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SUMMARY 

The Auger e f f e c t i s c h a r a c t e r i z e d by the n o n - r a d i a t i v e d e -

e x c i t a t i o n o f an atom, i n i t i a l l y s i n g l y i o n i z e d in an inner s h e l l , t o 

a f i n a l s t a t e c o n s i s t i n g o f a doubly i o n i z e d atom p lus a f r e e (Auger) 

e l e c t r o n i n the continuum. I f the i n i t i a l s t a t e vacancy i s i n the L 

a tomic s h e l l w h i l e the f i n a l s t a t e v a c a n c i e s a r e i n the M s h e l l , then 

one speaks o f an LMM Auger t r a n s i t i o n . The c u r r e n t e f f o r t p r e s e n t s 

the r e s u l t s o f a t h e o r e t i c a l i n v e s t i g a t i o n o f such t r a n s i t i o n s i n the 

e l ements t i t a n i u m ( T i ) , vanadium ( V ) , chromium ( C r ) , z i rcon ium ( Z r ) , 

niobium ( N b ) , and molybdenum ( M o ) . 

The p r i n c i p a l r e s u l t s o f t h i s i n v e s t i g a t i o n a r e i n the form o f 

LMM Auger t r a n s i t i o n p r o b a b i l i t i e s and e n e r g i e s f o r the c i t e d e l e m e n t s . 

A l l c a l c u l a t i o n s were performed in the framework of the n o n - r e l a t i v i s t i c 

theory o f the Auger e f f e c t due to W e n t z e l . A l t h o u g h m o l e c u l a r and s o l i d 

s t a t e e f f e c t s were i g n o r e d i n the c a l c u l a t i o n s , t h e i r c o n t r i b u t i o n i s 

c o n s i d e r e d and d i s c u s s e d in some d e t a i l . In order to a c h i e v e the most 

r e l i a b l e v a l u e s f o r the t r a n s i t i o n p r o b a b i l i t i e s , the p e r t i n e n t e l e c t r o n 

wave f u n c t i o n s were o b t a i n e d by the H a r t r e e - F o c k approach to the atomic 

problem u s i n g the procedure d e v e l o p e d by C . Fa F i s c h e r . S e p a r a t e 

H a r t r e e - F o c k c a l c u l a t i o n s were c a r r i e d out f o r each p o s s i b l e i n i t i a l 

and f i n a l s t a t e in order to account for the " r e l a x a t i o n " o f the e l e c t r o n 

o r b i t a l s dur ing the t r a n s i t i o n . To p r o v i d e the most g e n e r a l f o r m u l a t i o n 

o f the problem, the computat ions were performed i n the formal i sm o f 
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i n t e r m e d i a t e c o u p l i n g ( I C ) . One c o n c l u s i o n o f our r e s u l t s i s t h a t i t 

i s unneces sary to use the IC l i m i t when t r e a t i n g LMM t r a n s i t i o n s in 

T i , V, and C r ; i t i s a n e c e s s i t y , however, i n Z r , Nb, and Mo. As a 

f i n a l remark, i t should be noted t h a t the energy c a l c u l a t i o n s were 

a c c o m p l i s h e d by f i r s t computing the t o t a l e n e r g i e s of the i n i t i a l and 

f i n a l a tomic s t a t e s f o r each t r a n s i t i o n . The d i f f e r e n c e o f t h e s e i s , 

by c o n s e r v a t i o n of e n e r g y , the energy of the Auger e l e c t r o n . In o r d e r 

to i n s u r e t h a t the m u l t i p l e t s p e c t r a o b t a i n e d by t h i s approach are in 

agreement wi th t h a t p r e d i c t e d on the b a s i s o f the W e n t z e l t h e o r y , two 

d i s t i n c t methods — the s p e c t a t o r and " e x a c t " - - w e r e d e v e l o p e d to compute 

the t o t a l e n e r g i e s . The s p e c t a t o r approach i s used f o r a l l atoms w i t h 

an i n c o m p l e t e M atomic s h e l l ; i t was t h e r e f o r e used f o r the ( T i , V, Cr) 

c a l c u l a t i o n s . I f the M s h e l l i s c o m p l e t e l y f i l l e d , then the "exact" 

method i s u t i l i z e d . A d e t a i l e d d i s c u s s i o n i s p r e s e n t e d f o r b o t h 

methods . 

The r e s u l t s o b t a i n e d from t h i s procedure a r e g i v e n in t a b u l a r 

form and compared wi th the a v a i l a b l e e x p e r i m e n t a l d a t a . Due t o a s e v e r e 

s h o r t a g e o f such data f o r LMM t r a n s i t i o n s , t h i s comparison d id no t 

p r o v i d e a meaningfu l t e s t o f the c a l c u l a t i o n s . An a d d i t i o n a l e x p e r i ­

menta l e f f o r t i s s t r o n g l y s u g g e s t e d in order to p r o v i d e r e l i a b l e data 

f o r comparison w i t h the t h e o r e t i c a l l y p r e d i c t e d LMM e n e r g i e s and t r a n s i ­

t i o n p r o b a b i l i t i e s . 
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CHAPTER I 

INTRODUCTION 

O b j e c t i v e 

An atom i o n i z e d in an inner s h e l l i s in an u n s t a b l e c o n f i g u r a -

- 1 4 - 1 7 

t i o n . In a t ime o f the order 10 - 10 s e c o n d s , the r e s u l t i n g 

system w i l l d e - e x c i t e in one o f two ways . F i r s t , the vacancy may be 

f i l l e d by an e l e c t r o n from an o u t e r s h e l l accompanied by the e m i s s i o n 

o f a photon . Such a mode o f d e - e x c i t a t i o n i s commonly termed a 

" r a d i a t i v e " (or an X - r a y ) t r a n s i t i o n . In the second mode, the o u t e r 

e l e c t r o n a g a i n f i l l s the inner vacancy but an e l e c t r o n - - r a t h e r than a 

p h o t o n - - i s e m i t t e d . T h i s " n o n - r a d i a t i v e " t r a n s i t i o n i s c a l l e d the Auger 

e f f e c t . S i n c e the e f f e c t i n v o l v e s i o n i z a t i o n o f the inner l e v e l s , i t 

i s r e l a t i v e l y i n s e n s i t i v e to the b e h a v i o r o f the v a l e n c e e l e c t r o n s . 

T h e r e f o r e , even i f the atom i s c h e m i c a l l y b o u n d - - a s might be the case 

a t or near a g a s - s o l i d i n t e r f a c e - - t h e Auger s p e c t r a from i t w i l l be 

e s s e n t i a l l y unchanged from tha t o f a f r e e atom ( t h e r e a r e d i f f e r e n c e s , 

o f c o u r s e ; see Chapter I I ) . I t i s t h i s c h a r a c t e r i s t i c of the Auger 

p r o c e s s which i s e x p l o i t e d in Auger s p e c t r o s c o p y . 

In the t y p i c a l e x p e r i m e n t a l arrangement o f t h i s method, a sample 

i s i s o l a t e d i n an u l t r a - h i g h vacuum system and then bombarded wi th 

e l e c t r o n s o f s u i t a b l e e n e r g y . These e l e c t r o n s c o l l i d e wi th s u r f a c e or 

even s u b - s u r f a c e atoms and produce e x c i t e d a tomic s t a t e s . I f the 

e x c i t e d s t a t e so formed i s a r e s u l t o f e l e c t r o n e j e c t i o n from the inner 
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s h e l l of the atom, i t may d e - e x c i t e by the Auger mechanism. A m o n i t o r 

o f the e l e c t r o n s emanating from the sample then p r o v i d e s a method o f 

i d e n t i f y i n g the source o f Auger e l e c t r o n s , i . e . , the i d e n t i t y o f the 

atoms on or near the sample s u r f a c e . I t f o l l o w s t h a t a knowledge o f 

the Auger e f f e c t can p r o v i d e a means o f i d e n t i f y i n g s u r f a c e i m p u r i t i e s . 

I t i s c l e a r , however, t h a t implementa t ion o f t h i s approach r e ­

q u i r e s an unambiguous method o f i d e n t i f y i n g the Auger e l e c t r o n s a g a i n s t 

the background o f the remain ing e l e c t r o n c u r r e n t from the sample . There 

are two d i s t i n c t p h y s i c a l q u a n t i t i e s which p r o v i d e t h i s method—the 

Auger e l e c t r o n energy and the i n t e n s i t y o f the Auger e l e c t r o n c u r r e n t . 

In p r e s e n t a p p l i c a t i o n s o n l y the energy i s u t i l i z e d i n the s p e c t r a 

i d e n t i f i c a t i o n , and even h e r e the expec ted Auger e n e r g i e s a r e o b t a i n e d 

p r i m a r i l y by s e m i - e m p i r i c a l f o r m u l a e . The e r r o r s i n h e r e n t in the 

p r e d i c t i o n s a r i s i n g from such r e l a t i o n s may be q u i t e l a r g e — d e p e n d i n g 

on the atom and the p a r t i c u l a r Auger t r a n s i t i o n — a n d a f a r more d e s i r a ­

b l e procedure would be to use e n e r g i e s based on d e t a i l e d t h e o r e t i c a l 

c o m p u t a t i o n . U n f o r t u n a t e l y , r i g o r o u s r e s u l t s a r e p r e s e n t l y a v a i l a b l e 

o n l y f o r Auger p r o c e s s e s a r i s i n g from an i n i t i a l inner vacancy in the 

K - s h e l l — i . e . , the K - s e r i e s ( the s e r i e s name be ing determined by the 

s h e l l o f the i n i t i a l v a c a n c y ) . These are o f l i t t l e use i n s u r f a c e 

i n v e s t i g a t i o n s s i n c e the energy o f e l e c t r o n s n e c e s s a r y t o produce K-

s h e l l i o n i z a t i o n i s so l a r g e f o r most atoms t h a t the p e n e t r a t i o n pas t 

the s u r f a c e i s a l s o l a r g e . Hence , the r e s u l t i n g s p e c t r a may not t r u l y 

g i v e a r e p r e s e n t a t i o n o f the s u r f a c e c o n s t i t u e n t s . I n s t e a d , s u r f a c e 

s t u d i e s r e q u i r e a knowledge o f the h i g h e r Auger s e r i e s — e . g . , L - , M-

s e r i e s — a n d h e r e the t h e o r e t i c a l work i s not n e a r l y so a c c u r a t e . 
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Even when the e n e r g i e s a r e w e l l known, an unambiguous s p e c t r a 

i d e n t i f i c a t i o n may no t be p o s s i b l e i f t h e r e a r e s e v e r a l Auger t r a n s i ­

t i o n s wi th a l m o s t the same e n e r g y . I t then becomes c l e a r t h a t t o o b ­

t a i n maximum advantage from Auger s p e c t r o s c o p y , the Auger i n t e n s i t i e s 

s h o u l d , i f p o s s i b l e , be u s e d . H e r e , however, t h e o r e t i c a l work i s 

l a c k i n g t o a g r e a t e r degree than in the c a s e o f the e n e r g i e s . Indeed , 

a l t h o u g h the q u a n t i t y o f t h e o r e t i c a l r e s u l t s f o r K - , L - , M - s e r i e s 

t r a n s i t i o n s i s s t e a d i l y i n c r e a s i n g , the q u a l i t y seems to remain the 

same s i n c e l i t t l e agreement wi th a v a i l a b l e e x p e r i m e n t a l data i s found . 

In order to improve upon t h i s s i t u a t i o n , the p r e s e n t i n v e s t i g a t i o n was 

under taken . The o b j e c t i v e s o f t h i s e f f o r t were t o : 

( a ) a i d i n t e r p r e t a t i o n o f Auger s p e c t r a f o r the e l ements ( T i , V, 

C r , Z r , Nb, Mo) by p r o v i d i n g d e t a i l e d energy p r e d i c t i o n s f o r LMM t r a n s i ­

t i o n s ; 

( b ) p r o v i d e the a s s o c i a t e d t r a n s i t i o n p r o b a b i l i t i e s u s i n g the 

b e s t a v a i l a b l e wave f u n c t i o n s ; and 

( c ) compare the r e s u l t s o b t a i n e d wi th c u r r e n t t h e o r e t i c a l r e s u l t s 

t o a s c e r t a i n , i f p o s s i b l e , where d e f e c t s i n the theory may e x i s t . 

H i s t o r i c a l Survey 

T h e o r e t i c a l 

1 2 

The Auger e f f e c t was f i r s t observed by P. Auger ' in 1925 w h i l e 

p e r f o r m i n g X - r a y a b s o r p t i o n exper iments on gases i n a W i l s o n c loud 

chamber. He no ted the p r e s e n c e o f t r a c k s in the chamber c o r r e s p o n d i n g 

t o e l e c t r o n s w i t h e n e r g i e s too smal l t o be the expec ted p h o t o e l e c t r o n s . 

By c o n s i d e r a t i o n o f the e n e r g i e s i n v o l v e d , Auger e x p l a i n e d the p r e s e n c e 
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of t h e s e e l e c t r o n s by a "convers ion" p r o c e s s . Thus i f an atom i s 

e x c i t e d in an inner l e v e l and d e - e x c i t e s by a r a d i a t i v e t r a n s i t i o n , a 

photon i s produced . Auger proposed t h a t i n some t r a n s i t i o n s t h i s 

photon does not e scape the atom. I n s t e a d i t i s r e a b s o r b e d by a second 

e l e c t r o n which i s s u b s e q u e n t l y e j e c t e d from the a tomic s y s t e m . 

T h i s v iew o f the Auger p r o c e s s was i n c o r r e c t , and i t remained 

3 

f o r W e n t z e l i n 1 9 2 7 to p r o v i d e the c o r r e c t i n t e r p r e t a t i o n . W e n t z e l 

proposed t h a t the Auger e f f e c t was a c t u a l l y a n o n - r a d i a t i v e p r o c e s s - -

no photon be ing i n v o l v e d — a r i s i n g from the coulomb i n t e r a c t i o n o f o n l y 

t h o s e e l e c t r o n s d i r e c t l y i n v o l v e d in the Auger t r a n s i t i o n . S i n c e o n l y 

two e l e c t r o n s change s t a t e s i n such a t r a n s i t i o n , i t f o l l o w s t h a t 

W e n t z e l ' s p r o p o s a l i s a t w o - e l e c t r o n v iew o f the Auger e f f e c t . W e n t z e l 

proceeded t o deve lop a d e t a i l e d n o n - r e l a t i v i s t i c t h e o r y o f the Auger 

p r o c e s s , a t h e o r y which i s s t i l l w i d e l y used in d e s c r i b i n g Auger 

phenomena. F o l l o w i n g t h i s deve lopment , however, t h e r e was l i t t l e 

a c t i v i t y r e l a t i n g t o the Auger e f f e c t . The f i r s t s i g n i f i c a n t a p p l i c a -
4 

t i o n o f W e n t z e l ' s t h e o r y was by Burhop ( 1 9 3 5 ) who t r e a t e d the KLL 

t r a n s i t i o n s i n s i l v e r ( A g ) . T h i s e f f o r t was j o i n e d in the same year 

by the work o f P i n c h e r l e ^ who t r e a t e d K- and L - s e r i e s i n t e n s i t i e s 

( independent o f a tomic number) . Both Burhop and P i n c h e r l e assumed 

s c r e e n e d h y d r o g e n i c o r b i t a l s f o r the e l e c t r o n wave f u n c t i o n s . Beyond 

t h e s e i n v e s t i g a t i o n s , the o n l y e f f o r t s u n t i l 1 9 5 5 were the non-

r e l a t i v i s t i c r e s u l t s o f Ramberg and Richtmeyer^ ( 1 9 3 7 ) on g o l d (Au) 

and the f i r s t r e l a t i v i s t i c r e s u l t s f o r the Auger p r o c e s s by Massey and 

Burhop^ ( 1 9 3 7 ) . There were s e v e r a l r e a s o n s f o r t h i s l a c k o f a c t i v i t y 

in t r e a t i n g Auger phenomena, but two of the more s i g n i f i c a n t were ( 1 ) 
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the l a c k o f an a c c u r a t e means t o compute e l e c t r o n i c wave f u n c t i o n s ( t h e 

H a r t r e e - F o c k a p p r o x i m a t i o n i s not f e a s i b l e f o r most atoms w i t h o u t com­

p u t e r s ) and ( 2 ) the l a c k o f a r e l i a b l e e x p e r i m e n t a l method t o measure 

the Auger e n e r g i e s and i n t e n s i t i e s . Both o f t h e s e drawbacks began t o 

d i s a p p e a r i n the e a r l y 1 9 5 0 ' s wi th the r e s u l t t h a t a s i g n i f i c a n t amount 

o f t h e o r e t i c a l and e x p e r i m e n t a l work has been c a r r i e d out s i n c e 1 9 5 5 . 

The r e s u r g e n c e of t h e o r e t i c a l work began wi th the i n v e s t i g a t i o n s 

8 9 

o f R u b e n s t e i n and Snyder ' in 1 9 5 5 . These workers t r e a t e d the K - , L - , 

M - s e r i e s Auger t r a n s i t i o n s i n a r g o n , krypton and s i l v e r by assuming the 

R u s s e l l - S a n d e r s or L S - c o u p l i n g l i m i t f or the p r o c e s s . The inadequacy 

o f such an assumpt ion was demonstra ted by Asaad and B u r h o p ^ wi th t h e i r 

f o r m u l a t i o n o f Auger theory in the framework o f i n t e r m e d i a t e c o u p l i n g 

( I C ) . T h i s work a p p l i e d s p e c i f i c a l l y to KLL and KLM t r a n s i t i o n s and 

p r e d i c t e d a 9 - l i n e Auger spectrum f o r the KLL c a s e as opposed t o the 5 

or 6 l i n e s e x p e c t e d on the b a s i s o f a pure L S - or j j - c o u p l i n g t r e a t ­

ment o S e v e r a l w o r k e r s - - n o t a b l y E r m a n ^ in the c a s e o f bromine and 

12 

Graham e t a l . f o r i o d i n e and t e l l u r i u m - - h a v e e x p e r i m e n t a l l y v e r i f i e d 

t h i s p r e d i c t i o n of the IC f o r m u l a t i o n . D e s p i t e the apparent s u c c e s s 

o f IC in p r e d i c t i n g the c o m p l e x i t y o f the Auger s p e c t r a , the q u a n t i t a ­

t i v e p r e d i c t i o n s o f i n t e n s i t i e s were s t i l l b a d l y in e r r o r . One p o t e n ­

t i a l cause f o r t h i s d i s c r e p a n c y was the l a c k o f a c c u r a t e e l e c t r o n wave 

f u n c t i o n s to u t i l i z e in the computat ion o f the t r a n s i t i o n a m p l i t u d e s . 

13 

C a l l a n ( 1 9 6 1 ) a t t e m p t e d to remove t h i s avenue o f e r r o r by s u p p l y i n g 

f o r a v a r i e t y o f e l ements the r e q u i s i t e t r a n s i t i o n i n t e g r a l s f o r KLL 

t r a n s i t i o n s . U n f o r t u n a t e l y , C a l l a n used screened hydrogen ic o r b i t a l s 

f o r the d i s c r e t e s t a t e s so t h a t the KLL ampl i tudes were not r e l i a b l e . 
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The r e s u l t s were c o n s i s t e n t , however , s i n c e the a m p l i t u d e s f o r d i f f e r e n t 

e l ements were a l l computed u t i l i z i n g the same type o f e l e c t r o n o r b i t a l s 

14 

f o r each c a s e . Asaad ( 1 9 6 3 ) took advantage o f t h i s f a c t and , u s i n g 

the IC f o r m a l i s m , computed the KLL i n t e n s i t i e s f o r the e l ements t r e a t e d 

by C a l l a n . A l t h o u g h the r e s u l t s o f t h i s computat ion were s t i l l i n poor 

agreement w i t h a v a i l a b l e e x p e r i m e n t a l d a t a , i t d i d e n a b l e Asaad to 

determine the v a r i a t i o n of the Auger i n t e n s i t i e s as a f u n c t i o n o f the 

a tomic number Z . In order to improve upon the t h e o r e t i c a l p r e d i c t i o n s , 

A s a a d ^ i n t r o d u c e d c o n f i g u r a t i o n i n t e r a c t i o n ( C I ) i n t o the theory i n 

1 9 6 5 and demonstrated t h a t t h i s i n c l u s i o n c o u l d w e l l remove some of the 

d i s c r e p a n c i e s between theory and e x p e r i m e n t . A l t h o u g h subsequent 

16 

r e s u l t s imply t h a t the p a r t i c u l a r s u c c e s s o b t a i n e d by Asaad wi th CI 

was f o r t u i t o u s ( b e i n g due t o i n a c c u r a t e b i n d i n g e n e r g i e s i n the compu­

t a t i o n s ) , i t does appear t h a t the e f f e c t s o f CI can be important i n 

some Auger t r a n s i t i o n s and must be c o n s i d e r e d . 

T h i s i n t r o d u c t i o n o f CI i n t o the theory has been f o l l o w e d by 

e x t e n s i v e computat ions as opposed to f u r t h e r examinat ion o f the t h e o r y . 

By assuming the b a s i c v a l i d i t y of W e n t z e l ' s t w o - e l e c t r o n v iew of the 

Auger p r o c e s s , s e v e r a l i n v e s t i g a t o r s have s t u d i e d the K - s e r i e s t r a n s i ­

t i o n s in s t i l l more d e t a i l , and t r e a t m e n t s o f L - and M - s e r i e s t r a n s i ­

t i o n s a r e b e g i n n i n g to a p p e a r . I t i s the L - s e r i e s r e s u l t s which 

i n t e r e s t us in the p r e s e n t work, and we s h a l l o n l y c i t e the more e x t e n ­

s i v e K - s e r i e s e f f o r t s . Foremost among t h e s e i s the work of M c G u i r e ^ 

who has computed i n L S - c o u p l i n g the t o t a l KLL and KLM t r a n s i t i o n r a t e s 

f o r b e r y l l i u m to xenon. U n f o r t u n a t e l y , s e v e r a l major a p p r o x i m a t i o n s 

mar the a c c u r a c y o f h i s r e s u l t s . In a d d i t i o n to t h e s e c o m p u t a t i o n s , 
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18 
W a l t e r s and B h a l l a have t r e a t e d KLL t r a n s i t i o n s wi th r e a s o n a b l e 

s u c c e s s by u t i l i z i n g H a r t r e e - F o c k - S l a t e r e l e c t r o n o r b i t a l s w h i l e 

19 

Kostrum e t a l . have p r e s e n t e d s i m i l a r r e s u l t s wi th the d i f f e r e n c e 

b e i n g t h e i r use o f s creened hydrogen ic f u n c t i o n s . 

The L - and M - s e r i e s r e s u l t s now becoming a v a i l a b l e r e p r e s e n t a 

l a r g e p e r c e n t a g e o f a l l such work which has been per formed . In a d d i ­

t i o n to the p r e v i o u s l y c i t e d work of Rubens te in and Snyder o n l y the 

20 21 

e f f o r t s by Asaad and C a l l a n o c c u r r e d p r i o r to 1 9 6 5 . The t rea tment 

o f Asaad d e a l t w i th the L - s p e c t r a f o r A r , K r , and Ag wi th j j - c o u p l i n g 

assumed. T h i s i n c l u d e d C o s t e r - K r o n i g t r a n s i t i o n s ( t h e i n i t i a l s u b s h e l l 

vacancy i s f i l l e d by an e l e c t r o n from the same s h e l l but d i f f e r e n t 

s u b s h e l l - - e . g c , a 2s vacancy f i l l e d by a 2p e l e c t r o n ) as w e l l as r e s u l t s 

f o r LMM and LMN t r a n s i t i o n s . The i n v e s t i g a t i o n o f C a l l a n was e n t i r e l y 

concerned wi th the L - s h e l l C o s t e r - K r o n i g t r a n s i t i o n s . Beyond t h e s e 

t r e a t m e n t s , the nex t c o n s i d e r a t i o n o f L - s e r i e s s p e c t r a was t h a t by 

22 
Asaad and Mehlhorn who computed the t r a n s i t i o n r a t e s for L^MM. and 
L^MM s p e c t r a i n a r g o n . Only very r e c e n t l y have a d d i t i o n a l r e s u l t s 

become a v a i l a b l e f o r L - s e r i e s t r a n s i t i o n s in more complex a toms . Thus 

23 

McGuire has p r e s e n t e d p r e d i c t i o n s f o r the e l ements sodium (Na) through 

thorium ( T h ) . These r e s u l t s are in the form of t o t a l t r a n s i t i o n r a t e s 

so t h a t the p r e d i c t i o n s are independent o f the p a r t i c u l a r c o u p l i n g 

scheme employed . I n f o r m a t i o n concern ing p a r t i c u l a r t r a n s i t i o n s such 
24 

as L ^ ^ M ^ i s n o t 8 i v e n * W a l t e r s and B h a l l a have p r e s e n t e d t o t a l 
t r a n s i t i o n r a t e s f o r the L q s h e l l t r a n s i t i o n s in the e l ements mag-

25 

nesium to ces ium and a few beyond. Crasemann e t a l . have c o n s i d e r e d 

L ^ - s h e l l t r a n s i t i o n s f o r s e v e r a l e l ements from a r s e n i c t o a s t a t i n e . 
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26 
Very r e c e n t r e s u l t s by McGuire p r e s e n t M - s h e l l t r a n s i t i o n r a t e s . The 

agreement o f t h e s e r e s u l t s wi th the s m a l l amount o f L - s h e l l e x p e r i m e n t a l 

da ta has n o t been i m p r e s s i v e thus f a r . T h i s c o u l d be due t o i n a c c u r a t e 

e x p e r i m e n t a l da ta o r , more l i k e l y , t o the use o f poor wave f u n c t i o n s 

and , p o s s i b l y , an i n a c c u r a t e t h e o r y . In any event t h e need f o r f u r t h e r 

computat ions i s a p p a r e n t . 

T h i s survey has no t i n c l u d e d a comple te l i s t o f a l l papers r e ­

l a t i n g to the Auger e f f e c t ( t h e o r e t i c a l ) , and the i n t e r e s t e d reader i s 

27 
r e f e r r e d to the r e v i e w a r t i c l e s by L i s t e n g a r t e n , Bergstrom and 

28 29 30 
N o r d l i n g , S e v i e r and the work by Burhop f o r f u r t h e r i n f o r m a t i o n . 

The c o n s i d e r a t i o n o f r e l a t i v i s t i c t r e a t m e n t s o f the Auger p r o c e s s has 

been o m i t t e d from the above s u r v e y . T h i s was due p a r t l y to the f a c t 

t h a t the p r e s e n t problem was c a r r i e d out i n the n o n - r e l a t i v i s t i c 

formal i sm and p a r t l y t o the l a c k o f r e l a t i v i s t i c c a l c u l a t i o n s . I n d e e d , 

i n a d d i t i o n t o the work of Massey and Burhop^ p r e v i o u s l y c i t e d , o n l y 

31 32 33 34 C h a t t a r j i and T u l u k d a r , A s a a d , and L i s t e n g a r t e n ' have p r e s e n t e d 

c a l c u l a t i o n s based on the r e l a t i v i s t i c formal i sm of the Auger e f f e c t . 

S i n c e t h i s formal i sm i s known to be i n a c c u r a t e , we s h a l l no t comment 

f u r t h e r on t h i s a s p e c t o f the t h e o r y . 

E x p e r i m e n t a l 

The measurement of Auger t r a n s i t i o n r a t e s has not been q u i t e as 

e x t e n s i v e as the c o r r e s p o n d i n g t h e o r e t i c a l e f f o r t . T h i s i s due prima­

r i l y to the d i f f i c u l t y i n h e r e n t in making such m e a s u r e m e n t s - - e . g . , the 

requ irement s o f the e x p e r i m e n t a l appara tus i n c l u d e both h igh r e s o l u t i o n 

( e n e r g y ) and h igh s e n s i t i v i t y ( i n t e n s i t i e s ) . E l e c t r o s t a t i c and mag­

n e t i c s p e c t r o m e t e r s , the c h i e f means used thus f a r i n Auger measurements , 
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p o s s e s s t h e s e r e q u i s i t e f e a t u r e s . In t h i s b r i e f s u r v e y , the exper imen­

t a l methods w i l l not be d i s c u s s e d and f o r d e t a i l s the r e f e r e n c e d 

a r t i c l e s a r e recommended. We s h a l l f u r t h e r c o n f i n e our comments to 

the more r e c e n t measurements and r e f e r the reader to the a f o r e m e n t i o n e d 

r e v i e w a r t i c l e s f o r a d d i t i o n a l i n f o r m a t i o n . 

Perhaps the most s i g n i f i c a n t s tudy has been t h a t o f Toburen and 

35 

A l b r i d g e on the K - , L - , and M - s e r i e s s p e c t r a o f p l a t i n u m ( P t ) . By 

u t i l i z i n g a magnet ic s p e c t r o m e t e r , the se workers were a b l e to i d e n t i f y 

55 peaks in the L - s e r i e s s p e c t r a , measuring both the e n e r g i e s and 

r e l a t i v e i n t e n s i t i e s . The comparison o f t h e s e r e s u l t s w i th theory 

g i v e s agreement o n l y for the KLL e n e r g i e s p r e d i c t e d t h e o r e t i c a l l y by 
36 

the s e m i - e m p i r i c a l r e s u l t s o f H o r n f e l d t . S i m i l a r measurements by 

37 

W o l f s o n and Baerg on KLL t r a n s i t i o n s in g o l d a l s o do not f i n d a g r e e ­

ment w i th t h e o r y . The measurement o f the K - s e r i e s s p e c t r a o f neon (Ne) 
38 39 

has been c a r r i e d out by Korber and Mehlhorn w h i l e C l e f f and Mehlhorn 

have s t u d i e d c h l o r i n e ( C l ) - - b o t h e f f o r t s u t i l i z i n g an e l e c t r o s t a t i c 

s p e c t r o m e t e r . In the neon case the measured r e l a t i v e i n t e n s i t i e s were 

in d i sagreement w i th a l l t h e o r e t i c a l c a l c u l a t i o n s . I t was shown, how­

e v e r , t h a t agreement cou ld be o b t a i n e d by u s i n g improved wave f u n c t i o n s 

and by i n c o r p o r a t i n g CI i n t o the f o r m a l i s m . The c h l o r i n e measurements 

prov ided a b s o l u t e e n e r g i e s and r e l a t i v e i n t e n s i t i e s f o r four of the KLL 

t r a n s i t i o n s ; once a g a i n , comparison o f t h e o r y and experiment gave l i t t l e 

agreement . Fur ther e x p e r i m e n t a l da ta on KLL t r a n s i t i o n s i s a v a i l a b l e 

( e . g . , Cu, G e ) - - c o n s u l t r e f e r e n c e s 4 0 - 4 4 f o r the d e t a i l s . 

The amount o f e x p e r i m e n t a l r e s u l t s f o r L - s e r i e s (and h i g h e r ) 

48 
s p e c t r a i s q u i t e l i m i t e d with most o f t h a t which i s a v a i l a b l e be ing 
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4 5 
e i t h e r f o r the n o b l e gases or the h e a v i e r e l ements such as T l and B i . 

4 6 

Of the r e c e n t r e s u l t s Mehlhorn and S t a l h e r m ' s measurement o f the L ^ t 

s p e c t r a in argon i s o f i n t e r e s t s i n c e the r e l a t i v e i n t e n s i t i e s 
9 

o b t a i n e d agreed i n some i n s t a n c e s wi th the p r e d i c t i o n s o f R u b e n s t e i n 

but d i s a g r e e d s t r o n g l y i n o t h e r s . Such a s i t u a t i o n i n d i c a t e s , p r o b a b l y , 

t h a t the t h e o r e t i c a l r e s u l t s were i n c o r r e c t wi th the i n s t a n c e s of a g r e e ­

ment b e i n g f o r t u i t o u s . Other measurements o f L - s e r i e s s p e c t r a u s i n g 

the t r a d i t i o n a l t e c h n i q u e s o f e l e c t r o s t a t i c or magnet ic s p e c t r o m e t e r s 

47 

have been c a r r i e d out w i th K r a u s e ' s r e s u l t s for krypton b e i n g n o t a b l e . 

In r e c e n t y e a r s , however, s i g n i f i c a n t i n v e s t i g a t i o n s o f a l l e l ements 

have been c a r r i e d out wi th the new t o o l s o f Auger E l e c t r o n S p e c t r o s c o p y 

(AES) and E l e c t r o n S p e c t r o s c o p y f o r Chemical A n a l y s i s (ESCA). S i n c e 

AES s t u d i e s on T i , V, and Cr prompted the p r e s e n t i n v e s t i g a t i o n , we 

d e f e r comment on t h i s method to the n e x t s e c t i o n . As r e g a r d s ESCA, 

d e t a i l e d r e p o r t s ^ ' a r e a v a i l a b l e which d e s c r i b e the method and 

t y p i c a l data a r i s i n g from i t s u s e . We s h a l l no t t r e a t t h i s t e c h n i q u e 

i n more d e t a i l in t h i s work and r e f e r to the r e p o r t s f o r d e t a i l s . 

S t a t u s o f Auger Phenomena 

U n t i l t h e advent o f Auger E l e c t r o n S p e c t r o s c o p y ( A E S ) , the s tudy 

of the Auger e f f e c t was p r i m a r i l y o f academic i n t e r e s t w i t h the g o a l 

b e i n g t o unders tand the b a s i c p h y s i c s u n d e r l y i n g the e f f e c t . The 

importance o f t h i s a s p e c t o f the s tudy h a s , of c o u r s e , not been d imin­

i s h e d by AES. Due to the p r a c t i c a l importance o f the method as a t o o l 

in the i n v e s t i g a t i o n o f s u r f a c e s , however , the b a s i c s tudy o f the 

e f f e c t i s now a m p l i f i e d by the p r a c t i c a l d e s i r e to know the Auger 
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e n e r g i e s (and i n t e n s i t i e s ) f o r use in the i n t e r p r e t a t i o n o f AES s p e c ­

t r a . In order to p l a c e the p r e s e n t i n v e s t i g a t i o n i n p e r s p e c t i v e r e l a ­

t i v e t o AES, i t w i l l be h e l p f u l t o c o n s i d e r the t echn ique i n more 

d e t a i l . 

Auger E l e c t r o n S p e c t r o s c o p y 

S i n c e AES has been d i s c u s s e d e x h a u s t i v e l y , " ^ - ^ ' ^ ^ W e s h a l l 

c o n f i n e our comments t o those a s p e c t s o f the method which can a f f e c t 

the i n t e r p r e t a t i o n o f the d a t a . In i t s most b a s i c form, an e l e c t r o n 

beam i s d i r e c t e d onto the s u r f a c e o f a p r o p e r l y o r i e n t e d sample . These 

e l e c t r o n s cause e x c i t a t i o n o f e l e c t r o n i c s t a t e s in the s o l i d and a l s o 

in impur i ty atoms on or near the sample s u r f a c e . S e v e r a l types o f 

i n t e r a c t i o n s are p o s s i b l e f o r the e l e c t r o n s wi th the most prominent 

be ing t h o s e such t h a t ( 1 ) the e l e c t r o n s a r e e l a s t i c a l l y s c a t t e r e d and 

d i f f r a c t e d by the l a t t i c e , ( 2 ) the e l e c t r o n s l o s e energy by e x c i t i n g 

plasmons ( c o l l e c t i v e e x c i t a t i o n of the e l e c t r o n " g a s " ) , i n t e r b a n d e x c i ­

t a t i o n s or b o t h , ( 3 ) the e l e c t r o n s l o s e energy by e x c i t i n g core l e v e l s 

o f i m p u r i t y atoms or l o w - l y i n g bands in i n t e r b a n d t r a n s i t i o n s . I t i s 

c a s e ( 3 ) which i s o f i n t e r e s t here s i n c e i t i s f o r t h i s type o f e x c i ­

t a t i o n t h a t an Auger p r o c e s s can o c c u r . We e x p e c t , t h e r e f o r e , t h a t a 

f r a c t i o n o f the e l e c t r o n s emanating from the s u r f a c e w i l l a r i s e from 

Auger p r o c e s s e s . S i n c e the e n e r g i e s (and i n t e n s i t i e s ) of Auger e l e c ­

t r o n s a r e c h a r a c t e r i s t i c o f the atom from which they o r i g i n a t e , i t 

f o l l o w s t h a t by m o n i t o r i n g t h e s e e l e c t r o n s one can o b t a i n i n f o r m a t i o n 

5 5 - 5 7 8 1 - 8 3 

about s u r f a c e i m p u r i t i e s a n d / o r s o l i d s t a t e e f f e c t s ' 

58 59 
chemica l s h i f t s ' have a l s o been o b s e r v e d . In the AES system 

60 
u t i l i z e d by Tharp and S h e i b n e r , t h i s m o n i t o r i n g o f e l e c t r o n c u r r e n t 
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i s a c c o m p l i s h e d by u s i n g a sys tem of t h r e e s p h e r i c a l g r i d s f u n c t i o n i n g 

as a r e t a r d i n g f i e l d a n a l y z e r . 

To unders tand t h i s t e r m i n o l o g y l e t us c o n s i d e r one o f the g r i d s 

and a p p l y to i t a r e t a r d i n g v o l t a g e c a p a b l e o f r e p e l l i n g a l l e l e c t r o n s 

from the d e t e c t o r wi th e n e r g i e s l e s s than or equa l t o an energy E . 

Then the c u r r e n t r e a c h i n g the d e t e c t o r o f the sys tem w i l l be the t o t a l 

number o f e l e c t r o n s emanating from the sample which have energy g r e a t e r 

than E . By now sweeping the r e t a r d i n g g r i d v o l t a g e from a minimum 

( a l l e l e c t r o n s reach d e t e c t o r ) to a maximum (none reach d e t e c t o r ) we 

o b t a i n a curve r e p r e s e n t i n g t h i s t o t a l c u r r e n t f r a c t i o n as a f u n c t i o n 

o f E - - i . e . , the r e t a r d i n g f i e l d curve ( R ( E ) ) . U n f o r t u n a t e l y , the 

i n f o r m a t i o n o f t h i s data i s a l i t t l e too g e n e r a l s i n c e i t r e p r e s e n t s 

an i n t e g r a t e d c o n t r i b u t i o n o f a l l e l e c t r o n s wi th e n e r g i e s g r e a t e r than 

some energy E . The r e a l q u a n t i t y o f i n t e r e s t i s the number d i s t r i b u ­

t i o n ( N ( E Q ) ) o f e l e c t r o n s in the beam from the s a m p l e - - i . e . , the number 

o f e l e c t r o n s wi th a p a r t i c u l a r energy E q . T h i s w i l l then i d e n t i f y 

those e l e c t r o n s which a r e e l a s t i c a l l y d i f f r a c t e d , e x c i t e p lasmons , or 

t h o s e which o r i g i n a t e from Auger t r a n s i t i o n s . One can show from q u i t e 

g e n e r a l c o n s i d e r a t i o n s " ^ t h a t N ( E q ) may be o b t a i n e d ( w i t h i n a m u l t i ­

p l i c a t i v e f a c t o r ) from the r e t a r d i n g f i e l d curve by t a k i n g the d e r i v a ­

t i v e o f R ( E ) and e v a l u a t i n g a t E q . T h i s can be accompl i shed e x p e r i ­

m e n t a l l y by a p p l y i n g a sma l l p e r t u r b i n g v o l t a g e to the c o n t r o l g r i d a t 

f requency UJ. As a r e s u l t , ac f l u c t u a t i o n s are induced i n the c u r r e n t 

r e a c h i n g the d e t e c t o r and by " l o c k i n g - i n " on t h a t component o f t h i s 

c u r r e n t w i th f requency uu, the d e r i v a t i v e o f R ( E ) i s o b t a i n e d . A l t h o u g h 

t h i s g i v e s the d e s i r e d d i s t r i b u t i o n , i n p r a c t i c e i t i s no t g e n e r a l l y 
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s u f f i c i e n t f o r o b s e r v a t i o n o f Auger e l e c t r o n s . T h i s i s due p a r t l y t o 

the p r e s e n c e o f a l a r g e background s i g n a l i n the sample c u r r e n t and 

p a r t l y t o the sma l l i n t e n s i t i e s o f the Auger c u r r e n t s . As a r e s u l t , 

most AES measurements are o f the second d e r i v a t i v e o f R(E) o b t a i n e d by 

" l o c k i n g - i n " on the ac c u r r e n t component of f requency 2u). The e f f e c t 

o f t h i s a d d i t i o n a l d e r i v a t i v e i s t o ( 1 ) a c c e n t the p o s i t i o n o f peaks 

in energy and ( 2 ) t o t a l l y obscure i n t e n s i t y i n f o r m a t i o n . I t f o l l o w s 

from t h i s t h a t AES i s p r e s e n t l y c a p a b l e o n l y o f i d e n t i f y i n g Auger 

t r a n s i t i o n s by comparing peak e n e r g i e s wi th known ( e x p e r i m e n t a l or 

t h e o r e t i c a l ) v a l u e s o f Auger t r a n s i t i o n e n e r g i e s i n the v a r i o u s e l e m e n t s . 

The method c a n n o t , t h e r e f o r e , u t i l i z e Auger i n t e n s i t i e s a t the p r e s e n t 

t ime (a l though m o d i f i c a t i o n s o f the t echn ique may a l l o w i t in the 

f u t u r e — s e e Chapter I V ) . T h i s i s not too s e v e r e a r e s t r i c t i o n now 

s i n c e a l l t h e o r e t i c a l r e s u l t s thus f a r g e n e r a t e d show l i t t l e agreement 

w i th a v a i l a b l e d a t a , b u t , as more r e f i n e d computat ions c o n t i n u e , one 

can e x p e c t the e f f o r t s o f theory to become more s u c c e s s f u l . I f AES i s 

to reach f u l l p o t e n t i a l as a method, i t f o l l o w s t h a t i t must be extended 

to i n c l u d e u t i l i z a t i o n o f i n t e n s i t i e s as w e l l as e n e r g i e s . 

Even wi th regard to the e n e r g i e s , the method i s not f r e e from 

c o n f u s i o n . I n d e e d , the bu lk o f the t h e o r e t i c a l e f f o r t s c i t e d p r e v i o u s l y 

d e a l t w i t h o n l y Auger i n t e n s i t i e s — not t h e i r e n e r g i e s . Only the work 

by Asaad and Burhop"^ c o n s i d e r e d e n e r g i e s , and they i n t r o d u c e d s emi -

e m p i r i c a l e x p r e s s i o n s t o d e s c r i b e the KLL e n e r g i e s . These e x p r e s s i o n s , 

36 

as l a t e r m o d i f i e d by H o r n f e l d t , p r o v i d e q u i t e a c c u r a t e v a l u e s f o r 

KLL e n e r g i e s — e s t i m a t e d a t about . 0 5 per c e n t . For any o t h e r c a s e , 

however , the o n l y means t o p r e d i c t the expec ted Auger t r a n s i t i o n s f o r a 
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g i v e n t r a n s i t i o n i s t o u t i l i z e a r a t h e r crude r e l a t i o n due t o Bergstrom 

68 

a n d H i l l . S i n c e t h i s r e l a t i o n can — depending on the atom and p a r t i c u l a r 

t r a n s i t i o n — b e c o n s i d e r a b l y in e r r o r , the e x p e r i m e n t a l i s t has l i t t l e 

a i d i n t h e i n t e r p r e t a t i o n o f the observed s p e c t r a . I n d e e d , c o m p i l a t i o n 

o f an e x p e r i m e n t a l " e n c y c l o p e d i a o f Auger s p e c t r a " i s j u s t i f i a b l e due 

t o t h e poor s t a t e o f t h e o r e t i c a l p r e d i c t i o n s . 

There i s , o f c o u r s e , a p r e c i s e , w e l l - d e f i n e d procedure f o r com­

p u t i n g the Auger e n e r g i e s . Thus i f we c a l c u l a t e the t o t a l e n e r g i e s o f 

the i n i t i a l and f i n a l a tomic s t a t e s and then s u b t r a c t one from the 

o t h e r , t h i s d i f f e r e n c e i s , by c o n s e r v a t i o n o f e n e r g y , j u s t the d e s i r e d 

Auger e n e r g y . T h i s method, deve loped in Chapter I I , i s u t i l i z e d i n 

the p r e s e n t work f o r a l l energy c o m p u t a t i o n s . 

Problem and Method 

T h i s i n v e s t i g a t i o n was i n s p i r e d as a r e s u l t of d i f f i c u l t i e s 

encountered in the i n t e r p r e t a t i o n o f c e r t a i n s t r u c t u r e i n the AES s p e c ­

t r a of T i , V, and C r . Due to the g e n e r a l l a c k o f t h e o r e t i c a l r e s u l t s 

f o r L - (or h i g h e r ) s e r i e s t r a n s i t i o n s , a n a t u r a l c h o i c e f o r the s tudy 

was the LMM t r a n s i t i o n s in these e l ements ( Z r , Nb and Mo are a l s o 

t r e a t e d ) . In order to c a r r y out these computat ions i n a c o n s i s t e n t , 

meaningfu l way, the f o l l o w i n g procedure was adopted: 

( 1 ) use H a r t r e e - F o c k wave f u n c t i o n s thus i n s u r i n g the b e s t 

a v a i l a b l e e l e c t r o n o r b i t a l s ; 

( 2 ) work in the i n t e r m e d i a t e c o u p l i n g ( I C ) l i m i t ; 

( 3 ) c o n s i d e r the t r a n s i t i o n s i n i s o l a t e d atoms; 

( 4 ) work i n n o n - r e l a t i v i s t i c l i m i t ; and 

( 5 ) assume b a s i c v a l i d i t y o f W e n t z e l t h e o r y . 
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The s i g n i f i c a n c e o f these assumpt ions w i l l be made more p r e c i s e 

in Chapters I I and I I I . In Chapter I I we p r o v i d e a d e t a i l e d d e v e l o p ­

ment o f Auger theory i n c l u d i n g energy and i n t e n s i t y f o r m u l a e , a n g u l a r 

momentum c o u p l i n g , and the changes in the t h e o r y due t o s o l i d - s t a t e 

a n d / o r m o l e c u l a r e f f e c t s . The r e s u l t s o f t h i s c h a p t e r , a l t h o u g h 

viewed p r i m a r i l y as a p p l y i n g t o LMM t r a n s i t i o n s , a r e g i v e n in a form 

which i s g e n e r a l enough f o r o t h e r t r a n s i t i o n s as w e l l . A p p l i c a t i o n o f 

the formal i sm t o the LMM t r a n s i t i o n s in T i , V, C r , Z r , Nb, and Mo are 

then p r e s e n t e d in Chapter I I I a l o n g with a comparison to a v a i l a b l e 

e x p e r i m e n t a l data and o t h e r t h e o r e t i c a l p r e d i c t i o n s when p e r t i n e n t . 

An a d d i t i o n a l comment p e r t a i n i n g to Chapter I I i s in order b e f o r e c l o s ­

ing t h i s summary. 

The g e n e r a l l a c k o f agreement between exper iment and t h e o r e t i c a l 

r e s u l t s based on the W e n t z e l formal i sm s u g g e s t s t h a t the f o r m u l a t i o n 

i t s e l f may be i n e r r o r . I t i s , of c o u r s e , t r u e t h a t o t h e r e x p l a n a t i o n s - -

n o t a b l y the use o f poor wave f u n c t i o n s in the c a l c u l a t i o n s — a r e p o s s i b l e . 

The d i sagreement i s so w i d e s p r e a d , however, t h a t i t i s meaningfu l t o 

examine the W e n t z e l t h e o r y . In t h i s r e g a r d , perhaps the most s t r i k i n g 

a s s e r t i o n o f the t h e o r y i s t h a t the Auger e f f e c t i s a t w o - e l e c t r o n 

p r o c e s s . T h i s i s not o b v i o u s , and c e r t a i n l y i t would not be e x p e c t e d 

a p r i o r i . I n d e e d , i t can be argued tha t a more v a l i d v i ew would have 

the Auger dynamics a r i s i n g from t h e coulomb i n t e r a c t i o n of a l l e l e c t r o n s 

i n the atom r a t h e r than the two o f W e n t z e l ' s t r e a t m e n t . Such a v i e w 

of the p r o c e s s i n e v i t a b l y c o m p l i c a t e s the problem s i n c e i t r e q u i r e s 

the e v a l u a t i o n o f m a t r i x e l ements between m a n y - p a r t i c l e s t a t e s r a t h e r 

than two p a r t i c l e s t a t e s . S i n c e the c o m p l e x i t y of the procedure f o r 
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c o u p l i n g a n g u l a r momentum i n c r e a s e s r a p i d l y w i t h an i n c r e a s e i n the 

number o f p a r t i c l e s , the c a l c u l a t i o n becomes e x t r e m e l y t e d i o u s . 

N e v e r t h e l e s s , a formal i sm c a p a b l e o f t r e a t i n g such m a t r i x e l ements has 

61 62 

been d e v e l o p e d , i n d e p e n d e n t l y , by Fano and S h o r e . In order t o 

p r o v i d e a comple te v iew of the Auger t h e o r e t i c a l f o r m a l i s m , we have 

c o n s i d e r e d the r e s u l t s o f Fano in some d e t a i l i n Chapter I I . The 

d i s c u s s i o n i s s u f f i c i e n t o n l y t o i n d i c a t e the b a s i c approach , and f o r 

a d e t a i l e d c a l c u l a t i o n r e f e r e n c e must s t i l l be to the o r i g i n a l p a p e r . 

F i n a l l y , we p r e s e n t i n Chapter IV our c o n c l u s i o n s and recommen­

d a t i o n s f o r f u t u r e Auger a c t i v i t y . 
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CHAPTER I I 

THEORY OF AUGER EFFECT 

There a r e two important p h y s i c a l q u a n t i t i e s o f i n t e r e s t when 

s t u d y i n g the Auger p r o c e s s . For a s p e c i f i e d i n i t i a l s t a t e , t h e s e a r e 

( 1 ) the e n e r g i e s o f the Auger e l e c t r o n s a r i s i n g from a p a r t i c u l a r 

t r a n s i t i o n , and ( 2 ) the t r a n s i t i o n p r o b a b i l i t i e s f o r each p o s s i b l e 

Auger t r a n s i t i o n . The development of the t h e o r e t i c a l formal i sm f o r 

the computat ion o f t h e s e q u a n t i t i e s forms the b a s i s o f t h i s c h a p t e r . 

The d i s c u s s i o n i s d i v i d e d i n t o t h r e e s e c t i o n s w i th the f i r s t t r e a t i n g 

the methods o f computat ion f o r the Auger e n e r g i e s . The p r i n c i p a l method 

p r e s e n t e d i s based on a t o t a l - e n e r g y approach i n v o l v i n g the i n i t i a l and 

f i n a l s t a t e s ; the B e r g s t r o m - H i l l r e l a t i o n i s , however , b r i e f l y con­

s i d e r e d . The second s e c t i o n t r e a t s the problem o f computing the t r a n ­

s i t i o n p r o b a b i l i t i e s . The c o n v e n t i o n a l t w o - e l e c t r o n theory o f W e n t z e l 

i s p r e s e n t e d wi th emphasis be ing on s e l e c t i o n r u l e s and m a t r i x e lement 

e v a l u a t i o n i n the L S - and i n t e r m e d i a t e a n g u l a r momentum c o u p l i n g schemes . 

A more g e n e r a l Auger theory i s a l s o c o n s i d e r e d — o n e which r e q u i r e s the 

e v a l u a t i o n o f N - e l e c t r o n m a t r i x e l ements i n s t e a d o f the t w o - e l e c t r o n 

v a r i e t y encountered in the W e n t z e l t h e o r y . A f o r m a l i s m , due to F a n o ^ , 

i s p r e s e n t e d for the computat ion o f such m a t r i x e l e m e n t s . I t shou ld be 

ment ioned t h a t a l l o f the d i s c u s s i o n in t h e s e s e c t i o n s assumes t h a t the 

t r a n s i t i o n s occur in i s o l a t e d a toms . S i n c e much of the c u r r e n t i n t e r e s t 

i n the Auger e f f e c t a r i s e s from t r a n s i t i o n s in m o l e c u l a r or s o l i d - s t a t e 
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s y s t e m s , the t h i r d s e c t i o n p r e s e n t s the p r i n c i p a l changes i n the 

formal i sm due to the e f f e c t s o f such s y s t e m s . 

