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Abstract Cross s e c t i o n s  f o r  p h o t o i o n i s a t i o n  f rom t h e  1 ~ ~ 2 ~ 2 ~  ' P O  and 
l s 2 2 p 2  'se s t a t e s  o f  c2+ a r e  c a l c u l a t e d .  The c lose- coupl  i n g  method i s  
used t o  o b t a i n  wavefunct ions f o r  t h e  i n i  t i a 1  (c2+) and f i n a l  ( c3+  + e-) 
s t a t e s .  The 1 s ~ 2 ~ n ! L  s e r i e s  o f  a u t o i o n i s i n g  terms g i v e  r i s e  t o  resonances 
i n  the  c ross  s e c t i o n s .  

1. INTRODUCTION 

Cross- sect ions f o r  p h o t o i o n i s a t i o n  from ground and e x c i t e d  terms 

o f  1 i g h t  a t m s  a r e  needed i n  many ast rophys ;ca l  app l  i c a t  ions. c2+ f o r  

example, i s  an impor tan t  o p a c i t y  source i n  h o t  s t a r  atmosphere. S imple 

methods .ave been o f t e n  used i n  t h e  p a s t  t o  e s t i m a t e  c ross- sec t ions .  I n  

these methods, t h e  d i p o l e  i n t e g r a l s  i n v o l v e d  i n  t h e  p h o t o i o n i s a t i o n f o r -  

mula a r e  e i t h e r  ( i )  c a l c u l a t e d  sising r a d i a l  wavefunct ions f o r  t h e  bound 

and e j e c t e d  e l e  ( r o n s  p e r t a i n i n g  t o  t h e  same c e n t r a l  p o t e n t i a l ,  or ( i i )  

est imated f rom exper imenta l  da ta  (quantum de fec ts )  by means o f  t h e  

method developed by ~ e a c h ' .  However, dur  ing  t h e  pas t  decade o r  so g r e a t  

progress has been made f o r  improv ing b o t h  t h e  i n i  t i a 1  (A?) and f i n a l  
Z 

(A;"' + e - )  s t a t e  wavefunct ions by means o f  t h e  ' s l o s e  c o u p l  i n g '  ap- 
+m 

prox imat  ion 2.  As a  consequence photo- exc i  t a t  i o n  t o  (A ) a u t o i o n i s a t  i o n  

terms, as w e l l  as t h e  poss i  b i  l i t y  f o r  t h e  e j e c t e d  e l e c t r o n  t o  induce ex- 

c i  t a t  i o n  o f  t h e  r e s i d u a l  i o n  a r e  taken i n t o  account i n  recent c a l -  

c ~ l a t i o n s ~ ' ~ .  

I n  t h i s  paper, as a  p a r t  o f  a  more genera l  research p rograme,  

we consider  p h o t o i o n i s a t i o n  f rom two e x c i t e d  terms, namely 1 ~ ~ 2 ~ 2 ~  'P 

and l s 2 2 p 2  'se o f  c2+ u s i n g  programs developed a  U n i v e r s  i t y  C o l  1 e g e ,  

London. We f ind  t h a t ,  f o r  low e j e c t e d  e l e c t r o n  energ ies  on l s 22s ,  t h e  

*On leave  f rom O b s e r v a t o i r e  de Nice,  B.P.  139, 06003 Nice,  Cedex, Fran- 

ça 
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photo ion isa t ion  cross-sections a re  s t rong l y  perturbed by the existence 

o f  severa1 ser ies o f  1s 2 2 p n ~  auto ion is ing  terms. 

I n  p a r t  2 we descr ibe b r i e f l y  the c lose- coupl ing method and the 

mult ichannel photo ion isa t ion  formula. I n  pa r t s  3 and 4 the i n i t i a l  and 

f i n a l  s ta tes  are discussed i n  d e t a i l .  Our resu l  t s  a re  presented in sec- 

t i o n  5. 

