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PREFACE 

T h i s  document cons i s t s  of material which normally would be the  t h i r d  

chapter  of tne Thermonuclear Pro jec t  Semiannual Report f o r  Period Ending 

July 31., 1960 ( issued as Om-3011). 

work covered by t h i s  chapter  i s  i n  the  O f f i c i a l  Use O n l y  category it w a s  

f e l t  t h a t  it vould be more des i r ab le  t o  i ssue  the e n t i r e  chapter as a 

separate  report with r e s t r i c t e d  access rather than t o  de l e t e  port ions,  

which might impair the  r eade r ' s  understanding of the  s t a t u s  of t h e  DCX- 

EP-B work. 

However, s ince a port ion of t h e  
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ABSTRACTING SUMMARY 

3.  DCX-El?-B DESIGB AND SUPPORTIIIiG WORK 

DCX-EP-B i s  a mult iple-pass  molecular dissocFation apparatus now i n  

course of construct ion using l a r g e l y  vacuum equipment t h a t  i s  on hand. A 

general  descr ip t ion  of the  design parameters i s  given, and a discussion 

i s  presented of experimental work on the reduction of space-charge accu- 

mulation by the  u l t r a v i o l e t  r ad ia t ion  from a vacuum a r c  i n  the  tank. The 

planned procedure i s  t o  i n j e c t  molecular ions  a t  600 kev i n  a neut ra l ized  

beam, with or without the  presence of a d i s soc ia t ive  a r c .  
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3 .  DCX-EP-B DESIGN AND SUPPORTING WORK 

J. S. Luce 
W .  7,. S t i r l i n g  
0 .  D. Matlock 
C .  W .  Blue 
H. C.  Hoy 

C. H 

R. I,. Knight 
V. J. Meece 
0. Sharp 
D. J. Rose' 
H. S .  Snyder2 

weave r3 

3.1 INTRODUCTION 

The a v a i l a b i l i t y  of numerous surplus  i t e m s  accwninlated from t he  Elec- 

tromagnetic P lan t  a t  Y-12 and the  Controlled Fusion Exhibi t  a t  Geneva has 

made possible  the  construct ion of an advanced DCX machine a t  only a f r ac -  

t i o n  OS normal cos ts .  The acce lera tor  tube, which provides f o r  space- 

charge neu t r a l i za t ion  throughout . i t s  length,  i s  being designed through 

the  cooperative e f f o r t s  of  the Exploratory Physics Group and members of 

the  O m  High Voltage Laboratory. 

being designed by the  Exploratory Physics Group. 

shielded i n j e c t i o n  tube a re  being engineered i n  conjunction with the s i m -  

i l a r  p a r t s  required for  DCX-2, and s ince t h i s  work i s  being reviewed e l s e -  

where': it w i l l  not  be repeated i n  t h i s  repor t .  It i s  wor-th noting, how- 

ever, t h a t  a successfilly collimated, neut ra l ized  molecular ion beam an- 

t i c i p a t e d  i n  DCX-EP-B would permit an i n j e c t i o n  tube of s m a l l  diameter t o  

be used. Since t h i s  tube represents  t he  major, i.f not c r i t i c a l ,  obstruc- 

t i o n  i n  the  magnetic f i e l d  every poss ib le  reduction i n  i t s  s i z e  i s  manda- 

to ry .  The importance of comple-te and continued neu t r a l i za t ion  of the  mo- 

l e c u l a r  ion  beam can therefore  hardly be overstressed. 

taken of independent inves t iga t ions  on plasma buildup i n  multiple-pass 

i n j e c t i o n  experiments a f t e r  the a r c  i s  turned o f f  o r  when no a r c  i s  used 

The "Polarized" Plasma Beam Source i s  

The magnetic c o i l s  and 

Advantage has  been 

'Consultant , MIT. 
2Consultault, BNL. 

3 ~ o n s u l t a n t ,  mabama Polytectmlc I n s t i t u t e .  

4See ORAL-3011, chap. 8. 
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by exgeri.ments w:l.i.ch show the exis tence of  f l uc tua t ing  el-ectr ic  f i e l d s  i n  

the plasma that probab3.y w i l l  cause .- severe di-vergence of t he  ion _- bean when 

the a r c  i s  turned ... o f f .  

present  airfled toward reducirlg e l -ec t r ic  f i e l d s  i n  the  plasma without causirig 

1mtenabl.e I-osses i.n the  trapped a'iomric i-ons. Encouraging progress has  

been made i n  reducing these f i e l d s  by the  use of  ra,d?'.atrion f r o m  a carbon 

a m .  

Tne assumptions made i n  these s tud ies  pi-obably a re  modified 

A rnajor p a r t  of the EP experi~mental program i s  a t  

This repor t  w i l l  descr ibe t h e  s t a t u s  of va.ri.ous components of DCX- 

EP-R and cer-taln key experiments which have influenced i t s  design. 

cessful operat ion ol" tile completed dev-ice w i l l  provide new methods of 

studying high-energy molecul.aj- ion in j ec t ion  and d i s soc ia t ive  t rapping.  

