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In t h e  p a s t  h:i!f 5 2 main e m p h a s i s  in t h e  
O;ik R i d g e  fnsion r h a s  b e e n  marked by 
a c iys i a l l i za t ion  around what w e  call t h e  Ta rge t  
r)!asma Prograui. In a senst:  s u c h  a concep t  is 
b~ no  me;^^ new ( t h e  uld carbon a r c  w a s  a t a rge t  

but t h c  e m p h a s i s  s y n t h e s i z e s  a n d  
relics cpon a .+.ariety of thes re t i ca l  a n d  experi-  
mvntal de-w,elopments tha t  h a v e  gradual ly  been  
developiny,:. Xhe new ta rge t  p l a s m a  is a warm- 
e l ec t ion ,  cold-ion p l a sma  gene ra t ed  by electron- 
cyclotron r e sonance .  A pr imary  novel ty  is t h e  u s e  
of charge-exchange t rapping between i n j e c t e d  H o  
and t h e  cold Hi i ons .  This p r o c e s s  t a k e s  advan- 
tage of t h e  l a rge  resonant  c r o s s  s e c t i o n  a n d  prom- 
ises to b e  much more e f f ic ien t  t han  L o r e n t z  ioni- 
za t ion .  h r c n t z  d i s soc ia t ion .  or co l l i s iona l  
d i i s o c i a t i o n .  

% ~ c l i  a t a r g e t  p l a s m a  concep t  g i v e s  r i s e  to a 
a s s o c i a t e d  q u e s t i o n s ,  some of which a re  

. t 4  in  t h o  p a g e s  ai t h i s  p rog res s  report. 

First ,  t he re  1:; t h e  s u b j e c t  of’ cold-plasma s t ab i l -  
I.,ct us poin: to so,xc of them individrial.ly. 

i;.ation. Tne electron-cvclotron p l a s m a s  appear  
to  r e l y  upon t h i s  f o r  ? h ~ r  s t ab i l i t y  when they are 
generated hetwt.en simple mirrors,  but i n  the  sim- 
t j I< . i t  arrangeiiitiit  too much neutral  g a s  is required. 
\V!ii!e i t  has been shown tha t  t h i s  c a n  h e  a l l ev ia t ed  
b!. gcr.erating the cold plas,.ilci remotely,  i t  is also 
likely that appl icat ion of :I magnet ic  wel l  may a id  
s t ab i l i t y  as t h e  p re s su re  is ieduced. A modifica- 
t i o L i  of t h e  IN-1k:Rt.:?il experiment  will  t e s t  t h i s  
sugges f ion ,  as d i s c u s s e d  in Sec t .  4.3;  only 2 fac- 
tor of 10 in redllctiun of ainbicnt p r e s s u r e  is needed  
in order  t o  meet th:, cond i t ions  of a n  intr iguing 
buildup calculat ion.  In addition, t heo re t i ca l  con- 
s ide ra t ions  (1966) sugges t  t ha t  surpr is ingly l i t t l e  
ccjld p l a s m r i  may h a v e  k i n  important s t a b i l i z i n g  
ac t ion ,  and an cxpcrimental  look a t  t h i s  is to b e  

found i n  t h e  expei i inents  on DCX-1.5 ( s e e  Sect.  
2,3.4). 

i n s t ab i l i t y  to  b e  guarded a g a i n s t .  occuiiil1g :is i t  
d o e s  w h e r ~  t h e  p l a sma  b a s  d i s t inc t  h o t  and cold 
components .  T h e  associcjtcd higrpti-frequ-ccy i n -  
s t a b i l i t i e s  are r eexxn ined  in Sec t .  1 . 3 .  together 
with t h e  re l ie f  to b e  ga ined  by sp rcad ing  the. t’n- 
ergy of t h e  i n j e c t e d  neutral.;. Figuiit. 1.9 suiiiiiia- 
rizes t h e  r e s a l t s  and s u g g e s t s  tha t  ;i log ica l  path 
of entry ; l i t 0  t h e  s t a b l e  rtagime is to  keep t he  cold- 
to-hot dens i ty  ratio l a r g e ,  Lt l e a s t  a t  f i r s t .  T h i s  
c a n  probahly be a c c o i i i p l i s h d  :it suf f ic ien t ly  IOLV 
p r e s s u r e  by keep ing  t h e  p1:isiii.i potent ia l  negat ive.  
a s  h a s  i n  f ac t  been found t o  b e  p o s s i b l e  lil s o m e  
of t h e  electron-cyclotron work. 

Third,  t he re  is t h e  ques t ion  as t( .~ whether  ;I s u t -  
f ic ien t ly  d e n s e  ta rge t  p l a sma  can  tje generated bv 
electron-cyc!otion hcati i ig.  Frolm the ,  experilrients 
at 10 c m ,  3 c m .  and 8 ,nm f o r  t h e  itiIcrclP’ave heat- 
ing,  t h e  dens i t \ .  seems i o  h a v e  k e n  liii1iie.d whe:: 
OJ -- . i-or S .5 -mm microwave:;, for which the  
r e sonan t  f ie ld  is a henl thy 10 k C .  s u c h  a l i  
would set t h e  L$chievable t x g e ?  p l a sma  dens i ty  at 
3 x l o i 3  cri1p3. T h i s  should b e  si ifficient to give 
rapid fas t - ion  buildup i n  p rac t i cab le  p l a s m a  L z n l -  

umes,  even  Ligdinst t h e  penetrat ion of Franck-  
Condon nea t ra l s .  
generated an e:ectron-cyclotron p1:tsnia with 
microwaves.  we  arc iea:;onnbly confident  of obtain-  
i n g  su f f i c i en t  ta rge t  p las lnc i  de r s i t i v  on the  b a y i s  
of extrapolat ion par t icu lar ly  fioiii tht. 3-cm and 
8-mm microwasre cxp 

Fourth.  t h e  questioii  of t h e  s t a b i l i t v  t o  bc de- 
rived from t h e  h r i l i i c l  e l ec t rons  of the  target plasma 
b e c a u s e  of Landau  damping of longi tudinal  w a v e r  
may be counte:;icted to  soiiie extpnt  by the e f f e c t s  
of “Landzu  undaxpiiig.  ” l ’his ,  together  with t h e  

Second ,  there is the  ques t ion  o f  ! h c  “t\vo-hump” 

- 
pe c e  

l ‘hus  al though me Iiave ilot y e t  

v i i  



vi i i  

f in i te  Lairria; radius  e f f e c t s  fiieiiiioiled in  Sect. 4 .3 ,  
vjould see31 to b e  :in rxcc!!ent s u b j e c t  for expe i i -  
mental  i nves t iga t ions .  

Fliial:)., l e t ' s  summarize the  pi-irgiaiiiitl;itic s i t ua -  
tion. Here  there  are threc  a s p c c t s :  in  INTl+;XEM, 
an injected beam of 100 "mA" of 2@--keV neu t ra l s  
i n t o  an election-cyclotron ta rge t  p l a sma  h a s  pro- 
duced  a trapped hot-ion dens i t> ,  in  exce:;s of 10' 
cm -- .?' (Sec t .  3 . l j  with as ye t  no s ign  of radio- 
frcquency activit \-  a t  c , ,  or i t s  harmonics.  'I 'he 
liiiLitatioi3 is regarded a s  set by th:, s p e c i f i c  micrc- 
wa\le hea t ing  p o w t ~ r  
modification of th i s  appa ra tus  t o  a magnet ic  well 
;is mentioned above,  to see i f  t he  cold-neutral  
dens i ty  can  be reduced without s ac r i f i c ing  hydro- 
magnet ic  s t ab i l i t y ;  t h e  enginee;ing of t h i s  change  
is well  advanc-d.  
5.5-mm-heated target p l a s m s  experinieii t  i n  a mag- 
n e t i c  we!] 
wave P!nsma) in s t ead  of UCX-3.  T h e  engineer ing 
a s p e c t s  of t h i s  experiment ,  for which superconduct-  
i ng  coils h a v e  been c h o s e n ,  a i r  not tr ivial ,  and  
s o m e  of t h e  ck,;illmges are desc r ibed  in  Sect. 8.7. 

Turning now fro in  t he  t:irget p l a sma  prograiii to 
other  (but not necessa r i ly  unrelated)  a c t i v i t i r s ,  we 
d e s c r i b e  l i i  Sec t .  ? t he  giowiil of d e t a i l e d  know!- 
edge and comparisons with theory (whe ie  poss ib l e )  
in  the  high-vacuum neutral-injection expenmen t  
DCX-1.5, u s i n g  siriple mirror c o i l s .  No fewer than 
four icgixes are found a t  d e n s i t i e s  of 10' c m  - 3  

and below,  and t h e  txvo tha t  cause par t ic le  !osses 
air found to  b e  contiollahli? by us ing  a s t rong 
enough iiiagnetic field and by cold-plasma s tab i l i -  
zat ion to nearby conduct ing end wal l s .  
t r i cks  the  fast-ion dens i ty  i s  not ins tab i l i ty - l imi ted ,  
and i t  will  b e  importaiit to see how far  t h e  dens i ty  
can  b e  forced when the  vacuum is improved and 
w h e n  the  beam in tens i ty  i s  inc reased .  
measureirients can b e  made i n  a few months in  IMP 
w h m  the  la t te r  coiiis's in to  in i t ia l  operat ion w i t h  
in i i io r  c o i l s  alone. >leanwhile.  t h e  a b s e n c e  in  
INTEk21-Ll of ion -as soc ia t ed  iadio-frequency s ig -  
n a l s  s t a n d s  in agrpernent with the  cold-plasmla- 
s t ab i l i zed  regime in  DCX-1.5 and g i v e s  ub a green 
l ight for t he  ta rge t  plasma program a t  t h e  beginning 
of the  road. 

dens i ty  5 . 10' T h e  afterglow ins t ab i l i t i e s  
are bel ieved :o b c  ve!ocity-space in s t ab i l i t i e s  tha t  
resu l t  f rom cha rge  rxahange ,  s o  be t t e r  pump;ng  
should h e  doubly benef ic ia l .  I t  is important to 
understand t h e  l imi ta t ions  of DZX-2, and o n e  test 

( 1  

T h e  second  a s p e c t  i s  t h e  

T h e  third is t h e  longer-range, 

now c a l l e d  IMP (Injection in to  Micro- 

Kit!: t h e s e  

'l'hese 

DCS-? con t inues  with i t s  very hot plasrn<i of 

(Sect.  3.3) is tha t  of l inear i ty  of dens i ty  with input 
beam current;  unfoiiunateiy the  experiments  h a v e  
iloi yet yicldc:! :A c l e a r  answer.  but t he  beaim ;in-  

provements  iireiiiioned in Sccts. '7.3 and 7 . 4  are  
per t inent .  

T h e  p1;isiil:j of DCX-?. is perhaps the  best-diag- 
nosed  p l a sma  i n  the  u.cr!d: a t  any  ra te .  there  a re  
not many Lithers for which the  d is t r ibu t ion  function 
h a s  becn  measured.  
e spec ia l ly  Lvith the  on-linc LINC-8 computer (Sect.  
3 .2 ) ,  and the  DCS-2 char:icteiist 
and uniform f ie ld  g ive  i t  spec i . , ,  
\ va~ 'e  experinieilis undr r  contii . t ions tha t  lend them- 
se!ves to comparisons with theory.  !'crh;ips wc 
are s e e i n g  <i hint of t h e  beginning u s e f u l n e s s  of 
DCX-:? in  pure p l a sma  p h y s i c s  in  Sect. 3 . 3 ,  which 
describe:; ;i p l e a s i n g  in te rp lay  between theory and 
experiment in  a d r tn i l ed  s t u d y  of Burt-fIarris modes 
a s s o c i a t e d  with the molecular  ion beax. 

l h e  sense  of f rus t ra t ion  tha t  o n e  f e e l s  in  t h c  in- 
j ec t ion  \\Fork t ha t  a f te r  s eve ra l  y e a r s  h a s  not gone 
beyond the 10'- to 1 O i 0 - c n i - ~  dens i ty  range s t e m s  
of c o u r s e  from t he  f:-lct that al though U I I I  sees and 
s t u d i e s  coiiiplex p l a sma  phecomena,  they are cer- 
ta in ly  not t h e  phenomena tha t  pe i i a in  to t h e  fusion 
reactor  d e n s i t i e s .  Despi te  op t imis t i c  buildup ca l -  
cu la t ions  s u c h  a s  v:z h a w  s i d e  in  t h e  target 
p l a sma  program, t h e  road from l o 8  c m - 3  to 10" 

shall c-ertairily require t h e  s t ro i ig  s t ab i l i z ing  t r i cks  
ava i l ab le  i n  t h e  u s e  of magnet ic  we l i s .  s h e a r ,  aiid 
beam energy s p r e a d ,  a s  well ::E t h e  poss ib ly  
we:Iker ones offered by t h e  aitful  u r n  O f  cold 
p l a sma ,  of Landau  damping, and of f in i t e  orbit 
e f fec ts .  

. l h e  advanced in s t ioxen tz i ion ,  

- 

cm - 3 i s  going to be tough. and o n e  f e e l s  iiiat w e  

P e r h a p s  i t  is i i i  i e s p o n s e  to t h i s  fiiiqtration tha t  
we offer iir Sec t .  5.3 some work a t  a dens i ty  of 
l o i 6  deeply in to  t h c  co l l i s iona l  regime. 
T h e  rat ionale  of t i i i h  ac t iv i ty  is succ inc t ly  de.. 
s c r ibed  in  the peit i i lcnt pages .  T h e  high-pressure 
arc work was s t a r t ed  with t h e  ob jec t ive  of measur- 
ing t h p  radiat ive loss  of energy from s u c h  a p l a sma ,  
and although t h e  work h a s  been s u c c e s s f u l  in the  
p re s su re  regime below 20 torrs in  showing tha t  t he  
rad ia t ive  loss is to le rab le  ( l e s s  than 100 Vv','ciii '), 
the  r e s u l t s  :It higher p re s su re  h a v e  so f a r  been  un- 
clear b e c a u s e  of convec t ive  energy t ransfer  to  t h e  

F r o c r e d i n g  with t h e  merition of s o m e  other  ac- 
coinpl ishmects  in  t h e  order  of appea rance .  we  h a v e  
in  Szc t .  4.3.3 ii n e w  var ian t  on  eleciion-cvclotron- 
hea ted  plasiilas, namely,  a n  annular .  high-beta 

b o l o i ~ i e t ~ r .  



(qO", or m o r e )  plasiiiij wi th  suf f ic ien t ly  abundant  ion i n s t a b i l i t i e s  t ha t  involve E f i e lds  a r i s ing  fioni 
e!ectrons above 2.3 Rle?i t o  g ive  an (e,d) neutron 
s o u r c e  s t rength of 10: see- I .  T h e  e l e c t i o n s  a r e  
apparent ly  dr i f t ing  within the  annulus ,  no t  making 
s imple ,  l a rge  c i r cu la r  orb i t s .  
e!ectioii-cyclotron hea t ing  is an at tempt  t o  under- 
s t and  bc t t c r  the nature  of t h e  s t o c h a s t i c  r e sonan t  
hea t ing  (Sect.  1.7). 

in Sec t .  1.1 and  partly in  Sect. 5.4. In t h e  former, 
:in i n i t i a l  look is t a k c c  I:; magnet ic  configurat ions 
tha t  co m hi n c s t e l  1 a r a t o r c h  a rac t  e r i  sti c s with t h o s e  
of toroidal iriultipoles. fol lowing t h e  sugges t ion  of 
1 1 .  Grad.  T h e  HI con tour s  of o n e  s u c h  yield a 
wel l  depth of 1 . 6  (E ig .  1.4), t he  ca l cu la t ion  be ing  
done  i n  t h e  t,e:ical-cylindrical approximation. Ex- 
pv-imental ly .  e f fo i t s  have been  devo ted  to success- 
f u i  l ev i ta t ion  of a toroidal quadrupole,  with t h e  
p l a s m a  in jec t ion  j u s t  s t a r t i ng .  
topolc  winding (Sec ts .  1.1.1 a n d  4.4.4) it may b e  
p o s s i b l e  to F e r f s r m  a useful  comparison of the  
l ev i t a t ed  quadrupole  with t h e  l ev i t a t ed  octopole .  

p l a s m a  interact ion is desc r ibed  i n  Sec t .  5.1, and 
n t w  r e s u l t s  on ion 1,arrdau damping a r e  given i n  
Sect. .5.2. E v i d e n c e  for cc3nvective t ransport  of 
p l a sma  radially outward from a magnet ical ly  con- 
fined hydrogen arc is given in Sec t .  5.6. 

1,i terentine ii-iip:ications. \%'hen two p o s s i b l e  mo- 
t i ons  of the  e l e c t r o n s  are coup led  (in t h i s  case 
longitudinal o s c i l l a t i o n s  and E x N drift), s t rong  
cross-f ie ld  electroli  mobili ty is observed.  T h e  
implicat ion i s  tha t  if proper cont ro l  is appl ied,  
t h i s  e lectron [nubility could be  use fu l  i n  reducing 

Al so  per t inent  to  

Our siil:rll eff:,:t on c l o s e d  s y s t e m s  a p p e a r s  partly 

B y  twi s t ing  a n  oc- 

i rk  o n  E-U reac t ions  produced by beam- 

Section 5.5 makes an obse rva t ion  t h a t  may h a v e  

cha rge  separat ion.  I t  v;ould b? :nteresii l lg to see 
if a sufficient!y well-controlled e x p e r i E i e n t  could 
b e  des igned  t o  t e s t  t h e  siippressicin o f  soiiic -,vel!. 
known instabi!ity by int roducing t h i s  kind of e l ec -  
tron mobili ty.  

In desigi.iiiig non-axi~illy-symmetric uidgnetic co i l  
s y s t e m s  s u c h  a s  the mult ipole  s v s t c n s .  i t  is im- 
portant  b e c a u s e  af t h e  !arge cur ren t s  t o  o p t i x l z e  
t h e  current d i s i i i h t i o n .  
i n g  to t h e  r-cipcs  g iven  i n  Sect.  8.1 e i t h e r  by op-  
t imizing the  current  d i s t r ibu t ion  w i t h i n  the  'iialti- 
p o l e  windings,  or  (u sua l ly  iiiore convenient ly)  b), 
opt imizing t h e  c ros s - sec t iona l  s h a p c  of t h e  wind- 
i n g s  usiiig a uniform current dens i ty .  
conductors  a r e  u s e d ,  s n c h  an opt imizat ion c a n  l e a d  
to  a major s a v i n g  in  conductor  c o s t .  
s h o w s  s u c h  an optiiiiization as app l i ed  to t h e  super-  
conduct ing I M P  c o i l s ,  and when combined with 
some of t h e  requirements imposed by ,TIE:: fezsi- 
b i l i ty  of construct ion.  A l so  connec ted  with the  
INIP engiiieeriilg problem is Sec t .  8 .4 .  which de- 
s c r i b e s  an inexpens ive  mems of eng inee r ing  t h c  
current l e n d s  tha t  must  conduct  sone hundreds of 
amperes  i n t o  t h e  cryostat  t ha t  conraii is  the coils.  

I h e  foregoiiig is a soinewbcit spott4, account  of 
t h e  con ten t  of t h i s  p rogres s  r q o i t ,  iizg!ecting as 
it d o e s  suine in t e re s t ing  i t ems  i n  plasliia theory.  
i n  t h e  c ros s - sec t ion  work. ill superconduct ivi ty .  
and in vacuum development .  Khcc a11 is included,  
we  c a n  point to t h e  f i r s t  half  of 1967 a s  a piogre:;- 
s i v e  half  year .  and w e  look forward t o  t h e  ripening 
of s o m e  of our  preparatory work durillg thc nes t  s i x  
months.  

T h i s  c a n  be  d o n e  accord- 

M'hei: s ~ p c i -  

Figurt .  8 .23  
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Iii addi t ion t o  the  contiiitiing s t u d y  of plasma 
ins t ab i l i t i e s  of iiilpoitance tc t h e  ORNI, fusion 
program, both through l inear  a n a l y s i s  a n d  through 
s tudy  of nonl inear  plasma phenomena, t h e  theory 
and  cornpiitation giodp h a s  recent ly  begun r e sea rch  
in tmo new areas, botli of which stem from t h e  “tar-  
ge t  plasm&” program. S i i~ce  rapid e s c a p e  of co ld  
plasma h a s  a l w e y s  cons t i t u t ed  the  major loss of 
microwave power in  e lectron-cyclotron resonant ly  
hea ted  p l a s m a s ,  and  s i n c e  s u c h  a loss might not 
occur  in a toro ida l  m a p c t i c  trap,  we h a v e  in i t i a t ed  
a s t u d y  of toroidal magnet ic  f ie ld  configurat ions 
which inight h e  s u i t a b l e  for microwave generat ion 
of a ta rge t  plasma.  P r o g r e s s  i n  t h e  a n a l y s i s  of 
toroidal f ie ld  configuibt ions is desc r ibed  in  Sect. 
1.1. 

Seve ra l  i l l u s t r a t ive  problems i n  the  a n a l y s i s  of 
nonlinear plasma phenomon:> h a v e  b e e n  included 
in Sec t .  1.2. T h e  coup l ing  of plasma osc i l l a t ions ,  
ion s o u n d  w a v e s ,  a n d  electromagnet ic  w a v e s  h a s  
been  computed us ing  third-order perturbation 
methods.  and e x p r e s s i o n s  are given, for example ,  
f o r  t he  power radiated from a plasma i n  which t h e  
f luc tua t ion  l e v e l  h a s  some  arb i t ra ry  power s p e c -  
bum. Also d i sp layed  i s  :I pair of coup led  differ- 
e n t i a l  equa t ions  (for t h e  par t ic le  d i s t r ibn t ion  func- 
t ion  and  the  f luctuat ion energy spectrum) which 
include in  a compac t  and  nondivergent form t h e  
Ba le scu -Lena id  equa t ion  for a s t a b l e  plasma and 
thz  quasi- l inear  equa t ions  of P i n e s  a n d  Schrieffer 
fur a n  uns t ab le  p l a s m a .  

Detai led s t u d i e s  of high-fiequency, f lu te l ike  in- 
stabilities 3 f  irnpoitance to the  t a rge t  p l a sma  pro- 
gi-am have  provided a use fu l  e s t i m a t e  of the  amount  
of energy sp read  which m u s t  be ach ieved  in  the  
in jec t ion  of f a s t  pa r t i c l e s  if g r o s s  in s t ab i l i t y  is 
t o  be ,?voided. 
is reviewed briefly in Sec t .  1.3. 

l ’ h e  current s t a t u s  of t h i s  program 

T w o  new deve!opments in the  d i e l ec t r i c  prop- 
e r t i e s  of plasma media and their  exploitation in 
t h e  a n a l y s i s  of inhomogeneous plasma configu- 
ra t ions  are desc r ibed  in S e c t s .  1 .4  and 1 
Sect. 1.4 3 method is p ie sen ted  for eva lua t ing  the  
d i e l ec t r i c  t enso r  for a cyl indrical  plasiila (whose 
e l e c t r o s t a t i c  e igenmodes  are then cy l indr ica l  
waves )  in a n  ax ia l ly  symme:ric magnetic field 
with gen t l e  curvature .  Sect ion 1 .5  then demo;..- 
s t r a t e s  a general izat ion (of the  usua l  “quas i -  
s t a t i c ”  a n a l y s i s  which treats plasma inhomoge- 
ne i t i e s  through a n  ideal ized bou~ld>ii> va lue  
problem. 

The r a t r  a t  which a f a s t  “ t e s t ”  par t ic le  l o s e s  
energy to a p l a sma  through cxc i t a t ion  of co l l ec t ive  
plasma osc i l l a t ions  h a s  been  invest igated for a 
var ie ty  of increasingly rea!istic d i e l ec t r i c  de -  
s c r ip t ions  of the  plasma medium. ;>nd recent  re- 
s u l t s  of th i s  work a r e  desc r ibed  in Sec t .  1.6. 

Fina l ly ,  Sec t .  1 .7  outliner, a primitiire s t o c h a s t i c  
rn ode  I of e 1 ec t r on -c y c 1 o t ton r E :i o;i a n t h e  a t  i n g which 
t r e a t s  the partlclz--n?iciow~ive-field interact ions 
as  co l l i s ion  p r o c e s s e s .  In t h i s  model i t  i s  pos- 
s i b l e  to e s t i m a t e  heating, iates a n d  ve loc i ty - space  
s c a t t e r i n g  r a t e s  aind thus  to gain sonic ins ight  
i n to  t h e  fundainental  s c a l i n g  re la t ions  which char-  
a c t e r i z e  th i s  plasma pioduction,’hcating techniL;ue.  

T h e  e f f ec t  of a /i 4 1 plasma on the ignit ion of 
a D T plasma is derived,  and gia 
are presentcd.  T h e  minimuin allo. 
16nn+kT+,/R:ac is about 0.17 at T 15 keV. 

Invest igat ions of t h e  properticy of plasma es- 
t ab l i shed  by lor en:^ t tdpping of 15 keV : I o  in a 
magnet ic  m i l l o r  t i a p  ( B o  to  14 IiC) haice cont inued.  

Xi 



xii 

'I'wo microinstabi l i t ies  a r e  observed.  One,  which 
w e  t e r n  the  Z mode, is a s s o c i a t e d  with ax ia l  cur- 
rent f luc tua t ions .  
s o c i a t e d  with az imutha l  current  f luc tua t ions .  
addi t ion there are uns t ab le  and s t a b l e  f lu te  o sc i l -  
l a t ions .  

T h e  Z and  the  s t a b l e  flute i;mdes !lace lorn d c n -  
s i t y  th re sho lds  and  d o  not dr ive  proton losses. 
I h e y  a r e  generally t e r a i n a t e d  a t  higher  d e c s i t i e s  
(in the  10' cm-' range) by t rans i t ion  to t h e  0 or 
to the  uns t ab le  f l a r e  mode. T rans i t i on  to e i the r  
of t h e s e  modes e s t ab l i she r ,  a n  ins tab i l i ty  limit on 
plasma acciimulation. 

We find tha t  t h e  0 in s t ab i l i t y  c a n  b e  s u p p r e s s e d  
by operation a t  high magnetic f ie ld  ( B o  -; 12 .5  kG).  
and tha t  the  uns t ab le  f lu te  c a n  b e  suppres sed  by 
opeiat ion with grounded end  wa l l s  c l o s e  to  the  hot 
plasma.  
s u g g e s t e d  b y  the  c o n c e p t s  of l ine-tying s t ab i l i -  
za t ion ,  and  t h e  obse rva t ions  are  compared with a 
i ecen t  theory of s u c h  s t ab i l i za t ion .  With both 0 
and uns t ab le  f lu t e  modes s u p p r e s s e d ,  t he  L and  
s t a b l e  f lu te  modes remain,  and  plasm- cclnfin 
i s  limited by charge-exchange l o s s e s  up  to  trapped 
fast-proton d e n s i t i e s  of a t  l e a s t  1 
the  h ighes t  obtained Ju r ing  t h i s  report period. 

included t e s t ing  a barium neutral iz ing cell for 
production of the  H o  beam and a l s o  p a s s i n g  t h e  
incoming €4' bcrtpi! through a magnesium a r c  op- 
erated in  the  fringing magnet ic  field.  Both ex-  
periments were a t t empt s  t o  enhance  tlie exc i t ed -  
s t a t e  populat ions ov=r t h o s e  routinely ava i l ab le  
with our usua l  rnagnesiuiii ncut ra l izzr .  but nei ther  
w a s  s u c c e s s f u l .  A technique which h a s  produced 
ax  much a s  55% energy sp read  (full width a t  half  
maximum) of t he  trapped protons i s  a l s o  descr ibed.  

l-he other,  t he  0 n o d e ,  i s  as-  
In 

T h e  cont ro l  for the  uns t ab le  f lu te  is tha t  

l o 8  c m m 3 ,  

Cont inuing work toward beam improvement h a s  

Preparat ions h a v e  been made t o  measure the  
veloci ty  d is t r ibu t ion  function a t  t he  t imes of in -  
s t ab i l i t y  o n s e t  during the  plasma decay  following 
beam turnoff in  order to obtain a quant i ta t ive c o m -  
parison with thecry .  i 'he  s c a l i n g  law for ene rge t i c  
plasma dens i ty  vs input beam current i s  be ing  in-  
ves t iga t ed  in  a n  effort t o  ex tend  t h i s  cen t r a l  peak  
s t ab i l i t y  s tudy to  liigher dens i t i e s .  

An ins tab i l i ty  of t he  Karris t ype  h a s  been  ob- 
se ivcd  in the  DCX-2 ion beam. The ins t ab i l i t y  
r e su l t s  f rom a coupl ing of the  ion cyclotron motion 
t o  e l ec t ron  plaslna osc i l l a t ions  a l o n g  the  f ie ld .  It 
d o e s  not l ead  to a g ross  perfarbation of the  ion 
besm t ra jec tory  s i n c e  sa tu ra t ion  occur s  at a low 
leve l  of t h e  r f  e l e c t r i c  fields;. 
from t h e  ins tab i l i ty  propagate  in the  direct ion of 
ion rotation a n d  in both direct ions a l o n g  the  mag- 
ne t ic  f ie ld .  T h e  wave  propagating pzra l le l  t o  t he  
ion beam a x i a l  veloci ty  a p p e a r s  t o  b e  convec t ive ly  
uns t ab le ,  whereas  t h e  an t ipa ra l l e l  w a v e  is abso -  
lu te ly  uns t ab le .  

T h e  waves re su l t i ng  

i? 1 O O - d ,  -eq:iivalent, 20-!:eV neutrtil beam h a s  
been injected into t h e  electron-cyclotron plasma 
( K P )  in  the IN'I'EREM fac i l i ty .  S ince  the  amoun 
of microwave power qva i l ab le  for producing the  
E C P  w a s  only 20 kW cw.  t h e  r e su l t i ng  t rapping 
eff ic iency is lower than  tha t  obtained with the  ful  
40-kW INTEREM ECP l a s t  year.  T h e  dens i ty  of 
hot i ons  is a n  order of magnitude greater with ECP 
t rapping than with gas trapping a s  before aiid is 
s l igh t ly  greater than 10' ions,'cm under favorable  
condi t ions.  Dens i ty  sa tu ra t ion  e f f ec t s  s u c h  a s  
iflight resu l t  from a hot-ion drift  i n s t ab i l i t y  have  
not y e t  b e e n  s e e n .  

For the  immediate fu tu r r ,  measu res  arc k i n g  
taken to provide a higher s p e c i f i c  microwave power 
dens i ty  and a higher  bean  current  in  order to  in- 
crease t h e  hot-ion dens i ty  t o  a l eve l  permitt ing ex,- 
aminat ion of the  drift-cyclotron in s t ab i l i t y  dens i ty  

R e c e n t  experiments  in  ELMO employing 8-mm 
microwave power i n  a l a rge  cav i ty  h a v e  shown 
our previous not ions about  t he  s p a t i a l  d i s t r ibu t ion  
of r e l a t iv i s t i c  e l ec t rons  t o  b e  in  e r ror .  T h e  ie l -  
a t iv i s t i c  e l e c t r o n s  r e s ide  in  a th in  layer  near  t h e  
cavi ty  wa l l s  and  are suf f ic ien t ly  d- ,rise to  c a u s e  
a 1 0  t o  20% depres s ion  of the  vacuum field.  

The electron-cyclotron plasina i s  c r ea t ed  in a 
2 : 1 ini r ior  f ie ld  with up to 3. kW of 8-mm micro- 
wave  powe:. 
cm in  rad ia l  ex ten t  a t  a n  ave rage  radius  of 9 ciii 

c r e a t e s  the  f ie ld  dep res s ion .  F l u x  coils p l aced  
around the  microwave cav i ty  typical ly  ind ica t e  
40,000 Mx flux c h a n g e  when the microwave power 
i s  turned off. A flux c o i l  inser ted into the  c e n t e r  

threshold.  

.... 
l h e  belt of e l ec t rons  from 3 to 4 



of thp cav i ty  s h o w s  a f i e ld  i n c r e a s e  when  t h e  
niicrowave power is on, i nd ica t ing  tha t  t h e  p l a sma  
is in the  form of a n  ahinulus a n d  that s m a l l  ener- 
ge t i c  e lectron o rb i t s  (p l a sma)  rather than l a rge  
concen t r i c  o rb i t s  ( r ing  currents)  a r e  r e spons ib l e  
for t he  inaiiifest energ)  p;irameters,  s u c h  as high 
,/; and la rge  Coulomb-dissociat ion neutron flux. 
heu t ron  prodhciion froiii Coulomb d i s soc ia t ion  of 
deuterium a l l o w s  a measu re  of the  number of cl-ec- 
ti-oris above  2.1 McV and theyeby provides  d is t r i -  
bu t ion  function inform:iti.on. R a d i a l  and  a x i a l  
p iof i les  of the  high-/+ belt  h a v e  been  p lo t ted ,  and 
correlnt ional  in te rpre ta t ion  of N e T ,  a n d  t h e  clec- 
tron d e m i t y  above  2.2 MrV with t h e s e  prof i les  

ihe average T r  to b e  w e l l  below 
i-der t o  t a k e  ad;-antage sf the  e x p e  

I andau d a m p i n g  by w:iriii e l ec t rons  of many in- 
s :ab i l i t i es  z t  ion cyclutron frequencies  in  hot 
p l a s m a  syster;i:; wi th  liiliited a x i a l  l ength ,  i n t e re s t  

njeet ion experiments  i n  INTEREM h a s  b e e n  
' i d .  It i s  hoped that by modifying the mag- 
c!c! geciiietry b\ adding quadrupole  c o i l s ,  

the resul t ing mininium-l? field wi l l  r e su l t  i n  sup-  
press ion of low-frequency instabi!ities in  the  
e ,cctror i - -c l , ic lotron-he~~t~d plasma and thereby per- 
m i t  i t s  use as a i:irget for injected fast neu t r a l  

p ) s s i b i e .  Ca lcu la t ions  c a i i i z d  out  in  t h e  p a s t  
indicxted tha t  a t  p r e s s u r e s  lower than 
: i d  for beam cur ren t s  of l e s s  than 1 A i n j ec t ed  
ir:to a c~ -c lo t ro r i -hea t td  p l ,+sma with a n  e l ec t ron  

prcshilit'.s lower than  p resen t ly  

torr 

. i ty of 3 I O ' . '  e l x t r o n s  cm3,  o n e  iiiay a t t a in  

ic ns ciii.'. 

i i i L i r o ~ v ; i ~ ~ c  power a t  3 c i i l  :vavelength wi l l  provide 
:I test o f  the s u i t n h i l i t v  of the quadrupole ,  mini- 
m;im-R magnet ic  f ie ld  for rhe production of the  
dtasirc5 target p l a s  . !$~we-~-ct,  b e c a u s e  of t h e  
re la t ive ly  low frequency,  !he expec ted  e l ec t ron  
density should [not excced 10" e l e c t r o n s / c ~ n ~ ,  
a n d  the t rapped ion dens i tv  i s  e x p e c t e d  to b e  te- 
diiced by an cW<:ii l a rger  fzctcr b e c a u s e  of t h e  
s!;,all i a d i a l  ex ten t  of t h e  plasma.  Never the l e s s ,  
ii>n in jec t ion  cxperii i ients into the  3-cm t a rge t  
plasma nre expeLted to be useful in  determining 
t h e  iic;tral p re s su re  a t  the cen te r  of the t a rge t  
p i a s m a  and producc ion d e n s i t i e s  t ha t  may h e  of 
in:cres! for comparison with in s t ab i l i t i e s  prr-  
d ic t ed  theoret ical ly  a r i s i n g  f r o m  t h e  two  groups 
of ions p i e sen t .  

The expe:ii-.i;nts i n  INTEREM wi th  

5 PLt.SM4 PHYSICS 

An unusua l  deuterium plasiiic< is genc 
reflex e l ec t ron  beam oil the  a x i s  of ;I s 
ne t i c  mirror t rap  w e  cs l l  Burnout V. 
is extremely ' tu rbulen t  ( r f  r ad ia t ion) ,  appea r s  to be 
highly ion ized  (iTeJtral sp -c t r a  reduced b y  1Ci3)), 
and  e m i t s  F1-l) react ion products ( I O 3  protons 
sec-' crn ~ , ' j .  \Ye h a w  desc r ibed  the :ipparatus 
a n d  s o m e  of the a s s o c i a t e d  phenomena p rev ious ly .  
He r e  w e  des c r i b e  the t e:: h n iq u t  f o r d e  t e  r m i ni n g 
t h e  plasma origin of t h e  I)-i) react ion protons.  
u s ing  nuc lea r  e,iiu!sioi;s a n d  :i ('SI crvst:il-!ight- 
pipe---photomultiplier combination. i\ 10"; b a c k -  
ground of wa l l  r eac t ions  ver i f ies  the p resence  of 
energet ic  deuterons.  Thr ;;r 
h a s  been  found t o  d ra s t i ca l ly  rediice the 
rate. Containmec: timc was 
urcd, but is thought to be  s e v ~ r n l  !iundreds of 
cyclotron pc:iods. 

Spec t roscop ic  t echn iques  wc::: appl ied to t h e  
spec t rum l i n e s  of deuter ium in a n  effort t o  f ind  
c h a n g e s  in tiit. phys i ca l  cond i t ions  o f  t hc  mode ! 
plasma which would explain the s:tdden onset of 
mode 11. No c h a n g e s  VI'I-TC o b s e n e d .  The meas- 
ured quan t i t i e s  were t h e  atomic exc i t a t ion  tc.n 
a tu re  ( 1 ,  e\'). e lec t ron  tcmperaturt. (1 e W ,  and 
e l ec t ron  number dens i ty  (1.1 . 1 0 ' '  - r i p  

1 0 l 4  ~ r n . . ~ )  ave raged  over  a diameter .  

waves  a s  a function of wave  frequency.  Ikiniping 
in  t h i s  exp2r ixen t  is acc-omplishcd by introducing 
a l igh t  contaminant  ion specie:; into :i Ii?avy-ion- 
species plasrra. Z y  choos ing  ;i ci,ntcltii;nant ion 
whose  theriiial ve!ocity is t h e  s a m e  C I S  the veloci ty  
of the  wal'e. s t r o n g  L a n d a u  daliiping c a n  bc, ~ f -  
fected with only a fzw pcrcent  con ta jn ina t ion  by 
the  added  ion species. 3 0 t h  quan t i t c l t i vc  tind qual-  
i t a t i ve  agreeriient : ( a s  beer, found t ietween experi-  
mental  0bse:v::tions aiid the  predic.tions of a 1inc::r 

theory for a twc,.icn-specie:; plasm..t. 
n ique for s tudy ing  Landau  damping see.r,s superior  
to previotis t echn iques  in\ .olving sir ,nificant vari-  
a t i o n s  of the  bulk propert ies  of t hc  plasin:+. 

with t h e  propezties of a fully ionized plasma sur -  
rounded by neutral  gas. 

temperature ,  dens i ty .  a n d  s t a b i l i t y  a r e  studied. 
ohmically hea ted  plasma cyl inder  :s Ejroducc:! in 
the  magnet ical ly  colliin.ated helium a r c  betwceii  ail 

T h e  p l a s m a  

1.3 . 

We h a v e  studiz:! Landau  dam!iing of ion a c o u s t i c  

1 h is  tech-  

T h e  high-pressure arc experiments  are consz rned  

Power ba lance  ::nd plasma 
A n  



i ncandesce  ii i  t u n  gs t e 11 ca thode  a iid a w a t e r-c oo 1 e d 
copper  anode .  
reduce ave ragc  power and operated :it peak  cuiren! 
up to 5000 A in a fie!:! varied up to 20 k G  with 
surrounding gas a i  p re s su res  up to 200 toris.  
powctr input t o  the  k m - d i a m  a rc  column approxi- 
iilates .5 kK c m .  Measiiremenis of power removed 
by radiat ion a n d  other  p r o c e s s e s  arc  in progross .  
S pe c t r os c o p i c ob s e ii;a t ions  in d i c a t  e e 1 e c t ro n d e  n - 
s i t y  up to ' , 3  I 10' '  ' C i f i 3  ht 100 torrs g a s  p re s su re  
and nearly full  double  ionizat ion of t he  helium in  
the  core a t  p r e s s u r e s  !ess than 100 torrs.  
the s igna l  rriagnetically induced ili ti loop sur -  
rounding the a rc  tho magnet ic  part of the presslire 
confining the  ::rc plzisma is ca l cu la t ed .  To ta l  arc 
piasilia p re s su rc  r:..-eragcd over ;I 2 -cm-disiiI columi1 
i i i i i e a s e s  f r o m  1.50 to  280 torrs a s  g a s  p re s su re  
i n c r e a s e s  f r o m  15 to 150 toris. No ev idcnce  of 
irrstnbility i s  found a t  present  operat ing cond i t ions ,  
but s t rong  s t eady- s t a t e  osc i l la tory  s i g n a l s  of 10  
to  100 kHz correlated a l o n g  the  3ic a r e  obscrved 
with lower cu r ren t s .  P r e s e n t  r e su l t s  indicate  no 
difficulty in maintaining R hot p l a sma  surrounded 
by il-utral g a s  a t  some  t e n s  of tor is  gas  pressure.  
They  provide n o  information regarding the  poss i -  
bil i ty of u s ing  higher g a s  p re s su re .  

a t  100 torrs of hclium h a v e  been obtained for t h e  
pulsed 5000-A magnet ical ly  cons t r a ined  heliwn 
arc .  

T h e  sma l l - scu lc  program in  toroidal multipole 
plasma coi;finemei.,t s t u d i e s  is now undo: way. 
T h e  in i t ia l  experiment ,  u s ing  a s m a l l  quadrupole ,  
invest igated the  feas ib i l i ty  of u s ing  6 0 - H ~  e l e c -  
tromagnetic lev i ta t ion  a s  a so lu t ion  t o  the  hoop- 
sl,lppoit-loss problem p resen t  i n  e x i s t i n g  toroidal 
multipole d e v i c e s .  A larger model (35-cm d i a d  
\vas  built for  plasiiia s t u d i e s  having a scu lp t ed  
iiiteifial cross s e c t i o n  to minimize induc tance  and  
hoop coupl ing.  thereby liiaximizing field s t r eng th .  
In t h i s  improved geometry the so l id  coppe r  hoops 
could b e  lev i ta ted  with only a small-amplitude 
osc i l l s t i an  for the  to ta l  duration of e a c h  pulsed 
plasma cxperirrien: (", s e c ) .  A maximum field 
of , 3  kG near the  hoops h a s  been  a t t a ined  ivith 
only one-half the p o s s i b l e  m a x i m u m  flux (i.e.,  
iron) threading t h e  quadrupole.  A crowbar de- 
s igned tc extend the  durat ion of the  magnet ic  
field to  a t  l e a s t  5 msec h a s  been cons:iacted; the  
ear l ie r  crowbar on the  slim11 quadrupole r e s s l t ed  
in a f ie ld  with a n  8-msec decay  time. Inject ion 
of plasma froiri a titaniuili washe r  gun in to  the  

Thu arc is per iodical ly  pulsed to  

P e a k  

F r o m  

Axia l  e l ec t ron  d e n s i t i e s  up io  3 .7  I_ 10" e:'cinJ 

lev i ta ted  quadrupole  h a s  begun,  a n d  f i r s t  inter- 
pretat ions of the  double  probe s i g n a l s  indicate  
plasma ac t iv i tv  for a t  l e s s t  the f i r s t  t rans i t  
around the  Each ine .  

F i e ld  ca l cu la t ions  and lev i t s t ion  experiments  
conce rz ing  a t;qisted octopole  a r z  !icing carrier! 
out. In addi t ion ,  microwave equipment  is be ing  
a s szmbled  for ECRM experinsf i ts  in  both the  quad-  
rupole End octopolc  .:iagnotic field configuiat ions.  

T h e  Penn ing  ion gage .  becnuse  of i t s  e l ec t r i ca l  
siii-iilarity to  DCX.  h a s  heen used  to s tudy  e l ec -  
tron t ransport  across a niagnctic field.  Methods 
of t ransport  cont ro l  by means of tuned Lvalls h a v e  
been  developed.  

Th- f luc tua t ions  in poten t ia l  and ion sa tu i a t io i l  
cur ien t  t o  Langinuir probes i n  t h e  h a l o  of t he  hy- 
droge, a r c  h a v e  shown coireki i ions a t  fieqilencies 
of approxiiilstely 7.50. 50, and  2 kr 
vz!ocity of t h c  f luctuat ions a t  250 k c  cor re sponds  
approxiiiiate!y t o  the  diamagnet ic  drift  veloci ty  as-  
soc ia t ed  with the  arc coic. 
gation i s  in the  dir-ciion of c!ectron drift.  

the decay  of the  r m s  saturat ion-cuir  
with radius  w a s  found t o  b c  considerably shorter  
than the  mdia l  d i s t a n c e  determined f r o m  the  prod- 
uct of t h e  measure? i a d i a l  velocity and  the  d e c a y  
time of the  ions froiii the  plasma as s e e n  on the  
detector  at one end  of the  field.  
t he  dens i ty  f luc tua t ions  d o  not remain coherent  
throughout t he  l i fe t ime of the  ions  in t h e  plasma.  

T h e  p h a s e  

'l 'he seme of propa- 

TZc i cd ia l  correlat ion d i s t a n c e  determined f r o m  

J'his iI--';- l ~ p L L i s  that  

Both e x p e r i n z n t a l  and theu re t i ca l  s t u d i e s  haLc 
continued t o  e luc ida te  the  formration a n d  propert ies  
of the  highly exc i t ed  Rydberg s t a t e s  of i so topic  
hydrogen molecu le s .  Us ing  computat ional  tech-  
niques s imilar  t o  t h o s e  -sed in ca l cu la t ing  in te rna l  
conversion i a t e c  in nuclear  phys i c s ,  theory iiidi- 
c a t e s  t h a t :  
iiioiiiEat d e c a y s  f a s t e r  by auto- ionizat ion than H 
w i t h  only i t s  quadrupole  coupl ing;  ( 2 )  t rans i t ion  
r a t e s  or l i fe t imes  for \ I  2 t rans i t ions  are  of t h e  
order Qf m i l l i s econds  for HD and  secor.ds for H ,; 
(3) only e!ectronic s t a t e s  for I 0 h a v e  l i fe t imes  
greater i h n  the  par t ic le  t rans i t  t imz 31 IO-' sec; 
and (4) e l ec t ron ic  s ta te r ,  for ' 0 decay  rapidly 
via \I 0. \I, 1 t rans i t ions .  Experimental ly ,  

(1) HZ, with i t s  added rionstatic d ipo le  
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n o  d i f f e rences  within s t a t i s t i c a l  l imi ta t ions  h a v e  
been found in  t h e  s t a t e  population of HD and  $1, 
iormed by e!ectron cap tu re  co l l i s ions  i n  t h e  energy 
in te rva l  25 t o  400 keV.  Popu la t ions  of H'and H,' 
a r i s i n g  froil l  d i s s o c i a t i v e  c o l l i s i o n s  of w,' and  H~ +, 

c 3 factor of 2 to 4 less than tha t  
ap tu i c  ?recess. E x c i t e d  s t a t e  

popi.ilations of u ,' werc approximately 50% grea ter  
th;rn for H ,~ througliuai t he  energy range. 

Nonresonant charge- t ransfer  p r o c e s s e s  h a v e  b e e n  
siTddied for th? argon i o x  A r 3 '  to A r 5 +  i n  argon 
and for xcnc:: i ons  Xe" ' t o  Xe" e in t h e  rare gases 
ineon t o  xenon.  Rcilritivc cross s e c t i o n s  have  b e e n  
fiicssured for t he  tiailsfpr of 1 t o  4 e l e c t r o n s  within 
;i .;tattering a n g l e  of -0.5 ' '7 1. 5 0 . 5 O ,  and in  t h e  
case of Xe"  *-Ar, and  Xe" *-Ne c o l l i s i o n s  a b s o l u t e  
cross s e c t i o n s  .sere obtained.  A l l  p r o c e s s e s  ex -  
hibit  c r o s s  s e c t i o n s  of tne order of lo - ' '  tin' for 
s ing le  cha rge  t x n s f e r ,  with double  c h a r g e  t r ans fe r  
O:! to 0.3 tiiiics :is lsrgc: cis s ingle-electron t r ans -  
fer. A notable  excep t ion  is the  co l l i s ion  Xe-Ar 
wi le re  t he  cross s e c t i o n  was found to b e  c o n -  
s i s t e n t l y  grcater for the, double  captiire e v e n t .  
M;ignitudrx a n d  energy d e p e n d e n c e s  of un,,, in 
t h e  energy r a n g e  of 0.5 to  1 .5  keV t imes t h e  cha rge  
ri of the  pri,iiaip ion show a n  irregular behavior  
which does not permit cxtrapolat ion by s i m p l e  em- 
pi r ica l  r e l a t ionsh ips  to  higher ene rg ie s  and to col- 
l i s ions  i r v o l v i n g  ii2oi-e highly charged ions. 

Summaries arc presented foi the  fol lowing ex-  
p:.ril:,cints: K-Anger e i cc t rons  i n  argon; e i ! I ~ +  
c r o s s e d  ,bc:::n rxpcr i ,nent ;  low -energy e l ec t ron  

hydr.>gein pa r t i c l e s  i n  me ta l l i c  
). cha rge  exchange  of H a  a n d  

!!* i n  grises;  r e sponse  of s i l i c o n  s u r f a c e  barrier 
d:.tectois t i  heavy  ions ;  a n d  progress  of t h e  Atomic 
a:id Molecular Processes Information Center .  

i .  ESIGH-CURRlr&': ION BEAM 
P I: OD U C T I @?-I AN D I NJ E C T 1 ON 

.I s t u d \  IS u n d e r  vvap t o  dcterminr  t h e  c a u s e s  
ot p i e s e n t  Iirnitdtron oi bran1 Intensity.  A probe 
h,is been mid? vthich caii measure the angu la r  
d i s t r ibu t ion  of the  rap5 of i n t e n s e  d c  beams  as a 
fuiiction of rad  pos i t ion .  1 h i s  d e v i c e  has s h o w n  
tha t  t he  e f f ec t  of s p a c e  cha rge  produces s e r i o u s  
d is tor t ion  in bealiis, c i c n  under  cond i t ions  of g ross  
neutisl lLdiion. In  fac t ,  s o m e  effects a r e  most se- 
vere ,IT h iyh  p , e s s u r e  lvheic neutral izat ion is best. 

P robab ly  rad ia l  e l e c t r i c  f i e lds  in the inagnctir: l ens  
a r e  r e spons ib l e .  The effect of nonnniformity of 
curvature  of t h e  plasma s u r f a c e  ::!so can  b e  seeti. 

A var ie ty of other  experiments  have been pcr- 
f o i m d .  A ncw l e n s  c o i l  designed to have  a high 
degree  of symmetry and  a sn ia l l  s t r ay  field gives 
r e s u l t s  comparable  to previous l z n s  co i l s .  T h e  
s m a l l  s t r ay  f ie ld ,  however, may put it a t  a d i s -  
advan tage  by reducing magnet ic  gradients  a t  the  
ion sourcp.  Modifications are b r i n g  m a d e  t o  per -  
mit control  of t h i s  gradient.  A n  al l -copper  target 
ca thode  w : ~  fuund to  give compaiablc  r c i n l t s  to 
t h e  previous S O l l i C f  which, u s e d  a f::r:oma gnc:ic 
inser t .  A four-electrode s o u r c e  and a mcigliesiuliri 
vapor cell h a v e  been ins ta l led  on INTEREX. an t i  a n  
equ iva len t  current  of 150 m.4. of 20 k e V  H" h 3 s  
bcen  in j ec t ed .  .4 reservoir  a d d e d  t o  increase the  
volume of t h e  region betweeii i n t c rned ia t c  e l e c -  
t rode and  a n o d e  in  t h e  DCX-2 source !xis reduced 
t h e  turn-on t ransient  t o  :i v a l u e  of less t h a n  1.3 
times t h e  s t e a d y  current  and  h x s  pcrni t ted a n  in-  
c r e a s e  of injected !$,+ cur l t i l t  into D C X - ~  iroiil 

about  55 mA to a b o u t  7 3  m1-. Thy ?,arts f o r  the  
non-PIG 600 keV acce le ra to r  11:rvt. k e n  complsted, 
a n d  it is in the  f ina l  s t a g e s  of as:;t.riil)!>. 

For sev - ra l  new Flasmd phys ic s  rcse:!rch facil- 
i t i e s ,  extznsive wcrk 011 rnagnctic-field ca1t:u- 
l a t ions  and  c o i l  d c s i g n s  is being done.  
of t h e s e  projects ccmcein t h e  production of W , ,  I l i  

f i e ld s .  For cxaii iplc,  a d e s i g n  w i t h  v.ater-cooled 
windings has bee- ;i:jdc for t he  ID; 1 EHEM fnc i l i tv .  
For t h e  IhW project  a supe rconduc i i i l g  rnagnc: 
s y s t e m  (cons i s t ing  of t w 3  m i r r o r  coil:; a n d  t w o  
different pa i r s  of coils gsnci:,:ing ;i qu : id rup~ le  
field) w i l l  be :]sed. DifPic L L I t  cingi.iwri;ig ~ J L O ~ J -  

lems m u s t  b e  so lved  in Larious f i e ld5  (for in- 
s t a n c e ,  appl ied superconduct ivi tv .  cr i  u g e n i c s .  
mechanical  cng ince r ing ,  a n d  \':jciluiii t t~c! :n ique) .  

b a s e  for opt im ia i  ag non-;i x i a l  1v -s y ;I? iiie t r ic a 1 iiia g7- 
net  s y s t e m s  with large . inp cros> s e r t i o n s .  
T h i s  computat ion method is V C T : ~  genc:;:J :and c a n  
b e  app l i ed  t o  the  volume optirliizat ion (if siiper- 
conduct ing magnet s y s t e m s  and to the  po~x?: "p- 
t imization of c o n v e n t i o t i ~ : ~ ~  s v s t e l l i h .  

Sc:.z::il 

We s u c c e e d e d  in devclopiny ;i s o u n d  +heoretic:i i  
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A new tcc!:nique far the  constri icrion of helium- 
vapor-cooled current l e a d s  h a s  been developed.  
T e s t s  with cu r ren t s  up t o  1300 A proved the  high 
eff ic iency of th i s  des ign  for introducing cu r rcz t s  
in cryogenic  s y s t e m s .  
of a great number of Ineta! a l loys  w z r t  ;ce::suied 

T h e  magnetic propert ies  

i u m  temperature.  The motivation w a s  

strl ictuial  u s e  in  magnet s y s t e m s .  where a s i z a b l e  
field d i s tu rbancc  by the  ;;echanical s t ruc ture  m u s t  
b e  uvoideri. 'The development  of InAs a n d  InSb 

robes for magnetic flux s c a n n i n g  a t  
ures has heen c o i i t i n u d  and s igni f i -  

the su i t ab i l i t y  of t h z s c  a l l n y s  foi 

can t  progress  h a s  been ach icvcd .  
Our recent  experiments  in superconduct ivi ty  w e i c  

concerned iiiostl? w i t h  the  phys ic s  of flux flow1 
phenomena. in  superconductors  of thz second  kind. 
These b a s i c  invest igat ions ;:re of great in te res t  
for e luc ida t ing  the  in t r ica te  s t ab i l i t y  problei;is of 
superconduct ing windings.  

Desorpt ion of hydiogeli by e l ec t ron  boiilljardiuent 
of solid hydrogen is one 3 f  t he  phenomena ex- 
pected in the  MP fac i l i ty .  A s tudy  of t h i s  de .  
sorpt ion is be ing  undertaken. 
will  b e  u s e d  for the  experifi1c;its is described. 

Use  of r e s idua l  g a s  anal;i?rs f u r  the  p rc s su re  
range of 
i s fac to iy .  Conseqvcn t ly ,  aLi appa ra tus  h a s  b e e c  
a s sembled  which inc ludes  

i^he appa ra tus  wliich 

torr a n d  higher  ib ilot general ly  s a t -  

. T C C  pliiiiping 
s t a t io l i  anti a r-sidual g a s  
t u s  wi?! a l low a n a l y s i s  in plasil-ra e:cpccii,ic,ital dr-  
v ices  operat ing at p re s su res  f rom IO-' to  liiorc 

than IĈ ' torr. 

i -  

Chemical  s t u d i e s  are cont inuing in two =stab-  
l ished dircc:ions. 
bombardment p r o c e s s e s .  T h e  other is i ~ i ~ p ~ O v ~ i n ~ ~ ~ ~  
of ana ly t i ca l  capab i l i t i e s  in vaci:um s y s t e m s  u s i n g  
m a s s  spectrometry.  

One is the  s tudy  of electron 
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R. E. Budwirie C. E. Parker  

b.or s e v e r a l  y e a r s  it h a s  been c l e a r  tha t  one  of t h e  d i rec t ions  in which electron-cyc1ot:on-hcnted 
(ECH) p l a s m a s  could  proceed w a s  toward t h e  u s e  of a c l o s e d  magnetic confinement  sys tem.  Three  im- 

p ~ r t a n t  advantages  acciu'  to  a hypothe t ica l  environmental  p lasma experiment i f  it  is made toroidal: (1) 
I'here ir, t h e  poss ib i l i tq  of c!ininating or reducing  hot  ion l o s s  through t h e  loss c o n e s ,  :;o tha t  highe: der, 
s i t i e s  a r c  ::chievable in the  a b s e n c e  of i n s t a b i l i t i e s .  
sevcri '  l imitat ion a t  high magnetic f i e l d s ,  would b e  very much reduced if ( loss -cone)  e x a p e  of cold plasinr? 
i.uc:e e l imina ted .  (3) If t h e  cold p lasma i s  wel l  conta ined ,  then s u c c c s s f u l  operat ion at reduce?, background 
pressure  wuuld reduce charge  "exchange  l o s s e s  of hot i o n s ,  again making Fligher densities feas ib le .  

(2) Microwave power requiremeii ts ,  which are a 

Because t h e  e s t i m a t e s  of Fowler  and  Karikiii [Pr'asmo Phys. 6, 513 (1954>] of power ba lance  in a hypo-  
or reactor  showed only a marginally favorable  energy b a l a n c e ,  w i t h  ind ica t ions  that pe:heps a 

factor  of 2 gaiii is p o s s i b l e  i f  mirror losses a r e  e l iminated,  i t  becoiiles i n t e r e s t i n g  to s tudy the  region 
interiiiediate to t h e  two ext remes  of open  configurat ions (mirror t raps)  aiid c l o s e d  configurat ions.  

geometr ies .  
bc. a s k c d  in judging t h e  feas ib i l i ty  and u s e f u l n e s s  of an  experiment and t h e  
q u e s t i o n s  can h e  answercd  with a degree  of a s s u r a n c e  without resor t ing  to 
r e s u l t s  and coiiiiilefits given ii7 the  r e s t  of t h i s  s e c t i o n  represent  t h e  f i rs t  a t tempts  iii thcsc di rec t ions .  

ir, p lasma or p a r t i c l e  beams  (Tokamak,  S c y l l a c ,  and Astson) there are left the following najor classes of 
; : , t  

hiive b e e n  inves t iga ted  e x t e n s i v e l y  and found to b e  subject to developmelit of la rge  der,sity f luc iua t ions  
and to  short  p lasma l i fe t imes .  T h e  mul t ipo les  have  yielded r e s u l t s  that  a r e  ra ther  inore encouragins .  a l -  
though there  remain open q u e s t i o n s  concern ing  interpretat ion of t h e  experiinefits. 
formation i s  a v a i l a b l c  about combination machines ,  and no deta i led  weighing of their o b j e c t i o n s  and a d -  
v a n t a g e s  h a s  been  made. 

- l h u s  there  is a d e q u a t e  mutivation for inves t iga t ing  in  some  depth the proper t ies  of t h e  i.ariou:, toroidai 

erminaiiun of wliich of t h e s e  
itniiiarl, experiments .  T h e  

Neglec t ing  configurat ions where t h e  magnet ic  f ie ld  is detetmincd to a cons iderable  ex ten t  b y  currer,:s 

Two very important p a r t s  of t h i s  inves t iga t ion  a r e  the d e t z i x i n a t i o n  of whst  q u e s t  ions  should 

Icvi t rons,  s te l la ra tors ,  mult ipoles ,  and combination machines .  Of these. the f i r s t  tv;o 

1 , i t t l e  e 

.... ~~~~ ~ ~~ __ .. ~ . 

'On leave f r i i i n  Nor th  T e x a s  S ta te  Univers i ty ,  Dentori, ' r e x .  

- C o n s  u I t  an t  , C l e  ms on Un i v r r s  i ty  , Clem s on, S . C. 
"C on s u 1 t an  t , En i v ('7s i t y t f 're nne s s e e  . 
'On l t a v c  f r * > m  l l l e l b o u ~ ~ i c  University,  Melbourne, Australia.  



At OXNL,  c i  :mall  experiiiiental group h a s  begun io look into thc  propert ies  of ECH p l a s m a s  ii-i toroidal 
quadrupoles  (Sect.  5.4). arid a modest effort  combining theore t ica l  and experiiiieiltal work is b e i n g  expended 
on combination machines .  

Cnmbi nat ion Mnchi nes 

Among many poss ib i l i t i e s  are two that a r e  be ing  coiisidered in de ta i l .  Their  common fea ture  is the  
u s e  of the  mcgnetic f ie ld  produced by he l i ca l  multipole windings (F ig .  1.1). T h e  f i r s t  fol lows a suggcs- 
t ion  by H. Grad' which s a y s  tha t  a cer ta in  s e t  of an i so t rop ic  d is t r ibu t ion  funct ions would b e  s t ab ly  cori- 
fined near  t h e  magnet ic  a x i s  threading t h e  windings.  The s e c o n d  poss ib i l i t y  uses the  same windings,  hiit 
ope ra t e s  with a n  i so t ropic  (Maxwellian) p l a sma  which surrounds the *:indings as  well  as  f i l l ing  the region 
near  thc  a x i s  

Since t h e  conductor  configuration is common to  the  two cases,  w e  d l  proceed to inves t iga t e  he l i ca l -  
mult ipole  fie!ds with both t y p e s  of p l a sma  experimext in  mind. 

The rezson tha t  t he  confiprrat ion i s  i n t e re s t ing  for anisotropic  p l a s m a s  is tha t  t he rc  a r p ~  surrounding 
the  magnet ic  a x i s ,  c l o s e d  toroidal surfac:.? having t h e  "niaxiiilui-i-IB' property"; that  is ,  t h e  magnitude of 
t h e  field a t  t h e  su r face  e x c e e d s  the va lue  everywhcic  in s ide  t h e  su r face .  T h i s  e n s u r e s  t h a t  R distribution 
funct ion f&, E ) ,  where p = maglietic momer.t, ad iaba t i ca l ly  conserved, and E = Far t ic le  energy.  will cons t i -  
t u t e  a n  equilibrium confined within o n e  of t h e  suifacrs. 
c l e  drift s u r f a c e s  arc confined.  

idea would b e  potent ia l ly  useful  a s  a reac io l ,  even if i t  d o e s  prove t o  h a v e  for tunate  s t ab i l i t y  proper t ies .  
I t  is tempting t o  think that t he  e x i s t e n c e  near  t h e  magnet ic  a x i s  of c l o s e d  iiia_hn~tic sur faccs  (defined 
later) ,  o n  which there  need b e  no l o s s  coiies,  could l ead  to enhancement  of t he  ecoiiomic b a l a n c e  over t ha t  
of siiirple miiror s y s t e m s .  

I'he equilibrium is confined b t c a . i s e  s inp le-par t i -  
If r j f , 'dL'  *: 0, the  equilibrium i s  s t a b l e  according 10 t h e  theory of ref. 5. 

