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CONTINUOUS ULTRAVIOLET ABSORPTION BY s ~ ' ( ~ P ~ )  : AN EXPLORATORY 
R-MATRIX CALCULATION 

J.A. TULLY 

Observatoire de Nice, BP 139, F-06003 Nice Cedex, France 

RESUME: La methode de l a  matr ice R e s t  u t i l i s e e  pour c a l c u l e r  l a  photo ion isat ion % 
p a r t i s  du prem-er e t a t  e x c i t e  3 ~ 3 ~ 2  4Pe du s i t .  Les deux termer t r i p l e t s  l e s  p lus bas 
3s3p PO e t  3$ 3 ~ e  de 1 ' i o n  residue1 Sit* sont  i n c l u s  dans l e  c a l c u l .  11s sont repre- 
sent& par des fonct ions d'onde, avec i n t e r a c t i o n  de con f igu ra t ion ,  cons t ru i  tes  avec 
s i x  o r b i t a l e s  spectroscopiques: lsY2s,2p,3s,3p,3d. Des sect ions e f f i caces  p a r t i e l l e s  
e t  t o t a l e s  sont tabulees pour des energies photoniques qui  vont  du s e u i l  (705 9) 
jusqul% 2.5 Ryd (365 A). Quelques resonances dues Ei des @ t a t s  auto ion isants  3p np 
sont del inees e t  portees sur  des graphiques. 

ABSTRACT: The R-matrix method i s  used t o  ca!culate pho to ion isa t ion  from the f i r s t  
exc i ted  s t a t e  3 ~ 3 ~ 2  3 ~ e  o f  s i t .  The lowest two t r i p l e t  terms 3s3p 3 ~ 0  and 3p2 3 ~ e  o f  
the res idua l  i o n  s i t+ are inc luded i n  the ca lcu la t ion .  They are approximated by 
con f igu ra t ion  i n t e r a c t i o n  wavefunctions which are constructed from s i x  spectroscopic 
o r b i t a l s :  ls,2~,2p,3~,3p,3d. P a r t i a l  and t o t a l  cross-sect ions are tabulated f o r  
phgton energies ranging from threshold (705 A) up t o  2.5 Ryd (365 A). Some o f  the 
3p np au to ion is ing  resonances are del ineated and shown g raph ica l l y .  

1.. INTRODUCTION 

The aluminium-l ike i o n  S i I I  possesses a r i c h  l i n e  spectrum i n  the v i s i b l e  and u l t r a -  
v i o l e t  and, owing t o  the h igh cosmic abundance o f  s i l i c o n ,  i s  detected i n  many ast ro-  
nomical ob jects .  It i s  the re fo re  des i rab le t o  have r e l i a b l e  in format ion about the 
atomic p roper t ies  o f  t h i s  i o n  and i n  p a r t i c u l a r  i t s  photoabsorpt ion spectrum. 
Although two d e t a i l e d  ca lcu la t ions  (1,2) have been c a r r i e d  ou t  f o r  pho to ion isa t ion  
from the ground state,  no serious attempt has y e t  been made t o  ob ta in  the continuous 
absorpt ion c o e f f i c i e n t  f o r  exc i ted  s tates.  Her one presents some p re l im inary  
r e s u l t s  fo r  photoabsorption by  the metastable $pe state.  

The R-matrix approach (3)  i s  a  powerful method, based on the close coupl ing approxi-  
m t i o n  (4) ,  f o r  ob ta in ing  the i n i t i a l  bound and f i n a l  s c a t t e r i n g  s ta tes  w i t h  which 
t o  compute the cross-sect ion by means o f  Fermi 's "Golden Rule". One has used a 
mod i f ied  ve rs ion  o f  the we l l  known R-matrix package RMATRX (5) t o  compute the cross- 
sect ions f o r  the processes shown schemat ica l ly  i n  f i n u r e  1. 

