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BASEl3Al.I- I I VACUU?;l-BUILDUP EXPERIMEl4T* - - .---.A. ------ .-.. - ----* 

,1a111es Ii . Foote 

Lawrence L i  verniore Labora to ry ,  U n i v e r s i t y  o f  Cal i f o r n i  a 

L ive r r~ io re ,  C a l i f o r n i a  

The i n s t a b i  1  i t y - t h r e s h o l d  data f rom the  Basebal l  I I vaculrill-.bui ll.Iu!:, 

exper inlent a re  now ex tens ive ,  3nd t he  parameter range covered by these 

n le~sure~nents  i s  "I arge. The agreement w i t h  t he  Baseball.  I th!-esho'l d  r e s u l t s  

.i:, poor.  A1 though sorrie o f  t he  t h resho lds  l i e  near- t he  Czasehall I average- 

th;.eshold l i n e  and . i t s  extc?ns.iuri utl an c: = ((,.I p i / w c i  vs e+/wi p l o t ,  illany 

f a 1  1  cons iderab ly  below. 'The l a r g e  spread i n ' t h e  dat;, when p l o t t e d  i n  

t h i s  way, i s  w e l l  o u t s i d e  the  est imateci  exper imenta l  u n c e r t a i n t y .  The da ta  

s c a t t e r  e v i d e n t l y  i s  n o t  due t o  gross i naccu rac ies  i n  o u r  measurements: .a 

p l o t  o f  the  combined f izsebal l  I and Basebal l  I 1  t h r e s h o l d  da ta  shows a  

s . t r on j  and reasonab'1.y wel ' l -de.f ined v a r i a t i o n  o f  d e n s i t y  w i t h  plasma p o t e n t i a l .  

Th is  v a r i a t i o n  i s  appa ren t l y  a m a n i f e s t a t i o n  o f  t h e  c l a s s i c a l  c o l l  i s i o n a l  

relat- i l .ms, which must be s a t i s f i e d  even f o r  i n s t a b i l i t y - t h r e s h o l d  data.  

Se lec ted  s e t s  o f  Basebal l  I I t h r e s h o l d  data,  : j b t a i  ned when exper imenta l  c o n d i t i o n s  

were h e l d  a l n ~ o s t  cons tan t  excep t  f o r  one p a r t i c u l a r  parameter, show a  s t r o n g  

v a r i a t i o n  o f  r w i t h  e+/Wi. Th is  v a r i a t i o n  i s  i n  agreement w i t h  t he  c l a s s i c a l  

e q u ~ t i o n s  h u t  i n  disagreement w i  t h  the Basebal l  I i o n - c y c l o t r o n - i n s t a b i l  i ty  

theory .  There i s  no s a t i s f a c t o r y  exp lana t i on  f o r  t he  Baseba l l  I 1  t h r e s h o l d  



data a t  t h i s  t ime. The quant i  t y  em/Wi appears t o  be no 1  onger the  c o n t r o l  1  i ng 

p a r ~ ~ ~ i e  t e r  f o r  the  i n s t a b i l i t y .  However, the th resho ld  a, I, d maximum ( i n s t a b i l i t y -  

1  i l n i  t ed )  d e n s i t i e s  do seem t o  vary approximately as the  square o f  t he  magnetic- 

2 f i e l d  magnitude, i n d i c a t i n g  t h a t  E ( a n i / B  i s  s t i l l  imbor tan t .  

-.- 

*Work 1,erfornled under t h e  auspices o f  the  U.S. Atomic Energy Commision. 



I. I n t r o d u c t i o n  . -. - -- -. . . --- 

An ex tens i ve  s e r i e s  o f  rneasurenients on t h e  t h r e s h o l d  . fo r  t he  

i n s t a b i  1  i t y  observed i n  t h e  Baseba l l  I (BBI )  exper iment  has been p r e v i o u s l y  

r epo r t ed . '  There, the  exper imenta l  t h r e s h o l d  r e s u l t s  were i n t e r p r e t e d  i n  

terms o f  an i o n - c y c l o t r o n  i n s t a b i  1  i ty  w i t h  Landau damping o f  e l e c t r o n -  

plasliia waves i n  t h e  body o f  t h e  plasma. The p e r t i n e n t  p8rameters i n  t h a t  
3 

t heo ry  a re  n - ((,I ./,uCi ) L  [ q r ~ ~ ? . l / ~ ~ ]  and e $ / ~ ~ ,  where ,, and w~~ a re  t h e  
P' p i  

i o n  plasma and c y c l o t r o n  f requenc ies ,  r e s u e c t i v e l y ,  ni i s  t he  peak i o n  

, dens i t y ,  F1 i s  t he  i o n  mass, B i s  t h e  m a g n e t i c - f i e l d  magnitude, (b i s  t h e  

p l a s ~ l ~ a  p o t e n t i a l ,  and Yli, t h e  i o n  energy.  The BBI t heo ry  p r e d i c t s  t h a t  t he  

t h r e s h o l d  va lues shou ld  g i v e  an ~ . : a e $ / W ~  v a r i a t i o n .  The U B i  r e s u l t s  do 

seem t o  f o l l o w  t h i s  behav io r ,  on t h e  average, and thus  d e f i n e  a 45-deg 

l i n e  on an c vs ej>/I.li l o g - l o g  p l o t .  

I t  was assumed t h a t  t he  san;e i n s t a h i  1  i ty  would be observed i n  Baseba l l  

I1  ( S B I I ) .  Lower i o n  energ ies  werz cnphas ized i n  t h i s  l a t e r  experi111e:it 

i n  t he  ~ x p e c t a t i o n  t h a t  a  s c a t t e r e d  i o n  d i s t r i b u t i o n  would r a i s e  t h e  

i n s t a b i  15  t y - th resh01  d  l e v e l  , i .e . ,  t h a t  t he  exper imenta l  t h r e s h o l d  . ? o i n t s  wou ld  

2 v e n t u a l l y  r i s e  above t he  BBI 45-deg 1  i n e .  It was hoped t h a t  a h i g h e r  and 

!!lore i n t e r e s t i n g  . d e n s i t y  regime c o u l d  be reached i n  t h i s  way. . 

Tlie 3811 r e s u l t s  a re  n o t  as expected. The nilmerous i n s t a b i  1 i t y - t h r e s h o l d  

. rneasurer~ients now a v a i l a b l e  have a  l a r g e  s c a t t e r  on an r vs e$/ldi o l o t ,  none 

h 

. is  . ; ~ I n v e  t he  BBI average-thresh01 d  l i n e ,  2nd many a re  cons ide ' rab ly  below. 

Even those measurements taken under t h e  b e s t  BDI I c o n d i t i o n s ,  where cons i  de rab l  e  

i o n  s c a t t e r i n g  was e v i d e n t l y  o c c u r r i n g ,  f a l l  low. We cannot e x p l a i n  these 



r e s u l t s  a t  t h i s  t ime .  

Th i s  r e p o r t  su~runar-izes t he  0311 t h r e s h o l d  data.  I n  Sec. I 1  we 

t he  data and t h e  manner i n  which t h e y  were ob ta ined .  The c l a s s i c a l  

co"l1 i s i o n a l  equa t ions  have been used t o  check t he  accuracy o f  t he  Ineasure- 

ments, as d iscussed  i n  Sec. 111. We sumniari ze t he  BBI i n s t a b i l i t y  t heo ry  

i n  Sec. I V ,  and t r y  t o  app ly  i t  t o  t he  S B I I  t h r e s h o l d  da ta .  Sonie conc lud ing  

and s u ~ i ~ ~ r ~ a r i z i n g  rerllarks a re  made i n  Sec. V.  

11. I n s t a b i l  i t y -S 'h resho ld  --- Data 

F i gu re  1 shows lliany o f  t he  BBI I i n s t a b i l  i t y - t h r e s h o l d  nleasurenients 

on an I: vs ed,/W. p l o t ,  d e ~ ! ~ o n s t r a t i n g  t he  l a r g e  v a r i a t i o n  ob ta i ned  i n  t h e  
1 

exper i l i ienta l  pa ra~ l le te rs  a t  thresh01 d. The p o i n t s  p l o t t e d  a r e  a  genera l  

sample o f  t he  a r r a y  o f  B B I I  t h r e s h o l d  nieasurenients p resen ted  i n  t h i s  r e p o r t  

( f o r  t he  f u l l  a r r a y ,  see Table I ) .  A d i s p l a y  o f  a l l  t h e  da ta  would have 

r e s u l  t e d  i n  t o o  much o v e r l a p p i  r ~ g  and a  r e s u l  t i  ng l oss  o f  c l a r i t y  i n  the 

p resen ta t i on .  The average- th resho ld  .45- deg l i n e  o b t a i n e d  i n  t he  B81 

a n a l y s i s  i s  reproducekl i n  t h i s  f i g u r e  and extended f u r t h e r  upward, t o  p r o v i d e  

a  coniparison w i t h  t h e  e a r l i e r  work,  

Threshold  f o r  a  g i ven  s e t  o f  c o n d i t i o n s  i s  d e f i n e d  as t h a t  va lue o f  c' a t  

which,  as t h e  plasela d e n s i t y  i s  increased,  d e f i n i t e  sharp  b u r s t s  o f  f a s t  (2300 eV) 

' ions o u t  t he  lni r r o r s  beg in  t o  appear. Son~ewhat above thresho' l  d  , b u r s t s  

. o f  a c t i v i t y  w i t h  f requenc ies  i n  t h e  range o f  t h e  i o n - c y c l o t r o n  frequency 

a l s o  beg in  t o  be d ~ t e c t a h l e .  I n  t h e  v i c i n i t y  o f  a  g i v e n  t h resho ld ,  we 

usual  l y  a d j u s t  t h e .  neut ra l -beam i t i t e n s i  t y  t o  va ry  t h e  01 asnia d e n s i t y  and 



thus deter l i l ine the  t h r e s h o l d  1  eve1 : r a i s i n g  t he  beam above t h e  t h resho l  d  

l e v e l  i nc reases  :: and t l i e  b u r s t i n g  a c t i v i t y ,  w h i l e  l o w e r i n g  t he  beall1 l e v e l  

decreases c ,  and e s s e n t i a l l y  no f a s t - i o n  sp i kes  a r e  then  observed. Thus, 

i t 1  F i y .  1, t he  reg ion  above t h e  p l o t t e d  t h r e s h o l d  va lues has been l a b e l e d  

uns tab1 e, and t h e  r e g i o n  below, qu iescen t .  

