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NEUTRAL BEAMLINE WITH IMPROVED ION ENERGY RECOVERY 

~ a c k g r o u n d  o f  the I n v e n t i o n  

Th is  i nven t i on  r e l a t e s  genera l l y  t o  neu t ra l  beam 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 .  f us ion  devices such as t h e  tokamaks, magnetic 

5 m i r r o r  systems, bumpy t o r i  and t h e  l i k e ,  and more 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  re1 a tes  t o  improvements i n  neu t ra l  beam i n j e c t o r s  w i t h  d i r e c t  

i on energy recovery. 

I n  the  f i e l d  o f  c o n t r o l  1  ed fus ion ,  o r  con t ro l  l e d  thermonuclear 

reac t i on ,  a  h igh  temperature plasma i s  formed o f  l i g h t  i so tope ions 

10 whose nuc le i  are fus ionabl  e  and which are contained w i t h i n  a  magnetic 

f i e l d  confinement, o r  containment zone, i n  an evacuated region. Such 

l i g h t  i s o t o p i c  species may genera l l y  csmprisc one o r  more mate r ia l s ,  

such as hydrogen, deuterium, t r i t i u m ,  hel ium 3 etc., whose nuc le i  

undergo fus ion  reac t i ons  under appropr ia te  cond i t i ons  o f  confinement 

1 5  t ime,  dens i ty ,  and temperature. These cond i t i ons  may be brought about 

o r  supplemented by t h e  i n j e c t i o n  o f  p rope r l y  accelerated neut ra l  par- 

t i c l e  beams o f  one o r  more o f  t h e  appropr ia te  species on the  proper 

t r a j e c t o r y  w i t h  respect  t o  the  magnetic f i e l d .  A p o r t i o n  o f  t he  

energet ic  neu t ra l  p a r t i c l e s  a re  i on i zed  by c o l l i s i o n  w i t h  neut ra l  or  

20 charged p a r t i c l e s  and are accord ing ly  trapped by the  magnetic f i e l d  t o  

' fur in a h igh  tcmperature plasma. The i n j e c t e d  p a r t i c l e s  must be neut ra l  

i n  order  t o  penetrate the  very s t rong  magnet ic- f ie1 d-contained plasma. 



Since the  neu t ra l  p a r t i c l e s  cannot be d i r e c t l y  accelerated t o  h igh  

v e l o c i t y ,  i .e., h igh  k i n e t i c  energies, they  are produced i n  an i n d i r e c t  

manner from an i o n  source. The neu t ra l  beam may be produced by accel-  

e r a t i n g  e i t h e r  p o s i t i v e l y  o r  nega t i ve l y  charged ions, o f  one o r  more o f  

5 t h e  above species, emerging from an i o n  source and then passing the  

charged p a r t i c l  es through a  gas-ce l l  neu t ra l  i zer wherein they i n t e r a c t  

w i t h  neut ra l  atoms and molecules o f  the  n e u t r a l i z e r  gas a t  a  s p e c i f i e d  

pressure through. charge exchange. A p o r t i o n  o f  t he  ions 'a re  neut ra l  - 
i z e d  and m e r g e  from t h e  n e u t r a l i z e r  as h igh  energy neut ra l  p a r t i c l e s  

10 along w i t h  the  accelerated beam passing therethrough. The beams are 

generated and manipulated i n  a  vacuum chamber whose pressure i s  main- 

t a i n e d  a t  t he  selected pressure l e v e l  by a  cryopuniping system. 

S i  nce ,the beam emerging from the  neut ra l  i zer a1 so conta ins 

e lec t rons  and unneutra l  i zed  ions, some means must be provided t o  

15 separate the  neut ra l  p a r t i c l e s  from the  e lec t rons  and ions t o  ob ta in  

t h e  desi red neut ra l  beam f o r  i n j e c t i o n  i n t o  the  magnet ica l l y  conf ined 

plasma. This i s  accompl ished by e i t h e r  e l e c t r o s t a t i c  o r  magnetic f i e l d  

b lock ing  o f  the  e lec t rons ,  and d i v e r s i o n  o r  bending o f  the  p o s i t i v e l y  

charged ions from the  pr imary beam path d i r e c t i o n  t o  a l l ow  the  neu t ra l  

20 beam t o  cont inue a1 ong the  accelerated beam path. Depending upon the  

species and energy o f  the i n i t i a l l y  i on i zed  p a r t i c l e s  o f  the  beam, the  

neu t ra l  p a r t i c l e  beam emerging from the n e u t r a l i z e r  conta ins a  l a r g e  

p o r t i o n  o f  high-energy unneut ra l i zed  ions .  Present i o n  sources 

opera t ing  a t  energies o f  about 40 k i l o - e l e c t r o n  v o l t s  (keV) per nucleon 

25 a t  60 amps i o n  c u r r e n t  p rov ide  about a  60% conversion e f f i c i e n c y  i n  the 

n e ~ l t r a l l  zer c e l l  . As f u t u r e  i o n  sources are developed toward energies 

o f  about 100 keV, o r  h igher ,  per nucleon, a t  comparable cur ren t  



1 w e 1  s, t h c  convers ion e f f i c i e n c y  dr.ops t o  about 13% f o r  hydrogen 

n e u t r a l s  us ing  H2 gas and about 52% f o r  deuter ium n e u t r a l s  us ing  

D2 gas, which represents an i n t o 1  e rab l  e  energy 1 oss. 

Therefore, i n  o rder  t o  produce neu t ra l  beams f o r  f u s i o n  plasma 

hea t i ng  e f f i c i e n t l y ,  t h e  energy conta ined i n  t h e  unneu t ra l i zed  f r a c t i o n  

o f  t h e  beam must be recovered. I n  o rder  t o  recover  t h e  k i n e t i c  energy 

o f  t he  charged i o n  component o f  t h e  beam emerging from t h e  n e u t r a l i z e r  

c e l l ,  i n  t he  f o n r ~  o f  usable e l e c t r i c  energy, t h e  e lec t rons  present i n  

t h e  beam must be blocked and t h e  beam ions  d i v e r t e d  from the  n e u t r a l  

beam1 ine,  dece le ra ted  and c o l l  ected. The e lec t rons  must be b l  ocked 

f rom e n t e r i n g  t h e  i o n  c o l l e c t o r  area s ince  they would be acce le ra ted  

i n t o  t he  i o n  c o l l e c t o r  thereby producing an energy l o s s  which may be 

equal t o  o r  g rea te r  than the  recovered i o n  energy. 

