0.533 -0.117
0.027 -0.302
0.0717 0.425
-0.204 0.021
D.475 -0.142
0.176 -0,329
-0.101 0.456
0,186 -0.165

1.000
D, 4383
-0.989
~0.127
0.360
0.992
0.123
0.028
-0.378
0.872
0.461
-0.338

0,456

1.000
-0.592
-0.8066

0.717

¢.522

0.018

0,078
-0.229

0.458

0,170
-4 095

0.184

1.000
0.240 1.000
-0, 440 -D. 849

-0-988 —-0.135

1.000
0.327

-0.112 0.005 -0.004

-0.053 -0.,023
0.385 0.098
-0.866 -0.119
-0.418 -0.019
0.292 0.010

-0.413 -0.020

0.067
-0.183
0.27¢
0.107
-0.053
0.124

-80¢C—



Table 3.30:

3 1.009D

A'b
Ea s 120
B, 0,030
Ca~0.382

%A“a 0,873
EA2 0,472
BA2—0.341

EbAZ D.472

(cont.)

1.000
“Q5TT3
-0.036
0015

0.254

~{291

FIT 7 (CONT.)

1.000

0.009 1.00¢6

0.183 -0.,134 1.000
-0.248 -0.160 0.4711 1,000

0.461 0.109 -0.292 -0.879 1.00D0

0,116 -0,111 =0.148 0.419 0,827 -0.648

1.000

-60C-



Table 3.30 (cont.)

EA 1.000
EA' 0,631
Eb -0.632
By -0.309
Bb 0.605
Ab -0-541
nAA' —03766
£y, 0997
EA'b 0.631
E ¢.018

a
By =-0.,003
C -0,243

a
EA'b 0.605

1.000
-1.000 1.000
-0.639 0.639
-0.604 0,598
0.955 -0.958
-0.994 0,994
-0.838 0.839
0.624 -0.626
1.000 =-1,000
G.003 -0.003
0.013 -0.012
-8:333 0.333

0.961 -0.961

FIT 8
1.000
0.374 1,000
-0.612 -0.644
0.557 0.5607
0.764 0.538
-0.943 -0.292
-0.638 ~0.598
-0.021% 0.116%
-0.002 -0.180
0.274 0,196
-0.63) -0.583

1.000
-0.950 1.000
-0.820 0.799 1.000
0.603 -0.5343 -0.764
0,956 -0.994 -0,839
-0.040 -0.003 0,277
0.069 -0.012 -0.318
-0.328 0.326 0,144

0.917 -0.955 -0.,735

1.000
0.625
0.009
0.005
-B.202

0,601

1.000
0.004
0.011
-0 «332

0.960

-0TZ~



E
a

B
a

Ca

ta'p

Table 3.30:(cont.)

FIT 8 (CONT.)

1.000
-0.550 1.900
-0,472 0.477 1.000

D.160 =0.121 =-0.509 1.0060

-TT¢~



Table 3.30: (cont.)

FIT 9
E, 1.000
E,, -0.050 1.000
E, 0.089 -0.985 1.000
B, ~0.882 0,027 -0.048 1.000
By -0.168 0.190 -0.288 0,186 1.000
B, -0.109 0.405 -0.#92 0.703 0.370 1.000
Ay 0,072 -0.992 0.9%4 =-0.042 =-0.262 -0,433 1,000
Npar ~0-062 0.035 =0.025 -0.071 0.110 -0.010 -0.027 1.000
Eprp ~0-078 0.993 -0.994 0.042 0.267 0.435 -0.994 0.020 1.000
arg 04037 -0.848 0.838 -D.027 -0.177 -0.334 0.845 0.040 -0.847 1.000

-&Le-



Table 3.30: (cont.)

FIT 10
By, 1000
Eb -0.998 1.000
BA,—0.127 0.095 1.000
Bb 0.757 -0¢775 -0q082 1!‘000
Ab -0.999 0.999 0.102 -0.763 1.000
FIT 11
EA 1. 000
EA' 0.011  1.000
Eb -0.003 -0.997 1.000
BA' -0.078 0,041 -0.087 -0.009 1.000

Ba -0.026 0.482 -0.522 -0.035 0.448 1.000

Ay -0,007 -0.999 0.995 0,022 -0.072 -0,497 1,000

EA'b 0.006 0.999 -0.999 -0.021 0.073 0,487 -0.999 1,000

-ETE~



Table 3.30: (cont.)
FIT 12

EA. 1.000

Eb -0.187 1.000

BA, -0.744 0.052 1.000

Bb -0.209 -0.854 =-0.121 1.000

Ea 0.000 0.000 0.000 0.001 1.000

Ba -0.000 0.000 0.000 -0.001 -0.822 1.000

Ca -0.001 =-0.003 0.002 0.005 0.057 =0.032 1.000
FIT 13

Eb 1.000

Bb -0.926 1.000

Ab 0.123 -0.260 1.000

Ea -0.015 0.019 -0.042 1.000

Ba 0.016 -0.019 -0.015 =-0.818 1.000

Ca 0.015 =-0.019 0.065 0.028 -0.009 1.000

qsee footnote a, Table 3.11.

-yic—



Fit 1:

Fit 3:

-215-

Vy = 0, vy = 0 (fixed), v,, = 0 (fixed)

No perturbations in AlrT{ = 0) are observed

Va
so this level 1is fit with b3H(Vb = 0) and

A'ln(v,, = 0) constants held fixed.
Vp = 1s Vi, = 0, v,, = 0, v, = 2

In addition to Alxt ~ b31, and Alzt o arlp
perturbations reported in Ref. 8, A'lnl A-doub-
ling resulting from interaction with a3zt is
detected although no a3:™ & A'll crossings

are observed in the J range sampled. The

A'lr ~ alzt perturbation at J, = 104.0 is

+

poorly characterized since the alzt - x1x% (1,0)

band analysis in Ref. 8 ends at this point.

%

Although D could be determined, D could

A!
hot be and is fixed at.apreliminary value of Db
which is nearly equal to the final Dy fitted

value. It was also necessary to vary Cb

although it is only marginally determined.

vA = 2, Vb

In addition to the perturbations reported in

=1,V.=1,Va=3

Ref. 8, a3z+ n A'll interactions are again ob-
served in the form of A-doubling and level shifts
of the A'll state at J > 40. No crossings are ob-

served in the J range sampled.



~216~-
Fit 4

Va = By vy = 2, V., = 2, vy = 4 (fixed)
No new perturbations are observed, however
these term values could not be fit without
varying a centrifugal distortion

-+

Alx" ~ A'ln interaction parameter,

Nant®
Other problems are apparent when this fit
is compared with others: (1) the A'll

energy is anomalously low by * 35 cm-l;

(2) both the b3l spin-orbit constant, Ay
and the b3 ~ A'!Tl spin-orbit interaction
parameter, EA'b' are anomalously large by

%z 15 cm-l; (3) the b3I spin-spin constant,

Cpris also unusually large by * 15 cm™1;
and (4) the b3l rotational constant, By, s
is larger than expected by * 0.003 em™t,
which is ten times the lo error. Attempts
to force the program to converge about the
expected parameter values were utterly
unsuccessful. Nor did varying the b3n
spin-rotation constant or the third order
A12+ centrifugal distortion constant, H,
diminish the magnitude of these anomalies;
neither parameter could be determined.

Explanations for these problems, which are

unigue to this fit, are discussed below.
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Fit 5: Vi = 4, v, = 3, Vi = 4, v = 3, ¥, = 5 (fixed)

b Al
No new perturbations are detected. As mentioned
above, a second b3l vibrational level is needed
to simultaneously fit the alz? (vA = 4) ~ b3m,
(vb2 = 4) perturbation at Jo = 97.7 and the
algt (vy = 4) v b3Ho(vb = 3) perturbation at
J, = 55.6. Only the energy for bSII(vb = 4)
is varied; Bb2 and Db2 are fixed at p;elimin-
ary Fit 6 wvalues.

