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L . o II~TRODUCTION 

The purpose of t h i s  r epor t  i s  t o  present t o  t h e  Ad Hoc Panel in  as 

brief a manner as can convey information t h e  s a l i e n t  f ea tu re s  of t h e  major 

ORNL low f3 open-ended confinement work. Brevity,  c h a r t s ,  and ou t l ines  while 

concise have t h e  disadvantage of  understatement of t h e  problems and t h e i r  

so lu t ions .  This method also leaves out much understanding of d e t a i l s  which 

i s  re levant  t o  simple statements made here i n  summary. 

misgivings, we hope t h a t  t h i s  note i s  of some worth i n  t h e  Panel 's  assessment 

of open-ended work. Further d e t a i l s  of these  experiments r e s t  i n  t h e  Chrestoma- 

thy ,  publ ica t ions ,  and ORNL serniannuals, and we w i l l  be happy t o  supply d e t a i l s  

With these  obvious 

a t  any time. 
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2.0 THEORY 

Since t h e  codi f ica t ion  03 t h e  pe r t inen t  i n s t a b i l i t i e s  i s  p a r t  of 

the func t ion  of the  Ad Hoc Panel  and s ince  Gareth Guest i s  undertaking 

t h i s  as a primary assignment, it would be premature and redundant t o  

inc lude  t h a t  as a p a r t  of t h i s  report. Thus w e  have here  concentrated 

on the experimental parameters and r e s u l t s .  

these r e s u l t s  t o  t h e  appropriate i n s t a b i l i t i e s ,  we have not attempted 

t o  rank t h e  i n s t a b i l i t i e s  as t o  t h e i r  u l t imate  importance. 

Though we have compared 
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3.1 DCX-2 

3.1.1 Introduct ion 

This summary has t h r e e  object ives:  

(1) 

(2)  

t o  review t h e  e s s e n t i a l  fea tures  of t he  DCX-2 device 

t o  discuss  t h e  r e s u l t s  of t h e  experiments 

(3) 

3.1.2 General Description 

t o  ind ica t e  .d i rec t ions  of fu tu re  experiments. 

The magnetic f i e l d  and phys ica l  design of t h e  DCX-2 f a c i l i t y  i s  shown 

i n  Figs. 1 and 2. Operating parameters a re  ind ica ted  below: 

A. In j ec t ion  parameters 

1. 

2. 

3. Frac t iona l  d i ssoc ia t ion  ( F ) :  

Molecular ion in j ec t ion  a t  540 keV 

Beam cur ren ts  up t o  70 mA maximum 

-naDL F = l - e  

0 = 1.2 x 

L = t o t a l  path 

n = dens i ty  of 

D 

where d issoc ia t ion  cross  sec t ion  
104 cm 2 

length of beam 

dissoc ia t ing  centers  

(a )  Gas d issoc ia t ion :  L $50 meters 

F 1.8 x for p lom6 t o r r  
0 

(b) Arc d issoc ia t ion :  f o r  a r c  diameter of 3 cm, 
& 3 dens i ty  3 x ions/cm . 

F fo r  each pass of beam through a r c .  For 

L = 50 m, 50 beam t r a n s i t s  can be expected and t o t a l  

f r a c t i o n a l  d i ssoc ia t ion  'L 0.40. A s  high as 0.70 has 

been observed under some a rc  condi t ions.  
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B. Operating pressures  

-8 1. Base pressure % 5 x 10 t o r r  

2. Arc d issoc ia t ion  % 10 t o r r  

3. G a s  d i ssoc ia t ion  lov7 - 5 x t o r r  

> -6 

C. Magnetic f i e l d  

1. Fie ld  d e t a i l s  a r e  shown i n  Figure 1. 

2. The f i e l d  can be made uniform(% .l%) over 

volume two f e e t  diameter and 4.5 f e e t  i n  length.  

3.1.3 Plasma Proper t ies  

Upon d i s soc ia t ion ,  t h e  in j ec t ed  proton d i s t r i b u t i o n  i s  a d e l t a  

function i n  perpendicular energy (270 keV) and a x i a l  ve loc i ty  ( E  11 - - 1.6 keV) , 
and is  expected t o  be unstable  t o  ion gyrofrequency i n s t a b i l i t i e s .  

Continuous ion  cyclotron harmonic s igna ls  a r e  observed throughout the  

in j ec t ion  i n t e r v a l .  The d i s t r i b u t i o n  i s  s t rongly modified i n  times 

< 
'I, 10 msec t o  an equi l ibr ium plasma cons is t ing  of t h r e e  main components: 

A .  Central  peak plasma 

1. Contains most of t h e  trapped densi ty  up t o  

3 n = 5 x l o 9  ions/cm 

n 'I, l o 8  ions/cm3 with gas d issoc ia t ion .  

with a rc  d issoc ia t ion ;  up t o  

2. T 500 e V  peaked at E = 0 .  .* II 

3. Large spread i n  TI (15 keV< TI> 

E l  -: TOO - 800 keV. 
3 MeV) with mean 

-'I, % 4. Plasma dimensions: R % 15 - 25 cm, L % 100 - 150 cm 

Chamber w a l l  radius  45 cm. 

5 .  Confined i n  cen t r a l  magnetic f i e l d  region where 

AB % 10 - 20 gauss. Thus, mirror r a t i o  % 1.001. 

6. TL/T,, > IO3 highly an iso t ropic  with R / a  % 3, L / a  % 20 
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B. Side lobe pla$ma 

1. Contains <lo% of c e n t r a l  peak dens i ty .  

2. Retains i n j e c t e d  a x i a l  energy. (Erl  2 1-2 keV 

with A E I I  /E as l a rge  as 0 . 4  under some condi t ions . )  

3. TL % 150 keV 

4. Plasma dimensions: R % 15 cm,  L 'L 3 meters, 
% 

l imi ted  r a d i a l l y  by i n j e c t o r  duct. 

TL /Tit  < lo2 with R / a  % 3, L /a  % 70. 5. 

C.  Background plasma 

1. Arc d i s soc ia t ion :  

(a) Plasma dens i ty  not  wel l  e s t ab l i shed  but density 

genera l ly  exceeds energe t ic  ion dens i ty  by a t  least 

a f a c t o r  of t e n .  

(b) Ti % Q 100 eV; Te 1 <50 eV 

9 
( c )  F i l l s  e n t i r e  ava i l ab le  volume with r a d i a l  p r o f i l e  

l i k e  energe t ic  ion p r o f i l e .  

2. Gas d issoc ia t ion :  

(a) Plasma dens i ty  va r i e s  with pressure:  a t .  

-6 'L 
p 1.10 t o r r  n % n 

e + ( h o t )  

(b)  Electron energy va r i e s  with pressure:  a t  

p t o r r  Te % 300 eV, 4 %l keV. 

( e )  Ion energy 5 50 eV.  
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D. Review of General Features.  DCX-2 has many f ea tu res  making 

.... 

... 

-.. 

... 

... 

... 

making it i d e a l  t o  compare experiments with t h e o r e t i c a l  models 

t o  answer s t a b i l i t y  c r i t e r i a  questions.  

1. It contains a dense energe t ic  plasma with w % L w  . 
p i  ,hot c i  

2. It approximates t h e  usual assumptions of uniform ' f i e l d  

i n f i n i t e  medium ca lcu la t ions .  F i e ld  uniform t o  .1% over 

volume 10 - 35 Larmar radii long. 

3. The energe t ic  ion  d i s t r i b u t i o n  i s  measureable and 

r a d i a l  pos i t i on ,  \I 5- reproducible as functions of v 

and time through 40 diagnostic p o r t s .  

3.1.4 Objectives 

The objec t ives  of t h e  experiments are t h e  observation and understanding 

of t h e  proper t ies -  of t h e  following general  c l a s ses  of i n s t a b i l i t i e s :  

A. Ion-electron loss-cone modes. The general  th reshold  i s  given 

by wpe > wci or n > 5 x 10 electrons/cm . These thresholds 

are modified s l i g h t l y  when t ak ing  i n t o  account f i n i t e  rad ius  

6 3 
e 

I and length  (e .g . ,  G. E. Guest and R .  A .  Dory) . 
B. Ion-ion f l u t e - l i k e  modes o r  loss-cone modes. General c r i t e r i o n  

9 3 > w or  n > 6.6 x 10 ions/cm . These 
i 

i s  t h a t  w 

i n s t a b i l i t y  thresholds depend on (n /n ) as shown by Budwine, 

p i , t o t a l  c i  

U .  
c H  

Fa r r ,  and Guest2¶ but  t h e  present operating regime with a rc  

d i s soc ia t ion  j u s t  reaches t h e  dens i ty  region of i n t e r e s t .  

energe t ic  ion dens i ty  increase  of a , f a c t o r  of 3 - 10 i s  des i r ab le  

An 

t o  insure  exceeding thresholds which may be set by t h e  f i n i t e  

plasma s i z e .  
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3.1.5 Results 

Experiments so f a r  have concentrated on d e t a i l e d  observations of 

'Class A i n s t a b i l i t i e s  ( t h e  ion-electron modes). 

A. Observations were made during t'ne "afterglow", i . e .  , a f t e r  t h e  

beam i s  stopped, i n  gas d issoc ia t ion .  The plasma produced by 

gas d i s soc ia t ion  w a s  observed t o  decay s t a b l y ,  with decay times 

% 100 msec, a t  d e n s i t i e s  % 10 ions/cm . The predic ted  threshold  

for  t h i s  i n s t a b i l i t y  i s  % 1 - 2 x 10 particles/cm3, but de t a i l ed  

study of the  dispersion r e l a t i o n  by Beasley, Guest, and Dory , 

8 3 

7 

3 

i n sp i r ed  by t h i s  observation, l e d  t o  the  conclusion t h a t  t he  

8 i n s t a b i l i t y  i s  convective for n< 5 x 10 particles/cm3 and absolute 

above t h i s  density.  An a l t e r n a t i v e  explanation of t h e  observed 

s t a b i l i t y ,  Landau damping by w a r m  e l ec t rons ,  i s  excluded s ince  

e l ec t rons  of Q 1 keV temperature i s  required.  

mental conditions,  T % 50 eV. 

Under t h e  experi- 

% 

e 

The observation of t h e  absolute growth of t h e  i n s t a b i l i t y  

i s  prevented i n  gas d issoc ia t ion  by t h e  dens i ty  l i m i t a t i o n .  

a r c  d i s soc ia t ion ,  however, ion-cyclotron r ad ia t ion  i s  observed, 

i n  b u r s t s ,  i n  t h e  afterglow f o r  d e n s i t i e s  above % 5 x 10 

Before a proper assignment of t h e  i n s t a b i l i t y  mode can be made, 

however, d e t a i l e d  measurements of t he  plasma d i s t r i b u t i o n  and, 

With 

8 3 ions/cm . 

espec ia l ly ,  t h e  background plasma p rope r t i e s ,  must be es tab l i shed .  

E f f o r t s  i n  t h i s  d i r ec t ion  a r e  i n  progress.  

B. A study of t h e  ion-electron gyrofrequenc? i n s t a b i l i t y  i n  t h e  

annular c y l i n d r i c a l  plasma defined by t h e  molecular ion beam 

has been c a r r i e d  out .  

proton plasma w a s  depressed by obstacles placed s u i t a b l y  o r ,  

For these  s t u d i e s ,  t h e  trapped energe t ic  



a l t e r n a t i v e l y ,  by using a helium in j ec t ed  beam. No a rc  w a s  

used. Two propagating waves were i d e n t i f i e d ,  k v (beam) , 
I I  rl 

(beam) 0 ( abso lu te ) .  The predicted II "11 
(convective) and k 

thresholds  w 

The modes predic ted  i n  t h e  model of Burt and Harris (and observed 

= tuci  were v e r i f i e d  f o r  t h e  f irst  two harmonics. 
Pe 

i n  an e l ec t ron  experiment by Morse) would propagate with sho r t e r  

wavelengths than ac tua l ly  observed. These shor t  wavelength modes, 

however, a r e  expected t o  be Landau damped by t h e  e lec t rons  with 

observed Te 30 eV. I n  f a c t ,  t h e  wavelengths observed correspond- 

ing t o  previously unstudied modes of t h e  dispers ion r e l a t i o n ,  are 

the  minimum cons is ten t  with Landau damping by t h e  e l ec t rons .  For 

t h e  observed i n s t a b i l i t i e s ,  f o r  a l l  t h e  observed harmonics, 

JIl 
V = 4 ve. 
phase 

The non-linear l i m i t  of t h e  i n s t a b i l i t y  has a l s o  been 

es tab l i shed .  The measured e l e c t r i c  f i e l d s  a r e  cons is ten t  with t h e  

t o t a l  ava i l ab le  charge tak ing  p a r t  i n  t he  fundamental i n s t a b i l i t y  

mode. There i s  no evidence t h a t  higher harmonics a re  driven by 

t h e  non-linear behavior - t h e  second harmonic, f o r  example, grows 

l i n e a r l y  a t  i t s  predicted threshold and possesses a d i f f e ren t  

wavelength than t h e  f i r s t  harmonic. 

3.1.6 Future Plans 

rr 

The present  planning f o r  t h e  DCX-2 device i s  divided i n t o  two phases: 

(1) a t t a i n i n g  improved dens i t i e s  so  as t o  encompass a l l  t he  expected i n s t a b i l i t y  

regimes, and ( 2 )  s tudy of t h e  i n s t a b i l i t y  proper t ies .  

A .  Improved dens i t i e s  

The object ives  a re  t o  improve t h e  dens i ty  i n  t h e  c e n t r a l  peak plasma 

w h i l e  l imi t ing  t h e  densi ty  i n  t h e  s i d e  lobe plasma t o  present  l e v e l s .  
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Present s tud ie s  a re  designed t o  t es t  t h e  sca l ing  of t h e  plasma 

l i f e t i m e  and t h e  dens i ty  as a function of beam curren t .  The 

ava i lab le  r e s u l t s  a r e  not yet d e f i n i t i v e .  Density r i s e s  with 

i n j e c t i o n  cu r ren t ,  although probably not l i n e a r l y .  The lo s ses  

from t h e  c e n t r a l  peak plasma can be accounted for by charge 

exchange. The experiments a re  however not d e f i n i t i v e  and 

a l t e r n a t i v e  descr ip t ion  cannot be ru led  out.  A d e t a i l e d  account- 

a b i l i t y  of i n j e c t e d  p a r t i c l e s  has not ye t  been c a r r i e d  out s ince  

only an unknown f r a c t i o n  ('L 10%) of t h e  d i s soc ia t ed  protons are 

trapped i n  t h e  c e n t r a l  peak plasma. Experimental s tud ie s  designed 

t o  separa te  t h e  i n j e c t i o n  r a t e  i n t o  t h e  c e n t r a l  peak plasma from 

t h e  loss  r a t e  a r e  present ly  i n  progress.  

3. I n s t a b i l i t y  s tud ie s  

Multiple probe a r rays  a r e  t o  be used f o r  d i r e c t  measurements of 

a x i a l  and azimuthal wavelengths of t h e  observed i n s t a b i l i t i e s  i n  

t h e  afterglow of plasmas produced by a r c  d i s soc ia t ion .  An assign- 

ment of t h e  observed i n s t a b i l i t y  w i l l  be based on a comparison of 

t h e  observed k 

Far r ,  and Guest2 on the  multiple component ion-ion i n s t a b i l i t y  and 

those of 

nc/nHot and n II ' Hot 
with t h e  pred ic t ions  of Budwine, 

# 

Dory, and Beasley3 on t h e  ion-electron modes. 

E i the r  assignment i s  poss ib le  from t h e  present evidence. 

Other s tud ie s  of t h e  rad io  frequency behavior s h o r t l y  a f t e r  

beam turn-on ( t < c  T 

for  t h e  c rea t ion  of t h e  observed equilibrium plasma. These s tud ie s  

a re  a n a t u r a l  sequel t o  t h e  r e s u l t s  obtained from t h e  inves t iga t ion  

of t h e  i n s t a b i l i t y  i n  t h e  molecular ion beam. 

) may ind ica t e  t h e  i n s t a b i l i t y  mode responsible cx 
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C .  Specific.experiments 

The main object ives  of t h e  DCX-2 program a r e  t o  use t h e  c e n t r a l  

peak plasma t o  t e s t  i n s t a b i l i t y  theo r i e s  and t o  increase t h e  

c e n t r a l  peak dens i ty  so i n s t a b i l i t i t s  can be s tudied a t  higher  

d e n s i t i e s .  

c e n t r a l  peak plasma, t he  equilibrium proper t ies  of t h e  hot ion 

plasma and t h e  mild micro ins tab i l i ty  of t h e  in jec ted  beam. 

experiments t h a t  r e l a t e  t o  these  object ives  are l i s t e d  below. 

Secondary a i m s  are the  study of t h e  o r ig in  of t h e  

Future 

1. Completion of t h e  tes t  of t he  sca l ing  l a w  N+V = I 

now i n  progress.  

