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ABSTRACT

The method o f  s e n s i t iz e d ' f lu o re s c e n c e  was used to  determine the  

cross sections  f o r  e x c i t a t io n  t r a n s f e r  from e x c ite d  Hg(6 ^ P j)  atoms to  

c -lo se -ly in g  s ta te s  In th a l l iu m .  A vapour m ix tu re  o f  mercury and t h a l l iu m  

was i r r a d ia te d  w ith  Hg 2537$ resonance r a d ia t io n  and the  in t e n s i t i e s  o f  the  

s e n s i t i z e d ' t h a t  Iium sp e c tra l  components r e s u l t in g  from th e  decay o f  the  

col 1 is io na I Iy -p op u Ia ted  le v e ls  were measured. No th a l l iu m  sp e c tra l  components 

o r ig in a t in g  from le v e ls  above the Hg(6^ P j)  s t a t e  were observed in th e  

f luorescence . The mercury vapour pressure was kept low (about 10“  ̂ t o r r )  

t o  avoid imprisonment o f  resonance r a d ia t io n .  The observed cross sec tions  

were corrected  f o r  cascade t r a n s i t io n s  where necessary. The c a lc u la te d  

cross sections ranged from 0 .05$^  to  3 .0$^  corresponding to  a range In  

the  energy d e fe c t  AE, between the energy o f  th e  Hg(6 ^P j)  s ta te  and th e  

e x c ite d  th a l l iu m  s t a t e ,  o f  - i . 5 8 e V  t o  -Q .083eV. A pronounced resonance was 

observed between th e  Hg(6 ^P^) s ta te  and th e  c lo s e - ly in g  th a l l iu m  s ta te s .  The 

r e s u l ts  obtained, in t h is  in v e s t ig a t io n  fo r  H g*-T I c o l l i s io n s  compare 

favou rab le  w ith  those obta ined  p re v io u s ly  f o r  Hg*-Na, Hg*-Cd, Hg*-Zn,

Rb*-Cs, and KVRb systems.

The behavior o f  the s e n s it iz e d  f lu o re s c e n t  spectrum of th a l l iu m ,  

produced by i r r a d ia t in g  a H g -T I - l^  vapour-gas system w ith  Hg 2537$ 

resonance r a d ia t io n ,  was s tud ied  in r e la t io n  to  N2 pressure. In t h is  t e r t i a r y  

system, th e  th a l l iu m  atoms become e x c ite d  by c o l l i s io n a l  t r a n s f e r  from 

Hg(6 ^ P j)  atoms and a ls o  from Hg(6 -̂ P0 ) atoms which are  formed in Hg(6 ^P^)-N2 ,

c o l l i s io n s .  The spontaneous decay o f  the col I is io n a11y -p o p u Ia ted  th a l l iu m  

s ta te s  gives r is e  to  the f lu o re s c e n t  spectrum and t h e i r  rad I a t  ion less decay 

(quenching), caused by c o l l i s io n s  w ith  N7 m olecules, m anifests  i t s e l f  in a
j .  ^

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



decrease o f  th e  f lu o re s c e n t  In t e n s i t i e s  as N2 pressure Is  Increased. The 

quenching cross s e c t io n s ,  -o b ta in e d  by an a lyz in g  th e  v a r ia t io n  o f  th e  

f lu o re s c e n t  in t e n s i t i e s  v(ith  N j p ressu re , appear t o  e x h i b i t  a resonance 

pro p erty  w ith  respect to  upward v ib r a t io n a l  t r a n s i t io n s  In N j .

The r e l a t i v i s t i / c  o s c i l l a t o r  s tre n g th s ,  t r a n s i t io n  p r o b a b i l i t i e s ,  and

l i f e t im e s  in vo lv in g  ^he f i r s t  25 T h a i l iu m j e x c ite d  s ta te s  and th e  f i r s t  6 4 ’
. . •< 

e x c i te d  s ta te s  o f  CesIumT were c a lc u la te d  and compared t o  the  corresponding
V  I ' '

n o n - r e i a t i v i s t l c  Bates-Damgaard and Hydroganic values commonly employed 

in th e  experim ental d e te rm in a tio n s  o f  energy t r a n s f e r  and quenching cross  

s e c t io n s .  The wave fu n c t io n s  t h a t  were used were c a lc u la te d  by employing
f

a r e l a t i v i s t i c  H a r t re e -F o c k -S la te r  method in which th e  core o r b i t a ls

were a llowed t o  re a d ju s t  t h e i r  r a d ia l  d is t r ib u t io n s  f o r  each e x c i te d  s ta te

c o n f ig u ra t io n .  The re s u l t in g  n o n -o r th o g o n a li ty  amongst s ta te s  w ith  th e  same

t o t a l  an gu la r  momentum was removed by app ly ing  a Gram-Schmidt o r th og ona l-  
* 1 *

I z a t io n  process to  the  r a d ia l  wave fu n c t io n s .  Very good_ agreement w ith  the

most r e l i a b l e  experim ental and th e o r e t ic a l  data was achieved In the  case

o f  Cesiumj. In the  case o f  Thallium^ t h e  re s u l ts  were not as good although

co n s id erab le  improvement should be expected upon improving fh® re p re s e n ta t io n

'  \
of th e  exchange p o t e n t ia l .
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• •  i .

INTRODUCTION
.#? U

When a pure metal vapour Is  I r r a d ia t e d  w ith  ILght o f  th e  a p p ro p r ia te

wavelength, ground s ta te  atoms become e x c ite d  t o  the  resonance, s ta te
-  ’  -o

from which they may undergo spontaneous decay back t o  the  ground s t a t e ,

e m it t in g  resonance f lu o rescen ce , N
* ■* ‘ .• ’ ."* - '• •

In many b in ary  metal vapour m ix tu re s ,  c o n s is t in g  o f  atoms o f  two 

d i f f e r e n t  spec ies , A and B, in which atoms o f species A have been e x c ite d  

t o  th e  resonance s ta te  by ra d ia t io n  o f  the  a p p ro p r ia te  frequency, the  

f lu o re s c e n t  spqctrum may Include not o n ly  th e  resonance r a d ia t io n  from 

atoms o f  species A but a ls o  severa l s p e c tra l  components c h a r a c t e r is t ic  o f  

■ th e  atoms B / /"”Mercift*^ and th a l l iu m  form such a system. When t h i s  m e ta l -  

vapour m ix tu re  Is  i r r a d ia t e d  w ith  Hg 2537$ resonance r a d ia t io n ,  the  

. r e s u l t in g  fluorescence  Includes the  mercury resonance frequency and • 

severa l components a r is in g  from th e  decay o f  var ious  e x c ite d  s ta te s  o f  

th a l l iu m .  The observed t h a l l iu m  em issions, which are In d ic a te d  in 

f ig u re '  (1 )  and are  u s u a l ly  re fe r re d  t o  as s e n s it iz e d  f lu o rescen ce , arJse  

from c o l l i s io n s  o f  th e  second k in d , In which th e  o p t i c a l l y  ex c ite d  

Hg(6 ^P^) atoms t r a n s f e r  t h e i r  e x c i t a t io n  energy t o  the  T l ^ p ^ )  ground 

s ta te  atoms.

In the  presence o f  fo re ig n  gas m olecu les , such as n i t ro g e n ,  I t  is  

observed t h a t  th e  in t e n s i t y  o f  th e  resonance ra d ia t io n  is reduced in 

proportion  t o  the d en s ity  o f  the fo re ig n  gas molecules. This is  due to  

c o l l is io n s  o f  the  second kind between the  e x c ite d  m e t a l l i c  atoms and 

th e  fo re ig n  gas molecules in th e  v=0 v ib r a t io n a l  s t a t e .  Such a c o l l i s io n  

process, in which the  e x c ite d  atomic level is  depopulated by a r a d la t io n -  

, less energy t r a n s f e r  to  the fo re ign  gas m olecule. Is  c a l le d  a quenching

1t0
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F ig .  1: Energy le v e ls  o f  th a l l iu m
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c o l l i s i o n .  An e x c ite d  atomic s t a t e  is-quenched most e f f i c i e n t l y  by 

m o lecu lar  spec ies , such as n i t ro g e n ,  but g e n e ra l ly  atomic gases are a l 

most t o t a l l y  in e f f e c t iv e  as quenching agents since quenching c o l l i s io n s  

between atomic species re q u ire  the  conversion o f  in te rn a l  energy in to  

k i n e t i c  energy. T h is  represents  a very  i n e f f i c i e n t  process in thermal 

energy c o l l i s io n s .  Ah exception  t o  t h i s  general scheme has been found 

in th e  case o f  boron wh^ch has been shown t o  be e f f e c t i v e l y  quenched 

by a r g o n \  . •

The th eo ry  o f  c o l l i s io n s  o f  th e  second kind was f i r s t  postu la ted  
2

by K le in  and Rosseiand on th e  basis  o f  th e  p r in c ip le  o f  microscopic  

r e v e r s i b i l i t y .  Th is  p r in c ip le  s ta te s  t h a t ,  in o rd e r  to  preserve thermo

dynamic e q u i l ib r iu m ,  each microscopic process must be accompanied by a 

'reverse  process. In l i g h t  o f  the  re s u l ts  o f  th e  F ran ck -H ertz  experiments  

o f  1913, where i t  was foufid t h a t  a c o l l i s io n  o f  a f a s t  e le c t ro n  w ith  a 

slow atom re s u lte d  in th e  form ation o f  an excited^ atom and a slow e le c t r o n ,  * 

K le in  and Rosseiand concluded t h a t  e x c i te d  atoms could c o l j id e  w ith  slow 

e le c t ro n s  and produce unexcited  atoms and f a s t  e le c t ro n s ,  th e  process

' being unaccompanied by th e  emission o f  .a photon.
3 '

Franck l a t e r  extended t h is  p o s tu la te  t o  a system o f  e x c i te d  atoms
4 T

o f  one species and unexcited  atoms o f  a second spec ies . He suggested 

t h a t  mercury atoms e x c ite d  by the  Hg 25378 resonance ra d ia t io n  cou ld , in 

a c o l l i s i o n  o f  the  second k in d ,  t r a n s f e r  t h e i r  e x c i t a t io n  energy to  un

e x c ite d  atoms o f  another species which did not absorb the mercury reson

ance r a d ia t io n .  The atoms o f  th e  second ty p e ,  i f  th ey  had energy s ta te s
3

c lose  t o  t h a t  o f  Hg(6  P^) a t  4 .86eV , could become e x c i te d  and subsequently  

em it  a p o rt io n  o f  t h e i r  c h a r a c t e r is t ic  spectrum. Th is  is the e s s e n t ia l
*4

meanindfof the  term s e n s it iz e d  f luo rescen ce . Franck and C a r io  per

formed such an experim ent using a m ercury -th a lI iu rn  m ix ture  in
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which th e  mercury vapour was e x c ite d  by mercury resonance ra d ia t io n  and 

th e  T i ( 6 ^P^/2  ̂ ground s ta te  atoms served as the  second elem ent, in the  

f lu o re s c e n t  spectrum, they o b s e rv e c T ^ v e ra l  components a r is in g  from 

t h a l l iu m  s ta te s  w ith  e x c i t a t io n  energ ies  above th e  4.86eV leve l o f  the  

Hg(6 ^ P j ) resonance s t a t e ,  and suggested th a t  the a d d i t io n a l  energy r e -  

. . . -qu ired  was converted from th e  a v a i la b le  thermal k in e t i c  en erg y -o f  the

c o l l id i n g  p a r tn e rs .
^ *

Franck l a t e r  form ulated th e  em p ir ic a l  ru le  t h a t ,  f o r  a most

- e f f i c i e n t  c o l l l s lo n a l  e x c i t a t io n  t r a n s f e r ,  th e  e n e rg y 'd e fe c t  AE between

the two atomic s ta te s  o f  th e  two col I idling p a rtn e rs  should be as small

as p o s s ib le .  The fo rm u la t io n  o f  t h i s  ru le  hinges on th e  p r in c ip le
«

t h a t  c o l l l s io n a l  e x c i t a t io n  t r a n s f e r  occurs w ith  the h ig h es t p r o b a b i l i t y  

when th e  le a s t  amount o f  e x c i t a t io n  energy Is  transform ed In to  t r a n s la 

t io n a l  energy. On th e  basis  o f  t h i s  em p ir ica l ru le  one wou-ld expect t h a t  

cross section s  fo r  atomic e x c i t a t io n  t r a n s f e r  decrease w ith  Increas ing  

energy d e fe c ts ,A  E. In g e n e ra l ,  th e  term "cross s ec t io n "  denotes a 

measure o f  the  p r o b a b i l i t y  f o r  a p a r t i c u la r  process t o  take  p lace .

Hence, th e  cross section  f o r  atomic e x c i ta t io n  energy t r a n s f e r  I s  a
t

measure o f  the  p r o b a b i l i t y  t h a t ,  during  a c o l l i s i o n  o f  th e  second k in d ,  

an a to f l jw i l l  t r a n s f e r  Some, o r  a l l ,  o f  i t s  e x c i t a t io n  energy to  the  

col I isiony p a r tn e r .

during the  past two decades much e f f o r t  has been devoted t o  the

study o f  t h is  resonance e f f e c t  in in e la s t i c  c o l l i s io n  processes
6 7 a 9

(Krause * ; Czajkowsk! e t . a l .  ; Hrycyshyn and Krause ; Stacy and

Z are10; Oashevskaya e t . a l . 11; F r lsh  and K ra u lin y a 12; Kraul in ya13’ ll+> l 5 ' 16

17 • 18 19
Hudson and C urnutte  ; Czajkowsk! and Krause * ) .  Various atomic

systems have been examined a lthough the range o f  th e  energy d e fe c ts ,  AE,
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has been q u i te  narrow ( le s s  than I .O e V ) ;  The c ro s s .s e c t io n  f o r  energy 

t r a n s f e r  In m eta l-m eta l c o l l is io n s  a re  a ls o  known to  depend on th e  r e l a 

t i v e  v e lo c i t y  o f  the  c o l l id in g  p a r tn e rs .  R e cen t ly ,  beam experiments  

have been performed t o  In v e s t ig a te  th e  dependence o f  the energy t r a n s f e r  

cross sec tion s  on the  r e l a t i v e  v e lo c i t y  o f  th e  c o l l i d in g  p a rtn e rs  In the  

Na-Ar and Na-Xe systems20 and In th e  K-He system?1 . S im i la r  experiments  

have been performed on th e  K-Rare Gas and some K-Dtatomic molecule systems 

as w e l l2 2 . Since experim ental data fo r  the  v e lo c i t y  dependence o f  th e  

energy t r a n s f e r  cross sections  In th e  m ercury-tha l I I.um system Is  u n a v a i l 

ab le  and s ince  t h i s  dependence cannot be c a lc u la te d  s a t i s f a c t o r i l y ' ,  th e  

energy t r a n s f e r  cross section s  a re  t r e a t e d  as a fu nction  o'f th e  energy 

d e fe c t  AE w ith  th e  v e lo c i ty  dependence being t re a te d  as an average over  

th e  thermal v e lo c i t y  d is t r ib u t io n .

The purpose o f  t h i s  In v e s t ig a t io n  was to  study the  In te ra c t io n s
/

between e x c ite d  Hg(6 ^P j)  atoms and ground s ta te  t h a l l iu m  atoms, and to  

supply a d d i t io n a l  q u a n t i t a t iv e  data p e r t in e n t  to  th e  study o f  th e  reson

ance e f f e c t  in exci t a t  fort t r a n s f e r .  The quenching o f  t h a l l iu m  by c o l l i 

sions w ith  N2 molecules was a ls o  in v e s t ig a te d .

The e v a lu a t io n  o f  the  various  cross sbc jlons  req u ires  th e  knowledge

o f  t h a l l iu m  l i f e t im e s  and t r a n s i t io n  p r o b a b i l i t i e s  fo r  th e  var ious  s ta te s .

There l.s a general lack o f  e x p e r im e n ta l ly  determined values f o r  these para

meters and, although several past In v e s t ig a t io n s 1 7 '23 have used th e  Bates-
2**

Oamgaard approxim ation t o  g enera te  th e  requ ired  In fo rm a t io n ,  such an 

approach may be e n t i r e l y  Inadequate fo r  th e  h igh er t h a l l iu m  s ta te s .  I t  

was felot t h a t  more .rigorous c a lc u la t io n s  should be c a r r ie d  o u t to  Improve 

the es tim ates  o f  the cross s e c t io n s .  A r e l a t i v i s t i c  H a r t re e -F o c k -S la te r  

approach was used t o  determine th e  ra d ia l  wave fu nction s  requ ired  to  

c a lc u la te  th e  Thai 11 urn| t r a n s i t io n  p r o b a b i l i t i e s  and l i f e t im e s .
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A n t ic ip a t in g  fu tu re  work o f  a s im i l a r  n a tu re  on th e  b in ary  Cd*-Cs system 

c a lc u la t io n s  o f  the Cesium| t r a n s i t i o n  p r o b a b i l i t i e s  and . 11fetim es were 

a ls o  performed.
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THEORY
>

P a r t  A: S e n s it ize d  Fluorescence _ *

I f  a m ercu ry -th a lI iu rn  m ix ture  ts co n tinu ou sly  I r r a d ia t e d  w ith  the
x „\

Hg 25378 resonance r a d ia t io n  t h e n , ,a s  the  f i r s t  s te p ,

HgCe’So) + hv2537^  Hg(6 3P , )

As a consequence o f  in e la s t ic  c o l l i s io n s  between exc ited  mercury 

atoms and ground s ta te  t h a l l iu m  atoms In the m ix tu re ,  p a r t  o f  the  e x c l t -  

a t io n  energy is  t r a n s fe r r e d  from mercury t o  the ground s ta te  th a l l iu m  

atoms, causing them to  be ra is e d  to  the e x c i te d  s t a t e .  This  process is  

governed by^the mechanism

H g ^ P j )  + T I ( 62 P1 /2 ) -+ Hg(6 1 S> <  T l *  + AE

A second p oss ib le  process involves th e  e x c i t a t io n  energy t r a n s f e r  

from e x c ite d  mercury atoms to  the  m etastab le  t h a l l iu m  atoms, which have 

been created  by th e  decay o f  e x c ite d  t h a l l iu m  atoms formed during c o l l 

is io n s  between the Hg(6 3P^) and T lc e ^ P ^ ^ )  atoms. Th is  second process 

in vo lv in g  the m etastab le  T I ( 6 2 P-j^2  ̂ atoms may be expressed by the  

mechanism

Hg(6 3P t ) + T | ( 6 2P3 / 2 ) Hg(6 1SQ) + T l *  + AE

At temperatures used in t h i s  in v e s t ig a t io n  (o f  th e  o rder o f  500°C) the  

a v a i la b le  thermal energy amounts to  on ly  about 0 . leV which is  co n s id er

ab ly  less than the  0.97eV necessary to  populate  the  m etastable  

T l (6  P j / 2  ̂ leve l d i r e c t l y .  Consequently, th e  energy t r a n s f e r  mechanism 

in vo lv in g  the t h a l l iu m  m etastab le  s ta te  may be considered as a second
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o rd e r  e f f e c t .  K rau linya  a t t r ib u t e s  the observed s e n s i t iz e d  f lu o re s c e n t  

sp ectra  o r ig in a t in g  from th e  Tl ( 8^0 3 / 2 * 5 / 2 )» T I ( 9 ^ S | /2 ^  ar,d ”̂ ^ ^ 3 / 2 * 5 / 2 ^  

s ta te s  to  t h is  second o rd er  process. She fu r th e r  p o in ts  out t h a t  a t  

t h a l l iu m  pressures corresponding to- a tem perature o f  900°C the  m etastable  

s ta te 'h a s  a population  d e n s ity  th re e  orders o f  m agnitude.low er than t h a t  

o f the  T f (6 ^ P j /2 ^  ground s t a t e .

The p r o b a b i l i t y  o f  depopu la ting  some ypper t h a l l iu m  le v e l ,  j ,  by a

r a d ia t iv e  t r a n s i t io n  to  some lower s t a t e ,  I ,  Is  g iven by

Pem = A| j  + Bi j  P ( VI ( 1)

where A{j  is  the  spontaneous emission p r o b a b i l i t y ;  Bjj Is the  Induced

emission c o e f f i c i e n t  fo r  the  p a r t i c u l a r  t r a n s i t io n  o f  frequency v jj  be-

•fween le v e ls  j  and i ;  and p ( v j j )  Is  the  energy d e n s ity  per u n i t  frequency

range o f ' t h e - r a d i a t  Ion. The absolute  in te n s i ty *  o f  the  sp ec tra l  component 
\

corresponding to  the  t r a n s i t io n  j-M Is

l , j  .  N j A i j h V u  + NJB| j h . |J p ( v | J ) <2>

where Nj is th e  population  d e n s ity  o f  the upper s t a t e ,  j .

The energy dens ity  p ( v j j )  Is  small and th e  c o n t r ib u t io n  to  the

in t e n s i ty  from Induced emission may be neg lected; equation  (2 )  th e re fo re  

reduces to

■ i j  =  N j A t J h v , j  . C3)

For in e la s t ic  c o l l i s io n s  the number o f  e x c i t in g  c o l l is io n s  per u n i t  

t im e per u n i t  volume between mercury and th a l l iu m  is  governed by the equation

A N (T I*>  = N0 (T I>  N(Hg*) Q0j< v ^ > >  (4 )

*  more p re c is e ly  t h i s  is  th e  t o t a l  power em itted  per u n i t  volume o f  the
f lu o re s c in g  vapour. However, s ince the geometry o f  the experiment remains 
f ix e d ,  the volume fa c to r  w i l l  cancel out In formulae fo r  -the energy 
t r a n s f e r  cross sec tio n s  which fo l lo w .
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where N (T 1 *)  Is  th e  dens ity  o f  e x c i te d  the 111 urn" atoms; NQ( T I )  Is  th e  

d en s ity  o f  ground s ta te  t h a l l iu m  atoms and N(Hg*> Is  th e  d e n s ity  o f
i.

mercury atoms In - th e  Hg(6 ^P j)  s t a t e ;  Q0j  Is  th e  e f f e c t i v e  in e la s t i c  

c o l l i s i o n  cross sectio n  f o r  th e  e x c i t a t io n  o f  a th a l l iu m  atom from th e  

ground s t a t e  to  th e  j ”̂ 1 e x c ite d  s t a t e ;  <vr e |> is  th e  r e l a t i v e  v e lo c i ty  

o f  t h e ' c o l I i d l n g  p artn ers  in th e  vapour m ix ture  assumed t o  be In thermal 

e q u i l ib r iu m ,  and Is  g iven by

<v r e l >  % / l i f  (5 )
V  TV

where k Is  the  Boltzmann c o n s ta n t ,  T Is  th e  tem perature In degrees 

K elv in  and p Is  the reduced mass o f  th e  c o l l id in g  p a r tn e rs .  Since the  

vapour m ix tu re  w i l l  have a M axw ellian  v e lo c i ty  d i s t r i b u t i o n ,  th e  use o f  

<vr e j> Is  j u s t i f i e d .

A general approach to  th e  s i t u a t io n  may be developed using the  

th a l l iu m  leve l as an example. On c o l l i s i o n  w ith  a mercury atom In the  

Hg(6 ^ P j)  s t a t e ,  some t h a l l iu m  s ta te s  above th e  j "*-*1 s t a t e  may a ls o  be

come e x c i te d .  These h igh er s ta te s  then  become sources f o r  th e  popula-
»v

t lo n  o f  th e  s t a t e .  The depopulation  o f  th e  s ta te  is  determined 

by d i r e c t  t r a n s i t io n  to  th e  lowest a llowed energy le v e l ;  by cascade 

t r a n s i t io n s ;  and by c o l l i s io n s  o f  th e  second kind w ith  Hg(6 ^SQ) and 

Tl ( 6^ P ^ 2  ̂ atoms. At e q u i l ib r iu m  th e  population  ra te  o f  th e  th a l l iu m  

leve l must be e x a c t ly  balanced by I t s  r a te  o f  depo pu la tion . E q u iv a le n t ly ,  

one can express th e  e q u i l ib r iu m  c o n d it io n  f o r  the t h a l l iu m  s ta te  as

N0 ( T I )  N(Hg*) Qo j  <v r e t > + E Nk <T I*)A j k  =
k = j t l

No (Hg) N jC T I* )  Qjo  <vr e | > + N j t T I * ^  E  ̂ A (J (6 )
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Nk+1
Hg(6  p ^ '

2537$

Hg(6  S >
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N,
N
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T I ( 62P l / 2 )

B
F ig . 2 r Atomic energy level la b e l l in g  scheme fo r  e x c i t a t io n  energy  

t r a n s f e r  between e x c ite d  mercury’ atoms (A) and ground s ta te  
tha111um atoms(B)
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where Nq ( T | ) is  th e  d e n s ity  o f  ground s ta te  th a l l iu m ;  Z Nk { T ,# ^Aj k

is  th e  popu la tion  r a t e  o f  the  s t a te  by t r a n s i t io n s  from a l l  e x c ite d

s t a t e s ,  k, above the ' s ta te ;  NQ(Hg) is  th e  d e n s ity  o f  ground s t a t e

mercury atoms; N , ( T ! * )  is  th e  d en s ity  o f  t h a l i iu m  atoms in th e  e x -
o

c i te d  s ta tes  N »( T 1 *> Z A. . Is  th e  depopulation  r a te  o f  th e  e x c i te d
J l = j - l  J

s t a t e  by t r a n s i t io n s  t o  a l l  th a l l iu m  le v e ls  below ;fhe j +h s ta te ;  th e  A j j  

are  the  th a l l iu m  t r a n s i t i o n  p r o b a b l l i t e s  f o r  th e  t r a n s i t io n  J-*-}; Qqj  is  

th e  e f f e c t i v e  c ro s S 's e c t io n  fo r  th e  in e la s t i c  c o l l i s i o n  w ith  Hg(6^P^> ' 

atoms; Q j0  Is  th e  e f f e c t i v e  cross s e c t io n  f o r  th e  reverse in e la s t ic  

c o l l i s io n  process. The p r in c ip le  o f  d e t a i le d  ba lanc ing 25 r e la t e s  Q0 j  

and Q j0  by th e  r e la t io n

90  P2 <?oj = 9 j  p ’ 2 Qjo (7 )

where gQ and g j  a re  th e  s t a t i s t i c a l  weights  and p and p1 a re  th e  momenta 

o f  mercury atoms in th e  Hg(6^P^) s t a t e  and t h a l l iu m  atoms In th e  j " ^  

e x c ite d  s t a t e  r e s p e c t iv e ly .

S u b s t i tu t io n  o f  equation (7 )  in to  equation ( 6 ) g ives

N j< T I» )  Z A , ,  -  1  N ( T I * ) A Jk
Qo j = 1 = 1-1 J k=.H-l ‘ • ( 8 )

N0 ( T I )  N (H g*)<vr e ! > -  N0 (Hg)NJ ( T l * ) g 2 p2_<vr e | >

9 jP ’ 2

When the  pressure o f  mercury vapour is low, as was th e  case In t h i s  

in v e s t ig a t io n ,  th e  tim e between m e rc u ry - th a l I iu m  c o l l i s io n s  is  much longer  

than the  l i f e t im e s  o f  th e  e x c ite d  t h a l l iu m  s t a t e s .  Thus, th e  th a l l iu m  

atoms w i l l  have lo s t  t h e i r  e x c i t a t io n  energy long before  they c o l l i d e  

w ith  ground s ta te  mercury atoms. A lso , th e  d e n s ity  o f  e x c ite d  th a l l iu m  

atoms in th e  j " ^  s ta te  is  much s m a lle r  than both the  d e n s ity  o f  e x c ite d

c

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

mercury atoms In  the  Hg(6^ P j)  s ta te  and ground s ta te  th a l l iu m  atoms. 

T h e re fo re ,  th e  second term In th e  denominator o f  equation  (81 may be 

neglected  w ith  respect to  th e  f i r s t  te rm . The e f f e c t i v e  energy t r a n s f e r  

cross sec t io n  then reduces t o  th e  form

N . ( T l * ) I  A , , -  *  N. ( T I * ) A lk  
QoJ -  J K M  U  k - M  k - JK (9 )

N0 (T I)N (H g » )< v r e | >

To p u t  equation (9 )  In to  a form t h a t  Is  e x p e r im e n ta l ly  r e a l i z a b l e ,  we 

make use o f  equation ( 12 ) which r e la t e s  th e  in t e n s i t y  per u n i t  volume,

I j j ,  t o  th e  d e n s ity  o f  th e  j " ^  e x c ite d  s t a t e .  From equation (9 )  the  

d e n s i ty ,  N » ( T I * ) ,  may be w r i t t e n  as

N j ( T l * )  = I ,
( 10)

Af J hvi j

where V jj Is  th e  frequency o f  th e  s p e c tra l  component.

S u b s t i tu t io n  o f  equation (10 )  In to  equation  (9 )  g ives

^oj

I , ,  ? A, -  ~Z N ( T I * ) A j k
— — l= J - l  J k=j+1 K J

L A .jh V ij

1 ( 1 1 )
N (T I )N (H g * )< v r e l >

In th e  term 1 /(N Q(T l )N (H g * )< v r e j > ) ,  th e  d e n s ity  o f  th e  ground s t a t e  

t h a l l iu m  atoms Is a constan t parameter and Is  com plete ly  c o n tro l le d  by the  

tem perature  a t  th e  t h a l l iu m  s id e  arm. The d e n s ity  o f  mercury atoms In 

the  Hg(6 ^P|) s t a t e  Is  c o n t ro l le d  by th e  in t e n s i t y  o f  the. Hg 2537A r a d ia 

t io n  em itted  by th e  r - f  source and may be considered constant s ince th e  

s p e c tra l  in te n s i ty  o f  the  source was e s s e n t ia l l y  constant throughout th e  

In v e s t ig a t io n  and th e  d en s ity  o f  mercury In the  re a c t io n  region Was kept  

low to  avoid the e f fe c t s  o f  ra d ia t io n  t ra p p in g ,  s c a t te r in g  o f In c id e n t

« -

/  c
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l i g h t ,  and form ation  o f  tha  Hg’( 6 ^P ) m etastab ie  atoms. The r e l a t i v e  v e l -  

o s c i ty  depends o n ly  onRsthe tem perature  a t  the  re a c t io n  s i t e  In the  c e l l  and, 

by c a re fu l  co n tro l o f  the  oven tem p era tu re , t h is  parameter could be main- 

ta ln e d  co n s ta tn . Hence, under c o n t ro l le d  tem perature co n d it io n s  the term  

1 / (NQ< T I)N (H g *)< v r 0 | >) remains c o n s tan t.

' The f i r s t  term In the square bracke ts  o f  equation ( 1 1 ) - encompasses 

 ̂ a i l  s tepwise t r a n s i t io n s  and d i r e c t  t r a n s i t io n s  from th e  th a l l iu m  

,■ , v s t a t e  t o  a l l  lower le v e ls .  The rem aining term a llow s fo r  cascade t r a n s i t io n s  

which populate  th e  energy le v e l ,  in the tem perature range used In t h i s  . 

In v e s t ig a t io n ,  th e  number o f  s i g n i f i c a n t  cascade t r a n s i t io n s  from th a l l iu m  

s ta te s  above th e  Hg(6^P j)  leve l would be expected t o  be very sm a ll .  The 

i n f i n i t e  sum accounts fo r  the  f a c t  t h a t ,  in any c o l l i s io n  process where 

energy Is  exchanged between th e  c o l l i d i n g  p a r tn e rs ,  th e re  e x is ts  a f i n i t e  

p r o b a b i l i t y  t h a t  the  r e c ip ie n t  atom may be e x c ite d  to  any h ig h er exc ited  

s ta te  and even t o  Io n iz a t io n .  In t h i s  case, w ith  a thermal energy c o n tr ib u t io n  

on ly  o f  th e  o rd e r  o f  0 . leV , th e  p r o b a b i l i t y  o f  e x c i t in g  t h a l l iu m  atoms to  

s ta te s  w ith  en erg ies  g re a te r  than 5.0eV Is  very  sm all.

Equation (11 )  ap p lie s  t o  energy t r a n s f e r  from the  Hg(6 ^ P j)  s t a t e  to  

th a l l iu m  s ta te s  ly in g  below th e  4.86eV energy le v e l .  For e x c ite d  th a l l iu m  

s ta te s  above th e  Hg(6 ^P^) l e v e l ,  a p o r t io n  o f  the  t r a n s la t io n a l  energy
m

o f th e  c o l l i d in g  p artn ers  Is  converted in to  e x c i ta t io n  energy. Assuming 

a MaxweI 1-Boltzmann energy d is t r ib u t io n  in the m ix tu re ,  on ly  a f r a c t io n ,

6 , o f  th e  in e la s t ic  c o l l i s io n s  f o r  which the  r e l a t i v e  energy o f  the  

c o l l i d i n g  p a rtn e rs  is g re a te r  than th e  energy d e fe c t ,  AE, can c o n tr ib u te

t o  the  energy exchange. This  f r a c t io n  o f  in e la s t ic  c o l l i s io n s  populating

3 2G
t h a l l iu m  le v e ls  above the  energy o f  th e  Hg(6  P^) s ta te  is  given by

1
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«o

Jexp [ -  dE

V T c k i ) 3 7 2 ' "

=■ e x p ( - E /k T ) [  E /kT  + 1 ]

( 12)

where AE Is  th e  energy d e fe c t  between th e  Hg(6  ) leve l and th e  p a r t 

i c u la r  t h a l l iu m  le v e l .  Thus one can w r i t e  equation (11 ) In a .fo rm  

a p p l ic a b le  t o  a I I t h a l l iu m  e x c ite d  s ta te s  as

^oi ___________!------------------
V  AN (T I )N (H g * )< v r e i > _LL

o
E A

Ai j  h v u
l=J-1 I j

E N. (T1*)A  
k j kk = j+1

(13 )

where

1 I f  s t a t e  j  l i e s  below th e  Hg(6  ) leve l  

= exp ( -E /k T )  [ E / k T + l ]  I f  s ta te  j  l i e s  above th e  H g ^ P j )  level (13a)

P a r t  B: Quenching

When th e  e f f e c t s  o f  r a d ia t io n  d i f f u s io n  and c o l l i s io n  broadening a re

n e g l ig ib le ,  th e  quenching cross sec tio n  f o r  a p a r t ic u la r  s t a t e  may be

l l
determined by using th e  Stern-Volm er formula

Consider a resonance c e l l  In which th e re  a re  n  ̂ e x c i te d  atoms and 

r>2 fo re ig n  gas molecules per cm^ o f  th e  e m it t in g  la y e r .  I f  th e  l i f e t im e  

of the  e x c ite d  atomic s ta te  is  t ,  then  th e  number o f  quenching c o l l i s io n s  

per second per u n i t  volume is

|1 1/2 
m2> ■

2 n n2 Q j 2kT ( l  + 1  
[  x \m,

(14 )

°2where Q is  the  quenching cross sec tio n  In A , and mj and m2 a re  th e  

masses o f  th e  atom and o f  th e  fo re ig n  gas m olecu le , r e s p e c t iv e ly .  The
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number o f  quenching^colI Is  ions per second per; u n i t  volume o f  th e  e m f t t -  

ing la y e r  ^ jer atom Is

Zq = Z /n 1 '  * (15)

At e q u i l ib r iu m ,  th e  r a te  a t  which th e  e x c ite d  s ta te  Is  depopulated
%

equals th e  r a te  a t  which I t  Is  repop u la ted . D e fin e  th e  r a te  o f  form ation  

o f  th e  e x c i te d  s ta te  as In th e  absence o f  fo re ig n  gas, th e  r a te  o f

depopulation by spontaneous decay Is  n ^ T .  The ra te  o f  depopulation  by 

quenching.col I is io n s  w ith  fo re ig n  gas molecules is  Z^. Thus, th e  r a te  

o f  depopulation o f  th e  e x c ite d  s ta te  Is  a -c o n s ta n t  f r a c t io n ,  a ,  o f  th e  

t o t a l  energy em itted  by th e  n^ e x c i te d  atoms. At e q u i l ib r iu m ,

  . (16 )

, A  + Z<3

The in t e n s i t y  o f  th e  em itted  ra d ia t io n  in th e .absence  o f  fo re ig n  gas' is

a hv = a Sj hv , (17)

T ~

and th e  in te n s i ty  o f  th e  em itted  ra d ia t io n  in th e  presence o f  th e  fo re ig n  

gas is

a n. hv = a s. hv
!  -. (18)

1 t  t Zq

The quenching is  defined  as

j_ In te n s i t y  o f  em itted  ra d ia t io n  w ith  fo re ig n  gas p resen t . (19 )
I ” In t e n s i t y  o f  em itted  r a d ia t io n  in  th ^ a b s e n c e  o f  fo re ig n  gas
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A p lo t  o f  IQ/ I  a g a in s t  th e  number d e n s i ty ,  n2 , o f  th e  fo re ig n  gas 

molecules y ie ld s  th e  quenching cross s e c t io n ,  Q, f o r  the  s ta te :

_lo = 1 + x Q n2 [ 8 k T / i  +

I I * \ mi m2l J
1/2

= 1 + t  Q n2 <vr e j > ( 2 1 )

from which

Q = I / I  -  1
  - (22 )
T n2 ^ r e l *

A p lo t  o f  lQ/ l  a g a in s t  th e  number d e n s ity  o f  th e  fo re ig n  gas molecules  

is a s t r a ig h t  l in e  passing through. ( 0 , 1 ) as o r i g i n ,  w ith  a s lope g iven  

by Q t  <v rQ|> .  From t h is  s lo p e , knowing the  l i f e t i m e ,  t ,  o f  th e  e x c ite d  

s t a t e ,  and c a lc u la t in g  the  r e l a t i v e  v e l o c i t y ,  <vrQ j> ,  o f  th e  c o l l i d in g  

p a i r ,  i t  is  p o ss ib le  t o  determ ine th e  quenching cross s e c t io n ,  Q, f o r  

th e  e x c ite d  atomic s t a t e .

P a r t  C: R a d ia t iv e  and C o I I Is io n a l  E x c i ta t io n  Energy T ra n s fe r  Mechanisms

Several o f  the most important r a d ia t iv e  and c o l l i s io n a !  processes  

t h a t  may take  place in th e  m e r c u ry - th a I I I  urn vapour m ix ture  I r r a d ia t e d  w ith  

Hg 2537$ resonance ra d ia t io n  can be described  by the  fd l lo w in g  equations:

Hg(6 1SQ) + hv2537£ -*■ H g ^ p p  (23 )

Hg(6 3P , )  ^ H g ( 6 1S0 ) + hv25378  (24 )
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Hg<63P t ) + T I ( 6 2P 1 /2 ) HgtS1 SQ) + T l *  + AE (25 )

Hg(6 3P ] ) + T I ( 62P j / 2  ̂** Hg(6  ŜQ) + T l *  + A E (26 )

In th e  presence o f n itro g e n  molecules th e  fo l lo w in g  a d d i t io n a l  processes  

may a ls o  occur:

HgCe3? ^  + N2(v=0) Hg(6 3PQ) + N2 (v=1) + AE (27)

Hg(63PQ ) + T I ( 62 P1 /2 ) + T l *  + AE ...... (28 )

f lg (6 3P0 )’ + T l ( 62 P3 / 2 ) -*■ H g W ^ )  + T l *  + AE (29 )

T l *  + N2 (v=0) -*• Tl + N2*  + AE (30 )

Equations (23 )  and (24 )  rep resen t  the o p t ic a l  e x c i t a t io n  o f  th e  

mercury atom and i t s  decay re s u l t in g  In the emission o f  th e  Hg 2537$ 

resonance f lu o rescen ce . Equation (25 )  in d ic a te s  the  c o l l i s io n a l  e x c i t a t io n  

t r a n s f e r  between Hg(63P^) and ground s ta te  t h a l l iu m  atoms. The process 

described by equation (26 )  Is  u n l ik e ly  in th e  absence o f  a b u f fe r  gas, 

s ince th e  l i f e t im e  o f th e  t h a l l iu m  m etastab le  s t a t e  is e f f e c t i v e l y  l im ite d  

by th e  t r a n s i t  t im e between th e  f lu o re s c in g  region In th e  vapour and the  

c e l l  w a l l ,  which is  about 10-3  seconds a t  t h a l l iu m  pressures o f  the  o rd er  

o f 10“ 4 + o r r .  Equation (2 7 )  represents  the form ation o f  th e  mercury met-  

a s ta b le  s t a t e  by c o l l i s io n s  w ith  n itro g e n  molecules In th e  ground v ib r a -  

t io n a l  s ta t e .  Equations (28 )  and (29 )  In d ic a te  the  c o l l i s io n a l  e x c i t a t io n  

t r a n s f e r  between th e  m etastab le  mercury atoms and th a il . ium  atoms in the  

ground and m etastab le  s t a te s ,  r e s p e c t iv e ly .  In the  presence o f  b u f fe r  

gases, such as n i t ro g e n ,  equation  (2 9 )  may p lay a s ig n i f i c a n t  r o le .  Add

i t io n  o f  n itro g en  t o  th e  metal vapour system has th e  e f f e c t  o f  increas ing
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the  e f f e c t i v e  l i f e t im e  o f the  m etastab le  s t a t e ,  by reducing the

number o f  quenching c o l l i s io n s  w ith  th e  c e l l  w a l ls .  A lso , the  T I ( 62P )
3 /2

2
stq,te l ie s  0.97eV above th e  TI.(.6k* P j ^ )  ground s ta te  and consequently , i t

becomes p o s s ib le  to  e x c i t e  th e  t h a l l iu m  s ta te s  In th e  v i c i n i t y  o f  th e  5.83eV

le v e l ,  ( In d ic a te d  in f i g u r e d ) ) ,  in c o l l i s io n s  w ith  m etastab le  Hg(6 ^P )
o

atoms. The In t e n s i t i e s  o f  th e  s p e c tra l  components a r is in g  from these

h ig h er e x c ite d  s ta te s  and th e  subsequent In f lu e n c e  o f  th e  l a t t e r  on the

cross sec tions  fo r  e x c i ta t io n  t r a n s f e r  to  lower th a l l iu m  le v e ls  (through

cascade e f f e c t s ) ,  w i l l  depend s t ro n g ly  on th e  pop u la t io n  d e n s ity  o f  the  

2
Tl (6  roeTastable s t a t e .  F i n a l l y ,  equation (3 0 )  expresses th e

que^fchlng a c t io n  o f  n itro g en  molecul.es on the  e x c ite d  th a l l iu m  s t a t e s .'1

I t  should be noted t h a t  no p ro v is io n  has been made f o r  th e  formation

o f  mercury molecules and t h e i r  subsequent in te r a c t io n s  w ith  th a l l iu m  atoms.

At low mercury vapour and b u f f e r  gas pressures , the  p r o b a b i l i t y  <of forming
28

Hg^ molecules is  v a n is h in g ly  small . This was f u r th e r  v e r i f i e d  by WInas 
29

e t . a l .  , who worked w ith  a m e rcu ry -th a lI iu rn  m ix tu re ,  and found t h a t  the  

mercury m o lecu lar  band s t ru c tu re s  a t  3250$ and 4350$ appeared on ly  above 

100 t o r r  o f  mercury pressure and a t  very  high th a l l iu m  pressures. These 

o bservation s  in d ic a te  t h a t  one may s a f e ly  om it the  molecules from 

co n s id era t io n  under c o n d it io n s  employed In t h is  present in v e s t ig a t io n .
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PART D : C a lc u la t io n  o f  R e l a t l v l s t l c  Atomic O s c i l l a t o r  S tren g th s .
T r a n s i t io n  P r o b a b i l i t i e s  and L i fe t im e s  f o r  T h a l l iu m ) and 
Ces i um ̂  %

For the  sake o f  completeness, the  d iscussion o f  t h is  sec tio n  w i l l

begin w ith *a  review o f  the  non-re  I a t i v i s t i c  H artree -Fock  th eo ry  and i t s

s im p l i f i c a t io n  by th e  use o f  th e  averaged exchange p o te n t ia l  introduced

by S l a t e r 30. The extension to  th e  r e l a t l v l s t l c  case is  then presented

along w ith  th e  th e o r e t ic a l  c a lc u la t io n s  fo r  Thai I f  urnj and Cesium^ using

th e  r e l a t i v i s t t c  H a r t re e -F o c k -S la te r  method. Unless o th erw ise  s p e c if ie d

we work In atom ic u n its  ( a . u . ) where th e  e le c t r o n ic  charge, e ,  and +>,

P lanck ’ s constant d iv id ed  by 2ir, a re  s e t  equal to  u n ity .  The v e lo c i ty

o f  l i g h t  is  then equal to  where *  Is  th e  f in e  s t ru c tu re  con stan t.

The speed o f  l i g h t  has the  numerical va lu e  o f  137.03602 a . u . .

( 1 ,0 )  Non-Re I a t i v i s t i c  H artree -F ock  Theory

The foundation  o f  th e  H a r tre e -F o c k  (HF) theory  res ts  on th e  S e l f -

3 1C o n s is te n t -F le ld  (SCF) method devised by H a r fre e  in which i t  is  

assumed t h a t  each e le c t ro n  moves in a c e n tra l  o r  s p h e r ic a l ly  symmetric  

fo rce  f i e l d  produced by th e  nucleus and th e  o th e r  N-1 e le c tro n s  o f  the  

N e le c t ro n  atomic system. In the  SCF procedure the Instantaneous  

a c t io n  o f  each e le c t r o n ,  j  ( = 1, 2 ,  . . . ,  1 -1 ,  i + 1, . . . ,  N ) ,  on the

*f*he le c tro n  is  replaced by .the averaged charge d is t r ib u t io n  o f  each j

i *e le c t r o n ,  averaged by ta k in g  th e  q u a n t i ty  and summing over a l l
J J

e le c tro n s  in th e  atom. Th is  r e s u l ta n t  charge d is t r ib u t io n  is very  

ne a r ly  s p h e r ic a l ly  symmetric. The f i r s t  approximation made is  to  ass

ume such a s p h e r ic a l ly  averaged charge d is t r ib u t io n  so t h a t  each e le c 

tron  In the  atom can be assumed t o  move in .a c e n tra l  p o te n t ia l  f i e l d  

which is  w r i t t e n  in the  form
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Here, V j ( i r )  Is  th e  p o te n t ia l  seen by th e  i ^  e le c t ro n  a t  p o s it io n  "r,

The f i r s t  term In equation  (31 ) describes th e  n u c le a r  p o te n t ia l  seen by 

the  e le c tro n  a t  a d is tance  r  from th e  nucleus taken as o r ig i n .  The 

second term Is  th e  p o te n t ia l  due to  a l l  o th e r  e le c tro n s  a t  p o s it io n s  

f j .  in te g ra t io n  over angles d ep ic ts  th e  sp h e r ic a l  averaging o f  th e  

p o t e n t ia l .  The use o f  th e  c e n tra l  p o t e n t i a l ,  V j d * ) ,  guarantees t h a t  

th e  Ham iltonian Is s p h e r ic a l ly  symmetric and hence t h a t  the s o lu t io n ,  

iJijCf), o f  th e  Schrodinger equation fo r  th e  i ^*1 e le c tro n

T_ V2 h- Vj Cr) ] Cr) = ("r) , (32)

can be w r i t te n  In th e  form

f  ' 'i

= *n Im ( r »e »+)

= X  Rn | ( D Y f t e , * )  • (33,)
r

S u b s t i tu t io n  o f  t h is  o n e -e le c tro n  o r b i t a l  In to  th e  Schrodinger equation  

gives

d2 R_ i + [ e „ ,  -  -  1(1 + l ) l Rn | -  0 , (34 )- L °  *n!
2 d r  " 2 r

where the  Rn | are the  ra d ia l  wave fu n c tio n s  f o r  th e  o n e-e lec tro n  

o r b i t a l s  and a re  s u b je c t  to  the usual boundary con d it io ns  t h a t

R p j t r )  -»■ 0 as r  (34a)

and
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Rh j ( r )  = 0 a t  r  = 0 . (34b)

The. method used »ln so lv in g  the SCF problem Is  based on t h a t  o f  

successive approxim ations. A t r i a l  ra d ia l  wave fu n c t io n ,  such as a 

Thomas-Fermi o r  HydrogenIc ra d ia l  fu n c t io n ,  is  chosen f o r  each ( n l )  

o r b i t a l  o f  the  atom.- From t h i s  t r i a l  fu n c t io n ,  charge d e n s it ie s  and 

p o te n t ia ls  are  determined and Schrodinger’ s equation Is  solved y ie ld in g  

a f in a l  ra d ia l  fu n c t io n .  Using t h is  ra d ia l  fu n c t io n  as a s t a r t in g
I

fu n c t io n ,  hew charge d e n s i t ie s  and p o te n t ia ls  are  re c a lc u la te d  and 

Schrod inger’ s equation  is  again so lved . Several such I te r a t io n s  are  

performed u n t i l  th e  co n d it io n  o f  s e l f -c o n s is te n c y ,  which demands t h a t  

th e  f in a l  p o te n t ia l  agree w ith  the  i n i t i a l  p o te n t ia l  used to  solve  

the Schrodinger e q u a t io n .  Is  s a t i s f i e d  to  w i th in  some desired  to le ra n c e .

The H a rtre e  SCF method y ie ld s  one e le c t ro n  o r b i t a l  wave functions  

which d isp lay  th e  proper n - l -1  nodes, but these fu n c tio n s  s u f f e r  from 

two important d e fe c ts .  F i r s t ,  they lack th e  proper antisymmetry.

Second, the  fu n c t io n s  a re  not orthogonal s ince  f o r  each ( n i )  s h e l l  

th e re  Is a d i f f e r e n t  c e n tra l  p o t e n t ia l ,  Vn | ,  and hence th e  Schrodinger  

equations are  not th e  same f o r  a l l  th e  o r b i t a l s .

These problems are  overcome in th e  HF method In a s t ra ig h t fo rw a rd  

manner. The wave fu n c t io n  o f  a m any-electron system must change sign  

when the s p a t ia l  and spin coord inates  o f  any two e le c tro n s  are  i n t e r 

changed; t h a t  i s ,  th e  wave fu n c tio n  d e f in in g  a m any-electron system 

must be antisym m etric  under the exchange o f  co ord inates  between any 

two e le c tro n s  in th e  system. I t  Is  i n t u i t i v e l y  obvious t h a t  a t o t a l  

wave function  o f  the  form Y ( r j , . . .  , r n ) = ijij (r^  . .  .tj>n<irn ) , where

th e  ("r^) are  o n e -e le c tro n  o r b i t a l  wave fu n c t io n s ,  as assumed by th e
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H a rtre e  method, does not s a t i s f y  th e  req u ired  antisymmetry p ro p e rty .  

However, a t o t a l  wave fu n c tio n  in the  form o f  a de term lnanta ! fu n c t io n ,  

o r  a "l in e a r  combination o f  d eterm ln an ta l fu n c t io n s ,  does s a t i s f y  t h is  

requirem ent.- Each o f  th e  o n e -e le c tro n  wave fu n c t io n s ,  i|)j, a re  w r i t te n  

as a product o f  an o r b i t a l  fu n c t io n ,  $ j C F ^ a h d  a sp in  fu n c t io n ,

X jC o ^), where ok = ^1 'such t h a t  fo r  an e le c tro n  w ith  spin up 

(ms = + 1 / 2 ) , X f H )  = 1 and X j ( ~ H  = 0 . S l m i l a r l l y ,  f o r  e le c t ro n  o f  

op po s ite  spin (ms = - 1 / 2 ) , X [ ( 1 )  = 0 and X j ( “ D  = !•  To s im p l i fy  the  

c a lc u la t io n s  one demands t h a t  a l l  s p ln - o r b l t a ls ,  X i ^ ^ o ^ ) ,  be o r th o -  

normal. The t o t a l  wave fu n c t io n  fo r  th e  N e le c t ro n  system Is

>r 2aZ ' * * * * r NaN̂  ”  ~
V n T

W l *  . . . * N( r NaN) (35)

which is  norm alized , provided th e  ^ . ( r ^ o ^ )  a re  n o rm alized , and is  

a u to m a t ic a l ly  antisym m etric  under th e  interchange o f  e le c t ro n  co or-  

d ln a te s ,  thereby  s a t is f y in g  th e  P au li  exc lus ion  p r in c ip le .

The non-re  I a t i v i s t i c '  H am iIton lan  f o r  th e  N e le c t ro n  system is

H = -  2 (J. V ,2 + Z ) + I  1  (36)
• 1 = 1 2 ’ r j  f > j  r , j

where r ; is  the  d is tance  o f  th e  I -̂  e le c t ro n  from the  nucleus taken  

as o r ig in ;  r  j j  is  th e  d is tan ce  between th e  and e le c tro n s  and 

7 |^  re fe rs  t o  d i f f e r e n t i a t i o n  w ith  respect t o  th e  coord inates  o f  the  

l"^  e le c t r o n .  The terms in th e  f i r s t  sum o f  the  H am iltonian involve  

o n ly  s in g le  e le c tro n  o p e ra to rs ;  those in the second sum operate  on p a irs  

o f  e le c t ro n s .  D e fin in g  th e  one e le c t ro n  o p e ra to r  by
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and th e  two e lectron , ope ra to r by

' 9 i j  = 1
r u

allow s th e  H am ilton ian  In equation (35 )  t o  be w r i t t e n  In the  more 

compact form

H = I f ,  +  E g . .  (37)
1 1 >J J

In th e  process o f  c a lc u la t in g  atomic s t ru c tu re  p ro p e r t ie s  one 

Is  concerned w ith  the  e v a lu a t io n  o f  m a tr ix  elements in v o lv in g  these

one and two e le c t ro n  o p e ra to rs .  A d e t a i le d  an a ly s ts  o f  th e  m a tr ix

32 33
components is  discussed by S la t e r  and by Bethe and Jacklw .

The H artree -F ock  equations f o r  th e  s p ln - o r b l t a ls  a re  derived-

uslng a v a r ia t io n a l  procedure In  which we demand t h a t  th e  energy remain

s ta t io n a r y  w ith  respect to  v a r ia t io n s  in each o f  th e  s p in - o r b i t a l  s.

33
This d e r iv a t io n  has been e s ta b l is h e d  in d e t a i l  In many textbooks > 

hence, o n ly  th e  f in a l  form is reproduced here . The s p in - o r b i t a ls  are  

w r i t te n  as th e  product o f  an o r b i t a l  fu nc tio n  and a spin fu n c t io n ,  

namely

The non-re  I a t i v i s t i c  HF equation is then
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where the sums over j  run over a l l  occupied s p in - o r b l t a ls  an8 In te g ra 

t io n s  .over dx2 a re  o n ly  over th e  s p a t ia l  co o rd in a tes . Im p l ic i t  use o f
*

the  r e s u l t  t h a t  Z x t ) = 5m * bas been used In equation
Oj 1 J J • ' "^Spnisj

35
( 3 8 ) ,  By Koopman's theorem -e^ rep resen ts  th e  energy req u ired  t o  r e -  

move the I **1 e le c t ro n  from the atom under th e  assumption t h a t  th e  r e 

maining core e le c t ro n  o r b i t a ls  remain unchanged. The HP equations given  

.by equation (3 8 )  have N s o lu t io n s  re p re s e n t in g  th e  N occupied s p ln -  

o r b i t a ls  comprising the  t o t a l  determ inanta I wave function  rep resen tin g

th e  s ta te  o f th e  N -e le c tro n  system. With the  s p in - o r b i t a ls  norm alized ,

"A 36
t t  can be shown t h a t  th e  N s o lu t io n s  are  orthonorma^l . In a d d it io n  to

the  N s o lu t io n s  rep resen tin g  the  occupied s p in - o r b i t a ls  th e re  a ls o  e x is t

an I n f i n i t e  number o f  o th e r  orthonormal s p in - o r b i t a ls ,  ijik ( r .0  ) ,  which
* J K

are  s o lu t io n s  o f  th e  HF equation and correspond t o  the  unoccupied, o r

36e x c ite d  o r b i t a l s  t h a t  a re  found In the  c e n t ra l  f i e l d  problem .

