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Resume - Nous presentons ic i  l e  spectre des raies satel l i tes  dielectroniques du 
i Z E i 7 u m  sodiumide (Se X X I V ) .  Cette etude e s t  approfondie par des calculs 
theoriques des 2 taux de recombinaison dielectronique impliquant le  selenium 
nionoide (Se X X V )  : Se X X V I  fluoroide - Se XXV e t  Se XXV - Se X X I V .  

Les paramgtres de Physique Atomique necessaires 5 cette analyse sont alors 
les longueurs d'onde e t  forces d'oscillateur en absorption des diffgrentes 
transitions mises en cause . 11s ont et6 calcules l 'aide du pro ramne k SUPERSTRUCTURE dans lequel ont et6 introduites 15 configurations : ls2 2s2 2p 31 ; 
ls2 2s2 2p61 31 e t  zp5 41' ; ls2 2s2 e t  zp4 31 (1 = 0,1,2 e t  1 '  = 0,1,2,3). 
Les probabi l1 tes  d'autoionisation, util  isees dans la determination des raies 
satel l i tes ,  sont issues du code AUTOLSJ. 

Nous avons enfin tent6 de comparer nos rdsultats avec ceux obtenus par les 
fomules semi-empiriques de la l i t tgrature. 

Abstract - We present here f i r s t  the dielectronic sa te l l i t e  spectra of sodium-like 
selenium (Se X X I V )  and we extend this analysis with theoretical calculations of 
recombination rate coefficients for fluorine Se X X V I  to form neon-like Se XXV and 
Se XXV to form Se X X I V .  

The atomic parameters required are : line wavelengths and oscillator 
strengths. They have been calculated with the program SUPERSTRUCTURE in which we 
introduced ?5 configurations : l s2  2s2 2 ~ 6  31 ; ls2 2s2 2 ~ 6 ,  ls2 2s2 2 ~ 5  31, ls2 
2s2 Zp5 41 ; 152 2s2 Zp5, ls2 2s2 2p4 31 (1 = 0,1,2 ; 1 '  = 0,1,2,3). The 
autoionization probabilities, used in dielectronic sate1 l i t e  lines, derived from the 
outputs of the computer code AUTOLSJ. 

For the di electronic recombination rate coefficients, we use a1 l the 
'theoretical formulae available in l i t terature and try to compare the results 
obtained. 

Dielectronic recombination : processes and rate coefficients 

Die1 ectronic recombination involves a radiationless capture of a plasma 
free electron, usually into a high Rydberg nl-state, accompanied by the excitation 

of the recombining ion. 
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** + 
X represen ts  a  doubly e x c i t e d  s t a t e  (j ,nl ) o f  the recombined i o n  and X a  

s ing le  exc i ted  s t a t e  i o f  the recombining ion.  

Recombination i s  accomplished i f ,  instead o f  auto ion iz ing,  

t h e  e lec t ron  r e t u r n i n g  t o  the continuum, the two-electron exc i ted  s t a t e  undergoes a  

r a d i a t i v e l y  s t a b i l i z i n g  t r a n s i t i o n  t o  a  s i n g l y  exc i ted  s t a t e  , which l i e s  below the 

i o n i z a t i o n  thresh01 d. 

This  three-step process i s  schematical ly i l l u s t r a t e d  i n  Fig. 1. Generally, 

t h e  i n i t i a l  s t a t e  i s  assumed t o  be the ground s t a t e  g  o f  the recombining ion.  
j 

X*" (j , n l )  

i o n i z a t i o n  th resho ld  * 
X k 

Fig.1. Three steps involved i n  the d i e l e c t r o n i c  recombination process. 

* 
L e t  N~ be the r a t e  c o e f f i c i e n t  f o r  d i e l e c t r o n i c  recombination ( ( 2 )  and 

( 3 ) ) ,  A, and A,, r e s p e c t i v e l y ,  t h e  a u t o i o n i z i n g  p r o b a b i l i t y  (1) and t h e  t o t a l  

r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t y  f o r  decay t o  bound s ta tes  o f  the recombined i o n  ** 
( 3 ) ,  A b e i n g  the sum o f  a l l  r a d i a t i v e  and au to ion iza t ion  ra tes  from X . 

Assuming a  maxwellian d i s t r i b u t i o n  o f  e lec t ron  ve loc i t y ,  

* + X* 
where Te i s  the e l e c t r o n  temperature, and m' the s t a t i s t i c a l  weights o f  X and ** ** 
X+, and E the energy o f  X r e l a t i v e  t o  X*. 

