
3 445b 053b804 5 

E.USIC%N ENERGY DIVISION LIB5 



... . . . . . . . . . . . . . . .  ......... . .  .~ 

~ . .  . . . . .  .... 

. , , I  

, , .. . ,  . ~ ,  , , / . '  

...... . . . .  



ORNL/TM-7020 

Cont rac t  No. W-7405-eng-26 

E l e c t r o n  Impact I o n i z a t i o n  of Mu l t i charged Ions 

D. H. Cranda l l ,  R. A.  Phaneuf, and D. C. Gregory 

Date Publ ished: September 1979 

Physics D i v i s i o n  

Oak Ridge Na t iona l  Labora tory  
Oak Ridge, Tennessee 37830 

operated by 
Union Carbide Corpora t ion  

f o r  t h e  
Department o f  Energy 





Abstract 

T h i s  report  presents or iginal  experimental d a t a  i n  tabular  and 

graphical form f o r  electron impact ionization cross sections o f  the ions 

Y Y 04', 05ty and Ar4+ fo r  energies 
B3+y c3+, c4+ N3+y N4+ N5+y 03+ 

between the i o n i z a t i o n  thresholds and 1500 eV, w i t h  absolute accuracy 

varying between ~ 6 %  and +17%. 

of comparable accuracy for ions  o f  i n i t i a l  charge greater  than 2+. 

A t  present there  a re  no other measurements 

Cal- 

culated cross sect ions from the Lotz formula and scaled-Coulomb-Born 

prescr ipt ion a re  compared w i t h  the data.  Ionization r a t e  coef f ic ien ts  

f o r  plasmas w i t h  Maxwellian electron energy d is t r ibu t ion  were computed 

from the measured cross sect ions fo r  each ion species. 

compared w i t h  avai lable  theoret ical  and measured plos#a ionization ra tes .  

These ra tes  a re  





Acknowledgments 

T h i s  research was funded t h r o u g h  the D-ivision a f  Chemical Sciences 
of the Department of Energy's Office o f  Basic Energy Sciences. I n  addi- 
t ion ,  funding f o r  some of the personnel ( R .  A .  Phaneuf) and equipment 
was provided through the Office of Fusion Energy of DOE. D. C .  Gregory 
(present address - 901A Tandem Building, Brookhaven National Laboratory, 
U p t o n ,  NY 11973) performedsame o f  h i s  work on t h i s  project  while appointed 
as a research associate  a t  the  Jo4n-t I n s t i t u t e  f o r  Laboratory Astrophysics 
(JILA) a t  the University of Colorado, Boulder, Colorado. The continuing 
collaboration of G .  H. Dunn and others of JILA on the closely related 
project  of e lectron impact exci ta t ion o f  multicharged ions has provided 
expert ise  and some specialized equipment used d i r ec t ly  i n  the present 
project.  P .  0. Taylor (presently a t  Center f o r  Astrophysics, 60 Garden 
S t r ee t ,  Cambridge, MA 02138) contributed s igni f icant ly  t o  the development 
of the apparatus and the f i r s t  measurements while appointed as  a 
research associate  a t  JILA. B. E .  Hasselquist and F.  W. Meyer helped 
w i t h  computer programming, and J .  W .  Hale provided technical assistance 
in maintenance and operation o f  equipment. The continuing in t e re s t  a n d  
guidance of C .  F. Barnett (Group Leader) and P.  H. Stelson (Division 
Director) and the ed i to r i a l  ass is tance o f  S.  W .  Hawthorne a re  a l so  grate- 
ful  l y  dcknowl edged 





vi i 

T a b l e  o f  Contents 

A B S T R A C T . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  i i i  

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . .  v 

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2. R E S U L T S . .  . . . . . . . . . . . . . . . . . . . . . . . . .  4 

2.1 Cross Sections . . . . . . . . . . . . . . . . . . . . . .  4 

2.2 Ionization Rates . . . . . . . . . . . . . . . . . . . .  19 

. . . . . . . . . . . . . . . . . . . . . . . . .  26 3. CONCLUSION 

27 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  





Electron Impact Ionization of Multicharged Ions 

1 .  Introduction 

Electron impact ionization ( together  w i t h  electron-ion recombination) 

controls  the s t a t e  of ionization of ions occurring i n  h i g h  temperature 

plasmas and t h u s  i nd i r ec t ly  determines many o f  the plasma properties 

(conductivity and 1 i g h t  radiated,  f o r  examples). 

theoret ical  approximations used t o  estimate ionization cross sect ions,  b u t  

there  have been l i t t l e  data of su f f i c i en t  accuracy to  t e s t  the r e l i a b i l i t y  

of these estimates f o r  ions o f  i n i t i a l  charge grea te r  than 2+.  

experimental data presented here were acquired both to  t e s t  avai lable  

theory and f o r  d i r e c t  use in plasma physics. 

