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Q-DEPENDENCE OF THE DOUBLE CAPTURE CROSS SECTIONS MEASURED BY ELECTRON 
SPECTROSCOPY AT 10 qkeV (q = 4-8)'l). COMPARISON WITH OTHER EXPERIMENTAL DATA 

A. BORDENAVE-MONTESQUIEU, M. BOUDJEMA, P. BENOIT-CATTIN, A. GLEIZES 
and P. MORETTO-CAPELLE 

Centre de Physique Atomique, CNRS UA-770, Universite Paul Sabatier 
118 route de Narbome, F-31062 Toulouse Cedex, France 

Re'sume'. Les sect ions e f f i c a c e s  de double capture dans des e'tats 
auto ion isants  o n t  dte' mesurdes par  spectroscopie d lect ron ique.  On montre 
q u ' e l l e s  sont inde'pendantes du coeur de l ' i o n  multicharge'. Nos re 'su l ta ts  
sbnt compar6s avec toutes l e s  aut res va leurs publ iges ce j o u r  e t  obtenues 
a l o  qkeV. 
Abstract.  The q dependence o f  cross sect ions f o r  double capture i n t o  
au to ion is ing  s ta tes  has been inves t iga ted  by e lec t ron  spectroscopy. I t 
i s  shown t h a t  they a re  independent o f  the i o n i c  core. Our r e s u l t s  are 
compared w i t h  a l l  o ther  a v a i l a b l e  experimental data obtained a t  10 qkeV 
c o l l i s i o n  energy. 

1 - In t roduc t ion  

During the l a s t  years, i t  has been observed a growing i n t e r e s t  o f  
exper imenta l is ts  and theore t i c ians  f o r  double capture processes i n  co l  1  i sions 
between mu1 t icharged ions and two-electron targets .  E lec t ron  spectroscopy i s  
c e r t a i n l y  the more s u i t a b l e  method t o  inves t iga te  these reac t ions  which generaly 
g ive  au to ion is ing  s ta tes  and i t  i s  necessary t o  have now a c r i t i c a l  q u a n t i t a t i v e  
knowledge o f  these processes. A few years ago we have publ ished the f i r s t  
experimental double capture cross sect ions 111 ; since then, many o ther  c o l l i s i o n a l  
systems have been invest igated,  the  r e p r o d u c i b i l i t y  o f  our absolute cross sect ions 
tes ted  and, also, angular d i s t r i b u t i o n s  have been measured i n  order t o  achieve 
more meaningful t o t a l  cross sect ions (when the  angular d i s t r i b u t i o n  has n o t  been 
measured, the  est imat ion o f  the t o t a l  cross sect ion r e l i e s  on 10' data : 07+ 
+ He, Hz and 08' + He). Therefore one o f  the aims o f  t h i s  paper i s  t o  present 
and discuss t o t a l  c r o s  sect ions f o r  double capture i n t o  au to ion is ing  s ta tes  
o f  t h e  p r o j e c t i l e  (ADC) f o r  var ious i o n i c  species ranging from q = 4 t o  8, w i t h  
He and Hz targets .  The whole s e t  o f  values was obtained a t  a  s i n g l e  co17ision 
energy equal t o  10 qkeV, where q i s  the  p r o j e c t i l e  charge. Our values w i l l  be 
compared w i t h  ava i lab le  data publ ished by o ther  labora to r ies  ; we w i l l  a l so  check 
the consistency w i t h  a l l  the o ther  cross sect ions f o r  s ing le  capture (SC), double 
capture i n t o  bound r a d i a t i v e  s ta tes  (BDC) (these s ta tes  l i e  below the f i r s t  
i o n i s a t i o n  threshold)  as we1 1 as f o r  charge exchange, the so-ca l led (q,q-1) cross 
sect ions which are the sum o f  SC and ADC processes. This  i s  the f i r s t  comprehensive 
survey o f  t o t a l  cross sect ions exce t f o r  a  more l i m i t e d  comparison f o r  H2 ta rge t  
made by Mack 121. A compi la t ion o f  pq,q-1) cross sect ions i n  HZ has been publ ished 
by Tawara e t  a1 1331. Data obtained w i t h  He-like, H- l i ke  and bare ions c o l l i d i n g  
w i t h  He and Hp ta rge ts  are considered f o r  i o n  charges q = 4 t o  8. 

