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Mult iply Charged Heavy Ions Produced i n  a 
iIo t E 1 e c t r on P I as m a  

I .  Alexef f ,  W. D. Jones ,  and R. V. Neidigh 

ABSTRACT 

Mul-tiply charged argon ion b e m s  of  s u f f i c i e n t  i n t e n s i t y  t o  be of 

i n t e r e s t  as sources  fo r  heavy-ion a c c e l e r a t o r s  have been produced us ing  

-the ORNL Mode T I  ho t -e lec t ron  plasma. Quan t i t a t ive  a n a l y s i s  of t h e  f i r s t  

f i v e  charge st ,a tes  sugges ts  t h a t  t h e  dominant genera t ion  mechanism i s  t h e  

single-impact ioniza,t,ion process  f o r  which y i e lds  have r e c e n t l y  been 

es t imated  by Postma. 
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Severa l  yea r s  ago Pleasonton and S n e l l l  observed t h a t  mu l t ip l e  i on i -  

z a t i o n  of heavy atoms can occur ,  through success ive  Auger even t s ,  follow- 

i n g  removal from t h e  atom of a s i n g l e  inne r  e l e c t r o n .  The subsequent 

development of  dense , mirror-contained,  s t eady- s t a t e  e l e c t r o n  plasmas, 

bo th  by microwave2 and beam-plasma i n t e r a c t i o n 3  techniques , coupled wi th  

t h e  broad and cons iderable  i n t e r e s t  i n  t h e  p o s s i b i l i t y  of producing f a r -  

t r a n s u r a n i c  elements through t h e  fus ion  of heavy n u c l e i ,  l e d  t o  t h e  sug- 

ges t ion  t h a t  single-impact i o n i z a t i o n  processes  involv ing  the  e n e r g e t i c  

e l e c t r o n s  i n  such plasmas might provide a source f o r  t h e  copious prod- 

uca t ion  of h igh ly  s t r i p p e d  heavy n u c l e i .  Using t h e  c ros s  s e c t i o n s  measured 
4 

a 
Postma r e c e n t l y  has  c a l c u l a t e 6  t h e  ion by Schram5 and Schram e t  a l .  6Y7 

y i e l d s  expected i n  such a source and found t h a t  t h e  p red ic t ed  y i e l d s  are 

impress ive ly  high.  We repor t  he re  t h e  r e s u l t s  of a pre l iminary  i n v e s t i -  

ga t ion  us ing  a hot -e lec t ron  plasma produced by a beam-plasma i n t e r a c t i o n .  

These r e s u l t s  suggest  t h a t  it i s  t echno log ica l ly  simple and inexpensive t o  

produce mul t ip ly  charged heavy-ion beams of s u f f i c i e n t  i n t e n s i t y  t o  be of 

i n t e r e s t  as sources  i n  t h e  heavy-ion a c c e l e r a t o r  program. 

3 

Figure 1 shows a schematic of t h e  apparatus  used t o  produce and 

analyze mul t ip ly  charged argon ions .  

i s  superimposed on t h e  magnetic f i e l d  of  two c o i l s  t o  g ive  a modified mir ror  

magnetic f i e l d  having an on-axis mi r ro r  r a t i o  of % 3:1, and a midplane on- 

a x i s  f i e l d  s t r e n g t h  of % 3 kG. The midplane f i e l d  drops t o  t h e  uniform 

f i e l d  value at  q~ 3 inches from t h e  axis. I n  such a machine the pressure-  

g rad ien t  r e f l e x  a r c  i n t e r a c t s  w i t h  i t s  se l f -genera ted  plasma, formed from 

t h e  ’I, 10 -Torr background n e u t r a l  gas, t o  h e a t  t h e  plasma e l e c t r o n s  t o  

very  h igh  temperatures .  A primary, 5-kV, 1/2-A e l e c t r o n  beam having a 

A uniform magnetic f i e l d  of % 1 . 8  kG 

-4 



l 



3 

-3 
d e n s i t y  of % lo9 cm 

dens i ty  o f  % 10" cm-3 and an e l e c t r o n  temperature  of t e n s  of k i l o v o l t s .  

