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FOREWORD

This report was prepared for the Air Force Office of Scientific Research,
United States Air Force by the United Technologies Corporation, Research
Center , East Hartford, Connecticut , under Contract F49620—77—C—0064, Project—
Task No. 2303/El . The performance period for the technical program was from

L .  1 April 1977 through 31 March 1978. The projec t monitor was
L . Major Robert A. Osteryoung, USAF .
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L ABSTRACT

t Knowledge of the p a r t i t i o n  of energy between the products of a chemical
reaction is fundamental  to the understand ing of the dynamics  of collisiona l
reactions. Atom—atom and atom—molecule reactions tha t yield vibrational1~’
excited diatonic molecules are of particular scientific and military interest.
An understanding of the dynamics of the simplest of these reactions is a
prerequisite for understand ing more complicated rearrangement gas phase reac-
t ions. A knowledge of at least limited regions of potential energy surfaces
is c’~ ir~rc~r t anc e  in analyzing the vibrational and rotational relaxation rates
and can be utilized in a pred ic t ive fashion . In the low energy regime there
are little data available on collision processes and experimental measure-
ments are difficult. Thus, a program to develop theoretical techniques and
construc t computer programs for calculating potential energy surfaces and
kinetic cross sections for simple collision processes is appropriate. The
potential energy surfaces will Include both atom—atom and atom—d iatom systems
with spec ial emphasis on molecular reactions yielding electronically excited
products which have potential as visible or UV chemical laser3. These systems
shall include metal  oxides and halides , metal excitners and the noble gas—
ha l ides .  This research wi l l  develop techn iques and computat ional  sc hemes for
a pr ior i  p red ic t ion  of the kinet ics  and the produc t d is t r ibut ion  of atom—
diatom reac t ions .  This wil l  involve (1) improved calculat ion techniques for
potential energy surfaces for the reactants and products , (2) quantum and
classical mechanical calcula t ions of the dynamics of the reac tion and (3~
detailed calculations for systems with high potential as electronic transition
lasers.

1.
1 1
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Calculation of the Energetics and Collision Dynamics
of Electronic Transition Lasers

STATEMENT OF WOR~(

The contractor shall:

a. Perform a theoretical research investigation of the electronic
structure and energetics of exc imer systems and on chemical reactions in such
systems which would yield a sufficient density of excited electronic species
capable of lasing in the visible or UV spectrum regions. Calculate electronic
wave—functions and energies as a function of internuclear separation followed
by calculations of electronic transition moments for systems selected as
typical of this class , and which appear to offer a high potential as candidate
excimer lasers. In addition , research shall be carried out related to the
development of practical computational techniques for prediction of the
kinetic s and the product distribution of chemical reactions Involving elec-
tronically excited reactants or products. Experimental data will be itera-
tively examined and integrated with the results generated from this theoreti-
cal investigation . The computations shall be carrie d out using density
functional and ab initio methods, using computer codes developed or modified
at this Center . Specifically, this investigation shall comprise the
following :

(1) Conduct research related to the development of practical con—
putational techniques for defining potential energy surfaces for reactants
and products with possible electronic excitation and illustrate the utility
of such techniques by a study of the long—range interactions in the Si + F2
system . This portion of the research has the highest priority.

(2) Survey existing experimental and theoretical data available
to the Contractor pertaining to exc imer systems.

(3) Perform quantum mechanical calculations of the electronic
wavefunctions, electronic transition moments, and radiative lifetimes for
three (3) diatonic metal  exc irner systems . These systems shall be chosen from
th e f ol lowing: H g-, , Cd 2 , Cd H g,  T lHg, TlCd . If other chemical systems are
sub sequentl y ident i f ied  as potential  candidates these can be subst i tu ted

.2
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REVIEW OF TECHNICAL EFFORT

