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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 - plyt, Elz, and aldyt -

are observed directly for the first time. Numerous per-
turbations are observed in both high lying and low lying
states. a 3rt is shown to be the lowest excited electronic
state of BaO from the vibrational dependence of ad:t ~ ar'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.

cly-a3st, clytpdn, and clzt-a'ln band syst d; ’ jy ystems are propose
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 (Aly+) 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 qualitatively understood in terms of a long range,
weak collision model. A cross section forJ= 1, M = 0 &gt;
J =1, |M| = 1 reorientation of 4.2 + 1.2 A2 is measured when
BaO collides"withCOp.J=1»J=2°transferisalso accompan-
ited by-sighificant’ redrientation.ofrthe«J vector with respect
to-.space~fixed axes.
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Art and dye laser excitation of CaO is also repor-—
ted. These spectra prove unambiguously that the adn
and A'll states of CaO 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 arid dynamics in low pressure flames.

Specifically, BaO formed in the reaction

and cao

3.

formed

a I=

4- Ar 3.  FF -0 —— Ar

eV

N

N,O + Ar -»&gt; CaO + N, + Ar

\

\ J

. 1)

2)

are studied by laser spectroscopy. The results obtained

include: (1) discovery of a new, low-lying, metastable

electronic state of BaO, adx’; (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 CaO as A'll and adn; (4) simultaneous monitoring of

BaO rotational and translational relaxation in BaO ~ 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 (Al:z ).

Interest in alkaline-earth oxide flames stems

from the range of chemiluminescent photon yields observed
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for different metal atom-oxidant combinations. 1™8

For example, at total pressures of ® 1 torr, photon

yields for reactions of NO with Ca, Sr, and Ba are,

respectively, 1.2¢9,4 6.632, 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 103 torr to 23% at 10 torr.2r3 The pressure de-

pendence of these photon yields has been interpreted as

evidence for a precursor to Aalst » xix? chemilumin-

escence.&gt;’ &gt;"7/9/10
Although there is a consensus that a metastable, re-

servolr state acts as precursor to chemiluminescence, the

identity of this state has been the subject of controversy:

both b3n3r2r0/9-11:T 14g high vibrational levels of xlz™ 7,12

nave been suggested. Evidence for b3l comes from the ob-

servation that Alx" vibrational levels perturbed by b3I (via

spin-orbit interaction) exhibit greater photon yields than

do unperturbed AlsV vibrational levels. 210 The primary

argument invoked for xz is spin-conservation: the ground

states of Ba and N,0 are, respectively, !S and xlz™ so

that chemical production of b3I would violate the spin-

conservation cule. 721 On the other hand, the spin-

Forbidden reaction ;:

Fn BaO this state has recently been renamed as b3T in light
of the discovery of the lower lying a dy state (Appendix 6) .,
In all other alkaline-earth oxides it is called adm.



Ba(ls) + 50, (XA) &gt; Bao(x'z¥) + so(x3:z7), (1 +

* “J-

*)

where the reaction exothermicity is insufficient to

populate either the lowest BaO triplet state or the lowest

SO singlet state, is found to proceed four times more

rapidly than the spin-allowed reaction: +314

3a(ls) + co,(xz) » Bao(x!z™) + coixlz™). (1.4)

The role of intramolecular perturbations in efficient

intersystem transfer is well established, 15719 perturbations
arise from mixing of Born-Oppenheimer basis states and a

sharing of structural Prope Ties. Thus, perturbations

between b31 and als* 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 b3I is a precursor to atx? but the gques-

tion remains as to which state, xizt or b3nI, is initially

formed in the reaction. Recently, Reuther and Palmer

have demonstrated from the vibrational dependence of Als tpho-

ton yields measured over a pressure range of ‘several’ orders of

magnitude that high vibrational levels of Xl3¥-are initially
formed and transfer to b31 occurs subsequentlymvia x

p31 ~ xix? perturbations. 2°

The role of excited state metal reactants in these

reactions has also been investigated both experimentally 21723

and theoretically. 2% 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. 2226

This reaction has been proposed as an efficient generator

for atomic metastables to be used in alkali-akaline-earth

. 27
axcimer lasers.

Spectroscopic questions relative to the chemistry

discussed above are: (1) where are the low lying, energy

reservoir states; (2) where do these metastable

states cross and perturb x15T and alrT; and (3)what is the

high energy electronic structure of the alkaline—-earth

oxides? The first two questions are relevant to ground

state reactions as shown above and the third question

to excited state reactions. If the high

energy structure is known, populations can 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 xls*

and low levels of A'll and ban.28

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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clzt and subsequent fluorescence into b3m and A'lT.

Appendix 6 reports the first observation of asyt, also

via OODR induced cly™ 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 adn and A'ln. These bands should

also permit the characterization of adm ~ x!s¥ and

A'ln on xz? 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. Specifically,

a single aly” 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 clr’ while clyx™ » x!:T 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,isdiscussed 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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Chapter 2: Deperturbation of Diatomic Band Spectra
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I. 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 coefficients.’2

The purpose of this chapter is to outline

the techniques of deperturbation employed in Appendix

1 on the First Negative Group of Nat, BZ - X23,

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.



-3(-

IT. Method

The techniques of deperturbation are not new. &gt; 1?

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. An excellent

review of the perturbations found in diatomic molecules

has been written by Lefebvre-Brion. &gt;&gt; The matrix

alements 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 frequencies. 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. 27739 In order to deal with small matrices

and avoid computer storage problems, each band is

usually fit individually and the results from each

pand-fit are subsecguently merged in a statistically

rigorous fashion by taking into account correlations
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between different parameters. 20r3L/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 237 state with larger rotational constant ,but the

other component lies below the 2yt origin and

does not perturb 2yt significantly, the 21 spin-orbit

constant, Ap cannot be determined. However, if AL

is fixed at zero, the energy obtained for the 2I level

will be incorrect by an amount comparable to Ap.

Generally, it is useful to calculate and fix perturbation

matrix elements which cannot be determined in order to

An 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-

quencies 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 quantum 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

he deperturbation of the Not B23 - x25 band system.
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ITT. 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 Wentworth&gt;® and Marquardt? and was originally

written by R. Stern and T. Bergemann 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 N,* B25 - X2z lL, 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-

quencies: 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 Bal alyt - xix t (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

—— 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 Ty pi the

difference between the sum of the I fraction and I frac-

 ion. fromunity is,therefore, the Ty /2 fractional character.

In the BaO low lying state fitter, I character represents

lr and © character represents total I character. In

the BaO high lying state fitter, I character represents

state #3 in the Hamiltonian, © character represents

state #1. The specification of © and I 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 25t _ 25%

and 21 - 2x band systems. The ground state must always

be 23x. It requires subroutines MATRIX, SETUP, NAMEIT,

TQL2, and TRED2 from the doublet fitter. This program

was used in the deperturbation of N,* B21} - x25 d

(Appendix 1) to aid in extending rotationalanalyses

as well as predict positions and relative intensities

(from mixing fractions) of extra lines. Sample output

is included (the B21] - X23 | (3,5) band) and is self-

explanatory.



IV. Interpretation and use of perturbation matrix

- 3 ¢ } =

elements

Besides deperturbed energies 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

and 6. In Appendix 1, Nyt A?m, B21 vibronic ro-

tation-electronic and spin-orbit interaction matrix

elements are factored into vibrational and electronic

1

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 Nyt B2r} spin-rotation constant, y, for a given

vibrational level is calculable from second-order spin-

orbit interactions with all A2I,, 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

matrix elements has been used to determine absolute

vibrational numberings for perturbing statesi8/43

(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 different 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 integrals.22r%4:43 These princivles

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, 2346-48 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 im, and 20, 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. Abinitio 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.&gt;?
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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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Chapter 3: Optical-Optical Double Resonance

Spectroscopy of BaO
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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 a3st, p31, and A'll but also three high

lying states-Dl3z™, clz¥, and Els -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 alr? « x1: is pumped and * &lt; als?

where * denotes ply, clz™, or gly? is subsequently

probed using two tunable dye lasers. OODR transitions

are detected by * - xlz* UV fluorescence or by decreases

in altT » xl:T pump laser induced fluorescence (Fig. 3.1).

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

and frequency stabilized, narrow bandwidth

(Avy © 3% 107° em!) - are used. Broad bandwidth

lasers are employed for survey spectra and low resolution

characterization of plst (v = 4-6), cls? (v = 0 and 4),

and ElvT (v = 2).

’

OODR with two narrow spectral width lasers yields

(1) sub-Doppler excitation spectra (* + xlzt Uv fluorescence



Figure 3.1: OODR excitation spectrum illustrating

-- 7 ™

the two means of detection: (1) decrease

in A »~ X fluorescence (upper trace) and (2)

increase in C = X UV fluorescence (lower

trace). Aalst « xlzt (1,0) P(1) is pumped

while cls? « alzx™ (3,1) R(0) is probed.

The upper trace is slightly broadened instru-

I LRLgtg bea Ee
mentally; the lower trace lineiwidthis’de-

termined solely from homogeneous broadening

mechanisms (Chapter 5).
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vs. probe laser frequency) and (2) enhances

aly? « xix? pumping efficiency. The former results in

clr? — alyt (1,0), (2,1), and (3,1) transition frequencies

measured to a precision of 3 x 1073 cmt and unambiguous

detection of extra lines at perturbations (Appendix 7).

Enhanced OODR pumping makes clzt 5 a3:™ ana b3I emission

detectable and improves the * = xls? 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

statel™&gt; (Appendix 5). A review of double resonance spec-

troscopy including OODR has recently been published by

Steinfeld and Houston. °

Previous spectroscopic studies of the low lying

(T, &lt; 20,000 cm l) states of Bao dealt with x!3%, aly’

b31, and A'ln. Until this work a33xT had not been detected

(Appendix 6). Mahanti’ was the first to correctly analyze

aly? - xlzt vibrational structure. Lagerqgvist, Lind, and

Barrow 8 (LLB) rotationally analyzed eleven bands (through
I—

F(vk,v') where v* and v' denote the ely’ ana atx”
vibrational quantum numbers, respectively. Vv" and v
are reserved for X!yT and the final level of OODR
induced * fluorescence, respectively.



Ti)-

v' = 5) of the alr’ - x13t system and detected numerous

perturbations but were not able to definitely determine

the perturbing state symmetries. Field’ re-examined

LLB'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 b31 and A'!lTl but also determined the zero

vibration energies of these states with respect to xlg*

Field's analysis was subsequently verified by the detectionof

arlo » xlzt chemi lunineseence’ +1, time-resolved laser

induced A'll + xz? SLO eR ERNCE yo and broad bandwidth OODR

induced clxT &gt; A'lnm and b3m; fluorescence (Appendix 5).

Microwavel3~13 and microwave-optical double resonance

'MODR) +720 experiments have provided precise xlzt and

als” rotational constants and dipole moments.

Higher lying states (Tq &gt; 20,000 om 1) of BaO were

first observed by: Parkinson?! who vibrationally analyzed

bands observed in shock tube absorption between 290 and

390 nm and assigned the lower state as xls? but he could

not determine. the upper state electronic symmetry.

parker’? 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 clzt in OODR experiments described in

Appendix 5. Field, Capelle, and Revelli®, using an ArT
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laser to pump Als « x57 and a broadband dye laser to

+ . . 3

probe * &lt;« Aly ,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 13+ electronic symmetry. &gt;

Recently, Torres-Filho and Pruett’ (TP) observed and vi-

brationally assigned over one hundred cls? — x1x% bands

by pulsed dye laser excitation from high xix t vibrational

levels (v" = 7 through 33); TP also noted irregular

cly® vibrational intervals signalling the presence of

perturbations. In fact, these perturbations are primarily

responsible for the finite electric dipole C +&gt; a and b

transition moments.

This work reports observation of two additional high

lying electronic states,D!st and E!r’,and partial depertur-

bation of cls¥ v = 0, 1, 2, and 3 (Section III.A.).

clr? emission into a3:’, als? p3m, and a'lm 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 ITITI.B.). The

results of this deperturbation, discussed in Section IV,

suggest - that another dow lying, hitherto unseen electronic

state. of BaO enlgtm in this energy region.

The known electronic structure of BaO and means
—

JY which low lying level populations can be monitored
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are reviewed and discussed in Section IV.

In Section II, experimental details of the OODR

axperiment are presented.
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IT. Experimental

The method for producing diatomic metal oxides

has been described in detail elsevhere.2%/23 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 CO»

(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 1074 torr Ba.

From an Ar flow rate of = 10 cm sect, 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 see] 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 CRI1O0 ar®

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
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Figure 3.2: Optical schematic diagram of OODR

apparatus. The focussing lens 2 was

sometimes removed (see Chapter 5). See

text for discussion of components and

filters used.
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100 mW single mode (AV pronm ~ 1 MHz) and frequency

stabilized at 2» * 600 nm. The pump laser 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 (l1/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

"alternatively, 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 aly” » wiz? 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-+&gt;X (1,2) emission, Corning 2-62 and Ditric 630 nm;

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

for A &gt; X (3,1), Corning 3-67 and Ditric 570 nm. * -

UV fluorescence was monitored through a Corning glass

-l

wily

7-37 color filter and a Ditric Optics 480 nm cut-off (short 2

passing)interference filter. Both A-X* And *»Xifluorescence were

focussed using 2 in. diameter; 2.5 iliz+«focdl Tength quartz

lenses onto Hamamatsu R372 and R212 PMTs, respectively.

PMTs were operated at -600 VDC and currents were measured us-

ing Keithley 417 fast picoammeters. 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 1.2u.

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 *sxly total UV fluor-

ascence signals were 1x10” amps. alr Fox1sF, xsxlyT, Io

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 sheclute Trequency calivration=? to .003 cml

and the 300 MHz Fabry-Perot transmissions were used

for relative frequency calibration to .003 em 1.

Exciton 590 dye was used in the CR599-21 probe laser

always andin the CR599-21 pump laser for Aalst « xiv”

(0,0) and (1,0) excitation. alz® « x1x¥ (2,0) and (3,1)

were pumped with a broad bandwidth dye laser with

Exciton 540 dye.

The broad bandwidth lasers (home-made) exhibited

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

birefringent filter inserted in the laser eavigy, 2738

Typical output powers were 0.5-1W. The optical arrangement

was identical to that described above except that spectrum
~ J

-

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

Fabry-Perot was relaced by a 3.057 cml FSR solid quartz

etalon,which provided a relative precision of 0.2 emt.

Absolute frequency calibration to 0.5 emt was obtained

by passing the probe laser through the monochromator

along with Ne emission from an Oriel pen lamp. 37
1

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

resolved AlrT +» x!xT fluorescence through the monochroma-

tor in both thepumped band and in at least one additional

band; separations between fluorescence lines correspond

to known?’ 15/16 ground state combination differences

and were thus used to determine gr.32.33 Knowledge of

the laser frequency was sufficient to determine the

aly? - xl3% pand excited.’’® For narrow bandwidth exci-

tation, only the most abundant isotope, 138,,16, was se-

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 als™ Ea xig™* band 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 * &lt;« aly" excitation

spectra.
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Figure 3.3: als™ « xly™t (1,0) excitation spectrum

(probe laser blocked) illustrating the

isotopic selectivity of single mode

pumping. Lines corresponding to the most

abundant isotope, 13855164 (71.7%), are

labeled only by the rotational transition.

Note the intensity of P(l) relative to

1355,165 (6.62) R(11).
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ITI. Results

A. * « Als" Excitation Spectra

l. Electronic and Vibrational Structure

* « Als" band heads observed here are given

in Table 3.1. * state vibrational assignments are

made by counting nodes in resolved * - xlzt uv

fluorescence spectra (Fig. 3.4): because the * state

equilibrium internuclear distances (Rg) are * 1.14 times

Re (x1z%) (see below), Franck-Condon intensity distri-

butions for emission from a single * vibrational level

are reflections of * vibrational wave functions. 473°

Fluorescence from the gly* and c levels in Table 3.1 is

too weak to provide reliable node counts.

clzsT(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 Dl:xt lies below cl:¥ but

since cly™t was discovered? and named previously

(Appendix 5) it seems undesirable to re-name these states

here.



Fable 3.1: * &lt; Alt’ Band Heads®

« : ' yALr o (cm™1)
(v*,v') Head (nm) Head Co

cyt (0,0) 623.58(2) 16032.0 (5)
607.7585 (11)
506.4684 (11)
609.2764 (11)
594.0521 (20)
593.4745 (10)

611.64 (4)

596.28 (4)
598.35 (2)
618.83(4)
504.83 (4)
509.39 (2)
595.71 (2)

(2,1)

HEU
(3,2)

(4,2)

(5,3)

(3,2)

(4,2)

(5,3)

(6,3)
+oly (e, 2) 605.31(4) 16516. (1)

~~
ih (c+4,3) 500.25(2) 16655.2 (5)

Aly &lt; x17
Band Pumped

(v! v")

(0,1), (0,0)

{ (0,0)

(1,0)

{(1,0)

(2,0)

2,0)

(3,1)

(2,0)

(2,0)

(3,1)

(3,1)

(2,0)

(3,1)
n

»
Uncertainties of lo in the last digit are given in parentheses.
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Figure 3.4: clzt xl3¥ 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.
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Observation of only P(AJ = J* - J' = -1) and

R(AJ = + 1) branches in * &lt;« alyt excitation {4g the

basis for assigning the electronic symmetries as 1x, The

c &lt; als? (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 cls? 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) &gt; are

observed. In unperturbed spectral regions, the

rotational assignments are straightforward owing to

selection of at most two (when broad bandwidth pumping

is employed) als” rovibronic levels by the pump laser,

and the fact that R(J') always lies to higher frequency

from P(J'). Rotational relaxation in Alx? resulting in

many weaker transitions in the *&lt;alsT 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 xeply? transitions from the pumped Alr* rovibronic

level (hereafter referred to as principal lines)

(see Fig. 3.5). In practice, more than one alxt « xz”

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 velocity randomization

and line broadening observed as a function of the collision-

al change in J'). Fig. 3.6 illustrates the resolution

obtained in the clzT « alx™ (3,1) band head.

Because of low resolution and low precision,

perturbations are not readily detectable in broad band-

width excitation spectra. However, the opposite is true

for single mode OODR: perturbations are sensitively

detected by the appearance of extra and shifted:.

lines | (ABpendix’ 7) .It is usually possible to analyze

perturbed spectral regions from als” combination

differences’ but it is sometimes necessary to verify

assignments by selecting a different intermediate alp?t

rovibronic level: for example, for the clst vx = 3,

J* = 50 perturbed level both Alr® v' = 1, J' = 49 and

51 are pumped,in turn, and the R(49) and P(51) principal

transitions probed to reveal and verify the existence of
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Figure 3.5: Low resolution Dlx’ « als? (4,2) excitation

spectrum (broad bandwidth excitation).

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

the strong R(22) and P (22) principal lines

above the many weaker collisional satellite

transitions; P(J') (lower numbers) and

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

at low J!

Figure 3.6: High resolution excitation spectrum of

cist « alt" (3,1) band head [R(6)].

als™t (v'!' = 1, J' = 15) is pumped; the prin-

ciple R(1l5) and P(1l5) lines are at lower

frequency and would be off scale. Note

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

ctxt — alzt, plz - alzt, and £ls* - Aalst transi-

tion frequencies are given in Tables 3.2, 3.3, and 3.4, re-

spectively. Only the cist - alz% (1,0), (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 als? constants as well as * state constants,

transition frequencies are converted to * term values by

adding calculated Als? term values (precise to 0.01 cm” 1)

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, plyt, and Elst are given in Tables 3.5, 3.6, and

3. 7

3. cly™ Deperturbation

A total of eleven peturbations in

clyt «alst excitation spectra have been detected and

are summarized in Table 3.8 and Fig. 3.7.7 Extra lines

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



+lable 3.2: cls - alt Transition Wave Numbers

© P (J)
(0,0)

+L]

sn

3

37

38

16 129.6

16 016.8

16 013.3

16 012.0

16 024.0°€

16 023.5

15 995.6

15 978.2

15 976.9

15 990.1S

15 987.7

39

10

11

42

l6 006.1

16 016.6

16 018.2

16 004.0

15 968.5

15 965.5

15 979.9

15 977.0

13

14 16 013.0 15 999.9 15 971.5 15 959.0

A5

A 6 16 J09.1 15 995.4 15 366.3 15 952.7

17

13

AQ 15 957.5
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Table 3.2: cls? - ats? Transition Wave Numbers (continued)

hi

~ R(J)
16 483.041°

16 483.416

16 483.745

16 483.996

I)

1

16 447.694

16 448.114

16 448.476

6 16 448.772

7 16 449.017 16 484.344%

8 16 449.194 16 484.268%

9 16 449.309% 16 484.129*%

10 16 449.359* 16 483.926

11 16 449.349* 16 483.660

12 16 449.274* 16 483.330

13 16 449.139 16 482.946

14 16 448.949 16 482.495

15 16 448.671 16 481.984

16 16 448.351 16 481.412

16 480.777

18 16 447.514 16 480.097

19 16 446.995 16 479.353

20

21

 7D

23

- 1

(1,0)¢  Pp (J)
mpi_

16 437.519

16 428.900* 16 436.460

16 427.231 16 435.361

16 425.480 16 434.192

16 423.700 16 432.976

16 421.781

16 430.324

16 428.906

le 427.431

16 425.882

16 424.275

16 422.599

16 420.855

16 482.083

16 481.490

16 480.841

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

) 5
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Table 3.2: cls? —- Aly Transition Wave Numbers (continued)

-—

’ R{ J) &gt; (J)

 1,)) continued

245

27

28

29

30 16 467.732

31 16 466.383

32 16 464.980%

33 16 463.545

34 16 462.052

35

36 16 458.921

37 16 457.232

38 16 455.544

39 16 453.682

16 472.660

16 471.498

16 470.289

16 469.034

16 437.634

16 435.309

16 432.931

16 430.508%*

16 428.054

16 425.543

16 422.973

16 420.361

40 16 451.492
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Table 3.2: clst - ats? Transition Wave Numbers (continued)

0 16 406.662

1 16 407.066

2 16 407.418

16 407.715

16 407.957

5 16 408.144*

6 16 408.276%*

7 16 408. 356%

3 16 408.380

)

10

11 16 408.124*%*

12 16 407.930

13 16 407.678

14 16 407.370

15 16 407.004

16 16 406.578

17 16 406.094

18 16 405.552

19 16 404.939

20 16 404.251

21 16 403.451

22 16 402.518

23 16 401.301

Q { T)

16 404.835

16 403.252

J

2,« r

LAEo T)

16 405.695

16 405.135

16 404.510

16 403.839

16 403.106

16 402.321

16 401.488

16 400.593

16 399.645%

16 398.648

16 397.591

16 396.481

16 395.313

16 394.095

16 392.817

16 391.487

16 390.096

16 388.643

16 387.137

16 385.560

16 380.395
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Table 3.2: cl: - atlyt Transition Wave Numbers (continued)

T n 1

: T) p J)

(2,1) continued

24 16 401.917

25 16 400.753

26 16 399.624*%

27 16 398.401

28 16 397.398

29 16 396.110

30 16 394.766

31 16 393.337

32 16 391.795

33

34

16 399.678

16 397.714

16 399.128

16 378.432

16 376.196

16 375.786

16 373.604

16 371.453

16 369.207

16 367.183

16 364.876

16 362.518

16 360.071

16 357.510

16 380.747

16 378.145

16 369.929°

40 1lo 377.062" 16 377.508"

49 16 372 al J) Q
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Table 3.2: clr? - ats? Transition Wave Numbers (continued)

J R(J) P(J)
hy

ra
At

iL)

JO 16 844.029*

lL 16 844.403

2 16 844.711

3 16 844.952

4 16 845.124*%*

5 16 845.230* 16 828.894%*

6 16 845.268%* 16 828.822

16 845.244* 16 828.662

8 16 845.158* 16 828.415

16 828.080

16 827.653

16 828.602%

9 16 845.010

10 16 844.800

11 16 844.532

12 16 844.206

13 16 843.826

14 16 843.388

15 16 842.897

16 16 842.352

17 16 841.744

18 16 841.139

19 16 840.426

20 16 839.684

16 827.133

16 826.521

16 825.816

16 825.015

16 824.122

16 823.123

16 822.027

16 820.832

16 819.526

16 818.134%*

16 816.632%21

22 16 838.053 16 815.029

23 16 837.166 16 813.334%

16 841.828

16 841.113

16 840.327

16 838.476

16 838.544

16 837.568

16 836.520

16 835.406

16 834.234%

16 832.998

16 831.707

16 830.356

16 828.943

16 827.486

16 825.971

16 824.412

16 822.783

16 821.152%

16 819.409

16 817.644

16 815.825%*

16 825.777

16 824.178

16 823.248

16 822.233

16 919.939

16 818.666

16 817.307

16 815.849%

16 814.305

16 812.676%

16 810.941

16 809.114

16 807.194

16 805.349
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Table 3.2: ctxt - als?
78-~

Transition Wave Numbers (continued)

J R (7)
(3,1) continued

P(J)

24 16 836.232

25 16 835.251

26 16 834.244%*

27 16 833.146

28 16 832.024

29 16 830.850

30 16 829.626

31 16 828.350

32 16 827.010

33 16 825.803

16 811.529

16 809.627

16 813.967

16 812.057

16 807.622

16 805.478

16 810.106

16 808.114

16 806.055

16 803.956

16 801.807

16 799.616

16 797.366

16 795.083

34 16 824.282

35 16 822.722

36 16 821.134*%*

37 16 819.781

38 16 818.146*%*

39 16 816.456

40 16 814.710

41 16 812.915*%*

16 792.728

16 790.497 16 790.104

16 787.955

42 16 811.047

43

44 16 807.122

45 16 805.294

46 16 802.649

47 16 800.303

16 804.425

16 760.553

16 757.4623
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+ .Table 3.2: cls - aly? Transition Wave Numbers (continued)

J

48 16 797.723

49 16 794.898

50 16 791.729

51

52

u

R(T)

16 804.947

16 801.314

16 788.175

P (J)
(3,1) continued

16 754.246

16 750.866

16 747.294

16 743.448

16 739.283

16 734.735

16 753.500

16 748.871
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Table 3.2: ctf - alyt Transition Wave Numbers (continued)

T R(T) 2 TJ)

f
At

21

22

23

24

16 324.8

16 323.0

16 321.3

16 319.4

25

26

27 16 313.8

28

29

30 16 335.6

31 16 334.4

32 16 333.1

33

34

35

16 307.6

16 305.2

16 303.3

16 301.0

16 298.8

16 296.5

36

37

38

30

40 16 321.4

11

42 16 317.8

43 16 316.0

16 291.7

16 289.3

16 286.8

16 284.2

16 281.9

16 279.0

16 276.1
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+ + .Table 3.2: cls - aly Transition Wave Numbers (continued)

(J) 2 (J)

(3,2) continued

44 16 313.9

45 16 312.0

46 16 310.0

47 16 307.7

18 16 305.3

10

50

51

52 16 302.0 16 291.4°

16 273.7

16 270.6

16 267.6

16 264.6

16 261.2

16 257.6

16 254.5

16 251.1

16 246.7 16 255.9
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+ ,Table 3.2: cls - als® Transition Wave Numbers (continued)

T R(J) PIT)

[

16

17

18

10

20

21

22

23

24

25

26

27 16 750.7

28 16 748.8

29 16 747.3

30

31

32

33

34

AS)

34

l6 748.8

16 747.3

16 745.6

16 744.0

16 742.2

16 740.2

16 738.3

16 736.3

16 734.1

16 731.6

16 729.5

16 727.0

16 724.2

16 721.7

16 718.6

16 715.6

16 712.4

16 709.0

16 705.3

16 701.7

16 697.6
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+Table 3.2: cly - als? Transition Wave Numbers (continued)

Footnotes:

Absolute accuracy of 0.5 cmt and relative precision of

0.2 cmt from broadband (Av=1 em 1) laser spectra.

b_ . 1+ .

J is ATI rotational quantum number.

“Underlined frequencies correspond to extra lines.

‘rpsolute accuracy of 0.005 ant and relative precision of

0.003 ay from single mode (Av = 3.3x10°° cmt) laser

spectra.

*Blended line, accuracy and precision of 0.01 cm
1

“Not included in deperturbation analysis.
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Table 3.3: plz’ - alg™ Transition Wave Numbers

3? R !WL.)
~J)

'3,2)2

17

18

19

20

21

22

23

24

25

26

27

28

9

30

11

*2

313

24

35

16

17

16 149.2

16 148.1

16 147.1

16 146.1

16 144.8

16 143.5

16 141.8

16 140.0

16 138.2

16 136.9

16 135.1

16 133.3

16 131.3

16 129.1

16 127.0

16 122.4

16 120.2

16 117.5

16 115.2

16 134.3

16 132.6

16 128.2

16 126.1

16 124.2

16 121.7

16 119.3

16 116.8

16 114.5

16 112.0

16 109.1

16 106.1

16 103.2

16 100.2

16 097.0

16 094.1

16 090.8

16 087.6

16 084.1

16 080.4
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Table 3.3: (continued)

R 5) P/y IR

Jr

(3,2) (cont.)

38

20

10

11

16 076.8

16 073.1

16 069.2

16 065.3

(4,2)°
5

16

17

18

19

20

21

22

23

24

25

26

27

28

29

*N

31

16 523.5

16 522.5

16 521.3

16 520.2

16 518.9

16 517.5

16 516.1

16 514.5

16 512.9

16 511.2

16 509.4

16 507.5

16 505.6

16 503.5

16 501.3

16 511.2

16 509.4

16 507.5

16 505.6

l6 503.5

16 501.3

16 499.2

16 497.2

16 494.5

16 492.1

16 489.6

16 486.9

16 484.3

16 481.4

16 478.4

l6 475.4

16 472.0
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Table 3.3: (continued)

R(J) P (J)

(4,2) (cont.)

nDoof Li

3: 16 4165.4

(5,3)°
a

4
1 l

19

20

21

22

23

24

25

26

27

28

29

30

31

39

33

34

“3

16 392.8

16 391.4

16 389.8

16 387.8

16 386.1

16 384.1

16 382.7

16 380.4

16 378.0

16 375.8

16 373.7

16 371.3

16 368.8

16 366.3

16 382.8

16 380.4

16 378.0

16 375.8

16 373.7

16 371.3

16 368.8

16 366.3

16 364.0

16 361.3

16 358.6

16 355.6

16 352.5

16 349.3

16 346.5

16 343.0

16 339.9

16 336.3

2A
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Table 3.3: (continued)

&gt;7

38

39

10

41

42

43

A4

15

16

17

19

19

50

51

52

RiJ)

(5,3) (cont.)

16 361.3

16 358.6

16 355.6

16 352.5

16 349.3

16 346.5

16 343.0

16 339.9

16 336.4

16 333.4

16 328.9

16 325.9

16 322.8

16 318.4

16 314.5

16 310.3

&gt; (J)

16 326.2

16 322.5

16 318.4

16 314.5

16 310.9

16 306.6

16 302.2

16 298.5

16 294.1

(6,3)°
Ha

[l

a

J

20

21

19

23

16 772.4

16 770.8

16 769.7

16 768.1

16 756.7

16 754.7

16 752.5

16 750.6

16 748.2
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Table 3.3: (continued)

Pp |

-N i) 4
vo J)

(6,3) a (cont.)

24

25

26

16 766.5

16 764.6

16 763.0

16 745.4

16 743.1

16 740.4

27

28

29

30

31

32

33

34

35

36

16 756.7

16 754.7

16 752.5

16 750.6

16 748.2

16 745.4

16 743.1

16 740.4

16 735.0

16 732.3

16 728.9

16 725.8

16 722.4

16 719.3

q5ce footnote a in Table 3.2

Poca footnote b in Table 3.2
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+Table 3.4: El!rxT - aly" Transition Wave Numbers

7 P Ty PP)

(e,2)°

L’

20

21

22

23

24

16 506.0

16 504.8

16 503.7

16 502.2

16 491.6

16 489.4

16 487.5

16 485.4

16 482.9

16 480.7

dace footnote a in Table 3.2.

Pace footnote b in Table 3.2.
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Table 3.5: cle? Term Values

T (cm™ 1)

v=0°
18

27

32 830.5

32 928.5

34 33 029.9

36 33 063.3

37 33 081.7

38 33 098.4

39 33 116.8

40 33 135.3

41 33 154.1

42 33 185.0

43 33 205.1

33 075. 2°
33 092.5

33 109.1

33 128.3

33 146.8

33 165.5

33 172.9

33 192.6

14

45 33 246.8 33 233.4

A6

47 33 289.8 33 276.0

48 33 312.3



Table 3.5: cls® Term Values (continued)

T (cm)

_v=1°
33 204.834

33 205.274

33 206.168

33 207.524

33 209.32533 173.023

33 175.505

33 178.445

33 181.835

3 33 185.690

9 33 189.991

10 33 194.756*%*

11 33 199.959*%*

12 33 205.616

13 33 211.724

14 33 218.289

15 33 225.317

16 33 232.765

17 33 240.698

18 33 249.073

19 33 257.898

20 33 267.169

21 33 276.898

22 33 287.068

33 211.572

33 214.270

33 217.415

33 221.017

33 225.065

33 229.566

33 234.518

33 239.920

33 245.778

33 252.092

33 258.858

33 266.078

33 273.755

33 281.884

33 290.477

33 299.524

33 309.029

33 319.002

33 205.266

33 211.328

33 217.822

33 224.803

33 232.159

-91- -

23 33 297.685



Table 3.5: cls? Term Values (continued)

T (cm™ 1)

v=1l (continued)

J

~07——

24

25

26

27

28

29

30 33 415.363

31 33 429.501

32 33 444.102

33 33 459.166%

34 33 474.710

35 33 490.709

36 33 507.163

37 33 524.087

38 33 541.422

39 33 559.269

40 33 577.452

33 375.751

33 388.490

33 401.695

33 415.363

41 33 595.817
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Table 3.5: clyt Term Values (continued)

T (em)

v=2C

r

0 33 623.410

33 623.871

2

3

14

33 624.786

33 626.166

33 628.000

33 630.294

33 633.049

33 636.264%*

8 33 639.928%

9 33 644.058%*

10 33 648.650*

11 33 653.695*

12 33 659.189

13 33 665.150

14 33 671.564

15 33 678.437

16 33 685.762

17 33 693.541

18 33 701.771

19 33 710.448

20 33 719.579

21 33 729.142

22 33 739.106

23 33 749.443 33 751.760
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Table 3.5: ct * Term Values (continued)

T (cm 1)

v=2 (continued)

33 761.963

33 770.685

33 781.526

27

28 33 809.358

29 33 822.693

30 33 836.253

31 33 850.269

32 33 864.707

33 810.082

33 33 879.540
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Table 3.5: clst Term Values (continued)

! T (cm 1)

v=3°€
 wv

1 34 061.232

34 062.119)

3 34 063.453

34 065.233

34 067.458

34 070.128

34 073.220

34 076.810

34 080.830

34 085.298

34 090.217

A

)

5

/

3

9

10

11

12 34 095.591

34 101.420

14 34 107.707

15 34 114.449

16 34 121.650

17 34 129.308

18 34 137.419

19 34 146.041

20 34 155.064

21 34 164.573

22 34 174.538%

23 34 184.978

34 046.058

34 047.344%

34 049.076%*

34 051.224%

34 053.796

34 056.798%

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
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Table 3.5: clst Term Values (continued)

T (cm)

v=3 (continued)

34 172.047%

J

24 34 195.876

25 34 207.240

34 219.071

34 231.353

34 244.105

34 257.317

34 270.993

34 285.122

34 299.719

34 314.756

34 182.538

34 193.443

34 204.755

34 216.439

34 330.426

35 34 346.294

34 362.651

34 379.473%

38 34 397.038

39

40

41

42

13

34 414.828%*

34 433.069

34 451.761

34 470.910%

34 490.489

14

46

45 34 530.930

34 551.778

17 34 573.031



oe

Table 3.5: Cl&amp;z % Term Values (cont.)

48

49

50

51

a

ed

4

34 594.627

34 616.513

34 639.664

34 660.973

T (cm 71)

v=3 (cont.)

34 648.714

34 670.559

34 638.397
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1+
Table 3.5: CX Term Values (continued)

T (cm™1)
a

v=4

15 34 530.6

16 34 537.7

17 34 545.3

18 34 553.3

19 34 561.8

20 34 570.5

21 34 579.9

22 34 589.6

23 34 599.7

24 34 609.9

25 34 621.0

26 34 632.4

27 34 643.8

28 34 656.1

29 34 668.4

30 34 681.5

31 34 694.3

32 34 707.8

33 34 721.4

34 34 735.7

35 34 749.9

absolute accuracy of 0.5 cm™1l and relative precision of
0.2 cm~l. Energies are relative to x1y T(vr=0, J"=0).
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Table 3.5: (cont.) (footnotes)

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

“Absolute accuracy of 0.02 cm” 1 and relative precision
of 0.01 cml. Energies are relative to X!n TT (v"=0
J"'=0).

*

Blended or otherwise degraded line. Relative precision
0.02 cm—1
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Table 3.6: D!I' Term Values

: 6

17

18

19

20

21

22

23

24

25

26

27

28

20

30

31

32

23

34

&gt;5

3. )

37

T(cm 1)

y=
33 924.8

33 932.3

33 940.7

33 947.8

33 956.4

33 965.7

33 975.0

33 984.9

33 995.1

33 005.9

34 016.9

34 028.7

34 040.5

34 053.0

34 065.7

34 079.0

34 092.7

34 107.0

34 121.3

34 136.4

34 151.6

34 167.4
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Table 3.6: (continued)

+
-

“7&lt;4

-"9

a 3

+

L4

15

16

17

18

19

20

21

22

23

24

25

26

27

28

“0

30

T (cm 1)
a

v=3" (cont.)
34 183.5

34 200.0

34 217.0

T (cm 1)

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
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Table 3.6: (continued)

-

L7

18

L9

20

21

22

23

24

25

26

) 7

28

29

30

31

32

33

34

.

yy

J

3.

2)

Tem 1)

34 670.0

34 678.1

34 685.7

34 694.1

34 703.1

34 712.3

34 722.1

34 732.3

34 743.1

34 754.0

34 765.4

34 777.1

34 789.6

74 802.1

34 815.2

34 828.6

34 842.7

34 856.9

34 871.8

T (cm TL)
v = 42 (cont.)

34 451.1

34.464.2

J
v = 5°

36

37

38

30

40

11

12

13

44

15

16

47

18

49

50

&gt;1

52

5

T (cm™ 1H)

34 887.0

34 903.1

34 919.1

34 935.5

34 952.2

34 969.6

34 987.2

35 005.3

35 024.0

35 042.9

35 062.1

35 082.3

35 102.3

35 122.9

35 144.5

35 165.3

35 187.1

35 209.1
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Table 3.6: (continued)

J T (cm 1)

Vv ra

18 35 054.5

19 35 062.4

35 070.920

21 35 080.1

35 089.2

35 098.9

22

23

24 35 109.2

35 119.7

35 130.6

25

26

27 35 142.1

2 8 35 154.1

29 35 165.9

35 178.530

31

32

35 191.5

35 205.2

35 219.633

34 35 233.9

35 35 248.4

LO 35 263.8

-
4

: 7 35 279.4

sae footnote a in Table 3. "y
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Table 3.7: E!x¥ Term Values

T (cm 1)

a
v ©

 + 8

19

20

21

22

273

D4

25

34 301.0

34 309.0

34 317.8

34 326.9

34 336.2

34 346.3

34 357.0

34 367.8

Asce footnote a in Table 3.5.



Table 3.8: Summary of cl:r¥ perturbations

’erturbing State

~Ly”
 dl (v*) 3

Jy = 41.5

n = 0.139(2) Hrd
ap

Bly (v=b)

D
i Jo&lt; iy

n = ~-0.09(3)

Bly (v=b+1l)

J, = 24.0

= = 1.004 (5)

Jy = 31.0 Jy &gt; 41

r= 17.64(25) r= 1.09(11)

ao (v=¢c)

J 5 = 28.5 J, &gt; J

¢ = 0.270(16) Nig = 0.24 (4)

c(v=c+l) 2

) J, J = 33.6 » Jy = 37.4

£ = 7.689(12) &amp; = 0.19 (3) £&amp; = 0.35(4)

Je = 51.5

E = 4.824 (7)

wa
—" -— &amp;

qrach perturbation is characterized by the J value where it culminates (Tor Tayeee)y i
a heterogeneous (n) or homogeneous (£) parameter in cm~l (see Table 3.9) and a

c(v=c+2)



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).

br heterogeneous interaction matrix element between
was also fitted (see Table 3.10)

perturbing states 2 and 3

i
Ly

=
N

I
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Figure 3.7: ctyt vibration-rotation energy vs. J(J+1)

indicating presence of spectroscopic

perturbations. [J s denote culminations

of heterogeneous Bll » cly’ interactions;

® s denotes homogeneous c¢ ~ Clit inter-

actions; os and x s denote unassigned

homogeneous and heterogeneous interactions,

respectively.
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A

and corresponding term values may be found in Tables

3.2 and 3.5 respectively.

To deperturb 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 clx™y, 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 interactidns; he-

cerogeneous perturbations are a consequence of rotation-

electronic interactions.’ States which can perturb 15+

are ig li, 3, and 3x in the case 'a' limit;

only the 13% ~ ln 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 y+, and since spin-uncoupling

increases with J,30+!st interactions may exhibit a J de-

pendence. &gt;’ Only one interaction matrix element - either ho-

mogeneous or heterogeneous - is fit for each perturbation;

where the J-dependence of the interaction is not obvious,

the homogeneous model is selected.



+0

Diagonal matrix elments are represented by 15+

rotational energy expressions: E+BJ (J+1) -DJ2 (J+1) 2.

Deperturbed cls" ana 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 cly™ 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 clzt 5 x17 uv

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).

vd = 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 cli® (v* = 1).

In addition, several extra lines (Table 3.2) are ob-

served corresponding to a level (#2) below clz* (v*¥ = 1)

but with a smaller rotational constant so that no crossing



Table 3.9: e-Parity Hamiltonian Matrix for cls? Deperturbation

State

1

2

1

2
Eq + B,x-D;x

1 2
£12 + Nip X* E, + BR,X — Dix

£13
Le

E14 tT Nyy X° 0

£
15

J

E, + - 2
a Box D,x

))

+

SYMMETRIC

E, 9,
2

 XZ

F
=

i

- 2

+B-X Dpx

where x = J (J+1)

E vibronic energy

_ h :

B = §1ZcuRZ rotational constant

centrifugal distortion constant

-

=

1

homogeneous interaction parameter

heterogeneous interaction parameter

|
=
ft
pt

1
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Table 3.10: clyt Parameters

Vv = 0
_ 4

Eq = 3.27497440 + 0.00005 x 10

By = 0.2383,4, + 0.0003

Dy = 2.8 fixed X 10”

_ 4

E, = 3. 2770844 + 0.00010 x 10

B, = 0.226444 + 0.0006

D, = 2.8 fixed

N15 = 0. 139:40 + 0.002

9)
4

0 4
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Table 3.10: (cont.)

 Vv = dL

E, = 3.318085, + 0.00007 x 10°

B, = 0.2379,,, + 0.0005

D, = 1.30,,, + 0.18 x 107°

E, = 3.316689,5+0.000006x 10°

B, = 0.2223g,, + 0.0014

D, = 2.8 fixed x 10°’

ny, ==0.09,5, + 0.03

E, = 3.31918,5+ 0.00008 x 10°

By = 0.2167,,, + 0.0010

D, = 2.8 fixed x 10°

£14 = 1.76455, + 0.025 x 10°

E, = 3.323611 4+ 0.000016x 10°

B, = 0.21 fixed

D, = 2.8

£1, = 1.09,00 + 0.11

Nya = 0.23955 + 0.04

) J



 Ad

Table 3.10: (cont.)

-nN
TT te

E, = 3.3623484,,, + 0.0000003 x 10°

B, = 0.2314,,, + 0.0004

D, =-5.84, + 2.4 x 107

E, = 3.363831.., + 0.000006 x 10°

B, = 0.20469.,, + 0.00009

D, = 2.8 fixed

£5 = 1.00455, + 0.005

BE, = 3.3639631;,, + 0.0000011 x 10°

B, = 0.21 fixed

D, = 2.8 fixed

£15 = 0.270, + 0.016

E, = 3.36629,,, + 0.000020 x

B, = 0.21

D, = 2.8

N14 = 0.274534 + 0.04

——————

3 &amp; 0.5
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Table 3.10: (cont.)

v = 3

E, = 3.405545.,, + 0.000003 x 10°

By = 0.23027,,, + 0.00003

D; = 2.11,,; + 0.12 x 1077

E, = 3.405042,4,+ 0.000003 x 10°

B, = 0.20753,,, + 0.00003
D = 2.8 fixed x 1077

£., = 7.689,., + 0.012

E, = 3.40843,,, + 0.00003 x 10°

By = 0.206854, + 0.0003

D, = 2.8

£,53 = 0.19.4, + 0.03

E, = 3.40880,,, * 0.00011 x 10°

B, = 0.2080.

D, = 2.8

£14 = 0.355, + 0.04

E. = 3.412264 + 0.00004

B, = 0.20563,,, + 0.00015

Dy = 2.8 fixed x 1077

£15 = 4.82455, + 0.007

J L ry J
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Table 3.10: (cont.)

 Vv=

— 4

E; = 3.447602,,, + 0.000017 x 10

By = 0.2291,,. + 0.0005

D; = 9.2,.. + 0.4 197

52 0. 35

All units are cml. 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: 02 &gt; 1 means
these errors were underestimated and vice versa for
02 &lt; 1; 02 = 1 means the uncertainties guoted are com-
parable to the differences between observed and calculated
term values. This variance is approximately related to
the rms deviation by: Ooms Vv 0-20 cm~l for v*=1 and 4 and
Syms Vv 0.016 cm—1 for v*E3°3 and 4. All parameters not
listed were fixed at zero.

 a



rable 3.11: cls? correlation Matrices?

{ =

Ey 1.000

By -0.941 1.000
E, =0. 440 C.462 1.000

B, 0.432 -0.,483 -C.986 1.000

1. 000

l
ju
=
~J
1



Table 3.11: (cont.)

T= 1

31 0.553 1.200

J 0.589 0,998 1.000

E, -0.648 -0.921 -0.934

B, -0,650 -0.81% -0.836 0.873 1,000

Ey -G.614 -0.996 -0.999 0.9383 0.841 1,000

B, =0.552 -0.982 -0.975 0.843 0.720 0.973 1.000

Ey 0,061 -0.215 -0.197 =-0.022 -0.204 0.19% 0.293 1.000

13 0-641 £.992 0.997 -0.941 -0.847 -0.999 -0.968 ~0.183

119 0.563 0.980 0.971 -0.863 -0.758 -0.968 =0.992 -0.252 0.963 1.000

153 0.594 0,987 0.981 -0.886 =-0.785 -0.979 =-0.592 -0.234 0,576 0.998

S14 0.288 0.081 0.1705 -C.366 -0.546 -0.110 0.030 0.916 0.123 0.024

1.000

v=1 (CONT.)

1.000193

214 C.051 1.000
]

—~

lad

0
i



Table 3.11: (cont.)

Fo y

Ey 1,000

B, 0.127 1.000

D4 -0.261 -0.950 1.000

“19 0.195 0.049 0.058 1,900

E, =0.147 ~0.122 -0.001 -0.780 1.000

B, 0.142 0.087 0.038 0.790 -0.995

E, 0.0917 0v.984 -0.891 0.064 -0.146 0.116 1,000

Ey =0.143 -0.212 0.227 -0.190 C.146 -0.137 -0.164 1.000

114 0.155 0.999 -0.959 0.030 -0.102 0.068 0.983 -0.203 -0.833 1.000

J

2D



Table 3.11 (cont.)

T=3

E, 1.000

By -0.954 1.000

D; -0.858 0.954

£1, -0.963 0.889 0.766 1.000

E, -0.971 0.920 0.804 0.957 1.000

B, 0.880 -0.862 -0.765 -0.839 -0.936 1.000

E;. -0.179 0.152 0.314 0.067 0.092 -0.091 1.000

1,000

Be 0.156 —-0.122 -0.278 -0.047 =-0.070 0.070 -0.999 1.000

215 0.398 -0.484 -0.536 -0,326 -0.347 0.335 -06.080 0.052 1.000

Ej 0.015 0.087 0.174 -0.008 -0.013 0.007 0.068 -0.058 -0.110 1.000

Bs 0.010 -0.093 -0.179 0.004 0.008 -0.002 -0.068 0.057 0.111 -0.938

13 0.115 -0.017 0.078 =-0.100 -0.109 0.097 0.058 -0.051 -0,068 0.962

Ey -0.069 0.208 0.306 0.068 0.069 -0.075 0.067 -0.052 -0.162 0.18%

By, 3.074 -0.216 -0.312 -0.,072 -0,074 0,080 -0.062 0.047 0.162 -0.205

214 0.027 0.110 0.229 -0.020 -0.023 0.013 0.076 -0.062 -0.139 0.158 I

 ~~
MM)
~



Table 3.11 (cont.)

V=3 (CONT.)

4B, 1.060

£13 0.959 1.000

Ey -0,182 0.188 1.000

By, 0.198 -0.203 -0.998 1.000

214 -0.14% 0,170 ©,923 -0.,907 1.000

1
=
NO)

ry



Table 3.11 (cont.)

orge 4

fq 1.000

B84 -0.960 1.000

3,53 0.933D, J 3 J 1.300

parameters are defined by Table 3.9. Correlation matrices are symmetric |

and related to the covariance matrix by:cjj=oy/ (003) where Ci; is the i4jth
; CL "oy : 2

correlation coefficient, 0%; the i4th covariance matrix element, and oi the
ith variance

j
—~
No
NM
1
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occurs. In order to fit the data, interactions

between not only this state and v* = 1 (ny) but

also interaction between 2 and 3 (n,4) meedsto he

considered; both interactions are found to be heterogene-

ous. Comparing E, and B, values in the v* = 0 and

v¥ = 1 fits (Table 3.10),

E,(v* = 1) - E,(v* = 0) = 396.1 cmt

B, (v* = 1) - B, (v* = (0) =-0.004 cmt

(3.1)

where E, and B, are the perturbing state energy and

rotational constant, respectively. These differences

are typical of vibrational 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. Blo);

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 &gt; 40

and is assumed to be homogeneous.

vk = 2

Three perturbations are observed with crossings

at J, = 24.0, J4 = 28.5, and J, &gt; 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 &gt; 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 Cl:V rotational constant; the homogeneous

interaction model gives a value of B; (v*¥* = 2) less than

the value of B, (v¥ = 3). It is apparent from the

negative value of Dy (Table 3.10) that v* = 2

is incompletely deperturbed.

7* 3

Four interactions are observed with crossings

J &lt; 0, J = 33.6, Jy = 37.4, and Je = 51.5. An extra

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

Fig. 3.8); extra lines are also obderived. at thet $

other crossings. All four perturbations are fit to

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). &lt;v* = 3 perturbations
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—1

are illustrated in Fig. 3.8.

4 ro.EYa

Comparing the energies of perturbing levels

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

E,(v* = 3) - Ey(v* = 2) = 410.8 cm
(3.2)

E,(vk = 2) - By(v* = 1) = 403.6 -_

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 cmt and 34865 cmt. The latter

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

E(v=c+4) =~ 34855 en?, which is in turn near clz¥ (v*=5)

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 em1 in

Table 3.1 are tentatively assigned as c(v = c), c(v=c+l),

c(v=c+2), and c(v=c+4), respectively. The lower case C

label for this state is chosen because oscillator

+ +
strength to Aly’ and Xly' appears to be borrowed from

a—————

Tcalculated from the head position given in Table 3.1
and assuming the head-origin separation to be

negligible



Figure 3.8: Perturbations in clz” (v¥ = 3). Observed

-12y=

minus calculated term values are plotted

against J.

a) Calculated term values with E17 E137

E147 and E15 (see Table 3.9) set equal to

zero. O s denote main levels (&gt; 50%

clzt character),\0sdenote #2 perturbing

state levels, @ denotes #3 extra level

and x s denote #5 extra levels.

b) As in (a)except £19 included and equal

to 7.689 cm~l. Insert shows 1a 3 and

1 ~ 4 interactions when £15 (4.824 cm™1) is

also included. Note that the center of gravity

for the 1 ~ 3 interaction is preserved

despite appearances when £12 = £15 = 0. This

illustrates the complicated level shifts

associated with multiple perturbations.
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cls". This intensity borrowing, the homogeneous

nature of c ~ cls? interactions, and observation of

cls? 5 a3xt ang b31, emission (Section III.B) suggest

that this state has predominantly triplet character.

vk= 4

!

No perturbations are obvious within the pre-

clis.0n of the broad bandwidth excitation spectrum.

It is seen From Table 3.10 that the deperturbed

Cly™ energies and rotational intervals decrease

Tonly three states may homogeneously perturb Clzt in
first order: l:zt, 31,, and 35~. It is conceivable
that ¢ could have 15¥ character but somewhat surpris-
ing that it would have no oscillator strength to the
alxt or xlzt states; moreover, lz+ a lzt mixing cannot
explain Cl:* + a3:z* and b3n, emission. Similarly,
3v= a l3*+ mixing cannot account for this emission in-
tensity since 35” ~ 35t electric dipole transitions
are forbidden32. In addition 35— ~ l3t perturbations
should exhibit two crossings for each pair of inter-
acting vibrational levels (for a near Hund's case 'b'
33 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 3:3” but the 1 ~ 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). 3g lint

mixing accounts for all observations: 31, &gt; b I
and a3ryt emission is allowed and only one homogeneous in-
teraction is expected for a Hund's case 'a' 3I state.
It 1s plausible, therefore, that the c¢ 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 variations 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 cmt owing to

strong spin-orbit interactions associated with the heavy

Ba atom. Nonetheless, local deperturbation of individual

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 cls’ 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



1 Y
A r=

. 39

expansion 7):

k k
B(v, J) = IY, (v+#1/2)'T7 (3+)

2,k
( &gt; 3)

where E(v,J) is the vibration-rotation energy and the

Yok are spectroscopic constants (weg, Begs.-.). Ref. 23

data are assigned uncertainties of 1 cm 1, 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 ciz* &gt; x1z* 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 c determined from the



lable 3.12: Spectroscopic Constants for High Lying States of Bao

Veg X 1074

Te X 1074

Y00
v. (0 )x 1072

10" "e

Yo0{"0e¥e)
7,00 vy) x10
Yg1 (Be)
7, (~0g)x10°
Re (R)

Dlyg™ -Toly t
J gig

3.2701 (6) 3.27562 (30) &lt;£ 3.27708 (30)

3.28727 (30)

3.4226 (6) &lt;3.32361 (30)

3.2835 (6)

-0.425 0.943

4.036 (28)

-3.8 (3)

4.360 (8)
[4.39]b
-0.90 (16)

4.1 (10)

&gt; 3.96 (5) &gt; 4.08 (5)

=1.2 (5)

0.2197(20)

-1.5 (4)

0.2397 (6) &gt; 0.2284 (10)&gt; 0.2174 (10)&gt;0.210 (10)
[0.23931]€
-2.70 (18) =-4.1 (15)

[-0.17]C
2.314 (10) 2.2151 (28) &lt; 2.269 (5) £ 2.326 (5) &lt;2.37 (6)

WL —————————————

A11 units are cm”1 except where noted. Uncertainties of l¢ 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.

Ope. 22
Cref. 23

a
2

\N)
|
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assignments made above and the fitted parameters in

Table 3.10.

1 ply™ and Elv

Since no perturbations are obvious within

the limited precision and resolution afforded by

broad bandwidth OODR, D!:t and Elx% term values from

Tables 3.6 and 3.7, respectively, are least squares

fitted to 1y+ energy expressions. The results are

given in Tables 3.13 - 3.15. The Dl: 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, pls? (v+ = 6) 1s excluded

because the energy is # 20 cm”! too high

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.

1.

’ Fluorescence Spectra

Electronic and Vibrational Assignments

Emission from Cl!:’ to not only xz”

and Alxt but also a3:st, b3m,, b3I;, and A'll is observed

(Appendices 5 and 6).clzt + b3m and A'lm fluorescence

assignments are based upon the constants for the lower

states reported by Field” as well as the rotational



Table 3.13: D!:t parameters?

Vv =
5
J

&amp;
= 4

= 3.386637,.4 + 0.000012 x 10

B. m= 0.2149, + 0.0003

Dy = 6.2,15 + 2.3 X 10

32 0 4

v = 5

= 4

E, = 3.460543, 5 + 0.000010 x 10

B, = 0.21217... + 0.00017

Dy = 3.4,,5 + 0.6 &lt; 107

gl = 2.U

v = 4

— 4

E. = 3.423370, ,4 + 0.000013 x 10

B = 0.2147,.. + 0.0.05

D. = 1.8,,5 + 0. 4 xX 10
-0

gl = 0.214

v = 6

_ 4

E. = 3.498212.44 + 0.000010 x 10

B. = 0.21167,,, + 0.00013

D. = 2.8 fixed Z 10"
ml

g2 = 0.5

Ase footnote a, Table 3.10

|



Table 3.14: Dlr Correlation Matrices?

V 3

ES 1.000

8. =0.959

D, -0.904 0.984

v =5

E, 1.000

By -0.934 1.000

D. -=0.844 0.970

Acee footnote a, Table 3.11.

1.000

1.000

v = 4

Bo 1.000

3. -0.962 1.000

Dy, -0.907 0.983

7 = 6

Eo 1.000

B, -0.929 1.000

1.000

1
:

)

J1
1
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+Table 3.l5a: Elx Parameters?

He
= 4

= 3.422650,04 + 0.000027 x 10
——

B, = 0.2174,., + 0.0005

D. = 2.8 fixed X 1 J
wg

G2 = 0.  -~of

a
See footnote a, Table 3.10.

Table 3:15b: El%’ al 3 . a
Correlation Matrix

Bl 1.000

B =-0.979 1. L “0

Agee footnote a, Table 3.11.
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structure observed: P,R, doublets for bl, and P,Q,R

triplets for b%I; 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. 2740

a3st assignments are made from (1) the pattern of

emission Fp, Py, Pr, and Rp branches, where the super-

script denotes the change in N =J, J + i and (2) ob-

servation of a3xt ~ a'ln perturbations described below. 3’

In addition, emission ascribed to a3:’ 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 3p energy level structure is illustrated

in Figure 1 of Appendix 6.

Vibrational assignments for b3I and A'ln are

made from Field's analysis.’ a33xT vibrational

assignments are made from the vibrational variation of

hal nv A'lT matrix elements (see Chapter 2 and Appendix 6).

Observed clzt emission bands are given in Table

3.16 along with calculated band head positions. Band

heads are not observed since emission from a single

clip? rovibronic level is monitored; evidence for clz*

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 b3my
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energies’ ,17 577 — 10-12 and 17 322 emt 2 respec-

tively, are used. cls? 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)

cls? - als? pand 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 cnt. Emission from

clyt (v* = 4), plist, and Ely’ to states other than

+ 3

x1y" was not examined.

2. Rotational Analysis

32 of:-the bands listed in Table .3.16are

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. cly® &gt; a3x? emission) and

as few as two (e.g. cizt 5 als? or b31 ) lower levels.

Thus, to obtain complete rotational analyses it is

necessary to painstakingly re-tune both pump and probe

 r= ———

T
 Vv 0)
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Table 3.16: Observed cly™ Emission Bands?

-1

and ggaq (em)
r

cl- &gt; ay

(3,6)

(3,7)

(3,8)

(2,11)

(2,12)

14 813

14 362

13 916

12 166

11 735

clzt 5 als?

17 325(3,0)

(2,0)

(3,1)

(1,0)

(2,1)

(3,2)

(0,0)

(1,1)

(2,2)

16 905

16 829

16 449

16 408

16 336

16 032

15 953

15 916

15 846

15 536

15 460

15 426

15 359

(3,3)

(0,1)

1,2)

2,3)

(3,4)

(0,2) 15 043

Air
Meaq (nm)

074.9

696.1

718.4

821.7

851.9

577.0

591.4

594.1

607.8

609.3

612.0

623.6

626.7

628.1

630.9

643.5

646.6

648.1

650.9

664.6



Table 3.16: (cont.)

Rar

'v*,v)

(1,3)

(2,4)

(3,5)

(0,3)

(2,5)

(3,6)

(2,6)

(3,7)

(1,6)

(2,7)

(3,8)

(2,8)

(3,9)

(1,9)

(2,10)

(1,10)

o (cm1)
Head

0 J
—p- als?

14 971

14 939

14 875

14 553

14 455

14 394

13 974

13 915

13 519

13 495

13 439

13 019

12 966

12 092

12 074

11 621

(cont.)

Air
\jead (hm)

567.8

669.2

672.1

686.9

691.6

694.5

715.4

718.4

739.5

740.8

743.9

767.9

771.1

826.8

828.0

860.3

=4’

+
cly -&gt; b31,

(3,1)

(2,1)

(1,0)

(3,2)

(0,0)

16 264

15 844

15 833

15 826

15 416

614.7

631.0

631.4

631.7

648.5
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Table 3.16: (cont.)

Band
(v* ,v)

(1,1)

(0,1)

(2,3)

(3,4)

(1,2)

(3,3)

(0,2)

(3,6)

(3,7)

(2,6)

(3,8)

(2,7)

(3,9)

(1,7)

(2,9)

(1,8)

(3,11)

(1,9)

-1
Head (CM )

Air
Mead (nm)

cl-7z 3&gt;» b°II; (cont )

15 390

14 973

14 973

14 964

14 952

14 540

649.6

667.7

667.7

668.1

668.6

687.6

687.8

708.0

14 535

14 120

13 705

13 700

13 294

13 284

12 888

12 829

12 467

12 418

12 089

729.5

729.7

752.0

752.6

775.7

779.3

801.9

805.0

827.0

12 012 832.3
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Table 3.16: (cont.)

Band
(v¥*,v)

-1
Head (cm =)

Air
‘ead (nm)

clyt b31

(3,0)

(2,1)

(3,3)

(2,3)

(3,4)

(3,5)

(1,3)

(3,6)

(3,7)

(2,6)

(3,8)

(3,9)

(2,8)

(3,10)

(1,8)

(3,11)

(1,9)

16 551

15 689

15 238

14 818

14 810

14 385

14 364

13 965

13 550

13 545

13 139

12 733

12 719

12 331

12 264

12 934

11 857

004.0

637.2

656.1

674.7

675.1

695.0

696.0

715.9

737.8

738.1

760.9

785.1

786.0

810.7

815.2

837.7

843.1

clyt 4 aviy

(3,1)

(2,1)

(1,0)

16 018

15 598

15 588

624.1

640.9

641.3
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Table 3.16: (cont.)

Band
(v* vv)

3,2)

(0,0)

1,1)

0,1)

(2,3)

3,4)

(1,2)

(2,4)

(0,2)

(3,5)

(1,3)

(2,5)

(3,6)

(1,4)

(3,7)

(2,6)

(3,8)

(2,7)

(3,9)

(3,10)

(2,9)

(1,8)

(cm1)‘Head

+ -

cls” &gt; a 'T (cont ]

15 580

15 171

15 144

14 727

14 725

14 714

14 705

14 294

14 288

14 287

14 270

13 867

13 864

13 839

13 445

13 444

13 029

13 024

12 618

12 210

12 197

12 154

Air
‘Head (nm)

041.7

559.0

660.1

678.8

678.9

679.4

679.8

599.4

699.7

699.7

700.6

720.9

721.1

722.4

743.6

743.6

767.3

767.6

792.3

818.8

819.6

822.6
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Table 3.16: (cont.) (Footnote)

Band head positions are calculated from cl:’ constants
in Table 3.10; al3x", Alyx", b3n, and A'll constants
are taken from Table 3.31 except for the energies of
A'ln and b3n:1 for which the perturbed values,
Voo = 17577 cm™1 10-12 and 17 3222 cm~l respectively,
were used. Clit 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.

oF
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Table 3.17:clz™ - a3: Transition Frequencies (cm~1)1

J! RR (T'-1) Roa)
(3,6)

14 815.90 14 818.1

13 14 818.0%

14 815.5

14 815.0%

14 812.3

14 806.3

40 14 804.4% 14 797.3

Poa) Pp (g7+1)

14 804.3 14 808.5

14 800.6%

14 792.8

14 779.0% 14 779.0%

14 745.8 14 763.5

14 804.0%

(3,7)

J 14 368.2

14 368.3%

14 367.1

14 364.9

14 363.0

14 366.4

14 366.5%13

20 14 364.6

27 14 361.7

30 14 358.5

40 14 338.5 14 350.7

14 356.8

14 353.5%

14 345.9

14 338.9%

14 334.0

14 305.2

14 358.9

14 355.4%

14 347.1

14 338.9%

14 335.1

(3,8)

20 13 920.6

13 907.9

13 918.7

13 914.7

16 12 166.8

22 12 165.4%

32 12 163.6%

43 12 153.2% 12 152.7%

12 165.8

12 165.4%

12 163.0%

13 892.4

(2,11)7
12 150.1

12 143.8

12 131.3

12 110.6

12 151.1

12 144.8

12 132.5

12 112.0
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Table 3.17: clzt - adz”t Transition Frequencies (cm) (cont.)

J' Rra-1) Bown) Poa) Pp(ar+1)
(2.12)7

11 734.4

11 734.3%

11 732.5%

43 11 723.5% 11 723.5%

11 718.5

11 712.5

11 701.0

11 681.2

11 719.5

11 713.6

11 702.1

11 682.3

Assignments chosen correspond to cy (alz” spin-spin constant,
See Table 3.25)greater than 0.See text for discussion of the
branch assignments.

7 is cly™ rotational guantum nmuA

x

Blended or otherwise degraded line.
discussion.

See text for
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rable 3.18: clzt - aly’ Transition Frequencies (cm 1)
Te

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

14 406.2 14 396.9

14 405.8 14 392.6

)

13

0 14 404.8

14 400.8

14 397.9

14 384.2

27 14 373.0

&gt;N 14 367.1

1( 14 386.8 14 345.7

(3,7)

J)

£3

20

27

 9

13 928.8

13 928.5

13 926.2

13 918.9

13 919.4

13 914.8

13 905.5

13 896.6

13 888.6

(3,8)

|
a

30

13 451.9 13 431.6

13 445.8 13 415.1

(3.9)

L3

uF

of

12 978.6 12 965.0

12 973.4 12 946.4

Fo is clyT rotational guancum humber.
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Table 3.109: clzt - b3n Transition Frequencies (em™ 1

J
2=0 s C0. Ty

RGg'=1) PUI 41) R(J'-1) Q(J") P(J'+1)

(0,0)

1 9

27

34

48

L3

27

34

 a

L8

id

5 1)

1) ¥y 2)

\ ~
-

~ 2)

15 430.1 15 422.3 15 413.2

15 437.7 15 425.6 15 412.8

15 444.8 15 429.5 15 413.8

15 471.3 15 449.9 15 427.7

14 987.7 14 979.6 14 970.9

14 997.0 14 984.5 14 972.4%

15 004.5 14 990.1 14 973.6

15 030.3 15 010.0 14 988.2%

14 5571.3 1 4 54 3.5 14 534.9

15 852.6 15 849.1 15 844.5

(3,4)

14 841.9 14.833.8

14 844.5 14.832.4

20 14 848.7 14 830.8

13

30
~ 94

40 14 870.3 14 834.2

14 987.6 14 983.5 14 979.2

14 990.2 14 984.7 14 978.3

14 995.0 14 986.4 14 976.9

15 002.2 14 989.2

15 013.0% 14 995.3 14 977.7%

t7v is clr’ rotational quantum number.
x
Blended or otherwise degraded line. See text for
discussion of precision.
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Table 3.19: Cli -b3T Transition Frequencies (cm 1) (cont.)

I

Q=0 Q=1
Q(T!)'-1) Q« —r——RyJ P(JLx1)

3,5)

14 417.9 14 409.4

13 14 419.7 14 407.8%

20 14 424.4 14 406.4

27 14 430.7 .14 406.6

30 14 432.6 14 406.4

10

J 13 993.8 13 985.7

13 996.2 13 984.013

20 14 002.5% 13 984.4

)7

2 J

(3,6)

14 560.7 14 556.8 14 552.4

14 563.2 14 557.3 14 551.4

14 568.1 14 559.3 14 550.1

14 574.7 14 563.0 14 550.7

14 576.5 14 563.3

14 588.0 14 570.4

14 137.3 14 133.4

14 549.7

14 552.3

14 129.1

14 139.7 14 134.2

14 144.9 14 136.1 14 127.0

14 151.8 14 140.0 14 127.8

14 154.5 14 141.2 14 127.8

(3,7)

13 573.8 13 565.5

20 13 582.6 13 564.7

40 13 606.4 13 571.6

13 717.7 13 713.6 13 709.5

13 725.4 13 716.8 13 707.7

13 748.6 13 731.6 13 713.8
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Table 3.19: clit - b31 Transition Frequencies (cm 1) (cont.)

_ 5=0

J' R(J'-1) P(J"+1)
(3,8)

9 13 157.2 13 149.0

13 13 158.7 13 147.0

20 13 166.9 13 149.4

27 13 172.2 13 148.6

20

r
y )

rs Looe

R(I'-1) 9) P(J'+1)
13 301.1 13 297.2 13 292.9

13 290.2

13 292.713 310.2 13 301.6

13 314.2 13 302.8 13 291.0

13 320.6 13 307.8 13 294.6

13 334.3% 13 317.1 13 299.5%

(3,9)

9 12 744.7 12 736.5

13 12 746.9 12 735.6

20 12 754.8 12 737.6

27 12 761.3 12 737.8

30 12 766.4% 12 740.6%

40 12 781.6 12 747.7%

12 888.2 12 884.4 12 880.1

12 890.0 12 884.3* 12 878.4

12 898.1 12 889.5 12 880.6

12 903.7 12 892.3

12 909.4 12 896.5

12 923.9 12 906.8 12 889.3

12 883.0

(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% 12 339.8%

(3,11)

ty{

10

12 090.8 12 079.4 12 067.8

12 095.4 12 082.8 12 069.8

12 112.2% 12 095.7% 12 078.1%
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Table 3.20: cly™ arly Transition Frequencies (em™1)

-

-

 -' 3

27

34

1 3

R(J*=1)

15 191.0

15 199.2

15 206.8

15 233.9

0(J")

(0,0)

15 182.7

15 186.6

15 189.8

15 209.4

PJ +1)

15 174.4

15 174.6

15 175.2

15 189.4

(0,1)

.8

27

34

13

8

27

34

T -

)

|

A

14 751.6

14 760.6

14 769.5

14 798.7

14 314.4

14 324.6%

14 331.7

14 363.8

15 616.9

15 618.2

15 640.8

14 743.2

14 748.4

14 753.7

14 776.2

(0,2)

14 306.4

14 312.4%

14 316.5

14 342.4

(3,2)

15 612.8

15 612.6

15 623.1

14 735.0

14 735.9

14 738.1%

14 755.3

14 298.1

14 300.0%

14 301.5

14 320.3

15 608.2

15 606.4

15 604.9

51 is clxt rotational quantum number.
*
Blended or otherwise degraded line. See text for
discussion of precision.



—

-r de

Table 3.20: clyx¥=a"ly © Transition Frequencies (eml) (cont.)

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

(3,4)

2 14 748.1

14 750.6

14 739.7

14 738.6

14 736.5

13 14 744.6

20 14 754.6 14 745.4

14 747.6

14 768.2

(3,5)

14 316.4

30 14 762.2

14 770.7

14 735.2

q«|

J 14 320.5

14 322.8

14 327.6

14 312.2

14 310.8

14 309.3

14 308.6

14 306.8

13 14 316.8

14 317.8

14 319.0

14 317.0

14 334.7

20

27 14 333.1

14 334.020

of:
- n

14 361.3 14 324.2

(3,6)

13 893.3

13 893.2

13 902.4

13 902.9

13 903.8

2 13 897.4

13 899.6

13 903.4

13 907.8

13 923.0

13 889.1

13 887.5

13 885.2

13 881.8

13 895.0

13

20

27

10

“0 13 931.9 13 914.7 13 896.5
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+ Lo : ~! 3Table 3.20: Cly' -A'lg Transition Frequencies (cm 1 (cont?)

J

 )

79

20

')of

3

13

20

27

0

4(
3

-

13

20

27

hy

» +
pa

. ]

¥

R(J'-1)

13 478.7

13 488.6

13 497.9

13 511.7

13 062.2%

13 063.8

13 071.7

13 077.2

13 082.8

13 096.9%

12 649.2

12 650.8

12 659.0

12 665.2

12 670.3

12 685.7

12 239.5

QJ")

(3,7)

13 474.6

13 479.6

13 485.2

13 494.2

(3,8)

13 058.4

13 058.3

13 063.4

13 065.6

13 069.9

13 079.6

(3,9)

12 645.2%

12 645.7%

12 653.7

12 657.6

12 668.5

(3,10)

12 235.6

P(J+1)

13 470.6

13 470.2

13 472.3

13 476.9

13 053.8%

13 052.2

13 054.7

13 053.7

13 056.5

13 062.1

12 641.0

12 639.9

12 641.8

12 644.3

12 651.1

12 2371.4
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lasers and then re-scan the monochromator from * 600 nm

to * 850 nm. Instead, a grid of cls? levels spanning

J* = 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 J* determined by clit « als¥ ex-

citation spectra (Section III.A) and AJ selection rules. &gt;?

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

predicted perturbation patterns” and random differences

comparable.toexperimentalerror between calculated and

observed term values, the rotational assignments made

in these regions are verified.

In the case of c!:t » a3:t emission where the

lower levels are not perturbed (vz = 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, respectively .

This corresponds to an ambiguity in the sign of the ads?

fre is possible to determine this by examining emission
from both J* and J* + 2 where the term values for all
three of the 3:1 sub-levels for N = J* + 1 can be un-

ambiguously measured and assigned: P-form emission
from J* populates the J=J* (f parity) and J=J*+1 (e parity)
sub-levels of the N=J*+1 33+ 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*+1l level.
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spin-spin constant, Cz. In Table 3.17, C5; &gt; 0 has

been assumed. For perturbed 3:t+ levels, the sign of Ca

is unambiguously determined, for A'lm ~ a3: 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 Cz (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 xls* (v" = 0, J" = 0), by subtracting

the frequencies in Tables 3.17-3.20 from cls? term

values in Table 3.5. This does not degrade the data

precision since E(v*,J*) is precise to 0.01 cm 1

whereas the fluorescence transition frequencies are

measured to an accuracy of only 0.5 cm” 1 and a precision

of ~ 0.2 em 1. Term values are given in Table 3.21

through 3.24. In fitting these term values,

differences between transitions Co

belonging to different branches but the same band were

fit, weighted according to their uncertainty of 0.2 —

 hy LE

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

uncertainties of 0.5 cm~l. The discrepancy between

"The weights are 1/8% where 6; is the experimental
error associated with the ith datum.



Table 3.21: ads’ Term!Values i

- Fy (cm 1) Fp (cm™1h) Fs (cm©)

-1.56 —

v_=_6

2

9

10

12

13

14

19

20

21

29

30

31

39

40

41

 “3A

0

10

12

13

14

19

20

21

26

19

13

19

19

19

19

19

13

265.3

286.4

2? 12.7

464.7

635.8

714.5

734.9%

700.5

v = 7

19 262.7

19 272.3

19 283.4

19 297.4

19 339.6

19 359.9

19 461.0

19 492.0

19 628.6%

19 669.5

19 712.6

19 721.9

19 733.1%

19 746.0%

19 788.0

19 808.0

19 866.4

13

19

19

13

10

19

19

19

276.5

300.€

362.3

4 92.0

687.2

724.0

747.9%

809.2

i.

J

Cr
1 y

hatCYA ESTr SOA et
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Table 3.21: ads’ Term Values (cont.)

J

27

28

29

30

31

39

10

F1 (cm©) Fo (cm1)
19 869.6 Y=! (cont.)

19 892.5%

19 908.0

19 9.2.5

19 936.9

20 094.6

20 082.4

Fi (cm™ 1)

19 892.5%

19 925.0

0) 27.8

11

v = 8

19

20

29

30

20 236.3

20 356.13

20 234.5

20 363.1

20 262.6

v= 11

15

16

17

21

22

23

31

32

33

42

43

14

21

21

21

214

520.0

5 7 Q 7 *

701.8%

308.9%

21 519.0

21 534.7

21 573.7%

21 594.3

21 701.1%

21 732.2

21 898.4%

21 J 39.6

21 535.7

2 a 35.3

21 I 23 4

27 940.9
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rable 3.21: a:’ Term Values (cont.)

T Fi (cm 1) Fo (em 1) Fg tomb)

L5

16

17

21

22

23

31

312

v= 12
21 950.4

21 951.4

21 966.2

22 004.8%

21 967.2

22 004.8%*

22 025.5

22 131.6%

22 026.6

22 22

33

12

13

14

132.2%

22 162.6

22 328.0%

163.7

22 J
*®

ri3.0% 22 369.2

22 370.4

°F, Foy and Fa refer to levels with
N-1, respectively. &gt;2

a = N + 1, N, and

x

Blended or otherwise degraded line. See text

discussion of precision.

for
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1+ ik +Table 3.22: A'Y Term Values

J T (cm ©)

 Vv = 6_

19 674.6

19 683.9

19 695.6

19 708.6

19 750.3

19 770.9

19 830.6

19 858.3

19 873.1

19 903.9

20 046.2

ja

10

12

14

19

21

26

293

20

31

“9

11 20 087.4

8_
20 703.2

20 723.5

iy =

13

21

29 20 825.2

31 20 855.9

J T (em 1)

v=1 .

20 152.0

20 161.4

20 172.9

20 186.6

3

10

12

14

19 20 228.9

21 20 249.5

26

20 334.7

20 352.1

31 20 382.4

39 20 524.2

41 20 564.7

v = 9

12 21 122.8

14 21 136.4

26 21 258.0

28 21 285.0

t » = a" .

See text for discussion of precision.
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Table 3.23: b3I Term Values

-r

L7
L8
LO
26
~7
2

R=0
-1

T. (cm )

Vv 0

Q=1
-1, -1

T (cm 7) Telcm 7)

17 400.9

17 417.8
17 489.2

17 408.6

17 514.2
17 583.2

17 501.4

17 598.5&gt;

35
$7
18
10

17 614.2
17 838.0

17 881.6
17 859.4

v= 1

17
L8
L9
26
27
28

3
4
35
47
48
19

17 843.3

17 860.1
17 929.9

17 954.6%
18 023.5

18 054.4
18 279.0

18 321.1%

17 851.3

17 042.4

18 037.9

18 200 _13

7 = 2

18 228.23

3

LO
17
LE
19

18 236.3
18 279.7

18 296.1

ra te Cl
Blended OY otherwise degraded line. See text
discussion of precision.

 ARB

18 231.8

18 287.5

for
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Table 3.23: b3I Term Values (cont.)

3
LO

 ~~

2 = 0

-1
To(cm—)

v = 4

19 238.9

19 247.0
19 256.9

0 =1
-1 -—T (cm 7) Te(cm h

19 093.3

19 101.6
19 111.2

19 097.3

19 116.7

zy

"0
1
 nN

,)
31
39
40
11

2

2

LO
12

19 269.0
19 306.3

19 324.2

19 562.8

19 598.9

19 663.0

19 671.4
19 681.7

Vv = 5

19 123.0
19 160.0

19 178.2
19 268.8

19 295.8
19 420.0%

19 455.4%

19 520.1

19 528.4
19 538.2

19 168.7

19 281.8

19 437.8

19 524.0

19 544.1

1

0

th
17
30
*9
30
31
39
10
11

19 693.8
19 730.6

19 748.7
19 800.6

19 824.8
19 838.4

19 864.6

19 550.0
19 587.0

19 605.0
19 656.7

19 680.7
19 694.5

19 721.3
19 845.0

19 880.8

19 585.7

19 668.4

19 707.7

19 862.6
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Table 3.23: . b31I Term Values ’(cont.)

Q = 0

-1
T.(cm —)

20 087.0

-1
T.(cm )
19 943.6

0=1

)

LN 20 095.1
20 105.3

19 951.8
19 961.7

20 117.4 19 973.3
20 010.2

4

0
21
24,
27
28
29
30
31

~y

20 028.1
20 079.6

20 103.6
20 116.5

20 143.2

-1
Telcom 7)

19 947.4

19 967.2

20 019.0

20 091.3

20 129.8

v = 7

2
\

1J
19
21)
21
39
40
11

20 507.0

20 515.3
20 572.5

20 590.3
20 826.6

20 861.4

20 363.2

20 371.3
20 429.7

20 447.4
20 684.4

20 719.3

20 367.2

20 438.2

20 701.5
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Table 3.23: b3I Term Values (cont.)

Q = 0

To (cm 1)
C2 =0

r,(cm 1) T,(cm1)
20 779.8

20 787.9
20 799.7

Vv

8 20 923.6
A
-

' 9)
~

20 931.8
20 942.7

3-

20 805.4

rv

27
29
20
0
31
39
10
11

3

)

20 954.4
20 988.1

21 005.6
21 059.2

21 082.8

21 336.1

21 344.3
21 354.5

J = 9

20 811.2
20 844.9

20 862.4
20 917.2

20 940.3
20 950.4

20 976.4
21 098.7%

21 133.6%

21 192.6

21 200.7
21 211.4

20 853.4

20 928.7

20 963.2

21 115.9

21 196.4

21 217.1%

k
I

nN
1
A

£7
8
‘9
$0
31
39
10
41

21 365.8
21 400.2

21 417.4
21 470.1

21 493.5
21 504.6%

21 530.4%
21 651.4

21 685.4%

21 223.0
21 256.9

21 274.5
21 327.6

21 350.9
21 361.6

21 388.0
21 509.2

21 543.8

21 265.6

21 399.0

21 374.5

21 526.3
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Table 3.23: b3I Term Values (cont.)

Q =0
-1

T (cm ~)

Q =1

T_(cm 1) 7 (cm)
v = 10

J

19
21
26
23
29
31
39
41

21 809.6
21 826.5
21 878.3
21 901.1
21 913.2
21 939.0
22 058.9%
22 093.2%

 Vv 11

26
27
28
’9
30
31
39
40
41

21 140.5

21 163.5
21 175.6

21 151.9

21 188.1
21 301.1
21 420.8%

21 455.0%
21 437.4%

A



-165

Table 3.24: ,A“3F Term Values

-1 -1
Telcm 7) Telcom 7)

v=20

17
18
1.9
6

7
2
—y

4
35
17
48
49

17 640.0

17 656.5
17 727.7

17 752.4
17 821.2

17 852.8
18 057.4

18 119.9

17 648.2

17 740.4

17 838.2

18 099.9

v=1

17
18
19
26
7
"8
ry

"4
2d
17
18
410

18 079.4

18 096.0
18 166.4

18 191.0
18 258.5

18 289.9%
18 510.6

18 554.0

18 087.7

18 178.5

18 274.3

18 533.1

rr ————
Blended or otherwise degraded line.
See text for discussion of precision.



Table 3.24: A'lnm Term Values (cont.)
-1 -1

T (cm 7) Te(em 7)
v = 2

18 464.0
18.468.0

3
P

10
12
L3
14
L7

8
‘9
7
'Q
9
"3
24
25
29
10
41
47
48
49

18 472.6
18 483.2

18 495.0
18 516.6

18 488.8

18 532.9
18 602.3%

18 524.6

18 627.0%
18 696.3

18 614.6%

18 726.5
18 792.3

18 711.5

18 809.9
18 828.1
18 945.5

18 989.0
18 966.9

-17 5 =

v = 4

3
9

1.0
L2
3
v4
L9
20
21
29
30
31
39
10

19 332.7

19 341.1
19 350.9

19 362.8
19 400.5

19 418.6
19 508.8

19 535.8
19 662.4

19 356.8

19 409.6

19 523.4

19 664.8
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Table 3.24: A'lml Term Values (cont.)
-1 “1,

T (cm 7) Telcom 7)
v_=_5

19 760.4
19 764.4

0
.

1

)
R

AL
24

7

3
a!

)
31
39
40
11

Il
1’

19 768.6
19 778.6

19 790.7
19 827.5

19 845.8
19 898.3

19 922.7
19 936.9

19 964.2
20 071.8

20 108.8

19 784.6

19 837.3

19 912.4

19 954.0

20 098.4

v = 6

J
19
i

31

L 1
12
20
21
’h
27
28
29
20
31
39
40
11

20 183.4

20 191.7
20 201.8

20 213.9
20 251.6

20 269.9
20 323.6

20 349.5
20 348.0

20 376.0
20 501.2

20 536.60

20 187.6

20 208.2

20 252.6

20 328.5

20 367.2

20 518.4
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Table -3.24: A'll Term Values (cont.)

-1 -1
To(em ©) Te(cm 7)

v = 7

20 602.1
20 606.2

3
9

LO
9
20
21
29
30
31
39
40
41

20 610.3
20 666.4

20 684.9
20 773.1

20 675.5

20 798.7
20 921.3

20 785.8

20 956.2
20 938.8

v = 8

9
10
12
L3
14
19
20
21
26
27
28
29
30
31
39
40
41

21 018.6%

21 027.1*
21 037.7

21 049.3
21 083.3

21 100.4
21 154.2

21 177.7
21 188.2

21 214.5
21 336.2%

21 370.9

21 022.5

21 043.1

21 091.7

21 165.7

21 201.1

21 353.4
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Table 3.24 : A'll Term Values (cont.)
-1 -1

T (cm ) Telcm )
v = 9

8
J

10
12
L3
14
19
26
27
28
29
30
31
39
10
11

21 431.6

21 439.8
21 450.6

21 461.5
21 496.1
21 566.1

21 589.5
21 600.7

21 626.7
21 747.4

21 782.0

21 435.6%

21.455. 8%

21 577.7

21 613.4

21 764.6

v = 10

J
.

tJ

21 841.3
21 845.3

21 849.4
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precision and accuracy results from calibration of

spectra against Ne and Ar reference lines:31 absolute

wavelength measurements made on different days varied by

as much as 0.02 nm (= 0.5 cm 1) 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 dis accurate to no better

than 0.02 nm. On the other hand, separations between

OODR fluorescence lines separated by less than 3 nm are

precise to ® 0.01 nm (* 0.2 em 1) 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

1.0 amt absolute accuracy and 0.5 cmt relative precision.

