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HIGH PERFORMANCE HEAVY-ION SOURCE FOR CYCLOTRONS* 

E .  D. Hudson, M. L. Mallory ,  and S .  W. Mosko 
Oak Ridge Na t iona l  Labora tory  

Oak Ridge, Tennessee 37830 

Summary 

A cold  ca thode  Penning d i s c h a r g e  i o n  source ,  ’’‘ 
power supp ly ,  and i ts  performance i n  t h e  Oak Ridge 
I sochronous  Cyclo t ron  (ORIC) are desc r ibed .  The i o n  
s o u r c e  has  ope ra t ed  a t  power l e v e l s  as h igh  as 8 kW 
and has  produced a v a r i e t y  of p a r t i c l e  beams, r ang ing  
from deuter ium t o  xenon and w i t h  cha rge  states up t o  
+12. I n  p q r t i c u l a r ,  2 0  e p A  ( e l e c t r i c a l  microampere) 
of I 6 > 1 6  0 d , 5 x 10‘ p / sec  ( p a r t i l l e  per  second) of 

, and lo’ p / sec  of ‘ ” X e ”  have been e x t r a c t e d  6 OAr 1 o+ 

from O R I C .  From t h e  known i n t e n s i t i e s  of a c c e l e r a t e d  
i o n s  and t h e  c a l c u l a t e d  t o t a l  i o n i z a t i o n  p o t e n t i a l ,  
a means of p red iL t ing  p a r t i c l e  i n t e n s i t y  f o r  a g iven  
cha rge  s t a t e  has  been developed. 

Penning Source Design 

A t  Oak Rldge w e  have r e c e n t l y  c o n s t r u c t e d  a ve ry  
compact Penning s o u r c e  f o r  ORTC. A schemat ic  drawing 
of t h e  s o u r c e  i s  shown i n  F igu re  1. The s o u r c e  is  
5-1/4 i n .  long  and is  mounted on a s i n g l e  r a d i a l  arm. 
The mid-plane d i ame te r  of t h e  sou rce ,  t h e  dimension 
t h a t  p a r t i c l e s  must clear i n  t h e i r  f i r s t  c y c l o t r o n  
o r b i t ,  is  des igned  so  t h a t  a beam w i t h  an  i n i t i a l  
s t a r t i n g  r a d i u s  of 3 / 4  i n .  w i l l  c l e a r  t h e  chimney. 
The mid-plane schemat ic  (Sec t ion  AA, Fig .  I )  shows 
two c i r c u l a r  a r e a s  con ta ined  w i t h i n  t h e  ground s h e l l  
of t h e  chimney. The s m a l l e r  area i s  t h e  plasma 
chamber and is 5/16 i n .  i n  d i ame te r .  The l a r g e r  a r e a  
c o n t a i n s  a wdter-Coo1ed rod  having L / 8  i n .  c l e a r a n c e  
from t h e  grounded s h e l l .  Th i s  rod  s u p p o r t s  t h e  l e f t  
ca thode  ho lde r  and p rov ides  coo l ing  wa te r  and t h e  
e l e c t r i c a l  connec t ion  t o  the  liigh v o l t a g e  mani fo ld .  
Tine r i g h t  ca thode  h o l d e r  i s  w a t e r  cooled  and is  
mounted d i r e c t l y  on t h e  water mani fo ld  a t  h igh  v o l t a g e .  
The e a s i l y  r e p l a c e a b l e  ca thodes  are 1 / 2  i n .  s e c t i o n s  
c u t  from 1 / 2  i n .  d i a .  t an ta lum rod .  The 3/16  by 5/8 
i n .  beam a p e r t u r e  i s  de f ined  by a r e p l a c e a b l e  tan ta lum 
s l i t  c e n t e r e d  on t h e  3-1/2 i n .  long  plasma chamber. 
F igu re  2 IS P photograph of t h e  sou rce .  

