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Resume - Les mod6les n u k r i q u e s  Co l l i s ionne ls -Rad ia t i f s  sont couramnent u t i l i s e s  
pour concevoir ou i n t e r p r e t e r  des experiences de physique atomique des plasmas cre6s 
par laser, en p a r t i c u l i e r  dans l e s  etudes de l a s e r  X. 

Nous decrivons no t re  nouveau code qui c o n t i e n t  p lus ieurs  opt ions : i o n  
moyen, con f igu ra t ions  plus ou m i n s  d 6 t a i l  lees. I 1  e s t  compose d'une base de donnees 
atomiques couplee 8 des sous-programmes qui evaluent l e s  populat ions ioniques a i n s i  
que l e s  c o e f f i c i e n t s  d'emission e t  d'absorpt ion. Nous donnons des r e s u l t a t s  
num6riques pour il l u s t r e r  l e s  p o s s i b i l  i t e s  du code e t  pour cornparer d i f f e r e n t s  
modgfes e t  types d'approximation. 

Abst ract  - C o l l  i s i o n a l  -Radiat ive numerical models are commonly used t o  design o r  
i n t e r p r e t  experiments i n  atomic physics o f  laser-created plasmas, i n c l u d i n g  X-Ray 
l aser studies. 

We describe our new code con ta io ing  several opt ions : average ion, more o r  
l e s s  d e t a i l e d  conf igurat ions.  It cons is ts  o f  an atomic data base coupled t o  
subrout ines eva lua t ing  i o n i c  populat ions and emission and absorpt ion c o e f f i c i e n t s .  
Numerical r e s u l t s  are given t o  i l l u s t r a t e  the  c a p a b i l i t i e s  o f  the code and t o  
compare d i f f e r e n t  models and types o f  approximation. 

I. INTRODUCTION 

C o l l  i s i o n a l  -Radiat ive models are usefu l  f o r  the  design o r  the i n t e r p r e -  
t a t i o n  o f  experiments i n  atomic physics o f  l aser created p1 asmas, i n c l u d i n g  X-ray 
l aser studies. 

Three k inds o f  r e s u l t s  are o f  p a r t i c u l a r  i n t e r e s t  : 
- t h e  i o n i z a t i o n  s t a t e  o f  the plasma, i.e. the average degree o f  i o n i z a t i o n  Z* and 
t h e  d i s t r i b u t i o n  o f  the  various i o n i c  stages, 

- t h e  populat ions of i n d i v i d u a l  exc i ted  l e v e l s  f o r  the  computation o f  i nvers ions  and 
gains, 

- t h e  X-ray emission o f  the plasma f o r  confrontat ions w i t h  experiments. 

We have developped a new h i g h l y  f l e x i b l e  code, LASIX, and we take 
advantage o f  th ree  o f  i t s  notable features i n  t h i s  presentat ion : 

- new atomic data are e a s i l y  taken i n t o  account, 

- i t  incorporates models o f  vary ing soph is t i ca t ion ,  .which may be selected according 
t o  the app l i ca t ion ,  

- comparisons o f  atomic parameters and o f  var ious approximations are r e a d i l y  
performed. 
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11. DESCRIPTION OF THE LASIX CODE 

( a )  Schematic organizat ion 

Hydrodynamics code 
densi t ies and temperatures 

as funct ion o f  
time and posi t ion 

r ~ a l c u l a t i o n  of I I 1 

d e t a i l e d  'simple I ill) / (a) 1 is; / 
Atomic Populations 

and absorptions I 
Calculat ion o f  

X-Ray emissions 

\ / 
I Atomic Data Base 

I n  t h i s  presentat ion, LASIX w i l l  be t r e a t e d  as a post-processor t o  the  
hydrodynamics code ; we sha l l  remain w i t h i n  the approximation o f  an o p t i c a l l y  t h i n  
plasma, excluding r a d i  a t i v e  t r a n s f e r  problems. 

( b )  Average I o n  Option ( A I )  

This op t ion  i s  s i m i l a r  t o  XSNQ-U (Lokke and Grasberger) w i t h  s l i g h t l y  more 
r e a l i s t i c  evaluat ions of the r a t e  c o e f f i c i e n t s  and a newt$lgorithm f o r  s o l v i n g  the  
equations o f  evo lu t ion  o f  the average occupations o f  the n she l l  : P,. 

I f  necessary, the ground-state populat ion o f  any i o n i c  stage may be der ived 
f r o m  t h e  P, t h r o u g h  t h e  b i n o m i a l  l aw ( t h i s  procedure i s  c o n s i s t e n t  w i t h  t h e  
under ly ing approximation o f  independent e lec t rons  : see f o r  example S 111. f i g .5 ) .  