S ix-  

3.2 GENERAT, DESCRIPTION 

The DCX-EP-B (abbreviated El%) i s  a steady-sta'c,e, magnetic mirror,  

high-energy ion s torase  device.  

of 1.4 i n .  a,nd a re  located 104 i n a  between c e n t e r s  and provide a steady- 

s t a t e  magnetic f i e l d  of  42;OOO gauss. 

have a Lg-in. ou ter  diameter and 4-0-in. h n e r  d i . m t e r .  They fu rn i sh  a 

uniform magnetic f i e l d  of 1 2 , c ) O O  gauss for a length of about 50 i n .  

0utsid.e aux i l i a ry  c o i l s  aye provided f o r  operat ion of long a r c s  so tha t  

good b a f f l i n g  and pumping can be schieved i n  the dual  vaCuu.m system, 

have an ins1.d.e diametej: of approximately 40 i n .  and produce a m.gneti.c 

f i e l d  of 10,000 gauss. 

The mirror c o i l s  have an i.nner diameter 

Four center  coi.1.s are incl-uded which 

The 

They 

F i g i r e  3 .1  shows 'ihe general  arrangemelit of  major 

5R. 1'. Post,  p 146 i n  Conference ot?,_C-gntrolled Thermonuclear H e -  
a c t ions ,  Held a t  Princeboil . . . University,  October 17-IS0, 1955, TID-7503 
(February 1956) . 

t e r n a t i o n a l  Conference on Peaceful Uses of' Atomic Energy, Geneva, S w i t z e r -  
1-and, Sept.  l-1.3, 1958. 

6 ~ .  N. Golovin and. P. M. MO~-OZOV,  p r ive t s  communication, Second In -  

7A. Simon, Tne Poss ib i l i t y  of a n  Arc Turnoff _I_____ -Plasma ...._I.-D.^ Buildup I ^ ~  Device, 
OIiNL CF-59-11 -89 (Nov. 20, 1959) .  

8B. E .  Hester, 5'. C .  Gil'nert, and W. Hzclwotte, AEC Meeting 011 High 
Energy In jec t ion ,  ca l led  by A. E .  R u a r k ,  Washington, D.C., June 22 and 
23, 1959 (no publi shed r e p o r t ) .  
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Fig. 3.1. DCX-EP-B General Arrangement. 

components i n  the  main body of t he  machine, which has t h e  following phys- 

i c a l  c h a r a c t e r i s t i c s :  

Over-all length 

Over-all  ins ide  w i d t l  

Distance between mirror c o i l  cen ters  

Central  magnetic f ie ld  

Mirror r a t i o  

Ins ide  diameter of l i n e r  

Path length  of 600-kev H, + beam 

Trapped proton energy (neut ra l ized  beam) 

Trapped proton energy (polar ized  beam) 

Difrnsion pumps, 20 i n .  

Power required 

2 1  f t  

52 i n .  

104 in .  

12,000 gauss 

3.5 

38 i n .  

20 m (without r a d i a l  

300 kev 

10-30 kev 

8 

1 0  f id  

prece s sion) 

O f  t he  e igh t  20-in. d i f fus ion  pumps provided for EPB, four  we at tached 

t o  t h e  inner vacuum system and fou r  t o  the  outer ,  aad more pumps can be 

used if desired.  The manifolds, pumps, vacuum valves,  and the main box 

have been completed and a re  ready f o r  i n s t a l l a t i o n .  
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Mounted above tliis s t ruc tu re  wi~ll be the 600-kev molecular ion i n -  

j ec t ion  system. There i s  a 600-kv, 1-mp  power supply ava i lab le  f o r  the  

i n j e c t o r  which w i l l  be sharcd. with other  f a c i l 5 t i e s .  Several  surplus  

power suppli.es have been secured t o  furn ish  power f o r  -the eleckron source, 

the i.on source, and the  beam-guiding magnets. A 4O-kv, 1.2-amp d-c sur -  

plus "cubicle" has  bzen mounted on in su la to r s  and put  i n  series wiLh an 

avai1abl.e lOO-kv, 3-mp d-c supply. This combjned supply with its aux- 

i l i a r y  uui t s  w a s  bui-lt t o  power the ' 'polarized" plasma i n j e c t o r .  

Sui-plus d.-c supply r a t ed  a t  L,-o kv and 2 amp has been reworked t o  supply 

power for e lec t ron  extraction from an a x i a l  hydrogen a rc .  'Wiese e l ec t rons  

a m  needed. f o r  "burnou'L" and d i s soc ia t ion  experiments. 

Also a 

The arc  supply i t s e l f  i s  a sw~1u.s phase s h i f t e r  which has been re- 

connected t o  form a r e c t i f i e r  t ransfonner  whose maxinm output i s  200 amp 

at 4.5 kv. This exce l len t  supply w i l l -  allow operat ion of  -Lhe r e f lux  a r c s  

and e l ec t ron  guns at  much higher  energy than has previously been poss ib le .  

