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The d e f l e c t i o n  and the re ta raa t i on  o f  a  slow bare heavy p a r t i -  

c l e  by the repu ls ive  Coulomb f i e l d  o f  the ta rge t  nucleusareknown t o  mo- 

d i f y  the  i on i za t i on  cross sect ions o f  inner she l l s .  I n  t h i s  paper i t  i s  

shown how t o  ca l cu la te  these e f f e c t s  i n  the magnetic substates o f  the 2p 

-subshell  i n  the frame o f  the impact parameter p i c tu re .  These c o r r e c -  

t i ons  are  essent ia l  t o  understand the energy dependence o f  the an i so t ro -  

py c o e f f i c i e n t  o f  X-rays emit ted i n  t r a n s i t i o n s  f i l l i n g  an L 3 -  subshell  

vacancy produced by massive p a r t i c l e  bombardment. 

No âmbito da aproximação semiclássica calculam-se as seções de 

choque d i f e r e n c i a i s  e  i n teg ra i s  para a  ionização dos subestados magnéti- 

cos da camada 2p por pa r t í cu las  carregadas de baixa energia, inc lu indo 

no cá l cu lo  os e f e i t o s  de aceleração do p r o j é t i l  pelo campo coulombiano do 

núcleo. Esses e fe i t os  são d i fe rentes  nos sub-estados m=O e  Iml=l o  que 

a fe ta  fortemente a  dependência em energia do c o e f i c i e n t e  de an i so t rop ia  

dos ra ios -x  ou e le t rons  Auger emit idos após a  produção de uma vacância 

na sub-camada L, pe lo  impacto de p r o j ê t e i s  pesados len tos .  Consegue-se 

uma descrição sat  i s f a t ó r  i a  dos dados experimentai s  r e l a t i v o s  2 an i  so t ro-  

p ia  dos ra ios -x  LQ do ouro e  do chumbo. 

1. INTRODUCTION 

A great  deal o f  i n te res t  has been devoted i n  the l a s t  years t o  

the measurement o f  the p o l a r i z a t i o n  and/or the anisotropy o f  the angular 

d i s t r i b u t i o n  o f  the X-rays o r  Auger e lec t rons  emit ted a f t e r  the ion iza-  



t i o n  o f  an inner  s h e l l  by a  bare  heavy p r o j e c t i l e .  Even when b o t h  t h e  

c o l l i m a t e d  beam and t h e  t a r g e t  a r e  unpo la r i zed ,  vacancies p r o d u c e d  i n  

s u b s h e l l s  w i t h  j > 1/2 can be a l i g n e d 1 ' 2 .  T h i s  a l ignment  process i s  res -  

p o n s i b l e  f o r  t h e  p o l a r i z a t i o n  and a n i s o t r o p y  and i t  r e s u l t s  f rom the  un- 

balanced p o p u l a t i o n  o f  the  magnetic subs ta tes  o f  t h e  vacancy produced by 

t h e  c011 imated beam1'2. I n  a1 1  meawrements o f  p o \ a r i z a t i o n  and an iso -  

t r o p y  performed up t o  now t h e  f i n a l  s t a t e s  o f  b o t h  t h e  e j e c t e d  e l e c t r o n  

and t h e  p r o j e c t i l e  were n o t  observed. The measured a n i s o t r o p y  c o e f f i -  

c i e n t ~ ~ - ~  a t  low bombarding energ ies  a r e  s y s t e m a t i c a l l y  s m a l l e r  than t h e  
7 - 8  

va lues  p r e d i c t e d  by t h e  p lane  wave Born approx imat ion  even a f t e r  c o r -  

r e c t i n g  f o r  t h e  t r a n s f e r e n c e  o f  una l igned  vacancies produced i n  i n n e r  

s h e l l s  t o  t h e  subshe l l  under c o n s i d e r a t i o n  by Auger o r  Coster-Kronig pro- 

cesses. 

Many a u t h o r ~ ~ ' ~ ' ~  have suggested t h a t  t h i s  a t t e n u a t  i o n  i s  due 

t o  t h e  Coulomb i n t e r a c t i o n  o f  t h e  p r o j e c t i l e  w i t h  t h e  t a r g e t  nuc leus.  I n  

r e f .  6 i t  i s  shown t h a t  i t  i s  e s s e n t i a l  t o  take  i n t o  account  b o t h  t h e  

d e f l e c t i o n  and t h e  r e t a r d a t i o n  o f  t h e  p r o j e c t i l e  by t h e  r e p u l s i v e  nuc lear  

f i e l d .  Fur thermore these e f f e c t s  a r e  n o t  t h e  same f o r  d i f f e r e n t  v a l u e s  

o f  t h e  magnetic quantum numbers Iml. Then we need a  d e t a i  l e d  d e s c r i p t i o n  

o f  t h e  i n t e r a c t i o n  o f  t h e  p r o j e c t i l e  and t h e  e j e c t e d  e l e c t r o n s ,  b o t h  i n  

t h e  f i e l d  o f  t h e  atomic nuc leus o f  t h e  t a r g e t .  T h i s  d e s c r i p t i o n  i s  most 

e a s i l y  performed i n  t h e  impact parameter f o r m u l a t i o n  o f  t h e  s e m i c l a s s i -  

c a l  approx imat ion .  