2  - Method and uncer ta in t ies  f o r  ADC cross sect ions 

Our cross sect ions are measured w i t h  the experimental apparatus a l ready 
described elsewhere 131. Absolute values are obtained by normal i s a t i o n .  I o n i s a t i o n  
cross sect ions f o r  H+ on He system a t  100 keV, 160' measured w i t h  the  same 
apparatus, are normal i sed  t o  Rudd's data 141 a t  30 eV e lec t ron  energy ; an averaged 
cross sect ion equal t o  1.5 10-20 m2/ev/sr has been adopted as a reference value, 
known w i t h i n  t 20 % 141. As we measured angular d i s t r i b u t i o n s  w i t h  an e f f u s i n g  
beam target ,  the angular v a r i a t i o n  o f  the t a r g e t  volume seen by the analyser 
must be determined ; t h i s  was achieved by comparing the  r a t i o  o (e)/o(90°) (100 
keV,3O eV) w i t h  the one measured by Rudd 141. An unknown e r r o r  i s  a lso  introduced 

(')work performed on the ECR source of Lagrippa Laboratory at Grenoble. 
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by  the i n t e g r a t i o n  over the angles o f  s i n g l y  d i f f e r e n t i a l  cross sect ions (SDCS) 
because the angular mesh was no t  f i n e  enough t o  ensure h igh accuracy t o  t h i s  
i n t e g r a t i o n  (we genera l l y  measured e l e c t r o n  spectra a t  f i v e  angles between 10" 
and 160") ; fo r tuna te ly ,  most o f  SDCS were found t o  have small angular an iso t rop ies  
so t h a t  the e r r o r  i s  thought t o  be o f t e n  unimportant. On the whole, when the 
var ious e r r o r s  are combined i n  a rms fashion, the uncer ta in ty  on the t o t a l  cross 
sect ion does n o t  exceed 2 35 %. This normal i s a t i o n  procedure, used a t  Toulouse, 
was checked i n  the ECR source a t  Grenoble by comparing the (zp2 + 2 ~ 2 ~ 1 ~ )  
cross sect ion i n  He+ + He c o l l i s i o n  a t  10 keV, 160" w i t h  the one .prev ious ly  
measured a few years ago I51 ; a good r e p r o d u c i b i l i t y  was always found. 

With an hydrogen ta rge t ,  an add i t i ona l  hypothesis-concerns the evaluat ion 
of the ta rge t  gas dens i t y  ; i t  d i f f e r s  from the one i n i t i a l l y  used (11. We assume 
here t h a t  the t a r g e t  densi ty  i s  independent o f  the  nature o f  the gas when the  
pressure above the c a p i l l a r y  a r r a y  i s  the same (measured w i t h  a Baratron gauge) : 
t h i s  r e s u l t s  from the so-ca l led transparent mode (molecular f l o w  condi t ions)  
161. Therefore, the r e s u l t  o f  the  normal isat ion described above f o r  He i s  a lso  
appl ied t o  Hz. 

