
- AD—A 0 3 2*1 UNITED TECHNOLOGIES RESEARCH CENTER EAST HARTFORD CONN FIG 20/12CALCULATION OF POTENTIAL ENERGY CURVES FOR METAL OXIDES AND HAL——ETC (U)
MAY 7? H H MICHELS FU’4620—73—C— OO7 7I.ftICLASSIFIED UTRC/R77—921723—i A FOSR—TR—77—0937 NL

LY ______ _

• ! _

~

flt J:! ~~~~I
_fl C~~~~~~~

_

fl i



~P SR.T*.77 .O 9 3 7

•
~~~~~~~ (~~~ ~m ~~~~~~~~~~~~~~~~ 

::

I~~ Lo~~~~
I

• \ ‘ ;
UI(1)

I

0

0 UNITED TECHNOlOGiES RESEARCH CENTER

F - ‘

~
1. 1j~~~~ rn nr~~~~

L 23 197?

8TA 1~~~~~~A ~~. 
_ _ _ _ _ _ _



_ _ _  — — -
~

H

l a te

~PP?ovod r baa b

~~~~~~~~~~~~~~~~~~~~~~~~p
~~It1 .I J 

~~~~~~

F

~~~~~~~~~~~~~~~~~ i~rr 
— ii ~1fl~~~~



UNITED TECHNOLOGIES ~~~
~~~~~~~~~ * ~~~i’iIJ t~~~ LI’r~~~~ ~~ UNITED
~v 

~~~~~~~~~~~~~~ ~~~~~~~ ~ ~~~~~~ 1W~4~~~4~~~ IE$

East Hartford , Connecticut 06108

R77—921723

CALCULATION OF POTENTIA L EN~~ GY
CURVES FOR METAL OXIDES AND HALIDES

D D C
Final Report 

~~~~~~~~~~~~~~ 
PI~~~fl1

Contract No. Fl~
)462O-73-C-OO77 AUG 23 1917

Project Taslc 9538—01 1U i~~D~J1~B

v,VA ~~REPORTED BY /
H. H. Michels

.~ DISTIUB UTION STATEMENT Ps I
— I

Approved for pub lic reJ eas~
~~. Disti~butlc~ Unlimited

APPROVED BY -
~~~~~ 

“a ~~~~~~~~~~
G. A. Peterson

DATE May 1977

NO. OF PAGES ________  COPY NO. ________

Research Sponsored by: Air Force Off ice  of Scientific Research



P77~ 021723

FOREWORD

This report was prepared f or the Air Forc e Of fice of Sc ienti~ ic ~e~ earch ,Un ited States Air Force by the United Technologies Research Cent er , East
Hartford , Connecticut under Contrac t F~4)462fl—13—C_ flO77, Project—Task To.
°538—Q1. The performance period for the technical program was from 1 Ju oc 1~~~
through 31 ~1arch 1977. The project monitor was Major John T. Vi ola , V~A’~, TAT .

/

v ~ ~~on ~2
UDC

0
JUST IT~ 2 .

BY —

fl C~ FS

it H



R77—92 1723

ACKNOWLEDGMENTS

It is a pleasure to acknowledge the advice and assistance rendered by the
author t s associates. We are indebted to Judi th  B. Addison for her help both
with computer programming and with the analysis of the resulto of this research .

Her efforts have been of real value during the course of this work . We also

wi sh to acknowledge many f ru i t ful discuss ions  w ith research assoc iates and the
beneficial collaboration with Drs . B. H. Hobbs and Gerald A. Peterson on

several research rrohlem~ . Finality , we acknowle dg~ the cor.tinued support and

encouragement g~ vcr. by Valor John T. Viola of AFOST whose confidence in the

value of this research has beer. of real help.

I
i i

—
~~~

-- ;_~~~~~~~~~~~~~~~~~~ _ _ .



R77—921723

TABLE OF CONTENTS

Section

ABSTRACT 1
REV iEW OF TECHNICAL EFFORT 2
RESEARCH PROGRESS 3
PUBLICATIONS AND PRESENTATIONS 7

A. Technical Reports in Journals 7
~ ‘ . Technical Articles in Books 7
C. Technical Paper and Lecture Presentations 7

AFFETSICES

A. Configuration Interaction Studies of the HeH~ Molecular Ion . III.
Sin~ 1e P1 and Delta States 29

B. The Electronic Structure of ArF and Ar
2

F 30

C. The Electronic Structure of Excimer Molecular Lasers 31

B . Electronic Str ucture an d Ra di ative Lifet ime s for PB . 33

E . Electron ic Structur e of Excite d States of Sel ected At mospheric
Systec.~: 3E

i i i



l~ LUC TRAC T 52

Figure

1 P ot e n t ia l  Ener~~’ Curves  fo r  Ba . 9

2 :~ote:i t i a~ Fner~~ Curves of BC 10

3 otent i a l  Fner ~~; ‘urves  for the °
~~ 

— 

States of SF 11

P o t e n t i a l  Energy Carver  for  thc  
l~ States of ST is

5 Potent ia l  Ener ~~- Curves for ~~~ ~ States of ~F 13

6 - r t en t i a l  Pr :er~’y ‘u rves for  th e  ~.. C t a t e s  of SF

3 +
7 P o t en t i a l  En er gy  ‘n r v t r for  t h e  ~ States of ~ 15

Potent  m T  ~n orgy °urver  for  t h e  ~~ — 
$tates of SF 16

9 E:~m er im e n t a  c t e n t T h l  Energy  Curves for SF 17

10 L’or reT ion i ag ran  for  In t e rmed ia te  Coupling of the Sn Volecule 18

11 c~ en t i al  ~nergy C~~rv es  for S~ 20

12 P ot e nt i a l  Ene r ~:y ‘u rver  for SIF  21

13 P o t e n t i a T  Fr ~er~’:~ C a rv er  for A lP

iv

_____________________________________________________________ — ~~~~~~~~



Table 

:.~~~,

I Spectroscopic Data for Electronic States of BO 23

IT Calculated Lifetimes for BO Transitions 2~

ITT Spectroscopic Constants for SF 25

L o w — L y i n g  VoJecular States of SnO amd Their Dissociation Limits 26

V Low—Lying Volecular Ctates of SIF and Their Dissociation Limit :  27

4