There a re  several 

The 

The experiments were carr ied out with crossed beams o f  electrons 

and ions as shown schematically i n  F i g .  1. 

prototype o f  the source used i n  the Oak Ridge Isochronous Cyclotron 

( O R I C ) ,  and the electron g u n  i s  modeled a f t e r  t ha t  developed by Taylor 

e t  a1.2 f o r  use i n  crossed-beams experiments a t  the Jo in t  I n s t i t u t e  fo r  

Laboratory Astrophysics (JILA) , Boulder, Colorado. 

experimental geometry a r e  given i n  references 3 and 4 ,  which present the 

f i r s t  ionizat ion r e su l t s  obtained from th is  research project .  

The ion source' i s  the 

Details o f  the 

Theories of e lectron impact ionization date  t o  the 1912 work of J .  

J .  Thorn~on,~ and, i n  f a c t ,  the most commonly used theoret ical  estimate 

i s  a semiempirical adjustment of the Thomson formula aiven by Lotz. 

Another modification of c lass ica l  theary i s  the exchange c lass ica l  

impact parameter ( E C I P )  d e s c r i p t i o r ~ , ~ - ~  which, by spec i f i ca l ly  allowinq 

f o r  the known q u a n t u m  phenomenon of exchange o f  the incident electron 

and a bound e lec t ron ,  reduces the ionization cross sections from those 

g i v e n  by the purely c lass ica l  formula of  Ihomson. 

6 

Exact quantum mechanical 
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representation of the ionization process has n o t  been formulated, 

However, Born and Coulomb-Born q u a n t u m  approximations have been developed 

and spec i f i ca l ly  calculated for a few of the ions studied in the present 

experiments. l o , l l  Recently, a prescription has been given fo r  scaling 

the Coulomb-Born r e s u l t s  f o r  hydrogenic ions of i n f i n i t e  nuclear charge 

t o  cases o f  p a r t i a l l y  ionized multicharged ions. 

Born prescription'* can be applied t o  a l l  of the measured cases presented 

here (except Ar ). 

This scaled Coulomb- 

4+ 

In t h i s  report  the measured cross sect ions f o r  electron impact 

compared w i t h  the commonly used Lotz formula, w i t h  the scaled Coulomb- 

Born formula, and,  f o r  the few published cases ava i lab le ,  with the 

spec i f i c  Coulomb-Born calculat ions.  

culated from the present cross section data integrated with a Maxwellian 

d is t r ibu t ion  of plasma e lec t rons ,  a r e  compared with r a t e s  given by the 

Lotz and scaled-Coulomb-Born formulas. 

technique o r  underlying physics and comparison w i t h  other work a re  

presented here, b u t  have been3y4 and will  be discussed in open l i t e r a t u r e  

publications on t h i s  research. 

immediately useful for plasma physics research and f o r  comparison with 

developing theories  of electron impact ionization and exci ta t ion o f  

mu1 t i  charged ions . 

Ioniza t ion  r a t e  coe f f i c i en t s ,  ca l -  

Few d e t a i l s  o f  experimental 

The r e su l t s  presented here s h o u l d  be 
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2 .  Results 

2 .1 .  Cross Sections 

The Lotz formula has been spec i f ica l ly  taken to  be: 

where r .  i s  the number o f  e1ec.trons in level j ,  I .  i s  ionization energy 

of t h a t  level in eV, and  E i s  the co l l i s ion  energy in eV. The ionization 
J J 

energies I 

Clementi and Roetti . 1 3  

according t o  the Golden and Saiiipson prescr ipt ion.”  

fo r  inner she l l s  can be obtained from the calculat ions o f  
j 

The scaled Coulomb-Born r e su l t s  are  calculated 

In  Figs. 2-11 the 

measured cross sections a re  compared with values calculated from these 

two prescr ipt ions.  Tables 1-3 present the measured cross section values. 