A 3.5-Mw a rc  supply has been purchased for use wi-bh arc-wa1.7.. experiments. 

While i s  planned t o  do most of these  experiaents  i n  DCX-EP-A, some of 

them may be done ri.n ER3. Due t o  a shortage of motor- generaLors, t h i s  

supply m u s t  a l s o  be used. t o  power the  two outside c o i l s  on EPR. Str ic . l ;  

scheduling w i l l  be necessary so  t h a t  t h i s  supply c a n  be used f o r  a l l  i t s  

var ious funct ions.  Provision wiJ-1- be made t o  allow arc-wa1.J- and s i m i l a r  

experlments i n  EPH t o  be done a t  night  or on week-ends. During these  ex- 

periments motor generators normally used for other  work w i l l  replace the 

a r c  supphy on the  outs ide c o i l s  of EPB. 

The fol-lowing sec t ions  (3.escri'ue t h e  s t a - t u n  of vaLz"ious phases of El33 

construct ion and engineering. 

3.3 VACUUM SYSTEM 

The assump-Li.on i s  of ten made t h a t  "plasma pumping" can he r e l i e d  upon 

t o  remove residual. gas from t h e  inner  reac'c?.ng voluriie of rnal::hines of the 

DCX type.  Plasma pumping i n  t h i s  case r e f e r s  t o  the d i r ec t ed  flow of t h e  

low-energy ions through the  mirrors  along l i n e s  of magnetic f l u x .  These 

low-energy ions a r e  formed when the trapped. high-energy ions make colli- 

sions with the  resid-ual p . s  i n  tlne volume. The outward f l o w  .has been tal_- 

culaked t o  be as much as  l o 6  lj.l;ers/sec. EPB has been desi-gned t o  take 



advantage of p l a s m  pumping, and i f  it should ac tua l ly  prove t o  be ade- 

quate no o ther  pumping system w i l l  be used. 

It i s  almost ce r t a in ,  however, t h a t  puznping of t h i s  kind will not be 

I f  f o r  any reason dependable u n t i l  plasma i n s t a b i l i t i e s  can be overcome. 

t h e  plasma motion i s  modified t o  the  ex ten t  t h a t  some appreciable f r a c t i o n  

s t r i k e s  the  i n j e c t o r  tube o r  o the r  ins ide  svrfaces ,  a Lazge amount of gas 

w i l l  be produced and add i t iona l  pumping must be provtded i f  charge-ex- 

change l o s s e s  a r e  t o  be maintained a t  a tenable  value. 

by in tense  e l ec t ron  streams i n  which t h e  negative space charge of t h e  e lec-  

t rons  “traps” low-energy ions are i n  progress and appear t o  o f f e r  exce l len t  

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

serve as breakup cen te r s  f o r  high-energy molecular ions  as w e l l .  An aux- 

i l i a r y  a rc  (or a r c s )  w i l l  be used i n  EPB t o  provide r ad ia t ion  for plasma 

s t a b i l i t y  and i s  a l s o  arranged t o  a c t  as a vacuum pump. 

t e r i n g  pumping i s  provided i n  t i e  inner  r eac t ing  volume, and two 20-in. 

d i f fus ion  pumps are at tached at  each end of t h e  l i n e r .  

Tests of pumping 

These e l ec t rons  may a l s o  reduce p l a s m  i n s t a b i l i t i e s  and 

Conventional get- 

The outer  vacuum system i n  EPB presents  no unusual problems, and con- 

vent iona l  o i l  d i f fus ion  pumps w i l l  be used i n  addi t ion  t o  seve ra l  “a re  

pumps.” 

inner  vacuum system which l i e  outs ide t h e  c o i l s  (Fig.  3 .l) . 
These a rc  pumps aLso assist i n  pumping out the sec t ions  of the 

3.4 EXPERLMENTS T(ELALT1NG TO THE EFFECT OF EI3CTRIC 
FIELDS IN TIfE PLASMA 

Recent observations (ORNL-3011, Sec 1.3) suggest that if one starts 

with an a rc ,  it w i l l  be necessary t h a t  eventual ly  the  a r c  be turned off, 

s ince it represents  a, se r ious  energy l o s s  mechanism. It w a s ,  of course, 

of pazamount importance i n  the  design of EPB t o  know the  s t a b i l i z i n g  ef- 

f e c t  of t h e  arc  i n  machines of t he  DCX type and the  behavior of t he  trapped 

p a r t i c l e s  a f t e r  t h e  a rc  i s  gone. A s e r i e s  of experiments has been con- 

ducted, using the  device shown i n  Fig.  3.2, i n  an e f f o r t  t o  understand t h i s  

s i t u a t i o n .  While the  experiments a r e  s t i l l  i n  a preliminary s t a t e ,  t h e  

da t a  which have been taken ind ica te  t h a t  beam “blowup’’ occurs when the  a r c  

i s  of f  and that e l e c t r i c  fields develop i n  the  plasma through which the  

beam passes. Neutra l iza t ion  of t h e  ion beam by the  p l a s m g  appears t o  be 