The bsﬁ(vb2 = 4) energy so determined

agrees well with the value determined in

Fit 6.7

=4, v_ = 6

Fit 6: v, = 5, vy = 4, v a

A A'
Both a3t ~ A'lm and a3:z¥ ~ b31 perturbations

are observed. No crossing for the latter is ob-
served since the baﬂo(vb = 4) origin lies below

-+

a32+(va=6) and Ba > B, ; however,both a3:  ~ b3I

bl’
perturbation parameters, Eba and Npa’ are de-
termined. One a3:t o A'll crossing is observed

at Jo = 39.5. A second b3I vibrational level must

be considered at J > 74 owing to the bsnz(vb = 5)

+Although the difference between the two values exceeds
three times their combined standard errors, this is
reasonable when one considers the effects of fixing
parameters as discussed in Chapter 2 and Appendix l.



~ atp?t (v, = 5) crossing at J, = 88.97
however,this is treated differently from
Fit 5 since bBHQ(vb = 5) ~ alz™ (v, = 6)
interactions are observed (Fit 7).

Instead of including b?;nz(vb = 5) in this
fit, AlE+(VA = 5) data from Ref. 8 are
truncated at J = 74 and included in Fit 7,
where all three @ components of b3II(vb = 5)
are fit simultaneously. The two sets of
aly™ (v, = 5) parameters determined

from Fits 6 and 7 are in agreement

to within 3 standard deviations. Both the
a3zt spin-spin and spin-rotation constants,
C, and vy, respectively, are determined.

= 7,

= 5, v = 6

v, = 5, vy = 5, v o

A A Va2

As mentioned above, A12+ (vA = 5) J levels

above J = 74 (from Ref. 8) are fit along

with v = 6 OODR data. Two a32+ v A'lg

A2
crossings are observed. Although nc
Alz+(vA2 = 6) ~ b3Ho crossing is observed

the two levels are nearly degenerate at

J = 0 and EpA2 is determined,

-218-



Fit 8:

Fit 9:

Fit 10:

~219~
vy = 6, Var = 6, Ty 8

Two new perturbations are observed:

alst (v, = 7) & A'li(v,, = 6) and A'lN(v,, = 6)v
a32+(va = 8). A double e-parity crossing
+

occurs between Aly", A'lm, and asyt (F,)

and is illustrated in Fig. 3.11. Although

b3, (v, = 6) lies below the v, = 7 origin,

£ could still be determined from the

A'lT n A12+ interaction owing to ATl a b3H1
mixing and b31 spin-uncoupling

which results in finite b3  character in the no-

minal A'ln va1=6 level. These perturbations

were previously observed by Sakurai,Johnson,

45

and Broida but these authors made no attempt

at analysis.

= 7, = e Wy =2

b Var
A very small perturbation (EA'a = 1.0 cm_l

)

between A'ln(v,,=7) and a32+ (va = 9) is ob-

A
served at J, = 11.2. Although no alzt a4 arvln

crossing is observed, Napr is marginally
determined.
v, = 8 (fixed),vb=8,vA'=8,va=10(fixed),VA2=9(fixed)

No perturbations are observed.
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Fit 11: Va Vp T Vpr

No perturbations are observed.

= 9, 9, =9, v_. = 10 (fixed)

a

10, v_ =11

Fit 12: v, = 10 (fixgd), 10, Var = 5

A Vp T
No perturbations are observed. As mentioned
above, clzt + a3:* p-and R-form branch
emission is arbitrarily assigned such that
Cy > 0; if the Q branch assignments are
systematically interchanged with the P and
R assignments in Table 3.17 the values in
Table 3.29 change by less than the lo estimates
guoted except for C, which changes sign
(but has the same magnitude). Thus, the
absolute value of C, is reported.

Fit 13: v, = 11 (fixed), i 11, v, = 11 (fixed), v, = 12

A
No perturbations are observed. Again,only |cal

is determined.
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From Table 3.29, it is seen that vibrational
intervals and rotational constants, particularly
those for A'lnm and b3I, do not vary in a regular fashion.
The precision to which second order corrections to E
and B46“49 can be calculated (* 40%) dces
not warrant making these adjustments. However, the
magnitude of these corrections precludes their

being responsible for the anomalies apparent

from examination of Table 3.29: for example, the

A‘ln(vA. = 2) energy is low by * 35 cm-l with respect to
Var = 1 and 3,whereas the second order energy correction
(from interaction with a3:™) is estimated to be

~1.0 + 0.4 cm '. Similarly, second order al:’ v B3I

and a3zt « pi1m spin-orbit interactions which primarily

42,48,50-53 cannot account for the anomalous

..]..

determine Cp
value of 22.98 cm ' determined for vy = 2. On the
other hand, these interactions, as well as second order
A'ln b3Z+ interactions, are of the right magnitude

to explain observed C,5 values. 1In fact, the A12+ and

* E and B values are not anomalous.

adg
It is curious that in Fit 4 it is necessary

to vary an additional A'ln ~ A12+ interaction parameter,

+Ya may similarly be explained by second order

b3m A a3zt rotation-electronic interactions.
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"gA" Although this centrifugal distortion parameter
can be explained as second order interactions with
A'lr and Aly* vibrational levels not explicitly included
in the Fit 4 Hamiltonian, it is peculiar that it is not
required in any other fit. These problems are not
unique to Var

large when contrasted with B

= vy = 2 BA,(V + = 3) is certainly too

an for v,, = 2 and 4. And the
Bb values for vy = 0, 1, and 2 are the same to within
experimental error, contrary to the expected mono-
tonic decrease of B with v.

The magnitude of these anomalies and the
inability of second order effects to account for them is
suggestive of incomplete deperturbation. The presence
of an additional perturbing state (or states) is
indicated. The fact that these anomalies are manifested
only by A'ln and b3m leads to the conclusion that this
state (or states) has A symmetry (see discussion
below).37

The above observations illustrate the utility
and sensitivity of deperturbation in detecting the

presence of new electronic states. Experiments designed

to test this hypothesis are described below.

4., Equilibrium Constants

Dunham coefficients (Eg. 3.1)39 for
the low lying states of BaO are given in Table 3.31. The

E and B values from Table 3.29 were fit to polynomials



Table 3.31:

Spectroscopic Constants for Low Lying States of Bao®

+b

xly a3zt alst b31 Arly
v00x10_4 0.0 1.6496(3)  1.6722373(10) 1.73915(10) 1.75088(12)
: [1.672225]C [1.7372]€
Tex10‘4 0.0 1.6596(3)  1.6807345(10) 1.75026(10) 1.76197(12)
L5 0.0173 0.0928 -0.0611 -0.1468 -0.1230
Ylo(we)xlo_z 6.6976(6) 4.690(7) 4.99620(19) 4.4762(8) 4.4795(22)
[4.997]C [4.483]€ [4.42451%
¥y (mw X ) 2.028(17) -1.48(4) -1.716 (8) -2.287(12) -2.139(8)
€ e [-1.64]€ [-2.39]€ [-1.652]1F
2
Y0 (0y) %107 -0.35 (11) 2.14 (9) 1.02 (3)
Y4O(weze)x105—6.3(2l)
g 1B, 0.3126140(7) 0.2594(5)  0.2583908(26) 0.22426(16) 0.22385(16)
[0.25832]¢ [0.2244]€ [0.2244]€
Yll(—ue)xlo3 ~1.3921(9) -1.44 (5) -1.111 (3) ~1.18 (4) -1.15 (4)
[-1.070] [-1.4]€ [-1.4]€
6
¥y, (vn)x10° -4.33 (24) 7.0 (7) -4.0 (21)
A x10t -9.49(4)
Re(i) 1.939677 (3) 2.1294(20) 2.133512(11) 2.2901(8) 2.2922(8)

®aA11 units are cm~l except where noted.
ties of lo are given in parentheses.

parentheses.

All energies are deperturbed.
Previously reported values are given in

i
N
N
= w
Uncertain-~ 1



Table 3.31: (cont.) Footnotes (cont.)

Pyls* constants taken from Ref. 3.
CRef. 8.

dRef. 18.

CRef. 9.

fRef. 11.

qWeighted average of values in Table 3.29.