The HF eq uation  d i f f e r s  from t h a t  o f  H a r t r e e ’ s SCF equation (3 2 )  

only In th e  terms given by

l"dt2 1  | * j < r 2 >!2 * . ( r , )  -  Tfirog <m fd x 2  J_ *  (?2 ) « ,< r 2 ) *> < r ?)
J  r 12 J j  i L J  r l 2 J

= -  Z S_
J * t  s i *  SJ

J d x 2 i  ^ * ( r 2 ) ^ . ( r 2 ) ^ . ( r  )
J 1 (3 9 )12

The second term on th e  le f t -h a n d  s ide  o f  equation (39) is the  exchange 

in te g ra l  which c o rre c ts  fo r  the f a c t  t h a t  th e  e le c tro n  does not a c t  on 

i t s e l f .  That p a r t  o f the-HF equation in agreement w ith  the  SCF equation
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represents an e le c t ro n  moving In .an  e q u iva len t ,  local p o te n t ia l  generated  

by fh e .n u c leu s  and th e  o th e r  e le c tro n s  In th e  system. The exchange term ,  

represented by the r ig h t-h a n d  s ide  o f  equation ( 3 9 ) ,  is th e  r e s u l t  o f  a 

non-local p o t e n t i a l .  The HF equation (3 8 )  can be w r i t t e n  In the  form

^V2*,^,) + [ 6j - vtfj)]#,^) - .Ju(t}tt2)i,fc?2)dT2 = o

wtiere V (r^ )  is  th e  local p o te n t ia l  de f ined  by

V ( r )  -  ~ L  + 2 / l ’M r ? ) | 2 I dx

r 1 J " J  J ' , 2

and U f r j , ^ )  is  the n o n -loca l p o te n t ia l  de f in ed  by

N «

(40 )

(41)

U ( r . , r - )  = -  1 i  ( r _  )tf>.(r\ )6
'  2 " ,2 J"' J 2 J ' "sl ' msj (42 )

w ith  the  co n d it io n  t h a t  I K r ^ , ^ )  be h e rm lt ia n .  This  guarantees t h a t  the
36

e ig en va lu es , e . ,  o f  th e  HF equation (40 )  are  rea l . Using standard  

techniques and th e  h e rm lt ia n  p ro perty  o f  the  no n -lo ca l p o te n t ia l  U ( r ^ , r  ) ,

i t  can fu r t h e r  be shown t h a t  the o r b i t a l  fu n c t io n s ,  t |» | ( r ) ,  are  o r th o -
36 ,-*■

gonal . S ince th e  o r b i t a l s ,  ^ ( r ) ,  a re  norm alized th e  general r e s u l t

may be w r i t t e n  as

J « k* ( l t l ) l(, l { r 1)dT1 = 5 [>k . (43 )

( t . l )  Discussion o f  the Exchange Term

The exchange term given by the  second term on th e  le f t -h a n d  s ide  o f  

equation (39 ) may be regarded as rep resen tin g  th e  p o te n t ia l  energy, a t  

p o s it io n  r j  f o r  th e  1 ^  e lec tro n ^  o f  a charge d is t r ib u t io n  a t  p o s it io n  

r^ o f  magnitude

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



£
'" 'M u lt ip ly in g  th e  top and bottom by tfij ( r | ) ^ j ( r ^ )  g ives

) * j  ( f p  (45)

T h is  term  Is  c a l le d  the  exchange charge d en s ity  and has a t o t a l  magni

tude equal to  one e le c t r o n ic  charge (e = 1 In  a . u . )  provided Is  one 

o f  th e  occupied o r b i t a l s ,  but Is  zero  I f  represents an unoccupied 

o r b i t a l .  To prove t h i s .  In te g r a te  equation (45 ) o ver dx2 * By the  

o r th o g o n a l i ty  o f  th e  ♦ j ’ s and 'f’j ’ s a l l  terms in the summation go out  

on In te g ra t io n  except f o r  th e  term j  = I which In te g ra te s  to  u n i ty ,  

provided Is  an occupied o r b i t a l .  Since the  summation is on ly  over  

the  N occupied o r b i t a l s ,  no term w ith  j  = I e x is t s  fo r  any which is
I

an e x c i te d  o r b i t a l .  The In c lu s io n  o f  th e  Kronecker d e l ta  In equation  

(45) In d ic a te s  t h a t  th e  e le c t r o n ic  charge d e n s ity  is  comprised o f  

charges having the same spin as the  s p in - o r b i t a l  tp. being considered.
r

When th e  p o s it io n  r ^  Is  id e n t ic a l  t o  p o s it io n  r^ then equation (45 )  

reduces to I

s an* .ms (46)
J I j

which is  the t o t a l  dens ity  o f  a l l  e le c tro n s  o f  the  same spin as the  i ^  

e le c t ro n  a t  th e  p o s it io n  T* .

The complete p o te n t ia l  energy f i e l d  in which th e  e le c t ro n  moves, as 

given by the  HF th e o ry ,  Is composed o f  th e  nu c lea r  in t e r a c t io n ,  the  

in te ra c t io n  w ith  a l l  e le c tro n s  o f  opposite  spin to  t h a t  o f  th e  i ^ 1 

e le c t ro n  and an In te ra c t io n  w ith  a charge d is t r ib u t io n  o f  e le c tro n s  o f

'  V
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the same sp in  as th e  e le c t r o n .  The charge d is t r ib u t io n  o f  e le c tro n s  - 

w ith  the  same spin adds up to  one less than the total^num ber o f  e le c tro n s  

In t h i s  spin s ta te  I f  an o c c u p le d -o rb lta l  Is  considered , o r  In the  case 

of an unoccupied o r b i t a l . ,  where th e  n e t  amount o f  charge Is  ze ro , th e  

charge d is t r ib u t io n  adds t o  th e  t o t a l  number o f  e le c t ro n s  w ith  spin  

the same as t h a t  o f  th e  1 ^  e le c t ro n  being considered. The n e t charge  

dens ity  o f  e le c tro n s  w ith  the  same spin as th e  s p t n - o r b l t a l ,  i})j , Is  zero  

In the  case where 1*2 = r^ since here th e  exchange charge d ens ity  ju s t

cancels th e  t o t a l  d e n s ity  o f  a l l  e le c t ro n s  o f  t h is  s p in .

30
S la t e r  In te rp re ts  the, exchange e f f e c t s  In terms o f th e  Fermi 

hole theo ry  In which th e  e le c t ro n  being considered is  thought o f  as 

c a rry in g  w ith  I t  a hole charge such t h a t  f o r  an occupied o r b i t a l  th e re  

is  e le c t r o n ic  charge w ith  a t o t a l  magnitude o f  one u n i t  removed from 

the  Immediate v i c i n i t y  o f  the  e le c t r o n ’ s p o s i t io n .  Th is  Fermi hole  

Is  a r e s u l t  o f  th e  Pauli Exclusion p r in c ip le  which keeps e le c tro n s  o f  

th e  same sp in  separa ted . Hence, the  e f f e c t  o f  the  exchange term Is to  

remove e le c t r o n ic  charge from th e  immediate neighbourhood o f  th e  l"^1 

e le c t r o n .  T h is  tends t o  reduce the  e Ie c t r o n -e Ie c t r o n  Coulomb re p u l

sion and th e re fo re  lowers the  o n e -e le c tro n  energ ies  Cj r e l a t i v e  to  

the  H a r tre e  SCF v a lu es . S l a t e r 7 f u r t h e r  .p o in ts .o u t  t h a t  th e  exchange 

c o rre c t io n s  a re  g re a te s t  In th e  region o f  large  charge d en s ity  near  

th e  nucleus.

The o v e r a l l  e f f e c t  o f  exchange is  th e re fo re  t o  cause th e  atom to  

s h r in k ,  w ith  an increased e le c t ro n  d e n s ity  near the  nucleus.

( 1 .2 )  S im p l i f ic a t io n  o f  the  Exchange Term: The S la te r  Approximation

Although s o lu t io n s  o f  th e  HF equation  may be obtained In a s t r a ig h t 

forward manner s im i la r  to  th e  procedure fo llow ed In th e  SCF method, the
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occurrence o f  a l l  the  s p in - o r b i t a ls  in each o f  th e  equations y ie ld s  a 

very com plicated system o f simultaneous i n t e g r o - d i f f e r e n t l a l  equations  

whose s o lu t io n s  re q u ire  much e f f o r t .  S l a t e r 30 has proposed an approx

imation which involves the form ation cjf an average p o te n t ia l  f i e l d  i n '  

which a l l  o f  th e  e le c t ro n s  are  considered t o  move. The p o te n t ia l  f i e l d  

Is  found by forming a weighted mean o f  the  exchange charges, weighted  

and averaged over the various  e le c t r o n ic  wave fun tio ns  a t  a given p o in t  

In  space. This average exchange charge Is  the'n replaced by the c o r re s -  

ponding va lue  given by a f r e e -e Ie c t r o n  gas whose local d en s ity  Is  equal 

to  the  d e n s ity  o f  ac tu a l charge a t  th e  given s p a t ia l  p o in t .

S l a t e r ’ s exchange c o rre c t io n  as described  above is obtained by 

w r i t in g  the HF exchange o p e ra to r  in th e  form o f  an e q u iv a le n t  p o te n t ia l
J.L

a c t in g  on th e  i wave fu nction

Vexch (1V  = -  dx2 N

^  (r Jifijlrj) (47)

where i t  is understood t h a t  in te g ra t io n  over dT2  is  only o ver  th e  

s p a t ia l  co ord inates  and where summation over th e  spin  fun ctions  has been 

c a r r ie d  out i m p l i c i t l y .

The atomic e le c tro n s  a fe  regarded as a degenerate e le c tro n  gas 

w ith  th e  same e le c t ro n  charge dens ity  as t h a t  o f  th e  exchange d e n s ity .  

The e le c tro n s  are  assumed t o  experience a co nstan t p o te n t ia l  and hence 

th e  corresponding o r b i t a l  fu nc tion s  can be w r i t t e n  as p lane waves

i ) * . ( r , )  = 1 e x p ( i £ . ' r i )  (48 )
J ' y~/2
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. -*■ th
where 1$; ,ts th e  wave v e c to r  o f  the  j  wave; r ,  is  th e  ra d ia l  v e c to r  from

J t>-. .V

, th e  o r ig rn  a t  th e  nucleus t o  th e  e le c t r o n ;  V is  th e  volume o f  the

e le c tro n  gas over which th e  n o rm a liza t io n  is  c a r r ie d  o u t .  Using th e

/ •
plane wave expression o f  equation  (4 8 )  f o r  th e  o rb i ta l -  wave fu n c t io n s ,  

th e  numerator o f  equation (47 ) becomes

tyj ( r j ) t j > j  { ^ )  ^  | ) ip| (1~2^ = .1  e x P “  k j 5 ' {^ l  “  ^ 2 ^ ]
r  n  x,2 -12 12

(49)

and the  denominator becomes

1
V

♦ . ( r .  )<p. t r  )
1 . 1 * 1

The exchange p o te n t ia l  energy o f ‘vth e  in te ra c t io n  o f  Che e I ectron, 

a t  Tj and th e  e le c t ro n  a t  In th e  s ta tes . i ,a n d  j  is  found by f i r s j  

computing th e  in te g ra l

(50)

<J>i (r^^j (r2) _L Cr 1 ) dx2

r 12

= J_ j  e xp [  i ( ^  -  1<. ) ’ (r^ -

12

The r e s u l t  o f  th e  in te g ra t io n  is

4-tr

(51)

(52)

Th is  r e s u l t  is  next summed over the  k which is  shown to  be e q u iv a le n t  to
i

in te g ra t io n  over sp herica l coo rd in ates  in th e  k s p a c e d -  The HF exchange

p o te n t ia l  then takes on the  form

r
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Vexc h = ' 4 f i  N i , / 3  H n )  • , (5 3 )/  3 N 
 ̂8w V

where N is th e  number o f  e le c t ro n s  In the  volume V o f  the Fermi gas and 

n Is  d e f in ed  by

*» *  i l l l
kmax

where is  th e  momentum o f  the e le c t ro n  ( In  a . u . )  in th e  o r b i t a I . f o r  

which th e  exchange p o te n t ia l  is  being eva lu a ted  and k ^ x  is  th e  Fermi
r

momentum. The va lu e  o f  k^gx is  found by equ atin g  th e  e q u iv a le n t  express

ions f o r  the Fermi energy , namely

Ef 3 » d | 3  n \ 2 /3  = i 4 x ^ 2
2m 8n V f    ( in  cgs u n its )

2m

-  o r

E. = 2 * 2 / 3  n \ 2 / 3 = I w  ( in  a . u . )
* f  . [ t o  v J —

from which th e  Fermi momentum is  determined t o  b'e

W  ( 3 * 2 N . j ' / 3  . ( 5 4 )

s, o Q
The fu n c t io n  F (n ) is  given by

F(n ) = 1 + i - h  in /  1+n \ (551 + l~h in /  t+n
2 4n ( 1-n

which has a r^nge o f  values in the  in te rv a l  [ 1 / 2 , 1  ]  where th e  extrema  

occur a t  n = 0 f o r  an e le c t ro n  o f  zero  k in e t i c  energy and n = 1 fo r  an 

e le c t ro n  w ith  k in e t i c  energy corresponding t o  t h a t  o f  an e le c t ro n  a t  th e  

top  o f  th e  Fermi d is t r ib u tJ o n , r e s p e c t iv e ly .

. ‘ ■ ■ )
■ u* r.Qr  F u r th e r  re D ro d u c t io n  p ro h ib i te d  w i t h o u t  permission.
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Equation (53°) expresses th e  HF exchange energy in an e le c tro n  gas 

f o r  an e le c t ro n  whose momentum Is  th e  f r a c t io n ,  n, o f  th e  maximum Fermi 

energy . S l a t e r ’ s average exchange p o te n t ia l  Is  found by averag ing  equa

t io n  (5 3 )  over occupied s t a t e s . "-.The number o f  occupied s ta te s  between n
2-,

and n + dn Is  p ro p o rt io n a l to  n an; hence, th e  average va lue  o f  F (n ) Is

F(n> J * r i2 p <n )dn

/ n z dn

= 3
7 (56)

The averaged exchange p o te n t ia l  is’ thus

exch ! ( t C
(57)

With' t h is  approximate exchange p o te n t ia l  th e  H artree -F o ck  equation  

becomes *

-  Z *  ( r j )  + 
2 ‘ 1 r 1 1

I  I
j = i ;  r i 2

^ ( r i>

-  3
2

N *  ^  -v
3 Z ( r < ) $ , ( r , ) 6 m
V  j = ,  J 1 J ’ "’s i ' " = j

1/3
( r ^ ) =

(38)

where the  term N_ i’n equation (59 ) has been in te rp re te d  as the  local  

v *  

d e n s ity  o f  e le c tro n s  given by

N *  -*■ ■+
N = I  6_ m ( r-. ) ^ , ( r . ) 
7  j =1 ^S jin is j j  1 J 1

(59)
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which I's the exchange charge d e n s ity  o f  equation  (45 )  f o r  p o s it io n  

?2  = r j . Th is  S la t e r  exchange approxim ation Is used In the  subsequent 

work.
r>

( 2 . 0 )  Extension to  the R e l a t l v l s t l c  CaseJ~~s

In t h i s  sec tio n  we a re  concerned w ith  th e  gen era t ion  o f  th e  r e l a t i v 

i s t  ic  form alism  o f  th e  H a r t re e -F o c k -S la te r  (HFS) approxim ation es tab 

l ished  f o r  th e  n o n - r e l a t l v l s t l c  case in the  above d iscu ss io n .

The r e l a t l v l s t l c  s i n g l e - p a r t i c l e  wave fu nction  f o r  a c e n t r a l - f i e l d  

p o te n t ia l  can be w r i t te n  as

* i  -  I  < V r >  £

I C F , / r )  xU, (60 )

where th e  r a d ia l  fu n c tio n s  m u l t ip l ie d  by r ,  F ( r )  and G ( r ) ,  a re  re a l  w ith  

G(jr) being the' large component. The non-zero in te g e r ,  k , s p e c i f ie s  both  

the t o t a l  an g u lar  momentum

j  = M  -  1/2 (61 )

and th e  p a r i t y - o f^ t h e  s t a t e ,  ( - 1 ) * ,  where

I = j  + k . (62 )

) . \  ^
The p ro je c t io n  o f  th e  t o t a l  an gu la r  momentum, j ,  on the a x is  o f  quant

iz a t io n  is  designated by y. The s p in -a n g u la r  fu n c t io n ,  x*-> I s defined by

)£ = £  C ( I1 /2 j ; y - m ,m ) x T /2 (63 )

w ith  x j / 2  = ( o j  and x1 /2 2 = ( ? )  * ln de^ in in 9 +he Clebsch-Gordon
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c o e f f i c i e n t ,  C < 1 1 /2 J ; p-m,m), we use th e  n o ta t io n  o f  Ros^8 .

We s t i l l  seek s o lu t io n s  o f  th e  e ig en va lu e  problem

H? = ET

/
as in th e  n o n - r e l a t i v i s t i c  case, but f o r  th e  r e l a t l v l s t l c  problem we 

must rep lace  th e  n o n - r e i a t i v i s t i c  H am ilton ian  by the  D ira c  H am ilto n ian ,  

namely
/

H ■+■ HQ = «*p + $ + V ( r )  . (64 )

' ^
Here we d e f in e  th e  opera to rs

« = I  0 c \  and 3 = f I  0 \
U  o] [ O \ ]

where I Is  th e  2x2 u n i t  m a tr ix  and a  Is  th e  2x2 Pauli m a tr ix .

The e igenva lue  problem being considered f o r  the r e l a t l v i s t l c  

case Is

HD Yt = e I Y l

2 xu
w ith  E = me + £ j  and Ej Is  th e  io n iz a t io n  p o te n t ia l  o f  th e  i atomic

39
s h e l l ,  i t  can be shown t h a t  fo r  J. to  be a s o lu t io n ,  th e  two ra d ia l  

fun c tion s  G (r )  and F ( r )  must s a t i s f y  the  coupled d i f f e r e n t i a l  equations

1  G jC ^ )  + x ^ G jd ^ )  -  (2c  + V ( r  j ) -  e { ) F j C r ^  -  0 

d r 1 r l c —

and '  (65 )

1  F j ( r l ) "  £  F i ( > V  + ( I (^ V  "  e i } V ' V  = 0
d r .  r ,  c —I I c
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in atomic u n i ts .  V ( r j )  Is  th e  e f f e c t i v e  p o te n t ia l  producing the  f i e l d  

which a f fe c ts  the  o p t ic a l  e le c t r o n .  Th is  p o te n t ia l  can be w r i t te n  as

V C r ,)  •  -  2 + CNj /d T 2 1  ' l * j ( ? 2 ) | 2 + Vex=h( ? , )

r l J r 12

= -  Z + fd T _  1 p ( r _ }  + V ("?,) (66 )
“  /  2 — 2 exch I

1 12 

where the charge d e n s ity  has the  form

p ( r 7 ) = Z N j f G  2 ( r  ) + F . 2 ( r 0 ) l  (67.)
j  J 2 J

■

and N, Is  the  occupation number o f  th e  s h e l l .  The expansion o f  J_
/  —

r 12
i»0in terms of Legendre polynomials g ives

“ I s1 = 1 = £ r< P . ' ( c O S 0 n )
r „  ' K  *  | 1=0 — -  1

' 2 2 ”  1 + ' . ( 6 0 )

where r < is th e  s m a lle r  o f  r  and r^ .  Under the  c e n t r a l - f i e l d  approx

imation where an averag ing  over angles Is  perform ed, o n ly  the I = 0 term  

s u rv iv e s .  Using equation  (68) .in equation (6 6 )  under the assumption o f  

a c e n t r a l - f i e l d ,  th e  p o te n t ia l  assumes th e  form

v ( V  = -  L  + 1  f r 22p ( r 2 ) dx2 + J r 2P<r2 ) dr2 + V ^ ^ )  ^

o r.

The s o lu t io n s  o f  equations (65) must s a t i s f y  th e  boundary 

co n d it io n s

lim G ( r )  = lim F ( r )  = lim  G (r )  = Iim  F ( r )  = 0 (70)
r+0 r-K) r-*-**
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Since, In g e n e ra l ,  th e  experim ental io n iz a t io n  energy o f  the  i"^

s h e l f '  is  not the t r u e  e igenva lue  o f  equations ( 6 5 ) ,  th e re  is no s o lu t io n

o f  t h i s  system of equations t h a t  can s im ultaneously  s a t i s f y  the boundary

co n d it io n s  o f  equation (70 ) a t  the  o r ig in  and a t  I n f i n i t y .  The procedure

t o  so lve  equations (6 5 )  such t h a t  the  boundary, c o n d it io n s  are s a t i s f i e d ,

Hi
as o u t l in e d  by Rose ,  is  to  e s ta b l is h  s o lu t io n s  t h a t  a re  re g u la r  a t  

r  -  0 .  Such s o lu t io n s  s a t is f y in g  t h is  c o n d it io n  are  g iven as tru n cated  

power s e r ie s  expansions in th e  form

Y mmax _ 
G (r )  = r Y I  «mr m

m=0
and

y mtnax _
‘ F ( r )  = r  T E S r m (71 )

m=0

n 2 1 / 2
where.y = + ( *  -  (Z /c )  ) . These expansions a re  v a l id  on ly  f o r  small

r .  In the  asym ptotic  re g io n , th e  s o lu t io n s  are  o f  the  form

G (r )  = a e- , j r
and

F ( r )  = b e~Fr  (72 )

where \i = ^2e  -  ( e / c ) 2 J 1/ 2 and a /b  = ^ (2 c 2 -  e ) / e  j 1^2 . The 

numerical so lu t io n  o f  equations (65) is  begun from the region o f  small r  

values using th e  power s e r ie s  form o f  equations ( 7 1 ) ;  a s im i la r  numerical 

s o lu t io n  is  begun from th e  reg ion  o f  la rge  r  values using the asymptotic  

form o f  equations (7 2 )  a p p ro p r ia te  fo r  the re g io n .  By a d ju s t in g  the  

c o e f f ic ie n t s  in equations (71 ) and (72 )  i t  is  po ss ib le  to  match the  

s o lu t io n s  fo r  th e  two regions a t  some p o in t  r^ t o  w ith in  any desired  

degree o f  accuracy, i f  th e  s o lu t io n s  in the  two regions match a t  the  

predetermined p o in t ,  r j ,  (u s u a l ly  taken in the  neighbourhood o f the
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c la s s ic a l  tu rn in g  p o in t )  then th ey  c o in c id e  a t  a l l  va lues of. r  and the

4 1 *
s o lu t io n  o bta ined  Is  an e ig e n s o lu t lo n  . .

A r e l a t l v l s t l c  HFS program, based on the  general procedure o u t l in e d  

above, was used t o  generate  th e  o n e -e le c tro n  wave fu n c t io n s  requ ired  

f o r  th e  c a lc u la t io n s  o f  t h i s  s e c t io n .

As an i n i t i a l  es t im a te  o f  th e  e igenvalues f o r  each ( n l )  s h e l l  the  

D irac  hydrogenic energies

-N2 + N(n -  | k |+ y > (73)

were used. N Is the apparent p r in c ip a l  quantum number f o r  th e  p a r t 

i c u la r  ( n l )  s h e l l  defined  by

' N ® n2 -  2 (n  -  } * r j ) ( }icj -  y )  ; (74 )

Y = ( M 2 -  (« Z )2 ) 1/2 and n Is  th e  p r in c ip a l  quantum number.

In p r in c ip l e ,  th e  wave fu n c t io n  d e scr ib in g  a g iven atomic (n l )  

s h e l l  has an I n f i n i t e  ra d ia l  e x te n t .  The numerical rep resen ta t io n  o f  

these wave fu nction s  make i t  im possible to  d e p ic t  t h i s  fe a tu re  since  

the  ra d ia l  wave fun ction  must be te rm ina ted  a t  some s u f f i c i e n t l y  

la rg e  ra d ia l  displacement from th e  nucteus. The e r r o r  Introduced by 

n e g le c t in g  th e  t a i l  o f  th e  wave fu n c t io n  can be made n e g l ig ib le  by 

choosing a s u f f i c i e n t l y  la rg e  te rm in a t io n  p o in t .  The choice o f  such a
i

s u i ta b le  te rm in a t io n  p o in t  f o r  each ( n l )  s h e l l  can be made by co ns id -

k2
e r in g  th e  asymptotic ra d ia l  fu nc tio n

R ( r )  = e " X rf ( r )  (75 )

where f ( r )  Is  a function  which v a r ie s  slow ly a t  la rg e  r  and X Is re la te d
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to  th e  approximate e igenenergy, e ( n l ) ,  being used a t  a given stage in 

the  s o lu t io n  through the r e la t io n

A = + ' V - e ( n | )  • ’• (76)

In our program, the ra d ia l  w ave . fu nction  was cu t o f f '  a t  the p o in t
/

r max determined by the  requirem ent t h a t  th e  asymptotic form o f  the  

ra d ia l  fu n c t io n  in equation ( 7 5 ) ,  w ith  £ ( n | )  being the approximate  

eigenenergy , agree w ith  the asym ptotic  form in which e ( n | )  I s 're p la c e d  

w ith  th e  Coulomb energy f o r  t h a t  s h e l l  to  w ith in  one p a r t  in 109 in 

the reg ion  o f  large ra d ia l  d isp lacem ents . This c o n d it io n  is  s a t is f ie d  

a t  some s u f f i c i e n t l y  large ra d ia l  d isp lacem ent, r max, determined by the  

r e la t io n

« P  [ <  -  s ( „ | ,  + Z _  >, / 2  rmaX1 :  I0 ‘ 9 ■ <77)
L r max

The numerical so lu t io n  o f  equations  (65 ) was begun in th e  region  

o f large r  values f o r  which the asym ptotic  form o f  equations (72) is
j

v a l id .  The inward s o lu t io n  began a t  r ^  and was continued up to  the  

c la s s ic a l  tu rn in g  p o in t .  Here, th e  inward s o lu t io n  was te rm in a ted  and 

replaced by the  outward s o lu t io n  beginning a t  th e  o r i g i n .  The asymptotl 

form given by equations (71 ) was used in t h is  region w ith  th e  s o lu t io n  

being c a r r ie d  out to  the c la s s ic a l  tu rn in g  p o in t .  The r a t i o  formed by 

comparing th e  large component va lues a t  the p o s it io n  o f  th e  c la s s ic a l  

tu rn in g  p o in t  f o r  the  outward and inward in te g ra t io n  was used to  force  

the inward s o lu t io n  f o r  the la rge  and small components t o  match those  

fo r  the  outward s o lu t io n .  The number o f  nodes appearing in th e  large  

component, G ( r ) ,  o f  t h is  approximate wave fu nction  were counted and

2)
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\  4 3
compared t o  the  c o r r e c t  number o f  nodes; np, g iven by

nr '*= Cn —

« (n -  1 -  1) , (7 8 )

where n is th e  p r in c ip a l  quantum number, . fo r  th e  ( n l )  s h e l l .  There 

w i l l  be more than np nodes In G(r> I f  th e  approximate e ig e n v a lu e ,  E (n | )»  

Is  too  small ahd few er than nr  nodes i f  e ( n | )  Is  too  la rg e .  This  te c h 

nique provides a usefu l method fo r  bounding th e  c o r re c t  e ig e n v a lu e .  The 

energy param eter, £ ( n | )»  so bounded can then be ad justed and th e  process 

repeated u n t i I  th e  c o r re c t  number o f  nodes appear.

Upon securing  th e  proper nodal s t r u c t u r e ,  th e  I n i t i a l  approximation

J ’o th e  wave fu n c t io n  was normalized according t o  the  requirement  
$

J ( G ( r ) 2 + F ( r ) 2 ) d r  = 1 . (79 )

New charge d e n s i t ie s  and p o t e n t ia ls ,  which Include the  exchange e f f e c t s
x J

through th e  S la t e r  p o t e n t i a l ,  were c a lc u la te d  from t h is  I n i t i a l  approx

imate wave fu n c t io n .  A new approximate elgenenergy was c a lc u la te d  from  

these new charge d e n s i t ie s  and p o te n t ia ls  and th e  e n t i r e  process repeated  

u n t i l  the  Inward and outward In te g ra t io n s  matched to  w i th in  a t  le a s t  one 

p a r t  In 10^. T h is  procedure was performed f o r  each>occupied ( n l )  s h e l l  

o f the  atomic c o n f ig u ra t io n  under s tudy . The f in a l  ra d ia l  wave fu n c tio n s  

f o r  the  c o n f ig u ra t io n  were s e p a ra te ly  norm alized and th e  p red ic ted  e lg e n -  

va lue  f o r ’each s h e l l  was c a lc u la te d .  Note t h a t  s ince th e  core Is  a llowed  

t o  re a d ju s t  f o r  each e x c ite d  s ta te  c o n f ig u r a t io n ,  no guarantee is  made 

t h a t  the  o u te r  s h e l l  ra d ia l  wave fu n c tio n s  between d i f f e r e n t  e x c ite d  

s ta te s  w i t h . th e  same t o t a l  angu I a*P momentum a re  orthogonal even 

though each oute#  s h e l l  Is  orthogonal to  a l l  core s h e l ls  in the  c o n f ig 

u r a t io n .  More d iscussion o f  t h i s  p o in t  w i l l  appear l a t e r .
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The numerical so lution's o f  the  f i r s t  o rd e r  d i f f e r e n t i a l  equations  

(65 )  were accomplished using th e  f i f t h  o rd er  Adams p r e d lc to r -c o r r e c to r  

method . Equations (65 ) were solved a t  po in ts  r^ determined by the r e 

la t io n  "

1 (8 0 )r l ~ r 0  [  exP ^ *  "

where | had a maximum value o f  384 and the  s c a l in g  f a c t o r ,  Tq , was

chosen In such a manner t h a t  the wave fu n c t io n  cu t o f f  p o in t  determined

by equation (77 ) was less th a n ,  but ctose t o  the  ra d ia l  displacement

given by ^ 3 4  from equation  ( 8 0 ) .  In g e n e ra l ,  Tq was on th e  o rd er  o f  
1

10~3 g , u. when the  step  s iz e  h was taken t o  be 1 /32 .

( 3 .0 )  C a lc u la t io n s  o f  T ra n s i t io n  P r o b a b i l i t i e s
t

The t r a n s i t io n  p r o b a b i l i t i e s  and o s c i l l a t o r  s trengths  may be ob

ta in e d  from th e  formulae r ig o ro u s ly  derived  by B h a l la 1* 5 using the  r e l a t -  

I v l s t i c  s in g le -c o n f lg u ra t lo n  wave fu n c t lo n s V ro m  th e  HFS c a lc u la t io n s .  

The spontaneous emission p r o b a b i l i t y  per u n i t  t im e

~ 2 .4189  x 10- 17sec) f o r  th s  EL t r a n s i t io n  0-** Is  g iven by

G ran t46 t o  be

= [ j g ]  " T Z Z 2ir|M®ft| 2 (8 1 )“ I Jg I L L ^ l M«0
mB m«r

w ith  defined  by the  fo l lo w in g  r e la t io n  In v o lv in g  M3 - j ,f symbols:

I s ._)  ( j .  L j (

I , , T \ -A
‘ 0

ire j I -m_. M me
f j «  L 
\ - m«. M

x ( - 1 > j “ ' 1 /2  f  1 1 /2 j j «  L Jg ) m2 r (82)
L ^1/j2 0 - 1 /2  j

where M®g Is^given as
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mSb = i L L k _ j ' / 2  [<k«  -  kB) l t + l  + <L+l>u+, ]

i i ± j ' / 2  [ t k .  -  -  L l [ _ , ]  j (83)

In  the  v e lo c i t y  form and by

= I L (2 L + 1 )J (L) /  u r  \  + (k« -  k6 ) ( i ^ +1 + 1 + ^ )

-  l i'n  + ( L + 1 ) I l +1] (84)

In th e  length form. In equations (82 )  and (84 )  th e  t r a n s i t io n  frequency,

u , Is  th e  energy d i f fe re n c e  between th e  upper and lower s ta te s  expressed

in a .u .  and L is  th e  o rd e r  o f  th e  e l e c t r i c  m u lt ip o le  which In our present

47case f o r  d ip o le  t r a n s i t io n s  has the  va lue  L = I .  A lso , th e  n o ta t io n

(85)

is  used. The values o f  k f o r  th e  upper and lotferNstates a re  as defined

^  +  — * ( L )in  eq uation  ( 6 2 ) .  The ra d ia l  in te g r a ls  1^, and J | u r j  a re  given by

45
Bha11 a t o  be

' » 5 J h i r )
(GCF& + F*Gg)dr

(G«Fg -  FffGB)d r

and

(L ) | “ r )  = (G* G& + F“Fe )d r

(86a)

(86b)

(86c)

where Is  the  spherica l Bessel fu n c tio n  o f  o rd e r  X and ®ec(B)^ee{g)
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are  th e  la rg e  and small components o f  th e  r e l a t l v i s t i c  HFS wave fun ction  

f o r  -the lower (upper) s t a t e .

Perform ing th e  summation over i n i t i a l  s ta te s  and averag ing  over  

f in a l  s ta te s  In th e  expression f o r  th e  spontaneous emission t r a n s i t io n
S

p r o b a b i l i t y  per u n i t  tim e reduces equation  (8 1 )  to  th e  forfn 

Ag-xt = U - 3  [ j g  L j «  \ 2 |M®g|2
£L I ')  1 1/2 0 - 1 /2 1 (87)

"0w ith  M^g being o f  th e  a p p ro p r ia te  form f o r  e i t h e r  the  v e lo c i t y  o r  length

*♦6m a tr ix  element given by equations (8 3 )  and (84 ) r e s p e c t iv e ly .  Grant
V*/-

proves t h a t  f o r  a l l  p a irs  o f  s ta te s  « and 8 which are  exac t e ig e n s o lu t io n s  

o f  the  same D ira c  H am ilto n ian , the  length and v e lo c i ty  forms y ie ld  id en t

ica l r e s u l t s .  Hence, the  comparison o f  m a tr ix  element c a lc u la t io n s  using  

th e  two fo rm u la t io n s  provides a check on th e  accuracy o f  th e  subsequent 

c a lc u la t io n s  o f  th e  atomic t r a n s i t io n  parameters and in d i r e c t l y  y ie ld s  an 

es t im a te  o f  th e  q u a l i t y  o f  the  approxim ation method used t o  generate  the  

wave fu n c tio n s  f o r  th e  p a r t i c u la r  system under study.

The ab sorp tion  o s c i l l a t o r  s tren g th  is  defined  in terms o f th e  spon

taneous emission t r a n s i t i o n  p r o b a b i l i t y  per u n i t  t im e f o r  the  t r a n s i t i o n

g-XE by ^

f«g h

J.

Ag ~
“ T 2  * (88>

• 2 *  u

48
The numerical values o f  u a re  computed from th e  C.E. Moore ta b le s  

(A m is p r in t  occurs in Grants equation  ( 5 .2 )  where *  appears in th e  denom

in a to r  Instead o f  th e  c o r re c t  * ^ . )

C onsiderab le  controversy e x is ts 'c o n c e rn in g  which form o f  th e  m a tr ix
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*”8
• e lem ent, M^g, should be used t o  o b ta in  the most accurate  re p re s e n ta t io n

9o f  the  atomic o s c i l l a t o r  s tre n g th s .  S tarace argues t h a t  th e  length  

form should be p re fe r re d  over the  v e lo c i t y  form I f  the 'w ave fun ctio ns  

are  exac t e igenfunctions, o f  an approximate no n -loca l Ham iltonian such as

iftfi
Is  th e  case In the  HF approxim ation . On th e  o th e r  hand, G rant considersi

th e  guage In var ian ce  o f  th e  t r a n s i t io n  m atr ices  and In fe r s  t h a t  fo r  e le c 

t r i c  d tp o le  t r a n s i t io n s  th e  d ip o le  v e lo c i t y  form should be given p r i o r i t y .  

In t h is  In v e s t ig a t io n  a l l  c a lc u la t io n s  a re  presented In both forms f o r  

th e  sake o f  comparison.

( 3 . I ) The Bates-Damqaard Approximation

Several past In v e s t ig a t io n s  17»23 re la te d  t o  s e n s it iz e d  fluorescence  

stud ies  in m ercury -tha I 11um vapour m ixtures  have r e l ie d  on the  re s u l ts  

o f  the  Bates-Damgaard (BD) approximation f o r  determ in ing  the  necessary  

t r a n s i t io n  p r o b a b i l i t i e s  requ ired  In th e  c a lc u la t io n s  o f  various cross  

s e c t io n s .  In th e  e v a lu a t io n  o f  such experim ental data it.becomes necess

ary  t o  d is t in g u is h  between trend s t h a t  a re  o f  a physical n a tu re  and 

those introduced through the  th e o r e t ic a l  c a lc u la t io n s  o f  the  t r a n s i t io n  

p r o b a b i l i t i e s  and l i f e t im e s .  As we have mentioned p re v io u s ly ,  o n ly  a 

few r e l i a b l e  experim ental values o f  t r a n s i t io n  p r o b a b i l i t ie s  and 11 fe -  

t im es exi'st In  the  l i t e r a t u r e ,  p a r t i c u la r i  ly In th e  case o f  t h a l l iu m ,  

and hence the  n ecess ity  fo r  th e  th e o r e t ic a l  c a lc u la t io n  o f  such- p a ra -
i

m eters . However, because o f  th e  in h eren t  dependence o f  th e  cross sec

t io n s  on such c a lc u la t io n s  i t  is. important t o  choose a th e o r e t ic a l  approx

imation method t h a t  no t on ly  y ie ld s  re s u l ts  t h a t  agree c lo s e ly  w ith  those  

found by experim ent, but a lso  d isp lays  c o n s is te n t  behavior In regions  

not in v e s t ig a te d  e x p e r im e n ta l ly .  The Bates-Damgaard approximation  

scheme is Introduced here In o rder  t o  f a c i l i t a t e  th e  comparison o f  our
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experim enta l cross s e c t io n s ,  In which the  th e o r e t ic a l  r e l a t l v l s t i c

t r a n s i t io n  p r o b a b i l i t i e s  and 1 1 fe t lm e s 'a re  used, w jth  those o f  th e  o th er

authors who have employed th e  BD r e s u l t s .

Assuming coulomblc behav io r  o f  th e  p o te n t ia l  o u ts id e  th e  core region
w .

Bates and Damgaard proposed to  use a sO lu tjon  o f  the  hydrogente ^  

Schrodlnger e q u a t io n ,

^  d2R n i ( r )  t  -  1(1+1) - e n l 1 , Cr) -  o ,  (89 )

dr2 \  r  r 2 1

where th e  e f f e c t i v e  charge, Is  th e  excess charge on th e  nucleus

when th e  a c t iv e  e le c t r o n  Is  removed and th e  energy param eter, en | ,  Is  

ta k e n . to  be th e  experim enta l energy f o r  th e  p a r t i c u l a r  ( n l )  o r b i t a l .  

S o lu tio n s  o f  equ atio n  (8 9 )  a re  s u b je c t  to  th e  boundary co n d it io n

; R f» |(r )  + 0  as r + «  (89a)

and a re  expressed In the  form

/ R nl < r)  = f  n* 2 r ( n * + I + l ) r ( n * - l )  1 ~ 1/2
L Ze f f  J
* x j  2 rZ e f  f  \  n e x p ( - r Z ^ f \  F ( -n * + I  + 1 ,2 l t 2 ; 2 r Z e f f )

n I  \  n I n

where h Is  th e  e f f e c t i v e  p r in c ip a l  quantum number given by

\  . . • " z< * f  ;  c" ' , / 2  (90a)

it v ■
and F ( -n  +1+1 ,2 1 + 2 ;2 r Z ^ .f f ) Js th e  c o n f lu e n t  hypergeometric fu n c t io n .

T T  .

\\
The asym ptotic  expansion  o f  F ( a ,b ;x )  is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Thus equation  (9 0 ) can be w r it te n  In th e  more compact form

Rpj ( r )  = f  n* 2 r ( n * + l+ i )  r ( n * - 1) I " 1/ 2

^  L Zeff J

1 2rZ e f f  |  " e *P ^ rZe f f |
vmax 

1+ T  av
v= l Tv (92)

where

and

[  I ( I tT )  -  n * ( n * - 1) ]  (9 2a )

-1  I" i L  [ m + l>  “  ( n * - v ) ( n * - v + t )  1 I  . (92b )
L 2 vZe f f  J

The asym ptotic  s e r ie s  in equation  (9 2 ) d iverg es  fo r  any r .  In p ra c tic e
♦v

th e  s e r ie s  Is  te rm in a te d  a t  some v a lu e  o f In such a way th a t  th e

d ip o le  t r a n s it io n  In te g ra ls  a re  convergen t.

. The v a l id i t y  o f  th e  Coulomb approxim ation  depends c r i t i c a l l y  on th e  

assumption th a t  th e  tru e  p o te n tia l can be ad eq u ate ly  represented  by th e  

2Z0 f f  Coulomb p o te n t ia l .  For complex system s, where th e  o u te r  e le c tro n s

o v e rla p  s ig n i f ic a n t ly  w ith  th e  core e le c tro n s , th e  Coulomb approxim ation  

would be expected t o  be less r e l i a b le .  G e n e ra lly , th e  BD approxim ation  

g ives  th e  b es t re s u lts  fo r  th e  h ig h ly  e x c ite d  s ta te s  In these complex 

system s. In p a r t ic u la r ,  good re s u lts  a re  expected In th e  c a lc u la t io n  o f  

o s c i l la t o r  s tren g th s  when th e  p r in c ip a l maxima o f both th e  upper and 

lower s ta te s  occur In  th e  o u te r  reg ion  where th e  Coulomb p o te n t ia l is  a 

good approx im ation .

Choosing vroax In equation  (9 2 ) such th a t  th e  t r a n s it io n  in te g ra ls
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converge does no t avo id  d ivergence o f th e  wave fu n c tio n  as r  -*■ 0 ,  nor 

does I t  guarantee th e  proper ( n - I - 1 ) number o f nodes, in c e rta in ^ ty p e s  

o f c a lc u la t io n s , such as in th e  e v a lu a tio n  o f  th e  e le c t r ic  d ip o |e  tra n s 

i t io n  m a tr ix  e lem ents , these l a t t e r  two d e f ic ie n c ie s  In them selves may 

not in troduce  serio u s  e r r o r .  Th is  is  because th e  main c o n tr ib u tio n  to  

such c a lc u la t io n s  comes from th e  reg ion  o f  la rg e  ra d ia l d isplacem ents  

and th e  Im proper b ehav io r o f  th e  ra d ia l fu n c tio n  n ear th e  o r ig in  w i l l
v

o fte n  no t s e r io u s ly  a f f e p t  th e  m a tr ix  e lem ents.

The ab so rp tio n  o s c i l l a t o r  s tre n g th  fo r  E1 t r a n s it io n s  between the  
» •«

50s ta te s  3 and *  Is  g iven by

f , B = 2 jA E |(2Jg+ 1 )W2 < U « l Bj B; i  (9 3 )

\ 3 v
where AE th e  energy d if fe re n c e  between th e  s ta te s ,  W is  th e  Racah 

c o e f f t c ie n t V H ^ x '^ m a x ( Ia , 1 g) and th e  ra d ia l in te g ra l fo r  the  

t r a n s it io n  B-** Is

■ / '
R«g = j  R^Rgr d r (94 )

where R« and Rg a re  o f th e  form g iven  by equation  (9 2 ) a p p ro p ria te  fo r

th e  lower and upper s ta te  re s p e c t iv e ly . The t r a n s it io n  p r o b a b i l i t ie s

( in  u n its  o f-s e c ” 1 ) a re  determ ined accord ing  to  th e  r e la t io n 51
X

, A g ^  = 0 .6 6 6 9 |A E !2 f« g , (9 5 )

V —1- where A E Is  in cm .

( 4 .0 )  R esu lts  and D iscussion

Numerous r e g u la r i t ie s  and sys tem atic  tren d s  among o s c i l la t o r
r

stre n g th s  have been stu d ied  in recen t y&a.cs'. Such r e g u la r i t ie s  a re  o f 

g re a t p ra c t ic a l im portance s ince th ey  may be used »to o b ta in  a d d it io n a l
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o s c i l l a t o r  s tre n g th s  by sim ple e x tra p o la t io n  procedures as w e ll as to  

e v a lu a te -th e  r e l i a b i l i t y  o f e x is t in g  data  by the degree o f  f i t  w ith  

resp ec t to  e s ta b lis h e d  sys tem atic  tre n d s . R egular v a r ia t io n s  in  spec-

52
t r a l  l in e  in te n s it ie s  were noted by Trumphy as e a r ly  as 1925 In th e ,

*

p r in c ip a l s e r ie s  (3s -n p ) o f  sodium. I t  was observed th a t  th e  o s c i l la t o r  

s tre n g th s  decrease*w ith  In c reas in g  p r in c ip a l quantum number, n , in a 

re g u la r  fash io n  which could be approxim ated by th e  general expression

a# T
co n stan t x (n  ) J (96 )

#
where n is  th e  e f fe c t iv e  p r in c ip a l quantum number. S im ila r  tre n d s  

have been observed In numerous o th e r  e lem ents .

Appendix (2 )  in d ic a te s  th e  b eh av io r o f th e  r e l a t l v i s t i c  NFS o s c i l l 

a to r  s tre n g th s , taken  from Appendix ( 1 ) ,  as a fu n c tio n  o f  th e  e f fe c t iv e  

p r in c ip a l quantum number o f  th e  upper s ta te  f o r  severa l o f  th e  T h a lliu m j 

s e r ie s . A lso in d ic a te d  a re  th e  curves generated by th e  combined e x p e r i

mental data  o f Norton and G a lla g h e r5 ^ and Penkin and Shabano^a5**.

S im ila r  p lo ts  fo r  the  corresponding s e r ie s  In Cesium ^ formed from the  

data taken  from Appendix ( 3 ) ,  along w ith  curves re s u lt in g  from th e  

experim enta l va lues  o f  Agr^aw55 a re  shown In Appendix ( 4 ) .

From th e  p lo ts  In Appendices (2 )  and ( 4 ) ,  th e  o s c i l l a t o r  s tren g th s

can be seen to  e x h ib i t  th e  w e ll known hydrogen I ike , "co n sta n t x(n  ) "
*

b eh av io r in th e  reg ion  o f la rg e  n v a lu e s . However, fo r  th e

2 2
7 S^ /2  "  n ^ 1 /2  s e r ês 1° th a ll iu m  and' a l l  s e r ie s  shown In th e  case o f

2 2cesium w ith  th e  exception  o f th e  6 P j -  n S^ 2  s e r ie s , marked d ep art

ures from th e  hydrogen 1c beh av io r In th e  form o f pronounced minima are
*

In d ic a te d  In th e  th e o re t ic a l curves a t  in te rm e d ia te  o r  low n va lu e s . 

These minima a re  absent from th e  corresponding experim enta l cu rves . The
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56 57appearance o f th e  "Cooper minima" * a re  asso c ia ted  w ith  s ign re v e rs a ls  

In the' t r a n s i t io n  m a tr ix  elem ents along  a g iven s e r ie s  and r e f le c t  th e  

non-hydrogen Ic  c h a ra c te r  o f £he atom ic p o te n t ia ls  V ( r ) .  These minima, 

w W ch ’commonly occur In  th e  continuum , a re  .re la te d  to  th e  s tru c tu re  o f  

th e  lower s ta te  wave fu n c tio n . I f  th e  wave fu n c tio n  fo r  th e  lower s ta te  

in th e  t r a n s i t io n  s e r ie s  has a mode then  th e  t r a n s it io n  In te g ra ls  fo r -a  

s p e c tra l s e r ie s  In v o lv in g  th is  lower le v e l w i l l  change sign somewhere • 

along th e  s e r ie s  and th e  o s c i l la t o r  s tre n g th s , which a re  re la te d  to  th e  

square o f  th e  t r a n s it io n  m a tr ix  e lem en ts , w i l l  pass through a minimum.

There is 'n o  general way to  f i x  th e  n* v a lu e  fo r  which t h is  minimum w i l l  

occur In a g iven  s e r ie s .*  In o th e r  e lem en ts , where6th e  Cooper minima
to cq

occur In th e  d is c re te  s p e c tra , such as In th e  case o f L I j  and Mg j j * 

one observes th e  minima a t  n*« 3 and n *  “ 4 re s p e c t iv e ly .

Comparison o f  th e  r e l a t i v l s t i c  HFS curves w ith  those generated from

th e  experim enta l re s u lts  show a general lack  o f  Agreement In both
\

th a ll iu m  and cesium w ith  th e  excep tion  o f th e  f i r s t  members o f each s e r ie s .  

Th is  d ivergence between th e  th e o r e t ic a l  and experlm enta I o s c l1 1 a to r  

s tren g th s  w ith- In c reas in g  energy s e p a ra tio n  between th e  upper and lower 

s ta te s  Invo lved  In t£ e  t ra n s it io n s  is  f u r th e r  m anifested o ver th e  

e n t ir e  range o f  o s c i l la t o r  s tre n g th s  shown in Appendices (1 )  and (3 )

. when a comparison Is  made between th e  ra d ia l  m a tr ix  e le m e n ^ J ^ M jj, In  

th e  length  and v e lo c ity  form s. In t h is  case th e re  Is  a d e f in i t e  c o rr 

e la t io n  between th e  r e la t iv e  percentage d if fe re n c e  In th e  two forms o f  

th e  t r a n s it io n  m a trix  elem ents and ,fhe energy sep ara tio n  o f  th e  s ta te s  

invo lved  In th e  t r a n s i t io n .  The r e la t iv e  percentage d lf fe r e n c e .n ,  

between th e  two fo rm u la tio n s  is  c a lc u la te d  acco rd in g  to  the  r e la t io n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



48

lMi,| lyeloclty ~ ^ , { 1  length

^ I j U e l o c l t y  *  1 j 11 eng+h

]

x 100$ . (97 )

"  \  \ i -
In o rd e r to  d is t in g u is h  between a c c id e n ta lly  sm all energy d iffe re n c e s  

between-low ly in g  s ta te s  and s y s te m a tic a lly  sm all energy d iffe re n c e s  

occurlng  between p a irs  o f h ig h e r e x c ite d  s ta te s ,  we In troduce a s c a lin g  

fa c to r ,  n^, d e fin ed  by

n2 -  f  1  -  1  1  

L n ’2 n2J

fo r  nl - n f l ’ t r a n s i t io n s .  I t  Is  found fo r  both Thai 11um  ̂ and Cesiumj

t h a t  th e  r e la t iv e  percentage d if fe re n c e , n , tends to  decrease as the

• 2
scaled  energy s e p a ra tio n , n AE , between th e  p a r t ic ip a t in g  le v e ls  becomes

s m a lle r . Such a fe a tu re  Is  com plete ly  c o n s is te n t w ith  th e  d ivergence

between th e  th e o r e t ic a l  and experim enta l p lo ts  In  Appendices (2 ) and ( 4 ) .

C are fu l te s t in g  o f  th e  vario u s  computer programmes and subroutines

' used to  g enerate  both th e  wave fu n c tio n s  and o s c i l la t o r  s tren g th s  d id

n o t in d ic a te  th e  presence o f  any accum ulating e r r o r  th a t  m ight e x p la in

th e  observed b e h a v io r. I t  was no ticed  however, t h a t  a lthough th e  wave .

fu n c tio n s  fo r  th e  e x c ite d  s ta te s  were norm alized  to  a t  le a s t  \ p a r t  in

10^ , s ta te s  w ith  th e  same to ta l  a n g u la r momentum were g e n e ra lly  o r th o -
. *

gonal to  o n ly  a few p a rts  in  %en. S ta te s  w ith  d i f f e r e n t  to ta l  an g u la r  

momentum a re  n e c e s s a r ily  orthogonal through th e  s p in -a n g u la r  p o rtio n  

o f th e  wave fu n c tio n s .

The e n t ir e  problem o f o r th o g o n a lity  amongst th e  s im p lif ie d  H a r tre e -  

Fock s o lu tio n s  stems from  th e  replacem ent o f  th e  HF exchange p o te n tia l  

by the, averaged approxim ate p o te n t ia l .  What has been done up to  t h is

■ .. 'x
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p o in t is  to  so lve  th e  s im p lif ie d  HF equations fo r  each e x c ite d  S ta te  

c o n fig u ra t io n  In such a manner t h a t  th e  core o r b i t a ls  a re  a llow eokto  

re a d ju s t  t h e i r  ra d ia l d is t r ib u t io n s  from th a t  o f  th e  ground s ta te  con

f ig u r a t io n .  Due to  th is  read justm ent o f  th e  c o re , and hence th e  p o ten t

i a l ,  each c o n fig u ra tio n  is  d e fin ed  by a s l ig h t ly  d i f f e r e n t  H a m ilto n ian . 

T h e re fo re , ra d ia l wave fu n c tio n s  fo r  e x c ite d  s ta te s  w ith  th e  same to ta l  

a n g u la r momentuni can not be expected to  remain orthogonal as they  do in  

th e  case o f  f u l l  H a rtre e -F o c k  c a lc u la t io n s  fo r  which a l l  c o n fig u ra tio n s  

a re  so lved  using a c o n s is te n t H a m ilto n ia n .

What Is  commonly done to  avo id  co m p lica tio n s  a ri-s in g  from th e  non- 

o rth o g o n a lity  amongst s im p li f ie d  HF wave fu n c tio n s  Is  to  make the  

p h y s ic a lly  u n r e a l is t ic  approxim ation  th a t  th e  core wave fu n c tio n s  re 

main f ix e d  In th e  ground s ta te  c o n fig u ra tio n  and th a t  o n ly  th e  o u te r  

most o r b i t a l  changes when s o lv in g  fo r  e x c ite d  le v e ls .  T h is  Frozen-Core  

approxim ation  a llo w s  th e  ground and e x c ite d  s ta te  c o n fig u ra tio n s  to  be 

d e fin e d  by th e  same H am ilto n ian  and hence guarantees th e  o rth o g o n a lity

o f  a l l  ra d ia l wave fu n c tio n s  amongst s ta te s  w ith  th e  same to ta l  an g u la r
, «

momentum. N o tlc a b le  increases  In the  b ind ing  .energies o'f^the in n er  

roost o r b i t a ls  occur as one proceeds from the ground s ta te  c o n fig u r

a tio n  to  h ig h er e x c ite d  s ta te  c o n fig u ra t io n s . W ith in  a g iven c o n fig u r

a t io n  th e  r e la t iv e  change in th e  o r b i ta l  b ind ing  energy decreases as 

one proceeds from In n er to  o u te r  core o r b i t a ls  w ith  th e  in n er core o r 

b i t a ls  o f  th a ll iu m  being less a f fe c te d  than those o f cesium. The v a r ia 

t io n  in b in d in g  energy o f th e  core  o r b i ta ls  is  lin ked  to  th e  ra d ia l 

re d is t r ib u t io n  o f th e  core wave fu n c tio n s  w ith  changing c o n fig u ra tio n s .  

Th is  leads one to  suspect th a t  th e  Frozen Core approxim ation should be 

more v a l id  fo r  systems w ith  h ig h e r atom ic number.
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In  an a ttem p t to  remove th e  n o n -o rth o g o n a lity  amongst th e  r e l a t l v l -  

s t lc  HFS ra d ia l wave fu n c tio n s , w e 'In i t ia t e d  a Gram-Schmldt o rth o g o n a l-  

Iz a t lo n  process on each s e r ie s  o f  s ta te s  w ith  th e  same to ta l  an g u la r  

momentum. A p r i o r i ,  one w ou ld -expect wave fu n c tio n s  w ith  th e  lowest 

^ynrnetry In each such s e r ie s  to  be more a c c u ra te ly  represen ted  by the  

HFS approxim ation  than those w ith  a h ig h er degree o f  symmetry. On th is  

bas is  we chose such s ta te s  to  begin th e  In d u c tiv e  orthogonal Iz a t Io n  

process fo r  each s e r ie s .  The r e s u lt in g  ra d ia l wave fu n c tio n s , 

orthogonal to  a t  le a s t  1 p a r t  In  1 0 ^ ,  were then used to  re -e v a lu a te  

th e  o s c i l la t o r  s tre n g th s .

