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SUMMARY

The electronic structure, potential energy curves, and radiative tran-
sition probabilities of excimer systems have been examined using quantum
mechanical methods. These molecules are characterized by repulsive or
weakly bound ground state potential curves and by bound, strongly ionic, or
Rydberg, excited states. They constitute a very interesting class of
molecules which offer the possibility for high power, high efficiency UV
laser operation. Calculations have been carried out using the density
functional SCF-X, method, modified extensively to correct for well kinown
errors arising from approximations to the potential and exchange terms.

A limited number of ab initio calculations were also carried out for com-
parison purposes. For the ArF system we Find that the lowest excited ionic
state has symmetry 22{/2’ and that the dominant laser transition observed

at 1933 X should be assigned to B ZZI/2+X ZZI/Z' The C 2H3/2+X 22{/2 tran-
sition is calculated to be two orders of magnitude smaller in emission inten-
sity than the dominant transition, thus ruling out this assignment for the
observed laser line in ArF. Preliminary calculations carried out for AryF
indicate that the bound upper ionic state has 232 symmetry and that the

most probable ground state also has 2B2 symmetry. This polyatomic system

is predicted to exhibit a broadband emission spectrum with a relatively

long radiative lifetime.
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In addition to calculations performed on noble gas halide excimer

molecules, a systematic study of the electronic structure and chemical

4
binding in the dimer ion seaqr<ice, Ne2, Ar;, Kr;, and Xe;, has been carried

out using density functional methods. For comparison, ab initio configuration

: . + .
interaction calculations were also performed for the Ar2 ion. These studies
include detailed calculations of the pertinent potential energy curves and

an analysis of the calculated spectroscopic properties of the bound states

of these ions. A regular progression is found in the spectroscopic properties

for the ground A ZZI/Zu state which leads to some remarkably simple con-
clusions concerning the nature of the binding and the size of these dimer
ions. For the heavier systems, Kr; and Xe;, spin-orbit coupling becomes
important, resulting in a strong mixture of the A-S coupled £ and I states.
This mixing affects the strength of the binding in the ground state. A
comparison with other ab initio studies and analsyis of the asymptotic be-
havior at large internuclear separations is given.

As a final study under this research program, calculations were carried
out on the electronic structure and photoabsorption characteristics of the
noble gas trimer ion Ar;. This study included detailed density functional
calculations of the potential energy surfaces for Ar;, an analysis of the
spectroscopic properties of the ground state of this ion and predicition of
the strong absorption bands. Studies in D3h’ sz, and Dash symmetries were

'

. +
carried out. The lowest state of Ar3 corresponds to the degenerate E

symmetry with an indicated dissociation energy of\0.17 eV relative to




Ar2+ (A22u+) + Ar (lso). This trimer ion exhibits a very small Jahn-Teller

distortion which does not significantly alter our conclusions concerning

the ground state stability or absorption characteristics. A strong and very
2 Dt
broad photoabsorption band (A=496-670 nm) is predicted for the E - Al

transition of this trimer ion. This suggests that such species may be very

important in the analysis of loss mechanisms in visible excimer lasers,
operating under high pressure conditions with mixtures containing the noble

i
gases. s
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SECTION 1

INTRODUGTION

The noble gas monohalides constitute an interesting and important class
of molecules for laser applications. These molecules are characterized by
a repulsive or very weakly bound ground state potential curve and bound,
strongly ionic, excited states. The character of the electronic structure
of these excited states is similar to that of the ground state alkali halide
salts.

Emission spectra from several noble gas halides have been obtained in
low pressure discharge flow experiments and were first reported by Velazco
and Setser (ref. 1) and by Golde and Thrush (ref. 2). More recently emission
spectra for several systems which ﬁave exhibited lasing have been reported
by Brau and Ewing (ref. 3). These spectra are consistent with a model where-
by the lasing transition is between a strongly bound upper electronic state
and a nearly flat repulsive ground state. A group theoretical analysis of
the possible electronic configurations for these states does not lead to a
unique assignment since both the upper and lower levels could be of 22+ or
2H symmetry. Even a detailed experimental spectroscopic study of XeCl
(ref. &) failed to uniquely assign the symmetries of the lasing transition.

Theoretical approaches to this problem have consisted of analogies with
alkali halide systems (ref. 5), predictions based on an electron-gas model
(ref. 6) and ab initio calculations for the KrF system (ref. 7). Unfortu-
nately, the theoretical methods utilized to date have been unable to

7
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positively define the electronic states involved in the noble gas halide laser
systems. The ab initio methods would appear to be applicable only to the
lighter systems such as ArF and KrF owing to greatly increased computational
complexity for larger numbers of electrons. In addition, past experience
indicates that the ab initio calculations would not be of uniform quality in
going from a simple system such as ArF to a heavier system such as XeCl. The
electron-gas model calculations suffer from the lack of self-consistency in
the molecular potential. Recent density functional calculations performed

in this Center indicate self-consistency in the potential is crucial to
determining optimum electronic wavefunctions for these systems. Thus a
theoretical study of the electronic structure of the noble gas halide systems,
capable of uniformly describing XeBr as well as ArF, and relevant to the
understanding and interpretation of current experimental programs in noble

gas halide laser systems seems desirable at the present time.
The primary information to be obtained from a theoretical study of

noble gas halide systems is the electronic structure, energetics and life-
times of the low-lying excited states which are involved in the chemical
reaction mechanisms leading to population of the excited laser levels.
Knowledge of the partition of energy between the products of a chemical
reaction is fundamental to the understanding of the dynamics of the process,
and to the design of chemical lasers. Atom—atom and atom-molecule reactions

that yield electronically excited molecules are of particular scientific and
military interest. From the point of view of the theoretical chemist, an
understanding of the dynamics of the simplest of these reactions is a pre-

requisite for understanding more complicated gas phase reactions. From the

8
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viewpoint of the engineer interested in the design of chemical lasers,
studies of these reactions yield kinetics information and scaling parameters
that enable one to design devices with the potential of having very high
specific power. A great deal of work in these two areas of science and
engineering has been stimulated by the recent development of a number of
highly sophisticated techniques for measuring the nonequilibrium distribu-
tion of the vibrational and rotational states of the products of a chemical
reaction. Over the past decade, many atom-molecule reactions yielding
vibrationally excited hydrcgen halides have been studied by infrared chemi-
luminescent techniques. These studies have furnished a great deal of informa-
tion on how the exothermicity of a chemical reaction may be distributed among
the energy levels (vibration, rotation, and translation) of the products
(refs. 8-12). More recently, it has been possible to use laser technology
and molecular beam techniques to measure the internal energy distribution of
reactions yielding vibrationally excited hydrogen halides (refs. 13-15).

A knowledge of at least limited regions of potential energy surfaces is
of importance in analyzing the electronic, vibrational and rotational relaxa-
tion rates in chemical laser systems. These relative relaxation rates govern
both the feasibility of lasing and the power that is potentially available.
Such relaxation rates are governed by long-range forces between atomic and
molecular fragments and thus knowledge of the dissociation behavior repre-
sented by the potential energy surfaces for the laser system can be used in
calculations of the kinetic behavior. A recent example is the use of such
potential energy data in analyzing deactivation in co, (00°1) through

collisions with Hy (ref. 16)
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The discussion above has indicated the way in which knowledge of poten—
tial energy surfaces can be useful in analyzing the behavior of an existing
chemical laser system. More recently it has become apparent that detailed
knowledge of such surfaces can be utilized in a predictive fashion. Michels
and Broida (ref. 17) have recently outlined a mechanism for the chemilumines-
cence in the visible region of the BaO system. This suggestion was based on
the combined knowledge of the results of calculations on the potential energy
curves for Ba0 and measured lifetime data for excited electronic states of
this system. A similar parallel study of AlQ has also been reported by

Michels (ref. 18) and Johnson, et al. (ref. 19).

The initial impetus for these studies came from a practical problem in
aeronomy. The release of certain chemical species into the upper atmosphere
results in lumiqous clouds that display the resonance electronic-vibrational-
rotation spectrum of the released species. Such spectra are seen in rocket
releases of chemicals for upper atmospheric studies and upon reentry into the
atmosphere of artificial satellites and missiles. Of particular interest in
this connection is the observed spectra of certain metallic oxides and halides.
From band intemsity distribution of the spectra, and knowledge of the f-values
for electronic and vibrational transitions, the local optical conditions of

the atmosphere can be determined.

Because of inherent difficulties in the experimental determination of
transition probabilities for certain metal oxide and halide systems and
because of recent progress in the ab initio calculation of electronic wave-
functions for diatomic systems, theoretical programs for calculating band

absorption and emission coefficients were undertaken at UTRC (Contracts

10




F29601-71-C-0119 and F44620-73-C-0077). These programs based on current
quantum mechanical techniques and capabilities developed at UTRC were direc-—

ted toward determining the vibrational and electronic transition probabilities

and integrated absorption coefficients for the metal oxide band systems S$iO,
Al10, TiO, FeO, Ba0O and UO. Additional studies of halide systems have included
LiCl, LiF, NaF, HCl and HF. Progress on the studies of certain of these sys-
tems has been reported (refs. 16-21). These studies formed a very sound
basis for more extensive analysis of metal oxides and metal halides as candi-
date laser systems. To the best of our knowledge, no other laboratory in the
country has such an extensive catalogue of theoretical calculations of the
electronic structure of diatomic oxides and halides or our computational
experience with these types of molecules. In addition, UTRC has fully devel-
oped sophisticated computer programs for studyingAboth diatomic and poly-
atomic molecules. These programs have been extensively used at UTRC and at
the Air Force computational laboratories at AFWL, Kirtland Air Force Base

and AFGL, Hanscom Field.

*
rs

]

7

f The research program presented herein was devoted to a theoretical study
i of the energetics of noble gas halides, the prediction of the radiative life-
s

i” times of electronically excited species, and studies of photon energy loss

b 4 paths such as photcabsorption or ionization of the upper excited electronic

3]
T

states. The goal of this research program was to develop sufficient informa-
(! tion to enable one to determine promising candidates for UV laser systems and
to develop an information base of kinetic data useful for analyzing loss

process in excimer lasers.

11
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SECTION II

CURRENT STATUS OF QUANTUM MECHANICAL
METHODS FOR DIATOMIC SYSTEMS

The application of quantum mechanical methods to the prediction of
electronic structure has yielded much detailed information about atomic and
molecular properties (ref. 22). Particularly in the past few years, the avail-
ability of high-speed computers with large storage capacities has made it
possible to examine both atomic and molecular systems using an ab initio
approach, wherein no empirical parameters are employed (ref. 23). Ab initio
calculations for diatomic molecules employ a Hamiltonian based on the nonrela-
tivistic electrostatic interaction of the nuclei and electrons, and a wave-
function formed by antisymmetrizing a suitable many-electron function of
spatial and spin coordinates. For most applications it is also necessary that
the wavefunction represent a particular spin eigenséate and that it have
appropriated geometrical symmetry. Nearly all the calculations performed
to date are based on the use of one-electron orbitals and are of two types:
Hartree-Fock or configuration interaction (ref. 24).

Hartree-Fock calculations are based on a single assignment of electrons to
spatial orbitals, following which the spatial orbitals are optimized, usually
subject to certain restrictions. Almost all Hartree-Fock calculations have been
subject to the assumption that the diatomic spatial orbitals are all doubly
occupied, as nearly as possible, and are all of definite geometrical symmetry.

These restrictions define the conventional, or restricted, Hartree-Fock (RHF)

12
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method (refs. 25 and 26). RHF calculations can be made with relatively large
Slater-type orbital (STO) basis sets for diatomic molecules with first or
second-row atoms, and the results are convergent in the sense that they are
insensitive to basis enlargement. The RHF model is adequate to give a qualita-
tively correct description of the electron interaction in many systems, and

in favorable cases can yield equilibrium interatomic separations and force
constants. However, the double-occupancy restriction makes the RHF method
inappropriate in a number of circumstances of practical interest. In particu-
lar, it cannot provide potential curves for molecules dissociating into
odd-electron atoms (e.g., NO at large internuclear separation), or into atoms
having less electron pairing than the original molecule [e.g., 0y 3Zg- + 0(3P)];

it cannot handle excited states having unpaired electrons (e.g., the 3

z
states of 0, responsible for the Schumann-Runge bands); and, in general, it
gives misleading results for molecules in which the extent of electron correla-
tion changes with internuclear separation.

Configuration-interaction (CI) methods have the capability of avoiding
the limitations of the RHF calculations. If configurations not restricted to
doubly~occupied orbitals are included, a CI can, in principle, converge to an
exact wavefunction for the customary Hamiltonian. However, many CI calculations
have in fact been based on a restriction to doubly-occupied orbitals and
therefore retain many of the disadvantages of the RHF method (ref. 24). The

use of general CI formulations involves three considerations, all of which

have been satisfactorily investigated: the choice of basis orbitals, the

13
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choice of configurations (sets of orbital assignments), and the specific cal-
culations needed to make wavefunctions describing pure spin states (ref. 27).
The first consideration is the art associated with quantum mechanical elec-
tronic electronic structure calculations. Many methods (iterative NSO,
perturbation selection, first order CI, etc.) have been advocated for the
optimum choice of configurations. There are no firm rules at present and the
optimum choice is a strong function of the insight of the particular research
investigator. The last consideration, proper spin and symmetry projection,
has proved difficult to implement, but computer programs have been developed
for linear projection algebra at this Center, and the CI method has been found
of demonstrable value in handling excited states and dissociation processes
which cannot be treated with RHF techniques.

Either of the above described methods for ab initio calculations reduces
in practice to a series of steps, the most important of which are the evalua-
tion of molecular integrals, the construction of matrix elements of the
Hamiltonian, and the optimization of molecular orbitals (RHF) or configuration
coefficients (CI). For diatomic molecules, these steps are all comparable in
their computing time, so that a point has been reached where there is no
longer any one bottleneck determining computation speed. In short, the inte-
gral evaluation involves the use of ellipsoidal coordinates and the introduc-
tion of the Neumann expansion for the interelectronic repulsion potential
(ref. 28); the matrix element construction depends upon an analysis of the

algebra of spin eigenfunctions (ref. 29); and the orbital or configuration

14
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optimization can be carried out by eigenvalue techniques (refs. 30 and 31).
All the steps have by now become relatively standard, and can be performed
efficiently on a computer having 32,000 to 65,000 words of core storage, a
cycle time in the microsecond range, and several hundred thousand words of
peripheral storage.

Both the RHF and CI methods yield electronic wavefunctions and energies
as a function of the internuclear separation, the RHF method for one state,
and the CI method for all states considered. - The electronic energies can be
regarded as potential curves, from which may be deduced equilibrium inter-
nuclear separations, dissociation energies, and constants describing vibra-
tional and rotational motion (including anharmonic and rotation-vibration
effects). It is also possible to solve the Schrodinger'equation for the motion
of the nuclei subject to the potential curves, to ottain vibrational wave-
functions for use in transition probability calculations. The electronic
wavefunctions themselves can be used to estimate dipole moments of individual
electronic states, transition moments between different electronic states,
and other properties. While all of the calculations described in this para-
graph have been carried out on some systems, the unavailability of good
electronic wavefunctions and potential curves has limited actual studies of
most of these properties to a very small number of molecules.

It is not always possible or practical to perform an ab initio or mathe-
matically rigorous calculation of the electronic structure of a diatomic mole-

cule containing a large number of electrons and it is sometimes useful to

15




resort to approximations based on certain physical insights. One such approxi-
mation is the density functional method (ref. 32) as applied. to molecules.

In one implementation of this approach, namely the X, model, the one-electron
Schrodinger equation is set up within an approximation to the true potential
which is spherically symmetric within spheres surrounding the several nuclei,
constant in the region between adjacent spheres and spherically symmetric
outside an outer sphere which encloses the entire collection of nuclei. The
resulting equations are solved by a multiple-scattering method, equivalent to
the KKR method (ref. 33) often used for crystals. From the resulting charge
densities, one can compute a total energy, using a statistical approximation
for the exchange correlations. This approximation is defined apart from a
multiplicative factor, a, hence the name X, method.

The X, method has been very successful in predicting excitation energies
in molecules and molecular ions but has met with only limited success in cal-
culation of total energies. The basic deficiency appeared to lie in the
muffin-tin approximation to the true potential rather than in the statistical
treatment of the correlation energy. However, recent studies at this Center
have shown that when certain variational constraints are applied to the X,
wavefunctions, significant improvements in the calculated total energies can
be obtained. At this time the method appears to have utility for constructing

regions of potential energy surfaces.

16
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SECTION III

METHOD OF APPROACH

1. QUANTUM MECHANICAL CALCULATIONS

Central to the proposed studies are the actual quantum-mechanical

calculations which must be carried out for the molecular species. For added

clarity, various aspects of these calculations are discussed in individual

subsections.
a. Levels of Approximation
Much evidence on diatomic and polyatomic systems indicates the near

adequacy of a minimum Slater-type-orbital (STO) basis for constructing

molecular wavefunctions (refs. 34 and 35). This means inner—shell and

valence-shell STO's of quantum numbers appropriate to the atoms (ls, 2s, 2p

for C, N, 0; 1ls for H). The main deficiency of the minimum basis set is in

its inability to describe polarization of orbitals in atoms adjacent to H

atoms, and successful calculations usually result if one (or a set) of p

orbitals is supplied for each H atom. Values of the screening parameters ¢

for each orbital can either be set from atomic studies or optimized in the

molecule; the later approach is indicated for studies of maximum precision.

When high chemical accuracy is required, as for the detailed studies of the

ground state of a system, a more extended basis should be used. Double~Zeta

plus polarization functions or optimized MO's usually are required.

The chosen basis sets give good results only when used in a maximally

flexible manner. This implies the construction of CI wavefunctions with all

17
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kinds of possible orbital occupancies, so that the correlation of electrons
into overall states can adjust to an optimum form at each geometrical confor-
mation and for each state. Except when well-defined pairings exist for as
many electrons as possible, a single-configuration study (even of Hartree~Fock
quality) will be inadequate.

b. Spin and Symmetry

Proper electronic states for systems composed of light atoms should
possess definite eigenvalues of the spin operator s2 as well as an appro-—
priate geometrical symmetry. The geometrical symmetry can be controlled by
the assignment of orbitals to each configuration, but the spin state must be
obtained by a constructive or projective technique. Formulas have been
developed (ref. 36) for projective construction of spin states from orthogonal
orbitals, and programs implementing these formulas have for several years
been in routine use at UTRC.

One of the least widely appreciated aspects of the spin-projection
problem is that the same set of occupied spatial orbitals can sometimes be
coupled to give more than one overall state of given S quantum number. It is
necessary to include in calculations all such spin couplings, as the optimum
coupling will continuously change with changes in the molecular conformation.
This is especially important in describing degenerate or near-degenerate
excited electronic states.

c. Method of Ab Initio Calculation

A spin-free nonrelativistic Hamiltonian will be employed in the Born-

Oppenheimer approximation. For a molecule containing n electrons and m
18
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nuclei, the approximation leads to an electronic Hamiltonian depending

parametrically on the nuclear positions:

h o, am g

LV -1l it L TR | 7]

izt izt 1 I<ucy |<|<) (1)

where Zu and Ru are the charge and position of nucleus y, r:

; is the posi-

tion of electron i, and V% is the Laplacian operator for electron i. The'
Hamiltonian H is in atomic units (energy in Hartrees, length ir Bohrs).