The r e p r o d u c i b i l i t y  o f  the cross sect ions was r e g u l a r l y  tes ted  by 
measuring them f o r  the same system a t  one o r  several years i n t e r v a l s  (apar t  from 
the 07+ and 08+ data which was on ly  measured once). We have a lso  inves t iga ted  
a poss ib le  systematic source o f  e r r o r  i n  the determinat ion o f  the number o f  i ons  
which i n t e r a c t  w i t h  the t a r g e t  ; indeed, between the c o l l i s i o n  reg ion and the 
i o n  c o l l e c t o r ,  the ions t r a v e l  a leng th  o f  about 45 cm i n  the res idual  gas a t  
a pressure which does n o t  exceed 105 t o r r .  Adopting the procedure described by 
E l  Sherb in i  e t  a1 171, and assuming t h a t  the  i o n  beam a t  the c o l l e c t o r  i s  main ly  
composed o f  q and (q-1) charges, we found t h a t  the  c o r r e c t i n g  f a c t o r  i s  n e g l i g i b l e  
even i n  an unfavourable case ( ~ e 8 +  + Hz, SC cross sect ion =a(q,q-1) = 6 1015 
cm2, see t a b l e  1). 

Our t o t a l  cross sect ions are given i n  t a b l e  1 (columns 2 and 3). They 
are compared w i t h  o ther  data measured by e lec t ron  spectroscopy (co l .  4 and 5) 
a t  the same c o l l i s i o n  energy 10 qkeV 12,8,9l ; the data o f  Mann 1101 obtained 
a t  20 qkeV a re  a lso  included. A l l  these r e s u l t s  have been obtained a t  a s i n g l e  
observat ion angle (50" i n  12,81, 0" i n  19,101 and t o t a l  cross sect ions f o r  these 
works assume an angular isot ropy.  Absolute values measured by Meyer e t  a1 191 
are given w i t h i n  k 30 X ; those o f  Mann 1101 can su f fe r  from a l a r g e s t  e r r o r  
s ince i t  seems t h a t  they r e s u l t  from a normal isat ion t o  o ther  data obtained a t  
much lower c o l l i s i o n  energy. The values o f  Mack 181 were f i r s t  normalised t o  
our  e a r l i e r  (and p re l im inary )  data on N6+ + Hz 111 ; however our present value 
i s  s i g n i f i c a n t l y  higher and t h i s  procedure i s  no longer  va l id .  I n  r e f .  2, t h i s  
author adopts another normal isat ion t o  the ls23!~3a' p a r t  o f  the 06' + He e l e c t r o n  
spectrum measured by Meyer e t  a1 191 ; these new values are given i n  t a b l e  1. 
As the r e l a t i v e  values are known w i t h i n  t 25 % 181, the  e r r o r  bar  on the absolute 
values can be est imated t o  be about t 39 %. I n  a l l  these works, the quoted 
uncer ta in t ies  apply t o  the  SDCS values measured a t  one angle ; t h e  e r r o r  on t h e  
t o t a l  cross sect ion can be l a r g e r  than t h a t  (angular i s d t r o p y  hypothesis). 

For a l l  the  other  cross sect ions given i n  t a b l e  1 (col.  6 t o  8 ) ,  the  
reader i s  requested t o  r e f e r  t o  the o r i g i n a l  papers f o r  the e r r o r  bars ; on ly  
data obtained a t  10 qkeV are inc luded i n  t h i s  tab le.  

3 - Present r e s u l t s  f o r  t o t a l  ADC cross sect ions and comparison w i t h  other  data 

3-1 Helium t a r g e t  

The charge dependence o f  our  r e s u l t s  i s  shown i n  f i g .  la. Two very 
c l e a r  tendencies a re  observed : 

i )  F i r s t ,  ADC cross sect ions increase q u i c k l y  w i t h  q, and we note a 
steep increase above q = 6. I n  terms o f  a reac t ion  window, the s t rong decrease 

f o r  low charge He- l ike ions (q 6 6) comes from a s h i f t  o f  the window f o r  double 
capture i n t o  low- ly ing  non au to ion is ing  ls22an1a' bound s ta tes  18). The s i t u a t i o n  
i s  n o t  so c l e a r  f o r  N6+ f o r  which a weak ADC value i s  a lso  observed ; t h i s  may 
be due t o  the  f a c t  t h a t  the  reac t ion  window i s  centered between the  two 1s2en'a1 
and 1s3an'a1 au to ion is ing  series, where no s t a t e  i s  ava i lab le  (21. 