’This plasma results from ion iza t ion  of r e s idua l  neu t r a l s  by the ion 
beam. 
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UNCLI?SSIFIED 
ORNL-LR-DWG 4 6 0 i 3 A  

COAXIAL LEADS 
'I HEATED PROBE 

TO PUMPS -- 

Fig. 3 .2.  Apparatus f o r  Spa,ce-Potential S-Ludy. 

e f fec t ive  only when the dens i ty  of neut ra l s  exceeds the  ion densi-ty i n  the  I 

beam by a f a c t o r  of approximte ly  l0lk - obviously an wrrtenabl-e s i t u a t i o n  

i n  a Z;'nermonuclear devlce.  

beam i s  impossible u n t i l  some method of  reducing e l e c t r i c  f i e l d s  in t he  

plasma has been perfected.  

ported by Spi tzer  may be due t o  the  presence of simt1.a e l e c t r i c  f i e l d s  

i n  the  OGRA plasma.1° It should be mentioned t h a t  the  rneaswe~~~en.ts de- 

scribed were made with a bean which passes through 18Oo only. It i s  d i f -  

f i c u l t  t o  pred ic t  the consequence of ions making .many thousands of revo- 

lu t ions  -t;hrough t h e  plasma except -that cooperative phenomena should be 

enhanced. 

a funct ion of the  neutral/i.on r a t i o .  

o s c i l l a t o r y  f i e lds  i n  the  plasma as a f m c t i o n  of the  neut ra l / ion  r a t i o .  

These da ta  ind ica te  Lbat burnout with a trapped 

The beam l o s s  i n  the  Russian OGRR device re- 

Figure 3.3 shows t y p i c a l  data on thz  d-c plasma potentiaL as 

Figure 3.4 shows t y p i c a l  da t a  on 

l o L .  Spi tzer ,  Jr., Thermonuclear Research i n  Moscow and Leningrad, 
Project  Matterhorn Technical Memo No.  G9 (November o r  December 1.959). 
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UNCLASSIFIED 

a: VOLTS e ARC OFF 95 MA BEAM PRESSURE IS i  IO-^ 
I 

-6 

-8 

..J .... .......... ..... 

Fig. 3.3. D-C Plasma Potent ia l .  

Fig. 3.4. Osci l la tory  Fields as  a Function of Neutral/Ion Ratio. 

Other experiments i n  which an arc was used f o r  neu t r a l i za t ion  were 

conducted concurrently with the  gas neu t ra l i za t ion  s tudies .  A carbon a.rc 

of t h e  type developed f o r  DCX was used in these experiments. A s  expected 

it was found t h a t  t h e  arc completely neut ra l ized  the  beam blowup” and no 

’lAn older, similar observation has been reported by S. C .  Currm, 
MDDC-1476 ( A p r .  25, 1945). 
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d-c plasma p o t e n t i a l  could be observed. 

e l e c t r i c  f i e l d s  i n  tile plasma were modified. Figure 3.5 shows the e f f e c t  

of t he  a rc  on plasm o s c i l l a t i o n s .  

it was a l s o  fovnd t h a t  o s c i l l a t o r y  

UNCLASS F ED 
O R N L  LR DWG 5'4381 

100 

600 

100 

0 
32 36 39 60 80 95 114 

I 
I - 50 200 400 1 6 16 

__. 
kr MC 

Fig. 3.5. Ef fec t  of Arc on Plasma 0sci l . la t ions.  

Perhaps the  most important o'oservation made i n  these experiments w a s  

.tnat, neu t r a l i za t ion  of the  space potenti-a1 and modii"j.cation of t he  plasma 

o s c i l l a t i o n  when a carbon a r c  i s  used are apparently due t o  r a d i a t i o n  from 

t h e  a rc  and are not  associated wi-bli charged p a r t i c l e s  from t h e  arc i n  any 

d i r e c t  way. 

ou ter  edge of t he  beam. 

beam a c y l i n d r i c a l  screen w a s  placed around t h e  a rc .  

sulated and. a negative p o t e n t i a l  of ,300 v w a s  appl..ied so t h a t  no p l a s m  

could reach t h e  beam, but  most of t h e  radi.ation could pass through s ince 

t h e  screen w a s  75% open. 

shown i n  Figs. 3.4 and 3.5 were reproduced. 

could reach -the beam t h e  conclusion was reached t h a t  t h e  e f f e c t  of neut ra l -  

i z a t i o n  i s  due t o  rad . ia , t ion .  

I n  these  expeyiments t h e  a rc  was moved 4 i n .  away f r o m t h e  

To be sure tiiat, no plasma, could d i f fuse  t o  t h e  

The screen w a s  i n -  

Wit'n t h i s  arrangement i t ;  w a s  found t h a t  t h e  data 

Since no plasma f r o m t h e  a rc  

These experiments have l e d  t o  the  incorporat ion of an auxiliarry a rc  

o r  a r c s  i n t o  the  design of EPB, placed w e l l  away from the trapped plasma 

region, but; arranged so t h a t  r a d i a t i o n  from the  a rc  can pass  through the 

plasma. 'The a r c s  w i l l  al-so serve as vacuum pumps. 