I f  t h e  reduced de B r o g l i e w a v e  l e n g t h o f  t h e  p r o j e c t i l e  i s  

small  compared w i t h  t h e  Bohr r a d i u s  o f  t h e  e l e c t r o n  t o  be e j e c t e d  a  c las -  

s i c a l  h y p e r b o l i c  t r a j e c t o r y  w i l l  d e s c r i b e  t h e  movement o f  t h e  p r o j e c t i l e .  

Each t r a j e c t o r y  i s  d e f i n e d  by t h e  energy a v a i l a b l e  i n  t h e  center-of-mass 

system, E , and t h e  impact parameter p .  The i o n i z a t i o n  p r o b a b i l i t y  f o r  a  

g iven  v a l u e  o f  E can be expressed as a  f u n c t i o n  o f  p .  The impact para-  

meter i s  r e l a t e d  t o  the  s c a t t e r i n g  ang le  $ by $ = 2 c o t - '  ( p / d )  where d 

i s  t h e  h a l f - d  i s tance  o f  c l o s e s t  approach i n  a  head-on c01 l i s i o n ,  namel y: 

where Z,e and Z2e a r e  t h e  charges o f  t h e  i n c i d e n t  p r o j e c t i l e  and o f  t h e  

t a r g e t  nuc leus,  r e s p e c t i v e l y  (see F i g .  1 ) .  The v e l o c i t y  o f  t h e  p r o j e c t i -  

l e  r e l a t i v e  t o  t h e  t a r g e t  nuc leus i s  u .  
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F i g .  i - u e r i n i t i o n  o f  t h e  v a r i a b l e s  d e s c r i b i n g  t h e  c l a s s i c a l  t r a j e c t o r y  

o f  the  p r o j e c t i l e  i n  the  Coulomb f i e l d  o f  t h e  t a r g e t  nuc leus .  

The most binded inner she l l  where the al ignment can be obser- 

ved i s  the 2 p  3 / 2  subshell  which i s  a  complete subshell  f o r  atoms w i t h  

Z 2 1 0 .  Our ob jec t i ve  i s  t o  descr ibe the behaviour o f  the ion iza t ioncross  

sect ions f o r  the magnetic substates rn = ? 1 / 2  and r n . = k 3 / 2  i n  the low re- i 3 
l a t i v e  v e l o c i t y  l i m i t  where the p r o j e c t i l e - t a r g e t  nucleus i n t e r a c t i o n  i s  

more important . 
-+ -+ 

As shown i n  F ig .  1, ~ ( t )  and r are the p o s i t i o n  vectors o f t h e  

p r o j e c t i l e  and o f  the atomic e lec t ron ,  respect ive ly .  The i n i t i a l  s t a t e o f  

the binded e lec t ron  i s  described by the wave func t i on  $ , ( a  and i t sene r -  

gy i s  E,. Correspondingly, the f i n a l  continuumwave func t i on  i s  $,(a 

and i t s  energy i s  E One defines w = ( E  - E ~ ) / E .  The t ime dependent Cou- n' n 
lomb i n t e r a c t i o n  between the c lass i ca l  charged p a r t i c l e  and the e lec t ron  

i s  t rea ted as a  per turbat ion  i n  a  quantum mechanical desc r i p t i on  o f  the 

e lec t ron i c  motion. 

The cross sect ion f o r  the t r a n s i t  ion 0- i; g  iven by 



where t h e  t ime dependent p o t e n t i a l  energy i s  

When the 

i n t e g r a t e  over  a1 1 

I  n t  roduc 

e j e c t e d  e l e c t r o n  i s  n o t  observed i t  i s  necessary 

t h e  cont inuum f i n a l  s t a t e s .  

i n g  t h e  i o n i z a t i o n  p r o b a b i l i t y  

~ ( p )  = ] 1 1 ~ 1 '  dn 

i t  f o l l o w s  t h a t  the  t o t a l  i o n i z a t i o n  c ross  s e c t i o n  i s  g i v e n  by 