< 4 .to) Cesium  ̂ O s c il la to r  S tre n g th s . T ra n s it io n  P r o b a b i l i t ie s  and
L ife tim e s

1 • \

We compare th e  o s c i l l a t o r  s tren g th s  c a lc u la te d  using th e  orthogon

a l I zed  Ceslumj wave fu n c tio n s  w ith  th e  experim ental data  o f  Agnew 

and th e  Model P o te n tia l c a lc u la t io n s  o f  Stone60 In  Appendix ( 5 ) .  

Im m ediately obvious from t h is  comparison Is  th e  g e n e ra lly  good agree

ment between our c a lc u la te d  va lues and those o f experim ent o ver th e

e n t i r e  range o f d a ta . The b ehav io r o f  these o s c i l l a t o r  s tren g th s  as a
*

fu n c tio n  o f the  e f f e c t iv e  p r in c ip a l quantum number n ,  as In d ic a te d  by

th e  p lo ts  o f  Appendix ( 6 ) ,  show t h a t  th e  d e v ia tio n  o f  th e  c a lc u la te d
*

va lues  from th e  experim enta l d a ta  w ith  In creas in g  n va lues  has been 

alm ost t o t a l l y  e lim in a te d  by th e  orthogonal Iz a t io n  p rocess. The th e o r

e t ic a l  curves fo llo w  c lo s e ly  th e  shape o f th e  exp erim en ta l curves g en er-

2 2
ated  by Agnew's data w ith  th e  excep tio n  o f th e  6 S j / 2  ” n ^ 1 /2  s e r^es

fo r  which th e  th e o re t ic a l data  p re d ic ts  th e  appearance o f a la rg e  Cooper

minimum In th e  v ic in i t y  o f  n* = 8 which Is  absent from Agnew's d a ta .

F u r th e r , th e  experim ental r e s u lts  p re d ic t  a c ro ss in g  o f  th e  

9 9 2 2 *
6  P |y 2 -  n D3 /2  and- 6  P3 / 2  “  n D5 / 2  curves near n = ? w h ile  th e
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th e o r e t ic a l *data  does not show t h is  fe a tu re . The r e la t iv e ly  la rg e  

s c a t te r  o f  th e  experim enta l va lu es  In  th is  reg ion  makes I t  d l f T lc u l t  to  

form th e  curves a c c u ra te ly  and hence th e  c ross ing  o f  th e  two curves may 

be due t o  t h is  u n c e r ta in ty .

In S tone’ s Model P o te n tia l c a lc u la t io n s , th e  o n e -e le c tro n  s o lu tio n s  

o f th e  n o n - r e la t iv is t Ic  Schrod lnger e q u a tio n , In c lu d in g  th e  s p ln -o r b lt  

In te r a c t io n ,  were used as ra d ia l wave fu n c tio n s . H is s o lu t io n s  a re  

ob ta in ed  using a c e n tra l sym m etric p o te n t ia l th a t  Inc ludes  th e  nucleus  

and th e  c losed s h e ll e le c tro n s  and is  chosen so t h a t  th e  b in d in g  energ ies  

o f th e  low est 40 le v e ls  agree c lo s e ly  w ith  experim ental r e s u lts .  The 

agreement between these Model P o te n t ia l c a lc u la t io n s  and those obta ined  . 

here Is  g e n e ra lly  good although  In many cases our r e s u lts ,  In th e  v e l 

o c ity  fo rm u la t io n , g ive  somewhat c lo s e r  agreement w ith  exp erim en t. In 

g e n e ra l, I t  appears th a t  th e  d ip o le  v e lo c ity  form y ie ld s  re s u lts  

s u p e rio r  to  those found In th e  leng th  form when compared to  experim ental 

data and th e o re t ic a l c a lc u la t io n s  done using o th e r  approxim ation  schemes.

L ife tim e s  c a lc u la te d  using th e  length and v e lo c ity  forms o f th e

t r a n s it io n  p r o b a b i l i t ie s  determ ined from th e  orthogonal I zed r e l a t l v l s t l c

HFS wave fu n c tio n s  a re  shown in Appendix (7 )  and a re  compared w ith

those determ ined by using th e  non-orthogonal wave fu n c tio n s  and the

$
Bates-Damgaard approx im ation . A lso shown In^Appendix (7 ) a re  th e  

a v a ila b le  experim enta l l i f e t im e s .

In th e  case where th e  o rthogona11 zed wave fu n c tio n s  have been used, 

th e  agreement between th e  v e lo c ity  form and a v a ila b le  experim enta l l i f e 

tim es fo r  th e  n^S i/ 2  s ta te s  Is  w ith in  about 10 p e rc e n t. The c a lc u la te d  

l i fe t im e s  o f  th e  n^Pj le v e ls  agree w ith  experim ent to  w ith in  20  percent 

w h ile  those fo r  th e  n^Dj s ta te s  l i e  w ith in  30 percent o f th e
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corresponding experim enta l v a lu e s .

The Bates-Damgaard approxim ation Is  g e n e ra lly  considered t o  g iv e  

good r e s u lts  f o r  th e  a lk a l i  m e ta ls . However, comparison between these  

l i fe t im e s  and those found from experim ent In d ic a te s  th a t  th e  BD approx

im ation' y ie ld s  re s u lts  th a t  a re  g e n e ra lly  to o  high and t h a t  tend to  

d iverg e  from th e  accepted va lues fo r  th e  h ig h e r e x c ite d  s ta te s .

The a f fe c ts  o f  th e  orthogonal Iz a t Io n  procedure a re  very  e v id e n t In  

th e  comparison o f th e  l i fe t im e s  o b ta in ed  from  th e  orthj^gona 11 zed and non-

orthogona11 zed wave fu n c tio n s . The orthogonal Iz a t Io n  o f  th e  £ave fu n c tio n s
*

red u ces .th e  o v e ra ll  magnitudes o f th e  l i fe t im e s  and s e v e re ly  decreases

th e  ra te  o f d ivergence between th e o r e t ic a l  and experim ental v a lu e s .

(4 .2 )  T h a lliu m . O s c i l la to r  S tre n g th s .) T ra n s it io n  P r o b a b il i t ie s  and 
L ife tim e s  “

O s c i l la to r  s tre n g th s  c a lc u la te d  using th e  orthogona11 zed T h a tllu m | 

wave fu n c tio n s  a re  compared w ith  th e  combined experim ental data  o f  

Norton and G a lla g h e r53 and Penkin and Sabanova5** and w ith  th e  th e o re t ic a l  

c a lc u la t io n s  perform ed by M lgdalek51 iri Appendix ( 8 ) .  Corresponding  

p lo ts  o f  our th e o r e t ic a l o s c i l la t o r  s tre n g th s  as a fu n c tio n  o f th e  e f f e c t 

ive p r in c ip a l guantum number a re  shown is  Appendix (9 )  along w ith  those  

generated from th e  experim ental d a ta . In th e  case o f th e . 6^P ^ 2  _ n^ l / 2

and 6^ 3 / 2  “  r 2 s 1 /2  s e r ê s » +he experim enta l data In d ic a te s  minima o c c u r-  

# *
Ing around n “ 4 .7  and n = 4 .3  re s p e c t iv e ly . These minima a re  absent 

In our th e o r e t ic a l  cu rves . However, th e  p ro x im ity  o f th e  6s6p2  * P \ / 2  

le v e ls  to  th e  6s2 <^S)10s2 S j / 2  lev e l could account f o r  th e  appearance  

o f th e  anomaly In th e  experim enta l d a ta  through c o n fig u ra tio n  In te r 

a c t io n s . P e rtu rb a tio n s  due to  th e  presence o f th is  s in g ly  core e x c ite d  

leve l would be expected to  a f f e c t  most s tro n g ly  the  10 S 1 /2  le v e ls .

Since th e  HFS program used here to  g enerate  th e  r e l a t l v i s t l c  wave
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\
fu n c tio n s  does not ta k e  In to  account th e  e x is te n c e  o f such c o n fig u ra tio n  

In te ra c t io n s , one m ight no t expect th e  minima to  m an ifes t themselves- In 

th e  th e o re t ic a l c u rves . The o v e ra ll agreement between the  r e l a t l v l s t l c  

HFS o s c i l la t o r  s tre n g th s  and those o b ta in ed  e x p e r im e n ta lly  Is  a b i t  

d i f f i c u l t  to  assess s ln c e .th e  number o f  d a ta  p o in ts  a v a ila b le  f o r  com

p ariso n  Is  s m a ll, bu t g e n e ra lly  th e  agreement Is  no t as good as In  th e  

case o f  Ceslumj w ith  th e  excep tion  o f th e  6^Pj -  n ^ S j^  s s r le s  In Cesium^

M Igdalek has c a lc u la te d  o s c i l la t o r  s tre n g th s  fo r  T h a lliu m  using
1

th e  "long  wave” approxim ation  w ith  ra d ia l wave fu n c tio n s  determ ined by 

a r e l a t l v l s t l c  s e m i-e m p iric a l method which employs an a d ju s ta b le  c e n tra l  

symmetric exchange p o te n t ia l o f S la te r  ty p e . The use o f th is  "long  

wave" approxim ation can be ju s t i f i e d  in  th e  case o f T h a lliu m , by In v e s t-  

I g a tin g  th e  s tru c tu re  o f  th e  d ip o le  length  form o f th e  t r a n s it io n  m a tr ix  

e lem en ts . The dominant te rm -.in  th e  m a tr ix  elem ent o f  equation  (8 4 ) fo r  

El t r a n s it io n s  Is

d r . (9 8 )3J(1)   ̂ wr |  = 3 J (G ,G e + F . F g ^ j  j

I t  fo llo w s  from  th e  power s e r ie s  expansion o f  th e  s p h e ric a l Bessel 

fu n c tio n  th a t  In  th e  l im i t  o f  small arguments

( f  ) = i ( r )  + 0 [ ( f ) 3 ]
(9 9 )

When o n ly  t h is  low est o rd e r term  In  ta r/c  is  re ta in e d , then equation  ( 8 8 ) 

reduces to  th e  "lo n g  wave" approxim ation fo r  th e  ab so rp tio n  o s c i l la t o r  

s tre n g th  fo r  El t r a n s it io n s  given by

0
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f « B = 2> E | ( 2 j g + DW2 ( U j « t 0 j e ; l / 2  D lm a x K g l 2 <100 )
3

where th e  ra d ia l In te g ra l f o r  th e  t r a n s i t io n  f r + « 'l5

(G*G0 + F .F 0 ) r d r  . (101 )

S ince th e  term  In  th e  d ip o le  length  m a tr ix  e lem ent dominates th e  

c o n tr ib u tio n s  from th e  term s In v o lv in g  th e  l£  and 1^ ra d ia l in te g ra ls  ' 

by a t  le a s t  5 o rders o f magnitude and s ince (ta r /c )^  s 10~5 fo r  r  values  

up to  an atom ic ra d iu s , th e  use o f  th e  ’’ long wave” approxim ation y ie ld s  

o s c i l l a t o r  s tren g th s  t h a t  agree w ith  those o b ta in ed  using th e  length  

fo rm u la tio n  o f th e  r e l a t l v l s t l c  HFS method to  w ith in  about 1 p ^ rt In
5

10 ,  However, s ince we f in d  t h a t  th e  v e lo c ity  fo rm u la tio n  appears to  

g iv e  re s u lts  more c o n s is te n t w ith  th e  experim enta l d a ta ? th e  v e lo c ity  

form  o f th e  "tdng wave” approxim ation  should be used. In M ig d a le k 's  

c a lc u la t io n s , use o f  th e  a d ju s ta b le  param eter In  th e  exchange p o te n tia l  

reduces th e  dependence o f th e  o s c l1 fa to r  s tre n g th s  on th e  length o r  

v e lo c ity  fo rm u la tio n  o f th e  t r a n s it io n  m a tr ix  e lem ents .

L ife tim e s  c a lc u la te d  using th e  length and v e lo c ity  forms o f th e

t r a n s ls t lo n  p r o b a b il i t ie s  determ ined from th e  orthogona11 zed r e l a t l v l s t l c
*

HFS wave fu n c tio n s  a re  shown In Appendix (1 0 ) and a re  compared w ith

those  found by using th e  non-orthogona1 wave fu n c tio n s  and th e  B ates-

Damgaard approx im ation . A lso l is te d  In  Appendix (1 0 ) a re  th e  few

e x is t in g  l i fe t im e s  measured e x p e r im e n ta lly .

A general comparison between th e  th e o re t ic a l re s u lts  and those o f

experim ent Is  d i f f i c u l t  because o f th e  lack o f experim enta l r e s u lts .

The v e lo c ity  form o f th e  o rth o g o n a IIzed  HFS l i fe t im e s  agree w e ll w ith

2 9
th e  experim enta l data f o r  th e  8  ar*d & ®3/ 2»5 / 2  s^a+e s * However,

v
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th e  c a lc u la te d  resonance s ta te  l i f e t im e  Is  about 40 percen t to o  high and 

th e  rem ain ing n20 j  s ta te s  have p re d ic te d  l i fe t im e s  th a t  a re  between 60 

and 75 p ercen t to o  low.
*

L ife tim e s  c a lc u la te d  using th e  BO approxim ation a re  about a fa c to r  o f  

2 to o  la rg e  fo r  th e  and 82 S1/ 2  s ta te s  w h ile  fo r  th e  6 2 D j and 7 2 D j

s ta te s  va lues a re  ob ta ined  which l i e  w ith in  tlW ^experlm entaI range o f un

c e r ta in ty .  The b eh av io r o f th e  BO l i fe t im e s  w ith  re s p e c t to  th e  e x p e r i

mental .va lues In d ic a te s  t h a t ,  fo r  th e  n2 S j / 2  and n^ \ j  s ta te s ,  th e  approx

im ation o f th e  p o te n t ia l by a coulom bic p o te n t ia l Is  g e n e ra lly  no t v a l id  

in complex systems l ik e  T h a lliu m | s in c e  In  th ese  cases th e  o p t ic a l ly  a c t iv e  

e le c tro n  Is  expected to  In te r a c t  s tro n g ly  w ith  th e  c o re . However, In  the  , 

cases o f  n20 j  and n2Fj s ta te s  core  p e n e tra tio n  would be e s s e n t ia l ly  absen t. 

Th is  a llo w s  th e  In n e r core e le c tro n s  t o  be t re a te d  as a p o in t charge to  a 

f i r s t  approxim ation  and such a s itu a t io n  may then  be tre a te d  adeq u ate ly  by 

the  BO ap p ro x im atio n . Caution must be exerc is ed  In using th e  BD tre a tm e n t  

• fo r  complex systems fo r  which c o r r e la t io n  e f fe c ts  and c o n fig u ra tio n  In te r 

a c tio n s  may be o f s ig n if ic a n c e . T h is  Ts In d ic a te d  by th e  poor agreement
n

between th e  BO and experim ental l i f e t im e  fo r  th e  8  D5 / 2  s ta te .

( 4 .3 )  Suggestions fo r  Improving th e  Orthogona11 zed F ree-C ore  S im p lif ie d  
H a rtre e -F o c k  Procedure

Exam ination o f  th e  th e o re t ic a l data o b ta ined  by using th e  orthogon- 

a .llzed  HFS wave fu n c tio n s  s t i l l  In d ic a te s  th e  d iv e rg in g  tren d s  w ith  In 

c reas in g  scaled  energy sep ara tio n s  between th e  s ta te s  invo lved  in th e  

t r a n s it io n s . ' However, t h is  d ivergence has been c o n s id e rab ly  reduced by 

th e  o rthogona11zation  process. The th e o r e t ic a l data supp lied  by
1

M igdalek  In  th e  "long  wave" approxim ation  fo r  T h a lliu m j In d ic a te s  a 

s im ila r  tre n d  when compared w ith  the  e x is t in g  experim ental data a lthough  

th e  magnitude o f th e  d e v ia tio n s  a re  s l ig h t ly  less than found in our
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d a ta . The d if fe re n c e  between these two sets  o f th e o r e t ic a l data  Is  

p a r t i a l l y  accounted fo r  by th e  d i f f e r e n t  forms o f  th e  S Ia te r . exchange

6 2.
p o te n t ia l used In  th e  two se ts  o f  th e o r e t ic a l  r e s u lts ,  Kohn and Sham 

have In d ic a te d  th a t  th e  s t r i c t  S la te r  exchange p o te n t ia l used In our  

case g e n e ra lly  leads to  an o ver e s tim a tio n  o f  th e  exchange by a t  le a s t  

a fa c to r  o f 3 /2 .  M lgdalek  found th a t  h is  a d ju s ta b le  m u lt ip ly in g  para

m eter always assumed values less th a t  2 /3 . .  Such a sem l-em p lrlca l p o t-  . 

e n t la l  as used by M lg d a lek , a lthough s t i l l  not p h y s ic a lly  c o rre c t  In  

form fo r  reasons to  be discussed below , m lght’ be expected to  y ie ld  a 

s l ig h t ly  b e t te r  approxim ation  t o  th e  c o rre c t  exchangd p o te n tia l which 

may account fo r  th e  b e t te r  f i t  o f  M lg d a le k f s data  to  th a t  o f  experim ent. 

We found, by using th e  Kohn-Sham exchange p o te n t ia l In which the  S la te r  

exchange p o te n t ia l Is  m u lt ip l ie d  by a fa c to r  o f 2 /3 ,  t h a t  c o rre c tio n s  

to  th e  o s c i l la t o r  s tre n g th s  g e n e ra lly  amount to  a t  most a few p a rts  

In 102 .

We reco n s id er th e  H a rfree -F o ck  exchange p o te n t ia l fo r  a e le c tro n  

In  th e  l^ h s p ln -o r b lta l  g iven by equation  (4 7 ) .  The va lue o f  th is  

p o te n t ia l may vary  by as much as a fa c to r  o f  2 f o r  vario u s  s p ln -o r b lta ls

a t  a f ix e d  va lu e  o f  r .  T h is  has been q u a n t i ta t iv e ly  shown fo r  th e

+ 63
Cu Ion by H a rtre e  . Hence, th e  replacem ent o f th e  exchange p o te n t ia l

In equation  (4 7 ) by an averaged exchange p o te n t ia l Is  a very  crude

•approxim ation  which may lead to  serio u s  e r r o r .  For a g iven s p ln -o r b lta l

th e  averaged S la te r  exchange p o te n tia l y ie ld s  re s u lts  th a t  a re  too  la rg e

a t  some r  va lues and too  small a t  o th e rs . Another s e rio u s  d e fic ie n c y

o f th e  averaged S la te r  p o te n t ia l Is  I t s  In c o rre c t behav io r a t  la rg e  r

v a lu e s . In th e  f u l l  HF method th e  exchange p o te n tia l o f  equation  (47 )
t

can be seen to  have th e  p ro p erty  th a t
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rVexch *r  ̂ ■*“ “ 1 as r  ( 102 )

■ r  .•
To see t h i s ,  w r i te  th e  exchange p o te n t ia l as

. - ♦ w >  " 03>

where th e  seI f -U t te r a c t io n  p o t e n t ia l ,  V g ^ j f t r ) ,  is  w r it te n  as

Vs e | f ( r )  “  ”  f  J_ dx2  (104 )

' r'12

and th e  t r u e  exchange p o te n t ia l ,  ve x ( r ) ,  has th e  form ^

ve x ( r )  = -  j ,  f * i * ^ i > * j * ( r 2 > 1  d r2
J r i  '  r]2

*i ^fi ( n )
^  . . (1 05 )

t

Then, in th e  I im lt  a s * r  -*■» ,
A

and.

rVs e l f ( r )  *  ( ,0 6 !

rVe x l r ) ‘' 0 6  • <107)

However, th e  averaged SI a t e r ’exchange p o te n t ia l muIttp-HT^d by r  tends  

. to  zero  as r  tends to  in f in i t y  and thus  th e  S 1a ter'exch an g e  p o te n t ia l  

f a l l s  to  c o r re c t  fo r  th e  e le c tro n  s e l f - in t e r a c t I  on a t  la rg e  va lu es  o f  r .

What is  o fte n  done to  compensate f o r  t h is  d e fe c t  is 'to -^ jp p ly  the  

em p iric a l c o rre e t j^ n  due to  L a t te r  to  th e ,.to ta l  p o te n t ia l ;  th a t  I s ,  one 

makes th e  rep lacem ent

*  %  
r V ( r )  = -  (Z -N +1) f o r  r  -  r c * (108 )
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where r c Is  determ ined by th e  c o n d itio n

r c VCrc ) = -  (Z -N +1) (1 0 9 )

and where N Is  th e  to ta l  number o f  e le c tro n s  In th e  system . Coulson

65 w
and Sharma have p o in ted  o u t sev e ra l d e fe c ts  In  such an e m p iric a l

c o r re c t io n . F i r s t ,  th e  L a t te r  p o te n t ia l y ie ld s  a d iscontinuous s lope

a t  r c and consequently  g ives  r is e  to  fltef n on -physica l r e s u lt  o f a non-

van lsh ln g  s u rface  charge d e n s ity  on th e  sphere s e p a ra tin g  th e  two reg ions

r i  r c and r '<  r c . W ilso n , Wood and S la te r  fu r th e r  p o in t ou t th a t  th e

L a t te r  p o te n t ia l Is  n o t v a r ia t io n a l ly  d e r iv a b le  from th e  express ion  fo r

th e T b + a l energy o f  th e  system. G oplnathan67 dem onstrates th a t  th e
A

HFS p o te n t ia l underestim ates th e  s e l f - In t e r a c t I  on a t  both la rg e  and 

*  In te rm e d ia te  va lues  o f  r .  Hence, th e  p o te n t ia l  Is  g e n e ra lly  s m a lle r  

than th e  c o r re c t  p o ten tl.a l and th e  l e t t e r  c o rre c tio n  to  th e  p o te n t ia l  

leads to  a non-physIcaJ.-shrinkage o f  _ th e 'a to m .

To remove th e  d l^ J e p a n c le s  between th e  th e o r e t ic a l c a lc u la t io n s

and th e  experim enta l d a ta , I t  Is  necessary to  use a b e t te r  approxim ation

* 67
o f th e  e x c h a n g e ^ p o te n tia l. R e c e n tly , Goplnathan has developed an.

approxim ate exchange p o te n t ia l which may prove to  b e '^ lrtrem eIy  usefu l

In  atom ic s tru c tu re  c a lc u la t io n s . H is  method o f  t r e a t in g  th e  exchange

p o te n t ia l is  based on th e  se p a ra tio n  o f  th e  p o te n t ia l in to  an e le c tro n

s e l f - i r i t e r a c t lo n  term 'and  a tru e  exchange te rm . The s e I f - In t e r a c t Io n

term  Is  ev a lu a te d  e x a c tly  w h ile  th e  t r u e  exchange p o te n t ia l Is  apprpjc-^

Iroated In  a manner s im i la r  to  th e  p 1 /3  approxim ation  o f D ira c  and
♦

S la te r .  In  th e  Goplnathan scheme, e le c tro n s  in  d i f f e r e n t  s p in - o r b I t a Is  

have d If . fe re n t  exchange p o te n t ia ls  thus avo id in g  th e  m ajor d e fe c ts  th a t  

a r is e  from  th e  use o f a s in g le  averaged p o te n t ia l fo r  a l l  e le c tro n s  as 

Is  employed In th e  S la te r  ap p ro x im atio n . In Gop'Inathan’ s approach, th e
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s e l f - In t e r a c t Io n  Is  accounted fo r  c o r r e c t ly  and th e  exchange p o te n tia l Is  

shown to  have th e  proper asym pto tic  beh av io r a t  la rg e  r  v a lu e s . One
V

a d d it io n a l fe a tu re  o f t h is  tre a tm e n t Is  th a t  th e  s im p l ic i ty  o f  th e  

com putations fea tu re d  by th e  HFS method Is  re ta in e d  and com putations o f

exchange p o te n t ia ls ,  o n e -e le c tro n  e ig en va lu es  and spin d e n s ity  d is t r ib u t io n s ,

' +  +2 ^  as determ ined in th e  cases o f  Cu and Mn ,  y ie ld s  re s u lts  t h a t  compare

favo u rab ly  w ith  those o b ta l/ie d  by th e  more e la b o ra te  and tim e  consuming

f u l I  H a rtree -F o ck  procedure.

Using th e  diagonal I z a t I  on procedure presented in  th is  In v e s t ig a t io n ,
r

to g e th e r  w ith  a more a c c u ra te  exchange p o te n t ia l such as th e  one 

d erived  by G oplnathan, one m ight exp ect to  perform  atom ic s tru c tu re  

c a lc u la t io n s  w ith  an accuracy approaching th a t  o f  a f u l l  H a rtree -F o ck  

c a lc u la t io n .  Such a procedure would a llo w  th e  ra p id  and Inexpensive  

co m p u ta ti$ i o f atom ic s tru c tu re  d a ta .
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EXPERIMENTAL

PART A: D e s c rip tio n  o f  th e  Apparatus •
$

The arrangem ent o f th e  apparatus Is  shown In f ig u re  ( 3 ) .  Mercury  

resonance ra d ia t io n  em itted  by a ra d io -fre q u e n c y  mercury vapour lamp was 

passed through an in te r fe re n c e  f i t t e r  w ith  a peak tran sm iss io n  o f 10 per

cen t a t  2537$ , and was focussed In th e v fIu o rescen ce  c e l l ,  which contained  

th e  m e rc u ry -th a lH u m  vapour m ix tu re  and which was located  In  an oven 

whose tem peratu re  could  be a c c u ra te ly  c o n tro lle d . The re s u lt in g  f lu o re s 

cence, observed a t  r ig h t  ang les to  th e  d ire c t io n  o f e x c i t a t io n ,  was re 

solved w ith  a g ra t in g  sp ectro m eter, and was brought to  a focus a t  th e  

photocat^ode o f th e  p h o to m u lt ip lie r  tu b e . The s ig n a l produced by th e  

p h o to m u lt ip lie r  tube was re g is te re d  w ith  a K e lth le y  model 417 plcoammeter 

and a H ew le tt-P ackard  s t r ip -c h a r t  re c o rd e r .

The flu o rescen ce  c e l l  was connected to  a vacuum system and could be 

f i l l e d  w ith  c o n tro lle d  amounts o f  n itro g e n . The c e l l  was f i t t e d  w ith  two 

sldearm s, -one f.or th a ll iu m  and one f o r  m ercury. Both sldearm s could be 

heated Independently  to  produce th e  re q ^ r e d  vapour pressures o f th a ll iu m  

and m ercury.

(1 .0 )  L ig h t Sources

The Hg 2537$ e x c it in g  ra d ia t io n  was produced by an e Ie c t ro d e 1 ess 

discharge In mercury vapour, which was contained  In  a q u a rtz  b u lb . The 

discharge was d riven  by a ra d io -fre q u e n c y  o s c i l la t o r ,  powered by a Fluke  

model 407DR power supp ly . The r - f  o s c i l l a t o r  is  drawn s c h e m a tic a lly  In  

f ig u r e  ( 4 ) .  T h is  typ e  o f  lamp, which has been used p re v io u s ly  In th is  

la b o ra to ry , p rovides an In ten se  source 3 f  Hg 2537$ resonance r a d ia t io n .  

The resonance l in e  Is  narrow and r e la t iv e ly  f re e  o f s e l f - r e v e r s a I .

&
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P M

S

f
. F ig . 3 : Arrangement o f  th e .a p p a ra tu s

S -  source
C -  flu o rescen ce  c e l l  

i  M -  monochromator
PM -  p h o to m u lt ip lie r  tube  
E -  K e ith  ley picoammeter 
R -  s t r lp - c h a r t  reco rd er  
F, -  f i l t e r

F2 -  f I  I t e r
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The bulbs were co n s tru c ted  o f  h ig h -q u a lity  n o n -flu o re s c ln g  q uartz  

tu b in g  w ith  an o u ts id e  d iam eter o f  1.4cm and a wal l- th ic k n e s s  o f 2mm. 

S evera l ampoules were connected to  a d ls t f t l a t f o n  m an ifo ld  and small 

amounts o f mercury (p re v io u s ly  d i s t i l l e d  severa l t im e s ) were d is t i l l e d  

under vacuum in to  each b u lb . Argon* a t  vario u s  pressures In  th e  range,

0 . 2  -  1 .8  t o r r  was adm itted  in to  th e  ampoules which were then sealed  

and removed from th e  m a n ifo ld . Subsequent te s ts  o f th e  mercury lamps 

In d ic a te d  th a t  argon pressures In th e  range 0 . 8  -  1.1 t o r r  gave g re a te s t  

s t a b i l i t y  and h ig h es t o u tp u t o f  th e  Hg 2537^ resonance component. I t  

was a ls o  found th a t  s l ig h t  c o o lin g , by an even flo w  o f a i r  about th e  

b u lb , re s u lte d  In g re a te r  s t a b i l i t y  and a moderate Increase  In th e

In te n s ity  o f th e  Hg 2537$? ra d ia t io n  e m itte d  from th e  lamps.

2
When studying  th e  quenching o f  th e  T l ( 7  S ) s ta te  In  th e  T I-N 2 

m ix tu re , th e  th a ll iu m  atoms were e x c ite d  d ir e c t ly  w ith  th e  TI 3776$? 

resonance ra d ia t io n  e m itte d  from an a ir -c o o le d  Osram lamp. The lamp 

o perated  a t  a c u rre n t o f 0 .8  amperes which was s u p p lied  by an E a lin g  

U n iversa l S p ectra l Lamp power supp ly . I t  was found th a t  a t  a c u rre n t  

o f  0 .9am peres, (as recommended by th e  m anufacture ) i  th e  In te n s ity  o f 

th e  resonance ra d ia t io n  e m itte d  from th e  lamp f lu c tu a te d  ra th e r  n o tic e a b ly .  

By reducing th e  c u rre n t to  0 .8  amperes th e  In te n s ity  f lu c tu a t io n s  

could  be rendered In s ig n i f ic a n t .

( 2 .0 )  The Fluorescence C e ll and Oven

The whole c e l l ,  which Is  dep ic ted  In f ig u re  ( 5 ) ,  was constructed  

o f high o p t ic a l qua 1 ity -n o n -f Iu o re s c in g  quartz^". O rd inary  (o p tic a l 

q u a l i t y )  q u a r tz , when Ir r a d ia te d  w ith  u l t r a v io le t  l ig h t ,  fluo rescps

*  research  g ra d i^  sup p lied  by th e  Linde C orporation  

^ S u p ras II W1 supp lied  by th e  Am ersil C orporation
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F ig . 5: The fluorescence  c e l l

A -  en trance  window 
B -  o b servatio n  window 
C -  re a r  o b servatio n  window 
D -  th a I 11 urn sidearm  
E -  mercury sidearm  
F -  cap I 11ary to  vacuum system
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s tro n g ly  In  th e  s p e c tra l reg ion from 3500$ to  4800$. This q u a rtz  f l oo r -  

escence would com ple te ly  mask a l l  a tom ic fluorescence e m itte d  from  the  

' metal vapour m ix tu re  in th e  c e l l .  The c e l t  had an o v e ra ll length  o f 10cm, 

an o u ts id e  d iam eter o f  35mm, and a w a ll th ickn ess  o f 3mm. The en trance  

and e x i t  windows were c u t from 1,5nm q u a rtz  p la te s  and fused to  th e  "D" 

shaped p o rtio n  o f  the  c e l l .  The o b s e rv a tio n  window a t  th e  re a r  o f  th e  c e l l  

was 3mm t h ic k .  T h is  design o f th e  flu o rescen ce  c e l l  p e rm itte d  the  

e x c it in g  beam o f  th e  Hg 2537$ l ig h t  to  be focused Ju st in s id e t h e  rectang 

u la r  c o rn er formed by the  en trance  and o b serva tio n  windows, keeping th e  

o p tic a l paths through the  c e l l  to  less  than 1mm and thus reducing  the  

re ab so rp tio n  o f th e  mercury resonance ra d ia t io n .
i

The c e l l  was enclosed in a s e r ie s  o f s ta in le s s  s te e l s h ie ld s  to  re 

duce th e  in te n s ity  o f b lack  body ra d ia t io n  reach ing  th e  spectrom eter from  

the  h e a tin g  e lem ents . Aquadag, commonly employed to  reduce th e  s tra y  

l ig h t ,  c o u ld -n o t be used s in c e , a t  high tem p era tu res , i t  vap o u rizes  from  

th e  c e l l  s u rfa c e . The s te e l s h ie ld  co verin g  th e  o b serva tio n  window had 

in I t  a re c ta n g u la r  a p e rtu re  in th e  form o f a s l i t  to  p rovide  a w e l l -  

d efin ed  geometry re q u ire d  fo r  f lu o re s c e n t in te n s ity  measurements.

The window a t  th e  re a r  o f the  c e l l  was provided to  f a c i l i t a t e  the  

o p tic a l a lignm ent o f th e  c e i l  and to  m on ito r the  s trong c o rro s iv e  a c tio n  

which took p lace  on prolonged exposure o f th e  q u a rtz  to  th a ll iu m  vapour 

a t  tem peratures  in th e  range 500°C -  600°C . A t these tem peratures  the  

c o rro s iv e  a c tio n  o f th a ll iu m  on th e  in n er surfaces o f th e  windows and 

c e l l  body was strong enough to  cause s u f f ic ie n t  e ros ion  o f th e  window 

surfaces so t h a t  th e  transm ission  o f th e  f lu o re s c e n t l ig h t  was s e v e re ly  

reduced. A f te r  each experim ental run th e  windows had to  be rep laced  o r  

rep o lish ed  in o rd e r to  m ain ta in  optim al tran sm iss io n .
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The c e l l  was f i t t e d  w ith  two sidearms one o f which, co n ta in in g

m e ta l l ic  th a l l iu m , was approx im ate ly  9cm long and had an in s id e  bore o f

15mm to  a llo w  e f f i c i e n t  tra n s p o rt  o f  th a ll iu m  vapour to  th e  c e llC  The

second sidearm , which conta ined  m ercury, extended below th e  c e l l  and

protruded o u t o f th e  oven, and te rm in a ted  In  a re s e rv o ir  which <:ou!d be

heated s e p a ra te ly  by means o f a "Chrome! A” h e a te r  wrapped along th e

whole o f th e  sidearm . C u rren t to  t h is  h e a te r  was d e liv e re d  through a

V a rla c  au to tran s fo rm er which allowed th e  tem peratu re  o f th e  sidearm  to  be
*

a c c u ra te ly  c o n tro lle d . The mercury re s e rv o ir  was connected to  th e  c e l l  

by a c a p i l la r y  appro x im ate ly  50cm in  length  and having a bore o f  2mm.

The re s e rv o ir  h e a te r  was necessary to , produce and m a in ta in  the  proper 

d en s ity  o f mercury vapour In th e  c e l l .  W ithout i t , a  very  long tim e  was 

re q u ired  fo r  th e  mercury to  m ig ra te  through th e  c a p IIT a ry  a g a in s t th e  

high therm al g ra d ie n t , and th e  mercury d e n s ity  In  th e  c e l l  was d i f f i c u l t  

to  s t a b ! I Iz e ,

The flu o rescen ce  c e l l  was mounted In s id e  a s ta in le s s  s te e l oven 

which was heated by means o f n ine G .E . s t r ip -h e a te r s  fastened to  th e  

e x te r io r  su rfaces  o f th e  box In  s e r ie s -p a r a l le l  com binations. C u rren t 

to  these h eaters  was sup p lied  by a V a rla c  ra te d  a t  1800 w a tts . Using 

these h ea te rs  o n ly , a c e l l  tem perature o f  about 350°C could be produced.

To reach th e  re q u ire d  tem p era tu res , sever \ c o I I s  o f "Chrome! A" r e s is t 

ance w ire  were wound and mounted on 6mm th ic k  bestos f ib r e  boards.

These a d d it io n a l h e a te r  u n its  were connected In s e r ie s -p a r a l le l  c o n fig 

u ra tio n s  and a ttach ed  to  th e  Inner su rfaces  o f th e  oven. The re s is ta n c e  

o f each component In  th e  h e a te r c i r c u i t  was e s ta b lis h e d  by a t r i a l  and 

e r r o r  method so as to  p ro v id e  a therm al g ra d ie n t a long th e  c e l l .  The

fro n t  windows were kept a t  about 10°C above th e  tem perature o f  th e
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th a l l iu m  sidearm , to  p reven t condensation o f  th a l l iu m  metal on th e  window 

s u rfa c e s . C u rre n t to  th e  In n er h e a te r elem ents was supp lied  by a 2800 w a tt  

V a r la c . W ith t h is  arrangem ent I t  was p o s s ib le  to  m a in ta in  th e  oven temp

e ra tu re  w ith in  l2 ° C ,  In  th e  range 450°C - -5 8 0 °C . The tem peratures were 

measured by chrom el-a lum el therm ocouples p laced a t  v a rio u s  p o s itio n s  on

th e  c e l l  sidearms and connected to  a H ew le tt-P ackard  d ig i t a l  m u ltim e te r .
1

The oven was p laced  In a t r a n s i t s  box covered w ith  a w ater-co o led  

copper J a c k e t. -The space between th e  two boxes was f i l l e d  w ith  mica 

ch ip s  to  reduce h ea t loss from th e  oven.

N o n -fIu o re s c e n t q u a rtz  p la te  windows covered th e  a p p ro p r ia te ly  

placed a p e rtu re s  In  th e  In n e r and o u te r  boxes. These windows served to  

reduce th e  heat lo s t  through th e  a p e rtu re s .

(3 .0 )  The Vacuum System i

The flu o rescen ce  c e l l  was connected to  an e x te rn a l vacuum system  

by means o f a c a p i l la r y  tu b e  ap p ro x im ate ly  40cm In  length and 2mm in s id e

4-
d la m e te r. Although th e  c a p i l la r y  s e v e re ly  reduced th e  pumping e f f ic ie n c y .  

I t  d id  e f f e c t iv e ly  p reven t th e  m ig ra tio n  o f  atom ic vapours from th e  c e l l  

In to  th e  vacuum system . The system was evacuated by an Edwards E02

d if fu s io n  pump, backed by an Edwards ro ta ry  pump which had a pumping ra te

o f 50 l i t r e s  per m inu te . The pressure In  th e  vacuum system was o f the  

o rd e r o f 10“ ® t o r r ,  and was m onitored by a^CVC ty p e  GIC-110B Io n iz a t io n  

guage.

(4 .0 )  The Monochromator and P h o to m u lt ip lie r  Tube

The f lu o re s c e n t sp ec tra  e m itte d  from th e  flu o rescen ce  c e l l  was re 

solved by a J a rre  I-A sh model 82-000 spectrom eter equipped w ith  an 

1800 grooves/mm d i f f r a c t io n  g ra tin g  b lazed  a t  3000^ In f i r s t  o rd e r . The 

monochromator had an a p e rtu re  o f  f / 8 . 6  and a fo c a l length o f  0 .5  m eter 

w ith  a re c ip ro c a l d is p e rs io n  o f 16^/mm In f l r s f 1 o rd e r .
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The reso lved  flu o rescen ce  from th e  monochromator was focused on 

th e  photocathode o f  a 13 dynode EMI D260/9865QAM p h o to m u lt ip lie r  tu b e .

The tu b e , mounted In a c ry o s ta t  cooled t o  l iq u id  n itro g e n  tem p era tu res , 

had a t r ! - a I k a I T  photocathode w ith  an S -20 s p e c tra l response. The 

nominal cathode d iam eter was tOmm, The tube was operated  a t  a p o te n tia l 

o f -1000V  which produced a gain  o f  10®. The cathode p o te n t ia l was main

ta in e d  ’by a F luke model 412B power su p p ly . The d ark  c u rre n t a t  liq u id  

n itro g e n  tem perature  was measured t o  be 1 .5  x 10“ ^  am peres.'. For comp

a r a t iv e  purposes, an EMR ty p e  5 14N -0 3 -14-03900 p h o to m u lt !p ile r \tu b e ,  

equipped w ith  a t r i - a l k a l i  photocathoda having an S-20 s p e c tra l 'response  

and a 14 s tage Venetian  b lin d  dynode c h a fn , was used. T h is  tube was

operated  a t  -1660V which produced a g a in  o f  TO®. The dark c u r re n t , a t

r - 1 1room tem p era tu re , was found to  be 6  x 10 amperes, and was depressed 

to  5 x 10- 1 3  amperes a t  l iq u id  n itro g e n  tem p era tu re .

(5 .0 )  C a lib ra t io n  o f th e  Monochromator and Photom uIt! p I l e r  Tube

Although th e  quenching cross s e c tio n s  a re  Independent o f th e  s p e c tra l 

response c h a ra c te r is t ic s  o f th e  o p t ic a l support equipm ent, th e  determ in

a t io n  o f th e  energy t r a n s fe r  cross s e c tio n s , depending on th e  In te n s it ie s  

o f th e  s p e c tra l components, demand com plete knowledge o f  th e  s p e c tra l . 

response fe a tu re s  o f  th e  monochromator and p h o to m u lt ip lie r  tu b e , and o f  

th e  ab so rp tio n  c h a r a c te r is t ic s  o f th e  q u a rtz  o p t ic s .

The s p e c tra l response o f th e  monochromator was o b ta in ed  using the  

experim enta l arrangem ent shown In f ig u re  ( 6 ) .  The f i r s t  J a rre l-A s h  

spectrom eter served to  is o la te  a p a r t ic u la r  l in e  from th e  Osram lamp 

source. T h is  l in e  was focused onto th e  entrance s i l t ,  (w ith  a 0.5mm 

s l i t - w i d t h ) ,  o f th e  second J a rre l-A s h  monochromator which was to  be 

c a l ib r a te d .  A vacuum photodiode ( IT T  F 4000 ), w ith  an e f f e c t iv e  photo

cathode 4cm In  d ia m e te r, was placed behind th e  en trance  s i l t  and .detected
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F ig . 6 : Experim ental arrangem ent used to  c a l ib r a te  th e
J a rre l-A s h  monochromator

A -  photodiode s e t  to  re c e iv e  l ig h t  emerging 
from monochromator M2 

B -  photod i ode s e t  to  re c e Iv e  11gh t ? ncI dent on * ' 
monochromator M2 

P -  K e ith  ley ptcoammeter 
R -  s t r ip -c h a r f  re c o rd e r . -

-  J a rre l-A s h  monochromator
0

M2 -  J a rre l-A s h  monochromator to  be c a lib ra te d

\
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c.

all th e  l ig h t  e n te r in g  fh e  monochromator. The e x i t  s l i t  was a ls o  s e t  

a t  0.5mm and th e  emergent l ig h t  from th e  monochromator was detected  by 

th e  same photodiode p laced a g a in s t th e  o u ts id e  o f th e  e x i t  s l i t ,  so as t o  • 

re c e iv e  a l l  th e  emergent l ig h t .  Several l ig h t  sources, c o n s is tin g  o f  

Hg» K, Cs, Na, and Zn Osram lamps, were used to  produce th e  s p e c tra l 

response curve (shown In f ig u r e ( 7 ) )  fo r  th e  J a rre l-A s h  monochromator. 

Several com plete runs were made to  determ ine th e  re p r o d u c ib i l i ty  o f th e  ‘ 

cu rve .

S p ectra l response c h a ra c te r is t ic s  a t  -40 °C  had been supp lied  by the> 

m anufacturer fo r  th e  EMI p h o to m u lt ip lie r  tu b e , bu t prev ious experience  

w ith  o th e r  p h o to m u lt ip lie rs  In d ic a te d  th a t  th e  s p e c tra l response may 

be a lte r e d  somewhat by depressing  th e  o p e ra tin g  tem peratu re  to  th a t  o f  

1 iq u id  n itro g e n .

C a lib ra t io n  o f th e  EMI p h o to m u lt ip lie r  a t  l iq u id  n itro g e n  tem perature

was accomplished by a llo w in g  l ig h t  o f th e  same energy f lu x  to  be in c id e n t

on th e  photocathode o f th e  p h o to m u lt ip lie r  as was In c id e n t on th e  window

o f a c a lib ra te d  RBL-500 th e rm o p ile  (s u p p lie d  by th e  C .M .Reader company).

The th e rm o p ile  s e n s i t iv i t y  was quoted to  be 12.27 jiV. . Several s p e c tra l
pW

components e m itte d  by Hg, Zn, and K Osram lamps were used as l ig h t  

sources. The th e rm o p ile , which was equipped w ith  a q u a rtz  window having  

re c ta n g u la r  dimensions o f 3mm by 0.5mm, was mounted to  th e  h o ld er shown in  

f ig u re  ( 8 ) .  The h o ld e r,w h ich  could be p laced in e i t h e r  o f  two pq .s ftions , 

had a l ig h t  b a f f le  w ith  an a p e rtu re  o f  th e  same dimensions as the  

th e rm o p ile  window. The l ig h t  b a f f le  a p e rtu re  and th e  th e rm o p ile  window 

c o ex is ted  in  th e  same o p tic a l p lane s itu a te d  p e rp e n d ic u la r to  th e  l ig h t  • 

path from th e  monochromator. In th e  f i r s t  p o s it io n , th e  th e rm o p ile  was 

a llo w ed  to  d e te c t th e  l ig h t  f l u x  emerging from th e  monochromator. The
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F ig .  8 : Apparatus f o r  measuring s p e c tra l  response o f  p h o to m u lt ip l ie rfo rApparatusy
•showing en larged  .f ro n t  view o f  s i id e - h o ld e r  ,

■t-"

M -^monochromator , R2 -  K e ith  ley pi coammeter
.TP. -  ther ipo p lle  ■
R ^ -  mi 11 i -m ic ro v o ltm e te r  B — mi 1 1 i -m ic ro v o itm e te r

* \ &  ’
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r e s u l t in g  response, In m ic ro v o lts ,  was r e g is te re d  by a K e ith le y  model 

149 mi 1l l -m ic r o v o l tm e te r .  In th e  second p o s i t io n ,  th e  same l i g h t  f lu x
i

was tra n s m it te d  through the  a p e r tu re  and was brought to  focus a t  th e  

photocathode o f  th e  p h o to m u l t ip l ie r  tu b e .  The p h o to m u lt ip l ie r  response, 

corresponding t o  t h i s  energy f l u x ,  was measured by th e  K e ith le y  model 

417 e lectrom eter-am p I I f i e r .  The r e s u l ts  o f  t h i s  c a l ib r a t io n  are  shown 

in f ig u r e  ( 9 ) .

The EMR. photomu I t i p  1-ier, which was to  be used to  check th e  In te n s i ty  

measurements obta ined  by the  EMI p h o to m u l t ip l ie r  tu b e ,  was c a l ib r a te d  by 

the  m anufacturer.

1

V
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EXPERIMENTAL PROCEDURE —

" I

The f lu orescence  c e l l  was thorough ly  cleaned w ith  an ac id  s o lu t io n

composed o f  fo u r  p a r ts  HCI and one p a r t  HNO_. The c e l l  was f lushed
3

severa l t im es w ith  d i s t i l l e d  wa+6r  and f i n a l l y  r insed w ith  a lc o h o l .  The

th a l l iu m  metal (about 2gm) was sealed In to  th e  a p p ro p r ia te  sidearm o f

th e  c e l l .  Mercury was prepared using th e  d t s t 1 1 1 a t  Ion m anifo ld  shown in

f ig u r e  (1 0 ) .  The m an ifo ld  was a ttached  to  th e  vacuum system and baked
o

under vacuum a t  180 C f o r  severa l days. A charge o f  t r i p l y  d i s t i l l e d  ..

■mercury* was introduced in to  th e  lowest ampoule through th e  f i l l  tub'e 

which was then sea led . The mercury was d i s t i l l e d  under vacuum from ampoule 

t o  ampoule’, each t im e leav ing  behind a small amount o f  residue which was 

sealed o f f  and removed from th e  m anifo ld  befo re  continu ing  th e  d i s t i l l a t i o n  

process. The f i j i a l  am poule 'conta in ing  th e  c lean  mercury was t r a n s fe r r e d  t o  

th e  mercury reservoTr a t  th e  base o f  th e  second sidearm. The mercury was
4

prevented fro m 'e n te r in g  th e  c e l l ,  u n t i l  re q u ire d ,  by a b reak-sea l a t  th e

head o f  th e  r e s e r v o i r ,  which could be opened under vacuum. The c e l l  was

then in s e r te d  in to  th e  oven, a l ig n e d ,  and connected to  the  vacuum system. • ^

To remove w ater  vapour-and o th e r  contam inants, th e  oven tem perature was

ra ised  t o  about 250°C and th e  c e l l  was baked under vacuum f o r  severa l days

—  8
u n t i l  a f i n a l  pressure o f  th e  o rd e r  o f  10 t o r r  was a t ta in e d .  Thermocouples

were secured t o  th e  c e l l  body c lose  t o  th e  f r o n t  windows and near th e  re a r

4window. A d d it io n a l  thermocouples were placed along the  length o f  th e  

th a l l iu m  sidearm.

The tem perature  o f  tjffe oven was brought yp slowly and a llowed to  <

*  supplied  by A.D. MacKay Co.  ̂  ̂ .
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s t a b i l i z e  w ith  the  th a l l iu m  sidearm tem perature in th e  range 430°C -  

580°C. The corresponding pressure o f  th e  t h a l l iu m  vapour In the  c e l l  Was

determined by t h is  sidearm tem perature  and was c a lc u la te d  from th e
\ 68

formula g iven by Nesmeyanov . The e x c i t in g  beam from th e  mercury r - f

*. e le c t ro d te s s  d ischarge lamp was f i r s t  passed through a mercury I n t e r - *

ference f i l t e r  w ith  a peak tran sm iss io n  o f  10 p ercen t a t  2537%, and then  

brought t o  a focus j u s t  in s id e  th e  entrance window o f  th e  c e l l  a t  a p o in t  

about 1mm from the  o bservation  window. The mercury r e s e r v o i r  was openedVi*

and a small amount o f  mercury vapour was adm itted  in to  th e  c e l l  by heating

th e  r e s e r v o i r  to  about 40^C -  50°C. The in te n s i ty  o f  th e  Hg 251)1%

resonance ra d ia t io n  emit+ed from the  c e l !  was co n tin u o u s ly  monitored

during  th e  admission o f  th e  mercury vapoutv’ The d e n s ity  o f  mercury in th e  
. /  0  

c e l l  was s t a b i l i z e d  when th e  in t e n s i ty  o f  the  Hg 253"7A fluorescence

reached a maximum. .

The f lu o re s c e n t  ra d ia t io n  em it ted  from th e  c e l l  was focused onto  

, r
th e  en trance  si i t  o f  th e  monochromator.which a u to m a t ic a l ly  scanned the

t h a l l iu m  f lu o re s c e n t  spectrum a t  a r a te  o f  10^/mln . A t y p i c i l  run lasted

f o r  severa l hours, and a lthough th e  in te n s i ty  o f  th e  mercury resonance

ra d ia t io n  remained r e l a t i v e l y  s ta b le  throughout each run , i t  was monitored
✓

fre q u e n t ly  to  avoid th e  In tro d u c t io n  o f  experim ental u n c e r ta in ty  in to  the
%  v

e v a l u a t i o n  o f the  energy t r a n s f e r  cross se c t io n s .  A l l  in t e n s i t ie s  were

d etected  by the  p h o to m u lt ip l ie r  (cooled t o  l iq u id  n itro g e n  tem perature )
i

and were recorded by th e  H ew le tt-P ackard  s t r i p - c h a r t  reco rd er .
v

,SIncd th e  mercury adm itted  t o  th e  f luorescence c e l l  had to  pass 

through a long c a p i l l a r y ,  an<^ s ince t h e r e  was a la rg e  thermal g ra d ie n t  

between th e  re s e rv o ir -4 n d  th e  c e i l ,  the  pressure-tem perature  formula  

gfiven by Nesmeyanov could not be used t o  determine th e  pressure o f
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mercury In the  c e l \ .  An a u x i l i a r y  experim ent was performed which allowed  

the  pressure  o f  mercury in the f luo rescen ce  c e l l  t o  be determ ined. The 

experim enta l arrangement Is  shown In  f ig u r e  ( 1 1 ) .  A two p o s it io n  

s l id in g  m ir ro r  assembly was mounted between the  lens and th e  c e l l .  In the  

f i r s t  p o s it io n  th e  Hg 2537$ ra d ia t io n  was allowed to  e n te r  th e  c e l l  which 

was “vo id  o f  any mercury vapour In th e  i n i t i a l  case. In th e  second p o s it io n  

th e  beam was r e f le c t e d  down th e  length o f  a l ig h t  gu.lde. The in t e n s i t ie s  

(and t h e i r  r a t i o )  corresponding t o  these  two p o s it io n s  were recorded by the  

same photodiode ( IT T  F40G0) a ttached  t o  a s l id in g  assembly a t  th e  re a r  o f  

th e  oven. Mercury was next placed in  th e  sidearm norm ally  used fo r  the  \  

th a l l iu m  charge, and was frozen  t o  l iq u id  n itro g en  tem pera tu re . At t h is  

tem perature  th e  vapour p re s s u re 'o f  mercury was e s s e n t ia l l y  ze ro .  The c e l l  

was pumped co n tin uou sly  u n t i l  a l l  mercury vapour t h a t  had escaped In to  the  

c e l l  body during th e  admission o f  th e  mercury in to  th e  sidearm was re 

moved, as in d ic a te d  by th e  r a t i o  o f  l i g h t  In t e n s i t ie s  through th e  c e l l  

and through th e  l ig h t  gu ide. By s t a b i l i z i n g  th e  tem perature  o f  th e  

mercury sidearm a t  various  tem peratures  in the range -2 0 °C  -  +60°C, various  

mercury pressures in the  c e l l  could be o b ta in ed . To obtaTn tem peratures  

In the  range -20°C  -  0°C severa l anhydrous s a l t s  were used in ah 

e u t e c t ic  m ix tu re  w ith  Ice (see Appendix ( 1 4 ) ) .  Since th e  sidearm bore was
, "N

large (14mm) and th e  d is tance  from the  re s e r v o i r  to  th e  c e H  body, was s h o r t ’ 

( 8mm), th e  flow  o f mercury to  th e  c e l l  was u n r e s t r ic t e d ‘ and th e  pressure-  

tem perature  formula o f  Nesmeyanov could be' used. For each sidearm tem perature  

employed, th e  in t e n s i t y ,  l^g, o f  l i g h t  t ra n s m it te d  through th e  c e l t  and 

the in t e n s i t y ,  l&, o f  l i g h t  through th e  l ig h t  guide was determ ined. A 

p lo t-o 'f  th e  r a t i o  iQ/ij_jg as a fu n c t io n  o f  th e  mercury d e n s ity  is  shown 

in f ig u r e  ( 1 2 ) .  The curve was formed over severa l runs and was found to  be
1C

rep ro d u c ib le  w ith in  10 p ercen t.  During th e  s e n s it iz e d  f luo rescen ce  experim ents,
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Experimental arrangement used t o  determ ine mercury d e n s ity  In  th e  f luorescence  c e l l

o
S -  source o f  Hg 2537A resonance r a d ia t io n  
F -  2537ft f I  I t e r  
M -  m lr r o r
C -  f Iuorescence  ce11 
LG -  1 ig h t  guide

-  s l id in g  m lr ro r  *

DHq -  photodiode d e te c t in g  l i g h t  
through cel I 

Da -  photodiode d e te c t in g  l i g h t  
through . l ig h t  guide
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th e  d e n s ity  o f  mercury In th e  c e l l  a t  any given tim e could be determined
...lv

by comparing th e  In te n s i t y  o f  th e  Hg 2537$ l i g h t  being t ra n s m it te d  

through th e  vapour to  t h a t  being t ra n s m it te d  down th e  l i g h t  g u ide . Th is  

c a l ib r a t io n  curve should remain v a l id  when t h a l l iu m  vapour Is  a lso  

p re s e n t ,  s ln c e /rh e re  was no In d ic a t io n  t h a t  amalgams o f  mercury and 

t h a l l Iu m  were'Tormed, under th e  experim ental c o n d It  Ions,employed, which 

could a l t e r  th e  shape o f  th e  curve.

