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ABS TRACT 

Parametric studies were made on a hot cathode reflex discharge H- 

Surface Ionization source with Transverse Extraction (SITEX) in both the 
pure hydrogen and the mixed hydrogen-cesium mode. 

density, beam current, gas efficiency, extracted electron-to-H- current 
ratio, heavy negative ion impurities, optics, and long pulse opera t ion  
were investigated as a function of  time, arc voltage, arc current,  

converter voltage, W2 gas flow, cesium feed rate, and plasma generator 

geometries. 

current density of 56 mA/cm2 at 23 mA f o r  5 s pulses and, gas efficiency 

of 3 % ,  (I/e) Q, 2 -C l', e,, (l/e) PI, 1. -t. lo, at a beam energy of 25 keV, 
Negative heavy ion beam impurities were reduced to <I% at I s w  current. 
densities. H- ions are produced principally by positive ion surface 

conversion using elemental cesium fractional monolayer coverage on a 

mol.ybdenum converter substrate, which is biased negatively with respect 

to the anode. 

Extraction cu~a-sent 

Initial results of the research were an extracted B- 

V 





INTRODUCTION 

Recent tokamak plasma fusion devices such as the Princeton Large 

Torus' (PLT) and the Poloidal Diverter Experiment2 (PDX) at the Princeton 

Plasma Physics Laboratory (PPPL) and the Oak Ridge Tokamak3 (0 

the Impurity Study Experiment' (ISX-B) at the Oak Ridge National Labo- 

ratory ( O W )  have successfully used high power, positive-ion-based 

neutral beam heating of the plasm with systems developed at ORNL. 

Research on PLT has established record high plasma temperatures of 

$7.5 keV with %2.4 MkJ of injected Do power at 40 keV from four beam 

lines. This successful heating technique will also be used on the 

Tokamak Fusion Test Reactor5 (TFTR), whfch is located at PPPL, at 

neutral beam energies of 120 keV. 

stration6 and power reactor7 tokamak bulk plasma heating by neutral  

beams may require beam energies in the range of 120-250 IceV, with a 
total power from all beams of ~ 7 0  MW for $10 6. Current drive, p r o f i l e  

control, and impurity control scenarios may require energies hundreds of 

kiloelec tronvolts above this. Mirror reactors which are being investi- 

gated at the Lawrence Livermore National Laboratory (LLNL), w i l l  pkaee 
even more stringent requirements on neutral beam heating systems. F o r  

mirror reactors, the different neutral beam systems must operate at 

steady state and at beam energies up to 400 keV. 

Calculations indicate that demon- 

High energies above 100 keV per nucleon are clearly out of the 

practical range of positive-ion-based sysrems9 9 l o  due to a greatly 

reduced neutral equilibrium fraction at high energies, as shorn in 

F i g .  l. For example, the neutral fraction produced by passing a 

(150/200)-keV D+ beam through D2 gas is (34/13)%.11 
izatrion efficiency is coupled with the best ORNL source optics of 0.5" 
(HWHII) at 70 keV demonstrated to date, which produced an 80% beam 

transmission12s l 3  through a +2" aperture, we get a neutral power-to- 

input: power ratio of 4 ( 1 0 / 2 7 ) %  f o r  H /U 

energy recovery system recently developed at ORNL operating at 60% 

efficiency, 14-1 

<(14/32)% for H /[I 

When this neutral- 

4 - 4 -  
ions at 150 keV. with the. 

the beam system's power efficiency would be boasred to 
+ f  ions at 150 keV. 

1 
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F i g .  1. Peak neutralization e f f i c i e n c y  of 
different i o n  species as a function of ion energy 
(cour tesy  of K. Prelec). 



3 

. 

High energy neutrixl beam heat. ing systems based on negative.  ions 

o f f e r  a way o f  great3.y i n c r e a s i n g  system eff ic iency.  Several d i f f e r e n t  

R-/D- beam g e n e r a t i o n  systems are c u r r e n t l y  under i n w s t i g a t i o r i  f o r  t h i s  

purpose. High power negatlve ion  beams have been produced a t  Lawrence 

Berkeley Laboratory (T.,BL) a and e lsewhere  by t h e  double charge errchange 

method and at Brookhaven National. (BNL) by s u r f a c e  ion iza -  

t i o n .  A t  XNL D- beams of l. A a t  130 keV a t  very s h o r t  p u l s e  l e n g t h s  of 

3 ms have been produced w i t h  a d ive rgence  of +15".  Although t h e s e  

experiment::; were impor tan t  i n  the  development of n e g a t i v e  i o n  beam 

systems, the u l t i m a t e  s u i t a b i l i t y  of t h e  soiirces tested f o r  r e a c t o r  use 

i s  dependent on s i . g n i f i c a n t  development i.n t h e  ;xreas of system des ign ,  

gas  e f f i c i ency ,  power: ef f i c i e n e y ,  o p t i c s ,  and. long p u l s e  c a p a b i l i t y .  

I n i t i a l .  r e s u l t s  from 25-keV H- beam e x t r a c t i o n  s t u d i e s 2 0  a t  ORNL 

i n d i c a t e  t h a t  i t  may be p o s s i b l e  t o  have n e g a t i v e  i o n  beam o p t i c s  as 

good as t h e  p r e s e n t  p o s i t i v e  1011 opt:lcs. 

positive i o n  source ,  w e  have demoxistrated t h a t  ~430% of H i o n s  p lus  

n e u t r a l s  a t  ~ ~ 1 0 0  keV can be t r a n s m i t t e d  through a 22' opening at: 4 m 

. f r o m  t h e  source .  

o p t i c s ,  we could  couple  t h i s  w i t h  a Dz gas n e u t r a l i z e r  t o  produce a 453% 

power effi .cient beam l ine a t  1.50 't:o :-2OO keV beam energy wi thout  energy 

recovery.  

d r i v e n ,  photon-detachment neutralizer o p e r a t i n g  a t  a e f f l . c i ency .  

A recent r e p o r t  a t  t h e  BNL negat.i.ve ion symposium i n d i c a t e d  t h a t  a 1-MW 

Laser system woul .d  be  adequate  f u r  a 18-MW beam and could provide  a 

?90xz2  n e u t r a l  f r a c t i o n .  *rile n e t  powgr e f f i c i . ency  from a l a s e r - n e u t r a l -  

ized, negative-ion-based system could be as high as 75%; t h i s  e f f i c i e n c y  

should  b e  ach ievab le  i n  t h e  energy r ange  of 100-~.600 keV, where mul t igap  

d i r e c t  extrac.t ion: i s  p o s s i b l e ,  2 3  9 2 4  

achieved wi th  two stages of  a c c e l e r a t i o n  us ing  present ion  sui~rces a t  

t h e  cost: of more hardware complex.i.ty. 

W i t h  an e a r l y  model advanced 
4- 

1.3 IE the n e g a t i v e  i o n  source  ach ieves  t h i s  q u a l i t y  

An even more promising result can e x i s t  by usir1.g a laser- 

T h i s  e f  f icfeney cou1.d a l s o  be 
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I. EXPERIMENTAL APPARATUS 

The s t u d i e s  i n  t h i s  paper  u t i l i z e d  bo th  an e x i s t i n g  Calu t ron  test 

f a c i l i t y  and ion source  assembly t h a t  w e r e  bo th  modified f o r  t h e  purpose 

of t h e s e  experiments .  Changes t h a t  were made inc lude  a new plasma 

g e n e r a t o r ,  a cesium oven and v a l v e  c o n t r o l ,  a new e l e c t r o n  c o n t r o l  

system, and new a c c e l e r a t o r  e l e c t r o d e s .  I n  i ts  o r ig ina l .  c o n f i g ~ r a t i o n , ~ ~  
c this i o n  source  produced over  0.5 A of C a  i o n s  a t  35 keV. With an  

expanded plasma gene ra to r  and m u l t i p l e  s l i ts ,  t h i s  source  assembly would 

b e  l a r g e  enough t o  produce a n  QlO-A, H-/D- beam a t  40 kV. 

we can  ach ieve  120 mA/cm2 ou tpu t  a t  t h e  emission slit .  

'rhis assumes 

A. Plasma gene ra to r  

Figure 2 shows an elementary drawing of t h e  plasma gene ra to r  con- 

c e p t s  used i n  t h e  p r e s e n t  experiments .  A h o t  tan ta lum f i l amen t  e m i t 5  

e l e c t r o n s  t h a t  are drawn t o  t h e  anode a long  magnetic f i e l d  l i n e s  by 

~10O-2OO V(dc) .  H2 gas  admi t ted  near  t h e  f i l amen t  eo11ides  i n e l a s t i c a l l y  

w i t h  t h e  e n e r g e t i c  e l e c t r o n s  t o  form an i n t e n s e  arc d i scha rge .  Primary 

e l e c t r o n s  wi th  arc v o l t a g e  e n e r g i e s  stream through an  anode c o l l i m a t i n g  

slat i n t o  a hollow anode chamber where they  produce more hydrogen i o n s  

i n  a d d i t i o n  t o  those  produced i n  t h e  f i l amen t  reg ion .  These primary 

e l e c t r o n s ,  reduced i n  energy by i n e l a s t i c  c o l l i s i o n s ,  stream through 

ano the r  c o l l i m a t i n g  s l o t  i n  t h e  oppos i t e  s i d e  of t h e  anode chamber and 

are r e f l e c t e d  f rom a f l o a t i n g  e l e c t r o d e  that is  se l f -b i a sed  by e l e c t r o n  

and i o n  c u r r e n t s .  These e l e c t r o n s  a g a i n  enter  t h e  hollow anode chamber 

f o r  fur ther i o n i z a t i o n  c o l l i s i o n s  and o s c i l l a t e  i n  t h e  chamber u n t i l  

t hey  are thermal ized  o r  l o s t  t o  t h e  anode w a l l .  The f l o a t i n g ,  r e f l e c t i n g  

e l e c t r o d e  p o t e n t i a l  has been measuk-ed i n  o t h e r  experiments  and normally 

f l o a t s  at 1 t o  1-112 t i m e s  t h e  cathode voltage. 

i n t o  t h e  hol low anode chamber r a t h e r  t han  i n t o  the cathode r eg ion ,  then 

twice as much gas  is  requ i r ed  to mainta in  t h e  same d i scha rge  c u r r e n t  and 

IS- beam c u r r e n t  f o r  a 2.54 ern long  s l i t .  Longer sli ts  r e q u i r e  a feed  a t  

bo th  m o d e  and cathode l o c a t i o n s  f o r  optimum gas e f f i c i e n c y ,  ki f l a t  

I f  112 gas  is  admi t ted  
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molybdenum conver t e r  e l e c t r o d e  is  placed d i r e c t l y  behind the  arc d i scha rge  

and i s  connected t o  a b i a s  supply ,  which can vary  t h e  conve r t e r  po ten t ia l .  

from 0 t o  -250 V(dc) with r e s p e c t  to t h e  anode. Cesium i s  admi t ted  t o  

t h e  back of t h e  arc chamber i n  o r d e r  t o  provide  a molybdenum conver t e r  

coverage Q 3 / 4  of a monolayer, which has  been r e p o r t e d  t o  maximize the 

H- y i e l d  from t h e  su r face .26  

t h i s  plasma gene ra to r  w i th  power supply connec t ions  except f o r  t h a t  

necessa ry  t o  d i spose  of e x t r a c t e d  e l e c t r o n s .  I n  order- t o  exped i t e  t h e s e  

experiments ,  t h e  arc chamber w a s  cons t ruc t ed  from an e x i s t i n g  g r a p h i t e  

assembly modif ied f o r  t h i s  work. U n t i l  a s u i t a b l e ,  a c t i v e l y  cooled 

metal  source i s  developed,  g r a p h i t e  h a s  made long  p u l s e  work possib3.e 

wi thou t  danger  of d e s t r o y i n g  the source .  Some p a r t s  d id  g e t  'not enough 

wi th  dc  o p e r a t i o n  t o  subl ime some g r a p h i t e  away from arc a r c a s .  Molyb- 

denum w a s  plasma sprayed on a l l  g r a p h i t e  s u r f a c e s  t o  a 0,05-0.1-um, 

Chickness t o  prevent: a cesium a t t a c k  of t h e  g r a p h i t e  and t o  minimize 

beam i m p u r i t i e s .  