Extension of t h e  magnetic f i e l d  t o  permit added s tage  of 

d i f f e r e n t i a l  pumping fo r  use with hydrogen a rc  t o  allow 

lower operat ive pressures i n  c e n t r a l  f i e l d  region (expect 

pressure reduction of f a c t o r  - 10). 

F T 
i n j  

2. 

3 .  Continue study of molecular ion beam i n s t a b i l i t y .  Deter- 

mine reason for observed k,,, inves t iga te  growth of  COG- 

nect ive mode and attempt t o  assess  r e f l e c t i o n  a t  end of 

plasma. Establ ish t o  what extent  these e f f e c t s  may be 

extrapolatable  t o  o ther  cor,vective ion-electron modes. 

Determination of which of t h e  two i n s t a b i l i t i e s ,  Harris 4.’ 

mode or multi-group f l u t e - l i k e  mode, i s  responsible f o r  

t h e  rf observed after beam turnoff  with hydrogen a rc  

d issoc ia t ion .  This  involves accurate  time-resolved 

measurement of t h e  cold plasma dens i ty  a f t e r  beam turnoff ,  

since t h e  i n s t a b i l i t y  thresholds  as t h e  multi-group mode 

depend on t h e  cold ion densi ty .  The hot ion dens i ty  and 

ve loc i ty  d i s t r i b u t i o n  function will be obtained a t  times 
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just  pdeceding the occurrence of rf bursts during plasma 

decay t o  obta in  quan t i t a t ive  comparison with rtheory. 

Measurement of t h e  a x i a l  i n s t a b i l i t y  wavelengt’n and 

s i g n a l  po la r i za t ion  should help to decide between t h e  

two i n s t a b i l i t i e s .  

Study of t h e  formation of t h e  c e n t r a l  peak plasma a t  5 .  

e a r l y  times a f t e r  beam turn-on t o  determine t h e  t rapping  

i n t o  t h e  c e n t r a l  peak group and t h e  re levant  l o s s  

process .  

6 .  Study of t h e  parameter changes which cause t h e  t r a n s i -  

t i o n  from a dominant c e n t r a l  peak group t o  a dominant 

s i d e  lobe  group with gas d i s soc ia t ion .  

3.1.7 References 

1. G. E .  Guest and R. A .  Dory, phys. F lu ids  81 1853 (1965). 

2. R. E .  Budwine and W. M. Far r ,  Bu l l e t in  of APS Se r i e s  11, Vol. 12, No. 5 ,  

,1967, P. 629* 

3 .  C .  0. Beasley and R. A.  Dory, TED Semiannual Report, ORDTL 3989, A p r i l  30, 

1966. 
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A I 

Fig. 1 Axial Magnetic Field in DCX-2 

st4ou-r 
h 

-- * t 

c 
I 
1 

Fig. 2 Particle Trajectory in DCX-2 



3.2 EX-1 

Experiments i n  the  DCX-1 f a c i l i t y  began i n  1957 and were terminated i n  

1966, &en t h e  f i e l d  c o i l s  and main vacuum vesse l  were used for EX-1.5. 

The facility w a s  used f o r  technological  development and plasma study. 

3.2.1 

3.2.2 

Machine Description 

1.1 The magnet f i e l d  configuration w a s  a simple 2 : l  mirror,  with 

Bo % 10 kilogauas and mirrors  a t  Z 5 + 1 5  inches. 

d iagnos t ic  arrangements permitted plasma r a d i i  of 8 t o  10 inches 

w i t h  ax ia l  ex ten ts  up t o  5 6 inches. 

Plasma was formed by d i s soc ia t ion  of 600 keV H 

The in j ec t ed  H cur ren ts  were i n i t i a l l y  measured i n  microamperes, 

and were l a t e r  gradual ly  increased to a maximum of about 15 mA. 

The c o i l  and 

+ 
1.2 i n  t h i s  t r a p .  2 

-k 

2 

The in j ec t ion  t r a j e c t o r y  was confined t o  

t h e  median plane and made but a s ingle  

pass through t h e  t r a p .  

arranged so  t h a t  i t s  c loses t  approach t o  

The t r a j e c t o r y  w a s  

t h e  magnetic a x i s  was tangent t o  t h e  c i r c u l a r  midplane o r b i t  for 

300 keV H ( R  = 3.25 i n . ) .  

operated along f i e l d  l i n e s  so as t o  i n t e r s e c t  t h e  H 

t h i s  tangent point .  

+ 
When a r c s  were employed, they were 

+ 
beam a t  2 

-6 1.3  Base (0perat ing)pressures  were i n i t i a l l y  - 1 x 10 t o r r ,  

gradual ly  decreased t o  - 1 x lo-’ t o r r .  

Dissociat ion Mechanisms, Trapping Fract ions(F)  , and Plasma Dis t r ibu t ions  

Fast proton input t o  t he  t r a p  was obtained by d i s soc ia t ion  of a f r a c t i o n  

of t h e  H2 beam: 
+ 

* 
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+ 0 600 keV H2 d 300 keV H+ f 300 keV H , or 

--+ 300 keV Hf + 300 keV Hf + e 

We define the  t rapping  f r a c t i o n  (F) as t h e  r a t i o  of proton input cur-  

r e n t  t o  H beam curren t .  Three d i s t i n c t i v e l y  d i f f e r e n t  d i s soc ia t ion  

mechanisms were employed. Here they a r e  described i n  chronological 

order .  

+ 
2 

2 . 1  The i n i t i a l  emphasis (1958 - 1960) was on carbon a r c  d i s soc ia t ion ,  

w i t h  the  a r c  operated i n  t h e  geometry descri-bed i n  paragraph 1.2. 

With such loca l i zed  d issoc ia t ion ,  t h e  protons were e s s e n t i a l l y  a l l  

introduced on near ly  c i r c u l a r  orbits, so t h e  d i s t r i b u t i o n  of 

in jec ted  protons was r ing- l ike  ( m’inor diameter - 2 in . ) ,  centered 

about the magnetic a x i s .  F was a funct ion of a r c  proper t ies ,  and 

f o r  the usua l  a r c  cur ren ts  ( w  300 amperes) ranged from 4 t o  40$. 

However, c e r t a i n  proper t ies  of t h e  a r c  which could not be overcome 

severely l imi ted  the  l i f e t ime  of t h e  trapped protons: p a r t i a l l y  

s t r ipped  carbon ions r a t h e r  than ambient neu t r a l s  dominated charge- 

exchange losses; and t h e  sea of cold a r c  e lec t rons  (- 

-, 5 ev) rap id ly  reduced trapped proton energy (-dE/dt ordsr of 

10 keV/rnsec). 

for charge-exchange loss  of protons vary l ike  E , t h e  energy 

Since i n  t h e  vici-ni ty  of 300 keV, t h e  cross-sect ions 

-4 

degradation r e su l t ed  i n  much higher  charge-exchange loss rates. 

Even so, t h e  highest  fas t  proton dens i t i e s  obtained i n  EX-1 were 

those with carbon a r c  d i s soc ia t ion  ( x 5 x lo9 from 



... 

... 

+ f 
n = DT/V w i t h  I = 5 mA H2 , F = 4$, T = 6 msec, and v = la). 

Plasma l i f e t i m e s  scaled approximately as F - l ,  so t h e  changes i n  

arc prope r t i e s  t h a t  var ied F from 4 - 40% r e su l t ed  i n  approxi- 

mately the  same hot  ion d e n s i t i e s .  

The f a c t  t h a t  a t  low pressures  e s s e n t i a l l y  a l l  l o s s  of hot ions 

occurred by charge exchange with t h e  a r c  i t s e l f  negated the  i n i t i a l  

emphasis placed upon t h e  p o s s i b i l i t y  of obtaining burnout i n  these  

experiments. Burnout w a s  t he  process by which t h e  hot ion plasma 

would v i r t u a l l y  e l iminate  n e u t r a l  gas from t h e  plasma i n t e r i o r  

by ion iza t ion .  

gas within t h e  plasma could be made g rea t e r  than the  r a t e  a t  which 

neu t r a l s  entered (--), burnout would occur. 

within t h e  plasma would decrease, and the  charge-exchange l i f e t ime  

+ 
If t h e  r a t e  of ion iza t ion  ( n  n Q v V) of neut ra l  o i +  

"OVOA The neu t r a l  dens i ty  

and hence hot ion dens i ty  would increase proport ional ly ,  leading 

t o  an even g rea t e r  rate of ionizat ion,  f u r t h e r  reduct ion of neu t r a l  

density, e t c .  Assuming only l o s s  by charge exchange on background 

neut ra l s ,  it was estimated t h a t  a c r i t i c a l  (G 
about 8 mA would suf'f i c e  for burnout of a neu t r a l  backgroimd of 

1 x low7 t o r r .  

F) product of 
2+ 

However, as pointed out above, charge-exchange 

losses i n  the  a r c  i t s e l f  were completely dominating a t  such pres-  

,sures . 

Dissociat ion on hydrogen gas a r c s  was b r i e f l y  invest lgated i n  

attempts t o  develop an a r c  t h a t  d id  not cont r ibu te  much t o  hot 
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ion loss .  

would permit operat ion at  pressures  lower than 1 x 

and gas d i s soc ia t ion  (below) dominated trapping. 

The emphasis then turned t o  gas d i s soc ia t ion  on ambient gas 

neu t r a l s  (1961 - 1963). Here 

However, we were not ab le  t o  produce gas a r c s  t h a t  

t o r r ,  

2.2 

hence F i s  much smaller and with otherwise constant parameters 

n i s  independent of pressure.  The trapping c o l l i s i o n s  were 

d i s t r i b u t e d  along t h e  H beam t r a j e c t o r y ,  so t h e  plasma d i s t r i b u -  

t i o n  w a s  smeared out ,  though s t i l l  peaked a t  t he  c i r c u l a r  o r b i t  

rad ius .  

+ 
+ 

2 

The volume of i n i t i a l l y  in jec ted  plasma was 2 - 4 l i t e r s .  

A t  l o w  pressures  in s t ab i l i t y -d r iven  sca t t e r ing  r e su l t ed  i n  l a r g e r  

equi l ibr ium volumes and d i lu t ed  the  c e n t r a l  proton dens i ty  (peak 

densi ty)  t o  about l/3 t h a t  expected on the  b a s i s  of t he  i n i t i a l  

volume f i g u r e  . 

Without a rc s ,  t he  environment w a s  much more condu.cive t o  de t a i l ed  

plasma s tudies ,  and t h i s  i n t e r v a l  sav t h e  development of most of 

* 

our  c r i t i c a l  diagnost ics  f o r  measurements of charge-exchange l o s s  

fluxes, plasma po ten t i a l ,  energy d i s t r ibu t ion ,  low frequency 

e l e c t r o s t a t i c  s igna ls ,  and high frequency e l e c t r o s t a t i c  and mag- 

n e t i c  signals. There was a l s o  considerable e r f o r t  placed on 

reducing t h e  ambient neu t r a l  pressure i n  hopes of obtaining 
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+ 
2 exponentiation of plasma dens i ty  through d issoc ia t ion  of H 

on plasma already trapped. 

t he  equation above. 

This  t rapping term was  omitted i n  

I t s  inclusion r e s u l t s  in:  

where 

so w i t h  

l imi ted  densi ty .  The expression, which does not include burnout 

e f f e c t s ,  i s  va l id  a t  low n ( P  = lo-* - 
the inclusion of burnout s ign i f i can t ly  reduces the  c r i t i c a l  IT 

product, bu t  i n  doing so requi res  I very much g rea t e r  than was 

> V/a+ L a s t ab le  plasma would bui ld  up t o  sca t t e r ing  
d J  

t o r r ) .  A t  high no 
0 

avai lab le .  A t  low n t h e  burnout e f f e c t s  a r e  negl ig ib le .  Hence 

t h e  omission of t h i s  term and the  emphasi.s upon low ambient neutral  

pressure.  

0 

From t h e  las t  equation we estimated the  c r i t i c a l  IT product t o  be 

- 500 mA sec,  but  though - 300 mA sec was achieved (corresponding 

t o  a hot  ion densi ty  
8 1 x 10 ~ m - ~ ) ,  we d id  not see evidence of 

exponentiation, a t  l e a s t  p a r t l y  because of i n s t a b i l i t y  e f f e c t s  

(Sect ion 3 . 2 ) .  
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+ 
2 2.3 Later  experiments employed Lorentz d i s soc ia t ion  of in jec ted  X 

(beginning i n  1963). Here one uses the  - -  v x B fo rce  ac t ing  on 

H2 ions i n  the t r a p  t o  dissoci-ate those i n  upper v ib ra t iona l  

l eve l s .  To obta in  an H beam r i c h  i n  such l e v e l s  (H ), F t  

was necessary t o  ex t r ac t  H 

H2 
current  beam (maximum of 1 mA) f o r  which a f r a c t i o n  F = (1 - 2 )  x 

+ 
+ -I-* 

2 2 
+ 

from t h e  ion source and t o  c rea t e  
3 +* 

from th i s  i n  a water vapor c e l l .  The end r e s u l t  was a low 

could be Lorentz d issoc ia ted  i n  t h e  EX-1 t r a p .  With pres -  

-4 sures  low enough t o  y i e ld  -r 

t h e  t rapping w a s  predominantly Lorentz. A t  lower pressures  the  

t rapping w a s  e s s e n t i a l l y  a l l  Lorentz, so the re  F = (1 - 2) x 10 

> 1 sec, noad L < 1 x 10 , and cx 

-4 , 
independent of n and without exponentiation 

0' 

f o r '  s t ab le  plasma. The exponentiation condition (Sect ion 2 . 2 )  i s  

not changed; again, no evidence of exponentiation w a s  observed. 

-4 A t rapping f r a c t i o n  of 10 i s  admittedly small; but  with 

T > 1 sec, Lorentz d i s soc ia t ion  of t he  1 mA H2 

g rea t e r  proton input than could be obtained with gas d i s soc ia t ion  

of t h e  f u l l  15 mA of d i r e c t l y  extracted He 

experiments, T'S of t ens  of seconds were rout ine ly  ava i lab le  and 

without i n s t a b i l i t y  d e n s i t i e s  of 5 x lo9 cm'3 should have accumu- 

l a t e d .  The in jec ted  plasma r a d i a l  d i s t r ibu t ion ,  as with gas 

+* 
beam produced 

+ 
current .  During these  

I 
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dissoc ia t ion ,  wtm smeared by t h e  d i s t r ibu ted  nature  of t h e  disso-  

c i a t i o n  in t e rac t ions .  The equilibrium d e n s i t i e s  were reduced by 

in s t ab i l i t y -d r iven  sca t t e r ing  t o  l a r g e r  volume, as before,  and 

under some condi t ions (Sect ion 3.2) by d i r e c t  loss of protons.  

3.2.3 I n s t a b i l i t y  S tudies  

3 .1  N o  de t a i l ed  i n s t a b i l i t y  s tud ies  were made using a rc  d issoc ia t ion .  

Comparisons of proton input cur ren ts  with charge-exchange l o s s  

cur ren ts  indicated t h a t  charge-exchange lo s ses  dominated any 

d i r e c t  i n s t a b i l i t y  lo s ses .  F l u t e  s t a b i l i t y  could have resu l ted  

from l i n e  ty ing  by t h e  a rc .  

was l a rge ,  - 100 - 200 keV f u l l  width a t  ha l f  maximum, with 

spreads mostly toward energies  l e s s  than t h e  in jec ted  energy but  

with s ign i f i can t  ex ten t  a t  higher energies.  It d id  not appear 

t h a t  d i f fus ion  by coulomb c o l l i s i o n s  could account for t he  l a t t e r ;  

f l uc tua t ing  rf f i e l d s  i n  t h e  a r c  and possibly i n  the  hot  plasma 

Energy spread of trapped protons 

i tself  were apparently involved. Also it w a s  noted t h a t  t h e  energy 

loss r a t e  of trapped protons increased with hot  ion dens i ty  f o r  

f ixed  a r c  proper t ies ,  another probable ind ica t ion  of hot  G n  

i n s t a b i l i t y .  I n  view of l a t e r  observations (below) it i s  probable 

t h a t  t h e  plasma had mic ro ins t ab i l i t i e s .  

3.2 Essen t i a l ly  t h e  same i n s t a b i l i t y  phenomena were observed with gas - 
as with Lorentz d issoc ia t ion .  The g rea t e s t  d i s t i n c t i o n  between 

these  s i t u a t i o n s  w a s  t h a t  the higher  proton input cur ren ts  a v a i l -  

ab l e  with Lorentz t rapping permitted observation of hot ion losses  

dr iven d i r e c t l y  by micro ins tab i l i ty .  
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Low frequency hot- ion i n s t a b i l i t y  ( f l u t e s )  were not observed. 

That t h e  growing "unstable" f l u t e  mode w a s  absent i s  understand- 

able -- t h e  ana lys i s  of Kuo, e t  al.: 

* 5 x 10 

s i t y  was lower (- 2 x 10 cm ). It i s  surpr i s ing  t h a t  "s table"  

ind ica t e s  threshold a t  

8 
f o r  DCX-1, and t h e  mic ro ins t ab i l i t y  l imi ted  den- 

8 -3 

f l u t e  modes were not seen, and we have no ready explanation f o r  

t h i s  f a c t .  