For Li-l ike ions the incident beaiiis contain purely ground s t a t e  

ions. 

1 3 metastable S and S s t a t e s ,  b u t  for C4+ and N5+ the beams should contain 

no more t h a n  0.1% metastables. 

s ign i f icant  f rac t ions  o f  incident ions in metastable s t a t e s .  

the f rac t ion  of metastables i s  estimated t o  be 16% in the (1s 2s2p ) 

For He-like ions there may be as many as 1% of B3+ ions in the 

However, 03’, PI3+, and 04+ beanis contain 

For 03+ 

2 2 4  P 

s t a t e .  Th  

cross sec t  

metastable 

s t a t e  ions 

estimate i s  obtained from the magnitude o f  the observed 

on between the 68.6-eV threshold for  ionization of the 

ions and the 77.4-eV threshold f o r  ionization of the g round  

Since the cross section fo r  ionization o u t  of  the ground 

and metastable s t a t e s  i s  expected t o  be nearly the same fo r  t h i s  case,  

no correction of the d a t a  o r  theories has been applied. 

04* (Be-like ions) the fract ion of ions in the ( ls22s%p) 

s t a t e  i s  roughly SO%, and the theoretical  cross sect ions f o r  ionization 

Far N3+ and 

3 P metastable 
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o u t  of this s t a t e  a re  s ign i f icant ly  la rger  than f o r  ionization out 

o f  the (1s 2s ) 

f o r  a 50-50 mixture o f  these s t a t e s  f o r  comparison with the present N 

and 04+ data. 

2 2 1  S ground s t a t e .  T h u s  the theories  have been calculated 

3+ 

The inner-shell excitation-autoionization contribution t o  the to t a l  

ionization cross sections i s  apparent i n  the C3+, N4', 05+, 04+, and 

Ar4+ cases. The onset o f  exci tation-autoionization causes an abrupt 

increase i n  the ionization cross sections a t  energies above the peaks i n  

the d i r ec t  ionization. 

cross sect ions 1s  2s -+ ls2s2a has been calculated by J .  B .  Mann14 and 

For the C3+ case (Fig. 2 )  the sum o f  exci ta t ion 

2 

added t o  the scaled Coulomb-Born ionization calculat ion beginning a t  the 

294-eV exci ta t ion threshold. Comparison of t h i s  theoret ical  exci ta t ion 

r e s u l t  and present data assumes t h a t  a l l  o f  the inner-shell exci ta t ion 

decays by autoionization before the ions are  charge analyzed i n  the 

experiment (within about 0.3 usec). The exci ta t ion cross sections I s  2 2s -f 

1 ~ 2 . ~ 2 ~  have recently been calculated by R. 3 .  W .  Henry2' f o r  C3+, N4+, 

and 05+, and good agreement i s  obtained w i t h  the increase i n  ionization 

cross section observed in  the present data for C3+ and N4', b u t  f o r  05+ 

the predicted exci ta t ion contribution i s  s ign i f icant ly  smaller than i n  

present data.  

s t a t e s  and par t icu lar  e lectronic   configuration^.^'^^-^^ The process was 

spec i f ica l ly  ant ic ipated near 550 eV i n  the 03' case (Fig.  9 )  and near 

420 eV i n  the N3+ case (Fig. 8) b u t  was n o t  discernible  within s t a t i s t i c a l  

This process may be more s igni f icant  fo r  higher charge 

uncertainty o f  the data .  

f o r  Ar4+ ( F i g .  11) includes excitation-autoionization and predicts 

s t ruc ture  i n  the ionization cross section s imilar  t o  t ha t  found i n  the  

present experimental data near 250 eV. 