( C )  Ind iv idua l  Conf igurat ions Options (DC and SC) 

For each i o n i c  stage "De ta i led  Conf igurat ions"  (DC) and/or " S i m p l i f i e d  
Conf igurat ions"  (SC) opt ions may be used. 

I n  the DC opt ion,  there can be as many i n d i v i d u a l  exc i ted  s ta tes  as are 
thought necessary by t h e  ;ser ; they can be e i t h e r  t rea ted  separate ly  o r  
averaged i n  groups c a l l e d  superl  evels".  The composit ion o f  each superl  eve1 i s  
f r e e l y  speci f ied.  I n  t h e  SC opt ion,  exc i ted  l e v e l s  are approximately t r e a t e d  by 
grouping together a1 l states having the same p r i n c i p a l  quantum numbers. 

I n  pract ice,  t h e 4  SC op t ion  i s  q u i t e  s a t i s f a c t o r y  f o r  non-dominant i o n i c  
stages ; f o r  dominant stages, the  DC op t ion  i s  o f t e n  used f o r  lower p r i n c i p a l  
quantum numbers ( f o r  example up t o  n = 4 o r  5) ; the SC op t ion  i s  then r e s t r i c t e d  t o  
h igher  exc i ted  leve ls .  The h ighest  ( o r  the  two h ighes t )  exc i ted  l e v e l s  may a lso  be 
m a i n t a i n e d  a t  Saha e q u i l i b r i u m  w i t h  f r e e  e l e c t r o n s  (assumed here  t o  be 
non-degenerate). 

(d )  Atomic Data Base 

I n  the DC (Deta i led Conf igurat ions)  opt ion, we use p r e f e r e n t i a l l y  data 
der ived from a MCDF code (Bruneau) and from the  SUPERSTRUCTURE code (see r e l a t e d  
paper by M. C o r n i l l e ,  J. Dubau and S. Jacquemot). Relevant data from Clark, Magee, 
Mann and Merts, Sampson and Parks, and Sampson and Golden are a lso occasional ly  



I n  the SC ( S i m p l i f i e d  Conf igurat ions)  opt ion,  we use the re levan t  
approximate formulas of Landshoff and Perez, Mewe, Seaton, Johnson, and Lotz, 
according t o  t h e i r  ranges o f  v a l i d i t y  . 

T r a n s i t i o n  r a t e s  i n  the AI (Average Ion)  case are der ived from formulas 
used i n  the SC case, wh i le  energy l e v e l s  are computed w i t h  the More (1981) 
approximation formula. 

111. EXAMPLES OF NUMERICAL RESULTS 

( a Homogeneous Stat ionary P1 asma 

We have f i r s t  considered the case of an i r o n  ( Z  = 26) plasma o f  f i x e d  mass 
densi ty  1 0 - ~  g.cm-3. Figures 1 - 3 show the average degree o f  i o n i z a t i o n  Z* vs. 
temperature w i t h  var ious types of approximations ; even i n  the  DC case, d e t a i l e d  
con f igu ra t ions  were used only  f o r  li thium- l ike,  he l ium- l i ke  and hydrogen-l ike ions ; 
t h e  SC approximation was used f o r  a l l  lower i o n i c  stages. 

F ig .  1 Comparison o f  the r e s u l t s  of DC, DC-LTE, DC (zero densi ty  l i m i t )  and AI.  

F ig .  2 DC, SC (nmax = 101, SC (nmaX = 41, AI (n,, = 10) and AI (n,, = 4). 

F i g .  3 DC, AI,  SC, and SC w i t h  averaged cross-sect ions ; t h i s  l a s t  approximation 
shows t h a t  the small observed discrepancies between the SC and DC models 
are mainly due t o  d i f f e r e n t  r a t e  c o e f f i c i e n t s .  

F i g .  4 Average she1 l occupat ions P, ( n  = 1 t o  4 )  w i t h  the  A I  and DC models ; DC 
values are der ived by averaging the number o f  e lec t rons  per she l l  over a l l  
the exc i ted  e l e c t r o n i c  s ta tes  inc luded i n  the c a l c u l a t i o n .  
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F ig .  5 (a b and c )  I n  the  case o f  argon [Z  = 18) a t  f i x e d  e l e c t r o n i c  densi ty  ne = 
lofl these f igu res  g ive  the r e l a t i v e  populat ions o f  L i - l i k e ,  He-l ike, 
and H - l i k e  ions vs. temperature. The dashed l i n e s  are taken from Stone and 
Weishei t (1986) and correspond t o  the maximum and minimum values obtained 
us ing  several NLTE codes from LLNL, NRL and PPPL. Our r e s u l t s  w i t h  the SC 
( S i m p l i f i e d  Conf igurat ions)  model f a l l  i n  the middle o f  the range ; a lso  
shown are values computed w i t h  the A I  (Average I o n )  model. 