Electronic wavefunctions y, depending parametrically on the nuclear
positions are made to be optimum approximations to solutions of the
Schrodinger equation

H(R)¥(R)= E (R)¥ (R) ' (2)

by involving the variational principle

IV (RIA(R)¥(R)OT (3)
[V (R)V(R)OT

The integrations in equation (3) are over all electronic coordiates and the

SW(R)=3

stationary values of W are approximations to the energies of states described
by the corresponding . States of different symmetries are studied by
restricting to the appropriate form, and excited states of any symmetry can be
handled by simultaneously determining the ¢ for the excited state and all

lower—lying states of the same symmetry.

19
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The specific form for ¥ may be written
\I/(R)=E Cu¥u(R) (4)

where each ¥ is referred to as a configuration, and has the general

structure

n
YuRI=AO0s T ¥, (1;,R) 8y (5)

where each Vi is a spatial orbital, < is the antisymmetrizing operator,
Og is the spin-projection operator for spin quantum number S, and 8y is a
product of a and B one-electron spin functions of magnetic quantum number M.
No requirement is imposed as to the double occupancy of the spatial orbital,
so equations (4) and (5) can describe a completely general wavefunction.

In Hartree-Fock calculations ¥ is restricted to a single v, which is
assumed to consist as nearly as possible of doubly-occupied orbitals. The
orbitals wui are then selected to be the linear combinations of basis

orbitals best satisfying equation (3). Writing

‘I’F,i=§ OV'IXV (6)

the a,; are determined by solving the matrix Hartree-Fock equations

VZFXVOV|=€|§SXVGV| (eQCh X) (7)

where e; is the orbital energy of LR

The Fock operator Fkv has been thoroughly discussed in the literature

(ref. 37) and depends upon one-~ and two-electron molecular integrals and upon
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the a ;. This makes equation (7) nonlinear and it is therefore solved
iteratively. UTRC has developed programs for solving equation (7) for both
closed- and open-shell systems, using basis sets consisting of Slater-type
atomic orbitals. Examples of their use are in the literature (ref. 38).

In configuration interaction calculations, the sumation in equation (4)

has more than one term, and the c, are determined by imposing equation (3),

to obtain the secular equation
2 (Huy=wWspuy)c, =0 (each ) (8)
v

where

v =f\P,I(R)5J/ (R)¥, (R) dT

9

Equation (7) is solved by matrix diagonalization using either a modified
Givens method (ref. 30) or a method due to Shavitt (ref. 31).
The matrix elements Huv and Suv may be reduced by appropriate operator

algebra to the forms

Huy = zfpémlg Pl >< Yuilri,R l"/ (RYP I'I‘I’,,,( R> (10)
n n
S#y=§€p GM‘OS Pleu []'W#I(LUR)’P II;I'W,” (L|vR> (11)

’
where P is a permutation and ¢

p its parity. The sum is over all permutationms.

<0, (9P 6> is a "Sanibel coefficient" and the remaining factors are
MiYs UM g
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spatial integrals which can be factored into one- and two-electron integrals.
If the ¥,i are orthonormal, equations (10) and (11) become more tractable
and the Huv and Suv may be evaluated by explicit methods given in the
literature (ref. 36). Computer programs have been developed for carrying
out this procedure, and they have been used for problems containing up to 40
total electrons, 10 unpaired electrons, and several thousand configurations.

The CI studies described above can be carried out for any orthonormal
set of Vi for which the molecular integrals can be calculated. Programs
developed by URTC make specific provision for the choice of the wui as
Slater—-type atomic orbitals, as symmetry molecular orbitals, as Hartree-Fock
orbitals, or as more arbitrary combinations of atomic orbitals.

d., Molecular Integrals

The one- and two~electron integrals needed for the above described method
of calculation are evaluated for STO's by methods developed by the present
investigators (ref. 39). All needed computer programs have been developed
and fully tested at UTRC.

e. Configuration Selection

Using a minimum basis plus polarization set of one-electron functions, a
typical system can have of the order of 104 configurations in a full CI
(that resulting from all possible orbital occupancies). It is therefore
essential to identify and use the configurations describing the significant
part of the wavefunction. There are several ways to accomplish this objec-
tive. First, one may screen atomic-orbital occupancies to eliminate those

with excessive formal charge. Alternatively, in a molecular-orbital framework
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one may eliminate configurations with excessive numbers of antibonding
orbitals. A third possibility is to carry out an initial screening of
configurations, rejecting those whose diagonal energies and interaction
matrix elements do not satisfy significance criteria. P;ograms to sort
configurations on all the above criteria are available at UTRC.

Other, potentially more elegant methods of configuration choice involve
formal approuaches based on natural-orbital (ref. 40) or multiconfiguration
SCF (ref. 41) concepts. To implement the natural-orbital approach, an
initial limited~CI wave-function is transformed to natural-orbital form, and
the resulting natural orbitals are used to fcrm a new CI. The hoped-for
result is a concentration of the bulk of the CI wavefunction into a smaller
number of significant terms. The multiconfiguration SCF approach is more
cumbersome, but in principle more effective. It yields the optimum orbital
choice for a pre-selected set of configurations. This approach works well
when a small number of dominant configurations can be readily identified.

f. Density Functional Approach - X, Model

The Xa model (ref. 42) for the electronic structure of atoms, molecules,
clusters and solids is a local potential model obtained by making a simple
approximation to the exchange-correlation energy. If we assume a non-
relativistic Hamiltonian with only electrostatic interactions, it can be

shown that the total energy E of a system can be written exactly (ref. 43)

(in atomic units) as
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(12)

e < I-J-I LU >+
+ 3 %s nm <y » Uj u; Exe

This expression is exact provided the u; are natural orbitals and n; are

T N —

their occupation numbers (i.e., eigenfunctions and eigenvalues of the first
order density matrix). The first term in equation (12) represents the
kinetic and electron-nuclear energies. The second term is the nuclear
repulsion energy. The sums (u,v) are over all the nuclear charges in the
system. The third term is the electron-electron repulsion term, which
represents the classical electrostatic energy of the charge density p inter-

acting with itself, where
»
p(|)=§ nu ) (13)

The last term Exc represents the exchange correlation energy and can be

expressed formally as

£,e 1 et o ./’_"R_c(_'rf)_ dr; . (14)
12

where o, (1,2) represents the exchange-correlation hole around an electron

‘é at position 1. In the exact expression, Oxc is dependent on the second=-order
.,z
density matrix. In the Hartree-Fock approximation E.c 1s the exchange
L energy, p,. represents the Fermi hole due to the exclusion principle and
%

depends only on the first-order density matrix. In the Xa method, we make a

simpler assumption about p,.. If we assume that the exchange-correlation
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hole is centered on the electron and is spherically symmetric, it can be

shown that the exchange-correlation potential

v PLA1L,2) ==
- c
uxc_‘/ _rg'z_ dr2

(15)
is inversely proportional to the range of the hole, rg, where rg is
defined by

am
3 =
3 rs el (16)
Therefore, in the X, model, the potential U,. is proportional to p1/3(?).
We define a scaling parameter a such that
= s5a /3

The expression in equation (17) is defined so that a = 2/3 for the case of a
free electron gas in the Hartree-Fock model (ref. 44) and a = 1 for the
potential origially suggested by Slater (ref. 45). A convenient way to
choose this parameter fcr molecular and solid state applications is to
optimize the solutions to the X, equations in the atomic limit. Schwarz
(ref. 46) has done this for atoms from Z =1 to Z = 41 and found values
between 2/3 and 1.

In the "spin polarized" version of the X, theory, it is assumed (as in
the spin-unrestricted Hartree~Fock model) that electrons interact only with a
potential determined by the charge density of the same spin. In this case the

contribution to the total energy is summed over the two spins, s = + 1/2.
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Eac =7 L [,(1) Uyq s a7 (18)

where the potential is spin-dependent

Uy, 5= (3p(1)/4m)'? (19)

and p; is the charge density corresponding to electrons of spin 3. The
spin~polarized X, model is useful for describing atoms and molecules with
open-shell configurations and crystals which are ferromagnetic or anti-
ferromagnet ic.

Once one has made the Xa approximation to the total energy functional E
in equation (12), then the rest of the theory follows from the application of
variational principle. The orbitals uj are determined by demanding that E
be stationary with respect to variations in pi- This leads to the set of

one~electron Xa equations
- viey B @~y 2
2 i r 7 3 Uyq u, T €y (20)

where ¢; is the one~electron eigenvalue associated with ui+ Since p

(£) is defined in terms of the orbitals yp;, the equation (20) must be
solved iteratively, until self-consistency is achieved. Empiricaly, if one
takes as an initial guess that p is approximately a sum of superimposed
atomic charge densities, then the convergence of this procedure is fairly

rapid. The factor of 2/3 multiplying the potential is a result of the
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nonlinear dependence of Eyc on 0 This also has as a consequence that the
X, eigenvalues e; do not satisfy Koopmans' theorem, i.e., they cannot be
interpreted as ionization energies. However, it can be shown that the €
are partial derivatives of the total expression of equation (12) with respect
to the occupation number,

Y
i” dan, (21)

If E were a linear function of n;, then Koopmans' theorem would hold.

However, because of the dominant Coulomb term, E is better approximated by a

quadratic functiom in n This leads to the "transition state" approxima-

i
tion which allows one to equate the difference in total energy between the
state (ni, nj) and (ni-l, nj+1) to the difference in the one-electron
energles Es = & calculated in the state (ni-l/2, nj+l/2). The error
in this approximation 'is proportional to third-order derivatives of E with
respect to n; and njs which are usually small (ref. 47). The main
advant age of using the transition state rather than directly comparing the
total energy values is computational convenience, especially if the total
energies are large numbers and the difference is small.

The relationship of equation (21) also implies the existence of a "Fermi

level" for the ground state. This can be seen by varying E with respect to

n; under the condition that the sum ;'ni is a constant, i.e.,
i

S[E-x}: n,:I:o (22)
I

implies 3E . A, where X is a Lagrangian multiplier. This implies that the

al'li
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total energy is stationary when all the one-electron energies are equal. How-
@ occupation numbers are also subject to the restriction 0 < n; < 1.
's to the following conditions on the ground state occupation numbers;
€ <\ ) M =i
€ =A) Osn, <y
In other words, the ground state eigenvalues obey Fermi statistics with A
representing the Fermi energy. It should be noted that, in contrast to the

Hartree-Fock theory, where all the n.

; are either 0 or 1, the X, model

predicts, in some cases, fractional occupation numbers at the Fermi level.
In particular, this will occur in a system (such as transition metal or
actinide atom) which has more than one open shell.

The X, model differs in other significant ways from the Hartree-Fock
method. In fact, the simplification introduced in approximating the total
energy expression introduces several distinct advantages over Hartree-Fock:

l. The primary advantage is purely computational. The one-electron
potential in equation (20) is orbital-independent and local, i.e., it is the
same for all electrons (except in the spin-polarized X, theory) and is a
multiplicative operator. On the other hand, the Hartree-Fock potential
is non-local, or equivalently, there is a different local potential for each
orbital. This involves a great deal more computational effort, especially
for systems described by a large number of orbitals. It has been shown (ref.

48) that the X, orbitals for the first and second row atoms are about as
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accurate as a double-zeta basis set, and are probably better for larger atoms
which involve electrons with % 2 2.

2. The orbital-independent Xa potential leads to a better one-electron
description of electronic excitations of a system. Both the unoccupied (ni = 0)
and occupied (ni = 1) eigenfunctions are under the influence of the same
potential resulting from the other N-1 electrons. The Hartree-Fock virtual
orbitals see a potential characteristic of the N occupied orbitals, and
therefore are not as suitable for describing the excited state. Actually,
although the ground state virtual eigenvalues are usually a good description
of the one-electron excitations, the virtual spectrum of the transition state
potential where one-half an electron has been removed from the system give a
much better first-order picture of these levels (ref. 49).

3. As has been shown by Slater (ref. 50), the X, model rigorously
satisfied both the virial and Hellman-Feynman theorems, independent of the
value of the parameter g. This is convenient for calculating the force on a
nucleus directly in terms of a three dimensional integral, rather than the
six dimensional integrals in the expression for the total energy of equation
(12).

g. Computational Aspects of the Xa Model

In application of the Xa model to finite molecular systems, there are
two practical aspects of the calculations which must be considered. The
first concerns the choice of the integration framework for describing the
molecular wavefunctions and the second deals with the choice of the exchange

parameter, a, in different regions of space.
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In computations with heteronuclear molecules, there are several free

parameters that must be chosen: the ratio of sphere radii for the atomic
spheres of integration at a given internuclear separation, the degree of

; sphere overlap, and the value of the exchange parameter in the atomic

l spheres and the intersphere region.
It has been found that changing the ratio of the sphere radii for the two

atoms in a heteronuclear diatomic molecule introduces changes in the total

{ energy that can be large on a chemical scale, (v 1 eV). A choice for sphere
radii based ;n covalent bonding radii does not necessarily provide a good
estimate for these calculations. The value of the exchange parameter, a, and

; the sphere radii and/or sphere overlap is normally fixed in X, calculations
for crystals where the geometry is fixed. However, to develop a potential
curve, the molecular description needs to change substantially as the inter-

nuclear separation varies and the changing sphere radii include varying

fractions of the total molecular charge (ref. 51). Studies made at UTRC have

shown that at any given separation the total energy calculated from the X,

model is a minimum at the radii ratio where the spherically averaged poten-

badle e L o i
’
]

tials from the two atomic centers is equal at the sphere radius,

R R st
Y v

L

Vl(rsl) = V2(r32) (24)

This relationship between the potential match at the sphere boundary and the

il o s
"

minimum in the total energy appears to hold exactly for "neutral" atoms and
holds well for ionic molecular constituents. In the case of two ionic

species, the long range tail of the potential must go like +2/R from one ion
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and -2/R (in Rydbergs) for the other ion and so at large internuclear separa-

tions, the 1/R character of the potential does not invalidate the potential

match criterion for radii selection.

applied to the sel’-consistent potentials.

This match for the atomic potentials is

In molecules with significant charge sharing in the bonds, the radii of

the atomic spheres is frequently increased in X, calculations so that an

overlap region appears in the vicinity of the bond (ref. 52). Studies made

at UTRC show that the contribution to the total molecular energy from the

exchange integral shows a minimum at the optimum sphere radius or sphere

overlap. This provides a sensitive criterion for selecting these parameters.

The values of the exchange parameters in the spherical integration region

around each atomic center are frequently set at the atomic values both for

neutral and for 1onic molecular constituents.

However, for light atoms, the

value of a which best reproduces Hartree-Fock results varies substantially

with ionicity. In argon, the following table compares, for the neutral atom

and the positive ion, the HF energy and the X, energy calculated for

several values of a.

TABLE 1. COMPARISON OF CALCULATED ATOMIC ENERGIES FOR ARGON

ArO 72177

artl/2? .72177
.72213

AR 72177
.72213
.72249

Xa Energy

-526.8176

-526.5857
=526.€007

=526.2447
~526.2596
=526.2745
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HF Energy

-526.8173

~526.2743
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The optimum value of a changes even more rapidly in the fluorine atom, going
from 0.73732 for FU to 0.72991 for F-l. Since the total energy depends
linearly on @, this parameter must be chosen carefully.

The intersphere exchange coefficient, is chosen to be a weighted average

of the atomic exchange parameters from the two constituents. At small

internuclear separations, the optimum radius for an atomic sphere frequently
places significant amounts of charge outside that atomic sphere - charge that
is still strongly associated with its original center rather than being
transferred to the other center or associated with the molecular binding
region. To best account for these cases the weighting coefficients are

chosen to reflect the origin of the charge in the intersphere (or outersphere

region),

= 6.2 -QPo
%, (s, Q1)+a32(Q32 Q,°)

% _ 1 (25)
intersphere o o
(4, -4+ (q, -0,°)
. 1 2
where (Qg - Qio) is the charge lost from sphere i relative to its atomic
i
E ' value (or ionic value) Qio and @  is the atomic exchange parameter for sphere 1.
i
L )
: This value for aintersphere is calculated dynamically - it is updated after
:
] each iteration in the self-consistent calculation.

H While for heavy atoms, these changes in the exchange parameter would be
=5

: small, the a's for small atoms vary rapidly with z (and with ionicity). The
correct choice of the exchange parameters influences not only the total
energy calculated for the molecule but also in some cases affects the distri-

bution of charge between the atomic spheres and the intersphere region.
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SECTION IV

DISCUSSION OF RESULTS

The theoretical research conducted under this program was concerned
with a study of the energetics of the noble gas halides and noble gas
dimer and trimer molecular ions. The emphasis of the study of the noble
gas halides was on the definition of potential energy curves, prediction
of the radiative lifetimes of electronically excited states, and studies of
photon energy loss paths such as photoabsorption and photoionization of the
upper excited electronic states. The major effort of the study of the
noble gas dimer and trimer ions was the definition of the potential energy
curves and predicition of the photoabsorption cross-section for these species.
' For all of the noble gas halide systems there is an outer crossing of
the upper ionic states arising from RT & X° (R = noble gas, X = halide) such
that these upper molecular states, at their equilibrium internuclear separa-
tions, actually lie lower than any of the Rydberg molecular states.
The possible electronic transitions which correspond to laser activity
in these systems therefore reduce to the following set:
a2t > x%st
B2n - x°ct

2 + 2
AL > I

BZH - 2HI
! 2 . . 2 2
Further, the B"Il state is split into H3/2 and H1/2 states owing to

spin-orbit coupling effects in the noble gas positive ion. This splitting
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is small (782 cm-l) for Ne but is appreciable for Xe (10537 cm-l).

As a result of these several possibilities, the definite assignment
of the laser transitions becomes difficult. Brau and Ewing (refs. 3 and
53) have assigned the strong laser transitions in XeBr, XeCl, XeF and KrF
to A ZZI/Z > X 22;/2 in accord with a simple ionic model for the potential
curves. Ab initio calculations by Dunning and Hay (Ref. 7) for KrF also
suggest the A 22{/2 > X ZZI/Z transition corresponds to the observed emission
in KrF at 24802. Their potential curves, however, also indicate a B 2H3/2 >
2H3/2 I transition at nearly the same calculated wavelength. Since this is
also a strong parallel transition, a unique assignment does not appear to
be possible on the basis of Dunning and Hay calculations. Further, their
calculations indicate a near degeneracy of the upper ionic A 221/2 and
B 2H3/2 states which is difficult to understand in terms of simple charge
density models for these excited states.

Clugston and Gordon (ref. 6) suggest that the dominant laser transition

22+

1/2° based on free-electron gas model calculations. Recent

is B 2H3/2 + X
studies carried out at this Center, however, question the reliability of
non-SCF model calculations for these systems. In addition, this assignment
of a perpendicular transition to the laser emission goes against the experi-
mental observations that such transitions should be weak compared to allowed
transitions.