F igu re  3 shows a more d e t a i l e d  top  view of 

F igu re  4 shows a v i e w  of t h e  filament/pl.as&,z gene ra t ion  area wi th  

t h e  p l a sma  g r i d  removed. This  g r i d  seals t h e  assembly so t h a t  gas 

admi t ted  t o  t h e  cathode area can only  escape through t h e  e x t r a c t i o n  

s l i t .  The tan ta lum p l a t e  t o  t h e  l e f t  of t h e  f i l amen t  i s  maintained a t  

f i l amen t  p o t e n t i a l  so t h a t  t h e  a r c  str.i.k.es only t o  t h e  hollow anode o r  
c o l l i m a t i n g  s l o t .  Ln t h i s  i l l u s t r a t i o n  gas  is admitted t o  t h e  middle  of 

t h e  anode c a n a l  which is  0.32 c m  wide by 1 . 2 7  cm h igh  by 1.9 c m  long;  

more r e c e n t  experiments  admit the gas a t  t h e  cathode end of t h i s  c a n a l  

and r e s u l t  i n  s l i g h t l y  h ighe r  gas  e f f i c i e n c y .  Boron n i t s i d e  and ceramic 

i n s u l a t o r s  are used f o r  gas  seals and conve r t e r  p l a t e  i n s u l a t i o n .  The 

f l o a t i n g  e l e c t r o n  r e f l e c t o r  is  mounted on ceramic i n s u l a t o r s .  

B. Cesium supply 

T h e  f irst  experiments  completed had e lementa l  cesium genera ted  from 

t h e  r e a c t i o n  2Cs2Cr207  + Ti -+ 4Cs -k T i ( C r 2 0 7 ) ~ " ~ ~  

cesium dichromate were added s t o i c h i o m e t r i c a l l y  t o  an unsealed type 304L 

s t a i n l e s s  steel  c o n t a i n e r  enc losed  by a g r a p h i t e  h e a t e r  oven assem?ily 

shown i n  F igs .  5 and 6. Pure sand w a s  added t o  t h e  mixture  (25% by 

Ti tanium powder and 
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weight) to help control the exothermic reaction. This reaction has been 

used successfully by ~ t h e r s ~ ~ - ~ O  to produce cesium-coated surfaces for 

generating negative ion beams. The oven heater was a 0- to 1.5-kW 

unit machined from a graphite sheet. A 0- to 1.5-kW unit resistance 

heater was also installed around the arc chamber for degassing and 

cesium vapor deposition control. 

erator and degas heater pictorially. 

anode cavity through two 2.5-cm-long by 0.3-cm-diam stainless steel 

tubes directly behind the converter. 

had to be transported to the front converter surface. One experiment 

was performed with the cesium manifolded to the front area of the anode 

cavity, where it diffused out of orifices directly aimed at the converter 

front surface. 

configuration. 

Figure 7 shows the oven plasma gen- 

Cesium entered the plasma generator 

To be useful the cesium eventually 

All data reported o’n here were gathered with the first 

Due to excessive, heavy mass negative ion beam impurities >lo% 

(see section I1 G) the cesium dichromate method of cesium production was 

replaced by one using elemental cesium metal in a temperature-controlled 

oven. In this mode of operation, the type 304L stainless steel cesium 

bottle is sealed and has a metal valve with a high temperature capability 

(723 K) to control the outlet conductance. 

heated by a resistance heater; the bottle temperature transducer is a 

platinum resistance element. An isolation transformer reflects the 

resistance into a ground ac bridge, which generates a signal for auto- 

matic temperature control via the resistance heater. A manually actuated 
60 rps motor is used to regulate the cesium valve. Cesium injection is 

again in the back of the anode chamber, but in future models will be 

directly on the front of the converter. The type 304L stainless steel 

transport tube from the oven to the anode chamber is kept hot by conduc- 

tion from the arc chamber. To get smooth control, condensation must be 

prevented in the cesium transfer line. To accomplish this the anode 

chamber must be the hottest region with temperature monotonically 

decreasing back to the cesium bottle. 

The cesium bottle is again 
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C. E x t r a c t i o n  and o p t i c s  

F igu res  8 and 9 show t h e  geometry of t h e  plasma gene ra to r  e l e c t r o d e  

conf igura t i t rn  used on most of t h e s e  experiments .  Because most of our  

i n i t i a l  t r o u b l e  f o r  several second pu7.ses was i n  e l e c t r o n  control .  and 

conve r t e r  cesium c o n t r o l ,  not. much e f € o r t  was p u t  i n t o  o p t i c s .  F igure  9 
shows a v e r t i c a l  CX-CISS s e c t i o n  of t h e  e x t r a c t i o n  o p t i c s  and t h e  30" s l i t  

end c o r r e c t i o n  i n  t h e  plasma g r i d  a t  t h e  beam edge t h a t  had p rev ious ly  

been used s u c c e s s f u l l y  on t h e  180" Oak Ridge Sec to r  I so tope  Separa tor .  3 1  

The plasma g r i d  e x t r a c t i o n  geometry r e p r e s e n t s  e a s i l y  machined dimensions,  

:rjl>ich have been used s u c c e s s f u l l y  be fo re .  

r e c e n t  e x t r a c t i o n  geometry i n  a p rogres s ion  toward h ighe r  gap f i e l d s .  

In t h i s  p rog res s ion  t h e  gap has  been reduced f r o m  1.59 t o  0.95 c m  and 

run a t  t h e  s a m e  e x t r a c t i o n  v o l t a g e s .  G a s  e f f i c i e n c y  and, hence,  gap 

p r e s s u r e  and cesium presence  w i l l  probably l i m i t  the a c c e l e r a t i o n  f i e l d  + +  t o  less than those  p o s s i b l e  wi th  H / D  i on  sources .  The s t r u c t u r e s  for 

this s tudy  have been most ly  uncooled molybdenum-coated g r a p h i t e  w i th  

o m a s  i onal. mo lybdenum o r  t an ta lum p la  tcs a t t ached  .I 

Figure  lO(a ,b)  shows a more 

D.  Ton source assembly 

F igu re  1.1 shows t h e  modified Calu t ron  i o n  soi-irc.e and a t t ached  

d i a g n o s t i c  frame used f o r  the p r e s e n t  st :udies.  E s s e n t i a l l y  t h e  whale 

p lasma  generator, e l e c t r o n  c o n t r o l ,  and e x t r a c t i o n  systems have been 

changed .from the geometry used f o r  i s o t o p e  s e p a r a t i o n  as a p o s i t i v e  i o n  

source .  This  Ion source  assembly i s  l a r g e  enough I:O suppor t  a l - A  

s i n g l e  or m u l t i p l e  s l i t  R-/1)- beam module o r  a 10-A m u l t i s l i t  H'-/D- 

beam module a t  40 key. A s h i e l d e d  c a l o r i m e t r i c  Faraday cup i s  shorn on 

t i l e  f r o n t  of the source  f o r  c o l l e c t i n g  t h e  H-/D- beam a f t e r  90" of 

d e f l e c t i o n  i n  che homogeneous magnetic f i e l d  i n  which i t  i s  immersed. 

E l e c t r i c a l ,  water, and mechanical motion services are fed  through t h e  

h igh  v o l t a g e  i n s u l a t o r s  shown i n  t h e  F i g .  1 2  cross-section of t h i s  

sou rcc .  
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Fig. 12. Cross section of t he  SITEX source ion for H-/D- beam 
production. 
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E. E l e c t r o n  recovery  system 

Even l i m i t e d  o p e r a t i o n  cif t h e  n e g a t i v e  ion SLTEX source  wi th  t h e  

o r i g i n a l  e l e c t r o n  c o n t r o l  system f o r  p o s i t i v e  i o n  beams3’ w a s  imposs ib le ,  

due t o  many areas on t h e  source  where e l e c t r o n s  were t rapped on magnetic 

f i e l d  l i n e s  i n  p o s i t i v e  p o t e n t i a l  w e l l s .  These e l e c t r o n s  generated more 

e l e c t r o n s  by 3 o n i z a t i o n  of background g a s ;  t h e  e l e c t r o n  c u r r e n t  q u i c k l y  

exceeded t h e  acceS e r a t i n g  supply c u r r e n t  c a p a b i l i t y  and a l s o  caused 

l o c a l  m e l t i n g  of components. These o s c i l l a t i n g  e l e c t r o n  r eg ions  w e r e  

e l i m i n a t e d  by geometry changes and s t a b l e  h i g h  v o l t a g e  o p e r a t i o n  w a s  

t h e n  p o s s i b l e .  

There w a s  s t i l l  a scr ious prob3-em w i t h  e l e c t r o n s  e x t r a c t e d  w i t h  t h e  

W- beam dumping t o  ground a long  t h e  magnetic f i e l d  in concent ra ted  areas 

n e a r  t h e  a c c e l e r a t i n g  s t r u c t u r e .  For long  p u l s e  and d c  o p e r a t i o n ,  h o l e s  

were melted i n  water cooled t y p e  304L s ta inless  steel jackets and 

i n e r t i a l  w a t e r  cooled copper p a r t s .  Shown i n  Fig.  13 is a water cooled 

s o u r c e  ground e l e c t r o d e  melt-down. The e l e c t r o n  stream cont inued on t o  

melt a 2.3-rmn t h i c k  type  304L s t a i n l e s s  steel w a t e r  cooled j a c k e t .  

Because one of t h e  main g o a l s  w a s  dc o p e r a t i o n ,  emphasis was placed  on 

f i r s t  reducing t h e  e l e c t r o n  energy l o s s .  Because w e  have s u c c e s s f u l l y  

lowered t h e  e l e c t r o n  power loss33 (see s e c t i o n  11 D), arc o p e r a t i o n  i s  

no l o n g e r  restricted. We can f r e e l y  examine arc geometr ies  which might 

be  more e f f i c i e n t  f o r  €1- g e n e r a t i o n  but  would produce l a r g e r  .I /I - 
r a t i o s  wi thout  danger  of m e l t i n g  t h e  s o u r c e  o r  beam l i n e  components OT 

i n c u r r i n g  s i g n i  f i c s n t  energy i n e f f i c i e n c i e s .  

e H  

F igure  1 4  i s  a n  i l l u s t r a t i o n  o f  t h e  e l e c t r o n  recovery system show- 

i n g  t h e  a c c e l e r a t i n g  e l e c t r o d e ,  plasma g r i d  e x t r a c t i o n  s l i t ,  e l e c t r o n  

recovery  e l e c t r o d e ,  e l e c t r o n  stream, impur i ty  i o n s ,  and t h e  H-/D- i o n  

beam, F i g u r e  15 shows t h e  r e g i o n  between t h e  e l e c t r o n  recovery  e l e c t r o d e  

and t h e  anode chamber where a shaped r e g i o n  is  in t roduced  t o  provide an 

e l ec t r i c  f i e l d  component p a r a l l e l  t o  the magnetic f i e l d  to dump t%c> 

e l e c t r o n s  on t h e  e l e c t r o n  recovery e l e c t r o d e .  The e l e c t r o n  recovery  

e l e c t r o d e  i s  covered wi th  a tan ta lum s h e e t  screwed t o  a w a t e r  cooled ,  

copper s t r u c t u r e  shown i n  F i g .  16.  A s  a r e s u l t  of this arrangement 

working the f i r s t  t i m e ,  no f u r t h e r  developments have been made, and t h 2 s  
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D COPPER GROUND 
ELECTRON DUMP ELECTRODE 

3 ELECTRON MELTED HOLE 
4 PLASMA G R I D  
5 25 kV SOURCE STRUCTURE 
6 INTENDED ELECTRON DUMP REGION 
7 ACTUAL ELECTRON DUMP REGION 

Fig.  13. SITEX i o n  source  showing a h o l e  melted i n  a w a t e r  cooled 
copper ground p l a t e  by e x t r a c t e d  e l e c t r o n s  sepa ra t ed  from t h e  beam and 
c o l l e c t e d  a t  f u l l  23-keV e x t r a c t i o n  energy f o r  dc ope ra t ion .  
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Fig. 14. Illustration of the electron recovery system. 
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Fig. 16. Electron recovery electrode area. 
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structure should be sufficient for a H-/D- beam operation of >1 A with- 

out further development. 