I n  t h e  process o f  developing d i r e c t  energy recovery i n  neu t ra l  

beam i n j e c t o r s ,  var ious  means have been devised o r  suggested, which may 

be general l y  d i v i d e d  i n t o  two g'roups , depending upon the  i o n - d e f l  e c t i o n  

method used. They are e i t h e r  e l e c t r o s t a t i c  o r  magnetic i o n - d e f l e c t i o n  

methods. 

An 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  "Proceedings o f  

7 t h  Symposi um on Engineer ing Problems o f  Fusion Research ," 1978, by 

W. L. Barr  e t  a1 , Vol. 1, page 308. Th is  paper d i sc loses  an 

e l e c t r o s t a t i c  system developed a t  Lawrence Livermnre Laboratory,  

Livermore, Cal i for .n ia ,  i n  which t h e  n e u t r a l i 7 e r  c e l l  wa l l  i s  he ld  a t  

ground po ten t i ' a l ,  t h e  i o n  beam c o l l e c t o r  i s  biased h i g h l y  p o s i t i v e  . 

(ap'proximately 100 kV) and t h e  e lec t rons  emerging f rom the  c e l l  are 

r e p e l l e d  by a negat ive  v o l t a g e  (approx imate ly  20 kV) app l i ed  t o  t h e  

e lec t rodes  which c l o s e l y  encompass t h e  beam. One negat ive  e lec t rode  i s  



placed belwre i~  t h e  neut ra l  i zcr c e l l  e x i t  and a general 1  y funnel -shaped 

i o n  c o l l e c t o r  which a l so  emcompasses t h e  beam. The o ther  negat ive  

e lec t rode  i s  placed a t .  t he  e x i t  o f  t h e  c o l l e c t o r .  The ion. c o l l e c t o r  

ac ts  t o  decelerate and c o l l e c t  the  ions  d i ve rg ing  r a d i a l l y  from the  

5  beam. The negat ive  e lect rodes i n  t h i s  system must be biased suf- 

f i c i e n t l y  nega t i ve  t o  d r i v e  the  beam p o t e n t i a l  negat ive  even on the  

a x i s  i n  the  presence o f  t he  posi t i  ve-ion. space charge and the  nearby 

posi  t i  ve- ion c o l l  ec tor .  There are inherent  problems w i t h  t h i s  system 

which i nc lude  severe gas pressure requirements f o r  e f f i c i e n t  d i r e c t  

10 conversion, increased beamline l e n g t h  i n  order  t o  e s t a b l i s h  the  

r e t a r d i n g  e l e c t r i c  f i e l d  which consequently reduces the  neut ra l  power 

t ransmiss ion  e f f i c i e n c y  and the  need t o  ho ld  a  h igh  p o s i t i v e  p o t e n t i a l  

on the  i o n  c o l l e c t o r  i n  the  presence o f  s p a t i a l  and t ime-vary ing mag- 

n e t i c  f i e l d s .  The most c r i t i c a l  gas-pressure requirement placed on 

15 t h i s  d i r e c t  conversion system i s  imposed by the  power load r e s u l t i n g  

f rom the acce le ra t i on  and c o l l e c t i o n  o f  t he  slow ions and e lec t rons  

produced by i o n i z a t i o n  and charge exchange o f  t h e  background gas. The 

r e s u l t i n g  emission o f  secondary e lec t rons  a t  negat ive  h igh  vo l tage and ' 

t h e  subsequent power d r a i n  must a1 so be considered. 

2  0  Other e l e c t r o s t a t i c  e lec t ron -b lock ing  and i o n - d e f l e c t i o n  systems 

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  which can i n t e r c e p t  the  beam are 

discussed by P. Raimbault i n  EUR-CEA-FE-823, 1976. One s p e c i f i c  system 

out1 ined i n  t h i s  reference en~pl oys a  c y l  i n d r i c a l  g r i d  arrangement. 

which surrounds the  beam e x i t i n g  the  n e u t r a l i z e r  which i s  biased nega- 

25 t i v e  w i t h  respect  t o  the  n e u t r a l i z e r  t o  suppress the  e lec t rons .  The 

I o n  c o l l e c t i o n  method o f  t h i s  system has one advantage and one disad- 
I 

vantage c,ompared t o  the  Barr  system mentioned above. The s i n g l e  advantage 



i s  t h a t  t he  i o n  c o l l e c t o r  i s  a t  ground p o t e n t i a l .  However, i n  a d d i t i o n  

t o  the  o the r  disadvantages t o  t h e  Bar r  system, the  Raimbault system 

a l s o  s u f f e r s  from d i r e c t  i n t e r c e p t i o n  o f  the  i o n  beam on the  h i g h  nega- 

t i v e  p o t e n t i a l ,  c y l  i n d r i c a l  g r i d .  Not on ly  i s  the  i o n  energy l o s t ,  but 

5 secondary e lec t rons  e jec ted  from 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 loss.  I n  the  proposed Raimbaul t 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 the ions are  

acce lera ted  by ope ra t i ng  the  neu t ra l  i z e r  a t  a  h igh  negat ive p o t e n t i a l .  

The p o s i t i v e  p o t e n t i a l ,  a t  which t h e  i o n  source i s  he ld  above ground 

10 p o t e n t i a l ,  i s  necessary t o  ensure t h a t  the unneutral  i zed  ions  are  able 

t o  reach t h e  i o n  c o l l e c t o r  p la te .  

By opera t ing  t h e  neut ra l  i zer a t  a  negat ive  p o t e n t i a l  t o  accelerate 

t h e  ions from the  source through t h e  n e u t r a l i z e r  makes it poss ib le  t o  

recover  t he  energy o f  the  ions by dece le ra t i on  t o  ground p o t e n t i a l  and 

1 5  e l im ina tes  the  problems associated w i t h  a  h igh  p o s i t i v e  p o t e n t i a l  

dece le ra t i on  vo l tage on an i o n  c o l l e c t o r  f o r  recovery o f  t h e i r  k i n e t i c  

energy d i r e c t l y .  

Fur ther ,  as po in ted  out above, i t  has been suggested i n  the a r t  t o  

employ magnetic means f o r  d e f l e c t i n g  the ions from the accelerated 

20 beam, and i t  has been f u r t h e r  suggested t o  employ magnetic suppression, 

o r  b lock ing,  o f  the  e lec t rons  from the  beam emerging from the n e u t r a l -  

i z e r  tube. It has been recognized i n  t he  a r t  t h a t  magqetic suppression 

would be advantageous i n  t h a t  t he  magnetic f i e l d  can penetrate beams 

t h a t  are t o o  t h i c k  and too  dense f o r  e l e c t r o s t a t i c  suppression t o  work. . 