Sincz s u c h  an equilibrium is anisotropic  and  h a s  loss c o n c s ,  it remains a n  oper, ques t ion  

~~~ ~ ......... . . ..... ~ 

H. Grad, PI1j.s. Rev. I-CrtCrs 18. 585 (1967). 5 

f i g .  1.1. Hel ica l  MIlltipole Windings. 
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I h e  most  i n t e re s t ing  h e l i c a l  sys te ln ,  a toroidal he l ix ,  is not  ana ly t i ca l ly  t r ac t ab le  and requires  ex-  
T h e  c o d e s  for f inding f i e ld  v a l u e s ,  fie!d l i nes .  magnet ic  s u r f a c r s .  and t e n s i v e  numcri,al ca l cu la t ions .  

Id; s u r f a c e s  h a v e  b e e n  implemented b u t  a r e  not  ye t  fully t e s t ed .  

gible,  t ha t  i s ,  c a s e s  ;Vi& a very l a rge  a s p e c t  ra t io .  We h a v e  inves t iga t ed  t h e s c  cases irl .iuixr de ta i l  
wliiie t he  to:oidal c o d e s  wt‘re b e i n g  readied,  and the  r e s u l t s  form the  remainder of t h i s  report .  
curvature  i s  neg l ig ib l e .  t h e  coil s y s t e m  h a s  hel ical-cyl indrical  symmetry (hereafter. H-C . 
lends to a n  c s s c n t i a l  s implif icat ion o€ the a n a l y s i s .  

lying on a cy l indc i  r - :i c o n c m t r i c  with a z axis. 
cons tan t  k .  
iidtes. Each filament makes k,’27i tu rns  around t h e  axis  in  a unit  d i s i m c e  a l o n g  the a x i s .  
t h e  f i lament  i s  a t  an a n g l e  tan - ’  (ka) with r e s p e c t  t o  t h e  z a x i s ,  w h i c h  h e r e  is the  rridglietic a x i s .  
1.1 

Migapt ic  S::sf.oces. - It  i s  of i n t e r e s t  to know the magnet ic  s u r f a c e s  f o r  an H-C symmetr ic  sys t em.  If 
th-:; a r e  close:! within t h e  boundar i e s  of an experimental  sys t em,  the re  e x i s t s  a iconfined equilibriuni Lvith 
s c a l a r  (hlaxi<ellian) plasiiia p r e s s u r e  cons t an t  on any  given su r face  a n d  varying from surf 
Iioweve:, t h i s  nced s o t  b e  a s t a b l e  equilibrium. 

pl,isma, pressur? p ,  carrying current i 
bar ic  su r face ,  g iven  for example  b y  a n  q u a t i o n  @(r, 8, z> = cons tan t .  
and s i n c e  B .  ( i F ,  a] - 0, we h a v e  tha t  p’(@) B grad F o r  t h e  nont r iv ia l  s i t ua t ion  j j ’ ( : : ) )  / 9, there  
is a pa i t icu lar  solut ion (1) : “, + kr.4, to t h e  magnet ic  differential  equat ion B =grad (1) ~ 0. provided only 
that A is a funct ion o n l v  of I )  - -  kz, a s  it is i n  the case of H-C sylliilletiy. I t  i s  (ll(r. !), z )  i_ cons tan t  that  
wc-  wi!! ~ise to define our magnetic su r faces .  

T h e  solut ion A, I~ krAr i s  not a uniquz solution to the  mngne:ic differential  eqs:ition. but  t h i s  lt.,ds 
t o  no ambiguity,  s i n c e  t h e  s u r f a c e s  a r e  t h e  s a m e  for all so lu t ions .  
lahels for the s u r f a c e s ,  but their  geometry i s  invar ian t .  

A”,nalytically. o n e  can t r ea t  cases where t h e  cu rva tu re  of t h e  magnet ic  a x i s  (to f o r m  a toroid) is rictgli- 

‘,‘,’hen t h e  

_I. - 
Curren: ?t io:xet ts .  - We a s s u m e  tha t  E3 7 cur l  A is gene ra t ed  by current  filarneiits whii::i iirf hc l i cps  

in  cy l i i id i ica l  coordi-  
All s u c h  f i l amen t s  are a s sumed  to h a v e  t h e  saliie p i tch  

At each poin t ,  
‘ r h u s  t h e  current  d e n s i t y  is i = i(r, 0 - kz) ,  a n d  j r  = 0 ,  wiiile j F  = kr j  

S e e  Fis. 

_- l o  de f ine  s u c h  a s u i f a c e  we reca l l  the condi t ion for b a l a n c e  of forces on an i n t i n i t s i m a l  c!ernt-n? of 
in  a field B: grad p = i, j .  8 .  Now p 2 cons tan t  de f ines  an iso- 

P 
Then zrad p -~ (grad fb j  dp((1)) <I<:>. 

= 0. 

Another solut ion wi l l  g ive  diffcic.;;t 
l h e  solut ion chosen  h e r e  has t h e  propei i ies  

(1 i 

T h c  3-C syiiiniet:): and t h e  finding of a n  exac t  magnet ic  s u r f a c e  fuiiction (1) g ive  u s  ;I w r y  po;verful 
tool for anaLyLing f i e l d  s y s t e m s .  R e s u l t s  in t h i s  a n d  the fol lowing subsec t ion  depcnd on11 on t h i s  f ac t  
an(! aie independcnt  of t h e  d e t a i l s  of t h e  external  current d i s t r ibu t ion .  

Stabil i ty.  . Grads h a s  d i s c u s s e d  the  s t ab i l i t y  of f(p, E )  p lasn ia s  in  an H-G sym1iiet:ic c ,u i t ipo le  field.  
Cyclotron-  and drift-frequer.cy in s t ab i l i t i e s .  which a r e  o u t -  Kithin h i s  thpory, t h i s  d i s t r ibu t ion  is stable.  

s i d e  t h e  s c o p e  of t h e  t h r o r y ,  must  b e  ana lyzed  in  t h e  future for r e a l i s t i c  f ie ld  geometry.  

su r f aces .  
!+‘e -xi11 c o n s i d e r .  hcrn, t h e  s t a b i l i t y  of a Maxwell ian d is t r ibz~i ion  with ,o = p ( @ )  cons tan t  on  magnetic 

i- or s t ab i l i t y ,  i t  proves n e c e s s a r y  t h a t  t h e  p l a s m a  b e  p resen t  on S O i i l e  :;urfaces which enz i i c l c  



t he  he l i ca l  conductors .  
where .  
ful vo lu ine ,  a s p e c t  ratio,  connect ion length ,  etc.), wh i l e  the H-C syiiiinetcic s y s t e m  b a l a n c e s  inore favor- 
a b l e  propei t ics  aga ins t  t h e  unhappy property of hav ing  conduc to r s  within the plasma.  

c a l l e d  V** <: 0 s t ab i l i t y  c r i te r icn  a s  a general izat ion of the  V” - d d@ ( Q d l  R )  ,< 0 cr i te r ion  u s e d  in  t h e  
des ign  of ordinary or untwisted mult ipoles8 (hereafter c a l l e d  “inu!tipoles, ” in  d i s t inc t io i l  x i t h  he l i ca l  
multipoles).  
c h a n g e s  cannot  occur  a t  low p!asma p res su re  b e c a u s e  i n t c x h a n g e s  wuollld require  breaking of t h e  magnetic 
l i n e s .  1 aking in to  accoun t  t h e  nonzcro plasrila r e s i s t i v i ty  7,  however,  o n e  f inds  modes whose  growth rates 
a rc  s c a l e d  a s  ‘7’ ’. If V** %< 0, then t h e s e  most  po ten t  of t h e  r e s i s t i v e  modes are s t ab i l i zed .  1ccYJing o n l y  
modes whose growth r a t e s  scale as larger powers  of 71 a n d  arz t h u s  less important.  
suegest that te3r ing inodes p o s e  t h e  nex t  important th rea t .  s c a l i n g  a s  No cr i te r ion  app l i cab le  to t h e  
p re sen t  complicated geornetiy is offered for t h e  t ea r ing  modes.  

It is defined in  terms of 
other  su r face  q u a n t i t i e s  V((t)) -= [ d ~ ,  V(@) x f d r  8‘.  and [,((I)) = [cl, B’?.’, where d.! is the  clement  of vol- 
ume and  t h e  in tegra l  is t aken  throughout t h e  given iiiagnetic sur face .  T h u s  

.l-his condi t ion is not t rue  in  some  s y s t e m s  with l e s s  syinrnetry under s tudy  else- 
T’he l e s s  syiilmetric s y s t e m s  gene ra l ly  s e e m  to h a v e  only very slighii>i favorable  propert ies  (use-  

To a n a l y z e  p!3sma s t ab i l i t y ,  w e  will u s e  t h e  model of Johnson and Gieene , ’  which l e a d s  to t h e  so- 

The s e n s e  of t h e  c r i te r ion  is th is :  With shea red  magnet ic  f i e ld ,  pure hydromagnetic iritei- 

- 
Johnson and Green- 

‘rile quant i ty  V** i s  a “ su r face”  quant i ty ,  be ing  a cons t an t  for e a c h  su r face .  

In t h c  11-C syrnmetiic case, t h e  magnet ic  s u r f a c e s  h a v e  the  s a m e  cross sec t ion  in every p l a n e  z = con- 
s t a n t ,  so w c  m a y  use t h e  volume pe r  tinit length a long  z ( i , e . ,  t h e  arc3 of t h e  c r o s s  sec t ion )  in p l a c e  of 
the  total  volume. We will  con t inue  to  c a l l  t h e  q u a n t i t i e s  V ,  U :  and  L.  

6s i ’ \ ; l ( l ) \ ,  we m a y  w i i t e  BV = [ d l  ds as  fiV : ftll GcD/ \L7LQ)( .  
t h e  in tegra l .  In t h c  l imi t  
gral  around a given magnet ic  s u r f a c e  i n  a p l a n e  z = cons tan t .  
0). T h u s  

We c a n  find the  velulile between twu nea rby  magnet ic  s u i f a c e s  (F ig .  1 . 2 )  a s  follows: Since 81) - 
mv Now 6Q) is cons tan t  and inay be t aken  o u t s i d e  __ 

~L 0, we h a v e  dV (fl) - V’Q)) -: ~ d l ~ \ \ ’ l ( l ) l ,  ~~ where t h e  in tegra l  is a l i ne  inte- -_ 
For ‘\,‘L q), one must  t a k e  ( 

where (13*)2 = (+I) A)‘ + r -*  (do d f l .  F o r  the  F1-C syrr i rnct i ic  c a s e ,  t h i s  is: 

\lie see tha t  i f  k + 0, tlnen H* + B and  V” r educes  to usua l  form $ d l  R t aken  around a f ie ld  l ine .  I f  

BL 0 and p ’ ( @ )  + 0, then V** = d d ( D  (+dl  B ) ,  as w a s  u s e d  i n  t h e  mult ipole  des ign  s t u d i e s .  

bFor  example,  t3. RlcNarnais e f  a l . ,  Proc.  Coni.  Plasm6 P h y s .  and  Control lcd Fusion  Res. ,  Culharii, England,  
6 
Phps. 8, 489 (1966). 

be published. 

1 0 S e p l .  136.5, IAEA, Vienna ,  1966, STI,’PUB,’111, vol. 1, p .  145; J .  L,. Johnson  and D. L. Xosher ,  ’”!asma 

’.J. L. Johnson and J. hl. Greene, P r m c e t o n  P l a s m a  Phys ics  Laboratory Kepor t  h L 4 I ’ T  489 (Deceiiiber 1966), to 

‘See, for example ,  R. A. D o r y  et ai., Phps. F l u j d s  9, 997 (1966). 
‘R. A. Dory et a l . ,  Phyps. F l u i d s  3 ,  997 (1966). 



Fig.  1.2. Magnetic Surfaces in a Plane,  7 ( -onstant .  

The iiivdification of t h e s e  r e s u l t s  needed  to make t h e m  valid for t h e  to:oidai c a s e  i s  stiiall. ciili. i ieed 
only i n s e r t  an  R i n  t h e  n u m e r a t o r s  in the e x p r e s s i o n s  (3 ) ,  i n  which case V’ ,  U’. and L’ become va111es p e r  
unit  azimuthal anel.. H e x ,  !? is t h e  d i s t a n c e  to  t h e  a x i s  of revolution of thc toroid.  
,I. ,x,,ession *-  

net ic  surfaces  fgund hy  following l i n e s  of force.  

i t  can  b e  appl ied.  

Sine:- no analy t ica l  
for (I) is k n o w n  for toroidal geometry it is probably more sensible to ca lcu l r i te  #-d fro21 A I : ~ ~ -  

We will  cons ide r  t h e  V** criterion in more deta i l  af ter  p r e s w i i n g  soliie s a m p l e  -oniigu:ations on which 

Sp>,cific Configiiiations. - Id E3 be genera ted  by N h e l i c a l  l ine  C u r i E i i i S  a t  r = ii mid i !  = k7 t (1 , 

.re r?. - 3 n . / N .  -1‘hcn 

For N -- 3 and r I a t h e  behavior  is 
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where 

T h e  foregoing formulas hold at  L = 0. L7Gi nonzero Z ,  replace by - k z .  
In F i g s .  1 .3  and 1.4 w e  show t h e  magnet ic  s u r f a c e s  and  13; 

M'e see tha t  some of t h e  magfietic s u r f a c e s  a r e  c losed  around all  t h ree  conductors ,  some aroiiiid only 
'llie l a s t  are t h e  t y p e  used  in S te l la ra tor  experii i ients,  wh i l e  all t h ree  

cons t an t  s u r f a c e s  for t h e  case .N - ?  2nd 
k a  - 1 3 .  

one ,  and some around none at a l l .  
would b e  u s e d  i n  a hypothet ical  he l i ca l  iiillltipole expCiiment. 

t he  type d i s c u s s e d  b y  Gr;liJ.' The re  are three  rninimam-lGj modes.  where 
on t h e  a x i s  is O . ?  u n i t .  
mirror r a t io  becomes  infiriite as  ko -* 0). 

T h e  s imple  quadratures  in  (4) and  (5) h a v e  b e w  sone numeiical ly .  

On comparing the  two  graphs,  we find tha t  there  is a maxiiiiurn-!Bj, c lo sed  magnet ic  su r face  region of 

The l a s t  c l o s e d  / E l \  contour is at  ! E /  :-  0.335, so tha t  t h e  iiiiiior ratio is s3 ( th i s  
- 0.1998 unit  iv i i sn  the va lue  

N o  de ta i l ed  paramc:ric s tudy  h a s  b e e n  c a i i i c d  out  to determine -ahat v a l u e s  of k a  and  N would b e  "op- 
timal" for an experiment ,  b e c a u s e  t h e  e f f ec t s  of bending t h e  s y s t e m  in a he l ix  are nst yet  knowii but wi l l  
probab!y be cons ide rab lc  for a s p e c t  ra t ios technological ly  f eas ib l e .  
creases. t h e  mirioi ra t io  d e c r e a s e s  to  uni ty  a t  k;, 2 0.G8, above  which the re  t iG  longer are c l o s e d  181 con- 
tours  encircl ing the  mzgiietic axis. At ka 7: 0.5'77, t h e  iilirior ratio i s  on ly  1.076, giving 5 very la rge  loss 
c o n e  - 74O of 90" poss ib l e  - for f ( p ,  E )  p lasmas ,  

rion. 
nearly c a n c e l s  t he  L"' contribution, and only very careful  ca l cu la t ion  will  g ive  t h e  s ign  of V**. 
u s e d  t h e  siiiiple Y" cr i te r ion  blindly,  h e  would conc lude ,  pe rhaps  incoi iec t ly ,  t h i s  t y p e  of p l a sma  is un- 
s t ab le .  

F o r  plasriias l oca t ed  on a l l  t h ree  types  of s u r f a c e s ,  with p l a sma  pressur? fa l l ing  everywhere o u t s i d e  
t h e  sepa ra t r ix  (boundary sepa ra t ing  the t h r e e  regions).  we see ::,at t h e  tw i s i ing  of the  multipole h a s  very 
l i t t l e  e f fec t :  
encircl ing a l l  t h e  conductors .  thc s k e t c h  i n  Fig. 1 .5  will b e  qua l i t a t ive ly  co i r cz t .  T h e  behavior of b"(@) 
h a s  been  d iv ined  from r e s u l t s  valid for untwisted mult ipoles;  t ha t  of U' and of I,' from cons ide r ing  that 
t h e s e  are j u s t  V '  with s l igh t ly  different wcight ing given to r eg ions  of good curvature  (and siiiall 8 ) a n d  of 
bad curvature  ( l a rge  (BI ) .  In t h e  limit k -- 0 and  p '  ~9 0, U '  i s  independent  of (1). 

st rongly affect  i t s  s t ab i l i t y .  
an N ,> 2 toroidal multipole experiment where the severn! conductors  sezr. a t  o n e  c r o s s  sectior-t ai-e nc iua l ly  
different turns of a s i n g l e  conductor  which may thcn  b e  f ree ly  l ev i t a t ed  in a vacuum s y s t e m .  
over the  p re sen t  planar  quadrupole  (Sect. 5.4.4) a r e  tha t  lnaterial stresses c a n  b a l a n c e  the  rr,agi?etic foiccs 
tending to pinch t h e  conductors  together,  and tha t  t he  connect ion length ( the  d i s t a n c e  a long  a field l i ne  
between s u c c e s s i v e  regions of eood curvature)  i s  cons ide rab ly  shor tz r .  T h i s  b r igh tens  the  p i c tu re  for ba l -  
looning in s t ab i l i t i e s .  Both of t h e s e  advan tages  could b e  obtaincd by us ing  suppor t s  running t h o u g h  t h e  
plasma f r o m  the  o u t s i d e  *.vorld t o  t h e  conductor  or by us ing  elaborate!y sculptuied ~ v a c i i u m  tank w a l l s  and 
many sepa ra t e ly  floati i ig conductors .  T h e  suppor t s  in ex i s t ing  mult ipoles  have  iiiade iiiterpretatioii diffi-  
cu l t  and a r e  undes i r ab le  u n l e s s  magnetic guarding" p r o w s  to  be very e f f ec t ive .  T h e  lev i ta t ion  of s e v e r a l  
f loa t ing  r ings  d o e s  not seem very des i r ab le  e i ther ,  SO if t he  problem of bui lding a h e l i c a l  toroidal multi- 
po le  with sucficicnt r igidity is solved (Sect.  1.1.1), very in te res t ing  cxperiments  would b e  p o s s i b l e .  With 

It h a s  b e e n  found that a s  k a  in- 

Stability of o I4elical MultipGle Plasma.  - With a configuration oil hand,  W P  may apply thc Vv* c r i te -  
For i so t rop ic  p l a sma  loca ted  only on magnet ic  s u r f a c e s  eilciicling no conductors ,  the  V" t e r m  very 

If one 

a subs t an t i a l  zonr  of nega t ive  V** e x i s t s .  This may b e  s e e n  a s  follows: For s u r f a c e s  

C a n c l u s i m s .  - We h a v e  t h e  important resu l t  t ha t  twis t ing  t h e  conductors  of a mult ipole  d o e s  not 
Provided tha t  toroidal ca l cu la t ions  also bear t h i s  o u t ,  o n e  c a n  think of doing 

Advantages 
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s u c h  a f ie ld  configuratlorl one would also b e  able to s tudy  s te l la ra tor  plasmas and t h e  f(jl, E )  p l a s m a ?  hy 
insei:l,ig appropriate apertaie  l i initers.  

In summary, w3 be!:eve tha t  he l i ca l  f i e l d  configurations, as  d i s c u s s e d  here .  a r e  cer tnrnly heur l s t l c  - 
s u g g e x t l v r  of fur t l le r  s tudy .  

Fig.  1.3. Magaet lc  Suitaces for ka - 113, N - 3, Fig. 1.4. B Surface for hci 1 3 ,  2' 3, Llnear  

L inear  K e i i c a l  Hexapole .  He I i co I Hexo po I e .  

Fig. 1.5. S k e t c h  of V ' ,  L,', and U' for f i e l i r a l  
Mu I t  ipo le. 



X 

!&'e wish to know i f  a tw i s t ed .  one -p iece  toroidal multipole as  desc r ibed  in  Sec t .  1.1 h a s  sufficierit 
- tand the  i i l a p e t i c  forces which tend to pinch t h e  windings toge ther .  
R s ing le -p iece  strtictilre which t w i s t s  o n c e  about t h e  magnetic a x i s  while  going thr ice  

about the  3 axis .  
of a c r o s s  sec t ion .  

f le t ten  i t  into the  midplane.  
s l o p e  at t he  two po in t s  d 7~ 0, 
that t h e  horizontal  pos i t i ons  of t h e  e n d s  of t h e  beam are not f ixed .  
ttliii) 2zR.  
deflect ion would be 4' -= -(.,(L,:4' u ) 4 / n b :  wherc c,i = fnrce/!ength, r w  7 r s d i u s  of t h e  conduc to r s ,  and E 2 

Young's modulus .  
cur icn t  in each itlire and  cl. iii i n c h e s ,  is t h c  d i s t a n c e  between t h e  wircs .  T h u s  if E = 30 x 106 ps i  ( s tee l ) ,  
v d = ...i:.'~6 

Figures  1 . 6  and 1.7 show plan and  cross sec t ion  of t h z  winding. and F i g .  1.8 is a d e t a i l  

Intuit ion a n d  a test us ing  R model sugges t  that the  s t r u c t u r e  is w--ker;t toward the  f 
1'0 ca l cu la t e  t he  de f l ec t ion  of a beam supported a s  to v t r '1  

= 0 ,  r - : j  a n d  at  d -= li, 1-3 ~~ -, r 7 : I .  we neg lec t  c u : ~  
( 3  T h e  beam h a s  a total  length I, 1- !, 

For loading unifoin a long  t h e  heam. the  Maximum v-rtical de f l ec t ion  o c c u r s  a t  G - ' (7. 

For (:J w: use 0.415 >~ 10"-7Z2/d in pounds  force per  i nch ,  when 1, in  amperes ,  is the 

1 0 - ' 6 ( 1  4 ' ( ( ~ ; 4 r ~ , > 4  i n . 2 , ' ~ ~ .  
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To model an “ i n t e r e s t i n g ”  p l a s m a  experiment ,  w e  c h o o s e  a := 10 cn, R il = 5,  r w  7- ‘2 i n . ,  f? = 19.7 in . ,  
d - 5.8 in . ,  and I = 200 k A ,  giving a maximum f ie ld  of 8 kG and a def lec t ion  of 0.82 in.  T h i s  wcil!d prob- 
ably perillit a n  in te res t ing  experiment  for p l a s m a s  i n  t h e  10’ to i o 3  e~ ion tempera ture  rangc.  

” is bent  in a c i r c l e ,  t h e  de- 
f lec t ion  a l s o  causes tors ion ,  here  neglec ted .  At a g u e s s ,  t h e s e  might d e c r e a s e  y by 10  to 30%. (2) T h e  
ac tua l  loading  *,ill not b e  uniform a s  assurncd,  bu t  s inusoida l .  ‘This  aga in  is l ike ly  to d c c r e a s c  J’ by 10  
to  30%. 
that  t h e  maximum value of 5 icrnains f i x e d ,  then the present  ca lcu la t ion  should  be good to,  s a y ,  within a 
factor  of 2. 

There a r e  se-ieral uncer ta in t ies  Qf the ca lcu la t ion :  (1) Since cur  “be 

(3) We have  neglec ted  t h e  p r e s e n c e  of nearby return cureents. If a l l  t h e  cur ren ts  are s c a l e d  so 

f i g .  1.7. C r o s s  S e c t i o n  o f  Toroidol H e l i x  Showing  
Center L i n e  of Conductors. Not TO sca le .  

A/-- 

Fig.  1.8. Conductor Placeinen‘ r t  ci, 0. 
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l.Z.i Monlinecr Coupling of Qccii lat ions iii P i i i -mas PO T r m i v e r s e  E+-ctremign:tic Wurcz 

R .  E :<udwine” c G F i a r r i s “  R .  Sugihara I ’ 
T h e  electromagnct ic  energy r ad ia t ed  p e r  unit  t ime  per u n i t  so l id  a n g l e  b y  a plasma h a s  been calcu- 

1at:-d quantum mechanical ly  b y  two  different mode!s, a n d  t h e  classical limit has  t e e n  taken.  In o n e  mode!, 
two p la smons  at‘ absorbed and one photon c rea t ed .  T h i s  t a k e s  p l a c e  us ing  th? p l a s m s  e l e c t r o n s  as intcs- 
mediar ies  a n d  is a third-order perturbation p rocess .  In t h e  sccond  mode!. o n c  plasmon and olie phonon a re  
absorbed and o n e  plnoion c rea t ed .  
t a k e  p l ace ;  that  i s ,  p l a smons  cannot  c o u p l ~  d i r ec t ly  to photons h u t  must  produce ;i t r a n s v e r s e  elcctromag- 
ne t i c  wave  by acce lc ra t ing  an e lec t ron .  T h e s e  p r o c e s s e s  have  been  ca l cu la t ed  us ing  both thc “undres sed”  
and “d res sed”  ve r t i ce s .  In addi t ion to ca l cu la t ing  the  cnergy radiated per  uirit t ime and  uni t  s d i d  anglc, 
one can  infer the  ver tex funct ions for t h e  p r o c e s s e s  represented schemat i ca l ly  by:  

Again,  t h i s  is a third-order p r o c e s s  u s i n g  t h e  background e l ec t rons  to  

where 

ind ica t e s  a plasmoii ,  

- 
Y 

a phonon, and 

w _ _ _  . ~ .  

Y 

a photon.  
u s 4  i n  other ca l cu la t ions .  circumi-pniing the  n e c e s s i t y  €or going through tliese rather tedious ca l cu la t ions  
e a c h  t ime.  

I n  t h e  undres sed  plasmon-plasmon-photon inteiact ion one  - , tarts with the  third-order per tuibat ion c x -  
press ion  for t h e  m a t i i x  e l w i e n t  corresponding to t h e  t rans i t ion  i n  quest ion:  

i ’ h e  inferred ver tex f u n r t i o n s  correspond to t h e  “b lobs . ”  T h e s e  ver tex func t ions  r a n  then b e  

where Ii ), I f ) ,  II) ,  111) d e n o t e  the  in i t ia l ,  fiilal, f i r s t  intermediate ,  and second  intermediate  s t a t e s  re-. 
spec t ive ly .  To g ive  3 nonzercj value between the  in i t ia l  s t a t e  1‘) = I lk , ,  l k 2 ;  y r t l l ,  N p 2 ,  . . . ) and  t h e  
f ina l  state If) = \I g ;  N p  1, N P 2 ,  . . . ) (Nr l  = number of e l ec t rons  o i  momentum pi, 1,; i n d i c a t e s  oiie plas-  
moil of momentum ki, and 1 i n d i c a t e s  o n e  photon of momentum q )  o n e  c h o o s e s  

4 

‘‘Oil leave f r o m  Nor lh  T e x a s  S t a t e  U n i v e r s i t y ,  Denton ,  Tex. 
I? Consul tan t .  U n i v e r s i t y  of ‘rennessee.  
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w h e l e  C s  - cre- t ion op:;ztor for e l e c t r o n s ,  C = a n n i h i l a t i o n  operztor  for e lec t rons ,  R - ennihi la t ion ope1 
ator  for p l a s m o n s ,  and A t  - c i e a t i o n  operator for  photons ,  and 

tor the electron-plasmon ver tex.  In t h e  above, E 

que-':i~> of t h e  photon,  p 
Straightforward evaluat ion of t h e  rnatiix element g iven  by Eq (1) y i c l d s ,  when Yvritten o u t ,  

is t h e  polariLation bector of t h e  photon,  ( J  is t h e  fre 
q , *  Y 

izioiiientum of t h e  e lec t ron ,  and  ahk is t h e  frequency of a plasmon of iiiolmi?iltulli k 

\<liere ' J  

above 1 2  teriita can b p  -?presented by graphs  as fo l lows .  I h e  f i rs t  terIII cor responds  to. 

C J ~ ~ + , ,  e tc  , are f requencies  a s s o c i a t e d  with the e l e c t r o n s  for no ta t lo l id  convenience ,  that is 
I-' ' 

1 = F r l  fi, and  q - E  qn - U and at, - O )  - -a h a v c  been used  [ a l s o  let 1 h -  - G(q, k ) l  I h c  
r' 4 q--k 



or smr- thc  e l x t r o n  is returnrd to i t s  in i t ia l  s t a t e  t h e  graph may be drawn. 

1- 
I 4  

to  i nd ica t e  that t h c  e l ec t rons  ;tie ixtermediar ies .  T h e  second  tern: correspolids to interchanging k ,  and k ,, 
t ha t  i s :  

i o  

or 

the  third to: 

t he  fourth t o  an interchange of k l  and  k ,  i n  t h e  third: 

t h e  fifth: 

and t h e  s i x t h .  

I 
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l h e  last s i x  tcrrns correspond to d i s jo in t ed  graphs  or to t h e  return e l ec t ion  (or ho le )  dolng the  emltt lng 01 

absorbing, tha t  is, the  seventh:  

I 0 

\ -  

' e( 

t h e  e ighth :  

t h e  ninth: 
1 -  
I L I  

t h e  tenth: 

a n d  the iwel fth : 
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o n e  ob ta ins  

If o n e  now take:; t!:e classical l imit  s n d  neg lec t s  t h e  t h  :r:i)tion of t h e  r!ectrons. t ha t  is. p ~ 0, 
then  wit.!i 

47nc~.2 
. 

1' t. 
- - .  0 : ( 2  - '? ' I  

K k :i \I '71 

aiid i I 

per m i t  sol id  angle  is 

~ Ok t ! I k p c i  . 21 J , ) ~ , ,  SO that (1 = q,  \ 3 c ~ ~ ~ ~ ,  c-. t h e  expres s ion  for t h e  m e r g y  radiated pcr alii; t i m e  
'f 

Jn t h e  summation ot t he  photon s p i n ,  thc following W ~ S  u s e d :  

so u = (cos ( I ,  s i n  L I .  0) <ind k : k ( 0 ,  s i n  ' 1 ,  cos (1). S O  that  
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that  i s ,  one  must  ave rage  over t h e  in i t ia l  s p i n  states of t h e  photon. T h e  above  expres s ion  for the  energy 
rad ia ted  differs  from t h a t  of Aamodt and  Drummond13 by a term l i k e  11 + ( ~ k ) ~ / o , , ~ 1  t imes  t h e  above. T h e  
d i f fe rence  is removed i f  one  i n c l u d e s  the  pa r t i c l e  energy  as wel l  as t he  e lec t romagnet ic  f i e ld  energy  in 
Aamodt and Drummond's approach ( see ,  for example ,  ref.  14). 

To d r e s s  the  electron-photon ver tex ,  one  s imply r ep laces  

E ( q ,  0)) = 1 f 2 as(q, a, p) 
6 rP 

T h a t  i s ,  t he  d r e s s e d  ver tex  func t ion  is t h e  undres sed  o n e  t imes  ~ - ' [ q ,  v(q, k)I. All t h e  other f ea tu res  of 
the above  der iva t ion  of t he  energy rad ia ted  pe r  un i t  t ime are unchanged e x c e p t  now the re  is i n  t h e  inte-  
grand an  E -  * [q, v(q, k)]. 

For the case of one  plasmon and o n e  photon t h e  in te rac t ion  Hamiltonian is now 

with D, t h e  annih i la t ion  operator for  phonons and  

V k 2  ~ ( k ,  0) 
I 

1 
E(k,  0) = 1 + - 

k2X: ' 

Xe = e lec t ron  Debye length 

T h i s  l e a d s  t o  the  s a m e  1 2  d iagrams with one  p lasmon rep laced  by a phonon; also, k + k' = q and 
Fdh-4' =&a 
e lement .  TRkre wil l  now be a WA(k) =-trf2h,,Nk and a Wy(k - q) = f i l C l ~ ~ _ ~ N , - ~  (with N k - q  t h e  number of 
phonons of momentum k - q) i n  t h e  in tegrand ,  and now Q A , ~  = ape, but Q2vk--q = C , ( k  - q \ ,  so 

+ 
so tha t  t h e  s a m e  subs t i t u t ions  may b e  made in t h e  s u b s c r i p t s  a n d  denominators  of t h e  matrix 

in the ze ro  temperature  limit. 

I3R. E. Aamodt and W. E. Drummond, J .  N u c l .  Energy: P t .  C, 6 ,  147-51 (1964). 
14L. D. Landau m d  E. M. Lifshitz, p. 253 in  Electrodynamics of Continuous Media, Addison-Wesley, 1960. 
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Except  for the  above-mentioned d i f fe rences ,  t h e  general. ca lcu la t ion  for t h e  energy  rad ia ted  per unit 
t i m e  and uni t  s o l i d  angle  by one plasmon and one phonon will b e  the sane a s  for two p lasmons .  D r e s s i n g  
t h e  electron-photon vertex for a s i n g l e  s p e c i e s  will again change  t h e  M Y e  to M y e c - l  in t h i s  p r o c e s s ,  a s  
in t h e  two-plasmon process .  

1.2.2 interaction Between an Electromagnetic Wave, an Ion Acclastie Wave, and Plasma Waver 

R y o  Sugihara  l 5  

T h e  exc i ta t ion  of ion  a c o u s t i c  w a v e s  and p lasma o s c i l l a t i o n s  by a t ransverse  wave is a typica l  non- 
l inear  p lasma phenomenon. We t r e a t  t h i s  in t h e  model tha t  a t r a n s v e r s e  wave  with a f r e q u z i c y  nea: the 
plasma frequency d e c a y s  into a p lasma osc i l la t ion  and  a n  ion  a c o u s t i c  wave.  A l s o  we inves t iga te  the  
interact ion of four waves  - one h a n s v e r s e ,  o n e  i o n  a c o u s t i c ,  and two plasma o s c i l l a t i o n s .  T h e  e q u a t i o n s  
which we u s e  to d e s c r i b e  t h e  w a v e s  i n  t h e  p lasma a r e  t h e  well-known hydrodynamic equat ion,  including 
the p r e s s u r e  t e r m .  T h e  Krylov-Bogoliubov-Mitropolsky perturbat ion theory is u s e d .  

a r e  para l le l .  We treat  the problem in t h i s  case. T h e  f inal  “ t runca ted”  nonl inear  equat ions  c a n  b e  so lved  
ana ly t ica l ly ,  and t h e  so lu t ions  are expressed  in t e r m s  of an  e l l i p t i c  funct ion.  From the  energy a i d  the  
inomentum conserva t ion  re la t ions  we h a v e  a n e c e s s a r y  condi t ion,  under which t h e  a c o u s t i c  wave and t h e  
p lasma o s c i l l a t i o n s  a r e  e x c i t e d  in a four-wave in te rac t ion ,  in  t h e  form 

T r a n s v e r s e  w a v e s  couple  most  s t rongly  t o  t h e  longi tudinal  w a v e s  when t h e  e l e c t r i c  f i e l d s  of t h e  w a v e s  

where T 7 temperature  of e l e c t r o n s  in  energy uni t s ;  mi,  me = masses of ion and e lec t ron;  c - l ight  veloc-  
i ty;  up = plasma frequency;  k = wave number of ion a c o u s t i c  wave.  Also w e  h a v e  t h e  growth r a t e  of  ion 
a c o u s t i c  wave in  t h e  form 

ek E ,  
~. ... .. . .. .- .. 
( r n i r n e C . I s  C . Q i 2  ’ 

which i s  in fa i r ly  good agreement  with t h e  r e s u l t s  Stern and Tzoar l 6  found by modifying a resu l t  d u e  to 
Silin. l 7  Mere as = f requency of ion a c o u s t i c  wave;  E ,  = in tens i ty  of inc ident  t r a n s v e r s e  wave.  

1.2.3 Kinet ic Theory of Unstable Plasmas 

E. G. Harr i s  * 

We have  der ived coupled equat ions  for Yv), the e lec t ron  dis t r ibut ion funct ion,  and t h e  energy  spectrum 
of f luc tua t ions  defined as 

Consultant,  University of Tennessee  (on leave from Insti tute of P lasma Physics, Nagoya University,  Nagoya, 15 

Japan) .  
16R. A. Stern and N. Tzoar ,  Phys.  R e v .  Letters 17, 903 (1966). 
I7V.  P. Silin,  Soviet  Physics-JEI‘P 21, 1127 (1965). 
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We h a v e  a s sumed  a p lasma of o n e  s p e c i e s  with no magnet ic  f ie ld .  T h e  e q u a t i o n s  a r e  < 

In t h e s e  e q u a t i o n s  

4ne2 

f iY2  

r(v) - flv + (fiq/rn)l 
o - q v -. (%q2/2rn) -t io+ €(q, a) = e,(q, a) + i q q ,  a) 1 - - Jcf3v 

is t h e  p l a s m a  d ie lec t r ic  funct ion.  

t a i n  
T h e  equi l ibr ium spec t rum of f luc tua t ions  may b e  found b y  s e t t i n g  dP/dt  2 0 and s o l v i n g  Eq. (3) to ob- 

which is a well-known resul t .  If Pe(q, a) is s u b s t i t u t e d  for P(q, a) in  Eq. (2), o n e  f inds  

x [ f (v  +:) f (v' -2) - f(v)f(v')] . ( 6 )  

This equat ion h a s  b e e n  d i s c u s s e d  b y  Wyld and Pines. l g  T h e y  show t h a t  when t h e  classical l imit  (fi -+ 0) 
is taken ,  t h e  Balescu-Lenard" equat ion ,  

(7) 1 qq S(q * v - q v') df(v'> 
- -  YV') - & V I  dv' 7 

is obtained.  T h e y  a l s o  der ive  the Boltzmann equat ion,  

18N. Rostoker, NucI. Fusion 1, 101 (1961). 

"H. Wyld and D. Pine.;. Phys. Rev.  127, 1851 (1962). 

'OD, C. Montgomery and D. A. Tidman, Plasma Kinetic Theory, chap. 7, McGraw-Hill, New York, 1964. 
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(8) x [f(v -I- u)f(v’ - u) - f(v)f(v’)l , 

by l e t t i n g b q  = niu and then tak ing  t h e  c l a s s i c a l  l imit  of E q .  (6). 

<q, o) = 0. I t  i s  c l e a r  t h a t  E q .  (6) i s  divergent  b e c a u s e  E q .  (5) is divergent. F o r  a n  u n s t a b l e  plasma 
Eqs. (2) and (3) must b e  s o l v e d  s imultaneously.  

Equat ion  (6 )  is divergent  for an  u n s t a b l e  p lasma,  for  then t h e r e  e x i s t s  a real v a l u e  of w for which 

I t  c a n  b e  shown tha t  

where n * q are the  so lu t ions  of ~ ( q ,  m) = 0. T h i s  may b e  u s e d  in Eq.  (5) t o  wri te  

where 

Pe(-q) is equal  to the  iight-hand s i d e  of Eq. (4) with f l q  replaced by ..-Q - q. 
Pe(q) in t h i s  way i s  tha t  

Our motivation for  def in ing  

p (9) = ..-- 2 P l a n c k  dis t r ibut ion 
e 

when f(v) is a Maxwell-Boltzinann dis t r ibut ion.  If P ( q ,  a) is as sumed  to b e  given by Kq. (10) with the sub-  
s c r i p t  omit ted,  then  Eqs. (2) and (3) g i v e  in t h e  classical l imit  

T h e s e  a r e  t h e  quas i - l inear  equations in  t h e  form given by P i n e s  and  Schrieffer. 

* l D .  Pines and J. R.  Schrieffer, Phhys. Rev. 125, 804 (1962). 
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1.3 HIGH-FREQUENCY FLUTELIKE INSTABILITIES IN MULTICOMPONENT PLASMAS 

W. M. F a r r  R. E. Budwine2’ 

W e  h a v e  s tud ied  in some d e t a i l  t h e  c i r cums tances  under  which a d i s t i n c t  group of ene rge t i c  mirror-con- 
fined i o n s  immersed in  a cold group of i o n s  may support  f lu te l ike  i n s t a b i l i t i e s  a t  f r equenc ie s  greater  than 
t h e  ion  gyrofrequency. It was  shown p r e v i o u s l y z 3  t h a t ,  for a suf f ic ien t ly  narrow dis t r ibut ion of f a s t  ions ,  
s u c h  i n s t a b i l i t i e s  cou ld  exist even  in  t h e  a b s e n c e  of the  cold ions.  For less s ingu la r  “ los s -cone”  d is t t i -  
bu t ions  and  for very sma l l  wave leng ths ,  t h e s e  modes  h a v e  been  found to occur  over  a wide range of rel- 
a t i v e  d e n s i t y  parameters .  2 4  T h e  p resen t  s tudy  sough t  to u t i l i ze  the  graduated set of “ los s -cone”  d is t r i -  
but ions first  explored by Gues t  and  Dory 2 5  t o  obtain quant i ta t ive  ins tab i l i ty  threshold information for 
i nc reas ing ly  narrow dis t r ibu t ions  (in perpendicular  energy, mv:/2) and over  the  e n t i r e  range of  phys i ca l ly  
pe rmis s ib l e  wavelengths .  T h u s  t h e  hot  i o n s  are desc r ibed  by  a dis t r ibut ion funct ion of t h e  form 

Here j is a n  in teger  and v1 and vII are v e l o c i t i e s  perpendicular  and  para l le l  t o  the  (uniform) magnetic 
f ie ld .  If a L H  is ad jus t ed  so t h a t  t h e  most  probable  veloci ty  remains fixed, t h e  func t ions  give inc reas ing ly  
peaked  veloci ty  d is t r ibu t ions  a s  j is i n c r e a s e d  from j = 0 (Maxwellian) to j + m [ f  -t 8(v1 - a I H ) l .  The  
dis t r ibut ion with j = 2 h a s  a ful l  width a t  half maximum of around 50%. 

t h e  form 
For f lu te l ike  per turbat ions (k,, = 0) and a s s u m i n g  t h e  e l e c t r o n s  to b e  co ld ,  t h e  d i spe r s ion  relat ion h a s  

where  w and w c  are t h e  p l a sma  and  gyrofrequencies ,  K and (I) a r e  t h e  wave  number and  frequency of the  
perturbation, nH and nC are the d e n s i t i e s  of ho t  and cold i o n s ,  and  mPi is t h e  p l a sma  frequency corre- 
sponding to  the  to ta l  d e n s i t y  of i o n s  in  t h e  sys t em.  Using  s tandard t echn iques  for ana lyz ing  rea l  d i sper -  
s i o n  r e l a t i o n s  i t  is then p o s s i b l e  to determine (as a funct ion of K and n C / n H )  t h e  r ange  of v a l u e s  of 
O ~ . / O > ~ ~  over which t h e  p l a sma  suppor t s  growing waves .  Typ ica l  r e s u l t s  are shown in F ig .  1.9. Param- 
etets lying within t h e  cu rves  correspond t o  u n s t a b l e  p l a sma  configurat ions.  T h e  outer cu rve  w a s  obtained 
for a del ta-funct ion dis t r ibut ion;  t h e  inner curve ,  shown dashed ,  for a dis t r ibut ion of t h e  type given in Eq .  
(1) with j = 2. Similar c u r v e s  for j -= 3, 4, . . . , form a nes t ed  set within these two. T h e  sha rp  p e a k s  occur  
for  p l a sma  pa rame te r s  s u c h  tha t  some  harmonic of t h e  gyrofrequency e q u a l s  t h e  upper hybrid frequency: 

P 

PI 

or 

2 2 0 n  l eave  from North T e x a s  S ta t e  University,  Denton, Tex. 
2 3  

21 

2 5 G .  E. Gues t  am1 R. A. Dory, Phys .  Flu ids  8, 1853 (1965). 

R. A. Dory, G. E. Gues t ,  and E. G. Harris, Phys. Rev .  Let te rs  14, 131 (1965). 
L. D. Perlstein, M. N. Rosenbluth,  and D. B. Chang, Phys.  Fluids 9, 953 (1966). 
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Fig.  1.9. Stobil i ty Boundaries f o r  High-Frequency F l u t e l i k e  Ion-Ion Instabi l i t ies .  

Notice t h a t  for sharp ly  peaked d is t r ibu t ions  (in f a c t ,  j > 3) t h e  u n s t a b l e  reg ions  ex tend  to arbi t rar i ly  smal l  
v a l u e s  of n,/n,, as found in ref. 23; while  for t h e  broader d is t r ibu t ions  t h e  u n s t a b l e  z o n e s ,  e x c e p t  for t h e  
resonance  p e a k s ,  a r e  very s imilar  t o  t h o s e  found in  ref. 24, shown dot ted in t h e  f igure.  Growth r a t e s  of 
‘u 10% of gyrofrequency and i n c i e a s i n g  with frequency h a v e  b e e n  es t imated  i n  the  prescnt  s tudy .  

T h e  e f f e c t s  of d e n s i t y  inhomogcnei t ies  and  f in i te  p lasma length  a r e  now b e i n g  inves t iga ted .  

1.4 DIELECTRIC RES$ NSE OF A MAGNETIZED ~ N H ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  PLASMA 
TO CYLINDRICAL WAVES 

D. J .  Sigmar 

T h e  knowledge of t h e  plasma d ie lec t r ic  c o n s t a n t  E(k, a) [or d ie lec t r ic  tensor  E(k, o) in  the  p r e s e n c e  
of a magnet ic  f ie ld)  i s  of fundamental  importance for so lv ing  problems s u c h  a s  p o s s i b l e  wave m o d e s  in a 
p lasma or energy loss or radiat ion of a t e s t  par t ic le .  Also ,  for c a l c u l a t i n g  “ d r e s s e d ”  ver tex funct ions in  
t h e  quantum mechanical  formalism of p lasma in te rac t ions ,  2 6  t h e  d ie lec t r ic  cons tan t  is needed  t o  d e s c r i b e  
t h e  background plasma.  T h e  motivation for t h e  present  work comes from solv ing  t h e  boundary va lue  prob- 
lem for plasma w a v e s  i n  cy l indr ica l  machines  (line tying). T h i s  is t h e  geometry most f requent ly  u s e d  in 

26E. G. Harr is  e t  a / . ,  ThermonuclearDiv.  Serniann. Progr. Rept .  Oct. 3 1 ,  1966,  ORNL-4063, p. 107; E. G. Harris 
et a t . ,  The  Final Solution of the Problem of Non-Linear Interactions, t o  be published. 
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experiments  bu t  is rarely t reated 2 7 9 2 8  theoret ical ly  b e c a u s e  of its ana ly t ica l  d i f f icu l t ies .  We def ine  the 
conduct ivi ty  t e n s o r  through 

where  t h e  t ime integrat ion is over  unperturbed orbi ts .  S ince  one  must even tua l ly  s o l v e  P o i s s o n ' s  equa t ion  
for t h e  se l f -cons is ten t  po ten t ia l  a, i t  is appropr i a t e  to u s e  

f, is cons t ruc t ed  from t h e  s ingle-par t ic le  c o n s t a n t s  of t h e  motion: 

where  

E , ,  is t h e  para l le l  k ine t ic  energy,  and  p q  is t h e  azimuthal  angular momentum. " T h i s  m e a n s  we a r e  t rea t -  
i n g  a n  inhomogeneous  p l a sma  i n  a magnet ic  mirror f ie ld  p o s s e s s i n g  cu rva tu re  which is mocked up b y  t h e  
gravi ty  

W e  no te  tha t  f, a s  given i n  Eq. ( 3 )  l e a d s  to a G a u s s i a n  dens i ty  profile. We write  t h e  so lu t ion  of the  orb i t  
pro bl e m  

4 ' = v' xn f g , 
where  

QB n=-,  
Mc 

as 

and write  t h e  f inal  values of t h e  orbi t  coo rd ina te s  as (unprimed) r ,  v. T h e  z motion is tr ivial .  F o r  t h e  
radial  motion introduce 

_ _ - ~ -  
27T. K. Fowler and Y .  Shima, Phys.  Flrzids 8, 2245 (1965). 
'$L. G.  Kuo e t  a l . ,  Phys. F l u i d s  7, 996 (1964). 



'Then Eq. (6) becomes 

((0) = reie , 

((0) = "Lei+ 

T h i s  equation can  b e  so lved  rigorously,  29 although we are more in t e re s t ed  in the  case W/n - E << 1. ( W e  
no te ,  however, t ha t  a perturbation series in powers  of E is not d e s i r a b l e  b e c a u s e  i t  l e a d s  to  secu la r  terms 
in 1. Also ,  t h e  two l imi t s  E -+ 0 and t -* 0 a r e  not  in te rchangeable . )  

Neglec t ing  everywhere  JY/O a g a i n s t  unity,  t h e  appropriate so lu t ion  for sma l l  bV is 

where 

We see tha t  the  smal l  gravity g in t roduces  a p rccess ion  of the  o rb i t s  of frequency l V .  Also,  i t  des t roys  the  
cons tancy  of vI. Using  Eqs. (7) and  (8) o n e  can  e x p r e s s  all dynamical quant i t ies  occurr ing  in the  t ime 
integration in te rms  of a(t). 

We want t o  eva lua te  the  in tegra l  

Introducing unit vec to r s  i n  posit ion and ve loc i ty  s p a c e  and the i r  inner products ,  for example ,  

A A A  
I CL - COS (4 - 0) , H 

B 4 = c o s  (4 - N ) ,  

V L  ~ s1n (d - 0) , 
A A  A A  

r . qb - - s i n  (d - 0)  , 

one  finds tha t  a l l  e l emen t s  c a n  be expres sed  in t e r m  of t h e  following in tegra ls :  

"M. N. Rosenbluth, N .  A. Kral l ,  and N. Rostoker ,  N u c l .  Fusion:  1952  S u p p l . ,  Part I* p. 147. 
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Shima a n d  Fowler” have  given a n  express ion3’  for I’ by us ing  Graf’s addi t ion  theorem for B e s s e l  func-  
t i o n ~ , ~  * namely, 

which reduces  I’ t o  a t r ivial  in tegra l  wi th  r e spec t  t o  time provided o h a s  a pos i t ive  imaginary part. T h e  
problem of doing  the in tegra ls  1 2 ,  Z 3  then  c o n s i s t s  in finding o the r  theorems which a l s o  lead to a “triv- 
ia l ly  in tegrable”  t ime  dependence .  We do this  b y  d i f fe ren t ia t ing  the  in t eg ra l s  with regard to  k ,  and gen-  
e ra t ing  differentia1 equa t ions  €or them us ing  Besse l ’ s  equat ion  for J I ,  J l ‘ in  the integral .  To give a n  ex -  
ample,  cons ide r  

which i s  in turn needed t o  find 12, Z 3 .  Ins tead  of i n se r t ing  for r “  in the  denominator ,  which makes  i t  a 
hard integral ,  o n e  f inds the  following different ia l  equat ion  for I :  

where the  right-hand s i d e  is t r iv i a l ly  in tegrable  [cf. E q .  (12)1 . T h i s  equat ion  c a n  be readily so lved .32  W e  
find for I: 

where the  func t ions  G, F ,  N are known. W e  c l o s e  th i s  preliminary report by giving the  t e n s o r  e lements  i n  
t e r m s  of I’, 12, 1 3 .  Introducing for brevity the  ve loc i ty  in tegra t ion  opera tors  

v L -- d3v  VI c o s  (+ - S) , Q 2 J  M 

d 3 v  vI s i n  (Q - 0)  , 
v @ =  -37 Q2 s 

30We found a different s ign  for ($ - 0). 
31G. N. Watson, Theory of Bessel-Firncfions, p. 360, 1962. 
3 2  P. M. Morse and H. Feshbach, p. 529 in Methods of Theoretical Physics, vol. I, 1953. 
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one f inds 

1.5 BISPERSIOH IN INWOMQGEMEOUS PLASMA 

P h i l i p  14. 

The  problem under cons idera t ion  is one  i n  which a plasma with s p a t i a l  inhomogenei t ies  i n  one dirnen- 
sion is treated a s  if i t  c o n s i s t e d  of a n  inf ini te  nunhe r  of l a y e r s  suf f ic ien t ly  smal l  tha t  t h e  plasma within 
e a c h  layer  c a n  b e  cons idered  homogeneous.  One may then proceed with t h e  so lu t ion  of t h e  e l e c t r o s t a t i c  
plasma problem by f inding s o l u t i o n s  in  e a c h  l a y e r  a n d  then matching boundary condi t ions at the layer  
e d g e s .  

ing background of ions .  
tion), but a t  x = km it  becomes  c o n s t a n t .  'This s y s t e m  c a n  be ana lyzed  in t h e  two-fluid approximation, 
l inear iz ing t h e  equat ions  about  the  s ta t ionary  s t a t e .  For  s impl ic i ty ,  t r a n s v e r s e  electromagnet ic  f i e l d s  
a r e  ignored. T h e  problem t h e n  reduces t o  so lv ing  P o i s s o n ' s  equat ion for the  perturbed e l e c t r o s t a t i c  
po ten t ia l  4. In th i s  case one  h a s  

A s  a n  example,  cons ider  a n  inf ini te  plasma s t reaming in t h e  z direct ion through a uniform noutral iz-  
T h e  dens i ty  of t h e  sys tem is as sumed  t o  vary a c r o s s  t h e  s t ream ( in  t h e  x dir-c- 

3 3  Consul tan t ,  Clemson University,  Clemson,  S.C.  
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All perturbed quant i t ies  h a v e  b e e n  a s sumed  to be proportional to  

As usual ,  N S  is t h e  dens i ty ,  e t h e  c h a r g e ,  Ms t h e  m a s s ,  and V s  t h e  veloci ty  of the  s t h  s p e c i e s .  

t a i l  e l s ewhere .34  One a s s u m e s  t h a t  t h e  sys t em c a n  b e  divided i n t o  layers ,  with N ( x )  
given layer. T h e  so lu t ions  in t h e  jth l a y e r  c a n  be writ ten: 

T h e  so lu t ion  of Eq. (1) with - q 2  replaced by A* - y2 is obtained by us ing  a method desc r ibed  in de -  
cons t an t  in a 

iK .x -iK .x 
+j==AA(j)e ' + R ( j ) e  ' , 

where 

and  h is a n  arbitrary parameter equated to zero eventual ly .  

po ten t ia l  and x component of t h e  displacement  vector  Dx are cont inuous.  In order to c a l c u l a t e  Dx, one  
uses  the xx component of the  d i e l e c t r i c  t enso r  in region j ,  ca lcu la t ed  a s  i f  t h e  region were homogeneous.  

Applying the  boundary cond i t ions  l e a d s  t o  a re la t ion  be tween A(-..), E?(-"), and A(m), R(m) in t h e  
form of a n  inf ini te  product of 2 x 2 matr ices .  When the  limit of v a n i s h i n g  layer  t h i c k n e s s  is taken,  t h i s  
product c a n  be e ~ a l u a t e d . ~ '  One  h a s  

T h e  coef f ic ien ts  A(j)  and O ( j )  are found by applying e l e c t r o s t a t i c  boundary condi t ions - that  i s ,  t h e  

where 

34P. a r t ,  "Integral Solutions of the Schrodinger Equation," t o  be published. 
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A dispers ion  relat ion c a n  b e  obtained in  t h e  following manner. W e  a s s u m e  tha t  the  in i t ia l  perturba- 
t ion i s  a n  incoming wave  a t  --. T h e n  the  coeff ic ient  B ( M )  is z e r o ;  A(m) is the  Coefficient of t h e  t r a n s -  
mitted d is turbance ,  while  H(---m) is t h e  cceff ic ient  of t h e  s c a t t e r e d  wave.  When t h i s  quant i ty  is large 
( inf ini te)  the  plasma i s  in  resonance  with t h e  in i t ia l  dis turbance.  

s lowly varying densi ty  symmetr ic  about x = 0 g i v e s  approximately 
As a f i rs t  approximation t h i s  l e a d s  to  the well-known two-stream dispers ion  relat ion.  Allowing for a 

where qma, is t h e  ra t io  of t h e  maximum dens i ty  to t h e  dens i ty  a t  im. ‘The pr incipal  resu l t  is tha t  t h e  
two-stream ins tab i l i ty  occurs  a t  c r i t i c a l  d e n s i t i e s  determined by t h e  c e n t r a l  dens i ty .  

1.6 ENERGY LOSS OF CHARGED PARTICL 

K. C. €l ines3’  D. J.  Sigmar 

Two m e a s u r e m e n t s 3 6 8 3 7  of t h e  energy loss of charged par t ic les  i n  a plasma have  appeared recent ly ,  
and ,  in view of t h e  importance of t ransport  phenomena of t h i s  t y p e  for a n  understanding of fundamental  
plasma propert ies ,  i t  s e e m s  usefu l  to compare theory with relat ively c l e a n  experiments  of t h i s  type .  
Unti l  theory and experiment  a g r e e  on s u c h  a problem it is highly unlikely t h a t  theore t ica l ly  meaningful 
r e s u l t s  wi l l  emerge for t h e  more s u b t l e  transport p r o c e s s e s  taking p lace  i n  thermonuclear  machines .  An 
example of th i s  la t te r  type would he t h e  end losses from mirror machines  resu l t ing  from s c a t t e r i n g  i n t o  
t h e  loss cone ,  a complex p r o c e s s  for which incomplete  and highly conf l ic t ing  ca lcu la t ions  
and which i s ,  a t  p resent ,  i n a c c e s s i b l e  t o  d i rec t  exper imenta l  check.  

which unfortunately represent  incompatible  theor ies .  F i r s t ,  t h e  par t ic le  may be thought of as in te rac t ing  
with a medium charac te r ized  by a d ie lec t r ic  cons tan t ,  E(k, 0). It is w e l l  known4’ that  t h e  ra te  of energy  
loss resu l t ing  f rom long-range c o l l e c t i v e  in te rac t ions  depends  on the imaginary par t  of 1 / ~ .  T h i s  im- 
p l i e s  tha t  some  mechanism for damping must e x i s t  in  t h e  plasma.  For  a g a s  p lasma the  damping wi l l  b e  
in  part d u e  t o  c l o s e  co l l i s ions  and i n  part to  energy e x c h a n g e  b e t w e e n  the  par t ic les  and waves .  T h e  

There  a r e  two b a s i c  a p p r o a c h e s  t o  ca lcu la t ing  t h e  energy l o s s  of a charged  par t ic le  in  a p lasma,  

3 5 0 n  leave from Melbourne University,  Australia.  
36M. R.  Smith and W. B. Johnson, Case Inst i tute  Technical  Report  A-38. 
37J .  Ormrod, Phys. F l u i d s  (to be published). 
3 8 M .  A. Leontovich, Reviews of P l a s m a  Physics,  vol. 4, Consul tants  Bureau, New York. 
39T. K. Fowler  and M. Rankin,  J. N u c l .  Energy  Pt.  C, 8, 121 (1966). 
40L, D. Landau and E. Lifschi tz ,  Electrodynamics of Continuous Media, Pergamon, London. 
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contr ibut ion of c o l l e c t i v e  e f f e c t s  t o  t h e  to ta l  energy loss rate  c a n  b e  ca l cu la t ed  with a n  accuracy which  
depends  ent i re ly  on tha t  of the d i e l e c t r i c  cons t an t  for the ionized medium in ques t ion  and on  the ex ten t  
to which wave-particle in te rac t ions  and co l l i s ions  are included in  E .  

with e a c h  par t ic le  of the  medium a s  i f  the  o thers  were  not p i e sen t  and  then t o  s u m  up  the  energy loss 
contr ibut ion from e a c h  o f  t h e s e  binary e v e n t s  over  as many par t ic les  a s  o n e  w i s h e s  to  include.  T h i s  
procedure h a s  been  carr ied and l e a d s  to  the s t anda rd  resul t  for t h e  binary co l l i s ion  energy l o s s .  

In t h e  f i r s t  approach,  medium-like behavior of the  ionlzed g a s  is t aken  accoun t  of by the  use  of a 
d ie lec t r ic  c o n s t a n t ,  which  is not app l i cab le  for wavelengths  sma l l e r  t han  the Debye length,  AD. In t h e  
s e c o n d  approach the  dynamics  of  binary c o l l i s i o n s  have  been  correct ly  d e s c r i b e d ,  but al l  higher-order 
cor re la t ions  h a v e  been  lef t  out. 

the  wave or par t ic le  picture ,  region 1 c o n t a i n s  wavelengths  or impact  parameters  larger  t h a n  A,. [The 
connect ion be tween  t h e s e  two viewpoints  is made by Fourier-analyzing t h e  tes t -par t ic le  charge dens i ty  
ptest (X, t )  = e 6(X - X,), where  X, is the tes t -par t ic le  t ra jectory and w e  a s s u m e  X,  = X, -t Yt.1 

In th i s  region all individual  par t ic le  e f f e c t s  have  b e e n  sc reened  out by the Debye poten t ia l ,  and  t h e  
c o l l e c t i v e  desc r ip t ion  becomes  appropriate .  Region  3 d o e s  not extend further from the t e s t  par t ic le  t han  
h, = e 2 / K T ,  the  d i s t a n c e  of c l o s e s t  approach  in  a binary encounter .  Within t h i s  region i t  is most un- 
l ikely t h a t  the  t e s t  par t ic le  wi l l  in te rac t  with m o r e  t han  one field par t ic le  at the  same time; that  is, t h e  
binary co l l i s ion  theory shou ld  b e  adequa te .  In t h e  middle  region 2, ex tend ing  from bo to A,, all par t ic le  
in te rac t ions  involve many-body c o l l i s i o n s ,  and nei ther  of  t h e  above  approximations i s  completely val id .  
T h e  t o t a l  energy l o s s  ra te  wi l l  b e  given by 

T h e  s e c o n d  way of looking a t  t h e  energy-loss  problem is to a s s u m e  that  t h e  t e s t  par t ic le  i n t e r a c t s  

Cons ide r  three s e p a r a t e  regions centered o n  t h e  t e s t  par t ic le .41  Depending on whether  w e  a r e  u s i n g  

In the  s t anda rd  binary c o l l i s i o n  t r ea tmen t ,38  t h e  integrat ion over  impact  parameter is extended from 
the  end  of region 3 (up to which point the approximation is val id)  through region 2, where  t h e  binary ap-  
proximation b reaks  down. 

W e  have  ca l cu la t ed  the ene rgy  loss ra te  o f  a t e s t  par t ic le  in  t h e  co l lec t ive  approximation (region 1) 
us ing  t h e  d ie lec t r ic  cons t an t  for  a n  inf in i te ,  homogeneous ,  Maxwellian plasma. The procedure is t o  d e -  
compose  the cha rge  perturbation, p t e x t ,  in to  plane waves .41  The r e s p o n s e  of t h e  plasma,  that  i s ,  t h e  
polar izat ion field Ep, is desc r ibed  by means  of the d ie lec t r ic  c o n s t a n t  E(k, 0)). T h e  energy loss of t h e  
t e s t  par t ic le  is then  given a s  t h e  work done o n  i t  by El,. I n t h i s  way w e  find for t h e  energy l o s s  r a t e  in 
region 1: 

where V is t h e  veloci ty  of a t e s t  p a r t i c l e  of cha rge  Ze. 

wich contour ,  we obtain 
Expres s ing  E in terms of ptest  and  E and carrying out  t h e  w integrat ion a long  t h e  appropriate  Brom- 

P 

Here  s = k/k , ,  k i  = 4rme2 /KT,  and u = ( o / k )  ( k , / m p ) .  

41A. J. R. Prent ice ,  unpublished thesis, University o f  Melbourne. 
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T h e  plasma model chosen  for the  determinat ion of E is t h a t  of t h e  L a n d a u  and w e  wr i te  

T h e  s tandard  eva lua t ion  of the  integral  in the  above  e x p r e s s i o n  a l l o w s  u s  t o  wri te  E in  t h e  form 

where c$ and Y c a n  be reduced t o  plasma d ispers ion  func t ions .43  
s integrat ion must be terminated a t  a n  upper limit smax. Set t ing t h i s  e q u a l  t o  unity cor responds  to a 
lower bound of AD on region 1. 

length of the  t e s t  par t ic le  e x p r e s s e d  in e r g s  per  cent imeter  

To avoid  a logarithmic d ivergence  t h e  

T h e  u integrat ion h a s  been  eva lua ted  us ing  a d i g i t a l  compute t .  We find for t h e  energy loss per uni t  

Here w - V k D / w  ; tha t  is, i t  is proportional to  the  rat io  of the  t e s t  par t ic le  veloci ty  and t h e  thermal 
veloci ty  of t h e  e lec t rons  in  the plasma [w = (V/v,,) ~'31. 

ing  the  function a r e  independent  of t e s t  par t ic le  veloci ty ,  but charac te r ize  t h e  plasma. 'The dependence  
of the  resu l t s  on the choice  of smax is indicated on the  figure. I t  is found tha t  the resu l t s  for  V > vth 
become progressively l e s s  s e n s i t i v e  to  the choice  of t h e  cutoff  as V i n c r e a s e s .  T h i s  is b e c a u s e  for 
large V ,  only waves  with s m a l l  k wil l  contr ibute  apprec iab ly  t o  t h e  energy  l o s s ,  t h e  in te rac t ion  be tween 
the  t e s t  par t ic le  and the plasma having a s t r o n g  maximum for k 
for V > vth, c o n s i s t e n t  with t h e  c o n c l u s i o n 4 2  from a s tudy  of t h e  Landau  problem tha t  t h e  plasma cannot  
support  w a v e s  with large v a l u e s  of k corresponding to X < A,,. T h i s  implies  tha t  t h e  energy l o s s  for  
large v a l u e s  of k c a n  only be obtained using a d ie lec t r ic  cons tan t  which inc ludes  t h e  effect  of c o l l i s i o n s .  

A m e a s i ~ r e m e n t ~ ~  of t h e  energy l o s s  of 3000-eV e lec t rons  i n  a plasma with a n  e lec t ron  temperature 
of 40,000'K indica tes  a n  energy  l o s s  which is more t h a n  an  order of magnitude greater  t h a n  t h e  theoret i -  
cal resu l t  obtained from Eq. (2). T h e r e  i s  some hope  that  agreement  be tween theory  and experiment m a y  
b e  improved by the  u s e  of a m o r e  compl ica ted  d ie lec t r ic  cons tan t  modified to include t h e  e f fec t  of c o l -  
l i s ions .  An improved d ie lec t r ic  cons tan t  h a s  b e e n  c a l c u l a t e d  by C ~ s t e ~ ~  by cons idera t ion  of t h e  f i r s t  
two equat ions  of the Bogoliubov-Born-Green-Kirkwood-Yvon (B.B.G.K.Y.)  hierarchy.  I t s  u s e  in t h e  energy-  
l o s s  problem should e n a b l e  t h e  range of val idi ty  of the  present  approach t o  b e  ex tended  some d i s t a n c e  
into region 2,  and h a s  t h e  fur ther  d e s i r a b l e  fea ture  tha t  Im(e) is much grea te r  than  for the Vlasov d i -  
e l e c t r i c  cons tan t  . 

T h e  work descr ibed  above  is current ly  be ing  extended to  inc lude  t h e  e f f e c t  of a uniform e x t e r n a l  
magnetic f ie ld  on the t e s t  par t ic le  energy loss. T h i s  should b e  relevant t o  a n  understanding of e lec t ron-  
cyclotron hea t ing  of a plasma. 

pers ion function and for a s s i s t a n c e  with the programming. W e  have  a l s o  had valuable  d i s c u s s i o n s  with 
R. Sugihara ,  par t icular ly  regarding t h e  l imi ta t ions  of the theory and t h e  e f f e c t s  of t h e  cutoff procedure. 

P 

T h e  universa l  function ( l / w z )  I (w)  is shown in  Fig. 1.10 as a funct ion of w. T h e  c o n s t a n t s  multiply- 

V + (I) = 0. T h u s  t h e  theory is val id  
P 

We are  great ly  indebted to R .  A. Dory for providing u s  with a c o d e  for ca lcu la t ing  the  plasma d i s -  

4 2 A .  Simon, Seminar on Plasma P h y s i c s ,  Tr ies te ,  1964, IAEA, Vienna. 
43D.  B. Fried and S .  D. Conte,  The  Plasma Dispersion Function, Academic, New York. 
4 4 J .  Coste, NucI. Fusion 5, 284 and 293 (1965). 
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1.9 A STOCHASTIC MODEL OF ELECTRON-CYC LOTRON RESONANT HEATING 

6. E. G u e s t  

In order  t o  gain some ins ight  in to  t h e  fundamental  propert ies  of e l e c t r o n c y c l o t r o n  resonant  h e a t i n g  
we have  s tudied  a s imple  s t o c h a s t i c  model of t h e  process .  T h e  a x i a l  shape of the  s t a t i c  vacuum magnet ic  
f ie ld  is given by 

B(z )  = B(0)  (1 + p.2, ; (1 1 

so that  i n  t h e  a b s e n c e  of microwave power t h e  e lec t rons  e x e c u t e  a x i a l  o s c i l l a t i o n s  

z(t) = 2 cos (apt + 0 )  , 

where 

If microwave power a t  a f requency  w is appl ied  to the s y s t e m ,  resonant  hea t ing  may occur  on s u r f a c e s  

1.1 -- 2 
P 

such t h a t  o 
P P 

e q u a l s  t h e  local e l e c t r o n  gyroftequency:  
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W e  t r e a t  t h e  in te rac t ion  of t h e  e lec t rons  with t h e  microwave f i e l d s  as “col l i s ions”  during which the  
perpendicular  energy of the  par t ic le  i s  changed  abrupt ly  by a n  amount 

hW, 7.: eE v cos 4 A t ,  (3 ) 
P 1  

where E 
is t h e  p h a s e  of t h e  e lec t ron  motion i e l a t i v e  to t h e  microwave f i e ld ,  and At  i s  a n  e f fec t ive  co l l i s ion  t ime 
es t imated  in  the  following way. A s s u m e  tha t  t h e  in te rac t ion  b e t w e e n  t h e  microwave f ie ld  and an e lec t ron  
is s igni f icant  only dur ing  that  t ime when  the i r  re la t ive  p h a s e  is nearly s ta t ionary  and within some v a l u e ,  
4 ,  of i t s  va lue  a t  e x a c t  resonance .  Then  

i s  the  component of t h e  microwave e lec t r ic  field perpendicular  t o  t h e  s t a t i c  magnetic f ie ld ,  4 
CL 

A 

dt  {o[z(t)l - fdPI - *$ 

def ines  a charac te r i s t ic  time 7 from which At c a n  b e  es t imated .  T h i s  co l l i s ion  t i m e  depends  on  t h e  
s y s t e m  parameters  through the  q u a n t i t i e s  o 

up’ r P’ CL P 
B /B(O) , and 6 x (Z2/Z2) - 1 accord ing  to  

,... n 
4- L:’8 s i n 2  t __ .._...._.._ (y) (..t- 2 ) -  1 - [B(O)/BC(l ( W P / 0 / 3 )  * 

s i n  2o ip t  

For oBt << 1, s imple  approximate so lu t ions  e x i s t  for the  two cases 6 7 0 and 6 : 1: 

For other  va lues  of 6 t h e  time dependence  of t h e  par t ic le  p h a s e  c a n  b e  obtained graphical ly ,  from 
which one f inds t h a t  t h e  maximum col l i s ion  time o c c u r s  for s m a l l  v a l u e s  of 6 given by the  equat ion 

which approaches  6 -’ 0 as  (IJ /aD i n c r e a s e s .  

ra te  as follows. We a s s u m e  d i f fus ion  in  energy g iven  by 

P T h e  two elementary solutions’ are u s e d  to  e s t i m a t e  a hea t ing  r a t e  and a veloci ty-space s c a t t e r i n g  

- - r Z E F  [&] w9 (cos2 Q (aa At)2> 
P ?I 
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Since the ave rage  of (<do At)' is not  too s t rong ly  dependent  on  6 (as long as a)p At << l), we s h a l l  
u s e  the  value at 6 = 0 as r ep resen ta t ive  and find 