The t o t a l  d i e l e c t r o n i c  recombination r a t e  c o e f f i c i e n t  i s  obta ined on 
i s  ** 

summing d over a l l  c o n t r i b u t i n g  doubly exc i ted  s tates X : d 



** 
f** b e i n g  the l i n e  f a c t o r  o f  the s t a t e  X . 

As a r e s u l t  o f  numerical ca lcu la t ions ,  Burgess /l/ proposed a general 

formula fo r  d a 

d .  

d 

dd = T ~ - ~ / ~  PI(.) f f i j  F2(.z,j) e x p  - E / Te 

where, Eij and fij being the e x c i t a t i o n  energy and o s c i l l a t o r  s t rength of the  i+j 

t r a n s i t i o n ,  z  i s  the nuclear charge o f  the  recombining ion, and : 

f o r  A n  = 0 and An # 0 t r a n s i t i o n s .  

5 ( z )  = 2.4 10-9 ( z ( z  + 1 ) s  / z2 + 13.4))'12 

E = E. ./a 
13 

a = 1 + 0.015 23 / ( 1  + z ) 2  

X = E . .  / 13.6 ( 1  + z)  
1 J 

I t ' s  i m p o r t a n t  t o  n o t i c e  t h a t  a1 l t h e s e  semi - e m p i r i c a l  f o r m u l a e  

overest imate the d i e l e c t r o n i c  recombination r a t e  c o e f f i c i e n t  ; they neglect  reducer 

o u t e r  e f fects  as c o l  li sional processes i n v o l v i n g  the  f i n a l  e x c i t e d  s tates,  

pho to ion iza t ion  and density effects. 

F2 ( z , j )  = 

Atomic s t r u c t u r e  model and computer codes 

X% / ( 1  + 0.105 X + 0.015 x2) i f  no change i n  p r i n c i p a l  quantum number 

i s  i n v o l v e d  between i and j fhn = 0)  

0.5 X% / ( l  + 0.21 X + 0.03 x2) f o r A n  4 0  (Merts /2/) 

To c a l c u l a t e  d i e l e c t r o n i c  recombination f o r  neonl ike (Se XXV) and 

sodiumlike (Se XXIY) selenium, an atomic model o f  h i g h l y  ion izebse len ium has been 

constructed. It inc ludes 5 f l u o r i n e l i k e  conf igurat ions : l s 2  2s2 zp5, l s 2  2s 2p6 and 

l s 2  2s2 2p4 31 (1 = 0,1,2), 9 sodiumlike con f igu ra t ions  : l s 2  2s2 2p6 31 

( 1  = 0,1,2)and l s 2  2s2 zp5 31 31' (1  = 0,1,2 ; 1 '  = 0,1,2) f o r  doubly exc i ted  

s tates,  and 17 neonl ike conf igurat ions : l s 2  2s2 2p6, l s 2  2s2 2p5 31 (1 = 0,1,2), 

l s 2  2s2 2p5 41 (1  = 0,1,2,3) and l s 2  2s 2p6 31 (1 = 0,1,2), l s 2  2p6 31 31' 

(1  = 0,1,2 ; l ' = 0,1,2) f o r  au to ion iz ing  conf igurat ions.  

(E..  and Te i n  ev ;Q i n  cm3 S - l )  
1 J 

Zhdanov 131 proposed an other  formula : 

The main atomic s t r u c t u r e  problem becomes then t h e  determinat ion o f  

con f igu ra t ion  i n t e r a c t i o n  wavefunctions, from which can be deduced the  d i f f e r e n t  
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* X  ** 
needed parameters : (Eij, f i j )  and ( f  , E 1. The f i r s t  p a r t  o f  these data a re  
ca lcu la ted  i n  LSJ coupl ing us ing the  SUPERSTRUCTURE code /4/ which der ives from a 

r e l a t i v i s t i c  mod i f ied  Thomas-Fermi s t a t i s t i c a l  p o t e n t i a l  approximation, where the  

d i f f e r e n t  wave func t ions  are considered as l i n e a r  combinations o f  S l a t e r  

determinants developped on a bas is  o f  monoelectronic o r b i t a l s  s,p,d and f. The 

s c a l i n g  parameters of the p o t e n t i a l  are obtained by a min imizat ion procedure based 

upon the f i r s t  f o u r  conf igurat ions o f  Se XXV : 
r\ = 1.1727 , A  = 1.0873 , c (  = A  = 1.0963 

P d f 
Superstructure i s  a lso  used f o r  i t s  r e l a t i o n s h i p  w i t h  the DISTORTED WAVES program 

/5/ which const ructs  t h e  au to ion iz ing  s ta tes  and w i t h  the code AUTOLSJ /6/ which 

determines the  second p a r t  o f  the data. 