Calculations of the dynamics of molecular collisions are ordinarily
• carried out w i t h  the aid of the  Bo rn—O ppenheimer separation of the electronic

and nuclear motion . One proceeds by calculating the electronic energy as a
function of the positions of the nuclei , which are assumed to be stationary .
This electronic energy , plus the electrostatic repulsion between the nuclei ,
de:ines a potential energy hypersurface on which the nuclei may be regarded
as mov ing. A potential energy hypersurface defined in this way is referred
t~’ as a d i a b a t i c , and is appropriate for describing the nuclear motion in th e
h r-it of low v e l o c i ty .  There are many co l l i s ions  for  which  an ad iaba t i~.-
poter~tial energy hvpersurface provides an adequate description . However , most
reactive collisions and many collisions whit’h do not lead to reaction are
inadequat ely described by an ad iaba t i c  potent ia l energy hypersur face .  These
collisions are characterized by velocities of nuclear motion sufficien t to
affect adversely the Born—Oppenheimer separation , with the result tha t the
overall wavefunction must be described as a superposition of terms involving
difterent elec tronic energy states . Under these conditions , it will be
useful to consider adiabatic potentia l energy hvpersurfaces correspond ing to
all electronic states relevant to the overall wavefunc t ion.

When the different , potential energy hypersurfaces are well separated in
energy , the nuclear motion can ord inarily be described in terms of motion on

• a sin ~ 1e hvpe r s u r f ace .  However , when two or more hypersurfaces are close in
energy , they can be expected to mix apprec iably in the overall wavefunction ,
and it will then be necessary not only to calculate the hypersurfaces but also
to calculate the quantities needed to discuss their mixing in the overall
wavefunction .

j  The calculat ion of a point on a potential energy hvpersurface is equiva-
lent to calculating the energy of a diatonic or polyatomic system for a
specified nuclear configuration , and therefore will present considerable
practica computational difficulty. For certain problems or nuclear con-
figurations , the maximum possible accuracy will be needed and under these
conditions relatively elaborate ab initio methods are indicated . under
other conditions , it m a y  be possible to use less elaborate and more rap id
computational methods , and density func tional or other approaches may then
prove use fu l .

A knowledge of at least limited regions of potential energy surfaces is
of importanc e in analyzing the electronic , vibrational and rotationa l relaxa-
t i cn  rates in chemical laser systems. These relative relaxation rates govern
both the feasibility of lasing and the power tha t is po ten t ia l ly  avai lable .
Such re laxa t ion  ra tes  are governed by long—range forces between atomic and

1
—• •--•----—------—--—— —-•.- •~~~~~~~ - - ~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ • . .~~~ .4
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molecular fragments and thus knowledge of the dissociation behavior -.
represented by the potential energy surfaces for the laser system can be
used in calculations of the kinetic behavior .

Our reserach e f f o r t  to date has been devoted to the theoret ical develop-
ment of computational techniques for the predic tion of potential energy sur-
faces, and to studies of the energetics of prototype electronic transition
laser systems , the predict ion of the radiat ive l i f e t imes  of e lec t ron ica l ly
excited species , and studies of photon energy loss paths such as photoahsorp- 

.1

tion or ionization of the upper excited electronic states. The goal of this
research program is to develop a technical information base in support of the
development of a practical chemical laser system operating on an electronic
transition .

IA _
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RESEARCH PROGRESS D~’RINC THE CONTRACT YEAR

Electronic s t r u c t u r e  ca lcula t ions  werr performed fo r  the Si+F 2 system
at var ious geometries . Studies were carr ied out fo r  the ground X ‘A 1 s t a t e ,
the first excited A s t a t e  and for  the separated a tom—molecule  s ta tes  of
SI (3P) + F2(