E n e r g i e s 

The energy o f the Auger e l e c t r o n i s o b t a i n e d d i r e c t l y by con­

s i d e r i n g the g e n e r a l f e a t u r e s o f the Auger e f f e c t i n c o n j u n c t i o n wi th 

c o n s e r v a t i o n o f e n e r g y . Thus the d e - e x c i t a t i o n o f an atom, i n i t i a l l y 

s i n g l y i o n i z e d in an inner s h e l l , by the Auger p r o c e s s i s c h a r a c t e r i z e d 

by the t r a n s i t i o n from a w e l l - d e f i n e d i n i t i a l s t a t e to a f i n a l s t a t e 

c o n s i s t i n g o f a doubly i o n i z e d atom p l u s a f r e e (Auger) e l e c t r o n . By 

c o n s e r v a t i o n o f e n e r g y , the t o t a l e n e r g i e s o f the i n i t i a l and f i n a l 

s t a t e s must be equal so t h a t 

E . , = E c = E - . 1

 = E + E. , ( 1 ) 
i n i t i a l S I f i n a l DI Auger ' 

where E c , E n are the t o t a l e n e r g i e s o f the s i n g l y and doubly i o n i z e d 

atomic s t a t e s , r e s p e c t i v e l y , and E ^ u ^ e r i s the energy o f the Auger 

e l e c t r o n . I t f o l l o w s immedia te ly t h a t 

E A u g e r " E S I " E D I ( 2 ) 

so t h a t , i f the t o t a l e n e r g i e s (E , E ) can be d e t e r m i n e d , the Auger 

energy i s e a s i l y o b t a i n e d . U n f o r t u n a t e l y , the d e t e r m i n a t i o n o f t h e s e 

e n e r g i e s i s g e n e r a l l y a n o n - t r i v i a l t a s k i n v o l v i n g the s o l u t i o n o f 

S c h r o d i n g e r ' s e q u a t i o n f o r the r e l e v a n t atomic s t a t e s . Exact s o l u t i o n s 

o f t h i s e q u a t i o n a r e p o s s i b l e o n l y f o r hydrogen and, p e r h a p s , the ground 

s t a t e o f he l ium so t h a t most computat ions o f Eg^, E ^ n e c e s s a r i l y 
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i n v o l v e a p p r o x i m a t i o n s . The use o f ( 2 ) i s f u r t h e r c o m p l i c a t e d by the 

m u l t i p l e l i n e s p e c t r a a s s o c i a t e d wi th Auger t r a n s i t i o n s - - e . g . , f o r a 

s p e c i f i e d i n i t i a l and f i n a l a tomic s t a t e the Auger e l e c t r o n can have 

s e v e r a l d i f f e r e n t e n e r g i e s . I t i s then e v i d e n t from ( 2 ) t h a t e i t h e r 

E or (or b o t h ) must a l s o p o s s e s s a spectrum o f v a l u e s . S i n c e 

t h e s e m u l t i p l e s p e c t r a o r i g i n a t e from a n g u l a r momentum c o u p l i n g e f f e c t s , 

i t i s u s e f u l t o examine t h e s e i n some d e t a i l . 

Angular Momentum S t a t e s 

The r e l a t i o n s h i p o f angu lar momentum t o the energy o f an a tomic 

system i s most e a s i l y i l l u s t r a t e d by c o n s i d e r i n g a t y p i c a l a tomic 

H a m i l t o n i a n ( H ) . The H a m i l t o n i a n , o f c o u r s e , de termines the energy o f 

the system through S c h r o d i n g e r 1 s e q u a t i o n 

HY = EY , ( 3 ) 

where Y r e p r e s e n t s the s t a t e v e c t o r or wave f u n c t i o n o f the atom and E 

i s the c o r r e s p o n d i n g t o t a l e n e r g y . I t i s t h i s e q u a t i o n which must be 

s o l v e d i n order to o b t a i n the E g I , E D I o f e q u a t i o n ( 2 ) G The form of the 

H a m i l t o n i a n d i c t a t e s the c o m p l e x i t y o f t h i s problem and, i n the p r e s e n t 

i n v e s t i g a t i o n , i t i s assumed t h a t f o r an N - e l e c t r o n atom 

N N 
2Z 

H = Z L ( K E ) k - 7 T J + « 2 I 5 < W * k + I 7T. (4) 

k = l K k = 1 k < j k J 

I I I I I I 

where the s e p a r a t e terms a r e the e l e c t r o n k i n e t i c (KE) and e l e c t r o n -

n u c l e a r p o t e n t i a l e n e r g i e s ( I ) , the s p i n - o r b i t energy ( I I ) , and the 
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mutual e l e c t r o n e l e c t r o s t a t i c e n e r g i e s ( I l l ) - - a l l b e i n g e x p r e s s e d i n 

R y d b e r g s . We now wish t o examine the s o l u t i o n s o f e q u a t i o n ( 3 ) u s i n g 

t h i s form f o r H wi th p a r t i c u l a r emphasis on the a n g u l a r momentum 

dependence in the s o l u t i o n s . D e t a i l e d c o n s i d e r a t i o n o f the a c t u a l 

s o l u t i o n o f ( 3 ) i s not p e r t i n e n t h e r e , however, and f o r such d e t a i l s 

6 3 - 6 5 

one should c o n s u l t the g e n e r a l r e f e r e n c e s . I n a d d i t i o n , the n a t u r e 

o f the v a r i o u s a n g u l a r momenta which e n t e r i n the s o l u t i o n s i s r a t h e r 

i n v o l v e d so t h a t the f o l l o w i n g d i s c u s s i o n i s c o n f i n e d o n l y t o g e n e r a l 

r e s u l t s ; d e t a i l s a r e g i v e n i n Appendix A . 

The n a t u r e o f the angu lar dependence i n the s o l u t i o n s o f ( 3 ) 

may be d e s c r i b e d by c o n s i d e r i n g the r e l a t i v e s i z e s of the terms I , I I , 

I I I c o n t a i n e d in H. Four of the more important r e l a t i o n s h i p s between 

t h e s e terms w i l l be d i s c u s s e d h e r e . In the f i r s t c a s e , the s p i n - o r b i t 

( I I ) and mutual e l e c t r o s t a t i c ( I I I ) e n e r g i e s a r e v e r y s m a l l c o n t r i b u t o r s 

t o the t o t a l energy o f the sys tem. T h i s c a s e , t h e r e f o r e , reduces the 

problem t o e s s e n t i a l l y a c o l l e c t i o n of h y d r o g e n - l i k e systems (Appendix 

A ) . As a r e s u l t , the e l e c t r o n s a r e w e l l d e s c r i b e d by the f a m i l i a r o n e -

e l e c t r o n l a b e l s I s , 2 s , 2 p . . . encountered in s o l u t i o n s o f the hydrogen 

atom, and the energy i s then g iven s imply by s p e c i f y i n g the e l e c t r o n 

c o n f i g u r a t i o n i n the a t o m - - i . e . , the occupanc ie s o f the v a r i o u s nt 

l e v e l s . Hence in t h i s l i m i t each s e p a r a t e c o n f i g u r a t i o n (such as 

2 2 2 

I s 2s and I s 2s2p i n Be) would have o n l y one energy l e v e l [compare wi th 

F igure 1 , c a s e ( a ) ] . 

As the terms I I , I I I i n c r e a s e i n t h e i r c o n t r i b u t i o n t o the t o t a l 

e n e r g y , t h i s s i t u a t i o n changes and the energy o f a g iven c o n f i g u r a t i o n 

" s p l i t s " i n t o s e v e r a l l e v e l s . Thus i f the s p i n - o r b i t term ( I I ) remains 
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neg l ig ib le but the e l ec tros ta t i c energy ( I I I ) becomes s ign i f i cant , 

then the atomic energy leve ls [ E ( L , S ) ] are characterized by def in i te 

values of the tota l orb i ta l (L) and spin (S_) angular momenta of the 

atom. The number of such leve ls is just the number of d i s t inc t (L,S) 

pairs which are poss ib le , and this can be computed eas i ly by the method 

of vector addit ion. For example, i f one has a two-electron configura­

tion (n^l^n^t^) , then the tota l momenta L,S_ are constructed from the 

coupling 

- = l l + l 2 

S_ = _s 1 + s_2 

( 5 ) 

and then the poss ible L,S values are constrained to the l imits 

| S | = U 1 - s 2 | , | s 1 - s 2 | + l , . . o , s 1 + s 2 . 

( 6 ) 

Since individual electrons have spin \ , i t follows from ( 6 ) that S = 

0 , 1 for any two-electron configuration considered. For configurations 

of three or more electrons this same procedure can be applied succes­

s ive ly to y ie ld the L,S values and hence the number of energy levels 

in this LS- (or Russe l l -Saunders)^ coupling scheme. A word of caution 

is required i f the electrons are equivalent ( ^ ^ = n 2 ^ 2 ^ ^ n t n ^ s 

case the Pauli exclusion principle acts to forbid certain s t a t e s . In­

deed, for two equivalent electrons i t is such that (L+S) is an even 
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i n t e g e r . T h i s can be i l l u s t r a t e d for an np c o n f i g u r a t i o n ; one o b t a i n s 

from (6) t h a t 

| L | = 0 , 1 , 2 

|S | = 0 , 1 

a r e the p o s s i b i l i t i e s in the g e n e r a l c a s e . However, the e x c l u s i o n 

p r i n c i p l e a c t s to a l l o w o n l y the c a s e s 

L = 0 , S = 0 

L = 1 , S = 1 

L = 2 , S = 0 

( 2 S + 1 ) 
so tha t i n the t r a d i t i o n a l s p e c t r o s c o p i c n o t a t i o n [ L ] f o r L S -

2 1 1 3 
s t a t e s , the a l l o w e d l e v e l s f o r a p c o n f i g u r a t i o n a r e S , D, P ( t h e 

correspondence i s S , P , D , F , G . . . ~ L = 0 , 1 , 2 , 3 , 4 . . . ) . I t may be a l s o 

observed tha t the t o t a l angu lar momentum o f the atom may be c o n s t r u c t e d 

from L , £ by 

J = L + S 

. . . ( 7 ) 

| j | = | L - S I , | L -S I + 1 , . . . , L+S 

so t h a t t h e r e a r e s e v e r a l d i f f e r e n t v a l u e s o f J f o r s p e c i f i e d L ,S 

v a l u e s . In the l i m i t o f v a l i d i t y of L S - c o u p l i n g (very s m a l l or z e r o 

s p i n - o r b i t e n e r g y ) , however, the energy l e v e l s of the atom a r e a l l 

d e g e n e r a t e in J [compare F i g u r e 1 , c a s e ( b ) ] . 

T h i s degeneracy i s l i f t e d as the s p i n - o r b i t energy becomes 

comparable i n importance wi th the e l e c t r o s t a t i c c o n t r i b u t i o n . Thus 
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the R u s s e l l - S a u n d e r s l e v e l s [ E ( L , S ) ] a r e now each s p l i t i n t o a s e t o f 

l e v e l s — one f o r each J o b t a i n e d from the c o u p l i n g ( 7 ) . As the s p i n -

o r b i t term i n c r e a s e s f u r t h e r , t h i s s p l i t t i n g becomes so pronounced 

t h a t i t i s no l o n g e r meaningfu l to d e s i g n a t e the a tomic l e v e l s by 

v a l u e s o f L , S ; i n s t e a d i t i s o n l y the t o t a l a n g u l a r momentum J which 

c h a r a c t e r i z e s the energy s t a t e s [ E ( J ) ] . The o c c u r r e n c e o f t h i s 

phenomenon then marks the o n s e t o f the i n t e r m e d i a t e c o u p l i n g ( I C ) 

r e g i o n . I t i s i n t h i s r e g i o n , t h e r e f o r e , t h a t the most g e n e r a l form 

o f a n g u l a r momentum dependence , u s i n g the H a m i l t o n i a n ( 4 ) , e n t e r s the 

s o l u t i o n s o f S c h r b d i n g e r ' s e q u a t i o n ( 3 ) . S i n c e i t i s a l s o the IC scheme 

which i s a p p l i e d t o LMM Auger t r a n s i t i o n s in t h i s i n v e s t i g a t i o n , a 

d e t a i l e d c o n s i d e r a t i o n o f IC f u n c t i o n s i s in o r d e r . For c o n v e n i e n c e , 

t h i s i s r e s e r v e d f o r Appendix A; the important p o i n t r e q u i r e d here i s 

t h a t the energy l e v e l s in the IC r e g i o n are c h a r a c t e r i z e d o n l y by the 

v a l u e s o f the t o t a l a n g u l a r momentum J [compare F i g u r e 1 , c a s e ( c ) ] . 

The f i n a l c o u p l i n g case i s approached i f the s p i n - o r b i t term 

( I I ) becomes so l a r g e t h a t the e l e c t r o s t a t i c energy ( I I I ) i s n e g l i g i b l e . 

In t h i s r e g i o n , the s e p a r a t e energy l e v e l s a g a i n become d e g e n e r a t e in 

J w i t h the r e l e v a n t a n g u l a r momenta i n s t e a d b e i n g i n d i v i d u a l t o t a l 

a n g u l a r momenta. Thus , f or the t w o - e l e c t r o n c o n f i g u r a t i o n (n^t^n^t^), 

the i n d i v i d u a l o r b i t a l and s p i n momenta, ( ^ ^ s ^ ) a n d (L^s^)* a r e 

coup led as 
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wi th the v e c t o r a d d i t i o n formulae ( 6 ) s t i l l v a l i d . The v a l u e s o f 

j ^ , j * 2 then c h a r a c t e r i z e the energy o f the atom in a n a l o g y to the L , S 

c h a r a c t e r i z a t i o n i n R u s s e l l - S a u n d e r s c o u p l i n g . T h i s j j - c o u p l i n g scheme 

i s o f i n t e r e s t s i n c e i t has been a p p l i e d e x t e n s i v e l y t o Auger s t u d i e s . 

I n d e e d , much of the i n t e r p r e t a t i o n o f Auger s p e c t r a u t i l i z e s n o t a t i o n 

a r i s i n g from t h i s scheme. For example , i f one s t a t e s t h a t a L^I^M^ 

t r a n s i t i o n o c c u r s , i t i s i m p l i c i t l y assumed t h a t the j j - c o u p l i n g l i m i t 

i s v a l i d when d e s c r i b i n g the e l e c t r o n energy s t a t e s in the atom. Thus 

from ( 8 ) one o b t a i n s for s , p , and d e l e c t r o n s the r e s u l t s 

s(l = 0 ) : j = 0 + \ - j = \ 

? ( l = 1) : j = 1 + \ - j = i , | , ( 9 ) 

d(l = 2) : j = 2 + | - j = | , | ; 

and f o r the K, L , and M s h e l l s the n o t a t i o n (n£ ~ j = I + \ ) 

K l ~ l s l ; L l ~ 2 s l ; L 2 ^ 2 p l ; L 3 ~ 2 p 3 ; M l ~ 3 s l 
2 2 2 2 2 

M 2 ~ 3 P l ; M 3 ~ 3 p 3 ; ^ ~ ^ ^ ~ 3 d 5 

( 1 0 ) 

i s then i n t r o d u c e d . The d e s i g n a t i o n o f a L^I^M^ t r a n s i t i o n , t h e r e f o r e , 

a s s e r t s t h a t the i n d i v i d u a l 2 s , 2 p , 3 p l e v e l s - - d e g e n e r a t e i n the L S - l i m i t -
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a r e s p l i t as i n ( 9 ) so t h a t t h e r e a r e two 2 p , two 3p (but o n l y one 2 s ) 

l e v e l s . I f t h i s were not t r u e , then the t r a n s i t i o n s L^I^M^, L^L^M^, 

L-jT-^M^ and L^L^M^ c o u l d not be d i s t i n g u i s h e d . 

In o r d e r to i l l u s t r a t e t h e s e i d e a s , the energy l e v e l diagram 

e x p e c t e d for a KLL Auger t r a n s i t i o n i s p r e s e n t e d in F i g u r e 1 f o r the 

v a r i o u s c o u p l i n g l i m i t s . The s p l i t t i n g o f l e v e l s in t h e s e l i m i t s i s 

w e l l i n d i c a t e d . I t i s assumed t h a t the c o u p l i n g i s in the a l m o s t 

c l o s e d s h e l l s o f the f i n a l s t a t e so t h a t the spectrum i s in accordance 

wi th c o n v e n t i o n a l Auger t h e o r y . The diagram i s then p r e c i s e l y t h a t 

e x p e c t e d f o r KLL t r a n s i t i o n s in a n o b l e g a s , such as a r g o n , when the 

energy i s computed by r e l a t i o n ( 2 ) . For o t h e r e l e m e n t s , however , the 

l e v e l diagram i s based on an approx imat ion to be d i s c u s s e d l a t e r . To 

unders tand the d iagram, note t h a t t h e r e are t h r e e p o s s i b l e f i n a l con­

f i g u r a t i o n s i n a KLL t r a n s i t i o n - - ! . e . , 

2 s ° 2 p 6 2 s 2 p 5 2 s 2 2 p 4 ( 1 1 ) 

I n the hydrogen ic l i m i t , ( a ) , each o f these g i v e s r i s e o n l y to a s i n g l e 

e n e r g y . As the R u s s e l l - S a u n d e r s l i m i t i s approached , t h e s e s i n g l e 

3 3 1 2 4-
l e v e l s each s p l i t as i n d i c a t e d . The S , D and P l e v e l s o f the 2s 2p 

c o n f i g u r a t i o n a r e f o r b i d d e n by the e x c l u s i o n p r i n c i p l e in accordance 

with p r e v i o u s r e m a r k s - - t h e s e l e v e l s are thus shown d o t t e d . In a d d i t i o n , 

3 
the p l e v e l i s shown c r o s s e d s i n c e i t i s a l s o f o r b i d d e n in the pure 

L S - l i m i t due to p a r i t y r e s t r i c t i o n s - - ! . e . , the p a r i t y o f the i n i t i a l 

3 
s i n g l y i o n i z e d s t a t e d i f f e r s from t h a t of the P f i n a l s t a t e ( t h i s 
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( a ) (b ) ( c ) (d) 

"1 " 
S 0 ^ 2 ^ 2 

(a) Central Field Limit [ I » I I , I I I ] 

(b) R u s s e l l - S a u n d e r s ( L S - ) Coupl ing L i m i t [ l ~ I I I » I l ] 

( c ) I n t e r m e d i a t e Coupl ing Region [ I ~ I I ~ I I I ] * 

(d) j j - C o u p l i n g L i m i t [ l ~ I I » I I l ] 

^General N o t a t i o n f o r Auger L e v e l s L 1 L 1 C 1 S 0 ) , L 1 L 3 ( 3 P X ) , e t c . 

F i g u r e 1. Schematic Energy L e v e l Diagram f o r KLL Auger T r a n s i t i o n s . 
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e v i d e n t l y depends on the dynamics assumed f o r the Auger p r o c e s s ; f o r 

d e t a i l s c o n s u l t the s e c t i o n on t r a n s i t i o n p r o b a b i l i t i e s ) . By s imply 

c o u n t i n g the l e v e l s i n c a s e ( b ) , i t i s then e v i d e n t t h a t - - i f L S -

c o u p l i n g i s the v a l i d l i m i t f o r a KLL t r a n s i t i o n — o n e e x p e c t s a 5 - l i n e 

spectrum. 

In the i n t e r m e d i a t e c o u p l i n g ( I C ) r e g i o n , the degeneracy in J 

i s l i f t e d . Note the q u o t a t i o n marks on some o f the s t a t e s . T h i s i n d i ­

c a t e s t h a t , s i n c e J i s the o n l y i d e n t i f i e r o f the energy l e v e l s in t h i s 

l i m i t , the t rue (J = 0 , 1 ) s t a t e s a r e m i x t u r e s o f the pure (J = 0 , 1 ) 

f u n c t i o n s o b t a i n e d d i r e c t l y from the L S - s t a t e s ( o r , f o r t h a t m a t t e r , 

2 4 

the j j - s t a t e s ) . Thus in the 2s 2p c o n f i g u r a t i o n , the e x i s t e n c e o f 

1 1 
the S Q , D 2 l e v e l s means t h a t the t r u e (J = 0 , 2 ) s t a t e s are m i x t u r e s — 

1 3 1 3 
[ S and P 1 and [ D« and P _ ] — s o t h a t t r a n s i t i o n s i n t o the o r i g i n a l 

o o 2 2 J 0 

3 3 
P_, P l e v e l s a r e then a l l o w e d . T h i s f o l l o w s s i n c e the l e v e l s , no 

2 o ' 

l o n g e r b e i n g pure s t a t e s , are not f o r b i d d e n by the p a r i t y r e s t r i c t i o n 

( r e c a l l t h a t t r a n s i t i o n s i n t o ^ S Q , a r e a l l o w e d ) . I t i s then e v i d e n t 

tha t the IC f o r m u l a t i o n p r e d i c t s a 9 - l i n e KLL spectrum, a p r e d i c t i o n 

. c . J . 1 1 , 1 2 
t h a t has been v e r i f i e d in some c a s e s . 

The o n s e t o f j j - c o u p l i n g i s i n d i c a t e d by the c o a l e s c i n g o f the 

IC l e v e l s i n t o L^L^* ^ 2 ^ 3 * e t c . , w i th a 6 - l i n e spectrum b e i n g a n t i c i ­

p a t e d . For a p p l i c a t i o n to the LMM t r a n s i t i o n s , i t i s w e l l t o no te 

t h a t the correspondence of the j j - l e v e l s wi th the a p p r o p r i a t e IC l e v e l s 

i s d i f f e r e n t f o r complementary c o n f i g u r a t i o n s (here complementary 

2 4 2 8 4 6 
r e f e r s to c o n f i g u r a t i o n s such as [p and p ] , [d and d ] , [d and d ] , 

e t c . ) . Thus i t can be shown t h a t f o r the c o n f i g u r a t i o n s [ 2 s 2 p and 

3 2 4 
2s2p ] , [ 2 p and 2p ] , one has the correspondences 
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( 1 2 ) 

2 p 4 : [ 1 D 2 and 3 ? l ] - L 2

L

3 ^ 3 p

0

 a n d 3 p

2 ^ 
1 

S 
o 

The importance o f t h e s e d i f f e r e n c e s i s e s s e n t i a l l y t h a t between a two 

e l e c t r o n and two "hole" v iew of the Auger p r o c e s s „ 

may be n o t i c e d t h a t the l a b e l i n g o f a s t a t e or l e v e l in the IC r e g i o n 

i s ambiguous s i n c e n e i t h e r the L S - or j j - n o m e n c l a t u r e i s v a l i d f o r 

t h e s e l e v e l s „ For purposes o f Auger t r a n s i t i o n s ^ , t h i s ambigu i ty 

i s removed by the s p e c i f i c a t i o n o f both the L S - and j j - c o u p l i n g l i m i t s 

o f a p a r t i c u l a r IC l e v e l . Thus in the 2s2p^ l e v e l o f F igure 1 , one 

T h i s s e c t i o n has sought t o demonstrate the s i g n i f i c a n c e o f 

a n g u l a r momentum c o u p l i n g e f f e c t s in e x p l a i n i n g the c o m p l e x i t y o f 

Auger t r a n s i t i o n s ; e x p l i c i t a t t e n t i o n has been g iven to KLL t r a n s i t i o n s . 

A l t h o u g h much d e t a i l has been r e l e g a t e d to Appendix A , i t i s hoped 

tha t t h i s g o a l has been a t t a i n e d . In the nex t s e c t i o n , the a p p l i c a t i o n 

of t h e s e i d e a s to the g e n e r a l c a s e of Auger e n e r g i e s , p r i m a r i l y through 

e q u a t i o n ( 2 ) , i s p r e s e n t e d . 

Be fore c l o s i n g the d i s c u s s i o n on a n g u l a r momentum c o u p l i n g , i t 

w r i t e s the four IC l e v e l s as L , L . ( P , ) , L , L . ( P ) , L , L _ ( P , ) and 
l z 1 l L o 1 J 1 o 
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E n e r g i e s f o r LMM T r a n s i t i o n s 

A g e n e r a l procedure f o r computing Auger e l e c t r o n e n e r g i e s can 

now be d e s c r i b e d . Thus i t i s assumed t h a t , f or a g iven t r a n s i t i o n , 

the c o m p l e x i t y of the Auger energy spectrum i s due t o angu lar momentum 

c o u p l i n g e f f e c t s in the i n i t i a l and f i n a l a tomic s t a t e s . By s p e c i f y i n g 

the p a r t i c u l a r c o u p l i n g l i m i t ( i . e . , L S - , I C , or j j - ) , the t o t a l 

e n e r g i e s E , E can be computed i n t h i s scheme and by e q u a t i o n ( 2 ) , 

the Auger e n e r g i e s then f o l l o w i m m e d i a t e l y . In o u t l i n e form, the s t e p s 

f o r t h i s c o m p u t a t i o n a l procedure a r e : 

( a ) d e c i d e on a p p r o p r i a t e c o u p l i n g scheme; 

(b ) compute i n i t i a l and f i n a l s t a t e e n e r g i e s in 

t h i s scheme; 

( c ) compute Auger e n e r g i e s by e q u a t i o n ( 2 ) . 

S i n c e t h i s procedure i s e x a c t i n p r i n c i p l e , i t i s u n f o r t u n a t e tha t i t 

cannot be performed e x a c t l y in p r a c t i c e . T h i s i s , o f c o u r s e , due 

p r i m a r i l y to our i n a b i l i t y to s o l v e S c h r o d i n g e r ' s e q u a t i o n , but o t h e r 

d i f f i c u l t i e s a l s o e x i s t . S i n c e t h e s e can be s i g n i f i c a n t , they are d i s ­

c u s s e d b e l o w , where the computat ion o f Auger e n e r g i e s f o r KLL and LMM 

t r a n s i t i o n s i s c o n s i d e r e d . 

The case o f KLL t r a n s i t i o n s i s i n c l u d e d in order to i n t r o d u c e 

n o t a t i o n and to i l l u s t r a t e the above c o m p u t a t i o n a l scheme. For t h e s e 

r e a s o n s , the p r e s e n t a n a l y s i s f or argon i s c a r r i e d out in some d e t a i l - -

argon b e i n g chosen f o r s i m p l i c i t y . I t i s assumed t h a t KLL t r a n s i t i o n s 

i n argon can be a d e q u a t e l y t r e a t e d in the L S - c o u p l i n g l i m i t w i th the 

c o u p l i n g mechanism b e i n g a p p l i e d to the i n i t i a l and f i n a l s t a t e s 

s e p a r a t e l y . The c o n f i g u r a t i o n s f o r t h e s e s t a t e s can be w r i t t e n down 
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a t o n c e . Thus the i n i t i a l s t a t e i s j u s t an argon i o n wi th a s i n g l e I s 

vacancy so tha t the c o n f i g u r a t i o n i s 

( S I ) : l s 2 s 2 2 p 6 3 s 2 3 p 6 . ( 13 ) 

The f i n a l a tomic s t a t e i s somewhat more complex s i n c e the re a re s e v e r a l 

d i f f e r e n t c o n f i g u r a t i o n s . Indeed , the p o s s i b l e c o n f i g u r a t i o n s r e p r e s e n t 

an a rgon atom doubly i o n i z e d in the L s h e l l so tha t t he re are the th ree 

p o s s i b i l i t i e s 

(DI) : ( a ) l s 2 2 s ° 2 p 6 3 s 2 3 p 6 , 

( b ) l s 2 2 s 2 p 5 3 s 2 3 p 6 , ( 14 ) 

, N , 2 0 2 0 4 „ 2„ 6 
( c ) I s 2s 2p 3s 3p . 

2 
The f i r s t o f t hese c o r r e s p o n d s t o the (2s ) t r a n s i t i o n in tha t bo th o f 

the e l e c t r o n s which change s t a t e s a re from the 2s s u b s h e l l . S i m i l a r l y , 

2 

the s econd and t h i r d c o n f i g u r a t i o n s c o r r e s p o n d t o the ( 2 s 2 p ) and (2p ) 

t r a n s i t i o n s r e s p e c t i v e l y „ In o rde r to p r o c e e d , i t i s now n e c e s s a r y t o 

o b t a i n the e n e r g i e s o f t hese c o n f i g u r a t i o n s in the L S - c o u p l i n g formal i sm, 

Th i s i s e a s i l y done i f i t i s r e c a l l e d ' tha t c l o s e d a tomic s h e l l s 

( e 0 g . , 2p^ , 3 d " ^ , 3 s 2 , e t c . ) behave l i k e "̂S (L = S = 0) s t a t e s when 

c o u p l i n g o f angular momentum i s c o n s i d e r e d . S i n c e the c o u p l i n g o f a 

^S s t a t e has no e f f e c t on m u l t i p l e t s t r u c t u r e , i t f o l l o w s tha t c l o s e d 

s u b s h e l l s can be i g n o r e d when one i s de t e rmin ing t h i s s t r u c t u r e f o r a 
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g i v e n c o n f i g u r a t i o n . Hence the m u l t i p l e t o f c o n f i g u r a t i o n ( 1 3 ) i s 

2 

s imply t h a t o f a s i n g l e I s e l e c t r o n - - v i z . , a S s t a t e — w h i l e f o r the 

c o n f i g u r a t i o n s ( 1 4 ) the m u l t i p l e t s a r e o b t a i n e d from the open s h e l l s 

( t h e m u l t i p l e t s t r u c t u r e o f complementary c o n f i g u r a t i o n s a r e the same) 

(a ) - 2 s ° - LS 

( b ) - 2 s 2 p 5 - l?y

3? , ( 1 5 ) 

( c ) - 2 p 4 - W 3 P . 

T h i s s t r u c t u r e i s t o be compared wi th the p r e v i o u s comments on KLL 

2 

t r a n s i t i o n s i l l u s t r a t e d i n F i g u r e 1 . S i n c e the i n i t i a l S s t a t e i s a 

s i n g l e l e v e l , i t f o l l o w s from ( 2 ) and ( 5 ) t h a t the p o s s i b l e Auger 

e n e r g i e s a r e 

E S I ( 2 S ) - E D I ( ( 2 s ° ) 1 S ) , 

E g I ( 2 S ) - E D I ( ( 2 s 2 p ) X p ) , 

E S I ( 2 S ) - E D I ( ( 2 s 2 p ) 3 P ) , 

E s i ( 2 s ) - * D I « 2 P V S > > 

E G I ( 2 S ) - E d i ( ( 2 P V D ) > 

E S I ( 2 S ) - E D I ( ( 2 p 4 ) 3 P ) • 

( 1 6 ) 
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Here the n o t a t i o n E

D j ( ( c ) s ) i s u s e d wi th (C) r e f e r r i n g to the c o n f i g u ­

r a t i o n or t r a n s i t i o n which produces the "̂S m u l t i p l e t l e v e l . These 

e q u a t i o n s imply a s i x - l i n e KLL Auger spectrum, but a computat ion o f the 

t r a n s i t i o n p r o b a b i l i t i e s , in the t w o - e l e c t r o n v i e w , i n d i c a t e s tha t the 

t r a n s i t i o n 

2 2 3 
( l s ) Z S - ( 2 p V P 

i s f o r b i d d e n by p a r i t y r e s t r i c t i o n s (compare wi th F igure 1 and c o n s u l t 

d i s c u s s i o n o f t r a n s i t i o n p r o b a b i l i t i e s f o r f u r t h e r d e t a i l s ) . The 

r e s u l t s o b t a i n e d in ( 1 6 ) are thus c o m p l e t e , and a l l t h a t i s needed now 

i s a computat ion o f the r e l e v a n t e n e r g i e s . The approximate method used 

i n t h i s work f o r s o l v i n g t h i s a s p e c t o f the problem i s t h a t o f the 

H a r t r e e - F o c k a p p r o x i m a t i o n . Al though i t i s p o s s i b l e to o b t a i n d i r e c t 

e v a l u a t i o n o f the e n e r g i e s ( 1 6 ) by t h i s m e t h o d , ^ 7 t h i s i s not the case 

f o r the correspond ing e x p r e s s i o n s in the IC l i m i t . I t i s then conven ien t 

to r e w r i t e the e n e r g i e s in ( 1 6 ) in order to f a c i l i t a t e a p p l i c a t i o n to 

t h i s IC scheme. 

63 

Using the r e s u l t s o f S l a t e r , r e c a l l tha t the m u l t i p l e t e n e r g i e s 

a r i s i n g from a g i v e n c o n f i g u r a t i o n can be e x p r e s s e d r e l a t i v e t o the 

average energy o f the c o n f i g u r a t i o n . Th i s energy i n c l u d e s o n l y those 

c o n t r i b u t i o n s t o the m u l t i p l e t e n e r g i e s which a r e the same f o r e a c h - -

i . e . , the k i n e t i c e n e r g i e s , the e l e c t r o n - n u c l e a r p o t e n t i a l e n e r g i e s , and 

the average e l e c t r o s t a t i c i n t e r a c t i o n e n e r g i e s . These l a t t e r q u a n t i ­

t i e s are e a s i l y o b t a i n e d and, f o r c o n v e n i e n c e , e x p r e s s i o n s f o r p e r t i n e n t 
2 2 2 

i n t e r a c t i o n s ( e . g . , p , s ,d , s p , s d , p d ) are g iven in Appendix B a l o n g 

with a g e n e r a l formula f o r computing the average c o n f i g u r a t i o n e n e r g y . 
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I t i s wor thwhi l e to n o t e t h a t the s p i n - o r b i t energy ( term I I i n equa­

t i o n ( 3 ) ) i s not i n c l u d e d in t h i s d e f i n i t i o n o f average e n e r g y . As a 

r e s u l t , t h e t e r m i n o l o g y i s p r i m a r i l y s u i t e d f o r a p p l i c a t i o n to L S - s t a t e s , 

but i t i s p o s s i b l e to use the average energy in the IC formal i sm as 

w e l l . The same d e f i n i t i o n o f the average i s u s e d , however, i n t h e s e l a t ­

t e r c a s e s . Now i f one denotes the average energy o f c o n f i g u r a t i o n C by 

E (C) , 
a v g v 

then the energy E can be w r i t t e n as 
o J_ 

E g I ( 2 S ) = E ( l s 2 s 2 2 p 6 3 s 2 3 p 6 ; 2 S ) 

( 1 7 ) 

= E ( l s 2 s 2 2 p 6 3 s 2 3 p 6 ) + S t ( l s ; 2 S ) , 
avg 

where S t ( I s ) i s the " s t r u c t u r e " term which d e s c r i b e s the d e p a r t u r e o f 

2 
the m u l t i p l e t energy (here the S l e v e l ) from the average e n e r g y . T h i s 

i s , o f c o u r s e , z ero for the s i n g l e e l e c t r o n and, in f a c t , the energy 

o f any c o n f i g u r a t i o n with o n l y a s i n g l e unpaired e l e c t r o n i s j u s t the 

6 3 
a v e r a g e e n e r g y . S i m i l a r l y , one can w r i t e 

E D I ( ( 2 s ° ) 1 S ) = E a v g ( l s 2 2 s ° 2 P

6 3 s 2 3 p 6 ) 

E D I ( ( 2 s 2 p ) l j 3 P ) = E a v g ( l s 2 2 s 2 p 5 3 s 2 3 p 6 ) + S t ( 2 s 2 p 5 ( l j 3 P ) ) ( 1 8 ) 

E D I ( ( 2 p 4 ) 1 S , 1 D , 3 P ) = E a v g ( l s 2 2 s 2 2 p 4 3 s 2 3 p 6 ) + S t ( 2 P

4 ( 1 S , V 3 P ) ) 

so t h a t now i t i s o n l y n e c e s s a r y to o b t a i n the e x p r e s s i o n s f o r the 
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v a r i o u s s t r u c t u r e e n e r g i e s . In terms o f the t r a d i t i o n a l e l e c t r o s t a t i c 

k k 

i n t e g r a l s F ( a b ) and G (ab) d e f i n e d i n Appendix B, t h e s e a r e j u s t 

S t ( 2 s 2 p 5 ( 3 P ) ) = - | G 1 ( 2 s 2 p ) = S t ( 2 s 2 p ( 3 P ) ) 

S t ( 2 s 2 p 5 ( 1 P ) ) = + | G 1 ( 2 s 2 p ) = S t ( 2 s 2 p ( 1 P ) ) 

S t ( 2 P Vs) ) = + | | F 2 ( 2 P 2 p ) = S t ( 2 p 2 ( 1 S ) ) ( 1 9 ) 

S t ( 2 p 4 ( 1 D ) ) - + ^ F 2 ( 2 p 2 p ) = S t ( 2 p 2 ( 1 D ) ) 

S t ( 2 p 4 ( 3 P ) ) = - ^ F 2 ( 2 P 2 p ) = S t ( 2 p 2 ( 3 P ) ) 

where the s t r u c t u r e terms f o r the complementary c o n f i g u r a t i o n s a r e a l s o 

i n c l u d e d . I t i s t o be emphasized t h a t t h e s e e x p r e s s i o n s a r e v a l i d o n l y 
5 4 2 2 

i f the average i n t e r a c t i o n e n e r g i e s o f 2s2p , 2p , 2s p and 2p are 
i n c l u d e d in the e x p r e s s i o n f o r E ; t h i s i s to be unders tood in a l l 

a v g ' 

f u t u r e work as wel l . The energies for KLL transi t ions in argon can now 

be e x p r e s s e d in terms o f the average e n e r g i e s by combining ( 1 6 ) , ( 1 7 ) , 

( 1 8 ) , and ( 1 9 ) wi th the r e s u l t b e i n g 

E A u g e r ( ( 2 S ° ) l s ) 
= E ( I s ) -

a v g v 
E ( 2 s ° ) 

a v g v 

E A u g e r ( ( 2 s 2 p ) l p ) 
= [E ( I s ) 

a v g v 
- E ( 2 s 2 p ) ] -

avg v 

1 
2 

G 1 ( 2 s 2 p ) 

E A u g e r ( ( 2 S 2 p ) 3 l > ) 
= [ ] + 

1 
6 

G 1 ( 2 s 2 p ) 

E A u g e r ( ( 2 p 4 ) l s ) 
= [E ( I s ) 

a v g v 
- E ( 2 p 4 ) ] -

avg 
12 
25 

F 2 ( 2 p 2 p ) 

E A u g e r « 2 p 4 > l D > = [ ] - 3 
25 

F 2 ( 2 p 2 p ) 

E A u g e r « 2 p 4 > 3 p > - C ] + 3 
25 

F 2 ( 2 P 2 p ) 

( 2 0 ) 
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where the n o t a t i o n 

E 
avg 

( I s ) = E 
avg 

( l s 2 s 2 2 p 6 3 s 2 3 p 6 ) 

E ( 2 s 2 P ) = E ( l s 2 2 s 2 p 5 3 s 2 3 p 6 ) 
avg avg 

( 2 1 ) 

E ( 2 p 4 ) = E ( l s 2 2 s 2 2 p 4 3 s 2 3 p 6 ) 
avg avg 

i s u t i l i z e d . I t i s on ly n e c e s s a r y now to o b t a i n by some means, such 

a s the H a r t r e e - F o c k a p p r o x i m a t i o n , the r e l e v a n t average e n e r g i e s and 

the i n d i c a t e d e l e c t r o s t a t i c i n t e g r a l s ; the KLL Auger e n e r g i e s then 

f o l l o w from ( 2 0 ) . 

t h e r e remains one p o i n t o f i n t e r e s t . Thus the spectrum o b t a i n e d above 

f o r the KLL t r a n s i t i o n s a g r e e s wi th t h a t e x h i b i t e d in F igure 1 which , 

in t u r n , i s t h a t o b t a i n e d by the c o n v e n t i o n a l t w o - e l e c t r o n t h e o r y o f 

the Auger process. This agreement i s unfortunately fortuitous s i n c e , 

i n g e n e r a l , computat ion of s p e c t r a on the b a s i s o f the i n i t i a l and 

f i n a l s t a t e c o n f i g u r a t i o n s w i l l not a g r e e wi th the t w o - e l e c t r o n c o u p l i n g 

p r e d i c t i o n s . In order to see t h i s , c o n s i d e r the c o n f i g u r a t i o n s f o r KLL 

t r a n s i t i o n s i n p o t a s s i u m - - t h e y a r e 

Be fore p r o c e e d i n g t o deve lop s i m i l a r r e s u l t s f o r LMM t r a n s i t i o n s , 

( S I ) : l s 2 s 2 2 p 6 3 s 2 3 p 6 4 s 

(DI ) : l s 2 2 s ° 2 p 6 3 s 2 3 p 6 4 s 

l s 2 2 s 2 p 5 3 s 2 3 p 6 4 s 

l s 2 2 s 2 2 p 4 3 s 2 3 p 6 4 s . 

( 2 2 ) 
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The uncoupled 4s e l e c t r o n p r e v e n t s , in each c a s e , the s p e c t r a o b t a i n e d 

wi th t h e s e c o n f i g u r a t i o n s from be ing the same as t h a t f o r the argon 

c o n f i g u r a t i o n s in ( 1 3 ) and ( 1 4 ) . As an example , note t h a t the i n i t i a l 

2 

s t a t e ( S I ) i s a S f o r argon w h i l e f o r po tas s ium i t can be e i t h e r a 

1 3 

S or S ( o b t a i n e d from c o u p l i n g the I s , 4 s e l e c t r o n s ) . R e s u l t s s i m i l a r 

to t h i s a r e , o f c o u r s e , o b t a i n e d f o r o t h e r than KLL t r a n s i t i o n s ; the 

on ly requirement i s the e x i s t e n c e o f an open s h e l l ( s ) . I f i t i s d e s i r e d 

t h a t the Auger spectrum be t h a t p r e d i c t e d v i a the c o n v e n t i o n a l two-

e l e c t r o n t h e o r y , i t then f o l l o w s from t h e s e remarks t h a t some type o f 

approx imat ion i s n e c e s s a r y when the t o t a l energy approach i s used to 

compute E

A u g e r ' Such approx imat ions have been c o n s i d e r e d i n t h i s work 

and are d i s c u s s e d below where the e x p r e s s i o n s f o r the LMM t r a n s i t i o n 

e n e r g i e s a r e d e r i v e d . 

T h i s d e r i v a t i o n w i l l be c a r r i e d out in the formal i sm of i n t e r ­

media te c o u p l i n g thus i n s u r i n g t h a t the r e s u l t s r e p r e s e n t the most 

g e n e r a l t rea tment f o r LMM t r a n s i t i o n s . I n order to unders tand the 

c o m p u t a t i o n s , i t i s n e c e s s a r y to c o n s i d e r the form of the energy p r o b ­

lem i n the IC l i m i t . The wave f u n c t i o n can be e x p r e s s e d in terms o f 

l i n e a r combinat ions o f L S - s t a t e s ( s e e Appendix A ) ; d e n o t i n g by |LSJM) 

t h e s e l a t t e r f u n c t i o n s and by Y (JM) the IC f u n c t i o n , one f i n d s 
K 

N 

V J M ) = L C

K

( L S J ) l L S J M > > ( 2 3 ) 

L,S 

where the sum i s over a l l the L,S p a i r s such t h a t 

L + S = J , 
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N i s the number o f such p a i r s , and C„(LSJ) a re expans ion c o e f f i c i e n t s . 
K 

The energy p rob lem then i s g i v e n by S c h r b d i n g e r 1 s e q u a t i o n ( 3 ) , i . e . , 

HY R(JM) = E ( J ) Y K ( J M ) ( 24 ) 

o r from (23 ) 

N N 

£ C K(LSJ)H|LSJM> = E( J ) ^ C K (LSJ ) |LSJM> . ( 2 5 ) 

L,S L,S 

The L S - f u n c t i o n s s a t i s f y the o r t h o n o r m a l i t y p r o p e r t i e s 

< l ' s ' j V | l s j m > = V l 6 s ' s 6 j ' j 6 m ' m ( 2 6 ) 

where 6 _ / 6 C / C a re the o r d i n a r y Kronecker d e l t a s . I t f o l l o w s tha t by 
L L b b 

p r e m u l t i p l y i n g ( 25 ) by the f u n c t i o n | l / s ' j M > and i n t e g r a t i n g o v e r a l l 

c o o r d i n a t e s one o b t a i n s 

N 

L C K (LSJ)<L / S / JM|H|LSJM> = E ( J ) C K ( L ' S ' J ) ( 27 ) 

L,S 

which can be w r i t t e n in the form 

N 

^ c k ( l s j ) [ < l , s / j m | h | l s j m > - e ( j ) 6

l ' l 6 s ' s ^ = 0 * ( 2 8 ) 

L , S 

S i n c e i t i s assumed tha t l / , S 7 a r e one o f N p a i r s which c o u p l e t o g i v e 

J , i t i s e v i d e n t tha t ( 28 ) c o n s t i t u t e s a system o f l i n e a r e q u a t i o n s in 
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t h e expans ion c o e f f i c i e n t s C „ ( L S J ) . For n o n - t r i v i a l s o l u t i o n s o f these 

q u a n t i t i e s , the form o f ( 2 8 ) then r e q u i r e s t h a t the e n e r g i e s E ( J ) must 

s a t i s f y an NxN s e c u l a r e q u a t i o n . T h i s i s e a s i l y i l l u s t r a t e d f o r the 

p a r t i c u l a r case where N i s two so t h a t t h e r e e x i s t two ( L , S ) p a i r s , 

say L^S^ and l ^ ^ ' which can c o u p l e to g i v e a s p e c i f i e d J . S i n c e in 

( 2 8 ) l! S' can be e i t h e r L-^S^ or L 2

S 2 » o n e o b t a i n s a t once the s e t o f 

e q u a t i o n s 

C K ( L 1 S 1 J ) [ < L 1 S 1 J M | H | L 1 S 1 J M > - E ( J ) ] + C K ( L 2 S 2 J ) < L 1 S 1 J M | H | L 2 S 2 J M > = 0 

C K ( L 1 S 1 J ) < L 2 S 2 J M | H | L 1 S 1 J M > + C K ( L 2 S 2 J ) [ < L 2 S 2 J M | H | L 2 S 2 J M > - E ( J ) ] = 0 . 

( 2 9 ) 

I f the s o l u t i o n s C K ( L ^ S ^ J ) , C R ( L 2 S 2 J ) f o r t h i s sys tem are to be non-

t r i v i a l , the de terminant o f the c o e f f i c i e n t m a t r i x must v a n i s h 

(Cramer's r u l e ) . Hence the requirement i s 

de t 

< L 1 S 1 J M | H | L 1 S 1 J M > - E ( J ) < L 1 S 1 J M | H | L 2 S 2 J M > 

( L ^ J M I H I L J S J J M ) ( L 2 S 2 J M | H | L 9 S 9 J M > - E ( J ) 
2 2" 

= 0 ( 3 0 ) 

which i s then the 2x2 s e c u l a r e q u a t i o n o b t a i n e d from ( 2 8 ) ; the ana logous 

NxN e q u a t i o n f o r N v a l u e s g r e a t e r than two f o l l o w s in the same f a s h i o n . 

Now when a s e c u l a r e q u a t i o n o f order N i s s o l v e d , t h e r e w i l l be N 

s o l u t i o n s (or e n e r g i e s , E ( J ) ) o b t a i n e d . The K s u b s c r i p t in C (LSJ) 
K. 

i s then used to d i s t i n g u i s h the s o l u t i o n s Y (JM) which correspond to 
K 
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t h e s e d i f f e r e n t energy v a l u e s . To comple te t h i s d i s c u s s i o n , the p r o ­

cedure f o r o b t a i n i n g C (LS J) , once the e n e r g i e s a r e known, should be 
K 

ment ioned . T h i s , however, i s p r i m a r i l y a mathemat ica l e x e r c i s e and not 

n e c e s s a r y f o r t h e p r e s e n t deve lopment ; i t may be found in Appendix D. 

The above formal i sm w i l l now be used to o b t a i n the Auger e l e c t r o n 

e n e r g i e s f o r LMM t r a n s i t i o n s . In o r d e r to demonstrate the two d i f f e r e n t 

a p p r o x i m a t i o n s which are i n t r o d u c e d , the a n a l y s i s w i l l be c a r r i e d out 

by u s i n g vanadium (V) and z i rcon ium ( Z r ) as s p e c i f i c e x a m p l e s . To b e ­

g i n , no te t h a t t h e r e are two p o s s i b l e i n i t i a l s t a t e s f o r an LMM t r a n ­

s i t i o n as compared with one f o r KLL t r a n s i t i o n s . T h i s s i t u a t i o n c o r r e ­

sponds to the p o s s i b i l i t y t h a t the i n i t i a l s t a t e vacancy can be in 

e i t h e r the 2s or 2p s u b s h e l l s . S i n c e the ground s t a t e c o n f i g u r a t i o n s 

o f V and Zr are assumed to be 

V : l s 2 2 s 2 2 p 6 3 s 2 3 P

6 3 d 3 4 s 2 

Zr : l s 2 2 s 2 2 p 6 3 s 2 3 p 6 3 d 1 0 4 s 2 4 P

6 4 d 2 5 s 2 

( 3 1 ) 

one f i n d s t h a t the i n i t i a l s t a t e c o n f i g u r a t i o n s a r e 

V : [ i ] l s 2 2 s 2 p 6 3 s 2 3 p 6 3 d 3 4 s 2 

[ I I ] l s 2 2 s 2 2 p 5 3 s 2 3 p 6 3 d 3 4 s 2 

Zr : [ I ] l s 2 2 s 2 p 6 3 s 2 3 P

6 3 d 1 0 4 s 2 4 P

6 4 d 2 5 s 2 

r T T l , 2_ 2 . 5„ 2 . 6 _ , 1 0 . 2 . 6 . , 2 _ 2 Lll j I s 2s 2p 3s 3p 3d 4s 4p 4d 5s 

( 3 2 ) 
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From t h e s e , one o b t a i n s the f i n a l s t a t e c o n f i g u r a t i o n s o f vanadium as 

( a ) l s 2 2 s 2 2 P

6 3 s ° 3 p 6 3 d 3 4 s 2 

( b ) 3 s 3 p 5 3 d 3 

( c ) 3s 3 p 6 3 d 2 

( d ) 3 s 2 3 p 4 3 d 3 ( 3 3 ) 

( e ) 3 s 2 3 p 5 3 d 2 

( f ) 3 s 2 3 p 6 3 d 

w h i l e f or z i rcon ium 

Zr : ( a ) l s 2 2 s 2 2 p 6 3 s ° 3 p 6 3 d 1 0 4 s 2 4 p 6 4 d 2 5 s 2 

( b ) 3s 3 p 5 3 d 1 0 

( c ) 3 s 3 P

6 3 d 9 

(d ) 3 s 2 3 P

4 3 d 1 0

 ( 3 4 ) 

( e ) 3 s 2 3 P

5 3 d 9 

( f ) 3 s 2 3 p 6 3 d 8 . 

As d i s c u s s e d p r e v i o u s l y , the e x i s t e n c e o f the open 3d and 4d s h e l l s in 

t h e s e e l ements l e a d s to d i f f i c u l t i e s i f the Auger spectrum o b t a i n e d by 

( 2 ) i s to agree wi th the t r a d i t i o n a l two e l e c t r o n p r e d i c t i o n s . These 

l a t t e r p r e d i c t i o n s are f a i r l y w e l l e s t a b l i s h e d e x p e r i m e n t a l l y and, 

t h e r e f o r e , i t i s assumed t h a t our computat ions should g e n e r a t e s i m i l a r 

s p e c t r a . T h i s r e s u l t can be a c c o m p l i s h e d by e i t h e r o f two approaches 

which w i l l now be expla ined . , 

D i r e c t Approach . To b e g i n , c o n s i d e r the i n i t i a l s t a t e [ i ] o f 

z i r c o n i u m . I f one does the problem e x a c t l y , the c o u p l i n g o f the 2s 
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e l e c t r o n wi th the open 4d s h e l l e l e c t r o n s should be taken i n t o a c c o u n t . 

T h i s would , o f c o u r s e , i n t r o d u c e a s p l i t t i n g o f the s i n g l e 2s energy 

l e v e l i n t o s e v e r a l l e v e l s . But the 4d e l e c t r o n s a r e s c r e e n e d from the 

2s e l e c t r o n by s i x c l o s e d s h e l l s , which weakens the 2s4d c o u p l i n g . As 

a r e s u l t , the s p l i t t i n g i n t r o d u c e d by the c o u p l i n g w i l l be e x t r e m e l y 

s m a l l — t o o s m a l l to be observed e x p e r i m e n t a l l y — s o t h a t i t i s a good 

approx imat ion to t r e a t the open 4d s u b s h e l l i n an average way. One 

way t o a c c o m p l i s h t h i s i s to i n c l u d e the 4d e l e c t r o n s o n l y through t h e i r 

c o n t r i b u t i o n t o t h e average energy of the c o n f i g u r a t i o n , s t r u c t u r e 

e f f e c t s due t o c o u p l i n g be ing e x p l i c i t l y i g n o r e d . T h i s then g i v e s the 

i n i t i a l s t a t e c o n f i g u r a t i o n ( Z r [ l ] ) the same m u l t i p l e t s t r u c t u r e as an 

ana logous c o n f i g u r a t i o n wi th e i t h e r an empty or c o m p l e t e l y f i l l e d 4d 

s h e l l — i . e . , the s t r u c t u r e c o r r e s p o n d i n g to a s i n g l e 2s v a c a n c y . Thus 

one has i n t h i s approx imat ion 

E ( [ l ] ) = E ( l s 2 2 s 2 p 6 3 s 2 3 p 6 3 d 1 0 4 s 2 4 p 6 4 d 2 5 s 2 ) 

E a v g

( [ l ] ) + S t ( 2 s ) 

( 3 5 ) 

w i t h the a n a l o g o u s r e s u l t s f o r the o t h e r c o n f i g u r a t i o n s b e i n g 

E ( [ I I ] ) - E ( [ I I ] ) + S t ( 2 p : ? ) 

E ( [ a ] ) - E a v g ( [ a 

E ( [ b ] ) - E a v g ( [ b 

E ( [ c ] ) ~ E a v g ( [ c 

E ( [ d ] ) E ( [ d 
v y avg 

E ( [ e ] ) - E a v g ( [ e 

E ( [ f ] ) - E a y g ( [ f 

) + S t ( 3 s ) 

) + S t ( 3 s 3 p 5 ) 

) + S t ( 3 s 3 d 9 ) 

) + S t ( 3 p 4 ) 

) + S t ( 3 p 5 3 d 9 ) 

) + S t ( 3 d 8 ) 

( 3 6 ) 
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The spectrum o b t a i n e d in t h i s approx imat ion i s then c l e a r l y the same as 

t h a t encountered in the c o n v e n t i o n a l two e l e c t r o n f o r m a l i s m ; t h i s i s 

t r u e s i n c e the complementary c o n f i g u r a t i o n s 

have the same m u l t i p l e t s t r u c t u r e ( e . g . , 3s3p and 3s3p both have the 

1 3 

L S - m u l t i p l e t s P, P ) . Hence the above approx imat ion does y i e l d the 

d e s i r e d r e s u l t . I t i s e v i d e n t , in f a c t , t h a t i t w i l l a lways do so 

u n l e s s the open s h e l l ( s ) happens t o be d i r e c t l y i n v o l v e d in the Auger 

t r a n s i t i o n . T h i s o c c u r s f o r the 3d t r a n s i t i o n m e t a l s when LMM t r a n ­

s i t i o n s are i n v o l v e d . Vanadium p r o v i d e s an e x c e l l e n t example o f the 

problems e n c o u n t e r e d , and i t w i l l now be examined. 