The reabsorp tion  o f  th e  mercury and th a l l iu m  resonance f luorescence  

by th e  vapour m ix tu re  must be taken In to  account when determ in ing  the

c o l l l s lo n a l  e x c i ta t io n  energy t r a n s f e r  cross s e c t io n s .  I t  has been found
69 _ 5

p re v io u s ly  t h a t ,  f o r  p a r t i a l  pressures o f  mercury o f  the  o rder  o f  10

t o r r  and th e  experim ental arrangement employed h e re ,  th e  reabsoptlon o f

mercury r e s o n a t e  ra d ia t io n  can be d is reg ard ed . I t  remained t o  f in d  the

e x te n t  o f  reabsorp tion  f o r  th e  th a l l iu m  resonance f lu o rescen ce . Pure

t h a l l iu m  vapour, contained In th e  c e l l  and s t a b i l i z e d  a t  a pressure

corresponding t o  t h a t  employed in th e  actua l experim ent (o f  th e  o rd e r  o f
. V

10 -5  +o r r ) ( was ra d ia te d  w ith  T l 3776$ resonance ra d ia t io n  em itted  from th e  

f i l t e r e d  Osram lamp source. The e x c i t in g  beam was passed through a narrow  

s l i t  ( 0 . 1mm wide) and was focused by means o f  an a d ju s ta b le  lens/assembly  

Ju st Ins ide  th e  c e l l  a t  a d is tan ce  d ,  (a d is tan ce  o f  about 0.5mm), from 

th e  o bservation  window. The In t e n s i t y ,  lQ,  o f  th e  resonance ra d ia t io n  was 

measured fo r  focus/ng a t  t h i s  p o in t .  A t such a fo ca l p o in t  th e  o p t ic a l
19

path through the vapour was r e s t r ic t e d  t o  about 1mm. By means of. the  

c a l ib r a t e d  adjustment on th e  lens assemb-fyT' th e  d is tan ce  from the  observa

t io n  window could be stepwise Increased. The in t e n s i t y ,  I ,  o f  th e  resona-
bH

nee ra d ia t io n  em itted  from th e  vapour was measured f o r  eachysuch increment.  

The r a t i o  l / I Q was determined and p lo t te d  as a fu n c t io n  o f  Ih e  d is tance
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from th e  ob serva tio n  window. T h is  p lo t  Is  dep icted  In  f ig u r e  ( 1 3 ) .  By

e x t r a p o la t in g  t h i s  curve t o  th e  1/ IQ a x is  one can determ ine th e  In te n s i t y

o f  th e  resonance l in e  In th e  absence o f  re a b s o rp t lo n .  Comparing t h is

va lue  t o  t h a t  o f  th e  In te n s i t y  found a t  a d is tan ce  o f  0.5mm and 1mm,

which re p re s e n t  th e  d is tances  used In th e  ac tu a l experim ent, I t  Is  ev id e n t
*

t h a t  th e  reabso rp tlon  o f  th e  t h a l l iu m  resonance f luorescence  amounts to  

o n ly  about 7 percent and 13 percent f o r  the  two p o s i t io n s ,  r e s p e c t iv e ly .

In studying  the  quenching e f f e c t s  o f  N£ molecules on the  th a l l iu m

s e n s i t iz e d  fluorescence  th e  same experim enta l arrangem enl^ep^used. The 

e x c i t in g  mercury resonance ra d ia t io n  was made in c id e n t  on the  t e r t i a r y  

system H g - T I - t ^ ,  a t  n it ro g e n  pressures between 0 .2  t o r r  and 8  t o r r .  The 

in t e n s i t y  o f  each th a l l iu m  f lu o re s c e n t  component being em itted  from th e  

c e l l  .was f i r s t  measured in th e  absence o f  n i t ro g e n .  C o n tro l le d  q u a n t i t ie s  

o f  n itro g e n  were admitted In to  th e  c e l l  and th e  system was a llowed to

re tu rn  t 9  e q u i l ib r iu m .  Several scans o f  th e  t h a l l iu m  f luorescence were 

made and th e  In t e n s i t y  o f  each s p e c tra l  component was recorded on the s t r l p -  

c h a r t  reco rd er  f o r  each n itro g en  pressure  used. Several complete exper-

The p a r t i a l  pressure o f  n itro g e n  being admitted In to  th e  cel I was
T

found by f i r s t  measuring th e  pressure- In mm e f  #704 d i f f u s io n  pump o i l

contained In th e  manometer a ttached  t o  th e  vacuum s t a t i o n . i_ Th is  reading

imehtal runs, using d i f f e r e n t  c e l l s ,  were c a r r ie d  out f o r  a range o f  

th a l l iu m  d e n s i t ie s  .between about 10^cm - ^ and lO ^cm ”^. The mercury 

d e n s ity  was kept constant a t  about lO ^cm - ^ . The s t a b i l i t y  o f  th e  mercury

d e n s ity  was f re q u e n t ly  checked 

o
Hg 2537A resonance f luorescence em itted  from th e  c e l l .

si

was then converted t o  a pressure In t o r r  by means o f  th e  h y d ro s ta t ic  

equation
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F ig .  13: In te n s i ty  o f  th e  3776^ resonance f luorescence  as
a fu nction  o f  th e  displacement o f  wth e  s l i t  Image 
from the  o bservation  window
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PHn °  dO> I POl I

du 'Hg

Where dQj |  Is  th e  d e n s ity  o f  #704 pump’ o l I  (1.05gm/cm^) and d ^  Is  th e  

d e n s ity  o f  mercury ( 1 3 .5 4 g m /c m ^ ) .  P I s  th e  h e ig h t  o f  the  #704 pump 

o i l  In th e  manometer and P^g Is  th e  corresponding h e ig h t  o f  an e q u iv a le n t  

mercury column a t  room tem peratu re . The n itro g e n  p a r t la J  pressure must be 

co rrec ted  f o r  thermal t r a n s p i r a t io n  e f f e c t s  between the  c e l l  and th e  vacuum 

system since th e  thermal g ra d ie n t  between these two regions Is  very  la rg e  

(about500°C) and the two regions are  connected by a long c a p i l l a r y .

The pressure In th e  c e l l  Is  r e la te d  t o  th e  pressure In the  manometer, ( a t  

room te m p e ra tu re ) ,  by th e  equation

Pce 11 c e l T  ^man

Troom

where TC0| j  is  th e  tem perature  o f  the c e l l  In degrees Kelv in  and T roQm 

Is  th e  room tem perature  In degrees K e lv in  (see Appendix 15).

In o rd e r^ to  v e r i f y  t h a t  the observed quenching cross sections f o r  

the  th a l l iu m  s ta te s  a re  due com plete ly  to  th e  presence o f  th e  n itro gen  

m olecules, and t h a t  no o th e r  apparent quenching processes re la te d  t o  th e  

m eta l-m eta l c o l l l s lo n a i  e x c i t a t io n  energy t r a n s f e r  phenomenon were In 

f lu e n c in g  th e  cross s e c t io n s ,  th e  e f f e c t  o f  Ng molecules on th e  f lu o r e s 

cence em itted  from th e  T l-N ^  vapour was In v e s t ig a te d !  We In v e s t ig a te d  

the  quenching a c t io n  o f  molecules on th e  T l(7^ S  ^  resonance

s ta te  which could be d i r e c t l y  populated by I r r a d ia t in g  th e  T l - ^  

m ixture  w ith  th e  T I 3776^ resonance r a d ia t io n .  L ig h t  em itted  from th e  

th a l l iu m  Osram lamp source was f i r s t  passed through an In te r fe re n c e  f i l t e r  

w ith  a peak transm ission  o f  21 percent a t  3776$ .and, as b e fo re ,  was
/

t

j *  •
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focused in s id e  a new c lean  c e l l  c o n ta in in g  on ly  pure'-tha I H  urn In  I t s

£sidearm. The oven tem perature  was brought up s low ly and ajlowed tp
o ’ . ..

s t a b i l i z e  w ith  a sidearm tem perature  o f  about 530°C, which corresponds 

t o  a th a l  I l>um-density o f about 6 x iO'^cm J . The resonance f luorescence

em itted  by the  T l - I ^  m ix ture  was focused onto the  en trance  s i l t  o f  th e
/ / ■

monochromator w h ic h .a l t e r n a te ly  scanned the  two resonance components

a t  3776^ and 5352ft . The In t e n s i t i e s  o f  these sp ec tra l  components were

f i r s t  measured in the  absence o f N j m olecu les . Successive amounts o f

n i t ro g e n ,  In  th e  range 0 .2  t o r r  -  8 t o r r ,  were adm itted J n t o  the  c e l l

and the  In t e n s i t i e s  o f  the  resonance f lu o re s c e n t  components were recorded

f o r  each n itro g en  pressure used. The quenching cross sec tion  f o r  the

T l ( 7  resonance s ta te  obta ined  In t h i s  manner could be d i r e c t l y

compared w ith  the  cross sec tio n  obta ined  f o r  the  resonance s ta te  populated
v

by the  c o l l i s lo n a l  e x c i t a t io n  energy t r a n s f e r  from e x c ite d  mercury atoms.

N
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EXPERIMENTAL RESULTS AND DISCUSSION
\

( 1 .0 )  Energy T ra n s fe r  Cross Sections

Before proceeding w ith  a d e ta i le d  d iscussion  o f  th e  r e s u l t s ,  we f i r s t  

p o in t  out one major source o f  disagreement between o u r - f in d in g s  and those  

of severa l o th e r  authors  working w ith  th e  b in a ry  metal vapour system com

prised  o f  e x c ite d  mercury atoms and ground s ta te  t h a l l iu m  atoms. K rau linya  

16 23
and Lezdln and Anderson , working a t  tem peratures between 650°C and 

850°C, re p o r t  the appearance o f s e n s i t iz e d  f lu o re s c e n t  components o r i g i n a t 

ing from the  ^ ^ 3 / 2 ' 5 / 2 * ^ ' ’ 1/ 2 * s+at e s - 1°  t h is  in v e s t ig a 

t i o n ,  where th e  s e n s i t i v i t y  o f th e  d e te c t io n  equipment was s u p e r io r  t a  th a t  

employed by Anderson, w e ,were unable t o  d e te c t  r a d ia t iv e  t r a n s i t io n s  from 

these le v e ls  which l i e  above the  Hg(6 ^P^) s t a t e .  I f  these components were 

present In the  th a l l iu m  s e n s it iz e d  f lu o re s c e n c e , t h e i r  In t e n s i t ie s  were

well below those which our instruments were abfe to  d e te c t .  Using th e
>

u rre n t  supression device  on th e  K e ith le y  pico-am m eter, i t ,w a s  po ss ib le

t o  d e te c t  in te n s i ty  r a t io s  down t o  about 10“ ^. We were ab le  to  d e te c t

the  s p ec tra l  components o r ig in a t in g  from the  T I ^ ^ S ^ ^ *  ® ^ l / 2 » 67^ 3 /2 *5 /2^

s ta te s  althodgh I t  was not poss ib le  to  com ple te ly  reso lve  the Tl 3520$

and TI 3530$ s p ec tra l  components r e s u l t in g  from th e  6^ 3 /2  “ 6 ^ 3 / 2  and 

2  r " '''l 2
6 ^3 /2  ® ^5 / 2  t r a n s i t io n s ,  r e s p e c t iv e ly .  The sp e c tra l  components c o r r 

esponding t o  t r a n s i t io n s  from th e  " ^ ^ ^ 03 / 2 ^5 / 2  ̂ s+a‘*‘es +0  I -*16 ^ 1( 7 ^ P } /2 * 3 /2 *  

s ta te s  and from the  T l ( 7^ P | / 2 * 3 / 2  ̂ s ta te s  to  the  T I (7 ^ S j /2 ^  s ta te  could  

, * n o t  be detected  by our equipment since these s p e c tra l  components are  In  

the in f ra re d  region which is beyond the s p e c tra l  response range o f  the  

- p h o to m u lt ip l ie rs  used In t h is  in v e s t ig a t io n ,  both having S-20 'photocathodes.

The s e n s i t iz e d  f lu o re s c e n t  components observed here are  in agreement w ith
17

those detected  by Hudson and Curnu+te , who a lso  were unable to  d e te c t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

r a d ia t iv e  emissions from t h a l l iu m  s ta te s  above the' Hg(6 ^ P j)  leve l a t  

t h a l l iu m  d e n s i t ie s  comparable to  those used by the  o th e r  authors .
-K.

A b s o lu te ^ in te n s i t ie s  o f  the  t h a l l iu m  f lu o re s c e n t  sp ec tra l  components 

and the  mercury resonance r a d ia t io n  a t  2537$ were used t o  o b ta in  the  e x c i t 

a t io n  energy t r a n s f e r  cross sec tions  shown in t a b le  ( 1 ) which are  compared 

to  those values obta ined  by K rau linya  and Lezd ln , and by Hudson and 

C u rn u tte .  In determ in ing  these cross s e c t io n s ,  c o r re c t io n s  t o  the  absolu te  

in t e n s i ty  measurements were made to  account f o r  the  reabsorp tion  o f  the  

th a l l iu m  resonance f lu o re s c e n c e , (which was determined t o  be less than 10 

p e rc e n t ) ,  and f o r  v a r ia t io n s  in th e  s p e c tra l  response c h a r a c t e r is t ic s  o f  

the  monochromator and p h o to m u lt ip l ie r  tubes a t  th e  d i f f e r e n t  wave lengths  

encountered in the  f lu o re s c e n t  spectrum. F u r th e r  c o rre c t io n s  were made 'N\  

f o r  the  absorption c h a r a c t e r ! s t 1cs o f  the  q u a r tz  o p t ic a l  system a t^ th e  

vario us  wave lengths. In t h i s  l a t t e r  c o r re c t io n  we have a lso  accounted

f o r  v a r ia t io n s  in the  q u a r tz  absorption  fe a tu re s  t h a t  occur a t  h igh er temp-

70
e ra tu re s  as found by E ckste in  and S e lv a r f  . Both p h o to m u lt ip l ie r  tubes were 

used t o  determine the  cross s e c t io n s .  The re s u l ts  from both tubes were 

com plete ly  c o n s is t e n t , . in d ic a t in g  t h a t  the  c a l ib r a t io n  o f the  tubes w ith  

respect t o  absolu te  in t e n s i t y  measurements was r e l i a b l e .

In g e n e ra l ,  th e  energy t r a n s f e r  cross sec tio n  Qqj  associated w ith  the  

J e x c ite d  t h a l l iu m  s ta te  is  r e la te d  to  the  in te n s i ty  o f  r a d ia t iv e  em issions,  

11j , from the  th a l l iu m  s ta te  J t o  some lower s ta te  i ,  and to  the population  

d e n s i ty ,  N (H g *) ,  o f  th e  H g C e ^ )  s ta te  as in d ica ted  by equation ( 1 3 ) .  How

e v e r ,  in a fashion s im i la r  t o  equation ( 10 ) ,  the  d e n s ity  o f  e x c ite d  mercury 

atoms may be expressed In terms o f  th e  observed absolute  In te n s i ty  o f  the  

Hg 2537$ resonance r a d ia t io n  r e -e m it te d  from th e  c e l l  as
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CD■o“5
0  7.c TABLE 1: Cross Sections fo r  Hg(6^P .)+T I E x c i ta t io n  Energy T ra n s fe ro I
CD

COLLISION CROSS SECTION

K rau llnya  and Lezdln 

Q(82 ) T(°.C)

Hudson and C urnutteThis  In v e s t ig a t io n  

Q(%2 ) Q t i h  T (°C )T (°C )Process

800 
900 •

437
542

660 . 
800

666-O'. 083Hg(6 P j)-* -T I(8 S |^2

800
900

660
800

3212 437
542

H g (6 ^ P , )+ T I (6 D5 / 2 ) - 0 .4 0
8 .5

- 0 . 5 0  -  4251

17.6
2 3 .3

800
900

- 0 . 6 3  -  5352

660
800

542 155
150

- 1 . 5 8  -12935 0 .0 5 -0 .0 3

660
800

t O . 32 + 2599
3 .3

660 
800 -

+ 0 .33  + 2637
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,N(Hg*) = t2 537A

• • AHg hv2537?

where 1̂ 537°  is  th e  abso lu te  in te n s i t y  o f th e  mercury resonance l in e ,  A^g is  

the t r a n s i t io n  p r o b a b i l i t y  f o r  the  mercury t r a n s i t io n  6 's o -  6^P1# and 

v2537& ts +he corresponding t r a n s i t io n  frequency. Hence, th e  general quench

ing cross sec t io n  o f  th e  j +h e x c i te d  t h a l l iu m  s t a te  may be r e w r i t t e n  in terms  

o f the  observab le  f lu o re s c e n t  in t e n s i t i e s  as

1IJ *Hg ’" ’2537A , J _ , AIJ "  *  Nk <TI" )Aj k AHg h',2 537°

'2537^” l j  - iJ ' - J-  ^  ^  -

No ( T I ) < v r e l > <1 10 )-

where 6 is  as d e fin ed  in equation (1 3 a ) .  The. th a l l iu m  t r a n s i t io n  p r o b a b i l i 

t i e s  are  derived  from the  o rth o g o n a Iized  r e l a t i v i s t i c  HFS wave fu n ctio n s  in 

the v e lo c i t y  fo rm u la t io n  as quoted in Appendix ( 8 ) .  The t r a n s i t io n  p r o b a b i l -  

ity,.Aj_|g, fo r  .'the mercury resonance t r a n s i t io n  is taken to  be 8 .5 5  x 10^sec- ^,

as determined from th e  mean r a d ia t iv e  l i f e t im e  o f the Hg(6^Pj) s t a t e  c a lc u l -
7 1

ated by Deech and Bay I is

In our p resent in v e s t ig a t io n ,  eq uation  (110) may be g r e a t ly  s im p l i f ie d .
%

Since we are  unable to  observe any s p e c tra l  components o r ig in a t in g  from

th a l l iu m  s ta te s  above the  Hg(6^P^) le v e l ,  we may assume t h a t  the population

2 ? . 
o f  the T l (8 S j / 2  ̂ and T l (6 03 / 2 * 5 / 2  ̂ s ta te s  by cascade t r a n s l r io n s  from

higher th a l l iu m  le v e ls  may, be n eg lec ted , and the second term in -the square

brackets o f  equation (110) may be ignored fo r  these s ta te s .  The T l H ^ S j ^

s ta te  w i l l  be a f fe c te d  by cascading from the Tl ( 7 ^ \ / 2 , '5 /2 i s‘t‘a ‘*‘es which,

in t u r n ,  a re  pumped by cascade t r a n s i t io n s  from the  T l t S ^ S j ^ )  an<^

Tl (6 D-y2»5/2^ s+ai’e s ' Since a l l  these t r a n s i t io n s  are  in the  in f ra re d  reg io n ,
♦

no d i r e c t  measurement o f  t h e i r  s p ec tra l  in t e n s i t i e s  could be made to  c o rre c t
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■ 2 
the energy t r a n n s t e r  cross sec tion  o f  the T I (7 S i /2 ^  s^a^e f ° r  these cascade v

e f f e c t s  . However, s ince the  in te n s i ty  r a t i o  between any two s p ec tra l

components is  d i r e c t l y  r e la te d  to  the  r a t i o  o f  the  corresponding t r a n s i t io n

p r o b a b i l i t i e s ,  it-becomes poss ib le  t o  o b ta in  a good es tim a te  o f  the c o n tr ib u t io n
j '

to  the  energy t r a n s f e r  cross section  o f  the  TI ( 7^S-{/2   ̂ sTate due t o  the

x 2 
cascade t r a n s i t io n s  from the  Tl ( 7 n / 2 * 3 / 2 *

2
in o rd er  to  o b ta in  the  cross sec tio n  f o r  th e  T 1{7^5^/2^ s t a te  i t  is

necessary to  f i r s t  determ ine the t o t a l  p o p u la t io n  dens ity  o f  the  T i ( 7 ^Pj/2 » 3 /2 ^

s ta te s .  These l a t t e r  s ta te s  are populated both by d i r e c t  c o l l i s lo n a l  t r a n s f e r

from the  Hg(6^Pj) atoms and by cascade t r a n s i t io n s  frofo the TI (8 ^ 5 -j/2^ ant*

T l(6^D 3 /2»5 /2^  s ta te s .  According to  F ran ck 's  em p ir ic a l  r u le ,  which is  w e ll

0, 9 , 1° , I 0 *supported by recen t s tu d ies  in numerous b in a ry  metal vapour systems, 

the  p r o b a b i l i t y  t h a t ,  during  an in e la s t i c  c o l l i s i o n  between an e x c ite d  and
- V

unexcited atom, the  second c o l l i s io i i a l  p a r tn e r  w i l l  become e x c t te d * to  some

h ig h er  e x c ite d  s ta te  decreases as the  energy d e fe c t  PE between the e x c ite d

s ta te s  o f the c o l l is o n  p artn e rs  increases. Hence, on thb basis o f  these
• 2

r e s u l ts  and since the  t r a n s i t io n  p r o b a b i l i t i e s  l in k in g  the T | ( 8  S1/ 2 ) &nd

7 2
Tl (6  C>3 / 2 »5 / 2  ̂ s ta te s  w ith  the  TI <7 P ] /2 » 3 /2 ^  s ta te s  a re  la rg e ,  we assume

t h a t  the  c o n tr ib u t io n  t o  the t o t a l  po pu la tion  d e n s ity  of* the Tl (7^ p ^ 2 * 3 / 2 ^

s ta te s , (w h ic h  l i e  r e l a t i v e l y  f a r  below the  H g(6^P j) le v e l ) ,d u e  to  th e  d i r e c t

c o l l i s io n a l  energy t r a n s f e r  w i l l  be n e g l Ig ib le  w ith  respect +0  th e  pumping

2 2o f these s ta te s  by cascading from the  T I (8 S j /2 ^  and T l (6 2 * 5 / 2  ̂ s ta te s .

To determine the c o n tr ib u t io n s  to  the  t o t a l  population  d en s ity  o f  the  

T l ( 7 ^ P j /2 * 3 /2 ^  s t a t e s ,  we must know the  in t e n s i t i e s  o f the t r a n s i t io n s  from 

the  h igher e x c ite d  s ta te s .  I f  we know the  in t e n s i t i e s  corresponding to  o th e r  

observable t r a n s i t io n s  o r ig in a t in g  from these h igher e x c ite d  s ta te s  we can 

determine the unobservable In t e n s i t ie s  o f  th e  in f ra re d  sp ec tra l  components.
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The in te n s i ty  1’ o f  th e  in f ra re d  component r e s u l t in g  from the  t r a n s i t io n

from one o f  th e  upper e x c i te d  s ta te s  to  the T l ( ?2 P 1/ 2 ( 3 / 2 )  ̂ s+a+e is r e la te d

to. th e  observable  in t e n s i t y  I ,  corresponding t o  a 1*ransition from the same

upper s t a t e ,  according t o  th e  r e la t io n

I '  = 1 v 1 A1 . ( i n )
' vA

where use has been made of equation  d O )  andw here  v ’ is  the  t r a n s i t io n

frequency o f the in f ra re d  component and A' is  i t s  correspondIrTg^transItfon

p r o b a b i l i t y ,  v Is  th e  frequency o f  the observable  t r a n s i t io n  o f in te n s i t y  t

and A is the associated  t r a n s i t io n  p r o b a b i l i t y .  The t r a n s i t io n  p r o b a b i l i t i e s

are  taken from Appendix ( 8 ) .  Using these in t e n s i t i e s  I ' ,  the  population

d e n s i t ie s  of the  T K 7 ^ P ^ 2 » 3 /2 ^  s'ba"''es can b® determined and f i n a l l y  the

cross sec tio n  o f  the  TI (7 S-)y2 ? s+a+e can b® c a lc u la te d ,  using equation (1 1 0 ) .

I t  Is ev id en t  from ta b le  (1 )  t h a t  the experim enta l re s u lts  o f  K rau llnya

and Lezdin give no in d ic a t io n  o f  a resonance e f f e c t  between the  energy

t r a n s f e r  cross sec tio ns  and the corresponding energy d e fec ts  AE between

the  Hg(6^P^) s ta te  and the  e x c ite d  th a l l iu m  le v e ls .  For AE = -Q .083eV ,

(corresponding t o  the  Tl (8  s t a t e ) ,  our cross sec tio n  compares fa v o u r-

— 1 9 '
a b ly  w ith  t h e i r  value o f  1 .5  x 10 cm obta ined  a t  a tem perature o f 800°C.

t

■̂ 16 2However, t h e i r  va lue  o f  33 x 10 cm obta ined  a t  a tem perature o f 660°C  

is In t o t a l  disagreement w ith  our value o f 3 .0  x 10~^cm ^ obtained a t  temp

e ra tu re s  o f  542°C and 437°C. The cross section  f o r  th e  T l ( 6^05 / 2  ̂ s ta te  

obta ined  in th is  In v e s t ig a t io n ,  w ith  AE = -0 .4 0 e V  is 2 orders o f  magnitude

lower than th a t  obta ined  by K rau linya and Lezdin. T h e ir  cross section  f o r  the  

2T l (6  D5 / 2 ) s ta te  is co ns iderab ly  la rg e r  than t h e i r  cross section  f o r  the  

2
T I (6  S1/ 2 5 s t a t e ,  a r e s u l t  which i s ' l n  v io la t io n  o f  Franck’ s em p ir ica l r u le .

•ft
In o rder t o  e x p la in  the  appearance’o f the  s e n s i t iz e d  f lu o re s c e n t  comp

onents o r ig in a t in g  from th a l l iu m  s ta te s  above the  Hg(6^P^) le v e l ,  K rau linya
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' 2 and Lezdin an+tcipa+e the p a r f ic ip a t lo n  o f  the T K 6 ^3 / 2  ̂ m etastab le  atoms

in a process governed by equation  ( 2 6 ) .  They fu r t h e r  in d ic a te  the  p a r t i c ip 

a t io n  o f  some un spec if ied  m o lecu la r  fo rm a tio n ,  (most probably  taken t o  mean

this m e rc u ry - th a l I lu m  e x c im e r ) ,  in p o p u la t in g  the  e x c ite d  th a l l iu m  s ta te s

3 ‘ '
which l i e  above the Hg(6  P . )  l e v e l .

* *

R e c e n t ly ,  m e rc u ry - th a l I iu m  exctmers have been observed by Drummond and

S c h i le 72 w i th  m olecular bands a t  46008 and 6500$, but t h i s  was a t  Hg-TI

1Q -3amalgam d e n s i t ie s  on the  o rd er  o f  1 .5  x 10 cm which exceeds the d e n s it ie s
i ,

used I n ’ t h i s  In v e s t ig a t io n  by 7 -  8 orders  o f  magnitude. No such m olecular  

bands could be detected  In our in v e s t ig a t io n ,  and i t  seems l i k e l y  t h a t  the  

p a r t i c ip a t io n  o f such a m olecu lar s p e c ie s ,  as suggested by K ra u l in y a ,  Is

Improbable. ,
7 3 v  *•’"

P ic k e t t  and Anderson • have repo rted  l i f e t im e s  and se lf -q u en ch in g

cross sec tio n s  f o r  the  Tl (6^ 3 / 2 ) m etastab le  s t a t e .  T h e i r  measurements,

performed a t  550°C, in d ic a te  a l i f e t im e  of the  order o f  tO" 4 seconds. How-

ettme q ives r is e  to  a large d i f fu s io n  cross sec t io n  (o f  thee v e r ,  s

o rd e r  o f  10 ~ 1 ^cnr2 ) quenching c o l l i s io n s  w ith  th e  c e l l  w a l ls .  A crude

o rd er  o f magnitude es tim ate  based on th e  value o f  <vr e |> c h a r a c t e r is t ic  o f  

our experim ental co n d it io n s  g ives  r is e  t o  a mean tim e o f  about 10~® seconds 

req u ired  f o r  the TI (6  P3 / 2  ̂ a"*’oms 4-0 m igrate  across the  1mm d is tan ce  between 

the  f lu o re s c in g  region and the  c e l l  w a l ls .  This  t im e is  con s iderab ly  less 

than th e  l i f e t im e  o f  th e  t h a l l iu m  m etastabte  s ta t e  and hence th e  p a r t i c ip 

a t io n  o f  these m etastables In th e  energy t r a n s f e r  process, as defined by 

equation  ( 2 6 ) ,  may be n eg lected .

The r e s u l ts  o f  Hudson and C u m u tte  are d i f f i c u l t  to  assess in r e la t io n  

t o  our cross sections s ince  they have fa i l e d  to  d e f in e  the  meaning o f  AE.

In t h e i r  paper they determine cross sections  fo r  a t o t a l  energy t r a n s f e r
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from combined Hg(63P^> and Hg(65PQ) s ta te s  t o  the  th a l l iu m  atom.

The energy t r a n s f e r  cross s e c t io n s ,  as determined by th e  methods of

t h is  In v e s t ig a t io n ,  a re  p lo t te d  on th e  general resonance curve (shown In

f ig u re  ( 1 4 ) )  t h a t  has been generated from cross sec tio ns  measured In severaJ
8 9 18 19 .

experiments using var iou s  m eta l-m eta l systems a t  t h i s  U n iv e rs i ty  * * • •

I t  can be seen t h a t  the  th a l l iu m  values f i t  w e ll  to  the  e s ta b l is h e d  t re n d s .  

Since the energy t r a n s f e r  cross sec tion s  are  a lso  dependent on th e  r e l a t i v e  

v e lo c i ty  o f  the  c o l l i d in g  p a r tn e rs ,  one might question the  v a l i d i t y . o f  com

paring the  cross sec tio ns  from th e  d i f f e r e n t  b inary  metal vapour systems on 

the same resonance curve. However, the mean re I a t l v e t h e r m a I  v e lo c i t i e s  fo r  

a l l  experim ental data  are  o f  the same o rd e r  o f  magnitude, hence a compari

son o f  th e  re s p e c t iv e  cross sections  on a common resonance curve Is  not  

u n ju s t i f i e d .

The f a c t  t h a t  a l l  cross sec tio ns  fo r  the  various systems s tud ied  ex

h i b i t  a common dependence o f AE may be regarded as a s i g n i f i c a n t  In d ic a t io n  

t h a t  e x c i t a t io n  energy t r a n s f e r  In binary, metal vapour systems proceeds by 

a s in g le  mechanism. In p a r t i c u l a r ,  the  r e s u l ts  o f  t h is  In v e s t ig a t io n  In 

d ic a te  t h a t  the  energy t r a n s f e r  from e x c ite d  mercury atoms to  ground s ta te  

th a l l iu m  atoms proceeds by way o f  pure b in a ry  c o l l i s io n s  as d ef in ed  by 

equation ( 2 5 ) ,  and does not re q u ire  th e  p a r t ic ip a t io n  o f  HgTI excim ers,  

mercury m olecu lar fo rm ation s , o r  th e  m etastab le  T l ( 6  ^3 / 2  ̂ a'̂ 0fnS a"̂  

tem peratures used here . However, I t  may be possib le  t h a t  a t  h ig h e r  mercury 

and th a lM u m  d e n s i t ie s  some o f  these o th e r  mechanisms leading to  the  popula

t io n  o f  h ig h e r  quantum s ta te s  In t h a l l iu m  may become s i g n i f i c a n t l y  p re v a le n t  

so as t o  in f lu en ce  the  now apparent tre n d s .

( 2 .0 )  Quenching Cross Sections

As we have mentioned p re v io u s ly ,  I t  Is  necessary to  v e r i f y  t h a t

c
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measured quenching cross sec tio ns  obta ined  under sensjt i .zed  fluorescence  re 

main Independent o f  th e  m eta l-m eta l col 1 is io n a l  e x c i ta t io n  t r a n s f e r  process.

In co n firm in g  t h is  independence w^* compare the quenching cross sec tio n  o f

th e  resonance s ta te  found under the  c o n d it io n s  o f  s e n s i t iz e d  f luorescence

* 2
w ith  t h a t  determined from the, d i r e c t  o p t ic a l  e x c i t a t io n  o f th e  T I ( 7 . S | ^2  

s t a te  in th e  T I -N 2 m ix tu re .

t 2
D i r e c t 'o p t i c a I  e x c i t a t io n  o f  the  T l (7 S, , ) resonance s t a te  was accomp-

1/2  '  f '

l ish ed  by r a d ia t in g  the  T I - N 2 m ix tu re  w ith  th e  Tl 3776? resonance ra d ia t io n

em itte d  from th e  f i l t e r e d  Osram lamp source. The subsequent depopulation

2 2 2 o f  t h i s  resonance s t a te  v ia  th e  t r a n s i t io n s  6 P. -  7 S1 /0  and 6 PT / -  -
1/2  1 /2  3 /2

7^ S ^ 2 « *b ic h  g ive  r is e  t o  the  emission o f  the  Tl 3776$ and Tl 53528 resonance 

f lu o re s c e n c e ,  could be monitored as a fu n c tio n  o f  Increas in g  n itrogen  d e n s ity .  

The r e s u l ts  o f  the quenching a c t io n  o f  n itro g en  molecules on the th a l l iu m

resonance s ta te  are  shown In . t a b le s  (2 )  and (3 )  as obtained by m onitoring
'*>

the  Tl 5 3 5 2 8  and Tl 3776$ em iss ions, r e s p e c t iv e ly .  Ir> theSe and subsequent' 1

t a b le s ,  we use I to  denote th e  f lu o re s c e n t  i ntens i ty ' .a t  zero  n itrogen

d e n s ity  and lN t o  denote the  f lu o re s c e n t  In t e n s i t i e s  a t  h ig h er  n itrog en  
N2

d e n s i t ie s .  Corresponding S tern -Vo lm er p lo ts  are  dep icted  In f ig u re s  (15 )

and ( 1 6 ) .  The slope o f  such curves is  given as (Q t 2 <vr e l > ^* w^e re  9 •
7 S 1 /2

Is  th e  quenching cross sec t io n  to  be determ ined, <vr e j > ' s r e l a t i v e  

thermal v e lo c i ty  o f  th e  c o l l i d in g  th a l l iu m  atom s’and n itro g en  m olecules,  

and T -  is  the  l i f e t im e  o f  the  resonance s t a t e .  As b e fo re  we use our
1 /2

t h e o r e t ic a l  values fo r  t h is  l i f e t i m e .  We c a lc u la te  the  quenching cross

sectio n  o f  the  th a l l iu m  resonance s ta te  from the  slopes o f  the  S te rn -

02  ° 2
Volmer p lo ts  In f ig u re s  (15 ) and (16 )  t o  be 1 1 .4A and 1 0 .3A , re s p e c t iv e ly .  

In th e  b inary  metal vapour system comprised o f  e x c ite d  mercury atoms

/

O
O

0
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2
TABLE 2: Quenching o f  th e  Tl (7 s ta te  as determined by m onito ring  the

Tl 5352$ resonance ra d ia t io n  em it ted  from th e  T J - ^  m ix tu re .
>

<v r e |> = 8 .4 5  x’ 10^cm/sec

Pressure' ( t o r r )  Density  ( lO ^crn - ^ ) ^ ^ 2

0.00  0 .00  1.000
0 .2 4  0 .4 8  - 1.015
0 .6 4  1 .27  1.029
0 .7 2  1 .42 1.032
0 .8 8  1.74 J . 0 3 8
0 .9 6  1 .90 &  1.046
1.20 2 .3 0  - 1.016
1.24 2 .3 7  1.017
1.36 2 .6 9  ~ 1.026
1.52 2 .91  • 1.032
1.60 3 .16  1.051
1.68  3 .32  1.052
1.88 ; 3 .6 0  1.033
1.92 3 .8 0  -1.052
2 .1 2  4 .0 6  1.039
2 .4 0  4 .7 5  1.061
2 .5 6  4 .9 0  ' 1.046.
3 .1 2  -  5 .9 7  1.060
3 .3 2  6 .5 7  1.078
5 ,0 0  9 .8 9  1.110
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TABLE 3 

<vre I  *

99

2
Quenching o f the  T IC 7 s+a+e as determined by m onito ring  the

T I3776^ resonance r a d ia t io n  em itted  from the  T I -N 2 m ix tu re * /* '

«

8.28' x lO^cm/sec

sure ( t o r r ) D ensity  UO^cm*"^) V n;

0 . 0 0 . 0 1 .00 0
0 .2 4 0 .4 8 1.025
0 .6 4 1.27 • 1.035
0 .8 0 1.59 1.038
1.28 2 .5 5 1.028
1.32 2 .6 3 1.031
1.36 2 .6 9 1.039
1.52 3.01 1,040
1.60 3 .17 1.048
1.76 3.51 1.035
1.92 3 .8 3 1.042
2 .1 2 4 .2 0 1.056
2 .1 6 4 .2 8 1.058
2 .8 0 5 .5 5 1.060.
2 .8 4 5 .6 6  6 1.060
3.28 6 .5 4 1.061
4 .28 8 .4 8 1. 109
4 .3 6 8 .6 9 1.079
5 .6 8 11.30 1.111
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4

and ground s ta te  th a l l iu m  atoms the  th a l l iu m  resonance s ta te  Is populated  

by the  t r a n s f e r  o f the. mercury e x c i t a t io n  energy t o  th e  ground, s ta te  th a l l iu m  

atoms. As In d ic a te d  p re v io u s ly ,  t h is  process may by de fin ed  by the  equation

Hg(6 3P j ) + Tl (62 P , / 2 * 3/ 2 ) Hg<6 1SQ) + T.K72 S1 / 2 ) + AE

and In .the presence o f n it ro g e n  molecules the  a d d i t io n a l  process

* » \
Hg(6 3PQ) + .T I ( 62 P 1 /2 , 3 / 2 ) h. Hg(6 1S0 ) + Tl <72 S1 /2 > + AE

■v
is a ls o  o f  s ig n i f ic a n c e .  As1 In -the case o f d i r e c t  o p t ic a l  e x c i t a t io n ,  the  

quenching cross section  o f the th a l l iu m  resonance s ta te \m ay  be determined  

by m on ito r in g  the v a r ia t io n s  In ttfe In te n s i ty  o f  e i t h e r  o f  th e  two resonance 

components as a f-unction o f n itro g e n  d en s ity  in the  t e r t i a r y  H g - T I - l^  system. 

Data in d ic a t in g  the  quenching a c t io n  o f n itro g en  molecules on the  th a l l iu m  

resonance s t a t e ,  under the  c o n d it io n s  o f s e n s i t iz e d  f lu o rescen ce . Is d isp layed  

in ta b le s  (4 )  and (5 )  as obta ined  by m onitoring  the  Tl 5352$? and Tl 3116% 

resonance l in e s ,  r e s p e c t iv e ly .  The corresponding Stern-Volm er p lo ts  are  

shown In f ig u re s  (17 )  and ( 1 8 ) .  In forming these p lo ts  from ta b le s  (4 )  

and (5 )  we are concerned only  w ith  th ^ t  p o rt io n  o f  the data which r e f le c t s  

the quenching process. Hence, r a t io s  1^ / l ^  a re  formed, where 1^

is th e  in te n s i t y  o f  the th a l l iu m  f luorescence corresponding to  t h a t  f o r

which, a t  a c e r ta in  n itro g en  d e n s ity ,  the onset o f  quenching appears. As

b e fo re , 1̂  is the in te n s i t y  o f  the  f luorescence a t  h igh er n itrogen  pressures .  
2

We determ ine the quenching cross section  o f  the t h a l l iu m  resonance s ta te

Oo Oo
from the slopes o f these two p lo ts  to  be 10.2A and 11 .1A *, resp ecti-ve Iy .

Since the cross sec tion  f o r  the  T I ( 7 2 S ^ 2 ) resonance s ta te  obtained  

under d i r e c t  o p t ic a l  e x c i t a t io n  o f  the  T I-N 2  m ix ture  agrees c lo s e ly  w ith
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TABLE 4: Quenching o f  the  T l ( 7 2 S1 / 2 ) s ta te  as determined by m onitoring  the
. 0

Tl 5352A resonance r a d ia t io n  em itted  from th e  H g -T I-N 2 m ix tu re .

a ^
<vr e l > = 8*57 x 10 cm/sec -

Pressure ( t o r r ) Density  ( lO ^ c m - ^) V° , N2 / I I

0 .0 0 .0 1.000
0 .8 0 1.54 2 .000
1.52 2 .9 2 .2 .4 2 7
2 .6 4 5 .07 2.571 1.000

' -3 .4 8 6 .6 8 2 .538 1.014
4. 16 7 .99 . 2 .500 1.029
5 .6 0 10.80 2 .445 1.053
6 .6 4 12,80 2 .392 1.075
7 .6 0 14.60 2 .358 1.091

t

\
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1 . 0 8

CM
z

1— 4

1 . 0 4

1.02

1.00

N (N2 ) (x 1016 cm'3)

F ig .  17: Stern-Vglm er p lo t  fo r  data obtained by m onito ring  the
Tl 5352* resonance ra d ia t io n  em itted  from the  
H g - T I - ^  m ixture  -
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TABLE 5: Quenching o f  th e  s ta te  as d e te r m in e d ly  m o n ito r in g "th e

resonance r a d ia t io n  em it te d  from the  m ix tu re .

<vr e [ > = 8 .57  x 104cm/sec

Pressure ( t o r r )  D ens ity  ( lO ^ c m - 3 )

0.0  0 .0  1.00
0 .8 0  1.54 3.571
1.52 2 .9 2  5 .556
2 .6 4  5 .0 7  6 .667  1.000
3 .48  • 6 .6 8  6 .5 7 9  1.014
4 .1 6  7 .99  6 .5 3 6  1.022
4 .8 0  9 .22  6 .4 1 0  1.037
5 .60  10.80 6 .3 2 9  1.057
6>. 64 12.80 6^173 1.077
7 .6 0  14.60 - 6 .061 1.098
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- 1 .08

1 .0 6
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2

»—1

CM 
°  2  t—t

1 . 0 4

1.02

N (N2 ) (x io 16 cm'3 )

F ig .  18: S tern-Volm er p lo t  f o r  data  obta ined  by m onitoring the
Tl 3776S resonance r a d ia t io n  em itted  from the  
H g -T I-N 2 m ixture
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t h a t  found fo r  the  H g - T I - ^  system under s e n s i t iz e d  f lu o rescen ce , one may 

be assured th a t . th e :  quench!ng cross section  measurements obtained under 

s e n s i t iz e d  fluorescence a re  not coupled to  th e  in e la s t i c  col I i-sion process 

occurtrig between the  e x c ite d  mercury atoms and the  unexcited  th a l l iu m  atoms. 

In l i g h t  o f  t h is  agreement* we may s a fe ly  proceed to  determine the  quenching 

cross sec t io n s  f o r  o th e r  e x c i te d  th a l l iu m  s ta te s  c o n t r ib u t in g  to  the  sens 11-  

' ' ized  f lu o re s c e n t  spectrum w ith  confidence t h a t  th e  observed reductions In 

th e  em it te d  in t e n s i t ie s  o f  th e  th a l l iu m  s p e c tra l  components w ith  Increas ing  

n itro g e n  pressures (up to  about 8 t o r r )  a re  due s o le ly  t o  th e  pure quenching 

a c t io n  o f  n itro g en  molecules present In th e  m ix tu re .

F igure (19) shows p lo ts  o f  the e x p e r im e n ta l ly  determined r a t io s  of  

s e n s i t iz e d  f lu o re s c e n t  In t e n s i t i e s  l ^ / ' o  as a fu n c t io n  o f  th e  n itrogen  

d en s ity  fo r  the Tl 3776^, Tl 5352^, T l 3231& and Tl 35208 f l  uorescent

9 ? ? ?
components a r is in g  from th e  t r a n s i t io n s  6 ' S 1/ 2 '  P3 / 2  ~ 7 1/ 2 '

6 ^P^ 2  “ 8^ i / 2 ' ^ P3 /2  ~ ^ ° 5 / 2 '  resPect1 v e ly .  The r e la v e n t  data fo r  the  

i n te n s i ty  r a t io s  l ^ / ' o  bas been e x tra c te d  from ta b le s  ( 4 ) ,  ( 5 ) ,  ( 6 ) ,  and 

( 7 ) .

Under tffe experim ental c o n d it io n s  employed In t h i s  In v e s t ig a t io n ,  the  

atomic d e n s it ie s  o f  both th a l l iu m  and mercury remain con stan t during a 

given experimental run as does t h e i r  r e l a t i v e  thermal v e lo c i t y .  Hence, the  

v a r ia t io n s  In the in te n s i ty  r a t io s  l ^ ^ o  N2 dens^ Y  provide d i r e c t

■ in form ation  about the  v a r ia t io n s  In the  population  d e n s i t ie s  o f  the  e x c ited  

t h a l l iu m  s ta te s  re s u l t in g  both d i r e c t l y  and i n d i r e c t l y  from In e la s t i c  c o l l 

isions''w i th  n itrog en  m olecules.

From "equation (27) i t  Is  e v id e n t  t h a t  the  e f f e c t  o f  Hg(6 ^ P j)  -  N2 

c o l l i s io n s  is to  populate the  Hg(6  P ) m etastable  s ta te  from which, in \  

t u r n ,  t h is  e x c i ta t io n  energy can be t ra n s fe r re d  col 1 Is Iona I ly  to  T l t e ^ P j ^ )
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F ig .  19: V a r ia t io n s  in th e  i n t e n s i t i e s  o f the s e n s i t iz e d  f lu re s c e n t  sp ectra l  components
o f  th a l l iu m  as a fu n ction  o f  N2 d en s ity  . Also shown is the ab sorp tion  curve  
obta ined  by Gatzke fo r  the Hg 4047& s p e c tra l  component In d ic a t in g  the
dependence o f  the  population  d en s ity  o f  th e  Hg(6-)P0 1 m etastab! e„atoms as a 0 
fu n c t io n  o f  n itro g en  d e n s ity *  A-TI 3776K;B-TI 5352 A; C-TI 3520A; D-TI 3231A
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2
TABLE 6 : Quenching o f  the  T I ( 8a S.j^2  ̂ s ta te  as determined by m onito ring  the

Tl 3231$ ra d ia t io n  e m itted  from the  H g-T I-N ? m ix tu re .

<vr e |> = ,.8 .57  x lO^cm/sec
, r

N2

2
/

Pressure ( t o r r )  Density  d O ^ c m " ^ )  / I q

0 .0  0 .0  1.000 1.000
0 .8 0  1.54 0 .800  1.250
1.52 2 .9 2  0 .680  1.471
2 .6 4  5 .0 7  . 0 .504  1.984
3 .4 8  6 . 6 8  0 .4 6 8  2 .1 3 7
4 .1 6  7 .9 9  0 .440  2 .273
4 .8 0  9 .2 2  0 .3 6 0  2 .778
5 .6 0  10.80 0 .320  3 .125
6 .6 4  12.80 0 .280  3.571 -
7 .6 0  14.60 0 .240  4 .167 /
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2
j  TABLE 7: Quenching o f  the  T l ( 6  D5 / 2  ̂ s+a+® as determined by m onitoring  th e

Tl 35208 r a d ia t io n  em itted  from th e  H g - T I - ^  m ix tu re .  *■

< v ^ . >  = 8 .57  x 10^cm/sec re 1

N2

Pressure ( t o r r ) -  Density  ( lO ^ c m - ^) *N

0 .0  0 .0  '  1.000
0 .8 0  1 .54  1.522
1.52 2 .9 2  1.957
2 .6 4  5 .0 7  2 .101 1.000
3 .4 8  6 .6 8  2 .0 4 5  1.028
4 .1 6  7 .9 9  1.992 1.055
4 .8 0  • 9 .2 2  1.957 1.074
5 .60  10.80 1.883 1.115
6 .6 4  12.80 1.812 1.160
7 .6 0  14.60 1 .739 1.208

/
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ground s ta te  atoms and T I ^ P ^ ^ )  m etastable  s t a te  atoms r e s u l t in g  in the  

pop u la tion  o f h igher e x c ite d  t h a l l iu m  s ta te s  as in d ic a te d  in equations (28 )  

and (2 9 ) .  The population  d e n s i t ie s  o f  such e x c ite d  th a l l iu m  s ta te s  depend 

c r i t i c a l l y  on th e 'c o n c e n t r a t io n -o f  Hg(6^PQ) atoms and hence In d i r e c t ly  depend 

on th e  d en s ity  o f  N2 molecules as we I I as on the  magnitude o f  the resonance 

d e fe c t  AE between the p a r t i c u l a r  th a l l iu m  s ta te  and th e  mercury m etastab le  

s t a t e .  In the. c^se o f  c lo se  energy resonance, ( t h a t  is ,  AE is  s m a l l ) ,  one 

would expect th a t  in the  presence o f  molecules th e  In te n s i ty  r a t i o  l ^ / l o  

should show an i n i t i a l  enhancement w ith  increas ing  n itro g e n  p re s s u re s .-  The- 

competing quenching process deftned  by equation ( 3 0 ) ,  which re s u l ts  from a 

d i r e c t  in te ra c t io n  between the  e x c i te d  th a l l iu m  atom'-and a g ro un d-s ta te  

n itro gen  m olecule , causes r a d la t io n le s s  t r a n s i t io n s  from the h ig h er  exc ite d  

s ta te s  t o  the  ground s ta te  d i r e c t l y ,  o r  in d i r e c t ly  in a s e r ie s  of cascade 

t r a n s i t i o n s ,  .with the  simultaneous e x c i t a t io n  o f  the  n itrog en  molecule to  

h igh er v ib r a t io n a l  s ta te s  from i t s  ground e le c t r o n ic  c o n f ig u r a t io n .  Such a 

process would m anifest i t s e l f  by reducing the  r a t i o  i ^ ^ o  increas ing

n itro g en  pressures.

The presence o f  these two competing processes to g e th e r  are  responsib le  

f o r  the  v a r ia t io n s  In l ^ / ' o  w,+h N2 Pressure as in d ica ted  by the curves In 

f ig u re  (1 9 ) .  Also shown in f ig u re  (19 )  is th e  absorp tion  curve obtained by 

Gatzke76 f o r  the Hg ^047^ s p ec tra l  component a r is in g  from th e  mercury t r a n s i t io n  

6^Pq 7^S.| which In d ic a te s  the  dependence o f  the  co n cen tra t io n  o f  m etastable
7

Hg(6 PQ) atoms on the n itro gen  d en s ity  a t  mercury vapour pressures s im i la r  to  

those employed In t h is  experim ent. I t  is o f s ig n i f ic a n c e  t h a t  the  l ^ / ' o  

curves corresponding to  the  Tl (7^ S ^ 2^  and th e  TI(6^D^y2^ s ta t e s ,  reach t h e i r  

maxima in the near v i c i n i t y  o f the  s a tu ra t io n  p o in t  o f the absorption curve  

which occurs a t  about 1 t o r r .  At pressures above t h is  s a tu ra t io n  p o in t  the

1

' i
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d en s ity  o f  Hg(6  PQ) m etastab le  atoms remains constant and the  on ly  fa c t o r  

a f f e c t in g  the shapes o f  th e  l / ^ / ' o  curves I s quenching process, ln"the  

case o f  t h e T I ( 8^S^/2 ) s ta te  the quenching e f f e c t  Is much s tro n g e r  as ind icated  

by the immediate decrease in the  curve wi+h IncreaS'trrg n itro g en  d e n s ity .

A basis f o r  r a t io n a l i z in g  these r e s u l t s  Is  a ffo rd ed  by cons iderin g  the  

r e l a t i v e  le v e ls  o f  the  var iou s  e x c ite d  th a l l iu m  s ta te s  connected w ith  the  

'N2^ 'o  curves * l+ h  resp ect to  th e  Hg(63P0 > s ta t e  which becomes populated w ith  

the  in tro d u c t io n  o f  N2 molecules In to  th e  Hg-TI system. The T 1C7^S^/2^ anc* 

T I ( 6^Dg^2  ̂ s ta te s  are  brought in to  a c lo s e r  resonance w ith  the  Hg(6 3PQ) 

leve l CAE = -1 ,3 8 e V  and AE = -0 .2 0 e V ,  r e s p e c t iv e ly )  than e x is ts  fo r  the  

Hg(6^ P |)  leve l and th e  th a l l iu m  s ta te s  CAE = -1.58eV>and AE = -0 ,4 0 e V ,  

r e s p e c t iv e ly ) .  One would expect t h a t  t h i s  c lo s e r  resonance, combined w ith

the  r e l a t i v e l y  long l i f e t im e  o f  the  Hg(6 ^PQ) s t a t e ,  would lead to  an e f f i c i e n t

3 2 2energy t r a n s f e r  from th e  HgC6 P ) atoms t o  th e  Tl (7 S | / 2  ̂ anc* Tl (6  ^5 / 2  ̂ atoms.

Since the  popu la tion  d e n s i ty -o f  the  Hg(6 ^PQ) s t a te  increases w ith  N j den s ity

the In ^ / Iq  curves would be expected to  r is e  w ith  Increas ing  N2 d en s ity  up to

about 5 x 10^cm - 3 . With fu r th e r  Increases in the  1^ d e n s i ty ,  the d en s ity

o f the HgC6 ^P0 > atoms remains constant and the  only  remaining process is t h a t

o f  the quenching o f  the  e x c ite d  T I ( 7 ^S j / 2^ an<  ̂ Tl s ta te s  which is

r e f le c t e d  by the decreasing r a t i o s .  In th e  case o f th e  Tl (8  S1 / 2 )

s t a t e ,  which l ie s  above the  Hg(6 ^Pc ) le v e l ,  th e  energy d e fe c t  between the

Hg(6 3P0 > leve l and the  T I ( 82 S1 / 2 ) leve l (AE = +0.12eV) Is  la rg e r  than t h a t

fo r  the  Hg(63 P j )  s ta te  and the  T I ( 8^S^ /2  ̂ s ta te  (AE = . - 0 .0 8 3 e V ) .  In -
26

a d d i t io n ,  a Boltzmann fa c to r  must be introduced when cons iderin g  the  energy

3 9
t r a n s f e r  from the  Hg(6 PQ) s ta te  t o  th e  T1C8 $ \ / 2 i s+sTe. Taking these

fa c to rs  in to  account, we es tim ate  t h a t  the  Hg(63PQ) s ta te s  populate the

2 3
TIC8 S ^ 2 ) s t a te  to  less than o n e-ten th  o f  the  level to  which the  Hg(6 P j )
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^atoms p o p u la te£ th is  th a l l iu m  s ta te  during  , in e la s t ic  c o l l is io n s * .  Hegce, one 

woul$ expect th a t  the  dominant process in v o lv in g  the  ^  molecules in the  case 

of the  T I ( 8^ S ^ 2  ̂ s ta te  would be t h a t  o f  quenching and indeed t h is  Is r e f le c te d  

In th§’N ^ / f 0  curve which begins t o  decrease Immediately upon the* in tro d u c t io n  

o f  n it ro g e n  gas in to  th e  Hg-TI vapour m ix tu re .