2. WAVEFUNCTIONS IN THE CLOSE COUPLING METHOD 

The (N+ 1)-electron system wavefunction, e i  ther bound or  f  ree, 

can be expanded using the se t  o f  N-electron wavefunctions p lus  sphe- 

r i c a l  harmonics and sp in  func t ions .  With these elements a inore con- 

venient basis, the elements o f  which contain a l l  var iab les  except r ~ + 1  , 
can be b u i l t  and label  led by i 3 TLSR ~ L ~ s ?  TLS l abe ls  the N-electron 

terms. To each element i i s  there fore  associated a F~ ( r  ) r a d  i a1 
N +  1 

f unc t i on  which has t o  be determined. The Kohn va r i a t i ona l  p r i n c i p l e a p -  

p l  ied  t o  the ~ c h r o d i n ~ e r  equation leads t o  a se t  o f  coupled integro-  

d i f f e r e n t i a l  equations f o r  de f i n i ng  the F ' s .  Some s i m p l i f i c a t i o n s  oc- 
T i 

cur:  p a r i t y  p ,  L and 2 s p l i t  the system o f  equations i n t o  subgroups 
T 

which are independent o f  4 and 4. Therefore f o r  given p ,  L , d and 

i f  only a few TLS terms are included i n  the expansion, the number o f  

channels i s  considerably reduced. We w r i t e  the se t  o f  coupled equations 

f o r  NCHF channels as fo l lows 

I f  the or thogona l i ty  cond i t ions  

are imposed on the con t i  nuum and bound s ta te  o r b i  t a l s  t h e n  Lagrange 

mul t i p l  i e r  expressions must be introduced i n  eq. ( 1 ) .  I n  o rder  t o  re-  

move const ra in ts  on the t o t a l  system wavefunction a s u i  t a b l e  1 i n e a r  

combination o f  ( ~ + 1  ) -e lec t ron  funct ions wi 1 1  be added i n  the i n i  t i a 1  

expans ion  
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NCHF NCHB 

A antisymmetrises @iFi, and the cj are mixing coefficients that have 
T T  

to be determined. The set of $PL , orie conf iguration wavefunctions 
(cal 1 ed bound chrmnets) bui 1 t usi ng the PnR8 s of the TLS terms, can be 

increased to balance the truncation of the f irst summation in eq. ( 3 ) .  
The reader is referred to the articles of Seaton and co-workers 

for a more complete view on the coupled equation ~ ~ s t e m ~ ' ~ ' ~ .  If E is 

the total energy of the (N+l)-electron system, and E. are the TLS term 
Z 

energies, we have for each channel 

k? = E - Ei wi th E and Ei in Rydbergs 
Z (4)  

The choice of E decides of the number of open channels NCHOP 

(k: 0) and of the closed ones (k:< O). If a11 k S < 0 ,  these equa- 

tions are used to obtain bound states. If some or a1 1 ki 3 0, the total 

system wavefunctions are used to represent a free electron mving away 

and leaving the core TLS in the ground or excited states. The asyrnp- 

totic form required for the open channel Fi8s are 

xi = kir + (z/k)ln(2 kip) - 1/2 Rir + arg I'(Ri+l -iz/ki) ( 6 )  

eq. ( 5 )  means that there exist NCHOP total system wavefunctions, each 

one for an exit channel i'. On the closed channels a decreasing asymp- 
-+ 

totic form is imposed. S ,  the scattering matrix, is a function of E, 

which leads to the partia1 c011 ision strengths R(TLS-TL'S'). With these 

asyr, 

the 

iptotic foras, the total photoionisati 

length formulation by 

~n cross section is given in 

Gi, (hv)  1 
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Gi, i s  the reduced ma t r i x  element o f  the e l e c t r i c  d ipo le  operator  

Gi, = <+ i n i t i a l  1 1  P 1 1  +i,> 

hv i s  the  photon energy i n  Rydbergs. L i s  the angular momentum o f  the 

i n i t i a l  s ta te .  The quan t i t i es  under C i n  eq. (7) are the con t r i bu t i ons  

t o  the t o t a l  cross sec t ion  from channel e x i t  photoionisat ion,  i.e. from 

these one obta ins  the photo ion isa t ion  cross sect ions f o r  the d i f f e r e n t  

a S  terms o f  the residual  i on8 .  The ca l cu la t i ons  eq. (7) are repeated 

f o r  the d i f f e r e n t  ( i f  any) LT values LT = L + 1 ,L. The expression o f  (8) 

i s  g iven by ~ones ' .  The reader i s  re fe r red  t o  the works o f  .Saraphlo and 

Berr ington et aZ1' f o r  det.ai 1s on the set  o f  UCL programs used here t o  

eval uate the reduced ma t r i x  elements. 