High-f requency (mic ro ins t ab i l i t y )  modes were present .  

observed: 

a.  "Z mode'' o s c i l l a t i o n s ,  present  a t  pressures  of 10 t o r r  and 

We 

-8 

below, weak a t  e l e c t r o s t a t i c  probes and s t rong a t  magnetic 

probes arranged f o r  s e n s i t i v i t y  t o  current  f l uc tua t ions  along 

z. The threshold  hot  ion dens i ty  was 5 x 10 ~ m ' ~ .  This  
6 

i n s t a b i l i t y  was responsible .for burs t - l ike  e j ec t ions  of plasma 

e lec t rons  out along f i e l d  l i n e s  and consequently k i lovo l t  f l u c -  

t ua t ions  of plasma po ten t i a l .  It d id  not d r ive  fas t  proton 

losses  and had only a minor e f f e c t  on s c a t t e r i n g  protons t o  

volume l a r g e r  than  t h a t  assoc ia ted  with the  in j ec t ion  and 

t rapping process. 

d 

It could be damped completely with very 

small amounts ( f r a c t i o n s  of a watt) of e lec t ron  cyclotron 

heat ing.  

harmonics, bu t  r a t h e r  of t he  form(mci 5 u) ) where wZ was the  

The observed frequencies  were not proton cyclotron 

Z 

'L. G. Kuo, E. G. Murphy, M .  Pe t r av ic ,  and D. R .  Sweetman, Phys. F lu ids  7. 

988 (1964). ~ 
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proton a x i a l  o s c i l l a t i o n  frequency ( t h e  Z be ta t ron  frequency) . 
This  frequency d i s t r i b u t i o n  prompted an explanation i n  terms 

of a Har r i s - l i ke  mode with t h e  frequency of t he  ion  o s c i l l a t o r  

Doppler s h i f t e d  by axial  o s c i l l a t i o n  a t  cu . One supposes t h a t  

t h e  quenching of this  i n s t a b i l i t y  b y  e l ec t ron  cyclotron hea t ing  

was t h e  r e s u l t  of Landau damping, bu t  t'nis point  was  not unam- 

biguously demonstrated. 

z 

b. "€3-mode" o s c i l l a t i o n s  a t  rm present  a t  a l l  pressures ,  s t rong ci' 

a t  both e l e c t r o s t a t i c  probes and magnetic probes ori-ented f o r  

s e n s i t i v i t y  t o  0 curren t  f l uc tua t ions .  These are most e f f ec -  

t i v e  a t  sca t t e r ing  protons t o  l a r g e r  volume, a t  spreading t h e i r  

energy d i s t r i b u t i o n ,  and a t  dr iv ing  d i r e c t  l o s ses  of protons.  

The i n s t a b i l i t y  w a s  shown t o  be negative mass by a s e r i e s  of 

self cons is ten t  experiments which yielded quan t i t a t ive  agree- 

ment with theory.  The experiments included measuring t h e  

response of threshold t o  changes i n  (1) magnetic f i e l d  shape, 

(2 )  energy spread of trapped protons,  and (3) proton d i s t r i b u -  

t i o n  i n  radial  o s c i l l a t i o n  amplitude; aod dependence of funda- 

mental mode frequency on changes i n  radial o s c i l l a t i o n  amplitude 
U 

The d e t a i l e d  s tud ie s  of th i s  i n s t a b i l i t y  showed t h a t  t he  s t a b i l i t y  

proper t ies  of t h e  usua l  plasma d i s t r i b u t i o n  were those of a 

t o r o i d a l  core centered on the c i r c u l a r  midplane proton o r b i t  

and contai-ding only a few percent of t he  population o f  the en- 

t i r e  usua l  d i s t r i b u t i o n .  Lowest thresholds  (- 4 x 10 ~ r n - ~ )  5 
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occurred when t h e  t o r o i d a l  d i s t r i b u t i o n  was well ordered, as 

was t h e  case f o r  t h e  usua l  plasma d i s t r ibu t ion .  

Lorentz d issoc ia t ion ,  t h e  i n s t a b i l i t y  drove d i r e c t  losses  

which were first detected a t  5 - 10 x lo7 ~ m - ~ ;  t hese  losses 

accounted f o r  as much as 0.9 of t h e  proton input current  t o  

t h e  plasma; and, along w i t h  i n s t ab i l i t y -d r iven  sca t t e r ing  t o  

l a r g e r  plasma volume, they l imi ted  the  proton densi ty  t o  1 - 2 x 

10 

i n  t h e  absence of such e f f e c t s .  With gas d issoc ia t ion  a t  low 

pressures ,  i n s t ab i l i t y -d r iven  sca t t e r ing  and lower proton i n -  

j e c t i o n  current  r e su l t ed  i n  maximum d e n s i t i e s  l e s s  than the  

threshold f o r  observation of direct ,  losses with Lorentz d i s -  

sociat ion,  and i n s t a b i l i t y  losses were negl ig ib le .  

With 

8 
anm3, as much as a f a c t o r  of 15 below t h e  dens i ty  expected 

Reducing the  order of t he  c e n t r a l  t o r r o i d a l  d i s t r i b u t i o n  (as 

with de l ibe ra t e ly  introduced energy spread o r  s h i f t  of H 

t r a j e c t o r y )  had a pronounced e f f e c t  on i n s t a b i l i t y  threshold,  

+ 
2 

and could i n  f a c t  increase threshold dens i ty  by f a c t o r s  up t o  

about 40. Hovever, t h e  i n s t a b i l i t y  l imi ted  dens i ty  increased 

only by about 2 x. 
& 

c. A second va r i e ty  of 0-mode o s c i l l a t i o n ,  observed only a t  low 

pressures  with the  high d e n s i t i e s  ava i lab le  with Lorentz t r a p -  

ping. The threshold hot ion dens i ty  vas - ( 5  - 10) x lo7 ~ m ' ~ .  

IiF s igna l s  were 1 - 2 MHz below gyrofrequency, leading t o  t h e  
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designat ion diminished frequency mode. The mode w a s  i n t e r -  

mi t ten t ,  bu t  when present  a lso drove d i r e c t  proton losses.  

The i n s t a b i l i t y  was not i d e n t i f i e d  wlth any t h e o r e t i c a l  model. 



, 3.3 E X - 1 . 5  

The E X - 1 . 5  f a c i l i t y  was commissioned i n  mid-1966 (calendar)  and cont: 1 nues 

operat ion a t  t he  present  time. A s  indicated below, it serves  not only as a 

t o o l  f o r  plasma research but  a l s o  as a proving s i t e  f o r  technological  develop- 

ment required i n  an t i c ipa t ion  of t he  IMP f a c i l i t y .  

i n j ec t ion  system of E X - 1 . 5  bu t  a more complex f i e l d  geometry. 

The l a t t e r  w i l l  use the  

Experiments 

w i t h  t h e  E X - 1 . 5  configuration a r e  t o  be terminated i n  l a t e  1967. 

3.3.1 Machine Description 

1.1 Magnetic f i e l d  configurat ion i s  t h e  simple 2:l mirror of E X - 1 ,  

bu t  is  sometimes powered up t o  B = 14 ki logauss .  

Plasma i s  formed by Lorentz ion iza t ion  of an in jec ted  energet ic  

H beam, usua l ly  1 5  keV. Most of t he  t rapping i s  from t h e  s t a t e s  

with p r inc ipa l  quantum number N ~ t :  15.  

t i o n  3.3.2.2). 

0 

1.2 

0 

-4 F = 1 . 5  x 10 ( see  Sec- 

+ 
2 '  1.3 The beam l i n e  cons is t s  of a duoplasmatron source f o r  30 keV H 

a conversion c e l l  usua l ly  charged with magnesium but sometimes 

barium, p lus  d r i f t  spaces and col l imat ing aper tures  for d i f f e ren -  

t i a l  pumping sec t ions .  

1 . 4  The injectj.on t r a j e c t o r y  i s  i n  t h e  median plane and passes through 

t h e  magnetic a x i s .  

1.5 The beam b u r i a l  sec t ion  i s  a t  present rudimentary but  surpr i s ing ly  

e f f ec t ive .  The beam leaves the  plasma region through a s ing le  

aper ture  and impinges upon a water-cooled t i t an ium p l a t e  i n  a 

cavi ty  which i s ' a l s o  supplied with t i t an ium-get te r  pumping. 



1.6 The main vacuum vesse l  and research a rea  are those of' t h e  EX-1 

f a c i l i t y .  

3.3.2 Technological Development 

0 
2 . 1  Maximum in jec ted  beams have been 44 mA (equivalent)  of 15  keV H 

through t h e  las t  def ining ape r tu re?  1 . 5  in .  diameter a t  96 i n .  

from t h e  conversion c e l l .  Beams of 25 - 30 mA a r e  rout ine ly  

ava i lab le .  

2.2 Conversion of H 
+ 

t o  H' has been t e s t e d  i-n both magnesium and 2 

barium neu t r a l i ze r  c e l l s .  With each we fLnd t h a t  highest  proton 

input current  t o  the  t r a p  i s  obtained with "thick" cells. These 

produce Io/% + r a t i o s  of about 1.8 

( referenced t o  Io) of - 1.5 x 10 

and t rapping f r a c t i o n s  

-4 2 . The l a t t e r  implies f r a c t i o n a l  

3 excited state populations which scale l i k e  O.5/N . 
t o r  (0.5) i s  not p a r t i c u l a r l y  sens i t i ve  t o  conversion c e l l  t h i ck -  

ness.  Tes ts  of vapor-jet  neutralizers a r e  now i n  progress.  

Best trapped pro ton  l i f e t imes  have been 160 msec, equivalent t o  

charge-exchange loss on a hydrogen background (molecular) of - 1.5  x low9 t o r r .  

K 

beam. 

50 msec. 

Del iberate  introduct ion of energy spread by r a p i d  modulation of 

the duoplasmatron ex t r ac to r  p o t e n t i a l  ( i. e . ,  H2 

The sca l e  f a c -  

2.3 

These l i f e t i m e s  were obtained with an 8 mA 

0 
beam and were reduced t o  - 60 msec with change t o  an 18 mA 

Typical values f o r  operation w i t h  20 - 30 mA KO are 20 - 

2.4 

+ 
beam energy) has 
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produced trapped proton energy d i s t r ibu t ions  with measured spreads 

of 55% f u l l  width a t  ha l f  maximum. 

Development (wi th  Tennelec Instrument Co.) of a surface b a r r i e r  2.5 

de tec to r  and preamplif ier  system for energy ana lys i s  of charge- 

exchange neu t r a l s .  

the reso lu t ion  ( a t  10 keV) i s  2.8 keV full width a t  ha l f  maximum. 

The low energy de tec t ion  limit i s  6 keV, and 

3 . 3 . 3  Plasma Proper t ies  

3.1 Two mic ro ins t ab i l i t i e s  a r e  observed. One, which we term t h e  Z 

mode, i s  associated with a x i a l  current f luc tua t ions .  The other ,  

t h e  8 mode, is  associated with azimuthal current  f l uc tua t ions .  

S igna ls  from the  Z mode occur i n  a band 5 - 7 MHz wide about 2wCi. 

0 mode s igna ls  a r e  a t  MU . In addi t ion  the re  a r e  both s t ab le  and 
c i  

unstable  f l u t e  o s c i l l a t i o n s  - 
3.2  The Z and t h e  s t ab le  f l u t e  modes have low dens i ty  thresholds  

6 3 (o rde r  10 

The modes a r e  general ly  suppressed a t  higher  d e n s i t i e s  (lo7 

hot  i.ons/cm ) and do not dr ive  observable proton losses  

range) by t r a n s i t i o n  t o  the  8 or t o  the  unstable  flute mode. Transi.- 

t i o n  to e i t h e r  of these modes e s t ab l i shes  an i n s t a b i l i t y  l i m i t  on 

f u r t h e r  plasma accumulation 

3.3 The 8 i n s t a b i l i t y  i s  suppressed by operat ion a t  high magnetic f i e l d  

(B > 12 .5  ki logauss) .  

suppressed, t he  2 and s t ab le  f l u t e  modes remain. Plasma confine- 

With both 0 and unstable  f l u t e  modes 
0 -  

ment i s  l imi ted  by  charge-exchange losses up t o  a densi ty  a t  l e a s t  



+ n w 4 x lo8 cmi3, t h e  h ighes t  value permitted so  f a r  by t h e  

a v a i l a b l e  beam a t  base operating pressure.  

3.4  The unstable f l u t e  i s  suppressed by operation with grounded end 

walls c lose  t o  t h e  hot  ion region ( Z  = 1.5 to 3 i n . ) .  The observed 

threshold  dens i ty  for t h e  unstable f l u t e  as a func t ion  of end wall 

l o c a t i o n  r e l a t i v e  t o  t h e  median plane i s  i n  reasonable quan t i t a t ive  

agreement with t h e  recent " l i n e  tying" theory of Guest and Beasley. 

For t h i s  agreement, it i s  necessary t o  take  t h e  d i e l e c t r i c  constant 

1 

of t h e  cold plasma regions l ink ing  hot ions with t h e  end p l a t e s  as 

t h a t  of a vacuum. Since t h e  Debye length i n  t h e  cold plasma regions 

i s  probably 2 t h e  length of these  regions, t h e  assumption appears 

t o  be reasonable. 

3.3.4 Future Work 

4.1 Technological 

a. Tes t s  of water vapor j e t s  f o r  beam neu t r a l i za t ion ,  with evalua- 

t i o n s  of conversion e f f i c i ency ,  r e l a t i v e  exc i ted  s t a t e  popula- 

t i o n s ,  and gas streaming load i n t o  t h e  hot plasma region. 

tes ts  of mul t ip le  neu t r a l i z ing  j e t s  i n  d i f f e r e n t  po ten t ia l .  

Also 

regions as a means of producing energy spread i n  t h e  in j ec t ed  

Ho beam. 

Work t o  increase  t h e  a c t u a l  i n j ec t ed  H 

t h e  t es t  stand performance for t h e  present source. 

Measurement? of t rapping  f r a c t i o n s  ( i n d i r e c t l y ,  t h e  r e l a t i v e  

exc i ted  s t a t e  populations) with proton r a t h e r  ' than  H2 beams 

0 b. curren t  up t o  100 mA, 

c .  

+ 

k. E .  Guest and C .  0. Beasley,  Phys. F l u i d s  - 9, 1798 (1966). 
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incident  upon magnesium, bariuro, and possibly water vapor 

jet neut ra l iz ing  c e l l s .  

d. Possibly,  tests of a l i q u i d  helium cryopump. 

4.2 Plasma Studies  

a. 

b. 

Continuation of f l u t e  s t a b i l i z a t i o n  s tudies ,  with addi t ion  of 

plasma p o t e n t i a l  determinations, cold plasma probes, and some 

extension of f l u t e  theory.  

Measurement of threshold proper t ies  of t h e  mie ro ins t ab i l i t i e s ,  

t o  include e f f e c t s  of e lec t ron  cyclotron heat ing at low power 

levels  ( watts) . 



3.4  Imm 

The Interem f a c i l i t y  w a s  developed t o  inves t iga te  t h e  accumulation of 

ene rge t i c  ions i n  a l a rge  volume simple mirror by charge exchange t rapping 

of in j ec t ed  energe t ic  n e u t r a l  atoms with cold ions produced i n  an  E(JH 

( e l e c t r o n  cyclotron heated) plasma. Two aspects  of t h e  problem must be 

separated -- (1) the generation of a su i t ab le  ECH plasma, and ( 2 )  the study 

of t h e  accumulated energe t ic  ion  plasma. Both aspec ts  have been inves t iga ted  

i n  the Interem f a c i l i t y .  

3 . 4 . 1  Machine Parameters 

A .  Magnetic f i e l d :  

... 

... 

3.4.2 

1. Simple mirror 3 : l  mirror  r a t i o  
(F ig .  1) k : ~  mirror r a t i o  

2.  Extended mult iple  mirrors (Fig.  2)  

B. I n j ec t ed  beam: 

Up t o  100 m a  of Ho a t  20 kev i n  a beam < 2" diameter 

C.  Microwave power: 

Up t o  50 kV a t  10.6 GHz (3-em wavelength) 

Motivations 

A .  Em plasma: 

1. Simple mirrors: 

The i n i t i a l  experiments i n  t h e  simple 3 : l  mirror were designed to 

establish t he  proper t ies  of t h e  ECX plasma i n  a scaled up (10 x 

Volume) versionlof t he  PTF f a c i l i t y .  The results showed t h e  

....-. 

... 
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equilibrium plasya t o  cons is t  of th ree  components: 

... 

2. 

a e “Cold” e lec t rons  n - 5 x e/cm3 T~ < 100 ev e -  

b .  Warm e lec t rons  Te = 120 kev n * 5 x e/cm 3 e -  

. E > 2.2  Mev 3 c. Hot e l ec t ron  t a i l  n < 10” e/cm 
e 

-6 A minimum pressure was required, - 8 x 10 t o r r ,  f o r  macro- 

s t a b i l i t y  a t  maximum power. 

