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1 -~ al cox~3 i t  loot of t i n  ~:n-:: : Lor e can cc H ern in o d  (F e f .  1).

i r n c -r . t  tn •t •j O .j :f i cr t t  WhI C H are d i re ct e d  ~.oa a ’i a aura  — O . ~ :- ] O tO
and - ~j  ‘ i r ~ nr z t is  of t te  t~’ rncn -urL c- ’j uat ions ~~~~rn i f l~ c~ c. - - r ;  L’

• I a n n f i or .  an-i t n -  :-rc ~ a~ at iori  of u r t i  i i  cial d in t  nv tan ces  i - e- J o i~ ‘intai led
i n f -  -so inn -c: tn -~raal ~: n - : it i ec  and LWIR accorct i on  10 ~~ loot  of tn ’:. : - • rOtor-

r e s t o r e  no ’- re  ‘ u i -cc Jar :~~ct r  are icc r~ ant ~~~~~~ 2 - —--
~~). kltn ou~--H

• an - - x -  -~n i -~~:.~~cH c - ~- - • r i ~~ues n ave been nr : f , loyCrJ for  coth at omic and
- ~1 c Jo r  c;;tt~~~s , t •c-~~r -~t ic al  c t u die c  ~.av a been largely conf ined  t o an aoal~’-
c i t  of the  c -  st i o c  (torid -c-cand , bound—free  and free-free ) of atomic sys-

This  has been due in large part to the unavailabil i ty
of re liable  wa’; ’for -c t i onn  for diatonJ c molecular systems , and p a r ticu l a r l y
f or  ~x c ] t - - ]  ~~~t - c  or c ta te c  of o~ ec-the1l structures. :~ore recently, ~~~-‘—~~fl r e lia nl e  t r e o r e t i c al  procedures hav e been prescribed for such systems
vh ich hav e r c s - J •o d  in the development of practical computational programs .,~~

The theoretical analysis of atmospheric reactions requires the knowledge
of t h e  electronic structure of atoms , ions and small molecul ar clusters of
cit ro ron  and oxy: n and the interaction of water or other small molecules
With  these c lu r t r r c . Knowledge of the chemistry of metal oxide species , which 

- 
-

::.i cht be fre sent  in a contaminated atmosphere , is also desired. Bec ause of
the corn l utatiorlal complexity for systems with large numbers of electron s , tra-
di tional  ab init in  theoretical method s are d i f f icul t  and expensive to apply.
HCA ’- ’-cver , ab in i tlo  cor ..put ationa.l program s based on Slater-type orbitals and
incor r ,ora t in ;  both SCF and configuration interaction analysis have been
le-inlop ed and are available for studies to chemical accuracy for systems such
as c~ , 02 , NO and their  corresponding molecular ions . Semiempirical methods ,
such as extended }iückel or CNDO theories may be applied to systems containing
aany more electrons or nuclear centers but they are dependent on the parameter- - •

izat ion of many-center integrals , which is diff icult  and often ambiguous for 

~~~~~~~~~. ~~,±___ _ _ _ _ _ .~~~~~~_•,
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systems containing man y different atoms . However , there is a local potential
model for the electronic structure of atoms , molecules, clusters and solids,
(Ref. 10), which is relatively simple to apply to systems containing heavy
atoms and large numbers of electrons. This is a density functional method
which has been used for many years in solid state theory for the calculation
of the energy band structure of solids (Ref. 11), and has been shown to give
accurate results for heavy atom solid—state systems, both for the one-electron
spectrum (Ref. 12) and the cohesive energy (Ref . 13). In the case of an
inf inite perfect crystal, the density functional method is usually used in
conjunction with the augmented plane wave (APW) or the Korringa-Kohn-Rostoker
(K:~~) methods of solution to the one-electron Schr6dinger equations. Until
recently, it has not been practical to apply this model to finite systems
other than atoms (Ref. 114). However, in the last several years, the develop-
ment of “multiple-scattering” techniques (Refs. 15 and 16) for the solution
of the equations in a tnulticenter finite system has allowed the density func-
tional model to be applied to a large number of molecules (Refs . 17 through
20) and clusters of atoms simulating localized excitations in solids (Ref S.

21 and 22) which cannot be described by an energy band model. In its usual
form, certain assumptions are mad e concerning the modecular potential In order
to make the method computationally practical. These lead to the so-called
X~ computational method. During the present research program under Contract
Fl9628-73-C-0300, a thorough study of the effects of local exchange and model
potentials was carried out on prototype systems. Substantial improvements in
the method resulted from these studies, especially in the reliability of the
calculation of the total electronic energy.

2
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SECTION II

C URRENT STATUS OF QUANT UM MECHANICAL
METHODS FOR DIATOMIC SYSTEMS

The applicat ion of quan tum mechanical methods to the prediction of
electron ic structure has yielded much detailed informat ion about atomic and
r olecular properties (R ef .  7). Particularly in the past few years, the
availability of high-speed computers with large storage capacities has made
it possible to examine both atomic and molecular systems using an ab init io
approach, wherein no empirical parameters are employed (Ref. 23). Ab initio
calculations for diatonic molecules employ a Hamiltonian based on the non—
relat ivist ic electrostat ic interact ion of the nuclei and electrons, and a
wavefunction formed by antisymrnetrizing a suitable many-electron function of
spatial and spin coordinates. For most applications it is also necessary
that the wavefunction represent a particular spin eigenstat e and that it have
appropriate 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 . 8).

Hartree-Fock calculations are based on a single assignment of electrons
to spatial orb itals, following which the spatial orbitals are optimized ,
usually subject to certain restrictions. Almost all Ha.rtree-Fock calculations
have been subject to the assumption that the diatonic spatial orbitals are
all doubly occupied, as nearly as possible, and are all of definite geomet-
rical symmetry. These restrictions define the conventional, or restricted,
Hartree-Fock (RHF) method (Refs. 214. and 25). R}IF calculations can be made
with relatively large Slater—type orbital (STO) basis sets for diatonic
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 qualitatively correct description of the electron inter-
action in many systems, and in favorable cases can yield equilibrium inter-
atomic separations and force constants. However, the double-occupancy
restriction makes the RHF method inappropr iate in a number of circumstances
of practical interest. In particular, it cannot provide potential curves
for molecules dissociating into odd-electron atoms (e.g., NO at large inter-
nuclear separation), or into atoms having less electron pairing than the
original molecule [e.g., 09 

3Eg -. o(3P)]; it cannot handle excited states
having unpaired electrons ~e.g., the 3~ states of £~ responsible for the
Schuma nn-Runge bands);  and , In general, it gives misleading results for
molecules in which the extent of electron correlation change s with
internuclear separation .

3 
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• pe r ip heral storage .

Both the R}~’ and CI method s yi eld elcctronic wavefunctions and energies
a: a function of the internuclear separation , the RI-!~ method for one stat e ,
and the CI met hod 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 anharmoric and rotation-vibration
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ru: 0 0 0 J ’ :s  to :~ ‘.‘ ery smal l nrirr.b er of ri olee’iie:.

:t is riot always possible or r ract ica l  t o  r ector’s an ab i ni tic  or ‘r -ath~ —
cat I c ally rioorou: calculation of the electronic structure of a diaton ic
s,clecol c contai:.i n ’  a I ax-ce numoer of electrons and it is somet im e :  useful
o c  r o t or -c  to a nprox~ rr ,at ion S based on certain physical insi:’s.t:. Drie sucr~
o:c - ro x irna t i o n is th e dens i ty  functional method (Ref .  31) as a~-r-? i e d to
‘: : l ’c ’o ,lors .  In one im:-le:r ,ent atior i of th is  approach , namely the F 0 m odel ,

:0  crne-—-le ctrc-n Schr6dinoer equation is set 101) wi thin an apr~roxirr , ation to the
Or ’ ~~ -ot- ’ntial wr,icr, ~ t s: b,enical?y :yrr.rretric within spheres :nrro’orrdir:,; the
,n-o - - ral  nuclei , cons tant  ir. the recion between ad j acent spheres and sphe ri—

call’,’ :;yrr:r ’-tric o’otr:i rho an outer sphere wh ich encloses the ent i re  collection
-ti S sole :.  The r osu lt in - - eq-oat i ons are solved by a mul t ip le—scat ter ing method ,
- -o .!’ialer~t to tr ,e method (Ref .  32) often used for crystals. From the
r-cs’ütino crr arce dens i t i es , onecan comput e a total energy , usi ng a s tat is t ical
ar - inrox imat ior~ fo r the exchtmoe correlat ion s . This approximation is defined
apar t f rom a mult ip l ico t i ’.’e factor , ~ , h ence the name method .

The ‘~~ method has bee n —.‘ery o occ essfuj . in predict inc excitation enercies
in molecules and mol ’~rr ’slar i on: hot hoc met with only l imited success in cal —
c Jat i on of total enex-cies . The basic def ic iency  appeared to lie in the
“', r f f j n - t i r .  app roximation to the tr ’ie potent ia l  rather than in the statist ical
t rea tment of the correlation ener ~~ . Howe-icr , recent studies at this Cen te r
have shown that  when certain variational constraints  are applied to the F0
wavefunctions , significant i mprovements in the calculated total energ ies can
be obtained. At th i s  time the method appears to have utility for constructing
re;ions of potential energy surfaces.

5
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: - .~ : : , l : - :af r : - :: r ’, - t i~ cr1c .

1. La”s-c ’io of Arr: -roxir n at iorr

~iuch ,ovidor-ce or. i~ at-cr:r.ic arr i : olyatorrL c systems indicates the near
a-ice :ao;,’ of a s,InI:r,c,Cfaccr-cy : ~—- or~ lOal (~~

‘
~‘-~~) 1-asis for constructing

r,oleo’rd ar  wa .‘or C-or: ’ot~ or,: (ic c:’:. a:, 
~~

‘ ) .  This mean: ::c.er— sicell and
7alence- :rsoll ST I ’: of’ o ,ant or , n::, - -cc a: : r ’o: ri ate to the atoms (is , 2s , 2p
Cc:’ C, H, ‘I; is for ii). I~ ‘- rna ’n -h e:’ic - -: ‘~s of the  minimum basis set is in
it: in a b i l it y  to descri:- :- nolarl:ao -:, 0:0:, -:r: itais in atoms adjacent to H
atoms , and :ru”sc:si’ul calc iiat oo: o:’ial’Liy r’:s:lt if one (or a set ) of p
orbitals is :-stp ?ied fo r each H at or :’.. boise: of the screening parameters c
for each orbital can either he set Croci atomi c studies or optimized in the
molecule; the latter approach is i n r h i o a t c -i for studies of maximum precision.
~Ther , hi~l-i chemical accuracy iso required , a: for the detailed studies of the
::ro’cr,d state of a system, a more extended ha:is should be used. Double-
zeta pl o: polarization functions or optimized h O ’s usually are required.

The chosen basis sets give rood results only when used in a maximally
Cli.exic’le manner. This implies the construction of CI wavefunctions with all
kinds of possible orbital occupancies, so that the correlation of electrons
into overall states can adjust to an optimum form at each geometrical confor-
rnatiori 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.

2. Spin and Symmetry

Proper electronic states for systems composed of light atoms should
possess definite eigenvalues of the spin operator ~2 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 stat e must
be obtained by a constructive or projective technique. Formulas have been

6



developed (Ref. 25) for projective construction of spin states from
orthogonal orbitals , and programs implementing these formulas have for
several years been in routine use at 1!rRC.

One of the least widely appreciated aspects of the spin-projection
crci:-lem is that the same set of occupied spatial orTxitals can sometimes
he 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
orrtim ’j, m coupiinr will continuously change with changes in the molecular
conformation. This is especially important in describing degenerate or near-
-ic-generate excited electronic states.

3. 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
ci nuclei, the approximation leads to an electronic Handltonian depending
parametrically on the nuclear positions :

n n 
~ z z

c~1/ ( R ) :_ ~~~~ E V i
2 _ Z  -i# — Z -~

;
~
1 + 

A
R

B 
+ ~~ ‘.1

I : 1  ‘A j :~ B j I

where Z~ and R~ are the charge and position of nucleus ~, r~ is the position
of electron i, and -~ is the Laplacian operation for electron i. The
Hamiltonian H is in atomic units (energy in Hartrees , length in Bohrs).

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

(2)

by invoking the variational principle

8 w ( R ) : 8  f’?(R).4((R)”p(R)dr (3)
-
‘ f~” (R) ’ p (R)d r

The integrations in Eq. (3) are over all electronic coordinates and the
stationary values of W are approximations to the energies of states des-
cribed by the corresponding 4r. States of different symmetries are studied
by restricting to the appropriate form, and excited states of any symmetry A
can be handled by simultaneously determining the 4r for the excited state and
all lower-lying states of the same symmetry.
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The :rnxcific form for ~ may be wr itten

OT n ’:~’C each ‘~ is referred to as a configuration, and has the general
s:r:’c :re 

(R)~~~ O s ~~~~ 
(~~~1 R) e ~

‘.- ,‘j, ure’ each ‘
~~~~~