Four exper in lenta l  q u a n t i t i e s  a r e  needed t o  p l o t  a  t h r e s h o l d  p o i n t  

i n  F i g .  1: ni, B, 4, and Id Values o f  t he  peak d e n s i t y  ni a re  o b t a i n e d  i ' 

f roln ltleasured va lues o f  t h e  average 1  .i ne o r  vo l  utlie d e n s i t y  by a v p l y i  ng a  

convers.ion f a c t o r ,  assumed app rox i~ ! i a t e l y  cons tan t  f o r  a1 1  t h e  t h resho l  d 

d a t a .  A double-pass 17.-GIiz r ~ i i  c rowave- i  n t e r f e r m e t e r  measurenlent g i  ves 

the  average dens i t y  over  the  nr i  crowave pa ti1 tl.1,-ough t i l e  p i  asnla. 'The 

d ia l l le ter  o f  t he  plasllia i s  assumed t o  be 20 cl:i f o r  t h i s  c a l c u l a t i o n .  For  

the  l owe r  t h r e s h o l d  p o i n t s  i n  F i g .  1, mi c rowave - i n te r f e rome te r  d e n s i t y  

tt~easureinents were n o t  always p o s s i b l e .  There, r e l a t i v e  values o f  ( n ~ J l +  

a r e  used, norl: lal i  zed t o  the  ~llicr.o\*/ave read ings  a t  h i g h e r  d e n s i t i e s .  The 

q u a n t i t y  (nT ) i s  determined fro111 a s i g n a l  e l i l i t t ed  by t h e  plasma d t  t he  e l e c t r o n -  e  

c ; y c l ~ t r o n  frequency, t h e  amp1 i t u d e  o f  which i s  p r o p o r t i  ona'l t o  t he  ( ~ r o d u c t  o f  

t h e  e l e c t r o n  d e n s i t y  and t h e  e l e c t r o n  temperature.  We assume t h a t  k T e s e 4  

over  a  1  i !n i  t e d  range o f  #I, so t h a t  we can e l  i m i  na te  t h e  T v a r i a t i o n  by e  

d i v i d i n g  by (.* Values o f  ( used here  and i n  e(/Vi a re  o b t a i n e d  From a  
. -. - - . - - - - - - . - - - - .- - 
*The plasma p o t e n t i a l  41 and the corr-esponding energy e$, acqu i r ed  b.y a  s i n g l y  

. . .  

charged p o s i t i v e  i o n  escaping t he  plasma r e g i o n  and thus  f a l l i n g  through t h e  

p o t e n t i  a1 d i f f e r e n c e  4, are  used a lmost  i n t e r changeab l y  i n  t h i s  r e p o r t .  



r e t a r d i n g - y r i  d  ana lyzer  p o s i t i o n e d  on o r  nea r  t h e  magnet ic a x i s  cons ide rab l y  

o u t s i d e  t h e  m i r r o r .  The p las~na p o t e n t i a l  i s  de f ined  as e q u i v a l e n t  t o  t he  

b i a s  necessary t o  s t o p  e s s e n t i a l l y  a1 1  t h e  s low* ions l e a v i n g  t h e  p1as111a 

and reach ing  t l i e  de tec to r .  The va lue  rneasured i n  t h i s  way i s  assumed t o  

p e r t a i  11 t o  t h e  c e n t r a l  p l  asrna reg ion ,  where t h e  densi  t y  i s  expected t o  be 

11.i qhest.  A secondary-elcctron-emiss-i on type  o f  fast.-atom d e t e c t o r  a1 sc) 

111or1 i t o r s  .the d e n s i t y  , and, t rac l<s reasonably  we1 1  t h e  va lues deterniineci b,y 

t h e  other.  d e t e c t o r s .  Values o f  Y a t  t h e  cen te r  o f  the  B B I I  magnet ic  

we'l 'I (usua l  l y  19.3 k6 )  a re  ob ta i ned  f r om t h e  superconduct i  ng-co i  'I c u r r e n t ,  and 

Ili i s  take11 as t h e  luean plasma cnergy,  es t ima ted  e i t h e r  f rom t h e  measured energy 

spectrutn o f  charge-exchange n e u t r a l s  l e a v i n g  t h e  !)lasms reg io r i  o r  f r om  

the  n e u t r a l  -bean1 colnposi t i o n .  For  tliost b f  t h e  ED11 t h resho lds ,  11' i s  t h e  

p l  asma i on .  

I n  F i g .  2 we show s e l e c t e d  groups o f  t h r e s h o l d  p o i n t s  p l o t t e d  i n  t h e  

sarlle way as i n  F ig .  1, and a l l  o b t a i n e d  a t  t h e  same va lue  o f  c e n t r a l  

~ ~ i a g n e t i c  f i e l d .  Each group i s  d i s t i n g u i s h e d  by t h e  v a r i a t i o n  o f  a  p a r t i c u ' l a l  

exper . i~ ! ienta l  paranieter. To o b t a i n  t he  s e t s  denoted by t h e  squares and c i  rc ' l  es,  

n i  t h  '4. va lues o f  1 . 3  and 0 .8  keV, r e s p e c t i  ve'ly , a  111etal 1  i m i  t e r  was gradua ' l ly  
1 

I I I O V P ~  toward the cen te r  o f  t h e  plas~na, i!i t h e  p l ane  o f  t h e  f i e l d - l i n e  fan, 

a t  an any le  o f  about  33 deq w i t h  t i l e  ~ i ~ a g n e t i c  a x i s .  Be.cause o f  az imutha l  

p recess ion  and a x i a l  r e f l e c t i o n ,  p a r t i c l e s  t h a t  r e f l e c t  a t  a  va lue  o f  0 g r e a t e r  

than  t h a t  a t  t h e  i n n e r  t i p  o f  the l i m i t e r  shou ld  e v e n t u a l l y  h i t  i t .  Thus, 

t h e  s p a t i a l  e x t e n t  o f  tlhe plasma shou ld  be reduced as t h e  1  i ~ n i  t e r  i s  moved i n .  

Exper in len ta l l y ,  we found t h a t  t h e  i n s t a b i l i t y  t h r e s h o l d  dropped r a p i d l y ,  
- ..-  ..--------- 

* Produced f r o ~ ~  t h e  background ?as by charge-exchange 2nd i o n i z a t i o n  processes. 



even though eg decreased s l ow l y ,  as the  1  i m i t e r  was nioved inward  f rom a  

p o s i t i o n  comple te ly  o u t s i d e  the  p lasn~a t o  a  p o s i t i o n  about 18 cm f rom the  

c e n t e r  ( t h e  l i l i r r o r  p o i n t s  a re  a t  about 44 cln on a x i s ) .  The mean plasma 

energy i s  assumed n o t  t o  have changed s i g n i f i c a n t l y .  

'The o t h e r  se t s  o f  t h resho ld  po.ints i n  F i g .  2 show a  s i m i l a r l y  s t r o n g  

t h r e s h o l  d  v a r i a t i o n ,  even though q u i t e  d i  f f e r e n t  exper imenta l  parameters 

were changed. To o b t a i n  t he  p o i n t s  denoted by t h e  crosses (Hi r 1. I) keV) , 

we v a r i e d  t he  area o f  t ransmiss ion  o f  t h e  n e u t r a l  beam a t  a  l o c a t i o n  a f t e r  

the N2 n e u t r a l i z e r  b u t  before the  ile screen and t h e  sweep tank.  The area 

was changed so t h a t  t h e  o v e r - a l l  beam si.ze was n o t  v a r i e d  s i g n i f i c a n t l y ;  i . e . ,  

an a d j u s t a b l e  "Venet ian b l i n d "  c o l l  imatclr' was used. The t h resho l  d decreased 

r a p i d l y ,  as shown by t h e  data, as t h e  open area o f  t he  c o l l  i l l l a to r  was v a r i e d  

f r o ~ n  100% (wide open) t o  12.5%. For the  remain ing two s e t s  o f  t h r e s h o l d  

p o i n t s  i n  F i g .  2, the  background-gas c o n d i t i o n s  i n  the  plasma reg ion  were 

va r i ed .  To o b t a i n  t he  t h r e s h o l d  p o i n t s  denoted by t he  t r i a n g l e s  (!Jis0.8 keV),  

we adm i t t ed  N2 gas i n t o  t h e  conf inement r e g i o n  through a p o r t  below t h e  plasri~a. 

As t h e  f l o w  o f  gas was increased,  tne  plasma decay t ime decreased fro111 about 

1403 t o  arourld 200 Ins, and t h e  t h r e s h o l d  l e v e l  dropped as shown. The 

diamond p o i n t s  (Uisl .9 keV) were ob ta i ned  by v a r y i n g  t he  d e n s i t y  o f  t h e  ile 

screen i n  t h e  bean1 l i n e  before t he  main chamber. Th is  a f f e c t e d  t h e  amounts 

o f  b o t h  Ne and N2 s t reaming through t h e  plasma r e g i o n  f rom t h e  beam l i n e .  To 

o b t a i n  t he  t h r e s h o l d  d r q ~  slio\.rn, t h e  Flc f l o w  r a t e  t o  t h e  screen was decreased 

by a  f a c t o r  o f  about 2 . 5 .  ( A t  WP0.8 keV, l i t t l e  change i n  t h r e s h o l d  was 

observed as t he  Ne f l o w  r a t e  was dropped.)  



The i n s t a b - i l i t y - t h r e s h o l d  da ta  as p l o t t e d  i n  F igs .  1 and 2 do n o t  agree 

w i t h  t h e  BBI r e s u l t s  and have a  l a r g e  spread. On an E vs e$/Wi p l o t ,  t he  

t h r e s h o l d  t r e n d  f o r  each o f  t h e  va r i ous  i n d i v i d u a l  s e t s  n f  nieasure~rients shown, 

where d i v e r s e  exper imenta l  parameters were v a r i e d ,  i s  much s teepe r  than t h e  

BBI t r end .  A lso ,  i n  comparison w i t h  t h e  B B I  r e s u l t s ,  t h e  t h r e s h o l d  va lues  

i n  F igs .  1  and 2 t end  t o  f a l l  low. The spread o f  t h e  da ta  p o i n t s  i s  w e l l  o u t s i d e  

t h e  es t ima ted  experi.inenta1 u n c e r t a i n t y ,  as i n d i c a t e d  by t h e  t y p i c a l  e r r o r  b a r  

on one p o i n t  i n  F i g .  1. 
I 

Sorr~e o r d e r  can be made o u t  o f  t he  spread o f  t h r e s h o l d  p o i n t s  i n  F ig .  1 

b y  g roup ing  t h e  da ta  accord ing  t o  mean energy. T h i s  has been done i n  F i g .  3, 

where t h e  da ta  o f  F i g .  1 a r e  shown again ,  b u t  t h i s  t ime  w i t h  d i f f e r e n t  symbols 

deno t i ng  d i f f e r e n t  energy ranges. L ines showing average t rends  o f  two o f  t h e  

energy groups have been added. One m igh t  imagine, d i s c o u n t i n g  t h e  sca t te r ,  

t h a t  each energy group d e f i n e s  a  s t eep  t r e n d  l i k e  t h a t  i n  F ig .  2. The l o w e r  

t h e  energy o f  t he  group, t he  f u r t h e r  t h e  group i s  s h i f t e d  t o  h i g h e r  va lues 

o f  e$/Wi. Th is  spread i n  t he  t h r e s h o l d  da ta  and t he  genera l  l a c k  o f  c o r r e l a t i o n  

w i t h  o l l r  p rev ious  work i n d i c a t e  t h a t  e$/Wi i s  no l o n g e r  t h e  c o n t r o l l i n g  parameter  

f o r  t h e  onse t  o f  t h e  i n s t a b i l i t y .  