In order to shed some light on the above questions, both ab initio and

density functional Xa calculations were carried out for the lower and
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excited levels of ArF and Ar,F. The ab initio calculations were carried out
in a manner similar to that described previously (ref. 57). All nonlinear
parameters of the molecular orbital basis functions were individually opti-
mized for each separate electronic state. The results of these studies have
been analyzed and published as technical papers. For completeness they are
presented herein as Appendices A and B.

The theoretical principles underlying the electronic structure of the
homonuclear noble gas molecular ions have been discussed by Mulliken (ref.
54) using Xe; as a prototype and, more recently, by Gilmore, Barr, and Dee
(ref. 55) for the case of Kr;. For these dimer ions, four electronic states
a2t g2 2

+
, B, C Hu’ and D zzg) arise from a ground state atom (lSO) and

CS .

a ground state ion (2P1/2’3/2). The lowest state, usually labeled A 22:,
is bound for the four systems Ne;, Ar;, Kr;, and Xe; and has been partially
characterized experimentally through scattering experimeﬁts, although there
has been much controversy concerning the dissociation energies of these ions.
(ref. 54). TFor the heavier ions, A-S coupling is no longer strictly valid
and the B 2Hg and C 2Hu states split into J-J coupled components with a
resultant mixing of L and I symmetries. This splitting is small for Ne;
but six distinct J-J coupled molecular ion states arise for Xe;.

With the exception of the recent calculations by Wadt,(ref. 56) no
attempts at systematic studies of these ions have been reported. Accurate

ab initio methods would appear to be practical only for the lighter ions

4
with diminished accuracy for heavier systems such as Xe,. Wadt reports
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such a trend in his calculations (ref. 56) which indicate that his Gaussian
basis is less flexible or less complete in the case of Xe; than for the
corresponding study of Ar;. Recent density functional calculations of noble
gas halide molecules (ref. 57, ref. 58) have yielded reliable predictions

of geometry aﬁd chemical binding, provided certain optimization criteria

are f;llowed. Such calculations, which should beofmoreuniformqualitythan
ab initio studies, since numerical molecular orbitals not limited by basis
set constraints are employed (ref. 59), constituted the principal effort in
the present study. A limited number of ab initio calculations were carried

out for Ar; for comparison purposes.

The results of our studies of the noble gas molecular icns have been pre-
pared for publication ag technical papers. For completeness our results are

presented herein ag Appendices C, D and J.

Our predicted emission spectra for ArF indicates that only the
B ZZI/Z > X 22:/2 transition exhibits a large transition moment. Our cal-
culated radiative lifetimeis § ns for this transition and our calculated
peak emission intensity is at a wavelength of 196 nm, as compared with

the experimental laser frequency of 193 nm.

ArzF

Calculations for ArpF indicate that the bound upper ionic state has
232 symmetry with Ar-Ar and Ar-F bond lengths similar to those in the corres-

ponding diatomic species. The terminating state of the emission from this
36




trimer species has 2B2 symmetry while the ground state has 2Al symmetry.
The %8," + 2B, transition has a radiative lifetime of 200 ns with peak
emission at 280 nm. The observed emission for ArzF is very broad (50 nm)

and peaks at about 290 nm.

+

Ne2

+ +
We find the A Zzl/Zu ground state of Ne, to be bound by 1.31 eV with
o

an equilibrium separation of 1.69 A. Our calculated fundamental vibrational
frequency is 597.0 cm-l. OQur predicted maximum photoabsorption cross-
section at 300°K is 0.20 X at a wavelength of 285 nm.

+
Ar2

+ +
The A 221/2u ground state of Ar2 is bound by 1.30 eV at an equilibrium

. .
separation of 2.43 A. The fundamental vibrational frequency is calculated
to be 297.9 cm . We predict a maximum photoabsorption cross-section at

o o
300K of 0.48 A at a wavelength of 300 am.

+
Kr2

+
ground state of Kr., is 1.18

+
The dissociation energy of the A22 2

1/2u

eV when spin-orbit effects are properly taken into account. Our calculated
o

equilibrium separation is 2.75 A and the fundamental frequency is found

to be 176.7 cm_l. We find a maximum photabsorption cross-section at 300°K

of 0.57 X at a wavelength of 320 nm.

+
Xe2

——

+
The A 221/2u ground state of this ion is bound by 1.06 eV at an

)
equilibrium separation of 3.18 A. The calcuiated fundamental frequency
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is 117.2 cm 1. Qur predicted photoabsorption spectrum at 300 K peaks at
o
340 nm at a value of 0.68 A. We find a strong temperature dependence of
the photoabsorption spectrum owing to the smallness of the vibrational

spacing of the ground state.

+
Ar3

An analysis of the electronic structure of Ar; was carried out in
Daps C2v and th symmetries. The lowest state of Ar corresponds to the degen-
erate 2E' symmetry with an indicated dissociation energy of 0.17 eV relative to
Ar2+ (A 22:) + AR (lSo). This trimer ion exhibits a small Jahn-Teller dis-
tortion from D3h symmetry. We find a wide, shallow well for the 2El ground
state with an indicated R, of 2.9 &. The asymmetric stretch frequency is
caleulated to be 390 cm T.

A strong and very broad photoabsorption band (A=500-670 nm) is pre-
dicted for the ZE’ > zAf transition of this trimer ien. This absorption
exhibits a peak cross-section of 0.3 ZZ at a wavelength of 580 nm. This

suggests that such species may be very important in the analysis of loss

mechanisms in visible excimer lasers.

2
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APPENDIX A

THE ELECTRONIC STRUCTURE OF ArF AND ArZF*

L. A. Wright (DYP)
Kirtland Air Force Base, New Mexico 87117

Calculations have been performed on the electronic structure, potential
energy curves and radiative transition probabilities of ArF and AryF. Our

. . . s 2.+ 2.+
predicted emission spectra for ArF indicates that only the B <& 1/2 + X "z 1/2
transition exhibits a large transition moment and hence a short (v 5 nsec)
radiative lifetime. Calculations for Ar,F indicate that the bound upper ionic
state has 2B2 symmetry with Ar-Ar and Ar-F bond lengths similar to those in
the corresponding diatomic species. The terminating state also has ZBZ symme-

try and this polyatomic system should exhibit a relatively long radiative

lifetime (v 200 nsec).

*
Supported in part by AFOSR under Contract No. F44620-73-C-0077.
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1. INTRODUCTION

The diatomic molecules formed from the noble gases, from the partially
closed shell Group II B elements (Hg, Cd, Zn) or from the noble gas-halogen
combinations constitute an interesting and important class of molecules for
laser applications. These molecules are characterized by a repulsive or very
weakly bound ground state potential curve and by bound electronically excited
states. These excited diatomic molecules, known as excimers, radiate in a
narrow visible or UV continuum band by making a transition to a repulsive lower
state that dissociates to ground state neutral atoms. Laser behavior 1s con-
trolled by competing kinetic processes for the formation and destruction of
the excited molecular levels. The character of the electronic structure of
the excited states in the noble gas halide systems 1s strongly ionic and is
similar to that of the ground state alkali halide salts. The other molecules
exhibit mainly Rydberg character in their excited electronic states.

Emission spectra for several noble gas halides have been obtained in low-
pressure discharge flow experiments anrd were first reported by Velazco and
Setserl and by Golde and Thrush.2 More recently emission spectra and laser
action in several noble gas halide systems have been reported.3'lh The spectra
are consistent with a model whereby the lasing transition is between a strongly
bound upper electronic state and a nearly flat repulsive ground state. A group
theoretical analysis of the possible electronic configurations for these states
does not lead to a unique assignment since both the upper and lower levels

2

could be of 22+ or N symmetry.

Theoretical studies of the noble gas halide molecules have consisted of
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analogies with alkali halide systems,3 predictions based on an electron-gas

16

model15 and ab initio calculations for the KrF system. In some cases, the
theoretical methods utilized to date have been unable to positively define the
electronic states involved in the noble gas halide laser systems. Ab initio
methods would appear to be practical only for the lighter systems such as ArF
and KrF owing to greatly increased computational complexity for larger numbers
of electrons. However, detailed ab initio CI calculations on systems as com-
plex as XeCl are now in progress.l7 The electron-gas model calculations
suffer from the lack of self-consistency in the molecular potential. Recent
density functional calculations indicate that self-consistency in the potential
is crucial for determining optimum electronic wavefunctions.18 Such calcula-
tions, coupled with a limited number of ab initio calculations carried out for
comparison purposes, constitute the principal effort in the present study of
excimer systems.
2. ELECTRONIC STRUCTURE

For all of the noble gas halide systems there is an outer crossing of the
upper ionic states arising from Rt + X~ (or Rg) (R = noble gas, X = halide)
such that these upper molecular states, at their equilibrium internuclear
separations, actually lie lower than any of the Rydberg molecular states.

The possible diatomic electronic transitions which correspond to laser

activity in these systems therefore reduce to the following set:

B 2t o x 2 B2t . A O
(1)
C2n -x gt cen -a°n

Further, the zq state is split into 2H3/2 and 2H1/2 states owing to spin-orbit
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coupling effects in the noble gas positive ion. This splitting is small (782)
cm~L) for Ne but is appreciable for Xe (10537 cm-1).

As a result of these several possibilities, a definite assignment of the
laser transitions becomes difficult. érau and I:'.‘wing3’)+ have assigned the
strong laser transitions in XeBr, XeCl, XeF and KrF to B 22+l/2 - X 22+1/2 in
accord with a simple ionic model for the potential curves. Ab initio calcula-
tions by Dunning and Hayl6 for KrF also suggest the B 22+l/2 - X 22+l/2 transi-
tion corresponds to the observed emission in KrF at 2480 A. Their potential
curves also indicate a C 2H3/2 - X'22+l/2 transition at nearly the same calcu-
lated wavelength. Further, their calculations indicate a near degeneracy of
the upper ionic B 22+l/2 and C2H3/2 states which is difficult to understand in
terms of simple charge density models for these excited states.

qlugston and Gordonl?® suggest thet the dominanﬁ laser transition is
C 2H3/2 - X 2Z+l/2, based on free electron gas model calculations. Recent
studies, however, question the reliability of non-SCF model calculations for
these systems. In addition, this assignment of a perpendicular transition to
the laser emission goes against the experimental observations that such transi-
tions should be weak compared to allowed parallel transitions.

3. CALCULATED RESULTS AND DISCUSSION

In order to shed some light on the above questions, both ab initio and
density functional calculations were carried out for the lower and excited
levels of ArF and ArgF. The ab initio calculations were carried out in a
manner similar to that described previously.l9 All nonlinear parameters of the

molecular orbital basis functions were individually optimized for each separate
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electronic state. The resultant ab initio results are shown in Fig. 1

22+ 2 .
where we see that the B 1/2 and C H3/2 systems are nondegenerate in ArF.
The upper C 2H3/2 state is less strongly polarized and exhibits a somewhat
flatter potential curve giving rise to an inner crossing of A 22+l/2 and

C 2q3/2 at about 1.8 A.

These calculations indicate the following long-range behavior for the

excited state potential curves:

2ot 1 1.16
B&2 V(R) (a.u.) = - E - _EE—
(2)
¢ : V(R (a.u.) = - 1,0.58
R R3

The R'3 term arises from the quadrupcle contribution to the interaction peten-
tial at long range. This term vanishes for the alkali halide diatomic mole-
cules MTX~ since both positive and negative ions are in the 15 state. However,
for the noble gas halide systems, the noble gas ion is in a 2p state with a
non-vanishing quadrupole moment. Therefore, simple models of the icnic excited
states of the noble gas halides, based on analogies with alkali halide systems,
need to be modified to properly account for this long-range behavior. The cal-
culated value for the coefficient, B, of the R'3 term has the correct theoretical
form such as B 2Z+ = =28 2H. Although several system assignments are possible
within the error of the potential curves, calculations based on the potentials
shown in Fig. 1 clearly indicate that only the B 22+1/2 - X 22+1/2 transition
exhibits a large transition moment and hence a short (~5 nsec) radiative life-
time. Our calculated peak emission intensity is at a wavelength of 196 nm as

compared with the experimental laser frequency of 193 nm.
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Potential energy curves for ArF were also constructed using a density
functional method. As described in Ref. 18, our program has been exten-
sively developed beyond the standard techniques described in the literature.
Modifications to minimize the muffin-tin potential error and to insure con-
tinuity in the molecular potential function have been incorporated into our
code which result in more reliable total energies. The results for ArF
(without including spin-orbit mixing) are shown in Fig. 2 which indicate
quantitative agreement with our ab initio results. Again we see that the
C 2Hexcitaistate is nondegenerate with the upper B 22+ state and that it
is somewhat flatter in curvature. The origin of the somewhat steeper repul-
sion exhibited by all the calculated potentials using this density functional
model 1s now understood as a manifestation of the exchange scaling parameter
variation with the effective nuclear charge.

Regions of the potential energy surfaces for AroF have been studied to
examine the possible stability of this triatomic molecule in an excited elec-
tronic configuration. It has been suggestedeo that the long wavelength ’
radiation seen at 2900 A in e-besm excited argon-fluorine mixtures (4100 A
for krypton-fluorine mixtures) may be due to a triatomic molecule formed in an

excited ionic state from Arg + F7, similar to the exci’ed ionic state formed

'
i

from Ar* + F™. Such a molecule would radiate at longer wavelengths since
+ . . +
Ar2 is stable relative to Ar + Ar.
The molecular correlation diagram for ArsF, given in Table I for C2v

symmetry, should represent the most stable geometry for both the excited ionic

and ground state surfaces. The corresponding orbital designations are also
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given for the linear molecule Ar-F-Ar. We have carried out Preliminary
calculations for the ground and first excited ionic states in 2Al and 2B2
symmetries. Our calculated results are shown in Fig. 3.

We find a flat potential surface for AroF in the lowest 2Al state for
R, > 2.8 A as shown in Fig. 3. This results from forward charge transfer from
Ar to the F atom, thereby introducing some ionic character of the type Argx-
F~* which will tend to cancel out neutrsl atom exchange and cverlap effects.
For heavier systems such as XeoF, some small long-range binding may be found
for this lowest 2Al configuration. The lowest 2B2 state exhibits a somewhat
steeper repulsion. For Ar2 - F separations shorter than 2.6 R, both the 2Al
and 2B2 lower states exhibit a rapidly increasing repulsion (~ 5 eV/A). This
character leads to the observed broadband emission seen in these systems.

These initial studies indicate a stable AroF molecule in the excited 2B2
configuration as shown in Fig. 3. Such a molecule could dissociate symmetri-
cally to ArZ (223) + F'(lSo) or unsummetrically to Ar'F- (22+) + Ar (lSo). The
proper dissociation (or formation path) can be ascertained by more detailed
calcwlations at larger internuclear separations. The excited aAl configuration
exhibits stability relative to Ar*F- + Ar, but not to Art + F~. A symmetric

2

dissociation leads to the unbound 22; state of Arg + F° (lSO).
These limited calculations suggest that the upper radiating state of AroF
(and KrgF) is of 2B2 symnetry with equilibrium bond lengths of RAr-Ar <2.6 A
o +
and Ry,._.p < 2.5 A. Using a dissociation energy of 1.25 eV for X 2Zu of Arg and

our calculated ground state 2B2 repulsion energy, we Predict an emission wave-

length of ~ 280 nm. The observed emission for ArpF is very broad (~ 50 nm) and
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peaks at about 290 mm. :
This EBZ ~ 2B, transition corresponds more closely tothe C 21 = A 2

transition in ArF than to the intense 22+ - 25% trangition. Scaling our cal-

culated transition intensities for C 2 = A 2I'[, we predict a radiative lifetime

for the ionic EBZ state of ~ 200 nsec. Further detailed studies are in progress

to classify the state assignments and predict the radiation characteristics of

all the triatomic noble gas halide excimer molecules.

it T T
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APPENDIX B
THE ELECTRONIC STRUCTURE OF EXCIMER MOLECULAR LASERS”™

A ba e b & Lo dhan omd o o 1
§

L. A. Wright (DYP)
Kirtland Air Force Base, New Mexico 87117

ABSTRACT

The electronic structure, potential energy curves and radiative transition

probabilities of excimer systems have been examined using quantum mechanical

methods. These molecules are characterized by repulsive or weakly bound ground

state potential curves and by bound, strongly ionic, or Rydberg, excited states.

They constitute a very interesting class of molecules which offer the possibili- !
ty for high power, high efficiency UV laser operation. Calculations have been

j carried out using the density functional SCF-XQ method, modified extensively

to correct for well-known errors arising from approximations to the potential

and exchange terms. A limited number of ab initio calculations were also car-

N o

ried out for comparison purposes. For the ArF system we find that the lowest

i
.
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excited ionic state has symmetry CH 1/2» and that the dominant laser transition

observed at 1933 A should be assigned to B 2£+1/2 + X 22+1/2. The C 2H3/2 - X 22+1/2
transition is calculated to be two orders of magnitude smaller in emission in-
tensity than the dominant transition, thus ruling out this assignment for the
observed laser line in ArF. Preliminary calculations carried out for Ar,F

indicate that the bound upper ionic state has 232 symmetry and that the most

probable ground state also has 232 symmetry. This polyatomic system is

predicted to exhibit a broadband emission spectra with a relatively long radi-

ative lifetime.
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INTRODUCTION

The diatomic molecules formed from the noble gases, from the partially
closed shell Group II B elements (Hg, Cd, Zn) or from the noble gas-halogen
combinations constitute an interesting and important class of molecules for

laser applications. These molecules are characterized by a repulsive or very

R — e

weakly bound ground state potential curve and by bound electronically excited
states. These excited diatomic molecules, known as excimers, radiate in a
narrow visible or UV continuum band by making a transition to a repulsive lower
} state that dissociates to ground state neutral atoms. Laser behavior is con-
| trolled by competing kinetic processes for the formation and destruction of the
excited molecular levels. The character of the electronic structure of the
excited states in the noble gas halide systems is strongly ionic and is similar
to that of the ground state alkali halide salts. The other molecules exhibit
mainly Rydberg character in their excited electronic states,

The system Xe2, shown in figure 1, is typical of the noble gas excimer
lasers. Because the ground state potential is almost purely repulsive, the

°

emission is a continuum which stretches from the atomic resonance line at 1470 A
to 2200 A. This emission has been studied extensively (ref. 1) and has been

widely used as a background source for VUV absorption spectroscopy. Houtermans

(ref. 2) was the first to propose the use of bound-free transitions (in Hgy) for

t { a laser system, but it was not until 1970 that Basov (ref. 3) demonstrated gain

62




at 1750 R by pumping liquid xenon with a high current beam of electrons.
Since then many workers have reported laser action in the gaseous phase in xenon
and krypton A (ref. 4).

Emission spectra for several noble gas halides have been obtained in low

pressure discharge flow experiments and were first reported by Velazco and

Setser (ref. 5) and by Golde and Thrush (ref. 6). More recently, emission

spectra and laser action in several noble gas halide systems have been repor-

ted (refs. 7-18). The spectra are consistent with a model whereby the lasing

1 transition is between a strongly bound upper electronic state and a nearly flat
3 repulsive ground state. A group theoretical analysis of the possible electronic
! configurations for these states does not lead to a unique assignment since both

the upper and lower levels could be of 22+ or zn symmetry.

