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This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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BACKGROUND OF THE INVENTION 

The present invention relates generally to negative ion 

generators, and more particularly to a negative ion generator 

utilizing a magnetically insulated transmission line. The 

United States Government has rights in this invention pursuant 

to Contract No. DE-AC04-76DP00789 between the Department of 

Energy and Sandia Corporation. 

The magnetic confinement fusion program is currently 
.-..--- - 

searching for good techniques to heat magnetically confined 

plasmas to the 10 keV temperatures required for fusion. Ohmic 

heating is only sufficient to reach temperatures of a few keV 

because of the T-~'~ scaling of plasm resistivity. The 

15 leading candidate for bridging the gap between temperatures 

achievable by Ohmic heating and 10 keV has,been neutral beam 

heating. This heating method uses energetic neutrals, usually 

60 - 120 keV hydrogen or deutrerium, to deposit energy in the 
plasma. The energy deposition length in the plasma scales with 

20 neutral beam energy. Future generations of tokamaks which 

simulate reactor conditions will have dimensions and densities 

so large that currently available neutral beams will only pro- 

duce skin heating. The 300 to 2000 keV neutral beam energies 



t h a t  a r e  necessary t o  heat  these  machines e f f i c i e n t l y  cannot be 

achieved using t h e  present  technique of convert ing p o s i t i v e  ion 

beams t o  n e u t r a l  beams i n  charge exchange c e l l s ,  because the  

e f f i c i e n c y  of these  c e l l s  decreases exponent ia l ly  with increas-  

ing beam energy. The e f f i c i e n c y  of p resen t  n e u t r a l  beam sys- 

tems i s  already marginal a t  170 keV. 

It has been previously recognized t h a t  a poss ib le  so lu t ion  

t o  t h i s  problems l i e s  i n  t h e  production of negat ive ion  beams, 

as  these  beams can be neu t ra l ized  with high e f f i c i e n c y .  

L. R. Grisham, e t .  a l . ,  suggest i n  "Plasma Heating with 

Multi-MeV Neutral Impurity Beams," Princeton Plasma Physics 

Lab. Report PPPL-1759, March 1981, . t h e  use of nega t ive  ions 

with atomic weights of 6 t o  20, such as  l i th ium,  carbon and 

oxygen, a t  energ ies  of up t o  1 MeV per M U .  However, the  

h ighes t  output achieved by la rge  a rea  negat ive ion sources i s  

only one ampere a t  . O 1  amp per  cent imeter  square a t  a beam 

energy of 40 keV. Small a r e a  discharge sources have produced 

i n t e n s i t i e s  of severa l  amps per  cent imeter  square,  but  only 

with t o t a l  c u r r e n t  l e s s  than 1 ampere and a t  beam energ ies  l e s s  

than 60 keV. 

SUMMARY OF THE INVENTION 

It i s  an ob jec t  of t h i s  invent ion t o  provide a high energy 

negat ive ion beam. 

It i s  another  ob jec t  of  t h i s  invent ion t o  provide a s ing le  

s tage  generator  of l a rge  q u a n t i t i e s  of high energy negat ive 

ions. 



It is also an object of this invention to provide a 

generator of negative ions.utilizing a magnetically insulated 

transmission line. 

It is a further object of this invention to provide a 

source of negative ions distributed over an area. 

Additional objects, advantages and novel features of the 

invention will become apparent to those skilled in the art upon 

examination of the following description or may be learned by 

practice of the invention. The objects and advantages of the 

invention may be realized and attained by means of the instru- 

mentalities and combinations particularly pointed out in the 

appended claims . 
To achieve the foregoing and other objects and in accord- 

ance with the purpose of the present invention, as embodied and 

broadly described herein, the negative ion generator of this 

invention may comprise a magnetically insulated transmission 

line having at least one hole in the cathode to permit negative 

ions to escape the transmission line, and a device for removing 

electrons from the negative ion flow. 

20 BRIEF DESCRIPTION'OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and 

form a part of the specification, illustrate an embodiment of 

the present invention and, together with the description, serve 

to explain the principles of the invention. 

25 Figure 1 is a sectional view of a magnetically insulated 

transmission line. 



Figure 2 is an enlarged view of a portion of Figure 1 

which has been modified to include a basic embodiment of the 

invention. 

Figure 3A is a sectional view of a second embodiment of 

5 the invention. 

Figure 3B is a sectional view of a third embodiment of the 

invention. 

Figure 3C is a plan view of the embodiments of Figures 3A 

and 3B. 

Figure 4 is a longitudinal sectional view of another 

embodiment of the invention. 