The impress ion  now conveyed by t h e  B B I I  t h r e s h o l d  data i s  d i f f e r e n t  

f ro in t h e  p i c t u r e  g i ven  when o n l y  about  10% o f  the  p resen t  number o f  

n1easure111ent.s e x i  s t e d .  That i n i  ti a1 thresh01 d  da ta  approx imate ly  f o l l  owed t h e  

- BBI 45-deg l i n e  t o  e@/\J.".l, and then d e v i a t e d   fro^!^ i t ,  forming a  p l a t e a u  
1 

reg ion .  !.!any of' tl-tose e a r l i e r  t h resho ld  ~ o i n t s  t h a t  l a y  c l o s e  t o  t h e  BE1 l i n e  
2 .  

have now been disp1ac.c:: t o  t he  r i g h t  because o f  b e t t e r  e s t i ~ i ~ a t e s  o f  I?:ean o1asr:;a 

enerqy: some o f  t he  fc.)riiier vaicles o f  lrlean energy have been r 'eviset i  downward 



cons ide rab l y  because ~f t h e  l a r g e  ha1 f -energy  component found i n  t h e  beam. 

The p l d t e a u  o r i  y i n a l l y  observed was formed because, as t h e  n e u t r a l  beam energy 

was lowered, a  r e g i o n  was reached where E and q, a t  t h r e s h o l d  stopped 

i nc reas ing ,  and t h e r e a f t e r  changed 1  i t t l e  as t he  energy was lowered f u r t h e r .  

When these a lmos t -cons tan t  t h r e s h o l d  r e s u l t s  were d i s p l a y e d  on an r vs e+/Wi 

p l o t ,  the  decreas ing  Ui spread them o u t  h o r i z o n t a l l y ,  thus  fo rm ing  a  p l a teau .  

As f u r t h e r  t h r e s h o l d  da ta  were accumulated, under var- ious vacuum c o n d i t i o n s ,  

the  p l a t e a u  e f f e c t  con t i nued  t o  be seen b u t  a t  d i f f e r e n t  E l e v e l s  a t  d i f f e r e n t  

t imes .  Supposedly,. t he  l e v e l  o f  the  p l a t e a u  was dependent on t h e  vacuum 

condi  t i o n s .  When many thresh01 d  measurements, taken under va r i ous  c o n d i t i o n s ,  

a r e  colnbined as i n  F ig .  3, the  p l a t e a u  e f f e c t  no l o n g e r  i s  p d r t i c u l a r l y  

apparent .  Ins tead ,  one notes t h e  s teep  v a r i a t i o n  a t  each energy t h a t  was 

d iscussed above, w i  t h  t he  d i f f e r e n t  energy groups be ing  d i  sp l  aced w i t h  r espec t  

t o  one another .  

I n  an a t t e ~ ~ i p t  t o  o b t a i n  an improved c o r r e l a t i o n  o f  t he  t h r e s h o l d  data,  

we have t r i e d  p l o t s  o f  s imp l y  ni versus e+.  For  example, i n  F i g .  4 

we have r e p l o t t e d  t he  t h resho lds  f o r  t h e  i n d i v i d u a l  runs o f  F ig .  2. A f a i r l y  

' w e l l - d e f i n e d  band i s  formed showing a  s t r o n g  v a r i a t i o n  o f  ni w i t h  e+.  The 

s t r a i g h t  l i n e  i s  an approxir i iate f i t .  A s i m i l a r  p l o t  i n  F i g .  5 d i s p l a y s  a l l  

t he  pub1 i s h e d  BBI da ta  and a  genera l  saniple o f  t he  B B I I  r e s u l t s .  The t o t a l i t y  

o f  these t h r e s h o l d  p o i n t s ,  o b t a i n e d  o v e r  a  p e r i o d  o f  about  5'5 years ,  shows a  
- 

s t r o n g  and reasonably  w e l l - d e f i n e d  v a r i a t i o n  o f  n i  w i t h  e4. Dens i t y  va lues 

range ove r  a  f a c t o r  o f  a lmost  600. The BBI r e s u l t s  t end  t o  be i n  t he  l o w e r  
2 

d e n s i t y  reg ion ,  and t he  B B I I  r e s u l t s  i n  t he  h i g h e r ,  w i t h  o v e r l a p p i n g  o f  t he  



two yroups i n  t he  c e n t r a l  r eg i on .  The genera l  c o r r e l a t i o n  observed between 

the  two exper i~nclr i ts tends t o  reassure  us t h a t  ou r  e x p e r i ~ i ~ e n t a l  measurenients 

a re  n o t  g r e a t l y  i n  e r r o r .  

A sulrllnary o f  the  B B I I  and B B I  t h r e s h o l d  da ta  i s  g i ven  i n  Table  I .  

Except f o r  the  few a d d i t i o n s  on t he  r i g h t ,  a l l  e n t r i e s  i n  t h e  t a b l e  were 

reproduced froni punched cards t h a t  were prepared f o r  use i n  t h e  da ta -  

a n a l y s i s  prograni REDIJCE. * 

1 11. __ Co r robo ra t i on  _ by C l a s s i c a l  .. C o l l  i s i o n a l  Equat ions 

The f a i r l y  good c o r r e l a t i o n  observed i n  the  da ta  and t he  s t e e p ,  v a r i a t i o n  

obtained, when densi  ty i s  p l o t t e d  a g a i n s t  p1as111a p o t e n t i  a1 ( o r  e4) , are  

- appa ren t l y  man i f es ta t i ons  o f  t he  c l a s s i c a l  c o l  li s i o n a l  equa t i ons .  Even though 

t h e  dens i t i e s '  a re  t h r e s h o l d  d e n s i t i e s  and thus p e r t a i n  t o  t h e  plasnia 

. i n s t a b i l i t y ,  as a  group they  s t i l l  111us.t s a t i s f y  t h e  c l a s s i c a l  r e l a t i o n s  

because t he  plasrna i s  e s s e n t i a l l y  s t a b l e .  

A way t o  w r i t e  the  c lass. ica1 equa t ions ,  conven ien t  f o r  ou r  p r e s e r t  

a r ~ a l y s  i s ,  i s  

a 3 

(1.8 x l d l a  ' n iu  - no (civ+ I qeve + q,v) t n. I a;lv 
* 

T h i s  program was developed by N e i l  Maron ( r e p o r t  i n  p r e p a r a t i o n )  upon t h e  

sugges t ion  of Brendan McNamara, w i t h  o u r  da ta -ana l ys i s  needs p a r t i c u l a r l y  

i n  mind. I t  has been v e r y  u s e f u l  i n  ou r  a n a l y s i s  o f  t h e  - la rge  amount o f  

a v a i l a b l e  t h r e s h o l d  da ta  (see Secs. I11 and I V ) .  



and 

where 

These equa t ions  a re  ob ta i ned  froni Eqs. ( 1 2 )  th rough  (14 )  o f  Ref. 4. For 

t h e  d e r i v a t i o n  o f  these e q u a t i o r ~ s  and f o r  d e f i n i t i o n  o f  t he  q u a n t i t i e s  ; 

i n vo l ved ,  r e f e r  t o  t h a t  a r t i c l e .  !Je use t he  r e l a t i o n s  

and 

5 I n  Eq. ( 4 )  we have used an e l e c t r o n  t e~npe ra tu re  equal t o  em, s a y i n g  t h a t  

t he  e l e c t r o n s  o f  i n t e r e s t  he re  a re  those w i t h  energy about equal  t o  the  

plasma p o t e n t i a l  ( i  .e. .  they  a r e  e l e c t r o n s  t h a t  can j u s t  escape) .  Equat ion 

( 5 )  i s  a rearranyenlent o f  6 

I n  Eqs. (1) through (51, the  q u a n t i t i e s  W ,  em, and kTe a re  i n  keV. 

We a l s o  use the  equa t i pn  

where fi i s  t he  s low- ion  c u r r e r i t  t o  an end- ioss  d e t e c t o r ,  C 1  i s  t h e  a p p r o p r i a t e  



c a l i b r a t i o n  f a c t o r ,  and t he  l e f t  s i d e  i s  summed ove r  a l l  t he  gas spec ies 

i n  t he  plasma reg ion .  The i o n i z a t i o n  and charge-exchange processes 

represen ted  by t h e  th'ree uv ternis , i n  Eq. ( 6 )  produce t he  s low i o n s ,  which 

a re  then acce le ra ted  by t he  plasma p o t e n t i a l  a long f i e l d  l i n e s  o u t  the  

m i r r o r s .  The p roduc t  f iC l  i s  d i v i d e d  by ni because the  s low- ion  c u r r e n t  

i s  p r o p o r t i o n a l  t o  the  t r i p p e d - f a s t - i o n  ddns i t y  as w e l l  as t o  t h e  backgruund- 

gas densi t y .  We have t r i e d  us ing  s low- ion  c u r r e n t s  t o  two d i f f e r e n t  d e t e c t o r s  

7 i n  the  p resen t  ana l ys i s :  Low-Energy I on  Spectrometer (LEIS)  and a  t j f idded 
8 

d e t e c t o r  near  t he  magnet ic a x i s  a t  t he  n o r t h  end o f  the  ~nagne t i c  f i e l d  (GD) . 

Because LEIS i s  more s e n s i t i v e  t o  a l ignment  than GD, we use t h e  GD r e s u l t s  

i n  t h e  d e t a i l e d  a n a l y s i s  t o  f o l l o w ,  f o r  p o s s i b l y  more c o n s i s t e n t  r e s u l t s .  