Table 1. Comparison o f  our: t o t a l  ADC cross sect ions w i t h  o ther  ADC experimental 
data as w e l l  as w i t h  BDC, SC and (q,q-1) experimental cross sect ions (see tex t ) .  
ADC, BDC = double capture i n t o  au to ion is ing  and bound r a d i a t i v e  s tates 
respec t i ve ly  ; SC = s ing le  capture cross sect ion . q,q-l= charge exchange cross 
sect ion = SC + ADC ; cross sect ions are given i n  1 0 ~ 1 6  cm2. 

9 n o t  corrected f o r  radiative cascades. 
** superimposed on. 4an1% + S % s ~ ' s e r i e s  ( n '  = 4, 5). With Hz, the  2pna c o n t r i b u t i o n  
i s  inc luded i n  the  (3an'e1 + 4 1 n 1 i 1 )  data. 
* these data, which inc lude a c o n t r i b u t i o n  o f  double c o l l i s i o n s  07+(ls) 

0 6 + ( l s 2 s 3 ~ )  + 05+(ls2an1%'),  w i l l  n o t  be considered f u r t h e r  i n  t h i s  paper. 
a  : r e f .  9 - b : refs. 2,8 -c : r e f .  10 - d t o  n : re fs .  15 t o  25 respec t i ve ly  o 
t o  s : re fs .  27 t o  31 respec t i ve ly  - t : r e f .  36 - u : r e f .  37. 

Ion 

species 

c4+(ls2) 

cst(ls) 

N5+(ls2) 

c6+ 
~ 6 * ( 1 ~ )  

06+(ls2) 

N?+ 

07*(ls) 

oat 
Ne8+(ls2) 

i i )  Secondly, an e q u a l i t y  o f  the t o t a l  ADC cross sect ions f o r  ions 
w i t h  the same charge, t h a t  i s ,  w i t h  d i f f e r e n t  i o n i c  cores, i s  observed. This 
f i n d i n g  app l ies  unambiguously t o  t o t a l  DC cross sect ions f o r  q  r 7 s ince BDC 
processes a re  n e g l i g i b l e  f o r  these ions. A word must be sa id  on our  07+ data ; 
the value given i n  f i g .  l a  o n l y  concerns the l s3en 'a1  p a r t  o f  the spectrum ( t a b l e  
1)  because double capture i n t o  lower 1s2%n'a1 ser ies  i s  a f fec ted  by double 
c o l l i s i o n s  w i t h  metastable 6 + ( l s 2 s 3 ~ )  ions. This was discussed i n  d e t a i l  by 
Mack and Niehaur ,341 f o r  N& + He. Contrary t o  t h e i r  conelusion we have found 
i n  our  experiment t h a t  a  preponderant f r a c t i o n  o f  metastable ions  i s  independent 
o f  the t a r g e t  pressure (and hence the spectrum cannot be corrected)  ; they are 
c e r t a i n l y  produced near the i o n  beam s l i t s  1351. Therefore as the t r u e  capture 

Our results + 35 % (q4-1) 

3.2d 

ll.ld,10.6~ 

171 

1 3 ~  

24j, 1ok 

22', 17m 

BDC 

2d 

2.ld 

1.7d 

1.51 

3en'e'+4en'e1 

AOC 

c ~ + ( I s ~ )  

c~+(Is) 

N ~ + ( I s ~ )  

c 6+ 
N~+(Is) 

06+(lsZ) 

N7+ 

0qls) 
08+ 

Neat(ls2) 

23.20,24~,48j 

20.00,421,23.5q 

20.8e,32.6j,30~ 

22.50.23s 

523',41.2' 

52j,65~.41.6r 

36.8e,68j,340, 

55P.38.64.37S 

48~,55j,38.7r 

653',38.9r 

73.4j.49.2r 

6oj 

SC 

3.5e 

10.7e 

12.2t 

7.6h,15.3f 

12.7e 

16.5" IOU 

35 

3 ~ , 5  

2~ 

lop 

2en'e' 