3. THE INITIAL C'+ WAVEFUNCTIONS 

Using the program o f  Eissner and ~ussbaumer '~ ,  the PnE rad ia l  

func t ions  Is ,  2s, 2p are determined from the minimisat ion o f  ~ ( l s ~ Z s ) +  

+ 3 ~ ( l s ~ 2 ~ ) .  We ob ta in  the values 1 = 1.240 and h = 0.876 f o r  the c3+  
S P 

sca l ing  parameters. The 2s-2p threshold energy i s  0.5859 Ryd, which 

compares wel l wi t h  the experimental value 0.5883. 

Theexpansion i n e q . ( 3 )  i s  l i m i t e d  t o  two terms: l s 2 2 s  and 

1 ~ ~ 2 ~ .  This leads t o  a three channel problem (ls22s;kp, 1 s ~ 2 ~ ; k ~ s + k ~ d )  

i nvo l v ing  a bound channel 1 ~ ~ 2 ~ 2 ~ .  We ob ta in  -2.5637 Ryd w i t h  respect 

t o  ls22s  f o r  the 2s2p 'P' energy. The experimental value i s  -2.586.iiere, 

the closed channels kp, k ' s  and k ' d  can be considered as ac t i ng  as 2s3p, 

2p3s and 2p3d conf igura t ions .  

Two channels ls22s;ks and p lus  two bound c h a n n e l s  

1s22s2 + 1 5 ' 2 ~ ~  are present. We ob ta in  -1.763 Ryd f o r  the energy w i t h  

respect to  ls22s,  the experimental value beiny -1.857. " ls22p211 'se i s  
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composed of configurations ls'2s2 + 1s22p2 plus the closed channels 

ls22s;3s and ls22p;3p. 

4. THE FINAL c3+ i- e- WAVEFUNCTIONS 

T 
The same target are considered for different LT, S and parity 

values. For the 'se photoionisation ( L ~  = 0, $ =  O, p = 0, only the 

final state 'P' (LT = 1, ? = O, p =I) is needed. For the 'P' ini tia1 
rn 

state, three final states are needed, L' = 0,1,2. Table 1 shows the 

free channels and bound channels occurring for all these situations. 

Table 1 - Final (c3+ + e-) state representatíon. (a) free channels, (b) 
bound channels. ls22s and ls22p are target configurations with X =1.240 
and X p =  0.876. 

(a) 
1s22s; kp l s22s;ks ls22p;k'p ls22s;kd 

1 s22p;k's + k'd 1 s22p;k'p ls22p;klp + k'f 
-- - --- 

(b) 1 ~ ~ 2 s ~ ~  ls22s2 + 1s22p2 none ls2zP2 

5. PHOTOIONISATION CROSS SECTIONS 

In the ejected electron energy range (0;0.5859) Ryd a series of 

narrow resonances 1s?~n!2 (E = 0,2) appears. The first one at k: -0.05 

Ryd (see fig.l), which can be noted 2p4d (n* = 4.0971, has a very high 

maximum, for exarnple 0 = 420.86 Mb at 0.048 Ryd. The prof i le of this 

resonance indicates a large value for the q line profile index appear- 

ing in the resonance formula of Dubau and seaton13 
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F i g .  1 - ~ ~ + l s ~ 2 ~ ~ ~ ~ ~  p h o t o i o n i s a t i o n  c ross  s e c t i o n  ( ~ b )  
as a  f u n t i o n s  o f  t h e  e j e c t e d  e l e c t r o n  energy on channel 
1 s225 ( ~ y d ) .  - t o t a l  c ross  s e c t i o n .  --- t o  l s 2 2 s  c ross  
s e c t i o n .  