To show t h a t  these equat ions suggest a  s t r o n g  v a r i a t i o n  o f  ni w i t h  

e+, as evidenced by F igs .  4 and 5, we r e w r i t e  Eqs. (1) and ( 3 )  as f o l l o w s :  

whe r e  

and 

For s i m p l i c i t y ,  the i o n - s c a t t e r i n g  terl l ls have been dropped here .  For much 

o f  o u r  t h r e s h o l d  data,  these terms a re  r e l a t i v e l y  sma l l .  D i s rega rd ing  a l l  



t he  f a c t o r s  on t h e  l e f t  o f  the  p r o p o r t i o n a l i t y  s i g n  i n  Eq. ( 7 )  excep t  f o r  

the f i r s t  ni, one no tes  a ni cc r e l a t i o n .  The o t h e r  f a c t o r s  t end  

t o  i nc rease  the  v a r i a t i o n  o f  n .  w i t h  e4. I n  p a r t i c u l a r ,  t h e  dependence 
1 

e  on e +  o f  the e l e c t r o n - i o n i z a t i o n  tern1 a. v  and o f  t h e  e l e c t r o n - s c a t t e r i n g  
1 e  

e 
t e r ~ l l  usve s t r eng then  the. v a r i a t i o n .  Hence, t h e  s t r o n g  re1 a t i  onsh i  p  

between ni and em d i s p l a y e d  i n  F i g s .  4 and 5 i s  n o t  s u r p r i s i n g .  [ ~ a r i a t i c ! n s  

i n  o t h e r  v a r i a b l e s  i n  Eqs. ( 7 )  throug!: (9 ) ,  such as n  and Wi, w i l l  t e n d  
0 

t o  b l u r  t h e  ni - e$  r e l a t i o n  somewhat.] 

The c l a s s i c a l  equa t ions  have been used t o  check .in some d e t a i l  t h e  

dccuracj l  o f  o u r  e x p e r i l ~ l e n t a l  measure~nents f o r  two o f  t he  se t s  o f  da ta  i n  

F ig .  4 ( c i r c l e s  and c rosses) .  For  t h i s  a n a l y s i s  we r e w r i t e  E ~ s .  ( 1 )  arid ( 3 )  

once again,  t h i s  t i t i le u s i n g  E q s .  ( 4 )  th rough  ( 6 ) :  

where 

+(i. 'txl ~-~)(e$/o.oYWj . -- L 3/3 . -- 
For  each o f  t h e  t h resho ld -de te rm ina t i ons  i n  t h e  two s e t s  o f  da ta  cons idered,  

we s u b s t i t u t e d  i n t o  t h e  l e f t - h a n d  s i d e  of  Eq. ( 10 )  and i n t o  Eq. ( 11 )  t he  
* 

exper imenta l  va lues of  ni, Wi, 4, and ,fi, c a l c u l a t e d  4 f ro"  Eq. ( lo) ,  and 

compared i t  w i t h  t h e  measured 4. Expec t ing  t h a t  t h e  measured va lues o f  ni 

m i  gh t  have t h e  1  a rges t  u n c e r t a i n t y  o f  any o f  t h e  exper imenta l  q u a n t i t i e s  , 



;lnd a n t i c i p a t i n g  a  p o s s i b l e  sys tema t i c  c o r r e c t i o n  ( t o  be d iscussed l a t e r ) ,  

we a l l owed  t he  ni values i n  each s e t  t o .  be c o r r e c t e d  accord ing  t o  

The q u a n t i t y  C2 i s  an a d j u s t a b l e  cons tan t ,  and t h e  number 90 was chosen 

t o  m in im ize  the  c o r r e c t i o n  i n  t h e  r e g i o n  where we have t h e  g r e a t e s t  

c o n c e n t r a t i o n  o f  t h r e s h o l d  measurements. 

Ay ree~~ ien t  between t h e  c l  ass i  c a l  equa t ions  and e x p e r i  ~ ~ i e n t a l  r-esul t s  

llleans t h a t  each ip c a l c u l a t e d  fro111 Eqs. (10)  and'  (11 )  shou ld  be about  equal 

t o  i t s  cor responding exper imenta l  va l  ue. Our procedure here i s  t o  f i n d  

values o f  C1 and C2 t h a t  g i v e  t h i s  agreement, 3nd then, f ron i  o t h e r  c o n s i d e r a t i o n s ,  

t o  d e t e r u ~ i n e  i f  these numbers a re  reasonable  ones. F igures  6 and 7 rillow t h e  

i n t e r l ~ i e d i a t e  r e s u l t s  o f  t h i s  a n a l y s i s .  There we have p l o t t e d  t he  c a l c u l a t e d  

versus t he  e x p e r i n ~ e n t a l  va lue  o f  ( 4 1 / 1 0 0 ) ~ . ~  f o r  each o f  t h e  i n d i v i d u a l  

t h resho lds  cons idered.  We have chosen t h r e e  va lues o f  C1, spread o v e r  a 

f a c t o r  o f  ten i n  liiagni tude and cor respond ing  t o  ni i n  un i  t s  o f  10' ~ r n - ~  i n  

Eqs. ( 10 )  and ( 1 1 ) .  For  each C1 dnd f o r  each o f  t he  two s e t s  o f  da ta  

analyzed,  we have v a r i e d  C2 t o  g i v e  a  45-deg l i n e  on these p l o t s .  For 

agreement between t heo ry  and exper iment ,  t h e  p l o t t e d  p o i n t s  sho111d f a l l  on t h e  . 

9 = 9 45-deg l i n e  i n  each f igure .  Therefore,  f rom the  r e s u l t s  
ca 1  c . ex per .  

i n  F i g s .  6 and 7 we have i n t e r p o l a t e d  t o  o b t a i n  va lues o f  C1 and Cp t h a t  w i l l  

g i v e  t h i s  agreenient: C1 = 1.23 x  and C2 = 0 .41 i n  F ig .  6, and C1 = 5.7 x  10- 11 

and C p  = 0.50 i n  F i g .  7. 

Our b e s t  e x p e r . i ~ ~ ~ e r ~ t a l  e s t i ~ n a t e  o f  t he  c a l i b r a t i o n  f a c t o r  C1 i s  

9 - ( 2  t 1)  x  10- lo ,  f o r  n, i n  u n i t s  o f  10 cln 3, when us i ng  G O  lneasurenients o f  B .  
I 

Th is  va lue o f  C1 i s  ob ta i ned  from t h e  cor respond ing  L E I S  c a l i b r a t i o n  f a c t o r *  

as c a l c u l a t e d  f rom d e t a i l e d  observa t ions  w i t h  L E I S  o f  t he  r e l a t i v e  amounts o f  

the  d i  f f e r e n t  gas co~liponents i n  the  p l  aslr~a reg ion .  By c o ~ ~ ~ p a r i  ng t.ota1 s l ow - i on  
. ..--- 

*Suppl i ed by Ronal d  K. Goodman. 



c u r r e n t s  ~neasured by  GD and LEIS, we then c o n v e r t  t o  a  va l ue  o f  C1 f o r  the  

GD data.  

When comparing t h e  exper imenta l  es t ima te  o f  C1 w i t h  t h e  i n t e r p o l a t e d .  

va lues t h a t  g i v e  t he  d e s i r e d  m c a l c  - - 
+exper. l i n e s  i n  F igs .  6 and 7, an 

a p p r o x i ~ ~ l a t i o n  made i n  o b t a i n i n g  Eq. ( 14 )  o f  Ref. 4 [ o u r  Eq. (3)] shou ld  

be f i r s t  improved upon. There, the  q u a n t i t y  F(e+/kTe),  which i s  t h e  f r a c t i o n  

o f  s c d t t e r e d  e l e c t r o n s ,  hav ing  s u f f i  c i e n t  energy t o  escape ove r  t h e  p o t e n t i  a1 

b a r r i e r ,  i s  approx imated by exp(-e$/kTe) .  For e(/kTe i n  t h e  range 1.5 t o  3.0, 

whi ch i n c l u d e s  t h e  da ta  p r e s e n t l y  b e i n y  cons idered,  t h e  c a l  cu l a  t ed  r a t i o  

F(e+/kTe) /exp(-eg/kTe)  v a r i e s  f rom 1.76 t o  7.29.  I f  we p i c k  2.0 f o r  a  

re l~r .esent .a t ive va lue  o f  t h i s  r a t i o ,  then, t o  account f o r  t h i s  c o r r e c t i o n ,  

d f a c t o r  o f  2.0 i s  added t o  t h e  denoni inator o f  t h e  two terms i n  Eq. ( 1 1 ) .  

When t h i s  co t - r ec t i on  i s  i n c l u d e d  i n  t h e  a n a l y s i s  l e a d i n g  t o  F i gs .  6 and 7, 

the  v ~ l u e s  o f  C1 niust be r a i s e d  by abou t  28% t o  g i v e  r e s u l t s  l i k e  those 

p l o t t e d  i n  these f i g u r e s .  Thus, the  i n t e r p o l a t e d  va l  ues of  C1 t o  g i v e  t he  

- 
des red 'cal c. - +expe r. l i n e s  i n  F i g s .  6 and 7  beco~ue abou t  1.6 and 0 .7  x  

r e s p e c t i v e l y ,  t o  be compared w i t h  t h e  exper imenta l  e s t i m a t e  o f  ( 2  * 1 )  x  lo-''. 

Th i s  good agreement between t h e  exper imenta l  est. inlate o f  C1 and t he  

v a l  ues needed i n  t he  c l a s s i c a l  equa t ions  so t h a t  meal c.s (exper. suggests t h a t  

the  measured q u a n t i t i e s  d e s c r i b i n g  t h e  exper i rnenta l  t h resho lds  a re  reasonably  

accura te .  I n  p a r t i c u l a r ,  i f  we assume t h a t  t h e  exper imenta l  va l  ues o f  Ui , +, 
and R a r e  subs t a n t i i l l  l y  c o r r e c t ,  r e  have a  check on t h e  v a l i d i t y  o f  t h e  n i  

va lues.  The q u a n t i t i e s  C1 and ni e n t e r  i n t o  Eqs. ( 10 )  and (11 )  o n l y  as t he  

2 
r a t i o  Cl/ni . Thus, a  f a c t o r - o f - 2  change i n  C1 means a  change i n  ni 

o f  o n l y  A- i n  o r d e r  n o t  t o  change cl/n: and thus n o t  upset  t h e  



' ' ' ~ a l c ~ ~ ~ e x ~ e r .  agreement between t h e  c l a s s i c a l  e q u a t i o n s  and t h e  two s e t s  of  

d d t a  dna lyzed  h e r e .  I t appears t h a t  no !nore than  t i i i s  amount o f  u n c e r t i ~ i n t y  

i n  i l e n s i  t y  i s  w a r r a n t e d ,  on .the b a s i  s o f  .the s s ' t . i s f a c t o r y  coalparir ;on between 

i .the r e q u i  r e d  arid e x p e r i m e n t a l  l y  e s t i ~ n a t c d  v a l  ucs o f  C g i v e n  j u s t  above. 
1 

(We d c t u a l l y  useti  t h e  average-dens i  t y  v a l u e s  o f  T a b l c  I -in t h e  f o r e y . i n g  

a n a l y s i s  i n s t e a d  o,F t h e  peak d e n s i . t i e s .  These l a t t e r  nlay be ~ 5 0 %  q r e a t e r  

and a r e  assinned t o  co r respond  t u  the  n~edsur.ed va lues  o f  (b .  However-, t h i s  

c o r r e c t i ~ ~  t o  peak d e n s i t y  i s  co~ l i pa rab le  t o  t h e  re1  a t i  v e l y  s m a l l  u n c e r t a i n t y  

j u s t  d i scussed ,  and t h u s  i s  n o t  o f  m a j o r  consequence.)  