Other 

3en1e'+4en'e' 

0.076C 

<0.4b,0.33e 

0.88a,O.8b 

s 0.5b 
0.78b 

2.2a(=ref)b 

6.8a,3.3b 

8b 

1.5a,2.4b,0.13c 

3.4~ 

10.0a.9.2b 

17.7~ 

21.2b 

12.8b 

ZG.S~ 

23.6e 

16.9e 

30.7e 

30" 

data 

2en'e' 

<0.20a,<0.08b,0.057c 

6.7b,2.5C 

0.88a 

5 0.75b 

0.75bg 

1.3a 

1.3a,s0.4~5 

1.5a 

0.42~ 

3.za 

< 0.4~ 

Hydrogen target 

Helium tarqet 

2.0 

9.0 

33 

34 

26 

26 

36 

0.56 

1.1 

1.3 

9.0 

10 

2 3 

17 

~ 0 . 2  

0.3 

0.05 

(5.4)* 

seen** 

0.050 

z 0.98 

0.16 

(1.1)* 

<0.4** 
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L 5 6 7 CHARGE q 

Fis. 1 : Var ia t ion  o f  the ADC cross sect ions (see t e x t )  w i t h  the i o n  charge q. 
Fig. l a  : hel ium t a r g e t  ; Fig. l b  : hydrogen. 

i n t o  l s 2 h t a '  i s  much smal ler  than i n  1s3en'a1 1341 we have neglected t h i s  
c o n t r i b u t i o n  i n  f i g .  la,b. For N6+ + He we c o r r e c t  ou r  spectrum by compar iso~  
w i t h  the r e s u l t  obtained by Mack and Niehaus 1341 ; f o r  N6+ + Hz the ls2an1a 
p a r t  i s  n e g l i g i b l e .  The e q u a l i t y  o f  0" and d6+ ADC cross sect ions b P g .  l a )  
must be considered w i t h  care because p a r t  o f  the double capture by 0  occurs 
i n t o  bound s ta tes  (see sect ion 4). Also f o r  N6+, p a r t  o f  the double capture i n t o  
1s2en1a' s ta tes  can be l o s t  by r a d i a t i v e  decay o f  some s ta tes  on lower s i n g l y  
exc i ted  states. F i n a l l y ,  we note t h a t  the independence o f  the  t o t a l  cross sect ions 
on the i o n  core was a l ready observed i n  many SC processes (see f o r  example 141,421) 
and (q,q-1) cross sect ions 138, and references given there in l .  

Po in t  i )  i s  p a r t l y  v e r i f i e d  by data o f  o ther  authors 12,9). Above q  
= 6, Mack's r e s u l t s  do n o t  increase as s teep ly  as ours and q = 7,8 cross sect ions 
are a  fac to r  of two smaller. N5+ cross sect ion i s  found t o  be an order  o f  magnitude 
smal ler  than the c5+ one ( f i g .  l a ,  t a b l e  1) ; the  small N5* ADC value i s  r e l a t e d  
t o  s t rong BDC processes f o r  such He-l ike ions. The ~ 6 +  cross sect ion i s  near 