A n  f 0 d i e l e c t r o n i c  recombination example : f o r  neonl ike selenium Se XXV t o  form 
sodiumlike Se XXIV 

The neonl ike t a r g e t  i s  determined by the  ground s t a t e  l s 2  2s2 2p6 and by 26 

f i r s t  exc i ted  s ta tes  2p5 31. The doubly exc i ted  sodiumlike s ta tes  l s 2  2s2 zp5 31 31' 

l ead  t o  deexci ta t ions t o  exc i ted  s ta tes  2p6 31 (F ig.  2). 

Fig.2. 206 l e v e l s  and energies invo lved  i n  the  A n  # 0 Se XXV d i e l e c t r o n i c  

recombinat ion 

~f we w r i t e  : = 
n a n ,  

where no i s  the sma l les t  p r i n c i p a l  quantum number c o n t r i b u t i n g  t o  the  process, 

AUTOLSJ a l lows us t o  ca lcu la te  % l  n = 3)  f o r  some e l e c t r o n i c  temperatures (noted * 
on Fig.  3).But, t o  f o l l o w  the evo lu t ion  versus t ime o f  a  plasma, i t may be - 
a t t r a c t i v e  t o  express dd(n  = 3)  as an e x p l i c i t  func t ion  o f  the  temperature :dd(n=3). 

Using average energies f o r  each con f igu ra t ion ,  we f i n d  then : 
( ~ 3 )  = 1.65 10 d -l0 -3/2 F3( Te ) 

Te 
where : 

F3 ( Te ) = 131 3exp(-667/~~)+801ex~(-600/~~)+9ex~(-509/~~) 

+45exp (-533/~~)+54exp (-462/Te) 

This averaged formula leads t o  r e l a t i v e  e r r o r s  never exceeding 0.1%. To consider the  

c o n t r i b u t i o n  o f  the  upper quantum numbers, we assume a l / n 3  dependance o f  d (n), 

which gives : 
d 



We compare these r e s u l t s  t o  semi-empirical ca lcu la t ions  f o r  a charge z = 24 (Fig. 3)  

t o  show the overest imat ion t h a t  these general formulae invo lve  i n  d d f o r A n  # 0 
H z 

t r a n s i t i o n s  : Merts'  approximation (4 ) i s  accurate t o  60% and Zhdanov's one (W ) t o  
d d 

20% i n  the range o f  1 key. 

The photon emi t ted dur ing the s t a b i l i z a t i o n  process (3 )  has an energy c lose 

t o  t h a t  o f  corresponding resonance l i n e  photon f o r  a t r a n s i t i o n  between the 

recombin ing  s t a t e  X+ and an o t h e r  e x c i t e d  s t a t e  X". I n  t h i s  case, d i e l e c t r o n i c  

recombination i s  responsible f o r  the existence o f  s a t e l l i t e  spectra l i n e s  on the  

long-wavelength s ide o f  the 3s - 2p and 3d - 2p Ne- l ike i o n  resonance l i nes ,  

espec ia l l y  t o  2p6 from zp5 3s (lpl o r  3p1) and zp5 3d ( 3 ~ 1 ,  3~~ o r  lpl) (F ig .  4). 

A n  = 0 d i e l e c t r o n i c  recombination example : f o r  f l u o r i n e l i k e  Se X X V I  t o  form 

neon1 i k e  Se XXV 

I n  t h i s  case,ddmust be est imated by semi-empirical formulae (AUTOLSJ being 

unable t o  c a l c u l a t e  c o r r e c t  l i n e  fac to rs ) .  We then assume t h a t  recombinations from 

t h e  g r o u n d  s t a t e  2p5 a r e  a b l e  t o  r e s t i t u t e  t h e  t o t a l  r a t e  d 
4 - -  - - 1733 eV d 

- - - - - 1513 

Fig.5. Levels and energies invo lved  i n  A n = 0 Se X X V I  d i e l e c t r o n i c  recombination. 