F. Test facility 

A l l  results contained in this study were obtained in a negative ion 

test facility composed of a modified beta Calutron isotope separator34 and 

associated power supplies to which extensive diagnostics have been 

added. Figure 17 shows a section of a beta Calutron isotope separator 

vacuum tank and the placement of modifications. 

two 20-in. oil diffusion pumps with manually operated gate valves. 

heaters were modified to permit operation with Santovac-5 low vapor 

pressure organic diffusion pump oil. 

isotope separator encountered difficulty with insulating deposits from 

silicon-based diffusion pump oil. 

was mounted over the original jet assembly to further reduce oil 

backstreaming. Rough-down and fore vacuum were provided by 15- and 

5-hp oil lubricated Kinney pumps, respectively, from the original 1940 

facility . 

Vacuum was provided by 

Pump 

Previous work with a high resolution 

A freon refrigerated baffle at 233 K 

The source, receiver, and all ion and electron beams are in an 

adjustable homogeneous magnetic field, which is usually 0.1 T. This dc 

field is provided by two large coils immediately adjacent to the vacuum 

tank and can be adjusted from 0-0.6 T. The heavy, negative ion mass 

spectrum, see section I1 G, is obtained by sweeping the negative ion beam 

over a slit apertured Faraday cup at the receiver, which is accomplished 

by modulating the coil current provided by a large motor generator. 

normal operation, with H- ions collected after 90' of deflection in 

front of the source on a 15-cm radius, we would have mass 16 monitored 

at 0 = 180" on a 60-cm radius. In addition, the heavy mass slotted 

aperture plate is long enough to monitor simultaneously a mass range of 

13.7-18.6 amu. A wider mass range was investigated by varying the 

magnetic field. This plate is provided with secondary electron catchers 

on both sides down field from where the beam strikes. Resolution of the 

slotted Faraday cup measurement is about one part in 240 (8% valley). 

The Faraday cup used to collect the H- beam is water cooled and thermally 

In 

, 
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SHOWS A SIDE VIEW QF THE BETA CALUTRON ISOTOPE SEPARATOR 
LAYOUT. NOTICE THAT THE SOURCE AND RECEIVER ARE EMERSED 
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CONTAMINANT SON 3EAM ANALYSIS. 
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F i g .  1.7. C r o s s  s ec t ion  of a beta Calutron tank. 
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i s o l a t e d  s o  t h a t  beam c u r r e n t s  can be v e r i f i e d  c a l o r i m e k r i c a l l y .  

Iliydrogen gas i s  admit ted t o  the arc d i s c h a r g e  v ia  two motor c o n t r o l l e d ,  

O-ring s e a l e d  needle  v a l v e s  through copper l i n e s  t o  t h e  plasma genera tor .  

Polyvinyl  c h l o r i d e  I.ines feed H;! ga s  from t h e  N2 tank atl ground through 

flowmeters and then  provide  h i g h  v o l t a g e  i n s u l a t i o n  t o  coimect t o  t h e  

needle  valves, which are a t  h igh  p o t e n t i a l .  Although t h e  gas  l i n e s  are 

purged w i t h  H2 b e f o r e  hookup, no o t h e r  measures are taken t o  reduce gas  

contaminants.  Calor imetry i s  also used t o  check t h e  e l e c t r o n  recovery 

e l e c t r o d e  and converter:  c u r r e n t s  and i s  i n  agreement wi th  them. 

A r c  f i l a m e n t  power i s  provided by a three-phase copper oxide 

r e c t i f i e r  assembly wi th  a n  o u t p u t  of 6 V(dc) and up t o  400 A; the r i p p l e  

i s  %4%. 

i n  p a r a l l e l  each r a t e d  a t  19  A and 250 V(ds.) .  A f o u r t h  such supply 

provides  conver te r  power.  For the present  p~ijcposes we. can p u l s e  each 

arc supply up t o  60 s a t  30 A a t  a 10% duty f a c t o r ;  arc supply o u t p u t s  

are manually balanced and a d j  u s i : t d  by us ing  primary i n d u c t t o n  r e g u l a t o r s  

which make the i n d u c t i o n  r e g u l a t o r  v o l t a g e  OP each supply equal  and by 

us ing  small. b a l l a s t  ses:istors on each supply.  The arc r i p p l e  i s  <4%. 

A r c  t iming i s  accomplished from a master pu l se r  us ing  SCR switches i n  

each of the arc power supply primary f eeds ;  t h e s e  SCR swi tches  are i n  

series w i t h  manual s e a l - i n  relay swi tches .  

Arc power i s  provided by th ree  independent s t e a d y - s t a r e  s u p p l i e s  

F i g u r e  18 shows t h e  high v o l t a g e  power supply hookup. Bot:h s u p p l i e s  

as shown i n  Fig.  18 are r a t e d  f o r  1 A a t  40 k V  and d c  opera t ion .  The 

e l e c t r o n  recovery supply i s  unregulated w i t h  a 4% r i p p l e  and h a s  been 

reconnected f o r  2--A s t e a d y - s t a t e  o p e r a t i o n  a t  20 kV. T h e  accel supply 

v o l t a g e  is  r e g u l a t e d  wi th  a t r i o d e  t o  0.01% ( s h o r t  term) and can be  

emission l i m i t e d  t u  ;lo0 mA dur ing  source c o n d i t i o n i n g  t o  limit arc- 

downs. The h igh  v o l t a g e  s t a y s  on s teady  s ta te  and t h e  arc i s  pulsed f o r  

running pulsed beams. High v o l t a g e  turn-on i s  manual r e l a y  c o n t r o l l e d .  

G . Instrument  a t  ion 

A l l  beam c u r r e n t  measurements i n  the dc mode are wi th  c a l i b r a t e d  

panel  meters o r  c a l i b r a t e d  analog e lec t rometer  current:  meters f o r  low 

c u r r e n t s  of contaminants.  For p u l s e d  measurements and magnetic scanning 

of contaminants ,  a p r e c i s i o n  dropping r e s i s t o r  i s  used to supply t h e  
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Fig .  18. Schematic diagram of t he  accelerating and electron 
recovery h igh  vo l t age  s u p p l i e s  



30 

o s c i l l o s c o p e  i n p u t  v o l t a g e .  The mass s c a n s  are conducted by inanual.ly 

v a r y i n g  t h e  motor-generator c u r r e n t  t o  t h e  magnet w i t h  t h e  i o n  c u r r e n t  

v o l t a g e  drop recorded by a d i g i t a l  o s c i l l o s c o p e ,  which can t a k e  4 x l o 3  
measurements p e r  sweep. The magnetic f i e l d  ampli tude provided by a 

d i g i t a l  gaussmeter w i t h  analog output  i s  recorded s imul taneous ly  on a 

second d i g i t a l  o s c i l l o s c o p e  ( d i g i t i z e d  a t  f i x e d  t i m e  i n t e r v a l s )  channel.  

The f u l l  mass range  was covered i n  several s u c c e s s i v e  sweeps. S ince  t h e  

d i g i t a l  o s c i l l o s c o p e  had only  one p a r t  i n  512 r e so l -u t ion ,  each m a s s  

range was swept several t i m e s  a t  d i f f e r e n t  osci l . loscope p r e a m p l i f i e r  and 

e l e c t r o m e t e r  g a i n s  t o  r e c o r d  both  l a r g e  and s m a l l  peaks.  Each sweep w a s  

recorded on a f loppy d i s k  c a r t r i d g e  f o r  l a t e r  a n a l y s i s .  

A r c  c u r r e n t ,  arc  v o l t a g e  e l e c t r o n  recovery  voLliagnL and c u r r e n t  , 
c o n v e r t e r  v o l t a g e  and c u r r e n t ,  and accel. supply c u r r e n t  are  sensed w i t h  

Hall probe s e n s o r s  o r  v o l t a g e  d i v i d e r s .  The s e n s o r  v o l t a g e  is  converted 

t o  a d i g i t a l -  p u l s e  t r a i n  w i t h  a frequency proport:i.o.nal t o  t h e  v o l t a g e  

ampli tude.  The d i g i t a l  s i g n a l s  are  converted t o  l i g h t  p u l s e s  and are 

t r a n s m i t t e d  t o  ground over a l i g h t  p i p e  system w i t h  100-kHz full .  scale  

frequency and then  reconver ted  t o  0-18 V(dc) a t  ground. For dc o p e r a t i o n ,  

p r e c i s i o n  pariel meters a t  h igh  voltage.  are used al-so.  

w i t h  Bayard-Alpert gages,  and hydrogen d c  gas  f low i s  measured w i t h  

c a l i b r a t e d  m a s s  f lometers  f o r  ca l cu l . a t ing  gas  e f f i c i e n c y ;  t h e  d c  gas  

flow w i t h  t h e  arc  o f f  i s  used i n  t h e  gas  e f f i c i e n c y  ca l cu la t ion . .  

Vacuum i.s measured 
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11. EXPERIMENTAL RESULTS 

A. H- beam c u r r e n t  and c u r r e n t  d e n s i t y  

Most of t h e  d a t a  t aken  wi th  emphasis on e x t r a c t e d  H- c u r r e n t  has  

been w i t h  a 0.16- by 2.5-cm e x t r a c t i o n  s l i t ,  w i t h  a geometry shown i n  

F igs .  8 and 9 i n  o r d e r  t o  c o n c e n t r a t e  on i n c r e a s i n g  t h e  e x t r a c t e d  

c u r r e n t  d e n s i t y  b e f o r e  a t t empt ing  t o  scale up i n  t o t a l  c u r r e n t .  Although 

t h e  ve ry  f i r s t  experiments  produced e x t r a c t e d  c u r r e n t  d e n s i t i e s  about  

45 mA/cm2 f o r  >30 s and 60 mA/cm2 f o r  100 m s ,  t h e  v a l u e s  were no t  ve ry  

r e p e a t a b l e .  These e a r l y  experiments  were "pulsed" e i t h e r  manually 

wi th  a swi t ch  o r  by t h e  arc supply  over load  c i r c u i t  b reaker .  

experiments  have had t h e  arc p u l s e  l e n g t h  and p u l s i n g  per iod  c a n t r o l l e d  

e l e c t r o n i c a l l y ;  t h e s e  experiments  l e a d  u s  t o  t h e  conclus ion  t h a t  cesium 
coverage of t h e  conve r t e r  p l a t e  w a s  one of ou r  prime problems. 

c o n t r o l l i n g  t h e  du ty  c y c l e  (and hence conve r t e r  p l a t e  and arc chamber 

t empera tu res ) ,  one can now rep roduc ib ly  g e t  e x t r a c t e d  c u r r e n t  d e n s i t i e s  

of 56 mA/cm2 a t  23-mA t o t a l  H- beam. 

analyzed H- beam p u l s e  measured a t  t h e  Faraday cup on a 15-cm r a d i u s  

a f t e r  a 90" d e f l e c t i o n .  Beam t r ansmiss ion  from t h e  e x t r a c t i o n  s l i t  t o  

t h i s  Faraday cup h a s  been measured as %80 f 15%. 

e x t r a c t i o n  s l i t ,  one can c a l c u l a t e  an  e x t r a c t i o n  c u r r e n t  d e n s i t y  of 

The latest  

By 

Figure  19 shows a rep roduc ib le ,  

With a 0.4-cm2 

ss (47 -69)  mA/cm2 . 18 mA 

(0 .4 cm2)(0.80 f 0.15) jn- = 

These r e s u l t s  can  be  reproduced by c a r e f u l l y  c o n t r o l l i n g  t h e  du ty  c y c l e  

and, hence,  average  power load ing  on t h e  uncooled conve r t e r  p l a t e ;  t h u s ,  

t h e  du ty  c y c l e  is used t o  c o n t r o l  t he  c o n v e r t e r  temperature .  

F igu re  20 shows an  IH- trace f o r  a c o n d i t i o n  of h igh  accel current :  

m u l t i p l e  breakdowns. F igu re  20 a l s o  shows t h a t  I - goes t o  zero  even 

though lacc 'L 300-500 mA dur ing  breakdowns, which provides  a d d i t i o n a l  

ev idence  t h a t  e s s e n t i a l l y  no e l e c t r o n s  are p r e s e n t  i n  t h e  I - c u r r e n t  H 
r ead ing  from t h e  Faraday cup. 