~~~~~~~~~~ 
-



I
R77—9 217. 3

I
ABSTRACT

This document constitutes the final technical report under Contract
Fl .oC2 — ”~ — C — C O 7 7  en t i t l ed  “Calculat ion of Potential  Energy Curves For Vetal
Oxides and Halides.” A brief review of all work performed under this Contrac t
is given and a review of technical progress is presented. In addition , a
list of the technical reports and papers generated under this research prorrart,
i nc~~u d in g  the text or abstract of their contents is given.
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ABCTRA-CT 0~ TECKN ICAL ~~‘FORT

The research performed under this Contract was directed towarT the
calculation of the electronic structure and radiat ive transition probabilities
for certain diato’ni c metal oxides and halides which are candidate visihie/UV
laser systems . The objectives were to uncover systems having a low—lying
excited state with a reasonably long (>10 psec ) radiative iifetirte and sith—
ated energet ically such that an invers ion of populat i on with respect to th~r

dominant transitions to the ground state was possible. The systems under
invest igation to date include the group h A  metal oxides (BeO—BaO), the group
I~.’A me t al oxides (CO—FbO) , NE , SiP, AlP an d the th i r t een electron sequenc e:
S~~ , CS , PC and TeE . These latter systems have a common chemistry of their
electronically excited states , including a comm~on A2fl~ X 2

~~ Veinel transition ,
a B2~~~ X 2 ~ first negative transition and a possible metastable a
t r a n s i t i on .  Amori( these molecules the systems BaO, BO , NE , SnC , SiT and ATE
were rhosen for Aetailed s-tuTx. Their value as candidate visible/UV laser sys—
tens has been an a l y z e d .

2 
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RESEARCH PROGR E SS

For several years this Center has been involved in detailed studies of
the electronic structure and radiative lifetimes of the air system and certain
diatonic metal oxide species which may be of abundance in the perturbed atmo-
sphere  foil owinr a thermonuclear  explosion . Su~O diat omic speri~~s commonly
exhibit strong TWIT radiation and a quantitative measure of this effect is
needed to analyze the atmoroh er’ic kinetics. These studies were carr ied on’
using methods of m olecu la r  manturi  mechanics coupled with availal Ic sps-rtro—
srooio information on excited electronic states.

As an outgrowth of this research , a narrower study of certain classes of
metal oxides and halides was initiated with the intent to screen such systems
for candidates which might show potential as visible or UV electronic transi-
tion lasers . The objectives were to uncover systems having a low—lying
e:•:cited state with a r e a s o na t ly lon g  (>12 psec ) radiative lifetime and situ-
ated o n er e e t i c al y such that an inver sion of ocrulation with respect to the
dominant transitions to the groun d state was possible. The systems under
investigat i on to date include the group IhA metal oxides (BeO—BaC), the group
VA metal oxides (CD—lOt), SF , SiT , A TE , the thirteen electron seauence

CS , BO aol BeE , the SIT ash Enl molecu l e s  an d limited regions of the B + 02
p o t en t i a l  energy hy~ er sar face:.  Surosaries of the most i n t e res t ing  candidate
laser molecules are given below .

B a B

For t h e  sys tem BaY , exper imental  i n f o r m a t i o n  was lacking on the r e la t i v e
loca t ion  of the  s ino et ar —i t r i p let systems . The a 3fl state had been previ—
our~~: identified (Pef . 1) since this state gives rise to perturbations in the
A 1-~~ --~Y ~~~~ ~anr l  system . Detailed calculations were therefore carried out for
states of 3:: , 3~~ and 3T1 symmetry . The latter set of calculations could be
used to  jud ge th e rel iab ility of the ca lculated potential  curves since RKN
curves have been generated for the a ~i1 state of BaO .

The results of our calculations are summarized in Fig. 1 which is a
comp~ rit,e of BKN aol calculated potential curves for BaD. The state has
tn~ c l a r a  e r i s t i c  r ep u l s i v e  hehavicr of this state in toe other greaT hbA
rs~-ta oxides. Tt~ s state has no ionic component. The more interesting feat’ar’

is the locat ion of the lowest 3z’~ state of BaO which appears to lie higher than
t he A ~-l~ state. Uncertainties in the calculations , based on comparisons with

states of 3n symm c~try , are such that the order of the A ~O
’
~
’ and lowest ~~~~~

state could be reverrrci in more r e f i n e d  ca l cu l a t i ons .  For the  calculat i ons
pertormea here , the conf igura t ion  i n t e r ac t i on  inc luded the 6s , 6p,  and ~~
electrons on Ba an d the 2s and 2p e lectrons on 0. The extent of the CI va r ied
from 500 — 3000 conf igura tions.

3
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1 -rrese c a l cu l a t i o n s  i n i i c n t -  t h a t  U I  a ant ~~ stri~ c of rn ’

s t i ll  t h e  most  iz i r ort ar t r o o ter  for  r’ar ’ h i n c  i n t o  e le c t r ’ n i c n  2; exc i~~
states for this rvs em . Recent € xp - ’r r: .cr, ta evidence , ro ws-o s, has
t h a t  t ir e gro ’,a - d stroe o o l l i s i o n a .  t r a n s fe r ’  of e x s i t a t  ion to A ~ST + , w h i c n  has a
very shcr’: r’:rh in ’ lv e  l i f e t i m e  (~ 100 r o e s) ,  ir’o- :ser r r ’ a ct i c a l  T rai l ers : ~‘-~ r ~~~~~~

a f t  l it v  of t h i s  r v r  er. as a visible chemi cal laser.

t ar  f- s o a r  on t h e  PB rs~Ge cn1e ar~roe froc three cnct.Traticr.s . Fi r. - ’
r oss’ :‘yide is a l i o n t  rotal oxi le a:.i ‘nor has a large rot c’l rn
(
~ 1.5 cz.~~ ) r - - r z h ’ t  l ag  • a:y o c r  ~r ’n ’ io r . of t c s s i l’  1~~~

- i n n :. ’ molecular levels .
Ceoo rih , m e  n orh or :f - v— ~~:isc  no ~~‘o I a r e l e c t r o n i c  s ta te . :  i s  ra ’ h - r snr-
-s.2 c i r r e s n l t s  in a sr cc ’. ra t:.at car. pos sibly be fu l ly  a n a ly s e d .  Third , this
s : . s s em was t n  ron ’ th er: i rs• ’—~~a: t s r b i 1 i t v  in a l cw—ly l r . c  o’aa:”~ - m :ta~ €- .
Tb’: : nor ’s:. oxide might o y h i i ’ l t  c h a r a c t e r i n ’ic  l i f e  irs ro — —  c:.e a s : c o i a ’r I
with the dothI ’’ nyr t~~z. fr ’an:tt ir s and a :_no r . longer life’ Ira as : s :i a’e l

in t - u ’ — : : - r  t r r L : .s i:  ions .