-¥ce-
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in (v+1/2) ignoring correlations between parameters

but weighting according to- the uncer-

tainties (1/02) in Table 3.29. For A'lm, G(vys)

values up to Var = 29 from Ref. 11 and B(VA,) values

ar = 18 from Ref. 12 are fit along with
these data.+

up to v

+
b31, and A'ln

The constants for a3zt, Alrx
have been extended and improved over previous determina-
tions. Discrepancies between A'll constants in Table 3.31
and those in Ref. 11 result from the use of band heads
instead of origins as well as extrapolation from high v
in the latter. It cannot be overemphasized that the
energies in Table 3.31 are deperturbed and should not
be used to reproduce spectra without diagonalizing the
matrix in Table 3.25. In fact, the parameters in
Table 3.29 reproduce the spectra to within experimental

error but those in Table 3.31 will not owing to incomplete

deperturbation (see above) and neglect of correlations

+G(vAv) values from Ref. 11 are given uncertainties

twice those quoted, for band heads, rather than origins,were
measured. In addition it is necessary to adjust these
energies to the deperturbed values by subtracting the
difference between v,, from Ref. 11 and the deperturbed

L determined here. The difference of 80 cm™— results

from repulsion of A'llby b3m;.
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between parameters. The constants in Table 3.31 are
useful for calculating potential energy curves (Fig.

3.12) and vibrational matrix elements.

The Ap value in Table 3.31 is a weighted
average of the values in Table 3.29. Values for
Car Cb;and vya are not averaged as they are generally

small and vary from level to level.



Figure 3.12:

a)

b)

RKR potential energy curves for
the vibrationally analyzed states
of BaO. On this scale, the ad:z™
and Alst as well as the b31 and

A'll states are indistinguishable.

Expanded view of the low energy

region.

=227=
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IV. Discussion

A. Perturbation Matrix Elements

Spin-orbit and rotation-electronic interactions
are responsible for perturbations among low-lying

states of BaO:

RE

™ = -B(J,L_+J_L_ - L,S_- L_S)) (3.2a)
50 _ B
H = I_ ag;*s; {3.2h)
e
RE So . . .
where H and H are the rotation-electronic and spin-

orbit Hamiltonians, respectively;

Z Z
~ o . 5
a = EEE_ + E?g is the one-electron radial part of
Ba

the spin-orbit operator, Z is an effective nuclear

charge, r is the distance between nucleus and

electron, and all other symbols have their usual
meanings.40’54
Weighted averages of alst o p3p, alzt o arlp,
and a32+ A~ A'll electronic perturbation matrix elements
are given in Tables 3.26, 3.27, and 3.28 respectively.
These were obtained by dividing the vibronic matrix
elements by the appropriate vibrational factors (see

Chapter 2). The constancy of preliminary values

for these electronic factors has been used to determine
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vibrational numberings for a®:' (appendix 6), b3I,”
and a'lm.?

That vibronic matrix elements can be factored
into vibrational and electronic parts results from
constant R-centroids for pairs of mutually interacting

55,56

levels , where

.o _ <V|{RjV'>
R-centroid = ﬂz%T%T;_ 3 (3.3)

For the above states with interacting v and v' levels,

average R-centroids are:

+
o
.

o
1=

R-centroid (Alzt &~ b3m) = 2.26 + (3.4a)

Mo ‘mo

R-centroid (AlzT ~ a'lm)= 2.26 + 0.04 (3.4b)

R-centroid (a®zt ~ A'lm)= 2.34 + 0.15 A (3.4c)

where the uncertainties quoted represent the range

of R-centroid values sampled. As expected, these

values correspond to the internuclear distances where

the potential energy curves intersect (see Fig. 3.12b).
In this single configuration limit, matrix

elements of operators in Eq. 3.2 between pairs of

55

electronic states are related by matrix elements of one-

electron operators between molecular orbit‘alsss_58

(Appendices 3 and 4). The lowest lying states of BaoO

derive from the following electronic configurations:

1zt 202 yo?2 wnt (3.5a)
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+ -
a3z, alzst 202 yo xowrt (3.5b)
b3n, A'll 202 yo? xownd (3.5¢)

Using these configuratioens and the methods outlined in
Refs. 54, 57, 58 and in Appendix 3, matrix elments
between lowest lying states of BaO are expressed in
terms of one-electron integrals in Table 3.32. It is
seen from this table that these one-electron integrals
have different values when evaluated for different
pairs of interacting states.

In addition to the relationships in Table 3.32,
values of b, a,, and a, (defined in Table 3.32) can
be related to atomic integrals by employing the LCAO

method:

1l

| wr > | n02p > (3.6a)

|yo> = el|oo02p> +(1-e2)® |oBa>. (3.6b)

In Eg. 3.6, the molecular orbital wr 1is assumed to
be localized on O and yo is localized on O but has

9 has shown that

some Ba atomic character. Field
Eg. 3.6a adequately accounts for the b31 spin-orbit
constant which is small (-94 cm~1) compared with atomic
Ba 3P spin-orbit splittings (833 cm"l).59 If ¢ is unity

in Eg. 3.6b (i.e. yo is comprised primarily of o2p) .,
'a+=/ETE¥T)aZ=J§'aZ. On the other hand, if e #0, the Ba atomic

character does not contribute significantly to the off-



Table 3.32: One-Electron Perturbation Matrix Elements

b(unitless) a+(cm—l) a,(cm_l)

alyt o arip 1.014 + 0.024°
alzt « bin 63.9 + 1.1°
adx™ & arln 167. + 8.°
a3zt o b 1.26 + 0.099 52. + 8.9
b31 ~ A'lm 222 + 16°
bT 188 + 16°
where b = <wr|g, |yo> = nAA,/<vA[B|v > = =ny /<v |Blv_>

— 4 = 3/2 = 3/2 = =

a = <w“]a£+|yc> (2) gb/<vA[vb> (2) i'a/<vA.lVa> = 4Eba/<vb|va>
g, = <wr|a|wr> = —2Ry = 2B,y

From Table 3.27.
From Table 3.26.
From Table 3.28.

o o

Obtained from Table 3.29, Fits 3 and 6, and.calculated<vb|va> and <vb|B[va> factors.
From weighted average of values in Table 3.29.
From Table 3.3l.

Fh D O

3 XA
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diagonal matrix elements, a,, since two-center contri-
butions to these integrals are small.60 Thus, Ba

atomic character in yo merely dilutes the yo ~ wr

interaction and aj can be less than ay:

a, = <wr | ary|yo> = /2 a,. (3.7)

Using the adzt o a'lm and alst o b31 a; values and

average a, values from Table 3.32,

143

e(a3:zt) = o.58 (3.8a)

0.22.°7 (3.8b)

e

£ (A12+)

These simple arguments indicate that the yo orbital

in alxt is different from the ad:t yo orbital. Al-
ternatively, configuration interaction, which also
dilutes the one-electron spin-orbit interaction, plays
a greater role in determining the alst electronic

structure than it does for a3:z™.

B. Singlet n Triplet Energy Splittings

To the extent that the single configuration

+The a3z+ n b31 a, and b parameters are not considered

since they are poorly determined for only two pairs
of interacting levels.
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approximation is valid, the a3xt - alr® ang
b3n - A'ln deperturbed (i.e. not considering spin-orbit
interactions) energy splittings are a function of the

exchange integrals:Gl

AE E(alrh) -E(a3:h

2<yo(l)xc(l)|E%;|yo(2)x0(2)> (3.9a)

AE E(A'lm) -E(b3m)

I

2<Wﬂ(l)XU(l)IE%;|WH(2)XG(2)> (3.9b)

where 1 and 2 are electron indices. If the wm, yo, and
%o orbitals were identical for each electronic state,

and wr and yo were both comprised of only 02p AEE
would equal AEH. In fact AEZ (226 cm_l) is remarkably

close to AE; (117 —

). The similarity between the
pairs of £ and I potential energy curves (Figure 3.12)
is a further manifestation of the validity of the single
configuration approximation.

This apparent contradiction with the bonding
ﬁicture drawn above from perturbation matrix elements
results simply from the sampling of different properties
of electronic wave functions by different operators
(;5—; for spin-orbit, where K is a nuclear index, and
l/;ij for exchange interactions).

