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NEUTRAL REAMLINE WITH IMPROVED ION ENERGY RECOVERY 

Background o f  t h e  I n v e n t i o n  

T h i  s  i n v e n t i o n  re1  at;?s genera l  l y  t o  n e u t r a l  beain i n j e c t i o n  systems 

f o r  use i n  c o n t r o l  l e d  n u c l e a r  f u s i o n  d e v i c e s  such as To'konaks, magnet ic  

5 m i r r o r  systems, bumpy t o r i  and t h e  l i k e ,  and, Inore p a r t i c u l a r l y ,  t h i s  

i n v e n t i o n  r e l a t e s  t o  improvements i n  n e u t r a l  beam i n j e c t o r s  w i t h  d i r e c t  

i on energy r e c o v e r y .  

I n  t h e  f i e l d  o f  c o n t r o l l e d  n t rc lear  f u s i o n ,  a  h i g h  t e m p e r a t u r e  

plasma i s  formed ~f f u s i o n a b l e  l i g h t  i s o t o p e  i o n s  c o n t a i n e d  w i t h i n  a  

10 magnet ic  f i e l d  c o n f i  nernent o r  containment zone, i.n an evacuated r e g i o n .  

Such p l  asrna may g e n e r a l l y  compr ise  one o r  more i s o t o p e s ,  such as 

hydrogen, deu te r ium,  t r i t i  urn, he1 ium 3, e tc . ,  wh ich undergo f u s i o n  reac -  

t i o n s  under a p p r o p r i a t e  c o n d i t i o n s  o f  con f inement  t ime ,  d e n s i t y ,  and 

ternper.atul-e. These c0nd.i t i  ons may be 6 rouqh t  about o r  supplemented by 

15 t h e  i n j e c t i o n  o f  p r o p e r l y  a c c e l e r a t e d  n e u t r a l  p a r t i c l e  beams o f  one o r  

more o f  t h e  a p p r o p r i a t e  spec ies  i n t o  t h e  m a g n e t i c a l l y  c o n f i n e d  plasma. 

The i n j e c t e d  p a r t i c l e s  must be h e u t r a l  i n  o r d e r  t o  p e n e t r a t e  t h e  ve ry  

s t r o n g  magnet ic  f i e l d .  These e n e r g e t i c  n e u t r a l  p a r t i c l e s  a r e  sub- 

- - sequeotly.ionized-either by c o l l i s i o n  w i t h  t h e  plasma i o n s  o r  by 

20 a c t i o n  o f  t h e  magnet ic  c o n f i n e m e n t  f i e l d  ( L o r e n t z  f o r c e ) ,  and a re  
. - 

- a c c o r d i n g l y  t rapped  t o  i n c r e a s e  t h e  p l  asma tempera tu re  i n  t h e  magnet ic  

con ta inment  'zone. 



Since  t he  ' n e u t r a l  p a r t i c l e s  cannot be d i r e c t l y  acce le ra ted  t o  h i g h  
. . .  

ve l oc i t y - ,  i .e. ,  h i h h  k i n e t i c  :energies,  t h e y  a re  produced i n  an i n d i r e c t  
. . 

- - 

manner ~FOIII an i b n  source. It has been t he  p r a c t i c e  to  ;p rod i~ce  a  

n e u t r a l  beam- by.- accel e r a - t i n g  e i - t he r  pos i  t i  v e l y  o r  nega t i  v e l y -  charged- 

5 . ions o f  one o r  Illore o f  t he  .,above ~ . ~ e c i e s  emerging f rom an i o n  source; 
. . . - 

- a n d  -by t r a n s p o r t i n g  them th rough  a  gas -ce l l  n e u t r a l i z e r  wherein they -  
. 

i n- teract  . w i t h  background n e u t r a l  atoms o f  t he  same species a t  a  spe- 

cifi;d p ressure  through charge-exchange c o l l  i s i o n s .  A c e r t a i n  p o r t  i o n  

o f  t he  ene rge t i c  i ons  i s  conver ted  i n t o  n e u t r a l s  ( o r  n e u t r a l i z e d )  as 

10 t hey  emerge f rom the  n e u t r a l  i zer .  .The i o n - t o - n e u t r a l  convers ion e f f  i - 
I 

c iency  depends on, t h e  species'  and t he  beam energy. The posi  t i  ve ion -  

t o - n e u t r a l  e f f i c i e n c y  decreases monoton ica l  l y  as t he  energy per nucleon 

inc reases ,  e.g., - f r o m  60% f o r  40 k i l o  e l e c t r o n  v o l t s  (keV) t o  15% f o r  100 

keV per  nucl eon. 

1 5  As f u t u r e  i o n  sources a re  developed toward energ ies  o f  about 

100 keV per  nucleon, t h e  e f f i c i e n c y  o f  produc ing ene rge t i c  neu t ra l  

hydrogen i.sotopes from p o s i t i v e  i ons  i s  i n t o 1  e r a b l y  low. 

One way t o  improve t h e  n e u t r a l  beam i n j e c t o r  e f f i c i e n c y  i s  t o  

recover  t h e  energy con ta ined  i n  t h e  unneu t ra l  i zed r e s i d u a l  i o n  f r a c t i o n  

20 o f  t he  beam, which i s  o therw ise  wasted. I n  o rde r  t o  recover  t he  k i ne -  

t i c  energy o f .  the  unneu t ra l  i zed r e s i d u a l  i o n  component o f  t h e  beam 

emerging from the  n e u t r a l i z e r  c e l l  i n  t h e  form o f  usable  e l e c t r i c  

energy,  t h e  beam i ons  must be d i v e r t e d  from the  n e u t r a l  beam passage, 

dece le ra ted ,  and c o l  1  ected. The e l  ect ' rons present  i n  t h e  neu t ra l  i zer  

2 5  cel.1 must be b locked  f rom e n t e r i n j  t h e  i o n  c o l l e c t o r  area s i nce  they 

would be acce le ra ted  i n t o  i t ,  the reby  produc ing an ene rgy ' l oss  which 

may be equal t o  o r  g r e a t e r  than  the. recovered i o n  energy. 



I n  t h e  .process o f  deve lop ing  d i r e c t  energy recovery  i n  n e u t r a l  - .  
..'.. . . . . . . 

- b&n' i n j e c t o r s ,  va r i ous  means have been .dev ised o r  sl,-gge.sted, which may,. - - - . . 

.- be  general  l y  d i v i d e d  i n t o  t ~ o  grol jps , dependi nq upon t he  i o n  d c f l  ecti0.n 

.. filethod 'used. They are e i t h e r  e l  e c t r o s t q t i c  o r  1nagrieti.c ' ion de- f l  e c t i o n  

.: ' - .-In e l e c t r o s t a t i c  d e f l e c t i o n  system i s  descr ibed  i n  a  paper. by 
. -  . 

. . 

