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ARSTRACT 

Experiments in  the ELMO Bumpy Torus (EBT-I) have demonstrated t h a t  plasma cur ren ts  produced by 

imicrowave-heated e lec t ron  annuli can provide macroscocically s t a b l e  plasma confinement i n  a s teady-s ta te  

bumpy torus .  EBT experiments have establ ished a reference case in  which the data  agree s u f f i c i e n t l y  

well w i t h  neoclassical  t ranspor t  theory t o  warrant a f u l l  t e s t  of t ranspor t  sca l ing .  This proof-of- 

pr inc ip le  device, EBT-P,  i s  designed t o  be a s teady-s ta te ,  microwave-heated toroidal  fusion device with 

plasma parameters extrapolable  t o  near reactor-relevant  regime. As such, EBT-P would provide a t e s t  of  

sca l ing ,  acce lera te  the development of the technology required for l a t e r  reac tor  appl ica t ions ,  provide a 

demonstration of the capabi l i ty  t o  analyze and control higher beta plasmas, t e s t  theore t ica l  s tud ies  o f  
EBT t r a n s p o r t ,  and provide a focus f o r  reac tor  appl ica t ions  design studies. As proposed, t h e  device 

wil l  be 11.2 m i n  diameter with 36 superconducting magnets. Microwave heating wil l  be accomplished a t  

110 GHz f o r  b u l k  heating and a t  rb60 GHz f o r  p r o f i l e  heating. 

bas ic  device,  including machine d iagnos t ics ,  personnel protect ion requirements, and support u t i l i t i e s  

f o r  construct ion a t  the Y - 1 2  Plant ,  Building 9201-2. 

The repor t  f u r t h e r  descr ibes  i n  d e t a i l  the 

v i  i 





EX ECUT I VE SUMMARY 

BACKGROUND 

Dur ing  1978 t h e  U.S. Department o f  Energy 's  ( D O E ' S )  O f f i c e  o f  Fusion Energy (ETM) i n i t i a t e d  an 
aggress i ve  development program t o  broaden t h e  base of t h e  magnet ic f u s i o n  research  program by  foc; ter inq 
t h e  development o f  seve ra l  o f  t h e  most p romis ing  a l t e r n a t e  f u s i o n  concepts.  

The Oak Ridge N a t i o n a l  L a b o r a t o r y ' s  (ORNL's) ELMO Bumpy Torus (EBT) concept was s e l e c t e d  by FTM's Concept 
Review Cornniittee as one o f  t he  a l t e r n a t e  concepts t o  bd pursued t o  a p r o o f - o f - p r i n c i p l e  l e v e l .  
p r o o f - o f - p r i n c i p l e  exper iment  i s  d e f i n e d  as one hav ing  a hydrogen plasma w i t h  an i o n  tempera ture  i n  t h e  
keV range and an n l  p roduc t  o f  1012-1013 ciaA3 sec. 

As p a r t  o f  t h e  o v e r a l l  EBT program p l a n ,  ORNL was au tho r i zed  t o  proceed w i t h  p r o j e c t  d e f i n i t i o n  
des ign  s t u d i e s  f o r  EBT p r o o f - o f - p r i n c i p l e  exper iments (EBT-P). 

Sec t ions  1 th rough  11 o f  t h i s  r e p o r t  summarize the  p r e l i m i n a r y  conceptual  eng inee r ing  des ign  e f f o r t  
f o r  the EBT-P dev ice .  
d i scuss ion  o f  EBT-P theory ,  a l o o k  a t  f u t u r e  exper imenta l  op t i ons ,  and a l l  eng inee r ing  drawings produced 
f o r  t h i s  r e p o r t  (see  Sect. A.9 f o r  a l l  drawing c a l l o u t s ) .  

Severa l  a l t e r n a t e  concepts were rev iewed i n  d e t a i l  by ETM d u r i n g  b r i e f i n g s  h e l d  i n  October 1978. 

The 

Th is  r e p o r t  documents t h a t  e f f o r t .  

The appendix i n c l u d e s  t h e  s c i e n t i f i c  b a s i s  f o r  t h e  eng ineer ing  s t u d i e s ,  a b r i e f  

SUMMARY OF PLASM CONFINEMENT IN EBT 

An o r d i n a r y  bumpy t o r u s  w i t h  o n l y  vacuum magnet ic f i e l d s  i s  magnetohydrodynamic (MHD) uns tab le .  
However, i n  t h e  EBTl a t  ORNL, t h i s  problem has been c i rcumvented by t h e  a p p l i c a t i o n  o f  e l e c t r o n  c y c l o t r o n  
h e a t i n g  (ECH), which, as d i scove red  i n  m i r r o r  research  a t  ORWL, c rea tes  h i g h  be ta  ( B ) ,  h o t  e l e c t r o n  
a n n u l i  t h a t  m o d i f y  t h e  t o r o i d a l  magnet ic  f i e l d  i n  such a way as t o  p reven t  MHD i n s t a b i l i t i e s .  The 
p r i m a r y  m o t i v a t i o n  f o r  EBT conf inement research  i s  t h e  f u s i o n  r e a c t o r  goal  t h a t ,  i n  t h i s  c o n f i g u r a t i o n ,  
c o u l d  p r o v i d e  h i g h  8 ,  s teady -s ta te  o p e r a t i o n  i n  a l a r g e  aspec t  r a t i o ,  h i g h  a c c e s s i b i l i t y  r e a c t o r  embodi- 
ment. 

annulus prompted a d d i t i o n a l  s t u d i e s  o f  t h e  conf inement  p r o p e r t i e s  o f  t h e  c o n f i g u r a t i o n .  
magnet ic  f i e l d  (6  kG) o f  ORNL's EBT-I dev ice ,  t h e  s t a b l e  t o r o i d a l  plasma a t t d i n s  s i g n i f i c a n t  d e n s i t y  
(Ke q, lo1' ~ m - ~ ) ,  tempera ture  (Te % 300 eV, Ti nJ 100 eV), and conf inement t i m e  
%50 kW o f  microwave power. 
mode1.l 
under way t o  p r o v i d e  deeper i n s i g h t  i n t o  t h e  s c a l i n g  o f  plasma parameters w i t h  h i g h e r  microwave f requency  
(28 GHz), magnet ic f i e l d  (10 kG) ,  and h e a t i n g  power (-200 kW). 

The demonst ra t ion  of  t h e  s t a b i l i z a t i o n  o f  t h e  t o r o i d a l l y  con f ined  plasma by t h e  e n e r g e t i c  e l e c t r o n  
Even i n  t h e  low 

% 5 msec) w i t h  18 GHz, 
T h i s  p e r m i t s  f a v o r a b l e  comparison w i t h  a d i f f u s i v e  n e o c l a s s i c a l  t r a n s p o r t  

W i th  these encourag ing  r e s u l t s  as a base l i ne ,  a new exper iment,  EBT-Scale (EBT-S), i s  p r e s e n t l y  

The EBT-I dev i ce  has e x p e r i m e n t a l l y  p rov ided  a p r o o f - o f - p r i n c i p l e :  t h e  demonst ra t ion  o f  a smooth 
t r a n s i t i o n  f rom t h e  t y p i c a l  MHD-unstable bumpy t o r u s  regime [when t h e  annulus be ta  ( cannulus ) i s  low] 
i n t o  a macros tab le  h o t  plasma regime ex tend ing  ove r  a s i g n i f i c a n t  range o f  o p e r a t i n g  c o n d i t i o n s  p rov ided  

'annu 1 us 
opera t i ng ,  work has progressed f rom a demonst ra t ion  o f  t h i s  m a c r o s t a b i l i t y  t o  an i n c r e a s i n g l y  d e t a i l e d  
unders tand ing  o f  plasma p r o p e r t i e s .  
Bumpy Torus (NBT) i n  Nagoya, Japan, wh ich  i s  o p e r a t i n g  and o b t a i n i n g  r e s u l t s  s i m i l a r  t o  those of EBT-Ie2] 

S t a b i l i t y  c a l c u l a t i o n s  have shown t h a t  t h e  a n n u l i  and t h e  t o r o i d a l  plasma i n  EBT serve  t o  s t a b i l i z e  
each o t h e r  and t h a t  uns tab le  c o u p l i n g  o f  t h e  two plasmas does n o t  o c ~ u r , ~ ' ~  a f a c t  v e r i f i e d  i n  EBT-I a t  
l o w  B .  

exceeds t h e  t h e o r e t i c a l l y  p r e d i c t e d  va lue  f o r  s t a b i l i t y .  I n  t h e  s i x  gea rs  s i n c e  EBT-I began 

[It shou ld  be no ted  t h a t  t h e r e  i s  now a second EBT, t h e  Nagoya 

T h e o r e t i c a l l y ,  b a l l o o n i n g  modes i n  t h e  t o r o i d a l  co re  plasma l e a d  t o  upper l i m i t s  on t h e  con- 

t a i n a b l e  amount of c o r e  plasma (it i s  found t h a t  va lues  o f  B,,,, cannot g r e a t l y  exceed ~annu,us. ) 

i x  



However, t h e  r e s u l t i n g  va lues  of  B,,,, a re  h i g h  enough t o  be a t t r a c t i v e  f o r  r e a c t o r  designs. 
l a t i o n s  based on MHD t h e o r y  l e d  t o  e a r l y  concern about t h e  b a l l o o n i n g  i n s t a b i l i t y  o f  t he  annulus.  
However, MHD t h e o r y  p rov ides  an inadequate d e s c r i p t i o n  o f  annulus behav io r ,  and a k i n e t i c  t rea tmen t  
demonstrates t h a t  b a l l o o n i n g  modes a re  s t a b i l i z e d .  Also,  a number o f  m i c r o i n s t a b i l i t i e s  t h a t  cou ld  
conce ivab ly  occur  i n  t h i s  system have been s t u d i e d  and a r e  found t o  be s t a b l e  f o r  t h e  expected f i e l d  and 
plasma g rad ien ts .5  

So f a r ,  t h e o r e t i c a l  s t u d i e s  have p rov ided  no s i g n i f i c a n t  ev idence o f  macroscop ica l l y  uns tab le  
behav io r  o f  t h e  t o r o i d a l  plasma i n  i n t e r e s t i n g  regimes, and t h e  EBT-I exper i inent has demonstrated n e a r l y  
qu iescen t  T-laode o p e r a t i o n  w i t h  ve ry  low d e n s i t y  f l u c t u a t i o n  l e v e l s .  I n  exper iments c o l l  i s i o n l e s s  
s c a l i n g  (energy conf inement  t ime  inc reases  w i t h  tempera ture)  has been observed, and t h e  magnitude o f  

observed plasma parameters ( i o n  and e l e c t r o n  temperatures,  plasma dens i t y ,  and conf inement t i m e )  and the  
va lues  and behav io r  p r e d i c t e d  by n e o c l a s s i c a l  t heo ry  a re  ve ry  encouraging: i n  t h e  '[-mode t h e  EBT-I 
plasma parameters semi e n t i r e l y  c o n s i s t e n t  w i t h  n e o c l a s s i c a l  t r a n s p o r t  p r e d i c t i o n s .  
i s ,  o f  course, i n  a l i m i t e d  range of  parameters and has a coarse na ture ,  as d i c t a t e d  by t h e  smal l  s i z e  
o f  t h e  experiir ient and by d i a g n o s t i c  1 i m i t a t i o n s  assoc ia ted  w i t h  o p e r a t i o n  a t  l o w  microwave frequency, 
l ow  inagnet ic f i e l d ,  and low plasma dens i t y .  

Calcu- 

i s  c o n s i s t e n t  w i t h  n e o c l a s s i c a l  t h e ~ r y . ~ - ~  The r e s u l t s  o f  a comparison between t h e  e x p e r i m e n t a l l y  

The correspondence 

THE LOGIC OF THE EBT-P DESIGN 

Th is  r e p o r t  summarizes t h e  work t h a t  was undertaken on EBT-P d u r i n g  1979. Th is  dev i ce  has evo lved 
f rom the  e a r l i e r  E B T - I 1  design,10511 which was presented  t o  ETM's Concept Relliew Committee. 
o p t i m i z a t i o n  o f  t h e  des ign  r e f l e c t s  advances made i n  t h e  t h e o r e t i c a l  s tud ies  o f  t h e  EBT plasma. 
t h i s  work has been p u b l i ~ h e d , ~ - ~ y ~ ~  and a b r i e f  surninary o f  t h e  s a l i e n t  p o i n t s  i s  g i ven  i n  Sects.  A.2, 
A.3, and A.4. The dev i ce  i s  designed i n  i t s  
b a s i c  fo rm t o  ach ieve  n r  2 1 0 l 2  The dev i ce  parameters t h a t  
shou ld  g i v e  these c o n d i t i o n s  have been e s t a b l i s h e d  by  us ing  s imp le  EBT s c a l i n g  arguments.lOsll 
seve ra l  yea rs  EBT s c a l i n g  has been a fundamental e lement i n  des ign  s tud ies ;  i t  i s  based upon bas i c  
t h e o r e t i c a l  s c a l i n g  laws w i t h  c o e f f i c i e n t s  determined f rom exper imenta l  measurements f rom EBT-I/S. The 
more d e t a i l e d  theo ry  compares f a v o r a b l y  w i t h  exper imenta l  r e s u l t s  i n  the  T-inode o f  o p e r a t i o n  i n  EBT and 
con f i rms  t h a t  t h e  gross  behav io r  o f  t h e  t o r o i d a l  c o r e  d e n s i t y  and temperatures i s  dominated by t h e  
n e o c l a s s i c a l  e l e c t r o n  t r a n s p o r t  c o e f f i c i e n t s ,  l e a d i n g  t o  EBT s c a l i n g  o f  (see Sect.  A.2) nT Q, A2 T i l 2  
f o r  smal l  c o l l i s i o n a l i t y  v/n, where c o l l i s i o n a l i t y  i s  de f i ned  as V / Q  pli n/TZI2  (BR a ) .  
mean plasma r a d i u s ,  and A i s  the  magnet ic aspect r a t i o  d e f i n e d  as R/Rc, where R and Rc a re  the  ma jo r  
r a d i u s  o f  t he  t o r u s  and t h e  t i iaynet ic r a d i u s  o f  curva ture ,  r e s p e c t i v e l y .  For conserva t i ve  es t ima tes ,  t h e  
c o l l i s i o n a l i t y  i s  assumed t o  be cons tan t .  

t o r o i d a l  c o i l  se t ;  such c o i l s  a r e  known, r e s p e c t i v e l y ,  as aspect r a t i o  enhancement (ARE) c o i l s  and trim 
c o i l s .  The e f f e c t i v e  aspec t  r a t i o  w i t h  ARE c o i l s  may be w r i t t e n  as Aeff  = (R/Rc) fARE = A fARE. 
c o i l s  on EBT-P i r i ight  l e a d  t o  an enhancement f a c t o r  as h i g h  as fARE - 2 (see Sect.  A.7.1). 

< e l e c t r o n  c y c l o t r o n  
frequency, U ,  ) imposes an upper l i m i t  on d e n s i t y  n, wh ich  sca les  as t h e  square o f  t h e  magnet ic  f i e l d ;  
i .e., 
The resonance occurs  i n  t h e  r e g i o n  between t h e  c o i l s ,  and f o r  m i r r o r  r a t i o  M 2, t h e  maximum f i e l d  a t  
t h e  c o i l  BFI - 26,. 

Us ing  t h e  above formulae and s c a l i n g  f rom EBT-I ,  one can f i n d  t h a t  EBT-P shou ld  have f > 60 GHz, 
Br 2 2 T, BM 2 4 T, and A > 8. 

The f u r t h e r  
Much o f  

One paper y e t  t o  be pub l i shed  i s  appended t o  Sect. A.2.8 
sec w i t h  n 5 1013 cm-3 and T 2 1 keV. 

For 

Here a i s  t he  
C P  P 

It i s  p o s s i b l e  t o  m o d i f y  t h e  aspect r a t i o  and m i r r o r  r a t i o  w i t h  c o i l s  a d d i t i o n a l  t o  t h e  s imp le  

Such 

F i n a l l y ,  t h e  c u t o f f  f o r  microwave propagat ion  ( e l e c t r o n  plasma frequency w 
Pe - 

ce 
% f2 - B;, where f i s  t h e  a p p l i e d  i i i icrowave f requency  and B i s  t h e  resonant  magnet ic f i e l d .  nmax p u r 

u -  

X 



A machine such as t h i s ,  w i t h  t h e  a d d i t i o n a l  c o n s t r a i n t  t h a t  t h e  plasma r a d i u s  shou ld  sca le  up from 
t h e  p resen t  dev i ce  toward t h e  r a d i u s  expected f o r  t h e  n e x t  phase (see Sect.  A.8), w i l l  have a l a r g e r  
n id jo r  r a d i u s  and l a r g e r  t o r o i d a l  c o i l s .  
c o i l  power f o r  Br = 0.6 T, EBT-P w i l l  have R z 3 M; consequent ly,  w i t h  copper c o i l s  t h e  needed power 
w i l l  be i n  excess o f  50 MW. 
and because f u r t h e r  power i s  r e q u i r e d  f o r  p roduc ing  t h e  r i n g s  and plasma, we f o l l o w  t h e  EBT-I1 l o g i c  i n  
us ing  superconduct ing  c o i l s .  l o  

sh ie lds ,  t h i s  i n  t u r n  m o d i f i e s  t h e  magnet ic  geometry. 
geometry and s i n g l e - p a r t i c l e  conf inement comparable w i t h  t h a t  i n  E B T - I .  
ensure  t h a t  s c a l i n g  f rom E B I - I  would be v a l i d  (see S e c t .  A.4). 

t i e s ,  A 2 l G ,  and a = 0.113 m. The f i e l d  proposed f o r  these c o i l s  i s  as l a r g e  as we b e l i e v e  p o s s i b l e  
w i t h  p resen t  superconduct ing  c o i l  techno logy ,  BM = 8 1' (see Sect. A.4). The rnaxiiiiurn resonant  f requency  
i s  f = 110 GHz. Progranis a r e  under way t o  produce prcstotype c o i l s  (see Sects.. 7.1 and 8.4)  and t o  

develop t h e  h i g h  f requency  gy ro t rons  f o r  o p e r a t i o n  a t  110 GHr and 60 GHz (see Sects.  7.2 and A.5) .  
make t h i s  program b o t h  cos t -  and t i m e - e f f e c t i v e ,  we pr'opose a dev-ice t h a t  w i l l  be upgrdded i n  s tages .  

I n  comparisorl t o  EBT-I, wh ich  has Kc = 1.5 111 and uses 5 Mw o f  

Because t h e  s teady -s ta te  o p e r a t i o n  o f  EBT-P i s  an impor tan t  c o n s i d e r a t i o n  

Because o f  t h e  need fclr r a d i a t i o n  s h i e l d i n g  and dewar. and thermal 
Designs have been cons idered t h a t  have a magnet ic 

Th is  c o n s t r a i n t  i s  a p p l i e d  t o  

The end r e s u l t  o f  these o p t i m i z a t i o n s  i s  t h e  proposa l  f o r  a b a s i c  dev i ce  w i t h  R = 5.6 m, 36 c a v i -  

P 

To 

Fo 1 1 owi ng a r e  some ujg-r?dg.o~t%s-. 

A l though t h e  d e v i c e  can opera te  a t  110 GHz w i t h  60-GHz p r o f i l e  hea t ing ,  i t  may we l l  s t a r t  a t  60 61-12, 
u s i n g  t h e  e x i s t i n g  EBT-S 28-GHz gy ro t rons  f o r  p r c ' f i l e  hea t ing .  
The a p p l i c a t i o n  o f  i o n  c y c l o t r o n  h e a t i n g  (ICH) i s  d iscussed i n  Sect.  A.7.2. 
The a p p l i c a t i o n  o f  n e u t r a l  beams i s  d iscussed i n  Sect. A.7.3. 

(1 )  

( 2 )  

( 3 )  
( 4 )  To accommodate power fu l  s teady -s ta te  n e u t r a l  bean, hea t ing  w i t h  i t s  assoc ia ted  h i g h  p a r t i c l e  f l u x ,  

i s  be l  ow m i  crowave we propose t h e  a d d i t i o n  o f  a d i v e r t o r  t o  n i a i n t a i r  a cons tan t  plasma d e n s i t y  t h a t  
c u t o f f .  
The b a s i c  machine i s  designed w i t h  trim c o i l s  t o  v a r y  t h e  m i r r o r  r a t i o ,  and t o  a 
a d d i t i o n  o f  ARE c o i l s  (see Sect. A.7.1). 

F i n a l l y ,  t h e  dev i ce  i s  designed f o r  a r e b u i l d  i n  a 4 8 - c o i l  ve rs ion .  

( 5 )  

(6) 

l ow  f o r  t h e  

The parameters o f  t h e  b a s i c  machine and t h e  u l t i n t a t e  upgraded dev i ce  are  giver1 i n  t h e  t a b l e  f o l l o w -  
i n g  t h i s .  To a c c e l e r a t e  t h e  program and check t h e  e f f i c i e n c y  o f  t h e  v a r i o u r  o p t i o n s ,  we have proposed 
and a r e  implei i ient ing a more aggress ive  exper imenta l  program on t h e  p resen t  EBT dev ice  (see Sect. A.8). 
EBT-I uses up t o  60 kW o f  18-GHz power p l u s  up t o  30 kW of p r o f i l e  hea t ing  a t  10.8 GHz. 
i n i t i a l l y  use up t o  200 kW a t  28 GHz p l u s  60 kW a t  18 G H z .  Upgrades approved f o r  FY 1980 i n c l u d e  ARE 
c o i l s ,  I C H ,  a d i a g n o s t i c  n e u t r a l  beam, and des ign  s tuc ' ies  f o r  a d i v e r t o r ,  
d i a g n o s t i c s  and d a t a  a c q u i s i t i o n  systems a r e  be ing  a p g l i e d .  Proposed f o r  FY 1981-1983 a re  t h e  a p p l i -  
c a t i o n  o f  f u r t h e r  ECH power, I C H  power, a d i v e r t o r ,  and more power fu l  n e u t r a l  beams. 

€ET-S w i l l  

I n  a d d i t i o n ,  more ex tens i ve  

x i  



EB'T-P device parameters 
. . . . .. . . . -. .. .. . 

U1 tinlately 
Basic upgraded 
devi ce dev i ce 

Machine 

Number o f  c o i l s  

Magnetic f ie ld-on-axis  
(cavi ty ,  c o i l )  

Major radius  

Coil mean radius  
(mirror ,  t r im)  

Aspect r a t i o  ( c o i l )  

Mirror r a t i o  

Hot e lectron annulus 

e n 

Te 

36 48 

2 . 5 - 3 . 0  T ,  5.7 'r 
5.6 rn 7 . 2 111 

35 cm, 52 cm 
20 -f 40 16:l 

1.9-2.3 

1-6 x 1 O I 2  c11r3 

500-2000 keV 

'annulus 10-50% 

Toroidal plasma 

Maximum 8 

-1.6 x 1013 cm-3 (nom) -6 x 1013 

23 

2 3 1  

%2 keV (nota) 

0.5% (nom) 

Mean pl asiiia -19 crn 
P1 asma volume 4000 l i t e r s  -5200 

n T  1012 sec cm-3 1013 

P a r t i c l e  confinement 

Trapped 2.75% ~ 8 5 %  

Passing ( t o r o i d a l )  %20% -55% 
.... ~ ._ 

xi i 
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1. INTRODUCTION 

Dur ing  1978 t h e  U.S. Department o f  Energy 's  ( D O E ' S )  O f f i c e  o f  Fus ion  Energy (ETM) i n i t i a t e d  an 
aggress ive  development program t o  broaden t h e  base o f  t h e  magnet ic  f u s i o n  research  program by f o s t e r i n g  
t h e  development o f  seve ra l  o f  t h e  most p romis ing  a l t e r n a t e  f u s i o n  concepts.  
plasma conf inement approach t h a t  does n o t  f a l l  w i t h i n  t h e  main-1 i n e  tokamdk o r  m i r r o r  f u s i o n  programs 
and t h a t  appears t o  show promise f o r  a f u s i o n  r e a c t o r .  It i s  i n tended  t h a t  t h e  development e f f o r t  l ead  
t o  t e s t i n g  e x p e r i m e n t a l l y  one o r  more a l t e r n a t e  concepts a t  t h e  p r o o f - o f - p r i n c i p l e  l e v e l  by t h e  end o f  
FY 1984. The p r o o f - o f - p r i n c i p l e  exper iment  i s  d e f i n e d  a5 a hydrogen plasma conf inement exper i inent i n  
which n e a r l y  a l l  o f  t h e  r e l e v a n t  d in lens ion less  phys i cs  parameters such as c o l l i s i o n a l i t y ,  be ta ,  e t c . ,  
a r e  near enough t o  t h e  r e a c t o r  plasma regime t o  a l l o w  a reasonab le  e x t r a p o l a t i o n .  
d i t i o n s  f o r  such an exper iment  m i g h t  be an i o n  tempera ture  i n  t h e  keV range ancl an n r  p roduc t  o f  
1017-1013 cm-3 sec. 

An a l t e r n a t e  concept i s  a 

T y p i c a l  plasma con- 

Severa l  a l t e r n a t e  concepts were reviewed i n  d e t a i l  by  ETM d u r i n g  b r i e f i n g s  h e l d  i n  October 1978. 
Based on e v a l u a t i o n s  by ETM's Concept Review Committee, t h e  Oak Ridge N a t i o n a l  L a b o r a t o r y ' s  (ORNL's) 
ELMO Bumpy Torus  (EBT) concept  was accepted as one o f  t h e  a l t e r n a t e  concepts t o  be pursued a t  d p r o o f -  
o f - p r i n c i p l e  l e v e l .  
Ridge Opera t ions  (ORO), and ORNL was prepared as a key p lann ing  document f o r  t he  i n i t i a l  phases o f  t he  
p r o j e c t ,  T h i s  MOA, inc.luded i n  Sect. 9, o u t l i n e s  t h e  r o l e  o f  key p a r t i c i p a n t s .  As p a r t  o f  t h e  o v e r a l l  
EBT program p lan ,  ORNL was a u t h o r i z e d  t o  proceed w i t h  p r o j e c t  d e f i n i t i o n  des ign  s t u d i e s  f o r  EBT p roo f -  
o f - p r i n c i p l e  exper iments  (EBT-P), T h i s  r e p o r t  documents t n a t  e f f o r t .  

l o c a t e d  i n  t h e  Y-12 P l a n t .  
s t a t e ,  c y c l o t r o n  resonant,  t o r o i d a l  magnet ic  f i e l d  o f  3.9 T f o r  e l e c t r o n  c y c l o t r o n  h e a t i n g  (ECH) w i t h  
microwaves a t  110 GHz. 
3.0 T i n  t h e  c a v i t y  midplane. 
gy ro t rons ,  and p r o f i l e  hea t ing  w i l l  be p rov ided  by t h r e e  60-GHz, 200-kW cw gy ro t rons .  
ma jo r  r a d i u s  and mean c o i l  r a d i u s  a re  560 cm and 35 cm, r e s p e c t i v e l y ,  y i e l d i n g  a mechanical aspect 
r a t i o  o f  app rox ima te l y  16. The b a s i c  dev i ce  parameters o f  microwave frequency and power, magnet ic 
f i e l d ,  and s i z e  shou ld  a l l o w  exper iments t h a t  ope ra te  i n  near  o r  s i m i l a r  c o l l i s i o n l e s s  regime as 
observed i n  t h e  p resen t  exper iment,  EBT-I, and thus  p r o v i d e  a d e f i n i t i v e  t e s t  o f  plasma s c a l i n g ,  
EBT-P des ign  a150 i n c l u d e s  p lann ing  f o r  t h e  p o s s i b l e  f u t u r e  a d d i t i o n  o f  aspect r a t i o  enhancement (ARE) 
c o i l s ,  n e u t r a l  beam and i o n  c y c l o t r o n  heat ing ,  a d i v e r t o r ,  and t h e  expansion o f  t he  t o r u s  t o  l a r g e r  
d iameter  c o n f i g u r a t i o n s .  P lann ing  c o n s i d e r a t i o n s  f o r  these o p t i o n s  a r e  d iscussed i n  g r e a t e r  d e t a i l  
t h roughou t  t h e  r e p o r t .  

Sec t i ons  1 th rough 11 o f  t h i s  r e p o r t  summarize t h e  p r e l i n i i n a r y  conceptual  eng inee r ing  des ign  e f f o r t  
f o r  t h e  EBT-P dev ice .  The appendix i nc ludes  t h e  s c i e n t i f i c  b a s i s  f o r  t h e  eng ineer ing  s tud ies ,  a b r i e f  
d i s c u s s i o n  o f  EBT-P t h e o r y  as w e l l  as a l o o k  a t  f u t u r e  2xper imental  o p t i o n s ,  and a l l  eng inee r ing  draw- 
i n g s  produced f o r  t h i s  r e p o r t  (see Sect.  A.9 f o r  a l l  d rswing  c a l l o u t s ) .  

A Memorandum o f  Agreement (MOA), da ted  March 15, 1979, between LTM, D O E ' $  Odk 

The EBT-P dev ice  as d e f i n e d  i n  t h i s  r e p o r t  i s  proposed f o r  c o n s t r u c t i o n  a t  O R N L ' s  B u i l d i n g  9201-2, 
EBT-P w i l l  use 36 superconduct ing  c o i l s  t o  p r o v i d e  t h e  r e q u i r e d  steady- 

The peak des ign  f i e l d s  a r e  8 .0  T i n  t h e  c o i l ,  5.7 T i n  t h e  c o i l  t h r o a t ,  and 
B u l k  ECH w i l l  be p rov ided  by s i x  110-GHz, 200-kW cont inuous  wave (cw) 

The t o r u s  

The 

1 





2.  PHYSICAL DESCRIPTION Of; PROJECT 

This preliminary design repor t  i s  based on t h e  i n s t a l l a t i o n  of the tL3T-P experiment i n  Building 

9201-2 i n  the Y-12 Plant. 

west o f  the  e x i s t i n g  EBT-I /S .  

equipment required f o r  EBT-P.  

0003 and X2E-14270-0004. 

The device and i t s  enclosure wil l  be located on the  second f l o o r  immediately 

Drawings X2E-14270-0008 (shee ts  1 and 2 )  show the physical layout of the 

Plan and elevat ion views of the  device a r e  show i n  Drawings XiE-14270- 

The physical c h a r a c t e r i s t i c s  of t h e  device a r e  presented i n  Tabl? 2 . 1 .  

The EBT-P device i s  a 5.6-m major rad ius ,  3 6 - s e c t ~  toroidal  device. The toroidal  vdciium vesse l  
i s  composed of 36 aluminum mirror  cavi ty  sec tors  a l t e r i a t i n g  with 36 auxi l ia ry  vacuuiii liner, set.tors. 

tach a u x i l i a r y  vacuum l i n e r  i s  located concentr ic  with t h e  inner bore of each mirror co i l  vacuuiil dewar 

assembly with a 0.05-0.10-in. radial  clearance and contains  f l e x i b l e  expansion j o i n t s  t o  dccmiiiodaw 

Table 2.1. EBT-P design parameters 

Torus 

Torus major radius  

Number of sec tors  

Mininiuiii c l e a r  bore radius  

Torus volume 

Torus surface area 

Superconductiny magnet assembly 

Mirror c o i l  

Number of c o i l s  36 

Winding mean radius 35 cm 

Winding area 165 z m 7  
Design cur ren t  densi ty  6600 A/cm2 

Maximum f i e l d  a t  winding 8.0 .- 

Device magnetics 

--rim c o i l  on 

Mirror r a t i o  1.9 

Coil cen t ra l  f i e l d  5.7 *.. 

Mirror cent ra l  f i e l d  3.0 

Mirror co i  1 cur ren t  densi ty  

Trim coi l  cur ren t  densi ty  

5000 A / c d  

6700 A/cm2 

Microwave heating system 

Number of gyrotroris 

Frequency 

Total power 

Torus vacuum system 

Primary system 

U 1  tiniate pressure 

Bulk 

6 

110 ( I H Z  

1 .2 MW 

18-3CO0 1 i t e r / s e c  

5 x t o r r  

cryosorption pumps 

5.6 in 

36 

19 cm 

10.4 m3 
58.87 m 2  

Trim coi l  

36 

52 cm 

164 cm2 

6700 A / c d  

2 . 0  T 

Trim coi l  o f f  
2.3 

5.7 T 

2.5 T 

6600 A/cm2 

0 

Prof i 1 e 

3 

60 GHz 

600 kW 

Operating pressure %10-6 t o r r  

Pumping speed per por t  1000 l i t e r / s e c  
.. ._ . 

3 
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thermal expansion of t h e  torus .  

s e c t o r s ,  located between each vacuum dewar assembly. 

Access ports  f o r  d iagnos t ics ,  e t c . ,  a re  provided i n  the mirror cavi ty  

The s teady-state  EBT-P plasma i s  contained by the magnetic f i e l d  generated by the 36 mirror 

( toro ida l  f i e l d )  c o i l s ,  which have r a d i a l l y  s p l i t  windings (primary mirror winding and auxi l ia ry  t r im 

winding), allowing adjustment of the device mirror r a t i o .  Each c o i l  cons is t s  o f  these two l iqu id-  

helium-cooled (pool bo i l ing)  NbTi superconducting windings enclosed i n  a s t a i n l e s s  s t e e l  case.  Each o f  

these encased c o i l s  i s  mounted internal  t o  a s t a i n l e s s  s t e e l  vacuum dewar via  a system of titanium 

tension s t r u t s  t h a t  c a r r i e s  the magnetic load from the c o i l s  t o  the dewar outer  r ing t o  t h e  device 

s t ruc tura l  supports. 

external t o  the evacuated area pro tec ts  each superconducting co i l  from photon (bremsstrahlung) rad i -  

a t ion .  

dc power suppl ies  through he1 ium-vapor-cooled leads arranged in  s e r i e s  fashion. 

protect ion i s  provided f o r  each c o i l .  

S tab i l iza t ion  and heating of the  plasma are  provided by the  in jec t ion  of 1.8 MW of microwave power 

a t  frequencies of 60 and 110 GHz in to  the toroidal  vessel .  The microwave power i s  t ransmit ted from the 

nine gyrotron power sources t o  the vacuum vessel via separate  bulk and p r o f i l e  oversized waveguides 

having symmetrical connections t o  each mirror cavi ty .  The gyrotron i s  a microwave power o s c i l l a t o r  

based upon the  pr inc ip les  of t h e  cyclotron resonance imaser. No auxi l ia ry  heating i s  included in  the  

base design, although provisions have been made t o  accommodate the  eventual addi t ion o f  neutral  beam 

i n j e c t o r s .  

Primary pumping of t h e  toroidal  vacuum vessel i s  accomplished through the  use o f  eighteen 10-in. 

cryosorption pumps located on every other  rnirror cavi ty .  A roughing system, composed o f  cryosorption 

and turbomolecular pumps, i s  u t i l i z e d  f o r  the  i n i t i a l  pumpdown of t h e  toroidal  vacuum vessel and coi l  

vacuum dewars and f o r  the regeneration of the primary cryosorption pumps. 

vacuum dewars i s  accomplished through the use o f  a 7-in. cryosorption pump on each dewar. 

cryosorption pumps wil l  be shielded from sca t te red  microwave energy by a water-cooled, perforated 

copper p la te  located i n  each pumping port .  

The experiment i s  housed in a th ree- leve l ,  concrete/lead enclosure extending from 4 f t  below f i r s t  

f l o o r  level (9201-2) t o  19 f t  above second f l o o r  l e v e l .  The two upper leve ls  - t h e  operating level and 

the  mezzanine level  - a r e  surrounded by a 27-in.-thick concrete/ lead biological  rad ia t ion  shield.  

operating level t h e  torus  s t r u c t u r e  i s  mounted t o  a concrete pad supported by concrete columns. 

Approximately 4 f t  above the operating f l o o r  i s  the  torus  midplane. 

below the  operating f l o o r ,  provides operating access t o  diagnost ic  and a n c i l l a r y  equipment. 

t o  t h e  experiment wil l  be through a "darkroom maze" on the  mezzanine level t h a t  i s  designed t o  a t tenuate  

re f lec ted  radiat ion.  Housed on  the lower level  of the enclosure a re  t h e  gyrotron assemblies, the 

regulator  and crowbar portion of t h e  gyrotron power suppl ies ,  and the mirror c o i l  dc power suppl ies .  

A control room located adjacent  t o  t h e  shielded enclosure i n  the northwest low-bay area wil l  house 

a l l  instrumentation and control components and diagnost ics .  

device where space i s  ava i lab le .  

r e f r i g e r a t i o n  equipment wil l  be located on the north low-bay roof ins ide  a metal enclosure, and the  

compressor wil l  be located on a covered concrete pad a t  the west end of the  building. 

the building wi l l  be helium gas s torage tanks t o  acconitiiodate the  gas-equivalent content o f  the l iqu id  

helium system. 

high voltage switchgear wi l l  be located on an open, fenced concrete pad on the  south s ide  of Building 

9201-2, and t h e  remainder of t h e  high voltage power supply equipment wil l  be she l te red  i n  a building 

addi t ion a t  the  west end of the  building. 