( 3 3 ) , one may conc lude t h a t the method d i s c u s s e d above i s a p p l i c a b l e . 

T h i s i s i n c o r r e c t , however, as i s e v i d e n t when an a p p l i c a t i o n i s 

a c t u a l l y t r i e d . Thus in the two vanadium i n i t i a l s t a t e s and the f i n a l 

c o n f i g u r a t i o n s [ a , b , d ] , i t i s n e c e s s a r y t h a t the open 3d s h e l l be 

t r e a t e d in an a v e r a g e way as in the z i rcon ium c a s e . T h i s w i l l then 

g i v e the a p p r o p r i a t e t w o - e l e c t r o n spectrum. In t h o s e f i n a l s t a t e s 

a r i s i n g from t r a n s i t i o n s which d i r e c t l y i n v o l v e the 3d s u b s h e l l , how­

e v e r , i t i s not p o s s i b l e to c a r r y through the approx imat ion„ In 

order to i l l u s t r a t e t h i s d i f f i c u l t y , c o n s i d e r f i n a l s t a t e ( c ) o f 

[ 3 s ° - 3 s 2 ] , [ 3 s 3 p 5 - 3 s 3 p ] , [ 3 s 3 d 9 - 3 s 3 d ] , [ 3 p 5 3 d 9 - 3 P 3 d ] 

5 

In a c u r s o r y g l a n c e a t the vanadium c o n f i g u r a t i o n s in ( 3 1 ) and 

( 3 3 ) - - i . e 
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l s 2 2 s 2 2 p 6 3 s 3 p 6 3 d 2 4 s 2 ( 3 7 ) 

T h i s f i n a l s t a t e corresponds t o a t r a n s i t i o n in which the i n i t i a l 2s 

( o r 2p) vacancy i s f i l l e d by a 3s e l e c t r o n wi th the Auger e l e c t r o n 

a r i s i n g from the 3d s u b s h e l l (or v i c e - v e r s a ) . Hence one can d e s i g n a t e 

t h i s as the 3 s 3 d c o n f i g u r a t i o n and, on the b a s i s o f t w o - e l e c t r o n 

t h e o r y , i t i s then e x p e c t e d t h a t the Auger spectrum w i l l be t h a t a r i s ­

i n g from a 3s3d c o u p l i n g . In order t o g e t such a spectrum from ( 3 7 ) , 

p a r t o f the 3d s u b s h e l l must be i g n o r e d w h i l e the o t h e r i s n o t , c l e a r l y 

a c o n f u s i n g way t o p r o c e e d . The problem i s made even more obv ious i f 

2 
the 3d c o n f i g u r a t i o n 

i s c o n s i d e r e d . In t h i s c a s e , the spectrum a n t i c i p a t e d i s t h a t o f a 3d 

c o u p l i n g and t h e r e i s no way t h a t such a spectrum can be a c h i e v e d from 

the s i n g l e 3d e l e c t r o n i n ( 3 8 ) . I t i s then e v i d e n t from t h e s e o b s e r v a ­

t i o n s t h a t a p p l i c a t i o n o f the f i r s t method i n t r o d u c e d i s i n c o r r e c t f o r 

e l ements i n which the t r a n s i t i o n c o n s i d e r e d i s from an open s h e l l . In 

t h e s e c a s e s the method i s , a t b e s t , i n c o n s i s t e n t and can , in c a s e s such 

as ( 3 8 ) , be c o m p l e t e l y i n a p p l i c a b l e . I t was for t h i s r e a s o n t h a t the 

a l t e r n a t e s p e c t a t o r approx imat ion was d e v e l o p e d . 

S p e c t a t o r Approach. C o n s i d e r the c o n f i g u r a t i o n s o f vanadium 

which c o r r e s p o n d t o the 3 s 3 d t r a n s i t i o n f i l l i n g an i n i t i a l 2s v a c a n c y - -

i . e . , 

- 2 0 2 0 6 0 2 0 6 O J , 2 
I s 2s 2p 3s 3p 3d 4 s ( 3 8 ) 

2 

( f i n a l ) 

( i n i t i a l ) : l s 2 2 s 2 p 6 3 s 2 3 p 6 3 d 3 4 s 2 

: l s 2 2 s 2 2 p 6 3 s 3 p 6 3 d 2 4 s 2 

( 3 9 ) 



44 

where i t i s unde r s tood tha t the c o m p l e t e f i n a l s t a t e a l s o i n c l u d e s the 

Auger e l e c t r o n , , By comparing the o c c u p a t i o n numbers o f the v a r i o u s 

s u b s h e l l s i n these two c o n f i g u r a t i o n s , one f i n d s tha t the o n l y changes 

a re in the ( 2 s , 3d, 3d) s u b s h e l l s . A l l e l e c t r o n s i n o t h e r s u b s h e l l s 

a p p a r e n t l y remain p a s s i v e t o the t r a n s i t i o n - - ! . e . , they seem t o behave 

as s p e c t a t o r s . * The ( 2 s , 3 s , 3d) s h e l l s a l s o c o n t a i n s p e c t a t o r s ; f o r 

example , the 2s s u b s h e l l c o n t a i n s a t l e a s t one e l e c t r o n in bo th c o n f i g u ­

r a t i o n s which q u a l i f i e s i t as a s p e c t a t o r . S i m i l a r l y , one f i n d s a 

s i n g l e 3s and two 3d e l e c t r o n s p e c t a t o r s . I t f o l l o w s tha t a s p e c t a t o r 

c o n f i g u r a t i o n can be s p e c i f i e d from the c o n f i g u r a t i o n s (39 ) and i t i s 

Sp - l s 2 2 s 2 p 6 3 s 3 p 6 3 d 2 4 s 2 . ( 40 ) 

The fundamental assumption o f the s p e c t a t o r approach i s tha t t h i s 

c o n f i g u r a t i o n behaves l i k e a ^S s t a t e - - i . e . , l i k e a c o l l e c t i o n o f c l o s e d 

s h e l l s . I f t h i s i s t r u e , then one can s epa ra t e the s p e c t a t o r s t a t e , 

| s p ( 1 S ) > , from the comple t e c o n f i g u r a t i o n s ( 3 9 ) and o b t a i n the i n i t i a l 

and f i n a l s t a t e s as 

( i n i t i a l ) : | s P ( 1 S ) ; 3 s 3 d ( 2 S + 1 L J ) > 

( 4 1 ) 

( f i n a l ) : | s P ( 1 S ) ; 2 s ( 2 S 1 ) > 

A j u s t i f i c a t i o n f o r t h i s v i ew can be found from c o n s i d e r a t i o n o f the 
coulomb m a t r i x e lement 

< i | l / r 1 2 | f > 

where | i ) , | f ) a re g i v e n i n ( 3 9 ) - - s e e s e c t i o n on t r a n s i t i o n p r o b a b i l i ­
t i e s , Fano fo rma l i sm, f o r d e t a i l s ( e q u a t i o n ( 1 2 0 ) ) . 
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The e n e r g i e s of t h e s e s t a t e s can be computed, and i t i s c l e a r t h a t the 

o n l y s t r u c t u r e w i l l a r i s e from the n o n - s p e c t a t o r e l e c t r o n s . I n d e e d , 

one o b t a i n s 

( 4 2 ) 

1 2<?+l 
E ( i n i t i a l ) =- E ( S p ( S) ; 3 s 3 d ( L ) ) 

1 2S+1 
- E a v g ( S p ( S ) ; 3 s 3 d ) + S t ( 3 s 3 d ( a L j ) ) 

E ( f i n a l ) E ( S p ( 1 S ) ; 2 s ( 2 S ^ ) ) 

= E a v g ( S p ( 1 S ) ; 2 s ) + S t ( 2 s ( 2 S ^ ) ) 

where the n o t a t i o n assumes t h a t E c o n t a i n s the average e l e c t r o s t a t i c 
avg 

e n e r g i e s not o n l y o f the s p e c t a t o r c o n f i g u r a t i o n but o f ( 1 ) the i n t e r ­

a c t i o n o f 3 s 3 d wi th t h i s c o n f i g u r a t i o n and ( 2 ) the i n t e r a c t i o n o f the 

3s3d e l e c t r o n s as w e l l . Note t h a t the s p i n o r b i t e n e r g i e s are 

s p e c i f i c a l l y exc luded from E so t h a t these are s t i l l i n c l u d e d i n 
avg 

the s t r u c t u r e term e x a c t l y as they a r e computed,, The use o f t h i s type 

o f n o t a t i o n i n s u r e s t h a t the s t r u c t u r e terms a r e i d e n t i c a l wi th t h o s e 

o b t a i n e d f o r a t w o - e l e c t r o n c o n f i g u r a t i o n . Thus i f one has a 3 s 3 d 

c o n f i g u r a t i o n and w r i t e s the energy as 

E ( 3 s 3 d ( a L j ) ) = E a v g ( 3 s 3 d ) + S t ( 3 s 3 d C b L j ) ) , ( 4 3 ) 

then the s t r u c t u r e terms i n ( 4 2 ) and ( 4 3 ) a r e i d e n t i c a l . The above 

n o t a t i o n f o r E a l s o a l l o w s a s i m p l i f i c a t i o n i n computing the r e l a t i v e 
avg 

average e n e r g i e s in ( 4 2 ) . S i n c e i t i s t r u e tha t 
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E a v g ( S P ( 1 S ) ; 2 s ) = E a v g ( l s 2 2 s 2 p 6 3 s 3 p 6 3 d 2 4 s 2 ; 2 s ) 

= E a v g ( l s 2 2 s 2 2 p 6 3 s 3 p 6 3 d 2 4 s 2 ) ( 4 4 ) 

= E ( f i n a l ) 

and s i m i l a r l y 

E a v g ( S P ( 1 S ) ; 3 s 3 d ) = E a v g ( i n i t i a l ) , ( 4 5 ) 

i t f o l l o w s t h a t ( 4 2 ) can be w r i t t e n as 

2«>+l 
E ( i n i t i a l ) =- E a v g ( i n i t i a l ) + S t ( 3 s 3 d ( ° L j ) ) 

E ( f i n a l ) - E a v g ( f i n a l ) ( 4 6 ) 

where the f a c t t h a t 

S t ( 2 s ) = 0 ( 4 7 ) 

i s u s e d . These e x p r e s s i o n s f o r the e n e r g i e s a r e ana logous t o those 

o b t a i n e d by the d i r e c t approach i n ( 3 5 ) and ( 3 6 ) so t h a t a comparison 

o f the two methods — d i r e c t and s p e c t a t o r —can be e a s i l y c a r r i e d o u t . 

Before do ing t h i s , i t should be noted t h a t the forms o b t a i n e d in ( 3 5 ) , 

( 3 6 ) , and ( 4 6 ) a r e g e n e r a l . Thus the same r e s u l t s a r e o b t a i n e d i n 

( 3 5 ) and ( 3 6 ) , f o r any e l e m e n t , such as z i r c o n i u m , wi th c l o s e d M s u b -

s h e l l s when t r e a t e d by the d i r e c t approach . S i m i l a r l y , the s p e c t a t o r 

approach l e a d s to e x p r e s s i o n s l i k e ( 4 6 ) r e g a r d l e s s o f the t r a n s i t i o n 

or e lement i n v o l v e d . 



4 7 

Both o f t h e s e a p p r o x i m a t i o n s then l e a d to a t w o - e l e c t r o n type 

spectrum. We now wish to examine how the p r e d i c t i o n s o f the Auger 

e n e r g i e s v a r y , i f a t a l l , in the two methods . For t h i s p u r p o s e , the 

d i s c u s s i o n w i l l aga in be c o n f i n e d to the c a s e o f 3 s3d t r a n s i t i o n s but 

o n l y z i r c o n i u m w i l l be c o n s i d e r e d . In a n a l o g y wi th the r e s u l t s o f ( 4 6 ) , 

i t can be shown t h a t the s p e c t a t o r approach a p p l i e d to z i rcon ium y i e l d s 

29+1 
E ( i n i t i a l ) =- E a v g ( i n i t i a l ) + S t ( 3 s 3 d ( L j ) ) 

E ( f i n a l ) =- E a v g ( f i n a l ) 
( 4 8 ) 

where ( i n i t i a l , f i n a l ) r e f e r to the c o n f i g u r a t i o n s [ Z r ( I ) ] in ( 3 2 ) and 

[ Z r ( c ) ] r e s p e c t i v e l y . But , from ( 3 5 ) and ( 3 6 ) , the d i r e c t approach 

g i v e s 

E ( i n i t i a l ) =- E ( i n i t i a l ) 
a v g v 

9 29+1 
E ( f i n a l ) =- E a v g ( f i n a l ) + S t ( 3 s 3 d ( a L j ) ) 

( 4 9 ) 

where ( 4 7 ) i s u s e d . I f one now uses ( 2 ) t o compute the Auger e n e r g y , 

the two approaches g i v e 

29+1 
( D i r e c t ) : E. ( L_) = E ( i n i t i a l ) - E. ( f i n a l ) 

Auger J a v g v avg 

- S t ( 3 s 3 d 9 ( 2 S + 1 L ) ) 

( 5 0 ) 
2S+1 

( S p e c t a t o r ) : E. ( L ) = E ( i n i t i a l ) - E ( f i n a l ) 
Auger J y a v g v a v g v ' 

2S+1 
+ S t ( 3 s 3 d ( L ) ) 
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which a r e remarkably s i m i l a r in a p p e a r a n c e . There a r e two d i s t i n c t 

d i f f e r e n c e s , however, which must be ment ioned . The most o b v i o u s of 

t h e s e i s the d i f f e r e n c e i n s i g n ( ± ) w i t h which the s t r u c t u r e terms 

c o n t r i b u t e t o the Auger e n e r g y . The minus s i g n i n the d i r e c t c a s e i s 

e x p e c t e d s i n c e t h i s i s the r e s u l t f o r an LMM t r a n s i t i o n in an e lement 

such as krypton (Kr) where no approx imat ion i s r e q u i r e d . I n d e e d , t h i s 

s i g n w i l l p r e f i x the s t r u c t u r e term for any t r a n s i t i o n i f the e lement 

i n v o l v e d i s a n o b l e g a s . These f a c t s s u g g e s t tha t the e x p r e s s i o n 

o b t a i n e d by the s p e c t a t o r approach should a l s o c o n t a i n a minus s i g n on 

the s t r u c t u r e term i n order to a c h i e v e the most a c c u r a t e p r e d i c t i o n s . 

One can examine t h i s q u e s t i o n in d e t a i l , however, o n l y by c o n s i d e r i n g 

the d i f f e r e n c e s o f the s t r u c t u r e term e x p r e s s i o n s . For t h i s p u r p o s e , 

r e c a l l t h a t t h e s e terms a r i s e from two sources — the coulomb i n t e r a c t i o n 

between e l e c t r o n s and the s p i n - o r b i t i n t e r a c t i o n (compare ( 3 ) ) . The 

c o n v e n t i o n adopted f o r E , however, i n s u r e s t h a t the s t r u c t u r e a r i s i n g 
a v g ' 6 

from the coulomb i n t e r a c t i o n i s i d e n t i c a l f o r complementary c o n f i g u r a ­

t i o n s . Thus , i f one i g n o r e s the s p i n - o r b i t i n t e r a c t i o n t e m p o r a r i l y , i t 

i s e a s i l y shown t h a t 

E ( 3 s 3 d ( 2 S + 1 L J ) ) = E a v g ( 3 s 3 d ) + S t ( 3 s 3 d ( 2 S + 1 L J ) ) 

and ( 5 1 ) 

E ( 3 s 3 d 9 ( 2 S + 1 L J ) ) = E a v g ( 3 s 3 d 9 ) + S t ( 3 s 3 d ( 2 S + 1 L J ) ) 

i n a n a l o g y wi th the r e s u l t s g i v e n i n ( 1 9 ) . I t f o l l o w s t h a t the s t r u c t u r e 

terms in ( 5 0 ) can be d i v i d e d i n t o an e l e c t r o s t a t i c ( E _ T ) and a s p i n - o r b i t 
EL 
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(E ) p o r t i o n w i t h the former be ing the same in each c a s e . One 
bO 

has 

S t ( 3 8 3 d ( 2 S + 1 L j ) ) = E E L ( 3 s 3 d ( 2 S + 1 L J ) ) + E ^ O s S d ^ ^ L j ) ) 

S t ( 3 s 3 d 9 ( 2 S + 1 L J ) ) = E ^ O s S d C ^ L j ) ) + E S Q ( 3 s 3 d 9 ( 2 S + 1 L J ) ) 

( 5 2 ) 

so t h a t the d i f f e r e n c e in the p r e d i c t i o n s of the d i r e c t and s p e c t a t o r 

approaches i s , by ( 5 0 ) and ( 5 2 ) , j u s t 

E E L ( 3 s 3 d ( 2 S + 1

L j ) ) ( q + l ) + [ q E s ( ) ( 3 s 3 d ( 2 S + 1 L J ) ) + 

E S 0 ( 3 s 3 d 9 ( 2 S + 1 L j ) ) 

( 5 3 ) 

where q i s ( ± 1) a c c o r d i n g as the s i g n on the s t r u c t u r e term in the 

s p e c t a t o r approach i s p o s i t i v e or n e g a t i v e . T h i s i s i n s e r t e d in order 

t o check the d i s c r e p a n c i e s between the two a p p r o a c h e s . I t i s e v i d e n t 

t h a t a minimum d i f f e r e n c e in the p r e d i c t i o n s i s o b t a i n e d f o r a minus 

s i g n s i n c e then 

[ S p e c t a t o r - D i r e c t ] = E S 0 ( 3 s 3 d 9 ( 2 s + 1

L j ) ) - E S Q ( 3 s 3 d ( 2 S + 1

L j ) ) . ( 5 4 ) 

Hence i f agreement between the two a p p r o x i m a t i o n s i s d e s i r e d , i t f o l l o w s 

t h a t the s t r u c t u r e term s i g n in the s p e c t a t o r r e s u l t o f ( 5 0 ) should be 

changed to a minus . S i n c e the d i r e c t approach i s c o n s i d e r e d to be the 
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most a c c u r a t e , our f u t u r e a p p l i c a t i o n s o f the s p e c t a t o r approach w i l l , 

t h e r e f o r e , use a minus s i g n in the s t r u c t u r e t e r m s . For g e n e r a l i t y 

in the p r e s e n t d i s c u s s i o n , however, the s i g n w i l l be l e f t somewhat 

a r b i t r a r y wi th q i n s e r t e d i n s t e a d ; f o r example , one would w r i t e 

in p l a c e o f ( 4 2 ) . 

In summary o f t h i s d i s c u s s i o n , two a p p r o x i m a t i o n methods have 

been d e v e l o p e d which p r e d i c t a t w o - e l e c t r o n spectrum w h i l e u s i n g the 

t o t a l energy e x p r e s s i o n ( 2 ) . These methods a r e p r e s e n t e d in schemat ic 

form i n F i g u r e s 2 and 3 . Note once a g a i n t h a t the a p p l i c a b i l i t y o f 

the d i r e c t approach ( F i g u r e 2) i s to be c o n f i n e d to t r a n s i t i o n s from 

c l o s e d s h e l l s or s u b s h e l l s . I f t r a n s i t i o n s from open s h e l l s a r e 

i n v o l v e d , such as the LMM t r a n s i t i o n s in 3d t r a n s i t i o n m e t a l s , then the 

s p e c t a t o r approach should be u s e d . The important p o i n t o f each method 

i s , o f c o u r s e , the t w o - e l e c t r o n type spectrum. As a consequence , o n l y 

t w o - e l e c t r o n m a t r i x e l ements need be c o n s i d e r e d when o b t a i n i n g the 

Auger e n e r g i e s through the e q u a t i o n s ( 2 9 ) and ( 3 0 ) . The f i r s t i t em we 

need in order to o b t a i n the LMM e n e r g i e s i s , t h e r e f o r e , the p o s s i b l e 

t w o - e l e c t r o n c o n f i g u r a t i o n s r e s u l t i n g from t h e s e t r a n s i t i o n s . These 

a r e o b t a i n e d from ( 3 5 ) and ( 3 6 ) f o r the d i r e c t approach and the 

s p e c t a t o r c o n f i g u r a t i o n s a r e then the complements o f t h e s e - - i . e . , one 

has 

E ( S P ( 1 S ) ; 3 s 3 d ( 2 S + 1 L J ) ) = E a v ( i n i t i a l ) + q S t ( 3 s 3 d ( ° L j ) ) 

D i r e c t : 3 s ° , 3 s 3 p 5 , 3 s 3 d 9 , 3 p 5 3 d 9 , 3 p 4 , 3d 

2 2 2 
S p e c t a t o r : 3s , 3 s 3 p , 3 s 3 d , 3p3d , 3p , 3d 

8 

( 5 5 ) 



I n i t i a l S t a t e F i n a l S t a t e + Auger e l e c t r o n 

( s i n g l y i o n i z e d ) ( d o u b l y i o n i z e d ) 

E ( i n i t i a l ) ^ E A v g ( i n i t i a l ) 

E ( f i n a l ) ^ E ^ y g ( f i n a l ) + S t ( f i n a l ) 

E A u g e r = E A v g < i n i t i a l ) " • E A v g ( f i n a l ) - S t ( f i n a l ) 

F i g u r e 2 . D i r e c t Computat ion o f Auger E n e r g y : B l o c k Diagram 



I n i t i a l S t a t e 

( s i n g l y i o n i z e d ) t I 

F i n a l S t a t e + Auger e l e c t r o n 

( d o u b l y i o n i z e d ) i 
S p e c t a t o r D i s t r i b u t i o n 

I n i t i a l = s p e c t a t o r + I2 F i n a l = s p e c t a t o r + n£ 

E A v g ( i n i t i a l ) = E A v g ( s P e c t a t o r + n i ^ i "s^s ) 
E A v g ( f i n a l ) = E A vg ( s p e c t a t o r + rtt) 

E ( i n i t i a l ) ^ E A v g ( i n i t i a l ) ± S t ( n 1 ' t 1 n 2 ^ 2 ) 

E ( f i n a l ) ^ E A y g ( f i n a l ) 

E A u g e r = E ( i n i t i a l ) - E ( f i n a l ) 

E A u g e r = E A y g ( i n i t i a l ) - E A v g ( f i n a l ) ± S t O i ^ n ^ ) 

F i g u r e 3 . Computat ion o f Auger Energy by S p e c t a t o r Approach: B l o c k Diagram 
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and the m u l t i p l e t s o b t a i n e d f o r t h e s e c o n f i g u r a t i o n s u s i n g the v e c t o r 

2S+1 
a d d i t i o n formulae o f ( 6 ) and the n o t a t i o n ( L

T ) > a r e then g i v e n by 

( 3 s ° , 3 s 2 ) : LSQ 

5 _ v 1_ 3, 
(3 s3p , 3 s 3 p ) : P L 5 P 

( 5 6 ) 

9 1 3 
( 3 s 3 d , 3 s 3 d ) : D 2; D l j 2 , 3 

5 9 1 3 1 3 1 3 ^ 

,3P3D) : PX; P 0 J L ) 2 ; D2; D 1 ) 2 J 3 ; F 3; F 2 J 3 > 4 

( 3 P

4 , 3 P

2 ) : \ ; \ , \ l > 2 

( 3 d 8 , 3 d 2 ) : 1 S Q ; \ ; \ ; ^ 0 y l t 2 ; ^ 2 , 3 , 4 ° 
These w i l l now be u t i l i z e d i n the IC formal i sm p r e s e n t e d in 

e q u a t i o n s ( 2 3 ) - ( 3 0 ) to o b t a i n the LMM e n e r g i e s . Note tha t there are 

35 s t a t e s d e f i n e d here so t h a t with the two i n i t i a l s t a t e s , one e x p e c t s 

a 7 0 - l i n e Auger spectrum in the IC l i m i t . Due t o the r e l a t i o n s h i p o f 

complementary c o n f i g u r a t i o n s and our c o n v e n t i o n f o r the average e n e r g i e s , 

i t i s s u f f i c i e n t t o examine o n l y the c o n f i g u r a t i o n s encountered in the 

s p e c t a t o r a p p r o a c h . The H a m i l t o n i a n used i n computing the LMM e n e r g i e s 

can , t h e r e f o r e , be c o n f i n e d to t h a t o f o n l y two e l e c t r o n s ; a l l e f f e c t s 

f o r o t h e r e l e c t r o n s a r e a u t o m a t i c a l l y i n c l u d e d in the average e n e r g y . 

In t h i s r e s p e c t , i t i s a l s o t o be n o t e d t h a t the average energy o f the 

t w o - e l e c t r o n c o n f i g u r a t i o n s need not be w r i t t e n down s i n c e i t i s a l s o 

i n c l u d e d i n the average energy o f the s y s t e m . For example , i f the 

i 3 

energy o f the 13p3d( PQ)) s t a t e i s needed , i t w i l l be w r i t t e n as ( s p i n -

o r b i t i n t e r a c t i o n not i n c l u d e d h e r e ) 
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< 3 p 3 d ( 3 P 0 ) | H | 3 p 3 d ( 3 P 0 ) > = E ( 3 P 3 d ( 3 P 0 ) ) = | F 2 ( 3 P 3 d ) G 3 ( 3 P 3 d ) ( 5 7 ) 

r a t h e r than 

E a v g ( 3 P 3 d ) + i F 2 ( 3 P 3 d ) - G 3 ( 3 P 3 d ) . 

As r e g a r d s the a c t u a l e x p r e s s i o n s f o r the e n e r g i e s , t h e s e w i l l not be 

e x p l i c i t l y computed h e r e . I n s t e a d , the e l e c t r o s t a t i c e n e r g i e s a r e 

63 
o b t a i n e d from the r e s u l t s o f S l a t e r w h i l e the s p i n - o r b i t e n e r g i e s 

64 

a r e from the work of Condon and S h o r t l e y . We can now proceed to the 

a c t u a l computat ion o f the s t r u c t u r e terms and b e g i n by c o n s i d e r i n g the 

order o f the s e c u l a r e q u a t i o n s which one o b t a i n s by the IC f o r m a l i s m . 

R e c a l l t h a t t h i s i s determined by the number o f ( L , S ) p a i r s which 

c o u p l e to g i v e a p a r t i c u l a r J ( o n l y w i t h i n a c o n f i g u r a t i o n s i n c e con­

f i g u r a t i o n i n t e r a c t i o n i s not i n c l u d e d ) so t h a t the r e s u l t s are 

3 s 2

 : J = 0 ( 1 x 1 ) 

3s3p : J = 0 ( 1 x 1 ) ; J = 1 ( 2 x 2 ) ; J = 2 ( 1 x 1 ) 

3 s3d : J = 1 ( 1 x 1 ) ; J = 2 ( 2 x 2 ) ; J = 3 ( 1 x 1 ) 

( 5 8 ) 

3 P 3 d : J = 0 ( 1 x 1 ) ; J = 1 ( 3 x 3 ) ; J = 2 ( 4 x 4 ) ; J = 3 ( 3 x 3 ) ; J = 4 ( 1 x 1 ) 

3 p 2 : J = 0 ( 2 x 2 ) ; J = 1 ( 1 x 1 ) ; J = 2 ( 2 x 2 ) 

3 d 2 : J = 0 ( 2 x 2 ) ; J = 1 ( 1 x 1 ) ; J = 2 ( 3 x 3 ) ; J = 3 ( 1 x 1 ) ; J = 4 ( 2 x 2 ) . 
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The s o l u t i o n o f the s e c u l a r e q u a t i o n s i s t r i v i a l f o r the ( l x l ) c a s e s 

s i n c e the r e s u l t s a r e o n l y w r i t t e n down; the ( 2 x 2 ) c a s e s a r e a l s o q u i t e 

e a s y . The c a s e s o f the ( 3 x 3 ) and ( 4 x 4 ) e q u a t i o n s a r e more t e d i o u s , 

however , and e x p l i c i t e v a l u a t i o n i s not a t t empted h e r e . I n s t e a d , o n l y 

the g e n e r a l framework f o r the problems i s p r e s e n t e d . The c a s e o f the 

( 2 x 2 ) e q u a t i o n i s w e l l i l l u s t r a t e d by the 3 s 3 d t r a n s i t i o n ; thus from 

( 3 0 ) and ( 5 6 ) i t i s c l e a r tha t the s e c u l a r e q u a t i o n f o r t h i s c a s e i s 

The n o n - d i a g o n a l e l ements are e a s i l y o b t a i n e d s i n c e o n l y the s p i n -

o r b i t i n t e r a c t i o n g i v e s n o n - z e r o r e s u l t s . Using r e s u l t s from Appendix 

B and the work o f Condon and S h o r t l e y , one then has 

| - E ( 3 s 3 d ( D 2 ) ) - E ( 2 ) 

det = 0 ( 5 9 ) 

E ( 3 s 3 d ( 1 D 2 ) ) = jo G 2 ( 3 s 3 d ) 

E ( 3 s 3 d ( 3 D 2 ) ) = - ^ G 2 ( 3 s 3 d ) - ± | 
2 ^ 3 d 

( 6 0 ) 

so t h a t the s e c u l a r e q u a t i o n takes the form 

r 3 

d e t = 0 ( 6 1 ) 
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2 2 
which g i v e s ( w r i t e G ( 3 s 3 d ) as G ) 

or 

2 ^ 2 

E 2

 + E ( - ^ - + - ^ ) - ( 3 ( f o > 2 + ^ G 2

? 3 d + | 5 3 d

2 ) = 0 . ( 6 2 ) 

T h i s i s c l e a r l y a q u a d r a t i c in E and the s o l u t i o n s are j u s t 

G 2 ( 3 s 3 d ) hd ^ J,G2 ^ ^ 3 d N 2 , 3 - 2 
E ± = 10 " — ± > ( T + ~ ) + 2 ? 3 d < 6 3 > 

which g i v e s the r e q u i r e d IC e n e r g i e s , A s i m i l a r a n a l y s i s can be 

c a r r i e d out f o r the o t h e r ( 2 x 2 ) s e c u l a r e q u a t i o n s which a r i s e . 

The c a s e o f a ( 3 x 3 ) s e c u l a r e q u a t i o n can be i l l u s t r a t e d by the 

2 1 3 3 
3d t r a n s i t i o n w i t h the m u l t i p l e t s D 2 > P 2 » A N C * F 2 * T ^ e s e c u ^ a r 

equation i s 

E ( 3 d 2 ( X D 2 ) ) - E < 3 d V D 9 ) | H | 3 d V P 9 ) > ( 3 d Z ( A D 9 ) |H 1 3 d Z ( J F 9 ) > 

det < 3 d 2 ( 3 P 2 ) | H | 3 d 2 ( 1 D 2 ) > E ( 3 d 2 ( 3 P 2 ) ) - E < 3 d 2 ( 3 P 2 ) |H 13d 2 ( 3 F 2 ) > 

< 3 d 2 ( 3 F 2 ) | H | 3 d V D 2 ) > < 3 d 2 ( 3 F 2 ) | H | 3 d 2 ( 3 P 2 ) > E ( 3 d 2 ( V ) ) - E 

= 0 

( 6 4 ) 

but i t i s more c o n v e n i e n t t o w r i t e t h i s i n the form 
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d e t 

Bl - E 

PI 

L P2 

PI 

B2 - E 

P3 

P2 

P3 

B3 - E 

= 0 ( 6 5 ) 

where B l , B 2 , . . . , P3 a r e the r e l e v a n t m a t r i x e l ements from the f i r s t 

e x p r e s s i o n . T h i s form i s not o n l y e a s i e r t o w r i t e , but i t a l s o makes 

the n a t u r e o f the s e c u l a r e q u a t i o n more e v i d e n t . Thus the e q u a t i o n 

may be reduced a t once to the c u b i c 

( - E ) 3 + C 3 ( - E ) 2 = C 2 ( - E ) + C x = 0 

where 

C 3 = B1+B2+B3 

C 2 = B 2 - B 3 + B l - B 3 + B l - B 2 - ( P l ) 2 - ( P 2 ) 2 - ( P 3 ) 2 

C 3 = B 1 - B 2 - B 3 + 2 - P 1 - P 2 - P 3 - B 2 . ( P 2 ) 2 - B L ( P 3 ) 2 - B 3 - ( P i ) 2 

( 6 6 ) 

and t h i s may be s o l v e d in a s t r a i g h t f o r w a r d , though t e d i o u s , f a s h i o n „ 

The solutions for a l l 3x3 secular e q u a t i o n s w i l l , however, not be 

l i s t e d e x p l i c i t l y . I n s t e a d , i t w i l l be assumed t h a t the e q u a t i o n i s 

i n the form ( 6 5 ) wi th the parameters B l , B 2 , . . . , P3 b e i n g g i v e n . For 

2 
example , the 3d t r a n s i t i o n i s s p e c i f i e d by 

Bl = 

B2 = 

B3 = 

PI = 

E ( 3 d 2 ( 1 D 2 ) ) = - F 2 ( 3 d 3 d ) + ^ F 4 ( 3 d 3 d ) 

E(3d2(3p

2

)) =
 ikp2(3d3d)

 - ML
 p 4 ( 3 d 3 d ) + hd 

E ( 3 d 2 ( 3 F 2 ) ) = - ^ F 2 ( 3 d 3 d ) +-rjj F 4 ( 3 d 3 d ) - 2 § 3 d 

\ V f ^ d ; P 2 = . 2 V | ? 3 d ; P3 = 0 . 

( 6 7 ) 
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A c o n v e n t i o n s i m i l a r to t h i s i s e s t a b l i s h e d f o r the 4 x 4 s e c u l a r equa­

t i o n . Thus the form f o r the 3p3d c a s e i s 

de t 

Bl - E 

3 / 2 

3 / 3 

PI 

P2 

3 / 2 
PI 

B2 - E 

P3 

If 36 
^ P l 
36 r 

3 / 3 
P2 

P3 

B3 - E 

P2 

1 3 6 
PI 

P2 

B4 - E 

= 0 ( 6 8 ) 

and the parameters a r e the q u a n t i t i e s l i s t e d in the t a b l e o f e n e r g i e s 

( T a b l e I ) . For c o m p l e t e n e s s we no te t h a t t h i s e q u a t i o n reduces to 

the q u a r t i c 

where 

( - E ) 4 + D 4 ( - E ) 3 + D 3 ( - E ) 2 + D 2 ( - E) + D x = 0 

D. = B1+B2+B3+B4 

D 3 = B1-B2+B1-B3+B1-B4+B2-B3+B2-B4+ 

B3-B4 - f | | ( P 2 ) 2 - ( P 3 ) 2 - | | ( P I ) 2 

D 2 = B l ' B 3 ' B 4 + B 2 . B 3 « B 4 + B l ' B 2 ' B 3 + B l ° B 2 . B 4 

+ P 1 - P 2 - P 3 - ( P l ) 2 [ 7 / 6 ( B l + B 3 ) + 9 / 8 ( B 3 + B 4 ) ] 

- ( P 2 ) 2 [ 7 / 9 ( B l + B 2 ) + | | ( B 2 + B 4 ) ] - ( P 3 ) 2 ( B 1 + B 4 ) 

( 6 9 ) 
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D, = B 1 - B 2 ° B 3 - B 4 + P 1 - P 2 . P 3 ( ^ B 4 - ^ B l ) - ( P 3 ) 2 B 1 . B 4 

- ( P l ) 2 ( 7 / 6 B 1 - B 3 + 9 / 8 B3 'B4) - ( P 2 ) 2 ( 7 / 9 B1-B2+ | | B2-B4) 

+ ±g ( P 1 ) 2 ( P 2 ) 2 

The s o l u t i o n s o f t h i s e q u a t i o n a r e e a s i l y o b t a i n e d by computer t e c h ­

n iques . 

The i n t e r m e d i a t e c o u p l i n g e n e r g i e s may now be w r i t t e n down, and 

t h i s i s done i n T a b l e I 0 As d i s c u s s e d a b o v e , the ( l x l ) and ( 2 x 2 ) 

s e c u l a r e q u a t i o n s a r e the o n l y c a s e s f o r which e x p l i c i t s o l u t i o n s , in 

terms of the coulomb i n t e g r a l s and the s p i n - o r b i t p a r a m e t e r s , are 

g i v e n o One more p o i n t needs to be made b e f o r e these r e s u l t s are com­

p l e t e , and t h i s concerns the e n e r g i e s f o r the c o n f i g u r a t i o n s complemen­

t a r y t o those in ( 5 6 ) ; the se are the v a l u e s needed when the d i r e c t 

a p p r o x i m a t i o n i s u s e d . As d i s c u s s e d p r e v i o u s l y , the e l e c t r o s t a t i c 

c o n t r i b u t i o n i s the same i n the two approaches due t o our convent ion 

r e g a r d i n g the average e n e r g i e s . I t i s , t h e r e f o r e , on ly the s p i n - o r b i t 

e n e r g i e s which one needs to c o n s i d e r and t h i s has been done by Condon 
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and S h o r t l e y . They show t h a t s p i n - o r b i t e n e r g i e s o f complementary 

c o n f i g u r a t i o n s d i f f e r on ly in the s i g n o f the s p i n - o r b i t p a r a m e t e r ( s ) . 

For example , one has 

wi th s i m i l a r r e s u l t s f o r o t h e r c o n f i g u r a t i o n s . I t f o l l o w s from t h i s 

• W p 2 ( 3 p o » 
( 7 0 ) 

E s o ( p d ( 3 F 3 ) ) 2 V ? P A N D E S O ( P 5 D 9 ( 3 V ) = 2 ?D +?P 
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t h a t the o n l y changes r e q u i r e d in T a b l e I i n order to be a p p l i c a b l e to 

the d i r e c t approach a r e g i v e n by the s u b s t i t u t i o n s 

5 p - " ?

P

 a n d ? d - " 5 d ( 7 1 ) 

whenever the parameters o c c u r . The t a b l e o f r e s u l t s i s thereby a p p l i ­

c a b l e t o bo th c a s e s . 

B e r g s t r o m - H i l l R e l a t i o n . T h i s s e c t i o n on Auger e n e r g i e s should 

not be conc luded w i t h o u t a b r i e f d i s c u s s i o n o f the p r i n c i p a l method f o r 

computat ion now b e i n g u s e d - - i . e . , the B e r g s t r o m - H i l l r e l a t i o n . To 

unders tand t h i s r e l a t i o n , l e t V correspond t o the s u b s h e l l o f the 

i n i t i a l vacancy w h i l e T ,S a r e the s u b s h e l l s o f the f i n a l v a c a n c i e s . 

Then i f an e l e c t r o n from T t r a n s i t s to f i l l the V v a c a n c y , one would 

e x p e c t - - i n the s i m p l e Bohr p i c t u r e — t h e energy l i b e r a t e d t o be 

E V ( Z ) - E T ( Z ) ( 7 2 ) 

where E y ( Z ) , E T ( Z ) a r e the e l e c t r o n b i n d i n g e n e r g i e s i n an atom o f 

a tomic number Z . I f t h i s energy i s g iven to t h e e l e c t r o n in S which 

then e x i t s the atom as the Auger e l e c t r o n , t h i s s i m p l e v i ew would g i v e 

the Auger energy as 

E V ( Z ) - E T ( Z ) - E g ( Z ) . ( 7 3 ) 
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Bergstrom and H i l l p o i n t e d out t h a t t h i s approximate v iew of the p r o ­

c e s s c o u l d be made more p r e c i s e by c o n s i d e r i n g the f a c t t h a t the S 

e l e c t r o n "sees" a doubly i o n i z e d atom as i t e x i s t s the sys tem. Hence 

the b i n d i n g energy o f t h i s l e v e l would be e x p e c t e d t o i n c r e a s e beyond 



T a b l e 1 . S t r u c t u r e terms f o r LMM Auger E n e r g i e s i n I n t e r m e d i a t e C o u p l i n g . To o b t a i n 

the Auger energy , add the a p p r o p r i a t e q u a n t i t y ( E a v g ( i n i t i a l ) - E a v g ( f i n a l ) , o b t a i n e d 

by t h e s p e c t a t o r (method 1 ) o r d i r e c t (method 2 ) a p p r o a c h e s , to t h e e l ements o f 

t h e t a b l e . N o t a t i o n i s ZPM, ZDM = ^ 3 p j § 3 ( j ( m e t h o d 1 ) and - § 3 p , - § 3 d ( m e t h o d 2 ) 

3 s 2 Csn) 0 

3 s 3 p ( 3 P 0 ) 

3 3 3 ? ^ ) 

3 s 3 p ( 1 P 1 ) 

3 s 3 p ( 3 P 2 ) 

- G 1 ( 3 s 3 p ) / 6 - ZPM 

G 1 ( 3 s 3 p ) / 6 - ZPM/4 - V ( G 7 3 - Z P M / 4 ) a + § 3 p 

G 1 ( 3 s 3 p ) / 6 - ZPM/4 + J 

- G 1 ( 3 s 3 p ) / 6 + ZPM/2 

3 s 3 d ( 3 D 1 ) 

3 s 3 d ( 3 D 2 ) 

3 s 3 d ( 1 D 2 ) 

3 s 3 d ( 3 D 3 ) 

- G 2 ( 3 s 3 d ) / 1 0 - | ZDM 

( f ( 3 s 3 d ) / 1 0 - ZDM/4 - V ( G 7 5 + Z D M / 4 ) 2 + £ ^ 

G 2 ( 3 s 3 d ) / 1 0 - ZDM/4 + V 

- G 3 ( 3 s 3 d ) / 1 0 + ZDM 

3 p 2 ( 3 P 0 ) 

3 P

2 ( 3 P 2 ) 

3 p P ( l D 9 ) 

- ( 3 / 2 5 ) F 2 ( 3 p 3 p ) - ZPM/2 

( 9 1 ^ / 2 5 - ZPM)/2 - | V ( 3 F 2 / 5 + Z P M ) 2 + 8 § 3 p 

( 9 1 ^ / 2 5 - ZPM)/2 + | V 

ZPM/4 - 1 ^ ( 6 ^ / 2 5 - Z P M / 2 ) 2 + 2 § a | 

ZPM/4 + £ V 

3 p 3 d ( 3 P 0 ) 

3 P 3 d ( 3 F 4 ) 

F 2 ( 3 p 3 d ) / 5 - 1 0 5 G 3 ( 3 p 3 d ) / 4 9 0 + (ZPM - 3 ZDM)/2 

2 F 3 ( 3 p 3 d ) / 3 5 - G 1 ( 3 p 3 d ) / 3 + 15G 3 ( 3 p 3 d ) / 4 9 0 + ZDM + ZPM/2 



T a b l e 1 . ( c o n t i n u e d ) 

3 P 3 d ( 3 P 2 ) 

3V3D(LVA) 

3 P 3 d ( 3 D 2 ) 

3 P 3 d ( 3 F 2 ) 

B l = F 2 ( 3 p 3 d ) / 5 - 3 G 3 ( 3 p 3 d ) / 1 4 - ( Z P M - 3 Z D M ) / 4 ; P I = ( Z P M + Z D M ) / ^ 

B 2 = - F 2 ( 3 p 3 d ) / 5 - 2 G 1 ( 3 p 3 d ) / 1 5 + 9 G 3 ( 3 p 3 d ) / 7 0 ; P 2 = ( Z D M - ZPM)A /5 

B 3 = + 4 G 1 / 1 5 - 3 G 3 / 7 0 - ( Z P M + 5 Z D M ) / 1 2 ; P 3 = v ^ ( Z P M - 5 Z D M ) / 1 2 

B 4 = 2 1 ^ / 3 5 - G 1 / 3 + 1 5 G 3 / 4 9 0 - 2 ( Z P M + 2 Z D M ) / 3 

B l = 1 ^ / 5 + 2 G 1 / 1 5 + 1 4 7 G 3 / 4 9 0 ; P I = T / 2 ( Z P M + 3 Z D M ) / 4 

B 2 = F V 5 - 3 G 3 / 1 4 + ( Z P M - 3 Z D M ) / 4 ; P 2 = V^CZPM + Z D M ) / 4 

B 3 = -F*/5 + 4 G V 1 5 - 3 G 3 / 7 0 - ( Z P M + 5 Z D M ) / 4 ; P 3 = V3(ZDM - Z P M ) / 4 

3 P 3 d ( 3 D 3 ) 

3 P 3 d ( 1 F 3 ) 

3 P 3 d ( 3 F 3 ) 

B l = - F * / 5 + 4 G 1 / 1 5 - 3 G 3 / 7 0 + ( Z P M + 5 Z D M ) / 6 ; P I = ( Z P M + Z D M ) / ^ 

B 2 = 2 F 2 / 3 5 + 7 G 1 / 1 5 + 2 7 G 3 / 4 9 0 ; P 2 = y I ( Z D M - Z P M ) / 3 

B 3 = 2 F 2 / 3 5 - G X / 3 + 1 5 G 3 / 4 9 0 - ( Z P M + Z D M ) / 6 ; P 3 = - ( 2 Z D M - ZPM)A /3 

3 d 8 ( X D A ) 

3 d 2 ( 3 P 2 ) 

3 d 2 ( 3 F 2 ) 

B l = - 1 3 F 2 ( 3 d 3 d ) / 4 4 1 + 5 0 F 4 ( 3 d 3 d ) / 4 4 1 ; P I = JTl ZDM/vTo 
B 2 = 1 1 1 ^ / 6 3 - 1 0 F 4 / 6 3 + Z D M / 2 ; P 2 =-%JL> ZDM 

B 3 = - 5 8 F 2 / 4 4 1 + 5 F 4 / 4 4 1 - 2 Z D M ; P 3 = 0 

3 d 2 ( 1 S 0 ) 

3 d 2 ( 3 P 0 ) 

( 3 1 ^ / 6 3 + 1 0 F 4 / 6 3 - Z D M ) / 2 + | J{F / 7 + 1 0 F * / 2 1 + Z D M / 2 ) A - 8 Z D M ( F Y + 1 0 F 4 / 3 ) / 7 

( 3 ^ / 6 3 + 1 0 F 4 / 6 3 - Z D M ) / 2 - | J 

3d 2 ^ P , ) 

3 d 2 ( 3 F 3 ) 

1 1 ^ / 6 3 - 1 0 F 4 / 6 3 - Z D M / 2 

- 5 8 1 S / 4 4 1 + 5 F 4 / 4 4 1 - Z D M / 2 

3 d 3 ( 1 G 4 ) 

3d 2 ( 3 F ^ ) 

3 d 3 ( 1 G 4 ) 

3d 2 ( 3 F ^ ) 

t ( - 8 F 3 / 4 4 1 + 2 0 F 4 / 4 4 1 + 3 / 2 2 D M ) + | V ( 1 0 8 F 2 / 4 4 1 + 1 0 F 4 / 4 4 1 + | Z D M ) S - 8 Z D M ( 1 0 8 F ^ H . 0 F * ) / 4 4 1 

( - 8 ^ / 4 4 1 + 2 0 F 4 / 4 4 1 + 3 / 2 Z D M ) / 2 - | V 
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the v a l u e f o r the n e u t r a l atom. A b e t t e r approx imat ion would be to use 

the b i n d i n g energy o f the S l e v e l f o r the e lement wi th nex t h i g h e r 

a t o m i c n u m b e r - - i , e . , Z + l - - o r some v a l u e i n between the two v a l u e s . 

Bergstrom and H i l l then i n t r o d u c e d the parameter AZ and w r i t e the 

Auger energy as 

E A E T 7 ( Z ) - E m ( Z ) - EN (Z) 
Auger V T S 

( 7 4 ) 

+ A Z [ E g ( Z ) - E g ( Z + l ) ] 

where 0 £ AZ ^ 1 . W i t h t h i s r e l a t i o n , q u i t e r e a s o n a b l e e s t i m a t e s o f the 

Auger energy can be o b t a i n e d a l t h o u g h the accuracy v a r i e s . A compari ­

son o f t h e p r e d i c t i o n s o f t h i s r e l a t i o n w i t h the methods d e s c r i b e d 

e a r l i e r w i l l be c a r r i e d out i n the next chapter t o i l l u s t r a t e the use 

o f the r e l a t i o n . I t shou ld be no ted t h a t the scheme i s e x p e c t e d to be 

most a c c u r a t e f o r heavy e l e m e n t s , such as l e a d ( P b ) , s i n c e i t i s 

s t r i c t l y v a l i d o n l y i n the j j - c o u p l i n g l i m i t . T h i s f o l l o w s s i n c e the 

s p e c i f i c a t i o n o f the l e v e l s V, T , S as d i s t i n c t i s meaningful o n l y in 

the j j - l i m i t . The r e l a t i o n can be a p p l i e d t o L S - s t a t e s i f V , T , S a r e 

i n t e r p r e t e d i n an a p p r o p r i a t e f a s h i o n but an a p p l i c a t i o n t o i n t e r m e d i a t e 

c o u p l i n g s t a t e s i s not p o s s i b l e . In t h i s r e g i o n , the AZ parameter b e ­

comes a J dependent v a r i a b l e thus d e s t r o y i n g the s i m p l i c i t y of the 

r e l a t i o n . 

T r a n s i t i o n P r o b a b i l i t i e s 

The s t a r t i n g p o i n t f o r our c o n s i d e r a t i o n o f t r a n s i t i o n proba­

b i l i t i e s i s the "golden r u l e " o f t ime dependent p e r t u r b a t i o n t h e o r y . 
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T h i s r u l e a s s e r t s tha t the p r o b a b i l i t y f o r the t r a n s i t i o n o f a sys tem 

in s t a t e | i ) t o a f i n a l s t a t e | f ) i s g i v e n by 

" i - f = f K * | A | i > | 2 P ( 7 5 ) 

where A i s an o p e r a t o r r e p r e s e n t i n g the dynamics o f the t r a n s i t i o n , P 

i s the d e n s i t y o f s t a t e s a v a i l a b l e t o the sys tem dur ing the t r a n s i t i o n , 

and h i s P l a n c k ' s c o n s t a n t d i v i d e d by 2rr. The a p p l i c a t i o n o f t h i s 

r e l a t i o n to an Auger p r o c e s s e v i d e n t l y r e q u i r e s t h a t the Auger dynamics 

(A) be known. In t h i s s e c t i o n two p o s s i b i l i t i e s ( or v i e w s ) f or A a r e 

c o n s i d e r e d and, f o r e a c h , the r e q u i s i t e formal i sm i s d e v e l o p e d . The 

s i m p l e s t and c o n v e n t i o n a l v i e w , due to W e n t z e l , i s the t w o - e l e c t r o n 

t h e o r y f o r Auger t r a n s i t i o n s . 

C o n v e n t i o n a l Theory 

In order t o unders tand the n a t u r e of t h i s t h e o r y , c o n s i d e r 

F igure 4 where a schemat ic l e v e l diagram f o r a KL^L^ t r a n s i t i o n i s 

shown. Such a t r a n s i t i o n i s , o f c o u r s e , c h a r a c t e r i z e d by a s i n g l e I s 

vacancy i n the i n i t i a l a tomic s t a t e , a double L s h e l l vacancy in the 

f i n a l a tomic s t a t e , p l u s the Auger e l e c t r o n in the cont inuum. I t i s 

c l e a r from t h i s d e s c r i p t i o n t h a t two e l e c t r o n s change s t a t e s i n the 

t r a n s i t i o n , and t h i s s u g g e s t s a p o s s i b l e dynamics f o r the p r o c e s s . 

Thus the c o n v e n t i o n a l t h e o r y assumes t h a t the t r a n s i t i o n a r i s e s from 

the e l e c t r o s t a t i c i n t e r a c t i o n o f o n l y t h o s e e l e c t r o n s d i r e c t l y i n v o l v e d 

in the p r o c e s s - - i . e . , t h o s e which change t h e i r s t a t e s . T h i s a s s u m p t i o n , 

f o r KLL t r a n s i t i o n s , means t h a t in the i n i t i a l s t a t e the two L s h e l l 

e l e c t r o n s i n t e r a c t and , as a r e s u l t , one t r a n s i t s t o f i l l the I s 
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F i g u r e 4 . Schemat ic Diagram f o r the Two E l e c t r o n I n t e r a c t i o n 

i n the Auger P r o c e s s 
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vacancy w h i l e the o t h e r i s e j e c t e d from the atom. For the f i n a l s t a t e , 

the i n t e r a c t i o n i s between the continuum (Ek) e l e c t r o n , as i t e x i t s the 

sys tem, wi th the "new" I s e l e c t r o n . I f the p a r t i c u l a r case o f the 

KL^L.2 t r a n s i t i o n i s u s e d , t h e s e comments when combined wi th ( 7 5 ) then 

g i v e the p e r t i n e n t t r a n s i t i o n p r o b a b i l i t y as 

T = " T I < l s E k | | — | 2s2p> | p ( 7 6 ) 
1 2 * r l 2 

where 

| i > = | 2 s2p> 

| f > = | l s E k > 

T h i s e x p r e s s i o n i n d i c a t e s t h a t the dynamics A , i n the c o n v e n t i o n a l 

t h e o r y , i s j u s t the e l e c t r o s t a t i c o p e r a t o r . I t i s t o be noted 
r l 2 

tha t t h i s form i s not r e a l l y comple te s i n c e t h e r e a r e two ways ( s e e 

F i g u r e 4 ) i n which the ( 2 s , 2 p ) e l e c t r o n s can f i l l the I s v a c a n c y . 