Not  o n l y  i s  l i t t l e  change i n  n ~ a g n i t u d e  o f  t h e  two s e t s  o f  e x q e r i n l e n t a l  

dens i  t y  va lues  needed f o r  ag ree~nen t  wi  t h  t h e  c l a s s i c a l  e q u a t i o n s ,  b u t  a l s o  

l i t t l e  change i s  necessa ry  i n  t h e  n i  vs ( s l o p e  o f  e i t h e r  o f  t h e  d a t a  s e t s .  

T h i s  i s  shown b y  t h e  s m a l l  va lues  o f  Cq r e q u i r e d  t o  o b t a i n  t h e  45-deg s l o p e s  

i n  F i g s .  6 and 7 f o r  o v e r  a  f a c t o r  o f  10 i n  C1. It appears  t h a t ,  a t  most ,  

a  c o r r e c t i o n  r o u g h l y  p r o p o r t i o n a l  t o  ( 1 )  i s  needed, w h i c h  i s  a r e l a t i v e l y  

s l l ~ i ~ l l  change i n  t h e  o r i g i n a l  ni vs e( s l o p e  o f  abou t  3 .5 .  Thus, ::he pleasured 

s l o p e  f o r  n vs g i s  w i t h i n  1 4 %  o f  t h a t  p r e d i c t e d  t h e o r e t i c a l l y .  i 

T h i s  i n d i c a t e d  sy 's tea la t ic  c o i - r e c t i o n  i s  !'lual i t a t i v e l y  c o n s i s t e n t  w i t h  

wi~a.l; one wou ld  expec t .  I n  t h e  p r e c e d i n g  a n a l y s i s ,  we e f f e c t i v e l y  assumed a  

c o n s t a n t  f a c t o r  f o r  c o n v e r s i o n  fro111 t h e  measured average d e n s i t y  t o  t h e  peak 

d e n s i t y  a t  t h e  c e n t e r .  I\s ni and + i n c r e a s e ,  t h e  r a t i o  o f  peak' t o  average 

d e n s i t y  i s  expec ted  t o  decrease because o f  a d d i t i o n a l  i o n  s c a t t e r i n g  dnd 

s p a t i a l  spre i i i l inq . .  These e f f e c t s  w i l l  t e n d  t o  g i v e  a  v a r i a b l e  c o n v e r s i o n  

f a c t o r  anrl C? decreased s l o p e  f o r  peak d e n s i t y  vs 4,  3s suggested b y  t h e  

n u ~ n e r i  c ~ l  z n a l y s i  s  above. 



The c l a s s i c a l  c o l l  i s i o n a l  equa t ions  thus have he lped  check t h e  accuracy 

of  o u r  t h r e s h o l d - d e r ~ s i  t y  l l leasurel i~ents. I n  e f f e c t ,  we have used t h e  c l a s s i c a l  

equa t ions ,  which t u r n  o u t  t o  be q u i t e  s e n s i t i v e  t o  t he  d e n s i t y  va lues when 

used i n  t h e  for111 o f  Eqs. (10) and ( l l ) ,  t o  c o n f i  rlii t h e  exper imenta l  d e n s i t y  

c a l  i b r a t i o n .  Unless t h e r e  i s  sol;ie s t r o n g  d e n s i t y  peak ing e f f e c t  t h a t  v a r i e s  

s h a r p l y  w i t h  p o t e n t i a l  b u t  does n o t  g r e a t l y  a f f e c t  t h e  measured va lues o f  

p o t e n t i a l .  i t  appears t h a t  o u r  nieasurelilents o f  t he  magnitude o f  ni a t  

Lh resho ld  and t h e  v a r i a t i o n  o f  n .  w i L t ~  4 are  reasonably  accura te .  
1 

We assume t h a t  t h e  two s e t s  o f  da ta  analyzed i n  d e t a i l  he re  a re  

r e p r e s e n t a t i v e  o f  a1 1  the .  B9II  t h r e s h o l d  data i n  t h i s  r e p o r t .  The reasonable  

agreerr~ent ob ta i ned  between t h e  va lues o f  t h e  f o u r  measured parameters and 

t he  c l a s s i c a l  p r e d i c t i o n s  g i ves  us more con f idence  i n  t h e  t h r e s h o l d  

n ieasure~~~ents  and t h e i  r apparent  va r iance  w i  t h  t h e  B B I  t heo ry .  

I V .  Comlar ison w i t h  Basebal l  I Theory . - - . -. - - .. -- . -. -- .. - - - -- -- .- - -- -- - -. . . --- - - . . . - - 

The B B I  i n s t a b i  li t y - t h r e s h o l d  t heo ry ,   hi ch i s  based on Landau damping 

of  e l e c t r o n  p l  asllla waves, i s  represen ted  by t he  equat ior i l  

Accord ing  t o  t h i s  t heo ry ,  t he  n l  asnla shou ld  be uns tab le  when t h e  parameters 

For .tile maximum-densi ty p o r t i o n  o f  t h e  plasma d e f i n e  a p o i n t  above the r e g i o n  

d e l i n e a t e d  by Eq.  (12 )  on an e vs e+/Wi p l o t ;  and t he  plasma shou ld  be 

qu iescen t  when t he  p o i n t  i s  below. I n  r e a l i t y ,  t h e  661 da ta  a r e  cons ide rab l y  

spread about an average 45-deg l i n e  on the  r: vs e+/!di l o g - i o g  p l o t .  The 

p l a u s i b l e  i n t e r p r e t a t i o n  t h a t  was suggested f o r  t h i s  s c a t t e r  i n  t h e  da ta  i s  



t h a t  o f  a  normal-illode s t r u c t u r e  f o r  kl : 

Idhen the quan t i  ty In takes on the  a p p r o p r i a t e  i n t e g r a l  va lue f rom 1 through 

6 f o r  each t h r e s h o l d  de te rmina t ion ,  t he  r e s u l t i n g  va l  ues o f  klm agree w e l l ,  

i n  genera l ,  wi  t h  the  exper imenta l  kl s t r u c t u r e .  Whi 1  e  t he  numeri ca l  va l  ues 

i n  Eq. ( 1 3 )  were s e l e c t e d  t o  g i v e  t h i s  correspondence, t he  choices a re  

reasonable when compared wi t h  BBI plasma dimensions. 

The procedure used i n  the  BBI exper imenta t ion  i s  as f o l l o w s :  I f  t he  

plasma d e n s i t y  i s  v a r i e d  ( u s u a l l y  by changing t h e  source a r c  c u r r e n t  and 

thus  v a r y i n g  t h e  beam l e v e l  ) ,  a  1  i n e  of  s l ope  2.5 o r  g r e a t e r  on an E vs e$/Wi 

p l o t  i s  de f ined .  Th i s  assumes t h a t  B  and Wi a r e  cons tan t ,  so t h e  behav io r  

2  observed i s  t h a t  o f  ni vs e$ (because ~ ' c c n ~ / B  ) .  The s teep s l ope  i s  t h a t  

f rom t h e  c l a s s i c a l  r e l a t i o n  Eq. ( 1 ) .  I n  one r e g i o n  a long  t h i s  l i n e  o f  s teep 

slope, where t h e  l i n e  i n t e r s e c t s  t h e  45-deg t h r e s h o l d  l i n e  d e f i n e d  by Eq. ( 12 ) ,  

t h e  plasma passes f rom t h e  s t a b l e  t o  t h e  uns tab le  reg ime (as t h e  beam l e v e l  

i nc reases ) .  I f  we then  change t h e  exper imenta l  c o n d i t i o n s  ( t h e  vacuum, f o r  

example) and aga in  v a r y  t h e  beam 1  eve1 , a new 1  i n e  o f  s teep  sl.ope i s  de f i ned ,  

d i sp laced  f rom t h e  f i r s t .  I f  t h e  vacuum c o n d i t i o n s  a r e  poorer ,  i t  i s  

d i sp laced  t o  t h e  l e f t .  One t h r e s h o l d  p o i n t  i s  found a long  t h i s  l i n e ,  aga in  

where i t  crosses t h e  1  i n e  de f i ned  by Eq. (12 ) .  By v a r y i n g  t h e  plasma 

c o n d i t i o n s ,  a  s e r i e s  o f  t h resho lds  can be determined. The a r r a y  o f  these  

t h resho lds  w i l l  then  g i v e  t h e  45-deg- l ine  behav io r  o f  Eq. (12) ,  n e g l e c t i n g  t h e  

comp l i ca t i on  i n t r oduced  by t h e  p o s s i b l e  spread i n  kl node nurnber. (On t h e  

n  - e $  p l o t  o f  F ig .  5, such an a r r a y  tends t o  d i spe rse  t h e  da ta  b u t  does n o t  i 

d e s t r o y  t h e  over-a1 1 c l a s s i c a l  s teep-s l  ope t r end .  ) 



The s i t u a t i o n  i n  B B I I  seems t o  be d i f f e r e n t .  We have seen t h a t  

va ry i r ig  a  p ~ r t i c u 1 ' ~ r  parameter g i ves  an a r r a y  o f  t h r e s h o l d  p o i n t s  \ v i  t h  a  

s l ope  rnuch s teepe r  thdri a 45-dey l i n e .  For  example, r e f e r  t o  t h e  s e t  o f  

seven t r i a n g l e  p o i n t s  i n  F ig .2 ,  where vacuum c o n d i t i o n s  were v a r i e d  as 
I 

discussed above f o r  BBI: 'The s l ope  f o r  t h i s  s e t  i s  d e f i n i t e l y  s t eepe r  than 

t h a t  o f  t he  BBI average- th resho ld  1  i n e .  The BBII r e s u l t s  j u s t  do n o t  seem 

t o  f i t  t he  e a r l i e r  t heo ry .  