S’ e t a l  l et  q o . ’ ‘am is ch a n  sa l  cal ca l  at  l o r i s -  v :  carried :2 l’s r he
2 +  2 . _  .. ..+ ... ‘~~ l-~ - 1, , , , , - , - . , ~ a r r  . , . a : : c a - I ri -

In c  ‘ i i - - to the at om ic  io n ic  l i s r i m  . } i ’ } , -r con:. or in g state ; are
alO i- - ai r - e r - - I r .  - r a r a c t . ~ r~. The c a l c r a ’ n - m e d  ro ’~ ‘ - r i o T  c r ’ ~; ear’s~~s v - c- ’ c emr ’nrcd

: ur v — :  -?er’ U,- - -h rOn -s . e.’:i . ” i r-.c ;?a~~~~cr .  t he  m o l ~ -i- ’ r I a r  or 2 r a  of BC
(~~

.- -Y . C )  ani a firal set o~~ r te:.’ia . curve/ va.’ t - r ? ’ ~e: f:’mU .et ~~~al infc -r’—
and  our d e t a i l -i cal~~~~~ .a~~ ? ons . Tlre:e poterOtal curves are

sn : w r .  in  FL’ . 2 vn r’e it  can he seen tha~ t h e  a ‘ s’ ‘s ’ e for  BC i s  s t rc nr ly
houn - i a:. h i g h  1;. rs ~~~~~~ at . le.  Ar . ~x hr a:t ye 1. 1 t e r a t ur -  s ezr .’h’. r eve aled th a ’
t h i s  strr  ~ ba .- - : r  I y been observ~~l cxr ~ - r i ’ - . cn ’ally I y V a l  ‘ they  and co—w o rke r s
(i- - f .  3)  b u t  ‘,.,‘n. i r ,  c - r r’:c ’ ly ass L-ne :. -J2.r -‘aicuia ’ icr.: are i n  c o rd  agreement
w i f t .  tn~’ exr~ r i r ro n P a l  I coat  ion  of ‘his  st n + e a n d  : o  ot h e r  m o l  e c u ?  ar svr .met rv
app ears  t o  i-e c I s c - —I S . ’ no to t r ”- ~~~~~~~ a nor  su e  r t r r i ig :r : : ,o : ,t  . Vol ‘ t sev , et a t .
have se~ r. U t : :  i : a r ’ ot  a t .  e r r :? : . :?  so. r ear  A but  no rot  a tiona l  analysis
wa . sar i ’ S e r  ‘:2 . so rt er - :  was  ol r erv ed  in cr2 s r i  on from exc i t ed  BO under an
a rc  i i r : h - r  so- . El  n a T T y ,  w~ hav e  al so  reviewed a nt  a n a l y z e d  all of the sp e c t r e —
o res ? c ra a C r BO , in clud in g n nirr r ’et sym $ ems . These dat a are shown in
Tabth I .

I:. a- i -U s i c r .  S n  our cal  c i 1a t i o ns  of t h e  en~~rge~ : S cs of t h i s  syst em , we h a v e
a r r r 2 y z e d  t i e  i i fe t .i me: of t h e  B S + and A P s t a t  en and have e s t i m a t e d  t he
l i f e t im e  of t h e  l o w — l y i n g  a ‘~~~~~ ;tate. C p i r i — o r t ’ i t  coupl ing in BO i s  weak
(i~ ion czg ]~) and s i m i l a r  t o  t h at  f u r -i in  5 . and CO. Th i s  r e su l t s  in a very
l o ng  r ad ia t ive  l i f e t i m e  for  th ’  a l + s t a t e .  The calcu l a t ed  r e r : r l t r s  are g i v e n
in C a b l e  II wh i c h  a l s o  shows the  w a v el e n gt h s  cC some of t h e  s t ronger ’  F’rar ck —
Coo ler, trr-nrY ‘ens.
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C l e n r ’ I y  t - c t b  the A ~ fl s t a t e  and the a s t a t e are b i gh— r ’o t e n t i a
c a r . d i . i r ~’e: f o r  laoer oTeratior, to the groun d s ta te .  Tir e strongest  t r a n s i ti o n

tb-s  ‘Ceir. el  A - X system occ :rr ’o at a50l .~~ . The r a d i a t i v e  l i f e t i m e  is tro t —
a l T o  b e t w e en  1 an : 10 use :  mOo r t h i s  t r a n s i t i o n . The s imi l a r  t r a n s i t i o n  in CS
has e x h i t i  e.i laser’  a c t i o n  v i ’ : , e—heam pumped e x c i t a t  i c r  of PBS . The long
r a d i at i ’.-e ii :‘es I’- :‘f t t r e  a l.+ s t a t e  (%l sec) sugo~- :t c  t h a t  emission from t h e
oy s t e r .  a ~:, +~*S,: ~~~ sh o : Id  be e x p e r i m e n t al ly  observed far  d c v r . . t rr-an. f rom th e
vi s i ’s l e  S-S~~ir :e l  t r’s t : . . i tior .  recica .

A I’i r ’ .i t e d  :orh -°r or ’ ca ic -a la t  lo r i s  of the F- + 02 l v i  ‘-r ’ :n r ’ fa ce s  were car r ie- i
cut rea r c h i l l  I i s  ci -a~ -~eome t r ’v . These s t u d i e s  i n - l i c a m  5501 i l it y  for th e  reac—
t ic s . BlOC + ‘ - r e la~~i vc  to BO (x 2t~~) + 02, si nce t h e  former  react ion leads
to fc rn at  i on  cf 3 1 . This seer.: t o  r e i n f o r ce  our opt m r  on for  th i s  s ”:tem
s ince  c o l l i s ion a l h e a ct i v a s  i o n  she:: Yt he slew comp are d to coll i s  i er rol  r e a c t i o n
c-f t r . e crc cn :  s ’ r2 e of the m : I e c u l , e .  P ar t n e r  st ro  r i e s  a rc  i n  progress .