A tungsten a l l o y  sh ie ld  located on the  inner bore and s ides  of the  vacuum dewar 

Power i s  supplied t o  the mirror windings and t r im windings from t h e i r  respect ive h i g h  current  

Automatic quench 

Primary pumping of the coi l  

The torus 

A t  the  

The mezzanine f l o o r ,  d i r e c t l y  

Entrance 

Mechanical equipment associated with device operation wil l  be located reasonably c lose  t o  the 

T h e  cold box and l iqu id  helium s torage  dewar portion of the  helium 

Located outs ide 

The gyrotron power suppl ies  wi l l  be located i n  two areas  adjacent t o  the experiment s i t e .  The 



3 .  PROJECT PURPOSE AND JUSTIFICATION 

3.1 PROJECT PURPOSE 

The purpose of the  EBT-P p ro jec t  i s  the  design,  procurement, f a b r i c a t i o n ,  i n s t a l l d t i o n ,  and opera- 

t i o n  of an experimental fusion device based on the  EBT concept, t h i s  device, however, will provide a 

higher densi ty ,  nigher temperature proof-of-pr inciple  extension of t h a t  concept extrapolable  t o  the 

reac tor  plasma regime. 

duced by microwave-heated, hot e lec t ron  annuli can provide macroscopically s tab le  pldsnia confinement in  

a s teady-s ta te  bumpy t o r u s ,  The EBT experiments have es tab l i shed  a reference cdse in which the data  

agree s u f f i c i e n t l y  well w i t h  neoclassical  t ranspor t  thecry t o  make imperative a f u l l  test o t  tne  t rans-  

port sca l ing .  I f  the  EBT approach can be extended to  ccnfine high beta toroidal  plasmas, i t  wi l l  offer. 

an a t t r a c t i v e  a l  t e rna t ive  t o  the  tokamak and magnetic iiiirror approaches t o  control led thermonuclear 

Fusion. 

Experiments i n  the  ELMO Bumpy Torus (EBT-I and EBT-S) have demonstrated L h d t  pldsmd cur ren ts  Dro- 

Our present  understanding of equi l ibr ium, s t a b i l i t y ,  and t ranspor t  in  LET has suqgested a sequence 

of experimental devices and r e l a t e d  research a c t i v i t i e s  leading progressively todard an a t t r a c t i v e  

f u l l - s c a l e  reac tor .  The implementation of the s teps  in t h i s  sequence hinges on the development of very 

h i g h  power cw microwave sources a t  mil l imeter  wdvelengtbs. 

the technology required f o r  l a t e r  reac tor  appl ica t ions ,  provide a demonstration o f  t h e  capabi l i ty  t o  

analyze and control  higher beta plasmas, t e s t  theore t ica l  s tud ies  o f  EBT t ranspor t ,  and provide a focus 
f o r  reac tor  appl icdt ion design s t u d i e s .  

The EBT-P device described herein would provide a t e s t  of sca l ing ,  acce lera te  the development of 

3.2 JUSTIFICATION OF NEED AND SCOPE 

A quote from the WE "Report on the Concept Review Committee Recommendations f o r  Proof-of-Principle 

A1 t e r n a t e  Concept Progrdms," DOE/ET-0085, sunnriarizes the  cur ren t  DOE policy and the basis  f o r  t h i s  

pro jec t  : 

The recent ly  announced DOE pol icy statement on  the development of fusion energy places 
increased emphasis on the t e s t i n g  of promising a l t e r n a t e  concepts. More s p e c i f i c a l l y ,  t h i s  
policy suggests comparisons of promising a l t e r n a t i v e s  w i t h  tokamaks and rnirrors i n  the mid 
1980's .  In order  t o  make these concept comparisons, i t  i s  necessary t o  extend g r e a t l y  the 
s c i e n t i f i c  data  base for  the a l t e r n a t i v e  concepts tgward the reac tor  regime t o  provide s i g -  
n i f i c a n t  experimental t e s t s .  
p r inc ip le  (POP)  experiments and have most of the  important dimensionless parameters in o r  
near the reac tor  regime. A POP experiment f o r  an a l t e r n a t e  concept can be considered the 
s c i e n t i f i c  equivalent  of PLT i n  the  tokamak program. 

I t  has long been recognized t h a t  a bumpy torus  configurat ion would contain s ing le  p a r t i c l e s .  The 

v e r t i c a l  d r i f t  motion, a common f e a t u r e  of a l l  toroidal  devices t h a t  r e s u l t s  from the  var ia t ion  o f  the 

magnetic f i e l d  with major rad ius ,  i s  combined i n  the  bum3y torus with an azimuthal d r i f t  t h a t  i s  the 

r e s u l t  of  the  var ia t ion  o f  the magnetic f i e l d  k i t h  minor radius .  Although s i n g l e  p a r t i c l e s  a r e  well 

contained, a plasma i s  unstable  i n  a simple bumpy torus .  

rad ius ,  the f e a t u r e  r e s u l t i n g  i n  s i n g l e - p a r t i c l e  confineinent, i s  such t h a t  the energy can be reduced i f  
the plasma expands t o  regions of lower magnetic f i e l d .  

i n s t a b i l i t i e s .  The unique f e a t u r e  of  the ELMI Bumpy Torus (EBT) i s  t h e  f a c t  t h a t  the niagnetic f i e l d  i s  
modified by p l a s m  cur ren ts  such t h a t  an unstable configuration i s  transformed i n t o  a s t a b l e  one. 

mirror  with e lec t ron  cyclotron resonarice heating ( E C R H ) .  

These significant t e s t s  have been designated as  proof-of- 

The var ia t ion  of the magnetic f i e l d  i n  minor 

' this gives r i s e  t o  iriagnetohydrodynarnic ( M M D )  

Early ORNL experiments revealed t h a t  an annulus of high energy e lec t rons  was formed in  a simple 

These annuli s i g n i f i c a n t l y  modified the 
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vacuum magnet ic  f i e l d .  I t  has been con jec tu red  t h a t  i f  t h e  same e f f e c t  occu r red  i n  a buiiipy to rus ,  i t  
aou ld  s t a b i l i z e  the  plasma. EBT, wh ich  f i r s t  opera ted  i n  1973, v e r i f i e d  t h i s  p r i n c i p l e .  T h i s  dev i ce  
has now opera ted  wi th ECRH u s i n g  f requenc ies  a t  10.6 and 18 GHz t o  achieve plasmas w i t h  d e n s i t i e s  o f  
1 0 l 2  and e l e c t r o n  temperatures o f  400 eV. 

The parameters achieved, as w e l l  as a nuniber o f  t e c h n o l o g i c a l  f e a t u r e s  o f  EBT, made t h i s  dev i ce  
a t t r a c t i v e  as a cand ida te  f o r  a f u s i o n  r e a c t o r .  Some o f  these advantages i n c l u d e  s teady -s ta te  opera- 
t i o n ,  modular c o n s t r u c t i o n ,  and h i g h  aspec t  r a t i o  ( t h e  r a t i o  0-F i i ra jor  t o  minor  r a d i u s ) .  

An ad hoc commit tee convened by ETM, w i t h  John Fos te r  as chairman, examined t h e  f u s i o n  e f f o r t  i n  
t h e  U.S. T h e i r  reco rnenda t ion  wds t o  broaden t h e  research  e f f o r t  t o  i n c l u d e  a l t e r n a t i v e s  t o  t h e  l e a d i n g  
concepts.  To implement t h a t  recommendation, a r e v i e w  o f  a l t e r n a t i v e  concepts was h e l d  i n  1978 t o  
i d e n t i f y  t he  most  p romis ing  ones. 
o f  t h a t  rev iew,  EBT was chosen as one concept f o r  more i n t e n s i v e  development. 

1-he l ead ing  concepts a r e  the  tokamak and m i r r o r  approaches. 
e x t e n s i v e l y  s t u d i e d  th roughout  the  wor ld .  
many d i f f e r e n t  c o u n t r i e s .  I n  c o n t r a s t ,  u n t i l  v e r y  r e c e n t l y ,  t h e  U.S. was t h e  o n l y  c o u n t r y  w i t h  a bumpy 
t o r u s  program. However, t h e r e  i s  now another  bumpy t o r u s  t h a t  uses ECH i n  Nagoya, Japan. 

The plasma parameters i n  EBT-P w i l l  exceed those o f  EBT-I/S, a l l o w i n g  exper imenta l  v e r i f i c a t i o n  o f  
t h e  E B T  s c a l i n g  laws.  
volume, h i g h  f i e l d  superconduct ing c o i l s  w i l l  be developed t o  p rov ide  t h e  s teady -s ta te  magnet ic  f i e l d s ;  
h i g h  power, h i g h  frequency microwave sources w i l l  be developed t o  p r o v i d e  ECH. 

J u s t  as i n  EBT-I/S, a h i g h  f r e -  
quency w i l l  be used f o r  b u l k  hea t ing ,  and a lower  f requency  - about h a l f  t h e  h i g h e r  f requency  - . - w i l l  
be used f o r  p r o f i l e  heat ing .  
be prov ided,  however, t o  add a d d i t i o n a l  hea t ing .  T h i s  w i l l  be a d d i t i o n a l  power n o t  o n l y  a t  t h e  same 
f requenc ies ,  b u t  a l s o  a t  o t h e r  f requenc ies  (e.g., 90 Gtiz). 

A l though t h e  
i n i t i a l  dev i ce  w i l l  have 36 c o i l s ,  t h e  e f f e c t i v e  s i z e  can r e a d i l y  be expanded i n  two ways. 
i s  a s t r a i g h t f o r w a r d  i nc rease  i n  t h e  s i z e  o f  t h e  dev i ce  by i n c r e a s i n g  t h e  niimber o f  c o i l s  t o  48 w i t h  a 
cor respond ing  i nc rease  i n  the  ma jo r  r a d i u s .  
a d d i t i o n  o f  s p e c i a l  c o i l s ,  aspect  r a t i o  enhancement (ARE) c o i l s .  
f i e l d  c o n f i g u r a t i o n  such t h a t  e f f e c t i v e l y  l a r g e  aspec t  r a t i o s  a r e  a t t a i n e d  w i t h o u t  i n c r e a s i n g  the  
mechanical  aspect r a t i o .  

A p o r t i o n  o f  t h e  r e p o r t  on t h a t  rev iew  i s  quoted above. As a r e s u l t  

Both o f  these concepts a r e  be ing  
Exper imental  dev ices  o f  b o t h  types  have been cons t ruc ted  i n  

I n  a d d i t i o n ,  t h e  techno logy  w i l l  be more advanced than t h a t  o f  EBT-I/S. Large  

Several  d i f f e r e n t  microwave f requenc ies  w i l l  be used i n  EBT-P. 

I n  EBT-P these f requenc ies  w i l l  be 110 and 60 GHz. The c a p a b i l i t y  w i l l  

The dev i ce  w i l l  be a f l e x i b l e  research  tool capable of s i g n i f i c a n t  m o d i f i c a t i o n s .  
The f i r s t  

The second i s  t o  i nc rease  t h e  e f f e c t i v e  s i z e  th rough t h e  
The c o i l s  w i l l  mod i f y  t h e  magnet ic 



4. PRINCIPAL SAFETY, FIRE, AND HEALTH HAZARDS 

4.1 SAFETY ACTIVITIES 

4.1.1 Division and Plant S a f e t y  A c t i v i t i e s  

Because the EBT-P f a c i l i t y  wi l l  be located i n  Building 9201-2 a t  the  Y-12 Plant and operated by 

the Fusion Energy Division (FED) of ORNL, i t  wi l l  be subjec t  t o  the s a f e t y  programs of both Y-12 and 

O R N L .  

T h e  Y-12 safe ty  pol icy i s  defined as  follows: 

I t  i s  the  pol icy of the  Y-12 Plant  t o  establi!,h an e f f e c t i v e  accident prevention program 

Whenever our s a f e t y  object ive 

and t o  maintain t h e  necessary s t a f f ,  se rv ice ,  and ddvisory groups t o  a s s i s t  l i n e  supervision 

who a r e  responsible  f o r  the  s a f e t y  of employees and equipment. 

c o n f l i c t s  with our o ther  ob jec t ives ,  s a f e t y  sha l l  he our f i r s t  considerat ion.  

This pol icy i s  implemented by the  Plant  Superintendent, the  Central Safety Committee consis t ing of 

d iv is ion  and s h i f t  superintendents ,  th ree  o ther  s a f e t y  committees a t  lower l e v e l s ,  a sa fe ty  department, 

and a rad ia t ion  sdfe ty  department. 

Within t h e  Fusion Energy Division, a permanent Division Safety Off icer  provides l i a i s o n  t o  and 

ensures compliance w i t h  the  Y-12 safe ty  program and oversees the Division safe ty  a c t i v i t i e s .  

s a f e t y  program implements the  Y-12 sa fe ty  program with procedures s p e c i f i c  t o  fusion experiments. 

The F E D  

4.1.2 Departinent of  Energy-Safety Requirements 

DOE s a f e t y  requirements a r e  s t a t e d  in DOE Manual 0550, "Operational Safety Standards." All phases 

o f  t h e  EBT-P p ro jec t  wi l l  be car r ied  out  i n  compliance with these requirements. 

4.1.3 Preparatory Safe ty_Act iv i t ies  

A formal Safety Analysis Report wil l  be prepared and submitted t o  t h e  Y-12 Central Safety Committee 

and the  DOE OR0 o f f i c e .  

a l l  equipment i s  in  good operating order ,  t h a t  a l l  cont ro ls  and instrumentation a r e  operating properly, 

and t h a t  t h e  f i e l d  i n s t a l l a t i o n  has been done cor rec t ly .  A conmittee of qua l i f ied  technical personnel 

from outs ide the EBT-P operat ing group wi l l  review the engineering design from a s a f e t y  standpoint and 

witness t h e  check of the experiment. 

They must review and approve t h e  report  before operation can begin. 

Pr ior  t o  i n i t i a l  operat ion,  a de ta i led  check of the  experiment wi l l  be performed t o  ver i fy  t h a t  

4.2 SAFETY PRECAUTIONS 

4.2 .1  Industr ia l  S a f e t y  

All equipment wil l  be f i t t e d  with s a f e t y  devices anc/or pro tec t ive  guards t o  prevent operator  

injury.  Piping, pressure vesse ls ,  and e l e c t r i c a l  work wi l l  conform t o  appl icable  codes and s tandards.  

(Union Carbide Corporation General Design C r i t e r i a  Y-EF-538 spec i f ies  13 standards appl icable  t o  

e l e c t r i c a l  systems.) 

panel. Removal o f  t h i s  key shuts  down the machine. Also, an emergency t r i p  control t h a t  shuts down 

the 13.8-kV breakers leading t o  the power suppl ies  wil l  be under t h e  control o f  the  operating o f f i c e r .  

Any hazardous e lec t r ica l .  a reas  wi l l  be inter locked w i t h  a rmster  key located on t h e  master control 
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Operat ions i n v o l v i n g  1 - ique f ied  gases w i l l  use t h e  procedures,  p r o t e c t i v e  c l o t h i n g ,  and equipment 
developed f o r  hand l i ng  c ryogen ic  l i q u i d s .  
procedures.  

Hydrogen f l a m m a b i l i t y  hazards w i l l  be c o n t r o l l e d  by e s t a b l i s h e d  

4.2.2 Microwave Safe ty  

The dev ice  i s  designed t o  c o n t a i n  t o t a l l y  t h e  i n j e c t e d  microwave energy. The vacuum vessel  me ta l -  
to -meta l  sea ls  a r e  o f  spec ia l  des ign  t o  ensure microwave containment as w e l l  as vacuum i n t e g r i t y .  A l l  
openings f o r  d i a g n o s t i c  access and vacuum pumpout w i l l  have t r a p s  t o  c o n t a i n  t h e  microwaves a t  t h e  
i n j e c t e d  f requenc ies .  

A l l  access doors th rough t h e  b i o l o g i c a l  s h i e l d  around t h e  dev i ce  w i l l  be i n t e r l o c k e d  w i t h  t h e  
microwave power supp l i es .  The i n t e r l o c k  system w i l l  be redundant and designed such t h a t  a l l  access 
doors must be l ocked  and t h e  keys i n s e r t e d  i n  a panel i n  t h e  c o n t r o l  rooin b e f o r e  t h e  microwave power 
supp l i es  can be energ ized.  

4 . 2 . 3  Seismic Cons idera t ions  

ihe new p o r t i o n s  o f  t h e  f a c i l i t y  w i l l  be designed i n  accordance w i t h  t h e  se ismic  des ign  c r i t e r i a  
f o r  DOE f a c i l i t i e s  t o  p reven t  unacceptable hazards t o  persons or proper t y .  

4.2.4 _Fire P r o t e c t i o n  

B u i l d i n g  9201-2 i s  equipped w i t h  au tomat ic  s p r i n k l e r  systems f o r  p r o t e c t i o n  o f  t h e  b u i l d i n g  and 
cquipirient. F i r e  a la rm boxes and s p r i n k l e r  annunc ia to r  alarms a r e  connected th rough t h e  Y-12 P l a n t  f i r e  
a la r l l i  system t o  t h e  f i r e  and guard headquarters and t o  t h e  p l a n t  emergency c o n t r o l  cen te r ,  which i s  
manned a t  a l l  t imes.  

I n  a d d i t i o n  t o  t h e  f i r e  a la r i l i  system, a l l  f i r e  doors and alarms assoc ia ted  w i t h  t h e  water  d i s t r i -  
b u t i o n  system a r e  mon i to red  by t h e  p l a n t  m o n i t o r i n g  system, which p rov ides  i n  a m a t t e r  o f  seconds 
i n f o r m a t i o n  on t h e  exac t  l o c a t i o n  o f  an a la rm and on planned procedures.  (The system i s  p r e s e n t l y  
be ing  coniputer ized and expanded t o  i n c l u d e  t h e  f i r e  a la rm boxes and s p r i n k l e r  annunc ia to r  alarms f o r  
ORNL-occupied b u i l d i n g s  a t  Y-12, i n c l u d i n g  B u i l d i n g  9207-2. ) 

f u l l y  equipped emergency t r u c k ,  and an ambulance. 
Under mutual  a i d  agreements personnel  and equipment f rom ORNL, t h e  Oak Ridge Gaseous D i f f u s i o n  P lan t ,  
and t h e  C i ty  o f  Oak Ridge respond t o  l a r g e r  emergencies. 

The Y-12 P l a n t  Emergency Squad, c o n s i s t i n g  o f  13 persons, responds t o  a l l  a larms w i t h  a pumper, a 
Another pumper and a C02 t r u c k  serve  as back-up. 

4 . 3  RADIOLOGICAL SAFETY 

The b i o l o g i c a l  s h i e l d i n g  f o r  EBT-P i s  based on a dose r a t e  o f  2.5 mrem/hr, which i s  w i t h  
The r a d i o l o g i c a l  hazards have been determined by 1 i m i t s  r e q u i r e d  f o r  u n r e s t r i c t e d  occupancy. 

mate methods based on wors t  case assumptions. However, a d e t a i l e d  a n a l y s i s  and more r e f i n e d  
may p e r m i t  a r e d u c t i o n  o f  t h e  s h i e l d i n g  requ i rements .  

n t h e  
approx i  - 
nput  da ta  

The main source o f  r a d i a t i o n  w i t h  an i o n i z e d  hydrogen plasma w i l l  be b remsst rah lung from h o t  
e l e c t r o n s  i n  t h e  a n n u l i  s t r i k i n g  t h e  aluiiiinum s i d e  w a l l s  o f  t h e  c a v i t i e s .  Rad ia t i on  f rom a l l  o t h e r  
sources w i l l  be much lower  i n  e i t h e r  energy (<IO0 keV) o r  i n t e n s i t y  and w i l l  t h e r e f o r e  be r a p i d l y  
a t tenua ted  i n  any s h i e l d i n g  adequate f o r  t h e  h o t  e l e c t r o n  bremsstrahlung. 

I n  t h e  p resen t  des ign  t h e  southeas t  co rne r  o f  t h e  c o n t r o l  room i s  nea re r  t h e  machine than any o t h e r  
p o i n t  i n  t h e  c o n t r o l  room; t h e r e f o r e ,  t h e  dose r a t e  i s  detevinined a t  t h i s  p o i n t ,  which i s  % l o  m f rom t h e  
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center  of the torus .  

however, t h e  geometrical f a c t o r  t h a t  increases  the e f f e c t i v e  shielding i s  ignored, as are the shielding 

e f f e c t s  of the machine components and supporting s t ruc ture .  

was assumed t o  d i s s i p a t e  in  the e lec t ron  annuli and b. converted t o  bremsstrahlung in  the cavi ty  l i n e r  

with a conversion e f f i c i e n c y  o f  1.85%. 

r e s u l t  t h a t  the biological  sh ie ld  wil l  have a wide margin of sa fe ty .  

o f  Edelsack e t  a1 . l  a r e  used where the  maximum e l e c t r m  temperature i s  taken t o  be 2 MeV.  
The contr ibut ion t o  the dose r a t e  due t o  the breinsstrahlung can be reduced t o  ~ 2 . 5  mrerri/hr by a 

combination sh ie ld  cons is t ing  of a sh ie ld  around the  (cavi t ies  of 3.8-cm-thick tungsten a l l o y  plus an 

enclosing wall composed of 12  in .  of  lead and 15 i n .  !if concrete. This i s  ca lcu la ted  by numerically 

in tegrd t ing  the  2-MeV bremsstrahlung spectrum w i t h  and without the at tenuat ion produced by the  shielding.2 

The ca lcu la t ions  assume a point source located a t  the center  of each cavi ty ;  

In determining t h e  heat input  t o  the superconducting c o i l s ,  a maxirnum of 1 MI4 o f  microwave power 

A s i m i l a r  assumption wil l  be made here with the  corresponding 

A l s o ,  the photon energy spectra  

REFERENCES 

1 .  E .  A ,  Edelsack, W .  E. Kreger, W .  Mallet, and E .  Scofield,  Health Phys. 4, 1-15 (1960). 

2 .  E.  P .  Bl izard,  "Nuclear Radiation Shielding,"  i n  Nuclean Eng. i~~etLi r ty  Handbook, McGraw-Hill, 

New York, 1958. 





5. ENVIRONMEN-AL THPACT 

The impact of the EBT-P f a c i l i t y  on the environrnerit during e i t h e r  the  construct ion o r  operation 

phase wil l  be minii:ial. The basic toroidal  device wil l  be located within Building 9201-2, w i t h  auxi l ia ry  

s t r u c t u r e s  and enclosures located e x t e r i o r  t o  the  building as required. 

ou ts ide  of Building 9201-2 a r e  a power s u p p l y  building addi t ion ,  a transformer pad located south o f  
9201-2, a covered helium compressor pdd,  gaseous helium storage tanks,  and  interconnecting u t i l i t y  

piping and conduit. Once completed, these items in themselves wi l l  pow no major t h r e a t  t o  the  environ- 

ment. Normal construct ion safeguards f o r  the  preventicin of dusl,, ero!,ion, e t c .  wi l l  minimize problems 

during t h i s  phase. Consumption of  resources during the operation phase wil l  have the only apparent 

impact on the  environment. 

and hazardous rad ia t ion  emission; none of these ,  when t rea ted  properly, need have an adverse impact. 

The major items t o  be located 

These impacts can be i s o l a t e d  t o  power consumption, waste heat re jec t ion ,  

5.1 ENVIRONMENTAL CONSIDERATIONS 

Waste heat re jec t ion  will be accoriipl ished by a c i r c u l a t i n g  deniineral ized water system through a 

new cooling towpr t o  be i n s t a l l e d  on an ex is t ing  basin. 

approximately 1 9  MlrJ while the device is in  f u l l  operdtion. The fogging resu l t ing  from the dj5posal o f  
the  waste heat i s  not  considered s i g n i f i c d n t .  

Although e l e c t r i c a l  power consuiiiption wil l  be s i g r i f i c a n t ,  i t  wi l l  require  no new pcww-generating 

capaci ty .  As a r e s u l t  of ex is t ing  loads within the bui lding,  addi t ional  transfortier capccity of 30 MVA 

must be i n s t a l l e d .  The pro jec t  wi l l  hdve no s i g n i f i c a r t  impact on the power-generating reserves  in  the 

area.  

The t o t a l  wastr heat froni EBT-P wil l  be 

Radiation protect ion i n  the foriri of a concrete an t  lead sh ie ld  iiriniediately surrounding the  device 

wil l  be required.  Such d sh ie ld  wi l l  be designed so t k a t  the rad ia t ion  leve ls  outs ide the enclosure 

wi l l  be below the cur ren t  maximum DOE rad ia t ion  exposure level ( see  Sect .  4 ) .  

5 .2  ENERGY CONSERVATION 

The f a c i l i t i e s  wil l  be designed using techniques a n d  equipment t h a t  r e f l e c t ,  where f e a s i b l e ,  a 

good energy-eff ic ient  design. Good engineering judgmerts wil l  be used in d e t e n i n i n g  potent ia l  areas  

of energy use reduction and recovery. Because of the Fxperimental and inter t i l i t tent  nature  of the  

device,  waste heat  recovery d u r i n g  operation on a large sca le  does not dppear t o  be f e a s i b l e .  
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6. QUALITY ASSUflAWCE PLANNING 

All phases o f  t h e  d e f i n i t i v e  design, fabr icat ion. ,  i n s t a l l a t i o n ,  and operation o f  the  EBT-P p ro jec t  

wil l  be conducted i n  accordance with an approved Project  Quality Assurance Plan (PQAP) in order  t o  
prevent potent ia l  s i g n i f i c a n t  q u a l i t y  problems t h a t  could impact f a c i l i t y  s a f e t y ,  r e l i a b i l i t y ,  and 

cos ts .  

requirements o f  UOE-OK0 and OKNL's Q u a l i t y  Assurance ( Q A )  Off ice .  

a s  defined iri t h i s  preconceptual design report  ( see  below). 

down s t r u c t u r e  (UBS) shown .in Fig. 6.1 and was preparcid in accordance with "Quality Assurance Assess- 

ments," ORNL QA Procedure QA-L-1-103. T h e  PQAA i d e n t . f i e s  each pro jec t  element and assesses  both the 

consequences and probabi l i ty  of a qua l i ty  f a i l u r e  within t h a t  element. Items having s ignif icant .  f a i l u r e  

consequf?nct?s and negl ig ib le  (or  acceptable)  f a i l u r e  pvobability a re  i d e n t i f i e d  as  noncri t ical  it,enis. 

I t e m  having s i g n i f i c a n t  or  unknown f a i l u r e  consequences and s i g n i f i c a n t  o r  unknown f a i l u r e  probabi l i ty  

a re  i d e n t i f i e d  a s  c r i t i c a l  items. 

b i l i t i e s ,  and ident i fy  appl icable  D O E ,  UCC-ND. o r  subcmtrac tor  organizational elements necessary t o  

ensure e f f e c t i v e  and timely implementation o f  the  technical requirements needed t o  prevent or reduce 

the probabi l i ty  of c r i t i c a l  itern f a i l u r e s .  

appl icable ,  t o  be passed on t o  a l l  s u b t i e r  contractor::, f a b r i c a t o r s ,  o r  consul tants  performing work on 

or  supplying services  t o  the EUT-P p ro jec t ,  

The PQAP wil l  be developed and implemented during the T i t l e  I design i n  accordance with the 

A preliminary Project  Qual i t y  Assurance Assessiiient (PQAH) has been performed f o r  the EBT-P project  

This assessment i s  based on the  work break- 

The PQAP will es ta t l l ish the pol ic ies  and methods, def ine the responsi- 

The requirements o f  the  PQAP wil l  be required by cont rac t  spec i f ica t ion  and purchase order ,  a s  

13 
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4. DESCRIPTION OF POTENTIAL QUALITY PROBLEM (For each grouF l i s ted  in part  2 i n  which the consequences o f  fa i lure ore 
s ign i f i can t  and the probab i l i t y  o f  fat lure i s  s ign i f i con t  o r  unknown, p m v i d e  a brief descr ipt ion o f  the potent ia l  qua l i t y  
pro bl em) 

Group 2 - Toroidal vessel problems could s i g n i f i c a n t l y  a f f e c t  the cos t  and schedule of t h i s  
program since even a small unexpected p-oblem could delay i n s t a l l a t i o n  and check- 
o u t  of many subsequently in s t a l l ed  subsystems. 

ure or degradation i n  the  performance 3 f  e i t h e r  would adversely a f f e c t  device oper- 
a t ion .  
degree of  re1 iabi  1 i ty .  

devices. 
operat ion a t  the required high power l eve l s  w i t h o u t  degradation of performance. 
Replacement equipment includes various items t h a t  have a long procurement lead 
time, which could adversely a f f e c t  experimental da ta ,  cos t ,  and schedule i f  one 
should f a i l .  

required f o r  system operat ion.  
of f - the-she l f  equipment and wil l  l i k e l y  be designed w i t h  some ext ra  capaci ty ,  a 
f a i l u r e  of one or more components could a f f e c t  the  timell’ness and q u a l i t y  of 
experimental da ta .  

f a i l u r e  by the  prudent use of redundant equipment w i t h  a reasonable margin of 
reserve capac i ty .  

a t ing  condi t ions and t o  gain the  necessary experimental data .  I t  must be both 
prec ise  and s u f f i c i e n t l y  redundant t o  permit sa fe  operation despi te  individual 
instrument f a i l u r e s .  

Group 3 - Magnet c o i l s  and power suppl ies  a r e  e s sen t i a l  t o  operation of the  device. A f a i l -  

Coils and suppl ies  m u s t  be designed and manufactured t o  achieve a h i g h  

Group 4 Microwave heating is  c r i t i c a l  t o  the  basic  experimental concept of EBT fusion 
Individual subsystems should be s u f f i c i e n t l y  re1 i ab le  to  permit extended 

Group 5 - High q u a l i t y  vacuum system components are  c r i t i c a l  t o  achieving the  low pressures 
Although this equipment in general i s  standard 

Group 6 - Device u t i l i t i e s  should be designed to  minimize the overal l  p robabi l i ty  of device 

Group 7 - Instrumentation wil l  be extensive,  i n  order t o  monitor the basic equipment oper- 

5. ASSESSMENT RECOMMENDATIONS 

QA P l a n  Required (Required when the consequence of fa i lure i s  s ign i f i can t  and the pmbob i l i t y  i s  e i ther s igni f icant 
o r  unknown). 

0 Q A  P l a n  not Required ( Indicote rat ionale i n  Par t  6). 

0 QA Program Index Required (Required for RDT F2-2 compliance, opt ional  otherwise). 

0 Impact on  current P m i e c t  QA Plon necessi tates i t s  revis ion.  Revise by -- 
6. RATIONALE (Just i fy  when no pro jec t  QA P lon  i s  requited) 

7. This Assessment w i l l  be reviewed and updated, i f  necessory. by Durinq  T i t l e  1 Desiqn 
D A T E  O R  M I L E S T O N E  
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7. ASSESSMENT OF RESEARCH ANC DEVELOPMENT INTERFACE 

Successful r e a l i z a t i o n  o f  EBT-P r e q u i r e s  s i g n i f i c a n t  advances i n  sow areas o f  techno logy .  The 
ongoing EBT-S exper imenta l  program w i l l  have an e s s e n t i a l  r o l e  i n  ex tend ing  t h e  techno logy  by p r o v i d i n y  

i m p o r t a n t  o p e r a t i n g  exper ience and s e r v i n g  as a t e s t  bed f o r  subsystems and coniponents; o t h e r  needs w i l l  
r e q u i r e  development e f f o r t s  s p e c i f i c a l l y  f o r  EBT-P. 

i d e n t i f i e d  as r e q u i r i n g  i n t e n s i v e  development e f f o r t s .  Developirient tasks  f o r  these components have been 
i n i t i a t e d .  
w i t h  t h e  needs f o r  CBT-P. A t h i r d  subsystem, n e u t r a l  beams, w i l l  a l s o  r e q u i r e  a s u b s t a n t i a l  development 
e f f o r t ,  b u t  such an e f f o r t  has n o t  y e t  s t a r t e d .  A l though n e u t r a l  beams a r e  n o t  r e q u i r e d  f o r  t h e  i n i t i a l  
EBT-P i n s t a l l a t i o n ,  a development program must be d e f i n e d  and i n i t i a t e d  a t  an e a r l y  da te  i n  o r d e r  t o  
m a i n t a i n  t h e  c r e d i b i l i t y  o f  n e u t r a l  beam i n j e c t i o n  as d f u t u r e  o p t i o n  (see Sect.  A.7.3). 

As t h e  des ign  o f  EBT-P proceeds, i t  may be determined t h a t  o t h e r  subsystems and components w i l l  
r e q u i r e  some l e v e l  o f  development b e f o r e  enough conf idence can be ga ined on these systems o r  coiiipont'nt!; 
t o  i n c l u d e  them on EBT-P; i o n  c y c l o t r o n  h e a t i n g  i s  a n o t a b l e  example (see Sect.  A.7.2). 

Two ma jo r  subsystems, t h e  superconduct ing  m i r r o r  lragnets and t h e  microwave sources, have been 

A c o n s i s t e n t  and v igo rous  e f f o r t  w i l l  be r e q u i r e d  t o  produce r e s u l t s  on a schedule c o n s i s t e n t  

7.1 MAGNET DEVELOPMENT 

A development e f f o r t  f o r  t h e  m i r r o r  magnets has be2n i n i t i a t e d  a t  ORNL. The purposes o f  t h i s  
development t a s k  a r e  (1 )  t o  demonstrate des ign  f e a t u r e s  and f a b r i c a t i o n  techn iques  t h a t  w i l l  produce t h e  
r e q u i r e d  f i e l d  accuracy and e l i m i n a t e  sys temat i c  ( cumu l3 t i ve )  f i e l d  e r r o r s ;  ( 2 )  t o  s o l v e  t h e  puobleiris of 
s t r u c t u r a l  con ta inment  and o f  m a i n t a i n i n g  proper  a l ignment  i n  the dewar d f t e r  cooldown and energ i z ing ;  
( 3 )  t o  eva lua te  thermal  des ign  f e a t u r e s  and determine h?a t  removal c a p a b i l i t y ;  and ( 4 )  t o  develop tech-  
n iques ,  f a c i l i t i e s ,  and c r i t e r i a  f o r  acceptance t e s t i n g  o f  t h e  c o i l s  manufactured f o r  EBT-P. I n  s h o r t ,  
t h e  development e f f o r t  i s  aimed a t  reduc ing  t h e  r i s k  o f  p roceed ing  w i t h  t h e  f i n a l  des ign  and manufacture 
o f  a f u l l  complement o f  36 magnets. 

The magnet development prograin c o n s i s t s  o f  two p a r s l l e l  e f f o r t s .  One e f f o r t  r e q u i r e s  t h e  design, 
f a b r i c a t i o n ,  and t e s t i n g  o f  two ins t rumented t e s t  magnets O F  t h e  NbTi p o o l - b o i l i n g  concept as proposed 
f o r  EBT-P. 
i n p u t  f r o m  gamma r a y s  and o t h e r  sources. 
two-magnet a r r a y  as they  would be i n s t a l l e d  on EBT-P. 
f o r  an a l t e r n a t e  des ign  concept based on a Nb,Sn supercrmductor and fo rced - f l ow  coo l i ng .  
mented t e s t  magnet w i l l  be b u i l t  and t e s t e d  i n d i v i d u a l l f  and then w i t h  one o r  bo th  WbTi magnets, aga in  
as i t  would be mounted i n  EBT-P. S u f f i c i e n t  Nb3Sn supe-conduct ing m a t e r i a l  w i l l  be p rocured f o r  a 

second magnet i f  a d d i t i o n a l  magnet t e s t i n g  i s  requ i red .  
The development t e s t  schedule as now proposed w i l l  p r o v i d e  s i g n i f i c a n t  t e s t  r e s u l t s  which w i l l  be 

a v a i l a b l e  e a r l y  enough t o  p r o v i d e  u s e f u l  da ta  f o r  t h e  EBT-P design; t hey  w i l l  a l s o  be a v a i l a b l e  p r i o r  t o  
o r d e r i n g  t h e  superconductor f o r  a l l  36 magnets ( A p r i l  1981).  E s s e n t i a l l y  complete t e s t  r e s u l t s  w i l l  he 
a v a i l a b l e  p r i o r  t o  t h e  s t a r t  o f  magnet manufacture (February  1982). Once t h e  i n d u s t r i a l  p a r t i c i p a n t  who 
w i l l  d i r e c t  t h e  f i n a l  des ign  and manufacture o f  t he  m i r r o r  magnets f o r  EBT-P i s  se lec ted ,  he w i l l  need 
t o  i n t e r a c t  w i t h  t h e  development a c t i v i t y ,  a s s i s t  i n  de-ermin ing  a p p r o p r i a t e  acceptance t e s t s ,  i r ion i to r  
o r  p a r t i c i p a t e  i n  performance t e s t s ,  and app ly  t h e  exper ience thus  ga ined t o  t h e  o v e r a l l  EBT-P prograin. 