Thus the 2s e l e c t r o n can t r a n s i t t o the I s l e v e l wi th the 2p e l e c t r o n 

b e i n g e j e c t e d from the atom or the r e v e r s e case can occur in which the 

2p e l e c t r o n f i l l s the I s l e v e l . T h i s "exchange" c a s e can be i n c o r p o ­

r a t e d i n t o ( 7 6 ) mere ly by r e q u i r i n g t h a t the s t a t e s by a n t i - s y m m e t r i z e d 

and , u n l e s s o t h e r w i s e s t a t e d , t h i s assumpt ion w i l l be made i n a l l 

f u t u r e work. The d i r e c t and exchange c o n t r i b u t i o n s w i l l thus be 

a u t o m a t i c a l l y i n c l u d e d . 

In o r d e r to make the d i s c u s s i o n more g e n e r a l , i t i s worthwhi l e 

to r e w r i t e ( 7 6 ) f o r an a r b i t r a r y t r a n s i t i o n . Thus the i n i t i a l vacancy 
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w i l l be assumed to have the quantum numbers n^l^ w h i l e the f i n a l 

v a c a n c i e s a r e in the s u b s h e l l s c h a r a c t e r i z e d by ( n ^ ^ , n^L^) . Then i t 

i s s t r a i g h t f o r w a r d to show t h a t ( 7 6 ) i s r e p l a c e d by 

0 0 = " T L ( NA E KL I N I V 2 V L 2 P • ( 7 7 ) 

T h i s may be extended s t i l l f u r t h e r by i n c o r p o r a t i n g angu lar momentum 

c o u p l i n g i n t o the f o r m a l i s m . From Appendix A , one has the two e l e c t r o n 

L S - c o u p l e d f u n c t i o n as 

| ( n 1 ^ 1 n 2 ^ 2 ) L S J M > 1 2 = ^ I JM> ( l ^ l ^ * ( 7 8 ) 

(h h ^ |SM S > | n 1 ^ 1 m 1 " M l > 1 | n 2 > E 2 £ ^ > 

where ^3]_m]_J2m2 ̂ 3 m 3 ^ a r e c - ' - e ^ s c h " G o r d a n c o e f f i c i e n t s and the 

n . * . m . u . ) a r e o n e - e l e c t r o n f u n c t i o n s ; the sum i s over a l l b a r r e d 
J J J J 

q u a n t i t i e s . The s u b s c r i p t s ( 1 , 2 ) correspond t o the c o o r d i n a t e s r^ and 

r 2 r e s p e c t i v e l y ; i f no s u b s c r i p t s are i n c l u d e d , i t i s assumed that the 

f u n c t i o n i s a n t i - s y m m e t r i z e d . I t then f o l l o w s t h a t , i n the L S - c o u p l i n g 

l i m i t , the t r a n s i t i o n p r o b a b i l i t i e s a r e g iven by 

- ( ^ T p ) l < ( y . E k ) L ' s ' J ' t f | e / r 1 2 | ( n ^ i r i 2 A 2 ) L S J M > | Z . ( 7 9 ) 

The s e l e c t i o n r u l e s f o r an Auger t r a n s i t i o n f o l l o w a t once from t h i s 
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r e l a t i o n o Thus i t may be shown t h a t 
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a ' s ' j ' t f | 1 / r l 2 | L S J M > = 6 L y L 6 S / S 6 J y J 6 M , M < L S J M | 1 / r 1 2 | L S J M ) ( 8 0 ) 

so t h a t o n l y t h o s e t r a n s i t i o n s wi th 

AL = AS = AJ = 0 ( 8 1 ) 

a r e a l l o w e d . We can , t h e r e f o r e , s i m p l i f y ( 7 8 ) somewhat and w r i t e 

\ S = ( ^ T p ) l < ( n

i V k ) L S J M | e ^ r 1 2 l ( V l n 2 ^ 2 ) L S J M H 2 ( 8 2 ) 

as the form f o r the Auger t r a n s i t i o n p r o b a b i l i t y i n the L S - l i m i t . One 

f u r t h e r comment i s n e c e s s a r y when n ^ ^ i s the same as n 2 ^ 2 - - i . e . , the 

e l e c t r o n s are e q u i v a l e n t . Thus the form ( 8 2 ) assumes tha t the JLSJM) 

s t a t e s a r e both n o r m a l i z e d and a n t i - s y m m e t r i z e d . I t may be shown from 

( 7 8 ) tha t 

1_ t -L~S 
| ( n 1 - t 1 n 2 - t 2 ) L S J M > » / 2 [ | ( n ^ n ^ L S J M > 1 ? + ( - l ) 1 2 | ( n ^ n ^ L S J M > 1 2 ] 

( 8 3 ) 

and, i f n^-^ ^ n 2 ^ 2 ' t n : * " s s t a t e ^ s n o r m a l i z e d . For e q u i v a l e n t e l e c t r o n s , 

however , one o b t a i n s 

| ( n 1 - t 1 ) 2 L S J M > = / 2 [ 1 + ( - l ) L + S ] | ( n 1 * 1 ) 2 L S J M > 1 2 ( 8 4 ) 

which i s not n o r m a l i z e d . To see t h i s , no te t h a t on ly L , S p a i r i n g s such 

tha t 

L + S = even i n t e g e r ( 8 5 ) 
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a r e a l l o w e d and f o r such c a s e s 

9 9 
< ( n 1 ^ 1 ) L S J M l C n ^ ) LSJM> = 2 . ( 8 6 ) 

I t i s then c l e a r tha t f o r e q u i v a l e n t e l e c t r o n s , the e x p r e s s i o n ( 8 3 ) 

should be m u l t i p l i e d by ( 1 / / 2 ) i n order t h a t the f u n c t i o n be n o r m a l i e d 

The g e n e r a l a n t i - s y m m e t r i z e d two e l e c t r o n L S - s t a t e i s then 

! ( n l ' t l n 2 ' e 2 ) I j S J M > = v A 2 [ :
 l n

1 ^ 1

n 2 ' t 2 ) I j S J M > 1 2 + ( " 1 ) ^ 1 + ' t 2 " " I j " S I < n

2 ' t 2 n l ' t l ) I j S J M > 1 2 ^ 

( 8 7 ) 

where 

C = 1 n \ ^ l ^ n 2 ^ 2 

= 1 / / 2 = n 2 l 2 . 
( 8 8 ) 

Now, from ( 8 2 ) , the g e n e r a l m a t r i x e lement o f i n t e r e s t i s 

2 
< ( n i ' t i E k ) L S J M | e / r | ( n ^ n ^ 2 )LSJM> ( 8 9 ) 

69 
which can be w r i t t e n as 

C[DIR + ( - i / l + ^ - L - S E X C ] . ( 9 0 ) 

Here the q u a n t i t i e s DIR, EXC a r e the m a t r i x e l ements 
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2 

( 9 1 ) 

= ^ ( - 1 ) 1 1 " ^ 2 + L l l ± , ^ 2 ] % < k 0 | m 2 0 > ( 1 ^ I U ) l ± 0 > { ^ ^ ( n . ^ . E k ^ ^ n ^ ) 
k £ . £ 

£ 1 

2 
EXC= 1 2 < ( n . ^ i E k ) L S J H | e / r 1 2 | ( n ^ n ^ L S J M ) ^ 

( 9 2 ) 

w i t h the n o t a t i o n 

[ a , b , c . . . ] ^ = / 2 I + T /2~bTT / 2 c + T . . . ( 9 3 ) 

b e i n g u s e d . The q u a n t i t i e s 

a b e \ 

d c fj! 

a r e the 6 j symbols as d e f i n e d by E d m o n d s . ^ I f f o l l o w s from ( 8 9 ) , ( 9 0 ) , 

( 9 1 ) , ( 9 2 ) , and ( 8 2 ) t h a t the Auger t r a n s i t i o n p r o b a b i l i t y in the LS-

c o u p l i n g l i m i t may be w r i t t e n as 

™ts = ( " T P ) ' C [ D I R + < " 1 > ' t l + t 2 " I " S E X c ] | 2 . ( 9 4 ) 

I t remains to c o n s i d e r the form f o r the t r a n s i t i o n p r o b a b i l i t y 

D I R = 1 2 < ( n i ^ . E k ) L S J M | e /r^ | ( n ^ n ^ L S J M ) ^ 
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i f i n t e r m e d i a t e c o u p l i n g i s assumed in e i t h e r the i n i t i a l or f i n a l 

s t a t e s . T h i s i s s t r a i g h t f o r w a r d from the formal s t a n d p o i n t . Thus one 

has the IC f u n c t i o n s 

Y^(JM) = / C ^ ( L S J ) I ( n . ^ . E k ) L S J M ) 
D l — i Q 1 1 

(LS) 

^ ( J M ) = ^ C^(LSJ) ( ( n ^ n ^ L S J M ) 

(LS) 

from which the IC t r a n s i t i o n p r o b a b i l i t y i s 

( 9 5 ) 

"iC = ( l ? p ) l < < ( J M ) | ^ / r 1 2 | ^ ( J M ) > | 2 . ( 9 6 ) 

T h i s can be s i m p l i f i e d by u s i n g ( 9 4 ) and ( 9 5 ) to o b t a i n 

w I C = (fp) | I C ^ ( L S J ) C ^ ( L S J ) C [ D I R + ( - l ) ^ 2 - L - S

E X C ] | 2 , ( 9 7 ) 

(LS) 

and the r e s u l t i s q u i t e g e n e r a l . There a r e c o m p l i c a t i o n s , however, 

which stem from the d i f f i c u l t y of a p p l y i n g the IC formal i sm to the 

N 
continuum s t a t e as in Y ( J M ) . Indeed , i t i s not a t a l l c l e a r t h a t t h i s 

B 

i s meaningfu l s i n c e the i n t e r a c t i o n o f n . £ . and Ek i s e x p e c t e d to be 
1 1 

p r i m a r i l y e l e c t r o s t a t i c . A b e t t e r f o r m u l a t i o n o f the problem i s to 

i n c l u d e IC o n l y in the i n t e r a c t i o n o f the (n^£^, n 2 ^ 2 ^ e l e c t r o n s and 
c o n f i n e the n . ' t . , Ek c o u p l i n g t o the L S - l i m i t . I f t h i s i s done , then 1 1 R 
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one o b t a i n s the r e s u l t 

£ C N ( L ' S ' J ) I C N ^ N ^ L ' s ' J M > | 2 

( i / s ' ) 

( 9 8 ) 

which , w i th ( 8 0 ) and ( 8 2 ) , can be w r i t t e n as 

= | C N ( L S J ) . ( 9 9 ) 

T h i s e x p r e s s i o n , though f o r m a l l y c o r r e c t , i s not complete due to the 

dependence on a p a r t i c u l a r s e t o f L , S v a l u e s . In order to understand 

t h i s , r e c a l l from the s e c t i o n on Auger energy a n a l y s i s tha t the s t r u c t u r e 

i s determined by the c o u p l i n g o f the (n^-t^, ^2^2} e l e c t r o n s a n c * not by 

the n.<L., Ek c o u p l i n g . T h i s l a t t e r i n t e r a c t i o n s e r v e s to determine i f 1 1 

the t r a n s i t i o n i s a l l o w e d through the s e l e c t i o n r u l e s in ( 8 1 ) , but i t 

does not i n f l u e n c e the observed s t r u c t u r e . I t then f o l l o w s t h a t the 

i n t e n s i t i e s f o r a p a r t i c u l a r J v a l u e should i n c l u d e the c o n t r i b u t i o n 

from a l l p o s s i b l e L , S p a i r i n g s and , t h e r e f o r e , the a p p r o p r i a t e e x p r e s s i o n 

f o r the t r a n s i t i o n p r o b a b i l i t i e s i s g iven by 

where W , r a t h e r than a ) , i s used to d i s t i n g u i s h ( 1 0 0 ) from the more 

g e n e r a l r e s u l t o f ( 9 6 ) , ( 9 7 ) . T h i s e x p r e s s i o n i s e v i d e n t l y dependent 

N 
o n l y on J and the C v a l u e s so t h a t i t does r e p r e s e n t a meaningfu l 

W ic - L I C V S J ) ! 2 ^ 
( L S ) 

( 1 0 0 ) 
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q u a n t i t y in comparison wi th the t r a n s i t i o n l i n e s o b t a i n e d by the two-

e l e c t r o n energy a n a l y s i s . Note t h a t the above r e s u l t h o l d s s i n c e the 

IC f u n c t i o n s in ( 9 5 ) are assumed n o r m a l i z e d so t h a t 

S(NJ) = ^ | C N ( L S J ) | 2 = 1 ( 1 0 1 ) 

(LS) 

I f t h i s i s not the c a s e , then ( 1 0 0 ) should be d i v i d e d by S ( N J ) . 1 0 

Only a few more comments are n e c e s s a r y t o comple te t h i s d i s c u s ­

s i o n . We f i r s t o b s e r v e t h a t the o r b i t a l a n g u l a r momentum, k , c a r r i e d 

by the Auger e l e c t r o n i s not measured e x p e r i m e n t a l l y . As a r e s u l t , 

the e x p r e s s i o n s f o r u^g, u> > a n d / o r W must be summed over a l l 

p o s s i b l e v a l u e s of k . T h i s requirement i s not as c o m p l i c a t e d as one 

might i n i t i a l l y expec t s i n c e , f o r a s p e c i f i e d ( L , S ) p a i r i n g , i t i s 

n e c e s s a r y tha t 

I. + k = L 
— I — — 

which r e s t r i c t s k t o t h o s e v a l u e s such t h a t 

\L± - L | £ k £ L± + L . ( 1 0 2 ) 

Further r e s t r i c t i o n s on k a r i s e due to the requirement t h a t p a r i t y be 

7 1 - 7 2 

c o n s e r v e d i n the t r a n s i t i o n . Thus i t may be shown t h a t the p a r i t y 

o f the t w o - e l e c t r o n L S - s t a t e i n ( 7 8 ) i s g iven by 

p | ( n 1 ^ 1 n 2 ^ 2 ) L S J M ) 1 2 = | ( n ^ n ^ L S J M > a 

= ( . i ) ^ l + * 2 - L | ( n 1 ^ 1 n 2 - t 2 ) L S J M > 1 2 
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where P i s the p a r i t y o p e r a t o r . S i n c e the o p e r a t o r ( l / r ^ ) i s even 

under p a r i t y , i t then f o l l o w s from p a r i t y c o n s e r v a t i o n in the m a t r i x 

e l ements o f ( 9 1 ) , ( 9 2 ) t h a t 

( -L )V K - L
 = ( - l / ' l ^ - L 

or 
( 1 0 4 ) 

( _ ! ) V K = ( - 1 ) ^ 2 

Using the f a c t t h a t , k , t^, l^) a re a l l i n t e g e r s t h i s can a l s o be 

w r i t t e n as 

l i + k = l l + l 2 ( 1 0 5 ) 

where the e q u a l i t y i s modulo 2 - - i . e . , the combinat ions + k) and 

( ^ ^ + ^ 2 ) a r e both even or both odd . For any g iven t r a n s i t i o n , one then 

has t h a t the p o s s i b l e k v a l u e s are l i m i t e d by ( 1 0 5 ) as w e l l as ( 1 0 2 ) . 

F i n a l l y , i t must be noted t h a t a l l the s t a t e s i n v o l v e d in the t r a n s i t i o n 

are d e g e n e r a t e in the v a l u e , M. Hence i t i s n e c e s s a r y t h a t the 

e x p r e s s i o n s f o r the t r a n s i t i o n p r o b a b i l i t i e s be summed over a l l p o s s i b l e 

f i n a l s t a t e s wi th the same J but d i f f e r e n t M and averaged over the 

i n i t i a l s t a t e s . T h i s i s accompl i shed q u i t e e a s i l y and i n t r o d u c e s a 

f a c t o r o f ( 2 J + 1 ) i n t o the r e s u l t s . S i m i l a r l y , i t i s not p o s s i b l e to 

a s c e r t a i n the p a r t i c u l a r s t a t e o f the i n i t i a l vacancy so t h i s 

must a l s o be a v e r a g e d , a procedure which i n t r o d u c e s a f a c t o r o f 

( —-rr- ; . When t h e s e v a r i o u s comments a r e combined, the r e q u i s i t e 
^ 2 ( 2 ^ + 1 ) / 

r e l a t i o n f o r the computat ion of Auger t r a n s i t i o n p r o b a b i l i t i e s , in the 
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c o n v e n t i o n a l t h e o r y , i s g iven by 

W. 
IC 

k (LS) 

V 

0) 
LS 

( 1 0 6 ) 

w i th k b e i n g s u b j e c t to the r e s t r i c t i o n s in ( 1 0 2 ) and ( 1 0 5 ) . The 

a p p r o x i m a t i o n s i n t r o d u c e d to o b t a i n t h i s r e l a t i o n s h o u l d , o f c o u r s e , 

be r e c a l l e d in any a p p l i c a t i o n . 

"Exact" Theory 

A l t h o u g h the c o n v e n t i o n a l theory d e s c r i b e d above p r o v i d e s a v e r y 

c o n c i s e p i c t u r e o f the Auger p r o g e s s , one may w e l l a sk i f the problem 

i s not b e i n g o v e r s i m p l i f i e d . T h i s p o s s i b i l i t y i s s u g g e s t e d by the poor 

agreement between e x p e r i m e n t a l i n t e n s i t i e s and t h o s e p r e d i c t e d by 

c o n v e n t i o n a l formulae such as ( 1 0 6 ) . In a d d i t i o n , i t i s not a t a l l 

c l e a r from the p r i n c i p a l c h a r a c t e r i s t i c o f the Auger e f f e c t - - i . , e . , a 

s i n g l y i o n i z e d i n i t i a l s t a t e | i ) d e - e x c i t i n g to a doubly i o n i z e d f i n a l 

s t a t e p l u s a f r e e e l e c t r o n | f ; a ) - - t h a t the dynamics f o r t h i s t r a n s i t i o n 

i s s imply the coulomb i n t e r a c t i o n o f o n l y two e l e c t r o n s . A l t e r n a t e 

p o s s i b i l i t i e s t o t h i s v i ew c e r t a i n l y e x i s t and, i n t h i s s e c t i o n , one o f 

the most o b v i o u s w i l l be c o n s i d e r e d . 

The dynamics in t h i s a l t e r n a t e v iew i s a l s o p r o v i d e d by e l e c t r o ­

s t a t i c i n t e r a c t i o n s but not between j u s t two e l e c t r o n s . I n s t e a d , the 

t o t a l coulomb i n t e r a c t i o n between the i n i t i a l ( | i ) ) and f i n a l ( | f ; a > ) 

e l e c t r o n s i s assumed to l i n k t h e s e s t a t e s . T h i s i s c l e a r l y a m u l t i -

e l e c t r o n v i ew f o r the Auger p r o c e s s s i n c e , f o r an N - e l e c t r o n sys t em, 

the t o t a l coulomb i n t e r a c t i o n i s g iven by the o p e r a t o r 
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A = 

N 
2 

N 
\ 

( 1 0 7 ) 
L.. L 8 i j = 8 • 

I f one uses t h i s r e s u l t i n ( 7 5 ) , i t then f o l l o w s t h a t the Auger t r a n s i ­

t i o n p r o b a b i l i t i e s a r e g iven by 

The primary d i f f e r e n c e between t h i s form and the c o n v e n t i o n a l r e s u l t s 

i s then in the type o f m a t r i x e l ements which are computed. Thus the 

c a l c u l a t i o n s a r e no l o n g e r c o n f i n e d to the s i m p l e case o f t w o - e l e c t r o n 

m a t r i x e l ements and , i n s t e a d the g e n e r a l c a s e o f N i n t e r a c t i n g e l e c t r o n s 

must be c o n s i d e r e d . The r e q u i s i t e a n a l y s i s f o r e v a l u a t i n g t h e s e m u l t i -

e l e c t r o n m a t r i x e l ements has been c a r r i e d out by s e v e r a l w o r k e r s - -

61 62 

n o t a b l y by Fano and Shore - - b u t the formal i sm i s q u i t e complex . 

S i n c e much o f the problem i s one o f o b t a i n i n g a p r e c i s e n o t a t i o n f o r 

the c o u p l e d , N - e l e c t r o n wave f u n c t i o n s , we s h a l l c o n f i n e the p r e s e n t 

d i s c u s s i o n to an e x p o s i t i o n o f the n o t a t i o n i n t r o d u c e d in the work by 

Fano. D e t a i l e d formulae f o r the m a t r i x e l ements are not g i v e n , and the 

a n a l y t i c a l d e t a i l s a r e r e s e r v e d f o r the o r i g i n a l Fano p a p e r . 

( 1 0 8 ) 

where now 

| i ) = | s i n g l y i o n i z e d a tomic s t a t e ) 

| f ; a ) = |doubly i o n i z e d a tomic s t a t e + Auger e l e c t r o n ) . 

The b a s i c problem i s the e v a l u a t i o n of a m a t r i x e lement such as 

< l s f f ' 2 S

P ' 2 p ^ . „ . | I g i ; j | l s f f 2 s V . . . ) 

i < j 
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where the o c c u p a t i o n numbers o f the v a r i o u s s u b s h e l l s need not be the 

same. In order to o b t a i n a d e f i n i t e n o t a t i o n f o r t r e a t i n g t h e s e e l e ­

m e n t s , the s u b s h e l l s w i l l be denoted by n t where X = 1 , 2 , 3 , . . . and 
X X 

n I = 1 0 ( l s ) 

n 2 l 2 = 2 0 ( 2 s ) n ^ = 2 1 ( 2 p ) 

n.l. = 3 0 ( 3 s ) n <t_ = 3 1 ( 3 p ) n c l c = 3 2 ( 3 d ) 

4 - 4 3 3 0 0 

e t c „ 

I t f o l l o w s t h a t an atom with N. e l e c t r o n s in the X s u b s h e l l i s r e p r e -
X 

sen ted by 

l s N l 2 s N 2 2 p

N 3 . . . = TT nl^X ( 1 0 9 ) 
x X X 

where [ T T ] i s the c o n v e n t i o n a l product symbol . Now the e v a l u a t i o n o f 
X 

m a t r i x e l ements wi th t h e s e c o n f i g u r a t i o n s r e q u i r e s t h a t the c o r r e s p o n d ­

ing wave f u n c t i o n s be a n t i - s y m m e t r i c in a l l e l e c t r o n s p i n ( s ^ ) and 

s p a t i a l ( r \ ) c o o r d i n a t e s . To o b t a i n such f u n c t i o n s , no te f i r s t tha t i t 

i s f a i r l y easy to form the a n t i - s y m m e t r i c f u n c t i o n for any i n d i v i d u a l 

4 8 

s u b s h e l l ( e . g . , 2p , 3d , . . . ) and, i n d e e d , t h e s e f u n c t i o n s have been 

73 

o b t a i n e d by Racah f o r the c a s e s o f ( s , p , d ) e l e c t r o n s . One procedure 

to t a k e , t h e r e f o r e , in o b t a i n i n g the t o t a l wave f u n c t i o n i s t o b e g i n 

wi th the a n t i - s y m m e t r i z e d f u n c t i o n s of each X s u b s h e l l . I t w i l l be 

assumed t h a t t h e s e a r e coupled in the L S - l i m i t . The n o t a t i o n f o r t h e s e 

f u n c t i o n s i s then o b t a i n e d by n o t i n g t h a t the X s u b s h e l l i s s p e c i f i e d 

by the N. c o o r d i n a t e s ( s . , _ r . ) which c o n s t i t u t e the s e t 
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S i n c e each p o s s i b l e o r d e r i n g o f t h e s e c o o r d i n a t e s i s p r e s e n t in the 

a n t i - s y m m e t r i z e d f u n c t i o n , the s e t q i s p r e s c r i b e d to be ordered i n 
K 

the d i r e c t i o n o f i n c r e a s i n g ( i ) . Any d e v i a t i o n from t h i s o r d e r i n g 

then g i v e s a f a c t o r o f ( ± 1 ) i n the f u n c t i o n , the p a r t i c u l a r v a l u e 

b e i n g o b t a i n e d o n l y by c o n s i d e r i n g the number o f permutat ions r e q u i r e d 

to r e t u r n t o the n a t u r a l or p r e s c r i b e d o r d e r . With t h e s e d e f i n i t i o n s , 

the L S - c o u p l e d f u n c t i o n f o r the X s u b s h e l l i s then denoted by 

which i n c l u d e s a l l p o s s i b i l i t i e s f o r , <> The q u a n t i t y , o/^, 
X X 

r e p r e s e n t s any o t h e r quantum numbers r e q u i r e d to d e f i n e the s t a t e . 

An unsymmetrized t o t a l a tomic wave f u n c t i o n i s now o b t a i n e d by 

s u c c e s s i v e l y c o u p l i n g t h e s e a n t i - s y m m e t r i z e d s u b s h e l l f u n c t i o n s . In 

order to i l l u s t r a t e the procedure and to i n t r o d u c e the n o t a t i o n , suppose 

tha t one has t h r e e L S - s t a t e s as 

Then the compos i t e L S - s t a t e formed from t h e s e f u n c t i o n s i s o b t a i n e d by 

f i r s t c o u p l i n g L-.S, and L-S_ as 

( 1 1 0 ) 

W L V " ' ' L 2 S 2 M L 2 V ; | L 3 S 3 M L 3

M S 3 > * 
( 1 1 1 ) 

1 2 S 1 2 \ 2

M S 1 2

> " Z < h V 2 \ l L 1 2 \ 2 > ( S A 1

S 2 S S 2 l S l 2 ] 

( 1 1 2 ) 
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and then c o u p l e L-^S^ t o & e t 

L L S \ V = L 2

L

3 \ 3 I > < S
 1 2 ^ S , 2

S 3 ^ S 3 I S M S > 

L L 1 2 S 1 2 \ 1 2 % 1 2 > L L 3 S 3 \ 3

M S 3 > • 

( 1 1 3 ) 

The sums h e r e a r e over the barred q u a n t i t i e s . I f one now i n s e r t s ( 1 1 2 ) 

i n t o ( 1 1 3 ) and r e p l a c e s the n o t a t i o n in ( 1 1 1 ) by tha t o f ( 1 1 0 ) , the 

r e s u l t i s 

L Q ' L S M L M S > = Z J

{ L 1 2 \ 2

L 3 F I L 3 L M L > < S 1 2 F I S 1 2

S 3 S S 3 L S M S ) ' 

( L A L 2 * L \hu\ > ( S A S 2 S S L S 1 2 S S > • 

N N N 
VL V l S L \ S S X

> < Q 2 L N 2 ; - 2 V 2 S 2 \ 2

S S 2

> < Q 3 L N 3 S % L 3 S 3 % S 

T h i s i s then a c o u p l e d , unsymmetrized wave f u n c t i o n for ( N ^ + N 2 + N 3 ) 

e l e c t r o n s . I t i s a n t i - s y m m e t r i c in the c o o r d i n a t e s of the e l e c t r o n s 

o f group q ^ » N 2 e l e c t r o n s o f group q 2 , and e l e c t r o n s of group q - j - -

but i t i s not a n t i - s y m m e t r i c under i n t e r c h a n g e o f c o o r d i n a t e s in s e p a ­

r a t e g r o u p s . T h i s must s t i l l be a c c o m p l i s h e d . 

The procedure o u t l i n e d above f o r three groups or s u b s h e l l s can 

e v i d e n t l y be extended e a s i l y . For an a r b i t r a r y number o f such g r o u p s , 

however , t h e e x a c t e x p r e s s i o n s such as ( 1 1 4 ) w i l l be too cumbersome to 

w r i t e o u t , and a n o t a t i o n f o r t h e s e s t a t e s must be s p e c i f i e d . T h i s i s 

done by r e p l a c i n g ( 1 1 4 ) by 
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r

 3 N -n (aLS) 

V ' - ^ V I ^ ^ L ' A " A V J ^ ( U 5 ) 

where the (u) s u b s c r i p t i n d i c a t e s t h a t the s t a t e i s unsymmetrized in 

the c o o r d i n a t e s o f d i f f e r e n t groups and q = [q } r e p r e s e n t s one d i s t r i -
A 

b u t i o n o f N e l e c t r o n s arranged i n groups o f N e l e c t r o n s each . T h i s 
X 

n o t a t i o n then i m p l i c i t l y c o n t a i n s a l l sums over the r e l e v a n t a n g u l a r 

momentum components - - such as , M g ^ , M g 2 ' e t c ' " " w h i c h appear in 

the p r e c i s e e x p r e s s i o n o f ( 1 1 4 ) . In order to o b t a i n a f u n c t i o n a n t i ­

symmetric in a l l c o o r d i n a t e s , we now note tha t such a f u n c t i o n must 

n e c e s s a r i l y c o n t a i n a l l p o s s i b l e d i s t r i b u t i o n s , q , f o r the N e l e c t r o n s - -

i . e . , a l l i n t e r c h a n g e s o f e l e c t r o n s i n d i f f e r e n t s u b s h e l l s must be i n ­

c l u d e d ( r e c a l l t h a t the f u n c t i o n i s a l r e a d y a n t i - s y m m e t r i c f o r i n t e r ­

change o f c o o r d i n a t e s w i t h i n s u b s h e l l s ) . But i f one i s g i v e n a 

p a r t i c u l a r d i s t r i b u t i o n ( q ) , then any i n t e r c h a n g e between s u b s h e l l s 

g i v e s a d i f f e r e n t d i s t r i b u t i o n - - s a y q ' - - a n d the number o f such d i s t r i b u ­

t i o n s i s r e q u i r e d i f the f i n a l f u n c t i o n i s t o be n o r m a l i z e d . T h i s r e s u l t 

f o l l o w s a t once i f one n o t e s t h a t o n l y i n t e r c h a n g e s between g r o u p s - - n o t 

w i t h i n - - p r o d u c e d i f f e r e n t d i s t r i b u t i o n s . Hence the number o f d i s t r i b u ­

t i o n s i s j u s t t h a t o b t a i n e d by permuting N o b j e c t s f o r which permuta t ions 

o f o b j e c t s w i t h i n the groups { q ^ j q ^ . . . } are i n d i s t i n g u i s h a b l e ; the r e s u l t 

i s then 

° < V • " T ? V ( 1 1 6 ) 

s i n c e the number o f e l ements o f the s e t q. i s N, . The d i s t r i b u t i o n q 
HX X n 

which has the c o o r d i n a t e s in the n a t u r a l order 1 , 2 , 3 , . . . i s a s s i g n e d an 
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even p a r i t y and the c o r r e s p o n d i n g s t a t e ( 1 1 5 ) appears w i th a p l u s 

s i g n . The f u n c t i o n s for a l l o t h e r d i s t r i b u t i o n s e n t e r the t o t a l a n t i -

symmetrized f u n c t i o n wi th the f a c t o r 

( - M ( 1 1 7 ) 

where Pq i s the number o f permutat ions r e q u i r e d to take the a r b i t r a r y 

d i s t r i b u t i o n i n t o q . I t then f o l l o w s t h a t the t o t a l wave f u n c t i o n f o r 
M n 

the N e l e c t r o n s i s o b t a i n e d by combining f u n c t i o n s l i k e ( 1 1 5 ) f o r each 

d i s t r i b u t i o n and i n s e r t i n g the permutat ion f a c t o r ( 1 1 7 ) f o r each f u n c t i o n 

so t h a t we have 

YfaLSMjMg) = - = ± = ^ ( - l ) \ ( q , o < L S H L ^ ) ; ( 1 1 8 ) 
v v X q 

the f a c t o r ( y ^ ' ^ ) ) '*"s P r e s e n t f ° r purposes of n o r m a l i z a t i o n . 

The fundamental m a t r i x e lement of i n t e r e s t may now be w r i t t e n in 

terms o f t h e s e a n t i - s y m m e t r i z e d s t a t e s as 

< y | g | y > . ( H 9 ) 

S i n c e the f u n c t i o n s a r e a n t i - s y m m e t r i c , i t f o l l o w s t h a t the c o n t r i b u t i o n s 

o f each term in t h i s e x p r e s s i o n a r e i d e n t i c a l . F u r t h e r , t h e r e a r e 

^ N ( N - l ) j s u c n terms so t h a t ( 1 1 9 ) becomes 

« < Y ' | g N . 1 ) N | , ) ( 1 2 0 ) 

where one term i s chosen f o r d e f i n i t e n e s s . T h i s p r e s c r i p t i o n thus reduces 
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the problem to one in which o n l y t h o s e e l e c t r o n s wi th c o o r d i n a t e s 

( N - 1 , N ) i n t e r a c t . A l l o t h e r s o b s e r v e the p r o c e s s as " s p e c t a t o r s " and 

compr i se the s p e c t a t o r c o n f i g u r a t i o n (compare wi th ( 3 9 ) and the s u b s e ­

quent d i s c u s s i o n ) . I f we now i n s e r t the r e s u l t ( 1 1 8 ) f o r Y and Y 

the m a t r i x e lement takes the form 

< Y ' | 8 | Y > = ^f11
 [n<u x ' ) 0 ( H x ) ] - ^ ( - D P q + P q * 

q q 

( 1 2 1 ) 

< » u <q', of L' S' M- L , M ' s , ) | ; N I • „ ( q . c i l S H f t ) > 

so t h a t the c a l c u l a t i o n i s reduced to e s s e n t i a l l y a t w o - e l e c t r o n p r o b ­

lem. In order to f u r t h e r s i m p l i f y the c o m p u t a t i o n , n o t e t h a t the 

s p e c t a t o r c o n f i g u r a t i o n s are the same i n the i n i t i a l and f i n a l s t a t e s . 

Thus a g i v e n d i s t r i b u t i o n q i s such t h a t the c o o r d i n a t e s a r e as 

S p e c t a t o r A c t i v e 
q = ( 1 - N - 2) + ( N - 1 , N ) 

= q + ( a c t i v e ) 

where q i s the s p e c t a t o r c o n f i g u r a t i o n f o r q . But the m a t r i x e lement 

in ( 1 2 1 ) i s then o f the form 

< q ' ( a c t i v e ) | g N _ 1 N | q ( a c t i v e ) 

w i t h q ' , q b e i n g c o m p l e t e l y u n a f f e c t e d by the i n t e r a c t i o n . The r e l e v a n t 

a tomic o r b i t a l s b e i n g assumed o r t h o n o r m a l , i t then f o l l o w s a t once t h a t 
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< q ' | q > - 6 g , 5 , ( 1 2 2 ) 

i . e . , t h e s p e c t a t o r c o n f i g u r a t i o n s a r e the same. T h i s c o n f i g u r a t i o n i s 

then s p e c i f i e d by g i v i n g the o c c u p a t i o n number N, f o r each s u b s h e l l so 
X 

t h a t 

Sp = TT n.l. A . ( 1 2 3 ) 
X X X 

As ment ioned i n the d i s c u s s i o n on Auger e n e r g i e s , the v a l u e s o f N. a r e 
X 

j u s t the s m a l l e r o c c u p a t i o n numbers of the i n i t i a l and f i n a l s t a t e s - -

i . e . , 

N, < min(N ' N A ) . ( 1 2 4 ) 
A A A 

I t i s a l s o c l e a r t h a t 

/ N = N - 2 ( 1 2 5 ) 
l—i A 
X 

s i n c e a l l but two e l e c t r o n s a r e s p e c t a t o r s . These two c r i t e r i a on N-
A 

a r e s u f f i c i e n t to u n i q u e l y determine the s p e c t a t o r c o n f i g u r a t i o n i f the 

i n i t i a l and f i n a l s t a t e s d i f f e r by two e l e c t r o n s ; t h i s i s , o f c o u r s e , 

the case f o r Auger t r a n s i t i o n s . For the c a s e where they d i f f e r by o n l y 

one or no e l e c t r o n s , however, s e v e r a l s p e c t a t o r c o n f i g u r a t i o n s ( i . e . , 

v a r i o u s v a l u e s for N ) are p e r m i t t e d and a s e p a r a t e computat ion must be 
X 

performed f o r e a c h . 

For Auger t r a n s i t i o n s , we can thus r e s t r i c t our c o n s i d e r a t i o n 

t o a s i n g l e s p e c t a t o r c o n f i g u r a t i o n [N } . The " a c t i v e " or i n t e r a c t i n g 
X 
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e l e c t r o n s w i l l be assumed t o be in the s u b s h e l l s wi th X = p o r X - o so 

tha t one can d e f i n e t h ree p o s s i b i l i t i e s f o r N . Thus i f a s u b s h e l l i s 
X 

such tha t X £ ( p , a ) , then c l e a r l y the number o f s p e c t a t o r s in t h i s s h e l l 

i s j u s t N - - i . e . , 
X 

N x = X 4 p , a ; (126a) 

s i m i l a r l y , i f X = p , X ^ a then 

N = N - 1 (126b) 
X X 

w h i l e X = P = cr g i v e s 

N = N - 2 . ( 1 2 6 c ) 

With these r e s u l t s , the ma t r ix e lements i n (121) can be s i m p l i f i e d s t i l l 

f u r t h e r . Thus the sums ove r q ' , q in tha t e x p r e s s i o n can be w r i t t e n as 

sums ove r s p e c t a t o r d i s t r i b u t i o n s p l u s sums o v e r the n o n - s p e c t a t o r 

s t a t e s . But from (122) the s p e c t a t o r c o n f i g u r a t i o n s are the same so 

tha t (121) becomes 

a ' , a q 

(127 ) 

^ ( q ^ a L S M j M g ) ) 

where ( a ' , a ) r e f e r to the a c t i v e n o n - s p e c t a t o r d i s t r i b u t i o n s . S i n c e 

the s p e c t a t o r e l e c t r o n s a re not a f f e c t e d by the o p e r a t o r ( g^ ^ ^ ) , i t 



8 5 

f o l l o w s t h a t the v a l u e o f the m a t r i x e lement in t h i s r e s u l t i s independ­

ent o f the p a r t i c u l a r s p e c t a t o r d i s t r i b u t i o n q . Hence one need s p e c i f y 

o n l y one q f o r the s p e c t a t o r s and then m u l t i p l y by a l l such p o s s i b i l i ­

t i e s . The number o f t h e s e i s , in a n a l o g y wi th ( 1 1 6 ) , j u s t 

ft'(Nj = Q * ; 2 ) 1 ( 1 2 8 ) 
x TTN I 

A. 

and ( 1 2 7 ) then becomes 

a ,a 

( 1 2 9 ) 

^ ( q ^ a L S M j M S ) ) 

where q i s now a p a r t i c u l a r s p e c t a t o r d i s t r i b u t i o n . The sums over the 

n o n - s p e c t a t o r d i s t r i b u t i o n s can a l s o be t r e a t e d in a s imple f a s h i o n 

s i n c e t h e s e d i s t r i b u t i o n s are s p e c i f i e d e s s e n t i a l l y by the two c o o r d i ­

n a t e s ( N - 1 , N ) . Thus , u s i n g p r e v i o u s n o t a t i o n , i f 

so t h a t a l l e l e c t r o n s in the s u b s h e l l a r e s p e c t a t o r s , i t must be t r u e 

t h a t 

q x - q , ( 1 3 0 ) 

But i f 

X = 0 or X = a 
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the s i t u a t i o n i s changed; i n order to i l l u s t r a t e t h i s , we f i r s t con­

s i d e r the c a s e 

P ± o . 

The d i s t r i b u t i o n o f the p s u b s h e l l c o n t a i n s the s p e c t a t o r p o r t i o n 

[q } p l u s an e l e c t r o n wi th one o f the c o o r d i n a t e s ( N - 1 , N ) ; the a s u b -

s h e l l then c o n t a i n s the s p e c t a t o r p o r t i o n p l u s an e l e c t r o n wi th the 

o t h e r c o o r d i n a t e . There are thus two p o s s i b i l i t i e s f or t h e s e d i s t r i b u ­

t i o n s and they a r e 

q p = I 5 P ; N - l ] q P { 5 P ; N } 

or ( 1 3 1 ) 

q = [q ; N } q_ = [q ; N - l ] 

These then s p e c i f y the two n o n - s p e c t a t o r d i s t r i b u t i o n s to be i n c l u d e d 

i n ( 1 2 9 ) . Note tha t t h e s e can be combined by i n t r o d u c i n g the parameter 

( e ) and w r i t i n g 

( 1 3 2 ) 

Then i f (c = 0 , 1 ) a r e the a l l o w e d v a l u e s , i t i s e a s i l y shown t h a t ( 1 3 2 ) 

produces the d i s t r i b u t i o n s i n ( 1 3 1 ) . I t f o l l o w s from t h i s tha t the sum 

over the d i s t r i b u t i o n s ( { a 7 } , { a } ) i n ( 1 2 9 ) , which e s s e n t i a l l y i n t e r ­

changes the ( N - l , N) c o o r d i n a t e s , may be r e p l a c e d by a sum over € ( c ' f o r 

{ a 7 } ) . I n d e e d , one o b t a i n s the r e s u l t 
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1 M , M n r - , P +P / 

\ SIÎ PI n ( N ' ) n ( N ) r/ (fi ) ( - i > q q ( W « ) ( W ' 6 / / ) . 
/̂ 2 L X A J A. pa p a 

€ ' i € = 0 ( 1 3 3 ) 

^ u ( q , ( e / )

a

, L , S , M L

, M s

, ) | g N - 1 ) N U u ( q ( ° ; C y L S M L M S ) > 

where the s u b s t i t u t i o n 

QX "* QX 
( O 

i s made throughout and the r e l a t i o n s 

q X q X * p ' CT 

q x

( € ) = (5P; N - l , N ) 6 € O X= p = a 

a r e used i n a d d i t i o n t o ( 1 3 2 ) . The f a c t o r s 

(1 - €6 ) (1 - € ' 6 / / ) 
v pa ' v p a 

i n s u r e t h a t the d i s t r i b u t i o n s ( q p / ^ € ^ . . . q ^ ^ ) a r e p r o p e r l y i n c l u d e d 

in the sums over ( e , € 7 ) when one has (p = a ) or ( p ' = c' ) . I t remains t o 

e v a l u a t e the p a r i t y or permutat ion v a l u e s , P and P / , i n terms o f the 
q q 

parameters which have been introduced, , T h i s can be accompl i shed by 

n o t i n g t h a t the d i s t r i b u t i o n q i s now s p e c i f i e d by (assume p £ a f o r a 

d e f i n i t e o r d e r i n g ) 

q - q U ) = [ q \ } ^ p j a + { q p ; N - l + d + f q ^ N - e } 

= ( q x ) + ( N - l + €) + ( N - € ) c t 

( 1 3 4 ) 
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where the c a s e ( p ^ a ) i s used and the n o t a t i o n 

( N - l + € ) 

s imply means t h a t the p s u b s h e l l has the c o o r d i n a t e ( N - l + e ) w i t h i n i t 

The permutat ion P i s then composed of the permutat ions r e q u i r e d to 
q 

r e t u r n the s p e c t a t o r d i s t r i b u t i o n 

q = [\) ( 1 3 5 ) 

to a n a t u r a l order ( P - ) p l u s t h a t r e q u i r e d to r e t u r n the ( N - 1 , N ) coord i ­

n a t e s to a n a t u r a l o r d e r . But one has the c o r r e s p o n d e n c e , f o r c = 0 , 

( N - l ) (N) 
X 1 > } 2 9 3 9 * * « 9 p ) • • * ) j • • # 

so t h a t , to o b t a i n a n a t u r a l o r d e r , the N c o o r d i n a t e must be permuted 

through each s u b s h e l l from (X = a + 1 ) to the maximum r e q u i r e d to exhaust 

a l l f i l l e d s u b s h e l l s . S i n c e each s u b s h e l l has N e l e c t r o n s i t f o l l o w s 

A 
t h a t the number of permuta t ions f o r the N c o o r d i n a t e i s 

0 0 

Li X 
X=cr+1 

S i m i l a r l y , f o r the ( N - l ) c o o r d i n a t e , the number o f permutat ions i s j u s t 

0 0 

1 *x 
X = p + 1 

and one then has t h a t 
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P ( 0 ) P- + 
q 

\ 
X = p + 1 

N , N , L "\ 
X = a + 1 

( 1 3 6 ) 

q LI X 
X = p + 1 

I f ( € = 1 ) i s the s i t u a t i o n , then ( N - 1 , N ) are i n t e r c h a n g e d and one e x t r a 

permuta t ion i s then r e q u i r e d ; a one ( 1 ) must then be added to ( 1 3 6 ) . 

The g e n e r a l c a s e may, t h e r e f o r e , be w r i t t e n as 

P ( < r ) = P- + } N. + € ; ( 1 3 7 ) 
q q LI X 

X = p + 1 

s i n c e i t i s a l s o t rue t h a t 

a 

P / (C ) = P - + / N + € 
q q L X 

X-p'+l 

one has 

P q ( € ) + V ( € ' } = L \ + 1 \ + € + €' . ( 1 3 8 ) 
X = p + 1 X = p ' + 1 

But t h i s e q u a l i t y i s modulo 2 — i . e . , the on ly r e s t r i c t i o n i s t h a t both 

s i d e s be even or both o d d - - s o t h a t the same r e s u l t i s o b t a i n e d f o r 

e i t h e r s i g n in the q u a n t i t y 
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P ( 6 ) ± P , ( € ' ) 

( - D q q 

I t i s more c o n v e n i e n t t o use the minus case and we s h a l l thus r e p l a c e 

( 1 3 8 ) by 

a' 

P ( e ) - P , ( e ' ) = / N - ) N . + e - e ' = A P + € - e ' . ( 1 3 9 ) 
q q i—i k L-t k 

X = p + 1 X = p / + 1 

I f t h e s e r e s u l t s are now combined wi th 

V * p a pa ' p v a p a 

V o a o H a o N ( N - I > 
A. A 

( 1 4 0 ) 

i t f o l l o w s t h a t 

w | g | *> - W y v V N ' p ' C N ; . - 6 p V ) ( - 1 ) ^ . 

1 

( 1 4 1 ) 

< - i > € " € < i - c f i > < i V 6 p , 0 ^ ^ 

€ ' , € - 0 

and the problem i s thus reduced to one of e v a l u a t i n g the m a t r i x e l ements 

f o r unsymmetrized s t a t e s . The computat ions f o r t h e s e , though s t r a i g h t ­

forward , are t e d i o u s and the d e t a i l s are r e l e g a t e d to the Fano p a p e r . ^ 
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A procedure f o r computing the N - e l e c t r o n m a t r i x e l ements i s thus 

a v a i l a b l e , and i t may e v i d e n t l y be a p p l i e d to the computat ion o f Auger 

t r a n s i t i o n p r o b a b i l i t i e s when the m u l t i - e l e c t r o n model f o r the t r a n s i ­

t i o n dynamics i s assumed. U n f o r t u n a t e l y , the c a l c u l a t i o n s a r e q u i t e 

p r o h i b i t i v e i f the number o f open atomic s u b s h e l l s i s very l a r g e f o r , 

in t h i s c a s e , the number of a n g u l a r momentum s t a t e s i s a l s o l a r g e . As 

a r e s u l t o f t h i s , very few computat ions based on t h i s model have y e t 

been per formed . I t should be r e c o g n i z e d , however, t h a t t h i s i s not due 

t o r e s t r i c t i o n s on the method. 

Be fore c l o s i n g t h i s s e c t i o n , the e f f e c t o f the d e n s i t y o f s t a t e s 

f a c t o r ( p ) must be ment ioned . Our comments w i l l be c o n f i n e d to a tomic 

t r a n s i t i o n s here s i n c e the next s e c t i o n c o n s i d e r s the d i f f i c u l t i e s 

i n t r o d u c e d by the s o l i d s t a t e . S i n c e the d i s c u s s i o n i s f o r atomic 

s y s t e m s , a l l of the o r b i t a l s t a t e s (such as (n^^t n l ^ l ' n 2 ^ 2 ^ i n t * l e 

c o n v e n t i o n a l v iew) a r e d i s c r e t e . The d e n s i t y of s t a t e s i s thereby j u s t 

t h a t a v a i l a b l e to the continuum e l e c t r o n . I t i s shown in Mess iah*^ 

t h a t the d e n s i t y o f s t a t e s f o r such an e l e c t r o n i s determined by i t s 

n o r m a l i z a t i o n . I n d e e d , i f one n o r m a l i z e s the continuum s t a t e as 

( E ' l \ E l ) = 6 ( E ' - E ) , ( 1 4 2 ) 

the d e n s i t y o f energy s t a t e s i s j u s t 

P(E) = 1 ( 1 4 3 ) 

and , f o r t h i s c a s e , the f a c t o r ( p ) can be dropped from the r e l e v e n t 

formulae f o r the t r a n s i t i o n p r o b a b i l i t i e s . T h i s n o r m a l i z a t i o n i s "per 
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u n i t energy" and for Auger t r a n s i t i o n s i t can be i n t e r p r e t e d as one 

Auger e l e c t r o n e m i t t e d per u n i t e n e r g y . I t i s sometimes c o n v e n i e n t , 

however , t o n o r m a l i z e to one e l e c t r o n e m i t t e d per u n i t energy per u n i t 

t i m e . T h i s means t h a t ( 1 4 2 ) i s r e p l a c e d by 

<E = h6(E ' - E) , ( 1 4 4 ) 

where h i s P l a n c k ' s c o n s t a n t , and ( 1 4 3 ) then becomes 

P(E) = 1 /h . ( 1 4 5 ) 

In t h i s n o r m a l i z a t i o n , t h e r e f o r e , the f a c t o r p } i- n t n e t r a n s i t i o n 

formulae becomes 

One must thus be c a u t i o u s when c o n s i d e r i n g the r e s u l t s o b t a i n e d f o r 

Auger t r a n s i t i o n p r o b a b i l i t i e s s i n c e the n o r m a l i z a t i o n chosen f o r the 

continuum f u n c t i o n w i l l a f f e c t the p r e d i c t e d v a l u e s . 

S o l i d S t a t e E f f e c t s 

We now w i l l c o n s i d e r b r i e f l y the e f f e c t s i n t r o d u c e d f o r Auger 

t r a n s i t i o n s i n m o l e c u l a r or s o l i d s t a t e s y s t e m s . The o b v i o u s new 

f e a t u r e i n b o t h sys tems i n v o l v e s the changes in the v a l e n c e s t a t e wave 

f u n c t i o n s . The o v e r l a p of t h e s e s t a t e s in the m o l e c u l a r or s o l i d s t a t e 

l e a d s t o a broaden ing o f the energy l e v e l s as w e l l as an a l t e r a t i o n i n 

the wave f u n c t i o n p r o p e r t i e s . I n s t e a d o f a tomic o r b i t a l s , t h e r e f o r e , 
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one must use m o l e c u l a r o r b i t a l s or the a p p r o p r i a t e s o l i d s t a t e f u n c t i o n s 

A second f e a t u r e o f the m o l e c u l a r a n d / o r s o l i d s t a t e i s the importance 

o f the d e n s i t y o f s t a t e s f a c t o r , p. As we s h a l l s e e , the s t r u c t u r e i n 

t h i s f a c t o r can have a pronounced e f f e c t on the o b s e r v e d Auger s p e c t r a . 

F i n a l l y , the broaden ing o f the i n t r i n s i c energy l e v e l w id ths can have an 

e f f e c t on the observed Auger peak w i d t h s . S i n c e t h i s broadening i s most 

pronounced in s o l i d s t a t e sys tems where energy bands a r e formed, we w i l l 

r e s t r i c t the f o l l o w i n g comments to the s o l i d ( f o r a more d e t a i l e d 

t r e a t m e n t o f s o l i d s t a t e d i f f i c u l t i e s and f o r a d d i t i o n a l r e f e r e n c e s , 
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c o n s u l t A m e l i o ) . The same c o n c l u s i o n s , however , f o l l o w t o a l e s s e r 

e x t e n t f o r the m o l e c u l a r c a s e . 

Now c o n s i d e r F igure 5 where a schemat ic l e v e l d iagram, such as 

might e x i s t i n a s o l i d , i s g i v e n . The band i s l a b e l e d w h i l e the 

r e l a t i v e l y unperturbed , I ^ , L ^ , K l e v e l s remain d i s t i n c t . We have 

the top o f the band an energy 0 below the s o - c a l l e d vacuum l e v e l w h i l e 

the bot tom of the band i s c b e l o w t h i s l e v e l . Two types o f Auger t r a n ­

s i t i o n s i n v o l v i n g the band a r e i n d i c a t e d - - o n e in which both f i n a l 

v a c a n c i e s a r e in the band and the second where o n l y one vacancy i s in 

the band. Only the former c a s e w i l l be d i s c u s s e d h e r e . Assuming a 

B e r g s t r o m - H i l l type e x p r e s s i o n f o r the e n e r g y , the Auger e l e c t r o n w i l l 

have the energy 

E = E k - | E B | - | E C | . ( 1 4 7 ) 

S i n c e E, , E_ a r e band e n e r g i e s , i t i s then c l e a r t h a t the Auger e l e c t r o n 
b C 

may have a cont inuous range o f v a l u e s wi th the maximum v a l u e g i v e n when 

E + E i s a m i n i m u m - - i . e . , when both e l e c t r o n s o r i g i n a t e a t the top o f 
B C 



F i g u r e 5 . L e v e l Diagram f o r Auger T r a n s i t i o n s from 

an Energy Band. 
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the band. S i m i l a r l y , the minimum Auger energy occurs i f E + E i s a 
B C 

m a x i m u m — i „ e . , both e l e c t r o n s o r i g i n a t e a t the bottom of the band. 

Thus we can l i s t e x p l i c i t l y the maximum and minimum e n e r g i e s as 

E = E. - 20 , E . = E. - 2e ( 1 4 8 ) 
max k ^ mm k y 

so t h a t the i n t r i n s i c width o f the Auger peak can be expec ted to have 

a t l e a s t a spread in energy o f 

AE = E - E . = 2 ( e - 0 ) = 2E , ( 1 4 9 ) 
max m m W 

i . e . , tw ice the band w i d t h . Now such a broaden ing o f the energy widths 

may g i v e r i s e to d i f f i c u l t y in i n t e r p r e t i n g Auger s p e c t r a i f the peaks 

a r e s e p a r a t e d by amounts comparable wi th the band w i d t h s . In such 

c a s e s , the a d j a c e n t peaks w i l l o v e r l a p and t h e i r r e s o l u t i o n w i l l thus 

become i n c r e a s i n g l y d i f f i c u l t . 