This  r e s u l t s  i n  c i r c u l a t i n g  c u r r e n t s  of s e v e r a l  hundred a.mperes/cm2 of 

e n e r g e t i c  e l e c t r o n s .  

t y p i c a l l y  produces a hot -e lec t ron  plasma having a 

3 

The purpose of t h e  uniform magnetic f i e l d  i s  t o  allow a charge 

a n a l y s i s  t o  be made of t h e  ions e x t r a c t e d  from t h e  plasma. The perpendicular  

motion of t h e  ions i n  t h e  uniform magnetic f i e l d  i s  given by 

where 2 i s  t h e  number of t h e  charge s t a t e  of t h e  i o n ,  m ( q )  i s  t h e  ion  

mass, r (cm) i s  t h e  cyc lo t ron  r ad ius  of  t h e  ion  i n s i d e  t h e  ana lyze r ,  c 

i s  t h e  speed of l i g h t  ( 3  x lo1' cm/sec) , e i s  t h e  e l e c t r o n  charge 

(4.8 x 10-l' Coulomb), V ( s t a t v o l t )  i s  t he  a c c e l e r a t i n g  p o t e n t i a l  o f  t h e  

ana lyzer ,  and B (gauss)  i s  t h e  magnetic f i e l d  s t r e n g t h  i n  t h e  analyzer .  

I n  p r a c t i c e ,  t h e  movable d e t e c t o r  i n s i d e  t h e  ana lyzer  w a s  h e l d  f i x e d  a t  

% 5 inches f r o m t h e  e x t r a c t i o n  holes while  V w a s  v a r i e d  from 0-5 kV. 

Thus, r = cons tan t  6 cm. B(avg) 2, 2 kG. Therefore ,  from Eq. (1) it 

i s  seen t h a t  t h e  charge s ta te  de tec t ed  i s  a l i n e a r  func t ion  of  t h e  appl ied  

v o l t  age. 

Figure 2 shows some t y p i c a l  r a w  d a t a  for two plasmas having d i f f e r e n t  

e l e c t r o n  temperatures .  Here t h e  ion  cu r ren t  t o  t h e  ana lyzer  d e t e c t o r  i s  

p l o t t e d  as a func t ion  of t h e  ana lyzer  a c c e l e r a t i n g  vol tage .  Although 

e l e c t r o n  temperature  measurements w e r e  no t  made dur ing  t h e s e  pre l iminary  

exgeriments,  experience wi th  t h i s  k ind  of  plasma suggests  t h a t  T 2, 50 - 100 

keV f o r  t h e  upper s e t  of d a t a  and Te Q 10 keV f o r  t h e  lower set  of d a t a .  

Note t h a t  t h e  r e s o l u t i o n  i s  poorer  a t  t h e  h ighe r  tempera ture ,  presumably 

e 
< 
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Fig. 2. At 
the lower electron temperature, the first five charged states of argon 
are clearly observed. 
poor, suggests that the h o t t e r  plasma is rriiich more effective in producing 
the higher-charge s t a t e s .  

Typical. Raw Data for Two Different; Electron Temperatures. 

The upper curve, even though the resolution is 



due t o  plasma turbulence  causing a g r e a t e r  spread  i n  t h e  energy of t h e  ions  

e n t e r i n g  t h e  e x t r a c t i o n  hole  of t h e  o u t e r  box. Note a l s o ,  however, t h a t  

t h e  f r a c t i o n  of t h e  s i g n a l  t o  t h e  d e t e c t o r  due t o  t h e  higher-Z states is 

g r e a t l y  enhanced f o r  t h e  h o t t e r  plasma. I n  t h e  lower curve t h e  r e s o l u t i o n  

i s  good a t  t h e  lower vol tages  and t h e  f i r s t  f i v e  charge s t a t e s  are c l e a r l y  

observed. 

ground" i s  observed, which makes observa t ion  of t h e  higher-Z s ta tes  unce r t a in  

Subsequent i n v e s t i g a t i o n  has revea led  t h a t  an apprec iab le  f r a c t i o n  of t h e  

observed background w a s  due t o  a leakage cu r ren t  t o  ground across  a 

Bake l i t e  i n s u l a t o r ;  however, some of t h e  background i s  a l s o  l i k e l y  t o  be  

due t o  a glow discharge  be ing  i n i t i a t e d  between t h e  two extrac-kion holes  

at t h e  h ighe r  vo l t ages .  

of t h e  r e s i d u a l  background gas (n i t rogen ,  oxygen, hydrogen, pump o i l ,  e t c . )  

a r e  a l s o  p re sen t .  The dashed curves r ep resen t  guesses as t o  how t h e  

background e x t r a p o l a t e s  t o  low vo l t ages ,  and al low us t o  s u b t r a c t  t h e  

background s o  tha t  t h e  r e l a t i v e  abundances of t h e  charge s t a t e s  ca.n be 

ca l cu la t ed .  Figure 3 shows t h e  r e s u l t  o f  s u b t r a c t i n g  t h e  background i n  

t h e  lower curve.  