In addition to the noble gas wwlecules, systems such as Hg,, HgCd, and HgTl
have been proposed (refs. 2, 19-21) as a class of excimers which radiate in the
i visible region of the spectrum. For these systems, the partially filled shell
of Hg (5dlo 632) results in noble gas-like behavior and leads to potential
curves analogous to those arising in Xe,. For the HgTl system, a low-lying
ionic state can occur, and the electronic structure is probably more like that
of the noble gas halide molecules.

The theoretical principles governing the electronic structure of the

homonuclear noble gas molecules have been discussed by Mulliken (ref. 22) using
Xe, as a prototype and more recently by Barr, Dee, and Gilmore (ref. 23) for the

case of Kry. In these molecules, the ground state is represented by a repulsive
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potential curve connecting to l'So states of the separated atoms. The
excited states constitute a Rydberg series terminating on the molecular ion of
symmetry 22+u or 1/2u, the latter being more appropriate for the heavier
systems such as Xe, where L-$ coupling is no longer strictly valid. These
excited state potential curves can be located with good accuracy using quantum
defect theory coupled with an accurate representation of the ground state of
the molecular ion. the radiative decay time for an excited Xe2 or Kr,
molecule has been estimated to be so short ( 10 nsec), that fast pumping tech-
niques are required to produce significant populations in their excited states.
Theoretical studies of the noble gas halide molecules have consisted of
analogies with alkali halide systems ﬂref. 7), predictions based on an electron-
gas model (ref. 24) and ab initio calculations for the KrF system (ref. 25).
In some cases, the theoretical methods utilized to date have been unable to
positively define the electronic states involved in the noble gas halide laser
systems. Ab initio methods would appear to be practical only for the lighter
Systems such as ArF and KrF owing to greatly increased computational complexity
for larger numbers of electrons. However, detailed ab initio CI calculations
On systems as complex as XeCl are now in progress (ref. 26). The electron-gas
model calculations suffer from the lack of self-consistency in the molecular
potential. Recent density functional calculations indicate that self-consis-
tency in the potential is crucial to determining optimum electronic wavefunc-

tions (ref. 27). Such calculations, coupled with a limited number of ab initio

calculations carried out for comparision purposes, constitute the principle

effort in the present study of excimer systems.
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METHOD OF APPROACH

' Density Functional Approach - X, Model

{ The X, model (ref. 28) for the electronic structure of atoms, molecules,
E clusters and solids is a local potential model obtained by making a simple
approximation to the exchange-correlation energy. If we assume a nonrela-

tivistic Hamiltonian with only electrostatic interactions, it can be shown that

i the total energy E of a system can be written exactly (ref. 29) (in atomic

units) as

(1)

This expression is exact provided the u; are natural orbitals and ng

’

are their occupation numbers (i.e., eigenfunctions and eigenvalues of the first

4

e _mant L ah

order density matrix). The first term in equation (1) represents the kinetic
and electron-nuclear energiz;. The second term is the nuclear repulsion energy.

The sums (u, v) are over all the nuclear charges in the system. The third term

S LR o L

is the electron-eiectron repulsion term, which represents the classical electro-

static energy of the charge density p interacting with itself, where

| p ()= njuin u, (1) (2)
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The last term Pxe (1,2) represents the exchange-correlation energy and can be

expressed formally as

e dr,ffﬁ_“;_‘?_’_ dr; (3)
12

where p,. (1,2) represents the exchange-correlation hole around an

electron at position 1. 1ln the exact expression, is dependent on the

Pxc
second-order density matrix. In the Hartree-Fock approximation Eve is the
exchange energy, p,. represents the Fermi hole due to the exclusion principle
and depends only on the first-order density matrix. In the X method, we make
a simpler assumption about (I If we assume that the exchange-correlation

hole is centered on the electron and is spherically symmetric, it can be shown

that the exchange-correlation potential
P, olh2) &%
L e el )

is inversely proportional to the range of the hole, r , where r, is defined

by

AT
= rs el

Therefore, in the X model, the potential U . is proportional to p (;)

scaling parameter a is defined such that

(6)
u!a(l)= = —% (3p(l)/81r)'/3
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! The expression in equation (6) is defined so that ¢ = 2/3 for the case
[ of a free-electron gas in the Hartree-Fock model (ref. 30) and ¢ = 1 for the
'
; potential originally suggested by Slater (ref. 31). A convenient way to choose
1
this parameter for molecular and solid state applications is to optimize the
solutions to the X, equations in the atomic limit. Schwarz (ref. 32) has done

this for atoms from Z = 1 to Z = 41 and found values between 2/3 and 1.

Computational Aspects of the X Method

To implement the X, approximation in molecular calculations, it is
usually convenient to break up the volume integrals indicated in equations
(3) or (4) by defining spherical regions surrounding each atomic center. The
molecular potential is then spherically averaged within these regions and as-
suned constant in the region between spheres. The potential falls to zero 1in
the usual way in the region outside of an overall sphere located to encompass
those spheres surrounding the individual atoms.

There are two other practical aspects of the calculations which must be

R considered in application of the X, model to finite molecular systems. The

—— T,

first coucerns the choice of the integration framework for describing the

i molecular-orbital wavefunctions, and the second deals with the choice of the
- exchange parameter, a, in different regions of space. A third consideration,
3
E. < convergence of the spherical harmonic expansion, was also tested. The total
A ; '

]

eéneérgy was converged when all terms up to 1 = 3 were included.
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} In computations with heteronuclear molecules, there are several free

parameters that must be chosen: the ratio of sphere radii for the atomic

‘ spheres of integration at a given internuclear separation, the degree of sphere
overlap, and the value of ;he exchange parameter in the atomic spheres and the
intersphere region.

It has been found that changing the ratio of the sphere radii for the two
atoms in a heternuclear diatomic molecule introduces changes in the total energy
that can be large on a chemical scale, (~1 eV) (ref. 27). A choice for sphere
radii based on covalent bonding radii does not necessarily provide a good esti-
mate for these calculations. the value of the exchange parameter, a«, and the
sphere radii and/or sphere overlap is normally fixed in X, calculations for
crystals, where the geometry is fixed. However, to develop a potential curve,
the molecular description needs to chinge substantially as the internuclear
separation varies and the changing sphere radii include varying fractions of the
total molecular charge (ref. 27). Our studies have shown that at any given

= separation, the total energy calculated from the X, model is a minimum at the
radii ratio where the spherically averaged potentials from the two atomic

centers is equal at the sphere radius,
3 Vi(r) = Va(r,) (7

This relationship between the potential match at the sphere boundary and the
| minimum in the total energy appears to hold exactly for 'meutral” atoms and

holds well for ionic molecular constituents. In the case of two ionic species,
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the long-range tail of the potential must go like +2/R from one ion and -2/R (in

Rydbergs) for the other ion and so at large internuclear separations, the tails

F of the potential cannot match well. However, at intermediate separations, the

1/R character of the potential does not invalidate the potential match criterion

for radii selection. This match for the atomic potentials is applied to the

self-consistent potentials.

A double iteration is now required for each chosen internuclear geometry.

Comput ationally, an initial choice for the sphere radii is made, and the calcuy-

lation is iterated to self-consistency in the charge. A comparison of the

values of the potential at the sphere radii is then made, and an adjustment in

their ratios is carried out until equation (7) is satisfied to within a few

percent.,

In molecules with significant charge sharing in the bonds, the radii of

the atomic spheres is frequently increased in X, calculations so that an

overlap region appears in the vicinity of the bond (ref. 33). Our studies :

»

s

have shown that the contribution to the total molecular energy from the ex-~

i

E change-correlation term shows a minimum at the optimum sphere radius or sphere
1

i overlap. This provides a sensitive criterion for selecting these parameters.
3

b 3 . . . . ;
- The values of the exchange parameters in the spherical integration region
n

;;i around each atomic center are frequently set at the atomic values both for

. . a 3 . 3 .

4 é neutral and for ionic molecular constituents. However, for light atoms, the

value of a which best reproduces Hartree Fock results varies substantially with

ionicity. In Ar and Art, the following table compares the HF energy and the

X, energy calculated for several values of a.
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o X, Energy (a.u.) HF Energy (a.u.)
Ar0 72077 -526.8176 -526.8173
artl/? 72177 -526.5857 -
. 72213 -526.6007 =
art! 92179 -526.2447 n
72213 -526.2596 -
.72249 -526.2745 -526.2743

The optimum value of o changes even more rapidly in the fluorine atom, going
from 0.73732 for FO to 0.72991 for F-l. Since the total energy depends
linearly on @, this parameter must be chosen carefully.

The intersphere exchange coefficient 1is chosen to be a weighted average of
the atomic exchange parameters from the two constituents. At small internuclear
separations, the optimum radius for an atomic sphere frequently places signifi-
cant amounts of charge outside that atomic sphere - charge that is still strong-
ly associated with its original center rather than being transferred to the
other center or associated with the molecular binding region. To best account
for these cases, the weighting coefficients are chosen to reflect the origin of

the charge in the intersphere (or outersphere region).

an(o.q - O?)"' asz(osz - Og)
(O_v‘-O?)"'(O:;-O‘Z)) (8)

Q jntersphere =

where (Qs- B Qio) is the charge lost from sphere 1 relative to its atomic
i

value (or ionic value Qio and a. is the atomic exchange parameter for sphere

i. This value for o is calculated dynamically - it is updated after

intersphere

each iteration in the self-consistent calculation.
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While for heavy atoms, these changes in the exchange parameter would be

small, the a's for small atoms vary rapidly with z (and with ionicity). The
correct choice of the exchange parameters influences not only the total energy
calculated for the molecule but also affects the distribution of charge between
the atomic spheres and the intersphere region.

The ab initio calculation procedure chosen for these studies is the
valence-configuration-interaction (VCI) method (refs. 34, 35). A spin-
free nonrelativistic electrostatic Hamiltonian is employed within the Born-
Oppenheimer approximation. For a diatomic molecule, this approximation
leads to an electronic Hamiltonian depending parametrically on the inter-
nuclear separation R. Electronic wave functions y(R) are made to be opti-

mum approximations to solutions of the Schrddinger equation
H(R)y¥(R)=E(R)¥(R) (9)

by invoking the variational principle. The specific form for y(R) may be

written as

Y(R)=Z cuu(R) (10)
[
where each y(R) is referred to as a configuration and has the general structure

JuR) =540, ‘fl‘ b7 R)OM, (11)

71

v =S S .n‘ “"I’ PR e Ap—— | —— e



R R R W R S s mpag v —

where § . is a spatial orbital, Ais the antisymmetrizing operator, @S is
the spin-projection operator for spin quantum number S, and GM is a product
s

of a and B one-electron spin functions of magnetic quantum number, M . The

spatial orbitals, wi’ have the general form

&1 = exp {~8¢ ~ {m +ivi}€"n "' Pt (cos 6) (12)

where for ti = %§;, the standard STO form is required. If no restriction is

imposed as to the double occupancy of the spatial orbitals, equations (10) and

L el 2R e o

p——

(11) can describe a completely general wave function.

The basis functions chosen for describing the molecular system ArF were
opimized elliptic orbitals. A minimum basis was chosen for the K and L inner
shells, and both minimum and elliptic basis were used to describe the valence
electron;. A typical basis for R = 3.5 a.u. is given in Table I. Configura~-
| tion interaction was taken only over the valence-shell electrons. Such a wave
function gives an accurate representation of the interatomic potentials at large
internuclear separations but must become poorer at short separations where L-
shell polarization effects are important. Both g- and - coupled valence con-
figurations were included as well as ionic configurations. The configuration

interaction constituted a complete CI cver the valence shell electrons.
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RESULTS AND DISCUSSION

We have carried out both detailed ab initio and density functional X,
calculations for the ArF and AryF systems to assess problems, both conceptual
and computational, in defining the electronic structure of the noble gas halides.

A general correlation diagram for the diatomic systems is shown in Fig. 2.
Here we have indicated the detailed coupling of atomic states to form the ground
(mainly repulsive) molecular levels, the coupling of the ionic states R* and
X~ to form the upper ionic molecular levels and the very complicated excited
Rydberg state structure for these systems. Only the lower-lying Rydberg states
that arise from excitation in the noble gas or excitation in the corresponding
halide have been included in this correlation diagram. The left-hand side
corresponds to pure (A,S) coupling which is mainly applicable to light systems
such as ArF. .The right-hand side corresponds to pure (J,J) coupling which
probably is never quite realized, even for a system as heavy as Xel. Unfortun-
ately, intermediate coupling is indicated for the majority of these noble gas
halide systems and some studies of molecular spin-orbit coupling parameters are
clearly indicated. The correlation diagram for the triatomic system ArzF is
shown in Table I for C,, symmetry. This symmetry dissociates to R2+ + F
in a symmetrical configuration. Studies of the potential energy surfaces for
a lesser symmetry may be needed to examine the dissociation channel R*X™ + R.

For all of the noble gas halide systems there is an outer crossing of the

upper ionic states arising from RY + X7 (or R2+ ) (R = noble gas, x = halide)
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example, the lowest Rydberg level for ArF arises from Ar 3P(4s) +F 2p at

11.55 eV. The ionic states of Art* + p- at 12.31 eV thus cross these Rydberg

states at R = 36 bohr radii.

(13)
c2m + x 23+ c2m s+ 42

Further the ¢ 2n state is split into 2H3/2 and 2H1/2 states owing to
spin-orbit coupling effects in the noble gas positive ion. This splitting is
small (782 cm™l) for Ne but is appreciable for Xe (10537 cem™l),

As a result of these several possibilities, a definite assignment of
the laser transitions becomes difficult. Bray and Ewing (refs. 7, 8) have
assigned the strong laser transitions in XeBr, XeCl, XeF and KrF to
B 22+1/2 +x 2 E+l/2 in accord with a simple ionic model for the potential
curves. Ab initio calculations by Dunning and Hay (ref. 25) for KrF also
suggest the B 22+1/2 Ll ¢ £+l/2 transition corresponds to the observed
emission in KrF at 2480;. Their potential curves, however, also indicate
acC 2H3/2 +x2 1 +1/2 transition at nearly the same calculated wavelength.
Further, their calculations indicate a near degeneracy of the upper ionic

2

B z +1/2 and C2H3/2 states which is difficult to understand in terms of

simple charge density models for these excited states.
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Clugston and Gordon (ref 24) suggest that the dominant laser transition
is C 2n3/2 + X 22+1/2, based on free-electron gas model calculations. Recent
studies, however, question the reliability of non=-SCF model calculations for
these systems (ref. 27). In addition, this assignment of a perpendicular
transition to the laser emission goes against the experimental observation

that such transitions should be weak compared to allowed parallel transitions.

In order to shed some light on the above questions, both ab initio and
density functional calculations were carried out for the lower and excited
levels of ArF and Ar,F. The ab initio calculations were carried out in a
manner similar to that described previously (ref.34). All nonlinear param-
eters of the molecular orbital basis functions were individually optimized
for each separate electronic state. The resultant ab initio potential curves
are shown in Fig. 3 and Table III where we see that, unlike the previously re-
ported ab initio studies of KrF (ref. 25), the B 22+1/2 and C 2H3/2 systems are
non-degenerate., The upper C 2n3/2 state is less strongly polarized than the

B 22+1/2 state and exhibits a somewhat flatter potential curve giving rise

E to an inner crossing of B 22+1/2 and C 2ﬂ3/2 at about 1.8 A,
E These ab initio calculations indicate the following long-range behavior
E for the excited state potential curves:
5
i %
g
iy
1 1.16
: BZ*: V(R)(a.u)= ~—-—
3 R)@w)=-g-%7
1 0.58 (14) '
1 CM:V(R)(a.u.)= ~gt T
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for these molecules, mainly from the quadrupole contribu-

The R*° term arises,

This term vanishes for the

tion to the interaction potential at long range.

since both positive and negative ions are

1 TaT—

alkali halide diatomic molecules mtx”

' in the lg state with a non-vanishing quadrupole moment. Therefore, simple

models of the ionic excited states of the noble gas halides, based on analogies

with alkali halide systems, need to be modified to properly account for this

long range behavior. The calculated value for the coefficient, B8, of the R_3

| term has the correct theoretical form such that
E B(3zH)=-28('I) (15)

Calculated spontaneous emission spectra, without inclusion of spin-orbit

g-1 mixing, are shown in Fig. 4. They are in good agreement with previously

repcrted emission spectra (ref. 10) when the state mixing effects are properly

accounted for and suggest a mild repulsion in the ground state at the minimum of

the excited potemtial curve since the half-width of the strong transition is J

about 80 Z.

Although several system assignments are possible within the calculated

A

22+

error of the potential curves, Fig. 4 clearly indicates that only the B

W e

+ X 2g* transition exhibits a large transition moment and hence a short (~5

nsec) radiative lifetime. Thus the original assignment of Ewing and Brau of the

L el

B g% -+ %2zt transition to the strong laser line in these noble gas halide

systems appears to be confirmed by these detailed calculations.

As a comparision, potential energy curves for ArF were also constructed

using a density functional method. As described above, our program has been
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extensively developed beyond the standard techniques described in the litera-
ture. Modifications to minimize the muffin-tin potential error and to insure
continuity in the molecular potential function have been incorporated into our
code which results in more reliable total energies. The results for ArF are
shown in Fig. 5 and Table IV which indicate good agreement with our ab initio
results. Again we see that the C 2@ excited state is nondegenerate with the

25+ state and that it is somewhat flatter in curvature. The ori-

upper B
gin of the somewhat steeper repulsion exhibited by all the calculated poten-
tials using this density functional model is now understood as a mani festation
of the exchange scaling parameter variation with the effective nuclear charge.
Thus @ in Eq. (6) should be modified at each internuclear separation to account
for internal changes from Ar-F to ActS - F_d. By introducing a concept which
we call "dynamic scaling" into the density functional calculations, our most re-
cent data for ArF are now almost in complete agreement with the ab initio re-
sults. The procedure is somewhat akin to uniform scaling of a wavefunction in
an ab initio calculation. The significant point here is that this density
functional method can be applied to a system such as KroF with only about

2-3 times the effort that is required for KrF. 1In contrast, ab initio calcu-
lations for KryF would constitute an enormous (> 100) increase in effort over
that required for a study of KrF of comparable accuracy. The density functional

method thus offers promise of giving a uniform description of the electronic

structure of all the viable candidates for noble gas halide laser systems.
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Recently, regions of the potential energy surfaces for Ar,F have been
studied to examine the possible stability of this triatomic molecule in an
excited electronic configuration. It has been suggested (ref. 36) that the

long wavelength radiation seen at 2900 A in the e-beam excited argon-fluorine

mixtures (4100 A for krypton-fluorine mixtures) may be due to a triatomic

molecule formed in an excited ionic state from Ar2+ + F7, similar to the

excited ionic state formed from Art + F~ Such a molecule would radiate at

longer wavelength since Ar2+ is stable relative to Ar' + Ar.
The molecular correlation diagram for Ar,F, given in Table I for Coy
symmetry, should represent the most stable geometry for both the excited ionic

and ground state surfaces. The corresponding orbital designations are also

given for the linear molecule Ar-F-ar. We have carried out preliminary calcula-

tions for the ground state in 2A1 and 232 symmetries and for excited electronic

states in 232 and 2A1 Symmetry. Our calculated results are shown in Fig. 6.