25  However, i n  t he  p r i o r - a r t  experiments employing magnetic suppression, 

e l e c t r o s t a t i c  f i e l d s  a1 so present i n  the system from p o s i t i v e  p o t e n t i a l  

dece le ra t i on  i o n  co l  1  ec tors ,  have produced unnecessar i ly  long beam1 ines  



and/or complicated e l e c t r o n  motions which prndr~ce long-1 i ved  e lec t rons  

i n  the  system. Some o f  these e lec t rons  cause unwanted power d r a i n  o r  

tend e i t h e r  t o  re - i on i ze  the neut ra l  beam e x i t i n g  the neut ra l  i zer c e l l  

o r  de- ionize the  p o s i t i v e  ions  d i rec ted  t o  the  energy recovery i o n  

5 co l  l e c t o r s .  

A U.S. Patent appl i c a t i o n  o f  .cormon assignee w i t h  the  present 

i nven t i on ,  S.M. 164,990 f i l e d  J u l y  1, 1980, by W i l l i a m  L. S t i r l i n g  f o r  

" Neutral  Beam1 i ne. With Ion  Energy 'Recovery Based On Magnetic B l  ocl i ing 

o f  E lec t rons"  discl.oses a  system employing magnetic b lock ing  o f  the  

10 e lec t rons  and e l e c t r o n  c o l l e c t i o n  a t  the  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  operated a t  a  h igh  negat ive acce le ra t i on  p o t e n t i a l  and the  

emerging beam experiences a  st rong e l e c t r i c  f i e l d  due t o  the 

surrounding ground po ten t i a l  s t r u c t u r e  which i s  t ransverse  t o  the  

magnetic f i e l d  app l ied  across the  beam a t  the  neut ra l  i z e r  e x i t .  Any 

15 e lec t rons  present i n  the  beam from leakage o r  from secondary emission 

a re  quick1 y moved' out o f  t he  beam due t o  ZxB f i e l d  d r i f t  and d i r e c t e d  

i n t o  a  s l  i g h t l y  p o s i t i v e  biased, e l e c t r o n  c o l l e c t o r .  However, molecu- 

l a r  ions o f  the  selected species ex t rac ted  from the i o n  source along 

w i t h  the  atomic ions  are d issoc ia ted  i n t o  atomic p a r t i c l e s  as they  pass 

20 through t h e  near-equi 1  i b r i um gas c e l l .  ' These p a r t i c l e s  have k i n e t i c  

energies o f  f r a c t i o n a l  values w i t h  respect  t o  t he  o r i g i n a l  f u l l  accel-  

e r a t i o n  energy ( E )  o f  the atomic ions accelerated through the  n e u t r a l -  

i zer and cannot reach the ground-potent ia l  surfaces on which the  f u l l  

energy ( E )  ions are col  lec ted .  These f r a c t i o n a l  energy ions ,are 

2 5  de f l ec ted  along paths o f  s u b s t a n t i a l l y  smal le r  rad ius  and tend t o  

impinge upon thc  ou ter  wa l l s  o f  t h e  neut.ra1 i zer cell  producinq unde- 

s i r a b l  e  secondary. e l  ect rons ou ts ide  o f  t h e  e l  ec t ron  co l  1  e c t o r  region. 
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These e l e c t r o n s  a r e  t hen  acce le ra ted  t o  t h e  su r round ing  ground poten- 

t i a l  surfaces in tended  f o r  t h e  c o l l e c t i o n  o f  t h e  f u l l  energy i o n ' s  

charge and d e t r a c t  from t h e  energy r ecove ry  e f f i c i e n c y  o f  t h e  f u l l  

energy ions .  

5 Therefore,  i t  w i l l  -be app rec i a ted  t h a t  t h e r e  i s  a  need f o r  

improvements i n  n e u t r a l  beamline systems w i t h  i o n  energy recovery  based 

on t h e  advantages o f  magnet ic b l o c k i n g  o f  e l e c t r o n s  and beam i o n  

d e f l e c t i o n  which dea l s  w i t h  t h e  f r a c t i o n a l  energy 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  t o  prevent  t h e i r  i n t e r f e r r i n g  w i t h  t h e  recovery  o f  t h e  

10 energy f rom t h e  f u l l  energy i o n s  e x i t i n g  t h e  c e l l .  

Sumnary o f  t h e  Invention 

I n  v iew o f  t h e  above need, i t  i s  an 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  beamline f o r  gene ra t i ng  an ene rge t i c  

n e u t r a l  beam w i t h  unneu t ra l  i zed i o n  energy recovery  based on magnet ic 

1 5  b l o c k i n g  o f  e l e c t r o n s  i n  t h e  i o n  beam n e u t r a l i z e r .  

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 improved n e u t r a l  

beamline genera to r  as i n  t h e  above o b j e c t  where in  t h e  energy recovery  

o f  unneu t ra l  i z e d  f u l l  energy i ons  i s  improved by b l o c k i n g  t h e  e x i t  o f  

f r a c t i o n a l  energy i ons  f rom t h e  beam1 i n e  n e u t r a l  i ze r  c e l l .  

2 0 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 improved n e u t r a l  

b e a n l i n e  system f o r  h i g h  power a p p l i c a t i o n s  i n  which t h e  problems 

assoc ia ted  w i t h  energy d i sposa l  o f  t h e  unneu t ra l  i z e d  p o r t i o n  of t h e  

beam a re  solved. 

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  

25  beamline system as i n  t h e  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  the reby  increas4 ng the1  r e l e c t r i c a l  

e f f i c i e n c y  and high-power,  l ong -pu l  se c a p a b i l i t y .  
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Add i t i ona l  ob jec ts ,  advantages and fea tures  o f  t h e  i n v e n t i o n  wi 11 

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 fo l l ows ,  and w i l l  become 

apparent t o  those s k i l l e d  i n  t h e  a r t  upon examinat ion o f  t h e  f o l l o w i n g  

o r  may be learned by p r a c t i c e  o f  t h e  invent ion .  The ob jec t s  and advan- 

5 tages o f  t h e  i n v e n t i o n  may be r e a l i z e d  and a t ta ined  by means o f  t h e  

ins t rumenta l  i t i e s  and combinations . p a r t i c u l a r l y  po in ted  out i n  t h e  

appended c l  aims. 