t h a t  of ~ 6 +  and 06+. The r e s u l t s  o f  Meyer e t  a1 191 concern He- l ike ions w i t h  
an add i t i ona l  value fo r  07+. For t h i s  ion, i t  i s  known t h a t  the reac t ion  window 
peaks between ls3e3at and 1s3a4a1 181 ; the l s2an ta '  se r ies  i s  outs ide t h i s  window 
except f o r  the upper states. I t i s  the au to ion isa t ion  o f  these s ta tes  l y i n g  above 
the  l s 2 s 3 ~  l i m i t  which i s  observed by  Meyer e t  a1 191 ( i t  i s  n o t  observed i n  
181) t o  have a  s t ronger  p r o b a b i l i t y  o f  e x c i t a t i o n  than expected from the reac t ion  
window ca lcu la ted  by Mack 181 ( t a b l e  1) ; a lso  the e x c i t a t i o n  o f  lower IsZUI'!L' 
( n '  5 5) s ta tes  i s  found t o  be weak i n  181 ( i t  i s  n o t  mentioned i n  191). We note 
t h a t  the q = 7 cross sect ion o f  Meyer e t  a1 i s  i n  good agreement w i t h  oyrs even 
i f  our value i s  o n l y  a  lower bound since i t  does n o t  inc lude  1s2an1a ser ies  
( t a b l e  1) ; i t  i s  a  fac to r  o f  two higher than t h a t  measured by Mack 121 as f o r  
06+ ions. For 06+ t h i s  i s  because the cross sect ion normal isat ion i n  121 (see 
sec t ion  2) o n l y  appl ies t o  the l s 2 3 m ' r 1  p a r t  o f  the spectrum ; Meyer e t  a l .  
a l so  found a  s t rong double capture i n t o  l ~ 2 2 ~ n a  s ta tes  which equals the ls23%n'%'  
one ( t a b l e  I ) ,  an observat ion a lso  made by Mann and Schulte 113) b u t  v e r i f i e d  
n e i t h e r  i n  our  work 1141 nor  by Mack 12,81. This s t rong discrepancy ( t a b l e  1) 



i s  due t o  the d i f f i c u l t y  o f  measuring a t r u e  i n t e n s i t y  f o r  low energy e lec t rons  
(Ee s 20 eV) 1141. The q = 4 data of Mann 1101 agrees we l l  w i t h  the r e s u l t  o f  
Meyer e t  a l .  191 even if i t  i s  obtained a t  a h igher  c o l l i s i o n  energy (20 qkeV) ; 
the c5+ value i s  l a r g e r  than the He-l ike cross sect ions as a l ready noted f o r  
Mack's value (see sect ion 4) b u t  these two data disagree w i t h i n  a f a c t o r  o f  two. 

On the whole, t o t a l  ADC cross sect ions f o r  the hel ium t a r g e t  o n l y  agree 
w i t h i n  a f a c t o r  o f  two b u t  i t  i s  necessary t o  remember t h a t  f o r  He- l ike systems, 
p a r t i a l  t o t a l  cross sect ions can s u f f e r  much l a r g e r  discrepancies (capture i n t o  
1 ~ 2 2 ~ n t  ; t a b l e  1). 

3-2 Hydrogen t a r g e t  

Our r e s u l t s  ( f i g .  l b )  show a r a p i d  increase o f  ADC cross sect ions up 
t o  q = 6 ; the f o l l o w i n g  i n t e r e s t i n g  features must be noted : 

i )  Contrary t o  the helium case, an almost constant value i s  noted i n  
the q-range 6 t o  8. This  means t o  our  op in ion t h a t  the sharp increase noted i n  
helium above q = 6 ( f i g .  l a )  i s  n o t  due t o  an experimental a r t e f a c t  r e l a t e d  t o  
a measurement e r r o r  w i t h  h igh  charge ions. A small o s c i l l a t o r y  behaviour i s  seen 
w i t h  a minimum value f o r  q = 7. Even i f  t h i s  s t r u c t u r e  l i e s  w i t h i n  the e r r o r  
bar, i t  i s  repeatedly observed f o r  var ious i o n  species : N7+ and 07+ cross sect ions 
are about 30 % lower than those measured f o r  06+, N6+ and 38 % lower than the 
Ne8+ va 1 ue . 