The T c y — l v i r . g s i n gj - ’-~ , t r t r  lO’ and c u i r . m e t  s t a t e s  of NE have been s t u d i e d
in  -j e t a i l  . These cal  cuLt  io: .s wer e  pe r - f orme d  a r m i n g  a large c e n f i cu r a ti  on
ir ,te r ’act ior :  w i t h  an o t t  Sr . l  so t a r t s  re t . The res-,2t s have I s-en ar ,a l - ,’:ei a n ?
l i f e t im e  calculat ions ar- ’ n~ w 5 : ,  a re -ross  f i r  I l~~~, a ansi several low— ly ing
-LI a :rd st a t e s . Tire b T Y ~ and a ‘A s t a t e s  have very long r a d i a t i ve l i f e t i me s
since both  s t a t e s  have  m e t a : t a i I e  :h ar a c te r ’ iot i c s . This  oy ster: ,  i s  under  exper—
imen ~~al st -a -d y a t  Cer - ,o :s nor ’  ( F I w o k ) ,  where hot ?: the 560CC ( h -—x) and 1l-°!0~ (a—: ’: )
t h u r  : i t t s r o  are of i nt e r ” - : t .

-Isis f i n a l  p o t e n t i a l  cur - es are shown in Figs . 3— h and the  e x i s t i n g
ex :erir-.er2al c u r v es  are i-t o e :,  i n  F ig .  ~~~. A compilation of our spectroscoric
c-s-nr ’tar .t.: for VP is gi ver: in Tab le  CII. This system is very anaiagour to 02
an t  shonl  I e x h i b i t  a l l  t h e  familar  band sy s t e m s  of 02 such as Schurrr ann—R ur :g e
( p : : — -~:.: lO— ) a n d  tb’s va r ious  }?ernbere’ system: . As a laser candida te , th i s
5 5 - s t e m - , a: : ear: I ~‘..s. n tract i y e s in e t he  b state should be about as reac-
t i ve  a: t i e  pro- -a i d  X s t a t e .  Sca l ing  t o  h igher  pressures , wh ich is neces—
car:.’ for o t t r i i n i r . g  hich powe r output , looks un favorable for ma intai n i n g  a
significant C t a l n ~ i nn  in either the metastable b l~~ or a states.

The nam er p r o b le m :  in flr~0 l i e  is defining reliable Franck_Condrmn factors
ari d E in s t e i n  co ef f i c i e n t s  (or  l i f e t i m e s )  for the low—lying  metastable s ta tes
(a 3~t, 

3n ,  ~~~~~~ f r  th e  unresolved states and in analyzing the branching oral
t~ tal  density of I - o w — l y i n g  e l e c t r i n ic  states. A correlation diagr~~ for t h i s  a . . — j
esale is shown in Table IV. Clearly , t h e  large number of low—lying ionic state:
makes th i s  system i .j k u r , a t t r s l e live fr rs a kinetic branching viewpoint . Experi-
mental stud ies of t his sys tem have been car r ied out by Zare (Columbia U .), Cnpe~~:e

5
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(Aerospace )  and Li r evs-ky (I.E. ). r” a r . d id a t e  tr :- t r r : i t  i n n s  a r -  t i r e  A—I-: systs-r.
at 6~.CC ~~ and t h e  a—x :yo’er’ at 3m ‘

~~ I a t m l  t a l l e I. i Ce ’ 5, e5 to il ata on s-er—
t u .rbatior:s fr-or: other T ’o t h nt  i a T cu r v es  are not avai  I n ?

We have a n a ly z e d  the : p i n— o r ’ h i t  s t ru c t u re  of th i s -  in , s-cu le a:. ’l th ’-
l o w — l y i n g  c o nn e c t i on s  are l-Low: . irs F i r .  10. C’o u r t i n g ti _ i s  lr . f r’:-. ’.. I lOr , t c  t ir e
available i sj ’e ct r o s c cr n i  c d a t a  a r t  a . ir .i  t’-d slum ? -or of cab  : I — t i o r i s , ye sno w
oar best  eo t i r r :at e  of tie j-~~ er,tial curves for t h i s  .- -y -:ts-r ’. I : ,  Fir ” . II . :‘Tenr y,
th e  a O SI + s t a te  is n: t  CuT Iv  r e so lved  a n t  t h e  fl cor- .:’-sr . er- ’ ca r orir fro:’
r i n o le t  r ear ’t r tn~ s. The p o s s i b l e  hran:h irss -  r a t  ho are n urser -cu:  a:. I i i  scou r - a ’ S  s i r
from t ? :e - - i e : in~ ot~ p o s s i bl e  exc i t ed s t a t”  iro r ’r s i o r i s .

Tn t  er’e:t i a t t i :  syst  e~ - s -~~ em,: frois t? :e n i g h  ex othermi c i ty  of the C I B a + F0
r e a c t i o n . Cii - ’  is f ”rm e i i n  e l e c t r o n i c a lly  exc i t ed  s t a t es- , m a i n l y  a ‘LI an-i
A ~~~~ A m o l t ’-:u.ar c r-relati on diagram for SiP is shows , is .  T a b l e  V.  D a v i s  at
A~~’iL i r a :  c a r r i e d  n - :S l i f e t i m e  s tud ie r  for the 1s 3(R~ ~A — Y )  t r a n s i t i o n  and has
done :osr ,e r r e i i m i n a rl .’ wer’k On the quartet system . A poss ib le  laser t r a n s i t i on
15 tt.è 1. ~ a 1I — A ‘ Y ~ system and a theore t i ca l  es t imate  of the  l i fe t ir :e
of time a ‘ s t a t e  is  Tr ’ress.

We f i n - I  a l on g— r a n g e  bar r ier  in t ire A ll :+ excited state potential curve
as i r , d i c at r ’ i in Fin- . I I .  This  barr ie r  is  the resul t  of an avoided crossing
betweer :  t h e  i o ni c  ll~ + cur -we and the  valence state a r i s ing  from ground state
atoms . The : tr i t e s -  of quar t - ct symmetry have no i o n i c  component and no long—
range  bar r ier  is ev id en ’ in  the  a 11T state. This feature suggests that
br t n o h i n g  i n to  the a state could be fas-s red . A more complete analysis  of
t b - c i -r i g— r a n g e  sar f a ’se  mOo r- f i  + F2 is in procress to more fu l ly  understand the

:, cc ,r :r en ~’er: of t r :i o  barrIer.