3 Deperturbation

In order to more precisely deperturb

+
the low lying states of BaO, Aly 5 x13" transition

frequencies from Ref. g’ and MODR frequencies from Ref. 19

Tour lines from Ref. 8 could not be fit and were excluded:
R(77) in Alzt - Xlz* (1,1) was 0.7 cm™! too low, R.(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 cml too high.
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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 xly* rotational constants are known

effectively breaks correlations between als” and xlz7

term values. The term values so obtained are given

uncertainties of 0.05 cm” 1 and 0.25 emt for unblended

and blended lines, repspectively. MODR data from Ref. 109

are weighted according to the uncertainties quoted

there.

The Hamiltonian matrix used for deperturbation

is given in Table 3.25. In addition to one ads”, one

b31, and one A''Il vibrational level a second Aly7level

and a second b3I, level are included. These matrix

elements have been derived previously but with a different

phase convention®?; the phase convention of Condon and

shortley?3 [i.e.&lt;s z+l|s_|s1&gt; = +/S(S+D)-z(3+1)] is
employed here. The second b3n, (b2) diagonal matrix

element (Hyg) is taken from Ref. 32 and is accurate for

any degreeofspinwiduncoupling.The

interaction of this state with als™ is expressed as a

product of a J-dependent b31, n 372 mixing coefficient
+ A : : :

and the b31 nv Alyx" spin-orbit matrix element since no

first order interaction between b3I, and alg? enigta.3’
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Table 3.25: Hamiltonian Matrix Used for Deperturbation
of Low Lying States of Ba0O@

e _ _ 2

Hq = [E + Ba xX Da x7]
_ Cy _112

H,, = Eas +B, (x 1) Dp (x 1)
_ _ 2 A —

Hag = Ey + B, (x+1) Dy, (x + 4x + 1) Ay SN
_— -— 2 -—

Hyg = Ey + By (x+1) Dy, (x + 6x 3) + 2Cy
_ _ _ 2 _

Hep = Ey + By, (x 3) Dy, (x 4x+5) + Ay Cy
f _ _ 2 _

Hee = [E 3 B, (x+2) D_ (x +8x+4) + 2C, 2y,]
—— -—— 2 0 -— wa

Hon 2 E, + B_X D, [x + 2x (1+1)] C, Y 4
8 _ 2

Hgg = [Epp + BpoX = Dpox7l
_ 3 _ % 4

Hog = E, 5 + By 5 (x-24 27) Dp 5 [0.5 (1+4x) -1]

e _ ge __5% J 1
Hyp = Hyp ==2% Inppr + nppeXIx®

e _ ne _ ok

Hyg = H3y = 278;
e _ ..e _ L 2

Hoy = Hyp = Epvy

Hog = Hey = Eprg
_ _ _ok 1

Hyg = Hgy = 27%, 50%7
i = 5 —- 1Hay Hy (2x) 72 [By 2 (x+1) Dy] 7
_ — - 5

Hyg = Heq = 2D [x(x 2) 1

f _ ff _ _

Hyg = Hg = 2[81, = M34!
1

— — IT 2

Hyp = Hog = + Xn,
e _ &amp; _ 4

Hyg = Hgs 2 Enon
5

Hye = Hey = -[2(x-2)] [By 2(x 1)D,]

f _ Lf _ 3

Hy, = He, = (2x) Nha



Table 3.25 (cont.):

qo = _ oF

a7 = Hyg = 2Q)7[E , = ny]
1

Ta— — -— -— 2

Hes = Hoo (x=2) "np,
£ _ Ff _ 5

He, = Hoo = -2x° [Ba=2(x+1)D, ~ v_/2]

-

J =

where x = J(J+1)

L,2,...,9 denotes AZ (v,) , A" (vy) ib T5(vy)
3 3 35+

bmg (vy), b I,(vy), a Ly (va)
+ +3 ; 1a ry (vy), Aly (Va + 1), and

b3M, (vip+1), respectively
A2 denotes Alp ¥(v_+1)
b2 denotes b3I, (vy, + 1)
E vibronic energy

_ h

B = §rZouRZ rotational constant

D centrifugal distortion constant

Ay b31 spin-orbit constant

C spin-spin constant

Ya, ads’ spin-rotation constant

Z; = Y(Y-4) + 4/3 + 4x

Zy= (32)7[Y(¥-1)-4/9-2x]
Y = 2,,/By,

¥

Ni5 = &lt;i||BL,||Jj&gt; rotation-electronic interaction

251 = &lt;i| |HSO||j&gt; spin-orbit interaction

aAll elements are for both e and £ 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'lnl or b3nr 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 A'zT ~ b31 and alxt ~ a'lp perturbations observed

here as well as those observed and analyzed previously. S’?

adrt a A'!l perturbations are summarized in Table 3.28

and Fig. 3.10. The double perturbation between adr”

(v, = 8) and AlN (v,, = 6) and Alyx” (vy = 7) at J = 28.5

is depicted in Fig. 3.11. Perturbations in each level

and the corresponding deperturbation model are described

below. The final set of parameters and the corresponding

correlation matrices are given in Tables 3.29 and 3.30,

respectively. aly? term values calculated by diagonal-

izing the matrix in Table 3.25 with the parameters

in Table 3.29 were used in converting * =&lt; alg? 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’ om, the value

reported for Alz' in Ref. 8, except where noted. Fixed

energies and rotational constants were calculated from

Ref. 8 (Alx¥), Ref. 9 (a'lm, and bm), or Appendix 6
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(a3z™) . When indeterminate, b3I spin-orbit constants (Ap)

and b3I ~ A'll spin-orbit interaction matrix elements

(EA pe are fixed at -100 cm1which is approximately the

final mean value for both Ap and £,.y- p31 and ad:zt

spin-spin constants, Cp and C, respectively, and asst

spin-rotation constants, Yr 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, alr ubdn, and a3:zt &amp; p31 and Appendix 6 for

a3zt  A'l71) and vibrational factors. The latter are

calculated by generating Rydberg Klein Rees (RKR) poten-

tial curves +4 from spectroscopic constants in Ref. 8

(alr) , Ref. 9 (A'!ml and b3I), and Appendix 6 (a3x™)

and then numerically solving the Schrodinger equation

to obtain vibrational wavefunctions and matrix elements.
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Figure 3.9: als? vibration-rotation energy vs. J(J+1)

illustrating perturbations by b3l, (0),

b3T, (0), b31_(e), and AlzT (x). Data

for Va = 0 through 5 is primarily from

Ref. 8.

Figure 3.10: A'ln vibration-rotation energy vs.

J(J+1) illustrating perturbations by adz?

F3(d), Fy(@), Fi(m, and Az" (x). Note

double crossing, A'll » ad3:t + alzt, at

J, Vv 28.5 in Var = 6.
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Figure 3.11:

179

Double perturbation between adzt (v, = 8),

A'ln(v,, = 6), and Alz¥ (v, = 7). The

adr’ (F,) nn A'lNl crossing is depicted here.

The Alst ~ A'lnl interaction, which cul-

minates at J, = 28.5, is still weak.

-re.

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

OODR.
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Table 3.26: Summary of Alr™ nn B31 Perturbations

als" (v,) b31 (vy)

a
 by

~

vvNr {

1 C )

{
~N

a?

?

1 C 1

~
-

A

-C
) i

5

3
Q = 2 1 0

45.1 60.3 89.6

43.6 79.727.6

18.8 68.7

55.6

3  7

-

“«

- so3

3 27.G

&lt;0

, 0

tou ty bah

11.02(2)

-2.78(4)

~7.89(2)

-6.485(12)

7.08 (fixed)

-1.52(3)

11. (5)

3.5(3)

14.0(21)

Ean’ &lt;ValVp&gt; (em™™)

22.79 (4)

22.7 (3)

21.92 (6)

22.76 (4)

20.8 (4)

38. (17)

26.3 (22)

54. (8)

«p31 |E5C| |alsts&gt; =22.6 + 0.4 cml

47 value at which unperturbed levels would be degenerate.

brefined in Table 3.25. Uncertainties in parentheses are 1g estimates.

Calyt _ xis% transitions from Ref. 8 and MODR data from Ref. 19 were used.

i
-

he)
—l

|



Table 3.27: Summary of als? vn A'lT Perturbations

Aly »

Te
1 "W) Atlu(v,,)

J

©
3 cy d J

1 € N
J

vob 1

~
-

9 &gt;

%
.

J.

104.0

96.0

85.7

75.7

63.9

23.5

)

P temNant

0.11117(11)

-0.0212 (19)

-0.0512 (21)

-0.0700 (4)

-0.0149 (9)

0.063 (20)

0.088 (14)

0.086 (16)

Tan t/ &lt;Vy |B [vpe&gt; (unitless)

1.0114 (10)

0.64 (6)

0.61 (3)

1.128 (6)

1.37

9.9 (3)

1.44 (23)

1.4 (3)

&lt;a'ln|ln,||alz¥&gt;=1.014+0.024unitless

A5ece footnote a in Table 3.26.

Bs ee footnote b in Table 3.26.

see footnote ¢ in Table 3.26.

=
Ian additional interaction parameter, which is multiplied by x32 (see Table 3.25), Ps

was determined to be -9.3 + 0.3 x 10-6 cm~l



Table 3.28: Summary of A'll ~ ads” Perturbations

a

+ Jo b
3aly (v)) Ff) Fle) F(f) Ea. Sara lv,

(57.5) 35.9 (13)

(55.5) 25. (8)

-19.5 (7)

64.3 (23)

94. (30)

58.1 (21)

L dd

I -
-

ny
4

5

(45.0) 37.5 31.2

28.5 20.1

58.5 (10)

~- 8.6 (7) 52. (4)

1.0 (6) 38. (23)
&lt;A'l1|[HSO0|]a’s+&gt; = 58.9 + 2.7 em”!

) b] 34.8

-

11.2

see footnote a in Table 3.26.

Booe footnote b in Table 3.26.

“J, values in parentheses are extrapolated values.

a
0
»
|
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Table 3.29: Deperturbed Constants for Low Lying States?

of BaO

Fi - ok

Va = 0, Vi = 0, Vat =

BE, = 1.6722373,,, + 0.0000003 x 10°

Bp = 0.2578369,,, + 0.0000015

Dy = 2.7435,,, + 0.0016 x 10°’

El = 1.7388 fixed

B, = 0.2237 fixed

Dy = 2.8 fixed

A, =-1.00

c= 7.2886

E,,= 1.7515

B,,= 0.2237

D,.= 2.8

apr= 0.05017
 ip =—1.00

 Zz
A

2 b
°% = 0.07

see Table 3.25 for definitions of parameters.
Pgee Footnote a in Table 3.10 for definition of &lt;2.

 eeee AA:
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Table 3.29: (cont.)

Fit 2

Va = 1, vy = 0, Var = 0, Va = 2

E, = 1.7218100,,, + 0.0000009 x 10°

B, = 0.256734.,, + 0.000004

Dy = 2.7754,4 + 0.010
E, = 1.738771,,, + 0.000004 x 10°

B, = 0.22243, + 0.00012

D, = 1.3644, + 0.09

A, = =9.654, + 0.012

Cp =0-4408
cp, = 1.1020,

By, = 1.75180,

B,.= 0.22277,
D,,= 1.2538652

tape= 0-11165;¢
ath. 2 1409s

E, = 1.74335.

B, = 0.256426

D, = 2.8

ata” 3:°2201
c,, ==9.85

Nparg="0-0902

Zz 10”

xX 107

1077

10~7

Tot

g2 = I
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Table 3.29 (cont.)

Fit 3

Va = 2, Vy = 1, Var =

E, = 1.7712318,5, + 0.0000010x 10°

B, = 0.255676g,, + 0.000004

D, = 2.8094, + 0.006 x 107’

B= 1.783804, + 0.000003 x 10%

B, = 0.222464, + 0.00019

D_ = 2.65,4, + 0.22 x 1077

AL =-9.18,; + 0.06 x 10%

Cp = 4-8617

"ab ~72: 77953
E,, = 1.79398,

By, = 0.2205,

Dar = 2-3553

Naar =0-0212;50¢

Carp = 1.0587,,5

E, = 1.787745

B_ = 0.254903

D_ = 2.8

Eara = 24611

tra ~ 8-452

n,. =-0.03855

&lt; 1077

10~7

G4 J. 7
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Table 3.29 (cont.)

Fit 4

Va = 3, vy = 2, Var = 2, Vy = 4 (fixed)

BE, = 1.8201474,,, + 0.0000007 x 10°

B, = 0.254555... + 0.000004

D, = 2.811, + 0.007 x 10°’

E, = 1.826884, + 0.000016 x 10°

B, = 0.2226, + 0.0004

D, = 3.1,4, + 0.4

a, =-1.108,, + 0.008 x 10°

C, = 2.298. + 0.013 x 10!

Erp ==7-891500 + 0.018
E,, = 1.834618,, + 0.000028 x 10°

By, = 0.2193, + 0.0004

yr = 1.644, + 0.4

Naar ==0.0511g., + 0.0021

ae ==9.32,4 + 0.27
Earp = 1.16365, + 0.0010 x 10°

E_ = 1.833263 fixed

B = 0.25338 fixed

Db, = 2.8 fixed

Sarg ==7-307

ty. = 1.853

ba = 0.0172

52 = 0.4

fixed



Table 3.29 (cont.)
 1g  3 =

Fit 5

Va = 4, vy = 3, Vig = 4, Var = 3, vy, = 5 (fixed)

E, = 1.8688413,,, + 0.0000005 x 10°

B, = 0.253541, + 0.0000023

D, = 2.7954, + 0.003

E, = 1.869603,, + 0.000010 x 10°

B, = 0.22032,,, + 0.00004

Dy, = 2.8 fixed

A, =-9.6075. + 0.019

Ep ==6-484,,, + 0.012
E,, = 1.883477. + 0.000013 x 10°

B,, = 0.22011, + 0.00012

Dp = 2.8 fixed

apr ==0.07005,, + 0.0004

Cary = 9-645, + 0.06

E_ = 1.879089 fixed

B_ = 0.251858 fixed

D, = 2.8 fixed

£40, ==2.1017

£,. = 5.329

ny, = 0.0487

E,, = 1.9136169,,, + 0.022

B,, = 0.21882542 fixed

p_, = 2.9752034 fixed

&lt; 107

&lt; 10°7

X 101

x 107

x 107

I i -7
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Table 3.29 (cont.)

Fit 5 (cont.)

Ao = -1.0

g2 0 25

fixed

fixed

7 102

Fit 6

Va = 5, Vy = 4, Var

E, = 1.9172725,,,

B, = 0.252450,

D, = 2.793,

E, = 1.913455,

B, = 0.218904,

p= 2.8

A =-8.844,,
ab ="1-=1%;97

By, = 1.925747,

By, = 0.21874,,,

Dy, = 2.8

aa ==0-0142,

©, = 1.0088,

E, = 1.92475.

B, = 0.2495,,5

D. = 2.8

= 4, v= 6

+ 0.0000011

+ 0.000006

+ 0.016

+ 0.000009 x 10%

+ 0.00009

fixed x 1077

+ 0.013

+ 0.029

+ 0.000013 x 10%

+ 0.00008

fixed

+ 0.0009

+ 0.0019 x 10°

+ 0.00003

+ 0.0003

Fixed 17



-190-

Table 3.29 (cont.)

Fit 6 (cont.)

Cq = 0.83555

y, ==0.012_,,

ara =71-93953
cpa = 41267

Nha = 0.09404

 ag 1.5

+ 0.15

+ 0.004

+ 0.07

+ 0.6

+ 0.007

Ml
-w ,

Fic 7

Vp = 5, Vy = 5, Var = 5, v_ =17, Vag = 6

E, = 1.91739,

B, = 0.25227,

Dp = 2.5434,

E, = 1.95564,

B, = 0.2175,

D, = 2.8

By ==9.1g¢5
Sab = 1-003

Ey, = 1.9689,

By, = 0.2174,

Dy, = 2.8

apt = 0.0624,

Earp = 2-805,

+ 0.00011

+ 0.00026

£0.27 x 1077

+ 0.0004 x 10%

+ 0.0006

fixed

+ 0.4

+ 0.5

+ 0.0004

+ 0.0003

fixed

+ 0.020

«x 10%

+ 0.25 ve 10
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Table 3.29 (cont.)

Fit 7 (cont.)

E_ = 1.969662;

B, = 0.249104,

D_ = 2.8

Za 8-074

Ente —1.648,4,,
f= 4.3

ny, = 0.0388

E,, = 1.96534,

B,, = 0.2521,4
Dy, = 2.8

Spaz “73-4391
Na 1a2 ==0.022

+ 0.000026 x 10°

+ 0.00027

fixed

+ 0.05

+ 0.029

7

- tT
A

J

fixed

fixed

+ 0.00005 x 10%

+ 0.00041

fixed 7
7

rd

+ 0.3

fixed

a2
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Table 3.29 (cont.)

Fit 8

Va = 7, v. = 6,  Vv Al

E, = 2.01270,

B, = 0.25274,

D, = 2.8

E, = 1.9981,

By, = 0.2163,4

D, = 2.8

Ay ==9-3g93
Eap = 1-40355

Ey, = 2.0111g,,

Bn, = 0.21574,

Dy, = 2.8

nant = 0-0885,¢

tah ~ 92-9856

E, = 2.014334,

B, = 0.2478,

D, = 2.8

Cc, ==0.57y3c

“Ava ==8+ 3590
£, = 1.692

ya © 0.01494

52 = 1

= 6, v_ = Q

+ 0.00023

+ 0.0008

fixed

+ 0.0016 xX 10%

+ 0.0013

fixed

x 10%

x 1077

x 10”

+ 1.5

+ 2.1

+ 0.0016 x 10%

+ 0.0004

fixed

+ 0.014

X 101

3 101

xX 10”

+ 1.1 x 10%

+ 0.00006 x 10%

+ 0.0010

fixed x

+ 0.26

+ 0.7

7

fixed

fixed
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Table 3.29 (cont.)

Fit 9

Va T 8, Vy, = 7, Var = 7, v, =

En, = 2 -0607244, + 0.00005

Ba = 0 2506445 + 0.0007

DA = 2.8 fixed

Ey = 2, 040344, + 0.00024

By = 0.21484 ,,4 + 0.00028

Dy, = 2.8 fixed

Ay ==8.827493 + 0.23

Sab = 6.6984 fixed
_ 4

Eas = 2, 05301465 + 0.00024 x 10

Ba = 0.215143 + 0.0003

Dp = 2.8 fixed

Mant mr 0.086,.¢ + 0.016

Earp = 1.012,5, + 0.016

E_ = 2.058736966 fixed

B, = 0.245677 fixed

D_ = 2.8

Eara = 19360

tha =-1.0

Tha =-0.00946

10”

x 10”

107

X 102

104

10~7

5 2 725



Table 3.29 (cont.) ~-19. l—

Fit 10

7a = 8 (fixed), Vi

E, = 2.060136

B, = 0.249225

D, = 2.8

E, = 2.0816,

B, = 0.2138,

D, = 2.8

By ==9.1544
sy, =-4.4574

By, = 2.0954.

By, = 0.2115.

Dyy = 2.8

par ==0.02993

“ab = 2-8982

E_ = 2.102578

B_ = 0.244243

D, = 2.8

“ara = 1.2368

£,, =-3-136

ba =-0.0286

E,, = 2.107154

B,, = 0.248155

D,, = 2.8

1s pp= 0.02803
tng =—4-336

c2 = 3.8

= 8, Var=8y Vv,=10 (fixed), Van=9 (fixed)

fixed &gt;
4

'N

fixed

fixed  xX 10”

+ 0.0008

+ 0.0006

fixed

+ 0.8

fixed

+ 0.0008

+ 0.0004

fixed

fixed

xX 104

x 107

X 101

xX 10%

Lz 10”

+ 0.6

fixed

fixed

fixed

fixed

£ 101

L 10%

X 107
 LZ 10%

fixed

fixed

Fixed &gt;
En 10%

fixed

fixed i
, 7

fixed

fixed
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Table 3.29 (cont.)

Fit 11

Va = 9, Vip = 9, Var

E, = 2.10835,

B, = 0.2521,

D, = 2.8

EB = 2.1223,

B, = 0.211904,

D, = 2.8

Ap =79.6553
2p =—6-17562

E,, = 2.1368,

B,, = 0.21248,

Dy = 2.8

apr =-0.04118

ab - 2-2968

E_ = 2.102578

B, = 0.244243

D, = 2.8

fig = 1.7259

£, =-4.376

ba ==-0.0395

g 2 1 7

= 9, Vv, = 10 (fixed)

+ 0.00006

+ 0.0023

fixed

+ 0.0004

« 104

« 10”

xX 104

+ 0.00021

&lt; 10"

+ 0.4

fixed

+ 0.0004 x 10%

+ 0.00021

10t

fixed

fixed

+ 0.3

fixed

fixed

fixed

X 107

X 1071

x 10%

xX 10~7

Fixed  $l Lot
Fixed

fixed
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Table 3.29 (cont.)

Fit 12

Va = 10 (fixed), Vi

E, = 2.1538850

B, = 0.247085

D, = 2.8

BE, = 2.16294,.,

By, = 0.21054,

D, = 2.8

Ay =-1.0

Cap =-5-7415

Ey, = 2.177524.

Bye = 0.213...

Dyy = 2.8

Naps =-0.03804

Ep = 1.0

E, = 2.14614,,

B, = 0.2424,

D, = 2.8

Cal = 0.674,

Eprg =—0.4657

Er, = 0-1181

Nya = 0.001488

= 10, Var = 10, Vv, = 11

fixed Lo?
fixed

fixed

+ 0.00005

+ 0.0005

fixed

fixed

fixed

+ 0.00009 x 10%

+ 0.007

fixed

fixed

fixed

+ 0.00003 x 10%

+ 0.0003

fixed

+ 0.04

fixed

&lt; 10”7

3 107

10”

v4 =n

fixed

fixed

G2 = 2.4
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Table 3.29 (cont.)

Fit 13

Va = 11 (fixed), Vy

E, = 2.200247

B, = 0.246015

D, = 2.8

B= 2.20443,
B, = 0.2101,

D = 2.8

A, ==1.062,,,
Ea, ==3-606

E,, = 2.218382

B,, = 0.2083

Dy, = 2.8

apr ==0.0237

Sap © 1-0

E, = 2.189347,

B, = 0.24150.

D. = 2.8
a

C =Cyl = 0.43.5
£1, ==7-8326

cq = 1.9861

ha © 0.01871

32 = 1.3

11, vp, = 11 (fixed) , v, = 12

fixed [0%
fixed

fixed bd 10"

+ 0.00007

+ 0.0006

fixed xX 10”

+ 0.020

fixed

fixed

fixed

fixed

fixed

fixed

10-7

+ 0.000025 X 104

+ 0.00023

fixed

+ 0.03

fixed

10~7

fixed

fixed



Table 3.30: Low Lying State Correlation Matrices?

Ea 1.000

Ba =0.722

D, -0.5456

1.3010SECRS

0.942 1. 000

PI is A

J
1

\O
oo
i



Table 3.30 :(cont.)

FIT 2

En 1.000

En 0.090 1.000

By -0.200 0.120 1,000

Bn -0.363 0.084 -G.125 1.000

Bri=0.058 0.117 0,207 0.1145 1.000

By 0.6000 -0.649 -0.344 -0.194 -0.725

DA =0.024 =-0.479 ~0.225 0.373 -0.635 0.695

Dy -0.001 -0.,537 -0.261 -0.,275 -0.558 0,920 0,485 1.000

A -0.0048 -0.401 -0,405 0.085 -0.632 0.566 0.624 ¢.,240 1.000

%, -0.014 -0.,651 -0.260 -0.121 -0.806 0.932 0.783 0.735 0.712 1.009

Tan -0.049 0,514 0,013 0.262 0.730 -0.824 -0,631 =-0,743 -0,420 -0.815

ab =0.179 =-0.692 =0.195 ~0.125 ~-0.430 0.656 0.504 0.431 0.657 0.754

CATH -0.023 0.397 0.291 0.116 0.924 -0.890 -0.733 -0.728 -0.687 -0.936

2, 0.0638 =-0.,055 -0.113 -0.022 -0,447 0.230 0,195 0.158 0,302 0.302

IN -3.095 -0.429 (0.135 0.005 0.648 -0.143 =-0.152 ~0.098 -0.250 -0.206
—

2
 QO



Table 3.30: (cont.)

PIT 2 (CONT.)

Tan 1.000
-0). 5 .fap ~0- 459 1.000

= Loe “ - » LOn0Ah 5,752 =-0.610 1.000

E -0.164 0.123 -C.450 1.3000

£ 1 0.100 0.0987 0.509 =D .604
A'a

1.000

}
iE

-
P

 om



Table 3.30: (cont.)

PIT 3

E, 1.000

Ene 0.273 1.000

E, -0.351 =0.312 1.000

By -0.408 0,019 0.018 1,000

Bar 0.017 =0.268 0.002 0.134 1.000

By -0.123 -0.199 -0.133 -0.256 -0,407 1,000

D, 0.047 0.260 -0.086 0.811 0,024 -0.250

Dar 0.020 -0.278 0.014 0.126 0.982 =0.328 0.034 1.000

Dy, -0,047 0.113 =0.103 -0,266 =-0.275 0.621 -0.,245 -0.310 1,000

A, 0.023 -C.011 -0.458 0.041 0.170 0.255 0.014 0,217 -0.208 1.000

Cp =0.174 =0.572 0.326 -0.067 0.007 0.456 =-0.127 0.125 -0.133 -0.124

aar 0.337 0.631 -0,059 -0.063 -0.,426 0,132 0.325 -0.393 0,257 -0.123

Eap 0-410 0.643 -0.117 0.171 0.087 -0.531 0.491 0.063 -0,176 -0.163

ea'p 0-017 0.243 0.025 -0.107 -0.882 0.239 0.012 -0.930 0.229 -0.268

Ey -2.012 -0.,268 0.024 0.102 0.907 -0.213 0,000 0.956 -0.254 0.204

Zatg “0.017 0.178 0.048 =0.123 -0.936 0.341 =0.019 =0.958 0,240 -0,242

0.064 0.397 =0.162 =-0.045 =0.709 -0.051 0.032 =0.787 0.239 =0.077£
Da

|
N
oO
=

1



Table 3.30: (cont.)

FIT 3 (CONT.)

Cy 1.000

TAR! -0.213

E ab -2.,488 0.678 1,000

Earp "0-097 0.440 0.0638 1.300

E, 0.230 -0.406 -0.027 -0.940 1.000

Sarg 0.010 0.406 -0.063 0,930 -0,947

€pg "0-638 0.334 0.181 0.680 -0.837 0.065 1.000

1
[NW
o

 nN
|



Table 3.30: (cont.)

FIT 4

Ey 1.000

Eye 0.614 1,000

Ey -0.337 -0.886 1.000

By 0.179 C.u441 -0.607 1.000

Bye -0.224 -0.447 0.432 -0.038 1.000

By 0.205 0.419 -0.391 0.057 -0.927 1.000

D, 0.659 0.640 -0.617 0.782 -0.302 0.157 1.000

Dyi -0.251 -0.479 0.458 -0.052 0.991 -0.924 =-0.315 1.000

Dy 0.206 0.426 -0.396 -0.066 -0.919 0.997 0.142 -0.923 1.000

A 0.224 0.381 -0.253 -0.149 -0.859 0.976 0.087 -0.860 0.969 1,000

Cp =0.452 =0.455 0.205 -0.026 -0.077 =0.139 -0.129 0.003 =-0.155 -0.261

ant 0.937 0.460 -0.113 -0.122 =-0.139 0.145 0.419 -0.161 0.149 0.201

Erp 00651 0.652 -0.551 0.488 0.245 -0.295 0.627 0,206 -0.287 -0.338

Earp, 0-088 0.116 -0.126 0.099 0.324 -0.103 -0.024 0.233 -0.088 -0.026

17, 70.921 -0.426 0.098 0.129 0.264 -0.233 -0.455 0.268 -0.227 -0.278 !
N
o
"x
1



Table 3.30: (cont.)

FIT 4 {CONT.)

c, 1.000

Tan" -0,465

£,p, ~0-400 0.562

Earp 0.653 0.055 0.264 1.000

nd. 0.327 =0.977 -0.447 0.083 1.000

]
No
o

~



Table 3.30: (cont.)

PIT 5

Ea 1.000

Ear =0.18% 1.000

Ey -0.553 0.291 1.000

Ba -0.289 -0,30% -0.,206

Ba 0.074 0.091 -0.C001 0.004 1.000

By -0.028 -0.070 0.256 ~0.084 ~0.251 1.000

Da 0.083 -0.484 -0.456 0.880 0.057 -0.028 1.000

A, -0.300 C.114 0.720 -0.160 -0.111 0.848 -0.254 1.000

Tan -0,098 0.637 0,253 -0.195 0.655 -0.311 -0.362 -0.032 1.000

ap U+539 -0.183 -0.915 0.182 0.172 -0.4271 0.406 -0.780 -0.035

Sah 0.015 0.095 0.128 -0.007 0.973 -0.135 -0.052 0.044 0.757 0.051

BE 5 0,078 -0.007 -0.039 -0.083 -0.003 0.036 0.035 0.003 =-0.023 0.039

=A'b 1.000

 BE. », -0.004 1.000

FLT 5 (CONT, }

}
ND)

1
4



Table 3.30: (cont.)

FIT 5

Bon 0. 089 1.000

Ey -0,351 0,151 1.000

Ba -0.282 =-0.045 -0.287 1.000

Bas 9,090 0.080 -0.157 0,008 1,000

By -0.023 -0.314 -0.083 0,062 -0,460 1,000

Da 0.142 0.093 -0.433 0.830 0.040 0.031 1.000

Ay -0.156 -0.417 0.428 -0.,083 -0.341 0.778 -0.179 1.000

Man 6.103 0.763 0.018 -0.117 0.287 -0.380 -0.026 -0,326

Eb 0.262 0.211 -0.837 0.316 0.155 0.012 0.443 -0.421 0.062 1.000

Ea'b 0.109 0.365 -0,189 -0,009 0.821 -0.,148 0.058 -0,150 0,464 0,190

E_ -0.019 -0.133 0.019 0.036 -0,415 -0,207 0.020 -0.214 -0.213 0.012

0.032 -0.016 -0.050 -0.003 0.458 -0.052 0.000 0.046 0.123 0.045

-0.022 -0.,769 -0.028 0.051 -0.609 -0,109 0,032 -0.,191 -0,291 0.011

0.022 -C.144 -0.095 0.0471 0.045 -0.318 0.033 -0.236 -0.109 0.081

2 a -0.027 -0.130 -0.016 0.046 -0.648 -0.119 0.030 -0.199 -0.268 0.004

tba 9.013 0.211 0.052 -0.057 0.489 0,202 -0.035 0.240 0.293 -0,032

Nya -0.046 0.0206 0.078 0.003 -0.668 0.288 -0.003 0,042 -0.163 -0.078

!
ro
Oo
aN



Table 3.30: (cont.)

FIT 6 (CONT.)

“ath 1,000

Ey -0.691 1,000

Bj 0.550 0.642 1.000

C. -0.78%9 0.844 -0,558

5 -0.284 0.603 -0.19C 0.4876 1.000

Sata -0.812 0.851 -0.6006 0.971 0.454 1.000

ha 0.749 =-0.885 0.479 -0.949 -0.608 -0.959 1, 000

sp -0.474 0.166 =-0.484 0.426 -0.318 ($.449 -0.248 1.000

'
 nN
O
~
|



Table 3.30: (cont.)

Ey, 1.000

E,,=0.555 1,000

E, 0.557 -0.996 1.000

B, -0.945 0.526 -0.526

3,1 —0.073 -0.172 0.117 0.068 1.000

B, -0.510 0.991 =0.994 0.457 =0.743 1.000

D, -0.979 0.51% 0,516 0.879 0.061 0.483 1.000

A, 0.615 -0.985 0.989 -0.550 0.093 -0.989 -0.592

Taar 0.773 -0.134 0.131 -0.585 0.006 =-0.127 -0.866 0.240 1.000

© -0.592 0.321 -0.326 0.304 0.042 0.360 0.717 -0.440 0.849 1.000

tarp —0.563 0.997 -0.998 0.533 =0.117 0.992 0.522 -0.988 -0.135 0.327

E, -0.022 0.141 -0.115 0.027 -0.302 0.123 0.018 -0.112 0.005 -0.004

B, -0.083 0.019 -0.036 0.071 0.425 0,028 0,078 -0.053 -0.023 0.067

C_, 0.235 -0.367 0.375 -0.204 0.021 -0.378 -0.229 0.385 0.098 -0.183

Sarg “0-496 0.888 -0.879 0.475 -0.142 0.872 0.458 -0.866 -0.119 0.276

E,, -0.186 0.494 -0,470 0.176 -0.329 0.461 0.170 -0.418 -0.019 0.107

By, 0.104 -0.364 0.341 0.701 0.456 -0.338 -0.095 0.292 0.010 -0.053

-0,200 0.376 -0.473 0.186 -0.165 0.456 0.184 -0.413 -0.020 0.124

a

if |
5

{

2 _
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Table 3.30: (cont.)

FIT 7 (CONT.)

SAT 1. 00D

E, N.126 1.000

B, 0,030 ~-0.773

C, 0.382 -(.036 £.00¢ 1.000

2 n,873 -0.015 0.183 -0.,134 1.000
Ala

IN 5.472 0.254 -0.248 =-0,160 0,411 1, 000

Bap —0.341 -0.291 0.461 0.109 -0.292 -0.879 1.000

BAD 0,472 9.1716 -0,111 =0.,148 0.419 0.827 -0.,648 1.000

1,000

I
*)
&gt;
©

|



Table 3.30 (cont.)

 me wy
+

&lt; 8

Ea 1. 000

Ea 0.631 1.000

Ey 0.632 -1.000 1.000

Ba -0.,956 -0.639 0.639 1.000

Bat -0.309 -0.604 0.598 0.374 1,000

By 0.605 0.955 -0.958 =-0.612 -0.644 1.000

Ay -0.541 -0.994 0.994 0.557 0.607 -0.950 1.000

Tap =0.766 -0.838 0.839 0.764 0.538 -0,820 0.799 1.000

EAD 0.997 0.624 -0.626 -0.943 -0.292 0.603 -0.534 -0.764

CA'h 0.631 1,000 -1,000 -0,638 ~-0.598 0.956 =0.994 -0.839 0.625

E_ C.018 (0.003 -0.003 -0.021 0.116 -0.040 -0.003 0.277 0.009 0.004

B, -0.003 0.073 -0.012 ~0.002 -0.180 0.069 -0.012 -0.318 0.005 0.011

C, 0.243 -0.333 0.333 0.274 0.196 -0.328 0.326 0.144 -0,242 -0.332

Sah 0.606 0.961 -0.961 -0.639 -0.583 0.917 -0.955 -0,735 0.601 0,960

1.000

4

ND
_

&gt;
|



Table 3.30: (cont.)

FIT B (CONT,)

E 1.000
a

B_ -0.950 1.000
a

Cy -0,472 0.477 1.000

a, 0-160 =0.121 -0.509 1.000

|
ND
p=
[i

1



lable 3.30: (cont.)

FIT 9

En 1.000

Ba -0.050 1.000

Ey 0.089 =-0.985 1.000

Ba -0.882 0.027 -0.048

Ba -0.168 0.190 -0.288 0, 18%

By =-0.109 0.405 -0.492 0.103 0.370 1.000

Ay 0.072 -0,992 0.954 -0,042 -0.262 ~-0,433 1,000

Tan? -G.062 0.035 -0.025 -0,071 0.110 -0,010 -0.027 1.000

a'p ~0-078 0.993 -0.994 0.042 0.267 0.435 -0.994 0.020 1.000

SA's 3.037 -0.848 0.838 -0,027 -0.177 -0.334 0.845 0.040 -0.,847 1.000

i

ND

\ 3



Table 3.30: (cont.)

PTT 10

E,, 1.000

g, =0.998 1.000

B,,=0.127 0.095 1.000

B, 0.757 -0.775 0.082

a, -0.999 0.999 0.102 -0.763 1.000

EAT h 0.999 -0.999 -0.096 0.757 -0.999 1.000

“75 11

Ep 1.000

Ens 0.011 1.000

Ey 0.003 -0.997 1.000

Ba -0,835 -0.,020 0.022 1.000

Bar ~0.078 0,041 -0.087 -0.,009 1.000

B, -0.026 0.482 -0.522 -0.035 0.448 1.000

Ay -0,007 -0.599 0.9% 0,022 -0.,072 -0,497 1.000

AD 0.006 0.999 -0.999 -0.,.021 0,073 0,497 -0,.999 1.000

1
to

[i
ha



Table 3.30: (cont.)

FIT 12

Eo
5, 0.187

Br —0.744 0.052

B,, -0.209 -0.854 =-0.121

of 0.000 0.000 0.000 0.001

8B, =0.000 0.000 0.000 =-0.001 =-0.822

Cc. -0.001 =-0.003 0.002 0.005 0.057 =0.032

1.000

1.000

FTT 13

Ey 1.000

By, -0.926

A 0.123

1.000

-0.260 1.000

0.019 -0.042£ -0.015
a

3, 0.016 -0.019 -0.015 -0.818

C 0.015 -0.019 0.065 0.028

see footnote a, Table 3.11

1.000

-0.009 1.000
I

ND
—

 SD
i
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Fit 1: Va = 0, vy = 0 (fixed), Var = 0 (fixed)

No perturbations in alx™(v, = 0) are observed

so this level is fit with B31 (vy = 0) and

A'ln(v,, = 0) constants held fixed.

Fit 2: Vp = 1, Vy = 0, Var = 0, Vy =

In addition to Alzt ~ b31, and alz™ ~ a'ln

perturbations reported in Ref. 8, A'lnl A-doub-

ling resulting from interaction with adr’ is

detected although no a3: ~ A'!ll crossings

are observed in the J range sampled. The

A'lr a AlxY perturbation at J, = 104.0 is

poorly characterized since the al:z™ - x'zt (1,0)

band analysis in Ref. 8 ends at this point.

Although D, could be determined, D,, could '

not be and is fixed at a preliminary value of Dy,

which is nearly equal to the final Dy fitted

value. It was also necessary to vary Cy

although it is only marginally determined.

Fit 3: Va = 2, Vy = 1, Var = 1, vy =

In addition to the perturbations reported in

Ref. 8, ads” n A'lT interactions are again ob-

served in the form of A-doubling and level shifts

of the A'lnl state at J &gt; 40. No crossings are ob-

served in the J range sampled.



Fit 4: Va = 3, Vy = 2, Var = 2 Vy, = 4 (fixed)

No new perturbations are observed, however

oy
— SiO

these term values could not be fit without

varying a centrifugal distortion

als? ~ A'll interaction parameter, PY

Other problems are apparent when this fit

is compared with others: (1) the A'lm

energy is anomalously low by * 35 ant;

(2) both the b3I spin-orbit constant, Ap,

and the b3I ~ A'll spin-orbit interaction

parameter, Ea'h’ are anomalously large by

z 15 cmt; (3) the b3I spin-spin constant,

Cyris also unusually large by * 15 cm 1;

and (4) the b3I rotational constant, By

is larger than expected by = 0.003 emt,

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 b3I

spin-rotation constant or the third order

aAlrt centrifugal distortion constant, H,

diminish the magnitude of these anomalies:

neither parameter could be determined.

Explanations for these problems, which are

unicue to this fit, are discussed below.
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Fit 5: Va = 4, vy = 3, Vio = 4, Var = 3, v, = 5 (fixed)

No new perturbations are detected. As mentioned

above, a second b31 vibrational level is needed

to simultaneously fit the als” (Va = 4) ~ b31,

(Vio = 4) perturbation at Jog = 97.7 and the

als® (Vy = 4) ~n b I, (vy = 3) perturbation at

J, = 55.6. Only the energy for B31 (vy = 4)

is varied; By 2 and Dy 5 are fixed at prelimin-

ary Fit 6 values.

The b31(vy, = 4) energy so determined

agrees well with the value determined in

Fit 6.7

Fit 6: Va = 5, Vy = 4, Var = 4, v, =

Both a3st ~~ A'lm and a3:z% ~ p31 perturbations

are observed. No crossing for the latter is ob-

served since the b31 (vy, = 4) origin lies below

a®s™ (v_=6) and B_ &gt; B,; however both a3st ~ pm

perturbation parameters, €ha and Nha! are de-

termined. One a3r’ ~ A'll crossing is observed

at J, = 39.5. A second b31 vibrational level must

be considered at J &gt; 74 owing to the B31, (vy, = 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 1.
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3" aly” (vy = 5) crossing at J, = 88.97

however ,this is treated differently from

Fit 5 since b31, (vy = 5) n als? (Va = 6)

interactions are observed (Fit 7).

Instead of including b31, (vy = 5) in this

fit, als (v, = 5) data from Ref. 8 are

truncated at J = 74 and included in Fit 7,

where all three © components of b31 (vy = 5)

are fit simultaneously. The two sets of

alxt (v, = 5) parameters determined

from Fits 6 and 7 are in agreement

to within 3 standard deviations. Both the

hal spin-spin and spin-rotation constants,

C, and y, respectively, are determined.

Fit 7: Vy = 5, vy = 5, Var = 5, v, = 7, Vag = 6

As mentioned above, aly? (Vy = 5) J levels

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

with Vag = 6 OODR data. Two adxt ~v A'ln

crossings are observed. Although no

Als" (v,, = 6) ~ b31 crossing is observed

the two levels are nearly degenerate at

J = 0 and ELA2 is determined.
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Fit 8: Va 7, Vy = 6, Var = 6, vy, = 8

Two new perturbations are observed:

als (v, = 7) ~ a'ln(v,, = 6) and A'lN(v,, = 6)
A Al A'

adr (v_ = 8). A double e-parity crossing

occurs between Alzxt, A'lm, and adxt (F,)

and is illustrated in Fig. 3.11. Although

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

EAb could still be determined from the

A'ln w als? interaction owing to A'lm » b31,

mixing and b3I spin-uncoupling

which results in finite b31 character in the no-

minal A'lq Va1=6 level. These perturbations

were previously observed by Sakurai, Johnson,

and Broida?t® but these authors made no attempt

at analysis.

Fit 9: Va = 8, vy = T, Va = 7, Vv, = 9

A very small perturbation (Eavg = 1.0 cm 1)

between A'(vy,=T) and a3:x’ (v, = 9) is ob-

served at Jo = 11.2. Although no alrt a A'lrn

crossing is observed, Mant is marginally

determined.

i ° fo 1 — | — ° -_ .

Fit 10: Va 8 (fixed) ,vy 8,va 8,v, 10 (fixed) ,v,, 9 (fixed)

No perturbations are observed.
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Fit 11: Va = 9, Vy = 9, Var = 9, Vy = 10 (fixed)

No perturbations are observed.

Fit 12: Vy = 10 (fixed), Vy, = 10, Var = 10, vy =11

No perturbations are observed. As mentioned

above, clrxt + a3: peand R-form branch

emission is arbitrarily assigned such that

Cq &gt; 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

quoted except for Cy which changes sign

‘but has the same magnitude). Thus, the

absolute value of C, is reported.

Fit 13: Va = 11 (fixed), vy, = 11, Var = 11 (fixed), v, = 12

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'll and b3nI, do not vary in a regular fashion.

The precision to which second order corrections to E

and p2é-48 can be calculated (* 40%) does

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

Atin(v,, = 2) energy is low by * 35 cmt 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 cmt. Similarly, second order alxt nv b3I

and a3:% ~ b37 spin-orbit interactions which primarily

determine c, 22s 48,5073 cannot account for the anomalous

value of 22.98 cm”1determined for vy = 2." on the

other hand, these interactions, as well as second order

A'll pdx’ interactions, are of the right magnitude

to explain observed C, values. In fact, the als? and

a3yt Br and B values are not anomalous.

It is curious that in Fit 4 it is necessary

to vary an additional A' ln a aly? interaction parameter,

a may similarly be explained by second order
b3T ~ a3drt rotation-electronic interactions.



oat . Although this centrifugal distortion parameter

can be explained as second order interactions with

A'ly 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 = Vy = 2; Bat (Var = 3) is certainly too

large when contrasted with Bun for Var = 2 and 4. And the

By 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'!l and b31 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.

1 Equilibrium Constants

Dunham coefficients (Eq. 3.1) 39 for

the low lying states of BaO are given in Table 3.31. The

FE and B values from Table 3.29 were fit to polynomials



Table 3.31: Spectroscopic Constants for Low Lying States of Bao?

_ oat ast pdm alm
1.6496 (3) 1.6722373(10) 1.73915(10) 1.75088 (12)

[1.672225]C [1.7372]¢

1.6807345(10) 1.75026(10)

-0.0611 -0.1468

2x07"
o1e+P

I)  nr

T x10”2
e

X00
_2714 (wg) x10 6.6976(6)

1.76197 (12)

~0.1230

4.4795(22)
[4.42451%

0.0928

4.690(7) 4.99620(19)
[4.997]F€

-1.716 (8)
-1.641€

4.4762 (8)
[4.483]€

Yoo (mueXy) 2.028(17) -1.48(4) -2.287(12)
[-2.39]¢€

-2.139(8)
-1.652]1%

| 2

70(uy) x10% =0.35 (11)
7,0 (0 2.) x10° =6.3 (21)
75, (8B) 0.3126140(7) 0.2594 (5)

2.14 (9) 1.02 (3)

0.2583908(26) 0.22426(16) 0.22385(16)
[0.2583214d [0.2244]€ [0.2244]€

-1.111 (3)
-1.070]4

3
744 (a) x10 -1.3921(9) ~-1.44 (5)

| 6

{51 (vg) x10
A x1071

R_ (2) 1.939677 (3) 2.1294(20) 2.133512(11)  2.2901(8)

-4.0 (21)

i
No

rineefi ei mpa————————— {o——— —_—ee No
. . WwAll units are cm1 except where noted. All energies are deperturbed. Uncertain- 1

ties of lo are given in parentheses. Previously reported values are given in
parentheses.

2.2922(8)



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

byly+ constants taken from Ref. 3

CRef. 8.

Qret. 19.

Ref. 9.

fref. 11.

Weighted average of values in Table 3.29.

1
ND
N
1S
|
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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(vai)

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

up to Var = 18 from Ref. 12 are fit along with

these data.t
+ +

The constants for adr , Alr’, b31, and A'lQ

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

srror but those in Table 3.31 will not owing to incomplete

deperturbation (see above) and neglect of correlations

"G(var) 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 vy, from Ref. 11 and the Geperturned
Yoo determined here. The difference of 80 cm™ results
from repulsion of A''mby bd3m;.
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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 Cp and yy are not averaged as they are generally
7

small and vary from level to level.
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ha

Figure 3.12: a) RKR potential energy curves for

the vibrationally analyzed states

of BaO. On this scale, the ad:™

and Aly as well as the b3n and

A'ly states are indistinguishable.

b) Expanded view of the low energy

region.
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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:

os
-"

"BE

a
r

’

= -B(JL+JL - LS =- LS 2)

5 ag; -s

(3. 2a)

( i

 J) a*b)
Ly

where gE and a0 are the rotation-electronic and spin-

orbit Hamiltonians, respectively;

a

2 2

re op — is the one-electron radial
Ra 0

part of

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

. 40,54
meanings.

Weighted averages of als® on 3m, alzt ~ arlp,

and a3:t on A'ln 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 ads” (Appendix 6), p31, 2

and a'ln 2

That vibronic matrix elements can be factored

into vibrational and electronic parts results from

constant R-centroids for pairs of mutually interacting

levels?2’ 20 where

&lt; -centroid = &lt;v|R|WV'
&lt;x7 | xr

{3. 3)

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

average R-centroids are:

R-centroid (AlrT ~ b3m) = 2.26 + 0.04 A (3.4a)
. Oo

R-centroid (Alrx® ~ a'lm)= 2.26 + 0.04 A (3.4b)

R-centroid (adz¥ v A'll)= 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

electronic states are related by matrix elements of one-

electron operators between molecular orbitals&gt;3~58

!Appendices 3 and 4). The lowest lying states of BaO

derive from the following electronic configurations:

+
za? yo? wnt 3. a)



+ + 2
ads’, Aly’ 202 yo xown¥

b3mr, A'l I 202 vo2 xX og wns

(3.5Db)

(3.5¢c)

 —- 2—

Using these configurations 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:

|lwn&gt; = |
1

|yvo&gt; = eloo2p&gt; +(1-¢2)? |oBa&gt; -

(5.6a)

(3.6Db)

In Eg. 3.6, the molecular orbital wr is assumed to

be localized on O and yo is localized on O but has

some Ba atomic character. Field’ has shown that

Eg. 3.6a adequately accounts for the b3 spin-orbit

constant which is small (-94 cm~1l) compared with atomic

Ba 3P spin-orbit splittings (833 cml) . 3% If ¢ is unity

in Eq. 3.6b (i.e. yo is comprised primarily of 02p),

a, =/L (+1) az=/2 ay. 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) ay (cmt)
1.014 + 0.024%

ay (em 1)

alzT ~ pin

adsT a arly

adz’ a bi

b3n ~ A'lln

63.9 + 1.1°

167. + 8.°

1.26 + 0.09% 52. + 8.9

222 + 16°

188 + 16°b? I

where b = &lt;wr | 2, |yo&gt; = Naar/&lt;ValBlvy.&gt; ge -ny,,/&lt;vy |Blv_&gt;

a = &lt;wr|&amp;e,|yo&gt; = (2)3/2¢ /&lt;vylv &gt; = (2)3/2; /&lt;Var lv,
Ab A'a

CT 4g Vplvy

a, = &lt;wn |a|wr&gt; = =2A, = 2813,

From Table 3.27.

berom Table 3.26.
From Table 3.28.

dobtained from Table 3.29, Fits 3 and 6, and calculated&lt;v,|v_&gt;and&lt;v,|B|v_&gt;factors.
From weighted average of values in Table 3.29.

Eprom Table 3.31.

1

.

AJ
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diagonal matrix elements, ays since two-center contri-

butions to these integrals are small. ®0 Thus, Ba

atomic character in yo merely dilutes the yo nv wm

interaction and a4 can be less than a:

) WT ag |yo&gt; = ;D J [  Sy 7)

Using the adzt + a'lm and alzT A B31 a, values and

average a, values from Table 3.32,

- (a 57) = 0 33

-(atzty 2 0.22

(3.8a)

(3.8Db)

These simple arguments indicate that the yo orbital

in aly is different from the a3: yo orbital. Al-

ternatively, configuration interaction, which also

dilutes the one-electron spin-orbit interaction, plays

a greater role in determining the aly? electronic

structure than it does for a3:z’

2 Singlet ~ Triplet Energy Splittings

To the extent that the single configuration

1. A

The adr’ ~ bm 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 a33% - alrt and

b3n - A'lnl deperturbed (i.e. not considering spin-orbit

interactions) energy splittings are a function of the

exchange integrals?!

AE galt) -E(a3:™) = 2&lt;yo(1)x0(1) Fle (2) x0 (2) (3.9a)

AE. = E(A'1D)-E(b%N) = 2&lt;wn (1)x0 (1) | z=] wn (2) x0 (2) &gt; (3.9b)

where 1 and 2 are electron indices. If the wm, yo, and

x0 orbitals were identical for each electronic state,

and wr and yo were both comprised of only O02p AE.

would equal AE. In fact AE. (226 cm”1) is remarkably

close to AE, (117 em 1). The similarity between the

pairs of © and II potential energy curves (Figure 3.12)

is a further manifestation of the validity of the single

configuration approximation.

This apparent contradiction with the bonding

picture drawn above from perturbation matrix elements

results simply from the sampling of different properties

of electronic wave functions by different operators
Z

(= for spin-orbit, where K is a nuclear index, and
ik

1/745 for exchange interactions)

C. Electronic Structure of BaO

Figures 3.12 and 3.13 summarize the known electronic

structure of BaO. From measurements of xlyt and aly”
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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.
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dipole moments, 7.955D (v" = 0) and 2.20D (v' = 1)

respectively, it has already been concluded that

xls is ionic, Bat0~, while Aalst is primarily

covalent. 3720 213%  x13% excitation entails charge

transfer from O to Bat with a concomittant decrease

in bond strength (wg " &gt;w,") and increase in bond

length (B_" &gt; B_"). Similarly the clzt « alst ang

plzt « clr” transitions result in further weakening

of the bond (0, &gt; w *) which is suggestive of addition-

al charge transfer. The relatively long aly™ lifetime,

356 nsec for v' = 0,02 is further evidence that an

alectron 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'lnl lifetime,

for example, is 9 usec; 1? strong excitation from als?

into a lI 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.’ Pure ionic to pure covalent charge

transfer transitions on the other hand, result in

strong perpendicular and weak parallel bands.
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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 (&gt; 20,000 cm 1) range

are observed via a plethora of cly™ perturbations.

From the first excited state of Ba (6s5d3D) and the

ground state of 0(2s22p* 3P), alone, twenty-seven

molecular electronic states of singlet, triplet, and

quintet multiplicity are derived. 3? 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'l!l and b3n deperturbation results

obtained above.

D Population Monitoring

The band systems described above can be used

in population probes of low lying states of Bao? 3

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 clzt (v* = 3)

main levels near the vibrational origin varies from

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

transition 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 cl:¥ prior to using these same transitions in ex-

citation (e.g. clz? « p31 followed by clzt 5» x1s¥ 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, c¢ - b3n Franck-Condon factors most likely

determine the vibrational envelope of clz™ + b31 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 CED bd,

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 cmt 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 CaO. Emission from five Art lines

(501.717, 487.986, 476.486, 472.689, and 457.936 nm) |

is observed and partially analyzed. Excitation spectra

of the CaO 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 CaO emission and (2) at least two of the

lower electronic states of these systems correspond to

the energy Teserveoilr a3l and A'lnl states.

The known spectrum of CaO consists of six band

systems: ultraviolet (clz™ - xz HL, blue (Bln - xz yl,

gresn"?, crange2"2, infra-red (alxt — xlgty 10,11.
and A'ln - x'zt.1? rhe alzt - xi? system was first

vibrationally and rotationally analyzed correctly by Hultin

and Lagergvist O who:ébserved 30.perturbations im. the als?
state of which all but: 3 were subsequently assigned by
Field'&gt; to the adm and A'lml states. Brewer and Haugell

extended the analysis of this system and improved both

the x!st ana Alx’ constants. The blue and ultraviolet

systems were first correctly analyzed by Lagergvist.?!

eo
All wavelengths
room temperature

quoced in this chapter are iI arr aw
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The green and orange systems have been the subject of

controversy ever since their discovery” 2 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. ®

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 caom®’ 11

or Ca,0,." Isotopic substitution of deuterium for

hydrogen provided further evidence that the bands

resulted from caon.1l In fact, both CaO and CaOH bands

exist in the green and orange and confusion has resulted

primarily from flame reactions with water as an impurity.

Benard et a1.’’8 have recently distinguished emission

from these two systems and by analogy with MgO bands

have assigned the CaO green system as lp- a'ln and the

orange system as d3A - adn. These conclusions seem

overly simple in light of theoretical predictions that

not only clz¥, Blmjtand d3a but also °I, 3p, 3x7 3a, lz’

1p (2), and l3 states lie in this energy range. 1?

Although the green and orange systems have not

yet been analyzed they have already been used as

measures of a3 and A'lml populations in reactions of

metastable Ca atoms with 0, and coy. 1°
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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

presence of a buffer gas). 8 The proposed mechanism

for this reaction is:

Ca “1 N,O &gt; CaO* + Nj

Ja0* + C0 + Ca{d3P) + C02

ca(3P) + N,O~ CaO (d3a) + No

ca0(a3a) Ys cao (a Im)

(4.1a)

(4.1Db)

(4.1c)

(4.1d)

where CaO* denotes dark, metastable, vibrationally excited

CaO X 1537. The addition of CO converts the chemically

stored energy in xlzt to optical energy via d3a = adn

. 7,16,17
fluorescence in the orange and green systems.

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. t0r17

The ArT 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 a3n and a'lm

are lower levels in both the green and orange systems.

Upper level symmetries identified include clit. 3a,

and 11.

Besides spectroscopic investigations, the CO

dependence of green and orange band dye laser excitation

spectra is qualitatively characterized and found to be

consistent with the reaction mechanism described by

Eg. 4.1.

In Section II a brief description of experimental

details is 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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IT. Experimental

CaO is prepared in the same fashion as BaO

(Chapter 3) except that N20 (Matheson, 99.0% purity)

is used as an oxidant. CO (Matheson, 99.5% purity) is

added by mixing with N70 prior to injection into the

reactor. Ca metal from Alfa, Inc. (99.5%) is used.

Typical operating pressures are 1-4 torr Ar, 1 x 1074

Ca, 1 x 10-2 torr CO, and 3 X 10~2 torr N,O.

torr

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 ArT laser

lines; is relative frequency calibration is obtained from

marker pulses output by the Spex 1802 monochromator.

For some ArT 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, 3.2wW, 1.0wWw, 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 dve laser excitation spectra (home made dye
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laser described in Chapter 3), total fluorescence is

collected through the monochromator in oth order.

Absolute frequency calibration is provided by excitation

of Ca and Na (an impurity in the Ca) atomic lines. ™?

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.
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ITI. Results

A of 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") (3'+0.5) —8D" (J'+0.5) (4 , 2)

where B" and D" are the lower level rotational and

centrifugal distortion constants, respectively, and APR

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

axcited and (2) the lower levels of the progression

are xz v" = 1 to 6. A single maximum at v" =

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



Table 4.1: Ar" Laser Induced Fluorescence of CaO

Laser Line ‘Excitation

(nm)&amp;

514.532
Multi-mode.

a)
b)

c)

501.717 ?&lt;«adn, (v=2) R(27) a)

?&lt;adn, (v=2) P(52) b)
Multi-mode.

187 .986° lnexlz¥(1,10)0(16) a)
At least two other
transitions.Multi-
mode and single
mode-

b)
c)

476.486 2X13 (v"=6) P(36) a)
At least two other
transitions.
Multi-mode.

c)

Fluorescence

Weak ,relaxed fluorescence from 410-470nm.
Strong, resonant and relaxed emission in
green, 545-555 nm.
Strong, resonant and relaxed emission in
orange, 590-615nm.

Progressions into x!zV from 345 to 400mm
with no nodes. PR intensity anomalies.
Strong, resonant green and orange band
emission.

Two progressions into x!xt: Q branch
emission into v" = 0 to 12 with node at
v' = 6 and PR emission into v" = 0 to 6.
lpsa*ln(¢,2), (1,1), and (1,0) in green.
Weak fluorescence in orange.

Resonant and relaxed fluorescence from 390
to 630 nm. Progression of PR doublets into
xlx+ v" = 2 through 6.
Progression of three PR doublets into
either a3nI or A'l!ml in green.-
Two POR triplets into either adn, and adm;
or a’n; and a®n, in orange

’
~

‘|



Table 4.1 (cont.)

Laser Line
r a(nm)

Excitation Fluorescence

172.6809 clz’ « x13% (2,13) a)
P(28) and R(48)
At least two addi-
tional transitions, b)
Multi-mode and
single mode.

Resonant and relaxed structure from 350 to
480 nm. Two PR progressions into xlz™
v" = 0 to 13 with two nodes in each.

Relaxed and resonant structure in orange
and green.

457.936P Ip«xlzt (1,7)
P(32) and Q(37)
Multi-mode.

a) Two progressions (P,Rand Q) into
xlzt v" = 0 to 8 with one node between
v" = 2 and 3.
lg-a'lm (1,0) and (1,1) in green.
Relaxed and resonant structure in orange.

b)
2)

335.849° cist « xis (2,0) a) clz¥ &gt; a'ln (2,0) and (2,1) R(41), 0(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.

qpef. 18. Air wavelengths

Orhe electronic and vibrational assignments of lI and v' = 1 respectively are
tentative, see text.

“ref. 20

J
AS
un
Ut
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deviate markedly from the expected value?! of 1 and

vary dramatically with v"™. This is indicative of he-

terogeneous (i.e. J-dependent, AQ = + 1) perturbations

in the upper level and resultant interference between

parallel (AQ = 0) and perpendicular (AQ = + 1) transi-

tion moments (see Appendix 5 and references therein).

From the laser frequency, fluorescence frequencies,

and x!" term values, t0r11 energies for lower levels of

the laser excited transitions are 9795 +5 cm™ 1 (J' = 28

excited) and 10 465+5cmt(J' = 51 excited)T. &amp;nown

levels nearest in energy and capable of undergoing an

electric dipole transition into J' = 28 and 51 are

an; (v = 2, J=27), 9793 + 25 ot and adm, (v = 2, J =

10 451 + 25 cm 1.13

52),

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 3x”

are electric dipole allowed? and spin-orbit perturbations

with both @ = 0 and Q = 1 states, particularly 13% and

ly, are AON-ZOLO2 and could account for emission into

£1x¥ with anomalous P and R branch intensity ratios. Both

singlet Q = oF and @ = 1 character is required for the

X intensity anomalies; such is not possible for 3p,

 a pa

"a11 energies in this chapter are referenced
gly + vv" = J" = 0

le)
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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 Q branch progression into X!zT from v" = 0

to 12 with one node at v" = 6 is observed. Excitation

is from a rotational level in xly™t v' = 10,

From single mode experiments?3, a progression of

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

the Q branch progression into xlzt. 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 adm or A'lmn

v=20, 1, and 2 and (2) J' = 18,2413 Thus the laser

pumps Q(16) from xly™t v" = 10.

Since J" = 16 and v" = 10 are known, the energy

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

culated from X'I term values and the laser frequency:

E' = 27 402 cm T. This corresponds to neither clyt

~

SE
—| pin.t The vibrational numbering of the upper level
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ie inferred to be v' = 1 from observation of only a

single node in the xlz¥ Q branch progression (Chapter

3) 24025 Q branch emission to x1z% and P and R branch

emission to A'!l or adm indicates that the upper

level is an f-parity Q = 1 state.?!

From E' and Aj; through Ag, term values for lower

levels of the green band progression are: E, = 8703,

E, = 8716, Ey = 9234, E, = 9255, Eg = 9775, and

BE, = 9796 emt (+ 5 emt). calculated A'll energies

axe¢:
7)

7

Vv =

 Vv

0

1

2

J = 15

J = 17 8715

J = 15 9233

J = 17 9255

8693 + 15 cm°

J = 15 9768

J = 17 9790.

since emission occurs from the upper level of the laser

excited transition into both x!r¥ and A'!m it seems

likely that this © = 1 level is in fact ln; however,

only one lI state is predicted in this energy region

and this is presumably ply. 14

In addition to the Q branch progression into xlz™,

a progression of P,R doublets into xx 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

ad3n_(v=0).O

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

. . . +4

emission into xls

176.486 nm (20 981.13 cmT)

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 xiy™T 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

value is 25064 + 5 cm 1.

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:

Ap = 539.33, A, = 540,18, A3 = 554.54, xr, = 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

ast or A'll v = 6,7, and 8 (J = 21 and 23) 2/13 ana,

therefore, J' = 22. Single mode excitation should

allow this progression to be linked with emission into

gly?

In the orange system, two sets of P,Q,R, triplets

separated by 51 cm™1 and with P,R spacings of 49 cm1

and 52 cm~1 are observed in addition to complicated

relaxed and resonant structure. The triplet wavelengths

are: Ai = 622.55, Xp =623.51, X3 = 624.47 nm (+ 0.02 nm)

and Ay = 624.8, As = 625.8, Ag = 626.8 nm (+ 0.1 nm).

The 1,2,3, triplet is ~ 17 times more intense than the

4,5,6 triplet. The separation between triplets of 51 emt,

comparable to the a3n spin-orbit constant (Ap = -58 em~1y 13

and the lack’ of an asymmetry in the PQ and QR splittings

suggest that the 1,2,3 and 4,5,6 levels belong to al, and

adn. , "respectively. Assuming that the lower vibrational

level is Vv = 0, the P,R splittings give J' = 37 + 2.12

Although this value of J' is the same to within experimental

error as the value determined from the analyzed progression

into xin ™t (J' = 35 + 1, see above), making this assignment

yields energies for the lower levels of these orange

band transitions which are = 100 cnt from caleulnted
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adn (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.

172.689 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 xlyt vl = 0

to v" = 13 with nodes at v" = 2 and v" = 5 indicating

that v' = 2. From PR separations, the transitions

sxcited are P(28) and R(48). clrt - x!z7 (2,13) p(28)

and R(48) transitions are calculated to be: 21140.3

and 21145.9 emt? respectively. Lagerqgvist reports

perturbations in clz* (v' = 2) which culminate at

Jo = 27.5 and 48.5; 1 these perturbations may be responsible

for the discrepancies between calculated and laser frequen-

cies as well as error in B73 which is extrapolated from lower

vibrational B values. 10/11 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.

457.936 nm (21 931.01 cm 1)

A progression of P,R doublets from 370 to 475 nm

corresponding to emission into xz v' = 0 to 8 with

one node between v" = 2 and 3 is observed. The laser

line fits into this progression at xlst y" = 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 x13% y"= 7. This

overlapping is responsible for the uncertainty in J'

quoted 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 cmt which

corresponds to neither clz™ nor Blu.

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:

A, = 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 A; and Aj; terminate in A'llv = 0.

Thus A; and A3 appear to be connected to the P,R doublet

progression into x!'s¥. From A;, Az, and E' the lower

level energies are: E; = 8926 + 5 cmt and

E, = 8972 + 5 emt. A'lnv =o energies are E(J=30) =

8924 + 15 cm! and E(J = 32) = 8966 + 15 cm." This

validates the assumption made above: A; and Az do ter-

minate in A'lml v = 0,3 = 30 and 32, respectively. This

excellent agreement suggests that A» and A, share the

same upper level as the xls? O branch progression;

the As ,Ay splitting yields J' = 37 and from x1yt term

valuesl9s1l and the laser frequency E'(J'=37)=27 276 + 5 cmd

From this energy and A, and Ay, , Eo = 9074 + 5 cm~1 and

E, = 9122 + 5 cm-l. Calculated A'll v = 0 energies are:

E(J = 36) = 9058 + 15 cm©and E(J = 38) = 9109 + 15 cm ©

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

and f parity, respectively. 2® P,R emission into A'll

and P,R and Q branch emission into xls* implies that

the upper level of the laser excited transition has

Q=1 symmetry" and is likely II. The single wim

node in x!x¥ emission. implies v' = 1.24125

From E' (J' = 31) and E'(J' = 37),B' and E'(J'=0) are

e
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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'lnl (v=1) is expected. However, the intensity of this

band is * 10 times weaker than emission into A'!l .wy==30.

However, from the similarity between B values for the

upper and lower, A'lnl, 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 quantum lower than the 11 state excited

by the 488.0 nm line,hinting that these levels belong

to the same electronic state. However, progressions

into xls ™¥ indicate that v' = 1 for both laser excitation lines!

If both lipper:levels belong to different 11: states,

then three !I states (including Bln) lie in the same

energy region. This is, again, inconsistent with theoreti-

cal expectations.

It seems plausible that these two previously

unseen !T levels belong to the same electronic state and

that they borrow radiative character from Bln thus in-

validating node counting in xlzt progressions as a

means of determining the v' numbering. By analogy with

A'ln on adm; spin-orbit mixing,l&gt;the most likely state

to mix with B!T would be the 31 state from the same
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162 ...702 80 ln" ... 3n" 47 contiguration. 4 However,

this assignment suffers from the lack of observed

emission into adil.

Dye Laser Excitation Spectra

La Band Structur~

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”1 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.

7 Zz 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

separated by 55 + 2 cml (Fig. 4.3) are observed.

The longer wavelength triplet includes the laser, which
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Figure 4.1: Green band system of CaO. Total

fluorescence intensity is plotted against

laser frequency.

Figure 4.2: 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
I Heng (CM ) A regg (PM)

Alr

17 980 +

18 008

18 026

d 556.0 + 0.1

555.2

554.6

554.3

553.8

550.7

550.0

549.5

18 036

18 053

18 153

18 177

18 192

18 214 548.9

18 240 548.1

Relative Intensity

4.5

5.0

4.8

4.5

3.0

2.1

3.0

3.0

3.7

2.8

a

;



Table 4.3: CaO Orange System Band Heads

; (em™1) y Air (a) Relative (em™1) , Air (nm)
Head Head Intensity © Head Head

15 928 + 3 627.7 + 0.1 0.2 16 183 617.8

15 937

15 947

15 950

15 958

15 961

15 968

15 974

15 976

15 980

16 028

16 035

16 041

16 045

627.3

626.9

526.8

626.5

526.4

626.1

625.8

625.8

625.6

623.7

623.5

623.2

0.2 16 190

16 197

16 204

16 210

16 224

16 305

16 309

617.5

0.8 617.2

617.00.7

1.4 616.7

5.7 616.2

613.1

613.0

2.6

2.7

1.0 16 313

16 315

16 329

16 334

16 340

16 363

612.8

612.8

612.2

612.1

611.8

0.5

4.5

2.9

1.4

623.1 |  A 611.0

16 057 622.6 Nn CC
. WF 16 395 609.8

Relative
Intensity

0.6

2.3

4.0

1.6

0.5

0.8

5.4

2.3

0.6

0.1

0.8

1.5

0.6

3.5

3

No
J
N
!



Table 4.3: (cont.)

Air :
-1 Relative -1

Head (°M ) Meaq (2) Intensity °Heaq (CM )

16 071

16 077

16 082

622.1 1.0 16 396

621.8

621.6

1.0 16 401

16 411

16 418

16 422

16 453

16 457

3.5

16 087 621.4

619.7

619.4

618.7

3.5

le 132

16 140

16 158

16 163

lc 168

16 169

J.2

0.2

J.2

518.5

618.3

2.7 16 459

14 463

16 470

16 472

16 499

1.5

618.3 . 9

16 177 618.0 J.4

16 516

16 571

16 579

Air .

3 (nm) Relative
Head Intensity

509.7 1.6

609.6

609.2

608.9

608.8

607.6

607.5

607.4

607.3

607.0

606.9

605.9

605.3

603.3

1.0

0.4

1.0

1.0

4.3

3.0

2.0

1.0

4.0

5.5

2.0

2.3

0.2

603.0 J.3

J

he
~J
w



Table 4.3: (cont.)

5 (cm 1) Bir (nm) :
Head Head Relative Intensity

16 644 +

16 653

16 667

16 703

16 709

16 720

16 723

16 738

16 752

16 759

16 769

16 772

16 778

16 783

3 600.7 +

600.3

599.8

598.5

598.3

597.9

597.8

597.3

596.8

596.5

596.2

596.1

5905.9

595.7

0.1 4.0

2.2

0.6

1.7

1.5

1.0

2.7

0.2

1.5

1.8

0.7

0.2

1.1

io7 I
No
~
&gt;
i
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Figure 4.3: Orange band fluorescence into asm

and a®n, when the 609.8 nm band is

pumped with a single mode dye laser:

The laser (off scale) pumps a Q branch

-ransition out of adm,-
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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 cm 1)13 and that the short and long wave-

length components are either al; and an, or am, and

a3ll;, respectively. Asymmetries in the long wavelength

P,Q0,R, splittings (i.e. APQ # AQR) which persist even

at low J indicate that the lower level is A-doubled.

Only a’l, can be A-doubled as J approaches zero&gt;l SO

that the short and long wavelength triplets are assigned

as adm, and asl, respectively. Since strong Q branches

are observed rthe upper state must have © = 1 symmetry.

Lack of emission into a3l, and the greater intensity

of emission into adn, relative to a’ll; indicates that

the upper state must be 3A;: emission from 3X” or 33+into

cach Q component of 31 should exhibit comparable inten-

sity 1

These assignments have recently been verified by Mr.

Romald Marks who is at present rotationally analyzing this

band system using the technique of intermodulation

fluorescence spectroscopy. 23727 No vibrational assign-

ment has yet been made.
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C. Effects of CO addition to the flame

The addition of CO to CaO flames has been

observed to increase chemiluminescence and absorption

intensity in the orange and green systems. r8r16,17

This 1s observed here as well: addition of ® 1 x 1072 torr

of CO increases the entire orange and green system laser

induced fluorescence intensity by a factor of 2 to 3.

However, excess CO (&gt; 0.1 torr) quenches CaO laser induced

fluorescence but enhances the Ca 535; «+ 4°P9,

535; &lt;« 43%p7, and 538; &lt;« 43P? atomic resonance lines.

These observations are consistent with the reaction

mechanism in Eg. 4.1: an excess of CO quenches not only

high xlyt vibrational levels but also the lower levels

of the green and orange systems, asm and A'ln, and

produces metastable Ca 43p©
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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'lyq

and a3n and (2) the A'll vibrational assignments made

by Fieldl?3 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 xlzt 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 xls¥t

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

that Marks?3 has already begun. The combination of dye

laser and ArT laser excitation in an optical-optical

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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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, v, A narrow bandwidth

probe laser subsequently samples the populations of both

initially pumped and collisionally populated levels while

simultaneously determining the final Vy 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:

|J,M, n,v &gt; kb_, lar,,Mm', 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: OODR excitation scheme for probing BaO
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aly” rotational and translational relaxation.

The alz® « x1:™ (1,0) P(16) pump line

prepares J' = 15; collisions subsequently

transfer population to J' = 12,which is

probed by exciting cl « alzt (3,1) RrR(12).
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quantum numbers; k is the state to state rate constant

in units of torr© sec”! and P is the pressure in torr.

This chapter reports the results of OODR

experimental studies of the dynamics of BaO (als) nv Ar and

co, interactions in a Ba + Co, + Ar ~Ba0O + CO + Ar flame reac-

tion. Reaction (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) &gt;k(|AaT] =

k(|ag| = 3), where AJ = J'-J.

For both Ar and CO,» velocity randomization, or trans-

lational relaxation, was found to proceed via forward

scattering in the center of mass (COM) coordinate system

( &lt; 60° where y is the COM scattering angle) at rates

comparable to AJ = + 1 transfer. Two differences between

Bao (Alx™) ~v Ar and Bao (Alz™) Vv Co, collisions were apparent:

1) co, pressure broadening (Kp ~v 19 + 3 MHz tore) for a

specific BaO (als™) rovibronic level is #4 1.5 times that

for Ar and 2) co, translational relaxation proceeds via

smaller angle scattering than does Ar relaxation. These

observations are qualitatively consistent with a longer

range interaction for BaO ~ CO, than for BaO ~ Ar collisions

owing to the CO, quadrupolar moment (-4.3 x 102° esu en?)
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and internal degrees of freedom (facilitating long range

exchange resonances).

In Section II.A. theoretical relationships between

moments of the Ve distribution and moments of cos Vy 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 Vy distribution; a deconvolution

procedure to obain the Vo distribution is described. In

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.’ ' Molecular beams

allow specification of a well defined initial relative

translational energy. In conjunction 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

cross sections can be obtained.?’3 Dagdigian and co-

workers have recently measured state to state cross

sections for LiF ~ rare gas collisions in a beam-gas

arrangement? by initial quadrupolar state selection of

an LiF beam followed by LIF probes of the final state

distributions. ?
rinsey&gt; 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

of = 104 over traditional molecular beam detection methods. &gt;

Experimentally, this technique has already been demonstrated

fReaction is used here in a general sense and need
imply chemical rearrangement.

not
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by obtaining state-resolved differential cross sections

: 2 2

in a Na(3 P1/2) + Ar &gt; Na(3 P32) + Ar crossed beam
; 6

reaction.

In the bulk phase, monochromatic excitation is a

long proven technique for obtaining state to state rate
7,8

constants. 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 al.”

The dependence of J + J' rate constants

on initial J and the inequality of AJ &gt; 0 and AJ &lt;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

constants in both moleculari?®/1l and atomicl? systems.

Phillips and Pritchardl&gt; have derived an expression for

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

changing collisions?31 (VCC). Beginning in 1969 ,1°
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the pressure dependence of Lamb dip line shapes and

widths in He-Ne , 10717 co, 8, and col? lasers have been

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

Ne, 20722, co,*%12°, H,c0%* and cu F. 237% The technique
of coherent optical transients has also been used to

study the time dependence of velocity randomizing

collisions in CHyF CH,F interactions.?172&gt; 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

electronic degrees of freedom) vee. 14,18,30,31 The

theoretical interpretation of double resonance line

shapes influenced by VCC has been developed largely

by Berman Yer 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

average speed change, Sv, is obtained. 14/2426 The

magnitude of Sv, has been interpreted in terms of

collision strength: large (small) velocity jumps are

associated with strong (weak) interactions. Values of

v ranging from ~ 85 cm sec lin CHF ~ CH,F collisions?’
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ton 10° cm sec! in Xe~Xecollisions&gt;’havebeen observed

Energy transfer: studies of BaO Aalst have

emphasized the elucidation of Alz’ a b3@ intersystem

crossing mechanisms and rates (see Chapter 1y.32737

Sakurai, et al.,&gt;? have measured total cross sections

(summed over final states) for electronic quenching

(with He), vibrational relaxation (with He, Ar, and N,)

and rotational relaxation (with He) from a single

alg” rovibronic level prepared by ar’ laser excitation.

Johnson&gt;&gt; has measured radiative lifetimes and He

quenching rates as a function of Aly" 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 cls? and Alx® radiative lifetimes

(25 + 10 nsec&gt;’ and 363 nsec&gt;31t respectively) . OODR

line shapes are determined primarily by alz* 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 §v_; deconvolution of the observed line shape to

obtain moments of cos y is completely model independent.

-Ads NT —

a}
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Previous molecular VCC experiments utilized

CoO, co, or N,O infrared lasers of limited tunability. 1% 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) whose

transitions are usually weak and unresolvable by small

monochromators. In general, any initial level may be

chosen and examined for unique dynamical properties.
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IT. Theory

A. Velocity Selection and Analysis

Because of the Doppler shift, molecules travelling

with different velocity components along the laser

propagation direction (specified by X) are resonant

with the field at different frequencies:

\) v (1 + v
oO

Fc ) f=
vo 2)

where v is the resonant frequency for molecules with

velocity component along the laser propagation direction

Ver Vg is the rest frequency (when Vv, = 0), and c is the

speed of light. Note that Vy is a signed quantity (+

({ =) for travel with (against) x). Thus, molecules with

different speeds may be selected by tuning the pump

laser across the Doppler line profile. Similarly, the probe

laser may be used to analyze the final, Vr velocity

distribution.

The relationship between 6v,, = Vo - Vv, and moments

of the scattering angle distribution is derived below

for molecules with well defined Vv, but thermal (Maxwellian)

distributions of Vy and v, velocity components colliding

with particles characterized by a completely thermal

velocity distribution.

In the laboratory coordinate system,
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, = V,.X + V. + Vv._2ZVi ix iy? iz
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(5.3)

where Vs is the LER molecular velocity with magnitude

7, = Jv, 24 2 v, 2
i i32 Viy jz - 1 = 1l'is chosen for the v

selected molecule and 1 = 2 denotes the collision

partner.

It is most convenient to picture the collision in the

COM coordinate system where the COM kinetic energy (a

constant of the motion) is zero. Since the OODR experiment

samples only Vir it is sufficient and simpler to work

only with x velocity components:

1
WN. = a - nr . a + VV « = WwW. COS -1x Vix M (m; vx my jx) 1 ny (2.4)

where Wi is the laboratory x component of the jth

molecular COM velocity, Ww. (with magnitude Wels

M = (mq + m,) is the total mass of the collision system;

ny is the polar angle of Ww. with respect to x (Fig. 5.2);

and i = 1(2) when j = 2(1). The collision between i and J

is simply represented by pivoting the relative velocity

vector Ww = A —- Ws about the COM by an angle ¢§ (COM scat-

tering angle) in the plane specified by vy and vs and by

an angle y out of the plane and by changing the length

of w consonantly with the change in internal energy

(Fig. 5.3). All values of y from 0 to 27 are equally

probable so that a cone of equal scattering intensity

is obtained.
—&gt;

Changes in the magnitude of w, 8w, can be
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Figure 5.2: Collision of molecule 1 with molecule 2

and transformation to COM. For simplicity

- Z —-— —

vy is chosen equal to VX (Vig = Vy, = 0)

and the collision takes place in the

xz plane (Vo, = 0).

Figure 5.3: Elastic scattering (w' = w) in the COM.

w' is rotated in the plane about COM by

y and out of the plane by y. All values of

y from 0 to 27 are equally probable resulting

in a cone of equal scattering intensity

for given yy. Two w's on the same cone

are shown, corresponding to the same value

of ¢v but different vs



con
- —
 oe

J.

eng

 +,

WwW.

Socom

—3Som Wo.
Zz

J

FIGURE 5.2



AYEYo

I

com

\

&gt; yy
‘A

\

\
,

=
‘A/S

FIGURE 5.3



—-299-

neglected when the internal energy change, AE; .. is

much less than kT. This is the situation in BaO aly”?

rotational relaxation considered below; hereafter,
ot

Ww! = w 1s assumed.’

Sf

From geometrical considerations,

 a. ; 39
Ww.‘ on x is derived

“he

w! = w.|cosycosn. -—1% ;[ b Ny cosysinysinn. I,

projection

1 ys 3)

where the quasi-elastic condition, wi = W.. is assumed.

It is convenient to examine only the change in

Vv. sv. =v! -v. = 8w,_ =w!_ =- w._ , induced by
ix J) 1X 1x ix 1X 1x 1X

the collision; in the frequency domain, this corresponds

to 6v = v' = v = svi, (v,/c) (not to be confused with

the line width NL

~
N

W

J.

L
J

w, [cosn; (cosy-1) —cosysinysinn;, I.

Average frequency siiift

NL3)

Equation (5.6) relates a frequency shift

to the COM scattering angles ¢ and y for given initial

trajectories of molecules 1 and 2 (specified by nq and

wi) Tt is necessary to average over the y and z velocity

components of molecule 1 and all three velocity components

frhe maximum rotational energy change observed, J =
J = 30, is ~ 0.5kT.

15
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of molecule 2 since these are not selected. Averaging

Yy from 0 to 2m and vy over the scattering angle distribution

P(y) results in an average frequency shift which may be

obtained from the observed line shape (see Section IIB).

First averaging y from 0 to 27,

Vv \
z a = _O 2m = _o r —

Sv &gt; = Js 6V4 4 dv = Yi cosn, (COSY i). (5 -7)

Substituting for cos n. from Eg. (5.4) )

¥

&lt;8 (Vi, ~ F1x M (myvy ft N,Y 1)v=Sso1(cyy) 7
f
+

-
- 3)

averaging Vou over the Maxwellian distrioution from -«

to +,

Yo mn
&lt;8vq&gt;&gt; = = Vix ™M [&lt;cosy&gt; -1]

.

1

Fi
-— 4 J)

where &lt;cosy&gt; = I cos P(y)sinydy and &lt;v,&gt;= 0. The great

simplicity of Eg. 5.9 results from neglect of changes in

the relative translational energy and the energy dependence

of ¥. Note that vy and v, for both molecules 1 and 2

need not be considered. Several predictions are

immediately obvious from Eg. 5.9: 1) &lt;&lt;8vg&gt;&gt; scales as

71 [&lt;cosy&gt; -1] so that asymmetric lines skewed towards

Yo (V4 = 0) are expected for v, # 0 and ¢ &gt; 0;

2) large asymmetries imply large scattering angles or

backward scattering; 3) when Vig = 0 (v = v,) is
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selected, the probe laser excitation line shapes should

be symmetrical with an average shift of zero so that

&lt;cosy&gt; cannot be determined from &lt;&lt;8vqy&gt;&gt;; and 4) the

relative masses of the two collision partners affects

the precision with which &lt;cosy&gt; can be determined from

&lt;&lt;8vq&gt;&gt; (1f my; ¥ M &gt;&gt; My, &lt;&lt;fvy&gt;&gt; Z 0 and cos J is

indeterminate.

&lt;&lt;8vq&gt;&gt; is zero when Vig = 0 because collision

partners with Voy 0 and Voy © 0 for given |v |

produce average frequency shifts of equal magnitude

but opposite sign: from conservation of linear momentum

and energy Vos 7 0 produces blue shifts

(i.e. Vv! 1x &gt; 0) and Voy © 0 produces red shifts

(i.e. Vie S 0). Thus, if Eg. 5.8 is averaged over Vo

from 0 to « (or —-«» to 0) rather than from -« to «, the

average blue (red) shift is given by

3lue _ —_———&gt; = &lt;&lt; 6v

0

Red Yo M2 kT
=~ T ™ (2mm) lmecosy&gt;]

5 .10)

11d &lt;cosy&gt; can be determined when Vig = 0

2 Second Moment of the Frequency Shift

Higher moments of cosy can be determined

from higher moments of Sve. The second moment of Svq

as a function of &lt;cos?y&gt; and &lt;cosy&gt; is derived below.

TIE the energy dependence of ¢y 1s neglected, selecting mole-
cules with vq #Z 0 provides the same information as V15=0
selection.
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Squaring Eg. 5.6,

 G0
B

Z
Vv

D 2

JZ Wy

7) ~0OS

L

([cosycosn, - cosysinpsinn, J?

 ny  cosiycosr cosysinpsinn, J
» -

A

ca

3
A1)

and averaging y from 0 to 2,

 &lt;&lt;

Zz

Yo ry (0 2 1cos 2 i. 1 ycos2n, + 3 sin?ysin?n]

~") zos?n, cosy + 208
J } (5.1.2)

From Eg. 5.4

WwW — 0s? — axn, = Vig - Vix ( m. Vv +11x MyVos)
lle

iL 2_2 2,2
iz (myvy, + 2M Vy Vo + mV) -

Averaging vVv,_2x
from -« to + ~*

2
m

1 _ 2.7 "2
cos?n,&gt;=[v, + 3 &lt;p&gt;] = WwW

’
~

(5.13a)

(3
-

“b)

2 2 Co

where &lt;vy&gt; = &lt;vpZ&gt; + &lt;p&gt; + &lt;Vpg&gt;=3&lt;vy2&gt; for collision partner

2 witha thermal velocity distribution. Similarly,

2 m,*
&lt;wWi~&gt; = MZ [2&lt;v;2&gt; + v,2 + &lt;v2&gt;]

where &lt;vif&gt; = &lt;v,2 = &lt;v,2&gt; is the average square

speed perpendicular to x for molecule 1. Providing the



temperature, T, is known, &lt;vi;f&gt; and &lt;v3&gt; o a=

or&amp;D
=

EI|
rh

2

readily calculated:

kT/my

3kT/m,,.