We find a flat potential surface for Ar,F in the lowest 2A1 state for

Ry > 2.8 A as shown in Fig. 6. This results from forward charge transfer

from Ar to the F atom, thereby introducing some ionic character of the type

Ar2+x = F™X which will tend to cancel out neutral atom exchange and overlap

effects. For heavier systems such as Xe,F, some small binding may be found

for this lowest 2A1 configuration. The lowest 232 state exhibits a some-

what steeper repulsion.

These initial studies indicate a stable AroF molecule in the excited

232 configuration as shown in Fig. 6. Such a molecule could dissociate
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symmetrically to Ar+2 (22u+) + F'(lso) or unsymmetrically to Ar‘F~ (2I*)
+ Ar (ISO)The proper dissociation (or formation path) can be ascertained by
more detailed calculations at larger internuclear separations. The excited 2A1
configuration exhibits stability relative to Ar'F~ + Ar, as shown in Fig. 6,
but not to Arz+ + F'. A symmetric dissociation leads to the unbound 2Zg
state of Arz+ + F (180).

These limited calculations suggest that the upper radiating state of
Ar,F (and Kr,F) is of 282 symmetry with equilibrium bond lengths of
Ryp-ar < 2.6 R and Ry._p < 2.5 A. Using a dissociation energy of 1.25 eV
for X2ﬂu+ of Arz+ and our calculated ground state 282 repulsion energy,
we predict an emission wavelength of ~ 280 nm. The observed emission for Ar,F
is very broad (4 ~ 50 nm) and peaks at about 290 nm.

This ZB; =1 2B2 transition corresponds more closely to the C 2n -
A 20 transition in ArF than to the intense 2Z* * 2I* transition. Scaling our

2

calculated transition intensities for C * A ZH, we predict a radiative 1ife-

time for the ionic 2

* : ) :
B2 state of ~ 200 nsec. Further detailed studies are in
progress to classify the state assignments and predict the radiation characteris-

tics of the triatomic noble gas halide excimer molecules.
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The approximate STO form is used .here to label these elliptic

.

$

2.5635 21
2.2528 2
2.2728 i
2.5507 2.
2.5053 2
2.5996

6390

2619

3074

5807

.5498

.6163

TABLE 1

2.*(1n)

8 T

2.5795 2.7532
2.3049 2.3731
2.2763 2.5828
2.5034 2.4979
2.3697 2.3624
2.4338 2.4254
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OPTIMIZED ELLIPTIC OREITALS FOR ArF AT R = 3.5

21 (D)

2

.5519

.2500

.2520

.5544

.5277

.5562

a.u.

.6489

.2372

.3632

.5783

.5713

.5957

2

(Tl
s
2.5853 2
2.3114 2
2.3014 2
2.4933 2.
2.3379 2:
2.4198 2.
functions.

.7706

4049

.5164

4963

3275

3920




Symmetry

TABLE II

MOLECULAR ORBITAL CORRELATION DIAGRAM FOR Ar,F

(Valence

Ar Ar

3py 3p4

lﬂu lﬂu

431 lb1

Shell Electrons)




TABLE III

Ab INITIO POTENTIAL CURVES FOR ArF (INCLUDING SPIN-ORBIT CORRECTION)

Energy (eV)
R(a.u.) x2;* a2y 2 g2.*. o2 p2
3y/2 n1/2 Ii/2 y/2 n1/2

3.50 1.8635 3.1808 3.2309 7.4317 7.5699 7.7474
3.75 1.0104 1.8191 1.8692 6.4926 6.7506 6.9281
4.00 0.5236 1.0125 1.0626 6.0937 6.4284 6.6059
4.25 0.2474 0.5393 0.5894 6.0194 6.3805 6.5580
4.50 0.0980 0.2718 0.3219 6.1318 6.4899 6.6674
4.75 0.0201 0.1238 0.1739 6.3381 6.6771 6.8546
5.00 0.0185 0.0449 0.0950 6.5854 6.8970 7.0745
6.00 0.0022 0.0049 0.0550 7.6301 7.8469 8.0244
7.00 0.0 0.0003 0.0504 8.3294 8.4655 8.6430
8.00 0.0 0.0 0.0501 8.8472 8.9373 9.1148
9.00 -0.0003 -0.0003 0.0498 9.2440 9.3068 9.4843
10.00 -0.0008 -0.0008 0.0493 9.5580 9.6035 9.7810

® 0.0 0.0 0.0501 12.311 2.311 2.488
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TABLE 1V

DENSITY FUNCTIONAL POTENTIAL ENERGY CURVES FOR ArF

Energy (eV)

R(a.u.) X2t (1) AZn(1) BZr*(11) c2n(11)
3.75 4.136 - 11.477 -
4.00 2.095 3.932 8.076 -
4,25 1.075 2.299 7.123 7.395
4.50 0.599 1.415 6.715 7.082
4.75 0.326 0.844 6.647 6.974
5.00 0.259 0.571 6.715 6.987
5.25 0.191 0.422 6.851 7.083
5.50 0.163 0.299 7.055 7.232
5.75 - 0.272 7.259 7.422
6.00 0.136 0.163 7.504 7.572
6.50 - - 7.912 8.076
7.00 0.122 0.122 8.348 8.484
8.00 0.122 0.122 8.960 9.042
9.00 0.122 0.122 9.463 9.504

® c.0 0.0 12.375 12.375
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UNIQUE ASSIGNMENTS FROM (J1,J2) TO (A, S) COUPLING
ARE INDICATED BY SOLID LINES

B Figure 2 - Genaral Correlation Diagram for Intermediate Coupling of Noble-gas

Halide Diatomic Molecules Including Low-Lying Rydberg States
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APPENDIX C
Electronic Structure of the Noble Gas Dimer Tons”
L. A. Wright
Kirtland Air Force Base, New Mexico 87117
ABSTRACT
A systematic study of the electronic Structure and chemical binding in the
. e + + -+ -+ 3 .
dimer ion sequence, Ne2 , Ar2 3 Kr2 and Xe2 » has been carried out using both
density functional and ab initio configuration interaction computational approaches.
This study includes detailed calculations of the pertinent potential energy
curves and an analysis of the calculated spectroscopic properties of the bound
2; *+ i ;
A Zu (1/2uI) state of these ions.
.4 # Supported in part by DARPA under ARPA Order No. 3432 under AFWL Contract

F29601-78-C-0031 and AFOSR under Contract F49620-77-C-0064.
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INT RODUCTION

The diatomic molecules formed from the noble gases, from the partially closed
shell Group IIA and IIB elements or from the noble gas-halogen combinatior;s con-
stitute an interesting and important class of molecules for laser applications.
These molecules are characterized by a repulsive or weakly bound ground state
poten'tial curve and by bound, electronically excited states. These excited diatomic
molecules, known as excimers, radiate in a narrow visible or uv continuum band by
making a transition to a repulsive lower state that dissociates into ground state
neutral atoms. The resulting laser's operating characteristics are controlled by
kinetic processes competing for the formation and destruction of the excited
molecular levels and by sbsorption losses arising from noble gas dimer ions and
high-lying Rydberg states of the excimer molecules. This last observation suggested
the need for the present study of the electronic structure and absorption character-
istics of the noble gas dimers which rate studies show to be present in large con-
centrations in the candidate noble gas excimer laser systems.l-h

Recent experimental studiesl-h have drawn attention to vhotodissociation of the
noble gas dimer ions as an impcrtant~loss mechanism in excimer lasers. Hunterl
has measured the absorption cross-section profiles for the strong l/2uI +l/25 IT
(A zzu* +D 2zg+) transition in both Ar," and Kr,'. He finds very stronmg,
broad band absorption peaking at 292 nm for Ar2+ and at 325 nm for Kr2+. These
wavelengths are near the operating region of several excimer lasers: XeBr (282 nm),
XeCl (308 nm), XeF (353 nm); thus providing same concern for possible inherent
low efficiency operating characteristics for these systems.

Theoretical treatments of the noble gas dimer ions have consisted mainly of
sb initio SCF studies of the ground A 2zu+ state and, by far, most of these
studies have been devoted to He2+. We shall consider here only the systems)

+

Ne2 3 Ar2+, K:r'2+ and Xe;, which are chemically similar, with binding arising from

the outer shell p-electrons.
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The Ne,' and Ar, ions were first studied by Gilbert and Waehl’

o > using SCF wavefunc-

tions constructed from STO basis functions. These authors have also reported

limited SCF studies of the B 2ﬂé, € ?ﬂu and D 2£g+ excited states of Ne2+ and

+
Ar2. CI studies of the ground state of the Ne2+ ion were reported by
7,8

cohen and Schneider as part of a study of the Rydberg states of this system.

SCF calculations for Ar2+ at short internuclear separations have been reported by

Sidis, et a19 and more recently by Stevens, et allo, using an extensive STO basis.

+

5 Kr * and Xe . has been reported by

2 2
il 12 ; ; A :
Wadt™™ who employed a POL CI using gaussian basis functions.

Finally, a uniform study of the systems Ar

The theoretical principles underlying the electronic structure of the homo-

+
nuclear noble gas molecular ions have been discussed by Mullikenl3 using Xe2

Lo
as a prototype and, more recently, by Gilmore, Barr and Deel for the case of

+ . . . 2. + 2 2 2 4}
Kr2 . For these dimer ions, four electronic states (A Eu 3 B n?, & nﬁ and D Zg

arise from a ground state atom (lSO) and a ground state ion (EP%,;Q). The lowest
+ +
g s

+ ' d )
and Xe2 and has been partially characterized exverimentally through scattering

+
y Ar

3 +
state, usually labeled A 2£u » 1s bound for the four systems Ne2

experiments, K although there has been much controversy concerning the dissociation

energies of these ions. For the heaviar ions, A - S coupling is no longer strictly

valid and the B EHg and C 2Hu states split into J-J coupled components with a

resultant mixing of I and 1 symmetries. This splitting is small for Nezt but six

distinct J-J coupled molecular ion states arise for Xeé+
With the exception of the recent calculations by Wadt,ll no attempts at svstematic

studies of these ions have been reported. Accurate gb initio methods would appear

to be practical only for the lighter ions with diminished accuracy for heavier

systems such as Xeé+. Wadt reports such a trend in his calcula.tionsll which

indicate that his gaussian basis is less flexible in the case of Xe * than for the

2
corresponding study of Ar2+. Recent density function calculations of noble gas

15 i

halide molecules have yielded reliable predictions of geometry and chemical

binding, provided certain optimization criteria are followed. Such calewlations, which

97




3

SRGHAT. -

!\ "‘i*mL s A

should be of more uniform quality than ab initio studies, constitute the principle
effort in the present study. A limited number of ab initio calculations were

+
carried out for Ar2 for comparison purposes. The overall agreement between the

two methods is excellent.

Method of Approach

17

The X4 model for the electronic structure of atoms, molecules, clusters
and solids is a local potential model obtained by making a simple approximation
to the exchange-correlation energy. If we assume a non-relativistic Hamiltonian
with only electrostatic interactions, it can be shown that the total energy

E of a system can be written exactlle (in atomic units) as
E &, 2
E= %: N; < uj -'g- V' b z: ’ u; > + 2 2 —L_r_

5 2 na <y, ul—,uu>+E
iJ
(1)

This expression is exact provided the u; are natural orbitals and n, are
their occupation numbers (i.e., eigenfunctions and eigenvalues of the first order
density matrix). The first term in Bg. (1) represents the kinetic and electron-
nucleer energies. The second term is the nuclear repulsion energv. The sums
(#,v) are over all the nuclear charges in the system. The third term is the electron-
electron repulsion term, which represents the classical electrostatic energy

of the charge density p interacting with itself, where

ry *
p(l)-ii: nyu; 0w () (2)
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The last term Exc represents the exchange-correlation energy and can be ex-

pressed formally as

xc='%-[P“) dr f_l‘_._._.“ 2) d ’ (3)

where pxc (1,2) represents the exchange-correlation hole around an electron at
position 1. In the exact expression, P ye is dependent on the second-order density
matrix. In the Hartree-Fock approximation Exc is the exchange energy. P o TP
resents the Fermi hole due to the exclusion principle and depends only on the first-
order density matrix. In the X4 method, a simpler assumption about pxc is

made. If we assume that the exchange-correlation hole is centered on the electron

and is spherically symmetric, it can be shown that the exchange-correlation potential

Plia) =
ch :f —rg'z drz (h)

is inversely proportional to the range of the hole, Tos where Ty is defined by

3 r: P(|)=|
(5)

Therefore, in the X4 model, the potential ch is proportional to p 1/3(;7). A

scaling parameter & is defined such that

Uy, 1= - 2L (3p01)/787)"73 (6)
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The expression in Eq. 6 is defined so that o = 2/3 for the case of a free

19

electron gas in the Hartree-Fock model and @ = 1 for the potential originally
suggested by Slatergo. A convenient way to choose this parameter for molecular
and solid state applications is to optimize the solutions to the Xaq equations in
the atomic limit. Schwar22l has done this for atoms from Z = 1 to Z = 41 and
found values between 2/3 and 1.

To implement the X, approximation in molecular calculations it is usually
convenient to bresk up the volume integrals indicated in Egs. (3) or (k4)
by defining spherical regions surrounding each atcmic center. The molecular po-
tential 1s than spherically averaged within these regions and assumed constant
in the region between spheres. The potential falls to zero in the usual way in
the region outside of an overall sphere located to encompass those spheres surrounding
the individual atoms.

There are two other practical aspects of the calculations which must be
considered in application of the X, model to finite molecular systems. The first
concerns the choice of the integration framework for describing the molecular-
orbital wavefunctions and the second deals with the choice of the exchange par-
ameter, & , in different regions of space. A third consideration, convergence of the
spherical harmonic expansion, was also tested. The total energy was converged
when all terms up to £ =3 were included. In molecules with significant charge
sharing in the bonds, the radii of the atomic spheres is frequently increased in
Xq calculations so that an overlap region appears in the vicinity of the bond.22
Our studies16 have shown that the contribution to the total molecular energy
from the exchange-correlation term shows a minimum at an optimum sphere radius
or sphere overlap. This result can be deduced from the Xq model by comparing the

exchange energy of the electron density at the edge of the spherical integration

region with that across this boundary in the intersphere region. This provides a
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sensitive criterion for selecting these parameters.

The values of the exchange parameters in the spherical integration region
around each atomic center are frequently set at the atomic values both for
neutral and for ionic molecular constituents. It is known, however, that the
value of o which best reproduces Hartree Fock results varies with ionici‘cy.21
While for heavy atoms, these changes in the exchange parameter would be small,
the &'s for small atoms vary rapidly with z (and with ionicity). The correct
choice of the exchange parameters influences not only the total energy calculated
for the molecule but also affects the distribution of charge between the atomic
spheres and the intersphere region.

The gb initio calculation procedure chosen for these studies is the valence-

23,2k

configuration-interaction (VCI) method.“”* .The svecific form for ¥ (R) may be

written as

VB R) = e, W5 ®) ' (1)
u

where each WH(R) is referred to as a configuration and has the general structure

G = A0 (B, 819,00 - - - ¢, (8][4 08, . - g0 (B]  @®
= (9,08, 6) -4 B][g e w90 (0],

and where ﬁui‘ is a spatial orbital, 4 is the antisymmetrizing overator, 05

is the spin-projection operator for spin quantum number S, and OMSis a

product of o and B one-electron spin functions of magnetic quantum number, Ms.
The spatial orbitals, @,; have the general form

¢i S e’diS":i" " .‘!'i¢ spnqrni—lpz‘zil (COSG ) (9)
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where for ti = +§; , the standerd STO form is recovered.

The wavefunctions represented by Eg. (8) correctly dissociate to an atom and ion
valence bond product wavefunction at large internuclear separations with an op=-
timized description of the charge density about the separate atom and ion nuclei.
This situation is to be contrasted with that arising from the construction of a
Hartree-Fock wavefunction for the molecular ion. Within the HF framework we write

p& = ﬂn[ul’u (a)u (@) (10)

where

Ugi’u = ¢, (A) £ ¢;(B); ¢; = av(¢;+ 1) (11)

This symmetry adaptation of the orbital basis, represented byv Ej. tll), intro-

duces a severe, non-physical correlation error into the calculations which manifests
itself at large internuclear spearations. The wavefunction renresented by Ea. (10)
dissociates into an atom and ion pair with charge density of the hypothetical

1/2. This situation has been noted by previous authorss, who suggested,

species R+
however, that this correlation error arising from symmetry adaptation did not
vary significantly with changing internuclear separations. We find different
results, especially for Ne2+, which separates into an ataom and ion pair with
significantly different spatial charge distributions. This symmetry dilemma
arising from the restricted Hartree-Fock model has been discussed wnreviously by
Lb'wdin25 who siggested alternate computational routes.

There are several complications introduced by the choice of Eq. (8) for the
molecular ion configuration. For heavy nuclei systems such as Xe2+, the atomic

and ionic basis functions will be similar and Eq. (11) may be a satisfactory

approximation. For light nuclei systems such as Ne2+, the distinction between
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the atomic and ionic basis functions must be retained which introduces a non-
orthogonality problem into Eq. (8). One solution is to remain within a non-

orthogonal framework. This leads to a secular equation of the form

wheregg'is the non-orthogonality matrix. Calculations of this type have been

26,27

reported by Harris and co-workers. An alternate approach is to expand the

atomic and ionic functions as linear combinations of symmetry adapted MO's such as

Prp = (Ugtuu)3 ¢1(,B € (Ué 4 Ulll) (13)

This leads to a restricted CI among symmetry adapted functions which can be cast
in an orthogonal framework. Both aﬁproaches were examined for the calculations

reported herein.