- : a spatial orbital, A is the antisymmetrizing operator,
: j~ oh.,: snin-nro ,lection operator for spin quantum number S, and ‘~~ iS;

a - so h r-c t of ~ and ~x, one-electron spin functions of magnetic quantum number
:1 -~ roq-cirement is imposed as to the double occupancy of the spatial cm l-

tat , so Hp:’. ~4) and ( 5)  can describe a completely general wavefunction.

In Cartr ee-Fock calculations ‘~ is restricted to a single which i s
05:-cute- i  to con si st  a: nearly as possible of doubly—occupied orb~ tal:. ‘The
cc: - - are ti er: selected to lie the linear combination: of ba:is orci-
oats : 0- St  ~~ t i s f yi:rr i~:. (3).  ‘.-,T r i t inu

4’
~~~I~~~~~~ ~~~~~~ 

(6 )

The a are determined by solviro- the’ matrix iiartree—Hoc’i: ert,ratiori:

~ F X O 11 = E ~~~ S >~ , o~~ (each X) (-f )

where e is the 0cc ital 000r -y of 
~~~~~~~~

The l ock operator F~~, has been throughly discussed in the literature
(Re i ’ . ~6) and depends upon one- and two-electron molecular integrals and ‘or on
the a,,1. This make: Eq. (7) nonlinear and it is therefore solved iteratively.
‘JTP,O has developed nrocrams for sol’ring Eq. (7) for both closed and coen-
shell systems, using basis sets consisting of Slater-type atomic orbitals.
Examples e’f’ their use are in the literature (Ref. 37).

In configuration interaction calculations , the summation in Eq. (14)
has more than one term, and the c~ are determined by imposing Eq. (3). to
obtain the secular equation

(eac h~~) ( 8)
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~~~ :f4~~ (R)~ 74/ (R)4’~,(R)dr

( 9,
s,~, ~f4 ’, (R)* ’~ (R) dr

p~~-s
..: s- (‘7 ) :~ : .LV~~I :J :ca:,sC:: i ’ - :: fu’~::’1n ’on -fur. ~: t. ur a :::rj ’l i f ’ e ’i

I i  c~ n.’ ~‘i uL~ , U l  ~h so’ . 36) c . - ‘- : c-ic to , Iha ’r t ’: (i-c: ’. 30)

‘c - c H ru ; :o re’i - ’ : - i  . ‘~‘ a : : ’ - n : r I : ;, ;r _
I-

- -

~~~ ~-z E P
~~~~~

M J J S &M><fl~~~~~
(r J , R)

~~~~ 
(R) P~ fl~~~~ ( r 1 1 R~~ (10)

: ~ - ,
~~~~~~~~~~~~ r . ’ j era  e:~~~ta:~~~~~.

0 ‘‘ ‘ ‘ icc- I :oe: ’C :c ’Hc:, t ’’ -ar s fue rc:;c,funIrcr~ f’ -oct .or: ore

-~ —~~ C’ 0 ~~ to — icc — ~~C ,,e ’

iS’ fj.e’ ‘ c:.:’- ‘~~~~‘
‘ - -c ‘ - :‘::,rsI, ii:: . (ic ) a. - : (11) become :c:- -r e true-tail : aol thu

‘- : ,  : ~~H , ::a,-’ hc’ ’ - ’zO ur:tE, - h : - y uS : ~1t ;c’~t::ois ‘j’f ” , iS ti:’: li t’ rat  soc
-
~~ . 3 5)  - . . - -so :‘- so::. - : 010 soOn i ’OSClO - ’r ’ i  ~

‘Of C a rf i i i r :  out to~ . ‘ n i ’O—

cx c i  ore , ‘ic.n cl Oy .07’: : u:: c-i ‘ ‘o~’ : c u : i-::v’ containin; ur to 140 total. el-c
11; cc,: -al:.’: I - - :ct”oo,’ , an-s ::,;‘,rcrat tico’.:,’:and cor:f’i ::‘.‘ations .

Hi z’ t :,: ’ - ’ i -so’.cx’Hce’j ansI-To ‘:an b-c- carried out ‘or any offal ‘:roo,l
set of ‘:.S ’D :’ .;: I - - - - - o,~ le c - b r  1 corrals can be calculate-rh.

TIll: ::::. - ::neci t i :  . r ncf sion for the choice of t i c  -
~-~

j as
‘Tm ’ -’c’— t~me at-). H or loot: , a:.- s:~mo::etry moleculam orbital:, mc
Pock c-cl i t c H , 0’:’ 0: ::.or-c or: it:’arn oo:cc-:ioations of atom.L o or: cmi ,::.

Holecular Integral:

Ti-ce one- and two-el ectmon integrals needed for the anove descrl : eu
-S - c-: or ’ ~‘m l c c r b a f ; i o n  are evaluated for STO ’: by method:: dc-rob ; u-u sy t’:c

‘-rotc-nb 1i:v~c’t l m,for : (Ref. 35). All needed commuter pro;’ramr have ;c-~n
‘c- . ;ot~ ::-ec. ens C ‘I1~T tooted at iJTRC .

5. Configuration Selection 

sin,
~ 
a cibrilmor: bas h :: plus polarization set of one—electron function::, a

‘fr-Hal system will have of the order of l0~ configurations in a full CI
( f r et result,ln from all possible orbital occupancies). It is therefore

() 

-~~-- — - -‘ . - -‘.-- -- ---— - .- -~~ ‘—--— —‘~~~ - - - ‘ ~~
-- - — -

“-- -, ------- --- — 
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essential to identify and use the configc”~ations describing the significant
part of the wavefunction. There are several ways to accomplish this objective .
First , one may screen atomic-orbital occupa~’cies to eliminate those with
excessive formal charge. Alternatively, in a molecular-orbital framework -
one may eliminate configurations with excessive number of antibonding orb i-
tals. A third possibility is to carry out an initial screening of configura-
tion:, rejectins those whose diagonal energies and interaction matrix elements
do not :ati:i’y significance criteria. Programs to sort configurations on all
the at-ave criteria are available at IJTRC.

Ither , potentially more elegant methods of configuration choice involve
formal approaches based on natural-orbital (Ref. 11’O) or multiconfiguration
COF (Ref .  141) concepts. To implement the natural-orbital approach , an initi-
al limited-Cl wave-function is transformed to natural-orbital form , and the
resulting natural orbitals are used to form 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
numi:’er of dominant configurations can be readily identified.

It should be emphasized that the problem of configuration choice is not
trivial, and represents an area of detailed study in the proposed research.
The existence of this problem causes integral evaluation to be far from a
unique limiting factor in the work.

6. Density Funct ional Approach - X~ Model

The X~. model (Ref. 10) for the electraiic 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 nonrelati-
vist ic Hamilton ian with only electrostatic interactions , it can be shown that
the total energy E of a system can be written exactly (Ref. 142) (in atomic
units)as

E :E f lj < U jI_ .f- V
~~
+
~~ ~~ I u , > + f Z

(12)

~~~~~~~~~~~~~~~~~~~~~~~~~~
This expression is exact , provided the u1 are natural orbitals and n~ are
their occupation n~nnbers (i.e., eigenfunct ions and elgenvalues of the first
order density matrix). The first term in Eq. (12 ) repr esents the kinetic
and electron-nuclear energies . The second term is the nuclear repu lsion



ener -y. The sums 
~~~~~ 

are over all the nuclear charges in the system. The
third term is tne electron—electron repulsion term, which represents the
classical electrostatic energy of the charge density p interacting with
itself , where

~ (i) ~~ n 1 u~(I) u 1
(l) (13)

~~~c- last term Exc represents the exchange correlation energy and can be
expressed formally as

E~~~
: +f p ~’~ d ’7f  Pxc (1.2) 

d~~~ , (lu)

where ~~~~ (1,2) represents the exchange-correlation hole around an electron
at position 1. In the exact expression, 

~~ 
is dependent on the second-order

density matrix. In the Hartree-Fock approximation Exc is the exchange energy,
oxc 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 Pxc• 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

~~~ :J 
Pxc(:~

:) d~~ ( 1 5)

is inversely proportional to the range of the hole, r5, where r5 is defined
by

41T (i6)
~ 

r~ p ( I) : I

Therefore, in the X~ model , the potential Uxe is proportional to
We def ine a scaling parameter c~ such that

- 90 1/3 (11)- -
~~~~~

- (3 p (J ) /8~~)

The expression in Eq. 17 is defined so that ~ = 2/3 for the case of a free
electron gas in the Hartree-Fock model (Ref. 143) and ~ = 1 for the potential
originally suggested by Slater (Ref. 1414 ). A convenient way to choose this
parameter for molecular and solid state applications is to optimize the
solutions to the Xiy equations in the atomic limit . Schwarz (Ref. 145) has
done this for atoms from Z = 1 to Z 141 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 ener gy is summed over the two spins , s = ±

(i)r~ Jp~(t ) u~0 , (1)dr ,
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I — — 1/3 (19 )
U

~~~~~~~~~~~
W ~~~~~(3p~l)/4ir )

and e- I - ti c’ - .‘or e density -‘urr ’I-::lnrJl :. ~.o ci,;- ,:tr”S::’ ’:!’ : :r ln  5. ‘b e-

‘H::’ re-s ~~ x’o -iel is n~ c- ~~~~~~ f- -i ’ icr: cu’ib in. - at -~‘:,‘ a,cd roe eocci.c-:,- r i  tic

-c-IL: u’r,-.tiou: and crv:;tol: s:,i’ i 0:0 ‘ ‘ei’Ol:J:, ‘: 5  to.-: or a:~t — -
ferro~’,a c u c t i e - .

