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15 CM DUOPIGATRON ION SOURCE* 

W .  L. S t i r l i n g ,  C. C. Tsai,  and P. M. Ryan 
Oak Ridge Nat iona l  Laboratory 

Oak Ridge, Tennessee 37830 

ABSTRACT 

1 
The 10 cm ( g r i d  diameter) duoPIGatron i o n  source produces 

pulsed hydrogen i o n  beams of 10 t o  15 A beam c u r r e n t  i n  the  20 t o  40 

keV energy range f o r  a du ra t i on  o f  a few tenths o f  a second. To f u l -  

f i l l  t he  requirements o f  the  nex t  generat ion o f  high-power neu t ra l  

beam i n j e c t o r s  f o r  heat ing  plasmas i n  CTR devices, t h i s  source has been 

enlarged t o ' a  v.ersisn 15 cm i n  g~,i$ diameter. .  I n  add i t i on ,  by u t i l i z -  . . ,  :. 

i n g  a magnetic m u l t i p o l e  l i n e  cusp f i e l d  confinement method, the plasma 

created i s  charac ter ized over  the  15 cm g r i d  diameter by a no ise  l e v e l  

w i t h i n  - + 10% and s p a t i a l  dens i ty  v a r i a t i o n s  w i t h i n  - + 5% a t  a dens i ty  

on the order  of 1012 c ~ n - ~ .  This  l a r g e r  source has operated r e l i a b l y  

and produced a beam cu r ren t  exceeding 30 A o f  hydrogen a t  27 keV. 

I n i t i a l  opera t ion  o f  a 20 cm vers ion  of t h i s  source employing l i n e  cusp 

confinement has produced an e x t r a c t i o n  c u r r e n t  o f  60 A a t  33 keV. 

*Research sponsored by the  Energy Research and Development Admin i s t ra t i on  

under con t rac t  w i t h  Union Carbide Corporat ion. 



INTRODUCTION 

Neut ra l  beam i n j e c t i o n  heat ing  experiments' i n  ATC, ORMAK, and TFR 

have demonstrated t h a t  energet ic  neu t ra l  beams can heat  the  t o r o i d a l  

plasma To heat  the plasma i n  CTR devices t o  r e a c t o r  

temperatures requ i  res  high-power energet ic  neu t ra l  beams w i t h  tens 

o f  amperes o f  hydrogen ( o r  deuterium) beam c u r r e n t  o f  energy range 10 

t o  100 keV. For th i .s  app l i ca t i on ,  the plasma source should be capable 

o f  producing a quiescent,  uniform, and dense plasma i ,n order  t o  produce 

a w e l l  co l l imated,  h igh  c u r r e n t  dens i t y  beam; f o r  example, the  no ise  

l e v e l  and spat ia1, ldensi ty  variatd.ons should be w e l l  below + 10% over 

several  h u n d r e d s o f  square cent imeters a t  a dens i t y  o f  a fw- t imes ;:.. ...' 

1012 ~ m - ~ .  The o the r  desire,d fea tures  are  h igh  gas and power e f f i -  

c ienc ies  and source r e l i a b i l i t y .  Plasma sources such as the  m u l t i -  

f i l amen t  source developed a t  Lawrence Berkeley Laboratory and the  duo- 

PIGa,tron i o n  source developed a t  Oak Ridge Nat iona l  Laboratory a re  ab le  

t o  f u l f i l l  some o f  these bas ic  requirements. They a re  being s e r i o u s l y  

considered f o r  use i ,n  the development o f  f u t u r e  high-power n e u t r a l  beam 

i n j e c t o r s  f o r  PLT, PDX, and TFTR a t  PPPL, Doublet I11 a t  GA, and ORMAK 

Upgrade and TNS a t  Oak Ridge. 

. I n  the  present  s t a t e  o f  technology, the plasma source requ i res  a t  

l e a s t  1 kW of a rc  power t o  produce 1 ampere a f  beam cur ren t .  I n  order  

t o  r a i s e  the  a r c  power e f f i c i e n c y ,  i t  i s  necessary t o  improve s p a t i a l  

u n i f o r m i t y  and no ise  l e v e l  o f  the  source plasma. We have undertaken a 

study t o  improve the plasma p rope r t i es  o f  a duoPIGatron i o n  source 

mod i f ied  w i t h  l i n e  cusp confinement, bear ing i n  mind t h a t  the  magnetic 

m u l t i p o l e  l i n e  cusp containment device4 developed a t  UCLA i s  capable o f  



producing a  d e s i r a b l e  quiescent  and un i fo rm plasma i n  argon. The 

m o d i f i e d  source has a  magnetic mu1 t i p o l e  l i n e  cusp c o n f i n i n g  f i e l d  

around the a r c  chamber j u s t  above the  t a r g e t  cathode. P re l im ina ry  

r e s u l t s  from a mod i f i ed  15 cm duoPIGatron i o n  source i n d i c a t e  t h a t .  