T h e  corresponding hea t ing  r a t e  is 

where A is t h e  microwave wavelength,  c i s  t h e  s p e e d  of light, and r 

t h e  magnetic moment, and E ,  the  t o t a l  energy:  

B /B(O). II I I  T h e  ve loc i ty - space  diffusion is convenient ly  d e s c r i b e d  in t e rms  of t h e  t w o  a d i a b a t i c  invariants ,  p, 

During a col l i s ion ,  ~ / p  c h a n g e s  by an  amount 

Not ice tha t  

so  tha t  e lec t rons  turning a t  the r e s o n a n t  su r face  expe r i ence  n o  c h a n g e  i n  E / ~ L ,  hence  cont inue to turn  at 
t h a t  point.  B e c a u s e  8 7 0 is a s ta t ionary  point in  t h i s  s e n s e ,  high-energy e lec t rons  for which Coulomb 
s c a t t e r i n g  is relat ively weak  may be e x p e c t e d  to s a t i s f y  a dis t r ibu t ion  of the forrri 

T h i s  implies  a midplane anisotropy given by 

i n  keeping with experimental  obse rva t ions  of anisotrogy-driven i n s t a b i l i t i e s  in configurat ions where  
m, - B(Oji/B(O) << I .  

W e  may e s t i m a t e  a s c a t t e r i n g  rate  j u s t  as i n  t h e  case of t h e  hea t ing  rate ,  e x c e p t  that  (ap At)  for 6 = 1 
must be used  i n  place of the  va lue  for 8 = 0 as before ,  s i n c e  A ( E / ~ )  = 0 for 6 = 0. We find 

2r 
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T h e  l i fe t ime of a n  e lec t ron  a g a i n s t  sca t te r ing  out of a mirror t rap (mirror ra t io ,  R )  is roughly 

T I-' = (" + ir- 2r](Fy((zyap(LJ . 

Although t h e s e  e s t i m a t e s  are very c rude ,  i t  is ins t ruc t ive  to  compare  t h e m  with t h e  cor responding  
Coulomb transport  ra tes :  

T h u s ,  

Notice tha t  t h e  microwave r a t e s  exceed  t h e  Coulomb r a t e s  a t  s p e e d s  i n  e x c e s s  of a c r i t i c a l  v a l u e ,  
( V / C ) ~ ~ ~ ~ ,  which depends  s e n s i t i v e l y  on the  re la t ive  microwave energy d e n s i t y ,  e x p r e s s e d  through t h e  
para meter 

T h e s e  t ransport  p r o c e s s e s  s u g g e s t  tha t  t h e  energy spectrum wi l l  d e c r e a s e  (with energy)  u p  t o  t h e  
energy a t  which microwave hea t ing  r a t e s  exceed  Coulomb cool ing  r a t e s .  T h e  s l o p e  of t h e  spectrum 
should t h e n  become pos i t ive  and remain pos i t ive  unt i l  new loss mechanisms become  important. Two ob- 
v ious  high-energy loss mechanisms are:  

(1) R e l a t i v i s t i c  sh i f t  in  the resonant  f requency:  

r = B /B(O) - y B  (v = O)/B(O) = yo , 
P P 

where 

If yro > R ,  t h e  resonant  s u r f a c e  is no  longer  conta ined  in  t h e  t rap .  

(2) Large  e lec t ron  gyroradii c a n  lead to rapid rad ia l  d i f fus ion  if t h e  microwave electric f ie ld  v a r i e s  
appreciably over a d i s t a n c e  of o n e  gyroradius ( there  is t h e n  a ne t  a v e r a g e  E x B / B 2  t a k e n  over one 
gyration). 

Work in progress  inc ludes  a more c a r e f u l  r e l a t i v i s t i c  der ivat ion of t h e  microwave t ransport  r a t e s ,  to- 
gether  with de ta i led  s t u d i e s  of t h e  e lec t ron  energy spectrum s h a p e  us ing  a diffusion equat ion of t h e  form 
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which should  descr ibe  t h e  high-energy spectrum s h a p e  in the  a b s e n c e  of addi t iona l  t ransport  p rocesses .  

1.8 ELIMINATION OF AMBIPOLAR POTENTIAL-ENHANCED LOSS IN A MAGNETIC TRAP 

George G. Kel ley 

Fol lowing is t h e  abs t r ac t  of a n  a r t i c l e  tha t  has  been accepted  for publ icat ion i n  Plasma Physics 
(Pergamon Press): 

Fowler and Rankin have calculated the e f f c c t  of the axial potential differencc produced by ambipolar 
dif fusion on the hot ions in a simple mirror trap.45 They found that the enhancement of ion losses and 
the e f f ec t  on the energy spectrtzm o f  the hot ions produced by electron cooling reduced the ef f ic iency cnl- 
culnted previously by Post46 by about a factor 01 4. I t  is possible to reduce the e f f ec t  o f  the amhipolar 
potential enhanced losses  by a system which uses  four mirrors to  produce thrce colinear reactors. 
electron temperature nnd density can be mode constant throughout, and the regions o f  ambipolar electric 
f ield can be confined to the ends of the system. The centralregion then is a trap in which the losses 
are not enhanced. I f  the volume o f  this central region is  a large fraction of the total V Q ~ U R E ,  the overall 
ef f iciency may be made to approach that cdcrrlated by Post. 

The 

1.9 IGNITION CRITERION IN A p 4 1, DT PLASMA 

J. R. McNally, Jr. 

T h e  c r i te r ion  for ignit ion of a fusioning plasma is usua l ly  obtained by s e t t i n g  the  magnetic brems-  
s t r ah lung  rad ia t ion  power dens i ty  e q u a l  to the  charged-part ic le  reac tan t  power dens i ty .  T h i s  is def ined 
for the  condi t ion ca l l ed  p = 1 = 1Grn+kTJB2 ,  where B is the  magnet ic  f ie ld  in te rna l  t o  the  plasma. 
Trubnikov and Kudryavtsev4 '  ob ta ined  an  ignit ion temperature  of 5 keV for the D-T  s y s t e m  (7 keV in- 
c luding  ordinary bremsstrahlung a s  well). S ince  most p l a s m a s  h a v e  [3 f 1 it is appropriate  to obta in  a 
more genera l  e x p r e s s i o n  €or ignition. 

a p res su re  ba lance :  
We def ine  B,,, in terns of t h e  vacuum (unperturbed) f ie ld ,  Bvac,  and t h e  perturbed f ie ld ,  B ,  e x p r e s s i n g  

B 2  

87T 8 n  
-- - 2n +kT + -I- - , %Ac 

where p,,, = 1 6 . ~ i - n + k T , / B : ~ ~  and T ,  = T-. T h u s  B2 = (1 - p,,,) B : a ,  or B 2  = 16m,kT ,  (1 - p,,,' 
pVac). According t o  th i s  def in i t ion ,  pva, =- 0.5 cor responds  t o  /'3 = 1 of the Trubnikov and Kudryavtsev 

45T. K. Fowler and M. Rankin, J .  NucI .  Energy,  P t .  C, 8, 121 (196h). 
46R. F, Post, Nuclear Fusion: 1962 Supp l . ,  Pt. I, p. 99. 

47€3. A. Trubnikov and V. S .  Kudryavtsev, p. 550 in Plasma Phys ics  and Thernionuslear Research, vol. 1, 
Pergamon, 1959. 
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paper. T h e  magnetic bremsstrahlung radiat ion power d e n s i t y  is then  

642re4kZT$: (1  - pVac) 
ergs /cm3 , 

3m3 c5 P " , C  

"mag - 

and the  bremsstrahlung d u e  to c o l l i s i o n s  is4 

lJbrem = 1.4 x 10-27n: f i e r g s / c m 3  . 

T h e  nuclear  react ion power dens i ty  i s  

Pnucl = n n Fi;Q = 1 / 4  n:FVQ , 
D T  

where Q = 3.5 MeV for the  a lpha  par t ic le  and nD = nT h a s  been  assumed.  T h i s  also a s s u m e s  100% ef -  
f ic iency in  the  t rapping and u t i l i za t ion  of t h e  alpha-part ic le  energy;  however,  appiopriate  cor rec t ions  
c a n  b e  made t o  the  equat ion  for imperfect  trapping and u t i l i za t ion .  T a b l e  1.1 l i s t s  v a l u e s  of f i f o r  t h e  
DT reac t ion .49  At high temperatures  t h e  e lec t ron  temperature  wi l l  l a g  behind t h e  ion temperature ,  bu t  
magnetic bremsstrahlung hecomes increas ingly  r e l a t i v i s t i c  and  would of fse t  somewhat  t h i s  gain. 

F i g u r e  1.11 i l l u s t r a t e s  t h e  re la t ive  power e f f ic iency  Pnucl/(Pnag + Pbrem) of a D - T  p lasma a s  a func- 
tion of t h e  k ine t ic  temperature. T h e  minimum re la t ive  power e f f ic iency  for igni t ion i s  1 and is a t ta ined  for 
a l o w e s t  p,,, of 0.17 a t  T = 15 keV. F o r  p,,, = 0.5 (Trubnikov and  Kudryavtsev 's  case of /3 = 1 )  t h e  
ignition temperature  i s  7 keV a n d  t h e  buining temperature  32 keV. Ignition temperature  m e a n s  t h e  plasma 
temperature a t  which t h e  charged-part ic le  n u c l e a r  reac t ion  power j u s t  e q u a l s  t h e  radiat ion losses; s i n c e  a 
net  power is produced above  t h i s  temperature ,  t h e  plasma would h e a t  u p  unt i l  t h e  reac t ion  power becomes  
aga in  equal  to t h e  radiat ion l o s s e s ,  a n d  t h i s  is c a l l e d  t h e  burning temperature .  A s  a resu l t  of ineff ic ient  
t rapping and u t i l i za t ion  of t h e  reac t ion  products ,  t h e  igni t ion temperature  and t h e  pVac a r e  i n c r e a s e d ;  t h u s ,  
for 25% eff ic iency ,  Pnucl/Prad = 4 and  t h e  minimun p,,, for igni t ion becomes -0.75 with Tign 2 15 k e V  
and Tburn 2 20 keV. Similar cons idera t ions  for a D.D fusioning p lasma g i v e  t h e  minimum a l lowable  p,,, 
as 0.96, provided one  a s s u m e s  complete  re tent ion and react ion of t h e  T and  3He produced. 

48L. Spitzer, Jr . ,  Phys ics  of Fully  Ionized Gases ,  Interscience, 1962. 
4 9 A .  Simon, A n  Introduction to Thermonuclear Research ,  Pergarnon, 1959. 

T a b l e  1.1. Thermonuclear React ion Rates  for B * T 
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It shou ld  be emphas ized  tha t ,  d e s p i t e  t h e  p o s s i b l e  p e s s i m i s t i c  na tu re  of t h e s e  r e s u l t s ,  the  cond i t ions  
do  not  preclude u t i l i z ing  o ther  favorable  f e a t u r e s  (thick p l a s m a s  to  reduce magnet ic  bremsstrahlung further, 
ex te rna l  h e a t  c y c l e  t o  recover radiat ion losses, neutron u t i l i za t ion ,  in jec t ion  of plasma, or electromagnet ic  
energy t o  s u s t a i n  e x c e s s  radiat ive losses, etc.) to of fse t  t h e  p o s s i b l e  l ack  of igni t ion as defined here .  
The importance of high /? (produced by the  whole p lasma and  no t  j k t  t h e  ions)  t o  igni t ion is emphas ized  
however. 
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7 

Fig. 1.11. Igni t ion and Burning Temperatures for a DT 
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2. Injection and C C U M  w lation: 

1. 

2. 

3 .  

4. 

tral Injection Ex erirnents ( 
K. J. Colchin  H. Postma 
J. L. Dunlap 
R .  S. Edwards  
L. A. Massengi l l  

R. G. Reinhardt  
W. J .  Schi l l  
E. E?. Wells 

2.1 INTRODUCTION 

T h e  inves t iga t ions  of p lasma phenomena and 
neutral  beam development  ini t ia ted during t h e  pre- 
v ious  report per iod’  h a v e  cont inued,  with t h e  b a s i c  
faci l i ty  remaining unchanged.  

Probe  s t u d i e s  h a v e  t h u s  far  shown four d i s t i n c t  
ins tab i l i ty  modes - two high-frequency micro- 
i n s t a b i l i t i e s  and two f lu tes .  T h e s e  modes,  as 
ident i f ied by their probe s i g n a l  s igna tures ,  are: 

a weak, burs t l ike  high-frequency s i g n a l  a s s o -  
c i a t e d  with a x i a l  cur ren ts  (hereafter c a l l e d  the  
2 mode), 

a s t rong ,  choppy cyclotron s i g n a l  a s s o c i a t e d  
with azimuthal  cur ren ts  ( the B mode) and proton 
l o s s e s ,  

an  “uns tab le”  f lu te ,  predominantly m : 1, 
which a l s o  dr ives  l o s s e s ,  

a “ s t a b l e ”  f lute ,  which is a mixture of rn 
modes and is not a s s o c i a t e d  with proton 
losses. 

T h e  2 and t h e  s t a b l e  f lu te  modes h a v e  low den- 
s i t y  thresholds ,  e x i s t  s imul taneous ly ,  and a r e  gen-  
eral ly  terminated a t  higher d e n s i t i e s  by t ransi t ion 
to e i ther  t h e  B mode or t h e  uns tab le  flute. Though 
t h e  la t te r  modes have  on o c c a s i o n  been  observed 
s imultaneously,  they a r e  usua l ly  mutually exc lu-  
s i v e .  Trans i t ion  t o  e i ther  of t h e  modes  e s t a b l i s h e d  
an ins tab i l i ty  limit on  plasma accumulation. 

‘Thermonuclear Div. Serniann. Progr. H c p t .  Oct. 31,  
1966, ORNL-4063, pp. 1-9. 

We h a v e  found tha t  t h e  t r a n s i t i o n s  to  dens i ty-  
limiting modes c a n  b e  suppressed .  In t h e  case of 
t h e  0 ins tab i l i ty  t h e  control  is operat ion a t  high 
magnet ic  f ie ld  ( B o  k 12 kG). In t h e  case of t h e  un- 
s t a b l e  f lu te ,  i t  is operat ion with grounded end  w a l l s  
close to  the  hot  plasma.  T h e  control  for t h e  un- 
s t a b l e  f lu te  is tha t  s u g g e s t e d  by t h e  c o n c e p t s  of 
l ine- tying s tab i l iza t ion ,  and t h e s e  observa t ions  
a r e  potent ia l ly  t h e  most s ign i f icant  o n e s  of t h i s  
report period. 

s t a b l e  f lu te  niodes remain as  t h e  plasma accumu- 
l a t e s  to  the  limit e s t a b l i s h e d  by t h e  t rapping ra te  
and charge-exchange l o s s e s .  T h i s  limit h a s  been 
about 1 x l o 8  energe t ic  protons per c m 3  during; t h i s  
report period, less than tha t  previously observed.  
T h e  d i f fe rence  is  at t r ibuted t o  t h e  shor te r  charge-  
exchange  l i fe t imes  tha t  h a v e  charac te r ized  t h e  
more recent  work. 

With t h e s e  t rans i t ions  s u p p r e s s e d ,  t h e  Z and t h e  

D e t a i l s  of the  var ious  plasma experiments  a r e  
given i n  Sect .  2.2, which d e a l s  with t h e  high- 
frequency i n s t a b i l i t i e s ,  and i n  Sec t .  2.3, which 
d e a l s  with t h e  f lu tes .  Our pr incipal  effort h a s  
been toward quant i ta t ive  c o n t a c t  with l ine- tying 
theory,  and t h i s  effort accounts  for e m p h a s i s  on  
exper iments  and  c a l c u l a t i o n s  involving the f lu tes .  

Our cont inuing work toward beam improvement 
h a s  included t e s t i n g  a barium neutral izer  cell and 
also p a s s i n g  t h e  incoming neutral  beam through a 
magnesium arc. Both experiments  were  a t tempts  
to e n h a n c e  e x c i t e d - s t a t e  populat ion.  A s  deta i led  
i n  Sect .  2-4, nei ther  w a s  par t icular ly  s u c c e s s f u l .  

36 
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A third re la ted  effort ,  also descr ibed  i n  Sect .  2.4, 
yie lded  r e s u l t s  that  were qu i t e  encouraging;  t h i s  
w a s  the  de l ibe ra t e  introduction of s ign i f i can t  
trapped proton energy sp read  (55% ful l  width at 
half maximum) by modulat ing t h e  ex t rac tor  vo l tage  
supply  to  t h e  duoplasmatron ion  source .  T h e  
injector s y s t e m  is currently be ing  modified by 
in s t a l l a t ion  of a new beam l ine,  focus ing  magnet ,  
and 50-keV power supply .  

2.2 0 AND 2 INSTABILITY MODES 

T h e  frequency d is t r ibu t ions  of t h e s e  two modes 
were examined by u s i n g  a spectrum analyzer .  The 
maximum ampli tude component of t he  0 i n s t ab i l i t y  
s igna l  is normally fixed a t  about the  ion gyrofre- 
quency. Some s e c o n d  harmonic is a l s o  p re sen t ,  
though a t  much reduced amplitude. Under condi- 
t i ons  of very s t rong  in s t ab i l i t y  two or three  addi- 
t ional  harmonics  may appear.  On a few o c c a s i o n s  
s w e e p s  to low frequency of a l l  harmonics  h a v e  
been  noted. S igna l s  of t h e  2 mode occur  in  a band 

5 to 7 MHz wide, including but  not necessa r i ly  
centered  on  the  s e c o n d  harmonic of t he  6' s igna l .  

When t h e  0 mode is strong,  t h e  energy  spectrum 
of t rapped  protons is qui te  broad and protons of 
ene rg ie s  to 130 keV a re  p re sen t  ( the in jec t ion  en-  
ergy is 1s keV).  T h i s  e f f ec t  is i l l u s t r a t ed  in F ig .  
2.1, where, for comparison,  d a t a  obta ined  without 0 
or uns t ab le  f l u t e  modes a re  also given. 

Magnetic f ie ld  s t rength  acts as a control on  the  
8 instabi l i ty .  With B o  cons iderably  l e s s  than  10 
kG t h e  0 mode l i m i t s  dens i ty  and  the uns t ab le  f lu t e  
is not observed .  If cont ro l  of t h i s  f l u t e  h a s  not 
been  exe rc i sed  t h e  0 mode beg ins  to  a l t e rna te  with 
the f lute  as the  f ie ld  is inc reased  t o  about  8 t o  10 
kG. T h e  f lu t e  i tself  e s t a b l i s h e s  a somewhat  higher 
dens i ty  l imi t .  Pe r iods  of 0 act ivi ty  become infre- 
quent  as the  f ie ld  is ra i sed  to  12 kG and a re  ef- 
fec t ive ly  eliminated at higher f ie lds .  (The  range 
to  14 kG w a s  inves t iga ted . )  F igu res  2.2 and 2.3 
present  d a t a  i l l u s t r a t ing  f ie ld  control of the  8 in- 
s t ab i l i t y  and the  dens i ty  l imits  e s t ab l i shed  by the  
0 and the  uns t ab le  f lu t e  modes.  

S igna ls  at the  ion gyrofrequency with polar iza t ions  
corresponding to our 0 mode have  a l s o  been  reported 

, 6 4  \.-j ............. ! ............. _I 1 i ............. ........ ! .... 
0 20 40 60 80 100 120 140 0 20 40 60 90 

ENERGY ( k V )  ENERGY IkeV) 

F i g .  2.1. Comparison of Steady-State Energy Spectra Obtained With and Without the 0 Instabi l i ty .  Suppression of 

the unstable f lu te  w a s  provided by grounded end p lates  located a t  2 = +2 in. 

pressed the 8 mode. 

y ie lded the spectra of  the charge-exchange neutrals.  The experiment was done a t  base pressure, and for t h e  cor- 

rection from neutral  to fast proton spectra i t  was assumed that the  ombient neutra ls  charge-exchanged wi th  the  

protons l i k e  helium. 

Increase of  Bo from 6.5 t o  1 1  kG sup- 

A s i l icon surface barrier detector was mounted outside the plasma in the median p lane and 
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PHOTO 67691 
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EMISSION 
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N 

+ + 0.4 msec 

F ig .  2.2. A l te rna t i ons  Between 8 and Unstable F l u t e  

Modes w i t h  a n  Ind i ca t i on  of Corresponding Dens i t y  F l u c -  

tuations. 

s ta t i c  probe, and were f i l t e red  to  p rov ide  separate d i s -  

p lays  o f  components above and below 1 MHz. The h igh-  

frequency s igna l  'was due to the  8 rnode and the  low-fre- 

quency one t o  the  unstable f lute,  

detector was ou ts ide  the  plasma i n  the  median p lane and 

responded to  escaping charge-exchange neutrals.  

data were acqui red a t  s teady s ta te  w i t h  Bo = 9.5 kG and 

w i th  d i s tan t  end plates.  

The  r f  s igna ls  were from the crown e lec t ro -  

The  secondary emiss ion 

T h e  

in  t h e  A l i ~ e ~ - ~  and the  
In both,  t h e  ins tab i l i ty  c a u s e d  large ion  energy 
s p r e a d s  and the  e m i s s i o n s  became  intermit tent  with 
increas ing  magnet ic  f ie ld .  T h e  parameters  of t h e  
DCX-1.5 t rap a r e  more l ike  t h o s e  of Alice;  there  
t h e  emiss ions  became  intermit tent  a t  12.5 kG and 
e i ther  weak or a b s e n t  a t  higher  f i e l d s . 2  T h e  f igure 
of 12.5 kG i s  close t o  t h e  12-kG v a l u e  at which 
s i m i l a r  behavior  i s  observed  i n  DCX-1.5. 

lower f requencies  a r e  s imilar  to behavior reported 
by Phoenix .  
ins tab i l i ty  mode and f lu te  ac t iv i ty  as reported by 
both Al ice  and Phoenix  is not observed  in DCX-1.5. 

experiments .  

T h e  o c c a s i o n a l  s w e e p s  of t h e  cyclotron s i g n a l  t o  

Strong coupl ing of t h i s  cyclotron 

O W L - D W G  67-5709 

FLUTE DOMlN I kD  
FXPEC TED WITHOUT 

0.005 0.01 002 0.05 0.1 0.2 0 5  1 7 
Ir (mA sec) 

Fig.  2.3. Proton Dens i t y  as a Func t ion  of ( In iec ted  

Neut ra l  Current)  x (Plasma Decay Time). With Bo = 

6.9 kG, a l i m i t  o f  about 4 x l o 7  cm13 i s  es tab l i shed  

by the  0 mode. With Bo = 7.8 kG, the  8 mode a l te r -  

nates w i t h  the  unstable flute, the la t te r  es tab l i sh ing  

a l i m i t  o f  6 x l o 7  crne3. With R,, = 13.0 kG t he  8 
mode i s  suppressed bu t  the  f l u te  remains, the  end 

p la tes  be ing  distant.  With I , [ - <  0.5, Z and s tab le  

f l u te  modes are  present bu t  do no t  a c t  to l i m i t  den- 

s i ty.  The  ex t rapo la ted  l i n e  shows N - 1 7 ,  t h e  per- 

formance expected for Lorentz  t rapp ing  w i thou t  in- 

s tab i  I i  ty. 

T h e  2 mode of DCX-1.5 is sottiewhat ana logous  
t o  siiiiilarly polar ized s i g n a l s  from t h e  A l i c e  p las -  
ma. T h e r e  t h e s e  s i g n a l s  were  a l s o  usua l ly  loca ted  
n e s r  2 a ) c I ,  but  t h e  frequency band w a s  more narrow 
( A f / f  'ii 1 t o  5%). 

Defin i te  theore t ica l  mode ass ignments  for t h e  
high-frequency i n s t a b i l i t i e s  observed in DCX-1.5, 
Alice,  and Phoenix  h a v e  not  b e e n  made. 

2.3 FLUTE INSTABlLlTY EXPERIMENTS 

2C.  C.  Damm e t  al., Phys.  Rev. Let ters  10, 323 
(1963). 

3C. C. Damm et al., Phys .  Fluids 8, 1472 (1965). 
4A. H.  Futch e t  al., Plasma Phys ics  and Controlled 

Thermonuclear Research,  vol. 11, p. 3, IAEA, Vienna, 
1966. 

'L. G. Kuo e t  al., Phys. Fluids 7, 988 (1964). 
Bernstein et al., Plasma Phys ics  and Controlled 

Thermonuclear Research,  vol. 11, p. 23, IAEA, Vienna, 
1966. 

T h e  main effort of t h i s  report period h a s  centered  
on experiments  involving t h e  s t a b l e  and t h e  un- 
s t a b l e  f lu tes .  In t h e  mater ia l  tha t  fol lows we f i r s t  
d e s c r i b e  typical  f lu te  behavior  during plasma ac- 
cumulation and then proceed to g ive  d e t a i l s  of our 
observa t ions  of t h e  u n s t a b l e  f lu te  ( including sta- 
b i l iza t ion  techniques)  and of t h e  s t a b l e  f lute .  Com- 
par i sons  of t h e s e  r e s u l t s  with theory and  with other  
experiments  are given i n  Sect .  2.3.4. 
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2.3.1 Typical F lu te  Behavior 
During Pl asma Accumul ation 

Figure 2.4 shows a typical density buildup in  the 
magnetic field region of dominant flute behavior. 
Shortly after the beam is cut  on, trace 1 shows Z- 
mode bursts, and s tab le  flute s igna ls  appear on 
trace 5. These  s igna ls  are a l so  present on trace 
2 but a t  very low amplitude because  of poor low- 
frequency response of the crown probe system. 

Fig.  2.4. Responses of E l e c t r o s t a t i c  Probes, End 

Co l l ec to r  Current  Integral,  and Charge-Exchange Loss 
Detector  Dur ing  a Per iod  of P lasma Accumulat ion.  

t roces were s tar ted s imul taneously ,  bu t  the two  o s c i l -  

loscopes employed had s l i g h t l y  d i f ferent  sweep speeds. 

Truces 1, 2, and 3 are s i m l l a r  to those o f  F ig .  2.2. 
Trace 4 i s  the in tegrated current  s igna l  f rom a smal l  

probe a longs ide  the plasma. The  in tegrat ion c i r c u i t  

t ime constant  was 0.5 msec, and a p o s i t i v e  9 V b ias  

was app l i ed  to  the probe. 

e lec t ros ta t i c  p i ckup  from a but ton probe ou ts ide  the 

plasma in the  median plane. T h i s  probe was termi- 

nated in l o 6  ohms, from wh ich  cathode fo l l ower  COU- 

p l i n g  was employed t o  match coax ia l  l i n e  impedance. 

The  s igna l  wos amp l i f i ed  and then  f i l t e red  i n  o 1-MHz- 
loss pass c i r cu i t .  T h i s  system reproduces low-frequency 

s igna ls  more f a i t h f u l l y  than does the crown probe system 

(used for  t roces 1 and 2),  s ince  the crown probe i s  ter -  

minated at  low-impedance ampl i f iers .  

tends to d i f f e ren t i a te  low-frequency signals,  hence the 

d i f ferences between t races 2 and 5. 

acquired w i t h  Ho z 25 mA, T =  16 msec, .Bo = 12.6 kG, 
and end p la tes  a t  2 = +2 in. 

A l l  

Trace 5 i s  the f i l t e red  

The  la t ter  system 

These data were 

SECONDARY ! I 

SED 

Fi 2.5. D i s p l a y s  L i k e  Those of F ig .  2.4 Excep  w i th  

Higher  Gains for Traces 1 and 2. Here the f i n a l  steady 

state was dominated by the 0 mode rather than the un- 

s tab le f lute. 

After very nearly reaching a steady s ta te ,  a sudden 
jump downward in density occurs. The  cause  of 
this fluctuation i s  a small residual 8 instability 
which momentarily appears even though B o  = 12.6 
kG. This  0 mode is barely visible on trace 1. 
Finally, the s t ab le  flute briefly reappears, and then 
the  plasma goes flute unstable, a s  s een  on traces 
2 and 5. 

Figure 2.5 is a display l ike Fig. 2.4 except that  
the top two channels employ higher gains. T h e  re- 
sult  is an enlarged presentation of the d-mode 
signals,  which were barely evident in F ig .  2.4. 
Small fluctuations on the SED traces of both figures 
are the result of power l ine  ripple. 

2.3.2 Unstable Flute 

The  unstable flute signal usually appears a s  a 
near-sinusoidal oscil lation of steady frequency, as 
illustrated i n  Fig. 2.6. Spectrum analyzer displays 
show that one or two higher harmonics are also 
present, but a t  much reduced amplitude. The  
harmonics are not spurious i n  the sense  that they 
a r i se  as a result  of sine-wave distortion from near- 
field pickup, for the harmonic amplitudes fluctuate 
while the fundamental remains fixed in amplitude 
and frequency. 



40 

ORNL-DWG 67-5710 

' / B ~  ( k G ) f  

0.04 0.06 0.1 2 0.1 6 
SED 
(50 r i i seckmI  

50 
riisec /Cm 

1 
n s e c l c m  

0 2  
msec/cm 

PHOTO a7694 

TRACE 

1 

2 

3 

1( 
Fig.  2.6. B u i l d u p  i n t o  a Steady State Charac te r i zed  by 

the Uns tab le  F lute.  T r a c e  1 i s  t he  median p lane  charge- 

exchange l o s s  s ignal ,  and  the  other  t races are d i s p l a y s  

o f  s i g n a l s  from the  low- f requency e l e c t r o s t a t i c  probe s y s -  

tem. 

s tab le  f l u t e  and  then the  uns tab le  f l u t e  w h i c h  i s  accom- 

pan ied  by dens i t y  l i m i t a t i o n  ( t race 1). 
por t ion o f  t race  2 i s  expanded i n  t race  3 and i n  the  

raster  d isp lay,  t race  4. 
and top  t o  bottom. Cond i t i ons  were  Ho = 19 InA, 7; 

14 rnsec, Bo = 12.6 k G ,  and  end p la tes  a t  2 = *2 in. 

A f t e r  beam in jec t i on ,  t race  2 i n i t i a l l y  shows the  

T h e b r i g h t  l i n e  

T h e  raster  reods l e f t  to  r ight, 

T h e s e  osc i l la t ions  a re  indeed the  resul t  of a 
gradient B drift (flute) instabi l i ty .  T h e  V B  drift 
ra te  is proportional to  TLB-', and such  a depen- 
dence  for t h e  dominant osci l la t ion frequency h a s  
been experimentally found. T h e  d a t a  a re  shown 
i n  F ig .  2.7. 

static probes, one  fixed i n  the  median plane and 
the other positioned off t h e  median plane along- 
s i d e  the plasma and rotatable  about t h e  Z axis .  
Comparison of phase  differences indicated a dom- 
inant m 
V B  drift of ions. 

advancing a radial  obstruction so  a s  to limit t h e  
plasma radius  (normally 6 in.) t o  about 5.5 in. For 

Mode determinations were made by  us ing  electro-  

1 mode with rotation in  t h e  direction of 

T h e  uns tab le  f lu te  osc i l la t ions  a re  suppressed  by 
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F i g .  2.7. F requency  o f  t he  Uns tab le  F l u t e  a s  a Func -  

t i o n  of C e n t r a l  Magnet ic  F i e l d  (Bo) a n d  H o  I n j e c t i o n  En- 
ergy (Ti). When B was varied, t h e  i n j e c t i o n  energy was  0 
h e l d  cons tan t  a t  15 keV.  When T w a s  varied, Bo w a s  

constant  a t  12.7 k G .  

15-keV protons precess ing  i n  t h e  median p lane  
with a n  outer radius  of 5.5 in., computer calcula-  
t ions  yield 40 kHz as t h e  vl3 drift frequency with 
B o  = 10 kG. T h e  f lute  frequency actual ly  observed 
under t h e s e  condi t ions is about  33 ktlz. 

T h e  f lute  s i g n a l s  pers i s t  with reducing amplitude 
and no mode change  during densi ty  d e c a y s  that  
follow beam cutoff. We have  tracked t h e  frequency 
during s u c h  d e c a y s  and find that  i t  increases  in  a 
regular fashion by about  20% during t h e  time that  
the densi ty  drops by about an order of magnitude. 

Our effor ts  to  s tab i l ize  t h e  f lute  by end control 
were encouraged by t h e  line-tying ca lcu la t ions  of 
Guest  and Beas ley ,  
instabi l i ty  with very modest amounts of cold 
plasma between t h e  hot-ion instabi l i ty  region and 

7G. E. Gues t  and C. 0. Beasley, Phys. Fluids 9. 

who predict control of the  

-I ~ .......... __ 

1798 (1966). 
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conducting end p la tes  c l o s e  to  the hot ions in  the  
direction of the  magnetic axis.  As suggested by 
these calculations, two electrically grounded cop- 
per plates 9 2  in. in diameter were installed with 
adjustable axial positions (t2) relative to  the 
median plane. With the  plates some 5 to 15 in. 
from this plane, the  hot-ion density threshold for 
transition to the unstable flute was typically 3 to 
5 x lo7 
plate spacing. Threshold densit ies were higher 
for c lose  p la te  spacing. Separations of 2 - 173.0 
to k1.5 in. were usually sufficient for stabil ization 
up to  1 x 10’ ~ m - ~ ,  which were the highest den- 
s i t i e s  available during these  experiments. Such 
behavior is shown in Fig. 2.8. 

The  d is tance  a t  which the end plates success-  
fully suppressed unstable flute activity was  a func- 
tion of neutral gas pressure, closer d is tances  being 
required at lower pressures. The  7 range available 
for study of th i s  particular effect was  only a factor 

with no evidence of change with 

P H O ~ O  87699 

Fig. 2.8. Trapped Pro ton  Dens i ty  os a Funct ion  o f  

the I T  Product w i t h  End P la tes  a t  D i f fe ren t  D is tances  

( fZ)  from the Median Plane. 

magnetic f i e l d  (Bo = 13 kG) for suppression of the 6 
i ns tab i l i t y .  With the  end p la tes  a t  Z = +2 in., the un- 

stable f l u t e  i s  suppressed and f lute-dr iven losses  d is -  

appear. 

Operat ion was w i t h  h i g h  

of 2. Th i s  limitation and sca t te r  in our measure- 
ments of threshold density for otherwise “fixed” 
conditions did not permit detailed evaluation of 
the effect. The  sca t te r  in measurements probably 
reflects influences of small pressure fluctuations 
and of plasma potential. 

2.3.3 Stable Flute 

Stable flute s igna ls  appear a t  low plasma den- 
sities and remain until onset of either the # or the 
unstable flute mode. Figure 2.9 shows a spectrum 
analysis of these  s tab le  flute signals.  Three fre- 
quency groups are indicated. 

Band-pass filters were used to separate these  
frequency groups. Figures 2.10 and 2.11 il lustrate 
the oscil loscope displays obtained by th i s  tech- 
nique in  steady state.  From such da ta  we observe 
that the  s igna ls  in each  pass  band shift  frequency 
with time; that  the frequencies observed a t  any 
given time are i n  general not harmonically related; 

PHOTO 87695 

I I I  I I I 
-15 -to -5 wo 5 10 45 kHZ 

FREQUENCY 

Fig. 2.9. Spectrum Ana lyzer  D i s p l a y  o f  the Frequency 

Spectrum of the Stable Flute.  T h e  signal  f rom a button 

probe (outside the plasma i n  the median plane) was com- 

bined w i t h  the output o f  a IO-MHz c rys ta l  o s c i l l a t o r  i n  a 

square-law mixer c i r c u i t  w i t h  p rov is ion  for carr ier  sup- 

pression. T h e  d isp lay  contains the  residual  carr ier (a,) 
and f i rst-order sums and di f ferences o f  th is  frequency and 

the f lute-signal  frequencies. 

was s low (approx. 5 kHz/sec), so the d i s p l a y  represents 

a t ime-averaged frequency distr ibut ion.  Bo was 12.7 kG. 

The frequency-sweep rate 
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that  s igna l  amplitudes for the  three p a s s  bands  
sometimes, but not regularly, are correlated; and 
that  fhe s igna l  waveforms a r e  frequently a l tered.  
One interest ing and qui te  common example of t h i s  
l a s t  behavior is shown in the  low-frequency t r a c e  
of F i g .  2.11, where there  is evidence  of frequency 
almost doubling over much of t h e  waveform display.  

Stable  f lute  f requencies  a r e  a function of den- 
s i ty .  Quant i ta t ive numbers a re  difficult t o  obtain 
because  the  frequency spread  within e a c h  frequency 
group c a u s e s  a sca t te r ing  of the data .  F igure  2.12 
shows t h i s  effect ,  with t h e  general  dependence of 
frequency on densi ty  also being apparent. T h e s e  
d a t a  were taken during buildup under condi t ions in  
which t h e  lowest  frequency band w a s  dominant. 

PHOTO 87695 

4 t o . 2  msec 

Fig.  2.10. Response of Low-Frequency E lec t ros ta t i c  

Prohe t o  Stable Flute Osc i l lo t ions ,  F i l t e r e d  by Three 

Bund-Pass Networks. 

PHOTO 87697 

Fig.  2.11. Response of Low-Frequency E lec t ros ta t i c  

Probe to Stable Flute Osc i l la t ions ,  F i l te red  by Three 

Sa rid -Puss Networks . 

Similar behavior is exhibi ted on plasma decay,  as  
i l lust rated by Fig. 2.13, which is a n  expansion of 
the s t a b l e  f lute  s igna l  upon turnoff of t h e  beam. 

OR'VL-DNG 6 
7 
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0 0 2  0 4  0 6  0 8  IO 

FAST PROTON DENSITY ( r e l a t i v e  un i ts )  

F ig.  2.12, Frequency of the Stable F l u t e  Signal as a 

Func t ion  of Trapped Proton Densi ty.  The data po in ts  

were obtained from osc i l loscope d isp lays  o f  an electro- 

s ta t i c  probe signal. 

state operat ion ("1 x l o 7  where the observed 

frequency was " 9  kHn. Frequencies a t  other density 

points were obtained by t r igger ing the osc i l loscope a t  

d i f ferent t imes fo l low ing  beam inject ion.  

U n i t  densi ty was that for  steady- 

PHOTO 87698 

Fig. 2.13. Frequency Chonge of the Stable F l u t e  Our- 
ing Per iod of Plasma Decay. The top trace monitors 

the charge-exchange l o s s  current and shows decay o f  

plasma densi ty a f t e i  in jec t ion  ceases.  

e lec t ros ta t i c  probe trace have the  same t ime scale.  The 

lower e lec t ros ta t i c  probe trace i s  a 1 0 ~  expansion of the 

brightened port ion of the upper trace. 

state fast-proton densi ty was "4 x IO7 cmm3. H o  = 

19 mA, 7- 14 msec. 

I t  and the upper 

The i n i t i a l  steady- 
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Fig .  2.14. Transit ion from the Stable to the Unstable 

F lu te  Mode wi th  Presentations of the Low-Frequency 

Electrostat ic  Probe Signal on Dif ferent  T ime Scales .  

The displays ore l i k e  those o f  Fig. 2.6. 
were a lso  similar. Ho = 17 mA, 7= 14 msec.  

Conditions 

One experiment which employed the three band- 
pas s  networks attempted to define the s tab le  flute 
frequencies as a function of magnetic field. The  
frequency spread of the s igna ls  within each  band 
pass  was so large as to make the  results incon- 
clusive. 

employed for the  unstable flute. T h e  lowest fre- 
quency band is predominantly in = 1. However, 
some da ta  taken with a PAR signal correlator and 
the tendency toward frequency doubling mentioned 
above sugges t  that  an m = 2 mode may a l so  be 
present. Phase  correlations of the  intermediate 
frequency band indicate an m = 3 mode. The  
highest frequency group s e e m s  to  include still 
higher modes. 

is illustrated in Fig. 2.14. A number of similar 
pictures indicate the  s a m e  behavior: a dying away 
of the  steady-state flute, its reappearance a t  ap- 
proximately 12 kHz, and finally a continuous fre- 
quency change to an unstable flute of about twice 

Mode assignments were made by the  s a m e  method 

Transition from s tab le  to unstable flute regimes 

th i s  frequency, 25 kHz. The  rate of frequency 
change during transition is rather rapid, being 
about 5 kHz for each 0.2 m s e c .  

2.3.4 Comparisons with Theory 
and Other Experiments 

As mentioned earlier, the recent theory of Guest 
and Beasley’ contains predictions of flute sta- 
bilization by l ine tying. The  plasma model e m -  
ployed in these  calculations was  tha t  of a hot- 
plasma region (of density N and length I , )  
separated from perfectly conducting end plates by 
cold plasma (density N c  and length .I,c), with 
ideally sharp interfaces between the two hot-cold 
regions. The  plasmas in the two regions were  then 
treated as dielectric media. With A, << L c  in the 
cold plasma, oscil lations of the cold plasma led 
to inductive coupling of hot-ion oscillations to the 
ends. 

In DCX-1.5, cold-plasma behavior is more likely 
characterized by direct electron transport to the  
ends,  so  treatment of the  cold-plasma dielectric as 
in ref. 7 is not realistic. W e  therefore investigate 
the limit N c / N  = 0, for which coupling to the ends  
still remains but with the dielectric constant of 
the cold-plasma regions that of vacuum. The  dis- 
persion relation of Guest and Beasley (p. 1803 of 
ref. 7) then becomes: 

where X 
effects. In DCX-1.5 these  effects are negligible 
and Q, *J 1. Solutions of th i s  equation with param- 
e te rs  for DCX-1.5 lead to Fig. 2.15, which shows 
the density predicted for s tab le  to unstable transi- 
tion as a function of L c ,  and to  the sets of real 
and imaginary frequencies as functions of N with 
fixed Lc that a re  indicated in Fig. 2.16. 

T h e  treatment of Guest and Beasley uses  semi -  
infinite s l a b  geometry and assoc ia tes  directions 
tangent to these  surfaces with the 0 coordinate. 

w,/wci; Q ,  is a measure of finite orbit 
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ORNL-DWG 67-5930 

0 2 4 6 8 10 12 14 
L , ,  COLD PLASMA LENGTH ( c m l  

Fig .  2.15. Hot  Ian Density a t  Unstable f l u t e  Thresh- 

old a s  a Funct ion of Cold Plasma Length.  
for the theoretical c u r v e  are N 

L :  5 cm, Ti 

Parameters 

= 0, m -  1, o,, 40 kHr ,  
15 keV,  and R = 13 crn. 

For  comparison, F ig .  2.16 a l s o  presents  f requencies  
that  resul t  from the cyl indrical  model of L. G. Kuo 
et nl . ,  who treat  the  hot plasma as bounded in  r 
but infinite in z and therefore omit line-tying ef- 
fects .  

‘The observed behavior of threshold dens i ty  as  a 
function of end p la te  separat ion (Sect. 2.3.2) is i n  
reasonable  agreement with t h e  N c  -: 0 limit pre- 
dicted by Gues t  and Beas ley ,  as  shown in F ig .  
2.15. It i s  hoped that  experiments during t h e  next  
report period will allow a more quant i ta t ive c o m -  
parison. 

T h e  detai led observat ions of flute f requencies  
reported in ear l ier  s e c t i o n s  represent  valuable  
data ,  but an  interpretation of t h e s e  i n  terms of t h e  
theoret ical  models would b e  highly specula t ive  a t  
the  present  time. T h e  diff icul t ies  a r i s e  from t h e  
f a c t  tha t  f requencies  observed i n  t h e  laboratory 
frame are very s e n s i t i v e  to zero-order e lec t r ic  
fields. In the  theory t h e s e  f ie lds  a r e  taken to b e  

DRNL D I G  57-5934 
- T i  1 - 7  1 - 7  IO‘ 

2 c , n  GUEST 4ND BEASLEY [PHYS -_ L, = 8 c r n J 9 .  1798  ($96611 WITH N, - 0  
KUO ef u/ [ PHYS FLUIDS 7,988 (196411 

(06 2 5 (07 2 5 10’ 40’ 
HOT I O N  DENSITY ( ~ n - ~ )  

Fig .  2.16. Rea l  and Imaginary Frequencies for rn = 1 
Mode cis Functions of Hot Ion Density.  Parameters in 

the theory are B = 10 kG, a,, 2 40 kHz ,  X - 13 cm, 

T .  = 15 keV,  L = 5 cm (Guest and Beasley) ,  and N c  7 

0 ( G  and 6). 

zero, but nonzero va lues  surely character ize  t h e  
experiment. During the  next  report period we plan 
to  u s e  the  lithium ion beam technique* for deter-  
mination of plasma potent ia l  and h e n c e  for es t i -  
mates  of t h e s e  f ie lds .  For the  present  we only 
note  tha t  the  detai led behavior of the  frequencies  
is in some w a y s  unl ike tha t  reported ei ther  for 
Alice or Phoenix and c i t e  the  measurement of t h e  
continuous change  of frequency and ainplitude 
during t ransi t ion from s t a b l e  to uns tab le  f lute  
act ivi ty  as  an observat ion which appears  to b e  
unique. 

For  comparison with the  N c  = 0 curves  of Figs. 
2.15 and 2.16 we include Figs. 2.17 and 2.18 in 
order t o  present  resu l t s  from t h e  ful l  f o r m  of Gues t  
and E e a s l e y ’ s  theory with react ive cold plasma. 
T h e  rat ios  of N c / N  are  those  suggested by con- 
s ider ing  direct  transport of cold plasma to t h e  
ends .  T h e  principal predict ions of t h e  theory a re  
that inclusion of N c / N  f /  0 reduces t h e  c r i t i ca l  
hot-ion densi ty  for t ransi t ion to  f lute-unstable  
behavior and resu l t s  i n  a s t a b l e  regime at  higher 
ion densi ty .  Increasing N c / N  lowers  the cr i t ical  

‘G. K. Haste  and C. I?. Barnett, J. A p p l .  Phys. 33, 
1397 (1962). 
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HOT ION DENSITY (Cm-31 HOT ION DENSITY (ern-?') 

Fig. 2.17. Real  and Imaginary Frequencies for in = 1 Mode as Funct ions of Hot Ion Density. From Guest and 

Beasley w i th  N c  f 0, L = 5 cm, B = 8.8 kG, oD = 35.7 kHz, Ti :: 15 keV, and R = 13 cm. 

curvature WOE. s l igh t ly  l e s s  accurate than that used in the calculat ions for Figs.  2.15 and 2.16. 
The expression for f i e ld  

P 

ORNL-DWG 67-5933 
2 ,  

lo7 

2- 

5 

Fig. 2.18. Stable and Unstable Regimes i n  Hot Ion 

From Guest and Beasley Densi ty as Funct ions of R .  

wi th  L = 5 cm, Ti = 15 keV, and R = 13 cm, 
pression for f i e ld  curvature was the same as used to 

obtain F i g .  2.17. 

The ex- 

F++--- +I- -1 
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densi ty ,  but narrows the  densi ty  range for which 
instabi l i ty  is predicted and also reduces the  
growth rates .  For otherwise fixed parameters, 
reducing L c  a l s o  narrows the densi ty  range for 
instabi l i ty  and reduces growth rates .  

2.4 BEAM DEVELOPMENT 

In an effort t o  obtain a higher percentage of 
exci ted s t a t e s  in  t h e  H o  beam, a barium conver- 
s ion  c e l l  w a s  introduced i n  p lace  of the  usua l  
magnesium ce l l .  A dens i ty  v s  1 7  plot indicated 
exci ted-s ta te  populations equal  to  t h o s e  obtained 
with magnesium. In a second effort the  H o  beam 
w a s  run perpendicular t o  a magnesium arc which 
w a s  operated in  t h e  fringing magnetic field. T h e  
ver t ical  position of t h e  arc w a s  varied to  permit 
co l l i s ions  of t h e  H o  beam with different a r c  
dens i t ies ,  but only a net  d e c r e a s e  of H o  exci ted-  
s t a t e  populations w a s  found. 

Beam energy spreading proved to b e  more suc- 
cessfu l .  Modulation of t h e  extracted ion beam a t  
360 c y c l e s  w a s  achieved by placing a transformer 
i n  s e r i e s  with t h e  extract ion vol tage supply. T h e  
transformer prim x y  w a s  independently controlled 
through a Variac, Trapped-proton energy s p r e a d s  
as large as 55% full width a t  half maximum were 
measured, T h i s  amount of energy spread raised the  
densi ty  threshold for the  8 instabi l i ty  by a factor 
of 4. 
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3.1 INTRODUCTION 

The major emphasis of the current work is on 
the contribution that DCX-2 can make to stability 
theory. The  stabil i ty properties of the central 
peak plasma obtained with gas  dissociation' and 
hydrogen arc dissociation3 have  been discussed 
previously. Th i s  study h a s  continued during th i s  
report period. W e  are investigating the extension 
of this stability study to higher densit ies.  A mild 
microinstability of the molecular ion beam h a s  been 
investigated in detail  and found to be  an oscilla- 
tion of the Harris type. T h e  effect of electron 
Landau damping h a s  been seen. 

3.2 CENTRAL PEAK STABILITY STUDY 

The  behavior with respect to rf emission after 
beam turnoff of t he  central peak plasma obtained 
with hydrogen arc dissociation h a s  been d iscussed  
in detail  in the  previous report. There s e e m  to be 
two possibil i t ies for the instability in the afterglow 
plasma: either a Harris mode in which the ener- 
getic ions couple to electrons and ki l  i s  nonzero, 
or a multigroup flutelike mode in which the ener- 
getic ions couple to the  cold ions and k l ,  = 0. 

Since the energetic plasma includes two groups 
(central peak and s ide  lobes), it  is possible that 
some of the observed rf may be due to side-lobe 
protons that have not yet decayed. Measurement 
of the axial  instability wavelengths and signal 
polarization should help decide between the two 
a1 ternatives. 

theory from a detailed study of the velocity clis- 
tributions present a t  the t i m e  of the  instability 
onset. A DEC LINC-8 computer has  been in- 
stalled and interfaced to  two DCX-2 multichannel 
analyzers for th i s  purpose. The  contents of the 
multichannel analyzer memories are read into the 
4K memory of the  LINC-8, and inversion of the 
charge-exchange-current energy spectrum is exe- 
cuted under program control. This  system is now 
capable of providing on-line da ta  reduction of the 
energy analyzer spec t ra  and will be extended to 
other on-line da ta  collection and rapid analysis 
problems. It will be used  to cottelate the energy 
spectrum of the  energetic charge-exchange neu- 
trals with the time of occurrence of tf bursts after 
beam turnoff to obtain the distribution functions at 
the time of instability onset. 

W e  hope to obtain quantitative comparison with 

.___. 
3.3 SCALING LAW STUDY Analytical Ch erni stry Division. 

2Themonuclear Div. Semiann. Pro&. Rept .  Apr. 

3 ~ h e m o n u c ~ e a r  ~ i v .  Seniiann. ~roogr .  Kept. act .  

DCX-2 is a l m o s t  an ideal place in which to com- 
pare the experimental and theoretical answers to 
the stabil i ty question. It contains a high-density, 

30, 1966, ORNL-3989, p. 14. 

31 ,  1966, ORNL-4063, p. 12. 
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energet ic  plasma with a . Since the  
magnetic field c a n  b e  made uniform to within 0.1% 
over a volume 4.5 f t  in length and 2 f t  in diameter, 
i t  approximates t h e  assumptions of the uniform- 
field, infinite-medium calculat ions.  Some control 
is a l s o  avai lable  over  the  form of the  velocity dis-  
tribution function through t h e  energy spread,  or vl 
and the  distribution of pitch angles ,  or v , , .  Fj- 
nally t h e  distribution function c a n  h e  accurately 
measured as a function of v,,, vl radial position, 
and time a t  severa l  loca t ions  along the  machine. 

pi. ho t %z Oci'  

While the  present  d e n s i t i e s  a r e  suff ic ient  to  
examine the  Harr is  instabi l i ty  and t h e  multigroup 
f lutel ike instabi l i ty ,  higher dens i t ies  will b e  
needed t o  study the  drift-cyclotron mode and the 
high-frequency loss-cone modes. 'The expected 
threshold for t h e  drift-cyclotron mode with t h e  
present  radial profile is opi/oci 2 1. The present  

b e s t  es t imate  of densi ty  g ives  ~ ~ ~ / o ~ ~  % 0.8 to  
0.9, so dens i t ies  about  an order of magnitude 
higher will be  needed for a meaningful comparison 
of theory with experiment. 
how t h e  plasma densi ty  scales with input beam 
current is of central  importance to  the  DCX-2 pro- 
gram. W e  a r e  in the  midst  of answering th i s  ques-  
tion now. 

T h u s  the question of 

T h e  s c a l i n g  law N + V  = I .  .b,i-is obtained by hal.. 
anc ing  the  plasma trapping rate  aga ins t  the  plasma 
loss rate in equilibrium with N , ,  the  plasma densi ty;  
V ,  t h e  plasma volume; I. ., t h e  injected beam cur- 
rent; b, the  trapping fraction; and 'r, t h e  plasma 
loss t i m e .  A quick, but crude, t e s t  i s  whether 
the  densi ty  N , F N  a s  measured by t h e  foil neu- 
tral detector  integral  var ies  linearly with l inj/p,  
where p i s  t h e  ion gage pressure.  Experimental 
resul ts  ind ica te  that N + N D  var ies  as  (I. . / p ) " ,  

where n h a s  varied from 0.5 to  1.5 on different 
occas ions .  Plasma condi t ions were different for 
t h e s e  different runs, and N + 

a good enoupb tes t .  T h e s e  experiments neglect  
the  effect of ax ia l  spreading  and energy spreading. 
Energy spreading a f f e c t s  both the  value of the  
mean charge-exchange l i fe t ime ( s i n c e  the  charge- 
exchange c r o s s  sec t ion  i s  a s e n s i t i v e  function of 
energy) and the  va lue  of N +F ( s ince  a fixed en- 
ergy spread  h a s  been assumed to correct  for a t ten-  
uation of low-energy par t ic les  in t h e  foil of the  
detector). A careful  t e s t  requires accura te  meas- 
urement of each  quantity i n  the  s c a l i n g  law; and 
this  experiment i s  s t i l l  in progress .  

In J 

1ni  

InJ 

v s  I .  . / p  i s  not 

3.4 ION BEAM MIC OINSTABILITY - PLASMA 
RMATIBPB AND I STABILITY ONSET 

We have  eliminated t h e  hot proton plasma i n  
DCX-2 in  order to s tudy t h e  instabi l i ty  which 
produces radiation a t  t h e  molecular ion harmonics. 
It had previously been observed2 that  t h i s  insta-  
bility did not produce any gross  distortion of the  
injected molecular ion beam. However, i t  was  fel t  
that a ser ious  study of th i s  phenomenon would lead  
to a bet ter  understanding of the  effect  of bite ma- 
chine size on the  appearance of a microinstability 
predicted by infinite-medium theory. To simplify 
the s i tuat ion we h a v e  modified the operation of 
DCX-2 in  two different but equivalent ways. When 
operating with t h e  usua l  540-keV 112 ' ion beam, 
we h a v e  inser ted paddles  as  shown i n  Fig. 3.1 to  
e l iminate  t h e  hot proton p lasma formed by dis- 
sociat ion.  W e  have  a l s o  operated with a 270-keV 
H e t  ion beam, which d o e s  not produce an appre-- 
c iab le  hot plasma outs ide  t h e  beam and therefore 
e l iminates  the  need of the  paddles .  T h e  orbit of 
the  two beams and t h e  observed instabi l i ty  a r e  
ident ical  in the two cases. 

A beam ca tcher  loca ted  a t  the opposi te  end of 
the  machine absorbs  t h e  injected beam after a one- 
way t ransi t  of t h e  system. T h e  simplified plasma 
that  remains i s  produced by t h e  hollow, t/2-in.- 
thick s h e l l  of molecular i o n s  with a perpendicular 
energy of approximately t h e  inject ion energy. 
Figure 3.2 s h o w s  t h e  ax ia l  velocity distribution 
in the H 2  ' beam obtained by measuring the  angle  
of the dissociat ion neut ra l s  with a highly col- 
limated scanning  s i l icon-barr ier  detector. We 
assume that  t h e  H e +  axia l  velocity distribution 
h a s  t h e  same s h a p e  with the  veloci ty  halved. 
T h i s  assumption is supported by a t ransi t  t i m e  
measurement t o  b e  descr ibed later. 

Since t h e  beam is ini t ia l ly  unneutralized, i t  
e lectrostat ical ly  t raps  a l l  e lec t rons  produced by 
ionization of the  background gas .  T h e  cold i o n s  
produced drift a long  the f ie ld  to the e n d s  of the  
cylinder and are  expelled. T h u s  we expect  the 
density of cold e lec t rons  to  build up a s  

n = n  B O i B  n U.v t ,  (1) 

where n B  and no are t h e  beam and background 
densi ty  respect ively,  ui i s  t h e  ionization c r o s s  
sect ion,  and vB is the  beam velocity. 
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Fig.  3.1. The Phys ica l  Arrangement of DCX-2 for Ion Beam instabi l i ty  Studies. The  support for the  paddle i s  
shaped so a s  not to intercept the H,'(or H e t )  beam. 

Figure 3.3 shows an oscil loscope trace re- 
cording the cold-ion saturation current t o  a 
gridded probe located beyond the  end  of the ion 
shell. Since equal numbers of ions  and elec- 
trons are produced, th i s  current is directly pro- 
portional to the  cold-electron density in the 
machine. Thus, 

where v+ is the  cold-ion velocity and A is the de- 
tector area. F r o m  the  top trace in Fig. 3.2 we 
obtain a measure of the  rate of increase of the 
cold-electron density. This  turns out to be 1.14 x 
lo5  particles c m F 3  psec-'. From Eq. (1) we can 
calculate the  same quantity, and we obtain 1.19 x 

l o 5  particles p sec - l  for a 20-mA beam and 
a helium neutral density of 4.9 x 10"/cm3. The  
electron temperature and the plasma potential have 
a l so  been measured. At pressures in the l ow7  torr 
range, the s p a c e  potential is due to the partial neu- 
tralization of the beam by the  cold electrons. The 
cold ions  contribute l i t t le to the charge balance 

because of their  rapid loss. T h e  equation for elec- 
tron density is 

where L i s  t he  machine length. The  s p a c e  poten- 
tial gis given by 

(4) 

where R is the  radius of the machine, ro is the 
beam radius, and R is the beam thickness. There 
are two equations relating the space  potential and 
the electron density in equilibrium. The  space  po- 
tential equation f ixes  n- a s  a function of 4, and 
the electron balance equation determines T- .  For 
the observed space  potential of apptoximately 
130 V, Eq. (3) predicts an electron temperature of 
about 25 eV, which is c lose  to the gridded probe 
measurement of approximately 30 eV. Moreover, 
this temperature corresponds to the energy gained 
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F i g .  3.2. The A x i a l  V e l o c i t y  D i s t r i b u t i o n  of the  H 2 t  
Ream O b t a i n e d  wi th  a H i g h l y  C o l i i m a t e d ,  S c a n n i n g  

S i l i c o n - B a r r i e r  D e t e c t o r .  T h e  H e  a x i a l  v e l o c i t y  d i s -  

t r ibut ion should b e  t h e  some i f  t h e  v e l o c i t y  s c a l e  i s  

ha lved.  

t 

by the  e lec t rons  in t h e  ionization reaction. T h u s  
the cold plasma propert ies  are reasonably well un- 
ders  tood. 

T h e  second t race  in Fig.  3.3 s h o w s  t h e  s ignal  
to a probe near  t h e  beam in t h e  inject ion snout. 
T h i s  s igna l  l o c a t e s  t h e  entry time of the  b e a n  
into t h e  machine. T h e  cold-ion s igna l  should b e  
delayed af ter  th i s  time by t h e  t ransi t  time of an 
ion from i t s  point of production t o  the  gridded 
probe, and indeed t h e  observed delay is con- 
s i s t e n t  with t h e  measured "temperature" of the 

4M. E. Rudd, C. A. Sautter, and C. L. Bailey, Phys. 
Rev. 151, 20 (1966). 

PHOTO 87007 

-1 - r o p s e c  

F i g ,  3.3. The T o p  T r a c e  Shows the Cold-lon Sotu- 

ra t ion C u r r e n t  t o  o Gr idded P r o b e  Si tuated L e n g t h w i s e  

O u t s i d e  Hot-Ion Shell. The m i d d l e  t race shows tht: 
s i g n a l  to  a p r o b e  i n  t h e  i n j e c t i o n  snout  a,id m a r k s  t h e  

onset  o f  b e a m  i n j e c t i o n .  T h e  bottom trncc shows t h e  
onset o f  t h e  i n s t a b i l i t y  a s  s e e n  by a n  e l e c t r i c  rf  probe  
i n  the m a c h i n e  m i d p l a n e .  

torr. 

T h e  p r e s s u r e  w a s  2 x 

cold ions. 
an rf e lec t r ic  probe loca ted  at the wall  ill the 
center  of the  machine. T h e  s igna l  is inverted 
in the  picture ,  and the  negat ive dip ind ica tes  the 
beam p a s s i n g  t h e  probe. 'The pos i t ive  swing fol- 
lowing the  beam pulse  may b e  due t o  secondary 
emission from the beam catcher .  T h e  delay be- 
tween the  nega t ive  and posi t ive s igna l  is suff i -  
c ien t  to  allow t h i s  explanation. 

T h e  time delay between the beam s igna l  i n  t h e  
second t race  and the  dip in the  third t race  i s  a 
measure of the t rans i t  time of the He'beani from 
the injector  to  the  probe. We obtain an axial  ve- 
locity of 4.2 x l o 7  cm/sec. Since the helium ion 
velocity is half that  of a n  H, ion, t h i s  agrees  
with t h e  measurement of ax ia l  ve loc i t ies  in  the 
H, beam shown in F ig .  3.2. 

approximately 4 psec after t h e  beam p a s s e s  the  
probe, or 6.5 p e c  af ter  the beam enters  t h e  ma- 
chine. An expanded view of th i s  ini t ia l  rf is shown 
in Fig.  3.4 (lower t race) .  It c o n s i s t s  mainly of the 
He' fundamental, with a s e c o n d  harmonic compo- 
nent  also present .  Figure 3.5 shows the  t i m e  
buildup of t h e  electron p lasma frequency for the 

T h e  lower t race  s h o w s  the s ignal  to 

T h e  rf f luctuat ions in Fig.  3.3 a r e  s e e n  to begin 
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F i g .  3.4. T h e  T o p  Trace Shows the Onset of the In- 

stabi l i ty  a s  seen by E lec t r ic  rf Probe 4-3 in the Mid- 
plane. T h e  bottom trace s h o w s  the intensif ied 2 p e t  

segment in the middle of the upper trace. 

was 6 x torr. 
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Fig.  3.5. The  Electron Plasma Frequency as  a Func-  
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Pe 

condi t ions under  which t h e  d a t a  i n  F igs .  3.3 and 
3.4 were obtained. I t  is c l e a r  tha t  i n  t h e  6.5-psec 
delay before t h e  o n s e t  of the  rf t h e  electron dens i ty  
h a s  bui l t  up suff ic ient ly  to allow a resonance be- 
tween electron plasma osci l la t ion a long  the  field 
and the  ion cyclotron motion about  the field. A 
Harris-type instabi l i ty  resul ts .  

3.5 ION BEAM MICROINSTABILITY - NATURE 
OF THE INSTABILITY AND 
WAVELENGTHS OBSERVED 

As the electron dens i ty  cont inues to increase ,  
ins tab i l i t i es  develop near  f requencies  f = Zfcl. 
T h i s  c a n  b e  s e e n  i n  F ig .  3.6, which shows a 
s e q u e n c e  of spectrum analyzer  records taken 
from e lec t ros ta t ic  probes s p a c e d  a long  the  di- 
rection of t h e  ion a x i a l  motion. T h e  point  to  b e  
noted is the  occurrence of double  p e a k s  which a r e  
centered about  t h e  molecular ion harmonics (Hz 
in  t h i s  case). W e  interpret  t h i s  sp l i t t ing  as  
arising from a Doppler s h i f t  produced by the ion 
paral le l  velocity re la t ive to the co ld  electrons.  
Taking  the veloci ty  of t h e  i o n s  from Fig .  3.2 as 
8 x l o 7  cm/sec ,  we  obtain the  wavelengths  given 
in  T a b l e  3.1. It is in te res t ing  to n o t e  from th is  
table that  t h e  wavelength d e c r e a s e s  with harmonic 
number s o  t h a t  t h e  p h a s e  velocity remains an al- 
most cons tan t  factor  of 4 t imes the electron thermal 
velocity. T h e  instabi l i ty  seems to c h o o s e  the  
minimum wavelength c o n s i s t e n t  with t h e  Landau 
damping l i m i t ,  usual ly  given as vpha s e  > 3vthPmal 

Since t h e  ion beam moves in  one  direction only, 
the  upper- and lower-frequency p e a k s  in  Fig.  3.6 
must b e  a s s o c i a t e d  with two waves  having wave 
vectors  paral le l  and ant iparal le l  t o  th i s  direction. 
One then sees from t h e  s e q u e n c e  of spec t ra  i n  
Fig.  3.6 tha t  t h e  wave moving i n  t h e  ion ax ia l  di- 
rection grows a long  the  machine, whereas  t h e  anti- 
paral le l  mode has  a relatively cons tan t  amplitude. 
T h i s  s u g g e s t s  that  t h e  (I!  k )  modes a re  convect ively 
and absolutely uns tab le  respect ively.  I t  appears  
that  af ter  a rapid growth near  t h e  inject ion snout ,  
the ( i -k)  wave s a t u r a t e s  a t  about  the s a m e  ampli- 
tude as  t h e  (-k) wave. T h i s  c a n  b e  understood 
i f  w e  consider  t h e  mechanism which c a u s e s  sat- 
uration. F igure  3.7 s h o w s  t h e  peak-to-peak am- 
pl i tude of t h e  maximum rf e lec t r ic  f ie ld  of the  
fundamental mode s e e n  by a probe its a function 
of d i s tance  from t h e  beam. From t h e s e  d a t a  we 

t 

,L 
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F ig .  3.6, The  L e f t - H a n d  Co lumn Shows the rf  Spectra seen  by r f  Probes Spaced Along the Machine when the 

Background Pressure is H i g h  ( p =  2.6 x 