The ground state of a noble gas ion is split by spin-orbit coupling into two
components, & 2P3@ state, which lies lowest, and a QPI/2 state. This splitting
is small in the case of Ne' (781 cm™~) but is of the same magnitude as the chemical
binding energy in the case of Xe' (10537 cm™T). Rigorous inclusion of spin-
orbit effects in molecular calculations is still camputationally prohibitive?8
but for these noble gas ions, which exhibit small changes from separated atom-
ion pair electron densities, an asymptotic atomic approximation is va.lid.F(’8
In this approximation, the hamiltonian is written as

HR) = 4N @), ¢S50 L
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where VS°O is teken in the atom-ion limit of infinite internuclear separation and

is considered to be R-independent. For the(l= 1/2 components, Eq. (14) leads to

a secular equation of the form

zZ,
E(R) -~ Ay -V2 o

i
o

(15)
-VZa TEM(R) + @] - A

%

z I
where E- (R) and E (R) are the pure A-S coupled eigenvalues and @ is tne spin-

orbit splitting parameter (3a= AEQP 2p ) which can be obtained from atomic

- i

data. For the ? = 3/2 components, there is no mixing of the £ and [ states and

Eq. (14) leads simply to -

n

[£'(R)-a] - A3, | = o (16)

For illustration, the spin-orbit components for ( =1/2 take the form

. Togu I = Ceu Yeu *+ CguV¥au (17)
1, ol z z n
cgou I CeuVen + CguV¥enu
‘! where CE q = V2/3 and cl - Vl/3 for large internuclear separations. For
g, g.u
the lighter systems such as Ne +, CZ, - 1 and Cl = 0 for internuclear
2 g,u gyu
i separations near Re. Inclusion of these spin-orbit effects was carried out for all 1

of the ions studied herein. We find that this effect fully accounts for the

systematic decrease of the dissociation energy of the ground state of these
+ +

molecular ions in the progression from Ne2 to Xe

o -
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RESULTS AND DISCUSSION

We have carried out uniform quality density functional X4 calculations for

+
+ + +
the molecular ions Ne2+, Ar,", Kr, and Xe, to define the gownd A 2Zu state,
and its spectroscopic properties, and the nature of the repulsive B 2Hg, € 2Hu

+
and D ezg states whih arise from a ground state noble gas atom-ion pair. As
a check on the accurucy of these calculations, ab initio wavefunctions were con-

+
structed for Ar2 in both orthogonal and non-orthogonal frameworks. The ab-initio

calculations were carried out using computational programs which have been previously

described.23’27

The density functionael calculations were carried out with both
overlap and o parameters optimized for each internuclear separation.l6 There is
a small varistion in the optimum parameters arising from molecular ion symmetry

considerations. These changes were found to be negligible for Kré+ and Xe & but

2
+
were important in the case of Ne2 . Although we constructed separate optimum

functions for each molecular ion symmetry, we observe that transition state cal-

+
culations of energy differences between these ion states would suffice for Kr2

+

and Xee+ but would definitely be in error for Ne2

The general nature of the potential energy curves arising from a ground state
atom-ion pair is illustrated in Fig. 1 for Ar2+. These curves were constructed from
a CI expansion, as described above, using a minimum STO basis augmented by the in-
clusion of optimized ks and Up functions to allow more flexibility in the valence
shell charge distribution. Spin-orbit effects are not included and theasymptotic
limit is the center of gravity of the 2P3/2,]7’2 argon ion components. The ground
A e X&F state is seen to be bound by 1.38 eV with an equilibrium separation of
2.&2. This is in excellent agreement with the latest experimental study of this
ion by Mosely, et 5130 who conclude that the dissociation energv of Ar2+ is 1.33

o]
t.02 eV. There is a small binding (.1-.2 eV) of the B enz state at R~3A but this
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state is clearly repulsive in the Franck-Condon region of the ground state. The
higher C 2Hu and D ezé{ states indicate no binding at the internuclear separations
(Sh.dz) that we examined, although a weak polarization (—a/Rh) term must be found
at larger separations.

Systematic studies of these ions were carried out using the density functional
Xq method, as described above. Separate calculations were performed for each
molecular ion symmetry and for a wide range of intermuclear separations. A double
iteration computation scheme was employed since each separate calculation was
optimized for both the charge distribution and the radii of the spheres of inte=
gration. The results are illustrated in Figs. 2-5 for the ion sequence Ne2+,
Ar2+, Kré+ and Xeé+. In these figures we have included the spin-orbit splitting of

the 2ng/\--s coupled states and the resultant mixing of the 1/2 g.u components with
*

the corresponding 2Eg and 2Eu states. As previously mentioned, this svlitting is

N
small for Ne2+ but is very significant for Xe2
Comparing the results of our calculations in the sequence Ne2+- Xe2+; we

find a regular progression in the calculated dissociation energy and the equil-
ibrium internuclear separation for the ground l/2uI (A 2Zu+] state. The calcula-

+
* to 1.0 eV for Xe, while the

ted binding energy decreases from 1.3 eV for Ne2 5

equilibrium separation increases smoothly from 3.2 to 5.9 bohrs. A summary of
our calculated spectroscopic constants for these dimer jons is given in Table I.
These data were obtained by fitting our calculated J-J coupled potential curves

to the Hulbert-Hirschfelder modification of the Morse function31 using a least-
squares fit to the calculated values near R,.

An examination of the calculated constants report2d in Table I indicates some

remarkable regularities. We observe that, in the absence of spin-orbit coupling
effects, the dissociation energy of all four dimer ions is identical, within the

error of our calculations. This suggests that the binding arising from A - S
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coupling in these systems is independent of the principal quantum number of the
valence shell and that the experimentally observed decrease in the binding
energies in the sequence Ne2+-* Xe2+ has its origin in the increased degree of
mixing of the repulsive Znu(%) component into the grownd electronic state. A
second remarkable simplicity in the structure of these ions can be found by ex-
amining the progression in the calculated equilibrium sevarations. In Table I
we list a column of the average expectation of <¥> for these ions, taken from

accurate Hartree-Fock ca.lculations,32

and compare this with our computed values
for Be. We find the condition of additivity of radii is an excellent approxima-

tion for these dimer ions with ﬁe(adb) = 2.0 «<T> + constant.

Thus, in the absence of spin-orbit effects, these molecular ions exhibit.text-
book simplicity for our understanding of their, binding and geometry.

Further confirmation of the results reported here can be obtained by com-
varison of the calculated data given in Taﬁle I with experimental determinations
of dissociation energies of these ions from photoionization or rainbow scattering
collision studiés§0’33'36 For all of the ions studied here, differences between
theory and experiment lie within the reported experimental uncertainties.

In addiﬁion to studies of the stable ground state of these ions, we show in

Figs. 2-5 the calculated J-J coupled excited molecular ion states which correlate

with a ground state atom-ion pair. There are scme experimental data available

to verify the location of these excited states, from rainbow scattering experiment535
X pesz B + + 1,30,36
and, more recently, from photoabsorption studies in Ar2 and Kr2 v We

£ind pesk absorption for the strong l/2uI - l/ZgII transition at 298 nm for
Aré+ and at 323 nm for Kré+. These calculated data can be compared with the recent

experimental profiles obtained by I-Iunterl who obtained peaks at 292 nm and 325 nm

+
2

absorption (l/2uI - l/ZgI and l/2uI - 3/25I) have been studied oy Miller, et al

+
for Ar, and Kr2 , respectively. The long wavelength transitions for photo=-

36
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who report an overlapped absorption profile with a peak at 720 nm. This can be
compared with our estimate of 720-770 nm.
Further studies of the photoabsorption characteristics of these noble gas

ions are in progress. .
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Figure 1.

Ab initio potential energy curves for A.r2+

without inclusion of spin-orbit coupling
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APPENDIX D

Electronic Structure of the Noble Gas Dimer Ions. I.
Potential Energy Curves and Spectroscopic Constants®

L. A. Wright
Kirtland Air Force Base, New Mexico 87117

ABSTRACT

A systematic study of the electronic structure and chemical binding in the dimer
ion sequence, Neé+, Ar2+, Kr2+ and Xe2+, has been carried out using both density
functional and agb_initio configuration-interaction computational techniques. This study
includes detailed calculations of the pertinent potential energy curves and an analysis
of the calculated spectroscopic properties of the bound states of these ions. A regular
progression is found in the spectroscopic properties for the ground A 2E+l/2u state
which leads to some remarkably simple conclusions concerning the nature of the binding
and the size of these dimer ions. For the heavier systems, Kr2+ and Xe2+, spin-orbit
coupling becomes.important, resulting in a strong mixture of the A -S coupled I and Il
states. This mixing affects the strength of the binding in the ground state. A com-
parison with other gb initio studies and an analysis of the asymptotic behavior at
large internuclear separations is given. These dimer ion species illustrate the

classic Hartree-Fock symmetry dilemma arising from improper dissociation character.

The nature of this problem for ionized homopolar species is discussed.

*
Supported in part by AFWL under Contract F29601-78-C-003l and by AFOSR under
Contract FU9620-T77-C-006k.
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I. INTRODUCTION

The diatomic molecules formed from the noble gases, from the partially closed
shell Group ITA and IIB elements or from the noble gas-halogen combinations con-
stitute an interesting and important class of molecules for laser applications.
These molecules are characterized by a repulsive or weakly bound ground state
potential curve and by bound, electronically excited states. These excited diatomic
molecules, known as excimers, radiate in a narrow visible or uv continuum band by
making a transition to a repulsive lower state that dissociates into ground state
neutral atoms. The resulting laser's operating characteristics are controlled by
kinetic processes competing for the formuation and destruction of the excited
molecular levels and by absorption losses arising from noble gas dimer ions and
high-lying Rydberg states of the excimer molecules. This last observation suggested

the need for the present studies of the electronic structure and absorption character-
istics of the noble gas dimer ions which rate studies show to be present in large

' . . . . 1
concentrations in the candidate excimer systems.

In this paper, we present the results of electronic structure calculations for

Ar i Kr i and Xe2+. These results include the per-

+
2 72° 2

tinent potential energy curves and calculated spectroscopic constants. Further

the dimer ion sequence Ne

papers in this series deal with photodissociation and absorption processes of

the noble gas dimer ions. These include the predicted absorption spectrums for

the strong A 2Zu+ -+ D 2Zg+ system and the weaker A 2Zu+ > B 2Hg system.
Theoretical treatments of the noble gas dimer ions have consisted mainly of

ab initio SCF studies of the ground A 2Zu+ state and, by far, most of these

studies have been devoted to He2+. We consider here only the systems, Ne2+, Ar2+,

+ +
Kr2 and Xe2 , which are chemically similar, with binding arising from the outer

shell p-electrons.
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The Ne2+ and Ar2+ ions were first studied by Gilbert and WahlS using SCF

wavefunctions constructed from STO basis functions. These authors have also re-

ported6 limited SCF studies of the B 2Hg, © 2Hu and D 2Zg+ excited states of Ne2+

and Ar2+. CI studies of the ground state of the Ne2+ ion were reported by Cohen
and SchneiderY’8 as part of a study of the Rydberg states of this system. GSCF
calculations for Ar2+ at short internuclear separations have been reported by

9

Sidis, et al’ and more recently by Stevens, et allo, using an extensive STO
vasis. A uniform study of the systems Ar2+, Kr2+ and Xe2+ has also recently
been reported by Wadtll who employed a POL C112 calculation using gaussian basis
functicns. This study, like the present, was directed toward the prediction of
the absorption properties of these dimer ions. Calculations for Xe2+ using an
effective core potential have been reported by Ermler, et al.13 These cal-
culations were part of a more extensive study of Xe2 which included the Rydberg
states of this system.

Finally, a semi-empirical analysis of the potential energy curves for Xe2+
has been reported by Dehmer and Dehmer.lh These authors constructed potential
energy curves based, in part, on their photoelectren spectrum of the Xe2 molecule,
on the elastic scattering measurements of difference potentials reported by

13

Jones, et al, and on the ab initio calculations of Wadt,ll which were used in

reduced potential form.
The theoretical principles underlying the electronic structure of the homo-

nuclear noble gas molecular ions have been discussed by Mullikenl6 using Xe2+

as a prototype and, more recently, by Gilmore, Barr and Dee17 for the case of

Kr2+. For these dimer ions, four electronic states (A22u+, ang’ C2Hu and D22g+)

arise from a ground state atom (lSo) and a ground state ion (2P% 3, The lowest
b

+
2

+
and Xe2 and has been partially characterized experimentally through scattering

+
state, usually labeled A 2Zu , 1s bound for the four systems Ne +, Ar +, Kr

2 2

experiments, although there has been much controversy concerming the dissociation
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energies of these ions} For the heavier ions, A-S coupling is no longer strictly
valid and the B 2IIg and C 2Hu states split into J-J coupled components with a
resultant mixing of I and I symmetries. This splitting is small for Ne2+ but six
distinct J-J coupled molecular ion states arise for Xe2+.

With the exception of the recent calculations by Wadt,ll no attempts at
systematic studies of these ions have been reported. Accurate ab initio methods

would appear to be practical only for the lighter ions with diminished accuracy

for heavier systems such as Xe2+. Wadt reports such a trend in his calcula,tionsll
which indicate that his gaussian basis is less flexible or less complete in the

+ +
case of Xe2 than for the corresponding study of Ar2 . Recent density functional

calculations of noble gas halide moleculeslS’19

have yielded reliable predictions

of gecmetry and chemical binding, provided certain optimization criteria are
followed. Such calculations, which should be of more uniform quality than ab initio
studies,since numerical molecular orbitals are employed, constitute the principle
effort in the preéeﬁt study. A limited number of gé initio calculations were

; + ;
carried out for Ar2 for comparison purposes.

II. Method of Approach

A, Density Functional Approach - Xu Model

The Xa model20 for the electronic structure of atoms, molecules, clusters
and solids is a local potential model obtained by making a simple approximation
to the exchange-correlation erergy. If we assume a non-relativistic Hamiltonian
with only electrostatic interactions, it can be shownel that the total energy E

of a system can be written (in atomic units) as

=,
E= 2 n;<uy; '”z'-V.z‘*z'TL u >+ 2 ‘,E""—
i JTAY ! prEV Tpv
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This expression is exact provided the u, are natural orbitals and n, are
their occupation numbers (i.e., eigenfiunctions and eigenvalues of the first order
density matrix). The first term in Eq. (1) represents the kinetic and electron-
nuclear energies. The second term is the nuclear repulsion energy. The gums
(u,v) are over all the nuclear charges in the system. The third term is the electron-
electron repulsion term, which represents the classical electrostatic energy

of the charge density o interacting with itself, where

*
>(1) Z. nu (D u () (2)

The last term Exc represents the exchange-correlation energy and can be expressed

formally as
!
{
| PR [ A 2 -
. eer 3 on dr ) A 020 g (3)
12
4 where pxc(l,2) represents the exchange-correlation hole around an electron at

position 1. In the exact expression, e is dependent on the second-order density
matrix. In the Hartree-Fock approximation Exc is simply the exchange energy and
0o represents the Fermi hole due to the exclusion principle and depends only on
the first-order density matrix. In the Xu method, a simpler assumption about I

is made. If we assume that the exchange-correlation hole is centered on the electron

and is spherically symmetric, it can be shown that the exchange-correlation potential

P llE} ]
g [ oes
] Uxe '.[ 12 "2 (4)
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is inversely proportional to the range of the hole, ros where ry is defined by

4T =
3 r‘? p(|)=| (5)

Therefore, in the Xa model, the potential ch is proportional to pl/3(r). A

scaling parameter o is defined such that
_ . .sa 1/3
Ugo 1= - =2 (3p0)/8m) (6)

The expression in Eq. 6 is defined so that 0=2/3 for the case of a free
electron gas in the Hartree-Fock model22 and a=1 for the potential originally

suggested by Slater23.

A convenient way to choose this parameter for molecular
and solid state applications is to optimize the solutions to the Xa equations in
the atomic limit. Schwa.rz2)4 has done this for atoms from Z = 1 to Z = 41 and
found values between 2/3 and 1. However, the optimum value for o is dependent
on the ionicity of the system. For accurate total energies, this variation must

be properly described as is discussed below.

B. Computational Aspects of the Xa Method

To implement the Xa approximation in molecular calculations it is usually
convenient to break up the volume integrals indicated in Eqs. (3) or (4) by de-
fining spherical regions surrounding each atomic center. The molecular potential
is then spherically averaged within these regions and assumed constant in the
region between spheres. The potential falls to zero in the usual way in the
region outside of an overall sphere located to encanpass those spheres surrounding
the individual atoms.

There are two other practical aspects of the calculations which must be
considered in application of the Xy mode . to finite molecular systems. The first

concerns the choice of the integration framework for describing the molecular-
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orbital wavefunctions and the second deals with the choice of the exchange par-
ameter, o, in different regions of space. A third consideration, convergence of
the spherical harmonic expansion, was also tested. For the systems studied here,
the total energy was converged when all terms up to 2=3 were included.

In molecules with significant charge sharing in the bonds, the radii of
the atomic spheres is frequently increased in Xa calculations so that an overlap

19

region appears in the vicinity of the bond.25 Our studies have shown that

the contribution to the total molecular energy from the exchange-correlation
term shows a minimum at an optimum sphere radius or sphere overlap. This result
can be deduced from the X, model by comparing the exchange energy of the electron
density at the edge of the spherical integration region with that across this
boundary in the intersphere region. This provides a sensitive criterion for
selecting these parameters.

The values of the exchange parameters in the spherical integration region
around each atomic center are frequently set at the atamic values both for
neutral and for ionic molecular constituents. It is known, however, that the
value of o which best reproduces Hartree Fock results varies with ionicity.2h
While for heavy atoms, these changes in the exchange parameter wcould be small,
the a's for small atoms vary rapidly with z (and with ionicity). 1In Table I
we show the optimum exchange parameters for the ion pairs included in this stuly.
It is obvious that the exchange parameters, and the corresponding electron densities,
must be optimized for correct ion-atom pair separation. The correct choice of
the exchange parameters influences not only the total energy calculated for
the molecule but also affects the distribution of charge between the atomic

spheres and the intersphere region.

C. Ab Initio Approach - Valence CI Method

The ab initio calculation procedure chosen for these studies is the valence-

27,28

configuration-interaction (VCI) method. The specific form for ¥(R) may be
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written as

wg:u (R) - Zcuwu:u (R)
T

where each wf“%R)isreferred to as a configuration and has the general structure

WER(R) = AOSIT [y 1B, 0000 - - - o (0] @ (810 (3) - - - & (5]

+ [g,,(2) 0

ul u2 ®). - ¢Ln(B)] [¢u1(A) bt - - v @ (A JOMS

u2 un-1

and where ¢ui is a spatial orbital, A is the antisymmetrizing opera.tor,OS

is the spin-projection operator for spin gquantum number 5, and 9M is a
(=] .

product of o and B one-electron spin functions of magnetic quantum number, MS.

The spatial orbitals, ¢ui have the general form

3 ¢i = e-dig-iin+iui¢spnqrni-lﬂjzﬂ (cos8 ) (9)
where for Ci = iGi, the standard STO form is recovered.
The wavefunctions represented by Eq. (8) correctly dissociate to an atom
% and ion valence bond precduct wavefunction at large internuclear separations with
an optimized description of the charge density about the separate atom and ion nuclei.
This situation is to be contrasted with that arising from the construction of a

Hartree-Fock wavefunction for the moiecular ion. Within the HF framework we write

g,u

0% = A [vdT @nip) . v (a) (10)
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where

This symmetry adaptation of the orbital basis, represented by Eq. (11), intro-

duces a severe, non-physical correlation error into the calculations which manifests
itself at large internuclear spearations. The wavefunction represented by Eq. (10)
dissociates into an averaged atom-ion pai; with charge density of the hypothetical

1/2. This situation has been noted by previous authorss, who suggested,

species R+
however, that this correlation error arising from symnetry adaptation did not
vary significantly with changing internuclear separations. We find different
results, especially for Ne2+, which separates into an atom and ion pair with
significantly different spatial charge distributions. This symmetry dilemma
arising from the restricted Hartree-Fock model has been discussed previously by
ngdin29 who suggested alternate computational routes.
There are several complications introduced by the choice of Eq. (8) for the |

+
molecular ion configuration. For heavy nuclei systems such as Xe , the atomic

2
and ionic basis functions will be similar and Eq. (11) may be a satisfactory

+
approximation. For light nuclei systems such as Ne2 , the distinction between |
the atomic and ionic basis functions must be retained which introduces a non-

orthogonality problem into Eq. (8). One solution is to remain within a non-

orthogonal framework. This leads to a secular equation of the form
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where:g is the non—orthogonality matrix. Calculations of this type have been

reported by Harris and co--workers.3o’31

An alternate approact is to expand the
atomic and ionic functions as linear combinations of symmetry adapted MO's such

as

This leads to a restricted CI among symmetry adapted functions which can be
cast in an orthogonal framework.