Figure 5 is a schematic diagram of a MITL. 

Figure 6 is a representation of collected ions. 

DETAILED DESCRIPTION OF THE INVENTION 

Figure 1 show a section of magnetically insulated trans- 

mission line (MITL) 1 including cathode 10 surrounded by 

anode 30 to form a triplate configuration. A narrow vacuum gap 

20 exists beLween cathode 10 and anode 30. 

MITL's are used to transmit power from a source to a load 

in multiterawatt accelerators for radiation effects simulation 

and particle beam fusion. These transmiss.ion lines achieve 

power densities as high at 1013 watts per square centimeter 

and operate at electric stress levels up to 10' volts per 

meter. This operation is possible because electrons emitted 

from the MITL cathode are prevented from crossing the vacuum 

gap between the cathode and anode by a transverse magnetic 

field arising from self-current flowing in the MITL. This 

magnetic field is strong enough to cause the electrons to move 
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i n  cyc lo ida l  o r b i t s  which do not reach the .anode ,  thereby pre- 

ven t ing  power l o s s  caused by a r c i n g  and e l e c t r o n  flow t o  the  

anode. Magnetically insu la ted  power flow has been demonstrated 

a t  vo l tages  ranging from .1 t o  10 MeV. 

5 When t h e  e l e c t r i c  f i e l d  on the  cathode is  g r e a t e r  than 

7 
approximately 2.5 x 10 v o l t s  per  meter,  a  cathode plasma i s  

formed by explosive emission. The c o n s t i t u e n t s  of t h i s  cathode 

plasma a r e  bel ieved t o  include both e l e c t r o d e  mate r ia l  and 

hydrocarbon contaminants on the cathode sur face .  It i s  

10 bel ieved t h a t  backsca t te r ing  of cathode plasma ions from the  

cathode sur face  is the  dominant mechanism f o r  production of 

nega t ive  ions i n  MITL's. For t h i s  reason i t  i s  important t h a t  

t h e  cathode of a  negat ive ion genera tor  be coated with a  

mate r ia l  which f o r m  s t a b l e  negat ive ions.  Examples of such 

1 5  mate r ia l  a r e  hydrogen, l i th ium,  carbon and oxygen. 

Figure 2 shows a  por t ion  of a  seven meter long, magneti- 

c a l l y  i n s u l a t e d ,  t r i p l a t e  t ransmission l i n e  having a  spacing of 

1 cen t imete r  between t h e  anode 30 and cathode 10. Each sur face  

of anode 30 and cathode 10 fac ing  1 cm gap 20 is  covered with a  

20 25 micron graphi te  coa t ing  t o  ensure the  c r e a t i o n  of a  uniform 

cathode plasma. When t h e  t ransmission l i n e  is  energized with a  

2 MV, 400 kA pulse l a s t i n g  80 ns ,  plasma 24 forms near  t h e  

cathode having an e l e c t r o n  dens i ty  which i s  bel ieved t o  vary 

' from approximately me3 near t h e  cathode t o  10 
20 

25 m-3 near  t h e  edge of t h e  'plasma sheath.  Negative ions  26 

from cathode 1 0  a r e  propel led toward anode 30. In  accordance 

with t h i s  inven t ion ,  a p e r t u r e  40 is  provided i n  anode 30 f o r  

t h e  passage of negat ive ions 26. I n  add i t ion ,  means a r e  



. provided f o r  d e f l e c t i n g  any e l e c t r o n s  28 which pass through 

a p e r t u r e  40 before magnetic i n s u l a t i o n  is es tab l i shed  or  which 

a r e  c rea ted  by secondary emission when negat ive ions s t r i k e  the  

edge of a p e r t u r e  40;  . A s  i l l u s t r a t e d ,  these  means a r e  magnet 50 

f o r  c r e a t i n g  a  t ransverse  magnetic f i e l d  behind the  e x t e r i o r  

sur face  of anode 30 .  The r e l a t i v e l y  heavy nega t ive  ions a r e  

not a f f e c t e d  by the  magnetic f i e l d  and proceed with t h e i r  

course p r a c t i c a l l y  unal tered.  However, t h e  much l i g h t e r  e lec-  

t r o n s  a r e  def lec ted  by the  magnetic f i e l d  and a r e  s tee red  away 

from the  course of t h e  negat ive ions. I n  t h i s  manner, a  nega- 

t i v e  ion generator  is provided. 