low p ressu re  ( p r  5 x lo-' torr).  The e f f e c t  under  d i s c u s s i o n  appears most  c l e a r l y  in the le f t -hand co lumn o f  

p ic tures,  where between the  markers two  double peaks are seen. 

creases r e l a t i v e  t o  the  other  member as one g o e s  down the  column. 

quency peak a t  each  harmoaic  w i t h  d i s tance  a long  t h e  beom shows t h e  c o n v e c t i v e  nature o f  the (+k) mode. 

Probe pos i t i ons  1-5, 2-5, 3-5, 4-5, and 5-7 ore d i sp laced  -4 in., +15 in., -i- 29 in., b42 in., and +55 in. from 

the i n j e c t o r  snout. 

tori), T h e  r i gh t -hand  co lumn shows t h e  corresponding spec t i a  a t  

The  r i gh t -hand  member of  each doublet  in- 

T h e  inc reos ing  amp l i t ude  o f  the h ighe r  f ra-  

can ca lcu la te  t h e  amount of charge involved in the  
unstable  osc i l la t ions .  L e t  u s  assume that  t h e  produce the  observed e lec t r ic  field. Now the  l ine  
I : 1 mode h a s  a charge distribution as  shown in 
Fig. 3.8. 

where 

charge a s s o c i a t e d  with the  injected beam is 

is i h e  l ine  charge densi ty  necessary  to 

The radial e lec t r ic  field, due  to the 

(6) 1, equivalent l ine  charges ,  is x-. 

v.. 
I I  

Thus,  the fract ional  charge fluctuation necessary  
(5) 
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Table 3.1. Wavelength Measured from Fig, 3.6 Data 

Wavelength (cm) 

I - 1  I =  2 1 = 3  
Pressure (torrs) __.___ Probe Date 

~ 

x 10- 

1-5 Mar. 16 2.6 151 76 49 

2-5 Mar. 16 2.6 151 101 54 

3- 5 Mar. 16 2.6 151 101 57 

4- 5 Mar. 16 2.6 151 101 51 

5-7 Feb. 28 2.0 151 67 57 

1-5 Mar. 14 0.5 138 

2-5 Mar. 14 0.5 108 76 

3-5 Mar. 14 0.5 127 80 

4- 3 Mar. 15 0.38 177 61 

5- 7 Feb. 28 0.71 151 61 

A (m) 140.6 80.4 53.6 

v (cm/sec) 

- 
12.3 Y lo8 14.6 x lo8  14.0 x IO8 - 
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3.73 4.42 4.25 v*’ “therm a1 
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Fig. 3.7. The E lec t r i c  F i e l d  Generated by the Insta- 

b i l i t y  as a Funct ion  of Distance from the Beam Center. 

to produce the  observed electric field is 
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Of 

Fig. 3.8. The Charge Distr ibut ion of the I L 1 Insto- 

b i l i t y  can be Approximated by  Two L ine  Charges Spaced 

a Beam Thickness Apart. 

served e lec t r i c  f i e ld  to the charge fluctuation. 

Th is  model relates the ab- 

This  s imple calculation ind ica tes  that. the  reason 
for the saturat ion of the  rf is that  the  instability 
grows until its charge fluctuations equal the 
charge density of injected beam. Further growth .-L 

is impossible at these  low pressures  s i n c e  n- = 

nB. Figure 3.3 shows the  e f fec t  graphically if 
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one notes  that  t h e  probe s igna l  due to  the bare  
beam is of t h e  same magnitude a s  the  sa tura ted  
Pf .  

A s  further ev idence  of the simultaneous pres- 
ence  of t h e  two waves  with (fk) wave vectors ,  
we  have  observed what  we interpret to  be  a beat  
phenomenon between the  (tk) modes of the 1 = 1 
instabi l i ty .  If t h e  two modes a r e  present  simul- 
taneously with t h e  same relat ive phase ,  we have  

s = a cos (a+ t - 1 8  - k z )  

i- b c o s  (w  . . ~  t 1 6' + k z )  , (8) 

where a* = a . rt kvB. Rearranging terms, we  get 
C2 

s = (a + b) COS k ( z  - v B  t )  COS ( ( 1 ~ ~ ~  t - 10) 

+ ( a  --- h) s in  k ( z  - vBt)  s i n  (acit - 26') ; (9) 

and i f  a cu b, 

s = 2 9  cos k ( z  - V B t )  c o s  ( W C i t  - 26') . 
Therefore, i f  t h e  two w a v e s  a r e  as  given by Eq. 
(8), we should observe  a bea t  of twice the  normal 
amplitude moving a long  the  beam with a velocity 
v B  and rotating i n  t h e  6' direction, where v B  is the 
ax ia l  beam velocity. Figure 3.9 shows a typical  
picture of the 1 = 1 b e a t  taken by triggering both 
beams by the  lower s i g n a l  and displaying the  same 
s igna l  delayed by 500 ft of coaxial  cab le  on the  
upper beam. The envelope is approxiniately given 
by c o s  k ( z  .-- v,t) wikh t h e  kvB obtained from the 

PROBE 
2-5  

DELAYED 
0.5 psec 

PROSE 
2 -5  

PHOTO 87809 

---A k 0 . 2  psec  

Fig. 3.9. T h e  Lower  Trace  Shows the Signal  Ob- 

ta ined by Tr iggering on the P e a k  rf  During a Beam 

Pulse.  T h e  upper trace shows the  lower t race  signal  

delayed by h a l f  a microsecond. Beats  such a s  these 

occur i rregular ly but frequently during a beam pulse.  

rf spec t ra  in Fig.  3.6. T h e  bea t  can  be observed 
to  propagate a long the  en t i re  length of the machine 
from t h e  injector  snout  to  ring 6, 69 in. away. 
Figure 3.10 shows the  time de lay  between various 
probes, and one can see that the propagation ve- 
locity is close to that  of the  beam. One can also 
obse ive  a rotation of t h e  b r a t  about t h e  beam in 
the direction of ion rotation. T h e  phase  sh i f t  of 
a bea t  around t h e  ion beam s h e l l  confirms that  
both the  (ik) modes rotate  in th i s  direction as 
s e e n  in Fig.  3.11. T h e s e  da ta  a l s o  agree  with 
the model. 

T h e  b e n t s  occur  frequently but irregularly during 
the beam-on period. Fur themore ,  they a r e  a lways 
almost ident ical ,  a s  c a n  b e  s e e n  from the miiltiple- 
t race picture  in Fig.  3.9. If, as  is likely, the con- 
vect ive mode is triggered by a beam fluctuation a t  
the snout ,  one can  understand their irregular occur- 
rence. T h e  similarity between subsequent  k a t s  
is probably corinected with the  sa tura ted  condition 
of the  ( . - - -k)  mode when t h e  ( . i - k )  mode i s  triggered. 
We have  no ev idence  for t h e  ex is tence  of a s tand-  
ing  wave in  t h e  machine. 

T h i s  s tudy of an instabi l i ty  which d o e s  not ap- 
pear to b e  dangerous from t h e  viewpoint of effi- 
c ien t  inject ion in to  DCX-2 h a s  been motivated by 
a des i re  to  understand in detai l  the dynamics of 
a rnicroinstability in  the  machine. One of the in-  
terest ing ques t ions  is t h e  e f fec t  of f ini te  length 
and electron temperature on t h e  wavelength of the  
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Fig .  3.10. T h e  T r a n s i t  T i m e  of a Beat  Between 

Various Probes A long  the Machine Length.  

cept of  the best- f i t  l i n e  before the snout i s  a conse- 

quence of the higher a x i a l  beam ve loc i ty  in the dip 

region. 

T h e  inter-  
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of the probes re la t ive  to the  beam i s  determined from the 
geometry o f  Fig. 3.1.  

instabi l i ty  observed. Burt and Harris' h a v e  de- 
veloped a theory for t h e  s tabi l i ty  of a n  infinitely 
long s h e l l  of h o t  i o n s  immersed in a background 
of cold electrons,  including the  effect of finite 
radial boundaries. Thei r  resu l t s  have been con- 
L111IltxJ 111 a l u w - c l l c l g y  ClCLLP.JII c.npCl"llcl~L uy 
Morse. 
in the  short-wavelength limit as 

They gave t h e  condition for instabi l i ty  

with @, '2 n A/2n, where a is the  beam thickness ,  
X i s  the axial  wavelength, and R 7 1, 2, . . . . For 
th i s  criterion to  fit our da ta  for 1 = 1, w e  would re- 
quire an  ax ia l  wavelength of A? 10 cm, whereas  
we observe  a wavelength of 140 cm. T h i s  la t te r  
wavelength is a s s o c i a t e d  with the "infinite- 

medium" dispers ion relation obtained when @, = 
0. Phys ica l ly  t h e  difference in the range of al- 
lowed wavelength is d u e  to whether or not the 
axial  wavelength couples  to radial osci l la t ions 
within the  beam. In a thin beam such  as ours, 
radial osc i l la t ions  c a n  only e x i s t  for short  axial  
wavelengths. T h e  long wavelengths observed are  
compatible with a uniform potential across the 
beam. Since there  is no  wave a c r o s s  the beam, 
i t  makes l i t t l e  difference that  the beam is finite, 
and the  infinite dispers ion relation due to Harr is7 
applies: 

fj(v) dv 

(0) + hCi ik")2  
1 = 0 2 .  P l  

where pi is the  ion Larmor radius. In the s implest  
c a s e ,  neglect ing the ion drift, we g e t  a growth rate  
given by 

.xi a .  
y = l o ,  . -PI 

4) 
C I  

P e  

a t  a frequency 

0) = Io, . . 
C I  

(13) 

Equation (13) gives  a growth time of 0.57 p s e c  for 
the 1 = 1 mode, which i s  not inconsis tent  with our 
measurements. 

It is interest ing to a s k  t h e  quest ion of why we 
do not a l s o  see t h e  short-wavelength modes re- 
ported by Morse. T h e  answer  is, perhaps, because  
oE Landau damping of the shor t  wavelengths due  to 
our high electron temperature of between 20 and 
50 eV. That  t h i s  instabi l i ty  w a s  not observed a t  
all in DCX-1 could then b e  due  to  insufficient 
length for the  long-wavelength mode. We are  a t  
present  invest igat ing the effect of finite length 
on the  instabi l i ty .  

'P. Burt and E. G. Harris, Phys. Fluids 4, 1412 

6D. L. Morse, Plasma Phys. 9, 61 (1967). 
(196 1). 

'E. G. Hartis, private communication. 
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A higher-current neutral beam inject ion sys tem 
w a s  instal led during t h i s  setniannual report period, 
and operation with the  beam trapped on a n  electron-  
cyclotron plasma h a s  jus t  begun. Early resu l t s  
(rather preliminary) were obtained a t  30 t o  50% of 
maximum beam current and 40% of maximum micro- 
wave power. 

T h e  neutral beam apparatus  is shown in p lace  
in  F i g s .  1.1 and 4.2. Figure 4 . 1  shows the  
INTEREM facility. T h e  neutral beam ion source  
and accelerator  a re  ins ide  the  round high-voltage 
c a g e  on top  of the machine. Directly below and 
t o  the left are the a s s o c i a t e d  pumping manifold 
and vacuum pumps. 
the high-voltage table  carrying the ion source  
power suppl ies .  Figure 4.2 is a c loseup  view of 
these two high-voltage s h i e l d s  and t h e  pumping 
manifold. 

The  expected beam w a s  to be  about 250 mA 
equivalent  on out calorimetric target, located di- 
rectly below the microwave cavi ty .  T o  da te  a max- 
imum of 100 mA equivalent  h a s  been produced. 
A magnesium vapor cell is being used to  d i s s c -  
c ia t ively neutral ize  the 40-keV H 2t ion beam. 
About 25% of the beam pass ing  through the  c e l l  
is not neutral ized and is. d i ss ipa ted  on a water- 

T h e  large c a g e  to t h e  right is 

'(31 l eave ,  Princeton Universi ty ,  P lasma Phys ics  

21nstrumentation and  Controls  Divis ion.  
Laboratory . 

cooled quartz hel ix  and collimating apertures  di- 
rectly below the magnesium ce l l .  T h e  primary 
purpose of the  hel ix  i s  t o  d i s s i p a t e  microwave 
power enter ing the beam tube to  protect the  un- 
cooled insulators .  

microwave tubes (SAX-418) have deteriorated and 
are approaching the end of their operating life. 
T h e  tube company w a s  unable to supply replace-  
ments, so  that  t h e  maximuin power now ava i lab le  
h a s  dropped to  a maximum of -25 kW cw from the  
original value of 51 kW cw.  Under t h e  usual op- 
erat ing condi t ions this  i s  reduced to  about  20  
kW cw. 

For  measuring the  decay  curve of the  f a s t  trapped 
ions i n  the  INTEREM experiment a n  improved d c  
amplifier h a s  been  developed. T h e  input field ef- 
fect  t ransis tor ,  the s i l icon  surface-barrier detector ,  
the feedback resis tor ,  and the compensation ca- 
pacitor a r e  mounted in  a liquid-nitrogen-cooled 
plasma- and x-ray-shielded detector  head located 
a t  t h e  outer end of a n  evacuated tube extending 
outward from t h e  main vacuum tank of the experi- 
ment. 

Signals  from t h e  FET are brought out through 
approximately 12-in.-long sh ie lded  leads  to a 
hermetic vacuum s e a l  located at the  input of t h e  
main amplifier. T h e  two-stage main amplifier 
terminates in  a n  emitter-follower output. Coin- 
plementary symmetry is u s e d  af ter  the  input of the  
main amplifier t o  provide dc ba lance  in  the  am-  
plifier, An addi t ional  complementary-symmetry 
emitter follower is used  to dr ive the long cable  
leading to  the  remote readout device. 

Par t icular  a t tent ion must b e  given to the  me- 
chanica l  layout a t  the  input of the FET t o  reduce 
s t ray  capac i tance ,  s t r a y  coupling, leakage  cur- 
rents ,  and t h e  dis t r ibuted capac i tance  of the 
lO-Ma feedback resis tor .  The  e f fec t  of t h e s e  

In t h e  course  of severa l  years  the three ex is t ing  

Fast  Current Amplif ier for Si Barrier Detectors. - 

55 
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I I 

Fig.  4.1. T o p  V i e w  of the INTEREM Fac i l i ty .  T h e  round cage houses t h e  ion source and accelerator. The beam 

proceeds straight down into the fac i l i ty  through a magnesium ce l l  in the vacuum chamber direct ly  below t h e  ion source. 

The  rectangular cage houses the high-voltage table which carr ies the  ion source power suppl ies.  

measures provides (in corresponding order) opti- 
mized noise figure, closed-loop ac stabil i ty,  oper- 
ational d c  stabil i ty,  and flat  response. Reducing 
distributed capacitance of the feedback resistor 
permits the u s e  of a separate lumped-equivalent 
capacitance of less than 0.2 p F  (across 1 0  Ma) 
for the compensated shunt feedback impedance. 
An adjustable capacitance divider, external to that 
portion of the circuit located in the vacuum, per- 
mits fine control of feedback capacitance from the 
output voltage divider. 

The  complete detector head is electrically in- 
sulated from the  experiment main enclosure, and 
the system’s one ground point is located at the 
remote readout panel. This  panel contains the 
bias controls and line-isolated power supply. 

Th i s  arrangement provides an  input sensit ivity 
of lo-’ A for 1 V output with a rise time of 6 psec  
on the most sens i t ive  range. A range switch se- 

lector provides additional sensit ivit ies of 
A/V at 2 p e c  rise time and 10W7 A/V with a r i se  
time of 1.6 psec.  

Results. - The  pulsed ($2 Hz) beam is injected 
into the steady-state microwave plasma, and the 
s igna l  amplitude and decay time are measured di- 
rectly and integrally. From the known solid an- 
gles, geometric factors,  and detector sensit ivity,  
the density of hot ions can  be  deduced. Alter- 
natively, the comparison of the product of signal 
amplitude I and decay time T for the E C P  trapping 
and gas trapping is a measure of the  density in- 
c rease  due to the E C P  trapping. The density due 
to  gas trapping can  be calculated from the meas- 
ured beam current, plasma volume, and known 
cross sections.  

T o  date,  because of the low beam and low micro- 
wave power, the maximum hot-ion density obtained 
is approximately 10’ ions/cm3. The  longest decay 
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Fig.  4.2. Close-Up V i e w  of the High-Voltage Shields and t h e  Pumping Manifold f o r  the Beam Inject ion System. 

t ime seen  is less than 100 p e c ,  due to the low 
microwave power available. This is less than was  
previously reported3 when there was more micro- 
wave power available. 

At low operating pressure the Ir product with the 
E C P  is an  order of magnitude larger than with gas 
trapping. This is a s  large an  increase as has ever 
been seen  in the past. 

The present hot-ion density in the presence of 
the E C P  is above the flute threshold a s  calculated 
by Kuo et al. 
instability threshold. 
been detected. 

but is not yet at the drift-cyclotton 
N o  instabilities have yet 

3Thermonuclear Div.  Semiann. Progr. Rept.  Oct.  31, 

4L. G. Kuo et a l . ,  Phys. Fluids 7 ,  988 (1964). 
5A. B. Mikhailovskii, Nucf. Fusion 5 ,  125 (1965). 

1965, ORNL-3908, sect. 3.1. 

Future Plans. - In the immediate future, plans 
are under way to drastically decrease the size of 
the microwave cavity. This  will have the effect 
of raising the amount of microwave power per unit 
volume and can  increase the ECH plasma density. 
In order to increase the n~old/no ratio, very strong 
line tying will be  attempted. This  experiment is 
a short-range alternative to increasing the total 
microwave power, s ince  new tubes will not be  
available for several  months. P lans  are to move 
the present end plates on the cavity up  to the 
throats of the inboard mirrors to increase the axial  
conductivity while leaving the outboard cavities 
in place but unused. A more sophisticated end 

ment will probably follow before the 
ut down to install  a new cavity and 

Ioffe bars. This  refinement will probably consist  
of movable end plates to test the effe 
line tying in the mirror throats. 
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4.2.1 Introduction 

Prior to the  beginning of th i s  report period, a 
coil failure temporarily terminated research  i n  t h e  
ELMO faci l i ty .  A magnetic mirror coil failed be- 
c a u s e  of a faulty strainer-type water filter. During 
th i s  period the “stuffing bar,” which had been 
instal led on the  a x i s ,  w a s  removed. After instal-  
lation of a new mirror co i l ,  the  faci l i ty  w a s  op- 
erated in  t h e  folded-cusp configuration for s e v -  
e r a l  months while  instabi l i ty  s t u d i e s  were made. 
T h e s e  s t u d i e s  a r e  reported in Sect. 4.2.2. 

In April the 8-mm microwave power source  w a s  
reinstal led,  and t h e  faci l i ty  h a s  continued t o  
operate as  a variable mirror t o  the present  date .  
Further invest igat ions of the  previously observed 
“high-beta” electron-cyclotron plasma (ECP) with 
8-mm heat ing have  been made with surpr is ing re- 
su l t s .  T h e s e  resu l t s  a r e  reported in Sec t ,  1.2.3. 

4.2.2 E lectron-Cyclotron Heating Experiments 
in  the Folded-Cusp Magnetic 

Configuration of E L M O  

A s  reported i n  the  l a s t  semiannual ,6  the four 
c o i l s  of ELMO a r e  connected in  a bucking ar- 
rangement that  g ives  point c u s p s ,  two ring c u s p s ,  
and one or two field zeros  on t h e  axis .  Heat ing 
power w a s  obtained from a Varian VA-848 klys- 
tron amplifier a t  a frequency of 10.6 GHz. Max- 
imum power ava i lab le  w a s  5.1 kW cw. T h e  cavi ty  
w a s  57 c m  in  diameter and 51 cm long where it 
extended into the  a x i a l  and annular throat  regions 
t o  a l low pumping through perforated metal  sur-  
faces. Previously it h a s  been reported6 that  
there were wide ranges in the  operating parameters 
where ins tab i l i t i es  were present ,  that  no neutrons 
were s e e n  from Coulomb d issoc ia t ion  of deuterium, 
and that  bremsstrahlung spec t ra  showed no pho- 
tons  above  2 MeV. T h e s e  l a s t  two observat ions 

6Therrnonurlear Div. Semiann. Progr. Rept. Oct. 31 ,  

~. .. 

1966, ORNL-4063, sect .  3 . 2 .  

indicated that  the  magnetic configuration was  not 
a s  good a containment configuration for high- 
energy par t ic les  as  t h e  s a m e  apparatus  operated 
a s  a mirror. T h e  f i rs t  observation indicated that  
it w a s  probably a poor container for fairly low- 
energy par t ic les .  T h e  main emphas is  w a s  to  in- 
vest igate  t h e  assoc ia ted  instabi l i t ies .  

with a variety of particle and current probes. In- 
s tab i l i t i es  were observed i n  the  form of f lutel ike 
dis turbances during s t e a d y  operation and macro- 
s c o p i c  ins tab i l i t i es  af ter  microwave power turnoff. 

Figure 4.3 s h o w s  a s e t  of four Polaroid osci l -  
lograms. All  four osc i l loscopes  a r e  triggered by 
the  same power turnoff, and e a c h  s w e e p  indica tes  
a different detector. T h e  figure capt ion correlates  
the  detector  and the sweep.  T h e  labe ls  “wes t  
annular grid” and “ e a s t  annular grid” indicate  
current col lectors  i n  the e a s t  and wes t  annular 
iegions j u s t  outs ide the cavi ty  a long f ie ld  l ines .  
The  l a b e l  “ e a s t  a x i a l  current col lector”  indicates  
a probe which c a n  be moved severa l  inches  e a c h  
s i d e  of the  a x i s  j u s t  outs ide the cavi ty .  T h e  labe l  

radial  x-ray skimmer” indicates  t h e  output of a n  
x-ray detector  collimated so  as t o  only view a 
water-cooled probe inserted radially into the  cav-  
i ty  on the  midplane. T h i s  de tec ts  high-energy 
e lec t rons  l o s t  radial ly  t o  the skimmer. T h e  term 

s o l a r  c e l l ”  ind ica tes  so la r  cells shielded from 
light and s e n s i t i v e  only t o  energet ic  e lectrons.  
T h e  wes t  annular s o l a r  cell s h o w s  a different 
response due to internal shorting. The observed 
response is  probably due to  rf pickup rather than 
electron bombardment. T h e  labe l  “diamagnetic 
co i l”  ind ica tes  the output from a co i l  wrapped 
around the midplane of t h e  cavi ty .  T h e  midplane 
is a copper-plated s t a i n l e s s  s t e e l  s e c t i o n  to  a l low 
rapid magnetic field changes  t o  be  de tec ted  by the 
coil. T h i s  coil monitors the  loss of s tored energy 
of t h e  par t ic les  i n  t h e  cavi ty  whose ini t ia l  veloci ty  
vectors a r e  paral le l  to  the plane of t h e  coil. 

T h e  remarkable thing about  t h e  type of insta-  
bility represented by t h i s  figure is the  e x a c t  cor- 
relation of t h e  s i g n a l s  from the major plasma 
losses; that  is, current l o s s e s  and energet ic  elec- 
tron l o s s e s  a r e  correlated i n  the  mirror regions, 
c u s p  regions,  and  radially. Another interest ing 
observat ion is the  gradual increase  with time i n  
t h e  period between the  macroscopic l o s s e s .  A 
third important point is that  the  radial  x-ray skim- 
mer s i g n a l  must have  come from a group of par- 
t i c l e s  which moved a c r o s s  a n  increas ing  magnetic 

Instabil i ty Studies. -- T h e  faci l i ty  w a s  outfitted 

( I  

( <  
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PHOTO 88232 
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Fig. 4.3. I n s t a b i l i t y  Seen in the ELMO F o l d e d  Cusp. A l l  four osc i l l og rams  are taken  f rcm s i rnu l taneously  t r iggered 

osc i l l oscopes .  

l osses  in the observed i n s t a b i l i t y ,  a l though t h e  i n i t i a l  s tages o f  t he  i n s t a b i l i t y  do n o t  appear  everywhere. 

of t h e  names g i ven  i s  d i s c u s s e d  in t h e  text. 

4300 A. 

A l l  sweep speeds are 50 psec/cm. A l l  s i g n a l s  i n d i c a t e  s imu l taneous  de tec t i on  o f  the major  plasma 

T h e  mean ing  

M ic rowave  power = 3.5 k W ,  pressure  :: 5.1 x torr, I = 2000 A,  IM = 
F 
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Fig. 4.4. Steady-State Osc i l la t ion  Observed on T w o  Current Col lectors on the ELMO Folded  Cusp. 

are triggered from the upper sweep and the signals are obtained from dual-channel f i l ter  ampli f iers w i th  matched gain- 

phase choracteristics. Upper trace, north current collector; lower trace, south current col lector .  Angular separation 

38'; meosured frequency 74 KHz; 5 Psec/cm sweep speed; 2.6 x 

T h e  two troces 

torr; 3.8 kW cw, 3-cm microwave power. 

field to s t r ike the skimmer. The  magnetic field 
increases  by a factor of 1.7 from the  radius of the  
heating zone to  the probe radius. 

The  other kind of instability is exemplified by 
the s teady-state  low-frequency osci l la t ions s e e n  
in  Fig. 4.4. This figure is an oscillogram showing 
s igna ls  obtained from two current col lectors  lo- 
cated in the  ring cusp  region and separated by a n  
azimuthal angle  of 389 These  two col lectors  can  
b e  moved a few centimeters in radius and about 
10' in  angle. 

tween detectors  located as much as 120' apart  in 
the  ring cusp.  Th i s  is particularly true when the  
gas pressure is high and the  observed frequencies 
are low. These  low-frequency, flutelike disturb- 
ances  can  be s e e n  under a wide variety of con- 
ditions, but correlation between d is tan t  probes is 
not easy  t o  obtain. When conditions a re  altered 
so  that the frequencies r ise ,  the  correlation is 
harder t o  obtain. Th i s  sugges ts  that the corre- 
lations a re  propagating radially much faster  than 
azimuthally. Generally, a decrease  in  gas  pres- 
sure  c a u s e s  the frequency t o  r ise ,  indicating that  
effective line tying in  the  cusp  region is reduced. 

Occasionally, correlations may a l s o  b e  seen  be- 

Different frequencies are s e e n  a t  slightly dif- 
ferent radii in the  ring cusp  regions. The  current 
probes which detect  the s igna ls  indicate no iden- 
tifiable frequencies on the  separatrix; rather, the  
observed frequencies a re  seen  on field l ines  that 
communicate with the  outer surfaces  of the plasma. 

When operated with a folded-cusp magnetic con- 
figuration, excel lent  pinhole x-ray photographs 
have been taken of the plasma produced by 3-cm 
microwave power. Several of these  were shown i n  
the  previous semiannual. 
recent picture. T h e  photograph shows a uniformly 
bright region inside the  approximate c losed  sur- 
face a t  which electron cyclotron resonance occurs. 
Plasma is s e e n  entering the ring cusps ,  and two 
rings of plasma are  a l s o  seen  in  mirror-like regions 
outside the heat ing zone. 

possible  t o  invert a n  observed intensity distribution 
t o  find a radiance coefficient. T h e  procedures a re  
cal led Abel inversions and are  described frequently 
in the literature. Generally, these  procedures use  
a s can  of a spec t ra l  line taken normal to the  plasma 
diameter. 

ELMO Folded-Cusp Pinhole X-Ray Photographs. - 

Figure 4.5 shows a 

For  a cylindrically symmetrical plasma, i t  is 
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Fig .  4.5. X-Ray Pinhole Photograph of the P lasma in the ELMO Folded Cusp. T h e  ''horns" on the bright central 

image represent plasma leaking into the r ing  cusps. 

resonant heat ing surface. 

outside the heat ing zone. 5 k W  microwave power, 4 x torr deuterium. (Jan. 23, 1967.) 

The  boundary exclusive of the horns represents the  approximate 

The  bright rings on the sides apparently represent plasma contained in mirrorlike regions 

The procedure we use  is somewhat different and 
has  been described briefly in a previous semian- 
nual report. In our case there is an  angular s c a n  
through the pinhole. The  pinhole in use  is a right 
circular cylindrical hole with length equal to di- 
ameter, s o  that the optical transmission is a 
function of the angle. The expression for the  area 
of the optical opening A as a function of the angle 
from the normal + is 

L 
- s in- '  71 (tan +)] A ,  ~ 

where A,, is the area of the hole when viewed 
along the ax i s  ($I = 0). 

The optical opening is used because it was 
found that the pinholes could be made of severa l  
materials without degrading the picture quality. 
Gold, depleted uranium, and lead pinholes have 
a l l  worked satisfactorily. This  indicated that the  
images were obtained from low-energy x rays 
which did not have a n  appreciable transmission 
through the pinhole walls. The highest optical 
density is known to come from x rays jus t  above 
the  absorption edges  of the si lver halide in the 
fi lm; hence the effective photons have energies 
of 35 k e v  or lower. 

'Thermonuclear Div. Semiann. Progr. Rept. Apr. 30, 
1964, ORNL-3652, sect .  3.1. 
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The first part of the ana lys i s  consisted in con- 
verting the observed f i l m  density into a product 
of intensity I times time T.  This  involved taking 
a s e t  of pictures under identical conditions with 
varying exposure times. The  reciprocity law was 
involved to obtain the IT product. Then the den- 
s i t y  on the f i lm  was converted to  an  IT  product as 
a function of position along the radius on the film. 

The film was  divided into ten zones in radius 
from the apparent center. A graphical ana lys i s  
was made with the aid of W. Wright of the Engi- 
neering Services Group. The observed f i l m  den- 
s i ty  was converted into a radiance coefficient 
through a s e t  of ten simultaneous equations. Fig- 
ure 4.6 shows a plot of the film density a s  a func- 
tion of position on the  f i lm  for one condition of 
operation. Figure 4.7 shows the resulting radiance 

ORNL-DNG 67-4442A 
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Fig. 4.6. F i l m  Density Above Fog for a Typical  Pin- 
hole Photograph. The negative used is  from o Polaroid 

type 55 P/N fi lm pucket, film number 8, 16 min exposure, 

gold pinhole. 

Fig. 4.7. Radiance Coefficient vs  Radius in ELMO 
The plasma Obtoined from the F i lm Data of Fig. 4.6. 

appears t o  be in the form of  an annulus wi th  a mean 

radius near the resonont heating zone. (Feb. 27, 1967.) 

coefficient as a function of tadius in the machine 
for the measurements of Fig. 4.6. 

It appears that most of the plasma on the  mid- 
plane is confined near a radius of 12 cm, which 
is the approximate location of the heating zone. 
Some plasma is a t  smaller radius, but very l i t t le 
or none is a t  the ax is ,  where the magnetic field 
is zero. Many of the  inversions show a negative 
value of the radiance coefficient a t  the ax is ,  in- 
dicating (1) inaccuracies in f i lm  density meas- 
urement and (2) inaccuracies in the numerical 
analysis.  An ana lys i s  of error shows that the  
errors are approximately + O S  on the  arbitrary 
s c a l e  used in  Fig.  4.7. 

Without s o m e  exac t  sensitometric data on the 
f i l m  used, it i s  virtually impossible to  interpret 
the data of Fig.  4.7 in terms of plasma density 
and temperature. Sensitometric data on the f i l m  
used have not been published. The interpretation 
is further complicated by noting that the radiance 
coefficient is proportional to Z n z T 1 / 2 ,  so that 
independent temperature and density measurements 
a re  required in the analysis.  

4.2.3 ELMO in the Variable Mirror 
Configurotion with 8-mm Microwave Power 

Previous investigations of the 8-mm E C P  in 
the  ELMO facility had shown severa l  electron 
energy groups. The  highest energy group caused 
a high neutron rate from Coulomb dissociation of 
deuterium, and was dense  enough so  that the 
plasma pressure was a n  appreciable fraction of 
the containment pressure. The  8-mm plasma sys -  
tem was reinstalled to  continue s tudies  of this 
high-@ plasma. 

Plasma Configurations and Stared Energy. - Fig- 
ure 4.8 shows a n  oscillogram of the integral of a 
signal f rom a diamagnetic flux co i l  wrapped around 
the cavity near the midplane. For a time interval 
during which the heating w a s  turned off, the plasma 
decayed and the heating power was turned back 
on, re-forming the  plasma. The prompt rise i s  due 
to  a n  instability a t  the time of turnoff, and the  
total flux change is 4.0 x l o 4  Mx. 

Figure 4.9 shows the variation of the total flux 
change and the neutron source strength a s  a func- 
tion of microwave power. There is evidence of a 
plateau appearing in the A 4  curve a t  high power, 
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but the neutron rate  cont inues t o  increase;  f rom 
th is  it is reasonable  to deduce  that  the to ta l  
energy is remaining cons tan t  but the  temperature 
is rising. Figure 4.10 shows the variation in A+> 
neutron source  s t rength,  and microwave noise  a s  
a function of gas pressure.  

In order t o  determine the plasma s h a p e ,  a radial  
skimmer probe was inser ted in order to scrape  off 
the  outer sur face  of the plasma. T h e  s tored  energy 
(proportional to A$), the microwave noise, the 
x-ray intensi ty ,  and the  neutron rate  were moni- 
tored. Figure 4.11 shows a plot of all of t h e s e  

Fig. 4.5. The Integrated Signal, A$, from a F l u x  Coil  on the ELMO Cavity. The f lux c o i l  i s  wrapped around the  

cavi ty a t  a radius of  15.7 cm and an ox io l  d istance o f  4.2 cm from the cavi ty center. 

C pressure: 2.0 x 
strength 7 1.8 x lo7 neutrons/sec. 

Microwave power: 2.0 kW CW, 

torr, I ,  : 1130 A, I2 = 2710 A, sens i t i v i t y  7- 20 x l o3  maxwel ls per div is ion,  neutron source 
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parameters as a function of the probe radius. The 
curves indicate that the plasma is confined a t  
large radius and has  an  annular radial profile. 
The x-ray peak a t  a radius of y.11 c m  is a measure 
of the radial l o s s  of energetic electrons to  the 
skimmer probe. 

Figures 4.12 and 4.13 indicate the radial deriv- 
ative of thc A+ and neutron rate curves respec- 
tively. Both show a maximum at  about 11 cm,  
indicating again that the plasma appears t o  have 
maximum energy density in this region. Figure 
4.12 shows a local maximum near the wall, which 
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is probahly a proximity effect  due  t o  a smal l  cur- 
rent near the flux coil. T h e  most obvious inter- 
pretation of t h e s e  d a t a  i s  that the plasma i s  in 
t h e  form of a n  annulus  with a radial  width of 3 to 
4 cm, with t h e  assumption that  the radial  skimmer 
is not a f fec t ing  the  hea t ing  mechanism so  as t o  
give a f a l s e  indication of plasma position. 1 3 0 ~ -  
ever ,  i t  w a s  necessary  t o  rule out the possibi l i ty  
of a s h e l l  of axis-encircl ing relat ivis t ic  e lectrons.  
To d o  th is  a water-cooled diamagnetic coil 10 c m  
in length and 7.6 c m  in diameter w a s  inser ted in to  
the  center  of the  cavi ty .  T h e  presence of the in- 
ternal  c o i l  had only a smal l  e f fec t  on the  total  
s tored energy, probably due t o  some loss of plasma 
T h e  internal c o i l  measurement augmented the con- 
c lusion based on the  radial skimmer measure- 
ments - the  internal f ie ld  due to the  plasma w a s  
increased,  indicat ing that  the plasma w a s  in t h e  
form of a n  annulus .  When the  internal c o i l  was 
pulled into the  end of the cavi ty ,  i t  aga in  indicated 
a normal diamagnetic s ignal .  T h e  internal c o i l  
measured a diamagnetic field a t  the coil center  of 
- ?‘lo0 G. 

To furthet invest igate  the p l a s m ,  a n  L-shaped 
probe w a s  inser ted into the  center  of the plasma 
from a posi t ion off axis .  When rotated, the  t ip  of 
the  probe could move from a radius of 6.3 c m  t o  a 
radius of 15.2 cm, the radius of the center  sec t ion  
of the cavi ty .  T h i s  probe coiild a l s o  be  pulled 
into the  mirror throats .  

Again, the  above-mentioned quant i t ies  were 
monitored as  a function of probe t ip  radius. When 
t h e  probe w a s  gradually rotated outward s o  as t o  
skim off the inside of the plasma,  the  diamagnetic 
flux, x-ray intensi ty ,  and microwave noise  all de-  
c reased  t o  half magnitude when the  probe reached 
a radius of 7 cm.  T h e  difference in  radius  between 
the  inside and outs ide probes when the plasma w a s  
almost  total ly  extinguished w a s  about 2 cm, which 
w e  reason t o  be  the orbit diameter (or extreme) of 
the  average-energy electron in t h e  piasma annulus ,  
which is about  1.5 MeV. At th i s  time we es t imate  
t h e  annulus  to b e  25 c m  long, 11 c m  outer radius ,  
and 7 c m  inner radius  a t  t h e  midplane. Because  
of the  complex s h a p e  factors ,  more e x a c t  calcu-  
la t ions of the  flux change  due to plasma currents  
are being made by J. N. Luton of t h e  Engineering 
Sc iences  Group. 

-5300 G in the  plasma annulus  region, and a cal- 
culat ion of B with reasonab!e correction for s h a p e  

T h e  measured value of the vacuum field is 
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factors  gives  40% or n e q e  - 2.8 x 1017 eV/cm3. 
Tota l  energy measurements 80% higher a r e  m e a s -  
urable under peak  conditions. 

Another measurement of plasma energy c a n  be  
inferred from the  neutron source  strength. If there  
is a n  energet ic  e lectron group ne a t  energy E 
responsible  for the Coulomb d issoc ia t ion  of the 
cold ions and neutrals ,  nc, then the  neuiron 
s t rength is given by 

Since the  e lec t rons  must be  above 2.22 MeV, 
their velocity ‘2 c,  the  veloci ty  of light. From the 
measured neutron rate  and gas  dens i ty  and the  
ca lcu la ted  cross sec t ion ,  N e  c a n  b, n found if a n  
energy is assumed.  From th is  we find that  a mean 
energy between 3.5 and 4 MeV puts  both measure- 
ments in  agreement. It is unlikely that  the  main 
plasma component is a t  th i s  energy, b e c a u s e  t h e  
diamagnetically measured profiles d o  not exac t ly  
t rack the  neutron measured profiles. And i t  should 
also b e  remembered that the diamagnetic measure- 
ments re la te  to perpendicular energy,  whereas  the  
neutron measurements re la te  t o  total  energy, lend- 
ing further credence to  t h e  contention that  the 
peak of the distribution l i e s  wel l  below t h e  Cou- 
lomb d issoc ia t ion  c r o s s  sect ion.  

Photonuclear Studies in ELMO. - B e c a u s e  of 
the  high-energy electrons present  in ELMO, brenis- 
s t rahlung measurements with x-ray collimators a r e  
very difficult. Transmiss ion  through the wal l s  of 
t h e  collimator i s  high, and large correct ions a r e  
required in  the  a n a l y s i s  of da ta  from NaI sc in t i l -  
la tor  de tec tors ,  which a r e  normally used. 

Some useful  hut rather crude information c a n  b e  
obtained from photonuclear processes ,  in partic- 
ular (y,n) react ions.  T h e  point in using t h e s e  
was  t o  set t o  r e s t  the quest ion of whether a large 
group of very energet ic  e lectrons w a s  circl ing the  
a x i s  a t  the  radius  of the “be l l”  descr ibed in  the  
previous sec t ion .  Such a circulat ing ring would 
require e lec t rons  with a n  energy of -15 MeV. 
There w a s  a l s o  some interest  in  determining if 
there w a s  a s ignif icant  group of par t ic les  near 
6 MeV, as  descr ibed in  a previous semiannual  
report. 

. 

‘Thermonuclear Div. Semiann. Progr. Rep t .  Oct. 3 1 ,  
1965, ORNL-3908, sect. 3 . 2 ,  
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To inves t iga te  t h e s e  processes ,  isotopes with 
known ( y ,n )  c r o s s  s e c t i o n s  and low (y,n) thresh-  
o lds  were inser ted into a wel l  in ELMO. T h e  
samples  were kept  outs ide t h e  vacuum a t  a n  av- 
e rage  radius  of -23 cm.  T h e  faci l i ty  w a s  run on 
€1, g a s  to minimize the  number of neutrons from 
Coulomb d issoc ia t ion  so as t o  reduce the back- 
ground. T h e  e lec t ron  energy spectrum should not 
b e  s ignif icant ly  changed by us ing  H ,  g a s  ins tead  
of D ,  gas .  A neutron counter ,  cal ibrated with a 
known s o u r c e  at t h e  posi t ion of the  sample,  de-  
tec ted  t h e  photoneutrons. 

T h e  neutron count ing rate dropped by a factor  
of 100 when operat ing on €1, gas.  T h i s  indicated 
immediately t h e  lack  of 15-MeV electrons.  T h e s e  
e lec t rons  would produce photons for (y ,n)  re- 
ac t ions  i n  t h e  “giant  resonance” region of copper. 
Copper c o i l s  effect ively surround t h e  faci l i ty  and 
provide a n  exce l len t  t e s t  for photons above  -10 
MeV, t h e  (y,n) threshold. 

dn/dt,  w a s  calculated.  From the  source  s t rength 
and number of nuclei ,  N, in  the sample ,  a n  aver- 
a g e  va lue  of photon flux, F ,  and (y,n) c r o s s  sec- 
tion, D, could b e  ca lcu la ted  from t h e  relat ion 

From t h e  neutron count ing rate  a s o u r c e  s t rength,  

dn 
-=  N (Fu) , 
dt 

T h e  average  value of t h e  (y,n) c r o s s  s e c t i o n  
from threshold,  ET, to a n  arbitrary upper limit, 
i n  our case 10 MeV, w a s  ca lcu la ted  from tabulated 

c r o s s  s e c t i o n s  according t o  the  relation 

T h e  weighted average photon flux over the  en- 
ergy limit from threshold to 10 MeV w a s  ca lcu-  
la ted  from the relat ion 

Photoneutrons were ac tua l ly  de tec ted  with only 
two mater ia ls ,  and  ’Be. In all other c a s e s ,  
knowing the  eff ic iency of the detector  and t h e  
background present ,  a n  upper limit on t h e  neutron 
source  s t rength w a s  ca lcu la ted ,  and hence  a n  up- 
per l i m i t  on  ( F )  was obtained. Table  4 . 1  s h o w s  
t h e  resul ts .  It is s e e n  that  t h e  flux of photons a t  
the posi t ion of t h e  samples  is about 70 times 
lower between 5.7 and  10 MeV than between 2.2 
and 10 MeV. T h i s  conclusively rules  out a high- 
energy concentr ic  bel t  of electrons.  T h i s  meas- 
urement d o e s  not rule out a group of energet ic  
e lec t rons  with a s h a r p  cutoff below 5.7 MeV. € 1 0 ~ -  
ever ,  a more probable distribution would drop ap-  
proximately as e - E ’ K T .  From t h e s e  measure- 
ments ,  t h e  “temperature” of s u c h  a group would 
have a maximum of -750 keV. 

Table  4.1. Summary of (y ,n )  Measurements 

(4 
Between E T  and 1 0  MeV (4 Element  Photoneutron Number of 

Atoms,  N (photons /sec)  (cm2) 
I so tope  E T  (MeV) (ptiotons cm-’  se r - ’ )  

and T h r e s h  old, 

x i o z 4  

2Fi 2.22 3.5 8.1 x io -2o  2.05 4.0 x l o 7  
’Be 1.67 4.2 2.0  x 10-20 9.1 x 1 0 - 2 8  2.2 107 

‘Pb 8.25 2.5 <3.2 x 8.3 x < 3 . 9 ~  io4  
‘07Pb 6.88 2.4 (3.4 x 10-21 6.1 x a . 5  x i o 4  
’08Pb 7.40 5.5  (1.5 x 1 0 - 2 1  7.0 x (2.1 x i o 4  

‘Li 5.66 9.7 <8.2 x 1.38 x lo-” <6.0 x l o 5  
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4.3 MODIFICATION OF THE INTEREM 
FACILITY FOR TARGET PLASMA 

EXPERIMENTS IN MIN-B 

M. C. Beckerg  
C. W. Blue 
R.  A.  I)andlg 
H. 0. E a s o n  

A .  C. England 
N. H. Lazar  
0. D. Matlock 
M. W. McGuffin 

T h e  b a s i c  concepts  of the  target plasma program 
were s e t  forth in a n  ear l ier  report. l o  Briefly, one 
may s t a t e  the pr inciples  of the  experimental pro- 
gram in the following way. The  fundamental dif- 
ficulty a s s o c i a t e d  with open-ended s y s t e m s  is the  
development of ins tab i l i t i es  in hot-ion plasmas 
a t  the ion gyrofrequency a s  a resul t  of velocity- 
s p a c e  anisotropy of the confined hot-ion plasma. 
In most of our present  experiments, the anisotropy 
is built i n  by the  t ransverse inject ion of nearly 
monoenergetic ions.  F o r  instabi l i t ies  with f ini te  
propagation vectors  in the  direction of the  magnetic 
field, howevee, i t  may b e  possible  t o  s u p p r e s s  
t h e s e  gyrofrequency modes by 1,andau damping i f  
t h e  plasma e lec t rons  a r e  sufficiently warm. In 
fact ,  i f  the  length of the  s y s t e m  def ines  the max- 
imum poss ib le  wavelength for the  instabi l i ty ,  then 
the  required temperature of e lec t rons  i s  prcdicted 
by equat ing t h e  mean electron velocity t o  approx- 
imately one-third of the  wave phase veloci ty ,  
given by the  gyrofrequency times th i s  maximum 
wavelength. T h u s ,  kilovolt e lec t rons  can be  
shown t o  resul t  in  s tab i l iza t ion  up to  the  tenth 
gyroharmonic for reasonable  size s y -  stems. 

take advantage of the presence of hot e lectrons 
i n  an  open-ended sys tem t o  Jdandau-darrip many 
otherwise ant ic ipated gyrofrequency instabi l i ty  
modes. Further ,  the trapping eff ic iency for in- 
jec ted  energe t ic  neutral a toms will b e  relatively 
high a s  a resul t  of the  favorable c r o s s  s e c t i o n  for 
charge exchange between the fas t  atoms and the 
cold ions in  t h e  plasma. T h u s ,  the buildup time 
c a n  b e  made relatively shor t  (a few milliseconds). 
If the ambient pressure inside the  target plasma 
c a n  b e  made suff ic ient ly  low, ear l ier  calculat ions 
have shown that  dens i t ies  in  e x c e s s  of 1 0 ’  
ions/cm 
densi ty  of 3 x 1 O I 3  e lectrons/cm3.  

T h e  target plasma experiments wil l ,  therefore, 

wil l  accumulate  for a target plasma 

_I__ 

91nstrurnentat~on and  Controls Division. 
10  R. A .  Dandl ,  G. E. Guest,  and  N. H. L a z a r ,  ORNL 

Target Plasma Program, ORNL-4080 (April 1967). 

A s  descr ibed in  Sect .  4.1, electron-cyclotron- 
heated (ECM) plasmas approaching the  des i red  
densi ty  a re  s t a b l y  confined in convent ional  rnag- 
net ic  mirrors a t  high ambient neutral p ressures  
( p  torr). Ard l 1  h a s  shown that  s u c h  p las -  
mas,  however, a r e  s u s c e p t i b l e  t o  f lute  instabi l -  
i t i es  apparently a r i s ing  from the  unfavorable field 
curvature when the  ambient pressure is reduced. 
H e  h a s  shown that ,  as  the pressure is lowered, 
the  instabi l i ty  a r i s e s  because  of the  reduction of 
cold plasma,  which changes  t h e  “ l ine  tying,”  
and thereby the s tabi l izat ion,  of the  plasma. In 
target plasma experiments  WE propose to u s e  
minimum-R configurations, ini t ia l ly  made up of 
mirror plus  quadrupole f ie lds ,  t o  s u p p r e s s  s u c h  
instabi l i t ies .  As a resu l t ,  w e  hope t o  achieve  
the  desired improvement of a factor of 10  in  am- 
bient  pressure required for accumulation of high 
dens i t ies  of ions. 

Other ins tab i l i t i es  iuay be  ant ic ipated in this  
combination s y s t e m  of hot  and  co ld  plasma. ‘l‘he 
two groups in  t h e  distribution function may be  
expected t o  lead t o  ins tab i l i t i es  with both k l l  = 0 
and k , ,  f 0. T h e  k l ,  f 0 modes should be Landau- 
damped, as  d i s c u s s e d  ear l ier .  T h e  mode with 
k l = 0 is presently being s tudied  theoret ical ly  and 
is d i s c u s s e d  in Sect. 1.1. It appears  tha t  t h e  high 
densi ty  of cold ions  [n(cold)/n(hot) 2 -101 is suf -  
f ic ient  t o  s t a b i l i z e  s u c h  gyrofrequency m o d e s  u p  
t o  the  tenth harmonic. 

((I) < a,.), except  for  the  interchange instabi l i ty ,  
have not been s e e n  in  p lasmas  produced by en-  
erget ic  ion inject ion in open-ended s y s t e m s .  A s  
t h e  dens i ty  of the trapped hot ions  is raised,  how- 
ever ,  one can ant ic ipa te  t h e  o n s e t  of ins tab i l i t i es  
a r i s ing  out of diamagnetic drift waves  in  t h e  
plasma. Magnetic wel l s  a r e  expected to inhibit 
the  generation of s u c h  waves.  In fact ,  Fowler  
and Guest  l 2  have  shown that  for 

Up to the  present ,  lower frequency modes 

expansion of t h e  plasma presumably through such  

“W. 13. Ard, K. A. Dandl ,  and  R. F. Stetson, Phys .  
Fluids 9, 1498 (1966). 
”T. K. Fowler and G. E. Gues t ,  Plasma Phys ics  and 

Controlled Nuclear Fusion Research, I ,  383 (CN 21/99), 
IAEA, Vienna, 1966. 
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modes - is energet ical ly  unfavorable. So far, th i s  
es t imate ,  b a s e d  on thermodynamic arguments, h a s  
not been conclusively demonstrated in real  plas-  
m a s .  Nevertheless ,  the  d e e p  magnetic well sug-  
ges ted  for flute suppress ion  wil l  a l s o  s e r v e  a dua l  
purpose by suppress ing  t h e s e  low-frequency in- 
s tab i l i t i es  if th i s  argument is correct. 

field in  the IN'1'E:KEM faci l i ty  is be ing  modified 
by the  addition of a pair of quadrupole c o i l s  to  
produce the  desired minimum B. For the frequency 
of the  appl ied microwave power used for the pro- 
duction of the ECH plasma,  the resonant  field i s  
3780 C, and th is  c a n  e a s i l y  b e  obtained with the 
present  c o i l  sys tem and a conventionally wound 
pair of copper quadrupole co i l s .  The design of 
the  c o i l  i s  based  on the  requirements of a wall 
mirror ra t io  of 1.5 with the resonant field in  the 
midplane a t  r = 4 in., approximately midway be- 
tween the  a x i s  and the  wal l .  A c r o s s  sec t ion  of 
t h e  c o i l s  showing the sur faces  of 'Bl  i n  the  mid- 
plane i s  shown in Fig.  4.14. T h e  resonant  heat ing 
zone radius d e c r e a s e s  and becomes s l ight ly  d is -  
torted as one approaches the mirrors. Thus ,  the  
heat ing sur face  t a k e s  the form of a s l ight ly  d is -  
torted football in  space .  

Since ECH plasmas have not ye t  been produced 
in s u c h  f ie lds  a t  high power, i t  is not known how 
the  densi ty  and temperature of the plasma wil l  
s c a l e  with pressure,  appl ied power, and ,  partic- 
ularly, s h a p e  of magnetic f ie ld .  T h e  coils are 
designed so  that  the radius of heat ing surface in 
the midplane may b e  expanded t o  the  wall or con-  

In order to  implement th i s  program, the  magnetic 

t racted to  the  a x i s  while maintaining constant  
mirror ra t io  between the wal l  and the  ax is .  T h i s  
feature  should a l low a determination of the  s c a l i n g  
of plasma properties with the  a rea  of the heat ing 
zone. 
power var ia t ions a r e  carried out a r e ,  of course ,  
a l s o  ant ic ipated.  

Fortunately,  b e c a u s e  of the  ex tens ive  experi- 
ments a l ready carr ied out in t h e  INTEREM fa- 
ci l i ty ,  adequate  d iagnos t ics  a r e  present ly  in  hand 
t o  determine electron temperature, densi ty ,  and 
radial  distribution of the  plasma. Scint i l la t ion and 
sol id-s ta te  spectrometers  wil l  be  used t o  measure 
the  bremsstrahlung energy distribution, thus  de- 
termining the  electron temperature; magnetic loops 
t o  measure the  plasma diamagnetism; and current 
probes along flux l i n e s  to determine the  radial. 
profile. Advantage wil l  be taken of the  avai l -  
abi l i ty  of the  neutral  beam t o  measure the neutral 
pressure in t h e  ECH plasma from t h e  charge-ex- 
change lifetime of the trapped par t ic les .  The  field 
is probably suff ic ient ly  uniform that  accumulation 
of energet ic  ions wil l  occur without la rge  ad iaba t ic  
l o s s e s .  A rule of thumb from ear l ier  experiments  
s u g g e s t s  that  nonadiabaticity resu l t s  i n  se r ious  
par t ic le  l o s s  when (0 B / B ) - '  is approximately 
equal  to the  Larmor radius of the  ions. In the  
present  geometry, for 20-kV injected trapped ions,  
R ,  5 S ( 0  B / B ) - - ' ;  thus ,  when a su i tab le  target 
plasma i s  produced, injection experiments with 
high beam currents  a r e  ant ic ipated i n  order to t e s t  
some of t h e  theoret ical  conclusions descr ibed 
above.  

Experiments in  which pressure and appl ied 



5. Plasma Physics 

5.1 BE AM- PLASMA INTERACTION 
EXPERIMENTS 

5.1.1 Production of D-D Reactions by Beam- 
Plasma Interaction in  the Steady State 

I .  Alexe€f W .  D. Jones H. V .  Neidigh 

The following note  has been submit ted for  publi- 
cation in  Physical Review Lettcrs: 

This letter reports an unusual deuterium plasma 
generated by a reflex electron beam on the axis o f  
a simple magnetic mirror trap or modified PIG’ con- 
figuration. The plasma is extremely turbulent, ap- 
pears to be highly ionized, and emits D-D reaction 
products. I t  appcars that the plasma’s unusual 
nature is due to an interaciion with the electron 
beam. Some earlier reports o f  electron-beam- 
plasma interaction indicate: a plasma blowup,’ 
enhanced ion and electron anergies in R rcstrict- 
ing magnetic field, significant electron heating 
in magnetic trapst4 a high degree o f  ionization 
when the plasma i s  generated along a pressure 
gradient, 
ergy o f  some ions and electrons when the plasma 
is within a magnetic trap and when reduced p r e s -  
sure in the end rcgions outside the trap permits 

and an appnrent increase in the en- 

‘F. 111. Penning, Physica 4, 71 (1937). 
’E. R. Harrison, Nature 184, 245 (1959). 
3R. V. Neidigh and  C. H. Weaver, Proc. U.N.  Interri. 

Conf. Peac,eful Uses A t .  Energy, Znd, G e n e v a  31, 315 
(1958); L. D. Smullin and  W. D. Getty, Phys .  Rev. Let- 
t e r s  9, 3 (1962); W. D. Getty et al., Bnll. A m .  Phys.  
Soc. 8, 169 (1963); M. V. Nezlin,  Soviet Physics JETP 
(English Transl.)  14, 723 (1962). 

Rev. 136, A689 (1964). 

13, 179 (1964). 

‘I. Alexeff, R. V. Neidigh, and W. F. P e e d ,  Phys. 

’Igor Alexeff  a n d  R. V. Neidigh, Phys. Rev. L e t t e r s  

otherwise unattainable power density in the 
beam. 

We call the present device at  ORNL “Burn- 
out V,” because i t  is the f i f t h  in a series o f  
modifications we have made to the conventional 
PIG. Each modification has enhanced this un- 
usual effect until we can detect D-D reaction 
products originating in fhe  plasma region. W e  
catalog our observatzons of D-D neutrons, fri- 
tons, and protons on Burnout IV and V in Table 
5.1. 
the largest yields observed and rhe solid angle 
o f  the instrument apertures. 

The 3-MeV proton data from the plaama o f  Burn- 
out V are corroborated by triton and neutron meas- 
urements from both Burnout IV and V.  It is only 
in Burnout V ,  however, that we are certain the 
D-D protons originate in the p l a s m ,  within the 
hollow anode o f  the apparatus. The neutron 
measurements alone are inconclusive because 
instrument resolution is not suff icient to exclude 
a possible contribution from the end t>lectrodes, 
which art? strong D-D sources because of d c  ac- 
celeration. The triton measurements clearly cx- 
clride the end electrodes but do not completely 
exclude wall reactions within the anocle. 
proton yield is believed to be of the plasma 
only. Protons were observed both with nuclear 
emulsions arranged s o  that the wall reactions 
could be subtracted, and by scintillation spec- 
troscopy using a Csl  crystal. Energy calibration 
o f  the scintillator output, shown in F i g .  5.1, was 
by an 241Am alpha emitter and more precisely by 
the 3-MeV protons from the deuterium beam-target 
reaction at the cathodes. We assumed the reac- 
tion product 3He2 t could not be observed. I t s  

The reaction rates given are estimated from 

The 

‘I. Alexeff et at . ,  1.1. 781 in Proc. Conf.  Plasma 
Phys ic s  and Controlled Nuclear Fusion Research, 
Culharn, England, 6-10 Sept.,  1965, vol. 2 ,  IAEA, 
Vienna, 1966, Sl?/PUB/111. 
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energy and double charge stat:: result in an orhit 
diameter too small to reach the cavity wall with 
an origin near the ax is .  We noted with interest, 
however, that a s  the magnetic f i e ld  strength ex- 
ceeds a certain minimum, heam power can he in- 
creased. It seems coincidental that this minimum 
i s  ahorit the f ie ld  strength required to contain 
3Ne2t ions horn on the magnetic axis.  

Burnout V has some rather unique features (Fig. 
5.2).  Instead of the usual anode ring of the PIG, 
the anode de f ines  a cavity region. The rragnetic 
f ield is generated by a coil at each end of the 
cavity, forming a magnetic trap withiri. Electrons 
are reflected hack and forth through the cavity on 

EXhAUST 

,F CATHODE 

Fig. 5.1. Energy A n a l y s i s  of the Sc in t i l l a to r  Output. 

The  h igh-energy peak i s  t he  response to 3-MeV protons 

coming from the  m idp lane  reg ion of the machine.  Coun t  

rate was about  one proton/sec. 

eryy s c a l e ,  no t  shown, was by 3-MeV protons from reoc-  

t i ons  occu r r i ng  a t  the cathode surfaces. The  low-energy 

background i s  t h e  c rys ta l  response to x rays  coming 

Froin the machine. 

Ca l i b ra t i on  o f  the en- 

ORNL-CWC G7-2171 

MIDPLANE 
I 

ANODE 

DEUTERIUM INPUT 

i 
CATHODE'# 

F ig .  5.2. Burnout  V, A x i a l  Section. T h e  anode s t ruc -  

ture i nc ludes  the magnet ic  trap w h i c h  i s  normal ly  50-25- 
50 kG. Cathodes a re  o u t s i d e  t h e  mir rors .  A l l  s t ructures 

are water  cooled. 

cent. Amb ien t  pressures are about  5 x torr w i t h i n  

the anode and torr in the cathode region. T h e  

spac ing  between cathodes i s  about  100 crn, 50 cm be- 
tween mir rors .  T h e  mir ror  o r i f i c e  i s  1.27 cm i n  diameter. 

The cross-hatched reg ion marked "plasma" l oca tes  i t  
w i t h i n  the  onode but  i s  no t  in tended t o  i n d i c a t e  i t s  s i ze .  

We used  lo3 cm3 in the  c a l c u l a t i o n s  requ i r i ng  a volui i ie. 

On ly  the  cathode t i p s  are incondes-  

T a b l e  5.1. R e a c t i o n  P roduc t  Y i e l d s  f rom "Burnout" Exper iments 

T h e  neutron y ie ld  is too large because  t h e  end  e lec t rodes ,  which a r e  lo7 sec..' neutron s o u r c e s ,  could  not  be  
completely s h i e l d e d  a g a i n s t .  T h e  triton y ie ld  [W.  D, J o n e s  a n d  K. V. Neidigh,  A p p f .  Phys.  L e t t e r s  10, 18 (1967)] is 
a l s o  too la rge  b e c a u s e  the  measurements  were made during gas-pulse  experiments;  however, the e n d  e lec t rode  reac-  
t ions a r e  posi t ively excluded.  

in  end-electrode s t ructure  permit t ing increased  power input. We therefore be l ieve  t h e  relat ive i n c r e a s e  to  b e  rea l .  

Due to uncertainty in  plasma volume s e e n  by the detector ,  the  absolu te  yield may be in  error by a fac tor  of 5 .  

T h e  i n c r e a s e  in  proton yield on  Burnout V ( a )  to ( b )  occurred when a change  w a s  made 

......_........._ ~.. . . . . . . . . ... . . . . .. . .. . . . . . .. .. .___ 

Est imated  T o t a l  

Detec t ion  Method Reac t ion  K a t e  
( s e c - l  cm-3) 

P a r t i c l e  
Observed 

Experiment  

Burnout IV Neutrons BF counter  - i o 4  
Burnout V Neutrons RF3 counter  - lo5 
Burnout  V Tr i tons  C e l l u l o s e  ni t ra te  - i o 5  

Burnout V ( b )  Protons  Sc in t i l l a t ion  counter l o 3  

3 

Burnout V (a) Protons  Nuclear  emulsion 600 

__ __ ._ .- -. . . ._. . . .- . . .. . . .. . . . . . . . . . . . . . .. .. . . . . . .. . . . ... . 
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the magnetic axis.  Deuterium gas is f e d  into the 
cavity and is ionized by the electrons. 
ting portions o f  the cathodes are outside the mirror 
coils, in high vacuum. The cathodes f a c e  (Tach 
other at  either end of the magnetic ax i s  and are 
positioned so that electrons can reach the anode 
only by crossing the magnetic field. 
field strength is 50-25-50 kG on the magnetic ax i s  
a t  the mirror-midplane-mirror positions. Approxi- 
mate dimensions of the apparatus are given in the 
figure caption. 

The operating parameters of Burnout V have 
changed frequently a s  improvements in electrode 
design have permitted greater input power and gas 
feed rate. A t  present writing the gas f e e d  rate is 
0.2.5 atmospheric cm3/sec of molecular deuterium, 
giving a density, without plasma, of 2 x 10' 
in the anode cavity. 
beam is 60 kW at 10 kV accelerating potential. 
About half of the input power is dissipated by the 
cathodes and half  by the anode. Nearly 10% is 
dissipated by the midplane section of the anode. 

A section through Burnout V at the midplane is 
shown in F i g .  5.3. It illustrates the technique of 
identification of protons with plasma origin. Note 

The emit- 

The magnetic 

cm-3 
The power delivered to the 

ORNL-DWG 67-2172R 

SCINTILLATOR 

sa-- - .. ,,,, PLASMA 
/ '. 

'2' i / 

/ 
WALL RECESS ,' 

(MIDPLANE SECT ION) 

Fig. 5.3. Burnout V, Midplane Section. Locat ion of 