2. DETAILS OF THE PRESENT R-MATRIX CALCULATION 

The program RMATRX requi res as i n p u t  wavefunctions f o r  s ta tes  o f  the res idual  ion, i n  
t h i s  case s i f t .  Since one's aim was t o  c a r r y  o u t  an ex 1 r a t o r y  ca lcu la t ion ,  one 
chose t o  inc lude on ly  two states,  v i r  3s3p 3 ~ 0  and 3p4 QPe. Furthermore, one repre- 
sented these by f a i r l y  simple con f igu ra t ion  i n t e r a c t i o n  wavefunctions b u i l t  up from 
o r b i t a l s  ls,2s,2pY3s,3p ( 6  and 3d (7 ) .  The theore t i ca l  ( x  er imental ) i 'onisat ion 
threshold energies are: I ( l P 0 )  = 1.298(1.292) Ryd and = 2.013(1.994) Ryd. I n  
the t h i r d  stage o f  RMATRX the  thresholds were adjusted i n  the standard fashion (5) so 
as t o  agree ui t h  observat ion. 
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Figure 1. Schematic representat ion o f  the  photoabsorption process 

The R-matrix boundary was s e t  a t  RA = 15.15625 a.u., which was deemed s u f f i c i e n t l y  
l a r g e  t o  ensure convergence of the d i p o l e  leng th  and v e l o c i t y  m a t r i x  elements. A 
r e l a t i v e l y  l a r g e  boundary was necessary since the vers ion o f  RMATRX t h a t  one used 
ignores the c o n t r i b u t i o n  t o  the d ipo le  i n t e g r a l s  from the ou te r  region. 

One chose NRANG2 = 15 "continuum" basis o r b i t a l s  t o  span the inner  region. This 
enables one t o  use the  present model f o r  photon energies up t o  about 2.5 Ryd. 

3. RESULTS 

F i  ure 1 shows the s i x  continuum channels based on the two lowest t r i p l e t  s ta tes  of 
Si'. With each o f  these channels i s  associated a p r o b a b i l i t y  ( i . e .  p a r t i a l  cross- 
sect ion)  fo r  photo ion is ing Si+ and leav ing  the res idual  i o n  i n  the  corresponding 
channel s ta te ,  wh i le  a t  the same t ime e j e c t i n g  a photoelectron o f  given wave number 
k at&i o r b i t a l  angular momentum 1. The p a r t i a l  cross-sect ions i n  megabarn u n i t s  ( i . e .  
10- cm2) a re  given i n  Table 1 as func t ions  o f  the photon energy i n  Rydberg un i t s .  
The t o t a l  cross-section, which i s  the q u a n t i t y  o f  i n t e r e s t  t o  astronomers, i s  a l so  
tabu1 ated. 

4  The cross-sect ions f o r  absorpt ion i n t o  the kd DO and kd 4 ~ 0  channels e x h i b i t  broad 
minima o f  the type f i r s t  repor ted by Rudkj$bing (8) i n  connection w i t h  the absorpt ion 
spectrum o f  sodium. This  behaviour i s  caused y a change i n  s i g n  o f  the r a d i a l  mat r i x  B elements as the photon energy increases. The Do leng th  cross-sect ion, f o r  example, 
drop r a p i d l y  from the value 1.14Mb a t  threshold (1.292 Ryd) t o  zero a t  about 1.75Ry. 2 The Po cross-sect ion vanishes a t  a  s l i g h t l y  h igher  energy. 

Between the 3 ~ 0  and 3 ~ e  thresholds, i . e .  f o r  705A > h > 365A, the smooth v a r i a t i o n  
o f  the cross-sect ion i s  i n t e r r u p t e d  by au to ion is ing  resonances. These are caused by 
l h e  3p2np terms o f  S i+ which are embedded i n  the 3s3pks and 3s3pkd continua. The two 