(5.15a)

(5.15Db)

Combining Eqs. 5.12, 5.13b, 5.14, and 5.15,

 oR
2 &amp; &gt; S 2 ([v2 - 51 &lt;cos?yc2 M 1 my

2 , KT 2 1 2
lv 2+ 5] &lt;cosy&gt; + [v2 + KT td (5.16)

where ¢ has been averaged over the distribution P(y).

Eg. 5.16 relates the second moment of the frequency shift

to first and second moments of cosy. Again if m; * M &gt;&gt;m,

little information is obtained since &lt;&lt;6v;2&gt;&gt; = 0. If

Vig = kT/m4 is selected &lt;cos?y&gt; is undetermined. When

V = 0
1%

7&lt;d 1) ~

v2 m3 1 2
° Zz MZ KT [1-&lt;cos?2y&gt;] to, [1-&lt;cosy&gt;]1}.~

5.17)

Qualitatively, Eq. 5.17 states that the frequency shift

increases monotonically with scattering angle. For narrow

scattering angle distributions, &lt;cos2y&gt; a &lt;cosy&gt;2 and

Eg. 5.17 can be solved for &lt;cosy&gt; given an experimental

value of &lt;&lt;8vi125&gt;
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8B. Line Shapes

1. General expression

The observed excitation line shape is

proportional to a convolution integral of a pressure and

power dependent homogeneous line shape function with a

sum of V. distributions. Each.v_-distribution corresponds

to molecules with different trajectories between time

of excitation and emission-
dy

N

I
r

3 Vv) n, JC Gv=v') [ = nV, (v') lav:
i i=0

(5.18a)

yy

L(v) =~ SZ G(v=v')V(ve)dy: (5.18Db)

where G(v-v') is the homogeneous line shape, n. is the

number density of molecules which have traversed tra-

jectory i, Vv. (v') is the velocity distribution resulting

from trajectory i, N is the pressure dependent number of

trajectories, and V(v') is the: resultant, total velocity

distribution. For low pressures, the single collision

limit is applicable and only one class of trajectories

for satellite lines corresponding to J-=J' transfer

and two classes of trajectories for the principal line

corresponding to stationary state oscillation and

elastic (i.e. AJ = 0) velocity randomization need be included

in Eg. 5.18.
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G(v-v')is generally not a simple Lorentzian but ra-

ther a sum of three functions resulting from (1)step-wise

excitation (clzt « alzxt « x!:%) ana population of

aly™ - . . 1-F |L , (2) two-photon excitation (C*'I &lt;&lt; X'%')

involving only virtual intermediate levels, and (3)

interference between (1) and (2) .41743 G(v=v') 1s a func-

tion of pump and probe laser power and detuning from Vo

as well as pressure. 42

7 Deconvolution procedure

If G(v-v') is known, I(v) can, in principle, be

deconvoluted to obtain V(v'), which may then be used to

obtained moments of cosy via Egs. 5.9, 5.10 and 5.16:%4

-

= G*(t v4 Aion (5.19a)

and

ivi (v) (27 1/2 I*(t) ivt
x(t)(t)e dt

where starred functions are one-d.measional Fourier

(5.19b)

transforms.

» Determination of State to State Rate Constants

1. Fluorescence intensi

Populations in a !J,M,v_.n&gt; state, with
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speed distribution V,are sampled by OODR or

aly? + xl5¥ fluorescence. The integrated fluourescence

intensity is proportional to the number density in

|J,M,n&gt;, but is also a function of probe laser polariza-

tion and probe laser frequency (for OODR population

monitoring), fluorescence detection geometry, and

fluorescence fremuenay ror 13-47

rt
LJ

y 1

ny n_f (M) EM (a,b,v;)F" (b,c,vg) pH* (~ 2) ( 5 ~0)

where i is the LIF signal from the |JM&gt; level in the

|ln&gt; state; a, b, and c¢ are shorthand for initial, inter-

mediate, and final state quantum numbers; n is the total

number density in the gh level; f£(M) is the fraction

of ng in the mth sub-level; E is an excitation factor,

related to the Einstein B coefficient, for probe laser

polarization nu; F is defined analogously to E; D is a

polarization and frequency dependent fluorescence

detection factor; and VE and vp are probe laser excitation

and fluorescence frequencies, respectively.

Obtaining i experimentally is non-trivial (see

Chapter 6). Instead, tH is measured; where:

= 1 J pu

5 Io
M=-TJ

{2 .21)
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if dD" and ZH are experimentally determined, E" and

F*' can be calculated?’ to yield ny provided f(M) is

known. In practice £(M) has been assumed to be a

constant and equal to (23+1)"%L, implying equal M sub-

level populations. This assumption is justified when

Ehe variation in intensity ratios, used to determine

k(J&gt;J') as vu and u' are varied is comparable to the

experimental error in I0/15 (for example, see Ref. 9)

A recent review by Kinsey? gives a more complete

discussion of LIF measurements of internal energy

state distributions.

/ Rate constants

In steady state, the number densities in

each rovibronic level are interrelated (the following

discussion closely follows Ref. 9b):

dn 5 .

Ft = 0 = Ln gi Kg -n,I- 2
&gt; nyKJT

\ 1 22)
TE

where Ks is the pressure dependent rate for J + J' col-

lisions, starred summations denote.exclusion of J=J' terms

(elastic J »- J rates are not determined), and T is a

pressure dependent decay constant given by,

 3d
—T I.

Q ¥

- fF 23)



-308-

where kK. ag is a radiative decay rate and k is a quenching

rate (removal from the vibrational level considered by

vibrational or electronic transfer or by chemical

reaction) for collision species 2 with number density n,

Eg. 5.22 is not valid when J = Jor where Js denotes the

pumped level, since no pump source term is included.

The effects of probe laser saturation are neglected

(valid when the probe excitation rate is much less than

the collision rate which is the situation for this work).

The first term in Eq. 5.22 represents collisional transfer

into J from J'; the third term represents transfer from

J to J!

If Kig is assumed to be a function only of

AJ = J'-J, Brunner, et a1.”® have shown that:

1

J
max

i (Re, = 1)
Jag J'J

min

I AJ) (5.24)

where Rig = Nia /N 5 is the ratio of number densities in

levels J' and J and T (AJ) = K(AJ)T'.Eq. 5.24 leads to

a set of equations for each value of J which is conveniently

expressed in matrix form:

L XT
oy

(5.25a)

and

-1
I= (5.25Db)

where X is the matrix of (Rye 5~1) values, T is the vector
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of T(AJ) values, and 1 is the identity vector. Providing

Kg is only a function of AJ, Eq. 5.25b yields T (AJ)

corrected for the effects of multiple collisions. In

using Egs.5.24 and 5.25, it should be noted that if

J ranges from Jy to Jor J in = JJ, and Jax = J, + J,4-
OL
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III. Experimental

The OODR experiment was described in Chapter 3.

Details relevant to kinetic measurements only are

presented here.

LD 2ressure measurements

Pressure measurements were made using both

a Wallace and Tiernan (model #FA 160) 0 to 20 torr

mechanical gauge and an MKS baratron (model #220-2A6-1)

0 to 1 torr capacitance manometer gauge. The position

of the baratron gauge was varied with respect to the

flame and pump; identical readings were obtained when

the end of the gas collection tube (® 6 in. from capaci-

tance manometer) was placed in the flame and when placed

r 2 ft. downstream toward the pump (Welch #1397B). All

experiments were carried out under flow conditions (pumping

speed ® 300 gmin~1). A constant discrepancy of 0.22 torr

between the W&amp;T and MKS gauges was observed. By

checking against a second MKS gauge, the W&amp;T readings were

corrected accordingly by adding 0.22 torr to the observed

readings. Partial pressures of Ar and CO, were determined,

under flow conditions, by first adjusting the Ar pressure

and then adding CO, ideality (Dalton's law) is assumed.
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Pressures are precise to 0.02 torr; 0.01 torr was the

smallest detectable pressure change.

3 Line intensi._.z3

For J &lt; 20, populations were probed via OODR -

Ci =&lt; AL (3,1) excitation and C'z &gt; X‘I UV fluorescence

detection. For J &gt; 20, the probe laser was blocked and

alyt -&gt; xlzt (1,1) fluorescence was resolved through a

Spex 1802 spectrometer (See Chapter 3 for details);
Q

spectral resolution was =~ 0.3A.

Pump and probe lasers were polarized along z and

propagated along x. Xx + y polarized clz?  . xly™t OODR
2 ~ ~ : +

induced fluorescence and y + z polarized aly™ &gt; xix fluor-

escence were detected. Integrated intensities were

approximated from probe laser excitation spectra by

multiplying peak heights by widths (FWHM) to account for

variations in velocity randomization with J (see below).

For spectrometer data, peak heights alone were used

as intensity measures since all line widths were equal

and determined by the 0.32 spectral slit width.

The lasers were sometimes focussed with a 12 in. focal

length lens into the flame center in order to obtain op-

timal signal to noise ratios. However, intensity ratios

vere insensitive to laser focussing.

.ine intensities were corrected for pump and probe
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laser power fluctuations by monitoring alr = xlzt 91,2)

fluorescence (Chapter 3) and the transmission intefisities

of a 300 MHz Fabry-Perot, respectively"

[150725] = [150/15 1
true obs

Ppump 90’ Pprobe (Jo
P 1— Probe (7)

(5.26)

where the Ps are monitor signals proportional to laser

intensities (Probe was not used for spectrometer data).

The difference between true and observed intensity

ratios were less than 10%. Note that A~»X (1,2)

fluorescence monitoring corrects for not only bump laser

power fluctuations but also BaO concentration fluctuations.

Line widths and intensity ratios were measured as

function of oven current over a range of 40 to 70 amps

(corresponding to estimated oven temperatures from ~ 600

to 1000K) for various Co, and Ar pressures. No dependence

a

of widths or intensity ratios on oven current was observed.

fre laser frequency is tuned smoothly, the Fabry-Perot
transmission intensity is proportional to laser power.
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IV. Results

A, Line shapes and widths

1 - Principal line

The observed excitation line shape for

the clsh «Aly (3,1), R(15) principal line at

0.32 torr Ar and 0.05 torr co, and no focussing lens is

shown in Fig. 5.4; Aly«x!5% (1,0), R(14), v, = 0 is

pumped. Also shown is a least squares fit! of the ob-

served line shape to a Lorentzian with FWHM=34.24+0.14 MHz.

Figs. 5.5 and 5.6 illustrate the R(15) principal line

width dependence upon Ar and Co, partial pressure,

respectively. Over the pressure range sampled, the

principal excitation line shape is well characterized

by a Lorentzian function. : Without the

focussing lens, the line widths remain unchanged when the

power of both pump and probe lasers are attenuated (using

neutral density filters) by a factor of ten each. These

observations imply that velocity randomization and two-

photon transitions (TPT) make smaller contributions to

the line shape than do dephasing and decay processes.

If vee and TPT are neglected, then

"Using M.I.T. Information Processing Center library
routines LSMARO and LSMERR.
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the principal line shape function may be used to de-

convolute satellite line shapes according to Eq. 5.19.

Further evidence that VCC make only small contributions,

relative to Lorentz broadening, to the principal line

shape is provided by comparing the satellite and

principal line width dependences on CO, pressure for fixed

Ar pressure: increasing Peo, merely broadens the
principal line width but narrows the satellite line widths

via VCC (see below); if VCC collisions were important,

the principal line should also narrow as Peo, is increased.

There remain four contributions to the line shape:

collisions and radiative decay in the upper clz?t and

lower Alrt levels. The laser line width is x 1MHz and is

neglected. Because cls? radiatively decays ten times more

rapidly than alpt3337 212% vuaisiive decay ‘and cyt

collisional broadening are neglected. No evidence of cls?

relaxation is apparent at total pressures below 1 torr. If

tertiary and higher order collisions are unimportant,

principal line widths vary linearly with Ar and CO, partial

pressures:

a -1 T T

Mpwam = 2m Tk ag + KaPar t kco Peo, ] (5 27)

. + cs

where Kad is the c!I” radiative decay rate and kT represents
. . + :

a total collision rate for a single Alr yovibronic level.

Linear least squares fits to the data are shown in Figs. 5.4



Figure 5.4:
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Experimental (A) excitation line shape

for the principal line clzt « als™ (3,1),

R(15) as a function of detuning frequency,

Av = VTi the solid line is a least squares

fit of the data to a Lorentzian with

FWHM = 34.24 + 0.14 MHz. Ar pressure, 0.32

torr. CO, pressure,0.05 torr. aly? « xig?

(1,0), R(14), Vy, = 0 is pumped.
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Figure 5.5: Plot of line width AY iam vs. total

pressure P. Peo, &lt; 0.01 torr.) for
clz® « alzx® (3,1) Rr(15) principal line.

Circles are experimental measurements;

- 31”! —

line is a linear least squares fit to

data with slope of 14 + 2 MHz torrT

and intercept of 28 + 2 MHz.

Figure 5.6: Same as Fig. 5.4 except Par = 0.32 torr

is held fixed. Slope is 19 + 3 MHz

torr 1 and intercept is 30 + 3 MHz.

fmrror bars are lo estimates.
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and 5.5 and yield:

T= 8.8 + 1.3 x 10'sec” Ttorr™t = 4.3 + 0.6 x 10 cm’sec”!

T _

Koo. = 1.19 + 0.19 x
10%sec ttorr ?t = 5.90 t 0.9 x

K
rad

= 1.68 + 0.13 x 10%sec*or © .=6.0
rad

+ 0.5x

(5.28a)

10" Lm3sec™
(5.28Db)

10 sec

(5.28¢c)

In terms of cross sections,

1
jy

Yt Av”
T= 870 + 120 AZ
Ar —_ (5.29a)

7 _ =L oT, 2
co, = Ven Keo, = 1 230 + 190 A (5.29b)

where WwW,&gt; =
i 1

KT) ~ [Go + TRE the mean square

relative speed for particle 1 (BaO) colliding with

particle 2 (Ar or CO,) when Vig = 0 has been selected. 48

The collision rates in Eq. 5.28 are total rates including

all guenching and relaxation mechanisms as well as phase

changing collisions and are upper bounds to aly” relaxation

"In converting from sec torr 1 to cm sec i in Egs. 5.28a
and 5.28b the ideal gas equation, P = nkT, has been used

with T=[Avpc2M/8v Rln2] = 475K where Avp=790MHz is theobserved Alzt - x5 + Doppler width, M is the BaO molecular
mass and R is the gas constant.40



-221-
processes since line width contributions from TPT,

cly™ relaxation, and VCC are neglected. Identical

line width vs. pressure curves (Fig. 5.5 and 5.6) are

obtained for J, = 0 through 15.

The value of Trad in Eq. 5.28c is significantly

different from the vibrationaly and rotationally averaged

clz¥ radiative lifetime of 25 + 10 nsec reported by

Torres-Filho and Pruett (TP) by pulsed dye laser

excitation of clit « x13% ana subsequent temporal

monitoring of clizt &gt; xizt fluorescence '2, Because of

cly™ perturbations (Chapter 3), Tad is expected to vary

with both vibration and rotation; in fact Pruett recently

measured cls? lifetimes for individual rotational levels

near the v= 3 vibrational origin and found tv = 14 + 1

nsec&gt;’P, Nonetheless, a discrepancy still exists between

this value and that of Eg. 5.28c. As mentioned above,

power broadening is not detectable without the focussing

lens. Transit time broadening resulting from molecules

leaving the field of interaction can also be neglected

since the beam waist, u, without the focussing lens

(l/e distance from maximum intensity) is 20.8 cm and

the average BaO speed transverse to x is 1.47 x 102 cm san *

so that:

trans
x

- #

&gt; 5 x 10&gt;sec
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A EN piVtrans 2TT
trans

len

Residual Doppler broadening

&gt; 3 x 10° Hz. (5.30a)

owing to beam misalignment

is small-

ARV
vo 6

= ——CG &lt; 5x10°Hz (5.30Db)

1
where Av, is the residual Doppler width, &lt;v2&gt;? the

BaO rms speed, and 6 is the angle between the pump and

probe estimated to be less than 0.01 rad; this correction

results in only a 1 nsec increase in the lifetime. It

seems likely, therefore, that AV EM varies in a non-

linear fashion at low pressures (&lt; 0.3 torr) where VCC

can no longer be neglected with respect to Lorentz

broadening. This non-linear behavior has been observed

in other systemsi1r29/30 It follows that extrapolation of

the lines in Figs. 5.5 and 5.6 to zero pressure leads to a

lower bound for the cls™ radiative lifetime not inconsis-

tent with the values measured by Pruett et al.3’

/ Satellite line

As expected (Section II.B.), satellite line

shapes cannot be represented as simple Lorentzians

or Gaussians: velocity randomization results in broadening

comparable to the homogeneous linewidth.
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Fig. 5.7 illustrates the dependence of the

R(1l4) collisional satellite (AJ = =-1) line width,

AV pram? upon Ar pressure for a co, pressure less than

0.01 torr (without the focussing lens). AV EM is seen

to vary linearly with Ar pressure with a slope of

27 + 2 MHz torr©and an intercept of 66 + 3 MHz.

Because of velocity randomization, the satellite-width

pressure slope and intercept are greater than the cor-

responding principal-line-width slope and intercept.

Fig. 5.8 illustrates the R(14) (AJ = -1) satellite

line width dependence upon CO, pressure for an Ar

pressure of 0.31 torr. A dramatic decrease of 30% in

line width is observed upon addition of only 0.06 torr

Co, - This should be contrasted with the principal line

width dependence on CO, pressure (Fig. 5.6) where a

monotonic, linear increase in line width is observed.

This line narrowing may be understood by examination

of Egs. 5.9, 5.10, and 5.17: the mass change from Ar to

Co, (40 amu as opposed to 44 amu) would be expected to re-

sult in slightly larger frequency shifts for Co, (i.e.

broader lines); however, if ¢ is smaller (cosy larger)

for Co, than for Ar, smaller frequency shifts,or narrower

lines ,are predicted. Thus, Fig. 5.7 implies smaller

angle scattering for Co, than for Ar. This effect is

not apparent in Fig. 5.6, AJ = 0, because velocity



 ~- 3.
~~”

wT

Figure 5.7: clxt « aly? (3,1) R(14) collisional

satellite line width (AJ = -1) vs.

total pressure, Py for fixed

P &lt; 0.01 torr. Line is linear
CO»

least squares fit with slope =

27 + 2 MHz torr * and intercept =

66 + 3 MHz. Error bars are lo

estimates.

Figure 5.8: Same as Fig. 5.6 except for fixed

Par = 0.31 torr
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randomization for Ar as well as co, is minimal when J

is not changed; increases in pressure merely increase

the collisional deactivation and dephasing rates.

Fig. 5.9 illustrates the variation in line width

with AJ for Iq = 15 at an Ar pressure of 0.31 torr

and a Co, pressure of 0.01 torr; the monotonic increase

Of Avro With |AJ| exhibited in Fig. 5.8 is observed

for all pressures and for different Jq- Two mechanisms

for this phenomenon are possible: (1) y increases, cosy

decreases, monotonically with AJ under single collision

conditions; and, (2) large changes in AJ result from a

series of small AJ collisions,each of which randomizes

Vo It is certain that the latter mechanism is important

(see discussion below of multiple collision effects).

When satellite line widths are linearly extrapolated to zero

pressure,the monotonic increase of AY pram with J seems to

persist but the non-linear dependence of AV pram on

pressure (see discussion above) precludes drawing a

jJefinite conclusion concerning the importance of the

former mechanism.

/

Eqs. 5.9, 5.10, and 5.16 predict that VCC frequency

shifts should scale with initial Vig selected. Thus if

(vy,|&gt;0 is selected, satellite line profiles are

expected to be asymmetric and shaded towards vg (V4 = 0)

for v # 0. Principal and satellite excitation line shapes
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Figure 5.9: cCl37 &lt;« alxt (3,1) excitation line

widths as a function of J for J, = 15.

A data denote without focussing lens.

All other data are with focussing lens

and are power broadened. Error bars are

lo estimates.
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for Js = 11 and Vig = + 4.27 x 10° cm sec

{(v=v = + 720 MHz), taken with the focussing lens for

optimal signal to noise, are shown in Fig. 5.10. Fo-

cussing both lasers not only power broadens these lines

but also increases the TPT probability resulting in a

slight asymmetry for the principal, R(1l1l), 1ine??/%3;

without the focussing lens, the principal is symmetric

whereas satellite lines remain asymmetric. The line

asymmetry clearly increases with |AT| (see Fig. 5.10)

consistent with the Vig = 0 results displayed in Fig. 5.9

As described above (Section II.B.), excitation line

shapes can be deconvoluted when the homogeneous line

shape function is known. Neglecting AJ=0 velocity randomi-

zation and TPT,. permits deconvolution of satellite line

profiles, assuming that the homogeneous line shape is

only a function of Ar and CO, pressure and not of J.

This assumption appears to be valid since the same width

vs. pressure curves (Figs. 5.5 and 5.6) are obtained

for different values of Jo. Thus G in Eg. 5.18 is a

simple Lorentzian with pressure dependent FWHM given by

Figs. 5.4 and 5.5. Since the spectra were recorded onto

graph paper (see Chapter 3), it was necessary to first

digitize the data by hand before using the Fast Fourier

Transform (FFT) algorithmn?? "to deconvolute I(v)

MTT IPC library routine FOURT.
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Figure 5.10: cig? « alg? (3,1) OODR excitation

spectrum with focussing lens for

— _ 4 J

Jo = 11 and Vig = 4.27 x 10° cm sec

Note asymmetry in line shapes with

shading towards Vy (V1 = 0). Slight

asymmetry in R(1l1l) (off scale) principal

line results from two-photon transitions

and not velocity randomization (see

text).
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according to Eg. 5.19 and obtain the Vv distribution,

V. Unfortunately, hand digitization reduced the signal

to noise ratio (S/N) from = 200 to = 30. Poor S/N

complicates deconvolution because high frequency

noise in I(v) is amplified when I* is divided by G*

(Eg. 5.19). Since I is a slowly varying function, high

frequency components of I* result largely from noise;

setting these frequency components to zero acts as a filter

on I and reduces the noise in V. However, as more and

more frequency components of I* are zeroed, information

on V is lost. Figures 5.11 and 5.12 illustrate the results

of this procedure for the R(1l4) satellite line (AJ = -1) at

Pay = 0.32 torr and Peo, = 0.05 torr (G(v=v,) is illustrated

in Fig. 5.3). The line shape was digitized into 128 bits

over the frequency range Av = -138 to + 136 MHz (triangles);

the lines in Figs.5.10 and 5.11 are the V(v) distributions

obtained when I* components 24 to 128 and 14 to 128 were

zeroed, respectively (0 and 128 correspond to lowest and high-

est frequency components respectively). In order to test for

distortion, I* was inversely transformed after zeroing

to obtain I. Fig. 5.13 shows the maximum distortion

resulting from zeroing components 14 to 128. It is

apparent from Figs. 5.11 and 5.12 that V is poorly

determined (the oscillations are spurious) even when

114 components are discarded; however, first and second
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Figure 5.11: R(14) satellite line (AJ = -1)

(triangles) at Ppp = 0.32 torr and

Peo, = 0.05 torr with deconvoluted

V(v) distribution (line) obtained

when I*(t) components 24 through 128

were zeroed. Noise in experimental

line profile results from hand

digitization of data.

Figure 5.12: Same as Fig. 5.10 except I*(t)

components 14 through 128 were zeroed.

Note broadening of V(v) relative to

Fig. 5.11.

Figure 5.13: Same as Fig. 5.11 except line is I(v),

R(14) satellite line shape, obtained by

zeroing I*(t) components 14 through 128

and then inverse Fourier transforming.
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moments of V are found to be relatively insensitive to

component zeroing and &lt;cosy&gt;is estimated in Table 5.1.

&lt;cos?y&gt;obtained by simultaneously solving Egs. 5.10

and 5.17 is negative which results from under- Hl

estimating &lt;&lt;§vi&gt;&gt; by numerical computation over only &amp;

finite range of wv. &lt;&lt;8v;&gt;&gt;, is less sensitive to

truncation of V and vields' :

&lt;cosy&gt; = 0.5 + 0.1

&lt;y&gt; = arccos &lt;cosy&gt; = 60 + 6° (5.31)
&lt; _ _ 3 -1

 &lt;Gv, &gt;&gt; = c/v &lt;&lt;fvi1&gt;&gt;, = 1.3 + 0.2 x 10 cm sec

Note that the values quoted in Eq. 5.31 represent

averages over multiple collisions with both Ar and

2 Rotational State to State Rate Constants

Co,

As mentioned above (Section II.C.), aly?

rotational populations are measured by monitoring

Aalst 5 x15" resolved fluorescence or probing clz¥e alytang

detecting’ 1st 5 x13Y Fluorescence. The Former method is used

for J levels greater than 20 where P and R branches

(J'-J" = -1 and +1, respectively, where J' denotes upper

L . .

A lo error of 3 MHZ in &lt;&lt;8v1&gt;&gt;, is estimated from the
spread of red and blue average shifts in Table 5.1
and gives the uncertainties quoted in Eg. 5.31.



Table 5.1: Deconvolution of I(v)?2 and Moments of cosy

Components
Zeroed

34 to 128

24 to 128

14 to 128

&lt;&lt;6v3

-26

-23

-24

Red MHZ) &lt;&lt;gy,&gt;&gt;DIue MHz)

18

1

21

2

&lt;&lt;§v?&gt;&gt;(MHZ) &lt;costrP &lt;cos?y&gt;C
2367 0.50 -4

2245 0.50 - A

2312 0.50 -4

AR(14) satellite (AJ = -1) with Par = 0.32 torr, Pco, = 0.05 torr, and
G(v-v') equal to a Lorentzian with FWHM = 34.24 MHz.

Boverage of values obtained from using red and blue average shifts in Eg.
5.10 with vo = 5.0530166 x 1014 Hz and my = 42 amu (average of map and mco,)-

“From simlutaneous solution of Egs. 5.10 and 5 i ~-y
1

i
2
0
3S
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and J" denotes lower level of transition) are resolv-

able; OODR is used for population probes at low J

near the bandhead and origin.’ In order to convert

line intensities to populations, a form for the M

sub-level distribution, £f(M), (see Eg. 5.20) must be

assumed. Two models are considered: (1) M is

conserved upon collision so that £f(M) is determined by

the pump transition and (2) M is completely randomized

upon collision so that f(M) = (23+1) "Lt. It is always

assumed that f(M) for Jo is determined by the A &lt;« X

pump transition. (This assumption is justified in

Chapter 6.) Table 5.2 presents intensity factors

(corresponding to terms in Eg. 5.20) for both f£ (M)

models and for both A +» X fluorescence and C « A OODR,

monitoring. Table 5.3 presents intensity expressions

divided by Nyy I;/ng0 for the detection geometries

described in Section III for both £(M) models. The

frequency dependence of excitation and fluorescence

factors is neglected since the maximum variation is

vn 2% (v3 factor) over the range of J levels sampled

compared with an experimental uncertainty in intensity

ratios of 20%. The detection factor of 0.5 for resolved

Z polarized fluorescence results from the polarization de-

pendence of grating reflection; note that this factor con-

veniently (and coincidentally) makes the A »- X (1,1)

probe insensitive to the form of f£(M).



Table 5.2: Rotational Intensity Factors®

Monitor f nn

DODR

uw! =X=Y [20+171°%
OODR J2 - M?
SFoy To 1 oT
H'=X=Y Jo (20 +1) =30. (J.+1) (2T +1)
R pump

a

A+X (1,1)
u' = Y

AX(1,1) Lut = 2

[20+1]71

A+X (1,1)
u'=Y
R pump J2 - M2

- °°OO
2 1

J2(23+1)-33(J+1)(27+1)A+X(1,1)!
p'=2
R pump

i ¥ 1

mH (R branch) FH (R branch) FH (P branch) pH C

(J+1) 2 -M2 J (J+1) +M2 (J+3) (J+2) +M2
{20+1) (2J+3) 2(2J+3) (2J+1) 2(2J+3) (2J+5) 1

J(J-1) +M2
2 (472-1)

J2- M2
432-1

(J+1) (J+2) +M2 1
2(2J+1) (2J+3)

(J+1)2-M2 0.5
{(20+1) (20+3) ‘

J (J-1) +M?2
2 (437-1)

J- M
432-1

(T+1) (T+2) +M?
2(2J+1) (2J+3)

w
 $1

(J+1)2- M2
 Ir (273) 0-3

i-_ ‘ —_— _——

AT, and J denote initial and final (collisionally populated) Aly* levels, respective-
ly. J&lt; denotes the lesser of Jo and J. R and P branch mean J'-J" = +1 and -1 1
respectively, where J' is upper and J" is lower level rotational quantum number.
f, E,F, and D are defined by Eg. 5.20; only those polarizations relevant to this work



Table 5.2 (continued) (Footnotes)

are considered.

"For R branch Z polarized pumping only. When J, Was prepared by pumping
Aalst « x1z* (1,0) P(1l) with Z polarization, £(M) = 1 always when M is conserved
since only M = 0 exists for J, = 0.

“Determined from grating reflection efficiency vs. polarization curve
A = 600 nm corresponding to Alzt » x1rt (1,1) emission.

do

i

w
aN
N
i



Table 5.3: Summed Line Intensities?

Monitor Model L;/Dg
—Sr

DODR
N

. Cc

M randomized (2341)"2(2343)2%{A[a'(J+1)2-8'1+B[B"(J+1)2=y'1}

n=7 - - = 2

M conserved (032-8) Li2g+1) L243) 2 (ald? (+1) -[8[32+ (+1) 2 Jy 1+
R pump +B[BI2 (3+1) 2-y[ 32+ (3+1) * + &amp;8]}
M conserved -1 -2 2
2{1) Zunp (20+1) (2J+3) (J+1)" A

TEX+¥

P+R branchP
fluorescence

AX (1,1)

u'=X+7
R branch

[ : Cc

M randomized
or M conserved

J
2(2J+1)

J

A+X (1,1)

ut =X+7
P branch 5

. Cc
M randomized
or M conserved

J+1

2(2J+1)

where A =

B =

(23+5) "1 (343) (T+2) + (27+1) ~* J (J+1)

(25+5)"t+(23+1)"1
(2J_+1)

J&lt; 5 1
yr (MM?) = 5 J_(J_+1) (27 +1)&lt; - c

M=-J_
Jo a1 2

 yr (MP)= =% J_(J_+1)(27_+1)(3J%+3J_-1)
vo==T 15

NN =

B

{
J
0)

&gt;
oN

|



Table 5.3: (continued)

3

0) i J

oo m® = 23 (341) (20 +1) (30% 4637 = 37 +1)
== &lt; &lt; &lt;

3', and y' are defined analogous.v
J substituted for J.

CO A,B, and vf with

see Table 5.2 footnote a.

Oa1g™t &gt; xly™ P and R branch fluorescence was not resolved.

“Valid for P or R branch pumping.

J

 J)
~~
NS

1
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Using the factors in Table 5.3, it is

found for OODR probing that the maximum discrepancy

between ratios of n;'s calculated with the two f (M)

models is ~~ 20%; since this is comparable to experimental

error, the M conserved distribution is assumed in

what follows below.

Intensities as a function of J were measured

for J, = 0 and J_ = 15 over a range of Ar and CO

partial pressures and then converted to relative popula-

tions using the M conserved model factors in Table 5.3.

The results are given in Tables 5.4 and 5.5.

Fig. 5.13 illustrates the results for Jo = 0, Par = 0.33

and 0.82 torr, and Peo, = 0.01 torr. Propensities for

small AJ changes are observed: k(AJ = 1) &gt; k(AJ = 2) &gt;

k(AJd = 3). For AJ &gt; 3,level populations do not vary

significantly even at the lowest pressures attained.

‘Par = 0.33 torr, Peo, = 0.01 torr).

Fig. 5.14 compares population ratios, ng/ng_

for Jq = 0 and 15 as a function of AJ.

To obtain pressure dependent, single collision

Io + J rates, the data of Tables 5.4 and 5.5 are

inverted according to Eq. 5.25b; the results are

given in Tables 5.6 and 5.7 for |AJ| = 1 to 4 and

compared to the corresponding population ratios |

"Because of blending in the bandhead, populations for
J = 5,6, and 7, necessary to determine the T(AJ) in
Table 5.6 for J,=0 (see Sec. II.C.2), were interpolated.
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Table 5.4: Population Ratios for Ig = 02

Par = 0.33 torr, Peo, = 0.01 Fore

Ay/y,
1.000

0.132

0.077

0.057

0.047

»

2

-

)

10

11

12

13

14

15

16

17

18

19

20

(0.041)

(0.036)

(0.030)

0.024

0.032

0.032

0.035

0.024

0.021

0.022

0.021

0.024

(0.02)

(0.02)

(0.015)
(0.015)

population ratios obtained from intensity ratios based
on M conserved model (see Text and Table 5.3). lo un-
certainties are estimated to be 202. Numbers in
parenthesis are interpolated or extrapolated values
(see text).



Table 5.4: (cont.)

Par = 0.33 torr, Peo, = 0.12 torr
J n-/n: n;/ Jo

 lf 1.000

-34° i

1

—

0.168

5 0.094

0.071

0.061

3

=

y

3

10

11

12

L3

14

15

16

nn)

18

2i

oe

(0.054)

(0.046)

(0.039)

0.032

0.020

0.040

0.030

0.029

(0.030)

0.031

0.021

0.033

0.027

(0.02)

(0.015)

(0.015)



Table 5.4: (cont.)

Par = 0.33 torr,

J

7 torr20.

Pco, oh

1.000

 —_ 2]
1

—
»

0.165

0.128

0.079

lp

N

J

0.060

0.055

0.040

0.053

3

J

L0

11

12

13

14

L5

16

17

18

J

2(J

0.030

0.040

0.030

(0.02)

(0.02)

(0.015)

(0.01)

(0.01)

(0.01)

(0.005)

(0.005)

(0.005)

(0.005)



Table 5.4: (cont.)

Pp = 0.50 torr, Peco, = 0.01 torr

J ny/nJy,
J 1.000

L 0.135

J 0.086

3 g—

0.047

0.051

wd

iv

3

4

10

11

12

13

14

15

16

17

18

9

yey)

(0.046)

(0.041)

(0.036)

(0.032)

0.027

0.021

0.022

(0.025)

(0.028)

0.031

0.032

0.030

0.032

0.024

(0.02)

(0.02)



Table 5.4: (cont.)

Pp, = 0.82 torr, Peo, = 0.01 torr

n/n
J 1.000

0.182

0.127

i

-

~3F Totr

0.091

0.088

(0.082)

3

2

3

[0

L1

12

13

14

15

16

17

18

19

20

21

22

(0.076)

(0.070)

0.064

7.066

0.074

0.062

0.067

0.073

0.072

0.067

0.067

0.072

0.064

0.056

0.053

0.078

0.065



Table 5.4: (cont.)

Ppp_=0.82 torr,  Pco, = 0.01 torr (cont.)

n;/ny_
23 0.062

24 0.054

0.06325

26 0.054

27 0.056

28 0.044

29 0.052

30 0.040

31 0.043

32 0.047

0.02633

34 0.051

35 0.043

36 0.043

37 0.043

38 0.038

30 0.034

10) 0.016

4° 0.026

+)31-



Table 5.4: (cont.)

Par = 2.33 torr, Pecos = 0.01 torr

n3/ny,
) 1.000

1 0.164

0.118

-357

0.097

0.090

3

3

J

)

10

11

12

13

L4

15

16

17

18

19

20

21

22

23

(0.088)

(0.087)

(0.086)

0.084

0.104

0.105

0.116

0.107

0.118

0.112

0.114

0.133

0.126

0.116

0.116

0.096

0.124

0.121

0.118



Table 5.4: (cont.)

Por = 2.33 torr, Pro, = 0.01 torr (cont.)

ny/N3e
0.114

min

25 0.114

0.09826

&gt;7 0.115

28 0.090

29 0.078

0.088

0.084

0.086

30

31

32

33 0.069

34 0.080

35 0.080

36 0.079

37 0.064

38 0.066

39 0.060

10 0.054

41 0.044

0.05812

13 0.038

14 0.056

15 (0.042)

16 0.028

Ar 0.026

-353~-
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Table 5.4: (cont.)

Por = 2.33 torr, Peo, = 0.01 torr (cont.)

ny/By,
5

4

~Nn
 J)

0.034

0.055

0.038
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Table 5.5: Population Ratios for Jo = 152

Pr = 0.35 torr, Peo, = 0.02 torr

ny/nJ,

A

~~
J

“7

0

11

12

13

14

15

16

17

 ND2
 CC

1¢€

(0.0005)

(0.0023)

0.0035

0.0062

0.0083

(0.011)

0.014

(0.013)

0.012

0.032

0.028

0.034

7.035

0.064

0.093

1.000

0.093

0.079

0.030

0.012

i ee iat

Acece footnote a in Table 5 yi!



Table 5.5: (cont.)

Par = 0.35 torr, Eco, = 0.02 torr.(cont.)

BsBy, df

20 0.050

21 0.039

0.02722

23 0.037

24 0.036

25 0.038

(0.036)

(0.033)

(0.031)

(0.028)

26

27

28

29

30 0.026

31 0.026

32 0.019

33 0.031

0.02634

35 0.028

36 0.028

(0.026)

(0.024)

(0.022)

(0.019)

(0.017)

37

38

39

40

11

12 (0.014)

~356~



Table 5.5: (cont.)
_— = . cont.

Pop 0.35 torr, Eco, 0.02 torr ( )

n;/Dy_2

13 (0.012)

(0.010)14

Ar (0.01)

-257~



Table 5.5: (cont.)

Pap = 0.35 torr, Peo, = 0.08 torr

ny/ng_
) (0.001)

0.003

0.0043

0.0065

1

 XL

-3E “a
Sr

0.012

(0.014)

rr

2

J

10

11

12

13

14

15

16

17

18

19

20

¢

2D

0.017

(0.023)

0.029

0.043

0.047

0.047

0.059

0.080

0.144

1.000

0.141

0.098

0.068

0.079

0.042

0.041

0.041



Table 5.5: (cont.)

Por = 0.35 torr, Peo, = 0.08 torr (cont. )

J n./n
=J'=J,

23 0.039

24 0.035

0.03325

26 0.049

27 0.046

28 0.036

29 0.024

30 0.043

31 0.016

32 0.028

33 0.043

34 0.020

35 (0.022)

36 0.024

37 0.016

38 0.016

(0.015)

(0.014)

(0.013)

(0.012)

(0.012)

(0.011)

(0.010)

39

10

11

12

43

11

15

~-359-



Table 5.5: (cont.)

Pry = 0.50 torr, Peo, = 0.04 torr

nygr
(0.0012)

(0.0051)

0.0070

0.010

0.012

y (0.017)

0.022&gt;
]

7 (0.025)

Ee)
— 0.029

3.033~

7

LO 0.038

11 0.045

12 0.056

L3 0.073

0.115L4

15 1.000

16 0.114

0.07317

18 0.047

9 0.057

20 0.062

21 0.041

ay
i 0.043

23 0.045

—-36 (=



Table 5.5 (cont.)

Pry = 0.50 torr, Fco,-= 0.04 torr (cont.)

B33,
24 0.039

25 0.031

26 0.033

27 0.028

)8 0.029

JO 0.026

30 0.023

31 0.030

32 0.021

33 0.021

34 0.025

35 0.013

36 0.019

0.02637

38 0.018

390 0.020

10 0.016

11 0.011

42 0.011

173 (0.01)

14 (0.01)

AQ (0.01)
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Table 5.5: (cont.)

Por = 0.77 torr, Peo, = 0.04 torr

tality,
0.0017

I 0.0071

/ 0.010

-36.—

0.013

0.015

—

—

&gt;

3

Io}

LO

11

12

13

14

15

16

17

18

19

20

21

22

)3

(0.021)

0.028

(0.034)

0.040

0.042

0.040

0.053

0.065

0.078

0.137

1.000

0.129

0.106

0.082

0.074

0.070

0.063

0.057

0.054
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Table 5.5: (cont.)

Par = 0.77 torr, Peo, = 0.04 torr (cont.)

n_/n=I =J
0.05324

25 0.044

26 0.044

27 0.043

28 0.041

29 0.034

30 0.038

31 0.033

32 0.034

33 0.028

34 0.025

35 0.028

36 0.028

37 0.022

38 0.021

39 0.021

40 0.020

41 0.018

42 0.016

43 0.016

44 0.014

- i
$

3 0.013

AG 0.016

~363-



Table 5.5: (cont.)

Pop = 0.77 torr, Eco, = 0.04 torr (cont.)
n_/n

J J
J

17 0.013

0.01048

1) 0.0088

 HS 0.0098

-364-



Table 5.6: Single Collision Rates for Jo = 0

T(AT)2
P,. (torr) Peo, (torr) AT =

0.53
-

J _C-

J. 13 0.12

0.33 0.27

0.50 0.91

0.82 0. Jl

2.33 U Nn1

Tq 2
yn—  uuu

0.242 b 0.110 0.072 0.054
(0.132) (0.077) (0.057) (0.047)

0.337
(0.168)

0.133
(0.094)

0.089
(0.071)

0.070
(0.061)

0.298
(0.165)

0.182 0.075
(0.128) (0.079)

0.048
(0.060)

0.263
(0.136)

0.131 0.050
(0.086) (0.047)

0.069
(0.051)

0.848
(0.182)

0.440
(0.127)

0.238
(0.091

0.236
(0.088)

0.786 0.436 0.300 0.253
(0.164) (0.118) (0.097) (0.090)

qpefined by Eq. 5.24. See text for discussion of error estimates.

population ratios from Table 5.4 are given in parentheses. 1
0
AN
ot

I



lable 5.7: Single Collision Rates for J, = 15

Pn. (torr) Peo, (torr) AT = -4 -3

T(AT)2
-2 -1 +1 +2 +3 +4

 ee——  CCCCCCCCC MCCCO

0 _ 3 0 i) 0.037 5 0.033 0.098 0.159 0.154 0.131 0.017 -0.024
(0.034) (0.035) (0.064) (0.093) (0.093) (0.079) (0.030) (0.012)

J - io) 0.08
0.044 0.067 0.107 0.301 0.281 0.151 0.063 0.126

(0.047) (0.059) (0.080) (0.144) (0.141) (0.098) (0.068) (0.079)

J
po

» wd | 0.24
0.050 0.070 0.102 0.213 0.208 0.100 0.033 0.065

(0.045) (0.056) (0.073) (0.115) (0.114) (0.073) (0.047) (0.057)

J. 77 0.04
0.062 0.089 0.107 0.298 0.252 0.179 0.103 0.083

(0.053) (0.066) (0.078) (0.137) (0.129) (0.106) (0.082) (0.074)
———————

cee footnote a in Table 5.6.

®population ratios from Table 5.5 are given in parentheses.

1

IQ
3
aN
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Figure 5.14:

Figure 5.15:

Population ratios, n-./n as a
J’ 3g

function of J for J gq = 0, Par = 0.33

torr (closed circles), PR = 0.82 torr

(open circles), and P = 0.01 torr.
CO,

Typical error bars of 20% are shown.

Population ratios n n as aP rg’ Jo

function of |AJ| for J_ = 15 (closed

circles for AJ &lt; 0, open circles for

~-3€°l=

AJ &gt; 0) at PAR = 0.33 torr, Peo, = 0.01

torr, and Jo = 0 (triangles) at

Par = 0.35 torr, Peo, = 0.02 torr.

Typical error bars of 20% are shown.
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Even at the lowest pressures attained, the T (AJ) are

significantly different from observed population

ratios (e.g. ~~ 100% for |AJ| = 1) indicating the

importance of multiple collisions: in the single

collision limit,T (AJ) = Nn, a5/0ge

From Eq. 5.23, four rate constants determine T (AJ)

at . + .

given Par and Peo, :

T (AJ) = K(AJ)TT= Kar (40) Pps + kcoy (AT) Pig (8, 27)
Cc Cc :

Krad" arart co, Feo,
Attempts to least squares fit the T (AJ) as a function

of P and P to obtain the pressure independent rate
Ar CO,

constants, k s, were unsuccessful. This problem is

attributed to (1) neglect of the J, dependence of T (AJ)

(the assumption used in obtaining Eq. 5.24 from 5.227)

and (2) experimental error in n/n; ; both types of
\ O

errors are amplified under multiple collision conditions.

Consider, for example, the two collision process

Io &gt; Jy &gt; J, such that J = J1794 = Jy=Jy- Strictly,

there are two rates, T(J,-J,) and T(J,=J4), but in

Eg. 5.24 they are treated is one, T (AJ); the error

associated with the approximation that T (AJ) # £(J,)

-

t t= 4 i

BaO ~ BaO and BaO ~ Ba collisions are neglected since
no variation in intensity ratios was observed with
oven current.
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clearly increases with collision frequency. In the

single collision limit, only T (AJ) = T(J,-J,) is

measured. Similarly, errors in ng/ng propagate

further with increasing collision frequency: both

n. /n and n. /n are used to determine T (AJ) instead
3," J, "3,

of ny /n 5 in the single collision limit. Thus, when
1 oO

the multiple collision corrections are comparable to or

greater than n./ng , the T (AJ) obtained from Eq. 5.25b
o

must be used with caution... Quantitative .comparisons be-

tween singleicollision rates would provide detailed

dynamical information (see Ref. 9 for example) but are

unwarranted here.

However, it is possible to make some qualitative

statements and factor of two estimates of rate constants

for BaO ~ Ar and BaO © Co, rotational relaxation.

From low pressure data in Tables 5.6 and 5.7 and

neglecting quenching rates in Eq. 5.32,

Kar (|AT|=1) = k (|AJ]|=1) = 10%torr ‘sect
co,

 Ww
"~ ~ ie 10" YM emdsec™?

or o(|AJ =1])=z 10A
ws

a

(£.34)

A lower bound to the total rotational inelastic collision

rate is estimated by summing the n;/ng at low
o

pressures and multiplying by the total pressure and
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radiative rate:

LW -0) = PTO (g_=15) 3 107 corr lgec™?!
(5.34)

- 10710 35a"

ox 267% (3_=0) : «Tot (5 _=15) &gt; 100A%

The difference between Js = 0 and 15 results from the

different number of final channels available: from

Table 5.7 and Fig. 5.15 it is apparent that for small

[aT], AJ &lt; 0 transfer occurs at rates comparable to

AJ &gt; 0 transfer; but AJ &lt; 0 transfer is not possible

for Jq = 0. The rate constant in Eq. 5.34 implies a

rotation changing collision frequency of 2 4 per

radiative lifetime at the lowest total pressure attained

of 0.34 torr.

From Fig. 5.15, two additional qualitative con-

clusions are drawn: (1) AJ = 1 transfer is slightly

more efficient for J, = 0 (ny/n_ = 0.13) than for

Jq = 15 (n6/nq5 = 0.09) (also see Tables 5.6 and 5.7)

and (2) an asymmetry between AJ &lt;0 and AJ &gt; 0 transfer

from J_ = 15 is observed for [AJ] &gt; 9 (n./n. = 0.02
0 - J’ 3,

as opposed to 0.01). The first observation is qualita-

tively consistent with both information theory which

states that k (J, + J) should be proportional to

exp (0 [AE_|) » where AE_ is the collision induced change
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in rotational energy and © is the surprisal parameter’,

and the empirical scaling law found for Nap + Xe

collisions” where k (J + J) varies.as (A E.) ~Lsi The

second observation is merely a manifest&amp;tion of statis-

tical factors: fewer M sub-levels are available for

AJ &lt; 0 than for AJ &gt; 0 transfer.

Finally, by comparing 84 to the thermal root

mean square speed, &lt;v 24, and n(J_+1)/n(J_) to the

thermal population ratio, (25 +2) (20 _+1) -1 exp (-AE_/kT) }

a ratio of translational to rotational relaxation rates

of approximately 1 is obtained.

J



V. Discussion

- 3 » 4 —a

The results presented above are readily interpreted,

albeit qualitatively, by considering the long range

form of the intermolecular potential.&gt;t"&gt;4 Propensities

for small |AJ| transfer result from the symmetry of the

anisotropic part of the potential&gt;?. For BaO ~ Ar

collisions, the leading terms in the multipole expansion

of the potential correspond to dipole (BaO) ~ induced

dipole (Ar) and quadrupole (BaO) ~ induced dipole (Ar)

interactions with BaO rotational selection rules:

AJ =0, +1, +2, AM=20, +1, + 2, +» +, — &gt; —- and

AT =0, +1, +2, +3, AM=0, +1, +2, +3, +

respectively =/33, + and - refer to total parity

corresponding to space inversion. For BaO ~ Co, collisions,

dipole (BaO) ~ quadrupole (CO,) interaction is dominant

with selection rules: AJ =0, +1, AM =0, + 1, and

04,38 These selection rules are by no means

rigorous; the extent to which they are obeyed depends on

the collision strength so that weak, long-range inter-

actions exhibit propensities for transfer in accordance

with the above selection rules whereas strong, short-

range collisions exhibit no propensity rules and the AJ

dependence of transfer rates is dictated by statistical

factors alone. The observation of forward peaked

scattering is consistent with a weak
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collision picture.

As mentioned in Sec. IV.A.2, a monotonic increase

in Avgongr OX&lt;&lt;évy &gt;&gt; with |AJ| is observed. It

seems likely, in light of the discussion above, that

this results partly from the impact parameter dependence

of k(AJ): large impact parameters resulting in weak

interactions produce only small changes in J and Vix

whereas small impact parameters yield broad final J

and Vix distributions dictated by statistical factors.

In order to verify this hypothesis,OODR experiments

need to be performed in a single collision regime.

The radial dependences of the long range interaction

described above are: R™°, rR”, and R-% for dipole wv

induced diple, quadrupole ~ induced dipole, and dipole ~

quadrupole interactions, respectively, where R is the

intermolecular distance.&gt;&gt; Thus BaO © co, interactions.

are weaker, longer ranged than are BaO ~ Ar interactions.

Although this prediction cannot be verified from state

to state cross section data, it is clearly manifested by

satellite line narrowing, smaller angle scattering,

induced by excess CO, (Fig. 5.8) ‘and by the greater

(relative to Ar) total pressure broadening rate of the

principal line for CO (Egs. 5.28 and 5.29).

In summary, OODR has been used to simultaneously

monitor rotational and translational relaxation in a

low pressure flame. Double resonance intensities are
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used to measure rovibronic populations while line shapes

are inverted in a model-independent fashion to yield

moments of the COM scattering angle distribution. Al-

though precise,quantitative results ‘are not obtained,

a complete, qualitative picture of BaO »~ Ar and

BaO ~ CO, scattering is realized. It is the relatively

high operating pressure of the metal oxide oven (Chapter 3)

and long lifetime of aly” which prohibits quantitative

analysis and not the OODR technique. It is hoped that

these experiments and the methods of analysis employed

will inspire and aid future investigations.

J
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Chapter 6: Optical-Optical Resonance Monitoring of

Depolarizing Collisions
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I. Introduction

Optical-optical double resonance (OODR) spectro-

scopy has already been shown to be a powerful means

of monitoring rotational and translational relaxation

in the Ba + CO, + Ar » BaO + CO + Ar flame (Chapter 5).

This chapter illustrates how the combined selectivity af-

forded by OODR and the variation of laser polarization can

yield definitive measures of angular momentum reorien-

tation processes (i.e. M changing collisions).

The results presented below indicate that M is

not conserved when low J BaO Alrt levels undergo collisions

with COp. Specifically, the alzt 7 = 1, M = 0 level is

pumped; J = 1, M= + 1 and J = 2, M=0, +1, + 2 levels

are probed as a function of probe laser polarization.

Besides being essential for the conversion of

laser induced fluorescence intensities to level population

densities (Chapter 5), collisional M sub-level distributions

are a manifestation of the intermolecular forces at

play in a collision.

There has been considerable theoreticall™* and

experimental work on the depolarization of molecular

fluorescence.” T° Additional references can be found in

the review articles by okal® and Baylis’, which also

provide excellent summaries of both the theoretical

and experimental work.
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A wide range of experimental results have been

obtained. Generally, M seems to be conserved in col-

lisions between non-polar molecules such as Ij or

;, i ; 9,12-15
Na’ with themselves or with rare gases. However,

Kurzel and Steinfeld? have measured I, v rare gas de-

polarization cross sections as large as 23 A.2 and

average reorientation angles of 500.277 In polar

systems, conflicting results have also been obtained.

Unland and Flygare did not observe reorientation in

OCS J =1~&gt; J = 1 collisions with OCS and 0,°. Cox and

Flynn also report negligible reorientation in OCS ~v OCS

collisions&gt;. Experiments on CH 30H v CH OH collisions

indicate that only small changes in.M consonant with

long range dipole ~ dipole interactions occur. H On

the other hand, Shoemaker et al. 8 report a cross section

of 100 &amp;2 for AJ = 0, AM = + 1 transfer in CHF ~ CH,F

collisions and Leite et a1.t? report reorientation cross

sections for NH; NH , collisions that are 50% larger

than AJ # 0 collisional cross sections.

One reason for the wide range of experimental Fesults

is the selection of different initial J levels:

classically, a rapidly rotating molecule is more difficult

to reorient than is a rotationless molecule.

Shoemaker et al. 8 for example, do not observe reorienta-

tion in CH,F ny CHF J = 12 &gt; J" = 12 but do observe the
o “ ' « “

100 AZ reorientation cross section mentioned above for
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J =4 &gt; J' = 4 transfer. Jeyes et a1.14 attempted to

excite low J values in I, BN, + but could not precisely

determine the extent of reorientation relative to

higher J selection owing to overlapping of B31*t - x:g”
a

transitions at low J.

The experiments described below involve selection

of a single AlzT J,M level. Sub-Doppler resolution

afforded by OODR eliminates problems associated with over-

lapping transitions near the band origin. By pumping

aly* « xizt (1,0) R(0) with z polarization, alzt gv = 1,

M' = 0 is prepared. Probing cls? « alx™ (3,1) P(1)

with first z polarization and then y polarization yields

an unambiguous value for the BaO ~ CO, AJ = 0, AlM| = 1

 Oo
reorientation cross section of 4.2 + 1.2 AZ. When

clzt « alg? (3,1) P(2) is probed as a function of probe

laser polarization a measure of the relative probabilities

for AJ = 1, AM] = 0, 1, and 2 transfer is obtained

and indicates that J is significantly reoriented.
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[T. Experimental

Only those details pertinent to these experiments

and not presented in Chapters 3 and 5 will be

described here.

The pump laser is z polarized and propagates

in the x direction. In order to vary the polarization

of the probe laser, which also propagates in the x

direction, it is first circularly polarized by a Fresnel

rhomb™® (Carl Lambrecht Co:) and then linearly polarized

in either the z or y directions by a calcite polarizer

{Inrad). The dye lasers (Coherent Radiation Model CR599-21)

are single mode and frequency stabilized with line widths

(FWHM) equal to 1 MHz.

By the time the lasers have been’ combined, are propaga-

ting collinearly, and are reflected into the flame reactor, the

beamshaveacquiredasmallellipticityofpolarization.

The extent of this depolarization is measured with an

analyzer placed directly before the input window. The

polarization dependent intensity ratios, I,/T,0 used in

determining M' sub-level populations are corrected

accordingly.

‘The Brewster angle window 18 ordinarily used to permit
entry into the reactor with minimal reflection losses
is replaced in these experiments by a flat, normal
incidence, window in order to minimize depolarization of
the lasers at this point.
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In addition, because the Fresnel rhomb produces

slightly elliptically polarized light instead of pure

circular polarization, the probe laser. power varies

slightly as the calcite polarizer is rotated to select

Zz or y polarization. Corrections for this power

variation are also made.

Typical dye laser powers after polarizers, beam

splitters,and mirrors are 50 mW for the pump and

10-20 mW for the probe. The lasers are not focussed.

L fflastic (AJ = 0) Depolarization

The pump laser excites alx?t + xls * (1,0)

R(0) and prepares the J' = 0, M' = 0 sub-level; the

state is said to be aligned. The probe laser is tuned

to the clrt « aly” (3,1) P(l) transition and samples

the J' = 0, M' = 0 population when z polarized and

the J' = 0,|M'| = 1 sub-levels when y polarized since

the electric dipole selection rules are AM = 0, + 1.

Thus a signal for y probe laser polarization results

only when collisional transfer from M' = 0 to IM"| =

has occurred (Figure 6.1). clyt + x13% P(1) 2 and

1

7 polarized fluorescence is detected through UV passing,

visible absorbing filters (see Chapter 3).



Figure 6.1: Schematic energy level diagram for
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OODR probing of J=1+J=1, AM = + 1

depolarizing collisions. alyt « xix?

(1,0) R(0) is pumped while cli’ « alz™ (3,1)

P(1l) is probed. The pump laser is Z

polarized. The probe laser polarization

is z for sampling J' = 1, M' = 0 and Y

for sampling J' = 1 M' = + 1. The

splitting of the degenerate M' sub-levels

is merely schematic.
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2. Inelastic (AJ # 0) Depolarization

The pump laser again prepares Alz™ v' = 1

J' = 1, M' = 0. The probe laser, however, is now

tuned to the clzt « alys™ P(2) resonance line so that

J' = 2, M' sub-level populations resulting from J

changing collisions are monitored by varying the probe

laser polarization.
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III. Theory

AL Line intensities

The relationship between OODR laser induced

fluorescence intensity and £(M'), the M' sub-level popula-

tion distribution, is given in Chapter 5,

Averaging over M' sub-levels is not performed

here For J' = 1,

and for J' = 2,

 ty M1
I, nj

Ly _ ng, + 6n, +91,
I, 8n, + On,

L 1)

6...")

where n, (i = 0, 1, 2) is the |M| = i sub-level population

density, I, and I, are corrected clyt - xlyt fluorescence

intensities when the probe is y and z polarized, respec-—

tively. Egs. 6.1 and 6.2 are dependent upon excitation

and detection geometry as desribed in Chapter 5.

The n, s can be viewed as diagonal density matrix

elements; off-diagonal density matrix elements

representing coherence terms are rigorously zero since

z polarized pumping is employed.t’ Similarly, n, = D_y

always, since collisions in the absence of an external

field cannot produce anioriented?-
5b © ‘ ;

A Pret ty,CINTE LA
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state (where n, 7, 1_y) nor did the laser prepare
A {3 —

2 ate . Vos oA

an-orientedxstater

Bb) Pressure Dependence

In the single collision and steady state

regimes, the number density of molecules in the final,

collisionally populated J,M level is given by:

n- = x n,n k, (i&gt;) /k__4 [€E.3)

where n, and ng are the initial and final BaO alg”

rovibronic level population densities, respectively,

n, is the th collision partner number density, ko (1&gt;f)

and kK. a4 are state to state and radiative rate constants,

respectively. Eg. 6.3 is not valid for AJ = 0, AM = 0

collisions since a pump source term is not included. The

probe laser transition rate is estimated to be at least

an order of magnitude smaller than Kad and is therefore

neglected.
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Vi. Results and Analysis

A. Elastic Depolarization

The intensity ratio, I/1s = ny/ng., is

measured as a function of both Ar and CO, pressures. At

CO, pressures &lt; 0.01 torr the ratio is less than 0.03

and does not vary signficantly with Ar pressure. Thus

0p (T=12T=1, 8IM[=1) &lt; 1 2. The finite value of I, ob-

served under these conditions is due to either the resi-

dual COp presssure being higher than indicated or

failure to completely correct for laser beam depolariza-

tion.

I,/1, does vary significantly with CO, pressure

(Figure 6.2). Measurements at a fixed Ar pressure of

0.3 torr are shown by open circles and I./T, values

averaged over different Ar pressures but constant CO

pressure are shown by crosses. The errors are such that

only a linear least squares fit to the data are warranted.

The effects of multiple collisions are ignored and

Eq. 6.3 is employed:

vy hh
T “nu. Xo, =

A 0

1, M =
_ _ -1

0, &gt; J =1,|M| = neg, k 2g"

[C 2)

The observed linear variation of I./1, with Te suggests
2

that, to within experimental error,multiple collisions



-39~

Figure 6.2: Ratio of clr? &lt; aly™ (3,1) P(1)

OODR excitation signals for y and z

polarized probes vs. CO, partial pressure.

Ar pressure is fixed at 0.3 torr (open

circles). x s denote averages over

all Ar pressures from 0.3 to 1.00 torr
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affect I, and I, equally.
Using a value of k = 2.75 x 10° sect, the

rad

slope of the line in Fig. 6.2 yields Xo (Fg =1-1,
2

|aM| = 1) = 4.2 + 1.2 x 10° torr lsec™l = 2.0 + 0.6 x

-11 3 -1 : . .
10 cm” sec and the corresponding cross section 1s

4.2 + 1.2 22." since the cross section for AM = -1

equals that for AM = + 1, the total depolarization cross

 Oo
section is 8.4 + 2.4 2%. These cross sections are

comparable to state to state J changing cross sections

(Chapter 5).

One other observation is noted: the line widths

and shapes for z and y polarized probes are identical

indicating that velocity randomization is insignificant

for AM = 0, AJ = 0 collisions;the line shape is determined

solely from homogeneous pressure and radiative broadening

mechanisms.

n
&gt; Inelastic depolarization

The experimental intensity ratio 1/1, shows

no significant systematic variation with either CO, or

Ar pressure. When the ratio is averaged over thirteen

pressure combinations, a value of 1,/1, = 0.54 + 0.10

fsee Chapter 5 for conversion of rate constants from
rorr—1 sec-l to cm3 sec-l to cross sections in AZ.
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is obtained.

From Eg. 6.2 it is seen that this one number is

insufficient to determine all three M sub-level popula-

tion densities.

Two conclusions can be drawn, however: (1)

M changing collision cross sections are determined by

dynamical rather than statistical factors, for the

latter implies equal M sub-level populations in J =

and an intensity ratio of 0.941; and (2) M is not

conserved, for this implies I,/1, = 0.125.

The fact that no pressure dependence to 1,/1, is

observed suggests that Ar and CO, yield similar M

branching ratios for J = 1 =~ 2 collisions.
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V. Conclusion

The results presented above provide conclusive

evidence that M is conserved in neither BaO ~ CO&gt;7

J =1-+ 1 nor BaO v COy and BaOVvAr J = 1 &gt; ?

collisions. The data are not inconsistent with the

long range, weak collision picture established in

Chapter 5.

If the long range multipole moment interactions

are the dominant mechanisms by which changes in

angular momentum orientation are effected, then ‘flourescence

is not expected to be readily depolaried when higher in-

itial J levels are selected: although changes in

M of + 1 and + 2 may be efficient, they do not result

in substantial depolarization ratios at higher J values

where AM is small compared with 2J + 1, the number of

M sub-levels.

Future experiments of the type suggested by

Case et a1.? are warranted to definitively determine M

sub-level populations in collisionally populated J = 2.

The OODR experiment seems ideally suited for a

systematic investigation of depolarization phenomena as

a function of initial J,from low to moderate J values.
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Abstract

Twelve bands of the Ng BZ, - Xz, system, including vp = 0-6

and v, = 0-8, are reanalyzed. All effects of B2Z, ny AZT perturbations

are explicitly considered. A major motivation for this work was the

nope of utilizing recent high precision line measurements to detect

small level shifts due to new perturbing states, particularly a“, .

No evidence for a perturber other than LS is obtained.

Deperturbed constants for the Bz, and Xz, states are derived.

The deperturbation is shown to be self-consistent and complete

(excluding effects of the cz) state) by examining semi-empirical

relationships of the perturbation matrix elements with the spin-

rotation constants of the B and X states and atomic spin-orbit

parameters.

A number of previous analyses of transitions involving the

/n 3 and 5 levels are found to be incorrect.
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I. Introduction

Recently, highly precise and accurate spectral measurements of the first

negative group of NG (NS ING: B2z, ~ x21) were obtained (1). We have

used these data to deperturb the 82" state and obtain constants for

B2s" the perturbing A%m, state,and xz.
Two criteria are used to define complete deperturbation: (1) the

residuals must result solely from random measurement errors; and

(2), perturbation matrix elements and second order constants such as

centrifugal distortion and spin-rotation must be internally consistent.

If these criteria are not met, either the data are systematically

in error or the model Hamiltonian is incomplete. We show below

that these criteria are met for NG ING(1) and that this system may be

completely understood in terms of only the three states above. Several

previous analyses are shown to be in error.

The high resolution data of (1) were least squares fitted band by

band and the derived constants were merged (2,3). This analysis has

led to the discovery of extra lines arising from levels with predominant

Ac, character (&gt; 50%) but with a substantial admixture of B2Z, . In

addition, several transitions reported in (1) have been reassigned and

several bands have been extended.

Several pitfalls have made analysis of the NG ING hazardous: over-

lapping by the ubiquitous N, second positive system, the complex

nature (four crossings, two competing perturbation mechanisms) of the

BZ, Ny A%n, perturbations, and F; vs.F, assignment ambiguity. Four

analyses of B2x, (v' = 3) alone exist in the literature (4-7). This

paper verifies the assignment by Crawford and Tsai (6) of the (3,5) band.
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For v' = 5, the analyses of Refs. (5, 6, and 8) are shown to be incorrect.

It had been hoped that a rigorous deperturbation of NS ING combined

with more precise line positions would supply evidence for small

als, nv ON perturbations. However, no such evidence has been obtained;

therefore we can neither verify nor contest earlier reports

concerning the metastable ats, state (9-13).

—
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II. Experimental

The spectral data which form the basis of the present analysis were

obtained using a 5-m vacuum spectrograph at Johns Hopkins University

under conditions detailed in Ref. (1). The spectra were generated in

a specially designed hollow cathode source and were photographed

From 380.0 to 475.0 nm in high (12% through 15th) orders with a

reciprocal dispersion of ~ 0.018nm/mm. A total of over twenty sets of

two 10 in. plates were used, each with several exposures, in order to

provide complete coverage with various and complementary intensities.

Calibration against standard iron lines led to an accuracy of approximately

0.01 em] for No isolated lines and a relative precision over band

segments on a single plate of approximately 0.005 en!
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ITI. Theory

+ + _ rr

2y" - 23 Transitions

Herzberg (14) has adequately detailed the nature of 25 257

transitions. Only one point needs to be reiterated here. In the

absence of perturbations and without observation of a Q branch transition

which connects levels of different Kronig symmetry [e and f (15)

or F and Fo, respectivelyl,it is difficult to distinguish between

P1 and Po (or R1 and Ro) branches and therefore to determine the signs

of v' and vy" (upper and lower state spin-rotation constants, respectively)

(14). In the past, these assignments have been made for Ny ING on the

basis of intensity considerations (4, 6, 8, 16, 18): the unperturbed

P1 to Po (or Ry to Ry) intensity ratio is(N + 1)/N (14). However, for

large N this ratio approaches one; moreover, in the presence of

perturbations which affect e and f levels differently this ratio may

vary significantly from the expected value. This problem was clearly

realized by Childs in 1932 (17) but has nevertheless contributed to erroneous

analyses (see below). Because 2r ~ 2T interactions are parity dependent (see

Table I) they can provide an unambiguous determination of the signs of

y' and v"and a correct labelling of the branches."

a .

?y" ~ 21 Perturbations

25% and 21 Born-Oppenheimer basis functions mix via rotation-electronic

[HRE = -B(,L_ + J_L,) + B(L,S_ +L S,)] and spin-orbit [HSC - By aikses.]

interactions (18). Both operators are diagonal in J and parity. Additional

selection rules for HRE are aS = 0, AZ = 0, AR = AL +1 (first term)

or AS = 0, AT = -AA = + 1, AQ = 0 (second term). For HO: aS = 0, + 1.
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Ar = -AA = + 1, and AQ = 0, where S,Z,A, and Q have their usual

meanings (19). Matrix elements of these operators are given in Table I

along with the remaining Hamiltonian matrix used in deperturbing N3 ING.

The parity dependence of 25% a 1/0 interactions should be noted.

In fact, the effects of a perturbation may be unobservable for one set

of parity levels and yet large in the other set due to interference

between 150 and HRE,

Derivation of the matrix elements in Table I has been described

elsewhere (18-21). We have used throughout this paper the phase conven-

tion detailed by Hougen (19) and the Kronig symmetry definition of Brown

et al. (15). Only those parameters which could be fitted or calculated

are included.



~4("5=

IV. Method

The least squares fitting of spectroscopic data has been well

treated in the literature (2, 3, 21, 22) and need not be considered in

detail here. The methods of deperturbation are also not new (23-26).

The data of (1) were compared with the calculated differences of up-

per and lower state eigenvalues of the Hamiltonian matrix given in Table I.

The molecular parameters of Table I were then varied band by band using a

weighted ,non-1linear,least squares routine (27) to obtain the best fit

to the data.? The band by band constants obtained from these fits (Table II)

were then combined along with band origins from Ref. (28) using the pro-

gram MERGE (2) to yield molecular constants for B2z, A’, and Xz, (see

Tables III-VI).

The final fitted parameter values depend on the deperturbation

model employed. For each band, at least two Ar perturbing vibrational

levels were included even when the parameters for only one (or perhaps

none) could be determined from the data. Structural and perturbation para-

meters which could not be varied but could be calculated were held fixed

at these calculated values (See Table II).

For Asm, the results of Ref. (29) were used to calculate vibronic energies,

rotational constants, and spin-orbit constants.

When it was impossible to determine D and H centrifugal distor-

tion constants for X2z and B2I, they were held fixed at values

calculated from RKR potential curves (30). For A2y ,D and H were

always fixed at calculated values. In Table V these calculated

centrifugal distortion constants are compared with fitted values.
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V. Results

Band by band and merged constants and uncertainties of one stan-

dard deviation are presented in Tables II-VI. Constants are reported

with more significant figures than their uncertainties warrant in

order to compensate for correlation among parameters (31).3

Although ill-determined, the values of Ho and Hy were of necessity

varied in the (0,0) band fit in order to eliminate systematic deviations

between observed and calculated values for N' &gt; 45. Bands not extending

to N &gt; 50 (1)were fit with H' and H" fixed at the values given in Table

/.

[n Tables III, IV, and V the constants derived here are compared with

those obtained by earlier workers. Although the values and precision

of the present X21, constants are comparable to previous results, a

substantial improvement in precision for the B2x, constants should be

noted. Both way a and weZq for B2x,, which are unusually large (compare

we Ya! with we Ye' for example), had to be considered in accounting for

observed spacings.

Table IV gives Dunham coefficients for X22 and B22, based on the

merged fits. * The A%T constants in Table IV were obtained by combining

nerged T's and B.'s and data from (29) and (32) in (v + 1/2)polynomial

fits; correlations with other parameters were ignored so that the un-

certainties quoted for A%m constants in Table IV are underestimated.

The standard deviation of the merged fit, Opn is 11.56 (66 degrees of

freedom) indicating the existence of systematic errors between different

and segments: ideally, a should be unity (2). Comparison of constants

from band to band in Table II further illustrates this problem: the
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E-E, values in (0,0) and (0,1), for example, differ by more than three

times their combined standard deviations. It should be noted, however,

that no systematic errors are observed within a particular band: o for

each band fit is nearly unity. Systematic errors between band segments

are most likely a result of experimental measurement errors (in the wave-

Tength dispersion curve) as well as the inability to vary all constants

associated with a perturbing level. Fixing constants presumes that they

are precisely known and completely uncorrelated with other parameters.

To the extent that these presumptions are false, discrepancies between

constants from two bands sharing a common level will be larger than the

statistical uncertainties would suggest. As a result, a is much larger

than one; uncertainties quoted in Tables II, III, and IV are Tower bounds

to true one standard deviation limits; and merged constants cannot be

expected to reproduce observed spectra as well as band by band constants.

Table III is a summary of the perturbations observed in (1) with

the fitted spin-orbit and rotation-electronic vibronic interaction

parameters, &amp; and 2n. &amp; and 2n were divided by &lt;Vplvg&gt; and

vp [B]vg&gt;s respectively, to obtain the constant electronic factors

HY and HR (23, 24, 33, 34). The weighted average values are

SO _ g _ -1

He = Vglv = -33.2 + 0.6 cm and

RE _ 2n _ . .

Ta = IBV, = 1.069 + 0.027 unitless. These factors were in turn

multiplied by the appropriate vibrational matrix elements to obtain fixed

¢ and n values for those Vg Vv Vp interactions for which these values

could not be obtained by fitting.
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Analysis of v' =3

In fitting the data of (1), we found it necessary to change some

previous assignments, particularly in the (3,5) band. As stated above, four

distinct analyses of B25, (v' = 3) exist in the literature (4-7); the

assignments for (3,5) made in (1) were based on the work of Ref. (5).

However, these assignments were found to be ‘inconsistent with the Hamiltonian

matrix given in Table I. We have been able tg reassign a large portion

of the (3,5) band near the origin and achieve a fit comparable in quality

to that of other bands (see Table VII).

B21, (v' = 3) is perturbed by APL, ,(v=14) with crossings at the hy-

pothetical J values 6.0 and 10.0 for the f and e levels, respectively. The

signs and magnitudes of £ and n for this perturbation are such that the f

level interaction is weak (maximum level shift of ~ 1 en) while

the e level perturbation is strong (maximum level shift of ~ 12 em 1)

(see Fig. 1). This perturbation causes deviations from the expected

(N + 1)/N Pl to P, (or R, to R,) intensity ratio (14). Moreover, the per-

turbation causes a change in the relative positions of the Pq and P, (R,

and R,) lines: below the e level crossing for example, the Pi lines, which

would normally lie at higher frequency than the Py lines, are shifted to

lower frequency than the Ps lines; after the perturbation culminates,

the branches usually recross. Incorrect analyses (4, 5, and 7)

resulted from either confusing the F, and F, transitions (4 and 7) or

from inclusion of spurious lines probably due to the second positive group

of N, (5).° Crawford and Tsai (6) very carefully considered the effects

of perturbations on line positions and intensities in making their assign-

ments. Our analysis confirms theirs.

These reassignments and the subsequent deperturbation of the (3,5)

band have also led to the prediction and discovery of several extra
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lines (see Table VIII) which arise from the sharing of Bs and Act,

character. Ordinarily A%m, &gt; Xe emission is not observed in this

spectral region due to small Franck-Condon factors (however, see

Ref. (35)).

Similarly, other bands were extended to higher J and extra lines

were found at perturbations in B2x, (v' = 1 and 5). Extra lines,

reassignments, and extensions are given in Table VIII.

Analysis of v' = 5

B2y, (v' = 5) also warrants special attention. Janin et al. (36)

first deperturbed this level and obtained an energy for A 21 (v=1 7) equal to

36805 cm”! (relative to X20, v' = 0, 9" = 0). This value is ~ 20 cn

higher than the energy calculated from Table IV. However,

Maier and Holland (35) observed emission from an ion beam, with

low resolution, in the Meinel ACT &gt; Kz system from levels up to v' = 19.

They did not observe an anomaly near v' = 17. On the contrary, emission was

observed exactly where expected for v' = 17 but they felt that their

data were inconclusive and that another perturbing state (e.g. atz,)

might be responsible for the anomalies observed in B72 Y (v = 5).

Our analysis of the (5,7) band from (1) is consistent with an A%m nu B2x,

perturbation (see Table III); 75, is in agreement

with the calculated value (Table IV) and also with that calculated with the

constants of (28). Since the (5,7) band of (1) is incomplete near

the region of interest (See (1) and Table III), we decided to further test the

assignments made in (6 and 8).[The assignments of the (5,8) band in (5)and (8) are

essentially identical so that data from (5) were not examined]. Neither

the (5,7) band from (6) nor the (5,8) band from (8) could be fitted

with a 25+ ~ 21 model: even excluding the lines with lowest N-values,
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the bands were poorly fit (0s nv 0.3 cn ) and under no circumstances

were the perturbation matrix elements found to be consistent with the

results of Table III. We then proceeded to fit the (5,8) band

recently reported by Klynning and Pages (7) who have stated

(37) that the previous determination of 3, (36) was indeed in error.

Holding the ATL, energy and perturbation parameters fixed at values

calculated from Tables III and IV, but varying B', D', y', B", and D"

we obtained a good fit (ome nv .05 en) and values of the varied parameters

consistent with those determined in our fits to the (5,7) and (6,8) bands from Ref.

(1). The above tests suggest that the analyses

(5,6, and 8) are in error and if a perturbing state other than Ai, Is present, its

effect on the energy levels of B 2 (v' = 5) is a level shift smaller than

0.03 cm
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VI. Discussion

B23 and X2z Spin-Rotation Interactions

Spin-rotation interaction in a 2r state has been shown by

Van Vleck (38) to arise from true spin-rotation interaction and

second order spin-orbit and rotation-electronic effects (20, 21):

Ys

or

where

fe
a

Ag
rue

- 2

 Vv.II
&lt;25,v|A(R)Ly|v',2m&gt;&lt;21,v"| BL4|v,25&gt; (1)

E-(v)- E (v'

&lt;23,v|A(R)L4|v",21&gt;2H&lt;vlv's

and &lt;2m,v"'|BLy|v,2z&gt; = HRT&lt;v' [B|v&gt;.
Using the method of Green and Zare (39)°,

is negligible compared with the experimental values of y" given in Table VI and

the Yy determined here is really - Pye

The spin-orbit and rotation-electronic operators in Eq. (1) are composed

primarily of one-electron operators so that onlynstatesarisingfromconfigurations

differing by one spin-orbital from the 23 configuration interact strongly and make

a significant contribution to Pye

The dominant configurations for the lowest states of N, are

oct 1 29 20 20 27. 4X°Zg log lo, 20, 20, Im, Jog
21 I~ 274 29 29. 274 32~ 2A Ty, log lo, 20, 20, Im, 30
2¢+ 1. 27+ 29. 2 Loa 2B zl log Is, 20 201m, 30,

(2a)

(2b)

(2¢c)

Because 10 and HRE are diagonal with respect to g-u inversion symmetry,

xorg and A%T, cannot perturb one another. Two configurations which give

rise to 1, states and can interact with X2z, are:
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2 2 2 2 L
log lo, 20 20, Tm, Img

2 2 2 2 3log lo, 204 20, Im, 30430,11

(3a)

JL
—- 8

J

Configurations other than I and II are unimportant because they have

the wrong g-u symmetry, differ by more than one spin-orbital, or are

composed of atomic orbitals with n &amp; character different

from those comprising the Kr molecular orbitals. Using the techniques

outlined in Refs.(18, 23, 24, and 41) we obtain’:

1 x I

x25 v0 |v! 25g, 7, (I)&gt; = 3 &lt;Ingla Lyl3op&lt;v]v &gt; (4a)

x2, [HE |v, 21g; 75 (1)&gt; =&lt;Tngle,[3og&gt;&lt;v|Bv'&gt; [1 + x], (4b)

where x = J + 1/2 and the upper (Tower) sign refers to e(f) parity.

First, it should be noted that the vibronic parts of 120 and HRE

in Eg. (4) have the same sign® so that for the 214(1) state,which

Ties above Xen], p, is negative (see Eq. (1))in accord with the experimental

values of Table VI. Assuming pure precession,

_ 1 _

30,&gt; "Z tlo2py &gt; |o2py &gt;:

Ir &gt; » tlwapy &gt; = | m2py &gt;’

(5a

(5b)

and ignoring the overlap between orbitals localized on different centers,

we can rewrite Eq. (4) in terms of z(ng) atomic spin-orbit parameters

(18, 42, 43):
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. 220. v Hv, Mq1/2(1)&gt; = 2 Leon) + z(2py)] &lt;v]v'&gt; = 57 &lt;v|v'&gt;

x25 vIHRE| ¥
I vIH™= |v 221 ,,(1)&gt; = v2 &lt;v|B|v's[1 ¥ x]

3)

4sing z(2py) = 73.3 and z(2py+) = 87.5 cm”! (43) .

TO the extent that Eq. (5) is valid. one may also assume

J

7)
ind = pil = RZ. RE = ~1

&lt;v|B|v &gt; = B, = B, ~ B, = 1.9316 cm

A similar analysis of the interactions between configuration II of

Eq. (5) and Xx shows HRE to be zero in this case, so in fact

configuration I and Eq. (6) are sufficient to estimate ps"

The Towest known “Tg state of N is D2 which bears little

resemblance to Xz at values of R near Ry (i.e. D214 and Xz, spec-
froscopic constants are very different) (29). By analogy with iso-

electronic CN (44), Dm, can be represented as a mixture of configurations

I and

ri

iL 1 2 2 2 2 2 2log lo, 20 20, 30, Im, Img 8)

In CN, configuration III is dominant at values of R near Ra but at

values of R near the inner D?m wall,where overlap with Tow X2x" vibra-

tional levels is important,configuration I prevails. Thus,

E.(v) - E (v') iy Te(D%M) = 52815.2 (29) is assumed,placing an upper bound

on Yy of .012 em! which is in accord with the results in Table VI.

In calculating pg (for B25) the effect of the Am, state is considered.

Jsing the values of H&gt;9 and HRS in Table III and vibrational matrix elements
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calculated from RKR curves generated from the constants in Table IV we

compute p, being careful to exclude from the summation in Eq. (1) Act, (vp)

levels which are explicitly included in the Vp matrix (see

Table II). The results of these computations are tabulated in Table VI

and are illustrated in Fig. 2

Second Order Corrections to B and Vv,

B and Vv, are completely correlated with second order

perturbation parameters (20, 21):

8, = By, * a;
9)

~ = 1 + 1 - 1 - n0 E Oy E Oy

wy)ere ap. &lt;27,v' |BLy|v,23&gt;]2
Js = (v) - E_(v")E v', 1 Es Y Ir

0s 21 ; | &lt;2m,v! Able“4° E.(v) - E_(Vv'
vio 5. 1

As for py,these summations were evaluated explicitly for B25.

B' and v, Were converted to B' and Vy before merging (see Table II).

q," and o." were ignored since they do not vary significantly

with v" and they can not be reliably estimated.

Semi-Empirical Estimates of H) and HRS

The 20, orbital in Eq. (2b) and (2c) must have

some 2p atomic character in order to be strongly perturbed by AZT:
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mpl WE
20&gt; = [152 ] [lo2sy,&gt; - lo2sy,&gt;]+ —[lo2py &gt; + |o2p &gt;] (10a)

ir. ir ln2py &gt; + |m2p,, &gt; (on)

shere 2 represents the 2p character in 2a. Employing the same

assumptions used in deriving Eq. (6), and assuming Eq. (10) to

be valid:

de

- e&lt;n2p| 2, |a2p&gt; | .4¢. ]

,S0
a = =fZ [g(2p,) +z (2pyt)] = -56.85c.

\ 5)
¥

*

(11b)

Using the Hartree Fock value for e = .573 determined for X21; (45) and as-

suming the B2x, and X2x, 20, orbitals to be identical,

RE
a]

~ 0.810

29 n, -32.6 cn”!

These values are in surprisingly good agreement with the results of Table III.

he Determination and Interpretation of y

Table VI reports values of Yg for B2%, (v'! = 0-3). Although these

parameters were only marginally determined, their inclusion in the fits

for v' = 0-3 were essential to eliminate small systematic deviations

between observed and calculated transition frequencies. An attempt was



—419-

also made to vary vy" but it was found that Y) and YJ were almost completely

correlated (correlation coefficient ~ 0.95) so that only Y) - YJ could be

determined (all other vj and Y) correlation coefficient magnitudes were &lt;0.1).

Veseth (46) has derived an expression for YJ in terms

of higher order (&gt;2) 2m ~ 2% interactions which for the case of pure

precession reduces to:

0
vg voTey By

As shown above, X2zy may be considered to be in pure precession with 2g (1)

so that Eq. (12) should be a reasonable approximation for Yat

J v -6XJ
C

~m

This is approximately an order of magnitude smaller than the values of

Y] in Table VI and indicates that we are primarily determining YJ and not

Yj =v. Eq. (12) is not expected to be valid for B2x, because of

interaction with the significantly different An state. An additional

term to Eq. (12) may be considered in the case where

pure precession isinvalid but interaction with only one 21 level is

important (46):
’ n, ? Dy ] B,-B.

By Y vy (uz)
 Qe

(13)

Although this equation is of dubious value here, it provides an order

of magnitude estimate of vj ~ - 6 x 10 7em™7, which is comparable to

the values given in Table VI.
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Anharmonicity of the B21, Potential Well

From Table IV we note the large negative values of Ys; and Yq.

If these values are used to extrapolate B2z,, to the dissociation limit,

dissociation is predicted between v' = 17 and 18; however,

v' = 29 has been observed (28). Thus, these constants are valid

only for interpolation through v' = 6 and extrapolation to v' ™ 8.

Higher order terms Ysq3, Ygg, etc. are important for higher v'. This

anharmonicity is caused by the J independent B2x, ny c2z, interaction

(47), which may also be responsible for cos predissociation (48).

Douglas (47) has already discussed the "peculiar manner in which

B2z dissociates.
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VII. Conclusion

Described above is the deperturbation of Ny ING using

a model Hamiltonian including only 2m perturbing states. It should

be emphasized that the numbers given in Tables II-VI are not minimum-

variance-Tinear-unbiased (MVLU) estimates (22). On the contrary, we

have exercised a bias by holding fixed many constants at calculated

values to insure an internally consistent, complete deperturbation.

To the extent that our calculated values are in error, our quoted

uncertainties are underestimates. We believe this method to be a practical

deperturbation procedure if not statistically rigorous.

Our analysis has been shown to be self-consistent using the following

sritera:? 1) centrifugal distortion constants calculated from RKR po-

tential energy curves agree with the experimental, fitted values;

2) the fitted values of Yg are less than semi-empirically predicted

Jpper bounds; 3) Yg may be calculated from fitted matrix elements

and vibrational factors calculated from RKR potential energy curves;

4) the magnitude of the spin-orbit and rotation-electronic matrix ele-

ments are explained in terms of simple LCAO-MO theory; and 5) the de-

perturbed band by band constants reproduce the observed spectra to within

the estimated experimental uncertainty without systematic deviations.

3

 ri
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Footnotes:

If the 2x state is not known to be either 25" or 2y”, it is

&gt;

never possible to unambiguously determine the signs of y' and vy".

It should ve noted that the sign of y" could be determined from

Asm - X2zg band spectra but to date this has not been accomplished

owing to insufficient resolution.

~ines from Ref. (1) are divided into five categories for the weighting

orocedure:

_ine Type Jncertainty

J.1

0.03

3
3»

4.