T h e  

The  radius 

the scint i l lator  and nuclear emulsions are shown. 

dotted l i n e s  are 3-MeV proton trajectories. 

of  the electron beam a t  the midplane is  opproximately 

0.9 cm, the finer 16 cm. 

scintil lator "sees" the 3-MeV protons from D-D reac- 

tions that take p lace  in the plasma and only a recess a t  

the wal l ,  and how the upper nuclear emulsion plate can 

register 3-MeV protons that  can come from the plasma 

together with some that  can come from D-D reactions an 

a section o f  the wal l ,  wh i le  the lower p la te  can register 

only those that  can come from the same section of  the 

wall.  

T h e  figure shows haw the 

that one emulsion sees the plasma and a portion 
of the liner wall, while another emulsion sees  the 
same portion of wall but not the central plasma 
region. This permits subtraction of a 10% back- 
ground due to wall reactions. Scintillator response 
to the background of wall reactions is reduced be- 
cause the wall section "seen" by the scintillator 
along reversed 3-MeV proton trajectories is re- 
cessed suff iciently to be unavailable to fast  deu- 
terons in the plasma. 

We wish to enumerate some very interesting ob- 
servations made on Burnout IV and V .  Most have 
been described in greater detail elsewhere.jj6 
(1) We estimated the ion current coming out of the 
mirrors of Burnout 1V by replacing the ion beam 
with a measured gas fZow to an end electrode. We 
had 75 to 100% gas-to-ion accountability. Although 
this did not prove we had a highly ionized plasma, 
it was a stimulating result. We have about the 
same accountability on Burnout V by a different 
technique. The atom input rate, 2 x 0.25 atmos- 
pheric cm3/sec,  is equated to the ion oufput rate 
found by dividing thc power dissipated on the 
cathodes, 30 kW, by the cathode potentia2, 10 kV: 

2 x 0.25 x 3 s 1 O I 9  atoms/sec 

= (30/10) 6 Y 10' ions/sec . 
(2) Neutral spectra were virtually absent from the 
plasma interior o f  Burnout IV.  For example, we 
observed a l o 2  to l o 3  decrease in the Balmer 
spectrum when the plasma bewme turbulent. 
There i s  significant Doppler broadening and 
slanting of the Balmer spectrum a t  the plasma 
perimeter, exceeding that seen in the high-inten- 
sity arcs of electromagnetic isotope separators. 
We were not able to determine a temptmture from 
fhe  data because the line profile was not Gauss- 
ian, but i ts  width exceeded 500 et'. Plasma probes 
indicated an average ion energy exceeding 500 eV 
on the plasma perimeter. (3) A density o f  lo1' 

was found by a neutral beam technique on 
Burnout IV. We believe the density to be higher 
than this in Burnout V ,  perhaps 1012 ~ m - ~ ,  from 
probe data taken at the plasma perimeter and rf 
radiation in frequency bands which we have as -  
sumed represent the ion and electron plasma fre- 
quencies. (4) A p l a s m  limiter inserted radially 

7J. Rand McNally, Jr., and M. R. Skidmore, J. Opt. 
SOC. Am. 47, 863 (1957). 
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inward from the w ~ l l  at the midplane ( see  F i g .  
5.3) to a point eight times the electron beam 
radius reduced the reaction rate to zero. With 
the limiter at this position the plasma radius was 
scarcely reduced, but the heat removal required 
to keep the copper from melting exceeded 1 O3 
J / s e c ,  with the rate directly proportional to the 
square of the magnetic f ie ld  strength over the 
range 20 to 28 kG. (5) A deuteron originating at 
the magnetic axis  and grazing the plasma limiter 
must have an energy of at least 100 keV. We have 
analyzed the plasma ions at this point and found 
a 100-keV ion f lux o f  3 x l O I 4  cm-2 sec-’ di- 
rected into the wall. Deuteron energies a s  great 
a s  170 keV have been detected with the limiter 
removed. 
background wall reactions we see. Such a back- 
ground, though annoying when attempting to ob- 
serve only the plasoia, is further evidence that 
some ions have suff icient energy to produce a 
measurable reaction rate on the most positive 
surface in the device. Deeply sputtered probes 
and liner surfaces qualitatively support these 
observa lions. 

finement time. It i s  a dif f icult  measurement and 
cannot be done by the usual turnoff procedure be- 
cause of the immediate influx of neutral gas. We 
observed in Burnout IV, however, that there were 
no reactions in the midplane region without mag- 
netic mirrors, even though power input with and 
without mirrors was comparable. An  appreciation 
o f  confinement might be obtained from an electron- 
beam-to-ion energy transfer e f f ic iency considera- 
tion. x 500 x 
l o3  = 0.8 x l o6  ergs a s  the energy stored in the 
plasma and dividing by the power input, 60 klV, 
the time i s  found to be about 1.3 psec, or a time 
roughly equal to the exit time for an ion in the 
escape cone. Any ef f ic iency l e s s  than the 100% 
used in this calculation must increase the con- 
finement time by the same factor. I f  a more ap- 
propriate guess o f  the ef f ic iency i s  made by 
estimating the confinement time from the plasma 
density-volume product and the neutral input rate, 

This,  no doubt, is the source of the 

We do not yet  have a direct measurement of con- 

Taking nkTV = 1OI2 x 1.6 x 

1015 
- -- 70 p e c  , 

2-x-0.25 x 3 x 10” 

corresponding to 2%, then the ions must be con- 
fined for many transits between mirrors and hun- 
dreds of cyclotron periods. 

Another interesting observation is the e f f ec t  of 
impurities. 
necessary after startup, before 0 - D  protons are 
observed, even though during the cleanup the op- 
erating parameters do not seem to change. An 
introduction o f  10% helium into the gas feed re- 
duced the D-D proton production rate to zero with- 
out affecting operating parameters, and a cleanup 
period was again necessary after the helium f eed  
was stopped. Likewise,  i f  a probe i s  overheated, 
introducing impurities, the reaction rate goes to 
zero. 

We recognize that we have presented diagnostic 
results which, though not suff icient to exclude 
beam-target reactions in the plasma, are quite nec- 
essary i f  heating exists.  Clearly, more diagnostic 
experiments establishing density, temperature, and 
confinement time are in order. The plasma gener- 
ation technique i s  technologically simple, and the 
energy transfer from electron beam to ions is little 
understood. 
ing, coupled with the simple technology, makes it 
appear to us that this approach to plasma heating 
may be a fruitful one. In addition to the ion energy 
discussed, present diagnostics suggest that the 
electrons also are heating significantly. This work 
has been done in the steady state at much l e s s  than 
fhe  technological limit in magnetic f ie ld  strength 
and heam power density. We foresee a new gener- 
ation of experiments involving greater magnetic 
f ields and the use o f  gas pulse and beam-power 
pulse techniques. 

We have appreciated the continuous and stimu- 
lating exchange of ideas within the thermonuclear 
project and, in particular, within the QRNL Divi- 
sion of which we are a part. 
of the Y-12 Research Services Group has greafly 
facilitated the experiment. 

We observe that a cleanup time is 

The possibility of such an understand- 

The technical support 

5.1.2 Plasma Spectroscopy in Burnout IV ,  Mode I 

Ray Hefferlin’ R.  V .  Neidigh 

We have applied spectroscopic techniques to the 
spectrum lines o f  deuterium in an ef fort  to find 
physical conditions in the “mode I” plasma o f  
Burnout IV. The  measured quantities were the 
atomic excitation temperature, atomic number den- 
s i ty ,  electron temperature, and electron number 

‘consultant, Southern Missionary College, College- 
dale, Tenn. 
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density, averaged over a diameter. It was  hoped 
that some change in the  spectrum prior to the onse t  
of mode I1 might give a c lue  to the mechanism caus- 
ing the abrupt change in plasma parameters always 
observed a t  onset.  No change was  found. Spec- 
tral intensit ies varied slightly with electron beam 
power and gas  input, but there was no change in  
relative intensit ies of spectral  l ines .  

The  spectrum lines were scanned with a JACO 
'/-m spectrometer. The  input and ex i t  s l i t s  were 
both 25 p. The plasma was imaged onto the en- 
trance s l i t  with a system of two l enses  in such  a 
way that the magnification was 1. 

A tungsten ribbon-filament lamp was  used as a 
calibration source.  Its intensity was  determined 
bY 

(ergs sec-' s r - l  cm-' cm-'> , (I) 
where 

h = wavelength, 

T ,  = lamp surface temperature, 

E = emissivity, 

BX = blackbody function, and 

k = transmissivity of g l a s s  envlope (two sur-  
faces). 

The  lamp surface temperature w a s  determined 
from its pyrometer temperature. 
E{X , T I )  Bh(T,) was calculated." T h e  cons tan t  
k was found from the transmissivity of the  entire 
glass bulb when the bulb was inserted into the 
light beam (four surfaces). 

The  spectrum line strip chart profile areas were 
converted to intensit ies (ergs sec-' s r - l  cm-') 
by means of the calibration source and the  instru- 
ment response to it; see Fig.  5.4 and the  equation 

Then the  product 

Zxl(ergs sec-' sr- 'cm-'  cm- ' )  

chart  reading (A) 

[(ergs sec-' sr- '  c m - 2 )  

profile area (A cm)  (2) - - 

9Kay Hefferlin and Joel Gearhart, J .  Quant. S p e c k .  
Radiative Transfer 4, 16 (1964). 
' 'Paul Griffin, Oak Ridge National Laboratory, un- 

published; emissivity data of K. D. Larrabee, J .  O p t .  
S O C .  Am.  49, 619 (1959). 

Spectrum line formation in an  optically thin 
L.T.E. (local thermodynamic equilibrium) plasma 
is governed by 

2hc ne' gf - E n / k T  
I - - - - -  __ Ne 

X3 mc Z ( T )  

(ergs sec-' s r - l  cm-') , (3 )  

where 
- 
T = average (across diameter) plasma excitation 

temperature, 

Z -- partition function, 

N = integrated (through diameter) number density 
of atoms, and 

En = energy of upper energy level; n is principal 
quantum number. 

Equation (3) can  be written as 

1x3 2hn e' N 5040En(eV ) 
log- = log - - - - (4) 
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Fig, 5.4. Instrument  Response Function. The l ine  is 

a "best fit" to three se ts  o f  data. 
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If we  consider  t h i s  t o  have  t h e  form of a s t ra ight  
l ine,  

Y = h + m x  , (5) 

we see that  a plot of log  (IX3/gf) vs En, F i g .  5.5, 
will give both t h e  average  exci ta t ion temperature 
and t h e  integrated number dens i ty  of emitters: 

- 5040 
T ~ - ’ 

s l o p e  

(7) 

It w a s  found in  th i s  way that t h e  average exci ta-  
tion temperature using D 8, D y  , D s ,  D E ,  and D 
w a s  ‘6 e V  = 5500OK; D,gave a point which did 
not l i e  on th i s  s t ra ight  line. T h e  f a c t  that  D,was 
thus  dcpressed  (see Fig .  5.5) s u g g e s t s  e i ther  self-  
absorption (radiation trapping) or lack  of local  
thermodynamic equilibrium, or both. 

Radiation trapping i s  unlikely under t h e  condi- 
t ions of the  plasma.  T h e  failure of local  thermo- 
dynamic equilibrium could come about in  that  the  
lower l e v e l s  of t h e  hydrogen atom might depopu- 
la te  by radiation a s  well  as by co l l i s ions ,  An 
es t imate  c a n  b e  made of t h e  grea tes t  e lectron 
densi ty  which wil l  l eave  a n  energy leve l  un- 
affected (to within 10%) by radiation depopula- 
tion: 

where n i s  the  principal quantum number of - the  
upper leve l  of t h e  transition. We assumed T = 

0.5 eV and subs t i tu ted  n = 3 (for D,, depressed)  
and n - =  4 (for D p ,  not depressed) .  T h e  resul ts  
lead u s  to  conclude that  

From E q .  (7) t h e  atom number dens i ty  w a s  found to 
be  1051 cm-‘ .  T h e  depth of the plasma (diameter) 
w a s  about  1 cm, and so the  average atom number 
densi ty  w a s  found to  b e  some lo5 ’  T h i s  
-. . . .. . . . . . 

“Hans  R. Griem, P f e s m a  Spectroscopy, p. 148 MC- 
Graw-Hill, New York, 1964. 
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through t h e  p o i n t s  a s  suggested by Eq.  (5). The s l o p e  

suggests  o temperature  o f  5500°K, but i f  t h e  p r o j e c t e d  

intercept  a t  En = 0 i s  u s e d  to e s t i m a t e  d e n s i t y ,  a n  un- 

r e a s o n a b l e  r e s u l t  i s  o b t a i n e d ,  i n d i c a t i n g  a l a c k  o f  

thermodynamic e q u i l i b r i u m  (see  text ) .  

A s t r a i g h t  l i n e  i s  d r a w n  

absurd resul t  is equivalent t o  s a y i n g  that  t h e  
spectrum l ines  a r e  f a r  t o o  bright for a plasma of 
low atom densi ty  and of exci ta t ion temperature 
‘4 eV. It might be that  a cer ta in  f ract ion of the 
atoms a r e  a c t i n g  as i f  t h e  metastable  2s1  / 2  ‘S 
level  were their  “ground leve l ,”  s o  tha t  the  popu- 
lation of the  n = 3, 4, 5, ... s h e l l s  would b e  much 
more e a s i l y  and more  often accomplished by col- 
l i s ions  with electrons of average energy around 
1 eV ( s e e  next  paragraph).” An attempt t o  con- 
s t ruc t  a mathematical model which would a t  l e a s t  
es t imate  th i s  fraction (of “metas tab le  atoms”) 
fa i led.  T h u s  we see t h a t  t h e  opt ical ly  thin L.T.E. 
model of t h i s  plasma h a s  limited val idi ty .  

”1,. E. Brewer and W. K. McGregor, “The  Influence 
of Metastable Atoms on the Population of Excited States 
in a Thermal Plasma,” presented a t  VI International 
Symposium on Ionization Phenomena in Gases,  Par i s ,  
July 8-13, 1963. 
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The  spectrum lines were  a l l  of equal width, 
strongly suggesting that the  full width a t  half 
maximum of 0.5 A was the instrument width. The  
upper l i m i t  thus  placed on the Doppler width (which 
would depend on the wavelength) i s ,13  using Daand 
a n  equilbrium electron distribution, 

0 "5 

2 =($S) 
2 104 "K . 

Spectrum emission due to D, was found, a n  indi- 
cation that a t  l ea s t  somewhere along the diameter 
there ex i s t s  a low-temperature region. 

We wish to acknowledge the assistance of Roger 
Hall, Lucy Rascon, and Steve Sowder, students a t  
Southern Missionary College. 

5.2 LANDAU DAMPING OF ION ACOUSTIC 
WAVES VIA A LIGHT CONTAMINANT 

I. Alexeff W. D. Jones 
D. C .  M ~ n t g o m e r y ' ~  

5.2.1 Introduction 

In the  preceding semiannual report we described 
the apparent observation of  Landau damping of ion 
acoustic waves brought about by variation of the 
plasma electron temperature. That experiment is 
somewhat unsatisfactory for the following reasons.  
A s  we vary the electron temperature, the velocity 
of :he ion acous t ic  waves changes. Th i s  change 
in the wave velocity could produce other damping 
mechanisms. For example, a s  the wave slows, 
there is more time for ion-neutral coll isions to 
damp the  wave. Also, there appears t o  be a re- 
sidual amplitude variation a t  high electron tem- 
peratures not attributable to Landau damping.' ' 

13Lawrence H. ALler, Astrophys ics ,  f h e  Aftnospheres 
cf the Srin az idStars ,  p. 111 ,  Ronald Press, New York, 
1963. 

4 ~ o n s u ~ t a n t ,  University of Iowa, Iowa City. 

Thermonuclear Div. Semianrz. Progr. Rept .  Oct. 31, 1 5  

1966,  ORNL-4063, p. 52. 

One way of avoiding the above difficulties is 
ro demonstrate Landau damping in a system in 
which the  bulk properties of the plasma do not 
change. We have been able to accomplish this 
by adding a light-ion-species contaminant to a 
plasma of heavy ions. For example, i n  a plasma 
of xenon ions having an  electron temperature of 
1 eV, the average thermal velocity of helium ions 
is approximately the  same as that of the ion acous- 
t i c  waves. Although the helium ions are very cold 
- having a temperature of only 1/20 eV - they are 
a l so  very light. Therefore, t hese  cold, light con- 
taminant ions move a t  the same velocity a s  the ion 
acoustic waves. 

5.2.2 Theory and Experiment 

Figure 5.6 shows why a trace of helium ions in 
the xenon plasma can  provide strong Landau damp- 
ing. In Fig.  5.6 we plot the fraction of xenon ions 
at a given velocity relative to those a t  zero ve- 
locity. Only about one xenon ion in lo7  is moving 
a t  the same velocity as the  ion acoustic wave. 
However, for only 5% helium ions in the xenon 
plasma, approximately l o 4  times a s  many helium 
ions are present a s  xenon ions a t  the ion wave 
velocity. Thus,  only a few percent helium ions 
in the xenon plasma can  provide much more Landau 
damping than can the xenon ions. 

An experimental demonstration that traces of a 
light contaminant can  produce Landau damping is 
given in Fig. 5.7. In Fig.  5.7 are shown four re- 
ceived ion acoustic wave s igna ls  in a xenon plasma 
as a function of helium concentration. The  topmost 
trace of t he  four corresponds to  a xenon plasma 
containing no helium. As helium is gradually 
added, we see that the ion acoustic wave begins 
to damp, as is shown in  the second trace.  Still 
more helium produces severe damping and the be- 
ginning of wave-packet spreading, a s  i s  shown in 
the third trace.  The  spreading of the  wave packet 
is due to the preferential attenuation of high-fre- 
quency signal components. The  fourth trace shows 
what happens with even more helium added. In th i s  
case the ion acous t ic  wave begins to increase i n  
velocity, and the signal appears at a shorter time. 
This  increase in velocity occurs because  there is 
enough helium present to reduce the ion m a s s  ap- 
pearing in the velocity equation. Srnce the  wave 
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Fig .  5.6. The Rela t ive  Proportion of Hel ium and 

Xenon Ions Responsible for Landau Damping. T h e  xenon 

curve shows the  re la t ive  number of  xenon ions moving 

normal to  an ion wave  front a s  a function of  velocity.  A t  

the wove velocity,  only about ion (relat ive to 

those ot zero ve loc i ty )  can couple to the ion wave. T h e  

hel ium curve shows the number of hel ium ions moving 

normal to the ion wave  front for a 5% hel ium ion con- 

tomination in the xenon ion plasma. Note  that  at  the  

ion wove velocity,  about 10 
present thon xenon ions. 

4 more hel ium ions are 

is now moving faster ,  t h e  coupl ing between t h e  
wave a n d  t h e  thermal helium ions is l e s s .  Thus ,  
although there  are more helium ions present ,  t h e  
fourth t race  shows that  t h e  darnping is actual ly  
reduced. To verify that  the  bulk properties of 
the plasma,  e lectron temperature and plasma den- 
s i ty ,  did not vary, we took a Langrnuir probe t race  
for e a c h  ion wave trace. A typical  Langmuir probe 
t race i s  shown below t h e  four ion acous t ic  wave  
t races .  

Using a l inear  theory based  on t h e  work of Fr ied  
and Gould,' and  of Gould, valid for small  con- 
tamination, t h e  s p a t i a l  damping factor  5' i s  found 
to  b e  given by 

where C' i s  the  ratio of the number dens i ty  of light 
to  heavy ions ,  A is t h e  wavelength of t h e  ion wave,  
Te is t h e  electron temperature, Ti the  ion ternpera- 
ture, rn, is the  mass of the  heavy ion, and in2 is 
the  m a s s  of the  light ion. A s  c a n  b e  s e e n  from 
th is  equat ion,  the  damping d is tance  X, var ies  di- 
rectly with wavelength or, for our sys tem which 
h a s  negl igible  dispers ion,  inversely with fre- 
quency. 

To study the Landau damping as  a function of 
frequency, s ine-wave bursts  s u c h  as a r e  shown in 
F ig .  5.8 are used.  T h e  plasma parameters  for the  
case to be d i s c u s s e d  a r e  as follows: 
Ti : 0.052 eV,  ne  
131 amu (xenon), light-ion m a s s  = 4 arnu (helium), 
discharge current = 150 mA, appl ied vol tage = 

22 V, and  observed wave velocity = 7.6 x lo4  
cm/sec. T h e  determination of the  ion tempera- 
ture w a s  made by f ive independent techniques.  
F i r s t ,  t h e  veloci ty  of the  ion acous t ic  wave at 
low electron temperatures  y ie lds  the ion tem- 
perature.' 
0.052 i 0.011 eV.  Second, the  radial drift ra te  
of the  plasma a s  measured by ion waves  y ie lds  
a measure of ion temperature." Third,  the  ob- 
served g a s  damping of t h e  ion waves with high 
g a s  pressure  present  y ie lds  t h e  ion-atom colli- 
s ion  rate ,  and  a measure of the  ion temperature. 

Te = 1.2 eV,  
5 x 10' ~ r n . - ~ ,  heavy-ion m a s s  = 

T h i s  measurement y ie lds  Ti = 

16B. D. Pried and R. W. Gould, Phys.  F lu ids  4, 139 

17R. W. Gould, Phys .  Rev. 136, A991 (1964). 
"W. D. Jones and  I. Alexeff, paper 3R-3, SUI!. Am. 

Phys. SOC. 12, 770 (1967); 8th Annual Meeting, Divi- 
sion of Pasma Phys ics ,  Boston, Massachusetts,  Nov. 
2-5, 1966. 

"W. D. Jones and I. Alexeff, Proceedings VII In- 
ternational Conference on Phenon~erra in Ionized Gases  
(ed. by B. Perovic and D. Tosic),  vol. 2 ,  p. 330, Grade- 
vinska Knjiga, Beograd, 1966. 

(1961). 
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Fig.  5.7. The Landau Damping o f  Ion Waves in Xenon as He l ium i s  Added. Top curve, n o  helium; second curve, 

trace of helium, damping appears; th i rd curve, more hel ium, maximum damping (about 2% he l ium ions are present); bot-  

tom curve, s t i l l  more hel ium, wave speeds up (appears a t  shorter t imes) and the damping decreases. The t ime scale i . c  

20 psec  per large d iv is ion .  

monitor the propert ies of  the plasma. 

The curve beneath the ion-wave traces i s  an example o f  a Langmuir  probe curve made to 

A Langmuir  probe curve was taken for each ion-wave picture.  
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F i g .  5.8. Use of Sine-Wuve Bursts  in Ion Acoust ic  Wave Study. The l o w e r  t r a c e  s h o w s  s i n e - w a v e  bursts  a p p l i e d  to  

the t r a n s m i t t i n g  e l e c t r o d e .  

a c o u s t i c  w a v e  s i g n a l s  a r e  separated by a t i m e - o f - f l i g h t  technique.  

gas is xenon. 

T h e  upper t race shows t h e  r e c e i v e d  s i g n a l s .  The d i r e c t l y - c o u p l e d  a n d  la ter -appear ing ion 

T h e  t i m e  s c a l e  is 10 p s e c  p e r  l a r g e  d i v i s i o n ;  t h e  

Fourth, a measure of Landau damping a s  a func- 
tion of electron temperature y ie lds  t h e  ion tem- 
perature." Fif th ,  a computation of t h e  ra te  of 
ion hea t ing  by co l l i s ions  with electrons,  i n  t h e  
a b s e n c e  of rf noise ,  reveals  that  the ions  a r e  
los t  t o  the  wal l  before they a r e  heated appreciably.  
All the  above  ion temperature measurements a r e  
cons is ten t  with T i  '/20 eV. T h e  a b o v e  measure- 
ments of T i  were made only for xenon; we  assume 
that  T i  for helium is the  same, 

T h e  damping measurements for s ine-wave propa- 
gation a r e  made as  fol lows.  With no helium added,  
t h e  amplitude of t h e  received s igna l  is measured 
as a function of frequency and propagation d is -  
tance .  T h e  s igna l  s t rength far from the  source  
is observed to decrease  as  I - - ~ ,  showing that  t h e  
voltage output of the  receiving probe i s  propor- 
tional to  energy. T h e  ra te  of decrease in ampli- 

'OI. Alexeff, W .  D. Jones,  and M. G. Payiie, Bull .  Am. 
Phys. SOC. 11, 843 (1966). 

tude with d is tance  i s  observed t o  be  frequency- 
independent. Next, helium is added .  T h e  ampli- 
tude of the  received s igna l  now is observed to 
d e c i e a s e  more rapidly with d is tance  than before. 
Also, t h e  rate of d e c r e a s e  i s  observed to  be  more 
rapid with increas ing  freqiiency. If the  plot of re- 
ceived s igna l  v s  amplitude is extrapolated b a c k  
to zero  t ransmission d is tance ,  the  s o u r c e  s t rength 
of t h e  s igna l  is observed not t o  change  appreciably 
when helium is added.  T h e  wave velocity and t h e  
electron temperature change only about  10%. Thus ,  
we a s s u m e  that  the  addition of helium d o e s  not ap- 
preciably perturb t h e  system, other  than t o  provide 
Landau damping. 

T h e  data a r e  analyzed as follows. F i i s t ,  t h e  oh- 
served amplitude of the  received s igna l  with helium 
a t  e a c h  electrode s p a c i n g  and frequency is divided 
by the  corresponding one  without helium. T h i s  di- 
vision, for a giver1 frequency, y ie lds  the relat ive 
amplitude d e c r e a s e  as a function of d i s t a n c e  d u e  
to helium a lone .  Second, the  relat ive d e c r e a s e  of 
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theoretical calculat ion.  

results” corresponds to the measured value of Ti ~7 

0.052 e V .  

No adjustable parameters are involved in  the 

The curve marked ‘’theoretical 

amplitude with distance i s  fi t ted by least squares 
with an exponential function of the  form exp(-X/X,), 
where X is the electrode spac ing  and X ,  is the  ob- 
served damping d is tance  for that frequency. F i -  
nally, the observed damping distance X, is plotted 
as a function of frequency as shown in Fig.  5.9. 
From this,  we see that the observed damping dis- 
tance X, varies inversely as the frequency. Thus ,  
the predicted dependence of damping on frequency 
is observed. The  observed frequency dependence 
a l so  rules out collisional damping, s ince  colli- 
sional damping for weakly damped waves in free 
flight is frequency-independent. 

Landau damping, which i s  shown by the l ine 
marked “theoretical results” in Fig. 5.9. To 
accomplish this,  the relative fraction of helium 
ions to xenon ions E in  the  plasma must be known. 

We can  a l s o  predict quantitatively the expected 

We calculate E by first measuring the number of 
xenon gas  atoms and of helium gas atoms present 
in the discharge tube by means of an  Alphatron’ 
ion gage. To measure the smal l  amount of helium 
present, the xenon is turned off at t h e  end of the  
experiment. Next, the relative ionization c ross  
sec t ionsz2  of helium and xenon arc used to get 
the relative rates of ion production. For th i s  cal-  
culation, we note that the energy of the incoming 
electrons i s  cathode plus plasma potential or 
22 + 6 7 28 V .  Finally, the  ratio of production 
rates of the two spec ies  of ions is weighted by 
the reciprocal of the ratio of the velocit ies of 
escape  of thc ions to give the relative ion den- 
si ty.  Since the  ion temperatures are assumed to 
be equal, the e scape  velocity is proportional to 
the reciprocal of the squarc root of the ion mass .  
W e  find that the  ratio of the number of helium to 
xenon ions is about 3.4 x A s  shown in 
Fig.  5.9, this value of E applied to our Landau 
damping formula gives a predicted damping that 
agrees quantitatively within a factor of 2 of the 
observed value. 

The  Landau damping caused by electrons in the  
plasma of pure xenon ions is quite small. The  ef- 
fect is calculated to  be about 0.3% of that caused  
by the helium in the data shown here. 

the wave energy decreases  with distance as r d 2 ,  
our observations of received amplitude vary over a 
range of better than 10 to 1. Since the  observed 
wave velocity and the damping factor a re  not a 
function of distance,  the  wave properties appear 
not to be amplitude-dependent, and our  s i m p l e ,  
linear ana lys i s  probably is valid. 

A final observation needs to  be mentioned. Since 

5.3 HIGH-PRESSURE ARC 

I .  Alexeff 
W. Halchin C. E. Nielsen 

J .  R.  McNally, J r .  

W.  I.,. Stirling 

5.3.1 Background and Objectives 

High-pressure arc experiments were begun here 
last November in order to study the properties of 
a fully ionized plasma surrounded by a neutral gas .  

**Obtained from N.K.C.  Equipment Carp. Newton, 
Massachusetts.  

2 2 A .  von Engel, Ionized Gases, 2d ed., p. 63,  Oxford, 
London, 1965. 



82 

Since th i s  is t h e  f i rs t  full report of t h e s e  experi- 
ments, both the  objec t ives  and t h e  experimental 
procedure will b e  descr ibed in  some de ta i l .  

Alfve’n and Smsrs  f i rs t  proposed in  1960 that  a 
thermonuclear plasma in  a magnetic field could b e  
surrounded by a neutral gas ,  the  conductivity of 
t h e  ionized plasma being suff ic ient ly  reduced by 
the  magnetic field to  prevent  e x c e s s i v e  cool ing 
by t h e  gas.‘3 Experiments at Stockholm t o  ex- 
plore t h i s  possibi l i ty  did not succeed  in  producing 
condi t ions comparable with theory because  of the  
ins tab i l i t i es  a s s o c i a t e d  with t h e  self-f ie ld  of the  
plasma.’ T h o s e  experiments employed a toroidal 
configuration i n  which t h e  plasma w a s  compressed 
by t h e  self-field of the  induced toroidal d i scharge  
current. A s  is well known, s u c h  a plasma in a 
vacuum is unstable ,  and the  surrounding g a s  did 
not suf f ice  t o  s tab i l ize  i t .  Subsequent s tudy of 
l inear  a r c s  run in a n  externally produced magnetic 
field at  the  Inst i tute  for P l a s m a  P h y s i c s  near 
Munich h a s  demonstrated that  a n  apparently s t a b l e  
high-temperature plasma can,  i n  fact ,  be  produced 
in  the  presence  of a surrounding gas.’5 ‘The ex- 
periments there  were ini t ia ted by Wienicke and 
Witkowski, who s tudied a s teady-s ta te  hydrogen 
a r c  operated from a direct-current source .  Wulff, 
working independently in Munich a t  the  Max P l a n c k  
Inst i tute ,  developed a pulsed  helium arc produced 
by a capaci tor  discharge through a tube  in  a pulsed 
magnetic field.’ 
high-temperature gas-bounded plasma. In the  
l a t e s t  experiments central  temperature is reported 
to  b e  3 x l o 5  
Munich experiments w a s  t o  produce as hot a plasma 
as poss ib le ,  and,  consequently, the a rcs  were run 
with the surrounding gas at  relatively low pressure  
- l e s s  than 0.1 atm in t h e  experiments of Wienecke 
and Witkowski and approximately 0.1 atm in the ex- 
periments of Wulff. At t h e s e  g a s  pressures  calcu-  
lation predicts  that  energy i s  t ransferred from t h e  
plasma to the surroundings primarily by conduction, 
radiation t ransfer  being much smaller .  Arc energy 
l o s s  i s  cons is ten t  with predictions from radial  con- 

It c a n  also produce a s t a b l e  

T h e  main object ive of both 

’3H. Alfveh and E. A. Sm%rs, Nature 188, 801-2 (1960). 
’‘E. A .  Sm%rs, Arkiv.  Fysilr 29,  97-133 (1965). 
”Von C. b l a h  e t  a l . ,  8. Nattrrforsih.  190, 1202-7 

(1964). 
’6H. Wulff, Proc. VI1 Intern. Conf. Ionization Phe- 

nomena in Gases,  Beograd, 22-27 August 1965,  vol. I, 
pp. 829-32, Grad. K. Publ ishing  House, 1966. 
27P. H. Grassmann,  0. Kluber, and H. Wulff,  Phys .  

Letters 24A, 324-2.5 (1967). 

ductivity as reduced by the  magnetic f ie ld ,  al- 
though quant i ta t ive comparison is difficult on 
account  of end losses. 

to produce a hot d e n s e  thermal a r c  plasma,  inter- 
e s t i n g  though that  plasma is as a medium for ex- 
periments in b a s i c  plasma phys ics .  To define 
clear ly  the  present  object ives  within t h e  context  
of t h e  thermonuclear program it is necessary  f i rs t  
to dis t inguish t h e  severa l  ways in  which a surround- 
ing g a s  may b e  expected t o  influence a plasma.  
In their  ini t ia l  d i scuss ion  of a “ gas- insulated” 
plasma, Alfve’n and SmSrs commented tha t  in-  
s tabi l i ty  behavior is expected to  b e  different and  
that  wall contamination will b e  excluded by the 
gas .  They spoke  of the  g a s  as “at high pressure,”  
but did not spec i fy  whether they viewed t h e  gas  
or t h e  magnetic field necessary  t o  reduce plasma 
heat  conduction as mainly responsible  for  con- 
f ining t h e  plasma. If the  gas is responsible  the  
third major influence of t h e  gas  is g a s  confinement 
of the  plasma.  There  h a s  s i n c e  been  considerable  
divers i ty  in  t h e  v iews  taken toward g a s  confine- 
ment. FBlthammar ana lyzed  a pinch model in  
which cent ra l  plasma pressure greatly e x c e e d s  
the  cold g a s  pressure,”  but more recently Braams 
a s s u m e s  tha t  plasma pressure c a n  b e  “ba lanced  
by t h e  cold gas  . ” 2  (It is, however, far from o b  
vious tha t  th i s  s t a t e  of g a s  pressure  ba lance  is 
a n  at ta inable  col l is ional  equilibrium s t a t e  in the  
presence  of a magnetic f ie ld ,  and there  a r e  good 
reasons for bel ieving i t  is not.) 

All of t h e s e  e f fec ts  of surrounding g a s  depend 
upon t h e  magnitude of the  g a s  pressure.  Isolat ion 
of the  plasma from wall contamination is expected 
t o  occur  with very low pressure,  the  requirement 
being merely f ree  path in  t h e  g a s  much shorter  
than t h e  d i s t a n c e  of separat ion.  At t h e  other pres-  
sure  extreme, appreciable  contribution t o  confine- 
ment is made only i f  gas pressure  approaches 
plasma pressure,  which wil l  b e  some atmospheres  
in  a thermonuclear plasma. It must then be a s k e d  
whether energy t ransfer  t o  the  gas p l a c e s  any 
limit on the  al lowable gas  pressure.  T h e  answer 
is not known, apparently because  th i s  ques t ion  
h a s  not previously been considered ser ious ly .  

One poss ib le  upper limit on the pressure of a 
gas  i n  contac t  with a fully ionized plasma may b e  

.4rc experiments  were not undertaken here  s imply 

28C.  G. Falthammar, Phys.  Fluids 4, 114.5-51 (1961). 
2gC.  M. Braarns, Phys .  Rev. Letters 17, 470-71 

(1966). 
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set by t h e  magnitude of t h e  total  radiat ion from the 
plasma-gas t rans i t ion  layer. Although radiation ap- 
pears  to b e  near ly  negl igible  i n  comparison with 
conduction at  the  pressures  used  in  the  Munich 
cxperiments, it will cer ta inly i n c r e a s e  with pres-  
s u r e  and  may become limiting, while  plasma con- 
ductivity in  a su i tab ly  la rge  magnetic f ic ld  is 
expected t o  remain small .  T h e  range of p r e s s u r e  
admiss ib le  h a s  a bear ing upon t h e  poss ib le  e f fec t  
of g a s  upon s tab i l i ty  as well as upon t h e  feas i -  
bility of g a s  confinement. Our f i r s t  object ive i s  
accordingly to produce a fully ionized plasma s u r -  
rounded by a g a s  and  to measure both radiation 
and total radial  energy t ransfer  from t h e  sys tem 
as a function of g a s  pressure .  

I t  should  perhaps be  remarked expl ic i t ly  that  t h e  
idea  of a gas-bounded plasma with its various pos-  
s i b l e  advantages  must not b e  viewed as i n  any  
s e n s e  t ied to  ohmically heated plasmas,  toroidal 
or l inear ,  We a r e  u s i n g  a l inear  high-pressure a r c  
simply as the  most convenient  way to produce a 
high-density fully ionized plasma bounded by gas 
and to s tudy  its properties. T h e  potent ia l  v a l u e  
of s u c h  a n  a r c  as t h e  s ta r t ing  point for a thermo- 
nuclear  d e v i c e  is a n  ent i re ly  s e p a r a t e  considera-  
tion, involving t h e  s a m e  ques t ion  of how to h e a t  
to thermonuclear temperature t h a t  must be answered 
for any other  d e v i c e  that  begins  with the  production 
of a d e n s e  plasma at a temperature less than  ther- 
monuclear. 

T h e  present  experiment is appropriately termed 
t h e  “high-pressure a rc”  b e c a u s e  w e  a r e  working to 
extend observat ions of magnetically col l imated 
a r c s  to p r e s s u r e s  much higher than u s e d  previously 
in  order to  determine t h e  radiation and conduction 
over a subs tan t ia l  range of pressure  approaching 
more c lose ly  the  regime of thermonuclear in te res t .  
A s u i t a b l e  set of magnetic f ie ld  c o i l s ,  vacuum s y s -  
tem, a r c  e lec t rodes ,  and power suppl ies  were as- 
sembled l a s t  November and  December, and  work 
s i n c e  then h a s  been  devoted to  developing the  
technique of operat ing a periodically pulsed  
high-pressure a r c  and  to s tudying its propert ies .  
We have  observed the  time var ia t ion of t h e  to ta l  
a r c  potent ia l  difference and  i t s  re la t ionship to  
the  time-varying current flowing i n  t h e  arc ,  t h e  
radial profile of the  a r c  i n  l ight  of var ious s p e c -  
trum l ines ,  the l ine width of t h e  spectrum l i n e s  
themselves ,  t h e  magnet ic  f ie ld  a s s o c i a t e d  with 
the  a r c  plasma,  and, in  a preliminary way,  the 
total  radiat ion emit ted from t h e  a r c  to the sur-  
rounding wal l s .  In the  following s e c t i o n s  w e  

s h a l l  d i s c u s s  f i r s t  the  a rc  i t se l f ,  next t h e  pro- 
cedures  for observing the  propert ies  of the arc ,  
and f inal ly  t h e  resu l t s  obtained. 

5.3.2 Operation of the Arc 

W e  have  operated the  a r c  between a thoriated 
tungsten ca thode  and a water-cooled anode mounted 
on the  a x i s  of a s e t  of magnetic f ie ld  coils. T h e  
cathode and anode  a r e  supported from t h e  end  
p la tes  of t h e  a r c  chamber and a r e  ad jus tab le  i n  
ax ia l  position. P o r t s  for opt ical  observat ion and  
for the  inser t ion of various measuring probes a r e  
located between t h e  s e p a r a t e  c o i l s  of the  magnet. 
T h e  general  arrangement of th i s  apparatus  i s  shown 
in Fig. 5.10. Power for the magnet, which w a s  de- 
s igned  for a maximum field of 30 k C  and which w e  
have  operated up to 20 kG, is provided by a 5 MW 
motor-generator set. T h e  a r c  current  is suppl ied 
by one s e c t i o n  of a 3.5 MW variable  output poly- 
phase  supply originally designed to furnish a n  ap- 
proximately s teady  current for a n  arc .  We a r e  u s i n g  
only a s ingle  phase ,  half-wave-rectified and con- 
trolled by a n  ignitron that  reduces t h e  number of 
p u l s e s  per s e c o n d  so as to reduce average  power 
input to  the  arc .  P r e s e n t  operation is a t  10 p u l s e s /  
s e c ,  with the  ignitron trigger be ing  provided by a 
synchronously driven mechanical switch.  T h i s  
a r c  supply  i s  connected through a s e r i e s  res i s tor  
of somewhat  less than 0.1 a, so that t h e  maximum 
peak vol tage of 500 V produces a peak  a r c  current 
of more than 5000 A .  

At low g a s  p r e s s u r e s  up t o  a few torr of helium, 
the  a r c  will operate  very sat isfactor i ly  with t h i s  
supply only, the  fact  that  t h e  current IS interrupted 
for 0.1 sec in te rva ls  seeming to  have no important 
effect  upon the reignition of t h e  a r c  at  e a c h  suc-  
c e s s i v e  pulse .  T h e  cathode,  which i n  t h e  work 
with currents  of th i s  magnitude is  2 c m  in diam- 
eter ,  remains cont inuously incandescent  (irrespec- 
t ive of g a s  pressure)  and i s ,  therefore, ready to 
emit e lec t rons  for a new current p u l s e  e a c h  time 
a potent ia l  difference appears .  A s  the g a s  pres-  
sure  is increased ,  however, a condition i s  soon  
reached i n  which t h e  a r c  cannot  be  maintained by 
a n  intermittent current. In order to  maintain the  
pulsed a r c  operat ive a t  higher pressures ,  we  have  
added a n  auxiliary power supply which at present  
provides  somewhat  less t h a n  1 kV and is con- 
nected through a series res i s tance  c h o s e n  to 
carry a maintaining current i n  t h e  range of 20 
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Fig.  5.10. Assembly V i e w  of High-Pressure Arc F a c i l i t y  - Horizontal Section. 

to  30 A .  T h i s  cont inuous s m a l l  maintaining a r c  
a l lows the  high-current arc to b e  reestabl ished a t  
e a c h  recurrence of the  high-current pu lse .  By t h e  
u s e  of th i s  maintaining a r c  w e  have been  a b l e  to 
extend t h e  pulsed-arc operation up to a pressure 
of 200 torr, with a n  a r c  length of 15 cm. Increas-  
ing e i ther  t h e  pressure or  the  length of t h e  a r c  
further will be  poss ib le  only by a n  increase  in t h e  
maintaining a r c  current or by other modifications 
of t h e  system. We ant ic ipate  that  by increas ing  
the  maintaining current and by using auxiliary 
electrodes if necessary ,  we  s h a l l  be  a b l e  t o  
ra i se  t h e  pressure to  500 torr with a n  a r c  of th i s  
s a m e  length. Whether i t  will be  poss ib le  to  go 
much farther than th i s  is not yet  c lear .  

can b e  used  in a high-current a r c  is s e t  by t h e  
abi l i ty  of the  anode and ca thode  to survive.  It 
is perhaps worth noting that the  water-cooled 
copper anode  used  initially w a s  in  operation for 
approximately two months before i t  fa i led  when 
erosion of the copper a t  the center  produced a 
hole through i t ,  T h i s  failure was t h e  resu l t  of 
operation at low pressures  of less than a few 
torr. Operated a t  higher pressures ,  the  arc d o e s  
not damage t h e  anode. Apparently a n  adequate  
gas  supply resu l t s  in  a gas  layer  that  protects  
the anode  from ion bombardment. We have  op- 
erated t h e  arc also with a water-cooled tungsten 

T h e  main limitation upon t h e  peak current that  

cylinder 5 c m  in diameter and 8 c m  long serving 
as t h e  anode. T h e  cool ing is less adequate  in  
this  c a s e ,  and w e  have  not used more than about  
3000 A with th i s  anode. It seems,  however, that  
as we extend operation to  higher currents  it may 
be  profitable to  explore anode  des igns  involving 
a tungsten facing. A. s e a r c h  for the spectrum of 
tungsten when t h e  tungsten anode w a s  in  u s e  did 
not d i s c l o s e  any  l i n e s  of appreciable  intensi ty ,  
so i t  appears  tha t  tungsten would be admiss ib le  
even though it should become considerably hot ter  
than the  water-cooled copper  anode.  

In order to  obtain a s t a b l e  axisymiuetric a r c  i t  
i s  necessary  properly to match the  diameter  of 
the ca thode  to t h e  a r c  current. T h e  present  2 
cm diam cathode is appropriate  fox a r c s  in  the 
current range of approximately 3000 to 6000 A, 
but i t  is not su i tab le  for smaller  current a r c s  
which only h e a t  s p o t s  on the  cathode. Arcs  of 
too smal l  cur ient  a r e  thus  not wel l  loca l ized  in  
position, but they move about as t h e  cathode 
spot  from which they or iginate  moves about. 
An increase  of current much above 6000 A will  
presumably require us ing  a larger cathode.  In 
anticipation of t h i s  requirement we prepared t h e  
5 c m  diam tungsten cylinder which s e r v e s  for a 
time a s  t h e  anode,  but w e  have not y e t  employed 
ca thodes  larger  than 2 c m  in  diameter. 
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5.3.3 Observations of the Arc 

In d i s c u s s i n g  t h e  observat ions made, we  may 
begin with those observat ions that  re la te  t o  the  
power ba lance  and then turn to  the  various ob- 
se rva t ions  giving information about  the state of 
the a rc  plasma.  

Power Balance. - Power  input t o  t h e  a rc ,  which 
i s  to b e  balanced aga ins t  power removed, is com- 
pletely determined both instantaneously and  in  t h e  
average by the a r c  current  and  total potent ia l  dif- 
ference.  We assume,  as s e e m s  appropriate  for t h e  
rate  of var ia t ion of arc current employed, tha t  t h e  
arc: plasma is at all times in a n  a lmost  s teady  
s ta te .  Average power delivered t o  the  anode is 
readily measured by observing the  flow r a t e  and 
temperature r i s e  of t h e  anode  cool ing  water. Sim- 
i l a r  observat ions of t h e  cool ing  water  for  t h e  
cathode,  supplemented by a n  es t imate  of radia- 
tion from the  incandescent  portion of t h e  ca thode ,  
give to ta l  average  power t o  the cathode.  I t  then 
turns out tha t  t h e s e  values  of power removed by 
the  e lec t rodes  taken together account  for most of 
t h e  power input, and consequent ly  the information 
one  might have  hoped to obtain about  the quantity 
of interest ,  t h e  remaining power removed radially 
f rom the a r c  column i t se l f ,  is of rather poor ac- 
curacy s i n c e  i t  i s  the  difference be tween two 
nearly equal  larger  quant i t ies .  

We note  in  p a s s i n g  that  t h e  determination of the 
power input  w a s  not accomplished ent i re ly  trivi- 
a l ly .  E v e n  at t h e  low frequencies  involved i n  t h e  
arc-current var ia t ion t h e  induct ive reac tance  of 
a n  ordinary s h u n t  i s  a subs tan t ia l  f ract ion of its 
res i s tance ,  a n d  we obtained meaningful records 
of current  only a f te r  replacing a convent ional  
shunt  with a s p e c i a l l y  designed coaxia l  nonin- 
duct ive water-cooled shunt .  T h i s  s h u n t  w a s  
designed to h a v e  a potent ia l  drop of severa l  
vo l t s  to minimize t h e  problem of separa t ing  t h e  
s i g n a l  from t h e  inevi table  pickup i n  l e a d s  to the  
o s c i l l o s c o p e s  resu l t ing  from the time-varying f ie ld  
of the  a r c  current. 

An a l te rna t ive  s o u r c e  of information about  power 
removed radial ly  i s  the  ax ia l  potent ia l  gradient 
near t h e  center  of t h e  a r c  column. 'This potent ia l  
gradient f ixes  power input per  unit length for a 
known a r c  current. S ince  the  power input  to t h e  
column is divided between power removed radial ly  
and power t ransported axial ly  to the ends ,  power 
input t o  the  column g ives  only a n  upper limit on 

the  magnitude of outward radial  power flow, but 
s u c h  a n  upper limit could b e  useful. We have 
not y e t  obtained a firm value for the potent ia l  
gradient required t o  fix t h i s  limit. 'To measure 
potent ia l  gradient i t  would b e  des i rab le  to probe 
directly t h e  a r c  column potent ia l  s imultaneously 
a t  two axial ly  separa ted  locat ions.  We a r e  under- 
taking t h i s  measurement but d o  not ye t  have  useful  
probe d a t a .  Another possibi l i ty  is to vary a r c  
length and a s s u m e  t h a t  the  variation i n  to ta l  po- 
ten t ia l  difference i s  so le ly  a resul t  of t h e  change  
in  column length, potent ia l  drops at the e lec t rodes  
being supposed  invariant. T h i s  measurement is 
s u b j e c t  t o  the  same difficulty as mentioned above  
i n  being a n  at tempt  to  obtain a smal l  quantity from 
t h e  difference of two nearly equal  large quant i t ies .  
W e  h a v e  made the  at tempt  and e s t i m a t e  a gradient 
of about  1 V/cm, in  agreement with resu l t s  from 
Munich experiments, but th i s  figure is uncertain 
by perhaps as much as a factor of 2. I t  is remark- 
a b l e  that  to ta l  e lectrode potential difference var ies  
only a few percent  as gas pressure  increases  by a 
factor of 100. 

Arc Profile. - We have  used  a photoelectr ic  s p e c -  
trometer t o  obtain information about the  opt ical  ra- 
diat ion from the arc. T h e  radiat ion leaving the  arc: 
p a s s e s  through a quartz  window in one of t h e  viewing 
ports  and  is focused  upon the  ver t ical  s l i t  of the  
spectrometer. T h i s  ver t ical  s l i t  i s  supplemented by 
a superposed horizontal s l i t  so that  a t ransverse  
s c a n  of t h e  radiation from t h e  arc c a n  b e  made 
simply by moving the  spectrometer  vertically. In 
order to observe  t h e  light a t  a known p h a s e  of the  
a rc  current w e  have  mounted i n  the  light beam a 
chopper which c o n s i s t s  of a synchronously rotated 
d isk  provided with su i tab le  aper tures .  A photocel l  
viewing through the  aperture j u s t  opposi te  t h e  one 
in  front of t h e  spectrometer  slit.  a l lows  osc i l loscope  
display of the  phas ing  of the aperture, which is ad- 
jus tab le  by rotating the motor. T h i s  chopper s e l e c t s  
a time interval  of approximately 1 m s e c  out  of the  
total a r c  p u l s e  duration of s l ight ly  more than 5 
msec. With t h e  a r c  pulsed  a t  10 p u l s e s / s e c ,  t h e  
spectrometer  char t  record shows some amplitude 
osci l la t ion but not enough to  interfere with the  
obtaiiAing of data .  Arc  prof i les  a s  observed in  t h e  
4686 A l ight  of s ingly ionized helium a r e  shown 
in F i g s .  5.11 a n d  5.12. We have  not obtained in- 
formation on  the  total  intensi ty  measured abso-  
lutely, but  the  relat ive in tens i t ies  of radiat ion a t  
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the  var ious pressures  a r e  as shown in t h e  figures. 
T h e s e  a r e  the  prof i les  as observed by moving t h e  
spectrometer a c r o s s  the  arc .  They have not been 
inverted to give the  ac tua l  radial  distribution of 
the  radiation source.  Since t h e  inversion of a 
Gaussian projection is simply a Gauss ian  radial 
distribution, we see that, for  example,  a t  100 torr 
pressure  t h e  radial  distribution of radiation in- 
tensi ty  is approximately Gaussian.  At t h e  lower 
pressures  it is evident  that  t h e  radiation is fall- 
ing off toward the  a x i s .  Presumably th i s  fac t  irn- 
pl ies  that t h e  temperature i s  becoming high enough 
so that  the  He'  population i s  decreasing and giving 
way to HeZ +. (It wil l  be s e e n  la te r  from t h e  mag- 
net ic  observat ions that  the total  p ressure  i n  t h e  
plasma var ies  l i t t l e  between 25 and  100 torr g a s  
pressure.) At pressures  above 100 torr the  in- 
tensi ty  l ikewise  decreases .  Presumably th i s  de- 
c r e a s e  is at t r ibutable  mainly to a d e c r e a s e  of tern- 
perature that  would b e  expected to resul t  in reduced 
exci ta t ion of t h e  H e f  present. T h e  He' population 
i s ,  of course,  not indicated in  any s imple way by 
the l ight  intensi ty .  

Arc prof i les  as observed in t h e  4432 A l ight  of 
neutral helium a r e  shown in F ig .  5.13. T h e  falloff 
a t  the e d g e s  i s  due  simply to the  limited s i z e  of 
the  viewing window. No information is ava i lab le  
regarding the full diameter of t h e  cylinder from 
which t h i s  l ight  appears  to be  radiated. T h e  re- 
markable implication is that  the  greater  par t  of 
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the light of neutral helium appears to be radiated 
from a volume that is not carrying the arc current. 
If the source  is really this large, and not merely 
made to appear so by scattering in the 55-cm He 
path between the arc and the window, it seems 
necessary to suppose  that the  volume surrounding 
the current-carrying arc core  either is excited by 
radiation from the  a rc  core  or is a t  a high enough 
temperature to be thermally excited. An es t imate  
of the rate of energy transfer by thermal conduc- 
tivity from the arc radially through a cylindrical 
she l l  of neutral gas indicates that for adequate 
transfer the inner and outer radii of the  shell  
must b e  nearly equal. This  implies that  t h e  en- 
ergy transfer is possible only i f  the diameter of 
the heated a rc  region i s  nearly as large as the 
diameter of the  chamber, and thus i t  may be 
necessary to imagine a large volume of gas a t  
a high temperature surrounding the ionized arc 
core. 

He' 
l ine have been made for the purpose of estimating 
the electron densit ies in the  arc core. These  ob- 
servations,  which are presented in more detail  in 
Sect. 5.4, give estimates of 2 x I O 1 6  electrons/ 
cm3  a t  10 torr gas  pressure and  nearly 4 x IOi6 
electrons/cm3 a t  100 torr in a 5000 A arc. These  
densit ies imply average temperatures of roughly 
6 x l o4  OK and 5 x lo4  "K i f  the average pres- 
sures  in the a rc  core a re  taken from Fig.  5.15 
to be  approximately 150 and 250 torr. 

Observations of the width of the 3203 

Plasma Magnetism. - Observations of the arc 
plasma contribution to the total  magnetic field 
have been made using a two-turn shielded pickup 
loop 5 c m  in diameter surrounding the  arc. Al- 
though the plasma magnetic field is substantial ,  
it h a s  taken some time 1.0 obtain reliable observa- 
tions of i t s  magnitude. It is of course necessary 
to shield the pickup loop both from electrical  po- 
tential fluctuation associated with the a rc  and from 
the heat of the arc. W e  have enclosed the pickup 
loop in water-cooled copper tubing, and we have 
avoided shielding out the  magnetic s igna ls  by in- 
sulating the copper tubing so that i t  does not con- 
st i tute a closed circuit. I t  is not possible to 
ground either end of the  tubing, s ince  if th i s  were 
done the  varying currents carried from the a rc  to 
the ground would themselves induce a large signal 
in the  shielded interior wire. We have been obliged 
to leave the shield floating and depend upon capac- 
itative reduction of the  electrostatic pickup. The  
pickup loop now cons is t s  of "/8 in. exterior copper 

tubing, coaxial in. interior copper tubing sep- 
arated from the outer tubing by spirally wrapped 
insulation that holds the  inner tube tightly in 
place so that i t  cannot be  moved by t h e  water 
flowing in the  s p a c e  between, and an  insulated 
wire inside the inner 5, in. copper tube. In using 
this pickup it i s  f irst  necessary to minimize flux 
change assoc ia ted  with the  pulsed a rc  current it- 
se l f .  The  mutual inductance can  be kept fairly 
small by proper alignment of the  pickup loop, but 
there is some difficulty in getting a n  exact null, 
probably on account of phase  shifts arising from 
adjacent conductors. 

A problem we had not anticipated a r i s e s  from 
the fact that the pulsed arc produces a pressure 
pulse  in the gas  surrounding it.  This  pressure 
pulse may s e t  the pickup system into vibration 
a t  one or more of its natural frequencies and thus 
by moving i t  in the external magnetic field may 
induce large electrical  signals.  In one s e t  of ob- 
servations vibration was minimized when the 
pickup loop was displaced so that the pressure 
pulse pushed longitudinally along the direction 
of the probe stem. 

W e  have obtained photographs of plasma mag- 
netic signals such  as shown in Fig.  5.14, in  which 
are displayed simultaneously the raw signal from 
the pickup loop, the integral of this s igna l  as ob- 
tained with a Tektronix type 0 unit, and the a rc  
current pulse. Since the pickup loop responds 
to the plasma magnetic field over the  entire 
plasma, we  can  derive f rom the  data values for 
the average pressure assoc ia ted  with the magnetic 
signal if we know what radius to ascr ibe  to the 
plasma. If we assume that the light of ionized 
helium i s  a sufficiently good indication of the 
extent of the ionized volume, we may estimate, 
from the profiles of F igs .  5.11 and 5.12, that the 
plasma radius is about 1 c m .  The  total  pressure 
in ihe a rc  column i s ,  of course, the s u m  of the 
surrounding gas pressure and the  prcssure due to 
the magnetic field confinement. In Fig. 5.15 we 
show as a function of ambient gas  pressure the 
average magnetic energy density change calcu- 
lated from the  plasma magnetic signal for an as- 
sumed 1 .O c m  plasma radius. Thc  total plasma 
pressure is obtained by adding the plasma mag- 
netic eneigy density change to the gas  pressure 
represented by the 45" l ine in Fig. 5.15. Quite 
probably the a rc  volume is overestimated at 
higher gas pressures.  Axial pressilre i s  cer- 
tainly much greater than the average pre- *sure 
shown here. 
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F i g ,  5.14. O s c i l l o s c o p e  T r a c e s  of P l a s m a  M a g n e t i c  

Eorh  photograph records the r a w  s i g n a l  from Signals.  

t h e  p i c k u p  loop (top t r a c e ,  0.005 V/cm) ,  the  integrated 

s i g n a l  (center  t race) ,  and t h e  a r c  current  (bot tom t r a c e ,  

4000 A/cm). Sweep rate 2 msec/cm. In t h e  upper  

photograph pressure  w a s  1 torr a n d  m a g n e t i c  s i g n a l  

smal l ,  w h i l e  i n  t h e  lower  t roce pressure  w a s  50 torr.  

Total Radiation. - We have attempted to  ob- 
se rve  total  radiation by means of a thermocouple 
located behind collimating apertures  provided with 
a movable shut ter .  Ini t ia l  observat ions indicated 
a low va lue  of radiation a t  p r e s s u r e s  below 10 
torr and a rapid increase  with pressure to  a value 
which if taken ser ious ly  would have indicated 
total radiation a t  higher pressures  in  e x c e s s  of 
power input to the  a r c  column. Repetition of t h e s e  
observat ions with a new radiorrleter of s imilar  de- 
s ign  but more collimating apertures  yielded va lues  
one-tenth a s  great a t  20 torr and the same rapid 
increase  at higher pressure.  Observat ions made 
very recently ( s ince  the  end of the  report peiiod) 
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F i g .  5.15. M a g n e t i c  C o n t r i b u t i o n  to A v e r a g e  P l a s m a  

T h e  a v e r a g e  d e c r e a s e  i n  m a g n e t i c  f i e l d  en- Pressur=. 

ergy d e n s i t y  c a l c u l a t e d  from p l a s m a  m a g n e t i c  s i g n a l s  

for a 1-cm p l a s m a  r a d i u s  i s  p l o t t e d  a s  o funct ion o f  gas 

pressure. 

ternal  f i e l d ,  16,000 G. 

A r c  I-ngth, 15 cm; orc current,  3200 A; ex-  

with a third radiometer a l s o  of s imilar  design sug- 
ges t  that  hot  gas  h a s  been  reaching the thermo- 
couple  direct ly ,  probably as  a resul t  of the pres-  
sure  p u l s e s ,  and leading  t o  readings far in  e x c e s s  
of the  effect  of radiation. In t h i s  rather confused 
s i tuat ion only two radiation resu l t s  apparently re- 
main firm. T h e  f i r s t  is that  radiation d o e s  not 
contribute substant ia l ly  to radial energy transport 
a t  g a s  pressures  of 20 t o n  or l e s s .  No conclusion 
is t o  b e  drawn for higher pressures ,  for which w e  
have no credible  infoimation. T h e  second i s  that  
reduction of g a s  flow rate  a t  veiy low pressure,  at 
which radiation is normally too small to  measure, 
l eads  to  increase  of radiation to  a very large 
value,  T h e  f i r s t  resu l t  is i n  agreerneiit with ex- 
pectat ions based  on the  Munich c a l c u l a t i o n s  and 
experiments. T h e  second seems t o  indicate  t h e  
importance of adequate  gas flow for maintaining 
purity, if w e  suppose  that  the  radiation increase  
was t h e  resul t  of impurities, and i s  thus cons is -  
tent with both Stockholm and  Munich observat ions 
that a plasma bounded by a c l e a n  gas is rnain- 
tained f ree  of wall impuri t ies  



5.3.4 Resu l t s  and Prospec t s  

Resu l t s  Obtained. - The  study of energy trans- 
fers from a fully ionized plasma to a gas  requires 
(1) producing the plasma-gas system, (2) deter- 
mining the properties of the plasma and verifying 
that it is fully ionized, and (3 )  measuring the en- 
ergy transfers. 
1. 

2. 

As d iscussed  in Sect. 5.3.2, we have operated 
a pulsed 15 c m  5000 A arc in a 20,000-G field 