A t  t h e  l a r g e r  a c c e l e r a t i n g  vo l t ages ,  however, a s t r o n g  "back- 

F i n a l l y ,  h igh ly  charged s ta tes  of t h e  components 

I n  proper ly  eva lua t ing  t h e  d a t a  of Fig.  3 it must be  r e c a l l e d  t h a t  

t h e  e x t r a c t i o n  hole  w a s  only 1/16 inch  i n  diameter ,  i . e .  , less  than  1 / 5 0  

2 
cm , s o  t h a t  t h e s e  d a t a  r ep resen t  f a i r l y  l a r g e  cu r ren t  d e n s i t i e s .  I n  f a c t ,  

c a l c u l a t i o n s  suggest (see Appendix) t h a t ,  even t a k i n g  t h e  s i z e  of t h e  ex- 

t r a c t i o n  hole  i n t o  account ,  t h e  p a r t i c l e  fluxes of ions i n  t h e  plasma are 

some t h r e e  o rde r s  of magnitude l a r g e r  t han  those  represented  by t h e  d a t a  

i n  t h e  f i g u r e .  The l a r g e  p a r t i c l e  f luxes  of ions  i n  t h e  plasma a r e  

a t t r i b u t e d  t o  h igh  ion  escape v e l o c i t i e s  (see Appendix), which are probably 
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ANALYZER A C C E L € R A T l N G  VOLTAGE ( k V )  

Fig.  3. Typical R a w  D a t a  a f t e r  Sub t rac t ing  t h e  "Background". 
The e x t r a c t i o n  hole  js less than  1 / 5 0  cm2, s o  t h a t  t h e s e  da t a  
represent  f a i r l y  large curren t  d e n s i t i e s  a long t h e  f i e l d  a r e  
some 1.000 t lmes larger than those iiieasured across t h e  f i e l d  
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d i r e c t e d  p r imar i ly  a long f i e l d  l i n e s .  

i ons  across  t h e  f i e l d  r a t h e r  than  a long  t h e  f i e l d  probably expla ins  t h e  

l a r g e  discrepancy between t h e  observed and c a l c u l a t e d  f luxes  arid would 

The f a c t  t h a t  we are ex t> rac t ing  

suggest  t h a t  much l a r g e r  ion  f luxes  could be seen by e x t r a c t i n g  alone; 

f i e l d  l i n e s .  

To f u r t h e r  i n t e r p r e t  t h e  d a t a  i n  Fig.  3, we f i r s t  assume t h a t  t h e  

e x t r a c t i o n  and ana lyz ing  e f f i c i e n c i e s  are t h e  same f o r  a l l  ion  s p e c i e s .  

We than  d iv ide  t h e  h ieght  of  each peak by t h e  corresponding nuniber of i t s  

charge s t a t e .  The r e s u l t i n g  values  a r e  then  i n t e r p r e t e d  as be ing  accura te  

r ep resen ta t ions  of t h e  r e l a t i v e  d e n s i t i e s  of t h e  ions  i n  t h e  plasma. We 

then  a d j u s t  t h e s e  values  so t h a t  t h e  A+' spec ies  has  a r e l a t i v e  d e n s i t y ,  o r  

abundance, of 1. The r e s u l t  i s  shown i n  Fig.  4. 

I n  add i t ion  t o  showing i n  Fig.  4 t h e  r e l a t i v e  abundances of t h e  ion  

spec ie s  i n  our  hot -e lec t ron  plasma we show, also, some of t h e  d a t a  o f  

Schram.' Schram5 and Schram e t  a l .  have made c a r e f u l  measurements of' 
6 37 

t h e  i o n i z a t i o n  c ross  s e c t i o n s  of t h e  r a r e  gases over t h e  e l e c t r o n  energy 

range 0.5 - 20 keV. A s tudy of Schram's d a t a  f o r  argon shows t h a t  t h e  re- 

l a t i v e  abundances of t h e  ion  spec ies  are approximately cons tan t  f o r  e l e c t r o n  

energ ies  g r e a t e r  than  a f e w  keV.5 I n  Fig.  4 we have p l o t t e d  app-oximate 

averages of Schram's argon d a t a  f o r  e l e c t r o n  energ ies  'L 5 keV. Except f o r  
> 

t h e  f irst  p o i n t ,  it i s  Seen tha t  our d a t a  e x a c t l y  p a r a l l e l s  t h a t  of Schram 

(if w e  had normalized our d a t a  t o  any o the r  spec ie s  than  A + l ,  a l l  of our 

d a t a  except  t h e  f i r s t  poin t  would l i e  on t h e  curve drawn through Schram's 

d a t a ) .  