This o s c i l l a t i o n  i s  confirmed by the data o f  Mack 121 where the  07+ 
cross sect ion i s  40 % lower than q = 6 and 8 ones. As i n  our  work, the  e q u a l i t y  
o f  06+ and N6+ cross sect ions i s  we l l  observed. The absolute values f o r  q = 6 
t o  8 are smal ler  than ours by a f a c t o r  s l i g h t l y  smal ler  than two. We note the 
very good agreement f o r  q = 4 and 5 values between the two se ts  o f  data. Such 
a minimum value f o r  q = 7 cross sect ions was a l s o  observed i n  (q,q-1) cross 
sect ions measured f o r  bare ions on H2 t a r g e t  by Meyer e t  a1 1381. I t was 
i n t e r p r e t e d  i n  terms of a simple Landau-Zener model 1391 (see a lso  1401) 
i d e n t i f y i n g  (q,q-1) cross sect ions w i t h  SC ones ; the  l a r g e  ADC value measured 
f o r  N7+ + H2 together  w i t h  the same k ind  o f  o s c i l l a t i o n  noted i n  the ADC cross 
sect ion means t h a t  the i n t e r p r e t a t i o n  must be revised. The r e s u l t s  o f  Meyer e t  
a l .  f o r  q = 4 and 5 191 are near our r e s u l t s  al though sys temat i ca l l y  above as 
i n  helium and f o r  the same reasons. The cross sect ion obtained by Mann 1101 f o r  
~ 5 +  seems too small by a f a c t o r  o f  two ; also, the value f o r  ~ 4 +  i s  an order 
o f  magnitude too small. 

4 - Tota l  double capture cross sect ions DC = ADC + BDC 

I t  has a l ready been mentioned t h a t  low char e He- l ike cross sect ions 9 (q  5 6) must be corrected f o r  double capture i n t o  1s 2 m 1 1 '  bound s ta tes  (BDC) 

by adding BDC cross sect ions ( t a b l e  1, co l .  6) t o  corresponding ADC values. 

4- 1 He1 i um t a r g e t  

When t h i s  co r rec t ion  i s  made, we note f o r  q = 4 a c l u s t e r i n g  o f  d i f f e r e n t  
data around the same value which i s  due t o  the preponderant weight o f  BDC cross 
sect ion over the ADC ones f o r  t h i s  i o n  charge. For q = 5, t-he apparent discrepancy 
between N5+ and c5+ values observed i n  f i g .  l a  i s  removed when consider ing the 
c5+ value of Mann 1101 ; the c5+ cross sect ion o f  Mack 121 seems too h igh  by 
a f a c t o r  of two. For q = 6, the order  o f  N6+ and 0Cf cross sect ions i s  reversed 
us ing our  data but  the  f i n a l  DC values are again very near each o ther  ; on the  
o ther  hand, the e q u a l i t y  o f  q = 6 values i s  n o t  so we l l  v e r i f i e d  using Mack's 
r e s u l t s  ; a lso  the c6+ value appears too  small. For q 2 7 no cor rec t ion  has t o  
be appl ied t o  ADC values which can be considered equal t o  DC values : ADC # DC. 
We don ' t  consider the BDC value o f  Afrosimov e t  a l .  1231 f o r  N7+ because i t  seems 
s u r p r i s i n g l y  h igh  since e lec t ron  spectroscopy shows t h a t  about 70 % o f  the double 
capture occurs i n t o  3131' non r a d i a t i v e  s ta tes  11,261. 

I n  summary, even when ADC are corrected f o r  BDC processes, the e q u a l i t y  
o f  DC cross sect ions seems t o  be always v e r i f i e d  whatever the i o n  core i s  ; the 
o n l y  serious discrepancies come from some o f  the values o f  Mack 121 which are 
too h igh (c5+) o r  too low (~6+,07+) w i t h  respect t o  the other  data. 
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4-2 Hydrogen t a r g e t  

Nothing has t o  be changed i n  the  previous d iscuss ion o f  f ig.  l b  s ince 
ADC cross sect ions are much l a r g e r  than the BDC ones (capture i n t o  ls22kn 'a ' )  
except f o r  ~ 4 +  ( t a b l e  1). As i n  helium, the N'+ BDC value 1281 seems very l a r g e  
( t a b l e  1) ; however i t  i s  recognised t h a t  there e x i s t s  a p o s s i b i l i t y  o f  r a d i a t i v e  
decay o f  upper 3en'k '  s ta tes  (n '  > 8)  i f  these s ta tes  are exc i ted  ( they d o n ' t  
appear i n  the e lec t ron  spectrum 11,321). Adding such a la rge  BDC value t o  our  
ADC cross sect ion makes the above mentioned o s c i l l a t i o n  l e s s  c lea r .  