GS.

intensity 0

intensity 1

0.02

0.01

all others 0.007

The weight associated with each line is equal to the reciprocal of the

incertainty squared. § denotes a doubly assigned line; ) denotes

an incompletely resolved line.

‘he covariance and correlation matrices are available from the

authors upon request. If for some reason the authors cannot be

reached, a limited number of copies have been deposited at the

Editorial Office.

We have combined the (2,5), (4,7), (5,3), (5,8), and (6,9) band

origins of Ref. (28) with our data [using uncertainties of

0.5 em” 17.

The authors of (7) have indicated to us that the oranches as

given are indeed mislabelled.
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6. Although Green and Zare(36) give a formula for yirue [Egn. (5)

in (36)] applicable toa?Zn state,it is also valid for a 2%

state arising from a o orbital outside a closed shell,as in the

case of Ny X21. These ab initio calculations were performed for us

by Dr. H. Lefebvre-Brion.

Only matrix elements between Xr, and Tg are considered

because the second order Xz “ “Nq3/ 2 interaction contributes

nothing to vy; in Eqn. (1).

&lt;Imglas, [30&gt; and Tmgl2, [30g are positive definite (18);
&lt;v|v'&gt; and &lt;v[B|v'&gt; have the same sign except for smal] overlap
when their signs might be different.

3 Except for criterion number five, these conditions are met for

both band by band and merged constants.
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ADE.

Figure Captions

Figure |

Flaure 2.

Perturbations in the ND B2I, - X21, (3,5) band illustrating

the different interaction strengths for e and f parity

levels. Plotted against N" is R(N ) calc -R(N ) obs where

R12) care =v * 1.2 (N* +7) - Fry, 2(N")s
FN) = BN(N+1) - DNZ(N+1)2 + HN3(N+1)3 + 1/2yN and

Fo(N) = Fy (N) - v(N + 1/2). Open circles o represent

Rt calc - Ry obs and closed circles ® represent Ry calc

Ro obs”

+ . . .

B%x | spin rotation constant, vy, as a function of v. Error

bars represent one standard deviation. Closed circles o

are calculated -p.'s (see text).
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Table Headings

Table I.

Table II.

Table III.

Table IV.

Table V.

Table VI.

Table VII.

Table VIII.

25% _ 27 Hamiltonian®&gt;P

Band by Band Fitted Constants?

Summary of B25, n Act, Perturbations?

N,' Dunham Coefficients?
Experimental and Calculated Centrifugal Distortion Constants?

Experimental and Calculated Spin-Rotation Constants

Least Squares Fit to (3,5) Band?

New Assignments and Extra Lines



J
7 3/2

~ To+0" + (BE+qE)x(x¥1) - Dx (x¥1) 2 + HEX® (x¥7)3

 5 (19) [v" + v2 (x2 = 1/4)]
symmetric symmetric

A172 - n Ol + x) ry Blx2 - DI[ xt +x2-1]

b H[x6+ 3x4- 5x2 + 2] - 1 4T
symmetric

23/5 - 2n(x2 - 1)1/2 BY nt-1)? /2+ 2D"(2 “1? /2 T) + BY (x2 - 2) DM [xt -3x2 + 3

HI (x2 -1)1/2(3x% - 5x2 + 3)] HIT (x2 - 2)3 + 3x%-7x2 +4]+ Lal
ii

where T = vibronic energy

B = h/8n%cuR2 = rotational constant

D = 2nd order centrifugal distortion constant

H = 3rd order centrifugal distortion constant

y = spin-rotation constant

vg = centrifual distortion of vy

A = spin-orbit constant

£ = &lt;v'&gt;21|1a40 THEA = vibronic spin-orbit matrix element.
2n = &lt;v's2m[BL | 2%, v&gt; = vibronic rotation-electronic matrix element.

x =4Jd+ 1/2
only parameters which were either fitted or fixed at non-zero values are included here.

~

'
No

|

Dupper(Tower) signs are for e(f) parity levels [J. M. Brown et al., J. Mol. Spectrosc. 55, 500-503 (1975)].



)
0

Dy
)
0

3

J" x 106

3
3"
: x 103

1 x 10 6

Jr

" 6
j x 10

,.C

 a Es
3.

(0,0)

25566.051 + 0.022
0.025

25566.026

1.9220488 + 0.00004

5.89767 +0.027

2.008228 + 0.0016

2.0743336 + 0.00004

0.903

2.0734306

5.27900 + 0.029

3.023011 +0.0016

1.3748 +0.05
9, 10, 119

837.337 +0.14
'.541078 + 0.00015
74.6 (fixed)

1.77700 + 0.015 v;= 10.
1.7504 + 0.5 v= 11

0.139485 +0.00023 v= 10
-0.107334 +0.0004y_ = 119

0,1)

23391.307 + 0.0010
).025

23391.282

1.9033125 + 0.000024

5.933945 + 0.011

0.0085318 + 0.0010

2.0745547 + 0.000024

0.903

2.0736517

6.29159 +0.011
3.023111 +0.0070

-1.3230 +0.09
9, 10, 11

336.371 +0.10
1.5418722 + 0.00011

-74.6 (fixed)

~1.74660 +0.012

0.1391175 +0.00026

(3.2)

21249.081 + 0.022
0.025

21249.056

1.8842765 + 0.00004

6.002490 +0.03

0.0068812 +0.0014

2.0746170 +0.00004
0.903

2.0737140

6.31464 +0.04
0.021494 +0.0014

-1.3842 + 0.27

9, 10, 1

834.886 + 1.1
1.5421220 (fixed)

-73.602583 (fixed)

-1.7836639 (fixed)

1.134519 +0.0017

ISee text and Table I for definitions of parameters. Uncertainties quoted

represent one standard deviation.

“For (0,0) it was necessary to vary the third order centrifugal distortion

constants: Hy = 4.918 + 5 x 107'% and H! = 7.431 + 5 x 1072 cn”! For all
other bands the values of H' and H" were held fixed (see Table Vv).

2
‘ND
i



J
0

3!
/

’
Ju

2" x 108

"
3!

1' x 103

3!

D' x 106

1] x 10°

©
=. - E.

,

A

\ |

25762.9405 + 0.0025

0.028

25762.9125

1.9034268 + 0.00004

6.03681 + 0.029

0.010630 + 0.0012

2.0518113 + 0.00004

1.09

2.0507213

6.60360 + 0.029

0.030147 + 0.0012

-2.8463 + 0.25

11, 12
36.3159 +0.012

1.524082 + 0.0004

-74.7061 +0.16

-3.64284 +0.012
0.295327 + 0.0012

Z)

23620.7310 + 0.0024
0.028

23620.703

1.8842233 + 0.000024

5.96975 + 0.017

7.008187 + 0.0008

2.0517413 + 0.000024

1.09

2.0506513

6.51156 + 0.016
0.027826 + 0.0008

-3.0620 +0.14
11, 12

36.0589 +0.008
1.5262590 +0.00029
74.1701 + 0.17

-3.66083 + 0.012

0.292143 + 0.0013

1.3)

21511.2695 + 0.006
0.028

21511.2415

1.8651016 + 0.00004
6.12577 + 0.029

0.010021 + 0.0017

2.0519134 + 0.00005]
1.09

2.0508234

6.62873 + 0.028

0.029781 + 0.0017

.2.7845 +0.22

11, 12
35.8311 + 0.023
1.527876 +0.0008
73.8283 +0.38
-3.68234 +0.036
0.288508 + 0.0036

“Values of vy given are those levels included in the band fit. The

Jdnderlined vy corresponds to the level or levels for which constants

were varied. Constants for these levels only are given in the entries

below vy.

Iror (0,0), only the matrix elements £ and n for the Vp = 1May'=0

interaction were varied. The Vy = 11 energy and rotational constant

were held fixed at the values determined by fits to vy = 1. The energy
and rotational constant given under (0,0) for the I state are those.

for Vp = 10.

I
 nN
J
 NS

|



)

3!
7

')
3!

I" x 106

3
1" x 108

3!

)' x 106

] x 108

E.

.N

2,3)

23830.163 + 0.04

0.024

23830.139

1.8613181 + 0.00022

5.5238+0.27
1.01717 + 0.004

2.0236871 + 0.00021
0.906

2.0227811

5.6493 + 0.23

7.030980 + 0.0034

-6.808 +0.8

12, 13
754.46 + 5.0

1.478 (fixed)
-74.6 (fixed)

1.551 (fixed)

-0.284447 +0.013

2.4)

21753.674 +0.002
0.024

21753.650

1.8452253 + 0.00004

5.9444 + 0.04

0.008127 + 0.0014

2.0268155 +0.00005
0.906

2.0259095

6.7702 + 0.05

0.022374 +0.0014
-3.906 + 0.4

12, 13

774.317+
1.478 (fixed)

-74.6 (fixed)
1.551 (fixed)

-0.32797 + 0.008

[a

 LA

21971.475 + 0.003

0.027

21971.448

1.8259291 0.00007
6.1429 + 0.06

0.010202 + 0.0021

2.0010520 + 0.0000
1.03

2.000022

7.1534 +0.07

0.030862 + 0.0020
-5.694 +0.5

14, 15
-2.251 + 0.04

1.466822 + 0.0007

-76.4256 +0.27
5.96180 + 0.010

-0.474730 + 0.0008.

J
21



)
0

3!

‘0
3

J" x 108

Kr
3!
3' x 103 |

30

J' x 106

‘J X 106

Tr = Es

4,

wei

 —_

A 0)

22158.357 + 0.006
0.014

22158.343

1.8057790 + 0.0003

5.9833 + 0.28

3.008 (fixed)

*.9712615 + 0.0003

3.425

'.9708365

6.8209 + 0.26

J.0135066 + 0.00023

0.0 (fixed)
15, 16

(5,7)

2306.675 + 0.10

0.015

22306 .660
1.785443 + 0.0010

5.3818 +2.8 |
0.008 (fixed)

1.939226 + 0.0021
0.472

1.938754

5.9952 + 5.0

0.026795 + 0.0028

0.0 (fixed)

17, 18
45.059 + 0.25

1.41068 + 0.013

74.6 (fixed)

6.1285 + 0.20

0.52239 + 0.032

(6,8)

22406.410 +0.025

0.0027 |
22406.407 |

1.765478 40.0010]
6.4489 + 2.3
0.0 (fixed) |

1.903477 +0.0010
-0.152

1.903629

7.662 +2.1
0.0 (fixed)
0.0 (fixed)

18, 19

+

cad
N
I



f - i -

vg Va 3% J1/2 952 3, g(cm h g/&lt;vy |vp&gt;(cm h 2n(cm hy

J 10 43.0 39.0 39.2 35.9
J 11 69.0 65.1 66.0 62.7

Nn 13.8 10.0

-1.77192 +0.09 -34.1+ 1.7 0.1387880 +0.0018
1.8051 + 0.5  -50 + 14  -0.107340 + 0.004

-3.68494 +0.09 -33.2 +0.8 0.289337 + 0.009
r-3b [0.24]
4.551 (fixed) ——  -0.30115+ 0.06

5.95605 + 0.09  -33.1 +0.5 -0.475710 + 0.007
5.51 + 0.27]¢ [0.206 + 0.020]

6.6993 +0.7 -32 + 3 0.47716 + 0.13

2

3

13 — —

14 10.0 6.0

33.8

5 17 &lt;0.5 &lt;0.5

2n/&lt;vg|B|vy&gt;
1.067 +0.014
1.17 + 0.04

1.05 + 0.03

0.90 + 0.18

1.064 +0.016

0.92 +0.25

 pn

Weighted average of g/&lt;vp|vy&gt; = Hay = -33.2 + 0.6(cm |)

Weighted average of 2n/&lt;vg|B|vy&gt; =H = 1.069 + 0.027(unitless)

only perturbations observed in this work are summarized here. The Jy (e and f) entries are the J values for

which the B21} and A%m, (e and f) levels would be degenerate ir the absence of any interaction. Uncertainties
quoted represent one standard deviation. The uncertainties in &lt;vg|vy&gt; and &lt;vg|B|vy&gt;were neglected so that our

uncertainties of HSS and HR are slightly underestimated.

Op. Bouchoux and J.P. Goure, Can. J. Phys. 55, 1492 (1977).

“L. Kynning and P. Pagés Physica Scripta 6, 195-199 (1972).

Pn

A
A



A438.

TABLE TV

Too
{10(we)

Yop (-ugXe)

V3 (wee)

TICKER
Yo1(Be)
Yq (=a )x10?

uyY51(v4)X10
rath)

2

J.J

-0.0936

2207.0366 + 0.05

[2207.007

-16.07860 + 0.019
[-16.10]

-0.039756 + 0.0023

[-0.040]

1,9316578 +0.00015
[1.9319]

1.87791 +0.009
[-1.9]

-0.9572 +0.21

1.116454
[1.116384]

A2n J

9167.4668 +0.20
[9167.4]

0.9822

1903.5111 +0.10
[1903.53T

-15.02904 + 0.017
[-15.01T]

0.002027 +0.0010

1.75302 + 0.007

[1.748]

-2.2168 + 0.20
[-2.0]

1.948+1.3
1.17196
[1.17364]

E PAY
u

25461.1267 +0.06
[25462.8]

-1.3354

2420.8255 + 0.15

[2419.847

-23.8506 + 0.10
[-23.19]

0.35865 +0.026

-0.061924+0.0020
2.0844684+0.00015

[2.073]

-2.13210+0.013
S220]

-8.510 +0.5

1.074752
[1.07772]

INumbers in brackets are values from: A. Lofthus and P. Krupenie, J. Phys. Chem.

Ref. Data 6, 113-307 (1977). Uncertainties quoted represent one standard
deviation. All units are cm] except where noted.

“Determined from merged constants and data from A.E. Douglas, Astrophys. J. 117,

380-386 (1953) and J. Janin, J. d'Incan, R. Stringat, and J. Magnaval,

Rev. d'Opt. 42, 120-128 (1963).



9

-

2

1

[9

/

1

D

DX106(cm-1)
Calc. I Calc. IIExp.

5.9099 + 0.08
5.9223 * 0.08
5.9350 + 0.08
5.9354 ¥ 0.09
5.8864 * 0.16
5.7508 * 0.37
5.352 +0.7
5.763 + 10.
0.560 + 11.

5.9330
5.9676
6.0099
6.0607
5.1200
6.1894
6.2690
6.3542
6.3347

5.9342
5.9667
5.0013
6.0383
5.0778
6.1202
6.1652
6.2062
6.1243

EXD.
DX106(cm-1)
Calc. I Calc. II

6.0258
6.0613
6.1025
6.1498
6.2041
6.2658
6.3360
6.4152
6.5047
6.6050
6.7156

px108(em™1)
Exp. Calc. I Calc. II

6.2691 + 0.08 6.2534
6.5002 + 0.08 6.4252
6.7354 + 0.29 6.6115
5.608 + 0.4 6.8140
7.156+0.7 7.0336
10.823 + 13. 7.2728
19.977 + 11. 7.5334

2. +
xX g

Exp.

0.0649 + 1.5

2
A I,

Exp.

+

B23,
Exp.

-7.05 + 18.

Hx10'2 (em)
Calc. I Calc. II

2.37 2.39
2.53 1.78
2.82 1.16
3.26 0.53
3.88 0.10
4.70 -0.79
5.12 -2.29
6.340 -17.40b
.216.b -273.b

HX1012(cm-1)
Calc. I Calc. II

-3.77
3 45

.2 94
2.20
-1.18
0.17
1.88
3.90
5.44b
2.12b

28 gb

 X10 2(em™ 1)
Calc. I Calc. Il

4.18 -1.96
5.81 -6.37
7.80 -9.78

10.02 -10.97
13.10 -8.41b
16.62 -8.78b
20.47 -213.b

43 —

calculated I values were used as fixed parameters in cases where D or H could not

be varied. They were generated using the method of D.L. Albritton et al.,

J. Mol. Spectrosc. 46, 25-36 (1973) and constants from A. Lofthus and

P. Krupenie (see footnotes to Table IV). Calculated II values were generated

from the constants in Table IV. Experimental values are merged constants (2).

Uncertainties quoted are one standard deviation.

dSummation is incomplete. See Albritton et al. (30).



0

2

3

/]

5

x2xt
q

Y, X 102(cm1)2

0.929 + 0.59

0.938 + 0.59

0.949 + 0.5

0.935 + 0.5

0.913 + 0.5

0.749 + 2.4

=fa_F VT

R2- +

Tq

y,X102(cn” 1)? -p,, X 102(em 1) © Yy x 106(cm”
2.401 + 0.59 2.63

2.902 + 0.59 3.30

2.351 + 0.5 2.87

2.810 + 2.3

1.333 + 0.3

0.537 + 1.9 2.56

we. lls —

Merged values. Uncertainties quoted are one standard deviation.

bsee Fig. 2.

See text for definition.

dm. Bouchoux et al., J. Quant. Spectrosc. Radiat. Transfer 66, 451-456

(1976) report: y= 0.010 +0.008and v} - v* = 0.015 +0.002 cn”.

A.M. Bouchoux and J.P. Goure, Can. J. Phys. 55, 1492-1498 (1977) report v1 =
¢0.025 em! E.A. Colbourn and A.E. Douglas, J. Mol. Spectrosc. 65, 332-333

1977) report: Yo = TY] = 0.0083 and Yo = 0.0229 cm”!



TRANSITION

Ri 0)
1, 1)
 (2)
7 (2)
R; (4)
21 ( B)
Ry ( 6)
Ry { 7)
Ry (8

Raq|€
a { 9g

{ 9)
(10)
(11)
(12)
(13)
(16)
115)
ie)
17)
0)
(12)
20)
(21)
(22)
23)

 (24)
1, {25)
L (26)

Ry (27)
Ry (28)
R, (29)

Py (1)
Pi(2)
Pi(3)
P,(4)

OBSERVED
“REQUENCY

com1
21 974.439
21 978.688
21 983.242
21 988.111
21 993.243
21 998.562
22 003.965
?2 009.072
22 013.4176
22 032.395
22 035.442
22 015.989
22 040.351
22 046.753
22 054.102
22 062.113
22 070.630
22 079.600
22 088.978
22 098.745
72 108.868
22 119.368
22 130.212
22 141.428
22 152.968
22 164.870
22 177.090
22 189.685
22 202.589
22 215.851
22 229.434
29 243 377

21 966.832
21 963.472
21 960.418
21 957.648

EXPT-CALC UNCERTAINTY ron
! . TRANS

ron (em A

-0.003
0.000

-0.011
-0.007
0.002
0.009
0.042
3.001
0.070

-0.002
J.003

-0.018
-0.005

J. 002
J.003
J. 007
J.000
).001
).002
J.007

-0.002
J.002

-0.004
J.008

-0.001
1.004

-0.013
J.003

-0.009
-0.001
-0.006
1.014

0.100
0.020
0.007
0.020
0.007
0.020
0.100
0.100
0.007
0.020
0.020
J.030
J.010
J.020
1.007
1.020
J.007
J.020
J. 007
J.030
J.007
2.020
1.007
J.010
2.010
J.020
J.010
J.020
3.010
1.020
1.020
7 020

Pi { 3)
2g 7)
5 7)
2, 8)
% 1 9)
Pi (10)

P,,(10)I,1(11)
P. (17)
nD.

be

»

J a

$2)
0)
21,ast

ye

m™.

yo

“14,
2, 28)
21 26)
Py (27)
P, (28)
2, (30)
2, (31)
P, (32)
P, (34)

-0.041
-0.005
-0.000
-0.035

0.100
0.100
0.020
0.100

R2
Ra(1)
Ro(3)
Ro(4)
R,{5)

OBSERVED
FREQUENCY

(cn
21 955.247
21 953.055
21 951.084
21 949.160
21 947.014
1 ©44.033

1 263.012
‘1 939.357
"1 958.794

1 956.407
1 955.592

1 955.592
1 956.407
21 957.648

1 959.287
'T 961.418

21 963.914
21 966.832
21 970.045
21 973.676
¢1 977.642
21 981.959
21 986.648
21 991.667
21 997.002
22 002.763
22 015.238
22 021.989
22 029.082
22 044.280

21 979.130
21 983.911
21 989.003
21 994.412
21 999.999

EXPT-CALC UNCERTAINTY

(em (em
0.000
-0.013
0.002
0.004
0.004

-0.019
-0.032
-0.008
-0.002
-0.021

0.051
-0.017
0.065
0.052

-0.011
0.003

-0.006
0.029

-0.008
0.010
0.006

-0.001
0.010
0.003
0.035
0.004
0.005
0.006
0.008
0.012

J.100
1.030
J.020
J. 007
J.020
J.010
1.100
1.020
3.020
2.100
J.100
3.100
0.100
J.100
3.030
J.007
3.020
0.100
0.020
0.030
J.100
7.010
J.100
0.007
7.020
0.020
0.030
0.020
0.020
0.020

-0.007
0.002

-0.005
0.006
0.054

0.020
0.010
0.010
0.010
0.050

SS

 Nn
=

]



TRANSITION

Ro ( 6
Ro { +
Ra ( 8)
Ra ( 9)
Ra (10)
2+ (11)

 Yd

&lt; ~

\

ie
(17,
(1c,
(19)
120)
21)
22)
123)
(24)
{25)

» (26)
Ro (27)
Ro (28)
2B (29)

&lt;q

J

7a{

1

N
:}

~

JA 1

3
72 | IJ)
2, (10)
Pp, (11)

J,

OBSERVED
CREQUENCY
(em

22 007.683
22 013.416
22 020.146
22 027.276
22 034.781
22 042.633
22 050.834
22 059.365
22 068.259
22 077.491
22 087.063
22 096.990
22 107.256
22 117.856
22 128.772
22 140.043
22 151.670
22 163.625
22 175.904
22 188.519
22 201.599
22 214.815
22 228.448
22 242.422

21 966.832
21 963.692
1 960.883
1 958.361

1 956.159
1 954.258
| 952.484

1 952.921
21 951.423
21 950.841
21 950.650

BUT SAL CERI TRANSITION
(CM) (cM)

-0.003
-0.025
-0.005
-0.006
0.000
0.001
0.004

-0.008
-0.002
-0.000
-0.002
J.009
3.019
3.021

-0.000
-0.006
0.003
0.004
0.008
0.022
0.092
J.009
J.009
0.017

3.010
3.020
2.007
J.010
J. 007
3.030
7.007
J.030
0.007
0.030
0.007
1.020
3.030
3.020
J.007
J.100
J.100
J.020
2.010
J. 020
J. 030
J.020
0.030
0.020

2)
"14)
(15)
.16)
17)
C1?)
.19)

SD)
7). 4)
 Ce

7, a]
5 58)
&lt;2 ;

Po 5512

£3 (20)35 $30)LS

Pa
Ps
P,
Ps
Pa
2

12)
-

-0.056
-0.066
-0.005
0.002
J.002
2.003

-0.010
-0.018
0.022
0.022

-0.011

0.030
0.100
0.020
J.020
3.010
J.007
7.030
J.030
7.007
J.100
0.100

IBSERVED
FREQUENCY
(cM

21 950.841
*1 951.423
21 952.361
1 953.635

1 955.247
"7 957.215

959.515
962.188

. 965.187

1 968.539
1 972.242
1 976.259
1 980.680
1 985.423

1 990.487
21 995.943
22 001.693
22 014.258
22 021.046
22 028.125

EXPT-CALC UNCERTAINTY

(em (em

-0.032
-0.018
-0.000
0.004

-0.000
J.003

-0.009
J.004

-0.002
-0.003
3.000

-0.027
J.002
J.010

-0.006
1.024
J.006
J.007
0.000

-0.054

0.100
J.007
0.100
J.100
3.100
1.020
J.100
2.020
7.100
3.007
0.010
0.100
0.010
0.020
0.100
1.020
N.020
0.100
0.020
0.020

B&amp;B

 DN
 DN
]

Extra lines may be recognized by left superscripts denoting change in N.



I -ia

P, (50)
P,(53)
P.(56)
P,(66)
P,(66)
P,(68)
P,(68)
P,(72)
P,(72)

Energy®(cm™!)

25748.156,,
25782.419,,)

25963.180,)
25963.950,
25999.196,)
25998.441,
26067.071,)
26066.342,

 7)0.y

Intensity”

N

J

\

1
-  i * Bow

CComments

N

A

D

A

i

fA

a

A

A

(1,1)
No changes.

(0,1)
No changes.

(1,2)
S

Rpp (12)
Q Pe (14)

) -
32,

2 29

)oo
osio
onIg

: 32)

Ry

23708.994,
23607.354,

23848.351 1)
 23848. 260, )

24090.919,

24104.297,
24117. 929,
241 18.048,

24131 -633,4

24145.319,

(7 2?)

)

?

10

10

2

-

/

J

\J

ER, (12)]
ECP, (14) ]

N

N

A

A

A

A

A

I

2
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1mLl: -
- Energy? (cm) Intensity” Comments ©

(2,3) Cont.

P,(24)
0, (24)

23830.550,
23830.256,

\

(0 2)J

Ro(31) 21569.242,
(1,3)

No changes.

(2 4)
No changes.

R,(0) 21974.439,,
Ry(1) 21979.130,
R,(2) 21983.911,
R,(3) 21989.003,
R,(4) 21994.412,
R, (5) 21999.999.,)
R, (6) 22007.683,
2,(7) 22013.416,,
*Ryy(8) 22032.395,
*Ryy(9) 22015.989,,
Ry (21) 22141.428,
P1(2) 21963.472,
P,(2) 21963.692,)
(3) 21960.883,

P,(4) 21958.361,
P,(5) 21956.159,
P,(6) 21953.055,)
Pa(6) 21954. 258,
P,(7) 21952.484,)
P5(8) 21952.921,
P,(9) 21951.423,
*,,(10) 21963.012,
r,,01) 21939.357,

&amp; $

Jeg-)
)
=

\

J

v

 J

\

\

»

A"

T

Al

E[R,(8)]
E[R,(9)]

Ny

N

\.

\

N

\

N

A

ELP,(10)]
ECP, (11)]
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Lire Energy®(cm”] ) Intensity” Cc
Comments

(3,5) Cont.

P,(29)
"0,,(1)
"0,4(0)
R,(17)
R,(17)R5 (22)
R,(24)
R,(24)
R, (26)
R,(26)
P(23)
P,(23)
&gt;1(24)
2,(24)
p, (25)
P,(26)
S

p.(18)

noo
R,(12)
AHSY
R,(13)

notR,(14)
noo
3,(15)

oolR,(16)
nom
R,(17)

21966.832,)

22279.5714
22331.8234
22354.485,
22354.8734
22378.4624
22379.0274
22158.6264
22158.782,
22162.4654
22162.708,
22166.599 4
22171.4784

22309.1 39,4
22291 -057,4

22477.242

22492.1864

22508.2054

&amp;

AalY

5
+

/

f oC7)

)

I

)

L

9

)

3
-

)

)

J)

~

J

~

J

J

D

A

J

\

|

1

1h

F

\

\

\

N

[R,(3)]
A

N

J

-

J

\
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| Fn Energy’ (cm) Intensity” Comments ©

(6,8) Cont.

on
( ,

on
foo1

20! |ook 14
( 01

2 15
( ,

1 jfom
2 otao
onD :ne:Jo
, 0)iH(?9

22525.211,

22382.656

22382.2124

22382.009,

22382.934,6

22384.869,

.

-

Ni

'

L,

~

+

For explanation of subscripts, parenthesis, and § see Ref.

Dsae Ref. 1.

“A = additional value not reported in Ref. 1 determined from an extended analysis.

D = value reported in Ref. 1 is in error and should be deleted.

E = extra line. Main line is given in brackets.

N = value reported in Ref. 1 is in error and should be replaced bv value given here.
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Appendix 2:

Computer Programs



1

Ld

~

Wo

™~

~

ry

i
s

g

re

THIS PROGRAM CALCULATES 25IG+-2SIG+ AND 2PI-2SIG+ TRANSITIONS

GROUND STATE IS 251IG+

ACCEPTS OUTPUT FROM LSQ DOUBLET FITTER

INPUT SHCIID BE AS FOLLOUS:

FIRST CARD IS PRODLEM NAME IN COLUMNS 10 THROUGH 89

SECOND CAEKD CONTAINS NMAX, MAXRK, AND NERGY.
NMAX IS MAX J FOR UPPER STATE +0.5. NMAX MUST BE AN INTEGER.

4AXRK I5 MAXIMUM DIMENSION OF HAMILTONIAN USED.
MAXRK CANNOT BE GREATER THAN 9.
NER3Y TS AN INTEGFR ADDED TO UPPER STATE ENERGIES.
FORMAT IS (3I5)

THE NEXT CARD CONTAINS THE NUMBER OF GROUND
CONSTANTS WHICH HERE VARIED
TH IS FORMAT.

CHE NEXT CARD CONTAINS THE CODE NUMBERS FOR THE VARIED PARAMETERS
FOR THE GROUND STATE IN 15I5 FORMAT.

THE NEXT CARDS GIVE THE VALUES OF THE GROUND STATE CONSTANTS
ALONG WITH THE PARAMETER NUMBER AND CODE FOR UNITS.
UNIT CODE IS 1 FOR CH~1 AND © FOR MC
AFTER LAST CARD THERE MUST BE A CARD WITH A ~-99 TYPED IN I5 FORMAT.

THE NEXT CARD CONTAINS THE NUMBER OF UPPER STATE CONSTANTS VARIED (IS)

"HE NEXT CARD CONTAINS THE CODE NUMBERS FOR THE PARAMETERS VARIED.
JSF 15I5 FORMAT.

THE NEXT CARDS GIVE THE VYALU®BS I'OR THE UPPER STATE PARAMETERS ALDNG

CALCD001
CALCD002
CALCOO03
CALCOCO4
CALC0005
CALCO006
CALC0007
CALC0008
CALC0009
CAICOO1D
CALCOQ11
CALCO0012
CALC0013
CALCOO 14
CALCD015
CALCO0 16
CALCO017
CALCO018
CALCO019
CALCO020
CALCOO21
CALCD022
CALCO0023
CALCO024
CALCO025
CALCO026
CALCO 027
CALCO028
CALC0029
CALCNO30
CALC0031
CALCO032
CALCO033
CALCO034 ©
CALCO035
CALCOD36 |



 ~~
o
, -

Nr

™
“

~
5

L

|

“rt

»

«

.

-

WITH PARAMETER NUMBER, AND CODE FOR UNITS.
THESE CARDS ARE TAKEN FROM OUTPUT OF FITTER.

APTER LAST PARAMETEE CARD THERE MUST BE A CARD
IN I5 FORMAT

THE NUMBER OF PARAMETERS IS LIMITED TO 75.

TREG IS INPUT IN I1 FORMAT. IF IREG=1 PI STATES ARE REGULAR
OTHERWISE IREG=0 AND PI STATE IS INVERTED.

WITH A -99 TYPED

SIIH AND ICODE INPUT IN F4,1, I1 FORMAT
IF ICODE=1 PI STATES ARE PRINTED OUT

IF TCODE=2 ALL LINES AR% PRINTED OUT
OTHERWISE STGMA STATES ARE PRINTED OUT

SLIM IS FPEACTION OF SIGMA CHATACTER USED TO JUDGE WHETHER A LEVEL IS
SIGMA OR PI. FOR EXAMPLE, IF SIGMA IS .O1 AND ICODE IS 9

ALL LEVELS WITH GREATER THAN 1 PERCENT SIGMA CHARACTER ARE PRINTED OUI
IF ICODE=1 AND SLIN=0.01 ALL STATES WITH LESS THAN 99% SIGMA CHARACTER

ARE OUTPUT

IF NO FURTHER DECKS ARE TO BE INPUT PUT TWO BLANK CARDS AT END
OF DECK.

INTEGER FLAG,UNITS
INTEGER GAMAX,GVAR
INTE GER GPLAG
DIMENSION GVAR{30)
DIMENSION GPLAG (75)
DOGBLE PRECISION D (9), E(9),GP(75),GS{26),GT (26),B0T{2,101)
DOBBLE PRECISION SAVE

DIMENSION TS({9,2,131),TP{9,2,101),PP(4300),PS(4300)
DOUBLE PRECISION P {75),S(26),T(26),DFLOAT,

12,4 19,9) 05,9), TE(9,2,101),VU(
14300) , TERN (4300), SHIFT
DIMENS ION FLAG (75) ,IRANK (4300), PTY (4309), DI (830G) , NCVAR {

CALCDO37
CALCO038
CALC0039
CALCODO040
CALC0041
CALCOO42
CALCD043
CALCOO4Y
CALCO045
CALCOD 46
CALCO047
CALCO048
CALCO04%
CALC0050
CALCODSY
CALCO052
CALCOD53
CALC O054
CALCOO55
CALCD056
CALC0057
CALCO 058
CALCO059
CALC0060
CALCD061
CALCO0062
CALCOO063
CALCOO64
CALCO065
CALCO066
CALCD067
CALCO068
CALC0O069
CALCO0708
CALCOGC71
CALCNDT2

i
IN
AS
O

|



120

~ 21

130) ,DIN{2)
DOUBLE PRECISION X1,X2,X3,X4,X5,DN,VLAH(4300)
REAL %*8 NAMES (75)
REAL*4 PAR(2) /1HE,1HF/
REAL*8 BCH {2#30))
REAL #8 B (12) U4H-R1(,5H-B21(,4H-52 (,5H-R12{,8H-P1{,5H-P21(, 4H-P2{(,

"SH-P 12 {, 5H-0 12 {, 4H=-02 {,5H-021(,4H=-01{/
DATA DIN(1) /2HMC/,DIM(2)/2HCH
REAL*8 FIT (2)/6HFITTED,SHFIXED/
DO 825 I=1,4300
VLAM(I)=0.0
DJI(I) =0.0
PTY (I) =0.0
TERN (I)=0.%
PP(I)=0.0
PS {I)=0.0
3CH (I) =0.0
70 (7) =0. 0
IRPANK(T)=0
20 821 I=1,75
GFLAG (I) =N
GP(T)=0.0
FIAG (I)=0
P{T)=0.0
IFAD9
FORMAT {10% ,70H

)
READ19 ,NMAX,MAXRK,NERGY
PORNAT{3I5)
I[F{NMAX.FQ.2) 50 TO 999
READ29,5AMAX
READ 29 , (GVAR (I) ,I=1,GAHAY)
AAVE=1.0

AEAD39,I,6P(I),GFLAG(I)
[F{I.20.-99) GO TO 22
IF (GFLAG{I).FQ.1)WAVE=29979.25D0

CALC0073
CALCOO74
CALCOO075
CALC0076
CALCDOTT
CALCOQ78
CALCDO79
CALCO080
CALCO081
CALC0082
CALCO083
CALCDO84
CALCO085
CALCO086
CALCO087
CALCD0S8S
CALCO0089
CALCO090
CALC 0091
CALCO092
CALCO093
CALC0094
CA LCO095
CALCO096
CALCOD97
CALCO0SG8
CALCO099
CALCD100
CALCO 101
CALCD102
CALCO 103
CALCO104
CALCO 105 1
CALCD106 0
CALC0107 ©
CALCS 108



1%
oi

27

py
-

 3

in

GP{I)=GP{I)*¥AVY
30 TO 17
CONTINUR
READ29,TAMAX
FORMAT (1515)
READ 29, (NCVAR{I) ,I=1,IANMAX)
AAVE=1.9
READ39,T,P(I),FLAG{I)
IF (I.5Q0.~-99) GO TO 2
FORMAT(I5,D15.8,T5)
IF (FLAG (I). EQ. 1) WAVE=29979.25D0
P(T)=P(I)*WAVE
30 TO 7
CONTINUE

READS9,I REG
FORMAT(I1)
READ69, SLIM, ICODE
FORMAT (F4. 1,11)
SHI PT=DPLOAT (NFRGY)
NCAT C=NM AX + 1
CALL NAMEIT (NAMES,75)

CALL SETUP (GP,GS, 1.0)
CALL SETUP{GP,GT,-1.0)
M=MAXRK
DO 1010 J=1,NCALC
X =DPLOAT{J)
CALL MATRIX (GS,GP,X,H)
BOT {1,d) =H (1,1) /29979.25D0
CALL MATRIX(GT,GP,X,H)
BOT {2,J) =H (1,1) /29979.25D0
“ALL SETUP (P,S,1.0)
CALL SETUP {P,T,- 1.0)
DO 10 J=1, NCALC
Y= DF LO AT (J)
CALL MATRIX (S,?,X,H)
DO R32 KK=1,9

CALCO109
CALCO 110
CALCO111
CALCO 112
CALCO113
CALCO 114
CALCO0115
CALCO 116
CALCD117
CALCO 118
CALICO 119
CALC 0120

CALICO 121
CALC0122
CALCO 123
CALCO124
CALCD 125
CALCD 126
CALC0127
CALICO 128
CALC 0129
CALCO 130
CALCO131
CALCO 132
CALICO 133
CALCO134
CALICO 135
CALC0136
CALCO 137
CALCO138
CALCO 139
CALCO 140
CALCO141 1
CALTO 142 5
CALCO143 F
CALCO 144



DO 822 11=1,9
822 U {XX,IT)=0.0D0
832 U(KK,KK)=1.0D0

CALL TRED2{M,9,H,D,E,D)
CALL TQL2(M,9,D,%,U,IERR)
IF {IERR.NE.") GO TO 824
30 TO 825
WRITE (6,929) IERR
FORMAT (' ERROR IN HAMILTONIAN DIAGONALIZATION, IERR=',I2)
CONT INTE

DO 20 T1=1, MAXRK
TS{MAXRE-T+1,1,3)=SNGL(U{1,L)*%2+0(4,1)¥%2)
TP{MAXRK-L+1,1,J)=SNGL(U{2+¢IREG,L)**2+U(7+IREG,L)¥*2+0{5+IREG,L)**

12)
TE (AAXRK-1+1,1,J)=D{L) /29979.25D0
TALL MATRIX({T,P,X,H)
70 833 KX=1,9
DO 823 II=1,9
U{KK,II)=0.0D0
IO (KK,KK)=1.0D0
CALL TRED2({M,9,H,D,E,U)
CALL TQL2(M,9,D,E,U,IEERR)
IF {IERR.NE.D) GO TC 826
GO TO 827

WRITE(6,829) IERR
CONT INNER
DO 30 L=1,MAXRK

TS (MAXRK~-L+1,2,J3)=SNGL(U(1,L)®%240(4,L)**2)
TP (MAX RK-L+1,2,.J) =SNGL (U (2+ TREG, L) ¥% 2+ U{7+IREG, L) **240 (S+IREG, L) **

12)
TE (MAX RK-L+1,2,J)=D(L)/29979.2500
CONTINUE
MAX 1=MAXRK
DO 200 J =1, NMAX
DO 200 L=1,MAX1
DO 200 I=1,2

824
829
875

PE)

323
3727

826
327

CALCD 145
CALCO146
CALCD 147
CALCO148
CALCO 149
CALC0150
CALCO0151
CATLCO 152
CALC 0153
CALCD 154
CALCO155
CALCO 155
CALCO157
CALCD 158
CALCO 159
CALCO160

CALCO161
CALCO0162
CALCO 163
CALCO 164
CALCD 165
CALC0166
CALCD 167
CALCO 168
CALC0169
CALCO 170
CALCO171
CALCO172
CALC0173
CALCO 174
CALCO175
CALCO 176
CALCO177 1
CALCO178 Ur
CALCO 179
CALCO180



IF{TE(L,I,J) .LE.D.1) GO TO 200
TE {L,I ,J)=TE(L,I,J)+SHIFT
CONTINUE

[CODE=ICODE+1
N=1
DO 50 J=3,NHAX
DO 57 L=1,MAX1
DO 50 I=1,2
IF (TE (L,I,J).LT..01) G0 TO 59
30 70 {51,52,53) ,ICODE
IF (*S {(L,1,J). LE.SLIN) GO TO 50
30 TO 53

3L.IM=1.0D0-SLIM
[F (TS(L,I,J).GE.SLIM) GO TO 50
CONTINUE
10 {N)=T&amp; {L,I ,J)=-BOT{I,d-1)
TERM {N)=TE(L,I,J)
[RANK (N) =L
PP (N) =TP{L,T,J)
25 {1)=TS {L,I,J)
PRP=1.0~=PP(N)=PS(})
PMAY=AMAX1(PS(N),2P(¥),PRP)
IF(I.FEQ.2) 50 TO 701
3CH(N)=B{1)
IF (PMAX.EQ.PS(N))GOTO732
[F(PMAX. EQ.PRP) BCH{N)=B (2)
30 TO 702
3CH (N) =B (3)
[F {(PHMAX. EQ.PS (¥)) GO TO 702
[F{PMAX.EQ.PP(N)) BCH{N)=B(4)
PTY{N)=PAR{I)
DJ(N) =FLCAT(J=-1)=D.5
g=N+1
CONTINUE
DO 70 J=2, ¥MAX
DO 70 L=1,MAX1

299)

3 1

57

= 73

’
7 nN

102

CALC0181
CALCD 182
CALC0183
CALCO 184
CALCO185
CALCD 186
CALCO187
CALCO 188
CALCD 189
CALC0190
CALCD 191
CALCO0192
CALCO193
CALCO19%4
CALCO 195
CALCO196
CALCO 197
CALCR 198
CALCO199
CALCD200
CALC 0201
CALCQ202
CALCO0203
CALCC 204
CALC0205
CALCO206
CALCO207
CALCO0202
CA LCG 209
CALCO210
CALCG 211
CALCO212
CALC0213 |
CALCO214

CALC0215wCALCD216



DO 70 I=1,2
[F{?2{(L,I,J).LT..01) GO TO 70
30 TO {71,72,73) ,TCODE
IF {7S{L,I,J) .LE.SLIN) GO TO 70
30 TO 73
SLIN=1.0D0-SLIH
IF (TS (L,I,J).5E.SLIN) GO TC 79
CONTINUE

70 (N)=TE (L,I,J)=-BOT(1,J+1)
TRANK{WN =I
2P {N)=TP {L,I ,J)
2S (¥)=TS{L,I,J)
PRP=1.0-PP {N)=P5 (¥)
PMAX =A MAX 1 (PS(M) , PP(N) ,P RP)
I[F{I.EQ.2)GO TO 703
3CH(N)=B(5)
[F{PMAX. EQ.PS{N)) GC TO 704
I? {(PHAX.EQ.PRE)BCH(N)=B(6)
30 TO 704
BCH {N)=B {7)
IF(PHAY .EQ.PS(N)) GO TO 704
IF {PMAX. EQ.PP(N)) BCH{N)=B(8)
DI{N)=FLCAT{J+1)-0.5
PTY {N) =P AR (I)
PERM (N)=TE {L,I,J)
N=1+1
CONTINUE
DO 90 J=2, NMAX
50 90 T.=1,MAX1
DO 90 I=1,2
[F{TE{L,I,J).1T..01)GOTO90
30 TO (91,92,93) ,ICODE
IF (7S{1,I,J) .LE.SLIN) GO TO 90
350 TO 93
SLIM=1.0D0-SLIM
[F {PS {L,I,J).GE.SLIH) GO TO 9

1
rr

09

y
y dl

]

3 1

39

CALCO0217
CALCO218
CALCO0219
CALCO220
CALCD221
CALCO 222
CALCD 223
CALCO224
CALCD 225
CALCO0226
CALCH 227
CALCD228
CALCD 229
CALC 0230
CALCD 231
CALC0232
CALCD233
CALCO234

CALCO 235
CALCH 236
CALC 0237
CALC0238
CALC0239
CALCO 240
CALCO241
CALCO242
CALCO243
CAL C0244
CALCD 245
CALC O246
CALCO247
CALCO248
CALC0 249
CALCO0250 &amp;
CALCO 251 &amp;
CALCN 252 |



33 CONT INUE
MR=2
IF{I.EQ.2) MER=1
VU{N)=TE(L,T,J)=-BOT(MR,J)
TRANE (¥) =L
PR{N)=TP(L,I,J)
PS {1)=TS {L,I,J)
PRP=1,0-PP(N)-P5(N)
PMAZ= AMAX?T (PS (N) ,PP (N) ,PRP)
IF(I.EQ.2) GO TO 795

3CH(N)=B(9)
IF {PMAX.EQ.PS(N)) GO TO 706
fF (PMAX.EQ.PRP) BCH{N)=B(10)
30 TO 706
BCH (N)=B (11)
IF (PMAX. FO.PS (¥)) GO TO 70%
[P{PHAX.EQ.PP(N)) BCH(N)=B(12)
DI(N)=FLOAT {J)-0.5
PTY (N) =PAR(I)
TERM (N)=TE(L,I,J)
Y=141
CONTINUE
DO 120 L=1,MAX1
DO 120 I=1,2
IF @FE(L,I,1).-1T..01) 60 TO 129
30 TO (121,122,123) ,ICODE
IF (TS (L,I,1).LE.SLIN) GO TO 120
30 TO 123

SLIM=1.0D0-SLIN
IF {?S{L,I,1).6E.SLIH) GO TO 120
CONTINUE

yu (8) =TF {L,I ,1)-BOT(I,2
TRANK (N) =1.
PP {N)=TP(L,T,1
PS{N)=TS(L,I,1)

705

106

3 3

121

122

123

CALCO0253
CALCD 254
CALCO255
CALCD 256
CALCO257
CALC0258
CALCD 259
CALC0260
CRLCO 261
CALCO262
CALCD 263
CALCO264
CALCO 265
CALCTZ266
CALCO287
CALCD 268
CALC0269
CALCU 270
CALCO271
CALCO272
CALCO273
CALCO 274
CALCO275
CALCO 270
CALCD277
CALCO278
CALCD 279
CALC0280
CALCO 281
CALCO282
CALCO 283
CALCO284
CALCO 285
CALCN286
CALCD 287
CALCD 288

1
IY
J
ul
i



PMAY =A MAX 1 (PS{N) , PP{}) , PRP)
TP (I.50.2) GO TO 707
BCH {N)=B {5)
[F{PMAY. FQ.PS(N)) GO TO 708
IF {PMAYX.EQ.PRP)BCH(N)=B{6)
30 TO 708

BCH{¥)=B{7)
IF(PMAX.EQ.PS(N)) GO TO 708
IF (PMAX. EQ.PP(N})) BCH(N)=B(8)
DJI(N) =1. 5
2TY {N) =PAR (I)
TERM (N)=TE (I.,I,1)
9=N+1
CONTINUE
30 149 L=1,MAX1
DO 140 I=1,2
IF{TE(L1,I,1) .1T..01) GO TO 140
30 TO (143,144,145) ,ICODE
IF{TS(L,I,1).LE.SLIM)GOTO140
30 TO 145
SLIN=1.0D0=-SLIN
TF (T?S{L,I,1) .GE.SLIN) GO TO 140
CONT INUE
IF{I.E0.2) GO TO 141
JU {N) =TE (L,I,1)-BOT{2,1
50 TO 142

VU {N)=TE (L,I,1)=-80T{1,1
ITRANK(N)=L
OP {§)=TP (L,I,1)
pS (MN) =TS(L,T,1)
PRP=1.0-PP(N)-BS(¥)
PMAX=AMAX1{PS(¥),PP(XN),PRP)
[F{I .EQ.2) GO TO 709
BCH {N)=B (9)
IF(PMAX.EQ.PS{N)) GO TO 710
IF (PMAX. EQ.PRP) BCH(HN)=B8(10)

707

708

CZ $

113

1414

ing

141
142

CALCD289
CALCO 290
CALC0291
CALCD292
CALC 293
CALCO0294
CA LCG 295
CALC0296
CALC0297
CALCO298
CALCQ 299
CALCOD300
CALCO 301
CALCG302
CALCO0303
CALC 304
CALCO3905
CALCD306
CALCO307
CALCO 308
CALCO30%9
CALCO 310
CALCO311
CALC0312
CALCO0313
CALCO314
CALCO315
CALCD316
CALCO0317
CALCO0318
CALCO 319
CALCO320
CALCO321
CALCH 322
CALCO0323
CALCO324

1
Ia
Ur
=



709

-p 10

140

151

152

163

7] i

!12

GO TO 710

RCH (N)=B{11)
IF (PMA X. EQ. PS (N)) GO TO 710
[P(PMAX.EQ.PP{(N})) BCH{(N)=B{12)

 PTY (N) =PAR(I)
TERA (N)=TE(L,I,1)
¥=N+1
CONTINUE
pO 1572 L=1,MAX1
DO 150 1=1,2
[F{TE(L,I,2).17..01) GO TC 150
30 TO (151,152,153) ,ICODE
IF (PS {L,I,2).LE.SLIN) GO TO 150
30 TG 153
SLIf=1.0D0-SLIN
IF (TS(L,I,2).GE.SLIN) GC TO 150
CONTINUE

717 (N) =T% (L,I ,2) -BOT(I,1)
IRANK{M)=1.
TERM (N)=TE (L,I, 2)
op (N) =TP(L, I,2)
2S (N)=TS {L,I ,2)
PEP= 1. 0-PP (N) -PS (N)
PHAX=AMAXT1{PS {(N) ,PP (WN), PRP)
[F(I .EQ.2) G0 TO 711
3CH (N)=B (1)
IF (PMAX.EQ.PS(N)) GO TO 712

IF (PMAX.EQ.PRP)BCH{N)=B(2)
30 TO 712

3CH(N)=B{3)
IF (PUA X. FQ.PS(N))GOTO712
[FP (PMAX.EQ.PP(N)) BCH(N)=EB{)
PTY (N)=PAR(I)
DJ (N) =0.5
N=N+1

CALCO325
CALCO 326
CALCD327
CALCO328
CALCH 329
CALCO330
CALCO 331
CALCO332
CALCO 333
CALCO334
CALCO335
CALCD 336
CALC{337
CALICO 338
CALCO339
CALCO 340
CALCO341
CALCD 342
CALCD343
CALCO 344
CALCO345
CALCO 3406
CALCO347
CALCO 348
CALCU 343
CALCO0359
CALCU 351
CALCO0352
CALCO353
CALCO354
CALCD355
CALCO356
CALCO0357
CALCO 358
CALCO0359
CALCO 36D

J
oD
Jl
J
i



155

211
210

230

CONTINUE
MCATLC=N1
DO 211 N=1,MCALC
PS (N)=1290.1%PS {N)
PP{N)=100.0%PP (VN)
NF=0
DO 230 N=2,HCALC
R=N-1
IF(VO(Y .LE.YO(X)) GO TO 230
SAVE=VU {K)
vO {K) =VU {W)
VO {N) = SAVE

ISAVE=IRANK{K)
T BANK (K) =I RANK {N)
IRANK {N) =ISAVE
SAY ©=BCH (KX)
BCH {K)=BCH(¥)
BCH (N) =SAV®
5AVE 1=DJ (K)
DI {K) =DJ (N)
DJ {N) = SAVE}
SATE 1=PT Y {X)
PTY (K) =PTY (N)
PTY (N)=SAVE1
SAV E=TERH (K)
TERM (K)=TERM (N)
TERM (N) =SAVE
SAVE 1=PP (XK)
PP (KX) =PP (N)
PP{N) = SAVE]

SAYE 1=PS {K)
PS{K) = PS (N)
PS {¥)=SAVE]
NP=1
CONTINUE
IF(NPF.GT.0) GO TO 210

CALCH 361
CALCO362
CALCD363
CALCO364
CALCO 365
CALCO366
CALCO367
CALCO 368
CALCO0369
CALCO 37C
CALCO371
CALCD 372
CALCO373
CALCO374
CALCD 375
CALCO037%
CALCD 377
CALCO378
CALCD 379
CALCO0380
CAL C0 381
CALC(382
CALCO 383
CALCD 384
CALCO385
CALCO 386
CALCO3RB7
CALCO 388
CALCO389
CAL CO 390
CALCO391
CALC0 392
CALCD393
CALCO394
CALC 395
CALCO395b

1

Bs
J1
0
i



X1=1.0D0+6.4328D-05
X2=2.9439810D+06
£3=2.5540D+04
X4=1,46D+12
X5=i .1D+09
DO 240 L=1,MCALC
DN=X 1#X2/(X 4-VU {1) ¥% 2) +X 3/(X5-VU{L) *%* 2)
TLAM(L)=1.0D+08,/V0 {L)
YLAK (L)=VLAM (L)/DN
CONTINUE
PRINT219
PORMAT (1H1,///,20%X, 25H2- SIGH A+ 6-
PRINTS
PRTHNTH1O
FORYAT{///20%,20HGROUND STATE PARAMETERS
DO 425 1=1,75
IF{3FLAS {T) .%0.1) GO TO 451
50 TO 452

GP(I)=6P (I) /29979.25D0
CONTINUE
L=2
DO 450 J=1,GANMAX
IF {I.EQ.GVAR(J)) L=1
K=GFTLAG (I) +1
PRINT239 ,NAMES {I),GP{I),DIN(K),FIT(L)
CONTINUE
PRINT 229
FORMAT ('17',///,20X,29HEXCITED STATE PARAMETERS USED)
Do 225 1=1,75
TF {PLAG(I).FEQ.1) GO TO 251
30 T0 252

251 P (I)=P {1)/29979, 25D0
252 CONTINUE

L=2
DO 250 J=1,7T AMAX
IF(I.EQ.NCVAR(J)) I=1

240

219 yg

451
452

§ 25

229

CALCO 397
CALCO398
CALCO 399
CALCD 400
CALCO40
CALCO 402
CALCO403
CALCO 404
CALCD A405
CALCOLO06
CALCO 407
CALCO408
CALTO 409
CALCO410
CALCO 411
CALCO412
CALCO413
CALCOHL
CALCO415
CALCOL16
CALCO417
CALCO 418
CALCO419
CALCO 420
CALC421
CALCOL22
CALCO423
CALCOL24
CALCO 425
CALCO426
CALCD 427
CALCOL28
CALCO429
CALCD43D
CALCD431
CALCD432

1
BS
ol
O



K=FLAG (I)+ 1
PRINT239,NAMES(I),P(I),DIM{K)PIT(L)
FORMAT (10X,A8,5%X,D15.8,2%X,A6,2%,41%0)
CONTINUE
PRINT779 ,NERGY
PORMAT{' ?*,5%,I5,' CH-1 SHOULD BE ADDED TO UPPER STATE ENERGIES')
PRINT 259
FORMAT("1,5%X,32HENERGYORDEREDTRANSISITIONLIST//)
PRINTB97
FORMAT {3X, 11HRA NK-BRANCH, 13X, 6HENERGY, 9X, THPERCENT , 10%, 7HP ERC ENT,2
3X,13HEX CITED STATE,9%,3 HAIR)
IF (IREG.EQ.1) GO TO 920
PRIN TROP

FORMAT (28% ,5H({CM-1),9%,5HPL 3/2,13X,5HSIGHA, 23%, 11H TERM ENERGY,3%,6
1HPARITY,1X,9HLAHNBDA{A)//)

GO TO 922
920 PRINTS899
999 FORMAT (29X,6H(CM-1),9X,5HPT1/2,13%X,5HSIGHA,23X,11HTERN ENERGY, 3%,6

1HPARITY,1X,9HLAUBDA{A)//)
922 DO 910 N=1,MCALC
910 PRINT900 ,IRANK (N),BCH {(N) ,DJ(N),VU(N),PP(N),PS(N),TERN{N),PTY(VN)

1,YLAMN(N)
300 FORMAT (2X,I2,A5,F4.1,18) ,10%,F12.4,3%X,F10.4, 7X, F10.4,8%,13%,F13.6,

15% ,A1,3X,79.3)
998 GO TO 1
399 STOP

END

CALCO433
CALCO 434
CALCO435
CALCO4386
CALCDA37
CALCOU438
CALCO 439
CALCOL44O
CALCO 441
CALCO442
CALCO 443
CALCO4L4YL
CALCO 445
CALCD 445
CALCO44?
CALCO 448
CALCOU44S
CALCO 450
CALCO451
CALCO 452
CALCO453
CALCO454
CALC]455
CALC Q456
CALCO457
CALCOQU458
CALCD 459

|
oS
a
oO
1



Ho

2-SIGHMA+6—-,2-PI ESTIMATOR

N2+ B2S1G+-X2SIG+ (3,5) CALCULATED SPECIRUH

31s
31S
D1S
SAM1S
3ETA12
i13
14
.ETA15
116
P
IP

11P
»\N1P
21P+
DIP
AJVIP
Avo1lp
21P+
BRTA24

iP
:2P
3p
"

1.3
2s

GROUND STATE PARAMETEFS
0.10552040D+05
0.18259093D+01
0.18081905D+00
{.52306955D-02

)

.J
,69100000D-07

1
}

+S
02S
3AM2S
3BTALS
‘46
i2P
AM2P
22P+
)2P
AJV2P
\VO02P
2 2P+

2p
32P
32P
218-
21p~
N2p- Con
&gt;2P- C0
215 0.9
215 C0
D1S 0.9
02S 0.0
22s 0.0
02S 0.0
GAMJ 18 0.0

OSED
FIXED
FITTED
ITTED
¢ITTED

LAED
[XED
LLcD
XEp
XED
LXED
gD
XAD
[XED
IED
LED

EED
‘TXED

(ED
“XEN
KE"
KE»
XED
{ED
"RE
xn

‘LXED
ILE:
'IXPL
{1xED
*TXED
*IXaD
?IXED
?IXED
*IXED
*IXED
‘IXED
2IXED
?IXED
¢IXED
?IXED
*IXED
JIXED
IXED
'IXED
JIXED
FIXbLD
F1XuD
FIXED
PIXwuD
FIX .L
FIXED
PIX al:

r

.

3c
iC
ac
iC
ic

Hic
NC
HC

 HN
mt

f



3ANMJ2S
3ETA17
18
3p

‘3p
3p
AN3P
“pt
 Pp

+JV3P
LYO3p
J3P-
[3P
*3P+
:3p-
{ETAY7
J3P
48

0.0
0.0
0.9
0.0
0.0
0.0
0.0
0.0
0.0
0."

C.C
0.0
0.0
'.0
0.2
0.0
J.0
"0

Wr
"oC

iC
1C
7

1C

aC
he
1.2

 i“
ic
i
ic
MC
uc
Mc
“w

ac
uc
Mc
MC

FIXED
FIXdiD
FIXED
FIXED
FIXED
FIXED
fIXMD
?IXeD
?LIXsD
!IXEL
{IXED
‘IXED
IXED
FIX sD

JIXeD-
*TXkD
FIXED
FIXBD
FIXED
FIXED
FIXED
?IXED
fIXED

ae

o



EXCIT™N STATE PARAMETEPS USED
7 A :B1S

81s
Js
SANS
3ETA12

13
14
FTA15

6
2

2
AH1P
p+
p

\JV1P
A\VO1P
P1P+
TAY
1P
Pp

?
n

1s
“S

izS
125

3AM2S
JETA45
46
12P
5AM2P
J2P+
~2P
iJV2P
\Vv02P
2P+
Ap

125222700405
146523005+01
74600000D+02
3}

0
12290000D+00
a

0
~,49504233D+00

-(,45900000D-07
-0.45900000D~07
3.0
0.58444630D+01
0.0
0.10300000D-06
0.12523469D+05
0.20007736D+01
6.21507079D+00
0.17551033D-01

-0.16375000D+00
0.52931100D+01
0.74600000D+02

»0
.12290000D+00

20
 0)

3

0
13966800D+05

.14380000D+01
\

_

&gt;
“p-
TO...
I

3

. a

)2S 0-1
5AMJ1S [Vd]
3ANJ2S 0.0
JETA17 0."
‘18 0.0
‘3p Oa"
3p 00
3p Ue’

3AM3P 0,u

‘Cc
Ew

uC
AC
MC

FIXED
{IXeD
‘IXED
?IXED
‘IXED
FIXED
¢IXED
“IXED
#IXED
JITTED
‘ITTED
PIXED
FIXLD
FIXED
ZIXLED
JIXED
PIXED
*IXED
fITIED
7IXEu
FIXED
?IXED
FITTED
FIXED
FIX®D
PITTED
PITTED
FITTED
ZITTED
“IXED
*IXED
T¥ED
“XED
_iED

JED
ED

IED

ED
(2D

. “Db

“IXED
WYED
LARD

‘T¥ED
“ThD

“«f)

FTXED
*TXED
"TXED
&lt;1XKD
RIXED
FIXED
FIXED
F1XED
FIXED
FIXED
F1XSL
eIX4D
FIXED

I
nN
oN
2



J3P+ 0.0
)3p 0.0
AJvip Ved
1vo3p Ue.0
23p- Ca0
i3p "0
&gt;3P+ n

23p-~
JETAY7
J3P
\48

20000 CHM-1 SHOULD .._

eLX5D
FIXBL
FIXasD
F1Xen
FIXED

PIX al
*IX AD

LXED
uc JAXED

“ec IXED
fC IXED

"es SIXED
ne F1Xal
*2 FIXED
so FIX&amp;D
uc FIXsD

ADDED TO UPPEEK S1ATE ENERGIFS

Wa

1
™
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ENERGY ORDERED IRANSISITION LIST

RANK-BRANCH

5-R2{ 81.5)
5—-Q21 (82.5)
5&gt;~=R1({ 81.5)
5—R2{80.5)
5-021 (81.5)
b-R1( 80.5)
6—-R2( 79.5)
5-Q21 (80.5)
b—R1{79.5)
6—B2(78.5)
h=021 (79.5)
h—R1( 78.5)
5-R2( 77.5)
5=Q21 (78. 5]
5=R1{ 77.5,
3=R2( 76.5,
3=Q21 (77.5
5-R1( 76.5,
5-R2{( 75.5.
5-021 (76.5
B=R1( 75.5
h=R2( 74.%
b—Q21 J.
5-R1| 7
3-R2
-Q2
5-R1
65—R2{
3-021 "1
B—BR1({ Te
3-R2( 71.
5-021(72.5;
=R1({ 71.5
5-R2( 70.5,
3-021(71.5"
5-R1( 70.5
5-R2( 69."
5-021 (70.2
&gt;-R1({ 69.5
5-R2{ 68.%
5-021 (69.5,
=R1( 68.5
»&gt;-B2( 67.%,
3-021 (68.5,
5-R1({ 67.5)
5-R2( 66.5)
2-021 (67.5)
5-R1{ 66.5)
5-BR2( 65.5)
5-021 (66.5)
5-R1( 65.5)
5-R2( 64.5)
5-021 (65.5)
6=-R1{ 64.5)
5=-R2( 63.5)
6-021(64.5)

SNERGY

(CH-1)

23425. 2039
23424.7723
23397. 0324
23395.6052
23395.1789
23367.6746
23366 .2529
23365. 8318
23338.5658
23337. 1492
23336.7334
23309.7083
23308.2965
23307.8859
23281. 1044
23279.6970
13279. 2916
$3252.7564
£3251.3529
23250.9527
23224.0666
23223.2665
23222.8716
23196.8372
23195.4401
23195.0504
23169.2705
23167.8757
213167. 4912
23141.9688
23140.5755
23140.19%63
23114. 9341
23113.5417
23113. 1677
23088. 1688
23086.7764
23086. 4076
23061.6752
23060.2817
23059.9182
23035. 4553
23034.0597
23033.7014
23609.5115
23008. 1124
23007.7593
22983.8461
22982. 4419
22982. 0941
22958. 4615
22957.0503
22956.70717
22933.3690
22931.9395
22931.6021

PERCENT
vY3/2

7.0159
).0159
1.0166
Jo 0163
J.0163
1.0171
J. 0168
«0168
). 0176
1,017"
017.
).0181
).0178
1.0178
}J.0186
).0183
v.0183
3.0192
).0189
J. 0188
J.0198
1.0195
1.0195
1.0205
J.0202
3.0202
Ja0212
1.0209
1.0209
Je 0220
1.0217
1.0217
1.0223
1.0225
1.0225
J.0236
1.0234
).0234
0.02806
J. 0244
).0244
J. 0256
J. 0255
).0255
1.0268
Je 0267
J.0267
3.0280
3.0280
0.0280
0.0294
J.0295
0.0295
0.0310
0.0312
0.0312

PERCENT
SIGMA

99.9724
99.9724
39.9579
99.9717
39.9717
39.9565
39.9710
39.9710
39.9549
39.9703
39.9703
39.9533
39.9695
39.9695
39.9516
99.9686
79.9686
39.9497
99.9677
39.9677
19.9476
19.9668
19.9668
39.9454
39.9657
19.9657
39.9430
39.9647
39.9647
39.9403
99.9635
39.9635
39.9374
99.9622
319.9622
39.9342
39.9609
39.9609
39.9305
39.9594
39.9594
39.9264
39.9578
39.9578
39.9218
39.9560
39.9560
39.9164
39.9511
39.9541
99.9101
99.5518
99.9518
99.9027
99.9493
99.9493

EXCITED STATE AIR
TERM ENERGY PARITY LAMBDA (A)

46125.504446
46125.504446
45811.563765
45809.710256
45809.710256
15499.179310
15497.336505
45497.336505
45190.229527
15188.397090
45188.397090
+4884.728183
14882.905747
44882.905747
14582.688883
44580.876047
44580. 876047
44284.125078
44282.321401
44282.321401
$3989. 050059
43987.255053
13987.255053
$3697.476965
13695.690090
43695.690090
13409.418779
43407.639431
13407.639431
$3124.888335
43123.115837
$3123.115837
42843.898319
$2842.131907
+2842.131907
42566.461274
$12564.700077
42564.700077
42292.589605
42290.832627
42290.832627
42022.295589
42020.541676
12020.541676
$1755.5913861
41753.839188
41753.839184
$1492.489037
4149G.736975
+1490.736975
$1233.000526
$1231.246699
41231. 246699
40977.137770
40975.379876
40975.379876

4267.705
4267.784
4272.844
4273.104
4273.182
4278.212
4278.472
4278.549
$283.548
1283.808
283.684
41288.851
1289.11
$289.187
$294.121
4294.330
4294.455
$299.356
4299.615
4299.689
4304.556
4304.816
1304.889
1309.720
$4309.980
$310.052
1314.848
1315.108
$315.179
$319.939
1320. 199
320.270
1324.991
4325.252
$325.322
$1330.005
4330.266
$330.335
1334.980
1335.242
+335.310
$339.914
1340.177
1340.244
344.807
345.072
1345.138
+349.659
4349.925
4349.991
4354.469
4354.736
4354.801
4359.235
4359.505
4359.569

CL

¥
?

I

N
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5—R1{ 63.5)
5—R2( 62.5)
5-021 (63.5)
=R1( 62.5)
5=R2( 61.5)
5~021 (62. 5)
5—=R1( 61.5)
5-R2( 60.5)
5-021 (61.5)
5~P2( 83.5;
5-R1{ 60.5;
3—R2( 59.5;
3-Q21 (60.5,
5-012 (82.5,
5&gt;~-P1{ 83.5,
5-P2( 82.5)
5—-R1( 59.5)
5-R2{ 58.5)
5-021 (59.5)
5-012(81.5)
5-P1( 32.5)
$-p2( 31.5)
5-R1{ 58.5)
5-R2( 57.5)
5-021 (58.5)
5-012 (80.5)
5-P1( 81.5)
5-P2( 80.5)
&gt;-BR1{ 57.5)
5-R2( 56.5)
53-021 (57.5)
5-012 (79.5)
5&gt;=P1({ 80.5)
»=P2( 79.5)
3-R1{ 56.5)
5-R2{ 55.5)
3-021 (56.5)
2-012 (78.5)
5-P1( 79.5)
6=P2(78.5}
5=R1( 55.5
5-R2( 54.5
5=021(55 )
5-012 77.5
5-P1( 78.5}
5-P2( 77.5)
5—-R21 (51.5)
5-R1( 54.5)
=R2( 53.5)
1-021 54.9;
=Q12 (76.5,
3=P1( 77.5%;
5-p2( 76.5)
5-B1({ 53.%
=R1( 47.5,
3=R2( 52.5,
5-021 (53.5)
5-R21(52.5)
5-012 (75.5)
6=P1{ 76.5)
5=P2( 75.5)
6-=R2( 51.5)
5-021 (52. 5)
5-i1{ 52.5)
6-012 (74.5)
6=-P1({ 75.5}

22908.5443
22937.1117
22906.7795
22884.0172
22332.5689
22882.2420
22859.7818
22858.3132
22357.9915
22843. 3375
22835.8416
22834.3467
22834.0303
22821.9053
12821. 4685
12820.0518
12812.2013
22810.6718
22810. 3606
22798. 8787
22798.4472
22797.0359
22788. 8667
22787.2910
22786. 9850
22776. 1245
22775.6982
22774. 2921
22765.8468
22764. 2069
22763.9002
22753. 6446
22753.2235
22751.8221
22743. 1565
22741.4231
12741. 1275
22731.4410
22731.0252
22729.6282
22720.8261
12718. 944u
22718.6537
22709.5158
22709. 1052
22707.7121
22705. 3520
12698.9397
22696.7766
12696. 4915
22687. 8710
22687.4656
22686.0760
22677.9445
22675.5406
22674.9339
22674. 6541
22673.56036
22666. 5085
22666. 1083
22664.7216
22653.4471
22653. 1724
'2652.5292
22645.4303
22645.0353

J. 0327
Ja0332
1.0332
J. 0347
Ja 0355
3.0355
1.0369
}.0382
1.0382
1.0159
1. (L394
J. 0416
).0416
3.0166
J. 0166
).0163
J).0422
3.0457
N.0457
1.0171
).0171
).0168
J. 0452
1.0509
J.0509
).0176
1.0176
J.0173
1.0481
7.579
3.0579
3.0181
N.0181
7.0178
1.0498
1.0675
)J.0675
1.0186
J.0186
1.0183
J.0474
).0815
).0815
1.0192
1.0192
0.0189

26.0147
2.0335
1.1037
3.1037
0.0198
J.0198
4.0195
v. 1246

13.9677
tL. 1431
VU. 1431

21.0881
0.0205
0.0205
2.0202
0.224711
3.2271
7.3373
Va0212
J.0212

39.4439
39.9464
19.9464
99.4830
99.3431
39.9431
39.8693
39.9391
99.9391
39.9724
99.8516
19.9342
99.9342
19.9579
19.9579
19.9711
49.8279
15.9282
19.9282
29.9565
19.9565
19.9710
319.7944
19.9204
39.9204
39.9549
19.9549
19.9703
19.7442
49.9100
19.9100
19.9533
19.9533
39.9695
19.6610
39.8953
39.8953
39.9516
39.9516
79.9686
39.4958
319.8733
39.8733
39.9497
39.9497
19.9677
1.0270

19.0761
39.8370
39.8370
19.9476
39.9476
39.9668
36.5460

141577
39.7635
39.7685
‘3.6415
99.9454
39.9454
39.9657
39.6072
15.6672
35.3311
39.9430
39.9430

40724.912684
40723.147890
40723.147359
$Ul476.337252
40474.561999
4O474.561999
40231.423638
40229.633356
40229.633356
46125.504446
19990.184385
39968.373038
15988. 373038
$5811.563765
45811.563765
45809.710256
39752.632747
19750.792089
39750.792089
45495.179310
45499.179310
45497.336505
39518.783343
39516.901603
39516.901603
+5190.229527
451904229527
45188.397090
39288.653509
39286.712858
39286.712858
44884.728183
44884.7281383
44882.905747
39062.266522
39060. 237588
39060.237588
14582.688883
i4582.688883
14580.876047
38639.660991
38837.438534
38837.488534
14284.125078
14284.125078
W282.321401
38057.459836
18620.928907
38618.480740
38618.480740
$3989.050059
43989.u50059
43987.255053
38400.5254383
37316.283955
38403.235079
38403.235079
$8212.181559
43697.476965
$3697.476965
43695.0900390
33191.790452
38191.790452
36191. 1472458
43409.418779
43409.418779

3

4

4363.957
4364.230
{364.293
4365. 634
4368.911
4368.973
373.266
4$373.547
4373.609
376.414
377.851
1378.137
$378.198
4380.524
41380.608
1380.880
1382.388
1382.682
+382.741
1384.94Y
$385.032
4+385.303
$386.875
4387.178
4387.237
4389.329
$389.412
4389.683
1391.311
4391.627
4391.685
4393.666
4393.747
1394.018
+395.692
4396.027
4396.084
+397.958
1398.038
4398.309
4400.012
4400.377
1400.433
402.204
1402.283
402.554
1403.01
404.255
1404. 675
1404.730
4406.404
1406.483
t406.752
3408.333
4498.800
‘408.918
4408.972
4409.184
4410.557
4410.635
410.904
4413.100
4413. 153
+413.274
4414.662
414.739
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I
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 0)
|



5-P2( 74.5)
5-B1( 48.5)
5-R21 (53.5)
5-R1( 51.5)
5-R2(50.5)
5-021 (51.5)
6-R2( 48.5)
5-021 (49.5)
3~012 (73.5)
5-P1( 74.5)
6-P2( 73.5)
5-R1( 50.5)
5-R1( 49.5)
5-R2{ 49.5)
5~021 (50.5)
5-012 (72.5)
5-P1( 73.5)
5-p2( 72.5)
5-R2( 48.5)
5-R2(49.5)
5-021 (49. 5)
5-021 (50.5)
1-012(71.5)
5=P1( 72.5)
-R1( 49.5)
5=P2( 71.5)
3-R12 (45.5)
5-01( 46.5)
5-R2( 47.5)
5-021 (48.5)
}-R1( 48.5)
+-R1( 50.5)
6-012(70.5)
6-P1( 71.5)
6-P2( 70.5)
3-R2( 46.5)
5-021 (47.5;
4-R1( 47.5)
6-012 (69.5)
5=P1( 70.5)
6-P2(69.5)
1-R12 (46.5
4-01( 47.5
=R1( 51.¢
b-R1( 46.5
I-R2( 85.°F
4-021 (46.5
5-012 (68.5,
5-P1( 69.5)
5~P2( 68.5)
1-R1( 45.5)
+-R2( 44.5)
1-021 (45.5
3-012 (67.5)
5=P1( 68.5)
5-P2( 67.5)
4=R1{ 44.5)
4-R2( 43.5)
4-021 (44.5)
5-012 (66.5)
5-P1( 67.5)
5-P2( 66.5)
4-R1( 43.5)
4-R2( 42.5)
4-021 (43.5)
5-012 (65.5)

22643.6505
22643. 2307
12634.7533
22634.1112
22632. 4293
212632. 1569
22627. 4951
22627.2362
22624.6383
22624. 2486
22622.8658
22615. 8841
22614.6714
22613.0324
22612.7682
12604. 1345
12603.7501
12602.3681
:12588.9153
12588.7571
212588.6564
22588.4930
22583.9209
22583.5417
22582.4368
12582. 1597
.2574.0383
22573.7951
22569.4902
22569. 2365
22567.7445
22566. 8763
22563.9594
22563.6254
22562. 2424
22551.3482

22551. 0998
22548.8535
22544.3719
22544.0032
22542.6180
22535. 7287
22535.4802
22533.6870
242529.5791
22528.8359
22528.5927
22525.0405
22524.6769
12523.2883
22510. 3931
22509.7870
22509.5490
22506.9070
22505.6487
22504, 25590
22491.4210
22490.7786
22490.5458
22487.2737
22486.9207
22485.5199
22472.7138
22472.0205
22471.792Y
 2468. 3427

0.0209
12.1427
to 2277

Je 1826
N.4897
0.4897

25.7147
25.7147
0.0220
J. 0220
J.021/
3.5505

6.5819
1.2950
3.2950
J. 0228
1.0228
J.0225
0.3226

13.0678
0.3226

23.0678
2.0236
J. 0236

7.4210
0.0234

13.6113
"3.6113
1.1391
J.1391
2.1268

»5.2844
0.0246
J. 0246
J. 0244
3.1719
3,°719
1.6740
J. 025€

1. 0256
V.0255

05.4915
65.4915
70.8325
J.3252
t=4516
1.4516
J.0268
7.0268
1.0267
0.1968
J.3805
J.3805
1.0280
1.0280
). 0280
1.1376
J. 1948
1.1948
1.0294
1.0294
'.0295
.« 1065

1.1284
Ja 1294
3.0310

19.9647
5.4635
2.8854

36.7567
99.0180
39.0180

3.2028
3.2028

39.9403
39.9403
39.9635
30.1898
25.5363
30.5806
30.5806
39.9374
39.9374
99.9622
36.5522
9.2774

36.5522
9.2774

39.9342
39.9342
14.2099
39.9609

.. 4359
1.4359

38.7965
38.7965
36.3453
9.3905

39.9305
39.9305
39.5594
35.8283
35.8283
38.0796
39.9264
35.9264
39.9578
13.9260
3.9260
2.1357

99.2913
38.4111
38.4111
39.9218
39.9218
19.9560
19.5328
39.5898
39.5898
99.9164
39.9164
99.9541
99.6501
39.7789
39.7739
39.9101
39.9101
39.9518
39.7141
19.8436
39.3436
39.6027

43407.639431
37456.599381
318363.334275

37986. 219092
}7984.267760
37984.267760
17616.712127
37616.712127
43124.888335
$3124.888335
$3123.115837
$7784.942149
37604.147280
37781.8262178
37781.826278
42843.898319
12843.898319
12842.131907
37578.132316
37757.551007
37578.132316
37757.551007
42566.461274
12566.461274
37571.912709
42564.700077
37045.402038
37045.402038
317382.605173
317382.605173
37381.113200
37735.934383
42292.589605
42292.589605
42290.832627
37191.843125
37191. 843125
37189.596832
42022.295589
12022.295589
%2020.541676
17176.223605
17176.223605
17885.794817
37001.186000
37000. 199602
37000.199602
41755.591381
41755.591381
41753.839188
16816.359260
36815.515105
36815.515105
+1492.435037
41492.489037
41499.736975
36635.248602
16634. 373440
36634.37344¢
$1233.000526
$1233.000526
$11231.246699
36457.908585
36456.990737
36456.990737
$30977.137770

4415.009
4415.091
4416.745
4416.870
4417.198
4417.251
4418. 161
4418.212
418.719
418.795
4419.065
420.430
420.667
4420.987
4421.039
4822.727
4422.803
4423.073
425.707
4425.738
4425.758
4425.790
4426.686
4426.760
44264977
4427.031
4428.624
428.672
1429.517
429.566
4429.359
4430.030
430.594
+430.668
$430.939
4433.080
433.129
1433.570
434.452
4434.524
4434.797
4436. 153
4436.202
4436.555
4437.364
4437.510
4437.558
4438.258
438.329
435.603
441.146
4441. 265
441.312
442.011
442.082
4442.357
$444,892
4445.019
4445.065
445.712
445.781
446.058
448.593
448.729
448.774
Has. 159
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6~P1{ 66..,
6-P2( 65.5)
4-RT1( 42.5)
4-R2( 41.5
4-021 (42.5°
6-012 (64.
6-P1{ 65.
6-P2( 64.7
4-R1( 81.7
4-RZ( 40.°
4-Q21(41.°F
5-012 (63.7
5-P1( 64.7
5-P2( 63.4%
$-B1( 40.%;
-R2( 39.7
3-021 (40. |
3-012 (62.5)
5-P1( 83.%,
6-P2( 62.5
-R1( 39.5
4=R2{ 38.%
1-021 (39.7,
5-012 (61.5
6=P1( 652.5)
5=P2( 61.5;
$-B1( 38.5)
4-R2( 37.5)
4-021 (38.5)
5-012 (60.5)
5-P1{ 61.5)
3&gt;-P2( 60.5)
4-R1{ 37.5)
-R2( 36.5)
4-021(37.5)
5-012 (59.5)
6-P1( 50.3)
6-P2( 59.5)
4-R1( 36.5)
4-R2( 35.5)
4-021 (36.5)
6-012 (58.5)
5-P1( 59.5)
5-P2( 58.5)
4-R1{ 35.5)
y—R2( 34.5)
4-021 (35.5)
5-012 (57.5)
5-P1( 58.5)
5-P2( 57.5,
6-02( 52.5)
5~-P21(53.9)
5-012 (48.5,
3-P1( 49.5,
=R1( 34.5)
5-012 (56.5,
4-R2( 33.5)
4-021 (34.5)
3-P1( 57.5)
b~P2( 56.5)
4-R1( 33.5)
5-012 (55.5)
5-P1{ 56.5)
4-R2( 32.5)
4-021 (33.5)
5-P2( 55.5)

22808.4949
22467.0848
22454. 2853
22453.5519
22453.3296
22450.7163
22450.3736
22448.9515
22436. 1573
22435. 3865
22435.1698
22432.8Y%09
22432.5595
22431.1216

22418. 3347
22417.5324
22417. 3206
22415.3874
22415. 0553
22413.5972
22400. 8229
22399.9926
22399.7860
22398.1913
22397.8644
22396.3799
22383.6257
22382.7705
22382.5691
12381.3126
22380. 9909
22379.4719
22366.7462
22365. 8682
22365.6720
22364.7570
22364.4406
22362.8753
22350. 1871
22349.2876
22349.0966
22348.5333
22348.2220
22346. 5926
22333.9505
22333.0303
22332.8446
22332.6559
22332.3439
22330.6270
22329.1587
22328.8783
22327.067GC
22326.8080
22318.0382
22317. 1551
22317.0978
22316.9174
22316.8543
22314.9826
223G2.4522
22302.1144
22301.3109
22301.4915
22301. 31€2
22299.6662

G.0310
0.0312
Ja0887
3.0991
3.0991
2.0327
J. 0327
J.0332
3.0780
J. 0830
3.0830
J. 0347
J. 0347
J. 0355
J. 0714
J. 0729
3.0739
).0369
J. 0369
J. 0382
J.0674
1.0686
)J.0686
7.0394
J.0394
1.0416
1.0652
3.0657
J.0657
J.0422
J).0422
J. 0457
J. 0641
J. 0642
J. 0642
J. 0452
J. 0452
1.0509
}J.0638
J. 0639
J. 0639
).0481
).0481
0.0579
0.0643
0.0643
J. 0643
0.0498
J. 0498
0.0675

26.0147
26.0147
13.9C77
'3.9077
2.0652
J.0474
4.0653
1.0653
J. 0474
).0815
D.0666
J.0335
3.0335
J.0b68
J.06638
C.1037

99.9027
939.3493
49.7513
39.6728
9.872%
39.8939
99.0939
39.9464
99.7733
79.8879
39.8878
35.8830
39.8830
39.9431
39.7861
39.8961
39.8961
39.8693
39.8693
39.9391
19.7927
39.9003
39.4003
39.8516
39.8516
39.9342
39.7949
39.9022
39.5022
39.8279
39.8279
39.9282
39.7936
39.9025
15.9025
39.7944
19.7944
19.9204
39.7896
39.9017
98.9017
39.7442
99.7442
99.9100
39.7832
29.9000
35.5000
99.6610
99.6610
39.8953

1.0270
1.0270
«1577

.= 1577

39.7745
39.4998
39.3976
39.8976
19.4998
19.8733
19.7635
99.0761
99.0761
39.8%46
39.8%40
39.8370

40977.1377793
40975. 379876
36264.368402
36283.41269¢
36283.412699
B0724.912684
40724.912684
40723.147890
36114.647126
36113.059581
36113.659581
40476.337252
40476.337252
40474.561999
15948.758520
}5947.744349
15947.744349
10231.423638
40231.423638
40229.633356
35786.713928
35785.677092
35785.677092
39990.184385
39990. 184385
39988.373038
35628.523069
35627.466493
315627.466493
39752.632747
39752.632747
19750.792089
35474.194659
35473.120427
35473.120427
39513.783343
39518.783343
J9516.901603
J5323.736721
J5322.646243
15322.646243
39288.653509
39288.653505
39286.712858
35177.156775
35176.050904
35176.050904
39062.266522
39062.266522
39060.2375838
38057.459836
38057.459836
37316.283955
37316.283955
35034.461949
38839.660991
35033.341062
35033.341062
36839.660991
35837.488534
34895.659050
386.20.928907
38620.928937
34894.523112
34894,523112
348618.430740

4449.427
449.707
44s52,243
4452.389
4452.433
4452.951
$453. 019
4453.301
4U455.541
4455.994
4456.037
456.488
4456.555
4456.641
4459.383
4459.543
4459.585
4459.969
4460.035
460.326
4462.869
4463.035
4463.0676
463.394
463.459
4463.755
1466.298
4466.469
466.509
466.760
4466. 824
467.127
469.669
469.844
469.883
470.066
H470.129
1470.442
4472.980
4473.160
473.199
473.311
873.374
473.700
476.232
76.417
476.454
476.492
t476.553
476.898
477.193
477.249
477.612
+477.664
79.424
79.601
479.612
479.649
4479.661
4480. 037
482.554
482.622
1482.681
482.7417
482.752
483.114
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6-02 53.5)
6-P21 (54.5)
5-012 (54.5)
3-012 (49.5)
5-P1({ 55.5)
&gt;-P1{ 50.5)
4-R1( 32.5)
4-R2{ 31.5)
1-021 (32.5)
5-P2( 54.5)
4-R1( 31.5)
4-R2( 30.5)
4-021(31.5)
5-P2( 53.5)
5-012 (53.5)
5-P1( 54.5)
5-P2( 50.5)
5-012 (52. 5)
$=R1( 30.5)
5-P1( 53.9)
-R2( 29.5)
4-021 (30. 5)
3-P2( 52.5)
3-012 (50.5)
&gt;-P1{ 51.5)
3-012 (51.5)
5-P1( 52.5)
3-02 ( 54.5)
3-P21 (55.5)
5-P2( 51.95)
4-R1({ 29.5)
4-R2 ( 28.5)
4-021(29.5)
5-P12 (47.5)
4-R1( 28.5)
4-R2( 27.5)
1-021 (28.5)
&gt;&gt;-P2{ 50.5)
1-012 ‘50.3;
+-P1; H.Z
5-P2( 51.7,
Y=R1( 7.3
4=-R2J 26.4.
4-027 [2°
&gt;=P2( 49
4-012 449.
4-P1( 30. ,

5-P2( 48.5,
I-R1( 26.5;
4-R2( 25.5)
1-021(26.5)
1-012 (48.5)
=P1( "9 3)
=Q12{Y .3)
=P1( 52.5)
I=R1( 25.5)
$-R2( 24.5)
$-Q21 (25.5)
1-012 (47.5)
+-P1( 48.5)
-P2( 47.5)
1-P12 (48.5)
4-R1( 24.5)
4-R2( 23.5)
4-012 (46.5)
4-021{24.5)