I t i s , t h e r e f o r e , o f i n t e r e s t to examine what i n f o r m a t i o n - - i f 

a n y - - o n e may o b t a i n from the peak i n t e n s i t i e s „ B e f o r e t h i s can be 

p r o p e r l y done, however, o b s e r v e t h a t in a d d i t i o n t o the use o f s o l i d 

s t a t e band f u n c t i o n s and the importance o f the d e n s i t y o f s t a t e s , there 

i s one o t h e r c o m p l i c a t i o n to be i n c l u d e d . Thus we n o t e t h a t the two 

e l e c t r o n s may o r i g i n a t e a t d i f f e r e n t p l a c e s w i t h i n the band and s t i l l 

g i v e r i s e to the same Auger e n e r g y . I t f o l l o w s t h a t the t r a n s i t i o n 

p r o b a b i l i t y or i n t e n s i t y o f the peak f o r a g iven energy i s a c t u a l l y a 

sum of i n d i v i d u a l i n t e n s i t i e s . In order to unders tand how t h i s s i t u a ­

t i o n o c c u r s , c o n s i d e r F i g u r e 6 where the t r a n s i t i o n o f two e l e c t r o n s 



E = E a - 2 E b 

E ' = E - E ' - E ' = E - E . + A - E , - A = E -2E, a b c a b b a b 

F i g u r e 6 . I l l u s t r a t i o n o f the Same Auger Energy 

f o r D i f f e r e n t Band T r a n s i t i o n s . 
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from the same l e v e l , - E D , i s shown. The Auger energy i s c l e a r l y j u s t 
B 

E = E A - 2 E B ( 1 5 0 ) 

f o r t h i s c a s e . But i t i s e v i d e n t t h a t e l e c t r o n s which o r i g i n a t e i n the 

symmetric l e v e l s 

( 1 5 1 ) 

" E C = " E B " A 

w i l l n e c e s s a r i l y g i v e the same Auger e n e r g y . Now a l l v a l u e s o f the A 

parameter are not a l l o w e d s i n c e the e n e r g i e s ( 1 5 1 ) must l i e w i t h i n the 

b a n d - - i . e . , one has 

- E f i + A <: - 0 

( 1 5 2 ) 

- E c - A a - € 

which can be w r i t t e n as 

A <: E f i - 0 = A X 

and A ^ -E + € = A 

I t f o l l o w s t h a t one must have 

0 <; A <. m i n ( A L S A 2 ) ( 1 5 3 ) 
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( 1 5 4 ) 

*2 - < * S * ' i f ) • 

From t h i s the a l l o w e d v a l u e s of A are determined by ( 1 5 3 ) . I f one now 

sums a l l t r a n s i t i o n p r o b a b i l i t i e s a s s o c i a t e d wi th a p a r t i c u l a r energy 

E , the r e s u l t i s 

pAmax i o 
TP(E) a j | < f | / r 1 2 | i ) | p ( A ) d A ( 1 5 5 ) 

o 

where the c o n v e n t i o n a l v i ew o f an Auger t r a n s i t i o n i s assumed. R e c a l l 

t h a t t h i s e x p r e s s i o n r e q u i r e s the use o f s o l i d s t a t e band f u n c t i o n s 

a n d / o r m o l e c u l a r o r b i t a l s i n p l a c e of the atomic o r b i t a l s assumed 

p r e v i o u s l y . T h i s c l e a r l y c o m p l i c a t e s the computat ions in ( 1 5 5 ) . In 

a d d i t i o n , the c a l c u l a t i o n o f the d e n s i t y o f s t a t e s (p ) i s e x t r e m e l y 

complex in i t s e l f . I t f o l l o w s from t h i s t h a t the i n t r o d u c t i o n o f the 

s o l i d s t a t e i n t o an Auger problem s i g n i f i c a n t l y i n c r e a s e s the l a b o r 

i n v o l v e d in making the computat ion for t r a n s i t i o n p r o b a b i l i t i e s . 

A f i n a l comment on computing e n e r g i e s f o r Auger t r a n s i t i o n s i n a 

s o l i d i s i n o r d e r . Thus i*t was assumed above t h a t the B e r g s t r o m - H i l l 

r e l a t i o n was v a l i d in computing the e n e r g y . But from p r e v i o u s remarks 

we e x p e c t t h a t a far b e t t e r procedure would u t i l i z e the t o t a l energy 

approach o f ( 2 ) . U n f o r t u n a t e l y , t h i s approach i s not f e a s i b l e f o r 

e x t r e m e l y l a r g e systems s i n c e ( a ) the computat ion of the e n e r g i e s 

and one can show tha t 

m i n ( A x , A 2 ) = 
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become more complex and (b) the p e r c e n t a g e change in the t o t a l energy 

f o r the e m i s s i o n o f a s i n g l e e l e c t r o n d e c r e a s e s f o r such s y s t e m s . For 

t h e s e r e a s o n s , i t i s p r o b a b l y b e t t e r to use a r e l a t i o n o f the Bergstrom 

H i l l t ype for s o l i d s t a t e or l a r g e m o l e c u l a r s y s t e m s . 



1 0 0 

CHAPTER I I I 

COMPUTATIONAL RESULTS 

The formal i sm deve loped i n the p r e v i o u s chapter i s now a p p l i e d 

to the computat ion o f LMM t r a n s i t i o n p r o b a b i l i t i e s and e n e r g i e s f o r 

the e l ements t i t a n i n u m ( T i ) , vanadium ( V ) , chromium ( C r ) , z i rcon ium 

( Z r ) , n iobium ( N b ) , and molybdenum ( M o ) . Before p r e s e n t i n g the r e s u l t s , 

however, i t i s worthwhi le to c o n s i d e r the procedure adopted for c a r r y ­

ing out the n e c e s s a r y c a l c u l a t i o n s . T h i s procedure has a l r e a d y been 

b r i e f l y d e s c r i b e d i n Chapter I b u t , for c o n v e n i e n c e , the p r o c e d u r a l 

s t e p s a r e r e p e a t e d be low: 

( a ) use H a r t r e e - F o c k wave f u n c t i o n s ; 

( b ) work in the i n t e r m e d i a t e c o u p l i n g ( I C ) l i m i t ; 

( c ) t r e a t t r a n s i t i o n s in i s o l a t e d a toms; 

(d ) work in the n o n - r e l a t i v i s t i c l i m i t ; and 

( e ) assume b a s i c v a l i d i t y o f W e n t z e l t w o - e l e c t r o n 

t h e o r y . 

In o r d e r to c l a r i f y the s i g n i f i c a n c e o f t h e s e s t e p s , each w i l l be d i s ­

cussed s e p a r a t e l y ; f o l l o w i n g t h i s , the data o b t a i n e d f o r the above 

e l ements i s p r e s e n t e d . 

The c h o i c e o f H a r t r e e - F o c k wave f u n c t i o n s was d i c t a t e d by the 

f a c t t h a t t h i s approach r e p r e s e n t s the b e s t approx imat ion to the a c t u a l 

s o l u t i o n s o b t a i n e d by s o l v i n g S c h r o d i n g e r ' s e q u a t i o n ( 3 ) . I t may be 

r e c a l l e d t h a t e x a c t s o l u t i o n s o f ( 3 ) a r e not f e a s i b l e f o r most atoms so 
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the a p p r o x i m a t i o n i s a n e c e s s i t y . By u t i l i z i n g the H a r t r e e - F o c k 

f u n c t i o n s , i t then f o l l o w s from e q u a t i o n s ( 9 4 ) and ( 1 0 6 ) t h a t the r e ­

s u l t s o b t a i n e d f o r the computed t r a n s i t i o n p r o b a b i l i t i e s should be the 

most a c c u r a t e a t t a i n a b l e in the absence of e x a c t s o l u t i o n s to ( 3 ) . In 

k k 
a d d i t i o n , the coulomb i n t e g r a l s , F (n^ ^2^7) a n d G ^ n l ^1 n 2 ^ 2 ^ ' a r e 

produced i n the H a r t r e e - F o c k t rea tment so t h a t the energy c a l c u l a t i o n s 

a r e a l s o improved by the approach . The p a r t i c u l a r computat ion c a r r i e d 

out in t h i s work u t i l i z e d the m u l t i - c o n f i g u r a t i o n H a r t r e e - F o c k (MCHF) 

program o f C . F . F i s c h e r . ^ With t h i s program i t i s p o s s i b l e t o s p e c i f y 

the c o n f i g u r a t i o n o f the atom in the L S - c o u p l i n g l i m i t and then o b t a i n 

the H a r t r e e - F o c k w a v e - f u n c t i o n s , the average and t o t a l energy o f the 

c o n f i g u r a t i o n , and the r e l e v a n t coulomb i n t e g r a l s f o r t h e c a l c u l a t i o n s . 

The use o f t h i s MCHF procedure was not r e s t r i c t e d to the compu­

t a t i o n of a s i n g l e c o n f i g u r a t i o n per e l e m e n t . I n s t e a d , an a t t empt was 

made to account f o r the " r e l a x a t i o n " of the e l e c t r o n o r b i t a l s f o l l o w i n g 

the e x c i t a t i o n o f the atom. Thus the removal o f the inner s h e l l e l e c ­

t r o n to produce the e x c i t e d i n i t i a l s t a t e would be e x p e c t e d to a l t e r 

t h e e l e c t r o n b i n d i n g e n e r g i e s and wave f u n c t i o n s from t h a t o b t a i n e d f o r 

the n e u t r a l atom. S i m i l a r l y , the e j e c t i o n o f the Auger e l e c t r o n p r o ­

duces the doubly i o n i z e d atom whose e l e c t r o n p r o p e r t i e s w i l l d i f f e r even 

more from the n e u t r a l c a s e . To account f o r t h i s r e l a x a t i o n phenomenon, 

s e p a r a t e H a r t r e e - F o c k c a l c u l a t i o n s were c a r r i e d out f o r the i n i t i a l and 

f i n a l a tomic s t a t e s i n v o l v e d in the Auger t r a n s i t i o n . From the comments 

o f e q u a t i o n s ( 3 2 ) - ( 3 4 ) , t h i s means t h a t , i n g e n e r a l , two i n i t i a l and 

s i x f i n a l s t a t e MCHF computat ions were c a r r i e d out f o r each o f the 

e l ements c o n s i d e r e d . In a c t u a l p r a c t i c e , however, o n l y f i v e f i n a l 
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s t a t e s were c o n s i d e r e d s i n c e the c o n f i g u r a t i o n r e s u l t i n g from the 

e j e c t i o n o f both 3s e l e c t r o n s (compare ( 3 3 a ) ) p r e s e n t e d d i f f i c u l t i e s . 

The wave f u n c t i o n s and e n e r g i e s f o r t h i s c o n f i g u r a t i o n were o b t a i n e d , 

f o r each e l e m e n t , by u s i n g the coulomb i n t e g r a l s and wave f u n c t i o n s 

computed from the c o n f i g u r a t i o n f o r the 3s3p t r a n s i t i o n (compare ( 3 3 b ) ) . 

I t should be r e c a l l e d from ( 5 2 ) t h a t the s t r u c t u r e terms i n v o l v e d i n 

the computat ion o f the LMM i n t e r m e d i a t e c o u p l i n g ( I C ) e n e r g i e s c o n t a i n 

the s p i n - o r b i t c o u p l i n g parameters § 3 p » ^3d* ^ e ^CHF procedure a l s o 

computes t h e s e parameters u t i l i z i n g an approximate approach due to 

F i s c h e r which a t t e m p t s t o extend the r e s u l t s o f Blume and W a t s o n , , ^ 

S i n c e t h e s e r e s u l t s a r e e x p e c t e d t o be more a c c u r a t e than c o n v e n t i o n a l 

c a l c u l a t i o n s , they were adopted f o r t h i s work. The use o f the H a r t r e e -

Fock procedure can be summarized by n o t i n g t h a t s e p a r a t e c a l c u l a t i o n s 

a r e performed f o r each a tomic c o n f i g u r a t i o n . The coulomb, a v e r a g e , 

and s p i n - o r b i t e n e r g i e s computed by the procedure are then u t i l i z e d to 

c a l c u l a t e the LMM Auger e n e r g i e s w h i l e the wave f u n c t i o n s a l l o w the 

computat ion o f the a s s o c i a t e d t r a n s i t i o n p r o b a b i l i t i e s . 

To comple te t h i s d i s c u s s i o n on the e l e c t r o n wave f u n c t i o n s , i t 

must be n o t e d t h a t the MCHF procedure i s no t c a p a b l e o f produc ing the 

continuum e l e c t r o n f u n c t i o n . I n s t e a d the approach taken i s t o assume 

t h a t the Auger e l e c t r o n moves in a c e n t r a l a tomic p o t e n t i a l as i t e x i t s 

the atom so t h a t i t must s a t i s f y the e q u a t i o n 

r * 2 2 

" 2m" V + v<r>Jt = E * ' ( 1 5 6 ) 

where E > 0 s i n c e the p a r t i c l e i s not bound 0 The energy E i s o b t a i n e d 
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by e q u a t i o n ( 2 ) f or the r e l e v a n t t r a n s i t i o n once the coulomb e n e r g i e s 

a r e o b t a i n e d v i a the MCHF c o m p u t a t i o n . Hence i t i s n e c e s s a r y o n l y to 

o b t a i n V ( r ) and then s o l v e for the continuum f u n c t i o n In t h i s work 

the form o f V ( r ) was assumed to be t h a t o b t a i n e d by the H a r t r e e - F o c k -

S l a t e r (HFS) approx imat ion to the a tomic problem. Then by u s i n g the 

7 6 

computer r e s u l t s deve loped by Hermann and S k i l l m a n f o r the HFS 

a p p r o a c h , a p o t e n t i a l V ( r ) was computed for each p e r m i t t e d f i n a l s t a t e 

o f each e l e m e n t . The r e s u l t s o f t h i s computat ion were i n s e r t e d i n t o a 

computer p r o g r a m ^ which n u m e r i c a l l y s o l v e s ( 1 5 6 ) f o r the continuum 

f u n c t i o n \|/ and computes the r e l e v a n t i n t e g r a l s R ( a b , c d ) encountered 

i n the computat ion o f the t r a n s i t i o n p r o b a b i l i t i e s (compare wi th ( 9 1 ) 

and ( 9 2 ) ) . The n o r m a l i z a t i o n chosen for the continuum f u n c t i o n was tha t 

found i n ( 1 4 2 ) - - i . e . , per u n i t e n e r g y . Note t h a t each of the programs 

r e f e r e n c e d here was m o d i f i e d i n order t o c a r r y out the c a l c u l a t i o n s o f 

t h i s work. 

The d e c i s i o n to t r e a t the Auger p r o c e s s i n the l i m i t o f i n t e r ­

m e d i a t e c o u p l i n g ( I C ) was d i c t a t e d by the complete l a c k o f such computa­

t i o n s f o r LMM t r a n s i t i o n s . I t was a l s o s u g g e s t e d by the s u c c e s s 

o b t a i n e d by Asaad and B u r h o p ^ when they a p p l i e d IC t o the case of KLL 

t r a n s i t i o n s . T h i s t r e a t m e n t , t h e r e f o r e , s e r v e s as a check on the need 

f o r the IC l i m i t in the e l ements c o n s i d e r e d and p r o v i d e s as w e l l the 

most g e n e r a l f o r m u l a t i o n - - f r o m the c o u p l i n g v i e w p o i n t - - o f the problem. 

As r e g a r d s t h i s l a t t e r remark, i t i s t o be no ted t h a t i n t e r m e d i a t e 

c o u p l i n g i s a p p l i e d o n l y t o the i n t e r a c t i o n of those e l e c t r o n s which 

t r a n s i t to f i l l the i n i t i a l vacancy and form the continuum e l e c t r o n . 

The i n t e r a c t i o n o f the continuum and i n i t i a l ( 2 s , 2 p ) e l e c t r o n s (compare 
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( 7 7 ) ) i s t r e a t e d i n the L S - c o u p l i n g l i m i t . I t f o l l o w s from t h i s t h a t 

the LMM t r a n s i t i o n p r o b a b i l i t i e s a r e computed from ( 1 0 6 ) r a t h e r than the 

more g e n e r a l r e s u l t o f ( 9 7 ) . E x p l i c i t e x p r e s s i o n s o b t a i n e d from t h i s 

r e l a t i o n a r e p r e s e n t e d in Appendix C f o r t h e s e t r a n s i t i o n r a t e s . 

The r e s t r i c t i o n o f the t rea tment to i s o l a t e d atoms o b v i o u s l y 

i g n o r e s a l l m o l e c u l a r and s o l i d s t a t e e f f e c t s d i s c u s s e d in the f i n a l 

s e c t i o n o f Chapter I I . T h i s o m i s s i o n i s j u s t i f i e d , we b e l i e v e , s i n c e 

t h e r e e x i s t no t h e o r e t i c a l data f o r the e l ements in q u e s t i o n , i s o l a t e d 

2 3 , 2 4 

o r o t h e r w i s e ( a l t h o u g h some r e s u l t s have appeared r e c e n t l y ' ) . In 

a d d i t i o n , the c o n t r i b u t i o n o f the m o l e c u l a r and s o l i d s t a t e e f f e c t s i s 

p r i m a r i l y to broaden the observed peak widths wi th the b a s i c p o s i t i o n 

( i n energy) o f the peaks b e i n g the same as f o r the c a s e o f i s o l a t e d 

a t o m s . I t f o l l o w s from t h i s t h a t a knowledge o f LMM e n e r g i e s and i n ­

t e n s i t i e s , based on atomic c a l c u l a t i o n s , i s e x p e c t e d to be o f i n t e r e s t 

a l s o in m o l e c u l e s and s o l i d s „ T h i s i s e s p e c i a l l y t r u e in e l ements such 

as Z r , N b , and Mo s i n c e LMM t r a n s i t i o n s in t h e s e atoms correspond t o 

"core" t r a n s i t i o n s o Hence the band e f f e c t s caused by o v e r l a p p i n g o f 

the v a l e n c e o r b i t a l s should be q u i t e s m a l l f o r t h e s e m a t e r i a l s so t h a t 

a tomic c a l c u l a t i o n s r e p r e s e n t a r e l i a b l e t r e a t m e n t f o r LMM t r a n s i t i o n s 

i n such m a t e r i a l s . 

The use o f the n o n - r e l a t i v i s t i c l i m i t i n t r e a t i n g the Auger 

p r o c e s s was due p r i n c i p a l l y t o the l a c k o f a v a l i d , r e l a t i v i s t i c formu­

l a t i o n o f the problem. I n d e e d , the o n l y a v a i l a b l e t r e a t m e n t , which i s 
v a l i d in the r e l a t i v i s t i c l i m i t , i s due to an approx imat ion by M o l l e r . 

T h i s v iews the Auger p r o c e s s as a r i s i n g from an i n d i r e c t t r a n s i t i o n 

wherein a photon i s produced and then r e a b s o r b e d by the Auger e l e c t r o n 

78 
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(which i s , o f c o u r s e , s u b s e q u e n t l y e j e c t e d from the a t o m ) . T h i s i s the 

1 2 

same v i ew o r i g i n a l l y proposed by Auger ' and then d i s c a r d e d in the 

W e n t z e l f o r m u l a t i o n o f the t h e o r y . S i n c e the v iew and f o r m u l a t i o n i s 

i n c o r r e c t , i t was f e l t t h a t a r e l a t i v i s t i c t rea tment of the problem was 

not j u s t i f i e d . 

F i n a l l y , the W e n t z e l f o r m u l a t i o n o f the Auger problem was assumed 

s i n c e exper iment i n d i c a t e s t h a t the Auger s p e c t r a o b s e r v e d does a g r e e 

f a i r l y w e l l w i th t h a t p r e d i c t e d on the b a s i s o f t h i s t h e o r y . T h i s does 

n o t , of c o u r s e , mean t h a t the t w o - e l e c t r o n formal i sm i s c o r r e c t s i n c e 

i t may b e , f o r example , t h a t o t h e r peaks a r e s imply no t b e i n g r e s o l v e d . 

N e v e r t h e l e s s , the b a s i c v a l i d i t y seems t o be i n d i c a t e d so our c a l c u l a ­

t i o n s assume a spectrum of the two e l e c t r o n type (compare Chapter I I ) „ 

R e s u l t s f o r T i , V, Cr 

The procedure o u t l i n e d above d e s c r i b e s the g e n e r a l assumpt ions 

made i n c a r r y i n g out t h i s work. I t does n o t , however, g i v e the s p e c i f i c 

program which i n c o r p o r a t e s t h e s e assumpt ions i n t o a v i a b l e c o m p u t a t i o n a l 

scheme. Such a program was d e v e l o p e d , o f c o u r s e , and i t i s p r e s e n t e d 

in F i g u r e 7 as a b l o c k d iagram. The e s s e n t i a l f e a t u r e s o f the scheme 

a r e r e a d i l y apparent w i th the computat ion o f the H a r t r e e - F o c k o r b i t a l s 

b e i n g the fundamental s t ep i n the p r o c e d u r e . Once t h i s has been 

a c c o m p l i s h e d , the c a l c u l a t i o n o f the Auger e n e r g i e s and i n t e n s i t i e s 

f o l l o w s in a s t r a i g h t f o r w a r d f a s h i o n by u t i l i z i n g the formal i sm 

d e v e l o p e d in Chapter I I . As an a i d i n i n t e r p r e t i n g the s t e p s and t h e i r 

r e l a t i o n to the f o r m a l i s m , p e r t i n e n t e q u a t i o n s a r e r e f e r e n c e d a t each 

s t ep in the scheme. Note t h a t the o n l y d e v i a t i o n in the program occurs 
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Element 

[by s p e c t a t o r 

approach 

( e q . 39 - 5 0 ) 

Compute Atomic W a v e f u n c t i o n s and 

Coulomb I n t e g r a l s by MCHF Procedure 

Compute Atomic T o t a l E n e r g i e s , 

then the Auger E n e r g i e s 

by "exact" 

approach 

( e q . 35 - 3 8 ) 

Compute R e l e v a n t R k ( a b , c d ) 

I n t e g r a l s f o r each Auger Energy 

( e q . 9 2 ) 

Compute I n t e r m e d i a t e Coupl ing 

Mix ing C o e f f i c i e n t s 

(appendix D) 

Compute L S - c o u p l i n g 

T r a n s i t i o n P r o b a b i l i t i e s 

( e q . 9 4 ) 

Compute I n t e r m e d i a t e Coupl ing 

T r a n s i t i o n P r o b a b i l i t i e s 

( e q . 1 0 6 ) 

F i g u r e 7. B l o c k Diagram f o r the Computat ion o f LMM Auger 

E n e r g i e s and T r a n s i t i o n P r o b a b i l i t i e s 
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in the c a l c u l a t i o n o f the Auger e n e r g i e s , a f a c t in agreement with 

e a r l i e r o b s e r v a t i o n s . Thus i t i s n e c e s s a r y t h a t one d e c i d e a t the 

o u t s e t on the use of the s p e c t a t o r or "exact" approaches to the energy 

e v a l u a t i o n . From Chapter I I , t h i s d e c i s i o n depends s o l e l y on whether 

or n o t the M s h e l l ( f o r LMM t r a n s i t i o n s ) i s c o m p l e t e l y f i l l e d . I f i t 

i s , then one uses the "exact" approach; o t h e r w i s e , the s p e c t a t o r 

approach i s r e q u i r e d . Once the a p p r o p r i a t e method i s a d o p t e d , the 

computat ion o f the t r a n s i t i o n p r o b a b i l i t i e s f o l l o w s the w e l l - d e f i n e d 

procedure o f F i g u r e 7 . 

In order to app ly t h i s program to the e l ements t i t a n i u m ( T i ) , 

vanadium ( V ) , and chromium ( C r ) , t h e s e comments i n d i c a t e t h a t the 

s p e c t a t o r approach must be u t i l i z e d . I t then f o l l o w s a t once from ( 5 5 ) 

t h a t the a p p r o p r i a t e m u l t i p l e t s t r u c t u r e a r i s i n g from a n g u l a r momentum 

c o u p l i n g i s o b t a i n e d from the c o n f i g u r a t i o n s 

3 s 2 , 3 s 3 p , 3 s 3 d , 3 p 2 , 3 p 3 d , 3 d 2 . ( 1 5 7 ) 

The s t r u c t u r e f o r t h e s e c o n f i g u r a t i o n s i s p r e s e n t e d i n schemat ic form 

i n F igure 8 f o r the ( a ) h y d r o g e n i c , (b) L S - , ( c ) i n t e r m e d i a t e and (d ) 

j j - c o u p l i n g l i m i t s . The s i m i l a r i t y to F igure 1 f o r KLL t r a n s i t i o n s i s 

r e a d i l y apparent wi th most of the n o t a t i o n remain ing the same. As the 

o n l y e x c e p t i o n , no te t h a t the p r e s e n c e o f mixed s t a t e s (compare ( 2 3 ) ) 

in the i n t e r m e d i a t e c o u p l i n g r e g i o n i s h e r e denoted by an a s t e r i s k 

r a t h e r than q u o t a t i o n marks . Due t o t h i s mix ing we aga in have t h a t 

some l e v e l s , f o r b i d d e n in the L S - l i m i t , a r e a l l o w e d i n the i n t e r m e d i a t e 

2 3 
c a s e as e v i d e n c e d , f o r example , by the 3p ( P n ) l e v e l s . Now i n order 
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*F * F 3 * 

/ X P ' P i * * ^ ^ M3M6 

/ / 3Q3* ! > / 
S*—4- * ? M * 

3 P 3 d ! £ _ « * - * " — J l a . * / 
V " 3 p o V / 

\ ^ — © 7 \ y 

*S _ _ l S p J v

 M M ^ — ~ — r r 7 ^ — ^ 
3 p 2 MBM., 

PQ* 
^ ^ J* - *— M l M 6 

^ 3 J £ L _ MXM4 

\ ^ ^ r r r « Z Z 3 l - —LJL~ 
.̂ i£ i£aJL m,m3 

3s3P 3 P 2 j r r * — * - s — 
3 P i * " 

^ o ^ ^ 5—* MiM-
3 s 5 ^ M 1 M 1 

( a ) C e n t r a l F i e l d ( b ) L S - l i m i t ( c ) IC l i m i t (d) j j - l i m i t 
(x) l e v e l f o r b i d d e n f o r W^WL t r a n s i t i o n s 

F i g u r e 8 . Schemat ic Energy L e v e l Diagram f o r Computat ion o f LMM Auger E n e r g i e s by S p e c t a t o r Approach ( n o t to s c a l e ) . 



109 

to compute the Auger e n e r g i e s in the d e s i r e d c o u p l i n g l i m i t , i t i s 

n e c e s s a r y t h a t the average e n e r g i e s o f the c o n f i g u r a t i o n s ( 1 5 7 ) be 

computed t o g e t h e r wi th the e n e r g i e s of the s t r u c t u r e terms appear ing 

i n F i g u r e 8 . Thus i n the case o f the 3 s 3 d c o n f i g u r a t i o n i n the L S -

l i m i t , the average energy (E ( i n i t i a l ) i n F i g u r e 3 ) l o c a t e s the 3 s 3 d 
avg 

l e v e l i n the hydrogen ic l i m i t (a ) w h i l e the s t r u c t u r e term e n e r g i e s 

1 3 

de termine the s p l i t t i n g of the D and D l e v e l s . The p r e s e n t work 

t r e a t s the sys tem in the i n t e r m e d i a t e c o u p l i n g r e g i o n ( c ) so t h a t the 

s t r u c t u r e term computat ion i s somewhat more complex than the c a s e o f 

the L S - l i m i t . I t i s s t i l l r e a d i l y a c c o m p l i s h e d , however , u s ing the 

r e s u l t s o f T a b l e 1 . 

B e f o r e proceed ing to the r e s u l t s , a word about n o t a t i o n i s 

r e q u i r e d due to the ambigu i ty i n h e r e n t i n s p e c i f y i n g the l e v e l s i n the 

IC r e g i o n . F o l l o w i n g the c o n v e n t i o n s e t f o r t h i n the d i s c u s s i o n 

f o l l o w i n g ( 1 2 ) , t h e s e l e v e l s a r e s p e c i f i e d by g i v i n g both the L S - and 

j j - l e v e l s t o which the g i v e n IC l e v e l tends in the a p p r o p r i a t e l i m i t . 

2 

Thus one h a s , f o r the 3s3p and 3p c o n f i g u r a t i o n s , the l e v e l s s p e c i f i e d 

as 

3 s 3 p : M 1 M 2 ( 3 P Q , ^ ; M ^ ^ , l ? l ) 

3 p 2 : M 2 M 2 ( 3 P Q ) ; M 2 M 3 ( 3 P 2 , 3 P X ) ; M ^ ^ , ^ ) 

w i th s i m i l a r d e s i g n a t i o n s f o r the o t h e r c o n f i g u r a t i o n s . I t remains 

t o i n d i c a t e whether the i n i t i a l vacancy o f the Auger p r o c e s s o c c u r s i n 
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the 2s or 2p s u b s h e l l s . T h i s i s a c c o m p l i s h e d (compare ( 1 0 ) ) by u s i n g 

the n o t a t i o n for t h e s e l e v e l s in the j j - l i m i t , i . e . , 

2s ~ 1^ and 2p ~ L 2 > 

from which i t f o l l o w s t h a t a 2s t r a n s i t i o n i s i d e n t i f i e d s imply by 

u s i n g the l a b e l . S i m i l a r l y , the 2p s u b s h e l l should be s p e c i f i e d by 

l i s t i n g e i t h e r the L 2 or l a b e l . The MCHF procedure u t i l i z e d in t h i s 

work, however , computes the o r b i t a l s and a s s o c i a t e d b i n d i n g e n e r g i e s 

in the L S - l i m i t so t h a t o n l y a s i n g l e 2p l e v e l i s o b t a i n e d - - i . e . , the 

L 2 and L^ l e v e l s a r e the same. I t f o l l o w s t h a t our r e s u l t s should b e s t 

be s p e c i f i e d by i n c l u d i n g both L 2 and L^ in the t r a n s i t i o n l a b e l . As 

a r e s u l t the n o t a t i o n 

2 s : L 1 M 1 M 1 ( 1 S Q ) ; L ^ M ^ M 2 ( ^ P 2 ) . . . 

( 1 5 8 ) 

2 P : L ^ M / S Q ) ; L ^ M ^ V , ) . . . 

i s u s e d , i n t h i s work, t o denote t r a n s i t i o n s to i n i t i a l 2s or 2p vacancy 

s t a t e s . 

The r e s u l t s f or the LMM t r a n s i t i o n e n e r g i e s can now be p r e s e n t e d , 

and t h i s i s done i n T a b l e 2 . Perhaps the most o b v i o u s f e a t u r e r e f l e c t e d 

by t h e s e r e s u l t s i s the s m a l l n e s s o f the s p l i t t i n g s induced by the 

s p i n - o r b i t i n t e r a c t i o n . Thus the maximum energy d i f f e r e n c e found f o r 

i n t e r m e d i a t e l e v e l s such as 

3 s 3 p : L M 1 M 2 ( 3 P Q ^ ; L M ^ ^ ) 
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T a b l e 2 . LMM Auger T r a n s i t i o n E n e r g i e s i n t h e 

I n t e r m e d i a t e Coupl ing L i m i t ( e l e c t r o n v o l t s ) 

:i V Cr 

Li >3 Li ^ 2 >3 

M i M i ^ S o ) 4 0 2 . 1 3 0 2 . 0 J £ 2 J . 8 _ _ _ 3 4 4 _ L 6 _ _ _ _ 5 1 6 l L _ _ _ 4 0 4 1 2 

M i ^ ( a P o ) 4 3 7 . 7 3 3 7 . 7 4 9 1 . 0 3 8 2 . 8 5 4 8 . 2 4 3 6 . 1 

M ^ ^ P , ) 4 3 7 . 0 3 3 7 . 0 4 9 0 . 2 3 8 2 . 0 5 4 7 . 2 4 3 5 . 1 

M 1 M 3 ( ^ P 2 ) 4 3 7 . 0 3 3 7 . 0 4 9 0 . 1 3 8 2 . 0 5 4 7 . 2 4 3 5 . 1 

M i M 3 ( P i ) 4 2 6 . 4 _ 3 2 6 _ 1 4 _ 4 7 9 1 0 _ _ _ 3 _ 7 0 _ 1 8 _ _ _ 5 3 5 . 6 J S l h l 

M i M ^ D i ) 4 7 1 . 7 3 7 1 . 7 5 2 9 . 7 4 2 1 . 5 5 9 1 . 6 4 7 9 . 5 

M 1 M 4 ( 3 D 2 ) 4 7 1 . 6 3 7 1 . 7 5 2 9 . 7 4 2 1 . 5 5 9 1 . 6 4 7 9 . 5 

M 1 M 5 ( 3 D 3 ) 4 7 1 . 6 3 7 1 . 6 5 2 9 . 6 4 2 1 . 4 5 9 1 . 5 4 7 9 . 4 

Mi MB C1 Da ) 4 6 7 . 6 jej^e J 2 5 . 2 JilJJ) _ 5 8 7 _ 1 1 _ 4 7 5 . 0 

MgMs ( 3 P 0 ) 4 6 4 . 4 3 6 4 . 4 5 2 0 . 0 4 1 1 . 8 5 7 8 . 4 4 6 6 . 3 

4 6 4 . 2 3 6 4 . 2 5 1 9 . 6 4 1 1 . 4 5 7 8 . 0 4 6 5 . 9 

M 2 M 3 ( 3 P s ) 4 6 3 . 7 3 6 3 . 8 5 1 9 . 2 4 1 1 . 0 5 7 7 . 4 4 6 5 . 3 

4 5 6 . 7 3 5 6 . 7 5 1 1 . 7 4 0 3 . 5 5 6 9 . 6 4 5 7 . 6 

MsMa ( D 2 ) 4 6 1 . 0 _ 5 1 6 1 3 _ _ _ 4 0 8 _ . 1 _ _ _ 5 _ 7 4 . 4 _ _ 4 6 2 _ . 3 

M 2 V 3 F 2 ) 5 0 4 . 6 4 0 4 . 6 5 6 5 . 0 4 5 6 . 8 6 2 8 . 6 5 1 6 . 5 

M ^ C ^ ) 5 0 0 . 1 4 0 0 . 1 5 6 0 . 2 4 5 2 . 0 6 2 3 . 7 5 1 1 . 6 

MBMB ( 3 F 3 ) 5 0 4 . 3 4 0 4 . 3 5 6 4 . 7 4 5 6 . 5 6 2 8 . 1 5 1 6 . 0 

M2Ms C D s ) 5 0 3 . 4 4 0 3 . 4 5 6 3 . 7 4 5 5 . 6 6 2 7 . 2 5 1 5 . 1 

M 3 M 4 ( 3 P 0 ) 4 9 9 . 1 3 9 9 . 1 5 6 0 . 0 4 5 1 0 8 6 2 3 . 3 5 1 1 . 3 

H a M 4 ( 3 P 2 ) 5 0 0 . 2 4 0 0 . 3 5 6 0 . 4 4 5 2 . 2 6 2 3 . 9 5 1 1 . 8 

H ^ ^ ) 4 9 9 . 5 3 9 9 . 5 5 5 9 . 6 4 5 1 . 4 6 2 3 . 0 5 1 0 . 9 

M a M ^ ^ D s ) 4 9 9 . 3 3 9 9 . 3 5 5 9 . 4 4 5 1 . 2 6 2 2 . 8 5 1 0 . 7 

MjMs ( 3 F 4 ) 5 0 3 . 9 4 0 3 . 9 5 6 4 . 2 4 5 6 . 1 6 2 7 . 6 5 1 5 . 5 

M s M s f D g ) 4 9 9 . 4 3 9 9 . 4 5 5 9 . 5 4 5 1 . 3 6 2 2 . 8 5 1 0 . 7 

M 3 M 5 ^ P j ) 4 9 3 . 9 3 9 3 . 9 5 5 3 . 7 4 4 5 . 5 6 1 7 . 1 5 0 5 . 0 

M 3 M 5 ( x F a ) 4 9 3 . 0 _ 3 _ 9 3 J _ 0 _ _ _ _ 5 5 2 . 7 4 4 4 . 5 6 1 6 . 1 5 0 4 . 0 

M 4 M 4 ( 3 F 2 ) 5 3 8 . 5 4 3 8 . 5 6 0 3 . 6 4 9 5 . 5 6 7 2 . 6 5 6 0 . 5 

H A ( 3 P 0 ) 5 3 6 . 8 4 3 6 . 8 6 0 1 . 4 4 9 3 . 2 6 7 0 . 4 5 5 8 . 3 

HtMs ( 3 F 3 ) 5 3 8 . 4 4 3 8 . 4 6 0 3 . 6 4 9 5 . 4 6 7 2 . 5 5 6 0 . 4 

H^Me ( 3 F 4 ) 5 3 8 . 4 4 3 8 . 4 6 0 3 . 5 4 9 5 . 4 6 7 2 . 4 5 6 0 . 3 

M^Ms C D s ) 5 3 6 . 9 4 3 6 . 9 6 0 1 . 7 4 9 3 . 6 6 7 0 . 7 5 5 8 . 6 

M 4 M 5 ( 3 P X ) 5 3 6 . 8 4 3 6 . 8 6 0 1 . 4 4 9 3 . 2 6 7 0 . 3 5 5 8 . 3 

M 5 M 5 ( 3 P 2 ) 5 3 6 . 8 4 3 6 . 8 6 0 1 . 4 4 9 3 . 2 6 7 0 . 3 5 5 8 . 2 

M 5 M 5 ( X G 4 ) 5 3 6 . 1 4 3 6 . 1 6 0 0 . 7 4 9 2 . 5 6 6 9 . 7 5 5 7 . 6 

MB Ms ^ S o ) 5 3 2 . 4 4 3 2 . 4 5 9 6 . 5 4 8 8 . 3 6 6 5 . 5 5 5 3 . 4 
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i s one e l e c t r o n v o l t ( e v ) w i th the minimum d i f f e r e n c e b e i n g z e r o . From 

the way the c a l c u l a t i o n s are made, t h i s smal l d e v i a t i o n r e f l e c t s the 

3 

f a c t t h a t the LS l e v e l o f the c o n f i g u r a t i o n ( 3 s 3 p ( P) i n the above 

example) i s v e r y l i t t l e a f f e c t e d by the e x t e n s i o n to i n t e r m e d i a t e 

c o u p l i n g o r , e q u i v a l e n t l y , by the i n t r o d u c t i o n o f the s p i n - o r b i t i n t e r ­

a c t i o n . An immediate c o n c l u s i o n o f t h e s e s m a l l s p l i t t i n g s i s , t h e r e ­

f o r e , t h a t LMM Auger t r a n s i t i o n s i n ( T i , V, Cr) need not be t r e a t e d in 

the i n t e r m e d i a t e c o u p l i n g l i m i t „ T h i s c o n c l u s i o n i s v a l i d , of c o u r s e , 

o n l y u n t i l exper iments a r e c a p a b l e of r e s o l v i n g s t r u c t u r e wi th s e p a r a ­

t i o n s l e s s than one e l e c t r o n v o l t . For c l a r i t y , n o t e tha t i t i s 

assumed i n the f o l l o w i n g d i s c u s s i o n t h a t one v o l t i s the e x p e r i m e n t a l 

r e s o l u t i o n , , 

compared wi th a v a i l a b l e e x p e r i m e n t a l data i n T a b l e 3 . The exper iments 

c i t e d were a l l taken by the t e c h n i q u e o f Auger E l e c t r o n S p e c t r o s c o p y 

(AES) w i t h the work performed by S i m m o n s , ^ Haas e t a l . , ^ and 

In o r d e r t o b e t t e r a s s e s s the p r e d i c t i o n s o f T a b l e 2 , they a r e 

Palmberg. 86 Some b r i e f remarks a r e i n order s i n c e the n o t a t i o n i s 

changed somewhat from tha t o f T a b l e 2 0 Thus t r a n s i t i o n s such as 

and 
L 2 , 3 ¥ 3 ( 3 p 2 » 

a r e combined i n t o the s i n g l e symbol 

) 

T h i s i s done s i n c e the s e p a r a t i o n of the Auger e n e r g i e s f o r t h e s e 
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t r a n s i t i o n s i s l e s s than the e x p e r i m e n t a l r e s o l u t i o n . As a r e s u l t the 

d i f f e r e n t peaks or l i n e s f o r t h e s e t r a n s i t i o n s w i l l appear e x p e r i m e n t a l l y 

as a s i n g l e peak denoted by the a b o v e . S i m i l a r comments a p p l y to the 

o t h e r combined t r a n s i t i o n l a b e l s . I t shou ld a l s o be noted t h a t o n l y 

L 9 «MM t r a n s i t i o n s a r e recorded i n T a b l e 3 . T h i s i s due to the corn­
e l , J 

p l e t e l a c k o f e x p e r i m e n t a l data on L^MM t r a n s i t i o n s . T h i s d e f i c i e n c y 

of da ta i s probab ly due t o i n e f f i c i e n t i o n i z a t i o n o f the 2s s u b s h e l l , 

a t l e a s t compared to the 2p s u b s h e l l , but o t h e r f a c t o r s may a l s o 

c o n t r i b u t e . In any e v e n t , c u r r e n t exper iments have n o t r e s o l v e d these 

peaks and f u t u r e s tudy i s n e c e s s a r y . 

The e x p e r i m e n t a l peaks l i s t e d i n T a b l e 3 are i n t e r p r e t e d on the 

b a s i s o f the c u r r e n t t h e o r e t i c a l p r e d i c t i o n s shown in the column 

l a b e l e d " c a l c " 0 I t should be noted t h a t such an ass ignment of peak 

i d e n t i t y does no t g e n e r a l l y agree wi th the o r i g i n a l i n t e r p r e t a t i o n 

g i v e n by the e x p e r i m e n t a l i s t s . These workers had t o i n t e r p r e t t h e i r 

r e s u l t s on the b a s i s o f the B e r g s t r o m - H i l l (B-H) p r e d i c t i o n s so d i s ­

c r e p a n c i e s in i n t e r p r e t a t i o n are not s u r p r i s i n g . As an example o f the 

type of d i s c r e p a n c y e n c o u n t e r e d , we have t h a t the peak a t 3 3 5 ev 

84 
o b s e r v e d by Simmons in T i was i n t e r p r e t e d by him as a r i s i n g from an 

2 
L 2 M 1 M 1 t r a n s i t : ' - o n " " i ' e » » a r i s i n g from a 3s type t r a n s i t i o n . Our 

3 

i n t e r p r e t a t i o n , however, a s s o c i a t e s t h i s peak wi th an W J ^ M o( p

n i 9 ) 

l i n e - - i 0 e 0 , one which a r i s e s from a 3s3p type t r a n s i t i o n . The d i s ­

t i n c t i o n between the two i n t e r p r e t a t i o n s i s then c l e a r l y fundamental„ 

Some of the new i n t e r p r e t a t i o n s g iven to the e x p e r i m e n t a l data 
8 5 

may seem q u e s t i o n a b l e — e s p e c i a l l y f o r the Simmons and Haas r e s u l t s . 

For example , the ass ignment of the 384 ev peak in T i t o the 3 s 3 d 



T a b l e 3 . Comparison o f LMM Energ ie s wi th Exper iment : T i , V , Cr 
( a l l data i n e l e c t r o n v o l t s ) 

Ti V Cr 

L 2 > 3 C a l c . B - H w Exp. C a l c . B-H* ** 
Exp. 

C a l c . B * 
-H 

Exp ** 
• 

3 M % ) 302 330 345 373 4 0 4 417 

M 1 M 3 ( 1 P 1 ) 

M 1 M 2 } 3 ( 3 P o , i , 2 ) 

326 

337 
358 

" 2 " 

3 3 5 S 

371 

382 
4 0 4 3 8 6 h 

4 2 4 

4 3 5 
4 5 2 4 2 3 S 

MgMa^So) 357 3 5 5 u > 
3 6 l \ 

350h 4 0 3 
-

4 0 ? , 4 1 ? 4 5 8 4 4 6 S , 4 4 4 P 

M 3 M 3 ( 1 D 2 ) 361 383 

3 5 5 u > 
3 6 l \ 3 5 0 P 4 0 8 432 3 9 5 P , 4 1 0 P 4 6 2 4 8 3 4 5 7 P , 4 6 9 P 

M 2 M 2 , 3 ( 3 P 0 , l j 2 ) 364 3 6 2 P 4 1 1 4 6 6 

MiM 5 ( 1 D 2 ) 368 

372 
394 

3 8 4 S , 

3 8 0 h , 

37 3 h 

3 7 0 p 

417 

421 
4 4 5 

4 3 1 h , 4 2 0 p 

4 2 8 p 

4 7 5 

4 8 0 
4 9 7 

~ 7 l P " 

4 8 9 p 

M 3 M 5 ( 1 P 1 ; 1 F 3 ) 

Ms, 3 M 4 , 5 ( 3 P o , i , 2 ) 

393 

4 0 0 

4 0 3 s 

4 1 8 h , 

4 2 0 s 

3 9 3 p 

4 4 5 

4 5 2 

4 3 8 h 

4 3 8 P 

505 

512 
" l 7 h " 
4 9 0 h , 
5 3 0 h , 

" 2 8 ^ 

5 1 2 s 

M S , 3 M 4 , 5 ( 3 D 1 , 2 , 3 ) 4 0 0 419 3 9 8 P , 4 0 5 P 4 5 2 4 7 3 4 7 0 P 5 1 2 528 

" l 7 h " 
4 9 0 h , 
5 3 0 h , 5 3 0 s 

M 2 , 3 M 4 , 5 ( 1 D 2 ) 4 0 4 4 5 6 4 4 5 p 516 4 9 2 s , 4 9 7 P 

M 2 , 3 M 4 , 5 ( 3 F 2 , 3 , 4 ) 4 0 4 456 516 

M 5 M 5 ( 1 S 0 ) 4 3 2 
-

4 5 0 S , 45 2 h 4 8 8 
-

4 7 5 h , 5 1 0 h 553 

M 4 , 5 M 4 , 5 ( 3 P 0 , l j 2 ) 

M 4 9 5 M 4 , 5 ( 3 F 2 , 3 , 4 ) 
437 

437 
450 

4 3 4 P , 4 4 5 P 

4 9 3 

4 9 3 
509 

5 0 5 P , 4 9 0 p 

559 

559 
569 

5 7 3 s 

5 7 0 P 

M 4 , 5 M 4 , 5 ( 1 D 2 ; 1 G 4 ) 437 _ 4 9 3 559 

*These v a l u e s were o b t a i n e d from e q u a t i o n ( 7 4 ) u s i n g A Z = 1 f o r L 3MM t r a n s i t i o n s ; 
r e q u i r e d b i n d i n g e n e r g i e s were taken from the r e p o r t by S iegbahn .16 

" -Exper imenta l v a l u e s are t h o s e by ( s ) Simmons, (h ) H a a s e t a l . , and ( p ) Pa lmberg . 
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t r a n s i t i o n l e v e l s might be c o n s i d e r e d as an i n t e r p r e t a t i o n o f d o u b t f u l 

v a l i d i t y . In c a s e s such as t h i s , however, i t must be r e c a l l e d t h a t 

the t e c h n i q u e o f Auger s p e c t r o s c o p y , as now u t i l i z e d (compare Chapter 

I , Auger E l e c t r o n S p e c t r o s c o p y ) , i s such t h a t p r e c i s e i d e n t i f i c a t i o n o f 

t h e peak e n e r g i e s i s q u i t e d i f f i c u l t . T h i s a r i s e s from c o m p l i c a t i o n s 

encountered i n c a l i b r a t i o n and, to a g r e a t e r e x t e n t , from the f a c t t h a t 

the data i s o b t a i n e d by t a k i n g the d e r i v a t i v e of the p r i n c i p a l e x p e r i ­

menta l energy c u r v e . T h i s l a t t e r approach , though n e c e s s a r y , a c t s to 

o b s c u r e the l o c a t i o n o f the c e n t r a l peak wi th the r e s u l t be ing an 

ambiguous ass ignment f o r the peak e n e r g y . T h i s s i t u a t i o n i s , o f c o u r s e , 

w e l l i l l u s t r a t e d by the broad s c a t t e r o f the e x p e r i m e n t a l data c i t e d 

in the t a b l e and, as a r e s u l t , the i d e n t i f i c a t i o n o f peaks i s more 

r e a s o n a b l e than one might a t f i r s t s u s p e c t . Note t h a t the data by 

86 

Palmberg , which i s the most r e c e n t , seems t o p r o v i d e b e t t e r agreement 

wi th our r e s u l t s than t h a t o f Haas^^ or S i m m o n s ^ and, in t h i s s e n s e , 

may be argued to be the most a c c u r a t e . Even w i t h t h i s d a t a , however , 

t h e r e a r e d i s c r e p a n c i e s and the reasons f o r t h i s need to be c o n s i d e r e d . 

The most obv ious c r i t i c i s m would be t o s u s p e c t the c a l c u l a t i o n s and the 

a s s o c i a t e d c o m p u t a t i o n a l scheme. T h i s i s b e s t l e f t f o r the d i s c u s s i o n 

of Chapter I V , however, and i t i s s u f f i c i e n t to note a t t h i s s t a g e t h a t 

the n e g l e c t o f r e l a t i v i s t i c e f f e c t s i s a p o s s i b l e e r r o r . In a d d i t i o n 

t o t h i s s o u r c e o f e r r o r , the exper iments were performed on s o l i d s t a t e 

samples r a t h e r than f o r i s o l a t e d atoms as assumed in the c a l c u l a t i o n s . 

A l t h o u g h the b a s i c r e s u l t s are not e x p e c t e d to change d r a s t i c a l l y b e ­

cause o f t h i s (compare wi th p r e v i o u s r e m a r k s ) , one should s t i l l 

a n t i c i p a t e a work f u n c t i o n c o r r e c t i o n be ing n e c e s s a r y . T h i s c o u l d 



116 

then i n t r o d u c e a d i s c r e p a n c y i n t o the observed d a t a . In c o n c l u s i o n , 

we have found t h a t the agreement with the a v a i l a b l e e x p e r i m e n t a l 

energy data i s adequate and, in many i n s t a n c e s , q u i t e good . P o s s i b l e 

r e a s o n s f o r the d i s c r e p a n c i e s have been or w i l l be d i s c u s s e d ; the 

important p o i n t , however , i s the r e - a s s i g n m e n t of peaks c o r r e s p o n d i n g 

t o d i f f e r e n t t r a n s i t i o n s than t h o s e o b t a i n e d v i a B e r g s t r o m - H i l l 

p r e d i c t i o n s . 

The remaining f e a t u r e of the computat ion i s tha t o f the t r a n s i ­

t i o n p r o b a b i l i t i e s f o r the c a s e s o f ( T i , V, C r ) . These r e s u l t s a r e 

p r e s e n t e d in T a b l e 4 and w i l l now be d i s c u s s e d . Note t h a t the data i s 

g iven in a tomic t ime u n i t s ( 2 . 4 2 x 10 ^ s e c . ) o r , more c o r r e c t l y , i n 

i n v e r s e a tomic t ime u n i t s . In t h e s e u n i t s the fundamental form o f the 

r e l a t i o n s h i p f o r t r a n s i t i o n p r o b a b i l i t i e s changes from ( 7 5 ) to 

2 
= TT| ( f | A | i > | z p . ( 1 5 9 ) 

wi th the energy u n i t s b e i n g Rydbergs ( 1 3 . 6 e v ) . I f one c a r r i e s the 

a n a l y s i s of Chapter I I through w i t h t h i s form, i t i s found to be 

/ 2 n > 
n e c e s s a r y t h a t \ — 1 be everywhere r e p l a c e d by (rr) w h i l e the e l e c t r o -

e 2 2 
s t a t i c o p e r a t o r , , i s r e p l a c e d by . With t h e s e s l i g h t 

r l 2 r 1 2 

c h a n g e s , a l l o t h e r r e s u l t s remain f o r m a l l y the same except t h a t d i f ­

f e r e n t u n i t s a r e in e f f e c t . A l s o we r e c a l l t h a t the energy n o r m a l i z a ­

t i o n ( 1 4 2 ) i s used in the c a l c u l a t i o n s f o r the continuum f u n c t i o n . 

