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BACKGROUND OF THE INVENTION 

The present i nven t i on  r e l a t e s  genera l l y  t o  a  low pressure 

i o n  source and more s p e c i f i c a l l y  an i o n  source f o r  use i n  

connect ion w i t h  an in tense neutron source. The Uni ted States 

5 Government has r i g h t s  t o  t h i s  i nven t i on  pursuant t o  Contract 

DE-AC04-76DP00789 between Sandi a  Nat ional  Laborator ies and t h e  

U. S. Department o f  Energy (41 CFR 59-9.109-6(i ) (5)  ( i  i ) (B)). 

This i nven t i on  i s  p a r t i a l l y  sponsored b.y t h e  Nat ional  Cancer 

I n s t i t u t e  under HEW Interaqency Agreement No. Y01-CO-60700 and 

10 HEW Grant No. R01-CA25156. 

X-ray and gamma-ray radiotherapy has been used 

success fu l l y  f o r  many years i n  t he  t reatment  o f  cancer. 

Rapidly d i v i d i n g  ma1 ignant  c e l l  s  are more suscept ib le  t o  

r a d i a t i o n  damage than are normal c e l l  s. However, oxygen 

15 d e f i c i e n t  c e l l s ,  c a l l e d  hypoxic c e l l s ,  are more r e s i s t a n t  t o  

r a d i a t i o n  than are we l l  oxygenated c e l l s ,  and un fo r tuna te l y ,  

c e l l s  deep i n  a  tumor are usua l l y  hypoxic. Since the  r a d i a t i o n  

res is tance o f  hypoxic c e l l s  i s  smal ler  f o r  densely i o n i z i n g  

p a r t i c l e s  such as h igh  energy protons o r  heavier  n u c l e i  c a l l e d  

20 h igh  LET p a r t i c l e s  ( f o r  L inear  Energy Trans fer )  than f o r  x-rays 

o r  gamma-rays, there  i s  s i g n i f i c a n t  i n t e r e s t  i n  us ing  h igh  LET 

r a d i a t i o n  i n  cancer therapy. 

High LET p a r t i c l e s  tend t o  lose  energy very q u i c k l y  i n  

pene t ra t i ng  t i ssue ,  and even f o r  very h igh  energy p a r t i c l e s  t h e  
- 

25 pene t ra t i on  d is tance i s  l im i ted .  This l i m i t a t i o n  can be 

circumvented by us ing  neutrons w i t h  an energy above 10 MeV. 



Such neutrons can penetrate deeply i n t o  l i v i n g  t i s s u e  and 

produce h igh  energy protons by i n t e r a c t i n g  w i t h  indigenous 

hydrogen a t  t he  s i t e  o f  the  tumor. 

Two techniques are p resen t l y  used t o  generate neutrons f o r  

5 cancer therapy. The f i r s t  uses a h igh  i n t e n s i t y  l o c a l i z e d  

source o f  neutrons, such as 2 5 2 ~ f ,  which i s  implanted 

s u r g i c a l l y  i n  the  tumor s i t e .  This i s  an expensive process 

which requ i res  a t  l e a s t  minor surgery and g r e a t l y  l i m i t s  t h e  

number o f  p a t i e n t s  who can be t r e a t e d  w i t h  one source of 

10 neutrons. The second technique makes use o f  a device t h a t  

generates neutrons ex terna l  l y  and d i  r e c t s  a c o l l  imated beam of 

neutrons onto the  tumor s i t e .  Cyclot ron p a r t i c l e  acce lera tors  

are used t o  generate neutrons f o r  t h i s  purpose, bu t  they are 

expensive and d i f f i c u l t  t o  use. 

15 An a l t e r n a t i v e  i s  t o  use the  nuclear  reac t i on  between 

t r i t i u m  and deuterium t o  form 4~ and a 14.5 MeV neutron. 

These neutrons are produced by deuterium and t r i t i u m  n u c l e i  

c o l l i d i n g  a t  energies o f  a few hundred keV. The neutron source 

can take  the  form o f  an i o n  acce lera tor  which accelerates 

20 deuterium and t r i t i u m  ions, produced i n  an i o n  source, t o  t h e  

appropr ia te  energy a f t e r  which they c o l l i d e  w i t h  a t a r g e t  

- con ta in ing  deuterium and t r i t i u m  and produce 14 MeV neutrons. 

Such a source might 'be made s u f f i c i e n t l y  small and in tense t o  

s a t i s f y  t he  mechanical and r a d i o l o g i c a l  . requ l  rements o f  a 

25 therapy machine, wh i l e  being inexpensive enough f o r  h o s p i t a l s  

i n  key reg iona l  centers throughout t he  country. 



Radiotherapists  have determined t h a t  treatment t imes 

should l a s t  no more than 5 t o  10 minutes, and t h a t  t he  neutron 

beam should be we l l  co l l ima ted  t o  l i m i t  exposure t o  hea l thy  

t i ssue.  These l i m i t a t i o n s  d i c t a t e  t h a t  t he  neutrons emanate 

-3 2 5 f rom -a t a r g e t  area no l a r g e r  than 10 m w i t h  an i n t e n s i t y  o f  , 

1 - 2 x 1 0 ' ~  neutrons/second a t  a source t o  tumor d is tance of 

1.25m. The machine would a l so  need t o  be designed f o r  use by 

non-technical hosp i ta l  s t a f f .  Charac te r i s t i cs  o f  an accelera-  

t o r  t h a t  would produce the  requ i red  neutron output are a 200 mA 

10 beam o f  deuter ium and t r i t i u m  ions accelerated t o  200 keV. 