The c o i l s  w i l l  i n c l u d e  hea te rs  embedded i n  J o r t i o n s  o f  t h e  conductor  f o r  s i m u l a t i n g  hea t  
The magnets w i l l  be t e s t e d  separa te l y  and then as a p a i r  i n  a 

The o t h e r  e f f o r t  i s  i n tended  t o  r e t a i n  f l e x i b i l i t y  
One i n s t r u -  

7.2 MICROWAVE DEVELOPMENT 

The microwave h e a t i n g  c a p a b i l i t y  p lanned f o r  EBT-P w i l l  p r o v i d e  s u b s t a n t i a l  cw power (.,1.2 MW) a t  a 
frequency o f  110 GHz f o r  b u l k  h e a t i n g  and a lower  cw power (q.600 kW) a t  a f requency  o f  perhaps 60 6Hz 
f o r  p r o f i l e  hea t ing .  

17 
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The iiiicrowave system inc ludes  t h r e e  bas i c  elements: (1) a m u l t i p l e  a r r a y  o f  microlivave Sources 

( g y r o t r o n s ) ;  ( 2 )  a iii icrowave d i s t r i b u t i o n  system f o r  t h e  e f f i c i e n t  t r a n s f e r  o f  energy t o  t h e  plasma; and 
( 3 )  suppor t i ng  e l e c t r i c a l  and e l e c t r o n i c  subsystenis f o r  mon i to r i ng ,  c o n t r o l ,  and s a f e t y .  These bas i c  
elements r e q u i r e  an i n t e n s i v e ,  compleinentai-y development e f f o r t  t h a t  i s  be ing  performed by ORNL as a 
c o n t i n u a t i o n  o f  t h e  microwave hea t ing  suppor t  a c t i v i t i e s  conducted f o r  many years  by t h e  ORNL EBT 
program. 

7.2.1 Microwave Sources 

'The t ime r e q u i r e d  t o  develop t h e  microwave sources i s  t h e  p r i n c i p a l  u n c e r t a i n t y  a f f e c t i n g  the  

Much o f  t h e  techno logy  needed i s  be ing  developed under a program s t a r t e d  i n  A p r i l  1976 t o  develop a 
EBT-P schedule. 

28-GHz, 200-kW cw g y r o t r o n  f o r  EBT-S. T h i s  work i s  be ing  done by Var ian  Assoc ia tes ,  Pa lo  A l t o ,  C a l i -  
f o r n i a ,  under subcon t rac t  t o  ORNL. A t  t he  t ime the work s t a r t e d ,  a v a i l a b l e  tubes were capable o f  no 
more than a few kW s teady  s t a t e .  Accomplishments i n c l u d e  t h e  a t ta inmen t  o f  105 kW f o r  seve ra l  m inu tes  
i n  May 1978 and the  success fu l  ope ra t i on  o f  EBT-S w i t h  50 kW o f  microwave h e a t i n g  (cw) i n  Septernber 1978. 
However, d e s p i t e  t h e  s i g n i f i c a n t  progress,  t he  exper ience i n d i c a t e s  t h a t  t h e  development o f  a r e l i a b l e  
200-kW cw tube  i s  a d i f f i c u l t  task .  

I n  FY 1979 p a r a l l e l  programs were i n i t i a t e d  t o  develop llO-GHz, 200-kW cw gy ro t rons  f o r  EBT-P. 
Two i n d u s t r i a l  f i r m s ,  Var ian  Assoc ia tes  and Hughes A i r c r a f t  Company (Torrance, C a l i f o r n i a ) ,  a r e  work ing  
under ORNL subcont rac ts  w i t h  i d e n t i c a l  work statements.  I t  i s  p r o j e c t e d  t h a t  w i t h  a c o n t i n u i n g  v igo rous  
e f f o r t ,  t h e  development can be completed by September 1982, making the  g y r o t r o n  sources a near -pac ing  
i t e m  f o r  EBT-P. However, t h e  development o f  t h e  110-GHz tube i s  expected t o  be t e c h n i c a l l y  d i f f i c u l t ;  
t h e r e f o r e ,  scheduled p r e d i c t i o n s  cannot be made w i t h  conf idence. 

A s p e c i f i c  program t o  develop a lower  f requency  g y r o t r o n  f o r  p r o f i l e  h e a t i n g  o f  EBT-P has n o t  y e t  
begun. The concept now be ing  f o l l o w e d  i s  t o  develop the  more d i f f i c u l t  110-GHz tube and then  t o  s c a l e  
t h e  frequency, and consequent ly  va r ious  components o f  t h e  tube, down t o  t h e  lower  f requency .  More 
r e c e n t l y ,  however, p roposa ls  have been o f f e r e d  t h a t  would i n i t i a t e  a concur ren t  e f f o r t  t o  develop a 
60-GHz tube t h a t  c o u l d  f i l l  a need bo th  f o r  a m-icrowave source f o r  tokamak and m i r r o r  machine a p p l i c a -  
t i o n s  and f o r  EBT-P p r o f i l e  hea t ing .  Such a program would a l l o w  EBT-P o p e r a t i o n  a t  a reduced p e r f o r -  
mance l e v e l  u s i n g  60-GHz microwaves f o r  b u l k  h e a t i n g  and the  soon- to -be-ava i lab le  28-GHz gy ro t rons  f o r  
p r o f i l e  hea t ing  b u t  would reduce t h e  dependence o f  EBT-P on t h e  t i m e l y  success o f  t h e  110-GHz development 
e f f o r t .  

7.2.2 il i c rowave--&tr i b u t  i on 

The microwave d i s t r i b u t i o n  system w i l l  r e q u i r e  general  component dcvelopii ient as w e l l  as microwave 
c i r c u i t  development s p e c i f i c a l l y  f o r  EBT-P. Much o f  t h e  exper ience ga ined i n  deve lop ing  and o p e r a t i n g  
t h e  28-GHz system on EBT-S w i l l  be a p p l i c a b l e  t o  EBT-P; however, an a d d i t i o n a l  development e f f o r t  w i l l  
p robab ly  be r e q u i r e d  t h a t  takes  i n t o  account s p e c i f i c  c h a r a c t e r i s t i c s  o f  EBl-P and o f  t h e  microwave 
sources be ing  developed f o r  i t . A ded ica ted  t e s t  f a c i l i t y  appears d e s i r a b l e  f o r  t h i s  t a s k  and f o r  t h e  
task  desc r ibed  i n  Sect.  7 . 2 . 3  below. 
f o r  t h e  EBP-P design. 

The r e s u l t s  o f  t h i s  e f f o r t  w i l l  p rov ide  guidance and v e r i f i c a t i o n  

7 . 2 . 3  Microwave Su~.~or t i ! l~ -Su.bsys tems 

These subsystems i n c l u d e  t h e  dc power supp l i es ,  au tomat ic  c o n t r o l  networks f o r  component p r o t e c t i o n ,  
o p e r a t i o n a l  and performance mon i to r i ng ,  c o n t r o l s  f o r  ope ra t i ng  m u l t i p l e  microwave sources, and personne l  
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s a f e t y  systems. Experience on EBT-S wil l  be appl icable ;  however, a supplementary developiiient e f f o r t  

will be required t o  address t h e  complex control aspects  o f  EBT-P operation u s i n g  mult iple  microwave 

sources. 





8.  PROJECT SCHEDULE 

The preliminary pro jec t  schedule f o r  EBT-P i s  shown schematically in  Ordwing 0-XRP-14270-001, which 

follows i n  t h i s  sect ion.  

re la t ionships  a r e  based on several key assumptions: 

(1) 
( 2 )  

( 3 )  
( 4 )  The gyrotron development program schedule wil l  be met. 

( 5 )  

Major elements of the work breakdown structure a r e  included, and timing 

The p r o j e c t  scope wi l l  not devia te  s i g n i f i c a n t l y  fi'oiii t h a t  contained i n  t h i s  yeport. 

The indus t r ia l  p a r t i c i p a n t  wil l  be se lec ted  and p u t  under subcontract on the da te  shown. 

The superconducting co i l  prototype work a t  O R N L  w i l  I meet schedule mllestones.  

Advance engineering f o r  the l i q u i d  helium system wil l  be i n i t i a t e d  in ear ly  FY 1980. 

21 
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9. PROPOSED METHOD OF ACCOMPLISHMENT 

9.1 INTRODUCTION 

It i s  proposed t h a t  t h i s  exper iment  be conducted h:r t h e  U.S. Department o f  Energy (DOE) w i t h  t h e  

I n  t u r n ,  UCC-ND w i l l  subcon t rac t  t h e  d e t a i l e d  des ign  and f a b r i c a t i o n  o f  t he  dev i ce  t o  a 
Utiion Carb ide  Corpo ra t i on  Nuc lear  D i v i s i o n  (UCC-NU) as the program mdndger and t e c h n i c d l  adv i so r  on 
t h e  p r o j e c t .  
ma jo r  i n d u s t r i a l  p a r t i c i p a n t  and o t h e r  subcon t rac to rs  as requ i red .  

To accompl ish t h e  des ign  and c o n s t r u c t i o n  o f  t h i s  dev ice  i n  an o r d e r l y  manner c o n s i s t e n t  w i t h  t h e  

p o l i c i e s  o f  each i i ia jo r  p a r t i c i p a n t ,  a Memorandum o f  Agreement (MOA) was n e g o t i a t d  k t w e e n  D O E ' S  O f f i c e  
o f  Fusion Energy (ETN), t h e i r  Oak Ridge Opera t ions  O f f i c e  (ORO), and UCC-ND, o r  t h e  k k  Ridge N a t i o n a l  
Labora to ry  (ORNI-), which d e t a i l s  t h e  r o l e s  and r e s p o n s i 3 i l i t i e s  o f  each p a r t i c i p a n t .  The MOA i s  quoted 
here  and forms t h e  bas i s  f o r  t h e  des ign  and c o n s t r u c t i o q  r e s p o n s i b i l i t i e s  f o r  DRNL and t h e  i n d u s t r i a l  
p a r t i c i p a n t  ( IP) .  

i n i t i a t i o n  phase i s  shown i n  F ig .  9.1 ( r e f e r r e d  t o  i n  the  MOA as a t tachment  B ) .  

The approved schedule showing c r i t i c 3 1  DOC and ORNL m i les tones  f o r  the p r o j e c t  

9.2 ETM/ORO/ORNL MEMORANDUM OF AGREEMENT: EBT - PROOF-OF-PRINCIPLE P R O J E C T  

I. SJt.-tement o f  Purpose 

I t  i% t h e  i n t e n t i o n  o f  t h e  O f f i c e  o f  Fus ion  Energy (ETM) o f  t h e  Department o f  Energy ( D o t )  t o  
implement t h e  des ign  and f a b r i c a t i o n  of an Elmo Bumpy Torus - P r o o f - o f - P r i n c i p l e  exper  i inent (EBT-POP) 
w i t h  s i g n i f i c a n t  i n d u s t r i a l  p a r t i c i p a t i o n  i n  a l l  phases o f  t h e  p r o j e c t  and w i t h  minimiuni p rocedura l  
de lays .  I t  i s  t h e  purpose o f  t h i s  Memorandum o f  Agreeirent (MOA) t o  document t h e  i n te r r i d1  dgreements, 
p lans ,  and r e s p o n s i b i l i t i e s  of t h e  p r imary  p a r t i c i p a n t s  i n  i n i t i a t i n g  t h e  EBT-POP p r o j e c t .  
p a r t i c i p a n t s  a r e  t h r e e  i n  number: 
Corpo ra t i ons ' s  Nuc lear  U i v i s i o n ,  h e r e i n a f t e r  r e f e r r e d  t o  as t h e  Oak Ridge Na t iona l  Labora to ry  (ORNL).  
ETM and OR0 w i l l  execute  t h e i r  p r o j e c t  management r e s p c n s i b i l i t i e s  i n  accordance d i t h  DOE p o l i c y .  rhis  

MOA s h a l l  govern u n t i l  t h e  i n d u s t r i a l  p a r t i c i p a n t  ( I P )  i s  s e l e c t e d  and i t  i s  superseded by a P r o j e c t  
Management P l m  (PMP). 

Those 
ETM, DOE'S  Oak Ridge Opera t ions  O f f i c e  (ORO], and Union Carbide 

I I. Agreements 

The f o l l o w i n g  agreements s h a l l  c o n s t i t u t e  t h e  bas i s  f o r  p roceed ing  w i t h  t h e  EBT-POP p r o j e c t :  

A. ORNL i s  assigned r e s p o n s i b i l i t y  for rnanageinerit o f  t h e  EBT-POP p r o j e c t ,  i n c l u d i i i g  t h e  p r o j e c t  
research  and development and t h e  EBT-S exper iment .  
b i l i  ty f o r  t e c h n i c a l  c o o r d i n a t i o n  o f  t h e  n d t i o n a l  EBT program, i n c l u d i n g  t h e o r e t i c a l  research  
and o f f - s i t e  exper imenta l  a c t i v i t i e s .  DOE w i l l  r e l y  on ORNL i n  t h i s  l e a d  r o l e  f o r  e f f e c t i v e  
execu t ion  o f  t h e  EBT program. 

5. It i s  i n tended  i n  pu rsu ing  t h i s  p r o j e c t  t h a t  i n d u s t r y  s h a l l  have a major  r o l e ,  n o t  o n l y  i n  
t h e  f a b r i c a t i o n  o f  t h e  E5T-POP, b u t  a l s o  i n  t h e  p r o j e c t  d e f i n i t i o n ,  des ign ,  and subsequent 
exper imenta l  ope ra t i on .  
whose r o l e  w i l l  l e a d  t o  broad co rpo ra te  r e s p o n s i b i l i t i e s  f o r ,  and i d e n t i f i c a t 5 o n  w i t h ,  t h e  
u l t i m a t e  success o f  t h e  EBT program. 

s e l e c t e d  t o  conduct p r o j e c t  d e f i n i t i o n  s t u d i e s  and l a t e r  w i l l  c o m p e t i t i v e l y  propose t o  b u i l d  
t h e  EBI-POP exper iment,  which, as e v e n t u a l l y  approved by ETM, may be a combina t ion  o f  des ign  
f e a t u r e s  f r o m  a l l  o f  t h e  s tud ies .  

I n  a d d i t i o n ,  ORNl i s  ass igned respons i -  

The goal  i s  t h e  s e l t x t i o n  o f  a p r imary  i n d u s t r i a l  p a r t i c i p a n t  ( I P ) ,  

C. The I P  w i l l  be s e l e c t e d  f rom among seve ra l  o rgan iza t i ons  dho w i l l  be f i r s t  c o m p e t i t i v e l y  

25 
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F i g .  9.1. The approved a c t i v i t y  schedule f o r  t h e  EBT-P p r o j e c t  i n i t i a t i o n  phase ( r e f e r r e d  t o  i n  
the  MOA as at tachment a ) .  
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D. ETM and OR0 wil l  be provided the opportunity t o  p a r t i c i p a t e  with ORNL i n  a l l  a c t i v i t i e s  

r e l a t e d  t o  EBT-POP pro jec t  d e f i n i t i o n  and execul-ion, including,  b u t  not l imited to :  

- 
- 
- 
- Evdluation of subcontractor  de l iverables  

ETM and OR0 s t a f f  authorized t o  receive select ion-type information in  t h e i r  capaci ty  as 

nonvoting ex o f f i c i o  members wil l  be s e t  f o r t h  i n  separate  correspondence. 

Authorized ETM and OR0 s t a f f  wi l l  be provided copies by ORNL of  a l l  proposals and s tudies  

received by ORNL a t  the same time as  these documents a r e  ava i lab le  f o r  ORPJL .internal 

evaluat ion and review. 

Long-lead research and development a c t i v i t i e s  c r i t i c a l  t o  the  success o f  the  EBT-POP, and 

generic t o  a l l  an t ic ipa ted  designs, wi l l  be s t a r t e d  a t  the e d r l i e s t  p rac t ica l  time by ORNL 

f o r  l a t e r  t r a n s f e r r a l  t o  the cognizance o f  the i n d u s t r i a l  participant i f  determined by DOE, 

i n  consul ta t ion with ORNL, t o  be appropriate .  

All necessary precautions sha l l  he taken t o  assure  t h a t  a l l  EBT-POP indus t r ia l  

Establishment of q u a l i f i c a t i o n  and eva lua t io i  c r i t e r i a  

Subcontractor se lec t ion  as  nonvoting ex o f f i s i o  members of the Evaluation Bodl'd 

Overview of subcontractor  a c t i v i t i e s  through ORNL 

E. 

F. 

G. EBT-S a c t i v i t i e s ,  including p a r t i c i p a t i o n  by industry,  wi l l  proceed without r e s t r i c t i o n s  froiii 

the  EBT-POP. 

competitors have f a i r  and equal access t o  information per t inent  t o  EBT-POP s tud ies  and re la ted  

e f f o r t s  . 
Only Phase I (pro jec t  d e f i n i t i o n )  subcontractors  wil l  be e l i g i b l e  f o r  se lec t ion  a s  the  I P  i n  
the  Phase I 1  (design,  fabr ica t ion ,  and i n s t a l l d t i o n )  competition. 

s h a l l  t echnica l ly  c o n s t i t u t e  prequal i f ica t ion  For Phase 11.) 
The s i t e  f o r  the  EGT-POP wi l l  be determined by ETM. 

H .  

(Thus se lec t ion  f o r  Phase I 

I .  

I I I .  Pro jec t  J I i t i  a t i  on 21 an 

The intended plan f o r  i n i t i a t i n g  the EBT-POP pro jec t  through Phase I pro jec t  def in i t ion  s tudies  

and proposals f o r  Phase I 1  implementation of the pro jec t  i s  out l ined i n  attachments A and B. 

convenience i n  discussion and reference,  the plan i s  broken down i n t o  a number of "s teps ."  

fea tures  of the  plan a r e  given i n  the descr ip t ions  o f  the s teps .  

For 

The important 

Ac t i  vi t y  Step - 

1 

2 

RFP P r e p a r a t 2  - ORNL wi l l  prepare the RFP f o r  the se lec t ion  of several subcontractors 

t o  conduct Phase I p ro jec t  d e f i n i t i o n  s tudies .  

wi l l  be included i n  the RFP. These subcontractors wi l l  be deemed qual i f ied  f o r  Phase I1 
by t h e i r  p a r t i c i p a t i o n  i n  Phase I .  

wi l l  be  issued as e a r l y  as  possible  t o  allow the  i n d u s t r i a l  cornunity t i n e  t o  determine i t s  

in  t e r e s  t 

Proposal Preparation - Proposers (including consor t ia ,  par tnerships ,  j o i n t  ventures, e t c .  ) 
wil l  s u b m i t  proposals t o  ORNL. 

t h a t  r e l a t e  t o  the POP experiment task.  

be required,  b u t  c a p a b i l i t i e s  t o  cont r ibu te  i n  a s i g n i f i c a n t  way t o  the physics des ign  

d e f i n i t i o n  f o r  EBT-POP, t o  the device design, fabr ica t ion  and i n s t a l l a t i o n ,  and t o  the  

subsequent experimental operation wi 11 be important fac tors .  

Proposed subcontract terms and condi t ions 

A Commerce Business Daily ( C B D )  announcement for  Phase I 

The proposa s wi l l  emphasize c a p a b i l i t i e s  and experience 

Spcc i f ic  experience i n  t h e  physics o f  EBT wil l  not  
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A c t i v i t y  -. Step. 

3 

4 

7 

a 

9 

10 

Proposa l  Eva lua t i on  - ORNL w i l l  eva lua te  t h e  proposa ls  and award, s u b j e c t  t o  OR0 approva l ,  
severa l  p r o j e c t  d e f i n i t i o n  s tudy  f i x e d  p r i c e  subcon t rac ts .  
a l l o w  work t o  beg in  as soon as p r a c t i c a b l e  a f t e r  t h e  s e l e c t i o n s  a r e  niade. 
and OR0 s t a f f  w i l l  p a r t i c i p a t e  as nonvo t ing  ex o f f i c i o  members i n  t h e  s e l e c t i o n  process. 

.... P r o j e c t  Definit-!-on Stud ies . -  The subcon t rac to rs  w i l l  conduct approximate four-month tech-  
n i c a l  s t u d i e s  t o  develop t h e i r  ideas  of t h e  o b j e c t i v e s ,  des ign  fea tu res ,  performance 
parameters,  schedule,  c o s t  and manpower requirements,  R&D requirements,  and gener i c  s i t e  
requ i rements  and submit  a f u l l  w r i t t e n  r e p o r t  upon comple t ion .  The r e s u l t s  o f  t h i s  work 
w i l l  n - ~  c o n s t i t u t e  t h a t  s u b c o n t r d c t o r ' s  p roposa l  f o r  Phase 11. 

ORNL Suppor t  and Management _____ - I n  p a r a l l e l  w i t h  s teps  1-4, ORNL w i l l  i i i a i n ta in  i t s  program 
a c t i v i t i e s  and t e c h n i c a l  suppor t  work f o r  EBT-POP, i n c l u d i n g  des ign  e f f o r t s .  ORNL w i l l  
p r o v i d e  subcon t rac to rs  w i t h  s u f f i c i e n t  l a t i t u d e  i n  t h i s  Phase t o  develop t h e i r  own 
independent ideas  and approaches. 

Recanmended Reference  des^ - ORIL w i l l  eva lua te  t h e  Phase I s tud ies  and syn thes i ze  and 
c o n s o l i d a t e  t h e  bes t  subcon t rac to r  ideas a long  w i t h  i t s  own ideas  i n t o  a proposed re fe rence  
design, w i t h  recomriiended o b j e c t i v e s ,  parameters, cos ts ,  schedule, e t c . ,  f o r  t h e  p r o j e c t .  
ETM and OR0 w i l l  p a r t i c i p a t e  i n  t h i s  process as adv i so rs .  
mendations and t r a n s i n i t  them t o  ETM w i t h  i t s  own e v a l u a t i o n  and comments. 

_I-__.- ETM Review - Based on t h e  recommended re fe rence  design, ETM w i l l  conduct a rev iew o f  t h e  
p r o j e c t ,  i n c l u d i n g  t e c h n i c a l  c o r n u n i t y  i n p u t ,  t o  conc lude t h e  p r o j e c t  d e f i n i t i o n  phase. ETM 
w i l l  reassess t h e  E B I  program d u r i n g  t h i s  s tep .  Con t inua t ion  o f  t h e  EBT-POP p r o j e c t  w i l l  be 
c o n t i n g e n t  upon cos t ,  schedule, and t e c h n i c a l  m e r i t  cons ide ra t i ons .  Assuming t h e  p r o j e c t  
i s  con t inued,  t h e  f i n a l  re fe rence  des ign  w i l l  be t h a t  e s t a b l i s h e d  and approved by ETM a f t e r  
c o n s u l t a t i o n  w i t h  OR0 and ORNL. 

Methods w i l l  be employed t o  
Author ized  ETM 

OR0 w i l l  r ev iew  t h e  OKNL recom- 

Phase I1 

RFP Prepara t i on  - I n  p a r a l l e l  w i th  t h e  above a c t i v i t i e s ,  ORNL w i l l  p repare  t h e  RFP f o r  
Phase I 1  (des ign ,  f a b r i c a t i o n ,  and i n s t a l l a t i o n )  s u b j e c t  t o  OR0 approva l ,  on a schedule 
t h a t  a l l o w s  t h e  RFP t o  be re leased  when t h e  f i n a l  re fe rence  des ign  i s  approved by ETM. 
The RFP w i l l  be i ssued  o n l y  t o  Phase I subcon t rac to rs .  

Proposal  ..-.l.ll__ Submission -P roposa ls  w i l l  be based on t h e  p r o j e c t  f i n a l  re fe rence  des ign  as 
approved by  ETM. 
proposer.  
cho ice ,  o t h e r  than ORNL. 

-. Lonc~y-L&cd EngineeLiJJ- --- For those areas o f  t h e  p r o j e c t  where components o r  systems have 
pac ing  or  l o n g  d e l i v e r y  schedules and which a r e  n o t  s p e c i f i c  t o  a p a r t i c u l a r  s i t e  o r  
des ign  approach, ORNL w i l l  beg in  eng ineer ing  work t o  avo id  unnecessary de lay .  Each o f  
t hese  areas  w i l l  be reviewed on a case-by-case b a s i s  by OR0 and approved by ETM b e f o r e  
work on i t  can begin.  
may be t r a n s f e r r e d  t o  t h e  I P  f o r  comple t ion .  

Proposals w i l l  be reques ted  f o r  t h e  government-owned ORNL s i t e  f rom each 
I n  a d d i t i o n ,  proposers may subini t  p roposa ls  f o r  an a l t e r n a t e  s i t e  o f  t h e i r  

Submission o f  a l t e r n a t e  s i t e  p roposa ls  w i l l  not, be requ i red .  

F o l l o w i n g  t h e  I P  s e l e c t i o n ,  t h e  r e s p o n s i b i l i t y  f o r  those areas 
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Act.i vi t y  - 

11 ERNL Evaluation and Select ions - ORNL wil l  e \ a l u a t e  a l l  Phase I1 proposals and s e l e c t  the 

best  proposal f o r  an ORNL s i t e  @ the  best  proposal f o r  an a l t e r n a t e  s i t e .  

ETM and OR0 s t a f f  wil l  a l s o  p a r t i c i p a t e  a s  nonvoting ex o f f i c i o  members in  t h i s  process. 

ORNL will  submit a l l  Phase I1 proposals and - t s  evaluat ion and se lec t ions  t o  O R O ,  who wi l l  

forward these,  with comments, t o  ETM f o r  i t s  consideration and s i t e  determination. 

Authorized 

12 

13 

ETM S i t e  Select ion --Authorized ETM s t a f f ,  w i t h  OR0 support, wi l l  review a l l  Phase I1 

proposals and t h e  ORNL s e l e c t i o n s .  

tTM will determine the  s i t e  which i t  considers  t o  be i n  t h e  best  overal l  i n t e r e s t  of the 

EBT program and the fusion program general ly  

Negotiation w i t k - 2  -- Following t h e  ETM s i t e  s e l e c t i o n ,  ORNL will  negot ia te  with i t s  

se lec ted  IP, t o  e s t a b l i s h  a bas i s  f o r  beginning pro jec t  design work as soon as prac t icable .  

The i n i t i a l  CPFF subcontract wi l l  be f o r  design, fabr ica t ion ,  and i n s t a l l d t i o n  only. The 

I P  wi l l  have the  opportunity t o  p a r t i c i p a t e  meaningfully i n  t h e  operation of the experiment, 

t h e  prec ise  nature and ex ten t  of t h a t  involvment  t o  be determined by ETM and t o  be 

negot ia ted l a t e r .  ETM wil l  consider the  sit.? se lec ted  and other  f a c t o r s  in  reaching i t s  

determination. 

Limiting i t s e l f  t o  the two ORNL s i t e / I P  se lec t ions ,  

IV. Cganj Schedule 

The pro jec t  i n i t i a t i o n  schedule indicated in  attachinents A and B i s  intended as  a t a r g e t  schedule 

t h a t  each of  the  s ignatory organizat ions wi l l  e x e r t  i t s  best  e f f o r t s  t o  meet. The schedule i s  con- 

s idered opt imis t ic  b u t  achievable. 

and fabr ica t ion  of EBT-POP. The cur ren t  schedule c a l l s  f o r  the  e f f e c t i v e  cont rac t  between ORNL and i t s  

I P  t o  begin by mid FY 1980 and plasma experiments t o  begin by t h e  end of FY 1983. 

these a s  ta rge ts  and wil l  use t h e i r  best technical and management e f f o r t s  t o  develop and implement a 

proof-of-pr inciple  p r o j e c t  within these goals .  

DOE has i n i t i a l l y  budgeted 944M as the  Major Device Fabrication (MDF)  cos t  t a r g e t  f o r  the  design 

All p a r t i e s  accept 

V .  Respons ib i l i t i es  and Coiimitments (Summary) 

The primary intended r e s p o n s i b i l i t i e s  of ORNL, ORO, and ETM in  t h e  pro jec t  i n i t i a t i o n  phase have 

been i d e n t i f i e d  i n  the discussion of the plan above and wil l  not be repeated i n  d e t a i l  here. In summary 

they a r e  a s  follows: 

ORNL 

ORNL wil l  coordinate t h e  overal l  EBT program and wil l  be responsible f o r  the management o f  EBT-POP 

and EBT-S such t h a t  fusion program object ives  and cons t ra in ts  a r e  met. 

ment process t o  enable the expedi t ious se lec t ion  o f ,  and award of an ORNL subcontract  t o ,  the IP .  

ORNL wil l  conduct the procure- 

OR0 wil l  provide the formal adminis t ra t ive reviews and approvals for the procurement decis ions and 

wi l l  p a r t i c i p a t e  i n  the  technical and management decis ions i n  an t ic ipa t ion  o f  f i e l d  o f f i c e  pro jec t  

management r e s p o n s i b i l i t i e s  in  accordance w i t h  DOE po1ic.y. Following pro jec t  approval, OR0 will  take 

the lead in  developing a comprehensive PMP. 



30 

ETM 

ETM will provide overall programmatic guidancc, project overview and definition, and funding f o r  

EBT-POP and othcr coiriponents o f  the E B I  program. 
participate in related ORNL EBT-POP activities. 
site selection decision will be iliade by ETM. 

Authorized ETM staff will have the opportunity to 
The establishment o f  the final reference design and the 

.. .. 
E. E.  Kintner H. Postma* 
EThl ORNL O R 0  

Date 
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ATTACHMENT A 

EkT=POP Memorandum of Agreement 

O R N L  begins reference design 

Commerce Business Daily announcement released 

Release Phase I RFP 

ORNL i n i t i a t e s  Phase I1 RFP preparation 

Phase I proposals due 

Award Phase I subcontracts 

Phase I Project  def in i t ion  s tudies  completed 

ORNL completes reference desi gnu 

ETM es tab l i shes  f ina l  reference design and approves 

pro jec t  continuation 

ORNL re leases  Phase I1 RFP 

Phase I 1  proposals due 

ORNL completes Phase I 1  se lec t ions  

ETM r a t i f i e s  one ORNL se lec t ion  based upon ETM s i t e  

se lec t ion  

UCC-ND authorizes  IP t o  s t a r t  work 

b 

3-1 -79 

3-19-79 

4-23-79 

4-23-79 

6-4-79 

7-2-79 

10- 29- 79 

12-3-79 

12-1 7-79 

12-31-79 

2-1 1-80 

3- 2 4- 80 

4-21 -80 

5-1 9-80 

Design may continue a t  ORNL f o r  long-lead items. a 

bThis date  assumes no subs tan t ia l  change from ORNL reference submit ta l .  





10. COST ESTIMATE 

A c o s t  es t imate  f o r  the EBT-P p ro jec t  has been prepared and i s  being included under separate  cover. 

T h e  es t imate  r e f l e c t s  t h e  construct ion of a device, as  described i n  t h i s  document, a t  the ORNI- Y.-12 
f a c i l i t y  subject  t o  the conditions spec i f ied  in the ETM/ORO/ORNL MOA. 
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11. OUTLINE SPKIFICATTONS 

Outline spec i f ica t ions  a r e  grouped by sec t ion  according t o  the  general character  of the work 

involved in various sec t ions  and subsections. These sect ions include 

(1) building addi t ions and modifications, 

( 2 )  to ro ida l  vessel ,  

(3)  m g n e t i c s  system, 

(4 )  microwave heating system, 

( 5 )  vacuum pumping system, 

(6 )  u t i l i t i e s ,  and 

( 7 )  i ns trumentat i on. 

11.1 GENERAL CODES, STANDARDS, AND SPECIFICATIONS 

The design o f  EBT-P wi l l  be in accordance with the  l a t e s t  ed i t ions  of a l l  appl icable  codi?r, 

s tandards,  regulat ions,  and o ther  per t inent  documents o f  a l l  locdl I s t a t e ,  and national governirtririt 

agencies having j u r i s d i c t i o n  and of coimiionly accepted t rade  organizations. 

The codes and standards used i n  the preparation cf  t h i s  repor t  a re  l i s t e d  below. 

11.1.1 S t ruc tura l  

American Concrete I_?zJj-Lu& 
Building Code Requirements f o r  Reinforced Concrete 

U1 timate Strength Design Handbook, Vol. I 

U1 timate Strength Design of Reinforced Concrete Columns 

cI--_-- Arne r i can I n s t i t u  t e  of-$?> 1 Cons tru _cJti$_qn 

S teel  Construction Manual 

.I_._ American Iron a_n_d Steel  I n s t i k t e -  

Specif icat ion f o r  the Design of Cold Forwed Steel  Structural  Members 

Arne r i can Nati o na 1 Stand a r  d s . l n  s t i t u  t e  

American National Standard Building Code Requirements for  Minimum Design Loads i n  Buildings 

and Other S t ruc tures  

Americari Society f o r  Testing a!?d Mater ia ls  

ASTM A615, Spec i f ica t ion  For Deformed and Plain Bi l le t -S tee l  Bars for. Concrete Reinforcement 

ASTM A36, S t ruc tura l  Steel  

American Society o f  Civil Engineers 

ASCE Paper No. 3269, Wind Forces on Structures  

Internat ional  Coj&ence of  BuildiJ2 O f f i c i a l s  

Uniform Building Code 

Masonry I n s t i t u t e  

Masonry Design Manual 

__- Na t i  ona 1 Con c re_ff_e_-l.la son ry  As SOC i at32~ 
TR758, Spec i f ica t ions  f o r  Design and Construction of Loadbearing Concrete Plasonry 

Por t l  and Cement Associ a t i on 

Analysis and Design o f  Small Reinforced Corcrete Buildings f o r  Earttiyuake Forces 

35 
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Prestressed Concrete I n s t i t u t e  

Design Handbook f o r  Precast and Prestressed Concrete S t ruc tures  

-. Steel  ...... J o i s t  I n s t i t u t e  ................... 

Standard Specif icat ions 

S tee  1 S t ruc tures  Paictin2..CLuCcJ.. 
Steel  s t r u c t u r e s  Painting Manual, Vol. I :  Good Painting Prac t ice ;  Vol. 11: Systems and 

Specif icat ions 

Fartory Mutual 

Handbook o f  Industr ia l  Loss  Prevention 

National F i re  Protection Association (NFPP.) 

No. 101, Code f o r  Life  Safety from Fi re  in  Buildings and Structures  

~ican.~s~~ionofStateHishway..and.~ortat io l7. .Off ic ia ls- . (AASHTOI 
AASHTO M 36, Zinc Coated (Galvanized) Corrugated Iron or  Steel  Culverts and Underpass 

AASHTO M 190, Bituminous Coated Corrugated Metal Pipe and Pipe Arches 

............ American Petroleum I n s t i t u t e  (API) .___- ......... 
STD 650-73, Welded Steel Tanks f o r  Oil Storage 

Arneri-can Water Works Association (AWWA]. 

Molds f o r  Water and Other Liquids 

____ 
AWWA C 151-76, Standard f o r  Ductile Iron Pipe Centr i fugal ly  Cast i n  Metal Molds o r  Sand-lined 

AWWA C 800-71, Standard f o r  Gate Valves 3 inches through 48 inches f o r  Water and  Other Liquids 

AWWA C 800-64, Standard f o r  I n s t a l l a t i o n  of Cast Iron Water Mains 

- National F i re  Protection Association ( N F U  
NFPA 13-76, Standard f o r  the I n s t a l l a t i o n  of Water Sprinklers  

NFPA 20-76, Standard f o r  the I n s t a l l a t i o n  o f  Centrifugal F i re  Puiiips 

NFPA 24-73, Standard f o r  Outside Protection 

11 . 1 .a  Pipj_?s 

American National Standards I n s t i t u t e  (ANSI) 

B16.5, Steel Pipe Flanges and Flanged F i t t i n g s  

B36.10, Wrought-Steel and Wrought-Iron Pipe 

B36.19, S t a i n l e s s  Steel  Pipe 

American Petroleum- I n s t i t u t e  ( A P I )  

Standard 620 

Standard 650 

Standard 527, Seat  Tightness of Safety Relief Valves with Metal t o  Metal Seats 

- American Society ....... f o r  Testing and Materials (ASTMI 

A53, Specif icat ion f o r  Welded and Seamless Steel  Pipe 

A105, Specif icat ion f o r  Forged or Rolled Steel Pipe Flanges, Forged F i t t i n g s ,  and Valves and 

A312, Specif icat ion f o r  Seamless and Welded Austeni t ic  S ta in less  Steel  Pipe 

Parts  f o r  High-Temperature Service 
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American Society of Mechanical Engineers (ASME) 

Boiler and Pressure Vessel Code, Section VIII ,  Division 1 ,  "Pressure Vessels" 

Boi ler  and Pressure Vessel Code, Section IX, "Weldiny Q u a l i f i c a t i o n s "  

American Water Works Association (AUWA) 

C 203, Coal-Tar Enamel Pro tec t ive  Coatings f o r  Steel Water Pipe 

C 500, Gate Valves f o r  Ordinary Water Works Service 

C 106, Cast-Iron Pipe Centr i fugal ly  Cast in  Veta1 Molds, f o r  Water or Other Liquids 

Amer i can WelG9.- Soc i e t y  ( AWS )- 
07.0, Standard Spec i f ica t ions  f o r  Field Welding of S tee l  Water P i p e  J o i n t s  
D10.4, Welding o f  Austeni t ic  Chromium-Nickel Steel  Piping and Tubing 

A5.4, Specif icat ion f o r  Corrosion-Resistiny C hromium and Chromium-Nickel Steel Covered Welding 

Electrodes 

Cornpressed Gas Association (CGA) 

P-1, Safe  Handling of Compressed Gases in  Coritainers 

Compressed Gas Handbook 

Hydraulic I n s t i t u t e  (HI) 

Standards, Centrifugal Pump Sect-ion 

Manufacturers Standardizat ion Society of  the Valve and F i t t i n ~ - - ~ ~ ~ ~ t ~ ~ ~ M S ~ ~  

SP-42, 150 l b  Corrosion Resis tant  Cast Flanged Valves 

SP-61, Hydrostatic Testing of Steel  Valves 

SP-25, Standard Marking System for Valves, F i t t i n g s ,  Fldnyes, and Unions 

I Portland Cement Association LPm 
Design dnd Control of Concrete Mixtures 

The Pipe Fabrication I n s t i t u t e  (PFI) 

ES4, Standard Prac t ice ,  Shop Hydrostatic Tesring o f  Fabricated Piping 

ES5, Standard Prac t ice ,  Cleaning Fabricated Piping 

ESl1, Recommended Pract ice  f o r  Permanently Affixing Ident i f ica t ion  Symbols t o  Fabricated 

Piping 

Tubular Exchanger Manufacturers Association (TEMA)- 

Standards 

11.1.5 Instrumentat ion 

Instrumentation Society of America (ISA) 

ISA - S5.1 1973, Standard Instrumentation Synbols and Ident i f ica t ion  (ANSI  Y32.20) 

11.1.6 Elec t r ica l  

American National Standards I n s t i t u t e  @NSI), 
ANSI C34.2 - 1968 (B1973), Pract ices  and Requireiiients f o r  Semiconductor Rect i f ie rs  

ANSI  83.9 - 1972, Racks, Panels, and Associated Equipnient 
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- I n s u l a t e d  .......... Power ^ Cable ... Engineers Assoc ia t i on  ( I P C E A )  ............. 