1
~~~). The SiF/SiF2 correlations are shown in Table I. Our

calculated excitation energy is in good agreement with experiment . These
• calculations also indicate a maximum in the lowest 1A 1 potential energy sur-

face  r e l a t ive  to Si+F -~ similar to that found in the diatonic molecule Sir.
These results are shown in Fig. 1. The corresponding atomic correlations arc
given in Table 11. The origin of the maximum in the A 2~+ state of SIF is

• an avoided crossing with the 2Y~ ionic state connecting to Si~ ( 2 r ) + f~
The orig in of the maximum in SIF2 is an avoided crossing w i t h  the ‘A 1 s u r f a c e
ar i s ing  from SiF~ (X~~ ’~) + r( 1S) .  This maximum suggests that  f avo rab le
br anching  should occur to the hig her me ta s t ah i e  a s tat e  of SIF  in the ex o—

• thermic react ion of S i+F, .  Similar  chemis t ry  should be observed in the CeF
and SnF sy stems.  Fur ther  studies are in progress.

Calcula t ions  have also been i n i t i a t ed  on the Hg2 , Hg~,+ , Mg Na and TlH g
molecules. These studies include den s i ty  func t iona l  c a lc u l a t i o n s  w i t h
explicit treatment of all core electrons. The svunnetrles ~~~ for flg~ . A-, I -, -,

and B f o r  Hg~ , all low-lying ~~ and fl states of MgNa and the ~ and
~i f  H gTl have been examined . The results obtained to  date arc summarized

for each system below .

A correlation diagram for intermediate coupling of the Hg, molecul e is1. J shown in Fig. 2. Density functional calculations have been carried out on
the ground X state of the system . The potential energy curve for
X of Hg2 is presented in Fig . 3. We find a calculated dissociatic’n
energy of 0.2 eV , in good agreement with experiment .

A correlation diagram for the low-lying molecular states of Hg~~ and
their dissociation limits is shown in Table III. Density functiona l
calculations were carried out for the ground A state and the excited
B 2Zg~ state dissociating to the Hg 

1S~ (6s
2) + ft~~f 2S~ (t~s) ssvmptc’tic l imi t .

These potential energy curves are presented in Fig. 4. Calculations of t he
radiative lifetimes for the A 2~~+ ~ B 

‘
~~~~~~~

‘ syst em is in progress.  Our
calculated dissociation energy for the ground A state of Hg24 Is O .t . 4 c\ .
There are no experimental data for comparison .

5
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Detailed density functional calculations have been carried out on the

low—lying doublet states of HgT1. A correlation diagram for the intermediate

coupling of the HgTl molecule is shown in Fig. 5. Further studies on this

system are in progress.

M~~a ]
The low—ly ing doublet sigma and pi states of MgNa have been studied in

detail. A correlation diagram for the low—lying molecular states of MgNa

and their dissoc iatl~n limits 
is shown in Table IV. Ab initio calculations

were carried out on the 2Z and 2fl symmetries. These states are presented

in Fig. 6. Further studies , including the ionic state , are in progress.

•
1

:~
6
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PT BLICATIONS ANT) PRESENTATIONS

The significant research result s obtained under this Contract have been
prepared for publication in tec hnical journals and books or presented at
technical meetings. These papers and meetings are listed below . Abstracts
of the published papers are included in the Appendices to this report.

A. Technical Reports in Journals

1. “Electronic Structure of the Noble Gas Diner Ions”. H. H. ~:ic ti - ,
R. H. Hobbs and L. A. Wright , to be published in the Internationa l
Journal of Quantum Chemistry, 1978 Sanibel Symposium Issue , 1978.

2. “Configuration Interaction Studies of the HeH+ Molecular Ion . IV .
The Triplet Sigma , P1 and Delta States .” T. A. Green, 11. H. Michels
and J. C. Browne, to be publ~~ hed in the Journal of Chemical Physics ,

• Ju~v 1, 1978.

3. “Electronic Structure of the Noble Gas Diner Ions. I. Potential
Energy Curves and Spectroscopic Constants.” H. H. ~!ichels and
R. H. Hobbs , to be published in the Journal of Chemical Physics ,
1978.

4. “Electronic Structure of the Noble Gas Diner Ions. II. Absorption
Spec trum for the A -+ D ~~~ Sys tem. ” H. H. Michels and
R. H. Hobbs , to be published in the Journal of Chemical Physics , 1978.

Ri 5. “Electronic Structute of the Noble Gas Diner Ions. III. Absorption
Spectrum for the A -

~ B 2~ System .” H. H. ~1iche 1s and

ii. ! R. H. Hobbs , to be published ~n the Journal of Chemical Physics , 1978.