The ac tu a l quenching cross sec tio ns  may be obta ined  from the in te n s i ty  

measurements a t  various n itro g e n  pressures in th e  range 0 t o r r  -  8 t o r r , -  as 

found in ta b le s  ( 4 ) ,  ( 5 ) ,  (6 ) and ( 7 ) ,  by using the Stern-Volm er r e la t io n

I = I® 10  + tZ )
2 2 '

where is  th e  r e l a t i v e  in t e n s i ty  o f th e  s e n s i t iz e d  fIuorescent-component  

a t  some f ix e d  N2 pressure beyond which the quenching process Is dominant and 

1^2 is  the  r e la t i v e  in te n s i ty  o f th e  same sp e c tra l  component a t  h ig h er  N2
f

pressures . The l i f e t im e  o f  the  a p p ro p r ia te  t h a l l iu m  s t a t e ,  t , is  taken from 

our t h e o r e t ic a l  c a lc u la t io n s  which have been done in the  v e lo c i ty  fo rm u la tion  

using th e  orthogona11 zed HFS wave fu n c t io n s .  The quenching cross sections  

a re  determined from the  S tern -Vo lm er r e la t io n  by f i r s t  s u b s t i tu t in g  f o r  the  

frequency o f  quenching c o l l i s i o n s ,  Z, in terms o f  th e  quenching cros$ s e c t io n ,  

Q, according t o  th e  r e la t io n

z= n2 <vr e l > <?

where n2 is the  dens ity  o f  N2  molecules and <vr e ] > Is  the  mean r e l a t i v e  thermal 

v e lo c i ty  o f  the  c o l l i d in g  p a r tn e rs .  The quenching cross sec tion  Q is  given  

by equation  ( 9 ) where, in t h i s  case, the  in t e n s i ty  r a t i o  l ^ / * ^  is +°  be used* 

The Stern-Volm er p lo ts  o f  func tion  n itro g e n  d en s ity  f o r  the

s e n s it iz e d  f lu o re s c e n t  components a r is in g  from th e  th a l l iu m  t r a n s i t io n s  

62 p 1 /2  “ 72s1/2» 62 p3 / 2  -  72 S1 /2» fi2p3 /2  " fi2D5/2  and fi2p3 /2  "  q2s1/2  are
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F ig .  21: S tern-Volm er p lo t  fo r  data obtained by m onitoring
the Tl 32318 ra d ia t io n  em itted  from the  Hg-T1-N9 
m ixture  ^
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TABLE 8: Cross sec tion s  fo r  Quenching o f  th a l l iu m  s ta te s  by c o l l is io n s

w ith  N2 m olecules. ^

Observed S e n s it ize d  D e s c r ip t io n  o f  the  Quenched S ta tes  Cross
Fluorescence Section

T ra n s i t io n x ( h
T l *
S ta te

( a )
T

( 10"^sec)
AE Hg<63P0 ) - T I *  

(eV) Q(X2 )±20J

6 2p3 / 2 -  8 2 s , /2 3231 02s l / 2 2 2 .4 + 0 .12 1 10

e2p3 /2  "  62° 5 /2 3520 62° 5 /2 5.1 - 0 .2 0 40

62p3/ 2  -  72S , / 2 5352 72S l / 2 11 - 1 .3 8 10.2

62p i / 2  -  ?2s1/2 3776 72s 1/2 11 - 1 .3 8 11.1

(a )  Taken from th e o r e t ic a l  va lues  in the  v e lo c i ty  fo rm u la t io n  ( l i s t e d  In

Appendix (1 0 ) )  as determined from th6  orthogonaI I zed HFS wave fun ctions

c
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shown in  f ig u re s  (1 7 ) ,  ( 1 8 ) ,  (20 )  and (21 )  r e s p e c t iv e ly .  The quenching cross 

s e c t io n s ,  Q, a re  l is t e d  In t a b le  (8 )  a long w ith  o th e r  p e r t in e n t  data d escrib in g  

the quenching s ta te s .

Quenching o f  e x c i te d  atoms by c o l l i s io n s  w ith  d ia tom ic  molecules Is

g e n e ra l ly  agreed to  be accomplished by means of the t r a n s f e r  o f  the  atomic

75
e x c i t a t io n  energy to  s p e c i f i c  v ib r a t io n a l  s ta te s  In the molecule . P i t r e ,

Hammond and Krause76 have shown t h a t  such Is  th e  case when the  H g(6^Pj) s ta te  Is

quenched to  the  Hg(6'5PQ) m etastab le  s ta te  by n itro g en  molecules which, as a

r e s u l t ,  become v ib r a t i o n a l l y  e x c i te d  from the  v=0 t o  th e  v=l s t a t e .  Such a

d e s c r ip t io n  of the  quenching mechanism has been supported by r e s u l ts  o f

quenching experiments w ith  CO, 1̂ ?, ^  and o th e r  d ia tom ic  spec ies75 . I t  has

been g e n e ra l ly  observed In experiments o f  t h is  n ature  t h a t  an atomic, s ta te  is

most e f f i c i e n t l y  quenched by d ia to m ic  molecules when the depopulation o f  the

atomic e x c ite d  s ta te  proceeds by way o f  a ra d ia t io n  less t r a n s i t io n  to  some

lower s t a t e  In such a manner t h a t  the  corresponding atomic t r a n s i t io n

frequency l ie s  In close resonance to  t h a t  o f some upward v ib r a t io n a l  t r a n s i t io n

In th e  quenching m olecule. Q u a n t i ta t iv e  in v e s t ig a t io n  o f  t h is  resonance
£

pro p erty  has been performed p re v io u s ly  in t h is  lab o ra to ry  in the quenching 

study o f  the  m e rc u ry -s e n s it ize d  fluorescence in sodium. I t  was shown ex

p l i c i t l y  t h a t  e x c i te d  sodium s ta te s  were quenched most e f f i c i e n t l y  by Nj 

molecules when the energy d e fe c t ,  AE1, between the  energy o f a downward 

ra d ia t io n  less t r a n s i t io n  in sodium and the  energy o f  the c lo s e s t  upward v ib -" .  

r a t io n a l  t r a n s i t io n  in the ground e le c t r o n ic  s ta te  a f  the  ^  molecule was sm all.  

This resonance phenomenon) a ls o  appears to  p e r s is t  here In th e  case o f th a l l iu m .

Quenching o f  the e x c ite d  t h a l l iu m  s ta te s  may be accomplished by r a d la -  

t io n le s s  t r a n s i t io n s  to  the  ground s t a t e ,  o r  to  In te rm ed ia te  s ta te s  i f  allowed  

by the  d ip o le  s e le c t io n  ru le s .  In ta b le  (9 )  we l i s t  a l l  poss ib le  t r a n s i t io n s  

from each o f the  e x c ite d  th a l l iu m  s ta te s  observed to  be populated by the

«
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TABLE 9: Poss ib le  r a d ia t io n  I ess t r a n s i t io n s  In t h a l l iu m ,  r e s u l t in g  from the

. quenching ac t io n  o f  N2 m olecu les , w ith  th e  most probable corres 

ponding upward v ib r a t io n a l  t r a n s i t io n s  In N2 from th e  ground v i b r 

a t io n  s t a t e .

Quenching 
T ra n s it io n  
in Tl

V |b r a t  Iona 1 
T ra n s i t io n  
In N0 .s -CeV)

62p3 /2  -  82S1/2 v=0 v=15 1 0 • 0

62r i / 2 -  82S1/2 v=0 +  v=19 - 0 .0 5

72p3 /2  ~ v=0 v=2 - 0 .  12

72 p l / 2 -  82 S1/2 v=0 v=2 +0.01

62p3/ 2  -  62D5 /2 v=0 v=13

S

+0 .04

?2p3 /2  "  62° 5 /2 v=0 -+■ v=1 a 0 •

/

e2p3 /2  "  ?2s1/2 v=0 v=8^ +0 .1 1

62pi / 2  " 72s 1/2 v=0 -+ v= 12

\

+ 0 .0 6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

t r a n s f e r  o f  th e  mercury e x c i t a t io n  energy to  the  ground s ta te  t h a l l iu m  atoms.

Also shown th e re  is the  most probable corresponding v ib r a t io n a l  t r a n s i t io n  in 

the  n itro gen  m olecule . We have chosen these poss ib le  t r a n s i t io n s  so as to  

o b ta in  the c lo s e s t  resonance between th e  downward rad I a t  ion I ess t r a n s i t io n  

In the t h a l l iu m  atom and the accompanying upward v ib ra t io n a l  t r a n s i t i o n  in the

78
N2 molecule. The v ib r a t io n a l  t r a n s i t io n  en erg ies  I n T ^  are  +ak0n from Gilmore .

The resonance co n d it io n  w i l l  be best s a t i s f i e d  when the atomic t ra n s 

i t io n  frequency c lo s e ly  matches a v ib r a t io n a l  t r a n s i t io n  frequency In the 1^ 

molecule . In the case o f  the T l Q ^ S j ^ ^  s t a te  a quenching c o l l i s i o n  would 

on ly  r e s u l t  in  a r a d ia t lo n le s s  t r a n s i t io n  t o  th e  Tt ( 6 ^ 1 / 2 0 / 2 ^  s ta te s .  The 

T 1 ( 8 ^ S | /2 ) leve l would be most l i k e ly  quenched t o  the  T1 ( 7 ^ P | /2 ■*3 / 2  ̂ s^a "̂es 

) w h ile  the  T l ( 6^05 / 2 ) s t a te  would be quenched to  th e  th a l l iu m  ground s t a t e .

With the exception o f  the T l ( 8  l e v e l ,  the  quenching mechanism req u ires

v ib r a t io n a l  t r a n s i t io n s  in n itro g en  o f  up t o  13 v ib r a t io n a l  quanta. The 

appearance o f  such la rge  quantum jumps in quenching c o l l is io n s  a re  not uncommon. 

In the in v e s t ig a t io n  o f  the  quenching o f  th e  m ercu ry -se n s it ized  fluorescence  

o f  sodium by n itro g en  jnoI ecu Ie s ,  jumps o f  up to  10 v ib r a t io n a l  quanta were

6  r
pred ic ted  and in s im i la r  s tud ies  on th e  quenching o f the Hg(6 P-j) s t a te  by

79
c o l l i s io n s  w ith  CO molecules jumps o f  up to  11 v ib r a t io n a l  quanta were 

observed.

The resonance behav io r  o f th e  quenching cross sections is  dep icted  graph

i c a l l y  in f ig u r e  ( 2 2 ) .  I t  should be s tressed  t h a t  the  r e l a t i v e l y  small sampling 

o f  data obtained here fo r  th a l l iu m  does n o t ,  in i t s e l f ,  provide s u f f i c i e n t

evidence fo r  the resonance e f f e c t  in quenching; however, combining our f in d in g s

8
w ith  those found In the  case o f  sodium s tro n g ly  suggests th a t  the  quenching 

mechanism, as defined  by equation (3 0 ) ,  proceeds most e f f i c i e n t l y  when the  

downward ra d ia t lo n le s s  atomic t r a n s i t io n  l ie s  In c lose resonance to  an accom

panying upward v ib r a t io n a l  t r a n s i t io n  In the  quenching gas m olecule.
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F ig .  22: P lo t  o f  quenching cross sec tions  f o r  the th a l l iu m  s ta te s

a g a in s t  A E ',  the  energy d e fe c t  between the energy o f  the  
downward r a d la t io p le s s  t r a n s i t io n  In th a l l iu m  and the  
accompanying upward v ib r a t io n a l  t r a n s i t io n  In ^
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APPENDIX 2

I

P lo ts  of versus n* in d ic a t in g  the behavior o f  the
'J

ret a t i v l s t i c  H a r t r e e -F o c k -S la te r  osclTtaVor s tre n g th s 'a s  

a fu n c t io n  o f  the  e f f e c t i v e  p r in c ip a l  quantum numbed fo r  

several o f  the Thallium^ s e r ie s .  The o s c i l l a t o r  s t r e n g th s ^  

are taken from Appendix (1 )  and correspond to  those 

derived  in the  v e lo c i t y  fo rm u la t io n .  T^ie th ^ o r e t ic p I  \{3jj!>ts 

are denoted by (RHFSl and the  corresponding plotsVformed
• J \

, from the  combined experim enta l data o f  Norton arjd G a llagh er  

and Penkin and Shabanova are designated by (NG-PS).
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APPENDIX 3 : Cesium) Osci l lator  Strengths Calculated From Hon-Orthooonal HFS Wave Functions

npZPj -  «;2Sj/2THEORETICAL RADIAL MATRIX B-EMENTS} OSCILLATOR STRENGTHS; AND TRANSITION PROBABIL IT IES, FOR THE SERIES 
CALCULATED USING THE RELATJVISTIC H -F -S  WAVE-FUNCTIONS FOR CESIUM.
OSCILLATOR STRENGTHS F^OM THE MODEL POTENTIAL CALCULATIONS PERFORMED BY STONE ANO THE EXPERIMENTAL VALUES OBTAINED 8Y AGNE* 
ARE ALSD SHOWN.

TRANS IT  ION
u®
" l j f u

f
U A| j

(sec” ' )
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^APPENDIX 4 : P lo ts  o f  n * ^ f  versus n* In d ic a t in g  the  behavior o f th e
 ̂J

r e l a t l v l s t i c  o s c i l l a t o r  s tren g th s  ^as a fu n ctio n  o f  the  

e f f e c t i v e  p r in c ip a l  quantum number fo r  severa l Cesium^ 

s e r ie s .  The o s c i l l a t o r  s tren g th s  are taken from Appendix (3 )  

and correspond to  those d er ived  in the  v e lo c i ty  fo rm u la t io n .  

The t h e o r e t ic a l  curves a re  denoted by (RHFS) and the  c o rre s 

ponding p lo ts  formed from Agnew's experimental data are  

designated by (AGNEW).
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APPENDIX 6

t

*

«

i

i

/ .

: P lo ts  o f n *^ f versus n* in d ic a tin g  th e  beh av io r o f th e  

- r e l a t i v l s t i c  o s c i l la t o r  s tren g th s  as a fu n c tio n  o f the  

e f fe c t iv e  p r in c ip a l quantum number fo r  severa l Cesium^ 

s e r ie s . The o s c i l la t o r  s tren g th s  were c a lc u la te d  from the  

orthogonal 1 zed fre e -c o re  H a r tre e -F o c k -S la te r  wave fu n ctio n s  

and are  taken from Appendix ( 5 ) .  The o s c i l la t o r  s tren g th s

correspond to  those d e rived  in the  v e lo c ity  fo rm u la tio n .
*

The th e o re t ic a l curves are .deno ted  by (RHFS) and the  

corresponding p lo ts  formed from Agnew’ s experim enta l data  

a re  designated by -iAGNEW).
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APPENDIX 7: CESIUM j. LIFETIMES 
Atomic: lifetimes for Cŝ . are oAlculated from both the length and velocity forms of the transition ‘ 

probabilities determined from the HFS wave functions and from the orthogonallzed HFS wave functions. 
These lifetimes are oompared to those found from the Bates-Damgaard (B-D) transition probabilities shown 
in--Appendix (13)» and to existing experimental values.

NON-ORTHOGONAh WAVE FUNCTIONS ORTHOGONAL WAVE FUNCTIONS
STATE Cyg^nsec) ^^(nsec) T^Cnsse) TVKL(nseo) X^Cnsec) ^^(naeo) T^_D(nsec) T EXPT(nsec)

72S
82S

1/2

1/2

92S1/2

1<)2s 1 /2

112S1/2

o12 S1/2

132S1/2

60.7
164

339

618

1020

1570

2470

36.8 
125 ,

283

577

1010

1600

2840

46.8
144

311

598

1015

1585

2655

38.6

74.7

135

208

315

461

673

47.4
152

341

591

962

1471

2515

43
U 3

238

400

639

966

1594

56.2

313

492

738

5340

87^9 ( b \  

96tl4(c)
188 147^15^;

2 3 1 - 3 5 ^  

.2 6 o t l2 ^ Â ;  

2?0£5^
3 4 3 ^ 2 2 ^ ^ ;

4 l l t 8 ^

545t30^a ^j

~  517-I5(f), 
754^35(f)
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M Z -J QJ %> -« N U  Î J cu i r — cu m  — tft cr tu e  n u* o
C  UJ UJ — N — n r t  M — N n  4 «  — — in ©  — n  — c v «

2 > •  • •  • •  • « • •  • •  • •  • « • •  • ft ft
— c  o o o O O o  O o  o o o o o o o o o c  o

If*
IU uJ
—  a
*  *
uj ’i /

m
c a

UJ UJ i
X  z o

'N  — z
r

a  x
a  o
u. u

—*
•  uj 1

X
UJ n o o PH ^ CU — n  cu
— V o  o O O o o o o
N  o UJ J 1 1 1 ( i
-  z J o o Q Q O O o o
-1 < < n  n O  N i n < O  4
— a ©  n -< 9 m m 4  N
UJ o ♦  e CU — 9> <Q
<  UJ PH •  « •  • •  • m •
a : ^ X o  o u o o  o o  o
Q  <
a  o
Q. O

* \
X X * o  o CU *  CU tfJ cu o  — cv — cu — o  — — PH o  —
u  z X o  o o  o o  o o  o O o o  o o  o o o o  o o o
—  >» * K 1 1 J i 1 t 1 t 1 1 1 t
S- 3  U © o o O Q Co o  o o c a  o Q O Q Q O Q Q O
—  x z N * r  m sO « n  n o  — © o 4 O o e n m c u e
tn ,n UJ 4 c ♦  N 0 - — o ♦  — cu © O  -H it j n m  cu n  m

J ™ J —» -H N n cu — 'Jl H ©  4 — — 0  — o  - * N  —
«  x o •  ft •  • •  • *  ■ ft ft •  « ft ft •  • « • •  ft
x  c r « o o O O o o o  o o o n o o  o o o o  o o o
»- O - J

u. <
O  X
Z  u  UJ
<  a s > o  — CU • • CU — n c u o  — — PH cu — o  — o  — — —

K o  o o o o o 0 0
1 i

o o o  o o o o o o o
1

o  o
*• * t n PP -------- 1 1 J 1 1 1 t  J

u o o o o o o Q  O o o o  o C O Q Q O Q O Q
I  Z U ^ o — * 4 O ©  - «  n ©  N n  m o  4 cu © Q ©
^  O - X - i N O * o  © ♦  4 ©CU ©  * — n © o pH © ^  4 u  «
O — N  1 UJ 4  — N  < — — 4  sO M  — CUN 4  CU O' - — n — CU
4 t * < 0 > •  ft •  • •  • •  * ft ft •  • •  ft ft ft •  • •  •
u u j : o  o o o o o o  o o o O  O O O O O o o o o
Z  X  J  w
I - 3 U

<  >
X  U J V  c N N n n < n t o n CUCU n  r cu <u n n NCU
Q >  Z X o  o o o o o o o o  o o  o O P o  o o o o o
n <  J < N I 1 i  i t ( I t I ( l \ 1 1 I \ i  < t  \
<  *<T> o c o o O Q c  c Q  Q o  o Q O Q Q Q O Q  C
J  U  < z CU o S O N n  o H O N  O O  N © N cu o n m <P —
_J U* — X UJ N  O — n c u < m  4 -H U> c u e n  4 IO N o  —
— i q; t r _J N  cm cum n r j O  — •M «H r j  n — N p4 <  cv pH pH
U U . H •  ft *  « •  • •  ■ ft ft ft ft •  • ft • ft ft ft ft
w  i  a o O  W o o o  o o  o <_> o W O o  o o  o o o O O
U J . J Z —> t J t 1 1 I 1 1 t r 1 1 1 r t j i 1 1

UJ <
♦ • a  i & -
WUJ —  z
n n x  — >- cucu n n n n n  n cu CU n n n n cu cu n n N N
Z  — UJ X. t - o  o o o o o o  o o  o O  O o  u o  o o o o o
uj z PH J 1 i t i i I  1 1 1 i i r | t  1 1 1 J 1
X <  UJ u o o o o O Q Q O o  o Q O o O Q o o Q Q
u j z m a a — n N  UJ O M 4 4 UJ © N M  - / U)UJ N  UJ r j r - j
J U i ©  — C7* V* H  CU 4 sO — vr N  TS m © © m N n
UJ o u cu n <? Q *MU) — n —  su u/ r» I ft ̂ PH pH M  4 pH PH

u  Z > • « • • • • ♦ « ft ft • « • « ft ft ■ « ft ft
x n < o o O O O O o  O o o O O f  ' O o o O O O O
- h r j
a  a n  a
»- U U . UJ '*
<  I
X  Uj C \ 0 '

n x N  N CUCU CUCU cu cu CUCU CUCU cues. cucu cucu N N
- j > - w  _i \  \ \ \ N N N N N  X x  x X  X X  X X X X X
<  3 ^ _ — n n — n — n — n — n — r> — n n  — . — n
- O Z  < z “ >
U Z U J O D 1 i J i t 1 f f  i 1 I i  I 1 1 i 1 i t 1 r

— “ >
q t v j n  a n N  CU cucu CUCU cu cu CUCU CUCU CU CU CUN cucu n n

J W Z — X  N \  N N N N N X X X  X X  X X X X X X X
■J « UJ PH — pH W p« «H — — PH “P — — — PH PH PH — Pft — —
<  o a z
U U J O Z <

u a
H « < N ►» X V © o O s O' o e o o
W - J .J U . ■H m* — PH
K D J O
O U - 2
U J -J U

K t f  > z N N N N © © © o e o
WWOftJ —

181

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



' , N  © N c  in e c m © © m e c m  c © m e
‘ O 

W
X
n

o o o O O O o o o o o o o o o o o o

z © O O D O O O o e c o o o C O O o o o— z {> —O' ^  CVN c o m x o o (M M ©
< UJ IT CPC (Cnifi n  c m r *o c v ^  o  - • cm m ♦
w -J to CM CM © O N r>fnn NlA lP <V CM CM CM — —

• ♦ • • « ♦ •  •  ♦ '• • • •  •  •
1 o  o  o O O O O O O o o o o o o o o o

n O
Q_ < *

CM — «A
f <

C
w»

V k  m © e r n e m * m c m © © * m ©
1 N O O O O O O o o o o o o o o o o o o

-J —
u Q c c O O O D O C o o o o o o o o o

fs»
o

n o CM CM CM C <NJC <\i *0 CJ CM« — IT. m — n n <m
z _) »* — M r> u t c v ♦  OPl n  rt < f»OUJ

C u -4 C C fU -4 — © ♦  N  CM — m e — N ©
T > • ♦ * • • • « • • •  * » • •  • « • •
— O O O o  o o o o o O O O o o o O O O

in cr *■
u u

a
x V
Hi
m

c P
S c_

UJ UJ tX z ©
>-

(D
z

a I
o c
Li. u —J
- UJ

in X
UJ N

X
N O UJ
— z

< <
— o
OJ o
< UJ w
Hi u X
o <
X Q
a O

z X * — *4 rvj oj- i cm n n j w* ^ — CM — o  — —
a z X O O O o o o o o o O O O O O O o o o— >  * ►- J J 1 i I 1 1 1 1 1 1 1 1 1 1
— 3 U o D Q C o o o o o o O o o o o o o o o
— X 2 © m © <r m o incvn m c a m pj — n m  —

o  w UJ m n N N  N - O CO o © — CM cn n  po o o o
u T  H 3 -7 -  w ns — — — — — ■’D

< X U • •  • •  •  • • * * » * • • « • • • •
z x m O O O O O O o o o o o o o o o o o o
N □  _i

u. <
a X «*»
z U U J
< a  z > — CM — N H M n < n -4 <M — cm cn rw — CM —

k— O O O O O O o o o O O O u u  © o o o
•» • in •* 1 1 1 1 1 1 l t 1 I i 1 1 1 ( 1
in in z ~ u Q D Q o o o o o o O O O O O O o o o
I Z U V t a <t o o o  m o n  n  < ©  ©  CM N O N
F o - a _j O (7 O o n s SO CM© o n  e m <7 c o  © ©
© — 1 w n  cm cm N f U - e  m « m « r n © m «
Z  N < © > • •  * • • • •  • • •  • • « • • •  • •
IU U .J Z O O O o o o o o o o o o O O O l_> o  o
a z o  — 
t - 3 u
w u . _ i <

< >
c t u u o m  n n fO f*) m cn n n n t n r n n n n n
Q >  Z X O O O o o o U U O O O O © o o o o o
N <  _J < H J 1 ! i i r i t i t 1 t I t t 1 1
<  * « C O D O C o o o o  o c o o o o o c o c o
-I u  < z t f lN N O Hi O' *  N *0 0 — 0 I / 1 N <

. J VI — X UJ o  — r j - U O m mm C P U <•
*4 i a m J — O' O <  4  tf ?\I(MN Nine n c j  rn
u u . - •  « • • •  i •  • • •  • t •  t  «
tn i a. o O O O o  o o o o o O O U o o o o o o
O . C X Z 1 J 1 1 1 1 1 1 J I 1 J t I I I .

UJ< 
O 1

mui — Z
> r t n n n n n m <  <r n  m ^ fH F) n n n

z —  tu* F- O O O o  o o o o o o o o O O O o o o
tu _ i in z 1 J 1 1 ( J 1 1 I t 1 1 1 t 1 1 1
X < W. o O O O o o o o o o o o o U Q Q o o o
UJ Z  UJQ. u a cjo C N - * m e  o iu "J in N  r- — tu o m
J U i J O rv< ~ * c «min ui © © f’ K N p p nuj © n  a Ul u» <r IV «4 «-« *r»o; «>!*»♦ CM —— c w n
u z > • ♦ • « • • • » • • • • • • • • • •

x n < O O O o o o O O O O O u O O O o o o— t- a
Z t lZ C E
—
< 'Xxium©
I K NCJCVJ fw fucvj <M nj eg «cu nj cm CM CM CM CM CM CM-t►-H-J S N N s w \ S \ N \ S \ N N N S N< O -J - n n - n i » i • « n n « n P i - n r t — n n
c z < z n

D Z U J O □ i i i  t i  i I t i i i  J i ) i i i j
< - a — n
(T tf) l-Q cm ouog C4 cyrg <M PJ CJ CM CM CM CM CM CM CM CM CM
->tnz — \ s \ N N N \ N S S \ N M W N V N

-1 in n n  ui p in u i n  m i»ir> m F7PIU1 n  n  m
* o a z
U U J Q Z <— W a X m o o O' o o
UJ-1-J *4 — m
a D  j oO ©  — ZLii-JU

z o c e N N ©

981

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T
H

E
O

R
E

T
IC

A
L

 
RA

O 
I 

AL
 

M
A

TR
IX

 
EL 

EM
 

EM
 

S 
I 

O
S

C
IL

L
A

T
O

R
 

'T
^E

N
 

i.
T

H
S

: 
AN

'»
 

Tft 
A 

i J 
I 

T 
I 

C 
M 

PR
OP

 
A 

6
1 

L 
I 

T-I
 

ES
 

. 
FO

R 
TH

E 
S

fr
ll

l 
5

 
np

 
P

, 
- 

«d
 

D
 

C
A

L
C

U
L

A
T

E
D

 
LS

IN
G

 
TH

C 
C

R
TH

C
C

C
N

A
L 

I2
ED

 
H

-F
-S

 
«A

VE
 

F
U

N
C

T
IO

N
S

. 
' 

-
O

S
C

IL
L

A
T

O
R

 
S

TR
E

N
G

TH
S

 
f 

R 
CM

 
I H 

E 
S 

E
M

I-
E

M
F

 
[ I

) 
I C 

»L
 

C 
AL

 
- 

U
L 

A 
T 

I L 
>4 

S 
FE

M
E 

O
M

Hc
iJ

 
UY

 
M

IG
O

A
LF

K
 

AN
D 

TH
E 

C
C

M
R

IN
E

D
 

-:«
PL

 
H

M
L

N
T

IL
 

)A
IA

 
J

d
T

A
IN

E
O

9 
Y 

N
O

FT
C

N
 

AN
D 

G
A

LL
A

G
H

E
R

 
AN

D 
P
E
S
K
 

IN 
AN

D 
SH

A
iJ

A
N

fJ
VA

 
(N

G
-P

S
) 

AR
P 

A
L

id
. 

11
10

U
N

.

©  0 9 o o o C N O e s e o  m m N  O N n o n o n < O O N O O O i n  m * ©  © © ♦  N m
X ■O o o o o o W O O O O O o o o o  o o o o o o o o o o o O O O o o o o o o • o o o o o o

c O O O O O O O O O o o o c o o c o o o o o  * o o o C C O o o o c o c O O O C O O o o c
z o  — i n ©  M N O O O N  © ♦ O N ® n  > o ®  N n N o n - N - * n — n <  —  N m i n © o  m  ♦ m  — a
u.‘ o  m e w e n m ©  n m  — o n  o v tC — I T < * m o N  N  O ' #  m N N  #  O ©  N m m s ©
J r j  n  c j —  — — © « © m * N ♦  — N N O # n  i n n —  m  r v ® ®  N ©  N  — —  CO —  * « — N  ©  # i n  ♦  <

•  •  • •  •  * •  •  • •  •  • •  •  • •  •  • •  •  • •  •  • •  •  • •  ft • •  •  « » « • ft •  • « •  «
1

K

o o o o o o o o o o o o o o o o o o o o o o o o O O O  ' O o o o o o o o o o o o o ' t i  o

lA

V o o o e r n e m  m « r D S C *0 < c t n N  N  O N  K  ® N  N N m  m  < N  O N N ♦  N N ♦  N  —
>• o  o  o o o o o o o o o o o o o o o o o o o O O O o o o O O O O O O o o o o o o o o o

u o o c O C  o c c o c o o c o o o o o ' o o c o o c c o c o o o h o c C C O O o c c o o
o N C K O S  © - c m «  —  — m  o  n o  n r N  p* 4 n  —  n N O O © c n O  O N ©  m m o r t > n n  m

C  ^  IT ♦  a» o UJ Cl  c o  v > « N  CUtf» v  iwcvi ■ M U O «■ — m o  — i n *  * *  CV Ul N  U I N p.  i n ©
UJ —  N  — —  —  — t  —  © ©  i t  m i n  o  ® CD N  — ®  — — i n  — o *  N  * —  < N «ft -■ ©  N N ♦  - N —  N  ♦
> « i  • i  » * •  .ft ft •  •  • •  •  • •  •  • •  ft • •  •  • ■ •  • ft ft ft ft •  ft ft ft ft •  •  •

O O O O O O c  o c c o o o o o o o o O O O o o o O O O O O O o o o O O O o o c t ' C C

0 —0 — r j  — — co — — M  —
{ft o  o u c o o o o o O C O

i t i0.1 Q C C
I 1

o o c
1 1 

c o o
1 1 

c c c
© o o o o o o o o o o o o
z ©  o m ♦  —  — c c o ♦  c m

N  « ■ " “ N O ® n  « n —  eg —
ft ft ft •  •  a ft ft ft ft ft ft

o o o O O O o o o o o o

o — o 0 - 0 _  N  — —  N  —
*
ll  I

o o o o o o o o o 0 0 01 1u>
J C O D o o c O O C

■ I I
o o c

< o o o o o o O O O o o o
Q - U 1 S — m  — ©  N © ^  o  m
u ♦  v > < —  — — ♦  ©  ♦ N  r u r t j %
AB *  a • a •  • •  •  • ft ft ft
X o o o , o o o o o o o o o

0 - 0 0 —  0 , © N  — — eg — 0  —  0 0  — 0 —  N  — 0 —0 0 —  0 o  —  o O —  O c  —  o
r O  O  o o o o O O O o o o o o o o o o o o o o o o o o o O O O o o o o o o o o o o o o
H t i i I .1 I 1 t 1 1 1 I
© o o o c c o o c o O O O O O C o o c O Q Q c  o c c o o C  C Q 0 0 , 0 c o o c o c o o c
z ©  i n m ©  m  © —  o n o e N  N a  —  — o - * o  e  — n  n * O  N N © N  — <r  «■ © © i n m
UJ a w s —  n o O ' S K O  N O n  n  o n o  — —  O N t N Q — N ® n  o  — n  —  <t O  C* — > « - m m  ♦
J N N N - © m n  i t  Af n  —  — —  N N N  —  ® • n  -ft n <f  —  — TJ — *» ^  — N N ®  ^ 3  N  M

ft « ft •  •  • •  » • •  *  • •  ft • ft •  ft ft ft ft •  •  • ft *  • » •  • ft ft ft •  •  *
o o o o o o O O O o o o o o o O O O O o o o o o O O O  ' o o o O O O O O O o o o o o o

«•-

>- 0  —  0 0  — 0 0 —0 — N  — 0 —0 0 —0 O f t - O 0  —  0 O N  O 0  —  0 0 - 0 O  N N 0 - 0 O  —  N J
— o o o1 o o o o o o O O O

I |
o o o o o o o o o o o o O O O o o o o o o O O O o  o o O O O

u o o o o o c o c o C i Q O o o c c c c c  o c c c c o o o c c o c c o C O O o c c c o c
o m  i n  © S O © N O N © N < V* O  N O f ) * ' ) u> — ® <r  c  m P*> —  €0 —  N N n  n  i n —  m m N  ©  « m ®  ♦
_i c o n m <  o —  —  w © o © O  o  N N O ® —  —  N k i n  m u O O N CD UJ — N  —  'O o  w m
u ; m  i n < f CM eg C\J —  — — n  o t n <J — — N l f t n  n  n —  ^  — m * - V  N  O —  N N N  m m C O © N  — N
> •  a • •  « « ft ft ft •  •  • •  •  « •  « • •  •  • •  •  • •  •  • *  •  • « •  « « •  « ft ft ft •  *  *

' ■
O o o O O O o o o o o o C O O O O O O O O o o o o o o O O O O O O O O O O O U o o o

N N N N N N N N N N N N n n n N N N n  n n m  n  n m  r > m n  n  n m m  m m m m m m m m m m
X 0  O O

1 1 |
0 0 01 1

O O O  1 1
o o o
t i t

0 0 01 1 1
O O O  1 1 1

o  O jO
t i l

o o o o o o o o o
I I I

o o o
I I I

o o o
t i t

O o O o o o
I I I

o O O O
I I I

c o o
1 1 

C Q C
1 4  4

c c o
1 1 * 

D O C
I I I

c o o
1 1 

O O O c c c o o c
1 1 1 

o o o
1 1 1 

o c o
i i  i

c  o o
1 1 

c c c
I 1

c c c
z C O  ♦ S © w i n  o c ©  f f N o o o c o n c m  — ®  eg — c o r n m  «r  iC m o  © —  t i n n  k  m —  C O
UJ n ©  ^ N y p i n  m m <  —  m o o o o  — — P I D ' l ) —  — u i n  n  o o i n © ^ m h * m  — ♦
- j ♦  ♦  < h n n eg —  — —  —  — o  <f  < — — — c  — — iQ N N ®  N  N ■« — ©  N N <  — — K  c  'U n  —  —

•  •  • *  •  « •  *  • •  •  • •  •  • •  •  « •  ft ft •  •  « *  •  • •  •  • •  *  » •  •  • ft ft ft •  •  *
O  U  U o o o U O O u u u o o o u  o o o o o o o o U O O o o u U O O o o o U U U o o u1 t  1 t 1 1 1 1 1 1 1 1 i r i 1 1 1 1 I  1 1 1 1 1 1 1 1 1

S r

>- N N N N f t i M N N M N P J N n  n  n N N N N N N N N N n  n  n N N N n  n  n m  n  n
t - O O O

l i t
O O O  
» » 1

U O O
■ i t

0 0 0
1 1

o o o o o o o o o o o o o o o O O O
l i t

O O  o
l i t

o o o
I I I

O o o O O U

u
I I I

O O O
1 i  1

O Q Q
1 I  I

C Q C
I I I

o o o
I J t 

o o o
J i t  

D  O O
1 1 1 

O O O
l i t

C O O c o c
I 1 1

O O O
4 1 1

o o o
1 1 

c o o
* 1 1 

c c o
1 1 

e c u
u u ' l f i y ♦  © © O O O m  — — — N r t W O O —  m  — O  CO O n  o  n t i l  w © ©  <> r j ©  ©  UJ
_ l CO c t  © m  © © ©  — — © t o g j D O N ®  t i n C N N N t v i N 0 —  0 n  m  i n ©  — u © —  n ©  —  — Q j N r j
UJ n o * * } n  n  eg n n n —  —  — ^  <r  < — N N M  ^ - •  —  mm m  — n —  —  — u*  — — N  O N —  — —  t u 
> ♦ a a •  •  • ft ft ft •  *  • •  •  • •  •  * *  •  ft •  •  • •  •  • •  •  • •  •  • ft •  • ft ft ft ft ft ft

o o o o o o o o o O O O o o o  
t t \

U O O O O O o o o 0 0 01 1 1
o o o o o o O O U  1 1

o o o 0 0 01

N N N CM CSJ CM N N N N N N N N N W N N N N N N N N N N N N N N N N N N N N N N N N N N
s \ s \ \ \ S S \ \ \ s \ \ \ S N \ \ N N S \ N \ \ \ \ N \ N N N N N N N N N N N N
m m © m m © m m © m m © r i n t f t r t r j m n n i n m n t n m r r i r t m  n i n m m i n m m u i m m © m m ®

Z
u 1 I  i  1 I i  1 i  t  i 1 * 1 1 1 t 1 1 t i i  i i  i  i I 1 '1 I I t  i  i I i 1 1 I i
— m
H- n n n n n n N P J N N  N  N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N
— \ \ N s \ \ \ \ \ N S S N S N s \ S \ \ \ S S \ s s s W S N N N N  N N N N N N N N
V>
z

— m n —  n  m —  m m —  m m —  n n —  n n —  m n —  m  r t —  m m —  m m — n  n — m m —  m m — r j  r

LL
h- X <c N © © o N m o p*- © O' © e ©

z O o o c N N N N ffl © © o O

691

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



J

■o“3

-  £I
J

oT* £
%  *

c  3

tn
u

aJa
a x
uj uj vt o
UJ UJ

ita x o * oU. U

w s
U.* V-
M
K C

z
J .«
—
m
< UJ
£ J
O <
a c
a O

—
z X *
a z
— > *
»- DU
— X
(O a to

< Sui
a aw
t- O J

U.<
Q a
Z LUUJ
< Q.II

♦* • W
w w z  —IZQ«> 
h O - D .  
O  — W t
z n < o
UJU J Z  2 Z  
H 3 U  (n i t j<  <>  tt ujuo 
a *  z
l - <  J «  <*<m  -j u< 
J M ' ^ X
—1 aw
w i a o  
o u z

UJ<•*o I
WLJ — Z  
1 - r x J l -
Z - U J *  
LU J V 1Z  
Z <  UJ uj z tua
J U I  
a / O  — O  

O  Z  
X I K ,— o 
a i r  a  a .
h UU.UJ  < £
X  UJ to (J 
I K

j h K J<
- O Z <
O  Z  U J©  
< - aKWkO

J W Z
- j *

ijujoz 
— n > - uK< <►-
UJ J  j aa s  j oOUmZ 
UJ J U  £««>•  
u u o o

ON® n o n N ON *  n *
x ■OOO o o o o o o OOO o o o•»

flOD o o o c o o o o o c o o
z © —N *  N© M — H O wn w - ©
UJ N MO OMM ONO ♦ —N n — ©
J — — — f ©*•©. in n * mm mm~m N ——t • » ♦ • • • • * mmm • * *

1u
OOO o o o o o o OOO o o o

I«
•n V OHS' P- © K * r * n o n in n *

< ~ OOO o o o o o o o o© o o o*4
u o o c o o o c o c o o o o c o
o o c o NOW w n w K — ^ NOP
J V7 wtf) ©0>0J 4P *  V m vir N — —
UJ — w "lift r  wn M —M — ©o> • • • * * • • • « « • * • •

V* OOO OOO o o o o o o o o o

w
a
V?
z

*n

*LL!
J<
oumm
1

0 —0 ©NO O MO O - o ONO
r o o o o o o OOO o o o OOO>- l
o c o o o o o o o o o c o o o cz MflO ONO COM n <t a n o *
UJ OOK to *  © rl o — N N * n
J -1 <f * — T> — — w — *  - t * N ** —* • * • • • • • • • • * #' * •

OOO OOO o o o o o o o o o
—1

> o - o ONO O MO 0 —0 — ——
n o o o o o o o o o o o o o OoM I 1 l 1
u o o o COO o c o o c o c o cc in *  n N *  N NN© won NU1N
J NNtf COW <J O O *  NW N n o  ,
UJ 05 < © — N- — — in — ©no — w —
> * • * mmm * * » # • * mmm

o o o OOO o o o OOO o OO

NNM n n n NNN n n n
X OOO OOO o o o o o o OOO

1 1 1 t I 1 t 1 1 1 I 1 1 1 1o o c o o o c o o o o o o o c a
z vinw OOO no © oo® *u o o
UJ f* r~ r* n n n Ntf © MMM OCftl
J (V M w — — — N —— — — M — —« • • • • • • • » « • • • • •

o o o o o o o o o o o u OOO
1 1 1 1 I 1

& -
y NNN MMM n n n MMM n n n
n OOO o o o o o o o o o o o omm 1 1 ! 1 1 1 1 I 1 t 1 1 1 I 1
u o o o o o o o o o o a o o a ou P* F*» f*» r> — — ©wo W »M<V n "* «v
J in ww n n n PI O CD < w»n (UMNUJ NMW mm mm mm <\J — — — — — *
> • • • • mm • » • « • * • « •

% «*
OOO 
1 t 1 0 0 01 1 1

O oo 0 0 0
1 i i

o o o

NNN m m m N MM MNM NNN
NNN NNN NNN NNN N \  N
in in** inwf- U> UJ N t f imp miON

Z ”>
o t t I i i i I 1 J 1 i i i I I I
M n
H MMM MMM MMM N N N MMM

N N N N N N N N N N N N N N N
VJ n in uj p»w w n  m w n wu> fitnm
*
<
a>- X in o in w ©

z © © N N Xf

061

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ctu
z

CO
* « a

<
a

c .-U!

1ft cr
UJ UJ

a
cr X
tu u
<r

o
UJ UJ
X z
>- •*

o
cr X
o a
u. u

LL‘
tA X .
UJ t- *
M
t- a

z
J <

UJ *
< UJ
OJ -J
CD <
a a
a
z i  *
o Z
M > - *
>- OtJ
_ X

n v \
’ j< 1 0

a
H- Q J

IL <
a EE
z tutu
< aor

• <•• • tn
tn<nz~rru w>-owao — ►- i ZH<0  
UJU J Z  
2 Z J -

<>
tstuuo
D >  Z  H < _J<< *< o
J  u <  
-J V > ~ X
— | CEV) U ll-  
V) t 0 . 0
O i l z

UJ<
— D I 
t/>UJ-*Z 
1 - N I -
Z-<LU* 
tU_JWZ 
Z <  U/
u izu a
J O l
U J O » “ L>

a z
K I K  
*-• >- u
t z a  a  a
h O H U
< I
X t i lW O

I K  U>- >- —J 
«  U_J 
h O Z <
OZUJO< *-a
(E </> ►* O  

3 W  Z  -J <
n O C I  
utuoz
•ftf- H-U H<<>-
UJ
DID J D  
O \ J ~ Z  
UJ _i<JX<^>
H U O f f i

© tr>© O * « ©tn©
X o o o O O O o o o

o c o o o  o c o o c
z n k  tntn n  o  o
ui o n * — <M O N CVJ ♦ — tf> — •r •-*>

•  • • •  •  • ft ft ft
o o o o  o o o o o

>• •c *  £ t n * t n *  *  z

*•*
o o o o o o o o o

u o o o o o o o r e
o IT N * <cnK -• tr
mi <V r i  w w *■ r*  —

— tf>-* fV —M -  IT* —
> • « • • ♦ * • • •

O O C O O O , 'OCO

f i t -

— CM — NION O "• o
X OOO OOC o o o►» I t 1 t 1 1
o o o o o c a c o o
z *  *tv O O * o tn ©
UJ ntn© t\j n r j n * - *
J >». <r 3 on© **i ̂  -ii

• • * • • • • • *
o o o o o o o o o

**n
*•-

>- •ft t\J — N r>cv
QUO o o o o o o» I 1 1 i j » 1 1

u o o o o c o COC.
a to n * s^o) n ftftiu

fsj <  ~ o no o tv o
UJ N -«CV rg «-»cv tV tPN
> • • • « • • • • •

OOO o o o o o o

n ^ n n n w n n n
X o o o o o o o o o
N 1 * t 1 1 1 i i t
c? c c o c o o c o c
z — <?■ * n o o o o o
UJ o <vcg n n n rj O O
J in «»m CJCVCV N O ©

• • • ft ft • • • •
o o o u u o UOO

>• n n n n n n n n n
n o o o o o o o o o
M i i i 1 1 t i i
u o o o c o o o o o
u tvfirj
-J ^  *> O' . !*«•«•*
UJ r )  rg tv •ft •• -ft ft C  ft
> • • •

0  o o
1 1 J

ft ft ft
0 0 0
1 1

• • •
OOO
1 J t

fJfUN cu cvjm tvtvrv
S N \ N S S N \N

X . nu im ninu) niflB i
z n
u l ) i i t 1 t ■ 1 i
ftft n
►- ( \ J N t \ J ru r j tv fVfVfy
•ft s \ v N W \ s s

UDUJK tn tn^ u>»n f-
z
<
LL

X © £> cr

Z tA tn

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX 9 : P lo ts  o f r i * ^ f j j  versus n* In d ic a t in g  th e  beh av io r o f th e  

r e l a t i v i s t l c  o s c i l la t o r  s tren g th s  as a fu n c tio n  o f the  

e f f e c t iv e  p r in c ip a l quantum number fo r  severa l T h a lliu m j 

s e r ie s . The o s c i l la t o r  s tren g th s  were c a lc u la te d  from the  

orthogona11 zed fre e -c o re  H a r tre e -F o c k -S la te r  wave fu n c tio n s  ' 

and a re  taken from Appendix ( 8 ) .  The o s c i l la t o r  s tren g th s  

correspond to  those d erived  In th e  v e lo c ity  fo rm u la tio n .

The th e o re t ic a l curves a re  denoted by (RlHFS) and the
i

corresponding p lo ts  formed from th e  combined experim enta l 

data  o f Norton and G a lla g h e r, and Penkin and Shabanova 

a re  designated by (NG-PS).

II
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APPENDIX 101 THALLIUM^ LIFETIMES 
Atomic lifetimes for Tlj are calculated from both the length and velocity forms of the transition 

probabilities determined from the HFS wave functions and from the orthogonaliced wave functions*
The lifetimes are compared to those found from the Bates-Damgaard (B-D) transition probabilities shown iir 
Appendix (12), and to existing experimental values»

NON-ORTHOGONAL WAVE FUNCTIONS ORTHOGONAL WAVE FUNCTIONS
STATE ^VEL(ns*o) ^^(nseo) VAVG(nsec) W (nseo) r LN0(nSec) ^AVG^nsec^ ^^(nsec) ÊXPT<'n3®0^

?2si/2 11 5.1 8.1 11 5.1 8.1 16.9 7.7-0.5(a)l -
7.65(b);
7.55-0.08*°*
23t9(*)SS / 2 31.6 30.8 31.2 22.4 18.6 20.5 43

9\ l z 74.4 108 91.2 38.9 40.2 39.6 94
102si/2 153 282 217 66.2 78.6 72.4 174 • .

1i 2si / 2 277 600 438 ' 107 133 120

?2pi/2 73.5 52.9 63.2 53.8 57.5 55.7 61.7

7\ / z 52.4 38.8 45.6 38.5 45 41.8 48.3
200' 152 176 186 160 173 183

8 P3/2 148 126 137 115 131 123 193

& H 2 461 359 410 427 408 418 333 1
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200

APPENDIX lit COMPARISON OF OBSERVED AND PREDICTED ENERGIES FOR Tlj- AMD CSj. STATES

TABLE Is THALLIUM̂ .

NON-ORTHOGONALI2ED w  
STATE OBSERVED ENESGTCem ) RELATIVISTIC HFS ENERGY(ca ) PERCENTAGE DIFFERENCE

A /a 22786.? 22598.4 0.8

A /a 10518.3 10997.2 4.6

9\ / 2 6098.0 6472.3 6.1

10\ / 2 3967.4 4228.6 6.6

ll2sl/2 2807.3 2968.2 5.7

6\ / 2 49264.2 42110.3, 14.5

62p3/2 41471.5 35293.6 14.9

?2pi/2 15104.3 16116.7 6.7

A /a 14103.1 15136.2 7.3

* \ f 2 7896.1 8448.9 7.0

82p3/2 7523.^ 8060.0 7.1

92pi/2 4883.3 5249.6 7.5

^ 3 / 2 4701.7 5044.1 7.3

1Q2pi/2 3324.9 3560.9 7.1

‘A /a 3220.6 3443.9 6.9

A /a 13146.3 12652.4 3.8

A /a 13064.3 12564.9 3.8

A /a 7252.8 7593.3 fc.7

A /a 7215.2 7505.3 4.0

A /a 4591.6 4961.7 8.1
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' /
TABLE 1: THALLIUM̂ .

NON-ORTHOGONALEZED
STATE OBSERVED ENERGY( cm ) RELATIVISTIC HFS ENERGY(cm ) ’PERCBJTAGE DIFFERENCE

02l>5/2 4571.5 4907.7 7.4

^ 3 / 2 3165.7 3428.5 8.3

9V 3153.9 3397.2 7.7

5S/Z 6945.8 6876.7 1.0

5\ /2 . . . .
6945.8 6876.7 "i.o

6S/2 4440.7 4415.7 0.6

6\ / z 4440.7 4415.6 0.6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



202

TABLE 2s CESIOKj.
X '

NON-ORTHCGONALIZED
STATE OBSERVED ENERGY(cm~ ) RELATIVISTTC HFS ENERGY(cm* ) PERCENTAGE DIFFERENCE

6%/2 31406.71 29814.8 5.1

A / 2 12871.20 13797.4 8.2

8\ / 2 7089.54 „ 7669.3 8.2

9\ l 2 4496.03^ 4826.4 7.4

1(>2s1/2 3106.43 3322.6 7.0
u 2Si/2 2276.71 2419.2 6.3

1Z\ / 2 1740.71 1837.4 5.6

» \ /2 1441.9

ik\ f Z 1161.2

152s1/2
V’

954.9

S\ f 2 20228.47 19929.4 1.5

6\ f 2 19674.36 19397.3 1.4

^1/2 9641.06 S  10237.4 6.2

72P3/2 9460.05 9975-0 5.4

q2?1/2 5697.57 6142.7 7.8

SS/2 5614.93 6016.9 7.2

9\ j 2 3769.42 4053.7 7.5

9\ l z 3724.75 3986.8 7.0

lQ2pi/2 2679.62 2863.8 6.9

102pi/2 2652.78 2824.8 6.5

ll2pi/2 2003.03 ^  2127.1 6.2
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TABLE 2: CESIDHj.