22290. 4774
22290. 1923
22287.9809
22287.8055
22287.6906
22287.5413
22287.1939
22286.2125
22286.0425
22284.6905
22272.2650
22271.2621
22271.0973
22270.0863
22269.4432
22269. 1581
22264.8737
22257.9179
22257.6669
22257.6381
22256.6413
22256.4818
22255.9666
22252.3088
22252.0394
22246.5988
22246.3241
22244,7897
22244.4994
22243.4829
22243. 4010
22242.3513
22242. 1970
22232.2871
22229. 4688
22228. 3930
22228.2439
22226.2938
22220.0742
22219.8049
22219. 2076
22215.8718
22214.7674
22214.6236
22213.8113
22212.3193
22212.0552
22202.6261
22202.6113
22201. 4755
22201.3369
22200.3798
12200. 1209
22197.5910
22197. 3164
22189.6889
22188.5181
22188.3847
22188.071¢0
22187.8173
22187.0846
22187.0066
22177.1063
22175.8960
22175.8644
22175.7678

21.0881
21.0881
J. 1246

12.1427
0.1246

12.1427
0.0683
0.0688
J.0688
J. 1431
J. 0704
J.0712
3.0712
J.2271
7.3373
7.3373

25.7147
3.1826
2.0727
3.1826
3.0740
3.0740
0.4897

56.5819
56.5819
8.5505
8.5505

28.2277
28.2277

3.2950
3.0752
J. 0771
0.0771

13.6113
J.0780
J. 0806
J. 0806
1.3226

. 7.4210

7.4210
23.0678
J.0809
J. 0844
J). 0844
J. 1391
2.1268
2.1268
1.1719
).0B840
1.0887
). 0887
7.6740
J.6740

35.2844
h5.2844
7.0872
J. 0933
).0933
3.3252
1.3252
1.4516

55.4915
G.0904
2.0883
0.1968
0.0983

13.6415
13.6415
96.5460
3.4635

96.5460
3.4635

39.7503
99.8911
99.8911
99.7685
99.7346
99.8872
99.8872
99.6072
35.3811
85.3811
3.2028

36.7567
99.7163
36.7567
39.8827
99.8827
39.0180
25.5363
25.5363
90.1898
30.1898

2.8854
2.8854

30.5806
39.6948
99.8778
39.8778
1.4359

39,6697
99.8725
99.8725
96.5522
74,2099
14.2099
9.2774

39.6404
39.8667
99.8667
98.7965
96.3453
96.3453
35.8283
99.6060
99.8604
39.8004
98.6736
38.6796
3.3905
9.3905

99.5653
39.8537
99.8537
39.2913
99.2913
38.4111
13.9269
39.5160
99.3465
99.5328
yy_.8465

38212.181559
38212.181559
Jgu06.525u483
37456.599381
38406.5254383
37456.599381
34760.754620
34759.603211
34759.603211
38403.235079
34629.754968
34628.587303
34628.587303
38191.790452
38191. 147298
38191.147298
37616.712127
37986.219092
34502.666198
37986.219052
34501.481125
34501. 481125
37584.267760
37604.147280
37604.147280
37784.942148
37784.942149
38363.334275
38363.334275
37781.826278
34379.494232
34378.290217
34378.290217
37045.402038
34260.244833
34259.019928
34259.019928
37578.132316
37571.912709
37571.912709
37757.551007
34144.923624
34143.675418
34143.675418
»7382.605173
»7381.113200
17381.113200
37191.843125
34033.536110
34032.261659
34032.261659
37189.596832
37189.596832
37735.93u4383
37735.934383
13926.087709
13924.783438
$3924,.783438
170¢1. 186000
37001.186000
37000.199602
37176.223605
33822.583791
33321.24535%
36816. 359260
33621.245359

L

a

4484.962
4485.020
4485.465
4485.500
B485.523
4485.553
4485.623
4485.821
4485.855
4486.127
4488.630
4488.832
4488.865
4489.069
4489.199
4489.256
4490.120
h491.523
4491.574
4491.580
4491.781
44391.813
491.917
4492.655
4492.710
4493.808
4493.864
4494. 174
494.233
4494.438
4494. 455
1494.667
4494.698
3496.701
$457.271
4497.489
4497.519
1497.9 14
4$499.173
44965.227
+499.348
4500.024
4500. 248
4500.277
$500. 441
500.744
$500.797
502.709
4502.712
1502.942
4502.970
4503.164
4503.217
4503.730
4503.786
4505.334
4505.572
4505.599
4505.662
505.714
4505.863
4505.879
4507.89¢
4508.136
4508.143
45086. 162

&gt;

 nN
2



4=P1{ 47.5,
4-p2( 46.5)
4-R1( 23.5)
4-012 (45.5)
4-P1{ 46.5)
4-R2( 22.5)
1-021 (23.5)
4-P2( 45.5)
4-012 (52.5;
4-P1( 53.5)
4-R1( 22.5
1-012 (44. 5)
4-P1( 45.5)
$-R2( 21.5)
1-021 (22.5)
1-P2( 44.5)
4-R1( 21.5)
1-012 (43.5)
4=P1( 44.5,
4-R2{20.5,
4-021(21.7
-P2( 43.5,
3-R1{ 20.5,
1-012 (42.5)
1-P1( 43.5;
4-R2{ 19.5!
4~P2{ 42.5,
4-021 (20.5;
4-R1( 19.5}
4-012 (41.5,
4-P1( 42.5
4-P2( 41.5,
4-R2( 18.5.
4-021 (19.5,
4-R1( 18.5)
4-012 (40. 5,
4=P1( 41.5)
4-p2( 40.5)
4-82( 17.5)
4-021 (18.5)
4-R1( 17.5)
4-012 (39.5)
4-p1( 40.5)
1-P2(39.5)
4-R2( 16.5)
4~021 (17.5)
4-R1( 16.5)
4-012 (38. 5)
1=P1{ 39.5)
1-P2( 38.5)
4-R2{ 15.5)
4-021 (16.5)
4-R1( 15.5)
4-012 (37.5)
4-P1( 38.5)
4-P2{ 37.5)
4=R2({ 14.5)
4-021 (15.5)
-R1( 14.5)
1-012 (36. 5)
4-P1( 37.5)
=P2( 36.5)
4-R2( 13.5)
4-021 (14.5)
4=R1( 13.5)

22175.615%3
22175.0202
22164.86%1
22163.8549
22163. 6417
22163.6101
22163.4872
22163.0097
22157.4937
22157.2138
22152.9673
22152.1805
22151.9425
22151. 6611
22151. 5434
22151. 2626
221481.4152
22140.7736
22140.5409
22140.0493
22139.9374
22139.8179
22130.2115
22129.6768
22129.4493
22128.7768
22128.6893
22128.6696
22119. 3597
12118.8977
22118. 6754
22117.8835
22117. 8428
22117.7408
22108.8643
22108. 4412

212108. 2241
22107.4044
22107. 2484
22107.1517
22098.7315
22068.3111
22098. 0993
22057. 2546
22096.9941
22096.9026
12088.9702
22988. 5102
22988. 3036
22637.4360
22087.0805
22086.9942
22079. 5941
22079. 0407
22070.8393
22077.9502
22077.5080
22077.4270
224070.6254
22069.9045
22069.7084
22068.7936
22068.2772
22068. 2014
22062.1024
22061.10132

0.1968
9.3805
0.04935
0.1376
0.1376
0.1038
3.1038
0.1948

710.8325
9.835
T.09¢4
0.1065
0.1065
). 1087
J. 1097
0.1294
1.0988
).0887
).3887
J. 1161
).1161
1.0991
J.1006
3.0780
J.0780
J.1230
). 0830
J.1230
).1013
).0714
J.0714
1.0738
J.1304
J. 1304
J.1004
J.0b74
1.0674
1.0686
}. 1382
0.1382
J.0971
7.0652
J.0652
). 0657
le 1465
l. 1465
J. 0905
1.0641
J.0681
J.0642
Ja 1552

Ja1552
1.0793
J. 0638
7.0638
1.0639
)a1640
l.1640
1.0621
J.0643
J.0643
).0643
J.1729
Ja 1729

J.0384
D.0b52

99.5329
99.5848
399.4503
39.6501
39.6501
99.3387
39.8387
19.7789
2.1357
2.1357

39.3871
39.7141
39.7141
39.8305
39.8305
39.8436
79.2989
39.7513
19.7513
39.8219
)9.4219
39.8728
99.1877
13.7733
19.7733
79.8128
79.8879
39.8128
19.0447
19.7861
‘9.7861
79.8961
9.8033
)89.8033
38.8562
19.7927
39.7927
19.9003
39.7936
99.7936
98.6000
19.7949
19.7949
99.9022
99.7839
99.7839
38.2393
99.7936
99.7936
99.9025
99.7744
99.7744
97.7086
99.7896
99.7890
99.9017
39.7658
39.7658
36.8855
39.7832
99.7832
99.9000
39.7537
39.7587
95.5227
39.7745

36816.359260
36815.515105
33723.029719
36035.248602
36635. 248602
33721.651839
33721.651839
36634.373440
37885.794817
37885.794817
33627.430930
36457.908585
36457.908585
33626.007113
33626.007113
36456.990737
33535.793024
36284.368462
36.284.368462
33534.315249
33534.315229
36283.412659
33448.121924
36114.647126
36114.647126
3134464580051
16113.659581
13446.580051
i3364.424106
35948.758520
35948.758520
35947.744349
33362.805257
33362.805257
313284.706971
15786.713928
35786.713928
35785.677092
33282.994340
33282.994340
33208.975406
35628.5230069
35028.523069
35627.466493
33207.150607
33207.150607
33137.253155
35474. 194659
35474. 194659
35473. 120427
33135.277189
33135.277149
J3069.544173
315323.736721
315323.736721
35322.6406243
33067.377040
33067.377040
33005.676980
35177.156775
15177.156775
35176. 050904
33003.452%03
33003.452963
$2946. 292072
i034 .861949

-

0

4508.193
1508.314
$510. 380
510.579
4510. 629
4510.635
$510.660
4510.757
511.880
511.937
512.802
512.963
4513.01
1513.068
4513.092
4513.150
¥515.157
$515.248
4515.335
4515.435
4515.458
4515.483
517.443
1517.552
$517.598
4517.736
517.753
517.757
41519.659
519.753
519.799
519.961
1519.969
1519.990
521.805
1521.891
4521.936
522.1013
4522.135
522.155
523.878
4523.964
524.007
524.180
1524.234
1524.252
525.8717
1525. 971
4526.014
526.192
520.264
526.282
+527.799
527.913
527.954
1528. 136
1528.227
1526. 244
1529.639
4529.787
529.827
$530.014
4530. 121
4530.137
4531.389
4531.594

i
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~J
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4-P1( 36.0)
4-P2( 35.5)
4-B2( 12.5)
4-021 (13.5)
1-R1( 12.5)
1-Q12 (34.5)
-P1({ 35.5)
-P2( 34.5)
-R2( 11.5)
1-021 (12.5)
-BR1( 11.5)
1-012 (33.5)
1=-P1( 34.5)
$-P2( 33.5)
-R2( 10.5)
 -021 (11.5)
-R1( 10.5)
4-012 (32.5)
-P1( 33.5)
-P2( 32.5)
'-R1( 9.5)
-BR2( 9.95)
4-021(10.5)
4-B21( 8.5)
-R21( 7.5)
4-R21( 6.5;
1-012 (31.5,
+=P1{ 32.5)
1-R21( 5.5)
—-P2( 31.9)
1-R2( 8.5,
1-021( 9.5)
4-R21( 4.5)
-R21( 3.5)
=Q12(30.°"
4-P1( 31.-
4=-R21( 2.
4-P2( 30.%
4-B2( T.5,
$-021( 8.5
4-B21( 1.5)
3-R21 (10.5)
3-R21( 9.5)
4-012 (29.5;
4-P1( 30.3,
3-R21 (11.53
4-R21( O.
4-p2(29.
3-R1({ 8.
4-R2( 6.5,
4=Q21( 7.5
3-R21 (12,
4-R2(
=Q21( _

4-R2( 9.°:
1-021 1.5
-R2( 2.5)
4-021( 3.5)
5-Q21( 0.5)
3I-R1( 7.5)
1-012(28.5)
4—P1( 29.5)
4-R2{( 3.95)
4-021( 4.5)
3-R21 (13.5)
4-P2{ 28.5)

22060.9123
22059.9824
22059.3885
22059. 3179
22054.0964
22052.6384
22052.4528
22051.5025

22050. 8426
22050.7773
22046. 7502
22044.5114
22044.3309
22043.3600
22042.6404
22042.5803
22040. 3588
22036.7233
22036. 5481
22035.5557
22035. 4450
22034.7835
22034.7286
22032.4099
22030.7734
22029.6179
22029.2755
22029. 1055
22028. 3532
22028. 0904
22027.2755
22027.2258
22026. 7035
22024.5417
22022.1690
22022.0042
22021.8057
22020.9650
22020.1262

22020. 0817
22018.4622
22016. 3876
22016.0042
22015. 4050
22015. 2455
22014.9547
22014.4926
22014, 1801
22013.4045
22013.3760
22013.3368
22012. 2269
22010.5396
22010. 5265
22010.4381
12010.4302
22009. 9934
22009.9751
22009. 6825
22009.0702
22008.9847
22008.8304
22008.8176
22008, 7941
22008.4979
22007.73865

0.0652
0.0653
J.1813
0.1813
2.0117
0.0666
0.0666
J.0668
0.1887
0.1887
2.0019
0.0683
0.0683
0.0688
2.1941
0.1941
2.0807
0.0704
J. 0704
3.0712
3.3990
D. 1956
1.1956
3.9230
'=2588
'.2870
"0727
1.0727
«1328
D.0740
J. 1900
2.1900
0.9033
J). 6580
1.0752
"0752
J.14293
J.0771
0.1701
2.1701
J.2362
5.4090
+. 4691
J.0780
).0780
2.1252
J.0907
). 0806
1.3393
do 1149
J. 1149
23.7674
28474
1.2474
7.0935
).0935
Y.4554
«4554
ia
le #126
J.0809
1.0808
Je6972
0.6972
7.4053
0.0844

99.7745
99.8976
99.7544
99.7544
93.0838
99.7635
39.7635
99.8946
39.7545
99.7545
38.3317
39.7503
39.7503
99.8911
39.7616
39.7616
78.5545
39.7346
99.7346
39.8872
60.3051
39.7787
39.7787
37.6692
21.4521
12.8419
39.7163
39.7163

8.4017
39.8827
99.8054
39.8054
5.9535
4.4967

39.6948
39.6948
3.5733

39.8778
39.8098
39.8098
2.9602

20.7521
38.9696 —

39.6697
39.6697

'1. 0123
2.5418

99.8725
61.5837
99.4041
39.4041
5.3004
2.0641
2.0641
1.9520
«9520
2.4208
2.4208
1.9652

77.7951
99.6404
99.6404
3.5070
3.5070
3.9011

99.8667

35034.461949
35033.341062
32943.507644
32943.507644
328380.862825
34895.659050
34895.659050
34894.523112
32887.543727
32887.543727
32839.733898
34760.754620
34760.754620
34759.603211
32835.563995
32835.563995
32793.202031
34629.754968
34629.754968
34628.587303
32751.791497
32787.571799
32787.571799
32715.905007
32685.063708
32658.351146
34502.666198
34502.666198
32635.178177
34501.481125
32743.572289
32743.572289
32615.269694
32598.499607
34379. 494232
34379.494232
32584.806125
34378.290217
32703.576828
32703.576828
32574.156597
32769.230803
32732.350683
34260.244833
34260.244833
32807.938442
32566.532577
34259.019928
32696.899604
32667.627115
32667.627115
32848.993401
32573.526969
32573.526969
32566.124632
32566.124632
32583.933026
32583.933026
32561.722520
32663.360530
34144.923624
34144.923624
32597.360301
32597.360301
32892.687653
34143.675418

g
w

7
5

4

La
&amp;

E
F
£
E
F

4531.633
4531.824
4531.946
4531.961
4533.034
4533.334
1533.372
1533.567
533.703
533.716
534.544
4535.005
535.042
4535.242
4535.390
1535. 402
4535.859
536.608
1536. 644
1536.848
4536.871
4537.007
4537.018
4537.496
537.833
4538.071
4538.142
4538. 177
4538.332
4538.386
4538.554
#538.564
4538.671
4539.117
$539.606
4539.640
$539.681
1539.854
154 0. 027
4540.036
4540.370
540.798
4540.877
4541.001
4541.034
¥541.094
541.189
541.253
1541.413
4541. 419
541.427
4541.656
+542.005
542.007
542.026
1542.027
4542.117
542.121
4542.181
4542.308
4542. 325
4542. 357
4542.360
4542.365
4542.426
4542.583

1

=
J
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4=-R2{( 5.5)
4-021( 6.5)
I-R2{( 4.5)
4-021( 5.5)
=Q2( 0.5)
3-P21( 1.°%
-R1( 6.F
I-R21 (14.5
+=02( 1.7
-P21( 2.
J~R2( 5.
3-021( 6.
4-012 (27.
=-P1( 28.
1=-P2( 27.
=-02( 2.
-P21( 3.
I-R2( 4.
1-027 6,
PL, Tat,
=Ri[ 5.7
+37 15.
=) (25,5,
== 27.¢
=0. , 3...
=F. 4.¢&lt;,
bP? 26,5,
—H 3. 5;
=02" 4,5,
—R.y 4.7
=R27 (16.E
=P2( 2.5.
1-012 (25. 5,
=Q2( 4.5)
1=P21( 5.5)
 P11] 26
1 -P2

3

ba)
=P

4-02
-P2
4-pP2 ,

=-PpJ2
He

=Q
3=R.
01
=P, 1
1-02( 6.
-P21( 7.5,
1=P2( 23.°%.
3-R2( 0.%,
3-Q21( 1.5;
I=R1({ 1.5;
—Q12 (22.5)
4-P1{ 23.5)
4-P2( 4.5)
4-P2( 22.5)
=Q2( 7.9)
1-P21{ 8.5)
1-Q21{ V.9)
3-R1( 0.5)

.

220CG7.4535
22007.4195
22007.1277
22607.0990
22006. 2365
22006.2286
:2003.9209
22003.9092
22003.5452
220063. 5321
22003.3780
22003. 3440
12302.9092
22002.7601
22001. 6347
22000.2170
220006. 1987
12000.1012
22000. 0724
$1398.7351
11998. 5492
11998. 5306
21997.1797
:1997.0359
2199%6.2634
21996.2399
21995. 8754
21994.4833
21994. 4598
£1993. 2348
21992. 3993
21992. 1851
21991.7¢%7¢
21991.7034
21991.6747
21991.6550
21390.4592
21989. 0566
21989. 0383
21988. 1095
21986.7643
21986.6310
21986.5705
21986. 5365
21985. 3865
21984. 9843
21983.9398
21983.9267
21983. 2423
21982.0816
21981.9534
21960.9271
241980.8879
21989.6577
21979. 1551
21979. 1472
21978.6737
21977.7513
21977. 6284
21977.1369
21976. 2735
21974.9005
21974. 8560
21974.7090
21974. 4293
21973.775%9

0.0072
J. 0072
J). 8561
‘8561
nL 0
YS0
1.8063
1.0564
‘0907
J. 0907
1.8318
..8318
J. 0840
3.0840
J. 0887
1.2362
Je2362
‘5556

5556
‘el

+3936
3.7216
1.0872
1.0672
Je 84293
1.4293
4.0933

1293
1.3293
.0689
3976

'e 0635
3.0904
"6584
'.6580
7.0904
J.0983
1.2300
J.2300
3.7807
J. 0935
J. 0935
0.9033
0.9033
J.1038
0.2474
J.1456
J.1456
J.5151
J. 0964
J.0964
1.1328
1.1328
J. 1097
2.0655
)J.0655
1.2825
J.0988
J.0388
J. 4554
Jo1161
1.2870
1.2870
Ju 0
0.1048
G. 1006

85.4722
85.4722
9.2926
9.2326
2.2556
2.2556

36.4230
2.5773
2.5419
2.5419

14.3349
f4.3349
39.6060
39.6060
19.5604
2.9602
2.9602

30.5214
90.5214
1.9652

30.9115
1.7911

39.5653
39.5653

3.5733
3.5733

38.3537
36.3249
36.3249
13.4438

‘22952
«9520

3.5168
1.4367
4.4967

39.5168
39.8465
97.4415
37.4415
95.0196
319.4583
19.4583
5.9535
5.9535

39.8387
2.0641

37.8409
37.8409
36.0860
39.3871
19.3871
8.4017
3.4017

39.8305
38.0025
18.0025
36.8442
39.2989
39.2989
2.4208

39.8218
12.3419
12.6415
18.337
37.3429
99,1877

32636.152790
32636.152790
12613.923698
32613.923098
32561.923052
32561.923052
32632.654117
32939.160771
32566.532577
32566.532577
32632.077287
32632.077287
34033.536110
34033.536110
314032.261659
32574.156597
12574. 156597
.2606.897325
»2606.897325
12561.722520
}J2605.374110
32988.480729
33926.087709
33926.087709
12584.806125
12584.806125
13924.783438
32583.026037
12583.026037
32581.301002
J3040.682312
32566. 124632
33822.583791
32598.499647
32598.4996 07
33822.583791
33821.245359
312562.996172
32562.996172
32562.067405
33723.029719
33723.0629719
32615.269694
32615.269694
33721.651839
32573.526969
12546.927160
12546.927160
12546.242808
13627.430930
33627.430930
32635.178177
32635. 178177
33626.007113
32534.841625
32534.841625
32534.368130
33535.793024
33535.793024
32583.933026
13534.315229
12658.351146
}2653. 351146
12526.7438Y92
32526.469311
13448.121924

4542.641
4542.648
542.709
4542.715
4542.893
1542.894
+543.371
$543.373
i543.448
$543. 451
1543.483
543.490
543.580
4543.610
4543.843
1544 .136
544.139
544.160
4544.166
4544.442
4544,.480
544.484
4544.763
$544,793
544.952
4544,.957
4545.033
4545.32¢C
545,325
4545.578
545.751
+545.795
1545.875
$545,895
4545.901
4545.904
+546, 152
1546.442
1546. 446
546.638
546.916
546.944
4546.956
4546.963
547.201
4547.284
4547.500
547.503
+547. 645
1547.885
4547.911
548.124
548.132
4548.179
1548.490
4548.492
$548.590
4548.781
4548.806
1548.908
549.087
549.371
1549. 330
549.411
549.468
1549_ 604
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~
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4-P1( 22.5)
4-pPZ(21.5)
4-012 (20. 5)
4-P1{ 21.5)
4-02( 8.5)
4-pP21( 9.5;
4-P2( 5.5)
4-P2( 20.5%
4-012 (19.5;
4-012( 0.5,
4-P1( 1.5%,
-P1({ 20.5,
4-P2( 19.F.
4-012 (18.5,
$-P1( 19.5,
-P2( 1.°,
3-Q12( 1.5,
3-P1( 2.7
-02( 9.°
4-P21 (10.5
$-P2( 18.5,
$-Q12(17.°%,
-P1( 18.°%
3-P2{( 2.7
=-012( 2.
=P1( 3.
4=P2( 6.
4-P2( 17.
1-012 (16.
+=P1; 17.
4-01? 10.
=P1] 11.
-P2( 3.
=Q17{
270
3-
y=!
=P

4-0.
4-Pd,
$-Q12(.4
“—P1{ 15.
—P2( 5
4-012 (.
=012( 2.
4-P1( 14,
4-P1( '™

3-0124
4-p2
3-P1
3-P2,
4-P2(
3-012
3-P1
4-P2(
3-pP2( 6.
4-p2( 13. ,

4-P2( 12.7)
4-P2( 8.5)
3-012( 6.5%)
3-P1( 7.5)
4-P2( 11.5)
4-P2( 9.5)
4=-p2( 10.5)
3-912( 7.5)
3-P1( 8.5)

21973.6583
21972. 2341
21970. 1587
21970. 0462
21968.7669
21968.7172
21968.6611
21968.5399
21966.5038
21966.8757
21966.8679
21966.7365
21965.1911
21964.0171
21963.9151
21963.7616
21963.4819
21963.4688
21863.1167
21963.0618
21962. 1882
21961.5072
21961.4105
21960.9020
21960.4285
21960. 4102
21959.6728
21959.5313
21959.3877
21959.2962
21958. 8679
21958.8078
21958. 3845
21957.7001
21957.6803
21957.676606
21957.5%40
21957. 2206
21956.5010

21956. 4356
21956. 4231
21956.3420
21956. 2000
21955.6871
21955.0148
21955.6112
21955.5442
21955. 2712
21955. 2563
21955. 2425
21954. 3268
21953. 6386
21953. 1018
21953.0678
21952.17021
21952.6462
21952. 3680
21951. 4449
21951. 3303
21951.1230
21951.0438
21950.8707
21950.7886
21950. 6487
215949. 2035
21949, 1590

0.1006
0.1230
J.1013
0.1013
1.2588
1.2588
0.6972
0.1304
0.1004
2.0
2,0
©1004
J.1382
). 097M
2.0971
0
-1048

J.1048
1.9230
}J.9230
J. 1465
7.0905
1.0907
0.065%
2.2825
2.2825
J.8561
7.1552
J.079:
J.079..
0.399.
J.3990
J.1456
3.5151
J.0621
0.5151
2.0621
J.1640
2.0807
0.0807
0.03384
J.0384
3.2300
0.0117
0.0019
0.0117
0.0019
0.7807
U.1728
0.7807
0.3293
0.1813
1.0688
1.0683
J. 0072
J.5556
7.1887
J. 1941
Je. 1149
1.3936
1.3936
U. 1556
0.1701
0.1900
1.8063
1.8063

93.1877
99.812¢%
99.0447
99.0447
21.4521
21.4521

3.5070
39.8033
98.8562
97.7431
97.7431
98.8562
99.7936
98.6000
98.6000
98.0337
97.3829
37.3829
37.6692
37.6692
99.783¢
98.2393
98.2393
98.0025
96.8442
96.8442
9.2926

39.7744
97.7086
97.7086
60.3051
60.3051
97.8409
36. 0860
96.8855
56.0860
96.8855
99.7658
78.5545
78.5545
95.5227
95.5227
37.4415
93.0834
88.3317
93.0834
88.3317
95.0196
99.7587
95.0196
96.3249
99.7544
313.4438
93.4438
85.4722
90.5214
99.7545
99.7616
99.4041
90.9115
90.9115
95.7787
99.8098
99.6054
86.4230
Bb.U4230

33448.121924
33446.5380051
33364.424106
33364.424106
32685.063708
32685.063708
32597.360301
33362.805257
313284.706971
32522.562270
32522.562270
33284.706971
33282.994340
33208.979466
33208.979466
32526. 748992
32526.469311
32526.469311
32715.905007
32715.905007
33207.150607
33137.253155
33137.253155
32534.841625
32534.368130
32534.368130
32613.923898
33135.277189
33069.544173
33069.5u44173
32751.791497
32751.791497
32546.927160
32546.242804
33005.876980
32546.242804
33005.876980
33067.377040
32793.202031
32793.202031
32946.292072
32946.292072
32562.996172
32890.862825
32839.733898
32890.862825
32839.733898
32562.067405
33003.452963
32562.067405
32583.026037
32943.507644
32581.801002
32581.801002
32636.152790
32606.897325
32887.543727
32835.563995
32667.627115
32605.374110
32605.374110
32787.571799
32703.5768286
32743.572289
32632.654117
32032.054117

5
L

4549.628
4549.923
4550.353
4550.376
4550.641
4550.651
4550.663
4550.688
4551.027
4551.033
4551.035
4551.04
4551.382
4551.625
4551.646
4551.678
4551.736
4551.739
4551.812
4551.823
4552. 004
4552. 145
552.165
4552. 271
4552.369
4552.373
4552.526
4552.555
4552.585
4552.604
4552.693
4552.705
4552.793
4552.935
4552.939
4552.940
4552.957
4553.034
4553.183
4553.197
4553.200
4553.216
4553. 246
4553.352
4353.367
4553.368
4553.382
4553.438
4553.442
4553.444
4553.634
4553.777
4553.6888
4553.895
4553.971
4553.983
4554.041
4554,.232
4554.256
4554.299
4554.307
4554.351
554.368
4554.397
4554.697
4554,.706

~
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3-p2( 7.51
3-012( 8.5
-P1{ 9.5
1-012{9.5)
3-p1( 10.5
3-02( 10.5
3-p21 (11.5
j-Q2( 11.5
3-P21 (12.5
1-02( 12.5
}-p21 (13.5
3-02( 13.5
3-P21 (14. 5)
3-02( 14.5)
+-P21(15.5)
3-02( 15.5)
3-p21 (16.5)
3-02( 16.5)
3-P21 (17.5)
3-02( 17.5)
1-p21 (18.5)

21948.6266
21947. 0637
21947.0140
21944.1113
21944. 0564
21939. 427
21939.3670
21932. 5297
21932. 4643
21923.8193
21923.7487
21913.8176
21913.7418
21902.8186
21902.7376
21890.9641
21890. 8778
21878. 3243
21878. 2327
21864.9364
21864.8396

1.8318
2.4126’
2.4126
3.3393
3.3393
4.4691
4.4691
5.4090
5.4090
5.1252
6.1252
5.7674
5.7674
7.4053
7.4053
B.0564
3.0564
8.7216
8.7216
9.3976
9.3976

14.3349
77.7951
17.7951
61.5837
61.5837
38.9656
38.9696
20.7521
20.7521
11.0123
1.0123
5.3004
5.3004
3.9011
3.9011
2.5773
2.5773
1.7911
1.7911
1.2952
1. 2952

32632.077287
32663.360530
32663. 350530
32696.899604
32696. 899604
32732.350683
32732.350683
32769.230803
32769.230803
32807.938442
32807.938442
32648.993401
32848.993401
32892.687653
32892.687653
32939.160771
32939.160771
32988.480729
32988.480729
33040.682312
33040.682312

t

F
rB

4554.817
4555.141
4555. 152
4555.754
4555.766
4556.727
4556.739
4558. 160
4558.173
4559.971
4559.986
4562.052
4562.068
4564.343
4564.360
4566.815
4566.833
4569.453
4568.472
4572. 251
u1572.271
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C THIS IS LSQ9. IT CAN HANDLE A 9¥9 HAMILTONIAN, ODD AND EVEN MULTIPLICITIES.
1LSQ SI MJIATOR PACXAGE. COMPARES EIGENVALUES OF HAMILTONIAN TO
TRANSITIONS OR TERM ENFRGIES.
THIS IS MAIN FOR ANY PROBLEM INVOLVING 4 HAMILTONIAN WITH MAXIMON
DIMENSION OF 9 BY 9.
MODIFIED SO THAT ALL ENERGIES, TRANSITIONS, AND PARAMETERS ARE
DOUBLE PRECISION.
MODIFIED TO USE DISC {SYSQUE) UNIT 2 FOR INTERMEDIATE STORAGE.

5 JCI POR DISC IS AS FOLLOWS:

C/GBD.FTO2FP001 DD UNIP=SYSQUE,SPACE={TRK, (50,50)),DSN=&amp;FIELD,
"/ DISP=(NEW,PASS),DCB={(RECTN=VSB,BLKSIZE=7234,BUFNO=1)

REQIT RES SUBROUTINES: LEVEL, MATRIX, SEI'UP, NEWFIT, NAMNEIT,
PUNCH, PRINT, PRINTA, TRED2, T(QL2, DSINV, DMFSD, AND PLOT.

A

A

A

TNDOT

FIRST CARD IS A 75 SPACE HOLLERITH STATEMENT STARTING IN LINE 11
THIS CARD MUST BE INCLUDED

ITEST AND IPLOT IN 2I5 FORMAT. IF ITEST=0 PROGRAM STOPS, ITEST=1
AND ITEST=2 ARE FOR ODD AND EVEN MULTIPLICITIES RESPECTIVELY.

IF IPLOT=1 OBS-CALC ARE PLOTTED OTHRRWISE NOT
YMIN AND YMAX (2F5.2) ARE THE MIN AND MAX POINTS ON ORDINATE OF GRAPH OF

DRS ERVIED-CALCULATED VERSUS J

NUM(T,N) ,NOM{2, 0), «.. NUM {6,8),T(N),DEV(N),WAVE(¥)(6I5,2F10.5,I5)
THESE GIVE THE IDENTIPICATION ANT VALUE OF THE EXPTL POINT
NOM = THE QUANTUM NOMBERS OF A TRANSITION FROM NUM{1 THRU 3,N) TO
NUM (4 THRU 6,N). NUM 1 AND 4 ARE J, NUM 2 AND 5 ARE THE RANK
THE RANK IS A NUMBER FROM 1 TO 9 WHICH DESCRIBES THE LOCATION OF
THIS LFVFL WITH RESPECT TO OTHERS WITH SAMF J AND PARITY.
RANK=1 CORRESPONDS TO HIGHEST ENERGY.
PARITY IS INDICATED BY NUM 3 AND 6 WUHERZ 1 IS E AND 2 IS
Y IS THE LINE FREQUENCY OR TERN ENERGY.

(
¥

A

L

GC
a

1.50 0001
1LSQ 0002
1SQ 0003
LSQ 0004
LSQ 0005
LSQ D066
LsSQ 0007
1LSQ 6008
LSQ 0009
LsQ 0010
L5Q 0011
LSQ 0012
LSQ 0013
LSQ 0014
LSQ 0015
LSQ 0016
LSQ 0017
LSQ 0018
LSQ 0919
1LSQ 0020
LSQ 0021
LSQ D022
1SQ ¢923
LSQ 0024
LSQ 0025
LSQ 0026
LSQ 0027
LSQO 0028
L5Q 0029
LSQ 0030
LSC 0031
LSQ 0032
LSQ 0033
LSQ 0034
LSQ 0035
LSQ 0036

o&gt;
J

-

J?



Irhr

C

C

Ck esol se stele eate dk sieskal desiostesk adese siesteoleatesiealeskok sfolk sek olesok ste sk se skeodok dk Skokdeo esi ole sles slo io sk kes sleoslolakk skokalol St 9 dood kof
Coksietesk desk de tok Fel kok sok Stok Soleo sik dle sesfcsles oiesegsse desk sfeolk sieosk ded de sidedesk dogeosk skool lok de deok de ok a adeleoe siesledool ojos kokok Skok kok
C H7JM1 AND NUH4 SHOULD BE J+0.5 (INTEGER) FOR EVEN MULTIPLICITY PROBLEMS.
c

Ce % % ose sk desdokskool kok Skok skok doe sokdesk sk solesfoaiololk skool se slofesksie sk desk oksee sok ok dol dk ssid ok sk skok lol kesteakakokok ok Seokakok kok
TAs Tm 2 ese sto es se sisi steledeaf se dk odeook skatesleoledeol desessostead df dled ok sfc doko ok ode sol sk doleol dk teste Seder Peale Tt ao kok

DEV IS ITS STANDARD DEVIATION. THE UNITS ON THE LAST TWO NUMBERS
ARE SPECIFIED BY WAVE, WAVE = 0 IS MC, WAVE = 1 IS WAVENUMBERS.
THE LAST DATUM SHOULD BE FOLLOWED BY A BLANK CARD.

TAMAX {I5) IS THE NUMBER OF PARAMETERS FITTED
MAXIMUM IS 30.

(NCVAR(I) ,I=1,TAMAX) (15I5) GIVES THE PARAMETERS FITTED BY
SPECIFYING THEIR NUMBERS ON THE STANDARD CONSTANT LIST ENCLOSED
IF MORE THAN 15 PARAMETERS ARE VARIED, PUT UP TO 15 PARAMETER
NOMBERS ON ONE CARD AND THEY REMAINDEE ON THE NEXT.

\

JMAX1T IS MAXIMUM J OF DESIRED TERM ENERGIES (USE J+0.5 FOR EVEN MULT.)
M101 IS5 THE DIMENSION OF
THE HAMITTONIAN, MAaXP1 IS MAX E DIM OF INPUT, MAXMT IS MAX
F DIMENSION OF IWPUT. 4I5

CURRENTLY .TMAX1 IS IIMITED TO 150

I{PS(I),FLAZ(I)(I5,D15.8,I5 GIVE THE INITIAL P AR AMET IRS,
ONE PER CARD. I IS THE CODE NUMBER OF THE PARAMETER (SEE NAMELT
LISTING), FLAG=0 IF ITS UNITS ARE MC, =1 IF THEY ARE CH-1.

ONLY NON-ZERO CONSTANTS NEED BE SPECIFIED, THF OTHERS ARE TAKEN AS
TER.

re

.

Fo)

THE LAST PARAMETER MUST BF FOLLOWED BY A BLANK CARD

o
rn NENIP.FITS (I5,F12.5) GIVE THE CONVERGENCE IN THE FIT. THE 150

L5Q 0037
LSC 0038
LSQO 00389
LSQ 0040
1SQ 0041
LSQ 0042
LSQ GO43
LSQ 0044
LSQ 0045
LSQ 004s
LS¢ 0047
LSQ 0048
LSQ 0049
L5Q 0050
LSQ 0051
LSQ 0052
LSQ 0053
LSQ 0054
LS¢ 0055
L5Q 00456
LSQ 0057
L5Q 5058
LSQ 0059
LSQ C060
LSQ 0061
LSg 00862
LSQ 0063
LSQ 0064
L5Q 0065
LSQ 0066
LSQ 0067
LSQ 0068
LSQ 0069
LSQ 0070
LSQ 0071
Ls 0072

aN

~
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I
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 dt

.

le

i

-

-

rd

r
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C

PROZ REAM STOPS AFTER NENUF PASSES OR IF THE CHANGE IN THE VARIANCE
FROM THE PREVIOUS PASS IS LFSS THAN FITS

NPRINT, NPONCH,LPUNCH ARE INPUT IN 3I5 FORMAT
YPUNCH=0 NOTHING IS PUNCHED
NPUNCH=1 AND LPUNCHE=0 OWLY NEW PARAMETERS ARE PUNCHED NOT
“OVARIANCE MATRIX UNLESS CONVERGENCE IS ACHIEVED
JPUNCH=1 AND LPUNCH=1 BOTH PARAMETERS AND COV MATRIX

ARE PUNCHED NO MATTER WHAT

DEL, LAMBDA,NU,TAU,EPS,ANDTRACEAREINPUT
FORMAT (5E10. 3,15)

SUGGESTED VALUES:
DEL=0.001 INCREMENT FOR DERIVATIVES

LAMBDA=0.1 NU%VALUE OF LAMBDA YOU WANT
NU=10. 0 RESULTS IN INITIAL LAMBDA OF .01
TAU=5.4%~79 EFFECTIVELY ZERO
EPS=1. 0E-06 DEFINES CONVERGENCE (SEE MARQUARDT PAPER)
TRACE=0 OR 1 1 WILL PRINT OUT COSINE,LAMBDA,VARB, AND STEP

0 THF ABOVE ARF NOT PRINTED

REFCOS IS INPUT IN E10.3 FORMAT.
MAROUARDTSUGGESTS REFC05=0.707; IPC SUGGESTS REFCCS=.866

INTEGER FLAG ,FLAGA,¥AVE,CFLAG
REAL*8 NAMES(75)
OUBLE PRECISION CINV,SCR1,VAREX,VRLD,P,GE,3,Y,CSQT
DOUBLET PRECISION UNTTS,PS,UN,TERM,PSA,COR(30,30)

LSQ 0073
LSQ 0074
LsQ 0075
LSQ 0076
LsQ 0077
SQ 0078
LSQ 0079
LsSg 0080
15Q 0081
LSQ 0082
LSQ 0083
LSQ 0084
LSQ 0085
LSQ 0086
LSQ 0087
LsgQ 0088
LSQ 0089
LSQ 0090
LSg 0091
L5Q 00692
1SQ 0093
L5Q 0094
LSQ 0095
LSQ 0096
Lsg 0097
LSQ 0098
LSQ 0099
LSQ 0100
LS¢ 0101
LSQ 0102
L3SQ 0103
LS) 0104
LsQ 0105
LSO 0106
L5Q 01087
LSO D108

I
Ra
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~
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&lt;x

DIMENSION DNUM (2,600)
DIMENSION NUM (6,600),Y (600) ,DEV{600),WAVE{60D),NCVAR(3D),FLAG(75),

ITONITS (75) ,PS(75) ,PSA (76) ,FLAGA{T76), DIM (2) ,A{30),P{75,GE
2 {600 ,3) + DELA (30) ,CHGE(30) . ,AERR{30),CINV(30,30),UNCRT(30
3) ,S5CR1(30,30),0GH{600) +P ART {2)

DIMENSION TERM (150,9,2),FZER0(600)
DIMENSION TP(9,2,158),TS{9,2,150)
DIMENSION YY({600),CSQT(30)
DIMENSION YNUM{60N)
COMMON P,GE, NUM
COMMON/B LK, CiINy,SCR1,VAREX,CSQT,A,Y,DELA, DEV + PZEROL,AERR,

|UNCRT,CHGE,NCVAR ,IXMAX,IAMAX,NDATA,CFLAG
COMMON/BLKZ2/ TERM, JIMAY 1, M101, MAX PT, MAYM]
COUHON /BLK3 /TP, TS
EQUIVALENCE (PSA ({2),PS(1)),{FLAGA(2),FLAG{1))
DATA DIN{1) /2HEC/,DIN(2) /2HCYH/, PART (1) /1HE/ PART (2) /1HF/
CALL NAMEIT {NAMES,75)
BEAD INPOT

READ (5,5)
FORMAT ({(10X,70H

] \

CFLAG=)
READ (5,10) ITEST,IPLOT
FORMAT (215)
IP {ITEST.EQ.0Q) GO TO 999
READ 1, YMIN,YMAX
FORMAT (2F5.2)
N=1
CONTINUE
READ (5,20) ((NUM(L,N),L=1,6),Y{N),DEV(N),¥AVE(N))
IF {NUM (2,¥).ED.0) GO TC 13
N=N+1
GO TO 12
NDATA=N-1
FORMAT {6I5,2F10.3,15)
ADJUST EXPTL VALUES TO HC

4
t

¥

{ 3

] J

13
20

Ls) 0109
1LSO £110
LSQ 0111
LSQ 0112
L50 0113
LSC 0114
LSQO 0115
L5Q 0116
LSQ 2117
LSQ 0118
LSQ $119
LSQ 0120
LSQ £121
LSQ 0122
LSQ £123
LS) 0124
1SQ 0125
LSg 0126
LSQ 0127
LSQ 0128
LSG 0129
LSQ 5130
LSQ 0131
LSQ D132
LSQ 0133
LSO 0134
LSQ 0135
1.SO 0136
LSQ 0137
LSQ 0138
L3Q D139
LSQ 0140
LSQ 0141
LSO 0142
LS 0143
L5Q 0144

i
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4545

DO 25 N=1, NDATA
IF (WAVE (N).EQ.0) GO TO 25
¢ (N)=Y (N)%29979.25D0
DEV (N)=DEV(¥)*29979.25
CONTPINUE
READ {5, 30) IAMAX
FORMAT (IS) :

READ (5,32) (NCVAR({I),I=1,IANAX)
FORMAT (1515)
READ (5,35) JMAX1,M101,MAXP1,HAXN]
FORM AT (415)
REAL PARAMETERS SO THAT NUMBER NEED NOT BE SPECIFIED
po 40 I=1,75
FLAG (I) =0
FILL UNITS ARRAY FOR PARAMETERS

INITS{I)=1.0D0
40 Ps{1)=0.0D0
45 READ (5,57) I,PSA(I+1),FLAGA{I+1)
50 FORMAT (I5,D15.2,15)

I¥ (I.EQ.D) GO TO 51
TF {FLAS(I).EQ.1)UNITS(I)=29979.25D0
GO TO 45
CONTINUE
READ {5,70) NENUF,FITS
FORMAT {I5,F10.5)
READ (5,75) NPRINT, NPUNCH , LPUNCH
FORMAT (315)
[XMAY=D
INITIAL HEADING

{RITE (6, 4545)
FORMAT (1H)

ARITE (6,5)
YRITE (6,85)
FORMAT (///20%,18HINITIAL PARAMETERS//)
DO 120 T=1,75
K=FLAG (I) +1

25

7

LSQ 0145
LSQ 5146
LSQ 0147
LSQ 0 148
LSQ 0149
L5Q 0150
L350 0151
LSQ 0152
LSQ 06153
L50 0154
LSO 0155
LSQ 0156
LSQ 0157
LSQ 0158
LSQ 0159
LSQ 0160
LSQ 0161
L150 0162
LSQ 0163
LSQ 0164
L350 0165
LSQ 0166
LSQ 0167
LSQ 0168
LSO 0169
LSO 0170
LSQ 0171
LSQ 0172
LSQ 0173
LSO 0174
LSQ 0175
LSQ 0176 L
LQ 0177 J
LSO D178 |
LSQ C179
150 0180



WRITE (6,95) NAMES{I),PS{I),DIN(X)
FORMAT (10X,A8,5X,D15.8,2X,A6)
CONTINUE
SET FINAL OUTPUT AND LSQ PASS INDICATORS
N TRY =0

WRITE (6,110)
FORHAT (1H1///20%, 11HTHE LSD FIT//)
SET INITIAL PARAMETERS IN 130
D0 120 I=1,IAMAX

NBR=NCVAR (I)
A (I) =PS{NBR)*UNITS(NBR)
DO 172 I=1,75

P{I)=PS(IT)*NITS(I)
CALL LEVEL {1,NDATA)
INPUT TRANSITIONS TO LSO
SET UP DIFFERENCES
DO 215 N=1,NDATA
FZERD (N) =GT(N,1)=Y(N)
CALL EEWFIT (1,NPRINT)
TRLD=VAREX
GD TO 8165

DUTPIT AFTER EACH LSQ PASS
NTRY=NTRY+1
#RTITE (6,140) NTRY
FORMAT (///10%, 15HAFTER LSQ PASS ,I5,22H THE FITTED VALUES ARE//)
RESET PARAMETERS TO NEW VALUES
DO 160 I=1,IAMAX
NBR=NCVAR(I)
PS{NBR)=A(T) /UNITS (VBR)
K=FLAG (NBR) +1
PRINT NEW VALUES OF PARAMETERS

WRIP® {6,155) I,NAMES{NBR),PS(NBR),DIN(X)
FORMAT (11X,I4,5X%,A8,2X,D15.8,3%,11X,4%,Al)
CONTINUE

c SET DP PARAMETERS FOR ENERGY CALCULATION
2165 WRITE (6,165) VAREX

v9

by

Lsg (181
LSQ 0182
LSQ 0183
L5Q 2184
LSQ 0185
L3Q 0186
L5Q 0187
LsSQ (188
LSQ 0189
LSQ 0180
LSQ 0191
LSQ 0192
LsQ 0193
L5Q 0194
LSQ £195
L5Q 0196
LS¢ £197
LSQ 0198
LsSQ D199
L5Q 0209
LSQ 0201
LSQ 0202
LSQ 0203
LSQ 0204
L5Q 0205
L5Q 0206
LSQ 0207
LsQ 0208
LSQ 0209
L5Q 0210
L3Q 0211
LSQ 212
LSQ 0213
LSQ 0214
LsQg 0215
LSQ 0216

3
+=
oa
c

1



165 FORMAT {/10¥,19HVARIANCE OF THE FIT, D15.7////)
TEST FOR COMPLETION OF FIT
IF (NTRY.GF.NENIF) GO TO 275
TXMAL=0
CALL 1SQ ROUTINE
CATI NEW FIT(2, NPRINT)
IF {CFLAG.EQ.1) GO TO 275
IF (DABS (VAREX-VRLD).LT.DBLE(FITS)) GO TO 276
VRLD=VAREX
LOOP ON LSO
30 T0 130
FINAT DIAGNOSTIC LSQ PASS

WRITE (6,279)
FORMAT {/,' CONVERGENCE/VARIANCE',))
CFLAG=1
IF (NENUF.EQ.D) GO TO 3912
“ALL NEW FIT(3,NPRINT)
FINAL OUTPUT FROM LSQ ROUTINE
WRITE (6,300)
FORMAT (1H1,///s 20%,25H00TP0UT FROM LAST LSQ PASS)
RRITE (6,375)
FORMAT (///,34X,5HFINAL,12X,8 HSTANDARD)
WRITE (6,306)
FORMAT (10X,6HNUMBER, 4X, 4HNAME ,10%,58VALUE, 12X,9 HDEV IAT ION, /)
DO 308 I=1,75
K=FLAG (I) +1
DO 311 IB=1,IRMAX
NBR=NCYAR(ID)
IF (NBR.FQ.I) GO TO 320
CONTINUE
WRITE (6,3151) NAMES (I),PS(I),DI#l{K)
FORMAT (20Y,A8,2%,D15.8,21X,34)
GO TO 30R

ARERR {IB) =A BRR (IB)/SNGL(UNITS(I))
WRITE (6,3201) IB,NAMES(I),PS(I),AERR(IB),DIH(XK)
FORY AT (11% ,T4,5X,A8,2%,D15.8,5%,D111.4,4X,Al)

310
311
315

3151

320

3201
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308 CONTINUE
WRITE (6,340)

340 FORMAT {///,208, TJTHCOVARIANCE MATRIX,/,10X,42HELENENTSAREARRANGE
ID BY PARAMETER NUMBERS,/)
CALL PRINT (CIWNV,30,IAMAY,IANAX)
IF(NPUNCH.EQ.1) CALL PUNCH{IAMAX,NCVAR,PS,FLAG,CINV,CFLAG,LPUNCH)

COMPUTE AND PRINT CORRELATION MATRIX
L=TAMAX~1
DO 3000 I=1,L
K=T+1
DO 3000 J=FK, IAMAYX
COR({I,J)=CINV(I,J) /DSOQRT(CINV(I,I)*CINV(JI,J))
COR{J,I)=COR{I,J)
DO 3013 I=1,TAMAY
COR{I,I)=1.0D0
WRITE {6, 3009)
FORMAT {///,20X, "CORREL ATION MATRIX®,/, 10X,*ELEMENTS ARE ARRANGED B

1Y PARAMETER NUMBERS? ,/)
CALL PRINT{(COR,30,IAMAY,IAMAX)
PRINT OUT STL DEVS OF LINEARLY TNDEPENDENT PARAMFTER COMBINATIONS.
WRITE (6,380)
FORMAT(//,20X%," TIGENVALUES OF SCALED CURVATURE MATRIX?,/10X,

11 PARAMETER FIGENVALUE',13%,'SORT?,21X,SCALEFACTOR!,//)
DO 390 I=1,IAMAX
SD=SQRT (UNCRT (I))
WRITE {6,3905) TI,UNCRT{I),SD,CSQT(I)
FORMAT (15%,I2,8X,E15.7,5%,815.7,15%,D15.7)
CONTI NOE

ARITE (6,385)
FORMAT {///10%X, "EIGENVECTORS OF SCALED CURVATURE MATRIX',/,10X,'COL
UMNS ARE IND COMBINATIONS IN THE ORDER OF EIGENVALUES ABOVE',))
DO 391 T=1,IANAX
NBE=NCVAR(T)

391 WRITE (6,3911) NAMES (NBR), (SCR1(I,J),J=1,IAMAX)
3911 FORMAT (1X,28,15(1%X,F7.4))
3912 CONTINUE

-

3905
390

'
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WETTE (6,395) NTRY
395 FORMAT (///,10X,22HNIMBER OF LSQ PASSES =,1I5)
400 WRITE (6,410)
410 FORYAT (////20%,26HFIT TO EXPERIMENTAL POINTS,//20X,33HTRANSITION

{BETWEEN LEVELS 1 AND 2,//
ARITE (6,420)
FORMAT (11K ,2HJ1, 5X, 6USTATE1, 4%, THPARITY 1, 5X, 20J2, 4X, 6HSTATE2 , 4X, 7H

 | PAPI TY2, 9X, 4B EXPT,B8%,U CALC ,5%,9 HEXPT~CA IC, 2X ,13HEXPTL STD DEV, 3X,
25HTNITS,//)

DO 430 N=1,NDATA
ADJUST OUTPUT TO INPUT UNITS
OUN=1.0D0
IF (WAVE(N).BG.1)DN=29979.25D0
GE{N,1)=GE{N,1)/UN
7 (¥)=Y (N)/UN
OGH{N) =SNGL(Y(N)-GE(N,1))
DEV (N) =DEV{N)/SNGL{UN)
K=HAVE (N)+1
L= NOM (3, N)
M=NUH (6,N)
30 TO (421,422) ,ITEST
DNUA {1,N)=FLOAT(NUM{1,))
DNUH (2,8) =FLOAT(NUM(4,N))
GO TO 423

DNIM (1,N)=FLOAT(NUK({1,N))-0.5
DNUM (2,N)=FLOAT(NUM{(4,%))-0.5
TF {M.EQ.0) GO TO 426
FRITE (6,425) DNOM (1,N),NUM{(2,N),PART(L),DNUM(2,N),NUN{(5,N),PART(M

1), (MN) ,5F (¥,1) 096 {N), DEV(N) , DIM (XK)
425 FORMAT (4%,2(5%,FP5.1,5%,T3,8%X,41),2%,4(1X,F12.5),4%X,A6)

50 TO 430

426 WRITE(6,427) DNUM{1,N¥),NUM {2,M),PART (L),Y (N),GE(N, 1) ,UGH(N), DEV {N)
1,DIN (K)

427 FORMAT (#X,5X,F5.1,5%,13,8%,A1,29%,4{1X,F12.5),4%X,A6)
330 CONTINUE

IF{IPLOT,NE.1) GO TO 433

421
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431

137

10

1435

4436
4430

Buf?

Bin5

4447

4448
1449
BNRg

5446
G44

3450

4453

Ba 54
4455

PRINT431
PORNAT('1!,2¥,"'OBSERVED-CALCULATED',2X,//)
DO 432 N=1,NDATA
{NUM (¥)=DNUN (1,N)
CY (8) =U3H (N)
~ALL P1OT (YY,NDATA,YMIN,YMAX,6,1,YNUN)
CONTINUE
PRINT OUT TERM ENERGIES TN CH-1.
D0 443% I=1,JMAX
DO #4435 TI=1,MAXP1
TERM (I,II,1)=TERM(I,II,1)/29979.25D0
DO 6436 TI=1,MAXM]
TFRY (I,11,2) =TFR M(I,IT,2)/29979.25LC0
CONTINUE

WRITE(6,4442)
SORMAT (1H)
ARTTE {6,8445)
FORMAT(9%,25HTERNENFRGIESPLUSPARITY,//)
DO 4u44 T=1,IMAX1
30 TO {44i47,4488),ITEST
XI=FLOAT (I)- 1.0
30 TO 4449

XT=FLOAT(I)-0.5
 RITE (6,416) XI, (TERM(I,J,1),J=1,HAXP1)
PORMAT (1X,F5.1,9(2%,F12.5))
RITE (6,5446) (IrP{J,1,I),TS(I,1,I),J=1,HA%XP1)
FORMAT (7X, 9{1X,2HPI,F4 .3,3HSIG,F#.3))
CONT INURE
WRIT R{6,4450)
RORMAT {//,9X,26HTERN ENERGIES MINUS
DO 4452 I=1,JIMAX1
GO TO {(4453,4458),ITEST
£I=FLOAT {I)- 1.0
30 TO 4455
XI=FLOAT (I)-0.5
ARITE(6,40446) XI, {TERM (I,J,2),J=1,4AK11)

FARI TY, //)
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UPITE (56,5486) {TP {J,2,I),TS{J,2,I),J=1,HAXN1)
4452 CONTINUE

GO TO U4
399 STOP

END
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SUBROUTINE NEWFIT(NHELP,NPRINT)
REAL NIJ, LAMBDA
INTEGER CFLAG
INTEGER TRACE, EFLAG
DOUBLE PRECISION D(30), L,TP,CNOEM EENORN,CINY ,DDELA,SREM,DDENH

'¢VARTX,S5CR1,5CR3,CS50T,Y,A2,QNORN, SUM1,S0M2,PSAVE, VARB
JOUBLE PRECISION P,GE,DP ,SCR2
DOUBLE PRECISION DBI, DSQRT, DABS
DIMENSION A(30),DEV{600),NCVAR(30),SCR2{600},

] Y (600) ,FZERO (600) ,L{600) ,CNORN(30,30) , ERNORM (30), CINV(30,30),DE
2LA (30) ,AERR(30) ,UNCRT(30),DDELA{30),SCR1{30, 30) +SCR3 (4
365)  ,CSQT (3D)
DIMENSION P(75),GE(600,3),NIM(6,600),CHGE(30)
COMMON P,GE, NUM
COMMON/BLK1/ CINV,SCR1, VARRX,CSQT,A,Y,DELA, DEY

'UNCRT,CHGE,NCVAR ,IXMAX,IAMAX,NDATA,CFIAG
GO TO {(205,236,8000) ,NHELD
EFLAG=0
DO 220 N=1,NDATA
L{¥) =DBLE(DEV(N))**2

220 CONTINUE

READ {5,8010) DEL, LAMBDA, ¥U, TAU, EPS, TRACE
8010 FORMAT(5E10.3,1I5)

READ (5,8050) REFCOS
FORMAT(1E110.3)
SREM=0.0D+0D
DO 235 8=1,NDATA

SREM=SREM+{DBLE(FZFRO(N))**¥2)/L(N)
DENM=NDATA-TAMAX
DDENM=DBLE (DENH)
VAREX=SREMN/DDENH
IF (NHELP.EQ.1) GO TC 500
CONT INDE
LAMNBDA=L AMBDA/NU
DO 245 I=1,TAMAY
SEMORM(IV=0.0D+00

205)

235

B50
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245

258
260

2H3

251

2622
26

DRI

DC 245 J=1,IAMAX
CNORM(I,d)=3.2D+D0
REWIND 2
DO 262 I=1,IAMAX
NBR=NCVAR(I)
PSAVE=P (NBR) i

DP=DABS [PSAVEXDBLE {DEL} )
? (NBR)=PSAVE+DP
IF({PSAVE.EQ.0.ODO) P{MBR)=DEL
IF({PSAVE.EQ.0.ODO)DP=DEL
CALL LEVEL {3,NDATA)
P{¥BR)=PSAVE
DO 258 W=1,NDATA
SE(N,2)=(GE(N,3)Y-GE{,1))/DP
ERNORM (I)=ERNORM (I) +DBLE {FZERD (N} ) *GE (NN, 2) /L (N)
HRITE(2) (GR(N,2),N=1,MDATR)
REWIND 2
DO 262 I=1,TAMAX
READ {2) (GE (VW,2) ,N=1,NDATA)
DO 263 N=1,NDATA
CNORM (I,T)=CNORM(I,I)+GE(¥,2)*GE(N,2)/L(HN)
IF {T.FQ.IAMAX) GO TO 262
JJ=1+1
LO 261 J=3J,IAHAX
TREAD (2) {SCR2{N),N=1,NDATR)
DO 261 ¥=1,KDATA
CNORM{ I,J) =CNOEM (I,J) +GE {N,2)*SCR2 {N)/L (N)
REFIND 2
DO 2622 ¥K=1,1
rEAD {2) (GE (N,2) ,N=1,NDATA)
CONTINDE
30 264 I=1,TAMAX
DO 264 J=I,TAMAYX
CNORM {J,I)=CNOEM(I,J)
IF {(NPRINT.EQ.O) GO TO 25%
ARITE (6,250)

NEWFGO 37
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250 FORMAT {///,20X, 16HNORMAL EQ MATRIX, //)
CALL PRINT{CNORM¥,3D,IAMAX,IAMAX)
CONTINUE
IF {NPRINT.EQ.0) GO TO 2691
RITE (6,265)
FORMAT (///, 10%, 28HN, EXPT POINT, CALC-EXPT,//)
DO 267 N=1,NDATA
FRITE (6,266) N,Y(N),FZERO(¥)
TORMAT {10X,I5,2F15.7)
TONTINUE
ARITE (6,268)
FORMAT {/// 420% ,9HEENORM(I),//)
CALL PRINTA(EENORM,30,IANAX)
CONTINUE

2NOBM=0.ODO
DO 2681 I=1,IANAYX
T5QT{T)=DSQRT(CNORY(I,T))
DNORM=QNORM+(ERNORM(I)/CSQT{I))**2
REWIND 2
30 2692 I=1,IAMAX
DO 2692 J=1,7
II=J+I%{I-1)/2
SCR3 {II) =C NORM (J,I) /CSQT(I) /CSQT(J)
WRITE{2) SCE3(II)
30 TO 7130
DD 7779 I=1,TAMNAX
Po 7779 J=1,1

 ITT=J+I% (1-1) /2
7779 READ (2) SCR3 (II)
7130 REWIND 2

IF {EFLAG.IEQ.1) GO TO 2796
7777 DO 2795 I=1,IANAX

TI=1+4I%*{1-1)/2
2795 SCR3{II)=SCR3({(II)+DBLE (LAMBDA)
2796 CALL DSINV (SCR3,IAMAX,1.08E-13,IER)

IF (IER.NE.O) WRITE (6,2693) IER

268

2691
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2693 FORMAT (5X, "ERROR PARAMETER IN INVERSION ROUTINE, IER=",13,/)
nO 2694 T=1, TAMAX

[I=T+I*(I-1)/2
~INY {J,I) =SCR3(II) /CSQT(I) /CSQT(J)

[F (EFIAG.EQ.1) GO TO 8600
DO 270 T=1,TANAX
DELA (I)=0.0
DDELA(I)=0.0D+00
 2M 270 J=1,IAMAX
DDELA (I) =DDELA{T) +CINV (I,J) *ERNORY (J)
JEL A {I)=SNGL (DDELA{I))
IF {NPRINT.EQ.DZ) GO TO 297
IRITE (6,275)
FORMAT {///,10%,27HINVERSE OF NORMAL EQ MATRIX,//)
CALL, PRINT(CINV,30,IAMAX,TAHAX)
JRITE (6,291)
SORMAT (//,10%,25HTEST PRODUCT CINV X CNORHM,/,)
D0 292 I=1,IANAX
DO 292 J=1,TAMAX
SCR1 {I ,J)=0.ODO
20 292 K=1,LANMAX

SCR1(I,J)=SCR1(I,J)+CINV{I,K)*CNORM(K,J)
CALT. PRINT (SCER1,30,IAMAX,TAMAX)
JRITE (6,295)
PORHAT {///,20%, THDELA (I), //)
CALL PRINTA{DDELA,15,IAHMAX)
SUMI=0.2D0
50M2=0 .0D0
00 7000 I=1,IAMAX

3UM1=SOM1+DDELA(I)*ERNORH(I)
3UM2=S UN 2+ (DDELA {I) *CSQT (I) ) **2
COST NE=SN3L{SUTM1/DSQRT(SUM2%QNORM))
IF (TRACE.EQ.D) GO TO 7171
WRIT E(6, #200) COSINE,LAMBDA

aD
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8200 FORMAT (5X, "COSINE: ,E15.7,' LAMBDA:?, 11.3)
7171 ST=P=1,0)
7170 DO 7180 I=1,IAMAX

NBR=HNCVA R(T)
P {¥BR)=A(I)
IF (ABS{STEP*DELA(I)).GT.TAU+EPS*ABS{SNGL{A(I))))GOTO7190
CONTINUE
CFIAG=1

HRI TE (6, 7182)
FORHY AT (5X, 'CONY ERG ENCE', ///)
CALT. LEVEL (1,NDATA)
PO 7185 N=1,NDATA

TZERO(N)=GB{N,1)=Y(})
RETURN
DO 7200 T=1,IAMAX
NBR=NCVAR(I)
P (NBR) =A (I)-DBLE(STEP)*DDELA(I)
SREMN=0,0LD
CALL LEVEL (1,NDATA)
DO 7220 N=1,NDATA
F ZERO (N) =GZ {N,1)~Y{¥)
SREM=SRE M+ ({GE (I, 1) =Y {N) ) *¥%2) /L (N)
VAR B=SREHM/DDENM
IF {TRACE.FQ.0) GO TO 7221
ARITE(6, 8300) VARB,STED
FORMAT(5X,'VARB:',D15.7,"STEP:',£15.7)
IF {(VAEB.LE.VAREX) G60 TO 7240
IF (COSINE.LT.REFCOS) GO 70 7239
STEP=.5%STEP
GO TO 7170
LAMB DA=L AMBDA*NU
GO TO 7778
YAREX=YVARB
DO 9000 I=1, IAMAX
NBR=NCVA R(T)

9000 A({I)=P{NBE)

83145
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8n0n
RETURN
FFLAG=1
REWIND 2

NPLUST1=C FLAGH
30 TO (8500,7778), NPLUS1
pO 41" I=1,IANAX
DO #10 JI=1,IAMAX
 NORM (I,J) =CNORY (I ,J) /CSQT{I) /CSQT(J)
DO 420 J=1,IANAY
DO 420 I=1,IAMNAX
CINY {I,J)=CINV{I,J)*VAREX
DO 42% I=1,IAMAX
ATRR {I)=3NGL (DSORT(CINV(I,I)))

FRNORM USED AS DUMNMY TO CONSERVE CORE FOR TRIDIAGONAL ELEMENTS

DO 45% I=1,30
no 451 I11=1,390
SCR1 (I,II)=0.0D)
 ERRNO BM (I) = 0. 0DD
D{I)=1.0DD
SCR1(I,I)=1.0D0
CATL TRED?2(TAMAX,30,CNORM,D,ERNORM,SCR1)
TALL TQL2{TAEAX,30,D,ERNORM,SCR1,IERR3)
DO 460 I=1,IAMAX
ONCRT(I)=SNGL(D(I))
IF {TERR3.NE.D) GO TO 426
30 TO 427

426 WRITE(6, 429) IERR3
429 FORMAT('ERROR IN COVARIANCE MATRIX DIAGONALIZATION, IERR=',I2)
427 CONTINUE
520 CONTINUE

RETIRN
END
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DSIN 10 DSINOOO1
»»DSIN 20 DSINDOG2

DSIN 30 DSINOQO3
DSIN 40 DSINOOOG
DSIN 50 DSINOOOS
DSIN 60 DSINOOO®
DSIN 70 DSINDOO7
DSIN 80 DSINOOOS
DSIN 90 DSINOOO9
DSIN 100 DPSINOOCIO
DSIN 110 DSINOOC11
PSIN 120 DSINOO12
DSIN 130 DSINOOD13
DSIN 140 DSINOO14
DSIN 150 DSINOO15
DSIN 160 DSINQO16
DSIN 170 DSINDO17
DSIN 180 D3IHO018
DSIN 190 DSINOO19
DSIN 200 DSIN0O020
DSIN 210 DSINOO021
DS IN 220 DSINO(G22
DSIN 230 DSINOO023
DSIN 240 DSINOO24
DSIN 250 DSINOD25
JSIN 260 DSINOO26
DSIN 270 DSINO0027
DSIN 280 DSINOO28B
DSIN 290 DSINDO29
DSIN 300 DSINOO30
DSIN 313 DSINGO31
DSIN 320 DSINOC32
DSIN 330 DSINOG33

REMARKS DSIN 340 DSINOO34
THE UPPER TRIANGULAR PART OF GIVEN MATRIX IS ASSUMED TO BE DSIN 350 DSIN0C0O35
STORED COLUMNKISE TN M*{(Il+1)/2SUCCESSIVE STCRAGE LOCATIONS.DSIN 360 DSINQ035

SUBROUTINE DS INV
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IN THE SAME STORAGE LOCATIONS THE RESULTIRG UPPER TRIANGU-
IAR MATRIX I5 STORED COLUMNRHISE TOO.

 T™ EE PFOCEDURE GIVES RESULTS IF N IS GREATER THAN 0 AND ALL
TA ICTLATED RADICANDS ARE POSITIVE.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
DH FSD

METHOD
SOLUTION IS DONE USING FACTORIZATION BY SUBROUTINE DMFSD.

SUBKOUTINE DSINV {A,N,EPS,IER)

DINF NSTON A (1)
DOUBLE PRECISION A,DIN,WORK

FACTO RIZE GIVEN MATRIX BY MEANS OF SUBROUTINE DMFSD
A = TRANSPOSE(T) * T

“ALL DMFSD(A,N,EPS,IER)
IF (IER) 9,1,

INVERT UPPER TRIANGULAR MATRIX T
PREPARE I NVERSION-LOOP

IPIV=N* {N+1) /2
IND=IPIV

1

INITIALIZE INV ERSI ON-LOOP
PO 6 I=1,N
)IN= 1.D0/A (IPIV)
y {IPIV) =DIN
qIN=N
KEND =I -1
LANF=N-KEND

DSIN 370 DSINO037
DSIN 380 DSINOO38
DSIN 399 DSINDO39
DSIN 400 DSINOGUD
DSIN #4710 DSINOO41
DSIN 420 DSINDOO42
DSIN 430 DSINOO43
DSIN 440 DSINOO4Y
DSIN 450 DSINOOY4S
DSIN 460 DSINOOUS6
DSIN 470 DSINQOO4T
BS IN 483 DSINOOUS
DSIN #90 DSINOO4Y
JDSIN 500 DSINOOSG
DSIN 510 DSINQO51
DSIN 520 DSINQOS52
DSIN 530 DSINQO53
DSIN 540 DSINOOSL
DS IN 553 BSINDOSS
DSIN 560 DSINDOS6
DSIN 570 DSINDCS7?
DSIN 580 DSINOO058
DSIN 590 DSINDOS5Y
DSIN 600 DSINDOBO
DSIN 610 DSINDOG1
DSIN 620 DSINOD62
DSIN 6530 DSINOOS63
DSIN 640 DSINOCGU
DSIN 650 DSINOD65
DSIN 660 DSINGO66
DSIN 670 DSINOQ67
DSIN 680 DSINOCES
DSIN 690 DSINO069
DSIN 700 DSINOOQ7Q
DSIN 710 DSINOO71
DSIN 720 DSINOOQT2
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IF {KEND) 5,5,2
J=IND

[INITIALIZE RO¥-LOOP
D0 4 K=1,KEND
TORK=0.D0
YIN=MIN-1
LHOR=TPIY
LY ER=1

START INNER 100P
DO 3 L=LANF,MIN
LY ZR=LVE R+1
“HOR=THOR+L

4 ORK=H ORK+ A (LVER) %*A {LHOR)
END OF INNER LOOP

A{J) =-WORK%* DIN
J=J- MIN

END OF ROW-LOOP

5 IPIV=IDIV-MIN
6 IND= IND-1

END OF TNVERSION-LOOP

CALCULATE INVERSE (A) BY MEANS OF INVERSE(T)
[NVERSE(A) = INVERSE({T) * TEANSPOSE {INVEESEZE({T))
INITIALIZF MULTIPLICATION-LOOP

DO 8 I=1,N
IPIV=IPIV+I
J=1p IV

INITIALIZE ROW-LOOP
DO B K=T,N
10R%¥=0.D0
LHOR=J

DSIN 730 DSINDOT3
DSIN 740 DSINDO74
DSIN 750 DSINODTS
DSIN 760 DSINOGTS
DSIN 775 DSINDDT77
DSIN 780 DSINDO78
DSIN 790 DSINOO79
DSTIN 800 DSINOOBO
DSIN 810 DSINOO81
DSIN 820 DSINGDB2
DSIN 830 DSINODOO83
DSIN 840 DSINDOS4
DSIN 850 DSIHOOR5
DSIN 860 DSINDOS8SE
DSIN 870 DSINDO87T
DSIN 380 DSINOOBS
DSIN 890 DSINO089
DSIN 900 DSINO090
DSIN 910 DSINDCS1
DSIN 920 DSINODY2
DSIN 930 DSINOOS3
DSIN 940 DSINDOYL
DSIN 950 DSINDO95
DSIN 960 DSINO096
DSIN 970 DSINOO97
DSIN 984 DSINO0O98
DSIN 990 DS INOOYY
NS INTOOC DSINO 100
DSIN1010 DSINO1D1
DSIN1020 DSINI 102
DSINID30 DSIND 103
DSINT040 DSINO104
DSIN1050 DSINO 105
DSIN1060 DSINO106
DSIN1070 DSIND 107
DSINT080 DSIND1QE
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START INVFR TOOP
nO 7 L=K,N
LVER=TLHOR+K-TI
TORK =H ORK+A {LHOR) *A (LYER)
LEOR=LHOR+L

END OF INNER LOOP

A (J) =WORK
J =J+K

END OF ROE- AND MULTIPLICATION-LOOP

¥

3

0 3 TTIRN
2
vy 4

DSIN1090 DSINO109
DSIN1100 DSIND 110
DSIN1110 DSINO111
DSIN1120 DSINO 112
DSIN1130 DSINO113
DSIN1140 DSINO114
DSIN1150 DSIN3115
DSIN1160 DSINO116
DSIN1172 DSINDG 117
DSIN1180 DSINO118
DSIN1190 DSIND 11S
DSIN1200 DSIND120
DSIN1210 DSINO 121
DSIN1220 DSINO122
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DASD 40 DHFSO001
DHSD 50 DMFS0002
DMSD 60 DMFS0003
DHSD 70 DMFS0O0DA4
DMSD 80 DUFS0005
DMSD 90 DMFSO006
DMSD 100 DHFS0007
DUSD 110 DHFSO008
DMSD 120 DHFS0009
DHSD 130 DHFS0010
DHSD 140 DHFS0011
DHSD 150 DHF S0012
DESD 160 DMFS0013
DESD 170 DMFS0014
DESD 180 DHFSJ015
DUSD 190 DHFS0016
DUSD 200 DHFS0017
DMSD 210 DHFS0018
DUSD 220 DNFS0019
DMS 230 DHFS0020
DMSD 240 DMFS0021
DUSD 250 DMFS0022
DMSD 260 DMFS0023
DH SD 270 DHFSIG24
DMSD 280 DMFS0025
DUSD 290 DNFS0026
DMSD 300 DMFS0027
DMSD 310 DHFS0028
DUSD 320 DHFS0029
DASD 330 DMFS0030

REMAR KS DHSD 340 DHFS0031
THE UPPER TRIANGULAR PART OF GIVEN MATRIX IS ASSUMED TO BE DNSD 350 DMFS0032
STORED COLUMNWISE IN N¥(N+1)/2SUCCESSIVE STORAGE LOCATIONS.DMSD 36C DHFS3033
IN THE SAME STORAGE LOCATIONS THE RESULTING UPPER TRIANGU- DHSD 370 DHFS0034
LAR MATRIY IS STORED COLUNNWISE 730. DMSD 380 DUFSDO35
THE PROCEDURE GIVES RESULTS IF N IS GREATER THAN O AND ALL DHSD 390 DHUFSO03E
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DM SD 400 DMPS0037
DMSD 410 DMFSH038
DMSD 420 DMFS(003S
DMSD 430 DHFSO040

SUBROUTINES AND FUNCTION SUBPROGRAMS FEQUIRED DMSD 440 DHFSDO41
NONE DMSD 450 DHMFSGO42

DMSD 46D DHF SHO43
METHOD DMSD 470 DMFSDOLY

SOLUTION IS DONE USING THE SQUARE-ROOT METHOD OF CHOLESKY. DMSD 480 DMFSOD45
THE GIVEN MATRIX IS REPRESENTED AS PRODUCT OF TWO TRIANGULARDMSD 490 DNFS0046
JA TRICES, WHERE THE LEFT HAND FACTOR IS THE TRANSPOSE OF DMSD 500 DHFSO047
THE RETURNED RIGHT HAND FACTCR. DMSD 510 DMFS0048

DHSD 520 DMFS0049
DMSD 530 DMFSO0050
DMSD 540 DHMNFS2051
JUSD 550 DHMFSOO05Z
DUSD 560 DMFS0053
DMSD 570 DUFS0O054
DM SD 580 DMF30055
DMSD 590 DHNFS0056

DMF 50057
DMSD 600 DHFSN058
DMSD 610 DMF350059
DM SD 620 DHFSOO6D
DMSD 630 DMFS0061
Di SD 640 DMFSO062
DMSD 650 DMNFS0063
DMSD 660 DMFSOOC6L
DHSD 670 DMFSCO65
DMSD 680 DNFS0066
DMSD 690 DHUFSDUET
DMSD 700 DMF SO068
DMSD 710 DHFSO069
CMSD 720 DMFS0070
DMSD 730 DMFSO071
DESD 740 DMESDO72

) 2 3H

SUBRNUTI NE DMFSD (A, N, EPS, IER)

DIMENSION A(1)
DOUBLE PRECISION DPIV,DSUN,A
DOUBLE PRECISION DSGET :

TEST ON ¥BONG INPUT PAKAMETEE N

ITRR=0

INITIALIZE DIAGONAL-LOOP
KPI V=0
DO 11 K=1,0
KPIV=KPI V+K
IND=KPIV
LEND =K -1

CALCU LATE TOLERANCE

TOL= ABS{EPS*SNGL{A{XPIV)))
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START FACTORTI ZATION-LOOP OVER K-TH ROW
DO 11 I=K,¥
DSUM=0.D0
IF {LEND) 2,4,2

2
START INNER LOOP

DO 3 L=1,LEND
LANF=KPIV~-1,
LIND=IND-1
DSUM =D SUN+A (LANF) %®A {L IND)

END OF INNER LOOP

TRANSFORM ELEMENT A (IND)
DSITM=A {IND)~-DSUH
IF {I-K) 10,5,10.

3

4

TEST FOR NEGATIVE PIVOT ELEMENT AND FOR LOSS OF SIGNIFICANCE
5 IF (SNGL(DSUM)-TOL) 6,6,9
65 IFT(DSOM) 12,12,7
7 IF {IFR) 8,8,9
9 TER=K~-1

 GQ
COMPUTE PIVOT ELEMENT

DPI V=DSQORT{DSUM)
A (RPIV)=DPIV
DPIV=1.D0/DPIV
GO TO 11

CALCULATE TERMS IN ROY
19 A{IND) =DSUM*DPIY
11 IND=TINT+I

END OF DIAGONZAL-LOOP

12
RETHORN
IER=-1
RETURN

DHSD 750 DHFS0073
DMSD 760 DMFSOGT4
DMSD 770 DHFS0075
OMSD 7802 DMFS0076
DMSD 790 DMFS0077
DMSD 800 DMFSDOTS
DHSD 810 DMFS0079
DAMSD 820 DMFSD080
DMSD 830 DMFSD081
DMSD 840 DHFS0082
DMSD 850 DUFSGO83
DMSD 860 DMNFSO084
DMSD 870 DMFSOHG8S
DMSD 880 DMFS0086
DMSD 890 DMFS0087
DHSD 900 DMFS0088
DMSD 910 DMF50089
DMSD 920 DMFS009D
DMSD 930 DMFS0091
DMSD 940 DHFSDDY2
DMSD 950 DMFS00Y3
DMSD S60 DMFSDO94
DMSD 970 DMFS00Q95
DMSD 980 DHMF50096
DMSD 990 DMFSD097
DMSD1000 DMFSO09R
DMSD10 10 DHFS0099
D¥SD1020 DMFSD100
DMSD1030 DMPSU 101
DMSD1040 DMFS0102
DMSD1050 DMFSD 103
DMSD1060 DMFSO104
DMSD1070 DMFSD 105
DMSD1080 DHFSN106
DMSD1090 DMFS0107
DMSD11006 DMFSD 108
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SUBROUTINE TRED2(NM,NN,A,D,E,Z)

INTEGER I,J,K,L,N,II,NM,JP1,NN
REAL*8 A (NN,NN), D(NN),E(NN),Z (NN NN)
REAL*8 F,G,H,HH,SCALE
REAL ¥8 DSQRT,DABS,DSIGN

THIS SUBROUTINE IS A TRANSLATION OF THE ALGOL PROCEDURE TRED2,
NUM. MATH. 11, 181-195(1968) BY MARTIN, REINSCH, AND WILKINSON,
HANDBOOK FOR AOTC. COMP., VOL.II-LINEAR ALGEBRA, 212-226{1971).

THIS SUBROUTINE REDUCES A REAL SYMMETRIC MATRIX TC A
SYMNETRIC TRIDIAGONAL MATRIX USING AND ACCUMULATING
ORTHOGONAL SIMILARITY TRANSPORMATIONS.

ON INPUT:

NM IS DIMENSION OF MATRIX ACTUALLY TRANSFORMED.

NX I5 THE DIMENSION OF THE WHOLE MATRIX INCLUDING PARTS
WHICH ILI NOT BE TRANSFORMED.

A CONTAINS THE REAL SYMMETRIC INPUT MATRIX. ONLY THER
LOWER TRIANGLE OF THE MATRIX NEED BE SUPPLIED.

ON DUTPIT:

&gt; CONTAINS THE DIAGONAL ELEMENTS OF THE TRIDIAGONAL MATRIX:

CONTAINS THE SUBDIAGONAL ELEMENTS OF THE TRIDIAGONAL
MATFIX IN ITS LAST N-1.POSITIONS. E(1) IS SET TO ZERO;

7 CONTAINS THE ORTHOGONAL TEANSFORMATIONMATRIX

78440001 TREDGODT
-78440002 TREDOQODO2
78440003 TREDODOS3

TREDOOOY
TREDOOOGS
TREDD OOS
TREDOOO7
TREDDOOS
TREBODOOD
TREDGO10
TREDOOM]
TREDOO12
TREDDO13
TREDOO 14
TREDOO15S
TREDDO16
TREDLOTT
TREDOO18
TREDOD19
TREDOQ2O
TREDOO21
TREDQOO22
TREDDO23
TREDOD24

78440026 TREDOO25
18440527 TREDOO26
78440028 TREDOD27
78441029 TREDDH(28
18440030 TREDDO29
78440031 TREDOO3D
718440032 TR2EDOO031
78440033 TREDOO32
78445830 TREDOO33
78440035 TRELDOO34
78440036 TREDJQ35
78440037 TREDDD3s
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PRODUCED IN THE REDUCTION;

A AND Z WAY COINCIDE. IF DISTINCT, A IS UNALTEFED.

QUESTIONS ANL COMMENTS SHOULD BE DIRECTED TO B. 5. GARBOW,
APPT I®D MATHFMATICS DIVISION, ARGONNE NATIONAL LABORATORY

- stn

N=NM
0 100 TI = 1, WN

po 1000 J = 1, 1
Z{I,Jd) = A(I,d)

100 CONTINUR

IP {§ EQ. 1) GO TO 320
23313322 POR I=N STEP
DO 300 IT = 2, WN

 IT = N + 2 - II

L=1I-1
H = D.0DD

SCALE = §L.0DC

IF {L LT. 2) GO TC 130
132323: SCALE ROW {ALGOL TOL THEN NOT NEEDED) s33:3:::1.:
po 120K = 1, L
SCALE = STALE + DABS{7(1,K))120

130
TF (SCALE .NE. 0.0D0) GO TO 1490
F(T) = %(I,L)
10 TO 290

140 DO 150 K = 1, L

7{I,K) = Z{I,K) / SCALE
H =H + Z2({(I,K) * 7 (I,K)

CONTINUE =~

78440038 TREDOO37
7844 0039 TREDOO38
78440040 TREDOU39
78445041 TREDDOUO
72440042 TREDOOLY
78440043 TREDSGO4Z
78440044 TREDOOL43
73440045 TREDODLY
78440046 TREDDOOUS

TREDOOUS
78440047 TREDOOUT
78440048 TREDOGLZ
78440049 TREDOOLS
78440050 TREDOOSD
78 440051 TREDOOSY
78440052 TREDGOSZ
76440053 TREDOOS3
78440054 TREDLOSE
78440055 TREDDOSS
78440056 TREDDOS6
78440057 TREDOOST
718440058 TREDOOSS
78440059 TREDOOSY
78440060 TR £DOOBO
73440061 TREDGOG1
78440062 TREDOOGZ
78440063 TREDOOH3
78440064 TREDOCEY
73440065 TREDOGES
78440066 TREDDOHO
78440067 TREDOOST
18440068 TREDOOGS
784840069 TREDODGY
78440070 TREDOOTO
78440071 TREDOGTY
73440472 TREDOO72
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P= 7 (I,L)
3 = -DSTGN(DSQRT(H),F)
%{I) = SCALE %* G
ii = H = F *§

Z{I,L.) =F - G
TF = 0.0D0

Do 240 3 = 1, L
Z{Jd,I) = %{1,d) / H
5 = 0.0D0

‘1:1: FORM ELEMENT OF AxU
Do 180K = 1, 4
G = 0G + Z{J,K) * 7 (I,K)

pr1=J3+ 1
IF {IL .LT. JPY GO TO 220

po 200 K = JP1, L
G = G6 + Z{K,J}) * Z{I,K)

«+33: FORM ELEMENT OF Pp -

E{J) = G / 1H
F =F + E(J) * Z {I,J

CONTINUE

&gt;

830

200

220

&gt; WL

2 # = » vg

1 oe

a ® =»

HD

HE = F / (H + H)
$2223322:2 FORM REDUCED A 2°

DO 260 J = 1, L

Fo= 2(1,Jd)
5 =E{(J) - HH * F

f(J) = G

DO 260 K = 1, J
Z{I,K) = Z(3,K) - F %* E(K) - G * Z (I,K)

~ONTT NOEj , 0)

78440073 TREDOQ73
78440074 TREDOOT4
78440075 TREDDOTS
78440076 TREDODTO
78440077 TREDODTT
78440078 TREDDGTE
78440079 TREDCOTO
78440080 TREDOOSD
718440081 TREDOOSBY
78440082 TREDOOS2
78440083 TREDOO83
78440084 TREDOOSY
78440085 TREDGOBS
73440086 TREDCOSH
78440087 TRELDOO87
78440088 TREDDOSS
78440089 TREDOOSS
78440090 TREDOOSO
784400691 TREDCOSY
78440092 TREDOGI2
784405093 TREDDOS3
78440094 TREDOOSY
7844010395 TREDOOSS
78440096 TREDOOY6
78440097 TREDLOO97
78440098 TREDCO9S
78440099 TREDDOSYY
78440100 TREDO10D
78440101 TREDO 101
78440102 TREDO162
78440103 TREDO103
78440104 TREDO 104
78440105 TREDO1GS
78440106 TREDO 106
78440107 TREDO107
78440108 TREDRD 108

J
PL
SD
NJ

1



290 p{I) = H
3008 CONTINUE

7
—

3237 D{1) = 0.0DEO
2(1} = 0.000
seers srss ACCUMOLATION OF TRANSFORMATION MATRICES 1:2°°”

DO SOD IT = 1, WN
IT =1I-1
IF {D(I) BG. 5.0DO) GO TO

 4.
-r

bo 360 J = 1, L
 Gg = {.0D0

-t

=a
Po 340 K = 1, L
 6G = G + Z{I,K) * Z{K,J)

po 360 K= 1, L
T{K,J) = Z{K,J) - G *

CONTINUE

DI) = Z{I,I)
7{I,I) = 1.0DD
TF (L LT. 1) GO TO 547

360
Zz (K,1)

‘

 am

2380

vo.