!J. L. Ra r r  e t  a l ,  "Proceedings o f  7 t h  Symposil~m on Eng ineer ing  Problems 

o f  Fus ion Research", Vol . 1, page 305, 1978. Th is  paper d i s c l o s e s  an 

e l e c t r o s t a t i c  system developed a t  Laurence L iver lnore Na t i ona l  

10 Labo ra to r y ,  L i  ver~nore,  Cal i f o r n i a ,  i n  which t h e  n e u t r a l  i zer  c e l l  .wa l l  

i s  h e l d  a t  ground p o t e n t i a l ,  t h e  i o n  bean c o l l e c t o r  i s  b iased h i g h l y  

p o s i t i v e  up t o  the i n i t i a l  bean energy, and t h e  e l e c t r o n s  emerging f r o ~ q  

t h e  c e l l  a re  repe l  l e d  by a  nega t i ve  vo l t age  ( a p p r o x i ~ n a t e l y  20 kV) 

appl  i e d  t o  a  set  o f  e l ec t r odes  which c l o s e l y  encompass t h e  hean. 0r1e 

15 nega t i ve  e l e c t r o d e  i s  placed between the  n e u t r a l i z e r  c e l l  e x i t  and a  

funnel  -shaped i o n  c o l l e c t o r  which a1 so encompasses the  beam. The o the r  

n e g a t i v e  e l e c t r o d e  i s  p laced a t  t he  e x i t  o f  t h e  c o l l e c t o r .  The i o n  

c o l l e c t o r  a c t s  t o  dece le ra te  and c o l l e c t  the  i ons  d i v e r g i n g  r a d i a l l y  

f r o m  the  beam. For  a  success fu l  e l e c t r o n  b l o c k i n g  i n  t h i s  system, t he  

20 n e v a t i v e  e l ec t r odes  must be b iased s u f f i c i e n t l y  n e g a t i v e  t o  d r i v e  t he  

beam p o t e n t i a l  nega t i ve  even on t h e  a x i s  i n  t he  presence o f  t h e  

p o s i t i v e - i o n  space-charge and the  nearby p o s i t i v e - i o n  c o l l e c t o r .  There 

a r e  i nhe ren t  probler: ,~ w i t h  t h i s  system which i n c l u d e  a  severe vacuum 

requ i rement  f o r  e f f i c i e n t  d i r e c t  convers ion,  - increased bean - l i ne  l e n g t h  

25 needed t o  c o l l e c t  most o f  the d i v e r g i n g  and d e c e l e r a t i n g  ions  which 

consequen t l y  reduces t h e  n e u t r a l  power t r ansm iss i on  e f f i c i e n c y ,  and 

u n c e r t a i n  t r a j e c t o r i e s  o f  f r a c t i o n a l  energy ions .  Low gas p ressure  - 



i s  c r i t i c a l l y  r e q u i r e d  s i n c e  t h e  slow i ons  and e l e c t r o n s  prod.uc&d b y - .  ' . - .  - - .. . . 
. - .  
- .  idn i ia t ion and charge Sxchange o f  t h e  backgrb ind  -gas a re  - 1 i k e l y t o  b&-. . ,.-: 

drawn t o  thcsc  e l  ec t rodes c a ~ i s i  ng P ; x c c ~ s i  ve  power 1  oadi  nq. Th'e sub- ..: 

sequent emiss ion.  o f -  secondary e l e c t r o n s  fro111 t h e  su r f ace  o f  the  nega-- . . 

- .  . . . 5 t i v e  e l e c t r o d e s  ~ o u l d  g i v e  r i s e  t o  -.an ~ t i d i t i o n a l  povrer d r a i n .  . - 
- .  

Other  e lec . t ros td t i c~e lec t roo~block in~cJ '  and ion-co l1ect . ion systens ... . . ' . 

u t i l i z i n g  e l e c t r o s t a t i c  g r i d s  a re  discuss&i by P. Ra i~nbau l t  i n  

EUR-CEA-FE-823, 1976. One s p e c i f i c  systein nu t  1-i ned i n  t h i s  r e fe rence  

employs a  c y l  i n d r i c a l  g r i d  arrangement which s~ l r r ounds  the bean e x i t i n g  

10 t h e  n e u t r a l  i z e r  v ~ h i c h  i s  b iased nega t i ve  w i t h  respec t  t o  the neu t ra -  

l i ze r  t o  suppress t he ,  e l e c t r o n s .  Th is  l ong  c y l  i n d r i c a l  suppress ion 

g r i d  i s  supposed t o  ease t he  h i g h e r  nega t i ve  v o l t a g e  r e q u i r e d  t o  

pene t ra te  i n t o  the beam and t o  b l o c k  t h e  e l e c t r o n s .  However, t h i s  

scheme a l s o  s u f f e r s  f rom d i r e c t  i n t e r c e p t i o n  o f  t he  i o n  beam on the 

15  nega t i ve  p o t e n t i a l  , c y l  i n d r i c a l  g r i d .  go t  o n l y  i s  the i o n  energy l o s t ,  

b u t  secondary e lec, t rons e j e c t e d  f rom the  g r i d  by the  i o n  impingement 

c o n s t i t u t e  an a d d i t i o n a l  power l o s s .  I n  t h i s  system, u n l i k e  t he  fori.ner 

system, t h e  i o n  source i s  operated a t  near ground p o t e n t i a l ,  and t h e  

i o n s  a re  accel  e r a t e d  by o p e r a t i  ng t he  neu t ra l  i zer  a t  a  h i  gh-negat i  ve 

20 p o t e n t i a l ,  which makes i t  possi  b l  e t o  recover  t h e  e n e r g y - o f  the  i ons  by . 

d e c e l e r a t i o n  t o  ground po ten t  i a1 . 
F u r t h e r ,  i t  has been suggested i n  t he  a r t  t o  employ magnetic means 

f o r  d e f l e c t i n g  t h e  i ons  frorn t h e  n e u t r a l  beam, and i t  has been f u r t h e r  

sugges.ted t o  employ magnet ic suppress' ion, o r  b l ock i ng ,  o f  t h e  e l e c t r o n s  

25 frorn emerging from the  n e u t r a l i z e r  tube. - It has been recognized i n  t h e  

' 
a r t  t h a t  magnet ic suppress ion w o u l d  be .advantageous i n  t h a t  t h e  magne- 

. - 
t i c  f i e l d .  can pen:etrate. beams t h a t  . -. a r e  t o o  t h i c k  and t o o  dense f o r  



e l - e c t r o s t a t i c  s u p r e s s i o n  t o  work. However; i n  t h e  p r i o r - a r t  e x p e r i -  
. . 

. . ~nen t s  e~np l  - o y i n g .  - 1:laqnet.i~- s u p p r e s s i o n  ( t h e r e  w a i  no. p r o v i s i o n .  made t o  
- .  

ter1nina.t.e t h e  e l e c t r o n s ,  n o r  was t h e r e  a  s t r o n g  enough magne t i c  f i e l d . .  
- 

A U.S. P a t e n t  app l  i c a t - i o n - o f  -coiikjon assignee'  w i t h  - the  p r e s e n t  

5 i nven t ion ,S .F : .  1 6 4 , 9 9 0 f i l e d J u l . - y 1 ,  1 9 S O b y W i l l i a m L .  . . S t i r l i n g f o r  - 
. - 

- .  