NON-ORTHOGONALIZED
STATE OBSERVED ENERGY (era ) RELATIVI5TIC HFS ENERGY(oa ) PERCENTAGE DIFFERENCE

nSlz 1985.61 2102.4 5.9

12\ / 2 1553.86 1640.9 5.6

l2S/2 ' 1541.99 1624.4 5.3
1240.71 1311.6 5.7

12 1232.20 1299.7 5.5

11>2pi/2 1013.55 1066.5 5.2
1007.22 1057.9 5.0

fz 843.44 883.9 4.8

l5\ / z 838.73 877.5 4.6

^ 3/2 16907.22 16379.2 3-1

* * 5/2 16809.63 16198.9 3.6

6 D3/2 8817.82 10463.6 18.7

&\ / 2 8774.88 10402.6 18.6

7S / 2 5358.85 6121.8
»«*

14.2

?\ / 2 5337.88 6099.7 14.3

* \ / 2 3595.^6 4043.4 12.5

82D5/2 3683.77 4030.3 9.4

* \ / 2 2577.8I 2867.2 11.2

?2l)5/2 2570.65 2859.3 11.2

™ \ l 2 1938.17 2131.9 10.0

l A 5/2 1933.49 2126.9 10.0

l i S / 2 1510.07 1644.9 8.9
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TABLE 2: CESIUMj

. NON-ORTHOGONALIZED
STATE OBSERVED ENERGY(ca ) RELATIVISTIC, HFS ENERGY( cm ) PERCENTAGE DIFFERENCE

U S / 2 1506.82 1641.5 8.9

12S / 2  ' 1209.69 1306.8 8.0
l A j  /2 1207.36 1304.3 8.0

^ S l z 990.65 1062.7 7.3

13S / 2 988.95 1060,9 7.3

w S / a 826.25 880.9 6.6

^ 5 / 2  . 824.92 879.6 6.6

* * 5 l z
6934,42 6924.9 0.1

4% / 2 6934.25 6919.9 0.2

^ 5 / 2 4435.30 4533.1 2.2

5*F7/a 4435.15 4522.7 2.0

6S / 2 3076.95 3103.2 0.9

6% / 2 3077.05 3133.3 1.8

?2f5/2 2258.49 2989.6 32.4

^ 7 / 2 2258.55 2308.5 2.2

02f5/2 1727.73 2251.7 30.3

82p7/2 1727.78 2241.7 29.7

9S / 2 1364.17 1734.7 27.2

92F / y 7/2 1364.20 1730.0 26.8

1o2f5/2 1104.32 1373.1 24.3

10% / 2 1104.33 1370.4 24.1

ll2p5/2 912.12 1112.3 ' 22.0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I

V)

g <
a!
ifV Z 

o. <-«
C t

u —« —4 -4 -4 oo N N N tv n n ^ — *4 44 oo -4 ̂ N N nn Nftl 0 0 44 «4 NN *n 0 0 4*4* . 4 4 4

ur •4 001 1oo. o o o ◦ oo o o oo o o o o oo 0  0 0 0 OO 0 0 OO OO 0 0 0 0 O O 0  0-4 — z II 1 1 1 1 t 1 1 1 t 1 i T 1 1 t 1 I 1 1 1 t 1 t 1 1 1 1 t
X 'J oo oo a o o o oo 0 o a o c o 6 o 3 3 oo 30 0  0 OO O O 0  0 0  0 OO 0  0•J >- 1 * -* *> k  rvj tv «n N > >0 0 NN to o tv © ^ *A *o»n NO K *> on *> N •> N1' 0  < — n «n — 0  —mm 3 tv o' tp © «*■ * * a* 10 ♦ NO OJO 10H ** — — 0 tv 0 no ON intr IV N NN t> < <T n in 0 m\jy

a n n •4 — (V N N* in ♦ m* mm 44 *4 Nn 44 44 cv n ©*n inn n n in ui N O o n in in o c 44 *4
UJO o • • • • • • » • • • • • • • • ♦ « • • « • • • » • * « « • • • • » » • • • • • •
x z K o o o o o o o o o o o o OO o o o o 0 0 0  0 0 0 0 0 0  0 0 0 OO 0 0 0  0 0 0 OOK <

ocU. < < *o
U J <~QK~ c
- J Z~<u
OJUJ Dh cr < 
a  ©

z it oo

<<
I IK —•

X
oo
Z I
<  Q.

a  —<
19 h i  
OO 
Z J
uo’SO
h-u(A

UJ
X TQKv-
<r y  
JO 
J
— o
U U i
Whr*<

x**UJ
i f lz
5S
Uixtnuz
J OUl«
K  

X U  •
- z z  
C O O  KU, —< K 2UJ<
<* X
-  O 
oz cr 
< o a

j<IQU 
U  UJ * -
- h Z
K  <  LU 
UJ J O
croo 
oucr 
W jo x<>h U X

o©
V)

<T-4
X
oaa

lAM
>
K<
J
•UJcr(zu
z

z
o

<
z
X
o

ox<0
1m
UJ

0 *0 O © m *0 <  in in in m m in in in £ m in ♦  m O 4 m m m m in m N  1*1 *  « * i n *  *
0 0 n  O 0  0 0  0 0  0 0  0 0 0 - 1 0 0  0 ^  © •*> r> 0  •» 0 0 n  0 0  0 O O O n 0  0 O O

0  0  
n  -4
o i n

O O

O N
3 3
N N

0 0  
0 0  
in *

0 0
■no
m m

0 0
O N  
O O

0  0  
0 0  
m 0

0 0
O N  
N  ♦

3 3
0  0

0 0
fSp *4

O
3 3 3 3

N O

0 0  
-  0

O O
^  N 
O O

0 0
44 0
-4 N

2 S
- f  n

3 3
— O

O O 
N O  
• A -

0  0  
n *
N  n

3 3
-4<*

n m N in O  — f*>-4 *4 mm N N m o 0 * 4 n m 0  44 N  N — O *4 -4 44 »n -4 N n t o i n * *  *• O  — n o
•  • ♦ * •  • « * « ♦ •  • ' • « •  • • « •  • • • •  • • • • • •  • * • • • * » •  • 4 •

0 0 0  0 O O 0  0 O O O O 0 0 O O 0 0 O O O O O O 0 0 0  0 O O  V. ^ 0 0  a O O O O 0  n

44 «4 44 44 NN 44-4 *4 -4 m* ** 44-4 *4 -4 N N -4 *4 —4 41 OO •4 *4 ' NN - N mm mm 0 0 NN NN . -*OO OO O O O O O O O O OO OO O O O O OO OO OO 0 0 OO 0 0 0 0 OO O O 0  O
cp O O OO OO CO DO OO OO O O OO O O OO DC oc QO 0 0 0 0 OO 30 OOov> N N O <0 O* in — ON mo r> n *0 0 W) 0 in n in 0 OO An inN NN m * — N (0 * nm4* 44 O O N O N O on m n -4* n n OO in n tn n Hin N < 0 0 0 0 0  n m n 0* N N in 0  0NN *4 44 *4 «4 44 44 *4 -4 mm mm N — NN N N m* -4 -4 N * - 4 - 4 nn 0  - n n n m ON —4 ̂4 « m4 • « « • * • • • • « • « • • * • • « « • • • • ■ • * • • • * • « • • • « • »
OO OO O O O O 0  0 OO OO 0 0 OO 0  0 OO 0  0 OO 0  0 0  0 0 0 0  0 OO 0 0 0 0M 11 I I  I t

** ■& * on m 0 mm * * 'no n m * n n m mn mm ** nn n m <f’i -vm # nn
0 0 O O 0 0 0 0 0 0 OO 0  0 0 0 0 0 0 0 0  0 0 0 0 0 0  0 OO 0 0 0 0 0 0 0 0 0  0
oo OO 0  0 a 0 oo OO CO CO CO 0  0 0  a O Q OC a 0 DC 0  0 0  0 CO oo OQmo O * m cr* 0 0 ON N<r * m nin Nin on — CD m 0 — in - 0 0* n 0 0 n n -4 O 0  0 0  Ono * O N - 4 0  N - 4 0 O N 0 0 - 4 m O' * win N O 0  0 m n O N 0 - 0 - 4 - * mN co m m 0AN N  — -* w N — *0 N*4 «40» - 0 N - 4 nin -O O' * sON * N — -4 Nn * — 0 - 4 N ̂ n-• • * « • • • * • * • • • * « » ■ * • • * • • * • • • • • • • • * » • » • * « *OO OO 0  0 0  0 OO OO 0 0 0 0 O O 0 0 O O 0 0 0 0 O O OO 0  0 0 0 0 0 0 0 0 0

iT nn n< 0  0 — — — — n n nn n * 0 0 -4 -4 Nn nn n * 0 0 N N Nn n n 0  0 N N n h
a 0 0 0  0 0  0 0  0 0 0 0  0 0 0 oo O O OO 0  0 0  0 0 0 0 0 OO 0 0 0 0 0  0 OO 0 0a< 1 1 

0 0
1 1 OO 0  0 i t

0  0 1 1 
0 0

t 1
0 0

t 1 
0 0

1 i>. OQ OO I I QO t t 
0 0

1 1 
0  0 1 1QO 0 0

1 1 O O 1 1 
0 0

1 t 
0  0 CO 1 1 O O 1 t COCmm 0  <o 0  c m o 0*4 ino -4 * * 0 m r* OO N O ON O O * N in n O N * 0 <■ 0 o n ou>3 — <T O o n V N k  n inn Nin 0 - 4 -4 * n 0 C O O — Nui ■4 N O 0 0 in * 0  0 * 0  n nna *t N~ in m <** mm mm N N n 44 NO r**N m * - m 0-4 h n too ON — n in — r*c* N N — tv< m « • *. • • • • • • « * • • « ♦ • • • 4 • • • * ♦ * • « • ■ • 4 « « • • • • • •

< OO 0  0 0 0 0 0 OO 0  0 0 0 OO 0 0 O O 0  0 0 0 0 0 OO OO OO 0 0 0  0 0 0 0 0

00 0 0 N N -4 m*
00 0 0 O  O O O
00 Q Q O  O O ON  O N O Qs 0 -4 -4
n o O - O — 0 <N  -4 —  -4 N n i n m
• • •  « •  • « «
00
1 t

O  O 00 0 0
1 l

o o
o o  otn r-m 
N  N

o o 0  0 OO NN — — -4 0 0 0 0 0 NN —— wO 0 0 NN — — -40
0 0 0 0 OO OO O O 0  0 0 0 0 0 OO 0  0 0 0 0 0 OO 0 0 OO

Q O 0 0 OO O O OO 0 0 OQ 0 0 QO QO a 0 DO OO OQ OO
t no 0  0 *  -4 m os n  in 0  m O N N * *  m CO m 0 O O NO (OO -UJ
UI N N V N in N * m n -4 « n<\j NO N O N  N m * N — n o n * ON
i n n A N, N ~ *  * N N — m m »*> *  N m 0 a n — O h»n 0 0 *  N -40
• • • •' • • • n • • « • • • • • •  * • • * • 4 • • • « • 9 •

0 0 O O 0 0 0  v 0 0 0 0 0  0 O O 0 0 0  0 0  0 0 0 0  0 O O O  O
t 1 I I

N N N N N N N N N N N N N N N N N  N N N N N N N N N n n N  N N N N N N N N N N Nss NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN— —4 mm mm — - 4 — -4 — — — - 4 — — -4 mrn — — - 4 — • 4 44 wm mrn 44 ̂ — — — — — — ■4 —
n -

z 1 1 I 1 1 1 1 1 f  t I 1 1 1 I  1 1 1 1 I 1 1 1 1 ) 1 1 1 i  1 1 t ■ 1 1 1 ( 1 1 1
0 n

N N N N N  N N N N N N N N N N N N  N N  N N  N N  N N N N  N N N N N N N N N N N N N
w S\ NN N V NN NN n n X N NN *vN NN N N NN NN NN NN NN N N NN NN NN

-  n — n — n —  n - 4 m — n - 4 n — n — n — n — n ~ n • 4 n — n — n — n — n — n - n - n
in
z
<
11
N X * in 0 — N n * m — N m * m N m * in n * in

* * - ** —

z to 0 0* O 0 * O' 0 O 0 0 0 N N N
—

90Z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



t

in  _  
•_

IS <
J
V

CM Z  

& ?
Voi
'JlM W
ru v
tr T

uc 
X z
H- <

a  o  
ot r  
u. *  <* *o
tn i  
ui*— o
i-
— auz  «-»<
IT
<  VI 
i u .  ^ h- a <
Q̂ QJ

Z l t
o o

z
©«-• 
T  H-< < ax

z a  <a  a 
•* <©
z o  
H- z
O O  
Z  J  UD 
x u  
*-uto

Ul a r  
ot- 
h»
<>
j®_i— c
UUJ
V»H
o«c

a:
-•U J
to z  
j-  ui 
z  ©
UJ
IWu z
- I O

H X U  * 
- 2 Z  
d  J O  
H U . -
< K 
Z U J <

>  Xu « ~  
«r *  x-  o 
om 
< o a  
tr  a a

n. <

< ou
UUi —

z
k - <  UJ
U_t —I UJ
crocnv?11! JQ 
X <  >  
H U T

f ♦oo oo oo

o o  O O  O o

o  o  o<3 o  o

0 3 3 O OO
"*• O N *  <0 +
©<0 ©<* ©N
f> ©  K  K  ©  ©

O O

o o

o o  m ©
£t

o  o

o  o  o  o  o  o

O O  O Q  O O
© &> 4  to

O ©(V 
*  N  N  *

*•<N
o o .  o o<

— — N  tvo o o o
C O  O Q  O  O
N O  n < f  <  N»
w  O  ©  O  N  —
— — N  N  — -•

O O

o o  o o  o o
o  •* ^  ^  ^
*« N —© <* *
— © N  *-

N N  N N  N N
v \  x x  \ s

N N  N N  N NX V  X X  X Xmn **n

£02

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



u
c r o  o t t t t ©  o ©  © © © © © N N tttt tttt t t  t t tttt c  c t t  t t • ft c t t t t t t t t t t t t t t t t t tw. U- o o o  o O O o  o o o o o o o n  •) o n o o o  o 3 0 3  n n 3 3 3 0 0 3 o  n 3 0 o  n

n 'A ▼ 1 -
L ^ d ¥ Q O o o o p p o o 3 2 O Q o o O 0 O Q o o O O 3  3 ’ 3  3 3 3 3 3 3  3 3  3 3 3 0 3a. > *4 V t t t t n N n N ♦  o t t O t t O ^ N t t O 0 5 N  N — N — M ♦  ♦ O * O  ♦ — N O M > n ♦  t t
6 “ - W w t t  N o  o ♦  o t t  t t t t t t O  5* © © o  — n  m © M t t  N O © w  — © N n  n 0 3 O N 0 - 4 t t  N M ME w < N O •-  ^ N  N t t t t ♦  m M M — — © t> © o N N t t t t ♦  * M M 3 * M M •*' n n n M N N N
1 * y • • « « •  • •  » •  « •  • • • •  • •  • ^ •  • •  • « ♦ * • •  « •  • • • •  • » * •  • • •
_ , J _• < — o o r t  O o o O  O o o o  o o o o o o o O O o n o o o  o 3  O <*IO o n n  o 3  3 o o O O
^ Juj w -
i J C o

n  * c
r

(A -« a
n

c  9

t t  u J o o o  o o o o  o o  o ~  o - » o o  o o o o  o — O ' — o o o o  o 3 0 — o — o
J X o  o o o o  o o  o o  o o o o o o o o o O O -> o o o o o O O 0 3 O 3 o  o 3  O O 3 o o

Z 1 r 1 t 1 1 t T
T Jj o o o  o Q Q o  o a  o Q O o o o o O Q-' o o 3  3 3 0 o o 3  3 3 0 3 3 3  3 3  3 3  3 3  3
i) > o 0 - o  ■*> • o o <  t t N  O a n n w o o *» M M N ■n n N t t — —4 7  <f ft M 3  n N  ^ ^  0 O t t 0  -
t t  c o '4- — © t t  n M t t N  < M t t N M M or> 0* N — — n n n  o M O o  ^ N C t t  ^ M t t N  © t t  n

X M * N  t t W * — n — M © — t t - N  t t n © M ♦ — M 0 - 4 t t  ~ n  © n  © 3 N -  n — M O ' - t t  —
UJ Q c « • • • •  • • • • • •  « • • •  t • « •  • • • •  « •  * •  • •  • « • « « 9 9 * • •  ■
X z >- o o o o O O o  o O  O o  o O O o o o o o o o o o o o o o o o o O O o  o o o o o o o
> - < X -
a  o u
o c
u . « >-

< t t s.
•  o

t t  r > ■4 94 N  ^ vm ■* -4 Prt — ■* M M M M tm «4 ■4 ̂ — t— — —4 — —4 M M M M M M —4 B4 «* -4
M)< 44 o  o o o o  o o o o  o o o O O o o o o O O o o o  o o  o o  o O O o o n  o O O o  o o  o

N
< *—» o o Q O o o o o C O a  o o o o o o o o o C O o c Q O o  a O O O O O O O O Q O o o

— o J n  o n  o t t  o O  O' ♦  M n ♦  t t <  N N N D © ♦  o *  O ♦  © o t > O' t t O M © N > N t t  *
J  z w cr- o  — c y n o o t t  t t w  — © e t t t t M - *  * -  N t t t t o  o ©  N (7* a> . *  M t t  N o  — M n t t  t t n  n
— < a n  r> n n w n M M M M — O t t t t t t t t  t t n  n M Ms' © © -4 M4 -4 © Q t t  tt t t  u)Q.' i * • • t » • •  « • « •  • • • •  * * * » * • • •  • •  « * ♦ •  • • • 9 9 9 9 • ■ • •
<  t t • z o o o  o o o O  o o  o o o o  o o o O O O O o o o  o o o O O o o o o o  o o o O O o o
uj uJ u 1 I 1 1 1 1 1 1 I 1 1 t 1 1 1 t t 1 I I 1 1 1 1 1 t 1 1 1 1 1 1 1 1 t 1 I 1 t 1
c n - • z
t t  < '
a  q s~ /
z u .f—1 ——O ©

/ *
ft- z /
M i’
t t  — (
T  »— ■ft ♦ t t  <f t t  ♦ t t  * t t  ♦ t t  ♦ t t  < © 0 ‘ft t t ■fttt *  -ft *  t t *  * ♦  * O 0 t t t t <t t t *  * *  * ♦  ♦
< < O O o o o o o  o o  o o  o O O o o o o o o o o o o o o O O a  o o o o o o o o  o o o

ft- — i
u o  o o o o o o o o  o D O o o o o o o o  o o o o o O Q 3 0 O Q O O O Q O Q Q O Q O

X o t t © O N ttO» O' o - « o © O' © ♦ n  — © o © ♦ 3 -4 (V © N O W O t t  o N O o  O' t t  3 C* -4 t t ©
g a t t O N o  -» — o © ♦ — n t t  ♦ w o © M t t © © o o o 7* n © M — 3 -4 -4 t t * M N n n N  3
z  a O' O t t ® ♦  t t N  < w n ~  M -4 — w n *  t t - n ^  - t t  - t t N N  t t ^  -4 M t t 0 - 4 t t © n  t t N n
<  a z * * » * t •  • •  * « • •  • •  ■ * • •  fe » * « • » « • • « • * • • • « • • » 9 • * •

a o < o o o o o o o o o  o O O o o o o o o o o o o o  o O O O O o  o o o o o O O o  o o o
♦ *< k—
t t N .
I E <
ft-X X
t t o k*
Z  J X '
IUO o
C O a n  * ♦  ♦ ♦  ♦ <  < ♦  t t o  -> -4 -« M - MM n  w n  w n  m o  "1 -4 mrn M-4 MM M M n  m
» - u a o o o o o o o  o o  o o  o o o o o o o o o O O o o o  o o  o o o o o O O O O O O o  o
t t a 1 1 t i 1 1 I 1 1 t 1 1 1 1 1 1 1 1 1 1 t 1 i i 1 1 1 1 1 1 1 1 1 t 1 1

u < o o o o o o o o O O c  o o o o o o  o O Q o o o o O O o  o o o c  o o o C O Q O o o
c x o * n  « M O * N n  © o  o © t t n w n  o n  © n  t> M t t — M ft- o t t O © -4 -4 M t t t t n o M M
Oft- o — t t  n t t  o t t  o N  ♦ ♦  -* t t * O t t - « o t t  * N  © t t © Cv © -4 -4 <  7 t t * -k ® M * — © t t
ft- t r N  t t M t t  M ♦ n  — N © © — M t t *  — -4 t t © Q 4M n  -4 O' — w  r« t t - M N — n t t  M
<  > < •  • » • •  • • • •  • * • • * • • •  • » • •  • •  • •  * • « • • • • 9 9 • • • ’ « • 9
J l p < o o O O o  o O O o  o *-» o o o o o O o o o O O O O o  o o  o o o o  o O O O O o o o  o
J O
— a X
u  u <
t t f t - a
o < 1

x t t
• *tD UJ
t t z H o - « M — «* -4 — M — — MM — «■ -4 o o o o o  o o  o M M -4 w -4 -4 —4 v4 o o O o
ft-Ui < o o o o o o O O o  o o  o o o o o O O o o o o o o O O o  o o o o o O O O O o o o  o
2  0 cu 1 1 1 r t 1 1 r i 1 1 1 1
u o o O Q o o Q O Q O Q O o o o o o o o o o  o o o o  o o  o O Q o c o o o o Q O a n
X t t n  « N N mo* N © t t © n  « -« *e O N o  — *  ^ M M Lft Cft n © n  o © t t o  — *  O O t t N
u z o n O t t N D © V M t t t t < N r j w ♦  o t t t t t t O O  N N  W o* o t t t t cj» r- O' * © * tv t t 3  —
J O x  n N N t t  M t t  — < n n  — n  t*j n < 04 *4 N  O t t © n  tn w * *  * * tt -4 M -4 — N O t t  N
UJ n • m * ♦ •  • * • •  « • ♦ •  • • • * • « • • • •  • • • « • • • * • • • •  « •  9 •  •

H o  o o o o  o O O o o o o o o o o o o O O o o o o o o o o o o o o o  o o o o  o © o
X U  • 1 1 J J i 1 1 1 1 I I 1 1 1 1 I 1 |
- 2 2
C D U
ft- tL ~
<  ft-
X U . < m m WM M M M M M M M M M M M M M M M M M M M M W M M M M M m m N N M M M M M M

> i s s S S S S s s S S S S S S S S S S S S S S S S S S S S S S s s s s S S S S S S
j < ~ —  n «  r j —  n —  n ** TO —  n mf) f-. n —  n - « n —  n —  n -« n -»r» — n — n — n —4 n n n
< * X
~  C
o x c<oa
t r c a

I L <j
< Q U  

— ft- 2
V- *  U1
U; Jlu» 
QTDQoua
UJ J O
x < n  
ft- u  X

wz
<
cr

I ) i I i t i i i i 11
N  N  NCM N N  M M  N N  M (V N  N ^ . ( V  N N  N N  M M  M W  M M  M M  MW M M  WM M M  M M  M M
V S  S S  s s  s s  S S  S S  S * ^ 3 p s S  s s  S S  S S  S S  S S  S S  s s  s s  s s  s s  s s  s s

60Z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Q_ — <S >
e -r
' 2 <NtU

<tt”  2

" s s
ttU
ux— W
X
u v  <n r
w o  
1 Z  v- <
CO
o «IL <
• U10 IlJ<

- oN— Q 
J Z
M 4
0J< tt UJ tu O h
s  < 
a  a

2 fe 
w z-n  .
t t  w

< < exh>X
z a< Q.CL••«to
X CD *-x
O  Q 
Z J  W3 C O  
n u  tt

h i  X X Q N  w
<  V
J O
J
— a
U lL Tto )-
o <

a:• •UJ
coz
n  UJ ZU UJ
X t t  UJ 2
s i2

KX U  • 
- Z 2 C O O  
J U . —

ZUi<

^2 5< * X 
*« o
a x t r  
< o a  
a: a aIL <j< Q U  
U U j  —— H 2
» -  <  UJ U J U  ££30
o u a
tu_iSx<>-
l-U I

0 0 0 0 <0© 0  4 t t  t t tttt t t t t t t t t 0 © t t t r t t t t t t t t t t ' f t tn tn
© 0 0  0 O © O n 0  © ©  © . n o O © © O n  0 0 © O t t t t  0 o © o ©

Q * o O O o n O O 2  0 0  n 0  0 0  0 O O O O O O 0  0 O O O Q
• M — 0 0 ♦  © n  0 — tn K  O 0  n N  N K K *  0 t t  tw N  N N 3 <  ® N N
in ©  * *  — — N N n N N © ♦ © 0 S  N — n 0  t t *  ■» n * — * — ‘p

< w 44 — © - 44 44 mm mm ©  O n < r ♦  t t t t t t t t © t t t t - © s n n * • *
T « • • • « ♦ •  • • • •  • • » • • •  • • ♦ •  • • • •  • •  • • •
-4
X < ~ 0 0 0 © © © O O © © O © 0 © © © o n O © © © t t  t t © 0 ©  0 t t ©

o
a
a
a
4

u — — 0 0 O O O © — O mm mm 0 © ©  O 0 © © - ' 0  © mm — 0  — — N
— 0  0 0 0 O © O O O O © © © 0 O O 0 0 © O OO © 0 O Q ©  0 O O
z 1
u O Q 0  0 Q O O O n  0 O O 0  O O O O O O O O O 0  0 n  0 O Q O O
o t t © N  — O' N O N © — 0  — *  K *  * o n O' n 0  * t t  > '  0 O t t V  0«n N  N N — 1 0 * -  < <  N n n n 0 0  — n ® © 0 N  tt © < © O IPO
X ** n o N O - n — N © — n s N  t t — N - N *  — N * *  © *  — ♦
o •  • •  • 9 • • • • • « • •  • •  • •  • • ♦ •  • • • • ■ • • • •
V O O O O 0 0 © O u  0 0  © O O ©  O 0 © 0 © 0 0 O O 0  0 O © 0  u

• I

u
h4
w • '  •'
10

> n  n N N N N — mm — — n n N N N  N N N n n N N n n n n N  N n  n
— 0  0 O O O O © © 0 © 0  0 O O O O © © 0 © O © © 0 ©c- ©  O 0  0
►-
< O O O O Q O O O 0 0 0  0 O O O O 0 0 0 0 O O o c 0 0 O C 0 0
J O N n  n n  n 0  © t t * t t  © t t  •* t t  Q K  * t t  * n © K  * — N O N
U g; O O O'© N N t t  N N  © n n — N n  * O © «  * m * © © t t  t t to O — ©
X •4 — -  N 44 44 O O N  S ^  -* N N — — mrn mm — — n  n «■ mm mrn n  n N N
1 •  * * • • • •  • • • •  • •  • • • •  * • » • * • • • • •  • •. •
z O O 0  0 © 0 O O O O 0  0 © O 0 © 0 0 © O O © 0 © o © O O O O
J 1 t 1 1 t 1 t 1 I I 1 1 1 t 1 1 1 1 t 1 l f j  1 1 1 1 t t 1
z

t o o <  ^ «ntt <t <t f t  <t * t t  t t t t © <f‘-i t t  t t *  * t t  t t
O O 0 0 0 © © O © © © o © © 0  0 0 0 O O 0 0 0 0 O O 0 0 O O

T O O 0 0 0 0 O O O Q 0 0 O O Q O 0 0 Q O O C 0 0 O O 0 0 a  0og n o t t  N - n n  ♦ © t> o n t t  N n  < n  n o n 0 0 n o O N t t  0 t t  a
V) *  — - . 1c ^ N — 0 0  n © N N  N n  0* 0  — 0 0 t t  © > © N  t t — t t © 0

0 0 —• mm tn © n  tn N  n n  n ©  O' n * N n N N — — O' — mm mm ©  0* 44 44
z •  • • • •  • « • •  • • • •  * •  » • • * * •  • • • • » •  • • 1
u —* 0 0 O O 0 0 0  0 0 © 0 0 O O 0  © 0  0 0 0 0  0 0 0 © O 0 © 0  ©

<
H
<
X
M
X }
D
a 44 -4 mrn mm N - N N N N mm mm — O N  — N  — — ^ 0  0 —* wM ^  -4 © 0 44 ^
a O O O O © O O © O © O O ©  O O O 0  0 0 0 0  0 O O O O 0  0 O O
a t I 1 1 - 1 I 1 1 1 1 t < 1 t 1
< O O O O O O O O O O O O O O O O 0 0 0 0 0 0 O O 0 0 0 0 O O

S' © *  n t t © t t  P* ©  — n  tn t t  © n t n © t t 0 0 n  * ©P^ N t t ©  © N t t
Q O — m © t t  N 0  n t t  O N  f t ©  0 *  Is- N © o N  t t — at mm n  © N n
a «*• - c v n o 1 fw N N  © — <f — N *  — C* N n  — - N — N *  © — N — N -4 N
< • » •  » • • * 4 • * • « •  • •  • •  • • • • • • • « » • ■ •  •
< 0 0 © 0 © O O O © O O © © © O © 0 © © O O O © © O O 0 © © 0
o
X<
o

to
UJ
n N N ■4 H — — — — — — N N -  N — •• ■>« mm N N N  N — «4 N N N N n n
< O © O O O O © O © © © O O O ©  O 0 0 O © O O © © 0  0 O O © 0
CD

O O O O O O O O O O O O O O O O Q O O O O O O O 0 0 O O Q O
—7 O © Ift © O N N  — N O t t © *  N ©  © <t — © © © 0 © N tt * t t t t © O

• N O n» r- C N U) O o n O © ^  0 t t  n O t t N ® © N N  ui O r) O O O O
t r O O © K N n mm mm — mm © N © _ n  * N N N © _4 mm © © © © N N 44

• « • • • • • • • • • • • « • • • • • • * » • • • « • 4 « *
O O O O 

t 1
0 0 0 0

1 t
0 0 O O O O

t 1
© 0 o ©

t t
© O 0 0

1 t
O O O O 0 0

1 1
O ©  •

N N N N N  N N  N N N N N N N N  N N N N N N N N N N N N N N N
S V s s S S S S S S S S s s S S s s S S s s S S s s S S S S
— r> — n — n - m — n - n — n — n — n — n - n — n - n 4 f J — n

n
z  | 1 t I 1 1 t 1 1 1 1 1 t 1 ( t 1 1 t 1 t t t 1 1 1 1 1 1 1 t
u  ->
44 N N N N N N N  N n n N N N N N N N N n n N N N N N N N N N N
w S S s s s  s s  s s  s s s S S S  S S S s  s S  S S S s s S S S  S
44 44 — 44 — mm M mm mm mm mm ^  w mrn mm mm mm mm mrn mm mm ~4 44 mm -4
UJ
Z
<
LL
N X N n t t N n * t t n * t t * t t t t

*— mm

z N N N N n n n * < t t

013

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



r
/

0
NO'P urn to ©tn© ►» © ►» N ©K K© S N© K NO© © © © ®©<r NO»* © 4 © © 4 ©

w OOO 0 0 0 0  © ̂ 3 0 0 OOO OOO OOO 3 0  0 3 0 0 0  0 3 3  3  0 3 0 3 3 3 ® 0 0 3
. A z_ _• 3 0 0 0 3 0 0 0 o p o 3 3 0 0 3 0 0 0 3 0 0 3 OOO 3 3 3 3 3 3 ^ 3 3 3 3 3 3 3 3 3 0 3

- » * — 6 ©©© ifiON © ^ 4 ® ® ® ® © — O 4 N 3  ©K 0  — 6 *»N © > 4N ® N © © 4 — - 0 3 © © 3
L _ V) o 6 < k  © n NO© N n  — ©>© K. *. ® © © 3 3 ^  — OO© 3 0® — 3 © © — 3 NN 4 — NO

EX ^  
E <

<
7

«— — — o- n ® — 4 © 4 — — — — — — * — — — — — _ m*m*m+ — — 3 NON — — — — O © © © © 4 ' *

J mrn c 0  0  0 0  0  0 OOO OOO 0 0 0 OOO OOO OOO O O 3 OOO OOO 0  3 0 0  3 3 3  O O
1 U‘ X

r »
0
or

J z a
0,

:  Z <

01 J u — N — m4’m NmN NNN NN N NNN N 3  N NON NON — N — NON ©©© N 3  N 3 3 3
J X — 0 0 0 0 0 0 0 0 0 O OO OOO OOO OOO OOO O O O OOO OOO 0  3 0 OOO 0 3 3
— i- z J 1 1 1 \ 1 1 J I J 1 1 1 1 1 1 T 1 1 1 I 1 I 1 1 t I t 1 1
X UJ 0 3 0 0 0 0 3 0 3 0  0 3 0 3 0 0 3 3 3 3 0 3 0 3 0 3 0 0 3 3 3 3 3 3 3 3 3 3 3 3 3  3
•:l V —> — ®'f> 4 0 © ©O — ■n Nn •on® o o \ ® N 3 K. * NO 4 •MON • 0 - 3 ® — 3 *n <*> — O —
'fi T O — tr*® * © © o OCN ^  o « © — © < —© © <© ® N © — N — N 4 © *  0  N N© n "N— 4 — N N

X **“ — r\j — mm mm rnm N 4 N 4  —© © — © © —© < 0 © O N * O © O N 4 N n © n 0 4® — N — K. —K
UJ c O » ♦ • 4 4 4 • • -• • • • ♦ • • • • • • 4 • • ♦ 4 • • 4 • 44 • • 4 4 4 4 • 4 4 • 44
X z >- 0 0 0 0 0 0 OOO 0 0 0 0 0 0 0 0 0 OOO OOO OOO OOO 0 0 0 OOC 0 0 0 OOO
»- < X

ff 0 V
o a —
t  < *-

< * ©
— --

©X > — — — © — — O O O 0  0 0 0 0 0 0 0 0 OOO OOO OOO — — — 0 0 0 N -  — 0 0 0 OOO
UJ< mm OOO 0 0 0 OOO 0  0 © 0 0 0 0 0 0 OOO OOO OOO OOO 3  0 0 0 0 3 0 0 0 COO
— c 1 i  *
H < OOO 0 0 0 OOO OOO 0 0 0 0 0 0 0*0 0 OOO OOO OOO 3 0 0 OOO OQQ o o o
- O J m ® O 0 — 0 4  ® m 4  ©tn N 4 ® o © n 3 © © O —N ®® O © N4 ON© © — © ® N — © © ©
J Z UJ 4  m< (VO® O1 f\l — r* o® — N — < <■< ^  ^  O f" n  0 © © © N © ® NO 4 m o - — ® 0
— < a -  © CO m *  * © © © © © © ©©© ©©© 4 < < 4 4 4 NNN ® N N N © **> 4 3 * n  n n
a; • * • • «a t » » * • • ♦ 4 f a ♦ 4 • 4 • • 4 4 4 • • 4 « * • 4 4 4 4 4 4 4 4 ft 4 4
< V) Z 0 0 0 OOO 0 0 0 0 0 0 OOO OOO 0 0 0 OOO 0 0 0 OOO OOO OOO 0 0 0 0 0 0
UJ J u 1 I * 1 I 1 1 1 J 1 t 1 t 1 t t J t
o>- z
tt <
a ®

Z L
3  O

1- Z
— 0
"t H

^tn 0 ©O 3 © 4 © © 4© •n n 4 < 3 «f 3  * *  NO ONO ©O 0 1 f l f l •0 © 0 6 4© © ‘0-0
< < 0 0 0 OOO 0  0  0 OOO 0 0 0 OOO 0 0 0 OOO OOO OOO OOO o o c OOO 0 0 0
x  z —
t- — 1 0 0 0 OOO OOP OOO 0 0 0 OOO 0 0 0 OOO OOO OOO OOO o o o OOO OOO

X 0
® N© — — N® O 4 © N<fN n  — n 3 3 0 <■ *  © ©NO NON 4 0 0 — © N NON N ® 0 © 3 0

3 3 in — MO 4 9*® n © © N C*0 - s m © n  ® ©©© © 4 © N O - C* ® 4 ffl O N 4  — — — © > ©ON
Zt t h (MD N — — k  © © N —N -  s ® © 3 3 N —— — NO ® O© ©©© NNN rnm mrn mm NO© — N —
< a z • « • • • • • 1 « 1 » 1 • • • • « • • * * ■ * • 4 4 * 4 • • 4 a 4 4» 4 4 4 4 * 4

Q. 0 0 0 0 0 0 0 0  0  0 OOO 0 0 0 OOO OOO OOO OOO OOO OOO OOO OOO OOO

VIX®
>- x
00
Z Juo 
tr o u
tn

u 
ar x
C K  
H <> JO
J
- o
U l u  © I-
o<■V
♦•UJ
© Z  
> - UJzuUJ
X < /7  
UJZ 
-JO 
UJ —

H
x u  • - z z  aoo
l— U. —< J-
1  U J <  

>1
J « “
< *  X-  ODXCt <00. 
e r a :  a  

il  *j< 0 0
U U J  —— z
W < U J
WJC?EDO
ou tr
UJ J OX<>wur

-  <
< x
Xo cr 
a 
a 
<

Qcr << o
X  <0
1V?
u;
< m

— N — N n n FT) 4 3 ro 4 n 4  © 4 4 ©4 © ©© ©©© © ©in — N — NNN IMl'l N
OOO 0 0 0 OOO 0 0 0

t t i
OOO 0 0 0

1 1
0 0 0
1 1

OOO 0 0 0
• 1

0 0 0
1 t O O O 

111
0 0 0
1 1

OOO OOO
1 J 
q q o

1 ) 
CCO

1 I 
CCO

1 1
o c o CCO

1 1 
OOC

I f 1
OOO COC

i l *
oce

1 1 
O CC

1 1 
OCO

1 1 
OOO OOO COO

0 0 m 4 ©O NO© — rt — © 0* — © N n 0 0 4 — ON ©4 — ©N© N © 0* n n ® © © O N 4 ©
©in© 4 N© -  NN 0 4 0 0 -  ® N —© © 4 © © 4 © © —0 m 4 4 Nm© © © 0 — f m ©N N
— N — — N - rO 4 N — — — n © n — N — «0*N 4  4-n NN N ©c© ® — © N 4 N — N — Ntnn
» • • • 4 4 4 ft 4 ♦ * ft ft 4 4 4 4ft • • 4 ft ft ^ 4 4 « 4 4 ft • a • • • • 4 4ft • ft ft
000 OOO OOO OOO O O O OOO OOO 0 0 0 OOO 0 0 0 000 OOO 000 00 0

— —— OOO 0 0 0 — — — — —— — —— — —— — —— — N — — —— — —— OOO 0 0 0 OOO
0 0 0 OOO 0 0 0 0  0 0

■ 1 ♦
OOO OOO

l i t
OOO
■ ■ 1

OOO 0 0 0
1 1 1

0 0 0 0 0 0 OOO 0 0 0 OOO

OQQ OOO OOO
1 ■ i

0 0 0 OOC
1 1 J 
OOO

1 1 1 
OOO OOO

1 * ♦ 
COO OOO o o o OOO 0 0 0 Q OQ

NO© © 4 N 4  4 n N 4  © — © 0 © -  © 4 N - O' N — © —N -  —N N © O' © —n © © © N 4 ©
4 NN © —ri ui n  4 n o © -  - © n  © 0 DNO © - 4 N —O — iO fft N —— r» — n 0 4  N y l \ ) u
mm mm wm n n n — — — ©NN © 4  4 n  n n N - N — —— — Si 4  n n — — — © © © 4 4 4 © © ©
ft * ft • • • ♦ • • • 4 • 4 • 4 • 4 a ft 4 4 • • • ft • • • • • 4 a • ft ft ft • « • 4 ft 4

OOO 0 0 0 0 0 0 OOO OOO OOO OOO OOO 0 0 0 0 0 0 OOO 0 0 0 OOO O OO
( 1 1 l i t  t i l

N N N N N N N N N n  N n N N N N N N N N N N N N N N N N N N N N N N N N n n n N N N
S \ S \ \ \ NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN
— n n — n n — mm — mm - n n - n n — n n — n n — n  n — n n — n n — n  n — n n — n n

n
z 1 I 1 I t 1 t 1 1 t 1 1 1 1 1 1 1 1 t 1 1 1 t 1 1 1 t 1 1 1
0

n n n n n n N N N N N N N N N N N N N N N n n n N N N N N N N N N N N N N N N N N N
h \ \ s s \ \ N N N NNN NNN N N N NNN N N N NNN N N N N N N NNN N N N NNN

n n © n n © n n © n  n© n n © n n © n n © n n  © n n © n n © n  n© n  n  © m m © n n ©
©
z
<
I X
H 7 N c 0 * 0 — N m 4 © CD O ' 0 — N

* *
“

z © © © © © © © © © © © © © ©

LIZ

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3/
2 

- 
1/

2 
-0

.6
7
SD 

00
 

0
.3

4
W

-0
2 

0
.2

6
7
D 

Ou 
-C

.2
4

3
D 

00
 

O.
A5

J3
-OJ

 
0
.3

A7
0 

0
5

3/
2 

- 
3/

2 
-0

.6
QAD
 

00
 

0
.7

3
9

0
-0

3
 

0
.2

0
4

0
 

35 
-0

.2
1

9
0
 

00
 

C.
7

4
0

0
-0

4
 

J.
20

40
 

0
4

5/
2 

- 
3/

2 
-0

.6
0

2
0
 

00
 

0
.4

2
6

0
-0

2
 

0
.2

4
3
D 

06
 

-0
.2

2
8

0
 

00
 

0
.4

7
5

0
-0

3
 

0.
2 

70
0 

OS



oo
Nn in*o 
©n ooo

on ooo
N nj ooD 
n o  n  in «-

o o Ooooo oo oo

**)N
OO

♦ n
oo

inn
oo 0.0

oo

o o — -« o o o
o o o o o

oo oo 
o oooo

oo
new

<* <

ooo o oo oooo o o oo

<t if» <n
o o ooo

OQ oo

oooo oo

< rl
oo oo oo

oooo 
o o 
oo

oo oo

oo
oo

oo
oo

o
oo

oo

oo

N N N  N N N  
SN \  SSS 

n n

N N  N N N  
SS s s s  
nn  — nn

n n n  n n n  
s v s  s s s  
n^in n n m

N N  N N N
ss  s s s  
'Oin n nin

N N  N N N
SS s s s
nin nninm

2 1 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



u
©♦m m #m m*m *m * *m * in ♦ m < ♦ m ♦ ♦ m ♦ ♦ m ♦ ♦ m<r * m * ♦ m* ♦ m ♦

w •— ooo o o © o o o o o o ooo ooo o mo o o ̂ oo o o o o OOO moo ooo oo o oom
z I

•i — d ODD ODD 303 ODD ODD 333 23^ ODD ODD ODD ODD 333 ODD 333
X  > i/1 < m© NlflN — m*n ON* N *00 n otn mN — mmm ©*M*n nm in ♦ NN n  m — — — ♦ — O —

— w *  ©# — m n rntuN N NO — — o — ̂  — moc ♦ o^ ♦ NOi m© n n  rttn — m —

8-5
<
X I? N N — — —— mmm — — — ON<Q — —— o o o m in ♦ m ♦m <001/1 m mm — N — m ♦ m — — —

i J < O OP OOO OOO ooo o o o OOO o oo o o o ooo o o o ooo ooo ooo o o o o mo
UJ X

-» 1 O
C> I a
« I a -

C f 5

.0 -j u -  N — — N — 04 N N N *ftN m* m - N - - N - NNN n m n — N - — N— NN — — N — -  N — — N —
mi I — - OOO ooo OOO o o o o o o ooo O oo OOO o o o o OO OOO OOO OOO O 30 ' OOO
— k- z 1 1 1" N* * 1 1 1 1 J 1 J 1 ) 1 J \ i i 1 t 1 I 1 1 1 1 ! 1 1 1 1
D UJ ODD ODD 0 0 3 ODD 0 0 3 ooo 330 ODD ODD 003 ODD ODD 3D3 3 3 3 D OD
U V 1,3 ©n © N — - oNm OH * ♦ mo s nm m n ♦ ♦ ♦ >0 •CNN 0 > ® — n n n n o ♦ N ♦
tr 3 NO1- IPOC ^  — © P> tft — c o — ♦ ♦ m s in- cm * n n © in® in r> m CO* — N —K ® ♦ r>

c \<J * — n — m —m — ION mm < ns< -  m n « — c mom mN « — mN <> — — mc< N ♦ N m © ♦
UJ o o « « • • • * * ♦ • • • « • « • • • • ft ft ft • • • ♦ • • • • ♦ ft ft ft • » » • • « • • •
xz > ooo o o o o o o oo o o o o o o o ooo ooo OOO ooo o o o oo o ooo OOO OOO
H < r

cr c - u
c c —
lL * N

•< W
• ‘.3
'J* 7 > «* — — — — — — — — — — o o o — — — — — — — — — — — — NN N — — — — — — NNN — — — NNN
UJ < OoO o o o o o o o o o OOO o o o ooo o o o o o o OOO ooo ooo OOO o o o o o o
•-c H
k- < oo o ooo ooo o o o o o o c o o ooo COO' o o o OOO ooo ooo ooo oo o OOO
- c U — CON© n o — ONin C'flsO — mm oms ooo m n o ♦ NO m® n m on N NO N-O co m n O © ♦
_l 7 UJ QO ♦ ©1© OS<0 o o o oo o N — + ♦ o m O V O ooo NON — — — N NN © N® m* ♦ m®© © © ©
— < cr NNN i«nn NNN — m* —» 4  *  ♦ OOIT1 m *  in NWN — — — — — — OO© mmm *4 ̂  P# NNN — — —
tu i * I • • » • « • • • • * • • * • • ♦ . ft ft ft • • • • * • * • * • • • ft ft ft ft ft ft • * •
A m z ooo o oo OOO oo o OOO o o o OOO' ooo OOO ooo o o o ooo ooo o o o OOO
XI _ u
Oh z
U <
a c

zu.
i ' n ”— ■* **1 11

h Z
— C
*3 —

TKf © •13 ♦ trt tn #'ft ■ft +  'ft m t̂in •ft < n ■n ♦ in *n ♦■3 n in *  m •n ♦ >n m m * mm ♦
<< ooo ooo o o o o o o o o o o o o OOO OOO o o o ooo ooo ooo o o o o o o o o o
a t 1k- — O OOO ooo ooo o o o QOO o o o OOO ooo b o o ooo ODD ooo ooo o o o OOO

X « ©©N NN- •mom ONO 0 * 0 OKN NN« ♦ ® * in m m m 0 4 ♦ Nm © *  & © N —
DC (A ©cs o* in *n o s  m < N —♦ on om- n in* N — O ©N —©♦ n - on ©<m om o ON©
ZI S *0 sO < ron NNN N ——— — w♦ mr* N NN — — — — — —NNM — — — — —O' — — — — o © — c c
< a z • « • • ' * • • » • • • • • ♦ * • « • ft ft ft ft ft, ft ft ft ft » » • • * * * « « • • • • • • ft ft ft

Q. u < " ooo ooo OOO o o o OOO o o o o o o ooo ooo OOO o o o OOO oo o o o o o o o
•* a —
in H
r e <
m X
uo —
Z -1 X
UD o
IO (X o - o — N — — N — N NN n m N 0 — 0 - N - — N- N NN 0 —0 — N — -N — 0 —0 — — — 0 — 0
*- u a ooo o o o OOO OOO OOO ooo OOO o o o ooo o o o ■OOO ooo ooo o o o oo o
v> a t 1 1 1 t 1 1 I 1 1 1 t I r i I 1 t 1 1 1 1 I 1 1 1 1

UJ < ODD o o o oo o ooo OOO O CO ooo ooo OOO o o o ooo ooo ooo ooo ooo
ax > — n® N © — rgf) — s < PJN OMfl < NO N N — in co mmm m n n — ♦ C” CO — ONO inoN
on o ooo Ninrn N — n N ON mmw* n om — OA mss o m o N*© OOftf omo - —m 0  ©<r ©1*0
H a — N — mmm — N — 0 - 0 mom N n n ♦ N ♦ — N — N —CO N ♦ N in©© — mN minm m — ©mtn^
A V < • • • • • • ■ • • • • ♦ • * • • • • • • • ft ft ft ♦ • * • • « « • • • • • • • • • • •
-JO < ooo OOO o o o o o o o o o ooo ooo ooo oo o OOO O O o ooo ooo o oo o o o

o
— 3 X
UU <
tn>- a
n< i

a m >•
UJ UJ

®Z H N N N — — — — — w4 H»4H — WH p* N NN — — — — — — — — — NNN N —— — — — NNN N NN NNN
K UJ < ooo o o o ooo o o o o o o OOO ooo oo o o o o ooo OOO ooo o»o o o o OOO
20 aj
UJ ODD 030 oo o ooo QOQ OOO o o o ooo OOO o o o ooo ooo OOO o o o oo o
x in __ N'OOJ Nino OKJffl <t <  N — «r N o m m o o o OOO *0 —— oom m in © -©O' 10©O m — n
UJ Z a: N tf>© <j —n ONO IJ* CO OD ^ m m A —N OON — ® & so c in — oo o rg <t mvro o in *o N —— o c in
JC — — — mm in n n n p4Hp4 — — — NNN NSN <mm NNN m N n — OC* in <  in ♦ mn — —— ♦ ♦ ♦
UJ — ft ft ft • • * * * ♦ • • • -* • • • « « • • • ft ft ft ft ft ft ft ft ft • « • • « • « • • • • •

*- ooo o o o o o o oo o o o o ooo oo o o o o ooo o o o o oo o O u ooo o o o OOO
XU* 1 J 1 1 1 J 1 1 t 1 t I 1 I t
— z  z
(130
1—l i -
< H
TUJ< NNN N CUN *VNN WWW NfWN WWW N<VN NN N NNN WWW NNN NNN NNN NNN NNN

>X \ \ \ s s s s s s s s s SSN s s s SSS s s s s s s s s s SSS SSS s s s SSS SSS
_j< — « n n — nn — n n — mm -mm — mm — mm — mm — mm — mm -mm -mm —mm — mm — mm
< » X m
— D Z 1 i i 1 1 1 i I 1 i t i t i i i i i ■ i t r j i 1 1 t i i i \ i i i I ■ t i i i i
oz a o m
< a a N N N N NN n n n NNN N NN NCJN WWW NNN NNN WWW NNN NNN NNN NNN NNN
ar cr o. u \ s s s \ \ s s s s s s s s s SSS s s s SSS s s s s s s SSS s s s s s s s s s s s s

IL < nrtin nnm roforn nmm m mm m m m m mm m mm m m in mmm mmm mm m mmin mmm mmm
mi <n
AOU z
U UJ — <
— HZ a
h < id H X m* N *> < in N m ♦ m m ♦ in ♦ in in
UJ UU — — — — — — — — — — — — — — —
230
oucrtii 1UJ JU
I < > z © O' O' o o O o o - - — N N m
h u x

C1Z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fM

'S
I

<
J 
UJ 

n  2 
Q. I 

CM Z  o. -»
c i

•u
«M I-
“t
‘L* >■
»n ©

UJO 
-x 2
h- <

1  o 
oar 
x *  

< 
• m 

m x
UJ <
— Q 
x
— a 
J 2 
—x
C1J
<in 
x  j  
o* -  
3: *  
a q.'

2 H

-  <
ye

a
a
a

r
»u
*3
O

>-
r

in

>

J
UJ
a
i
z
w
z

NON 5 «C ©NO N N N CCN mem oir»c n mm N. © © n mN mmm ON© N N » m^N non
0  0 0 OOO O ̂ >0 0 n — 000 nob 000 ©00 ©00 *3 © O 0 © ■> © O © 000 00©

000 OOO OOO P ^7 00c 000 O 3 Q 000 000 000 000 OOO 000 OOONNN w in 0 inn w woo mem OWN o*5 ^ — 0 0 m mm m n — mf» n n ©♦ ift m N w we OMO— — N lfl*ON eo© 0 ©0 © ON wm*r 0 e -mm m** w N*n — n m — ©TO ♦ no ON —
m — 0 -nN "i — m m - - me — m w- -© m — — © — — «M — M Mi — — w © -  « — -  0 wmn

• • • • • » • * * * • ♦ • ♦ • • • ♦ * • • • • • « • • • • • • * * • » » • • * * • «
000 OOO non 000 0 0 © 000 000 000 © O rt ©00 © 00 © O O 000 ©00

—  — o
OOO

J
5 0 0  
e m »t
WNN
— OS'
oocp 000

— ©  —
0 0 0

0 0 0
T15N 
— e W

0 —0 
o a  o

i
OOO 
o o m  
- © e  
cm fv* rg 
• • • 

0 0 0

—«c\j —.
0 0 0
1 I t
OOO
— K. K 
K — W
mmm

wmw
0 0 0
1 1 1 
n  0 0
n  m *p 
o o — 
w o ©

m em
0 0 0
1 1 l 
a OO 
> 0 0  
N ^ N
in w — 
« *

0 0 0  0 0 0  0 0 0

WWW
O o o

o o e

r tn " )

0 0 0

0 0 0  0 0 0  0 0 0

JOC 
t  in o 
- - o  
•ON 
• • • 
300 
I I t

o o 
e — 
>0 — 
w n  
« •

0 o
1 I

0 0 0  
in © e 
o n toW  —  
• » •
OOO.
1 I I

OOO
OOO

OOO 
N N W 
© m —
win in
•  •  1

0 0 0
1 t 1

o — —
0 0 0  

1 1
QCO
0 0 * 0
-O M  
— NO 
• • «

p o o  
I I

N»Ol\|
0 0 0
1 1 I 
3 5 Q  
m — in 
e W W 
e — — 
• « « 

0 0 0

0 0 0
0 0 0

QOQ 
e — e 
<(DO 
m — — 
• • • 

OOO

Nm W 
OOO t I I 
OOO 
O'n «• 
m — n

•  «  •
0 0 0

0 0 0
0 0 0

0 0 0
N MW
©me

*  » •
OOO

— n  im 
0 0 0  
t 1 ) 
o o o  
o  0  w 
-© W

•  •  ♦
0 0 0

0 0 0
0 0 0

0 0 0  
w o n  
mwM 
in e e 
» • • 

0 0 0

- n o i
0 0 0t i t 
5 5 5  
+ NO
w - m
— OK. 
♦ * •

0 0 0

0 0 0
0 0 0

c o n
w s n  
OON 
in e e 
* • •

0 0 0

0  — 0  
0 0 0  

i
0 0 0
^ 0 0  
N N nC 
n inin 
.» » •
0 0 0

www
0 0 0

0 0 0
OON 
— o —
(\|N(V 
• • •

0 0 0

-  O —
O O O

COO 
o  o  n
© CM *P 
<\J — W 
» » • 
OOO

WWW
0 0 0

c o o
m© $  
©©©

•  •  *
OOO
1 I I

0 - 0
0 0 0

I
o n o
e —
r- n> n 
^NN 
• » »

OOO

W -  O
000
1 I
OOO

<N«? 
e "i w 
• • •

0 0 0

0 -0
0 0 0

l
0 0 0  
— w e
>n ©

•  •  •
0 0 0

0 0 0  0 0 0  0 0 0

o o o
in o  *  
N W — 
n c  m 
• ♦ •

0 0 0
1 1 i

0 0 0
O* — N 
NON 
— * *
*  *  • .

OOO 
I I

QOO
o m n

r\j m m 
♦  •  »

0 0 0
1 i 1

uo

n Z
— n<n —— N n 3 C ©N © NNN N ^ N n ^ n N -5 N moN 0 3 0 3 .3 3 mm 0 n e 3 k. m k. N 3 N .3 N 3 •3 n 0< < 
X X

OOO OOO OOO OOO 0 0 0 0 0 0 0 0 0 OOO 0 0 0 0 0 0 0 0 0 © 0 0 © 0  © OOO 0  0 0
N — 1

y 0  0  a OOO OOO O CO OQC 0  0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 oo e COO c c o 0 0 0X m © w we 0 0  wm mNN n m N N W 0  me omN Nmn n e —. © om •> w s m n w © w© m-in
O O in own -  e e c* w — woo f> O' © w in m N NO w wn m — e e s* — — N < moo own mow e n er a j — — 0 — w — m—n n — nw — w — © — — m —n eo- m ©me 0  © m — n w — w — me© e om<a z _ • « * ■ • • * • « * • • * • * * • • ■ • • • • • • • • ■ • • » • * • ♦ • * * • • « • » • •

a u < 0 0 0 0 0 0 0 0 0 0 0 0 0  0  0 0 0 0 uOO 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0  0  0
♦*< —
in N
I E <
NX X
OO —
Z —J X
UJO 0
I U a 0 - 0 0  — 0 -  w — — w — — w — — w — w n w w n w wn w wnw 0  — 0 0  — 0 -  w — - © - — w —
NU
in

a
n.