a t  helium pressures up to 200 torr. The  a rc  
length, a rc  current, magnetic field, and gas  
pressure can all be varied as may be  desired 
and could be  increased substantially without 
any bas ic  change in the  method of operation. 
The  arc characterist ics are s tab le  and repro- 
ducible, so  that observations on the system 
can  be made a s  rapidly as observing proce- 
dures permit. 

We have made spectrometric and magnetic ob- 
servations of the arc plasma. Both types of 
observation are subjec t  t o  some improvement 
and  extension, but both have yielded repro- 
ducible results which we believe indicate that 
at l ea s t  in  the lower gas  pressure range the 
arc plasma i s  fully doubly ionized on ax is .  
The  actual axial  temperature is not important 
for the attaining of our f i r s t  objective providing 
only that there is a fully ionized region so  that 
we have a plasma-gas transition layer available 
for study. In the helium arc system w e  have in 
fact  two transition regions, corresponding to the  
He2 +-He+ and the  He+-Heo transitions. 

W e  may note for comparison that our magnetic 
s igna ls  a re  of the s a m e  magnitude as Kliiber ob- 
served from a longer arc of comparable diameter 
and arc current in  a 50% stronger magnetic field, 
an  a rc  which is believed to have an  axial  tem- 
perature of the  order of 3 x 10' Although 
we have no data to  indicate directly a tempera- 
ture greater than 5 x IO4 OK, a n  axial  tempera- 
ture '\, IO5 OK is required €or consistency with 
the energy densit ies indicated by the magnetic 
s igna ls  and the axial temperature of 3 x 10' O K  

used by Kluber. 
The  most convincing indication that w e  have 

full ionization in the a rc  on axis,  whatever fur- 
ther observation and study may indicate about 
the  details  of the temperature, density, and 
pressure profiles, i s  the  apparent absence  of 
He' radiation from the ax ia l  region implied by 
the arc profiles in He' light shown in Fig. 5.11. 
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3. Our study of energy transfers in the a rc  is in- 
complete and  does  not suffice to  give the  de- 
sired information about dependence upon gas 
pressure. W e  can  give some l i m i t s .  At pres- 
su res  under 20 torr, radiation transfer from the 
a rc  column is observed not to exceed some tens 
of wat t s  per square centimeter. It was expected 
from radiation calculations that total radiation 
at low pressure would be sma l l ,  but there is no 
prior experimental information on total radiation 
from magnetically collimated a rcs .  

Estimates of power input to the a rc  column in- 
dicate that total power transfer from the arc 
column by a l l  p rocesses  is not much greater than 
5 kW pet linear centimeter and not strongly de- 
pendent on pressure over the  range 20 to 200 
torr. The  fact  that radiation is found to be 
small a t  20 torr and the f ac t  that total power 
input and power removed by the electrodes vary 
only slightly with pressure give some grounds 
for the expectation that radial power transfer by 
radiation will be found to be a small fraction of 
the total power transfer up to  200 torr pressure. 

Future Work. - The preceding discussion has  
indicated that the  arc we are operating appears to 
be producing a fully ionized plasma. More detailed 
information about the plasma would of course be 
desirable. A s  one important new source  of informa- 
tion we have designed and are assembling equip- 
ment using a 10.6-p beam from a CO, laser  to 
measure the radial distribution of electron density 
by observing the radial dependence of plasma index 
of refraction. In order t o  secure  more data on power 
balance by measuring arc column potential gradient, 
we have constructed and made preliminary t e s t s  of 
rotating probes that sweep rapidly across  the arc. 
Most important, now that we believe w e  have iden- 
tified the cause  of previous difficulty in obtaining 
direct measurement of radiation, we hope to design 
a new and reliable radiometer. When consistent 
data on radiation and power balance a re  secured, 
the first objective of the experiment will be at- 
tained. 

on power balance for a helium plasma ate not dl- 
rectly relevant to the thermonuclear problem, we 
naturally intend to repeat the experiment with a 

It should perhaps be made explicit that s ince  data 

~~ 

300. Kluber, IPP Report 3/48, p. 131 (December 
(1966). 
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hydrogen plasma. We ant ic ipa te  t h a t  the  experi- 
mental techniques developed for s tudy of t h e  helium 
arc  wil l  allow u s  to  obtain rather quickly the  de- 
s i red  information about  the  hydrogen system. 

Final ly ,  we should l ike  to remark that  power 
ba lance  in  a gas-bounded plasma is only one of 
t h e  s u b j e c t s  of interest  tha t  c a n  be  s tudied  with 
the  a rc .  Stability is of not less importance, and  
t h e  a r c  column plasma,  with its controllable radial 
temperature and dens i ty  dis t r ibut ions,  may be a 
uniquely valuable  medium i n  which to  invest igate  
experimentally the  effect  of radial  gradients  upon 
instabi l i t ies  i n  col l is ional  plasmas.  (At the con- 
ditions of present  operation t h e  arc column is ap- 
parently s table . )  Another subjec t  needing s tudy 
in a s t a b l e  col l is ional  plasma is end losses through 
s ingle  or multiple mirrors. Col l is ional  end l o s s e s ,  
although dec is ive  for the  utility of open-ended sys-  
tems, are not experiiuentally a c c e s s i b l e  i n  injec-  
tion and  .trapping experiments at d e n s i t i e s  likely 
soon to  be  achieved a They could  be investigated 
by adding m i r r o r s  to  t h e  arc system. In general, 
while i t  seems necessary  to suppose  t h a t  any 
s teady-s ta te  thermonuclear reactor will contain 
a s t a b l e  plasma i n  col l is ional  equilibrium, ye t  
few of t h e  devices  now operated as pact of t h e  
thermonuclear program contain s u c h  a co l l i s iona l  
plasma. T h e  arc plasina may thus b e  useful  for 
research on ques t ions  now urgent, i r respect ive of 
the  eventual  utility of gas-bounded plasmas in 
thermonuclear reactors .  

5.4 ELECTRON DENSITY IN THE HIGH. 
CURRENT PULSED HELIUM ARC IN 

A MAGNETIC FIELD 

D. A. Griffin 
J .  R. McNally, J r .  

V.  J. Meece 
C .  E. Nielsen 

V i .  I,. Stirling 

'The H e t  X 3203 spectrum l ine is ideally 
su i ted  for the evaluat ion of e lectron dens i t ies  
2 1 O I 5  e / c m 3  because  of i t s  pronounced Stark 
broadening. Griem, Kolb, and  Shen3' have pub- 
l i shed  curves for t h e  densi ty  range 10' 
e/cm3 and plasma temperatures lo4, 2 x l o 4 ,  

to 10' 

__ .......... __ 
"EX. E. Grlem, A. C. Kolb, and K .  PI. Shen, NRL Re- 

port 5805 (1962); H. R. Griem and IC. Y .  Shen, Phys .  R e v .  
122, 1940 (1961). 

4 x l o 4 ,  and 8 x l o 4  O K .  'These c u t v e s  give the 
intensi ty  function S(U)  as a function of a = 

Ah/F , ,  where F, is t h e  IIoltzmark normal f ie ld  
strength, F o  = 2.61e~7"~.  Interpolation c a n  be 
made to  a few percent ,  according to the  authors. 

Spectral s c a n s  of h 3203 A gave a n  approximate 
electron densi ty  of 2 x 10' e / c m 3  for the  5000-A 
p d s e d  helium a r c  i n  a inagnetic f ie ld  of 20,000 G 
( s e e  Fig.  5.16). T h e  horizontal a r c  image was 
focused on t h e  shortened ver t ical  s l i t  of a JACO 
82,000 spectrometer  and then the  whole spec-  
trometer imaging assembly  moved ver t ical ly  to 
permit thin horizontal slices of t h e  arc column 
to be  sampled. Time sampling was performed 
by us ing  a synchronized s e c t o r  d i sk  which se- 
lec ted  t h e  peak  of t h e  current pu lse  ("1 m s e c  
out  ofothe 8-msec-long pulse)  and  that of X 
3203 A radjation. Complete wavelength scans 
of X 3203 A were then made €or a number of 
vertical s e t t i n g s ,  and t h e  plots of t h e  intensi ty  
data were converted by the  Abel  inversion method 
of [30ckasten3 
for severa l  radial posi t ions;  t h e s e  profiles were 
then compared with theory t o  give electron' den- 
s i t y  as a function of rad ius  ( s e e  F i g .  5.17). T h e  
ax ia l  e lectron densi ty  w a s  measured as 3.7 x 10' 
e / c m 3  a t  100 torrs H e  background gas  pressure  a n d  
2.0 x 10 l6  e / c m 3  a t  10 torrs He. T h e  electron den- 
s i t y  appears  t o  fa l l  off l inear ly  with radius based  
on t h e s e  preliminary measurements. More refined 
measurements a r e  i n  progress .  

0 

t o  give emiss ion  l ine prof i les  

5.5 LEVITATED TOROIDAL MULTIPOLE 

I. Alexeff W.  Halchin M .  Roberts  

5.5.1 Introduction 

The toroidal multipole program has as i t s  initial. 
object ive the s tudy of long-time plasma contain- 
ment using a lev i ta ted  multipole machine. In 
exis t ing multipole  device^,^ 3 - 3  all nonlevitated, 

................ ......... __ 
32K.  Bockasten, J. O p t .  SOC. A m .  51, 943 (1961). 
3 3 R .  A.  Dory et at.,  Phys .  Fluids 9 .  997 (1966). 
34T. Ohkawa et al., Plasma Phys i c s  and Controlled 

Nuclear Fus ion  Research ,  vol. 11, p. 531, M E A ,  Vienna, 
1966. 

3 5 D "  Eckhartt  et al., Plasma Phys ic s  and Controlled 
Nuclear Fusion Research, vol. 11, p. 719, IAEA, Vienna, 
1966. 
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Data points uncorrected for radial  distribution or instrumental 
0 

the hoop supports present the dominant loss mech- 
anism limiting plasma containment. Small-scale 
experiments on electromagnetic levitation of a 
planar toroidal quadrupole were described in the 
previous semiannual report .3 

A description of a larger version of the quadru- 
pole, and the f i r s t  plasma experiments with i t ,  is 
contained in Sect. 5.5.2. Fil l ing of the  quadrupole 
is being done by plasma injection from a titanium 
washer gun described in Sect. 5.5.3. Section 5.5.4 
has  a brief discussion of a modified form of multi- 
pole geometry under investigation, the twisted 
multipole; two models of this type of device have 
been built and energized. 

361. Alexeff et  al . ,  Thermonuclear D i v .  Semiann. 
Progr .  R e p t .  Oct .  31 ,  1966, ORNL-4063, p. 6 5 .  
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Fig. 5.17. Rad ia l  D e p e n d e n c e  of  Electron Dens i ty  in 

5000-A P u l s e d  He Arc in  20,000-G Magnetic Field for 

10- ond 100-torr He. 

5.5.2 Levitated Toroidal Quadrupole 

5.5.2.1 Apparatus. -- Based  on the  favorable re- 
s u l t s  of small-scale ,  two-hoop levi ta t ion,  plans 
were developed for a largcr levi ta ted toroidal 
quadrupole for plasma experiments. T h e  rat ios  
of cr i t ical  spac ings  between hoops and wal ls  were  
kept constant ,  but the mean major diameter w a s  
increased f r o m  25 to 35 c m .  T h e  e s s e n t i a l  dif- 
ference between t h e  two models i s  t h e  s h a p e  of 
the  internal cross sec t ion ;  whereas  t h e  smaller 
sec t ion  w a s  rectangular, the  larger model h a s  a 
sculptured contour, as shown in F ig .  5.18. T h i s  
shape  w a s  determined us ing  the criterion of having 
equal  numbers of gyroradii between hoop and wall 
around both hoops.  T h e  eddy currents  in  t h e  center  
protrusion serve  to i so la te  par t ia l ly  the two hoops,  
increasing levi ta t ion s tab i l i ty  and minimizing in- 
ductance,  thereby increas ing  t h e  maximum field.  

vice including t h e  transformer is enclosed in  a 
For  ease of operation, the  ent i re  quadrupole de- 

metal vacuum tank with a t ransparent  top,  whose 
b a s e  pressure  is * 2  x 10V7 torr and whose  volume 
(17.5 ft3) s e r v e s  as a la rge  dump for any  neutral 
g a s  evolved on p lasma injection. Eight  3-in.-diam 
ports  permit the  introduction of fixed and movable 
probes, plasma gun, coil. power, nitrogen cooling, 
and other diagnost ics .  T h e  laminated, spl i t -core  
transformer, whose c r o s s  s e c t i o n  is 5 x 5 in . ,  is 
wound with 120 turns of heavy wire and  is fed 
through a s e r i e s  resonant  8 0 0  {IF capaci tor  by a 
XO-V,  300-A, 60-Hz power supply.  A crowbar b a s  
been built cons is t ing  of two ignitrons in  inverse  
paral le l  connection fired by thyratrons triggered 
by a s igna l  at  peak magnetic field. T h i s  device ,  
which should extend the duration of the  “s teady”  
magnetic f ie ld  t o  a t  l e a s t  5 msec,  is t o  b e  instal led 
a s  soon as  i s  possible .  Operation at  the  present  
maximum field s t rength (€Imax - 3.5 kG) i s  achieved  
by manually increas ing  t h e  vol tage a c r o s s  the  coi l  
(using a var iable  autotransformer) Prom 0 to - 1000 V 
i n  a time < ‘4 sec. Only 25 in.2 of t h e  poss ib le  50 
in.2 in  the  central  hole  of t h e  torus are present ly  
filled with iron, although a larger transformer with 
-45 in.’ is ready and awai t s  instal la t ion.  

In contrast  to the smaller  quadrupole with rec- 
tangular internal c r o s s  sec t ion ,  the magnetic iso- 
la t ion between the  two hoops in  the  large quad- 
rupole with sculptured wal ls  i s  suff ic ient ly  good, 
for t h e  duration of t h e  ‘6-sec experiment, that  the  
amplitude of the  mechanical osci l la t ion is reason- 
ably small, - ‘4 in . ,  compared with the  hoop-to-wall 
spacing,  -54 in .  

Cool ing is necessary  for s u c c e s s f u l  levitation 
with u s a b l e  spac ings ,  for low res i s tance  vol tage 
drop a t  maximum field,  and  for long-duration mag- 
net ic  field af ter  crowbarring. T h e  cool ing is ac- 
complished by p a s s i n g  liquid nitrogen through 
copper tubes Heliarced to  the top  and bottom sur- 
faces of t h e  quadrupole s h e l l .  The  s h e l l ,  o r  box, 
cools to i t s  equilibrium temperature in  2 hr, and  
t h e  hoops require another  6 hr for thorough cool- 
ing. T h i s  s low rate  of cool ing is the  factor limit- 
ing  t h e  repetition rate t o  one shot  per  5 min, s i n c e  
the  amount of h e a t  energy input per s h o t  r a i s e s  the 
temperature by a few degrees .  W e  intend t o  clamp 
the  hilops to  the  co ld  sur face  to  increase  the rate  
of cool ing between shots .  

Diagnost ic  too ls  being used  for the  f i r s t  s e t s  of 
experiments include f loat ing double probes (two 
coaxial  c a b l e  center  conductors sh ie lded ,  in turn, 
by a ‘4-in. copper  tube) p laced  at four locat ions 
around the machine, a s  indicated in  F ig .  5.18. 
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Fig .  5.18. P lan  and Cross-Sectional V i e w s  of Toroidal  Quadrupole. A,  D :  fixed, central double probes; B, C: 
fixed, w a l l  double probes; E :  movable, central double probe, S:  plasma gun. 

In addition, there is a rod that can  be  inserted 
through a central  hole located azimuthally be- 
tween probes A and D, a Hall probe for field 
strength and phase  information, and thermo- 
couples to monitor temperatures. The  various 
copper-shielded probes, liquid-nitrogen cooling 
l ines,  the quadrupole she l l ,  and the laminated 
iron core can  be s e e n  in  the photograph of the 
device shown without the vacuum chamber wall 
and top (Fig. 5.19). The  movable probe is located 
in  the tightmost port and the gun in  the next port 
toward the left.  

discharge was run f i r s t  in the machine as a check 
on the various parts of the device.  Double probe 
currents were measured halfway around the  machine 
only when the magnetic field was energized and a 
faint glow could be seen  in the  volume of the torus. 

A s  soon as the plasma gun was ready, i t  was in- 
serted into the machine and injection experiments 
into a levitated quadtupole field begun. The  ?8- 

in.-long copper tunnel through which the plasma 
must travel was lined with mica to prevent shorting 
of the plasma at the copper wall. Most of the un- 

5.5.2.2 Experiments .  - A low-pressure argon 

Fig.  5.19. Toroidal  Quadrupole Device Shown Without 

Vacuum T a n k  Top and Sides. 

ionized material should p a s s  through a port oppo- 
s i t e  the injection port and be lost  from the system. 
The  high-voltage transients occurring at the gun 
firing caused severe  pickup problems and over- 
loading of amplifiers unless some care was  taken 



Fig. 5.20. C u r r e n t  S i g n a l s  o t  F l o a t i n g  D o u b l e  Probe D N e a r  t h e  Field Z e r o  of t h e  Quodrupole .  A b s c i s s a ,  t 7 20 
p s r c / c m ;  o r d i n a t e ,  i = 40 p A / c m .  

t race - H rv 3.5 k G  n e a r  hoops,  b a t t e r i e s  a l s o  reversed.  

Upper  t r a c e  - E? r 0; M i d d l e  t r a c e  - B =  0, b a t t e r i e s  r e v e r s e d  i n  probe c i r c u i t ;  l o w e r  

with elimination of improper ground pa ths .  After 
the  large pickup n o i s e  w a s  eliminated, recognizable 
plasma s i g n a l s  were de tec ted  during the damped. 
ringing of the gun firing. T h e  gun i s  fired by a 
trigger p u l s e  s igna l ing  t h e  peak of the  magnetic 
field strength. 

T h e  currents  measured by t h e  clip-on current 
probes were interpreted as plasma s i g n a l s  s i n c e  
their polarity changed when the polarity of t h e  
symmetrically p laced  ba t te r ies  w a s  changed ( the  
pickup did not reverse  s ign) .  In addition, t h e s e  
s i g n a l s  appeared a t  l a t e  t imes in  t h e  gun firing 
pulse  on probe 1) only when t h e  field was on ( the 
pickup w a s  not a function of field strength). Using 
a maximum sens i t iv i ty  of 40 pA/rnV, no d iscern ib le  
s i g n a l s  were measured a t  t h e  wal l  probes and 40- 
to  400-pA s i g n a l s  were detected a t  t h e  center  
probes D and A .  With no magnetic f ie ld ,  plasma 
s igna ls  arrive a t  probes A and E )  in  about  6 and 
12 p e c ,  respect ively,  corresponding roughly to 
the d is tances  from the  gun t o  e a c h  probe of about  
14 c m  ( A )  and 3 4  c m  (D), yielding a drift velocity 
of - 2 .S x IO6 cm/sec. 

Figure 5.20 shows s i g n a l s  received a t  probe D 
without the  magnetic field for both polar i t ies  
(upper and  middle t races)  of the  8-V bat ter ies  
and with the magnetic f ie ld  turned on (lower t race) .  
Current s i g n a l s  a t  probe D a r e  smaller  than that  a t  

probe A by a factor  of 10. When the  magnetic f ie ld  
is appl ied,  a second plasma current p u l s e  reg is te rs  
a t  probe D (lower t race)  a t  45 to  50 psec af te r  t h e  
gun begins  to  fire, a time that  could correspond to 
three-fourths of a t ransi t  around the  machine from 
the gun. Using the  drift veloci ty  v 2 x lo6  c m /  
sec, the  current i 40 PA, and the projected a r e a  
A - 0.01 cm2,  a s imple  calculat ion of densi ty  a t  
the D probe is n = i / e v A  r' 10' '/cm3; n is about  
10"/cm3 a t  A probe and is presumably higher a t  
the  injection port. T h e  gun is reasonably repeti- 
tive, with a typical  var ia t ion in  s igna l  amplitude 
being l e s s  than a factor  of 2. Bet ter  methods of 
making the plasma gun a r e  be ing  developed, and 
probes with higher sens i t iv i ty  a r e  being installed 
in  t h e  center region near  t h e  180'point from t h e  
gun, t o  follow t h e  progress  of the plasma around 
the  machine and at la te r  t imes.  

5.5.3 Plasma Gun (with U.  F. Howell) 

F i l l ing  the  quadrupole with plasma is be ing  done 
in  two s t a g e s ,  t h e  f i rs t  by inject ion and  t h e  s e c o n d  
to be  done  by electron-cyclotron resonance heat- 
ing. T h e  X-band ECRH apparatus ,  be ing  reassem- 
bled from exis t ing  equipment, is to b e  used i n  the  
next reporting period. 
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A hydrated-titanium source3 7-3 was se lec ted  
for the f i r s t  injection experiment because  of its 
simplicity in construction and operation. After 
some trials and errors, enough experience was 
built up to be ab le  to hydrate titanium washers 
( T  * 1250°F; PH 
stnrct  guns with high-voltage insulation (2 8 kV). 
The  gun is patterned after the UCRL  design^,^ 7-3 
which include a trigger electrode to initiate the 
discharge properly. A three-element ball  gap 
(triggered simultaneously with the gun trigger) 
connects the  washer s tack  to a 7.5-pF pulse 
condenser charged to 5 to 8 kV. No  magnetic 
field is used in the operation of the gun (aside 
from the  fringing multipole field). The  construc- 
tion technique presently used i s  to s tack  alter- 
nately titanium and mica washers, compress to- 
gether, and form an  epoxy bond around the  out- 
side,  which simplifies the  mechanical structure 
and eliminates high-voltage breakdown problems. 
The vacuum s e a l  is made directly to  the epoxy 
cylinder, and electrical  connections a re  made 
through coaxial l ines  whose ends  are also em- 
bedded in  the  epoxy. 

Tes t  firings down a linear array of double probes 
gave particle time-of-flight data that can  b e  in- 
terpreted as showing the presence of hydrogen ions  
of 100-eV energy. 

* 1 atm; t-’ 20 min) and con- 
2 

5.5.4 Twisted Multipole 

The toroidal octopole eonfiguration offers a 
much larger ratio of good curvature regions to bad 
curvature regions along a flux l ine than does  the 
toroidal quadrupole; consequently, there i s  a much 
larger plasma containment volume in the octopole 
for comparably s i zed  conductors and spacings. 
Levitation of a n  octopole, on the other hand, i s  
much more difficult than for a quadrupole because 
of the unbalanced forces of attraction between 
upper and lower halves (quadrupoles) of the 
octopole. It is possible,  however, to construct 
an  octopole (or other order multipole) as a s ing le  
mechanical structure by the  following technique. 
Make a radial cu t  a t  one azimuth through all n 
conductors, twist the two s e t s  of ends  by (m/n) 

2 rr radians with respect to each  other, and rejoin 
the conductors; m is an  integer not equal t o  n or 
any of i t s  factors (aside from unity). 

The  resultant structure yields a multipole con- 
figuration modified by the addition of a nonuniform 
toroidal magnetic field fixed in relation to the 
poloidal (multipole) field for a given twist. In- 
troduction of the toroidal field results in closed, 
nested flux surfaces in the central region of the 
multipole and also a l te rs  t he  properties of the 
/Bi well. F ie ld  calculations for the twisted 
multipole have been started and a re  discussed 
in Sect. 1.1. 

Two models of an  m/n  = 2 octopole have been 
built for initial force testing. On the bas i s  of ex- 
trapolation from weak fields, the  first model (major 
radius R ‘k 5 in., minor radius r * 1 in., conductor 
radius a -= ‘/4 in.) would collapse in compression 
a t  operating field strengths > 2 kG. A second 
model ( R  ‘‘3 6 in., r -2 l’/z in., a = ‘4 in.) has  
nearly 16 times the torsional strength and ought 
to withstand the  magnetic forces satisfactorily. 
This  second, larger model h a s  been levitated on 
a pulsed bas i s  and is being readied for plasma 
experiments. 

5.6 BOUNDARY WALL T R E A T M E N T  IN T H E  
P E N N I N G  ION GAGE 

E. D. Shipley 0. C. Ynnts 

5.6.1 Introduction 

The end wall experiments in DCX-14’ demon- 
strated the need for a better understanding of the 
influence of tuned walls on particle motions. The  
boundary wall treatment of the  Penning ion gage 
(PIG)41 indicated th i s  system should offer a 
“DCX-like” arrangement for the  study of tuned 
walls or BIN’S. 

5.6.2 Discussion 

The vacuum dc  potential distribution in the PIG 
is not a simple function of position. A qualita- 
tive description of the  positive potential well is 
given in Fig. 5.21. The  magnetic field is in the  

3 7 K .  W. Ehlers et al . ,  Rev.  Sci.  Insfr. 29, 614 (1958). 
38J. F. Steinhaus et a l . ,  UCRL-7935 (January 13, 

3‘3F. H. Coensgen et a l . ,  P h y s .  Fluids 2, 350 (1’359). 
1964). 

4 0  Therrnonucleer Div .  Semiann. Pro&. Rept .  Apr. 30, 

411bid. ,  pp. 71-74. 
1966, ORNL-3989, pp. 9-11. 
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Fig. 5.21. Potential Well in the  Penning Ion Gage. 
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plane of t h e  paper. T h i s  potential well forms a n  
electron trap and,  together with the magnetic f ie ld ,  
cons t ra ins  the e l e c t i o n s  to two types of cyc l ic  

~ ~ ~ ~ ~ ~ ~ T R U M  

motion. F i r s t ,  t h e  e lec t rons  c a n  osc i l la te  back  
and forth a long  tubes  of magnetic flux (pig) with 
frequency f,. Second, s i n c e  there  is a radial 
component of e lec t r ic  f ie ld  E,, t h e  e lec t rons  can  
cycloid a long  circular  p a t h s  whose centers  l i e  on 
t h e  a x i s  of symmetry. Bunching of the  circulating 
electrons c a n  produce a n  rf s igna l  whose  frequency 
(fcir) is their cycloidal  drift veloci ty  divided by 
the  circumference of the i r  par t icular  circle: 

Fig. 5.22. Basic Electrical Circuit. 

PHOTO 88346 

E / B  
f .  = -  Hz ~ 

2rrR c1r 

where E is in vol ts  per  meter, R i n  meters, and B 
in webers  per square  meter. In genera?. fcir << f ,  
except  for regions of smal l  R near  t h e  a x i s  of 
symmetry. 

Figure 5.22 s h o w s  a schemat ic  of the  PIG and 
t.he assoc ia ted  electr ical  c i rcu i t s .  With the usual  
end wal l s  we should expect ,  and  indeed observe 
on t h e  antenna, a continuum having a wide fre- 
quency distribution. ‘This is shown in F i g .  5.23. 
When, however, one of the  end w a l l s  i s  sp l i t  and 
connected as  shown in F ig .  5.24, t h e  spectrum c a n  
become a s e t  of harmonic l ines ,  a s  shown in F ig .  
5.25. 

T h e  lowes t  frequency i n  t h e  harmonic l ine  s p e c -  
trum, fm, is sl ight ly  larger than the  resonant f re -  
quency of t h e  tuned half wal l ,  f ,  . T h e  other  mem- 
bers  of the  harmonic l i n e  spectrum f , ,  a r e  integral 
multiples of f ,  s u c h  tha t  f,, = kf,, where k = 2, 
3, . . . . Values as large as  k = 12 have  been ob- 
served. T h e  wall tuning is not cr i t ical ,  but f m  can  
be tuned by the  external circuitry over  a maximum 
of 30%. A more usual  value is 15 to 20%. How- 
ever, fm i s  inversely p p o r t i o n a l  to the  magnetic 
field and directly proportional t o  the  electr ic  

0 300 

Fig. 5.23. R F  Continuum from Penning Ion Gage. 

f ie ld ,  as would be  expected of c i rculat ing motion. 
Connect ing the  two ha lves  of the s i d e  wall to- 
gether and tuning them a s  a unit does  not produce 
a l ine spectrum but only a continuum. 
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Fig. 5.24. Bas ic  E lec t r i ca l  C i rcu i t  w i th  Tuned E n d  
Wall. 
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Fig. 5.25. Line Spectra from Tuned Wall Penning Ion 
Cage. 

5.6.3 Analysis of the L i n e  Spectrum 

The following discussion gives a simplified ex- 
planation for the formation of a line spectrum and 
draws a conclusion which can  be and h a s  been 
checked by experiment. Figure 5.26 shows a 
sketch of a sp l i t  s ide  wall, which for the moment 
we assume is driven by an external rf generator 

Fig. 5.26. Stable Electron Orbit. perpendicular to 

plane o f  paper. 

ORNL--DWG G7-7385 

TRON 

Fig. 5.27. Resonant Wall .  perpendicular to plane 

of paper. 

such that fa - fm. There a re  two components of 
rf field that can  affect a n  electron circulating in 
a cycloidal fashion along the dotted line. These  
are E , ,  and E ,  , where parallel and perpendicular 
refer  to the magnetic field. W e  will consider only 
El. If the electron i s  near the  s lo t  between the 
two wall ha lves  when E ,  i s  a maximum, it will be  
moved radially inward or outward by some small 
amount each  time it  crosses the  slot, thus changing 
i t s  circulating frequency. An electron which i s  
well away from the s lo t  when E ,  is a maximum or 
c rosses  the s lo t  when EL is zero will not cycloid 
radially and will continue to circulate along i ts  
initial path. If there w e r e  many electrons dis- 
tributed along the dotted circle, then a n  azimuthal 
bunching would take  place unf il the remaining 
electrons were  properly phased with respect to 
El . Replacing the external generator with the 
parallel resonant circuit shown in Fig.  5.27 does 
not change the argument s ince  the induced voltage 
is a maximum when the  bunch is directly opposite 
the wall half. The  electrons which move outward 
hit the anode ring, and those which move inward 
continue to do so until their circulating frequency 
is twice fin. The influence of the fundamental 
frequency will jus t  exactly cancel out and result 
in zero radial drift. The  same argument can be  
extended to a l l  circulating frequencies fcl, = kf , ,  
where k = 2, 3, . . . . 
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Fig. 5.28. Ax io l  Filament. 

An a s s o c i a t e d  phenomenon with t h e  continuum 
and l ine  spectrum is t h e  d c  anode current. In 
general the maximum d c  current is a s s o c i a t e d  
with t h e  continuum and t h e  minimum d c  current 
with the  l ine  spectrum. S ince  t h e  electrons a r e  
generated by secondary ionizat ion p r o c e s s e s  th i s  
implies a n  enhanced electron transport (easy re- 
moval) when the l ine spectrum is present .  To 
check th i s ,  a s m a l l  movable heated filament w a s  
mounted on the a x i s .  T h i s  is shown in Fig.  5.28. 
Since t h e  anode ring i s  posi t ive with respec t  to  
the  filament it should emit e lectrons when heated.  
When the  l ine  spectrum i s  present ,  filament e m i s -  
s ion  i s  ident ical  to  the  i n c r e a s e  in  anode ring cur- 
rent. When, however, the  continuum is present  there  
i s  no relationship between ring current and fila- 
ment emission.  Trying to  force  too much current 
to the anode ring a l s o  des t roys  the  l ine  spectrum 
and the  relat ionship.  

5.6.4 Symmetric Discharge 

Since t h e  PIG conta ins  a very thin plasma a t  
best ,  a more d e n s e  plasma i n  which to  look for 
circulation and  resonance was  obtained with the  
hot-cathode discharge shown i n  Fig.  5.29. T h e  

S P L I T  
CYLINDER , 

I REFLECTOR o 

Fig. 5.29. Symmetric Discharge Schematic. 

sp l i t  cylinder placed around the  a r c  could be  
driven externally or simply u s e d  as a probe. With 
the  two ha lves  of t h e  cyl inder  t ied together and 
grounded, the  rf spectrum shown in F ig .  5.30 w a s  
obtained. T h i s  appears  t o  b e  a n  osci l la t ion of 
the PIG type for e lec t rons  with a n  energy distri- 
bution around 0.1 e V .  Since pigging frequency i s  
to a f i rs t  approximation independent of magnetic 
field, a combination of magnetic field var ia t ions 
and radial E variat ions could h e  used to produce 
a circulat ing frequency resonant  with the  pigging 
frequency. Calcu la t ions  showed that  if the cylinder 
were posi t ive and the  s h e a t h  a t  the  surface of t h e  
discharge, the resonance should  come at low posi- 
t ive cylinder vol tage and s h i f t  to  higher voltage 
with magnetic f ie ld .  T h i s  w a s  found to be  the  
c a s e ,  with resonance shif t ing from 30 to 70 V 
when the  magnetic f ie ld  doubled. Onse t  of reso- 
nance  is marked by a sharp  increase  i n  e lectron 
current t o  the  cyl inder  and a r i s e  of 40 d B  in t h e  
rf s igna l  from t h e  plasma (Fig.  5.31). Resonance  
came a t  1 MHz, the  pigging frequency. 

For t h e  case of negat ive  cyl inder  voltage t h e  
shea th  must be  near t h e  cylinder rather than near  
the  discharge.  T h i s  would resul t  in  much higher 
voltage t o  bring the circulat ing frequency up to 
the  pigging frequency, s i n c e  R is now the diameter 
of t h e  cylinder. However, calculat ions based on 
t h e  posi t ive case showed t h a t  a t  lower field (1500 
G) we should find t h e  resonance a t  about  - 170 V .  
It w a s  ac tua l ly  found a t  -200 V and 1200 G. 

Tuning the external c i rcu i t s  to  f requencies  other  
than 1 MHz did not change  the  pigging frequency or 
t h e  resonant  frequency. When the  external c i rcui t  
was  tuned to 1 MHz, t h e  resonance  w a s  sharper ,  
as indicated by a n  a lmost  vertical rise in  e lectron 
current to t h e  ring. 
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PHOTO 88348 

Fig.  5.30. R F  Spectrum,  1-MHr Pigging F r e q u e n c y .  

PHOTO 88349 

5.6.5 Conclusion 

The harmonic l ine spectrum is produced by a 
resonance between the  tuned sp l i t  wall and cir- 
culating bunches of electrons.  This  is an un- 
s tab le  si tuation, s ince  only those electrons which 
have either the proper phase or whose circulating 
frequencies are harmonically related to the  funda- 
mental frequency are  repeating their orbits. All 

other electrons are in transit  from one orbit to 
another or to the  anode. It a l so  appears that elec- 
trons originating on the  ax i s  can  participate in th i s  
motion. Symmetric discharge results show that 
resonances between circulating electrons and pig- 
ging electrons can  take  place even in  dense  plas- 
mas. 

Since the  Penning ion gage is electrically 
similar to DCX, perhaps these  results can be 
applied to DCX-type machines. 
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PHOTO 87808 ILITIES IN THE HYDROGEN ARC 

J .  F. Clarke N. I I .  L a z a r  T. F. Rayburn 

We have  previously descr ibed4 '  ev idence  of in- 
s tabi l i ty  in the  arc column of the  hydrogen vacuum 
arc. In recent months we have  performed measure- 
ments aimed a t  t h e  identification of the  instabi l i ty  
and a clar i f icat ion of t h e  mechanism of radial  plasma 
transport produced by it. 

In pursuit of the former object ive,  w e  have ex- 
aiiiined the  f luctuat ions s e e n  on  unbiased probes a t  
relatively low va lues  of magnetic field (2 3 kG) 
c l o s e  to  the  a r c  column. F igure  5.32 s h o w s  s u c h  
s igna ls  as  s e e n  on two probes displaced from one 
another by 90' i n  azimuth. T h e  p h a s e  sh i f t  of 90° 
(m = 1) is confirmed by a n  examination of t races  ' 

triggered from t h e  lower t race .  T h e s e  s i g n a l s  
represent f luctuat ions in  potential. We a l s o  find 
similar azimuthal e lec t r ic  field f luctuat ions.  T h e  
frequency of the  osc i l la t ions  c a n  b e  clear ly  s e e n  
on t h e  a u t o c ~ r r e l o g r a m s ~ ~  shown in Fig. 5.33. T h e  
90" phase  shif t  shown in Fig.  5.33a by t h e  c r o s s  
correlogram indicates  t h e  direction of propagation 
of t h e  high-frequency fluctuation to  be  in  the di- 
rection of electron drift. T h e  autocorrelation (Fig.  
5.33a) a l s o  shows a damping of t h e  instabi l i ty  with 
a time constant  comparable with the  period of os- 
ci l la t ion.  The  zero offset  of t h e  autocorrelogram 
is due to t h e  presence  of lower-frequency insta- 
bi l i t ies .  Figures 5.33b and 5 . 3 3 ~  show evidence 
for two lower-frequency components. T h e s e  po- 
tential fluctuations a r e  also damped in a few 
periods. 

T h e  frequency of t h e  254-kc osci l la t ion i s  i n  the 
proper range for a n  electron drift instabi l i ty  driven 
by the  densi ty  gradient i n  the  a r c  column, 

los  v Ten  
f = -  

2 n r ~ n  ' 

whereas  the  lowest-frequency component h a s  a fre- 
quency i n  the proper range for a gravity-driven drift 
mode, 

IOs T , V  B 
f :  

2 n r B 2  ' 

42R. A. Gibbons, N. H. Lazar,  and T. F. Rayburn, 
Thermonuclear Div. Semiann. Progr. Rept.  Oct. 31, 
1963, ORNL-3S64, pp. 63-66. 

43Al l  co r re log rams  w e r e  taken with a Honeywel l  mode l  
9410 Correlator. 
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Fig. 5.32. Potent ial  Fluctuotions Seen by Two Probes 

Placed 90° Apart About the Arc Column. 

Their def ini te  identification depends on de ta i led  
determination of dens i ty  and temperature prof i les  
a t  t h e s e  low magnetic f ie lds .  T h i s  is under way. 

Preliminary resu l t s  ind ica te  the e lec t ron  tem- 
perature to be  in  the  range of 5 to 10 e V  with a 
density radial decay  length of -0 .5  c m  i n  the 
halo of the a r c  column where t h e  measurements 
were made. Previous  measurements showed much 
higher temperatures  in the  column i t se l f  (- 50 eV>. 

length, but only a lower l i m i t  could be determined. 
A probe d isp laced  10 c m  axial ly  showed no varia- 
tion in  p h a s e  or intensi ty ,  s o  the wavelength must 
be  long compared with at least twice  th i s  d i s tance .  
If the  wavelength i s  of the  order of t h e  column 
length, -- 100 cm, then the  ax ia l  p h a s e  veloci ty  
v > w / k l l  > vi, An experiment to determine the  
ax ia l  wavelengths  is now i n  progress .  

We have  attempted to  find a correlation between 
the  azimuthal e lec t r ic  field of the high-frequency 
instabi l i ty  and  t h e  ion densi ty  f luctuat ions in  order  
to  determine t h e  mechanism of cross-field plasma 
transport. T h e  resu l t s  show l i t t l e  correlation. 
Figure 5.33d gives the dens i ty  autocorrelation for 
comparison with the e lec t r ic  f ie ld  autocorrelation 

An attempt w a s  made to es tab l i sh  the  ax ia l  wave-  
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Fig. 5.33. Figures 5.33 A,  B, and C Are Correlograms Which Show the Dominant Frequencies of the Potent ial  
Fluctuat ions Outside the Arc Core. ( A )  Autocorrelotion of  high-frequency potential fluctuations, Eo; (H) autocorrela- 

tion of  intermediate-frequency potential fluctuations; ( C )  autocorrelations of low-frequency potential fluctuations; 

(D) autocorrelotion o f  density fluctuation, n+. The  frequencies apparent in the potential fluctuations do not appear in 

the density autocorrelotion. 

shown in Fig. 5.33a. No periodic component is 
visible in the density correlogram which appears 
to be tha t  of bandwidth-limited noise.  This  result 
indicates that the plasma transport (at leas t  outside 
the arc column) is at bes t  weakly dependent on the 
high- frequency ins  tab il ity . 
tribution of density fluctuations as a function of 
magnetic field. Figure 5.34 shows the r m s  ion 
saturation current fluctuation amplitude for a range 

W e  have performed measurements of the radial dis- 

of magnetic fields. The  decay is exponential with 
a decay constant that varies approximately as % ' I 2 ,  

It has  previously been observed42 that the ion fluc- 
tuations have a radial velocity roughly independent 
of radius. Thus, the  measured radial decay con- 
s tan t  is related to a time decay constant of an in- 
dividual fluctuation by 
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T h i s  time decay (1 t o  3 Ilsec) is an order of mag- 
nitude shorter  than t h e  time necessary  for  ions t o  
e s c a p e  along t h e  field. I t  probably represents  t h e  
time for spreading of the ion densi ty  f luctuat ions 
in azimuth and rad ius  as they propagate a c r o s s  the  
field. 

We have  found that  the time-averaged plasma out- 
s i d e  t h e  a rc  core i s  a lmost  entirely composed of a 
superposi t ion of t h e s e  densi ty  fluctuations. T h u s ,  
i t  appears  that  the  plasma transport must be  de- 
scr ibed in terms of a. convect ive process  rather 
than a diffusive one. T h e  net  plasma transport 
would then depend on t h e  magnitude of the radial 
velocity and t h e  frequency a t  which ins tab i l i t i es  
occur within t h e  a r c .  

In summary, w e  have i so la ted  at  l e a s t  three dif- 
ferent instabi l i t ies  i n  the  core  of the  hydrogen a r c .  
'These ins tab i l i t i es  e j e c t  plasma into the  region 
outs ide t h e  arc, where a convect ive transport 
occurs .  Our work wil l  cont inue i n  a n  effort to 
definitively identify t h e  ins tab i l i t i es  and to under- 
s tand  the niechanism of plasma transPo& across 
the field. 

Fig. 5.34. The  r m s  Ion Saturation Current  Shows an  

Exponential  Dependence D is tance  Outside t h e  Arc Core. 

This f o l l o w s  f rom u convect ive  tiansport in this region. 
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6.1 RYDBERG STATES OF HYDROGEN 
MOLECULES 

Previous reports have described our s tud ies  of 
the highly excited electronic s t a t e s  of hydrogen 
molecules. These  s t a t e s  have been character- 
ized as Rydberg states in which the s tab le  mo- 
lecular ion forms an  ionic core with a single 
electron sufficiently far from the core such  that 
it moves i n  a field of a unit charge. These  
s t a t e s  have been found for H, and also for H,, 
in which c a s e  the  ionic core f o r m s  a s tab le  con- 
figuration (H3 '), although the ground electronic 
s t a t e  of H, is unstable. Comparison of the pop- 
ulation of these  highly excited s t a t e s  of H and H, 

no excited s t a t e s  would ex is t  at the time the neu- 
tral particles passed  through the  electric-field 
ionizer. 

Theoretically, the problem has  been formulated 
by using the same techniques used in  determining 
internal-conversion coefficients in nuclear physics.  
A s  is well known for th i s  process, the excited 
nucleus interacts directly with one of the atomic 
electrons, gives up i t s  excitation energy to that 
electron, and reverts to a lower s ta te .  The  Ham- 
iltonian of the H, Rydberg s t a t e  can  be  written a s  

H(r,R) = H c ( R >  1- H,(r)  -t- V(R,r) , 

where 

r = radius vector from the center of ion core revealed that they are populated about half as 
abundantly in H, a s  in  H. A process contributing 
to the  depletion of the  highly excited s t a t e  can  be 
described as autoionization in which the ion core 

m a s s  to the outer electron, 

R t= internuclear separation of the core, 
of the Rydberg s t a t e  is excited in any one of the  
vibrational-rotational states characteristic of H, ' 
When energetically allowed, the ion core can  give 
up some or a l l  of i t s  energy to the outer electron, 
thus reverting to a lower vibrational-rotational 
s ta te .  The  excited outer electron would then be 
ejected with a characteristic energy of the differ- 
ence in vibrational-rotational energy of the core 
minus the  original binding energy of the outer 
electron. Lifetimes for these  spontaneous tran- 
si t ions have heretofore been assumed to  be of the 
order of t o  sec. Thus one would ex- 
pect that  a11 of the  Rydberg s t a t e s  would be  de- 
pleted by these  autoionization processes  and that 

'Consultant, David Lipscomb College. 
'Consultant, University of Connecticut. 

H c  = Hamiltonian of the ion core, 
H e  2 Hamiltonian of the outer electron with 

V(R,r) = the multipole expansion of the perturb- 

unit nuclear charge, 

ing potential. 

The t e r m  V(R,r) cons is t s  of the  sum of the non- 
s ta t ic  dipole contribution varying as r and the 
quadrupole contribution varying a s  r - , 3 .  The mon- 
opole term is usually included as part of H e ,  
and the polarization term varying a s  r - - 4  is ne- 
glected. Exact wave functions describing the 
electronic, rotational, and vibrational s t a t e s  are 
used to determine the eigenvalues or energy levels 
of the unperturbed s t a t e s .  First-order corrections 
are then made to the energy levels determined. The  
transition rate per unit time is found to  be given by 

103 
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x IClebsch-Gordan coefficient1 , 

where M E ,  is electronic  matrix element for a par- 
ticular t ransi t ion,  M c  is core  matrix element for a 
particular t ransi t ion,  and Clebsch-Gordan coeffi-- 
c ien ts  have been tabulated for the  internal-conver- 
s ion process .  T h e s e  t ransi t ion rates have been 
calculated for H2 and 1-11] up t o  R = 1 0 .  Now 1-1, 
with i t s  perfect symmetry h a s  only a quadrupole 
moment; however, HD h a s  a nonstat ic  or instanta-  
neous dipole  moment a s  well as a quadrupole 
moment; thus  the  l i fe t imes should b e  shorter  for 
HD . 

T h e  theoret ical  s tud ies  c a n  b e  summarized as 
follows: (1) Transi t ion ra tes  in  which there  a re  no 
changes  in  e lectronic  angular momentum are  much 
fas te r  than t h o s e  with change in  angular momentum. 
For example,  

ra te  n - I, 

rate n 

- 2 going t o  f ree ,  4 - 2 
I ,  .i; - 2 going t o  f ree ,  4 = 0 

- 

- -: 1 . 4  103 

(2) Of more importance than the  electronic  s e l e c -  
tion rule is that  f a s t  t ransi t ion ra tes  require a small  
change i n  t h e  vibrational quantum number. Excited- 
s t a t e  l i fe t imes governed by hv = 1 transi t ions have 
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F i g .  6.1. 
> 

Fract ion  of H2, D2, and  HD Molecules in 

States n = 11  as a Funct ion  of P a r t i c l e  Ve loc i ty .  

c i ted states formed b y  electron capture and d issoc ia t ive  

col l is ions in H 2 .  

Ex- 

lifetimes s u c h  tha t  they may b e  observed experi-  
mentally. (3) All s t a t e s  with & >  0 decay  i n  a t ime 
short compared with t h e  t ransi t  time of t h e  par t ic le  
from point of formation to e lec t r ic  stripping region. 
Thus ,  only s t a t e s  with 4 = 0 a r e  measurable, and 
the  measured population for a given principal quan- 
tum number n should h e  less for 1-1, than for 1-1. 
(4) P r e s e n t  accuracy  of the avai lable  matrix ele- 
ments l imits  lifetime calculat ions t o  s t a t e s  n < 10.  
Extrapolation from the  s t a t e s  n = 6 to 10 indica tes  
that  the  lifetime will increase  by a factor of 2 for 
e a c h  unit increase  i n  n .  

6.2, and 6.3. Shown in F i g .  6 .1  a r e  t h e  integral 
fractions of molecules  i n  quantum states n 2 11 as 
a function of par t ic le  veloci ty  or energy. Previously 

Experimental s t u d i e s  a re  summarized in F i g s .  6 .1 ,  
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by electron capture and d issoc ia t ive  co l l is ions  in H2. 

CRNL DWG 67-5739R 

H o  ENERGY (keV) 
50 IO0 150 200 250 300 350 

Y 

2 3 4 5 6 7 (X\OB) 

VE1.OCITY (cm/sec) 

> E x c i t e d  States  n = 1 1  
E lec t ron  capture 

F i g .  6.3. Frac t ion  of H and H 2 
a s  a Funct ion  of Pur t ic le  Ve loc i ty .  

col l is ions i n  argon. 
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we reported a 10  to  15% higher population for H, 
than for HD. Sufficient data have now been accumu- 
lated to  indicate that any differences are within 
s ta t i s t ica l  fluctuations. For example, the fraction 
of particles in  s t a t e s  n 2 11 a t  a velocity of 4.38 x 
l o 8  cm/sec is (1.90 fO.24) j ,  for H, and 
(1.82 f 0.18) x 10-- for HD, where the error is ex- 
pressed as the  standard deviation. Thus ,  within 
the s t a t i s t i c s  of the measurements, the  H, and HD 
fractions are identical, implying that any difference 
in autoionization lifetimes due to the nonstatic di- 
pole contribution is insignificant compared with the  
particle transit  time. Also, shown i n  F ig .  6.1 are 
the fractions of D, in s t a t e s  n > 11, and throughout 
the energy interval the  fractions are approximately 
50% greater than for H, .  Changing the  target gas  
from H, t o  D, produced no measurable effect. This  
difference is difficult to understand but sugges ts  
that the  nuclear mass or motion influences the for- 
mation of the  higher Rydberg s t a t e s  in a manner 
not previously considered. The  lower curve in Fig. 
6.1 shows the  fractions of excited H, resulting from 
the dissociative coll ision of H, in W, gas.  The  
fractions were always less for dissociative colli- 
sional formation than for the  electron capture col- 
l isions.  

that H and D should b e  compared, and the  results 
of the  comparison are shown in Fig.  6.2. For en- 
ergies of 2.5 t o  350 keV, no differences were found 
in the fraction H or D either from capture or disso- 
ciative coll isions.  For the lower energies,  H and 
D formed from dissociation of the  molecular ion 
were less than I3 and D formed by electron capture 
into the atomic ions.  In the energy region of 225 
keV these  fractions become equal Th i s  behavior 
w a s  expected, s ince  a t  the lower energies l e s s  en-  
ergy is transferred in  the  collision, thereby excit- 
ing the molecular ion to  a lower repulsive energy 
level. As the particle energy is increased, the 
coll ision becomes more violent, more energy is 
tr..insferred into excitation, and the resulting I I  
from dissociation is in a higher s t a t e  of excita- 
tion. 

formation of the excited s ta te ,  the hydrogen gas  
target was  teplaced by argon. These  results are 
shown in Fig.  6 .3  Again the fractions of H are  
greater than those for H, and are  within 20% of the 
results obtained with H, gas.  Thus  the conclusion 
has  been made that the  target particle plays an  in- 
consequential role in  the  collision process.  

The fractional difference of H, and D, suggested 

To determine the effect of the target m a s s  on the  

The  present experimental program is directed 
toward determining the lifetimes of an  excited 
state by measuring the  attenuation as  the d is tance  
between the gas  c e l l  and the electric stripping 
cell is increased. 

6.2 MULTIPLE-CHARGE TRANSFER 
OF MULTIPLY CHARGED 

XENON IONS 

Studies of charge transfer reactions Ar" '-Ar, a s  
described in the preceding semiannual report, have 
been extended to the system Xe" +-X, where X rep- 
resents neon, argon, krypton, and xenon, and n 
ranges from 3 t o  6. The  present measurements 
have the  character of a survey intended to show 
that multiple-charge transfer yields a considerable 
fraction to  the  total  charge-changing cross  section. 
Thus multiple-charge transfer c ross  sec t ions  were 
measured relative to the single-charge transfer 
c ross  section. W e  have, however, determined ab- 
solute c ros s  sec t ions  (T","- I for Xe" + incident on 
neon and argon a t  se lec ted  energies in  the  energy 
range from 0.5 t o  1 .5  keV times the charge of the 
primary ion, s o  that in  th i s  instance the relative 
cross sec t ions  could be placed on an  abso- 
lute s ca l e .  The  notation used is to  express the 
cross sec t ion  as T , , ~ ,  where n is the  incoming 
ion charge s t a t e ,  and m is the charge s t a t e  after 
the electron transfer collision. 

tions 0- 
Xe" -Ar respectively. Shown for each  target gas 
is the multiple-charge transfer cross section for 
X e 5 + .  Also shown in F ig .  6.5 is the  c ross  section 
for the single- and double-charge transfer of Xe3+. 
The  double exchange a3, of Xe3+  was  greater than 
the single-electron transfer throughout the 1.6- to 
4.5-keV energy interval. In general the double- 
charge transfer amounts t o  40 to  90% of single- 
charge transfer irrespective of the charge of the 
projectile ion. 

sec t ions  for multiple transfer t o  single-electron 

Figures 6.4 and 6 .5  show the  absolute c ross  sec- 
a s  a function of energy for Xe"+-Ne and 

+ n,m 

Figures 6.6 and 6.7 show the ratios of the c ros s  

transfer ( ( T ~ , ~ ~ / O ~ , ~ - ~ )  for Xes*  and Xe" in Xe 
and Kr. Also plotted in F ig .  6.7 is the  ratio CJ- ./ 

J I l  

oj,,, for which we find the same unusual behavior 
as for X e 3 +  in  Ar, i n  that the double-transfer event 
was greater than one-electron transfer The  accu- 
racy of the da ta  a s  determined by the repeatability 
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of the measurements is *20% for reactions involv- 
ing the transfer of one or  two charges. For reac- 
tions of three- or four-electron transfer, the meas- 
urements are only accurate within a factor of 2 .  

From the present measurements a t  low enetgies 
no simple empirical relationships emerge between 
the c ross  sections and the various parameters, 
such  as primary charge, target gas ,  and energy dif- 
ferences (energy defect) of the collisioii partners 
before and after the coll isions.  This  IS not unex- 
pected, s ince  the electron transfer probably occurs 
when the  particles in collision form a quasi mole- 
cule with a resulting pseudocrossing of potential 
curves. Then even the simple case of single-elec- 
tron transfer becomes a complicated function of 
the matrix elements of the Hamiltonian, the charge 
R, and the energy defect. 

6.3 K-AUGER ELECTRONS OF ARGON 

Auger processes offer a sensit ive probe for test- 
ing various aspec ts  of atomic theory. Specifically, 
the numbet of l ines  i n  an Auger spectra are related 
to the coupling scheme, and the l ine intensit ies 
depend strongly on the quality of electron wave 
functions and interaction schemes. Of particular 
interest are the relative intensit ies of K-LL, l ines  
in the light elements because of the  recently ad- 
vanced suggestion3 that configuration interaction 
of 2 s 0 2 p 6  with 2.9'2~~ leads to a pronounced shift  
in the transition probabilities. It was the latter 
aspec t  and the possibility of demonstrating the ex- 
istence of the double Auger processes K-LLL and 
R-LLM, in which two electrons are ejected,  that 
led us to examine the K-Auger spectrum of argon. 
Emission of more than one electron in a single in- 
teraction can sometimes be treated theoretically 
by introducing two success ive  single-electron 
processes,  but there exist  situations, as shown 
r e ~ e n t l y , ~  when correlation effects between two 
electrons must be  taken into account. This  repre- 
s en t s  a correction to  the Hartree-Fock theory which 
considers only one electron moving in the potential 
of the nucleus and the average potential of all the 
other electrons. 

3W. N. Asaad, Nucl Php>. 66, 494 (1965). 
4T. A. Carlson and M. 0. Krause, Phys. Rev. Letters 

17, 1079 (1966); F. W. Byron and C. J. Joachain, Phys. 
Rev. Le t t e r s  16, 1139 (1966); and personal communica- 
+Ion. 

Table 6.1. Intensity Ratios of Auger Line 
Groups for Argon and Chlorine 

Argon 
E:xperimental Theory* Group Chlorinea 

_.-__II 

KL,L 100 100 100 

14.2 

0.5 

KLM 15.6 -f 1.0 18.5 f 0.8 

mllq 0.9 i o . l  1.2 i 0 . 2  

aP. Erman et e l . ,  A r k i v  F y s i k  26, 135 
(1964). 

'R. H. Rubenstein, thesis,  University of 
Il l inois,  1955 (unpublished). 

Argon was bombarded in the gas  phase  by x rays 
from a titanium target. In about 90% of the events 
a hole in  the K shell  was formed which subse- 
quently was filled by a highly probable Auger proc- 
e s s .  Auger electrons emitted perpendicular to the 
incident x-ray beam were separated according to 
their energies in a 90' spherical electrostatic an- 
alyzer and detected by an open electron multiplier. 
The electron energy spectra were accumulated 
automatically by scanning with a qawtooth voltage 
the energy range of interest and synchronizing the 
sawtooth with the channel advance of ia pulse- 
height analyzer. The entire K-Auger spectrum of 
argon obtained in three overlapping runs is shown 
in Fig. 6.8. The relative intensit ies of the K-LL, 
K-LM, and K-MM line groups are compared in 
Table 6.1 with the theoretical values of Ruben- 
stein and with experimental data reported for 
chlorine. 
theory is satisfactory, the increased probabilities 
of K-LM and K-MM transitions from chlorine to 
argon are in qualitative agreement with the pre- 
diction of Geffrion and Nadeau. ti The present data 
exhibit a reproducible hump on the low-energy s ide  
of the K-LL group which we assign tentatively to 
the double Auger process K-LLL. Its threshold 
energy of about 330 e V  in regard to  the K-LL peak 
i s  compatible with the energy of about 350 e V  re- 
required to ionize an  L electron from calcium. 

The agreement between experiment and 

___- 
5P. Erman et a] . ,  A r k i v  F y s i k  26, 135 (1964).  

6C, Geffrion and G. Nadeau, unpublished, See ref. 5. 
7The removal of two inner electrons from argon in- 

creases  the  cffective charge by nearly two m i t s .  
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F i g .  6.8. 
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K -Auger  Electron Spectrunl of Argon ( T i K  X - R o y  Excitot ion) .  Resolut ion is  2.2% in energy. 

units correspond approximutely to counts/chonnel. 

Also, t h e  es t imated  intensi ty  of 0.5% relat ive to 
t h e  intensi ty  of the  K-Lt  group is in t h e  same 
order of magnitude that  i s  predicted by the shake-  
off theory.  According t o  t h i s  theory t h e  second L 
electron is promoted to a n  exci ted l e v e l  or t h e  con- 
tinuum when i t  exper iences  a sudden  perturbation 
a t  t h e  moment when t h e  f i rs t  L (Auger) e lectron is 
e jec ted .  Whether or not th i s  s imple theory will 
hold for the present  case we hope to e s t a b l i s h  as  
soon as  more d a t a  have been col lected in  the  en- 
ergy range between 2000 and 2500 e V  (cf. F i g .  6.8). 

T h e  K-LL spectrum h a s  a l s o  been analyzed with 
improved resolut ion of 0.6% i n  energy,  which i s  
suff ic ient  t o  s e p a r a t e  t h e  I s - ~ s ~ s ,  ls-2s2p,  and 
l s - 2 ~ 2 ~  l i n e s .  
1s -2s2p  t ransi t ions relat ive t o  1s-2.32s a r e  approx- 
imately 18 and 6 according to a preliminary anal-  
y s i s .  T h e s e  va lues  are compatible only with t h e  
recent  theory of A s a a d , 3  who introduced the  inter- 
ac t ion  mechanism between the  2 s 0 2 p 6  and 2 s 2 2 p 4  
configurations; previous theories  would not expla in  
t h e s e  great  in tens i t ies ,  even  when presumably 
rather adequate  wave funct ions were used,  a s  t h o s e  
of Rubenstein, '  which proved capable  of account-  

In tens i t ies  of t h e  l s - 2 ~ 2 ~  and 

-..-- 

*R. H. Rubenstein,  t h e s i s ,  University of Il l inois,  
1955 (unpublished). 

Ordinate 

ing  for t h e  intensi ty  ra t ios  KLL : KLM : KMM. Al- 
though t h e  a n a l y s i s  of the  K-LL spectrum i s  not 
yet  f inal ,  the  above va lues  should b e  considered 
representat ive.  There  a l s o  s e e m s  t o  b e  ev idence  
of s e v e r a l  addi t ional  broad, skewed l i n e s  in  t h e  
K-LL spectrum indicat ing the  presence of double  
Auger p r o c e s s e s  of the  type K-LLM. We ant ic ipa te  
a ful l  a s s e s s m e n t  of t h e  K-LL spectrum in the  
near future. 

Measurement of the  c r o s s  s e c t i o n s  for the  two 
reac t ions  

H , + +  e + 2 H + +  2e 

I 

h a s  been react ivated.  Previous d a t a  had indicated 
that  e i ther  a n  e lec t ros ta t ic  or a n  electromagnet ic  
interact ion e x i s t e d  in  t h e  co l l i s ion  region, resul t -  
ing  i n  ambiguous s igna ls .  Rel iab le  quantum-me- 
chanica l  ca lcu la t ions  are avai lable  for th i s  s imples t  
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of all molecular collision systems. 
imental determinations for the  total proton pro- 
duction cross section have been made. '' 

The bas ic  idea behind the present measurements 
is to  reduce the residual gas pressure in the ion 
or electron paths to such a level that  ionizing col- 
l isions between the energetic ions or electrons 