i t  i s  capable o f  genera t ing  a  des i rab le ,  quiescent,  uniform, and 

dense plasma f o r  producing 30 A o f  hydrogen i o n  c u r r e n t  a t  27 keV 

energy a t  a  beam c u r r e n t  densi t.y o f  above 300 mA cm-'. 

A f t e r  a b r i e f  rev iew o f  the  source operat ion, we w i l l  descr ibe 

recen t  progress and some envisaged f u t u r e  improvements. 

F igure  1  shows the  sketch o f  a  convent ional duoPIGatron i o n  

w i t h  a  15 cm g r i d  diameter. F igure 2  shows the mod i f ied  

duoPIGatron w i t h  the  l i n e  cusp added. ( I t  should be acknowledged t h a t  

ou r  a r c  chamber i s  a  v a r i a t i o n  o f  the magnetic mu1 t i p n l e  containment 

4  
device which was developed a t  UCLA by MacKenzie and associates . )  The 

1  i n e  cusp f i e 1  d  arrangement i s  made o f  12 columns o f  permanent magnets 

about 15 cm long,  magnetized r a d i a l l y  w i t h  opposi te p o l a r i  t.y f o r  the  

ad jacent  columns. The columns l i e  on a  c i r c l e  having a  diameter o f  

25 cm. The magnets (0.96 cm square by 2.54 cm long; maximum magnetic 

f i e l d  0 2 4 kG) have been s e t  i n  t he  s l o t s  on the  w a l l s  o f  t he  a r c  cham- 

ber  and j u s t  above the  t a r g e t  cathode. The plasma generator cons is ts  o f  

h o t  cathodes, i n te rmed ia te  e lect rode,  anode 1, anode 2, and t a r g e t  cath-  

ode as i n  the  standard duoPIGatron. The t a r g e t  cathode i s  sometimes 

r e f e r r e d  t o  as the plasma e lec t rode o r  screen e lec t rode.  The in te rmed ia te  

e lec t rode  serves as a  magnetic po le  t o  p rov ide  an a x i a l  magnetic f i e l d ,  the 



source fie1 d ,  in the anode region. A pulsed arc voltage i s  applied be- 

tween the anodes and hot cathodes. The intermediate electrode and 

target  cathode are  returned to  the arc  supply positive terminal through 

resistances of 1 Kn and 250 n respectively. 

In conventional source operation, the source contains a cathode 

plasma and a PIG plasma separated by a double layer. The cathode plasma 

i s  produced within the intermediate electrode chamber by primary elec- 

trons emitted from the hot cathodes. In th i s  region of zero magnetic 

f i e ld ,  the plasma density i s  determined essentially by the arc  current 

and gas pressure because of the low electron kinetic energy (<30 eV). 

The PIG plasma i s  .produced in the region enclosed by the anodes, 

intermediate electrode, and target  cathode. This plasma i s  created 

essent ial ly  by energetic electrons which originate from the cathode 
0 

plasma and which are  accelerated through the double layer.  The el ec- 

trons are  then constrained by the applied magnetic f i e ld  and osc i l l a t e  

between the intermediate electrode and the target cathode. They i n i t i a t e  

a "Penning ion gauge" ( P I G )  discharge, which i s  the principal ionization 

mechanfsm. Because of the i r  high energy and long p a t h  length, they 

create a dense PIG plasma; consequently, the density of the PIG plasma 

i s  mainly affected by the applied magnetic f i e l d ,  gas pressure, arc 

voltage, and arc current. 

While the cathode plasma works as an electron source and supplies 

ionizing electrons to the PIG discharge, the PIG plasma works as an ion 

source and supplies ions to  the extraction electrodes in order to  form a 

high-current ion beam. The double layer works as a controlling mechanism 

which determines the PIG plasma uniformity and the source re1 iabi 1 i t y .  
5 



I n  the case of the  mod i f i ed  duoPIGatron, the  app l i ed  source f i e l d  

i s  much weaker and plasma confinement i s  accomplished by the  1  i n e  cusp 

magnetic f i e l d .  The l i n e  cusp f i e l d  a l s o  reduces the  d i r e c t  l oss  t o  

the  second anode o f  i o n i z i n g  e lec t rons  i n  the P I G  discharge. . I n  t h i s  

way the  modif ied duoPIGatron prov ides 'magnet ic  f i e l d  f r e e  containment 

over  t he  e x t r a c t i o n  area and hence an e a s i l y  achieved, ~.!niform, dense 

PIG plasma. . 