B. Technical Articles in Books

1 1. “Electronic Structure of Excited States of Selected Atmospheric
Systems .” H. H. ~iichels , to he published as a chapter in Volume II

If of the “Excited State in Chemical Physics”. Edited by J. Wm . ~cGowan ,

John Wiley & Sons , New York, 1978.

C. Technical Paper and Lecture Presentations

1. “Calculations of the Energet ics and Radiative Properties of Vi slbl e/
IJV Chemical Laser Systems .” H. H. Michels. Presented at the
AFOSR/AWFL Contractors ’ Meeting, Kirtland Air Force Base,
Albuquerque , New Mexico , May 16-20, 1977.

I’
[1 7
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2. “Photodissoc iation of Noble Gas Diner Ions.” H. H. Michels.
Presented at the 30th Annual Gaseous Electronics Conference,
Palo Alto , California, October 18—21 , 1977 .

3. “Theoretical Studies of the Energetics of Electronic Transition
Lasers.” H. 11. Michels. Presented at the kFOSR/APGL Chemical 

-

Dynamics Contractors ’ Meeting , Air Force Geophysics Lab, Hanscotn
Air Force Base , Bedford , Massachusetts , October 26—27 , 1977 .

4. “Electronic Structure of Noble Gas Diner Ions.” Presented at the
1978 Sanihe]. Symposium on Atomic , Molecular and Solid State Theory ,
Sheraton Palm Coast Inn , Daytona , Florida , March 10—16 , 1978.

4.
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LOW—LYING POTENTIAL ENERGY CURVES FOR S’F
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R78—922853 FIG. 2

CORRELATION DIAGi~AM FOR I NTERME DIATE COU PLING OF THE Hg2 MOLECULE
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• GROUND STATE POTENTIAL ENERGY CURVE FOR Hg2

(DENSITY—FUNCTIONAL METHOD)
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LOW—LYING POTENTIAL ENERGY CURVES FOR Hg24

(DENSITY—FUNCTIONAL METHOD)
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CORRELATION DIAGRAM FOR INTERMEDIATE COUPLING OF THE TI Hg MOLECULE
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UNIQUE ASSIGNMENTS FROM Ii 1, J 21 T O I \ ,SI COUPLING ARE INDICATED BY SOLID LINES

I-i
7 6 — 1 1 —  115—4
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LOW —LYING POTENTIAL ENERGY CURVES FOR MgNa

(Ab Init io Method )
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L~ TABLE I

[
SiF/S 1F2 CORRELATIONS

Dissociation Limit eV Molecular States

SlY (X~~) + F (-P) 0.0 SiF2 
( ‘ A1, ‘ B1)

1 3 1 3
SiT (A ) -f F ( P )  2 .83 S1F2 ( ‘ A1, ‘ B1

)

SiT (a + F (P) 3.70 SlY2 (
3’5A1, 

3’5B
1
)

SiF~ (X 
1Z )  + F (1s) 3.81 SiT, (

1A1)

a
I
El
Ii
F
II
I
1~’

I
.1 15
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TABLE II

LOW-LYING MOLECtIAR STATES OF SiF A~~ ThEI R DISSOCIATI ON LIMIT S

DissocIation Limit  eV Molecular States

S i + F

3 ‘~ I I ~~~~~ — 4 —
P (3s 3r ) + ~p (2p ) 0.0 (2~ , I: (2),,~~ (2)g U 

~:(1), :(2), ~:(:). ~~~~~

1 “ “ 2 5 ‘ — 2
1) (3s 3p ) + P (2 p ) 0.781 ;: (1),, : (2), r~(2 ) ,
g A (2), ~~(l)

1. I 5 ~~ +
S (3s 3p) + ~P (2p ) 1.908 ~~ (1), ~

‘L (l)

5S 3p3) + P p ) 4.13 1 ~:(l), 
6
:
_

(l) , 
4
fl(1),

+ -

s i + F
1 6 2 +  2

~P (3s~3p) + S (2p ) 4.701 : (1), r (1)
U g

-.4

‘4

• 1  

.- , 

16
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TABLE lii

LOW-LYING MOLECULAR STATES OF
AND THEIR DISSOCIATION LIMITS

Dissociat.ion Limits eV Molecular States

4
Hg + Hg

‘S (5d~~~ s )  + 
2S (5d

106s) 0.0 2: 