H 
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RECENT RESULT FROM LONG PULSE STUD!ES 
ORNL-PHOTO 1679-52 FED 
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F i g .  1 9 .  O s c i l l o s c o p e  trace of an analyzed, 
pul.sed 3- i o n  beam. 
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d u r i n g  I = 300-500-mA high voltage are-downs of 

the source  to ground. 
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K. H conve r t e r  and conve r t e r  materi-als 

Our f i r s t  experiments u t i l i z e d  t h e  cesium-coated, f l a t  mol-ybdenum 

s u b s t r a t e  11- c o n v e r t e r  concept w i t h  t h e  conve r t e r  l o c a t e d  behind t h e  

a r c ,  which had been s u c c e s s f u l l y  used by the Russian36 and BNL37 groups.  

F igu res  2 ,  3 ,  4 ,  7 ,  8 ,  9 ,  and 10 show t h e  placement of  t h i s  c-onverter i n  

t h e  present p lasma gene ra to r .  I n i t i a l l y ,  we used t h e  cesium dichromate 

p l u s  t-Ltanium r e a c t i o n  t o  gene ra t e  e lementa l  cesium. This method has 

been rep laced  by t h e  use of e l emen ta l  cesium dispensed from a n  oven f o r  

two main reasons :  (1) heavy negative.  i o n  i m p u r i t i e s  were always a 

problem wi th  t h i s  r e a c t i o n ,  as d i scussed  i n  Sec. I T . G ,  and (2)  the 

r e a c t i o n  w a s  hard to  control.  f o r  long  pu l se  work. Because the r e a c t i o n  

is  exothermal,  t h e  r e a c t a n t  m a s s  and h e a t  s h i e l d i n g  must: no t  be s u f f i c i e n t  

t o  l e t  the r e a c t i o n  run  away. 'The :E:i.rst experimznts w e r e  rim i n  a dc 

made and s u c c e s s f u l l y  used 0.03.-kg charges  of Cs2Cr207 wFth s r o i c h i o -  

metric amounts of t i t a n i u m  powder. When t h e  cesium dichromate charge  

w a s  i nc reased  t o  .04 kg,  t h e  r e a c t i o n  proceetktf v i o l e n t l y  once s t a r t e d  

and produced t h e  damage t o  t h e  sou rce  shown i n  F ig .  21.  This r eac t ion .  

s t a r t e d  wi th  t h e  t ank  vacuum a t  Q4 x I.OV5 t o r r  and proceeded w i t h  such 

v i o l e n c e  t h a t  i t  expanded t h e  s t a i n l e s s  s tee l  charge b o t t l e  Q l O X  [shown 

i n  F i g s .  5 and 51 atid blew o f f  t h e  a c c e l e r a t o r  e l e c t r o d e s ,  which are 

Ql.9- by 5-cm g r a p h i t e  c r o s s  s e c t i o n  where they broke. To ensu re  t h a t  

t h i s  occur rence  w a s  no t  r epea ted ,  w e  went back t o  .Ol-kg cesium dichromate 

charges  p l u s  titaizium and evenly  d i spe r sed  a 25% hy weight q u a n t i t y  of 

pure  sand i n  t h i s  mi-xture. No f u r t h e r  t r o u b l e  occurred b e f o r e  Che 

mixture  W R S  abandoned f o r  pure  cesium feed. 

O p e r a t i o n  of t h e  €1- conver t e r  i s  ve ry  s e n s i t i v e  t o  cesium coverage. 

The H- p roduct ion  is  n e a r l y  zero  when t h e r e  i s  no cesium. 

g a t e  t h e  e f f e c t s  of conve r t e r  temperature and cesium coveraze on H 

product ion ,  we. opera ted  t h e  source  i n  s e v e r a l  modes. Because we cannot 

measure cesium coverage of t h e  conve r t e r  dur ing  source  o p e r a t i o n ,  w e  

m u s t  i n f e r  cause and e f f e c t .  Figinre 22 shows an :E - t r a c e  where the 

conver t e r  vo l t age  is tu rned  on a t  l.ow I - c u r r e n t  and presumab1.y a t  ve ry  

low cesium coverage. The c u r r e n t  i n c r e a s e s  by %.15% f o r  a conver t e r  

vo l t age  o f  %a00 V(dc) .  F igu re  23 shows a s imi la r  t:race at a h ighe r  

To i n v e s t i -  
- 

H 

H 
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0 CURRENT 

ANALYZED H- 
CURRENT (0.5 rnA/DIV) 

BEAM LOSS AS A RESULT 
OF HIGH VOLTAGE SPARKS 

CONVERTER TURNON 

LOW CURRENT STEADY STATE BEAM OPERATION 
B - 0.1 T 

Fig .  22. Osc i l l o scope  trace of t h e  s t e a d y - s t a t e ,  
analyzed H- i o n  beam wi th  t h e  conve r t e r  p o t e n t i a l  
changing from f l o a t i n g  t o  %-lo0 V(dc) dur ing  t h e  record-  
i n g  w i t h  l i t t l e  change i n  t h e  H- i o n  beam. 
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8RN L-PHOTO 1582-82 FED 

APPLICATION OF CONVERTER VOLTAGE PRODlJCES 
LARGE INCREASE IN  W ^  OUTPUT 

B E A M T U R N O N  

I 
CON V E R'T E R TU R N ON 

0- 

BEAM TURNOFF 

F i g .  23. Osci l loscope  trace of the analyzed, 
pulsed 11.- ion  beam at mor t2  optimum conver te r  cebium 
coverage and h ighe r  H- ion  (5-mA peak) cur ren t  and a 
converter  t u r n  on to 'L-130 V ( d c ) ,  wh ich  produces a 
500% incr-case i n  t h e  I{- current. 



I - =  5-mA peak and presumably a niore optimum cesium coverage.  Here, 

t h e  I - i n c r e a s e d  by a f a c t o r  of  ”J5 when c o n v e r t e r  v o l t a g e  wa.s a p p l i e d .  

From t h e s e  w e  i n f e r  t h a t  over  80% of the e x t r a c t e d  Ii- i o n s  come Erom t h e  

c o n v e r t e r  p l a t e  a t  h i g h  I - c u r r e n t ;  t h e  o t h e r  20% of t h e  e x t r a c t e d  H- 

i o n s  i s  €rom s u r f a c e  convers ion  011 o t h e r  s u r f a c e s .  Earlier o p e r a t i o n  

w i t h  no cesium produced very  l i t t l e  H- c u r r e n t  (<0.1. mA), and from t h i s  

we i n f e r  t h a t  volume producti .on is  an  unimportant  p r o c e s s  f o r  t h i s  

s o u r c e .  Only s o l i d  molybdenum s u b s t r a t e  mater ia l .  h a s  been used i n  t h e s e  

experiments .  

€1 

H 

I1 

F i g u r e  23 shows t h a t  a f t e r  1.5 s t h e r e  is  a decay of t h e  I - H 
trace,  whi.ch i s  a t t r i b u t e d  t o  a decay of t h e  cesium coverage.  A t  h i g h e r  

I - c u r r e n t s  ( i n  F i g .  1 9 ) ,  w e  see t h i s  decay b e g i n n h g  a f t e r  %2.5  s .  A t  

a v e r y  low v a l u e  of I - = 1 mA, F i g .  24 shows an 8-s f l a t  p u l s e .  From 

t h e s e  d a m  w e  i n f e r  t h a t  c o n t r o l l i n g  and m a i n t a i n i n g  cesium coverage on 

t h e  molybdenum c o n v e r t e r  plate i s  impor tan t .  

H 

H 

A seri.es of experiments  w a s  r u n  w i t h  a w a t e r  cool.ed c o a v e r t e r  p l a t e  

(both  h o t  and c o l d ) ,  which r e s u l t e d  i n  much lower I - c u r r e n t s .  In a l l  

cases when t he  c o n v e r t e r  w a s  exarni.ned a f t e r  running ,  i t  w a s  t h i c k l y  

c o a t e d  w i t h  cesium oxide  ( 4 9 0  K m e l t i n g  p o i n t )  formed when the cesium 

c o a t i n g  o x i d i z e d  upon exposing t o  ai .r* F i g u r e  2.5 shows a p o s s i b l e  

r e a s o n  f o r  t h e  poor PI-” y i e l d  from a c a l c u l a t i o n  by Biskes .  38 

s u r v i v a l  p r o b a b i l i t y  i s  a lmost  one when emerging from a thin cesium 

l a y e r ,  such as t h e  3 / 4  monolayer needed f o r  minimum s u r f a c e  work f u n c t i o n  

and maximum W- c u r r e n t  (shown i n  F i g .  2 6 ) .  

i n  s u r v i v a l  p r o b a b i l i t y  by approximately a f a c t o r  of 1.0 f o r  a t h i c k  

cesium l a y e r  such as w e  had. 

cooled c o n v e r t e r  experiments;  immediately upon r e t u r n i n g  t o  an  uncooled 

c o n v e r t e r ,  ;:he j - w a s  h i g h  a g a i n  at_ aboue 56 mA/cm2. 

conclude t h a t  tempera ture  c o n t r o l  of t h e  c o n v e r t e r  p l a t e  w i l l  b e  nec- 

e s s a r y .  However, t h e  cesium feed  ra te  h a s  t o  be  low enough and t h e  

tempera ture  h i g h  enough n o t  t o  produce t h i c k  cesium l a y e r s .  Because 

t h e  t h i c k  cesium l a y e r s  w e r e  maintai-ned d u r i n g  t h e  cooled c o n v e r t e r  

p l a t e  experiments  ( i n f e r r e d  from t h e  low jH- y i e l d  and Erom t h e  f i - n a l  

t h i c k  l a y e r s ) ,  i t  should be p o s s i b l e  t o  mai.ntain cesium coverage f o r  

H 

The H- 

F i g u r e  25 shows a r e d u c t i o n  

Our maxi-mum j - w a s  ”J2 mA/cm2 f o r  t h e s e  H 

From t h i s  we H 
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PULSED, ANAL\ 
t-i- BEAM (0.5 A/ 

IZE a 
'D1W 

F i g .  2 4 .  O s c i l l o s c o p e  trace of an anal.yzed, pulsed 
H- i o n  beam m a i n t a i n e d  constant over 8 s at 80% d u t y  
c y c l e  and l o w  beam c u r r e n t .  
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Fig. 25 Survival probability of 1-I'- ions 
escaping E l o m  the converter surface as a function 
of cesium thickness on the  converter and back. 
scattered enecgy [courtesy of J. R. Hiskes ( 3 8 ) ] .  
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Fig .  26.  Work function and H- i on  current as a 
function of  cesium d e p o s i t i o n  time [ cour t e sy  o f  
M. I,. Yu, BNL 51304 (1980)l .  
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l o n g  p u l s e s  of 30 s or dc  o p e r a t i o n  f o r  t h e  p r e s e n t  arc c u r r e n t  d e n s i t i e s .  

h i r i n g  one experiment  t h a t  involved  our  uncool rd  molybdenum c o n v e r t e r  

we measured t h e  n e t  convers ion  eff i .c i .ency ( s p e c i e s  mix unknown) of a7.1 

p o s i t i v e  i o n s  as $13%; h e r e  w e  assumed t h e  c o n v e r t e r  p l a t e  c u r r e n t  t o  b e  

due t o  H impingement a d  t o  be spread  uni-formly over  an area o f  arc 

r i b b o n  width  (%1.27 cm). W e  s u b t r a c t e d  a uniform I - c u r r e n t  from t h i s  

whole w i d t h ,  which would srr ike t h e  back o f  t h e  plasma e l e c t r o d e  and as 

i n f e r r e d  from t h e  analyzed e x t r a c t e d  B c u r r e n t .  The numerous d e s t r u c t i o n  

p r o c e s s e s  a c t i v e  w h i l e  t r a n s p o r t i n g  t h e  PI i o n  f r o m  t h e  c o n v e r t e r  t o  

e x t r a c t i o n  s l i t  have n o t  been c o r r e c t e d  f o r ,  b u t  col.1l.d r a i s e  t h i s  value 

s i n c e  we are running  a t  a 8 2  p r e s s u r e  i n  t h e  arc. zone of ~3 untorr'. 