A t a r g e t  capable o f  d i s s i p a t i n g  40 t4w/m2 over an area o f  

-3 2 1x10 m i s  essen t i a l ,  as i s  an i o n  source which i s  capable of  

producing a h igh  p u r i t y  plasma dense enough t o  supply the  

requ i red  i o n  cu r ren t  and have a plasma dens i ty  d i s t r i b u t i o n  

15 conducive t o  proper beam e x t r a c t i o n  and focussing. 

A neutron source s a t i s f a c t o r y  f o r  use i n  cancer therapy 

should produce 14 , M e V  neutrons from the  ~ ( d , n ) ~ H e  reac t i on  a t  a 

r a t e  o f  1 x 1013 neutrons per  second and have an opera t iona l  

l i f e t i m e  o f  a t  l e a s t  100 hours. Other app l i ca t i ons  f o r  such a 

2 0 neutron source are i n  t h e  areas o f  neutron a c t i v a t i o n ,  

r a d i  oact  i ve iso tope product ion ,  and neutron radiography . A 

- s i m i l a r . t u b e  cou ld  be used t o  produce 2.5 MeV neutrons from t h e  

~ ( d , n ) ~ H e  reac t i on  a t  a r a t e  o f  10" neutrons per second w i t h  

an opera t iona l  l i f e t i m e  o f  100 hours and would be use fu l  i n  

2 5 neutron radiography. For cancer therapy; t he  neutron source 

should be s u f f i c i e n t l y  compact f o r  i n s t a l l a t i o n  i n s i d e  a 



r o t a t a b l e  neutron s h i e l d  and c o l l i m a t o r  assembly i n  o rder  t o  

prov ide r a d i a t i o n  onto t h e  p a t i e n t  from d i f f e r e n t  angles. 

Ea r l  i e r  neutron sources have i n s u f f i c i e n t  output,  have an 

output  t h a t  decreases w i t h  opera t ing  t ime, are i n e f f i c i e n t  f rom 

a power s tandpoint ,  o r  are otherwise imprac t i ca l  f o r  use i n  a 

hosp i ta l .  For instance, U.S. Patent No. 3,786,258 t o  Schmidt 

describes a closed system, sea led-o f f  neutron generator tube 

fo r  generat ing 14 MeV neutrons from the  ~ ( d , n ) ' ~ e  nuc lear  

r e a c t i o n  onto a deuterium and t r i t i u m  absorpt ion loaded t a r g e t  

10 onto which accelerated deuter ium and t r i t i u m  gas ions  are  

impinged. The system o f  Patent No. 3,786,258 uses an annular 

i o n  source b u i l t  around an a x i a l  t a rge t .  I n  order  t o  p r o t e c t  

t h e  i o n  source from neutron i r r a d i a t i o n  f o r  some app l i ca t i ons  

and t o  suppress secondary e lec t rons  produced by an i o n  beam 

15 s t r i k i n g  the  t a r g e t  and background gas, app l icants  have 

developed an i o n  source wherein the  i o n  source i s  l i n e a r l y  

disposed w i t h  respect t o  t he  acce lera tor  and t a r g e t  and 

operates a t  low pressures. 

I n  some appl i ca t  i ons , such as neutron radiography , 

20 displacement o f  t he  i o n  source from the  t a r g e t  by about one 

meter i s  advantageous i n  t h a t  s h i e l d i n g  ma te r ia l  can be placed 

between the  neutron source and i o n  source. This s h i e l d i n g  

reduces the  amount o f  neutron r a d i a t i o n  t o  t h e  i o n  source and 

the  r e s u l t a n t  a c t i v a t i o n  ( r a d i o a c t i v i t y )  o f  t h e  i o n  source. 

25 Such an arrangement f a c l l  l t a t e s  ease o f  maintenance on the  i o n  

source because o f  the  reduced hea l th  hazard. 



This one meter separat ion between t a r g e t  and i o n  source i s  

not  p r a c t i c a l  f o r  medical app l i ca t i ons  because o f  t h e  

importance i n  main ta in ing  the  s i z e  o f  the  neutron source as 

small as feasible. However, secondary e l e c t r o n  suppression i s 

5 important.  Without secondary e l e c t r o n  suppression, t he  cu r ren t  

I n  t he  acce le ra to r  would be 200 mA o f  i o n  beam cu r ren t  p lus  400 

t o  600 mA of secondary e l e c t r o n  current .  The secondary 

e lec t rons  s t r i k i n g  the  i o n  source c rea te  an a d d i t i o n a l  80 t o  

120 kW o f  heat ing  power which has t o  be d iss ipated.  

10 Ion sources can genera l l y  be c l a s s i f i e d  as h igh  pressure 

o r  low pressure sources. High pressure sources operate i n  t he  

pressure range greater  than 50 mi 11 i t o r r  and requ i re  a u ran i  um 

hydr ide  r e s e r v o i r  t o  main ta in  the  pressure and gas f low. High 

pressure sources have t h e  disadvantage t h a t  they operate a t  a 

15 d i f f e r e n t  pressure from t h e i r  associated acce lera tors  and 

requ i re  h igh  speed vacuum pumps t o  mainta in the  pressure 

d i f f e r e n t i a l  between t h e  two regions. High pressure sources 

a l so  have a disadvantage i n  t h a t  they requ i re  a h igher  t r i t i u m  

content  than do low pressure sources. 