impact i o n i z a t i o n  processes ,  w e  t h e r e f o r e  conclude t h a t  t h e  high-2, ion  

Since Schram's d a t a  were demonstrably due p r imar i ly  t o  single- 

spec ies  e x t r a c t e d  from our  Mode I1 hot -e lec t ron  plasma were produced by 
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I \  ORNL MODE HOT- 
ELECTRON PLASMA 

+2 + 3  94 +5 +6 +7 

ION CHARGE STATE 

Fig .  4. 
Observed i n  t h e  Present  Experiments, those  Observed by 
Schram d w i n g  his Cross Section Measurements, and- those 
Ca1.culatt~c-i f o r  our  Plasmas Due to Multiple-Impact Ion iza t ion  
Processes .  Both comparisons suggest t h a t  single-impact 
i o n i z a t i o n  pyocesses i n  our experiments are pr imar i ly  re- 
spons ib le  for t h e  observed mult ip ly  charged ions .  

A Comparison o f  t he  Re la t ive  Abundances of  Tons 
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single-impact processes .  Ta  demonstrate even f u r t h e r  t h a t  mul t ip le -  

impact processes  probably do not  con t r ibu te  s t r o n g l y ,  t h e  lower curve i n  

Fig.  4 shows t h e  t h e o r e t i c a l l y  expected dependence of t h e  r e l a t i v e  abundances 

on charge s t a t e  f o r  multiple-impact i o n t z a t i o n  processes  i n  our plasma. 

C lea r ly ,  t h e s e  processes  do not  seem t o  be important beyond t h e  doubly 

ion ized  state. This i s  due, of course ,  t o  t h e  s h o r t  containment time 

(see Appendix) of t h e  ions  i n  our plasmas. 

re la t ive abundances shows, moreover, t h a t  i n  o rde r  t o  cause mul t ip le -  

impact processes  t o  become important a t  t h e  higher-Z s ta tes  of i n t e r e s t  

t o  t h e  heavy-ion a c c e l e r a t o r  experiments ,  t h e  ion  containment times would 

have t o  be increased  many o rde r s  of magnitude--a goa l  not l i k e l y  t o  be 

achieved i n  t h e  p re sen t  device.  Daugherty e t  al? also concluded, s i m i -  

l a r l y ,  i n  t h e i r  c a l c u l a t i o n s  based on t h e  product ion of h ighly  s t r i p p e d  

heavy ions i n  a t o r o i d a l l y  confined ene rge t i c -e l ec t ron  plasma, tha t  the 

coc-tainment t i m e s  must be long (on t h e  o rde r  of a second) i n  o rde r  f o r  

multiple-impact i o n i z a t i o n  processes  t o  be e f f e c t i v e .  

A comparison of t h e  observed 

The f a c t  t h a t  t h e  r e l a t i v e  abundances i n  t h e  p re sen t  experiment appear 

5 t o  be roughly a f a c t o r  of  f ive l a r g e r  than  those  r epor t ed  by Schram i s  

not understood. Multiple-impact processes  would, of course,  enhance the  

s ta tes  f o r  Z 2 2 r e l a t i v e  t o  Z = 1, as observed; however, we have a l ready  

concluded t h a t  t h e s e  processes  a r e  probably not  con t r ibu t ing  s i g n i f i c a n t l y  

t o  any s ta te  except  t h e  Z = 2. It may b e ,  a l s o ,  t h a t  t h e  ana lyzer  i s  

somehow d i sc r imina t ing  aga ins t  t h e  A+’ ions :  I n  t h e  f i r s t  p l ace ,  t h e  

magnetic field i s  not  uniform i n  t h e  analyzer, varying from % 3 kG at t h e  

e x t r a c t i o n  holes t o  1 . 8  kG a t  t h e  d e t e c t o r ;  i n  t h e  second place, i n  

t h e  l a t e r  experiments,  of which t h e  d a t a  i n  Fig.  1 a r e  an  example, 
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t h e  e x t r a c t i o n  

magnetic f i e  I d .  

ho l e s  were ] .mated Q 1 inch o f f  the  mi.dplnne, so t h a t  t h e  

w a s  also no longer  perpendicular  t o  t h e  pa th  of t h e  ac- 

c e l e r a t e d  ions .  A th i rd .  p o s s i b l e  f a c t o r  i s  t h a t  we have a.n approximate 