SOURCE PERFORMANCE 

F igure  3 shows a  comparison of t he  dens i t y  p r o f i l e s  f o r  the con- 

ven t i ona l  duoPIGatron, l abe led  NORMAL, and the  mod i f ied  dilnPTGafron, 

1 abel ed CUSP. Plasma dens i t y  was determined from i o n  s a t u r a t i o n  

c u r r e n t  measured by a  Langmuir probe l oca ted  about 0.6 cm above the  

t a r g e t  cathode. I n  t he  convent ional duoPIGatron, the no ise  l e v e l  i s  

below - + 10% and the  plasma dens i ty  v a r i a t i o n  over the  15 cm g r i d  d ia -  

meter i s  w i t h i n  - + 15% a t  a  dens i ty  o f  above 2  x  10" ~ m - ~ .  The source 

has been operated r e l i a b l y  t o  produce a  hydrogen i o n  beam o f  20 A a t  

25 keV. Maximum dens i t y  can be increased by i nc reas ing  the  source 
t; 

magnetic f i e l d ,  b u t  t he  u n i f o r m i t y  i s  impaired and h igh  vo l tage s p i t t i n g  

becomes severe. U n i f o r m i t y  can be improved by lower ing  the  magnetic 

f i e l d ,  b~rt. t he  dens i t y  i s  then too  low t o  produce h ighT tcu r rcn t  i o n  

beams because the weak magnetic f i e l d  cannot e f f e c t i v e l y  con f i ne  the  

ene rge t i c  i o n i z i n g  e lec t rons  w i t h i n  the  P I G  a r c  column. I n  add i t i on ,  

the weaker magnetic f i e l d  increases the  l o s s  r a t e  o f  charged p a r t i c l e s  

f rom the  P I G  plasma t o  the  anode'wal ls.  



The confinement and uni formi  ty problems haye both been a1 1  e v i  ated 

i n  the  modi f ied  duoPIGatron source. The l i n e  cusp magnetic f i e l d  

e f f e c t i v e l y  conf ines both t h e  energet ic  i o n i z i n g  e lec t rons  and the  

charged p a r t i c l e s  w i t h i n  the  PIG plasma. The modi f ied  15 cm source 

has been operated r e l i a b l y  w h i l e  producing a  hydrogen i o n  beam w i t h  

a  cu r ren t  exceeding 30 A a t  27 keV. Both the  cu r ren t  and vo l tage o f  

the. i o n  beam were l i m i t e d  by the  associated e l e c t r i c a l  suppl ies:  h igh-  

vol  tage power supply, h igh-vol  tage modulator, and a rc  power supply. 

Some c h a r a c t e r i s t i c s  o f  the  conventional and the  modi f ied  15 cm 

sources are l i s t e d  i n  Table 1. The column denoted by NORMAL i s  f o r  

the  conventional source and t h a t  denoted by CUSP i s  f o r  t he  modi f ied  

source. For the modi f ied  source, the  app l ied  magnetic f i e l d  represented 

by I i s  weaker, and the p o t e n t i a l  d i f f e r e n c e  between the  anode and the 

t a r g e t  cathode, VA - VTC, i s  lower than t h a t  f o r  the conventional source. 

The e l e c t r o n  temperature, Te, i s  h igher  and plasma un i fo rm i t y ,  An, i s  

improved over the g r i d  diameter. The plasma dens i t y  and u n i f o r m i t y  

appear more ' sens i t i ve  t o  the  e f f e c t  o f  pressure i n  the  modi f ied  source; 

t h i s  increased s e n s i t i v i t y  i s  probably caused by the  lower app l i ed  

magnetic f i e l d .  The cusp f i e l d  arrangement i n  the  modi f ied  source p lays 

a  c r u c i a l  r o l e 4  i n  improving the  p l a s M  dens i ty  and un i fo rm i t y .  