2. THE IONIZATION PROBABILITY FOR THE MAGNETIC 
SUBSTATES OF THE 2p-SHELL 

I n  t h e  frame o f  an independent e l e c t r o n s  atomic model t h e  i n i -  

t i a 1  bound s t a t e  o f  t h e  e l e c t r o n  i n  t h e  c e n t r a l  Coulomb f i e l d  w i l l  be 

g i ven by 

-f 

+,(r)  = ~,,(r) ~ ~ ( 0 4 1  

t h e  s p i n  c o o r d i n a t e  be ing  n o t  r e l e v a n t  f o r  t h i s  problem. For t h e  2p- sub- 

s h e l l  

-f 

I/lo ( r )  = Ao r rxp(-br/21Ylin(0,+) 

where the  n o r m a l i z a t i o n  cons tan t  i s  such t h a t  

/ A ~  1 '= b 5/ 2 4  

w i t l i  b = Z:/a,. The e f f e c t i v e  n u c l e a r  charge as seen by e l e c t r o n s  i n  t h e  

L - s h e l l  i s  Z'e = (Z2 - 4.15)e and ao i s  t h e  fundamental Bohr r a d i u s  o f  

hydrogen. 



For the continuum f i n a l  wave func t i on  the basic assumption i s  

t ha t  the outgoing e lec t ron  has most probably zero angular momentum. This 

assumption i s  j u s t i f i e d  by the f a c t  t ha t  the most probable energy t rans-  

f e r s  are  the smal lest  ones, i .e. ,  c o l l i s i o n s  which impart no o r  l i t t l e  

k i n e t i c  energy t o  the e lec t ron  promoted t o  the continuum are f a r  more 

probable than c o l l i s i o n s  e j e c t i n g  f a s t  e lec t rons .  This e f f e c t  i s  more 

pronounced as the bombarding energy o f  the p r o j e c t i l e  become mial ler .  The 

p o s i t i v e  energy wave func t i on  was expanded i n  pa r t i a1  waves and on l y  the 

R=O component was considered. Retain ing terms up t o  the f i r s t  power i n  

r i n  the r a d i a l  p a r t  o f  the wave func t ion ,  the Coulomb wave func t i on  f o r  

the emerging e lec t ron  w i t h  wave number k ,  i n  the l i m i t  k + O, w i l l  be 

w r i  t t e n  as 

where the normal iza t ion  func t i on  i s  such tha t  

The wave number i s  re la ted  t o  the energy t rans fer red t o  the 

atom, E, by 

w i t h  = E/z:' R,,,, where Rm i s  the Rydberg u n i t  o f  energy. 

Then, f o r  a  2 p  + k t r a n s i t i o n  the t ime dependent Coulomb i n t e -  

r a c t i o n  can be w r i t t e n  as 

-+ -+ - 1  
The appropr iate mu l t i po le  expansion f o r  I r - ~ l  i s  g iven by: 



-f 
where O and O a r e  the  p o l a r  and t h e  azirnuthal ang les  o f  t h e  v e c t o r  R and 

r> and r< have the  usual  meaning. S u b s t i t u t i n g  (12) i n t o  (11) and i n t e -  

g r a t i n g  over  t h e  coord ina tes  o f  t h e  e l e c t r o n  we ge t  

where 

Wi th  no l o s s  o f  g e n e r a l i t y  we can choose O = O s i n c e  we have 

c y l i n d r i c a l  symmetry around t h e  i n c i d e n t  beam d i r e c t i o n  ( z d i r e c t i o n ) .  

There fo re  f o r  t h e  m=O and f o r  t h e  Im I =  1 subs tâ tes  we can wr i t e  

The F o u r i e r  i n t e g r a l s  a r e  then  d e f i n e d  by 

A t  low impact v e l o c i t i e s  t h e  minimum momentum t r a n s f e r  i s  h i g h  

and t h e  dominant c o n t r i b u t i o n s  t o  t h e  i o n i z a t i o n  c ross  sect ion come f rom 

t h e  h i g h  rnornenturn t a i l  o f  t h e  rnomentum d i s t r i b u t i o n  o f  t h e  atomic e l e c -  

t r o n s .  Th is  corresponds t o  e l e c t r o n s .  Th is  corresponds t o  e l e c t r o n s  w i t h  

r << b - ' .  T h i s  w e l l  known f e a t u r e  o f  t h e  i o n i z a t i o n  by heavy p a r t i ~ l e s ' ~  

s t resses  t h e  ,importante o f  t h e  p o r t i o n  o f  t h e  p r o j e c t i  l e  t r a j e c t o r y  i n  

t h e  v i c i n i t y  o f  t h e  d i s t a n c e  o f  c l o s e s t  approach t o  the  atornic nuc leus.  