To achieve t h e  fo rego ing  and o the r  'ob jects  and i n  accordance w l t h  

t h e  purpose o f  t h e  present i nven t i on ,  as embodied and broad ly  descr ibed 

10 he re in ,  an improved neu t ra l  beaml i n e  generator i s  .provided. Energy 

i s  recovered from f u l l  energy unneut ra l i zed  ions  e x i t i n g  a  n e u t r a l i z e r  

tube  through which they  are acce'lerated from a  s u b s t a n t i a l l y  operated 

i o n  source. I n  t h e  n e u t r a l i z e r ,  a  p o r t i o n  o f  t h e  ions  are converted t o  

ene rge t i c  n e u t r a l  p a r t i c l e s  and e x i t  t h e  neu t ra l  i z e r .  Residual f u l l  

1 5  k i n e t i c  energy atomic ions  and f r a c t i o n a l  k i n e t i c  energy atomic ions 

de r i ved  f rom molecul a r  ions o f  t h e  species accel e ra ted  i n t o  sa id  

n e u t r a l ' i z e r  a l so  e x i t  t h e  n e u t r a l i z e r .  A magnetic, f i e l d  (B)  i s  pro-  

v ided t ransverse  t.a t.he beamline i n  a  beam e x i t  r eg ion  o f  t h e  neutra-  

l i z e r  which has s u f f i c i e n t  s t reng th  t o  b lock  e lec t rons  from e x i t i n g  the  

20 neu t ra l  i z e r  and d e f l e c t  t h e  f u l l  energy ions  from t h e  beaml i n e  along a  

separate path. A nonmagnetic, e l e c t r i c a l l y  conduct ive ground poten- 

t i a l  s t r u c t u r e  de f i nes  the  e x i t  reg ion  o f  t he  n e u t r a l  i z e r  f o r  p r o v i d i n g  

a  concentrated e l e c t r i c  f i e l d  w i t h i n  t h e  e x i t  reg ion.  The e l e c t r i c  

f i e l d  i s  s u b s t a n t i a l l y  t ransverse  t o  t he  magnetic f i e l d  and r e f l e c t s  

25 t h e  f r a c t i o n a l  energy i o n  component o f  t h e  beam e x i t i n g  the  n e u t r a l i z e r  

back i n t o  t h e  n e u t r a l i z e r .  A t  ' least one ground poter l l ' l 'a l  f u l l  energy 

i o n  charge c o l l e c t o r  surface i s  prov ided i n  t h e  path o f  t h e  f u l l  energy 



i o n s  d e f l e c t e d ,  from the  beam1 i n e  ou ts ide  t h e  e x i t  reg ion  formed by the  

s t r u c t u r e .  The f u l l  energy ions are decelerated and t h e i r  charge 

c o l l e c t e d  on . the  i o n  c o l l e c t o r .  Thus, t h e i r  energy i s  no t  expended. 

The s t r u c t u r e  d e f i n i n g  the  e x i t  reg ion  o f  t he  n e u t r a l i z e r  has a  

5 downstream opening corresponding t o  the  paths o f  t h e  neu t ra l  beam and 

t h e  f u l l  energy i o n  beam which i s  surrounded by an e l e c t r o n - c o l l e c t i n g  

sur face e l e c t . r i c a l l y  biased s u f f i c i e n t l y  p o s i t i v e  re1 a t i v e  t o  the  

n e u t r a l i z e r  tube f o r  generat ing an e l e c t r i c  f i e l d  s u f f i c i e n t  t o  c o l l e c t  

t h e  , e l  ect rons d r i f t i n g  from the  neut ra l  i zer e x i t  r eg ion  w i t h  a  negl i- 

10 g i b l  e  energy l oss .  

B r i e f  Description o f  the Drawings 

The accompanying dra\vings, which are incorporated i n  and form a  

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

t oge the r  w i t h  the  desc r ip t i on ,  serve t o  exp la in  t h e  p r i n c i p l e s  o f  the 

15 i nven t i on .  I n  the  drawings: 

F ig .  1 i s  a  schematic i l l u s t r a t i o n  o f  a  neut ra l  beam generator 

employing d i r e c t  energy recovery o f  f u l l  energy p o s i t i v e  ions based on 

magnetic b lock ing  o f  e lec t rons  and magnetic and e l e c t r i c  f i e l d  r e f l e c -  

t i o n  o f  f r a c t i o n a l  energy ions i n  accordance w i t h  the present 

20 i nven t i on ;  

F ig .  2 i s  a  p l o t  o f  the  operat ing p o t e n t i a l  o f  t h e  var ious com- 

ponents along the  beam generator shown i n  F i g .  1; 

F ig .  3 i s  a  perspect ive view 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 .  accordance w i t h  the teachings o f  t he  present i nven t i on ;  and 

2 5 Fig. 4 i s  a  schematic i l l u s t r a t i o n  o f  the d i f f e r e n t  d e f l e c t i o n  

pa ths  f o r  d i f f e r e r ~ l  er'1er;q.y i ons  e x i t i n g  the  neu t ra l  i z c r  c c l  I .  



Beeai led  DescripL iur~ or  the Drawings 

F e f e r r i n g  now t o  F ig .  1, t h e r e  i s  shown schema t i ca l l y  a  n e u t r a l  

beam system f o r  d i r e c t  energy . r ecove ry  o f  f u l l  energy i o n s  (E )  i n  

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

5 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  vacuum enc losure  13 f o r  

t h e  beamline system by means o f  an e l e c t r i c a l  i n s u l a t o r  and seal  

assembly 15. The plasma beam f rom t h e  source 11 con ta i ns  t h e  s e l e c t e d  

spec ies  p o s i t i v e  i ons  which a re  acce le ra ted  by means o f  a  V a c c e l  power 

10  supp ly  19. The va lue  o f  t h e  a c c e l e r a t i o n  v o l t a g e  V a c c e l  w i l l  depend 

upon t h e  beam energy requi rements  and t h e  i o n  source capac i t y .  For  t h e  

i l l u s t r a t i o n  here V a c c e l  i s  -40 kV f o r  a  60 amp i o n  c u r r e n t .  Th i s  i s  

t y p i c a l  f o r  hea t i ng  plasmas i n  t h e  P r i n c e t o n  Large Torus f u s i o n  

resea rch  exper iment ,  f o r  example. 