FUTURE IMPROVEMENTS 

Pre l iminary  values f o r  plasma dens i t y  and u n i f o r m i t y  were repor ted  

i n  the  previous sect ion.  On the  bas is  o f  t he  discharge model f o r  t he  

duoPIGatron and the  in format ion  g iven by Table 1, these values may be 

f u r t h e r  improved by the  f o l  lowing modi f i ca t ions  : 



1) Opt imiz ing  the  arrangement o f  l i n e  cusp magnetic f i e l d .  According 

4 
t o  MacKenzie and associates,  the  magnetic m u l t i p o l e  confinement i s  a very 

e f f e c t i v e  way o f  c o n f i n i n g  a dense, uniform, large-volume, and quiescent  

plasma. T h l s  i s  because such an arrangement can e f f e c t i v e l y  conf ine  

both t h e  pr imary e l e c t r o n s  and the charged p a r t i c l e s  i n  the plasma. How- 

ever, as the number o f  magnetic mu l t i po les  i s  increased, the plasma 

d e n s i t y  i s  lowered and the  plasma uniform it,^ i s  improved. A s i m i l a r  

\ e f fec t  may e x i s t  i n  t h e  source plasma i n  the  mod i f i ed  duoPIGatron. By 

o p t i m i z i n g  the  length  and number o f  columns i n  the l i n e  cusp magnetic 

f i e l d ,  and by adding a f l u x  r e t u r n  path f o r  the  magnets, the  source 

performance may even tua l l y  be improved. 

2) Opt imiz ing  the  source e lect rodes,  p a r t i c u l a r l y  i n  dimension, 

con f i gu ra t i on ,  and r e l a t i v e  p o s i t i o n .  Th is  w i l l  improve both the  

r a d i a l  d i s t r i b u t i o n  o f  the  i o n i z i n g  e lec t rons  i n  the  P I G  discharge and 

t h e i r  i o n i z a t i o n  e f f i c i e n c y .  It may a l s o  reduce the  l o s s  r a t e  o f  

plasma t o  the e lec t rodes and cou ld  l ead  t o  improvement i n  plasma dens i ty  

and un i fo rmi ty .  The source performance and r e l i a b i l i t y  may a l s o  be 

improved. a 

3) Bias ing  the  t a r g e t  cathode negat ive t o  the  p o t e n t i a l  a t  . - . . which . . . .. - 

i t  f l o a t s  when the  source operates as a normal duoPIGatron. This  should 

reduce the  r a t e  of P I G  discharge i o n i z i n g  e lec t rons  l o s t  t o  the t a r g e t  

cathode. The i o n i z a t i o n  e f f i c i e n c y  o f  the  i o n i z i n g  e lec t rons  should 

thus be improved and the  P I G  discharge i n t e n s i f i e d .  This  m o d i f i c a t i o n  

may r a i s e  the plasma d e n s i t y  w i t h o u t  impa i r i ng  the plasma un i fo rm i  t y .  



The associated e l e c t r i c a l  suppl ies 1  i m i t a t i o n  mentioned e a r l i e r  

has been removed by i n s t a l l i n g  a  60 kV/60 A h igh-vo l tage power supply, 

a  60 kV/60 A modulator, and a  100 VDC/800 A arc  power supply. 

I n  a d d i t i o n  t o  developing the mod i f ied  15 cm source we have en- 

la rged the duoPIGatron t o  a  20 cm diameter u t i l i z i n g  the l i n e  cusp con- 

f inement geometry. I n i t i a l  opera t ion  has produced a  60 A beam o f  hydrogen 

a t  33 keV. Opt imiza t ion  of the  source parameters i s  proceeding w i t h  a  

goal o f  60 A a t  40 keV. We a l so  have 22 cm and 25 cm i o n  source compo- 

nents i n  f a b r i c a t i o n .  I t  seems ce r ta in ,  there fore ,  t h a t  t he  duoPIGatron 

i o n  source, s u i t a b l y  mod i f ied  and upgraded, i s  capable of development 

f o r  use i n  f u t u r e  high-power beam i n j e c t o r s .  
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Fig.  1.. 15 cm Prototype DuoPIGatron Ion Source. 
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Fig. 2.  Modified 15 cm Du~PIGatron Ion Source with Magnetic Mu1 t i p o l e  Line Cusp Confining F ie ld .  
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TABLE I 

SOURCE CHARACERISTI CS 

NOWL 

ISM 70 TO 80 A 

I ARC UP TO 400 A 

VARC UP TO 150 V 

VA - VTC 2- 50 V 

KTE - 6 EV 
An 

115 CM DIM 15% 

CUSP 

20 TO 40 A 

UP TO 450 A 

UP TO 150 v 
5 30 V 

- 12 EV 

5 +- 5% 

-10 MTORR 
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