and the  residual gas  particles will b e  less than 
ion-electron coll isions.  Thus plasma effects 
should be  minimized. 

The  experimental apparatus cons is t s  of the 20- 
to  600-keV accelerator system to  provide a 
10- ''-A 11, + ion beam. The H, + beam enters the 
high-vacuum region, where it intersects a t  right 
angles the 1- t o  10-mA electron beam. The high- 
vacuum system in  the interaction region is main- 
tained at a pressure less than 10- '' torr by a 
combination of oil diffusion pumps and titanium 
gettering. A magnetic field parallel to the elec- 
tron beams se rves  to confine the electrons,  and 
being transverse to the H, beam separa tes  the 
dissociated products from the H, + beam. Conven- 
tional Faraday cups and cooled sil icon barrier de- 
tectors measure the electrons, ions, and neutrals. 
Provisions are made to use either dc  techniques 
or modulated-beam techniques. By modulating the 
electron beam a t  100 Hz, the signal from the si l icon 
detector is gated to one of two sca le rs ,  depending 
on whether the electron beam is on o r  off. Modu- 
lating the beam in this manner permits the obtain- 
ing of better statistics if signals from residual gas 
coll isions are large. 

Cross sections a te  calculated from the relation- 
ship 

Also, exper- 

to  

+ 

where vi and v e  are the H, + and the electron ve- 
locity, l +,  J ,  and I,o are the H, +, the electron, 

H2 
and the HO current. The c ross  section '1, i s  found 
by replacing lH + for I,o and subtracting (il from 
the result. The  most difficult experimental observ- 
ab le  to obtain is the factor F, which is the form 
factor involving the overlap of the current density 

'E. H. Kemer, Phys. Rev. 92, 1441 (1953); E. V. 
Ivash ,  Phys.  Rev. 112, 155 (1958); R. G. Alsmiller, 
ORNL-2766, ORNL-3232; J. k1. Peek, P h y s .  Rev. 134, 
A877 (1964). 

Rev. Letters 15, 610 (1965). 
'OG. H. Dunn, R. van Zyl, and R. N. %are, Phys.  

--- H: BEAM PROFILE - e BEAM PROFILE 

Di STANCE 

Fig .  6.9. Prof i le  of the Electron and H2+  Current D i s -  

tribution Showing the Overlap of the T w o  Beams. H Z +  cur- 

rent, 2.3 x lo-' '  A. Electron current, 7.8 x A. 

+ distribution of the H, 
This  factor is given by 

and the electron beams. 

F =  

where i+(z> and j ( z )  are the ion and electron cur- 
rent distribution as scanned across the cross-sec- 
tional area of the beams. This  expression may be  
simplified to  

where the product of the total currents is divided 
by the summation over the incremental currents. 
The overlap of the current distributions is shown 
in Fig. 6.9. Relative currents are plotted a s  a 
function of distance along a path perpendicular to 
the two beams and at the point of intersection. 
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T h e  distribution indicates  that  the 11,' beams in-  In addition t o  the  determination of t h e  absolu te  
te rsec t  within t h e  bounds of the  electron beam; the c r o s s  s e c t i o n s  for t h e s e  p r o c e s s e s ,  t h e  c r o s s  sec- 
electron current distribution is not uniform due to  t ion for formation of high quainturn s t a t e s  (R > - 11) 
uneven act ivat ion of the  indirectly heated cathode;  for t h e  neutral co l l i s ion  products wil l  be deter-  
the  form factor for t h e s e  particular beams is 0.914 mined. A schemat ic  diagram of t h e  apparatus  is 
cm. Measurements a r e  now proceeding to  deter-  shown i n  Fig. 6.10. Ions a re  formed, acce lera ted ,  
mine absolu te  c r o s s  s e c t i o n s .  and magnetically analyzed in  the  500-eV t o  50-keV 

accelerator  faci l i ty .  'The desired ionic s p e c i e s  is 

6.5 LOW-ENERGY ELECTRON 
TRANSFER STUDIES 

A series of experiments  h a s  been initiated t o  
s tudy t h e  various electron transfer and d issoc ia t ive  
cioss sec t ions  of hydrogen par t ic les  in  sonic m e -  
ta l l ic  vapors ,  in pai t icular ,  magnesium and cesium. 
The  following electron transfer cross sec t ions  a re  
being invest igated:  

H t  +- M + I3 + M', 

H i  M - H t + M + e e ,  

H 2 +  + M + H z  I M t ,  

€I,'+ M - ' H  + H '  i- M 

-11' t H t  + M, 

H , t  i M'H,  + H + +  M 

then p a s s e d  through a charge-exchange cell for 
neutral par t ic le  s t u d i e s ,  or the  c e l l  is retracted 
for incident charged-particle s tud ies .  Ions or neu- 
t ra l s  are then incident on a differentially pumped 
metal l ic  vapor cell where the  react ion occurs .  The 
charged par t ic les ,  on emerging from t h e  gas c e l l ,  
a r e  e i ther  removed coriipletely or def lected through 
a smal l  angle ,  and t h e s e  a s  wel l  as  t h e  neutral 
par t ic les  a re  detected by high-resolution s i l i c o n  
barrier de tec tors .  For  energ ies  less than 8 keV 
t h e  s ingle-par t ic le  detector  wil l  be  replaced by 
secondary emission-Faraday c u p  de tec tors .  T h e  
ra te  of formation of the  co l l i s ion  products as a 
function of t h e  vapor-cell densi ty ,  a s  deteimined 
by the cell temperature, yields  t h e  to ta l  c r o s s  
s e c t i o n  of the reac t ions  l is ted.  T h e  cross s e c t i o n  
for foriliation in to  high quantum s t a t e s  is  then 
obtained by passing, the neutral component of 
t h e  beam through a n  electr ic  s t r ipping cell and 
determining t h e  integral ra te  of ionizat ion as a 
function of t h e  appl ied e lec t ros ta t ic  f ie ld .  Meas- 
urements of t h e  quantum-state population i n  t h i s  

ION SOURCE 

G A S  AND /J 
VAPOR CELL  

DP 

O R N L - D I G  67-6840 

LJ 
Fig.  6.10. Schematic Diagram of the Apparatus Used t a  Measure Elec tron  Transfer Cross Sections of Hydrogen 

Part ic les in Metallic Vapors. 
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manner, combined with the  determination of the  
total  c ros s  sec t ion  into all states, yield the cross 
section for formation into a particular s ta te .  

T h e  effective length of the gas  cell has  been de- 
termined by measuring the rate of formation of Ho 
when H +  was  passed  through the cell with hydrogen 
as the  target gas.  Absolute number density i n  the 
gas cell was determined by using a capacitance 
manometer previously calibrated with a McLeod 
gage. T h e s e  measurements were compared with 
the well-known values of H +  electron capture col-  
l isions as found in the  literature. The  geometric 
length of the g a s  cell was within 3% of the effec- 
tive length as determined from the accepted ol0 
values.  

'The first measurements were made using the 
vapor cell developed for use in  DCX-1.5 with the 
vapor-directing baffles removed. T h e  cell w a s  
a l so  modified by restricting the  entrance aperture 
to 0.020 in.  and the exit aperture to 0.093 in. Un- 
fortunately, the thermal conductivity of the cell is 
such that a temperature difference of 20°C ex i s t s  
a t  different positions. Th i s  20°C differential tem- 
perature results in  an uncertainty of the vapor 
pressure by a factor of 3 to 4 and consequently a n  
uncertainty in the absolute c ross  section. T h e  
vapor cell is now being bbr ica ted  to provide for 
minimum thermal gradients throughout the  cell. 

6.6 HIGH-ENERGY CHARGE EXCHANGE 
OF Ho AND H' IN 

CONDENSABLE GASES' ' 
Preliminary measurements of the electron trans- 

fer  and stripping cross sec t ions  of hydrogen ions 
and atoms in  target gases  of H,, H , ,  Ar, N, ,  O,, 
CO, CO,, H,O, CH,, and C,H, were reported in 
the previous semiannual which contained cross- 
section values for most reactions in the  energy 
interval 100 keV to  2.5 MeV, with the remainder 
being measured over the range 800 keV to 2.5 MeV. 
During th i s  period the activit ies have been directed 
toward extending the energy interval t o  100 keV 
to 2 .5  MeV for a l l  target gases ,  determining the 
degree of repeatability of the measurements, and 
changing the gas-target cell length from 7.6 to 44.5 
c m  to determine the effective cell length. A l l  
measurements have been completed, and results 
wi l l  be published in the  near future. 

"t. H. Toburen and M. Y. Nakai of the Health 
P h y s i c s  Division. 

6.7 HIGH-RESOLUTION SILICON BARRIER 
DETECTOR EVALUATION 

The  s i l icon  barrier semiconductor detector has  
been evaluated to  determine its response to par- 
ticles with mass greater than that of hydrogen. 
The  relative output pulse heights of the si l icon 
crystal  for H t, He', Ne', and Ar t  ions a re  shown 
in Fig.  6.11, where the peak pulse height is 
plotted as a function of particle energy. All the  
spec t ra  were taken with liquid-nitrogen-cooled 
detectors and low-noise cryogenic preamps. Data 
have been presented previously12 to  show that 
(1) the pulse height is linear and increases with 
particle energy, (2) resolution was 2.8 and 4.8 
keV full width a t  half maximum for H +  and He' 
respectively, and (3 )  the  minimum particle energy 
with pulse heights clearly distinguishable from 
detector and electronic noise was 6.0 keV for H' 
and 10  keV for He+. The  data presented in  Fig.  
6.11 a l so  show the  pulse-height linearity for the 
heavier ions. The  minimum detectable energy for 
A r t  and Ne' is 40 keV. The  quantity labeled 
AE is the  energy los t  i n  the detector dead layer 
plus the energy los t  in  elastic collisions. This  
energy is of the order of 40 to 70 keV for N e +  and 
Ar' and limits the  usefulness of si l icon barrier 
detectors to energies in excess  of 40 to 50 keV. 

_- 
12C. F. Bnrnett at a l . ,  Thermonuclear D i v .  Semiann. 

Pro@. Rep t  Oct.  3f, 1965, ORNL-3908, p. 94. 
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C .  F. Barnet t  
D.  A .  Griffin 
M, 0.  Krause 

R.  A .  Langley 
J . M. McNally, J r .  
J .  A.  Ray 

Problems encountered in  computerizing the  bib- 
liographical d a t a  by machine s torage  and printout 
in a reproducible form have been  so lved ,  and t h e  
annotated bibliography covering the  f i rs t  six 
months of 1965 is now being printed for distribution 
as  AMPIC-4. Three additional bibliographies a re  
being processed to remove all errors and w i l l  b e  
printed and dis t r ibuted within two months. Cur- 
rent l i terature  i s  now being searched  and evaluated 
on a monthly b a s i s ,  with a n  annotated bibliography 
to b e  dis t r ibuted i n  January and July of e a c h  year. 

Computer programming that  has  been written for 
printing out re ferences ,  atomic or molecular proc- 
esses, and reac tan ts  c a n  be  used par t ia l ly  i n  direct  
retrieval of information from the  computer, although 
s o m e  ex tens ive  changes  in  logic  must Le made. 
Present  p lans  include a video input-output, type-  
writer input-output, remote console  t o  b e  del ivered 
i n  l a t e  July 1967. T h i s  console  wil l  b e  interfaced 
with t h e  360-50 computer a t  K-25, providing direct  
on-line capabi l i t i es  for retrieval. 

T h e  directory of workers in  the f ie ld  of atomic 
and molecular processes  h a s  been  completed and 
is now being printed for distribution. T h e  direc- 
tory containing 2300 entr ies  is machine s tored  so 
that  our mailing l i s t  c a n  be maintained with min- 
imum effort. 

T h e  l i terature  i n  t h e  field of atomic and molec- 
ular p r o c e s s e s  cont inues t o  grow a t  a rate  of 10 
to 29% per year .  Reques ts  for information con- 
t inue a t  a rate  of 29 to 30 per month. 

Progress  i n  producing evaluat ions and reviews 
in t h e  f o r m  of monographs i s  both encouraging and 
discouraging.  T h e  first monograph, “Ion-Atom 
Interchange Reac t ions ,”  i s  essent ia l ly  complete .  
Delays  have been encountered in  finishing t h e  
theoret ical  chapter ,  principally due  t o  the  frag- 
mentary nature of the present  theory. Thus ,  new 

theoret ical  concepts  are necessary t o  make a co- 
herent evaluat ion of t h e s e  co l l i s ions .  With t h i s  
type of t a s k  it h a s  been impossible  t o  impose 
deadl ines  for completion of t h e  monograph. T h e  
second monograph, “Ionization, Exci ta t ion,  and 
Dissociat ion by Heavy P a r t i c l e s , ”  h a s  been 
s ta r ted ,  and one chapter  of the  rough draft is com- 
plete. The planned completion d a t e  is December 
1967. ‘The third monograph, “Charge Exchange,”  
is i n  the  planning s t a g e s ,  with technical  s taff  
members of t h e  information center  t o  s e r v e  3s au- 
thors. Preliminary d i s c u s s i o n s  have  taken p lace  
t o  s e c u r e  authors  for the  fourth monograph, “ P a r -  
t i c le  Interact ions with Electromagnetic F i e l d s .  ” 

Demands for process ing  numerical d a t a  for t h e  
f i rs t  monograph have been smal l ,  s i n c e  most of 
t h e  d a t a  a r e  presented a s  rate  coeff ic ients  which 
a r e  e a s i l y  tabulated.  Evaluat ion of t h e  l i terature  
for t h e  second monograph demands that  over 5000 
curves  b e  extracted from papers  and put i n  u s a b l e  
form. Our present  method to  process  t h e  graphical 
da ta  is t o  t race  t h e  curve with a s t y l u s  which in- 
d i c a t e s  a n  ana log  voltage s igna l  corresponding t o  
t h e  x-y coordinate .  T h e  analog s i g n a l  is d ig i ta -  
l ized and printed out on paper tape .  T h i s  printout 
is then keypunched, placed on magnetic tape, t h e  
computer transforms the  x and y units  t o  the  d e -  
s i red  ones ,  and then t h e  Calcomp plot ter  p lo ts  out 
the  d a t a  i n  a usable  form. Efforts are now under 
way t o  write a program for the  newly acquired 
LINC-8 computer, whereby the  ana log  s i g n a l  from 
t h e  s t y l u s  is fed direct ly  to t h e  AD converter of 
the  LINC-8. ’l’he LINC-8 magnetic-tape output 
wil l  dr ive the Calcomp plotter. In t h i s  manner 
considerable  s a v i n g s  in  time should b e  obtained. 

Most of  the ac t iv i t ies  of the  da ta  center  have  
cons is ted  i n  review and preliminary evaluat ion of 
pertinent papers  i n  t h e  current and p a s t  l i terature ,  
performing l i terature  s e a r c h e s ,  and f i l l ing reques ts  
for various types  of information. At the  present  
ra te  of progress  all current and p a s t  l i terature  hack 
t o  19.50 should b e  searched ,  preevaluated, and 
placed on magnetic t a p e  for retrieval by December 
1967. 



7. High-Current Ion earn Production and injection 

7.1 INTRODUCTION 

In t h e  p a s t  most  of our ion source and beam work 
h a s  depended on  the empirical method. Now w e  feel 
that  t h i s  approach has been carried to a prac t ica l  
limit and t h a t  further s ignif icant  improvement wil l  
require increased  understanding of t h e  ion-optical 
propert ies  of acce lera t ing  systems.  An improvement 
of beam in tens i ty  by a t  l e a s t  an order  of magni tude 
should b e  obta inable  i n  principle. Some ear ly  ex- 
pet iments  to determine the  c a u s e s  of t h e  l imitat ions 
a re  descr ibed  below. A variety of o ther  experiments  
also h a v e  been performpd or ate in  progress. T h e s e  
will b e  d i s c u s s e d  first. 

7.2 LOW-ENERGY AND ION-NEUTRAL BEAMS 

A new l e n s  coil built from pancakes  with s taggered  
c rossovers  to improve symmetry and with more iron 
to provide a n  improved return path for magnet ic  flux 
w a s  ins ta l led .  T h e  beam densi ty  w a s  not improved 
s ignif icant ly  with th i s  l e n s ,  perhaps b e c a u s e  of the 
more rapid falloff of field a long the  a x i s  away from 
the lens .  With the previous l e n s  coil there  were 
s t rong  magnet ic  gradients  in the  vicinity of t h e  ion 
sourre,  T h e  m a i n  lens f ie ld  at t h e  posi t ion of t h e  
extractor, which was canceled by t h e  auxiliary coil 
field for b e s t  resu l t s ,  w a s  about 650 G. In the  new 
arrangement i t  is only about 150  6. A new acce l -  
erat ing e lec t rode  IS being made which conta ins  a 
coil to permit control of t h e  gradient. 

before we had arrived a t  t h e  present  configuration, 
we had dec ided  that  ferromagnetic material w a s  re- 
quired i n  t h e  target  cathode for best resul ts .  Re- 

In ear ly  experiments  with t h e  four-electrode source, 

cent ly  we tried an all-copper target cathode i n  t h e  
arrangement of  Fig. 7.1 and found that  it  g ives  ap- 
proximately the  s a m e  resul ts  as obtained with the  
iron inser t .  T h e  all-copper target cathode i f  made 
from a so l id  p i e c e  resu l t s  i n  bet ter  cool ing and 
el iminates  the  need  €or an iron-to-copper weld. T h i s  
weld has  produced s ignif icant  magnetic asymmetry 
in  s o m e  sources .  

T h e  proton beam from the four-electrode s o u t c e  
w a s  compared with the  beam from a s tandard proton 
source.  It w a s  p o s s i b l e  to p a s s  64 tnA through a 
1-in. aper ture  at 46 in. from a total  current of 130 mA 
a t  40 keV. T h i s  y ie ld  is a somewhat higher  percent- 
a g e  of the  total  beam than obtained with the  s tandard  
13 source.  A s  the  total  current extracted w a s  in- 
c reased ,  however, the  return decreased.  Changes  in  
cana l  size i n  the  var ious electrodes did resul t  rn a 
s l igh t  i n c r e a s e  to 7 2  mA of protons out of 130 mA 
extracted.  T h e  dimensions were 0.25-in. intermediate  
e lectrode,  0.070-in. anode, and 
ode. Again t h e  target  current decreased  with in- 
c reased  total  ex t rac ted  current. 

Itistallation of  a four-electrode f f 2  + source  and 
magnesium vapor c e l l  on Interem h a s  been com- 
p le ted  (Fig. 7.2). Only about 100 mA of W, ' a t  40 
keV h a s  been in jec ted  into the  machine so far. On 
t h e  100-kV t e s t  s t a n d  with s imilar  geometry, 12.5 mA 
of H,' w a s  obtained.  T h i s  w a s  with a different l e n s  
coi l  and with the  a b s e n c e  of any s t ray  magnet ic  
field. With t h e  magnesium vapor ce l l  hoi and pre- 
sumably neutral iz ing the  beam, the  power on the  
target  is t h e  s a m e  as with the ce l l  cold. However, 
with Interem's res idual  field present  t h e  power onto 
the target  d e c r e a s e s  by -25%, corresponding to an 
equivalent  current  of 1SO mA of 20-keV Ifo.  F u l l  
field only d e c r e a s e s  t h e  beam into t h e  machine a 
very s m a l l  amount more. However, at full field the  
power lost from t h e  target appears  on the  microwave- 
absorbing he l ix  and t h e  aperture below the cell. 

t 

' / 3  2-in. target  cath- 
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Fig.  7.1. Modified Intense Ion Beam Assembly with Non-PIG Design; All-Copper Target  Carhode. Four-electrode 
I 

H2 ' ion source. 
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Fig .  7.2. 
Experiment. 

Neutral  Beam Injector  Used in the lnterem 

7.4 NEW 600-keV ACCELERATOR 

Al l  p a r t s  have  been made for the  non-PIG 600-keV 
acce lera tor , l  and i t  is in  the final s t a g e s  of as- 
sembly. T h e  l e a d s  to t h e  intermediate-voltage 
e lec t rode  a re  2-in.-diam epoxy rods formed around 
2-in.-diam copper  tubing. Bends  in  t h e  l e a d s  were 
made while  t h e  epoxy w a s  s t i l l  pliable. E a c h  con- 
ductor terminates  in  a 12-in.-diam aluminum corona 
sphere. In ear ly  t e s t s  of t h i s  lead  arrangement 
breakdown occurred a c r o s s  t h e  sur face  of t h e  in- 
d a t i o n ,  apparent ly  triggered by a nonuniform 
charging of t h e  surface. T h i s  trouble w a s  eliminated 
by spraying  t h e  sur face  with Aquadag to a resis-  
tivity of about  250 Mfl/square and covering with four 
sprayed-on c o a t s  of shel lac .  T h i s  technique elimi- 
nated breakdown on  t e s t  samples  where t h e  condi- 
t.ions were more s e v e r e  than they will b e  in  ac tua l  
operation. 

--MICROWAVE 
fiBSORBING HEI. IX  

BOTTOM APERTURE, 

7.3 IMPROVED SOURCE FOR DCX-2 

When beams a r e  pulsed  by switching the  a r c  volt- 
age,  as i s  done in  DCX-2, there is a la rge  t rans ien t  
at turn-on. T h e  in i t ia l  beam current may b e  more 
than twice t h e  s t e a d y  value. I t  fa l l s  with a time 
cons tan t  of about  4 msec,  corresponding to the  ex- 
pected time for pumpdown of t h e  region between 
anode and intermediate  e lectrode by the  arc. T h i s  
t ransient  had  l imited the average va lue  of in jec ted  
current i n  DCX-2 b e c a u s e  of vol tage breakdown in 
the  acce lera tor  tube and heat ing in t h e  beam duct. 
A reservoir w a s  added to increase  the volume of the  
pumped region and the  source  gas w a s  fed through 
it ( s e e  Fig.  7.3). T h i s  arrangement h a s  reduced t h e  
s ta r t ing  current to between 1.2 and 1.3 t imes t h e  
s teady  value and h a s  permitted an i n c r e a s e  of in- 
jec ted  li,’ current i n  DCX-2 from about  55 mA to 
about  72 mA. 

7. 5 ION-OPTICAL STUDIES 

In order  to s tudy  the  ion-optical charac te r i s t ics  of 
beams we have  made t h e  probe shown i n  Fig.  7.4. 
A 2-in. array of s l i t s  0.010 in. wide by 0.100 in. 
long, s p a c e d  0.050 in. apar t ,  a l lows ribbons of beam 
to b e  s c a n n e d  by a probe consis t ing of a copper- 
constantan thermocouple behind a 0.010-in, aper ture  
about 4 in. below t h e  s l i t s .  T h e  thermocouple h a s  a 
0,5-sec t ime constant .  A motor drives t h e  probe, 
and the  r e s u l t s  a r e  plotted on a n  X-Y recorder. 
Various methods used  in similar s tud ies  on pulsed  
beams could not  b e  used  because  of t h e  large average  
power and t h e  e f f e c t s  of secondary plasma,  which 
a re  not present  in  pulscd  beams. It a l s o  is not  pos- 
s i b l e  to s c a n  the  beam across a s l i t  magnetically, 

1 r l  lhennonuclear  Div. Semiann. Pro&. R e p t .  Apr .  30, 
1966, ORNL-3989, p. 93. 
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F i g .  7.3. M o d i f i e d  DCX-2 Ion Source. The added gas r e s e r v o i r  great ly  r e d u c e s  current  droop fo l lowing  turn-on. 
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PROBE MOTION 

Fig. 7.4. Detector  for Measuring the Angular Distr ibu-  

rion of Ions in  Q Beam a s  a Funct ion of Rad ia l  Distance.  

as is often done i n  preinjector work, for two reasons.  
F i r s t ,  i t  is not convenient a t  low energy to  carry t h e  
beam fa t  enough from source  t o  detector  to  provide 
s p a c e  for a def lec t ing  system. Second, t h e  magnet ic  
field would d is turb  the  secondary p lasma and modify 
the  e f fec t  of space-charge neutralization. In f a c t  
one  of t h e  f i rs t  things learned from the  measure- 
ments  with t h i s  probe w a s  that s p a c e  charge h a s  as 
s t rong a n  inf luence  as t h e  s h a p e  of the  plasma emis- 
s ion  sur face  on  t h e  opt ical  properties of the  beam. 
F igure  7.5 s h o w s  t h e  resul t  of measutements  on t h e  
sys tem shown i n  Fig. 7.6 us ing  the  four-electrode 
source. T h e  probe w a s  46 in. below the  l e n s  co i l ,  
and hydrogen i o n s  were being produced. T h e  bottom 
t race  is a s c a n  a t  base pressure,  1.2 Y lo-'. T h e  
top t race  w a s  made with the  pressure e leva ted  to  
3.8 x lo-' by bleeding in air. At the  low pressure ,  
the  peak s p a c i n g  corresponds to a source  posi t ion 
varying from about  75 in. above t h e  aperture p la te ,  
for rays  '/4 in. from axis ,  to about 90 in, above  t h e  
aperture p la te ,  for r a y s  at 0.9 in. W'nen the  tank 
pressure  w a s  raised,  the object  d i s tance  increased ,  
as would b e  expec ted  from a reduction of space-  
charge forces  i n  a b e a n  whose densi ty  fa l l s  with 
radius. T h e  objec t  d i s tance  a t  0.25 in. radius  is 
about 600 in. and a t  0.9 in. i s  about 150 in. In 
addition, a s e c o n d  s e t  of images appeared corre- 
sponding to an objec t  d i s tance  of about 36 in. at 
0.25 in, rad ius  and 65 in. a t  0.9 in. radius. T h e  
d is tance  to t h e  center  of t h e  l e n s  is 46 in. A tenta- 
t ive explanat ion for t h e  appearance of t h i s  new 
component i s  t h e  concentration of neutral iz ing elec- 
trons on t h e  a x i s  by t h e  increasing magnetic f ie ld  

ORNI_--DWG 67-6844 
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F i g .  7.5. Scans Made wi th  the Detector  Shown in  Fig. 7.4 of o Hydrogen Ion Beam a t  Pressures of 3.8 x IO-' 
(Upper Trace)  and 1.2 A 

and the system used i s  shown i n  Fig .  7.6. 
of lens co i l  throat. 

(Lower  Trace) .  T h e  ions were produced in a four-electrode source a s  shown in Fig. 7.1, 
The  apparent source o f  addit ional  peaks in the upper truce i s  in the vicini ty 
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toward t h e  l e n s ,  creat ing a negative s p a c e  potent ia l  
of an amount depending on the electron temperature. 
l h e  resul t ing s t rong radial e lectr ic  f ie ld  can def lect  
rays  p a s s i n g  through the  l e n s  near t h e  a x i s ,  giving 
t h e  appearance  of a source  of rays in t h i s  vicinity. 
’This same effect h a s  been s e e n  with a beam of 
helium ions. F igure  7.7 shows t h e  effect  of c h a n g e s  
in  plasma expansion cup shape  on the plasma sur -  
face. T h e s e  s c a n s  were made with t h e  probe 16 in. 
below t h e  l e n s  coil using a DCX-2-type source  
(Fig.  7.2). 

Fig .  7.6. System used for Study of Ion Opt ica l  Proper-  

t ies of Beams. 

DRNL OW’, 67-7388 

SOURCE BUCKET 

EXTRACTOR ~ 

LENS COIL ~ - 
3- in  A P F I T V R E  A T I 2 i n  __ 

2-1” A P F R T U R E  A T 4 2  in - 

PROBF AS PER FlGlJRF 7 4  AT 4 5  in 

Fig .  7.7. Scans Made wi th  the Detector Shown in Fig.  7.4, Showing the E f f e c t  of a Change i n  the Shape of the 

Plasma Expansion Region. A DCX-2-type  source was  used wi th  hel ium g o s  a t  40 k Y ,  50 mA. - T h e  detector  was  16 in.  
below the center  o f  t h e  lens c o i l  



8. Magnetics and Superconductivity 

8.1 O ~ T ~ M ~ ~ A T ~ O ~  OF NON-AXIALLY-  
SYMMETRICAL MAGNET SYSTEMS 

W. F. G a s t e r  J .  L. Horton’ 

8.1.1 introduction 

Conventional axially symmetrical magnet ~ y s -  
terns can be designed very efficiently when cer- 
tain spec ia l  theorems and computation methods 
are properly applied,  Work of this kind h a s  been 
done by Fabry, Cockcroft, Bitter, and others. 
For axially symmetrical superconducting magnet 
coils,  methods for minimizing the winding volume3 
nnd for utilizing fully the  current-carrying char- 
acterist ics of the superconducting winding ma- 
terial have been developed. 

Recently, the production of Bmin fields became 
of great interest. T h e s e  fields can be  generated 
either by specially shaped non-axially-symmetrical 
magnet windings (“baseball windings”) or by su- 
perposition of multipole fields (produced by “Ioffe 
bars”) with axially symmetrical f ields (generated 
by “mirror coils”). New computation methods for 
optimizing such  non-axially-symmetrical magnet 
coil systems will be  described here. 

8.1.2 Winding Systems Consisting o f  Four 
Symmetrically Arranged C o i l s  

In order to demonstrate the bas i c  ideas  of this 
method, we wi l l  f irst  consider a s  an  example the 

‘Instrumentation and Controls  Divis ion.  
’A comprehensive review a r t i c l e  is “Some B a s i c  Con- 

cepts for Coil Design,’’ by W. F. Gauster. Gornmunica- 
t ions and Elec t ronics ,  52, 822 (January 1961), A.I.E.E. 

3R. W. Boom and R. S. Livingston,  Proc. IRE 50, 2 7 1  
(1962). 
4W. F. Gauster and G. E. Parker, Proc. Intern. Conf. 

High Magnetic Fields 1961, MIIT Press, pp. 3-13. 

quadrupole system consisting of the four identical 
coils I to IV shown in Fig. 8.1. The quadrupole 
system is supposed to produce a field strength 
H, at a point P located in the midplane on the 
x axis  at a distance a from the  origin 0. This  
condition could be replaced by another, namely, 
to generate a certain field gtadient a t  the origin 0. 

Any filament A o f  coil I corresponds to three 
other symmetrical filaments B, C, and D located 
in the co i l s  11, 111, and 1V respectively (Fig. 8.1). 
The length of each  filament is 

Figure 8.2 shows schematically the midplane 
cross section of the upper half of coil I. It is 
convenient to normalize the coordinates x and y 
as follows: 

The  normalized length of the filament A is 

I 4m + 2mr 
= _  - - 4p t 2 n k a .  

<3 A 
(3) 

The total contribution of four symmetrical fila- 
ments (each with the c ross  sec t ion  dS, carrying 
a current with the current density J) to the field 
strength H, a t  the point P is 

The  dimensionless coefficients f(cL, k) can be 
easily found by means of an appropriate computer 
program, This coefficient depends, of course, on 
the value of the parameter p ,  which is supposed 

119 
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Fig.  8.1. Symmetr ica l  Qlaodrupole System. 

to b e  spec i f ied  in e a c h  s p e c i a l  case. By integra-  
tion of Eq. (4a) w e  obtain 

For a long quadrupole sys tem (m P m), 

a6 i A a 4  

a8 + A Z ( B a 4  + 1)’ 
f ( a ,  k )  = c 

wh e re 

B = -2(1 - 6 k *  -1- k4) , 

C = 3.2kA.  

F o r  any given current densi ty  distribution 
J( a, k ) ,  “field contribution” curves  

can  b e  drawn, If t h e  coil c r o s s  s e c t i o n  S, is speci-  
fied, an approximate determination G f  H ,  can be  
made very quickly by dividing SI i n  par t s  with ap- 
proximately cons tan t  J f  and by integrat ing over 
SI [Eq. (4>]. T h e  F ,  curves  show clear ly  how 
much t h e  different portions of t h e  winding con- 
tribute to the  field s t rength If,. 
course. important for t h e  coil design.  In every 
s p e c i a l  c a s e ,  only a restr ic ted s p a c e  will be  

This i s ,  of 

I 
111 ) 

Fig. 8.2, Field Contribution Curves  of a Symmetr ica l  

Quadrupole System. 

avai lable  for t h e  coil windings b e c a u s e  of the  
necessary  access ib i l i ty  of t h e  s p a c e  i n s i d e  the 
coi l  sys tem (“Boundaiy of Accessibi l i ty” in Fig. 
8.3). Another restriction of t h e  winding s p a c e  
m i g h t  be the  n e c e s s i t y  to provide internal tne- 
chanical  s t ructures .  However, a t  l e a s t  for the 
outsid:, boundary of t h e  coi l  c r o s s  sect ion,  there 
is a certain freedom of choice  (‘‘free boundary”). 
In many cases the  current densi ty  J will b e  uni- 
form, although there  i s  t h e  possibi l i ty  to provide 
in  an  appropriate way a nonunifom current  densi ty  
distribution J (a ,  k) it the  spec ia l  condi t ions war- 
rant th i s  complication. 



121 

ORNL-DWG 67-6848 

3 

2 

ka 

4 

0 

............... .~ .................. 

Ti/ I _..____ ........... I 

. . . . . . . . . . . . . . . . . . . . - 
0 1 2 3 4 5 

a 

Fig. 8.3. V o l u m e  Optimization of a Symmetr ica l  Quadrupole System. 

8.1.3 Volume Optimizat ion with Specif ied 
Current Density Distribution 

W e  cons ider  f i r s t  t h e  problem of finding a coil 
system (Fig. 8.1) with minimum winding volume. 
Each current filament h a s  the volume 

dV = 1 dS = h a  dS.  (7) 

The contribution per  un i t  volume to the  f ie ld  H ,  is 

Figure  8.3 s h o w s  t h e  famil ies  of F, (sol id  
lines) and F, (dashed l ine)  curves  for p = 3. 
Two sur face  e lements  d S l  and dS, of t h e  winding 
c r o s s  sec t ion  a r e  indicated.  T h e  f i rs t  contr ibutes  
to  N o  0.125/21 G/cm2 i f  a current densi ty  of 1 A/ 
cm2 is assumed.  T h e  contribution of the  sur face  
element  dS, is only 0.10/a G; however, the length 
of the second filament is smaller ,  so that  t h e  con- 
tributions per uni t  volume a r e  equal  i n  both cases. 
Therefore, dS, and dS, a r e  loca ted  on t h e  s a m e  
F , line. 

T h e  given f ie ld  H, is achieved  with the minimum 
volume if w e  u s e  as fully as poss ib le  the winding 
material contained i n s i d e  F ,  = cons tan t  l i n e s  with 
va lues  as high as poss ib le .  Therefore  the winding 

volume is minimized if the f ree  coil boundary fol- 
lows as well a s  poss ib le  a n  F ,  = constant  line. 
Of course  th i s  s p e c i a l  F ,  = constant  l ine  h a s  to 
b e  chosen in s u c h  a way t h a t  t h e  des i red  H ,  LEq. 
(4)] i s  achieved.  A s  shown in Fig. 8.3, the fam- 
ilies of F ,  = cons tan t  and F = cons tan t  l ines  
do not  have  the s a m e  shape .  An exception is the 
case m -f m. 

8.1.4 Power Optimization with Specif ied 
Current Density Distribution 

T h e  volume optimization procedure descr ibed  
previously holds  for superconduct ing and nonsu- 
perconducting co i l s .  In the la t te r  case, power 
optimization is of interest .  We introduce t h e  
quantity 

where J is t h e  overal l  current  densi ty ,  p is t h e  
packing factor (the conductor c r o s s  sec t ion  di- 
vided by t h e  overal l  c r o s s  sect ion) ,  and p s t a n d s  
for t h e  resis t ivi ty  of t h e  conductor material; F P  
is the  contribution t o  KO per  uni t  power d iss ipa ted  
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(calculated in  the  volume of a thin filament de- 
termined by a and k) .  Power  optimization i s  
achieved when t h e  free boundary follows as 
closely as  poss ib le  a n  F p  = constant  lin?. This  
b o u a d a v  h a s  t o  b e  d e t e m i n e d  irn s u c h  a way that  
H ,  calculated by means of Eq. (4) assumes  the 
desired values .  With uniform current density J ,  
the  F ,  and F P  curves  have  the s a m e  shape.  

8.1.5 Power Optimization with Specified Coil 
Cross Section, Current Density Bi staibution 

to be Bete?rnined 

For any specif ied co i l  c r o s s  sec t ion  SI the 
power d iss ipa ted  in e a c h  of t h e  four symmetrical 
coils i s  

Using Lagrange’s method of the  undetermined 
multipliers we c a n  consider  the auxiliary condi- 
tion [Eq, (4)l in t h e  following way: 

where X represents  t h e  “undetermined multiplier. ” 
Unknown arc  the  va lues  of J correlated to each  
area  element  dS Each of t h e s e  values  can be  
varied; that  i s ,  we must cons ider  an infinite 
number of var iables .  If we  differentiate with 
respect  to  J (i.e.,  with respec t  to  one of the in- 
finite number of var iables) ,  w e  obtain as  a con- 
dition for t h e  minimizatioii 

1 P 
P a 

(12) 2-ah  J dS - K - f dS = 0 . 

Therefore 

The  constant  factor Ho/a  h a s  been u s e d  in  order 
to  make the  constant  C dimensionless .  From Eq. 
(4) follows 

If w c  subs t i tu te  Eq. (13) in Eq. (9), w e  obtain 

that  i s ,  the  contributions per unit  power of all the 
filaments to M, a r e  equal ,  s i n c e  6H0/8P does not  
depend on a and k.  Therefore t h e  minimum power 
is 

P . = a - C H , 2 .  P 

P 
m in 

(Note: F p  - 8f%,/6P is not the  der ivat ive of f l o (P)  
with respec t  to P; SH,  and 8P a r e  different ia ls  cor- 
responding to  t h e  s a m e  a r e a  element ds.) 

8.1.6 Power Qptimizcntian with Un3pecifie.d 

Baundaries o f  *he Coil Crass Section 
istributisn and Unspecified 

Equation (16) holds  for any spec i f ied  co i l  c r o s s  
sect ion.  If we c a n  c h o o s e  t h e  free boundaries too 
in order to minimize t h e  power, then C slivuld b e  
as  smal l  a s  possible .  T h i s  i s  t h e  case if t h e  
integral  in  t h e  denominator of Eq. (14) i s  as 
la rge  as  possible .  In order to  achieve  t h i s  we  
extend the  a r e a  SI as  far  out  as t h e  given re- 
s t r ic t ions  with respec t  t o  volume allow. T h e  
volume will b e  a minimum i f  t h e  boundary fol- 
lows as c lose ly  a s  poss ib le  a l i n e  

~- . c o n s t a n t .  f 2(a,  k )  

k )  

which c a n  be  m o r e  simply written as 

Even for a n  infinitely la rge  volume, Pmin would 
not b e  zero s i n c e  C approaches a f ini te  limiting 
value. ?’his becomes obvious i f  we  consider  the 
fact  that  the  Fabry factor  of an axial ly  symmetri- 
c a l  winding which is extended to inf ini te  volume 
(keeping free only a spheie with an arbitrary ra- 
dius)  and which is carrying current with an op- 
timum current densi ty  distribution approaches a 
finite limiting value.’ 

’Reference 2, p. 12, Eq. (33). This spec ia l  value of 
the Fabry factor is 0.289. 
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In analogy to this problem of power optimization 
with unspecified current density distribution and 
unspecified boundaries of the  coil cross section, 
the question could b e  asked  whether or not the 
problem of volume optimization with unspecified 
current density distribution would make sense .  
The answer is no, s ince  the  volume tends to be- 
come zero if the current density approaches in- 
finity. 

8.1.7 Another Optimization Problem 

Previously we assumed a winding arrangement 
s i m i l a r  to that  shown in Fig. 8.1, that is, con- 
s i s t ing  of four identical, symmetrically arranged 
coils. From the families of F ,  and F curves 
represented by Fig. 8.3 we draw the conclusion 
that winding material around the  45" symmetry 
l ine is most effective. In the  c a s e  of a symmet- 
rical four-coil arrangement, this symmetry l ine is 
the border between two coi l s ,  and the winding can- 
not fill the  entire s p a c e  up  to th i s  border line. A 
design s i m i l a r  to that shown in Fig. 8.4 consisting 
of two different pairs of co i l s  avoids this disad- 
vantage. This  type of coil arrangement h a s  been 
chosen for the design of IMP and i s  described in 
s o m e  detail  in Sect. 8.7. T h e  dimensions R,  r, 
and u2 (Fig. 8.4) were determined by design re- 
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Fig.  8.4. Quadrupole System with T w o  Different Co i l  
Pairs. 

quirements of th i s  plasma physics experimental 
facility. The  problem was  to  find the dimensions 
u l ,  ug ,  and u4 in such  a way that the following 
conditions are satisfied: (1) the field strengths 
X and Y at the points P I  and P2, respectively, 
are equal and have a cettain value H,; ( 2 )  the 
current density J in all  coils is uniform and has  
a certain prescribed value; (3 )  the total volume of 
the (superconducting) coil pairs A, B and C, D i s  a 
minimum. 

A convenient way to so lve  this problem is a s  
follows: For any assumed value u1 we can cal- 
culate the  field strengths X ,  and Y ,  produced by 
coil pair A , B  at the  points P I  and P2 respectively. 
The field strengths 

must be provided by the  co i l  pair C , D .  If we plot 
points with the  coordinates XT and Y;" we obtain 
for various values of u 1  the l ine a in Fig. 8.5. 
In a s i m i l a r  way we draw a family of curves b l ,  
b,, ..., using as coordinates the  field strengths 
X , ,  and Y , ,  produced by the coil pair C,D. Each 
curve b, corresponds to one fixed value u~~ of 
the coi l  dimension u g  with various values of the 
other coil dimension u4.  The  intersection points 
I, 11, ... in Fig. 8.5 represent solutions for the 
condition X = Y = H,. The  corresponding values 
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Fig. 8.5. Volume Optimization of Quadrupole System 
with Two Different Coil Pairs. 
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VI, VII, ... of the  total  c o i l  volume V c a n  be  
eas i ly  calculated,  and the minimum value  of V 
can  b e  found by interpolation. T h i s  graphical 
method y ie lds  e a s i l y  t h e  des i red  dimensions 
u 
system. 

us, and uq of the  volume-optimized coil 
1’ 

8.2 RECENT PROGRESS IN THE 
E OF InAs AND lnSb 

MlCRO HALL PRO 

J. E. Simpkins 

8.2.1 lntrsductiora 

A method for making microprobes having  a s e n -  
s i t ive  a rea  in  the order of 10V3 to m m 2  and 
capable  of mapping magnetic f ie lds  i n  liquid helium 
was  descr ibed in a previous report.6 T h e s e  probes 
u t i l i ze  the  Hal l  e f fec t  in  thin f i l m s  of a compound 
semiconductor, InAs. Expei iments  which have  
used  t h e s e  probes have  a l so  been reported.7 Other 
experiments are planned. 

8.2.2 An Improved Manufacturing Technique 

In order t o  further improve t h e  manufacture of our 

T h e  vacuum system, 
micro Hal l  probes, we  ins ta l led  a semiautomatic  
thin-film evaporation s y s  tern. 
by Ulteck, c o n s i s t s  of a Boost ivac pump (cold- 
cathode ion pump and titanium sublimator) with a 
rated pumping s p e e d  in  e x c e s s  of 6000 l i te rs / sec  
and a sorption roughing sys tem t o  avoid oi l  and 
organic contamination. A b a s e  pressure of lo-’’ 
torr h a s  been achieved in  t h e  18 x 30 in .  bell jar .  

Since InAs, as wel l  as many other  compounds, 
decomposes when hea ted  to the  temperature nec-  
essary  for i t s  evaporation, t h e  individual compo- 
nents  must b e  hea ted  separa te ly .  Electron bom- 
bardment hea t ing  i s  u s e d  in  order to  minimize 
source  contamination and  to make poss ib le  the 
evaporation of a greater  variety of materials. 
Two Varian ‘%-Gun” sources ,  one  with a s ingle  
crucible  and the  other  with three  crucibles ,  a r e  
mounted in  t h e  chamber to  fac i l i t a te  the simul- 
taneous evaporation of two components a s  well 

.. . . . . .. . 

J. E. Simpkins,  Therriionuclear Div. Semiann. Progr. 6 

R e p t .  A p r .  30, 1965 ,  ORNL-3836, pp. 97-102. 

Progr. R e p t .  Oct. 31, 1965, OKNL-3908, pp. 137-40. 
’W. F .  Gauster e t  al., Thermonuclear Div. Semiann. 

as to  a l low three s u c c e s s i v e  evaporat ions of dif- 
ferent mater ia ls  during a s i n g l e  pumpdown ( s e e  
Fig. 8.6). A conventional res i s tance  source 
heater  h a s  been ins ta l led  a l so .  A microcircuit 
j i g  holding four s u b s t r a t e s  and four m a s k s  al lows 
the se lec t ion  of any mask-substrate  combination 
wih5 a registration tolerance of -1-0.0005 in. ne- 
c a u s e  t h e  properties of t h e  f i l m s  a r e  influenced 
by their s t ructure ,  and b e c a u s e  s t ruc ture  is  de- 
pendent upon s u b s t r a t e  tempeiature during depo- 
s i t ion,  a heater  above  the s e l e c t e d  s u b s t r a t e  
maintains  a cons tan t  temperature. 

T h e  e lec t r ica l  propert ies  of a semiconductor 
film are also very dependent  upon deposition rate  
and s toichiometr ic  ratio. Two rate  monitors (Sloan 
OMNI-XI) have  been ins ta l led  to control these  pa- 
rameters ( s e e  Fig.  8.6). T h e  desired deposition 
rate of each  component is s e l e c t e d ,  and then i t  is 
held constant  throughout t h e  deposi t ion hy a mon- 
itor which controls  the emiss ion  current of its 
respect ive e-Gun. 

Another recent  advancement  h a s  been the u s e  of 
an in-contact  masking technique ( i t s  various s t e p s  
a re  presented i n  F ig .  8.7) which h a s  replaced the  
employment of a copper  mask during the deposition 
of the semiconductor. T h e  technique previously 
used  had  t h e  d isadvantage  tha t  a surp lus  of indium 
was  deposited a long  o n e  s i d e  of the  film. T h i s  
caused  a short  c i rcui t  for t h e  Hal l  vol tage and pro- 
duced an e x c e s s i v e  offset  vo l tage  i n  zero  map9et ic  
field. In addition t o  avoiding t h e s e  disadvantages,  
the  modified procedure should al low a further re- 
duction in  probe s i z e .  

In addition t o  lnAs  films, InSb f i l m s  have  been 
deposi ted on mica and  g l a s s  subs t ra tes .  T h e s e  
f i l m s  have  s e n s i t i v i t i e s  of up  t o  40 V A-’  kG-’, 
which is a factor  of 40 higher  than for our InAs 
f i l m s .  Although some problems remain with InSh 
(e.g., adherence t o  s u b s t r a t e  a n d  high res i s tance  
ratio), i t  appears  very l ikely tha t  t h e s e  films wil l  
find ex tens ive  u s e  i n  measuring low f ie lds  in  
liquid helium. 

8.2.3 Conclusions 

T h u s  we see tha t  th i s  sys tem is designed to  
provide very close control over  t h e  parameters  
which determine the  performance and s t ructure  of 
thin f i l m s .  In addition to the  primary object ive of 
producing improved semiconduct ing films for u s e  
as field probes, t h i s  sys tem c a n  also b e  employed 
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Fig. 8.6. View of Interior of Bell Jar: ( a )  Substrate Changer; (b) Mask Changer; (c) Glow Discharge Ring for 

) Shutter; (f) S-Crocible "e- ''; (9) Single-Crucible ''e.Gun." 
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4 .  I n A s  IS VACUUM DEPOSITED 2. GOLD IS EVAPORATED THROUGH 
ON GLASS OR MICA SUBSTRATE A COPPER MASK AND IS CONDENSED 

ON THE I n A s  FILM 

3. THE ASSEMBLY IS COATED WITH 
PHOTORESIST AND EXPOSED 
THROUGH A PHOTOGRAPHIC MASK 

4. AFTER REMOVING EXPOSE0 
PHOTORESIST, THE UNPROTECTED 
PART OF THE I n  As FILM IS 
ETCHED AWAY 

5. THE REMAINING PHOTORESIST IS 
REMOVED, LEADS ARE SOLDERED, 
AND A FILM OF S i 0  IS DEPOSITED 
OVER THE ENTIRE SUBSTRATE 

Fig. 8.7. Steps Involved in Making a Microprobe Illustrating the Indium-Mask Technique. 

for the deposition of a great variety of other thin 
f i lms .  Specimens for many interesting research 
projects can thus b e  provided (e.g., superconduct- 
ing thin fi lms).  

8.3 MAGNETIC PROPERTIES OF SOME 
STRUCTURAL MATERIALS USED IN 

CRYOGENIC APPLICATIONS 

W. J. Leonard' K. R. Efferson 

8.3.1 Introduction 

Austenitic s ta in less  s t ee l s ,  high-nickel alloys, 
and aluminum alloys a re  materials which can be 

used as structural materials in cryogenic designs. 
The desirable attributes possessed  in common by 
the above materials are the i r  good mechanical 
properties, corrosion resistance,  fabricability, and 
nominal nonmagnetic behavior. The super alloys 
(highly alloyed austenit ic s ta in less  steels or 
nickel alloys) and titanium alloys are used  as 
fastener materials in cryogenic service in space  
applications primarily because of extremely high 
strength-to-weight ratio. I t  is expected that these  
materials will be useful in general low-temperature 
applications. 

The room-temperature mechanical properties, 
metallurgical properties, and magnetic behavior 

'Metals and Ceramics Divis ion.  
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of a l l  these  alloys a re  fairly well known;' how- 
ever, a t  liquid-helium temperatures much less pub- 
l ished data is available - particularly concerning 
metallurgical and magnetic properties. In view of 

current interest  in fabricating large superconduct- 
ing coil systems for plasma physics research, i t  
was Eelt necessary to  detetmine the magnetic-field 
contribution which could be expected from various 
structural materials at 4.2OK. The chemical com- 

'Metals Handbook, 8th ed., Am. SOC. Metals, pp. 
422-23. 

positions of the materials tested are presented in 
Tables 8.1 and 8.2. 

Table 8.1. C h e m i c a l  Composition of High-Al loy M a t e r i a l s  

Chemical Composition (%) 
-- Material 

C Mn P S Si Cr N i  Mo Co Ch A1 Ti Fe Other 

304 

30 5 

310 

31tja 

Inconel 600 

Inca 718 

A486 

v-212 

Waspalloy 

Hastelloy N 

E 308 

E 316 

E 310 

E 361 

ER 62N 

E 182" 

0.0.56 

0.052 

0.059 

0.054 

0.039 

0.08 

0.07 

0.06 

0.087 

0.042 

0.04 

0.054 

0.06 

0.10 

0.53 

0.03 

0.05 

1.20 

1.72 

1.75 

1.64 

1.72 

0.85 

0.15 

1.5 

0.05 

0.02 

0.39 

1.82 

1.95 

2.0 

4.7 

0.10 

7.75 

0.020 

0.018 

0.022 

0.025 

0.024 

0.014 

0.020 

0.020 

0.022 

0.009 

0.013 

0.011 

0.011 

0,015 

0.008 

0.01 4 

0.011 

0.015 

0.005 

0.008 

0.57 

0.54 

0.68 

0.54 

0.61 

0.25 

0.23 

0.038 

0.26 

0.325 

0.4 

0.42 

0.56 

0.1 

0.5 

18.81 10.02 

17.31 12.42 

24.6 19.65 

17.21 14.37 

17.65 12.68 

16 Bal. 

19 Bal. 

15 25 

26.1 25.2 

11.65 Bal. 

6.6 70.9 

20.83 9.9.5 

19.1 13.1 

26 20.9 

20 9.6 

16 Bal. 

14 Bal. 

0.33 

0.27 

0.48 

2.58 

2.55 

3 

1.25 

4.5 

16.4 

0.045 

0.13 

5.65 

0.44 

13.5 

2.2 

0.6 

2.25 

O.OR 1.75 

Da 1. 

Bal. 0.045 N 2  

Bal. 0.15 Cu 

Rat. 0.27. Cu 

Bal. 

8 

0.7 18 0.0016B 

0.3 2 Ral. 0.3 V 

0.038 4 Bal. 

1.25 3 0.23 0.082 Zi 

3.94 

Hal. 

Bal. 

Bal. 

Bd.  

7.5 

0.4 7.3 0.03 Ta 

a T ~ ? o  separate heats of 316 used and further identified in body of report. 

Table 8.2. Chemical C o m p o s i t i o n  of Aluminum Al loys a n d  T i t a n i u m  
___._I 

Chemical Composition (%) 

A1 Mg Zn Cr lMrl c u  Si F e  Ti 
__...__-I Material 

- 

A5083 €I 113 Ral. 4.5 0.12 0.75 

A17039 T 61 Bal. 2.8 4.0 0.2 0.3 0.1 0.3 

A17079 T 61 Bal. 3.3 4.3 0.2 0.2 0.6 
Ti 55A 99.8 

A t  E R  5183 Bal. 4.75 0.10 0.15 0.75 0.05 0.1 0.1 0.05 

A1 ER 5356 Bal. 5 0.05 0.10 0.15 0.05 0.1 0.1 0.13 



8.3.2 General Metallurgica! Properties 

Austeni t ic  s t a i n l e s s  s t e e l  is an i ron-base alloy 
with considerable  n icke l  and  chromium added. 
room-temperature c rys ta l  s t ructure  i s  metastable  
austeni te ,  p o s s e s s i n g  a face-centered cubic  (fcc) 
lattice. T h e  high-nickel a l loys  a r e  nickel-base 
a l loys  (nominally over 50% Ni) with considerable  
chroiiiizim and iron content  and  with l e s s e r  amounts 
of Mo, Nb, Al, Ti ,  and W. They have  the s a m e  
s t ructnre  a s  aus ten i t ic  s t a i n l e s s  s t e e l ,  but a r e  
s t a b l e  austeni tes .  'The s u p e r  a l loys  a r e  more 
highly al loyed with t h e  above  minor addi t ions 
and may contain cobalt. They  also a r e  s t a b l e  
austeni te .  T h e  aus ten i t ic  s t a i n l e s s  s t e e l  weld 
metal differs metallurgically from b a s e  metal in  
tliat pract ical ly  all s tandard  grades precipi ta te  
del ta  ferrite on sol idif icat ion.  T h i s  p h a s e  i s  
ferromagnetic a t  room temperature. T h e  high- 
nickel  alloy weld metal  is a s i n g l e  p h a s e  (aus- 
teni te)  at a l l  temperatures. T h e  metastable  aus-  
teni te  of wrought s t a i n l e s s  s t e e l  is capable  of 
partially transforming to  a p h a s e  designated 
martensi te  a t  s o m e  temperature between ambient 
and absolu te  zero. T h i s  la t ter  phase  is ferromag- 
netic. 

T h e  aluminuiii a l loys  a r e  usual ly  s ingle-phase 
sol id  solution (fcc s t ructure) ,  although t h e  7033 
and 7079 b a s e  meta ls  contain an additional minor 
amount of a precipi ta ted phase.  The titanium al loy 
is a s ingle-phase  (hexagonal c lose-packed la t t ice)  
structure, essent ia l ly  99%t~ titanium. 

Ferromagnetic behavior might b e  expected for 
any of the samples  a t  4.2OK in which a Curie tem-  
perature higher than 4.2OK e x i s t s  for a phase  con- 
tained in  t h e  sample .  No at tempt  w a s  made to  de- 
teimine metallographic p h a s e s  a t  low temperature, 
s i n c e  t h i s  w a s  not considered important from the  
point of view of th i s  invest igat ion.  

T h e  

8.3.3 Specimen Selection 

Each base-metal  mater ia l  cons is t ing  of solution- 
annealed p la te  w a s  welded with the appropriate 
filler metal. None of t h e  fas tener  mater ia ls  were 
welded, nor were any of t h e  aluminum a l loys  or 
titanium - except  aluminum alloy 5083, which w a s  
welded us ing  both E€? 5356 and ER 518.3 filler 
metal. All welds  were thoroughly quality inspected 
(411 fas tener  mater ia ls  were i n  t h e  age-hardened 
condition except  INCO 718.) Cylindrical spec i -  
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mens were prepared from weld metal and  base metal 
as w e l l  as from b a s e m e t a l  s t o c k  of unwelded metal. 
'These spec imens  were 1 in. long and 0.145 in.  in  
diameter; t h u s  t h e  demagnetization fac tor  w a s  less 
than 0.03. 

T h e  f i rs t  s i x  mater ia ls  l i s ted  in  T a b l e  8.1 a r e  
construction mater ia ls ;  t h e  next  five a r e  fas tener  
materials. Materials prefixed by E or EM a r e  weld 
filler metal. 

8.3 .4  Magnetic Measurement Technique 

At room temperature, approximate permeability 
data  were determined by means of a mechanical  
periiieability indicator  (Table  8.3). All b a s e  
metals  were paramagnetic a t  room temperature in 
accordance with numerous published data. T h e  
same holds  for t h e  weld metal, e x c e p t  aus ten i t ic  
s t a i n l e s s  steels t y p e  E 308 and E 316; the former 
contains  approximately 8% and the l a t te r  3% del ta  
ferrite by volume in  an aus ten i t ic  matrix, as de- 
t e m i n e d  by metallographic techniques.  Since t h i s  
la t ter  phase  i s  ferromagnetic, it can  b e  expected 
that  these mater ia ls  would exhibi t  ferromagnetic 
behavior at  room temperature. 

in an external  magnetic field produced by a n  80- 
kg water-cooled copper  so lenoid  with an inside 
working diameter of S'/2 in. T h e  magnetization 
measurement sys tem c o n s i s t e d  of a pair  of co- 
ax ia l  copper co i l s  of ident ica l  size which were  
wound in  opposition and p laced  centrally in the 
external m a g i e t i c  field. A voltage w a s  induced 
in t h e  coils by moving the  sample  from the center  
of one coil to the center  of t h e  other  coil. T h i s  
voltage w a s  integrated by means  of a N o m a  flux- 
meter so  that  the  s i g n a l  w a s  proportional to  the 
magnetization of the  sample.  

T h e  magnetic measurements  a t  4.2OK were made 

In the  gauss ian  sys tem of uni t s ,  

B - N - 4 n M  ( 1) 

is the  contribution t o  t h e  magnet ic  field by the ma-  
terial ( M  is the magrietic moment per  uni t  volume). 
Tn moving a sample  from coi l  1. to coi l  2, a flux 
change 
meter, so  that  

produces a deflection ds of the  flux- 

where K is a cons tan t  depending on the  coil geom- 
etry and sensi t ivi ty  of t h e  fluxmeter, and A s  is the 
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Table 8.3. Room-Temperature Permeability Data 

Values from 
Material Measured Permeability ~ i te ra ture’”’  Curie Temperature’” 

304 .: 1.02, > 1.01 
+” 

305 = 1.003 

316a = 1.003 
-., 

-., 
316b = 1.003 

310 = 1.003 

Inconel GOO 1.02 

Inconel 718 <1.02 

Waspalloy <1,001 

A-286 -2 1.002 

u-212 ?= 1.002 

I-Iastelloy N = 1.001 

5086 H 321 <<1.001 

7039 T 61 <<1.001 

?i 

-., 

n2 

7079 T 61 

Ti 55A 

<< 1.001 
<< 1.001 

E 308 1.2 

E 361 = 1.003 
* 

E 310 

E 316 

* 
= 1.005 

1.05 

1.02 <-320°F 

1.003 

1.003 

1.001 

1.01 

1.001 

1.01-1.3 

1.02 

1.05-1.4 

- 192OF 
<--320°F, solution annealed 
- 170°F, solution annealed 
plus aged 

& 
ER 62N = 1.005 

E lS2T 

ER 5356 

EK 5183 

,-L 

= 1.004 

<<1.001 

<<1.001 

I _I-~_____- 

aNickel composition in upper allowable range. 
bNickel composition in lower allowable range. 

cross-sectional a rea  of t he  sample. The value of 
K can be determined by us ing  a sample of known 
magnetic moment, Mc, for calibration purposes. 
Since the measurements were made a t  4.2OK, i t  
was convenient to u s e  the  property of perfect flux 
exclusion by a superconductor to determine K.  A 
sample of Pb-2% Sn was  readily available. Since 

“Handbook of Huntingtori A l l o y s ,  Huntington Alloy 
Products Div., International Nickel Co., Inc., pp. 18-19. 

for a type I11 superconductor the initial application 
of a magnetic field results in  B = 0 for 0 < H i H c l ,  
then 

(3)  
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With the fluxmeter in the most sens i t ive  range, 
i t  was  found that K = 0.144 G-cm2 par film of 
deflection. When necessary,  this seiisitivity 
could be reduced by a factor up to  1000. ‘rhus a 
range of sensit ivit ies was available which made 
it possible to measure the  magnetization of the 
almost nonmage t i c  materials (e. g., Waspalloy) 
a s  we l l  a s  relatively highly magnetic material 
(e. g., Inconel). 

8.3.5 Measurement Results 

Having determined K in Eq. ( l ) ,  the quantity 
4nMs 
sample material for various values of external 
rnage t i c  fields and plotted in Figs.  8.8-8.11. 
Bes ides  Eq. ( l ) ,  the relation 

B - H (gauss) was determined for each 

B = p H  (4) 

1100 

1000 

900 

800 

700 

- 600 
W ,. 

500 

400 

300 

20 0 

100 

0 

is often used. 111 the  graph of Fig. 8.8, l ines 11, 
I,, ... are shown; these  represent ( B  - pi> vs H 
l ines corresponding to p values of 1.01, 1.02, 
... . The intersections of t hese  l ines with the 
experimental 477hf curves yield points where the 
permeability p h a s  the indicated values. 

Figure 8.8 depicts the data on stainless-steel-  
base metals. It can be seen  that types 304, 305, 
and 316 (low nickel) a re  essentially pa ramage t i c  
a t  4.5OK. Type 316 (high nickel) and type 310 
indicate a definite ferromagiletic behavior. 

Figure 8.9 shows data on weld filler metals. 
The 310 weld filler metal exhibits behavior similar 
to that of 310 base  metal. The  361 weld filler 
metal i s  essentially paramagnetic, with a rela- 
tively small intrinsic induction. 

Figure 8.10 presents the data on high-nickel 
alloy base  metals. All exhibit ferromagnetism ex- 
cept Waspalloy, which is paramagnetic. Figure 

ORNL-OWG 57--G851 

20 30 40 50 60 70 0 i o  
IMPRESSED FIELD, H IkOe) 

Fig.  8.8. Magnetization Data on Austenitic Stainless Steel Base Metals. 
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Fig. 8.9. Magnetization Data on Stainless Steel and High Nickel Al loy Weld Metals. 

8.11 conta ins  da ta  on Inconel  600, which is ferro- 
magnetic. The high-nickel a l loy weld  f i l ler  meta ls  
ER 62 and E 182 correspond t o  Inconel 600 in 
composition, with s l igh t  modifications for welding 
u s e  ( s e e  T a b l e  8.1). Metal ER 6 2  is ferromagnetic 
(not as markedly as  Inconel 600); however, E 182 
is only s l igh t ly  ferromagnetic, if at all. 

duction B - €€ at a 70-kOe field is below the de- 
tection capabi l i t i es  of t h e  equipment. An excep-  
tion is the aluminum al loy b a s e  metal  7079 T 61, 
with B - H = 8 G at 70 kOe. T h e  titanium 55A 
has a B - H response  of 1 2  G a t  a 70-kOe field 
strength. 

F o r  all aluminum a l l o y s  the  l e v e l  of intr insic  in- 

8.3.6 Concl u sion s 

T h e s e  magnetization da ta  allow one  to decide 
i n  which cases the  magnetic propert ies  of the ma- 
ter ia ls  concerned a r e  important when u s e d  for 
cryogenic d e s i g n s  a s s o c i a t e d  with magnetic 
f ie lds .  At very high ex terna l  magnet ic  fields, 
severa l  of the sample  mater ia ls  s h o w  B - H 
values  i n  the  k i logauss  range. However, for most 
of t h e  tes ted mater ia ls  ~ i e  magnetization is smal l  
enough so that  there is n o  s e r i o u s  objection to 
appl icat ions for mechanical  construct ion par t s  in 
cryogenic des igns  envis ioned for u s e  in th i s  labo- 
ratory. 
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Fig. 8.10, Mngnetization Data on High Nickel Al loy Base Metals. 
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F ig .  8.11. Magnetization Data on Inconel. 

W-GOBLED CURRENT 
LEADS 

K. R. Efferson 

8.4.1 Introduction 

For certain appl icat ions it h a s  recently become 
desirable  t o  introduce high currents  (thousands of 
amperes) into liquid-helium environments. T h i s  
could resul t  in  very la rge  losses of l iquid helium; 
however, i t  has  been repeatedly pointed out that 