One q u e s t i o n  t o  cons ide r  when t r y i n g  t o  re1  a t e  t he  BBII da ta  t o  the  

UBI Landau-damping t heo ry  i s  whether  t h e  s teep t h r e s h o l d  v a r i a t i o n  observed 

c o u l d  be a  r e s u l  t o f  cont inuous kLniode swi t c h i  ng. F i gu re  8 g i ves  t h e  

h i s t o g r a r ~ i  showing the d i s t r i b u t i o n  o f  va lues o f  I n  kl f o r  t he  B B I I  da ta  

o f  Tab le  I. A s i n ~ i l a r  type o f  p l o t  was p r e v i o u s l y  o b t a i n e d  f o r  BBI.' We 

use Eq. (12) t o  c a l c u l  a t e  kl f o r  each t h r e s h o l d  de te r ! s i na t i on ,  s u b s t i t u t i n g  

i n  e x p e r i n ~ e n t a l  nullibers f o r  t he  o t h e r  paran~e te rs .  As a gu ide,  sorrle niode 

ass i  gn~llents a re  g i  veri above t he  d i s t r i b u t i o n .  Mode nilnibers f o r  t he  R B I  f i t  

a r e  shown, ! ~ l u s  two f u r t h e r ,  somewhat a r b i t r a r y ,  f i t s .  U n l i k e  the  1261 r e s u l t s ,  

n o t h i n g  strony1,y suyyes t i ve i s  ev i den t .  I f  q u a n t i z a t i o n  does occur ,  t h e  

h i g h   node nu~nbers appa ren t l y  needed g i v e  l e v e l s  so c l o s e  t o g e t h e r  t h a t  i t  i s  

d i f f i c u l t  t o  d i s t i n g u i s h  then1 i n  o u r  data.  The l a r g e  peak a ' t  I n  kls 9.8 

shou ld  be d iscoun ted  -- i t  i s  a t  t h e  l e v ~ l  where we made Inany o f  t h e  p e r i o d i c  

t h r e s h o l d  checks. A1 though k1 q11ant.i z a t i n n  i s  n o t  d i s t i n c t  i n  t he  BBII 

t h r e s h o l d  data,  i t  cannot be r u l e d  o u t  e n t i r e l y .  

Quan t i  t , i es  i n v o l v e d  i n  t h e  t heo ry  01' E q .  (12) i n c l u d e  t h e  gy ro rad ius  ai 

and t h e  p a r a l l e l  wave nulnber kll as w e l l  as t h e  p e r p e n d i c u l a r  wave 

number kl . F igu re  9 shows a  p l o t  o f  kl vs ai and i n c l  udes b o t h  t h e  



BBI and B B I I  se t s  o f  t h r e s h o l d  da ta  o f  Tab le  I. A p l o t  o f  k,, vs kL , again 

f o r  a l l  t h e  data,  i s  g iven  i n  F ig .  10. To o b t a i n  k,, one can use 
I I 

k, - 
- 1 

9 

where m./m i s  t h e  i o n - z l e c t r o n  Illass . r a t i o .  Equat ion (14)  i s  d e r i v e d  from l e a  

the  equat ions i n  Ref. 1 f o r  t he  fundamental mode ( n = l ) .  The p l o t s  i n  F igs .  

9 and 10 were made d i r e c t l y  w i  t h  the  aforement ioned da ta -ana lys i  s  program REDUCE. 

The s t r a i g h t  l i n e s  shown are  f i r s t - o r d e r ,  l o g - l o g ,  leas t -squares  f i t s  a u t o m a t i c a l l y  

made by  the  program. These p l o t s  show t h e  d i f f e r e n t  ranges o f  these p e r t i n e n t  

parameters i n  t he  two exper iments,  us i ng  t h e  equat ions o f  t h e  BBI theory .  

We shou ld  ment ion t h a t  t he  v a r i a b l e  Wi i n  Eq. (12)  i s  r e a l l y  the  

pe rpend i cu la r  component o f  t he  p l  asma-ion energy. I n  i t s  p l ace  we have 

used t he  f u l l  mean energy throughout  t h i s  r e p o r t .  The e r r o r  i n  do.ing t h i s  

.should n o t ,  i n  genera l ,  be l a r g e  because most o f  the  th resho lds  were ob ta i ned  

under c o n d i t i o n s  where i o n - i o n  s c a t t e r i n g  was n o t  s i g n i f i c a n t .  For  t he  

t h r e s h o l d  p o i n t s  w i t h  the  h i g h e s t  va lues o f  e and e$/Wi ( u p p e r - r i g h t  p o i n t s  

i n  F ig .  I ) ,  where cons iderab le  i o n - i o n  s c a t t e r i n g  occurred,  reduc ing  t he  f u l l  

mean energy t o  i t s  perpendi c u l a r  component woul d  n o t i  ceably i nc rease  e$/W 
i 

and these p o i n t s  would be moved t o  t h e  r i g h t .  However, they would be moved 

by l e s s  than a  f a c t o r  o f  1.3 (es t ima ted  f o r  a  s c a t t e r e d  d i s t r i b u t i o n  i n  a  

magnet ic w e l l  w i t h  depth o f  2 : l ) .  

V. Concl ud i  ng_ Rema r ks  - -- 

There i s  no s a t i s f a c t o r y  exp lana t i on  f o r  o u r  t h r e s h o l d  da ta  a t  t h i s  t ime.  

As one searches f o r  an i n t e r p r e t a t i o n ,  t he re  a re  d i f f e r e n c e s  i n  t he  BBI and 



BBI I exper iments  thal: shoul  d  be kep t  i n  inind. For example,. .the n e u t r a l  bea~n 

i n  OBI1 passes through t he  c e n t r a l  r e g i o n  a t  an ang le  o f  90 deg w i t h  r espec t  

t o  t he  inagneti c a x i s  i n s t e a d  o f  a t  the  61-deg ang le  i n  BBI.  Th i s  ,geomet r i c  

d i  f f e rence ,  a l ong  w i  t h  t he  p l  asma-trapping ~liode o f  plasma f o r n ~ a t i o n  i n  BB I I  

i n s t e a d  o f  Lo ren tz  t r a p p i n g  o n l y ,  accentuates t h e  d e n s i t y  peak a t  t he  

IT I~~~I I IUI I I  o f  t he  we1 1  . (However, the Phoenix I I exper i l l lent  used perpend icu l  a r  

i n j e c t i o n ,  had a  smal l  a~nount o f  plasma t r a p p i n g ,  and s t i l l  gave r e s u l t s  

t h a t  seemed t o  f i t  the BBI i n s t a b i  li t y  t heo ry . " )  I n  RBI t he  vacuu~n-chamber 

w a l l  i n t e r s e c t e d  t h e  111ilgneti c  a x i s  soniewhat i n s i  de .the maximum-fie1 d  r eg ion ,  
,. ..-. -. . - -- 

w h i l e  i n  QBI I  t he  chamber w a l l  i s  ou is ic le  the r n i  r r o r  r eg ion .  Another  

d i f f e r e n c e  between BBI and B B I I  i s  t h a t  d e n s i t i e s  i n . t h e  l a t t e r  a re  

i n  genera l  cons ide rab l y  h i g h e r ,  as shown i n  F ig .  5 .  Also,  the  g y r o r a d i i  

a re  smal l e r  i n  BB I I ,  b o t h  a b s o l u t e l y  and r e ' l a t i v e  t o  t h e  plasma dimensions. 

I n  a d d i t i o n ,  p o i n t s  i n  F ig .  1 p l o t t e d  a t  t h e  extrcnle t o p  and r i g h t  r ep resen t  

p l  as~na c o n d i t i o n s  f o r  which t h e r e  was cons ide rab le  i o n - i o r ~  s c a t t e r i n g .  None 

o f  t h e  t h resho lds  o f  BOI was ob ta i ned  under these c o n d i t i o n s .  

1.t was e a r l i e r  though t  t h a t  t he  r a d i a l  boundary c o n d i t i o n s  m i g h t  be 

a f f e c t i n g  the t h resho ld .  So, between t h e  f i n a l  two r u n n i n g  pe r i ods  i n  c j ~ l ~ i c h  

we i n v e s t i g a t e d  vacuurn-bui l dup  p l  asina fo r ina t ion ,  we 1110ved o u t w i j r ~ l  o r  ren~ovod 

e n t  i r e l y  probes near  t h e  n ~ i  dp l  ane around t he  c i  rcuni ference o f  .the p l  c?sllla 

These changes had 1.i t t l e  o r  no e f f e c t  e i  t h e r  on the  III~X~IIIUIII-obtainabl e  

t h r e s h o l d  l e v e l  or oti t he  s teep v a r i a t i o n  o f  the  t h r e s h o l d  on an 1: vs eg/Wi 

p l o t .  (However, ap?l!;ing +300 V t o  a  l a r g e  i s o l a t e ' d  screen, whict i  was o u t s i d e  

t he  p las~na  i n  the  n~ idp lane  a t  24 c111 f rom the  cen te r  o f  the  p las~nd,  appeared 

t o  l o w e r  t h e  t h r e s h o l d  l e v e l  cons ide rab l y . )  



'The r o l e  o f  t he  p las~ i la  p o t e n t i a l  i n  t h e  B B I I  i n s t a b i l i t y  i s  unc lea r .  

I t  appears that ,  f ron i  the t l ~ r e s h o l d  data,  :de cannot  say which o f  two ex t re~ i ies  

i s  t r u e .  On the  one hand, t h e  p o t e n t i a l  does n o t  seen1 t o  a f f e c t  the t h resho ld ;  

t h ~ ~ t  i s ,  the  t h r e s h o l d  i s  dependent or1 one o r  more o t h e r  q u a n t i  t i c s .  Accord ing  

t o  t h i s  p o i n t  o f  v iew, JS the  t h r e s h o l d  d e n s i t y  changes, be ing  a f f e c t e d  by 

an 11nknown p a r a ~ ~ l e t e r ,  t he  p o t e n t i a l  a d j u s t s  accord ing  t o  t h e  c l  ass i  c a l  theory .  