Extended mirrors:  

The object ive of these  experiments was t o  improve the ra t io  of 

e l ec t ron  dens i ty  t o  neu t r a l  densi ty  i n  t h e  center  of t he  ECH 

plasma by producing ECH plasma outs ide t h e  main mi r ro r  regions 

where t h e  ambient pressure and, therefore ,  p a r t i c l e  in f lux  may 

be high. 

ing and t rapping of t h e  E m  plasma d r i f t i n g  i n  from the  ends. 

Although t h e  e l ec t ron  densi ty  i s  s t i l l  too low, t h e  added length 

Power applied t o  the  c e n t r a l  volume was t o  a i d  i n  heat-  

of t h e  plasma permits operation of macro-stable ECH plasmas a t  

ambient pressures  a s  low as 4 x 

power. Under these  conditions the  plasma cons is t s  of t he  follow- 

ing  propert ies :  

t o r r  with 49 klq applied 

ne(cold) 10” e/cm 3 Te < - 100 ev 

Te 100 kev 

rr 

ne(mrm) - e/cm 3 - 
n (ho t )  - lo lo  e/cm E > 2 . 2  Mev 
e 

The lower e lec t ron  d e n s i t i e s  i n  the  extended field case i s  d i r e c t l y  

a t t r i b u t a b l e  t o  the low power densi ty .  Resul ts  of t he  beam in jec-  

t i o n  experiments c l e a r l y  show the  e lec t ron  densi ty  increased with 

power, bu t  f a i l u r e  of some of t h e  k lys t ron  amplif iers  l i m i t  t h e  

ava i lab le  power, a t  present,  t o  < 25 kW. 



B. In j ec t ed  energe t ic  ion plasma: 
I 

The objec t ive ,  s t a t ed  simply, i s  t o  accumulate the  maximum possible  

dens i ty  of 20 kev ions through the e f f i c i e n t  charge exchange t rapping 

of t h e  in jec ted ,  neu t r a l  beam. Guideposts which r e l a t e  t o  i n t e r e s t -  

ing  d e n s i t i e s  a r e  set by i n s t a b i l i t y  thresholds .  The i n s t a b i l i t i e s  

of concern a r e  as follows: 

1. Precessional  B/B d r i f t  i n s t a b i l i t y :  

a. Absence of cold plasma. Assuming no cold plasma present ,  t he  

threshold  has been given by Kuo, e t  a l . ,  as 

YE 
n = 3.9 x 10 5 (7 T,) = 10 7 ions/cm 3 

-2 -1 VB for T = ion energy i n  ev and f o r  - = 1.6 x 10 cm and r = 

15 cm. 

i B 0 .  

b. 

tak ing  i n t o  account f i n i t e  length of t h e  hot plasma and the 

Cold plasma present .  Using t h e  r e s u l t s  of Guest and Beasleyf; 

presence of a dense e lec t ron  component, In-terem i s  s t ab le  against  

precessional d r i f t  modes at a l l  ion dens i t i e s  except f o r  probably 

unimportant narrow resonances I 

2. Ion-electron i n s t a b i l i t i e s :  

A s  indicated previously, i n s t a b i l i t i e s  may be expected f o r  

u) = hci. However, with T = 10 vol t s ,  a l l  such gyrofrequency 

modes up t o  a t  Least R - 25 may be expected t o  be Landau damped. 

5 
Pe e 

3. Ion-ion mult iple  component modes : 

According t o  present ca lcu la t ions ,  LU 

modes should be present f o r  nc/% 

i n s % a b i l l t i e s  of these  
c i  

lo2 - 10 3 but only a t  high 

' G .  E.  Guest and C.  0 .  Beasley Phys Fluids  2, 1798 (1966). 



harmonics ( R 2 2 

ins t ab i 1 it i e  s ITC 

)) . 
t ld be de tec tab le  i n  t h e  preserit experiments, 

It i s  not  c l e a r  t h a t  t h e  e f f e c t  of such 

i.e.,  t h e  expected wavelengths a r e  s o  short  t h a t  t h e  energy 

change or volume spreads may be t o o  small t o  be de tec tab le .  To 

da te ,  r ad io  frequency s igna l s  i n  t h e  expected frequency range 

( -  20 w ) have not  been s tudied.  ci 

3 .4 .3  Resu l t s  

A gross (and, perhaps, overgeneralized) ou t l ine  of t h e  r e s u l t s  of t h e  

study of t h e  ECH plasma was given i n  Sect ion 3.4.2A.  All t h e  energe t ic  

i on  plasma p rope r t i e s  have not ye t  been measured i n  detai l .  

the beams of - LOO ma so far in jec ted ,  t h e  dens i ty  has reached - 5 x 10 

ions/cm . 
harmonic ion  gyrofrequency s igna l s  do. not e x i s t ,  a x i a l  plasma spread i s  

not d i sce rn ib l e ,  and t h e  dens i ty  i s  observed t o  increase l i n e a r l y  with 

However, f o r  

8 

3 N o  gross evidence for i n s t a b i l i t y  can be seen, i . e . ,  low 

beam curren t .  

p ressure  i s  cons is ten t  w i t h  t h e  known cross-sect ions.  

The dens i ty  improvement over gas di ' ssociat ion a t  a given 

3.4.4. Future  Plans 

The present  s e r i e s  of experiments a r e  being terminated and the extended 

magnetic mir rors  are being removed t o  inves t iga t e  t h e  energe t ic  ion plasma 

i n  2:l mirror  configurat ion but  with higher  microwave pover densi ty .  Time 

will permit only cursory measurements t o  be ca r r i ed  out i n  order  t o  a l low 

the i n s t a l l a t i o n  of t h e  quadrupole c o i l s  described i n  Sec t ion  4.1. 

view of t h e  t i m e  l imi t a t ions ,  t h e  motivations a re  b a s i c a l l y  technologica l ,  

I n  

and w i l l  vary parameters appropriate  t o  t a r g e t  plaspas,  bu t  should i n t e r e s t -  

ing  devia t ions  from natukal  behavior be detected these  general  statements * 

will  requi re  rev is ion .  
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4.1.1 H a t  ionale  

The des idera ta  

e lec t rons  have been 

of i n  j e c t  ing 

discussed i n  

QUADRUPOLE IUN -B FIELD 

energet ic  ions i n t o  a t a r g e t  plasma of hot 

the  Chrestomathy and seem t o  be f a i r l y  wel l  

es tab l i shed .  

hot i on  plasma i n  t h i s  way, t h e  required t a r g e t  dens i ty  i s  - 3 x p a r t i -  

cles/cm3 i n  an  ambient pressure below 10 

not ye t  been met by ECH plasmas i n  simple mirror  f i e l d s ,  i n  p a r t ,  a t  l e a s t ,  

It was pointed out,  however, t h a t  t o  generate a 'tsuccessful" 

-6 
t o r r .  T'nese requirements have 

because as t h e  ambient pressure i s  reduced, low frequency f luc tua t ions  a r e  

s t rongly  evident and t h e  plasma becomes macroscopically unstable .  

phenomenon has been r e l a t e d  t o  the  absence of a s u f f i c i e n t  dens i ty  of cold 

This 

plasma at  t h e  low pressures  t o  achieve t h e  necessary " l i n e  tying" f o r  

s t a b i l i t y  of t h e  intermediate energy e lec t ron  population. 

I n  order t o  e s t a b l i s h  t h e  g rea t e s t  chance of success for generation of 

a su i t ab le  t a r g e t  plasma, it i s  thought t h a t  a min-B configuration should be 

provided. With a s u f f i c i e n t l y  deep well ,  general  considerations ind ica te  

t h a t  l o w  frequency (p-conserving) i n s t a b i l i t y  modes should be suppressed, 

t hus  permit t ing operat ion a t  t h e  lowest ambient pressures  consis tent  with 

s u f f i c i e n t  p a r t i c l e  throughput t o  produce an  equilibrium s t a t e .  

Experimental evidence i s  ava i lab le  t o  support these  s t a b i l i t y  arguments, 

although it should be recognized the re  s t i l l  e x i s t s  a l a rge  gap between t h e  

experiments and quant i ta t ive  t h e o r e t i c a l  predict ions.  Certainly,  t h e  most 

i d e a l  comparisons a r e  ava i lab le  from hot  ion in j ec t ion  devices such as ALICE, 

PHOENIX, and E X  1.5,  where B/B precessional  d r i f t  i n s t a b i l i t i e s  have been 



... 
unequivocally demonstrated t o  r e s u l t  i n  s t a b l e  o r  unstable i d e n t i f i a b l e  

o s c i l l a t i o n s  and plasma loss. When multipole f i e l d s  a r e  added t o  t h e  simple 

mirrors,  these  o s c i l l a t i o n s  a r e  completely absent. Experiments using pulsed 

plasma i n j e c t i o n  have a l s o  observed strong f l u c t u a t i o n s  which were r e l a t e d  

t o  plasma los ses  which were suppressed by s u f f i c i e n t l y  deep magnetic wel l s ,  

but t h e  s p e c i f i c  i n s t a b i l i t y  modes i n  t h e  various cases a r e  not y e t  unambigu- 

ously es tab l i shed .  Typical of these  experiments a r e  those  of I o f f e  and t h e  

devices MTSE, DECA, and Toytop. The experiments by Hartman i n  min-B geome- 

tries, i n  which ECH plasmas were used, a l s o  noted t h e  e f fec t iveness  of t h e  

we l l  f o r  s t a b i l i z a t i o n ,  bu t  t h e  c h a r a c t e r i s t i c s  of t h e  plasma a r e  somewhat 

d i f f e r e n t  from t h a t  des i red  f o r  t h e  t a r g e t  plasma i n  t h a t  Te ,< 3 kev. 

ever, it i s  not ye t  c l e a r  t h a t  Hartman's experiments include t h e  s p e c i f i c  

regime of Em plasmas which i s  needed f o r  a t a r g e t  plasma. 

i 

How- 

4.1.2 Machine Design Parameters 

The Interem f a c i l i t y  w i l l  be modified as shown i n  Ffg. 1. The quadrupole 

c o i l s ,  wound with copper a l ready  on hand, w i l l  r equi re  1 . 5  MW t o  produce t h e  

range of w e l l  depths des i red .  

and may be var ied  by adjustment of t h e  quadrupole cur ren t  down t o  a simple 

mir ror  configuration. 

ate with t h e  applied microwave frequency has been chosen, nominally, to a 

rad ius  midway between t h e  a x i s  and t h e  w a l l ,  as shown, bu t  may be var ied  

continuously t o  a poin t  on axis  or t o  t h e  wall rad ius .  

The wall mirror r a t i o  i n  t h e  midplane i s  1 .5  

The IBI contour, 3780 gauss, on which e l ec t rons  reson- 

Resonance off t h e  

midplane occurs c lose r  t o  t h e  a x i s  s'o t h a t  t h e  resonant sur faces  take  t h e  

spatial form of a slightly d i s t o r t e d  f o o t b a l l .  The loca t ion  of t h e  microwave 
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waveguides are chosen t o  take advantage of t he  f i e l d  f l e x i b i l i t y  without 

leading t o  a rc ing  i n  t h e  guides. 

4.1.3 Objectives 

The experimental program i s  s t i l l  i n  a somewhat empir ical  form and must 

remain so u n t i l  t h e  kinds of plasmas which can be produced a r e  es tabl ished.  

The objec t ive  w i l l  be t o  determine the  proper t ies  of t he  ECH plasma and t o  

e s t a b l i s h  the  e f fec t iveness  of t h e  min-B geometry i n  reducing t h e  cold e lec-  

t r o n  component r e l a t i v e  t o  the hot  e lec t ron  population. The emphasis w i l l  

be on e s t ab l i sh ing  t h e  means by which the  e l ec t ron  temperature and d i s t r i b u -  

t i o n  func t ion  may be placed i n  t h e  hands of t h e  experimenter. When su i t ab le  

hot  e l ec t ron  plasmas a r e  developed, n e u t r a l  i n j ec t ion  will be used t o  es tab-  

l i s h  an energet ic  ion  plasma and t o  measure r a t i o  of e lec t ron  dens i ty  t o  

neu t r a l  pressure on the  ax is ,  a parameter e s s e n t i a l  t o  t h e  continuation of 

t a r g e t  plasma t rapping.  

Planning beyond t h i s  i s  dependent on t h e  r e l a t i v e  success i n  a t t a i n i n g  

these  first object ives ,  but  our curren t  thoughts include modification of t h e  

f i e l d  (by  t h e  redesrgn of t h e  present  c o i l  configuration) so t h a t  ava i lab le  

1 .7  cm p-wve power may be applied.  Under these  circumstances, t h e  dens i ty  

of t h e  ECH plasma should increase s u f f i c i e n t l y  t h a t  we w i l l  have a t  l e a s t  

5 - 6 ioniza t ion  mean f r e e  paths  f o r  thermal neu t r a l s  incident  on t h e  hot 

e l ec t ron  plasma surface.  This a t tenuat ion  w i l l  permit observations on the  

degree of r e s idua l  neu t r a l  dens i ty  remaining from f a s t  protons r e s u l t i n g  

from d i s soc ia t ion  of ionized molecular hydrogen (Frank Condon neu t r a l s ) ,  and 

should r e s u l t  i n  considerable higher accumulated ion  dens i t i e s .  
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4.2.1 General Description 

The IMP ( I n j e c t i o n  in to  Microwave Plasma) f a c i l i t y ,  now i n  an advanced des ig i  

stage, w i l l  e s t a b l i s h  a hot proton plasma by ionizat ion of 20 kev Ho in jec ted  i n t o  

a magnetic wel l  t r a p .  

cont ro ls ,  w i l l  be those present ly  i n  use with t h e  DCX-1.5 f a c i l i t y .  

which i s  t h e  major new item, w i l l  be of t h e  mirror plus  quadrupole v a r i e t y  and w i l l  

e s t a b l i s h  a Phoenix 11-l ike f i e l d  through steady s t a t e  superconducting c o i l s  

The in j ec to r ,  diagnostic systems, and research s i t e  and 

The t r a p ,  

rather than pulsed. Bise operating pressures  i n  10-l' t o r r  range a r e  expected. 

The device has  t h r e e  object ives  of varying d i f f i c u l t y  and promise fo r  

achievement: 

1. In j ec t ion  of 20 kev neut ra l  beam i n t o  a mirror-quadrupole magnetic f i e l d  

i n  which t rapping i s  by Lorentz ion iza t ion  and cont ro l  of i n s t a b i l i t i e s  

i s  through energy spread and electron cyclotron heat ing.  

2. Studies of X H .  T h i s  f a c i l i t y  can be used t o  a l imi ted  degree t o  gener- 

ate an e lec t ron  cyclotron plasma for regions appropriate  t o  8 mm and 5.5 

mm heat ing i n  a min -R geometry, t o  t e s t  t h e  sca l ing  and s u i t a b i l i t y  f o r  

a " ta rge t  plasma". 

3 .  In jec t ion  i n t o  ECP 

The in t r igu ing  p o s s i b i l i t y  of  operat ing with ambient pressure a t  low A .  

values so t h a t  e lec t rons  r e su l t i ng  from Lorentz ilonization of fast  

n e u t r a l  beam i s  t h e  dominate feed f o r  t he  ECP must be t e s t e d  as a 

possible  t rapping and s t a b i l i t y  cont ro l  mechanism. 

B. In jec t ion  in to  a dense ECP i f  objec t ive  2 . i s  achieved i s  of  i n t e r e s t  

s ince  e f f i c i e n t  t rapping and addi t iona l  s t a b i l i t y  control i s  possible. 

This serves as a l imi ted  "proving ground" f o r  t h e  more ambitious 

target plasma. 
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4.2.3 mch ine  --- Description - - -- - - 

1. . Desigp-: 2s a multi-purpose min -B f a c i l i t y ,  thus some of t h e  f e s t u r e s  

l i s t e d  below vi11 not be su i t ab le  f o r  sll t h e  an t ic ipa ted  uses. 

2. %chine Parameters : 

A .  Neutral Bean: 

In general  t h e  neu t r a l  beam i s  ex i s t ing  eqilipment with proven r e s u l t s  

and though refinements a r e  being made and are des i rab le  we f e e l  

what we have i s  goo4 f o r  t h e  immadiate objec t ives .  

1. E n e r m  -- - t h e  energy i s  var iab le  from 10 - 50 kev tho.ugh most 

experiments w i l l  be done a t  20 kev. 

- In t ens i ty  -we have obtained 60 m a  (equiv) of 40 a t  20 kev and 

a r e  attempting t o  dupl icate  t h e  100 ma obtained by Kelley and 

2. 

Morgan on a tes t  s tand i n  an equivalent geometry (1.5" @ at 9 0 " ) .  

3 .  Conversion Ce l l  -we have used magnesium and barium. Other 
I 

. metal vapor cells w i l l  be t e s t e d .  

4.  Trapping 

a. Lorentz Trapping i s  main t rapping i n  low pressure regime. 