Po channels i n t e r a c t  s t rong ly  and wh i le  the resonance i n  ks produces an inden ta t ion  
i n  the p a r t i a l  cross-sect ion, t h a t  i n  the kd channel gives r i s e  t o  a complementary 
peak r e s u l t i n g  i n  on ly  a s l i g h t  trough when the  two a re  summed. F igure 2 i l l u s t r a t e s  
t h i s  behaviour f o r  the n=5 resonance which i s  loca ted  a t  V-1.74255Ryd and has a 
w id th  (FWHM) o f  2.3%-03 Ryd. The f i r s t  resonance i n  the  $0; channel occurs a t  about 
1.52Ryd and i s  o f  the Beutler-Fano type w i t h  a negative q c o e f f i c i e n t .  The l e n g t h  and 
v e l o c i t y  cross-sect ions are compared i n  f i g u r e  3 and are seen t o  d i f f e r  by a la rge  
amount. The next  resonance (n=5) occurs c lose t o  where the background cross-sect ion 
passes through zero and consequently i t s  p r o f i l e  i s  approximately Lorentzian. This 
resonance i s  shown i n  f i g u r e  4 f o r  the geometric mean o f  the  leng th  and v e l o c i t y  
p a r t i a l  cross sect ions.  A curious fea tu re  i n  the  form o f  a  narrow crevasse occurs on 
the shor t  wavelength s ide  o f  the p r o f i l e  and i s  associated w i t h  a small b l i p  i n  the 
phase s h i f t .  The cross-sect ion f a l l s  suddenly t o  zero a t  the  p o i n t  where the energy 
d e r i v a t i v e  o f  the phase s h i f t  passes through zero. One assumes t h a t  t h i s  has no 
physical s ign i f i cance  and i s  simply due t o  the p rox im i ty  o f  an R-matrix po le a t  
1.7376 Ryd. 



Table 1. Partial and total cross sections in Mb units. + length, 

++ velocity. 

kp 4 ~ 0  kp 4 ~ 0  kp 4 ~ 0  Total 

0.01 8 b L , 8 , , , , 1 
1.760 1,765 

photon energy lRyd) 

Figure 2. Profiles of the length partial cross sections for the 

3p25p 4 ~ 0  resonance. k s  channel ( o ) ,  kd channel ( a ) ,  sum (x). 
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photon energy (Ryd) 

Figure 3. Length ( o )  and velocity (+ )  partial 
cross sections near the 3p24p &DO resonance. 

photon energy (Ryd) 

Figure 4. Profile of the geometric mean 
cross section for the 3p25p 4 ~ 0  resonance. 

4. A NOTE ON THE OUTER REGION SOLUTIONS 

The inner  and ou te r  reg ion so lu t ions  are matched on the R-matrix boundary. I n  the 
present case one assumed t h a t  the value o f  RA was s u f f i c i e n t l y  la rge  t o  j u s t i f y  the 
use o f  a  Coulomb p o t e n t i a l  i n  the ou te r  region. The asymptotic so lu t ions  were there- 
f o r e  obtained by i n t e r f a c i n g  the t h i r d  stage o f  RMATRX t o  a program f o r  generat ing 
Coulomb funct ions.  The v a l i d i t y  o f  t h i s  approximation was tes ted  by comparing some o f  
the present r e s u l t s  w i t h  those obtained by i n t e r f a c i n g  RMATRX t o  the AYSPCK (9)  pack- 
age. I n  some cases d i f fe rences  o f  more than a few percent were encountered and so 
f u r t h e r  work i s  c l e a r l y  requ i red  f o r  t h i s  pho to ion isa t ion  process i n  order  t o  have 
complete confidence i n  the r e s u l t s .  

A f i n a l  note concerning the use o f  ASYPCK (9) i s  o f  relevance here. It i s  impor tant  
t o  take account o f  the charge dependent normal isat ion used by Crees f o r  the  r a d i a l  
continuum funct ions (c . f .  (9), sec t ion  2.4.1). These 'osc i l l a te  asympto t i ca l l y  w i t h  
ampli tude d(z/k), where z i s  the charge o f  the res idual  ion.  This f a c t  was overlooked 
i n  the  previous R-matrix c a l c u l a t i o n  devoted t o  S i I I  and consequently the cross- 
sect ions given i n  reference ( 2 )  should be d iv ided  by 2 ( the  charge o f  s i t+ ) .  
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