: ' # e u t r a l  Sedm L i n e  w i t h  I o n  Energy ~ ~ c d v e r y  Based on ~ a ~ n e t i c  B l o c k i n g  

o f  ~ l e c t r o n s " '  d i s c l o s e s  a'sy'stem. emp loy ing  magne t i c  . b l o c k i n g  o f  t h e  

e l e c t r o n s  and e l e c t r o n  c o l l e c t i o n  a t  t h e  n e u t r a l i z e r  e x i t .  The neu- 

t r a l i z e r  i s  ope ra ted  a t  a  h i g h - n e g a t i v e  a c c e l e r a t i o n  p o t e n t i a l  and t h e  

10 emerging i o n  beam exper iences  a  s t r o n g  e 1 e c t r . i ~  f i e l d  .due t o  t h e  

s u r r o u n d i n g  ground p o t e n t i a l  s t r u c t u r e  wh ich  i s  t r a n s v e r s e  t o  the  

magne t i c  f i e l d  a p p l i e d  ac ross  the  beam a t  t h e  n e u t r a l i z e r  e x i t .  Any 

e l e c t r o n s  p resen t  i n  tt1.e beam-generated plasma i n  t h e  n e u t r a l i z e r  a r e  
- - 

q u i c k l y  moved ou t  of t h e  beam due t o  ExR f i e l d  d r i f t  and d i r e c t e d  i n t o  

1 5  a  s l  i g h t l y  p o s i t i v e  b i a s e d ,  e l e c t r o n  c o l l e c t o r .  However, t,here e x i s t s  
t + 

a  f i n i t e  f r a c t i o n  o f  m o l e c u l a r  i o n s  (e.g., H2 and H3) a l o n g  w i t h  t h e  

a t o m i c  i o n s  i n  t h e  e x t r a c t e d  beam f r o m  t h e  i o n  source.  These m o l e c u l a r  

i o n s  a r e  m o s t l y  d i s s o c i a t e d  i n t o  a tomic  p a r t i c l e s  as t h e y  pass t h r o u g h  

t h e  n e a r - e q u i l i b r i u l ; ~  gas c e l l ,  and thus  t h e s e  d i s s o c i a t e d  i o n  p a r t i c l e s  

20 have k i n e t i c  e n e r g i e s  o f  f r a c t i o n a l  va l  ues (one-ha1 f 'or  o n e - t h i  r d )  w i t h  

respect t o  t h e  o r l g i n a ' l  f u l l  a c c e l e r a t i o n  energy  ( E )  o f .  t h e  a tomic  i o n s  

a c c e l e r a t e d  t h r o u g h  t h e  n e u t r a l i z e r  and cannot  r e a c h  t h e  g r o u n d - p o t e n t i a l  

s u r f a c e s  on which  t h e  f u l l  ene rgy  ( E )  i o n s  a r e  c o l l e c t e d .  These f r a c -  

t i o n a l  energy i o n s  a r e  d e f l e c t e d  a l o n g  pa ths  o f  s u b s t a n t i a l  l y  smal l e r  

2 5  r a d i u s  and, i n  a  bad geometry, c o ~ ~ l d  impinge upon the o u t e r  w a l l s  o f  

t h e  n e u t r a l  i z e r  c e l l  p r o d u c i n g  secondary  e l e c t r o n s  wh ich  cannot  be 

suppressed f r o m  b e i n g  a c c e l e r a t e d  t o  t h e  sur round. ing  ground p o t e n t i a l  

s u r f  aces. 
. , 



.. . - . -The re fo re ,  i t  w i  11 be app rec i a ted  t h a t  t h e r e  i s  a  need f o r  .improve- ' . . 
.. .. . 

. . . . .  

. mcnts i n ' j l e u t r a l  bcam l i ne  systems w i t h  i o n  energy recovery  based on t h e  - 
. . - -. 

s d v ~ n t s g c s  o f  magnet ic b l o c k i n g  n f  ~ 1 ~ c t . r . o n s  and Inaynetic beam i o n  

- .  
d e f l  ec t i o n ;  : One p a r t  i c u l  a r  need i s  t o  i laprove . t he  hand1 i ng of f r a c i  

5 . t i dna I . .energy  i ons  t o  prevent  t h e i r  i n t e r f e r r i n q  w i t h  t h e  recbvc fy  o f  
- .  

t h e  f u l . 1  energy ions  \vhen t he  f ract i .ona1 energy i ons  cannot be recov-.. 
.. - . 

e red  r e a d i l y .  F u r t h e r ,  improveriient i s  needed t o  prevent  f u l l  energy 

i o n s  f rom prematu re ly  d e f l e c t i n g  onto t h e  gas c e l l  w a l l  due t o  the 

c l o s e  p r o x i m i t y  o f  the  lnagnet r e g i o n  t o  the n e u t r a l  i z e r  end reg ion .  

10 Summary o f  the I n v e n t i o n  

I n  v iew o f  t h e  above needs, i t  i s  hn o b j e c t  o f  t h i s  i n v e n t i o n  t o  

p r o v i d e  an improved n e u t r a l  beam i n j e c t i o n  system ni t h  unneu t ra l  i zed 

r e s i d u a l  i o n  energy recovery  based on magnet ic b l o c k i n g  o f  e l e c t r o n s  

w i t h i n  t h e  n e u t r a l i z e r  gas c e l l .  

1 5  Another o b j e c t  o f  t h i s  i n v e n t i o n  i s  t o  p r o v i d e  an iinproved n e u t r a l  

beam i n j e c t i o n  system as i n  t he  above o b j e c t  w h e r e i n , t h e  e f f i c i e n c y  o f  

d i r e c t  energy recovery  o f  f u l l  energy i ons  i s  enhanced. 

Another o b j e c t  o f  t h i s  i n v e n t i o n  i s  t o  p rov i de  an improved n e u t r a l  

beam i n j e c t i o n  system.as i n  t h e  above o b j e c t s  wherein t he  e f f i c i e n c y  i s  

20 improved by p reven t i ng  f r a c t i o n a l  energy i ons  f rom i n t e r f e r r i  ng w i t h  

t h e  f u l l  energy i o n  recovery .  

 noth her o b j e c t  o f  t h i s  i n v e n t i o n  i s  t o  p rov i de  an improved neu t ra l  

beam i n j e c t i o n  system as i n  t he  above o b j e c t s  which may be r e t r o f i t  t o  

. . 
e x i s t i n g  n e u t r a l  beam i n j e c t o r s ,  t he reby  i n c r e a s i n g  . t h e i r  e l e c t r i c a l  

25  e f f i c i e n c y  arid h i  yh-power, l ong -pu l  se capab i l  i ty.' 