D. Spin-Orbit Effects

The ground state of a noble gas ion is split by spin-orbit coupling into two

2
components, a P state, which lies lowest, and a 2Pl/O state. This splitting

3/2
is small in the case of Ne (781 cm‘l) but is of the same magnitude as the chemical
: + =
binding energy in the case of Xe (10537 em l). Rigorous incluasior of spin-
|
orbit effects in molecular calculations is still computationally prohibitive,32 |

but for these noble gas ions, which exhibit small changes from separated atom—

: . ’ 8
ion pair electron densities, an asymptotic atomic approximation is valld.T’
In this approximetion, the hamiltonian is written as

S =
AR = AT R+ vEO (1)

where VS-O is taken in the atom-ion limit of infinite internuclear separation and
is considered to be R-independent. For the Q@ = 1/2 components, Eq. (14) leads to :

a secular equation of the form

£5(R) - Ay, VZa

-Vo a [E%R)+a]—A1
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where EZ(R) and Eﬂ (R) are the pure A-S coupled eigenvalues and g is the spin-

orbit splitting parsmeter (3¢ = 4 Es 5 )
B85 2 "R
atomic data. For the 0 = 3/2 components, there is no nmixing of the I and I states

which can be obtained from

and Eq. (14) leads simply to

~

(="m)-a] -2y, | - o (16)

For illustration, the spin-orbit components for Q = 1/2 take the form

g r .z o,
I =
2 e, g,4 Tgu Ceu v »u (17)
L, g=ll % £, 0
gy I CoulVgy + Ceu¥a,y

where C° > VZ/3 ang ol
g,u g,u

+ V1/3 for large internuclear separations. For

the lighter systems such as Ne2+, Cé
2

- 1 and CII >0 for internuclear
u g,u

separations near Re' Inclusion of these spin-orbit effects was carried out for

all of the ions studied herein. We shall see that this effect fully accounts for
the systematic decrease of the dissociation energy of the ground state of these

+ +
molecular ions in the progression from Nes to Xe2

E. Long-Range Interactions

The long-range energy of interaction between a noble gas atom and a singly

charged ion (with the exception of He-He") can be written as33»3%

o 30 & 3qDQf
V(Rww) = o —— = - (18)
: oR o[ ~1+ 1 ~135 oR®
(o] +
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The first and third terms represent the main components of energy of induction

between the charge and the induced dipole. The second term is the London dis-

persion energy based on the approximate Drude formula. A small contribution

arising from the quadrupole polarizability of the noble gas atom has been

neglected in this term. The term in R-8 is unimportant for these dimer ions

owing to the smallness of the permanent moments for these systems.

In Table II we give values for the parameters appearing in Eq. (18). Since

dipole polarizabilities for the noble gas ions are unavailable, they are estimated

from those for the neutral stoms using expectation values, <r2>, calculated from

corresponding neutral and ionic Hartree-Fock atomic wavefunctims. This approx-

imation appears to be reliable for the corresponding halogen-halogen ion pairs,

where there are known experimental data for comparison. The long-range form

of the interaction potentials can be represented(in a.u.) as

Ne-Ne':  U(Rwo) = . L3 2.7l

R R6
ar-Art:  U(pee) o _ 2340 _ 39.945
«.| . T— 7_

Kr-kr':  U(pe) o _ 8:.368 88.297
: 2 A
;
¢
5 Xe-Xe+: U(R+=) - - l3.gh5 - 219é327
R R

Values of the long-range interaction calculated from Eq. (19)-(22) are

in Table III. These data are compared below Wwith the results obtained

4 the density functional calculations.
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III. RESULTS AND DISCUSSION

We have carried out density functional Xﬁ calculations for the molecular ions

2.+ .
e2+, Ar2+ ] to define the ground A Zu state, and its spectro-

scopic properties, and the nature of the mainly repulsive B eng, C 2Hu and D 22g+

s Kr - and Xe

N 2 2

states which arise from a ground state noble gas atom-ion pair. As a check on the

+
accuracy of these calculations, ab initio wave functions were constructed for Ar2 in
both orthogonal and non-orthogonal frameworks. The ab initio calculations were

27,31

carried out using computational programs which have been previously described.
The density functional calculations were carried out with both overlap and o
parameters optimized for each ion symmetry.19 There is a small variation in the
optimum parameters arising from molecular ion symmetry considerations. These changes
were found to be negligible for Kr2+ and Xe2+ but were important in the case of Ne2+.
Although we constructed separate optimum functions for each molecular ion symmetry,
we observed that transition state calculations of energy differences between these

+ + +
ion states would suffice tor Kr2 and Xe2 but would definitely be in error for Ne2 .

A. Ab Initio Results

The general nature of the potential energy curves arising from a ground state
+
noble gas atom-ion pair can be illustrated using Ar2 as a prototype. Since our main
emphasis was on density functional methods, which appeared to offer more promise of

+
uniform quality, Ar

5 represented a typical system with relative ease of &b initio

computations.

A CI expansion was constructed as described above using a minimum elliptic basis
optimized at each internuclear separation studied, and augmented by the inclusion
of optimized U4s and Up functions to allow more flexibility in the valence shell
charge distribution. In the computational framework described by Eq. (8), a partial
orthogonalization of the basis set is possible. This involves orthogonalization
of the core functions among themselves, followed by separate orthogonalization

of the valence shell functions to the core functions. The antisymmetrizing
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operator then spans only the valence shell electrons and the inner (Ne-core) electrons
are taken to be pairwise singlet-coupled. An alternate approach, within a totally
orthogonal framework, is to construct a double set of symmetry orbitals based
separately on the optimized neutral atom and ion basis functions. This new orbital
basis (essentially equivalent to a double-zeta basis for the valence electrons)
can then be projected into a restricted CI equivalent to Eq. (8), by expansion
of the separate atomic ~nd ionic orbitals in terms of their symmetrized representa-
tion as given in Eq. (11). Except for some small higher excitation contributions
in the orthogonalized CI framework, the calculated results (and computational effort),
using either approach, were virtually identical. The trade-off is between a
large CI in an orthogonal framework and more complicated matrix elements with
the non-orthogonal basis.

The resultant ab injtio potential curves for Ar2+ are given in Table IV and illus-
trated in Fig. 1. Spin-orbit effects are not included and the asymptotic limit
is the center of gravity of the 2P3/2,l/2 argon ion components.35 The ground
A 2Zu+ state is seen to be bound by 1.26 eV with an equilibrium separation of
2.MEZ" This is in reasonable agreement with the latest experimentsl study of this
ion by Moseley,et a136 who conclude that the dissociation energy of Ar2+ is 1.33
£.02 eV, Igclusion of spin-orbit effects would tend to reduce the calculated
dissociation energy of Ar2+ and somewhat worsen the agreement. There is a small
binding (v .1 eV) of the B eﬂg state at Rv3 Z but this state is clearly repulsive
in the Franck-Condon region of the ground state. The C 2Hu state potential curve
suggests little or no binding, at least for separatiuns.<3 Z. The D 2Zg state
is repulsive over the entire range of internuclear separations that were studied.
We shall see that very similar results are found for Ar2+ using the density

functional method.
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B. Density Functional Xu Results

Systematic studies of these dimer noble gas ions were carried out using
the density functional Xa method, as described above. Previous studieslgllad
indicated that these, nearly closed-shell, interacting atom-ion systems should be
favorable candidates for application of density functional methods. This is
based on the observation that the binding in these systems is dominated by
simple exchange forces and that no drastic charge redistribution occurs during
molecular ion formation. Separate calculations were performed for each molecular
ion symmetry and for a wide range of internuclear separations. A double iteration
computation scheme was employed since each separate calculation was optimized
for both the charge distribution and the radii of the spheres of integration.

The optimum overlap radii vary slightly with the symmetry of the species but
are close to the values, 24.5, 21.0, 20.5 and 20.0%, respectively, for the
sequence Ne2+ > Xe2+. This optimization is very important if accurate total
energies.are required. The one-electron excitation spectra are much less sen-
sitive to overlap optimization.

The resultant density functional potential energy curves, assuming A-S coupling,
are given in Tables V-VIII for the ion sequence Ne2+, Ar2+, Kr2+ and Xe2+. A com-
parison can be made between these calculated potential curves and the long-range ion-
atom potentials, as given in Table III, at large internuclear separations. Con-
sidering only g-u symmetry effects, the B zng and C 2Hu states have asymptotic
behavior of the form

e (R==) = uir==) @) < xgldhxg x> (23)

where U(R+») is given by Egs. 19-22 and xZ and XE refer to separated atom and ion
wavefunctions located on centers A and B, respectively. A similar argument can be

made for states of © symmetry which is valid at somewhat larger internuclear
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separations. We see that Eq. (23) closely corresponds to our density functional
results; the g-u states split the long-range polarization potential. The ab initio
potential energy curves reported by Wadtll do not exhibit this behavior. In his

studies, the B 2Hg state for Ar2+ -> Xe2+ closely follows Egs. 20-22 indicating too

much long-range repulsion in the calculated potential energy curves.
In Tables IX-XII we have included the spin-orbit splitting of the A-S coupled

states and the resultant mixing of the @ = 1/2 component of the corresponding

2
22 and T states. As previously mentioned, this splitting is small for Ne2+

+
but is very significant for Xe2 . Figures 2-5 illustrate our calculated potential

energy curves including these spin-orbit coupling effects.

Summaries of our calculated spectroscopic constants are given in Tables
+
5 -
obtained by fitting our calculated J-J coupled potential curves to the Hulbert-

XIII-XVI for the dimer ion sequence Ne2+-*Xe These spectroscopic data were

Hirschfelder modification of the Morse function37 using a least-squares fit to
the calculated values near Re' Comparing the results of our calculations in the

+ +
sequence Ne2 > Xe2 we find a regular progression in the cal:ulated dissociation

2

+
energy and the equilibrium internuclear separation for the ground A “T state.

1/2u

The calculated binding energy decreases from 1.31 eV for Ne2+ to 1.06 eV for

(o]
Xe2+ while the equilibrium separation increases uniformly from 1.7 to 3.2 A.

2

A comparison of our calculated data for the A Z+ state of these ions is

1/2u
given in Table XVII. An examination of these calculated data reveals some

remarkable regularities. We observe that, in the absence of spin-orbit coupling

effects, the dissociation energy of all four dimer ions is identical, within

the error of our calculations (1.38 + .02 eV). This suggests that the binding arising from
A-S coupling in these systems is independent of the principal quantum number of the

valence shell and that the experimentally observed decrease in the binding energies

+ + S
in the sequence Ne2 - Xe2 has its origin in the increased degree of mixing of
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the repulsive 2Hl/2u component into the ground electronic state. A second re-
markable simplicity in the structure of these ions can be found by examining the
progression in the calculated equilibrium separations. In Table XVII we list a

column of the average expectation of <r> for these atom-ion pairs, taken from

26,38

accurate Hartree-Fock calculations, and compare this with our computed values

for Re' We find the condition of additivity of radii is an excellent approximation
for these dimer ions with Re(a.u.) = 2,0 <r> + conctant. Thus, in the absence

of spin-orbit effects, these molecular ions exhibit text-book simplicity for our
understanding of their binding and geometry.

A comparison of the density functional potential energy curves given in

Tables V-VIII can be made with the recent ab initio calculations reported by Wadtll

+ + + ‘
for the ions Ar, , Kr2 and Xe2 and the ab initio with effective core potential

calculations recently reported by Ermler, et. all3

curves of Wadtll all tend to exhibit more repulsive energy than the corresponding

for Xe, . The ab initio potential
density functional curves. These differences increase as the internuclear separation
decreases, with the result that the ab initio potential :urves for the ground
A 221/2u states underestimate the true dissociation energies. The differences are
correspondingly greater for Xe2+ than for Ar2+ which suggests a deficiency in the
analytic basis functions chosen for the ab initio studies. The studies by
Ermler, et. all3 point out the significant savings in the use of core potentials
but suffer froma common deficiency in the basis functions chosen for the valence
shell electrons.

At short internuclear separations (<Re', the differences between the ab initio
curves and our density functional curves auypear to diminish. This suggests an
accumulating error in the density functional results at shorter separations, nrobably

arising from core overlap effects which are not fully represented in our calculatious.

Qualitatively, the ab initio and density functional results are remarkably similar.
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A further comparison of our calculated dissociation energies can be made with

1k,45

the recent data reported by Dehmer and Dehmer for the excited states of

Ar2+, Kr2+ and Xe2+ and previous experimental studies of the ground state. This
comparison is shown in Table XVIII which indicates good égreement for all of

these dimer ions. Dehmer and Dehmerlh also report sémi-empiricel potential energy
curvas for Xe2+ based, in part, on their photoelectron spectrum of the Xe2 molecule,
on the elastic scattering measurements of difference potentials reported by

5

Jones, et.-all , and on the ab initio calculations of Wadt,ll which were used in
reduced potential form. These semi-empirical curves all qualitatively disagree both

with our results for Xe * and with the ab initio resulus reported by Wadt. The

2
curves reported by Dehmer and Dehmer exhi»it much flatter shapes with softer
repulsive branches for all symmetries of Xe2+. Part of the difference arises
from their assumption of a constant scaling error in using Wadt's potential
curves in reduced (U(R)/De) form. Ab initio potential curves, in general, cannot
be characterized by an error term of their functional form.

Partial confirmation of the results reported here can also be obtained by com-
parison of the calculated data given in Tables XIII-XVI with experimental determina-
tions of dissociation energies of these ions from photoionization or rainbow

36,39-43

scattering collision studies. For all of the ions studied here, differences

between theory and the most recent experimental values for the dissociation energies
lie within the reported experimental uncertainties. There are also some experimental
data available to verify the location of the excited states of these dimer ions.

L
These data are from rainbow scattering experiments o and, more recently, from

photoabsorption studies in Ar2+ and Kr2+,la36,h2-hh

absorption for the strong A . 2‘1/211-. D 22

We find a peak calculated

1/2¢ transition at 298 nm for

+
and at 323 nm for Kr +. These calculated data can be compared with the recent

ATy 2
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experimental profiles obtained by Hunterl who obtained peaks at 292 nm and 325 nm
for Ar2+ and Kr2+, respectively. The long wavelength transitions for photo-

. 2 2 2 2 ) . .
absorption (A Zl/2u B Hl/2g and A ;l/2u B ﬂ3/2g) have been studied in detail vy
36,L2-43 84

+ + +
T Ar2 h Kr2 and Xe2 3

Moseley et al Further papers in this series will
report more detailed comparisons of these photoabsorption spectra with our calculated
profiles.

The apparent success of the density functional method in describing the electronic
s*ructure of these noble gas dimer ions should not be interpreted as suggesting that
this method, in general, is to be preferred over ab initio methods. As has been
pointed out above, closed shell system interactions, where there are no drastic charge
rearrangemer ts and no degeneracy complications, are ideal candidates for the density
functional method. This method, when properly applied, is capable of yielding results
of uniform accuracy for both light and heavy atom systems owing to aumerical representa-
tion of the valence shell orbitals. The well-known analytic expansion problems of
ab initio basis functions are, in a sense, circumvented. In addition, the;e is a large
body of accumulating evidence that density functional methods, in general, can yield
reliable one-electron excitation spectra.

Hcwever, the density functional method, at least in any of its present simplified
forms, 1s not particularly useful for total energy calculations of systems which exhibit
a large charge rearrangement with a change in internuclear separation. In addition,
the method is not useful at all for systems with electronic degeneracies or com-
plicated spin representation. In these regards, it suffers the same limitations
as conventional Fartree-Fock methods. When such considerations are present, and
unfortunately they are in the general case and not as exceptions, ab initio techniques
must be relied upon for gquantitative results.

Our conclusion is, when properly used and applied to systems involving simple

charge descriptions, density functional methods are a valuable addition to our
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list of techniques for clectronic structure calculations.
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Table I. Optimum Atomic and Ionic Density Functional Exchange Parameters and Energies.

T oa
£V
TN

Species Exchange Parameter,a Xy energy (a.u.) HF energy*(a.u.)
Ne 0.73081 -128.5470 -128.547Y
Ne' 0.73684 -127.8176 «127.81.78
Ar Q. T2LTT -526.8176 -526.8173
ArT 0.722k9 -526.2745 ~526.2745
Kr 0.705Tk ~2752.0560 -2752.0569
Kr' 0.70583 -2751.5679 -2751.567k
Xe 0.69986 -T7232.1501 -7232.1500
xet 0.69986 -7231.711L 7231.7118
*
Ref. 26
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Table II. Long-Range Force Interaction Parameters for the Noble Gas Dimer Ions.
. 3 2 2
Species a (vbohr>) g<r;> (bohr™) I (eV)
=0 S 1 ==
Ne 2.66 2P 9.699 ¢ 21.564 ©>F
Ne' (1.32) © 6.8u2 40.962
Ar 11.08 26.1k45 15.759
art (6.52) 20.05k 27.629
Kr 16.7h ' 39.67h4 13.999
, Kr' (10.78) 31.847 24,359
Xe 27.29 62.511 12.127
Xe" (18.90) 52,022 - Bl
a

R. R. Teachout and R. T. Pack, Atomic Data 3, 195 (1971).

A. Dalgarno, Adv. Physies 11, 281 (1962).

- c |
The ion polarizabil. "es are scaled from the atomic o, using the hydrogenic form,
. s 2
{ d Q’O~Z<I‘ L >
! Non-relativistic Hartree-Fock calculation. i 1
® R. L. Kelly and D. E. Harrison, Jr., Atomic Data g, 177 (1Tl
-*@ £ ¢z Moore, Nat. Bur. Std. (U.S.) Cire. 467 (1958).
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Table III. Long Range Interaction Potentials for the Noble Gas
Dimer Ions

R (a.u.) U(R) (a.u.) R (a.u.) u(’) (a.u.)

Ne-Ne+ Kr-Kr+
8.0 -.00034 10.0 -.00093
SN -.00058 9.0 -.001k4kL
4.0 -.00109 8.0 -.00238
5.0 -.00326 7.5 = 003LY
L.6 -.00393 7.2 -.00375
Ll -.00478 7.0 -.0042%4
4.2 -.00587 6.8 -.00L481
6.4 -.00628

Ar-Ar+ Xe-Xe+
9 0 -.00092 delli: O -.00106
8.0 = O0L. 3T 10.0 =:00858
T.0 -.00265 9.0 -.00249
6.5 -.00363 8.2 -.0037h4
6.2 -.00LL45 8.0 -.00k17
6.0 -.00513 7.6 -.00523
5.8 -.00595 7.4 -.00589
Sole -.00813 7.8 -.00755

v S R e - R e T R e
e " — = -~ 1 I - Qe S G S



Table IV.