Removable tan ta lum cove r s ,  which a l low a c c e s s  f o r  
maintenance, are provided  a t  t h e  r i g h t  and l e f t  ends  
of t h e  arc chamber. Gas l i n e s ,  w a t e r  coo l ing  l i n e s ,  
t h e  e l e c t r i c a l  l e a d  and a source  ad jus tment  rod  a r e  
housed i n  t h e  s u p p o r t  stem. The g a s  is  fed  i n  above 
t h e  r i q h t  ca thode .  Two c o n c e n t r i c  copper tubes  f o r  
wa te r  coo l ing  t h e  ca thodes  are con ta ined  j n  a nylon  
tube ;  they  a l s o  s e r v e  as t h e  e l e c t r i c a l  l e a d .  The 
ca thode  coo l ing  water tempera ture  i n c r e a s e s  40°C f o r  
10 kW ca thode  power d i s s i p a t i o n .  The s o u r c e  a d j u s t -  
ment rod a l lows  t h e  chimney t o  b e  r o t a t e d  t Z o  about 
t h e  ca thodes .  To a l i g n  t h e  a x i s  of t h e  a r c  plasma 
w i t h  t h e  magnetic f i e l d  t h e  chimney can b e  r o t a t e d  
( t i l t e d )  i Z 0  w i t h  r e s p e c t  to t h e  suppor t ing  stem and 
t h e  stem can be  r o t a t e d  + S o .  A l l  vacuum s e a l s  a r e  
made a t  t h e  f a c e p l a t e  end of t h e  sou rce  stem. 

*Work sponsored  by US AEC under c o n t r a c t  w i th  Union 
Carb ide  Corpora t ion .  

Power Supply 

P o t e n t i a l s  of up t o  6 kV are r equ i r ed  for  
s t r i k i n g  t h e  d i s c h a r g e  ( a r c )  and c u r r e n t s  up t o  12A 
a t  0.5 t o  2 .5  kV are requ i r ed  t o  s u s t a i n  t h e  arc. 
F i g u r e  3 is a schemat ic  of t h e  a r c  power r e g u l a t o r  
used a t  O R I C .  A series r e g u l a t o r  was added t o  an 
e x i s t i n g  75 kVA (12  A a t  6 . 2  kV) dc power supply  and 
t h e  r e g u l a t o r  i s  ope ra t ed  i n  a cur ren t - source  mode. 
S e r i e s  r e s i s t a n c e  i n  t h e  s c r e e n  c i r c u i t  p r o t e c t s  t h e  
4CW25000A t ubes  from e x c e s s i v e  s c r e e n  c u r r e n t .  The 
g r i d  b i a s  c o n t r o l s  t h e  a r c  c u r r e n t  irom 0 t o  1 2  A.  The 
tubes  a r e  a b l e  t o  wi ths t and  t h e  f u l l  uu tput  of t he  
power supply  when a s h o r t  c i r c u i t  or  very  low arc 
impedance occur s .  

DC T e s t  Stand R e s u l t s  

An e a r l y  v e r s i o n  of t h e  sou rce  was cons t ruc t ed  
and t e s t e d  i n  a d r  Source test  s t and .  A procedure  t o  
a l i g n  t h e  a r c  w i t h  t h e  magnetic f i e l d  w a s  developed a s  
fo l lows .  The a r c  c u r r e n t  con t ro l  i s  set a t  z e r o  and 
a h igh  gas  f low (10 cc/min) is main ta ined .  The vo l t age  
supp ly  is  turned  on a t  5 kV and t h e  sou rce  s t e m  is 
r o t a t e d  u n t i l  a minimum i n  t h e  a r c  v o l t a g e  occur s ;  t h i s  
i n d i c a t e s  optimum a l ignment  w i t h  t h e  magnet ic  f i e l d .  

lon o u t p u t s  f o r  v a r i o u s  i o n  charge  states w e r e  
measured. A t y p i c a l  r e s u l t  f o r  oxygen is  1 7  U A  of 5+, 
210 uA of 4+, 1300 pA of 3+, 1400 pA of 2f- and 800 1A 
of l+. A d e t a i l e d  s y s t e m a t i c  e v a l u a t i o n  of v a r i o u s  
sou rce  parameters”‘ (gas  f low,  a r c  c u r r e n t ,  and a r c  
v o l t a g e )  h a s  n o t  been made. However, w e  f i n d  t h a t  an 
“optimum” source  c o n d i t i o n  can b e  a r r i v e d  a t  qu ick ly  
i n  c y c l o t r o n  o p e r a t i o n .  