A compl-ete repor t  will be wr i t t en  on the  measurements described above 

when the  work i s  finj-shed. 
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3.5 NEUTmIZEID I3EAl!4 INJFCTOR 

I 
PO1 ENTl A L  

v FOR IONS. 

0 

3.5.1 P r inc ip l e s  

........... ION B E A M  .....- 

KINETIC ENEDGY 
OF IONS 

DISTANCE d 
-* /- 

/ 

A 600-kev beam of H2'- o r  H3+ ions with a dens i ty  of 109/crr,3 t o  1010/crn3 

i s  needed f o r  experiments i n  EPB. 

t r a l i z e d  by e lec t rons ,  o r  the  e l e c t r o s t a t i c  force r e su l t i ng  from space 

charge w i l l  "blow up'' the  beam. 

neu t r a l i za t ion  i s  not achieved and Yne injecti-o-n system must be designed 

throughout with space-charge forces  i n  mind. (See also See 5.1.3 f o r  a 

separate  discussion of t h i s  requirement. ) The s t r ingen t  conditions i m -  

posed by the add i t iona l  requirement, t hz t  t he  molecular ion beam Rake many 

revolut ions through the d i s soc ia t ive  medium has led t.o the  conclus-ion Ynat 

the  chances of  success a r e  g r e a t l y  enhanced if Lhe in j ec t ed  beam is neu- 

t ra l . i zed  a t  all t i m e s  so t h a t  space-charge forces  cannot develop. The 

condi t ion of comple-Le space -charge n e u t r a l i t y  does not  imply -the absence 

of an appl ied e l e c t r l c  f i e l d  which can accelera-Le pos i t i ve  ions.  One can 

propose a c l a s s  of e l ec t ron  veloci-ty d i s t r i b u t i o n s  i n  a vol-Lage gap 3.n 

which pos i t i ve  ions are accelerated,  e l ec t rons  a r e  decelerated and re- 

f lee ted ,  and no space-charge ef€ects  a r i s e  anywhere. l2 

gram (Fig .  3.6) w i t h  the  acce lera t ion  of a pos i t i ve  ion beam coming from 

Ion beams of this densi ty  must be neu- 

I n  conventional d-c accel .erators  complete 

- 
- 

Consider the  d ia -  

I'D. J. Rose, Acceleration of a Neutralized Ion &am, MIT Quarter ly  
Progress Report No. 53,  p 3 ( A p r .  15, 1959). 

UNCLf iSS IF IEO 
O R N L - L R - O W G  48011 B 

/- 
ELECTRON , / 

FOR AFTER ROSE" 
ELECTRONS 

Fig. 3.6. P o t e n t i a l  Diagran lor Ions and Electrons.  
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the  l e f t .  A t  tine l e f t  the ion densi ty  i s  high and the ve loc i ty  i s  low. 

At the  r i g h t  the ions have h i &  veloci ty  and low densi ty .  If e lec t rons  

are in jec ted  inLo the gap, the acce lera t ing  f i e l d  f o r  pos i t i ve  ions de- 

c e l e r a t e s  t h e  negative e lec t rons ,  as shown by the  dot ted mirror image of 

t h e  ion po ten t i a l .  Thus e lec t rons  wi.th su i tab le  ve loc i ty  d i s t r i b u t i o n s  

w i l l  be decelerated and r e f l e c t e d  throughout t he  ion acce lera t ing  region 

and charge n e u t r a l i t y  can be achieved through the gap. It i s  worth not ing 

t h a t  t h i s  phenomenon has been observed i n  low-energy (500 v)  PIG-type 

sources operated a t  the Massachusetts Institu-Le of Technology. Achieving 

these conditions i n  an acce lera tor  operating a t  600 kv does, of course, 

require  new concepts and technological developments which a re  now well 

under way. 

i n  addi t ion t o  the  o s c i l l a t o r y  e lec t rons  needed i n  the  acce lera t ing  

region it i s  a l so  necessary t o  acce lera te  a stream of e lec t rons  ( see  See 

3.5.2)  through the e n t i r e  sys-Lern t h a t  emerge with about the  same veloci ty  

a s  t'ne pos i t i ve  ions; f o r  example, f o r  Q@O-kv 32' ions,  162-v e lec t rons  

w i 1 . l  be required.  Experiments aimed a t  i n j ec t ing  these e lec t rons  a f t e r  

ion acce lera t ion  have proved l e s s  then sa t i s f ac to ry .  I n  the acce lera tor  

t o  be described the e lec t rons  a re  accelerated through the enti.re system 

and pass  out with the pos i t ive  i.ons a t  line end of the  i n j e c t o r .  A d-ouble- 

ended acce lera tor  r e s u l t s  w i t h  the 600-kv ion source centered between two 

zero-potent ia l  planes with grad-ed potentia1.s between. 