Low pressure i o n  sources operate i n  t h e  range o f  about 1-3 

m i  11 i t o r r .  With these sources, zirconium hydr ide rese rvo i r s  

can main ta in  t h e  low pressure l e v e l s  requ i red  w i t h  no 

appreciable gas flow. Low pressure sources are much sa fe r  than 

h igh  pressure sources because uranium, on exposure t o  a i r ,  

25 spontaneously 1 i berates t r i t i u m ,  whereas z i  r con i  um, i f  exposed 

t o  a i r ,  does not  l i b e r a t e  i t s  t r i t i u m  and, there fore ,  i s  more 



acceptable f o r  use i n  a hosp i ta l  environment. I n  add i t i on ,  

s ince low pressure sources operate a t  the  same pressure as t h e  
- .  . . 

acce lera tor ,  no add i t i ona l  h igh  speed pump i s  required. 

SUMMARY OF THE INVENTION 

5 It i s  t he re fo re  an ob jec t  o f  the  i nven t i on  t o  p rov ide  a 

low pressure i o n  source. 

It i s  f u r t h e r  an ob jec t  o f  t he  present i nven t i on  t o  

prov ide a low pressure i o n  source which works a t  approximately 

t he  same pressure as i t s  associated accelerator .  

10 It i s  a s t i l l  f u r t h e r  ob jec t  o f  t he  present i n v e n t i o n  t o  

p rov ide  a low pressure i o n  source t h a t  uses a low t r i t i u m  

content tube compared t o  a h igh  pressure i o n  source. 

It i s  a l so  an ob jec t  o f  t he  present i nven t i on  t o  p rov ide  

an i o n  source t h a t  i s  simple t o  operate. 

15 It i s  another ob jec t  o f  the  present i nven t i on  t o  p rov ide  a 

h i g h l y  e f f i c i e n t  i o n  source. 

It i s  s t i l l  another ob jec t  o f  the  present i nven t i on  t o  

prov ide a source which d e l i v e r s  over 200 mA o f  i o n  cu r ren t  

un i fo rm ly  over a 1.25 cm2 aperture o f  over 50% atomic ions  w i t h  

20 about a 10A arc  cur ren t .  

It i s  a f u r t h e r  ob jec t  o f  t he  present i nven t i on  t o  p rov ide  

an i o n  source separated from the  t a r g e t  o f  t h e  i o n  beam by 

sh ie ld ing .  

It i s  a f u r t h e r  ob jec t  o f  t h e  present i nven t i on  t o  p rov ide  

25 an i o n  source i n  a neutron generator which prov ides fo r  

secondary e l e c t r o n  suppression. 



I n  accordance w i t h  the  present invent ion,  a low pressure 

i o n  source f o r  a neutron generator i s  provided. The source 

conta ins a cathode f o r  generat ing e lec t rons  and an anode fo r  

removing the  e lect rons.  I n  add i t i on ,  the  source comprises 

5 e lec t rodes a t  o ther  p o t e n t i a l s  f o r  con f i n ing  a plasma created 

by arc cu r ren t  through the  gas w i t h i n  the  source. The source 

i s  enclosed i n  a vacuum envelope having an aper ture fo r  

e m i t t i n g  an i o n  beam. A magnet i s  used t o  form a magnetic 

f i e l d  f o r  conta in ing  the  e lect rons.  It i s  by the  i n t e r a c t i o n s  

10  between the  e lec t rons  and the  gas t h a t  t he  ions  are generated. 

The cathode o f  the  present i nven t i on  may p r e f e r a b l y  

cons i s t  o f  e i t h e r  a s p i r a l  f i l amen t  o r  a p l u r a l i t y  o f  

serpent ine f i laments.  

The i o n  source o f  the  present i nven t i on  w i l l  p r e f e r a b l y  

15 prov ide  a co l l ima ted  i o n  beam having an i o n  cur ren t  dens i t y  of 

about 200 mA over an aper ture o f  about 1.25 cm2 w i t h  an anode 

t o  cathode p o t e n t i a l  o f  about 150V and an arc cu r ren t  o f  about 

10A. 

Preferably ,  the .  magnet o f  the  present i nven t i on  w i l l  be 

20 formed from a r i n g  o f  rec tangu lar  magnets r a d i a l l y  disposed 

about a c e n t r a l  a x i s  w i t h  l i k e  poles fac ing  the  axis. The 

a x l a l  p o s l t l o n  o f  t he  magnetic r i n g  may be f i x e d  o r  may be 

ad jus tab le  t o  maximize the  i o n  beam a t  t he  aper ture and w i l l  

p re fe rab l y  have a f i e l d  s t reng th  o f  about 4 kG a t  t he  sur face 

25 of the  magnets. 



Addi t iona l  objects,  advantages and novel fea tures  of t he  

i nven t i on  w i l l  be se t  f o r t h  i n  p a r t  i n  the d e s c r i p t i o n  which 

fo l lows,  and i n  p a r t  w i l l  become apparent t o  those s k i l l e d  i n  

t he  a r t  upon examination of t he  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 he  invent ion.  The ob jec ts  and advantages o f  t he  

i nven t i on  may be r e a l i z e d  and a t ta ined  by means o f  t h e  i n s t r u -  

m e n t a 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 he  

appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorpora ted  i n  and 

which form a  p a r t  o f  t he  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  

p resen t l y  p re fe r red  embodiments o f  t he  i nven t i on  and, t oge the r  

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

invent ion.  I n  t he  drawings: 

F igure 1 i s  an e levat ion ,  showing a  schematic o f  a  neutron 

source u t i l i z i n g  t h e  i o n  source o f  t h e  present invent ion ;  

F igure  2 i s  a schematic e lhvn t i on  o f  an i o n  source i n  

accordance w i t h  t h e  present invent ion ;  and 

Figures 3A and 3B are fragmentary e leva t i on  views, 

i l l u s t r a t i n g  var ious cathode s t ruc tu res  o f  t he  i o n  source o f  

F igure  2. 