15  The V a c c e l  source 19 i s  connected between ground and t h e  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 h e  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  vo l t age ,  (Vboost) t y p i c a l l y  4 kV 

p o s i t i v e .  i s  a p p l i e d  by means o f  a power source 21 connected between 

qroirnd and t h e  plasma g r i d  i13 o f  t h e  i o n  source. The e x i t  g r i d  25 of 

20 t h e  i o n  source 11 i s  connected e l e c t r i c a l l y  t o  a  gas c e l l  n e u t r a l  i zer  

27. The gas c e l l  27 and t h e  e x i t  g r i d  25 a r e  operated s l i g h t l y  p o s 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, t o  p reven t  

e l e c t r o n s  generated i n  t he  n e u t r a l j z e r  c e l l  27 f r o m  d r i f t i n g  back i n t o  

t h e  i o n  source 11. Th i s  may be accompl ished by connec t ing  t h e  nega t i ve  

25 s i d e  o f  t h e  source 19 t.o t h e  gas c e l l  27 t h rough  an app rop r i a t e  s i z e  

r e s i s t , o r  R1. However, t1er.e and i n  t h e  f o l  l ow ing  d c s c r i p t i o n  a  separate  

power supply  f l o a t i n g  on t h e  V a c c e l  supp l y  19 i s  p r e f e r r e d  si.nce t h e  

use of r es i ' s t o r s  f o r  b i a s i n g  i n t r oduces  excess i  ve energy l o s s .  



The beam o f  p o s i t i v e  ions  ex t rac ted  from t h e  i o n  source 11 i s  thus 

acce le ra ted  t o  a  k i n e t i c  energy o f  about 40 keV a.nd remain a t  t h a t  

energy through t h e  neu t ra l  i z e r  gas c e l l  27. I n  t h e  gas c e l l  , a  por-  

t i o n  o f  t h e  ions e n t e r i n g  the  c e l l  are converted t o  neu t ra l  p a r t i c l e s  

5  w i t h  h igh  k i n e t i c  energy and t r a v e l  along the  accelerated beam path and 

i n t o  an evacuated d r i f t  tube 29 coupled t o  a  n e u t r a l  beam u t i l i z a t i o n  

device,  such as a  f u s i o n  r e a c t o r  31, f o r  example, t o  heat a  magne t i ca l l y  

con f ined p l  asma. . 

I t w i  11 be understood t h a t  t h e  beam must be manipul a ted w i t h i n  a  

10 vacuum containment and t h a t  i t  i s  necessary t o  remove t h e  background 

gases and the  de-energized species from which t h e  charge has been 

c o l  l ec ted .  This i s  accomplished as i n  any convent ional  beam1 i n e  by 

cryocondensing vacuum pumping panel s  o r  o ther  su i  tab1 e  vacuum pumping 

means (no t  shown). 

15  I n  o rder  t o  o b t a i n  energy recovery from t h e  f u l l  energy ( E )  r es id -  

u a l  ions  which e x i t  t he  n e u t r a l i z e r  c e l l  a long w i t h  t h e  n e u t r a l s ,  t he  

i ons  must be d e f l e c t e d  from the n e u t r a l  beam path  and e lec t rons  must be 

b l  ocked a t  the  n e u t r a l  i zer e x i t .  If t h e  e lec t rons  are a1 1  owed t o  go t o  

one o f  t h e  ground' p o t e n t i  a1 surfaces, they would be accel erated across 

20 t h e  do t ted  path ( t h e  i o n  dece le ra t i on  p o t e n t i a l )  as shown i n  t he  poten- 

t i a l  d i s t r i b u t i o n  p l o t  o f  Fig. 2 and would c o l l e c t i v e l y  g i v e  up more 

energy than could be recovered from the  f u l l  energy p o s i t i v e  ions. 

To accompl i s h  e l e c t r o n  b lock ing  and i o n  d e f l e c t i o n ,  a  magnetic 

f i e l d  i s  prov ided t ransverse  t o  the  beam i n  t he  e x i t  end o f  t he  . 

25 n e u t r a l i z e r  tube 27. Re fe r r i ng  now t o  F ig.  3 i n  con junc t i on  w i t h  F ig.  

1, i t  w i  11 be seen t h a t  t h e  magnetic f i e l d  (B)  i s  prov ided by means o f  

e lect romagnet ic  po le  pieces 33, composed o f  pieces 33a and 33b, o r  



c q u i v a l  en t  magnetic f i e l d - p r o d ~ . ~ c i n g  means d isposed i n  j u x t a p o s i t i o n  

across t h e  beam pa th  i n  t h e  e x i t  end r e g i o n  o f  t h e  n e u t r a l i z e r  27, as 

shown more s p e c i f i c a l l y  i n  F ig .  3. The m a g n e t i c ' f i e l d  may be v a r i e d  t o  

o b t a i n  t h e  proper  f i e l d  s t r e n g t h  t o  b l o c k  t h e  e x i t  o f  e l ec t r ons .  Also,  

5  t h e  magnet p o l e  p ieces may be t i l t e d  a t  a  45' ang le ,  as shown i n  F ig .  1 

and F i g .  3, o r  p laced a t  any conven ien t  ang le  so l o n g  as t h e  n e u t r a l -  

i z e r  end p o r t i o n  geometry e x i t  i s  p r o p e r l y  t ape red  t o  conform t o  t h e  

ciagr~et a1 i gnment. . 

The f u l l  energy i ons  ( E )  which have s u f f i c e n t  k i n e t i c  energy t o  

1 0  reach ground p o t e n t i a l  a re  d e f l e c t e d  f rom t h e  n e u t r a l  beam 35 and e x i t  

t h e  open downstream end o f  t h e  n e u t r a l i z e r  c e l l  27. These f u l l  energy 

i o n s  a re  immediate ly  dece le ra ted  upon l e a v i n g  t h e  e x i t  end o f  t h e  

n e u t r a l  i ze r  c e l l  and t h e i r  charge i s  c o l l  ec ted  a t  ground p o t e n t i a l  . It 

b r i l l  be app rec i a ted  t h a t  t h e  e n t i r e  ground p o t e n t i a l  enc losure  13 may 

1 5  be used f o r  c o l l e c t i n g  these f u l l  energy i ons  and r e c o v e r i n g  t h e i r .  

energy.  The smal l  p o s i t i v e  (Vboost) p o t e n t i a l  f r om  t h e  power source 21 

a p p l i e d  t o  t h e  i o n  source plasma g r i d  23 ensures t h a t  t h e  f u l l  energy 

i o n s  d e f l e c t e d  f rom t h e  n e u t r a l  beam have s u f f i c i e n t  p o t e n t i a l  energy 

t o  reach t h e  ground p o t e n t i a l  c o l l e c t i n g  su r faces .  