I l iskes  c a l c u l a t e d  t h a t  t h i s  surfac.e  convers ion  c o e f f i c i e n t  coi i ld  b e  as 

h i g h  as 50%. 38 We have n o t  e s t a b l i s h e d  whether  this e f f e c t i v e  convers ion  

c o e f f i c i e n t  i s  domiilated b y  t h e  s u r f a c e  p r o d u c t i o n  p r o c e s s  o r  by d e s t r r i c -  

t - i o n  p r o c e s s e s  i n  t r a n s p o r t i n g  t h e  H- ions t o  t h e  e x t r a c t i o n  s l i t .  

our  p r e s e n t  pl.asma parameters  our  estimate i s  t h a t  <5% o f  N- i o n s  l e a v i n g  

k h e  c o n v e r t e r  w i l l  b e  d e s t r o y e d  and that  t h e  s u r f a c e  p r o d u c t i o n  p r o c e s s  

c o n s t i t u t e s  o u r  main p r e s e n t  l i m i t a t i - o n  t o  a c h i e v i n g  h i g h e r  €i'- c u r r e a f s  

and conversi-on e f f i c i e n c i e s .  

-5 

H 

- 
- 

A t  

Negat ive  i o n  beam c u r r e n t  p r o d u c t i o n  i n  t h i s  s o u r c e  i s  r.unrrently 

dominated by t h e  c o n v e r t e r  a c t i o n  when o p e r a t i n g  i n  t h e  mi.xed cc.-s:i.un-, 

hydrogen mode. With v e r y  s i n a l 1  amounts of cesium on t h e  con-ver 1:er3 the 

H- y i e l d  is  n o t  a f f e c t e d  by c o n v e r t e r  p o t e n t i a l ,  as demonstrated i n  

F i g .  22.  F i g u r e  23 shows t h e  Large changes t h a t  t y p i c a l l y  occur  when 

the c o n v e r t e r  i s  switched f r o m  a n  e l e c t r i c a l l y  f l o a t i . n g  mode a t  near arc 

p o t e n t i a l  t o  a d r i v e n  mode a t  n e g a t i v e  p o t e n t i a l .  From t h i s  we i . a f e r  

t h a t  most of t h e  H- i o n s  come d i r e c t l y  o r  i n d i r e c t l y  v ia  c h a r g e  exch.airge 

from t h e  c o n v e r t e r  when o p e r a t i n g  i n  t h e  mixed cesj.i.iur-hydr[rigen mode.  

Opera t ion  i n  t h e  d c  mode w i t h  4 - A ,  150-V type  arc d i s c h a r g e s  shows t h a t  

t h e  H beam ci.irrent i s  roughly  proport:i.onal t o  the c o n v e r t e r  p o t e n t i a l .  

up t o  about  -6Q V(dc) ,  where a n  asymptot ic  r e g i o n  i s  e n t e r e d .  Converter  

v o l t a g e  changes from -150 t o  -200 V(dc) c a u s e  an % I O %  i n c r e a s e  i.n T -. 
These r e s u l t s  are  c l e a r l y  d i f f e r e n t  from t h o s e  r e p o r t e d  by PreLecZ9 on 

t h e i r  Penning d i s c h a r g e  w i t h  a n  emitter (same as a c o n v e r t e r ) ,  i.ii 

which no g a i n  i n  I - w a s  seen i n  i n c r e a s i n g  t h e  b i a s  from f loa . t ing  to 

- 

9 

H 
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-50 V(dc). 

, ~ 1 5 % . ~ ~  

above d a t a .  

The h ighes t  conversion e f f i c i e n c y  t h a t  has  been measured i s  

Power loading  of  the  uncooled conve r t e r  w a s  14 W/cm2 f o r  the 

C. Gas e f f i c i e n c y  

The SLTEX type H- d i r e c t  e x t r a c t i o n  source used t h e  h o t  cathode 

arc d ischarge  i n  these  experiments. 

c a v i t y  f o r  i n i t i a t i n g  the  arc d ischarge .  

high gas p re s su re  i s  n o t  needed. 

cathode area. 

of t h e  anode c a v i t y ,  gas e f f i c i e n c y  i s  r a i s e d  about  a f a c t o r  of 2 fo r  

t h e  sho r t  2.5 c m  s l i t .  Present  ope ra t ion  (as shovwn ?in Fig .  19) gives an 
atomic gas  e f f i c i e n c y  of 3%. Table I g ives  d a t a  f o r  t he  b e s t  p u l s e  used 

i n  t h i s  c a l c u l a t i o n .  

H2 gas  i s  introduced i n  t h e  cathode 
Because t h e  cathode is h o t *  a 

Figure  3 shows a d e t a i l e d  view of t h e  

By in t roducing  the  H2 gas  i n  t h e  cathode c a v i t y  instead 

Table I. Long pulse  i o n  source  parameters  

G a s  flow %0.063 Torr R / s  
- 

- $18 mA (analyzed) =+ 23 mA ( ex t r ac t ed )  IH 
Ext rac t ion  s l i t  = 0.16 x 2.54 CII? 

A r c  currentl = 20 A 

A r c  v o l t s  = 100 V(dc) 

Converter v o l t s  = 100 V(dc) 

Converter cu r ren t  = 6 A 

F l a t  conver te r  e l e c t r o d e  --- I_ 

Gas e f f i c i e n c i e s  approach zero as the  cesium supply is lowered. 

The cesium-hydrogen mixture i n  a magnetic f i e l d  dominated d ischarge  

cannot be ad jus t ed  a r b i t r a r i l y .  

t i m e  modulation caused by d i f f e r e n t  arc c o n d i t i o n s  and t h a t  modulation 

i s  caused p r i n c i p a l l y  by power supply r i p p l e  and i o n i c  sound phenomena. 

Tonic sound o s c i l l a t i o n  can be e l imina ted  by inc reas ing  the  gas p re s su re  

above a c r i t i ca l  va lue .  Under these  c o n d i t i o n s  plasma genera tor  

F igure  27 ( a ,b , c )  shows 11- beam cur ren t  
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ANALYZED H- BEAM CURRENT (0.5 rnAI0IV.) 

VCONVERTER = FLOATING 

1, 0.5 niA 
ARC = 120 Vldc) @ 9.2 A, dc QPERATION 
Idc,. - 7 rnA 

B - 0.14 T 
CESIUM CARBONATE OVEN - 170 jY 

TOP TRACE I N 0  r f  FILTER) 
ANALYZEO H- BEAM CURRENT (0.7 mAIOIV.) 

CONVtHrER = -50 V(dc1 @ 0.1) A 
I,- - fl.8 mA 

ARC - 125 V(dc) @ 9.1 A, dc OPERATION 
J C c  - 39 mA 
B - 0.14 T 
CESIUM CARBONATE OVEN - 170 W 

(NO rf FILTER) 

ANALYZEO li- BEAM CURRENT (0.2 mAIOIV.) 
I N 0  r f  FILTER) 

CONVERTER - -  FLOATING 
I+- - 0.8 m A  
ARC - 115 V(dc) 0 9.3 A, dc OPERATION 
I,,, - 7 m A  
B - 0.16 T 
CESIUM CARBONATE OVEN OFF 

F i g .  2 7 ( a , b , c ) .  Osci l - loscope trace o r  an ana lyzed  H” ion  beam show- 
ing  s o u r c e  oscillations with di-f ferrnt  source c o n d i t i o n s .  
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r e l i a b i l i t y  i s  100% and condi t ion ing  is  only needed t o  lower heavy mass 

nega t ive  i o n  impur i t i e s  and lower outgass ing  t o  improve h igh  vo l t age  

h o l d  o f f  e 

D. E lec t ron  c o n t r o l  

Our H- i o n  source  experiments were designed f o r  developing i n j e c t o r s  

f o r  even tua l  r e a c t o r  n e u t r a l  beam use  and, hence,  were opera ted  a t  

seconds p u l s e  l eng th  f o r  tokamaks and a t  dc ope ra t ion  needed f o r  mir ror  

use.  Reported va lues  of e x t r a c t e d  e l e c t r o n  c u r r e n t  t o  1 - c u r r e n t  r a t i o  

elsewhere had been s t e a d i l y  reduced from va lues  >450 i n  ttte e a r l y  

s i x t i e s h "  t o  p re sen t  va lues  of - 0 . 5 - 2 J 9  

H 

P re l ec ,  l 9  Kelley," and the  Russian group42 repor ted  t r o u b l e  

wi th  e l e c t r o n  c o n t r o l  on t h e i r  i o n  source systems o r  concepts .  Because 

most of t h e  experimental  work t o  d a t e  has  been wi th  a few mi l l i second 

pu l ses ,  they  have y e t  t o  experience t h e  f u l l  darnage these  c u r r e n t s  can 

cause when c o l l e c t e d  a t  f u l l  a c c e l e r a t i o n  ene rg ie s .  W e  designed a n  

e l e c t r o n  recovery s t r u c t u r e  t h a t  c o l l e c t s  299% of e x t r a c t e d  e l e c t r o n s  a t  

S-lQ% of t h e  e x t r a c t i o n  gap which p e r m i t s  u s  t o  des ign  t h e  

arc geometry without  unnecessary concern f o r  e x t r a c t e d  e l e c t r o n  c u r r e n t s  

and t o  concen t r a t e  on o t h e r  problems such as gas  e f f i c i e n c y ,  e tc ,  

Earlier, long p u l s e  and de ope ra t ion  without  t h i s  recovery system wi th  

our  i o n  source  r e s u l t e d  i n  melted water cooled s t r u c t u r e s  due t o  t h e  

concent ra ted  n a t u r e  of t h e s e  c u r r e n t s  (shown i n  Fig.  1 3 ) .  Recent 

ope ra t ion  wi th  t h e  e l e c t r o n  recovery system has  shown evidence of 

g r e a t l y  reduced h igh  vo l t age  breakdowns and no concent ra ted  dumped power 

due t o  e f f i c i e n t  c o l l e c t i o n  of these  e l e c t r o n s ,  2 0  

F igure  14  shows t h e  e l e c t r o n  recovery system w e  designed and b u i l t  

f o r  t h e  H- SITEX source,  which employs c r o s s  f i e l d  e x t r a c t i o n .  Any 
13- source  t h a t  u ses  c r o s s  f i e l d  e x t r a c t i o n  can use  t h i s  s y s t e m  wi th  

s l i g h t  geometry changes. 

plasma g r i d  s l i t  by t h e  e x t r a c t i o n  e lec t r ic  f i e l d  E. Negative hydrogen 

ions and e l e c t r o n s  are separa ted  by E x B f o r c e s  wi th  t h e  ions  t y p i c a l l y  

-following 15-cm-radius t r a j e c t o r i e s  f o r  t h e  p re sen t  experiments and 

e l e c t r o n s  fol lowing c y c l o i d a l  t r a j e c t o r i e s  up the  f r o n t  of t he  source.  

E lec t rons  and H- ions are ex t r ac t ed  from the  
-+ 

-f -+ 
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These %1.8-mm v e r t i c a l  amplitude e l e c t r o n  c y c l o i d a l  t r a j e c t o r i e s  are 

followed and feed 299% of the  ex t r ac t ed  e l e c t r o n s  onto t h e  top of the 

source between t h e  anode and recovery e l e c t r o d e .  Figure 16 shows 

evidence of t hese  c y c l o i d a l  e l e c t r o n  t r a j e c t o r i e s .  Above t h e  s l i t  i s  a 

series of da rke r  l i n e s  t h a t  are about t he  s a m e  l eng th  and p a r a l l e l  t o  

t h e  e x t r a c t i o n  s l i t .  Their  o r i g i n  i s  not understood. However, t h e  

spacing between t h e s e  images corresponds t o  t h e  e l e c t r o n  c y c l o i d a l  cusp 

per iod f o r  t h i s  magnetic and e l e c t r i c  f i e l d .  

Once i n s i d e  t h e  recovery e l e c t r o d e  reg ions ,  a s l i g h t  E f i e l d  is  

c rea t ed  p a r a l l e l  t o  t h e  magnetic f i e l d  l i n e s  and away from t h e  source 

c e n t e r ,  which dumps these  e l e c t r o n s  onto the  e l e c t r o n  recovery e l e c t r o d e .  