Detai led c a l c u i a t . i o r -r s were carried out for the symmetrie s 1s4’ , 1s— , 1p ,
3fl , ~-tr , °S ” an? A C” . A composite potent ia l  energy diagram for A1F is shown
in F i g .  13. We have located a 30 state at approximat ely 5 eV . It appears t o
be a n e ar— P ’,-dl erg state to AlF~ connect ing  to A12 S + F 2 P .  The A111 state is
prediosociated as i n d i c a t e d  in  Fig .  13. The only possible laser routes for
A1F would seem to be an inverse predissoc ia t ion  population of A 111 or metastable
b u i l d — u i  in  the  a s ta te .  Ne i the r  route appears to he very favorab le owin g
to long—rang e  barr iers  and weak Rydberg—va lence mixing.
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PUBLICATIONS AND PRES E NT A T I Ci i r ’

The s i g n i f i c a n t  research r e s u l t s  obtained under’ t h i s  Y r ,t r a - o t ba’.’c boon
prepared for publ ica t ion  in technical j o u r n a l s  aria h- - -k: or ’ p- r ’eL -e r r t e  -1 at
t ech n ical meet tags . These papers a n t  mee t in gs  are l ict e a  b c - J a w . Abstra c ts o”
the nub l i shed  papers are inclsic in toe Ap~’t - n . i i c e s  to- t h i s  rep- r t .

C. Technical Reports in -- “~r ’n a , :

1. “Confi guration l O ter a o t  i - , u lOu l i e s  C t he  ?? e ?i + I~O o l e c u l a r  l in .  I I I
S ingle t  Pi a rc  Tel ta C t at e o  , “ 2 . A .  Green , I i .  H .  Sicr.el , c a ria
J. C. Br~ wne , ~‘,:urnal  ~f Ch emica l  Phys ics ,  V~ 1. 61, 19( 6 , a. 395 1.

2. The E lec t ron ic  St -‘- u stu r e  of ArE’ a n t  Cr ’ - F , ” B.  I? .  N iche s aria
B . H .  Ho bb s , to be publ ished in C h em i c a l  Phys ics  Let ters , :971 .

3.  “ Tue E _ e c t r - - r r i c  S t ructure  of Exoiner - -Oole -cula r’ Lasers , ” H .  1: . B iche l s
an c  F .  H .  H obbs , to be publ i sher :  in ‘Inc In te rna ti~~rra l  J :,rr’rra_ c-f
. -,iar tsasr Chemis tr ’v , 1917 .

P .  T e : r r , l s n l  A r t i c l e :  151 l ooks

I . “ E.~ c-ct  r:::ic St r u ct ur e  ar id isa n at i v e  L i f e~ imes C, r PC , ” I? .  H .  V i ch el s ,
F .  i i a r r ’ i .  a : . : 0 . l b  lOs , E.~es ” r’ :.lO ~‘ r’rr ns~ t i  n Laser ’: , c l O S e s  b y
Je f fr e s -  I .  .i’t e i n f el d , BI T Press , p .  278 , 1976.

2. “Electronic i’t r - a c t r n r e  o : E : ’r c i t e i  , ‘t a te s  1’ de ecte.r At::: s p r e r i c  o l , ’ote ::.s
i-i .  H .  l-!lOhels , Ttre h:-r s ’ i t e t  St a t e  in Chemical Phys ics , edi ted  by

‘-ba . 1-Sd - wan , 1971.

C. Te chn i c a l  Ea~”sr and Lecture  P r e s e n t a t i’- ris

1. ‘ i- .e r r t r o : , i c  Itructure and I oterntiai Energy Curves for’ Eel , MgI’, i--al’
-an t s - c” H . P. Bichels. Invites talk at the 1st Prinurer Colloquium on
Electr onic Trarisiti n Lasers , University of Cal i fornia , Santa B’- rbar a ,
California , June 11— 19, 1071 .

2. “ C a , c ’ ilat ion  ~f t e r t i a l  Energy Curves f o r  M e t a l  B’xirles and Halide:.”

H ,  H ,  B i c h el s .  Pre :ente at the l14th  AFOSH Cc ’r r t r n c t er s ’ Meet ire - ,
ir-c:: t -n Coliege , Ia - st  -‘ n : , Massr -ich u r m e t t s , Augus t  2 ~— l 1 , 197 3.

3. “ l ut er it i a l  En e r g y  Curves  f’or the droun i and Excited :‘trrtes of Bar ,
CuO , Cml and Ire .” H. H. M ichels. Presented at the AFOSR/AF”~L Laser
B e t t i n g  in Albuquerque , New Mexico , June 5-J4 , 1015.
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1. “Potential Curves and Scattering Theory Matrix Fler re r ,t s  1’: r th e
Singlet  Pi States of HeH~~’ H. H.  Mich e ls .  Presented at the 9th
International  Conference  on the Physics of Electr ;riic and Atomic
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posium on Atomic , B o ’l e cu t a r  ana Solid l’t a t e  T h e or y  in  Sar .ihc ’l ,
Florida , J an u a r y  15—21 , l9-(6 .

7 .  Par t ic ipant at the  2n d I n t e rn a t i n n a l  lOr:gres:  of’ , uari t ur . Chem i s t ry
in New -Orleans , Louisiana , A p r i l  ~l ’O—22 , 1976.

8. “ The Eoe ct r -oni ic  S t ruc tu re  of’ the  Fare  Gas H a l i d e  Lasers. ” H .  H .  I ’Iicl ,e c .
Invi ted  speaker at the I n t e r d i s c i p l i n a r y  Physical Sciences Seminar- at

Yale U n i v e r s i t y , TI -n w Haven , C o nn e ct i c u t , T’Iay 3 , 1976.

9. “ C a l c u l a t i o n  of the Er :erget ics  a nI  Radiat ive Propert ies  of :; -i -
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Gas Halide Iholecules . ” H.  H.  :-Tichels. Presented at the Third S ummer
Colloquium on Elect ronic  Trans i t ions  Lasers in Aspen , Colo rad o- ,
September  6— p ,  1976.

10. Partici pant at the Gaseous Electronics Conference in Cleveland , Ohio ,
October 15—20 , 197 6.

11. “The Electronic Structure of Excinrer Molecular Lasers.” H. H.  M i c I r e l s .
I n v i t e  i speaker to the Atomic and Bolec-ular Solid State Theory
Sym~— ’ s iun . heir? at Sanibel Island , Florida , Janu ary 17—21 , 197 ’ .