IPCEA S-19-81, Rubber I n s u l a t e d  Wire and Cable 
I P C E A  S-61-402, Ther inop las t ic  Wires Cable 
I P C E A  S-54-401, American Standard Requirements f o r  M e t a l l i c  and Assoc ia ted  Cover ings f o r  

I n s u l a t e d  Cables 

J o i n t  ~ I n d u s t r i a l  _._.I Counc i l  (JIC] .. 
EPB-1-1967, E l e c t r i c a l  Standards 

_-.-____ Nat iona l  E l e c t r i c a l  Manufac turers  A s s o c i a t i o n  (NENAA) 
NEMA rK-11, Power Transformers 
NEHA S G 3 ,  Power Operated C i r c u i t  Breakers 
NEMA AB1, Molded Case C i r c u i t  Breakers 

Na t iona l  F i r e  __.- P r o t e c t i o n  A s s o c i a t i o n  (NFPA) 
NFPA No. 70-1978, Na t iona l  E l e c t r i c a l  Code 
NFPA No. 72U, P r o p r i e t a r y  P r o t e c t i v e  S i g n a l i n g  Systems 

-. A i r - c o n d i t i o n i n g  ........ __ ... and R e f r i g e r a t i o n  ........ .__ I n s t i t u t e  .................. (ARI) 
ARI STD 210, U n i t a r y  A i r - c o n d i t i o n i n g  Equipment 
A R I  STD 410, Forced C i r c u l a t i o n  A i r - C o o l i n g  and A i r -Hea t ing  C o i l s  
A R I  STD 430, Cen t ra l  S t a t i o n  A i r -Hand l i ng  U n i t s  

A i r  ............... D i f f u s i o n  -I.- Counci l  (ADC) ......... . 

AOC Tes t  Code 1062R2, D i f f u s e r s  

Ak.M-kLpg-_and C o n d i t i o n i n g  Assoc ia t i on ,  I n c .  (AMCA] 
AMCA STU No. 210, Tes t  Code f o r  A i r  Moving Devices 

American S o c i e t y  of  Heat ing ,  R e f r i g e r a t i n g  and A i r  C o n d i t i o n i n g  Engineers,  I n c .  (ASHRAE) 
Standard 366-63, Fundamentals, Systems, A p p l i c a t i o n s ,  Equipment A i r  D i s t r i b u t i o n  

American Soc ie ty  o f  Mechanical Engineers (ASME) 
ASME PTCll-1346, Tes t  Code f o r  Fans 
ASME PTC23-1958, Atmospheric Water Coo l i ng  Equipment Tes t  Code 

___. Aiaerican .. ... SocicQ __ ......... o f  __ Plunibing -. ....................... EtyineersaSEFT). 
Standard Na t iona l  Plumbing Codes 

h e r  i can \$a t e r  Mor Its Assoc i I a t  i onLAWW4- 
AWWA C203-66, P ipe  Cover ings Underground 

Assoc ia ted  A i r  Balance Counc i l  (AABCL 
A i r  and Water System Balance ~ Na t i ona l  Standards For F i e l d  Measureiiients and I n s t r i m e n t a t i o n ,  

T o t a l  System Balance 

cast . . !~-~. .soi! . . .Pipe._I_?s~._~c~l~r  
C I S P I  S'TU HS-67, 301 - 691- and HSN - 687, Pipe, F i t t i n g s ,  Co i ip l ing  and Rubber Gaskets t o  Seal 

J o i n t s  i n  Hub and S p i g o t  Cas t  I r o n  S o i l  P ipe  and F i t t i n g s  

CP_ql i?33!SL. .I.ns.ti.tu&(cJ2~- 
CTI B u l l e t i n  ATP - 105, Acceptance T e s t  Procedure f o r  I n d u s t r i a l  Water-Cool ing Towers 
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National Enljronmental Balancing Bureau (NEBB) 

System Testing and Balancing Procedures f o r  TeTting - Balancing Adjusting o f  Environmental 

Systems 

National F i re  Protection Association (NFPA) _ll.-.---̂ll__ 

NFPA No. 90A, Standard f o r  the I n s t a l l a t i o n  of Air Conditioning and Vent i la t ing Systems 

NFPA No, 91, Standard f o r  the  I n s t a l l a t i o n  of 3lower and Exhaust Systems 

Plumbing and Dr!jnage Inst_i_t_ute (PDI) __- 
Standard PDI-L4H 201, Water Hammer Arrester  

__II-_ Sheet Metal and Air Conditionr'ny CoiiAractors National Association -1SMACNA) 

SMACNA Standard Air Duct,  Fire Dampers 

11 .I .B  General 

._I.-_. Code o f  Federal _R_egulatations (CF!?.. 

10  CFR 20, Standard f o r  Protect ion Against Raciation 

U.S. Department of Energy (DOE) 

CRDA Manual , Chapter 0550, Occupational S a f e t j ,  Standards 

ERDA Manual, Chapter 0552, F i re  Protect ion 

ERDA Manual, Appendix 6301, Generdl Design C r r t e r i a  

ERDA Hanual , Appendix 6101, blanayement of Construction Projects  

__L 

11.2 BUILDING A D D I T I O N S  AND MODIFICIATIONS 

T h i s  sec t ion  presents  f a c i l i t y  requirements f o r  der iol i t ion,  s t r u c t u r a l  and arch i tec tura l  systems, 

piping systeiiis, e l e c t r i c d l  systems, f i r e  protect ion,  and heating, v e n t i l a t i n g ,  a n d  a i r  conditioning 

sys terns. 

11 .2.1 Buj l j ing  Demo1 itipl! and S i t e  -FIerar-n- 

Demolition f o r  the  EBT-P device enclosure wi l l  include coiriplete removal of the  f i r s t  and  second 

f l o o r s  of  Building 9201-2 within the rough area bounded by column l i n e s  3, 7, f ,  a n d  k .  

necess i ta te  re loca t ing  the I-Md power supply v a u l t  fo r  EBT-S and resupporting the west end of the EBT-5 

equipment pl atform. 

pr incipal  hiyh-bay building coluiiins wil l  remain within the out l ined area.  

l i n e  k between column l i n e s  4 and 6 wil l  he s i t e  c leared t o  the  underside of the low-hay roof i n  order 

t o  make room f o r  the  new enclosure sh ie ld  wal l .  

between columns 6 and 7 above the low-bay roof level  f e r  the environmental control supply duct t o  th t .  

device enclosure. 

This wil l  

The required second f l o o r  deiaolition wil l  be as out l ined on Drawing 52E-8945A-SK4. Only the 

The masonry wall along colurnn 

A seccnd penetrat ion throuyh t h a t  wall wil l  be provided 

The extent of the f i r s t  f l o o r  demolition wil l  be as out l ined on Drdwing S2E-8945A-SK6. The " t rack" 

structure wi l l  be removed down t o  the foot ings.  

plenum chamber off the  northwest building a i r  tunnel; t h i s  wil l  a l s o  be removed. 

Immediately below the exis t ing  f i r s t  f l o o r  there  i s  a 

A d u s t  screen wi l l  be provided around the e n t i r e  i r e a  f o r  the d u r a t i m  of the demolition work. 

On the  low-bay roof in  the area bounded by coluinn l i n e s  5 ,  6 ,  k ,  and d ,  an ex is t ing  4- by 4 - f t  

roof hatch wi l l  be expanded t o  a 10- by 10- f t  opening f o r  the  HVAC supply and return ducts f o r  the 

control room and the  re turn  duct frorn the device enclo<,ure (see Drawing S2E-8945A-SK10). 
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11.2.2 Power Supply @nclosures 

The  t o t a l  voluiile o f  power suppl ies  and re la ted  equipment required t o  r u n  EBT-P i s  considerable, 

necessi ta t ing a building addi t ion t o  Building 9201-2. Two addi t ions wil l  be necessary. The components 

having the proi i i ise of l e a s t  r e l i a b i l i t y  wil l  be placed in  a building on the west wall of 9201-2 complete 

with uni ra i l  cranes,  a service a rea ,  and u t i l i t i e s .  

concrete pad behind the ra i l road  t racks south o f  9201-2. 

The balance o f  the  equipment wi l l  be on a fenced 

___ Demo1 i t i o n  ........... and s i t e  _. -. preparat ion -. .............. 

Demolition f o r  the new power supply building addition on the west end of Building 9201-2 wil l  

include s i t e  clearance of the remains of Building 9732-2. 

be relocated and i t s  concrete support pad removfd. 

9201-2 wil l  be removed and f i l l e d  in  with brick. 

9105 and 9201-2 wil l  be encasrd in  concrete in  the area t o  be occupied by the new conipressor building 

addi t ion.  

supply building dddi t ion.  

new dddi t ion  ( s w  Drawing S2E-8945B-SK1). 

The ex is t ing  fan f o r  the cyclotron area wil l  

The ex is t ing  windows on the west end o f  Building 

The ex is t ing  storm sewer running between Buildings 

The l i n e  a n d  an intermediate catch basin wil l  be relocated t o  accommodate t h e  new power 

The ex is t ing  area sidewalks wil l  be removed and rerouted as  necessary f o r  the 

Structural  _ a n d  ....... architectural. -.-- ............... 

The new power supply building addi t ion ( see  Drawing S2E-8945A-SK2) will be 137 f t  long by 42 f t  

wide by 39 f t  high. The s t r u c t u r e  wil l  be an insu la ted ,  preengineered s t e e l  frame enclosure with a 

20-ton capacity bridge crane t h a t  wil l  be operational over the  e n t i r e  width a n d  length of the enclosed 

area.  The f l o o r  system wil l  be a reinforced concrete s l a b  on grade. 

t o  a 10-ft-wide by 12-ft-high overhead rol l -up door f o r  equipment access in  the south wal l .  

Equipment maintenance will be done in the serv ice  bay area provided a t  the south end of the 

enclosure. 

A new power supply equipment p a d  will be provided on ex is t ing  grade a t  the southwest corner of 

Access wil l  be provided via 3- by 7 - f t  personnel doors in  the north and south end  walls in  addi t ion 

Building 9201-2 ( see  Drawings S?E-8945A-SK1 and -SK3). The pad wil l  be 21 f t  wide by 175 f t  long in the 

east-west d i rec t ion .  The e n t i r e  pad perimeter wil l  be r i m e d  with a 7-ft-high secur i ty  fence. The 

central  portion of the pad, which wil l  hold the inductrols ,  wil l  be diked t o  contain o i l  s p i l l s  and 

water i n  the  event of a f i r e .  The area wil l  drain through a manually operated gate valve t o  the creek 

immediately t o  the south o f  Building 9201-2. 

perimeter fences and  a 4 - f t  pedestrian gate  i n  the north s ide  fence. 

i n s t a l l e d  a n d  removed with a mobile crane. 

Access t o  the equipment wil l  be through 6-ft-wide double sMinging gates i n  the  e a s t  and west end 

For  iiiaintenance, equipment wil l  be 

Section 11.4.5 includes a complete discussion of piped serv ices .  

Vent i la t ion wil l  be provided to  prevent the temperature in  the enclosure from exceeding 110°F 

during the summer. 

a supply f a n ,  a return/exhaust fan ,  dampers, and a pnelumatic control system. 

The new vent i la t ion  system w.il1 cons is t  o f  supply duc%work, return/exhaust ductwor’k, 

During the winter ,  dampers 
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wil l  be modulated t o  vary the arnounr; of re turn  and outs ide a i r  to provide a supply. a i r  temperature t h a l  

wil l  maintain space condi t ions a t  40°F (minimum). Steari un i t  heaters  wil l  be in<, tdl led t o  p p o v i d e  k a t  

during the  periods w h e n  the power suppl ies  a r e  inoperat 've. 

Drawings W2E-34111-SK01, -SKO2, and -SK03. 

The  HVAC system layout i s  as shown on 

The contents of the building addi t ion and concrete pad a r e  i l l u s t r a t e d  i n  Drawing E2E-1427CJ-00U2. 

Basical ly  the pad contains the  primary input ,  fused dissonnect switches, vacuum c i r c u i t  tJreakers, and 

induction voltage regulators  f o r  the high vol tage microwave power suppl ier  located i n  the  new building 

addi t ion .  

breaker d i s t r i b u t i o n  panel i s  located i n  the  north end o f  the building addi t ion.  

The pad a l s o  contains three sniall substat ions f o r  2.4-kV and 480-V power. Ihe  480-V c i r c u i t  

F i re  ~. p o t e c t i o n  

Automatic spr inkler  systems wil l  be i n s t a l l e d  t o  pro tec t  the new transformers, p o w r  suppl ies ,  

Two new deluge spr inkler  systems wil l  be i n s t a l l e d ,  one t o  pro tec t  the equipment on t k  equipiilent 

r e g u l a t o r s ,  and o ther  equipment provided f o r  tRT-P.  

pad and the new 30-MVA transfonner on the south s i d e  of Building 9201-2 and one to protect  the equipiiient 

in t h t >  power supply briildiny addi t ion.  

water flow densi ty  of  0.25 ypm/ft2 t o  the o i l - f i l l e d  ecuipment. 

equipment pad wi l l  house both deluge valves. 

nearby 10-in. main. 

The spr inkler  system wi l l  be provided with water flow and supervisory alarms t h a t  will upon a c t i -  

vat ion t ransmit  a coded signal t o  the Y-12 Fire  Department and other  emergency organizat ions.  

The f i r e  protect ion system wi l l  be designed and i n s t a l l e d  i n  accordance w i t h  NFPA standards f o r  

automatic s p r i n k l e r ,  alarm, and detect ion systems. 

The systems wil l  be hydraul ical ly  designed t o  provide a rninirrilrm 

A new valve house erected near the 

Water supply to  the valve house wi l l  be extended from a 

11.2.3 Cr~~~~~?n&Equipnient Mounts and-.Enclosures 

The enclosures necessary t o  house the device cryogenic system components include the hel'iuni com- 

pressor enclosure and the r e f r i g e r a t i o n  equi pment enclosure. 

the weather f o r  the cryogenic system components. 

These enclosures provide protect ion froni 

S t ruc tura l  and-s Ich i tec tura l  

The cold box building addi t ion f o r  the  helium r e f r i g e r a t i o n  system wil l  be located on the low-bay 

roof 1A between column l i n e s  3 ,  5 ,  k ,  and m ( see  Drawing SZE-8945A-SKlO). The s t r u c t u r e  w i l l  be an 

insulated 22-ft-high steel-framed enclosure with c o r n g a t e d  metal roofing and  s id ing ,  

system. 

e x i s t i n g  roof e levat ion.  

swinging doors. 

d i a t e l y  t o  the e d s t  o f ,  and adjacent  t o ,  the  cold box building addl t ion.  

40 f t  wide by 44 f t  long. 

f d n  room on Building 9201-2 between column l i n e s  k a n d  n .  

The two cold boxes ins ide  the  enclosure wil l  be supported on a special  rLeel s t r u c t u r a l  fraiming 

A maintenance platform wi l l  be provided arourd both vessels  approximately 1 2  f t  above t h e  

Access wil l  be provided th rc lugh  one 6-ft-wide by 8 - ' i t - h i g h  s e t  of double 

S t ruc tura l  s t e e l  framing wil l  a l s o  be provided for the new helium dewar on the lowbay roof imme- 

The helium compressor building addi t ion (see Drawing SZE-8945A-SK8) wil l  be 26 f t  6 in, high by 

The steel-framed s t r u c t u r e  wi l l  be located just  west o f  the ex is t ing  northwest 

Two new compressors wi l l  Be mounted inside on 
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independent, s t r u c t u r a l l y  i s o l a t e d  founda t ion  pads i n  t h e  r e i n f o r c e d  conc re te  s l a b  on-grade f l o o r  system. 
i i laintenance and removal o f  t h e  compressor components w i l l  be f a c i l i t a t e d  by a 3 - ton -capac i t y ,  underhung 
b r i d g e  c rane suspended f rom t h e  r o o f  f ram ing  system. A sheet metal  w a l l  w i l l  be p rov ided  a long t h e  west 
f ace  o n l y ,  l e a v i n g  the  n o r t h  and south  faces  open t o  p rov ide  cont inued unimpeded a i r  f l o w  t o  t h e  fan  room. 

Sec t i on  11.4.5 i nc ludes  a complete d i scuss ion  o f  p iped  se rv i ces .  

E l  ec tr ~ i c a l  

The p r i n c i p a l  c ryogen ic  equipment r e q u i r i n g  e l e c t r i c a l  i n p u t  w i l l  be t h e  he l ium compressors, l o c a t e d  
c u t s i d e  B u i l d i n g  9201-2 ad jacen t  t o  t h e  no r thwes t  co rne r .  
T h i s  power w i l l  be supp l i ed  f ro in a 13.8/2.4-kV power t rans fo rmer  ded ica ted  s o l e l y  f o r  t h i s  purpose and 
l o c a t e d  on t h e  new power supp ly  pad south  o f  B u i l d i n g  9201-2 (see Drawing E2E-14270-0003). 
cab les  w i l l  be run  i n  c o n d u i t  o u t s i d e  a long  t h e  west w a l l  o f  t h e  new power supp ly  b u i l d i n g  a d d i t i o n  (see 
Drawing E2E-14270-0004). 

The o t h e r  c r y o g e n i c - r e l a t e d  components r e q u i r i n g  e l e c t r i c a l  i n p u t  w i l l  be a c o l d  box and assoc ia ted  
c o o l i n g  fans, t o  be l o c a t e d  on t h e  r o o f  o f  B u i l d i n g  9201-2 above t h e  exper iment.  The t o t a l  power 
r e q u i r e d  w i l l  be c50 kVA a t  480 V,  3 fj. T h i s  power w i l l  be r o u t e d  i n  c o n d u i t  f rom a 480-V c i r c u i t  
b reake r  panel  l o c a t e d  a t  t h e  n o r t h  end o f  t h e  new pow2r supp ly  b u i l d i n g  a d d i t i o n  (see Drawing E2E-14270- 
0004). 

These u n i t s  w i l l  r e q u i r e  2.2500 kVA a t  2.4 kV. 

The power 

The compressor b u i l d i n g  housing t h e  two he l ium cwnpressors w i l l  be p r o t e c t e d  by a wet p i p e  s p r i n k l e r  
system. 
p ressor  b u i l d i n g .  The system w i l l  be designed f o r  o r d i n a r y  hazard occupancy accord ing  t o  t h e  NFPA 
No. 13 p i p e  schedule. 

The s p r i n k l e r  system w i l l  be p rov ided  w i t h  water  f l o w  and superv i so ry  alarms t h a t  w i l l  upon a c t i -  
v a t i o n  t r a n s m i t  a coded s i g n a l  over  t h e  p l a n t  f i r e  a la rm system t o  t h e  Y-12 F i r e  Department and o t h e r  
emergency o rgan iza t i ons .  

au tomat ic  s p r i n k l e r ,  a larm, and d e t e c t i o n  systems. 

An a n t i f r e e z e  l o o p  w i l l  be extended froin an e x i s t i n g  w e t  p i p e  systeln in 9201-2 t o  t h e  com- 

The f i r e  p r o t e c t i o n  system w i l l  be designed and i n s t a l l e d  i n  accordance w i t h  NFPA s tandards  f o r  

11.2.4 C o n t r o l  Room 

T h i s  s e c t i o n  desc r ibes  t h e  c o n s t r u c t i o n  o f  t h e  c o n t r o l  room i inmed ia te ly  n o r t h  o f  t h e  dev i ce  en- 
c l o s u r e .  I nc luded  i n  t h i s  sec t i on  i s  a d e s c r i p t i o n  o f  t h e  b a s i c  s t r u c t u r a l  and a r c h i t e c t u r a l  r e q u i r e -  
ments, t h e  hea t ing ,  v e n t i l a t i n g ,  and a i r  c o n d i t i o n i n g  systems, t h e  e l e c t r i c a l  requirements,  and t h e  f i r e  
p r o t e c t i o n  systems. 

S t r u c t u r a l  ..- and archit-esJuI>l_ 

The c o n t r o l  room f o r  EBT-P w i l l  be l o c a t e d  on t h e  second f l o o r  o f  B u i l d i n g  9201-2 i n  t h e  low-bay 
area bounded by column l i n e s  2-1/2, 5-1/2, k, and in (see Drawing SZE-8945A-SK9). 
enclosed w i t h  1 - h r - f i r e - r a t e d  meta l  s t u d  and sheet rock  w a l l s .  Access w i l l  be p rov ided  by 3 - f t -w ide  by 
7 - f t - h i g h  personnel  doors i n  t h e  no r theas t ,  nor thwest ,  and southwest corners .  An i n t e r i o r  mezzanine 

The room w i l l  be  
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wi l l  be provided with a 100-psf-capacity shee t  metal f l o o r  9 f t  above the iliain control roo111 f!oor. 

s e t s  O F  s t a i r s  wi l l  be provided f o r  personnel access t o  the mezzanine. 

monorail wi l l  be provided f o r  equipment access. 

be f in i shed  with metal f u r r i n g  s t r i p s  and sheetrock, as wil l  the ex is t ing  walls and colutiin!; below the 

mezzanine. 

Two 

A l/Z-ton-capacity h o i s t  and 

The underside of the mezzanine s t r u c t u r a l  framing wil l  

Cable t r a y  and conduit access t o  the experiment wi l l  be provided through a radiat ion-shielded maze 

on the mezzanine between column l i n e s  5 and 5-1/2. 
from the experiment enclosure. 

s t e e l  i n  order  t o  support the lead-shielded maze. 

This maze wi l l  a l s o  accommodate the I N A C  re turn  duct 

The underside of the seco,id f l o o r  s lab  wi l l  be reinforced with s t r u c t u r a l  

.--_ Heat i ng , vent iJat i n g , and a i  r-.LoKd i t i  on i ng 

The control room wi l l  be conditioned t o  maintain an inside design temperature o f  78°F 2°F and a 

r e l a t i v e  humidity level  of 50% ? 10% by a new fac tory  bui l t -up modular u n i t  located on  -the northwest 

low-bay roof .  

f i l t e r  sect ion (95% ASHRAE STD 57-76),  c h i l l e d  water sec t ion ,  steani heating sec t ion ,  and supply fan 

sect-ion. Controls wil l  be pneumatic. Insulated supply 2 n d  re turn ductwork wil l  be extended from the 

HVAC u n i t  t o  serve t h e  mezzanine and f i r s t  f l o o r  o f  the computer room. The HVAC un i t  will have the  

c a p a b i l i t y  o f  using outs ide  a i r  f o r  cooling when condi t ions permit. A new c h i l l e r  t o  be located on the  

f i r s t  f l o o r  i n  the  northwest fan room wil l  be u t i l i z e d  to  provide c h i l l e d  water f o r  the control rooiii 

supply u n i t  and t h e  device enclosure supply u n i t .  

T h e  bui l t -up inodular un i t  wil l  cons is t  of a re turn and  a i r  intake sect ion with fan ,  

The  H\’AC system layout i s  as shown on Orawing 

HZE-34111 -SK3. 

Elec t r ica l  ______. 

The EBT-P control room wil l  requi re  -,lo0 kVA f o r  control cabinets  and 30 kVA f o r  l igh t ing .  This 

power. wil l  be supplied a s  480-V, 3-fl power i n  conduit from the 480-V c i r c u i t  breaker panel located a t  

the  north end of the new power supply building addi t ion :see Drjwing E2E-14270-0004). These conduits 

wi l l  terminate in  cabinets  containing 480/12C-V transforrners and d i s t r i b u t i o n  c i r c u i t  breakers located in 

the control room. Power t o  individual control cabinets  d i l l  be car r ied  by overhead cable t r a y s .  

F i re  protect ion -_-.._.I- 

The control room wil l  be provided with a preaction spr inkler  system. A new preaction valve wi l l  be 

i n s t d l l e d  on  an e x i s t i n g  spr inkler  water supply manifold located nedr the  enclosure. 

ac t iva ted  devices wil l  be i n s t a l l e d  t o  a c t i v a t e  the  preaction valve. 

ordinary hazard occupancy, and piping wil l  be s i red  according t o  the NFPA lio. 13 pipe schedule. 

detect ion system wil l  a l s o  be i n s t a l l e d .  

supervisory alarms t h a t  wil l  upon ac t iva t ion  t ransmit  a coded signal t o  the Y-12 Fire  Department and 

o ther  emergency organizat ions.  

The f i r e  protect ion system wil l  be designed and i n s t a l l e d  i n  accordance with NFPA stdndards f o r  

automatic s p r i n k l e r ,  alarm, and detect ion systems. 

Pneumatic/heat- 

The systerr wil l  be designed f o r  

A smoke 

The spr inkler  system wil l  be provided with water flow and 
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11.2.5 B u i l d i n g  E l e c t r i c a l  Service 

Pr imary  e l e c t r i c a l  power f o r  t h e  EBT-P p r o j e c t  w i l l  be p rov ided  th rough a new s u b s t a t i o n  i n s t a l l e d  
south  of  B u i l d i n g  9201-2. The new s u b s t a t i o n  w i l l  c o n s i s t  of 

a 30-MVA, 161/13.8-kV power t rans fo rmer ;  
a 161-kV t rans fo rmer  d isconnect  sw i t ch  w i t h  mount ing pedesta ls ,  remote l y  c o n t r o l l e d  
mo to r i zed  opera tor ,  and magnet iz ing  c u r r e n t  i n t e r r u p t i n g  devices;  
t rans fo rmer  p r imary  and secondary 1 i g h t n i n g  a r r e s t e r s ;  
a me ta l - c lad  i ndoor  13.8-kV swi tchgear ;  
a 15-kV meta l - c lad  bus d u c t  t o  connect t h e  power t rans fo rmer  secondary t o  t h e  new 
switchgear;  
meter ing ,  p r o t e c t i v e  r e l a y i n g ,  c o n t r o l ,  mon i to r i ng ,  and a u x i l i a r y  power f a c i l i t i e s  
f o r  t h e  subs ta t i on .  

( 1 )  
(2 )  

( 3 )  
( 4 )  
( 5 )  

( 6 )  

The new swi tchgear  w i l l  be l o c a t e d  on t h e  second f l o o r  o f  B u i l d i n g  9201-2 d i r e c t l y  above t h e  
e x i s t i n g  swi tchgear  room. 
u t i l i t i e s  w i l l  c o n s i s t  o f  15-kV s h i e l d e d  cab le  enclosed i n  r i g i d  s t e e l  condu i t .  A bus t i e  c i r c u i t  
p r o v i d i n g  a backup power source t o  EBT-P w i l l  be i n s t a l l e d  f rom t h e  new swi tchgear  t o  t h e  e x i s t i n g  

The 13.8-kV feeders  f rom t h e  new swi tchgear  t o  t h e  EBT-P power supp l i es  and 

13.8-kV bus .  

The new power t rans fo rmer  w i l l  be p r o t e c t e d  w i t h  a pneumatic r a t e - o f - r i s e  water  deluge s p r i n k l e r  
system. Alarm dev ices  w i l l  be connected t o  t h e  e x i s t i n g  Y-12 P l a n t  Gamewell systein and a l s o  i n t o  t h e  
Y-12 P l a n t  emergency m o n i t o r i n g  system. 

To p r o t e c t  ad jacen t  s t r u c t u r e s  f rom o i l  f i r e s ,  a concre te  w a l l  w i l l  be p rov ided  around t h e  t r a n s -  
fo rmer .  

ConcrPtc foundat ions  w i l l  be p rov ided  f o r  t he  t rans fo rmer ,  f i r e w a l l ,  and 161-kV l i g h t n i n g  a r r e s t e r  
and d isconnect  s w i t c h  suppor t  s t r u c t u r e s .  
t he  new power t rans fo rmer  t o  c a n t d i n  and coo l  s p i l l e d  o i l .  

A d r y  w e l l  f i l l e d  w i t h  crushed r o c k  w i l l  be p rov ided  under 

A metal  f a b r i c  s e c u r i t y  fence w i t h  a p e d e s t r i a n  ga te  w i l l  be p rov ided  around t h e  subs ta t i on .  
Th is  13.8-kV power w i l l  supp ly  a l l  o f  t h e  h i g h  vo l tage  microwave power s u p p l i e s  f o r  t h e  exper iment .  

A lso  r e q u i r e d  a r e  2500 kVA o f  2.4-kV power ( f o r  t h e  he l ium compressors) and 3000 kVA o f  480-V power f o r  
va r ious  magnet supp l i es ,  c o o l i n g  fans ,  vacuum pumps, and a i r  c o n d i t i o n i n g  (see Drawing E2E-14270-0001). 
Cont ro l  room 120-V power w i l l  be d e r i v e d  f rom a 480/120-V t rans former  l o c a t e d  i n  t h e  c o n t r o l  room. A 
separa te  2500 kVA, 13.8/2.4-kV t rans fo rmer  and swi tchgear  and two 1500-kVA, 13.8/480-V t rans fo rmers  and 
swi tchgear  w i l l  be i n s t a l l e d  on t h e  eas t  end o f  t h e  new power supp ly  pad t o  meet power needs a t  these 
vo l tages .  A l l  480-V c i r c u i t  b reakers  w i l l  be l o c a t e d  on t h e  n o r t h  end o f  t h e  power supp ly  b u i l d i n g  
a d d i t i o n  i n  o r d e r  t o  m in im ize  the  t o t a l  l e n g t h  o f  480-V condu i t ,  which i s  cons ide rab le  (see Drawing 
E2E-14270-0002). 

The es t imated e l e c t r i c a l  power demand loads  f o r  EBT-P, i n c l u d i n g  f u t u r e  op t i ons ,  a r e  suinmarized i n  
Table 11.0 (see p. 68). 

11.2.6 Device Enc losure  and SJpkort S t r u c t u r e  

The dev i ce  enc losure  must p rov ide  adequate x - ray  r a d i a t i o n  s h i e l d i n g  as r e q u i r e d  t o  reduce t h e  
exposure t o  acceptab le  l e v e l s  bo th  o u t s i d e  t h e  enc losure  and i n  t h e  basement area (where a u x i l i a r y  
equipment i s  l o c a t e d )  and work ing  space f o r  t h e  va r ious  d e v i c e - r e l a t e d  opera t i ons .  
a l s o  serve as a s t r u c t u r a l  suppor t  f o r  t h e  dev ice .  

The enc losure  must 
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S t r u c t u r a l  and a r c h i t e c t u r a l  

The dev i ce  enc losure and suppor t  s t r u c t u r e  w i l l  be l o c a t e d  i n  t h e  high-bay area o f  B u i l d i n g  9201-2 
between column l i n e s  3, 7, f, and k. 
s t o r y ,  5 8 - f t - I D  r e i n f o r c e d  conc re te  dodecagon w i  11 be suppor ted by two concrete r i n g  foundat ions c a r r i e d  
t o  r o c k  a t  t h e  e x i s t i n g  basement l e v e l .  The f i r s t  f l o o r  i n s i d e  t h e  2 7 - i n . - t h i c k  conc re te / l ead  enc losure 
w a l l s  w i l l  be a g - i n . - t h i c k  r e i n f o r c e d  conc re te  s l a b  on Grade a t  e l e v a t i o n  925 ft, 4 ft below the  main 
b u i l d i n g  ground f l o o r .  Fork l i f t  and p e d e s t r i a n  dccess w i l l  be p rov ided  by a conc re te  ramp a t  t h e  
nor thwest  co rne r  o f  t h e  f a c i l i t y .  Equipment access w i l l  a l s o  be a v a i l d b l e  by way o f  t h e  main high-bay 
b r i d g e  crane and a s e r v i c e  p i t  l o c a t e d  on the  west s i d e  o f  t he  enc losure.  
up-type f i r e  doors w i l l  be p rov ided  a t  b o t h  the ramp and p i t  ent rances t o  the enc losure.  
upper l e v e l s  o f  t h e  s t r u c t u r e  w i l l  be by way o f  a 10 - ton -capac i t y  e l e c t r i c  e l e v a t o r .  
and d u t i l i t y  chase a t  t he  back o f  i t  w i l l  be s h i e l d e d  w i t h  15 i n .  o f  conc re te  and 12 i n .  o f  l e a d  t o  
p reven t  r a d i a t i o n  leakage f rom t h e  dev i ce  a t  t he  upper s h i e l d e d  l e v e l s .  

s t a i r s  f rom b o t h  the  f i r s t  and second f l o o r s  o f  t h e  main b u i l d i n g  through a s h i e l d e d  maze a t  t h e  south- 
west co rne r  o f  t h e  fac i1 i t . y "  The main enc losu re  w a l l s  ai: t h i s  l e v e l  w i l l  be s h i e l d e d  w i t h  15 i n .  o f  
r e i n f o r c e d  conc re te  and 12 i n .  o f  p r e f a b r i c a t e d  l e a d  pangals. The f l o o r  w i l l  be s h i e l d e d  w i t h  a 15- in . -  
t h i c k  r e i n f o r c e d  conc re te  f l o o r  $ l a b  suppor t i ng  12 i n .  O F  l e a d  b r i c k s  and a 3 - i n . - t h i c k  u n r e i n f o r c e d  
conc re te  f l o o r  topp ing .  The e l e v a t o r  s h a f t  and u t i l i t y  chase w i l l  be s h i e l d e d  up t o  t h e  unders ide o f  
t he  second f l o o r  a t  e l e v a t i o n  949 ft. 

A t  t h e  second f l o o r  l e v e l ,  t he  conc re te  and l e a d  s h i e l d  w a l l s  w i l l  con t i nue  up t o  e l e v a t i o n  968 ft. 
A t  t h a t  e l e v a t i o n  a removable s t r u c t u r a l  s t e e l  r o o f  f ram ing  system w i l l  be i n s t a l l e d  and s h i e l d e d  w i t h  
1 4 - i n . - t h i c k  modular l e a d  panels .  Ma jor  equipment acces j /egress a t  t h i s  l e v e l  w i l l  be through t h e  roo f  
v i a  t h e  e x i s t i n g  second f l o o r  b r i d g e  crane. The second f l o o r  f raming system w i l l  c o n s i s t  o f  s t r u c t u r a l  
s t e e l  and g r a t i n g  t o  a r a d i u s  o f  13 f t  4 i n .  around the  :en te r l i ne  o f  t h e  e l e v a t o r  s h a f t ,  which i s  
11 f t  4 i n .  square. The remainder o f  t h e  f l o o r  w i l l  be sn 8 - i n . - t h i c k  s t r u c t u r a l  s lab .  

On t h e  o u t s i d e  of t h e  dev i ce  enc losure a t  bo th  b u i l d i n g  f l o o r  e l e v a t i o n s ,  t he  gap between t h e  
l i m i t s  o f  t h e  b u i l d i n g  d e m o l i t i o n  and the  r i n g  w a l l s  w i l l  be covered w i t h  removable s t r u c t u r a l  s t e e l  
f ram ing  and f l o o r  p l a t e .  