Opera t ion  of Source i n  Cyclo t ron  

A t y p i c a l  set of peaked source  c o n d i t i o n  on t h e  
c y c l o t r o n  is  600 V a t  3 t o  8 A .  Even f o  t h e  h igh  
charge  s t a t e s  such  as “ArEo+ o r  192XeLZf , t h e  beam 
c u r r e n t  peaks a t  1.600 V .  The ou tpu t  of t h e  h ighe r  
charge  states i s  ext remely  s e n s i t i v e  t o  gas  f low 
(-Zcc/min). The lower t h e  gas  f low,  t h e  h ighe r  t h e  
o u t p u t ,  excep t  t h e r e  is  a minimum flow t h a t  t h e  a r c  
must have t o  o p e r a t e  i n  t h e  h igh  c u r r e n t  mode ( i 2  A) 

l’he ca thode  l i f e t i m e  is a f u n c t i o n  of i o n  s p e c i e s  
and s o u r c e  power. For carbon and n i t roger i  i o n s ,  l i f e -  
t i m e s  of 8 t o  1 2  hour s  are usua l .  For oxygen and argon 
i o n s ,  2 t o  4 hours  are t y p i c a l .  F o r t u n a t e l y ,  changing 
of ca thodes  i s  a r e l a t i v e l y  s imple  procedure  and 
r e q u i r e s  on ly  1 5  t o  30 minutes.  Source f a i l u r e  is  due 
t o  e r o s i o n  of t h e  ca thodes  by p o s i t i v e  i o n s  d r a i n i n g  
from t h e  a r c  plasma. F igu re  4 shows some t y p i c a l  
e roded  ca thodes ;  t h e  e r o s i o n  r a t e  f o r  tan ta lum is about 
one gram p e r  hour.  As t h e  dep th  of t h e  crater i n  t h e  
ca thodes  i n c r e a s e s ,  i t  is  i n c r e a s i n g l y  d i f f i c u l t  t o  
r e s t r i k e  t h e  a r c .  When t h e  c r a t e r  dep th  e q u a l s  t h e  
c r a t e r  d iameter  (%1/4 i n . )  t h e  f u l l  6 kV i s  inadequate  
t o  s t r i k e  the  a r c .  The a r c  is  e a s i e r  t o  r e s t r i k e  i f  
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t h e  c y c l o t r o n  r f  i s  turned  o f f ,  t h e  gas  flow i s  in- 
c r eased ,  and t h e  ca thodes  have no t  y e t  cooled  apprec i a -  
b ly .  A f a s t  a c t i n g  bypass v a l v e  on the  gas  l i n e  
p e r m i t s  a r ap id  i n c r e a s e  of t h e  gas f low.  

Eros ion  of t h e  chimney from bombardment by acce l -  
e r a t e d  i o n s  t h a t  do not  g a i n  enough energy t o  c l e a r  
t h e  sou rce  e rodes  1 /16  i n .  of copper i n  about  a month's 
ope ra t ion .  Eros ion  i n  ano the r  r eg ion  can on ly  be a t -  
t r i b u t e d  t o  nega t ive  i o n s  a c c e l e r a t e d  o f f  phase.  A l l  
w a t e r  and gas  l i n e s  t h a t  c r o s s  t h e  median p l ane  a r e  
p r o t e c t e d  by a d d i t i o n a l  copper s h i e l d s .  An i n c r e a s e  
i n  beam i n t e n s i t y  of  t h e  h igh  charge  s t a t e s  was no t i ced  
as a h o l e  was eroded i n  t h e  plasma chamber. When t h i s  
h o l e  i n t o  t h e  c y c l o t r o n  vacuum was en large$  t h e  beam 
i n t e n s i t y  of t h e  h igh  charge  st.ates (*OAr' ) i nc reased  
bu t  ts1, beam i n t e n s i t y  of t h e  l o w  charge  s t a t e s  
("O* ) decreased .  Th i s  i n d i c a t e s  t h a t  t h e  optimum 
p r e s s u r e  a t  t h e  sou rce  mid-plane depends on t h e  charge  
s t a t e  d e s i r e d .  

Only a few runs  have been inads wi th  l i g h t  i o n s  
( D ,  He) i n  t h e  heavy i o n  source .  
g r e a t  q u a n t i t i e s  of l i g h t  i o n s  and i s  d i f f i c u l t  t o  
c o n t r o l .  A reduced s l i t  a p e r t u r e  (1/16 d i a m e t e r ) ,  an 
excess ive  gas  f low ( t o  quench t h e  a r c ) ,  and a reduced 
r f  v o l t a g e  w a s  used t o  l i m i t  t h e  l i g h t - i o n  beam 
c u r r e n t  from t h e  sou rce  t o  s a f e  l e v e l s .  The b r i g h t n e s s  
of t h i s  sou rce  is appa ren t ly  g r e a t e r  t han  t h a t  of t h e  
O R I C  ho t  ca thode  source .  I t  appears  t h a t  c y c l o t r o n s  
wi th  h o t  ca thode5  sources  and l i m i t e d  source  b r i g h t -  
nes s  may i n c r e a s e  t h e i r  beam i n t e n s i t y  s u b s t a n t i a l l y  
wi th  a co ld  ca thode  source .  