DO WIL J = 1, L
7241,J) = 0.0D0
7(3,I) = 0.0D9

$no CONTINUE
I

500 CONTINUE

RETURN
$333233232 LAST CARD OF TRED2 s1:33z2::::
ND

3

TY

“a

&lt;p

i a.

78440109 TREDD 109
78440110 TREDDN110
78440111 PREDO 111
76480112 TREDO112
78440113 TREDO113
78440114 TREDO 114
78440115 TREDO115
78440116 TREDD 116
78440117 TREDO117
784480118 TREDO 118
78540119 TRERO119
78440120 TREDO 120
78440121 TREDD 121
78440122 TREDN122
78440123 TREDO 123
78440124 TREDDO124
78 440125 TREDO 125
78440126 TREDD126
78440127 TREDO127
78440128 TREDD 128
79440129 TREDO129Y
78440130 TREDO 130
78440131 TREDO131
78440132 TREDO 132
784130133 TREDO133
78440134 TREDO134
78440135 TREDO 135
78440136 TREDO136
78 440137 TREDO 137
78440138 TREDD 138
78440139 TREDO139
78440140 TREDC 140 1
78440141 TREDO 141 Z
78 440142 TREDO 142 w
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SUBROUTINE TQL2 (NW,HNN,D,E,Z,IERF)

INTEGER T,Jd,K,L, M, N,II,L1,NH,ML,TERR,NN
REAL*R D{NN) ,E{NN),Z{NN,HN)
RFAL*8 B,C ,F,5,H,P,R,S,MACHED
REAL%*S DSQRT, DABS, DSIGN

THIS SUBROUTINE IS A TRANSLATION OF THE ALGUL PROCEDURE TQL2,
NUM. MATH. 11, 293-306(1968) BY BOWDLER, MARTIN, REINSCH, AND
WILKINSON.

HAND BOOK FOR AJTO. COMP., VOL.II-LINFEAR ALGEBRA, 227-240 (1971).

THIS SUBROUTINE FINDS THE EIGENVALUES AND EIGENVECTORS
OF A SYMMETRIC TRIDIAGONAL MATRIX BY THE QL METHOD.
THE EIGENVECTORS OF A FULL SYMMETRIC MATRIX CAN ALSO
BE FOUND IF 'PRED2 HAS BEEN USED TO REDUCE THIS
FOLI. MATFIX TO TRIDIAGONAL FORM.

ON INPUT:

BM IS DIMENSION OF MATRIX ACTUALLY TRANSFORMED.

NN IS THE DIMENSIONOFTHEWHOLE MATRIX INCLUDING PARTS
WHICH WILL NOT BE TRANSFORMED.

D CONTAINS THE DIAGONAL ELTHUENTS OF THE INPUT MATRIX:

= CONTAINS THE SUBDIAGONAL ELEMENTS OF THE INPUT MATRIX
IN ITS LAST N-1 PCSITIONS. ®{1) IS ARBITRARY:

CONTAINS THE TRANSFORMATION MATRIX PRODUCED IN THE
REDUCTION BY TREDZ, IF PERFORMED. IF THE EIGENVECTORS
OF THE TRIDIAGONAL MATRIX ARE DESIRED, 2 MOST CONTAIN
THE IDENTITY MATRIX.

ON oguTeuT

TOL2 0007
90220005 TQL20002

TQL20003
TQL20004

90220008 TQL20005
90220009 TQL20006
9022G010 TQL20007
a0220011 TQL20CO8
50220012 TQL20009
90220013 TQL20010
90220014 TQL200 11
90220015 TQL20012
90220016 TQL20013
90220017 TQL20014
90220018 TQL20015
90220019 TQL20016
90220020 TQEL20017
93220021 TQL20GG18
90220022 TQL20015
90220023 TQL20020

TQL20021
90220027 TQL20022

TQL20023
TQL20024

90220029 TQL2LG25
90220030 TQL20026
90220631 TQL20027
90220032 TQL20028
90220033 TQL20029
90220034 TQL20030
30220035 TQL20031
90220036 TQLZ0032
90220037 TQL20033
902200638 TQL20034
90220039 TQL20035
93220040 TQL20036
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0 CONTAINS THE EIGENVALUES IN ASCENDING ORDER. IF AN
PEROR EXIT IS MADE, THRE EIGENVALUES ARE CORRECT BUT
UNDRDZERED FOR INDICES 1,2,...,IERBR-1;

HAS BEEN DESTROYED;

z CONTAINS ORTHONORMAL EIGENVECTORS OF THE SYMMETRIC
TRIDIA3 ONAL (OR FULL) MATRIX. IF AN ERROR EXIT IS MADE,
7 CONTAINS THE EIGENVECTORS ASSOCIATED WITH THE STORED

2IGENVALUES3
IERR IS SET TO

% ERO FOR NORMAL KETURN,
3 IF HE J-TH BIGENVALUZ HAS NOT BEEN

DETERMINED AFTER 30 ITER ATIONS.

QUESTIONS AND COMMENTS SHOULD BE DIRECTED TC B. S. GARBOWH,
APPLIED MATHEMATICS DIVISION, ARGONNE NATIONAL LABORATORY

ET__

MACHEP IS A MACHINE DEPENDENDI PARAMETER SPECIFYING
THE RELATIVE PRECISION OF FLOATING POINT ARITHMETIC.
MACHEP = 16 .0D0%% {-13) FOR LONG FORM ARITHUNETIC
ON S367 333332331:

DATA MACHEP/Z3410000000000000/

N=NM
IRER = O

IF {HH EQ. 1) 30 ™O

DO 107 I = 2,
100 BE{I-1) = E (I)

}

7) wt— J} Sonn

902200417 T0L20037
93220042 TQL20038
90220043 TQL20039
90220044 TOL20040
90220045 TOL20041
903220046 TQL20042
90220047 TQL20043
99220048 TQL20044
90220049 TQL20045
90220050 TQL20046
90220051 TQL20047
90220052 TQL20048
95220053 TQL200G49
950220054 TRL20050
30220055 TQL20051
90220056 TOL20052
90220057 TRL20053
30220058 TQL20054
g0 220059 TQL20055
90220060 TQL20056
90220061 TQL20057
90220062 TQL20058
90220063 TQL20059
903220064 TQL20060
90220065 TRL20061
945220066 TQL2D0H2
90220067 TQL20063
903220068 TQL20064

TOL2 0065
90220069 TQL2G066
90220070 TQL20067
90220071 TQL20068
90220072 TQL20069
90220073 TQL20070
952200748 TQL200371
30220075 TOL20072
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B = 0.0DD

EN) = 0.0D0

po 24D 1 = 1, WN
J =n
1 = MACHEP * (DABS{D{(L)) + DABS (E{L)))
IF (B .LT. HY B =H

123332323: LODE POR SMALL SUB-DIAGONAL ELEMENT 2::°°t33:°
DO 117 ¥ =1, MN

I? (DABS{EM)) .LE. B) GO TO 120
persis: BN) IS ALWAYS ZERO, SOQ THERE IS NO EBXIT

THROUGH THE BOTTCH OF THE LOOP 2232123332:
110 CONTINUE

120 IP {(M ER. 1) GO TO 220
130 IF {J .EQ. 30) GO TO 10070

J =J + 1

t222:: PORM SHIFT z2:3:23°
LY = 1 +1

5 = DL)

P = {D(L1) - 6) / {2.0D0 %= E{L))
R = DSQRT (P*P+ 1. 0D)
D(L) = E{L) / (P + DSIGN {R,P))
H= 6G - D{L)

DO 140 I = L1, N
NIT) = DI) - H140

+ H

pairs 33233 QL TRANSFORMATION 2:::

P= D{H)
CZ = 1.202

 5S = 0.000
MMT. = 4 - L

$323132: FOR I=M-1 STEP -1 NNTIL L DO == -

Do 200 IIT = 1, ¥MML
5

2 8 &amp; 9 ®

a NB BB B® BD

90220076 TGL20073
90220077 TQL20074
50220078 TQL20075
90220079 TQL20076
30220080 TQL20Q077
30220081 TQL20078
90220082 TQL20079
90220083 TOL20080
903220084 TQL20081
90220085 TQL20082
90220086 TQL20083
90220087 TOL20084
90220088 TQL20085
90220089 TQL200886
90220090 TQL20087
90220091 TQL20088
90220092 TRL 20089
00220093 TQL2G090
30220094 TRL20091
90220095 TQL20092
90220096 TQL20093
903220597 TQL20094
90220098 TOL20095
90220099 TGL20096
90220100 TOL20097
90220101 TQL20098
90220102 TQL20099
20220103 TQL20100
90220104 TQL20101
50220105 ©QL20102
90220106 TQL20103
90223107 TQL2C 104
90220108 TQL20105
90222109 TQL23 106
90220110 TQL20107
SG 220111 T0L20 108

1
SL
oO
on

|



vy

or

[ =H - II

G= C*% BI)
H=C *P
IF (DABS{P) .LT. DABS (E{(I))) GO TO 150

&gt; =32(I) / P
R = DSQRT(C*C+1.0D0)

F(I+1) = S * P * R

5=¢C / R
C= 1.0D0 / R
50 TO 160
Cc =P / E(I)
R = DSQRT [C*C+1.0D7)
E(I*#1) = S * E(I) * R

 5S = 1.GD0 / R
C=C * 8

P=C %¥D{I) -S *G
D{I+1) =H + 8 %¥ (C* G + S %* D(I))
1822 PORN VECTOR :2%33213332

00 180 KE = 1, ¥
1 = 2{K,I+1)
Z(K,T+1) = S * Z(K,T) + C =

Z{(K,I) = C * Z(K,I) - S * H

CONTINUE

180

- £

Le
Ry] 3

 *s 3
 oe 2

{89

200 CTONTINGE

E{L) = 8 *P
D{L) =C * P
IF {(DABS{E(L)) .GT. B) GO TO 130

229 D{L) = D(L) + F
240 CONT INURE

v322233:3:: OPDER EIGENVALUES AND EIGENVECTORS :z:ziz:iz:iz:

po 300 II = 2, N
{ =I7 - 1

K = 1

PP = D (I)

30220112 TQL20109
90220113 TQL20110
90220114 TQL20111
90220115 TQL20112
90220116 TQL2) 113
30220117 TQL20114
30220118 TQL20115
90220119 TQL20116
90220120 TQL20117
90220121 TQL20118
90220122 TRL20119
90229123 TQL20 120
90220124 TQL20121
90220125 TQL20122
90220126 TQL20123
90220127 TQL20 124
90220128 TOL20125
94220129 TQL20 126
90220130 TQL20127
90220131 TQL2D 128
90220132 TQL20129
90220133 TQL20130
30220134 TQL20131
90220135 TQL20132
90220136 TQL20133
90220137 TQL20134
30220138 TQL20135
90220139 TQL20136
90220140 TQL206 137
90220141 TQL20138
930220142 TQL2G 139
90220143 TQL20140
90220144 TQL20141 2
90220145 TQL20142 |
903220146 TQL 20143
9220147 TQL2D 144



260 3 = TI, ¥

IF (D{J) GE. PB) 50 TO 2860
 I |

p = D (J)
CONTINUE

DOD

260

IF {£ .FQ. I) GO TO
D{K) = D{(I)
DIT) =p

300

DO 280 J = 1, N

P= Z2{J,I)
72{J,I) = 7 {J,K)
72{J,K) =D

28D CONTINUE

300 CONTINUE

~

wat

4

’

c

1600
1001

GO TO 1001
SET ERROR =- NO CONVERGENCE TO AN

EIGENVALUE AFTER 30 ITERATIONS z2::1::23:32:
IERR = 1

RETIT RN

2v333is: LAST CARD OF
aD

2? 12

90220148 TQL20145
90220149 TQL20 1406
90220150 TQL20147
90220151 TQL 20148
90220152 TQL20149
90220153 TQL20150
90220154 TQL20 151
90220155 TQL20152
90220156 TQL20 153
30220157 TQL20154
90220158 70120155
30220159 TQL20156
36220160 TQL20157
90220161 TQL2D 158
90220162 TQL20159
30220163 TQL2D 160
30220164 TQL20161
90220165 TRL20162
90220166 .TQL20163
90220167 TQL20164
90220168 TQL2C 165
90220169 TQL20166
30220170 TQL20 167
90220171 TQL20168
90220172 TQL20 169
502290173 TQL20170

J
U1
-
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120
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SUBROUTINE PRINT(A,NA,NROW,NCDL)
PRINTS DP ARKAY OF AN UNKNOWN NUMBER OF COLUMNS
NA=DIMENSION OF SQUARE MATRIX A IN CALLING PROGRAHN
NROW, NCO L=DIMENSIONOFNROF BY NCOL UPPER LEFT HAND BLOCK OF A
ACTUALLY PRINTED
JOURLE PRECISION A

DT MF NSTION A (NA, NA)
DO 100 I=1,NROW
50 100 NBOT=1,NCOL,7
VTOP=HMINO{NCOL,NBOT+6)
FRITZ (6,127) {(&amp;(I,J),J=NBOT,NTOP)
PORMAT (4X,7D18.10)
CONT INUF
IETU BN
END

PRINOQO1
PRINGOGZ
PRINOOO3
PRINOOOU
PRINQOOS
PRINODOS®
PRINOQOT
PRINOOOS
PRI NODOS
PRINOO1D
PRINGO11
PRINOO1Z
PRINGO13
PRINOO14
PRINDO1S

}
J
"

 Oo
1
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re
[

a

.

120
100

SUBROUTINE PRINTA{A,NA,NCOL)
PRINTS A DP ROW VECTOR OF AN UNKNOWN NUMBER OF COLUMNS
NA=DIMENSION OF A IN CALLING PROGRAM
NCOL=NUMBER OF COLUMNS ACTUALLY PRINTED
DOUBLE PRECISION A
DIME NSTON A (NA)
DO 100 NBOT=1,NCOL,7
NTOR =MINO (NCOL,NBOT+6)
WRITE (6,120) {A{I),I=NBOT,NTOP)
FORM AT {4X ,7D18. 10)
CONTI NUP
RETURN
END

PRNACOCC 1
PRNADOOZ
PRNADOO3
PRNAOOOCH
PRNADOODS
PRNAODOS
PRENAOOOT
PRNADOGOS
PRNADDCOY
PRNADO 10
PENADOO11
PRNAQD12
PRNADQ13

1
ul
pl
o
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SUBROUTINE PUNCH (IAMAX,NCYAR,PS, FLAG,CINV,CFLAG,LPUNCH)
INTEGER FLAG

DOUBLE PRECISION CINV,PS
DIMENSION CINV (30,30), UNITS (75) ,PS {75) ,NCVAR (30) ,FLAG(75)
FRITZ (7,100) IAMAX
RITE (7,100) (NCYAR(I), I=1,IANAX)
D0 10 I=1,75
IF{DABS{PS(I)).LT. 1.0D-70) GO TO 10
WRITE (7,105) I, PS{I), FLAG (I)
CONTINUE
IF (LPUNCH.E0.0.AND.CFLAG.EQ.D) GO TO
po 15 I=1,IAMAX
30 15 J=1,1
JRITE {7,110) I, J, CINV (I,

'5 CONTT NUE
25 CONTINUE
190 FORMAT (1515)
105 FORMAT (I5, D15.8, IS)
119 FORMAT {2I5, D25. 16)

RETURN
IND

Bk:

1

PUNCOO0O1
PUNCO00Z
BUNCOGG3
PUNCOOGY
PUNCLOGS
PUNCO006
PONCOOO7
PUNCO008
PONCODOO9
PU NCO010
PUNCOD11
PUNCCO12
PUNCOO13
PUNCDO14
PUNCOO015
PUNCOO106
PUNCOO17
PUNCOO1B
PU NCOD1S
PUNCO020
PONCCO21

|
ul
=
=



SUBROUTINE PLOT (Y,NDIM,YMIN,YMAY,NWRITE,NGR,YNUMN)
DIMENSION Y NUM (600)
DI¥ENSION Y{NDIA),A(119),N%(10),CHAR{10)
DATA BIA NK,PLUS,CHAR{1),CHAR({2),CHAR{3),CHAR{4),CHAR{5),CHAR{6),.

ICHAR (7) , CHAR (RB) , CHAP (9) , CHAR {10)
1/18 ,1H+, 1H*,1HB, 1HC, 14D, 1HE, WF, 1HG, 1HI, 183, 1HK/
NPTS=NLIM/NGR
YMNT=YHMIN
YM T=Y MAY
DELT A= (YMAX-YHIW)/100.
Y MN=Y MT N~O ,*DFLTA
DO 10 I=1, 119
A {T) =BIA NK
IF {(YMAX-YHTIN) 11,11,15
WRITE{N¥RITE,25)
RETRY

WRITE (NYRITF,9) NPPS,DELTA
WRITE (NWRI TE, 1G) YHMNT,YMXT
DO 60 I=1,NPTS
IP {(MOD{I,6)-1) 24,17, 28

17 pO 20 J=10,119,50
20 A (J) =PLUS
24 DO 30 J=1,N8GR

N= {¥ (I+ {(J-1) *¥NDPTS)-¥YMN) /DELTA+1.5
IF (N.TT.1) WN=1
IP (M.67. 119) ¥=119
N7 (J) =N
A (N)=CHAR{J)
ARITE{W RITE,39) {(A(J),J=1,119),YNIM(I)
DO 40 J= 1, NGR
§=NZ {J)
A{N) =BLANK
IF (MOD (I,6)-1) %0,38,60

38 DO 50 J=10,119,50
59 A {J)=BILANEK
A0 CONTINUR

4

PLOTOO0C
PLOTO002
PLOTO003
PLOTOCOU
PLOTOOOS
PLOTHO0G
PLOTOQO7
PLOTI 00S
PLOTOCGS
PLOTOO0 16
PLOTOO11
PLOTO0012
PLOT(013
PLOTOO14
PLOTODTS
PLOTOO16
PLOTGO17
PLOTO0YR
PLOT O19
PLOTO020
PLOTOO 21
PLOTD022
2LOT0023
PLOTOD24
PLOTD025
PLOTH O26
PLOTO027
PLOTCO28
PLOT0029
PLOTO030
PLOT0031
PLOT0032
PLOTO033
PLOTOO34
PLOT(C35
PLOTON36

|
192
f=
No



3 FORMAT{*"31%," NO. OF POINTS ON ABSCISSA = 'I5/32X,'NO. OF INTERVA
11S ON ORDINATE = 118, INCREMENT = 'E10.3)

19 FORMAT{*'E16.6,E101.6/10X,'T1'99X,'T*/*I',8X,'1",2(49%X,*I'),8%,'I
11)

29 FORMAT {' VMAX AND YMIN SPECIFIED INCORRECTLY?)
39 FORMAT{' *119A1,F5.1)

RETURN
IND

PLOTDG 37
PLOTO038
PLOTOC 39
PLOTOO040
PLOTOOL4
PLOTOQC4H2
PLOTOO43
PLOTOCLL

1
tn
EL
{9
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+ - : .

parameter List for lz (2), 3st, y=, 1+s31, and 31, Hamiltonian

(Low Lying States of BaO)

vr
i p—
dA

L

J

y

p)

J

10

11

| 2

1.3

14

LE

 | 6

7

18

19

0)

N ame

E1lS

E1lP

E3P

BR1S

BR1P

BR3P

DR1S

DR1P

DR3P

A3P

AJ3P

J5P

GAM3P

C3PD

AVP

PVP

B10O+

AO1+

All

F1S-

RR1S~

Physical Origin

1x ¥ (1) energy

l71 energy

31 energy

1y¥(1) rotational constant

11 rotational constant

31 rotational constant

1y 7 (1) centrifugal distortion

l1 centrifugal distortion

31 centrifugal distortion

371 spin-orbit

31 spin-orbit centrifugal distor-
tion

31 spin-spin

31 spin-rotation

31 parity dependent spin-spin

31 A-doubling

31 A-doubling

ly a 13% (1) rotation electronic
interaction

311 1:F (1) spin~orbit interaction

lm ~ 371 spin-orbit interaction

ly™ energy

ly” rotational constant
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: 15+ 3p 1p 10? 3Parameter List for ‘xz (2), °:x , ‘I , I , and °I, Hamil-

tonian (Low Lying States of BaO) (cont.)

No.

272

23

A

)*

26

27

28

29

30

31

32

23

4

35

36

37

- §td

3C

10

Name

DR1S-

H1S

TTD

BYSam
_b  yr

QV1P

E3SGM+

B3SGM+

D3SGM+

C3SGM+

G3SGM+

A27

ATPHAO

BETAO

"2S

BR2S

DR2S

2B10+

2A01+

B10O+J

Physical Origin

l1»™ centrifugal distortion

137 (1) third order centrifugal
distortion

ly third order centrifugal distor-
tion

third order centrifugal distor-
tion

lr A-doubling

35+ energy

337 rotational constant

337 centrifugal distortion

357 spin-spin
3.1 ‘ .

2 spin-rotation

31 ~ 337 spin-orbit interaction

3 3 + . . . »
I ~ °% spin-orbit interaction

31 ~ 337 rotation-electronic
interaction

ty * energy (2)

13" rotational constant (2)

1y¥ centrifugal distortion (2)

17% (2) rotational-electronic
interaction

11 o 131 (2) spin-orbit interaction

ly 137 (1) rotation-electronic
centrifugal distortion
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Parameter List for 137 (2), 3p, 137,143, and 31,

Hamiltonian (Low Lying States of BaO) (cont.)

7-

11

42

13

44

! -

Name

E3P2

B3P2

D3P2

A3P2

AQl1+2

Physical Origin

31, energv

3, rotational constant

3, centrifugal distortion

31, spin-orbit constant

y+ (1) ~ 31, spin-orbit
interaction



SUBROUTINE NAMEI T(NAM,H)
NAMEIT FOR 8 STATE HAMILTONIAN. 1,3 SIGMA+, 1SIGMA-, 1,3 PI
3PT {OMEGA=2)

ASSIGNS NAMES TO PARAMETERS HM IS MAX. NO. OF NAMES
REAL *8 NAM (HM)

C THESE PARAMETERS ARE FOR TRIPLETS PI, SINGLETS PI, AND SIGMA
REAL *8 NAMES(75) /3HE1S, 3HE 1P, 3HE3P, 4HBR 1S, 4HBR 1P, 4HBR3P ,4HDR1S,

| 4HDR 1P, 4 HDR3P, 3HA3P, 4HAJ3P,3HC3P,5HGAM3P,4HC3PD,3HQVP,3EDVP,
IBHB 19+ ,4HAN 1+, 30411, UHE1S~-, 5HBR1S5-,5HDR 15-,
13HH1S,34H1P, UHE1S-, 4HOVIP,6 HE3SG H+ ,6HB3SG M+ ,A D3 SG M+ , 6HCI SGN+,
26 HG3SG M+ ,3HA 27 ,6HALPHAO, SHBETAL, 3HE2S, UH BR 2S, UHDR 2S, 5H2B10+, SH2AD 1
1+,54B10+J, 4H E3P2 , 4HB3P2 ,BHD3P2 ,4 HA3P2 ,5HAD 142,
! M0, HO, HO, THO, 1HO, 180, 1HO, 1HO, 1HO, 1HO, 1HO, 1HO, 1HO, 1HO,
11HO, 140, 1HO, 1HO, 140, 1HO, 180, 1HO, 1HO, 1HO, 1HO, 1HO, 140, 180, 1HO, 1HO /

DO 10 I=1,HM
NAHM (I) =NAMES (I)
RETURN
END

NAMEOOO1
NANEDQROZ2
NAMEOOO3
NAMEOQOH
NAMEODOS
NAMEQOOS
NAHECOD7
NAMEODOB
NAMEQOQOOD
NAMEOD10
NAMEQO11
NAHEQD12
NAMEG O13
NAAEOOC14
NAMEGO15
NAMEOOD1D
NAMEOOD17
NAMEODI®

i

J
—

J
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SUBROUTT NE LEVEL {IF,NDATA)
LEVEL FOR 1,3 SIGMA+, 1 SIGHMA-, 1,3 PI AND 3 PI {OMEGA=2)

IMPLICIT REAL*8 (A-H,0-%7)
QEAL*L TP, TS,SNGL,F LOAT
JOOBLE PRECISION DBLE
DIMENSION TP(9,2,150),TS {9,2,150)
DIMENSION TF {9,2,150) ,GE(6420,3),P(75) ,3(26) ,T(26) ,H (9,9)
DIMENSION NQ{6),NUN (6,600) ,01{3,9)
DIMENSION D{(9),E(9)
DIMPNSION TERM{150,9,2)
COMMON P,GE,NOM
COMMON/BTE2,/ TERM, JUAL,M,MALP,MAXUY
COMMON/BLK3/TP,TS
MMM=M
LEVEL FOR MAIN. MM IS DIMENSION OF HAHMILTOWNIAN.
MAY? IS MAXIMUM PLUS PARITY RANK, MAXM IS MAXIMUM MINUS RANK.
11=3 4A X
M5=M1+ 1
TE{RANK, PARITY,J) ARE TERM ENERGIES.. 1ST DIM OF TE AGREES WITH NM,
IND WITH M1. 2ND INDEX, 1 1S PLUS AND 2 IS MINUS PARITY.
DEFINE S AND T FOR T®¥D PAEITIES TO BE USED AS R IN HATRIX.

CALL SETUP (P,S,1.0D0)
CALL SETUP{P,T,-1.0L0)
CALCULATE ENTFRGY FOE AIL EA NKS OF
DO 17 1I=1,45
~J=DBLE{FLOAT(I-1))
2105 PARITY

K=CJI* {CJ +1.0D0)
CALL MATRIX {S,P,X,H)
DO 55 K=1,9
20 5 L=1,9
J {K,1) =0.0D0
J(K, EK) =1.0DD
DIAGONATLIZE ONLY NONZERO PART OF H FOR PLUS PARITY.
M2=MAXP
CALL TRED2 {M2,%,H,D,E.D

LEVEODO]
LEVEOOO2
LEVEDOO3
LEVEOOOL
LEVEDOQGS
LEVEDOOOG
LEVEGQQT
LEVEQOOOB
LEVEGSOS
LEVEOD1O
LEVEGO 11
LEVEQOG12
LEVEQO13
LEVEOO14
LEVEDO1S
LEVEQOO16
LEVEGCO17
LEVENGI8
LEVEQO19
LEVEQD 20
LEVEDOZ1
LEVEDO22
LEVEODZ3
LEVEDO24
LEVEDO25
LEVEQD26
LEV E0027
LEVE(DD28
LEVEQRDZS
LEVEGG30
LEVEDD 31
LEVEOQ32
LEVEOO33
LEVEQO3L
LEVEDO35
LEVE(OO36

1
On
[I
oe

1



3
13
n~

w

8

CALL TOL2(M2,9,D,E,U,1IEER2)
I {IFRR2.NE.0D)}GOTO11
50 TO 12

WRITE(H,3)TIERR2
FORMAT('ZRROR IN HAMILTONIAN
CONTINUE
1=M2
DO &amp; L=1,H
IF {IE.¥%.1) GO TO 6
TP{M-L+1,1,1I)=SNGL(0(2,L})**2)
TS (M-L4+1,1,I)=SNGL{U{1,L)¥%2+U(6,1)*%2+0(7,1)¥%2)
TE{M-1L#1,1,1)=D(L)
AINTS PARITY
CALL MATRIX(T,P,X,H)
Do 77 1=1,9
Yo 7 K=1,9
J {L,%)=5.0D0
T{L,1)=1.0D0
3=MAXH
CALL TRED2(M3,9,H,D,E,)
CALL PTQL2(M3,9,D,B,U,TERR2)
IP {IFERR2.N%1.0) GO TO 13
30 70 14

ARITE(6,9) ILRR2
CONTINUE
N=M3
DO 8 L=1,H4
[F{IE.NE.T1) GO TO 8
TP (M-L+1,2,I)=SNGL(U{2,L)*¥2)
TS{M-L+7,2,0)=SNGL{U{(1,L)*%2+0{6,L)**2+U(7,L)%*2)
TE{(M-L+1,2,I)=D{(1)
CONTINUE
SET UP TERM VALUES AND DIFFERENCES TO COMPARE WITH INPUT DATA.
ON LAST PASS, LEVEL IS CALLED ONLY WITH IE=1.
IFT (IE.NE.T) GO TO 1001
Yo 1000 N=1,M85

~

y

!
f

3
1

LEVEQQ37
LEVEDO 38
LEVEDOOD3S
LEVEQO40
LEVEQOO41
LEVEQOQ42Z
LEVE(GS3
LEVEOQ44
LEVEDO45
LEVEDOUG
LEVEQO O47
LEVEOO4R
LEVEOOH4Y
LEVEOQOSO
LEVEQ O51
LEVEQDS52
LEVEDOS3
LEVECDSY
LEVEQDS55
LEVEGO56
LEVEQO57
LEVECOS5S8
LEVEQDS9
LEVEOOS®O
LEVEDGG
LEVEODOG2
LEVEDGG3
LEVED O64
LEVES265
LEVEOQOGS
LEVEQO®7
LEVEQ(Q68
LEVECO69
LEVEDNQTO
LEVEDSDT1
LEVEGOT2

1
ut
=

30



1210

1020
1000
| OND

-

31

DO 1010 1=1, M2
TERM (N,L, 1)=TE{L, 1,1)
DO 1020 L=1, M3
TERM (N,L,2)=TE(L,2,X)
ONTINUE
CONTINUE
q=M1Y
DO 50 N=1,NDATA
DO 40 1=1,6
NO(1) =NIM{L,})
SECOND STATE TERM VALUE SUBTRACTED FROM FIRST.
IF {NQ{2).ED0.0) TOP=0.0DD
[F (NO {5).EQ.0) BOT=0.0D0
[F (NO(2).NE.O) TOR=TE (NQ(2),N0{(3),¥0 (1) +1)
TF {NO (5).NE.0) 30T=TE (NQ(5),NQ(6),NQ(4) +1)
SE {¥,IE) =T0P-BOT
RETURN
END

LEVEDQCT3
LEVECLT74
LEVECO75
LEVEQOT0
LEVEQOTY
LBEVECDTS
LEVEQQTS
LEVECO8D
LEVEGOS81
LEVEODBZ
LEVEODS83
LEVEOOBY
LEVEDOS8S
LEVEDOBS
LEVEDOS87
LEVEOO8S
LEVEQO89
LEVESQSD

1
ut
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SUBROUTINE SETUP {P,R,PARITY)
y SETUP FOR 1,3 SIGMA+, 1SIGMA-, 1,3 PI, AND 3 PI{OMEGA=2)
C THIS CALCULATES MATRIX ELEMENT FACTORS THAT ARE J INDEP ENDANT

DOURLE PRECISION P,R,PARITY,DSORT
DIMENSION P (75),R(26)
IP(PARITY.LT.0) PAR=-1.0D0
[F(PARITY.GT.0) PAR=1.0DO
R {1) =D SORT {2.0D0)
R{2) =1.0D0-PAR
R {3)=1.0D?+PAR
® (4) =1.0D0-2 .0DO*PAR
3 {5) =1.0D0+2.ODO*PAR
R{6)=P{3)=P(10)-P{12)=P(13)
R (7) =P {3)+ 2. 0DO*P (12) =2. NDOXP{13)
R{R)=P (3) +P{10) -P{12) -P{ 13)
R{9) =P (6) +P{11) =0.5D0% {P {13) =P (15) -0.5D0%P (16))
R{1) )=P(6)+P (11) =0.5D0% (P{13)=P{ 15) =9.5D0%*P {16))
R(11)=PAD
R {12)=P {27)-P{30)-P (31)
P(13)=P(27) +2.0%P (30) =2.0%P {31)
R {14 )=P (28)-P(31)/2.0
8 (15) =P{33)-P(3%)
RETURN
IND

SETUOORT
SETUOD02
SETI0OC3
SETUO004
SETULHO05
SETUQ006
SETU0007
SETLEO008
SETU0009
SETUDG10
SETU0011
SETUON12
SETUD013
SETUSO14
SETUDD15
SETU0016
SETG0017
SETU0018
SETUGHIS
SETUD020
SETOCG21
SETU0022
SETUGGG23
SETUO024

1
Jl
N

=



SUBROUTINE MATRIX (R,P,X,H)
C CALCULATES MATRIX ELEMENTS FOR 8 STATE HAMILTONIAN
C 1SIGMA+, 1SIGMA-, 1PI, 3PI, 3SIGMA+, 1SIGMA+, 3PI (OMEGA=2)

DOUBLE PPECISION R, P,X,%A,XB,DSQRT,H,21,22,Y,XJJ
DIMENSION R{26),P{75),H(3,9)
po 10 I=1,9
30 10 J=1,9
4(1,3)=0.0D0
4(1,1) =0.1D0
4 {2,2)=0.2D0
1 (3,3) =0.3D0
A{4,4)=0.4D0
1(5,5) =1.5D0
H(6,6)=0.6D0
H(7,7)=3.7D2
H{8,8)=0.8D0
1{9,9)=0.9D0
{A=DSQRT(X)
IF (¥.17.1.0D0)GOTC49
TF(Y.LT.2.5D0) GO TO 44
¥B=DSORT {X-2.0D0)
 (5,7) =DSQRT (X-2.0)*P(34)
H{7,5)=H{5,7)
3 (5,5) =R (8)+P(6) *(X=3.0D0) =P (9) * (X*X-U.0DO*¥X+5.0D0)+2.0D0*(X-3.0D0
1)%P(11)+0.5D0%{X-2.0D0)*P(15)
H(3,5)=XA%XB*(2,0D0%*P(9)=R{11)*G.5D0%P(15))
9 (4,5) ==R (1) ¥XB*(R (10) -2.0D0% (¥-1.9D0)*P (9))
H(5,4)=H{4,5)
1 (5,3)=(3,5)
IF (DABS (P{42)).L1T.1.D-60) GO TO ul
{JJ={-1.+DSORT(1.+4%X))/2.
y=p{44) /P{42)
21=V% (Y= 1.) +84, /3.+ b, %X
72={1./{3,%21))%(T¥(Y=1.)=./9.=2.*X)
IF {Pp (84).17.0.0) 30 TO 4&amp;5
H (8,8) =P (41) +P (42) *{X#DSQRT({Z1) =2.%2Z2) =P (43) % (XJJ+3. /4.) *%14

MATRCZ0O01
MATRO002
MATROOO3
MATROOC4L
MATROOOS
MATERQ006
MATROOO7
MATROOLS
YMATRO009
MATROO 10
JATROO11
MATROO 12
MATRO013
MATROO 14
MATROO015
MATROD18
MATROG17
MATROO018
MATROO 19
MATR0020
MATROOD 21
MATRO022
AATRO023
MATROO24
MATROO025
MATRO(O26
MATRO027
MATROG 28
MATROD29
MATROO03G
MATRO031
4ATRO032
MATROO033
MATROO34
MATRDQ 35
MATEDQ386

J

r



GO TO 46

45 H (3,8)=P (#1) +P {12) *{X~DSORT(Z 1) ~2.%%2) -P (43) * (XJJ-0. 5) **{4
46 H {1,B)=R (3) % (P (82) *XJJ /P {B4))*%2%P (45) /2.

7(B,1)=H (1,8)
1(2,2)=P (2) +P (5) *(X=1.0D0)=P {£)* (X-1.0D0 )*%2+X* (&amp; (3) *P (26) )
H(2,2)=H (2,2) +P (28) * (X~1.0D0)**3
J (3,8) =R{7) +P(6) * (X+1.0D0) =P {9)% (X*X+6.0D0%X~3.0D0)+.5SDO*R(2)*
'P{ 15)
1(1,2) =R{3) *(XA*P (17) +XA%X%0 (40)) /R (1)
H(2,4)=-P{19)
H(3,4)= (R{9)-2.0D0%{X+1.0DC)*P(9)+R(4)*(.25D0%P(16)+.5D0%D{15)))*
XA%R (1)
1(2,1)=H (1,2)
1(4,2)=8 (2,4)
q (4,3)=H(3,4)
H (4,6) =R (2) *DSORT(X/2.0)*P(34)
4(6, 4)=4 (4, 6)
16,7) == R{2) *(R{ 14) 2. 0% (¥+1.0)*P (29) ) *DSQPT (X)
H(7,6)=H{6,7)
H{7,7)=R (12) +P(28) XX-P (29) *X*% 2-2, O%R (2) *P {29) *¥X
1(2,7)=P (32)
H{7,2)=H (2,7)
1(3,7)=0.0-R(11)*DSQRT{X)*P(34)
H{7,3)=H{3,7)
4 {4,7} =DSQRT {2.0D0)*E{15)
H{7,8)=H(4,7)
H{2,6)=-R{3) *XXA%*P(38) /R(1)
H{6,2)=H (2,5)
H{1,1)=(P{1)+P(4)*X=P(7)*X*X)*R(3)/2.9D0+(P(20)+P(21)*X=P{22)*X#X)

%R (2) /2. 0DO
H(1,1)=0 (1,1)+ ((P (23) #X*%3) #8 (3) /2.0D + ((P (25) * X*%3) *k (2) /2.0D))
H (3,3) =R{6) +P(6) * {X+ 1. ODO) =P (9) * (X*X+4.0D0*X+1,0D0)-2.0D0%
1{X+1.0D0)*P(11)+.5D*P{15)-R(11)*P(14)

A {1,3) =R (3) *R{1) *P (18) /2.0D0
H(3,1)=H(1,3)
H{6,6)=(K(2) /2.0)%{R{13) +P (28) % (X+2.0) = (X#%2+8. 0%X+4. 0) *P (29) )

'{

MATRQO37
MATROO38
MATRE0039
MATRODUD
MATEO O41
MATROOQY2
MATROO43
MATROO44
MATROO45
MATROQ46
MATROO4T
MATRDOO4E
MATRGOH49
MATRO050
MATRGGS1
MATRO052
MATROOS53
MATROO5Y
MATROO55
MATROO56
TATRO0S57
MATROOSS
MATROO59
MATRGOGD
MATRODOG1
AATRGO62
MATROO063
MATROObL
MATRO 065
MATROOG6
HATROCOT
MATRDN0S
MATRCO69
MATROD70
MATROOT1
MATRO072

J
J?
No
wu)

|



4 (6,6) =H {6,6)+(R{3)/2.0)%(P(35)+P{36)*X-P{37)¥X*X)
H(3,6)=R (2) *R (15) +R (3) *R{1) ¥*P{39) /2.0
9 (6,3)=H(3,6)
AETURY
END

MATROO073
MATROOTY
MATROO75
MATROOT6
MATROO77

1
ul
No

 DS
1



52:y —

Parameter List for BaO High Lying States

lio]NC

J

3

3

10

11

12

L3

14

L5

L6

L7

18

19

20

&gt;1

/

Name

 EF

B

—

LJ

rl

XT

oP

BP

DP

EP2

BpP2

DP2

XI2

EP3

BP3

DP3

XI3

EP4

BP4

DP4

XI4

FPS

375

Physical Origin

13 (1) energy

13% (1) rotational constant

13% (1) centrifugal distortion

is ¥(1) third order centrifugal
distortion

1v2 homogeneous interaction

137 (2) energy

15% (2) rotational constant

ly ¥ (2) centrifugal distortion

y+ (3) energy

 yt (3) rotational constant

13+ (3) centrifugal distortion

13 homogeneous interaction

ls ¥ (4) energy

1x7 (4) rotational constant

13% (4) centrifugal distortion

1~3 homogeneous interaction

15% (5) energy

1y* (5) rotational constant

13% (5) centrifugal distortion

1~5 homogeneous interaction

Ls* (6) energy

yt (6) rotational constant
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parameters List for BaO High Lying States (cont.)

No.

23

24

25

26

27

~
yaIe

Name .

DP5

XI5

XI23

ETAL

ETA2

X124

Physical Origin

1x (6) centrifugal distortion

1n6 homogeneous interaction

2n3 homogeneous interaction

1v2 heterogeneous interaction

13 heterogeneous interaction

2n4 homogeneous interaction



SUBROUTINE NAMEIT (NAM, HN)
NAMEIT FOR BAO * STATES

REAL*8 NAM (M)
REAL #8 WAMES (28) /1HF, 1HB, 1HD, 1HH, 2HXI,2HEP,2HBP,,2HDP,3HEP2,3HBP2,3
{HDPP2,3HXI2,3HEP3,3HRP3,3H4DP3,3HXI3,3HEPY,3HBPY,3HDPY,3HXI4,3HEPS,

&gt; 3HBPS, MDP 5S, 3HNIS, 4HXI 23, 8HETA 1, BHETAZ, 4HXI24/
DO 10 I=29,H
NAM (I) =0.0D0
no 20 J=1,28
NAM {.J) =N AM ES (J)
RET RN
END

10

20

NAMEQOOH1
NAMEOQOZ
NAMEOOO3
NA MEQOO4
YAMNEDOOS
NAMEDOGO
NAM EQQO7
NAMEGGOS
NAMEOOOS
NAMEQOQ10
NAMEQOT1
NAMEOO12

l
un
No
~l

1



 un

 tr
~~

-

a|
Nr

 OC
~~

Sr

5
35

SUBROUTINE LEVEL (IE, NDATA)
LEVEL FOR BAD * STATES.

IMPLICIT REAL%8 (A-H,0-37)
REAL #1 TP, TS, SNGL ,FLDAT
DOUBLE PRECISION DBLE
DIMENSION TP (9,2,150),TS{9,2,150)
DIMENSION TE {9,2,150),GE{600,3),P(75),5(26),T(26),
DIMENSION D{S), E(9)
DIMEBESION NQ{6), NUM (6,609),U(9,9)
DIMENSION TERM(153,9,2)
COMMON P,GTE, NUM
COMMON/BIK2/ TERY, JMAX,H,MAXD,HAXN
COMMON /BLE3/TP, TS
qMM=Y
LEVEL FOR MATN, # IS DIMENSION OF HAMILTONIAN.
1AYP IS MAXIMUM PLUS PARITY RANK, MAXM IS MAXIMUM MINUS RANK.
M1=J MAX
15=M 1+1
PE (RANK, PARITY,J) ARE TERM FNERGIES.. 1ST DIM OF TE AGRYXES WITH HN,
3¥D WITH M1. 2ND INDEX, 1 IS PLUS AND 2 IS #INUS PARITY.
DEFINE S AND T FOR TWO PARITIES TO BE USED AS R IN MATRIX.

CALI SETUOP(P,S,1.0)
CALL SETUP (P,T,- 1.7)
CALCULATE ENERGY FOR ALL RANKS OF
50 17 I=1,M5
~J=DBLE(FLOAT(I-1))
PLUS PARITY

x =CJ % {CJ +1 .0 DO)
CALL MATRIX (S,P,X,H)
20 55 L=1,9
DO 5 K=1,9
J (L,X)=0.0D"
J(L,L)=1.0D0
JIAGONALIZE ONLY NONZERC PART OF H FOR PLUS PARITY.
12=M AXP
CALL TRED2 (M2,9,H,D,%,U)

»

LEVEDOO1
LEVEQOO0Q02
LEVEOOQOO3
LEVECOO4
LEVEOQOS
LEVEQQOS
LEVEGGOT
LEVEOO08
LEVEOOQOS
LEVY EOQ1Q
LEVEQCO11
LEVEQO12
LEVEQO13
LEVEDC14
LEVEQO15
LEVEGD 16
LEVEOO1?
LEVEQD18
LEVEQOQ1iS
LEVEDD20
LEVEOO21
LEVEQD22
LEVEQD23
LEVECO24
LEVEQO25
LEVEQO(G20
LEVEQC27
LEVEDO28
LEVEOD29
LEVEDD30
LEVEDOC31
LEVEDOQ32
LEVEDODO33
LEVEQO34
LEVEQOU35
LEVESD 36

I
J
N
0
1



a
rd

~

~

CALL TOL2(%2,9,D,E,U,IERR2)
IF (I ERR2.8E.0) GO TO 11
30 m0 12
WRITF(6,9) IERR2
"ORMAT(*ERROR IN HAMILTONIAN DIAGONALIZATION, IERR=',I2)
CONTINUE
M=M2
DO 6 L=1,H
IF {IF.NE.1) GO TO 6
IP {M=-14+1,1,I)=SNGL{U(3,L)%%2)
TS (M-T+1,1,T)=SNGL(U(1,1)*%2)
PE (M-1+1,1,I)=D(1)
MINUS PARITY

CALL MATRIX(T,D,X,H)
no 77 1=1,9
D0 7 R=1,9
1(L,¥) =0.0DD
T(L,1) =1.0D0
M3 =MAX M
CALI TRED2{M3,9,H,D,E,U)
CALL TOL2{¥3,9,D,E,U,IERR2)
IP (LERR2.NE.D) GO TC 13
GO TO 1

WRITE({6,9) I IRE?
CONTINUE
M=H3
DO 8 1=1,M
IF (IE.NE.1) GO TO 8

TP (H-L+1,2,I)=SNGL(J{4,L)*%2)
TS (M=1+1,2,T) =SNGL{U (1,1) **2+0 (2,1) #% 244 (3,1) *%2+U (6,L) *%2)
TE{(M-L+1,2,I)=D{L)
CONTINUE
SET UP TERM VALUES AND DIFFERENCES TO COMPARE WITH INPUT DATA.
ON LAST PASS, LEVEL IS CALLFD ONLY WITH If=1.
IF (IE.NE.1) GO TO 1001
DO 1364 N=1,M45

1
4

)

]
3
1

2

LEVEODN37
LEVEGO38
LEVEOODN3YS
LEVEN O40
LEVEQO41
LEVEQOO42Z
LEVEQO43
LEVEOOLYL
LEVEQD45
LEVEOQOUS
LEVEQOY7
LEVEQOOUS
LEVEQOOUS
LEVEQOS50
LEVEODSY
LEVEQ(QS2
LEVEOGSH3
LEVEDODSY
LEVEDOSS
LEVEDOS8
LEV E0057
LEVEQODSS8
LEVEOOS5S
LEVEDO6OD
LEVEDDG1
LEVEODSZ
LEVEDO63
LEVEDOGY
LEVEDO®GS
LEVECQ66
LEVEDOG67
LEVEQDOQ68
LEVEQO69
LEVEGOTS
LEVEDOO71
LEVEDOQT2

J
‘Jl
ND)
cr



 c
4

&gt;

1010

1020
19017
1001

h

DO 1010 L=1,H2
TERM {N,L, 1)=TE{L,1,N)
DO 1020 L=1, 13
TERM (V,%,2)=TE(L,2,8)
CONTINUE
CONTINUE
M= MMH
DO 50 W=1,NDATA
DO 40 1=1,5
NQ (I) =NUM(I,N)
SECOND STATE TERM VALUE SUBTRACTED FROM FIRST.

IF (NQ(2).%0.0) TOP=0.0DD
IF (¥O(5).FEQ0.0) BOT=0.0DD
IF {NO{(2).NE.O) TOP=TE(NQ{2),NQ{3),NQ({N+1
IP (NQ(5).NE.OQ) BOT=TE{NQ(5),N0(6),NG(4)+1)
GE (8 ,TE) =TOP-BOT
RETURN
END

LEVEQOQ73
LEVEOQT4
LEVEOOQTS
LEVEOO76
LEVEODTY7
LEVEQO78
LEVECCTS
LEVEQO8O
LEVEODBA
LEVEQDEZ
LEVEQO83
LEVEQOS84
LEVEQOS8S
LEYEQ 086
LEVEQOB7
LEVEQ(OSS
LEVEQO89
LEVEQCDOSD

{
Jl
0
&gt;)
|



SUBROUTINE SFTPUP (P,R,PARITY)
SETUP FOR BAD * STATES

DOUBLE PRECISION P(75),K(26)
R{1)=(1.2D0+ PARITY) /2.0D0
RETURN
END

SETULOCH
SETUOGO2
SETUGOD3
SETU0004
SETUO0OS
SETU000%

1
J
“A



SUBROUTINE MATRIX (E,P, X,H)
MATRIX FOR BAO * STATES

JOUPLE PRECISION R(26) ,P{75),H(9,9),XI,X
po 19 I1=1,9
DO 10 J=1,9
H(I, J3=0.0DD
I=, 1D2
pO 20 I=1,9
1(I,I)=XI
{I=XT+.1D0
A{1,1)=P (1) +X*(P (2) +X *{(P (U4) *X-P(3)))
1{1,2)=P (5) +P(26) *DSQRT(X)
A{2, N=H{1,2)
9 (2,2) =P (6) +X% (P{7) ~P (8) *¥)
H{3,3)=P{9)+Xx{P{10)-P(11)*X)
T{8,8)=P(13)+X¥{P(14)-P(15)*¥)
1{1,3)=P(12)+P{27)®¥DSQRT(X)
1{3,1)=H {1,3)
9 (1,4)=P(16)
d{8,1)=I{1,4)
4 (5,5) =P (17) +X ¥(P{18) =D {19) %X)
d{1,5)=P(20)
H{5,1)=H{1,5)
1{6, 6) =P (21) +X%* [P (22) -P {23)*X)
H{1,6)=P(24)
d{6, 1)=H (1,6)
1{2,3)=P (25)
1{3,2)=H (2,3)
1{2,4)=pP {28)
9 (4,2)=H(2,4)
IFETUEN
ND

MATEOOO1
MATROGO2
MATEODO3
MATROOOHU
AATROOQO05
MATROO0®
MATROOO7
YATROCOS8
MATRG OCS
MATROCIO
JATELG 11
MATROO12
MATROC13
MATROO14
YATRO015
MATROO16
JATROO17
MATRO(G18
MATRO019
MATROG 20
4ATRO021
MATRGO22
MATROO023
MATRO024
MATROOZ5
MATRCD26
MATROQ27
MATR0028
MATRGOZ29
MATROO030
MATROO 31
MATRO032
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Parameter List for Doublet Fitter

TF ~
ey

i

3

1

-

)

0

v1

| 2

3

14

| 5

LO

a)

| 3

Las 3il

20

Name

E1lS

B1S

D1S

GAMI1S

ETA12

XI13

cl4

ETALS

XI16

E1P

B1P

AlP

GAM1P

01P+

D1P

AJV1P

AVO1lP

P1P+

ETA24

J1P

Physical Origin

257 (1) energy

23% (1) rotational constant

27+ (1) centrifugal distortion

23% (1) spin-rotation

23% (1) 21 (1) rotation-electronic
interaction

23 (1)~21(1)spin-orbitinteraction

257 (1) 227 (2) homogeneous inter-
action

2x™ (1) 221(2) rotation-electronic
interaction

25F(1)~n27(2)spin-orbitinteraction

21 (1) energy

271(1) rotational constant

21(1) spin-orbit constant

211(1) spin-rotation

211 (1) A-doubling (x1)

’I(1l) centrifugal distortion

21(1l) spin-orbit centrifugal
distortion

21(1) second order spin-orbit

27 (1) A-doubling (27)

25 +t (2)227(1) rotation-electronic
interaction

21(1l) third order centrifugal
distortion
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Parameter List for Doublet Fitter (cont.)

No :

21

‘

’

-3

24

J
J

6

a)

28

20

0)

31

31

33

34

} 5

y6

J 7

3

2¢

Name

E2P

ol?

XT 34

H1S

a3

E2S

32S

D2S

GAM2S

ETA45

XI46

A2P

GAMZ2P

Q2P+

D2P

ATV2P

AVO2P

P2P+

2p

Physical Origin

21 (2) third order centrifugal
distortion

21 (1) second order energy cor-
rection

25F(2)~21(1)spin-orbit interaction

25+ (1) third order centrifugal
distortion

257 (2) third order centrifugal
distortion

27% (2) energy

27% (2) rotational constant

25% (2) centrifugal distortion

25% (2) spin-rotation
27% (2) 221 (2) rotation-electronic

interaction

25% (2)a211(2) spin-orbit interaction

21(2) spin-orbit constant

21(2) spin-rotation

21(2) A-doubling (z™)

21(2) centrifugal distortion

21(2) spin-orbit centrifugal dis-
tortion

211 (2) second order spin-orbit

21(2) A-doubling (x71)

271 (2) second order ener
tion

IV coOorrecCc-—
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Parameter List for Doublet Fitter (cont.)

No.

:0

11

12

13

14

135

vy

17

8 3

1-J

eX "

J

-

Z2

 tb"3+

.~

—

3

+

5

36

a)

5€

Name

E2P

B2P

01P-

P1P-

Q2P-

P2P

N1S

1sLx

RE)
id

Ntyi DS

—- ~~
I)

~~

lJ as?

GAMJ1S

GAMJ 2S

ETA17

XT18

E3P

33P

a 3

Physical Origin

211 (2) energy

21 (2) rotational constant

21 (1) A-doubling (£7)

271 (1) A-doubling (27)

21 (2) A-doubling (£7)

21 (2) A—doubling (z 7)

257 (1) second-order rotational
constant correction

25% (1) second-order spin-rotation
correction

25% (1) second-order energy correc-
tion

27% (2) second-order rotational
constant correction

+ 2 i

2737 (2) second-order spin-rotation
correction

25% (2) second-order energy correc-
tion

257% (1) spin-rotation centrifugal
distortion

25% (2) spin-rotation centrifugal
distortion

25 (1)n27 (3) rotation-electronic
interaction

25 (1)~21(3) spin-orbit interaction

21(3) energy

211(3) rotational constant

21(3) spin-orbit constant
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Parameter List for Doublet Fitter (cont.)

No.

59

650

51

52

A 3

54

-5

56

57

8

5¢

fr/

Name

GAM3P

Q3P+

D3P

ATV3P

AVO3P

Q3P~-

H3P

= 3P+

P3pP~-

ETA48

Goa

XT 43

Physical Origin

211 (3) spin-rotation constant

277 (3) A-doubling (7)

21 (3) centrifugal distortion

21(3) spin-orbit centrifugal
distortion

271 (3) second-order spin-orbit

21(3) A-doubling (2)

21(3) third order centrifugal
distortion

211(3) A-doubling (x1)

21(3) A-doubling (r)

25+ (2)~21(3) rotation-electronic
interaction

211(3) second-order energy
correction

29% (2)~27 (3) spin-orbit interaction



SUBROUTINE NAMEIT (NAM,M)
C THIS SUBROUTINE GOES WITH DOUBLET FITTER

IEATXE NAM (M)
REAL8NAMES (70) /3HF1S, 3HB1S, 34D 1S, 5HGAN 1S,5HETA12,4HXI13,3HC14,5H

|ET215, 4HX116,3HE1P,3HR1P ,3HA1P,5HGANTP,4H01P+,30D1P, 5HAJY1P, SHAVO
2p,4HP1P+,5HETA 24, 3HH 1P, 3UH 2P, 3HD 1P, 4H XI 34, 34H 1S, 3HH2S ,3HE2S, 3HB2S,
33H D2S, SHGAM2S, 5HETALS , 4HXIW6 ,3HA2D ,SHGAM2 P, UH Q2P+,34D2P, 5H AJ V2P, 5H
WAVO2 P, UH P2P+ ,3H02P,30% 2p, 3UB2P, 4HQ 1P~, BHP 1P-,4HQ 2P-, UHP2P -,3 HO 1S ,3
SHP1S,3H01S,3H02S,34P2S,3H02S,6HGANJ1S,6HGAMI2S,5BRETA17,4HXI18,34E3
5p ,3HB3P, 3HA3P,5HGAM3P, 4i1Q3P+, 3UD3P, SHAJV3IP, SHAVI 3D, HQ3P -,3 HH3P, 4 H
7P3P+,4HP3P-,SHETA4R,3HO3P,LHXIU]/

DO 10 I=71,M
NAM (I) =0.0D0
DO 20 J=1,70
NAM (J) =NAMES(J)
RETURN
END

NAMEDQ01
NAMEQCQOQ2
NAMEOOO3
NAMEDOOY
NAMEDOQOS
NAHEQ ODS
NAMEOOO7
NA MEOOOS
NAMEGOOS
NAMECOT0
NAMEOO11
NAMEGD12
NAMNEDO13
NAMEOO 14
NAMEOO15
NAMEOO16
NA MEO 17

l
Ji
"

Jd
]



~~

&gt;

~~.

ha|
“

a

hr

re
a

STUBROUTINE LEVEL{ITE,NDATR)
IMPLICIT REAL*8 {A-H,0-7)
REAL *4 SIZE,TP,TS,SNGL,FLOAT
DOUBLE PRECISION DBILE

JTMENS ION TP (9,2,150),TS (9,2,150)
DIMENSION T&amp; (9,2, 150) ,GE(600,3),P(75),5(26),T(26),
DIMENSTON D(9), E(9)
SYTHE NSION NQ{6),NUHK (6,500) ,7 (9,9)
DTURENSION TERM{150,9,2)
COMMON P ,GE, NOW
COMMON /BLK2/ TERM, JMAX,H1,MAXP,MNAXH
COMHON /BLK3/TP, TS

THIS SUBROJTINE SORES ¥ITH DOUBLET FITTER
LEVFL FOR MAIN. M IS DIMENSION OF HAMILTONIAN.
MAXP IS MAXTMUM ELUS PARITY RANK, MAXM IS MAXIMUM MINUS RANK.
TE(RANK, PARITY, J) ARE TERM ENERGIES.. 157 DIM OF TE AGREES WITH H,
IND WITH M1. 28D INDEX, 1 IS PLUS AND 2 IS MINUS PARITY.
DEFINE S AND T FOR TWO PARITIES TO BE USED AS R IN MATRIX.
MMM=H

~ALL SETUP ({P,S, 1.9)
2ALT. SETUP (P,T,-1.0)
CALCULATE ENERGY POR ALL RANKS OF HaCH
DO 10 I= 1,JIMAX
¥=FLOAT(I)

PARITY
CALL MATRIX(S,P,X,H)
DO 55 L=1,9
0 5 K=1,9
U{L,K)=0.0D0
J(L,1)=1.0D7
DIASONALIZE ONLY NONZERO PART OF H FOR PLUS PARITY.
4 2=M AXP

CALL TRED2 (M2,9,H,D,E,D)
CALL TOL2{"2,9,D,E,U,IERR2)
IF (IERB2.NE.0) GO TC 11
30 TO 12

 wmTs

LEYECOO
LEVEQQO2
LEVECGO3
LEVEOOO4
LEVEDDOQS
LEVEDOOG
LEVEQOO7
LEVECQUS
LEVEQCOQOOY
LEVEGDO 10
LEVEOOTI
LEVEGD12
LEVEDO13
LEVEGO14
LEVE0015
LEVEDO16
LEVENO17
LEVEQO18
LEVEQ O19
LEVEOC20
LEVEDD 21
LEVEQQ22
LEVES023
LEVEQQDZY
LEVEDO25
LEVEQD26
LEVEDO27
LEVEQDR28
LEVEOO29
LEVEGO 30
LEVEQO31
LEVEQQ32
LEVEOQ33
LEVEOO34
LEVEDQC3S
LEVEOO36
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'1 WRITE (6,9) IERR?2
9 FORMAT(' ERROR IN HAMILTONIAN DIAGONALIZATION, IERR=!,I2)
2 CONTINUR

q=12
DO 6 L=1,H
IF (IE. NE. 1) GO TO 6

PP{M~-L+1,1,I)=SNGL{U(2,L)*%2+0{7,L)¥%2+U(5,1)%%2)
IS (M~-L+1,1,I)=SNGL(U(1,1)¥%2+0U(4,1)**2)

5 TE{M-L+1,1,I)=D(L)
CF PARITY

CALT MATRIX (T,P,X,H)
30 77 1=1,9
20 7 K=1,9
T(L,K)=0.0D0
7{L,L)=1.0D0
93=MAKH
CALI TRED2 ("3,9,H4,D,E,U)
CALL TQL2(43,5,D,E,U, IERR2)
IF (IERR2.NE.0) GO TO 13
30 TO 14

ARITE(6,9)TERR2
CONTINUE
=3
50 8 L=1,M
[F(T E.NF.1) GO TO 8

TP (H-1+1,2,T)=SNGTL(U(2,L)#%240(7,1)*%2+0{5,1)¥*2)
TS{M-L+1,2,T)=SNGL(U(1,L)*%2+0(4,1)*%2)
IF (M=-L+1,2,I)=D(1)
CONTINUE
SET UP TERM VALUES AND DIFFERENCES TO COMPARE
ON LAST PASS, LEVEL IS CALLED ONLY WITH IE=1.
IF (IELNE.1) GO TO 1001
20 100G N=1, JMAX
DO 1010 L=1, M2

TERY (N,L,1)=TF(L,1,N)
20 1020 L=1,M3

3
A

~

"’ WITH INPUT DATA.

LEVEGO 37
LEVEQD38
LEVEOO39
LEVEOOLO
LEVEOO41
LEVEGOY42
LEVEOD43
LEVEQQULY
LEVEQO4S
LEVEOD UG
LEVEQOOY?
LEVEOOUSB
LEVEOOULD
LEVED0S0
LEVEQOS1
LEVEQQS2
LEVECOS3
LEVEO GSA
LEVEDDSS
LEVEDO56
LEVEQOS57
LEVEDO058
LEVED O59
LEVE0060
LEVED061
LEVEDQH2
LEVE0063
LEVEO GES
LEVEQO65
LEVED 066
LEVED067
LEVEOO68
LEVEDO69
LEVEQDT70 ©

LEVENQT1
LEVEOQ72



1020 PERM (N,L,2)=TE{(L,2,N)
1200 CONTINUE
1001 CONTINUE

 = MM N
DO 50H N=1, NDATA
DO 49 L=1,6

NO (L) =NUM(TL,¥)
SECOND STATE TERM VALUE SUBTRACTED FROM FIRST.
IF (NQ{2).EQ.0) TOP=0.0DD0
IF (NQ (5). EQ.0) BOT=0.0D0
IF (NO(2).NE.0) TOP=TE (NOQ{2),¥0(3),N0(1)
IF {HQ ({5).NE.D) 30T=TE (NO(5),NQ(6),NQ(4))
SE (N,IE) =P0OP-BOT
RET RN

 = ND
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LEVEGOT3
LEVEDOT4
LEVEOQTS
LEVEDOOQ76
LEVEOO77
LEVEQOT78
LEVECO79
LEVEDOGSD
LEVEDO8]
LEVEQQOB2
LEVEQOOS83
LEVEQOS84
LEYEQOES
LEVEOOB®
LEY EODOS87
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THTS SUBROUTINE GOES WITH DOUBLET FITTER
DOUBLE PRECISION R,P,PAR

DIMENSION P(75),R (26)
IF {PABITY.LT.0) PAR=-1.0D0
IF (PARITY .GT.0) PAR=1.0D0

C MINUS PARITY IS F
C PLUS PARITY IS EF

R (1) =P {1) - 0. 5D0%P{4)
2 (2) =P (6) +P(5)

 £ (3) =P (9) +P (2)
R{4)=P (10) =2.0D0%*P2 (11) +0. 5D0% (P (12) =P (13) ) = 0. 5DO%*P (14) +P (15) =2.0D0

1%P(16) +0.25DD%P (17)
R (5)=0.5D0%P (13) =P (11) =D. 25D2%P (18) =2.0D0%P {15) = 0.500%P (14)
R (6) =P (10) =0.5D0%P {12) =0.5D0%P (13) +P {22)+0.5D0%P (18) +0. 25D0%P{ 17) +

1p {15)
R{7)=P(11)=P{16)=P{15)
R (8)=P (23) +P (19)
2{9) =P (26) =0.5D0*P(29)
B(10)=P{31)+P(30)
R(11)=P(403)-2.2D0%D(41)+0.507%(P(32)=P(33)=P(34))+P{35)-2.0D0O*P(36

1) +0. 25D0%P (37)
R (12)=P (41) +0. SDO*P (34) -P (35) +P ( 36)
R (13) =0.5D0%P(33)~P (41)=0.2500%P (38) -0.5D0%P (34) -2.0D0%Pp {35)
R (14) =P {40)~0, 5DO%P (32) =0.5D0%P(33) +P (39) +0.5D0%P (38) +P (35) +0.25%P

1 (37)
R{15)=P (11) +0.5D0%P(14) -P{15)+P{16)
 (15) =P (41) -P(35)-P(36)
R{17)=1. CDO+PAR
R{13)=P(56)=2.72D0%P(57)+0.500%(P(58)=P{59)}-0.5D0*D(60)+P{61)=2.0D

 0% P62) +0.25D0%P(63)
R {12 )=P (57) 41. 5D0%P (60) =P {61) +P (62)
F (20) =0.5D0%P(59) =P (57) = 0.25D0%P (66) =2.0D0%P (61) -0.5D0*P {60)
R {21)=P (56) = 0. 5DO%P (58) ~0.5D0%P (59) +P (69) +0. 5D0%P (66) +P (61) +0. 25DN

*%P (£3)
R {22)=P {57)-P (62)-P (61)
RETURN

Ta

 . SETU0001
SETHL002
SETUOGO3
SETUL004
SETU0005
SETUO006
SETU0007
SETU0H08
SETU0009
SETUO010
SETE0011
SETU0012
SETUG013
SETUO04
SETUA0 15
SETU0016
SETUGO17
SETUQO18
SETU0019
SETU0020
SETU0021
SETUG622
SETU0023
SETUND24
SETU0025
SETU0026
SETG0027
SETU0028
SETU0029
SETU0030
SETU(031
SETU0032 |
SETG2033 wo»

SETU0034 5
SETU0O35 |

SETI0036
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SUBROUTINE MATRIX (R,P,X,H)
© THIS SUBROUTINE GOES WITH DOUBLET FITTER
C THIS ROUTINE TREATS TWO 2SIG+ STATES AND THO 2PT STATES
C 1 IS INDEX FOR FIRST 25IG+

C 2 IS INDEX FOR FIRST 2PT 3/2
C 3 IS INDEX FOR FIRST 2PI1/2
C 4 IS [NDEY POR SECOND 25IG+
C 5 IS [YDEX FOR SECOND 2P13/2
C 6 IS INDEX FOR SECOND 2PT 1/2

DOUBLE PRECISION R{26),P (75),%,H(9,9),XA,&amp;B,XC,DSQRT,XD,XE,SF
?AR=R {17)- 1. ODO
(A= *(X-1.0D0)
XB= (¥~ {PAR%¥1.0D%)) *X
{B=X BA
{C= (L*%*2-2,0D0)
KD=(X *%2=1,0D0)
{E=1.0D0-PAR%X
{P=1.0DY+PARYX
50 10 I=1,9
20 10 J=1,9
4 (I,J) =0.0D0
1{1, 1) =0.1D0
1{(2,2) =0.2D0
4(3,3)=0.3D0
HU ,4)=).4D)
1({5, 5) =0.5D0
516.6) =0.6D0
1(7,7)=0.7D0
H(8,8)=0.8D0
1(9,9) =0.9D0
[F (X.IT.1.5D0) GO TO 49
1{1,2)=0.0-P(5) *DSQRT{XD)
H(2,1)=1(1,2)
H{1,5)=0.0-P (8) *DSQRT (XD)
1 (5,1)=H(1,5)
3(2,2)=R (4) +R (15) * (X#%2)=P(15)*(XCx%2)

wi

MATEO00O1
MATROGD2
MATROQ03
MATROO04
MATROOO0S
MATRO0OO0®6
MATROO07T
MATRO00D8
MATROOGH
MATLOO010
VATROO 11
MATRD012
MATROQ13
MATRO014
JATRO015
YATROO16
MATRO017
MATRO018
MATROD19
MATRLG 20
MATR0021
TATRND 22
MATRO023
MATROO24
MATRO025
1ATRO026
MATROOZ27
MATRD028
MATROD 29
MATROO3 0
YATROO31
MATRO032
1ATRO0033
MATROO3L
YATRO035
JATREOD35

|
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H (2,2) =H (2,2) +0.5D0*P(42)*XD
H{2, 2) =H {2,2) +P (20) * ({ C¥%3+3 kX Lkl =T ,%X£%2 +4 ,)
H (2,3) =D SORT {XD) *#{R{5) + (0.5DO=PARKP { 14) 2X) +2. ODO*P (15) * {X*%2))
4(2,3)=H{2,3) =D {20)* (DSQRT (XD) * (3.0% X%¥4-5, 0*xX*%2+3.0))
H(2,3)=H{2,3)-0.25DC%*P(43)*DSORT(XD)=0.5D0%P(42)*XF*DSQRT(XD)
H(3,2)=H{(2,3)
q(2,4)=0.0=-P(19)*DSQRT(XD)
(4,2)=H(2,4)
H(4,5)=0.0=P(30)*DSQRT(XD)
 1 (5,4)=H(4,5)
H(5,5)=R (11) +R (12) * (X%%2) =P (35) * {¥C%*2)
 (5,5) =H (5,5) +0.5D0%P(44)%XD
H{5,5) =H (5,5) +P {21) * (X C*¥*3 +3 , xXx =T EX Ex2 +4.)
H (5,6) =DSORT (XD) *#(R(13) + (0.5D0*DAR*P (34) *X) +2, 0D0%*P (35) * (X%*2))
B(5, 6) =H (5,6) ~{{0.25D0%P {45) +0.5D0O%P (44) *XF) *DSQRT (XD))
H(5,6) =H{5,6)-P(21)*(DSORT(XD)*{3.0%X&amp;kkL4=5,0%X&amp;*2+3,0))
9 (6, 5)=H (5,6)
1{1,7)=0.0~P(54)*¥DSORT(XD)
 1 (7, 1) =H (1,7)
H (7,7) =R (18) +R (19) SX *%2=P (61) *LCH*%2
H (7,7) =H (7,7) +0. 5D0%P (64 )* XD
H{7,7)=H (7,7) +P (65) % ({CH¥3+ 3 6 kx Y=T kXk% 241,)
9 (7,8) =DSORT (XD) *(R (20) +PAR%P {60) #X+2.0D0*P (51) xX *%2)
H{7,8)=H (7,8)-0.25D0%P (67) *DSORT (XD) -0.5DO*P (64) *XF*DSQRT (XD)
H(7,8)=0 (7,3) -P(65)%(DSQRT(XD)*(3.0D0*X&amp;%4-5,0DO*X*%2+3.0D))
H(8,7)=H{(7,8)
H{l,7)=).0-P(68)*DSQORT(XD)
q{7,4)=H(4,7)
2 (1,1) =k {1)+P(2) *DSQRT (XD) -P (3) *XB+ {PAR* J. 500%P (4) *X)
9{1, 1) =H (1,1) +0.5D0%P (46) * (XD+XE%%2) +0.5D0%P (47) *LE+P (48)
H{1,1)=H (1,1)+P{24) %*(DSQRT{XB)) **3
H{1,1) =H (1,1) ~=0.5D0%P (52) % (X~-0.5D0)* (X+0 .5D0) *X&amp;
H(1,3)=R {2)=-PAR%P (5) *X
73,1) =H{1,3)
H{1,4)=P(7)
H (4,1)=P(7)

MATRDO37
MATROO38
MATROO03S
AATROO40
MATROO41
MATROO42
MATROD43
MATROO 4H
MATRGO45
MATROOU4G
MATEROGOQT
MATROO48
MATROO49
MATROO50
MATROO51
MATROO052
MATROOS53
MATROOSU
MATROODS
MATRG(O56
MATRODS7?
MATRG058
MATROO59
MATROOO60
MATROOB1
HATRO062
MATRO063
MATROOGH
MATROO065
MATROO®BG
MATRC 067
MATEOO6A
HATROO69
MATRO070
MATROGT1
MATRO072
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H{1,6)=R{3) =PAR%P (8) xX
4{6,1)=H {1,6)
A(3,3)=R (6) +R (7) *{X*%2)~ (PAR*0D.5D0*P (18) *X)+0.5D0*P { 14) * (XE*%2) - P(
15)%(A**k4)
T1(3,3) =H (3,3) +0.5D0*P (42) * (XF**2) +0. 5D0%P 43) *XF
 (3; 3) =H (3,3) +P (20) * (Xk 643 , kX KEY =5 k[*% 2 32.)
 (3,4) =R(B) -PAR*P(19)*X
H{4,3)=H (3,4
T(4,4)=R {9)+P(27) *DSQRT{XB) -P{28) *XB+PAR* 0. 5D0%P (29) *X
H{4, 8) =H (4,8)+0.5D0%P (49) * [(XD+KE**2) +0.5D0%*P {50) *XE+P (51)
T{4,0)=I (4,4)+P (25) %(DSORT (XB) ) **3
HU, 4) =H (4,4) -0.5D0%P (53) % (¥-0.5D0) * {X+0.5D0) *XE
T(4,5)=R (10)-PAR*P {30) *X
1{5,4)=H (4,6)
H{6,6)=R (14) +B (16) * (X**2) =PAR*(0.5D0% P (38) *X +0.5D0% P{314) * (X8*%2)-P (
135)%(X*%4)
H{6,6)=H(6,6)+0.5D0%P(44)*(XF*%2)+0.5D0%D(15)*XF
H@,0)=H{6,6)+P{27)¥(X*k6+3,xxx§=5,kk%2+2,)
H{8,8)=R (217) +X¥%2%R (22) ~PRAE*D.5D0*P (66) ¥X+0.5D0*P (60) *XE**x2-P (61) +

PY %kokly
H{8,8)=H (8,3) +0.5DC*P (64) %XP%*x2+0,5D0%P (67) *XF
H{8,8)=H (8,8) +P {65) ¥ (XA kuf+ 3, kX kk §~5, XY kk 2 +2.)
1{4,8)=P{70) +P(68) *XE
q(8,4)=H(4,8)
H{1,8) =P(55) +P(54) *XF
1(82, Hh=H{1,8)
RETURN
END

BMATRO0O073
MATRGOT4
HATROO75
HATR2CGT6
MATROO77
MATEDGTS
MATROO7S
HATEOO080
HATROD81
MWATROOB2
MATR(083
MATROOD8Y
MATRCO85
MATROO0806
MATROG8T
MATRO088
MATE0OBO
HATROO0SO
MATRO091
MATRO092
MATRO093
MATRGDOY
MATROCY95
HATRO3906
MATROO97
MATEOOS98
MATRO099
MATRO 100
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BAO A1S V=0 DATA FROM LAGERQVIST ET AL, MODR AND OODF

INITIAL PARAMETERS

119
1p
“3p
‘pis
\F1P
'F 3p
R15
‘R1P
RIP
13D
A13p
"3p
VAM 3D
:3PD

&gt;
310+
\N 1+
i!

5 -

Pra
RIG -

i18
itp

1 15=-

VP
 ISG M+
325GM+
13SGM+
 ISG M+

335G M+
227
ALPHAQ
3FTA J
“25
in2s
IR 2S
_B17+
ANT +

J1N+J
13e2
33p2
J)3p2
43p2
0142
3

7. 16722189D+05
N.17515009D+925
0. 17388000D+05
}.25783090D+29
0.22370000C+00
1.22370099D+CAN
2.2734 4688D-06
3. 84300000D-02
0.84000000D-02
2.1919100000+013
tn

i1 3171000D-01
28860C0D+01
 NOC DEN 3

»

2
.

)

0
0
"

¢
4

1

J
J,

Nn.0

r
M.
MC
jC



[:”
7.0
nn
1.0
0.9
0.0
nN

nn
N

1 C
1

3
7

50)
7.C
0.0
n.n
0.0

M
MC
Le

J
U1
PN

J



THE LSQ FIT

VARIANCE OF THE FIT 0.1454497D+402

COSINE: J.7244585E+00 LAMBDA: 0.7100E-01
VARB: 2.7661504D-01 STEP: 0.1000000E+01

AFTER LSQ PASS 1 THE FITTED VAIUES ARF

E1S 0.16722370D+05
BR1S 0.25783680D+00
DR1S 0.27426991D-06

VARIANC® OF THE FIT 0.7661504D-D1

M

-

 |

COSINE: 9J.8458719E+90 LAMBDA: 0.100=-02
YARB: N.7396277D-N1 STEP: 0.1000000F+01

AFTFR LSND PASS 2 THF FITTED VALUES ARF

1 E1S 0.16722373D+05
2 BR1S 0.25783692D+900
: DR1S 17.27435127D-06

VARI ANCF OF THE FIT™ 0.7396077D-01

17
by

M

COSINE: ".U496728B8E+MN LAMBDA: 0.100E-03
VARB: 0.7396072D-C1 STFP: 0.1000000F+01

“ONVERGENCF/VARIANCE

i
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QUTPUT FROM LAST LSQ PASS

{IMBER NAME

FINAL
JALUF

£1S
2p
F3P
3R1S
IRTP
3R3P
R1S
DR1P
oP 3P
13Pp
[A &gt;

M3p
. “PD

xp
VE
317+
RO)

2.16722373D+405
2. 17515009D+05S
J.17388000D+05
).25783692D+400
).22370000D+00
1.22370000D+00
7.27435127D-06
1.84000000D-02
&gt;. 84000000D-02
Cnn NnNoDp+n3

n ¢177000D-01
2886000D+01
0000000D+03

71S-~
M1S-
JR 1S-
113
ip
115-
JV 1p
13SGM+

23SGM+

13SG H+
©3SGM+
335GM+
\27 (
AT.PHAD C
3ETAQ 1
E28 C
3R2S r

BR2S ’

IB10+
JAC +

21043
23p2 n.
33p2 0.
33P2 0.
\3p2 ¢
AD 1+2 n

Se

J
"

STANDARD
DEVIATION

J.26R2E-02

3.1492 E-05

'.16538-19

CcHw

-

r

7
__-

\

)
N.

vu
qs



718
3R1S
JR1S

J.) IC
hi

1C
1c
an

)
0.)
7.)

5

1.

X,
1.0
J.0
3.0
Jt

J
eR 1c

MC

COVARIANCF MATRIX
FLEMENTS ARE ARRANGED BY PARAMETER NUMBERS

J.6U67131330D+04 -0.2597771196D+01 -0.2175968152D-13
).2597771196C+01 0.2001581854D-02 0.2101545344D-06
2.2175963152p-03 0.21715485344D-06 0.2456921758D-10

CORRELATION MATRIX
FIEMZNTS ARE ARRANGED BY PARAMETER NUMBFRS

0.100900%090D+01 -0.7220352147D+00 -0.54588u48372D+00
*0.7220352147D+C0  0.1000000000D+01 J.9476684543D+00
+0. 545PPU83720+000.98766A4543D+00 0.10000N02000D+01

EIGENVALUES OF SCALED CURVATURT MATRIX
PARAMFTFE RIGFNVALUR SQRT

0.2475378E-91 0.1573334E+09
0.4029179E+00 0.6347582E+00
0.2572328%+01 0.1603 8UBF+01

FIGENVFCTORS OF SCALED CURVATURF MATRIX
COLUMNS ARE IND COMBINATIONS IN THE ORDNR OF EIGLNVALUES ABOVE

0.2727 7.8227 -0,531u
0.7615 -0.2092 -0.6134
-0.6153 0.5286 (0.5842

SCALE FACTOR

0.6270822D-22
0.295R189D+02
).2204760D+06

3
n

JUMBER OF ISQ PASS?S =



"IT TO EXPFRTMENTAL POINTS

PRANSITTCN BETWEEN LEVELS 1 AND 2

4
c

7.
A

IN

3}
bt
1 r

—-

J

STATE? PAPITY? J2 STATE2

9 =

5
5

5
©

k
u

PAFITYZ2 EXPT

46376.00000
16723,75500
16725.29600
16727.34500
6729.9270C

16733.03200
6736.68200
6740.77900
6745.45600
6750.60400

16756.25200
16762.43600
16769.15500
16776. 36800
i6784.78400
16792.33000
16801.10200
16810436900
16820.16900
16837.46600
16841.29600
16852.63200
'6864.48700
16876.84500
16889.71600
16903.08500
16916.99300
16931.403C0
16946433600
.6961.78500
.6977.73300
6994.20400
7211.1780¢0

i7028.66600
'7046.6630N0
17065. 19400
7084.21100
7103.74500
17123.78300
T148.,34200
'7165. 39500
'7186.96000
172G9.06000
"7231.66700
17254.76500
17278.38000
.7302.48800
17327.1290)
.7352.27200
17377.90709
17404.06400
{7430.71500
*7457.88809
17485,54200
17513.74109
17542. 40300
17571.59100
1 7601.29200

CALC

16375,39655
'6723.78124
16725.32816
6727.39062
16729.96879
6733.06244
6736.67161
6740.79623
6745. 43627
6750.59165
16756.26233
6762.44822
6769.14923

6776. 36530
6784.29632
'6792.34219
66801.10282
6810.37808
6820. 16787
6830.,47204
6841.2 9048
6852.62304
6864 .46959
6676.82995
5889.70399
6903.09153
6916.99240

6931.40642
16946. 33341
'6961.77318
16977.72552
6994. 13025
7611.16713
7028.65596
7046.65651
7065.16855

7084.19 184
7103.72614
7123.77120
7144.32676

i7165.39255
7186.9683)
7209.05375
7231. 64859
7254.75255
7278.36533
7302.48661
7327.1161)
"1352.25346
1377.89839
7404. 05055

17430.7096)
174657.87529
17485.54709
17513.72464
17542.40776
£7571.59598
17601.28894

EXPT-CALC EXPTL STD DEV UNITS

7.60345
J. 02624
2.03216
‘0. 04568
0.04179
0.03044
0.01039

~N.01723
0.01973
0.01234

-0.01033
0.01222
2.0057;
N.0027°0
N.0123?
J.01219
7.00082
n,00908
00113
1.00604
‘a 00552
7.00896
L174

01505
1.01201
0.00653
). 00060

00342
*,0025Y
1.01182
 J). 00748
Je 01375
J. 01087
J. 01004
).00649
J. 02545
Jo 01916
}.01886
7.01180
1.01524
), 00245

0.00830
1.00625
2.01841
1.01245
V. 01467
J. 00139
1.01290
J. 01854
1.00861
0.01345
J. 00540
Y.01280
7. 00500
.01636

3.00476
-0.00498
0.00306

2.00000
3.05400
 Yt L7400

, 05800

, 06500

1.06500
1.06100
©, 05300
1.05200

-05200
.05200

“. 05500
«05400
J.05400
1.05400
".05400
". 05400
2.05400
J. 05400
 «05200
}.05400
J. 05400
1.05400
9.05400
1.05400
J.05200
3.05400
).05400
J. 05400
J. 05400
).05400
}. 05400
1.05400
2.05400
).05400
).05400
). 05400
7.05400
J.05400
1.05400
1.05500
0.05500
).05400
J.05400
).05400
J .054 00
0.05400
1.05400
J. 05400
). 05400
1.05400
1.05200
1.95200
1005200
1.05200
1.05200
). 05200
1.05200

C

ce
Cd
CHM
cH
CM

2

-1
a
3



39.1
0.0
51.0
72.0
53.)
“gn
35.”

31.
TC

"0.
"n.

oo
15.0

. 9

my

A
;

y

n

TH i

§

3
5
oS F

17631. 48600
17662.17800
17643.38300
17725.08400
17757.31500
*7790.01300
17823.22800
7856. 95800

17891.16600
17925.86800
'7961.09100
17996.80900
18033.0330¢C
'8069.74400
181726.95400
iA1uu4.69800
18182.90300
18221.61100
18260.79500
18300.48400
jA340.67100
18381.36500
18422.55800
8464.23400
.857%6. 40109

 #549. 10300
8592.21900

18635.8890C
.8680. 02600
18724.65300
1#769.75000
18815.357¢CC
18861. 4560C
18908.02700
18955.0910%
19002.64900
19057.68300
19099.25200
19148.24100
19197.73300
19247.71200

17631. 48624
7662.1875)
17693.39231
17725.10023
17757.31101
.7790.02406
17823.23901
17856.9 5544
17891. 17291
.7925.89097
17961. 10918
17996 .82707
18033.04418
18069.76005
18106 .97419
18144, 68612
18182 .89534
18221.60137
18260.80370
18300.50181
12340. 69519
18381.38331
18422.56564
jBubL.24164
18506.41077
18549.07247
18592.22613
18635.87133
‘8680.00736
8724 .63363
#8769.74979

18815.35483
18861.44846
18908.02999
8955.09881

19002. 65426
.9050.69574
19099.22261
19148.23420
19197.72988
g247.70897

-0.00024
-0.00959
-0. 00931
-0.01629
0.00399

-0.01106
-3.01101
0.00256

-0. 00691
-0.02297
-%. 01818
-0.01807
-0.01118
-0. 01605
0.02019
0.01188
2.00766
0.00963

-0.00870
-0.01781
-0.02419
1.01831
-0.00764
-0, 00764
-0.00977
0.03053

-G.00718
0.01767
3.01864
7.01932
2.00030
1.00217
J.00754

-0.00299
-0.00780
0.00526
".01274
5.02939
2.00680
2.00312
J. 00303

9.05200
).05200
7.05200
2.05200
).05200
7.05000
3.05000
3.05000
3.05000
1.05000
1.05000
1.05000
0.05000
3.05000
2.05000
J. 05000
3.05000
2.05000
3.05000
1.05000
0.05000
1.05000
}.05000
J. 05000
'.05000

07800
.05000

*.05000
«05000
J.05000
Ja 05000
J.05000
1.05000
1.05000
).05000 '

3.05000 Id
). 05000 ZH
J.05000 cy
J. 05000 cH
1.05000 cH
0.05000 cH

i
‘n
Jl
ND

1



OBSFERVYED-CALCULATED

NO. OF POINTS ON ABSCISSA = G9
V0. OF INTERVALS ON ORDINAT® = 118, INCREMENT = O0.600E-22

=N _INYANNR +0) J«.300000E+00

i
*

ba
a

26.0
371.0
18.0
49.0
30.0
21.0
22.0
2d
13
0

i

A
J



56.0
57.0
58.0
59.0
60.0
61.0
€".0
LA
[1

 dtxd y
J.