It has been found t h a t  the  diameter of  round aper tu re  40 

may be a s  l a rge  a s  60% of t h e  spacing between the  cathode and 

anode although b e t t e r  co l l imat ion  i s  obtained with a  diameter 

of approximately 20% of the  spacing. It is  bel ieved t h a t  o ther  

a p e r t u r e  shapes, such a s  a  s l o t  a l igned with t h e  d i r e c t i o n  of 

c u r r e n t  flow, may a l s o . b e  used a s  long a s  the  area of the  aper- 

t u r e  does not become l a r g e  enough t o  cause a  l o s s  of magnetic 

i n s u l a t i o n .  

Since t h e  presence of a p e r t u r e  40 would cause the  l o s s  of 

vacuum i n  gap 20, t h e  negat ive ion rece iv ing  volume ou ts ide  

anode 30 i s  evacuated within a i r - t i g h t  wall 35.  For conven- 

i ence ,  wall 35 is  not shown i n  t h e  o ther  embodiments disclosed 

here in .  However, it i s  t o  be understood t h a t  the  contemplated 

25 uses of neu t ra l ized  negat ive ions a r e  within evacuated 

enclosures .  

Figure 3A shows an embodiment of a  nega t ive  ion generator  

f o r  providing a l ine  focus of  negat ive ions.  As shown i n  



cross-sect ion i n  Figure 3A, cathode 10A has concave sur face  12A 

c l o s e l y  spaced from a conforming sur face  of anode 30A which has 

a  number of aper tu res  40A d i s t r i b u t e d  thereon. The a x i s  of 

each aper tu re  40A is  arranged so t h a t  nega t ive  ions passing 

therethrough w i l l  be d i rec ted  t o  a  point  along a  l i n e  60A 

p a r a l l e l  t o  t h e  a x i s  of t h e  MITL. A uugnct 50A i s  provided 

along the  ou te r  sur face  of anode 30A t o  d e f l e c t  e l e c t r o n s  from 

t h e  l i n e  of ions. 

Figure 3b shows a modif icat ion of t h e  embodiment of 

Figure 3c wherein the  fac ing  sur faces  of cathode 10B and anode 

30B form p a r a l l e l  planes.  The p l u r a l i t y  of aper tu res  40B 

allows t h e  passage of a  b u r s t  of  negat ive ions 26B d i s t r i b u t e d  

over an area.  This embodiment a l s o  i l l u s t r a t e s  a  system 

designed s p e c i f i c a l l y  f o r  nega t ive  ion production i n  t h a t  mag- 

n e t i c  i n s u l a t i o n  only occurs between the  fac ing  cathode and 

anode where ions a r e  being generated.  The remaining surfaces 

of t h e  cathode a r e  spaced s u f f i c i e n t l y  (approximately 1 meter) 

from o ther  conducting sur faces  t o  prevent a rc ing .  This  

arrangement maximizes the  e f f i c i e n c y  of t h e  MITL a s  a  negative 

ion source. 

Figure 3c shows a f a c i n g  view of t h e  anode f o r  e i t h e r  of 

t h e  embodiments of Figures  3a o r  3b. It is  understood t h a t  any 

p a t t e r n  of aper tu res  may be used i n  anode 30. It is  a l s o  con- 

templated t h a t  a  mesh arrangement may be used t o  provide a  

p l u r a l i t y  of aper tu res  i n  a  conducting anode. 

Figure 4 shows vol tage genera tor  70C connected across  

anode 30C and cathode 10C. A load 80C d i s s i p a t e s  the  power a t  

the  end of t h e  MITL. In  t h i s  arrangment, a  cross-sect ion of 



the MITL is identical to that of Figure 3a; however, the MITL 

has been curved along its length to focus all ions passing 

through apertures 40C in anode 30C to a single point 60C. This 

arrangement would be especially useful in providing a negative 

5 ion beam for use in tokamaks. 

Figure 5 shows schematically a voltage generator which may 

b e  used to pulse a MITL. It includes a 3 megavolt Marx bank 

capacitor having a 1 microsecond rise time, an intermediate 

storage capacitor having a .3 microsecond rise time, and a 

10 triggered gas switch for controlling the flow of current into a 

pulse forming line, a transformer line, and finally.the MITL. 

A description of one such device may be found in an article by 

J. P. ~ a n ~ e v e n d e r ,  "Long Self-Magnefically Insulated Pover 

Transport Experiments," J. ~ ~ ~ 1 .  phys. 50(6), June 1979. 