Maxwellian e l e c t r o n  d i s t r i b u t i o n  , whereas t h e  d a t a  shown f o r  Schram a r e  

averages f o r  e l e c t r o n  energ ies  2 5 keV. Thus, w e  have low-energy e l e c t r o n s  

with t h e i r  l a r g e r  i on iza t ion  c ross  s e c t i o n s  t o  worry about ,  which means 

tha t  t h e  a c t u a l  (unknown) d i s t r i b u t i o n  of t h e  low-energy e l e c t r o n s  may be 

important .  F i n a l l y ,  we cannot completely r u l e  out photo ioniza t ion  plrocesses , 
s ince  photo ioniza t ion  c ross  s e c t i o n s  f o r  t h e  +4 and 4-5 s t a t e s  f o r  argon are 

conipuable (due t o  t h e  K resonance)  t o  t h e  e l e c t r o n  c o l l i s i o n a l  ionizaLion 

cross sec t ions  i n  t h e  energy range 3.5 - 10 keV;" however, t h i s  shoiiLd 

produce a 2eaki.ng a t  the  h igher  s t a t e s ,  not  t h e  observed cons tan t  s h i f t .  

(That such hot -e lec t ron  plasmas do, indeed, have i n t e n s e  x-ray f luxes  i s  

we l l  known.3) 

To conclude , swmar ize  , and discuss :  Prel iminary experiments us ing  

t h e  013NL Mode TT hot -e lec t ron  plasma suggest t h a t  such a plasma has suf -  

f i c i e n t l y  l a r g e  f luxes  of h ighly  ion ized  ions  t o  be considered as a pos- 

s i b l e  source f o r  t h e  far-transuranic-element acce lera- tor  experiments.  

Such a source i s  t echno log ica l ly  simple , inexpensive,  s t eady- s t a t e  , and 

long l i ved .  The present  r e s u l t s  from e x t r a c t i o n  of ions across  t h e  mag- 

2 
net, ic f i e l d  suggest t h a t  mul t ip ly  charged heavy-ion beams of many uA/cm 

co1il.d be e x t r a c t e d  Prom such a plasma along f i e l d  l i n e s .  I n  t h e  present  

e x p e r h e n t  an argon plasma has been used. If, however, a xenon plasma 

had been used, ion  beams of Xe'l' of i n t e n s i t y  comparable t o  our observed 

beams would presumably have been observed, due t o  t h e  much l a r g e r  

5 i on iza t ion  c ross  sec t ions  of xenon. 



Analysis of t h e  present  r e s u l t s  i n d i c a t e  t h a t  only single-impact 

i o n i z a t i o n  processes  are p lay ing  a dominant r o l e  i n  t h e  product ion o f  

t h e  mul t ip ly  charged ions .  T h i s  i s  due t o  t h e  s h o r t  average l i f e t i m e  of  

t h e  ions  i n  t h e  plasma. It  i s  conceivable ,  however, t h a t  by e x t e r n a l  

i n j e c t i o n  and t r app ing  of  ions  i n  a r i n g ,  such as w a s  done i n  the  e a r l y  

DCX-1 experiments ,11 multiple-impact i o n i z a t i o n  might be made t o  p l ay  

an important r o l e  i n  t h i s  type of ion  source.  The t rapped  ions  i n  DCX-1 

were observed t o  have l i f e t i m e s  on t h e  o rde r  of  a minute! 

F i n a l l y ,  i n  t h e  p re sen t  experiments it was found t h a t  f o r  t h e  higher-  

temperature plasmas t h e  d i f f e r e n t  ion  spec ie s  could no t  be r e sa lved .  

This i s ,  presumably, due t o  an energy spread  present  i n  t h e  unacce lera ted  

i o n s ,  due t o  s t rong  pl-asma turbulence .  One way t o  t,ry t o  resolve this 

problem would be t o  t r y  t o  make a, l e s s  t u rbu len t  plasma. A s i n p l e r  so l -  

u t i o n ,  however, might be simply t o  use h igher  e x t r a c t i o n  vo l t ages ,  :so t h a t  

t h e  energy j i t t e r  due t o  t h e  turbulence  becomes a smal le r  per t i i rba t ion .  