C. Electronic Structure of BaO

Figures 3.12 and 3.13 summarize the known electronic

+
structure of BaO. From measurements of x1zt and als



Figure 3.13:

BaO energy level diagram illustrating
the emission observed from a single
clzt (v* = 3,3) level. Rotational
constants are given on the levels;
shortest and longest wavelengths

of band heads are given in nm along

the transition arrows.

w2 3G
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dipole moments, 7.955D (v" = 0) and 2.20D (v' = 1)
respectively, it has already been concluded that
x1zt is ionic, Bato~, while Al:t is primarily

covalent.lB’20

AlrT « x1:" excitation entails charge
transfer from 0  to Ba® with a concomittant decrease
in bond strength (me“ >me') and increase in bond
length (B_" > B_'). Similarly the c!z” < alr" and
plz" < ¢l transitions result in Ffurther weakening
of the bond (we' > me*) which is suggestive of addition-
al charge transfer. The relatively long alst 1ifetime,
356 nsec for v' = 0,62 is further evidence that an
electron is being promoted from O to Ba.

The most curious feature of these band systems
is the observation of strong parallel(AA = 0) but weak
perpendicular (AA = + 1) transitions: the A'ln 1lifetime,
for example, is 9 usec;12 strong excitation from alst
into a 1 state is not observed. Zare and Herschbach
have shown that the dominance of parallel over perpen-
dicular transition intensity in alkali halide (isoelectronic
with alkaline-earth oxides) results from (1) equally
mixed covalent and ionic character in both the
upper and lower states or (2) pure covalent character
in both states.63 Pure ionic to pure covalent charge

transfer transitions on the other hand, result in

strong perpendicular and weak parallel bands.



-239-

Again, there seems to be a paradox. The
electronic states are both ionic and covalent and
can appear to have different charge distributions
depending on which observable, is sampled. No one,
simple¥molecular orbital configuration accounts for
all of the observations. |

It is not surprising that many electronic
states in the high energy (> 20,000 em 1) range
are observed via a plethora of Clyt perturbations.
From the first excited state of Ba (6s5d2D) and the
ground state of 0(2s22p* 3P),alone, twenty-seven
molecular electronic states of singlet, triplet, and
quintet multiplicity are derived.32 To be sure, not
all of these states will be bound but it is certain
that many will be. In particular, molecular states
correlating to these atomic states may be responsible
for the anomalous A'lnl and b3nm deperturbation results

obtained above.

D. Population Monitoring

The band systems described above can be used
in population probes of low lying states of Bao23
although several points warrant consideration before

proceeding with such experiments. The perturbations

responsible for the intercombination bands observed
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also complicate population monitoring: line intensities
will generally vary with both J and v in an irregular
fashion. In principle, the J variations can be com-
puted from the depeturbation results above: the unitary
transformation matrices which diagonalize the Hamilton-
ians provide mixing coefficients which in turn permit
the relative line intensities to be calculated.

For example, percent I character in the ClE+(v* = 3)
main levels near the vibrational origin varies from

64% at J = 0 to 83% at J = 20. Competing

tranéition moments,owing to the multiplicity of per-
turbing states in both the upper and lower levels

make reliable relative intensity calculations difficult
at best.

It is recommended, instead, that careful fluor-
escence intensity measurements be made via OODR pumping
of clzt prior to using these same transitions in ex-
citation (e.g. clzt « b31 followed by clzt » xlxt uv
fluorescence) to monitor populations. This is particularly
necessary for comparisons of populations between different
vibrational levels where the upper level perturbing
state vibrational numberings remain undetermined: for
example, ¢ - b3 Franck-Condon factors most likely
determine the vibrational envelope of clzt 5 b3n emission

intensity.
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V. Conclusion

The technique of optical-optical double resonance has
been shown to be a convenient and sensitive means by
which low lying, long lived electronic states can be
systematically detected and characterized. Although
crucial intercombination bands result from ubiquitous
perturbations in the highly excited electronic states of
the heavy BaO molecule, the OODR technique assisted by
perturbations is by no means unique to this molecule. -
Local perturbations exist in most molecules and with the
selectivity afforded by OODR these isolated perturbed
levels can be prepared at will.

A population monitoring scheme for the a3z+, b3m,
and A'll reservoir states has been established. It is
hoped that this work will stimulate such experiments in
the future.

Additional spectroscopic OODR experiments on BaO
are warranted in light of the evidence for metastable

reservoir A states in the ~ 16,000 cm"_1 energy range.
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Chapter 4: Laser Spectroscopy of CaO
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I. Introduction

This chapter reports results of Art and dye
laser excitation of Ca0. Emission from five Ar™ lines
(501.717, 487.986, 476.486, 472.689, and 457.936 nm)+
is observed and partially analyzed. Excitation spectra
of the Ca0O green and orange band systems using a broad
bandwidth, tunable dye laser have also been obtained.
The results of these experiments indicate that: (1)
the green and orange Ca arc bands are certainly comprised
of diatomic Ca0 emission and (2) at least two of the
lower electronic states of these systems correspond to
the energy reservoir a®l and A'lm states.

The known spectrum of CaO consists of six band

systems: ultraviolet (clzt - X12+)l, blue (Blm - X12+)l,
green e orangezug, infra-red (A12+ - X12+)10’11,
and A'ly - x1z*.12 phe alzxt - xizt system was first

vibrationally and rotationally analyzed correctly by Hultin

10 4

and Lagergvist’ _Whoiébsﬁr&ed_BOrpertumbations-ﬁnuthe Alx

state of whichall but3-were subsequently assigned by

i3 11

Field to the a’l and A'lnm states. Brewer and Hauge

extended the analysis of this system and improved both
the xlzf and A12+ constants. The blue and ultraviolet

systems were first correctly analyzed by Lagerqvist.l

TAll wavelengths quoted in this chapter are in air at

room temperature.
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The green and orange systems have been the subject of
controversy ever since their discovery2-4 and have yet
to be analyzed. Only one band in the green system
has been rotationally analyzed but the electronic
symmetries were not unambiguously established.6

The controversy surrounding the green and orange
systems stems from their extraordinary complexity
leading several authors to conclude that they do not
arise from diatomic CaO at all but rather from CaOHs'11
or Ca202.5 Isotopic substitution of deuterium for
hydrogen provided further evidence that the bands

11 In fact, both Ca0 and CaOH bands

resulted from CaOH.
exist in the green and orange and confusion has resulted
primarily from flame reactions with water as an impurity.

r

Benard et al. have recently distinguished emission
from these two systems and by analogy with MgO bands
have assigned the CaO green system as Ip- a'l1 and the
orange system as d3a - a3n. These conclusions seem
overly simple in light of theoretical predictions that
not only Clz+,.B1H$&ana d3a.-but also 3m, 3z, 317y 34, 1z
1o (2), and lr~ states lie in this energy ranqe.l
Although the green and orange systems have not
yet been analyzed they have already been used as
measures of a’mn and A'll populations in reactions of

metastable Ca atoms with 0,5 and C02.15
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Green and orange band intensities are a
sensitive function of CO concentration in
Ca +2N20 + CO ~ CaO +2Np + CO,flame reactions in the

7,8

presence of a buffer gas). The proposed mechanism

for this reaction is:

Ca + N,0 + CaO* + Nj (4.1a)
Ca0* + CO + Ca{3P) + CO3 (4.1Db)
ca(®p) + N,0~+Ca0(d3s) + Np (4.1c)
cao(ads) 2¥ s cao (a®n) (4.14)

where Ca0O* denotes dark, metastable, vibrationally excited
ca0 x lxT. The addition of CO converts the chemically
stored energy in xlst to optical energy via d3a -+ a3n
fluorescence in the orange and green systems.7’16'l7
The reaction sequence in Egs. 4.la and 4.1b has been
proposed as an efficient means for the efficient production
of metastable alkaline-earth atoms to be used in excimer
lasers.lG'17
The Ar' and dye laser experiments described below
are intended as a beginning to the analysis of the green
and orange band systems in order that the kinetic work

described briefly above may be verified and further

characterized. Although time has not permitted me to
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finish these experiments, the preliminary analyses pre-

sented below prove unambiguously that a3l and A'lmn

are lower levels in both the green and orange systems.

Upper level symmetries identified include cl:t, 3a,

and !1.

Besides spectroscopic investigations, the CO

dependence
spectra is
consistent
Eg. 4.1.
In

details is

of green and orange band dye laser excitation
qualitatively characterized and found to be

with the reaction mechanism described by

Section II a brief description of experimental

presented. Section III describes art and

dye laser fluorescence and excitation spectra and assign-

ments. This work is summarized and future experiments

are suggested in Section IV.
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II. Experimental

Ca0 is prepared in the same fashion as BaO
(Chapter 3) except that N30 (Matheson, 99.0% purity)
is used as an oxidant. CO (Matheson, 99.5% purity) is
added by mixing with N,0 prior to injection into the
reactor. Ca metal from Alfa, Inc. (99.5%) is used.