Lf'e t h e r e  fo're o b t a i n  t h e  c l  as5.i c a l  re1 a t i o n  between d e r ~ s i  t y  and p o t e n t i a l .  On 

the o t h e r  hand, 'it  night be t h a t  t he  t h r e s h o l d  i s  s t r o n g l y  dependent on ."he 

p o t e n t i a l  . I n  Sec. I V ,  !.~e d iscussed how, accord ing  t o  t he  B B I  theory ,  when 

;I par ; r l~ le ter  such as the  background gas i s  va r i ed ,  a s e r i e s  o f  t h r e s h o l d  p o i n t s  

i s  ob ta i ned  d e l i n e a t i n g  d 45-:leg l i n e  on an E vs c_g/W. o r  n  vs e.$ l o g - l o g  
1 i 

p l o t .  l l s i ny  .the sallle reasoning, one can in iay ine what would  happen 

if an i n s t a l ~ i  li t y  shou ld  y i v e  a  v a r i a t i o n  o f  t h r e s h o l d  d e n s i t y  w i t h  p o t e n t i a l  
. . . . -. . 

much s teepe r  than  45 deg. I f  a  parameter such as t h e  background gas were 

then va r i ed ,  a  s e t  o f  t h r e s h o l d  p o i n t s  would  aga in  be o b t a i n e d  a t  t h e  

i n t e r s e c t i o n s  o f  t h e  va r i ous  c l a s s i c a l  n  - e $  l i n e s  and t h e  t h resho ld .  i 

reg ion .  Th is  t i m e  t he  s e t  o f  t h r e s h o l d  p o i n t s  would  d e f i n e  t h e  s teep  

v a r i a t i o n  p e r t i n e n t  t o  t h i s  i n s t a b i l i t y .  It appears t h a t ,  i f  t h i s  l a t t e r  

case i s  t r u e ,  t h e  dependence o f  t h e  t h r e s h o l d  on I$ i s  c l o s e  t o  t h a t  o f  t h e  

c l a s s i c a l  behav io r .  The u n c e r t a i n t i e s  i n  ou r  t h r e s h o l d  da ta  make i t  

d i f f i c u l t  t o  d i f f e r e n t i a t e  between t he  two p o s s i b i l i t i e s  j u s t  d iscussed.  
..- - 

Wi th  e(p/Wi appa ren t l y  no l o n g e r  t h e  c o n t r o l l i n g  p a r a ~ l ~ e t e r  f o r  the  

i n s t a b i  li t y  , and w i t h  t h e  r o l e  o f  t l i e  p l  as~;:a p o t e n t i a ' l  unc l ea r ,  I h c  cluest.ion 

i s  r a i s e d  as t o  what .is i r i lpor tant .  One worlders what i s  t he  col!nlon denoni inator 

a f f e c t i n g  the  t h r e s h o l d  i n  the  c x l ) e r i ~ ~ l e n t a t i o n  lead ing  t o  t h e  da ta  i n  r i g .  2 ,  

for- which such d i s s i  1i1.i 1  a r  exper i~nenta ' l  v a r i  ab les were changed. The p u r i  t y  o f  



t he  i n j e c t e d  n e u t r a l  beam i s  n o t  c l e a r l y  a  paratneter p e r t i n e n t  t o  t he  

f h resho l  d  1  eve1 . ' , lhether the  i n c i  dent-bea~n composi ti on i s  p redominan t l y  

f u l l  energy, p redominan t l y  ha1 f energy,  br a  rough l y  equal  ~ n i x t u r e ,  t h e  

t h resho lds  s t i l l  f a l l  cons ide rab l y  below t h e  BBI l i n e ,  and t h e  s teep 

v a r i ' a t i o n  w i t h  eg i s  s t i l l  e v i den t .  

One parameter  t h a t  does seem t o  be s t i l l  p e r t i n e n t  i s  E ,  which i s  

2  p r o p o r t i o n a l  t o  niM/B : As B i s  inc reased ,  b o t h  t he  t h r e s h o l d  and niaxiniuni 

2  ( i n s t a b i l i t y - l i m i t e d )  d e n s i t i e s  i nc rease  approx imate ly  as B . Also,  i n  

one s e r i e s  o f  nieasurements ( d a t a  a r e  n o t  i n c l u d e d  i n  Table I), where we 

changed f rom pure  H2 gas i n  t h e  source t o  pure  D2, t h e  t h r e s h o l d  densi  ty 

. dropped t o  0.34 o f  i t s  va lue w i t h  pure  H2. Th is  drop coun te rac ted  t h e  

change i n  M o f  a  f a c t o r  o f  5 and thus E was h e l d  a lmost  cons tan t .  

The t h r e s h o l d  d e n s i t y  may a l s o  depend on t h e  s p a t i a l  d i s t r i b u t i o n  o f  

t he  i n j e c t e d  n e u t r a l  beam. There. a re  some t h r e s h o l  d  measurements (a1 1  t he  

data n o t  i n c l u d e d  i n  Table  I )  t h a t  suggest t h a t ,  when t h e  beam i s  r e s t r i c t e d  

by a  c o l l  i t na t i ng  aper tu re ,  t he  t h resho l  d  d e n s i t y  decreases w h i l e  t he  

. cor responding va lue  o f  e+/W. inc reases .  Th is  i s  i n  c o n t r a s t  t o  behav io r  
1 

such as t h a t  i l l u s t r a t e d  i n  F i g .  2. 
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T A B L E  I 
- - - . . - L . - L - . - - . - - "  - - - - - - . . - - -  .. ..__.. - _ . - _  _ - - _ - - - _  - - - - - - * " - - - - - - - " - - - - - - - - - - - - - - - -  

SUMF.1ARY 8F THC BASEB.9LL I I AI\lD B A S E B A L L  I I NETABI  L l -i'Y -THRESH6LD. D A T A .  -. .. - 

bR'3ER Gz -iHRESI?BLU EXPERI?IEPJTAL PARAPTEI'ERS ON DATA CARDS: 
SET:;; CI+I~US DATA SET DENS I T'I EPS I LON POTENT I A L  ENERGY MAGN FLD DECAY T I ME 
SET?? CARD* MASS BEAM CUR. CBLL IMATR L E i S  BETA OD EETA 

B A S E B A L L  I I  - - - - - - - - - - -  
0.95 0.205 155. 1.34 10.3  1090. 
0.  0 .  0. 
1 .05  0.22'7 136. 0.83 10.3  2040. 
0 .  0. 0. 
1 .07 0.220 130. 0.43 10.3 1470. 
0 .  0.  0. 
1 .42  0.226 i 3 4 .  0.43 12.0 1000. 
0.  0.  0. 
1.14 0.182 157. 1.34 12.0 1140. 
0.  0. 0. 
1 .25  0.199 148. 0 .83 12.0  1190. 
0 .  0 .  0. 
0 .62  0.193 136. 1.34 8 .6  1 470. 
0. 0.  0 .  
0.62 0.193 115. 0 .43 8 . 6  1260. 
0. 0.  0. 
0 .53 0.165 127. 0 .83 8 . 6  1650. 

:: 91. 
0 .  0 .  
0.19'7 145. 1.34 10.3 1410. 

0.  0. 0. 
0 .55  0.119 105. 1.34 10.3 400. 
0 .  0.  0. 
0.28 0.061 93. l .a5 10.3 740. 



- 

3Q 1 30; 
30 2 1 .  
31 1 31 .  
3 1 2  1 .  
3 2 1 32 .  
32 , 2 1 .  
33 1 33. 
33 2 1 .  
3 4  1 34.  
34 2 1 .  
35 1 35.  
35 2 1 .  
36 1 36. 
3 6 2 1 .  
37 1 37. 
37 2 1 .  
38 1 38.  
38  2 1 .  
33 'I 39. 
39 2 2 .  
40 '1 40 .  
40 2 2 .  
4 1 
4 1 2 
4 2 

4 1 .  
1 42:  

42 2 1 .  
4 3 1 43. 
43 2 1 .  
4 4 1 44. 
4 4 2 1 .  
45 1 45. 
4 5 2 1 .  
4  6 1 46.  
4 6 2 1 .  
4 7 1 47 .  

.J7 2 1 .  
4  8  1 48 .  
4  8 2 1 .  
4 9 1 49 .  
49 2 1 .  
5  0 1 SO. 
5 0  2 1 .  
5 1 1 51 .  
5 1 2 1.  
5 2 1  52.  
52 2 1 .  
5 3 1 53 .  





( t h i s  measurement and t h e  six 
marked with nN2n below a r e  t h e  
t r i a n g l e  r e s u l t s  plotted i n  
Figs. 2 and 4) 



113 2 1 .  1.7 0. 0. 
114 1 114. 0.38 0.081 90. ~ 3 .  80 10.3 1350. 
114 2 1 .  1.3 0. . 0. 
115 1 115. 0.43 0.092 92. 0.80 10.3 1400. . . . .  

2 I .  2.0 o e-. ............. .............. ...... ... . 
116 1 116. 0.34 0.073 77. 0.80 10.3 850. ~i 
116 2 1 .  2.8 0. 0. 
117 1 117. 0.29 0.062 77. 0.80 10.3 900. 

........ ...... -- .... .... 1 1 7 2 -.--I--- - -23-. 0~ 1.35 10.3 1600. 
N2 Q ,..- -. 

118 1 118. 0.39 0. 084' .-'-' 99. 
118 2 1 .  0.9 0. 0. 
119 , 1 119. 0.30 0.065 88. 1.35 10.3 1800. 
119 2 1 .  0.6 0. 0. 
120 1 120. 0.130 0:028 79. 1.9 10.3 1500. 
120 2 1 .  0.8 0. 0. 

0.084 91. 0.8 10.3 1500. 121 1 121. 0.39 
121 2 1 .  1.8 0. 0. 
122 1 ':22. 0.27 0.059 72. o. e 10.3 800. 
122 2 1 .  2.9 0. 0. 
123 1 123. 0.36 '0.0'78 83. 0.8 10.3 1050. 
123 2 1 .  2.3 0. 0. 
124 1 124. 0.34 0.073 77. 0.55 '10.3 1100. 

...... ...... ... . . ................. 124 2 , 2 Q. .  L. 

125 123. 0.41 0.089 91. 0.8 10.3 1400. 
H-"' 

2 1 , -.-.L-7 - -  - -  Q , Z., ......... . . . . .  .......... ... .. . .  ....... -; gs. i.. 126. 0.28 0.061 73. G. 8 10.3 900. 
. . .  ................... 12.6 3 . .  - _?  .- -.-.-.-- AL.8 (3... 0 - .... .... ....... 

127 i d , .  0.22 0.047 68. 0.8 10.3 900. 
127 2 1 .  2.1 0. 0. 10.3 

N2 
i .  12:. 0.093 0,OEO 31. 0.9 SOO. N~ 128 _ 128 .- 2.4 0 .  0. 

129 125: 0.065 0.014 52. C. 9 10.3 600. 
.......... . . . . . . .  -..-.. . . 3.0 10.3 0. 

N2 
_J28 2. 1 . 2 . . . ' 1  0. 9 -- 
130 1 130. 0.03i 0.0068 51. 
130 2 1 .  2 . 5  C. 0. 
131 1 131. 0.21 0.046 84. 1.39 10.3 1300. 
131 2 1 .  1.5 0. 0. 
132 1 132. 0.079 0.017 67. 1.85 10.3 0. 
132 2 1 .  1.3 0. 0. 
1 33 1 13:. 0.24 0.052 81. 1.14 10.3 1250. 
132 2 1 . 1  0. 0. 
134 1 134: 0. ' I C 5  0.040 85. 1.59 10.3 1100. 
134 2 . ,c-  1 .  1.3 0. 0. 
135 ' 133. 0.23 0.071 87. 0.80 10.3 1200. 
135 i I .  1.0 a .  0. 
136 1 1 3 6 :  0.3% 0.071 83. 0.47 10.3 1300. 
136 2 1 .  1.8 0. 0. 