11. “ T iro  E lec t ron ic  St ructure  of’ ArF and Ar 2F. ” H.  H .  Miche ls .  Talk
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11. “Calculati ons of the Energetics and Radiative Properties of Visible!
UV Chemical  Laser Systems. ” H .  H .  Michels .  Presented at the AFOSR/Ai’S’.’i.
Laser Meeting in Albuquerque , New Mexico , May 16— 18 , 1977 .
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POTENTIAL ENERGY CURVES FOR BaO
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R77—92 1723 FIG,2

POTENTIAL E N E R G Y  CURVES OF BO
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R77—92 1723 FIG. 3

POTENTIA L. ENERGY CURVES FOR THE 3~ — STAT ES OF NF
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R77—92 1723 FIG, 4

POTENTIAL E N E R G Y  CURVES FOR THE 1~ STATES OF N F
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R77 —921723 FIG, 5

POTENTIA L EN ERGY CURVES FOR THE 3~ STAT ES OF NF
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R77—921723 FIG . 6

POTENTI A L ENE RGY CURVES FOR THE ~~~~~~~ STAT ES OF NF
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R77—921 723 FIG. 7

POTENTI A L E N E R G Y  CURVES FOR THE 3~ ’~’ STATE S OF NF
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R77—92 1723 FIG , 8

POTENTIAL E N E R G Y  CURVES FOR THE ‘h. ’ STATES OF NF
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R77—92 1723 FIG,9

E XPER I M E N T A L  POTENTIA L E N E R G Y  CURVES FOR N F
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R77—92 1723 FIG. 10

CORRELATION DIAGRAM FOR INTERMEDIATE COUPLING OF THE SnO MOLECULE
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FIG. 10—1
R77—92 1723 (CONTINUED)

C O R R E L A T I O N  DIAGRAM FOR INT ER M E D I A T E  COUPLI NG OF THE SnO M OLECULE
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“~ 
POT ENTIAL ENERGY CURVES FOR SnO
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R77—92 1723 FIG ,12

POTENTIAL EN ERGY CURVES FOR SIF
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R77— 92 1723 FIG. 13

POTE NT IAL E N E R G Y  CURVES O F AI F
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TABLE I II
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TABLE V

LOW—LYING MOLECULAR STATES OF SIF ANS THEIR DISSOC IA T1SO LI~’i TS
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ABSTRACT

The metho- i of s o pe r po n i t i o r .  of confi~ u ratoor .s i s  a pp l i e i  t o  t h e  s~ Tal let  Pi
an-I delta states of HeH~ which correlate to the n e n a r at e -  atco: st a t e s -  of or i r ,c ip al
q-,iar4t un-. r.umter less than or equal  to 3. The c a l c u l a t i on s-  are c a r r i e d  out for
in terr  ‘clear  se~ ar a t i o - n s  C in .  the range o ( o . i ) s o .5,  3 5 .0 ( 0 . 5 ) 5 0 . 0  a . u .  The de ta

state calo-olations are also extended to R=6 5 .  The work is a c cn t i a u at ~~on of a stud:-

of FeE 4 f o r  which the sin ~~let si~~na states have already been r epc r t e  i .  In  a i d i t i o n
tc the er,erg’.’ ei~”en’za1ues , matr ix element s for radial and anoular  co it l i r~’ ar-.i toe
dipole ani Cr a l i e n t  matr ix  elements  are calculated for all comt i r:a~ ion of t o e
si r .o le t  n i ~~na , pi , an.i de l ta  s ta tes .  Plots and t a — i e s  of th e  o a l c u T h t e d  ei~ era ’a1ues
and na~ ri:’: el-cner,t: are presented.  Where possib le th e  c a l cu l a t ed  data are comp ared
w i t h  toe r e :u lt .- of previou: work . The result s of t h i s  work are u se fu l  for
tne-oret  i n - al co l l i s i o n  s t u d i e s  of H + +He and 5+Hc + .

*Supporte d in part by the Air Force ff ’ice  of Scientifi c- Research under ‘ c r . ~ ra ”r
F~a . 6 2 0—1 3 — C —007 T .
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H.  H. 2ichels  and R.  i -i .  FoIl s
U n i t e d  Technologies  Resea rch  Cente r
East  H ar t f o r d , Connect icut  Or- lE E

L .  A.  \‘ lr icc~,t ( 1—To )
Firtland Air  Corce  Fase ,  New ‘- lex ico  ~7ll7

C a l cu l a t i o ns  have leen p e r f o r m e d or. the  electronic structure , potential

eo, r Cr cur ’-,’es and ralia ti ’,’e transition protatilities of A r C  and A r - F .  Cu r