4

Typical operating pressures are 1-4 torr Ar, 1 x 10 ° torr

Ca, 1 x 10~2 torr CO, and 3 x 10™% torr N,O.

In order to eliminate overlapping from chemi-
luminescence, both Art and dye lasers are amplitude
modulated by mechanical chopping and fluorescence is
detected with a Keithley 840 Autotrac Lock-In detector.

For Art laser (Spectra Physics #171) experiments,
fluorescence is resolved by a Spex 1802 monochromator.
Absolute frequency calibration is provided by Ar* laser

18 relative frequency calibration is obtained from

lines;
marker pulses output by the Spex 1802 monochromator.

For some Ar'T laser experiments an intracavity etalon (Spectra
Physics #589) is used to obtain. single frequency opera-
tion and consequently simplify fluorescence spectra. The
laser is operated at maximum power [Spectra Physics
specifications: 4.0W, 0.5W, 3.2W, 1.0W, 0.2W, 0.3W, for
514.5nm, 501.7 nm, 488.0 nm, 476.5 nm, 472.7 nm, and

457.9 nm, respectively].

For dye laser excitation spectra (home made dye
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laser described in Chapter 3), total fluorescence is

th

collected through the monochromator in O order.

Absolute frequency calibration is provided by excitation
of Ca and Na (an impurity in the Ca) atomic lines.1?
For single mode dye laser excitation, a 60% reflecting,
solid quartz etalon is inserted into the laser cavity.

A Hamamatsu R212 photomultiplier tube operated

at -600 VDC is mounted on the monochromator exit slit.



~255-

III. Results
A. Art laser excitation

Table 4.1 summarizes the observations. Two
types of fluorescence - relaxed and unrelaxed (or
resonant) - are usually resolved. The upper level
rotational quantum number, J', is assigned from P and

R branch splittings when B" and D" are known:
APR = (4B"-6D") (J'+0.5)—8D" (J'+0.5)° (4.2)

where B" and D" are the lower level rotational and
centrifugal distortion constants, respectively, and 4PR
is the splitting between P(AJ = J'=J" = -1) and
R(AJ = + 1) branch emission.

Fluorescence from each analyzed excitation

line is described and discussed in detail below.

501.717 nm (19 926.014 cm ¥) line

Two progressions of P,R doublets extending
from 345 nm to 400 nm are observed. P,R splittings
as well as spacings between successive PR doublets
indicate that: (1) J' = 28 and J' = 51 are simultaneously
excited and (2) the lower levels of the progression
are x'zT v" = 1 to 6. A single maximum at v" = 3

and no nodes are observed. P to R branch intensity ratios



Table 4.1: Ar+ Laser Induced Fluorescence of CaO

Laser Line Excitation Fluorescence

(nm) @

514.532 ? a) Weak,relaxed fluorescence from 410-470nm.
Multi-mode- b) Strong, resonant and relaxed emission in

green, 545-555 nm.
c) Strong, resonant and relaxed emission in
orange, 590-615nm.

501.717 ?2«adn, (v=2) R(27) a) Progressions into x13¥ from 345 to 400mm
with no nodes. PR intensity anomalies.

?2<adn, (v=2) P(52) b) Strong, resonant green and orange band
Multi-mode. emission.

487.986° ln«x1:7(1,10)0(16) a) Two progressions into x!3*: Q branch
At least two other emission into v" = 0 to 12 with node at
transitions.Multi- v"' = 6 and PR emission into v" = 0 to 6.
mode and single b) lmsa'ln¢i,2), (1,1), and (1,0) in green.
mode . c) Weak fluorescence in orange.

476.486 ?+Xlz+(v"=6) P(36) a) Resonant and relaxed fluorescence from 390
At least two other to 630 nm. Progression of PR doublets into
transitions. Xlg* v" = 2 through 6.
Multi-mode . b) Progression of three PR doublets into

either a3m or A'lnm in green.
c) Two PQR triplets into either adn, and a3m,
or a’m; and an, in orange

e £y



Table 4.1 (cont.)

Laser Line Excitation Fluorescence

(nm) &

472.689 clzt « X12+(2,13) a) Resonant and relaxed structure from 350 to
P(28) and R(48) 480 nm. Two PR progressions into X!':
At least two addi- v" = 0 to 13 with two nodes in each.
tional transitions, b) Relaxed and resonant structure in orange
Multi-mode and and green.

single mode.

457.936" lnexlzt (1,7) a) Two progressions (P,Rand Q) into
P(32) and Q(37) xltt v" = 0 to 8 with one node between
Multi-mode. v" = 2 and 3.
b) lm+a'lm (1,0) and (1,1) in green.
c) Relaxed and resonant structure in orange.
335.849° clzt « x1z% (2,0) a) clzt > a'ln (2,0) and (2,1) R(41), Q(42),
R(41) and P(43) at 468.55, 469.30, 469.80,
At least two addi- 481.41, and 482.08 respectively.

tional transitions.
Multi-mode.

8Ref. 18. Air wavelengths.

bThe electronic and vibrational assignments of !l and v' = 1 respectively are
tentative, see text.

Cref. 20.

=L9C—
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deviate markedly from the expected value?l of 1 and
vary dramatically with v"™. This is indicative of he-
terogeneous (i.e. J-dependent, AR = + 1) perturbations
in the upper level and resultant interference between
parallel (A2 = 0) and perpendicular (AQ = + 1) transi-
tion moments (see Aﬁpendix 5 and references therein).
From the laser frequency, flucrescence freguencies,

10,11

and X12+ term values, energies for lower levels of

=1,

the laser excited transitions are 9795 + 5 ¢m (J* = 28

1 (7' = 51 excited)T. Xnown

excited) and 10 465 + 5 cm
levels nearest in energy and capable of undergoing an
electric dipole transition into J' = 28 and 51 are

asné(v =2, J=27), 9793 + 25 om T+ and aSnm,(v =2, J=52),

10 451 + 25 cm 1,13

Fluorescence in the laser band was not resolved
but resonant structure was apparent.

It seems likely that the upper level of this
transition is 33" since transitions from a3m, to 3r~
are electric dipole allowed23 and spin-orbit perturbations

*+ and

with both @ = 0 and @ = 1 states, particularly 13
g, are non—zer022 and could account for emission into
x15* with anomalous P and R branch intensity ratios. Both

singlet @ = O+ and Q@ = 1 character is required for the

X intensity anomalies; such is not possible for 3Z+.

Ta11 energies in this chapter are referenced to

xlz+ v" = J" = 0.
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Strong laser dependent, resonant emission in both
the green and orange systems is observed but could not
be linked to either of the laser excited transitions

assigned above.

487.986 nm (20 486.69 cm 1)
A O branch progression into X12+ from v" = 0
to 12 with one node at v" = 6 is observed. Excitation
is from a rotational level in x!:t v" = 10,

From single mode experiment523

, & progression of
three P,R doublets in the green system is linked to

the Q branch progression into X12+. The wavelengths

for these transitions are: A; = 534.63 Ao = 535.00,

A3 = 550.26, Ay = 550.90, A5 = 567.15, and Ag = 567.82 nm
(+ 0.02 nm). The 3,4 doublet is * 10 times more intense
than the 1,2 and 5,6 doublets. Green band P,R splittings

and vibrational intervals suggest that (1) the lower

levels of this progression are either a®l or a'lmn

v =0, 1, and 2 and (2) J' = 16.7%'13 oDhus the laser
pumps Q(16) from x!r' v" = 1o0.
Since J" = 16 and v" = 10 are known, the energy

of the upper level of the laser excited transition is cal-

culated from x':T term valueslo’11

E' = 27 402 cm Y. This corresponds to neither clz*

1

and the laser fregquency:

nor BlT. The vibrational numbering of the upper level
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is inferred to be v' = 1 from observation of only a

single node in the X12+ Q branch progression (Chapter

24,25 4

3) Q branch emission to X!:" and P and R branch

emission to A'll or a3m indicates that the upper
level is an f-parity @ = 1 stateq21

From E' and A; through lg, term values for lower

levels of the green band progression are: E, = 8703,
E, = 8716, E3 = 9234, E, = 9255, E5 = 9775, and
E, = 9796 em ™t (+ 5 em™1). calculated A'll energies
arel?:
v=0 J=15 8693 + 15 cm *
J = 17 8715
v=1 J=15 9233
J = 17 9255
v=2 J=15 9768
J = 17 9790.