DETAILED DESCRIPTION OF THE INVENTION 

Reference w i l l  now be made i n  d e t a i l  t o  t he  present 

p re fe r red  embodiment o f  the  invent ion ,  an example o f  which i s  

i 11 u s t r a t e d  i n  t he  accompanying drawings. 



Turning f i r s t  t o  Figure 1 thereof ,  there  i s  i l l u s t r a t e d  a  

neutron tube o r  source i n  accordance w i t h  the  present 

invent ion.  The i o n  source i s  genera l l y  i nd i ca ted  a t  10. 

Al igned w i t h  t h e  e x i t  aper ture 102 o f  the i o n  source i s  an 

5 e x t r a c t o r  e lec t rode o r  acce lera tor  20. The acce lera tor  i s  

designed t o  accelerate the  i o n  beam t o  an energy o f  about 

200 keV w i t h  i o n  o p t i c s  designed t o  cause the  i o n  beam t o  

impinge on t h e  t a r g e t  30 w i t h i n  an area o f  about 10 cm2. The 

i o n  beam has a  genera l l y  un i fo rm i o n  cu r ren t  dens i ty  across the  

10 e x i t  aper ture 102 o f  t he  i o n  source. The e x i t  aper ture w i l l  

t y p i c a l l y  be on the  order o f  1.25 cm2. 

The e x t r a c t o r  e lec t rode 20 i s  biased negat ive about 4 kV 

w i t h  respect t o  t a r g e t  30 so t h a t  e lec t rons  produced between 

the  aper ture of e lec t rode 20 and t a r g e t  30 w i l l  no t  en te r  t h e  

15 h igh  f i e l d  reg ion  between the  i o n  source and e x t r a c t o r  

e lect rode.  Elect rode 21 i s  e l e c t r i c a l l y  t i e d  t o  t a r g e t  30. 

Residual i m p u r i t i e s  i n  the  ambient gas i n  t he  vacuum 

chamber 74 can i n t e r a c t  w i t h  the  t a r g e t  30 t o  reduce the  

neutron output.  3 ~ e  gas may be formed i n s i d e  the  neutron 

20 source due t o  the  rad ioac t i ve  decay o f  t r i t i u m  and can become 

a  s i g n i f i c a n t  i m p u r i t y  i n  the  i o n  beam i f  not  pumped away. 

Therefore, a vacuum pump s p e c i f i c  t o  t he  i m p u r i t i e s  may be 

added t o  the  neutron source t o  reduce these i m p u r i t i e s  t o  a  

s u f f i c i e n t l y  low l e v e l  so t h a t  no neutron output  degradat ion 

25 occurs. 



A d e u t e r i u m l t r i t i u m  r e s e r v o i r  may be used t o  s to re  the  

deuterium and/or t r i t i u m  gas i n  a metal hydr ide when t h e  source 

i s  no t  i n  use. When the  neutron source i s  i n  operat ion,  t he  

r e s e r v o i r  i s  heated t o  outgas the  hydrogen gas mix ture  f o r  

5 i n t r o d u c t i o n  i n t o  the  i o n  source 10 and neutron tube as 

described below. 

The t a r g e t  30 p re fe rab l y  cons is ts  o f  a h igh  temperature 

hydr ide t a r g e t  t h a t  produces neutrons e f f i c i e n t l y  and i s  capa- 

b l e  o f  w i ths tand ing  h igh  power dens i ty  i o n  beam bombardment. 

10 The t a r g e t  and acce le ra to r  may be s i m i l a r  t o  those described i n  

IEEE Transact ions on Nuclear Science, Vol. NS-26, No. 1, 

February 1979, " Intense Neutron Source Target Test Faci 1 i ty"  by 

F. M. Bacon and A. A. Riedel and i n  IEEE Transact ions on 

Nuclear Science, A p r i l  1981, " In tense Neutron Source Develop- 

15 ment f o r  Use i n  Cancer Therapy" by F. M. Bacon e t  a l ,  and i n  

Report No. SAND80-1033, May 1980, "D-T Neutron Generator 

Development f o r  Cancer Therapy", 1980 Annual Progress Report by 

F. M. Bacon e t  a l .  I n  add i t i on ,  reference may be made t o  

Report No. SAND79-1272, dated June 1979, e n t i t l e d  "Development 

20 Program f o r  Cancer Therapy Neutron Source" by F. M. Bacon e t  a1 

fo r  f u r t h e r  i n fo rma t ion  regarding the  neutron source and the  

ta rge t .  

The i o n  source 10, acce le ra to r  20 and t a r g e t  30 are a l l  

encased i n  a vacuum envelope 68. Neutrons e x i t  from t h e  t a r g e t  

25 i n t o  a neutron c o l l i m a t n r  50. The e n t i r e  neutron source i s  

encased i n  a he rme t i ca l l y  sealed c a n i s t e r  40 which ac ts  as a 



secondary conta iner  f o r  t r i t i u m  i n  the  event o f  a  leak i n  t he  

vacuum envelope. The t a r g e t  30 and the  i o n  source 10 a re  

cooled; t he  t a r g e t  by a  c i r c u l a t i n g  coolant  60 and the  i o n  

generator by a  coolant  bath which may a l so  c i r c u l a t e .  The 

5 c o o l i n g  water should p re fe rab l y  be i nsu la ted  w i t h  i n s u l a t o r  62 

from the  o i l  bath 64 which surrounds the  neutron source. High 

vo l tage i n s u l a t o r  66 i s  used t o  i n s u l a t e  the  vacuum space 74 

from the  o i l  f i l l e d  chamber 64. E l e c t r i c  f i e l d  grading r i n g s  