predict ed emission spectra for ArJ- indicates that only the F ~T
4-
O~ X -

~~~~ :

t r a n s - i t  ion  ex~:Ps i t c  a large t r an s i t  i-on moment and hence a s h o r t  (~ 5 n se c )

radi atl:e lifetIme . Calculations f o r  A r 5 0  i nd ica t e  that the b oun d upper ionic

s t a t e  has  sv t ~::etrv w i t i  A r — A r  and A r — ° b-or .d len~ th s  simi lan  to  t h o s e  in

the c - o r r e n p o a i i a s  d i c E  c- m m spec ies .  The te rminat ing  s t a t e  also nas 23 ~~~~~~

try and :.:s poi- .’-~t m io  s : ; st em should e xh i t it  a re la t ive ly long r ad i a t i ve

l i f e t i m e  (— S 200 nsec).

Supported in part ly A K-SF under Contract No. FLL~- C-73- ’ -flC ”7 .
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*T}~E ELECTRONIC STRUC’I’URE OF EXCTh!ER MOLECULAR LASERS
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United Technologies Research Center
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L. A. Wright (DYP)
Kirtlarid Air Force Base, New Mexico 87117

1. W. D. Connoll yt

National Science Foundation
Washington , D. C.  20550

ABSTRACT

The electronic structure , potential energy curves and radiative trans-

i t i o n  :rcoaa~~lit ie s  of excirner sys t ems have been examined us ing quantum

mechanical methods . These molecules are characterized by repulsive or

weak:.1.’ bound groun d st at e potential  curves and by bound , strongly ionic ,

or  ?‘.‘dt err , exci ted states.  They const i tut e a ver~v interest ing class of

molecules which offer the possibility for high power, high efficiency U’)E

laser operation . Calculations have been carried out using the density

functional SCF—X~ method , modified extensively to correct for well—known

errors arising from approximations to the potential and. exchange tei~ns. A

limited number of ab initio cal culat ions were also carried out for com-

parison purposes . For the ArF system we f ind that  the lowest excited ionic

stat e has symmetry 2 and that the dominan t laser t ransition observe d

at 1933 should be assi gned to B 2~ i~~,2 -* x 2
~~

+
1~~~ The c ~ x

transition is calculated to be two—order s of magni tude smaller in emLsnJ on

i n t e n s i ty  t h a n, the dominant t rans i t ion , thus  rul ing out this  assignment for
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the observed laser l ine in ArF .  Prel iminary ca lcula t ions  carr ied out for Ar 2F

i n di c a t e  that the  b ound upper ionic  state has 2B2 symmetry and that the most

pr -b a h . e  ~- r - u n - i  state also has 232 symmetry . This po lyatomic  system is pre —

d ic t e - i  t o  e xh i b i t  a broadband emission spectra with a relatively ic-np r a d i o—

tive lifetime .

* Supp- : rted in part by AFOS H under Contract No . F1~3 6 2 O — 7 3 — C — 0 0 T 7 .

± Po rm anr ~n t  Addre s s :  Quantum Theory Project
Univers i ty  of Florida
Gainesvi l le , Florida S2f111
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Ti .  H .  ~-: :~~,~-:

~In~ t c c  Tesh a -  - :- -ies Fe-se arch  - ‘eoto~’
Cast  E - a r ’ t f - - r c t , - ,‘. o o c ti c ut

F. Harris
2. Lu ll s

Air Force Tecur- ~ n o Lab , Firt1ar~ Air Force Ease
Albuquerque , fl ew He :-:ico

I~uantun necha: , ica~ st 0 11es are it ,  or - -ross at U’Th C anli AF01L to  -de t e rm in e
the  eleotr - :  ml- : s t r uc t u r e  and  r a d i a t i v e  ucaper t l e s  o: ’b o roo c - x i s - v .  This  :1,’s te tC ,
has very  Fish p~ t e n t i a1  for’ i a s i m~- on an e l ec t ron  To t r a n s it i  -

L-eta~ led qoaot c’. calc r~ ations were -car r ied  out :2 r’ all of the low ly irq-
electronic states connectims to  ic ( 2F)  + o ( 3 P) an-i F- ( 2 7)  + 0(10). These studies
ir,c~~is-e t examinat ion  of s tates of s-~ms-oetry 

2~ +, 2~ — , C~ + ~ : — ~ 
2~~, 3~~ , 2~ and

Acc3rate c-~n t i c ur a tL a ~— in t e r a c t i u r ~ wave functions were constructed for these
s-t a t e :  and a comparis o of - - u r  calculated potent ia l  curves with exper imenta l  2FF
curve: has been c a r r i e i  sO .  A sys temat ic  ca l ib ra t ion  of the ca lcu la ted  curves
ha : been per f-o- r n.e I t o emoi r ica l l y  correct t a r  core polar izat i on e f f e c t s  which
were r i t  m d - s - -i d in the  w a v e fu n c t i -  n expansion. This empirical cal ibrat ion is
s i p ni f ic a r~t at very  sh u’t internuclear separations and appr aches zero at large
seoarat1~ -ris - , since our wavefunctions separate to the correct  atomic limit-s. Our
f in a l  a j E u s t e d  p- tential curves are shown in F ip .  0—1 .

This s y s t em  is ~r~l e r e s t i ng  uwinp to the low lyinp a state which is

metastable with rerpect t -~ elo- -t r -nic transitions. This state is bound by at
ieas~ 2 eV , unlike its a n a i c -  in ~~O where the state is very weakly (<0.2

eV) b - - cr-I.

Au analysis of the radiative lifetimes of the low lying states of i-C has
been carried out . The allowed transitions B2E~ ~ X

2E~ , C’ 
A 2fl and 2011 ~

33 
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have been examined in detail  and estimates of the lifetinre of t he  quar t e t  
-

system have been made . The a3~~ 
-
~ A2 11 e lec t ronic  t r a n sit i o n  at aU -u t 5000 X

looks v e r y  p romis ing  f a r  pulsed laser operat ion in t h i s  sy st e m .

*
Supoo rted in part by A FOITI - under Contract N o.  F3~4 6 1TO — 7 3—C — O077 .
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0r~~~ei Techno losies  C e se a r - : i ,  ‘c-s. to: ’
East H art  C ’ :-r’ u , ~o n : .  cot  ic i t  S f 1 0 5

101

in order  to  eo’a ,ciat e t h e  t h e r s o i v n o m r  s an :  ra ii ation T-r-oc -er 0ie s of a
n a tu r a  or pert ur’be d s ta te  of’ the up~o- r at mosphere  or i ono :ohere , tE e  t l er n . a l
and t r a n s n o~~ p r o p e r t i e s  of h e a t e d  a ir  are r et Ir ed .  facE  r - r ~ r e r t ie s  are
a l so  o f  r ar t  l Iar  in te res t  in plasma ph o -s ics , it pa: l a s e r ’  :b c st e mc , an d is.

c s tu d i e s  of a i rs t a w  an-I t i e  au rora . In ~~~ l a t t er ’  a rva , t h o  release 01’

am - :h emc-ca ~ :c-eci cc in to  the  u r n t - r  a~ spI ro ros s in  lord a -:a cloud:
t h a t  - i i c : - C  ~y the  re sonance  elect  r on i  c — v i b r a t i o n a l — r o t  a~ i s-:. cr er  rio: 01’ the
n-lease I r c - : i r - .~. °uch spec t ra  are seen in ro cket  re eao-~~’- of chem icals
f:’ ,roer at t o s - so I , er i c  st u i ie~- a n - i  i:o-~r re - - r , t  r1I j r , t  - ‘  he atr .o- ,- :- : ere cf