A d d i t i o n a l  ob j ec t s ,  advantages, and f ea tu res  . o f  t h e  i n v e n t i o n  w i l l  

be  se t  f o r t h  i n  p a r t  i n  t h e  d e s c r i p t i o n  which f o l l o w s ,  and w i l l  become 



- apparent to those sk i l l ed  in the a r t  upon exa~ilination of the following - --: 
- - - .  
. . . . ,  - :A o r  may .be 'learned by pract ice  of the invention. The objects  a n d  advan- - - .I..- 

- .  
. . 

. tages of. the inventinn nay h~ rm l - i  zed .and .&.tained b,y means of the -  - - 

5 ins t ru i~~enta l  i t i e s  and combinations par t i cu l  ; r ly  ~ o i n t e d  out, in the 

appended claims. . 

To achieve the foregoing .. and . other object-s: and i n  accordance with . - . . 

. the purpose of .the present invention,  as enbodi.ed and broadly described 

here in ,  an i~:iproved neutral bean in jec t  i or1 system i s  provided. Ions 

10 produced in an ion source operated near the ground potential a r e  accel- - 

erated to a desired energy by a high negative potential applied on the 

neutral i  zer tube. Ions which a re  not converted into neutral s  

experience a retarding e l e c t r i c  f i e l d  developed between the end of the 

neutral i zer and the surrounding ground surfaces.  A t ransverse inagnet i c  

15 f i e l d  ( 5 )  i s  provided in the e x i t  region of the neutra l izer .  The 

magnetic f i e l d  strength i s  su f f i c i en t l y  provided so as t o  block the 

e lec t rons  in the neu t ra l i ze r  froin exi t ing by the action of the crossed 

f i e l d s  d r i f t  and a l so  t o  de f lec t  the fu l l  energy ions and the f rac-  

t ional  energy ions along separate paths. An e l e c t r i c a l l y  conductive 

20 s t r uc tu r e  defines the ex i t  region of the neutral i z e r  f o r  providing an 

e l e c t r i c  f i e l d  shielding in such a way t ha t  f rac t ional  energy ions can 

be magnetically ref lec ted back in to  the i n t e r i o r  of the neutra l izer  

while the  fu l l  energy ions a re  deflected out of the neutral i  zer. A 

ground potential ' ,  f u l l  energy ion co l l e c to r  surface i s  provided ' in  the 

25 path of t h e ' f u l l  energy ions deflected from the neutral. beam path, 

wh.icti needs only a minimal cool ing. The fu l l  energy ions a re  suf- 

f i c i e n t l y  decelerated and t h e i r  c h a r g e i s  collected in the form of 

e l e c t r i c  current  which- i s  r.e.tukned t b  the high voltage power supply. 

Thus, t h e i r '  energy i s  not expended. - . 

- - 



 he s t r u c t u r e  d e f i n i n g  t h e  e x i t  r e g i o n  o f  t he  n e u t r a l i z e r  has a 

downstream - open ing  - coy&spondi ?g t p  the :paths - o f  t h e .  n e u t r a l  bean and 

t h e  d ~ f l r $ t , i  ng ful-1 enerq,y i o n  hearn. Around i t s  openfng i s  an e l e c t r o n  . 
" .  

. - 
c o l l e c t i n J ~ c o l l a r  which i s  e l ~ c t r i c a l l ~ b i a s ~ d ~ s l i g h t l y ' p o s i t i v e  r e l a -  

. - 
5 t i v e  t o .  t he  r ieu t ra l  i z e r  tube t o  c o l l e c t  the  elestr.ons d r i f t i n g  from .the . . 

- - 

n e u t r a l  i zer c rossed  f i e l d s -  f o r c e .  

The geometry o f  the  gas  c e l l  ex tens ion  fo rm ing  the e l  e c t r i c a l  l y  

conduc t i ve  s t r u c t u r e  d e f i n i n g  the e x i t  r e g i o n  o f  t he  n e u t r a l i z e r  

p rec ludes  any s t r ong  e l e c t r i c  f i e l d s  i n  t he  e x i t  r eg i on  where ions a re  

10 bent by t h e  magnetic f i e l d .  The f r a c t i o n a l  enerqy i ons  a re  con ta ined  

w i t h i n  t he  gas c e l l  end s t r u c t u r e  and any secondary e l e c t r o n s  erni t t e d  

as a  r e s u l t  o f  impingement o f  t h e  f r a c t i o n a l  energy i ons  upon t he  

i n t e r n a l  su r faces  o f  t h e  ex tens ion  a re  suppressed l i k e w i s e  and t e r -  

m ina ted  on t he  e l e c t r o n  c o l l e c t o r  r i n g .  The wide opening o f  t he  

1 5  n e u t r a l  i zer  end s t r u c t u r e  toward t he  i o n  bending d i r e c t i o n  m in im i  zes 

t h e  was te fu l  l o s s  o f  f u l l  energy i o n s  bent  i n t o  t h e  n e u t r a l  i z e r  i n n e r  w a l l .  

B r i e f  Oescri p t ion o f  the Drawings 

The accompanying drawings, which a re  i n c o r p o r a t e d  i n  and form a  

p a r t  o f  t h e  s p e c i f i c a t i o n ,  i l l u s t r a t e  t h e  present  i n v e n t i o n  and, 

20 t o g e t h e r  w i t h  t he  d e s c r i p t i o n ,  se rve  t o  e x p l a i n  t he  p r i n c i p l e s  of the  

i n v e n t i o n .  I n  t he  drawings:  

F i g .  1 i s  a  schematic i l l u s t r a t i o n  o f ,  a  n e u t r a l  beam genera to r  

employ ing d i r e c t  energy recovery  o f  p o s i t i v e  ions  based on magnet ic 
. . 

b l o c k i n g  o f  e l e c t r o n s  i n  accordance w i t h  t h e  present  i n v e n t i o n ;  

2 5 Fig.  2 i s  a p l o t  of the o p e r a t i n g  p o t e n t i a l  o f  t h e  va r i ous  corn- 

ponents a1 ong t he  beam1 i n e  shown i n  F i g .  1; 



- Fig:;3 i s  a  p e r s p e c t i v e  v iew o f  the gas n e u t r a l  i z e r  end s t r u c t u r e  
. .. 
. . .  - .  

= made i n  a . = - ~ . ~ r d s  w t t h  the teach ings  o f  the  p resen t  . i n ven t i on ;  and - 

. .. 

.: " .  Fiq, 4- i s - a  schematic i l l u s t r a t i o n - o f  an a l t e r n a t e  embodiment of . 

t tie neu t ra l 3  ze r  end beuinet ry  o f  the  nagn net r e g  i o n  concei  vah l  e  f rom t h e -  
- .  . 

. . 
5 * t each ing  bf th:i.s i n v e n t i o n .  . . 