The c lass ica l  theory as calculated by Salop 16 
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Table 1. Ionization cross sections for Li-like ions for energies in threshald 
units (Figs. 2-4) 

c 3+ N 4+ 0 5+ 
u~~ cm2) o~~ (1o-l8 cm2) U S 6  (10-18 cm2) 
Eth = 64.45 eV Eth = 97.86 eV Eth = 138.1 eV E’Eth 

1.09 
1.17 
1.25 

1.40 
1.70 
2.00 
2.2 

2.5 
3.0 
3.6 

4.0 
4.2 
4.4 
4.6 
4.8 
5.0 
5.25 
5.6 
6.0 
7.0 
8.0 
10.0 

12.0 
15.0 
18.3 
22.9 

0.46t.20 a 

1.07t.20 
1.20k.19 
1.43k.17 

2.51 f .  11 

2.59k.04 
2.37+. 05 
2.40~ 04 
2.332 I 04 
2.37k. 03 
2.475.03 
2.49k. 04 
2 e 39k. 04 

2.41t.07 
2.255.06 
2.1 ot. 1 1  
2 - 001. 07 
1.921.08 
1.78~04 
1.47~08 
1.37~06 

0.28t.04 
0.56+. 08 
0.742.04 
0.93t.04 
1.21t.05 
1.271.05 

1.45t.04 
1.47+. 04 
1.40k.04 
1.47k.05 
1.33k.04 
1.415.04 
1.425.04 
1.442.04 
1.461.04 
1.42t.04 
1.41k.04 
1.40k.04 
1.35+. 04 
1.30k.02 
1.22t.03 
1.165.84 
1.05k.05 

0.31 k. 18 

0.4%. 17 

0.825.15 

0.75t. 1 0 
0.67k.05 
0.761.05  

0.841.10 

0.89&, 08 

0.88+. 12 

0.88+. 14 

0.74i.36 
0.70k.14 
0.48t. 10 

aThe uncertainties listed are 90% confidence level counting statistics. 
Additional systematic uncertainty of 4% for C3+ and N4+ and o f  ?lo% for Os+ 
should be added in quadrature with individual statistical uncertainty to obtain 
good confidence absolute uncertainty. 
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Table 2. Ionization cross sections f o r  He-like ions for energies in threshold 
units (F igs .  5-7) 

c4+ N 5+ 
3+ 

034  ( 1 0 - l ~  ~ m q  a45 ( 1 0 - l ~  cm2) u56 cm2) 
E’Eth Eth = 259.4 eV Et., = 392.1 eV Eth = 552.1 eV 

1.057 
1.115 
1.25 
1.30 
1.43 
1.50 
1.75 
1.87 
1.99 
2.15 
2.25 
2.50 
2.65 
3.01 
3.59 
3.77 
4.16 
4.92 
5.69 

0.41 0.16a 
0.57+. 0.16 

1.51 f. 0.17 

2.624 0.18 
3.152 0.24 
3.51 _+ 0.11 
3.72+ 0.23 

4.67+ 0.19 

4.62+ 0.19 
4.53k 0.12 
4.85+ 0.11 

4.742 0.12 
4.14+ 0.10 
3.992 0.12 

0.30 t 0.19 
0.39 5 0.16 

1.17t0.18 
1.63 t 0.26 

1.77k0.08 

2.33 .t 0.20 

2.20+ 0.11 

2.34rt 0.10 

0.85 _+ 0.16 

1.21 2 0.20 

1,3750.19 

1.06t 0.18 

aListed uncertainties are one standard deviation counting statistics (67% 
confidence level). Additional systematic uncertainty o f  +-lo% should be added 
in quadrature to obtain absolute uncertainty. 
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Tab le  3. I o n i z a t i o n  c ross  s e c t i o n s  f o r  N3+, 03+, 04', and A r 4 +  i o n s  f o r  
ene rg ies  i n  u n i t s  o f  the ground s t a t e  t h r e s h o l d  energy ( F i g s .  8-11) 

0.885 
0.905 
0.94 
0.96 
0.98 
1.01 
1.03 
1.07 
1.15 
1.25 
1 .50  
1.83 
2.14 
2.50 
2.97 
3.72 
4.35 
5.00 
6.09 
6.25 
7.50 
8.10 

10.10 
11.37 
13.00 
15.20 
16.50 
19.06 

0.242. 06 a 
0.495.06 
0.752. 04 
0.98k.05 
1 .08-.05 
1 .37 i .06  
1.602.06 
1.91k.08 
2 . 9 8 t .  08 

3.925.07 
4.522.04 

4.992.03 

5 . 2 8 ~ .  07 

4.831.06 
4.472.03 
4.45t  .03 
4.22+. 06 
4.101.06 
3 .70 t .  05 
3.57+. 05 
3.15t .05 
2.86+. 05 