0.41 0.088 90. 0.80 ' 10.3 1400. 137 1 137. . . .  ----A 2 .... 4. . +3g33 -.gl. . .  T;-- * -6--. . - . -m-3-. 
138 1 138. 0.43 

0. 
. . .  . 1225 

138 2 1 .  1.5 0. 
139 1 139. 0.41 0.089 83. 0.80 10.3 Neon flow to 
139 2. 1 .  1 . 1  0. 0. 
140 1 140. 0.39 0.084 89. 0.80 10.3 1100.  screen (cc/min) 
140 2 1 .  2.5 0. 0. 
141 1 141. 0.33 0.072 81. 0.80 10.3 .IIOO. 600 

2 2.0 0. 0. 141 1 .  
142 1 142. 0.139 0.030 75. 1.90 10.3 

0. 
1400. 1225 , 

142 2 1 .  1.2 0. 
0,032 76. 1.90 10.3 1600. 2100 ' 1  143 1 143. 0.148 



143 2 1 .  0.9 0. 0. 
0.057 86. 1.90 10.3 1400. 144 1 144. 0.26 

144 2 1.5 0. 0. 1 .  
145 1 145. 0.035 0.0076 55. 1.90 10,3 500. m '  
145 . 2 1 .  - 2.1 0. 

0.093 93. 0.80 10.3 1400. 
*'* J 
50 - 1 146 1 146. 0.43 

146 2 1 .  1.4 0. 0. 5.48 
147 1 147. 0.26 0.056 94. 1.90 10,3 1700. 

0, 4.00 
Open a rea  of 

147 2 1 .  1.5 0. 10.3 1700. Venetian-blind . 
148 1 148. 0.20 0.043 88, 1.90 
148 2 1 .  1 . 1  0. 0. 3.70 
149 1 149. 0.148 0.032 81. 1.90 10.3 1700. col l imator  ( 9 )  
149 2 1 .  . 1.0 0. 0. 2.49 
150 1 150. 0.062 0.0134 66. 1.90 10.3 1400. 

0. 0.80 
$2.5 

150 2 1 .  0.9 0. 
151 1 151. 0.35 0.076 103. 1.90 10.3 1500. lo0 
151 2 1 .  1.7 0. 0. 6.44 
152 1 152, 0.20 0.043 89. 1.90 10.3 ' 1650. 100  

0.018 65. 10.3 900. 
0. 0. 1.32 153 . 2 1 .  0.57 

154 1 154. 0.16 0.035 75. 1.34 10.3 1500. 
154 2 1 .  0.82 0. 0 .  2.62 

36 Relative pos i t ion  

155 1 155. 0.25 0.056 81. 1.34 10.3 1370. 
1.25 0. 0. 4.82 

3 1 of a x i a l  l imi te r .  
155 2 1 .  
156 1 156. 0.40 0.086 85. 1 .34 10.3 1240. 26 Distance (in cm) 
156 2 1 .  1.27 0. 0. 5.53 

1 157. 0.40 0.088 86. 1.34 10.3 1270. from center  of 157 
157 2 1 .  1.30 0. 0. 7.59 

0.090 87. 1.34 10.3 1260. 158 1 158. 0.42 
158 2 1 .  1.50 0. 0. 7.68 

10.3 1090. 
t i p  of l i m i t e r  i s  

159 1 159. 0.39 0.085 79. 0.83 59 minus re la t ive -  I 

2 1.91 0. 0. 4.60 cj) 159 1 .  
160 1 160. 0.27 0.05& 75. 0.83 10.3 1140. 

2.81 0. 0. 
pos i t  ion reading. 

160 2 1 .  1.32 10.3 1510. 
e 

161 1 161. . 0.096 0.021 57. 0.83 
0. 0. 0.76 161 2 1 .  0.81 

162 1 162. 0.34 0.074 75. 0.83 10.3 1140. 
3.80 0. 0. 2.06 162 ' L L L  

BASEBALL I - - - - - - - - - -  
200 1 200. ,004 1 ,0031 16. 15. 5.03 240. 

200 2 1 .  -68 0. 0. 
20 1 1 201. ,0030 ,0020 15. 15. 5.26 300. 
201 2 1 .  .48 0. 0. 
202 1 202. ,0062 .0043 44. 15. 5.21 2250. 
202 2 1 .  .l8 0. 0. 
203 1 203. ,0090 ,0062 54. 15. 5.21 1870. 
203 2 1 .  .34 0. 0. 
204 1 204. ,0030 ,0021 19. 15. 5.17 390. 
204 2 1 .  .73 0. 0. 
205 1 205. ,053 ,034 83. 15. 5.40 1200. 
205 2 1 .  .91 0. 0. 

,0123 .012 26. 10. 4.41 80. 206 1 206. 
206 2 1 .  17.8 0. 0 .  
207 1 207. .0385 ,030 36. 12. 4.92 500. 
207 2 1 .  5.1 0. 0. 
208 1 208. .0254 ,027 63. 8. 4.25 1210. 
208 2 1 .  6.1 0. 0. 





TABLE I NOTES 

General 
A zero or blank entry i n  the table  means tha t  the particular value has ' 

not been entered on the punched data cards. ( I t  s t i l l  may be available 
from the data notebooks or from analog magnetic tape.)  . 

Most we1 1 -analyzed. BBII threshold measurements have been included in th i s  
tab1 e. 

Density - 3  
Units -- 10 cm . 
Typical accuracy -- approximately that  indicated by the error bar in 

Fig. 1 (a range of a factor of 2 ) .  
BBII resu l t s  -- average-density values, u s i n g  microwave-interferometer 

cal ibrat ion,  where a constant density i s  assumed over a 20-cm path 
along a l i ne  through the center a t  about 70 deg to  the magnetic axis.  
These average-density numbers are  the values used in Figs. 4 and 5 and 
in the numerical analysis of Sec. 111, which uses the classical equations. 

BBI resu l t s  -- peak-density values. 

Epsi 1 on 

where A i s  1 for  H+ and 2 for  D+. 
BBII resu l t s  -- in calculating the values of E in the tab le ,  the average- 

density values in the table have been multiplied by 1 .21  to  convert 
them to peak-densi t y  values. (Actually, the plasma radial profi les  
suggest that  a larger number, more 1 i ke 1.5, would have been a bet ter  
conversion factor.  ) The occasional deviation of an E value in the table  
from that  calculated by the above equation ref lec ts  our uncertainty as to  
the best n i  value to  use. 

BBI resul ts  -- the densit ies in the table have already been converted to peak 
values, so no further correction has been made in converting to  values of E .  

Plasma Potential 
Units -- volt .  
Typical accuracy -- '1 0% in the retarding-bias determination. 



TABLE I NOTES (continued) 

Energy 
Units -- keV. 
Typical accuracy -- +I  5%. 
The ion-energy numbers given in the table  are  mean values'. 

Ma netic Field * 
Typical accuracy -- +5%. 
The values given correspond to the minimum of the magnetic well. 

Deca Time 
*s . 
Typical accuracy -- - +25% or better.  
BBI I resu l t s :  

Data se t s  #1-9 -- character is t ic  decay time shortly a f t e r  beam turnoff 
of fast-atom detector (FAD). 

Data se t s  110-162 -- character is t ic  decay time of nTe (see Sec. 11) shortly 
a f t e r  beam turnoff. To convert to the densit  ecay time, a proximately, 
mu1 t i p ly  by the factor  of 1.4 (assuming T p. n3/' so nT a n1 and assuming 
neexp( - t / r )  where r i s  the charac ter i s t i t  decay time 8f the density). 

BBI  resu l t s  -- FAD character is t ic  decay time corrected to  beam-on conditions. 

Mass 
T f X r  H', 2 for  D'. 

Beam Current 
Units -- mA. 
Typical accuracy -- 525%. (The BBI resu l t s  may be less  cer tain.  ) 

Collimator 
Code: 1 -- open (about 3.5-in. diam.), 4 -- 1.5-in. diam., 6 -- 3.5 in. 

diam. with top half blocked o f f ,  7 -- Venetian blind collimator. Collimator 
position for  codes 1-6 i s  in the beam l i n e  before the confinement chamber; 
position for  code 7 i s  further up  the beam l i n e  toward the source. 

LEIS Beta 
See Sec. I11 for  explanation -- not used in the analysis described in th i s  

report. The magnetic f i e ld  was reversed from the- normal direction for  
Data Sets #50-71. Because of alignment sens i t iv i ty ,  the cal ibrat ion for  
these values of LEIS 6 may be somewhat different  from tha t  fo r  the other 
recorded values of LEIS B .  

G D  Beta 
T h e l u e s  in the table  obtained from the gridded detector are  signal 

amplitudes i n  vol ts  fo r  standard amplifier-gain set t ings.  The values 
of the calibration factor C1 in Sec. I I a re  those appropriate for  these B 4 measurements and for  n i  in units of 10 cm-3. 



Fig. 1 .  General sample of i n s t a b i l i t y - t h r e s h o l d  measurements 
i n  B B I I ,  p l o t t e d  as E v s  e+/wi, compared wi th  t h e  
BBI r e s u l t s .  Typ ica l  exper imenta l  u n c e r t a i n t y  i s  
shown by e r r o r  b a r  on one point .  



Fig. 2. Selec ted  groups of threshold  points ,  compared with 
one another  and with t h e  BBI r e s u l t s :  squares and 
c i r c l e s  -- ax ia l - l imi te r  pos i t ion  var ied ,  1.3 and 
0.8 key, r e spec t ive ly ;  c rosses  -- a rea  of t r ans -  
mission of n e u t r a l  beam var ied ,  1.9 key; t r i a n g l e s  
-- N2 gas i n  plasma region va r i ed ,  0.8 keV; 
diamonds -- Ne-screen d e n s i t y  var ied ,  1.9 keV. 



Fig. 3. Threshold data of Fig. 1, plotted again ae & vs 
M i ,  but now with different s~nnbol8 denoting 
duferent energy ranges. Average trends of two 
of the energy groups are indicated. 



F i g .  4. Same threshold data as i n  Fig. 2, but now plotted 
a s  ion densi ty  vs e+. An approximate f i t  t o  t h e  
data i s  shown. 



Fig. 5 .  A l l  published BBI threshold measurements and general 
sample of BBII r e s u l t s .  A f i t  s imi lar  to that i n  
Fig. 4 i s  shown. 





. . , . . . , 

:' ':"'I One data point shown here was l e f t  of f  the earlier 
- 



Fig. 8. Histogram showing the number of BBII threshold I 
I 

measurements in each 0.025 interval of In k, 



Fig. 9. P l o t  of kA vs a i  for the BBI and BBII threshola aata. The 
BBI points are noted.  h he straight line i s  a first-order, 
least-squares fit, ) 



F i g .  10. Plot of kg, vs kL -for the BBI and BBII threshold data. The 
BBI points are noted. The two BBII points grouped in with 
the BBI results  are the only two BBII threshold measure- 
ments i n  Table I for  D+ instead of H'. (The first-order, 
least-squares f it  automatically made by the data-reduction 
program is  not too meaningful here. ) 
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