Trapping i s  from n = 10, 11. 

b. Cascading - Inverted cascading can populate states s u i t -  

ab le  f o r  t rapping i f  dens i ty  i s  i n  t h e  range f o r  c o l l i s i o n a l  

exc i ta t ion  (ne > io9) . 
Charge Exchange Trapping -Trapping (as i n  Interem) by 

charge exchange of hot  H" on cold H 

n 

c .  

f 
i s  e f f ec t ive  for 

> lolo and i s  most l i k e l y  when ECP i s  es tab l i shed .  cold 

5 .  Ream Dump - a simple beam dump (as i n  DCX 1.5)  w i l l  be 

.employed i n f t i a l l y  though room i s  Left  f o r  a more elaborate  

' f a c i l i t y  should it be warranted. 
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6. 

B. Vacuum 

Energy Spread - energy spreads of 5576 FWHM have been obtained. 
I 

Because of  t h e  vqs t  helium surfaces i n  t h e  tank cryopumping (4.2"k) 

i s  present and pressures < 10-l' t o r r  a r e  an t i c ipa t ed .  

experience a t  lod1' - lo-' t o r r  range i n  DCX-1 and E X - 1 . 5  shows 

our 

t h a t  such pressures  are not unreasonable. 

C .  Magnetic F ie ld  

The pr inc ipa l  new hardware item which i s  t h e  main design problem 

i s  t h e  superconducting mirror plus quadrupole min -13 wel l .  Eecause 

IMP i s  a f a c i l i t y  capable of  severa l  experiments, t h e  f l e x i b i l i t y  

of separate  cont ro ls  of mirrors and quadrupoles was thought t o  be 

mandatory. 

The d e t a i l s  a r e  given i n  Sections 8.3 and 8.4 but  a swnmary i s  

included here  for completeness: 

1. BO = 20 kilogauss with a 2:l axial mirror r a t i o  and closed 

modulus B contours up t o  26'kilogauss (for 30 = 20 kg) . 
2. Superconducting wire i s  NbTi (.080 X .080 cross  sect ion)  

...... 

which has been t e s t e d  t o  ca r ry  535 amps i n  75 kilogauss .  

Coi l  design f igures  are for < 450 amps. 

3 .  Experimental access i s  appreciated by examination of t h e  

f igures  i n  8.3. 

Construction schedule ind ica tes  t h e  completion of mirror t r a p  

i n  October 67 and of t h e  well  i n  Jan.  68. 

4. 

D. Microwave Power 

Available for use a t  various s tages  of  experimentation i s  t h e  

following microwave power: 

1. - 8 mm Resonant with 12 kg w e  have tubes of 50 w, 200 w,  and 2 kw. 
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, 

2. 5.5.mm Resdnant with 19 kg we have tubes of 100 w, 1 kw, , 
5.5 k w ,  and i n  August 67, 16 kw . 

4.2.3 Experimental R a t  iona le  

A .  IXJECTION EXPERIMENTS 

IMP w i l l  be pr imari ly  devoted t o  de t a i l ed  study of mic ro ins t ab i l i t i e s  

re levant  t o  t h e  t a r g e t  pkm?B program. 

1. 

To be emphasized a re :  

E f fec t s  of Landau damping of cyclotron modes with k.># 0 .  These 

experiments w i l l  use t h e  plasma establ ished by Lorentz ionizat ion 

a t  low pressure with cont ro l  of Te by E%H a t  8 mm and a t  5.5 rmn. 

Hot ion dens i t i e s  i n  t h e  10' - 10'' erna3 should be ava i lab le  so 

1t 

w / w  2 30. pe c i  

2. Propert ies  of t h e  "double-humped" i n s t a b i l i t y  as functions of  n /%, 
C 

t o t a l  w 2/wci2, and t h e  energy spread i n  t h e  hot ion d i s t r i b u t i o n .  
P i  

2 We look first a t  t h e  p o s s i b i l i t y  of  cont ro l l ing  nc and t o t a l  w 

by heat ing e lec t rons  t o  a point  a t  which t h e i r  mirror confinement 

t i m e  equals t h e  hot  ion confinement t ime. 

increase of Te could then cause t rapping of cold ions by reversa l  

of t h e  pos i t i ve  po ten t i a l  w e l l  es tabl ished by normal ambipolar 

P i  

Any f u r t h e r  incremental 

processes.  

The Lorentz-trapped d i s t r ibu t ion  i s  an exce l len t  one for such 

s tudies ,  s ince bot'n hot ion dens i ty  and e lec t ron  feed are i n i t i a l l y  

independent of electron-cyclotronheating r a t e .  One can c rea t e  an 

e lec t ron  cyclotron heated component a t  l o w  microwave power. Thus 

t h e  s i t u a t i o n  should allow more cont ro l  of t h e  desired parameters 

than ava i lab le  i n  present experiments. Lf it i s  possible  t o  produce 

and cont ro l  e l e c t r o s t a t i c  confinement of  cold ions by :mi r ro r  

confinement of electrons,  one thus could increase cold ion dens i ty  
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t o  enhance t h e  t rapping rate f o r  fast neut ra l s  (by  cascading and 

charge exchange t rapping) .  

Other more common parameters which a r e  a t  t h e  experimenter ' s 

con t ro l  are: wel l  depth, energy spread, s p a t i a l  spread, modifi- 

ca t ion  of r a d i a l  d i s t r i b u t i o n  through preionizat ion,  and o thers  

mentioned earlier i n  t h i s  sec t ion .  

B. Electron Cyclotron Heating 

Another group of experiments which do not employ in j ec t ion  of neut ra l s  

will be t h e  inves t iga t ions  of t h e  creat ion,  heating, and confinement of 

a dense e l ec t ron  plasma i n  a min -B configurat ion.  This i s  a p a r t  of 

t h e  s tud ie s  necessary t o  e s t ab l i sh  t h e  t a r g e t  plasma. 

Like t h e  experiments t o  be done with 3 cm ECH i n  t h e  INTEREM + J f a c i l i t y ,  

t h e  IMP w i l l  be used t o  measure density,  temperature, and confinement 

porper t ies  of 5.5 m a  ECP establ ished i n  a min -B well .  It will be 

necessary t o  e s t ab l i sh  sca l ing  before embarking on a more Bmbitious 

t a r g e t  plasma. 

Necessarily these  s tud ies  would be inves t iga t ions  of high f3 plasmas i.n 

a min -33 geometry. Experiments i n  Elmo have a l ready  demonstrated t h a t  

60$ i3 i s  a t t a i n a b l e  i n  a configuration s t a b i l i z e d  by l ine- ty ing .  

IMP w e  would extend such inves t iga t ions  t o  plasmas establ ished i n  

In 

shallow mFn -B t o  replace t h e  l i n e  ty ing  s t a b i l i t y  and thus  t h e  " though-  

put". W e  can then even deepen t h e  well  by t h e  use of high f3 hot  e lec t ron  

plasmas and thus have a deep well avai lab le  for addi t iona l  s t a b i l i t y  f o r  

ions .  
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C .  Target Plasma 

Should t h e  5.5 mm ECP possess t h e  e lec t ron  densi ty  and temperature 

s u i t a b l e  f o r  t rapping and s t a b i l i t y ,  IMP would i n j e c t  neu t r a l s  i n t o  

t h e  ECP and inves t iga t e  t h e  i n i t i a l  t a r g e t  plasma concept i n  t h e  min 

-B. 

a t tenuat ion  of ambient gas p re s swe ,  s t a b i l i t y ,  could be experimentally 

assessed f o r  t h e  low power ECP. 

Such questions about t h e  ultimate t a r g e t  plasma such as trapping, 

4.2.4 Summzry 

We have presented t h e  physical  cha rac t e r i s t i c s ,  parameter cont ro l ,  and 

motivation for t h e  IMP f a c i l i t y .  It i s  apparent t h a t  IMP w i l l  extend t h e  

Phoenix, Alice Easeball, and AGN experiments t o  exercise  con t ro l  over t h e  

e l ec t ron  temperature and densi ty .  

In addi t ion  IMP w i l l  provide a study vehicle  t o  assess  t h e  t rapping and 

s t a b i l i t y  of a t a r g e t  plasma created by low power microwave heat ing.  
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5 .O Future Experiments (Target  Plasma) 

One emphasis a t  OmlL has been t'ne progression toward a Target Ilasma Experiment. 

This has  been apparent throughout t h i s  repor t  i n  t h e  r a t iona le  of many aspects  of 

IMP and i n  t h e  t o t a l  dedicat ion of t h e  INTEREM experiments. 

s u i t a b l e  f o r  a t a r g e t  plasma w i l l  be r e s t s  upon t h e  experiment proof of severa l  

assertions. 

What t h e  f i n a l  plasma 

W e  have i n  a general  way out l ined  the  Target Plasma Program objec t ives ,  

philosophy, and benchmarks i n  an ORNL-4080 r epor t  which i s  reproduced here  as t h e  

major p a r t  of t h i s  Sect ion.  

W e  w i l l  be  more spec i f i c  i n  a proposal t o  be given t o  t h e  committee i n  a l a t e r  

document. > 

. 
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5 .o ORNL T A R G E T  PLASMA PROGRAM 
, 

R. A. Dandl G. E. Guest  N .  H. Lazar  

ABSTRACT 

In t h i s  report we enumerate some of the considerations underlying a proposed 

program for accumulating a dense energetic-ion plasma in an open-ended magnetic 

well by injecting fast  neutral atoms into a target plasma produced by electron- 

cyclotron resonant heating. The report gives a brief discussion of the plasma 

stabil i ty problems, emphasizing those a spec t s  which bear on the target plasma 

program, and a summary of the known characterist ics of electron-cyclotron heat- 

ing. Trapping efficiency is i l lustrated by a detailed buildup calculation, included 

as an appendix. A tentative timetable showing the anticipated evolution of the 

program is given. 

INTRODUCTION 

The  central  object ive of present  controlled-fusion experiments us ing  injection and trapping 

of energet ic  par t ic les  in  open-ended magnetic traps i s  the production of a s t a b l e  energetic-ion 

plasma of suff ic ient  density to  permit an evaluation of the ult imate loss rate of energet ic  ions  

from the trap. T h i s  object ive h a s  not ye t  been achieved, primarily because  of the occurrence of 

a variety of plasma instabi l i t ies  which strongly affect the plasma confinement. Considerable 

progress h a s  been made toward understanding the c a u s e s  of many of these ins tab i l i t i es  and in 

devis ing su i tab le  s tabi l izat ion techniques.  We d i s c u s s  this question separately in  the sec t ion  

“Stabili ty Considerations.” A t  th i s  point we sha l l  only summarize the main features  of the s t a -  

bility problem a s  i t  re la tes  t o  open-ended configurations,  f i rs t  a s  regards the sources  of insta-  

bility and then as regards the avai lable  s tabi l izat ion techniques.  

All confined plasmas may reduce their energy by expansion, so  that open-ended a s  well  as 

c losed  s y s t e m s  share  th i s  common reservoir of free energy, that is, energy avai lable  to  drive grow- 

i n g  osci l la t ions.  However, if the expansion is the resul t  of low-frequency fluctuating e lec t r ic  
r 

f ie lds  (a << w c i ,  the  ion gyrofrequency), it is not energet ical ly  poss ib le  in  a magnetic well .  

It is a l s o  recognized that  because  of the loss cone, character is t ic  of open-ended t raps ,  com- 

plete thermalization is not possible .  The  assoc ia ted  energy reservoir can dr ive a number of grow- 

ing  high-frequency osci l la t ions which need not be constrained by the  magnetic well. Fortunately,  

many of t h e s e  waves propagate a t  l e a s t  partially a long the magnetic field and thus are  subjec t  

to elect ton Landau damping. T h e  importance of this  constraint  is greatly enhanced in  an open- 

ended trap, s i n c e  the f in i t e  length of the plasma limits the axial  wavelength (hence the ax ia l  

phase  velocity as well), making possible  the realization of the condition for Landau damping: 
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This same finite-length fea ture  of open-ended configurations a l so  makes poss ib l e  an electrical 

“short circuit” of incipient charge clump’s, provided tha t  the e lec t r ica l  communication with con- 

duc t ing  end  p l a t e s  i s  effective.  

T h e  two free-energy reservoirs mentioned above, due  to  confinement and  the  nonthermal char- 

ac t e r  a s soc ia t ed  with the  loss cone, a r e  unavoidable consequences of confinement in open-ended 

traps.  T h e  injection of energe t ic  par t ic les  can ,  however, l ead  to  additional departures from ther- 

mal equilibrium in the  form of trapped d is t inc t  groups of high-energy ions .  Post h a s  sugges ted  a 

scheme  of programmed injection in which the  degree of thermalization a r i s ing  from Coulomb scat- 

tering wi l l  at  a l l  t imes in  the accumulation s t a g e  b e  sufficient t o  avoid velocity-space instabil-  

ities (by e leva t ing  the  necessa ry  threshold dens i t i e s  above the instantaneous value of the  density). 

This scheme  re l ies  heavily on achiev ing  extremely low pressures  of ambient g a s  in  order to have  

sca t t e r ing  ra tes  exceed  charge-exchange ra tes  and an t ic ipa tes  buildup times of seconds ,  during 

which times the  plasma i s  vulnerable even  to comparatively weak ins tab i l i t i es .  

In t h e  present  no te  w e  s h a l l  advance an  alternative proposal which seeks to  u t i l i ze  the much 

more rapid accumulation poss ib le  i n  an  environmental plasma, where the  trapping p rocesses  - 
charge  exchange and ionization by electron impact - a r e  roughly three orders of magnitude more 

efficient than the  Lorentz-force trapping which must be relied upon at low pressures .  Rather than 

s e e k  to  eliminate the energy reservoir a s soc ia t ed  with injection of f a s t  par t ic les ,  we hope to ex- 

ploit the s t rong  s t ab i l i z ing  cons t ra in ts  ava i lab le  in open-ended traps: magnetic well  configura- 

t ions,  s t rong  Landau damping, and e lec t r ica l  “short  circuiting” through conducting end wal l s .  In 

the following sec t ion ,  w e  s h a l l  give a general  outl ine of t he  technological problems and  present  

s t a t u s  of e lec t ron  cyclotron plasmas, returning to the  s tab i l i ty  problem in the sec t ion  “Stability 

Cons idera ti on s . ’ ’ 

THE TARGET PLASMA 

We next  cons ider  t he  technology a s soc ia t ed  with the  production of a target plasma which can  

provide efficient trapping of injected f a s t  atoms and rapid accumulation of the  result ing East ions. 

Since 1960 a number of experiments have  been carried out a t  ORNL us ing  s teady-s ta te  microwave 

power at a frequency corresponding to the  electron gyrofrequency on some su r face  within the  con- 

fining magnetic field (“heating zones”). For most of the  experiments the  magnetic field w a s  a 

s imple  mirror trap, but more recent  experiments have  used  multiple mirrors (INTEREM) and the  

“folded cusp”  (ELMO) configurations.  We first  review the resu l t s  obtained i n  simple mirror traps.  

A dominant feature of t hese  plasmas is the  cold-plasma s tab i l iza t ion  of low-/3 interchange in- 

s tab i l i t i es ,  s i n c e  the  necess i ty  of maintaining a minimal cold-plasma dens i ty  l imits the range of 

s t a b l e  operation to ambient g a s  pressures  in e x c e s s  of around lo-’ torr. T h e  most fundamental 

problem a r i s ing  from t h i s  high-density neutral-gas environment i s  t he  flux of nonthermal neutrals,  

resu l t ing  from dissoc ia t ion  of H z f  and charge exchange of warm ions ,  which penetrate the plasma 

region and ser ious ly  reduce the l ifetimes of the  trapped f a s t  ions. In addition, much of the  ap- 

plied microwave power may b e  required for throughput of cold plasma, s i n c e  the  average lifetime 
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of co ld  (Te  -, 50 to  100 el!) p l a s h a  is usually less than 100 psec. Some experiments a t  35 Gc/sec  

have shown an  encouraging depatture from th is  trend, however, i n  that  most of the e lec t rons  ' 

reached  a temperature of - 3  keV,  with much less power required for cold-plasma throughput. We 

s h a l l  consider t h i s  difficult question of power sca l ing  in more de t a i l  later. 

One other recognized s tab i l i ty  property h a s  influenced the choice  of operating parameters in 

the pas t ,  namely, that  i f  t he  hea t ing  zones  fe l l  too close to the  midpfane, ins tab i l i t i es ,  tentatively 

identified as mirror ins tab i l i t i es ,  were generated. I t  was  inferred from t h e s e  observa t ions  that t he  

anisotropy of the  energe t ic  e lec t rons  was  increased  as the  hea t ing  zones  approached the midplane 

unt i l  t he  ins tab i l i ty  threshold, T , , / T I L  ,8, w a s  crossed .  In practice,  t h i s  mode h a s  been eas i ly  

avoided by su i t ab le  location of hea t ing  zones .  