76 are used t o  reduce the  e l e c t r i c  f i e l d  s t rengths  a t  t he  

10 corners o f  t he  f langes 77 attached t o  the  i nsu la to r .  Power 

cables 72 are used t o  supply power t o  the  cathode and anode o f  

the  i o n  source as f u r t h e r  described hereinbelow. Negative h igh  

vol tage cable 70 i s  used t o  energize the  e x t r a c t o r  e lec t rode 

(acce lera tor )  20. Elect rode 21 and t a r g e t  30 are both a t  t h e  

15 same p o t e n t i a l  which i s  p o s i t i v e  r e l a t i v e  t o  the  p o t e n t i a l  of 

e lec t rode 20. Any e lec t rons  created by t h e  beam i n  t h e  

v i c i n i t y  o f  t he  t a r g e t  are repe l l ed  by the  p o t e n t i a l  of 

e lec t rode  20 and w i l l  no t  s t r i k e  the  i o n  source 10 o r  t h e  h i g h  

vo l tage i n s u l a t o r  66. 

The t a r g e t  30, when s t ruck  by the  i o n  beam, produces 

neutrons which e x i t  through c o l l i m a t o r  50. It should be 

- understood t h a t  t he  neutron beam for  purposes o f  cancer 

t reatment  must be capable o f  being p r e c i s e l y  aimed a t  t he  

t a r g e t  e x t e r i o r  t o  t h e  neutron tube. To t h i s  end, t he  c o l l i -  

25 mator 50 may be embedded i n  a  r o t a t a b l e  s h i e l d  (not  shown) 

which can r o t a t e  t o  aim t h e  neutrons as desired. 



Turning now t o  F igure 2, t he re  i s  depicted an i o n  source 

i n  accordance w i t h  the  present invent ion.  The source comprises 

a  vacuum envelope c o n s i s t i n g  o f  f r o n t  p l a t e  104, s idewal l  108 

and rear  p l a t e  114. The var ious members are he ld  together  w i t h  

5 vacuum f langes 106, 110 and 112. Vacuum f lange 106 has bores 

126 and 128 t h e r e i n  t o  f a c i l i t a t e  attachment t o  the  i o n  beam 

acce le ra to r  o f  F igure 1. The vacuum f langes 110 and 112 are 

bo l ted  together  through bores 132 and 134 around the  copper 
b 

gasket 138 t o  prov ide an u l t r a - h i g h  vacuum seal,  thereby 

10 a l l ow ing  access t o  the  i n s i d e  o f  the  i o n  source. The non- 

magnetic vacuum envelope i s  p re fe rab l y  formed o f  s t a i n l e s s  

s tee l .  

Although the  source i s  i l l u s t r a t e d  i n  t he  p re fe r red  

embodiment as having a  c y l i n d r i c a l  cross-sect ion, i t  i s  

15 understood t h a t  Figure 2  could represent cross-sect ions of 

o ther  geometries employing t h i s  invent ion.  

Surrounding the  i o n  source 10 are one o r  more magnetic 

r i n g s  142 and 144. These r i n g s  are p re fe rab l y  formed by 

assembling a  se r ies  o f  permanent bar  magnets, w i t h  each magnet 

20 having the  same po le  arranged t o  face r a d i a l l y  inward toward 

t h e  ax i s  100 o f  t he  i o n  source. The r i ngs  are used t o  form 

- magnetic f i e l d s  (as exempl i f ied  by the  dashed magnetic f i e l d  

l i n e s  122) f o r  c o n f i n i n g  the  e lec t rons  and, therefore,  f o r  

r e s t r i c t i n g  the  ions  generated i n  the  i o n  source away from t h e  

25 wal ls .  The cathode 146 i s  suppl ied w i t h  a  heat ing  cu r ren t  from 



a 12V, l O O A  power source, not  shown, t o  make i t  f u n c t i o n  as an 

e l e c t r o n  emi t te r .  

Spaced r a d i a l l y  inwardly  from 'the vacuum envelope and 

a x i a l l y  between the  cathode 146 and t h e  e x i t  aper tu re  102 i s  a  

5 r i n g  anode 148 which func t ions  as a  p o s i t i v e  e lec t rode  t o  

remove e lec t rons  i n  the  arc discharge. The anode r i n g  148 i s  

h e l d  firmly i n  p lace by feedthrough supports (not shown) and i s  

made o f  a  conductive, non-magnetic r e f r a c t o r y  ma te r i a l  such as 

molybdenum, tungsten o r  tantalum. A p o t e n t i a l  o f  about 150V 

10 may be imposed between the  anode and cathode w i t h  an a rc  
. 

cu r ren t  o f  about 10A. 

Other cross-sect ions o f  anode r i n g s  are contemplated t o  

reduce i o n  losses caused by plasma p o t e n t i a l s  which are greater  

than the  anode potent ia l .  For example, an annular anode might  

15 have an oval cross-sect ion w i t h  the  major ax i s  o f  t he  oval 

forming an angle w i t h  ax i s  100. 

Spaced inward ly  from the  f r o n t  wa l l  104, and p re fe rab l y  

made o f  molybdenum, i s  aper ture p l a t e  150. I n  t he  pre fer red  

emobodiment shown, the  p l a t e  150 i s  spaced from the  focus 

20 e lec t rode 154 by non-magnetic, e l e c t r i c a l  l y  conduct ive spacers 

152. The spacers 152 are p re fe rab l y  made o f  s t a i n l e s s  s tee l  o r  

- molybdenum and the  e lec t rode  154 i s  p re fe rab l y  made o f  

molybdenum. A l t e r n a t i v e l y ,  aper ture p l a t e  150 and focus 

e lec t rode 154 cou ld  be combined i n t o  a  s i n g l e  molybdenum 

25 p la te .  The shape o f  the  e x i t  aper ture 102 formed by t h e  focus 

e lec t rode 154 i s  designed t o  focus and c o l l i m a t e  t h e  i o n  beam. 