- :e -:r,e :0 0  :::adu the X~ a’r— :-rox :matl on to  the  f c ’;ril ‘c-nor ,p’ f u,-ct. ’cr:al

a (12),  ~ e r ‘ of ~
‘ r o  follow: ror~ L c a~ Hca’ of t~ &

vac’~ at~ ona, : rcncsoso~c. The on ,ital:: i arc- :ieterxxc ,lr:c- :-y ’icrr:an-x n-~ that E
cc- scat -s:.atv :‘riti: rc,;r:ect to -rarlat.h -:ru: in u. . ‘I’h~ s b arb to the set of I:..—

“ - 1
electron I’i~ equatIons

~

- 
± V~ + ~ ~~~~~~~ — +Jfi~2~ d~~+ ÷ Uxal ~~, 

€ , 
( 2 0 )

‘,-rc e re ~ I: the ‘ no—c - Is  ctron eioeror.al :e o:::uci .ated wi.ti: ::c: - Since o (r) is
I:, :0rnu’ c-f thc cr1 itals :~~, the bq. (20) :o-:: t be .ool~ eci inc-rat ivcl1.r,

until ,  sc-hf-consistency is achieved. Emo-inisal ly , if one t ake: a: an ini, t’h ab
ye:: that 

~ 
,: - - as-yroxlrcatoly a s-cs:. of sr oriSon- coed atox-be coar e d en s i ti e s ,

then thr- -cosorer -ence of this procedure is fairly rapid . The factor of 2/3
::u tic-lg,’ir, - ’ the not ootial is a rescc,o t of the nonlinear dependence of lb,e- ~~
~. fbi: alsc ha:-: a: a consequence that the X~ ‘ci genvul’se:: e~ do not sati :f y
:Too’cr:an: ’ tl .eoccm , i.e., the~r cannot he interpreted as ionization enera~o:.
bowe’:er it c-arc be c-kown that the 

~~~
. are : O c ’ti a? derivatives of the total

extres:~on of Ho .  (12 ) with i’es c ccl, to the occu- ation nuniber ,

(21)

If E were a linear function of n~ , then iloopman::’ theorem would hold.
ihowe’ier , becaus e of the dominant Coulomb term , E is better  approximated ‘by
a quardratic function in n i, . This lead: to the “ t ransIt ion  state” anicroxim: -
tier, which allows one to equate the difference in total energy between the
state (n 1, flj ) and (n~ - 1, n~ + 1) to the difference in the one-electron
c-ncr -ic: ~~~~. — ~ , calculated in th e state (n — -

~~~, n~ ÷ 
-
~~

- - ). The error in
this ar-c ro:-:imatbcn is proportional to t,:brrl-crder derL-;atives of E ~ith$ respect to n~ and n ., which are us’xal,ly small (Ref. 146). The main advantage
of c::iS,- the fran:i~ ion state rather than directly comnaning the total enero~
‘rai - ’~es is computational convenience , especi ally if the total energies are
bar - .: nurb er : and the difference is small.
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The relationship of Eq. (21) also implies the existence of a “Fermi
level” for the sroun-d state. Ti,is can tiC seen ny varying E with respect to

sn-icr the condition that the sun ~ ‘n . is a constant, i.e.,

8[E_ n j ] =O (22)

= ‘~ , wi,€-rc- is a Lagran ’iar~ rn cJ,ti xi icr . Th~: irorlie: that
n.e total. ~~~~ is ::tationary r-rhc-r, all t:, r I, o— -J es t ror. ener Ti ‘:5 are equal.

t1 ,c’~~ c: .’ ,:-ation n-sm: err ’ ace also 5 :: joot to the rc-::trbstion
o � ~ I. fbi: b-oh: to the follovf r. ’ ’:-:r. i l t i  cisc on the ground state occu—
rat io’ , r - O :, :Cr ; 

~ <h . ) .  n. =

E .>X - ) - n~~~O ( 23)
E1 A )  O~~fl~~~I

1k, other words , the :roun -i state c-c -envalue: obey FermI statistics with
rex r e sen t ing  the c’ cr o i ener -y. It ::o~~ d be noted that , in: contrast to the 

-or tneorv , ‘-s.c-re al l. the nr1 are either 0 or 1, the X~ model predict:,
in some oases , fractional oco ~:cation number: at t,e - - ers,i level. In n a rt i  o

ib~ o~~ ir in a :;~th (~~so a b-a i~~b-or ‘cb-~ or ao~~~~~~~ dr atn~ ~
which has. more than one onen shell .

The X~ model differ: in other si -nb-’ leant way:: from tb-c liantree-Fock
method . Is: fact , the :implificatb-n introduced in approxirnati.n , the total
‘cner : J’ exccre::ion introduces :evc-rah distinct advantage: over Hartree-Fock :

1. The snima ry advantage is rc-s,rely computational. The one-electron
notential in F’:. (2C- ) is orbi tal—in denendent  and local , i .e., it is the same
o ’er all electrons (excent in the spin-polarized X~ theory ) and is a m-sit inli-
cative o:.cranor. br: the other hand , the Hartree-Fock potential is nonlocal ,
or eq’aivaber~tly, 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. 147) that
the X~ orbitals for the f irst  and second row atoms are about as accurate a:
a double-zeta basis set , and are probably better for larger atoms which
involve electrons with ,g � 2.

2. The orbital-independent X~ potential leads to a better one-electron
descrintion of electronic excitations of a system. Both the unoccupied (n1=O)
and occupied (n 1 = 1) eigenfunctions are un~.er the influence of the same
potential resulting from the other N-l electrons. The Hartree-Fock virtual
orbital s see a potential characteristic of the N occupied orbitals , and there-
fore are not as suitable for describing the excited states . Actually ,
although the ground state virtual eignevalues are usually a good description
of the one-electron excitations, the virtual spectrum of the transition state

13



j oter.tial where one-half an electron has been rei~~ved from the system gives
a much l e t t e r  fi rst—order nictu r e of these levels (Ref. 14’8) .

~. Air ha: been shown by Slater (Ref.  149), the X~ model rigorously
satisfies both the virial and Hellman-Feyi’unan theorems, independent of the
value of the parameter ~. 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 expre:zion for the total energy of Eq. (~~)

H
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7. Computational Aspects of the Method

to application of the X~ model to f in i te  molecular systems , there are two
prac”ical aspects of the calculat ions 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 ,
o’, in different regions of space.

Tn computations with heteronuclear molecules , there are two free param-
e’-rs that must be chosen: the ratio of sphere radii for the atomic spheres
ot tnt e~rat ion at a given internuclear separation and the value of the exchange
paraxne.er in the iritersphere region. The values of the exchange parameters
~~~~~~ usually chosen to be the free atom values inside the spheres.

h~ s been found that changing the ratio of the sphere radii for the two
atoms in a bet eronuclear diatomic molecule introduces changes in the total
‘-nergy that can be large on a chemical scale , (‘— 1 eV). A choice for sphere
radii based on covalent bonding radii does not necessarily provide a good esti-
rn~~ e for these calculations . Studies made at TJTRC have shown that at anygiven
separat ion the total energy calculated f rom the X~ model is a minimum at the
radii ratio where the spherically averaged potentials from the two atomic
centers are equal at the sphere radius ,

V1(r5 ) = i2 (r 5 )

This relationship between the potential match at the sphere boundary and the
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 ra nge tail of the potent ial must go like 42/R from one ion and -2/R
(in Rydbergs) for the other ion and so at large internuclear separations , the
tails of the potential cannot match well. However, at reasonable separations,
the l/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.

The second free parameter , th e intersphere exchange coeff icient , is
chosen to be a weighted average of the atomic exchange parameters from the
two constituents. At small internuclear separations, the optimum rad ius for
an atom ic sphere frequently places sign if icant amounts of charge out side 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
coeff icient s are chosen to reflect the or igin of the charge in the intersphere
(or outersphere region),

15
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wher~- (Q,5 • — Qj,°) is the charge lost I ron sphere i relative to its atomic
value  ~or ionic value) Q.j,° and 

~~~Sj  
is t h e  atomic exchange parameter for sphere

This  va t-s e for nter sph ere  is calculat ed dynam ically - it is updated
a ft e r  c -ash i t e r a t i o n  in the self-consistent calculation.

‘
~
,‘hib- for heavy atoms , these changes in the exchange parameter would be

small , ‘he s’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 t h e  molecule but also in some cases affects the distribution of
char~e l - C t ~~e’-ri th e atomic spheres and the int ersphere r eg ion.

B. Transition Probabilities

The electronic and vibrat ional-rotational wavefunctions of a pair of
scat es can be us-c d to calculate transition probabilities. If two molecular
s ta ’  es arc sep ara ted in energy by an amount = hc~ (h = Planck ’s constant ,
c = rcloct~y of lizht , ‘~ = fre~~-s-c r:cy in wave numbers) ,  the semiclassical theory -
of rai ’c’ :on (pefs . 50 and 51) yields for the probability of a spontaneous
t r a n s i t  ion from an upper state n to a lower state m

34 ~~~~ !a~.. (214)nm 3 ~
-
~;

-
ç3 g~

• Fere A~~ is the E ins te in  coeff icient  for spontaneous t ransi t ion from le rel
n -. m, ~~ 

is the total degeneracy factor for the upper state

(2— 8~~, A ’) ( 2 S 1 + I ) ( 2 J ’ + i )  (25)

and is the total strength of a component line is a specific state of polar-
isa ’ ~orc and propagated in a fixed direct ion.  A related quant ity is the mean
radia tive lifetime of state n defined by

~ (26)
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• he :‘ .:a ’mt ’ ion ng, over al I I ow”r levels which offer allowed connect  ions .
he in~ -j ns  it~r of ‘ L’-  ~c:ii t • ‘-d ~-‘J hat ion is

I nm~~~~ E nm N n A n m  (27 )

n h - c - -  is tne  :,~ m s - r  den sib - ’ in th’~ upper state n. This analysis assum es
‘h a ’, nil  ‘ ‘~-n e r n t ’~ s tat e s  at th e  same t cr e l  n are cqu a l i 7  pop u~a te u , which
a t  - be t r c -~ ~or iso tropic cxc: tat t o n .  ,h e  to ta l  l ine :trer: , r t h  can no

a-s the s :uar-~ of the transit jon morn-nt summed o’ier all de~scr~’-r~-t-c 
-sorcnen : ct ‘ne molecu’

~ar ::ta n and m:

S nm :Z IM .I (28)

ani i reter to all quantum numb ars  associated collect ively wi th  upper
cad Inaer e l ec t ron ic  s t a t e s , re sp ec t  i- r e ly .