It i s  important t h a t  E be approximately zero u n t i l  t h e  e l e c t r o n s  are 

w e l l  i n t o  t h e  recovery e l e c t r o d e  region.  Figure 13 shows t h e  f i r s t  

model where E w a s  c r ea t ed  be fo re  the  e l e c t r o n s  w e r e  fu1I.y i n  t h e  

e l e c t r o n  recovery e l e c t r o d e  region.  Ff-gure 15 shows t h e  shaped e l e c t r o d e  

used t o  dump t h e  recovered e lec t ro i l s  on t h e  recovery e l e c t r o d e ;  Fig.  28 

shows a more d e t a i l e d  view of t h e  e l e c t r o n  dump geometry. The p o t e n t i a l  

on t h e  e l e c t r o n  recovery e l e c t r o d e  can be va r i ed  from +0.4 k V  t o  1-25 k V  

wi th  r e s p e c t  t o  source p o t e n t i a l .  F igure  29 shows the e f f i c i e n c y  wi th  

which t h e  e l e c t r o n  recovery e l e c t r o d e  system c o l l e c t s  e l e c t r o n s  when 

used wi th  t h e  maximum leng th  ion  e x i t  s l i t  of 12 .7  an. For low arc 

c u r r e n t s ,  t h e  c o l l e c t i o n  e f f i c i e n c y  i s  ~ J ~ O O %  above V = 1 .5  k V  ( e l e c t r o n  

c o l l e c t o r  b i a s  w i t h  r e spec t  t o  source a c c e l  p o t e n t i a l ) .  

c u r r e n t s ,  t h e r e  i s  an optimum V . 
be 3.5 t o  3 kV a t  which p o i n t  t h e  e l e c t r o n  c o l l e c t i o n  e f f i c i e n c y  i s  

299.5%. This  system has  been t e s t e d  up t o  I: = 1-A dc cond i t ions  by 

us ing  abnormal gas feed cond i t ions  to genera te  t h i s  e l -  nc t ron  c.urrent. 

2 

7. 

z 

ec  
For  h ighe r  a r c  

F o r  9.5 A of arc c u r r e n t ,  Vpc should 
f2C .- 

ec 

An important and ve ry  v i s i b l e  e f f e c t  of t h e  e:E€icient  e l e c t r o n  

c o l l e c t i o n  i.s the  g r e a t l y  reduced h igh  vo l t age  sparking rates With our 

r ecen t  experiments,  w e  pu t  ~ 6 0 %  of t h e  power supply energy i n t o  t h e  IH- 

= 18-mA beam as analyzed a f t e r  90" of d e f l e c t i o n  and a 23-cm pa th  

l eng th  

Fur ther  parameter ic  s t u d i e s  were made of t h e  e l e c t r o n  recovery 

process .  

parameters he1.d cons t an t .  

F igure  30 shows Iec ve r sus  magnetic f i e l d  f o r  a l l  o t h e r  

The 1/B2 dependence of t h e  electron c u r r e n t  
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SECTION A A' 
I I 

ARC CHAMBER 

I 

FARADAY CU P 

r-+ A' , )/ v;o 
I GROUND SHIELD 

v=o L '  

ACCEL y.  I' 
ELECTRODE .+A 

v=o 

Fig .  28. S i d e  and top  v i e w  of the electron r e c o v e r y  geometry.  
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VnccEL. =-25 k V  
0 ACCEL CURRENT 

A ELECTRON COLLECTOR 
CURRENT 

i 5 0 V  x 2 A d c  ARC 

95" x 9 . 5 A d c  ARC 

..... \ 
\ 

1 2 3 4 5 

ELECTRON COLLECTOR VOLTAGE ( k V )  

F i g .  2 9 .  E l e c t r o n  c o l l e c t i o n  e f f i c i e n c y  v s  
e7.ectroii c o l l e c t o r  b i a s  f r o m  plasma g e n e r a t o r  accel 
p o t e n t i a l .  
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F i g .  30. Recovered e l e c t r o n  c u r r e n t  (=ext rac ted  
e l e c t r o n  cu r ren t )  vs magnetic field with abnormal arc  
operation t o  generate  this e l e c t r o n  c u r r e n t  a 



shows c l e a r l y  t h a t  t h i s  cur renk  i s  dominated by c o l l i s i o n a l  d i f f u s i o n  Iec 
p r o c e s s e s  i n  t h e  arc,  which have t h i s  form f o r  d i f f u s i o n  p e r p e n d i c u l a r  

t o  B. S i n c e  p r e v i o u s  measurements on arcs of t h i s  t y p e  have shown a n  

e x p o n e n t i a l  decay of n wit:h d i s t a n c e  from t h e  arc column, w e  can  

d e c r e a s e  t h e  magnitude of I by moving t h e  primary arc f u r t h e r  away 

from t h e  e x t r a c t i o n  s l i t .  T h i s  h a s  been confirmed on earlier tests w i t h  

C1- beams w i t h  t h i s  t y p e  of arc d i s c h a r g e .  

+ 

e 

ec 

E. Long p u l s e / d c  o p e r a t i o n  

'The p r i n c i p a l  problem w i t h  t h e  p r e s e n t  source  f o r  long p u l s e  and dc  

o p e r a t i o n  i s  t h a t  most of t h e  plasma g e n e r a t o r  and e l e c t r o d e  s t r u c t u r e  

i s  uncooled. When h i g h  current :  o p e r a t i o n  i s  a t tempted ,  tile g r a p h i t e  

p a r t s  g e t  h o t  enough t o  s imply s u b l i m a t e  away. The molybdenum c o n v e r t e r  

p l a t e  h a s  been above 1809 K d u r i n g  s t e a d y  s t a t e  o p e r a t i o n ,  as evidenced 

by melted s t a i n l e s s  steel f a s t e n i n g  screws; t h i s  s a m e  experiment  a l s o  

melted t h e  s t a i n l e s s  steel screws h o l d i n g  t h e  e l e c t r o n  r e f l e c t o r  e l - e c t r o d e  

t o  i ts  i n s u l a t o r .  C l e a r l y  a long p u l s e  o r  dc  source  must have adequate  

h e a t  removal d u r i n g  arc o p e r a t i o n  and b e  maintained h o t  enough d u r i n g  

o f f  p e r i o d s  t o  prevent  cesium condensa t ion .  

W e  made several l i m i t e d  measurements f o r  l o n g  p u l s e s  a t  low d u t y  

c y c l e ,  F i g u r e s  3 1  and 32 show a 20-s beam of I_- < 4 mA; t h e  f i g u r e s  

a l s o  show t h a t  turn-on c o n d i t i o n s  can v a r y  g r e a t l y  depending presumably 

0x1 cesium c o n d i t i o n s .  F i g u r e  33 shows a similar trace f o r  40 s w i t h  

IH- .C 5 mA. 'The IH- i n c r e a s e  then  decrense  shows t h e  coiiiplex e f f e c t s  of 

i n c r e a s i n g  c o n v e r t e r  tempera ture  and i n c r e a s i n g  cesium supply  due t : ~  arc 

power a t  unmatched rates.  F i g u r e  34 shows I - % 4 mA f o r  a 45-s p u l s e  

and t h e  e f f e c t  of i n c r e a s i n g  t h e  arc c u r r e n t  i n  t h e  middle. of t h e  p u l s e .  

F igure  3 5 ( a , b )  shows t h e  1 - trace w i t h  t h e  arc turned  comple te ly  o-Ef 

d u r i n g  a 50-s p u l s e .  

s t a n t i a l l y  t h e  turn-of f v a l u e  i n d i c a t i n g  that  l o n g  thermal  t i m e  c o n s t a n t s  

are involved .  W e  i n f e r  from t h i s  t h a t  cesium coverage of t h e  t h e r m a l l y  

f l o a t i n g  c o n v e r t e r  d i d  n o t  change s u b s t a n t i a l l y  d u r i n g  the o f f  t i m e .  

Earlier,  dc o p e r a t i o n  wi-th e i t h e r  a h o t  o r  c0l.d water cooled c o n v e r t e r  

( ~ 3 6 3  K and 298 K)  c o n s i s t e n t l y  produced low c u r r e n t s  and a c o n v e r t e r  

H 

H 

H 
Then w e  can see t h a t  I - comes back on a t  sub- H 
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ANALYZED H- BEAM CURRENT (1.0 mA/DIV.) 
MULTIPLE ARC BREAKER KICKOFFS NEAR 

I,- * 4 mA 

ARC -2 140 V(dc) @ 7 A, PULSED, 
( O F F  F O R  5 MINUTES) 

I,, =: 30 mA (HAS ELECTRON RECOVERY) 
R 0.15 T 
CESIUM CARBONATE OVEN - 400 W 

FRONT O F  PULSE 

CONVERTER -150 V ( ~ C )  '9 1.5 A 

F i g .  31 .  OscilLoscope traces of  an analyzed, 
pulsed  N- ion beam f o r  I - G 4 mA a t  20 s showing a 
1.arge turn-on kt- i o n  cu r ren t .  

I1 



5 2 

0 

ANALYZED W '  BEAM CURRENT (1.0 rnA/UIV.) 
1,- - 4 mA 

ARC - 125 V(dc) @ 9.2 A, PULSED, 

I,, - 4 5  mA (HAS ELECTRON RECOVERY) 

B - 0.15 T 
CESIUM CAABONATE OVEN - 430 W 

CONVERTER -120 V(dc) @ 1.5 A 

( O F F  F O R  -10 PAIN.) 

Fig. 3 2 .  O s c i l l o s c o p e  traces of an a n a l y z e d ,  
p u l s e d  El- i o n  beam f o r  I - 4 nul a t  20 s showing a H 
small turn-on I€- i o n  cu r reo r  and sabsequent  rise. 
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ANALYZEB H- B E A M  CURRENT (1.0 mA/BlV.j 
1,- - 4 mA 

ARC = I10 V(dc) @ 6.6 A, PULSED, 
BQFF F O R  5 MINUTES) 

I,, = 45 mA 
8 - 0.15 T 
CESIUM CARBONATE OVEN -d 430 VV 

CONVERTER -120 V(dc1 @ 1.1 A 

F i g .  '33= O s c i l l o s c o p e  trace of an analyzed, 
pu lsed  H- beam f o r  I - i 5 mA and f o r  50 s showing 

near  ze ro  turn-un 13- i o n  c u r r e n t .  
H a 



ANALYZED H BEAM C U R R E N T  (1.0 rnA/DIV.) 
I,, - = 4 n-s A 
CONVERTER -120 V(dc)  @ 1.2 A 
ARC = 110 V(Cic1 @ 6.6 A (‘41 -13s 

AFTER ,4RC TURNON AT 6 6.4 
TWO MORk ARC S l lPPL l t lS  

BACK TO 6.6 A AT T = 23 s) 
INCREASED A9C TO -20 - 30 A. 

I,, =a5 mA 

6 -  O 1 5 T  
CCSllJM CARBONATE OVEN - 430 W 

F i g .  3 4 ,  O s c i l l o s c o p e  trace of a n  a n a l y z e d ,  
p u l s e d  li- i o n  bean f o r  1 - 4 niA and 50 s showing a 

s h a r p  H... i o n  cur ren t  fall_ w i t h  t h e  arc  c u r r e n t  
a p p r o x i m a t e l y  doubled betvieen 13  s and 23 ius dl-iring 
the  p u l s e .  

B 
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-5 

ANALYZED H- BEAM C U R R E N T  ( I  0 mA/ 
1,- 5 mA 
ICONVFR1-k-R -120 V ( d d  c? 1.2 k 
ARC - 110 V(dc1 @ 6.6 A 

PULSED UIV AFTER 70 [a? 
(AT 5 s A R C  O F F  F O R  1.3 sl 

CESIUM OVEN - 520 W 
I,, - 4 5  mA 

ATE O V E N  -" 520 w 

F i g .  35 (a ,b ) .  C s c i l l ~ s c n p e  trace of an 
anal.yzed, pu lsed  H- beam showing 'rhe effect of 
trurning o f f  the a rc  rr,ament:;i r i . 1 ~  durirrg the 
pulse and t h a t  the beam c u r r e n t  ~ecove 'cs to 
approximately the same va.l.ue *I 
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t h a t  w a s  Lhickly covered w i t h  cpsiuin when p u l l e d  f o r  i n s p e c t i o n .  From 

t h e s e  r e s u l t s  o b t a i n e d  at IO-A arc c u r r e n t s ,  we may b e  a b l e  t o  f i n d  a 

s u i t a b l e  h i g h e r  tempera ture  where almost  optimum cesium coverage can  b e  

main ta ined .  