3.5.2 Electron G u n  

To provide e lec t rons  f o r  neu t r a l i za t ion  a f t e r  t he  Tons leave the  ac- 

ce le ra tor ,  i t  j~s necessary -Lo Yurnish a continuous stream of nondivergent 

e lec t rons  with a densi ty  the  same as t h a t  of the  pos i t i ve  i.ons (a t  leas- t  

5 x lo1' electrons/cm3).  Obviously these requirements cannoi; be met by 

a conventional e lec t ron  gun. Indeed, space-charge forces  play havoc i n  

t'ne e l ec t ron  acce lera t ing  gap a s  well  as i n  the ion gap. To overcome 

e lec t ron  space charge an a r c  i s  s t ruck  between a fila.ment and a boll-ow 

anode. Negative space-charge forces  a re  neut ra l ized  a t  the fi lament by 

the presence of pos i t i ve  ions from the  arc ,  and- electroiis a r e  acce lera ted  

through the  a r c .  A large pos i t i ve  f i e l d  i s  appl ied t o  the system, which 



reflects the ions back but accelerates the electrons. 

a 3/16-in.-dia hole burned through a piece of carbon by a nondivergent 

beam of electrons with a density of 5 x lo1' electrons/cm3. 

and 3.9 show the apparatus used for  these tes t s .  

intense beams of nondivergent electrons i s  a major step toward achieving 

ion beams of the quality and density needed in  EPB. 

th i s  system has been made by providing ions with the proper velocity dis -  

tribution throughout the accelerahing region for  electrons, rather than 

just  a t  the filament. 

negative electron space charge, just  as electrons of the proper velocity 

distribution are desirable in  the ion acceleration system t o  neutralize 

positive ion space charge. The density of nondivergent electrons which 

has been achieved appears t o  be adequate for injection into EPB. 

Figure 3.7 shows 

Figures 3.8' 

Achievement of these 

An improvement i n  

This is desirable i n  order t o  completely neutralize 

UNCLASSIFIED 
PHOTO 35755 
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Fig. 3.7. Hole (3/16-in.-dia) Burned by a Nondiverging Beam of 
Electrons w i t h  a Density of 5 X 101'/cm3. 
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Fig. 3.8. Electron Gun- Test Model. 

An axial magnetic f i e l d  of 6000 gauss i s  provided i n  the  acce lera tor  

t o  guide the e lec t ron  and ion  beams. 

and e l e c t r o s t a t i c  focusing for both e lec t rons  and ions.  

The gaps provide converging magnetic 

3.5.3 Ion Source 

The ion  source i s  of the  r e f lux  type and uses a hollow, tungsten 

cathode and a hollow anode. 

energy and o s c i l l a t o r y  e lec t rons  t o  pass  through the  source a s  long a s  

they remain on the  a x i s  of t he  system. 

have demonstrated t h a t  ion beams of the required densi ty  can be extracted.  

Figures 3.10 and 3.11 show d e t a i l s  of the source. A s m a l l  c en t r a l  core 

on the a x i s  of the  acce lera tor  tube (about 0.200 i n .  i n  diameter by the 

full length of t h e  acce lera tor )  i s  ac tua l ly  an o s c i l l a t i n g  region for 

e lec t rons ,  meeting the  Rose c r i t e r i a  of proper e lec t ron  veloci ty  d i s t r i -  

bution s ince e lec t rons  a re  created a t  the  various po ten t i a l s  through the  

These hollow e lec t rodes  w i l l  allow the  high- 

Tests  with a source of t h i s  type 

. 



- 1 4  

Fig. 3.9. Electron Gun.  

CATHODE, 
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Fig. 3.10. H o l l o w  Electrode Ion Source Test Model. 



Fig. 3.11. Hollow Electrode Ion Source. 

tube. 

tron-producing surfaces  and neu t r a l  pressure i n  the  acce lera t ing  tube.  

It i s  planned t o  cont ro l  the  e l ec t ron  dens i ty  by a t t e n t i o n  t o  e l ec -  

Figure 3.12 shows the  design of t he  neut ra l ized  beam i n j e c t o r .  Mounted 

a t  the  top  i s  the  e l ec t ron  gun with i t s  associated equipment including 

two d i f m s i o n  pumps. 

the  system and i s  guided by an a x i a l  magnetic f i e l d .  

through an ion  r e f l ec to r ,  which i s  provided t o  prevent ions streaming back 

toward the  e l ec t ron  gun. If ions were allowed t o  "back stream" an a r c  

would be formed and the  system would shor t  out .  The e lec t rons  next pass  

through the hollow source e lec t rodes  and the ion acce lera t ing  gap. Through- 

out the  lower sec t ion  of t he  tube e lec t rons  a re  decelerated while ions a re  

accelerated,  both being focused. 

of ions and e lec t rons  pass through a d r i f t  space t r ave l ing  a t  the  same 

ve loc i ty  before en ter ing  the  shielded i n j e c t i o n  tube i n  EPB. 