- - 
. Oetai 1 ed D e s c r i  p t  i o n  o f  the  P r e f e r r e d  Embodiment 

F?e fe r r ing  now t o  F i g .  1, t h e r e  i s  shown scheroati.ca1 l y  a  n e u t r a l  

heain system imp loy i ng  d i r e c t  energy recovery  o f  f u l l  energy (E)  i ons  i n  

accordance w i t h  t h e  p r i n c i p l e s  o f  the  p resen t  i n v e n t i o n .  A l i g h t  i s o -  

10 t o p i c  spec ies p o s i t i v e  i o n  source 11 i s  operated a t  e s s e n t i a l l y  ground 

p o t e n t i a l .  .The i o n  source may be mounted t o  a  vacuuln enc losure  13 f o r  

t h e  beam1 i n e  system hy neans o f  an e l e c t r i c a l  i n s u l a t o r  and vacutrrn seal 

asse~nbly  15. A plasma i s  generated i n  t h e  source 11 c o n t a i n i n g  t he  

s e l e c t e d  spec ies p o s i t i v e  ior is ( i n  t he  present  case, hydrogen i o n s )  

1 5  which i s  acce le ra ted  by neans o f  a  VaCce1 power supp ly  19. The va lue 

o f  t he  a c c e l e r a t i o n  v o l t a g e  VaCce1 w i l l  depend upon t h e  beam energy 

r e q u i  renlents and t h e  i o n  source capab i l  i t y .  For  t h e  ill u s t r a t i o n  here 

Va,,,l i s  40 kV, vrhich i s  t y p i c a l  f o r  he.ating plasmas i n  t h e  P r i n c e t o n  

Large Torus o r  Impur i  ty Study Experiment Tokamak. 

2 0 The \ lacee l  source 19 i s  connected between ground and the  ex t r ac -  

t i o n  g r i d  17 o f  t h e  source 11 so t h a t  t he  g r i d  i s  b iased nega t i ve  w i t h  

r espec t  t o  ground. A s l i g h t  boost v o l t a g e  (Vboost), t y p i c a l l y  l e s s  

t han  4 kV, i s  a p p l i e d  by means o f  a  porrer source 21 connected between 

ground and t he  plasma g r i d  23 o f  t h e  i o n  source. a he' e x i t  g r i d  25  o f  

25  t h e  i o n  source 11 i s  connnct.ed e l e c t r i c a l l y  t o  a  gas n e u t r a l i z e r  c e l l  

27. .The gas c e l l  27 and t h e  e x i t  g r i d  25 a re  operated s l i g h t l y  pos i -  

t i v e  r e l a t i v e  t o  t h e  e x t r a c t i o n  g r i d  17, t y p i c a l  l y .  1 kV (Vdecel ) , t o  



p r e v e n t  e l e c t r o n s  generated i n  t h e  n e u t r a l  i z e r  c e l l  2 7  f r o m  d r i f t i n g -  
. - 

- back i n t o  t h e  i b n  s o u r c e  11. ' ~ h i . s  may b e . a c c o ~ n p l i s h e d  by r e s i i f . i v e l y  

d  i v i d i n g  the. v o l  t ag@ fro13 t h e .  power source 19  by  mearls o f  appropr id . te  

r e s i s t o r s ,  R 1 ,  R2, and R3. Ltlhen t h e  power source i s '  pu l  sed on, 'an - 

. - -  - -  . 5 e l e c t r i c  c u r r e n t  f l o w  th rough  these  r e s i s t o r s ,  t h u s  . p-rovidi,ng - t h e  

a p p r o p r i a t e  p o t e n t i  a1 s. These vol- tages .betwee.n var;ious e l  e c t r o d e s  -are  

. s l i g h t l y  m o d i f i e d  when i o n s  a r e  e x t r a c t e d .  

I t  w i l l  be obvi.ous t h a t  these  v o l t a g e s  may be p r o v i d e d  by separate  

povrer suppl i e s  f l o a t i n g  on t h e  V a c c e l  po \ le r  source 13 t o  n ~ i n i ~ n i z e  the 

10 power l o s s  a s s o c i a t e d  w i t h  t h e  c u r r e n t  d r a i n e d  t h r o u g h  t h e  r e s i s t o r s .  

Convers ion o f  t h e  a c c e l e r a t e d  i o n s  i n t o  n e u t r a l s  occurs  i n s i d e  the 

n e u t r a l  i z e r  27 a t  a  h i g h  n e g a t i v e  p o t e n t i a l  . The n e u t r a l  bean thus 

produced then t r a v e l s  t h r o u g h  an evacuated d r i f t  d u c t  29 coup led  t o  a  

n e u t r a l  bean u t i l i z a t i o n  d e v i c e  such as a f u s i o n  d e v i c e  31. The 

15 i ~ n n e u t r a l  i zed r e s i d u a l  i o n s  e x i  t i  ng t h e  n e u t r a l  i z e r  exper i 'ence f i  r s ' t  L 

t h e  magnet ic bend ing f o r c e  and then  t h e  r e t a r d i n g  e l e c t r i c  f i e l d  d e v e l -  

oped between t h e  n e u t r a l  i z e r  and t h e  s u r r o u n d i n g s  as ill u s t r a t e d  i n  

F i g .  2. Any i o n s  a r r i v i n g  a t  t h e  s u r r o u n d i n g  ground p o t e n t i a l  s u r f a c e  

c o n s t i t u t e  an energy r e c o v e r y ,  t h e  k i n e t i c  energy o f  each recovered  i o n  

20 b e i n g  o n l y  eVboost. However, t h e  c r u x  o f  t h e  prob lem i n  d i r e c t  energy 

r e c o v e r y  concerns t h e  e l e c t r o n s  produced i n s i d e  t h e  n e u t r a l  i z e r  a t  h i g h  

n e g a t i v e  p o t e n t i a l  s i n c e  t h e  e l e c t r i c  f i e l d  i s  such t h a t  i t  a t t r a c t s  

e l e c t r o n s  toward  t h e  ground p o t e n t i a l  . These e l e c t r o n s  l o o s e l y  con- 

t a i n e d  by t h e  space charge f i e l d  o f  the  i o n  beam i t s e l f -  a r e  prevented 

25 f rom l e a k i n g  upst ream toward t h e  i o n , s o u r c e  by  yeans o f  Vdeeel between 

g r i d s  1 7  and 25 . '  B l o c k i n g  t h e . e l e c t r o n s  f rom e x i t i n g  t h r o u g h  t h e  down- 
* .  

- s t ream opening o f  t h e  n e u t r a l  i z e r  i s  the -  key  s o l  u t i o n  f o r  t h e  success 
. - 

o f  energy r e c o v e r y .  