n* = n-a i s  the  e f f e c t i v e  quantum number f o r  t h e  2p4d s t a t e ,  and T = 

= tanh rf3. <a> i s  the  rnean va lue  o v e r  the  resonance. The f u l l  au to-  

i o n i s a t i o n  w i d t h  a t  half-maximum r i s  g i ven  by 

r = 2z2 B /  (n-a)  a. u. ( 1  1) 

We f i n d  q =  67.0, r = 0.00148 a.u. and <o> = 6.0 Mb. The se- 

cond resonance a t  0.18 corresponds t o  2p5s (n* = 4.708) a n d  we f i nd 

q = 15.0, r =  0.00520 a.u. and <a> = 0.8 Mb. A t  0.240 and 0.345 a re  

the  2p5d and 6d terrns. A t  0.31 0  the  2p6s term i s  p resen t .  Above the  

t h r e s h o l d  1 s2zp,  we o b t a i n  the  th ree  channel c o n t r i b u t i o n s .  Obvious ly  

p h o t o i o n i s a t i o n  o f  "2p2" 'se leads ma in ly  t o  l s 2 2 p  w í  t h  t h e  l a r g e s t  

c o n t r i  b u t  i o n  comi ng f rorn the  d  channel (90%).  Never the less the  1 s22s 
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e x i  t i s ,  near the  th resho ld ,  7% o f  t h e  t o t a l  c ross  s e c t i o n .  F o r  a n  

e j e c t e d  e l e c t r o n  energy k t  = 4.0 Rydberg t h i s  l a t t e r  v a l u e  i s  11.46%. 

For  t h e  two extreme k i  values (0.6 and 4.0 Rydbergs) the  cross s e c t i o n  

va lues a r e  5.154 and 0.606 Mb. The decrease i s  approx imate ly  v-2'3. 

The s i t u a t i o n  i s  f a r  more compl icated,  t h e  f i n a l  s t a t e s  needed 

a r e  'se, 'pe and 'De. For 'pe o n l y  t h e  2p,kp channel e x i s t s ,  i .e. t h i s  

p a r t i a 1  p h o t o i o n i s a t i o n  cross s e c t i o n  appears o n l y  f o r  k2 > 0.5859 Ryd- 

bergs ( f  i g . 2 ) .  'se has two channels and 'De t h r e e  channeis ( t a b l e  l).The 

2pnp resonances ( f i g . 3 )  a r e  narrow and t h e i r  maximum i s  0.7 Mb l o c a l i s e d  

a t :  0.045, 0  .236, 0.342 Rydbergs.. For 'De two s e r i  es o f  resonances ap- 

2 + 
F ig .2  - C l s ' 2 ~ 2 ~  'P' p h o t o i o n i s a t i o n  cross s e c t i o n  
( ~ b )  as f u n c t i o n  o f  t h e  e j e g t e d  e l e c t r o n  e n e r g y  o n  
channel l s 2 2 s  ( ~ ~ d ) .  - ( c 3  +e-) 'pe c o n  t r  i bu  t i o n  t o  
t h e  t o t a l  c ross  s e c t i o n .  Only p h o t o i o n i s a t i o n  t o  1 ~ ~ 2 ~  
i s  p o s s i b l e .  
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F ig.3 - ~ ~ ' 1 ~ ~ 2 ~ 2 ~  'P '  p h o t o i o n i s a t i o n  cross s e c t i o n  ( ~ b )  
as a  f u n c t i o n  o f  t t~? e j e c t e d  e l e c t r o n  energy on  channel 
1s22s ( ~ y d ) .  - (C - e ) ' se  c o n t r i b u t i o n  t o  t h e  t o t a l  
cross s e c t i o n .  --- t o  l s 22 s  p a r t i a 1  c o n t r i b u t i o n .  For t h e  
two f i r s t  resonances we f i n d  f o r  q ,  a,  B ,  <o> respec t i ve ly :  
(2.7, -0.062, 0.026, 0.115) and (2.7, -0.058,0.027,0.116). 

pear, 2pnp and 2pnf ( f i g . 4 ) .  The f resonances a r e  v e r y  narrow; 2p4f ap- 

pears a t  0.033 Rydbergs. The p  ones a r e  l a r g e r  and a r i s e  a t  0.212,0.328, 