2. +

i
.0869
.01L5
-.0238
-.0k09
-.04s59
-.0ksk
-.0397
-.0278

-. 0177

assuming A-3 coupling.

-.0013

-.0032
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Ab Initio Potential Energy Curves for Ar2+

Energies in a. u.

p % *

707
.3kLo
.2388
167k
.1185
0847
.0596
.0299
.0143

|
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Table V.

Density Functional Potential Energy Curves for Ne

A -8 coupling.

Energies in a.u. relative to E(w)= -256.36L6 a.u.

.09573
.05401

.02933
.01L487
.00659
.00200
-.000Lk
-.00161

~.00207

4
5 assuming

16557
11261
07765
.05L1T
.03820
.02720
.01951
.01k10

.01024
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Table VI. Density Functional Potential Energy Curves for Ar o assuming
\-S coupling. Energies in a.u. relative to E (w)°= -1053.0921.

R (s.u.) At B °n ¢, 2]
4.2 -.04353 .06295 .10399 .18203
4.6 -.05070 .01862 .Ohk12 .10336
4.8 -.0L9ks .00756 .02765 .07887
5.0 -.0k659 .00081 .01663 .06072
) 5L.2 -.0k279 -.00316 .00931 .0LkT707
Shds -.03855 -.00504 .00L478 .03706
548 -.02991 -.00608 .00001 .02330
6.0 -.02589 -.00566 -.00086 .01890
6.2 -.02221 -.00515 -.00137 .01532

% 0 0. 0 0

-
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Table VII. Density Functional Potential Energy Curves for Kr
assuming A-S coupling. Energies in a.u. relative
to E(w) = -5503.6239

2. + 2 2

R (a.u.) A Bm, [ &

40 .0k987 03373 .06103

> .05068 01831 .0Lk035

" .0kok9 00843 .02613

6 04701 .00210 .01635

.8 .0L373 .00243 .00920

.0 .03999 .00L420 .00505

k4 OS24 .00620 -.00021

8 .02L68 .00616 -.00229

0 .02136 JORBTT -.00266

o) .01835 .00532 -.00282

0.
#
e |
=
|
; 143
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Table VIII. Density Functional Potential Energy Curves for Xe2
assuming A-S coupling. Energies in a.u. relative
to E(») = -1kk63.8615

Rla.u.) At BT ¢ D7}

5.8 -.05028 .02817 .050k2 .0920L

6.0 -.0506k .01683 .03519 L0726k

6.2 -.0k955 .00992 .02505 .05813

6.h -.0L7L8 .00359 .01606 .0k531

6.6 -.0kkT5 -.00037 .00989 .035L4

6.8 -.0k161 -.00311 .00533 .02750

1 7.0 -.03825 -.00L55 .00239 .021k42

| 7.4 ~.03139 ~.00548 -.00080 .01292

T6 -.02808 -.00537 -.00153 .01000

7.8 -. 0249k -.00510 -.00166 .00768

8.0 -.02202 -. 00469 -.00211 .00580

8.2 -.01932 -.00k18 -.00205 .00k51

“4 o 0 0. 0 0
1
§
]
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Table IX. Potential Energy Curves for Ne ¢ including spin-orbit coupling.
Energies in eV relative to c.g. of Nee+ at R=w.

B8, ﬁl@u §—EH3/28 5—511/2@; -C—2n-3/2u -C—iLl/2u P—Ez-+l/2u
- -0.8949T7 - = - - -
8: 0 -1.28953 1.26194  1.32586 2.57286 2.63768 .50598
3.2 -1.37990 0.48908 0.55283 1.43735 1.50265 .06507
3.h -1.31808 0.07755 0.14109 0.T765Th 0.83129 .11391
8.6 -1.18232  -0.12882 -0.06558 0.371242 0.43830 L7550
3.8 -1.01630 -0.21895 -0.15609 0.1k705 0.21334 .0k125
L.o -0.84617  -0.24597 -0.18362 0.02207 0.08890 .TL236
L.2 -0.68726  -0.2L091 -0.17924  -0.0LL16 0.02338 .53395
L.b -0.54766  -0.2207T4 -0.15998 -0.07598 -0.007L48 .38739
L.6 -0.43046  -0.19535 -0.1357T9 -0.08868  -0.01897 .28363

-0.03230 -0.03230 -0.03230 -0.03230 0.06L460 .06L460
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Table X.

+
Potential Energy Curves for Ar‘2

including spin-orbit coupling.

+

Energies in eV relative to c.g. of Ar2

=1.

-0

-0.

-0

-0

2+
1/2

.18618
.3k226
.38227
.3L4896
.27160

.16918

05453

.82182

71382

.61523

.05919

B

1.

-0

-0.

-0.

-0

-0.

-0.

%1

—3/2g

65365

L4736
.1465h
.0371L

14504

19620

22463

21307

19938

.05919
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E——'Hl/Eg

.

-0

-0.

2

.76982

. 56260
.26118
07676

.03200

o8L2s

.11562
.10599
.09L6L

.05919

at R=w,

c

28

-0.

-0.

=-0.

°n

=—"3/2u

77055

.14139
.69322
.39334
.19416
.07089

05891
08259
09647

.05919

C—"E' 4./2\.1

2.8906k

1.26240
0.81483
0.51563
0.31726
0.19489
0.067k40
0.0k512
0.03290

0.11837

2.+

1/2u

k.95560

2.81570
2.14999
1.65681
1.28605
1.01k91
0.64328
0.52554
0.L43043

0.11837




Table XI. Potential energy curves for Kr 4 including spin-orbit coupling.
Energies in eV relative to c.g. of Kr2+ at R=e .
Bleaus) = 22+1/2u E—-2--H3/2g B—E-Hl/eg Q—Eﬁ3/2u E’—-2-2-111/211 Q—Ezfl/2u
4.8 -1.28087 = = s = .
5.0 -1.38709 0.69575 1.09151 1.43876 1.91284 3.18488
S8 -1.41503 0.27623 0.66358 0.87603 1.35598 2.46023
5.4 -1.38910 0.00729 0.38423 0.48908 0.97546 1.92201
5.6 -1.32866  -0.16482  0.19960 0.22295 0.71627  1.51846 '
5.8 -1.24730 -0.28795 0.06150 0.02825 0.52948 1.19889
6.0 -1.15345 -0.33612  -0.00457 -0.08468 0.h2L39 0.98L65
6.4 -0.95763 -0.39054  -0.10324 -0.22768 0.30020 0.68250 !
6.8 ~ =0.77681 -0.389L45  -0.15500 -0.2841L 0.26501 0.52489
7.0 -0.69752 -0.37898  -0.17192 -0.27435 0.26591 0.L48097
7.2 ~0.62696 -0.36673 -0.18626 -0.29870 0.27285 0.k45125
o -0.22197  -0.22197  -0.22197 -0.22197 0.44393 0.44393
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Table XII. Potential Energy Curves for Xe2 including spin-orbit coupling.

K . . +
Energies in eV relative to c.g. of Xe2 at R=e,

2_+ 2 2 2 2 2.+

R.fsnus) A Lqyp, By BElypy STy SMypy Dl

5.6 -1.40193 - - - - =

5.8 -1.L483Lk 0.33100 0.95693 0.936k46 1.92269 2.74968

6.0 | -1.50867 0.02237 0.61482  0.52197 1.52369 2.25511

6.2 -1.k49362 -0.1656k 0.38771  0.2k616 1.262L3 1.8995L

6.k -1.45490 -0.33783 0.17L473 0.00150 1.035L43 1.591k42

6.6 -1.39811 -0.44565 0.02261  -0.16640 0.88498 1.36717

6.8 -1.33076 -0.52015 -0.09755  -0.29043 0.77902 1.19677

7.0 -1.25661 -0.55939 -0.18338  -0.37035 0.71648  1.07791

7.4 -1.10398 -0.58459 -0.29772  -0.L4572k 0.66367  0.93575

T -1.03040 -0.581L49 -0.33514 -0.147699 0.66026 0.89673

7.8 -0.95973 -0.57k425 -0.36461  -0..48069 0.67123  0.87026

L 8.0 -0.89665 -0.5630k  -0.38755  -0.49278 0.67575 0.85330
8.2 -0.83747 -0.5k92k -0.k0162  -0.49133 0.69129  0.84609

{ © -0.43549 -0. k43549 -0.43549 -0.435L9 0.87098 0.87098
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Table XIII. Spectroscopic Constants for Ne v

2

State T, (eV) (em™) 4 x (em™) ae(cm-l) re(Z) Be(cm-l) D_(eV) DO(eV) |

D 22+l/2g L. LLs (vertical excitation e:ergy, repulsive curve) !
C 2Hl/2u 1.359 122.5 8.4 0.0166 2.50  0.2665 0.085 . 0.078

c 2n3/2u 1.287 103.9 8.7 0.019 2.5k 0.2579  0.060 0.05L |

B 1/2g 1.195 246.5 9.0 0.0125 2.15 00,3626 0.152 @137 |
B 2H3/2g 1.132 250.8 9.8 0.0122 2.1k 0.3634  0.215 0.199
A 2Z+l/2u 0.0 597.0 6.1 0.0090 1.69 0.58L0 1.347  1.310
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Table XIV, Spectroscopic Constants for Ar2+
T (eV) (cm-l) X (em™) (cm-l) r (Z) B (cm—l) D (ev) D (ev)
State e Yo Y e c‘e e e e 0
D 2Z+l/2g 4,198 (vertical excitation energy, repulsive curve)
2
C Ty /oy 1.413  62.4 9.3 0.00L47 3.40 0.0732 0.087 0.08L
2
€ l3/p, 1.285 53.7 3.7 0.0043 3.0  0.0732 0.037  0.03k
R 2“1/2g 1.264 1L46.9 12.0 0.0030 3.02 0.0924 0,058 0.0L49
B 2n3/2g 1.159% 153.7 10.1 0.0024 3.02 0.0927  0.167 0.158
2.+
A8 1/2u 0.0 297.9 157 0.0011 2.43 0.1428 1.322 1.304
150

il i Rl e S S L




Table XV. Spectroscopic Constants for Kr2+
-1 -1 =1 o =

Bas Te(eV) we(cm ) weXe(cm ) ae(cm ) re(A) B (em™) D (ev) Do(eV)

D22+]_/2g 3.875 (vertical excitation energy, repulsive curve)

Benl/gg 2.079 (vertical excitation energy, repulsive curve)
C 2“1/2u 1.679 70.2 198 0.000k 3.6k 0.0304 0.179 QL1TS5
! 0! 2“3/211 1 345 ST 0.k 0.0001 3.85 0.0271 0.077 0.07k
| B 9113/2g 1.019 78.0 1.9 0.000k 3.8  0.0333  0.173  0.168

22+
A 1/2u 0.0 LT T Qs i 0.0002 2.75 0.0533 1.192 2:161
.
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3.76k
2.169
2.123
1.03L
0.923

0.0

Table XVI. Spectroscopic Constants for Xe2+
oM ) | el (eml) o (em™) r (X) B (cm™t)

e e e

(verticasl excitation energy, repulsive curve)
5k.5 0.3 0.0002 8. 9 0.0163

(vertiqal excitation energy, repulsive curve)
58 5 0.3 0.0009 k.00 0.0160
b9.7 ©:3 0.0003 3.91 0.0168
7.2 oL 0.0001 3.18 0.0253
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Table XVIT.

{50} : ‘without spin-orbit effects

Summary of Spectroscopic Constants for the A 2Z+

of the Noble Gag Dimer Ions

De(eV)

1585

1.32

1.07

1.k40

1.39

1.38

153

{

<r >(a.u.)
0.965
1.663
1.952

2.358

1/24 State

{-s0}
R (a.u.)
e

3.19

k.59

S, i

5.94
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T. R. Connor and M. A. Biondi, Phys. Rev. 1k0, ATT8 (1965)
L. Frommhold and M. A. Biondi, ibid 185, A2Lk (1969)

Ref. 7 (CI calculation).

Refs. 5, 6 (SCF calculation).

Ref. 16"

Ref. 1k (Photoionization studies).
Ref. 11 (CI calculation).

Ref. 36%

Ref. 10 (SCF calculation)

Ref. L3*
*
Ref. 39

Table XVIII. Dissociation Energies for Electronic States of the
Noble Gas Dimer Ions. Energies in eV.
+ +
State =
Present Other Present Other Present Other Present Other
Study Work Study Work Work Study
2 + , . .
i 1/2g repulsive repulsive repulsive repulsive
2 0.08 0.08  0.10° oLl 021
1/2u ¢ £
0.04 .10
2 o . .
Hl/2g 0.14 0.07 0.05 repulsive repulsive
2 s e
H3/2u 0.05 0.03 0.01 .02 0.0L4
2 b e e
I 0.20 0.07 0.16 0.1k .16 0.15
3/2¢ £ £
0.10 A5
2+ a g i
3 1/2u 1.31 BERES) 1.30 1.33 M 176 1.06
1.20° 1.19F 1.05°
1.65° 1.25¢
1.10¢ 1.20"

This reference contains a summary of Do from other experimental studies.
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Figure 1. Ab initio potential energy curves for Ar2 without

inclusion of spin-orbit coupling.
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Figure 3. Density functional potential energy curves for Ar i
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Figure L. Density functional potential energy curves for Xr *

2
(spin-orbit effects included)
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Density functional potential energy curves for Xe *

(spin-orbit effects inciuded)
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APPENDIX E

ELECTRONIC STRUCTURE OF THE NOBLE GAS DIMER IONS.

IT. ABSORPTION SPECTRUM FOR THE A 22; = D 22; SYSTEM

ABSTRACT

A systematic study of the electronic structuce and chemical binding in
the dimer ion sequence, Ne2+, Ar2+, Kr2+ and Xe2+, has been carried out
using both density function and ab initio configuration interaction computa-
tional approuaches. From the results of this study, the absorption spectrum

2
for the UV transitions of the A 2u+ + D 22 ¥ system has been calculated.
g
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APPENDIX F

ELECTRONIC STRUCTURE OF THE NOBLE GAS DIMER IONS.

+
III. ABSORPTION SPECTRUM FOR THE A ZZu - B %7g SYSTEM

ABSTRACT

A systematic study of the electronic structure and chemical binding of

+ + + + :
the dimer ion sequence, Ne2 0 Ar2 1 Kr2 and Xe2 , has been carried out using
both density functional and ab initio configuration interaction computational

approaches. From the results of this study, the absorption spectrum for the

visible/IR transition of the A 22u+ + B an system has been calculated.
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APPENDIX G

ELECTRONIC STRUCTURE AND PHOTOABSORPTION OF THE ng+ DIMER ION

ABSTRACT

Calculations have been performed on the electronic structure, potential
energy curves, spectroscopic constants and photoabsorption characteristics of
the ng+ dimer ion. These studies indicate that the ground A%u state of the
ng ion is stable with a calculated dissociation energy of 0.4% ev. This
ion exhibits strong absorption (o~1.0 22) for the A%u -+ Bkg transition at
A =1.1 u. The only other predicted absorption is for wavelengths shorter

than 250 nm. We conclude that photoabsorption of ng+ does not appear to

represent an important loss mechanism in excimer lasers based on Hg chemistry.




APPENDIX H

ELECTRONIC STRUCTURE AND PHOTOABSORPTION PROPERTIES OF NOBLE GAS TRIMER IONS

ABSTRACT

A study of the electronic structure and absorption characteristics of
the Ar; ion has been carried out to determine the relative importance of such
species in the analysis of loss mechanisms in the noble gas-halide excimer

systems. This study included detailed quantum mechanical calculations of the

+

potential energy hypersurfaces for Ar3 and prediction of the absorption bands.

2

We find this ion to have trigonal symmetry with a bound “E' ground state

(%8B, + 2A1 in C, ). The vertical excitation spectra are 2A2' (.21 eV),

2 2v

2 2 2

E" (.63 eV), “A;'(1.06 eV) and “A,' (2.12 eV). The short wavelength tran-

1

sitions (300-500 mm) are found to be weak for photoabsorption from the ground

state. A strong photoabsorption band (A~590 nmm) is predicted for the

2 2

E' -~ Al transition. This suggests that trimer ion absorption may be very
important in the analysis of loss mechanisms in excimer lasers operating

under high pressure conditions.
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APPENDIX I

ELECTRONIC STRUCTURE OF NOBLE GAS DIMER AND TRIMER IONS

ABSTRACT

A systematic study of the electronic structure and chemical binding of
the noble gas dimer and trimer ions has been carried out. This study includes
detailed quantum mechanical calculations of the ground and low-lying excited
state potential energy curves for Ne2+, Ar2+, Kr2+ and Xe2+ and the ground
and low-lying excited state surfaces for Ar3+. Both density functional and
ab initio configuration-interaction computational techniques have been em-
ployed. A regular progression is found in the calculated spectroscopic
préperties of the dimer ions which results in some remarkably simple con-
clusions regarding the nature of the binding and the geometry of these ions.

+ q 3 .
For the Ar, trimer ion, studies in D

3 and D point groups were

3h? C2v %

carried out. The lowest surface corresponds to the degenerate 2g symmetry
with an indicated bond strength of ~0.2 eV relative to Ar2+(A22+u) +
Ar(lso). This trimer ion exhibits a Jahn-Teller distortion arising from

the degenerate vibrational modes of the ground state. Several low-lying

excited state surfaces of Ar3+ have also been studied include 2A2', 2E" and

2Al' symmetries. A strong photoabsorption band (A~590 nm) is predicted for

the 2

E' » 2Al transition of this trimer ion. This suggests that such species
may be very important in the analysis of loss mechanisms in excimer lasers

operating under high pressure conditions.
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APPENDIX J

VISIBLE PHOTOABSORPTION BY NOBLE GAS TRIMER IONS

ABSTRACT

A study of the electronic structure and photoabsorption characteristics
of noble gzas trimer ions has been carried out using quantum mechanical methods.
This study includes detailed density functional calculations of the potential

+ ,
energy surfaces for a prototype system, Ar3 » an analysis of the spectro-
scopic properties of the ground state of this ion and prediction of the strong
absorption bands. Studies in D3ps C2v and Dmh symmetries were carried out.

251 symmetry with

The lowest state of Ar3+ corresponds to the degenerate

e i N . it 2d i 1
an indicated dissociation energy of 0.17 eV relative to Ar2 (A Zu ) + Ar ( So).
This trimer ion exhibits a small Jahn-Teller distortion which does not
significantly alter our conclusions concerning the ground state stability or
absorption characteristics. A strong and very broad photoabsorption band

: N 2 ] 2 1] s . . s

(A=496-670 nm) is predicted for the “E'~ Al transition of this trimer ion.
This suggests that such species may be very important in the analysis of

loss mechanisms in visible excimer lasers, operating under high pressure

conditions, with mixtures containing the noble gases.
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