:n the -ar:.-1;n-:-nhciner approximation , assuming the separability of

-hac-.’ ’ resic and :-ocloar motion , ~he ;- -a r c :u r i c t  ion for a diatonic molecule can be

~;ritten as

‘~‘ VJM A e L V~~~~~’JM A (6 I X ’ ~~~ ( 29)

wh~~’e -
~~~
‘
~~ 

( r .  ~~ ) is an electronic wavefunction for state i at fixed inter-
nu- ,-~ar Ec-naratiosi 

~
, - ,‘.

~ 
(R) is a vibrat ional wavefunction for level v and

tjn-t ~~~~~, x, ~) rotors to the rotational state specified by electronic angular
mem: :ttum A . total angular momentum J and magnet ic quantum number M. The rep-
r e sr ,t a t i on  is in a coordinate system related to a space-fixed system by the
Euler ham angles (0 , x, ~

) .  The t ransi t ion moment M~ j , can be wr i t t en , using
‘he wavefunction civen by Eq. (29), as

M~ 1 
~f~~ ’J ’A ’ M ’ { M~ + 

~
} *~~ J ’A° M ” dT e dT v dt r 

(30)

17

1

~

—.-‘ -

~

-—



_______ - . - 

~~~~~~~~~~~~~~~ 
___ 

- -

The subs cripts e , v and r refer to the electronic , vibrational arid rotational
wavefunet ions and Me and t.f’ are the electroni c and nuclear electric dipole
moments , respectively . Integration over the electronic wavefunction, in the
Born-Oppenheimer approximation, causes the contribut ion of the nuclear moment
M~ to vanish for 1. 

~ 
j. The electronic dirole moment can be written (Refs . 51

~nd 52) in the form

(31)
k k

where the pr imed coordinates refer to the space f ixed system , the coordinat es
rk refer to a molecule-fixed system and .~ (9, x, ~) is a group rotation ten-
sor whose elements are the direct ion cosines related to the Eulerian rotation
angles (9, x, ~). Using bracket notation , Eqs. (30) and (31) can be combined
to yield for the transition moment

M~~ : N J ’~A~M~ 
= d~

V l I~
.
~~ 

er
k~ iV>.(

~
1 A’ M h 1

~~ 
(9 ’x ’~)l J

II
A

IS
MI> (32)

The matrix elements c~’ A’ M ’J~~~(e , x, ø)I~” A” M”) determine the group selec-
t ion  rules for an allowed tra n’ it ion and have been evaluated for ma ny types of
transi t ions (Refs . 53, 514 and 55).  Summing Eq. (32) over the degenerate mag-
netic quantum numbers M’ and M” we have from Eq. (28)

nv ’j ’A ’ 
— 0~ ’A ’ ~~~

‘ (~~)S nm S mv Ilj sl~ II — 

~ JslA ll Pmv u

j’A’
where S ,$A ,, is the H6n1-London factor (Refs. 56 and 57) and

p~~~~f cI = <v~~~
Eer k~ 

v~~~~
2 

( 1 4 )

is the band str ength for the transition. Combining Eqs . (25) ,  (27) and ( 33) ,
we have for the intens ity of a single emitti ng line from upp er level n :
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I nv ’~’ i 4 nv ’~’A’

— 
nv ’J’ 4 ~ E mv ”j i Smv ”J h’A” (35)nm - I mV ” J ” 

~ 
N~ i 

t~
4 C 3(i~~

where Nj is the number density in the upper rotational state J’ and =
(2-~~ ,A) (2s’ + 1) is the electronic degeneracy . Taking an average value of

E~ 
v?, ~~~~ , for the whole band , Eq. (3 5 )  can be summed to yield the total inten-

sity in the (v’, v”) band :

r — f l y  fl y
f ly ’ ~~ nV ’ J ’ 

- ~~~~~~~ N ’ 1~~E mv~hi Pmy ” (36 )
3 ~

where N~~’ = ~ , ~~ is the total number densi ty  in the upper vibrational level
v ’ and where we make use of the group summation property

( )
J

Compar ing Eq. (27) and (36), we have for the  Einste in  spontaneous t ransi t ion
coeff ic ient  of the band (v ’ , v”)

I fl~ ’13 nv ’
flv i 

- ~ 
(1~E mv ”J Pmv ”

A mv 11 

1~i
4C 3W n (38)

Similarly , the lifetime of an upper vibrational level v ’ of state n can be
written

I ~-. fl y ’

~ 2, A mv hl
m n  V (39)
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‘- I ne rc  ‘hc surrs-t inn rn::; -‘ -- c al : s ’ cm- - “~~~~‘~~, inwe r :~ ‘~~ 
•-- a. -qutt io n (‘~~)

‘an be caS; I a : 1~e ‘o:npu ’n-i t I on~ 1 cc :::

A~~~’ (sec ~~
) ( 2 1417 59 x10 9) 

[A E~~~
’ 1
~ ( a.u )]

3
p~~y’ (a u )  ( - .c)

• , 
‘-

;-;h r-- I~T~ ~~~
“ an Ti ni~ A” are in  a t o m i c  u n i t s .  P is a J u c  o ft ’- n  c n r n r • - n i - -: ~

r~ ia~ e :I,e ~rans it ion m’nb abi l i ty  to - he ’ urnb ’-r of’ isp—cr b - : -  ~‘l e - ’  r - : - s  a’ -

~n - c-rn c m  -
~ ~-a’, ss:Or;  s tr -cc gth  c ln : s i c -~ I T ,~ . This ,n~-r .  he

‘ihaatrr strea~’th for omission , is ‘hart by

mc 3 h 2 
nV ’

f n m , V ’ V ”~ 1— f l V ’ l 2  4 mV ”

2e 2 
[~~E my

.he in ’ ,’- - r r - r  process c: ab:crpt ion is r’: ‘i o h- a: rv- — - ‘,m,’

thro uch -h~ i~ia” o’n co~- :’t’icien~ . ‘~-rr -sp ~ :, :iac  to c. ( T 7 ~~~, we ~, a ’r- - (cr a -
sing le line in absnrp’;iOn

r ’V ’J ’
‘ m n~~’ mv ” J ”~~ f K( ~ )d~~

:
~~ E mn N m B m n

line (v ” v ’J ” j ’ )

whe re K ( u )  is the absorpt ion roe :  t i c  le n t  of a c’r~-n et~
’ photons of freque:r~. U

and

nV IJ lA l

~V ’J ’A ’ 2ir S mv ”j~~’
8mn B mv ” j ”~ ’ 3h 2 c wm (2J ”+I)

is ‘- he E ins te in  absorption coef f ic ien t  for a single line. Summing over all

lines in the band (‘i” , v ’), assumiri~ an average band frequency , we obtain

1~~~’4 :~~~~,
I j u~~u N~~s’ 

3~~
2 CW m ~~~~~~~
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~
ahere N,1” 

~~~
“ j ” is ‘h’ -: total number density in the lower vibrationa l state

‘5 ’ . Iorrcspondin~ o Eqs . (LO) and (141) we can d’-’(’iri~ an f-number or oscil—
inn -cr s~ re:~ ” h for abso rp t ion  as

- 
2 m t ~E~~ ,’s 

~~~~~mn ,v V 
- 2 2 Pmv ”e u ~ (145)

n coal-n a’ loan 1 torn , Eq . ( 145) becomes

—
2 ~~E ~,(o.u-) ~~

‘

~mn ,v’v’ 
~ m 

P~~v ” (a u )  ( 146)

__,_ _ , ~~~, n
where T b:,~ ~~~

- and 
~~ ,

~~~
‘ are in atomic units. Combining Eqs . (38) and (141) and

comp-arisn :-;i:h Eq. ~45), we see that : ho nhsorpt ion and emission f-numbers are
related hg

(~~~~
) 
~nm ,v’ V ’1 (147 )

T orn , caution must h-~ observed in  the us— of f-numbers given either by Eq. (141)
or (L5) s i n c e  both band f -mur toe r s  and system (‘-numbers  are def ined in the lit -
er-a u r .  The confus ion  ar .I ,t -o s (‘con t h e  s-~’rera1 possible band averaging schemes
that can be identified .

An in~ecrated absorption coefficient (density corrected) can be defined
from Eq. (141~) as

Sv 11v ’~~~~~ I~~~,, = N~~~~ ii B v l
~v l 

(
i - e x p  

_hc~~v 1~
v )  

~~ (148)

t-,’here the exponential factor corrects for stimulated emission. Equation (148)
can be writ~ en in terms of the absorption f-number as

ire 2 N v ” f hc v v a,~i \ (149)
~~~~~ ~~~~

-
~~

-
~~~

- —
~~-- 

~ 
I — exp kT ) ~mn ,v”v’
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Using h c/k = 1.143880 cm-K°, we obta in a computat ional formula for the
integrated absorpt ion coefficient as a,,” , ~~ 

(cm 2 . atin~ 1-) =

2 3795 X I0 ’
~ (2r ~ .~~) (_.

.N) ( I — e x p  ~.4388O v v u’ v ’(cm~
) ) t mn ,v” v’ 

(50 )

The tot al integrated absorpt ion is found from

S T O T A L =E ~ ~~V U v ’ (51)

where , under normal t emperat ure conditions , only the first few fundamentals
arid overtones contribute to the summations .