~m. 2-
g g g u

3P (5d
106s6p~+ 

2~ (5d106s) 5.004 2: ~(1), 
2~ ~(1), 

~~
u g g u g

• 4z
~~

(1), 2:g(l)~ 
2~~(~)

4
g (1)~ 

4r’~~~
)

1S (5d 106s) + 2 D (5d 96s2) 
2~ ~(1), 

2: ~(1).g g g u

2:g(1). 
2 (l)

2~ (1), 
2~ (1)

• g U

1P ( 5 d106s6p)+ 2Sg(5d
l065) 6.702 

2z
5
-f(1) , ~~7(1), 

2
1~g
(l)~

2~U

1 1 0 ’  2 in ., + ‘, +
‘S (Sd 6s~) + P (Sd ”6p) 6.948 ~ (1), ~ (1),
S U S U

• 2
~1g(l)~ 

2P (1)
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TABLE IV

LOW-LYING MOLECULAR STATES OF MgNa
AND THEIR DISSOCIATION LIMITS

bissoc iation Limits eV Molecular States

Mg + N a

i
~ (3s~) + 

2~ (3s) 0. 0 2:+(1)
g g

1S
5

(3s 2) + 2P (3p) 2.103 2~
+
(~) 2r(].)

3
~~
(
~
53T~~ 

2 Sg
(3S) 2.712 2~+(~ ) 4 z~ (1) 2j’

~(1) 
4
1T(1)

lS
g

(3S
2 ) + 2S

g
(45) 3.191 2z (1)

+ - 
.L

Mg + N a

2~ (3s) + ‘S (3s ”) 6.975 2z (l)
g g

ii

L 
- - —- - - . • ._ • .r 
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APPE NDIX A

t ELECTRONIC STRUCTURE OF THE NOBLE GAS DIMER IONS*

H. H. Michels and R. II. Hobbs
1. United Technologies Research Center

East Hartford , Connecticut 06108

- 
L. A. Wright

1 Kir t land Air Force Ba se
• New Mex ico 87117

I
ABSTRACT

A systematic study of the electronic s t ructure  and chemical binding in

I the d imer ion sequence, Ne2
+, Art, Kr

2 
and Xe,

+, has been carried out
using both densi ty  func t iona l  ana ab in it lo  con?iguration interaction com-
putat ional  approaches . This stud y includes detailed calculations of the

[ pertinent potential energy curves
2
an~ an analysis of the calculated spectro—

scop ic proper ties of the bound A 
~~ 

(l /2
~
I) state of these ions.

E

El I

LI
F

* Supported in part by the Air Force Office of Scientific Rea arch und er

Contract T49620—77—C—0064
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APPENDIX B

CONFIGURATION iNTERACTION STUDIES OF THE HeH+ MOLECULAR ION.
IV. THE TRIPLET SIGMA , P1 AND DELTA STATES.*

T, A. Green
Sandia Laboratories

Albuquerque , New Mex ico 87115

• H. H. Michels
United Technologies Research Center

Eas t Har tford , Connecticut 06108

J. C. Brown e
Department of Physics and Computer Sciences

Univers i ty  of Texas
Austin , Texas 787 12

ABSTRACT

The method of superposition of configurations was applied to the 
-

~~

triplet sigma , pi , and delta states of ReH+ which correla te to the separ ated
atom states of princip le quantum number less than or equal to 3. The cal-
cula t ions  were done for internuclear separations , 0 < R < 65.5 a . u . ,  on a
mesh adequate for interpolation . Similar calculations on the singlet states
have alread y been reported . The present calculations complete the accurate
evaluation of the potential energy curves for this system which are required
for low— and intermediate—energy collision studies. In addition to the
energy eigenvalues and eigenfunctions , dipole , grad ient and rad ial coupling
matrix elements were calculated for the sigma and pi states. Primarily, this
paper presents information on the eigenvalues. The accuracy of the triplet—
state calculation s is comparable to that obtained for the singlet states. The j
similarities and differences in the pattern of avoided crossings for the
trip let and .ainglet states are exhibited . These are mainly de termined by the
differences in the triplet and singlet energy—level schemes of the united
and separated atoms.