0 0 0 0 0 0 0 0 0
i l l

0 0 0 0  0 0
1 1

0 0 0
t 11

0 0 0
1 1 1

0 0 0
1 j 1

0 0 0i i a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

UJ
u>
< o o o OCO’

I I I
CQO o c a

1 1 1
oo o

1 1 
D OQ

1 1 
OQC

1 1 
0 0 0

1 1
c o o

1 1
OOD OQC COO

1 1 
0  c c

1 1 
C CQ

1 1 
c c oax 0 0  0 oom omn e n — 0  in — e no mtntn e © m on© mno m © 0* -  n  < w — 0 wow e n n

0  ■- 0 © e w in — m 0 0 ® m ©e 0 0 © — wo < ^ 0 — <© n o» m n o' m 0  — 0 m wn Cbifl © O ** we —
H a WWW wn w ® © N n n n -  w- — — — NNN mine ©m — WWW < —n wn w © 0  © e wn WWW
< > < * • * • • • • • • * * # * • • • « • • • • « « • « • • • • • • • • • » * • * * ■ • *
JT < 0 0 0 0 0 0 OOO 0 0 0 0 0 0 0 0 0 OOO 0 0 0 0  © © 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J u
-O X
UUJ <
iftH 0
o<

a in
.*iu UJ
m z N — — — — — — — — — — — — 0 0 0 0 0 0 OOO 0 0 0 O©o 0 0 0 WWW — — — — — — M ̂ 4 ̂ — — —
N UJ
Z 13

<
G)

0  a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 OOO 0 0 0 0  0  0 0 0 0 0  0 0 0 0 0 0 0 0 OOO 0 0 0
UJ OOO oo o 0  0 0 OQC c o o o o o OOO OQC QOO c o o o o o c c  a 0 0 c CCO 0 0 0
sm mm — in m m nmn W © U' w in <fo* nm w mno ©WO in n m 'O'US ©me in o* n © ON osm
UĴ a mmm ©Nm m n n OOO wmm moN e «o m mm© 0  w w *CNS in in in <T W O m © © mms WWW
JO mmm © n n — — — — — — NNN mmm e e e nnm © FJ © WWW — — — mmm WWW — .e — — — —
UJ — « • « * • • ♦ • • • ■ • • # • • • • • • 0 • * • • • • • • ♦ • » • • • • • • • • • •

N 0 0 0 0 0 0 0  0  0 OOO OOO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  © 0 0 0 0 OOO 0 0 0
XU * i 1 1 t 1 t t i l 1 1 1 1- Z 2
a o o
N X —
e n ■ ■ ■ 1
a uj< WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW

>x s s s NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN- n ©in nn m nntn r?nin nnm nnm Fin m ©fj© nnm mmm nnm mn in nnm fj mm nnm
< * * ©
— c 2 \ 1 1 1 ) 1 1 i l l 1 1 1 1 1 1 1 1 » 1 1 1 1 1 1 1 1 1 1 1 1 1
0  Z or a  ©
<o a — WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW WWW
a a a N NNN NNN NNN SSN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN

x < — — n© — nn — nm — nH — mn — nn m © © — mm — nm — m© — mm — mm — nm — — m — nn
j V)
< u u 2
U UJ — <
— t- z LL
N < UJ N X in m N © O' 0 — w n e m K © O 0
UJ J 0 — — — — —
aoo
ouor
UJ JOx < > Z * m m m m m m m m m 0 N N N K- N
NUX

VIZ

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o
K ON .DCS © in © © © © ©<© NNN NON N © N N©N. '© © N © U3© ♦ n* S ©S N©N

— t
noo non o © © OOO oo© ©OO OOO o o © ooo O © »i ft o © ©O © ft © o 3 ftO O O -"I

- 3 8 0 3 0 ooo ooo 3 ̂  3 3 3 3 OOO ©oo ooo ooo o o © 0 3 0 3 3 3 3 3 3 3 3 3 3 0 0M w
VI s o t NK* © n *6 nnn ooo © — N n n m ©♦© — N — © ♦ ift K ♦N n* ft . © —N

— u n N © (V N O © ©© N p# m NNN 4  N N n © o — n© ♦ ON m ON Ul©© N © * * r- © n©tn
< —J — m — K — — fft ?*© 44 © N N N 4 ©—N non N*N -N - m N — ©-© ♦ CMft H Ift < N*N — N —

s < T •— • » • » • • • • ♦ » » 1 • • • • » t • » • • « i « « « » • i • ♦ • • • . • t » • ♦ •

• iH - < ooo ooo © oo © OO ooo OOO ooo oo © ooo © © © ft OO ©oo Ooo ooo

o
L 1 cr

Z a

? ? *

u — tv — — n — -4 CJ -4 NNN 0*40 4 0 4 — oo 0 — 0 0 — 0 0 —0 — tv — — N- o — o — o — — o -
uj r w ooo ooo ooo ooo ooo ooo ooo ooo ooo O o o ooo ooo ooo ooo ooo

z 1 1 1 1 1 1 t 1 1 1 1 1-
'£ '0 __ ooo ooo ooo ooo ©on ooo ooo 0 3 0 ooo 3 0 0 3 3 3 3 3 3 3 3 3 3 3 3
"} V 5 y © ft <Oft © NN ft n •> ♦ O 0 ♦ NN ♦ ON -m© m — m 0 0© ♦ -0 ft ft ff n O-ft-ft * — — Nn r»

T* 0 N© © op* < © N N O^ — u o o o© ©N N ♦ ©"̂ ♦ © ♦ O ©N N « N N O O — * © NN —
a © N © n n ft) ~ N — ©,N O N © © ♦ ♦ n —-m ♦ ♦♦ NNN — — M tf>©tf> Nlftlfl © © * ■M -4 —

UJ C a • • • • • « » » • • V » » • • • ♦ • » ♦ • • • • • • • » • • • • • • • * » • » • • « • • * *
X z y OOO ooo OOO ooo OOo OOO ooo ooo ooo ooo o oo ooo OOO ooo o oo
b- < X

ac u
oa M
u * X

< © , '*> '■’*
—

‘ft X > — — — — >4 — O -* *4 ©oo NNN NNN NNN — — — — — — — — — — — — — — — NNN NNN N NN
IU < — ooo ooo 6 0 0 ooo. ooo ooo ooo 060 ooo ooo ooo ooo OOO ooo ooo
— O y
f* < ooo ooo ODD ooo OOQ OOO OOO ooo ooo QOO OOQ coo 3 3 0 OQO oca
— Q J © n in * m- fft O N © o© n nN No© o N N ONO —-© -ON © * m NO© NO* Nn©
JZ . u.1 a m n©© 4 QO -  © © N-l *4 4  N N Nnm NOP* *©© o — — ONN ♦ © Ift © ♦ < ©ON ©me
— * a — N N *4 — — (̂ MM ©NN fftfftfft mm r*t — — — NON ©©© < < ♦ n nn NNN * ♦ < * * *
(T i . * • * * * • • ' * * • • • • • * ■ • « • • » • * • • » • • • ♦ * i • • »
< © 2 OOO ooo OOO OOO ooo OOO ooo OOO ooo OOO ooo ooo OO© ooo ooo
tLr U. u 1 I 1 1 1 1 I I 1 1 1 t 1 t < 1 1 1 1 I 1 I t 1 1. 1 1 (

Z
X <
Q. a

Zu.
1? 3

v- 2
W — *■
1ft —

b- ©‘ft© © wo © © 0 ©in© Ift <© ©*n © 3 ift 0 ft© © 3 .3 © ••0 Ift »© ♦ftWft Ift ©‘ft * n *t •ft© 0 3 ©ft
< <
rv ^

ooo ooo ooo ©oo OOO ooo OOO ooo ooo ooo ooo ooo ooo ooo ooo
i »■
t- —

1
u ooo ooo ooo ooo ooo ooo ooo ooo ooo 3 0 0 Q QO QOO OOQ QQQ QQQ

X 9 N-© — oo ©mo ©ON o < * n on ©NO ©♦N onN NO © N nn ♦ <ta Ift * © ♦ Oft* O^ —
O "3 VI O <* N N ©N ©no win© o Nn mo ©n © mm© ♦ ON O — N © ©Vi © NN * n — N^ © own
za ^ __ (ft-Oft cv «• N -4 r> n — N -4 N — -4 no© Non -*N — rft — — N — N — o ift —N © in.* — N — — N —
< a. Z • • * • • • • • • • * * • t * • • • • * * * ■ « • • • • « • • « « • f 1 * # * • * « ■ •

a u < OOO OOO ooo ooo ooo OOO ooo ooo ooo ooo ooo ooo ooo OOO o© o
•• < w
Vfl y
XT3 <
I- X z
C 0
Z -1 X
UJO o
a u cc — N — N C\JN N ro cv N rft N o — o o -o — — — -N - — N — — N — — N — n©n o — © o -o — — -4
i-u a ooo. OOO ooo ooo Ooo ooo ooo ooo ooo ooo OOO ooo ooo ooo ooo
© a ( i T 1 1 t 1 I 1 I 1 1 1 1 ! 1 1 1 1 t 1 1 I t 1

UJ < ooo ooo ooo ooo ooo ooo ooo ooo OOO OQO OQO 3 Q3 OQO ooo QQO
cr x *—> 0* N * ■4 M«4 in © © -4 ^ 0 « 0-4 o — o O <f N --m oo© NO© m ♦ o ©<♦ oon N —© © SIM

o ftiflft fft O O ©ON CD © N OO © 1ft N N OO CNJ CD — c n m in © ♦ o — o m -- ^ nn © * © O' ON
w cr — — — O — ffi © n <c <  © < ©nn n©n m — o ♦ ♦ ♦ NNN — — — — — — N ON © * * N n n © — ft
< > < • • • * * * • • • * t t # » ♦ • • • • • « • • * • • • ■ * * • • • • • • • • « • « • « • •
JH3 < ooo o o© OOO OOO ooo OOO ooo OOO OOO OOO ooo ooo ooo ooo QOO

o
— Q X
UU‘ <
«/)»“ Q
o< i

a ©
..LlT hi
©Z y ooo OOO ©o © OOO NnN — — — — — — — — — — — — — — — — — — ooo NNN N NN *4 — —
H- uj < ooo OOO ooo ooo ooo ooo OQO ooo ooo ooo o oo ooo ooo ooo OOO
ZV3 m
UJ ooo ooo ooo ooo a  do ooo ooo ooo ooo OOQ OOQ OQO QQO OOQ QQO
X (A ONO CO ©o n © n ©in o © N CO — mo m o 4 © <t o ©ON mo© co6 Ift © < ©mo * — N — © —
UJZ o: — N *0 n nn ~ < rft -* < < NNN o m © r»- — o n© vi ©ON n n m O —u <o — o NNN ON — O *rj
_ju ooo N N N © © © NNN NOD m f t ♦ NNN — — — — — — — — —4 ooir c c c — — — <©©
UJ — • • • » « • • • • ♦ • • • » # • • • » « t • « • « • i • • • ♦ • • • » • • « • • • •

1- ooo © OO OOO ooo OOO QUO ooo ooo OOO OOO OOo ooo o oo OOO ooo
XU • 1 1 1 1 1 1 ( 1 1 1 1 1 (
«zz
ct D o
t-iL-
< K
X ttJ< tv N N M (VftJ NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN

> X sss SSS SSS SSS sss sss ss s SSS SSS sss SSS sss SSS SSS sss
«* nm© r) fft in rft © © fft rft© nm© nn© n n© n n© n n© nn© nn© nn© nn© n n© mm©

<#x ■>
— o Z I I 1 I I 1 I t 1 1 I i i i i i I t t ) t I i t i i t t i i ( i I i i
o n u n
<oa — NNN rg <v<v NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN
ft tl 0. ►— sss SSS SSS sss SSS SSS sss SSS sss sss sss sss sss SSS sss

u. < — — m rft « © fft- — nn — nn — nn — nn — nn — nn — n n — nn — nn -n n -n n -n n
-J ©
< o u z

<
— f- Z tl
I— < LU t~ X rg Ift < N m ?• o — N n ♦ © O' o
UJ J O >4 *4 •* — — — — — —>
aDO
o u a
Ul JO
I  < >• z N N N N © m <0 00 © © © © 0* O' o
•-UI

SIZ

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o  >  
cm —
t l  k.
E <

- fi! 
-»cr 

Q. I
^  I

C 7
'ft OJ
J z

.UJ o  
X Z 
1- <

(to 
Da 
u. *  

< 
* '5 

7. 
tX  <
-  C 
N
— 3 
-J z
I- <
IX
< m
(X i x
O*- 
2 < 
a o

zu.
CO

< < 
I I  
N  —

X 
n  n  
za 
< a 

a 
-  < 
m
xm
h- I
O.o 
z J 
u j  D  
no
KU
tft

trz
a > -
)—
<  > 
j c
j
— o
uu
Wh
c <

or
—  UJ
mz
>-UJ
2 0
IX
X m
uz
-IO
U“

H 
KU • 
- Z 2  
2 3 0

U- —
< N 
Z L X <

> X
J < ~
< *  x
— o 
o x a 
<00. 
a a a

u. <
j
<ou
u  Uj  — 

Z
*- <  ll. 
Ui  J O  
23 0
oua
i x  J O  
r<>- 
k u r

z
u

<
X

X
o
cr
a
o.
<

a
2
<
<
0 
X 
< 
a
1
v>
UJ
H<or

z
o

©
z
<
u.

© © K C O' f i © © © © in © ♦  m e *o*c*o © m m © m © © m © < eg n  © © © © m © © m © © m  ©
n  o  ”> o o o 0^0 o  n  o o o o O O ^ o o o o o o o o o o o o o  n  o  O O Q o o o .o “> o o o o

Q Q Q 0 3 3 Q O Q Q O Q Q Q Q Q Q Q Q Q Q Q Q O Q Q O Q Q Q Q Q Q^*Q Q Q Q Q Q Q Q Q Q Q Q
© — > e  ♦  n o  - m m o  — o  *» © 0*0 © m m 2D n  — N ©>* K  5 o *.n n  m o n  © O 0*N.
n * * o m n o — o o © K © © o m — — N o  — o N — O N N N mo o * -* CM -0 V 0.4 *^m n © ^  n © o  ©
0*- - © — © m — © ^ N < CM — — s— CM — o - o C 3> c CM ♦  CM — ® © m — © >»jm m n fMnCM
♦ • » • • « • • • • • « • ♦ • • • • ♦ • » • • « • • • » • • « • * • • • • • • • * ♦ « » •

O n o o oo o o o O O O oo o o o o o o o oo o O O O O *"* o o o o  o oo ooo O O O o o o

0 - 0 o — o 0 —0 0 —0 0 - 0 — o — — o — 0 — 0 0 - 0 0 — 0 0 —0 — o — - © - 0 — 0 0 — 0
ooo o o o o o o o o o ooo o o o o o o ooo o o o1 o o o1 ooo o o o ooo OOu Ooo

QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ QQQ
— «r o n m CM N n ® n — *  © n m o <f n *n *1 O 0 *N —< ♦ m cm o -n tf n « «f N
m mo — ® 0*0© n n cm in CM CM O CM © n n — omn ♦ <o CM CMC- — tnm To n < n nj — y*n m < —
Uj m < n  n cm — CM — — — -4 Ninm © ©m —  —  — mmm n n n CM CM CM k mm ©  N  © — —  — ©mm nn n
•  •  • ■ • • •  • • « « > •  • • •  *  ♦ •  •  ♦ •  *  • » •  • •  •  • * .  » • » •  • •  •  • •  •  • •  •  «
ooo o o o o o o o o o ooo OOO oo o ooo O Oo OOO OOO o o o ooo ooo ooo

NN*J 
OOO

OOO 
o  —  —

000
1 ! I

— — —  — — —  —  N N \  N N N  N N N
o o o  o o o  o o o  o o o  o o o  OOO

n n n  N N N  
ooo  ooo

OQO 
N OCO 
NO® 
NNN 
# » » 

O O O  
I I I

QQO 
n m c 
o o o  
m © ©  

•  •  *
0 0 0
1 I t

QOQ 
men 
NO® 
e c e 
» ( * 
ooo  
J I I

QQQ
C
o ® o
® lftlft 

•  •  •
o o o

QQQ 
m n 
m m m 
* 0 0 0  
• * * 
o o o  
I I I

QQQ 
NO® 
rin<" 
n  n n  
• « «

0 0 0
1 I I

QOO 
—  N N  
<<<

000
1 I I

QOO 
o © — 
ooo

» t  •
00 0
1 I I

OOO

QOO 
n n n 
NNN 
NNN 
♦ ♦ » 

OOO 
I I I

N N N  N  N  N
O oo o o o

N N N  N  N N  N N N
o o o  ooo  o o o

OQO 
n Nn 
N ift© 
NNN 
• • « 
ooo

O Q Q 
© N —
m mm
td oj <r 
•  *  »

0 0 0
1 I I

QOQ 
© © © 
O' O' O 
N N N  
• « • •
000
1 I I

QQQ
rjNN
N N N

« • •
000
1 i I

!  I I

NNN
NNN
mmm

nnn
NNN
— mm

N N N
NNN
nnm

CM CJ <M 
N N N  
— mm

N N N
N N N
n n m  

I i l
CM CM CM 
N N N
— n n

cm cm cm 
N N N  
n n m

N N N
N N N
n n m

N  CM CM 
N N N  
n n m

n n n

N N N
nnm

CM CM CM 
N N N  
n n m

cm cm cm
N N N
nnm

i l l  i l l i l l  i l l  i l l  i i )

N  CM CM CM CM CM N N N
N N N  N N N  N N N
nn® nnm nnm

i i )  i l l  i l l

CM cm cm 
N N N
— mm

CM CM <M
N N N  
-  nn

CM CM CM 
N N N
— n n

CM CM CM 
N N N
— nn

CM cu CM 
N N N  
— m n

CM CM CM 
N N N  
— m n

CM cm CM 
N N N  — n n

CM CM CM 
N N N  
— nn

CM CM CM 
N N N
— n n

CM CM CM 
N N N
nnm

CM CM CM 
N N N
— mm

Q O O
N  — —
CM CM CM

0 0 0
1 I .1

m m m mnm m ♦ m m m < t n « m m m ■o <* m n <f n ■ft *  ft <f Nn Ift <t Ift m <tm *ft *  ft tft ♦ '.ft
ooo ooo o o o o o o o o o o o o o o o o o o ooo ooo o o o o o o o o o OOO oo o

QQQ 1 QQQ QOQ OQO QQQ QQQ OOQ QOQ QQO OQO ' QQQ O Q Q QQQ QQQ QQQ
o m m © —n n NN o ©m -ON — — o N — © <Mn CM s m — CM O' T CM Ift O n o n NO© N.CM® * nn
n ©m <f CMO — O CM - o  o ©-© O CM Q — s in cm n cm 4  Ift CM OCS|<? CM,© N cm m — o o o m©o NO©
r* - o m —s n © < CM CM — < —© i t  orn n s < cNmrn — ̂  CM -ON cm mn — <f CM — ncM — CM —
« » • •  •  • •  ♦  * *  *  « * •  * » * • • • • • •  • « •  • • « • *  •  • • ♦ i •  ♦  •

ooo o o o o o o o o o ooo O O O O O O ooo ooo O  O O ooo a o o OOO oo o o o o

— N- — CM — — CM — -  CM — 0 —0 0 —0 — — — — CM — — rg — - N - o — <J O—o — — — -N — — CM —
ooo OOO o o o

I I I © o oI I I OOO o o o OOO OOO OOO o OO
(41

o o o ooo ooo O OO
1 1 t 0001 1 I1 1 1 

QQQ
1 1 1 
QQQ

1 1 1 
QOQ

1 1 1 
OOQ Q OO Qoo

1 1 I
c o o QQQ QQQ

1 1 1 
OQC QQO QOQ QQQ

1 1 1 
QQO

1 1 1 
QQC

«f m N — NO — CM© o C © Ift-© © < © tft N N N ©tft o — - ©nN onN tft ON O © © OO — ©*©N
no n moc ©cm — NO m ©m © m v* — — m *  NIT ©o© © o > © n cm N ©O C -Q ©  —N
cm* NNN —  —  — — — — n  mm n n cm T — <7* *  Ift C N m n — —  — ©  ©© Nnn o — O' c m c (M n CM
•  • • •  •  * • • « * • • i i » ♦ • « • • • • * • ■ • * • • • « « • « • * • * •

oo o O O o oo o OO© O O O O o o O O O O O O o o o oo o o o o o o o O O O O o o o o o

—  — — —  —— — —— — — — NNN NNN —  —  — —  — — — —— — — — N  NN n n n — — — — — — — — —
ooo o o o O O O O O O O O O o o o O o o o o o ooo ooo ooo o o o oo o ooo oo o

QOO QQQ QOQ QQQ QQQ QQO QQQ QQQ QOQ QQO QOQ QOO QQQ ooo OQQ
© © ̂ OND 0* — © © m n m ©o c ©o Ncm ©mm ©on — ®c COO © ©  © m o c nNO* © NO*
onN Nn fi © © N m c c ouo n mm N Or* © N — ft* O  U — NN — —  — ©  t/* © ©  ©  r t r* NO n©m
nnn NNN —  — — — — — © © © — — — © © © n c c NNN NNN © © © — — — NO© c  mm nn n

♦ • • • • « » ♦ ♦ • « • • • • « • • • « « • • • • • • *  % • •  •  • •  *  • • * t •  « • •  •  •
ooo o o o OOO oo o ooo o o o OOO ooo o o o ooo O O O o o o O O O ooo oo o

CM CM CM 
N N N  
n n m

I I  I

CM CM CM 
N N N
— n m

cmcmcv
N N N
nnm

CM CM CM 
N N N  
— nn

9 1 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



E <

• U>

fN Z

* 5

©U 
j  r

uiO 
X z

C C, 
CCt 
x «

<
*o

•A I  
1’* <
— O 
»-
-O 
_l 2
-  <
©
<  ft 
X u
o>- 
cr <
0 ir

2 ̂  
DO

I- 2
— O 
0 —

J
<<
cx
f- _  

X
oo
zc
<a
a

IC
»-x
15 C 
Z J
wo
IX u
>-u
ft

UJ
cr
D * -
>~

< >- 
JO 
J
-o
u j  
ft w
o<

a
— uj
wz
♦- J  
z o
u;
sen
uz
jo
U —

5Sz*
COO
JIL — 
<  H 
IU <

^ 5
o x
- o 
o x c
<OCL

*£S
J
<QU 
U U J — 
-H  Z
i- < U' 
UJ J  o
coo
oua
IU J O
Z<>
k- U X

nwn © ft© om-c ♦ ©Ift n Nn ©ift© ©ftft n <n n ©ft© N —N
— ooo OOo no o o o o o o o ooo oo o OQO o o *ft O n O

n
1
o ooo QQQ QQQ ftQft QQQ QOQ QOQ QQQ QQQ Q QQ8) ft ♦ N -  © 5 ft ©ft onw ♦ K. O ♦ «f N ♦ Q<r © *  n ©nn ^ — N

n*N O N « ft CON n o  — no© k no ©©N, © — ̂» OON — ©
< ©nn n mn — C\J — © N — NN — — n n » — o — — *> — N — *Nft
r _ » « • « • « * » • • « • • 1 • • • • m • • • • * • • • » • •

< ooo o o o n o n OOO ooo o o o OOO o o o on o non
X
o
a
a
c *
<

u o - o — o — — O — -  —— o - o — o — — o - 0 - 0 — o — o — o
ooo o o o o o o Ooo OOO o o o oo o QQO o o o OOO

z 1 1 1 I 1
UJ ooo QQQ OOQ 0 0 3 QQQ QOQ QOO QQQ QQQ QQQ
5 * *» Oft — in — 0 N > *ft no ON© in ©•». — ftN n — n s. — nn*u
D *♦- © n © ♦ *  N N tM? © —— f-'ir© ft *  n ♦ ftft oN** ©©o
a © ftft N. NN — — — © © © ©ON — — — fr©© OO*®
o * « • * • • • • • * # • • • • * • • • • • • • • « • • • • •
>
X

ooo o o o OOO OOO OOO o o o ooo o o o o o o ooo

u
—

ft

> N NN n n n NNN - — N nnn nnn NNN nnn nnn nnn
ooo o o o o o o ooo o o o o o o ooo o o o o o o o o o

k—
< QOO QQO OOQ OOO QQQ OOQ OQO QQO ODD QOQ
J - ©ft ft © N©N N © nn O' ©N © N N * - N noo ft o> ©©ft ©
UJ cc o o o ftftft ©o — — — — Nnn NNN < n * ftlftft ©ft© '
a ooo — — — n n n ift N -0 — — — — — — < <  ♦ — — — — — — — — —
i • • » • » • « « • * • « • * • ■ • # • • * • « • • • • « •
z ooo o oo o o o OOO ooo ooo OOO ooo ooo OOO
u I 1 t 1 i I I 1 ) 1 1 1
z t

nN*n ft * n ft *  'ft © ♦ 0 n N*ft ♦ <* ♦ ♦ *  ♦ nNn ♦ n * n N N
ooo o o o o o o o o o oo o o oo o o o o o o oo o o o o

i
u ooo OOQ OQO QQO QOO OOQ OOQ QQO o o o OOO
© a tviirt n in o N © O o © n — — iftNOi n© ft Nn — o n  © oo ©
ft NO ©* -  ©© o * n O o N Ift N — — IftN Nn® — on ft N — no —»*<• © ♦ *1 -  N- — N — — — — IftNW © -© in —n N— — n oft -  —©

z * ■ « • • « • • • • • • t i • * • • * • • * * • * < * *
o < ooo o o o o o o o o o OOO OOO ooo o o o ooo ooo

<
X
w
X
o
iX 0 — 0 0 - 0 — — o ©NO — — o 0 —0 0 — 0 — — o 0 — 0 ——o
a ooo o o o o o o o o o o o o o o o o o o o o o o o o o o o
c
< QQQ c o o

1
QQQ QOQ QQQ OOO QOO ooo OOQ QQQ

—> NQ ̂ © N — © — N ©no on© ft n< ooo — ON Nno N©m
o — ©N - © CON © NO -r-  ♦ OOQ © on ONO NO© ©N< n ©ft
c ON S wnn O —— ©in© -  ©N n ♦ n — — — — © © n ♦ n — oo
«r • * • • • ■ • • • • * * • * * • • • ♦ * • • * * * * * « • •
< OOO o o o o o o O OO o o o oo o ooo OOO o o o ooo

/ o
X
<
011
in
UJ
K nnn NNN — NN N — N n n n NNN N NN n n n NNN nnn
< ooo o o o o o o OOO o o o OOO ooo o o o o o o ooo
©

QQQ QOQ QQO OOQ QQO OOO ooo O QQ QQQ QQO
•n ft ©O n o ̂ — < — ©on Nnn -*N< 0 ^ 0 Nnn ♦ O-fr ♦ ft©

fy DUO O^tV WOO O rg O n n n ♦ ©ft* ONN © © © © < N O O O
— — — NNN o —— n o n — — — NNN — — — — — — Nnn — ——
* * a • « « • • « » • « • » • • • * • • • • • » • * •

OOO OOO 0 0 0
1 1 1

0 o a
1 i

o o o o o o  ooo  
1 1 I

o o o o o o OOO

NNN NNN NNN NNN NNN n n n nnn NNN NNN NNN
NNN NNN NNN NNN NNN n n n NNN NNN NNN NNN
nnm n nft r> mm nn© nn ift nnin nn© nnm nnft nn©

“>
Z 1 I i t i i I I 1 l i I i i i i i i i i t i i i i i t i t i
13 ^
M NNN NNN NNN NNN NNN N N N NNN NNN NNN nnn
K NNN NNN NNN NNN NNN N. NN NNN NNN NNN NNN

— nn — nn — n n — nn — nn — n n — nn — nn — n n — nn
in
z
<
u:
1- X N n ♦ N n n ♦ ♦

— — —
-

'.9
z N N N N n n n < < ft

“

— —

£12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Q 
ev -  

TJ N 
6 <
1 ui 

(N Z

r 1
mu 
u zW ̂X
8*
U J Qxz
N<

CO 
oc u.  ̂< 
*c
WX
ir < -a
N
-  O 
«JZ
— *
H3
*  W
aiu
r-> fc<
a x

o i

I- z

N - N N — N neon * N * ♦  N * * N * ♦  N * N — N — o  — n  n  n n  nj n ♦  N n *  N * ♦  N *— OOO OOo o a 0 3 0 o o o n n n OOO o o o O O n o o o o o o o  o o o o o o o o OOO
0 u o o o OOO o o o o o o o o o o o o ' o o o o o o OOO 3 2 ^ OOO o o o o o o o o o • tvoo— s o o o 9  0  -« NO-5 w — n 9 K  ♦ NOW O N f O N * ® t  — - 1 C — — n n *  — w o nN-p N *  © o t w * -  ,0-. *  9  n ♦  o n ONN - 9  © O(V<0 9 * 9 N*n o o  9  n — -n — — ® —
< 9  *  © *  n  w © n w — w ~ -  © — - ^  — - © - - © - © n n in n o N —N n. n  w — *  9 — w — - J f -
4

< o  o o o o o o o o o o o 0,00 OOO O O O o o o o o o o o o O O O o  o *"* o o o o  o  o O  O  O

oca
*
z
■a 
© • c 
a3
►
X

*  n * W © W ♦ in * *  w *  *  in * *  W * *  w * ♦ m ♦ r j j in m om «tn< ♦ ♦ m n ♦ .nn « in <
0 0 0
1 i i??? 0 00

1 T t
o o o  o o oi l l  | { | 0 0 0

1 1 t
0 0 01 1 1??? o o o

t 1 1
0 0 0
1 i i

000
1 1 *t

0 301 1 1 0 0 3t 1 1 TOO1 1 1 ooo
i * *
0 30 OOO ooo O O o n o 0 3 3 030 3 30

11* 
3 30

4 11
333

t i l
333

I I I
3 3 3

1 1 I
3 3 3

1 1 1 
3 0 3— TO W -  N w j>rg N n in w ru t A t> N n o n *  o>n in o n w *\J * 0*03 n w o -*W 5 ti o *n T3Nw c *  © * — n in it no  © wn i/>wn o 9 n ♦ ins — — w «r« -* cn in n -N *. L>0 co o

n Nn *  nw nnjn * n w *  n w *  n * *  N* nnjm *- ® «-• AJ » oo T w ^ TN- oc o• « i • « • t i « ♦ ♦ • % * « • * ♦ » * • « • » * » • • • * * • * • • « • t • • • • * • •
o o o o oo ooo o o o  ooo o o o o O o ooo o o o o o o ooo ooo ooo ooo o oo

> o o o — — — — -  — — —— — —— — — — — —— — — — ooo — — — o o o OOO o o o o o o o o o
— *■» o ^ ooo o o o o o o ooo o o o o o o ooo 0 3 0 oo© o o o 0 3© 3 0 3 o o o o o o

^ T o o o
1 1 
c o o

1 1 
DOC o AA

1 1 
ODD o o o

1 1 
ODD

1 1 
DOC c o o

1 I 
QOO ooo O DC ODD OOO o o o

J *- 0* W N . NN1 ♦ NN N —- ©wm 9* cvjcg N oo WNN e —- WWN o © © ♦ o<o © oo Nnn n < *
Uj OS «n m nm a n c aj N O CO owe o — — « ww CO cc © n n n iMiycj WWW www WWW «<}•«■
X — — n mtn NNN o o o ® <DC0 o ■c® NNN owe n ** n AJAJAJ — — — M — — — — — « *4
1 * * » * * * • * * • * • • • » • * « * t » » 1 » • ■ • • * • • t • • • • • • t • • •z Ooo ooo o o o o o o o o o o o o o o o ooo OOO ooo OOO ooo ooo o o o o o o

W —
^ I" 
<<

H —
X

ss
<a a 
«• <wxa>
n x
0 0
Z J
LUO 
C O 
H U 
W 

* UJ 
EX
on
>—
<>
j a
_i
— o
UUJ
WNo*a**u
WZ

5 a
UJ
XW 
u j  Z  
JO 
u j  —

►-
XU*
*-z z
c o u  
W IL —
< H 
X UJ<

, 3 2
4 «X
— o
OXE
< Otl 
aaa

u. <
4 dc
u  uj  —
— H- Z
v-  <  UJ 
UJ J O
or oo 
Dua 
u j o
1 < >  
• - u i

zu
<
X

Xocaa
<

oc<<
Wr<01w
UJw
<m

9 1 * 3 *'3 n ♦ in •a *in W ^ Ifl wn n w n n & n ^ 3 +  3 w *  w *n<f n w ^ n •nnn nnn wn <f
o o o ooo ooo o 0,0 OOO' o o o o o o ooo o o o o o o o o o o o o oo o o o o o o o

o o o ooo o oo ooo ooo c c o o o o COD ooo OQO OQO ODD 3 DQ OOQ QQO© — - ® N<f ® ■* ® o ^ o n no O 0 W W 0* N ©ON nww — nm NO' ® <t ©e n n e n <r n
n  o n — N  — 09*® e n < n -  n e s w — W -t w — n ON T — D © w — n © n N on© n on oo* ©
n — n -  w - ®Nin n — n AJ -»N - N - — w* © « © N9- — ®nN N< N — N -  o - - e - 0** * • « • • * « • * • • a • • • 1 • • * » • * « • » a • « a a ♦ a a *  a •* a a a ♦ a a a a a
o o o ooo ooo u oo o o o o o o ooo ooo ooo ooo o o o ooo ooo ooo ooo

O N *-> - n - n ©n n n n n«-n n < n n <t n n * n o — o — N — NHN n n n n n n N «  N n *  n
o o o o oo ooo 0 0 0

1 1 t
0 0 0
1 1 1

0 0 0
1 1 1

0 0 0
1 1 t

ooo
iti

o o o OOO o o o
I I I

OOO
I I I

o o o OOO o o o

OQO OQO OOO
I I I
ooo

I I I
ooo

I I I
OQO

1 1 I
o oo

i i i
ooo 3 0 0 ooo

1 1 1 
ooo

1 1 1 
QOQ

1 I 1 
OOQ

1 1 ( 
coo

1 1 1 
coo

w WN ©<w O —N <t WN NW N OWN ©N© ON — © NN w o * .* W N N — N w* — w ©  © e *  n
n ^ ^ o e — Nn< <  o in ON© ® wn Nrnn new ©oo new N N® W) *© © no — nN N  ©  ^
— T — —  N  — m  n w — — — N W © ♦ nm n n  n N-*N NNn N-*N N WN n Nn — —N — © — N  W  ©

a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a
o o o o o o ooo oo o o oo o o o o o o ooo O O O O O O O O O O O O O O O ooo O O O

—  ^  — ' —  — o o o o o o O O O o o o o o o o o o n n n —  —  — —  — — O O O O O O O O O o o o
o o o o o o o o o o  o o o o o o o o O O O o o o o o o o  o  o O O O O O O o o o O O O o o o

O Q O o o o O Q O o o o O O Q o o o o o o O Q O Q O O o o o o o o o o o o o o o o o O O Q
o  ©  © N N N © N N CO—  — N  c > 0 W N N n * * e © © © w m n n n W W W N  *  * ©  N  N WC7*0* —  *  *
*  N N © e © N  ©  © ©  tr* y* *  * * ©  ©  © —  —  — N N N ©  ©  © N N N w  i n t o ©  i a f % t u o o * N N N N N N
©  ©  © —  —  — N N N *  * * n n n N N N N N N —  — — — — — n n n — — — ©  ©  © W W W *  *  *

a a a •  a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a « a a •  a a a a a
o o o 0 0 01 1

O O O 0 0 0
1 1

o o o 0 0 0
1 1

o o o o o o  
J 2

O O O O O O  
( t

o  o o 0 0 0
1 1

O O O 0 0 0
1 1

O O O

w
z
<aw

ni
NNN 
SNN 
n in w

• 
3

/2
• 

5
/2

• 
5

/2

NNN
s v s
n w w

- 
3

/2
- 

5
/2

- 
5

/2

NNN
\ S \
nuim

■ 
3

/2
- 

5
/2

- 
5

/2

- 
3

/2
- 

5
/2

- 
5

/2

NNN
SSS
n w w

t i > - 
3

/2
- 

S
/2

- 
5

/2

NNN
s s s
n w w
i i t

NNN
SSS
nww

NNN 
SSS 
n «)  w

NNN
SSS
n w w

■ 
3

/2
■ 

5
/2

 
• 

5
/2

• 
3

/2
 

5
/2

S
/2

1 J I

NNN 
VN V 
W WN

1 I  1

NNN
\ S S
W WN

i  I i 

NNN
s s s
W WN

NNN 
SSS 
W WN

n n n
s s s
W WN

NNN
SSS
W W N

1 1 1

NNN 
SNS 
W WN

i  i i  

NNN
s s s
WWN

• 1 1

NNN
SSS
WWN

r l 1

NNN
SSS
WWN

t i i 

NNN
s s s
WWN

Y 1 1

NNN
SSS
WWN

i i  1

NNN 
SSS 
W WN

1 1 1

NNN
NNN
WWN

1 1 1

NNN
NNN
WWN

N © 9 o
-

N
—

n* *—
© 9 o

-
N n *

* * * * * * * * W W w w w W W

8iZ
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T
H

E
O

R
E

T
IC

A
L

 
RA

O 
IA

L 
M

A
TR

IX
 

E
L

E
M

E
N

T
S

! 
O

S
C

IL
L

A
T

O
R

 
S

T
R

E
N

G
T

H
S

! 
AN

D 
T

R
A

N
S

IT
IO

N
 

P
R

O
B

A
B

IL
IT

IE
S

. 
FO

R 
TH

E 
S

E
R

IE
S

 
J 

J
1 

C
A

L
C

U
L

A
T

E
D

 
FR

OM
 

*A
VE

 
F

U
N

C
T

IO
N

S
 

G
E

N
E

R
A

TE
D

 
BY

 
TH

E 
C

O
U

LO
M

B
 

A
P

P
R

O
X

IM
A

T
IO

N
 

OF
 

B
A

TE
S 

AN
D 

O
A

M
G

A
A

R
D

 
AN

D 
BY

 
TH

E 
N 

J 
N

—
PE

L 
A

T
IV

Ia
ll

C
 

H
Y

O
R

O
G

E
M

C
 

A
P

P
R

O
X

IM
A

T
IO

N
.

I

n © k
r» 0 0

© © N 
OOO

© ©© 
0  0,0

*  m <
0 0 0

K ©N 
OOQ

© ©© 
QOO

© ©© 
OOQ

©•©©
00*1

© © © 
0 0 0

<  m «
0 0 ^

K © S •
m m

©in©
0 0 0

©©© 
r* m 0

*  m *
OQQ

O

<
y

X
O
cr

u
01ft

< ~

QOQ 
a — *>
ft) 0 ^  
— £p — 

* •
OOO

QOO 
n. n  n  
in'cd 0  
0 * 0 -  
« » • 

0 0 0

QOQ
< N 1-* 
N © K 
« • •

OOO

QOQ 
— ® © 
>n —n  
c  © *  
• • « 

0  0 0

QQQ
*  m© 
m N m 
« « « 

OOO*

QOQ
© ©K
© ©m 
N —N
* 9 9

0 0 0

QQQ

0* m *  
© ♦  © 
* » * 

0 0 0

QQQ 
n mo
N. —N 
© * ©  
• » •

OOO

QQO 
n»©N 
© mo 
♦  m© 

' * • 
0 0 0

OQQONN
— n  
© m «  
* % •

0 0 ^

QQQ  
n. m ©
N N f

9 9 9
O o o

3 5 2
OO — 
— N — 
9 9 9

O r*

QQQ 
■D ♦ ©  
O S'
m Nm 
• • •

0 0 0

QQQ

O —N 
" N n  
« • •

'SO O

3 5 S i  
^  ® 
N —N 
• • •

r tOO

5

U O -< O
OOO

0  — 0
0 0 0

O NO 
OOO 

1
OQO 
*o © Q
Ct 'O'  
N <?* — 
• • *

OOO

O NO 
OOO

N O N
OOO

0 —0
0 0 0

0  — 0  
0 0 0

0  — 0  
0 0 0

0  — 0  
0 0 0

0 — 0
0 0 0

N O N
OOO

V'

0  — 0
OOO

0 — 0
O O J

0 - 0
OQO

0 - 0
0 0 0

l i  
“> ' 
n 
X 
C 
>  
X

V

>A>

2 3 0  
t fOO 
m - N

• • •
OOO

QOO^
d*< 0  
N A- N 
• • •

OOO

QOO 
0 — 0  
— © C 
N O "  
1 « • 

OO©

QQQ
K © —
OOO 
— © — 
• » t

OOO

Q 0 0  
«r m©
— ©N
m —m 
» « • 

0 0 0

QOQ 
© —N 
— OO 
©m© 
• •. v

0 0 0

QQQ 
O’flO 
©N© 
♦  N< 
» 1 9 

OOO

OQQ 
- « f  V
N © O
m — m 
• • •

0 0 0

OQO  
•> n  m 
© — •* 
N —N

OOO

QQQ 
— — 
NN — 
— © — 
• • • 

OOO

Q 3 0  
rg © k
m — m 
• ♦ •

OOO

QQQ 
*r n  ** 
© N *  
©m© 
* * • 

o c o

OQQ — ai 
C *  T» 
* N *  
• « • 
OOO

QQQ
K > X*
0  m n 
m - N

0 0 0

»-
©

>
OOO OOO OOO

N N N
OOO

N N N
OOO

N N N
OOO

N N N
OOO

N N N
OOO 0 0 0

N N N
OOO

n  mm 
0 0 c

N NN 
O OO

N N N
OOf t

NN N
OOO

N N N
OOO

*
J
w
cc af~

OOO 
CO to c
NQO

COO  
n  k k
CD <C © 
K r** N

OOQ 
© © © 
m m m 
© 0  ©

OOQ 
OKN 
O © ©

QOO

mmm 
© © ©

OOQ 
O' © © 
— N N

QQO
—
©©©

o c o
♦  ©in
NN N

OQC 
© NN 
CD O O 
O 0* O'

C S C
0 ©©
©©©
N N N

c o o
NN N
OOO

OOO
© *n m
< ©©

QQQ
©OO
©D'C

SQO 
r* 4  *
©©©

OOQ 
O © © 
*  m m 
mmm

z
u
z

O O O
t I t

0 0 0
1 I

0 0 0
1 1

0 0 0
1 t 1

0 0 0 0 0 0
1 <

0 0 0
1 t

OOO 
) »

0 0 0
1 1

OOO 
) \

OOO 0 0 0
1 1

QOO
1 \

o c o  
I t

0 0 0
1 1 f

^  "itn 
0 0 0

* m *
0 0 0

<f n  *  
0 0 0

© *  © 
OOO

* N *  
O OO

m n o  
0 0 0

*  m *  
0 0 0

<tm <f 
DOO

*m<? 
0  0  0

'!) <t © 
O OO

N 4f 
OOO

N —-  
OOO

n  m 
0 0 0

nsfm
0 0 0

© *  0 
0 0 0

z
u

h-
<

1
u
0
V)

QQO 
© o k  

— 0

■ t  » *
OOO

QQO 

© <f N
9 * 9

O ©O

OOQ 
<fl© © 
© <t 
© © ©  
■ « • 

0 0 0

OQO 
— O *  
O -  — 
tf* © O 
* ♦ • 

OOO

QQQ 
m < to
© S O  
— ©-* 
• * •

0 0 0

QQO 
♦  ©O 
N NK  
Nm ©

0 0 0

OQQ
© O S

K
^  w9 — 
• » •

OOO

OQQ 
N — © 
© © N 
— — N 
• • • 

OOO

QQQ 
m NO 
© * N  
— — N 
* • • 

OOO

QOQ 
0 * <• ©
*  O© 
«rm«
* * * 

0 0 0

OOQ
O®© 

• • 9
O O o

QQO
m o ©
NO N  
N © — 
9 9 9  

O Q O

QOO 
mm<f 
o©^r  
— — N 
• * 9

O o o

OCO 
N — N 
*  53 N 
NN *  
* « • 

OOO

OQO 
N *  © 
*  © *  
N —N 
• « a 

OOO

X
0
JL
a

OJHW
OOO

N N N
OOO

N DN 
OOO OOO

NO N
OOO

m * m  
0 0 0

N N
OOO

N < N
OOO

N < N 
OOO

— 0  — 
0 0 0

— m n  
0 0 0

< © © 
OOO

m n  
0 0 0

m 4  m 
0 0 0

-  O — 
OOO

<

0
c
<
<
0
X
<

A—

QOO 
c n N  
O N *  
m — m
* • 9

0 0 0

OOQ 
©ON 
«r r jN 
N —N 
• ♦ * 

QOO

OOO

© 0 0  
— — N 
* * «
OOO

QOQ 
O' © © 
O'n© 
— <>- 
• * • 

0  0 0

OOQ 
N N N  
0  <r © 
© —N 
« * • 

OOO

OQQ 
m O'm 
« © ©  
m m s  
« • • 

0 0 0

QQO 
O — «f
— N©
— CO *- 
* • *

OOO

OQC
— — <f
m n  ©
— CD — 
» » •

0 0 0

OOQ
N©©
— cm. n 
- © -  
♦ * *

0 0 0

QQQ
cc a>©
N O «-» 
N —N 
• 9 9

0 0 0

OQQ 
o o m  
m^-o 
— <  © 
* * 1

0 0 0

OOQ
— ©N
N N ©
n  — m 
• • *

0 0 0

C QQ 
— ^  m 
n  m© 
N N *  
• • • 

0 0 0

QQQ 
N C C 
0*0 — 
mm© 
• • ♦ 

o o o

QQQ 
© —N 
© N *  
N - N  
• • • 

OOO

\
V)
LU
W
<
OJ

0 0 0  
0  0  0

O O O 
OOO

OOO
OOO

N N N
OOO OOO

0 0 0
0 0 0

O 0  O 
O 0  O

0 0 0
0 0 0

0 0 0
0 0 0

N N N
OOO 0 0 0

0  ——
0 0 0

0 0 0
0 0 0

0 0 0
o o o

N N N
OOO

a:*”

OOQ
•aSQ
cvw»g» 
to ai ® 

• ♦
0 0 0
1 1 1

QOO 
CD©© 
w © © 
N N S  
• • # 

o o o

OOQ 
N <7* 0* 
O ^  *  
© © © 
• • •

0 0 0
1 1

OQQ 
«r © © 
© ©© 
© ©© 
9 9 9

0 0 0

QQQ
— O' 0  
©mm
— — 
• • »

OOO
I 1

0 0 0

$ ° z
m © © 
♦ • •

0 0 0
1 t

OQQ 
© m *  
v o o  
© CD © 
• • • 

0 0 0

QQQ 
r- in© 
in ©u) 
©fwS 
• • •

0 0 0
1 1

QQO 
— N ^
O©©
© © © 
• • ♦

O O 0

OQQ 
— © © 
f-r»r*

N N* 
• * •

0  O o

OOQ 
N — — 
ui O O
mmm 
• • *

0 0 0  
t t

0 0 0  
© <  © 
— LftO 
N <  © 
• m 9

OOO
1

OQO
m * *
< — w
m©a> 
• • •

0 0 0

QQQ 
— mm

«U>© 
« • •

0 0 0
t 1

QQQ 
— ® CD 
CD <D CO 
U* CftO
9 9 9

OOO

m

NN N
S \ S
© © k

N N N
S S S
© ©

N N N
S S S
©© N

N N N
S S S
©©K

N N N  
S S S  
© ©n-

N n n
S S S
© © N

N C\J N
S S S
© © s

N N N  
S S S  
© ©K

N N N  
S S S  
© in n

N N N
S S S
©©N

N N N
S S S
©©N

N N N
s s s
© © N

n n n
s s s
© © h*

NNN 
S S S  
© © N

NN N
s s s
©U*pM

z 1 
0  q

V-

v>
z

1 r t

NNN
S S S
m©©

1 1 
N N N
s s s
m©©

I 1 

N N N
s s s
m© ©

1 1

N N N
s s s
m©©

1 1

NN N
S S S
m©©

t t

N N N  
S S S  
m ©©

t I

NN N
S S S
m©©

1 1 

N N N
s s s
mm©

t 1 

NN N
s s s
m©©

1 1

NN N
S S S
men©

1 I

N N N
S S S
m©©

I 1

N N N
S S S
n  © ©

t 1 

NNN
s s s
m©©

1 1

NNN
S S S
m in ©

1 t 1 

N N N
s s s
m©©

<
a
H x 0

=  <
N N m O' 0 - N © 0 0

«
N O'

z 0 © © O 0 0 O 0 0 0 0 0 0 0
-

612

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T
H

E
O

R
E

T
IC

A
L

 
R

A
D

IA
L

 
M

A
T

R
IX

 
E

L
E

M
E

N
T

S
; 

O
S

C
IL

L
A

T
O

R
 

S
T

R
E

N
G

T
H

S
! 

AN
O 

T
H

A
.J

JI
T

tO
N

 
P

R
U

E
A

H
 

IL
IT

IE
S

. 
FO

R 
TH

E 
S

E
R

IE
S

 
J 

J
' 

C
A

L
C

U
L

A
T

E
D

 
FR

O
M

 
W

AV
E 

F
U

N
C

T
IO

N
S

 
G

E
N

E
R

A
T

E
D

 
BY

 
TH

E 
C

O
U

LO
M

B
 

A
P

P
R

O
X

IM
A

T
IO

N
 

OF
 

B
A

TE
S

 
AN

D 
D

A
M

G
A

A
R

D
 

AN
D 

BY
 

TH
E 

N
J

N
-R

E
L

A
T

I 
VI

 
>

T
IC

 
H

Y
D

R
O

G
E

M
 

C 
A

P
P

R
O

X
IM

A
T

IO
N

.

<7
tf
oor
a

z
ti
n
S
C
>
X

tfl

>

♦
u
UJ
cr
t
z

N ©K ©uik © © © ♦  m ♦ 'k ©n © in >0 ©tf>© © m © 0  mo ♦  m* N © K O ♦  © ©in© ©IT© «m*
r> O O o oo 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ©no 0 0 0 0 0 0 0 0 0

OOO ooo 0 0 0 0 0 0 OOQ 0 0 0 0 0 0 0 0 0 OQO 0 0 0 OQO OOQ 0 0 0 QOO OOOO — * ^  nM — 0 — *0 © 0  ©k. JftJN no 0 • 'MAN ONN N<nin 0  $©• ©♦©
r\J ON i/too <  N** •fi - N ♦  m© © ■nn — f\J ©no NNT 0  © — O — N> © fp
-CP — cr ©—•• N.*AK © ©© to rg rj n —n in *© © ♦ © *  n in © m * — K — m Nm •"run N —N

o o o 0 0 0 OOO OOO OOO 0 0 0 000 000 000 OO'' 0 n 0 O — *1 Ooo ''OO r> 0 rj

0 — 0 0 —0 OOIO O NO NON 0  — 0 0  — 0 0  — 0 0 — 0 0 - 0 NON 0 — 0 0 —0 0  — 0 0 — 0
OOO1 0 0 01 OOO1 OOO1 OOO 0 0 01 0 0 01 ooo1 0 0 01 0 0 01 OOO OOO1 0  © 0 0 0 0 0 0

OOQ 0 0 0 OOQ OQO ooa 0 0 0 0 0 0 QOO QQQ OOQ OOQ 0  OO OOQ 0 0 0 0/0 0r o o T» ̂  K ©■n*r O —O n m — ♦ n© >n — n - O'flO — ♦ O t  N-r> — —♦ T* -V — — *M »/***>
m —N a* ♦ © — [ft& 0 0 0 — <CN - 0 0 © Nin Nmo MN — N © m n ♦ cr *  -p ^  n n.
♦ N <j N — 04 — NO —' — in — n — m ©m© ♦ N ♦ m — *0 N —N — U1* — *1 — n 0 no F>— N*» 1 • » • • * • • • • •  •  * • « » • • • t t • • • • f » 1 t 1 t • t • • •' • # f  • • « •
O O O O O O O O O O O O 0 0 0 0 0 0 0 0 0 O O O 0 0 0 0 0 0 O O O 0 0  0 o c o OQO 0 0 0

— —— - - - — —— NNN NNN n n n NNN NNN — —— NNN nnm NNN NNN NNN N NN
OOO 0 0 0 OQO OOO OOO 0 0 0 OOO OOO 0 0 0 OOO 0 0 0 OOO 0 0 0 OO© © ©O
QQO QOO o o a QOO OQO 0 0 0 OOQ QQQ 0 0 c OQC COO o r e COG "OO QQQ
©QIC NNN in cco ONN — — — MflW — +  7 ♦ in© © NN 0*0© KNN © nn © O O n <f < O©©
KtQ.® 0  CCO nnw KiKin — NN m in © NNN © r> O © ©© OOO ♦ ©in © cr c m *n in ♦ nn
QOO n r» n QQO — — — 0 0 0 — — — — — — — — — NNN — — — — — — — — — — — — nn n
* s » t t t ♦ « » * % * • • * ' • • 1 * * • .* • ♦ ■ * • * « » « • « * * • » • * • • • ♦
OOO 
• 1 1

0 0 0  
t 1

0 0 0
1 1

0 0 0
1 1

0 0 0 QOO
1 1 1

0 0 0
1 1 1

0 0 0
1 1

0 0 0
1 t

OOO 
t I

OOO 0 0 0  
t j

0 0 0
t t

ooo  
t I

0 0 ©
t \ j

*n© <f-w <t»n< •n <nn N ■* h n m ♦ m ^ ♦ •n ♦ © ♦ N ♦ N -  — nN m nNn © <t n
0 0 0 0 0 0 0 0 0 0 0 0 OOO 0 0 0 0 0 0 ooo © 0  0 0 0 0 OOO OOO 0 0 0 0 0 0 0 0 0

OQQ QOQ o o o OOQ OOQ QQQ QOO OOQ QOQ QOQ OQQ QOO OQO QOQ OQQ
WOK <  S — © © «o — O* m if 0 <  ©O in © n N-© iONO 3K*© O ©© n © © m m<f N— N N ♦ ©
<f — © OifK © ♦ — O — — aD N O NNN — — N © in n © <fN ♦ O© O © ♦ NON 0©<f ♦ ON ♦ ©♦
ca n — p* © cr so m co OOO — O — n mi/u — — — — — N — — N ♦, m ♦ — © — N© — — —N NN<f N —N

"“I t « • t t t ♦ ■ * * * • » • t ♦ » r t i t • • • • * * ! • * t * * • • « • • • • • •
0  0  0 0 0 0 0 0 0 0 0 0 OOO OOQ OOO OOO OOO OO© OOO OOO 0 0 © O© © OOO

WdN nh n n m n NON n <f n N* N N ♦ N N ♦ N — 0  — — m n <  ©© n ̂  rj n< n — 0  —
OOO
1 1 1

0 0 0 0 0 0 OOO OOO 
t 1

0 0 0
1 1 1

OOO 
t « 1

O O O 
t 1

OOO 0 0 0 0 0 0 OOO
1 1 1

0 0 0 oo o o o o
1 1 1 
QOO QOQ 0 0 0 OOQ

1 1 1
OQO

1 1 1
OQC

1 1 1 
QOO

i l l
OQC OOQ OQQ

1 1
QOQ

1 I 
QQO COO

1 1
OCO c c o

<CHN tf) ©N N n © 0  CO 0 NNN non O — <f — — <* Nin© © ©in o©m — ©S — < © © —N
ON< 4HK OOO cr noo <f © © — N © mN© — n n NyCJ — N N © cv n© O'© — in n «r
m-m N-N — — N — — in —N mns -©  — — © — — © — IV —N - <  © n — m NN<f nn© N —N• t t • • * • • * • • t • 1 • i t * t * « • * * u  * ♦ • • • * ♦ • • • • • • • « • •
0 0 0 OOO OOO 0 0 0 OOO 0 0 0 OOO 0 0 0 0 0 0 r»o© 0 0 0 0 0 0 ©OO 0 0 0 © OO

0 0 0

t«

OOO OOO N NN 0 0 0 OoO 0 0 0 0 0 0 NNN 0  — — OOO ooo NNN
. 0  0  0 / OOO OOO O O O OOO 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 OOO 0 0 0 OOO o©o ©OO

QQQ QOQ OOQ OOO QQO OQO OQO QQO OOO OOQ OOQ OOQ OOO QQO QOO— r*» O CO © ©• NO* O' <r <00 — ̂  ̂ 5 ° w mm* n in in — N — © © N— - © ♦ © — n rj — to CO
N V*IT «_>10 Vj O ♦ < OJ CO CD ©nm — — u o o © © UJ © in © r-r-N UJOO — tr 0 ♦ —— r*)u)u) cd a/ O

< CO N CD k n n 'O'O'O in in in — — — m © © © © © ©NN © © © K N K nnm N ♦ © m © uj ♦ UJ© v> tro*t t • • • • • • • » • * • * * « • • • » • * < * • • • • • • • • • • • « • • •
OOO
) I I

0 0 0 0 0 0
1 1

0 0 0 0  0 0
1 1

0 0 0
1 1 1

0 0 0 0 0 0
1 1

0 0 0 0  Oo 0 0 0
1 1

OOO
1

©oo 0  0  0
I I  t

0 0 0

NNN NNN NNN NNN NNN NNN n n n N nn NNN NNN NNN NNN nnn NNN NNN
\S S W N SSS s s s SSS SSS s s s s s s SSS SSS SSS SSS s s s SSS SSS
IfllflN in in ̂ in in f- ininN

l i t

ininN

1 1 1

inmK

1 1 1

©©N © © N
I f f

m © n in in k m©N ininN m©N ©ins WtllN

1
n

( I 1 

N N N

1 1

N N N

1 1

N N N

1 1 

N N N

i f i

N N N

1 1 1 

N N N N N N

1 1 

N N N

1 t 

n n n

l 1 

N N N
\ 1

N N N

1 i 

N N N

f 1

N N N

1 t 

N  N  N

t t 1 

N N N
SSS s s s SSS SSS SSS SSS SSS s s s s s s SSS s s s SSS s s s SSS s s s

* nmtn minw mmm n  in in n w w minin nin© min© ntn tn nm© m intn minin mi ni n mtn © m ©in

3 0 N N © 0 0 N © 0 a — N ©
W

— **

Z <0 0 a> Q 0 O 0 o> 0 0 0 © 0

z
u

to
z
<
a

0 3 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T
H

E
O

R
E

T
IC

A
L

 
R

A
D

IA
L 

M
A

TR
IX

 
E

L
E

M
E

N
T

S
; 

O
S

C
IL

L
A

T
O

R
 

S
T

R
E

N
G

T
H

S
; 

AN
D 

T
R

A
N

S
IT

IO
N

 
PR

Uc
 

A/
i 

t L
I 

T 
t 

c
5

. 
FO

R 
TH

E 
it

H
lt

S
 

f<
T

D
j 

-m
f 

F
jt

 
C

A
L

C
U

L
A

T
F

O
 

FR
OM

 
W

AV
E 

FU
N

C
T

IO
N

S
 

G
E

N
E

R
A

TE
D

 
SY

 
TH

E 
C

O
U

LO
M

B
 

A
P

P
R

O
X

IM
A

T
IO

N
 

OF
 

B
A

TE
S 

AN
O 

O
A

M
G

A
A

R
O

 
AN

D 
1Y 

TH
E 

N
O

N
-R

E
L

A
T

I 
VI

 
»

T
I
C 

H
Y

O
R

O
G

E
N

IC
 

A
P

P
R

O
X

IM
A

T
IO

N
-

o

o o

nj

o oo oo

oo

o o

oo oo

QQ
ON

O

NN NNN NNN NNN
\ \  \ \ s  SSS \ \ \

in^r» tnmN

nn  
nn  
in n

nn n n n  n n n  n n n
N N  N N N  N N N  N N N
t nm m n m  n t n m  f n o t n

\zz

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



• ft 
•  —

u?>  
-  

£. <
t d

“ I 
%  % c r

71IJ 
J X — >-

•ti v 
•at

uo
I Z
ft <

acoa
u.<

<

© *
U’<
— L> 
ft 
-*0 
JZ 
**< 
CD
< V) 
uitU 
O*- 
CC <  
0. CD

i&
ftZ
— “i
in  — 
■*v-
< < 
KZ

zc
<  a  

a
»• <
w
103
f t l
00 
Z J 
wD 
a u  
ftU 
©

UJ
1  ro*-
ft
<>-
J O
J
h Q
U*ir
© f t
o<

a
**UJ
©2
►-uj
ZO
UJ
X© 
u z

d H
ft 

XU ♦ 
hZZ 
z o o
>- U- —
<  f t  
X 1 U <

j 5 5
<9K
-  o  
qzq;  
< o a  
s n a

IL <
J
< O U  
uuj —
— ft Z 
ft- < U J 
( U J O  
a  d o
DUE
U; J O  
X< > 
W U X

ft
<
J
UJ
a
i
z
u
z

N 'O K ft Tft ft © ft © < © ©ft CP ft©ft ft©ft ft©N ft ©ft N ON ft©ft f i  < © NON Ocr © N Ift N
0<“» D OOO o o o o o o OOO OOO o o o ooo OOO O •"» o OOO OOO OO O OOO o o o

ODD QOQ Q DO q o o ooo OQO OQO ODD ooa OO O 030 ODD “'DO ooo
T N P p ft — 5®n w — — X f t ©W© T 3 «f Pft — ftpp > OO i>-oN on© ONP — •n o 0 - 0

— p ♦ <ft ooo o ,n ft SWt) <  — © fM O Ift (DO- w© n <0Mcn *g — o * o  W — — t f t f t  © Mn <
<r n < rON O N — rg <  N r*> — -4 — nm o WWn N — N -4 — *4 — p — — — — n ©s. <f m© n ^ p*
• • • • • ♦ • • • » » » * 1 « • • • • • • ■ * • * i i ♦ * ♦ • « a • • • • a • • • •
OO'' o o o OOO o o o ooo OOO o o o OOO OOO •ooo o o o o o o ft P O ooo ooo

O  CM O  6  O  N O — N - O W — - # o  — O - o o  — o 0  — 0 0 - 0 O  N O ©CVIO O N O — o  — 0 — 0 0  — 0
◦  O O o o o O O O O O O o o o o o o o o oI o o o1 o o o1 o  o o  1 O O O1 o o o1 o o o 3  0 0  1 o o o)
D D D O D D O O Q D D O O Q Q O Q Q Q Q Q Q Q Q Q D O Q  Q D Q Q Q O D D D Q Q O D D Q Q Q
ft f t  ft o o o T O P O O O M l f l O 0 N 'ft O N  ♦ ft ft T f t  f t  T N  O  ♦ ftft — ft-** 0 © 'ft *•«. ^ N
N < T W O N N<ft o  © T N >c n <ft© t f t N < o o o f t  N T f t  N'T' — ©  *ft ©  N  * W - © N N T ©
— CO — O' < © — < p N  Ift N r f t -  rft © w © < — n W - W -  p _ X T n  — »ft Ift N  ift
•  •  » « » • •  • • • • • • a • • •  • •  » • • t  • • * • a a a » • » a a a • • a • • • • • •

O O O o o o OOO OOO OOO o o o o o o o o o O O O o o o c o o ooo ooo ooo OOO

— — ^ « P 4 M -4-4 n n n ^ * 4 * 4 -4 — — m* w» m* N N N ■ — N N N N N
OOO o o o o o o o o o o o o OOO o o o OOO 0 0 6 OOO o o o 0  0 . 0 OOO c n o o o o

OQC OQO OQQ QQQ OQQ OQQ QQO QOQ QQO OOO QOO OOO o o o 'OOO o o o
Ift N  N Ift'CO — N N < rft ift «* •« - - N <  Ift O —N COIft Ift © N  N N O © C N N o  © © © N N ift — o  ——
tniftift ?*© in i ntn i> CJ o »ft T — < i n i f t OOO TO© OOO •ft N N - -  — o o o — N N
ni f t i f t N N N N N N N N N < < < M D f l ) o o o N N N Ift O  © < < < < < < — — « <o<o<c o — -
• a • « ^ » ♦ •  ♦ « i • » •  a •  « « • •  • •  •  • t » * a « • •  •  * •  •  « a • a ■ • a •  •  a
OOO OOO OOO o o o o  OO OOO OOO OOO OOO OOO o o o o o o OOO o o o OOO

I t I t i l  I I I 1 1 1  t i l  I I I  I I I  I I I  I I I I I

-

•O’ft o C' f t  3 ©  <  © © * f t © 'ft < • © ‘ft <  'ft •ft <* 'ft ‘©  <f 'ft ©  <  © ©  <t ‘ft 3 .ft© rft O  — <  n ©
o o © o o o o o o o o o O O O O O O O O O O O O O O O 0  0 , 0 o  O O O O O O O O o o o o o o

o o o \ a  o o o o o o o o O O Q o o o O O O Q O O O Q O o o o O Q O Q Q O o o o o o o o o o
©  — N N <  tft N fft O>c0 ©  o  — <0 ©  © CO N < — O  © <* h- O — p < © T N O  ©  rft N  N  ft © t f t O T T f f t
* > <  — <r o © — <  N o  n o - N T N  P C N N n r*» © p  o © N  < N L 1 ? C o r f t O T O D © < N T O O
— X  N —4 co - - u i n © — -a <f f t l f t ©  <  © < r f t © fft Ift < tft N  Ift W — N N  — N — - n f t  sO —
« « a •  • a a a a a a a a •  a a a a a a a * a a a a a a a a a a a a a a a a a a a a a a a a

O O O o o o o o o O  O O o o o O O O O O O o o o o o o O O O O O O o o o ‘ o o o O O O o o o

N  Ift N~-v f t J D N N  rft w w  rft w — rft — N f f t N W rft N N  rft N w n w w n w n  t © w n  w N*f t  W
O O O o o o o o o O O O o o oI I I O O O

i t
O O O
l i t

0 0 0
1 1

0 0 0
1 1

o o o o o o o o o o u o
I I I

0 0 0
1 1 1

o o o
1 1 1 
O O O

1 I 
Q O Q

1 1 
o o o O O O

1 1 
o o o

i i
O O O

1 1 
C C O

1 1 
O O Q

I I I
Q O O o o a o o o o o o

1 1 1 
c o o

I I I
Q O O O Q Q

p  «-* — C I D P Ift N  Ift n n m O N O N N  © Nt f t  N rft-* < ©  — w r f t N < QOCQ <  © < rft <  p © P C D
— •ON N  © N O O P rft N N P  t f t© - N N O ®  N © © o ®  ©  — ©  P  CO N  <  ® T P © O  ©  T P  p  ® ©  O  —
N  »ft N Ift Nt f t •ft — rn — ©  — «t rft n - a © - * p * P ©  rft N <  w © fft — m W — N — ft — w —n N —•■ft n  w <
a « • a a a a a a a a a a a a a a a a a a a a a a a a • a a a a a a a a a a a a a a* a a a

O O O O O O O O O o o o O O O O O O o o o O O O O O O O O O O O O o o o o o o o o o O O O

o o o o o o o o o N N N 0 - 4  — O O O O O O o o o W W W o  — — O — — o  — —
o o o o  o o o o o O O O O o o o O O O o o o O O O o o o o o o o o o o o o

1 I'
o o o o o o

O O O o o o o o o Q O O O O Q o o o o o o O Q O o o o o o o O Q O Q Q O O Q O O O O O O Q
. I f t © © © n « f t Pff t t f t — N  N P  <  < — Jftfft K  <  tft ©  — — <©© N  © © — p p — <  <r P  ft CD o o o c < * r

— f ft rt O  CM 01 — n m © 0 ( 0 o  n  rft c u r © — N N © o o p  fft Ift ft* O O ft» p  p W W W T O O w — — f f t O o
N N N ©  ©  © ift tn in N N N •rt — -a - p4 H p - - N. QJ CD ©  ft- N- © © © * < < < N f f t < P  -*«« P — -4
a a a a a a a a a a a a a a a a a a a a a a a » a a a a a a a a a a a • a a a a a a a a a

o o o  
1 I

o o o 0 0 0
1 1 t

O O O o o o o o o  
t 1

o o o O O O  
1 1

O O O O O O  
t 1

o o o O O O 0 0 0
1

0 0 0
1 1 1

o o o

N N N W N N W W W N N N N N N N N N N W W W W W W W W N W W W W W W N N W W W W W W W W W
NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN
Ift Ift N Ift t f tN Ift Ift N IftlftN IT) Iftf* tft in ^  

( > (

©  i n f * ©©f* ©U)ft> 

i i

in ©  ft-

■ i t

© © f t

t i t

© t f l f t ©©ft
■ t i *

©  © f t

i t #

© © f t

1 1 

W N N

1 1 1 

N W W

1 1 1 

N N N

1 1 

N N N

1 1 I 

W W W

■ i 

W W W

1 ) 

N N N

1 1 

W N N

i i

W W W

i i 

W W W

1 I 

W W W

1 1 

W W W

1 1 i 

W W W

i I i 

W W W

1 t t 

W W W
Nn N NNN. NNN NNN. NNN NNN NNN NNN NNN NNN NNN N NN NNN NNN NNN
fftlft Ift n i n i n 10 Ift Ift r> ift ift fftlfttft fftlfttft fft © © f f t © © f f t © © Ift©© f f t © © f f t © © rft © © fft © © rft©©

o N tft © N CO P o N T ft P
—

© © © N N N

//

N N N ft f t T T CO T

i n
z
<

zzz

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



JNL
5 <
i si

m Iii 
J X

r
'U v

UiO
X z
h- <

tr o 
oo: 
u, *  . 