The e l ec t ron  beam i s  acce lera ted  along the axis of 

The e l ec t rons  proceed 

A t  the  bottom of the  tube equal numbers 



Fig. 3.12. DCX-EP-B Neutralized Beam In jec to r .  

From the foregoing it may seem t h a t  the  neut ra l ized  beam i n j e c t o r  i s  

a complicated device. However, i f  it i s  compared t o  a more conventional 

d-c acce le ra to r  which must always compensate for space charge forces  by 

the  use of r a t h e r  e labora te  e l e c t r o s t a t i c  and/or magnetic l e n s  systems, 

it i s  ac tua l ly  a simpler system. Successful operation of  the  completed 

i n j e c t o r  w i l l  represent  a s ign i f i can t  improvement i n  d-c acce le ra to r  

design. Experiments with the  e l ec t ron  gun and the  ion  source have g rea t ly  

increased confidence i n  the  a b i l i t y  of t h i s  i n j e c t o r  t o  provide an in tense  

nondivergent beam i n  EPB, and it w i l l  a l s o  be f eas ib l e  t o  convert the  tube 

15 



t o  a more conventional design using perhaps the  von Ardenne system, i f  i n  

t he  fu ture  t h i s  method i s  needed f o r  other  experiments. 

3.6 POSSIBILITY OF SlMuLTANEOUS INJECTION OF 
Hz', H3+, AND OTHER IONS 

I f  the  ion beam i n  the 600-kv acce lera tor  tube i s  space-charge neu- 

t r a l i z e d ,  then it i s  possible  t o  i n j e c t  and d issoc ia te  two and perhaps 

more molecular ion species simultaneously. I n  conventional focusing, 

ions of d i f f e r e n t  mass would, of course, have d i f f e r e n t  foca l  lengths  

and come t o  a focus a t  d i f f e r e n t  p laces .  I n  the  neut ra l ized  beam i n -  

j e c t o r  t h i s  problem does not  a r i s e  because the  beam i s  p a r a l l e l  through- 

out the  tube length.  Since both diatomic and t r ia tomic  ions a r e  produced 

i n  the ion source t h e i r  simultaneous i n j e c t i o n  would be advantageous. 

This can be accomplished as i l l u s t r a t e d  i n  Fig. 3.13. 

Obviously other  i n t e r e s t i n g  combinations could be a t t a ined ,  p a r t i c -  

u l a r l y  when a mixture of tritium and deuterium gas i s  fed t o  the  ion 

source. l3 

13A. E .  h a r k ,  Role of Moving Ions and Electrons as Targets i n  the  
Ign i t ion  of Thermonuclear Devices ( Ju ly  24, 1956) (unpublished). 
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Fig. 3.13. Simultaneous In j ec t ion  of H2 and H3 . 
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3.7 "POLARIZED" FLASMA BEAM INJECTOR 

Several  i nves t iga to r s  have shown t h a t  a stream conposed of approxi- 

mately equal rimers o€ ions and e lec t rons  of about t h e  same ve loc i ty  can 

be made  t o  c ros s  magnetic flux l i n e s  i f  t he  dens i ty  i s  high enough.14p15 

When the  plasma en te r s  t h e  magnetic f i e l d  t h e  V x B force  a c t s  on the  ions 

and e lec t rons ,  bending them i n  opposite d i r ec t ions .  

charge separat ion i s  t h e  development of an e l e c t r o s t a t i c  f i e l d  which grows 

i n  magnitude u n t i l  it equals and cancels  t h e  force of t he  magnetic f i e l d .  

When t n e  two forces  a r e  equal t he  plasma moves i n  a more or less s t r a i g h t  

path unrestrained by t'ne magnetic f i e l d .  

The result of t h i s  

It i s  proposed t h a t  advantage be taken of t h i s  phenomenon t o  aove a 

When high-energy plasma stream i n t o  the  c e n t r a l  plasm region of EP13.16 

t he  polar ized stream en te r s  the  plasma region t h e  e l e c t r i c  f i e l d  which 

cas r i ed  it i n  i s  modified so t h a t  t he  plasma i s  slowed down and the  ions  

o r b i t  m n y  times i n  the plasma region. Recent low-energy experiments con- 

ducted by a group under R. F. Post confirm t n e  slowing down of a polmized  

streamwhen it e n t e r s  p l a s m .  It is ,  of coursei  axiomatic t h a t  any charged 

p a r t i c l e  i n j ec t ed  i n t o  a s t a t i c  magnetic f i e l d  w i l l  eventual ly  come back 

out un less  i t s  o r b i t  i s  changed while it i s  wi th in  t h e  magnetic f i e l d .  In  

t h e  case just described c o l l i s i o n s  w i l l  occur when t h e  polar ized  beam 

e n t e r s  the  plasma so t h a t  the  o r b i t s  w i l l  be changed. To ensure absolute  

t rapping the  polar ized beam will be composed oT molecular hydrogen ions 

so t h a t  c o l l i s i o n s  w i l l  produce d i s soc ia t ion  t o  t h e  atomic state. 