2.32t .95 

0.111-.11 
0.20+. 10 
0.362.13 
0.36i-. 09 
0.4Rk. 10 
0.99k. 08 
1.252.10 
2.10-c. 16 
2.58i-. 16 
3.402.17 
5.31 i-. 20 
6.26-r. 18 
6.44k.15 
6.60+ .07 
6. 802. 10 
6.932.10 
6.832.15 
6.604 .ll 

6.17+. 18 
5.60+. 13 
5.172. 14 
4.91+.14 
4 .62 t .  09 
4.19-r. 08 

3.57+. 11 
3.14+. 10 

.09;i. 09 

.37?. 09 

.47*.09 

.79+. 09 

1.09k.11 
1.612.09 
2.202. 12  
2.6%. 12 
2.82+. 06 
2.92+. 05 
2.882.05 
2 I 80+. 04 
2.67+ .05 
2.675.05 
2 .59 t .  07 
2.505.07 
2.21 i 04 
2 .04 t .  04 
1.87t .04 

1.46-c.04 

.04+. 36 

1.092.36 

3.21 f. 35 
4 . 2 0 i .  31 
6.082.35 
8.202.28 
8.92t.3r3 
9.17-r. 20 
9.30+. 13 
9.45+. 12 

10.25-c. 13 
10.20?. 21 

9.502. 15 

8.35i-. 18 
7.96-c. 18 
7.48+. 18 
6.88-t. 17 
6.422. 18 
5 .E%+. 18 
5.355.18 
5.04+. 1 8 
4 .44 t .  18  

... .... . .. ___ .......... ~~ __ .......-. 

The l i s t e d  u n c e r t a i n t i e s  a r e  90% con f idence  l e v e l  c o u n t i n g  s t a t i s t i c s  f o r  t h e  i n d i -  a 

v i d u a l  data p o i n t s .  
quadra tu re  t o  o b t a i n  good con f idence  a b s o l u t e  u n c e r t a i n t y .  

A d d i t i o n a l  s y s t e m a t i c  u n c e r t a i n t y  o f  ?6% shou ld  be added i n  
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1 4 ) ;  dot-dashed curve i s  Lotz semiempirical 
formula (Ref. 6 ) .  
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dashed curve added beginning a t 2 9 4  eV i s  Is  h 2 s - t  
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w i t h  e r ro r  bars o f  one standard deviation on counting 
s t a t i s t i c s ;  dashed curve i s  scaled Coulomb Born (Ref. 
1 2 ) ;  dot-dashed curve i s  Lotz ( R e f .  6 ) .  

Solid p o i n t s  a r e  present data 
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F ig .  8. Cross section f o r  electron impact 
ionization o f  N3+. 
wit e t i  ated incident ion beam mixture of 50% 

and 50% (ls22s2p) 3P metastable s t a t e  w i t h  threshold 
a t  69.1 eV (e r ro r  bars  a r e  90% confidence level 
s t a t i s t i c s ) ;  so l id  curve i s  Coulomb Born by Moores 
(Ref. 10) for ground s t a t e  ions; dashed curve i s  
scaled Coulomb Born (Ref.  1 2 )  f o r  50-50 mixture 
o f  i n i t i a l  s t a t e s ;  dot-dashed curve i s  Lo tz  (Ref. 
6 )  f o r  50-50 mixture. 

Solid points a r e  present data 

( I s  U T  2s ) S ground s t a t e  w i t h  threshold a t  77.5 eV 
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F i g .  9. Cross section for  electron impact 
ionization of 03+. 
with estimated incident ion beam of 84% (ls22s22p) P 
g r o u n d  s t a t e  with threshold a t  77 .4  eV and 16% 
( l s 2 2 s 2 p 2 )  4 P  metastable s t a t e  with threshold a t  
68.6 eV ( e r r o r  bars are  90% confidence level s t a t i s t i c s ) ;  
so l id  curve i s  Coulomb Born with exchange by E .  
Sting1 (Ref. 1 1 )  f o r  ground s t a t e ;  dashed curve i s  
scaled Coulomb Born (Ref. 1 2 )  fo r  g round  s t a t e ;  
dot-dashed curve i s  Lo tz  (Ref. 6 )  f o r  ground s t a t e .  