In brief, then, in a s imple  mitror trap and within l imits s e t  by interchange and mirror s tab i l i -  

zation cri teria,  one  can  produce a plasma of energe t ic  e lec t rons  and co ld  ions  of dens i ty  s u c h  that 

o '' ?J20 microwave. Experience to da te  h a s  sugge7ted that the necessa ry  spec i f i c  power is 

around ?J2 to 2 W/cm3, although th is  figure depends sens i t i ve ly  on the type of energy distribution 

produced as  well  as t he  plasma dens i ty .  T h e  distribution of e lec t rons  in energy depends on the 

experimental  parameters i n  a complex way which i s  only partially understood, so  that power 

requirements, espec ia l ly  in othei- types  of t raps ,  remain an  open question. 

pe 

Since few generalizations seem jus t i f ied  a t  present,  w e  sha l l  tabulate some il lustrative ex- 

perimental cases in Tab le  1. 

As yet  only a few experiments have been carried out in the  magnetic well  geometry produced 

by the  folded-cusp f ie lds  in  ELMO, shown schemat ica l ly  in Fig. 1; and no attempts have y e t  been 

made to c rea t e  s t eady- s t a t e  electron-cyclotron-heated plasmas i n  loffe-type traps or "baseball" 

geometries. 

Because  of present  uncertainties i n  the  folded-cusp geometry, apparently related to the  null  

in t he  magnetic field, and because  of the necess i ty  of producing t h e  target plasma in a magnetic 

wel l ,  experiments are being init iated whose objective will  be the  production of a n  electron-cyclo- 

Table  1 .  Summary of Elect ron-Cyc lo t ron  P l a s m a  Opera t ing  Parameters  

..... 

Ambient Density of Electrons 
Microwave 

Frequency, Volume Power Gas Mirror 

(liters) (kW) Pressure Ratio 
Facility Hot Intermediate Cold 

( N * L  ( N J r  (Ne>, (torrs) 
v O  

( G d s e c )  

PTF 10.6 2,109 * 5  1011 5 i 0 1 *  2 t o 5  2 t o s  > I ~ I O - ~  2 : 1  
( > 2  MeV) (70 keV) ('-"lo0 eV) 

INTEREM 10.6 % i o 9  4 to 7 x 10" ~ l O ' *  30 ' 40 I X I O - ~  3:1 
(>Z MeV) (120 keV) ("100 eV) 

I 

ELMO .35 Absent' 5101~ 2 to s x  10l2 51 I. 8 I x 1 0 - ~  1.7: I 
(50 keV) (3 keV) 

I_ 
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Fig. 1. ELMO Schematic. Folded cusp configuration. 

tron-heated plasma in a Ioffe-type trap. P resen t  p lans  a r e  to modify the  ex i s t ing  INTEREM field 

by adding  (quadrupole) Ioffe bars. T h i s  conflguration does  not have  a null, but power l imitations 

restrict  t he  well  depth to  smal le r  va lues  than in  the  folded cusp .  In init ial  experiments a wel l  

depth A B / B  r' '/* i s  expected. It i s  hoped to demonstrate t he  feasibil i ty of electron-cyclotron 

hea t ing  with the  3-cm microwave power presently ava i lab le  and to  s tudy  power s c a l i n g  l aws  with 

1.7-cm microwave power, which should  b e  ava i lab le  soon. 

I t  remains to spec i fy  the density and  volume of the  target plasma toward which our program 

must develop. We a t tach  an  i l lus t ra t ive  buildup calculation, which, although admittedly and delib- 

erately pess imis t ic ,  shows  the poss ib i l i ty  of obtaining > lo ' '  ions/cm3 at 20 keV by in jec t ing  a 

few t en ths  of an  ampere of neutral atoms into a target plasma of > 1OI3 e lec t rons /cm3 with ambi- 

e n t  gas pressures  of 

sugges ted  above, the e lec t ron  dens i ty  i s  limited by c o p e  - y2 o microwave, then the  assumed 

target-plasma dens i ty  can 'on ly  be rea l ized  by us ing  microwave power at 5.5 mrn (54.6 Gc/sec).  

This, in  turn, implies 2@kG magnetic field s t rengths  for the trap. 

torr. The  plasma volume was  taken  to be around 4 l i ters.  If, as was  

.-...._ 



It is not poss ib l e  to spec i fy  the  total  amount of microwave power necessa ry  to produce th i s  

ta rge t  plasma, since.one of the  major power-loss mechanisms in mirror traps,  cold-plasma through- 

put, should  n o  longer be important in magnetic wel l  geometries. However, i f  Coulomb sca t t e r ing  

becomes the dominant loss mechanism, then required spec i f i c  power l eve l s  should  vary as 

4 

power 20 W 

volume c m 3  * 

-*- 

In order to allow for various uncertainties,  w e  s h a l l  request 100-kW capabi l i t i es  at 5.5 mm 

wavelength. 

We include a ten ta t ive  t imetable (Fig.  2) l i s t i ng  the  major programmatic developments lead ing  

to the full-scale experiment outlined above. P resen t  injection experiments in t h e  INTEREM facil- 

i ty a r e  expec ted  to continue f o r  approximately s i x  months (A ) .  Design improvements i n  the  in- 

jec t ion  system a re  expec ted  to  lead  to currents i n  e x c e s s  of 200 mA and resu l t ing  trapped ion 

... 
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Experiment. . 



... 

....., 

though it is obvious tha t  each  succeeding  s t e p  relies on s u c c e s s  i n  the  preceding s t ep ,  we em- 

phas i ze  the  important sc ien t i f ic  and technological ques t ions  which remain t o  b e  answered: 

s tab i l i ty  aga ins t  high-frequency (espec ia l ly  flutelike) modes and a n  en t i re  technology of electron- 

cyclotron hea t ing  in  magnetic wells.  F a c e d  with these  unanswered ques t ions ,  any  t imetable c a n  

only be considered as indica t ive  of the direction of the  program. 
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c 

dens i t i e s  of +log ions/cm3. T h e  cent ra l  objective of t h e s e  experiments i s  a study of the high- 

frequency ins tab i l i t i es  associ.ated with the  fast-ion population. Verification of the  Landau-damp- 

i n g  cons t ra in t  should b e  poss ib le  for e lec t ros ta t ic  m o d e s  propagating (partially) a long  the mag- 

ne t i c  field. 

It is hoped that by fiscal year  1968 the quadrupole Ioffe-bar configuration mentioned above 

can be ins ta l led  in the  INTEREM facil i ty ( B ) .  Studies with 3-cm microwave power wi l l  then be 

car r ied  out  to determine t h e  behavior of s teady-s ta te  electron-cyclotron-heated plasmas i n  s u c h  

t raps  at low ambient g a s  pressure.  If a s t a b l e  plasma a t  low pressure  can  b e  produced in  the 

Ioffe trap,  des ign  of a low-power 5.5-mm (20-kG) system can  b e  in i t ia ted  ( E ) .  During th i s  s ame  

period, experiments will  be  performed to  determine t h e  power-scaling l aws  necessa ry  to fix the 

des ign  fea tures  of t h e  fu l l - sca le  experiment, u s ing  1.7-cm and 5.5-mm microwave power (C and 

E ) .  T h e  1.7-cm power should b e  ava i labIe  in  the  immediate future, and  present  p lans  c a l l  for 

development of the  5.5-mrn sou rce  technology by the  second  quarter of f i s ca l  year  1968 (P). 

Design and  construction of the  complete experiment could then follow in f i s c a l  year  1969 (F). Al-  

* 

STAB l L ITY CONS1 DE RATIONS 

In this sec t ion  w e  s h a l l  summarize those  a s p e c t s  of plasma s tab i l i ty  which a r e  now thought 

to be relevant to the  types  of plasma s y s t e m s  under consideration. To begin with, then, i t  is 

necessa ry  to  review those  fea tures  of t h e  proposed sys t ems  having recognized implications for 

s tab i l i ty  . 
1. T h e  confining magnetic field configuration will  'be a magnetic well ,  that  i s ,  will  exhibit  c lo sed  

nes t ed  su r faces  of cons tan t  I B / ,  in which jB1 i nc reases  outward from the  center.  

2. T h e  target plasma, produced by electron-cyclotron-resonance heating, is expec ted  to reach a 
dens i ty  in excess of 1OI3 e lec t rons /cm3 at a temperature o f  s eve ra l  thousand electron volts,  
with a n  equa l  density of ions  at  less than a hundred electron volts.  

3. T h e  in jec ted  neutral  atoms, and the  result ing trapped ions ,  wil l  have  a distribution of energ ies  
centered about 10 to 20 keV. P r e s e n t  beam technology permits distributions with AE/E 50% 
(FWHM), and broader distributions may be anticipated in the  future. 

is the 20-keV ion gyroradius. 

T h e  f i r s t  of these  considerations,  choice  of the  magnetic well  configuration, may be expec ted  

4. The  plasma volume will be around 1 to  4 liters: RP > (5 t o  lO)p,, L p  > (10 to 2O)p,, where pi 

to s t ab i l i ze  most low-frequency ins tab i l i t i es ,  provided the wel l  depth is chosen su i tab ly .  Fo r  

example,  the following theoretical  cri teria are available:  



1. interchange s t a b l e  if 

A B  - B > /3 (ref. 1) , 

2. universal  modes s t a b l e  if 

AB 1 > -  - T e  (refs. 2 , 3 ~  , 
B 6 T e + T i  

3. long-wavelength drift-cyclotron s t a b l e  i f  

h B  1 Ti - > -  - 
B 2 T i +  Te 

(refs. 4, 5) . 

(This last criterion must be considered as only a provisional result; this mode is the object  of a 

vigorous current research effort.) Although other spec i f ic  modes have not been analyzed in search  

of s imilar  “well-depth” cr i ter ia ,  i t  seems likely that most e lec t ros ta t ic  modes with frequencies 

much less than ion gyrofrequency should be s tab i l ized  i n  pract icable  magnetic welIs .  

Ins tab i l i t i es  Dr iven  by Lack of Thermolizoi ion 

Because  an  open-ended configuration h a s  been chosen, w e  m u s t  an t ic ipa te  those  ins tab i l i t i es  

a s s o c i a t e d  with inevi table  departures  of the plasma from thermal equilibrium as well  as with the 

anisotropic  ion distribution created by injection. In the following w e  d i s c u s s  only the s tab i l iza-  

tion techniques which may el iminate  the known high-frequency velocity-space ins tab i l i t i es .  

Harris‘ and Low-Dens i ty  Lo$s-Cone’  Modes. - T h e s e  growing waves propagate a t  angles  of 

less than 90° with respect  to  the magnetic field. The  assoc ia ted  ax ia l  e lec t r ic  field can lead to 

s t rong  (electron) Landau damping provided the electron temperature is suff ic ient ly  high. We es t i -  

mate the required temperature to  be roughly 

for w = no,,. Here L i s  the plasma length and m/M is the ratio of electron to  ion m a s s .  Fo r  

example,  if L p  Ti, harmonics up to n * 10 n a y  be s tabi l ized.  
P 

20p, and T e  

‘J. B. Taylor and R. J. Wastie, Phys .  Fluids 8 ,  323 (1965). 

2T. K.  Fowler and C. E. Guest, p. 383 in Plasma Phyfizcs and Controlled Nuclear Fusion Research, 

1 ’J. D. J u k e s ,  p. 643 in Plasma Phys ic s  and Controlled Nuclear Fusion Research, vol. I (CN 21 /39), 

vol. I (CN 21/99), IAEA, Vienna, 1966. 

IAEA, Vienna, 1966. , 
4N. A. Krall and T. K. Fowler, CA-7393 (1966). 

‘W. M. Farr, Ph.D. thesis, University of Michigan, 1966. 

%. G. Harris. /. Nucl .  Energy c2, 138 (1961). 
’G. E. Guest and R.  A.  Dory, Phys .  FZuids 8, 1853 (1965). 
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High-Density Loss-Cone' Modes, - T h e s e  growing waves have been predicted to b e  convec- 

tively unstable ,  and preliminaiy es t imates  'have found their reflection a t  plasma extremities to be 

weak. On th is  b a s i s  they are not expected to grow to observable amplitudes in  plasmas of length 

less than a cr i t ical  value ?i loop, .  

Flutelike High-Frequency Electrostat ic  Modes'. - We have already mentioned one example of 

this  class of instabi l i t ies ,  the drift-cyclotron mode, which may be driven solely by the diamag- 

n e t i c  current. Other examples  are caused  by sharply peaked ion energy distributions,  espec ia l ly  

when a less energet ic  group of ions is also present  in  the plasma. T h i s  l a s t  circumstance is 

ant ic ipated in the present program and may lead to  unstable  osci l la t ions near the  ion gyrofre- 

quency. An in tens ive  study of this  c l a s s  of ins tab i l i t i es  is presently under way in an effort to 

assess rea l i s t ic  threshold conditions and growth rates .  

Mirror Ins tab i l i t i es ' * .  - T h e s e  modes have been tentat ively identified in electron-cyclotron 

plasmas * when the electron-temperature anisotropy and the  plasma pressure were increased to  

relatively high values .  By su i tab le  choice of heating-zone location i t  should be possible  to retain 

suff ic ient  isotropy to prevent these  ins tab i l i t i es .  

Conclusions 

In brief, we hope to obtain low-frequency s tab i l i ty  from the magnetic well ,  relying on short  

length and Landau damping to s tab i l ize  high-frequency waves propagating partially a long the mag- 

n e t i c  field. T h e  f lutel ike high-frequency modes may be stabi l ized by short-circuit effects (using 

conducting end walls) ,  but these  remain a se r ious  unanswered quest ion.  

FUNDING 

To prosecute  the program of injection into the electton-cyclotron plasma, w e  build on what w e  

have: the INTEREM facility with serv ices  already la id  on, to which Ioffe bars  will be added in 

f i s ca l  year  1968 (exis t ing generators capable  of the required 8 MW, ex is t ing  neutral-beam tech-  

nology, and ex is t ing  instrumentation). Accordingly, the greater part of the hardware c o s t  for the 

fiscal year 1967, 1968, and 1969 programs shown in F ig .  2 can  b e  absorbed into the regular oper- 

a t ing  budget of the  Dandl group. T h e  engineering and technician s t a f f s  a re  suff ic ient ,  but two 

phys ic i s t s  are needed. The  big expense  will not come until l a t e  f iscal  year  1969 or  1970, s o  a 

summary of the c o s t  would be a s  follows: 

'R. F. Post and M. N. Rosenbluth,  Phys. Fluids 9, 730 (1966). 
9 R. A. Dory, G. E. Guest, a n d E .  G. Harris, Phys.  Rev. Letters 14, 131 (1965), L. S. Hall ,  W. Heckrotte, 

and T. Kammash, Phys .  Re? 139, A1117 (1965). 
'OR. F. Post, Nuclear Fusron, 1962 Supplement, Part 1 99 (1962). 
"W. B. Ard, €2. A. Dandl, and R. F. Stetson, Pkys.  Fluzds 9, 1498 (1966). 

... 
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Fiscal Year Budget 

1967 $625,000 

1968 $765,000 

-.. 

1969 $990,000 

1970 $2,600,000 

Remarks  

Add 2 physicists .  Install Ioffe bars. 
Normal 3% escalat ion.  

Escalation. Design and beginning 

fabrication on major  facility. 

Completion of major facil ity.  $1.5 

million for 5.5-mm microwave 

equipment, 100 kW. 

This proposed funding replaces  the B-budget item for $1.5 million that  w a s  submitted for fis- 

cal year 1968. T h e  above figures will appear  in our budget request for f i sca l  year 1969. 

Appendix 

TRAPPING OF 20-keV NEUTRAL ATOMS IN A TARGET PLASMA 

T h e  following calculation at tempts  to determine the average densi ty  of 20-keV protons result- 

ing from the injection of a high-cutrent 20-keV atomic neutral  beam (the current being of the order 

of 1 A) in to  a d e n s e  (3 x electron-cyclotron plasma (ECP) in magnetic mirror containment. 

The ECP is assumed to  have  a s i z e  suff ic ient  to provide a thermal neutral  shielding d is tance  of 

at l e a s t  five mean free paths €or ionization of H,' to H, . + 

The usual rate equation €or the buildup of hot-ion densi ty ,  ni, is 

dni 
- = j i , - i , - i , ,  
dt 

where 

j ,  = average current of energet ic  ions trapped in a unit  volume, 

j ,  = average current of energet ic  ions charge transferring out of a unit volume, 

j ,  = average current of energet ic  ions Coulomb scat ter- lost  out of a uni t  volume. 

The calculat ion of j ,  is most conveniently accomplished by averaging the total current of hot 

ions over the volume filled by the hot  ions .  However, j ,  is calculated by f i rs t  calculat ing j,, 

where j ,  is the  trapped hot-ion current per unit volume a t  the radius  r. The  differential volume 

dv = 27rr dr R is filled with hot ibns from a trapping length d L  = 2 dr. T h e  factor 2 resu l t s  from 

the precession of small  orbi ts  around the annulus  formed by the assumed differential volume (see 

Fig. A l ) .  

d L  I 2 dr I I ,  
dV h 2 7 ~ r d r  R h  m R h  

j = - - O = - - - - O = - ~  

Note that  s i n c e  j r  = l / r ,  the peak hot-plasma density would be expected to  be at  the center  of 

the plasma. . ... 