these losses c a n  be minimized by ut i l iz ing the  
h e a t  capaci ty  of the  cold helium boil-off g a s  to 
cool t h e  power leads .  11- '  A point which h a s  
not been adequately covered  in  the  l i terature  is 
the pract ical  problem of how to construct  re l iable  

"V. E. Keilin and E. Yu. Klimenko, Cryogenics 6 ,  
222 (1966). 

12S. Deinesa,  Cryogenics 5, 269 (1965). 
13J. E. C. Williams, Cryogenics 3, 234 (1963). 
14H. Sobol and J .  I. Nichol, Rcv. Sci. Instr. 33, 473 

(1962). 
"Other pertinent references: A. B. Pippaid, Cryo- 

genics 5, 81 (1965); P. W. Matthews, T. L. Khoo, and 
P. D. Neufeld, CryoQenics 5, 213 (1965); W. Mercouroff, 
Cryogenics 3, 171  (1963); R. G. Mallon, Rev. Sci .  Instr. 
33, 564 (1962); R. McFee, Rev. Sci. Instr. 30, 98 (1959). 
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current leads .  Wil l iams '  g ives  d e t a i l s  of con- 
struction for a s e t  of l e a d s  where the  optimum 
current, Io, is 10 A; however, h i s  method does  
not s e e m  appropriate for very high currents. T h i s  
ar t ic le  descr ibes  a new method of wns t ruc t ion  
which is pract ical  for making eff ic ient  leads  
optimized to  carry currents  ranging from very low 
to very high values  (from less than 100 A t o  sev-  
eral  thousand amperes). 

In order to  approach t h e  maximum theoret ical  
efficiency, it is n e c e s s a r y  to  have  a very good 
exchange of h e a t  between the metal l ic  power 
l e a d s  and the helium gas.  T h i s  requirement is 
sa t i s f ied  i f  a large sur face  area i s  avai lable  for 
heat  diss ipat ion,  i f  turbulent flow of t h e  helium 
occurs, and i f  t h e  sur faces  a r e  cooled uniformly 
by the helium gas. 

8.4.2 L e a d  Design and Construction 
Techniques 

T h e  electr ical  current is carr ied by sets of 
paral le l  tubes  woven from thin wires. The cool- 
ing is achieved by forcing t h e  helium g a s  through 
t h e s e  porous tubes,  T i ,  T , ,  ... (Fig. 8.12). In 
this way a l a rge  sur face  area is presented to the 
helium gas,  turbulence is enhanced, and all wires  
a re  equally cooled. 

T h e  woven wire t u b e s  were readily avai lable  in 
the  form of t h e  e lec t r ica l  sh ie ld ing  woven around 
Teflon-coated copper wire (Teflon OD = 0.051 
in.). Removal of the  Teflon-coated wire lef t  a 
tube woven from 64 s t rands  of No. 38 silver- 
coated copper wire 0.0039 in. i n  diameter. l 6  

To construct  a 1300-A current lead, copper cur- 
rent contac ts  A and B (F ig ,  8.12) were f i r s t  
s i lver  soldered to e i ther  e n d  of a 60-cm-long 
s t a i n l e s s  s t e e l  tube ST, with a 3/,-in. OD and 
O.OlO-m,-thick wal l s .  Then  80 woven tubes  
T I ,  T z ,  ... (Teflon-covered wires  removed) were 
inser ted in t h e  s t a i n l e s s  s t e e l  case. T h e  lengths  
of the woven t u b e s  were such  tha t  '/2 in. protruded 
from e a c h  end  of t h e  contac ts  A and B. 

T h e  following method of making appropriate end 
connect ions proved to b e  successfu l .  In e a c h  end 
of ell 80 of the  woven tubes,  a 3-in.-long p iece  
of Teflon-covered wire without sh ie ld ing  w a s  in- 

15This wire w a s  supplied in 1 2 5 4  ro l l s  by Ther- 
triatics, Inc., P.O. 171, Elm City, N.C., catalog No. 
2 X T  26 7/34-S, mil i ta ry  specification No. MS 06-AJ-1 
plus amendmerit 2. 
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Fig. 8.12. Construction Deta i ls  for Vapor-Cooled 

Leads. 

ser ted with 
protruding from t h e  tubes.  A small screwdriver 
w a s  then used  to compress  the woven wire tubes 
tightly around the  inser ted  Teflon-covered wires. 
Both e n d s  prepared i n  t h i s  way were then dipped 
into so lder  (97% Sn, 3% Ag) to  fotm the electr ical  
connection to  the copper  c o n t a c t s  A and B. Cap- 
illaiy action ensures  t h a t  every wire of t h e  80  
tubes is well  soldered into a so l id  block of solder. 
Then the  contac ts  were cooled and  the inser ted 
Teflon-coated wire p i e c e s  (which were undamaged 
in th i s  process)  could b e  eas i ly  removed, leaving 
a g a s  entrance hole in each  of the  80 woven tubes. 
T h e  e x c e s s  solder  w a s  then c u t  off with a saw,  
the e n d s  f i led f la t ,  and each h o l e  cleaned out with a 
s m a l l  drill. An adapter  w a s  added to  the top of 
the current lead  by s o f t  solder ing or  epoxying i n  
order to a t tach  a rubber h o s e  for col lect ing the 
helium vapor. Another appropriate adapter  was  
sof t  soldered to  the  bottom end for a t taching the  
current l e a d s  to the  superconducting load.  

in, of h i s  Teflon-coveled wire 
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Fig. 8.13. Helium Losses  for Vapor-Cooled Leads. 

L e a d s  of various sizes can b e  made by inser t ing 
appropriate numbers, n, of woven wire tubes  into 
s t a i n l e s s  s t e e l  tubes of s u i t a b l e  diameters. Ap- 
proximate nuinbers n for different diameters  of the  
s t a i n l e s s  s t e e l  t u b e s  (with thin wa l l s ,  0.006 to 
0.010 in. thick) are given in Fig.  8.13. 

4200 I 
4000 4400 0 200 400 600 800 

I ( A 1  
8.4.3 Choice of Dimensircns 

Fig .  8.14. Consolidated R e s u l t s  and Design Porarn. 

c tors  for Vapor-Cooled Leads. According to Deiness ,  the  optimum current, 
Io, and the optimized m a s s  flow rate ,  ino, for a 
cylindrical gas-cooled l e a d  (length I and cross-  
sec t ion  a r e a  A) are determined by T h e  optimization condition i s  

Therefore the  equation 

ho = C l o ( h p A  2 3 ' 1 2  = K I 2 0' 
( 5 )  

iii 

0 where p s t a n d s  for the  average  resis t ivi ty  and h 
for the  average thermal conduct ivi ty  of the lead 
material; AT is t h e  temperature difference between 
the  e n d s  of t h e  lead.  If w e  compare l e a d s  made 
from t h e  s a m e  material (e.g., copper), t h e  intro- 
duction of t h e  two c o n s t a n t s  K 1  and K 2  seems to 
be  permissible. 

If w e  consider  nonoptiniized values  of I and m, 
then 

together with Eq. (3), determines tlie va lues  of 
Io and fro. 

'fie helium loss ra te  $0 w a s  measured by ob- 
serving the pressure drop across a copper  tube 
when t h e  boil-off g a s  was forced to  flow through 
the tube. The  cal ibrat ion w a s  m a d e  by observing 
the fal l  of the  liquid level .  Figure 8.14 gives  the 
resul ts  for two s e t s  of l e a d s  with n := 80 and n = 

30 respect ively.  The optimum currents  were 1320 
and 500 A. T h e s e  va lues  were found by drawing 
the tangents  froin the  origin 0 to the  f(l) curves  
[see Eq. (5)l. In a lmost  perfect accordance with 

-~ ~ ~~ 

"3. Deiness,  Cryogenics 5, 269 (1965). 



Eg. (2), t h e  tangents  t ,  and t z  (Fig. 8.14) were 
with very good approximations ident ical ;  K ,  was 
found to  b e  2.71 x 

As w a s  mentioned previously, Eqs. (1) and (2) 
(ref. 17) hold for one  s t ra ight  gas-cooled lead, 
whereas  our t e s t s  were  made with the  lead  desrgn 
shown i n  Fig. 8.12. Therefore  En. (1) w a s  modi- 
fied by defining 1 - c ,  1‘, at:; r l  = can, where 1’ 
is the length of the b k d e d  tube  which resu l t s  
when 64 wires  of length I a r e  u s e d  to form the 
tube, and where A is the cross-sec t iona l  a rea  
resul t ing from put t ing all t h e  wires  of 3 tubes  
i n  paral le l  in e a c h  power lead .  Equation (1) 
becomes 

l i t e r  hr-’ A’-’. 

I ‘Io 
- -- K ,  , 

n 

whcre K ,  = (c2/c1)K1 is a factor determined ex-  
peiimentally from the tncasured va lues  of Io, I‘, 
a d  n. In addition to the  two sets of l e a d s  men- 
$ . x e d  above  with n - 80 and n = 30 ( s e e  Fig.  
2..14), a t h i r d  s e t  of l e a d s  w a s  built with n -- 
20, Corresponding t e s t  points  Ps0, P , , ,  and 
P,(: a r e  indicated in Fig.  8.13 (which will b e  
cxu .-led below); K ,  w a s  evaluated for e a c h  
s e t  of leads  constructed,  and the average w a s  
K ,  = 1023 A-cm. 

The diagram i n  F ig .  8.13 s h o w s  t h e  relat ions 
between I, ,  and Z’derived from Eq. (6) with s e v -  
eral  R values  as a parameter. In accordance with 
Eq. (2), the  abscissas c a n  b e  read e i ther  in  arn- 
?eres (I,, scale on the  bottom) or in  l i ters /hr  
<k, s c a l e  on the  t o p  of the diagram). 

Equat ions  (1) smd ( 2 )  are  va l id  only i f  perfect  
exrhange  of h e a t  occurs .  Deitiess remarks t h a t  
th i s  condition is approximated if a t  l e a s t  20 c m 2  
per e lec t r ica l  wat t  d i ss ipa ted  in  the  leads  is 
avai lable .  It c a n  b e  shown for paral le l  tubes ,  
e a c h  carrying the optimum current, tha t  S, the  
sur face  area per e lec t r ica l  wat t  d i ss ipa ted ,  is 
givcn by 

where s is the sur face  a r e a  per cent imeter  of 
length, k = ( p / A )  is the  average res i s tance  per 
unit length, and K ,  and l ’ a r e  a s  defined in Eq. 
(5 ) .  T h e  v a l u e  of S for t h e s e  l e a d s  is plotted 
on the  right margin of Fjg. 8.13. Thus ,  l e a d s  
designed with the s a m e  size sh ie ld ing  a s  de-  

(7) 

1 35 

scr ibed i n  t h i s  paper should  b e  longer than about  
30 crn (which corresponds t o  Deiness’  value of 
S = 20 cm2/W).  

8.4.4 Conclusions 

T h e  technique of u s i n g  woven wire t u b e s  in  
vapor-cooled current  l e a d s  s e e m s  to work very 
wel l  and will be used  to construct  current l e a d s  
for s e v e r a l  experimental  faci l i t ies .  In particular, 
we  plan t o  make two sets of l e a d s  of th i s  type t o  
furnish current to  t h e  large superconduct ing magnet 
sys tem,  IMP, descr ibed  in  Sect. 8.7. 

T h e s e  l e a d s  might b e  improved somewhat if the  
sh ie ld ing  were woven from some material for which 
the ratio h / u T  (which should b e  equal  t o  the  Lo- 
rentz number L, if the Wizdcmann-Franz law would 
hold) is somewhat smaller  than normal (e.g., that  
for nickel). However, i t  is fel t  thaf t h e  small 
s a v i n g s  in  helium which would be rea l ized  could 
not c a m p x a t e  for t h e  e u 2 e n s e  of having s p e c i a l  
sh ie ld ing  manufactured. The  ferromagnetic nature 
of n icke l  would also introdlire problems when build- 
ing  leads  to energize magnets. 

8,5 A STUDY OF FLUX FLOW PHENqMEN.4 
IN Pb-7% Sn AND Pb-10% In ALL’ Y S  

J. B. Hendricks D. M. K r o e g x  

8.5.1 introduction 

In a n  ear l ie r  report18 t h e  performance of a com- 
pound conductor (a superconductor  in  close elec- 
tr ical  and thermal  contact  with a normal conductor, 
ca l led  the  s tabi l izer)  w a s  d iscussed .  If a current 
I > Zc ( the  c r i t i ca l  current of t h e  superconducting 
component) is p a s s e d  through a compound con- 
ductor, then a vol tage wil l  necessar i ly  appear  
a long the  conductor. T h i s  current is divided be-  
tween the superconductor and t h e  s tabi l izer .  S ince  
both a r e  in  very good e lec t r ica l  contact ,  there  must 
be  a voltage drop a long  t h e  superconductor which 
i s  equal  to the  vol tage  drop along t h e  s tabi l izer .  
Obviously, the  superconductor is in a res i s t ive  
s ta te .  

“W. F. Gauster et al . ,  OKNIA-TM-159B (Aug. 19, 
1966). 
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Fig.  8.15, F l u x  F l o w  E x p e r i m e n t s  of Y. B. K i m  et aI. 

(A) Schemat ic  of  o f lux  f low exper iment .  

of a superconductor  in  f lux  f l o w  stote .  

( B )  V-I diagram 

T h e  res i s t ive ,  or “flux flow,” s t a t e  of type I1 
superconductors  w a s  f i rs t  s tudied by Kim et al., ’ 
us ing  an experimental arrangement shown s c h e -  
matically in  F ig .  8.15. From their experimental 
resu l t s ,  they derived t h e  s imple empirical re- 
lation 

H 

where p, is the resis tance of the material in the  
normal s t a t e ,  H c 2 ( 0 )  is the upper c r i t i ca l  f ie ld  a t  
T = 0, H i s  the  applied field, and p r  is the dif- 
ferent ia l  flux flow res i s t iv i ty  determined from t h e  
s lope  of the  V-I charac te r i s t ic  in the linear region 
(see Fig.  8.1521). 

It i s  found that f lux flow vol tages  cannot  be  ef-  
fectively measured on bare  commercial Nb-25% % r  
wires f rom which our previous compound conductors  
were constructed.  4 quench (i.e., a catastrophic  
transition t o  the  normal s t a t e ,  indicat ing thermal 
instabi l i ty)  occurs  for vol tages  on t h e  order of 2 x 
lo-’ V ,  2 o  whereas  flux flow vol tages  for t h e  s a m e  
sample should be  in the millivolt range. Normal 
flux flow behavior h a s  been  observed in  rolled 
s t r ips  of Nb-25% Zr. ’ However, the  high f ie lds  
necessary  for invest igat ion on Nb-25% Zr  a r e  in- 
convenient, and a n  investigation of flux flow phe- 
nomena in other, more appropriate, mater ia ls  w a s  
indicated. 

“Y. B. Kim, (3. F. Ilempstead, and A. R. Strand, 
Phys,  Rev.  131, 2186 (1963); ibid. 139, A1163 (1965); 
see a l so  ref. 18. 

1966). 
2oW. E’. Gauster et n l . ,  ORNL-TM-1598, p. 12 (Aug. 19, 

”J. Baixeras, Phys. Letters 21, 30 (1966). 
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F i g .  8.16. C i r c u i t s  for F l u x  F l o w  Measurements .  ( A )  

D C methods,  (0) A C methods. 

8.5.2 C h ~ i c e  of the Sample Materials and 
escription of the Experimental Arrangements 

For our s tudy of flux flow w e  have  dec ided  to 
use  two lead a l loys ,  Pb---7% Sn and Pb--lO% In 
(weight percentages). Magnetization and meta l  - 
lurgical da ta  on t h e s e  two al loys have  been given 
by Livingston. Since 7% exceeds  the solubi l i ty  
of tin in lead a t  room tempc‘rature, c a s t i n g  rc- 
s u l t s  i n  a supersaturated solution. Aging at  room 
temperature c a u s e s  precipitation of part of t h e  
t in ,  resul t ing in  a two-phase material which should  
have s t rong  flux pinning forces .  T h e  alloy Pb--10% 
In, on the  other hand, i s  a so l id  solution. T h e  u s e  
of lead a l loys  is also attractive s i n c e  they a n n e a l  
a t  room temperature, are e a s y  t o  fabricate, and have  
a reasonably low upper c r i t i ca l  field. 

Two methods were used  for flux flow rgs is tance  
measurements. T h e  f i rs t  (Fig. 8.164) was t h e  

”J. 0. Livingston, Phys .  Rev. 129, 1943 (1953); J. 
A p p f .  -phys. 34, 3028 (1963). 
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standard d c  method in  which the vol tage developed 
a c r o s s  t h e  sample  and  t h e  current through t h e  
sample  a r e  plotted on a n  X-Y recorder. In t h e  
second method a smal l  ac current w a s  added t o  
the d c  current flowing in  the  sample.  T h e  va lue  
of ac voltage developed a c r o s s  t h e  sample  w a s  
proportional to the incremental  res i s tance  about  
the d c  operat ing point. A PAR HB-8 lock-in am- 
plifier w a s  used  to  measure t h e  ac vol tage.  T h e  
output of the lock-in amplifier w a s  recorded on a n  
X-Y recorder, giving a plot of incremental res i s t -  
a n c e  v s  sample  current. For  t h e  incremental re- 
s i s t a n c e  va lue  to b e  accura te ,  the ac current  va lue  
must be much smaller  t h a n  t h e  dc. In our case a 
value of 10 mA w a s  suff ic ient  t o  give a reasonable  
signal-to-noise ra t io .  A smal l  known r e s i s t a n c e  
w a s  included in  the  c i rcu i t  to give a r e s i s t a n c e  
calibration. 

8.5.3 Experiments with Pb-10% In 

R e s u l t s  for a Pb-lO% In 0.020-in. wire, 1.0 in. 
long, a r e  shown i n  Fig.  8.17. T h e  plot is nor- 

malized t o  the normal s t a t e  res i s tance ,  Rn, at  
4 . 2 O K .  T h e  appl ied f ie ld ,  H e x t ,  w a s  varied in  
s t e p s ,  and the v a l u e s  a r e  indicated on the  figure. 
A magnetization curve,  made on a bundle  of 11 
p i e c e s  of 0.020-in. wire, is shown in Fig. 8.18. 
From the magnetization da ta  we see tha t  Pb-lO% 
In is a typc I1 superconductor  with H c . l  0.27 kG 
and H c z  - 3.1 kG. T h e  v a l u e s  a re  cons ts ten t  with 
the  ear l ier  d a t a  of Livingston. ” If the  material 
followed Kim’s law exac t ly ,  all the  curves  in  Fig.  
8.17 would approach a horizontal l ine l ike t h e  one  
shown for Hext -= 1.85 kG. T h e  upper limit of flux 
flow would be with Hext - H,, 7 kG. Above 
H c ,  there  a r e  sur face  currents  present  up to a 
value H c 3  - 1.7 Hc, = 12 kG, and thus  t h e  re- 
s i s t a n c e  should s t i l l  b e  less than that  of the 
normal s t a t e  in  th i s  region but should approach 
the normal s t a t e  value with small  currents. T h e  
resu l t s  a r e  c o n s i s t e n t  with Kim’s model, but a n  
e x a c t  comparison cannot  be made with data  taken  
at 4.2’K, as  i t  is too close to the transition tem- 
perature. Further work wil l  be  done a t  lower t e m -  
pera tures. 

........ . 

~ 

............. __-. .......... 

I 
......... d ......... 

..... i . . . . .  

Fig. 8.17. F lux Flow Resis t iv i ty  of Pb-10% In at 4.2OK. 
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Fig. 8.18. Mognetizotion Curve for Pb-IO% In at 4 . 2 O K .  

T h e  peaks  in  res i s tance  near  Hext = H,,  are  
not understood and a r e  assumed for the  present  t o  
bc  clue to a n  undetected experimental difficulty. 
Their presence thus  br ings into quest ion the  va- 
lidity of the d a t a  in  thc region of H c 2 ,  but t h e  low- 
f ie ld  curves  (Hext < 4 kG) s e e m  to b e  unaffected. 

tail a t  a l l .  T h i s  difference may resul t  from t h e  
different h i s tor ies  of t h e  s a m p l e s ,  or from the  fac t  
that the  s ta r t ing  mater ia ls  for our samples  were 
somewhat l e s s  pure than his .  

8.5.5 Experiments with a Pb-7% Sn k r i p  

8.5.4 Experiments with Pb-7% Sn Wires 

A magnetization curve  made from a bundle of 
e leven  0.02Q-in.-diam Pb-7% Sn wirer; is given in 
Fig. 8.19. This  curve is qui te  different from t h e  
usual  type TI superconductor magnetization curve 
as typified by Fig.  8.18 for Pb-lO% In, and sug-  
g e s t s  t h e  possibi l i ty  that the  Pb-7% Sn s a m p l e s  
contain two superconducting phases .  Under t h i s  
hypothesis  w e  would say  that  the bulk of the  ma-  
terial goes normal a t  H e x t  = 565 G, and t h e  t a i l  
on the magnetization curve i s  due to the presence  
of a second phase  which amounts to  only a smal l  
percentage of the sample  material. A s  we s h a l l  
s e e ,  such  a hypothesis  is cons is ten t  with the  
V-I charac te r i s t ics  obtained for t h i s  material. 
We have not as  yet  made any metallurgical in- 
vest igat ions to  determine what the  cons t i tuents  
of t h e s e  two p h a s e s  might be. L iv ings ton2* h a s  
obtained s imilar  magnetization curves  on Pb-7% 
Sn samples  with a different metallurgical history 
fiom our samples ,  and h e  attributed the  ta i l  t o  the 

A current-voltage diagram for a Pb--7% Sn s t r i p  
15 x 2.3 x 0.12 mm, with i t s  face  perpendicular to 
the appl ied f ie ld ,  i s  shown in Fig. 8.20. T h e  
s l o p e s  of the  V-I curves  give a reasonable  f i t  to 
the Kim relation. With such  a s t r ip  t h e  demagne- 
t izat ion factor is s m a l l  enough so that  we  get  al- 
most complete f ie ld  penetration, even though t h e  
material is highly hysteret ic .  It i s  interest ing 
that, even  in  th i s  case of very high-flux pinning, 
flux flow behavior is observed and i s  roughly con-  
s i s t e n t  with Kim’s model. 

R e s u l t s  for the  same str ip ,  but with the f a c e  
paral le l  to  t h e  applied f ie ld ,  are shown i n  Fig. 
8.21. In th i s  case we d o  not observe normal flux 
flow behavior. In fact ,  the  s l o p e s  of the  V-I curves  
always approach that  of the normal s t a t e  res i s tance  
of the s t r ip .  T h i s  would be  expected if we had a 
two-phase material, t h e  majority of which w a s  
normal and only a small  f rer t ion of which w a s  
superconducting. A s  mentioned previously, t h e  
theory of the behavior of such  a “compound con-  
ductor” h a s  been studied in  detail.  

________ presence of a second phase. However, h e  found 
that t h e  ta i l  decreased  with aging a t  room tempera- 
ture, and for samples  as  old a s  ours  h e  found no 

2 3 W .  F. Gauster et af., ORNL-TM-1598, p. 13 (Aug. 
19, 1966). 
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Fig.  8.19. Magnetization Curve for  Pb-7% Sn a t  4.2’K. 

We could not measure a V vs  I diagram for H e x t  
less than 455 G. Below this field we got an  im- 
mediate quench as soon as the cri t ical  current 
w a s  exceeded. In th i s  case the demagnetization 
factor is close to unity, and, as long as the ex- 
ternal field 1s below the critical value for the bulk 
of the superconductor, the field is excluded. When 
we ra i se  the  current to the cri t ical  value, complete 
penetration suddenly occurs and the wire quenches. 
When Hext is high enough, the bulk material is 
normal, only the  “spongelike” second phase 
carries the current, and we have compound con- 
ductor behavior. 

Data for a Pb-7% Sn 0.020-in. wire is shown in  
Fig. 8.22. Here t h e  behavior is similar io that o f  
the s t r ip  with width parallel to the field. This  was 
expected, a s  the  demagnetization factor is v2, which 
is c lose  to unity. 

8.5.6 Conclusions 

As was expected, flux flow experiments with 
Pb-10% In gave normal (Kim-type) results. For 
Pb-7% Sn we have found a situation somewhat 
similar to that i n  Nb-25% Zt, in  that flux flow 
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Fig. 8.22. F lux F low Characteristics for Pb-7% Sn 0.020-in.-diarn Wire ut 4.18“K. 

behavior is markedly dependent  upon sample  
geometry. In commercial Nb-25% Zr wire, flux 
flow vol tages  have  not been effect ively measured, 
while normal Kim resu l t s  have  been obtained with 
s t r ips .  In Pb-7% Sn i t  w a s  possible  to measure 
V-b charac te r i s t ics  for  both geometries, but only 
i n  the c a s e  of a s t r i p  with i t s  face perpendicular 
to the  appl ied f ie ld  a re  t h e  r e s u l t s  s imilar  to t h o s e  
of Kim. T h e s e  r e s u l t s  seem to b e  c o n s i s t e n t  with 
the  supposi t ion that  our Pb-7% Sn samples  contain 
two superconduct ing p h a s e s  with different magnetic 
properties. 

Our s t u d i e s  of flux flow behavior wil l  be con-  
tinued, with particular emphas is  to wires  of “hard,” 
technologically in te res t ing  superconduct ing ma- 
te r ia l s  such  as Nb-Ti. 

8.6 OBLONG IRON-CORE MINIMUM 
“5” MAGNET 

I. Alexeff W. Halchin 

Since t h e  last semiannual  report, 
have  b e e n  recorded for a n  oblong cavi ty  16 in. 
along t h e  a x i s  by 10 in.  i n  diameter. 

For  a cent ra l  f ie ld  of 3 kG, the minimum a x i a l  
ratio w a s  2.2 to 1, with a minimum radial  ratio of 
1.3 to 1. At full power of t h e  faci l i ty ,  there w a s  
a field of 3.7 kG i n  the center  and a n  ax ia l  ratio 

field d a t a  

24Tlrermonuclenr Div .  Semiann. Prop’. Rept. O c f .  31, 
1966, ORNL-4063, pp. 124-25. 
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of 2.1 t o  1 and a radial  ratio of 1.2 to 1. T h i s  ob- 
long configuration gives  a larger ax ia l  than radial  
ratio, whereas  t h e  previous 10-in. spher ica l  cavi ty  
gave a larger radial than a x i a l  ratio. 

8.7 ENGIN G ASPECTS OF THE IMP 
MAGNET SYSTEM 

R. L. Brown 
D. L. Coffey 
K. J. Colchin 
J. L. Dunlap 
R. S. Edwards 
K. R. Efferson 
W. F. Gauster  

Mi. L. 

J .  L, H o r i o 1 1 ~ ~  
W. J .  Leonard' 
J .  N. Luton 
C. E. Parker  
H. Postrrra 
Mozelle Rankin 
E. R. ' Je l ls  

Wright 

8.7.1 Introduction 

T h e  IMP faci l i ty  wil l  b e  part of the  Target  
Plasma Program. It wil l  u s e  energet ic  neutral 
inject ion and trapping in  electron-cyclotron 
plasmas es tab l i shed  a t  low ambient neutral pres-  
surcs (of order torr). T h e  magnet sys tem 
will b e  of the mirror-quadrupole type with cent ra l  
field v a l u e s  up to 20 kG3 a nominal 2:l ax ia l  
mirror ra t io ,  and c losed  modulus B contours up to 
26 kG (with B o  = 20 k G ) . 2 7  

T h e  facility features  superconduct ing magnets ,  
which in  principle offer greater access to t h e  
plasma region than would be  poss ib le  with copper  
coi ls .  in  addition, the  operation of the  super- 
conducting s y s t e m  rather than the 2O-MW copper  
system previously considered 
th i s  power by other  experimental devices .  

a l lows  t h e  u s e  of 

8.7.2 Design Criteria 

'I'o avoid magnet ins tab i l i t i es  vie have  chosen  
to u s e  s tab i l ized  multifilament superconduct ing 

"On loan from the Instrumentation and Controls  Di- 

26Meta1s and Ceramics  Divis ion.  
2 7 A  compensat ion rat io  of 1.75 is required for a l a s t  

vision. 

c l o s e d  contour of 26 kG with Bo - 20 kG. Compensat ion 
rat io  is def ined a s  t h e  rat io  of quadrupole cur ren t  to  t h a t  
j u s t  required t o  nul l  out  the negat ive radial  gradient  of 
the mirror f ie ld  0.5 cm off axis  in  t h e  median plane. 

"Thermonuclear Div. Semiann. Pro&. R e p t .  Oct. 31,  
1966, ORNL-4063, pp. 29-35. 

wire. Since maximum current densi ty  i s  required 
for deep wel l s  a t  large B o ,  the  design criterion 
provides for operation very c l o s e  to  t h e  limit of 
reversible  s tabi l izat ion (i.e., with the maximum 
superconductor-to-copper ra t io  which will s t i l l  
provide smooth controlled t ransi t ions into a r e -  
s i s t i v e  mode of operation). The need for high 
current dens i ty  also implies that insulat ion and 
liquid-helium s p a c e s  in  the winding volume must 
be minimized subjec t  to  the constraint  that  cool- 
ing  p a s s a g e s  remain sufficiently open to allow 
free flow of helium g a s  bubbles. 

T h e  mechanical. sys tem of IMP must res t ra in 
all electromagnetic and gravitational forces. In 
addition, i t  must maintain vacuum integrity and 
withstand fau l t  condition overpressure of the  
liquid-helium system. The  extreme forces be- 
tween coils require t h a t  all magnets and their  
assoc ia ted  mechanical  s t ructure  must operate  a t  
4.2OK; thus force-bearing members a r e  isothermal 
and need not b e  minimized for heat  loads.  

T h e  magnet configuration ut i l izes  mirror coils 
ins ide  t h e  Ioffe (quadrupole) c o i l s  to  provide t h e  
necessary  high radial mirror f ie ld  gradient  in  t h e  
midplane (for Lorentz  trapping). T h i s  configura- 
tion a l s o  offers the maximum plasma volume. After 
consider ing two-coil and four-coil (sytometric and 
near-symmetric) Ioffe co i l  sys tems,  we  have c h o s e n  
a design which u s e s  two symmetrical sets of two 
coils each  (see Fig.  8.23). T h i s  coil atrangement 
fac i l i t a tes  wi ld ing  and minimizes t h e  co i l  winding 
material while maximizing the f ie ld  contribution 
( s e e  Sect. 8.1.1 for additional de ta i l  on the optimi- 
zat ion of t h e  c o i l  system). 

8.7.3 Present Design Status 

Early calculat ions of the  IMP magnet system in- 
dicated t h a t  current d e n s i t i e s  of l o 4  A/cm2 would 
be  required to generate  t h e  desired field shape.  
T h e  maximum f ie lds  in  the  conductor windings were  
found to b e  68 kG in  the  mirror coils and 73 kG in  
the Ioffe coils. However, after optimization proce- 
dures  (Sect. 8.1.1) were applied, i t  w a s  found pos- 
s i b l e  to  lower the  current densi ty  t o  8500 A/cm' 
for t h e  s a m e  Ioffe f ie ld  contribution. This  reduc- 
tion of current dens i ty  also led to  lower maximum 
field in tens i t ies  in t h e  magnet windings, that i s ,  
66 kG i n  the mirrors and 67 RG in t h e  Ioffe coils. 
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Fig.  8.23. Midplane Cut Showing on  Ax ia l  V i e w  of the IMP Coil Conductor Cross Section. 

Figure  8.24 s h o w s  a conceptual  layout  of t h e  
mirror-quadrupole sys tem i n  t h e  liquid-helium con- 
tainer. Though not indicated on t h e  drawing, t h e  
co i l  c a n s  (mirror and Ioffe) a r e  porous to allow 
adequate  helium ventilation through the  super- 
conduct ing winding volume, T h e  e n d s  of t h e  
helium containment v e s s e l  also s e r v e  as  primary 
s t ructural  members. E a c h  Ioffe c o i l  wil l  be  bolted 
to  the  ad jacent  Ioffe c o i l s  and to t h e  thick end  
plates .  T h e  mirror c o i l s  wil l  n e s t l e  i n s i d e  t h e  
Iaffe c o i l s  and will b e  restrained f rom axia l  motion 
by tie bars  to the  end plates .  T h e  c o i l  c a n s  wil l  
be fabricated from high-strength aluminum al loy 
(7039 T-6). E a c h  wil l  be cut from a s ingle  p iece  
of mater ia l  to avoid low-strength weldments. T h e  
liquid-helium container  including end p la tes  will 
be  fabricated from a weldable  medium-strength 
aluminum a l loy  (5083 II-321). 

T h e  s ix  access ports into t h e  central  plasma 
region, and t h i s  region i t se l f ,  a r e  lined with a 
variable-temperature wal l .  Except  during per iods 
of ou tgass ing  or ex t reme high vacuum t h e s e  wal l s  
will b e  maintained a t  approximately 77OK. T h e  
ports a l low access for beam injection, beam dump, 
waveguides ,  and plasma probe instrumentation and 
provide pumping conductance to the  surrounding 
vacuum region (see Fig.  8.24). 

T h e  c h o i c e  of a proper superconductor wire h a s  
been complicated by t h e  limlted s t a t e  of the a r t  i n  
understanding the de ta i led  performance of super-  
conductors. After cons ider ing  the interrelated re- 
quirements of s tab i l iz ing  material, superconduct ing 
material, helium vent i la t ion s p a c e ,  insulat ion,  and 
forces ,  w e  c h o s e  a conductor offered by Avco- 
Everet t  Research  Laboratories. An order for  
100,000 f t  h a s  bcen placed. 
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Fig. 8.24, IMP Conceptual Layout.  

T h i s  conductor  i s  shown in Fig. 8.25. T h e  15 
superconduct ing s t rands  of NbTi a r e  embedded i n  
a matrix of high conductivity copper. Two-thirds 
of the conductor  cross sec t ion  i s  s tab i l iz ing  copper; 
the  other third is NbTi. T h e  short-sample perform- 
a n c e  is 535 A a t  75 kG; the  coi l  design current 
dens i ty  ind ica tes  that  a conductor current of 450 
A or less will be required. A sp i ra l  wrap of 
11. T. Nomex'' paper 0 .005  in. thick by 0.080 
in. wide provides turn-to-turn spac ing  for  insula-  
tion and helium ventilation. A preliminary experi- 
ment indicated that  the  p a s s a g e  of helium bubbles  
i s  influenced very l i t t le  by a gap of 0.005 in. or 
greater. However, with tighter s p a c i n g  helium 
bubbles would b e  de layed  in p a s s a g e  and accumu- 
la ted,  leading to a premature normal-state transi- 
tion. Decis ive  factors  i n  our choice  of th i s  in- 

~ 

''Tradernark of E. I. DuPont. 

sulat ion were t h e  eva lua t ions  of i t s  performance 
a t  low temperatures by H. Brechna of SLAC3' 
and A. G. Prodel l  of S N L .  ' It appears  to  have  
bet ter  s t rength and creep  properties than ei ther  
66 nylon or Mylar. We feel tha t  by covering 50% 
of the  conductor sur face  i t  wi l l  b e  poss ib le  to  
avoid shor t s  in the coil. 

A t e s t  of conductor and insulator performance 
in  a magnet is planned for the  vety near  future. 
T h e  conductor  wil l  be  used  to wind two ident ical  
co i l s ,  which will then be  mounted in  s e r i e s  op- 
position (cusp configuration) with a horizontal 
axis .  T h i s  coil  set will be  tested in a homo- 
geneous 65-kG external  magnetic f ie ld  of a so- 
lenoid with ver t ical  ax is ,  T h e  t e s t  should simu- 
l a t e  t h e  a c t u a l  field in tens i t ies ,  current d e n s i t i e s ,  

'O~nternational Cryogenic Engineering Conference, 
Apr. 9-13. 1967, Kyoto, Japan. 

'personal  comrrrunication. 
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Fig.  8.25. IMP Superconductor. 

and forces  i n  the ful l  IMP magnets. It wil l  also 
approximate the type of cool ing environment to  b e  
found there. 

Model s t u d i e s  of the b e s t  winding methods a r e  
in  progress. T h e s e  t e s t s  wil l  l ead  to detai led 
techniques for  winding, maintaining adequate  wire  
tension,  preventing “bowing” i n  t h e  s t ra ight  sec- 
t ions of the  Ioffe coils, making inter layer  t rans i -  
t ions,  sp l ic ing  conductor, e tc .  

T h e  cryogenic  sys tem,  outlined in  Fig.  8.26, wil l  
provide for cooldown and operation of t h e  magnet. 
T h o s e  par t s  shown in t h e  lower right s e c t i o n  of t h e  
figure will b e  ins ta l led  for preliminary experiments  
with unly the mirror co i l s .  Cooldown will b e  ef- 
fected by p a s s i n g  liquid nitrogen through cool ing 
l ines  a t tached  to the end plates .  Conduction 
through t h e  helium exchange  gas around t h e  c o i l s  
and t h e  mechanical  s t ructure  completes  t h e  cool- 
down. After sa t i s fac tory  operation of t h e  mirrors, 
the  quadrupole s e t  will be  added along with t h e  
full cryogenic sys tem as shown. Cooldown losses 
a r e  expec ted  t o  be  -300 l i t e rs  of liquid helium. 
Thereafter, operat ing losses should b e  -40 l i t e rs /  
day. Optimized input current l e a d s  (see Sect. 8.4) 

will be  u s e d  t o  avoid unnecessary lead losses. 
T h e s e  l e a d s  will b e  de tachable  to further reduce 
h e a t  l e a k s  when t h e  machine i s  not in operation. 
Rupture d i s k s  and an automatically operated g a s  
blow-off s t a c k  wil l  provide for the  heavy g a s  l o a d s  
which might occur  upon a full normal-state t ransi-  
tion. 

T h e  IMP magnet e lec t r ica l  sys tem is shown in 
Fig.  8-27. A sol id-s ta te  power supply will en- 
e rg ize  t h e  ser ies -connec ted  mirror co i l s .  Having 
one or more protect ive d i o d e s  across  t h e  supply 
avoids  t h e  possibi l i ty  that  the coil might damage 
the supply. Another diode,  i n  s e r i e s  with a large 
resis tor ,  provides for co i l  energy dumping in  the  
event  of a normal-state transition. T h e  u s e  of a 
diode here  e l imina tes  res i s tor  current during magnet  
chargeup. When a normal-state transition is de- 
tected,  the  swi tch  to the power supply i s  opened,  
leaving the  res i s tor  as  t h e  only current path for 
the magnet current. T h e  resistor is chosen  as 
large as t h e  c o i l  insulat ion wil l  reasonably allow; 
so that  maximum energy is diss ipa ted  in  the  re- 
s i s t o r  rather than  i n  the  coi l .  We e x p e c t  to u s e  
a res i s tor  va lue  of 0.2 to 1.0 8. T h e  charging 
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time of the mirror c o i l  set could b e  as f a s t  as 
100 sec (for a cons tan t  10-V charging potential). 

One wishes  to obtain an ear ly  indicat ion of any  
normal-state r e s i s t a n c e  i n  order to prevent, i f  
possible ,  a ful l  energy discharge and to automati- 
ca l ly  ac t iva te  t h e  energy dump circuitry if t h e  ful l  
d i scharge  cannot  b e  avoided. For t h i s  purpose w e  
will monitor t h e  coil vol tages  with a difference 
amplifier in  order to de tec t  a r e s i s t a n c e  i n  e i ther  
of the coils. A heater  on the c r i t i ca l  turn in  t h e  
coil wil l  also b e  used,  i n  a manner sugges ted  by 
John Stekly of A V C O , ~ ~  to ant ic ipate  the  c r i t i ca l  
current of the coi l .  Sensors  wil l  be built in to t h e  
coi l  c a n s  to  monitor coil c a n  temperature, c r i t i ca l  
turn temperature and voltage, and cr i t i ca l  magnet ic  
field in tens i t ies  near  the  conductor. 

T h e  e l e c t r i c a l  sys tem for the  ser ies-connected 
Ioffe c o i l s  is very s imilar  to that  for t h e  mirror 
coils. Difference vol tages  will be  monitored for 
e a c h  of the  c o i l  pairs .  T h e  energy s tored i n  t h i s  
sys tem i s  much higher (more than 3 MJ), so two 
energy dump res i s tors  wil l  b e  used for speedy d is -  

3 2 Z .  J. J. Stekly, The Performance of a Large MHD- 
Type  Stable Superconducting Magnet, Avco Research 
Laboratories, Rept. AMP-215 (December 1966). Pre- 
sented a t  the  International conference on High Magnetic 
F ie lds ,  Grenoble, France,  Sept. 12-14, 1966. 

charge while  holding the  discharge vol tages  t o  
500 V or less. T h e  higher s tored  energy also 
d i c t a t e s  longer charg ing  t imes.  A minimum of 
30 min would be  expected.  However, t h e  f inal  . 
s t a g e s  of charging would probably proceed much 
more slowly t o  prevent a n  unpredicted transition, 
so the  a c t u a l  charging t imes will probably b e  in  
the order of 45 min. T h e  hea ter  arrangement of 
Stekly wil l  be  employed in  e a c h  co i l  of the  Ioffe 
set, and t h e  var ious s e n s o r s  wil l  be  bui l t  in to 
e a c h  coil can.  

P e r s i s t e n t  mode s w i t c h e s  would b e  des i rab le  to  
reduce helium l o s s e s  during operation. However, 
t h e s e  s w i t c h e s  must be very rel iable  to avoid the 
possibi l i ty  of c o i l  damage if they fai led to open 
during a transition. T h e  development of a n  appro- 
pr ia te  swi tch  wil l  proceed with t h e  hope that  i t  
might b e  employed af te r  experience h a s  been ob- 
tained separa te ly  with t h e  coil sys tem and t h e  
switch.  

Superconducting material is scheduled for  de-  
livery in Ju ly  and August. Present  p lans  a r e  for 
operation of the  mirror coil system in the f a l l  of 
1967 and operation of the  mirror-quadrupole sys tem 
in the s p r i n g  of 1968. 

Reduction Company is gratefully appreciated. 
T h e  a s s i s t a n c e  of Dr. C. N. Whetstone of Air 



9. vacuum 

R.  A. Strehlow' 
D. M. Richardson '  

T h e  proposed use  of a cryogenical ly  cooled mag- 
net  sys tem i n  the  IMP experiment2 r a i s e s  severa l  
quest ions about the probable e f f e c t s  of the presence 
of t h i s  sys tem on  the vacuum conditions in the  ex- 
perimental volume. T h e  large-area cryopumping 
s u r f a c e  is expected t o  accumulate  impurities and 
t o  a large extent  hydrogen a s  wel l .  In addition to 
the a rea  with a temperature of less than 4OK, t h e  
proposed design wil l  include a la rge  area of liquid- 
nitrogen-cooled radiation shielding.  T h i s  shield-  
ing is expected to have a layer  of ice during machine 
operation. T h e  environment to which t h e s e  cold 
s u r f a c e s  a r e  subjected may include s e v e r a l  t y p e s  
of par t iculate  and radiation f luxes which c a n  
markedly a l te r  ultrahigh-vacuum conditions. Al- 
though electromagnetic radiation and direct par- 
t i cu la te  flux t o  the  cold areas may be shielded,  
one wou!d expect  some electron and ion or fas t -  
neutral bombardment t o  occur. If t h e s e  phenomena 
a r e  present  t o  a large extent ,  i t  may be that net  
cryopumping during s teady  operation of IMP wil l  
not be  effect ive for s o m e  modes of operation and 
that  re l iance will have t o  be placed on t h e  vapor- 
deposi ted titanium pumping. 

A portable mass spectrometer  gas  ana lys i s  s y s -  
tem h a s  been assembled and tes ted .  T h i s  sys tem 
wi l l  a l low g a s  a n a l y s i s  to be made by continuous 
sampling f r o m  operat ing plasma experiments  with 
pressures  from 1 x lo-' t o  lo-' torr, s u c h  as 
t h e  turbulent heat ing experiment and t h e  electron- 
cyclotron resonance hea t ing  experiment. 

Previous s t u d i e s  of electron bombardment3 were 
continued to include s t u d i e s  of e lectron bombard- 
ment of a copper  sur face  a t  78'K which had a n  ice 
layer. T h e  maximum yield of hydrogen g a s  ob- 
se rved  w a s  1.8 molecules per incident e lectron a t  
energies  of 400 to  500 eV. Upon warming the sur-  
face t o  160°K and allowing the  desorbed water  t o  
be  removed by the vacuum pump, t h e  hydrogen 
yield dropped to  0.2, the value observed  before 
cool ing the surface.  T h e  observed hydrogen yield 
w a s  attributed t o  the formation of hydrogen atoms 
which subsequent ly  reacted with water t o  form 
hydrogen gas .  Assuming th is  mechanism, a n  
est imated G value (hydrogen atoms produced per 
100 e V )  of 0.4 i s  obtained, 

P i e t t e  et aL4 irradiated water at both 78 and 
4.2OK and s tudied the  radiation damage  us ing  
electron paramagnetic resonance.  They obtained 
a t  t h e  lower temperature a l ine s t ructure  attributed 
t o  hydrogen atoms and hydroxyl radicals  with a n  
es t imated  G value for hydrogen atom production 
of about 0.5. At the upper temperature (that of 
liquid nitrogen) only the hydroxyl radicals  were 
observed. T h e s e  observat ions a r e  i n  surpr is ing 
agreement with our own when o n e  cons iders  t h a t  
their irradiation of bulk ice w a s  performed with 
e lec t rons  of energies  five orders of magnitude 
greater than ours. In a n  extension of the i r  work 
t o  so l id  hydrogen a t  4.2OK they obtained a con- 
centrat ion of hydrogen atoms greater  t h a n  2 x 

'Reactor Chemistry Divis ion.  
3Thern?onuclear Div. Semiann.  Progr. K e p t .  APT. 3 0 ,  

4L. tI .  Piette et al.,  J .  Chem. Phys.  30, 1623-24 
1964,  ORNL-3652, pp. 132-45. 

2 . .  1 hermonuclear Div. Semiann. Progr.  R e p t .  Oct. 31,  
1966,  ORNL-40G3, pp. 33-35. (1959). 
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(limited only by sample heating effects) and ob- 
served a G value of about 0.2. If a substantial  
number of hydrogen atoms can  accumulate in the  
solid hydrogen, recombination oE these  could cause  
an  evolution of a s  many as 80 molecules of hydro- 
gen per recombining pair of hydrogen atoms. 

Since there appears to be no  work reported in 
the literature on the effect of electron bombard- 
ment of solid hydrogen on vacuum sys tems,  an 
experimental effort has  been started to study th i s  
problem directly. A su i tab le  vacuum system has  
been designed and is being constructed. A sketch 
of the  vacuum system which w i l l  be used in t h i s  
study is shown in Fig. 9.1. The  t e s t  chamber, 

c 

indicated a s  A in the drawing, will include as the  
electron target a s m a l l  helium bottle, liquid-nitrogen 
shroud, and electron gun. A gallium-sealed valve 
B will be  used to isolate the diffusion pump after 
bakeout. Titanium evaporation onto a surface 
immersed i n  the liquid-nitrogen region C, and an  
ion pump D will  be used to maintain the needed 
purity levels during bombardment. The electron- 
induced hydrogen desorption will be followed us- 
ing a mass  spectrometer. After appropriate cali- 
bration is made, electron bombardment of the 
solid hydrogen on the helium-cooled bottle will 
be conducted a t  severa l  pressures of hydrogen in 
the apparatus and a t  severa l  electron currents and 

ORNL-DWG 67- 1390 
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Fig. 9.1. Apparatus f o r  Study of Electron Bombardment of Solid Hydrogen. 



lower leve ls .  Since it is poss ib le  that  in addition 
t o  the  direct  desorption of hydrogen some accumu- 
lation of hydrogen atoms may occur  i n  the so l id ,  
perhaps caus ing  intermittent p iessure  s u r g e s  in  
the  sys tem,  a short-time-constant electrometer 
sys tem (0.03 s e c )  wil l  be used .  

9.3 .  GAS ANALYSIS IN EXPERIMENTAL 
PLASMA DEVICES AT HIG 

In DCX-2 and other experimental apparatus  in  
which normal operating pressure l i e s  between lo-'  
and lo-' torr, a n  appendage residual  g a s  analyzer  
with Faraday c u p  detector  and appropriate elec- 
t ronics  c a n  be sui tably used.  For higher pressures  
(from lo- '  to l o - '  torr) the  low ion t ransmission 
of t h e  spectrometer makes th i s  approach impossible .  
Since observat ions of the  effect  on the  vacuum con- 
di t ions of making experimental changes  are needed ,  
a batch sampling procedure is both cumbersome 
and s low.  Therefore, t o  give s o m e  m a s s  spec t ra l  
inforrimtion in the turbulent heat ing experiments  
and other experiments i n  which the operating 
pressure exceeds  l o p 5  torr, a separa te ly  pumped 
vacuum sys tem h a s  been constructed with a pump- 
ing speed  of 1500 l i te rs / sec  for hydrogen and 
water vapor a t  t h e  spectrometer. Several  fee t  of 
l l i - i n .  s t a i n l e s s  s t e e l  tubing with a variable con- 
ductance t o  the  spectrometer t e s t  s t a n d  wil l  b e  
used t o  connect the spectrometer sys tem to the 

experimental volume. A spectrometer  vacuum 
sys tem response  time of less than 0.5 sec i s  
adequate  to  permit observat ion of produced, ad- 
mitted, or evolved g a s  when c h a n g e s  in  operating 
condi t ions a re  made. In order t o  u t i l i ze  the  
capabi l i ty  of a mass spectrometer sys tem fully 
t h e  g a s  must be analyzed a t  a pressure  near 1 x 

torr. Impurities must be kept  low t o  ensure  
that  the  analyzed g a s e s  are not t h o s e  assoc ia ted  
ei ther  with the b a s e  pressure of the  a n a l y s i s  or 
due t o  generat ion of t h e s e  in  the  presence of a 
relat ively high pressure of hydrogen or helium. 
T h e  first of t h e s e  considerat ions (that of a low 
b a s e  pressure)  h a s  been m e t  i n  the spectrometer 
pumping sys tem,  which produced a b a s e  pressure 
of l e s s  than 3 x lo-' torr i n  ini t ia l  t e s t s .  T h e  
second difficulty, tha t  of impurity generation d u e  
t o  hydrogen or helium, h a s  been found t o  be  largely 
assoc ia ted  with sur face  contaminants i n  t h e  
spectrometer  ion s o u r c e  and h a s  been eliminated 
by operating t h e  s p e c t r o m t e r  tube a t  a n  e leva ted  
temperature during the analysis. '  S ince  mass 
discrimination e x i s t s  due t o  saiiiple flow into t h e  
spectrometer sys tem,  calculat ion of relative partial 
p ressures  of impurities must t a k e  t h i s  into account  
as wel l  as  the  known m a s s  discrimination of t h e  
spectrometer. Calibration of t h e  sys tem using a n  
argon or mixed g a s  leak  from a s e p a r a t e  vacuum 
sys tem will therefore be  needed, 

'Thermonuclear U i v .  Semiam.  Progr. R e p t .  A p r .  30, 
1966, ORNL-3989, pp. 128-32. 



10. Design and Engineering: Service Report 

Design and engineering services are generally Shop fabrication for this reporting period is sum- 
reported incidentally with those of the research 
groups of the Division. This  work includes ex- 
ecuting or coordinating engineering design, shop 
fabrication, building operations, and maintenance 
for the Division. 

Design activit ies for this reporting period ate 
summarized as follows: 

Jobs on hand 11-1-66 on which work had 4 
not s ta r ted  

New jobs received 134 

To ta l  jobs 138 

Jobs completed 127 

Jobs in  progress 6 

Backlog of jobs 4-31-67 5 

To ta l  drawings completed for period 236 

(does not include drawings for s l ides ,  
reports, e tc . )  

marized as follows: 
Machine shops  

Completed jobs  requiring 16  man-hours 
or less 

Completed jobs requiring 17  to  1200 
man-hours 

Completed jobs of miscellaneous 
character (in plating, carpenter,  
electrical ,  glass,  lead, elc., shops )  

Average manpower per week  (machine 

shop) 
Average manpower per week 

(miscellaneous) 
Number of jobs in progress 

Electromagnet fabrication 
Completed jobs 
Number of jobs in  progress (Paducah) 
Completed jobs by outside contractors 

(Paducah) 
Average manpower per week  

82 

I82 

55 

21.5 

2 

6 

9 
1 
2 

1.5 



lications, 8 

Author(s) 

1. Alexeff, W. D. Jones,  
1 and D. Montgomery 

I. Alexeff and W. D. Jones  

I. Alexeff, W. D. Jones, 
D. Montaomery,l and 
M. Rankin 

W. B. Ard, R. A. Dandl, 
and R. F. Stetson2 

T i t l e  of Art ic le Journal (or Book) 

Electron-Te mpe rat ure Varia lion Induced P. 371 in Proc. Conf .  

Phys .  of Quiescent Effects and Landau Damping of Ion 
Acoustic Waves P lasmas ,  Frasca t i ,  Italy, 

Jan.  10-13, 1367, Pt. 11, 
1967 

Varying Plasma Electron Temperature 
in  Discharge Tubes by  a Simple 
Auxiliary Electrode 

Simple Momentum Probe for Plasma 
Studies 

Observation of a Mirror-Like Insta- 
bility in a Hot-Electron Plasma 

C. 0. Beasley,  Jr., and Convective and Absolute Harris 
G. E. Guest Instabil i t ies 

P. K. Ee11, E. C. Moore, Starting Sputter-Ion Pumps and the 
Outgassing of Wet Metal Surfaces and A. J. Wyrick 

A p p i .  Phys .  Le t te rs  9,  77- 
79 (19G6) 

P. 6 2  in Proc.  Seventh 
Intern. C o d .  Phenomena 
in Ionized Gases ,  
Beograd, 22-27 A@. 

1965, Vol. 111, 
Gradevinska Knjiga Pub- 
lishing IHouse, Beograd, 
1966 

P. 699 in Proc.  Seventh 
Intern. Conf. Phenomena 
in Ionized Gases ,  
Beograd, 22-27 August  

1965, Vol. IT, Grade- 
vinska Knjiga Publishing 
House, Beograd 1966 

Phys .  F lu ids  10, 466 
(1967) 

Vacuum 18, 87 (1957) 

'Consultant, University of Iowa. 
2Florida Atlantic University. 
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Author(s) 
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Title of  Article 

P. R. Bell, G. G. Kel ley,  
N. H. Lazar ,  and  R. F. 
Strat ton 

Ion Cyclotron Harmonic Spectrum 
Generated in an  E n e r g e t i c  Ion P l a s m a  

E. G. Harris'  

W. D. Jones and  
R. V. Neidigh 

W. D. Jones  and 
1. Alexeff 

Modified Quas i -Linear  Equat ions  arxi 
t h e  Approach to  Thermal  Equi l ibr ium 

Detec t ion  of Light  Nucle i  with Cellu- 
lose Nitrate  

A Study of the  P r o p e r t i e s  of Ionic  
Sound Waves 

0. H. Morgan, G. G. Kel ley ,  The Technology of In tense  d.c. Ion 
and K. e. D a v i s  Beams 

N. A. Ullmaier  and W. F. Some Surface Current  Phenomena in  
G a u s  ter  Hard Superconductors  

H. A. Ullmaier  and 
R.  H. ~~~~~h~~~ 

The Current  Carrying Capac i ty  of a 
Hard Superconduct ing Wire 
in  Zero  E x t e r n a l  F i e l d  

G.  M. H a a s  and R. A. Dandl  Observa t ion  of Ion Heat ing  Using  a 
Modulation Elec t ron  Beam in a Mag- 
n e t i c  Mirror F i e l d  

3Consul tant ,  Universi ty  of T e n n e s s e e .  
'Solid S t a t e  Divis ion.  

ORNL REPORTS 

Journal (or Book) 

P. 361 in  Pioc. Seventh  
Intern. Corif. Phenomena 
in Ioni7ed G a s e s ,  
BeOgrdd, 22-27 A@ust  

1965, Vol. [I, Grade- 
v inska  Knjiga Publ i sh ing  

House ,  Ueograd 1966 

Phys. Fluids 10, 278  

(1967) 

A p p l .  P h y s ,  Lettcra 10, 18 
(1967) 

P. 330 in Proc. Seventh 

Intern. C o d .  Phenomena 
in Ionized  Gases,  

Beograd,  22-27 August 

1965, Vol. 11, Grade- 
v inska  Knjiga Publishing 
House ,  Geograd, 1966 

Rev. Sci. Instr. 38, 467 
(1967) 

/. A p p l .  Phys .  37, 4519 
(1966) 

Phys .  Status 501161 17,K233 
(1966) 

P h y s .  FIuids  10, 678 (1967) 

Authods)  Tit le Number 

I. Alexeff, W. Halchin,  W. D. Jones ,  P lasma-Dens i ty  'Measurement in  a QRNL-4010 
and  J. F. P o t t s  Hollow-Cathode Arc by Arc 

R e v e r s a l  

I. Alexeff, W. D. J o n e s ,  and 
David Montgomery' 

E lec t ron  Temperature  Variat ion QKN 1,-4079 
Induced E f f e c t s  and  Landau 
Damping of Ion Acous t ic  Waves 

Date 

September 
1966 

April 
1967 

'Consul tant ,  Univers i ty  of Iowa. 



154 

Author(s) Title Number Date 

P. R. Bel l ,  G. G. Kel ley ,  
N. 1%. Lazar ,  and  J. F. Lyon 

D. I,, Coffey, K. R. Efferson,  
W. I;. Causter ,  J. R. Hendricks.  
K. H. Kernohan,’ 14. W. Koppe, 
D. M. Kroeger, J .  N. Luton, Jr., 
J. E. Sirnpkins, H. A .  Ullmaier, 
and  W. R. Wilkes’ 

Joseph  G. Hirschberg4 and 
5 Walter I. F r i e d  

S e pte mb e r Present  S ta tus  and  Objec t ives  of ORNL-4011 
t h e  DCX-2 Experiment  1 9 6 6  

Experimental  Simulat ion of Large ,  ORNL-TM-1721 March 

High Fie Id, Superconduct ing Magnet 
Opera t ion 

1967 

November A Fabry-Perot  Duochromator for the ORNL-4019 
Measurement of Small  Wavelength 1 9 6 6  

Disp lacements  of Spec t ra l  L i n e s  

2Solid S ta te  Divis ion.  
’Summer Par t ic ipant ,  1966, Wake F o r e s t  Col lege .  
4Summer F a c u l t y ,  1966, Universi ty  of Miami. 
’Summer Par t ic ipant ,  1966, University of Miami. 

PAPERS PRESENTED AT SCIENTIFK AND TECHNICAL MEETINGS 

Instabilities and Anomalous Loss Processes in SteadyState Plasmas, Coral Gables, F la., May 
2-4 ,  1966 

N. 13. L a z a r  and R. A. Gibbons,’ “Studies  of Instabi l i t ies  in the Colu~nii of the Hydrogen Arc 
Discharge. ” 

National Superconductivity Information Meeting, Upton, L.I., N.Y., Nov. 9-  11, 1966 

W. F. Gauster ,  “The Place of Superconductivity Magnets i n  Overall Magnet Technology.” 

American Physical Society, Division o f  Plasma Physics,  Boston, Mass., Nov. 2-5, 1966 

I. Alexeff, W. D. Jones ,  and D. Montgomery,* “Demonstration of Landau Damping of Ion- 

C. 0. Beas ley ,  Jr., and G. E. Gues t ,  “Convect ive and Absolute  Harr is  Instabi l i t ies .”  

G. M. H a a s  and K. A. Dandl, “Ion Heat ing Using  a Modulated Electron Beam.” 

E. G .  H a r r i ~ , ~  “Modified Quasi-Linear  Equat ions and the Approach to Thermal Equilibrium.” 

Joseph G. Hirschberg4 and  Walter I. Fried,’ “A Fabry-Perot Duochromator foi t h e  Measurement 

Acoust ic  Waves i n  Discharge-Tube Plasmas.”  

of Small Wavelength Displacements  of Spectral  Lines .  ” 

.._I. 

‘Deceased.  
‘Consultant, Universi ty  of Iowa. 
’Consultant, Universi ty  of T e n n e s s e e .  
4Summer Facul ty ,  1966,  Universi ty  of Miami. 
’Summer Par t ic ipant ,  1966, Universi ty  of Miami. 
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W. D. J o n e s ,  I. Alexeff, and M. G Payne,‘ “Observation of the Ion-Temperature Contribution 

G. G. Kel ley,  N. H. Lazar ,  J.  F, Lyon, and P. R. Bel l ,  “Reduction of Mirror Losses by Con- 

N. H. Lazar ,  G. G. Kel ley,  J. F. Lyon, and P. R. Bell, “Axial Energy Bunching of the DCX-2 

J. F. Lyon, P. R.  Bel l ,  G. 6. Kelley,  N. H. Lazar ,  and R.  F. Stratton, “Transi t ions i n  the  

to t h e  Ion-Acoustic Wave Velocity.” 

trol of P l a s m a  Potent ia l .”  

540-kV H,’ Beam.” 

DCX-2 Plasma P i t c h  Angle Distribution and R F  Spectral  Pat tern.”  

tures.” 
J. Rand McNally, Jr., “Further  Studies  on Excitation-Heating of Ions t o  Moderate Tempera- 

David Montgomery,2 C e l s o  R o q ~ e , ~  and Igor Alexeff, “Energet ic  Par t ic le  Sca t te r ing  by Lab-  

0. B. Morgan, R. C. Davis ,  G. G. Kelley,  Herman Pos tma,  and R. G. Reinhardt, “Production 

R. V. Neidigh,  I. Alexeff, and W. D. Jones, “Turbulent Heat ing in  Burnout V.” 

W. L. Stirling and V. J. Meece,  “The  Effect  of Magnetic F i e l d  Variation on a Beam Plasma 

oratory Plasmas.” 

of a 20-keV Neutral  Hydrogen Beam from a 40-keV H, + Beam.” 

Generated Hot  Electron Plasma.  ’’ 
American Physical Society, Southeastern Section, Nashville, T a n . ,  Uec. 1-3, 1966 

I. Alexeff, W. D. Jones ,  and M. G. P a y n e , 6  “Observation of Landau Damping of Ion-Acoustic 

C. F. Barnet t ,  L. H. Toburen,’ R. A. Langley ,  R. D. B i r k h ~ f f , ~  and M. Y. Nakai,’ “Charge- 

M. 0. Krause and Thomas A. Carlson,”  “Simultaneous Eject ion of K and L or K and M 

Waves i n  Discharge-Tube Plasmas.” 

Exchange Cross Sect ions for Incident Atomic Hydrogen in  Various Gases ,  ” 

Electrons from Argon by TiK X Rays.”  

J. Rand McNally, Jr., “Fus ion  Chain React ions.”  

American Physical Society, New York, N .Y . ,  Jan. 30-Feb. 2, 1967 

C. F. Barnet t ,  J. A. Ray, and R. A. Langley ,  “Sta t i s t ics  of Secondary Emiss ion  from Poly- 

R. E. Budwine and A. A. Jackson  IV,’ 

K. C. Hines ,  “Single  Par t ic le  and Col lec t ive  Effects  for the Test Par t ic le  Problem in a 

M. Roberts  and 1. Alexeff, “A Magnetically Levi ta ted  Toroidal  Quadrupole for Plasma Confine- 

c rys ta l l ine  Copper and Silver Magnesium Surfaces. ” 

“The  Canonical-Unitary Transformation Correspond- 
e n c e  and Rela t iv i s t ic  Wave Equation.” 

Plasma.” 

ment.” 

6Research  Par t ic ipant ,  1966, Berea College. 
’univers i ty  of Iowa.  

‘Oak Ridge Graduate  Fe l low,  Vanderbi l t  Universi ty .  
’Health P h y s i c s  Division. 
“ P h y s i c s  Division. 
“NASA Manned Space Fl ight  Center ,  Houston,  Tex. 
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Conference on P h y s i c s  of Quiescent  P l a s m a s ,  Frasca t i ,  I ta ly ,  Jan. 10-13, 1967 

I. Alexeff, W. D. Jones ,  and D. Montgomery,’ “Electron-Temperature Variation Induced Effec ts  
and Landau Damping of Ion Acoust ic  Waves.” 

1957 U.S. Nat ional  P a r t i c l e  Accelerator  Conference, Washington, D.C., Mar. 1-3, 1967 

G. G. Kelley, “High Current D.C. Ion Beams.” 

American P h y s i c a l  Society,  Chicago, Ill., Mar. 27-30, 1967 

J. E. Simpkins, “Rel iable  Micro-Hall Probes  for U s e  i n  Liquid Helium.” 

Annual Sherwood Theoret ical  Meeting, New York, N.Y., Mar. 30-31, 1967 

R. A. Dory and 6. E. Guest ,  “Absolute  Loss-Cone Instabi l i t ies .”  

W. M. Far r  and R. L. Budwine, “Flute-Like ‘Loss-Cone’  Instabi l i t ies  in  Multi-Component 
Plasmas.” 

T h e  Travel ing Lecture  Program is conducted in  cooperation with Oak Ridge Assoc ia ted  Uni- 

vers i t ies ,  Inc., as a part of the  AEC’s program of disseminat ing sc ien t i f ic  and technica l  informa- 

t ion to univers i t ies ,  particularly t h o s e  i n  t h e  South. L,ectures delivered by ORNL personnel  present  

unclassif ied atomic energy information t o  univers i ty  undergraduate and graduate s tudents  and 

members of the  faculty. T h e  principal ob jec t ives  of the program a r e  t o  s t imulate  in te res t  in atomic 

energy and related research i n  the  university departments and t o  a s s i s t  the teaching s taff  in  ex-  

panding the scope of instruction offered under their  regular curricula. L is ted  below are  names of 

members of t h e  Thermonuclear Division s taff  who participated in the ’Traveling Lec ture  Program 

during th i s  report period. 

W. D. Jones  

J. R. McNally, Jr. 

A. H. Snell  

“Sound Waves in P lasmas  - A Bas ic  Phenomenon and a Simple Plasma 
Diagnostic Tool,” Roanoke College, Salem, Va., Sept. 30, 19G6. 

“Sound Waves in P lasmas  - A Basic  Phenomenon and a Simple Plasma 
Diagnostic Tool,” Tennessee  A & I State IJniversity, Nashville, Tenn., 
Jan. 29, 1967. 

“Sound Waves in  P lasmas  - A Basic  Phenomenon and a Simple Plasma 
Diagnostic Tool,” &rea College,  Berea, Ky., Feb. 24, 1967. 

“Sound Waves in P lasmas  - A Bas ic  Phenomenon and a Simple Plasma 
Mississippi State University, State College, miss., Diagnostic 

Apr. 7,  1967. 

Sound Waves in  Plasrnas - A Bas ic  Phenomenon and a Simple Plasma 
Diagnostic Tool, ’’ Washington & Lee University, Lexington, Va., Apr. 21, 
1967. 

“ 

“Sound Waves in P la smas  -- A Basic  Phenomenon and a Simple Plasma 
Diagnostic Tool,” University of Kentucky, Lexington, Ky., Apr. 28, 1967. 

“Gas Containment Concept for Fusion Reactor,” Southern Missionary 
College,  Collegedale,  Tenn., Feb. 23, 1967. 

“The Target Plasma Program a t  Oak Ridge,9s University of Miami, Coral. 
Gables, Fla., Mar. 30, 1967. 