Solid points a re  present data 
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Fig. 10. Cross section f o r  electron impact 
ionization o f  04% 
w i t h  estimated incident ion beam o f  50% (ls22s2) 15 
gro nd s t a t e  w i t h  threshold a t  113.9 eV and 50% 
(1s 2s2p)  3P metastable s t a t e  with threshold a t  
103.7 eV (e r ro r  bars  are  90% confidence level 
s t a t i s t i c s ) ;  dashed curve i s  scaled Coulomb Born 
(Ref. 1 2 )  f o r  50-50 mixture; dot-dashed curve i s  
Lo tz  (Ref. 6)  f o r  50-50 mixture. 

Solid points a re  present d a t a  
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Fig .  11.  Cross section for electron impact 
ionization o f  Ar4+. 
( e r r o r  bars a re  90% confidence level s t a t i s t i c s ) ;  
open points a re  d a t a  o f  Muller e t  a1 . (Ref. 1 7 )  ; 
dot-dashed curve i s  L o t z  (Ref. 6 ) ;  so l id  curve 
i s  c lass ica l  theory calculated by Salop (Ref. 1 6 ) .  

Solid points are present d a t a  



19 

2.2.  Ionization Rates 

Ionization r a t e s  f o r  these ions i n  a plasma w i t h  Maxwellian electron 

temperature d is t r ibu t ion  have been calculated from the measured cross 

sect ions employing a computer code developed a t  JILA.23 For convenience 

and most d i r e c t  comparisons, the ionization ra tes  f o r  scaled-Coulomb- 

Born and Lotz theoret ical  estimates were a l so  computed with the JILA 

r a t e  code w i t h  d i sc re t e  cross sections calculated according t o  the cross 

section formulas. As a check, the Lotz ionization ra tes  obtained from 

the code have been compared f o r  a few cases with the analyt ic  expression: 

- where r .  i s  the number of electrons i n  subshell j, I .  i s  the ionization 

energy f o r  electrons i n  subshell j ( i n  eV), KT i s  t h e  electron temperature 

in eV, El i s  the exponential integral  o f  index one, and ~1 i s  the r a t e  

coef f ic ien t  i n  crn /sec.  The analyt ic  formula agrees w i t h  the quoted 

Lotz i o n i z a t i o n  r a t e s  t o  between 1 and 5% f o r  the cases checked. An 

ana ly t ic  expression f o r  the ra tes  predicted by scaled Coulomb-Born is 

given i n  Ref. 12. 

i n  Tables 4-7 f o r  a l l  o f  the present cases. 

J J 

3 

The ionization ra tes  a re  given i n  Fig. 12 f o r  N4+ and 

The r a t e s  given i n  Tables 4-7 a re  f o r  ionization out o f  the ground 

s t a t e  except as noted f o r  the Be-like ions. Thus the r e su l t s  a re  appl i -  
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cable t o  plasmas of low density ( n e  2 1014 ~ m - ” ~ )  where excited s t a t e s  of 

these ions should n o t  be abundant. The measured ionization ra tes  of 

K u n ~ e , ’ ~  Kallne and Jones,25 and Rowan and Robertsz6 which are  shown 

on Fig. 12  were observed a t  dens i t ies  near n e  = J O l 6  a n - 3  where the 

presence of excited ion species i n  the plasma i s  s igni f icant .  

24-26 the measured ra tes  are  given and compared w i t h  the  Lot2 formula as 

corrected f o r  excited s t a t e s  due t o  high plasma density.  

comparison (Fig.  12 )  these measured ra tes  have been reduced t o  represent 

ionization o u t  of the ground s t a t e  only. The reduction i s  the same per- 

centage as given in Refs. 24-26 as an increase t o  the Lotz r e su l t  in each 

spec i f ic  case. 

ra tes  can be made fo r  05’, C3+, B3+, a n d  C4+ by adjustments o f  values 

given i n  Refs. 24-27. 

I n  Refs. 

For the present 

Similar coiiiparisons o f  present ra tes  t o  plasma measured 



3 Table 4. I o n i z a t i o n  r a t e s  for L i - l i k e  i ons  in u n i t s  o f  lo "  cm /sec. 

1.137 
1 .865 
2.436 

1 Temperature 

1.365 
2,000 
2.328 

! 