. To accompl i s h  e l -ec t ron  b l  ock3ng and. i o n  . d e f l  e c t i o n ,  a magnet i c .  

f i e l d  ii prov ided  t r dn5ve rse  t o  the- bean i n  the  e x i t  end of t h e ,  neu t ra -  

. l i z e r  - tube . - 27. R e f e r r i n q   no^-to F ig .  3  i n  c o n j u n c t i o n - w i t h  F i g .  11, i t  
- 

. - 

w i l l  be seen t h a t  t he  ir lagnctic f i e l d '  (€5) i s  prov' idcd- by means o f  

-. - 5 .. e lec t ron iagne t i c  po l  C piec.es 33, ' composed- o f  p ieces 33a and. 33b,. o r  
- .  

e q u i v a l e n t  i a g n e t i c  f iel 'd-producing.rneans i n  j u x t a p o s i t i o n  across t h e  

beanl.pat-h' i n  t h e  e x i t  end reg ion  o f  the  " n ' e d t r a l i i e r  27,  as shown yo re  

s p e c i f i c a l l y  i n  F iq .  3. The magnetic f i e l d  nay be v a r i e d  t o  o b t a i n  t he  

p rope r  f i e l d  s t r e n g t h  t o  b lock  the e x i t  o f  e l x t r o n s .  The  nagn net po l e  

10 p ieces  may be t i l t e d  a t  a  45' angle,  as shown i n  F i g . , l  and F i g .  3 ,  bu t  

a  r i g h t  ang le  o r i e n t a t i o n  o f  t he  magnets as shoc~n i n  Fig'. 4 i s  

p r e f e r r e d .  

I n  accordance With t he  present  i n v e n t i o n ,  t h e  e x i t  r e g i o n  o f  t he  

gas c e l l  27  i s  n o d i f i e d  t o  p rov i de  Inore e f f i c i e n t  energy recovery  o f  

1 5  t h e  f u l l  energy ions .  The end s t r u c t u r e  i n  the e x i t  r e g i o n  i s  an 

e l e c t r i c a l l y  conduc t i ve  ine ta l  box 37 w i t h  i t s  fo rward  (downstream) 

s i d e s  open f o r  t he  passage o f  t he  n e u t r a l  beam and t h e  d e f l e c t e d  f u l l  

energy ions .  The box 37 i s  formed o f  a  nonmagnetic ma-terial such as 

copper.  The downward ex tend ing  s i d e  p l a t e s  o f  t h e  .box s t r u c t u r e  

20 para1 l e l  t o  t h e  magnet ic po le  p ieces ove r l ap  most o f  t h e  magnet po le  

faces.  Wi th  t h i s  geometry, bo th  t h e  e1ectron.s.  and r e s i d u a l  i ons  w i t h i n  

t h e  extended n e u t r a l i z e r  end s t r u c t u r e  exper ience t h e  t r ansve rse  magne 

t i c  f i e l d  a lone i n  t he  absence o f  any s t r o n g  e l e c t r i c  f i e l d s .  An 

e l e c t r o n - c o l l e c t i n g ,  r i n g  39 i s  fas tened  around t h e  opening downstream 

25 end o f  t h e  box s t r u c t u r e  37 by means o f  i n su la to r ' s  ( n o t  shown) and 

extends a  few cen t ime te r s  beyond- t he  opening. The c o l l e c t o r  39 .  i s  a1 so . 

nonmagnetic and conforms t o  t he  open end geometry- o f  t h e  box 37. - 



The -sepa ra t i on  . . 0.f t h e  beam plasma e l e c t r o n s  an.d the  r e s i d u a l  
. . . . . . .  

- .  

- e n e r g e t l  c  i ons  b e j i n s  a t  t h e  en t rance  t o  the  magnetic r e g i o n  i n - t h e  - - 

e x i t  s t r u c t u r e  o f  the  11-witral i zer 27. E lec t r ons  tend t o -  gy ra te  al'onq- 

. t he .  t ransverse  -mag"e.tic f l -ux  1  i nes ,  whereas i o n  t r a j e c t o r i e s  a re  o n l y  
. . . .. 

5 b e n t . .  Any e l e c t r i c  f i e l d  owing t o  the ions ~aov ing  away o r  t o  e l e c t r i c  
. . - 

f i e l d  pene t ra t i on -  thrdbgh-.  t h e  open downstream end o f  t he  end s t r u c t u r e  

37 i s  approximately pe rpend i cu l a r  t o  t he  rnagnet'ic f i e l d ,  p roduc ing  o n l y  
- 
ExE d r i f t s  o f  the e l e c t r o n s .  Thus, e l e c t r o n s  v l i t h i n  t h e  e x i t  r e g i o n  

even tua l  l y  t e rm ina te  e i t h e r  on t he  gas c e l l  wa l l  o r  a t  the c o l l e c t o r  

10 r i n g  39  which i s  b iased  s l i g h t l y  p o s i t i v e  w i t h  respec t  t o  the  n e u t r a l -  

i z e r  c e l l  27 f o r  s u f f i c i e n t  a t t r a c t i o n  o f  t he  d r i f t i n g  e l e c t r o n s .  Th is  

b i a s  i s  p rov ided  by connec t i ng  t h e  c o l l e c t o r  r i n g  39 t o  a  vo l t age  

d i v i d e r  network forrnetl of r e s i s t o r s  P.2 and R3. The e l e c t r o n  c o l l e c t o r  

39 v o l t a g e  i s  approx imate ly  one k i l o v o l t  p o s i t i v e  w i t h  r espec t  t o  t he  

15 n e u t r a l  i z e r  c e l l  27. The f u l l  energy i ons  a re  immediate ly  dece le ra ted  

upon l e a v i n g  the e x i t  end o f  t he  n e u t r a l i z e r  c e l l  and t h e i r  charge i s  

c o l l e c t e d  a t  ground p o t e n t i a l .  I t  w i l l  be apprec ia ted  t h a t  the  e n t i r e  

ground p o t e n t i a l  enc losure  may be used f o r  co l  l e c t i n q  these  f u l l  energy 

i o n s  and recove r i ng  t h e i r  energy. The small p o s i t i v e  (Vboost) poten- 

2.0 t i a l  from the  power source 21 a p p l i e d  t o  the i o n  source plasma g r i d  23 

ensures t h a t  t h e  f u l l  energy i ons  d e f l e c t e d  from the  n e u t r a l  beam have 
'3 

s u f f i c i e n t  p o t e n t i a l  energy t o  reach t he  g rounded  c o l l  e c t i n g  su r faces .  

As po in ted  ou t  above, t h e  r e s i d u a l  i ons  e x i t i n g  t h e  n e u t r a l i z e r  

c e l l  27 i n t o  t he  e x i t  end s t r u c t u r e  37 a re  no t  a i  1  f u l l  energy ( E )  ' i o n s  

25 bu t  .conta in  f r a c t i o n a l  energy i o n s  due t o  r n o l e c u l ~ r  i ons  o f  the gas 

spec ies  e n t e r i n g  t h e  n e u t r a l i z e r  f rom the  i o n  source. I n  t h e  case o f  a  
+ t 

hydrogen source, as exempl i f i e d  here,  mol ecu l  a r  i o n s  (Hz and H3) 



i- 

e x t r a c t e d  f rom the  so.urce l l  a long  w i t h  atomic ions  (H i . )  a re  d i s s o c i a t e d  
. 

. . 