(See Drawings S2E-6945A-SK4, -SK5, -SK6, and -SK7.) The th ree -  

C lass-A- ra ted  overhead r o l l -  
Access t o  the  

The e l e v a t o r  s h a f t  

The mezzanine, a t  e l e v a t i o n  939 ft, w i l l  be t h e  main o p e r a t i n g  l e v e l .  Access w i l l  be p rov ided  by 

P i p i n g  

Sec t ion  11.4.5 i n c l u d e s  a complete d i scuss ion  o f  p iped  se rv i ces .  

Heat ing,  v e n t i l a t i n g ,  and a i r  c o n d i t i o n i n g  

The dev i ce  enc losu re  w i l l  be c o n d i t i o n e d  t o  m a i n t a i n  an i n s i d e  des ign temperature o f  75°F t 2°F by 
u t i l i z i n g  a new b u i l t - u p  modular u n i t  l o c a t e d  on t h e  no r thwes t  low-bay r o o f .  
0.05-in. w.g. w i t h  respec t  t o  su r round ing  areas w i l l  be ma in ta ined  i n  the  enc losure by t h e  supp ly  system. 
The b u i l t - u p  modular u n i t  w i l l  c o n s i s t  o f  a r e t u r n  and o u t s i d e  a i r  s e c t i o n  w i t h  fan,  f i l t e r  s e c t i o n  (95% 
ASHRAE STU 57-76),  c o o l i n g  c o i l  sec t i on ,  and supply  f a n  sec t i on .  Con t ro l s  w i l l  be pneumatic. I n s u l a t e d  
supply  and r e t u r n  t luctwork w i l l  be extended t o  the dev i ce  enc losu re  f rom the  HVAC u n i t ,  which w i l l  have 
the  c a p a b i l i t y  o f  u s i n g  o u t s i d e  a i r  f o r  c o o l i n g  when c o r i d i t i o n s  pe rm i t .  
shown on Urawings HZE-34111 - S K O l ,  -SK02, and -SK03. 

A pos i t l ' ve  p ressu re  o f  

The HVAC system l a y o u t  i s  as 
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- E 1 e cJ. r i c a 1 

The p r i n c i p a l  equiprlient r e l a t e d  t o  dev i ce  enc losure  and suppor t  r e q u i r i n g  s i g n i f i c a n t  e l e c t r i c a l  
i n p u t  w i l l  be a c h i l l e r  f o r  t h e  a i r  c o n d i t i o n i n g  system. Th is  w i l l  be l o c a t e d  i n  t h e  basrment of  
B u i l d i n g  9201-2 and w i l l  r e q u i r e  %110 kVA a t  480 V ,  3 @. Th is  w i l l  be s u p p l i e d  i n  c o n d u i t  f ro i i i  t h e  
480-V c i r c u i t  b reaker  panel  l o c a t e d  a t  t he  n o r t h  end of  t he  new power supp ly  b u i l d i n g  a d d i t i o n  (see 
Drawing E?E-14270-0004). 

F i r e  p r o t e c t i o n  

A p r e a c t i o n  s p r i n k l c r  system w i l l  be p rov ided  f o r  t he  va r ious  l e v e l s  i n s i d e  t h e  dev i ce  enc losure .  
Thp new p r e a c t i o n  va l ve  s e r v i n g  t h e  c o n t r o l  room and i n s t a l l e d  on an e x i s t i n g  s p r i n k l e r  water  supp ly  
m a n i f o l d  w i l l  a l s o  s e r v i c e  t h e  system f o r  t h e  equipment and exper iment areas i n s i d e  t h e  enc losure .  
Pneumatic/heat-activated dev ices  w i l l  be i n s t a l l e d  i n  t,he enc losures  t o  a c t i v a t e  t h e  p r e a c t i o n  va l ve .  
The system w . i 1 1  be designed f o r  o r d i n a r y  hazard occupancy, and p i p i n g  w i l l  be s i z e d  accord ing  t o  t h e  
PIFPA No. 13 p ipe  schedule. 
t h a t  w i l l  upon a c t i v a t i o n  t r a n s m i t  a coded s i g n a l  t o  t h e  Y-12 F i r e  Department and o t h e r  erriergency 
o rgan iza t i ons .  

The s p r i n k l e r  system w i l l  be p rov ided  w i l t 1  water  f l o w  and superv i so ry  alarms 

The f i r e  p r o t e c t i o n  system w i l l  be designed and i n s t a l l e d  i n  acco rdmce  w i t h  NFPA standards f o r  
au tomat ic  s p r i n k l e r ,  a larm, and d e t e c t i o n  systems. 

11.3 OTHER STRUCTURES 

Other  s t r u c t u r e s  assoc ia ted  w i t h  t h e  EBT-P f a c i l i t y  i n c l u d e  t h e  c o o l i n g  tower an3 conc re te  pads f o r  
t h e  he l i um s to rage  tanks .  

11.3.1 Coo l ing  Tower 

Pr imary  c o o l i n g  o f  t h e  EBT-P f a c i l i t y  w i l l  be accomplished by a new 19-MW c o o l i n g  tower, a th ree -  
c e l l  tower t o  be b u i l t  on an e x i s t i n g  seven-ce l l  bas in .  The use o f  t h e  e x i s t i n g  bas in  w i l l  be economical 
and w i l l  p rov ide  room f o r  t h e  expansion o f  t h e  c o o l i n g  system i f  t h e  f a c i l i t y  expands. 

The c o o l i n g  tower w i l l  be o f  redwood and w i l l  be a coun te r f l ow  type.  Required e l e c t r i c a l  s e r v i c e  
and f i r e  p r o t e c t i o n  a r e  a l ready  a v a i l a b l e  a t  t h e  e x i s t i n g  bas in .  

11.3.2 Hel ium Tanks and pad 

A 2 4 - i n . - t h i c k  by 15 - f t -w ide  by 8 5 - f t - l o n g  r e i n f o r c e d  conc re te  suppor t  s l a b  w i l l  be p rov ided  f o r  
t h e  h i g h  pressure  he l ium s to rage  tanks  l o c a t e d  approx imate ly  100 f t  southwest o f  B u i l d i n g  9201-2 (see 
Drawing X2E-14270-0008). I n  a d d i t i o n ,  f i v e  2 4 - f t - h i g h  s t e e l  tube p i p e  suppor ts  w i l l  be p rov ided  f o r  t h e  
he l i um supp ly  l i n e  f rom the  tanks  t o  B u i l d i n g  9201-2. 

11.4 B A S I C  D E V I C E  

T-he bas i c  EBT-P dev ice  i s  composed o f  t h e  f o l l o w i n g  subsystems: 

( 1  ) t o r o i d a l  vessel  , 
(2)  magnet ics system, 
(3 )  microwave h e a t i n g  system, 
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(4) vacuum pumping system, 
( 5 )  dev i ce  u t i l i t i e s ,  and 

(6 )  

These systems a r e  d iscussed i n  t h e  f o l l o w i n g  sec t i ons .  

i nstrunien t a  t i on system. 

11.4.1 T o r o i d a l  Vessel 

The tBT-P tGro ida1 vacuum vesse l ,  designed as a sepdra te  component independent o f  t h e  m i r r o r  c o i l  

The t o r u s  i s  composed o f  36 

Drawings X2E-14270-0011, Sheets 1 and 2, desc r ibe  

dewar s t r u c t u r e ,  w i l l  c o n t a i n  t h e  h i g h  energy plasma. 
t a i n e d  u s i n g  v i t o n  e las tomer  s e a l s  w i t h  i n t e r f e r e n c e  f i t s  a t  a l l  f l anges .  
each o f  t h e  m i r r o r  and vacuum l i n e r  c a v i t i e s .  
aluminum alloys. The vesse l  ma jor  r a d i u s  i s  5.6 m. 
i n  d e t a i l  t h e  vacuum vesse l .  

It w i l l  a l l o w  an u l t r a h i g h  vacuum t o  be main- 

Both vessel  components a r e  f a b r i c a t e d  f rom h i g h  s t r e n g t h  

I t i s  a n t i c i p a t e d  t h a t  separa t i ng  t h e  vacuum l i n e r  c a v i t y  f rom t h e  ml ’ r ror  c o i l  dewar s t r u c t u r e  w i l l  
reduce f a b r i c a t i o n  cos ts .  
between t h e  c o i l  c a v i t y  l i n e r  and t h e  m i r r o r  c o i l  dewar. 
c a p a b i l i t i e s  between t h e  m i r r o r  c o i l  and the  vesse l  as w e l l  as f o r  assembly purposes. 
shou ld  a l l o w  machining t o l e r a n c e  requ i rements  t o  be reduced. 

and n i i r r o r  c a v i t y .  
t h e  c o i l  bore  and welded. 

f lange i s  c r i t i c a l  i n  p r e v e n t i n g  excess ive  s t resses  d u r i n g  opera t i on .  
w i t h i n  t0.002 i n .  of des ign  p o s i t i o n .  A l though these to le rances  a r e  n o t  unreasonable For t h e  s i z e  o f  
t h e  t o r u s  components, f i n a l  f l a n g e  mach in ing  o f  t h e  c o i l  c a v i t i e s  w i l l  be done a f t e r  t h e  l i n e r  ha lves  
have been welded t o  ensure proper  a l ignment .  

temperatures t h e  l i n e r  w i l l  see d u r i n g  opera t i on ,  t h e  0 .125 - in . - th i ck  c a v i t y  s ide  w a l l  sec t i ons  ~ 1 1 1  be 
designed t o  f l e x .  
t h e  vacuum vessel  t h a t  cons ide rs  p ressure  l oads  and thermal expansion shou ld  be completed. 

The proposed des ign  o f  t h e  t o r u s  i nco rpo ra tes  a 0.050-0.100-in. c lea rance  
T h i s  c lea rance  a l l o w s  f o r  added adjustnient 

A lso ,  t h i s  gap 

The 36-sec tor  vesse l  i s  a5semblt.d by  b o l t i n g  t h e  j o i n i n g  f l anges  between each vacuum l i n e r  c a v i t y  
P r i o r  t o  assembl ing t h e  to rus ,  t h e  c o i l  c a v i t y  l i n e r  ha lves  must be i n s t a l l e d  i n s i d e  

Because o f  t h e  number o f  s e c t o r s  and t h e  l a r g e  major  rad ius ,  t h e  l o c a t i o n  o f  each j o i n i n g  t o r o i d a l  
Vessel f l anges  shou ld  be l o c a t e d  

To a l l 0 4  f o r  thermal expansion r e s u l t i n g  f rom t h e  h i g h  

I n  o r d e r  t o  f u r t h e r  de f i ne  d e f l e c t i o n s  and s t r e s s  l e v e l s ,  a f i n i t e  element model o f  

The vesse l  suppor t  appara tus  i s  l o c a t e d  a t  t h e  f langes between t h e  vacuum l i n e r  c a v i t y  and the  
m i r r o r  c a v i t y  and i s  mounted t o  t h e  m i r r o r  c o i l  I -beav  members. 
be  made a t  t h e  t o r u s  suppor t  p o i n t s  i n  bo th  c i r c u m f e r n n t i a l  and v e r t i c a l  d i r e c t i o n s .  

p o r t s  a re  p rov ided  i n  t h e  c o i l  c a v i t y  l i n e r  because o f  space l i m i t a t i o n s  r e s u l t i n g  f rom g a m a  r a y  
s h i e l d i n g  and t h e  m i r r o r  c o i l  s t r u c t u r e .  

T h i s  approach w i l l  a l l o w  adjustments t o  

A suppor t  system and d i a g n o s t i c  dccess p o r t s  a r e  p rov ided  i n  each m i r r o r  c a v i t y .  No i n s t r u m e n t a t i o n  

Table 11.1 l i s t s  a breakdown o f  t h e  genera l  vesse l  c h a r a c t e r i s t i c s .  

Table 11 .l. T o r o i d a l  v a c u m  vessel  s p e c i f i c a t i o n s  
~ . _ _  

Torus volume 
I n t e r n a l  su r face  area  
De ion ized c o o l i n g  wa te r  requ i rements  

368.4 f t3 (10.44 m 3 )  

756.64 f t2 (88.87 m*)  

240 gpm (15.14 l i t e r / s e c )  

18.37 ft (5.6 m) 

M i r r o r  c a v i t y  

C o i l  c a v i t y  1116 gpm (70.41 l i t e r l s e c )  
Ma jo r  r a d i u s  ___ 
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11.4.2 y a g . n e t i c s . S y G  

The magnet ics system f u n c t i o n  c o n s i s t s  o f  genera t i ng  a t o r o i d a l  magnet ic f i e l d  t o  c o n t a i n  the  
s teady -s ta te  plasma and inc ludes  t h e  i i l i r r o r  c o i l  dewar system and assoc ia ted  power supp ly  system. 

crr0.r- c o i  1 s 

The f i r s t  s tage o f  EBT-P w i l l  have a i i i a jo r  r a d i u s  o f  5.6 m and 36 m i r r o r  inagnets. Each m i r r o r  
magnet $ w i l l  c o n s i s t  o f  two c o n c e n t r i c  so leno ids ,  one wound i n s i d e  t h e  o t h e r .  Th is  arrangement w i l l  
a l l o w  t h e  m i r r o r  r a t i o  t o  v a r y  i n  t h e  range 1.96-2.30. The s i z e ,  shape, m i r r o r  r a t i o ,  maximum f i e l d ,  
and maximum c u r r e n t  d e n s i t y  were s e t  i n  a s e r i e s  o f  t r a d e o f f s  between plasma phys i cs  requirements and 
reasonable goa ls  f o r  a n iodera te- r i sk  inagnet system. The magnet parameters a re  l i s t e d  i n  Table 11.2, and 
Drawings X2E-14270-0005, X2E-14270-0006, X2E-14270-0007, and E2E-14270-0003 r e f e r  t o  t h e  magnet system. 

lhe  r a t i o n a l e  f o r  t he  cho ice  o f  a Nb'ri p o o l - b o i l i n g  system i s  discussed i n  Sect.  A.4.3. The 
conductor and conductor  i n s u l a t i o n  scheme, t h e  r a t i o n a l e  f o r  t h e  w ind ing  scheme, bobbin design, steps i n  
w ind ing  t h e  c o i l ,  and the  p r o t e c t i o n  system a r e  d iscussed below. 

As p o i n t e d  o u t  i n  Sect.  A.4.3,  t h e  copper- to-superconductor r a t i o  shou ld  be kep t  low and t h e  
o p e r a t i n g  c u r r e n t  shou ld  be kep t  l ow  w i t h  respec t  t o  t h e  c r i t i c a l  c u r r e n t .  The conductor s i z e  and the  
opera t i ng  and c r i t i c a l  c u r r e n t s  a r e  g i ven  i n  Table 11.2. The conductor  w i l l  be m o n o l i t h i c  o r  b u i l t  up 
o f  a superconduct ing element and a copper element. 

The t u r n - t o - t u r n  i n s u l a t i o n  i s  a 50% cover ing  o f  t h e  conductor  su r face  w i t h  a barber  p o l e  wrap o f  
0 .5 -mn- th ick  N o w x  l a c i n g  tape. The v o l t a g e  p e r  t u r n  i n  t h e  i n n e r  c o i l  du r ing  a systern dump i s  a0.3 V ;  

t h e  maxiinuiii v o l t a g e  between ad jacen t  t u r n s  i s  then a30 V. Hence, t h e  miniirium d i s t a n c e  between t u r n s  can 
e a s i l y  i n s u l a t e  t h i s  vo l tage .  

The i n s u l a t i o n  f rom t h e  w ind ings  t o  t h e  bobb in  i s  d iscussed l a t e r  i n  t h i s  s e c t i o n .  
The w ind ing  scheme f o r  t h e  r n i r r o r  c o i l s  riiust be chosen c a r e f u l l y  t o  keep t h e  f i e l d  e r r o r s  low. 

These e r r o r s  a r e  i n t roduced  by crossovers,  by l a y e r - t o - l a y e r  t r a n s i t i o n s  i n  t h e  magnet, and by leads .  
The l a r g e s t  p o t e n t i a l  e r r o r  i s  t h e  r e s u l t  o f  t h e  l a r g e  separa t i on  o f  t h e  leads  as they  l eave  the  w ind ing  
The cho ice  o f  t h e  w ind ing  scheme s t r o n g l y  i n f l u e n c e s  t h e  l e a d  placement. Two conimon w ind ing  types  a r e  
l a y e r  w ind ing  and pancake winding. An i n a p p r o p r i a t e  l a y e r  w ind ing  scheme would feed t h e  conduct.or on t o  
t h e  bobbin th rough a h o l e  i n  a s ide  p l a t e  and then w ind  each l a y e r  and b r i n g  the  o t h e r  l e a d  o f f  t h e  
o u t s i d e  d iameter .  
l e n g t h  of  t h e  c o i l  b u i l d .  It i s  p o s s i b l e  t o  des ign  a l a y e r  w ind ing  t h a t  e l i m i n a t e s  t h i s  problem, b u t  i t  
r e q u i r e s  conductor j o i n t s  a t  one end o f  t h e  magnet. 
w i t h  uncompensated l e a d s  on each end o f  t h e  c o i l .  Pancake-wound c o i l s  f o r  t h i s  a p p l i c a t i o n  have another  
disadvantage. 

o f  grade and two more j o i n t s  t o  connect t h e  pancakes e l e c t r i c a l l y .  A l l  j o i n t s  take  cons ide rab le  t ime  t o  
make, thus  i nc reas ing  the  o v e r a l l  w ind ing  cos t .  
pancake-wound c o i l s  a r e  a l s o  poss ib le ,  e.g. , t h e  m i r r o r  magnets f o r  EBT-S. 

B a s i c a l l y ,  t h i s  design c o n s i s t s  o f  a 
layer-wound c o i l  w i t h  a p i e  (one -ha l f  o f  a pancake) wound on one end t o  b r i n g  t h e  conductor  n e x t  t o  t h e  
bobb in  t o  the  o u t s i d e  d iameter  as a lead. 
t u r n s  i n  t h e  p i e  so - tha t  t h e  two leads  end up on t h e  o u t s i d e  d iameter  on t h e  same end o f  t h e  c o i l .  The 

leads  can then be brought  o u t  c l o s e  toge the r  f o r  good f i e l d  e r r o r  compensation. 
be s e t  by he l ium breakdown vo l tages  d u r i n g  a p o s s i b l e  dump. 

be used i n  t h e  h i g h  f i e l d  areas. 

The bad f e a t u r e  o f  t h i s  scheme i s  t h a t  t h e r e  i s  an uncompensated c u r r e n t  l e a d  t h e  

One can a l s o  make a design o f  a pancake w ind ing  

I f  the  conductor  i s  graded, t h e r e  must be two j o i n t s  i n  each pancake t o  make the  change 

But as i n  t h e  layer-wound case, p roper  designs o f  

A h y b r i d  w ind ing  scheme has been chosen f o r  t h e  EBT-P c o i l s .  

There w i l l  be an even number o f  l a y e r s  and t h e  same number o f  

The l e a d  spacing w i l l  

I n  t h e  i n n w  c o i l  t h e r e  w i l l  be two grades of conductor.  A conductor w i t h  a 3 : l  Cu:SC r a t i o  w i l l  
A conductor  w i t h  t h e  same dimensions and l e s s  superconductor w i l l  be 



49 

Table 11.2. Magnet parameters 

Inner 
coi l  

Outer 
coi 1 

Winding dimensions 

Inner radius (cmj 

Outer radius  (cm) 

Axial length (cm) 

Number of turns per co i l  

Current densi ty  in  winding ( A / d )  
Mirror r a t i o  (MR) = 2.3 

M R  1.96 

Operating cur ren t  ( A )  
MR = 2.3 

MR = 1.96 

Peak operating f i e l d  ( T )  

Winding typeu 

Cooling type 

Conductor s i z e b  (nim)  

Number o f  grades 

Insulat ion turn t o  t u r n  

Minimurn copper: superconductorC 

C r i t i c a l  cur ren t  ( a l l  grades) ( A )  

Stored energy (MJ) ( t o t a l  a l l  magnets) 

MR = 5.3 

MR = 1.96 

27.0 

42.5 
30.0 

2000 

6600 

5000 

1535 
1163 

8 

Hybrid 

Pool boi l ing 

2.9 x 5 .0  

2 

50% covered 

Barber pole wrap 

0.5-mm thick 

3 

2800 

109 

152 

49.5  
54 .5  

30.0 

700 

0 
6 7 00 

0 

1568 

2 

Hybrid 

Pool boil i n y  

2.9 x 5.0 

1 

50% covered 

Barber pole wrap 

0.5-nrm th ick  

To be determined 

2800 

&A hybrid winding i s  a p a r t i c u l a r  combination o f  pancake and layer  w i n d i n g ;  see  t e x t  f o r  explanation. 

bBecause of dimensional tolerance and s t rength  requirements, a cable  o r  a braid wi l l  not be used. 

'The copper:superconductor r a t i o  wil l  change from one grade of conductor t o  another ,  The f i n a l  r a t i o  
wil l  be deteririined by the  conductor manufacturer a f t e r  the other conductor parameters a r e  met. 

used in  the low f i e l d  regions t o  help reduce cos ts .  

the  two conductor grades. The actual  number of j o i n t s  in  the  magnet depends on a number of things,  such 

a s  the  maximum length o f  conductor t h a t  can be manufactured, b u t  in  any case there  should be many fewer 

j o i n t s  than in a pancake-wound c o i l .  

The outer  c o i l  is not wound d i r e c t l y  onto the  inner c o i l ' s  turns because s t r u c t u r a l  banding i s  
needed on the inner magnet t o  keep the turns  nearest  tht: bobbin pressed aga ins t  the  bobbin insulat ion 

when the  c o i l  i s  f u l l y  energized. I t  i s  not prac t ica l  t.o wind the outer  co i l  on tile bdndiny o f  the 
inner c o i l .  

bobbin and the outs ide  diameter of the  inner co i l  t o  serve a s  a siiia11 helium plenum and lead space. 

The hybrid scheme requires  only one j o i n t  between 

Therefore, the  outer  coi l  will have i t s  ovJn bobbin with space l e f t  between the  outer  
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The alignment. of the inner and outer  c o i l s  i s  important because the f i e l d  e r r o r  has t o  be sinal1 

when one o r  both c o i l s  a r e  used. 

A t  f i r s t  thought i t  seems reasonable t o  p u t  each co i l  on i t s  own bobbin and then a t tach  the two bobbins, 

b u t  t h i s  i s  d i f f i c u l t  when one a l s o  designs f o r  the out-of-plane f a u l t  loads. 'The bobbin can be made 

se l f -a l ign ing  by welding onto a cyl inder  c i r c u l a r  end p la tes  la rge  enough t o  accommodate both c o i l s .  

The cyl indcr  wil l  then be used a s  the bobbin f o r  the inner c o i l  a f t e r  i t  i s  machined t o  the  proper 

dimensions. The bobbin f o r  the outer  coi l  i s  made in two C-shaped parts. Afterward the holes f o r  the 

b o l t s  and  alignment pins are  d r i l l e d  and countersunk before the inner coi l  i s  wound. Then the sect ions 

a r e  disassembled, and  the inner co i l  i s  wound. Once the insulat ion f o r  the inner coi l  i s  put i n  place,  

t h e  inner co i l  i s  wound, and  the leads a r e  brought t o  the outs ide diameter of the bobbin, the outer  co i l  

bobbin will then be p u t  i n t o  place and held by the al igning pins while i t  i s  bolted t o  the s ide  p l a t e s .  

Covers wil l  be p u t  over the pins a n d  b o l t s ,  and the p l a t e  seal will be welded t o  the bobbin s ide  p la tes .  

The bobbin insu la t ion  f o r  the outer  coi l  wil l  be p u t  in  place, and the outer  coi l  wil l  be wound. The 

leads will be p u t  in posi t ion and the outer  cover p la tes  bolted on and seal welded. 

sheet  t o  e l e c t r i c a l l y  insu la te  the winding cavi ty  from the bobbin. 

bobbin i s  designed t o  keep the x-ray heat deposited in the bobbin and  t o  keep heat conducted from the  

s t r u c t u r e  through the support s t r u t s  away from the magnet turns. During s teady-s ta te  operat ion,  the 

helium i n  the windings wil l  then cool only the  superconductor heated by the x-rays. 

between the  two bobbins i s  provided by s l o t s  machined on the ends of the outer  c o i l ' s  bobbin. There 

wil l  be enough s l o t s  t o  vent the heliurti in the inner c o i l  during a quench without an exccssive pressure 

Sui Idup.  

The motivation f o r  the  winding scheme and a general descr ipt ion of i t  were given e a r l i e r ;  below i s  

a descr ipt ion of the winding sequence. After the bobbin insulat ion i s  i n s t a l l e d  f o r  the  inner c o i l ,  

enough high f i e l d  conductor f o r  the  e n t i r e  high f i e l d ,  layer-wound portion of the co i l  wil l  be wound 

(uninsulated)  on one end of the bobbin. 

be wound on the o ther  end. 

needed f o r  the pie wi l l  be wound on. 

itiaintained, a 502 barber pole wrap of Noinex tape i s  applied. 

unwound from the  bobbin and t ransfer red  t o  another spool. The 1 rim o f  insulat ion between the pie  and 

the  layer-wound sect ion wil l  be p u t  in place. This insulat ion i s  a sandwich o f  two s l o t t e d  sect ions on 

each s i d e  of a so l id  piece of G-10. 

held in  tension and insulated in the same way as the conductor f o r  the  pie .  

l ayer  i;v.ill be iiionitored, and when the  proper number has been wound on ( i n  t h i s  design 49 t u r n s ) ,  a 

polycarbonate wedge wil l  be placed between the  l a s t  t u r n  and i t s  neighbor t o  hold the l a s t  turn t i g h t l y  

aga ins t  the  insulat ion on the end p la te .  The w i n d i n g  cavi ty  width i s  deterinined by a d d i n g  1 . 5  rm t o  the 

maxirnuiti width of a l a y e r ,  given t h e  acceptable tolerances of the  conductor and the  insulat ion dimension. 

After  the  wedge i s  inser ted ,  the  t r a n s i t i o n  t o  the next layer  i s  made and t h a t  layer  i s  wound. 

the  proper number of layers  has been wound, the j o i n t  t o  the low f i e l d  conductor i s  made on the end of 

the co i l  away from the  pie .  The low f i e l d  conductor wil l  then be wound the  same way as  the h i g h  f i e l d  

conductor. The problem c f  get t ing  the lead out of the layer-wound sect ion has not been resolved y e t ;  

however, one solut ion i s  t o  wind one o r  two fewer turns in the pie than layers  in  the layer-wound 

sect ion so t h a t  the  bottom of the conductor in the loose layer  i s  higher than the banding on the  pie .  

The lead from the  layer-wound par t  can then be bent into a special insulat ion block t h a t  f i t s  over the 

pie  and through the  1 rrm of insulat ion between the two sec t ions .  The leads a r e  insulated and brought 
out  a s  c lose  together  as  possible  in a radial  s l o t  in  the bobbin. After the  two outer  bobbin sect ions 

The proper aligniiierit of the coi l  ax is  i s  the b e s t  way t o  ensure t h i s .  

T h e  insu la t ion  between the  bobbin and the windings wil l  be s l o t t e d  G-10 sheets  covered with a so l id  

The heliuin c i rcu la t ion  next t o  the 

Helium c i rcu la t ion  

Then the pie (one-half of a pancake) sect ion of the  coi l  wil l  

As the conductor i s  wound, with the  proper winding tensior: being 

rhe lead wil l  be bent into an insulated s l o t  in  the  bobbin, and the banding 

The high f i e l d  conductor wil l  then be 

While i t  i s  being layer  wound, the high f i e l d  conductor wil l  be 

The number of turns  per 

After 



a r e  i n s t a l l e d ,  the outer  c o i l  i s  wound the  same way iis the  inner c o i l  with the  exception o f  the  conductor 

grade change. The pie wil l  be wound on the o ther  end o f  the bobbin from the pie f o r  the  inner c o i l .  

The purpose o f  protect ion i s  to  ensure the  i n t e q r i t y  o f  the magnet in case o f  quench and o ther  

f a u l t  events. For  the  operat ing cur ren t  and conductor cross section/composition, the energy s tored in 

the  magnet needs t o  be renoved in  a f a i r l y  shor t  t i n w  (%IO s e c ) .  
possible  t o  absorb the stored energy (4.3 MJ/n!agnet) in te rna l ly  because the  normal zone propagates 

slowly (4 ni/sec). 

For the pool-boiling magnet proposed, a 600-V l imi ta t ion  is  needed. 

has i t s  own dump r e s i s t o r  and t h a t  edch pai r  o f  outer, c o i l s  has a dump r e s i s t o r .  

During t h i s  amount of time, i t  i s  not 

To dump the energy ex terna l ly ,  switching i s  required. 

The number of sw-itches required depends on the rcceptable  level  o f  t r a n s i e n t  voltage t( i ground. 

This implies t h a t  each inner co i l  

Detai ls  o f  the  protect ion c i r c u i t  a r e  shown in Drawing E2E-14270-0003. Charac te r i s t ics  of: the  

There wil l  be two o f  these c i r c u i t s ,  one for. tiit? inner protect ion c i r c u i t  art? shown in Table 11.3. 

c o i l s  (36 sec t ions)  and one f o r  the  outer  c o i l s  (18 cec t ions) .  Duric;y normal operation a l l  inner 

(outer )  c o i l s  a r e  connected in s e r i e s  t o  minimize the f i e l d  e r r o r .  

amperes of cur ren t  in  the dump r e s i s t o r  during norrnal operat ion.  

because dump r e s i s t o r s  a r e  placed several meters awaj f rom the  magnet, 

The power suppl ies  rray produce a few 

The e r r o r  f i e l d  produced i s  small 

Table 11.3. Protection c h a r a c t e r i s t i c s  

Inner 
c o i l s  

Outer 
c o i l s  

Inductances 

Self  (H)  
Mutual (H)  

92.1 26.8 

31 . I  

Dump r e s i  s t o r / s e c t  ion (n) 0.375 0.36 

Number o f  c o i l s  per sec t ion  1 2 

Peak voltage ( V )  
MR = 2.3 

MR = 1.96 

576 

4.36 

200 

564 

Percent o f  stored energy dumped 
in  the  r e s i s t o r s  

ME = 2.3 85 I 6% 14.4% 

MR = 1.96 63.2% 36.8% 
._l_ll._...l_..._.....l...- ___ -.- ---- 

The same scheme may be used f o r  48-coil systems because the protect ion c h a r a c t e r i s t i c  i s  determinrd 

The number o f  switches used would be s i g n i f i c a n t l y  rrduLed i f  a higher operating cur ren t  ( ~ 5  kA) 

A scheme s imi la r  t o  the present one has been proposed f o r  ISABELLL r ing magnets. l S 2  

Voltage d i f fe rences  across  each magnet (Drawing IZE-14270-A009) a r e  moni tored by voltage tap5 and 

by energy s tored i n  the c o i l .  

were used. The main problem with t h a t  seems t o  be f i e l d  e r r o r  associated with leads. 

d i f f e r e n t i a l  amplif iers .  Because c o i l s  a r e  ident ica l  and carry the same current  d u r i n g  normal Operation, 

the  voltage drop across  each co i l  should he the same. 

by a second s tage o f  d i f f e r e n t i a l  amplif iers .  

magnet t h a t  has problems can be located.  

The voltage between neighboring co? l s  3 s  compared 

Deviation from zero ind ica tes  quench o r  4horts .  

I f  V 1  has quenched, i t  wi l l  show up in  both channel V 1 - V 2  and channel V36-V1.  Hence, the  par t icu lar  

A s i m i l a r  scheme has been proposed f o r  shor t  detect ion in TFTR toroidal  f i e l d  ~ a g a l r t s . ~  
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. Mi r i -o r  . . . ._____ c o i l - p o w e r  supp ly  

A l l  o f  t h e  superconduct ing m i r r o r  c o i l s  and m i r r o r  trim c o i l s  w i l l  be powered by spec ia l -purpose,  

s o l i d - s t a t e ,  h i g h  c u r r e n t  dc power supp l i es .  Each supp ly  w i l l  have p r o v i s i o n s  f o r  remote programming, 
remote sensing, au tomat ic  c rossover ,  ove r -cu r ren t  c u t o f f ,  and reve rse  vo l tage  p r o t e c t i o n .  
m i r r o r  c o i l s  w i l l  be connected i n  s e r i e s  and powered by one 200-V, 2-kA dc supply;  a l l  o f  t h e  i n f r r o r  

t r i m  c o i l s  w i l l  be connected i n  s e r i e s  and powered by one 150-V, 2-kA dc supp ly .  A schematic rep re -  
s e n t a t i o n  o f  t h i s  i s  shown i n  Drawing E2E-14270-0003. The r e l a t i v e l y  h i g h  vo l tages  o f  these supp l i es  
a r e  r e q u i r e d  i n  o rde r  t o  charge up t h e  h i g h  induc tance c o i l s  i n  a reasonable amount o f  t i m e  (30  min) .  
These power supp l i es  w i l l  be l o c a t e d  on t h e  f i r s t  f l o o r  o f  B u i l d i n g  9201-2 d i r e c t l y  under t h e  exper iment 
.(see Drawing F2i-14270-0005). 
power w i l l  be supp l i ed  i n  condu i t ,  r o u t e d  f rom t h e  480-V c i r c u i t  b reaker  panel i n  t h e  power supp ly  

b u i l d i n g  a d d i t i o n  (see Drawing E2E-14270-0004). 

A l l  o f  t h e  

They w i l l  be connected t o  t h e  m i r r o r  c o i l s  w i t h  r i g i d  copper bus. AC 

The magnet vacuum dewar assembly p rov ides  an i n s u l a t i n g  vacuum f o r  t h e  superconduct ing  m i r r o r  c o i l  
and s a t e l l i t e  dewar. 
t r a n s f e r r i n g  meinber. 

The c y l i n d r i c a l  o u t e r  p o r t i o i l  o f  t h e  c o i l  dewar a l s o  serves as a i i i aynet ic - load-  
Drawings X2E-14270-0005, -0006, and -0007 show d e t a i l s  o f  t h e  dewar s t r u c t u r e .  

The e x t e r n a l  case o f  t h e  c o i l  dewar i s  f a b r i c a t e d  f rom a 1 - i n . - t h i c k  s t a i n l e s s  s t e e l  p l a t e .  Super- 
i n s u l a t i n g  m a t e r i a l  w i l l  be i n s t a l l e d  w i t h  a l i q u i d - n i t r o g e n - c o o l e d  l i n e r  p r i o r  t o  t h e  i n s t a l l a t i o n  o f  
t h e  c o i l  case. The i n n e r  bore  o f  t h e  c o i l  dewar i s  f a b r i c a t e d  f rom 3 /8 - in . - th i ck  s t a i n l e s s  s t e e l .  

Welded around t h e  m i r r o r  c o i l  case i s  t h e  iuajor p o r t i o n  o f  t h e  dewar case. Access i n s i d e  t h e  dewar 
f o r  f i n a l  assembly and maintenance i s  a v a i l a b l e  th rough a f l anged  sec t i on .  Vapor-cooled conductor  leads  
a r e  brought  th rough t h e  dewar case a t  a t o p  c e n t e r  l o c a t i o n .  
dewar t o  t h e  m i r r o r  c o i l  case a t  t h e  t o p  c e n t e r  l o c a t i o n  a l so .  
c o i l  dewar case. 

The l i q u i d  he l ium i s  f e d  f rom t h e  s a t e l l i t e  
The s a t e l l i t e  dewar i s  suppor ted  by t h e  

'The dewar case i s  designed t o  c a r r y  maximum ou t -o f -p lane  loads  o f  260,000 l b  (1.1565 x l o 6  N )  t o  
two s t a i n l e s s  s t e e l  I-beam suppor ts  a t  t h e  base o f  t h e  c o i l  dewar. The c e n t e r i n g  f o r c e  l o a d  members and 
t h e  c o i l  case g r a v i t y  l o a d  member a r e  connected t o  t h e  c o i l  dewar s t r u c t u r e .  These members t h a t  t r a n s m i t  
magnet ic loads  f rom t h e  c o i l  case t o  t h e  major l oad-bear ing  s t r u c t u r e s  have th readed ad jus tment  dev ices  
a t tached  t o  t h e  c o i l  dewar case. 

The m i r r o r  c o i l  s t r u c t u r a l  suppor t  iiiembers a r e  designed t o  t r a n s f e r  magnet -center ing  loads  and 
p o s s i b l e  ou t -o f -p lane  loads .  1-he s t r u c t u r a l  members connect ing  t h e  c o i l  case t o  t h e  dewar case a l s o  
p rov ide  f o r  a means o f  c o i l  p o s i t i o n  adj i js t i i ient  ( r e l a t i v e  t o  t h e  dewar) i n  any combina t ion  o f  a x i a l  o r  
r a d i a l  d i r e c t i o n s .  