This  sou rce  p u t s  o u t  

O R I C  B e a m s  

The use  of t h e  "analogue beam"" technique  ( t h e  
use  of equ iva len t  q/m ions )  i n  deve loping  new beams 
pe rmi t s  t h e  s e p a r a t e  t r ea tmen t  of cyc lo t ron  parameters  
and source  parameters .  The i d e n t i f i c a t i o n  of a new 
beam i s  accomplished by measuring t h e  e x t r a c t e d  beam 
energy v i a  e l a s t i c  s c a t t e r i n g  (15') from a (1 .5  mg/cm2) 
gold  f o i l  on to  a s u r f a c e - b a r r i e r  d e t e c t o r .  The ana- 
logue  beam i s  used t o  c a l i b r a t e  t h e  measuring system. 
F igure  5 is  an  energy m7asurement f o r  132Xe'2+. The 
analogue be m w a s  "Ne' ( q / m  = 1/11]. The width  of 
t h e  132Xe'28 energy peak and t h e  s h i f t  i n  energy from 
98 M e V  t o  60 MeV is due  t o  t h e  t h i c k n e s s  of t h e  gold  
s c a t t e r f p g  f o i l . '  
as ""Zn 
of b r a s s  components i n  t h e  source .  

The c e n t r a l  peak has  been i d e n t i f i e d  
and i t s  o r i g i n  is  a t t r i b u t e d  t o  v a p o r i z a t i o n  

More than  {wenty heavy i o n  beams (mass >12)  have 
now been e x t r a c t e d  from O R I C ,  see Table 1. The max- 
i m u m  energy from O R I C  i n  M e V ,  is =90 q2/A. The 
e x t e r n a l  beam c u r r e n t s  are a l s o  l i s t e d  i n  Table 1. 
Ext rac ted  bean1 c u r r e n t s  f o r  p a r t i c l e s  w i t h  c u r r e n t s  
above 1 e u A  do n o t  r e p r e s e n t  t h e  maximum source  ou tpu t  
s i n c e  g r e a t e r  i n t e n s i t i e s  w e r e  n o t  r equ i r ed  f o r  t h e  
exper iments .  

Within r ecen t  y e a r s  many machinesa have been 
designed t o  a c c e l e r a t e  heavy i o n s  up t o  10 MeV/nucleon. 
A c r u c i a l  parameter i n  almost a l l  proposed des igns  is 
t h e  assumed i n t e n s i t y  of t h e  Penning i o n  source  f o r  a 
g iven  p a r t i c l e  and charge  s t a t e .  F igure  6 is t h e  
c a l c u l a t e d  i o n i z a t i o n  p o t e n t i a l '  ve r sus  m a s s  number. 
The sma1.l numbers a r e  the  charge  s t a t e  f o r  a g iven  
mass and a r e  loca t ed  a t  t h e  c a l c u l a t e d  i o n i z a t i o n  po- 

t e n t i a l  f o r  t h a t  charge  s t a t e .  The geometr ic  symbols 
i n d i c a t e  t h e  measured i n t e n s i t i e s  of heavy-ion beams 
t h a t  have been e x t r a c t e d  from O R I C .  F igure  7 is t h e  
t o t a l  i o n i z a t i o n  p o t e n t i a l  v e r s u s  charge  s t a t e  c a l c u l a t -  
ed f o r  s e v e r a l  elements. from carbon t o  uranium. The 
exper imenta l  i n t e n s i t i e s  a r e  shown and t h e  symbols a r e  
t h e  same as i n  F igu re  6 .  In  p r e d i c t i n g  i n t e n s i t i e s  of 
new beams, the t o t a l  i o n i z a t i o n  p o t e n t i a l  v e r s u s  charge  
s t a t e  is amazingly r e l i a b l e .  l h a t  i s ,  all charge  s t a t e s  
below 600 V a r e  produced i n  e p A  q u a n t i t i e s  from t h e  
p r e s e n t  sou rce .  An i n t e r e s t i n g  check would be t o  
measure t h e  i n t e n s i t i e s  of t h e  v a r i o u s  charge  3 t a t e s  of 
uranium; w e  would expec t  e u A  q u a n t i t i e s  of U ' O  

lower charge  s t a t e s  and enA q u a n t i t i e s  of U11f*'12ey 13'. 
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Fig .  2 .  The O R I C  Heavy-Ion Source.  P o s i t i v e  i o n s  
emerge froin t h e  3 / 1 6  by 5 /8  i n .  o v a l  d e f i n -  
i ng  s l i t  and o r b i t  c lockwise  about the  
source .  