As a r e s u l t , the d e n s i t y o f s t a t e s f a c t o r i s u n i t y (compare ( 1 4 3 ) ) and 

may be dropped from c o n s i d e r a t i o n . T h i s , o f c o u r s e , r e p r e s e n t s an 
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T a b l e 4 . LMM Auger T r a n s i t i o n P r o b a b i l i t i e s i n t h e I n t e r m e d i a t e 
Coupl ing L i m i t ( i n a tomic t ime u n i t s ) 
[ m u l t i p l y a l l e n t r i e s by 1 C T 3 ] 

T] L V Cr 

U La > 3 1© , 3 Li 
Mi Mi ( x S 0 ) ^ 8 4 1 9 . 0 8 9 8 _ ^ 8 1 1 3 _ _ _ J ) 8 3 3 _ _ _ J L 0 8 7 2 _ 

M ^ ^ P o ) . 2 3 6 7 . 2 7 4 6 . 2 3 3 0 . 2 6 2 7 . 2 4 0 7 . 2 6 9 4 
^ M g ( 3 P X ) . 7 1 2 6 . 8 2 3 7 . 7 0 1 4 . 7 8 8 0 . 7 2 5 9 . 8 0 7 7 

M ^ ( 3 P 2 ) 1 . 1 5 8 2 1 . 3 7 3 7 1 . 1 6 6 4 1 . 3 1 5 1 1 . 2 0 6 3 1 . 3 4 7 6 

2 . 0 5 5 9 . 2 4 0 6 2 . 0 2 2 2 . 2 3 3 1 2 . 0 6 5 5 . 2 3 9 5 

M 1 M 4 
M L M 4 ( a D a ) 

. 1 7 3 6 . 0 1 8 4 . 1 7 3 8 . 0 2 2 2 . 1 6 9 1 . 0 2 1 4 
M 1 M 4 
M L M 4 ( a D a ) . 2 8 9 8 . 0 3 0 6 . 2 9 0 4 . 0 3 7 0 . 2 8 2 0 . 0 3 5 7 

MiMs ( 3 D 3 ) . 4 0 5 1 . 0 4 2 8 . 4 0 6 3 . 0 5 1 7 . 3 9 4 5 . 0 5 0 0 

Mi M5 ^ D g ) 2 . 5 0 4 0 J I § 1 8 6 _ _ J _ 0 _ 8 8 _ 6 _ _ _ . 0 7 2 2 _ 

M s M s ^ P o ) 
MeMa ( 3 P X ) 

. 0 0 1 0 4 
0 . 

. 3 2 4 6 

. 9 6 5 6 
. 0 0 1 0 9 

0 . 
. 2 8 9 8 
. 8 6 0 0 

. 0 0 0 6 2 
0 . 

. 2 7 2 9 

. 8 0 7 1 

M g M g ^ P s ) . 0 0 0 2 6 1 . 6 2 3 0 . 0 0 0 6 7 1 . 4 4 9 7 . 0 0 0 2 2 1 . 3 6 5 5 

M 3 M a ( ' S o ) . 1 5 3 8 . 7 6 8 0 . 1 2 2 9 . 6 6 9 7 . 0 5 4 5 . 6 2 9 8 

MsMaC D 2 ) . 0 1 9 7 _ 2 ^ 5 3 3 5 _ ___ 1 _0363_ _2_L2_462 _ _ J ) 0 9 0 _ _2_ L 1_132_ 

M s M ^ ^ F s ) . 0 1 6 8 . 0 2 5 9 " . 0 1 4 2 . 0 3 2 9 .012*7 . 0 3 5 0 

MgM 4 ( 3 Pj ) . 0 0 6 5 8 . 1 4 2 5 . 0 0 8 9 . 1 6 6 8 . 0 0 7 5 6 . 1 4 5 8 

MsMg ( 3 F 3 ) . 0 2 4 8 . 0 1 2 2 . 0 2 1 2 . 0 1 1 5 . 0 1 9 4 . 0 1 0 8 

MsMg ^ D s ) 
M 3M4 ( 3 P 0 ) 

. 0 0 0 7 6 

. 0 0 2 5 0 
. 4 3 6 8 
. 0 5 2 0 

. 0 0 0 8 3 

. 0 0 3 6 2 
. 5 1 7 1 
. 0 6 3 5 

. 0 0 0 9 4 

. 0 0 3 3 1 
. 4 7 2 3 
. 0 5 8 5 

M 3 M 4 ( 3 P 2 ) . 0 1 1 4 . 2 4 4 4 . 0 1 5 9 . 2 9 3 1 . 0 1 4 2 . 2 6 5 1 

M 3 M 4 ( 3 D 1 ) . 0 0 0 9 3 . 0 5 5 0 . 0 0 1 8 6 . 0 6 9 0 . 0 0 2 3 6 . 0 7 2 3 

M 3 M 4 ( 3 D 3 ) . 0 0 0 3 8 . 0 9 4 7 . 0 0 0 8 5 . 1 0 1 9 . 0 0 1 1 3 . 0 9 4 0 

MSMB ( 3 F 4 ) 

M 3 M s ( 3 D 2 ) 
. 0 3 1 7 
. 0 0 1 1 0 

. 0 1 4 3 

. 0 8 2 6 
. 0 2 6 8 
. 0 0 1 9 0 

. 0 1 2 5 

. 0 9 6 4 
. 0 2 4 4 
. 0 0 2 1 7 

. 0 1 0 8 

. 0 9 4 0 

M3Ms . 0 0 2 7 5 . 6 1 1 1 . 0 0 4 4 4 . 7 6 2 4 . 0 0 4 9 3 . 7 0 5 6 

MaMs ( ^ 3 ) . 4 2 7 4 2 . 2 8 4 5 . 7 5 4 8 2 . 8 9 2 8 . 7 1 5 0 2 . 6 6 4 0 

M 4 M 4 ( 3 F 2 ) . 0 0 0 0 . 1 6 8 2 . 0 0 0 0 1 . 3 3 4 0 . 0 0 0 0 2 . 2 8 7 2 

M 4 M 4 ( 3 P 0 ) . 0 0 0 0 . 0 0 6 0 . 0 0 0 0 1 . 0 1 0 4 . 0 0 0 0 2 . 0 0 9 0 

MiMg ( 3 F 3 ) 0 . . 2 3 5 3 0 . . 4 6 7 4 0 . . 4 0 1 8 

M4Ms ( 3 F 4 ) . 0 0 0 0 4 . 3 0 2 8 . 0 0 0 1 2 . 6 0 1 5 . 0 0 0 1 5 . 5 1 7 2 

( ^ 3 ) . 0 1 2 7 . 2 7 2 3 . 0 1 6 9 . 6 3 7 2 . 0 1 5 9 . 5 3 1 7 

M 4 M B ( 3 P X ) 0 . . 0 1 8 0 0 . . 0 3 1 1 0 . . 0 2 6 9 

M 5 M 3 ( 3 P 2 ) . 0 0 2 2 4 . 0 7 2 7 . 0 0 0 2 6 . 0 6 0 5 . 0 0 0 3 2 . 0 5 4 8 

M 3 M 5 ( 1 G 4 ) . 4 2 9 3 
. 0 2 5 9 

1 . 9 2 2 8 
. 0 4 3 9 

. 9 2 7 6 

. 0 5 1 0 
3 . 8 5 7 1 

. 0 8 1 6 
. 8 0 4 4 
. 0 4 5 0 

3 . 3 0 8 8 
. 0 7 0 0 
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enormous s i m p l i f i c a t i o n from the s i t u a t i o n encountered f o r the s o l i d 

s t a t e s y s t e m . 

Now the data in T a b l e 4 should be compared to e x p e r i m e n t a l 

r e s u l t s i n o r d e r to determine the v a l i d i t y of the p r e d i c t i o n s . Th i s 

i s , u n f o r t u n a t e l y , not p o s s i b l e f o r the e lements in q u e s t i o n s i n c e t h e r e 

a r e e s s e n t i a l l y no e x p e r i m e n t a l LMM Auger i n t e n s i t i e s . Even the area 

o f t h e o r e t i c a l a c t i v i t y i s r e l a t i v e l y f r e e o f data but r e c e n t l y some 

r e s u l t s have been for thcoming and, i n the absence o f e x p e r i m e n t a l d a t a , 

t h e s e r e s u l t s are compared in T a b l e 5 w i t h the p r e s e n t c o m p u t a t i o n s . 

24 23 

The t h e o r e t i c a l r e s u l t s are those o f W a l t e r s and B h a l l a and McGuire . 

The computat ions o f the former a u t h o r s a r e ana logous to t h o s e performed 

in t h i s work with the b a s i c d i f f e r e n c e b e i n g the use o f the H a r t r e e -

F o c k - S l a t e r scheme (with an exchange term due to Herman, Van Dyke, and 

8 7 

Ortenburger ) r a t h e r than the more p r e c i s e H a r t r e e - F o c k computat ion 

used h e r e . In a d d i t i o n , W a l t e r s and B h a l l a computed t o t a l Auger t r a n s i ­

t i o n r a t e s (but o n l y f o r i n i t i a l 2p v a c a n c i e s ) so t h a t they compute no 

m u l t i p l e t s t r u c t u r e ; i n s t e a d , t h e i r r e s u l t s a r e g i v e n f o r the p o s s i b l e 

2 

c o n f i g u r a t i o n s 3s , 3 s 3 p , . 0 . . In o r d e r to compare wi th the p r e s e n t 

r e s u l t s , i t i s t h e r e f o r e n e c e s s a r y t h a t one form the t o t a l p r e d i c t e d 

t r a n s i t i o n r a t e s from T a b l e 4 f o r the d i f f e r e n t c o n f i g u r a t i o n s . T h i s 

i s r e a d i l y accompl i shed by adding the r e l e v a n t r e s u l t s i n the t a b l e . 

For example , the t o t a l 3s3p t r a n s i t i o n r a t e i s o b t a i n e d by adding t o ­

g e t h e r the p r e d i c t i o n s for the l i n e s 

L 2 , 3 [ M l V 3 p 0 , l ) ; M l V 3 p 2 ' l p i > J 
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wi th the r e s u l t b e i n g 2 . 7 1 2 6 x 10 (au) . By p r o c e e d i n g i n t h i s 

f a s h i o n f o r a l l the c o n f i g u r a t i o n s , one a c h i e v e s the r e s u l t s l i s t e d 

i n the row l a b e l e d "Present" in T a b l e 5 . As r e g a r d s the work o f 

23 

McGuire , he performed the computat ions i n the j j - c o u p l i n g l i m i t so 

t h a t the t o t a l r a t e s a r e computed from h i s data as in the a b o v e . I t 

shou ld be noted tha t the procedure used by McGuire in the computat ions 

i n v o l v e s , i n our v i e w , s e v e r a l major approx imat ions which mar the v a l u e 

o f h i s r e s u l t s . In p a r t i c u l a r , the p e r t i n e n t e l e c t r o n wave f u n c t i o n s 

were computed by u t i l i z i n g an approx imat ion to the a p p r o p r i a t e Hermann-

Ski lman p o t e n t i a l . The d e t a i l s of t h i s procedure are b e s t l e f t to the 

r e f e r e n c e d work; i t i s s u f f i c i e n t to no te here t h a t the Hermann-Skilman 

p o t e n t i a l can be s i g n i f i c a n t l y in e r r o r so t h a t any approx imat ion t o 

i t must be made q u i t e c a r e f u l l y . 

Now c o n s i d e r the data in T a b l e 5 . We note t h a t the agreement 
2 2 

i s f a i r l y good for the c o n f i g u r a t i o n s 3s and 3p but beyond t h i s the 

d i sagreement i s a p p a r e n t . I t reaches a maximum i n the case of the 3 s3d 

data wi th our r e s u l t s b e i n g l a r g e r than McGuire ' s by a f a c t o r o f f o u r . 

The r e a s o n s f o r t h i s l a r g e d i s c r e p a n c y presumably r e s u l t from the 

s o u r c e s c i t e d a b o v e , but i t i s not c l e a r why the agreement and d i s ­

agreement v a r y so w i d e l y . As r e g a r d s the L„ „ t r a n s i t i o n d a t a , the 

z , j 
24 

a d d i t i o n a l work o f W a l t e r s and B h a l l a i s a v a i l a b l e for T i , V, Cr wi th 
McGuire data f o r T i . Comparing t h e s e r e s u l t s , the g e n e r a l p a t t e r n i s 

2 2 
one o f d i s a g r e e m e n t . Only f o r the 3s and 3p c o n f i g u r a t i o n s may 

2 
agreement be r e a s o n a b l y c l a i m e d and even for 3p t h e r e are d i s c r e p a n c i e s . 

I t i s c l e a r from the T i data t h a t M c G u i r e ' s r e s u l t s sometimes a g r e e 

2 2 
wi th the p r e s e n t data ( 3 s , 3p ) , sometimes wi th t h a t o f W a l t e r s and 
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T a b l e 5 . Comparison o f LMM Auger T r a n s i t i o n Rates wi th 
Theory ( i n atomic u n i t s ) 

3 s 3 s 3s3p 3s3d 3p3p 3p3d 3d3d 

h 1 t r a n s i t i o n s 
T i : McGuire 

P r e s e n t 
. 9 1 
. 8 4 

5 . 2 8 
4 . 1 6 

. 8 6 
3 . 3 7 

. 1 6 

. 1 7 5 
. 1 9 2 
. 5 9 

. 0 7 1 

. 4 7 

L 2 3 t r a n s i t i o n s 
T i : W & B 

McGuire 
P r e s e n t 

. 0 8 2 0 

. 0 9 0 0 

. 0 8 9 8 

1 . 6 1 
1 . 6 4 
2 . 7 1 

. 0 5 0 5 

. 0 6 0 0 

. 1 9 8 

5 . 6 9 
6 . 1 4 
6 . 2 1 

1 . 2 2 
1 . 3 4 
4 . 0 6 

1 . 3 8 
. 1 7 7 

3 . 0 4 

V : W & B 
P r e s e n t 

. 0 8 3 0 

. 0 8 3 3 
1 . 6 2 
2 . 6 0 

. 0 7 4 4 

. 2 0 
5 . 7 4 
5 . 5 2 

1 . 9 3 
5 . 0 2 

4 . 5 2 
6 . 0 8 

C r : W 6c B 
Presen t 

. 0 8 0 8 

. 0 8 7 2 
1 . 5 5 
2 . 6 6 

. 1 0 7 

. 1 8 
5 . 4 8 
5 . 1 9 

2 . 8 7 
4 . 6 3 

1 . 2 4 
5 . 2 1 

23 
The data r e f e r e n c e d i s tha t o f McGuire and W a l t e r s 

and B h a l l a ^ ; a l l numbers m u l t i p l i e d by 1 0 s . 
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B h a l l a ( 3 s 3 p , 3 s 3 d , 3p3d) and wi th n e i t h e r i n t h e 3d c a s e . These 

o b s e r v a t i o n s , when coupled wi th the ana logous b e h a v i o r in the d a t a , 

s u g g e s t t h a t the McGuire procedure for computat ions produces r e s u l t s 

which are i n t e r n a l l y i n c o n s i s t e n t - - ! . e . , they f l u c t u a t e . T h i s con­

c l u s i o n , o f c o u r s e , i s v a l i d o n l y f o r comparison wi th t h e o r e t i c a l r e ­

s u l t s so t h a t t h e r e may be no r e a l s i g n i f i c a n c e to t h i s apparent 

b e h a v i o r . The s i t u a t i o n d o e s , however , a m p l i f y the need f o r e x p e r i ­

menta l data t o check the v a l i d i t y o f the d i f f e r e n t t r e a t m e n t s . The 

g e n e r a l tone o f d i s a g r e e m e n t , though more c o n s i s t a n t , c o n t i n u e s when 

the W a l t e r s and B h a l l a data f o r ( T i , V, Cr) i s compared wi th the c u r r e n t 

2 

r e s u l t s o Once a g a i n , the d i sagreement i s g r e a t e s t i n the 3p3d and 3d 

c o n f i g u r a t i o n s a l though i t s t i l l e x i s t s f o r the 3s3p and 3s3d c a s e s . 

One apparent anomaly i s the sudden jump and subsequent drop in the 
2 

p r e d i c t i o n by W a l t e r s and B h a l l a for the 3d c o n f i g u r a t i o n . Thus in 

p r o c e e d i n g from T i to C r , t h e s e a u t h o r s p r e d i c t the i n t e n s i t y sequence 

T i V Cr 

1 . 3 8 4 . 5 2 1 . 2 4 

whereas our r e s u l t s , though showing the jump and d r o p , a r e not n e a r l y 

so d r a s t i c — e s p e c i a l l y in go ing from V to C r . A s i m i l a r s i t u a t i o n 

o c c u r s in the 3p3d d a t a . Thus our r e s u l t s i n d i c a t e t h a t the t o t a l 3p3d 

t r a n s i t i o n r a t e i n c r e a s e s r a t h e r s h a r p l y ( 4 . 0 6 5 . 0 2 ) in go ing from 

T i t o V and then d e c r e a s e s s l i g h t l y in Cr ( 5 . 0 2 -• 4 . 6 3 ) ; i n o p p o s i t i o n 

t o t h i s , the W a l t e r s and B h a l l a data p r e d i c t s a p r o g r e s s i v e r i s e i n 

the t o t a l r a t e s wi th a l l v a l u e s b e i n g l e s s than those p r e d i c t e d by our 
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r e s u l t s . The source o f t h i s g e n e r a l d i sagreement i n the two p r e d i c ­

t i o n s presumably l i e s in the d i f f e r e n t methods ( H a r t r e e - F o c k i n our 

work, H a r t r e e - F o c k - S l a t e r i n the o t h e r ) u t i l i z e d to ge t the e l e c t r o n 

wave f u n c t i o n s . Once a g a i n , however, t h e f i n a l appea l must be made 

t o exper iment i f the d i s c r e p a n c i e s are to be a c t u a l l y r e s o l v e d . 

As c i t e d p r e v i o u s l y , e x p e r i m e n t a l i n t e n s i t y data f o r LMM t r a n s i ­

t i o n s i n ( T i , V, Cr) i s p r a c t i c a l l y n o n - e x i s t e n t . The o n l y such data 

88 

a v a i l a b l e a t t h i s t ime appears to be t h a t o b t a i n e d by Haas f o r 

vanadium,, T h i s data was o b t a i n e d by Auger s p e c t r o s c o p y and i s j u s t the 

N(E) curve d e s c r i b e d in Chapter I ; i t i s shown in F i g u r e 9 . From the 

nature o f t h i s c u r v e , i t then f o l l o w s t h a t i n t e n s i t y measurements can 

be made o f the v a r i o u s p e a k s . Due to the presence o f an o v e r a l l b a c k ­

ground s i g n a l i n the d a t a , however, t h e s e measurements are e x p r e s s e d 

i n T a b l e 6 as r e l a t i v e i n t e n s i t i e s r a t h e r than a b s o l u t e . The d e s i g n a ­

t i o n s A , B, C o . in t h i s t a b l e r e f e r to the peaks r e s o l v e d in the d a t a ; 

they were i d e n t i f i e d , w i th the a i d o f T a b l e 3 , and the i d e n t i f i c a t i o n s 

a r e as f o l l o w s : 

A 

C 

B 

D 4 3 2 ev 

412 ev 

4 0 0 ev 

3 8 5 ev 

) 

) 

( 1 6 0 ) 

E 4 3 8 ev ( a l l o t h e r 3p3d l i n e s ) 

F 4 7 2 ev 

G 510 ev ( a l l o t h e r 3d l i n e except S n ) . 
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T a b l e 6 . R e l a t i v e I n t e n s i t i e s i n Vanadium: Comparison 
wi th Experiment 

A B C D E F G 

Computed 1 . 0 0 1 . 2 3 1 . 1 0 1 . 2 2 . 9 0 1 . 6 3 . 9 0 
Experiment 1 . 0 0 1 . 1 7 1 . 6 1 2 . 2 2 2 . 2 4 2 . 2 7 1 . 2 2 

35(5 £ 0 0 Sfe 50T3 5^0" 

E ( e v ) 

F i g u r e 9 . N(E) v s . E Curve f o r Vanadium 
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I t i s c l e a r from T a b l e 6 t h a t the agreement i s q u i t e p o o r , e s p e c i a l l y 

f o r the D, E , F l i n e s . There a r e , of c o u r s e , many p o s s i b l e r e a s o n s f o r 

t h i s d i sagreement o t h e r than the computat ions be ing i n h e r e n t l y wrong. 

Thus the background s i g n a l i n the data i s not f l a t and, in f a c t , not 

even l i n e a r . As a r e s u l t , the c o n t r i b u t i o n to the d i f f e r e n t peaks due 

t o t h i s s i g n a l w i l l change with t h e i r e n e r g y . I t i s then c l e a r t h a t 

the r a t i o taken i n o b t a i n i n g the r e l a t i v e i n t e n s i t i e s w i l l not e n t i r e l y 

e l i m i n a t e t h e background c o n t r i b u t i o n . In a d d i t i o n to t h i s avenue o f 

e r r o r , i t must be r e c o g n i z e d t h a t the data was o b t a i n e d from a s o l i d so 

t h a t the Auger e l e c t r o n , as i t e x i t s the sample , can undergo energy 

l o s s p r o c e s s e s v i a plasmon c r e a t i o n or e x c i t a t i o n o f an i n t e r b a n d 

t r a n s i t i o n . A l t h o u g h the peaks observed do not seem to have e n e r g i e s 

c o n s i s t e n t w i t h t h e s e energy l o s s mechanisms, the f a c t t h a t they e x i s t 

must be r e c o g n i z e d . F i n a l l y , i t i s p o s s i b l e tha t our Auger energy 

p r e d i c t i o n s are s u f f i c i e n t l y in e r r o r t h a t the wrong ass ignment ( 1 6 0 ) 

has been g i v e n t o the peaks o b s e r v e d . T h i s would o b v i o u s l y g i v e r i s e 

to incorrect i n t e n s i t i e s , perhaps l e a d i n g t o discrepancies such as 

t h o s e shown in the t a b l e . Other p o s s i b i l i t i e s which may e x p l a i n some 

o f the d i s a g r e e m e n t s ( e . g . , the e x p e r i m e n t a l data c o u l d be in e r r o r ) 

a l s o e x i s t but a d i s c u s s i o n o f these i s not n e c e s s a r y a t t h i s t i m e . 

We r e s e r v e the bu lk o f t h i s type o f comment to Chapter I V . 

I n c o n c l u s i o n , we have determined the LMM Auger e n e r g i e s and 

t r a n s i t i o n p r o b a b i l i t i e s f o r ( T i , V, C r ) . A comparison o f t h e s e r e ­

s u l t s wi th the a v a i l a b l e e x p e r i m e n t a l data l e a d s to a d i f f e r e n t i n t e r p r e ­

t a t i o n o f the o b s e r v e d l i n e s than tha t based on B e r g s t r o m - H i l l p r e d i c ­

t i o n s c As f o r the t r a n s i t i o n p r o b a b i l i t i e s , the agreement wi th the 
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s i n g l e exper iment performed on V i s q u i t e p o o r . T h i s o n l y s e r v e s to 

e m p h a s i z e , however , the need f o r more e x p e r i m e n t a l d a t a . 

R e s u l t s f o r Z r , Nb, Mo 

The computat ion o f LMM Auger e n e r g i e s and t r a n s i t i o n p r o b a b i l i ­

t i e s in z i rcon ium ( Z r ) , niobium ( N b ) , and molybdenum (Mo) w i l l now be 

d i s c u s s e d . The g e n e r a l procedure i s a g a i n t h a t shown i n F i g u r e 7 but 

f o r t h e s e e l ements the "exact" method i s used i n computing the e n e r g i e s . 

T h i s g i v e s r i s e t o o n l y s l i g h t changes i n the formal i sm with the primary 

one a r i s i n g from the l a b e l s a s s i g n e d to the i n t e r m e d i a t e c o u p l i n g l e v e l s . 

Thus the d i s c u s s i o n f o l l o w i n g ( 5 1 ) in Chapter I I demonstrated t h a t the 

s t r u c t u r e terms which e n t e r the energy e x p r e s s i o n s c o n t a i n a s p i n - o r b i t 

and an e l e c t r o s t a t i c c o n t r i b u t i o n . I t was f u r t h e r shown t h a t the 

d i f f e r e n c e o f the s p e c t a t o r and e x a c t approaches was , except f o r average 

e n e r g i e s , s o l e l y i n the s p i n - o r b i t s t r u c t u r e t e r m s . S i n c e t h e s e terms 

determine the degree to which pure j j - c o u p l i n g i s a t t a i n e d (Chapter 

I I ) , i t then f o l l o w s t h a t the energy l e v e l s o f the s p e c t a t o r and e x a c t 

v iews w i l l have d i f f e r e n t l a b e l s i n t h i s l i m i t . The d i f f e r e n c e i s 

i l l u s t r a t e d i n F i g u r e 1 0 where the schemat ic l e v e l diagram f o r the e x a c t 

v iew i s p r e s e n t e d . The b a s i c c o n f i g u r a t i o n s o f t h i s v i ew are j u s t 

Q 0 Q Q 5 Q « , 9 _ 5 . , 9 _ 4 _ ,8 
3s , 3s3p , 3s3d , 3p 3d , 3p , 3d 

as f o l l o w s from ( 5 5 ) , and t h e s e a r e the l e v e l s o f the c e n t r a l f i e l d 

l i m i t i n the f i g u r e . Note the d i f f e r e n c e in the l a b e l a s s i g n m e n t s (as 

compared to F i g u r e 8 ) to the l e v e l s i n the j j - l i m i t as w e l l as the 

correspondence o f these s t a t e s wi th those o f the i n t e r m e d i a t e r e g i o n . 



( a ) C e n t r a l F i e l d ( b ) L S - l i m i t (c) IC l i m i t ( d ) j j - l i m i t 

® l e v e l f o r b i d d e n f o r I^MM t r a n s i t i o n s 

F i g u r e 1Q. Schemat ic Energy L e v e l Diagram f o r Computat ion o f LMM 

Auger E n e r g i e s by D i r e c t Approach ( n o t t o s c a l e ) . 
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Thus one has the l e v e l s a r i s i n g from the 3s3p c o n f i g u r a t i o n l a b e l e d 

in the IC r e g i o n as 

M l M

2 < l p i » 3 p

0

) a n d M l M 3 ( 3 p i ' 3 p 2 } 

w h i l e the ana logous l e v e l s f o r the 3s3p c o n f i g u r a t i o n i n the s p e c t a t o r 

v iew a r e denoted by 

M 1 M 2 ( 3 V 3 p i } a n d M l M 3 ( l p i ' 3 p 2 } * 

There i s , t h e r e f o r e , a d i f f e r e n t n o t a t i o n used when d i s c u s s i n g Auger 

t r a n s i t i o n s computed in the i n t e r m e d i a t e c o u p l i n g l i m i t . I t shou ld be 

emphasized t h a t o n l y a d i f f e r e n c e i n n o t a t i o n i s i n v o l v e d , w i th the 

p a r t i c u l a r n o t a t i o n b e i n g dependent only on the scheme, s p e c t a t o r or 

e x a c t , used in computing the Auger e n e r g i e s „ 

With t h i s d i f f e r e n c e in n o t a t i o n now e x p l a i n e d , the LMM Auger 

e n e r g i e s f o r ( Z r , Nb , Mo) a r e p r e s e n t e d i n T a b l e 7 . T h i s form o f the 

data i s a g a i n no t p a r t i c u l a r l y i l l u m i n a t i n g , but i t i s c l e a r t h a t the 

e f f e c t of the s p i n - o r b i t i n t e r a c t i o n has markedly i n c r e a s e d . Thus the 

s p l i t t i n g a r i s i n g from t h i s i n t e r a c t i o n i s as h igh as 17 ev in the 

3 

M 1 ^ 2 3^ P ^ l e v e l ° f molybdenum. T h i s i s to be compared w i t h a 1 ev 

s p l i t t i n g for the same l e v e l s i n C r . A s i m i l a r e f f e c t i s e v i d e n t f o r 
the o t h e r t r a n s i t i o n l e v e l s as w e l l though l e s s pronounced i n those 

2 

which correspond to the 3 s 3 d , 3p3d and 3d t r a n s i t i o n s . These o b s e r v a ­

t i o n s then c l e a r l y i n d i c a t e the n e c e s s i t y o f u t i l i z i n g the formal i sm of 

i n t e r m e d i a t e c o u p l i n g f o r LMM t r a n s i t i o n s in t h o s e e l ements whose atomic 

numbers (Z) a r e comparable w i t h those o f ( Z r , Nb, M o ) - - i . e . , Z — 4 0 . 



128 

T a b l e 7. LMM Auger T r a n s i t i o n E n e r g i e s i n t h e 

I n t e r m e d i a t e Coup l ing L i m i t ( e l e c t r o n v o l t s ) 

Zr Nb Mo 

Li 1"2 J3 ^2 » 3 L i 1"2 J3 

Mi Mi C'-So) 1 5 4 7 . 8 1 3 3 0 . 1 1 6 4 9 . 6 1 4 2 5 . 6 1 7 3 5 . 7 1 5 0 4 . 6 

1 6 3 9 . 0 1 4 2 1 . 4 1 7 4 3 . 8 1 5 1 9 . 8 1 8 3 2 . 8 1 6 0 1 . 7 

M ^ C P , ) 1 6 2 2 . 7 1 4 0 5 . 1 1 7 2 7 . 4 1 5 0 3 . 4 1 8 1 6 . 4 1 5 8 5 . 3 

M ^ ( 3 P 2 ) 1 6 5 2 . 2 1 4 3 4 . 6 1 7 5 8 . 7 1 5 3 4 . 7 1 8 4 9 . 7 1 6 1 8 . 5 

M I M 3 ( 3 P I ) _ 1 4 2 7 _ . 7 _ _ _ 1 7 5 1 a _ 1 _ 5 2 7 1 1 _ _184_1 ._3_ 1 6 1 0 1 2 _ 

M I M 3 D I ) 1 7 8 6 . 1 1 5 6 8 . 5 1 8 9 8 . 1 1 6 7 4 . 1 1 9 9 4 . 5 1 7 6 3 . 4 

M 1 M 4 ( 1 p 8 ) 1 7 7 8 . 2 1 5 6 0 . 5 1 8 9 0 . 1 1 6 6 6 . 1 1 9 8 6 . 4 1 7 5 5 . 3 

M xM5 ( 3 D 3 ) 1 7 8 8 . 6 1 5 7 1 . 0 1 9 0 1 . 0 1 6 7 7 . 0 1 9 9 7 . 8 1 7 6 6 . 7 

MiMs ( 3 D 2 ) 1 7 8 7 . 3 1 5 6 9 . 6 1 8 9 9 . 5 1 6 7 5 . 5 1 9 9 6 . 1 1 7 6 5 . 0 

M B M B ^ S Q ) 1 6 9 6 . 1 1 4 7 8 . 5 1 8 0 2 . 9 1 5 7 8 . 9 1 8 9 3 . 9 1 6 6 2 . 8 

M s M a f P i ) 1 7 1 7 . 2 1 4 9 9 . 5 1 8 2 5 . 8 1 6 0 1 . 8 1 9 1 8 . 7 1 6 8 7 . 6 

M2M3 ^ D g ) 1 7 1 2 . 3 1 4 9 4 . 7 1 8 2 0 . 8 1 5 9 6 . 7 1 9 1 3 . 6 1 6 8 2 . 5 

M 3 M 3 ( 3 P 0 ) 1 7 2 2 . 1 1 5 0 4 . 5 1 8 3 1 . 9 1 6 0 7 . 9 1 9 2 6 . 2 1 6 9 5 . 1 

M 3 M 3 ( 3 P 2 ) 1 7 2 8 . 8 1 5 1 1 . 2 1 8 3 9 . 0 1 6 1 5 . 0 1 9 3 3 . 8 1 7 0 2 . 7 

1 8 6 2 . 0 1 6 4 4 . 4 1 9 7 6 . 9 1 7 5 2 . 8 2 0 7 6 . 1 1 8 4 5 . 0 

M a M l p i > 1 8 5 1 . 0 1 6 3 3 . 4 1 9 6 5 . 3 1 7 4 1 . 3 2 0 6 4 . 0 1 8 3 2 . 9 

M s M g ^ F a ) 1 8 5 1 . 8 1 6 3 4 . 2 1 9 6 6 . 6 1 7 4 2 . 6 2 0 6 5 . 9 1 8 3 4 . 8 

M2Ms ( 3 P 2 ) 1 8 6 6 . 9 1 6 4 9 . 2 1 9 8 1 . 6 1 7 5 7 . 6 2 0 8 0 . 7 1 8 4 9 . 6 

1 8 7 2 . 4 1 6 5 4 . 7 1 9 8 8 . 4 1 7 6 4 . 4 2 0 8 9 . 1 1 8 5 8 . 0 

M 3 M 4 ( 1 D 2 ) 1 8 7 4 . 0 1 6 5 6 . 3 1 9 9 0 . 1 1 7 6 6 . 1 2 0 9 0 . 8 1 8 5 9 . 7 

M 3 M 4 ( 3 D 1 ) 1 8 6 7 . 6 1 6 4 9 . 9 1 9 8 3 . 5 1 7 5 9 . 5 2 0 8 4 . 0 1 8 5 2 . 9 

M 3 M 4 ( 3 D 3 ) 1 8 7 0 . 6 1 6 5 3 . 0 1 9 8 6 . 7 1 7 6 2 . 7 2 0 8 7 . 3 1 8 5 6 . 2 

MSMB ( 3 F 4 ) 1 8 8 4 . 1 1 6 6 6 . 5 2 0 0 0 . 9 1 7 7 6 . 9 2 1 0 2 . 2 1 8 7 1 . 1 

M s M g ( 3 F 2 ) 1 8 8 1 . 4 1 6 6 3 . 7 1 9 9 7 . 9 1 7 7 3 . 9 2 0 9 9 . 1 1 8 6 8 . 0 

M3M5 ( 3 P X ) 1 8 7 2 . 6 1 6 5 4 . 9 1 9 8 8 . 8 1 7 6 4 . 7 2 0 8 9 . 5 1 8 5 8 . 4 

M3M5 ( 3 F 3 ) 1 8 7 8 . 8 1 6 6 1 . 1 1 9 9 5 . 0 1 7 7 1 . 0 2 0 9 5 . 8 1 8 6 4 . 7 

M 4 M 4 ( a P 2 ) 2 0 1 4 . 6 1 7 9 6 . 9 2 1 3 6 . 6 1 9 1 2 . 6 2 2 4 3 . 2 2 0 1 2 . 1 

M ^ ^ S Q ) 2 0 0 2 . 4 1 7 8 4 . 7 2 1 2 3 . 9 1 8 9 9 . 9 2 2 3 0 . 1 1 9 9 9 . 0 

M 4 MB ( 3 F 3 ) 2 0 2 0 . 7 1 8 0 3 . 1 2 1 4 3 . 1 1 9 1 9 . 1 2 2 5 0 . 2 2 0 1 9 . 1 

M 4 MB ( X G 4 ) 2 0 1 3 . 7 1 7 9 6 . 1 2 1 3 5 . 9 1 9 1 1 . 8 2 2 4 2 . 6 2 0 1 1 . 5 

M 4Ms C D s ) 2 0 1 7 . 2 1 7 9 9 . 5 2 1 3 9 . 5 1 9 1 5 . 5 2 2 4 6 . 5 2 0 1 5 . 4 

M ^ ^ P i ) 2 0 1 5 . 1 1 7 9 7 . 4 2 1 3 7 . 3 1 9 1 3 . 2 2 2 4 4 . 1 2 0 1 3 . 0 

M 5 M s ( 3 F 2 ) 2 0 2 0 . 0 1 8 0 2 . 4 2 1 4 2 . 5 1 9 1 8 . 5 2 2 4 9 . 6 2 0 1 8 . 5 

M 5 M 5 ( 3 F 4 ) 2 0 2 2 . 8 1 8 0 5 . 2 2 1 4 5 . 6 1 9 2 1 . 6 2 2 5 3 . 0 2 0 2 1 . 9 

M5M5 ( 3 P o ) 2 0 1 5 . 1 1 7 9 7 . 4 2 1 3 7 . 3 1 9 1 3 . 3 2 2 4 4 . 2 . 2 0 1 3 . 1 
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In order to further examine our r e s u l t s , a comparison with 

avai lable experimental data i s shown in Table 8 0 This data was read 

d irec t ly from the "Varian Chart of Auger Energies" compiled by Strausser 

89 

and Uebbing and, as a r e s u l t , the uncertainty of the energies is 

rather large . The experimental peaks in the table are thus given with 

lower and upper bounds between which the true peak energy res ides . The 

problem is s imilar to that c i ted in the Auger data of (T i , V, Cr) 

although i t i s a l i t t l e more severe in the present case. Allowing for 

this d i f f i c u l t y , however, the table i l l u s t r a t e s that the agreement be­

tween experiment and theory i s quite good with the maximum deviation 

being about 25 ev in the case of the M ^ M ^ ^ S Q ) trans i t ion in Nb. The 

table also demonstrates the fact that the ident i f i ca t ion of a peak with 

a given intermediate coupling label i s ambiguous at best . Thus i t i s 

not clear whether the experimental peak observed with the range 1 5 1 0 - 1 5 4 0 
1 3 ev is due to the M 9 M ~ ( D ? ) transi t ion or to one of the M 9 _ M ( p ) 

l i n e s . A l l that can be asserted with confidence i s that i t corresponds 

2 

to one of these l i n e s - - i . e . , the peak arises from a 3p type t rans i t ion- -

with the resul t being that a l l possible assignments are given in the 

tab le . Similar considerations for the other experimental points a lso 

give r i se to multiple peak assignments, and from these one concludes 
2 

that the observed peaks correspond to 3s3d, 3p3d, and 3d transi t ions 
2 

as well as those of the 3p type., One surprising feature of these 

conclusions i s the lack of a peak corresponding to a 3s3p trans i t ion . 

Such a peak would be expected on the basis of our considerations with 

the data for (T i , V, C r ) , and the fact that i t was apparently not 

resolved should be checked., Indeed, only i f more experiments are 



T a b l e 8 . Comparison of LMM Energ ies w i t h Experiment f o r Z r , Nb, Mo ( e l e c t r o n v o l t s ) 

Zr Nb Mo 

C a l c . B-H* Exp. C a l c . B-H" E x p . * * C a l c . B-H" Exp. 

M 2 M 3 ( 1 D 2 ) 1 4 9 5 
1 5 1 5 1 5 1 0 

1 5 9 7 
1 5 9 9 1 5 9 5 

1 6 8 3 
1 6 8 5 1 6 7 5 

M 2 M 3 ( 3 P 1 ) 1 5 0 0 
to 

1 6 0 2 
to 

1 6 8 8 
1 to 

M3M3 ( 3 P 0 ) 1 5 0 5 
1 5 2 9 1 5 4 0 

1 6 0 8 
1 6 1 5 1 6 3 0 

1 6 9 5 
1 

1 7 0 2 1 7 1 0 
M 3 M 3 ( 3 P 2 ) 1 5 1 1 1 6 1 5 1 7 0 3 

M 1 M 4 ( 1 D 2 ) 

M L M 4 , 5 ( 3 D o , i , 2 ) 

1 5 6 1 

1 5 7 0 

1 5 8 4 

1 6 0 7 

1 5 3 5 

to 
1 5 6 5 

1 6 6 6 

1 6 7 5 

1 6 7 2 

1 6 7 5 

1 6 2 5 

to 
1 6 6 0 

1 7 5 5 

1 7 6 5 

1 7 5 8 

1 7 6 2 

1 7 0 0 

to 
1 7 4 0 

^ ^ 4 , 5 ( ^ 1 , ^ 3 ) 1 6 3 3 1 6 5 0 1 7 4 2 1 7 5 0 1 8 3 4 1 8 5 0 

M 3 M 4 , 5 ( 1 E f e , 3 P 0 , 1 ) 1 6 5 5 
1 6 7 0 

to 1 7 6 5 
1 7 6 2 

to 1 8 5 8 
1 8 5 3 

to 

M 2 , 3 M 4 , 5 ( 3 P 2 , 3 D 1 ) 1 6 5 0 to 1 6 8 0 1 7 5 9 to 1 7 8 0 1 8 5 1 to 1 8 8 0 

M 3 M 5 ( 3 F 2 ) 1 6 6 4 1 6 7 5 1 7 7 4 1 7 7 5 1 8 6 8 1 8 7 5 

M 3 M 5 ( 3 F 3 ) 1 6 6 1 
1 6 8 7 

to 1 7 7 1 
1 7 8 1 

to 1 8 6 5 
1 8 7 4 

t o 

M 3 M 5 ( 3 F 4 ) 1 6 6 7 1 7 2 0 1 7 7 7 1 8 2 5 1 8 7 1 1 9 2 5 

M ^ ^ S Q ) 1 7 8 5 1 8 3 2 1 7 5 5 - 1 7 7 5 1 9 0 0 1 9 3 3 1 8 6 0 - 1 8 7 5 1 9 9 9 2 0 3 3 1 9 6 0 - 1 9 8 0 

Values o b t a i n e d from e q u a t i o n ( 7 4 ) u s i n g AZ = 1 f o r L 3MM t r a n s i t i o n s and Siegbahn 
b i n d i n g e n e r g i e s 
Data read from "Varian Chart of Auger E n e r g i e s " prepared by S t r a u s s e r and Uebbing . 
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performed can the r e s p o n s i b i l i t y f or t h i s d i s c r e p a n c y be t r a c e d to 

f e a t u r e s i n the theory or i n the d a t a . 

I t should a l s o be noted t h a t the peak a s s i g n m e n t s l i s t e d in 

T a b l e 8 , though u n c e r t a i n in the r e s p e c t c i t e d a b o v e , s t i l l d i f f e r from 

t h o s e g i v e n in t h e c h a r t o f Auger e n e r g i e s . T h i s i s e x p e c t e d s i n c e the 

l a t t e r a s s i g n m e n t s were made on the b a s i s o f the B e r g s t r o m - H i l l r e l a ­

t i o n , and the s i t u a t i o n i s thus s i m i l a r to tha t encountered in the r e ­

s u l t s f o r ( T i , V, C r ) . One added f e a t u r e o f our r e s u l t s i s the 

i d e n t i f i c a t i o n o f the M ^ M ^ ( ^ S Q ) peak l i s t e d in the t a b l e . T h i s peak 

was not l a b e l e d on the c h a r t s i n c e no B e r g s t r o m - H i l l p r e d i c t i o n g i v e s 

r e s u l t s which a r e c l o s e to the observed v a l u e s . We h a v e , t h e r e f o r e , 

improved on the i n t e r p r e t a t i o n of the o b s e r v e d peaks beyond t h a t 

i n v o l v e d i n a r e a s s i g n m e n t o f the peak l a b e l s . A r e v e r s a l o f t h i s 

s i t u a t i o n a l s o e x i s t s s i n c e the c h a r t l i s t s the peaks 

Zr_ Nb Mo 

A 1 8 4 0 - 1 8 8 0 ev 1 9 3 0 - 1 9 8 0 ev 2 0 2 0 - 2 0 7 5 ev 

B 1 9 2 0 - 1 9 5 0 ev 2 0 2 5 - 2 0 6 0 ev 2 1 4 0 - 2 1 7 5 ev 
( 1 6 1 ) 

a s c o r r e s p o n d i n g t o L^M^ ,-M^ <-(A) and 1 ^ 4 ^M^ ,_(B) l i n e s - - i . e . , they 

2 

a r i s e from 3d type t r a n s i t i o n s . Our r e s u l t s f o r such t r a n s i t i o n s , 

however , i n d i c a t e t h a t e n e r g i e s f o r L_ _M. M, l i n e s a r e s i g n i f i c a n t l y 

l e s s t h a t t h e s e v a l u e s (compare T a b l e 7 ) . As a r e s u l t o f t h i s , we 

c o n s i d e r e d the p o s s i b i l i t y of an a l t e r n a t e i n t e r p r e t a t i o n o f t h e s e peaks, 

I f the "A" peak in z i rcon ium i s chosen for d e f i n i t e n e s s , i t i s e v i d e n t 

from T a b l e 7 t h a t the most l i k e l y c a n d i d a t e f o r t h i s energy i s a 3p3d 

t r a n s i t i o n which f i l l s an i n i t i a l 2s vacancy ( i . e . , an L - j ^ ^M^ ^ 
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t r a n s i t i o n ) . I n d e e d , t h e s e r e s u l t s , when used i n c o n j u n c t i o n wi th the 

t r a n s i t i o n p r o b a b i l i t i e s c i t e d i n T a b l e 9 , i n d i c a t e t h a t the t r a n s i t i o n 

L 1 M 2 M 5 ^ F 3 ^ i s t * l e a P P r o P r i a t e l a b e l f o r the observed peak . I t i s 

t r u e , o f c o u r s e , t h a t o t h e r t r a n s i t i o n s may c o n t r i b u t e but the ^F^ l i n e 

i s by f a r the most p r o b a b l e . A s i m i l a r v iew can be taken f o r the "A" 

l i n e in Nb and Mo wi th the c o n c l u s i o n s b e i n g the same. The s i t u a t i o n 

i s more c o n f u s e d with the "B" l i n e , however , and i t i s not c l e a r how 

t h e peak should be a s s i g n e d . The most l i k e l y c a n d i d a t e i s a g a i n an 

L 1 M 2 3 M 4 5 t ^ p e t r a n s i t i o n which would g i v e d i s c r e p a n c i e s as smal l as 

25 ev i n the case o f Nb. T h i s i s r a t h e r l a r g e f o r one t o be c o n f i d e n t 

o f the peak ass ignment so tha t no r e a l d e c i s i o n can be made. E v i d e n t l y , 

t h e s i t u a t i o n i s a g a i n such t h a t a d d i t i o n a l e x p e r i m e n t a l data i s 

r e q u i r e d b e f o r e the problem can be r e s o l v e d . 

The i n t e r m e d i a t e c o u p l i n g t r a n s i t i o n p r o b a b i l i t i e s f o r ( Z r , Nb, 

Mo) a r e g i v e n i n T a b l e 9 . Except f o r the s l i g h t changes i n n o t a t i o n 

a l r e a d y m e n t i o n e d , the r e s u l t s a r e s i m i l a r to t h o s e o b t a i n e d i n T a b l e 

4 . One p o i n t which can be made a t once concerns the data for the 

L , M 0 _M. _ t r a n s i t i o n s . The t a b l e c l e a r l y i n d i c a t e s t h a t the most 
1 2 , 3 4 , 5 

p r o b a b l e o f t h e s e t r a n s i t i o n s i s t h a t o f the L ^ M

2

M 5 ^ F 3 ^ l i n e ' T n i s 

o b s e r v a t i o n i s i n obv ious a c c o r d with the p r e v i o u s remarks made con­

c e r n i n g the as s ignment o f the "A" peaks c i t e d in ( 1 6 1 ) . Further d i s ­

c u s s i o n o f the data l i s t e d in T a b l e 9 i s once a g a i n handicapped by the 

l a c k o f e x p e r i m e n t a l d a t a . The comparisons which can be made a r e , 

t h e r e f o r e , c o n s t r a i n e d to the c a s e o f t h e o r e t i c a l r e s u l t s as wi th the 

data f o r ( T i , V, C r ) . Such a compar i son , u s i n g the t o t a l t r a n s i t i o n 

23 24 
r a t e s computed by McGuire and W a l t e r s and B h a l l a , i s g i v e n in 
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T a b l e 9 . LMM Auger T r a n s i t i o n P r o b a b i l i t i e s i n the I n t e r m e d i a t e 
Coupl ing L i m i t ( i n a tomic t ime u n i t s ) 

r m u l t i p l y a l l e n t r i e s bv 1 0 " 3 ] 

Zr Nl ) Mo 

La Ls , 3 L 2 » 3 Li L 2 , 3 

M i M i ^ S o ) 1 . 1 9 5 8 . 1 0 7 9 1 . 2 4 0 4 . 1 0 7 6 1 . 2 6 2 9 . 1 0 7 3 

. 4 0 6 1 . 3 8 3 7 . 4 0 5 5 . 3 8 5 9 . 4 1 8 7 . 3 9 7 2 

M x M g ^ P i ) 3 . 0 9 3 8 . 4 0 2 8 3 . 1 1 0 1 . 4 2 1 9 3 . 1 1 4 0 . 4 4 5 5 

M 1 M 3 ( 3 P 2 ) 

M 1 M 3 ( P i ) 
2 . 0 0 6 4 
1 . 3 7 2 3 

1 . 9 1 1 2 
1 . 0 7 8 6 

2 . 0 0 6 5 
1 . 4 0 4 3 

1 . 9 3 0 2 
1 . 0 7 2 9 

2 . 0 9 6 4 
1 . 4 9 2 1 

1 . 9 6 8 2 
1 . 0 8 6 1 

Mj_M4 ( 3 D X ) . 4 1 5 5 . 0 6 3 3 . 4 1 9 9 . 0 6 8 7 T4380™ T o r n " " 

M 1 M 4 ( 1 D 2 ) 6 . 9 9 3 9 . 0 3 1 1 7 . 2 0 6 9 . 0 2 7 5 7 . 4 0 9 4 . 0 2 6 3 

M 1 M 5 ( 3 D 3 ) . 9 6 3 9 . 1 4 7 8 . 9 7 6 9 . 1 6 0 3 1 . 0 2 2 9 . 1 6 6 1 

Mi Ms ( 3 D 2 ) . 8 0 7 6 _ j _ 1 0 4 1 _ __ L 850_3__ ^ 1 1 2 4 . 9 2 8 9 . 1 1 5 8 

^ M g ^ S o ) . 0 5 7 1 . 7 9 9 4 . 0 5 7 0 7 8 0 5 7 . 0 5 4 6 . 8 1 0 3 ~ 

M 2 M 3 ( 3 P i ) 0 . 1 . 3 0 2 4 0 . 1 . 3 9 2 1 0 . 1 . 3 7 0 0 

M 2 M 3 ( 1 D 2 ) . 1 8 3 5 3 . 0 9 3 8 . 1 9 3 4 3 . 4 0 8 8 . 2 0 3 1 3 . 3 3 0 3 

M a M e f P o ) 
M 3 M 3 ( 3 P 2 ) 

. 0 3 4 5 

. 0 3 8 1 
. 6 3 4 2 

_ 2 - L 5 _ L 7 l _ 

. 0 3 6 2 

. 0 4 2 4 
. 6 8 2 5 

2 . 4 4 1 9 
. 0 3 8 9 
. 0 4 6 7 

. 6 9 7 5 
2 . 4 8 7 1 

M 2 M 4 ( 3 D 2 ) . 0 0 5 7 . 4 1 6 3 . 0 0 5 0 6 . 4 2 2 5 . 0 0 4 6 7 . 4 2 5 1 

M ^ ^ P i ) . 0 8 0 4 1 . 6 1 8 1 . 0 8 3 3 1 . 6 3 6 0 . 0 8 6 7 1 . 7 3 0 1 

M s M e ^ F s ) 2 . 8 1 2 2 6 . 4 3 5 3 2 . 9 0 7 5 6 . 6 3 2 4 2 . 9 6 4 8 6 . 9 9 4 2 

M 2 M 5 ( 3 P 2 ) 
M 3 M 4 ( 3 P 0 ) 

. 0 1 3 3 

. 0 0 5 5 3 
. 5 0 6 8 
. 1 5 8 5 

. 0 1 3 7 

. 0 0 5 7 7 
. 5 3 5 3 
. 1 6 5 6 

. 0 1 5 1 

. 0 0 6 0 1 
. 5 6 5 2 
. 1 7 2 0 

. 0 0 2 8 5 1 . 0 5 6 6 . 0 0 3 0 8 1 . 1 2 3 6 . 0 0 3 2 8 1 . 1 8 4 7 

. 0 2 4 5 . 5 8 2 9 . 0 2 9 0 . 6 6 2 0 . 0 3 6 3 . 7 3 2 6 

M 3 M 4 ( 3 D 3 ) . 2 5 1 3 . 7 4 3 4 . 3 1 2 0 . 8 8 1 8 . 3 7 7 4 1 . 0 3 2 6 

M 3 M s ( 3 F 4 ) 

M 3 M 5 ( 3 F 2 ) 
. 0 0 6 5 5 
. 0 0 9 7 7 

. 0 0 5 3 1 

. 3 2 4 7 0 
. 0 0 5 6 0 
. 0 1 0 1 

. 0 0 4 1 5 

. 3 3 8 8 
. 0 0 4 7 6 
. 0 1 0 3 

. 0 0 3 8 0 

. 3 5 1 8 

^ W f e ( 3 P ! ) . 0 1 5 8 . 4 5 1 8 . 0 1 6 8 . 4 7 8 9 . 0 1 8 1 . 5 0 6 4 

M 3 M 5 ( 3 F 3 ) . 0 2 4 9 0 u080£ _ _ ^ 0 2 3 7 _ _ ^ 0 8 6 5 _ _ J L 0 2 1 8 _ . 0 9 1 4 

M4M4 ( 3 P 2 ) . 0 8 3 9 1 . 3 6 9 1 . 0 9 1 9 1 . 5 0 3 9 ~ . 1 0 2 8 ~ * T . 6 3 f 2 ~ 

M A C S Q ) . 2 8 3 8 . 3 8 4 1 . 3 0 0 9 . 3 9 8 1 . 3 1 6 0 . 4 2 4 0 

( 3 F 3 ) 
M 4 M 5 ( 1 G 4 ) 

0 . 
3 . 3 2 7 2 

1 . 7 3 4 2 
1 3 . 6 0 3 0 

0 . 
3 . 4 8 7 5 

1 . 8 1 7 0 
1 4 . 4 0 9 

0 . 
3 . 6 2 6 8 

1 . 8 9 3 1 
1 5 . 0 5 2 

M ^ ( 1 D 2 ) 

M 4 M B ( % ) 

M 5 M 5 ( 3 F 2 ) 
MBMB ( 3 F 4 ) 

M B M 5 ( 3 P O ) 

. 0 5 1 5 1 . 0 7 8 9 . 0 4 3 3 1 . 0 5 1 8 . 0 3 6 0 1 . 0 1 9 0 M ^ ( 1 D 2 ) 

M 4 M B ( % ) 

M 5 M 5 ( 3 F 2 ) 
MBMB ( 3 F 4 ) 

M B M 5 ( 3 P O ) 

0 . 
. 0 3 3 8 
. 0 4 0 4 
. 0 1 1 2 

. 1 5 5 7 
1 . 4 4 4 8 
2 . 3 6 9 4 

. 0 6 4 8 

0 . 
. 0 4 3 2 
. 0 5 0 8 
. 0 1 4 6 

. 1 6 5 5 
1 . 5 5 8 8 
2 . 4 9 7 1 

. 0 7 1 8 

0 . 
. 0 5 6 1 
0 O 6 I 8 

. 0 1 8 7 

. 1 7 9 1 
1 . 6 6 6 7 
2 . 6 3 3 5 

. 0 8 1 2 
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T a b l e 1 0 . Comparison o f T r a n s i t i o n Rates 
Theory: Z r , Nb, Mo 

w i t h 

3 s 3 s 3s3p 3s3d 3p3p 3p3d 3d3d 

L a T r a n s i t i o n s 
Z r : McGuire 

P r e s e n t 
1 . 1 7 
1 . 2 0 

7 . 0 8 
6 . 8 8 

9 . 0 6 
9 . 1 8 

. 3 4 

. 3 1 3 
3 . 9 0 
3 . 2 5 

1 0 . 3 4 
3 . 8 3 

L 2 , 3 T r a n s i t i o n s 
Z r : W & B 

McGuire 
P r e s e n t 

. 0 9 8 0 

. 1 0 0 

. 1 0 8 

2 . 0 7 
1 . 9 6 
3 . 7 8 

. 3 8 3 

. 4 0 

. 3 4 6 

8 . 0 5 
8 . 6 8 
8 . 3 5 

1 4 . 7 
1 4 . 7 3 
1 2 . 3 8 

2 2 . 5 
2 4 . 3 4 
2 2 . 2 0 

Nb: W & B 
P r e s e n t 

. 0 9 9 4 

. 1 0 8 
2 . 1 1 
3 . 8 1 

. 3 9 6 

. 3 6 9 
8 . 2 4 
8 . 7 3 

1 5 . 3 
1 2 . 9 7 

2 3 . 6 
2 3 . 4 7 

Mo: W 6c B 
P r e s e n t 

. 1 0 1 

. 1 0 7 
2 . 1 6 
3 . 9 0 

. 4 0 9 

. 3 7 9 
8 . 4 2 
8 . 6 9 

1 5 . 9 
1 3 . 7 9 

2 4 . 7 
2 4 . 6 

23 
The r e f e r e n c e d work i s t h a t o f McGuire and W a l t e r s and 
B h a l l a . 2 ^ [ d a t a i n atomic u n i t s , m u l t i p l i e d by 1 0 3 ] 
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T a b l e 1 0 . The s i m i l a r i t y o f t h i s with T a b l e 5 f o r ( T i , V, Cr) i s 

o b v i o u s and s i n c e the data d e r i v e s from i d e n t i c a l s o u r c e s , i t i s un­

n e c e s s a r y to d i s c u s s the n a t u r e o f t h e s e o ther c a l c u l a t i o n s . 