There a r e  a t o t a l  o f  11 suppor t  s t r u t s  connect ing  t h e  c o i l  case t o  t h e  dewar case. I n  case o f  a 
c o i l  quench, f o u r  p a i r s  o f  s t r u t s  a r e  needed t o  c a r r y  t h e  ou t -o f -p lane  loads, a maximum o f  260,000 l b s  
(1.156 x l o 6  N) .  
A p o s s i b l e  nega t i ve  c e n t e r i n g  l o a d  o f  4000 l b  (1.779 x l o 4  Pi) and t h e  g r a v i t y  loads  o f  t h e  c o i l  a r e  
c a r r i e d  by two o t h e r  s t r u t s .  
illember i s  loaded i n  compression. 
f a b r i c a t i o n .  A l l  s t r u t s  a r e  a t tached  t o  bo th  t h e  c o i l  case and t h e  dewar case by b a l l  j o i n t  connec- 
t i o n s .  

One s t r u t  i s  designed t o  c a r r y  a maximum c e n t e r i n g  l o a d  o f  110,000 l b  (4.893 x l o 5  N) .  

A l l  ma jor  l o a d - c a r r y i n g  s t r u t s  a r e  t e n s i o n  loaded. Only t h e  g r a v i t y  l o a d  
The s t r u t s  a r e  designed t o  use a h i g h  s t r e n g t h  t i t a n i u m  a l l o y  f o r  

The c o i l  ad jus tments  a r e  made by t u r n i n g  th readed members mounted i n  t h e  dewar case. 
The superconduct ing  m i r r o r  c o i l s  a re  main ta ined a t  4.2K i n  a ba th  0.f l i q u i d  heliurri; t h e  magnet i s  

suspended i n  a vacuum o f  t o r r  f o r  thermal i n s u l a t i o n .  The suppor ts  t r a n s m i t  a l l  loads  on t h e  
lnagnet f rom t h e  c n i l  case a t  4.2K t o  t h e  vacuum dewar, which i s  a t  300K. Between t h e  tempera ture  extremes 
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o f  300K and 4.2K, there  is  a cold wall t h a t  i s  cooled t o  80K by l iqu id  nitrogen. 

temperature surface i s  thermally attached t o  each support member. 

conductive heat  leak through the supports as  well as reducing the  rad ia t ion  heat t r a n s f e r  t o  tho c o i l .  

Layers of aluminized mylar superinsulat ion f u r t h e r  reduce rad ia t ion  heat leak by c rea t ing  isothernlal 

l ayers  w i t h  low emissivi ty .  

thermally dependent mechanical propert ies  of titanium a l loys .  One a l l o y  considered, Ti-5 A1-2.5 S n ,  i s  

16% stronger  a t  4.2K than i t  i s  a t  80K and i s  601 s t r i n g e r  a t  BOK than i t  i s  a t  300K. 
area of t h e  support can decrease by the  same percentage as  the s t rength increases ,  thus reduclng the  

a rea  a v a i l a b l e  f o r  conductive heat  t r a n s f e r .  

The vacuum i n  t h e  dewar wil l  be i n i t i a l l y  provid?d by a commercial cryopump while the c o i l  i s  warm. 

This intermediate 

Thus, the  cold wall reduces the 

The s a t e l l i t e  dewar wi l l  be s i m i l a r l y  constructed.  

The s t r u c t u r a l  supports can be thermally optimiz2.d t o  reduce heat leak by taking ddvantage of the 

The cross-sect ion 

After  the  c o i l  has cooled down, the  case can be valved of f  and the cold surfaces  wi l l  a c t  as  a huge 

cryopump with many times the e f f e c t i v e  pumping speed ,f the commercial pump. 
a t tached t o  e i t h e r  the  c o i l  case or  the  cold wall t o  f u r t h e r  increase pumping speed and capacity. 

A lliolecrilar s ieve wil l  be 

Magnet s h i e l  ding 

Each superconducting mirror  c o i l  dewar requires  3 gamma-ray-shielding device f o r  winding insu la tor  

protect ion a s  well a s  f o r  l imi t ing  thermal loads on t i e  helium cryogenic system. Primary radiat ion 

emission i s  expected t o  r e s u l t  from electron c o l l i s i o i s  with the vacuum l i n e r  a t  the torus  t h r o a t ,  

Bremsstrahlung emissions r e s u l t i n g  from these e l e c t r o i s  impacting the throa t  a r e  a t tenuated by the 

shielding material i n s t a l l e d  around the mirror c o i l  dewar (on the inner bore) .  

r i a l s  were most a t t r a c t i v e  because of t h e  e f f e c t i v e  sd i ie ld ing  thickness required f o r  each. 

shielding thickness ,  a more des i rab le  mirror f i e l d  i s  a t t a i n e d , )  

a depleted uranium sh ie ld  (see Sect. A. l . l .  of the Appendix), a high tungsten a l l o y  powder is incorpo- 

ra ted in  t h i s  design. 

and t o  minimize heat  loads on the mirror c o i l  dewar. As seen in the thermal model of the  vacuum vesse l ,  

approximately 4100-kW power input  t o  t h e  dewar nitrogi?n system from the shielding r e s u l t s  from gama ray 

conversion. 

Both depleted uranium and tungsten were considered as  a possible  shielding Inaterial. These mate- 

(Ry minimizing 

Because o f  possible  d i f f i c u l t i e s  with 

The  tungsten shielding components a r e  water cooled t o  reduce vacuum l i n e r  operat ing temperatures 

The sh ie ld ing  components a r e  designed t o  be formed w i t h  cooling t u b e  passages and bolted 

together .  Each complete u n i t  i s  at tached t o  the c o i l  dewar. Drawing X2E-14270-0006 shows the tungsten 

sh ie ld  u n i t s .  

Based on the rad ia t ion  ana lys i s ,  we predict t h a t  approximately 252 W of power wil l  be absorbed by 

t h e  mirror  c o i l s  ( 7  W/coil). 

Mirror c o i l  p r o t e c t i o n  system 

In the event t h a t  energy m u s t  be rapidly removed from the mirror and/or mirror t r im c o i l s ,  spec ia l -  

The basic  idea involves e l e c t r i c a l l y  i s o l a t i n g  each c o i l  with switches ized c i r c u i t r y  wi l l  be required. 

and then allowing each co i l  t o  discharge i n t o  a r e s i s t i v e  element. 

avoid the  problem o f  ground f a u l t  vol tages  adding t o  prohib i t ive  leve ls .  

implementing t h i s  plan a r e  shown schematically in  Drawing E2E-14270-0003. 

cur ren t  f l ows  through t h e  SCR's and the mirror c o i l s .  

is  ef fec t ive ly  shorted out  by the superconducting c o i l .  

contdctors  wi l l  be closed; t h e n  a l l  SCR's will  be comniutated open, leaving a l l  mirror  c o i l s  f r e e  t o  

By f i r s t  i s o l a t i n g  the  c o i l s ,  we 

The e l e c t r i c a l  d e t a i l s  f o r  

D u r i n g  s teady-s ta te  operdtion, 

The dc contactor  i s  open, and the  dump r e s i s t o r  

When the  decision t o  dump i s  made, a l l  dc 
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d ischarge i n t o  t h e i r  r e s p e c t i v e  duiiip v e s i s t o r s .  
problems w i t h  conimutating a l l  SCR's s imu l taneous ly .  

The SCR-forced cotiirnutation c i r c u i t r y  i nc ludes  a c a p a c i t o r  bank t o  f o r c e  t h e  SCR c u r r e n t  t o  zero,  a 
power supp ly  t o  ma in ta in  t h e  c a p a c i t o r  bank, and a s a t u r a b l e  r e a c t o r  t o  p ro long  t h e  c u r r e n t  zero  c ross-  
i n g .  
Los Alanios S c i e n t i f i c  Labora tory  (except  i n  t h a t  case vacuum c i r c u i t  breakers were used).  
ins tance,  s o l i d - s t a t e  swi tches  a r e  p r e f e r a b l e  t o  vacuum c i r c u i t  b reakers  because t h e  i n t e r r u p t i n g  v o l t a g e  
i s  o n l y  600 V and space i s  a f a c t o r .  

The swi tches  and dump r e s i s t o r  w i l l  be packaged as a u r i i i  f o r  each c o i l  and suspended f rom t h e  
c e i l i n g  o f  t h e  exper i i i ient  enc losure  (see Drawing X2E-14270-0004). 
w i t h  r i g i d  copper bus. 
r e s i s t o r  u n i t s  w i l l  be b ra ided  copper cab le .  

The use o f  t h e  con tac to rs  w i l l  p rec lude  any p o t e n t i a l  

I n  t h e  d e t a i l e d  des ign  use w i l l  be made o f  c i r c u i t s  s i m i l a r  t o  those designed f o r  exper iments a t  
I n  t h i s  

Connections t o  t h e  c o i l s  w i l l  be ri!ade 
I n t e r n a l  connect ions  and some o f  t h e  i n te rconnec t ions  between switch/dump 

Magnet s t r u c t u r a l  supporrJs 

The magnet ic loads  a r e  t r a n s f e r r e d  f rom t h e  dewar case t o  t h e  f l o o r  s t r u c t u r e  by t h r e e  beam inemhers. 
Two s t a i n l e s s  s t e e l  I-beams welded t o  t h e  dewdr case t r a n s f e r  ou t -o f -p lane  loads  and g r a v i t y  loads .  
box beam l o c a t e d  on t h e  o u t s i d e  o f  t h e  t o r u s  c a r r i e s  bo th  ARE c o i l  and m i r r o r  c o i l  c e n t e r i n g  loads .  
Drawings X2E-14270-0005, 0006, and 0007 show t h e  d e t a i l s  of t h e  magnet s t r u c t u r a l  suppor ts .  

A 

11 . 4 . 3  Microwav.e . - ! !~~ t~ng System 

The microwave hea t ing  system p rov ides  energy t o  hea t  and s t a b i l i z e  t h e  plasma and i s  composed o f  
t h e  f o l l o w i n g  subsystems: 

(1  ) t h e  gy ro t rons ,  

(2 )  
( 3 )  b u l k  and p r o f i l e  power d i s t r i b u t i o n  systems, and 
(4 )  power supp l i es .  

t h e  g y r o t r o n  i? iount ing tanks  and suppor t  equipment, 

A d e t a i l e d  d e s c r i p t i o n  o f  each o f  these subsystems i s  g i ven  below. 

Cyc lo t ron  resonance dev ices  a r e  cons idered t h e  most p romis ing  t ype  o f  microwave tube f o r  development 
t o  t h e  power and f requency  l e v e l s  r e q u i r e d  by EBT-P; a complete d e s c r i p t i o n  o f  t h e  c u r r e n t  development 
e f f o r t  i s  g i ven  i n  Sect.  A.5 i n  t h e  Appendix. 

o f  t h e  u n c e r t a i n t y  i n  t h e  oiutput coup le r  design. 
subcon t rac t  i n d i c a t e s  t h a t  t h e  tubes r e q u i r e d  f o r  EBT-P should have about t h e  same microwave power 
convers ion  e f f i c i e n c y  as t h e  tubes now be ing  used on EBT-S and w i l l  t h e r e f o r e  r e q u i r e  t h e  same amount o f  
water  c o o l i n g .  The EBI-P g y o t r o n ' s  cathode des ign  should a l s o  be very  s i m i l a r  t o  t h a t  used on t h e  
28-GHz EBT-S tube and w i l l ,  t he re fo re ,  r e q u i r e  t h e  same type o f  o i l  ba th  f o r  h i g h  v o l t a g e  i n s u l a t i o n  and 
c o o l i n g .  An o u t p u t  window des ign  i s  c u r r e n t l y  be ing  developed f o r  t h e  28-GHz g y r o t r o n  t h a t  uses a 
f l u o r i n a t e d  hydrocarbon as a fo rced-convec t ion  coo lan t ,  and t h e  h i g h e r  f requency  gy ro t rons  w i l l  p robab ly  
use an o u t p u t  window t h a t  i s  a lmost  i d e n t i c a l .  
t h e r r f o r e ,  a l i b e r a l  amount o f  head space has been l e f t  i n  t h e  containment s t r u c t u r e  t o  accomodate  ve ry  
l o n g  tube  des igns .  

An exac t  phys i ca l  d e s c r i p t i o n  o f  t h e  EBT-P gy ro t rons  i s  n o t  p o s s i b l e  a t  t h i s  t i m e  p r i m a r i l y  because 
However, work performed under a Var ian  Assoc ia tes  

The s i z e  o f  t h e  EBT-P gy ro t rons  i s ,  however, n o t  known; 
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Gyro t r o n  mou-nt-gnd-s u p p o r t  

The EBT-P gy ro t rons  w i l l  be mounted on t h e  l i d  o f  an o i l  tank  c o n t a i n i n g  t rans for i r ie r  o i l  so t h a t  
t h e  h i g h  v o l t a g e  cathode can be bo th  coo led  and i s o l a t e d  e l e c t r i c a l l y .  A smal l  c e n t r i f u g a l  pump w i l l  be 
used t o  c i r c u l a t e  c o o l i n g  o i l  th rough t h e  g y r o t r o n  gun, and the system w i l l  be c o i i i p l & ? l y  conta ined i n  
t h e  tank  t o  p reven t  any p o s s i b i l i t y  o f  o i l  leakage. 
gy ro t rons  can be i n s t a l l e d  and rep laced  th rough t h e  acc3ss ha tch  on t h e  west s i d e  o f  t h e  containment 
b u i l d i n g .  
c o o l i n g  o f  t h e  t a n k ' s  su r face  w i l l  be s u f f i c i e n t  t o  m a i i t a i n  t h e  o i l  tempera ture  a t  an acceptab le  l e v e l .  

Each o f  t h e  n i n e  tanks  w i l l  be movable so t h a t  t h e  

Es t imates  o f  t h e  hea t  l o a d  i n  t h e  o i l  t a n k  h3ve been made and i n d i c a t e  t h a t  f r e e  convec t ion  

One p o s s i b l e  c o n f i g u r a t i o n  o f  t h e  g y r o t r o n  and i t s  mount ing tank  i s  shown i n  Drawing X2E-14270-0009. 
N ine  f u l l y  ins t rumented water  man i fo lds  w i l l  be i n ; t a l l e d  i n  t h e  t o r u s  enc losure  basement and wi l l  

p r o v i d e  c o o l i n g  wa te r  f o r  each g y r o t r o n  and one s e c t i o n  o f  t h e  microwave d i s t r i b u t i o n  system. 
o f  b o t h  wa te r  f l o w  r a t e  and tempera ture  d i f f e r e n c e  w i l l  be a v a i l a b l e  i n  t h e  c o n t r o l  room so t h a t  each 
tube ' s  s t a t u s  can be c o n t i n u o u s l y  rrionitored. 

T h i s  system w i l l  a l l o w  t h e  o p e r a t i o n  o f  a l l  n i n e  tubes s imu l taneous ly  f o r  plasma phys i cs  exper i -  
ments o r  one tube  a t  a t i m e  f o r  t h e  tube and d i s t r i b u t i o n  system development work. 

The f l uo roca rbon  c o o l a n t  c i r c u l a t i o n  system curren':ly i n  use on EBT-S i s  cons idered p r o t o t y p i c a l  o f  
those r e q u i r e d  f o r  EBT-P. 
i n d i v i d u a l  tubes. 

Read-outs 

Again, n i n e  separa te  systeins w i l l  be used t o  f a c i l i t . a t e  t h e  o p e r a t i o n  o f  

___._. Microwave power _.I____. d i s t r i b u t i o n  s.st,en!. 

Convent iona l  microwave systems use a dominant-modp waveguide i n  which power p ropagat ion  i s  p o s s i b l e  
i n  o n l y  one mode. 
system t h a t  u t i l i z e s  a waveguide many wavelengths i n  dii..nieter. T h i s  is  because t h e  r e q u i r e d  d iameters  
of dontinant-mode systems a t  60 and 110 LHz would be mucti t o o  small t o  hand le  t h e  proposed power l e v e l s  
and because t h e  t ransmiss ion  l o s s e s  o f  dominant-mode syr tems a r e ,  i n  genera l ,  much t o o  h i g h  f o r  p r a c t i c a l  
power t ransmiss ion  networks,  

Power i s  coup led  f rom t h e  EBT-S g y r o t r o n  t o  t h e  t o r u s  th rough a system t h a t  c o n s i s t s  o f  seve ra l  
s t r a i g h t  s e c t i o n s  o f  waveguide and a t o r o i d a l  d i s t r i b u t i o n  m a n i f o l d  that. couples power t o  t h e  plasma 
th rough  a s e r i e s  o f  s t r a i g h t  waveguide l i n k s .  
f e a s i b i l i t y  o f  t h i s  approach has now been exper i i r le r i ta l l y  v e r i f i e d .  I n  add i t i on . ,  t h e  EBT-S dev i ce  w i l l  
be r e a d i l y  a v a i l a b l e  t o  a i d  i n  component development. 

The microwave power d i s t r i b u t i o n  ne twork  f o r  EBT-P, shown scheinat ical  l y  i n  Drawing X20-14270-0002, 
w i l l  be c o n s t r u c t e d  f r o m  t h e  f o l l o w i n g  f i v e  subsystems: 

The EBT-P gy ro t rons ,  however, w i l l  br  coup led  t o  t h e  t o r u s  w i t h  a power d i s t r i b u t i o n  

A s i m i l a r  system w i l l  be used on EBT-P because t h e  

h o r i z o n t a l  and v e r t i c a l  waveguide sec t i ons  f a b r i c a t e d  f rom copper t u b i n g  t h a t  w i l l  connect t h e  
tubes  t o  t h e  d i s t r i b u t i o n  man i fo lds ,  
a c o u p l i n g  and power-sensing dev i ce  t h a t  w i l l  connect t h e  h o r i z o n t a l  waveguide r u n  f rom t h e  
gy ro t rons  t o  t h e  v e r t i c a l  s e c t i o n  o f  waveguide t h d t  couples power t o  each o f  t h e  d i s t r i b u t i o n  
man i fo lds ,  
mode f i l t e r s  t h a t  w i l l  be used a t  s t r a t e g i c  p o i n t s  i n  t h e  system t o  d i s s i p a t e  microwave power 
t h a t  has undergone convers ion  f rom the  low l o s s  c i r c u l a r  e l e c t r i c  modes t o  some o t h e r  mode t ype  
t h a t  c o u l d  become t rapped i n  t h e  system, 
two t o r o i d a l  d i s t r i b u t i o n  man i fo lds  (one f o r  b u l k  and t h e  o t h e r  f o r  p r o f i l e  h e a t i n g  power) t o  
be  used t o  d i s t r i b u t e  t h e  power from each g y r o t r o n  t o  an i n t e g r a l  number o f  t o r u s  c a v i t i e s ,  and 
i n d i v i d u a l  waveguide l i n k s  t o  connect  every  t o r u s  c a v i t y  t o  each o f  t h e  two d i s t r i b u t i o n  
mani f o l  ds . 
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The d e t a i l e d  des ign  o f  each o f  t h e  subsystems l i s t e d  above w i l l  be based on c r i t e r i a  generated by 
bo th  t h e  g y r o t r o n  development subcont rac ts  and t h e  component research  conducted on t h e  EBT-S f a c i l i t y .  

Prec is ion-drawn copper t u b i n g  i s  coinrnercial ly a v a i l a b l e  and w i l l  be used t o  f a b r i c a t e  t h e  b o r i -  
zon ta l  and v e r t i c a l  waveguide sec t ions .  
a l ignment  r i n g s  b e t w e n  mat ing  f l anges  so t h a t  t h e  t o t a l  a x i a l  m isa l ignment  i s  l e s s  than a few thou-  
sandths o f  an i nch .  

Mode convers ion  a t  waveguide j o i n t s  w i l l  be min imized by u s i n g  

The waveguide-coupl ing dev i ce  used t o  connect t h e  h o r i z o n t a l  and v e r t i c a l  waveguide runs, as w e l l  
as t o  p rov ide  a mechanism f o r  sampl ing bo th  fo rward  and r e f l e c t e d  power, w i l l  be based e i t h e r  on t h e  
des ign  c u r r e n t l y  be ing  used on EBT-S o r  on a more e f f i c i e n t  ve rs ion  t h a t  i s  developed u s i n g  t h e  e x i s t i n g  
machine as an exper imenta l  t e s t  v e h i c l e .  

have been used s u c c e s s f u l l y  on EBT-S and w i l l  a l s o  be used on EBT-P. 

t h e  36 t o r u s  c a v i t i e s  a r e  s i z e d  so t h a t  t h e  average powsr d e n s i t y  i n  each m a n i f o l d  and l i n k  i s  t h e  same 
as i n  t h e  g y r o t r o n  o u t p u t  waveguides. 
f l a t  copper p l a t e s  so t h a t  each o f  t h e  h i g h  frequency gy ro t rons  i s  e l e c t r i c a l l y  i s o l a t e d  f rom t h e  o the rs ;  
t h e  p r o f i l e  h e a t i n g  m a n i f o l d  i s  d i v i d e d  i n t o  t h r e e  segments f o r  t h e  same reason. 
a l s o  be equipped w i t h  a s c a t t e r i n g  wedge a t  t h e  i n p u t  waveguide feed p o i n t  and power-balancing i r i s e s  a t  
each o f  t h e  waveguide c a v i t y  l i n k  connect ions .  

Mode f i l t e r s  a r e  dev ices  t h a t  p rov ide  much h i g h e r  l o s s  t o  n o n c i r c u l a r  e l e c t r i c  modes. S tee l  p ipes  

Both t h e  t o r o i d a l  d i s t r i b u t i o n  man i fo lds  and t h e  72 waveguide l i n k s  t h a t  connect them t o  each o f  

The b u l k  h e a t i n g  power i nan i fo ld  i s  d i v i d e d  i n t o  s i x  segments w i t h  

Each m a n i f o l d  w i l l  

The waveguides w i l l  be i n i t i a l l y  purged w. i th  d r y  n i t r o g e n  gas t o  reinove a l l  t r aces  o f  water  vapor,  
and a v e r y  smal l  overpressure  w i l l  be main ta ined i n  t h e  guides a t  a l l  t imes.  Each of  t h e  n i n e  waveguide 
runs  w i l l  be i s o l a t e d  f rom t h e  h i g h  vacuum d i s t r i b u t i o n  m a n i f o l d  by Var ian-supp l ied  FC-75 coo led  windows 
i d e n t i c a l  t o  those used on t h e  gy ro t rons .  

E i t h e r  f r e e  convec t i on  o r  water  c o o l i n g  w i l l  be used t o  coo l  t h e  e n t i r e  d i s t r i b u t i o n  system, b u t  a 
d e c i s i o n  on which t ype  t o  use cannot  be made u n t i l  t h e  tiiode d i s t r i b u t i o n  a t  t h e  g y r o t r o n  o u t p u t  f l a n g e  
i s  known. A p robab le  mode d i s t r i b u t i o n  assumption has been made, however, and t h e  r e s u l t i n g  power 
l osses  were detei-mined t o  be e a s i l y  compat ib le  w i t h  water  coo l i ng ;  t h e  conceptua l  des ign  o f  t h e  d i s t r i -  
b u t i o n  system inc ludes  t h e  components necessary t o  accompl ish t h i s .  

Gy ro t ron  power suppjje> 

High vo l tage  dc power supp l i es  w i l  
f o r  b u l k  and p r o f i l e  hea t ing  on EBT-P. 
beam supp ly  hav ing  a nominal r a t i n g  o f  
a t  0.2 A. 

be used t o  power t h e  n i n e  g y r o t r o n  microwave tubes t o  be used 
Each supp ly  w i l l  be v a r i a b l e  and r e g u l a t e d  and w i l l  c o n s i s t  n f  a 

00 kV a t  10 A and a gun anode supp ly  nomina l l y  r a t e d  a t  40 kV 

The des ign  and c o n f i g u r a t i o n  o f  these power supp l i es  w i l l  be based on t h e  p r o t o t y p e  power supp ly  
developed f o r  EBT-S. 

Near l y  a l l  ma jor  components of  these h i g h  v o l t a g e  power s u p p l i e s  w i l l  be accominodated by a new 

A o n e - l i n e  schematic o f  t h e  g y r o t r o n  power supp l i es  i s  i n c l u d e d  i n  Drawing 
EZE-14270 -0001. 

b u i l d i n g  a d d i t i o n  ad jacen t  t o  the west w a l l  of B u i l d i n g  9201-2 and by a new power supp ly  pad south  o f  
B u i l d i n g  9201-2. These b u i l d i n g  a d d i t i o n s  and t h e  powcr supp ly  component l a y o u t  a r c  shown on Drawing 
E2E-14270-0002. D e t a i l s  o f  t h e  b u i l d i n g  i t s e l f  a r e  e labo ra ted  upon i n  Sect. 11.2.2. 

A l so  r e q u i r e d  f o r  g y r o t r o n  o p e r a t i o n  w i l l  be low vo l tage,  h i g h  c u r r e n t  g y r o t r o n  magnet power 
supp l i cs .  These magnets w i l l  be superconduct ing and w i l l  r e q u i r e  approx imate ly  10 V a t  2400 A. These 
supp l i es  and t h e  r e g u l a t i o n s  f o r  t h e  40-kV gun anode power supp l i es  shou ld  be i n  c l o s e  pcox in i i t y  t o  thP 
microwave tubes. They w i l l  be l o c a t e d  on t h e  f i r s t  f l o o r  i n  B u i l d i n g  9201-2 d i r e c t l y  under t h e  exper-  
iment.  rhe phys i ca l  l a y o u t  f o r  these supp l i es  and t h e  tubes i s  dep ic ted  i n  Drawing EX-14270-0005. 
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Power f o r  these suppl ies  wi l l  be r u n  in  conduit from the power supply bui lding addi t ion a s  shown in 

Drawing E2E-14270-0004. 

11.4.4 Vacuum Pumping _System 

The torus  vacuum system i n i t i a l l y  evacuates the torus ,  removes impuri t ies  re leased by surface 

outgassing d u r i n g  operat ion,  and provides s u f f i c i e n t  hydrogen pumping speed f a r  pressure cont ro l .  

separate  system i s  provided f o r  c o i l  magnet dewar evacuation pr ior  t o  cooldown. 

the assumed system parameters used f o r  ca lcu la t ing  pumping requirements: 

A 

The torus  i s  constructed of unbaked aluminum and assembled using Viton O-rings. The following a r e  

Surface area 100 in2 

Vol ume 10.6 in3 
Outgassing rate" 

O-ring gas throughput 

Base pressure 

1.5 x 10-8 to r r -1  iter/sec/cmz 

4 x lo-'+ t o r r - l i t e r / s e c  

5 x 10-7 t o r r  

'Assumed outgassing r a t e  a f t e r  24 lir. 

Roughing system __ 
The roughing system i s  designed w i t h  a cryogenic primary system t o  perform the  following funct ions:  

t o r r  and ( 2 )  regenerate  cryosorption pumps while device (1)  i n i t i a l l y  evacuate torus  from 1 atm t o  

is  operat ing.  

The proposed system is  shown schematically in Dravring X2D-14270-0001. 

( 1 )  one 50-cfm mechanical pump, 

( 2 )  
( 3 )  one 1500-l i ter /sec tiirbomolecular pump. 

On one mirror  cavi ty  a microwave i so la t ion  p l a t e  and  a 10-in. gate  valve a r e  i n s t a l l e d  on a lower 

port .  A 10-in. pipe connects this t o  a 6-in. gate  valve below f l o o r  level  and the  turbomolecular pump. 

Also mounted below f l o o r  level  a r e  the two Megasorb Modules (which a r e  connected t o  the 10-in. pipe) and 

the 50-cfm mechanical pump. 

The pr incipal  components a r e  

two Varian Megasorb Modules, and 

Approximately 1 hr i s  required t o  pump from 1 atm t o  t o r r .  

Below IO-'+ t o r r  the  pressure i s  determined by the  outgassing r a t e ,  which i s  a function of time and 

Crossover t o  the cryosorption pumps can occur a s  high as 0 5 t o r r .  

the pumping speed. 

however, avoids preloading the  pumping surfaces .  

order  of 

Going down t o  10-'+-10-5 t o r r ,  

In  addi t ion,  the turbopurnp allows pressure on the  
t o r r  t o  be maintained with t h e  primar,y vacuum system down f o r  maintenance. 

Torus cryopugs- 

Commercially ava i lab le  cryosorption pumps were s e l x t e d  f o r  the primary vacuum system i n  a machine 

t o r r  w i t h  the  assumed outgassing load and the  microwave 

without s teady-s ta te  o r  high power neutral  beams. 

achieving the desired base pressure o f  5 x 
i so la t ion  system described below. 

Eighteen CTl CRYO-TORR 10 pumps appear capable of 



58 

CryopuLcp microwave i s o l a t i - E .  

t o  p reven t  a r c i n g  and damage t o  components, 
t o  inc rease t h e  power absorbed by t h e  plasma, and 
t o  keep c ryogen ic  systems froi i i  exceeding t h e  r e f r i g e r a t i o n  c a p a c i t y  o r  e v o l v i n g  p r e v i o u s l y  
puiiiped gases. 
A p e r f o r a t e d  copper p l a t e  f o l l o w e d  by a p i p e  coated  w i t h  a microwave-absorbent m a t e r i a l  i s  proposed. 

Microwave power needs t o  be kep t  o u t  o f  t h e  vacuum system f o r  t h e  
f o l l o w i n g  reasons: 

(1 )  
( 2 )  
( 3 )  

As d e t a i l e d  i n  Drawing X2E-14270-0011, t h e  proposed p l a t e  i s  1/16 i n .  t h i c k  w i t h  45-mi l -d iam ho les  s e t  
i n  a t r i a n g u l a r  p i t c h  w i t h  a spac ing  o f  55 m i l  c e n t e r  t o  cen te r .  Us ing  Chen's t h e o r y 4  t h e  a t t e n u a t i o n  
a t  110 GHz f o r  normal i nc idence  i s  34 dB. The absorbent coated  s e c t i o n  prevents  t h e  r e g i o n  beh ind  t h e  
p l a t e  f rom be ing  a h igh-Q c a v i t y  f o r  leakage r a d i a t i o n .  
would e n t e r  t h e  cryopump. ' r es t i ng  shou ld  be perfori i ied, however, t o  de termine t h e  i s o l a t i o n  system and 
vacuutn pump performance under a n t i c i p a t e d  c o n d i t i o n s .  

so ldered  t o  t h e  r e a r  sur face .  

I t  i s  es t imated  t h a t  <1 W o f  imicrowave r a d i a t i o n  

Coo l ing  t h e  p l a t e  f o r  hea t  loads  on t h e  o rde r  o f  2 W/cin2 appears f e a s i b l e  w i t h  tubes brazed or 

The n e t  mo lecu la r  gas f low t ransmiss ion  p r o b a b i l i t y  f o r  p a r t i c l e s  i n c i d e n t  on t h e  11.5- in.-diani  
p o r t  t o  t h e  cryopump was es t imated t o  be 0.195. 
pe r  pump f o r  a i r ,  1600 l i t e r / s e c  f o r  water  vapor, and 1975 l i t e r / s e c  f o r  H,. 

permanent magnet. 
o r  l e s s .  Magnet ic s h i e l d i n g ,  i f  requ i red ,  appears f e a s i b l e .  The r e s u l t i n g  e r r o r  f i e l d s  ( A B / B )  on t h e  
plasma c e n t e r l i n e  i n  t h e  r a d i a l  d i r e c t i o n  a r e  es t imated  t o  be on t h e  o r d e r  o f  

Cryopump H2 c a p a c i t y .  
n e t  H2  pumping speed i s  1975 l i t e r / s e c .  
l i t e r ,  t h e  n e t  volume f r a c t i o n  o f  H2 i n  t h e  t o r u s  would be 1%, which i s  w e l l  below t h e  4 6% exp los i ve  
m ix tu re .  
i t s e l f  w i t h  t h e  ga te  v a l v e  c losed  a t  1 atm. 

groups a t  any g i ven  t i m e  w i t h  t h e  o t h e r  group down f o r  e i g h t  hours f o r  regenera t i on .  
would ope ra te  f o r  16 hours f o l l o w e d  by an 8-hour regenera t i on  pe r iod .  

T h i s  r e s u l t s  i n  a n e t  pumping speed o f  1000 l i t e r / s e c  

- Magnet ic ....___I- e f f e c t s .  The c r y o s o r p t i o n  pumps use a c losed-cyc le  r e f r i g e r a t o r  w i t h  a smal l  motor and 
The r e f r i g e r a t i o n  u n i t  i s  53 i n .  f rom t h e  c e n t e r l i n e ,  where the  s t r a y  f i e l d  i s  100 G 

The hydrogen c a p a c i t y  o f  t h e  CRYO-TORR 10 pump i s  6 s tandard  l i t e r s .  The 
.~ __ 

Under an u p - t o - a i r  a c c i d e n t  w i t h  a l l  18 pumps h o l d i n g  6 s tandard  

S ix teen  hours o f  pumping a t  5 x t o r r  would produce a 2 5% m i x t u r e  o f  lI2 i n  t h e  pump u n i t  

Cont inuous t o r u s  pumping i s  p o s s i b l e  by d i v i d i n g  t h e  pumps i n t o  t h r e e  groups o f  s i x  and us ing  two 
Any g i ven  pump 

Vacuum ___ d i s t r i b u t i o n  system __ 

There i s  no separa te  h i g h  vacuum d i s t r i b u t i o n  system. The t o r u s  i t s e l f  p rov ides  a ve ry  h i g h  con- 
ductance f rom a c a v i t y  t h a t  i s  n o t  pumped t o  a ne ighbor ing  c a v i t y  t h a t  i s  pumped. 

Assuming a l l  pumps have a n e t  H2 pumping speed of 1975 l i t e r / s e c ,  t h e  H 2  th roughput  would range 
f rom 0.35 t o r r - l i t e r / s e c  a t  t o r r  t o  0.035 t o r r - l i t e r / s e c  a t  l o e 6  t o r r .  
by one VEECO PV-10 p i e z o e l r c t r i c  v a l v e  and APC-110 au tomat ic  p ressure  c o n t r o l l e r .  
f o r  t h i s  system i s  1 t o r r - l i t e r / s e c  a t  1-atm pressure  d i f f e r e n t i a l .  
f u l l  open t o  f u l l  c l ose .  

Pressure  can be c o n t r o l l e d  
Maximuiii th roughput  

The va l ve  response t ime  i s  <2 msec 

__._. M i r r o r  ...... c o i l  dewar vacwm..system 

As shown i n  Drawing X2D-14270-0001, a separa te  vacuum systeii! i s  p rov ided  f o r  t h e  magnet dewars. A 
0-cfm pump i s  used t o  rough down t o  0.2 t o r r  th rough a 4 - in . - ID  inan i fo ld .  I n d i v i d u a l  CTI CRYO-TORR 7 
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pumps on each dewar a r e  then used t o  evacuate the dewars t o  10-5 t o r r  p r ior  t o  cooldown. 

system i s  a l s o  used in  evacuating and f lushing the heliuis l ines .  

The same 

11.4.5 U t i l i t i e s  

U t i l i t i e s  described in  t h i s  sect ion include those systems w i t h  the  function o f  furnishing water, 

cryogens, a i r ,  gases ,  and e l e c t r i c a l  se rv ice  t o  the device. 

_I__._ Demineral ized water XsJerm- 

The primary cooling o f  the device and auxi l ia ry  equipment will be by a deiriineralized water system. 

The primary loop of t h e  water system w i l l  cons is t  of (1) a t h r e e - c e l l ,  19-F!W cooling tower; ( 2 )  

The demineralized water loop  wil l  c o n s i s t  of the  components ident i f ied  on Drawing P?D-57700-0U01. 

seven low pressure,  2250-gpm pumps ( s i x  plus a s p a r e ) ;  and (3) a 19-iYW deiriineralized water/towt?r water 

heat  exchanger. The cooling tower wil l  be erected on 'an e x i s t i n g  cooling tower basin located south o f  

the southwest cornet- of Building 9201-2. The seven puxps f o r  c i r c u l a t i o n  of the tower water wid1 be 
located in the e x i s t i n g  pump house, Building 9404-3. 

These coiriponents a r e  t h e  rec i rcu la t ion  pumps; the side:treair, demineralizer; the 13-MW, 4~00-gpill heat 

exchanger; and the heat  'loads of the EDT-P device and the auxi l ia ry  equipment. 

A 
t o t a l  of 1300 gpm o f  water wil l  be needed t o  cool the  iielium compressors i n  the helium l iquefac t ion /  

r e f r i g e r a t i o n  system. The microwave d i s t r i b u t i o n  mani'olding w i l l  require  125 gpm of cooling water. 

The torus  vacuum l i n e r s  wil l  need 1400 gpiri of deminera;ized cooling water. 

c a v i t i e s ,  and microwave screens on the  torus collectivt2ly wil l  require  320 gpm of water. 

power suppl ies  and o ther  equ'ipment wil l  need 250 gpm o f  cooling water. 

enclosure a i r  condi t ioner  c h i l l e r  will require  400 gpm o f  cooling water. 

would require  2250 gpiri of  cooling water. 

of deinineral ized cooling water. 

cooling water. 

pumps t o  t h e  f a c i l i t y .  

ponent's cool ing requirements. 

The secondary loop of the water system cons is t s  o f  a l l  of the demineralized water components. 

The nine gyrotrons will requi re  approximately 625 gpm each o f  water f o r  a t o t a l  o f  5625 gpm. 