The developments given above are rigorous for band systems where an
average band frequency can be meaningfully defined . Further approximations ,
however, are often made . For example, the electron ic componen t of the d ipole
transition moment can be defined as

~~ 1 (R)~ 
(52 )

This quantity is often a slowly varying function of R and an average value can
sometimes be chosen. Equation (34) can then be written approximately in fac-
tored form as

(~~)
I,j

where q~~’ ~~~~~~~ 
the square of the vibrationa l overlap integral , is called the

Franck -Condon factor. is evaluated at some mean value of the inter-
nuclear separation B. In ad dition , it is sometimes possible to account for a
‘weak R-depe ndence in Me by a Taylor series expansion of this quantity about
some reference value , ,Q~~~, usually referred to the (0, 0) band. We have

R~1 r E l + a ( R_ R a~~) ÷ b ( R_ R a~~)2+ • , ]  (54 )
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Substitut ing into Eq. (34) and integrating yields

-
‘ . Pa ” ~ qv ’v ”~~ IR~~~{ 1+0 ( R v’vu — R 0~~ + b(R v 1v h , R Q~ ) 2 + , , ’ ] I  (55 )

where

4I’~(R— R i3~I~”>(R v ’v ” R 3~ ) (v’ (v ”) (~6)

I
is the R—centroid for the transition and

R -R  ) 2v v ” af3 - 

~~~~~~~

is the R
2-centroid. Note that this last term differs (to second order) from

the square f the R-centroid . An alternate procedure can be developed by
evaluating Eq. (52 ) at each B-ceritroid , 

~~
, -

~,
“ • Then

(~8)

Equation (58) assumes that the vibrational wavefunction product ‘5v ’ ‘v be
~~

1e5
like a delta function upon integration,

~v’ ~v” B(R— 
~v ’v”) ~ lv’> (59)

;j : The range of validity of Eq. (~8) is therefore questionable, particularly for
band systems with bad overlap conditions such as oxygen Schumann-Runge. The

— range of validity of the B-centroid approximation has been examined by Frazer
(Ref .  58).
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H nal s ’ -~i i n  n I t1a t in~ ~r an r l t i o n  probab i l i t i e s  is t h e d e t e r n i n a t i a n
Le ele ” ro: i~ dipole tr’:’ri’ ion moment , for the entire rangr of

- : ~ -~~r :‘ cpa ra t ior , s , ~, reached in th~ vihrt t i r o -  1 levels to be cor 1rid —
-r e :. ‘:~~is -~~n H- expressed in ‘~-ra;- af the  expan s ion  of Eq. ( 14) as

(60)

w h e r e  ~~ and c 1 ar ~ ~o~~:’( ’ i - r i - - n t s for •~~ arid .~~~;, 
respectively .

An analysis simil ar o hat ~ie l di n~ Eqs . ‘i~~) and (11) gives

4,~
(R)jM eI~~,(R)

’

>

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(6 : )

T,ce spat lal i:n -~‘rH in  ~a .  (‘~i)  r~-du c e s  to o n e — e l e c t r o n  in tegra l s  eq uiv a le r t
to overlap mnn—c ra ]s, and ‘h’~ evaluation of Eq. (6 1) can be carried out by t h e
::ame ‘cmp :ter pro~ rans used for Eq. (11). Programs for evaluating ,Q~~~( p )  in

~iq. (60) have been developed at “ThU and examples of the i r  applicat ion have
appear- cl  in t h e  l i t e r a t u r e  (Ref. 59).

For pert urbed elec t ronic  systems , the t r ans i t i on  dipole moment will  ha’s’--
a strong P-dependence  and R— centroid  or other approximat ions wil l  be inva l id .
A direct  ev a l u a t i on  of Eq. (314) would therefore be required using the fully-
coupled system of ei-~ttronic and vibrational wavefunctions to properly account
for the souroe of the band pert urbations .
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L’: ~~ : - -
~~~~~~- tl :-~i m’ - c a r d, ~-::d~~~~-d ~a:~ r ‘ :, i, j r’ j ’r”~: ‘.-:as cnt,c’ rand -.-: it~

d e c  :‘ -
~ , s t c , 2 ’. -~ 1’ c amt r ’c:iat ivu tran,~itj:c. s r u i - a : 1lit ’:. :‘ r’ , ‘~, . ‘ -~

‘hi ‘ r~ r - as -L -as ‘ i t ’ s  -?d ant a:: inn -;r.aat ;s, :se :hanicni  nic’ hr - Is ar~c cs-rn—
pa ’ - r ccc1~::ad~i ,, r-~ :Ic’zolupef at au I: C-~na- i .  bot h a:. it , It i~- methods ,
‘ :  : - - ,i’ l a:.m’: ,tl-T-: - rn-’ ’ ic: , ( c i ) ,  ann ri :n:it~,

’ t’ n n : L , -n-a ! me tno-l:  (I,,).
5 jli:n-i. h- - c--cr lf. - Tah,c l f c c  the ::,ol 2eT,l’tr 5~:5tC5,5 ~~

- . : - - t ’  :Tt’-SIPJ :,ru

- :‘. — I- -c  a,: cit -: ij of the ’  dipole moment ~ -~~ ct i ~ n for  the ground ,r ta t- :
as r’~~, ‘~~ -~~ out. We’ i a-sn ‘r;~~:i:ied Pt inta i l  i-h : rece’:~t work of lcin: ’nn

ccci - -r:rniJ , t :i: :i’. 6o),  Inancn ’aiait and Cho (b~ f. 61), and the t’ne ’-oretioal
- - ii’ -u c-f 7illI:,a: -~: -101 ’S. (2 and ~~~ In adni’i-~:, ~-,e have reviewed oar

-: 1  : s - - -Lotn l  c-al- :  ~l atLon s  carried cot for  both ah~ :;e-paratc-J atom ranEe c-f
inte raction ol’ T el: fur  tb:  ~:lted atom limit c-f the ~P state of phosphurns .
lo:,,~’n ’ccr least s-s tare  l’if :: to all the available s:’rp-erL’oc-ntai and theoretical
-sa te ~‘e laf i t g to the dipole moment acre carried out and our resultant best f i t

1 a is ~oa,L a ~vr l  Aai t o ca’- rnpo~-~ - i T “C-
- l r  I e~~ 

cc+ ) c~~t differs fica ~l ~,n s~ ni respect s First ‘-H.
La :.cme’nt of IT’ is r,e:’a:ivn corr orpon ~1c~ to : I 0 ~ po1arit~~. This

now ~1l est ab l ished  l ath fr a t-i ; ,cet ic-al ::tu-lic,: an:i -comparIsons c it the
- x a r : ’ b~~ c , -~l data f-: r CO. I -nc -m u , the snort  range on ion of ~ (R)  c1:o~-a; a

ay e ’ ; .  .5 - .6 -
‘
~~, cell  up on she renulsive part  of the  pot rnr m l  c-cry-

i -ut not :ccs at Pe ’i cto ’,: behavior f~ i’ the :yrt - c-m. ii ’a. the i-ni,r can le ’
b - ’a a v i r n  -of (B )  ha: now Fee:. calculated w it h  hi~ h acc ur a c y  ou:ro.i::ed ‘~-:avcf-unu —
tPc’:c.  Ibis  s~~n ihe . r i s i :d curve for th~ dipole moment is the Feat  ~-hat can be

5:~~r t e~~~~JSI:, ’ all f the  data available at the present tPcc .

111 data , i: clud l rcj  emperimental int c -~~rat cd  absorption ccef f ic ientt i , ‘~:cr e
finally reduced to fit a dipole moment function of the fort :

14
/2(r) ~~~ a~ ( l”~•l~e

) ( 62)
S j =0

A computer reduction was carried out us ing a least-squares f i t  to all ~~ta
-c - i:~1ited by the given error analysis (or estimated errors in the case of the
calculated dipole moment functions). A minimum error residual was found with
~ he’ following function:

= -o. :66 + 2.i (~ (r-r e ) - l.31~f (r-r e)
2 

- 1.703 (r-r )3 + 1.097 (r_r
e
)14 

(63) 
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where re is the equilibrium internuclear separat ion in angstroms and ~L(r) is
in Deb yes.

:‘his function can be compared with the ‘t experimental” dipole moment .
function for CO found by Toth , et al (Ref. 65):

= --d.:1~- + 3.10 (r_r e) - 0.31 
(r_r e)

2 
- 2.28 (r-re

)3 (64)

:he functions are clearly similar both with regard to the sign of the coeffi-
cier.t: and their relative magnitudes.

Using the dipole moment function represented ‘by Eq. (63) and accurate RKR
vibrational-rotational wavefunctions, the integrated band absorption coeffi-
cients have been calculated for the fundamental, first , and second overtones
of IT O as a function of temperature. For a transition from lower state I to
upper state u in absorpt ion we have

- ,re2 
~j 

-?i C L/1~ /kT 1
~Lu ‘

~ m~
2 

~ 
L1~~ .i ~~~ 

65)

‘where f,~u 
is the absorption f-number. In computational form we have

= 2 . 3 ’ I ( X L 0~~ ( 
273.i6~~ j,~_.)[l e 

—1.14388 V1u (C m ’•
~
l) / T (K °

)] (66 )

The total absorption is given by

s(’r ) =~~~s2~ (T)  + ~~s1 
( T )  + E s1~~

(T) +

1=0 1=0 1=0 (67)
u=L - ’ - 1 u = L + 2

where the first term represents the total absorption of the fundamental band,
the second term represents the first overtone absorption, etc. The calculated
absorption is given in Table 1 which indicates a near constancy of the inten-
sity of the fundamental band up to 5000°K. This is in agreement with the
recent experimental data of Konkov and Vorontsov (Ref . 66). Table 2 lists
fundamental oscillator strengths and Table 3 lists the calculated Einstein
coefficients for the lowest 10 vibrational levels.

26



NO2

SCF calculations were performe d for the ground ‘3~ 
2A 1state of NO2 at the

experimental equilibrium bond length of 1.19314 K and at bond angles of 1314.1°
(exp.) and 180°. The results are given in Table 14 where we list the occupied
molecular orbitals at these two bond angles . The bent molecule has a lower
total energy in the ground state and the lowest occupied orbitals correspond
to those predicted from ab initlo calculations . The density functional method
thus successfully predicts the bent character of the ground state and the cor-
rect orbital occupancy. Table 14 also lists the energies of the low-lying
14b2, 7a1 and 2b1 states.

Additional calculations were carried out for the first excited A state
of NO2. The calculations were performed at the experimental ground state bond
length and at bond angles of 1314.10 and 1800

. The results are given in Table 5
which lists the occupied molecular orbitals . The linear configuration is
favored in this excited state.

From this data we calculate a vertical excitation energy for X A1 A B1
of 2.143 eV. This is in good agreement with experimental estimates and the best
ab initlo calculation for this system (Ref. 67). More detailed calculations of
the NO2 hypersu ,rfaces , using the density functional method , are clearly indi-
cated as a result of the succes s of these initial studies .