In  o rde r  t o  confirm t h e  above pre l iminary  r e s u l t s  , a d d i t i o n a l  exper- 

iments and modi f ica t ions  a r e  requi red :  

used T and n values  i n f e r r e d  from previous measurements on s i m i l a r l y  

c rea t ed  plasmas. These parameters need t o  be remeasured i n  t h e  present  

(1) In  t h e  c a l c u l a t i o n s  w e  have 

e e 

appara tus ,  e s p e c i a l l y  s i n c e  t h e  ana lyze r  i n  t h e  present  device may be 

i n t e r f e r i n g  apprec iab ly  wi th  t h e  plasma; ( 2 )  

e x t r a c t i o n  vol tages  needs t o  be b e t t e r  understood and co r rec t ed  i n  l a t e r  

experiments;  ( 3 )  a computer c a l c u l a t i o n  inco rpora t ing  t h e  elect ,ron d is -  

t r i b u t i o n  e f f e c t s  needs,  perhaps,  t o  be done; and ( 1 4 )  some experiments 

us ing  xenon need t o  be done. Good r e s u l t s  wi th  xenon would present, a. 

much s t r o n g e r  case f o r  single-impact p rocesses ,  i n  add i t ion  t o  be ing  of 

more d i r e c t  i n t e r e s t  t o  t h e  heavy-ion program. 

t h e  l a r g e  background a t  l a r g e  
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'The authors  g r a t e f u l l y  acknowledge several  h e l p f u l  d i scuss ions  

with Drs. M. 0.  Krause, H.  Postrnd, A .  H. S n e l l ,  and A.  Zucker. 

Note added i n  proof :  

A s  noted in t h e  added F i g ,  5 ,  w e  have made a pre l iminary  measure- 

ment using xenon. Here w e  @l.early s e e  mul.tiply charged ions up t o  

Xe'9, with good i n d i c a t i o n  t h a t  higher-charge s t a t e s  can be observed when 

measurements at higher  e x t r a c t i o n  voltages are made. These measurements 

were made using parameters nea r ly  i d e n t i c a l  t o  t h o s e  used f o r  t h e  above 

argon experiments,  with t h e  except ion t h a t  t h e s e  da-La were taken  i n  a 

modified Mode 1 plasma. Note t h a t  t h e  sepayat ion of t h e  xenon peaks,  

r e l a t i v e  t o  t h a t  of the argon pealis, has been reduced roughly by t h e  

r a t i o  of  t h e  two masses,  as p red ic t ed  by Eq. (1). This  much small~er 

sepa ra t ion  of peaks prevented xenon da ta  from being obtained usi.ng a 

Mode TI plasma, si.nce only a s m a l l  amount o f  tu rbulence  can be  t o l e r a t e d  

be fo re  loss of r e s o l u t i o n  occurs .  

Note t h a t  t h e r e  seems t o  be a rabher  pronounced peaking of t h e  

d a t a  a t  t h e  higher  charge s t a t e s ,  somewhat i n  c o n t r a s t  with t h e  argon 

d a t a .  T t  does not appear t h a t  t h e  s ingle-elect l -on-iIn~act  processes  

descr ibed by Schram can adequately expla in  t h e  observed xenon da ta .  

We a r e  beginning t o  suspect  t h a t ,  a l though t h e  "average" ion  spends 

only  a very sho r t  t i h e  i n  t h e  p l a m a ,  t h e r e  i s  some long-time t rapping  

of some m i l d l y  energetic ions i n  the plasma, and t h a t  multiple-impact 

i on izx t ion  processes  poss ib ly  can occur t o  an apprec iab le  ex ten t  with 

t h e s e  ions. 
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APPENDIX 

A. Ion L i f e t i m e s  

For a s t eady- s t a t e  plasma w e  can equa-Le t h e  ion  product ion ra te  t o  

t h e  ion  loss  rate t o  o b t a i n ,  f o r  single-impact processes  , 

where n i s  t h e  degree of i o n i z a t i o n  when used as a s u b s c r i p t ,  b u t  i s  

dens i ty  when used otherwise.  The s u b s c r i p t s  o and e refer t o  n e u t r a l  

dens i ty  and hot -e lec t ron  dens i ty ,  r e s p e c t i v e l y .  CT is  t h e  p a r t i a l  

i o n i z a t i o n  cross s e c t i o n  for producing an n-ionized ion  from a n e u t r a l  

+n 

p a r t i c l e ,  and v i s  t h e  average thermal  speed o f  t h e  e l e c t r o n s .  

i s  t h e  average l i f e t i m e  of an n-ionized ion  i n  t h e  plasma. From 

ear l ier  measurements2 it i s  known t h a t  n 

% 

T + ~  e 

fb 
fb 3 x 1OI2 ~ m - ~ ,  n n, n 

0 e +1 

For Te ?, 10 keV, v % 5 x lo9 cm/sec. e From Schram's 

paper ,3  u+l % 2 x 10 -17 cm2 f o r  argon. S u b s t i t u t i n g  i n  Eq. (1) 

s o  t h a t  r+l 

w i l l  assume t h a t  .r+l = T 

i n  the  plasma have t h e  same l i fe t ime.  