15 Figure 6 is a graphical representation of the output of 

negative ion collectors mounted 41 and 81 centimeters, respec- 

tively, along the flight path of a negative ion generator. The 

first collector is a 4 cm diameter, 50% transmitting wire 

mesh. The second collector is a 4 cm diameter solid metal 

20 disk. Both collectors are biased at +300 V. The measured 

spikes.at the collectors are consistent with the calculated 

time of arrival of light H- ions and heavier C- and C-2 

ions, thereby reflecting the voltage between the anode and the 

cathode during the pulse and indicating that negative ions are 

25 produced by this invention. Additional experiments using a 

Thompson parabola confirm the production of negative ions. 

Several interesting effects have been observed during 

experiments on the negative ion generator. The negative ion 



intensity is strongly dependent on cathode surface condition. 

2 
Intensities of over 30 A/cm were produced when the cathode 

had a new carbon coating. Subsequent shots taken without a new 

coating showed a steadily decreasing intensity until an equi- 

5 2 librium value of 3 A/cm was reached, The experiments also 

indicated that negative ion intensity was,enhanced near a hole 

in the anode. This result indicates that MITL's with partially 

transparent mesh anodes should make intense negative ion 

sources. 

'Magnetically insulated electron flow is intrinsically a 

pulse technique. The pulse length is limited by gap closure to 

less than a few hundred nanoseconds. It is possible, neverthe- 

less, to obtain large time average powers from pulsed power 

devices by repetitive pulsing. Pulsed power systems exclusive 

of the electron or ion beam diodes have been developed to 

operate continuously at 1.5 W ,  5 kJ, 20 Hz, and 100 kW in 

transformer systems and at 250 k ~ ;  5 kJ, 50 Hz, and 250 kW in 

Marx systems operated in a 5 second burst mode. Although sub- 

stantial development will be required before multimegawatt 

systems become operational, it appears that extensions of 

present day technology could reasonably lead to such systems. 

A presently planned MITL underdevelopment should produce 

an output of 4 W .  433 kJ Marx energy, and 150 kJ MITL energy. 

2 
Coupled to a 2.5 m parallel plate MITL, this system would 

25 probably produce a 4 MeV beam of C-, 0-, and C; ions 

with a total energy of 53 kJ per pulse, assuming a negative ion 

current density of 20 A/cm squared and a 67% transparent 

anode. By shaping the anode and cathode of the MITL to focus 



the beam, as described above, this system could produce a small 

cross-section beam for access into a fusion reactor. The beam 

energy would range from .17 to .33 MeV/AMU, a good range for 

heating large tokamaks. 

5 Pulse negative ion sources may have a significant advan- 

tage over continuous sources in neutralization efficiency if 

they can use photodetachment to neutralize the beam. Photo- 

detachment cross sections for negative ions are large (10 
-17 

2 cm 1 in the infrared, visible and UV range of photon energy. 

1 0  Since pulsed sources compress the negative ion beam to bursts 

12 cm-3 
with relatively high particle density (10 1, the 

mean free path of a photon in the burst is about 10' meters. 

If the beam is 1 meter wide and a 10 pass system is assumed, 

photodetachment neutralization efficiency of over 80% might be 

15 achieved with a pulsed light source which provided 10 to 50 

joules over the 100 to 500 nanosecond beam duration. The use 

of photodetachment would eliminate the need for elaborate pump- 

ing systems involved with gas stripping cells and would greatly 

reduce the problems associated with absorbing the energy from 

20 the unneutralized portion of the beam. 

The particular sizes and equipment discussed above are 

cited merely to illustrate particular embodiments of the inven- 

tion. It is contemplated that the use of this invention may , 

involve components having different sensitivities and sizes as 

25 long as the principle, providing apertures in the anode of an 

MITL for the passage of negative ions created at a cathode 

having the proper surface coating, is followed. A generator so 

constructed will provide a useful source of high energy 



negative ions which may be used as  in  or converted t o  neutral 

beams for  other applications.  I t  i s  intended that the scope of 

the invention be defined by the claims appended hereto.  



ABSTRACT 

A nega t ive  ion  genera tor  is  formed f r ~  a  magnet ical ly  

insu la ted  t ransmission l i n e  having a  coa t ing  of g raphi te  on the  

cathode f o r  producing nega t ive  ions and a  p l u r a l i t y  of aper- 

t u r e s  on t h e  opposed anode f o r  t h e  r e l e a s e  of negat ive ions. 

Magnetic i n s u l a t i o n  keeps e l e c t r o n s  from flowing from the 

cathode t o  t h e  anode. A t r ansverse  magnetic f i e l d  removes 

e l e c t r o n s  which do escape through t h e  aper tu res  from the  t r a -  

j ec tory  of t h e  negat ive ions; 

1426D 
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