It i s  a l s o  necessary t o  determine whe-ther injecti .on of t h i s  kind i s  
+ + 

and H3 possible  with 100-kev H2 ions s ince  tinis appears t o  be a reason- 

ab le  energy choice t o  "Teed" molecular ions i n t o  a previously c rea ted  hot 

plasma i n  a s t a t i c  mirror machine. Consider then a stream of ions and 

e lec t rons  moving i n t o  and crossing l i n e s  of magnetic flux w i t h  a ve loc i ty  

"W. €1. Bostick, Phys. Rev. - 104, 292 (19%). 
__I 

"R. G. Meyerand, Jr., The in t e rac t ion  of a Plasma Beam 
n e t i c  Field,  MIT Quarterly Progress Report No. 51, p 1 2  

16J. S. Luce, Trapping of Energetic ions by Neutral izat ion of a Po- 
l a r i z e d  Ream, ORNL CF-59-3-70 (Mar. 17, 1959). 
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VO = 3.3 x l o 6  m/sec (100-kev H2+ ions  and 2‘7-v e l e c t r o n s ) .  

€ ie ld  should develop as shown i n  -t’ne following i l l u s t r a t i o n :  

The e l e c t r i c  

Beam Eefore Entering B F i e l d  B e a  Crossing 13 F i e l d  

7> B Field. Region (B i n t o  paper) 

+ +  

- -  11 
I- ‘, 

I 

+ i  
- I v  

I 
+ I  

I 

When the  beam crosses  the  magnetic f i e l d  the  beam momentum i s  reduced by 

conversion of p a t  of i t s  k ine t i c  energy i n t o  potential .  energy of el-ec- 

t r i c a l  po lar iza t ion .  Since pos i t i ve  ions ca r ry  e s s e n t i a l l y  a l l  t he  energy, 

t he  energy dens i ty  when i n  t h e  magnetic f i e l d  i s  given by NMV2/2 ( k i n e t i c )  

and E E . ? / ~  ( e l e c t r o s t a t i c )  i n  j / in3.  

periment, t he  k ine t i c  and e l e c t r o s t a t i c  energy d e n s i t i e s  are approximately 

equal and polar iza t ion  has taken place.  Tnen 

Under cond.itions of ‘cine proposed ex- 
P 

so  t h a t  

giving 

E B2 
M 

N = 0 (number/m’j) , 

which ind ica t e s  t he  p a r t i c l e  dens i ty  needed f o r  po lar iza t ion .  The bean? 



curren t  dens i ty  can be derived by: 

For  a magnetic f i e l d  of 4000 gauss and an acce lera t ing  p o t e n t i a l  of 

100 kv, N = 4 x 108/cm3. 

gauss t h e  H, 

The H2+ curren t  required i s  15 ma/cm2. A t  12,000 
+ 

curren t  required i s  135 ma/cm2 and N = 3.6 x 109/cm3. 

I f  t he  MIT experiments are ex t rapola ted  t o  100 kv the  data. show these 

r e s u l t s  t o  be approximately i n  agreement. It can be seen t h a t  the  same 

system used f o r  the  neut ra l ized  beam i n j e c t o r  should provide enough ions 

and e l ec t rons  f o r  po lar ized  plasma beam in j ec t ion .  The on1.y change nec- 

essary  i s  t o  lower the  i n j e c t i o n  energy t o  approximately 100 kev so t h a t  

the required densi ty  i s  provided. Since I-ower voltage i s  used the  device 

w i l l  have fewer s tages  than the 600-kev i n j e c t o r ,  as shown i n  Fig. 3.14. 
"IIEU\I,I*D 
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. 3.14. Polar ized Plasma B e r n  In j ec to r .  
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Fig. 3.16. Beam PaLh Using H3'. 

The use of "polarized" streams of molecular ions and e lec t rons  would 

provide t rapping of ions with many Larmor diameters from the  en t ry  point .  

Nevertheless, i f  t he  high magnetic grad ien t  i n  t h e  mirrors could be re- 

duced, then the  r e l a t i v e  chmge  of magnetic f i e l d  s t rength  over the  c ross  

sec t ion  of a p a r t i c l e ' s  o r b i t  would a l s o  be reduced, providing b e t t e r  ad- 

i a b a t i c  containment. I n j e c t i o n  of t h e  polar ized beam does not  require  a 

long sec t ion  of uniform f i e l d  as does the  multipass molecular ion bean. 

Therefore when i n j e c t i o n  i s  changed from the  molecular ion beam t o  t h e  

polar ized beam the  cur ren t  i n  the  various c o i l s  can  be readjust;ed so t h a t  

t h e  machine has no uniform-field sec t ion  at  a l l .  

one l a rge  rnagnetic mirror w i t h  slowly increasing magnetic f i e l d  s t rength  

on each end. Not only a re  t h e  magnetic f i e l d  grad ien ts  reduced but  t h e  

mir ror  r a t i o  can probably a l s o  be increased.  

It becomes I n  r e a l i t y  
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