A l though t h e  i n t e g r a l  a long  t h e  t r u e  t r a j e c t o r y  c o u l d  be p e r f o r m e d  i t  

s i m p l i f i e ç  m a t t e r s  i f  we s u b s t i t u t e  t h e  h y p e r b o l i c  p a t h  by an s t r a i g h t  

l i n e  tangent  a t  t h e  v e r t e x  o f  t h e  h y p e r b o l i c .  For t h e  moment we suppose 



t h a t  t h i s  t r a j e c t o r y  i s  desc r ibed  by t h e  p r o j e c t i l e  w i t h  a cons tan t  ve- 

l o c i t y  equal t o  v. 

S i  nce 

R COSO = vt = z 

and observ ing  t h a t  V ,  and Vl a r e  odd and even f u n c t i o n s  o f  t, respect ive-  

i y ,  i t  f o l l o w s  t h a t  

where a=w/v. Denot ing by K t h e  rnodi f ied Bessel f u n c t i o n  o f  o r d e r  n ,  we 
n 

o b t a i n  t h e  f o l  l ow ing  r e s u l t s  (see Appendix 1 f o r  mathemat ica l  d e t a i l s ) :  

Only t h e  term w i t h  t h e  lowest  v a l u e  o f  n i n  t h e  summation over  

n i s  compat ib le  w i t h  t h e  t r u n c a t i o n  operated i n  t h e  r a d i a l  p a r t  o f  t h e  

ou tgo ing  e l e c t r o n  wave f u n c t i o n ,  then:  



and 

The f o l l o w i n g  usual  d e f i n i t i o n s  w i l l  be in t roduced  a t  t h i s  

p o i n t :  t h e  Bohr r a d i u s  o f  the  2p-she l l  a2 = 4/b, t h e  Bohr v e l o c i t y  a t t h e  

2p-she l l  v2 = 2;e2/2?i, t h e  scaled energy q = ( v / ~ v ~ ) ~ ,  t h e  sca led  b i n -  

d i n g  energy O = I / IH  where I i s  t h e  exper imenta l  b i n d i n g  energy o f  an 

1, -e lect ron and IH i ç  t h e  hydrogenic  b i n d i n g  energy g i v e n  by Z P ~ / n 2 ,  and 
2 ? '  

t h e  sca led  impact parameter u=p/a2. 

I t  r e s u l t s  t h a t  

a = 2~/a,J;j 
and 

The minimum v a l u e  o f  t h e  energy t r a n s f e r  i s  W ; ; 0 / 4 ,  then a t  t h e  

extreme low energy 1 imi t w 2 h  >> 1 .  

S u b s t i t u t i n g  t h e  n o r m a l i z a t i o n  f a c t o r s  g i v e n  by equa t ions  (7) 

and (9) and n o t i n g  t h a t  a t  t h e  extreme a d i a b a t i c  l i m i t  t h e  argument of 

the  Bessel f u n c t i o n s  reduce t o  2 u ~ r l - ~ / ~ ,  we ge t  f i n a l l y :  

and 

The i n t e g r a l  over  t h e  f i n a l  s t a t e s  i s  e a s i l y  performed n o t i n g  

t h a t  w i t h  t h e  n o r m a l i z a t i o n  we have adopted: 



and 

Then 

and t h e  i o n i z a t i o n  p r o b a b i l i t i e s  a r e  g i v e n  by: 

and 

3. THE IONIZATION CROSS SECTIONS FOR THE MAGNETIC 
SUBSTATES OF THE 2p-SHELL 

From equat ions (51, ( 2 9 )  and (30) and remembering t h a t  p = ua, 

t h e  t o t a l  c ross  s e c t i o n s  f o r  m=O and Iml = I can be ob ta ined .  I n v e r t i n g  

the  o r d e r  o f  t h e  i n t e g r a l s  over  t h e  energy t r a n s f e r  and t h e  impact para-  

meter,  we g e t :  

and 

- 1 / 2 .  
where we have in t roduced  x = 2uWn . 



The f a c t  t h a t  do  /dW i s  p r o p o r t i o n a l  t o  W-l2 i n  t h e  a d i a b a t i c  
m 

l i m i t  j u s t i f i e s  t h e  approx imat ions done i n  s e c t i o n  2 s i n c e  i t  i s  t r a n s -  

paren t  t h a t  t h e  main c o n t r i b u t i o n s  t o  t h e  c ross  s e c t i o n s  come f rom t h e  

s m a l l e s t  va lues  of W which correspond t o  va lues  o f  t h e  e l e c t r o n  k i n e t i c  

energy c l o s e  t o  ze ro .  