2  0 I n  accordance w i t h  t h e  p resen t  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 h e  

gas c e l l  27 i s  mod i f i ed  t o  p r o v i d e  more e f f i c i e n t  energy r ecove ry  o f  

t h e  f u l l  energy ions .  An e l e c t r o n  c o l l e c t o r  s h e l l  39 i s  fas tened  

around t h e  downstream end o f  t h e  n e u t r a l i z e r  27 by  means o f  e l e c t r i c a l  

i n s u l a t o r s  ( n o t  shown). The c o l l e c t o r  39 i s  made o f  an e l e c t r i c a l l y  

25 conduc t i ve  nonmagnetic m a t e r i a l ,  such as copper, and conforms t o  t h e  

downstream end geometry o f  t.he ne11t . ra l izer  27, The c o l l e c t o r  s h e l l  39 

i s  b iased  s l i g h t l y  p o s i t i v e  w i t h  r espec t  t o  t h e  n e u t r a l i z e r  27 t o  a i d  
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i n  c o l l e c t i n g  e lec t rons  which are fo rced t o  d r i f t  by t he  e x i s t i n g  

magnetic and e l e c t r i c  f i e l d s  t o  the  ou te r  edges o f  t he  n e u t r a l i z e r  

e x i t .  I n  t h i s  example, t he  e l e c t r o n  c o l l e c t o r  i s  biased about +5 kV 

r e l a t i v e  t o  the  n e u t r a l i z e r  by connect ing the  s h e l l  39 t o  a  vo l t age  

5 d i v i d e r  network formed by r e s i s t o r s  R2 and R3 connected between t h e  

n e u t r a l  i zer 27 and ground p o t e n t i a l .  

An e l e c t r i c a l l y  conduct ive, nonmagnetic b o x - l i k e  s t r u c t u r e  37 i s  

prov ided which c l o s e l y  surrounds t h e  e l e c t r o n  c o l l e c t o r  39 and t h e  

n e u t r a l i z e r  27 e x i t  reg ion.  The downstream end o f  t h e  box s t r u c t u r e  37 

10 i s  sloped t o  conform t o  the  neu t ra l  i zer end geometry and has an opening 

o f  s u f f i c i e n t  s i z e  t o  a l l o w  t h e  neu t ra l  beam and t h e  d e f l e c t e d  f u l l  

energy i ons  ( E )  t o  pass out o f  t he  n e u t r a l i z e r  e x i t  reg ion.  The box 

s t r u c t u r e  37 i s  mounted t o  the  n e u t r a l i z e r  by means o f  i n s u l a t o r s  (no t  

shown) and i s  connected t o  ground p o t e n t i a l .  This  prov ides a  c lose-  

15 coupled ground p o t e n t i a l  sur face t o  i n t e n s i f y  t h e  e l e c t r i c  f i e l d  i n  the  

n e u t r a l  i zer e x i t  reg ion.  The box s t ruc tu re ,  especia l  l y  t h e  t ransverse  

downstream end p o r t i o n  41, produces a  s t rong e l e c t r i c  f i e l d  g rad ien t  i n  

con junc t ion .  w i t h  t h e  40 kV nega t i ve  acce le ra t i on  vo l tage appl i e d  t o  t he  

n e u t r a l i z e r  27. This  f i e l d  (Ef) ,  which i s  t ransverse  t o  t he  magnetic 

20 f i e l d  B ,  pro t rudes  i n t o  the  e x i t  end o f  t h e  n e u t r a l i z e r .  Thus, ions  

e x i t i n g  t h e  n e u t r a l  i zer  are immediately decelerated and d e f l e c t e d  by 

t h e  F f x B  fo rces .  The f r a c t i o n a l  energy ions  do no t  have s u f f i c i e n t  

k i n e t i c  energy t o  escape t h e  e x i t  r eg ion  and are d e f l e c t e d  back i n t o  

t h e  n e u t r a l i z e r .  Any e lec t rons  l eak ing  past t he  n e u t r a l i z e r  e x i t ,  o r  

25 generated i n  t h e  e x i t  r eg ion  by c o l l  i s io 'n  o f  f r a c t i o n a l  energy. i ons  on 

surfaces w i t h i n  t h e  conf ines of t h e  end box s t r u c t u r e ,  a re  f o rced  t o  

d r i f t  t ransverse  t o  the  magnetic and e l e c t r i c  f i e l d s  toward the 
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electrnn collector 39. Once in the relat ively weak electr ical  f i e ld  

produced by the posit ive biased electron col lector ,  the electrons 

proceed t o ' t h e  collector and do not interfere  with the energy recovery 

of the fu l l  energy ions exiting the strong f ie ld  region. 

As pointed out above, the residual ions exiting the neutralizer 

ce l l  27 into the ex i t  end structure 37 .are not a1 1 fu l l  energy (E) ions 

b u t  contain fractional energy ions due t o  molecular ions of the gas 

species entering the neutralizer from the ion source. In the case of a 
+ + 

hydrogen source, as exemplified here, molecular ions (H2 and H 3 )  
+ 

10 extracted from the source 11 along with atomic ions ( H I )  are dissociated 

into atomic particles as they pass through the neutralizer cell  27. 

These part ic les  have energy of one-half ( E / 2 )  and one-third (E/3),  

respectively,  the original atomic ion acceleration energy ( E )  and thus 

cannot reach the ground-potential surfaces on which the fu l l  energy 

15 ions are collected. Therefore, these ions are deflected and transverse 

paths with substantially shorter radii than that of the fu l l  energy 

ions. Thus, these fractional energy ions are reflected back into the 

neutralizer.  This i s  i l lus t ra ted  in Fig. 4 .  . If these ions are  allowed 

t o  enter the vacuum region outside the neutralizer cell they tend to 

20 s t r i k e  the outer wall of the neutral izer  re1 easing the i r  energy and 

generating secondary parasi t ic  electrons. Since these electrons would 

be born a t  the fu l l  energy potential they would be accelerated to  a . 

ground-potent i a1 surface det.racti n g  from t h e  energy recovery. Under .a 

proper range of magnetic f i e ld  strengths,  the lower-energy 'ions (E/2) 

25  and (E/3),  are reflec.ted into the inside walls of the neutralizer 27.  