3 .3  x loe6 s e c .  From l a c k  of more complete d a t a ,  we 

..... = T Z r ,  i.e., t h a t  all ions = 
+5 +2 

B. Relative Abundances of Ions Due t o  Single-Impact Processes  

From Eq. (1') 

n = u (n  n v T ) ,  
+n cn o e e  

or, s i n c e  t h e  product i n  t h e  parentheses  i s  cons t an t ,  
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4 

5 

F r o m  Schram's da t a ,3  f o r  e l e c t r o n  energ ies  10 keV, f o r  argon, 

-1y 2 

-18 2 

u % 2 x 1-0 c m  

u ~ 1 x 1 0  cm 

u 2. 2 x lo-19 c m  

u % 4 x 10~" c m  

0 % 4 x cm 

-4-1 

+2 

+3 

4-4 

+5 

2 

2 

2 

2 x 10-3 

2 x Ifh 

IJsing E q .  ( 2 '  ) gives 

Table I' 

C .  Re la t ive  Abundance$ o f  Ions Duc t o  Multiple-Tmpact Processes  

Again, assuming s teady-s ta te  , the governing equat ion i s  

where i-t; i s  now seen t h a t  t h e  dens i ty  of t h e  n-ionized ions depends on 

t h e  densi'cy of t h e  (n- l ) - ion ized  i.ons, as opposed t o  t h e  case for s ing le -  

impact i on iza t ions  (Eq. (1' ) ) where it depends on the neutral .  dens i ty .  

I n  E q .  ( 3 ' )  it i s  noted,  a l s o ,  t h a t  t h e  c ros s  s e c t i o n  f o r  success ive  

~- 
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i o n i z a t i o n  between a l l  ad jacent  s t a t e s  has been assumed t o  be t h e  same 

as t h a t  f o r  going f r o m  a n e u t r a l  t o  t h e  f i r s t - i o n i z e d  s t a t e ,  al though 

i n  r e a l i t y  it would decrease slowly as s u b s c r i p t  n increases  s i n c e  the  

number of e l e c t r o n s  a v a i l a b l e  f o r  removal decreases .  From Eq. ( 3 '  ) , 

n 
+ ( n + l )  = = 3 x 
n e e +l 

+n 

t h e r e  fore 

( 4 '  1 n + ( n + l )  = ( 3  10 -2)n 
n 
+I 

Eq.  ( 4 ' )  forms t h e  b a s i s  of t h e  t h e o r e t i c a l  curve i n  Fig.  4. From 

(4' ) we easily c a l c u l a t e  

Table 2'  
I- 

1 

3 x 

2.7 10-5 

8.1 10-7 



[I. Re la t ive  Abundances of Ions Due to A l l  Processes  
^_I._- 

Simply combining Tables 1' and 2 '  w e  get  

S ingle  Impact 

1 

5 x lo-* 

1. x lo -2  

2 

-4 2 x 10 

1 

8 x 

1.09 x lo-' 

8.1 x lo-'( 2.01 x lo-)+ 

1 

Density 

1 1.09 x 10' 

8 

7 
2 . 0 3  x 10 

2.01 x 10 

From Table 3' it i s  seen tihat multiple-impact processes  would be expected 

t o  con t r ibu te  s ign j - f i can t ly  only t o  t h e  second-ionized s t a t e  i n  our hot-  

e l e c t r o n  plasmas. 

E. Ion Fluxes Mong 3, 
_I__v 

I n  these ca lcu la t ions  i t  i s  assumed t h a t  a l l  ions made i n  t h e  plasma 

escape &ox fie1.d l i n e s ;  f u r t h e r ,  it i s  assumed t h a t  t h e  average d i s t ance  

of t r a v e l  of an ion before  j.t l~eaves t h e  plasma i s  % 3 ern ( t h e  d i s t ance  

between mir rors  i s  10-12 e m ) .  Thus, us ing  the average escape t i m e  of % 3 

cm/sec. Thus t h e  approxi- psec gives an ion  e x i t  v e l o c i t y  v = - % 10  ion  t 

mate flux of p a r t i c l e s  out of t h e  plasma w i l l  j u s t  be t h e  c a l c u l a t e d  

average dens i ty  of -the ions i n  t h e  plasma (Table 3 ' )  t imes t h e  above 

average exi-i; ve loc i ty  . Mul.tiplyiiig t h e s e  products  by t h e  appropr ia te  

charge and d iv id ing  by 6 x 

of t h e  ion  spec ies  i n  pA/cm . Thus, usi.ng t h e  r e l a t i o n s h i p  t h a t  