a r ~~ i fi c al  s at e l l i t e : .  C f  n ar t i cu l ar  in t e r e s t  i s  t h i s  a - n c-st  i - a n is  Oh ’--
c- :~ ’ -~”c~~1 sr- ° :’Ora ~

-- : ‘ c er t a i n  m~ t a I l c  o x i - l e s  an :  air Clom i- ’ sp ec i e s .  Fran .
a o l  t : . t - ~ : :l t y  d i s t r i b u t i o n  -of t I r e  o c-ec t r a , a:. : knaw1 ’~- -i te of t h e  f— ’,’a01oa: for

e l e  - ‘ S t i c  as - i  v i i  r a tio n a l  t r an c it i on s  , t he  local con~di t i nc of the atmo-:oi .ere
a-a’ . : - ‘ -  :- -~ e r ’m:: , e r - i - c - ” . l~~.

I re:~ : 0  thc - o r ’-t  I :a: o f f ’  r t s  w h i ch  arc- dire -ate -i  c -war d  a more complete
an :  r~~iT i :t i -~ anal ’:, r i r  of the tr’an:: -p crrt  e q i r a t - i ons gov ern in s  at mc - ,-- r -b e r i c

t I - c prop asat i on of a r t i f i c al  d i s tu r b a n c e s  re - l a l  no r e t a i l e d
inn of thermal opacities and 15015 absorption in resi ons of temperature

at :“-:, - -~~r- whe t - c ’  m o l e c u l a r  e f f e c t s  are i~ or t ant ( 1 -e : s .  1, -- ‘. A l t  1 : 0 ’ :,  . t C 1 O - 0 ~
e:’~~c- C’: rre:. ’-a I t e ’ i - ,r , i -ou e s -  have been emol oyed for  both atomic an I m o l e c u l a r
:y. ’ -~ , ,  t I ,eor e t :t’l st u d i e s  have been l a rg e ly  c o n f i n e d  to an a n a ly s i s  of t h e
pr  ; e r ti e :  ( T - c u r r i — b - o - r n : 1 , b o u n d — f r e~- and f r e e— f r e e ) of at omic  sy sterns ( R e f ’ s.
S’h is has  l eer -:1 - re in  la rt o part to the  unavai la b i l i t y  of r e l i a b le  wave func t ions
12- :- dia t - am ic  rt.--i”c-- :iar sy::tem. r , and p a r t i c u l a r l y  for exc i t ed  itt or es or states
-o f’ opr~r,—shell structures. More recently, (Be f,r . 6_ t ) rel iable theoretical
prceei:rres have teen pr~ s-cribed for c’r- ~h s-y,ctnm. ’ w h i ch  have r e s ul t e d  in F ’
-Ieve:opment Q~ ’ ~~~~~ i-c-I c-cm~ r I  at lonal programs .

The th ~’oreti ‘a a : r a I y . ;  i s  of - i l  mo:- r d r s r i a  reacti  ons requi res the knowl e-I ”
c-f t h e  e l e c t - r - tn i c st ru  -t are  of the  p r - - rn - i  an 1 1 ow~ l y i n g  c x ’  ite: : s tat e s  o f ’
r-~ on:: , i o n :  an-I cnn Ii - l e o u l a r  d u s t  -n:  0. nit ros a ani ox-coca and , in certa i n
rf- ’: -an:, t I e  in t er ’a - ’ ion  of water or other s-roi l I m- -l ~- ’ - 2es with these clusters .
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Because of the computational complexity for systems with large numbers of elec-
trons , traditional a’b initio theoretical methods are difficult and expensive to
apply . However, no clear alternative choice is cur rent ly  on the hor izon ,
although progress continues in serniempirical and perturbative approaches to
the calculation of electronic structure . Such approaches have met with lim ite d
success in applications to electronically excited states of molecules . Al-—
init io computational programs based on the variational theorem , incorporating
analytic basis functions and coupled with a configuration interaction ar,aiysis,
remain t-he backbone of our techniques , for studies to chemical accuracy , wh i c h
are applicable to systems such as the atmospheric diatonic molecules arsi ion.:.

The potential curves derived from such calculations can often be ernpiri—
cally improved by comparison with so—called experimental curves derived from
observed spectroscop ic data , using RILE or other inversion procedures. It is
often found , particularly for the atmospheric systems , that the remaining corre—
lation errors in a configuration interaction (CI) calcujation are similar for
many excited electronic states of the same symmetry or principal molecular
orb ital description . Thus, it is often possible to calibrate an entire family
of calculated excited state p ’tential curves to near—spectroscopic accuraoy.
Such a procedure has been applied to the systems described here.

The particular choice of the atmospheric systems to be presented here
proved to be somewhat of a problem . Calculations for the L-~ molecule , inc lu l—
ing all low—lying valence and Rydberg states , had been perform ed several year s
ago (Ref. 10) as had a fairly extensive set of calculations for 02 (~~ef. 01).
Gilmore has described the known spectroscopic states for N1r, 02 ,  NC- and severl
states of their corresponding positive an-i negative ions (Ref. 12). A comçlet e
analysis of all of the valence and low—lying Rydberg states for I, 0~, and 15
including ions , seemed too formidabl e (and expensive ) a task , so the ~ystems
Il L,  02 ,  NO, O~~ and NO’~ have been selected for inclusion in this review . This

choice includes the most important atmospheric positive ion, N0’~
’, and the

chemically most interest ing negative ion, 02 .

The general composition of this article is as follows . We first present
a crit ical review of the current  status of electronic structure calculations
for molecular systems . This is followed by a compilation of the potenti al
energy curves , derived spectroscop ic analysis and pertinent discussion of the
atmospheric molecules selected above .

*
Supported in part by AYSSR under Con tract No.  F14 14620— 73—C —00 77.
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SnI r a c I ~i t I v ~ lifet iro c’s
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The research perfor med under t h i s  con t r ac t  was directe d toward the

c a l c u l a t i o n  of ’ Oh” cl,’tr o n i c  structure and ra d iative transition probab il ities

for certain dia trarn i :- metal oxides and halides which are candidate v i s - ib l e ,’U’V
laser systems . The objectives were to uncover r:,’:tcm s having a low—lying

exci te -I state with a reasonably long (>10 ~is~ c) rad i ative lifetime and

s i t r : n t e ’ I  en e r se t - i c a li y  such that an invergior. of population with respect to
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the dominant transition s to the ground state was possible. The systems under
investigation to date include the group h A  metal oxides (BeO—BaO), the group
IV~ metal oxides (C0—PbO), NF, SiF , A1F and the thirteen electron sequence:
N~~, CN, CO and BeF. ~hese latter systems have a common chemistry of their
electronically excited states , including a common A211 -

~ X~~’ Meine ’. transition ,
a B2~~ -~ X2E~ first negative transition and a possible metastable a ~
transition . ‘Among these molecules the systems BaO , HO , NF , SnO , SiF and A1F
were chosen for detailed study . Their value as candidate visible/iSV laser
systems has been analyzed.
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