23 
We c o n c e n t r a t e a t f i r s t on the L^MM p r e d i c t i o n s o f McGuire . 

I t i s c l e a r t h a t the agreement o f the two approaches i s much b e t t e r 

f o r Zr than was the case in T i . Indeed , i t i s o n l y i n the c a s e o f the 

2 

3d t r a n s i t i o n s tha t the d i sagreement i s extreme with our r e s u l t be ing 

s m a l l e r by a f a c t o r o f about t h r e e . I t i s , o f c o u r s e , d i f f i c u l t t o 

a s c e r t a i n the c o r r e c t n e s s o f e i t h e r p r e d i c t i o n w i thout exper iment b u t , 

due to the e x c e s s i v e a p p r o x i m a t i o n s i n M c G u i r e ' s work, i t i s most l i k e l y 

t h a t our r e s u l t s a r e the more a c c u r a t e . T h i s v iew i s s u b s t a n t i a t e d 

when the comparison o f data f o r L 9 „ t r a n s i t i o n s i s c o n s i d e r e d f o r the 
2 24 

3d t r a n s i t i o n s . Thus the r e s u l t s by W a l t e r s and B h a l l a , o b t a i n e d 

u s i n g a t e c h n i q u e q u i t e s i m i l a r to the H a r t r e e - F o c k approach , compare 

e x t r e m e l y w e l l wi th our r e s u l t s f o r Z r , Nb and Mo. For the Zr c a s e , 

however , i t i s e v i d e n t t h a t the McGuire data i s l a r g e r than e i t h e r o f 

the o t h e r p r e d i c t i o n s . T h i s i m p l i e s t h a t the McGuire r e s u l t s are too 

2 
l a r g e , a t l e a s t f o r 3d t r a n s i t i o n s , when L« _MM t r a n s i t i o n s are con-

s i d e r e d . S i n c e the same t e c h n i q u e i s a p p l i e d to L^MM t r a n s i t i o n s as 

2 
f o r the L 9 q v a r i e t y , i t i s argued t h a t the McGuire 3d r e s u l t s are 

a l s o too l a r g e i n the case o f t r a n s i t i o n s . T h i s , of c o u r s e , means 

2 
t h a t the 3d t o t a l t r a n s i t i o n r a t e f o r t r a n s i t i o n s i s a p p r o x i m a t e l y 

4 ( i . e . , our r e s u l t s ) and not 10 as o b t a i n e d by McGuire . 

An examinat ion o f the Zr data f o r t r a n s i t i o n s o t h e r than t h o s e 

2 

o f t h e 3d type i n d i c a t e s t h a t M c G u i r e ' s r e s u l t s s t i l l have a tendency 

to f l u c t u a t e when compared wi th the o t h e r two a p p r o a c h e s . Thus the 
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McGuire v a l u e s a g r e e q u i t e w e l l wi th t h o s e o f W a l t e r s and B h a l l a f o r 

2 
the 3 s 3 p , 3 s 3 d and 3p3d t r a n s i t i o n s as w e l l as the 3s c a s e . Agreement 

2 2 
w i th our r e s u l t s i s found i n the 3s and 3p w h i l e the McGuire data i s 

2 

i n c o n s i s t e n t w i t h e i t h e r , as c i t e d a b o v e , f or the 3d t r a n s i t i o n s . I f 

one now ex tends the examinat ion o f the L„ ~ data to i n c l u d e Nb and Mo, 

i t becomes c l e a r t h a t d i s c r e p a n c i e s s t i l l e x i s t between the p r e s e n t 

r e s u l t s and t h o s e o f W a l t e r s and B h a l l a . These a r e , however , a p p r o x i ­

m a t e l y the same as in the data for ( T i , V , Cr) i n d i c a t i n g tha t the 

d e v i a t i o n s a r i s e from the p a r t i c u l a r approach t a k e n . S i n c e the primary 

d i f f e r e n c e i n the two schemes i s i n the use o f the H a r t r e e - F o c k - S l a t e r 

(HFS) procedure by W a l t e r s and B h a l l a as compared wi th the use o f 

H a r t r e e - F o c k in our c a s e , we conc lude t h a t the d i s c r e p a n c i e s in the 

data a r i s e b a s i c a l l y from the d i f f e r e n t wave f u n c t i o n s o b t a i n e d wi th 

t h e s e d i f f e r e n t p r o c e d u r e s . A second d i f f e r e n c e in the two schemes 

which c o u l d e x p l a i n some o f the d e v i a t i o n i s the computat ion of the Auger 
24 

e n e r g i e s . Thus W a l t e r s and B h a l l a u t i l i z e e s s e n t i a l l y a Bergstrom-

H i l l approach wi th the b i n d i n g e n e r g i e s used b e i n g o b t a i n e d from t h e i r 

HFS r e s u l t s . T h i s i s e v i d e n t l y t o be compared wi th our computat ions 

v i a the t o t a l energy approach . S i n c e t h i s l a t t e r procedure i s the most 

a c c u r a t e , we would conc lude t h a t our r e s u l t s are indeed the most 

a c c u r a t e o f t h o s e c o n s i d e r e d h e r e . Once a g a i n , however , a f i n a l d e c i ­

s i o n must r e s i d e in exper iment and t h e r e a r e , u n f o r t u n a t e l y , v e r y few 

exper iments which have c o n s i d e r e d LMM t r a n s i t i o n s . 
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CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS 

T h i s work has p r e s e n t e d the r e s u l t s o f computat ions f o r LMM 

Auger e n e r g i e s and t r a n s i t i o n p r o b a b i l i t i e s i n the e l ements T i , V, C r , 

Z r , Nb, and Mo. The c a l c u l a t i o n o f the e n e r g i e s was made by a t o t a l 

energy approach wherein the t o t a l e n e r g i e s o f t h e i n i t i a l ( s i n g l y 

i o n i z e d ) and f i n a l (doubly i o n i z e d ) a tomic s t a t e s were computed. By 

t a k i n g the d i f f e r e n c e o f t h e s e , t h e Auger energy was computed a t o n c e . 

The s i t u a t i o n was c o m p l i c a t e d somewhat by the e x i s t e n c e o f m u l t i p l e t 

s p e c t r a which produce s e v e r a l e n e r g i e s for the same Auger t r a n s i t i o n . 

Thus in order to o b t a i n s p e c t r a in agreement wi th the p r e d i c t i o n s o f 

3 

the t r a d i t i o n a l t w o - e l e c t r o n Auger theory o f W e n t z e l , i t was n e c e s s a r y 

t o i n t r o d u c e two s e p a r a t e methods — the s p e c t a t o r and " e x a c t " - - f o r 

computing the r e l e v a n t t o t a l e n e r g i e s . The s p e c t a t o r approach i s 

u t i l i z e d f o r a l l e l ements w i th i n c o m p l e t e M s u b s h e l l s ( 3 s , 3 p , 3d) and 

was t h e r e f o r e used i n the c a l c u l a t i o n s f o r T i , V, and C r . I f t h e 

e l ements have comple te M s u b s h e l l s , then the "exact" method i s u s e d . 

T h i s was then the method used in Z r , Nb, and Mo, E x p l i c i t formulae f o r 

LMM e n e r g i e s which are v a l i d i n e i t h e r o f t h e s e schemes were o b t a i n e d 

and p r e s e n t e d in t a b u l a r form. These r e s u l t s a r e f o r t h e case o f 

i n t e r m e d i a t e c o u p l i n g between the two M s h e l l e l e c t r o n s . 

The computat ion o f the LMM t r a n s i t i o n p r o b a b i l i t i e s was s t r a i g h t ­

forward , once the Auger e n e r g i e s were o b t a i n e d , w i th the W e n t z e l 
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formulae b e i n g u s e d . The primary improvement i n s t i t u t e d in t h e s e 

c a l c u l a t i o n s was in the use o f the H a r t r e e - F o c k formal i sm to compute 

the r e l e v a n t bound s t a t e e l e c t r o n wave f u n c t i o n s of the problem. The 

r e s u l t s were f u r t h e r improved by c a r r y i n g out a s e p a r a t e H a r t r e e - F o c k 

computat ion f o r each i n i t i a l and f i n a l a tomic s t a t e . T h i s s erved t o , 

a t l e a s t p a r t i a l l y , take i n t o account the " r e l a x a t i o n " o f the e l e c t r o n 

o r b i t a l s due t o the t r a n s i t i o n . The r e s u l t s o b t a i n e d by t h i s procedure 

were then d i s c u s s e d i n some d e t a i l . I t shou ld be noted t h a t , in a d d i ­

t i o n t o t h e s e primary d a t a , the formulae f o r LMM t r a n s i t i o n p r o b a b i l i ­

t i e s as w e l l as the p e r t i n e n t i n t e r m e d i a t e c o u p l i n g mixing c o e f f i c i e n t s 

were a l s o o b t a i n e d (Appendices C and D ) . 

In the d i s c u s s i o n o f the r e s u l t s o b t a i n e d by the above p r o c e ­

d u r e , the most s i g n i f i c a n t f e a t u r e was the l a c k o f e x p e r i m e n t a l data 

f o r a l l o f the e lements t r e a t e d . Due to t h i s d e f i c i e n c y , i t was not 

p o s s i b l e to p r o p e r l y a n a l y z e the t h e o r e t i c a l r e s u l t s and, t h e r e f o r e , 

the a p p r a i s a l o f the theory was n e c e s s a r i l y i n c o m p l e t e . I t was found 

t h a t the energy c a l c u l a t i o n s gave r e s u l t s which d i f f e r e d s i g n i f i c a n t l y 

from the t r a d i t i o n a l B e r g s t r o m - H i l l p r e d i c t i o n s f o r the LMM t r a n s i ­

t i o n s . As a r e s u l t , the i n t e r p r e t a t i o n of the e x p e r i m e n t a l data was 

d i f f e r e n t from t h a t p r e s e n t e d in the o r i g i n a l r e p o r t s o f the d a t a . 

2 

Peaks o r i g i n a l l y i d e n t i f i e d , f o r example , as a r i s i n g from a 3s type 

t r a n s i t i o n i n ( T i , V, Cr) were r e i n t e r p r e t e d by our r e s u l t s as a r i s i n g 

from a 3s3p type t r a n s i t i o n . In a d d i t i o n t o t h i s r e a s s e s s m e n t o f d a t a , 

a r e s o l v e d but p r e v i o u s l y u n l a b e l e d peak i n Z r , Nb and Mo was i n t e r -

2 

p r e t e d by our data as a r i s i n g from a 3d type t r a n s i t i o n . A l l o f t h i s 

was p o s s i b l e by a comparison of observed and t h e o r e t i c a l e n e r g i e s . The 
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a l m o s t c o m p l e t e l a c k o f e x p e r i m e n t a l i n t e n s i t y data f o r the e l ements i n 

q u e s t i o n p r e v e n t e d any s i m i l a r comparison o f our t r a n s i t i o n r a t e d a t a . 

One c o n c l u s i o n which i s p o s s i b l e w i t h o u t t h i s data depends o n l y on the 

b a s i c t h e o r e t i c a l r e s u l t s . Thus the s m a l l s p l i t t i n g o f L S - c o u p l i n g 

l e v e l s in go ing to the i n t e r m e d i a t e c o u p l i n g ( I C ) f o r m a l i s m demonstrated 

t h a t i t i s not n e c e s s a r y t o t r e a t LMM t r a n s i t i o n s in ( T i , V, Cr) i n the 

IC l i m i t . T h i s then a l l o w s a s i g n i f i c a n t s i m p l i f i c a t i o n i n t r e a t i n g 

such t r a n s i t i o n s in t h e s e e l e m e n t s . For t h e case o f Z r , Nb, and Mo, 

however , the s i t u a t i o n i s changed as the s p l i t t i n g o f the l e v e l s i n the 

IC r e g i o n becomes s i g n i f i c a n t . T h i s s e r v e s t o demonstrate the n e c e s s i t y 

o f u s i n g i n t e r m e d i a t e c o u p l i n g when t r e a t i n g LMM t r a n s i t i o n s in t h e s e 

e l e m e n t s . 

One a d d i t i o n a l p o i n t r e g a r d i n g t h i s work should be ment ioned . 

I t i s not c l e a r t h a t the W e n t z e l t w o - e l e c t r o n f o r m u l a t i o n f o r the Auger 

theory i s c o r r e c t . Indeed an a l t e r n a t e and more r e a s o n a b l e v iew would 

have the Auger dynamics a r i s i n g from the e l e c t r o s t a t i c i n t e r a c t i o n o f 

a l l electrons in the atom rather than j u s t two as i n the W e n t z e l t r e a t ­

ment. S i n c e F a n o ^ r e c e n t l y p r e s e n t e d a formal i sm c a p a b l e o f computing 

the m a t r i x e l ements encountered in t h i s v i e w , a c a l c u l a t i o n was p e r ­

formed which t r e a t e d LMM t r a n s i t i o n s in po tas s ium i n the W e n t z e l and 

t h i s e x a c t v i e w . T h i s served to i n t r o d u c e d i f f e r e n t s p e c t r a in the two 

schemes s i n c e t h e e x a c t v i ew i n c l u d e s the 4 s e l e c t r o n in po tas s ium when 

computing the Auger m u l t i p l e t s t r u c t u r e . U n f o r t u n a t e l y , the r e s u l t s 

o f t h i s computat ion were ambiguous in the sense tha t i t was not c l e a r 

j u s t how the p r e d i c t i o n s o f the two views should be compared. The 

problem was compounded by the e x t r e m e l y weak c o u p l i n g o f the 4s e l e c t r o n 
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wi th the o t h e r e l e c t r o n s in p o t a s s i u m . As a r e s u l t of t h e s e p r o b l e m s , 

we have not p r e s e n t e d the d e t a i l s o f our c a l c u l a t i o n s in t h i s work. I t 

i s s u f f i c i e n t t o n o t e the g e n e r a l r e s u l t t h a t the m a t r i x e l ement s 

encountered d i f f e r i n the f i n a l r e s u l t s o n l y in the a n g u l a r f a c t o r s ; 

the r a d i a l i n t e g r a l s R ( a b , cd) a r e the same. The d i f f e r e n c e s i n t r o ­

duced by t h e s e a n g u l a r f a c t o r s are s i g n i f i c a n t , however , and a c a l c u l a ­

t i o n should be performed f o r an e lement for which ample e x p e r i m e n t a l 

data i s a v a i l a b l e . I n t h i s way, a meaningfu l a s se s sment o f t h e s e two 

v iews f o r the Auger dynamics can be a c c o m p l i s h e d . 

In the p r o c e s s o f c a r r y i n g out the c a l c u l a t i o n s summarized a b o v e , 

some p o t e n t i a l d e f i c i e n c i e s in the procedure have been n o t e d . S i n c e i t 

i s i m p o s s i b l e t o s t a t e wi thout more e x p e r i m e n t a l data t h a t t h e s e are 

r e a l d e f e c t s in the t r e a t m e n t , we s h a l l c o n f i n e the p r e s e n t comments to 

those f e a t u r e s which seem the most l i k e l y t o i n t r o d u c e e r r o r s . We have 

s t a t e d s e v e r a l t imes t h a t r e l a t i v i s t i c e f f e c t s were n e g l e c t e d in p e r ­

forming t h i s c a l c u l a t i o n . I t was argued t h a t the l a c k o f a c o r r e c t 

r e l a t i v i s t i c f o r m u l a t i o n o f the Auger p r o c e s s made the i n c l u s i o n o f 

90 

such e f f e c t s o f d o u b t f u l u s e f u l n e s s . But i t has been r e p o r t e d t h a t 

r e l a t i v i s t i c c a l c u l a t i o n s o f the energy l e v e l s i n T i g i v e r i s e to a 

s h i f t in the 2s b i n d i n g energy o f as much as 4 0 e v . I f t h i s i s t r u e , 

then c l e a r l y the r e l a t i v i s t i c t rea tment cou ld produce s i g n i f i c a n t 

changes in the p r e d i c t e d e n e r g i e s . I t should be noted t h a t the r e p o r t s 

o f t h i s s h i f t have not been conf irmed thus f a r . I f the r e s u l t s p r e s e n t e d 

here shou ld be in e r r o r when r e l i a b l e e x p e r i m e n t a l data becomes a v a i l ­

a b l e , however , then the i n c l u s i o n of r e l a t i v i s t i c e f f e c t s i n t o the 

c a l c u l a t i o n should be c o n s i d e r e d . T h i s i s e s p e c i a l l y t r u e , o f c o u r s e , 



141 

f o r the h e a v i e r e l ements ( Z r , Nb , Mo) s i n c e the importance o f r e l a t i v i s ­

t i c e f f e c t s w i l l i n c r e a s e wi th i n c r e a s i n g a tomic number. 

In a d d i t i o n to t h i s n e g l e c t o f r e l a t i v i s t i c phenomena, i t must 

be r e c o g n i z e d t h a t the e f f e c t s o f the m o l e c u l a r and s o l i d s t a t e have 

been t o t a l l y i g n o r e d . A l t h o u g h a j u s t i f i c a t i o n f o r t h i s has been g i v e n , 

i t may be t h a t the e f f e c t s a r e more s i g n i f i c a n t than a n t i c i p a t e d . T h i s 

i s e s p e c i a l l y t r u e f o r the case o f the plasmon i n t e r a c t i o n and the 

i n t e r b a n d t r a n s i t i o n . An Auger e l e c t r o n can l o s e energy by t h e s e p r o ­

c e s s e s and thereby be d i s p l a c e d from the c o r r e c t energy by a c o r r e s ­

ponding amount. T h i s would then e v i d e n t l y l e a d to d i f f i c u l t i e s in 

i n t e r p r e t i n g o b s e r v e d s p e c t r a s o l e l y wi th the a i d o f Auger e n e r g i e s . 

In a s i m i l a r f a s h i o n , the work f u n c t i o n o f a s o l i d can e f f e c t the o b ­

s e r v e d peak e n e r g i e s . I t may t h e r e f o r e be n e c e s s a r y to make t h i s 

a d j u s t m e n t i n the o b s e r v e d e n e r g i e s . 

As d i s c u s s e d i n Chapter I , t h i s c a l c u l a t i o n i g n o r e s the e f f e c t 

o f c o n f i g u r a t i o n i n t e r a c t i o n ( C I ) in t r e a t i n g the LMM t r a n s i t i o n s . T h i s 

was done d e s p i t e the apparent s u c c e s s i n the use o f CI by Asaad i n 

16 

t r e a t i n g KLL t r a n s i t i o n s . I t was p o i n t e d out by S iegbahn, however, 

t h a t t h i s s u c c e s s was p r o b a b l y f o r t u i t o u s b e i n g due to the use o f 

i n a c c u r a t e b i n d i n g e n e r g i e s i n A s a a d ' s c o m p u t a t i o n s . On the b a s i s o f 

t h i s r e s u l t , we f e l t tha t i n c l u s i o n o f CI was not j u s t i f i e d a t t h i s 

t i m e . Subsequent r e s u l t s may, of c o u r s e , a l t e r t h i s s i t u a t i o n so tha t 

one should be aware o f the p o s s i b l e import o f c o n f i g u r a t i o n i n t e r a c t i o n 

when t r e a t i n g Auger t r a n s i t i o n s . A f i n a l p o s s i b l e improvement i n the 

p r e s e n t computat ions i s i n the t rea tment o f the continuum e l e c t r o n wave 

f u n c t i o n . Thus we have noted i n Chapter I I I t h a t t h i s f u n c t i o n was 



142 

determined by assuming the e l e c t r o n to move in a Hermann-Ski l lman 

c e n t r a l p o t e n t i a l and then n u m e r i c a l l y s o l v i n g S c h r o d i n g e r ' s e q u a t i o n 

w i th t h i s p o t e n t i a l . A b e t t e r t rea tment would u t i l i z e the H a r t r e e -

Fock p o t e n t i a l f o r the problem. Such a t rea tment w i l l i n e v i t a b l y 

i n t r o d u c e c o m p l i c a t i o n s s i n c e t h i s p o t e n t i a l changes f o r each e l e c t r o n 

i n the atom. But the new trea tment may a l s o i n t r o d u c e s i g n i f i c a n t 

d e v i a t i o n s in the continuum f u n c t i o n c h a r a c t e r i s t i c s . I f t h i s shou ld 

be the c a s e , then the p r e d i c t e d Auger t r a n s i t i o n p r o b a b i l i t i e s w i l l be 

a l t e r e d as w e l l s i n c e these q u a n t i t i e s are e x t r e m e l y s e n s i t i v e to the 

wave f u n c t i o n c h a r a c t e r . 

Now throughout t h i s work, i t has r e p e a t e d l y been emphasized 

t h a t t h e r e i s a g r e a t need f o r more e x p e r i m e n t a l data on LMM Auger 

t r a n s i t i o n s . Indeed , i t i s hoped t h a t the p r e s e n t e f f o r t w i l l s t i m u ­

l a t e the p r o d u c t i o n o f such d a t a . I f t h i s i s to be the c a s e , t h e r e 

a r e two b a s i c e x p e r i m e n t a l t echn iques which w i l l be u t i l i z e d - - t h e ESCA 

t echn ique deve loped by S i e g b a h n ^ and the t echn ique of Auger E l e c t r o n 

S p e c t r o s c o p y (AES) . The l a t t e r method was d i s c u s s e d in some d e t a i l in 

Chapter I and i s the one o f pr imary i n t e r e s t here s i n c e r e s u l t s o f AES 

were r e s p o n s i b l e f o r i n s p i r i n g the p r e s e n t c a l c u l a t i o n s . In t h i s r e g a r d , 

we r e c a l l t h a t the t e c h n i q u e i s , thus f a r , l i m i t e d to an i n v e s t i g a t i o n 

o f m a t e r i a l s through the Auger e n e r g i e s wi th i n t e n s i t y i n f o r m a t i o n 

b e i n g l o s t . T h i s a r i s e s due t o the sma l l i n h e r e n t i n t e n s i t y of the 

Auger peaks r e l a t i v e to the o ther s i g n a l s which appear i n Auger 

s p e c t r o s c o p y and to the presence o f an o v e r a l l background s i g n a l . In 

order to i d e n t i f y the presence o f the Auger p e a k s , i t i s then n e c e s s a r y 

t h a t one o b t a i n the d e r i v a t i v e o f the i n t e n s i t y curve ( t h e N(E) curve 
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o f Chapter I ) and thereby d e s t r o y the meaningfu l i n t e n s i t y d a t a . One 

p o s s i b i l i t y f o r r e g a i n i n g t h i s data e x i s t s , however , and perhaps the 

t e c h n i q u e can be p e r f e c t e d in the near f u t u r e . Thus we note t h a t the 

d e r i v a t i v e curve i s such t h a t i t e f f e c t i v e l y removes the background 

s i g n a l s i n c e t h i s s i g n a l i s a l m o s t l i n e a r over a broad range o f e n e r g y . 

I f one were t o i n t e g r a t e t h i s c u r v e , i t then f o l l o w s t h a t the back­

ground c o n t r i b u t i o n w i l l be l a r g e l y removed and , as a r e s u l t , the Auger 

peaks w i l l appear more c l e a r l y . T h i s would then e n a b l e a d i r e c t 

measurement of the peak i n t e n s i t i e s thereby p r o v i d i n g a second t o o l i n 

the a n a l y s i s o f Auger s p e c t r a . I t would o b v i o u s l y a l s o p r o v i d e an 

e x p e r i m e n t a l method wi th which the t h e o r e t i c a l p r e d i c t i o n s , such as 

t h o s e produced h e r e , c o u l d be compared. An improvement such as t h i s 

would thus improve c o n s i d e r a b l y the u t i l i t y o f the method o f Auger 

E l e c t r o n S p e c t r o s c o p y . 

In summary, i t i s hoped t h a t the r e s u l t s o f t h i s work w i l l s t i m u ­

l a t e f u r t h e r t h e o r e t i c a l c a l c u l a t i o n s as w e l l as more e x p e r i m e n t a l 

e f for t in the measurement o f Auger e n e r g i e s and i n t e n s i t i e s . I f the 

r e s u l t s shou ld a l s o p l a y a p a r t in i n s p i r i n g the development o f im­

provements i n the AES t e c h n i q u e s , then the p r e s e n t e f f o r t w i l l have been 

e x t r e m e l y r e w a r d i n g . 
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APPENDICES 



1 4 5 

APPENDIX A 

ANGULAR MOMENTUM PROPERTIES OF SOLUTIONS TO THE SCHRODINGER EQUATION 

The purpose o f t h i s appendix i s t o i n d i c a t e the n a t u r e o f the 

a n g u l a r momentum dependences i n the s o l u t i o n s o f S c h r o d i n g e r ' s equa­

t i o n f o r an a tomic s y s t e m . S i n c e t h i s problem has been e x h a u s t i v e l y 

63—65 

d i s c u s s e d , we s h a l l be c o n t e n t w i th a p r e s e n t a t i o n o f the b a s i c 

r e s u l t s . To p r o c e e d , we i n t r o d u c e the atomic H a m i l t o n i a n to be used 

h e r e ; i t i s ( i n MKS u n i t s ) 

j = i J K J 1 J j = i 

where 

k = 
4rre 

o 

The v a r i o u s terms i n t h i s e x p r e s s i o n are i d e n t i f i e d by 

2 
V . ~ k i n e t i c energy of j t n e l e c t r o n , 

2m j 

2 
- kZe mutual e l e c t r o s t a t i c i n t e r a c t i o n . 

r . ~ energy o f j t n e l e c t r o n wi th nuc l eus 
of charge + Z e , 

2 
ke mutual e l e c t r o s t a t i c i n t e r a c t i o n 
r ^ energy o f e l e c t r o n s i and j , 
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and 

(SO)^ ~ s p i n - o r b i t energy of j * * 1 e l e c t r o n . 

To f a c i l i t a t e c o m p u t a t i o n s , i t i s somewhat s i m p l e r t o use a tomic u n i t s ; 

we t h e r e f o r e i n t r o d u c e 

k 2 m e 4 

energy u n i t s ~ 1 Rydberg = 5— =* 1 3 . 6 ev 
2h 

( A - 3 ) 
h 2 

and l e n g t h u n i t s ~ 1 Bohr r a d i u s = 
, 2 * 
kme 

I n terms o f t h e s e u n i t s , one o b t a i n s 

H - £ ( - v . 2 - a + * 2

? ( V V s j ) + I ^ 
j J i < j 1 J 

( A - 4 ) 

where X^ g i v e s the d i s p l a c e m e n t o f the e l e c t r o n in Bohr r a d i i so 

tha t 

r . = X . a 
J J o 

The t r a d i t i o n a l form o f the s p i n - o r b i t i n t e r a c t i o n energy has been 

i n s e r t e d i n t o t h i s e x p r e s s i o n wi th the o p e r a t o r 

be ing the s i g n i f i c a n t f e a t u r e of the i n t e r a c t i o n . I t i s , o f c o u r s e , 

c l e a r t h a t the q u a n t i t i e s (ty _Sj) a r e the o r b i t a l and s p i n a n g u l a r 

momenta o f the j t n e l e c t r o n . As r e g a r d s the q u a n t i t i e s <y and § ( X j ) , 
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t h e s e are the f i n e s t r u c t u r e c o n s t a n t and the s p i n - o r b i t parameter 

r e s p e c t i v e l y . 

Now S c h r o d i n g e r 1 s e q u a t i o n i s g i v e n by 

HY = EY ( A - 5 ) 

where E i s i n Rydbergs i f ( A - 4 ) i s used for the H a m i l t o n i a n . The 

a n g u l a r momentum p r o p e r t i e s o f Y can be examined most e a s i l y by con­

s i d e r i n g the commutative p r o p e r t i e s of H wi th r e s p e c t to the angu lar 

momentum o p e r a t o r s o f the s y s t e m . Thus i f one f i n d s t h a t H commutes 

wi th the o p e r a t o r L so t h a t 

[ H , L ] = HL - LH = 0 , 

then i t f o l l o w s t h a t the s o l u t i o n s t o ( A - 5 ) can be w r i t t e n as s i m u l ­

taneous e i g e n s t a t e s of the o p e r a t o r s H and L . In the form o f an 

e q u a t i o n , t h i s means t h a t 

HY = EY 

(L) Y = mY 

"""" z 

L 2 Y = L ( L + 1 ) Y 

a r e s a t i s f i e d s i m u l t a n e o u s l y . N a t u r a l l y i f H does not commute with L , 

then one cannot o b t a i n such s t a t e s f o r H and L . Now i n order to c a r r y 

out t h i s type o f commutative o p e r a t o r s t u d y , i t i s conven ien t i n the 

p r e s e n t c a s e t o w r i t e H as 
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where 

H = H 1 + H 2 + H 3 

2Z N 

H 2 - ^ a 2 § ( X ) i • s ( A - 6 ) 

j 

H = V - 2 -

3 ^ X . . 

i < j l J 

which e v i d e n t l y i s j u s t a s e p a r a t i o n o f the s p i n - o r b i t and mutual e l e c ­

t ron e l e c t r o s t a t i c c o n t r i b u t i o n s t o the t o t a l e n e r g y . 

Viewed from the s t a n d p o i n t o f p e r t u r b a t i o n t h e o r y , t h e r e a r e four 

d i s t i n c t c a s e s which can be o b t a i n e d from the t o t a l H g i v e n i n ( A - 6 ) . 

Each o f t h e s e g i v e s r i s e to d i f f e r e n t a n g u l a r momenta c h a r a c t e r i z i n g 

the s o l u t i o n s o f ( A - 5 ) and a r e , t h e r e f o r e , d i s c u s s e d below„ 

CASE I : H = H ; YL » ^ 2 ^ 3 

The commutation p r o p e r t i e s f o r t h i s H a m i l t o n i a n a r e 

[ H . i j 2 ] = [ H , ( i j ) z ] = [ H , s . 2 ] = [ H f ( s j ) z ] - 0 ( A - 7 ) 

2 2 
where I,. and s , = s , • s . . T h i s then means t h a t the e igen-

- j "J "J " j - j " j 

s t a t e s \|f̂  i n 

H l * l = Elh 
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are c h a r a c t e r i z e d by t h e quantum numbers ( e i g e n v a l u e s ) o f the o p e r a t o r s 

2 2 
( £ . ) , ( £ . ) , ( s . ) and ( s . ) . F u r t h e r , we note tha t H, i s j u s t a sum 
—j — j z — j —j z 1 J 

o f h y d r o g e n i c H a m i l t o n i a n s h^ so t h a t 

3 

One then has immedia te ly t h a t ( n e g l e c t i n g ant i symmetry o f \|r^) 

( A - 8 ) 
E1 = + €2 + . . . + % 

where 

h.cp. = « „ 

i s u s e d . But the p r o p e r t i e s o f the cp̂  a r e wel l -known t o be such t h a t 

-iS = V V 1 ) C P J 

( A - 9 ) 

so t h a t i|r̂  i s indeed an e i g e n s t a t e o f t h e o p e r a t o r s used i n ( A - 9 ) as 

s t a t e d a b o v e . For f u t u r e u s e , we w i l l i n d i c a t e t h e s e cpj by the ke t 
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cpj = \ n l m l \ x s > ( A - 1 0 ) 

where ( & , m p , \± ) i s the marker t h a t the r e l a t i o n s ( A - 9 ) a r e s a t i s f i e d . 
\s S 

E v i d e n t l y the " j " s u b s c r i p t i n c l u d e s a l l o f the quantum numbers i n d i ­

c a t e d i n ( A - 1 0 ) . We note for comple teness t h a t the "n" l a b e l i n ( A - 1 0 ) 

i s the p r i n c i p a l quantum number of hydrogen ic (or c e n t r a l - f i e l d ) theory 

CASE I I : H = H x + H 3 ; , H 3 » H 2 

The commutation p r o p e r t i e s a r e here g iven in terms o f the t o t a l 

o r b i t a l (L) and s p i n (S_) angu lar momenta of the sys tem. These a r e 

d e f i n e d by 

L - -t, + £ 0 + . . . + — / £ . 
— —1 —2 —N Z_, —j 

8 = £ l + s 2 + . . . + ^ = I B 

( A - l l ) 

and the commutative p r o p e r t i e s a r e 

[ H , L 2 ] = [ H , ( L ) z ] = [ H , S 2 ] = [ H , ( S ) z ] = 0 . ( A - 1 2 ) 

I t should be noted t h a t the b a s i c change from the commutators l i s t e d 

under Case I i s the f a c t t h a t one now has 

I X ( £ . ) ] t 0 and [ H , ( s . ) ] t 0 . ( A - 1 3 ) 
J z j z 

Hence the numbers (m. , [i ) a r e no l o n g e r meaningfu l i n s p e c i f y i n g the 
*C S 



151 

s t a t e o f the s y s t e m . I n s t e a d o n l y t h e i r sum i s conserved as e v i d e n c e d 

by the r e s u l t s ( A - 1 2 ) and the d e f i n i t i o n s i n ( A - l l ) . 

Now the S c h r o d i n g e r e q u a t i o n f o r the sys tem i s 

H Y 2 = E 2 t 2 

and the r e l a t i o n s ( A - 1 2 ) demonstrate tha t \|r2 can be w r i t t e n such t h a t 

L 2 i ( , 2 = L ( L + l ) t 2 

S 2 i | i 2 = S ( S + 1 ) * 2 

( A - 1 4 ) 

( L ) z ^ 2 = V 2 

( S ) ^ 2 = M s * 2 ; 

we i n c o r p o r a t e t h e s e s y m b o l i c a l l y by w r i t i n g 

• 2 - l y L S ^ M g ) . ( A - 1 5 ) 

Here the q u a n t i t y y i n c l u d e s a l l a d d i t i o n a l n e c e s s a r y quantum numbers, 

such as t h e p r i n c i p a l v a l u e s ( n ^ , n 2 , . . . ) and the i n d i v i d u a l o r b i t a l 

and sp in momenta ( £ . , £ j ) which c o u p l e to g i v e L and S . These f u n c t i o n s 

can be e x p r e s s e d i n terms o f the hydrogen ic f u n c t i o n s o f Case I b u t , 

f o r more than two e l e c t r o n s , the dependence becomes r a t h e r i n v o l v e d . 

For two e l e c t r o n s , i t i s r e l a t i v e l y s imple w i th the r e s u l t be ing 

W L S M L 1 ^ > 1 2 = ^ < ^ 1 m 1 ^ 2 m 2 | L M L > < s 1 n 1 s 2 ^ 2 | S M s > 

m i m 2 

^ 2 . . ( A " 1 6 ) 

l n l / t l m l ^ l > l ' n 2 ^ 2 m 2 ^ 2 > 2 * 
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The q u a n t i t i e s ( ^ m ^ ^ n ^ ILM^) a r e C lebsch-Gordan c o e f f i c i e n t s w h i l e 

the ( 1 , 2 ) s u b s c r i p t s in | Y L S M M ) . denote the e l e c t r o n c o - o r d i n a t e 

l a b e l . We n o t e t h a t t h i s expans ion i s such t h a t 

^ I Y L S M ^ ) ^ = l l ( l 1 + l ) \ y L S H [ K s ) l 2 

2 2 2 

w i th s i m i l a r r e s u l t s f o r , and £ 2 . T h i s f o l l o w s from the f a c t 

t h a t t h e s e o p e r a t o r s s t i l l commute w i t h H and a r e , t h e r e f o r e , good 

quantum numbers. A b e t t e r n o t a t i o n f o r the LS - c o u p l e d (or R u s s e l l -

S a u n d e r s ^ ) f u n c t i o n s would then i n c l u d e these quantum numbers e x p l i c i t l y as 

v ( ^ 2 ) L ( s 1 s 2 ) S M L M S > 1 2 ( A - 1 7 ) 

r a t h e r than the form o f ( A - 1 6 ) „ T h i s n o t a t i o n has the advantage o f 

i n d i c a t i n g the order of the c o u p l i n g o f and ^ 2 t o g i v e the r e s u l t a n t 

L and s i m i l a r l y f o r S ^ » S 2 c o u p l i n g t o S . In a d d i t i o n , the form ( A - 1 7 ) 

i s such tha t one can immediate ly i d e n t i f y the quantum numbers c o r r e ­

sponding t o e l e c t r o n " 1 " and e l e c t r o n " 2 . " Thus the f i r s t l i s t e d 

numbers (<t^,s^) a r e assumed t o correspond to e l e c t r o n " 1 " wi th (L^s^) 

be ing a s s o c i a t e d wi th e l e c t r o n " 2 . " 

Case I I I : H = + H 2 + ; 

The commutative p r o p e r t i e s a r e now such t h a t H commutes o n l y w i th 

the t o t a l angu lar momentum (J) o f the system where 

J = L + S ( A - 1 8 ) 
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w i th the r e l e v a n t commutators b e i n g 

[ H , J 2 ] = [ H , ( J ) z ] = 0 . ( A - 1 9 ) 

These r e l a t i o n s a l s o ho ld for the H a m i l t o n i a n s o f Cases I , I I , and IV 

but the s t a t e s are a l l degenera te in the J v a l u e s f o r t h e s e c a s e s . 

Hence t h e r e i s no need i n u t i l i z i n g i t t o s p e c i f y a p a r t i c u l a r s t a t e 

for such s y s t e m s . I t i s n e c e s s a r y in the p r e s e n t c a s e , however , and 

one has t h a t the s o l u t i o n s ^ o f 

H +3 = E 3*3 

can be w r i t t e n as (y not the same as in ( A - 1 5 ) ) 

where 

.2 

J |-yJM> = J ( J + 1 ) |-yJM> 

( J ) | Y J M > = M | Y J M > . 

( A - 2 0 ) 

Now i t i s p o s s i b l e t o w r i t e t h e s e s t a t e s as l i n e a r combinat ions of L S -

coupled f u n c t i o n s in ana logy w i t h the expans ion o f ( A - 1 6 ) ; the r e s u l t s 

a r e the i n t e r m e d i a t e c o u p l i n g f u n c t i o n s . In order to o b t a i n t h e s e , we 

r e c a l l t h a t the s t a t e s o f ( A - 1 6 ) and ( A - 1 7 ) a r e e i g e n s t a t e s of the 

o p e r a t o r s o f ( A - 1 4 ) . But f o r the p r e s e n t c a s e , i t would be more c o n -

2 2 
v e n i e n t t o use f u n c t i o n s which are e i g e n s t a t e s o f L , S , and ( J , ) z « 

Such f u n c t i o n s a r e e a s i l y o b t a i n e d from t h o s e o f ( A - 1 6 ) s i n c e from ( A - 1 8 ) , 
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M = M + M, 

so t h a t 

( A - 2 1 ) 

T h i s r e l a t i o n f o l l o w s when the p r o p e r t i e s o f C lebsch-Gordan c o e f f i c i e n t s 

( somet imes termed v e c t o r a d d i t i o n c o e f f i c i e n t s ) a r e combined wi th the 

d e f i n i t i o n ( A - 1 8 ) . 

To proceed f u r t h e r , we n o t e t h a t the o p e r a t o r s H^,H^ o f the 

H a m i l t o n i a n are both d i a g o n a l in the L ,S quantum numbers, i . e . , 

where j = 1 , 3 . The s p i n - o r b i t term ( Y i ^ ) does not s a t i s f y t h i s r e l a t i o n , 

however, and i n s t e a d one f i n d s a m a t r i x e lement which l i n k s d i f f e r e n t 

L , S s t a t e s (a p r e c i s e e x p r e s s i o n i s g iven in ( A - 3 1 ) f o r two e l e c t r o n s ) . 

I t i s t h i s term, t h e r e f o r e , which causes the breakdown of L S - c o u p l i n g 

and n e c e s s i t a t e s the use o f the i n t e r m e d i a t e c o u p l i n g f o r m a l i s m . Due 

t o t h i s term, a l l ( L , S ) s t a t e s which couple t o g i v e the same J a r e 

mixed to form the "true" s t a t e s c h a r a c t e r i z e d by t h i s J . Th i s mix ture 

e n t e r s as a sum over a l l the L , S p a i r s which can coup le to g i v e the 

p a r t i c u l a r J v a l u e and one has the r e s u l t 

< V ' L V J ' M ' | H . | 7 L S J M > = fiVvfiL,Lfis's6j'A'M ( A - 2 2 ) 

( A - 2 3 ) 
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2 

1 1 3 
V D 2 ; 0 , 1 , 2 

so t h a t the i n t e r m e d i a t e c o u p l i n g J = 2 s t a t e s are o b t a i n e d by a mixing 

1 3 
o f the ( D 2 and P^) pure L S - s t a t e s . The r e s u l t 

| Y ( 3 p 2 ) 2 M > = C N ' ( X D 2 ) | v ( 1 D 2 ) M > + C N ' ( V , ) | Y ( 3 P 2 ) M > ( A - 2 4 ) 

i s t h e r e b y o b t a i n e d from ( A - 2 3 ) . We note t h a t the c o e f f i c i e n t s C (LSJ) 

a r e termed the mix ing c o e f f i c i e n t s . They are computed by s o l v i n g a 

s e c u l a r e q u a t i o n ( c o n s u l t Chapter I I and Appendix D) wi th the N' 

v a r i a b l e i n d i c a t i n g the c o e f f i c i e n t s which correspond to a p a r t i c u l a r 

s o l u t i o n o f t h i s e q u a t i o n (Appendix D p r e s e n t s d e t a i l e d r e s u l t s f o r the 

mix ing c o e f f i c i e n t s encountered in LMM t r a n s i t i o n s ) . 

CASE I V : H = H 1 + H 2 ; H 2 » H 3 

T h i s c a s e corresponds to the t o t a l s p i n - o r b i t energy b e i n g 

l a r g e r than the c o n t r i b u t i o n o f the mutual e l e c t r o n i n t e r a c t i o n e n e r g y . 

T h i s H a m i l t o n i a n i s , t h e r e f o r e , o n l y a p p r o x i m a t e l y c o r r e c t even f o r the 

v e r y heavy e l e m e n t s , but i t i s s t i l l a u s e f u l case to c o n s i d e r . One 

c o u l d proceed by a g a i n n o t i n g t h a t H commutes w i t h the t o t a l a n g u l a r 

momentum J and the z-component o f t h i s o p e r a t o r , but t h i s i s u n i n t e r ­

e s t i n g here s i n c e a l l s t a t e s a r e degenera te in t h e s e quantum numbers. 

I n s t e a d the o p e r a t o r s of i n t e r e s t correspond t o the i n d i v i d u a l t o t a l 

To i l l u s t r a t e t h i s r e l a t i o n , c o n s i d e r the case o f a 3p c o n f i g u r a t i o n . 

Then the p o s s i b l e m u l t i p l e t s t a t e s a r e 
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a n g u l a r momenta o f each e l e c t r o n ( j ^ ) which a r e formed from the 

c o u p l i n g 

Jk - ifc + -k • CA-2S) 

and from t h i s one has 

J - i i + i 2

 + ••• + i N • 

The commutation r e l a t i o n s are then 

[ H , j k

2 ] = [ H , ( J k ) z ] = 0 ( A - 2 6 ) 

so t h a t the s o l u t i o n s \|r^ o f 

H * 4 = E

4 + 4 

a r e such t h a t 

i k V J k < j k + 1 > * 4 

( A - 2 7 ) 

These j j - c o u p l e d f u n c t i o n s a r e u s u a l l y denoted by ( f o r two e l e c t r o n s ) 

Y J i J 2

J M > • 

As might be e x p e c t e d , i t i s p o s s i b l e t o w r i t e these s t a t e s i n terms o f 

the hydrogen ic f u n c t i o n s o f Case I . To a c c o m p l i s h t h i s , n o t e t h a t in 
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a n a l o g y wi th ( A - 2 1 ) one has 

|n£jm> = ^ < £ M ^ S | i | jm> |n£m^i> 

from which i t f o l l o w s t h a t 

\ J 1 J 2

J M ^ = 

V 
( j ^ j ^ j J M ) I n ^ j ^ ) | n 2 ^ 2 j 2 m 2 > ( A - 2 8 ) 

i s the expanded j j - c o u p l i n g f u n c t i o n . 

I t i s sometimes n e c e s s a r y to work i n both the L S - and j j - l i m i t s 

so t h a t a knowledge of the r e c o u p l i n g c o e f f i c i e n t c o n n e c t i n g the s t a t e s 

o f t h e s e two l i m i t s i s d e s i r a b l e . Thus we have — f o r two e l e c t r o n s —the 

r e s u l t 

n ^ n ^ L S J M ) = | M ^ L ^ s ^ S , J M > = 

< ( ^ 1 s 1 ) j 1 ( ^ 2 s 2 ) j 2 , J M | ( T 1 ^ 2 ) L ( S 1 S 2 ) S , J M > * 

j l j 2 

( A - 2 9 ) 

( * 1 S 1 ) J I A 2 8 2 ) J 2 , J M > 

with the r e c o u p l i n g c o e f f i c i e n t be ing 

« * 1 8 1 ) J 1 ( * 2 S 2 ) J 2 , J M | ( ^ 2 ) L ( S I S 2 ) S , J M > . 

The reason f o r c a l l i n g t h i s a r e c o u p l i n g c o e f f i c i e n t i s obv ious s i n c e 

the change in the two s t a t e s i s in the d i f f e r e n t c o u p l i n g order o f the 
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i n d i v i d u a l a n g u l a r momenta„ I t may be shown** 4 , ^ t h a t t h i s c o e f f i c i e n t 

i s g i v e n by 

V ( 2 j 1 + 1 ) ( 2 j 2 + L ) ( 2 L + 1 ) ( 2 S + 1 ) S l s 2 S ( A - 3 0 ) 

where i s the Wigner 9 - j symbol . 
64 

By u s i n g t h i s r e s u l t , i t i s then s t r a i g h t f o r w a r d to e v a l u a t e the m a t r i x 

e lement o f the s p i n - o r b i t energy ( H 2 ) in t h e L S - c o u p l i n g scheme. T h i s 

i s t r u e s i n c e H 2 i s d i a g o n a l i n the j j - c o u p l i n g l i m i t . The r e s u l t o f 

such a computat ion i s j u s t 

2 

( L ' S ' J M L I \ r k 
k = l k k 

s. |LSJM> = 

,- r ( 2 j + l ) ( 2 j + 1 ) I 

I [ 1

 2

 1 J [ I / , S ' , L , S ] % ] t 2 s 2 j 

j l j 2 
L ' S ' J 

S 1 S 2 S 

k 

( A - 3 1 ) 
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where the n o t a t i o n [ L ] 2 = / 2 L + 1 i s u s e d . The mix ing o f the 

d i f f e r e n t L S - s t a t e s i s w e l l - i l l u s t r a t e d h e r e i n accordance wi th 

p r e v i o u s remarks . 
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APPENDIX B 

EVALUATION OF AVERAGE AND STRUCTURE TERM ENERGIES 

In t h i s appendix the g e n e r a l formula f o r computing the average 

energy o f any e l e c t r o n c o n f i g u r a t i o n i s g i v e n . The d e f i n i t i o n o f the 
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a v e r a g e energy i s t h a t g iven by S l a t e r and t h e r e f o r e does not i n c l u d e 

the c o n t r i b u t i o n from a s p i n - o r b i t i n t e r a c t i o n . I n s t e a d o n l y the 

c o n t r i b u t i o n o f the k i n e t i c energy and e l e c t r o n - e l e c t r o n i n t e r a c t i o n 

e n e r g i e s a r e c o n s i d e r e d . Using the n o t a t i o n i n t r o d u c e d i n Appendix A , 

t h i s means t h a t o n l y those terms which a r i s e from m a t r i x e l ements o f 

the and o p e r a t o r s are c o n s i d e r e d . 

The wave f u n c t i o n s used i n t h e s e m a t r i x e l ements a r e of the 

hydrogen ic or c e n t r a l f i e l d type d e f i n e d i n ( A - 1 0 ) . As a r e s u l t , the 

c o n t r i b u t i o n t o the average energy i s in terms o f the q u a n t i t i e s 

_ d 2

 + 1(1+1) _ 2Z 
2 2 r J NL P _ , ( r ) dr ( B - l ) 

0 " dr r 

P n £ ( r ) 

where i s the r a d i a l p o r t i o n o f the wave f u n c t i o n . S i m i l a r l y , 

the c o n t r i b u t i o n i s in terms of the r a d i a l i n t e g r a l s 

oo oo 2r 
A a b . c d ) . [ [ P a ( r 1 ) P b ( r 2 ) P c ( r 1 ) P d ( r 2 ) d r 1 d r 2 ( B - 2 ) 

0 0 r ^ 

where P ( r ) c o r r e s p o n d s t o P , ( r ) i n ana logy wi th the f u n c t i o n s of 
a n I 

a a 
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( B - l ) . N o t e t h a t (r^., are d e f i n e d by t h e r e l a t i o n s 

r > = r l r > " r 2 

'l > r2 ^ ^ anc* T~ < r 

so t h a t ( B - 2 ) can , i f d e s i r e d , be w r i t t e n as the sum o f two i n t e g r a l s . 

T h i s d e f i n i t i o n f o r R ( a b , c d ) i s v a l i d for Rydberg u n i t s as i s assumed 

here for H-̂  and . F i n a l l y , i t i s f r e q u e n t l y t r u e t h a t one has the 

c a s e s 

(a = c and b = d) or (a = d and b = c ) 

i n the d e f i n i t i o n ( B - 2 ) . In t h e s e c a s e s i t i s c o n v e n t i o n a l to i n t r o d u c e 

the n o t a t i o n 

F k ( a b ) = R k ( a b , ab) 

and ( B - 4 ) 

G k ( a b ) = R k ( a b , ba) . 

In terms of t h e s e q u a n t i t i e s , we now w r i t e down the a v e r a g e 

energy f o r the c o n f i g u r a t i o n 

-i 2_ 2 . 6_ k ni n, 2 .„ _. 
I s 2s 2p 3s 3p 3d 4 s ( B - 5 ) 

which e n a b l e s the c a l c u l a t i o n o f the average energy o f any 3d t r a n s i ­

t i o n m e t a l . To ex tend to e l ements o f a tomic number such t h a t the 4 s 

s h e l l i s not f i l l e d , i t i s on ly n e c e s s a r y to t r e a t a l l 4 s c o n t r i b u t i o n s 

as z e r o ; a s i m i l a r s ta tement h o l d s f o r the o t h e r o r b i t a l s . Wi th 



1 6 2 

t h e s e p r e l i m i n a r y remarks , the average energy o f ( B - 5 ) i s 

E = y f . I ( n . l . ) + E ( l s 2 ) + E ( 2 s 2 ) + l 5 E ( 2 p 2 ) 
avg Z ^ J J J ^ 

j 

+ M | l i i i ( 3 s 2 ) + H i f l i i I ( 3 p 2 ) + £ i | = l i £ ( 3 d

2 ) 

+ E ( 4 s 2 ) + 4 E ( l s 2 s ) + l 2 E ( l s 2 p ) + 2 k E ( l s 3 s ) 

+ 2 m E ( l s 3 p ) + 2 n E ( l s 3 d ) + 4 E ( l s 4 s ) + 1 2 E ( 2 s 2 p ) ( B - 6 ) 

+ 2 k E ( 2 s 3 s ) + 2mE(2s3s ) + 2 n E ( 2 s 3 d ) + 4 E ( 2 s 4 s ) 

+ 6 k E ( 2 p 3 s ) + 6mE(2p3p) + 6nE(2p3d) + 1 2 E ( 2 p 4 s ) 

+ k m i ( 3 s 3 p ) + k n E ( 3 s 3 d ) + 2 k E ( 3 s 4 s ) + mnE(3p3d) 

+ 2mE(3p4s) + 2 n E ( 3 d 4 s ) . 