1 IO6 K 

1.0 
2.0 
4.0 
6.0 

, 10 
20 1 50 

I 
t 100 - 
i 

eV 

17.2 
34.5 
51.7 
86.2 
172 
345 
51 7 
862 
1720 
431 0 
8620 
51 700 

C3' Rate 

2.773 1 2.385 
3.036 2.356 
2.888 1 2.172 

I 

2.641 ' 1.818 
2.327 1.527 
1.450 j 0.881 

i 

Lot2 

0.058 
0.465 
0.955 
1,720 
2.700 
3.361 
3.567 
3.649 
3.507 
3.036 
2.599 
1.546 

N4+ Rate 

Present 1 Scaled C-B 

0.202 1 0.215 
0.487 1 0.497 
1.003 1 y:::: 
1,522 
1.751 1.306 
2.007 ! 1.345 

I 

2.008 , 1.296 
1.786 1.097 
1.530 ' 0.931 
0.897 0.545 

I 

0.004 
0.084 i 0.013 
0.243 0.056 
0.582 j 0.187 
1.147 j 0.491 
1.626 i 0.827 
1.819 I 0.967 

I 
1.956 1 1.050 
1.967 ' 7.026 

OS+ R a t e  

Scaled C-5 

0.01 3 
0.056 
0.181 
0.437 
0.671 
0.756 
0.835 
0.862 
0.81 9 
0.733 
0.478 

Lo tz  

0.014 
0.060 
0.202 
0.516 
0.842 
0.991 
1.116 
1.166 
1.073 
0.940 
0.577 
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Table 5. I o n i z a t i o n  ra tes  for He- l i ke  i o n s  i n  u n i t s  o f  10'" cm /sec. 

1 
Temper a t u  re 

i 
83' Rate 

l,t,l,-,,,, i 

I 

I 
0.2 17.2 1 
0.4 34.5 : 0.001 

I 

0.6 
1 . O  

2.0 
4.0 
6.0 
10 
20 
50 
100 
600 

51.7 0.022 
86.2 0.221 
172 1.415 
34 5 3.813 
537 5.329 
862 6.887 

4310 I 8.060 
7.379 

I 

1720 8.049 

Scaled C-6 

0.002 
0.033 
0.290 
1.600 
3.963 
5.390 
6.791 
7.704 
7.384 
6.579 
4.100 

+ L o t z  I Present 

I 

0.002 
0.036 
0.322 
: .755 

4.235 
5.594 
9.744 
8.176 
8.116 
7.352 
4.822 

0.007 
0.020 
0.303 
7.322 
2.194 
3.260 
4.208 
4.441 
4.119 
2,718 

C4+ Rate 

Scaled C-B 1 L o t z  

0.001 
0.029 
0.358 
1.348 
2.743 
3.109 
3.958 

4.251 
3.929 
2.620 

0.001 
0.032 
0.393 
9.448 
2.264 
3.235 
4.139 
4.463 
4.224 
2,914 

Present 

0.002 
0.083 
0.587 
1.057 
1.676 
2.329 
2.694 
2.645 
1.924 

Rate 

Scaled C-B 

0.002 
0.079 
0.469 
0.885 
1.492 
2.173 
2.527 
2.445 
1.320 

10t2 

0.003 
0.084 
0.506 
0.940 
1.557 
2.253 
2.563 
2.626 
7.908 



Table 6. Ionization rates  f o r  Be-like ions w i t h  50-50 mixture o f  ground s t a t e  
and metastable s t a t e  ions i n  units o f  10-9 cm3/sec. 

Temperature 

IO6 K 

0.2 
0.4 
0.6 
1 .O 

2.0 
4.0 
6.0 
10 
20 
50 
100 
600 

eV 

17.2 
34.5 
51.7 
86.2 
7 72 
345 
51 7 
862 
1720 
431 0 
8620 
51 700 

Present 

0.059 
0.524 
1.127 
2.179 
3.738 
4.807 
5.275 
5.323 
5.101 
4.400 
3.758 
2.228 

N3+ Rate 

Scaled C-8 

0.048 
0.487 
1.077 
2.029 
3.143 
3.671 
3.726 
3.593 
3.221 
2.559 
2.083 
1,131 