Per forming t h e  i n t e g r a t i o n s  we f i n d  

These r e s u l  t s  agree w i t h  those ob ta ined  wi t h i n  t h e  P W B A ~  what 

i s  q u i t e  n a t u r a l  s i n c e  t h e  PWBA i s  e q u i v a l e n t  t o  t h e  l i m i t  o f  a  s t r a i g h t  

l i n e  p a t h  i n  t h e  SCA i n  t h e  c a l c u l a t i o n  o f  t h e  t o t a l  c ross  s e c t i o n .  

4. THE WEIGHT FUNCTIONS 

The momentum t r a n s f e r  t o  t h e  atom i n  u n i t s  o f  E i s  t h e  v e c t o r  
-f -+ 
q. The minimum va lue  o f  the  magnitude o f  q i s  

The dominant c o n t r i b u t i o n s  t o  t h e  c ross  s e c t i o n  i n  t h e  adiaba-  

t i c  l i m i t  i s  by f a r  those i n  t h e  c l o s e  v i c i n i t y  

f i n e  

and 

Norma l i z ing  t h e  i n t e g r a l s  

o f  w = O/4. Then,we de- 

= P4, 



F i g .  2 - The functions z, W (z,) for m=O and m=?l 

we can d e f i n e  t h e  we igh t  f u n c t i o n s  

and 

f o r  t h e  m=O and m=cl substates,  r e s p e c t i v e l y .  These we igh t  f u n c t i o n s  are 

e s s e n t i a l  f o r  c a l c u l a t i n g  average va lues o f  impact parameter d e p e n d e n t  

q u a n t i  t i e s .  (see Fi.gure 2 ) .  

Since a t  t h i s  l i m i t  a,= ao /12  i t  f o l l o w s  t h a t ,  f o r  b o t h  L, and 

L, -subshel l s ,  

= [a,/(a,+2a,)]~, + [2a,/(a,+2al)]~, 

which agree:; w i t h  a r e s u l t  g i ven  by Brandt  and Lap ick i l ' .  FOI low ing  these 

au thors ,  i t  i s  convenient  f o r  numer ica l  computat ions t o  s u b s t i t u t e  t h e  

f u n c t i o n s  (37) and (38) by f i t t e d  po lynomia ls  i n  t h e  i n t e r m e d i a t e  r e g i o n  

o f  t h e  argurnent. I n  t h e  f o l l o w i n g  we w i l l  adopt t h e  approx imat ions:  



5. THE POLARIZATION OF THE RADIATION FOLLOWING THE 
CREATION OF A VACANCY IN THE L,-SUBSHELL. 

As rnentioned i n  the  i n t r o d u c t o r y  s e c t i o n ,  t h e  rneasurement o f  

the  p o l a r i z a t i o n  c o e f f i c i e n t  o f  t h e  d i p o l e  r a d i a t i o n  e m i t t e d  by t h e  atom 

a f t e r  t h e  i o n i z a t i o n  o f  the  L,-subshel l  by a  bare heavy p r o j e c t i l e  i s t h e  

main reason o f  i n t e r e s t  i n  t h e  c a l c u l a t i o n  o f  t h e  o - p a r t i a 1  c ross  sec- 
m 

t ions.  

We suppose t h a t  a l l  t h e  i o n i z i n g  p a r t i c l e s  a r e  moving along t h e  

z d i r e c t i o n .  The c o l l i m a t e d  beam d e f i n e s  a  c y l i i l d r i c a l  symmetry. I f  t h e  

s c a t t e r e d  p r o j e c t i l e  o r  t h e  e j e c t e d  e l e c t r o n  a r e  n o t  observed and i f  O  

denotes t h e  ang le  between e m i t t e d  d i p o l e  X- rays  and t h e  z d  i r e c t  i o n ,  

adopted as t h e  q u a n t i z a t i o n  a x i s  o f  t h e  whole systern, t h e  angu la r  d i s -  

t r i b u t i o n  o f  the  r a d i a t i o n  i s  a  l i n e a r  f u n c t i o n  o f  cos20, v ~ z . ,  

where p ( j i , j f , ~ )  = (I,, - I,)/(I,, + I,) i s  t h e  "degree o f  p o l a r i z a -  

t i on"12 .  The i n t e n s i t i e s  I,, and I, a r e  b o t h  rneasured a t  r i g h t  ang les  t o  

t h e  z - a x i s  and correspond t o  r a d i a t i o n  w i t h  t h e  e l e c t r i c  v e c t o r  a l i g n e d  

p a r a l l e l  o r  pe rpend icu la r  t o  t h e  q u a n t i z a t i o n  a x i s ,  r e s p e c t i v e l y .  