5 - Comparison o f  (q,q-1) cross sect ions w i t h  the sum (SC + ADC) 

It i s  we l l  known t h a t  the (q,q-1) cross sect ions measured i n  charge 
exchange experiments by o n l y  de tec t ing  the  v a r i a t i o n  o f  the i o n  charge g ives 
the sum (SC + ADC). A comparison o f  a l l  the experimental data i s  made i n  t a b l e  
1. I n  f i g u r e s  2a,b, these values are o n l y  represented by v e r t i c a l  bars which 
j o i n  the l i m i t  values ; the ADC cross sect ions are r e c a l l e d  by t h i n  l i n e s  
d isregard ing the ~ 5 '  values which cannot be tes ted  since no SC cross sect ion 
i s  ava i lab le  f o r  t h i s  system. 

5-1 Helium t a r g e t  ( f i g .  2a) 

For q s 6 the agreement between (SC + ADC) and (q,q-1) cross sect ions 
i s  remarkable ; f o r  ~ 6 +  we have taken the l a r g e s t  SC value 1201. I t i s  worth 
no t ing  t h a t  the agreement f o r  q = 6 concerns var ious i o n i c  species. No SC value 
e x i s t s  f o r  q = 7 : we note t h a t  the re  e x i s t s  a l a r g e  discrepancy between the 
two (q,q-1) cross sect ions f o r  N~~ ; the p l o t  o f  a l l  the data show t h a t  an average 
value o f  about 1.7 10-15 cm2 seems the more c o r r e c t  one. For q = 8, t a k i n g  an 
average SC value g ive a reasonable agreement w i t h  (q,q-1) cross sect ions w e l l  
w i t h i n  the e r r o r  bar which i s  about +46 % f o r  the summed (SC + ADC) cross sect ion. 
The r a t i o  ADC/SC f o r  q = 8 l i e s  between 1.3 t o  0.6 due t o  the l a r g e  s c a t t e r i n g  
o f  ADC data (1.3 w i t h  our data) ; nevertheless i t  ind ica tes  the l a r g e  p a r t  taken 
by the ADC processes a t  10 qkeV f o r  q 2 7 i o n i c  species. 

From t h i s  comparison we conclude t h a t  the o v e r a l l  agreement between 
a l l  the data i s  reasonable even i f  the sum (SC + ADC) i s  systematica' l ly h igher  
than the (q,q-1) cross sect ion ; t h i s  discrepancy i s  however w i t h i n  the e r r o r  
bars. 
- 1 1 1 I 1 

CROSS SECTION 
,- (~1-16~~21 

CROSS SECTION 

HYDROGEN 

I 
I I I I 

4 S 6 7 CHARGE q 
F i  ure 2. Comparison o f  (ADC + SC) and 

,q-1 cross sect ions a t  10 qkeV. The 765- 
same no ta t ions  as i n  f i g .  1 are used. 



5-2 Hydrogen t a r g e t  ( f i g .  2b) 

The same agreement as f o r  hel ium i s  observed and the same remarks apply 
here. We note t h a t  the l a r g e  v e r t i c a l  bars f o r  (q,q-1) data are o f t e n  due t o  
the values measured by  Panov e t  a l .  (211 which seem tou  high, p a r t i c u l a r l y  f o r  
~ 4 +  and ~ 5 +  values ( t a b l e  1). Also, as f o r  helium, the r a t i o  ADC/SC i s  near u n i t y  
f o r  q 2 6 mult icharged ions a t  10 qkeV ( t a b l e  1). 
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