F ig .  6 Using again an i r o n  plasma a t  a density o f  10-2 g.cm-3 t h i s  f i g u r e  shows 
t h e  e f f e c t  o f  non-unity escape f a c t o r s  f on t h e  resonance l i n e s  i n  the  DC 
(Deta i led  Configurat ions) model ; r e s u l t s  correspond t o  DC - LTE, DC 
( f  = 11, DC ( f  = 0.1) and DC ( f  = 0).  

F ig .  7 Tota l  r a d i a t e d  power vs. temperature ; bound-bound, bound-free and f ree-  
f ree con t r ibu t ions  are shown. 

F ig.  8 Example o f  an emiss iv i t y  spectrum a t  a temperature o f  1000 eV. 



(b )  Example o f  time-dependent problems 

We consider an i r o n  plasma (Z = 26) a t  a  f i x e d  i o n  density o f  10-2g.cm-3; 
i t s  temperature i s  500 eV a t  t < 0. then r i s e s  l i n e a r l y  t o  2000 eV i n  20 ps, stays 
constant t o  t = 200 ps. and g i n a l l y  f a l l s  l i n e a r l y  back t o  500 eV a t  t = 300 ps. 
(see f i g s .  9 and 10). 

F ig .  9 Fig. l 0  

F ig.  9 Shows Z* as a  func t ion  o f  t ime f o r  three cases : normal DC (Deta i led  
Conf igurat ions) ,  s ta t ionary  DC ( a l l  t ime der i va t i ves  s e t  t o  zero ; t h i s  i s  
the  steady s t a t e  case discussed prev ious ly ,  DC w i t h  s ta t ionary  exc i ted  
l e v e l s  ( a l l  t ime der i va t i ves  s e t  t o  zero f o r  exc i ted  l e v e l s ) .  . 

Fig .  10 Comparison between the  DC (Deta i led  Conf igurat ions) ,  SC ( S i m p l i f i e d  
Conf igurat ions)  and A I  (Average Ion)  models. 

F ig .  11 When the plasma i s  recombining ( t  7 200 ps), populat ion invers ions  are 
predic ted.  This  example shows the invers ion  i n  the  He- l ike i o n  between 
l e v e l s  5  3 ~ 4  and 3 3 ~ ~ .  H-l ike, He- l ike and L i - l i k e  ground s t a t e  
populat ions are a1 so shown. 

F ig .  12 Shows the  in f luence  o f  the s t a t i o n a r i t y  hypothesis on predic ted popula- 
t i o n s  ; the dashed l i n e  was computed wh i le  keeping a l l  t ime der i va t i ves  
equal t o  zero f o r  exc i ted  l e v e l s .  
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I V  CONCLUSIONS 

( a )  Evaluat ions o f  Z* and o f  o v e r a l l  r a d i a t i v e  losses are much more s e n s i t i v e  t o  the  
q u a l i t y  o f  the r a t e  c o e f f i c i e n t s  than t o  the complexity o f  the model, whether DC 
(Deta i led  Conf igurat ions) ,  SC ( S i m p l i f i e d  Conf igurat ions)  o r  AI (Average I o n )  are 
used. The AI approximation, which i s  both simple t o  implement and computat ional ly  
f a i r l y  e f f i c i e n t ,  i s  q u i t e  s a t i s f a c t o r y  over the re levan t  range o f  temperatures and 
dens i t i es  where r a p i d  evaluat ions coupled t o  an hydro code are o f  i n t e r e s t  ; 
furthermore, i t  i s  r e a d i l y  extended t o  a r b i t r a r y  mixtures o f  elements. More 
r e a l i s t i c  average r a t e  c o e f f i c i e n t s  would y i e l d  even b e t t e r  resu l t s .  

( b )  For a given i o n i z a t i o n  stage, w i t h  o r  w i thou t  temporal evolut ion,  ca re fu l  
evaluat ions o f  the  k i n e t i c  c o e f f i c i e n t s  and a complete accounting o f  a l l  re levan t  
l e v e l s  are obv ious ly  necessary i f  d e t a i l e d  spectroscopic in format ions are requ i red  
( t h i s  i s  even more t r u e  when one i s  i n t e r e s t e d  i n  populat ion invers ions ; see 
r e l a t e d  paper by S. Jacquemot, E. Ber th ie r ,  M. Vu i l l emin  and M. C o r n i l l e ) .  However, 
i n  many cases, temporal evolut ions of the densi t ies,  the temperatures and the i o n i c  
compositions are e f f i c i e n t l y  der ived from a hydro code coupled t o  an A I  atomic 
model, d e t a i l e d  spectroscopic evaluat ions being l e f t  t o  a post-processor. 
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