The p o l a r i z a t i o n  c o e f f  
ji 

0 ( t h e  m. a r e  t h e  2 j  .+I magnet 
m Z Z i 

e n t  i s  r e  

subs ta tes  

3 A2 
= -  

A2-2 

l a t e d  t o  t h e  c ross  s e c t i o n s  

correspond ing  t o  j .) by 
Z 

where, f o r  a  vacancy c r e a t e d  i n  t h e  j . - s u b s h e l l  and then f i l l e d  
Z 

e l e c t r o n  coming f rom a  j f - s u b s h e l l ,  

ji ji 
P a r i t y  i n v a r i a n c e  o f  the  process r e q u i r e s  t h a t  a- - 

m i - m i 



We w i l l  cons ider ,  as an example, a  vacancy produced i n  t h e  2p 

3/2 subshel l and f i l l e d  by an e l e c t r o n  coming f rom t h e  3s  1/2 s u b s h e l l .  

The e m i t t e d  r a d i a t i o n  i s  c a l l e d  t h e  L -1 ine.  For low energy bombarding R 
pro tons  (E = 600 keV) va lues o f  P as l a r g e  as = 25% has been measured 

f o r  g o l d 3 - 5  and l e a d 6.  They a r e  however c o n s i d e r a b l y  s m a l l e r  than t h e  

p r e d i c t i o n s  o f  the  PWBA. Furthermore, t h e  PWBA p r e d i c t s  a r e g u l a r  i n c r e -  

ase i n  the  v a l u e  o r  P toward t h e  l i m i t  P -+ 33/67 as q  -+ O. When t h e  

a t t e n u a t i o n  due t o  Coster-Kronig t r a n s f e r  o f  una l igned  vacancies p ro -  

duced i n  t h e  L,- and L,- s u b s h e l l s  i s  taken i n t o  account t h e  v a l u e  o f  P 

i s  reduced by an energy-dependent f a c t o r .  O f  course t h e  l i m i t  q  -+ O i s  

meaningless, b u t  even when rl -+ qmin, where qmin corresponds t o  E=I, n e i -  

t h e r  t h e  magnitude o f  t h e  exper imenta l  da ta  nor  t h e i r  t r e n d  as t h e  bom- 

bard ing  energy decreases a r e  c o r r e c t l y  descr ibed  by t h e  PWBA. 

Taking i n t o  account the  s p i n  o f  t h e  e l e c t r o n ,  and w i t h  an ob- 

v ious  n o t a t i o n ,  one can w r i t e  f o r  t h e  i o n i z a t i o n  c ross  s e c t i o n s :  

Then the  L, i o n i z a t i o n  c ross  s e c t i o n  w i l l  be g i v e n  by 

For an i n i t i a l  vacancy i n  t h e  L subshe l l  eq. (44) reduces t o  

Normal ly  the  q u a n t i t y  t h a t  i s  compared w i t h  t h e  t h e o r e t i c a l  

c a l c u l a t i o n s  i s  t h e  a n i s o t r o p y  c o e f f  i c i e n t  A,(E) s i n c e  i t  i s  t h e  sane f o r  

a l l  t r a n s i t i o n s  f i l l i n g  a  g i v e n  i n i t i a l  vacancy. For t h e  p a r t i c u l a r  t ran-  

s i  t i o n  L& we have a(sl1'2) = 1/2. For t h e  more in tense  complex l i n e  

we have a(d5/2) = 1/10 and a(d3/2) = -2/5, f o r  t h e  L, and 
1 

compo- 

nents,  r e s p e c t i v e l y .  

I n  t h e  low energy r e g i o n  o f  the  PWBA, A, i s  an u n i v e r s a l  func-  



t i o n  o f  t h e  adimensional parameter Taking i n t o  account t h e  a t t e -  

n u a t i o n  in t roduced  by t h e  Coster  Kron ig  t r a n s f e r  o f  una l igned  vacancies 

oriedef i nes 

A: = F(E,Z2)A2(E) 

w i t h  

where t h e  f a r e  the  Coster-Kronig t r a n s i t i o n  p r o b a b i l i t i e s .  For g o l d  i j 
a n d ' l e a d  the  a t t e n u a t i o n  f a c t o r  F i s  w e l l  deterni ined e x p e r i m e n t a l l y 6.  I n  

the  F i g u r e  3 the  measured va lues  o f  A: a r e  compared w i t h  t h e  r e s u l t s  ob- 

t a i n e d  w i t h  equa t ion  (48) c a l c u l a t e d  w i t h  t h e  exper imenta l  va lues  o f  F 

and t h e  PWBA r e s u l  t s  f o r  A2 (dashed 1 i ne )  . Curves f o r  Z, = 79 and Z, = 82 

a r e  equal w i t h i n  2% i n  t h e  range o f  energy considered 

o REI-. 
R E I=. 

D REF. 