Lotz 

0.049 
0.528 
1.203 
2.365 
3.951 
5.014 
5.325 
5,424 
5.182 
4.442 
3.784 
2.232 

Present 

0.004 
0.110 
0.346 
0. a97 
1.907 
2.783 
3.104 
3.260 
3.123 
2,737 
2.331 
1.371 

04+ Rate 

Scaled C-B 

0.003 
0.091 
0.289 
0.742 
1.481 
2.001 
2.147 
2.168 
2.043 
1.702 
1.424 
0,872 

Lotz 

0.003 
0.090 
0.298 
0.891 
1.740 
2.572 
2.887 
3.077 
3.074 
2.741 
2.386 
1.459 



Table 7 .  Ionization ra tes  for  03+ and Ar4+ in units 
o f  10-9 crn3/sec 

Temperature 

lo6 K 

0.2 

0.4 

0.6 

7 . O  

2 . C  

4.0 

6 .0  

70 
20 

50 

100 

600 

ev 

17.2 

34.5 

51.7 

86.2 

172 

34 5 

51 7 

862 

1720 

437 0 
8620 

51 700 

Present 

0.059 

0.616 

1.406 

2.808 

4.894 

6.348 

6.906 

6.941 

6.476 

5.371 

4.465 

2.514 

03+ Rate 

Scaled C-B 

0.035 

0.466 

1.125 

2.285 

3.787 

4.557 

4.687 

4.507 

3.919 

2.927 

2.319 

1.742 

Lotz 

0.034 

0.476 

1.196 

2.559 

4.575 

6.023 

6.482 

6.686 

6.443 

5.520 

4.778 

2.838 

Present 

0.101 

0.982 

2.150 

4.160 

7.031 

9.071 

9.630 

9.604 

9.125 

7,641 

6.395 

3.651 

0.063 , 

0.783 , 
1.885 

3.914 

7.012 

9.535 

10.49 

11.08 

10.97 

9.678 

8.364 

5.042 

I 

N 
P 
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F i g .  12 .  Ionization r a t e s  f o r  ground s t a t e  
N ~ +  as a function o f  plasma electron temperature. 
Solid curve i s  present r e s u l t ;  open c i r c l e  i s  plasma 
observed r a t e  of Kunze (Ref. 24 ) ;  so l id  c i r c l e  i s  
plasma observed r a t e  o f  Kallne and Jones (Ref.  2 5 ) ;  
open t r i ang le  i s  plasma observed r a t e  of Rowan and 
Roberts (Ref. 26) ;  long-dashed curve i s  scaled 
Coulomb Born (Ref. 1 2 ) ;  dot-dashed curve i s  Lotz 
(Ref. 6 ) ;  and d o t t e d  curve is  E C I P  calculat ion 
of Summers (Ref. 9 ) .  
200 eV i s  cross section uncertainty a t  high confidence 
(equi Val ent t o  90% confidence 1 eve1 ) . 

Error bar  on present r e s u l t  a t  
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3. Conclusion 

Except f o r  the C3' case,  the simple Lotz  formula i s  remarkably 

accurate. 

may be accidental f o r  the present data.  

Coulomb-Born calculat ions a r e  be t te r  than the Lotz formula a t  low 

energies,  and only the occurrence o f  the exci tation-autoionization 

contribution ( n o t  included in any of the theor ies )  brings about be t t e r  

agreement of experiment and Lotz formula a t  higher energies. 

04+ and N3+ the Lotz forrriula appears best ,  b u t  t h i s  may again be acci-  

dental and applicable only t o  Be-like ions. 

(by f a r  the most d i f f i c u l t  experiments) the difference between theories 

cannot be tes ted by the data.  Nevertheless, the Lotz formula i s  found 

t o  be more accurate than the fac tor  o f  two uncertainty frequently 

ascribed t o  i t .  While detai led Coulomb-Born calculat ions including 

such e f f ec t s  as excitation-autoionization may eventually prove to  be 

the most accurate theory, the approximate scal ed-Coul amb-Born r e su l t s  a r e  

not be t t e r  t h a n  the simple Lotz formula f o r  the present cases. 

However, t h i s  conclusion inay not apply to  untested cases and 

For N4+ and 05+ cases the scaled- 

For Be-like 

For the He-like cases 
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