The n o t a t i o n i n t h i s r e l a t i o n i s such t h a t E C n ^ ^ ^ - ^ ) i- s t n e average 

energy o f the two e l e c t r o n c o n f i g u r a t i o n We l i s t below the 

r e s u l t s f o r s e v e r a l average e n e r g i e s o f t h i s t y p e . As for the parameter 

f . , t h i s i s j u s t the number of e l e c t r o n s in the o r b i t a l n , i . . 

I t i s c l e a r t h a t the average energy of the t o t a l c o n f i g u r a t i o n 

( B - 5 ) has been e x p r e s s e d in terms o f the average i n t e r a c t i o n e n e r g i e s 

of a l l p o s s i b l e two e l e c t r o n c o n f i g u r a t i o n s which can occur in ( B - 5 ) . 

The r e s u l t s n e c e s s a r y t o accompl i sh such an expans ion are o b t a i n e d from 



163 

the f a c t t h a t the average energy for a c o n f i g u r a t i o n ( n ^ l ^ ) ^ ( n ^ t ^ ) ^ i s 

g iven by 

a v g v 1 2 7 a v g v 1 y a v g v 2 7 ^ M a v g v 1 2 / 

and ( B - 7 ) 

a v g v 1 2 a v g v 1 7 

By u s i n g t h e s e e x p r e s s i o n s on ( B - 5 ) (or f o r any o t h e r c o n f i g u r a t i o n ) , 

an e x p r e s s i o n such as ( B - 6 ) i s obtained, , I t then remains to compute 

the average e n e r g i e s of the two e l e c t r o n c o n f i g u r a t i o n s . T h i s i s 

s t r a i g h t f o r w a r d s i n c e one has the r e s u l t s 

E a v 8 ( n l V 2 V " \ C 2 ' ° ( » i V 2 * 2 ) ' i 8 U ^ / ( n l * l n 2 * 2 ) ] 

a n d ( B - 8 ) 

E a v 8 ( ( n l ^ ) 2 > " ^ [ 2 F ° ( n l W l ) - \ / ( n l W l ) ] 

where 

((^otoj^o)) 2 

% V L x l 2

 = 2 1 ^ + 1 

The l i m i t s on I in the above are i n i n t e g e r s t e p s as 0 , 1 , 2 , . . . w i t h 

the upper l i m i t be ing s e t by the p r o p e r t i e s o f the Clebsch-Gordan 
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c o e f f i c i e n t o I f the r e l a t i o n s ( B - 8 ) a r e u t i l i z e d , one can o b t a i n the 

f o l l o w i n g r e s u l t s f o r the c o n f i g u r a t i o n s which occur f o r s , p , and d 

e l e c t r o n s : 

E ( s 2 ) = F ° ( s s ) 

(B -9) 

E ( P 2 ) = F ° ( p p ) - ^ F 2 ( p p ) 

E ( d 2 ) = F ° ( d d ) - - ^ F 2 ( d d ) - ^ F 4 ( d d ) 

E ( s s 7 ) = F ° ( s s / ) - \ G ° ( s s 7 ) 

E ( s p ) = F ° ( s p ) - | G ^ s p ) 

E ( s d ) = F ° ( s d ) - jo q 2 ( s V 

E ( p p ' ) = F ° ( p p 7 ) - £ G ° ( P p 7 ) - Y 5 G 2 ( P P

7 ) 

E(pd) = F°(pd) - G 1 (pd) - ^ G 3 (pd) 

E ( d d 7 ) = F ° ( d d 7 ) - ^ G ° ( d d ' ) - ^ G 2 ( d d 7 ) - ^ G 4 ( d d 7 ) 

In t h e s e r e l a t i o n s , the "n" l a b e l has been dropped and, where n e c e s s a r y , 

a prime i s used to i n d i c a t e t h a t d i f f e r e n t n v a l u e s a r e to be u s e d . 

As the f i n a l p o i n t , we w r i t e down the s t r u c t u r e term e n e r g i e s 

which a r e u t i l i z e d i n e v a l u a t i n g the LMM t r a n s i t i o n e n e r g i e s . The f o l ­

lowing r e s u l t s are f o r L S - s t a t e s and a r e o b t a i n e d from the c o m p i l a t i o n 

63 
by S l a t e r ; f o r f u r t h e r d e t a i l s t h i s r e f e r e n c e should be c o n s u l t e d . 
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I t i s t o be noted t h a t the a v e r a g e e n e r g i e s have been removed from 

the f o l l o w i n g t e r m s - - ! . e „ , the s t r u c t u r e terms a r e w i th r e s p e c t t o the 

a v e r a g e c o n f i g u r a t i o n energy and a r e not a b s o l u t e . The r e s u l t s a r e 

C o n f i g u r a t i o n S t r u c t u r e Term 

sp(l?) \ G 1 ( s p ) 

s p ( P) - - G ( s p ) 

1 3 2 
s d ( D) Yb" G ( s d ) 

s d ( 3 D ) - ~ G 2 ( s d ) 

P ( S ) 25 F (PP) 

2 1 3 2 
P ( D) ^ F (pp) 

2 3 3 2 
P < P ) - ^ F (pp) 

( B - 1 0 ) 

3 2 2 1 1 15 3 
p d ( J F ) F^(pd) - i G (pd) + ^ G J ( p d ) 

p d ( 3 D ) - \ F 2 ( p d ) + ^ G X ( p d ) - ^ G 3 ( p d ) 

^ 3 „ s 1 ^ 2 , 105 „ 3 , ' . 
pd< P) 5 F (pd) - 2J^Q G (pd) 

1 2 2 7 1 27 3 
p d ( i F ) 5J F^(pd) + ^ G (pd) + ^ G J ( p d ) 

p d ( X D ) - 3 F 2 ( p d ) - ^ G X ( p d ) + ^ G 3 ( p d ) 

p d ( X P ) - \ F 2 ( p d ) + ^ G X ( p d ) + ± | £ G 3 ( p d ) 



1 6 6 

( c o n t ' d ) C o n f i g u r a t i o n 

2 3 
d ( F) 

d 2 ( 3 P ) 

d V G ) 

d 2 ( X D ) 

dVs) 

We note t h a t the above terms a l s o 

f i g u r a t i o n s o f t h o s e shown,, Thus 

9 

as ( s p ) , ( s d ) , the same as ( s d ) , 

r a t i o n s . 

S t r u c t u r e Term 

"BiF2(dd) + ~drp4(dd) 

ikp2(dd) " HkF4(dd) 

4 4 l ( d d ) + 4 4 1 ( d d ) 

" 4 4 l F (dd) + (dd) 

4 4 l F (dd) + F (dd) . 

are v a l i d f o r the complementary con-

( sp^) has the same s t r u c t u r e s p l i t t i n g 

and s i m i l a r l y f o r the o t h e r c o n f i g u -
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APPENDIX C 

INTERMEDIATE COUPLING TRANSITION PROBABILITIES 

The e x p r e s s i o n o b t a i n e d for the LMM t r a n s i t i o n p r o b a b i l i t i e s 

a r e p r e s e n t e d in t h i s a p p e n d i x . The r e s u l t s were o b t a i n e d by u s i n g 

e q u a t i o n ( 1 0 6 ) i n Chapter I I so t h a t o n l y the i n t e r a c t i o n o f the M s h e l l 

e l e c t r o n s a r e t r e a t e d in i n t e r m e d i a t e c o u p l i n g . In a d d i t i o n , n o t e t h a t 

u s e d , i s o m i t t e d from the f o l l o w i n g r e s u l t s . Any a p p l i c a t i o n o f t h e s e 

r e l a t i o n s must thus i n c l u d e t h e s e f a c t o r s . 

The r e s u l t s a r e f i r s t g iven f o r an i n i t i a l 2s vacancy wi th the 

n o t a t i o n b e i n g tha t used f o r the ( T i , V , C r ) l i n e s . I f ( Z r , Nb, Mo) or a 

s i m i l a r e l ement i s t r e a t e d , the on ly changes a r e those i l l u s t r a t e d in 

F i g u r e 10 o f Chapter I I I . The 2s t r a n s i t i o n p r o b a b i l i t i e s a r e then 

t h e d e n s i t y o f s t a t e s f a c t o r , 
2TTP 

or rr, depending on the u n i t s be ing 

R ° ( 2 s E 0 , 3 s 2 ) 

A 

B 

= | C | C N < 3 P 1 > ] 2 | A | 2 + 1 C N < 1 P 1 ) | 2 | B | 2 ] 



§ M 2 

C = R ° ( 2 s E 2 , 3 s 3 d ) - - | R 2 ( 2 s E 2 , 3 d 3 s ) 

D = C + - | R 2 ( 2 s E 2 , 3 d 3 s ) 

L 1 M 1 M 4 ( 3 D 1 ) = | | C | 2 

LLMLV D 2 ) n 

L 1 M 1 M 5 ( D 2 ) J 

= f [ | c N ( 3 D 2 ) | 2 | G | 2

+ | C V D 2 ) | 2 | D 

7 . | 2 
W 5 ( D 3 ) = 2 | C 

L l M 2 M 2 ( P 0 ) - | 

L j M ^ C S Q ) J 

= i | c N ( 1 S 0 ) | 2 | R 1 ( 2 s E 0 , 3 p Z ) 

L J M ^ C P X ) = 0 

L 1 M 2 M 3 ( V L 

L 1 M 3 M 3 ( D 2 ) J 

= | | c N ( 1 D 9 ) | 2 | R 1 ( 2 s E 2 , e p Z ) 

A = - ^ R 1 ( 2 s E l , 3 p 3 d ) - ^ R 2 ( 2 s E l , 3 d 3 p ) 

B = - ^ R 1 ( 2 s E l , 3 p 3 d ) + ^ R 2 ( 2 s E l , 3 d 3 p ) 

C = 

D = 

[ R 1 ( 2 s E 3 , 3 p 3 d ) + | R 2 ( 2 s E 3 , 3 d 3 p ) ] 

j=j [ R 1 ( 2 s E 3 , 3 p 3 d ) - | R 2 ( 2 s E 3 , 3 d 3 p ) ] 
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L 1 M 2 M 4 < S 

L 1 M 2 M 5 
,1 
( D 2 

L 1 M 3 M 4 < S 

L 1 M 3 M 5 ( \ 

L 1 M 2 M 4 

L 1 M 3 M 4 

L 1 M 3 M 5 

L 1 M 2 M 5 

L 1 M 3 M 4 <% 

W s 
,1 
C F 3 

L ! M 3 M 4 \ 

¥ A ' 

L 1 M 5 M 5 ( 

, i , : s 0 : 

W s ( 
3 V 

L X M 4 M 4 ( :\: 

h W \-
L 1 M 5 M 5 ( 

- 4 [ | C V F , ) | 2 | D | 2

+ | C N ( 3 P , ) | 2 | B | 2 ] 

= f [ | C H ( 3 P 1 ) | ' | B | ' + I C V P ^ H A I ' ] 
2 I .2 N . l , 2 . ,2 

= | [ | C N ( V ) | 2 | D | 2

+ |C N (V) | 2 |C |^ 

- I N 2 

9 2 

- | | c N ( 1 S 0 ) | 2 | R 2 ( 2 s E 0 , 3 d 2 ) | 

= 0 

= | | C N ( D 2 ) | 2 | R 2 ( 2 s E 2 , 3 d 2 ) 
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0 
L 1 M 4 M 5 ( V = 

L X MJI < G . ) 
3 l | c V G 4 ) | 2 | R 2 ( 2 s E 4 , 3 d 2 ) | . 

In the c a s e o f the t r a n s i t i o n p r o b a b i l i t i e s f o r an i n i t i a l 2p 

v a c a n c y , the L 9 ~ s h e l l l a b e l i s not i n c l u d e d . I t i s u n d e r s t o o d , 

however, t h a t i t i s n e c e s s a r y when s p e c i f y i n g the t r a n s i t i o n . W i t h 

t h i s p r e l i m i n a r y remark, the e x p r e s s i o n s f o r L_ _ MM t r a n s i t i o n s are 

2 

M 1 M 1 ( V = 9 lR ( 2 P E l , 3 s 2 ) | 

A = R 1 ( 2 p E 0 , 3 s 3 p ) =F R ° ( 2 p E 0 , 3 p 3 s ) 

B = - ^ y R 1 ( 2 p E 2 , 3 s 3 p ) ± ^ R 2 ( 2 p E 2 , 3 p 3 s ) 

M 1 M 2 ( 3 V
 = \ [ I A - ! 2 + I 6-! ' 1 

M 1 M 2 ( 3 P 1 ) j 

i [ - i C l c V P i ) ! 2 ^ | 2 + | B | 2 ) + | C N ( 1 P 1 ) | 2 ( | A + | 2

+ | B + | 2 ) ] 

M 1 M 3 ( V 

M 1 M 3 ( 3 P 2 ) = | L | A J 2

+ | B _ | 2 ] 

C ± = [ R 1 ( 2 p E l , 3 s 3 d ) ± R 1 ( 2 p E l , 3 d 3 s ) ] 

D . = —rh [ R 1 ( 2 p E 3 , 3 s 3 d ) ± | R 3 ( 2 p E 3 , 3 d 3 s ) ] 
± / _> / 

v i j i i u ( \ ) - \ [ | c _ | 2 + | D _ | 2 ] 

2 
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M i V 3 V 

M X M 5 ( D 2 ) 

2 ! - | C | c H C 3 D 2 > | 2 C | c _ | 2 + | D _ | 2 > + | c H < 1 D 2 ) | 2 < | c + ! 2 + | D + ) 

M 1 M 5 ( 3 D 3 ) = \ [ | C . | 2 + | D j 2 ] 

T = R ° ( 2 p E l , 3 p 2 ) + | R 2 ( 2 p E l , 3 p 2 ) 

U = T - | R 2 ( 2 p E l , 3 p 2 ) 

| S | 2 = |T - ~ R 2 ( 2 P E l , 3 p 2 ) | + ^ | R 2 ( 2 P E 3 , 3 p 2 ) 

¥ 2 < 3 P O ) H [ | C V V I 2 I T I 2

+ I C 8 ( 3 V I 2 M 2 ] 
W "0 

M 2 M 3 ( 3 p i ) = L U 

W 3 V | . | [ | c V d 2 ) | 2 | s | 2

+ | c n ( 3 p 2 ) | 2 | u | 2 ] 

M 3 M 3 ( 1 D 2 ) ) 

ot± = R ° ( 2 p E 2 , 3 p 3 d ) + - | R 2 ( 2 p E 2 , 3 p 3 d ) ± ^ R 3 ( 2 p E 2 , 3 d 3 p ) 

± R 1 ( 2 p E 2 , 3 d 3 p ) 

P ± = - / 2 L \ R 2 ( 2 p E 0 , 3 p 3 d ) ± i R 1 ( 2 p E 0 , 3 d 3 p ) ] 

v , = R ° ( 2 p E 2 , 3 p 3 d ) - 7 R 2 ( 2 p E 2 , 3 p 3 d ) ± \ R 1 ( 2 p E 2 , 3 d 3 p ) 

=F ^ R 3 ( 2 p E 2 , 3 d 3 p ) 



172 



\ = iM ^ 7 R L ( 2 P E 1 > 3 D 2 ) + I R 3 ( 2 P E l , 3 d 2 ) ] 
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U 
= j \ / ^ [ R 1 ( 2 p E 3 , 3 d 2 ) + ^ R 3 ( 2 P E 3 , 3 d 2 ) ] 

B l = ^35~ £ R L ( 2 P E 3 > 3 D 2 ) + J i R 3 ( 2 p E 3 , 3 d 2 ) ] 

B 2 = "^fVy R 3 ( 2 P E 5 , 3 d 2 ) 

rr = [ R 1 ( 2 P E l , 3 d 2 ) - | R 3 ( 2 p E l , 3 d 2 ) ] 

K = [ - R 1 ( 2 p E 3 , 3 d 2 ) + | R 3 ( 2 p E 3 , 3 d 2 ) ] 

M M ( P ) 
4 4 (r 

M 5 M 5 ( S Q ) J 
^ [ | c N ( 3 p n ) i 2 N 2

+ i c V s n ) i 2 i n 2 ] 

M 4 M 5 ( P X ) = TT 

M

4

M 4 ( V " 1 

M 4 M 5 ( D 2 ) 

M 5 M 5 ( P 2 ) 

= | [ | C N ( 3 F 2 ) 1 2 | K | 2

+ | C V D 2 ) I 2 ( ! 2 . IZ+ 12, r> 

+ | c N ( 3 P 0 ) | 2 l n l 2 ] 

M M ( F ) 
4 5 3 

M 4 M 5 ( F 4 ) 

M 5 M 5 ( G 4 ) -I 

= 3 [ | C N ( 3 F 4 ) | 2 | K | 2 + |CVG 4)! 2(| B II 2
 + | B 2 | 2 ) ] 
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One c l o s i n g remark r e g a r d i n g the use o f the above e x p r e s s i o n s 

i s n e c e s s a r y . Thus the v a l u e s of the mix ing c o e f f i c i e n t s t o be 

i n s e r t e d i n the g iven r e l a t i o n s must be matched w i t h the l i n e b e i n g 

t r e a t e d . For example , i f one d e s i r e s to compute the (̂Q) 

t r a n s i t i o n p r o b a b i l i t y , then the mix ing c o e f f i c i e n t s should have the 

v a l u e s o b t a i n e d when the energy of the Auger e l e c t r o n corresponds t o 

3 
the M . M . ( P n ) t r a n s i t i o n . 
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APPENDIX D 

INTERMEDIATE COUPLING MIXING COEFFICIENTS 

T h i s appendix p r e s e n t s the formal i sm r e q u i r e d to compute the 

i n t e r m e d i a t e c o u p l i n g mix ing c o e f f i c i e n t s which a r e encountered i n 

t r e a t i n g LMM Auger t r a n s i t i o n s . In a d d i t i o n , t a b l e s a r e g iven which 

l i s t the c o e f f i c i e n t s o b t a i n e d for the e l ements T i , V, C r , Z r , Nb and 

Mo. To b e g i n , r e c a l l from e q u a t i o n ( 2 8 ) o f Chapter I I t h a t the s e c u l a r 

N 
e q u a t i o n a r i s e s from ( C = C o f Appendix C ) . K 

N 

^ C K ( L S J ) [ < L / S / J M | H | L S J M > - E ( J ) 6 L / L 6 g / S ] = 0 ( D - l ) 

L,S 

where H i s the system H a m i l t o n i a n . For the case of (N = 2 ) , the s e c u ­

l a r e q u a t i o n r e s u l t i n g from t h i s r e l a t i o n i s j u s t ( 3 0 ) o f Chapter I I , 

i . e . , 

where 

de t 

r a. 

L "3 

a 4 J 

= 0 ( D - 2 ) 

a l = < L i S i J M l H I L J S J J M ) - E(J) 
a>2 = a>3 = < L 1 S 1 J M | H | L 2 S 2 J M > 

( D - 3 ) 

^4 = < L

2

S 2 J M ' H I L 2 S 2 J M ^ " E ( J ) 
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The v a l u e s L^S^ and a r e t n e t w o ( L > s ) p a i r s which c o u p l e to g i v e 

the t o t a l a n g u l a r momentum J w h i l e E ( J ) i s the d e s i r e d energy e i g e n ­

v a l u e . Now the r e l a t i o n ( D - 2 ) must ho ld s i n c e the sys tem of e q u a t i o n s 

which r e s u l t s from ( D - l ) i s 

C l C l l + °2Cl2 = ° 

C l a 3 + C 2 Q ' 4 = 0 

( D - 4 ) 

where [c^ = C(L^S-^J) and = C ( L 2 S 2 J ) ] and n o n - t r i v i a l s o l u t i o n s f o r 

C ^ , C 2 a re d e s i r e d . We s h a l l now examine the system ( D - 4 ) f o r t h e s e non-

t r i v i a l s o l u t i o n s . 

We have a t once from ( D - 2 ) t h a t 

" 1 * 4 = " 2 * 3 

which e v i d e n t l y r e q u i r e s 

" l *3 
C 2 " - a ~ C l = " a " 0 ! ' ( D " 5 ) 

p r o v i d e d t h a t a^, o/^ ? 0 . 

But the wave f u n c t i o n Y ( J ) i s 

Y ( J ) = C ] _ 0 1 + C 2 0 2 ( D - 6 ) 

so t h a t ( D - 5 ) g i v e s 

Y ( J ) « C- ( 0 - 0 9 ) . 

1 1 ®2 
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By now demanding t h a t Y ( J ) be n o r m a l i z e d , we o b t a i n 

< Y | Y > = 1 = c t

2 (1 + ^ 2 ) 

a 2 

where i t i s assumed t h a t the L S - c o u p l e d s t a t e s (0-^, 0 2 ) a r e or thonormal 

But t h i s then g i v e s 

C , = , ± 1 ( D - 7 ) 
1 V T ^ V 

*1> 

o r 

Y ( J ) = . > ( D - 8 ) 

where the p o s i t i v e s i g n o f ( D - 7 ) has been chosen f o r d e f i n i t e n e s s . 

These r e s u l t s then p r o v i d e the mix ing c o e f f i c i e n t s and the r e s u l t i n g 

n o r m a l i z e d wave f u n c t i o n s f o r a g iven s o l u t i o n E ( J ) to the s e c u l a r 

e q u a t i o n ( D - 2 ) . I t i s s t r a i g h t f o r w a r d t o v e r i f y t h a t t h e r e are two 

s o l u t i o n s i n c l u d e d in ( D - 8 ) and t h a t they a r e , in f a c t , o r t h o g o n a l . 

Thus one has from ( D - 3 ) t h a t 

al = a^E) = a - E 

a2 = c*3 = b ( D - 9 ) 

= d - E 
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Us ing t h i s n o t a t i o n , the s e c u l a r e q u a t i o n o f ( D - 2 ) g i v e s 

(a - E ) ( d - E) - b 2 = 0 

or 

E 2 - (a + d ) E + (ad - b 2 ) = 0 ; 

t h i s then g i v e s immedia te ly the r e s u l t t h a t 

. ( a+d) ± V ( a + d ) 2 - 4 ( a d - b 2 ) ( D . 1 Q ) 

> ^ 2 

I t i s then c l e a r t h a t E^ and a r e r e l a t e d by 

2 
E . jE 2 = ad - b and E i + E 2 = a + d • ( D - l l ) 

I f we now adopt the n o t a t i o n 

a 1 ( E 1 ) = , o ^ C E ^ = o?l2 , 

we f i n d two s o l u t i o n s Y ^ , Y 2 as 

V, = * and Y„ = 2 . ( D - 1 2 ) 1 • ) ' i ' 2 " 1 

That t h e s e a r e n o r m a l i z e d i s easy to check as i s t h e i r o r t h o g o n a l i t y . 
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Thus the l a t t e r p r o p e r t y f o l l o w s s i n c e 

, , ttU aX2 
2 

2 
12 

where the o r t h o n o r m a l i t y o f 0^, 0^ i s u s e d . But one has 

1 + 
^11 ^12 ( a 2 ) 2 + ( a ~ E

1 ) ( a - E

2

) fc2 + E 1 E 2 + a 2 - a ^ + E ^ 

2 2 2 
( Q f 2 ) <o?2) b Z 

which from ( D - l l ) g i v e s 

b 2 + ad - b 2 + a 2 - (a + d ) a = 

b 2 

Thus we have the r e s u l t from ( D - 1 3 ) t h a t 

< Y 1 | Y 2 > = 0 . ( D - 1 4 ) 

In a s i m i l a r f a s h i o n , the n o r m a l i z a t i o n o f Y ^ , Y 2 can be checked . 

The mix ing c o e f f i c i e n t s f o r a ( 3 x 3 ) s e c u l a r e q u a t i o n can be 

o b t a i n e d in the same manner. We s h a l l not w r i t e down the d e t a i l e d 

m a t r i x e l ements which e n t e r t h i s e q u a t i o n but t r e a t i t s y m b o l i c a l l y as 

in ( D - 2 ) . Then the system of e q u a t i o n s encountered i n the (3 x 3 ) c a s e 

has the form 
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C l a l + C 2 C X 2 + C 3 a 3 = 0 

C 1 % + C2a5 + C 3 % = 0 ( D - 1 5 ) 

C l a 7 + C2<*8 + C 3 a 9 = 0 

so t h a t the r e l e v a n t s e c u l a r e q u a t i o n i s 

de t 

a , 

a. 

a. (X, 8 

at. = 0 ( D - 1 6 ) 

These r e s u l t s c l e a r l y i n d i c a t e t h a t the e q u a t i o n s o f ( D - 1 5 ) are l i n e a r l y 

dependent so t h a t a t l e a s t one o f the e q u a t i o n s i s redundant and can be 

i g n o r e d . I f , f o r example , one has 

D E T K 4 J * 0 • 

then the r e s u l t may be w r i t t e n as 

C 2 * 2 + C 3 C 3 = - C 1 cv 1 

C 2 a 5 + C 3 a 6 = - C l * 4 

( D - 1 7 ) 

from which the r e s u l t s 

"3 

1*4 % 
'2 a 3 
5 ° 6 

and C = 

° l a l 

0(r 

a r e o b t a i n e d i m m e d i a t e l y . These can be r e w r i t t e n as 
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= -JLJ. — c , = k . C , and C ~ — C , = k . C , ( D - 1 8 ) 2 o/ 0 - a0a. I l l 3 anac - o» o/_ 1 2 1 y 

2 6 3 5 2 6 3 5 

r e s p e c t i v e l y . The v a l u e o f i s then o b t a i n e d by r e q u i r i n g t h a t 

Y = C 1 0 1 + C 2 0 2 + c 3 0 3 = C 1 ( 0 1 + k x 0 2 + k 2 0 3 ) 

be n o r m a l i z e d ; the r e s u l t i s then t h a t the mix ing c o e f f i c i e n t s f o r the 

3 x 3 s e c u l a r e q u a t i o n are 

C = 

1 V l + k , 2 + k 2 

1 2 

( D - 1 9 ) 

C 2 k l C l ; C 3 k 2 C l ' 

I t i s t o be no ted t h a t s i m i l a r r e s u l t s w i l l be o b t a i n e d r e g a r d l e s s o f 

which e q u a t i o n in ( D - 1 5 ) i s i g n o r e d , so long as the r e l e v e n t ( 2 x 2) 

de terminant i n the ( 3 x 3 ) c o e f f i c i e n t m a t r i x i s d i f f e r e n t from z e r o . 

F i n a l l y , we have the case o f the ( 4 x 4 ) s e c u l a r e q u a t i o n which 

i s r e q u i r e d when t r e a t i n g the ( J = 2) s t a t e s o f the 3p3d t r a n s i t i o n s . 

The sys tem o f e q u a t i o n s i s 

C l a l + C 2 a 2 + C 3 a 3 + C 4 a 4 = ° 

C l a 5 + °2a6 + C 3 ° 7 + C 4 a 8 = ° 
( D - 2 0 ) 

C l a 9 + C 2 a 1 0 + C 3 a l l + C 4 a 1 2 = ° 

C l a 1 3 + C 2 a 1 4 + V l S + C 4 a 1 6 = 0 
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from which the s e c u l a r e q u a t i o n i s 

det 

" l
 0i2 *3 *4 

*5 *6 a7 AS 

a9 " l O " l l a l 2 

" 1 3 * 1 4 * 1 5 al6 

= 0 ( D - 2 1 ) 

I f one a g a i n i g n o r e s the l a s t e q u a t i o n as i n the ( 3 x 3 ) c a s e and assume 

t h a t 

D = det 

" 2 *3 "4 

*6 a7 AB 

a 1 0 a l l
 a 1 2 

* 0 

then the f o l l o w i n g r e s u l t s a r e o b t a i n e d f o r the mix ing c o e f f i c i e n t s : 

C 2 = k 1 C 1 = - d e t 

" l "3 * 4 

a>5 a7 aQ 

L?9 " l l " l 2 j 

C l ' C 3 = k 2 C l = " d e t 

Ctn Oii 01, 2 1 4 

of6 c 5 a g 

L a 1 0 * 9 « 1 2 . 
D 

C. = k_C. = - d e t 
4 3 1 

a2 or3 ^ 

*6 °7 ^5 

L a i o a i l a 9 j 

( D - 2 2 ) 

c l / 2 2 2" 
\ 1 + k, + k „ + k « 
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The v a l u e o f C^ , i s , o f c o u r s e , de termined by r e q u i r i n g t h a t 

Y = C 1 0 1 + C 2 0 2 + C 3 0 3 + C 4 0 4 

be n o r m a l i z e d . 

These r e s u l t s then g i v e the r e l e v a n t e x p r e s s i o n s f o r computing 

the i n t e r m e d i a t e c o u p l i n g ( I C ) mix ing c o e f f i c i e n t s which occur in 

t r e a t i n g LMM Auger t r a n s i t i o n s . The s p e c i f i c v a l u e s o f the c o e f f i c i e n t s 

o b t a i n e d in t h i s work by u s i n g t h e s e r e s u l t s are l i s t e d in T a b l e s 1 1 -

1 6 . A few remarks r e g a r d i n g the use o f t h e s e t a b l e s i s in o r d e r . Thus 

we have used the symbol 

N 
C (LSJ) 

t o i n d i c a t e an IC mix ing c o e f f i c i e n t wi th the unders tand ing t h a t "N" 

denotes the s o l u t i o n o f the s e c u l a r e q u a t i o n - - i . e . , the energy e i g e n ­

v a l u e — u s e d when computing the c o e f f i c i e n t s . 

In order t o p r e s e n t t h e s e c o e f f i c i e n t s in t a b u l a r form, the 

(LSJ) v a l u e s o f the IC c o e f f i c i e n t s a r e l i s t e d i n t h e l e f t m o s t column 

o f each box in the t a b l e . For example , the mixed l e v e l s f o r a 3s3p 

1 3 
t r a n s i t i o n a r e t h o s e of the and P^ s t a t e s ; t h e s e symbols a r e 

a c c o r d i n g l y l i s t e d in the l e f t m o s t column o f the u 3 s 3 p " b o x . The "N" 

v a l u e f o r each c o e f f i c i e n t i s denoted by the head ings of each column 

1 3 

wi th P and P b e i n g a p p r o p r i a t e f o r the 3s3p t r a n s i t i o n . I t i s p e r ­

haps c l e a r t h a t t h e s e h e a d i n g s c o r r e s p o n d t o the p o s s i b l e L S - m u l t i p l e t s 

o b t a i n a b l e from the c o n f i g u r a t i o n l i s t e d i n the t a b l e . T h i s i s , o f 

c o u r s e , not an a c c i d e n t as may be seen by examining one c a s e in d e t a i l . 
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For r e a s o n s o f s i m p l i c i t y , the case chosen i s t h a t o f the 3s3p 

t r a n s i t i o n . One has tha t the IC wave f u n c t i o n s and e n e r g i e s f o r t h i s 

sys tem a r e g i v e n by (compare T a b l e I and E q u a t i o n ( D - 6 ) ) 

N N i l N 3 3 

A J = D = c w ( PjHC P X ) + C V P ^ I K P X ) 

and 

1 £ / 1 i 2 P 2 
E = G ( 3 s 3 p ) _ h R ± \ ^ ( 9 L _ + h R \ 

^ 1 , 2 6 4 ± f \ 3 + 4 / 2 
where i t i s assumed t h a t 

E 1 ~ E + and E 2 ~ E 

1 3 

The f u n c t i o n s i|r ( P^) , \|r( P^) a r e pure L S - c o u p l e d s t a t e s as d e f i n e d in 

Appendix A . In a d d i t i o n , the N v a r i a b l e has two v a l u e s c o r r e s p o n d i n g 

t o whether E^ or i s used to compute the IC c o e f f i c i e n t s . One c o u l d 

l a b e l t h i s v a r i a b l e w i th the v a l u e s ( 1 , 2 ) , but then i t would not be 

p a r t i c u l a r l y c l e a r which s o l u t i o n i s i n v o l v e d . A b e t t e r procedure i s 

p o s s i b l e s i n c e we have 

^ G X ( 3 s 3 p ) w l N 

+ — s

 2

 V f = E( P ) 

( D - 2 4 ) 

- ^ 3 | 3 o l = E ( 3 p ) 

l i m 

>3 P 

E, = 

E„ = 
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where the f i n a l s t e p f o l l o w s from ( B - 1 0 ) o f Appendix B. Thus i t 

f o l l o w s t h a t , in the l i m i t of a z e r o s p i n - o r b i t i n t e r a c t i o n , t h e 

energy r e d u c e s t o t h e energy f o r the pure ^P s t a t e ; s i m i l a r l y E 2 

3 
c o r r e s p o n d s to the energy o f the pure P s t a t e . One c a n , t h e r e f o r e , 

l a b e l the e n e r g i e s E^ 2 by t n e L S - s t a t e t o which they correspond 

N 

when the s p i n - o r b i t parameter v a n i s h e s . The "N" l a b e l o f C (LSJ) can 

then be denoted by t h e s e same L S - s t a t e l a b e l s , and t h i s i s done i n 

the t a b l e s . To i l l u s t r a t e the use o f t h i s n o t a t i o n , we can l i s t the 

r e s u l t s f o r t h e 3 s3d and 3s3p t r a n s i t i o n s in T i o b t a i n e d from T a b l e 11 

Thus one has 

3 s 3 p : E ( X P ) ~ 1 ; C 1 ( 1 P 1 ) = . 9 9 9 5 5 0 C 1 ( 3 P 1 ) = . 0 3 0 0 0 2 

E ( 3 P ) - 2 ; C 2 ( 1 P 1 ) = . 0 3 0 0 0 5 C 2 ( 3 P 1 ) = - . 9 9 9 5 5 0 

3 s 3 d : E ( 1 D ) ~ 1 ; C 1 ( 1 D 2 ) = . 9 9 9 9 7 4 C ^ D ^ = . 0 0 7 2 2 7 

E ( 3 D ) - 2 ; C 2 ( 1 D 2 ) = . 0 0 7 1 4 2 C 2 ( 3 D 2 ) = - . 9 9 9 9 7 4 

wi th s i m i l a r r e s u l t s f o r the remain ing c o n f i g u r a t i o n s . 

A f i n a l remark c o n c e r n i n g the accuracy o f the c o e f f i c i e n t s 

l i s t e d i n the t a b l e s i s i n o r d e r . In a l l c a s e s , the n o r m a l i z a t i o n o f 

t h e IC f u n c t i o n i s a c c u r a t e t o 7 dec imal p l a c e s , assuming t h a t the LS-

s t a t e s a r e a l s o n o r m a l i z e d ( t o 1 ) . The IC s t a t e s a r e a l s o o r t h o g o n a l 

w i t h t h e maximum d e v i a t i o n b e i n g a v a l u e o f ( . 0 0 0 5 ) f o r the o v e r l a p 

3 3 2 
i n t e g r a l between the P and F IC f u n c t i o n s o f the 3d t r a n s i t i o n in 



T a b l e 1 1 . Ti tanium I n t e r m e d i a t e Coupl ing Mixing C o e f f i c e n t s f o r LMM T r a n s i t i o n s 

3s3p l p 3 p 

1 P 1 . 9 9 9 5 5 0 . 0 3 0 0 0 5 

3 P i . 0 3 0 0 0 2 - . 9 9 9 5 5 0 

3s3d 1D 3 D 

1 D 2 . 9 9 9 9 7 4 . 0 0 7 1 4 2 

3D2 . 0 0 7 2 2 7 - . 9 9 9 9 7 4 

3 P

2 X S 3 P 

1 S 0 . 9 9 6 6 4 1 . 0 8 1 8 8 6 

3 P 0 - . 0 8 1 8 9 0 . 9 9 6 6 4 2 

X D 3 P 

1 D 2 . 9 9 3 1 7 4 . 1 1 6 6 2 8 

3 P S . 1 1 6 6 3 9 , 9 9 3 1 7 6 

3 d 2 

I 1 
1 D 3 p 3 p l g 3 p , 1 G 3 F 

1D2 . 9 2 1 8 4 1 . 3 8 6 9 1 2 . 0 2 2 5 8 7 , ^ > 9 9 9 9 1 2 . 0 1 3 1 8 7 | l G 4 . 9 9 9 9 4 5 . 0 1 0 2 8 3 

3 P 2 - . 3 8 7 0 0 1 • 9 2 2 0 7 9 - . 0 0 0 4 5 8 , 3 P o . > 0 1 3 2 3 2 . 9 9 9 9 1 3 | . 0 1 0 4 5 9 , 9 9 9 9 4 7 

3 F 2 , 0 2 0 9 7 1 - . 0 0 8 3 0 6 . 9 9 9 7 4 5 1 1 

1 1 
3p3d 3 p 1Q 3 D 3 p l p 3 p 3 D | 3 D l p 3 p 

3 P 2 . 9 5 4 6 8 5 . 0 6 9 8 4 2 . 2 8 9 1 7 8 . 0 0 8 6 2 1 | | 

* D 2 . 0 7 3 7 8 7 , 9 7 6 9 0 5 , 0 0 1 6 8 2 , 2 0 0 5 3 2 l 1 ^ ' 9 9 8 3 2 9 - 0 4 4 3 5 6 - 0 3 7 0 1 1 , 3 D 3 . 9 9 8 7 1 1 . 0 2 9 7 9 3 . 0 4 1 0 8 6 

3 D 2 . 2 8 7 9 2 5 . 0 2 9 3 5 3 , 9 5 6 7 6 4 , 0 2 9 0 2 7 j * * ! - 0 2 8 5 6 2 . 9 3 5 8 7 9 , 3 5 1 1 5 6 1 ^ F 3 , 0 2 8 9 4 1 . 9 9 9 3 5 6 , 0 2 1 1 9 7 

3 F 2 , 0 1 5 2 2 7 . 1 9 9 7 9 1 . 0 3 1 2 5 6 , 9 7 9 2 1 9 1 % - 0 5 0 2 3 2 ' 3 4 9 5 1 9 • 9 3 5 5 8 5 0 4 1 6 8 3 . 0 1 9 9 9 4 . 9 9 8 9 3 1 



T a b l e 1 2 . Vanadium I n t e r m e d i a t e Coupl ing Mixing C o e f f i c i e n t s f o r LMM T r a n s i t i o n s 

3s3p l p 3 P 

1 P 1 . 9 9 9 3 9 5 . 0 3 4 7 8 4 

3 P X . 0 3 4 7 8 7 - . 9 9 9 3 9 5 

3s3d 1 D 3 D 

X D 2 . 9 9 9 9 6 1 . 0 0 8 7 6 6 

3 D 2 . 0 0 8 7 8 8 - . 9 9 9 9 6 2 

3p 
l g 3 P 

1 S 0 . 9 9 5 6 2 1 + . 0 9 3 4 7 7 

3 P 0 - . 0 9 3 4 7 7 . 9 9 5 6 2 1 

1 D 3 P 

1 D 2 . 9 9 0 7 7 1 . 1 3 5 5 4 4 

3 P 2 . 1 3 5 5 4 3 - . 9 9 0 7 7 2 

3 d 2 1 D 3 P 3 P | l g 3 P j 1 Q 3 J , 

1D2 . 9 9 2 2 1 2 . 1 2 1 7 8 4 . 0 2 6 0 2 7 ^ 1 ^ > 9 9 9 g 7 3 . Q 1 5 8 8 3 | X G 4 . 9 9 9 9 3 6 . 0 1 1 3 5 8 
3 P 2 - . 1 2 1 8 3 1 . 9 9 2 5 5 4 - . 0 0 0 5 3 0 | 3 p o _ > 0 1 5 9 1 3 i 9 9 9 8 7 4 l 3 ^ . 0 1 1 3 5 6 - . 9 9 9 9 3 6 
3 F 2 - . 0 2 5 9 2 0 - . 0 0 2 4 9 1 . 9 9 9 6 6 1 J 

3p3d 3 P 1 D 3 D 3 P J l p 3 p 3 D 3 D l p 3 P 

3 P 2 . 9 4 2 7 5 5 . 0 8 1 6 8 7 . 3 2 3 1 4 3 . 0 1 0 8 5 9 I 9 9 7 7 6 2 . 0 5 4 3 9 9 . 0 3 8 8 8 1 j 3 D 3 . 9 9 8 2 8 4 . 0 3 4 6 8 4 . 0 4 7 1 9 8 

* D 2 . 0 8 6 3 8 3 - . 9 7 1 6 0 7 . 0 0 0 9 9 2 - . 2 2 0 2 4 5 j 3 ^ . 9 0 9 2 8 8 - . 4 1 4 8 1 1 | ^ 3 - . 0 3 3 5 6 4 . 9 9 9 1 4 0 - . 0 2 4 3 4 9 
3 D 2 . 3 2 1 4 9 9 . 0 3 5 0 1 2 - . 9 4 5 7 0 2 - . 0 3 2 6 1 0 , 3 ^ _ > 0 5 7 9 2 9 . 4 1 2 5 9 7 . 9 0 9 0 7 7 1 3 F 3 - . 0 4 7 9 9 0 . 0 2 2 7 3 8 . 9 9 8 5 8 9 
3 F 2 - . 0 1 9 7 4 2 . 2 1 9 2 7 4 . 0 3 4 9 9 6 - . 9 7 4 8 3 9 J j 



Table 1 3 . Chromium I n t e r m e d i a t e Coupl ing Mix ing C o e f f i c i e n t s f o r LMM T r a n s i t i o n s 

3s3p l p 3 p 

1 P 1 . 9 9 9 2 0 2 - . 0 3 9 9 4 0 

3 P 1 . 0 3 9 9 4 2 - . 9 9 9 2 0 2 

3s3d 

1Efe . 9 9 9 9 4 6 . 0 1 0 3 6 5 

3D2 . 0 1 0 3 8 1 - . 9 9 9 9 4 6 

3 P

2 
1S 3 P 

1 S 0 . 9 9 4 3 3 8 . 1 0 6 2 6 2 

3 P 0 - . 1 0 6 2 6 2 . 9 9 4 3 3 8 

X D 3 P 

1D2 . 9 8 7 5 8 3 . 1 5 7 0 9 0 

3 P 2 . 1 5 7 0 9 8 - . 9 8 7 5 8 4 

3 d 2 

~ ~ 1 | 

i D 3 p 3 p 1 l g 3 p j 1 Q 3 F 

% . 9 8 9 5 7 2 . 1 4 0 6 4 8 . 0 3 1 3 9 3 j ̂  j ̂  >999904 
3 P 2 , 1 4 0 6 1 8 . 9 9 0 0 5 1 , 0 0 0 7 6 6 , 3 p o ^ 0 1 9 3 3 1 . 9 9 9 8 1 4 | a F 4 . 0 1 3 8 5 6 - . 9 9 9 9 0 4 
3 F 2 , 0 3 1 1 9 9 , 0 0 4 1 8 0 . 9 9 9 5 0 7 j j 

3p3d 3 p l p 3 D 3 p | l p 3 p I Q | 3 D l p 3 p 

3 P 2 . 9 2 7 7 0 4 . 0 9 7 9 4 4 . 3 5 9 9 8 0 . 0 1 3 7 6 0 j 9 9 6 8 ? 2 0 6 7 8 0 3 . 0 4 0 5 9 2 ! 3 D 3 . 9 9 2 5 9 4 . 0 4 1 2 3 5 . 0 5 5 7 2 2 

% . 1 0 3 9 8 2 , 9 6 4 8 3 9 - 0 0 3 7 7 3 - . 2 4 1 3 7 0 j . 8 7 2 W , 4 8 7 1 0 4 ! l F 3 . 0 3 9 6 5 9 . 9 9 8 7 8 9 , 0 2 9 1 1 1 

% . 3 5 7 5 6 4 . 0 4 4 2 2 4 - . 9 3 2 0 9 4 , 0 3 7 3 1 0 , 3 ^ > 4 8 3 9 8 2 . 8 7 2 4 0 0 1 3 F 3 , 0 5 6 8 5 5 . 0 2 6 8 3 3 . 9 9 8 0 2 2 
3 F 2 - . 0 2 6 4 8 8 . 2 3 9 8 6 7 . 0 4 0 0 2 5 , 9 6 9 6 1 8 1 1 

1 1 



T a b l e 1 4 . Z irconium I n t e r m e d i a t e Coupl ing Mix ing C o e f f i c i e n t s f o r LMM T r a n s i t i o n s 

3s3p l p 3 p 

1V1 . 9 5 7 6 9 2 . 2 8 7 7 9 6 

3 P X - . 2 8 7 7 9 6 . 9 5 7 6 9 2 

3s3d X D 3 D 

1 D 2 . 9 9 0 8 1 7 . 1 3 5 2 0 8 

3 D 2 - . 1 3 5 2 1 1 . 9 9 0 8 1 7 

3 P

2 
l g 3 p j i D 3 p 

1 S 0 . 8 0 0 9 1 6 2 .598787 j^Dg . 9 1 0 3 2 7 . 4 1 3 8 9 0 

3 P 0 . 5 9 8 7 7 6 - . 8 0 0 9 0 8 • 3 P 2 - . 4 1 3 8 9 0 . 9 1 0 3 2 3 

3d 2 X D 3 P 3 F I" X S 3 P j X G 3 F 

^ D 2 . 5 5 1 7 2 8 . 7 0 3 4 7 2 . 4 4 8 0 6 0 1 ^ > 1 9 5 9 4 6 j i G 4 . 9 9 3 9 2 4 . 1 1 0 0 4 8 

3 P 2 . 7 2 2 5 7 6 - . 6 7 1 3 8 4 . 1 6 4 4 4 9 , 3 p Q . i 9 5 9 5 0 - . 9 8 0 6 1 5 | 3 F 4 - . 1 1 0 0 7 2 . 9 9 3 9 2 6 

3 F 2 . 4 1 6 5 1 0 . 2 3 3 1 7 5 - . 8 7 8 7 4 8 1 | 

3p3d 
T 1 

3 p 3 D 3 p | l p 3 p 3 D | 3 D l j , 3 p 
1 1 

P 2 . 3 6 9 9 3 2 . 5 6 1 5 8 9 . 6 8 4 6 8 6 . 2 8 1 1 1 1 | ^ > 8 6 5 2 7 7 . 1 1 0 4 5 6 . 4 8 8 9 8 5 1 3 D 3 . 8 9 3 2 9 1 . 2 3 7 0 5 0 . 3 8 1 9 1 2 

1 D 2 - . 4 5 6 2 9 3 . 1 2 0 1 9 2 - . 2 0 4 2 6 4 . 8 5 7 7 0 1 U p ^ # 2 5 4 7 2 2 - . 9 3 6 9 9 8 - . 2 3 9 1 2 4 [ 1F3 . 2 8 8 6 1 0 - . 9 5 3 8 4 3 - . 0 8 3 0 1 6 

3 D 2 - . 3 7 5 7 9 0 - . 6 1 7 7 4 5 . 6 8 8 9 0 1 . 0 5 0 6 9 1 j 3 ^ # 4 3 1 7 5 5 . 3 3 1 4 1 2 - . 8 3 8 8 7 6 1 3 F 3 . 3 4 4 5 8 0 . 1 8 4 3 6 5 - . 9 2 0 4 6 3 
3 F 2 - . 7 1 6 7 4 9 . 5 3 7 1 8 0 . 1 2 2 0 4 7 - 4 2 7 5 0 0 1 1 

1 1 



T a b l e 1 5 . Niob ium I n t e r m e d i a t e Coupl ing Mix ing C o e f f i c i e n t s f o r LMM T r a n s i t i o n s 

3s 3p l p 3 p 

1 P 1 . 9 4 9 6 9 9 . 3 1 3 1 6 6 

3 P 1 - . 3 1 3 1 6 5 . 9 4 9 6 9 8 

3 s3d X D 3 D 

1 D 2 . 9 8 8 4 4 5 . 1 5 1 5 7 9 

3 D 2 - . 1 5 1 5 8 1 . 9 8 8 4 4 5 

3p 
1 S 3 P 1 X D 3 P 

1 S 0 . 7 8 5 2 6 9 . 6 1 9 1 5 5 I 1 D g . 9 0 4 9 6 0 . 4 2 5 4 9 6 

3 P 0 . 6 1 9 1 5 5 - . 7 8 5 2 6 9 j 3 P 2 - . 4 2 5 4 9 6 . 9 0 4 9 6 0 

3 d 2 

i i 

1 D 3 p 3 p i g 3 p 1 l g 3 p 

1 D S . 4 9 3 7 3 7 . 7 1 4 3 6 8 . 4 9 5 8 8 6 J I S Q . 9 7 5 4 7 5 . 2 1 5 6 2 3 j 1 G 4 . 9 9 2 8 6 9 . 1 1 9 2 0 8 
3 P 2 . 7 3 3 3 8 0 - . 6 4 8 4 8 0 . 2 0 4 0 0 2 j 3 P q . 2 1 5 6 2 7 - . 9 7 6 4 7 7 j 3 F 4 - . 1 1 9 2 1 1 . 9 9 2 8 6 9 
3 F 2 . 4 6 7 3 0 9 . 2 6 2 9 6 6 - . 8 4 4 0 8 6 , j 

3p3d 3 p l p 3 D 3 p J l p 3 p 3 D J 3 D l p 3 p 

3 P 2 . 3 3 8 5 0 1 . 5 6 8 9 8 0 . 6 8 7 5 2 6 . 2 9 8 3 0 3 , ^ Q W 2 7 < 1 2 2 5 8 6 . 5 1 3 4 3 3 | 3 D 3 . 8 7 3 1 6 7 . 2 5 3 6 1 9 . 4 1 6 2 4 5 

% - . 4 6 1 8 1 7 . 0 8 1 9 8 2 - . 2 1 2 4 1 6 . 8 5 7 2 5 2 j 3 ^ , 2 6 8 2 5 7 - . 9 3 7 9 3 4 - . 2 1 9 8 1 6 j ^ 3 . 3 1 3 3 1 2 - . 9 4 6 2 1 4 - . 0 8 0 7 1 2 
3 D 2 - . 3 4 6 5 9 9 - . 6 4 1 7 4 4 . 6 8 2 7 2 5 . 0 4 3 8 2 5 j 3 ^ < 4 5 4 6 2 2 . 3 2 4 4 2 7 - . 8 2 9 4 9 8 1 3 F 3 . 3 7 3 3 8 4 . 2 0 0 8 9 0 - . 9 0 5 6 6 3 
3 F 2 - . 7 4 2 9 7 5 . 5 0 7 6 4 7 . 1 2 6 7 8 5 - . 4 1 7 3 8 9 1 1 



T a b l e 1 6 . Molybdenum I n t e r m e d i a t e Coupl ing Mixing C o e f f i c i e n t s f o r LMM T r a n s i t i o n s 

3s3p l p 3 P 

1 P 1 . 9 4 0 7 5 7 . 3 3 9 0 8 2 

3 P X - . 3 3 9 0 8 2 . 9 4 0 7 5 7 

3s3d 1V 3 D 

1 D 2 . 9 8 5 5 8 2 . 1 6 9 1 6 1 

3 D 2 - . 1 6 9 2 0 1 . 9 8 5 5 8 9 

3 P

2 
l g 3 P 

1 S 0 . 7 7 0 5 2 8 . 6 3 7 4 0 5 

3 P 0 . 6 3 7 4 0 6 - . 7 7 0 5 2 9 

X D 3 P 

1 D 2 . 8 9 9 8 4 3 . 4 3 6 2 1 2 

3 P 2 , 4 3 6 2 1 4 . 8 9 9 8 4 4 

3 d 2 

" ' 1 | 

1 D 3 P 3 F ' 1 S 3 p 1
 1G 3 F 

^ . 4 3 0 5 8 8 . 7 2 2 5 1 4 . 5 4 0 8 8 3 | ^ . ^ J x ^ . m 6 9 9 a 2 8 5 5 1 

3 P 2 . 7 3 9 9 7 0 - . 6 2 5 6 4 6 . 2 4 6 7 6 8 1 ^ . 2 3 6 2 2 2 . . 9 7 1 7 1 3 U 4 - . 1 2 8 5 8 4 . 9 9 1 7 0 3 
3 F 2 . 5 1 6 7 5 8 . 2 9 4 1 7 9 - . 8 0 4 0 8 4 j j 

3p3d 
r , " 

3 P l p 3 D 3 P | l p 3 P 3 D 3 D l p 3 P 

3 P 2 . 3 1 3 2 1 8 . 5 7 1 5 2 6 . 6 8 9 8 0 1 . 3 1 5 3 9 4 j 833455 ^ 3 5 3 7 7 . 5 3 5 4 8 5 | s D 3 . 8 5 0 4 2 8 . 2 7 0 0 3 3 . 4 5 1 5 3 9 

^ - . 4 6 4 9 9 0 . 0 4 7 9 4 5 , 2 2 0 1 4 4 . 8 5 6 1 7 5 j 3 ^ . 2 8 0 8 2 0 - . 9 3 9 1 3 6 - . 1 9 7 9 5 9 | ^ 3 . 3 3 8 4 7 7 , 9 3 7 8 4 9 , 0 7 6 6 2 5 
3 D , , 3 2 2 1 3 4 , 6 6 0 6 1 2 . 6 7 7 1 1 0 . 0 3 6 1 1 3 j 3 ^ > 4 7 5 9 1 2 . 3 1 5 3 1 7 , 8 2 1 0 1 6 « % . 4 0 2 7 4 9 . 2 1 7 9 9 3 , 8 8 8 9 5 5 
3 F 2 - . 7 6 2 8 2 9 . 4 8 4 4 0 7 . 131272 - . 4 0 7 6 6 0 ' 1 
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