It has been found t h a t  a focus e lec t rode having an e x i t  nozzle 

which angles away from the  a x i s  100 o f  the  i o n  source a t  an 

angle a o f  about 45' prov ides good focussing and co l l ima t ion .  

The f r o n t  p l a t e  104 conta ins an annular r i n g  o f  

5 e q u a l i z a t i o n  holes 156 t o  prov ide feed gas f o r  t he  plasma 

w i t h i n  t h e  i o n  source du r ing  operat ion. The gas can en te r  f rom 

t h e  acce le ra to r  o r  r e s e r v o i r  area through aper ture 102 o r  

through holes 156 i n t o  the  source by the  space between spacers 

152 o r  by the  space 160 between aper ture p l a t e  150 and heat 

10 s h i e l d  162. 

The heat s h i e l d  162, p re fe rab l y  made o f  t he  same mate r ia l  

as the  anode 148, i s  spaced from the  s ide  wa l l s  by i n s u l a t i n g  

spacers 164. 

Between the  cathode 146 and back p l a t e  114 i s  a r e f l e c t o r  

15 p l a t e  166 of molybdenum o r  s i m i l a r  ma te r i a l ,  spaced f rom the  

back p l a t e  by i n e r t  spacers 168 p re fe rab l y  made o f  alumina o r  

boron n i t r i d e .  

A beam catcher  170 i s  a1 igned on the  a x i s  100 o f  t h e  

source opposi te the  e x i t  aper ture 102 i n  o rder  t o  d i s s i p a t e  the  

20 energy i n  t h e  e l e c t r o n  beam t h a t  i s  created i n  t h e  h igh  f i e l d  

gap between the  i o n  beam acce lera tor  20 and i o n  source 10. It 

w i l l  be understood t h a t  t he   tea^^^ i;a,tcher must d f s s l p a t e  a 

considerable heat load (from the  low l e v e l  secondary e lec t rons  

which are no t  suppressed) and i s ,  there fore ,  i n  contac t  w i t h  a 

25 c o o l i n g  f l u i d  along a p o r t i o n  172 t h a t  extends outs ide  o f  t he  

source. The beam catcher  i s  p re fe rab l y  made o f  molybdenum. 



Both the  heat s h i e l d  162 and the  r e f l e c t o r  p l a t e  166 are 
, 

e l e c t r i c a l l y  i s o l a t e d  from each o ther  and from t h e  focus 

e lec t rode  154/aperture p l a t e  150 since, f o r  s t a b i l i t y  and 

e f f i c i e n c y ,  each i s  maintained a t  a d i f f e r e n t  e l e c t r i c a l  

5 p o t e n t i a l  by the  plasma. The most p o s i t i v e  e lec t rode p o t e n t i a l  

e x i s t s  a t  the  anode r i n g  148. The next most p o s i t i v e  e lec t rode  

p o t e n t i a l  i s  imposed on the  aper ture p l a t e  150/focus e lec t rode  

154. A more negat ive p o t e n t i a l  i s  imposed on the  c y l i n d r i c a l  

. heat s h i e l d  162. More negat ive s t i l l  i s  t he  r e f l e c t o r  p l a t e  

10 166. O f  course, t h e  cathode 146 i s  a t  the most negat ive  

p o t e n t i a l  o f  any conductor i n  the  source. Except f o r  t he  

cathode 146 and the  anode 148, a l l  o f  t he  e lec t rode  p o t e n t i a l s  

a re  determined by the  plasma f l o a t i n g  po ten t i a l .  However, t he  

p o t e n t i a l  o f  these e lect rodes may be c o n t r o l l e d  t o  op t im ize  

15 performance o f  the  source. 

During operat ion the  source 10 i s  fastened t o  an 

acce le ra to r  which has an associated r e s e r v o i r  of deuterium o r  

t r i t i u m .  When the  r e s e r v o i r  i s  heated, gas i s  released which 

reaches an e q u i l i b r i u m  pressure on the  order  o f  1-3 m i l l i t o r r ,  

20 depending on temperature. The gas w i l l  f i l l  the  e n t i r e  vacuum 

chamber so t h a t  when the  cathode 146 i s  heated and the  anode 

- r i n g  148 energized, an e l e c t r i c  discharge w i l l  be created 

between the  anode and cathode. The power supply f o r  t he  arc  

discharge may be a source o f  approximately 150 v o l t s  a t  10-20 

25 amps, dc. For ease i n  s t a r t i n g  the  arc  discharge, 150Q 

r e s i s t o r  i s  connected, ex t ,e rna l ly  t o  t he  vacuum chamber 108, 



between the  anode 148 and vacuum chamber 108. The molecular 

gas, e i t h e r  D2 o r  T2, then becomes ion i zed  and d i ssoc ia ted  t o  

y i e l d  atomic ions, D+ o r  T+, o r  molecular ions. These ions 

e x i t  the  dper ture 102 ( i n  a beam), pass through the  acce le ra to r  

5 20 and s t r i k e  the  t a r g e t  30 t o  produce neutrons. 