The photon sh ie lds ,  mirror 

The e l e c t r i c a l  

The control room and dt?vi!:e 
The addi t ion o f  ARE c o i l s  

The addi t ion o f  neutral bean1 in jec tors  would require  250 g:)ni 

These cooling loads t o t a l  approximately 12,000 gpni o f  derniriwalized 

The required flow of cooling water requires  a 24-in.-diani main supply and re turn  pipe from t h e  

The various branches a r e  s ized i n  Drawing P2D-57700-0001 based on each com- 

&gy_erric supply  sptrtms- 

A he1 i u m  1 iquefaction/refrigeration system and a l i q u i d  nitrogen systtm wil l  be purchased and 

i n s t a l  led to  supply the cryogens required by the superconducting magnet c o i l s ,  t h e  torus  cryopumps, and 

o ther  devices. 

The  helium liquefaction/refrigeration system w i l l  have a nominal capaci ty  of 600 l i t e r / i i r  of liquid 
helium production and 3700 W of r e f r i g e r a t i o n ,  both a t  Q.2K. 
boxes, a helium compressor f o r  each cold box, a 5000-gal l iquid helium storage dewar, and f-ive 25,GOU-gal 
ambient temperature, high pressure, gaseous helium s torsye  tanks. 

wil l  be located on the low-bay roof t o  mininize the length o f  cryogenic helium t r a n s f e r  p i p i n g  (see 
Drawing P2E-95306-0001). 

pressor building addi t ion  (see Drawing X2E-14270-ODOR, .sheet 2 ) .  

The major components a r c  one or more cold 

The cold box(es) and s torage dewar. 

The coinpressors wil l  be located west of Building 3201-2 in  the he1 iurn coni- 

The high pressure (15 atni) s torage 
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tanks  w i l l  be l o c a t e d  as shown on Drawing X2E-14270-0008, sheet 1 )  and w i l l  be connected t o  t h e  com- 
pressors  v i a  a 4- in.-diam p ipe .  The he l i um liquefaction/refrigeration systeril w i l l  be connected t o  t h e  
Y-12 P l a n t  gaseous he l i um system, which w i l l  p rov ide  t h e  i n i t i a l  he l i um f i l l  and a l l  makeup gas requ i red .  

The l i q u i d  n i t r o g e n  system w i l l  have a nominal  c a p a c i t y  o f  4000 l i t e r l h r .  The major  components a r e  
two l i q u i d  n i t r o g e n  tank  t r u c k s  t h a t  w i l l  be f i l l e d  as necessary a t  t h e  Y-12 P l a n t  a i r  sepai-ai ion 
f a c i l i t y .  The n i t r o g e n  o f f - l o a d i n g  s t a t i o n  w i l l  be a t  t h e  nor thwest  co rne r  o f  B u i l d i n g  9201-2 as shown 
on Drawing X2E-14270-0008. 

Cryogenic d i s t r i b u t i o n  syste!! 

The c ryogen ic  d i s t r i b u t i o n  system p rov ides  t h e  EBT-P f a c i l i t y  w i t h  l i q u i d  he l i um (LHe) and l i q u i d  
n i t r o g e n  (LN2) f o r  superconduct ing magnets. 
t o r o i d a l  c a v i t y  and by t h e  g y r o t r o n  c o i l s  l o c a t e d  below t h e  m i r r o r  c o i l  r i n g .  The system has been 
designed f o r  expansion w i t h o u t  ma jor  equipment m o d i f i c a t i o n .  
c a p a c i t y  Lo supp ly  t h e  1.2 x l o 6  l i t e r / s e c  o f  c ryocondensat ion  pumping t h a t  would be r e q u i r e d  f o r  pu lsed 
n e u t r a l  beam i n j e c t i o n .  

A schematic i s  i nc luded  on Drawing P20-57681-0001, which i l l u s t r a t e s  t h e  components and bas i c  opc r -  
a t i o n  o f  t h e  d i s t r i b u t i o n  system. 
and bayonet connect ions  a r e  vacuum-jacketed, super insu la ted  LNz-sh ie lded components. A l l  o f  t h e  LNz 
t r a n s f e r  l i n e s  and components a re  vacuuiti j a c k e t e d  and super insu la ted .  The c o l d  n i t r o g e n  ven t  l i n e s  w i l l  
be vacuum i n s u l a t e d  w i t h i n  the  f a c i l i t y  a rea  t o  p reven t  i c i n g  o r  condensat ion and w i l l  meet c r i t i c a l  
d imensional  c o n s t r a i n t s .  

Cryogens a r e  r e q u i r e d  by t h e  m i r r o r  c o i l s  around t h e  

The r e f r i g e r a t i o n  system has enough 

A l l  o f  t h e  LHe and c o l d  gaseous he l i um (GHe) t r a n s f e r  l i n e s ,  va l ves ,  

Outs ide  t h e  f a c i l i t y  a rea  these l i n s s  can use l a r g e r  foam i n s u l a t i o n .  
The warm GHe l i n e s  t h a t  v e n t  t h e  m i r r o r  c o i l  and g y r o t r o n  c o i l  vapor-cooled leads  w i l l  be uninsu- 

l a t e d  and have a tempera tu re -con t ro l l ed  hea te r  t o  heat  the ven t  gas above t h e  dew p o i n t  d u r i n g  cooldown 
and opera t i on .  

LHe l i n e s  connect t h e  s to rage  dewar t o  t h e  g y r o t r o n  supp ly  header and t o  t h e  s a t e l l i t e  dewar supp ly  
header; t h e  s a t e l l i - t e  dewars supp ly  1-atm l i q u i d  t o  t h e  m i r r o r  c o i l s .  Co ld  GHe l i n e s  c a r r y  gas f rom t h e  
g y r o t r o n  r e t u r n  header and f rom t h e  s a t e l l i t e  dewar r e t u r n  header back t o  t h e  cold box. 1-hese l i n e s  can 
a l s o  be vented t o  t h e  compressor s u c t i o n  th rough a hea te r  d u r i n g  cooldown, LN2 i s  a l s o  s u p p l i e d  t o  each 
s a t e l l i t e  dewar, p r o v i d i n g  c o l d  w a l l  c o o l i n g  f o r  t h e  s a t e l l i t e  and magnet dewars. N 2  v e n t  gas w i l l  be 
vented o u t s i d e  t h e  b u i l d i n g .  

w i l l  be c o n t r o l l e d  by a l e v e l  c o n t r o l  va l ve .  To ensure proper  c o o l i n g  f o r  t h e  vapor -coo led  leads ,  a 
b lower  w i l l  be used t o  m a i n t a i n  0 5-atm s u c t i o n  on t h e  warm gas l e a d  r e t u r n  l i n e .  
remote l y  ac tua ted  f l o w  c o n t r o l  v a l v e  so t h a t  p roper  c o o l i n g  can be ensured on each o f  t h e  216 (108 p a i r s )  
vapor-cool  ed 1 eads. 

r e q u i r i n g  warmup and subsequent cooldown o f  t h e  e n t i r e  f a c i l i t y .  
be manual ly operat.ed. 
system w i l l  be remote l y  ac tua ted .  Cooldown o f  t h e  f a c i l i t y  u s i n g  t h e  r e f r i g e r a t o r  desc r ibed  i n  t h e  
preced ing  s e c t i o n  shou ld  t a k e  approx imate ly  s i x  days, assuming t h a t  t h e  cooldown i s  n o t  l i m i t e d  by 
thermal  s t r e s s  c o n d i t i o n s  c r e a t e d  by t h i c k  c ross  sec t i ons .  

The l i q u i d  i n  t h e  s a t e l l i t e  dewars p rov ides  c o o l a n t  f o r  t h e  vapor -coo led  leads ;  t h e  l i q u i d  l e v e l  

Each l e a d  w i l l  have a 

Valves and bayonets have been p rov ided  t o  a l l o w  f o r  maintenance work on a v a l v e  o r  a c o i l  w i t h o u t  
Valves f o r  inaintenance and r e p a i r  w i l l  

A l l  c o n t r o l  va l ves  t h a t  a r e  necessary t o  e q u a l i z e  He o r  N 2  f l o w s  th roughout  t h e  
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Miscellaneous u t i l i t i e s  _I__-~_. ._ I -  

The miscellaneous u t i l i t i e s  f o r  EBT-P wil l  include instrument a i r ,  steam, and helium gas. 

The steam piping wil l  be i n s t a l l e d  from the  redut ing s t a t i o n  a t  t h e  northwest corner of Building 

9201-2 t o  the  air -handl ing u n i t s  on the low-bay roof 

i n s t a l l e d  from the  reducing s t a t i o n  t o  the west build'ng addi t ion.  

steam a t  25 p s i g  f o r  heating the west bui lding addi t ion and 100 l b / h r  o f  steam a t  75 p s i y  f o r  heating 

the control room and device enclosure. 

columns 4-1/2 and k .  Steam piping wi l l  a l s o  be 

The pipes wil l  supply 350 lb /hr  of 

Instrument a i r  p i p e d  from the Y - 1 2  Plant  system wil l  be used as necessary f o r  instrumentation and 

Helium gas piped from the Y-12 Plant system will be used f o r  the i n i t i a l  f i l l  of the  helium 

valve operat ion.  

1 iquefaction/refrigeration system, he1 ium system makelip gas, and device component purges a f t e r  repa i rs .  

11.4.6 InstrurnenJation a n d ~ c o n t r o l  

___~_.. General 

The control and monitoring of EBT-P will  be accomplished by a combination of analog and d i g i t a l  

systems w i t h  the  s t a r t u p  and operation of each subsystem supervised from a master control console ( M C C ) .  

This sect ion of the repor t  descr ibes  the instrumentat isn arid control systems required f o r  machine 

s t a r t u p  and operat ion.  The only diagnost ics  considered a r e  those required f o r  machine operat ion.  

system, cryoyeri ic system, magnet system, d u x i l  i a ry  sys terns, microwave system, in te r lock  system, data  

acquis i t ion ,  the  MCC, grounding and sh ie ld ing ,  personnel s a f e t y ,  and machine diagnost ics .  

i n  Drawing I2E-14270-AO06. 

Instrumentdtion f o r  bas ic  machine operation wi l l  ,e divided and described as  follows: vacuum 

The instrumentation requirements a r e  summarized i l l  Table 11.4,  and the control room layout i s  shown 

The EBT-P vacuum sha l l  be es tab l i shed  and maintained by a system of mechanical, turbomolecular, and 

cryosorption pumps. The vacuum system instrumentation and cont ro ls  sha l l  include a l l  the transducers 

and c i r c u i t s  t o  monitor and control the  torus  and magnct system vacuum leve ls .  

sha l l  include Pirani  gauges, ion gauges, res idual  gas ina lyzers ,  and vendor-furnished instrumentation 

required f o r  the monitoring, cont ro l ,  and regeneration of the  cryosorption pumps. 

vacuum system sha l l  be control led by a programmable log ic  c o n t r o l l e r ,  and a l l  operat ions sha l l  be per- 

formed a t  the vacuum system locat ion on the MCC. 

T h i s  gauge has been u t i l i z e d  on 
the Large Coil Program (LCP) and was chosen for wide-rangeability and compatibi l i ty  with magnetic f i e l d s .  

The only area questionable with t h i s  gauge i s  microwave e f f e c t s .  

thermocouple gauges sha l l  be used. 

pump operat ions.  The gauge c o n t r o l l e r s  sha l l  have s e t  po in ts  t h a t  can be s e t  over t h e  range o f  the  

instrument and sha l l  provide contact  c losure inputs t o  3 programmable l o g i c  c o n t r o l l e r  (PLC). 
sha l l  provide an operator-assis ted- type operation t o  ensure s a f e  and logical  operation from the MCC, 

The Pirani  gauge set points  sha l l  be input t o  the  PLC tirough i so la ted  input  cards and the remote 

vacuum valves control led through i so la ted  output cards. The display and controls  f o r  the vacuum system 

on the MCC will give the  operator  control and system st,itus information a t  a l l  times. In addi t ion t o  

d i g i t a l  meters furnished w i t h  the  Pirani  gauge c o n t r o l l e r s ,  an analog output sha l l  be input t o  a 

The instrumentation 

The operation of the 

The Pirani gauges sha l l  monitor and control the  system pumpdown. 

I f  t h i s  develops i n t o  a problem, 

The Pirani  gauges sha l l  provide the control points  f o r  the required 

The PLC 
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i a b l e  11.4. Proposed EBT-P instrumentation 

Sys teiii Parameter 

Vacuum Low vacuum 

High vacuum 

Cryogenic LN2 flow 

LN2 temperature 

LHe temperature 

Magnet 

LHe level 

Different ia l  voltage 

Tempera t u  re 

S t ra in  

Pressure 

Cooling water Flow 

Temperature 

Sensor Quant i ty  Location 
____ ........ __ .......... ___.~-___ ...... -___ 

Pirani gauge 

Ion gauge 

Orif ice  

Type E thermocouple 

Type E thermocouple 

Carbon g lass  thermometer 

Si l icon thermometer 

Superconducting probe 

Voltage taps  

Type E thermocouple 

Carbon g lass  thermometer 

P R l  

S t ra in  gauge 

St ra in  gauge 

Pressure transducer 

Flow switches 

F l o w  meters 

Different ia l  temperature 

Transducers 

Thermocoupl es  

82 

76 

1 

50 

50 

36 

37 

180 

216 

144 

72 

144 

36 

TBD 

TBD 

TBD 

TBD 

'rorus 

Piping 

Dewars 

Torus 

Pi ping 

Dewars 

L N 2  piping 

L N 2  piping 

LHe piping 

LHe mdgnet piping 

Dewars 

Coi 1 s 

Vapor-cool ed 1 earls 

Structure  

Coi 1 s 

Coi 1 s 

Structure  

Dewars 

Pi ping 

Pi ping 

Piping 

Pi ping 

d i g i t a l  coiiiputer and be ava i lab le  f o r  patching onto a s t r i p  char t  recorder. 

Pirani gauges, as  shown on Drawing IZE-14270-AO08. 

gauge cont ro l le rs .  Ion gauges shal l  be provided on each torus  cavi ty  f o r  diagnost ics ,  on each magnet 

dewar t o  monitor and ind ica te  insu la t ing  vacuum, and in  the piping system f o r  indicat ion and cont ro l .  

The dewar ion gauges sha l l  a l s o  a c t  as an input t o  the superconducting coi l  control and protect ion 

c i r c u i t r y .  

t o  a s t r i p  char t  recorder. 

the PLC. 
providing indynetic shielding and because of experience on the present EBT device. 

In addi t ion t o  the magnetic shielding,  a microwave sh ie ld  will be provided on each of the torus  

ion gauges. 

p iezoe lec t r ic  valve shal l  be provided on one torus  cavi ty  f o r  hydrogen in jec t ion .  The p iezoe lec t r ic  

valve t h r o t t l i n g  i s  control led by a dc power supply s e t t i n g ,  and  the time the valve i s  open sha l l  be 

control 1 ed by preset  pul ses .  

There a r e  a t o t a l  of 82 

The system operating vacuum sha l l  be monitored and control led by a s e r i e s  o f  ion gauges and ion 

The ion gauge cont ro l le r  outpiits shal l  be input  t o  a computer and be ava i lab le  f o r  patching 

I n  addi t ion,  any ion gauges required f o r  control sha l l  a c t  as  an input  t o  

The present design c a l l s  f o r  the use of  a CVC Bendix ion gauge, chosen because of ease i n  

The e f f e c t s  of t h i s  sh ie ld  on response time wil l  be evaluated during de ta i led  design. A 
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There sha l l  be two residual  gas analyzers ( R G A )  provided f o r  evaluat ing the  operation of the  EST-P 

vacuum system. The RGA s h a l l  be o f  the  quadrapole type with a cathode ray tube  (CKT)  d isplay;  i n  

addi t ion ,  the  output of the  u n i t s  sha l l  be input  t o  a d i g i t a l  computer t o  provide an ongoing record. 

__ Crpienic system 

The cryogenic system f o r  EBT-? s h a l l  f u r n i s h  the l iqu id  helium and l iqu id  nitrogen required f o r  the  

operation o f  the device. 

ni t rogen,  'to be supplied from an e x t e r i o r  t r a i l e r  system, sha l l  be monitored by a s e r i e s  of Type E 
thermocouples, a flow meter, o r  a load c e l l  a t  the supply. 

separa te  sec t ions  o f  the t r a n s f e r  l i n e s  and switched to  common read-outs. 

sha l l  be monitored a t  a l l  times w i t h  an alar111 f o r  low l iqu id  nitrogen supply. 

The temperatures sha l l  be monitored by si1 icon thermometers, carbon g lass  thermometers, and platinuiri 

res i s tance  thermometers. 

level  probes, and pressures a r e  t o  be monitored by cry3genically ra ted s t r a i n  gauge transducers. As 
present ly  envisaged, a l l  l i q u i d  helium t r a n s f e r  sha l l  3e control led by remote-operated valves with the 

valve operators  mounted a t  room temperature. 

l i q u e f i e r l r e f r i g e r a t o r  cont ro l led  by instrumentation supplied by the  vendor. An ex is t ing  la rge  r e f r i y -  

e r a t o r  i s  cont ro l led  by a vendor-supplied PLC and three mode c o n t r o l l e r s  designed f o r  d i r e c t  d i g i t a l  

cont ro l .  The size aed complexity of the proposed systtm indica te  t h a t  d i g i t a l  computer control wil l  be 

required. 

from the MCC. 

The cr.yogenic instrumentaticn i s  shown in  Drawing 12E-14270-AO07. The l iqu id  

The thermocouples sha l l  be mounted i n  
The supply of l i q u i d  nitrogen 

The l i q u i d  helium system sha l l  be composed o f  a l l  components supplying o r  requir ing l iqu id  helium, 

7-he l iqu id  he7 iuiii l eve ls  shal l  be monitored and control led by superconducting 

The l iqu id  helium sha l l  be supplied by a closed-loop 

The cryogenic system sha l l  be control led by a PLC, and required operator  functions sha l l  be 

-_ Malnet system 

There s h a l l  be d t o t a l  o f  72 pool-boiling strpercorductiny c o i l s  on the  EBT-P device. 

a r e  supplied i n  36 dewars with d mirror c o i l  and d trim c o i l  provided in  each dewar. The instrumentation 

f o r  the magnet system sha l l  be divided i n t o  two s e c t i o r s :  c o i l  monitoring and co i l  protect ion.  The 

c o i l  monitoring instrumentation i s  shown in Drawing 12E-14270-AO09. A s a t e l l i t e  l i q u i d  helium dewar 

sha l l  be suppl ied a t  each co i l  locat ion.  The l iqu id  level of t h i s  dewar sha l l  be continuously monitored, 

indicated,  and alarmed by a superconducting level  probe. 

sha l l  be calculated and s tored t o  ind ica te  any potent ia l  problems w i t h  the  c o i l s .  This level  sha l l  have 

a dual set point  and sha l l  a c t  a s  an input t o  the  c o i l  dump c i r c u i t r y .  The dewar pressure sha l l  be 

continuously monitored by s t r a i n  gauge pressure transducers ,  burs t  d i sks ,  and pressure r e l i e f  valves 

t h a t  p ro tec t  the dewar. The temperature sensors furnished with the c o i l s  sha l l  be k e p t  t o  a minimum 

because of  the d i f f i c u l t y  of i n s t a l l i n g  instruments on the c o i l s .  

sha l l  be i n s t a l l e d  on the c o i l  support s t r u c t u r e  t o  obssrve cooldown, and carbon g lass  thermometers 

sha l l  be i n s t a l l e d  t o  monitor operational temperatures. 

and magnetic f i e l d  compatibi l i ty .  The cooldown thermocouples sha l l  be switched t o  a common indica tor ,  

and the thermometers s h a l l  be conditioned and input  t o  a d i g i t a l  computer. There sha l l  be s t r a i n  gauges 

i n s t a l l e d  t o  observe the s t r u c t u r e  d u r i n g  cooldown and i n i t i a l  operation. 

required d u r i n g  operation. 

g lass  thermometer. 

mometers sha l l  be mounted a t  l i q u i d  helium temperatures. These transducers sha l l  be continuously mon- 

i to red  and alarmed. 

c i r c u i t r y .  The required heat sinking of leads,  cab1 ing of connector s e l e c t i o n s ,  and signal i so la t ion  

These coils 

In addi t ion,  the r a t e  of l iqu id  helium usage 

As a m i n i m u m ,  Type E thermocouples 

These sensors were chosen f o r  wide-range a b i l i t y  

These gauges wi l l  not be 

The vapor-cooled leads shal be purchased with a thermocouple and carbon 

The thermocouple shal l  monitor the qaseous temperatures, and the carbon g lass  ther- 

T h e  thermocouple shall have a dual s e t  point  and a c t  as  an input  t o  the  dump 
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sha l l  follow procedures developed f o r  the  L C P .  The 36 mirror c o i l s  shal l  be supplied from one power 

supply and the 36 trim c o i l s  from another. 

control options t o  control the power supply from the MCC. The expected control modes sha l l  be a rairipup 

and rampdown f o r  the current  with operator-selected ra tes .  The magnet control computer sha l l  continu- 

ously monitor the voltage taps  and temperature transducers on the  c o i l s  and leads and, i n  the w e n t  of a 

discrepancy between c o i l s ,  i n i t i a t e  a cur ren t  level hold. I f  the c o i l s  equal ize ,  the cur ren t  will 

automatically s t a r t  ramping again toward the  f i n a l  current  s e t  point ;  however, i f  the  c o i l s  remain 

unbalanced, the operator  wil l  have the  option of continuing t o  charge o r  t o  deenergize the c o i l s .  

shal l  be performed from the MCC, and the operator  shal l  be ab le  t o  display a l l  co i l  s igna ls  on a CRT. 

The coi l  protection c i r c u i t r y  i s  shown in Drawings 12E-14270-AOO5 and -A009. 
sha l l  be based on s igna ls  from voltage taps  i n s t a l l e d  across each co i l  and subtracted from t h e  voltage 

tap s igna ls  from two adjacent  c o i l s .  

amplif iers  t o  a level of -10 t o  +10 V .  These high level s ignals  shal l  a c t  as inputs t o  hard-wired 

quench de tec tors ,  which sha l l  have a high level and  low level comparator. A quench signal i s  produced 

when the  input  exceeds the high level s e t  point or when the input  exceeds the  low level  s e t  point and 
remains dbove i t  f o r  a length of time prese t tab le  from 1-99 sec. The output from t h e  quench de tec tor  

sha l l  a c t  a s  an input t o  the  co i l  dump s igna l .  Sensors providing input s igna ls  t o  the dump c i r c u i t r y  

iiieasur? dewar l e v e l ,  vapor-cooled lead temperature, dewar vacuum, and ground f a u l t  de tec tor  output. 

co i l  dump o r  protect ion c i r c u i t  sha l l  be a dedicated PLC o r ,  i f  required during design, a hard-wired 

system. All magnet s igna ls  shal l  be scanned and s tored by the  magnet system iomputer, b u t  no portion of 

the co i l  protect ion c i r c u i t r y  sha l l  be scanned o r  sampled. When a co i l  dump signal i s  generated, a l l  

c o i l s  sha l l  dump a t  the same time. Each co i l  has a normally open switch across  i t s  terminals  and a 

normally closed switch in s e r i e s  with the pos i t ive  c o i l  lead. The dump signal f i r s t  c loses  a l l  the  

normally open switches and then opens the  normally closed switches, causing the c o i l s  t o  discharge 

t h r o u g h  the para l le l  dump r e s i s t o r s  across each c o i l .  

aischarges a l l  c o i l s ,  both mirror and trim. 

The power suppl ies  sha l l  be procured with the  required 

This 

The c o i l  quench detect ion 

These s igna ls  sha l l  be conditioned with i so la t ion  and d i f f e r e n t i a l  

The 

The present design assumes t h a t  any dump signal 

Auxiliary systems 

The a u x i l i a r y  systems' instrurnentation shal l  be composed of a l l  the  transducers required t o  monitor 

plant  services  supplied t o  the  EBT-P. All cooling water l i n e s  sha l l  be monitored by flow switches and, 

i f  appl icable ,  flow meters. In c r i t i c a l  areas  of the system, thermocouples and d i f f e r e n t i a l  temperature 

transducers sha l l  be i n s t a l l e d .  The instrument a i r  system sha l l  be control led by a i r  s e t s  and f i l t e r  

regulators ,  and a l l  valving dependent on instrument a i r  shal l  be designed f o r  sa fe  operation in  the  

event of l o s s  of instrument a i r .  

system in te r lock  P L C ' s .  

The auxi l ia ry  systems sha l l  be control led by and provide i n p u t  t o  the  

____.. Microwave systems 

Each microwave power input  subsystem cons is t s  basical ly  of the  following: gyrotron o s c i l l a t o r ,  

power suppl ies ,  mounts, iiiicrowave d i s t r i b u t i o n  (waveguide), u t i l i t y  services  ( f l u i d s  and e l e c t r i c a l  

power), personnel protect ion,  instrumentation f o r  monitoring and cont ro l ,  and i n s t a l l a t i o n  hardware 

(cables ,  conduit, cab ine ts ,  e t c . ) .  

n i t rogen,  and helium. 

a t u r e s ,  pressures, and power d iss ipa t ion  wil l  be i n s t a l l e d ,  operated, and monitored with PLC's. The 

PLC's wil l  in te r face  with the control console a PDP-11/60 computer c e n t r a l l y  located i n  the  control room 

The iiiicrowave power system requires  several f l u i d  inputs f o r  cooling: demineralized water, o i l ,  

Instrumentation ( see  Drawing 12E-14270-SKOl) t o  monitor f l u i d  flow r a t e s ,  temper- 
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f o r  each yyrotron and re la ted  support system. The manual cont ro ls  with d i r e c t  reading instruments wi l l  

be i n s t a l l e d  in instrument cabinets  located a t  the north s i d e  of the control room. Each of the  nine 

gyrotrons wi l l  requi re  approximately three  in5trument cabinets  f o r  a t o t a l  of 27. l h e  microwave power 

system, i n  addi t ion t o  f l u i d  i n p u t s ,  requires  power i n p u t s  t h a t  require  more sophis t icated cont ro ls  and 

monitoring. The PDP-11/60 computer wi l l  be used t o  moiitor and control a l l  inputs t o  each gyrotron from 

i t s  power suppl ies .  I t  wi l l  accept s t a t u s  information from the PLC, from f i e l d  instruments, from the 

individual power suppl ies ,  and from the control console as d i rec ted  by the console operator .  

channel analog recorder wi l l  be provided f o r  each gyro Yon f o r  long-term data  co l lec t ion .  

o f f  condition t o  a f u l l  on condition. 

gyrotron operat ion while monitoring a l l  c r i t i c a l  parameters f o r  f a u l t  conditions. In addi t ion,  the 

computer control  system wi l l  provide operator  in te r face  f o r  manual cont ro l ,  alarms, emergency shutdown, 

s t a t u s  information on demand, pr intouts  o f  out-of-tolerance condi t ions,  and CRT display of each gyrotron 

operat ing parameter (vol tage,  cur ren t ,  power, e t c . )  ( see  Drawing 12E-14270-SKOl). 

t e s t  area and in  the  control room. 

( see  Drdwing IZE-14270-SK02). 

An e ight-  

The PDP-11/60 sha l l  be programmed w i t h  special  t a i l o r e d  algorithms t o  bring the gyrotrons from an 
The program M i l  provide f o r  s i n g l e ,  sequent ia l ,  o r  co ' lect ive 

Personnel protect ion from microwave emissions will be provided by sensors located i n  the EBT-P 

Alarms wi l l  be located i n  these areas  t o  warn operating personnel 

- In te r locks  

The E8T-P devices s h a l l  be inter locked t o  provide f o r  s a f e ,  sequent ia l ,  and order ly  operation. Ihe 

inputs  t o  t h e  in te r lock  system sha l l  be contact  c losures ,  l i m i t  switches, instrument s e t  poirits, push 

but tons,  flow switch outputs ,  and o ther  process var iab lss  required. 

t r a d i t i o n a l  re lay  log ic  i s  not p r a c t i c a l .  The s i z e  and complexity of the system necess i ta te  the  use o f  

PLC's t o  control the  system. The PLC i s  a s o l i d - s t a t e ,  programmable device designed t o  operate  in an 

indus t r ia l  environment and t o  perform control  funct ions formerly performed by relays.  The most obvious 

advantage o f  the PLC i n  a complex system i s  t h a t  i t  i s  programmable and i s  t h u s  able  t o  be incorporated 

i n t o  l a r g e  systems with r e l a t i v e  ease. processor, i n p u t /  

output ,  power supply, and programer.  These a r e  furnished a s  a package with a l l  required in te r face  and 

interconnecting cables. 

PLC programming cons is t s  of a s e r i e s  of user or ien ted  ccmimands t o  dupl icate  re lay  implementation of a 

ladder  diagram. 

w i t h  a common mode voltage r a t i n g  of 1500 V f o r  10 msec. These cards a r e  o p t i c a l l y  i so la ted  from the 

c o n t r o l l e r  f o r  noise e l iminat ion.  The PLC's sha l l  be programmed f o r  control from the MCC. The f i r s t  

considerat ion i n  the system in te r lock  scheme sha l l  be personnel sa fe ty ,  and the expected in te r lock  

scheme cons is t s  of personnel s a f e t y  in te r locks  on the auxi l ia ry  systems, vacuum system, cryogenic system, 

magnet system, and microwave system. 

overr ides  f o r  t e s t i n g  and trouble-shooting. 

in te r locks  s h a l l  be designed f o r  f a i l - s a f e  operat ion.  

For a system a s  complex a s  EBT-P, 

The PLC bas ica l 'y  cons is t s  of four  p a r t s :  

The only user wiring required is f i e l d  wiring to  the input/output cards .  The 

The present  design plan i s  based on u t i l i z i n g  o p t i c a l l y  i so la ted  input/output cards 

The required programing sha l l  he performed t o  allow supervised 

All systems and subsystems af fec t ing  the  operation of the 

Data acquis i t ion  

The EBT-P s h a l l  be provided a computer-based d i g i t a l  data acquis i t ion  system. The system, shown i n  

Drawing IZE-14270-A010, c o n s i s t s  of two 16-bi t  inicrocompliters control1 ing various EBT-P subsystems and 

communicating w i t h  a 16-b i t  minicomputer t h a t  sha l l  record and store da ta ,  control  per iphera ls ,  provide 

supervisory control  t o  the l i q u i f i e r / r e f r i g e r a t o r ,  and communicdte with the MCC. 
sized 16-b i t  minicomputer sha l l  be supplied f o r  monitor nnd control of the  microwave system. 

decis ion was made because of the complexity of the microrrave system and the unknown f a c t o r s  i n  tube 

In addi t ion ,  a medium- 

T h i s  
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c o n d i t i o n i n g  and c o n t r o l .  
w i t h  r e l a t i v e l y  slow-speed t ransducers ,  b u t  t h e  congregate number o f  s i g n a l s  t o  be mon i to red  and d i s -  
p layed is l a r g e .  From an opera t i ona l  s tandpo in t  i t  i s  p r a c t i c a l  t o  p rov ide  a method o f  d i s p l a y i n g  a l l  
o f  these s i g n a l s  a t  one l o c a t i o n .  I n  EBT-P t h i s  l o c a t i o n  s h a l l  be e i t h e r  t h e  da ta  a c q u i s i t i o n  c a b i n e t s  
o r  t he  MCC. I n  a d d i t i o n ,  a means o f  s t o r i n g  da ta  t o  p rov ide  t ime  h i s t o r i e s  o f  s e l e c t e d  v a r i a b l e s  s h a l l  
be requ i red ,  e s p e c i a l l y  d u r i n g  f a c i l i t y  s t a r t u p .  
speed scanner s u p p l i e d  w i t h  an au tomat ic  thermocouple re fe rence  j u n c t i o n .  
s h a l l  be i n p u t  t o  a DEC-11/23 microcomputer. 
mined d u r i n g  d e t a i l e d  design, b u t  t h e  present  concept c a l l s  f o r  p r o v i d i n g  64 K o f  s o l i d - s t a t e  memory and 
a VT-100 v ideo  t e r m i n a l .  
and da ta  ou tpu t .  

supp l i es .  The d e c i s i o n  was made t o  ded ica te  a microcomputer t o  t h e  superconduct ing  c o i l s  because o f  t h e  
nurilber o f  v a r i a b l e s  and t h e  sampl ing speed r e q u i r e d  d u r i n g  a c o i l  quench. T h i s  system s h a l l  a l s o  u t i l i z e  
a DEC-11/23 w i t h  64 K o f  s o l i d - s t a t e  memory, b u t  a high-speed scanner s h a l l  a l s o  be p rov ided  i n  a d d i t i o n  
t o  a slow-speed scanner f o r  v a r i a b l e s  such as temperature and l e v e l .  The saiiipled s i g n a l s  s h a l l  n o t  
a f f e c t  t h e  c o i l  p r o t e c t i o n  c i r c u i t r y .  Th i s  POP-11/03 s h a l l  a l s o  communicate w i t h  t h e  c e n t r a l  PDP- 
11/60. 

The vacuum system, f a c i l i t y  v a r i a b l e s ,  and c ryogen ic  system a r e  ins t rumented 

The slow-speed s i g n a l s  s h a l l  be scanned by a s low- 
The o u t p u t  o f  t h e  scanner 

The memory requirercents f o r  t h e  OEC-11/23 s h a l l  be d e t e r -  

A data  l i n k  s h a l l  be p rov ided  t o  an 11/60 minicomputer f o r  long- te rm s to rage  

'Ihe magnet system s h a l l  have a DEC-11/23 t o  mon i to r  t h e  c o i l s  and t o  p rov ide  c o n t r o l  o f  t h e  power 

The c e n t r a l  PDP-11/60 s h a l l  have 128-K s o l i d - s t a t e  memory, a p r i n t e r / p l o t t e r .  a moving head d i s k ,  
a v ideo te rm ina l ,  and DMA i n t e r f a c e  t o  t h e  11 /23 's .  T h i s  computer- s h a l l  serve t h r e e  p r imary  f u n c t i o n s :  
t o  s t o r e  d a t a  f rom t h e  LS I - l 1 /23 ' s ,  t o  p rov ide  t o t a l  system superv i s ion ,  and t o  p rov ide  opera tor - reques ted  
ou tpu ts  t o  t h e  MCC. The main o p e r a t o r  access t o  a l l  f a c i l i t y  da ta  s h a l l  be th rough t h e  PDP-11/60. I n  
a d d i t i o n  t o  these func t i ons ,  t h e  c o n t r o l  a lgo r i t hms  f o r  t h e  l i q u e f i e r / r e f r i g e r a t o r  c o n t r o l l e r  s h a l l  be 
generated i n  t h e  11/60. 

m o n i t o r i n g  and c o n t r o l  o f  these tubes. A t  t h e  p resen t  t h e r e  i s  no s e t  method o f  c o n d i t i o n i n g  and 
s t a r t i n g  up these tubes  d i g i t a l l y ,  b u t  i t  would be d e s i r a b l e  i n  terms o f  t i m e  and t e c h n i c a l  cons idera-  
t i o n s  t o  do so. The microwave 11/60 s h a l l  be con f igu red  l i k e  t h e  main f a c i l i t y  11/60. The a c t u a l  
co f tware  requ i rements  f o r  t h e  da ta  a c q u i s i t i o n  system have n o t  been worked ou t ,  b u t  an o p e r a t i n g  system 
s h a l l  be fu rn i shed  w i t h  m u l t i t a s k  and m u l t i t e r i i i i n a l  c a p a b i l i t i e s  and an extended F o r t r a n  I V  comp i le r .  

I n  a d d i t i o n  t o  t h e  d i g i t a l  system, t h e r e  s h a l l  be a pa tch ing  system and analog reco rde rs  p rov ided  
t o  a l l o w  t h e  opera to rs  t o  make r e a l - t i m e  records .  
s h a l l  be s e l e c t e d  d u r i n g  t h e  d e t a i l e d  des ign  phase. 