For t h e  e x t r a c t i o n  geometry of F ig .  l O ( a , b ) ,  u s i n g  a n  unconled 

e x t r a c t i o n  g r i d ,  w e  have s u s t a i n e d  some m e l t i n g  of t h e  molybdenum s l i t  

d u r i n g  o p e r a t i o n .  Jmng p u l s e  and dc o p e r a t i o n  w i l l  r e q u i r e  water cooled 

e l e c t r o d e  s t r u c t u r e s  

F. O p t i c s  

- 
We measured t h e  average  o p t i c s  of this II s o u r c e  d u r i n g  operat ion 

by examining the d i f f u s i o n  pump oil .  decoiiipocition p a t t e r n  l e f t  by t h e  

11 i o n s  on t h e  w a t e r  cool-ed, copper Faraday cup at t h e  90" d e f k c t i o n  

a n g l e  some 23 crn from t h e  source20 ( s e e  F ig .  8 f o r  chis s e t u p ) .  The 

burn  pa~:~;ern ( u s i n g  uniform magnet ic  f i e l d  t r a j e c t o r i e s )  cor responds  

t o  €I1 = .i- 4" ( p e r p e n d i c u l a r  t o  tlir exPt s l i t ) .  

h a s  n o t  been performed. I n  our  i n t e r p r e t a t i o n  of t h e  burn  p a t t e r n ,  we 

have assureed a Gaussian p r o f i l e  and t h a t  t h e  edge of t h e  burn p a t t e r n  

cor responds  t o  less  t h a n  5% of t h e  beam i n t e n s i t y .  We can v i s u a l l y  see. 

burn  €1 p a t t e r n s  on t h e  same type  of s u r f a c e s  r e s u l t i n g  from charge  

exchange r e a c t i o n s ,  which correspond to beam i n t e n s i t i e s  less t h a n  1% of 

t h e  t o t a l  e x t r a c t e d  beam. From t h e s e  assumptions t h e  @,(l_/e) % 2+1" and 

€I,, ( l / e )  % 1+l" ( p a r a l l e l  t o  t h e  s1.i.t d i r e c t i o n ) .  

h a s  been c u t  on. a 30" a n g l e  as shown i n  F ig .  l o a ,  which reduces  t h e  end 

e f f e c t s  of t h e  s h o r t  s1.i.i:. No e l e c t r o d e  h e a t  l o a d i n g s  o r  i n s t a n t a n e o u s  

beam o p t i c s  have been measured. T h i s  p a t t e r n  cor responds  t o  e x t r a c t i . o n  

c u r r e n t  d e n s i t i e s  of 56 mA/cm2 and 23-mA t o t a l  €i- beam. 

- 

A complete prof i1 .e  s c a n  

1- 

The e x t r a c t i o n .  s l i t  

G.  Impuritzies 

- 
Measurements made on e x t r a c t e d  H beams by or~lier groups44 have 

shown beam i-mpurity levels on t h e  o r d e r  o f  L O %  o r  more. The b e s t  r e s u l t s  

by LRL u s i n g  a s m a l l  m a s s  spec t rometer  are r e c e n t l y  much lower ;  t h e s e  

measurements are from a 300-V s e l f - e x t r a c t c d  be.2m. C .  C .  T s a i  of ORNL 
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r e p o r t s  10-50% i m p u r i t i e s  on t h e  duoPIGatron nega t ive  ion  source  as 
-t + 

>ured  w i t h  an E x H Wein f i l t e r  on 1-keV 11e.ams.'~~ Ear ly  measurements 

with t h e  SITEX s o u r c e  showed s i m i l a r  h igh  contaniinatiion r e s u l t s .  These 

3TTf;lX source  measurements w e r e  made us ing  t h e  magnetic field i t1  which 

 he, soxrce  ope ra t e s ,  w l i i c h  acts as the momentum f i l t e r  and y i e l d s  whole 

beam analysis.47 

gassed the g r a p h i t e  s t r u c t u r e s  and plasma. sprayed them wi th  a 0.05-0.10-mm 
t h i c k  layer  0 4  M . 
vacuum, we used the  i o n  source  h e a t e r s  t o  f u r t h e r  vacuum outgass  t h e  

s t r u c t u r e .  This  i s  then fol lowed by p u r e  11% are ope ra t ion  t o  f u r t h e r  

c o n d i t i o n  the s t r u c t u r e .  Heavy nmss nega t ive  Lon beams W ~ K ~ C  l o w  over  

the inass range of 15 -+ 20 amu at. 100 V and 5 li arc  power wi th  normal 

pure H2 arc operat:i.on. A s  soon as the cesium dichromate reaccion 

s t a r t e d ,  however, w e  were up t o  irtqaurity levc:l.s o f  10 t o  50% of t h e  

beam. F igure  36 ..;bows the i.mpuri.ty c u r r e n t  for tlie sum of masses 15 

through 20 and t h e  t4- beam c u r r e n t  as a funct.:iun of t i m e  f o r  dc ope ra t ion  

a f t e r  the oven temperature  w a s  r a i s e d  e Earl ier  ope ra t ion  w i t h  the oven 

empty and even h e a t e r  on showed thal: these i m p u r i t i e s  cannot be coming 

from t h e  oven assembly wirhout a t  Least t h e  presence of cesium. Even 

a f t e r  extended ope ra t ion ,  t he  l e v e l  i s  n e a r l y  10% o f  t h e  beam. Figure 37 
i s  a m a s s  scan  of i m p u r i t i e s  obtained dur ing  I.ow power dc ope ra t ion  of 

the s o u m e  us ing  resi.d.ua1 cesium i n  the arc c.harnber. The spectrum i s  

dominated by 1 2 C  and 16-18Q; 011- i s  clear ly  low compared +,o l 6 O .  The 

h ighe r  m a s s  i m p u r i t i e s  are assuriied to  come from backstreaming Convoil 

20 organic  d i f f u s i o n  pump o i l  (used i n  e a r l y  exper:i.ments) ck-ac.Biilg 

products .  The d i f f u s i o n  pumps had a water cooled b a f f l e .  We esti-mate 

t h a t  t h e  mass d i s t r i b u t i o n  o f  ions  i s  nor afEec.ted by more t 

t o  changing the SOU KC^ magnetic f i e l d  du r ing  t h e s e  scans and the spectrum 

has not: betxi cor rec t ed  f o r  t h i s  effect, 

In orde r  t o  reduce these  i m p u r i t i e s ,  we vacuum out-  

After insta.LEing and ob ta in ing  a 1 x t o r r  
0 

Our most recent r e s u l t s  have been obtained us ing  elemental cesium 

feed and have c o n s i s t e n t l y  shown reduced heavy mass negative ion  con- 

taminants  by  approximately a facrmr CIE 5.'O 

of measurements made dur ing  the f i r s t  ope ra t ion  wi th  e lementa l  cesium 

af te r  a c a r e f u l  ou tgass ing  procedure,  as o u t l i i i e d  ear l ier .  W e  see t h a t  

Figure 38 shows t h e  r e s u l t s  
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I ARC-  OFF 

c/ I--- @ *k 

L. . . . l .  
1.2 2.4 3.6 4.8 6.0 7 . 2 ~ 1 0 ~  

TIME FROM CESIUM OVEN TURN-ON(S) 

4 0-6 
0 

F i g .  3 6 .  Heavy tmss i m p u r i t y  level sum over t h e  
15- t o  2Q-mi1.1 r a n g e  and anaJyzed T I -  bram current as I 
f u n c t i o n  of t i m e  (after source o u t g a s s i n g  a i d  I l l  mode 
arc c o n d i t i o n i n g )  F r o m  t h e  cesi i r m  d ichromate oven 
turn-on and f(9r dc o p e r a t i o n .  
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Fig .  3 7 .  F u l l  mass impurity spec t rum (F ig .  36 includes p a r t  of the 
i m p u r i t i e s  p l o t t e d  i n  Fig. 37) w i t h  the oven off and iising r z s i d u a l  
elemental cs f o r  IZ- i on  generation. 
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F i g .  38.  Heavy mass i m p u r i t y  level  s u m  over  the 
15- t o  20-arnu range and analyzed 1 - a s  a f u n c t i o n  of 

t i m e  from t h e  beginning  of e l e m e n t a l  cesium admission 
(a f te r  h e a t e r  o u t g a s s i n g  and H2 mode ~ Z K C  c o n d i t i o n i n g )  
and f o r  dc  o p e r a t i o n .  

H 
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t h e  heavy mass nega t ive  ion  contaminants never exceed 1OZ of t h e  H- 

beam €or  l o w  power are opera t ion .  F igure  39 shows a contaminant mass 

spectrum obta ined  us ing  t h e  e lementa l  cesium. 

spec t rum.  

12C- beams due t o  t h e  ho t  g raph i t e  subliming and r e a c t i n g  wi th  H2 gas. 

W e  can see i n  Fig.  39 t h a t  s m a l l  Ne20”22 nega t ive  beams are p resen t  

(used as mass markers) w i th  perhaps a 9Be12C- contaminant. 

17C peaks are d e f i n i t i v e  mass markers. 

Again, I 2 C  dominates the  

Extended h igh  power a r c  ope ra t ion  can produce much l a r g e r  

The 9!3e and 

We changed TO Santovac-5 d i f f u s i o n  pump o i l  and r e f r i g e r a t e d  diffu- 

s i o n  pump b a f f l e s  j u s t  be fo re  t h i s  experiment,  and t h i s  may account f o r  

t h e  changed heav ie r  mass spectrum f rom t h a t  shown i n  F ig .  37 ,  which we 

a t t r i b u t e  p r i m a r i l y  t o  t h e  d i f f u s i o n  punp o i l .  Spectra  i n  Fig.  39 w e r e  

ob ta ined  us ing  two 2-channel d i g i t a l  o sc i l l o scopes  t o  s imultaneously 

record both the  magnetic f i e l d  (being scanned),  the izirgfi r e s o l u t i o n  mass 

Faraday cup, and t h e  upper h a l f  i n t e g r a l  mass p l a t e  ( ~ 2 . 6  amu wide a t  

m a s s  1 6 ) .  

( i on  c u r r e n t  ve r sus  sample t i m e )  and the  high r e s o l u t i o n  t h a t  w a s  

a v a i l a b l e  with t h e  Faraday cup and the  i n t e g r a l  mass spectrum. A t  a 

given magnet c u r r e n t  (po in t  i n  t ime) ,  t he  magnetic f i e l d  w a s  read  from 

t h e  second channel t o  compute t h e  m a s s .  

F igures  40 and 41 s h o w  a t y p i c a l  p o r t i o n  of a m a s s  spectrum 

‘The upper and lower ha l f  i n t e g r a l  m a s s  p l a t e s  normally cont inuously 

monitor t h e  m a s s  15- t o  20-am region  with B- i n  t h e  c o l l e c t i o n  Faraday 

cup (see Fig.  4 2 ) ,  The lowest contaminant l e v e l s  have. heen obtained 

us ing  e lementa l  cesium a long  wi th  c a r e f u l  source condi t ion ing .  To 

accomplish t h e  measurement, t h e  iiiagnetic f i e l d  was var i ed  so t h a t  t he  

i n t e g r a l  m a s s  p l a t e s  covered  he range from 10 t o  20 amu wi th  r e s u l t i n g  

t o t a l  beam i m p u r i t i e s  over t h i s  mass range of W.52. A l s o  s i n c e  F ig .  3 3  

shows t h a t  m a s s  contaminants heavier than  20 amu c o n s t i t u t e  :lo% of t h e  

contaniinants w e  can s a f e l y  say that t o t a l  contamination can be reduced 

t o  <l% of t h e  beam by t h e  use of e lementa l  cesium and c a r e f u l  source 

condi t ion ing .  The m a s s  d i s t r i b u t i o n  of contaminants w i l l  vary  dur ing  

source  conditionirig.  I n  noxigraphite sources  with cryopumping w e  expect  

t h e  I 2 C  peak t o  be g r e a t l y  diminished. 

produced by t h e  p re sen t  source  can be kept  below 1-22 a f t e r  only modest 

condi t ion ing .  

Impur i t i e s  o the r  than  carbon 
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F i g .  39. F u l l  m a s s  impurity spectrum t h a t  i n c l u d e s  
the impurities p l o t t e d  i n  Fig. 38. 
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Fig .  40. P o r t i o n  of the d i g i t a l  o s c i l l o s c o p e  
s p e c t r a  f rom t h e  h i g h  r e s o l u t i o n ,  heavy mass Faraday 
cup used i n  ga the r ing  t h e  d a t a  €or  F i g .  38.  
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FrPg. 41. Portion of the d ig i t . a l  o s c i l l o s c o p e  
spectra  from the i n t e g r a l  mass c o l l e c t i o n  p l a t e  
collected s i m u l t a n e o u s l y  with the hi.gh r e s o l u t i o n  
d a t a  oE F i g .  40. 
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ion contaminant beams and bean measurement Faraday 
cup.  
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111. DISCUSSION 

A. Error  a n a l y s i s  

I n  t h i s  s e c t i o n  w e  p re sen t  an  e r r o r  a n a l y s i s  of our  measurements t o  

show t h a t  they  are s u f f i c i e n t l y  accu ra t e  t o  guide source development. 