ORNL- -DWG 71-1473 

NEGATIVE HV - ......... 9-1 
AT ION SOURCE 

... - 

4 C W 2 5 0 0 0 A  _ _ ~  
.- 8 

- 

L--ARC CURRENT CONTROL 

Fig .  3 .  Schematic of t h e  a r c  power r e g u l a t o r  f o r  t h e  
heavy-ion source .  The arc power can be  
v a r i e d  f r o m  3 .5  t o  6 kV and up t o  10  amperes. 
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F i g .  4 .  Cathodes: a t  l e f t  T a ,  unused; c e n t r a l  p a i r  
T a  with arid wi thou t  water  coo l ing ;  r i g h t  
Cu, eroded throtigh. 

0 \-.-.--A 
'O 10.0 30.0 50.0 70.0 

ENERGY, MeV 

Fig .  5. Components of t h e  q/m=l/ll e x t r a c t e d  beam. 
The three beam components can be  s e l e c t i v e l y  
enhanced by smalJ. ddjustrnents i n  t h e  magnetic 
f i e l d .  The peak of t h e  i n i t i a l  ana logue  
beam subs ides  wi th  t i m e .  
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F i g .  7 .  C a l c u l a t e d  t o t a l  i o n i z a t i o n  p o t e n t i a l s  
r equ i r ed  f o r  mult iply-charged heavy i o n s  of 
i n t e r e s t .  Geometric symbols i n d i c a t e  
e x t e r n a l  beam c u r r e n t s  t h a t  have been 
ob ta ined  wi th  t h e  Heavy-Ion Source i n  ORTC. 



Table I .  Heayy-ion beans t h a t  h d been e x  rdcted in O R I C  by Feb. 1, 1 9 7 1 ;  
1 x 5  n o t e  p a r t i c u l a r l y  Arlo' and X e  . 

PARTICLE 

12c3+ 

12c4+ 

14N2+ 

14N4+ 

14N5i- 

15N4+ 

1604+ 

1605+ 

1805+ 

20Ne4+ 

20Ne5+ 

20Ne6+ 

22Ne2+ 

35c,5+ 

22Ne5+ 

36Ar9+ 

40Ar8+ 

40Ar9+ 

40Ar10+ 

63cu9+ 

9 , , 6 +  

132xe12+ 

Rf FREQUENCY 
(MHz) 

21.9 

9.2 

12.4 

7.9 

9.9 

22.2 

20.7 

8.6 

7.7 

16.7 

20.7 

8.3 

7.9 

18.9 

12.4 

20.7 

16.7 

18.8 

20 .7  

12.4 

7.9 

7.9 

HARMONIC 

3 

1 

3 

1 

1 

3 

3 

1 

1 

3 

3 

1 

1 

3 

3 

3 

3 

. 3  

3 

3 

1 

1 

MAXIMUM 
ORIC 

(MeV) 
ENERGY~ 

67 

12 0 

26  

103 

16 1 

9 6  

9 0  

140 

12 5 

72 

112 

162 

16 

102 

6 4  

2 02 

144 

182 

225 

116 

49 

9 8  

MEASURED EXTERNAL BEAM 
CURRENT ENERGY 

119 

165 

80' 

122 

167 

> 10 

> 12 

> 2 0  

> 2 0  

3 

> 4  

2 0  

2 0  

> 1  

> 1  

3 

> l o 0  enAd 
d 8 0  enA 

> 1 enA 

5 x l o 5  part/sec 

146 300 enA 

180 

2 05' 

- 1 x 10 8 part/sec 

- 5  x l o 4  part/sec 

1 enAe 

0 .1  enAe 

9 8  - 1 x 10' psrt/sec 

a. BASED ON 9 0  q2/A 
b.  ELECTRICAL MICROAMPERES EXCEPT AS NOTED 
c.  CYCLOTRON ADJUSTED FOR AN ENERGY BELOW MAXIMUM 
d. NATURAL ISOTOPIC ABUNDANCE GAS AS SOURCE FEED 
e. FROM ION SOURCE MATERIAL OF CONSTRUCTION 
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