Since emission occurs from the upper level of the laser
excited transition into both Xx!'r¥ and A'lm it seems
likely that this @ = 1 level is in fact 1!m; however,
only one !1T state is predicted in this energy region
and this is presumably pir.t?
In addition to the Q branch progression into X12+,
a progression of P,R doublets into x1s¥ v" = 0 to 6 with
no nodes is observed. The PR spacings were not measured

with sufficient precision to determine J' to better

than 40 + 4. This large uncertainty in J' precludes
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assignment of the lower level from which excitation
occurs. The most probable states are A'ln(v=0) and
adn  (v=0).

Several other progressions in the green system
are observed as well as relaxed structure in the green
and orange. These have not yet been linked to

emission into x1x7.

1

476.486 nm (20 981.13 cm )

Strong emission extending from 390 to 630 nm
is observed. The anti-Stokes emission exhibits both

resonant and relaxed structure but only one progression

is assigned: P,R doublets into xizt v" = 2 to 6 with

the laser exciting from v" = 5. From P,R splittings,

J' = 35 + 1 is excited by P(36). The upper level term
1

value is 25064 + 5 cm .
At least three other transitions, resulting in
anti-Stokes emission, are excited but complicated
structure and overlapping prohibits assignment with
multi-mode excitation. Single mode excitation is
required.
In the green system a progression of three P,R,

doublets, in addition to relaxed structure, is observed:

Ay = 539.33, A, = 540,18, A3 = 554.54, A, = 555.42,

As 570.55, and Ag = 571.47 nm (+ 0.02 nm). The 3,4
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doublet is = 3 times stronger than the 1,2 and 5,6
doublets. Spacings between successive doublets and
P,R splittings indicate that the lower levels are either

a3m or A'ln v = 6,7, and 8 (J = 21 and 23)12’13

and,
therefore, J' = 22. Single mode excitation should
allow this progression to be linked with emission into
x1z7t.

In the orange system, two sets of P,Q,R, triplets
separated by 51 em™l and with P,R spacings of 49 em™ 1
and 52 cm™l are observed in addition to complicated
relaxed and resonant structure. The triplet wavelengths
are: Ay = 622.55, A, =623.51, i3 = 624.47 nm (+ 0.02 nm)
and Ay = 624.8, A5 = 625.8, Ag = 626.8 nm (+ 0.1 nm).
The 1,2,3, tfiplet is = 17 times more intense than the

4,5,6 triplet. The separation between triplets of 51 cm_l,

i 163
comparable to the a3n spin-orbit constant (AH = -58 cm l) P
and the léck‘of an asymmetry in the PQ and QR splittings
suggest that the 1,2,3 and 4,5,6 levels belong to a3H2 and

Ty

amy; , respectively. Assuming that the lower vibrational

level is v ;-0, the P,R splittings give J' = 37 + 1.13
Although this value of J' is the same to within experimental
error as the value determined from the analyzed progression
into x1zT (3' = 35 + 1, see above), making this assignment

yields energies for the lower levels of these orange

band transitions which are * 100 em T from oslomliated
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ad3n (v = 1) energies. Therefore, the upper levels of

these two progressions appear to be different. From

the emission complexity, it is not unreasonable that

two upper levels with nearly equal J' are excited. Single
mode excitation will unambiguously determine whether or
not the transitions are linked.

1

472.689 nm (21 149.66 cm ")

When multi-mode excitation is employed several
progressions are observed to the blue of the laser line.
Some of these do not include the laser line and one
progression, in particular, appears to be composed of
band heads only (i.e. no resonance structure). When

single mode excitation is employed two strong progressions
+

are isolated and assigned as emission into X!~ v" = 0
to v" = 13 with nodes at v" = 2 and v" = 5 indicating
that v' = 2. From PR separations, the transitions

excited are P(28) and R(48). C12+ - XIE+

(2,13) P(28)

and R(48) transitions are calculated to be: 21140.3

and 21145.9 cm—l,l respectively. Lagergvist reports
perturbations in C12+ (v' = 2) which culminate at

Jo = 27.5 and 48.5;l these perturbations may be responsible
for the discrepancies between calculated and lgﬁer freguen-
cies as well as error in BRB which is extrapolated from lower

10,11

vibrational B wvalues. Alternatively, the laser may

be exciting extra lines associated with the perturking state.
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Emission in the green and orange bands is by and
large relaxed, although some resonance structure is
apparent in the green system.

1

457.936 nm (21 931.01 cm )

A progression of P,R doublets from 370 to 475 nm

corresponding to emission into X12+ v" = 0 to 8 with
one node between v" = 2 and 3 is observed. The laser
line fits into this progression at x!:t v" = 7 and

from P,R splittings it is determined that P(32 + 2)
(J* = 31 + 2) is excited. The P branch lines are
always * 2.5 times more intense than the R branch lines
and in some bands the P branch appears to be an un-
resolved doublet. This implies that a Q branch transi-
tion is simultaneously excited from 1zt y"= 7. rThis
overlapping is responsible for the uncertainty in J'
guoted above: P,R splittings from different bands give a
range of J' values from 30 to 34. Assuming J' = 31,
the upper level energy is E' = 27 130 + 5 cm—'l which
corresponds to neither clzt nor Blm.

Emission in the green and orange systems is
observed again. Although the orange band emission is
a complicated mixture of resonance and relaxed structure,
emission in the green consists of a simple quartet:

Ay = 549.18, Ap = 549.26, A3 = 550.56, and Ay = 550.69 nm
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(+ 0.02 nm). The A;, Az splitting corresponds to
J' = 31, assuming A7 and A3 terminate in A'llv = 0.
Thus A1 and A3 appear to be connected to the P,R doublet

progression into xlx*. From A1, A3, and E' the lower

level energies are: E; = 8926 + 5 em ! and
E2 = 8972 + 5 cm_l. A'ln v = 0 energies are E(J=30) =
8924 + 15 cm ! and E(J = 32) = 8966 + 15 cm .'% This

validates the assumption made above: A; and A3 do ter-
minate in A'lm v = 0,J = 30 and 32, respectively. This
excellent agreement suggests that A and X, share the
same upper level as the X12+ Q branch progression;
the Ao ,Ay splitting yields J' = 37 and from x1: ¥ term
valueslo'll and the laser frequency E'(J'=37)=27 276 + 5 o 1
From this energy and i, and Ay , E5 = 9074 + 5 em~1 and
E, = 9122 + 5 cm~l. cCalculated A''Il v = 0 energies are:
E(J = 36) = 9058 + 15 cm © and E(J = 38) = 9109 + 15 cm T.
Again, agreement is excellent and it is concluded that
the laser excites both P(32) and Q(37).

Note that the excited J' = 32 and 37 levels have e

26 P,R emission into A'ln

and £ parity, respectively.
and P,R and Q branch emission into xlzt implies that

the upper level of the laser excited transition has

Q=1 symmetryZl and is likely !m. The single - #d

node in x!iV emission implies v' = 1.24:25

From E'(J' = 31) and E'(J' 37) ,B' and 'E' (J'&=0) are



-266-

1 1.

determined to be 0.353 + 0.005 cm ~ and 26780 + 20 cm ~,
respectively.

Resonant structure is also observed with low
resolution between 560 and 570 nm where emission into
A'ln (v=1) is expected. However, the intensity of this

~

band is * 10 times weaker than emission into A'lll . y-=:0.

However, from the similarity between B values for the
upper and lower, A'll, levels the Av = 0 sequence is
expected to be more intense than the Av = + 1 sequences.
It is also curious that this value of E' is approximately
one vibrational gquantum lower than the 1y state excited
by the 488.0 nm line,hinting that these levels belong
to the same electronic state. However, progressions
into X12+ indicate that v' = 1 for both laser excitation lines!
If both ‘tipper:levels belong to-different !I'states,
then three !T states (including B!N) lie in the same
energy region. This is, again, inconsistent with theoreti-
cal expectations.14

It seems plausible that these two previously
unseen ! levels belong to the same electronic state and
that they borrow radiative character from Blm thus in-
validating node counting in X12+ progressions as a
means of determining the v' numbering. By analogy with

13

A'ly o a3m; spin-orbit mixing, the most likely state

o mix with B!T would be the 31 state from the same
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102 ...762 8¢ 1x™ ... 3% 4« bonfiguration.l4 However,

this assignment suffers from the lack of observed

emission into adIm.