TiO

SCF calculations were performed for the d state of TiO at four
internuclear separations (R = 2.5, 3.0, 3.5 and 14.0 bohrs), using an optimized
SCF orbital basis obtained at R = 3.0. This orbital basis is shown in Table
6. The MO’s obtained from these calculations were then used as input trans-
formation vectors to convert the original atomic orbital basis to 143 form.
The lowest eleven (11) MO’s (la , 2a , 30, ].TT~~, lrT , 1kv, 5~, 2ii~~, 2Tr , 6°, 7c~)
were taken as doubly occupied and a CI was performed over the rest of the 143’s
for the X3~, a~-~ and d~~ states of TiO . This resulted in a wavef’unction
expansion which consiste d of 135 configurations for X3~ , 102 configurations for

and 88 configurations for ~~~~ A fUll CI was not performed due to the
number of configurations involved. Those configurations selected were con-
structed fr om the lowest 9 sigma MD’s , the lowest 14 pi MO ’s and a single delta
MO. This corresponds to the energetically more compacted orbitals.

~cpectation values for the dipole moment i.L(R) were calculated for thex3~, a~~ and d1~~
’
~states . The results are shown in Fig . 2.

The X3~, a~~ and ~~~~ vibrational states of TiO can be characterized by
the spectroscopic data (Ref. 68) tabulated in Table 7. A RKR analysis of this
data yields the potential curves shown in Fig. 3. These potentials were then
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used to generate wavefunctions for the lowest twenty (20) vibrational levels
of the X31~, ~~~ and &-~~~states of TiO. The calculated ~G(v) and experimental

~C(v) are compared in Tables 8, 9, and 10.

Usm r~ these vibrational wavefunctions in conjunction with the dipole
moment funct ion shown in Fig. 2 , the vibrational osc illator strengths were
calculated . These are show n in Tables 11, 12 and 13 for several of the low-
lying fundamental and first and second overtones. The population densities
as a funct ion of temperature are shown in Table 114 for those vibrational levels
whjc’h -,-:ere significantly populated. The three states (x-~~, a1t and
were  t-:e ’ichted , assuming a ~o1tzmann population distribution , for calc~ilation
of integrated absorption coefficients . These absorption data are shown in
Tabl e 15.

ensity functional studies were undertaken on the calculation of the
electronic structure of TiO and TiO’

~ using the SCF~Xa 
scattered wave method .

An eff icient  version of the X~ program has been developed in this Center for
carrying out these s tudies .  In addition , a separate computer program has teen
developed for implementing the scattered-wave appr oach for atoms and atomic
ions incorporating ‘both a nonrelativistic option and a relativist ic option
us’nc a modified Priet liamiltonian. The results of our SCF-X~ calculations
for  the const i tuent  atoms and ions are given in Table 16. For these calcula-
t ions , the exchange parameter ~ was optimized to satisfy the virial theorem.
This procedure yields a total ener~~r which is in very good agreement wi th  the
exact Hartree Fock results. Examination of the energies given in Table 16
show s that s-d hybridization will be very important in TiO owing to the near
degeneracy of the orbital energies in Ti. We also see that the Ti’1’O structure
should be dominant for low-lying electronic states of TiO which are compati-
ble with this symmetry. These observations are borne out by the molecular
SCF-X~. results for TiO (B = 3.0 a.u.) given in Table 17. The dominant atomic
component of each molecular orbital is given in Table 17. For both (16 2)
arid (lâ 5~ ) configurations , the molecule is predicted to be highly ionic. The
clos eness of the MO eigenvalues for these diff erent conf igurat ions indicates
that there should be low-lying E and ~ states for this molecule. The experi-
mental data shown in Table 17 are consistent with the predicted SCF

~
Xc~

, results.
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LIP,ELP. 1

.otal lntc’Crate i Absorption Coefficients
For Citric ~ dcle (x 2~ )

Ansorption Coefficient, cm 2 atm~~

U5’57~rntUre First Sc-con -I i]hir’i
(Oa) ~‘wa -arcenta1 Overtone ~In-’ertorre Uiertcno ,~otal

100 . L~2.725 2.101 .029 .000 l214.’~55

273.16 122 .725 2 .102 .029 .000 1214. 856

300. 122.7214 2.102 .029 .000 1214.555

500. 122 .689 2.120 .030 .000 1214.839

1000. 122.1149 2.I-~O2 .036 .000 1214.587

1500. 121.131 2.932 .051 .001 1214.U5

2000. 119.889 3.575 .073 .001 123.538

2500. 118.530 14.2714 .102 .002 122.908

3000. 117.098 5.006 .1140 .0014 122.2148

- - 14000. 1114.087 6.519 . 2142 .009 120.857

5000. 110.922 8.0140 .376 .018 119.356

8000. ioo.61414 11.927 .8148 .055 113.14714

10000. 93.513 13.552 i.io8 .078 108.251
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VIPLC 2

Salc slatc-d Oscillator Strengths (f ~~t~~ u )

for the i. n - ~ 
2~ System of NO

c-” ’;’ 0 1 2 3 14 5

0
5 . I ~, —~~~

2 t .5 : -~~-0 ‘ . 2-Cl

3 .‘I-~- - 2 .- 2 ~~- 0 (  i.14147-o~
C l.,I -~- I1 -~. :l2-O) 5.222-07 1.t~i3-O5
5 5. 2 ‘ -U- I.~U ’:- -L1 1.2141-0” - ‘3 .660-07 2. 2 145-05

l-U~ 7.~ 14I.-l14 2.676-10 2 .500-03 1.293-06 2 .593-05
7 . t1l-114 ~.l ’ 6-1c- 1.310-12 1.700-10 14. 1422-0 -c- 1.799-06

B . - : - - -~,14 ~.Ll~~-l14 1.203-13 3 .250-12 1.376-09 7.182-04
1. 2 , 7-114 -5.275-114 1.117-13 6.0-1-13 2.952-11 2.526-09
1.’~ 2-L6 1.1:5-114 1. -‘ - c-14-13 ~~. ‘0~ -15 2.14-~-~-l3 6.7y3-ll

c-’
t ‘i ’ a 7 8 10

0
1
2

3
14

5
6
7 2.~ O9-05
B 2.3-32-01 3.1-ji-OS

9 1.093-07 3.0140-06 3.I~~l-05
10 14.36~ -o9 l.5 1l-O V 3 .7’ ,-~ -0t5 3.65 :--05
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TABLE 3

Calculated Einstein Coefficients (A , ,, sec~~ ) ~
.or

t h e X 2T r - X 2rT Systern of C() V~~

0 1 2 3 14 5

0
1 1.21° + 3],

2 ~ .l’ 5 -  “1 2.273 +01
2.50~~- O 2  2 .357~~OO 3.196~~ Ol

14 14~l - 1 4 - aC .72-02 14.5142 4- 00 3.988 ~oi
5 2.802~~D 2.~ 9E- - O3 2.392- 01 7.300+00 14.656 + 01

.c-8 2 - 07 14 .251- 0 1  9.022 - 03 14.167_ ol  1.056 + 01 5.209 + 01
7 ~~.14~~5 _ 0 ~T 5.1450- 07 6.792 - 05 2.188 - 02 7.99)4-01 1.1422 + 01
5 1.335 - 05 9 . 5 7 3 - C~ 5.84 1-ol 14.1143- 014 14.352 - 02 1.257+00
° 2.129- 3”- 1.081-05 1.099 - 05 2.907 - 05 l.1-t35 - O3 7.730- 02
13 3. 333-01 1.927-01 2.382- 05 8.483 - 07 1.720- 05 3.177- 03

E 7 8 9 10

0
1
2
3
14
5
6

5 .6 5 5 ÷ 01
8 1.822 + 01 1- .002 + 01
9 1.850+00 2.2 149 + 01 6.256 401
10 1.293 - 01 2.588 +00 2.69 14 +01 6.1426 401
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~ 
) 2 — 1.02 ,7 —

-

~~~
, (

~~~~~ ) 2 — 1.1126 — I . 15VI

lb . (~~~ ) 2 — ~,.O396 —

~~ 2 - 0.7898 — 0.8202

~~~~ (~~~~~) 2 — 0.8392 - 0 .8)C2

~~~ (VI) — o.6l’ !~’:’ — 0. 1 4 : - i l

o - o. C3~ o - 0. 147141

Ta— ( 3 ~~~) 0 — 0 .08 1492 —

) D .  ( -- c’~) 0 — —

Int al  Ener~ r(Pydbergs) —1403.1783

0
P = 2.2552 a.u. ~l.’L)3C -~
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TABLE 5

Total and X~ Orbital &iergies for the First E~ccited A 2B1 State of NO2

Orbital Occu p ancy Orbital Ener~j (F~rd. )
13)4.1° 1800

la1 (i~ g ) 2 —37 .9180 —37 .9957

lb2 (ian ) 2 —37.9180 —37.9957

2a.~, (2~ g ) 2 —28. 722 1 —28.8329

3a1 (3ag) 2 - 2.1755 — 2.2209

2b
2 

(~~~~~ ) 2 - 1.9539 - 2.0685
)4a1 ( ) 4~ g ) 2 — 1.2720 — 1.3266

5a1 (in 2 — 1.0012 — 1.0690
3b2 (~~~~~) 2 - 1.09145 - 1.1 571

lb1 (in ) 2 — 1.0192 — 1.0690
U

)4b
2 (in ) 2 — 0.778)4 — 0.8902g

la (lii ) 2 — 0.828)4 — 0.89022 g

6ai (2rr~
) 0 — 0. 596 8  — O.14714i

~~i 
(2n~) 1 — 0.141)43 — 0.147141

Ta1 (5~g ) 0 — 0.07899 —

5b ()4a ) 0 — —

2 U

Tot~~ Ener~ r (Rydbergs) —1402.9990

R = 2.2552 a.u. (1.19314 ~~)

142
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TABLE 6

MOLECULAR ORBITAL BASIS FOR TiO

Molecular Orbital Screening Parameters for Atomic Orbitals

Ic- is (Ti ) 21.141409

2c- 2s (Ti ) 7.6883

3u is (0) 7.6579

2p~~ ’ (Ti ) 9.032 14

14c- 2po- (Ti ) 9 .032 14

50 3s (Ti ) 3.6777

2’i~ ” 3p7fr~ (T i ) 3.3679

3p0 (Ti ) 3.3679

7c 2s (0) 2.2187

3,~’ 2piv~’ (0) 2.0885

8c- 2p o” ( O)  2 .221 14

)4s (Ti) 1.3973

3d”t ’” (Ti ) 2.2035

lOc- 3do” (Ti) 2.8021

110. )4p 0 . (Ti ) 1.0852

i8~ 3d8~ (Ti) 2.7000

143 
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TABLE~ 7 
. -

SPECTRO SCOP IC DATA FOR T1O

d

Te (cm~~) 1008.2 1016.3 1023.8

weXe (cm~~) 14.13 3.93 14.60

~
‘e (cm~~-) 0.003 - 0.00337

Ce (cm~~) 0.00 580. 2802.3

r (
~~) 1.620 1.619 1.600

1414
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- ABLE 8

VALUE S OF ~ G(v )  FOR THE X STATE OF TiO

— lcm

Calculated Experimental
0

999.08 999 .18

989.86 989 .96
2

980.6 14 980 .7)4
3

97 1.142 971. 52
14

962. 20 962 .30
5

- 

952 .99 95 3.08

9t 3 .77 9143.86
-7

93 14.55 93 14.6 14
-5

925. 33 92 5 .142

916.11 916.20

906 .89 906.98
11

897.67 897.76
12

888 . 146 888.5 14
13

879 .2 14 879.32
114

870.0 3 870.10
15

860 . 814 860.88
16

851.65 851.66
17

8142.148 8142.1414
18

833.29 833.22
19

8214.00 8214.00
20

145 
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TABLE 5)

1a1~~~ of~~G(v) for the a ~~~State ol’ T10

7 ~~G (v), cm~~’

Calculated Experimental

0
999 .07 999 .18

1
989.86 989.96

2
980 .611- 980 .714

971.142 971.52

962.20 962 .30
5

952.98 953.08
6

91I~3. 76 943.86
7

934 .54 934~ 64
8

925.32 925.142
9

916.10 916.20
10

906.89 906.98
11

897 .67 897.76
32

- 888.145 888.5~4-
13

879 .214 879 .32
114

870.03 870.10

15
860.83 860.88

16
851.65 851.66

17
8142.147 8142. 11.11.