* Supported in part by the Air Force Office of Scientific Research
under Contract F49620—77—C—0064.
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APPENDIX C

ELECTRONIC STRUCTURE OF THE NOBLE GAS DIMF.R IONS .
I. POTENTIAL ENERGY CURVES ANP SPECTROSCOPIC CONSTANTS*

H. H. Michels and R. H. Hobbs
United Technolog ies Research Center

East Hartford , Connecticut 06108

I ABSTRACT

I A systematic study of the electronic structure and chemical binding in
the ditner ion sequence, Ne2 ,  Ar 2

4, Kr 2
4 and Xe2

4, has been carried out using

I both density func t ional and ab initio conf igurat ion—interac t ion  computational
techniques. This study includes detailed calculations of the pertinent poten-
tial energy curves and an analysis of the calcula ted spec troscop ic properties

I of the bound states of these ions. A regular progression is found in the
spectroscop ic proper ties for the ground A 2Z~~~/,~ 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+. sp in—
orbit coupling becomes important , resulting in a strong mixture of the A—s
coupled Z and II states. This mixing affects the strength of the binding in

r the ground state. A comparison with other ab initio studies and an analysis

I of the asymptotic behavior at large internuclear separations is given .

These diiner ion species illustrate the classic Rartree—Fock symmetry
dilemma arising from improper dissoc iation character . The nature of this
problem for ionized homopolar species is discussed .

1~
I

* Supported in part by the Air Force Office of Scientific Research under
Contract F49620—77—C—0064.