a %  6 

parLicles/pA gives  t h e  cu r ren t  d e n s i t i e s  

2 
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6 
n x 10 

12  6 x 10 

2 +n x (charge s t a t e ) ,  
j + , ( u A / m  = 

gives  

2. 4 2 
2. 1.7 x 10 pA/cm 

3 2 
2.7 x 10 11A/cn 

2, 2 2 
2. 5.3 x 10 uA/cm 

2 2 2 1 . 3  x 10 uA/cm 

2 
j+5 17 I.rA'/cm 

j + l  

j+, 

j+3  

j + 4  

For purposes of comparison, w e  c a l c u l a t e  t h e  cu r ren t s  which t h e  above 

cur ren t  d e n s i t i e s  would give through a 1/16-inch-dia.meter h o l e ,  which 

2. 2 has a cross s e c t i o n a l  area of .02 cm . This g ives  cu r ren t s  

% 
I , ~  2. 350 PA 

2. 
I+2 Q, 50 PA 

I 2. 10 uA 2, 

+3 
I + ~  % % 3 ~ J A  

* 3  A +5 
I 

These c u r r e n t s  a r e  on t h e  order  of 1000 t i m e s  l a r g e r  t han  t h e  c u r r e n t s  

a c t u a l l y  observed by our c ros s - f i e ld  e x t r a c t t o n ,  and suggest th ,a t  t h e  

e x t r a c t i o n  should be done along f i e l d  l i n e s  f o r  optimum beam s t r e n g t h s .  

To demonstrate independent ly  t h a t  l a r g e  fluxes o f  ions  out t h e  end 

of t h e  plasma are t o  be expected,  w e  made the  fol lowing energy balance. 

I n  t h e  p re sen t  device t h e  tan ta lum cathode i s  hea ted  only by t h e  bombard- 

ment of t h e  ions  from t h e  plasma, and normally opera tes  nea r  t h e  mel t ing  

p o i n t  o f  tantalum, which i s  M300OaC. A t  these tempera tures ,  t h e  dom- 

i nan t  h e a t  l o s s  i s  by r a d i a t i o n .  The cathode c o n s i s t s  simply of a s t r a i g h t  

3/16-inch-dianeter rod  o r i e n t e d  along t h e  machine axis ,  f ac ing  t h e  plasma 
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end-on. For t h e  c a l c u l a t i o n  of hea t  lost by r a d i a t i o n  we will.  assume t h a t  

only t h e  f i r s t  3/16-inch along t h e  length  of t h e  rod r a d i a t e s  appreciably 

This  gives  a r a d i a t i n g  area o f  ?J 1 . 5  cm . W e  i i s e  t h e  approximate r a d i a t i o n  2 

equat ion 

4 W = 6T , R 

-2 -4 -1 
where 0 % 5.7 x l o w 5  erg-cm -deg -see . Assuming T Q, 3 x l o 3  OK and 

a r a d i a t i o n  a r e a  of  1 . 5  cm gives W % '7 x l o9  e rg / scc .  Dividing by 
2 

R 

1 . 6  x erg/eV gives  W T, k .5  x lo2' eV/sec .  To c a l c u l a t e  t h e  cathode n 
hea t ing  d.ixe t o  ion  bombardment, we mul t ip ly  t h e  ion  f l u x  t imes t h e  c ross -  

s e c i t o n a l  a r e a  of t h2  cathode t i m e s  the energy p e r  i nc iden t  i on .  That i s ,  

the inc iden t  energy on Lhe cathode i s  given by 

WI = n.v.AEi. 
1 1  

(7' ) 

We 31-16 i n t e r e s t e d  i n  e s t ima t ing  n v The end area of t h e  cathode i s  
i i '  

% .1.5 cm2, and E % 5 keV, s ince  each ion  f a l l s  through t h e  % 5-keV 
i 

2 
cathode p o t e n t i a l .  l 'nus, W = 7 . 5  11.v. x 10 eV/sec, where n.v has t h e  

I 7 1. i i  
2 

u n i t s  o f  ions/cm - s e c .  Equating W and W gives  H 1 

( 8 '  1 18 2 
n v % 6 x 10 ions/cm -sec 
i i  

2 
For mostly s i n g l y  charged ions  t h i s  gives  a cu r ren t  dens i ty  o f  % l A/cm . 
Tnis resul t ,  i s  cons i s t en t  w i t h  t h e  normal ope ra t ing  parameters of t h e  

discharge - % 5 kV, . 5  A - and provides  an independent check t h a t ,  indeed 

l a rge  fl.uxes of ions out t h e  ends of t h e  plasma a r e  t o  be expected. 