8
on

v
17.0
313.9
4.0
95.0
36.0
97.0
98.0
99,.G

3

Jl
J



TERM “NERGIES PLUS PARITY

0.0

1.(

2.0

TUN

Ye

3.0

5.0

yn

3.7

3.0

pn

1.0

12.0

13.0

14.0

15.9

16.0

17.0

18.0

19,0

20.0

21.0

22.7

23.0

24.0

25.0

26.0

27.9)

28.0

29 1)

17498,36241 16722.234N 0. 00002 0.00001 0.00001
pT ,A9151G.9097 PI.OAOSIG*¥%* PL,0 SIG.N "T.0 SIG.T PI***+SIG.000PI

17570.28601 174882.831024 17333.60237 16722.74995 0.00002
1.767516.N00PI.N00STG.100PI.2335IG.0G0 PT.0JDSIGH*** PI,D SIG.C PI
17571.18228 174 89.7591 17334.50788 172R8.66406 16723.78124

»I1.767SIG.000 PT.000SIG.0N0 PT.2335IG.007 PI.N0NSIG.000 PI.J00SIG*¥** PI
17572 .52667 17491.74939 17335. 85713 17289.99570 16725.3281¢€

51 .7675I5.000PI.000SIG.000PT.23351G.00¢ I1.000SIG.000- PI.000SIG#**%* PJ
17574.31915 17492.8un67 17337. 65618 17291.77118 16727.39068

’T.7675T5.000 PI.000SIG.200 PT.233STG.00 ©°I.N00SIG.000 PI.000SIG**#** PT
17576. 55971 174%85.07972 17339.90471 17293.99650 16729.96879

21.767SIG.000PT.000SIG.020PT.2325IG.00” 2I.000SIG.000 PI.000SIG**&gt;* PI
17579. 24831 17497.76650 17342.60298 17296.65362 16733.06244

9T.7675I6.070 PI.29NSIG.Y"0 PL.232SIG."C ©PI.NNISIG.QN0 PI.000SIG**** P]
175R2.38490 17500.96098 17345.750R4 17299.76052 16736.67161

I.76751G.070PI.ANASIG.MMPI.232STG.N0"PT.N2ASIG.JI00PI.NO0SIGk*** p.
17585.96944 17504 .48310 17349.34823 17303.31115 To740.79623
5T.767SIG.000PI.000SIG.ON0PI.2325TG.N0 PI.N00SIG.000 PI.O00SIGk*** PI
17590.09188 17508 .51282 17353. 39509 17307.36547 16745.u43627
2I.76751G.070PI.001SIG.000PI.2325I6.00% &gt;I.001SIG.000 PI.000SIG****
17594.48215 17512.99717 17357. 89135 17311.74343 16750.59166

1.7675TG.000 PI.0J1SIG.000PI.232SIG.N0CPI.001STG.000 PI.J00SIGH¥¥* PI
17595.41019 17517.91478 17362.82693 17316.62499 16756.26233

31 .7675TG.000 PI.H01SIG.N00 PI.2325IG.000 PI.N01SIG.000 PI.O000SIGH*** pI
17604.78593 17523.28688 17368.23174 17321.95008 16762 .44822

T.7675IG.000 PI.N01SIG.M0" PI.232SIG.000 PI.J01SIG.700 PI. Q00SIGH*&amp;¥ pT

17610. 6Ca27 17529.106390 17374.07568 17327.71863 16769.14923
2T.766 SIG.000 PI.ND1STG.NONPI,231SIG.000PT.N01SIG.%70PL.0O0OSIG*¥#4 PI
17616.28014 17535.37293 17380.36R66 17333.9305% 16776.36530

51.766SIG.000PI,001SIG.000PI.2315IG.000 PT.001SIG.1200 PI.NO0NSLGk*** Pl
17623.59844 17542 .08669 17387. 11955 17340.58585 16784.09632

&gt;I.7665IG. 000 PI.0NNISTG.000 PI.231SIG.000 PI.0N01SIG.N00 PI.QQQSIG**#* PI

1763" .76496 17549.24747 17394. 30124 17347.68436 16792.34219
PT .76FSIG.N00 PI.002575.000 PI.231SIG.000 PI.N02SIG.000 PI.J00SIG¥*** PJ
17638.37691 17556.85517 17431. 94061 17355.22692 16801.102¢82

OT L.766ST5.000 PI.N02S5IG.170 PT.231SIG.N00~21.0025IG.000PI.NOOSIG**x* PJ
17646. 43686 17564.90968 17410. 02851 17363.21175 16811.37808

PI.766SIG.N10PI.ND2SIG.N00PI.230STG.700 PI.0025IG.000 PI.000SIGe¥*+* pI
17654.94379 17573.41086 17418.56482 17371.63843 16820.167817

PI.7655IG.0"Y PI.NN2SIA.MNYC PI.230SIG."NHPI,NN2SIG.N00PI.Q00SIG**** PI
17663.89758 175182.35859 17427.54G37 173#0.50497 16830.47204

PI. 7655TG. 000 PI.MN3SIG.NIN PI.230SIG.00) PIL.I02SIG.T200 PI.COISIGk¥*%* pI
17673.298C9 17591.75274 17436.9R8200 17389.82226 16% 41.2904f

°T,.765SIG.000 PI. 003SIG.0NC PI.2305IG.000 PI.N03SIG.000 PI.000SIG**&amp;x PT
17683 .14518 176 01.59316 17446. 86257 17399.57818 16852.62304

PI.765SIG.700PI.0N3SIG.NOQPI.229SIG.000 PI.003SIG.000 PI.Q00SIG¥**¥ PI
17693.4387N0 176 11.8797" 17457. 19088 17409.77661 16864.46359

2 ,764SI3.000 PI.0N03SIG.N00 PT.229SIG.000 PI.003SIG.000 PI, 000SIG***¥* PI
17704.17849 17622.5 1272 17467.96677 17420.41742 16 £76.82995

ST.T64SIG.000 PI.OOMSTGL000 PL.229STG.20C I.703SIG.000 PIL.000SIG***¢ Pl

17715. 36439 17633.799054 17479.19004 17431.50049 16889.70393
PL.764SIG.NNY PI.CGO4SIG.INM PI.228S1G.N00 21.004SIG.000 PI.O000SIG**»* PJ

17726.99624 17645.4 1450 17499. 86050 17443.02566 16903.09153
3T.764SI5.NN) PILNALSIG.INN PI.2285IG.10" PI.204SIG.NJ0 PL.NDOSIG**%* PI
17739.17385 17657.42302 17502.97745 17454 ,992R0 16916.9924C

I.7635IG.C00 PI.N0S5SIG.N00 PI.22fSTG.007 2T.004STIG.000 PI.QONSIGk*** PI
17751.59705 17669 .99862 17515.54217 17467.40175 16931.40642

PT.76351G.000 PI.0055IG.000 PI1.2275IG.0097 PI.0J4SIG.000 PT.NO0SIG**3* Pl
17764 .56565 17€82.95841 17528. 55296 17480.25236 16946.33341

Dp

1
ul
9)!
ul



PT .7635IG.000PI.005STG.000PI.22751G.000 PI.00551G.000 PI.000SIG*#+*% pI
30.0 17777.97944 17696.3631N 17542.71018 17493.54447 16661.77318

PT.7625IG.000 PY.006STG.NCO PI.22751G.000 PI.005SIG.J00 PI.000SIGE*#% DT
31.0 17791.813823 17710.21248 17555. 91331 17507.27790 16977.72552

PI.76251G.0N0 PI.096S5STG.000 PI.226SIG.000 PI.005SIG.000 PT.000SIGs*+x pT
312.0 17806. 14182 17724.50633 17570.26240 17521.45247 16994 ,19025

PT.762S516.009 PI.NCTSIAR.NNG PI, 226SIG.N2" PI.N76SIG.N0Y PI.000SIGe#»*% p!
13.0 17820 .83097 17739.24445 17585.05711 17536.06802 17011.16713

PI.762SIG.000 PI.007SIG.0N0 PT.2265IG.0M) PI.N06SIG.N00 PI.NO)SIGH**+
34.0 17836.13247 17754 42662 17600.29720 17551. 12434 17028.6559¢6

?I.761S51G.1200 PI.ND7SIG.000 PI.22551G.000 PI.706SIG.000 PI.0D0SIGk**x
35.0 17851.71909 17770 .705259 17615. 98239 17566.62124 17046. 65651

21. 7€15TG.900PI.0NASIG.N00PI.2255IG.0N0GN PI.007SIG.000 PI.000SIGH*%=
15.0 17867.79959 17786.12214 17632. 11243 17582.55E53 17065.16855

?T.760S51G.000 PL.008STG.I00 PI.224STG.00C PT.007SIG.000 PI.000SIGH*#%
37.0 17884.322373 17802.613503 17648.68703 17598.93599 17084.19184

I.7€0S16.170 PI.D09STG.000 PL.224S1G.000 PT.007SIG.000 PI.000SIGk*¥*#
38.0 17901.29126 17819.59099 17665. 70592 17615.75341 17103.72614

I.7605IG.700 PI.NY9SIG.N00 PT.224SIG.0N0 PI.008SIG.000 PI. 000SIGY*4»
319.0 17912,79193 17836.98978 17683. 16881 17633.01957 17123.7712¢C

~T.7595TG.NN0 PILN17SIG.APM PI.223SIG,99%PI.NOD8SIG.MN PI.000SIGHH%»
49.0 17936.55546 17254 .23113 17701.07541 17650.70724 17 144,32676

1.7598I6.090 PI.010STIG.100 PI.223SIG.0C° PI.J08SIG.0Y0 PI.NONSIGH**s pj
41.0 17954.85159 17873.11477 17719. 42541 17668.24320 17 165. 39255

‘1.758516.000 PI.011SIG.0N00 PI.22251G.007 PI.009SIG.000 PL.0O00SIGH*%* pI
42.0 17973.59715 17891.84043 17738. 21851 17687.41R820 17186.96830

L.75R85LG.000PI.011ST3.000PI1.222S1G.N0 PI.009SIG.N00 Pi.000SIG**#&amp;* pI
43.9 17892.77054 17911.71781 17757. 45439 17706.43198 17209.05375

L.7585TG.700 PI.N12SIG.000 PT.2225IG.000PI.009SIG.000PI.000SIGk**e pT
44.0 18012. 39278 17930.61663 17777.13273 17725.88431 17231.6485¢

’1.757515.900 PT.712SIG.000 PI.221S1G.J00 PI.010SIG.000 PI. 000SIGH*4+* PT
15.0 18032.45647 1795C.66660 17797.25320 17745.77492 17254.7525%

°PI.7575I1G.7") PI.N13SIG.NC PI.221SIG.307PI.J17°SIG.700PI.000SIG*#*»% pT
46.0 1PC52.96131 17971.15749 17817.21548 17766.10355 17278.36533

PT.755SI5.000 PI.N13SIG.720 PI.220SIG."09 PI.J117SIG.5IC PI. 000SIGk**% PI
47.0 18073.90698 17992.00973 1783n.81020 17786.860491 17302.48661

T.756SIG. 000 PI.0T4S5IG.000 PI.220SIG.N00 PI.011SIG.000 PI.000SIG**#%% pT

18.7 18195.29317 18713 .46028 17860. 26404 17808.027374 17327.1161¢
’.75551G.N00PT.014STG.000PI.2195IG.00"PI.011SIG.000PI.00QSIG**%*pI

19.97 18117.11956 187 35.27177 17882. 14962 17829.71474 17352.25346
L.755S15.90C PI.D155T6.900 PT.219SIG.007 PI.011SIG.000 PI.000SIG*%%* pT

30.0 18139.38531 18057.52268 17904. 47560 17851.79262 17377.89839
"T.754ST7G.200 PT.016SIG.000 PT.218SIG.000 PI.J125YG.000 PI. 000SIG*¢* PI

51.0 18162.79158 18080.21288 17927.24160 17874.30709 17404.05055
2I.75451G.73% PI.216STG.000 PI.2185IG.000 PI.) 12SIG.000 PI. 000SIGH*»¥

52.0 12 185,23653 18103.34195 17350. 44725 17897.25782 17430.709€0
PT.753516G.092 PI.C17SIG.N0N PI.217STG.ACC 2T.)135IG.000 PI1.00NSIGr»xs

33.0 1820n0.22032 1R126.510954 17974.09217 17920.64452 17457.87520
PI.753STG.000 PI.D17SIG.100 PI.2175SIG.000 PI.013SIG.007 PI.ONOSIGeRk**

54.0 18232.84257 18150.91529 17998. 17596 17944, 46685 17485.54700
PI.7525IG.0N0 PT.018SIG.070 PI.2175IG.000 PI.N13SIG.000 PI.000SIGH*%x%

55.7 18257.37293 18175.35885 18722. 69825 17968.72450 17513. 724864
L.752515.000 PT.N19SIG.900 PI.216SIG.00( PI.014SIG.0N0 PI.Q00SIG*%%k PI

36.0 18282.27123 18270.23983 18047. 65662 17993.41712 17542 .40776
’L.751ST5.900 PT.019STG.000 PI.216516.000 &gt;I.014SIG.000 PT.0N00SIGE*x% PI

37.0 18397.53648 18225.55786 18073. 05666 18018.54438 17571.59598
’L.750SI6.070 PTI.020SIG.00C PI.2155TG.00" &gt;T.014SIG.000PI.000SIGE*%%PI

58.0 18333.30890 18251.31255 18098. 89198 18044.10592 17601.28894
"T.75081G. )70 PT.021SIG.700 PI.215SIG.00C 2I.J155IG.000 PI. Q00SLGHn=Pl

59.0 12359.51799 18277.50352 18125. 16413 18070.10140 17631.48624
PL.7U9S15.270 PILD215IG.2YN PI.L214SIC.NC"T1.71551G.900FT.000STGH244 PI

50.0 173P6.16309 18304.13037 18151.27271 17096.53044 17662.18750
L.749515. 000 PI.N22SIG.""N PI.214SIG.M0‘PI.N155IG.0C"PI.000SIGK*x* PI

61.1 18413.2414195 18331.1%269 18179. 01727 12123.39260 17693. 39231
I1.748SIG. 000 PI.223SIG.000 PI.213SIG.N00P1.016SIG.000PL.00NSIGH*x% BI

52.0 18440.76037 18358.59006 18206.59738 18150.68775 17725. 10029

L

y

~

Ji



63.7

64.0

65.0

56.0

57.0

58.0

59.0

0.0

"1.0

12.0

13.0

74.0

75.0

16.7

77.0

78.0

79.0

30.0

81.0

32.0

83.0

84.0

RS.0

26.0

37.0

38.0

39.7

311.0

91.0

12.0

33.9

Ju .n

95.0

?T.7475IG.070PI.N24S1G.000PI.213SIG.00N PIL.N16S1G.D00 PL.0ONNSIG***+ pI
18468.71163 18386.62208 18234. 61259 18178.41526 17757.31101

?I.7475IG.N00PI.024STG.000PT.212SIG,.000 PI.317SIG.000 PI.000SIG*4%% pI
18497,.09742 184 14.98831 18263.76245 18206.57481 17793.0240b

PL.7465I6G.000 PI.J25SIG.N00 PI.212ST1G.000 PI.017SIG.000 PI.Q00SIGH»*% pI
18525.91729 18443.78833 18291. 94651 18235.1€602 17823.23901

PI.746SIG.0NN P1.026STG.0MPT.211SIG.000 PI.017SIG.N00 PI.000SIGe#*** pI
1A555.17081 18473.02169 17321.26428 18264.18848 17856 .95544

PI.7U5S5IG.CND) PI,N27STG.NI0 PI.211SIG.ACN PI.018SIG.NGN PI.O0DSIGe»¥&gt; PI
185R4.P5754 18502 .6R796 18351.01532 12293.64178 17891. 17291

PI.7445IG6.000PI.N27SIG.000PT.21051IG.000PI.018SIG.009PI.NONSIG**%*pI
18614.977M 18532 .78668 18381. 19913 18323.52549 17925.R9097

T.744SI1G.000PI.N285TG.N00PI.210SIG.000 PI.018SIG.0N00 PI.000SIG***% PI
18645.52877 18563.31739 18411. 81524 18353.82920 17961.10918

PI.7435TG.000PI.H295TG.000PI.209SIG.000 PI.019SIG.000 PI,000SIG*%%x PI
18676.512135 18594,27563 18442, 86315 18384.58247 17996 .82707

PI.7425IG.000 PI.030STG.N00 PI.209STG.0N0)0 PI.N19S1G.000 PI.00Q0SIG¥*%* p
18707.92729 18625.67293 18474. 34237 18415.75487 18€33.04418

'T.741SI6G.070PI.031ST76.000PI.209SIG.COQ PI.019SIG.000 PI. 000SIG=»*%* PT
17739.77319 186557.4968N 18506. 25240 18447.35593 18069.76005

"T.781516.799 PL.N31SIC.N00 PI.208SIG.AM) PI.9220S1G.)2NN PI.000SIG***»* pT
18772.144G20 18629,75077 1853R.56272 1P479,.3R523 1% 106.97419

?I1.740516G.9200 PI.032SIG.00N PI.208SIG.0M"Y PI.N20SIG.N0N PI.NONSIGH**k* PI
18804 75537 18722 .43434 18571. 36283 18511.8422p 17 144.68612

2I.739516G.900 PI.0335IG.200 2I.207SIG.000 PI.020SIG.000 PI.000SIG**#%% PI
18R37.89084 18755.5u4702 18604, 56219% 18544,72663 18182.89534
M.7395TG,700PI.D34S16.000PI.207SIG.000 PI.021SIG.00" PI.000SIG*¥*% pI
18871.45520 18789.883 18638. 13429 18578.173787 18221.60137

PT.738516.070 PI.035SIG.00C PI.206STG.000PI.021SIG.00CPI.000SIGH%%% PI
18905. 447913 18823.935767 18672.24658 18611.77539 18260.80379

PI.737S16.9090 PI.J36SIG.00C PI.206SIG.N00 PI.021SIG.000 PI.000SIGH&lt;++* PI
18939.86852 18857.45461 187906. 73053 18645.93866 18300.50131

PI.7365IG.00N PI.N37SIG.I2"C PI.205SIG.000 PI.022SIG.000 PI.Q00SIGH=%* pI
1P974.71643 18R92.27860 1"741.64158 18680.52737 18340.69519

PTI.736SIG.M"N7 PI.M37SIG.0NC0 PI.2019SIG.NCO PI.N22SIG.090 PI.NQ)SIG**%+* pI
197040.909113 1R927.52911 ‘R776.97920 17715.54094 18321,38321

PI.73551G.000 PI.N3BSTIG.00C PL.2045IG.0N0 PI.022SIG.N2N P1.CONSIGHk**% PI
19945.692 128 18963.20560 18812.74281 18750.97884 18422.56564

PI.734STG.000PI.N39SIG.0N00 [.2045IG.00D PI.N23SIG.000 PI.00DSIGk*%%x pT
19781.81874 18999.37753 18848. 93185 18786.34057 18464.24154

2T.733SI6G.000 PI.OUCSTG.J0C PT1.203ST5.000 PI.023SIG.000 PI.000SIG*4%% pT
19118.37"54 191 35,R3435 18885. 54575 © 18823.12561 18506 .41077

PI.733SIG.2%0 PL.Y241SIG.09C PY.2035IG.00) PI.N23SIG.000 PI.00NSIG.999 PI
19155. 34694 19072.78549 18922. 58393 18859.83341 18549.97247

PI.73251G.000 PI.D242S1G.000 PI.2035IG.000 PI.D235I%.000 PI.000SIG.9%99 PJ

19192.74736 19110.160M1 18960. 04580 18896.961345 18592.22618
P1.73151G.1%0 PI."43STG.A"N PIL 202SIG.0C7 'T.N24SIG.N0O PI.00ISIG.399

19230.57123 19147.95852 1R8967.93Q07° 18934.51512 13635.871233
PI, 7305IG.000PI.OULSIG.N00PI.2025IG.04"JI.)24S5IG.000PI.0N0SIG.599

19268.81796 19186 .17926 19036.23826 18972.4P804 17 680.00736
2I.72951G.000PI.0455IG.001PI.291SI6.00" 2I.024SIG.000 PI.000SIG.999

19307 .48698 19224.82204 19074. 96764 19019.88148 19724.63368
PI.729SIG.000PI.OU46SIG.001PIL201SIG.0CY I.0255IG.000 PT.00NSIG.999

19346 .57769 19263.8R628 19114. 11832 19949,.69433 18769.74970
21.728STG.000 PI.O4TSIG.INT PI.200SIG.002I.0255IG.000 PI.000SIG.999 pl
19386.08948 19303.37137 19153. 68947 19088.92782 18815.35433

PI.72751G.090PI.0#48SIG.N01PI.200SIG.N0" T.025SI/.900 PI.000SIG.399 PI
1942¢.02175% 19343.27672 19193. 681127 19128457957 18861.44846

2I.726S1G.270 PI.MU9SIG.2N1 PT. 199SIG.NN»I1,726SIG.0NN PT. 00NSIG.999
19466.37388 193R3.6C172 19234, 0918¢ 1916R.64960 1608.02959

PI.7255IG.000 PI.N50SIG.001 PI1.1995IG.00N PI. N26SIG.1707 PI.N09SI1G.399 PI

19507.14526 19424 .,34576 19274.92150 19209.13730 12955.09490
?L.724ST6.070 PX.051S1G.071PI.199SIG6.000PI.026SIG.000 PI.000SIG.299 PI
19548.33525 19465.57822 19316. 16926 192592.04228 19002.65426

PI.72457G.00C PI.052STG.J91 PI.19RSIG.0N00 PI.026SIG.000 PI.000SIG.399 PI
19589.94322 195C7.78848 19357.83u51 19291.36333 19951.69574

2

J
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ul
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96.0

97.0

3a.0

2I.723SI6.000 PI.N53ST¢.001 PI.19RSIG.000 PI, 027515.%00 PI.0D00SIG.%99 PI
19631.96854 19549.08589 19399.91661 19333.19943 19n099.22251

PT.722SI6.000 PI.O54SIG.NNT PI.197STIG.000 PT.02751G6.000 PI.000STG.999 PI

19674, 41055 19591.499384 19442, 41489 19375.25277 19148 .23420
PI.7215IG.700 PI.N55STG."1 PI.197SI5.7C" PT.727SIG.020 PI.00)SIG.999 PI

10717.26259 19634.32966 19485.3206R 19417.81972 19197.72948
2T.720S1G.90N PI.NSASIG.ONT PI. 196SIG.NNA PI.N27STG.NNN PL.ONNSIG.999 PI

TERM ENERGIES MINUS PARITY

0

0

2.0

 tr. 0

1.0

2 2

ve0

0

1.0

nL.0

10.0

"1.0

92.

13.0

14.0

15.0

16.0

7.0

8.0

19.1

20.1

21.0

22.1

23.0

24.9

25.0

26.0

17488.2237)
PI.0 SIG.O

17570.28600
PI.767SIG.72

17571.1822¢
9T.767SIG.N

17572.52664
21.76751G.0

17574.31911
 dM .767516G.9
17576.55965

M.T767516G.0
17579.24822

2 .76751G.0
17582.38478

9T.76751G.0
17595,96929

21.7675IG.1
17590.00169

PT. 76751G. 0
17594.48191

PI.7€75IG.)
17599.41991

L.7€75TG. 0
17604.78559

21.767S1G.1
17610.60887

2T.76651G.1D
17616.87968

PT .76651G.2
17€23.5979

PI.766 SIG. D
17630.76347

2I.766 SIG. 0
17638.37624

XX.T766STG.0
17646.4361

1.7665T5.0
17654.94296

PI.765STG.7
17663.89664

PI.7655IG.N
17€73.29707

PT .7655I1G.%
176R3.1440F

PI.765S1G.0
17693 .43748

PT.764SIG.1N
17774 .17716

PI.7645T6G.9
17715.26295

PI ,7RUSIG.D
17726.99468

PI.T64S51G.D

3.00002
1.0 SIR.0

17488.67152
PI. ANNSIG."

17489.56714
PT. AP SIG.N

17490.9105%
"I.N0NSIG.0
17492.70176

JI. 000S1G.D
17494 ,34071

2T.000STG.0
17497.6 2737

J1.000SIG.0
17500.7617

2I.900SIG.)D
17504.3436

'I.MPYSIG.D
175048.3732-

2I.001S1G.0
17512 .8502F

I.001S1G.0
17517.7747°%

I.NN1SIG.TD
[7523. 1466

T.0015TG.D
17528.96576

’L.0015I6.0
17535.72321

2I.MN SIG.
17541 ~455F
A.DPTGL

17549 ,11692
21.00251IG.0

. 7556 .7133%

 IT. N0251IG.)
17564 .7675C

27.002S5IG.19
1757 3.2682

3T.N02S16G.0
17582.2156

'I.N03SIG.N
17591.6093!

2I.703S1G."
17601 .444927

1.003516.
17611.7351¢L

31.003SIG.
17622.4€73¢
I. 004S5TG. 0
17633.5451"

TL.A0USIG.D
17645.2685!

IT.NO0LSIG.0

J. 050M
’T.0 SIG.0

17333. 6083"
2T.233SIG.0
1733 4.5078%

 I. 23351G.0
17335.R5717

»T.23351G.19
17337.656C7

'I.23351G.0
17339.9047¢C

'T.23251G.0
17342. €029¢

‘1.232516G.0
17345. 75087

31.23251IG.0
17349.3u82

27. 232516.0°
17353.3950

31.2325IG.9
17357.8913

31.23251G.9H
17362. 8368¢

'T.23251G.0
17368. 2316¢

'1.23251G.0
17374. 075¢

21.231ST%.0
17380.3685

2T.231SIG.0
17327.11048"
T.231SIG.
17394. 3611

?I.23151G.0
17401.9404¢

'T.231SI6G.)
17416. 028.

'T.23081G.0
17418. 564R:

T.230SIG.0
17427.54971
° .230SIG.)

7436.98158°
’T. 23051G.1
17446.R623¢€

M.229516G.0
17457.1906"

2I1.22951G.0
17467.9665"~

T.229S1IG.w
17479. 1397

’T.22851G.0
17490. 8602

PT .228STG.0

3.000 J.9
PI*=%*STG.0 PI.0 SIG**¥* PI

).00102 0.0
MT.0 SIG.) P1.0 SIG *** PI
17288.66U06 0.0

'T.200S5IG.0 PI.0 SIg*¥*» PI
172R9 20570 0.0

PT.000SIG.0 PI.N SIG***¥ PIL
17291.77118 0.0

2I.000SIG.) PL.J SIG*#*** PI

17293.499750 0.0
L.000S1IG.0 PI.0 SIG*4&amp;*% pI
.7296.65362 N.0
T.0005IG.0 PTI.0 SIG***x PI
.7299.76052 N.0
1.000STG. 0 PI.0 SIGr#4*»r PI
17303.31115 0.0

T.N0NSIC.H PI.J 3IGr¥*¥ pI
17307 .3054% 0.0

I.I01SIG.) PY.) SIGk*** pI

17311.74343 2.0
'1.00151G6.0 PI1.0 SIG**%% PT

17316.62499 0.0
£.001SI5.0 PI.0 SIG¥*%% PL
17327.950N06 C.9
“edu T75.0 PI.0 SIG*¥*%x%x PY

r3 “865 1.0

‘ad je 0 ’I.0 SIGre&gt;y PI
13 12°)58 0.0

PT.0018IG.0 21.0 SIG*+** PIL

17340.5R585 N.0
7.721516. 0 PT.0 SIGk*%%x PI

7347.68436 0.0
'{.002S5IG.0 PI.0 SIGk*%% PI
:7355. 22692 0.0

'L.002516.0 PI.0 SIG¥¥*%x PI
17363.21074 0.0

'(.00251IG.0 PI.0 SIG¥¥%*k PJ
17371.63843 1.0

'I.0025IG.0 PI.0 SIG**¥%x Pp]

17383.592897 9.0
'£.00251G.0 PI.0 STIGre*x PI

17389.82226 0.0
I.MN38IG.W0 21.0 SIG**** PI

7399.57817 0.0
2.303s51IG.0 PI.7 SIGk%x%% Pp]
7409.77660 N.0

{.003SIG.0 PI.0 SIG*»%* PJ

17420.81742 0.0
.00351G.0 PI.0 SIG*%%x%x DPI

t7431.50748 n.0
'T.004SI6G.0 PT.0 SIG¥*%x DI
17443.02565 0.9

2I.004S51G.0 PT.0 SIGr*»’ pI

i
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|



17739.07217
’T.7635IG.9

17751.5085214
’T.763SIG.D
17764 ,5637"
L.7635IG.0
17777.97736

’1.7625IG.0
17791.83600N

T.762S51G.7
17806. 13944

PI.76251G.0
17820.83743

2I1.761516.0
17936.07977

°I.7615IG.0
17851.7162"

9T.7615IG.0
17867.7965¢€

XL. 760SIG.0
17884 .32052

°T.760SIG.J
17901.2878"

PT.760SIG.D
17918. 6983"

PI.759516.0
40.0 176¢36.55169

PI.759S1G.90
$1.0 17954.924762

PI.758S5IG.90
12.90 17973.53858"

PT.75851G.0
13.0 17992.76615

T.757SIG.0
18012.38817

?L.757SIG.0

18032, 45167
I.757515.0
1R0652,95628

T.755STIG.0
12073.93167

.756S5IG.0
18095.28762

PL .7558IG.0
18117 .1137¢F

M.755516G.9
18139.37974
I.754S81G.0
18162.08524

’T.754S1G.D
1R 185.2299"

T.7535TG.)
1R200.R 1342

I.753S5716.0
18232.83539
TL.752516.9
18257.2954"

d.751815.0
18282.19324

T.7515I5.9
18307.52837

‘T.753S1G.9
181333.30047
1.75751G."
12354, 59914

2I.,7405IG.N

7.0

1t9.N

50.0

R2.D

YA JO

537.0

28.0

59.1

17657.33740
27.705S16.0
17669.85150

2T.7058IG."
17682 .81066

21.0058 IG.1
17696 .21470

’I.106SIG.D
17717.261339

T.006SIG.0
17724.135655

T.N07S51G.0
17739.09390

'T."17S16G.0
'7754.2753F%

'T."17STG.N
1776S .00054

’I.N08SIG.D
17785 .96928

’1.00RSIG.0
178172.48132

I.009STG.0
17819 .43641

’1.0N09SIG.0
17836.83430

 XT. SIGN
17954.67472

1.710516."
17872.95740

’I.211S1G.N
17891.68206

&gt;I. 011516.)
17917 .84842

7.01287G.0
17630.,45619

M.N012SIG.D
1795G.5059"7
£.N135TG.0
17970.99474

 I." 13516."
17¢91.02491

&gt;T.N14STG.0
18113 .20524

'I.01T4SIG.0
18735.1~50u"

'I.015SIG.
18757 .3551¢€

'I.N16STG.)
8080.04040"%
{.016SIG.0
18103.17176

'L.017SIG.N
1812€6.7379F

'T.718S1G.7
18150.7422¢7

‘1.018816.0
18175 .18436

’L.121951G.0
18210 .,76381

TN 1981G6.10
{8225.3802"

'T.N205IG.)
18251.13336

T.N218TG.0
17277.32266

nT. N228IG.N

17502. 97763
’I.228SIG.N
17515.54113

2L.22751G."
17520.55259

21.22751G.0
17542.00969

2T.227SI1G.0

17555. 9128¢
’I.2265IG.0

17570. 2619%
P1.226SIG.0

17585. 05664
PI.226516G.C
17600.2%9664

PT. 22551G.0
17615. 98106

2T.22551G.0
17632. 11186

I.224S1G.0N
17648. 68643

2T.224SIG.0
17665. 7528

PT L22U5IG.0
17683.1€814

27.22351G.0
17701.07470

’I.22351G."
17719.42467

?1.22251G.0
17738. 21772

’I.22251G.0
17757. 45357

PT .222516G.0
17777. 13187

’T.221S1G."
17797. 25230

'1.2215IG.0
17817.81452
T.220SIG."
17838.,R217220

’1.220SIG.N
17860.26299

’1.219516.0
17882. 14853

'T.216516G.0
17904. 4744r

’T.21PSIG.0
17927.2404n

T.218S1G.2
17950. 44600

’I.218SIG.
17974. 0920¢

 LT. 217516G.C
17990. 17461

‘I.2175IG.90
.8022.69683
[.21651G.0
18047. 65714

'[.2165TG.0
18073. 05513

I.21551G.0
18098, 89737
T.2155IG.0
18125.16247
T.21451IG.N

17454.39274 0.0
'T.7045IG.0 PI.0 SIG**** PI

17467 .46175 0.0
’T.I04SIG.N PI.0 SIGk*%x¥ pI

17480.25236 0.0
'T.005S8IG.0 PI.0 SIGk**¥*x PI
17493. 54446 0.C

"I.005SIG. 9 PI.0 SIG*#%**%x pI
17507.27789 NO

?I.005S1G.0 PI.0 STGk**% pT
17521.45246 2.

’I.0065IG.0 PI.Q &amp;Taxs4x+ pT
17536.06800 0.4

PI.00N06SIG.0 PI.0 STGwr*s pT
17551.12432 0.1}

P1.726S1G. 7 PT.0 SIGk**% pI

17566 .62122 0.3
[.007SIG.0 PI.0 SIGk*¥* PI

17582. 55857 2.90
.007S1G.9 PI.0 SIG¥*¥%x pI
'7598.93596 d.%
.00751IG.0 PI.0 SIG*¥*%x PI

17615.75338 0.0
I.0085IG.0 PI.0Q cTG=s¥&gt; py
17633.01054 0.¢

°1.308SIG.0 PI.0 Sa »x¥ pT
17650.70721 2

')I.008SIG.M PI. 0 Prez py
17668 .24317 p)
[.009S5IG." P1.0 &amp; G¥k¥xx PI
'7687.41816 0.)
£.009SIG.90 PI.0 SIG*%*%% pI
7706.43194 0.C
2.J00951G.9 PI.0 SIG#*%x%% pI
.1725.88427 0.90
{.010S1IG.0 PI.0 SIGE*%*% pT
17745.77487 0.0

T1.010S816.0 PI.0 SIG»** PIT
17766410349 0.0

'T.N12S5IG.) PI. SIG»** pI
7786.P6916 0.0

'T.N11S1G.) PI. SIG***% pI

178018.07 36° 0.0
T.711S51IG.0 P1.0 SIG**#%* pI
17829.71467 0.0

2T.011S1G.0 P1.0 SIG¥r*x pI

17851.7%255 2.9
2T.012S1G.9D PI.0 ¢ "G¥**% pT
17874.307M 0.4

’T.112S1G.0 PI.0 ¢ 'G¥¥es pT
17897.25774 0.0

21.713SIG.9 PI.0 SIGew®4x* pT
17920.64442 0.1

T.721351G." DI. SiG¥¥%k% DI
17544.46675 2.3%

T.0135IG.D PI.0  SyiG%¥¥x pT
17968.72439 0.9

2T.014SIG.0 PI.0 &lt;&lt; "G¥#%#%% pI
17993. 41700 J

'T.014SI6G.0 3 IG**%% PI
18918.54425 0
".J14SIG.D &gt;I.0 SIG=¥** PI

18J44.,10579 2.0
'T.2155I6.0 PI.0 SIGsn¢=~ pT
18979.10125 0.0

°T.715S1G. 2D PI. SIGkx»#» pI

i

Jo

T



60.0

61.0

52.0

63.0

64.0

65.0

66.0

67.0

AR8.0

69.0

70.0

71.0

12.0

73.0

74.7

15.7

76.0

77.0

718.0

79.0

80."

81.9

32.0

93.0

84.0

35.0

76.0

87.0

88.0

89.°¢

90.0

51.0

92.0

18386.15399
"1.749516. 0
18413.23459

ST. THRSIG. 0

1844, 75756
BT. 747SIG. 0
18468.70145

PT .747SIR.0

18497. 08686
P1.746STG. 0

19525.906 34
&gt;T.74551G.0

17555.15946
PI. 745S5IG. 0

18584 .84578
PT.7445TG. 0
18614 .96482
"I. 743SIG. 0
18645.51615

21.743SIG.0
18676. 49929

&gt;I.742516G.0
19707.91377

ML.781S16.9
12739,75910

PT. 741STG. 0
18772.13481

PI. 740STG. 0
18804. 74040

2T1.739SI6G.0
18837.87536

2T.738SI5.0
18871. 43920

2T.738STG. 1
18905. 4313¢

1.737516.9
18939.8514

91.73651G.9

18974, 690 7¢€
1.735516."

19CC9.972R5
1.735516. 0
19045.67322

1.734515. 0
19081.799 2¢

7.733515. 0

19118. 3504"
PI.732S1G.0

19155. 326 1¢
PI.732516.9

12192,7259
PI.731SIG.

19230.5490"
PI.730SI6.0

19268.7350°¢
PI.72951G. 0
1937 .4633"

PT.7235I5.9
19346 .5533

PI .7275IG.1
19386.0643

PT.72751G. 1
19425.9957"

PI.7256S516.7
19466.34706

PI.725S5I5.0

17303.94770
PI.0?22S16G.9

18331.2083:
PI.N23SIG.N

18358.5M039
PI.124SIG.0N

1838F. 43471
PI.N24S1G.0

184 14.7983"
21.0258IG.0

18443.5963
PT.N26516G.0

18472 .2276¢
'L.027SI6G.0
185 02.4918¢°

21.028S1G. 0
18532.5883¢

3I.0285IG.0
18563.1168¢

’1.02987G.0
18594.0767¢

’I.730SIG.7°
18625.46770

°T.0318IG.0
17657.2791"

’T.N32S1G.0
186R9 .5405¢

-I.132S1G.N
18722 .2 215

'I.033516G.90
18755.33149
1.034S5IG. 1
19788.86999
T.03551G.0
1R822.83648

d[."36S5IG.N
'8857.23046

2I.23751G.N
18292,05139

PI." 38S5IG."
1R027.29872
I.039S1G.0
18962 .77194

'I1.04081G.0
18999 .4704¢

T.N40STIG. 1D
19735.59218

’T.04151G.0
19072.5413

3I1.04257G.D
19199.9125

'T.J43S1G.7
19147.,7067¢

1.044516. 0
19185 .9234f

&gt;I.04551G. 9
18224 .5621"

T.04651G.0
19263.6 2274

’I .047 SIG.)
19303.1026°
T.7M8STG.D
9343.0033

PT.049S1G."
193R3.3235¢%

&gt;T.050SIG. 0

18151.27097
PI.21451G.0

18179. 01547
PI.2135IG.9
18296. 5955

3T.213SIG.0
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Appendix 3:

Reprinted from J. Mol. Spectrosc. 58, 394-413 (1975).
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Observed and Calculated Interactions between Valence
States of the NO Molecule
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No perturbation between two valence states of NO has ever been identified, although
many valence-Rydberg and several Rydberg-Rydberg perturbations have been extensively
studied. The first valence-valence crossing to be experimentally documented for NO is re-
ported here and occurs between the 1¥N80 B 2II (v = 18) and B’ 2A (v = 1) levels. No level
shifts larger than the detection limit of 0.1 cm™ are observed at the crossings near J = 6.5
TBI (F,) ~ B'2A(F;)]and J = 12.5 [B21 (F,) ~ B’' 2A(F1)]; two crossings involving higher
rotational levels could not be examined. Semi-empirical calculations of spin-orbit and Coriolis
perturbation matrix elements indicate that although the electronic part of the B II ~ B’ 2A
interaction is large, a small vibrational factor renders the N80 B (v = 18) — B’ (v = 1)

perturbation unobservable. Semi-empirical estimates are given for all perturbation matrix
elements of the operators )_; d.,-s; and B(L.Sy — JL) which connect states belonging
to the configurations (¢62p)%(w2p)4(x*2p), (629) (x2p)*(x*2p)%, and (62p)2(x2p)3(x*2p)2%

I. INTRODUCTION

The excited states of the NO molecule have been extensively studied (7). Although
numerous perturbations (configuration mixing) exist between Rydberg (R) and valence
(NR) states, classification into #/\ R-states and into NR-states of =+, =~, II, and A
symmetry has been possible by various deperturbation techniques. Configurationally
mixed (observed) vibronic levels appear in the absorption spectrum as violet-degraded
R-bands and red-degraded NR-bands. When two bands cross or approach each other,
their structure usually appears strongly perturbed. Homogeneous R ~ NR interactions
of the type np, 2II ~ B %II and nds, 2A ~ B’ ?A have been evaluated in detail (2, 3).
Band crossings of the type R ~ R and NR ~ NR, however, are rare because the bands
are degraded in the same direction. Nevertheless, 3de ~ 5s¢ and 3ps ~ 3s¢ R ~ R

crossings have been observed and small perturbations noticed (4). To date not one
NR ~ NR crossing has been reported for NO. Perturbations between two valence
states are well known in many other molecules. The absence of observed NR ~ NR

i Alfred P. Sloan Fellow.
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perturbations in NO is not due to vanishing perturbation matrix elements (spin-orbit
and Coriolis matrix elements in NO should be comparable in magnitude to those in CO
or NOV), rather to the complexity of the NO spectrum and the accidental nesting of

NR potential energy curves.
When the absorption spectra of four different isotopic species of NO are examined,

only one example of an observable NR ~ NR crossing can be found. The nearly de-
generate vibrational levels are ’N'*C B °I1 (v = 18) and B’ 2A (v = 1). The correspond-
ing overlapping B 2II-X 211(18, 0) and B' 2A-X #1(1, 0) bands occur near 163.5 nm and

are reproduced in Fig. 1.
The observed N80 B 2II (v = 18) ~ B’ 2A (v = 1) crossing is described in Section

II. No level shifts due to perturbations are detected. In order to explain this null result
and to determine whether it has any bearing on other possible NR ~ NR interactions

in NO, semi-empirical estimates are given in Section III of all spin—orbit and Coriolis
matrix elements which connect states belonging to the three lowest-energy valence
electronic configurations of NO. It is shown that the electronic part of the B 2II ~ B' 2A
matrix element is not small, thus the undetectability of the *N'**0 B (v= 18) ~ B’
(v= 1) perturbation must be due to a small vibrational factor. In Section IV the
vibrational factor is, in fact, shown to be small. A strong R ~ NR interaction between
C 21 (v = 4) and B 211 (v = 18) is shown to have only a minor effect on the B ~ B’

matrix element. A perturbation matrix element above the 0.1 cm™ detection threshold
is predicted for the B (Fs) ~ B’(F1) crossing near J = 30.5; however, lines corresponding
to rotational levels above J’ = 14.5 do not appear in the available low-temperature

absorption spectra.

II. THE CROSSING BANDS B 0-X 21(18, 0) ~ B’ 2A-X *11(1, 0) of *N'0

The absorption spectrum of *’N'20 (98.3% *N, 95.59%, 180) was photographed several
years ago at the 10.5 m vacuum spectrograph of the National Research Council of
Canada, Ottawa. The NO gas was maintained at — 180°C. Room-temperature spectra
are useless for analysis because of the abundance of unresolved rotational lines. Analysis
of the low-temperature bands is striaghtforward and results in the total energy curves
shown in Fig. 2. Two crossings between the B 2II (v = 18) and B’ 2A (v = 1) curves fall
in the observable range of J: the Fy component of the regular B *II level crosses the
F, component of the inverted B’ 2A level near J = 6.5; the second crossing is between
Fy of B II and Fy of B’ 2A very close to J = 12.5. The arrows in Fig. 1 mark the rota-
tional lines closest to the crossing points in the R and P branches of the B-X and B'-X
bands. Plotted in Fig. 3 are the measured differences between lines of the relevant
branches near the crossing points:

Curve 1: B21 Py(J+1)-B' 2A Pu (J + 1);
Curve II: ‘BI Riy(J — 1)-B’' 2A Run(J — 1),

Mean of

BI Piu(J + 1)-B' 2A Pu(J + 1).

These curves show that at both crossings no level shift due to perturbations exists which

is larger than the experimental accuracy of 0.1 cm, This null effect will be discussed in
Section IV.
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A rotational constant is easily calculated for the B’ 2A (v= 1) level. B1(**N80)
= 1.185 cm! is obtained which is isotopically consistent with B; (NO) = 1.302 cm™!
determined previously (3). However, a rotational constant for the B 2II (v = 18) level
does not, in the traditional usage, exist. This point requires clarification in view of the
discussion of vibrational overlap integrals in Section IV. The observed level which we
label “B 2II (» = 18)” is not a pure NR-level and v = 18 is not a good vibrational

quantum number. The observed level is a mixture of B 2II (v = 18) with %II R-levels,
primarily the nearby 3pm, C 2II (v = 4) level. The observed C ?II (v = 4) level with its
complementary admixture of B II (v = 18) is plotted in the upper part of Fig. 2. The
total energy curves for B2II (v = 18) and C?II (v = 4) are not straight, but are markedly
bent away from each other as J increases. The mean of the slopes of the B 2II curves
decreases from 1.10 to 0.95 cm! within the observed J range and is much larger than
the calculated deperturbed value of Bi(**N'80) = 0.82 cu? (2). The total energy
curves for the C 2II (v = 4) level show a slope which increases with J and a doublet

spin—splitting (15 cm™! for N = 2) far too large for the 3pm Rydberg configuration. In
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F1G. 3. Differences in energy near the two AJ = 0 crossing points for the curves in Fig. 2.
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Section IV a B 2II (v = 18) ~ C 2II (v = 4) mixing coefficient is estimated from the
difference between observed and deperturbed values of the rotational constants for the
B and C states. (An identical mixing coefficient is also obtained from the B and C state
spin-orbit splittings). That this mixing coefficient is slightly J-dependent is evident
from the changing slopes in Fig. 2. Nevertheless, it should suffice to remark that each
observed B2II (v = 18) rotational level corresponds to a rovibronic wavefunction which
is composed predominantly of two additive parts, B 2II (v = 18) and C II (v = 4), for
which the vibrational and electronic wavefunctions are well defined.

The NO C21 (v = 4) ~ BI (v = 18) interaction is by itself a remarkable example
of a homogeneous perturbation in a band spectrum (2, 5). Figure 4 shows this perturba-
tion for four NO isotopes. With increasing mass, the NR-band B-X (18, 0) moves
gradually to lower energy across the C—X (4, 0) R-band and eventually reaches the
B’-X (1, 0) NR-band in the *N*80 spectrum, where it raises the problem treated in this
paper.

III. SPIN-ORBIT AND CORIOLIS MATRIX ELEMENTS

Semi-empirical estimates of spin-orbit and Coriolis matrix elements are made in two
steps, the first being considerably more rigorous than the second. First, relative magni-
tudes of matrix elements between many-electron functions are obtained by reducing
intra- and interconfigurational matrix elements to products between trivially calculable
numerical factors and one-electron orbital integrals. In the present work, more than
100 nonzero matrix elements between the NO valence states listed in Table I are ex-

pressed in terms of only six orbital integrals. Second, these orbital integrals are estimated
from observed matrix elements. When experimental observations are not sufficient to
determine all of the relevant orbital integrals, some rather drastic approximations (such
as pure precession) must be made. Nevertheless, reliable upper bounds for all matrix
elements and factor of two estimates for matrix elements expressed in terms of nonzero

oure precession orbital integrals are expected.
The simplified microscopic form of the spin-orbit operator commonly used for semi-

empirical calculations (6, 7) is
HSO = 3 ali s;, 1)

/K
a;=Se";

K rgd
(2)

where I, = orbital angular momentum of electron 4, s; = spin angular momentum of
electron i, Zx = effective charge on nucleus K, rx; = distance between electron ¢ and
nucleus K. Spin—other-orbit interactions between electrons which are both in partially
filled orbitals are neglected. Coriolis operators can also be expressed in terms of one- and
two-electron operators (6):

h
“BOL + TL) = = (| IE 1) + T(E de)

4qrcur? 3 i

h
BLS. +15) = (==) [E 1) Co) + CI) Cowl @
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Table I

Configurations Giving Rise To Low-Lying Valence States of NO

Configuration

(028) 2(5*25) 2 (02p) 2 (n2p) * (2p)

kK (028) (25) (92p) trip ("207%

 (025) 2 (0728) 2 (02p) 2 (n2p) 3 (n"2p) 3

Derived States

- oe -

es”, 1x b4s7,B'2

821 12m pn atm 1 Ze

Evaluation of matrix elements of these one- and two-electron operators is facilitated by
representing electronic states as antisymmetrized products of one-electron molecular
orbitals (Slater determinants). The configurations giving rise to the ground state and
low-lying valence states of NO are listed in Table I. Determinantal wavefunctions which
have the proper values of A and Z and which transform properly under o, are constructed
for each state.

In order to maintain a consistent phase convention, a standard order is defined:

(1+1— — 1+ — 170T01H*1%—1+%— 179

31900 61800 £1.00 61600 61500

14-16

31700
| 9 — —ly

61600 A 1-00
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 61300

14-18

31500 |1AN(1
1R—» C4 —
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F=C4— 2»
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—J

21100

15-18

B18 FH, —L

Fic. 4. Interacting R ~ NR pair of doublet bands in the absorption spectra of four different NO
isotopes. The NR- and R-levels B 2II (v = 18) and C II (v = 4), are labeled, respectively, B18 and C4.
[sotopic masses of N and O appeartotheright of the corresponding spectrum. B18 — (C4 means that
low rotational levels are NR, high rotational levels are R, and vice versa for C4 — B18. The “NO

spectrum was obtained with the 3 m NRC instrument (2), the others with the 10.5 m NRC instrument

17).
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where numerals denote the value of A (projection of one-electron orbital angular mo-
mentum, /, on internuclear axis), = denotes 0 = £3 (projection of one-electron spin
angular momentum, s, on internuclear axis), and an asterisk denotes antibonding
character. Each state is represented by the main diagonal of a Slater determinant.
Linear combinations of Slater determinants which exhibit proper reflection symmetry
are constructed for the G 2Z~ and I 2Z* states. In the calculation of observable properties
of real states, it is necessary to use wavefunctions which not only exhibit the same
symmetry as that state but for which the electrostatic Hamiltonian is diagonal (8).
When more than one eigenfunction of the same symmetry and electronic configuration
exist, mixing of basis functions by the interelectronic repulsion operator, 1/7,;, must be
taken into account. In calculating the lifetime of the a “II state of NO, Lin (9) did not
construct wavefunctions for the 4 22+ state which exhibit the proper reflection symmetry
(10) and also failed to use an eigenfunction of the electrostatic Hamiltonian for the
B 211 state. Walker (11),% in calculating reduced matrix elements of the spin-orbit and
Coriolis operators for the (zr) (x*)? configuration [which is analogous to ()3(7*)?] uses
Zt, 327, 1A (*)? parentage wavefunctions to represent the three 2II states; these
parentage %II functions are not eigenfunctions of the electrostatic (r)3(z*)? 2II Hamil-
-onian. Eigenstates calculated for NO by Lefebvre-Brion and Moser (12) have been
used here for the three real 2II states: B 2II, L 2II, and P 211.

Since parity is a good quantum number, wavefunctions are written in a parity basis.
The proper parity linear combinations are derived with the use of the operator:

Ga ASZY[QT) = (=1)HS-24] _AS — 3)| —07), (5)

where ¢ = 1 for 2 states, &amp; = 0 for all other states (13). |ASZ) is represented by a
Slater determinant; the form of |Q2J) is not explicitly considered. The reflection operator
is written as a product of one-electron operators when operating on [ASY):

Om 1 Toi.
. .

ui
1
]

RiHere

avi| Asa) = (—1)Me| As — o).

Determinantal wavefunctions in the parity basis for states arising from configurations
in Table I are listed in Table II.

Matrix elements of the spin-orbit operator between Slater determinants vanish if
che two determinants differ by more than one spin-orbital (14). Nonzero matrix ele-
ments are reduced to matrix elements between single molecular orbitals. Matrix elements
of 4 and dl. are not evaluated explicitly but are left as parameters to be determined from
experimental data and are assumed to be independent of internuclear distance. The one-
electron orbital angular momentum, /, is not a good quantum number, so that matrix
elements of /, are also left as unevaluated parameters. The adequacy of this r-inde-
pendent, equivalent-orbital single configuration, one-electron treatment is discussed in
Ref. (15).

2 Two typographical errors have been discovered in Ref. (71, Table IV): Under “One electron outside
closed shells” the first on2(2Z~) should read ¢#2(*=~) and under “Three electrons outside closed shells”
the diagonal matrix element of #%r (II) should read 10/3 4°’.

(6b)
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Nonzero matrix elements of spin—orbit and Coriolis operators are listed in Table III,
expressed in terms of six one-electron orbital integrals:

a1 = (w2p|d|T2p),

a2 = (r*2p|a|7*2p),

a3 = (w2p|dly|o2p),

as = (w*2p|dli|02p),

by = (m2p|L.|o2p),

be = (2p(1.|2p).

Only two of these six parameters can be directly evaluated from observed matrix
elements:

(X AL:|HSC|XIE)=—3a,=—3A4(X210),

where A (X 2II) = 124 cm™ (16),

(B 23% H8° | B2II3*) = 0.3124; — 0.144a, = $4 (B21),

where A (BI) = 31 cm™ (17). Thus,

ay = 107 cm,

2, = 124 cm™!

(8a)

(8b)

Many-electron matrix elements calculated using the diagonal orbital integrals a; and a,
are expected to be accurate to within a factor of 2. Comparison with observed spin-orbit
splittings is given in Table IV.

In order to estimate the four remaining nondiagonal orbital integrals, a pure precession
approach is adopted. In the pure precession limit, / is assigned an integral value (in this
case [ = 1, assuming that #2p, #*2p, and ¢2p molecular orbitals are comprised pre-
dominantly of 2p atomic orbitals) and the LCAO coefficients of bonding and antibonding

orbitals differ only in phase so that
(2p |i] o2p) = (w*2p|l|o*2p) = 0,

(T*2p|l|02p) = (w2p|l|a*2p) = V2.
Thus

az = 0,

as = V2 ay = 175 cm,

by = 0,
bo = V2.

7c)WO

(8d)
In a real molecule, corresponding orbitals from two configurations are not identical,
orbital overlap integrals will be &lt;1, and equations (8c) and (8d) will be good estimates
and upper bounds for a, and b,. In a real molecule, |72p) and |7*2p) differ by more than
the phases of their atomic orbital coefficients, /.|¢2p) will not be orthogonal to |72p),
and a3 and b; will be nonzero:

0&lt;as&lt;as~V2a,

0 &lt; [54] &lt; bo V2,

(8e)
CwCO

&amp;.a
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Table II

Determinantal Wavefunctions for Electronic States of NO

Xo7,&gt; i’ —- {]A=1,5=1/2,3=1/2&gt;|9=3/2,3&gt;5.(-1)°"3?|A=-1,8=1/2,2=-1/2&gt;|a=-3/2,3&gt;}2

|%°m7,»=={|a=1,8=1/2,2=-1/25 (1) 1? | p=-1,8=1/2, 51/25}
V2

L2e &gt; = 1 {|a3,5-1/2,2= 1/2551"? |re3,8=1/2,3=-1/25)
v2

IL! 2857, = 1 (n=3,5=1/2,5=-1/252 (1)?|p=-3,5=1/2,5=1/25}
’ V2

B27, = 1 {|a=2,8=1/2,2= 1/2&gt;2(-1)"2/2|p=-2,5=1/2,2=-1/25}
v2

32,7, = 1 |a=2,5=1/2,5=-1/255.(-1) "3? |n=-2,5=1/2,3=1/25}
V2

ating, = == ([a1,5=3/2,2= 3/253 1)7 7/2 pent, 52372, 823/25)
V2

a", = 1 (|as+|p&gt;+] e&gt;1(-1)7 3/2 (ams |b-&gt;+] 531?
v6

|a*n,7,&gt; a {|es+] £54] go2(-1) 2 (emst]| -&gt;+[g-&gt;) }
v6

a5, =X (n=1,5=3/2,5=-3/25% (-1) "1/2 | pem1,5=3/2,2= 3/25)
/2

2 + 1
IBM p&gt; = - {-0.558|a&gt;+0.408|b&gt;+0.149 |c&gt;-0.707 |d&gt;

2
s(-1)73/2 (-0.558|a-&gt;+0.408 |b-&gt;+0.149|c~&gt;-0.707|d-&gt;) }¢

B01, = — {0.558|e&gt;-0.150| £&gt;-0.409 [g&gt;-0.707 |h&gt;
2

sn T 2 0.558|e-&gt;-0.150]f-&gt;-0.409 | g-&gt;-0.707 |h-&gt;) }©

2_ 1

Loy &gt; = en 1-034 ni, 708 -0. 355 er.408) &gt;2
+(-1) 3-3/2 (Lo. 149 |a-&gt;+0.708|b-&gt;-0.558|c-&gt;+0.408|d-&gt;)}©

2_ * 1

LI p&gt; = = { 0.149] e&gt;+0.558]£&gt;-0.708|g&gt;+0.408|h&gt;2

£(-1)7"H2( 0.149] e-&gt;+0.558| £=&gt;-0.708 | g-&gt;+0.408 |h=-&gt;) }°
« Except for |X 2I3*), the |QJ) part of the wavefunction has been suppressed for conciseness.
b Slater determinants are symbolized by |ASZ) when only one Slater determinant can be constructed

with the specified values of A, S, Z. Otherwise, letters are used as labels.
¢ The B 21, L II, and P II wavefunctions are taken from Ref. (12) after correcting two typographical

errors [H. Lefebvre-Brion, private communication: replace the orbital part of the ¢2 and ¢,’ functions
5y (wr)? (ert) (wr) (vr) and replace ¢ (P 21) by —(1/ V3)¢1 — (3)i¢2]. The HI functions of Ref. (12)
are gp = —|d), p2 = 1/N2(la) — |), ¢' = 1/V6(|a) + |) — 2|b)).
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Table II. Continued.

d&gt;
2p * = 1 (_0.577|a&gt;+0.577|c&gt;+0.577| a.ik ) +0 -&gt;+0.577|d-&gt;| 3/2 v2 -3/2 -&gt; 577 |c &gt; .£(-1)7 / (-0.577|a

P21,7, = 0.577] e&gt;-0.577|£&gt;+0.577 | n&gt;2
+(-1)7 12 0.577|e~&gt;-0.577| £-&gt;+0.577|h-&gt;)} ©

b4557,&gt; 0, |1=0, 8=3/2,2=3/2&gt;5.(-1)" 2] 1=0,5=3/2, 1=-3/25}V2

|b, = — 15+] 35+ ko2 (&lt;1) TH 2 (| imo] joo] k-&gt;))
6

- J-1/2,.1.

 157 = ln l-losen Helin gfe)
|1%5)7,&gt; = dg |o= [lo (-1) TH 2 (| §o&gt;= | k-&gt;)}

2

where,

5, A=1,8-1/2,3= 1/2&gt;= o,l11-1%170 071s = (1)
0, |A=1,8=1/2,3=-1/2&gt;=0_| 1th-1t17otoTs=
5, |4=3,5=1/2,2= 1/2&gt;= 0, 1*17-1"0% 0117 = (-1)
5, |1=3,51/2,2=-1/2&gt;=0_| 1f1-170toT 1s =
5, |0=2,5=1/2,3= 1/2&gt;=0, (-1)| hates
5 |A=2,8=1/2,3=-1/2&gt;=0 (1) tires
5 [01,8=3/2,2= 3/2&gt;= 0, ith -rfoto ats
3 |h=1,8=3/2,3=-3/2&gt;= ©| hi -1oto 17-17%
 5,|1=0,8=3/2,3= 3/2&gt;=0_ (-1)| 1Fortero te
a la&gt; = Cy, l1ti-17oto tr =
a lb&gt; = 3 |tti-1fotomtS=
gle&gt; = o, lit -1totom ts
old = a |1t-1t-170t 01s
sles = of |1t17 roto 1-17
sl =o [11-170t 01 1s
ler = oy 1f1m-17otor rs
5, Ih&gt; = (Day, m-1t-1motortr ts
5 l4&gt; = (Do NE
5,13&gt; = (Day, rato
slo = a hatred

|A=-1,8=1/2,2=-1/2&gt;
A=-1,5=1/2,%= 1/2&gt;

A=-3,8=1/2,1=-1/2&gt;
(A=-3,8=1/2,1= 1/2&gt;

A=-2,5=1/2,1=-1/2&gt;
A==2,8=1/2,3= 1/2&gt;
A=-1,S=3/2,5=-3/2&gt;
A=-1,8=3/2,%= 3/2&gt;

A= 0,8=3/2,1=-3/2&gt;

= (-1)

= (-1)

= (-1)
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Table IIL

a,b
Nonzero Matrix Elements of Spin-Orbit and Coriolis Operators ’

ev, x1, [1% x “1470s v'&gt; = Za, 8

&lt;v, x11, 7, [1% x 21,705 v'&gt; -- a, 8 ut

&lt;v, x’ny7, 185016457 2 , VI&gt; = Za, &lt;vlv'&gt;?

&lt;w, X15, [10 437%,, vis = Da, lv

oY, x’n [6% + B(L,S +L_S,~J,L-JL)6°27,0v'&gt;=

. 2 a clus - Xs b,[1 + 1) V2 TGR

 Vv 2_ + | SO _ 2.4
X mo, 8 + B(L,S_+L_S -J.L_-J L)|[I Ip gev'&gt; =

V2 V2 _ J-1/2 reser
= a,&lt;v|v'&gt; = B yt boll ¥ (-1) J(J+1)+1/4

2_ + (.S0 : ZF, . _1 .
wv, X My, lH + B(L,S_+L_S,)|B ByjpsV'&gt; = - 5a, &lt;vlv'&gt; Bib,

2_ t 2 -+ _,_ _ 6 —

wv, X Myo l-BG,L +I LD [6 Zyyev'&gt; = —/I(HD-3/4 Bib,

2% 24+, _ 2m
wv, X Mayol =BGILL +I LT Zipev'&gt; = 57(J+1)-3/4 Bb,

ev, Xo. 3 |-B(J,L +J L )|B' A 2 ih = YI(J+1)-15/4 B__,bVo &amp; 3/2 + 5/2°7 vv'’2

2_ + 2, * t's = JIT
wv, X My, -BUL +I L)|B byypsv'&gt; == VI(IH+1)-3/4'B__:b,

4o—t | SO|. 2 4% /6
&lt;v,b 17,lH | Lv = a, &lt;v|v'&gt;

4—+ | SO bok V3 Cy T
&lt;v,b AL + B(L,S_+L_S)|a My psv'&gt; = § a3 &lt;Viv’&gt; + /3 Bb

@ This table includes every nonzero matrix element of #' = HS80 + B(L,S_ + L_.S, — J,L_— J_L,)
between all case “a” basis functions listed in Table II.

® To facilitate the calculation of matrix elements involving analogous II states in other molecules, a
table of matrix elements involving the Slater determinants which comprise the 2II states has been
prepared and is available from the authors upon request.

¢ Lefebvre-Brion and Moser (12) report semi-empirical calculations of spin—orbit constants for the
X 1, B20, L211, and P *10 states of NO. Calculation (A) of (12) is nearly identical to the method used
here. In (12), the matrix element {(p2| H5O|¢s’) = 1/(12)}(a1 — ay) is arbitrarily set equal to zero. Con-
sequently the spin-orbit constants for B 2II and L 2II are defined slightly differently: 4 (B 2) = a,
(12) vs (0.6244; — 0.288a;) and A (L *I) = —3%a; — 2a; (12) vs (—0.624a; — 0.380a3).
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Table III. Continued.

4 —-+ 1.80 4 =x
&lt;v,b Z 7alH + B(L,S_+L_S,~JL+IL)[a'N/p,v'&gt;

1 = J-1/2- La &lt;wlv'&gt; +B 02 F (DITH2 V(r)41/4]

wv,b237, [-BUL +L) a gig v'&gt; = - VI(@+)-1574 Bb;

SAAB ICRC El AE = - /IGFD-3/4'Bib,

«vbr 7, [8% +B(L,S_+L_S) |a*_;7,.v'&gt; faded 3 Gagevlvts + 2B,,b;)

w,b23%, [BEL HL) a fn 7,.v = 102 FGA sb,

 h-% SO 2%
v,b 4’ ZyolH |B Myjpov'&gt; = 0.279a, &lt;v|v'&gt;

 wv, ps7 [8508 Zn, 01/2 My ygsv'&gt; = 0.16lay &lt;v|v'&gt;

4 ~t SO, 2 *
&lt; zv,b AL |L M3ypsv'&gt; = 0.0745a,&lt;v|v'&gt;

w,bte7: [1001 21%, Lv1/2 Tyypev'&gt; = 0.0433a5&lt;v|v'&gt;

v 4 -+ SO 2 * ? -— ?
v,b Iy/o lH |p M3/09V &gt; = 0.288a, &lt;v|v'&gt;

wv,b175, 8%] 21,7, = 0.166a, &lt;v|v'&gt;

w, 6177, [E01 2517p" = 3 a, &lt;v|v'&gt;

2-80 4 tt _, _ V2a '
&lt;v,G AL E Ty /oV &gt; = 5 3 &lt;v|v'&gt;

2 ~% 80 4  * _ J+1/2 6
&lt;v,G 1/2 IH |a M_y/20V'"&gt; = + (-1) . ay &lt;v|v'&gt;

 2.=% | SO 2 + _v,G IAL +B(L,S_+L_S,~J,L~JL)[B“1yp,v'&gt;=
- Tria aT- 0.118a, &lt;v|v'&gt; - 0.684B__b,[1 172 FE) F178)

= Zp E's = 0.684 YT(@+)-3/4'B__,b«v,6°577,|-B(I,L +I L,) [B Myypsv'&gt; 0 wv'P1

d Lefebvre-Brion and Guerin (10) estimate this matrix element to be 70 cm™!, Using a value a4 = 175
cm™!, we obtain a value of 87 cm™. A similar estimate of this matrix element for the isovalent molecule
SiF has been given by R. W. Martin and A. J. Merer [Can. J. Phys. 51, 634 (1973)].
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Table III. Continued.

 wv, G22], BO +B(L,S HL S,~3,L_-TL}) 121, p0v'&gt; =
~~ TswiaN1477"~ 0.0306a,&lt;v|v'&gt; - 0.183 B_,b,[1 + (-1)" V2 same]

 2am 20% ots = JIC =374«v,G 2170] B(J,L_+J_L)|L lyypsv'&gt; = 0.183 J(J+1)-3/4 B,iby

v,G lB +B(L,S_tL_S,-J,L -J_L)[P Myypsv'&gt; =
- 0.118a, &lt;v|v'&gt; - 0.707 Bb, [1 % 1) M2 FETE |

2_—-% _ 2_ * ' _ IIT —-374"
&lt;v,G Z1 | B(J,L_+J_L,)|P ly psv'&gt; = 0.707 VJ(3+1)-3/4"B 1by

 22.4% SO _ 2g &amp; =

tv, I iol +B(L,S_+L_S,~J,L-JL)[B“NM7,,v'&gt; =
- 0.0916a, &lt;v|v'&gt; + 0.183 Bb, [13 12/5 DE

2.78 | 2_ * T - TITS aT
wv, I OM B(J,L +I L,)|B Tyypsv'&gt; = = 0.183 /I(J+1)-3/4'B__ bg

 22 +t SO _ 20% yo
wv, I/,lH +B(L,S +L_S -J.L -J LL LP

- 0.4482, &lt;v|v'&gt; + 0.895 Bb, [1 F (-1)7 YAAGIDHTE |

. 2.4 2 + v - ETIEA
tv, I Ii] BILL+ILDL“14),,v'&gt;=-0.895 YJ(J+1)-3/4' B +b;

2 ++ SO 2%
&lt;v, I Z/,lH +B(L,S_+L_S-J,L-JL)[P“TM,,v'&gt;=

0.2042, &lt;v|v'&gt; - 0.408 B__,b, [1 F (1) Y/2/IGHIHIZ;

IV r?  4 20% a _ -

jo! B(J,L_+J_L)|[P Tyygsv'&gt; 0.408 YJ (J+1)-3/4" B,,1Py

wv, an 57, BO [a%T sya" == 2a, 8 ry?

&lt;v,a’n 37, EO] 3y20V" ==Za, 8!

wal 172/80" 2" = 61 Suv!

wv,a'l J, 8% n_ 7, vt = 791 CW
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Table III. Continued.

4_ + 1.80, 2% 4war. E1550 2 vrs = + 1.80) 2 *sa yy, [H7[B “1g,,v'&gt; &lt;v,a I, 8 BM, /,v'&gt; = = (0.322a; + 0.149a,) &lt;v|v'&gt;

4_ + (SO, 2%wv,a 5, |B |L “1, ,v'&gt; = bp e502 t’ 3/2] | 3/2°V 7 &lt;v,a ly, [HLT ,,v'&gt; = - (0.0863a,+ 0.730a,) &lt;v|v'&gt;

4 + (SO, 2. *cv, a’ [1°00 p ‘n;,,v'&gt; = br = 15S01p2y t3/2] 3/2 v &lt;v,a MolE |p Tyygsv'&gt; = = (0.232a - 0.333a,) &lt;v|v'&gt;

2+ SO, 2&lt;v,B°N,, |B |B “NI, ,v'&gt; = - ©BI, 3/2 (0.312a,-0.144a,) § +

2_ + 1.SO|_ 2 +
&lt;v,B°I.., |H Tvs = - 21/2] |B TyypsV'&gt; (0.312a;-0.144a,) 8 +

_ BA + [5501 2; + 'BA 3720V'&gt; = -(0.206a,40.372a)) &lt;v|v'&gt;

«8%. % [60 20%, 1/2 1/2°Y &gt; = (0.206a;+0.372a,) &lt;v]v'&gt;

2_ + 1.80, 2 +
&lt;v,B Myo H |p Myypsv'&gt; =-(0.0860a,-0.0860a,)&lt;v|v'&gt;

&lt;v B21 + 1550p 2_ + ‘BI Lyypsv'&gt; = (0.0860a,~0.0860a,)&lt;v]|v'&gt;

wv,B%n, (850 4B, +L s,) |B" 20.7, v03/2 4 S_+L_S,)|B' 845), v"&gt; = 0.354a, &lt;v|v'&gt; + 0.707 BytP1

&lt;«v,B°1,%,|-B 2p Ev / 7BT) (J,L_+I L)[B Bgypsv'&gt; = 0.707 J(I+1)-15/4'B_+b;

w,B2n  |-B(I,L +7 1) |B 2,2,»BI 7, LL tIL)[B Byypsv'&gt; = 0.707 AI (I+1)-374" Bib)

2_% SO 2 + _,  _ c
«v,L Myo lH |L My psv'&gt; =-(0.312a; + 0.190a,) §__,

2_ = S0,.2 + ' _ C

&lt;v,L MyolH |L I7,5v'&gt; = (0.3122; + 0.190a,) §

2% SO. 2 * -
&lt;v,L Typ |B |p MyjpsV'&gt; = (0.3223, - 0.322a)) &lt;v|v'&gt;

+ 150.2 % _ ol artsv, 1717, H |P°1,7,,v"&gt; = =(0.322a, - 0.3222) &lt;v]
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Table III. Continued.

+ +

SR AE +B(L,5_ 1.8) [B'28,7,.v"&gt; = - 0.204a, &lt;v|v'&gt; = 0.408 Bb,

cw, 1205, |B L491) [B057,,v"&gt; = = 0.408 VIGHD)-1S/A Byyiby

+ 2 + _ rs

ww, 1207, [-B QL HTL)[By9" 0.408 YI@L)-3/4 Bib,

2_ + 1.80152 £ 4. _ c

&lt;v,P I,lH [Pony &gt; (0.166a;, + 0.333a,) §_

2% ,.,801,2. % \ _ ¢

wv, Boo,[0[PO pv &gt; = (0.1662; + 0.333a,) 6.

2_ + [SO 2, *
&lt;v,P Ty, H +B(L,S_+L_S |B’ Bypgsv'&gt; = = 0.288a, &lt;vlv'&gt; - 0.577 B__.b;

2% | 20 al o_o —_—&lt;v,P LO B(J,L_+J_L)[B'"Ag,,v'&gt; = = 0.577 YI(3+1)-15/4'B__+b

 a |-B(I,L_+J_L y|B' 2a Tots = - 0.577 YI(J+1)- 3/4'B__bFly 70 goa 3/2° : vw''l

2, + 1.,S0 2 + _ 1
&lt;v,B' 8.7,|B +B (L,S_+L_S,)[L'70.,,v'&gt;= = 52, &lt;vlv'&gt; = Bb,

12, 1_ v2, * '. = _ _ :

&lt;v,B' “Ag,| B(J,L+ILL"0,,,v"&gt; YI(3+1)-35/4" B__1by

2, 0% 2.8 a. _ STRSTR
&lt;v,B' “8 | BIL+IL)|L'"05,,,v'&gt;=YI(J+1)-15/4B 1b

2, SO. 2, * ' —- 1
&lt;w,L 0, lH lL ®772°Y a 221 Sov!

12, £ 1.80142, Fo _ 1

where

a, = &lt;¢lla|t1&gt;
_ a * A *

a, = &lt;il |al+1"&gt;

a, = &lt;tllag lo&gt; = &lt;olag-ls

a, = &lt;x1|at, |0&gt; = ofa |”
b, = &lt;tl|e, [o&gt; = i
by BF &lt;+1%|e, |0&gt; = &lt;0|e_|+1%&gt;
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Table IV

Spin-Orbit Coupling Constants (in ony

A (estimated) 8 A (observed)

-

4
aII

2g

- 3A ~m
1

114 IM

_ 20 emTL ©

- 80 cmt 4

a) Estimated using the semi-empirical equations (7a), (7b), (8) and matrix

5)

2)

d)

elements from Table III.

Reference [3]. Mulliken [18] has attributed this spin-orbit splitting

to a spin-other-—orbit interaction. Lefebvre-Brion and Bessis have

calculated a value of -3.6 at by considering spin-other-orbit

interactions [19].

This value comes from incompletely resolved spectra reported by Ogawa

120].

Reference [17].

Short of a full ab initio calculation, nothing more than the above nonrigorous but quite
conservative upper bounds for a; and b; can be stated. H. Lefebvre-Brion (private com-

munication) has computed ab initio values

as = 50 cm, as = 152 cm™,

by = —0.1 cm, by = 1.5,

using orbitals from NO X 2II (R = 1.9694 a.u.) by the method described in Ref. (15).

IV. THE B’ 2A (» = 1) ~ B II (v = 18) INTERACTION IN N10

Matrix elements listed in Table III have been derived within a single configuration
approximation and in a Hund’s case ‘‘a” basis. In order to use these matrix elements to
calculate the perturbation interaction energy at the B’ 2A ~ B 2II crossing points, two
additional effects must be considered: configuration interaction [the strong Rydberg-
non-Rydberg C 2II (v = 4) ~ BI (v = 18) perturbation] and spin-uncoupling (inter-
mediate case “ab” coupling).

An estimate of configuration mixing between B ?II (v= 18) and C I (v= 4) of
15N180 is achieved by comparing constants for the diabatic (deperturbed)® B(18) and

3 Diabatic constants may be obtained either by deperturbation (2, 17) or by extrapolation from
vibrational levels which are relatively free of perturbations.
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C(4) levels against constants for the observed levels. Similar configuration-mxing co-
efficients are obtained from both rotational and spin-orbit constants. Mean values of
these constants, Big and 4 3, for the observed B 2II (v = 18) level are

Bis = 1.012 cml Ais = 46 cmt,

while the constants for the diabatic NR-B 2II (v = 18) and R-C 2II (v = 4) levels are

Bxr = 0.82 cm! (2),
Ang = 60 cm! (17),

Br = 1.70 cm™! 2),
Ag = 2.5 cm™! (23).

Constants with subscripts 18, NR, and R correspond, respectively, to the vibronic
functions ¥5 (adiabatic), ¥ngr (diabatic), and ¥g (diabatic). Wig, the vibronic function
to which the observed B 2II (v = 18) level belongs, cannot be expressed as the product
of a configuration-mixed electronic part with a complex and poorly determined vibra-
‘ional part; rather, it may be expressed as the sum of two vibronic parts for which the
vibrational factors are simply the vibrational eigenfunctions obtained from diabatic
potential energy curves:

V3 = ¢cNrRYNR + RVR,

lene|?+[er[?=1. (10)
Contributions to ¥ 3 from R-levels other than C 21 (v = 4) are neglected. The observed
constants, Big and 413, will depend on the mixing coefficients, cnr and cr:

Bis = |cxr|?Byr + |cr|?Bg,

Ai = |enr|24nr+[cr[?4R.

[en] = 0.88, |cr| = 0.48.5

Assuming that B’ 2A (v= 1) is not significantly mixed with any other states, the
B’ 2A (v= 1) ~ B21 (v = 18) matrix element is

(v= 1, B'2A|H'|Vy)=cxr{v=1,B'|H'|B,v=18)
+ cr(v= 1, B'|H'|C,? = 4), (12)

H’ == HSO + B(L.S_ + LS, -_- JL -_- J_L.).

 11S

¢ Taken from (17, Fig. 5) after reexpressing 4 (v) as a function of the mass reduced quantum number
n= (v+ Pu? (22).

5 These mixing coefficients are calculated using Egs. (10) and (11a) or (10) and (11b). The perturbation
matrix element, Hr ~NR, between C 2I1 (v = 4) and B ?II (v = 18) and the zero-order energy separation,
C = E(C I) — E(B 2), may be determined from the mixing coefficients and the observed energy
difference at J = 1.5 of 218 cm™ between the average energies of the C(4) and B(18) levels: Hr ~NR
= 92 cm, C = 118 cm. Matrix elements for the B(18) ~ C(4) interaction in the other NO isotopes

are 49, 70, and 80 cm, respectively, for “N60, 15N16Q, and “N80 (17). Since the vibrational overlap
between B (18) and C(4) for *3N'80Q is 0.125 [calculated from diabatic RKR potential energy curves con-
structed using the constants from Ref. (25), the electronic factor of the perturbation matrix element is
~740 cm™, in fair agreement with the ab initio value from Felenbok and Lefebvre-Brion (24) but
significantly smaller than the value obtained by Bartholdi et al. (25).
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The second term in Eq. (12) vanishes because the AA = ==1 part of H’ is a one-electron
operator and the diabatic C 2II and B’ 2A states arise from configurations which differ by
more than one spin-orbital.® The effect of the B ~ C interaction on the possible B ~ B’

perturbation is simply one of dilution; B ?II character is removed from the B*II (v = 18)
evel and replaced by C 2II character which cannot interact with B’ 2A.

It now remains to evaluate the interaction matrix element

(v= 1,J,F; B'?A|H'|Vy,J,F,)= cxr{v = 1,J, Fs, B'|H'| B,J, F,,v = 18) (13)

for intermediate Hund’s case ‘“‘a”’—“b”’ 2A and 2II functions at the four J values where

crossings occur between the B’ 2A(F,) and B 2II(F;) spin components. Using a trans-
formation similar to that given by Kovacs (26, Egs. (2.1.3-5) and (2.1.3-6)), intermediate
case functions are constructed in the case “a” basis at the following crossings.

J = 6.5, B' 2A(F,) ~ B21 (Fy)

| B' 2A, F3) = 0.87] B' 2A3) — 0.49]B’2As),

‘BI, F,) = 0.99] B23) + 0.16]B213).

12.5, B’ 2A(Fy) ~ B 2II(F,)
B'2A, Fy) = 0.59] B’ 2A;3) + 0.81|B’2As).

| BI, Fy) = 0.96]B2113)+ 0.27]B113).

i7.5, B’ 2A(Fy) ~ BI (Fs)
|B’ 2A, Fy) = 0.78]B’2A3)— 0.62| B’ 2Ay),

BI, Fy) = —0.34]| B2I1;) + 0.94| B 2113).

30.5, B’ 2A(F,) ~ B I(F,)

'B’ 2A, Fi) = 0.66] B' 2A) + 0.75]B'2Ay),

| BI, Fy) = —0.46| B201;) + 0.89] B 2I1;).

Crossings at J = 17.5 and J = 30.5 are predicted by extrapolation of Fig. 2, but could
not be observed in absorption spectra available for this work. Using the case “a”
matrix elements listed in Table III, #pper bounds for the electronic perturbation
parameters,

(14a)

14h)

(15a)

(15b)

(16a)

(16h)

(17a)

(17b)

az = 175 cm, b= 1.41,

and vibrational matrix elements (calculated from RKR potential energy curves con-
structed using spectroscopic constants for the B’ 2A and B 2II states given in Refs. (3,
25)),

(v= 18] = 1) = —7.9X1073,

By = (v= 18|B|v = 1) = —1.3 X 102 cml,

§ C 2II belongs to the KK (02s)%(c*2s)(62p)%(w2p)*(3pm) configuration. The vibrational overlap be-
:ween C 2I1 (v = 4) and B' 2A (v = 1) is —0.160; thus the second term of Eq. (12) is (0.48) (—0.160)
X (B’ 2A|H’|C IO). It is unlikely that the configurationally forbidden B’ ~ C electronic factor could
oe larger than 1 cm; thus the C(4) ~ B’(1) matrix element should be smaller than 0.1 cm™1.
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interactions between B 2II and B’ 2A are estimated:

J = 6.5, exr(v = 18, Fy, BI|H'|B'2A,Fy, v= 1) &lt; —0.12cm™,  (14¢)

J = 12.5, cnr(v = 18, Fy, BI|H'| B'?A, F1,v = 1) &lt; —0.19ecm™, (15¢)

J = 17.5, enr(v = 18, Fy, B2I|H'|B' 2A, Fo, v= 1) &lt; —0.15ecm™, (16c)

J = 30.5, cnr{v = 18, Fy, BAI|H'|B' 2A, F1,v = 1) &lt; —0.39 cm™.  (17¢)

The matrix elements at the observed perturbation-free J = 6.5 and 12.5 crossings are

predicted to be below the detection threshold, but a level shift might be just detectable
at the not yet observed J = 30.5 crossing.

The variation in the magnitude of the calculated matrix elements arises from spin
uncoupling combined with competition between AQ = 0 spin-orbit and AQ = +1
Coriolis matrix elements. At the J = 17.5 crossing the spin-orbit and Coriolis contribu-
tions to Eq. (16¢) partially cancel; at the J = 6.5, 12.5, and 30.5 crossings, the contribu-
tions to Egs. (14c), (15¢), and (17c) add.” This interference between two kinds of per-
turbation is real and not due to an arbitrary phase choice.

It should be noted that Eqs. (14c) and (15c) represent upper bounds to the J = 6.5
and 12.5 matrix elements since the spin-orbit and Coriolis contributions add and are
overestimated by pure precession arguments. In addition, in order for a level shift of
0.1 cm! to be observed at J = 6.5 and J = 12.5, the matrix elements (14c) and (15c)

would have to be larger than £0.27 and 240.18 cm, respectively.8

V. CONCLUSION

NR ~ NR perturbations B II (v = 18) ~ B’ 2A (v = 1) in N80 are shown to be

neither observable nor expected at two B ~ B’ crossing points. The absence of observed
NR ~ NR perturbations in NO in general and at the observed B ~ B’ crossings in
particular does not imply that valence states of NO cannot perturb each other. The
specific interaction examined here is undetectable because the B ~ B’ vibrational
integrals (v|v’) and (v| B| 7’) are both quite small. A strong B2II (v = 18) ~ CII (v = 4)
interaction is shown to have only a slight diminishing effect on the possible B2II (v = 18)
~ B’ 2A (v = 1) interaction.

Although local rotational perturbations between valence states of NO have not been
observed, interactions between states which are energetically far apart and do not
exhibit crossings undoubtedly exist. These interactions will contribute to the A-doubling
of the X 2II, B 211, L II, P 211, and a “II states and to the spin-splitting of G 22—, I 2=t,
and b 42 states. The matrix elements listed in Table III and the electronic perturbation
parameters defined in equations (8a)-(8f) should facilitate calculation of NR ~ NR
contributions to these second-order interactions.

"The (2II3]| HS°|2A;) spin—orbit contributions to Egs. (14c)-(17c) are —0.060, —0.069, —0.32, and
—0.25 cm! The Coriolis contributions include effects of three case “a” matrix elements:

(M3 | BL_S.|%A3), CI3| —BL_J.|%As), and (I3| —BL_J;|%A3).
8 Note added in proof. Reexamination of plates of the NO absorption spectrum has led to discovery

of another NR ~ NR crossing. This crossing, UNO B2Il(v = 19) ~ G=~ (v = 0) between J = 12.5

and 13.5, also displays undetectably small level shifts. Although the electronic part of the B ~ G per-
surbation matrix element is shown in Table III to be nonzero, calculated vibrational factors are even
smaller than for the 13N180 B(v = 18) ~ B’(» = 1) crossing. Detectable level shifts at the B ~ G cross-

ing are neither observed nor predicted.
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Ab Initio and Semiempirical Estimates of PN Valence
State Interactions
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Hartree-Fock wavefunctions for the valence states of PN arising from the lowest energy
open shell configurations, 2747037 and 2737423, are generated and used in ab initio calculations
of diagonal spin-orbit, off-diagonal spin-orbit, and rotation-electronic matrix elements. These
results are compared with those from two semiempirical methods, one based on atomic orbital
populations and the other dependent solely on atomic spin—orbit splittings. The latter method
is found to be surprisingly successful in predicting the 3A spin-orbit constant for a series of
isovalent molecules. Semiempirical estimates of the 3A and 3IT spin-orbit constants of AsN
are given. The Hartree-Fock values of the @ and b perturbation parameters are found to be
50 cm~ and 0.60 (unitless), respectively. A previously reported perturbation in the A IT-XZ+
band system is shown to arise from a 3Z~ ~ IT spin-orbit interaction.

I. INTRODUCTION

This paper reports the results of ab initio and semiempirical estimates of spin-orbit
and rotation-electronic matrix elements for the PN molecule and may be viewed as a

continuation of previous studies of the isovalent species CO, SiO, CS, SiS, and NO*+
(1-12).

The purpose of this work is twofold: to provide initial estimates of An, Aa, and
perturbation parameters for PN; and to develop semiempirical methods for extrapola-
tion, within an isovalent group, to heavier molecules, such as AsN, for which ab initio

calculations are either unreliable or prohibitively costly. Initial estimates of spin-orbit,
spin-spin, and perturbation parameters are valuable in utilizing the fragmentary
information provided by perturbations in order to assign and characterize perturbing
states.

In light of these ab initio results we have reexamined the lines of the PN AUI-X'Z+

band system reported by Curry et al. (13) who observed perturbations in AI (v' = 1).
We show below (Sect. VE) that the perturbing state symmetry is 32.
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TABLE 1

Configurations of the Lowest Valence States of PN

(lo — 60)? 174 27 To? xXiz+ 1

(lo — 60)? 174 27% 70 3m SII, ATI II
(lc — 60)? Llu* 243 702 3m 37, 33+, 33, 13, III

IA, I+

II THEORY

The lowest energy valence states of PN arising from the 762737 and 70*2#°3w con-
figurations are given in Table I. Matrix elements between these states may be reduced
to matrix elements of one-electron operators between one-electron molecular orbitals

2,3, 14, 15).
The one-electron spin-orbit operator may be written as:

HBO == &gt; ail, 8. fa

x1“vere
da,=2 (e®/2)¢k/ 70s

{x is the effective charge on nucleus K, 7.x is the distance between nucleus K and
electron i, I, is the orbital angular momentum of electron ¢, and s; is the spin angular
momentum of electron i. a?/2 is a factor equal to 5.84 cm! if the unit length is the
atomic unit (14, 16). Selection rules for this operator are:

AA = 0, +1, AZ = —AA, AQ =0, and AS = 0, £1;

&gt;r in terms of one-electron quantum numbers: AX = 0, £1, Ac = — AX, and As = 0.