B. Dye Laser Excitation Spectra
1. Band Structure

Dye laser excitation spectra of the green
and orange band systems are shown in Figs. 4.1 and 4.2,
respectively. Band head positions are given in
Tables 4.3 and 4.4. The resolution in these spectra is

determined primarily by the = 1 cm_l

FWHM of the dye
laser.

While the green system appears to be comprised
of only violet degraded bands, the orange system

consists of both violet and red degraded features.

No assignments are obvious.

2. Single mode laser induced fluorescence in

609.8 band

Fluorescence in the 609.8 orange band
induced by single mode dye laser excitation exhibits
very simple structure: only two P,Q,R, triplets

1

separated by 55 + 2 cm (Fig. 4.3) are observed.

The longer wavelength triplet includes the laser, which



Figure 4.1:

Figure 4.2:
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Green band system of CaO. Total
fluorescence intensity is plotted against

laser frequency.

Orange band system of CaO. Total
fluorescence intensity is plotted against

laser frequency.
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Table 4.2: CaO Green System Band Heads

-1 Air
CFHead(cm ) lHead(nm) Relative Intensity
17 980 + 3 556.0 + 0.1 4.5
18 008 5585+2 5.0
18 026 554.6 4.8
18 036 554.3 4.5
18 053 553.8 3.0
18 153 550.7 2.1
18 177 550.0 3.0
18 192 549.5 3.0
18 214 548.9 3.7

18 240 548.1 2.8



Table 4.3: CaO Orange System Band Heads

chead(cm_l) -Aizzd(nm) ?iiZEQX:y UHead(Cm-l) Ai::d(nm) ?iiZEQXiy
15 928 + 3 627.7 + 0.1 0 l6 183 617.8 0.6
15 937 627.3 02 16 190 617.5 243
15 947 626.9 0.8 ke 197} 617.2 4.0
15 950 626.8 0.7 16 204 617.0 1.6
15 958 626.5 1.4 16 210 616.7 0.5
15 961 626.4 B 7 16 224 616.2 0.8
15 968 626.1 2.6 16 305 613.4 5.4
15 974 625.8 2.7 16 3009 61340 2.3
15 976 625.8 1.0 16 313 612.8 0.6
15 980 625.6 0.5 16 315 612.8 0.1
16 028 623:7 4.5 16 329 612.2 0.8
16 035 623.5 2.9 16 334 0 . 1.5
16 041 623.2 1.4 16 340 611.8 0.6

16 045 623.1 1.4 16 363 611.0 0.5

16 057 622.6 0.9 16 395 609.8 53

gLz~



Table 4.3: (cont.)

neaa Y pegglam I o e em  Selative
16 071 622.1 1.0 16 396 609.7 4.6
16 077 621.8 1.0 16 401 609.6 1.0
16 082 621.6 0.5 16 411 609.2 0.4
le 087 621.4 0.5 16 418 608.9 1.0
16 132 619.7 0.2 16 422 608.8 1.0
16 140 619.4 0.2 16 453 607.6 4.3
16 158 618.7 D 2 16 457 607.5 3.0
16 163 618.5 2.7 16 459 607.4 2.0
16 168 618.3 1.5 14 463 607.3 1.0
16 169 618.3 1.9 16 470 607.0 4.0
16 177 618.0 0.4 16 472 606.9 D
16 499 605.9 2.0
16 516 605.3 2o
16 571 603.3 0.2

16 579 603.0 0«3

—ELE=



Table 4.3: (cont.)

o (cm_l) ZAlr (nm) . .
Head Head Relative Intensity
16 644 + 3 600.7 + 0.1 4.0

16 653 600.3 2.2

16 667 599.8 0.6

16 703 588.5 L+

16 709 598.3 1.5

16 720 597.9 L0

16 723 597.8 2.7

16 738 587:3 0.2

18 752 596.8 y

16 759 596.5 1.8

16 769 596.2 0.7

16 772 596.1 0.2

16 778 595.59 Laal

16 783 585.7 1.7

—-vLe—
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Figure 4.3: Orange band fluorescence into adm,
and a®nm, when the 609.8 nm band is
pumped with a single mode dye laser:
The laser (off scale) pumps a Q branch

transition out of a’m,-
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excites a Q branch line, and is * 10 times more intense
than the shorter wavelength triplet. The splitting
between triplets suggests that the lower level is
adn (A, = -58 em 1y 13

length components are either a®l; and a®n, or a3m, and

and that the short and long wave-

adn;, respectively. Asymmetries in the long wavelength
P,Q,R, splittings (i.e. APQ # AQR) which persist even
at low J indicate that the lower level is A-doubled.
Only aam)can be A-doubled as J approaches zero21 so
that the short and long wavelength triplets are assigned
as a®ml; and a®n, respectively. Since strong Q branches
are observed rthe upper state must have @ = 1 symmetry.
Lack of emission into a3, and the greater intensity
of emission into a3no relative to a®l; indicates that
the upper state must be 3A;: emission from 35~ or 33*into
each 9 component of 31 should exhibit comparable inten-
sity.21

These assignments have recently been verified by Mr.
Renmald Marks who is at present rotationally analyzing this
band system using the technique of intermodulation

23,27

fluorescence spectroscopy. No vibrational assign-

ment has yet been made.



C. Effects of CO addition to the flame 7
The addition of CO to CaO flames has been

observed to increase chemiluminescence and absorption
intensity in the orange and green systems.7’8’16'17
This is observed here as well: addition of ® 1 x 10-2 torr
of CO increases the entire orange and green system laser
induced fluorescence intensity by a factor of 2 to 3.
However, excess CO (> 0.1 torr) quenches CaO laser induced
fluorescence but enhances the Ca 53%S; <« 4°Pg,
535, « 43p7, and 53S; <« 43P2 atomic resonance lines.
These observations are consistent with the reaction
mechanism in Eg. 4.1l: an excess of CO gquenches not only
high X!z vibrational levels but also the lower levels

of the green and orange systems, a3m and A'ln, and

produces metastable Ca 43PO.
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IV. Conclusion

The experiments described above demonstrate that:
(1) much of the green and orange band systems of CaO
can be explained in terms of transitions involving A'lnm
and a3nm and (2) the A'ln vibrational assignments made

by Fie1ldl3

are correct.

Clearly, much work remains. The most difficult
problem is linking the energies of the upper and lower
levels of the green and orange systems to the ground
state,since strong progressions into X12+ have not been
observed when the orange and green systems are pumped
with a dye laser. Art laser excitation, on the other
hand, generally yields anti-Stokes emission into X12+
and permits levels of the green system to be vibrationally
assigned. Additional, single mode ar’ laser experiments
can provide more information of this sort in both the
green and orange systems.

Determining the upper state symmetries and
rotational constants is best done by systematic, high
resolution tunable dye laser spectroscopy of the sort

23

that Marks has already begun. The combination of dye

* laser excitation in an optical-optical

laser and Ar
double resonance experiment (Chapter 3) is an attractive
approach to the understanding of these systems: decreases

in Art laser induced fluorescence as the dye laser is
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tuned will indicate which transitions are linked via

a common upper or lower level.
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I. Introduction

Optical-optical double resonance (OODR) (Chapter 3)
is a unique means by which the dynamics of gaseous
molecular interactions in bulk can be extensively
characterized. A pump laser with spectral width less than
the Doppler width prepares,via the Doppler shift, a specific
rovibronic level with a narrow distribution (dictated by the
laser and homogeneous line widths) of speeds along the
laser propagation direction, VXT. A narrow bandwidth
probe laser subsequently samples the populations of both
initially pumped and collisionally populated levels while
simultaneously determining the final Vo distributions from
the excitation line shape (Fig. 5.1). If these populations
and line shapes are studied as a function of pressure,

state to state rate constants can, in principle, be obtained:

|3,M, n,v,> £2— |5',M', n',v]> (5.1)

where J, M, n, and Vo denote initial rotational quantum
number, projection of J onto the pump laser polarization
direction (laboratory fixed z axis), vibrational and

electronic quantum number(s), and speed along the laser

propagation direction, respectively. A prime denotes final

+This unconventional choice of + x for the laser propagation

direction results from the choice of z for pump laser
polarization which simplifies subsequent calculations in
this chapter and in Chapter 6.