18
833.28 833.22

19
8214.00 8214.00

20 
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TAbLE 10

V~1~ ec o fA G( ’i) for the d ~ ‘~~~~~ “ State of TiO

V AG(v), cm~~

Calculated Experimental

0
10114.50 10114.60

1
1005.30 1005.40

2
996 .10 996.20

3
986.9C’ 987.00

14

977.70 977.80
5

968.50 968 .60
6

959 .30 959.140
7

950.10 950 .20
8

9)40.91 94 1.00
9

931.71 931.80
10

922 .51 922.60
ii

913.31 913.140
12

9014.11 9014.20

13
8914.92 895.00

i11-
885.73 885.80

15
876.55 876.60

16
3 867.39 867.40

17
858.22 858.20

18
81+9.03 429.00

19
839.71 -:~9.uO

20 
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TABLE 11

CALCULATE D OSCILLATOR STRENGTHS FOR THE d 3’E
~~ STATE OF TiO

-

‘ 

Oscillator Strengths
Vjbratic-r~al Level Fundamental First Overtone Second Overtone

vi ” ~vj ” v1+i” ~
‘v
~
” V~~~42

t’ 

~v1 v1.~.3”

0 5 . 5 7 5 5 — 0 6  1 .5 5 5 7— 0 7  1.2650— 08
1 1.1168—05 3.53119—07 1.8265—08
2 1.6366—05 5 .958 14— 07 3.4 928—08
3 2 . 11455—0 5 8.979 14—07 5. 14611—08
14 2 .6 323—05 1.2172— 06 7.7966—08
5 3. 1000—05 1.578 14—06 1.1186—07
6 3.5571— 05 1.9583— 06 1.5172—07
7 14.000 3_OS 2 .330 2—06 2 .08 14 1—07
8 14 . 1414 28 — 0 5 2.6893—06 2.8511—07
-
~~ 14. 8901—05 3 .0266— 06 3.6192—07

10 5 . 328 9—05 3. 14039~ 06 14.1975—07
11 5 .7 1414 1—0 5 3.875 1—06 14 .5 9 15—07
12 6 . 130 14—0 5 14. 14077— 0 6 14.8956—0 7
13 6 . 14 90 2—0 5 5 . 018 3— 06 5.0251—07
114 1.8135— 05 5 .7662—06 14.9720—0 7
15 7.0 919—05 6 .6 1452— 06 14.775 8—07
16 7.3209—05 7.6988—06 14 .1414814 — 07
iT 7 . 14933— 05 8.935 14— 06 14 .2 136—07 —

18 7.6193— 05 1.0302— 05
19 7 .6999— 05 — — —  — — —

i

I
148 
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SALSULAFEL OSCILLATOR STRENGTHS FOR THE a STATE OF TiO

Oscillator Strengths
VI br at ional Level Fundamental First Overtone Second Overtori ’

vi ” 
1’v
~
” vj.~.1

t’ 
~
‘v~ v~~ - ” ~

‘
v1” v~,+3

”

0 1.1207—05 2. 393 1—08 2 . 178 9— 03
1 2.093 9—05 9.0683—08 3. ’17 :: _ a5
2 3.0069—0 5 2 .6922—07
3 3.8578—05 5.6097—07
14 14.6191—05 9.89314—07 7. 9 3 5 5— 0 8

5 5 .308 14—0 5 1.6057—06 9 .0295— 08
6 5.9 200—05 2.3 986—06 1.0172—07
7 6. 1414 59— 0 5 3. 3893—06 1.0573—07
8 6 .8966—05 14.62 143—06 1.0831—07
9 7.2611—05 6.1313—06 1.1630—07

13 7 .525 1—05 7.972 14—06 1.2327—07
11 7.6932—05 1.0190—05 1.2821—07
12 7 .76 14I4~ 05 1.2819—05 1.3755—07
13 7 .7273—0 5 1.5962—05 1.5093—07
114 7.580 2—0 5 1.9733—05 1.6950— 07
15 7. 3198—05 2 .1421 3— 05 1.8893—07
16 6. 952 5— 0 5 2.933 8—05 1.8572—0 7
17 6.5103—05 3.14958—05 1.5075—07
18 6.0153—05 14.1027—05
19 5 .14689— 05

U

149 

—--—--‘—----- rn -- -’- -—’ _ _ _ _ _ _ _ _ _ _



_

tmABLE 13

CALCULAT ED OSCILLATOR CT~ ELO TE , ;  FOR THE X STATE OF TiO

Osc i l l a tor Strengths
Vibrat ional  Level Fundazneiitaj First Overtone Second Iivertor~e

v . f ,, ‘‘ 1’ ,, f ,,
1 V~, Vi+l Vj, Vi+2 Vi vj+3

0 1~.27S 8—0 T 2 .3090—08 3 .2lO7 — (~c-
1 1.2008—0 5 7 .5 950—08 14.9075—09
2 1.7 1478—0 5 1.8398—07 5.20 118—09
3 2 .2688—0 5 3.14581—07 6.115(9— 09
14 2. 75 14 14_ 05 5 .65 95—07 6 . 11 1~T3_o9
5 3.21111—05 8.538 1~— o7 14.662 7—09
6 3 .6 14140-05 1.18148-05 1.7328-09
7 14.0 595— 0 5 1.5353—06 8.1605—13
8 14.11660—0 5 1.9 303—06 8.7 1433— in
9 14.8 1109—05 2. 14578_06 2.8862— 10
10 5.114814_05 3.191414—06 3.0370—10
13, 5.3870—05 14.1391—06 3.5653—09
12 5 .5 5 89—0 5 5.361 14—06 1.6738—08
13 5.6373—05 6.9961—06 14.8901—08
114 5.61142—05 9.1306—06 1.10614—07
15 5. 14827—05 1.1917—05 2.0735—07
16 5 .2 1437—05 1.5308—05 2.996 14—07
17 14.9356—0 5 1.9176—05 3.6017—07
18 14.57 146— 0 5 2.3 52 14—0 5
19 11.161411—05 ———

50
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‘ABLE 114

~~,-PULA TI0N DENS ITIES FOR TEE X a ~~~~~~~ p~ D d ~~~~~~~~~ STATES OF Tj O

Population Density
Vibrational

T (°E) Level X 3A a ‘A d

0 9.79513-01 1.530149-02 9.10078-07
1 5.071401—03 7.92817—05 11.314702—09

300 . 0 9.7 173 14—01 1.99653—02 2 .66 1473—06
1 8.0608 1—0 3 1.656 18—014 2 .053 10—08
2 6.98899—05 1.113596—06 1.65337—10
3 6.33366—07 1.30131—08 1.39166—12

500 . 0 8.87709—0 1 5.55980—02 1.991469—0 14
1 5.0069 1—02 3.13587—03 1.07629—0 5
2 2.89996—03 1.81627—014 5.96353—07
3 1.72 1479—0 14 1.08025—05 3.3931 11—08
11 1.053 142—0 5 6.59766—07 1.9825 14—09

11-10. 0 6.61852—01 9.56300—02 14.05030—03
1 1.57185 0l 2.2711 14 02 9.140835 014
2 3.78287—02 5.146581—03 2.21463—014
3 9.22557—03 1.33299—03 5.28263—05
14 2 .27 996—03 3.29427—0 4 1.27691—05
5 5.70 980—0 14 8.25000—0 5 3.12775—06
6 1.1411903—0 14 2.09368—05 7 .7636 14—0 7
7 3.726 143—05 5.3 81427—06 1.95281—07
8 9.71117—06 1.140315—06 14.977514—08

1500. 0 5.08061-01 9.699814-02 9.3514141-03
1 1.9 148142—01 3.71990—02 3.53 1482—03
2 7.53858—02 1.143926—02 1.314759—03
3 2.91+264_02 5.61805—03 5.18313—014
14 1.15885—02 2.21246—03 2.01125—014

• 5 11.601422—03 8.79031—014 7.87372—05
6 1.814555~03 3.52350—014 3.10982—05
7 7.1463112—0 11 1.142 149 1—0 14 1.23917—05
8 3.011502—0 14 5.81351—05 14.98159—06
9 1.25338—014 2.392914—05 2.0201414—06

10 5.20 1495— 05 9.937’ 1-06 8.26731—07
11 2.18068-05 14.i6:-~~~--o6 3.141290-07

- 
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TABLE 114 (Cont ’d)

Population Density
Vibrational

1 ( ° ? )  Level X a d

11000. 0 14.072112—01 8.93735 02 1.30059—02
1 1.981462—cl 14.35 5 145—0 2 6.2683 5—03
2 9.73605—02 2.13668—02 3.011122—03
3 14.8080 5— 02 1.055 18—02 1.148533—03
14 2.39021—02 5.214555—03 7.30259_014
5 1.1961 11—02 2.62 506—03 3.6l 1420_0 14
6 6.0 2 57 14— 03 1.322 141—03 l.80065_0 14
7 3.05576—03 6.70618—011 9.03080—05
8 1.559914—03 3. 1123 145— 0 11 14.55 93 6— 05
5) 8.01637—011 1.75927—011 2.31719—05
10 4.1146914—014 9.10089—05 1.18550—05
11 2.15 953—0 14 4.7393 1—0 5 6. 105 149— 01
12 1.13206—014 2.1484143—05 3.16534—06
13 5.97396—05 1.31105—05 1.65197—06
1- 3.173 118—05 6.96 1152— 06 8.67886—07