The fu l l  energy ions are deflected from the neutral beam and leave the 

neutral izer  ex i t  region through the open downstream end. Electrons 
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em i t t ed  upon the  f r a c t i o n a l  energy ions  s t r i k i n g  the  i n t e r i o r  wa l l  of 

t h e  n e u t r a l i z e r  do no t  d e t r a c t  f rom energy recovery. 

I n  operat ion,  a  system e l e c t r i c a l l y  b iased as shown i n  Fig. 1 and 

i l l u s t r a t e d  i n  Fig. 2, e x t r a c t s  bo th  atomic and molecular ions  from the  

5  i o n  source 11. The ions  are acce le ra ted  i n t o  and through the  neu t ra l  - 
i zer c e l l  27 where a p o r t i o n  o f  t h e  ions  are  neu t ra l i zed .  E lec t rons  

streaming toward t h e  e x i t  r eg ion  formed by t h e  end s t r u c t u r e  37 

toge the r  w i t h  t he  n e u t r a l  p a r t i c l e s ,  f u l l  energy ions and f r a c t i o n a l  

energy ions  experience i nc reas ing  magnetic ( B )  and e l e c t r i c  (Ef)  

10 f i e l d s .  Most o f  t h e  e lec t rons  are  r e f l e c t e d  back i n t o  t he  n e u t r a l i z e r  

27 by t h e  s t rong magnetic f i e l d  pene t ra t i ng  the  e x i t  r eg ion  s t r u c t u r e  

37. The f u l l  energy ions  whose energy i s  t o  be recovered are de f l ec ted  

downward and immediately decelerated by t h e  c l  ose-coup1 ed magnetic (8 )  

and e l e c t r i c  (Ef)  f i e l d s .  However, due t o  t h e i r  h igh  k i n e t i c  energy 

15 they  escape the  end opening o f  t h e  e x i t  end s t r u c t u r e  37. The f r a c -  

t i o n a l  energy ions are  r e f l e c t e d  back i n t o  an i n t e r i o r  wa l l  o f  t h e  gas 

c e l l .  Any secondary e lec t rons  present.  w i t h i n  t he  s t r u c t u r e  37 are thus 

conta ined w i t h i n  t h e  gas c e l l  e x i t i n g  region.  These e lec t rons  are t e r -  

minated by an upward E ~ X F  d r i f t  near t h e  c e l l  e x i t  onto t he  e l e c t r o n  

20 c o l l e c t o r  shel.1 39. Thus, c o n t r o l  o f  t he  f r a c t i o n a l  energy ions i s  

achieved by p r o v i d i n g  strong, c l  ose-coup1 ed magnetic and e l  e c t r i c  

f i e l d s  i n  t h e  n e u t r a l i z e r  e x i t  reg ion.  Th is  a l so  prevents any secon- 

dary  e lec t rons  emi t ted  from i n t e r f e r r i n g  w i t h  the  energy recovery o f  the 

f u l l  energy i o n  beam. The geometry o f  t h e  ground p o t e n t i a l  s t r u c t u r e  

25 37 maximizes the  escape o f  the  f u l l  energy ions  from the  n e u t r a l i z e r  

onto t he  recovery surfaces, i .e., any ground p o t e n t i a l  surface. The 

f u l l  energy ions  e x i t i n g  the  gas c e l l  are immediately decelerated by 
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t h e  f i e l d  Ef and t h e i r  charge i s  c o l l e c t e d  on any ground p o t e n t i a l  sur- 

face  w i t h i n  t he  vacuum conta~nment  IS. 

The energy l o s s  due t o  t he  te rm ina t i on  o f  t h e  e lec t rons  on t h e  

c o l  l e c t o r  39 i s  on l y  approx imate ly  5 keV o f  energy i ns tead  o f  t h e  40 keV 

(depending on t h e  value o f  t h e  V a c c e l  ) t hey  would g i ve  up i n  t r a v e l i n g  

t o  one o f  t h e  grounded surfaces. It should be po in ted  out t h a t  a l l  t he  

vacuum enclosed sur faces beyond t h e  n e u t r a l i z e r  e x i t  r e g i o n  are a t  

ground p o t e n t i a l  i n c l u d i n g  the  box end s t r u c t u r e  37 and the  magnet po le  

p ieces 33. Therefore, t he  ions  coming out o f  t h e  n e u t r a l i z e r  

experience r e t a r d a t i o n  due t o  the  pr imary e l e c t r i c  f i e l d  (Ef) w h i l e  

be ing  d e f l e c t e d  from the  neu t ra l  beam w i t h i n  t he  e x i t  reg ion .  When 

t h e y  f i n a l  l y  reach t h e  ground p o t e n t i a l  co l  l e c t i n g  sur face  they  impart  

o n l y  t h e  energy corresponding t o  t h e  boost p o t e n t i a l  (approx imate ly  4 kV 

i n  t he  present example). The boost p o t e n t i a l  i s  kept  as low as 

poss ib le  and p r e f e r a b l y  l i e s  between 2% and 10% o f  t he  V a c c e l  p o t e n t i a l  

from the  supply 19. The pr imary r o l e  o f  t he  boost vo l t age  (Vboost) i s  

t o  ensure t h a t  t he  f u l l  energy ions e x i t i n g  t h e  gas c e l l  have enough .* 

energy t o  reach a  ground sur face r a t h e r  than d e f l e c t  back i n t o  t h e  

n e ~ ~ t r a l  i zer cel l  producinq a  t o t a l .  energy loss .  

Dece le ra t ion  o f  t h e  f u l l  energy i,ons ( E )  t o  an impact v e l o c i t y  a t  

an energy l e v e l  equal t o  t he  \boost  p o t e n t i a l  r e tu rns  most o f  t h e i r  

k i n e t i c  energy (corresponding t o  t he  V a c c e l  p o t e n t i a l  ) t o  t he  

e l e c t r i c a l  power supply system used t o  acce le ra te  them. Thus, t h e i r  

main energy content  i s  recovered, and the  ions conver t  back t o  low-energy 

n e u t r a l  gas t o  be pumped out o f  t he  vacuum chamber as by cryopumping. 

Secondary e lec t rons  generated from the low-k ine t  i c  energy impact l e v e l  

o f  the  f u l l  energy ions  on t h e  ground sur face  cu l l ec to r .  do no t  pose a 
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problem s ince  they are born approximately i n  t h e  f i e l d - f r e e  r e g i o n  a t  

ground p o t e n t i a l .  