- - - -- 

Fig .  3 - The experimental values o r  the an isot ropy c o e f f i c i e n t  A; f o r  Au 

and Pb p l o t t e d  aga inst  the dimensioniess parameter I)/O:. Curves a re  pre-  

d i c t i o n s  o f  the PWBA (-----) and o f  the PWBA corrected f o r  the de f l ec -  

t i o n  and the re ta rda t i on  o f  the p r o j e c t i l e  as described i n  the t ex t  (-). 

Both curves take i n t o  account the a t t enua t i on  due  t o  C o s t e r - K r o n i g  

t r a n s f e r s -ó f  vacancies. 



A considerable improvement i n  the desc r i p t i on  o f  the exper i-  

mental data i s  a t t a ined  by incorpora t ing  i n t o  the theory an ad hoc cor-  

r e c t i o n  due t o  the Coulomb repu ls ion  o f  the impinging p a r t i c l e  by the 

ta rget  nucleus. This co r rec t i on  w i l l  be t rea ted i n  the frame on the i m -  

pact parameter desc r i p t i on  introduced f o r  the  magnetic substates. The 

repu ls ion  by the Coulomb f i e l d  leads t o  a  d e f l e c t i o n  from the s t r a i g h t  

l i n e  t r a j e c t o r y  and t o  a  re ta rda t i on  o f  the p r o j e c t i l e .  For a  g iven i n -  

c ident  energy, E ,  there  e x i s t  an i n f i n i t e  f am i l y  o f  c l a s s i c a l  t r a j e c t o -  

r i e s  each one character ized by i t s  own impact parameter. The i on i za t i on  

can occur a t  any po in t  o f  the c l a s s i c a l  t r a j e c t o r y .  Therefore a  double 

average must be performed. F i r s t l y  an average over each t r a j e c t o r y  i n  

order t o  de f i ne  the most probable d i r e c t i o n  and magnitude o f  the v e l o c i t y  
-+ 

vector  v ( p )  arid secondly an average over p tak ing  i n t o  account the weight 

func t ions .  

The angle o f  observat ion o f  the emit ted r a d i a t i o n  w i t h  respect 

t o  the v e l o c i t y  d i r e c t i o n  i s  

where B i s  the angle between the plane o f  the t r a j e c t o r y  o f  the  scat te red 

p r o j e c t i  l e  and the d i r e c t i o n  o f  observat ion (azimuthal angle) and a i s  
+ 

the po la r  angle o f  v .  Since the emerging p a r t i c l e s  are  no t  observed the 

c y l i n d r i c a l  symmetry i s  preserved and the average over 6 i s  t r i v i a l .  From 

symmetry considerat ions i t  i s  evident  t ha t  the re levant  po lar  a n g l e  i s  

a = $/2, the average value o f  a along the hyperbol i c  t r a j e c t o r y .  Therefo- 

r e  the " ro ta t i on "  o f  the r a d i a t i o n  pa t te rn  c h a r a c t e r i s t i c  o f  the d ipo le  

t r a n s i t i o n s  associated w i t h  the f i l l  ing o f  the m=O and Iml=l i n i t i a l  va- 

cancies w i l l  be d i f f e r e n t l y  a f f ec ted  because $ depends on x, and the Wm 

func t ions  are  not  the same f o r  the two magnetic substatès. I t  has been 

stressed along t h i s  paper t ha t  the main con t r i bu t i ons  t o  the cross sec- 

t i o n  come froni values o f  W near 0/4, therefore the f o l  lowing approxima- 

t i o n  i s  adopted: 

where u i s  the PWBA cross sect ions.  I t  r e s u l t s  t h a t  the anisotropy coef -  m 
f i c i e n t  corrected f o r  the de f l ec t i on  e f f e c t  i s  expressed by 



where P, i s  the second Legendre polynomial and the average values corres-  

pond t o  : 

The re ta rda t i on  e f f e c t  i s  considered i n  a  s i m i l a r  way. We begin 
-f 

by choosing an average value f o r  the magnitude o f  V a long the t r a j e c t o r y .  

FOI lowing ~ o c b a c h ' ~  the best choice i s  the a r i  thmetic mean between the 

asymptotic v e l o c i t y  V and the v e l o c i t y  a t  the ver tex  o f  the h y p e r b o l a  . 
Being E the e c c e n t r i c i t y  o f  the hyperbola, 

where E = 4 + ( x , / d q , ) '  

We now average Ü(p) w i t h  the  convenient weight func t ions  o b t a i -  

n ing <v>, and <Ü>,. Since i s  p ropor t iona l  t o  the square o f  the pro jec-  

t i l e  v e l o c i t y  we de f i ne  rim = (<Üm>/2v2)' and ca l cu la te  the PWBA cross sec- 

t i ons  w i t h  t h i s  "e f fec t ive l '  value o f  the reduced energy. The resul  t i n g  

pa r t i a1  cross sect ions w i l l  be denoted by $. 