The most fundamental measurement i s  t h e  H- analyzed ion  c u r r e n t ,  which 

f o r t u n a t e l y  i s  our  most r e l i a b l e  measurement. Discussions i n  Sec. 1 T . B  

have shown t h a t  t h e  e x t r a c t e d  e l e c t r o n  c u r r e n t  i s  e f f e c t i v e l y  separated 

from t h e  H- beam by the  % x 6 f i e l d s .  

has  a guard s h i e l d  around i t  and i s  completely immersed i n  t h e  1-kg 

magnetic f i e l d  so t h a t  e l e c t r o n s  are prevented from e n t e r i n g  i t  and 

secondary e l e c t r o n s  generated by t h e  beam cannot escape ( see  F ig .  8 ) .  

N o  e l e c t r o d e  e lec t r ic  f i e l d s  e x i s t  a t  t h e  H- Faraday cup en t rance ;  

hence,  any e l e c t r o n s  t h a t  en tered  the  cup as a r e s u l t  of flow along t h e  

beam plasma would be a t  low energy. W e  c a l o r i m e t r i c a l l y  measured the  

H" heam c u r r e n t  and found t h a t  i t  agreed wi th  t h e  c u r r e n t  measurement t o  

w i th in  k5%, which i s  about t h e  p re sen t  l i m i t  of our  ca lor imet ry  and 

c u r r e n t  measuring accuracy. 

c u r r e n t  e r r o r  is  is%, both f o r  t he  dc beam measurements and t h e  pulsed 

measurements u s ing  osc i l l o scopes  and p rec i s ion  c u r r e n t  r e s i s t o r s .  

I n  a d d i t i o n ,  t h e  H- Faraday cup 

Our p re sen t  estimate of analyzed H- beam 

The test s tand  ins t rumenta t ion  w a s  descr ibed  i n  Sec. I . H .  G a s  

flow, high vo l t age ,  and magnetic f i e l d  systems w e r e  c a l i b r a t e d  and were 

accura t e  t o  15%. Accuracy of t h e  H a l l  probe cu r ren t  sensor  system 

measurements, as t r ansmi t t ed  t o  ground v i a  the  voltage-to-frequency 

l i g h t  p ipe  system, depends on t h e  amplitude of t h e  s i g n a l s .  These 

s i g n a l  measurements are accura t e  t o  about +LO% a t  t h e i r  p re sen t  l e v e l s .  

A t  low s i g n a l  levels,  t h e  h y s t e r e s i s  of t h e  H a l l  probe sensors  can 

become s i g n i f i c a n t ,  l ead ing  t o  much l a r g e r  e r r o r s .  The h y s t e r e s i s  

according t o  t h e  manufacturer is +1/2% of t h e  sensor  f u l l  s c a l e  va lue .  

8.  Plasma genera tor  

Although we have no t  measured t h e  source spec ie s  m i x ,  w e  estimate 

t h a t  t h e  molecular m i x  of p o s i t i v e  ions  i n  t h e  plasma r ibbon i s  h igher  

than  SO%, a f a c t  which could be important  i n  our  estimates of conver te r  



_ _  + e f f i c i e n c y  s i n c e  H t o  T I  convers ion  e f f i c i e n c y  ri i s  a s e n s i t i v e  f u n c t i o n  

of nucleon v e l o c i t y .  

n o t  been measured, but could be  s i g n i F i c a n t  i n  e x p l a i n i n g  as a f u n c t i o n  

of c o n v e r t e r  v o l t a g e  and arc c u r r e n t ,  because t h e  species mix may change 
I- w i t h  arc c u r r e n t  as i t  does i n  o t h e r  sot i rces .  4 8  

n e c e s s a r y  t o  produce t h e  observed 11- f l u x e s  are about  3.5 x 10’’ c m n 3  a t  

an i o n  teii iperature of about  0 .2  e V .  

d e n s i t y  i s  n- = 1 x 1 O 1 O  The f a s t  e l e c t r o n  d e n s i t y  i s  n 

lo1’ 
such c o n d i t i o n s  i s  

f I- The d e t a i l e d  f u n c t i o n a l  e f f e c - t s  of H2 and H3 have 

The n d e n s i t i e s  

The lOO-eV, f a s t  11- i o n  f l u x  

7 2.4 x f f e  
Assuming a 5 eV e l e c t r o n  tempera ture ,  t h e  Debye l e n g t h  under 

Thus, s i n c e  t h e  c o n v e r t e r  s h e a t h  t h i c k n e s s  i s  small compared ti) t h e  arc 

dimensions,  p o s i t i v e  hydrogen i o n s  ( e i t h e r  a tomic o r  molecular )  dr i . f  t i n t o  

t h e  c o n v e r t e r  plasma s h e a t h  and e x p e r i e n c e  a 100-eV component of v e l o c i t y  

normal t o  t h e  s u r f a c e  added t o  t h e  o t h e r  small v e l - o c i t y  components. One 

t h u s  e x p e c t s  a n  approximate ly  normal surface c o l l i s i o n .  The c o n v e r t e r  

s u r f  ace c o n s i s t s  of t h e  molybdenum substrate w i t h  adsorbed cesium and 

hydrogen atoms, The i n t - e r a c t i o n  of t h e  f a s t  hydrogen p a r t i c l e s  w i t h  t h e  

s u r f a c e  h a s  been d i s c u s s e d  by several. a u t h o r s .  ‘The convers ion  of 

hydrogen atomic p a r t i e l - e s  t o  H i o n s  i s  e s s e n t i a l l y  independent  of t h e  

i n i t i a l  charge  s t a t e  f o r  t h e  v e l o c i t i e s  c o n s i d e r e d .  I n  t h e  w a t e r  cooled 

c o n v e r t e r  exper iments ,  which r e s u l t e d  i.n thic.k cesium coverages ,  we 

demonstrated t h e  s e n s i t i v i t y  of t h e  pi-ocess t o  t h e  c o r r e c t  cesium 

coverage .  The d e t a i l s  of t h e  convers ion  of f a s t  hydrogen p a r t i c l e s  t o  

n e g a t i v e  i o n s  i n v o l v e  s p u t t e r e d  adsorbed hydrogen atoms, r e f l e c t e d  

hydrogen p r o j e c t i l e s  , and til-ierrnally desorbed p a r t i c l e s .  Detail.s of 

t h e s e  p r o c e s s e s  must be s t u d i e d  under much c l o s e r ,  c o n t r o l l e d  c o n d i t i o n s  

t h a n  i n  t h e  p r e s e n t  s t u d i e s .  Outgoing H i o n s  from t h e  s u r f a c e  e x p e r i e n c e  

Irlie 1.00-eV normal energy  g a i n  from t h e  p l a s m a  s h e a t h ,  which i s  added t o  

t h e  r e f l e c t e d  energy ( e q u a l  t o  o r  less t h a n  t h e  incoming energy)  OK 

- 

- 

s p u t t e r e d  energy.  4 9  



C. H- l o s s  mechanisms 

Negative hydrogen ions  l eav ing  t h e  conver te r  shea th  must t r a n s v e r s e  

the  arc column and a s soc ia t ed  gas plume before  e x t r a c t i o n .  For t h e  

present d a t a  source  p re s su re  w a s  ~3 x 10-3 t o r r .  

no,lOZ = 0.056 producing a 5X product ion of s l o w  H- i ons  from the  

r e a c t i o n  

For 100 e~ €1- i o n s  

T h e  fo l lowing  is  a l is t  of H- n e u t r a l i z a t i o n  r e a c t i o n s  along wi th  

the  f r a c t i o n  of €I- i ons  produced by t h e  conver te r  which are l o s t .  

Thus, we see t h a t  f o r  t he  l o w  power a r c  ope ra t ion  used t h a t  t h e  II- l o s s  

mechanisms from t h e  conver te r  t o  e x t r a c t i o n  s l i t  sum t o  <4%. Operation 

a t  8 x l o m 3  t o r r  would produce 142  s l o w  H- i ons  by charge exchange and 

~ 1 0 %  €1- loss. Negative hydrogen ion  l o s s  t o  e l e c t r o n  s t r i p p i n g  dur ing  

a c c e l e r a t i o n  depends on t h e  gas p re s su re  (and hence gas e f f i c i e n c y  of 
t h e  sou rce ) ,  a c c e l e r a t o r  column l eng th ,  and beam energy. Prel iminary 

measurements of our s t r i p p i n g  losses  after s i n g l e  gap e x t r a c t i o n  and 

d e f l e c t i o n  through 90" along a 23-cm pa th  is  20 ? 15%. Higher gas 

e f f i c i e n c i e s  would c l e a r l y  be d e s i r a b l e  t o  keep s t r i p p i n g  l o s s e s  i n  the  

a c c e l  column low. 

D. Comparison of s u r f a c e  conversfon nega t ive  i o n  sources  

Table I1 shows a comparison of our r e s u l t s  with t he  r e s u l t s  of 

o t h e r  su r face  conversion nega t ive  ion n e u t r a l  beam development groups. 

Our development s t a r t e d  i n  t h e  2- t o  30-s pu l se  range,  s i n c e  t h i s  may be 

t h e  most d i f f i c u l t  range t o  achieve f l a t ,  r e l i a b l e  beam pulses and f o r  

which the a p p l i c a t i o n s  t o  n e u t r a l  beam heat ing  of plasmas are now r equ i r ed ,  
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Table 11. Comparison of su r face  conversion negat ive  ion  sources  

s IT EX DunP IGatron 

Pulse  length  (s) 5 0,l 

Extracted j,- (mA/cm2)  56 <20 

To ta l  bean cu r ren t  (mA) 23 <500 

Gas e f f i c i e n c y  (%) 3O (Est 3-5% ) 

Pressure  (anode) ( m t o r r )  2.3 2.4 

Beam energy (keV) 25 1 keV 

B e a m  impuri ty  (%) <le - < 10 

le/ If 4-6 0.1 

Elec t ron  cu r ren t  recovery 

Optics  o,(l/e) ( " I  2 1 1 .  NA 

(%I  >99 0 

Arc e f f i c i e n c y  (kW/A) n o d  2.100 

-~ 

BNL J,HL Russia 

0.01 dc 

2200 10 

600 >400 

g b  NA 

2.100 Ql 

15 0.3 

<10 %l 

0.5 NA 

0.001 

3300 

1000 

5 

2.100 

NA 

2. 10 

>>1 

0 0 0 

12 NA NA 

8 8 18 

a 

b 
e 

d 

F l a t  conver te r .  

Cy l ind r i ca l ly  focused conver te r .  

Measured a t  low arc power and small 1%-beams. 

Arc 5 t i m e s  longer  than e x t r a c t i o n  s l i t  ( s l i t  = 2.5 cm). 

From these  r e s u l t s  w e  see that. cons iderable  work i s  needed on the  plasma 

genera tor  and beam a c c e l e r a t o r  before  negative-ion-generated n e u t r a l  

beams can provide pract ical  hea t ing  f o r  tokamak and mir ror  fus ion  

experiments 

The r e l i a b i l i t y  of the SITEX plasma generator  i s  1.00% a t  t h i s  

power l e v e l  and can be est imated t u  run  hundreds of hours.  Further  

research  i n t o  higher  gas  e f f i c i e n c y ,  long pulse  conver te r  c o n t r o l ,  

o p t i c s ,  and a l l  inetal cooled source ope ra t ion  i s  under way, Future  

pararnetr ic  s t u d i e s  will inc lude  moving the p r imary  hydrogen d ischarge  

back from e x t r a c t i o n  s l i t ,  which should g r e a t l y  reduce tile 1 /I - r a t i o  

without  a f f e c t i n g  j - significa1itl .y.  Our upcoming plans a l s o  inc lude  II 
t e s t i n g  the  s c a l a b i l i t y  of t h i s  source,  

e !i 
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