As po in ted  out  above, var ious l i g h t  i s o t o p i c  species may be used 

f o r  t h e  source o f  ions  t o  be generated depending upon t h e  p a r t i c u l a r  

5  neu t ra l  beam appl i c a t i o n  requ i  rernents. The f u l l  energy ions  and 

n e u t r a l s  a re  o f  pr imary i n t e r e s t  f o r  t he  purpose o f  energy recovery 

s ince  they represent  t he  pr imary energy component o f  t h e  beam (85-90%). 

However, i f  t h e  f r a c t i o n a l  energy ions are a l l  owed t o  e x i t  the n e u t r a l -  

i z e r  w i t h  ' t h e  f u l l  energy ions  they cannot have s u f f i c i e n t  energy t o  

10 reach t h e  ground p o t e n t i a l  sur faces s ince  the  p o t e n t i a l  drop between 

t h e  gas c e l l  and t h e i r  surroundings i s  almost t h e  f u l l  energy p o t e n t i a l .  

These f r a c t i o n a l  energy ions  would s t r i k e  the o i l t e r  w a l l s  of t.he 

n e u t r a l  i zer  as pointed out above generat ing secondary e lec t rons  which 

would be immediately accelerated t o  t h e  ground p o t e n t i a l  sur faces de- 

1 5  t r a c t i n g  from the  energy recovery o f  the  f u l l  energy i o n  component. 

Thus, by c o n f i n i n g  the  f r a c t i o n a l  energy ions  t o  w i t h i n  t h e  n e u t r a l i z e r  . 

c e l l  they cannot i n t e r f e r e  w i t h  the  energy recovery o f  t he  f u l l  energy 

ions .  

Thus, i t  w i l l  be seen t h a t  an improved charged p a r t i c l e  energy 

20 recovery  sys.tem f o r  a  neu t ra l  beam generator  based on magnetic b lock ing  

o f  e l e c t r o n s  from the  neu t ra l  i z e r  c e l l  i s  provided. The e l e c t r o n s  are 

b locked i n  t h e  e x i t  reg ion  wh i l e  t he  res idua l  i ons  are d e f l e c t e d  from 

t h e  n e u t r a l  beamline so t h a t  t h e  f u l l  energy ions  e x i t  t he  n e u t r a l i z e r  

and f r a c t i o n a l  energy ions  are r e f l e c t e d  back i n t o  t he  n e u t r a l i z e r .  

25 E lec t rons  which leak through the  magnetic b l o c k i n g  f o r c e  and those 

generated by secondary emission from the  impact o f  any f r a c t i o n a l  

energy i ons  w i t h i n  t he  e x i t  reg ion  o f  the  n e u t r a l i z e r  are c o l l e c t e d  t o  
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prevent  t h e i r  e x i t i n g  w i t h  t h e  f u l l  energy ions, which would de t rac t  

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

I n  an experimental system as shown i n  Fig. 1 and biased as shown 

i n  F ig.  2, a  recovery e f f i c i e n c y  o f  70% - + 20% was achieved. This  e f f i -  

5 c iency v a l u e  takes i n t o  cons idera t ion  the  e l e c t r o n  energy l o s s  a t  t he  

co I1  e c t o r  39. 

The foregoing d e s c r i p t i o n  o f  a  p re fe r red  embodiment o f  t h e  inven- 

t i o n  has been presented f o r  purposes o f  ill u s t r a t i o n  and desc r ip t i on .  

It i s  no t  intended t o  be exhaust ive o r  t o  l i m i t  the  i n v e n t i o n  t o  the 

10 prec ise  form disc1 osed, and obv ious ly  many mod i f i ca t i ons  and v a r i a t i o n s  

a r e  poss ib le  i n  l i g h t  o f  the  above teaching. The embodiment was chosen 

and described i n  order  t o  best exp la in  the p r i n c i p l e s  o f  the  i nven t i on  

and i t s  p r a c t i c a l  appl i c a t i o n  t o  thereby enable others sk i1  l e d  i n  the  

a r t  t o  best u t i l  i z e  the i nven t i on  and various embodiments and w i t h  

15 var ious mod i f i ca t i ons  as are s u i t e d  t o  the  p a r t i c u l a r  use contemplated. 

For  example, t h e  res idua l  i o n  energy recovery may be used w i t h  a  nega- 

t i o n  i o n  source w i t h  the  appropr ia te  changes i n  acce le ra t i ng  and 

b i a s i n g  p b t e n t i a l s .  It i s  intended t h a t  the  scope o f  the  i n v e n t i o n  be 

de f i ned  by t h e  claims appended hereto. 



NEUTRAL BEAMLINE WITH IMPROVED ION ENERGY RECOVERY 

A b s t r a c t  o f  t h e  D i s c l o s u r e  

A n e u t r a l  beaml i ne genera to r  w i t h  unneu t ra l  i zed i o n  energy r ecove ry  

i s  p rov ided  which enhances t h e  energy r ecove ry  o f  t h e  f u l l  energy i o n  

5 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  o f  t h e  beamline. 

The unneu t ra l  i z e d  f u l l  energy i o n s  e x i  t i  ng t h e  n e u t r a l  i zer a re  

d e f l e c t e d  f rom t h e  beam pa th  and t h e  e l e c t r o n s  i n  t h e  c e l l  a re  b locked  

b y  a  magnet ic f i e l d  a p p l i e d  t r a n s v e r s e  t o  t h e  beamline i n  t h e  c e l l  e x i t  

r eg i on .  The ions ,  which a r e  generated a t  e s s e n t i a l l y  ground p o t e n t i a l  

10 and acce le ra ted  . t h 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 t age ,  a r e  c o l l  ec ted  a t  ground p o t e n t i a l  . 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  i ons  t o  be c l o s e l y  coupled. As a  r e s u l t ,  t h e  

f r a c t i u r ~ a l  erter.yy io r is  e x i t i n g  the  e e l 1  w i t h  t h e  f u l l  energy i ons  a re  

1 5  r e f l e c t e d  back i n t o  t h e  gas c e l l .  Thus, t h e  f r a c t i o n a l  energy i o n s  do 

n o t  d e t r a c t  f rom t h e  energy recovery  e f f i c i e n c y  o f  f u l l  energy i o n s  

c x i  t i  ng t h e  c e l l  which can reach  t h e  ground p n t . ~ n t . i  a1 i n t e r i q r  s ~ r r f a c e s  

o f  t h e  beam1 i ne housi  ng . - 
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