The p o l a r i t y  o f  the  e l e c t r i c  f i e l d  ou ts ide  o f  the  source 

i s  such t h a t  e lec t rons  t r y i n g  t o  e x i t  the  i o n  source are 

re f l ec ted  back i n t o  the  source and p o s i t i v e l y  charged ions  a re  

ex t rac ted  from the  source t o  form an i o n  beam. According t o  

10 the  present invent ion ,  t he  t a r g e t  30 can advantageously be 

l oca ted  a  meter o r  more away from the  source which a l lows f o r  

s h i e l d i n g  t o  be pos i t i oned  between the  neutron source and t h e  

i o n  source. This i s  e s p e c i a l l y  important where i t  i s  c r i t i c a l  

t h a t  the  i o n  source s t r u c t u r e  not  become ac t i va ted  by energet ic  

15 neutrons when i o n  source maintenance i s  necessary. 

The r e f l e c t i n g  p l a t e  166 should be charged s u f f i c i e n t l y  

negat ive t o  r e f l e c t  most of the  e lec t rons  generated by cathode 

146, but  i t  should no t  be so negat ive as t o  cause a  discharge 

t o  anode r i n g  148. The c y l i n d r i c a l  heat s h i e l d  162 performs a  

20 s i m i l a r  type o f  r e f l e c t i n g  as the  r e f l e c t i n g  p l a t e  166. 

F igures 3A and 38 dep ic t  two arrangements f o r  forming the  

cathode 146 o f  t he  source 10 o f  Figure 2. I n  Ffgure 3 A ,  

cathode 146' i s  formed as a  s p i r a l  f i lament ,  p re fe rab l y  made o f  

a  non-magnetic, h igh  temperature ma te r ia l  such as tungsten o r  

25 tantalum. Encasing the  leads 176 and 178 a re  s h o r t i n g  wires 

174 wound around the  leads t o  prevent the  f i l amen t  from hea t i ng  



and e m i t t i n g  e lect rons.  The s p i r a l  f i l amen t  provides a sur face 

area fo r  e l e c t r o n  emission w i t h i n  the  magnetic f i e l d  formed by 

magnetic r i n g s  142 and 144 (Figure 2). I n  add i t ion ,  by 

main ta in ing  the  hot  p o r t i o n  of the  f i l amen t  i n  t he  middle o f  

5 t h e  winding, t he  f i lament  tends t o  get heated by the  plasma as 

we l l  as by the  heat ing  current .  

F igure  3B i l l u s t r a t e s  a second con f i gu ra t i on  f o r  t h e  

cathode comprised o f  a serpent ine f i l amen t  se t  146". L ike  t h e  

s p i  r a l  f i  1 ament , the serpent ine f i  1 ament surrounds the  beam 

10 catcher  170 and i s  spaced from the  r e f l e c t o r  p l a t e  166 t o  form 

a good e l e c t r o n  source w i t h i n  the  magnetic f i e l d  formed by the  

magnetic r i n g s  142 and 144 (Figure 2). 

It should be understood t h a t  t he  magnetic r i n g  (which may 

comprise one o r  more r i ngs  as described hereinabove) i s  

15 pos i t i oned  near t he  anode r i n g  148. The magnetic f i e l d  (some 

representa t ive  l i n e s  o f  which are represented i n  F igure 2 by 

dashed l i n e s  122) formed by the  magnetic r i n g  forms a magnetic 

cusp a x i a l l y  t o  t h e  l e f t  o f  t h e  anode and a l so  a se r ies  o f  

f i e l d  l i n e s  t h a t  e n c i r c l e  the  cathode. This arrangement 

20 enhances t h e  output  beam cu r ren t  and increases atomic i o n  

praduct ion. The magnetic r i n g  may be Pixed o r  may be a x i a l l y  

- movable t o  permi t  peaking o f  t he  i o r ~  beam. The magnetic f i e l d  

(which should be on the  order  o f  about 4 kG a t  t he  sur face o f  

t he  magnet) coupled w i t h  the  f l o a t i n q  e lec t rodes formed by t h e  

25 heat s h i e l d  162, t h e  r e f l e c t o r  p l a t e  166 and the  focus 

e lec t rode 154 (each of which f l o a t s  a t  a d i f f e r e n t  p o t e n t i a l  as 



described hereinabove) con t r i bu tes  t o  the  e f f i c i e n c y  o f  the  i o n  

source. 

The pr imary e lec t rons  i n  the  i o n  source are main ly  

conf ined between cathode 146 and magnetic r i n g s  142 and 144. 

5 The e lec t rons  generated by cathode 146, there fore ,  have 

r e l a t i v e l y  long mean-free paths and may r e f l e c t  back and f o r t h  

several t imes before s t r i k i n g  a gas molecule. The ions can 

e a s i l y  d r i f t  through the  magnetic f i e l d  t o  the  e x i t  aper tu re  

102. This con t r i bu tes  t o  t h e  e f f i c i e n t  operat ion o f  t he  i o n  

10 source a t  low pressures. 

During operat ion, the  plasma i s  e s s e n t i a l l y  a t  anode 

p o t e n t i a l  and draws e lec t rons  from the  cathode region. The 

pr imary e lec t rons  from the  cathode 146 are conf ined between the  

magnet r i n g  and r e f l e c t o r  166 u n t i l  they s t r i k e  a gas molecule, 

15 an ion, o r a n o t h e r e l e c t r o n .  T h e s e c o l l i s i e n s  l o w e r e l e c t r o n  

energies and cause low energy e lec t rons  t o  d i f f u s e  toward t h e  

aperture. Thc co l  1 i s i o n  process p r i ~ n a r i  l y  creates molecular 

ions  which d r i f t  toward the  e x i t  aper ture 102. The low energy 

e lec t rons  i n t e r a c t  w i t h  the  molecular ions i n  t he  v i c i n i t y  o f  

20 t he  e x i t  aper ture 102 t o  produce a h igh  f r a c t i o n  o f  t he  des i red  

atomic ions. The h igh  vol tage acce lera tor  i s  used t o  e x t r a c t  

- t he  ions  a t  the  plasma boundary a t  t he  focus e lect rode.  