. i n t o  atomic as they  pass th rough  ttle nerrtra1,i;er c e l l  2 7 -  . - 

These p a r t i c l e s  have eriergy o f  one-ha1 f (E /2 )  and one- th . i rd  (E/3)  
. - 

r & p e c t i v e l y .  o f  t h e  d r i g i n a l  a c c e l e r a t i o n  energy ( E )  and thus cannot 

- . -  - 5  reach  t h e  g round -po ten t i a l  sur faces on which t h e  f u l l  en_ergy:ions i r e  . . 
. .. 

' 

c o l l  ec ted .  T h e r e f o r e ,  these ions  a r e  d e f l e c t e d  from the hean l i ne  ahout 

s u b s t a n t i a l  l y  s h o r t e r  r a d i i  than t h a t  o f  . the  f u l l  energy i ons .  ' Th is  i s  

i l l u s t r a t e d  i n  F ig .  4. If these i ons  a re  a l lowed t o  en te r  the  vacuum . 

r e g i o n  o u t s i d e  t he  n e u t r a l i z e r  c e l l  they  tend  t o  s t r i k e  the  o u t e r  n a l l  

1 Q  o f  t h e  n e u t r a l  i ze r  re1 eas i  ng t h e i r  enerqy and gene ra t i ng  secondary 

p a r a s i t i c  e l ec t r ons .  S ince these e l e c t r o n s  a re  born  a t  the h i g h  nega- 

t i v e  p o t e n t i a l  , t h e y  w i  11 be acce le ra ted  t o  ground, d e t r a c t i n g  froin the  

energy recovery .  Under a  proper  range o f  magnet ic  f i e l d  s t r eng ths ,  t he  

lower-energy ions  (E /2 ) .  and ( E / 3 )  a re  r e f l e c t e d  i n t o  the i n s i d e  v ~ a l l s  

1 5  o f  t he  gas c e l l  formed by t h e  downward ex tend ing  end s t r u c t u r e  37. 

Thus, e l e c t r o n s  emi t t e d  f rom these f r a c t i o n a l  energy i ons  s t r i k i n g  the 

i n s i d e  w a l l  o f  t h e  n e u t r a l i z e r  c e l l  a re  'b locked i n  t h e  same \.lay f o r  t h e  

n e u t r a l  i zer  e l  ec t r ons  and c o l l  ec ted  by t h e  e l  e c t r o n  c o l  1  e c t o r  r i n g  39 

and do no t  e x i t  w i t h  t h e  f u l l  energy i ons  t o  degrade t h e i r  energy 

20 recovery .  The f u l l  energy i ons  a re  d e f l e c t e d  from the  n e u t r a l  beam and 

1  eave t h e  'gas c e l l  th rough  t h e  open downstream end. Another purpose o f  

t h e  downward ex tend ing  s t r u c t u r e  i s  t o  m in im ize  t h e  l o s s  o f  f u l l  energy 

i o n s  on t h e  w a l l  caused by t h e  magnet ic bending.  

The magnet p o l e  p ieces -33 need no t  be o r i e n t e d  a t  the-  approx i -  

25 inately 45"  ang le  zhnwn i n  F ig .  1.. As illustrated In F i s .  4 t h e  magnet 

p o l e  p ieces  33 ' maylbe, o r i e n t e d  v e r t i c a l  l y  w i t h  added advantages such 

as  t h e  s h o r t e r  downstream l e n g t h  a"d t h e  s imp le r  p a r t i c l e  t r a j e c t o r i e s .  
. . 



The dimensions o f  t h e  I!~a<nt?t po les,  t h e  magnet ic - f i e l d  strength, and 

- t h e  geometry- o f  the gas c e l l  end Ztructur-.e- a r e  the. p r imary  ba rane te r s .  . . 

l u  ' V U I . ~  i n  -order t o  ,enhance t h ~  energy recovery  f o r  va r i ous  k i n e t i c  
. . 

. energy l e v e l  s. The e l  *c t r o n  c o l l  e c t o r  i s  no t  shoidn i n  F ig .  4,  b u t  
. . 

5. vtould be place? a t  t h e  end ' o f  s t k u c t u r e  371 a s - i n .  F i g .  1 .  I t  w i l l . - -  -. . - . . - 

be  noted. t h a t  t h e  t op -  s i d e  o f  t he  gas- c e l l  .end s t r u c t u r e  37 i s  extended 

f o r  t he  a d d i t i o n a l  purpose o f  i n t e r c e p t i n g  nega t i ve  i o n s ' t h a t  a re  pre- . 

sen t  ? n  t h e  beam as a r e s u l t  o f  charge-exchange c o l l i s i o n  processes 

a1 ong t he  n e u t r a l  i zer . 
10 I n  ope ra t i on ,  a  system e l e c t r i c a l l y  b iased,  as shown i n  F i g .  1 and 

i l l u s t r a t e d  i n  F ig .  2, e x t r a c t s  i ons  f rom the  i o n  .source plasma genera- 

t o r  11 and acce le ra tes  them i n t o  the n e u t r a l i z e r  c e l l  27.   he' r e s i d u a l  

f u l l  energy i ons  whose energy i s  t o  be recovered a re  i n a g n e t i c a l l y  

d.ef l  ec ted  downward i n  the  absence .o f  any s t r o n g - r e t a r d  i n g  e l  PC t r i c  

1 5  f i e l d .  The f r a c t i o n a l  energy ions ,  whose energ ies  a re  too  low t o  be 

recovered,  a re  c o n t r o l l e d  by t he  magnet ic f i e l d  a lone and a re  r e f l e c t e d  

back i n t o  ' the  i n t e r i o r  w a l l  o f  t h e  gas c e l l  formed by t h e  downr.rard 

ex tend ing  p o r t i o n  o f  t h e  end s t r u c t u r e  37. The secondary e l e c t r o n s  

produced by t h e  f r a c t i o n a l  energy i0n.s s t r i k i n g  t h e  i n n e r  su r f ace  o f  

20 t h e  s t r u c t u r e  37  a re  thus con ta ined  w i t h i n  t he  gas c e l l  ex tens ion .  The 

geometry o f  the  gas c e l l  ex tens ion  37 maximizes t he  escape o f  t he  f u l l  

energy i o n s  f rom the  gas c e l l  onto  t he  ground p o t e n t i a l  recovery  

surfaces. F u r t h e r ,  i t s  open s t r u c t u r e  a s s i s t s  t he  pumping o f  hydrogen 

g a s ' t h a t  streams ou t  t h e  gas c e l l  e x i t .  

2 5  he energy l o s s  due to,  the  t e r m i n a t i o n  o f  t h e  e l e c t r o n s  on t he  .. 

c o l l e c t o r  3 9  i s  l e s s  than  one keV pe r  e l e c t r o n .  The recovered ions 

i m p a r t  o n l y  an energy cor responding t o  the  boost vo l t age ,  which i s  kep t  - 

a s  l ow  as p o s s i b l e  and l i e s  between 2% and 10% o f  - W a C c e l .  The- p r imary  - 



r o l e  o f - t h e .  boos t  v o l t a g e  ip t o  ens.ure t h a t  t h e  f u l l  energy i o n s  
. . - .. 