.... 
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ORNL DUG. 651039 

E.C.P. BOUNDAZY /-----./-- 

Fig. A l .  Diogrammrrtic Cross Section of the Plasma. 

The ave rage  energe t ic  injection current 

1 

?TR & =3 sjr dV (assume cylindrical  plasma . . . 2 = t R / 2 )  , 

T h e  trapping of energe t ic  neut ra l s  i n  the  case considered involves two dominant processes :  

trapping by ionization on hot  e lec t rons ,  t h e  mean free path of which i s  hie, and trapping by 

charge  transfer to cold ions ,  t he  mean f ree  path of which is Xcx; 

We a s s u m e  tha t  at a l l  t imes ne = nt. 

Examination of t h e  cross s e c t i o n s  for 20-keV hydrogen atoms shows  Xcx t o  be much t h e  

smaller and  therefore the more dominant term, tha t  i s ,  

= Xcx , 

I 

'J. R. McNally, Jr., private communication. 
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j ,  = n i n i c c x v i  , 

Substi tuting (2), (3), and (4) into (1): 

and 

= 0 in s t eady  s t a t e  , 

The neutral  dens i ty  in the  center  of the  plasmas changes as 

dno' . , . . .  
- = 1 1 - z 2 + z  + f 4 + I  5 - ' 6 '  3 dt 

where i, is the  unit-volume current gain of slow neut ra l s  made by charge transfer from energe t ic  

neut ra l s  to co ld  ions, i is the  unit-volume current l o s s  of s low neut ra l s  by charge  transfer to hot 

protons, i3 is t h e  unit-volume current gain of s low neut ra l s  from outs ide  the  plasma due to wall  

reflux of s low atomic neut ra l s  coming out of the  plasma, i, i s  t he  unit-volume current gain of s low 

neut ra l s  from outs ide  the  plasma due  to wal l  reflux of energe t ic  protons lo s t  by charge  exchange, 

i, is the  unit-volume current gain of s low neut ra l s  from outs ide  the  plasma due to the neut ra l  gas  

input I 

current loss of slow neut ra l s  due  to their drift to the  cavi ty  walls:  

? 

(of course,  th i s  flux should  b e  made a s  smal l  as  possible), and  i, is the unit-volume 

I *  = * * o R o n e ~ c x  
V 

i 2 =n . r? ' c  r o c x r  v . ,  

(7) 



Notice that  in i, through i, the pessim ;t ic assumption is made that  no atomic neutrals  (other 

than tha t  fraction of energe t ic  beam trapped) a re  ionized by the electron-cyclotron plasma, How- 

ever, the  complete ionization of thermal H z 0  to  H2+ is assumed to take place in the first few 

mill imeters of ECP, and i3, i,, and is resul t  from molecular hydrogen enter ing the  sur face  of the  

ECP. 
The factor  2 in  the  denominator of i s ,  i,, and i, resul ts  in the consideration tha t  H z o  is f i r s t  

ionized to K2*, so only one-half the neutral  atoms enter  the plasma. T h e  factor 1/K a r i s e s  from 

the fraction of H, d issoc ia t ive ly  ionized af ter  exci ta t ion (Franck-Condon process).  I t  a l s o  in- 

c ludes  the  favorable effect of plasma pumping of molecular ions before d issoc ia t ive  ionization. 

Subst i tut ing (7)’ (8), (9), (lo), ( l l ) ,  and (12) into (6) and so lv ing  for n i  in  the s teady  s t a t e ,  

f 

n y =  21 o R o n e u c x  + (1/2K)(210Ron,acx IBg) 
(vfA/4) + VnlucxvI - (1/2K) ( V 4 n i ~ c X ~ i )  ’ 

In order to  simplify the numerical consideration of the previous expressions,  the following 

assumptions and parameters a re  incorporated: 

v, = V = r R 3  , 

Q c x = 6 x 1 0 - 1 6 ,  n e = 3 x l O L 3 ,  K - 3 .  

A = 4 n R 2 ,  R 0 = R = l O c m ,  

Also, io is expressed  in amperes and I is expressed  in  terms of cavity pressure P o  (torrs) 

outs ide the electron-cyclotron plasma, without energet ic  inject ion.  Since I 

s i n c e  no = P o  3.2 x 1 0 l 6 ,  then I 
5 g  

B g  

= 1.9 x l o z 4  P o .  

= nov,A/4 and 
B g  

incorporating t h e s e  factors into (13) gives  

, n =  
1.6 x lo3’ ( I o  + Po 1.3 x 10’) 

(ni  + 3 x IO’*) 0 
vi 

Then subs t i tu t ing  this  relationship for n i  into ( 5 )  (7, calculated to be 1.5 x lO-’sec for 20- 

keV protons in  3 x 1013 densi ty  plasma in a 3 : 1 mirror’): 

- 
ni = 1 0 ”  tJ(2.0.5 I ,  + 9.35 x l o 5  P o  + 1.5)’ + 30.9 I ,  - (2.05 I, + 9.33 x l o5  P o  + 1.5)1 

’R. J. Mackin and D. J. Rose, private communication. 
3 T. K. Fowler, J .  N u c l .  Energy: P t .  C 6 ,  513-14 (1964). 
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Fig .  A2. Hot-Ion Density os a Function of 20-keV Neutral injection Current. 

Hot-ion dens i ty  v s  energe t ic  (20 keV) neutral  injection current i s  plotted in Fig. A2. T h e  

parameter for t h e s e  curves  is neutral  p ressure  P o ,  ranging from lo-' to lo-'. P r e s s u r e s  in the  

region of should  be rea l izable  outs ide  electron-cyclotron plasmas, and beam currents in the 

neighborhood of $2 A should  be  realizable with the few cons t ra in ts  imposed on them by th is  s y s -  

tem. T h e  curve  in  Fig. A2 then ind ica tes  an  average  20-keV proton dens i ty  of 1.7 x 10". 

S ince  n o  advantage  h a s  been taken of the  reduction of neutral  flux by electron-cyclotron plasma 

ionization of atomic neutrals,  and s i n c e  a somewhat pess imis t ic  sca t te r ing- loss  relationship was  

employed, t he  above  dens i t i e s  seem plausible.  
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' 2 = hot-ion plasma length 

Ro = radius of E C P  

R = radius of hot-ion plasma 

no = thermal neutral density outside plasma 

ni = neutral  densi ty  inside plasma 

ni = hot-ion density/cc 

ne = hot-electron density = ni + ni 
@ = ionization cross sect ion for hot electrons on energetic neutral atoms ( g 6  X 

cold 

RB-71 f 

0 = 2 X  RB-34 

U 

0 1  

= charge transfer cross  sect ion for 20-keV protons on neutral atomic hydrogen ( 2 6  x RB-38 c x  

Vi = velocity of 20-keV Ho or H + =  2 X lo8  

5 v,, = velocity of thermal hydrogen = 2 x 10 

v = Franck-Condon or slow ion velocity = 3 X 10 

V =  volume of ECP 

6 
f 

VH = volume of hot-ion plasma 

I ,  = current i n  part/sec of 20-keV Ho 

7 = Coulomb scattering t i m e  for 20-keV protons 

... 

... 

... 

... 

... 

.... 

n...... 



6.0 TECKNOLDGY 

A summary of t h e  technology involved with t h e  work a t  ORNL could be 

supplied if necessary. The reason f o r  omitt ing it a t  t h i s  po in t  was t h e  

assumption t h a t  t h e  Ad Hoc Panel was now concerned with e x i s t i n g  and "imme- 

diate  generation" machines, and t h e  OENL technology i s  s t a t e -o f - the -a r t  

rather than developmental with regard t o  these  machines. 

Future machines, of course, r e s t  upon development and technologica l  

research  before becoming f e a s i b l e .  While ORNL does have s t rong  e f f o r t s  in 

t h i s  area, p a r t i c u l a r l y  i n  superconductivity, magnetics, ion  sources, beam 

production, and e l ec t ron  cyclotron heating, t h e  machines OmL presents  i n  

t h i s  text are mainly those r e s t i n g  up a t t a i n e d  technology. 
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7.0 ECONOMICS IN OPEN-EPJDED GEOMETRIES 

If c o l l e c t i v e  i n t e r a c t i o n s  can be control led i n  an open-ended device, 

the energe t ic  p a r t i c l e s  will be l o s t  by long range coulomb in t e rac t ions ,  

which gradual ly  change the  d i r e c t i o n  of motion of the contained p a r t i c l e s  

unt i l  they  en te r  t h e  loss cone. A very important question then i s  whether 

or not a reac to r  can be made t o  produce ne t  power i n  the  f ace  of this kind 

of loss. Recent papers by Fowler and Rankin' and by Sivukhin2 a r e  somewhat 

pess imis t ic  and very pess imis t ic  respec t ive ly ,  bu t  f o r  d i f f e r e n t  reasons. 

3 The question had been discussed e a r l i e r  by Post . He had decided t h a t  

i f  losses due t o  i n s t a b i l i t i e s  can be ignored, t he  prospects of ne t  power 

production i n  such a device are very good. 

differ from P o s t ' s  f o r  two r e l a t e d  reasons. 

of e l ec t rons  i n  the  plasma only by determining t h e  r a t e  of energy loss  of 

t h e  hot  ions t o  them. 

energy loss  on the  spectrum of the  energy of t he  contained ions,  and the  

e f f e c t  of t h e  ambipolar p o t e n t i a l  d i f fe rence  produced by the  automatic 

r egu la t ion  of t he  plasma p o t e n t i a l  t o  equate input  and l o s s  r a t e s  of the  

charged p a r t i c l e s .  This p o t e n t i a l  difference enhances the  loss of ions.  

Fowler and Rankin's r e s u l t s  

Post had considered the  e f f e c t  

Fowler and Rankin considered also the  e f f e c t  of this 

Their ca l cu la t ions  predicted only a very small pos i t i ve  energy balance. 

Sivukhin's pess imis t ic  conclusion came about because of h i s  assumption 

t h a t  t he  ion d i s t r i b u t i o n  i s  forced by the  p a r t i c l e  feed t o  be quasi-  

Maxwellian. Under t h i s  condi t ion the re  i s  a tremendous throughput of 

r e l a t i v e l y  cold ions  and the  losses due t o  the cycl ing of these  p a r t i c l e s  

are very severe. . Hopefully it will not be necessary t o  maintain such a 

d i s t r i b u t i o n .  
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It i s  possible  t o  reduce the los ses  due t o  ambipolar p o t e n t i a l s  by the 

following means. 

eo- l inear  magnetic mirrors.  

feed. 

contained i n  the  system by t h e  po ten t i a l  d i f fe rence  i n  the  outer  mirror 

t h roa t s .  The c e n t r a l  t r a p  then  contains  ions without ambipolar enhanced 

loss ,  and the  e f f ic iency  of t h e  o v e r a l l  system will l i e  between t h a t  calcu- 

lated by Post and by Fowler and Rankin. 

A magnetic f i e l d  i s  divided i n t o  three  regions by four 

Fach region i s  a reac to r  with energe t ic  p a r t i c l e  

The e n t i r e  plasma i s  a t  a high pos i t i ve  p o t e n t i a l  and e lec t rons  a r e  

The charge n e u t r a l i t y  required i n  the mirror t h r o a t s  can be obtained 

by cold ions held i n  a shallow p o t e n t i a l  well. 

the hot  ions  t o  them can be a s  low as about Z$ of t h e  t o t a l  loss .  

The k i n e t i c  energy l o s s  of 

Thus t h e  o v e r a l l  e f f e c t  of t h e  ambipolar po ten t i a l  can be g r e a t l y  

reduced. 

small, can be made l a rge  compared t o  the  end regions,  t he  average ion  l i f e -  

time i s  increased. 

If the  c e n t r a l  t rap,  i n  which the  axial p o t e n t i a l  va r i a t ion  i s  

There i s  a corresponding increase i n  e l ec t ron  l i f e t i m e  

obtained by a s l i g h t  increase i n  the  po ten t i a l  of t he  plasma. Each e l ec t ron  

i s  heated longer and the  e l ec t ron  temperature r i s e s  toward the  value assumed 

by Post. The energy balance f o r  t he  device then will be the  average of the  

values obtained by Post and by Fowler and Rankin, weighted by the  r a t i o s  of 

t h e  volumes i n  which these  figures apply, t o  the  t o t a l  volume. c 



1. Fowler T. K. and Rankin M (1966) Plasma mysics (J. NUC. Eaergy Part 

c )  €3, 121. 

2. 

3 .  

Sivukhin D. V (1966) Plasma Physics (5. NUC. Energy Part C) 

Post R. F. (1962) Nuclear Fusion Supplement Part 1, 99. 

-3 8 607. 



CALENDAR YEklR TIME SCHEDULE OF ORNL INJECTION EXPERIMENTS 

1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 

1 
DCX-1 

Operate 

I DCX-1.5 
--c- I Icoris Operate 

- DCX-2 ------)----------------- 1 Design Construct I Operate 

I \-B,s-\-----I INTEREM 
Cons Operate 

0 
Y 

P 

, 
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8.2 CHART SUNMRIES OF PARAMETERS OF ORNL INJECTION EXPERIMENTS 

Following a re  cha r t s  which out l ine  t h e  various ORNL parameters and 

results. 

and condenses t h e  experiments and thus  may be wrongly in te rpre ted  s c i e n t i f i c a l l y .  

On the  other  hand, because it does condense f a c t s  it i s  of use i n  summarizing 

per t inent  information f o r  ready reference.  

t o  t h e  Chrestomathy, t o  publ ica t ions ,  and t o  ORNL semiannual r epor t s  w i l l  give 

a broader perspect ive t o  these  t a b l e s .  

s c i e n t i f i c ,  and adminis t ra t ive areas .  

The problem i n  making such cha r t s  i s  t h a t  it g r e a t l y  over-simplifies 

It is hoped t h a t  fu r the r  references 

Charts a r e  given f o r  technological ,  
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_YACUUI_ - 
OPERATI Na 

MACHINE 

MAWE SHAPE ($) STRENOTH COIL TYPE PRESSURE 

._ .. . .. .. . _ _ _  _.__ . . . -. . _._.... I .---I- 

-ON CYC t(ebTlt(cF iixulia 
m A Y  BEAU TRAPPINO mee RES POWER 

ENERGY IRTENSITY MECHANISM FIELD 

MACROSTARICITY 
MACHINE FLUTE S T A S ~ ~ I T Y  CURE OF 

THRESHOLD LOW PREQ. 
NAME INSTAB 

b 2 ; l  Mirror 

C Z : I  Mirror 

DCX-I. 5 z:1 Mirror 

MICROSTABILITY 
MICROINSTABILITY CWRE OR DENSITY EMERGI LIPETIYE DENSITY CAUSE OF 

NAME MODIFICATION LIMIT LlWIT TO DENSITY 

10 kg water cooled torr 600 keV H 15 ma Gas dieeociatlon 28 LBC 0 . 8  k g  50 W 11‘ 0-20‘ TFRMINATED 

TERWINATED 
2 

1 m 8  Loredta diasociatlon 11” 

35 kac 12.4 ka 5 2 kw 5 14 kg water cooled 2xlO-gtorr 15 kcV Ho 4 4  ma Lorontz iooisatlon 
(not tried) 

G A S  
ARC 

DCX-2 3 : l  Mirror 13 k g  water cooled 5 ~ 1 0 - ~ t o r r  5 4 0  k e V  H2* 70 u 

INTEREM 2 : 1  Mirror 2.7 k i  water cooled 1110-5 a0 keV Ho 20 ma charge exchange 10.6 h a  3 kz 10 kw (ceotral) 

2110-6 20 keV Ho 200 BU trapping 10.6 hBC 3 ka 25 km (end fed) 

3 kg 40 kw (certrnl) INTEREM t 2 : 1  Axial Mirror 2.7 kg mater cooled variable (possiblltty await6 calc.) 10.6 hmc 
(J 5ARS) nadial Mirror 

b cnscnde; cold plasma 5 mm 19 kg 5 kw 
IMP n 2 : 1  Axial Mlrror 

1 . 3 : l  Radial Mirrur 
Z0,kz supercond. < l;-s 20 k:V Ho (lo(! ma) Loreatz tonixation 5 am 19 h g  100 m 

C varluble none none 5 m m  19 h g  , 5 k r  

8. 0-20° OPERATE 
UNTIL DEC. 