The f i n a l  value f o r  the an iso t ropy  c o e f f i c i e n t  w i t h  both de- 

f l e c t i o n  and re ta rda t i on  e f f e c t s  included i s  

This t heo re t i ca l  value o f  the an iso t ropy  c o e f f i c i e n t  must re -  

p lace A, (E) i n  the equat ion  (48). 



DR 
I n  Figure 3 the s o l i d  l i n e  represents the func t i on  FA, . The 

improvement i r 1  the desc r i p t i on  o f  the experimental r e s u l t s  i s  outstanding. 

As mentioned before curves f o r  2579 and 2=82 a re  no t  d is t ingu ishab le .  

I f  the scat tered p r o j e t i l e  i s  observed, i n  an angular co r re la -  

t i o n  p ' -X experiment, the average over the impact parameter w i l l  be avo i -  

ded. On the o ther  hand, w i t h  a f i x e d  azimuthal angle there  w i l l  be no 

ax i s  o f  symmetry. Much more in format ion  concerning the i on i za t i on  mecha- 

nism can be learned. 

6. CONCLUSIONS 

A complete desc r i p t i on  of d i f f e r e n t i a l  and i n teg ra l  i on i za t i on  

cross sect ions f o r  the magnetic substates o f  the 2p-shell  i n  the adiaba- 

t i c  l i m i t  was obtained i n  the frame o f  a semiclassical  p i c t u r e .  The f o r -  

mulat ion i n  terms o f  the impact parameter a l lows the i n t roduc t i on  of cor-  

rec t ions  due t o  the repu ls ion  o f  a bare heavy ion  by the Coulomb f ie ld o f  

the ta rget  nucleus i n  the basic PWBA fo rmula t ion .  These cor rec t ions  are  

essent ia l  t o  descr ibe the anisotropy o f  the d ipo le  r a d i a t i o n  emit ted 

a f t e r  the product ion o f  a vacancy i n  the L, s u b s h e l  l by a co l l imated 

beam . 

This work was f inanced by grants from the CNPq and FINEP. 

APPENDIX 

This appendix i s  intended t o  put  together some mathemat  i c a l  

formulae i nvo l v ing  the modif ied Bessel func t ions  o f  order n, Kn(x), i n  

order t o  make eas ier  t o  the reader t o  ob ta in  the i on i za t i on  p r o b a b i l i -  

t i e s  g iven by equations (21) and (22 ) .  

m 
exp [- 6(y2+x2)  ' I2]  

o 



cor ux dr = X, lY(a2+f3') "z] , 

X s i n  a x 
uk = a K ( y a )  , 

o 

and 

On t h e  o t h e r  hand 

Taking the  d e r i v a t i v e s  o f  b o t h  s ides  o f  equat ions (A.1)  and 

( A . 2 )  w i t h  respec t  t o  y we f i n d  

exp [-L3 ( y 2 b 2 )  '''1 
6 i x s i n  ax h = 

l o  ( y2+a2 

and 

I- e x p  1-6 (y2+x2) 'I2] exp[-8 (y2+x2) '"1 
B COS ax dx + COS ax dx = 

o ( y 2 + a 2 )  O (y2+a2)  3'2 



Now we take  t h e  f i r s t  and t h e  second d e r i v a t i v e s  o f  t h e  same 

equat ions w i t h  respec t  t o  6 and f i n d  

K2 [Y (cz2+~') ' ' z ]  C ( y 2 a 2 )  'I2 e x p [ - 8 ( y 2 n 2 ) 1 / 2 ~ x  s i n  h = -ay' 
(a2+f3') 

and 

I n  the  equat ions (19) and (20) we have i n t e g r a l s  o f  t h e  f o l l o w -  

i n g  tYPe 

Q, 

z s i n  az f ( R )  -- dz and j f ( ~ )  'Os dz 
o (p2+z2) ''2 

where R = (p2+r2 )  and f(R) r t a n d s  f o r  a f u n c t i o n  o f  t h e  t ype  R" o r  R" 

exp(-bR/2). 'These i n t e g r a i s  can be eva lua ted  wi t h  t h e  h e l p  o f  the  above 

resu l t s  . 



Furthermore use was made o f  the i n teg ra l  representat ion o f  the 

modi f ied Bessel func t ions :  

m 
1 J o  exp [. (z2x2 + -)I = K (2) = - n ( 2 ~ ) ~  4x2 x 

c0 

1 
= (22)" 1 exp [- (a2Jr2 + - I] x2"-' = KJ.) 

4x2 
(A. 1 3 )  

t o  w r i t e  

and 
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