21 



J2~~ ~~~~~~~~~~~~ •
~~~~~~~ - . - ‘

~~~: 
~~~V~~~W ~~~~~~ ..

R7 8—922853

APPENDIX D

ELECTRONIC STRUCTURE OF THE NOBLE GAS DIMER IONS.
II. ABSORPTION SPECTRV}1 FOR THE A 2E+ -

~ D SYSTEM*

H. H. Michels and R. H. Hobbs
United Tec hnolog ies Re search Center
East Hartford , Connecticut 06108

ABSTRACT

A systematic stud y of the electronic s t ruc ture  and chemical binding in
the dimer ion sequence, Ne2

4, Arj~, Kr,~ and Xe2
4, has been carried out

using both density function and ab initio configuration interaction computa-
tional approaches. From the results of this study ,  the absorption spectrum
for the UV transitions of the A 2

~~U~ 
-, D 2~~~ system has been calculated .

4

I
I
I
I
I

* Supported in pa rt by the Air Force Office of Scientific Research under
Contract p49620-.77—C—0061i.
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) APPENDI X F

ELECTRONIC STRUCTURE OF THE NOBLE GAS P1Mfl~ 1O~~ .
III. ABSORPTION SPECTRUM FOR THE A • P. ~~~~~~ SY~ T1~

H. IL Michels and R. H. Hobbs
United Technologies Research Center

I East Hartford , Connecticut 0610S

1.- ABS TRACT

L
A systematic study of the electronic structure and chemical binding of

the dimer ion sequence , Xe2
4, Ar 2

+, Kr 2~
’ and Xej~, has been carried out using

both density functiona l and ab initio configuration interaction computationa l
• approaches. From the results o~ this st~ dy ,  the absorption spectrum for the

visible/IR transition of the A -
~ B ~~~ system has been calculated.

I
I
I
I
[ * Supported in part by the Air Force Office of Scientific Research under

Contract F49620—77—C—0064.
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APPENDIX F

ELECTRONIC STRUCTUR E OF EXCITED STATES
OF SELECTED ATMOSPHERI C SYSTEMS*

H. H. Michels
United Technologies Research Center

• East Hartford , Connecticut 06108

I. INTRODUCTION

In order to evaluate the thermodynamic and radiation properties of a
natural or perturbed state of the upper atmosphere or ionosphere, the thermal
and transport properties of heated air are required . Such properties are
also of particular interest in plasma physics , in gas laser systems, and in
basic studies of airg lov and the aurora . In the latter area, the release of
cer ta in  chemical spec ies into the upper atmosphere results in luminous clouds
that display the resonance electronic—vibrational—rotat ion 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 artific ial
satellites . Of particular interest in this connection is the observed •

spectra of cer ta in  metallic oxides and air diatotnic species . Prom band in-
tens i ty  d is t r ibut ion  of the spec tra , and knowledge of the f—values for
electronic and vibrational transitions , the local conditions of the atmosphere

• can be determined (Ref. 1).

Present theoretical efforts which are directed toward a more complete
and realistic analysis of the transport equations governing atmospheric relax-
ation and the propagation of artifical disturbances require detailed informa-
tion of therma l opac ities and LWIR absorption in reg ions of temperature and
pressure where molecular effects are important (Refs. 2, 3). Although various
experimental techniques have been employed for both atomic and mo lecular
systems, theoretical studies have been largely confined to an analysis of the
properties (bound—bound , bound—free and free-free) of atomic systems (Refs. 4, 

lb

5). This has been due in large part to the unavailability of reliable wave-
functions for diatomic molecular systems, and particularly for excited states

• * Supported in part by AFOSR under Contract No. F44620-73—C—0077. TI
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or states of open—shell structures . More recently (Refs. 6—9), rel iable
theoretical procedures have been prescribed for such systems which have
resulted in the development of practical computational programs.

The theoretical analysis of atmospheric reactions requires the know-
ledge of the electronic structure of the ground and low—lying excited states
of atoms, ions and small molecular clusters of nitrogen and oxygen and , in
certain regions, the interaction of water or other small molecules with
these clusters. Becauoe of the computational complexity for systems with
large numbers of elections, traditional ab initio theoretical method s are
difficult and expensive to apply . However , no clear al terna tive cho ice is
currently on the horizon , although progress continues in semiempirical and
perturbative approaches to the calculation of electronic structure. Such
approaches have met with limited success in applications to electronically
excited states of molecules . Ab initio computational programs based on the
variational theorem, incorpora ting analytic basis functions and coup led with
a conf~~~’-ation interaction analysis, remain the backbone of our techniques ,

• for studies to chemical accuracy , which are applicable to systems such as the
atmospheric diatomic molecules and ions.

The potential curves derived from such calculations can often be empiri-
cally improved by comparison with so—called experimental curves derived from
observes spectroscopic data , using RKR or other inversion procedures. It is
of ten found , particularly for the atmospheric systems, that the remaining
correlation errors in a configuration interaction (CI) calculation are similar
for many excited electronic states of the same symmetry or principle molecular
orbital description. Thus, it is often possible to calibrate an entire

f fam ily of calculated excited state potential curves to near—spectz’oscopic
accuracy. Such a procedure has been applied to the systems described here.

The particular choice of the atmospher ic systems to be presented here
proved to be somewhat of a problem . Calcula tions for the N2 molecule, includ-
ing all low—lying valence and Rydberg states, had been performed several
years ago (Ref. 10) as had a fairly extensive set of calculations for 02
(Ref. 11). Cilmore has described the known spectroscopic states for N2 , 02,
NO and several states of their corresponding positive and negative ions
(Ref. 12). A complete analysis of all of the valence and low—lying Rydber g
States f or N2, 02 and NO including ions, seemed too formidable (and expensive)
a task , so the systems N2 , 0,, NO, 02 and NO4 have been selected for inclu-
sion in this review. This c1~oice includes the most important atmospher ic
positive ion, NO+, and the chemically most interesting negative ion, °2

25 
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The general composition of this article is as follows. We first
present a critical review of the current status of electronic structure
calculations for molecular systems. This is followed by a compilation of

• the potential energy curves, derived spectroscopic analysis and pertinent
discussion of the atmospheric molecules selected above.

• 4

26
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