IO cm 
10 cm 
10 .  CB 

OPERATE 

TERMINATED 

OPERATE 

CONSTRCCTION 
( O P E R A T E  10/67) 

COhSTRUCTIOh 

~~ ~~ 

(OPERATE 2 / 6 5 )  , 

obeerved to l l m l t  1 i n e  tying ‘9 ‘’ tLtype” 
*‘ Z-tyPC” 

DCX-I. 5 
-at 3x10’ 

NOT OESERVED varinble 1) Burt Harris Mode 
Precession free. 2 )  Hnrris Mode 

or 3) Ion-Ion Yultigroup DCX-2 
Cold P l a s m a  

High Bo, &E 411O8 
ECH ( ? )  

1.5 heV 160 n8 not limited charge exchange 

5x109 700 keV 150 BS not  l i m i t e d  charge exchnnae 

ZNTEREW 

IMP (not expected) aln-8 1) Harris-like Mode8 ECH (10“) ions 20 keV (100  ma) ? 
? 
1 

2)  Ion-Ion Modes Te. AE ( 1 0 ~ 1 )  ions 20 keV ( 2 0 0  an) 
ECH 7 (1013) e l e c  t ran. - - 

- . ~  . . . , - ,  - , .. . . _  . ..., 



. MCHINE 

ADMIMIS TPATNE 

COST 
OPERATE 

COST OF 
CONSTRUCTION 

1000 ’ s 1000 ’ s 
NAME 

DCX-1 

DCX-1.5 

DCX-2 

IBTTEREM 

INTEREM + J Bars 

3 Phys 
3 E& 
2 Tech 

3 Phys 2 Tech 
3 Eng 

4 Phys 
4 Eng 
3 Tech 

2 Phys 
2 Eng 
2 Tech 

11 

3 Phys 
3 Eng 
2 Tech 

? 

.~ 

$20 
(ion source) 

$2000 
(1961) 

f r o m  operating funds 

$20 for bars 

$250 from Thermonuclear 
Division (OWL) 



8.3 ENGINEERING 

8 

A s  described i n  e a r l i e r  see 

Plasma Program. It w i l l  use ene 

cyclotron plasmas established a t  

68 

ASPECTS OF THE: IM1 MAGNET SYSTEM 

3 . 1  Introduction 

ions, t h e  IMP f a c i l i t y  w i l l  be p a r t  of t h e  Target 

ge t ic  neut ra l  in jec t ion  and trapping i n  e lectron 

low ambient neutral  pressures (of  order t o r r )  . 
The magnet system w i l l  be of t he  mirror-quadrupole type, with cen t r a l  f i e l d  values 

up t o  20 kilogauss, a nominal 2:1 a x i a l  mirror ra t io ,  and closed modulus B - contours 

up t o  26 kilogauss (with Bo = 20 kilogauss)'. 

The f a c i l i t y  features  superconducting magnets, which in  pr inciple  o f f e r  

grea te r  access t o  t h e  plasma region than would be possible with copper c o i l s .  Ln 

addition, t h e  operation of t he  superconducting system ra ther  than t h e  20 megawatt 

copper system previously considered2 allows t h e  use of t h i s  power by other  experi- 

mental devices. 

8.3.2 Design C r i t e r i a  

To avoid magnet i n s t a b i l i t i e s  we have chosen t o  use s t ab i l i zed  multifilament 

Since maximum current  densi ty  i s  required f o r  deep wells superconducting wire. 

at  l a rge  Bo, t h e  design c r i t e r i o n  provides for operation very close t o  t h e  l i m i t  

of revers ible  s t ab i l i za t ion  ( i . e i ,  with t h e  maximum superconductor -to -copper r a t i o  

which will s t i l l  provide smooth controlled t r ans i t i ons  in to  a r e s i s t i v e  mode of 

operat ion) .  The need f o r  high current densi ty  a l s o  implies t h a t  insulat ion and 

l i qu id  helium spaces i n  t h e  winding volume must be minimized subject t o  t h e  con- 

s t r a i n t  t h a t  cooling passages remain su f f i c i en t ly  open t o  allow f r e e  flow of 

helium gas bubbles. 

'A compensation r a t i o  of 1.75 i s  required f o r  a l as t  closed contour of  26 kilogauss 
with B = 20 kilogauss. 
curren? t o  t h a t  j u s t  required t o  null out t he  negative radial gradient of t he  mirror 
f i e l d  0.5 c m  o f f  ax i s  i n  t h e  median p lane) .  

%hermonuclear Div. Serniann. Progr. Rept 

(ComEensation r a t i o  i s  defined as t h e  r a t i o  of quadrupole 

O c t  . 31, 1966, OKNL-4063, pp . 29-35. 
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The mechanical system of IMF must r e s t r a i n  a l l  electromagnetic and gravi ta  

t i o n a l  forces .  

fault condition overpressures of t he  l i qu id  helium system. 

between c o i l s  require  t h a t  a l l  magnets and t h e i r  associated mechanical s t ruc ture  

must operate at  4.2 K, so t h a t  force  bearing members are isothermal and need not 

In  addition, it must maintain vacuum i n t e g r i t y  and withstand 

The extreme forces  

0 

be minimized f o r  heat  loads. 

The magnet configuration u t i l i z e s  mirror c o i l s  inside the  Io f f e  {quadrupole) 

c o i l s  t o  provide t h e  necessary high r a d i a l  mirror f i e l d  gradient i n  t h e  midplane 

( for  Lorentz trapping) 

A f t e r  considering two c o i l  and four c o i l  (symmetric and near-symmetric) Io f f e  

This configuration a l so  o f f e r s  t h e  maximum plasma volume. 

c o i l  systems, w e  have chosen a design which uses two symmetrical s e t s  of two c o i l s  

each ( s e e  Fig.  1) . 
c o i l  winding material  while maximizing the  f i e l d  contr ibut ion.  

This c o i l  arrangement f a c i l i t a t e s  winding and minimizes t h e  

8.3.3 Present Design Status  

Early calculat ions of t h e  LMP magnet system indicated t h a t  current dens i t ies  

of lo" arnperes/cm2 would be required t o  generate t h e  desired f i e l d  shape. 

maximum f i e l d s  i n  t'ne conductor windings were found t o  be 68 kilogauss i n  the  

mirror c o i l s  and 73 kilogauss i n  t h e  Iof fe  c o i l s .  However, a f t e r  optimization 

The 

procedures were applied, it was found possible t o  lower t h e  current  densi ty  t o  

8500 amperes/cm2 f o r  t he  same Io f fe  f i e l d  contribution. 

densi ty  a l s o  l e d  t o  lower maximum f i e l d  in t ens i t i e s  i n  t h e  magnet windings; i . e .  

66 kilogauss i n  t h e  mirrors and 67 kilogauss i n  t h e  Io f f e  c o i l s .  

This reduction of current  

Fig.  2 shows a conceptual layout of t he  mirror-quadrupole system i n  t h e  

l i qu id  helium container .  Though not indicated on t h e  drawing, t he  c o i l  cans 

(mirror and Iof fe )  are porous t o  allow adequate helium vent i la t ion  through t h e  

superconducting winding volume. The ends of t he  helium containment vessel  a l s o  

serve as p r i m r y  s t ruc tu ra l  membei-s. Each Iof fe  c o i l  w i l l  be bolted t o  t h e  



th ick  end p l a t e s .  The mirror c o i l s  w i l l  n e s t l e  inside the  Iof fe  c o i l s  and w i l l  be 

res t ra ined  from axial motion by tie-bars to t h e  end p l a t e s .  The c o i l  cans w i l l  be 

fabr icated from high s t rength aluminum a l l o y  (7039 T - 6 ) .  

single piece of material t o  avoid low st rength weldments. 

Each w i l l  be cu t  from a 

The l i qu id  helium 

container including end p l a t e s  w i l l  be fabr icated from a weldable medium strengt'n 

aluminum a l l o y  (3083 ~ 3 2 1 ) .  

The s i x  access por t s  i n to  t h e  cent ra l  plasma region, and t h i s  region i t s e l f ,  

are l ined  with a var iab le  temperature wall. 

o r  extreme high vacuum these walls w i l l  be maintained a t  approximately 77°K. 

po r t s  allow access f o r  beam inject ion,  beam dump, waveguides, and plasma probe 

instrumentation; and provide pumping conductance t o  t h e  surrounding vacuum region 

(see  Fig. 2 ) .  

Except during periods of outgassing 

The 

The choice of a proper superconductor wire has been complicated by t h e  

l imited s ta te-of- the-ar t  i n  understanding t h e  de ta i led  performance of  super- 

conductors. A f t e r  considering t h e  in te r - re la ted  requirements of s t ab i l i z ing  material ,  

superconducting material ,  helium vent i la t ion  space, insulat ion,  and forces,  we chose 

a conductor offered by Avco-Everett Research Laboratories. 

feet has been placed. 

An order f o r  100,000 

This conductor i s  shown i n  Fig.  3. The 15 superconducting strands a r e  NbTi 

a r e  imbedded i n  a matrix of high conductivity copper. Two-thirds of t h e  conductor 

cross-section i s  s t ab i l i z ing  copper, t he  other  t h i r d  i s  NbTi.  

performance i s  535 amperes a t  75 kilogauss; t he  c o i l  design current  densi ty  indicates  

The short  sample 

t h a t  a conductor current  of 450 amperes o r  l e s s  w i l l  be required.  

of H. T .  %omex* paper G.005" t h i ck  by 0.080" wide provides turn-to-turn spacing 

f o r  insulat ion and helium ven t i l a t ion .  A preliminary experiment indicated tha t  

A s p i r a l  wrap 

, , 

qrademark of E.  I. W o n t  



t h e  passage of helium bubbles i s  influenced very l i t t l e  by a gap of 0.005'" or 

grea te r .  However, with t i g h t e r  spacing helium bubbles would be delayed i n  passage 

and accumulated, leading t o  a premature nornal s t a t e  t r ans i t i on .  Decisive fac tors  

i n  our choice of t h i s  insulat ion were the  evaluations of i t s  performance a t  low 

temperatures by H .  Brechna of SUC3 and A .  G. Prodell  of BNL4. It appears t o  

have b e t t e r  s t rength and creep propert ies  than e i t h e r  66 nylon o r  mylar. W e  f e e l  

t h a t  by covering 50$ of t h e  conductor surface it w i l l  be possible t o  avoid shorts  

i n  t h e  c o i l .  

A tes t  of conductor and insu la tor  performance i n  a magnet i s  planned f o r  t h e  

very near  fu ture .  The conductor w i l l  be used t o  wind two iden t i ca l  c o i l s  which 

w i l l  then be mounted i n  series-opposit ion (cusp configuration) with a horizontal  

axis. This c o i l  set  w i l l  be t e s t e d -  i n  a homogeneous 65 kilogauss external  

magnetic f i e l d  of a solenoid with v e r t i c a l  ax is .  The t e s t  should simulate t h e  

ac tua l  f i e l d  i n t e n s i t i e s ,  current  dens i t ies ,  and forces  i n  the  fu l l  magnets. 

It w i l l  a l s o  approximate t h e  type of cooling environment t o  be found the re .  

Model s tud ies  of t h e  bes t  winding methods a r e  i n  progress. These t e s t s  w i l l  

lead t o  de ta i led  techniques for winding, maintaining adequate wire tension, pre- 

venting "bowing" i n  t h e  s t r a igh t  sect ions of t he  Io f f e  co i l s ,  mk ing  in te r layer  

t r ans i t i ons ,  sp l ic ing  conductor, e t c  . 
The cryogenic system, outlined i n  F ig .  4, w i l l  provide Tor cooldown and 

operation of t h e  magnet. Those pa r t s  shown in  t h e  lower r igh t  sect ion of t h e  

f igure  w i l l  be in s t a l l ed  f o r  prelimlnary experiments with only the  mirror c o i l s .  

Cooldown w i l l  be effected by passing l i qu id  nitrogen through cooling l i n e s  attached 

t o  t h e  end p l a t e s .  Conduction through t h e  helium exchange gas around t h e  c o i l s  
, 

31nternational Cryogenic EngineeFing Conference, Apri l  9-13, 1967, Kyoto, Japan. 

4 ~ e r s o n a l  communication. 



72 
l 

and t h e  mechanical s t ruc ture  completes t h e  cooldown. After  s a t i s f ac to ry  operation 
I 

of t h e  mirrors, t'le quadrupole s e t  w i l l  be added along with t he  f u l l  cyrogenic 

system as shown. 

Thereafter, operating losses  should be N 40 l i t e r s  per  day. 

current  leads  w i l l  be used t o  avoid unnecessary lead losses .  

detachable t o  fu r the r  reduce heat  leaks when t h e  machine i s  not i n  operation. 

Cooldown losses  a r e  expected t o  be 300 l i t e r s  of l i qu id  helium. 

Optimized input 

These leads w i l l  be 

Rupture d i sc s  and an automatically operated gas blow-off s tack w i l l  provide for 

t h e  heavy gas loads which might occur upon a f u l l  normal state t r ans i t i on .  

The IMP magnet e l e c t r i c a l  system i s  shown i n  Fig.  5 .  A so l id  s t a t e  power 

supply w i l l  energize t h e  series-connected mirror c o i l s .  One or more protect ive 

diodes across t h e  supply avoids t h e  p o s s i b i l i t y  t h a t  t h e  c o i l  might damage t'ne 

supply. Another diode, i n  s e r i e s  with a la rge  r e s i s t o r ,  provides for c o i l  energy 

dumping i n  t h e  event.of a normal state t r ans i t i on .  The use of a diode here 

eliminates r e s i s t o r  current  during magnet charge-up. When a normal state t r ans i t i on  

i s  detected t h e  switch t o  t h e  power supply i s  opened, leaving the  r e s i s t o r  a s  the  

only current  path for t h e  magnet current .  The r e s i s t o r  i s  chosen as la rge  a s  t h e  

c o i l  insulat ion w i l l  reasonably allow, so t h a t  maximum energy i s  diss ipated i n  t h e  

r e s i s t o r  r a the r  than i n  t h e  c o i l .  We expect t o  use a r e s i s t o r  value of 0.2 t o  1.0 

ohms. The charging time of  t he  mirror c o i l  s e t  could be as fast  as 100 seconds 

(for a constant 10 vo l t  charging p o t e n t i a l ) .  

One wishes t o  obtain an ea r ly  indicat ion of any normal s t a t e  res i s tance  i n  

order t o  prevent, i f  possible,  a fu l l  energy discharge and t o  automatically a c t i -  

va te  t h e  energy dump c i r c u i t r y  if t h e  full  discharge cannot be avoided. For t h i s  

purpose we w i l l  monitor t h e  c o i l  voltages with a difference amplif ier  i n  order to 

detec t  a resis tance i n  e i t h e r  o f l t h e  c o i l s .  A heater  on the  c r i t i c a l  t u rn  i n  <-,he 
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c o i l  w i l l  a l s o  be used, i n  a manner suggested by John Stekly of Avco*, t o  an t i c ipa t e  

t h e  c r i t i c a l  current  of t h e  c o i l .  Sensors w i l l  be b u i l t  in to  t h e  c o i l  cans t o  

monitor c o i l  can temperature, c r i t i c a l  tu rn  temperature and voltage, and c r i t i c a l  

magnetic f i e l d  i n t e n s i t i e s  near t h e  conductor. 

- 

... 

The e l e c t r i c a l  system f o r  t h e  series-connected Iof fe  c o i l s  is  very similar 

t o  t h a t  f o r  t h e  mirror c o i l s .  Difference voltages w i l l  be monitored f o r  each of 

t h e  c o i l  pa i r s .  

jou les ) ,  so two energy dump r e s i s t o r s  w i l l  be used f o r  speedy discharge while 

The energy s tored i n  t h i s  system i s  much higher (more than 3 mega- 

holding t h e  discharge voltages t o  500 v o l t s  or l e s s .  

also d ic t a t e s  longer charging t imes.  

The higher s tored energy 

A m i n i m .  o f  30 minutes would be expected. 

However, t h e  f i n a l  s tages  of  charging would probably proceed much more slowly t o  

prevent an unpredicted t r ans i t i on ,  so t h e  ac tua l  charging times w i l l  probably be 

i n  t h e  order of 45 minutes. 

each c o i l  of t h e  Io f f e  set, and t h e  various sensors w i l l  be b u i l t  i n to  each c o i l  

The heater  arrangement of Stekly w i l l  be employed i n  

can. 

Pers i s ten t  mode switches would be desirable  t o  reduce helium losses  during 

operation. However, these switches must be very r e l i a b l e  t o  avoid t h e  p o s s i b i l i t y  

of c o i l  damage i f  they  f a i l e d  t o  open during a t r a n s i t i o n .  The development of an 

appropriate switch w i l l  proceed with the  hope t h a t  it might be employed after 

experience has been obtained separately with t h e  c o i l  system and t h e  switc"l. 

Superconducting material i s  scheduled for del ivery i n  July and August. Present 

plans a r e  for operation of t h e  mirror c o i l  system i n  t h e  f a l l  of 1967 and operation 

of t h e  mirror-quadrupole system in  t h e  spring of 1968. 

The assis tance of D r .  C .  N .  Whetstone of A i r  Reduction Company i s  g ra t e fu l ly  

appreciated.  

5Z. J. J. Stekly, "The Performance of a Large MHD-Type Stable Superconducting Magnet If, 
Avco Research h b o r a t o r i e s ,  Rept. AMP 215, Dee., 1966. 
nat ional  Conference on High Magnetic Fields ,  Grenoble, France, Sept . 12-14, 1966) . 

(Presented a t  t h e  In t e r -  
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