0.396. Above t h e  2p th resho ld ,  f o r  k' = 0.6 Rydbergs, t h e  c o n t r i b u t i o n s  
o 

kd, k ' f  and k ' p  a r e  r e s p e c t i v e l y  1.038, 0.133, 0.745 ( t o t a l  1 . 7 9 6  Mb! 

and f o r  k f  = 3.0 we o b t a i n  0.190, 0.0079, 0.925 Mb. The t o t a l  t h r e s h o i d  

c ross  s e c t i o n  j u s t  above 2p i s  2.189 Mb. I t  i s  impor tan t  t o  n o t e  t h a t  

the 2s and 2p e l e c t r o n s  p a r t i c i p a t e  i n  the  t o t a l  cross s e c t i o n  above k 2  

= 0.589; t h i s  has been over looked  i n  t h e  w o r k  o f  Sakh  i b u l  1 i n  a n d  

w i  i i is l " .  

CONCLUSION 

The c l o s e  c o u p l i n g  rnethod a l l o w s  an a c c u r a t e  d e s c r i p t i o n  of the 

f r e e  wave f u n c t i o n s  represen t ing  the  channels o f  t h e  e j e c t e d  e l e c t r o n  
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~ i g . 4  - c2+ l  s22s2p 'P '  p h o t o i o n i s a t  i on  cross s e c t i o n  ( ~ b )  
as a  f u n c t i o n  o f  t h e  e j e c t e d  e l e c t r o n  energy on channel 
1s22s ( ~ ~ d ) .  - (c3++e-) ' D ~  c o n t r i b u t i o n  t o  the  t o t a l  
cross s e c t i o n .  --- t o  1s22s p a r t i a 1  c o n t r i b u t i o n .  

which can leave  c 3 +  e i t h e r  i n  t h e  ground term 1s22s o r  

The c o r e  r e l a x a t i o n  i s  taken i n t o  account s i n c e  t h e  i n i  

exarnple, can be wr i t t e n  as l s22s2 + 1s22p2 p l u s  c losed  

vs  and 1 ~ ~ 2 ~ ;  vp.  The p h o t o e x c i t a t i o n  t o  t h e  resonant  t 

i n  t h e  l s 2 2 p  term. 

t i a 1  term ' se  f o r  

channels l s 2 2 s ;  

erms ls22pnf, f o l -  

lowed by a u t o i o n i z a t i o n  cannot be ignored as i t  increases t h e  l s 22 s  pho- 

t o i o n i s a t i o n .  The c o u p l i n g  between t h e  f r e e  f i n a l  channels i s  taken i n t o  
3 + 

account and represen ts  t h e  C i n e l a s t i c  e x c i t a t i o n  induced by t h e  e j e c -  

ted e l e c t r o n .  T h i s  l a t t e r  e f f e c t  i s  mixed w i t h  t h e  d i r e c t  i o n i s a t i o n s ,  

s  ince  b o t h  "2p2" and 2s2p can undergo l s22s and l s 2 2 p  i o n i s a t  ions.  I t 

would be o f  g r e a t  i n t e r e s t  t o  cons ider  t h i s  shake-up process f o r  t h e  2s 

p h o t o i o n i s a t i o n  o f  Na and Mg, where t h e  3 s + 3 p  e x c i t a t i o n  can be s i g -  

n i f  i c a n t  f o r  low e j e c t e d  e l e c t r o n  energ ies.  
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Resumo 

São ca lcu ladas  as secções de f o t o i o n i  zação dos estados l s 2 2 s 2 p ' ~ a  
e 1 s ' 2 ~ '  ' S e  do C". O mètodo de acoplarnen$o f o r t e  é usaqo para se o b t e r  
as funções de onda dos estados i n i c i a l  (C' ) e f i na l ( C  + e- ) . AS sé- 
r i e s  1 ~ ' 2 ~ n . t  dos termos au t o i o n i z a n t e s  dão or igem às ressonâncias nas sec- 
ções de f o t o  i o n  i zação. 