The one-electron rotation-electronic operator may be written as:

HRE = BX Le) 22 s%) — BJ+(2 LF),

where B = k/(8%uR?), l.,, six, and Jz are the orbital, spin, and total angular momenta
raising and lowering operators, respectively, u is the molecular reduced mass, R is the
internuclear distance, and all other constants have their conventional meanings. Selec-
tion rules are: AA = —AZ = £1 (or AA = +1, AZ = 0), AS = 0, and AQ = 0, £1.

The matrix elements of the configuration IT II state with all states of configuration
III may be written in terms of two parameters (2, 3, 14, 16):

a = (2r|aly|70),

b= 2x|l 70).

(3)

These elements are derived in Ref. (2) and are listed here in Table II. It is implicit
in Table IT that ¢ and b are independent of the vibrational coordinate R. The matrix
elements are factored into a product of vibrational, rotational, and electronic terms in
the spirit of the Born—Oppenheimer approximation. The validity of this approximation
is discussed in Ref. (3).
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TABLE II

Perturbation Matrix Elements Involving PN Alll* ~

(I, J, o| HSO 32, J, v')ef = § a(v|v')P
(11, Js v| HSO|3%,~, i v')et = i alv|v')
(0, J, o|HSO|34, J, v')ef =— }} a(o|v')
(Ua, Js v| HRE [13 J, vy = Bow bat P
(I, J, v| HRE|1A, J, v')ef = By b(x — 2)}

where x = J(J + 1), a = (2r|dly|7c), and b = 2x |l,|Ts).

® Matrix elements are taken from Ref. (2).
b HS0 and HRE are defined in the text.

In calculating ab initio values for the @ and b parameters, it is not necessary to assume
that they are R independent if wavefunctions are calculated as a function of internuclear

distance. As pointed out in Ref. (3) these parameters are in fact R dependent and may
be expressed as a function of the R centroid between the two interacting vibronic
levels, where

Rcentroid = (v|R | )/(v|v").

Schamps (17) has shown that for pairs of near-degenerate interacting levels, R centroid
is dependent only on v"-» and approximately equal to the internuclear distance for
which the potential energy curves of the two interacting states intersect.

III. METHOD

Hartree-Fock wavefunctions for the states of configurations I, II, and III in Table I
were calculated as a function of internuclear distance using the program ALCHEMY

written by Bagus, McLean, Yoshimine, and Liu. The atomic basis set of Slater-type
orbitals, taken in part from Clementi and Roetti (18) is specified in Table III.

These wavefunctions were then used as input in a second program written by Hall
3) in calculating the a and b perturbation parameters, the 3II and 3A diagonal spin-orbit

TABLE III

Atomic Basis Set Used for Calculation of PN Ground and Valence States

Number Orbital Center

13

a

Bb
1 3

3
‘doLo

~~.

Exponent

16.14890
23.28360
5.60322

4.52140
2.39990
1.48370
4.69535
6.51465

12.37150
2.02705
.. 19796

4.87455
2.42260
1.70459
0.34240
7.68298

43875
45349

+.04041
5.21698
2.56988
1.28261
.9066¢

, OAKRE
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TABLE IV

Atomic p Orbital Coefficients®

* Molecular

Orbital To

" Atomic b
Orbitals 10 1 21 22 n 21 22 10

State

iy | | 206 | .1a8| .328| .476 | -0.423|-0.631|0.165|0.473
‘294 | 202 | .310| .483| -0.449 -0.566 | 0.191 | 0.471

. -.412 | -.613 477
-.431| -.552 .468

ER
“

3¢

3A

0 o | .187 | .178 ;
.389 | .109 | -.296 |-.474
.106 0 -170 .155
.398 | 117] -.296 | -.470

wr —4—

0 0 .180 A168 — | — | — se -— _ ety
.393| .112| -.296 |-.472 | .322 | .246| .296 .416 5571 -.247 | -.496

re seit - -

3on1y the largest p-orbital coefficients are given. The upper coefficients are for R = 2.818 a.u. and the lower
are for 3.1 a.u.

The numbers refer to the atomic p orbital basis functions given in Table III.

constants, and the II-*II spin-orbit interaction energy as a function of internuclear

distance.

iV. REouwl.
og

A. Hartree-Fock W avefunctions

In considering spin-orbit interactions, it is sufficient to examine the atomic p orbital
character in the valence molecular orbitals. The P 3p and N 2p orbital characters in the
2, 3x, and 7 molecular orbitals are given in Table IV for R = 2.82 and 3.10 a.u.
These coefficients are useful in interpreting the magnitudes of calculated spin-orbit
interaction energies (see Sect. V below). The states within a given configuration have
very similar atomic composition and will, therefore, have similar potential energy
curves. In general the N 2p and P 3p orbitals are equally important in the make-up
of the I and 3II states and these coefficients change little from R = 2.82 to 3.10 a.u.

However, for the configuration ITI states the P 3p orbital character is larger than NV 2p
for small internuclear distances but near the potential minima both N 2p and P 3p

are equally important.

B. Hartree—Fock Energies

HF energies as a function of internuclear distance are given for the states of configura-
tions I, IT, and ITI in Table V. The X'=* equilibrium distance is seen to be approximately
2.82 a.u. which is consistent with the results of McLean and Yoshimine (19) and the

experimental value of 2.81732 a.u. (20). The total X'Z* energy calculated here is lower
than the theoretical value reported by Boyd (21) and nearly equal to but slightly higher
than the value reported by McLean and Yoshimine (19).

Using the calculated energies given in Table V, Morse potential energy functions
(Fig. 1) were generated for the configuration IT and III states and yield the spectroscopic
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TABLE V

Hartree-Fock Energies (in a.u.) for Valence States of PN

R(a.u.) 2.65

1vT

I

Alp

‘T

--

A

-395.17877

-395.03257

-395.00107

~395.18061 395.13990 ~-395.09414
-395.04789  -395.03293

-395.01475  -394.99811

395.06714  -395.07440

395.09472  -395.10283

-395.04120 -395.04742

395.04120 -395.04742

-395.029853 -395.033256

395.05900

-395.08780

395.03154

395.03154

-395.015962

constants given in Table VI. From Fig. 1 the ®II and !II minima are estimated to lie
near 2.82 a.u. compared with the experimental A'Il R, of 2.9147 a.u. (13). T, for ATI
from Table V is 36402 cm™! compared with the experimental value of 39805.66 cm™!
(13). From Fig. 1, R, for the configuration III states is 3.00 a.u. As in the isovalent
species CO, CS, SiO, SiS, and NOt (1-12) these states are more weakly bound than the
configuration II states.

C. Ab Initio Matrix Elements

Figures 2, 3, and 4 illustrate the R dependence of the a and b parameters and the 311
and 3A spin—orbit constants (4g and Aa. respectively). For example, at R = 2.82 a.u.,

50.00

45.000

40 O00

g
2 35,000
&gt;
D
xr
Al
2
a]

20.000

A

Y
3

25.000

\
20.000

\.

5,000 w tems “1
24 cb 28 30 3.2 34

NTERNUCLEAR DISTANCE (au)

Fic. 1. Morse potential energy functions for the lowest valence states of PN generated from Hartree—
Fock energies.
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TABLE VI

Spectroscopic Constants for PN Valence States?

A

hit

vL
9)
3et

T (en) wg (cn) wx (em!) B (cn) a (cm) ry (A) D (cm)

36402 1380 21

{39805.66) (1103.09) (7.222)
31804 1190 5.7
29129 1390 34

28696 1190 5.7
22774 1190 5.7
16534 1190 5.7

0.785 0.01 1.492 23050

(0.7307) (0.00663) (1.5424) (41500)
0.692 0.004 1.587 62500

1.785 0.01 1.492 14300

0.692 0.004 1.587 62500
0.692 0.004 1.587 62500

0.692 0.004 1.587 62500

dE xperimental values from Ref. (13) are given in parentheses

Buorse potential constants. Within the accuracy of our calculations, the configuration III states
have identical potential energy curves.

a = 44 cm! determined from the TI-*Z+ matrix element and b = 0.64 determined from

the 'TI-'A matrix element (see Table II). The II ~ I interaction energy ranges from
—85 cm! at R = 2.65 a.u. to —94 cm at 3.10 a.u. and is seen to be nearly equal in

magnitude to the 3II spin-orbit constant as expected (14, p. 435).

V. DISCUSSION

A. Hartree—Fock Calculations

Although the Hartree-Fock calculations yield accurate (£59) equilibrium inter-
nuclear distances when compared with experiment, the AMI T' value is significantly low.
HF functions are expected (9) to yield accurate (=~209,) values for diagonal and

ry

ov

olW

v ln-2gf

J ig23—-“A

= 50
E
=
—

&gt;

-
rr 7-39"

a0

S50)-

C— i seetm—————— ities

24 26 28 30 32
INTERNUCLEAR DISTANCE (au)

F16. 2. R dependence of the a spin-orbit perturbation parameter, where a = (2x |dl, | 74).
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INTERNUCLEAR DISTANCE (a u.)

F16. 3. R dependence of the b rotation—electronic perturbation parameter, where b = (2x |; | 70).

nondiagonal spin-orbit and rotation-electronic interaction energies. Although configura-
tion interaction (CI) wavefunctions should improve the agreement between calculated
and experimental energies and provide more accurate estimates of spin-orbit and
rotation electronic energies (9), the single configuration approximation is expected to

28

ol

"|?

y-

5(.

2.6 2.8 30 3.2
INTERNUCLEAR DISTANCE (a.u)

F16. 4. R dependence of *IT and 2A spin-orbit constants (Ay and 4 a, respectively).

 —
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be valid for the configuration III states. Aa calculated here, in particular, should be
within 4-109, of the true value.

B. Comparison with Isovalent Molecules

As stated and illustrated in Ref. (5), a wealth of information concerning the lowest
valence states of 10 valence electron molecules exists. In Ref. (5), a comparison of
configurationally averaged properties for most of these molecules was presented. In
Table VII we have extended the work of Ref. (5) to include P; and PN which are
contrasted with SiO.

The energies of the configuration IT states may be approximately represented in
terms of three interelectronic integrals and a configurational energy as defined by
Recknagel (22):

3+ E(x") — a,

SA E(z%r’),
3 13-E(x¥r') + a,

IA E(x") + 2b,
2+ E(w*r’) — a+ 4c,

TABLE VII

[sovalent Comparison of Configurationally Averaged Properties

E( win” )x10~3 cm
ax103 en! 4.8
b x 1073 en” 3.1
c X 107° an! 2.8

rel m7 )/rg(X) 1.04
0g ( omn?) Jug (X) 0.81
E( om*n” )x10~3 cn”! Nn
£('n)-E(3mx1073 om! 5.3
relom* m7) /rg(X) 1.09
wg (om 7 )/w,(X) 0.76

wt

23

6.1

4.6

.04

0.82

13

7.3

1.07

0.89

5igC-d

2.4

1.3

4.4

1.14

.060

38

8.9

1.05

0.74

An values taken from J. Brion, Radical P2: Etude des transitions cist - xigt
1 ivr pip _ al Wud 3 _ K3 4 3

Al - X'% , BI All et de la transitions 1 bg Etude et interpré
tation des perturbations observées dans 1es états CI et ,- Thesis.
University of Reims, France (1977).

&gt;This work except for the r (m®n*)/r(X)andw(7°77)/w,(X) ratios which were
taken from Ref. (13).

c +
Values for bl and a’: from G. Hager, R. Harri ds Had1 J. Chem
Phys. 63, 2810 (1975). arris, and 5.6. Hadley, J. Chem.

Ref. (5).
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where for PN # and #’ stand for 2x and 3, respectively. Similarly the configuration IT
II and *II states may be written in terms of one interelectronic integral and a configura-
tional energy, E(on’). As discussed in Ref. (5), an increase in spatial separation of the
wand =’ orbitals leads to a reduction of the @, b, and ¢ integrals. An increase in the spatial
separation of these orbitals may arise from an increase in the molecular polarity so
that the =(#’) orbital is localized on the more electronegative (electropositive) atom or
from an increase in atomic size. These effects are nicely illustrated in the P;, PN, SiO
sequence shown in Table VI. PN and P, are essentially nonpolar so that the relative
sizes of P to N dictate the magnitudes of @, b, and ¢ which are all larger for PN than for
P,. SiO, on the other hand, is significantly more polar than P, or PN and the values of
a, b, and ¢ for SiO are‘smallest. Localization of ¢ and 7’ orbitals increases with Increasing
tonicity (5) so that E(YI1)-E(*II) increases from P; — PN — SiO.

C. Semiempirical Calculations

Knowledge of the molecular and atomic HF wavefunctions and atomic spin-orbit
energies provide estimates for A and 4, without recourse to full ab initio calculations.
The first method which we employ (called method I) is essentially that described by
Ishiguro and Kobori (23). We illustrate method I by computing 4, (5, 15):

Aa = i[Bn|a|37) — (2r|d|27)] = {[a(B3n) — a(2m)]. (5)

We make the approximation

a(2m) = [(P3p|2m)|%r(3p) + [(N2p|27) |x (2p), (6)
where [(P3p|2x)|? is the phosphorus 3p atomic character in the PN 2x molecular
orbital and { (3p) and {x(2p) are calculated atomic spin-orbit parameters (24). Overlap
between P 3p and N 2p is neglected.! We obtain 4s ~ 31 cm! which is to be compared
with the ab initio value at R = 3.10 a.u. of 15 cm-L Similarly, Ag = a(3r) ~ 100

cm at R = 2.818 a.u. is semiempirically estimated and compared with the ab initio
value of 88 cm. It should be noted that ¢ ~n(2p) is irrelevant in the calculation of A,
because the IV 2p character in 37 and 27 is nearly equal (see Tables IT and IV).

Field et al. (4,5) have proposed an alternative semiempirical method (method II)
for the calculation of 4 which may be viewed as a special case of method I. An upper
bound is placed on the difference |a(3r) — a(27)| from known experimental atomic
(np) parameters. We restate their arguments here for comparison. The 3x(2x) orbital
is considered to be localized on the more electropositive (electronegative) atom since
it is less (more) stable. Thus, if the more electropositive atom has the smaller $ (np)
the A state will be inverted and vice versa. For inverted states then, an upper bound
for A, is given by

0&gt; 4 &gt; i (ta(np) — ¢r(np))

and for regular states 4 is given by

0&lt; 4 &lt; %a+(np) — ¢u-(np). (7b)
! Because each atomic orbital is written in terms of more than one function (e.g., there are three 3p

phosphorous basis functions given in Table IIT) overlaps between these functions must be considered.
These are calculated using the formula given in (25).
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where 4(A+) is the more electropositive atom (ion) (4, 5). The ionic { (np) parameters
are used for the regular 3A states to magnify the difference between the {’s and provide
an upper bound for 4a. Negative (positive) ions exhibit smaller (larger) spin-orbit matrix
elements than neutrals because there is less (more) interaction between the electrons
and the nucleus. Except for the use of ionic {’s this method is simply a limiting case of

method I, where

(P3p|2x)|2 and |[(N2p|3w)|2—0

|(P3p|3w)|2 and |[(N2p|2x)[2— 1.

The recommended value for Aa is one-half the upper bound given in Eq. (7) (4, 5)
so that PN Aa ~ 20 cm. In that method II requires no knowledge of atomic or nuclear

wavefunctions it is superior to method I for the calculation of 4a. The agreement
between method II and experiment is seen to be very good for SiO, CS, and CO (4, 5).
This is due to a cancellation of errors in the subtraction of a(2x) from a(3x) in Eq. (5).
On the other hand, no such cancellation occurs in the method II estimation of An
which is proportional to a(3w). We expect method ITI to be less reliable for Ax than 4a.

D. Semiempirical Predictions

If we make the drastic assumption that the atomic orbital coefficients for AsN,
and PN are identical, estimates for Ax and Ax may be made for AsN without re-
course to additional ab initio calculations by replacing the appropriate { parameters
in Eq. (6) (23). Method I yields for AsN, 4a ~ 190 cm, and Ang ~ 670 cm™. Method
IT gives, from Eq. (7),0 &lt; Aa &lt; 410 cm™ or 4a ~ 205 cm™ for AsN.

E. Perturbations in the PN AMI-X'Z+ Band System

From the Morse curves generated above (see Fig. 1), vibrational overlaps between
AMI and all possible perturbers have been calculated. Since a is calculated to be ~50
cm, a vibrational overlap &gt;0.002 would be necessary to produce a readily detectable
ievel shift of 0.1 cm. We conclude from these overlap calculations that TI ~ 2+
perturbations will be definitely unobservable for AIL v = 0 — 20; however, ATI ~ 32,

5 and A perturbations may not be ruled out for the lowest vibrational levels of AIL.
'5— and 'A perturbations will be weaker than $Z~ perturbations at J values &lt;82 (see
Table II, Figs. 1 and 2) so that the observation of AI ~ 3Z~ perturbations is most
likely for low v, J AI levels.

In fact, Curry ef al. (13) have observed perturbations in the PN (1,0), (1, 2), and
(1, 3) A'TII-X'=+ bands. Figure 5 illustrates the level shifts observed in AI = 1;
plotted are the observed minus calculated transitions as a function of J ’ for both e

and f parity. The latter were generated using the constants from Ref. (13). The pertur-
bations are obvious but there appears to be a problem with the e parity data derived
from the P and R branches. Neglecting the two e parity data points for J’ = 46 and
47 which do not fit on a smooth curve through the other points, the perturbation seems
to culminate around J’ = 45-46 for the e parity levels and around J’ = 52-53 for the

f parity levels. This is precisely the pattern expected for II ~ *Z~ interactions. From
our calculated vibrational overlaps we expect a minimum overlap between AI and
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Fic. 5. Observed minus calculated A II-X'=* transitions as a function of J’. @ denotes f parity upper
levels taken from the (1,0), (1,2), and (1, 3) Q-branch lines of Ref. (21). X denotes e parity levels
taken from the P and R branches. Two perturbations are observed culminating at J’o ~ 45.5 and
J'y ~ 52.5 for the e and f levels, respectively.

33 in this region to be ~0.05. Therefore, the minimum vibronic interaction matrix
element observable is ~0.6 cm™! (See Table II and Fig. 2). From the maximum level
shift in the f parity levels,2 an experimental lower bound for the vibronic spin-orbit
matrix element is found to be ~2.8 cm™.

Other II ~ 32 perturbations should be present and observable. It is hoped that this
work will stimulate their eventual characterization.
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One and two dye lasers have been used in an optical-optical double resonance (OODR) study of the
sxated BIT and C!Z+ states as well as the low-lying, long-lived 4’ 'Il and a°Il, electronic states of
BaD. C!S* (v =0) is shown to be the upper level in the v' =O progression of the Parkinson band
system. Intensity anomalies in C 13+_x 13+ emission, due to an interference effect between parallel and
perpendicular transition amplitudes, have proved to be a sensitive indication of AQ = £1 perturbations.
Emission from C'S*, which is populated by absorption of two photons via a real intermediate 4 'S’
vibronic level, into A’ 'TI (v =0,1, and 2) and a °II; (v =0,1, and 2) has been observed. A scheme is
sresented by which the relative populations of the 4’ TI and a 3M “reservoir states” could be monitored.

J. INTRODUCTION

This paper is the second in a series reporting an in-

vestigation of the electronic spectrum of BaO by the
technique of optical-optical double resonance (OODR)
spectroscopy. The results reported here were obtained
using one and two cw dye lasers to excite BaO mole-
rules in two steps from X'3*to A'Z* and then to C!5*
or B'TI. The main difference from the first BaO OODR
investigation,’ hereafter referred to as OODR I, is that
tunable lasers are used for both excitation steps,

v',J =v”, J! ,

vE, J*=0,J,
and that states other than X'=* are observed as the ter-

minal level in

vr, J ¥=v,d

OODR photoluminescence. 2

Results reported here may be divided into four cate-
sories: new spectroscopic observations on the BaO
2°11 (v= 0-2), A''ll (v=0-2) and mutually perturbing
C'z*(v*=0) and B'II (v* = ?) levels; an excitation spec~-
roscopic scheme for monitoring populations in the
‘long-lived “reservoir levels” a °II and A’ 'II; a quantum
mechanical interference effect which manifests itself
in anomalous relative intensities of P and R transitions
originating from a common v*, J * level and which is a

sensitive probe for AQ==x1 perturbations; applications
of new OODR techniques including OODR with two tun-
able lasers, OODR detected as a decrease in fluores-
sence from the intermediate v', J’ levels,® and acciden-
:al double coincidence OODR spectroscopy using only
one (tunable) laser. A detailed analysis, including de-
perturbed constants, of all spectral data pertaining to
the mutually interacting A's", a®l, and A’ '1I states is
deferred to OODR III.* The high energy BaO states,
Bl, C'z*, other !=* states (observed in OODR I' and

Alfred P. Sloan Fellow.

by Pruett and Torres-Filho®), and various perturbers
will be more fully discussed in OODR IV. ©

This research was stimulated in part by the observa-
tion in OODR I of a large number of v* levels all of ap-
parent.!&gt;* symmetry. In an attempt to solve the rid-
dles of the numerous * !T* levels and the missing non-

s+ states and to locate the as yet unobserved, low-lying
3+ state, OODR experiments employing two tunable
lasers were initiated. As might be expected, two new
questions arose. How was it possible for a single red

dye laser to excite strong blue and ultraviolet fluores-
cence? What could explain the intensity behavior of the
R, P doublets in the long v*, J* ~ X'2*v”, J" =J* x1
fluorescence progression? Sometimes the P line would
be stronger than R and then vice versa in the adjacent
doublet. In fact, the two longest wavelength doublets
were actually singlets!

The anti-Stokes fluorescence is explained by acciden-
tal coincidences of the frequencies of rotational transi-
tions in the A'z*~-X'z* (0,1) band with rotationally
linked transitions in the C!'z*-A'=* (0,0) band. Four
strong coincidences were found corresponding to the
four possible excitation schemes: RR, RP, PR, and
PP. The C!z* (v*=0) level is the upper level of the
v’ =0 progression of the Parkinson band system of BaO.’
The R, P intensity anomalies are the result of cls
~ BI perturbations and are a quantum mechanical in-

terference effect between parallel (AQ=0) and perpen-
dicular (AO==+1) transition amplitudes. Two-laser
OODR experiments permit a complete characterization
of the C(v* =0)~ B perturbation.

The one-laser OODR fluorescence in the red region
was very complex and probably could not have been as-
signed if more than one v*, J* level had been simulta-
neously excited. Anunexpected dividend was observation
of C'z*-A'M and C!3*-a ll, P,Q,Rfluorescence trip-
lets. The C-a(=1) fluorescence intensity was pri-
marily borrowed from the C-A’ transition by the known?
strong 'I1~ 3M; Av=0 spin-orbit interaction. The C-A’

4110 J. Chem. Phys. 68(9), 1 May 1978 0021-9606/78/6809-41 10801 .00 © 1978 American Institute of Physics
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and C—a bands are important because they provide a
method for monitoring populations of the metastable
A’ 11 and a’ states.

There have been many reports in the recent literature
soacerning the reactions of Ca, Sr, and Ba atoms with
sarioas oxidants (CO, CO, NO, NO,, Oy, and O,).°=%
Particular attentioa has been focused on the a *1I and

A’ states. Althoagh BaO a1 has been shown to be a

precursor?’ to high quantum yield radiation from A gy
in reactions such as

Ba + N,O— BaO* +N,

how a II is populated remains a question which has
stirred some controversy.2%2! Several states exist
which might act as energy reservoirs in Reaction (1):

x's* al, A''l, and °S'. In order to answer such
questions as whether or not high vibrational levels of
X!5* are precursors to a ®[1 it would oe necessary to
measure cross sections for intersystem crossing be:
‘ween these two states. This requires a method for

monitoring the populations of both states and for selec-
tive popalation of one or the other. Modeling of the
population flow among reservoir levels must entail a
detailed understanding of a*n~ X's", a®n~°3* aid
2311~ A'&gt;* perturbations likely responsible for efficient
transfer, 28-3

To date little information has been obtained for the

low-lying °1 and II states of Ca, Sr, and Ba monoxides.
Although rotational and vibrational constants are known
‘or these states of all three molecules from the analysis
of A's*~ A’ and A!Z*~ a%ll perturbations®*~* and from
direct experimental observations of the 'TIstates?!" %~%
this work reports the first observation of BaO a Mm (
=0, 1, and 2) and A’ 4 (v=0) rotational levels which are
not perturbed by Alx*. 3

il. EXPERIMENTAL

A. Apparatus

# Y

te Zone
el NT

x

 J1

aN - &lt; Filter

rons
Photomultiplier

“Monochromator
AY

; Reaction Zone |

17 NN

gl ls [Coser|
[4

 1

CT Filter
Polaroid

Photomultiplier

iT
FIG. 1. Schematic representation of apparatus used to monitor
DODR photoluminescence as a function of wavelength and
polarization. (a) Laser 1s polarized in Z direction. Using a
polarowd in front of monochromator slit, either X or 2 linearly
polarized light may be selected. (b) Laser polarized in Z di-
rection, but the coordinate system has been rotated so that
only X or Y fluorescence can be detected.

o—
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slit of a Spex 1704X monochromator (6 A/mm recipro-
cal dispersioa) for photoelectric work or onto the slit
of a Spex 1802 spectrograph (18 A/mm reciprocal dis-
persion) for photographic work. A Hamamatsu R818
red sensitive photomultiplier tube operated at 600 V was
used with the 1704X; Kodak type IIIF photographic
plates were used with the 1802. C's*-X'z* uv emis-
sion was monitored using a Corning 7-37 uv passing-

visible absorbing colored glass filter and a 480 nm cut-
off interference filter with 70% average transmission
from 400.0 to 475.0 am (Ditric Optics Inc.) placed in
front of an RCA 1P28 photomultiplier tube at 600 V.
Total uv fluorescence was detected perpendicular to both

the laser beam and the optic axis of the monochromator.

For both photoelectric and photographic work, Hg and
Ne pen lamps were used as frequency standards

The OODR experimental apparatus and procedure for
producing BaO have been described elsewhere, *r*
Ba vapor was entrained in a flow of Ar (99.998% purity)
and mixed with CO, (99.8% purity), which reacted spon-
raneously, resulting in a very weak reddish flame. CO,
was chosen as an oxidant instead of N,O, NO,, Oj, or

0, SO as to minimize the chemiluminescence. Operating
sressures were usually 1-3 torr; the gas mixture was

typically 95% Ar, 5% CO,.

Folded cavity, rhodamine 6G, jet stream dye lasers
vith intracavity three stage birefringent filters=
srovided radiation with spectral width (FWHM) of ~ 1
em~} throughout their tuning ranges from 570-630 nm.
roaversion efficiencies when pumped with the 514.5 nm

‘ine of an Ar* laser were 20%; typical dye laser powers
were 0.5-1 W. A 1.0 mm, 97% reflecting, solid quartz
atalon with a free spectral range of 3.057 cm! was used

:0 measure the laser frequency relative to atomic neon

ath a relative precision of 0.2 cm™ and absolute ac-

suracy of 1.0 cm™,

Laser induced fluorescence was viewed perpendicular
to the laser beam by focusing the fluorescence onto the

B. Polarization experiments

Two equivalent methods were used to monitor the

polarization dependence of OODR transitions (see Fig.
1). The laser plane of polarization could be rotated us-
ing first a Fresnel rhomb which produced circularly
polarized light and then a rotatable calcite polarizer to
select linearly polarized light along any direction (with
a loss of 50%). Alternatively, a polaroid sheet was
placed in front of the monochromator slit passing only
X or Z polarized light but not both (see Fig. 1). If we
always consider the laser to be polarized in the Z direc-
tion (for simplicity in calculations below) and propagat-
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vE g*= 46
vk J%=44

Second Excitation ere) ho | UV Fluorescence
— y= J=45
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Ww=2 J=44

v,=0 J=46

fluorescence simplifies detection of OODR transitions
into triplet states. An example of this type of detection
scheme is illustrated in Fig. 2, where the first photon
pumped A'=*(v' =1, J’ =45) which has 44.2% a II char-
acter. No transitions to triplet states have yet been
detected: every decrease in the pumped level fluores-
cence as the second laser is tuned is accompanied 5y uv

fluorescence. There are, however, differences in the
visible to uv branching ratio. It is clear from Fig. 2
that although this fluorescence decrease (flop out) meth-
od is versatile it lacks the sensitivity of the fluorescence
increase (flop in) methods. Detection of total QODR
photoluminescence is versatile and especially useful in
a system where the emission frequencies are unknown.
Total OODR fluorescence can be distinguished from
single resonance fluorescence excited by either laser
by modulating both lasers at different frequencies and
detecting all fluorescence (no filters) at the sum or dif-
ference frequencies using a phase sensitive detector.

Ill. RESULTS AND ANALYSIS

In Table I we present a summary of the various emis-

sion systems observed in the single laser OODR experi-
ments showing the fluorescence structure and how this
information was used to sort out and assign all the spec-
tral features. Below, we discuss each band system in
detail.

A. C'Z*-X'Z* band system

1. Single laser OODR excitation spectrum

Figure 3 shows a smngle laser excitation spectrum
where ultraviolet fluorescence intensity is recorded as
a function of laser frequency. A red degraded band with
rhead at 16 030.3 cm™ is observed with four strong
ines standing alone above many weaker transitions;
fluorescence from only these four strong transitions is
considered.

2. OODR photoluminescence

Figure 4 shows a portion of the ultraviolet emission
spectrum from these levels extending from 320 nm to
480 nm and consisting primarily of P and R doublets
characteristic of either !z*~!3* or [1-!5* emission.*
Seventeen doublets corresponding to emission into Xx"

Total %—X Co

UV Fluorescence »

pds i
Resolved A-X corre dead de(1,2) R(44)
~luorescence

FIG. 2. Portion of an OODR excitation spectrum and corre-

sponding excitation scheme illustrating two means by which
OODR transitions may be detected. The first laser excites
Alg*(v’=1, J" =45)~X12* (v'" =0, J’ =46). The upper trace
1s a recording of uv fluorescence; the lower trace 1s resolved
Als*(v'=1, J’ =45) =X '2*(v*" =2, J'’ = 44) fluorescence. In-
creases in the lower trace are caused by the second laser ex-
citing A12*—X 12* followed by A !=* emission whose frequency
is coincidentally within the spectral width of the monochromator

104

ing in the X direction, then rotation of the plane of po-
larization of the laser corresponds to a 90° rotation
about the X axis so that X + ¥ polarized light is detected

as opposed to X+ Z (see Fig. 1). X and ¥polarized
fluorescence are identical,’® so that X -only, Y-only,
and X + Y unpolarized detection schemes should be

equivalent, X or Y to Z intensity ratios, obtained
either by rotating the laser or detector polarization,
are found to be identical (see Secs. III.Aand III. D) when
the polarization dependence of the monochromator grat-
ing was considered.

C. OODR detection

Several methods exist by which OODR transitions may
oe detected: (1) v*, J*—~”, J” photoluminescence?; (2)
v¥, JX =, J’ photoluminescence®-*, (3) decreases in
fluorescence from the intermediate ¢’, J’ levels?; and
(4) total OODR photoluminescence. Each of these meth-
ods of detection provides different types and quantities
of spectroscopic information. The first two schemes
amploy broad band filters to pass only certain frequency
amission (here we detect uv C!z*—~ X'5* OODR photo-
luminescence, for example). The third method listed
above is the most versatile in that it samples OODR
transitions into not only radiating but also nonradiating
v*,J* levels. In BaO, for example, a perturbed level
with 50% A'=* and 50% a *[ character [for example,
J=45 of A'Z*(v=1)~ a1, (v=0)] could be populated from
X'z* with the first photon; then, access to excited trip-
lets as well as singlets should be equally probable, all
other factors being equal. The singlets should radiate
in the uv back down to X's* while the triplets will usual

ly not radiate in the uv; thus, monitoring decreases in
v’, J’ fluorescence without concomitant increases in uv

TABLE I. Summary of emission observed,
 —_—CT_—
Band system Structure Information obtained
 -—eCTrurnatlonobtamed
Clpt—xls PR doublets mm uv with large Isotopic assignment

intensity anomalies J*
Bln ~ C!z* perturbation

c'z*—~A's* PR doublets in visible I*

Alpt—xizpr Pairs of PR doublets J’, vu!

Assignment of intermediate
state

Characterization of a n,.
clz~ 357 perturbation.
Alignment of C 12°,

Characterization of A*l.
Alignment of C 1z*,
Proof of C1z* symmetry.

Cc pra’,

Clzr—A'lg
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TABLE II. Single laser OODR excitation schemes.

~~ Brameh

Alz*@w’=0) cz w*=0)
J* Pager (cm) ~x1z*w’" =1) —Alz*w’=0)

18 16029.6+0,5 P(18) R(17)

29 15995.6 P(29) P(28)

34 16 016.8 R(32) R(33)

48 15957.5 R(48) P49)

J= 18 34 27
J'=17 33 28
J"=18 32 29

1F
“ygy

ng

il
16025 16000 15975 15950 15925

LASER FREQUENCY (cm!)

FIG. 3. Single laser OODR excitation spectrum resulting from
he absorption of two photons fromX1=*(»* =1) via A13* 0’ = 0)
lo C1z*(w*=0). The four strongest transitions are labelled ac-

cording to J*, J’, and J’/. The lower trace is a series of in-
erference fringes from a 97% reflecting, 3.057 em free spec~
tral range external cavity etalon used for frequency calibration.

&gt;

laser frequency, it is possible to assign an excitation
scheme for each double resonance transition. Measure-

ment of the laser frequency and observation of A!Z* (v’
=0)~X!%* (v”) emission (see below) indicates that
the first photon excites the A'z*~X'2* (0,1) band;
Als*—~ X'5* fluorescence consists of P and R transitions
with the R branch always at higher energy. Examination
of Aln*~ X'5* (0,1) fluorescence therefore determines
whether the laser is exciting a P or an R branch. Sim-
darly, from * ~ A!%* emission (see below) in the same

frequency region, the second step can be determined to
be either a P or an R transition. Table II summarizes

the excitation schemes for each of the four transitions.

{t should be noted here that there are five naturally
abundant 1sotopes of Ba: *®Ba(71.66%), *"Ba(l1.32%),
136Ba(7. 81%), **Ba(6.59%), and '**Ba(2.42%). In order
0 correctly assign J* it is necessary to determine
which isotopic species is observed since Bj and Dj are
isotopically dependent.®® This was done by examining
* « X'o* emission into two different ground state vibra-

cional levels, v{=12 and v3 =6. The separation between
Por R lines in these two bands depends only on ground
state rotational and vibrational constants®

AVqyp= wg (VF — v1) = weXo[vf (V3 +1) — of (v7 +1)]

=a J (J"+ 1) (vg —-v{), (3)

where w,, w.X,, and a, have their usual meanings. The
isotopic dependence of these constants is well known®®:

Wg = Pw,

Wee = PPwge ’

al=pia,,

(v”=1 to v”=17) are observed for each of the four ex-
cited J* levels. Three features should be noted: (1)
‘here is a broad Franck—-Condon maximum between »”

=8 and 10; (2) emission into ¢#”=0 is not observed be-
cause of a small Franck—Condon factor; and (3) the
relative intensities of P and R lines vary from doublet
to doublet and generally deviate from expected 1:1
ratios.?® The appearance of only a single Franck—Con-
don maximum suggests that v*=0. J* is determined
from the frequency difference between P and R lines and
&lt;nown ground state rotational constants!:

APR= (4B! — 6D!)(J* +1/2) —8Dy(J* +1/2)%, 2)

where B” and D! have their usual meanings.?® APR was
determined to + 0.3 cm! from photographic plates of
«+ X'5* emission.

From examination of fluorescence at and near the

(a)
Vv'=5 b 10

La
FIG. 4. (a) A portion of the
resolved C'Z* (v*=0, J*=18)
-X1z*(*, J" =17 or 19)
ultraviolet photoluminescence
spectrum consisting of P and
R doublets and exhibiting
anomalous P :R intensity
ratios. (b) Same as (a) except
Clz* (*=0, J*=48)
~X13*@", J' =47 or 49).
Note the reversal of intensities
for v’’=13 and 14: due to the

B ~C perturbation.

|
b)

V's 5 lv 14

CLL ged! —

reese

- a I I rr XX _ "JT — ——""™/71/
340 350 360 370 380 390 400 410 420

WAVELENGTH (nm)

o8
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TABLE II. The nonvanishing direction cosine matrix elements (Q‘J’M’ |a Rs|SWIM), where R
=X, Y, or Z and s=x, y, or z are given by the product of three factors: JI d)g JT, QJ, 2)
XhplJ,M';d,M). The factors f, g,, hy for a given matrix element are taken from different rows
of the same column of this table. The choice of columns depends on the value of J’ —J. The choice
of rows depends on R and s. In all cases, the first factor f 1s taken from row one; the second fac-

tor g, 1s chosen from rows two or three; and the third factor %y is chosen from rows four or five.2

_— Se———r—
Factor J =J+1 J'=J J'=J-1
A iri erence So eoBd,
fad) {4+ Der +1) +3) 20 [47 +1) {4I1(2d+1)(27—1)]t/2)}
2’, Q;d,9) 2[(J+Q+1)J — Q+1))1/2 20 2+ QJ—1/2
gl ,Qx1;dJ, Q) or

tig, d’,Qx1;J, Q) F(T £Q+1)(T+Q+2)]/2 (+++ DI? 2 [(J=Q)(T+Q—1)]1/2

hold! M; J, M) 2[(J+M+1)-M+1)V22m
hylJ’, M1; J, M) or
thy, M21; J, M) FJ 2M+D)J M+2)1V2 [(J2M)T M+)? 2 [(J=M)I+M —1))1/2
 eee fo re© noe
#This table was taken directly from Ref. 56 and was originally published in Ref. 57. Capital (lower

case) letters refer to space (molecule) fixed coordinates.

where p= (u/ pu) 2, and pis the molecular reduced normally fully allowed bands as well as branches in the
mass. Thus Avy, may be calculated for all isotopes and NO molecule.*

ith i t. f "=26compared with experiment. For example, for J ? We represent the * state as a linear combination of

Avip©=3773.85 cm™ for ¥Balf0, + and II basis states:

Avi =3775.23 cm™ for ¥'Bal®Q, Y=cl's*)+@ -c®V2 |), (6)
where ¢ is a mixing coefficient. The transition intensity
is proportional to the electric dipole, i, matrix element
squared:

I~ | (*, T%, 0% |p| X07, J”) |2. . Mm
Explicitly treating (*, J*,v*| as a mixed state one ob-
tains

I~ le]? mex 2+ I - || unx Pee’ -A uri,
®)

where a prime denotes a complex conjugate and Max
=(*, A, J*¥ pl X=, 0”, J"). The last term in Eq. (8)
is responsible for interference between P and R
branches. In order to explain the observed vibrational
and rotational dependence of these anomalies we factor

the matrix elements of pu in the spirit of the Born-Op-
penheimer approximation:

Hex ™ (vg vx) a(J*, J, A= 0)R;* ’

nx~(vn vg) a(d*, J”, AQ=1)RF*, ©)
where (v, log) is a vibrational overlap, « is a direction
cosine matrix element, R}¥ is an electronic transition
moment integral, and § is the projection of J onto the
internuclear axis. It is seen from Eq. (9) that both
R;* and (v, lux) must be nonzero for both A= and II
in order to account for the observed intensity anomalies.
The interference effect varies in magnitude and sign
from band to band because of the independent variation
of (vrlvy)and (vg lvy ) with vy. Only 's* and I states
may have nonzero electronic transition moments with
X':*. An examination of o (see Table III) shows that
only matrix elements for AQ==+1 have opposite signs
for P and R transitions so that * is a mixture of at least
one '* and one II state.

Intensity anomalies in a particular band should be-
Come more severe as the two perturbing states become

and

AVTE®=3773,8+0.3 cm™,

In this fashion we were able to determine that only
!38Ba'®0 was observed in each of the four transitions.

Once J* is known, energies relative to »”=0 and J"
=0 are easily obtained®:

E(v*,J*)=E(A'Z*, J’, 0" =0) + Eager, (5)
where E(A's*, J’,v' =0) was calculated from A !3*-x!5*
transition energies given in Ref. 32 and X!5* ground
state constants in OODR I.! In order to obtain further
information from these energies a physical model must
be employed which is consistent with all of the data de-
scribed above.

3. Intensity anomalies

As seen in Fig. 4, intensity anomalies are observed
in *-~ X'=* P and R branch emission. The magnitude
and sign of these anomalies depend on J* as well as v”

as shown in Fig. 4; and, at times, branches even disap-
pear. Upon rotation of the laser plane of polarization
or use of a polaroid in front of the monochromator slit

as described above in Sec. II, no change in the relative
intensity of P to R emission could be detected within ex:
oerimental error. The vibrational and rotational de-

pendence of these anomalies is overwhelmingly sugges-
‘ive of a perturbation; in other words, the * state is a
mixture of two Born—Oppenheimer basis states since
X'=* 0” =1 to v”=17) are known to be completely free
of perturbations.!® Similar interferences due to Cori-
olis interaction in polyatomic molecules® and rotation-—
2lectronic interaction in diatomic molecules33:5* have
been observed previously. In fact, interference between
‘ransition amplitudes associated with a mixture of two
Born-Oppenheimer states has led to the annihilation of
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degenerate and ¢®~ 0.5. As seen in Fig. 4, these anom-
alies get larger as J* increases. From second order
perturbation theory,

~ HJ*)

c(J*) AEX)’ (10)
where H(J*) is the interaction matrix element between
‘he two states and AE(J*) is the energy difference as a

function of J*. Thus when the two states cross, AE
changes sign, c changes sign and the sense of the PR
interference changes. This crossover is observed be-
‘ween J* = 34 and 48 assuming that both transitions into
J*=34 and 48 observed are either main or extra lines.
If the transition into J*=34 is a main line and the tran-

sition into J* =48 is an extra line (or vice versa) a
change in sign of the PR interference would be observed
when the crossover is nof between J*=34 and 48. A

more systematic investigation of this region is therefore
required.

Two laser OODR excitation spectra

In order to verify the above analysis and unambiguously
jetermine the J value of the '=*~ II crossing, we have
used {wo dye lasers to systematically probe the * state
in the region of J*=34 to 48. In these experiments, the
Alz*—X'5* (0,0) band was excited with the first laser
which was amplitude modulated at 200 Hz. The second
laser then excited x — A !5* (0,0) and uv fluorescence

was detected using a phase sensitive detector in order

{o eliminate interference from single laser OODR ef-
fects.®® Not only main but also extra lines were ob-

served between J*=34 and 48. Figure 5 shows a two

TABLE IV, B!nw)—C!2* (v*=0) Hamiltonian
matrix? and fitted parameters.

Hy =Ep+Bg JJ +1) —DlJ(J+1)1*

Hypp=Ep+Bp [JW +1) —1) -DylJ(J +1) = 1]

Hyg =Hyy =B2J(J +1)]1/20

Parameter Fitted Value (cm™)¢

33084.0 (10)¢

0.23846 (30)

2.8x10-7e

33105.1 (10)¢

0.2266 (6)

2.8x1077°

0.1001 (15)

%Only the e-parity® matrix is considered
here.
‘B=b{vy|B lug), where b and (vy |B |vg)
are defined in Ref. 8.

"Uncertainties in the last figure of one standard
deviation are listed in parentheses.

"Energy relative to the X1z* potential mini-
mum.

’Arbitrarily held constant at the D, value for
A ise 32

Dg

En

Bn

Dn

laser OODR excitation spectrum exhibiting main and
3xtra P and R branch lines®®'® and indicating that the
crossing is near J*=42, The J*=34 and 48 levels oh-

served in the single laser OODR spectrum are composed
of mostly the same basis state, C!5* (v* =0).

5. Theoretical interpretation and comparison with the
Parkinson band systern

We are now able to return to the energy levels mea-

sured and employ a model involving two states which we
shall designate C'z* and B11 ® in obtaining rotational
constants for these two vibrational levels. Using a
weighted, nonlinear, least squares program® 83 (orig-
inally written by R. Stern with modifications by T.
Bergeman and A. Kotlar) to fit these eigenvalues to a
diagonalized Hamiltonian matrix given in Table Iv, we
obtained the rotational constants and perturbation matrix
element which are also given in Table IV. Using con-
stants from Table IV for C'z* (v* =0) and those of OODR
I' for X'5* we have calculated the positions of C15—
X'3* bandheads given in Table V. These bandheads are

found to be in excellent agreement with those reported
previously by Parkinson,” who attributed these transi-
-ions to the v’=0 progression of the B('II)-X'x* system.
Parkinson chose the assignment of 11 for the upper state
because of “the complex rotational structure.”’ We
have seen that the rotational structure for this state is

complex because of 'z*~IIperturbations, but in fact
the state is best characterized as !&gt;*; therefore, we
adopt the notation of C!Z* for this system and retain the
notation BI for the perturbing state.

6. Explanation of single laser OODR effect

In the single laser OODR experiment, C'&gt;* can be
populated only when v,.y(J’ = J") =v... 4,(J* - J’) and

n

tons

Xr an"
1

'

»

r

wd pny16050 16000 15050

LASER FREQUENCY (cm™)

FIG. 5. Two laser OODR excitation spectrum. First laser
excites A1Z* (v'=0, J" =43) ~X12* (w' =0, J" =44). The
second laser is scanned exciting both main (m) and extra (e)
P and R branches in the Ciz*—A4lx* (0,0) band as Cit —x 15
altraviolet photoluminescence 1s recorded.
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TABLE V. C!z*@w*=0)-X=*(v*’) band-
reads.

0 Dpoaalem™) air(2)
0 22751 3052.5 (0)2

32085 3115.8 (1)
31423 3181.4 (3)
30766 3249.5 (5)
30113 3319.9 (7)
29463 3393.0 (8)
28818 3469.0 (9)
28178 3547.9 (10)
27 541 3629.9 (10)
26 909 3715.1 (10)
26281 3803.9 (9)
25658 3896.4 (8)
25038 3992.7 (7)
24 424 4093.2 (5)
23814 4198.1 (3)
23208 4307.7 (2)
22 607 4422.2 (1)
22 010 4542.0 (1)
21418 1667.6 (0)

TABLE VI. A t3+_x13* bands observed in single laser OODR

experiments.

Relative

Band  Ppggylem™)?  ABL(R)2  intensity®
(3,0) 18201.0 5492,69
(2,0) 17712.,7 5644.13
(1,0) 17221,3 5805.15
2,1) 17047.0 5864.51
(0,0) 16 728.1 5976.28
Jd,1) 16552.9 6039.64
\0,1) 16 060.7 6224,66
(0,2) 15396,7 6493, 09
\0,3) 14739.1 6782.79
10,4) 14 085.8 7097.41
{0, 5) 13436.4 7440, 42
0. A 192.79 1 7815.20

Source of
fluorescence

Cascade
Cascade
Cascade
Cascade
Direct
Cascade
Direct
Direct
Direct

Direct
Direct
Direct

Taken from Ref, 67.
°Intensities relative to laser band.

CY.aser bana.

e

‘Relative intensities uncorrected for mstru-
ment response are given in parentheses.
Zero mtensity transitions were not observed
in this work.

resonance transitions. Two observations indicate that

the latter mechanism is relatively unimportant:

(1) The weaker transitions decrease in intensity faster
than the four strong double coincidence lines with de-
creasing Ar carrier gas pressure; and

(2) Fluorescence from one of these weaker transitions
nas been observed and partially assigned to excitation
via a specific A!z* (v/ = 0) rotational level.

B. A!Z*-X1Z* band system

For each of the four single laser OODR transitions
discussed above, 12 A!Z*-X!s* bands were observed
(see Table VI). The strongest emission arose from 2’
=0, which was directly populated by absorption of the
first photon. Quartets of rotational lines were observed
in every A'z*-X's* band in addition to many weaker
transitions from collisionally populated levels resulting
in the formation of bandheads.

Line quartets arose in two distinct ways: (1) simul~
taneous excitation of two different 4 *&gt;* (v' =0) rotation-

J*=J'+1=J"+2 or J”. Figures 6 and 7 illustrate how
Cln*«Als* and Alz*~ X!5* transitions come into and
go out of resonance. From Fig. 7 it is seen that there

are only four coincidences possible corresponding to
the excitation schemes given in Table II. This is not a
general conclusion concerning 'z*-'z* double coinci-
dence spectra; depending oa B*, B’, B”, and the
ribronic energies of the three states it may be possible
:0 have less than four coincidences. Two mechanisms

may be responsible for the weaker transitions in the
single laser OODR excitation spectrum (see Fig. 3) re-
sulting in the formation of a bandhead®: (1) rotational
relaxation in the relatively long-lived A'%* state (7,4
=3.56%107 sec for +’ =0)%; or (2) two photon transi-
tions via a virfual intermediate state enhanced by near

~ASER
WIDTH —

0.34

P(28) R(38)

P25) __|P(26) i P(28) pz] P30)
RSI RI52Y, "EH eh RIS5), Rise)

(30) R(40) P(3I)

y's _x'st

P(31) P(32)1R(57) =
A

| FIG. 6. OODR coincidence

spectrum illustrating how the
Clz*-Alz* (0,0) and Alz*—
xis (0,1) bands come into
and go out of resonance.
When J*¥=J’ +1=J"" x2 or J'’

and Vg. 4 SV4.-x Within the laser
spectral width an OODR tran-
sition occurs.

sto Ast

Re air aa 1h gy —
25.0 62...

WAVELENGTH (nm)
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FIG. 7. Differences between
Alz*-x12* (0,1) and Clz*-
Alz* (0,0) transition frequen-
cies are plotted as a function

of J’ for each of four possible
excitation schemes: PR, PP,
PR, and RP. Four zeroes
are calculated corresponding
to the four strong coincidences
in Fig. 3. Effects of aC lg
vB perturbation can be seen

in the shifting of the RP coin-
cidence from the zero inter-

action calculated value of J'/
=53 to the observed value of
J! =48.

—
 NN

ol

2 i
S10

 85

 WV Ny _ —

40 50
—l
6"

al levels; and (2) P and R cascade fluorescence from
Clz* (v*=0,J%) into A !15* (v',J’ =J* x1) levels. Quar-
tets from the former consisted of two PR doublets with
different intensities and PR spacings because the J’
levels populated were very different: for Alz*~-x!z*
(0,1), transitions into two levels differing in J’ by 10
occurred within the laser spectral width. Cascade
quartets consisted of two PR doublets with nearly the
same intensities and PR spacings since they resulted
from A1=* (v') rotational levels differing in J’ by two
and populated from the same initial C!z* (v*, J*) state.
Cascade fluorescence from A!z* (v/=0) was too weak to
be detected in the presence of laser induced A!z*— X15*

(v' =0,2") fluorescence.

C. C'Z*-A'Z* band system

Emission into A!'=* (v"=0, 1, 2, and 3) was observed
and consisted of P and R doublets resulting in the cas-
cade fluorescence discussed above and summarized in
Table VI. Contrary to the situation for C!z*= x'x*
amission, no intensity anomalies were observed in
these bands presumably because of small R?4 and/or
small {vglv,) factors; this observation is consistent
with the lack of @ branches in the two laser OODR ex-

citation spectra.®®

D. C!Z*-A''l and C'Z*-a ll, band systems

1. Experimental observations

For each of the four J* levels populated in the single
laser OODR experiment, a progression consisting of
three approximately equally spaced bands® with an
average spacing of 438 cm™ was observed from 655 nm

to 700 nm; the bands decreased in intensity with in-
creasing wavelength. Each band consisted of three
nearly equally spaced P, @, and R branch lines the rel-
ative intensities of which differed significantly from ex-
pected P/(P+R)=0.5 and @/(P+R)=1 ratios (see Fig.
8). Although these ratios varied only slightly with the
lower vibrational level and J*, dramatic changes were
observed in the @/(P+R) ratio as a function of detection
geometry (see Fig. 1 and Table VII). The P/(P+R) in-
tensity ratio was on the average 0.65 (see Table VII) and
changed insignificantly with detection geometry; the @

=
 ~ 2
 &lt;4

3.

'

“

TABLE VI. Experimental and calculated intensity ratios for
the C 'z*—~a®m (0,0) band.

Intensity ratios

J* excitation? X +Z detection? X +Y Detection

scheme~~P/(P+R) Q/(P+R) P/(P+R)  Q/IP+R)
18 PR 0.67 (0.53) 0.93 (0.63) 0.62 (0,50) 1.44 (1.70)
27 PP 0.59 (0.53) 0.71 (0.68) 0.59 (0.50) 1.29 (1,55)
34 RR 0.67 (0.53) 0.67 (0.63) 0.71 (0.50) 1.21 (1.60)
48 RP 0.67 (0.53) 0.80 (0.63) 0.71 (0.50) 1.21 (1.55)

See Table II. ®Values in parentheses are calculated
See Fig. 1. (see text and Table VIN).

=
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 -_
658 659
WAVELENGTH (nm)

FIG. 8. Cl» (v*=0, J*=18)—A’ 1 (v = 0) emission consist-
ing of P, @, and R branches whose relative intensities deviate
markedly from the expected® 1:2:1 ratio. X and Z polarized
fluorescence is recorded with the laser polarized in the Z di-
rection,
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branch intensity was anomalously weak relative to P and
R for X+ Z detection but anomalously stroag for X+¥
detection.

A second progression identical in structure to the
above emission although 2.5 times weaker (after cor-
recting for instrumental response) was observed an
average of 235 cm™ to higher frequency. Splittings be-
tween bands and P, @, and R branch lines differed
slightly from the above emission; however, the same
relative intensities and anomalies were observed.

Energies for the lower states of these transitions were

calculated directly from E(v*=0, J*) calculated above
and the C'&gt;*~v, J transition energy.

2. Expectations from previous work

In addition to X!&gt;* and A !&gt;* three low -lying bound
states of BaO might be considered in interpreting emis-
sion spectra from C!z* (v*=0): a0, A’'N, and ®3*.®
2% and A’ Il energies relative to X!x* as well as ro-
tational and vibrational constants have been determined

from deperturbation of A'&gt;*~X'=* spectra*® and, for
A’, from the experimental work of Hsu et al.'® and
Zare et al.® Thus, the energies for these states are
readily calculated as a function of v and J. From Ref.

3 we calculate E(a ll, v=0)— E(A’',v=0)=236 cm™
and E(a®ll,v=1) — Ea’, v=0)=443.5 cm™ and note
that vibrational and rotational constants for A’ I and
aM, are nearly identical.®% There are, todate, no ob-
servations of the 3s* state.

Emission into A’ II must be accompanied by emission
into a®M,. Spin-orbit interaction between A’*[1 and
2 °[l; results in an approximately J independent mixing
such that A’ IT has an average 23% a°l, character and
vice versa.*® If the emitting state has oscillator
strength to only A’ ‘II or aM, but not to both, then the
relative intensities of the two band systems must be
consistent with the mixed nature of these two states:
if only C'=*~ A’! emission is allowed then emission
into a °I1; will be 3, 3 times weaker than emission into
A’ nq, Although spin-uncoupling®® results in a J~de-
pendent mixture of Hund’s case a °Il,, %1;, and °m, basis
states, for v=0 and J="50 the percentage A’ '1 in a1,
and a°Il; is 2%; therefore, emission into these other
spin components would be 12 times weaker than emis-
sion into a1, for an allowed transition into only A’.

ancies between expected and observed intensities exist:
(1) emission into a II, is 30% stronger than expected for
an allowed transition into only A’ II; (2) P branch emis-
sion is always stronger than expected relative to R
branch emission; and (3) @ branch intensity, relative to
P and R, is strongly dependent on detection geometry.

It is apparent from the first of these discrepancies
that C!z* must have an admixture of triplet character
and, therefore, a finite transition probability into a °m,.
Since exhaustive searches for emission into a 311, and
al, proved fruitless, it is concluded that this triplet
state must be 3zj (F, and F, levels) which can both perturb
C!=* and preferentially radiate into «°M,;.%° A °[, per-
turber which might also interact with C*s* via BI may
be eliminated because Clz*~a 3, @ branch intensities
are in proportion to P and R branch intensities. m,
~311, @ branches are weak and decrease rapidly in in-
tensity as J increases®® so that C'=*~a ll; @ branches
would be weak compared with P and R branches.

The fact that the P branches are always stronger than
the R branches is suggestive of interference between
AQ=0 (parallel) and AQ==1 (perpendicular) transition
moments in the C1=*~ A’ I or a °l; emission. We
already know of two participating A§2=1 transition mo-
ments: 'z§-'I; and *z;~%1,. Thus, either an Q=1
state or an Q=0 state could be mixed with the upper or

lower levels, respectively. Although a Bli-4’'n
transition moment is a logical choice for causing this
interference, from Table VII no change in the P/(P+R)
ratio is seen between J *=34 and 48 as would be expect-

ed (see Sec. II.A). It is concluded, therefore, that the
B-A' transition moment is negligibly small. Admixture
of A'Z* into A’l or a®Il, is known to be negligible for
the values of v and J observed here from deperturbatioa
of the A'=*-X's* band system.%” Moreover, any PR
interference in C'=*—~a 3M, or A’ II emission due to
mixing between A !=*, al, and A’ TI would necessarily
also appear in a complementary fashion in C!z*~ Als?
smission for which no anomalies have been observed
(see Sec. III.C). We are forced therefore to include
yet another perturbing state: °I; or Il in C!s* or 35*
in a’; and A’![I. It is not surprising that so many
states need be considered in interpreting emission from
a highly excited electronic state but it is dissatisfying
that no simple picture can be presented. It should he
noted that effects of these perturbing states have not
yet been observed in the form of C'z*, a®l, or A’
level shifts. This is indicative of the sensitivity of in-
tensity anomalies in signaling the presence of perturba-
tions.

4. Polarization effects

It is straightforward albeit tedious to calculate P, @,
and R branch intensities as a function of detection geom-
etry, excitation scheme, and J* for the C'z*—~ A’ MI and
aM, emission observed. We employ the following as-
sumptions: (1) A&gt;* and Clz* AJ= 0, AM +0 collisional
transitions are neglected; (2) upper and lower state
perturbations are ignored; and (3) optical pumping™™
of X'Z* and A'S* is not considered. First, the Cls*
population distribution P(J*, M*) as a function of J*, M*,

3. Comparison between predictions and observations

The agreement between predicted A’ II and a 1,
vibrational spacings and the a ®1;-A’IIsplittingswith
the observation above is highly suggestive that the lower
states of these transitions are ¢ °I, and A’ '11, with am,
2.5 times weaker and 235 cm™ to higher frequency. A
further comparison between calculated and observed
energies for the lower states of these transitions yields
a rms difference between observed and calculated ener-

gies of 0.5 cm™, On this basis we assign the lower
levels of these transitions to a®l, (v=0, 1, and 2) and
A’ (v=0, 1, and 2).

Although the agreement between theoretical and ex-

perimental energies is very good, significant discrep-
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TABLE VII. J*, M* population distributions and calculated
clz*—a’'nezj—a®m) relative mtensities. P

Excitation®
scheme P,M)?

2 —M%?rn ’ ——

PW)RW") a1

T+M+2) (J —-M+2) J+M+1) (J -M+1)rr ’ _—_—m
PUP) (2 +3)? (27 +1) (2J +5)

J+M-1) (J -M -1) J* —M?)rn ’ —————————————————— efRUE’) (2 —1)* (2~3)(2J+1)

J+M+1) (J =M+1)]?”n ’ ————————————————————RiP’) [ @I+1) (I +3) J

J [+d MP) ] J MPPW,M)de Ho Jag md Q(ryde — ALit)gees 5 [Grasi rem |, gue- © HE

2A]l J ’* populations were considered to be equal for the purpose

of these calculations since only relative intensities of P, @,
and R branches are considered for one J level. To obtain a

more accurate distribution useful in comparing intensities

from one J level to another, P(J,M) must be multiplied by a
Boltzmann factor.
"Results of these calculations are presented in Table VII.
tSee Table II.
Asterisks indicative of the OODR populated level have been

suppressed for conciseness.
‘Similar expressions forPand R branch fluorescence may be
obtained by using Table II.

TABLE X. C1Z*(v*=0)—4’'1n(v) band-
heads.?

Dpoarlcm™) Air (A)
15178 6586.7 (10)
14735 6784.8 (4)
14296 6992.9 (1)
13 863 7211.6 (0)3

aData used for A’ 11 taken from Ref. 8.
"Relative intensities are given in paren-

theses. Zero intensity transitions
were not observed in this work.

ratios are nearer to unity than the calculated values, in-
dicating a partial equalization of the M* level popula-
tions. This is reasonable if one remembers the as-

sumptions made in these calculations. Ground state
levels are depleted at a rate approximately inversely
proportional to | M”| (see Table III). This, of course,
is the same mechanism by which an aligned upper state

is produced; however, if relaxation into these levels is
comparable or less than the induced absorption rate, a
steady state situation exists where the ground state is
said to be optically pumped™'™ and the upper state
alignment will be diminished relative to the situation
without optical pumping. In addition, any relaxation
among M’ or M* levels will tend to create a P(J*, M*)
which is independent of AM *.

Neglect of upper and lower state perturbations can
only result in discrepancies hetween observed and cal-
culated P/(P+R) ratios which we have already dis-
cussed.

In short, we make the following observations. Anom-
alously intense C'Z*—a®[; with no C'x*~a 3m, or am,
emission suggests an admixture of 33; character into
C's’. PR intensity anomalies sensitively indicate the
presence of at least one more II perturbation in the up-
per level or one more perturbation in the lower levels.

Finally, the fluorescence polarization tells us that
OODR pumping produces an aligned upper state.

IV. CONCLUSION

The importance of using a narrow bandwidth (Av~1
em™) laser in a two photon process cannot be overstated.
A narrow frequency source allowed population of a sin-
gle C!=* J* level which greatly simplified the emission
spectrum permitting detection of the low-lying 3m and
A''1 states.

It must be admitted that the single laser OODR experi-
ments rely upon fortuitous coincidences; however,
these coincidences can be and should be expected in
other molecules with a large density of excited vibronic
levels in the proper energy range. In fact, similar
transitions have been observed in CaCl.® Polyatomic
molecules should almost invariably exhibit similar phe-
nomena. The single laser experiments are eéxperimen-
tally simpler but two laser OODR spectra are less am-
biguous, simpler to interpret, and allow a systematic
interrogation of a highly excited electronic state.

and excitation scheme must be calculated. This is sim-

ply a product of two squared direction cosine matrix
elements (see Table II), one for each transition in the
OODR excitation of cls since the laser 1s always
taken to be polarized in the Z direction only AM =0
transitions need de considered. C!%*- A’ or am,
P, @, and R branch intensity polarized in the X, ¥, or
Z directioa is then a summation over M* of the product

of P(J*, M¥ with the square of the appropriate direction
cosine matrix element. In Table VIII we list P(J*, M*)
for each excitation scheme in Table II and give as an

example @ branch intensities. Table VII shows the
agreement between the results of these calculations and
axperiment. Levels with different |M*| are predicted
to be populated unequally resulting in the production of
an aligned state” and a spatial dependence of the @/
(P+R) ratio. In every case the experimental @/(P+R)

TABLE IX. C12*(w=0)—a’m(v) bandheads.?

Ar (3)
) My im m, Mo m a
3 15269 15414 15463 | 06547 4 (0)® 6485.8 (10) 6465.3 (0)

© 14826 14971 15020 , 6743.0(0) 6677.8 (4) 6656.0 (0)
: 14387 14532 14581 | 6948.8 (0) 6879.5 (1) 6856.3 (0)
1 13954 14099 14148 © 5165.0 (0) 7090.7 (0) 7066.2 (0)

3Data used for a ’Il taken from Ref. 8. The A’!m~ a1 induced
asymmetry in the a nn spin—orbit splitting has been taken into
account in calculating these bandheads. 8

"Relative intensities are given in parentheses. Zero mtensity
transitions were not observed in this work.
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This paper reports the first rotational analysis of the
C!s* and Bll electronic states, participaats in the
Parkinson’ band system of BaO. Results of OODR in-
terrogations of higher C!Z* and BMI vibrational levels
as well as new data on A’ Il and «@ °I1 will be presented

subsequently. *®

The C!z*—a’ll and C's*-A’ I band systems could be
ased to probe the populations of these reservoir states.
To aid such investigations, positions of strongest C-a
and C-A’ bandheads observed here are given in Tables
X and X.

Figure 9 summarizes the experimental work dis-
cussed here and the relative energies of all known elec-
tronic states of BaO.

Major and as yet elusive goals of BaO OODR spec-
troscopy are locating the missing 35+ state and char-
acterizing the X'=*~a ®l and a3 ~ 3c" perturbations.
The failure to observe 3z* perturbations in a [1 and

A’ I implies that the 3=* state lies above A!Z?, in
agreement with a prediction by Michels. ™
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The Lowest Energy Excited Electronic State of BaO
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The only known triplet state of Ba0 has been a31, which

was characterized by analysis of adm ~ Alzt perturbations appearing

in the Alzt - Xx1z¥ band system. | 2% However, the zo2yoxown™

electronic orbital configuration which yields Alzt also gives

rise toa 35 state which, in the single configuration approximation

and in accordance with Hund's rules, &gt;&gt;* is expected to lie below

Aly

This communication reports observation of optical-optical

double resonance (00DR) induced clzt »~ 3 photoluminescence.

Analysis of these emission spectra, which include 3g" n A'lnm spin-orbit

perturbations.indicates that this 357 state is the lowest energy excited

state of Ba0. In accordance with these observations, the lowest

triplet states of Ba0 are renamed a3ct and b31 (formerly known as

adn).

Emission into b31u(v = 0 to 11), A'ln(v = 0 to 10), plz? (v=0 to 9),

and xz? (v=0 to 24) is also observed. A more complete manuscript

which will include transition line frequencies as well as a detailed

description of the least squares, -deperturbation analysis procedure

is in preparation. &gt;

The advantages of O0ODR over traditional

and single laser spectroscopy have been amply demonstrated.’ 1!

Recently)! OODR Jduged Ba0 Clr’ » b3m, A'll emission was observed using

broadband (2punm A an 1) Tasers to pump Als: « x1z* and then probe

clzt « als. no Clzt &gt; a3z* emission was detectable. This emission is now

observed as a direct consequence of using narrow iine width
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(Av eum ~ 1 MHz), frequency stabilized lasers (Coherent Radiation

Model CR599, 50 mW single mode power; Exciton rhodamine 590 dye).

The instantaneous spectrum of a broadband dye laser consists

of a frequency comb corresponding to longitudinal cavity modes.

Because of mode competition as well as thermal and mechanical fluctua-

tions, these modes lase erratically and drift in frequency. With

such Tasers, OODR results only when there is a fortuitous

coincidence of modes from the two lasers each capable of exciting

identical velocity groups and connected rovibronic transitions. A

50-fold increase in Clx™ &gt; Xlz¥ uy fluorescence intensity as well as

cz 5 ast emission resulting from more efficient pumping is

obtained with single mode, stabilized lasers.

Ba0 was prepared by resistively melting Ba metal (Alfa

99.999% purity), entraining it in Ar (Airco, 99.998% purity),

and reacting with Co, (Airco, 99.8% purity). Typical steady state

Pressures were 1.0 torr Ar, 5 x 1072 torr C0, and 1 x 10% torr Ba.

Only 1383.16, was selected by the pump laser. The experimental

details are described more completely elsewhere, 8212513

OODR induced fluorescence was detected perpendicular to

the laser propagation direction by focussing the fluorescence image

onto the slit of a Spex 1802 monochromator (1200 grooves /mm, blazed

at 1.2u) equipped with an RCA 31034A photomultiplier tube operated

at-1400VDC and cooled to -20.0°C mounted on the exit slit.

Five Clr” 5 a3" bands were observed in fluorescence; two ads’ vi-

brational levels were detected only via perturbations in Cz” + A'll emis-

sion spectra. Calculated ix? - ads’ bandheads '* and measured a3z’
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vibrational energies and rotational constants derived from

bands observed are given in Table I. Table II compares asst and Als*

equilibrium vibrational and rotational constants. 207

Assignment of the bands listed in Table I and illustrated

in Fig. 1 as clzt &gt; a3z™ emission was based on three factors: 1)

the pattern of emission is that corresponding to a 15% 5 3pt

transition &gt; (see Fig. 1); assignment to none of the previously known lower states

(xz¥, AlzT, b31m, or A'lm) could account for the observed fluorescence

structure or frequencies’; and 3) the pattern of perturbations in

¢iz¥ - A'lm and cliz' - a3? spectra are identically those expected

for pt ~ 1 spin-orbit interactions.” 18 Rotational assignments were

made from known pump and probe transitions.228-16 Vibrational

assignments were made by matching observed with calculated vibrational

variations of ads" ~ A'lm interaction matrix elements. 1713-22 Vibronic

matrix elements are factored into rotational, vibrational, and electronic

factors :

&lt;A'lm, v! |H30v,a%c &gt; = Hv! | v&gt; (1)

where 10 is the spin-orbit operator, HY is a constant electronic factor,

and &lt;v|v'&gt; is a calculated vibrational overlap integral. alist 4 Alm

vibrational overlaps were calculated for a family of asx’ potential

energy curves (each having vibrational energies and rotational constants

identical with those in Table II). The adxt potential energy function

resulting in a constant HY was adopted (Table III) and yields the

aquilibrium constants of Table II. The validity of this method is

discussed in Refs. 20 and 22.



Table I: Clz'—a3s* Bandheads? and asst Vibrational Constants

Band

(ves v,)
(3,6)

(3,7)

(3,8)

(2,11)

(2,12)

o(em™

14 813

14 362

13 916

12 166

11 735

n

Cava

Agip(R)
6 749.0

6 960.7

7 184.2

8 217.1

8 519.2

. a

dos | La }

19 245.4 (06)¢

19 696.1 (06)

20 143.5 (12)

21 461.5 (06)

21 893.4 (06)

Jy1.3a 4 9

0.2505 (04)

0.2487 (04)

0.2479 (10)

0.2425 (04)

0.2414 (04)

calculated (see Ref. 15, p. 171) from adr” constants in Table IT and Cz” constants from Ref. 16.
To precision quoted the RR and RQ heads would be unresolvable.

bretative to xiz® (v" = 0, J" = 0) and equal to energy of J = 0 level minus 2B.

Uncertainties in the last digit corresponding to one standard deviation are given in parentheses.
N
—

a
1



Table II: Ba0 a3" and aly t Spectroscopic Constants

1d 1 1

\

- 16 558. (10)2

477.0 (20)

1.88 (12)

0.2602 (08)

16 807.20°

Dy 499.70
 3) ee Wi
3 0.25832°¢

Ya 0.00152 (08) 0.001070

Uncertainties of one standard deviation in the last
are enclosed in parentheses.

Dero Ref. 2.
Crom Ref. 15.

digit

1
N
—
@)
I
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Figure 1:

cist - ass’ (2,12) emission spectrum and schematic energy level

diagram for J = 16. The splittings between levels for given N result

from spin-spin and second order spin-orbit interactions; a discuss wun

of these is deferred to Ref. 5. See Ref. 15 for definitions of

spectroscopic notation.
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Table III. A'lm ~ adc’ Spin-Orbit Perturbations?

0
v1

Al (vy) atv) ]
-

[=
_ 1

3 a
J

£ a -a NN ee] A

3 42 (06) 83 (12) . 76 (11) 84 (12)

25 (10) 306 (122) 105 (42) 58 (23)

21 (02) 143 ( 14) 63 (06) 88 (08)

21 (02) 414 ( 39) 87 (08) 66 (08)

9 (03) 45 ( 15) 94 (31) 30 (10)

2.2 (10) 8 ( 4) 39 (18) 10 (05)

106 (15)
52 (21)1 3

il a 1 1750 (170)

133 (13)

33 (11)

7 (03)

a + h

) a+b

a 5

-y.

-

3.
1’

ed

am
— 29

f 52) 71 (14) 42 (33) 19 [*N6)CL

re eco adopt alternate rejecc

Uncertainties in the last digit of one standard deviation are given in parentheses.

by 50; [&lt;A mv! [130] v, a3 ts |
i

N
—

0

Weighted average
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The Bao Alzt - a3z® vibrationless (v = 0) energy splitting

(249 en” 1) is comparable to the deperturbed A'lm - b3m splitting
_1.} -

(151 cm Ty as expected when the single configuration approximation is

valid and the yo, wr orbitals are comprised mostly of 0 2p and xo is

mostly comprised of Ba 6s. »3
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ASSIGNMENT OF EXTRA LINES IN A PERTURBED BAND SPECTRUM

USING POWER BROADENED LINE WIDTHS

Richard A. GOTTSCHO and Robert W. FIELD

Department of Chemistry, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

Received 4 August 1978

Sub-Doppler optical—optical double resonance (OODR) spectroscopy using two tuneable, 1 MHz width, dye lasers 1s shown
to enehance detection, assignment, and frequency measurement of extra lines in perturbed band spectra. Perturbations of the
BaO Cx*(v= 3.J = 50) level are recognized by the appearance of narrow (Av ~ 60 MHz) extra lines.

The regular patterns exhibited by band spectra are
often interrupted by missing, shifted, and extra lines.
These anomalies are collectively labelled as perturba-
tions and result from the interaction of two or more

Born—Oppenheimer basis functions. This interaction
is characterized by mixing of basis functions and re-
pulsion of unperturbed energy levels.

Transitions involving levels which have borrowed
oscillator strength via the perturbation mechanism
are called extra lines. Though perturbation induced
shifts of main lines (allowed transitions in the absence
of pertuibation) provide information about the per-
turbing state structure, assignment of extra lines 1s a

more direct and precise means by which the constants

of the perturber and the value of the perturbation
matrix element may be determined.

Detection of extra lines is often hampered by their
inherent weakness and by overlapping with other tran-
sitions. Described below is a sub-Doppler optical
optical double resonance (OODR) experiment by
which extra lines may be easily recognized by the nar-
rowness of their power broadened widths despite
their weak intensities and in the presence of over-

‘apping transitions.
The essential experimental details have been de-

scribed by several authors [1-5]. Two copropagating,
single mode, frequency stabilized (Avg, = 1 MHz,
Coherent Radiation model 599-21) rhodamine 6G dye
lasers are used to sequentially pump the BaQ A 1Z+ «

X 12+ and then probe the C1Z* «&lt; A 1Z* band sys-
tems (fig. 1) [6—9]. BaO is produced in an Ar + Ba +
CO, &gt; BaO + CO + Ar flame. This system is described
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Fig. 1. Energy level diagram illustrating OODR excitation
scheme (v*,J* «&lt;v',J' «&lt;v", J"). Cle =, J) = X1z* (v,J)
UV emission 1s deiected as the probe laser 1s scanned,

A-X(1,0) and C—A(3, 1) bandheads (air wavelengths in nm)
are indicated for the pump and probe transitions. For C1z*
the energy level structure for v* = 3, J* = 50 is expanded and

drawn to scale illustrating the five perturbing energy levels
detected.
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Fig. 2. OODR excitation spectrum A '=* « X 1£* (1,0) R(50) is pumped, C'z*« A lz* (3, 1) is probed while C1g* —» X Ig+
UV fluorescence is recorded. Shown are the C « A P(51) main line and two of the four extra lines, each peak 1s expanded to
further illustrate line width variations. The unassigned collisional satelite marked with an arrow 1s equally intense as the P4 (51)
extra line.

elsewhere [10]. As the probe laser is scanned, C 1Z+ &gt; played as the OODR line shape (fig. 2).
X IZ+* ultraviolet fluorescence intensity is recorded to Both lasers are focussed with a 30.5 cm focal length

produce an OODR excitation spectrum. A single lens so that the intensity in the observation region 1s
A 1Z* rovibronic level is prepared possessing only a approximately 108 W/m2. The observed main line
narrow velocity distribution along the laser propaga- widths are 123 = 3 MHz at 1 torr Ar; extra line widths

tion direction. This non-Boltzmann velocity distribu- range from 46 to 93 MHz (see table 1).
tion is sampled by the probe laser [11-13] and dis- The OODR line shapes are a function of the laser

x3. peo

Table 1

Transition frequencies, term values, relative intensities, and line widths for J = 50 main and extra Imes in the C1z¥*—A 1x*(3,1)
band of BaO. Pressure ~1 torr Ar, laser intensity ~108 W/m?2. Uncertainties in parentheses are one standard deviation estimates

Transition 2) Transition Upper level Avfwhm ils)? wd)
frequency b) term value b) (MHz)
(cm™) (cm™! )

P5(51)
R5(49)
P4(51)
R4(49)
P3(51)
R3(49)
P,(S1)
R, (49)
21(581)
R1(49)

16735.989 (6)
16787.436 (3)
16738.485 (3)
16789.933 (3)
16743.448 (3)
16794.898 (3)
16753.500 (3)
16804.947 (3)
16754.467 (3)
1.6805.937 (6)

34631.20 (2) 5 ©)
34631.20 (2) 52 (6)
34633.70 (2) 47 (6)
34633.70 (2) 46 (6)
34638.66 (2) 121 (3)
34638.66 (2) 125 (3)
34648.72 (2) 93 (3)
34648.71 (2) 91 (3)
34649.68 (2) 54 (6)
34649.70 (2) 2

0.037 (7)

0.071 (7)
0.035 (7)
1.0
1.0
0.520 (30)
0.490 (25)
0.200 (10)

J

0.14 (5)
0.09 (4)
0.07 (3)
1.0

1.0

0.65 (10)
060M
0.17 (3)

2) Transitions are labelled as Pj (J+ 1)and Rj (J — 1) where J is the C=¥(uv = 3) rotational quantum number andJ1s a relative
energy index.j= 3 corresponds to main line transitions which were assigned as such on the basis of their intensities and widths

b) See ref. [8]. Term values are relative to 138Bat60 X Is+(” = 0, J” = 0) and are less precise than the corresponding transition
frequencies owing to less precise measurements of the intermediate A 1=* levels [6]. The difference between mam and extra
term values is nonetheless precise to +0.004 cm™!,

¢) 5 denotes a blended line from which accurate intensity and width measurements could-not be made.

d) See text for definition. W is determined from linewidths after correcting for residual broadening and should be identical to the
intensity ratio in the preceding column.
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line width, the A !=+ and C 1Z* spontaneous radia-
tion lifetimes, collisions of BaO with Ar [14], laser
power, interference between two-photon (Raman-
type) excitation via a virtual level and step-wise (re-
sulting in population of A 1Z*) transition probabilities
[15,16]. Here, the radiative lifetimes of intermediate,
perturbed, and perturbing states are long compared
with the light induced (Rabi) oscillation period:

Tad &gt; HUE .

Thus the observed line shapes are dominated by satu-
ration broadening and interference between two-
photon and step-wise transition amplitudes [15,16].
The latter effect is only weakly power dependent [15]
and is neglected. Pressure broadening, natural lifetime
broadening, and finite laser width result in a power
independent width of ~40 MHz at 1 torr Ar.

As defined above, extra lines are partially forbidden
transitions and, therefore, exhibit narrower line widths
than their main line counterparts when stimulated by
an intense, resonant, electromagnetic field (providing
eq. (1) is satisfied) * In this fashion sub-Doppler
OODR provides a sensitive and unambiguous means
by which extra lines can be identified as such.

Experimentally, two lines of equal intensity but
with different widths will not be detected with equal
sensitivity: the narrower, taller line is more easily ob-
served. In the OODR excitation spectrum there are
many lines. In addition to the direct main and extra

transitions, lines result from collisional relaxation in
the intermediate state [14]. These collisional satellite
lines are significantly broader (from 0.2 to 1 GHz)
than the direct transitions owing to partial velocity
randomization upon relaxation [14]. Comparing a
weak extra line (Av = 60 MHz, see table 1) with a
collisional satellite (Av =~ 300 MHz) of equal inte-
grated intensity, the extra line is necessarily five times
higher and is thus more readily detected and imme-

"Kamunsky et al. [5] report broader lines at a perturbation
In Na, A 1%; (v' =22,J' = 14) in a similar sub-Doppler
experiment the perturbed line width observed was 500
MHz while other comparable line widths ranged from 60
to 150 MHz. This 1s clearly a case where eq. (1) 1s not

satisfied for the perturbing state which 1s most hkely pre-
dissociated and short-lived so that the observed width 1n

this case is a measure of the accidental predissociation life-
time r=4.5x 10-10 ¢.
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diately recognized as an extra line (see fig. 2).
Theoretically, extra line widths and intensities may

be understood in terms of the perturbation induced
mixing of basis functions. If the upper state 1s per-
turbed but the lower state is not,

m

\Up = 2 cijlx,) ’ 14d

m

UAL) = 27 ctiull)
1=

(2b)

where |Up) is the jth upper eigenstate written as a lin-
ear combination of m |x,) basis functions as prescribed

by the ¢;, mixing coefficients. |L) is the lower eigen-
state. If all {x,|ulL) = 0 except for i= 3 (i = 3 is chosen
for reasons given in table 1),

 WU IIL = c3,431IL}. 3)

Ix3) is the perturbed (main) basis state; all other
IX; 37's are perturbing (extra) states. The jth extra to
main power broadened line width ratio is simply given
by:

AvP [AVE = les,l/less3] }
Similarly, the ratio of the integrated line intensities,
proportional to KU pI)? is given by:

biI3=(lle3,l/le33)? = (AvP/AVE)? (5)
Perturbations in BaO C1Z* (v = 3) are considered.

Four extra lines are observed atJ' = 50 in both P (AJ =

-1) and R (AJ = +1) branches for excitation into the
C1Z* (v= 3) level. Each extra line observed in the P
branch is verified by finding the corresponding line in
the R branch with comparable intensity and width
and identical term energy (see table 1). At least three
different perturbing vibronic levels are needed to ac-

count for the positions and intensities of main and
extra lines [8]. Fig. 2 illustrates the variation in 1n-
tensities and widths of P branch main and extra tran-
sitions; table 1 summarizes the observations.

Because of the residual ~240 MHz pressure and
Doppler width, the simple relationship between line
width and intensity ratios [eq. (5)] is not valid for
weak, narrow extra lines. The observed line widths

are approximated by:

Ad



Bd J —-

Av; = c3j AVE/c33 + Aut, (6)

where Av; is the total observed line width for transi
dons into the jth eigenstate and Av! is the residual
line width which is assumed constant for all basis
states.

To compare line width and line intensity ratios,
it is necessary to correct for residual power-indepen-
dent broadening. AvT could be subtracted from both

Av; and Avs; however, when Av; ~ Av! the error as-
sociated with their difference is approximately twice
the magnitude of this difference. A more precise mea-
sure of the mixing coefficient ratio is obtained from

the empirical quantity W:

W=1- (Avg — Av))[(Avs — AVY), @ MDL D |
M.D. Danyluk and G.W. King, Chem. Phys. Letters 43

where W = (I/I3)}2 = cy /c33]. Wand (1/13)? = (1976) 1; 44 (1976) 240: Chom, Phys. 2 057759
(table 1) agree within the relatively large experimental [2] D.L. Rousseau and P.F. Williams, Phys. Rev. Letters
errors. As the ratio of ¢3, to c33 approaches zero, the 33 (1974) 1368.

perturbation mixing and resultant extra line intensity [3] Jaa hanes, or re Bucher and C.M. Verber,4 ' S. Letters .

become weak, However, extra lines are nonetheless 4] RW. Field, G.A. Capelle and M.A. Revells, J. Chem.
sensitively detected because of their unusual narrow- Phys. 63 (1975) 3228.
ness and height. As the c3; to c33 ratio approaches [5] M.E. Kaminsky, R.T. Hawkins, F.V. Kowalski and A.L.
unity, main and extra lines become indistinguishable. Schawlow, Phys. Rev. Letters 36 (1976) 671.

If any of the Xe3 |ulL) matrix elements assumed [6] A. Lagerqvist, E. Lind and R.F. Barrow, Proc. Phys. Soc
zero in eq. (3) are non-negligible, the relationship be- (London) AGS (1930) 1132, .
tween mixing coefficients and intensities becomes [7] R.A. Gottscho, J.B. Koffend, R.W. Field and J.R.

Lombardi, J. Chem. Phys. 68 (1978), to be published
more complicated: quantum mechanical interference [8] R.A. Gottscho and J.G. Pruett, in preparation.
between the different transition moments can be ex- [9] J.G. Pruett and A. Torres-Filho, 32nd Symposium on

pected. Molecular Spectroscopy, Columbus, Ohio, 1977 (1977)
Because of large experimental errors associated [10] J.B. West, R.S. Bradford Jr., J.D. Eversole and C.R.

. . . . ‘es ; Jones, Rev, Sci. Instr. 46 (1975) 164.

with measuring widths and intensities, these quanti- [11] W.D. Phillips and D. Pritchard, Phys. Rev. Letters 33
ties provide little precise quantitative information (1974) 1254.
about perturbation mixing coefficients. This is of no [12] J.L. Kinsey, J. Chem. Phys. 66 (1977) 2560.
consequence, however, because mixing coefficients [13] S.M. Freund, J.W.C. Johns, A.R.W, McKellar and T. Ch.

are best determined from level shifts. Extra and main 14] 7 Chem. a &gt;) aes Bacis, to be publishe
line transition frequencies to only 0.1 cm! are suffi- [15] LM. Beterov, Yu.A. Matyugin and V.P. Chebotaev, Zh.
cient to more accurately determine interaction matrix Eksperim. i Teor. Fiz. 64 (1973) 1495 [English trans
elements and mixing coefficients than linewidth or Soviet Phys. JETP 37 (1973) 756].
radiative lifetime measurements; the lines reported (16) M.S. Feld, Fundamental and Applied Laser Physics,
in table 1 are measured with precision of 3 X 10-3 Proceedings of the Esfahan Symposium, August 2

“1 . September 5, 1971, eds. M.S. Feld, A. Javan and N.
cm—1, The sub-Doppler width of OODR extra lines Kurnit (Wiley. New York, 1973) p. 369.
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