SUPERSTRUCTURE ca lcu la tes  the d i f f e r e n t  values o f  the  requ i red  parameters 

( f i  and Eij, where i 2p5 and j 2p4 31 and t h e  two r a t e  c o e f f i c i e n t s  are 
B 

presented on F ig.  6. The Burgess' approximation (dd seems t o  be b e t t e r  than t h e  
Z 

Zhdanov's one lotd and we choose it t o  represent t h i s  d i e l e c t r o n i c  process : 

Density e f f e c t s  : f i r s t  approach 

The e f f e c t  of f i n i t e  plasma dens i t y  ne cons is ts  o f  a mod i f i ca t ion  o f  the  

recombination process s ince the recombined, b u t  s t i l l  excited, i o n  i n t e r a c t s  w i t h  
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t h e  surrounding plasma, and theref rom t o  a reduct ion o f  the r a t e  c o e f f i c i e n t .  

The procedure genera l l y  fo l lowed t o  inc lude f i n i t e  - e l e c t r o n  density e f f e c t  i s  t o  

n e g l e c t  l e v e l s  having p r i n c i p a l  quantum nurnbers l a r g e r  than the c o l l i s i o n  l i m i t  nc: 

n C nc i n  t h e  sum over  *, capture t o  a l e v e l  n >nc being considered t o  r e s u l t  i n  

instantaneous ion iza t ion ,  which leads t o  the existence o f  a m u l t i p l y i n g  c o r r e c t i o n  

factor  D : 

Simple , but approximate , D formulae have been given by Post /7/ 

for A n  = 0 transitions D = n / (nt + 200) t 
for A n  $: 0 transitions 

2 2 
D = 0.0015((I+z)nt) /(1+0.0015((l+z)nt) ) 

where  n: = 4.77 1018 z 6  ( T e  1 0 - 3 ) 1 / 2  / n ,  t o  m o d i f y  M e r t s '  o r  B u r g e r s '  

approximation. Zhdanov tabulates some special  values o f  D as a func t ion  o f  two 

parameters : 

X = 3.19 10-4 z1I3 Ei (1017 ~ e " '  / ( m e ) )  1/7 

v = (Eij / 13.6)"~ 

f o r  0.1& v/z L 0.5 and l &x>,0.07, according t o  h i s  formula. 

One way o f  e s t i m a t i n g  the c o l l i s i o n  l i m i t  nc i s  t o  consider the continuum lower ing 
X 

process  f o r  a ~ e b y e - ~ G c k e l  plasma ( i f  nI r e p r e s e n t s  the t o t a l  i o n  densi ty  and Z 

the  average charge o f  the plasma, the s tud ied plasma i s  a Debye-Huckel plasma i f  : 

nI 8 102' (Te / (10 z*')13 

nc i s  def ined by : 

z / n: = 3 a. ( (  1 + ( D / R ) ~ ) ~ ' ~  - ( D / R ) ~ )  / R 

where D i s  t h e  plasma Debye length, a. the  Bohr rad ius and R the plasma ion-sphere 
2 3 leng th  : 1/D = 1 0 8 . 8 w a o ' ( 1  + z*) ne / Te ; R = 3 z / ( ~ T I - n e )  

F o r  a ~ e b ~ e - ~ c c k e l  plasma present ing an average nuclear charge Z* = 25.65 

and an e lec t ron  densi ty  ne = 4 1020 cm-3, we remark t h a t  f o r  b n  # 0 t r a n s i t i o n s ,  

densi ty  e f f e c t s  do n o t  p lay an impor tant  r o l e  i n  d i e l e c t r o n i c  recombination (F ig.  3 

D = d ' / s w  l ) u n l i k e  An = 0 t r a n s i t i o n s  (Fig.6) where D can reach 2%. 



- 

other  s a t e l l i t e  l i n e s  

I I 

8.352 8.585 

Fig.4 .  Resonance and unresolved sate1  l i t e  l i n e s  (versus wavelength ( A ) )  f o r  

Te = l keY and ne = 2.4  1020 c c 3 .  
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We are  now able t o  express the two d ie lec t ron ic  recombination r a t e  

coef f ic ien ts  including We - l i k e  selenium ions as functions of hydrodynamical plasma 

parameters (e lec t ron  temperature and densi ty)  : 

dd (Se xxv / Se X X I V )  = 6.052 'i3I2 ( T2k: )1/7 ( 1)13exp(-667/Te) 
2 117 1 + 1.763 107 ( Telne ) 
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