<• c
{AX
Ui<- c
v-
-  O 
J Z
I- <
o
< m
UJUJ

. d *-
I I  <
a  © 

Z(L
oo

Z z

<<

ss
«a
a

» • <
WJ
X c 
K T
o o 
Z J  
IUD  
20  
HU tft

Ui
c :
CH
H<>
JO
J
— q
u u
VI
o<
a

.♦UJ
iflZ
HU1
zo
u
IV)
u iZ
J O
14 —

H
x o  •
— z z 
aoo 
►- u.— 
< »- 
I tu<

>1
J < ~
< *  X
— o 
oz a« a a
QTtrft 

u. <j
< ou
U Li —
— H  Z  
►-<14
Li j o
a  do 
oua 
IU JO T O  
h U l

1 ^
^ * 54 :■ Z ■ p ;  
< :  * K2 Z* 
— <
X
o
ora

© o*
TOO

ooo
4 4 —^

•  *
o o o

— 0*4
o o o
o o o
N©- 
^  r*. in 
m — m 

• • 
o o o

n nn  
o o o

ooo 
n m m
4 4 4

t i s r c?K © ® Kt ON © ©K© OOQ NON NON m4in ©NCO N©N © O tT NON NON
©oo o o o 3 oo 030 OOO OOO 00*1 OOO oo o TOO -J 3 -> 300 3 3 3 0 3 3

s s s
3 0 0 30 3 333 303 333 0 3 0 333 330 3 33

5 3 5
333 3Q3 3 3 3

N in eji ©*m moo © mN ©N4 in o co OO — in —n rvmm Nrno O — N >ON
4  c* * •no* s®o m tin MMC Nom mm© — o m ©N© — mm < <n n O N ON"' m in ©
mmm mmm m N4 N —N im — — — © — 30 0 Nm n so m n mmtn O <N — N — 003 o < o
« • • • • • • • • ♦ • ♦ • « * • • • « •» * • • ♦ • • ♦ * • • • • • • ♦ ♦ • • « • * •

o o o o o o o o o o o o 0 3 0 ooo 3 00
9

o o o ooo ooo o o o ooo OOO o o o

0 - 0 o — o 0 — 0 o —o O NO ONO -N  — — N — — N — — o — o — o 0 — 0 0 — 0 o - o
o o o ooo ooo oo o OOO 0301 000

1 1 1
OOO 
1 1 1 ???

o o o oooI oooj ooo o o ov I
0 0 3 3 30 3 30 0 3 3 3 3 0 0.3 3

111
QQQ. 3 3 3 333 QQQ 3 0 3 0 33 3 30 2 0 3

nj — — "* 4 © f*. O — © •*©• <f"1K f  Nt1 N —N m —m O -  — <*m 0 omn — <f N n ©in r* <f ©
o o fr 4 — N V* ̂  ® 4-m © tr in — 4 © Nfr D — o© — m © o» © «o < N< O N « © tc N in n <*
► PIN © m © m — n N — tV ^  ̂ — tn- cn*« © n m m n < mNin < N < m Nin m —n N — N
1 * • • • • • « • * • « • • ♦ • • • * i i • • • « • • I ♦ * • • • . • • « '* i ♦ • • «

oo o o o o o o p OOO OOO OOO ooo ©TOO OQO o o o o o o o o o ooo o o o

— — — — — — — — — — m* —• •« — — — — — NNN — ——
o o o o o o 0 0.0 o o o OOO ooo o o o ooo OOO oo o © oo o o o oo o o o o

o o o o o o OQO OOQ OQQ QOQ OOQ QOO QQQ OQO QQQ QQQ QOO QQQ
omn © m m moo O — — — NN OOO QQQ 4 in m © oo 4 4 < t> — —, m mo © < < m O' o
ooo © -  - o o o oo o 4 4 4 ooo QOQ 4 4 4 aj © tr NNN < NN r c * f < m m n f 'n
moo in mm mmm mmm NNN — *4 *4 — — — — — mmm NNN OOO OOO mmm < < <
• • • * « • • * • • • i « « • • • • « • • i t * • • • • • • « • « • • «• « « •
ooo Ooo o o o o o o OOO OOO OOO oo o o o o Ooo o o o o o o ooo o o o
t i l  I I I  i l l  I I I  i l l  l i t I I I I t I

\ m I

f

3 N © 3-0 3 NON NON N ©N N ©N n m n n m n om 3 ©•n© o m o pm r o n n
oo o OOO OOO OOO OOO OOO OOO o o o o o o o o o o o o o o o o o o ooo o o o

— J )1 OQQ QQQ OQQ OQO QQQ QOO OQO OQO QQQ QOO OQQ OQQ OQO QQO QQO
© >0 <f o n < m iflt?'? <mN 0 0 * 0 Q — — in m< 4N© ©mo o n o mom ©ON — N — o © o
V) ©mo om- < in© — o«* © ^ 0 4 - <om ON - m o* © mNm Nm o m o — mNQ m 4  n 4 » N

— — N - n — «f N< N —N — —N ——— — N - ©in © -O1- 4 mm 04© • 4  m 4 mNm N —N
z • • » • * * • * ■ • * * • • « ■ • • • • • • • « • • • * * * • • • • • i • • * * • « ♦ *
o

N
<

oo o o o o o o o OOO OOO OOO ooo o o o ooo ooo o o o o o © oo o ooo u o o

T

X
o
z 0 —0 ONO — N - — N — — N — — m — — n — n m n n m n o — o — N — — N — — N — — n - — m —
a o o o o o o o o o OOOI I I OOO 000

1 I
o o o OOO 0 0 0

1 i i
o o o OOO

t 1
o o o  

. 1 1
‘ooo 000

1 i
0 0 0
1 1 10.

<
1

QQQ QOO
1 1 
OOO

I 1
OQO

t 1 
OCO

1 1 
QQO OQO QQO

i i i
OQQ QQO

I I I
OOQ

/ 1 1 1
QOQ obe

i i i
QQO

I I I
QQO

— in — m©o t> in — 4  CP»N 4 — m 4  in n — otn ©^ © o in o 4 0 © Nm — © ON- © ©N © © 3 — N N
o NO — m< in mmm m o — Nmo © ©N mNN mm - N<TO N O — ^•cm ©ON N —3 4 4 4 o o o
a < N< — N — n ms 4 N< N *r <V — ®— — m — c*<o N 30 ©4© 4 Ntn m —m N —N — N - — m —
< • • t i I • « • ■ « • * • • • • * \  • • • * • • • ♦ • • * • • « • • ♦ • * 4 • ♦ * • • *
< ooo ooo Ooo o o o OOO o o o ooo oo o OOO OOO o o o o o o o o o OOO o o o
o
2
<

* \

a A.
i
m t
iu
N — *4 — —-  — — —— — —— o —— Ooo oo o o o o O Q O NNN — — — — — — - - J ' — — — o o o
< o o o o o o o o o ooo OOO o o o oo o o o o oo o o o o o o o ooo O o o OOO o o o
Q

QOO QOO QQQ o o o d o o QQQ QOQ QQO QQQ OQQ OOQ OOQ QOQ OQQ QOQ
— oo — <  < mmm © O' o in oo n n n mo© mNN in © © o o o ©mo n mm © mm N O —l N©U'.

•— CO © W yQ'C'O NNN NNN woo o — — r-NN N NN 1> LN 4* •com 4©<J CD .3 4 4 a —— «J © ©
< < NNN M — — t> —— aj ©© mmm 4 4 4 — — — NNN — —— — —— — «« —, ©©©

• • • i i * • • • • • * • • * • ♦ • I • I * * • « • • • ♦ • • • • ✓ • • • • • • • « • • • »
oo o 0 oo

1 t 1
OOO 000

1 I 1
d o o o oo 

I I I
ooo 000

1 I
ooo o o o •ooo 00 0

1 1 1

oo o 000
1 1

OOO

Z
o

w
z
<d
H

NNN
SSSinmN

NNN
NNN
ininN

■ i i

NNN
ASS
Tni/>N

NNN
NNN
mins
# i i

NNN 
NNN . 
ininN

. i i

NNN
NNN
in mr*

NNN
NNN
■mrnN

NNN 
NNN 
m m r-

# i i

NNN
NNN
rnmN

i i i

NNN 

1 1 1

NNN
NNN
IH10H

NNN
NNN
inms

> i i

NNN
NNN
inmn

* i t

NNN
NNN
inuis

■ i t

NNN
NNN
min^

i t i

NNN 
S’SS 
min in

i i i

NNN 
NNN 
m m in

i i i

NNN
NNN
mmm

I * i

N N N
NNN
m in in

i i i

N N N
NNN
min in

i i i

N N N
NNN
mmm

i i i

N N N
NNN
rnmin

i i i

N N N
NNN
mmm

■ i i

N N N
NNN
minm

N N N
NNN
mmm

< * * 1 
N N N  
NNN
mmm

i i i

N N N
NNN
mmm

t i i '

N N N
NNN
mmm

■ i i

NNN
NNN
mmm

i i i

NNN
NNN
mmm

*  . i

4

in © N © o o
-

^ N 4 m © N © o

in in m in m in in m in © © © © © ©

£ZZ

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N O N - o - -  O  — N O N — ©  —
ft n  r> ft  O  O "ft o o O O O o o o o o o

▼ 1
U O Q O o o o Q Q f t o o o o o o o o o** e *  o  — S  0  N ft  "ft N. ♦  O N ♦  * N o  — —

w IA trun*^ ■ftfft-0 0 — 0 O  N  ♦ — i f tO
< — ift N ^ ©  fft — t f t - Ift N  < N f t K
X •  » « •  •  « •  •  « i  •  « •  « ♦

o o o O O O o o o o  o o O O O O O O
X \
c \
c
a
a
< . 0

*

' * u n « n <  Ift * n  « n <r tft « Ift <f N
' 2

0 0 0
1 \  )

O O O  1 1 O O O
I i

0  o o
1 t t

0 0 0
1 1 t0  O O1 I i

’J o o o o o o 0  ”> 0
1 •. 1 1 

o o o
■ 1 1 * 
o o o

1 I 1
o o o

? •ft ft* f t — N — -f tN N9> * N  - •  <f
O ©  ♦  s «r O  © O N O t f t N < ©  IT* ©
V O  <  O n  N n N  — N ©  I f t© O' © —
o * • • •  • ♦ •  •  • •  • « • « • •  « •
V o o o O O O o o o O O O O O O Q O O
I

u
*•4
»-
tft
*«> v  V
> •H •*  — o  o  o o o o — — — o o o
— o o o o o o o o o o o o o o o o o o
— *
< o o o O O Q o o o O  Q Q o ' o  o o o o

tft *  « — © © N  fft fft — o o o  — — «  N  N
UJ £X . ( D O © O  N N 0“ 0 0 <* Ift N  N o o o
tt *« • *«* N N N — N N N N N fft fft rft
J • • •  * ♦ • • * • •  • •  ♦ • » * ♦

2 o o o o o o O O O o o o O O O o o o
u 1 1 1 t 1 1 1 t 1 1 1 1 I
Z

r '

\
t_.

‘f t -e ft tft "ft Ift < n  <r ■ft osft *  n < f
o o o o o o o o o O O O O  o  o o o o

J
( j o o o o o o o o o o o o Cs QO o o o
o f t * © N ©  O' ■* ©  — N o  — <■ n 3 n — o  —
Vi - •  O  — o  — o f e a Ift S f t ©  f f tN — < ©

z *
•w N  — N — Ift — © i f t © O l f t O O' <  ©

•  • • •  * • , *  •  ■ •  • • •  •  • •  » t
u < ~ * O O O o o o o o o o o o o o o o o #o

K
<
X
*r4
X
o
a 0  — 0 — N  — f f t ) - . — — — -  N  - ^4 *4
a o o o o o o o o o O O O o o o o o o
0. 1 t t 1 t 1 I 1
< O Q O o o o o o o o o o o o o o o o

—> O O  © N  fft O -  © < ©  ©  m © © © ' <■ © o
a — ^  © ©  (ft N <r f t -© Oj f t  - ©  4 0 N  ©  fft
s O O O N  tft © N  — N — N  — Z iO O — O'
< •  t „ •  *  * •  •  * •  •  • •  ■ • •  *  *
< o o o o o o o o o O O O o o o O O O
o
z
<
011
VI
UJ
)■ N N N N N N M — — n n n N N N fft Ift fft
< o o o o o o o o o o  o o o o o O O O
©

O O O Q O O o o o " O O Q o o o Q O O—1 O O O O O O n  ift rft rft P* P* N  fft fft P N N
ryf O  ©  CD rj  /ft n w  — — <V O O 0  0 * 0 O Q U

N  ©  © — — — ©  ©  © ©  ©  © — «* — — *m —
•  • •  « •  •  « ♦ •  • •  » • ♦ « •

O O O O O O  
1 1 1

o o o o o o O O O
{ 1

o o o

N N N N N N N N N N  N N N N N N N N
\ \ S \ \ \ S S S S S S S S S s s s

^ „ rft in ift fft tft ift fft Ift (0 fft t o© n  in uj mt n i n
“> '

Z  J I t i 1 I I 1 1 t 1 ( i t t j l
O  1
— N N N N  W N N N N N N N N N N N N N
K \ \ s \ W s s s S S S S S S s s s
— tft I ON tft t f tN Ift t f tN tft 1ft h- I f t l f tK tft ift r-
V)
z
<
a
»- X N fft « m # ♦

z o O O' o o

vzz

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o
o

<  -

z <“

J n  «  n O Q N ♦ ft * n f t n n  in n n * n n  *  n m >o in ♦  in * n n n n  *  n n  ♦  n « in < n m n
— 0 0 01 i i

0 0 0
1 1 0 0 01 1 1O O O 0 0 01 1

0 0 0
1 1

0 0 0
1 1

o o o o o o 0 0 0
1 1

o  o oj | 0 0 01 1 3 0  01 1 1
0  3 0  
1 1 1 0 0  31 I iz

J " 1
i i i
Q Q Q

1 1
Q ' 5 ' 1

1 1 • 1 
Q O Q O O  0

1 1 
o o o

1 1 
0 3 3

1 1
3 3  O 3 0 3 3  3 3

1 1 
0  3  3 3  3  3 3  3  3

i *
3  3 3

I I
3  3  0

• I 1
3  3  3

■> ' I ’ J V 10 * tr> «  n O j ) ' 0 n  'n 3* — - — o  f t (M n  *m o o  in ♦  N O •n n  r> 3  M 3 «  c  — n  n  in «  O N
n *— CO 10 •ft <0 'C ^  f»* *C 0  K  — n o  m m in ^ <  o r n n n  — - * N ir  — n ^  in <v m — N n  ©  ** — *  w
X N  — N — n  n <  n m - — r~ — — - — — *4 r> w n * n n « — jp — « n m — — — q n q — t  —
Q i  » ♦ •  •  • • • « * t  i • « • i  * • • i t • •  • • • • « » • •  • • • • • • • • • • •
► . OOO' o o o O oo* OOO o o o o o o . o o o o o o o o o O O O o o o o o o o o o OQO o o o

N —N o n  — n —m n c\j n n<vn rftcjn N-N — O — N — w n — n n rj n N - n — O — won N —n
O 3 3 O O n nn o 3 n 3 ooo . on O'> ooo o o o OOO ooo ooo ooo o o o oo o 0 ^ 0

0 3 3
1 1 

3 3 3 3 3 3 333 3 3 3 333 303 3 33 3 33 33 3 333 3 33 33 3 3 33 3 30
•no — 0 - 0 N ft n *o — n ft -*N O ft N "ItfS «t 3 N n in — o ft o ♦ 10 O' *  ft rg* * T N ft 0* C*
in k <* < n N — N O CO o s o n O ̂  CD ft r- ft O — N N^ffl TOT' — Ift — n — rg OO- 3 -ft — eg 'ft**
n n n nn  ♦ — >0 — n — n mrjin n n 'ft n —-n n — w , < N* — c* — n — n N — Csl *  rg ♦ — r* —
• • • • • • • • • • « • • • • * t « • « • • • * • » # * ♦ • i * i • • • • * ► i t * • • •
OOO o o o 3 0 0 OOO ooo ooo Ooo ooo OOO o o o ooo OOO ooo o o o Ooo

o o o — r*tvj O po o o o OOO ooo — — — ooo OOO OOP# -  -  — ooo Oo o ooo
o o o o o o

i i i
oo o ooo. o o o ooo OOO o o o  

■ 1 1
0 0 3 ooo ooo o o o OOO Ooo ooo

ooo '
i i i
OOO OOO OOQ ooo QOO OQC Q Q O QQQ QQO Q O C OQQ OQO G OO c o o

f t  oo ONE — ft f t ooo O' — — ftKN ON — rg —o ♦ OO egftN © NN ft ft ft — <* nn NOV
o u o — — o ft O ft «* M i\i m n rg rg nj ft «t ^ NO© © 17* O NNN ^OO tn n n N ft ft IA oo NNN
ft ft ft — ft ft — — — <v(\»rg rg n rg n f grg P P P N ft f t — — — NNN Nnn — — — — — — — N N n nrn
•  • ♦ •  •  » •  • • t  t  • ♦ « • • • • i  i  • • • • ■ • • • • • ♦ * • • • • •  •  « •  •  i
0 o o1 1 p

0 0 01 1 p
o o o ooo o o o o o o 0001 I p

0 0 01 1 \
OOO ooo ooo

V
00 0
1 1 1

0 0 0
1 1 1

OOO ooo

o
©
o

<
X

X
o
d
a
a
<

o
a<
<
o
X
<
0
1CO
(J
—
<

3 *  a f t  <f ft ft <f ft mn ft tn n f t n <f n n ft n n tn ft n ft ♦  ne ft <f «ft n n ft n n ft <f n <r
o o o . o o o o o o ooo oo o ooo ooo oo o OOO OOO OOO OOO o o o ooo ooo

OOQ o o o QQO QOQ QQO OOQ OOQ QOQ QOO' QQQ OQQ OQQ QQO OQQ OQQ
h HS 3 N ft n o ft ft <  — O 3N n n ft O © ft - N * ■e oo* 3 ft ft o<o -  <  3 0 3 0 *>© 0 3 - -
— no n n ft onN ©03 n  n n ft ft N — O 3 © n n N ^ ft — s — ft —N ft N * N N ft o  — o ftN -tf
- f t - <  N * N — N -  ft - 0* ̂  o ft N ft N — N — ©- - f t - 3 <f 3 m — m — © — — ft — s n v
• • • • » • • • • • • • • # • • • « • • • • • • • i t • • • * » • • * * * • • * • •

o o o o o o o o o o o o o o o ooo OOO OOO OOO OOO opo o o o OOO o o o OOO

0 — 0 — N- - n - rg n n N n n n n n 0 — 0 — N — — N — n n n n n n 0 —0 — N- — N — rg n —
o o o 0 0 01 1 1o oo 0 0 0

1 1 1
o o o ooo ooo 0 0 01 1 1

OOO ooo ooot 1 1 .ooo 0001 I iOOO ooo

QQO
1 1 1 
a  oo OQQ

1 1 1
OQQ Q OO ooo QQO

1 * 1
a oc OQO QOQ

1 1 1 
QQO QQO

1 1 I
QQO QQQ

I 1 1 
OOQft N O O ft o* ft ft ft n con 17 ON 3 N ft ' n n < n n ft Oft N Oft < N «* — *  — WtMC Oft© n n n<f —  ft ft ft c* -  n n •n 3 ® C7 — N ®no own O ft < ft —N nno — Oft ft no n mo O <r — — © o

■' <  n< rn n n -  D — in n ft n n n - - N ft < ft innm — — — r^ino ^ n ■* N ft o 04-0 N — eg ^ ft —
• • • » • • • • • • • • • • • I I I i i i • * • • » • • ♦ * • • • • • • • ■ • t i t • « '«

o o o UOL> © ©O OOO o o o o o o ooo o O o ooo ooo ooo ooo ooo OOO ooo

NNN — — — — — — — — — — — — o o o NNN — — — — —— — — — — —— NNN NNN — — — — ——
OOO OOO o o o o o o o o o o o o OOO OOO OOO OOO o o o o o o o o o o o o o o o

QQO OQO o o o o o o o o o o o o OOO QOO o o o QOO QOO OQO OQQ OOQ OQO
— ft  ft f t  3 3 0 3 3 n mm OOQ <» n  ft f t Ninin ^  -  — ft ft ft 3  3 o —— NNr- N ft ft
N ft ft . — — — <  <<T uj in in o  —— N n n ^  3 3 c<r<t utinio — tv tv ■ urftlfl NNN o o o p* r» r» 0* O'17
NNN ftftft NNN M — — — — — © © a> n n n c. r* n n n n NNN — — — ft U) ft — — — <  <T <t NNN
• » • • • • « • • • » ■ • *  • • • • • • • • i  i t i t • l t t t I « • • • * •

OOO O o  ° o o o o o o ooo ooo OOO o o o oo o OOO ooo OOO ooo OOO OOO
I t I I I I I I I I t I

z
<
L i

n Meg 
s \ \  
nrnft

i i i

w n n  
S.W 
ft ion

N N N  
S V N  
n  f t  f t

N N N  
\ S N  
n  f t  f t

■ 
3

/2
■ 

5
/2

 
- 

5
/2

N N N

n  ft f t
t i i - 

3
/2

- 
5

/2
- 

5
/2

N N N
S S \  
n  f t f t
i * i

N N N
s s s
n  ft  in

N N N
S S S
n f t i n
i i i - 

3
/2

- 
5

/2
- 

5
/2

■ 
3

/2
■ 

5
/2

 
- 

5
/2

■ 
3

/2
■ 

5
/2

 
- 

5
/2

■ 
3

/2
- 

5
/2

- 
5

/2

■ 
3

/2
• 

5
/2

• 
5

/2

• 
3

/2
 

5
/2

 
5

/2

1 1 1

N n N  
\ \ S  
f t  f t  N

1 i I

N N N
s \ s
ft  f t  K

1 1 ■

W N N  
S V . N .  
f t  f tN

i s *

W N N
S S S
f t f t ^

W N N
S S S
f t f t  1*.

i i * 

N N N
s s s
f t  f t  h-

i i i

W N N  
S S S  
f t  f t  K

■ i i

N N N  
S S S  
f t  f t  N

1 1 1

N N N  
S S S  
f t  f t  r*. 5

/2
 

- 
S

/2
 

- 
7

/2
 

- 1 1 1
N N N  
S S S  
f t  f t  K

1 1 1

N N N
S S S
f t f t  s

1 4 1

N  N  W  
S S S
ft f t  s

1 1 1

NWW 
S S S  
f t  f t  r-

0 
1 —

N n <
—

O
-

N n <
-

N n <

f t f t f t f t f t s S K 3 3 3 3

szz

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

A P P E N D I X  1 3  :  N o n - R e l a t l v l s t l c  T h a l l i u m  ̂ O s c i l l a t o r  S t r e n g t h s  

> A ' , t x  r u ; : M r N T i ;  r , (  n . u r i x  i n - r N - . r i i - . :  a  h> r m b i T u i .  " k ' n  j f i l i  r i ^ s ,  k i m  r t - t  s.:.< j  n p 2 P i -  m s 2 S ,  „
C A L C U L A T E D  r « C 9  * A V E  F I J n C T I C M  O C r U H ' T r  ■> >1V t . ( T  C C I J L . 1 M M  A i  = r-1 J X  M  A T I  I N  ] F  E A T ' - ' - ,  A N )  n A M G A A D D  A N O  9 7  T r l F  <10 N - n  c (_ A T I  f  I  r
H Y D n i K T N l C  A O  P 9  1 X 1 M A T  t  «>n  .  ______

N

c

T P A K S  rT r c w  -

M J » J *

R U

HA Tu S - o a ' I G a a u ) a p p r o x i m a t i o n

* l j  * 9 ' ” ' '
' )

N C N - H F L  * T 1 V 1 S T  I C

R U

H YOFI.Tj l  n i  c

f u

A P P f J C X I M A T U )

. A j j t s o c ” * )

6 7 1 / 2 - 1 / ? 0 . 1 2  7 0 0 1 i .  ' 4 i  n - o i 0 . 2 0 2 D 0  8 - C .  2 9 .10 o' l 9 . 2 3 0 . )  0  u 0 . 1 0 7 0 0  i
1 / 2 - I / ? 9 .  2 1 0 0 01 0 .  9 3  7 D - 01 0 . 3 9 0 0 0 d - 0 . 2 0 1 0 0  1 0 . 7 6  1J - 0 1 0 . 3 5 4 0 i i

6 a 1 / 2 - 1 / ? - 0 . 1 6  CD 0 0 0 . 5 1 0 0 - 0 2 C . 5 1 0 D 0 7 - 9 . 3 0 5 0 10 9 9 .  3 6  4 U - 0 2 9 .  1 6  AO J 7
- 1 / 2 - 1 / 2 - 0 .  5 0  3D 0 3 0 .  7 8 2 0 — 0 2 0 . 1 9 0 0 0  d - 0 . 1 J 3 D 0  1 9 . 5 9 6 0 - 0 1 9 . 7 6 1 0 3 9  -

6 > 1 / 2 - 1  / , ?  , ■3 . 1 9 5 . ) 0 3 ' 0 . 1 6 6 0 - 0 2 C . 2  3 p J 07 0 . 1 3 6 0 0  1 0 . 4 8 1 0 - 0 1 0  .  6 0  70 3 3
1 / 2 - 1 / 2 0 . 2 5  I D 0 0 0 .  > 5 0 0 - 0 2 0 .  4 1 7 0 0 7 0 . 3 3 5 0 0 0 0 . 4 0  2 0 - 0 2 0 . 6 7 1 0 0 7

6 1 0 1 / 2 - 1 / 2 - 0 .  12  70 0 0 ' 0 .  7 1 6 0 - 9 1 0 .  1 0 1 D 0 7 0 . 1 2 4 0 0  1 0 .  7 0 5 9 -  31 9 .  36  5 0 J 3
3 / 2 - 1 / 2 - 0 . 1 7 3 0 0 0 0 . 1 1  A D - 0 2 0 . 2 1  AD 0 7 0 . 1 0 2 0 0 1 0 . 3 9 1 0 - 0 1 0 .  7 1 7 0 0 i

7 a 1 / 2 - 1 / 2 0 . 7 2  9D 01 0 . 2 4  1 0  0 0 0 . 1 3 8 3 0 7 0 . 1 5 1 0 0 1 0 .  1 0 8 0 - 0 1 0 . 1 4  90 0 3
3 / 2 - 1 / 2 0 . 3 7 S D 01 0 . 2 7 8 0  0 0 0 . 4  7 7 D 0 7 0 . 4 6 9 0 0 I 0 . 7 9  3 3 - 0 1 9 . 1 3  70 or

7 ■> 1 / 2 - 1  / ? . - 0 .  14 9D 01 0 . 2 0 1 0 - 0 1 0 . 1 0 9 0 0 7 - 0 . 3 1 3 3 0 1 0 .  3 2 1 0 - 9 1 0 . 5 0 1 0 0 7
3 / 2 - 1 / 2 - 0 . 1 3  8 0 01 0 .  1 3 A O - 0  I 9 . 1 1 1 0 0 7 - 0 . 2 6 1 0 0  1 0 . 5 6 0 0 - 0 1 . 0 . 4  7 9 0 0 7 '

■ 7 10 1 / 2 - 1 / 2 0 .  7 7  I D 0 0 C . 6  7 0 0 - 0 2 0 . 5 5 4 0 0 6 - C . 2 4 1 0 01 0 . 6 5  5 0 - 0 1 0 . 5 4  2 0 0  7
« 3 / 2 - 1 / 2 0 .  7 0 3 0 0 0 0 . 3 0 6 0 - 0 2 0  .  6 9 4 1 ) 0 6 - 0 . 2 6 1 3 0 1 0 . 6 9  ) 9 - 0 1 0 . 9 5 7 0 0 7 “

a o 1 / 2 - 1 / 2 0 .  1 A 7 0 0 2 r  .  1 ) 3 0  30 <) . 8 4  71) 0  i 0 . 7 2 9 0 01 0 .  3 6 4  J - 0 1 0 .  2 0  JO J j
3 / 2 — 1 / 2 0 .  1 7 2 0 0 2 0 . A 2 9 D  0 0 0 . 1  I  6 0 0 7 0 . 1 1 7 0 0 2 0 . 1 9  7  j  oo 0 . 5 3 4 0 0 3

8 1 0 I / 2 - 1 / 2 - 0 . 2 7  AO 01 0 . 2 9 5 0 - 0 1 0 . 3 9  70 0 O - 0 . 2 6  7 0 01 0  . 2 1  3 0 -  ) l 0 . 2 9 1 D 0 3
1 / 2 - 1 / 2 - 0 . 2 3 8 0 01 0  .  * 0 5 0 - 0 1 0 . 3 4 5 0 0 6 - 0 .  1 4 6 0 ' 0 1 0 . 7 6 1 3 - 0 2 0 .  1 2  30 i  1

Q . 0  V 1 / 2 - 1 / 2 0 . 2 3 9D 32 C .  3JO*)  0 0 0 . 2 9  7 0 0 6 0 . 1  1 7 0 C 2 0 . 1 7  10  0 0 0 .  9 6 3 0 0 5
1 / 2 - 1 / 2 0 . 2 7  7D 0 2 0 . 5 7 2 3  0 0 0 . 4  1 2 0 Oo 0 . 1 9 1 0 0 2 0 . 2 7  7 0  00 9 . 1 9 9 0 36

/



rS->
I T

I  Z' 
v <

-o

i  <
a. iy

«  a 

• •

j
r

U ̂  
J U

r u <  
> t

r r p  
^ c c '! C C 

u <
< o  U 
oi l  — 
- * -  2 
^  a
UJ
~  r  n  
~  w  ~  
u J O  !<>■ 
i - U I

<n r» T t  **»

c i*j ai i  oo
r> »ft Al ft> i" ̂
^ ^ « K O M
cr** - it -f?

OO o o  o o'T' ** _• *n -ft .ft
<v yi fji*) © ©

© O Of' o o

o o o n  o o

cv © © ^  © »n
M ~ *T s. S ‘,0 C f' 0

c  c© c  ©  o c  c

— — ftJW
o© ©oo© o© ©o

C O  
©  <  
£ <?

o n  q c  o o  o o  o o
*n © m N i* © n *  ©
01 © ©Ift © N© © O
rj •* — — r> Aj ® s in «r

o * o  © o  © o  o o  o ©

o o

o  o  o o  o n
■>© o so ©o
in r; < n • © ©
w n  ^  ©  ©  ©

©o
Q C  C O

^ £

© © © c o o

N W
© o  o o

c  c  
o© 
<r w 
f'jfv

o o© o o o

cv. cv* ft.' ft; ft; «v r; ft. ft.’ <v ft.1 ftj
v \  N \  VS  v s  SS  SS

ftj ft* fta rg <v ftj
S  V  v s  v  V

LZZ

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



u

K fi fi ^  U1 *fi 0
** o o  •"> o o o o o o

3
...V o o a QQQ o o a

CL — w Vi **» ® "I o c  *n
rw ►- < w (VMS OOO — C o

E *
T -n -  tn >p-^- MNN
— * ♦ » » » ♦ • ♦

1 **’ V o o o o o c o c o
C V
1 cc

o  2
IN ^ r

T3
C

s*

j
t z -* — .‘J -» - N  -

— "T o c o o o o o o o
V J 1 1 1 I  1 1 1 1
J V * —̂ o o.^' q o  a C Q C
tf — *•» If K N N C - — n> «»

*- «*» -JP® O — O CC n
u r 2 f * f v - ON — Nifi **
i  2 > « • * * * • • •
w «* 2 o r e c o o c o o

r; O VJ
oa «a
i * I- •

< lf
• o —

>
i < I— — — o o o . — — —

- C k o o o o o c o o o
»-
— ■* J *—) QOO a o n q c n
j r if  -  C C tft If - o n e r
— < -> fi: tf c  e oyn — CNN
I* I n  — —
< > * z « * • ♦ • • • •
_ w u o o c o o o OOO
’ t- 7 t 1

-  <
c c

• J.

— ̂

— —
♦ ■—r

'* «f 0 ^  0 om r n  s i o
__ OCO o o  o o o o

k *— i
o QQO QQQ QOQ
<D OOC n* f io ■f o o

7 c • ul f\j n  v* C B S f* C N
< u. 2 __j s r̂ - >c CNN i f n  n

0. -J __ • • • • • • • »
— < O u o OOO OO O

<r F-
X C <
i— ^ 7

M
^ -J X
.

»-u a t\i — NCN - N -
a O n o c o o .c c  o .
< I 1 1 t 1 1 1 1

7 X c c  c c c c c c :
OF 2 •r fi n — irK c n -c
»- cr r n  c  'i' os? —
"  > <r ^  n.’ •^if  ̂ (V K
J x, < •  « •  • • • • *
_ , c c o  c c c c O o o

rr
<

Kfl *- 2
X < • J

c. ,0
•» U1 u
*/> 7
>— u < -H ^  — o c c —  mm —
3 O J. o o o o c o OOO
-J
5 if —i QCQ a c c QQQ
*.JZ t-J<J c NON •oo —
-JO o:” ONO c e  - O C -
L/“ — ^ k ^  su tone

H • « • * « • • «
K 'J * O O O OC O OOO
— 7 2 1 1
ir a o
h t -

H
y u; < >

> 2
-J« ~ f i j ftj ft» NNN NNN
«. *  X s. \ \ \ NSN NNN
_  r Z -J ^  n n — roc —
: : 5 LJ t i t ( l  l 1 1 t
<  n — ” > (M W O . NNf- NNN
j: c g \ - \ \ s NSN NNN

L  < r *  tf n r ^ i r
o l/J
<  O L - Z
U  UJ - <
—  h- 2 a
>- «r l : F- 7 t i C 0
u j o
a 3C
C U t t
U J _ lC
X  <r > C O N
>- u  r

• \-V*

8 Z Z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



<N k-

->l 
0 .  Z

c l  -*
, C  “

mu!. 
h iZ
— H 
I
UJ V  
IT J>

u j c  
x  z  
>- <

JT O
a  cr 
u.  * •<
• o

ifl zlL< < '
— o 
N
- o
-JZ
— <
LU
« V5 
U JU j
Dc 
3 <
ao

5%

Z z

< <  r  z
i- —

x
. 3  Z  
z a 
<  x 

c 
♦*< 
m
XT 
>— T  
'J O 
7  J  
UO
rr o 
• u

(/J
UJ 

2T X 
C»-t—

>- 
J — 
- J
-C
uu
in N
n< 

z 
.*u 
m z  
I-  u> 
z  m
UJ

u z
_io

x u  • 
- 2 2  
^Du 
t -  u.  — 
«r t -  
1 u < 

>  I
_j< — 
« * *

o r  atfUQ
e-tra 

u «
- j
< o u
U U J  —  
— H Z
h < u  
u j  _J O  
d : c  
oua
UJ - I  o
X < >  
J-UX

«% *0 ■* <T> > Nlrt o ®Nm NNN a * ’f\ N N -A »«n ♦
z — -j o OOO QOO QOO QOO o o o OOO o o o

1
— 0 2 0 0 3  0 OQO QQO QOO OQQ QOQ QOO QQQw w m ♦  — — ©>n in*j>5> *<cm X ON * < 0  * -«fl 0> A1©N <C©ftJ
.< — in — Pw ^  O n N N o n o o n © mom 0*0* — ©mm

" T —* *  w n *  — AJ m  m m — ncv — m n AJ —N —— — © -  — N AJ AJ
— *“ » • • • • ♦ • • • • » « • • ♦ • • ♦ * * * » » » * * •
X < o c o OOC c o o o o o o o o o o o o o o OOO OOC
c
cr
0.

J

u •*
— 0 - 0 0  — 0 O — o — — o o o  — — — o — — o - o  — — — o
z
.1

o o o o o o o o o o o o o o o o o o o o o o o o o o o
u

o n o o o o QQQ QQQ QQQ
1

QQQ QQQ OQO OQO
* Cg — in OMtM *  «  K <rocv me m < o < o —— mm n — Q©
X «— O *V © O —K <N N - o « mno* — ® © 4  4  O o  —<t
o © —- :r <r ^ in <r n — mm o —- mev — - n  <t cvnn - n n
V < • * * • • • • • * » • ». • ♦ • • • • • • • • ♦ • • »
X o o o o o o c  o c o o o ‘CiOO o o o O o o o o o o o o

u
—

m

>
— — — — —  — — — — cv n  eg — N CV — — — NNM AJ AlAJ AJ f\j AJ

»-
<

o o o o o o o o o o o o OOO o o o OOO o o o OOO

J OSD o o o QQQ QQO QQQ OQO QQQ QCQ OQO
UJ — riN N S N h C1/1S o - « >0-0 — m * 0 < N — — s nccn
X n> m ® o  <r m n n n ONN — — o o * n O sfl V> C c n — N ©
1 rr — - ncvrv fvJWW N — — — n  n cv cv CV — rg tv < n m
z » • » • • • • « • • ♦ • • ♦ • * * • * • • * *
k o o o o o o o o o O o o o o o o o o o o o o o o o o o
z 1 1 t ( I (

© © © QNCD ONO n n n NON m * c ® ® N mn<f
O O y OCO o o o o o o o o o OOO o o o o o o o o o

I
o GQQ QOO QQQ o d e QOQ QQQ QQQ OQQ QQQo •onin o r - eg O' n < — N N g N CV—:0 n n c < fO - ©mm

<v r> m — o n o-<? «n CMC N o n  <r — O — © o cv m<* < NO©
z -  aj - m ©m MC rj «r O' N m — n n s < f m — o m  cv — ———
Cj * • * ■ ♦' • « • * • • • • ♦ • • • • » • « * * • « • ♦
— o o o o c o OOO OOO o o o o o o o o o o o o o o o
N
<
I
4-*

, X
o

c  — c — ~ o — cv — 0 — 0 O — o — -  o O — o 0 —0 0 —0
s o o o o o o o o o o o o o o o o o o OOO o o o o o o
< \ I r i i 1 1 1

c c o c c c QQO CQC QOO QQQ QCQ QCQ c o o
c omm -■CN <* <r in CVCVfV otn <s mo — m —c* « o n © —©
cr <+- Pr)r- x  — o r *  y * n n  .ft <  - m -  o <7* — — nAJm cv* m
< rt <$ —> T -• — n<j ^ <•) — — CV C n © — — <t cv AJ N < n >c AJ AJ
< •  * • • • • • • • • * « • • • « • • « • • * •
c COO o c o o o o OOO o o o o o o o o c o o o o o o

<
o

i/ i
u
N
< — 4— — o o o — — — — — — — — — CVCVOJ — — — CV AJCV

o o o o o o o o o o o o o o o o o o o o o o o o o o o

o o c c c o QQQ QOQ OQQ OQQ QQQ QQO QQQ
J ©mu* NoQ vimm <f N — AJ uj vu N AJO — o © o

£X © r* o o n  cv >0—0 — — cv O'cff) a* <  <t 0* O' cr omcv cv Ain
— CVAj ^  M  ^ «oa>uj u> c  o n  in u> — AJCV — — — in cy cd A) r i r j
• • ■ • • « • * * • • • • • ♦ • * • ♦ • • •  • • • «

o o o o o o
f 1 )

o o © OOO o o o OOO
1 )

o o o o o o o o o

A l A l A j <\»c% fg C\J ru cv CV cv cv <\MCV cv cv cv cv (VCV AJ CV AJ AJ AJ AJ eg
V \ \ \ \ \ \ N N N NNN NNN n n n NNN NNN NNN

z n n r i r n rjin n n m n n m n n m n n m n n m  ' n n m n n m
u i i i i 1 J 1 i i i i i  i i J i 1 t j i i i i i i t
— n cvcg cv (UK N CVCJOJ cv cv cv CVMCV cv cv cv AJ CV CV cvcvcv cv AJ AJ
M s v v S N \ NNN NNN nnn NNN NNN NNN NNN
— —  r *  r — r> n — n n — nn — nn — nr, — nn — n n

z
• <

a
n T sC <r N © K © ©

Z o £ N N N © © ©

63Z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T
H

E
O

R
E

T
IC

A
L

 
R

A
D

IA
L

 
M

A
T

R
IX

 
E

L
E

M
E

N
T

S
; 

O
S

C
IL

L
A

T
O

R
 

S
T

R
E

N
G

T
H

S
; 

AN
D 

T
R

A
N

S
IT

IO
N

 
PR

O
P 

At
) 

IL
IT

IE
S

, 
FO

« 
TH

E 
Sc

tK
 

IE 
S 

J 
“

C
A

L
C

U
L

A
T

E
D

 
FR

O
M

 
H

A
VE

 
F

U
N

C
T

IO
N

S
 

G
E

N
E

R
A

T
E

D
 

DY
 

TH
E 

C
O

U
LO

M
R

 
A

P
P

R
O

X
IM

A
T

IO
N

 
OF

 
E

A
TE

S
 

AN
D 

D
A

M
G

A
A

R
O

 
AN

D 
BY

 
TH

E 
N

O
N

-R
E

L
A

T
 

IV
IS

T
IC

 
H

Y
D

R
O

G
E

N
IC

 
A

P
P

R
O

X
IM

A
T

IO
N

.
■o n © N o © m m m m N O N  — Nz «— 3 0 O O o o o o o o O O O O o3 1

— ¥ 3 0 o o O 3 O O o o G O O O 3• N S O to o  o m  o —  ♦ — m O O N  O m< N m inn N O in — N m o cC a?x *> m o o K *4 IV — —  cv -cv co m m*4 « • • • • • • • • » » • • •X < o o o o O O o o o o o o o o ooaa
5
u —  o -40 •40 tv m cv - o  — <v m cvo o o o o o o o o o o o O O o
hi 1 t l 1 i t \*3 0 D 3 0 0 3 3 3 3 3 3 ° 0 3 o3 < in -•a ora o*m —  <f N n N —cr *— ♦ m *<N <r ̂ o n N O -cv N  *O inw mnj —  eg m o j m o m m o>- • « ♦ • • * • • « » * • • » •X o o o o • o o o o o o o o o o o
u44
N</>
>— N N M - •4 «4 -4 44 —  N Ncv —  —N O O o  o o  o o o o o o o o o o<

O O o o o o G O G O O G O O GUJ *— o o o o <V (V n n N O O O m  to
a 01 w  H < * cv- —  m o o o *i <VN tv< «•<* . n m m  m m m m  m m
z * • • • • • * * • * • • « • •u o o O  Q o  o o  o o o o o o o oz 1 1 1 1 J j i t I

CON O N © N ^ N O N * m ♦o  o O O o o O O O O o o o o oIU o o a o o o G O o o G O O G o• o  m O N in cv -  © cvm . m m H N mV) « — n  n n m o  © n *  ‘ N o m  — Nz — *4 —  © <■ «o ccv < M —  cv CV — •4c • ■ • • • * • • • ♦ • • • • «•— O C O O O o o o O O o o o c o—<
z

X.
ccr
a o  - o o cv o o  (V O o —  o 0.4 oa o o o o o o o o O O o o o o o< 1 i t 1 IO o o o 0 3 o o G O G O o o GQ o n O so n  in n © o — —  <v o n NOcr m<n O  CO N N —  O' «t <n m o o< o « GJ 44 —  in —  m m o <v — cv< • « * * • * • • • • « • • • •o O o o o C O o o o o o o o o oz<o
mUJH< .4 M .-4 w •4 -4 wcv tvev 01 cv cvcv cv
CD o o o o O O o o o o O O o o o

o o o o g o G O G G G O G G Gcv< <r m tV t\l o  o O  vO OO IV 44 •4
CC —  fy <M ̂ <  « o o O  — •m *4 o o ooo> o n m  m — 44 —  — —  -4 m  m m

•  • • » * * • * • • • • • « •o o o  ot 0 01 1 o o o o O O o o o

ttrw cvj cv (V cv cvev cvcv tv rg tt<V tv
s \ \  \ V \ \ \ N N n n N N N

Z 3 m m N m \fl N m m N m rnN m m NO  | i i i i c j i i i i i i i i i—  m CV cv €VI <M cvtv tv OJ tv<v <vcv CVCV cv»- \ \ \ S N V N N N N N N n n N— m m in n in in m  m m m m m m m min
z<uF* J tr •r © m m o >0 o

z o © © N N N ©  . ©

0£Z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T
H

E
O

R
E

T
IC

A
L

 
R

A
D

IA
L

 
M

A
T

P
IX

 
E

L
E

M
E

N
T

S
; 

O
S

C
IL

L
A

T
O

R
 

S
T

R
E

N
G

T
H

S
; 

AN
D 

T
R

A
N

S
IT

IO
N

 
P

R
O

L
: A

fi 
IL 

[ 
T 

I 
E

S
. 

FO
R 

TH
E 

S
E

R
IE

S
 

j
'

” 
U

ji
C

A
L

C
U

L
A

T
E

D
 

FR
C

M
 

W
AV

E 
F

U
N

C
T

IO
N

S
 

G
E

N
E

R
A

T
E

D
 

OY
 

TH
E 

C
O

U
L.

'M
H

 
A

P
P

R
O

X
IM

A
T

IO
N

 
OF

 
B

A
TE

S
 

AN
D 

O
A

M
G

A
A

R
O

 
AN

D 
BY

 
TH

E 
P+

) N
-R

E
L 

A 
T

IV
I 

5 
T 

IC
 

H
Y

D
R

O
C

-F
N

IC
 

A
P

P
R

O
X

IM
A

T
IO

N
.

O Q

oo

o o o

o o o

oo©

o o o

o

& l£Z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



J

232 ;

APPENDIX 14: E u te c t ic  M ix tu re s

The foil-owing tab le  l is ts  the percentage-of anhydrous m aterials  

(by weight) used in a eutectic  mixture with crushed ice formed from 

d is t i l le d  water. .The eutectic  temperatures are taken from Lange’ s 

Handbook of Chemistry (1 1 ^  ed itio n ) and the values quoted are the lowest
la

temperature th a t can be obtained from the mixture of the substance with 

Ice. Temperatures between these lowest possible values and 0°c may be 

obtained by reducing the percentage of anhydrous material added to  the 

mixture.

Anhydrous M aterial Percentaqe Eutectic Temperature °c

Na Ct 23.3 -2J.13

Mg Cl2 21.6
\

-33 .6

K Cl 19.75 -11.1

&

t

i

J
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APPENDIX 15: Derivation of the Correction Formula fo r Thermal 
Transplration

Consider two volumes containing a gas a t low pressure cpnnected 

by a c a p illa ry . Let the temperature and pressure of the gas in volume 

Vj be Tj and Pj and le t the temperature and pressure In volume V2 be T2 

and Assume th a t the cross sectional area' of the c a p illa ry  a t Is the

same as a t V2 -  le t  the value o f .th is  area be A cm2 . The number/of 

molecules s tr ik in g  a un it area o f  the containing vessel per second is

N = 1  n <v>  
4

where n is the density of molecules In the container and v is th e ' 

average thermal ve locity  of the molecules. The rate a t which the mole

cules s tr ik e  the area of the*cap 11tary Is equal to  the rate a t which the 

molecules leave the volume; th is  ra te  Is

q = nA . .

The rate a t  which molecules leave the volume is

q1 = 1  n, A <v >
4 ,1/2
1", A (2KT,_ 2 ' \ nm J

and the rate a t which molecules leave the volume V2 Is

q? = 1  n2 A 
z 2 * fey)

v0
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The p ressure  o f  th e  gas In the  c o n ta in e r  is  g iven  by

P = £  m n < v > 2

hence, the pressure of gas In volume Vj is*

P 1 =  n 1 < v t >  2

= £  m n. [ 2kT, 
3 I “ tutT

and the pressure o f gas In volume Is

P2  = £  m n„ I 2kT„
3 2 mm

These can be w ritten  in the form

and

pi = £  E < O ’
3 1 A ' 1

P?  =  £  E ' < * v 2 >  
z 3 A

At equilibrium  the rate a t which molecules leave w ill  be I denticle to  

the rate a t which molecules leave V2 ; th a t Is ,

j  . q 1 "  q2

The equilibrium  condition gives

vi % / T,
P2 v2 T2

Therefore, the pressure in the cell Is re lated  to  the pressure measured 

a t room temperature in the manometer'by the formula
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P = /  T Pce I I /  ce 11 many s z
"'"room

where Tce|j is the temperature of the gas in the c e ll in degrees Kelvin 

and Troom is the temperature of nitrogen a t room temperature In degrees 

Kelvin; Pman is the manometer pressure reading In to'pr.
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