Figure 5.1:
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OODR excitation scheme for probing BaO

+ \ ) \
Aly" rotational and translational relaxation.
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guantum numbers; k is the state to state rate constant
in units of torr_l sec-'l and P is the pressure in torr.

This chapter reports the results of OODR

experimental studies of the dynamics of BaO (Alz+) v Ar and
CO2 interactions in a Ba + co, + Ar ~BaO + CO + Ar flame reac-
tion. .Reaection (5.1) averaged over initial and final M states
is considered here; discussion of collision induced
changes in M are deferred to Chapter 6. Although precise,
quantitative determinations of state to state rate

constants were not obtained (owing to multiple collision

complications), propensities for small changes in J

were observed for both Ar and CO,: k([AJ| = 1) >k(|aT]| = 2)>
k(|aJ| = 3), where AJ = J'-J.

For both Ar and COZ’ velocity randomization, or trans-
lational relaxation, was found to proceed via forward
scattering in the center of mass (COM) coordinate system
(¢ < 60° where y is the COM scattering angle) at rates
comparable to AJ = + 1 transfer. Two differences between

BaO(A12+) ~ Ar and BaO(AlZ+) v CO, collisions were apparent:

2

1) CO, pressure broadening (kT ~ 19 + 3 MHz torr-l) for a

2
specific BaO (A12+) rovibronic level is § 1.5 times that

for Ar and 2) CO2 translational relaxation proceeds via
smaller angle scattering than does Ar relaxation. These
observations are qualitatively consistent with a longer
range interaction for BaO v CO, than for BaO v Ar collisions

1
owing to the C02 quadrupolar moment (-4.3 x 1026 esu cmz)
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and internal degrees of freedom (facilitating long range
exchange resonances).

In Section II.A. theoretical relationships between
moments of the Vi distribution and moments of cos y are
derived. These relationships are applicable when
the collisional change in relative translational energy
can be neglected with respect to the initial relative
energy: in other words, the rotational energy change is
small compared to kT. Section II.B. presents theoretical
representations for observed principal (probe excitation
from pumped level) and collisional satellite line
shapes in terms of convolution integrals of the homogeneous
line shape function with the Vg distribution; a deconvolution
procedure to obain the Vi distribution is described. 1In
Section II.C. the method by which line intensities are
transformed into state to state rate constants is outlined.

Experimental details pertinent to this kinetic work
are given in Sec. III. The OODR experiment is described
generally and in more detail in Chapter 3.

In Section IV the experimental results are presented
and analyzed.

Section V summarizes the observations, and theoretical
interpretations, and suggests future experiments.

The remainder of this introduction is devoted to
a summary of previous work and its relationship to these

experiments.
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State to state reaction cross sections have been

measured by laser induced fluorescence (LIF) detection
of molecular beam reaction*products.z‘ Molecular beams
allow specification of a well defined initial relative
translational energy- In ccﬁﬁﬁnction with LIF
probes of internal state distributions and angular resolu-
tion of scattered products this 'yields differential cross
sections for production of a specific final state as
a function of initial relative velocity. If the reactant
states are selectively prepared as well, state to state

. ’ 2,3
cross sections can be obtained.”™’

Dagdigian and co-
workers have recently measured state to state cross
sections for LiF ~ rare gas collisions in a beam-gas
arrangement2 by initial quadrupolar state selection of
an LiF beam followed by LIF probes of the final state
distributions.4

Kinsey5 has shown that the three dimensional
COM scattering angle distribution may be simultaneously
obtained with product internal energy distributions
employing the LIF technique of Fourier Transform
Doppler Spectroscopy (FTDS) with an increase in data
acquisition rate for a given signal to noise ratio

= 4

of * 10° over traditional molecular beam detection methods.5

Experimentally, this technique has already been demonstrated

+Reaction is used here in a general sense and need not

imply chemical rearrangement.
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by obtaining state-resolved differential cross sections
in a Na(BZPl/z) + Ar = Na(32P3/2) + Ar crossed beam
reaction.6

In the bulk phase, monochromatic excitation is a
long proven technique for obtaining state to state rate
cons*r.ants.jh8 The most systematic and precise determin-
ations of state to state rate constants have been done by
Steinfeld et al.? and more .recently by Brunner, et gi.g
The dependence of J -+ J' rate constants
on initial J and the inequality of AJ > 0 and AJ <0
(for equal |AJ|) rate constants has led to the conclusion
that M tends to be conserved in these collisions.? (See
Chapter 6 for a more complete discussion.) However,
no attempts were made in Refs. 7 and 9 to measure either
the initial velocity dependence of the rate constants
or the final Vo distribution.

Advantage has been taken of the Doppler shift in
determining the velocity dependence of state to state rate

i0,1Y

constants in both molecular and atomicl2 systems.

3 have derived an expression for

Phillips and Pritchard
the energy, or velocity, resolution resulting from
velocity selection by Doppler shift (VSDS).

A variety of double resonance experiments on both

atomic and molecular systems, in bulk, have already

been employed in the characterization of velocity

14-31 16

changing collisions (VCC). Beginning in 1969,
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the pressure dependence of Lamb dip line shapes and

16,17 C0218, and COl9 lasers have been

widths in He-Ne,
interpreted in terms of VCC.

Infrared-infrared double resonance experiments
have been used to study velocity randomization in
collisions of various inert molecules and atoms with

20’25, C0222’26, H2CO24 and CH3F.23'24 The technique

NH3
of coherent optical transients has also been used to
study the time dependence of velocity randomizing
collisions in CH3F CH3F interactions.21’25 In atomic
systems ,optical double resonance (either saturation
spectroscopy involving two levels or OODR involving
three levels) has been the technique of choice in
measuring quasi-elastic (i.e. no change in the internal

14,18,30,31

electronic degrees of freedom) VCC.
theoretical interpretation of double resonance line
shapes influenced by VCC has been developed largely

by Bermanl4’27

using the density matrix formalism.
Quantitative analyses have proceeded by fitting the
observed line shape to a theoretical line shape function
involving a phenomenological collision kernel; an

14,24-26 The

average speed change, va, is obtained.
magnitude of GVX has been interpreted in terms of
collision strength: large (small) velocity jumps are

associated with strong (weak) interactions. Values of

v, ranging from v~ 85 cm gen tin CH4F ~ CH,F collisions?>
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tomlO3 cm sec_l in Xe n Xe collisions30 have, been observed

Energy transfer  studies of BaO A1E+ have
emphasized the elucidation of Alz* o b31 intersystem
crossing mechanisms and rates (see Chapter 1§, 2o
Sakurai, et gl.,Bz have measured total cross sections
(summed over final states) for electronic quenching
(with He), wvibrational relaxation (with He, Ar, and N2)
and rotational relaxation (with He) from a single
A1£+ rovibronic level prepared by Ar+ laser excitation.
Johnson33 has measured radiative lifetimes and He
quenching rates as a function of Alx* vibration by
excitation with a pulsed tunable dye laser.

The experiments described below differ in several
respects from the works referenced above. Because of
the disparity in BaO clzt and alrt radiative lifetimes

37 and 363 nsec33$+

(25 + 10 nsec respectively). OODR
line shapes are determined primarily by A1£+ relaxation.
All previous VCC studies on molecular systems measured
both upper and lower state dynamics simultaneously
making analysis more difficult. VCC are understood here
in terms of the COM scattering angle distribution rather

than 6v_i deconvolution of the observed line shape to

obtain moments of cos ¢ is completely model independent.
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Previous molecular VCC experiments utilized
CO, CO, or N,O infrared lasers of limited tunabil:'_ty.16-26
Visible dye lasers yield not only greater velocity
resolution (the Doppler shift is proportional to
frequency) but also tunability over hundreds of nanometers
permitting systematic studies of state to state cross
sections. The combined tunability and high resolution
of OODR allows investigation of rotational and translational
relaxation out of rotationless levels (J = 0) whos<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>