. .. . - .  

e x i . t i  n3. ' t h e  g a ~ ~ c e l . 1  have..'ii.ough-,ehergy t o  reach .a grounded surface. :  - - - - . . - -. 
-. . , 

r ~ t h c r .  t h ~ n  rc f1cc . t  back in.t-o t h c  n c u t r ~ l i z c r  c c l l .  S c c o n d ~ r y  - 

e l  6 c t r o " s  generated f rom t h e  ground .s;r.face upon impi  ngernent o f  t h e  . 

. . 
. - . 5. recovered  i o n s  do n o t  pose a  l j r o b l  eln s i n c e  they  a r e  b o r n  approximately - . 

- . i n  t h e - e l e c t r ' i c  . , f i e l d - f r e e  re.g.ior1. a t  ground p o t e n t i a l .  

As p o i n t e d  o u t '  above, v a r i o u s  1  i g h t  i s o t o p i c  spec ies  [nay be used . 

f i r  t h e  source o f  i o n s  t o  be generated depending upon the p a r t i c r r l a r  

r e a c t o r  appl  i c a t i  on r e q u i  rernents . The fu l .1  energy i o n s  a r e  o f  p r i m a r y  

10 i n t e r e s t  f o r  t h e  purpose o f  energy r e c o v e r y  i n  accordance w i t h  t h i s  

i n v e n t i o n  s i n c e  t h e  f r a c t i o n a l  energy i o n s ' c a n n o t  e a s i l y  be recovered  

sirnul taneous ly .  It i s  t h e r e f o r e  d e s i r e d  t o  er~ ip loy  an i o n  source t h a t  

can produce h i g h  a tomic  i o n  f r a c t i o n  i n  t h e  beam. The i o n  source used 

i n  t h i s  example t y p i c a l l y  y i e l d s  t h e  a tomic  hydrogen i o n  spec ies  o f  SO 

15 t o  85%. I n  an exper iment  s e t  up as shown i n  F i g .  1 t o  show t h e  f e a s i -  

b i l i t y  o f  t h i s  i n v e n t i o n ,  an average f u l l - e n e r g y  i o n  r e c o v e r y  e f f i -  

c i e n c y  o f  about 80% was observed.  

The fo rego ing  d e s c r i p t i o n  o f  a  p r e f e r r e d  embodirilent o f  the inven-  

t i o n  has been presented f o r  purposes o f  i l l u s t r a t i o n  and d e s c r i p t i o n .  

20 It i s  n o t  i n t e n d e d  t o  be e x h a u s t i v e  o r  t o  1  i m i t  t h e  i n v e n t i o n  t o  t h e  

p r e c i s e  form d i s c l o s e d ,  and o b v i o u s l y  many m o d i f i c a t i o n s  and v a r i a t i o n s  

a r e  p o s s i b l e  i.n l i g h t  o f  t h e  above t e a c h i n g .  The embodiment eras chosen 

and d e s c r i b e d  i n  o r d e r  t o  b e s t  e x p l a i n  t h e  p r i n c i p l e s  o f  t h e  i n v e n t i o n  

and i t s  p r a c t i c a l  a p p l i c a t i o n  t o  t h e r e b y  enab le  o t h e r s  s k i l l e d  i n  t h e  

25 - a r t  t o  b e s t  u t i l i z e  t h e  i n v e n t i o n  and v a r i o u s  embodiments and w i t h  

v a r i o u s  m o d i f i c a t i o n s  as a r e  s u i t e d  t o  t h e  p a r t i c u l  a r  use contempla ted.  

. - 
It i s  i n t e n d e d  t h a t  t h e  scope o f  t h e  i n v e n t i o n  be d e f i n e d  by t h e  c l a i m s  

a ppendcd he re to .  



. A b s t r a c t  o f  t h e  D iscTosure  
. - .  - - 

A n e u t r a l  beam1 i n e  empl o y i  ng d i r e c t  energy - .  recovery  o f  11nneutra1, - 
' .  

i z e d  res idua l .  i ons  i s  p rov ided  which enhances the  energy recovery  o f  

5 t h e  f u l l  energy i o n  component o f  t h e  beam e x i t i n g  t h e  n e u t r a l i z e r  c e l l ,  \ 

and thus improves the o v e r a l l  n e u t r a l  beamline e f f i c i e n c y .  The 

unneu t ra l  i zed f u l l  energy i ons  e x i . t i n g  the n e u t r a l  i zer  a re  d e f l e c t e d  

from the  beam path and t he  e l e c t r o n s  i n  t he  c e l l  a re  b locked by a  

magnet ic  f i e l d  app l i ed  t r ansve rse  t o  the beam d i r e c t i o n  i n  t he  n e u t r a l  

i z e r  e x i t  r eg i on .  The i ons  which a re  generated a t  e s s e n t i a l l y  ground 

p o t e n t i a l  and acce le ra ted  th rough  t h e  n e u t r a l  i zer  c e l l  by a  nega t i ve  

a c c e l e r a t i o n  vo l  tage  a re  c o l  1  ec ted  a t  ground p o t e n t i  a1 . A n e u t r a l  i zer 

c e l l  e x i t  end r e g i o n  i s  p rov ided  which a l l ows  t h e  magnet ic and e l e c t r i c  

f i e l d s  a c t i n g  on t h e  e x i t i n g  ions  t o  be l o o s e l y  coupled. As a  r e s u l t ,  

1 5  t h e  f r a c t i o n a l  energy i ons  e x i t i n g  t he  c e l l  a re  r e f l e c t e d  onto and 

c o l l e c t e d  a t  an i n t e r i o r  w a l l  o f  t h e  n e u t r a l i z e r  formed by t h e  mod i f i ed  

end geometry, and thus do no t  d e t r a c t  f rom t h e  energy r ecove ry  e f f i  - 

c i e n c y  o f  f u l l  energy i ons  e x i t i n g  t h e  c e l l .  E l e c t r o n s  w i t h i n  t h e  

n e u t r a l i z e r  a re  prevented from e x i t i n g  t h e  n e u t r a l i z e r  end opening by 

20 t h e  a c t i o n  of c rossed f i e l d s  d r i f t  (rxg) and a re  t e rm ina ted  t o  a  

c o l l e c t o r  c o l l a r  a r o ~ l n d  the  downstream opening o f  t h e  n e u t r b l i z e r .  The 

c o r r e c t  combinat ion o f  t h e  extended n e u t r a l i z e r  end s t r u c t u r e  and t he  

magnet . r e g i o n  - i s  designed ,so as t o  maximi z i  - t he  e x i t  o f  f u l l  energy 

- .  i o n s  and t o  c o n t a i n  . t h e  f r a c t i o n a l .  energy i o n s  .. - ,. 

a .  

. .. . . 
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