3.721130—06 14.58991—97

2500. 0 3.37858-01 8.06111-02 1.50153-02
1 I.;al rS_o1 11.53581—02 8. 37 142 3_ 03
2 1.0 7537-01 2 .56578-02 14. ~s~-(-n~
3 ( .11514 3—02 .1.145911-011 2. ’ 5 ~ --~~
14 ~ . 14962 ~-92 8.311183—03 1. - °°7’ -

2 . 0 0 - 9149 —02 14.79 1111 5— 03
~~- 1. J111 °3—ao 2 .71 f l 11~ — 0 3 14 . -3~ 2~ T~ 

-

7 ( .7 111114 (~ 0 3 1.6 09 1°— fl? 2 . 51 7 1~~~’2,
8 3 °3 59 7—VI  9 . ~Q 72 l — fl 14 1. ” °- ~~~ °— -

2.~~1U7 — J~ 
5.•~~~~) 1 9 0 ..’C

‘19 1. ‘3 . -  C ’ ~~~~i ) 3  5 .5~ 
-

‘

1,1, 8 . 1 1  l’11- -’ — 1 C  l.°
_
~_ J ~

‘— 1 4  - . ‘ 1. -‘ ‘ —

• 12 11.’~~
-

-

1:- - C  1.1~ 
- i - —f l14

1? ~~~~ 14~ —~ .-
~ 1 ‘ — : —  ~ - 1. l~~’ ‘ — -

114 1 . 714 w lr ~~ 1, 14 .)  (~~~j _ ~~~ - ‘ 
~7 -

‘5 l . O 5~ 11-°~~ 14 2 . .  - 1— ~.1I’7~ —

16 (.14145 -19_~ n l.~~~
-
~~

-— -~~ ~~~~ -~

17 3. ) J . ‘ 0
— ~~~~~~~ - ‘ ‘ - - 1. ’ ~~ ‘‘

3000 . 0 2i1-T’~i ’ — (C 1.’ 51 - —0 2 1. - - 1—
1 1.781 73— - 1 14 . 14 ~b’7 ‘— 11 ‘

~~. 2 ‘1 -

2 1. 1- --t ’’ — .1 - 3 —  . C. 4
3 a~ ~ , 3 , -

- — 1 .714 ‘7
~ — 2. ’’’ - )  ‘— ‘
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‘A3L 13 114 (C ont’ d)

Population Density
Vibrat ional

_____ 
Level x a d

- 
- - . 14 14 .3 14 5 28—02 1.09618—02 2. 337 01— O ’3

5 2 .73 89 11—02 6 .909 149— 03 1.14622 14_fl?
1 1.73407—02 14.37 1453—03 9 .1875~ — 0 14
7 1.1027 14—02 2 .78187—03 5.80088—014
8 7.014 367—03 1.77690—03 3 .67 801— 914
9 14.5 1903—03 1.114001—03 2.3 14235_0 14
10 2.912114—03 7.3146142—014 1.1498314—011
II 1.881495—03 14.755114—014 9.62699—05
12 1.225148—03 3.09151—014 6.2128 11—05
13 8.00268—014 2.01883—014 14.02727—05
l1~4 5 .2 11909—0 11 1.32141 8— 0 11 2. 62212—0 5
15 3. 145822_ OL 1 8 .72402—0 5 1.7 11480—05
11 2.288115—011 5.77306—05 1.12641—05
iT 1.52108—011 3.83721—05 7.143185—05
18 1.0 1551—04 2 .56 180—0 5 4. 92 51 5—0 6
19 6.8097 8— 05 1.7,1782—05 3.278140—06

53 
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TABLE 15

ISTEGEATED ABSOEPTIOD COEFF:CIEUTS FOR TIfi

T (°K ) ST t l  (cm
2 atn 1) S*Total (cm

2 atm~~)

273.16 1145.86 1145.86

300. 146.77 133.611

500. 155. 14 2 811.91

100 0. 161.25 1114.05

1500. 160.23~’ 10.25

2000. 157.39 21.149

2500. 1514.69 16.90

3000. 153.51 13.98

ST tal = ~ 
S~,,1÷1 where the summation extends over all populated

0 
1 fundamental bands .

S*Total = 3Total ~~ 
[_2;3.l~

] 
= density corrected. absorption

coefficient .

tThe absorption coefficient should normally increase as temperature in-
creases. The decrease shown from 1500°K to 3000°K is probably due to
small errors in the relative dipole moment functions for x 34 ,

a1~j and d l~ 4 states of TiO.

-I
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TAE~LE 16: SCF’-X RESULTS FOR ATOMIC SPECIES

SPECIES ORBITAL OCCUPATION ORBITAL ENERGY (Ryd.)

2 is 2 -355.3260
Ti (-~d. Os - non rel.) 

2s 2 - 39.0396
o1al Energy:
1 ~~~

-- 
~8°)4 P d 

-
- ‘~~~‘~~~~~° ‘ ‘~~ 3s 2 - 1 4 1 4~~

3p 6 - �.8168
3d, 2 - 0.2968

2 - 0.2880

Ti (14d2 2 
- rel.) is 2 -356.6870

To~al Energy: 2s
~ 

2 - 39.2258
-1699 .923)4 Ryd. 2p 2 - 32.7801+

ZIp Li- - 32.3576
2 - 14.4802

3p 2 - 2.7890
I-i- - 2.7402

3d 2 - 0.2 14)46
3d 0 - 0.2 1+114~

2 - 0.2732

Ti~ (14d2 6s - non rel.) is 2 -355.8690
Total Energy: 2s 2 - 39.5728
-1696.1808 Ryd. 2p 6 - 33.21406

3s 2 - 5.0270
3p 6 - 3.3526
3d. 2 - 0.8198

1 - 0.72)4)4

0 (2p
14 

- non rel.) is 2 - 37.8192
Total Energy: 2s 2 - 1.73011-
~11+9.521O Ryd. 2p Li- - 0.6556

I
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TABLE 17: SCF-X ORBITAL ENER GIES FOR TiO

ORBITAL OCCUPATION ORBITAL ENERGY (Ryd.)

T1O (is~) Ti (is) 2 -355.3052

~~~~ 
3’r (ave~ Ti (2s) 2 - 39.0229

~~~
-

-

~ ~ 
o (is ) 2 - 38.1172

a.u. 
Ti (2p) 6 - 32.689)4
lcr(Ti-3s) 2 - 14.5036
2c(Ti-3p) 2 - 2.8 1+75
3cy(O-E s) 2 1.1362
)4c~O-ZI p) 2 - 0.1+239
5c~ Ti-)4s) 0 -

ln(Ti-3p) 4 - 2.8357
2rr(0-~p) 1+ - 0.5093

3rr( Ti-3d) 0 -

16(T1-3d,) 2 - 0.3617

TiO ( i55~ ) Ti (is) 2 -355.2238
‘
~~~~t~ (ave.) Ti (2s) 2 - 38.91438

- 
0 (is) 2 - 38.3109

R-3 . a.u. 
Ti (2p) 6 - 32.6097
io(T1-3s) 2 - 14.141467

— 

2c~( Ti-3p) 2 - 2.7952
3a(O-2s) 2 - 1.181+9
)4o(O -2p) 2 - 0.1+101
5o-(Ti-1+ s) 1 - 0.3161
irr(Ti-3p) 14 - 2.7818 —

2u(0 -2p) 1+ - 0.5196
3rr( Ti-3d) 0 -

16(Ti-3d) 1 - 0.3259
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H. L. Leadabrand

Rice University, William Marsh J. T. Moseley
P.O. Box 2692 T. 0. Slanger
Houston, TX 77001 D. J. Hildenb rand
Attn: Industrial Sec Super L. L. Cobb

J. Chamberlain J. H. Peterson
J. Lomax
H. P. Hake Jr.
F. T. Smith (jTN CL Only)
G. Black
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Departn~ nt of Defense Contractors Wayne State University
(Cont ’d) 1064 Mackenzie Hall

Detroit , MI 148202
Stanford Research Institute Attn : P. K. Ro].
306 Wynn Drive , N.W. B. H. Kumxnler
Huntsville, AL 35805
Attn: M. Morgan Wayne State University

Dept. of Physics
Systems, Science and Software , Inc. Detroit, MI 148202
P.O. Box 1620 Attn: W. B. Kauppila
La Jolla , CA 92038
Attn: B. C. Sklarew Yale Universi ty

H. B. Levine New Haven, CT 06520
Attn : Engrg Dept. G. J. Schultz

Technology International Corporation
75 Wiggins Avenue
Bedford, MA 01730

Denver, University ofAttn : W. P. Boquist 
Colorado Seminary
Denver Research InstituteTRW Systems Group 
P. 0. Box 10127

One Space Park 
Denve r, CO 80210

Redondo Beach . CA 90278 Attn: SEC OFF FOR D. Muceray
Attn: Tech Infor Center/S—193O SEC OFF FOR V. Zyl

B. Watson R1/1O96
J. F. Friichtenicht R1-1196 Howard University

Department of Chemistry
Washington , D. C. 20059

Attn: W. Jackson —

United Technologies Research Center
East Hartford, CT 06108 John s Hopkins University

• Attn: B. H. Bullis & H. H. Michels 314th & Charles Streets
Baltimore, ~~ 21218 —

Utah State University Attn: J. J. Kaufman
Logan, UT 84321
Attn: W. M. More Chem Dept Southern California, Univ. of

D. Burt University Park
C. Wyatt Los Angeles, CA 90007
D. Baker Attn: S. W. Benson
K. Baker

Stanford Research Institut e
Visidyne, Inc. 1611 North Kent Street
19 Third Avenue Arlington , VA 22209
North West Industrial Park Attn: W. W. Berning
Burlington, MA 01803
Attn: R. Waltz

L J. W. Carpenter
T. C. Degges
0. Manley
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Continued from Department of the Army

Commander
Harry Diamond Laboratories
2800 Powder Mill Road
Adei phi , MD 20783

Attn: 9. H. Weiner
DRYD-NP (2 copies)

Commander
Tras ana
White Sands Missile Range NM 88002

Attn: R. E. Dekinder , Jr.

Director
TJ~ S. Army Ballistic Res. Labs.
Aberdeen Proving Ground, MD 21005

Attn: 9. D. Kregel
DRXBR-AM J. S. Batten
J. C. Mester
Tech Lib E. Baicy
J. A. Vanderhoff
DHXBP-AM D. Snider
DRXBR—CA T. J . O’Brien

• J. Heiine rl AMXRD-BSP
I. L. Chidsey
DRXBR—A1~ G. E. Keller

Chief C—E Services Division
U. S. Ar~ r Conmiunications CMD
Pentagon 

~~ 1B269
Washington , P. C. 20310

Attn : CEAO

Co~~nander
US Army Electronics Command
Fort Momnouth, N.J. 07703

Attn: DRSELPL...ENV H. A. Bomke

-4

- t .

72

1~~~..~
- --- 

~~~~~~~~~ 

~-~~~~ .-- -“ -~~~~~~~~~~~