The i o n  source, according t o  the  invent ion ,  produces an 

I o n  cu r ren t  dens i ty  t h a t  i s  un i fo rm w i t h i n  20 percent  across 

25 t h e  e x i t  aperture. The source produces 200 mA o f  i o n  cu r ren t  

through an aper ture o f  1.25 cm2 w i t h  150V app l ied  between t h e  



anode and cathode a t  an arc cu r ren t  o f  10A. The i o n  beam 

cur ren t  i s  a l i n e a r  f u n c t i o n  o f  t he  arc current .  Atomic ions  

represent over 50 percent o f  the  t o t a l  ions. 

When the  i o n  source i s  opera t ing  and an i o n  beam i s  being 

5 ex t rac ted  from it, the pressure w i t h i n  the  i o n  source tends t o  

drop s ince drawing ions from the  source i s  s i m i l a r  t o  pumping 

gas from the  source. Such pumping ac t i on  can make the  source 

operate unstably ;  e s p e c i a l l y  a t  h igh  i o n  currents.  Therefore, 

t h e  present i nven t i on  prov ides an annular r i n g  o f  pressure 

10 e q u a l i z a t i o n  holes 156 so pos i t ioned as t o  a l l ow  gas t o  f l o w  - 
back i n t o  the  source from the  acce lera tor  region. The vent 160 

and holes 156 are so pos i t ioned and shie lded t h a t  plasma w i l l  

no t  f l o w  out through them thus producing unwanted i o n  beams. 

T y p i c a l l y  the plasma dens i ty  i n  the  region of t he  vent 160 i s  

15 l e s s  than 10 percent o f  the  maximum plasma dens i ty  which, 

coupled w i t h  the  aper ture p l a t e  150, reduces t o  a very low 

p r o b a b i l i t y  t he  chance t h a t  ions w i l l  e x i t  through holes 156. 

It i s  important  t o  note t h a t  t he  i o n  source of t h e  present  

i n v e n t i o n  i s  in tended t o  be compatible w i t h  an u l t r a  h igh  

20 vacuum acce le ra t i on  system. It i s ,  there fore ,  important  t o  

prevent  the  source from generat ing i m p u r i t i e s  which cou ld  be 

drawn o f f  i n t o  t h e  acce le ra to r  and u l t i m a t e l y  contaminate the  

ta rge t .  With regard t o  the  vacuum, i t should be appreciated 

t h a t  t he  whole system, i.e. source, acce le ra to r  and t a r g e t  i s  

25 i n  a vacuum chamber which i s  pumped down p r i o r  t n  use t o  a 

p r e s s u r e  o f  about lo-'' t o r r .  



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 he  

i nven t i on  has been presented f o r  purposes o f  i l l u s t r a t i o n  and 

descr ip t ion .  It i s  no t  intended t o  be exhaust ive o r  t o  l i m i t  

the  i nven t i on  t o  the  prec ise  form disclosed, and obv ious ly  many 

5 ' mod i f i ca t i ons  and v a r i a t i o n s  are poss ib le  i n  the  l i g h t  o f  t h e  

above teaching. For example, focus e lec t rode 154 may be moved 

c l o s e r  t o  anode r i n g  148 t o  increase the  i o n  beam current .  I n  

add i t i on ,  r e f l e c t o r  166 could be moved away from anode 148 t o  

increase the  e lec t ron  mean-free path and lower the  opera t ing  

10 pressure o f  the  source. This change might requ i re  an 

a d d i t i o n a l  magnetic r i n g  t o  prevent a  magnetic p inch i n  f r o n t  

of the  re f l ec to r .  The i l l u s t r a t e d  embodiment was chosen and 

described i n  order  to 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  and thereby enable 

15 others  t o  best u t i l i z e  the  i nven t i on  i n  var ious embodiments and 

w i t h  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. It i s  intended t h a t  t he  scope o f  t h e  i nven t i on  
1 

be def ined by the  claims appended hereto. 



ABSTRACT OF THE DISCLOSURE 

A low pressure i o n  source f o r  a  neutron source comprises a  

f i l amen t  cathode and an anode r ing .  Approximately 150V i s  

app l ied  between the  cathode and the  anode. Other e lec t rodes,  

i n c l u d i n g  a  heat sh ie ld ,  a  r e f l e c t o r  and an aper ture p l a t e  w i t h  

a  focus e lect rode,  are placed a t  in termediate po ten t i a l s .  

E lect rons from the  f i l amen t  drawn out by the  plasma and 

eventua l ly  removed by the  anode are contained i n  a  magnetic 

f i e l d  created by a  magnet r ing .  . Ions are formed by e l e c t r o n  

impact w i t h  deuterium o r  t r i t i u m  and are ex t rac ted  a t  t he  

aper ture i n  t he  focus e lect rode.  The i o n  source w i l l  t y p i c a l l y  

generate a  200 mA beam through a  1.25 cm2 aperture f o r  ,an arc  

cu r ren t  o f  10A. For deuterium gas, t he  i o n  beam i s  over. 50 

percent D+ w i t h  l e s s  than 1 percent impur i ty .  The c u r r e n t  

dens i t y  p r o f i l e  across the  aper ture w i l l  t y p i c a l l y  be un i fo rm 

t o  w i t h i n  20 percent. 