The c o s t  and comp lex i t y  o f  t h e  microwave tubes a f f e c t e d  t h e  d e c i s i o n  t o  d e d i c a t s  a POP-11/60 t o  t h e  

The v a r i a b l e s  t o  be connected t o  t h e  pa tch ing  system 

Master c o n t r o l  conso le  ________ 

A master c o n t r o l  conso le  (MCC) s h a l l  be f u r n i s h e d  as a c e n t r a l i z e d  f a c i l i t y  c o n t r o l  l o c a t i o n .  The 
MCC s h a l l  be d i v i d e d  acco rd ing  t o  t h e  va r ious  systems t o  be c o n t r o l l e d .  The panel s h a l l  be designed 
w i t h  a seinigraphic r e p r e s e n t a t i o n  o f  each subsystem. There s h a l l  be a s e t  o f  l i g h t e d  f l a t  pack push 
bu t tons  and LED latiips f o r  c o n t r o l  and s t a t u s  i n d i c a t i o n .  The o p e r a t i o n  o f  a l l  system PLC's s h a l l  be 
f rom t h e  MCC. I n  a d d i t i o n ,  CRT d i s p l a y  s h a l l  be p rov ided  t o  a l l o w  t h e  o p e r a t o r  t o  c a l l  up and d i s p l a y  
da ta  from t h e  PDP-11/60. Also,  a l l  c r i t i c a l  v a r i a b l e s  d i sp layed  100% o f  t h e  t ime  s h a l l  be read  a t  t h e  
MCC on d i g i t a l  panel meters. The p resen t  des ign  c a l l s  f o r  i n c l u s i o n  o f  a system annunc ia to r  a t  t h e  MCC. 
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..__.I..-... Groundi%and s h i e l d i n g  _-- 

The EBT-P ground ing  and s h i e l d i n g  des ign  s h a l l  c l o s e l y  f o l l o w  t h e  techn iques  u t i l i z e d  on ISX-B.  
The f i r s t  c o n s i d e r a t i o n  s h a l l  be personnel  s a f e t y  and t h e  second t h e  e l i m i n a t i o n  o r  reduc t - ion  o f  e l e c t r o -  
magnet ic i n t e r f e r e n c e .  The bas i c  concept  r e q u i r e s  t h e  des ign  o f  a low-impedance ground bus t o  which a l l  
c o n t r o l  room c a b i n e t s  and c o n t r o l  room ends o f  t h e  s i g n a l  cab les  a r e  connected. T h i s  ground bus is  

extended i n t o  the  cab le  t rays ,  and a l l  low l e v e l  s igna: cab les  a r e  run  i n  these t r a y s .  The cab les  t o  be 
u t i l i z e d  s h a l l  be s h i e l d e d  c o a x i a l  o r  t w i s t e d  sh ie lded  p a i r s .  The t e r m i n a t i o n  o f  cab le  s h i e l d s  s h a l l  be 
eva lua ted  f o r  each sensor  d u r i n g  t h e  d e t a i l e d  des ign  phase and i n s t a l l e d ,  where poss ib le ,  i n  t h e  b e s t  
f a s h i o n  t o  guarantee d a t a  q u a l i t y .  

. Personnel  .- .. .. s a .. f e t i  

A system o f  i n t e r l o c k s  s h a l l  be p rov ided  t o  p r e v e r t  personnel  f rom e n t e r i n g  any hazardous area 
A s e r i e s  o f  K i r k  key- type i n t e r l o c k s  w i l l  r e g u l a t e  t h e  o p e r a t i o n  o f  a l l  hazardous 

These s h a l l  be t h e  f i r s t  s e t  of  permiss ives  t o  be s a t i s f i e d  f o r  t h e  PLC's, and un less  they  
d u r i n g  an exper iment.  
subsystems. 
a r e  s a t i s f i e d ,  t h e  systems w i l l  n o t  be operable.  The niicrowave mon i to rs  p rov ided  f o r  personnel  s a f e t y  
a r e  d iscussed e a r l i e r .  

Machine d i a gno s t i c s  

The d i a g n o s t i c s  t o  be f u r n i s h e d  s h a l l  c o n s i s t  o f  c n l y  those d i a g n o s t i c s  r e q u i r e d  f o r  machine opera- 
t i o n .  
a s ing le -channe l  i n t e r f e r o m e t e r ,  a p a i r  o f  mu l t i channe l  l a s e r  i n te r fe romete rs ,  a d iamagnet ic  l oop ,  a 
t o r o i d a l  c u r r e n t  c o i l ,  and f o u r  f i e l d  c o r r e c t i o n  c o i l s .  
computer th rough a CAKAC c ra te ;  i n  a d d i t i o n ,  each d i a g n o s t i c  s h a l l  be f u r n i s h e d  w i t h  a s t r i p  c h a r t  
reco rde r .  

These s h a l l  i n c l u d e  an i o n  gauge i n  each c a v i t y  (covered i n  t h e  d e s c r i p t i o n  o f  t h e  vacuuiii system),  

The d i a g n o s t i c s  s h a l l  be i n p u t  t o  a PDP-11/34 
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Table 11.0. Required e l e c t r i c a l  power f o r  EBT-P 
.......... _____ - -. .......... ...... 

Ratings kVA 
~~~ 

Microwave power suppl ies  

Beam power 
Gun anode 
Gyrotron magnet ( S C )  

Mirror coi l  power 
suppl ies  (SC)  

Mirror t r im coi l  power 
suppl i e s  ( S C )  

100 kV, 10 A x 10 
40 kV, 0.2 A x 10 
10 V, 2400 A x 10 

200 V,  2000 A 

150 V, 2000 A 

Global f i e l d  e r r o r  
correct ion power suppl ies  65 V, 500 A x 4 

U t i l i t i e s  

Helium r e f r i g e r a t o r  
Vacuum pumps 
Control room power 
Lighting 
Air conditioning 
Power supply cooling fans 
Miscellaneous power 

Subtotal 

Neutral beams 

Accel power 
Decel power 
Source t a b l e  

Arc supply 
Fi 1 ament supply 
Beam magnet 

A R E  co i l  power (ava i lab le  
from exis t ing  motor- 
generator s e t s )  

power suppl ies  
Three addi t ional  microwave 

Additional u t i l i t i e s  

Subtotal 

Future opt_i,o_?s 

20 kV, 12.5 A x 4 
5 kV, 1 A x 4  

150 V, 400 A x 4 
12 V, 200 A x 4 
6 V, 75 A x 4 

23.4 V, 6408 A x 96 

100 

50 

Total 
...... ......... ... ... 

10,000 
80 

240 

400 

300 

130 

3,000 

14,150 

1,000 
20 

250 

14,400 

3,100 

1,000 

18,770 

33,920 
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A. 1 ENGINEERING ANALYSIS 

A . l . l  SHIELDING ANALYSIS 

A.l . l . l  -1ntroductLo3 

Because of the expected la rge  l o s s  o f  e lec t rons  011 the  magnetic co i l  asselmblies and other components 

of the proposed EDT-P plasma device,  the induced ganrma f i e l d  from bremsstrahlung wil l  be very intense.  

These gamas  wi l l  y i e l d  increased heating loads on the superconducting cryogenic c o i l s  a s  well a s  

producing a s i g n i f i c a n t  biological hazard. 

(1-0) ca lcu la t ions  i n  which t h e  gamma heating loads were determined a r e  presented f o r  several c o i l  

shield configurat ions.  

thicknesses  of  e i t h e r  lead or  concrete t h a t  have been proposed f o r  t h e  primary shielding.  

t iona l  methods a r e  described i n  Sect. A.1.1.2, and i n  Sect .  A.1.1.3 the  calculated r e s u l t s  a r e  presented 

and discussed. 

In t h i s  sec t ion  the  results from a series of one-dimensional 

Also given a r e  1-D r e s u l t s  t h a t  ind ica te  the  level  of biological  dose f o r  varying 

The calcula-  

A.1.1.2 Method of Calculation 

Cal cu 1 a t  i ana 1 nie thod s 

The t ranspor t  o f  e lec t rons ,  posi t rons,  and gammas through the  magnet assembly was car r ied  out  using 

the  EGS-PEGS code system.' This Monte Carlo code package takes in to  account a l l  physical processes t h a t  

a r e  important in  the energy range of i n t e r e s t ,  i . e . ,  510 MeV.  
pai r  production, photoe lec t r ic  e f f e c t ,  Moller s c a t t e r i n g ,  Bhabha s c a t t e r i n g ,  e lectron-posi t ron annih i la -  

t i o n ,  bremsstrahlung, and, t h r o u g h  the  use of the continuous slowing-down approximation, the  energy loss  

of t h e  charged p a r t i c l e s .  

The EGS-PEGS code system could have been used f o r  the e n t i r e  s e t  of ca lcu la t ions  except f o r  the 

la rge  s t a t i s t i c a l  uncer ta in t ies  associated w i t h  the  c a l x l a t e d  r e s u l t s  a t  l a rge  shielded dis tances  from 

t h e  rad ia t ion  source. 

photon spectra .  

code has been used extensively f o r  1-0 shielding ca lcu ld t ions  and is  very appl icable  t o  deep penetration 

pro bl em s . 
With the photon spec t ra  from EGS-PEGS, t h e  ANISN ca lcu la t ions  were car r ied  o u t  using an S8 angular 

quadrature and a 21 -photon energy group cross-sect ion set containing a P 3  Legendre approximation of the 

t r a n s f e r  cross  sect ions.  These cross  sec t ions ,  which cover the energy range 0.01-14 MeV, were s t r ipped 

from the DLC-313 few-group 37-neutron/21 - g a m  group microscopic cross-section 1 ib rary  using the AXMIX 

code.4 This code was a l s o  u t i l i z e d  t o  obtain t h e  macroscopic cross  sect ions by folding the microscopic 

data with the  theore t ica l  atom d e n s i t i e s  of aluminum, tingsten, 238U,  and copper, and lead and with the 

elemental atom d e n s i t i e s  of  the concrete used i n  the Tover Shielding i a c i l i t y . 5  

Photon Interact ion Library6 and were processed i n t o  the  DLC-31 photon energy group s t r u c t u r e  using the 

SMUG module i n  the AMPX code system.7 The photon flux-to-dose conversion f a c t o r s  were taken from the 
DLC-31 1 i brary. 

These processes include Compton s c a t t e r i n g ,  

To circumvent this problem, t h e  TGS-PEGS code system was used t o  generate only 

These spectra  were then input t o  the 1 - 0  d i s c r e t e  ordinates  t ranspor t  code ANISN.2 This 

The photon-heating kerma f a c t a r s  f o r  aluminum, 2 3 R L ,  and copper were obtained f r o m  the Evaluate 

--.I Ge ome t ,  

The 1-D geometries employed i n  EGS-PEGS and ANISN a id  i n  both the  coi l -heat ing and biological  dose 

ca lcu la t ions  consis ted of a s e r i e s  of i n f i n i t e l y  long co icent r ic  cy l inders  a s  shown i n  Fig. A. l . l .  

t h e  heating ca lcu la t ions  [Fig. A. l . l (a ) ] ,  e lec t rons  were assumed t o  be i s o t r o p i c a l l y  incident  on the  

f r o n t  f a c e  of the I-cm-thick aluminum l i n e r  f o r  the t ranspor t  u t i l i z i n g  the  EGS-PEGS code system. 

In 
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O A N L - D W G  79-3123 F E D  

ELECTRONS INCIDENT ISOTROPICALLY 
ON T H I S  SURFACE 

/ ISOTROPIC PHOTON SOURCE 

0 21.2 22.7 R - V A R I A 8 L  FI 53.88 
MINOR R4DIUS ( c r n )  

PHOTONS ISOTROQICAL1.Y INCIDENT 
ON THIS SURFACE 

I 

I 
~ VOID 

0 2 

6 f t  OF CONCRETE '"! 1 "ID I 1 ',-.EAD 

.2 25.4 3i3.94 314.4 OR 496.8 
MINOR RADllJS ( c r n )  

Fig. A.l .l. One-dimensional geometric models: 
( a )  geometric model for coil-heating calculations; 
( b )  geometric model for biological dose calculations. 
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Although the  bremsstrahlung gainmas produced by the e lec t rons  were somewhat smeared r a d i a l l y  throughout 

the  aluminum, the photon source was placed a t  a radius  of 21.3 cm for the ANISN ca lcu la t ions .  

angular d i s t r i b u t i o n  associated with these gammas is  isotropic  because the electron source was assumed 

t o  be i so t ropic .  

angular s e n s i t i v i t y .  

and tungsten sh ie lds .  

The biological  dose ca lcu la t ions  were performed using the  geometry i l l u s t r a t e d  i n  I-ig. A . l  . l ( b ) .  

In these ca lcu la t ions  the  biological dose r a t e s  f o r  u p  t o  1 f t  o f  lead and 6 f t  of concrete were obtdined 

with and without 1.25 in .  o f  238U coi l  shielding.  

l a t i o n s  were again used f o r  these ca lcu la t ions .  

incident  on the  inner fdce of the  2 3 R U  ( o r  voided) region. 

The 

However, some ca lcu la t ions  were performed f o r  normally incident  gammas to  determine 

Coil sh ie ld  thicknesses of 0.5, 1.0, and  1.5 in .  were considered f o r  both the 7 3 0 U  

The bremsstrahlung spectra  used in  the heating caicu- 

These photon sources were asrumed t o  be i s o t r o p i c a l l y  

- Electron l o s s  d i s t r i b u t i o n  

The r a t e  a t  which e lec t rons  a r e  l o s t  from t h e  plisma was assumed t o  be proportional t o  a Maxwellian 

d i s t r i b u t i o n  weighted by E - 3 / 2 ,  i .e .  , 

Loss = A x exp ( - E / k T ) / E  , 

where E i s  t h e  e lec t ron  energy and T represents  t h e  plasma temperature. 

t o  a maximum power loss of 1 MW, yie ld ing  a normalization constant  of A = 6.242 x 1018/kT. 

the biological  dose, only e l e c t r o n s  with energies  >0.239 MeV were considered. 

1 .5 ,  and 2 . 0  & V ,  t h e  number of  e lec t rons  l o s t  from the  system per second with energies  .0.239 MeV i s  

5.99 x 
loss  d i s t r i b u t i o n  o f  e l e c t r o n s  with energies  of up t o  10 MeV. 

a l s o  car r ied  out  u p  20 MeV, which produced a l o s s  r a t e  of 4.81 x l 0 l 8  e lectrons/sec.  

expression: 

This d i s t r i b u t i o n  was normdlized 

Because very low energy e lec t rons  do not cont r ibu te  s i g n i f i c a n t l y  to  e i t h e r  the  photon heating or 

For kT values of 1.0, 

5.37 x and 4.80 x l o l a ,  respec t ive ly .  These numbers were obtained by in tegra t ing  the 

For a kT of 2.0 MeV, t h e  integrat ion was 

The cumulative bremsstrahlung spec t ra  f o r  t h e  various kT values were obtained from the following 

'0.239 exP (-Ee/kT)/EedE, 

where g(E ,E ) represents  t h e  bremsstrahlung spectrum ,iroduced from e lec t rons  of energy Ee. 

fashion the heating and dose r a t e s  can be obtained. 

to  a s  2.0* MeV), t h e  in tegra l  was a l s o  extended t o  20 MeV, assuming t h e  bremsstrahlung spectra  from 

e lec t rons  w i t h  energies  grea te r  than 10 MeV were the siime a s  those produced by 10-MeY e lec t rons .  

In a s imi la r  
Y e  

A'; s ta ted  above, f o r  kT = 2.0 MeV (hereaf te r  re fer red  

A. 1.1.3 Results 

Energy deposi t ion i n  superconducting c o i l s  

The bremsstrahlung spectra  obtained from t h e  EGS-PEGS ca lcu la t ions  a r e  given i n  Table A. l . l  f o r  a 

l a r g e  range o f  e lec t ron  energies .  

Table A.i.1. 

cross-sect ion l i b r a r y .  

The  photon energy group s t r u c t u r e  used in  t h i s  study is  a l s o  given i n  

This group s t r u c t u r e  corresponds t o  the  21-photon energy group s t r u c t u r e  i n  the DLC-31 
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Table A.1.1. Bremsstrahlung spec t ra  f o r  photons above 0.01 MeV (photons/electron) 

Photon upper Electron energy (MeV) 
........ __ . . . . .... ......_____.__I_. . . - energy 

0.489(1 . O ) =  0.989(1.5) 1.489(2.0) 1.989(2.5) 2.489(3.0) 2.989(3.5) 3.489(4.0) 
_____._ ______ .... ~- ___ ..-. .... ...._____I 

(MeV) 

14 

10 

8 

7 

6 

5 

4 

3 

2.5 

2.0 

1.5 

1 .o 
0 .7  

0.45 

0.3 

0.15 

0.1 

0.07 

0.045 

0.03 

0.02 

Total y’s/t? 

0 

0 

1.20-3 

4.80-3 

2.00-3 

4.00-3 

6.80-3 

6.00-3 

6.40-3 

8.00-3 

3.92-2 

b 

0 

0 

2.22-4 

2.44-3 

4.00-3 

1.27-2 

7.89-3 

9.33-3 

1.27-2 

1.19-2 

1.38-2 

2.51-2 

1.00-1 

0 

0 

8.89-4 

1.89-3 

5.89-3 

7.33-3 

2.14-2 

1.50-2 

1.77-2 

2.46-2 

2.30-2 

2.36-2 

3.70-2 

1.78-1 

0 

0 

5.56-4 

2.56-3 

5.89-3 

1.06-2 

1.34-2 

3.33-2 

2.12-2 

2.38-2 

2.86-2 

3.03-2 

3.32-2 

5.43-2 

2.58-1 

0 

0 

1.11-4 

1.67-3 

5.67-3 

8.89-3 

1.58-2 

2.08-2 

4.37-2 

2.88-2 

3.12-2 

4.10-2 

4.00-2 

3.99-2 

6.86-2 

3.46-1 

0 

0 

8.89-4 

3.22-3 

9.78-3 

1.49-2 

2.23-2 

2.74-2 

5.38-2 

3.86-2 

3.79-2 

4.98-2 

4.97-2 

5.29-2 

8.18-2 

4.43-1 

0 

0 

1.11-4 

5.56-4 

2.33-3 

4.22-3 

1.31-2 

1.67-2 

2.67-2 

2.88-2 

7.12-2 

4.51-2 

4.61 -2 

5.83-2 

6.06-2 

5.97-7 

9.01-2 

5.24-1 

3.989(4.0) 4.489( 5 .0)  4.989( 5.5) 5.489(6 . O )  5.989( 6.5) 6.989 (7.0) 6.989( 7.5) 

14 

10 

8 

7 

6 

5 

4 

3 

2.5 

2.0 

1.5 

1 .o 
0.7 

0.45 

0.3 

0.15 

0.1 

0 0 0 0 0 0 0 

0 0 
0 0 

1.11-4 4.00-4 

0 2.22-4 1.11-3 1.60-3 

0 0 4.44-4 1.67-3 2.00-3 3.33-3 6.00-3 

1 .OO-3 2.44-3 2.89-3 5.33-3 8.22-3 9.44-3 1.28-2 

2.22-3 3.22-3 4.22-3 5.33-3 6.78-3 8.78-3 9.00-3 

4.11-3 4.78-3 6.41-3 1.02-2 1.08-2 1.42-2 1.46-2 

7.00-3 1.06-2 1.49-2 1.56-2 1.91-2 2.14-2 2.62-2 

1.51-2 2.04-2 2.50-2 2.81-2 3.43-2 4.17-2 5.22-2 

2.09-2 2.53-2 3.08-2 3.18-2 4.18-2 4.36-2 5.08-2 

3.26-2 3.73-2 4.39-2 5.47-2 5.53-2 6.71-2 8.30-2 

3.80-2 4.40-2 4.99-2 5.62-2 5.88-2 7.18-2 7.78-2 

7.91-2 9.02-2 1.02-1 1.13-1 1.30-1 1.45-1 1.64-1 

5.38-2 6.26-2 6.78-2 7.87-2 3.97-2 9.46-2 1.02-1 

5.34-2 5.77-2 6.54-2 6.89-2 7.90-2 8.74-2 9.12-2 
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Table A.l.l (continued) 
---_I__ ~ __.__-I I__ - .Î --.....,....cII_..........-- _-lI._ll__l_--____.._ ~ 

Photon upper Electrsn energy (MeV) 
_._.I___ --...... ~ lll_ I_ 

__.._I__..._ ____ _____ energy 
3.989(4.0) 4.4a9(5.0) 4.989 (5.5)  5.489 (6.0) 5 .9aq6 .5 )  6. 989 (7.0) 6.989 ( 7 .  f r )  

_...__._I__ -. . ___l_l__ ll__.---^__l.._ -... __ II___. 
(MeV 1 
0.07 6.64-2 7.59-2 a. 32-2 3.74-2 1.00-1 1.12-1 1.31-1 

0.045 6.21-2 7.56-2 8.22-2 3.46-2 9.61-2 1.07-1 1.21-1 

0.03 6.77-2 6.94-2 a. 51-2 8.83-2 9.93-2 1.09-1 1.27-1 

2 .07 - 1 0.02 1.09-1 1.21-1 1.30-1 1.45-1 1.59-1 1.71-1 

Total y’s/e- 6.12-1 7.00-1 7.94-1 8.85-1 9.60-1 1.109 1.329 

7.489(a.o) 7.989(8.5) 8.489 (9.0) 8.989 (9 .5 )  9.489 ( I  0.0) 
-_I__ --_______- ..._l__l________...._.I ____ _____I_........_.- I_ __-._ 

14 0 0 0 0 0 
10 

8 

7 

6 

5 

4 

3 

2.5 

2.0 

1.5 

1 .o  
0.7 

0.45 

0 

1.11-4 

1.11-3 

3.00-3 

5.78-3 

1 . lo -2  

1.16-2 

1.59-2 

2.92-2 

5.24-2 

5.53-2 

8.44-2 

9.40-2 

0 

4.00-4 

1.20-3 

4.40-3 

7.40-3 

1.74-2 

1.30-2 

2.14-2 

3.52-2 

5.46-2 

5. sa-2 
1.02-1 

1.01-1 

0 

1.20-3 

1.80-3 

5.60-3 

8.60-3 

1.70-2 

1 .a2-2 

2.68-2 

6.afi-2 

4.02-2 

7.74-2 

1.10-1 

1.17-1 

4.00-4 

1.20-3 

4.20-3 

5.60-3 

1.04-2 

2.08-2 

1.80-2 

2.54-2 

4.06-2 

8.42-2 

’3” 00-2 

1.25-1 

1.24-1 

6.00-4 

2.00-3 

3.80-3 

7.60-3 

1.32-2 

2.68-2 

2.12-7 

3.22-2 

5.10-2 

8.74-2 

9.90-2 

1.43-1 

1.45-1 

0.3 1.84-1 2.06-1 2.50-1 2.55-1 2.88-1 

0.15 1.21-1 1.33-1 1.51-1 1.74-1 1.96-1 

0.07 1.46-1 1.53-1 1.85-1 2.12-1 2.22-1 

0.045 1.39-1 1.54-1 1.79-1 2.05-1 2.24-1 

2.17-1 0.03 1.41-1 1.62-1 1.95-1 2.13-1 

0-02 2.29-1 2.68-1 2.91-1 3.16-1 3.51 -, 1 

0.1 1.16-1 ’1.26-1 1.39-1 1.61-1 1 .a4-1 

Total y’s/e- 1.440 1.621 1.882 2.086 2.315 

%umbers i n  parentheses denote t o t a l  e lec t ron  energy. 

bRead a s  1 .20  x 

The importance o f  e lec t ron  energy t o  the t o t a l  photon energy deposit ion r a t e  i n  the superconducting 

c o i l s  i s  i l l u s t r a t e d  i n  F ig .  A.1.2 f o r  several 238U sh ie ld  thicknesses.  These r e s u l t s  a r e  normalized 

per inc ident  e lec t ron  per second and were obtained by performing separa te  ANISN ca lcu la t ions  for  eac,h 

o f  the spec t ra  i n  Table A . l . l .  
the r e s u l t  o f  both the increased number of photons and the increased photon energies assoc ia ted  with the 

higher energy e l ec t rons .  

To obtain the  ac tua l  t o t a l  energy deposit ion r a t e ,  tihe data i n  Fig. A.1.2 must be weighted w i t h  the 

e lec t ron  loss d i s t r ibu t ion .  

Sect.  A.1.1.2 a r e  presented i n  F i g .  A.1.3 f o r  e lec t ron  teriperatures o f  1.0 ,  1.5,  2 .0 ,  and 2.0* MeV a s  a 

The increased energy deposit ion r a t e  w i t h  increasing e lec t ron  energy i s  

Energy deposit ion r a t e s  obtained with the loss d i s t r ibu t ion  given i n  
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ORNL- DWG 79-3124 F E D  

0 
0 - . I”’  0’-4 , , 

I / a/. FI  FCTRON ENERGY = 1.5 MeV d 
TION (watts/e-/sec) 

3.70 x 10-18 

1.45 x io-’’ I ___- I 

2 3 4 5 6 7 8 9 10 
TOTAL ELECTRON ENERGY ( M e V )  

F ig .  A . l  .2 .  Normal ized bremsstrahlung energy 
d e p o s i t i o n  r a t e  i n  copper coils vs e l e c t r o n  energy f o r  
uranium s h i e l d  th icknesses  o f  0.5, 1.0, and 1 . 5  i n .  
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ORNL-DWG 79-3128 FED 

Fig .  A.1.3 .  Total energy deposit ion r a t e  
i n  copper c o i l s  vs coi l  sh ie ld  thickness fo r  
several e lectron temperatures. 
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* 
function of co i l  sh ie ld  thickness .  As explained i n  Sect .  A.1.1.2, 2 .0  MeV represents  extending t h e  

integrat ion t o  20 MeV. 

deposition r a t e  f o r  t h e  tungsten sh ie ld  was calculated only f o r  t h e  k l  = 2.0 -NeV electron teinpcrature 

because t h i s  temperature y i e l d s  the g r e a t e s t  heating. 

These r e s u l t s  have been normalized t o  a 1-MU e lec t ron  power l o s s .  The energy * 

The t o t a l  energy deposition r a t e s  i n  the aluminurn l i n e r ,  2 3 8 U  sh ie ld ,  and copper coi l  f o r  these 

same electron tcrrrperatures and three  238U sh ie ld  thicknesses a re  given in  Table A.1.2. 

have a l s o  been normalized t o  a 1 MW-electron power loss.  

heating d u e  t o  bremsstrahlung. 

amounts t o  ~ 9 8 %  of the  t o t a l  power loss .  

the alurninuiri l i n e r  because only some of the  higher energy e lec t rons  a r e  able  t o  penetrate  i n t o  the 2 3 8 U  

sh ie ld .  

These r e s u l t s  

The energy deposition r a t e s  represent only the  

This portion of the  power l o s s  i s  deposited almost e n t i r e l y  in 

The remainder of the heating associated with the incident  e lec t rons  

Tab le  A.1.2.  Energy d e p o s i t i o n  r a t e  i n  c o i l  m a t e r i a l s  ( W )  
_ _  ~ _ _ _ _ _ _ _  _ _ _ _ _  __ ___ __ ~ _ _  - -  

E l e c t r o n  tempera t u  re (MeV) 
~ _ _ _  ____ __-__ -- 3!U t h i c k n e s s  

l i a t e r i a l  ( i n . )  1 0  1 5  2 .0  2 o* 
__ ~- __ -____ __ _ _ _ _ _  __-__ ___-- ~- 

A l a  0 . 5  7530 3,260 3 ,840  3,930 

1 . 0  7520 3 ,250  3,840 3,930 

1 . 5  2520 3,250 3,830 3,920 

L 3 6 u  0 . 5  6590 9,670 12 ,400  12,800 

1 . o  6830 10 ,200  13,200 13 ,700  

1 . 5  6830 10 ,300  13 ,400  13 ,900  

c u  0 . 5  

1 .o  
1 . 5  

260 

54 

1 3  

644 1,080 1 ,170  

148  260 285 

38 6 8  75 

nE~ie rgy  d e p o s i t i o n  r a t e  i n  alurninuiri i s  due t o  pho tons  o n l y .  The t o t a l  ene rgy  d e p o s i t i o n  r a t e  i n  aluminum 
can be o b t a i n e d  s imply  by s u b t r a c t i n g  the combined e n e r g y  d e p o s i t i o n  r a t e  i n  2 3 8 U  and coppe r  from the 
t o t a l  Dower loss o f  1 MU. 

The energy deposition r a t e  densi ty  p r o f i l e s  across  the  coppcr c o i l s  f o r  an electron temperature o f  

2.0 MeV a r e  given in  Fig. A.1.4. To obtain the  absolute power densi ty  f o r  a 1-MW e lec t ron  power l o s s ,  

these r e s u l t s  must be mult ipl ied by 4.81 x 10l8 electrons/sec a n d  divided by 2 n  Rmajor.  where Rmajor i s  

the  major radius  of t h e  torus .  F o r  a major rad ius  o f  5.67 rn, t h e  maximum power densi ty  with the 1-in.- 

thick 2 3 8 U  shield i s  0.135 mW/cm3. 

* 

Some of t h e  above ca lcu la t ions  were car r ied  out  f o r  a maximum possible condi t ion,  i . e . ,  normal 

incident  photons. The r e s u l t s  increased only by s Z .  

Bi ol ogical dose r a t e s  

The calculated biological dose r a t e s  a s  a function of lead and concrete sh ie ld  thickness a r e  

presented i n  Figs. A.1.5 apd A.1.6, respect ively.  

of 238U coi l  shielding f o r  the  electron temperatures of i n t e r e s t .  

these ca lcu la t ions  were t h e  same a s  those used i n  the  heating ca lcu la t ions  and again correspond t o  a 

1-MI4 electron power l o s s .  

of lead o r  6 . 3  f t  of concrete i s  required t o  reduce the  biological dose r a t e  t o  2 . 5  mrein/tir, the maxiimm 

occupational rad ia t ion  level  cur ren t ly  accepted. liowever, because no reduction of tne  photon spectra  

was assumed t o  occur due t o  shielding by t h e  components of the  machine, these r e s u l t s  should represent  

the maximum required shielding t o  obtain a 2 .5  mrem/hr radiat ion leve l .  

These r e s u l t s  were obtained with and without 1.25 in. 

The i so t ropic  photon sources used i n  

For a kT value o f  2.0* MeV in the  absence of any 7 3 8 U  c o i l  shielding,  12.5 i n . ,  
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F ig .  A . 1 . 4 .  Normalized energy deposition rate 
density profiles in copper coils for uranium shield 
thicknesses o f  0.5, 1.0, and 1.5 in. 
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O R N L - O W G  19.3125 F E D  

NO 238U 
- 

_I_ - I V4 m. OF 2 3 8 ~  
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- 

~ 

~. 
- 
~ 

- 

VOID OR 4 %  in .OF 23RU- 
I S O r R O P I C  y SOURCE ~. 

- 
- __ 
- 
- 

~ 

- 

- 

- 
- 
- 

- 
~._ 

8 i o  42 14 6 
LEAD SHIELD THICKNESS ( i n  

F i g .  A.1.5. Biological dose r a t e  v s  lead shield 
thickness with and without 1 1 / 4  in .  o f  238U coi l  
shield f o r  several e lectron temperatures. 



5 6 7 8 3 4 
CONCRETE SHIELU THICKNESS ( f r e t  ) 

F i g .  A.1.6. Biological dose r a t e  vs concrete 
sh ie ld  thickness w i t h  and without 1 1/4 i n .  o f  2 3 @ U  
co i l  sh ie ld  for  several e l ec t r sn  temperatures. 
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A. 1.2 VACIJUM VESSEL THERMAL ANALYSIS 

The EBT-P t o r u s  c o o l i n g  requ i rements  were e s t a b l i s h e d  w i t h  a conserva t i ve  p o i n t  o f  view. The 

vessel  power i n p u t  was e s t a b l i s h e d  a t  2.0 MU. 
vessel  e x i s t  and because t h e r e  i s  a p o s s i b i l i t y  t h a t  i n p u t  power w i l l  be inc reased i n  t h e  f u t u r e ,  a 
3.0-F4W plasma i n p u t  power l e v e l  was assumed f o r  coo lan t  f l o w  c a l c u l a t i o n s .  

Because a t  t h i s  t ime no EBT power d e p o s i t i o n  da ta  t o  t h e  

De ion ized water  f l o w  r a t e s  were i n i t i a l l y  e s t a b l i s h e d  us ing  t h e  f o l l o w i n g  equat ion :  

wile r e  

= energy t r a n s f e r  r a t e ,  Qvessel  
r;i = inass f l o w  r a t e ,  

C = iiiean s p e c i f i c  heat ,  and 

AT = temperature d i f f e r e n t i a l  o f  c o o l a n t  assumed t o  be 15°F (8.3"C). 
P 

To e s t a b l i s h  the  d i s t r i b u t i o n  o f  t h e  coo lan t ,  t h e  f o l l o w i n g  assumptions were inade. 

(1 )  
( 2 )  

l a b l e  A.1 .3  shows the  c o o l a n t  f l o w  d i s t r i b u t i o n  and t h e  assumed energy d e p o s i t i o n  r a t e s  used f o r  f l o w  
r a t e  c a l c u l a t i o n s .  

The e l e c t r o n  annulus energy loss occurs  i n  t h e  t h r o a t .  
The plasina energy l o s s  r a t e s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c r o s s - s e c t i o n a l  area o f  the vesse l .  

Table A.1.3. To ro ida l  vessel  c o o l a n t  requ i rements  and assumed energy 
d e p o s i t i o n  r a t e s  f o r  EBT-P 

~ 

Cool a n t  f l o w  T o t a l  c o o l a n t  f l o w  Assumed t o t a  1 
l o r o i d a l  vessel  per  compnnent f o r  t o r o i d a l  vessel  energy d e p o s i t i o n  
component name (gpm) (gpm) (MW) 

M i r r o r  c a v i t y  l i n e r  6.7 

C o i l  c a v i t y  
C o i l  c a v i t y  t h r o a t  12.4 
C o i l  c a v i t y  balance 18.6 

T o t a l  ( c o i l  c a v i t y )  31 .o 

241 

446 
670 

1116 

0.5 

0.982 
1 .5  

2.482 

A thermal a n a l y s i s  o f  t h e  c o i l  c a v i t y  us ing  a 2-0 ve rs ion  o f  HEATING5 code was performed. 
i n c l u d e d  i n  t h e  model were t h e  s h i e l d i n g  m a t e r i a l  and t h e  l i q u i d - n i t r o g e n - c o o l e d  m i r r o r  c o i l  dewar 
w a l l .  The model prov ided  an e v a l u a t i o n  f o r  t h e  de ion i zed  c o o l i n g  water  d i s t r i b u t i o n  and temperature 
p r o f i l e s  o f  t h e  vessel  w a l l s  t o  be used i n  t h e  s t r e s s  a n a l y s i s  o f  t h e  vacuum l i n e r  c a v i t y .  
e f f e c t s  r e s u l t i n g  f rom gamma r a y  a t t e n u a t i o n  were a l s o  modeled. The c o i l  c a v i t y  was g i ven  major  cons id -  
e r a t i o n  because t h e  m a j o r i t y  o f  t h e  plasma energy i s  a n t i c i p a t e d  t o  be d i s t r i b u t e d  a long  t h e  c o i l  
c a v i t y  w a l l s  and because o f  the comp lex i t y  o f  t h e  c o i l  c a v i t y  geometry. F igu res  A.1.7, A. l .8,  and 
A.l .9  show the  r e s u l t s  f o r  t h e  thermal. ana lys i s .  

A l so  

Heat ing  
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A.1.3 MAGNETIC FORCE ANALYSIS 

The rnagnptic loads irnposcd on an EBT-P mirror-trim coi l  pa i r  by the other  mirror and t r im c o i l s  and 

by the A R E  c o i l s  have been calculated using the  BARC13 magnetic f i e l d  computer program. 

operating conditions without A R E  c o i l s ,  the  center ing force on a mirror-trim c o i l  p a i r  i s  53,000 l b .  

With the A R F  c o i l s  operat ing,  the addi t ional  centering force would be 5 7 , 0 0 0  l b ;  therefore ,  the range 

of centering force on the co i l  pa i r  i s  from 110,000 l b  toward the center  of the torus  t o  4000 l b  away 

from the center .  The l a t p r a l  o r  sideways load on t h e  mirror-trim coi l  pa i r  due t o  imbalances in  cur ren ts  

in  the mirror and t r im c o i l s  can be as grea t  as 255,000 l b  i f  half the mirror and  trim c o i l s  i s  de- 

energized. The l a t e r a l  load due t o  deenergized ARE c o i l s  can be as  grea t  as 155,000 l b .  

Figiirp A.1.10 shows the geometry assumpd f o r  the ca lcu la t ions .  

trim coi l  p a i r  has been t rea ted  as  a s ing le  c o i l ,  b u t  in  other  cases the mirror and t r im c o i l s  have been 

t rea ted  separately.  Table A.1.4 shows the contr ibut ion t o  the center ing and  l a t e r a l  forces  in a c o i l  

due t o  each of the o ther  c o i l s ,  and Table A.1.5 summarizes the net  forces  f o r  several cases .  Figures 

A. l . l l  and A.1.12 show how the radial  and l a t e r a l  loads a r e  d i s t r i b u t e d  around the perimeter of a mirror- 

t r im coi l  p a i r .  

Under normal 

I n  some ca lcu la t ions  the mirror- 

Table  A.1.4. Farces  i n  mir ro r - t r im  c o i l  1 due t o  o t h e r  mi r ro r - t r im  c o i l s  
and ARE coi ls '  

.. ~ -~ ~~~ __ 
Coi 1 Center ing fo rce  

( s e e  F i g .  A. l .10  f o r  ( p s i  t i v e  toward t o r u s  Lateral  fo rce  
des igna t ions )  c e n t e r )  (a long c o i l  a x i s )  

.~ ~~~ . - - ~ ~ . - 
1 

2 o r  36 

3 o r  35 

4 o r  34 

5 o r  33 

6 o r  32 

7 o r  31 

8 o r  30 

9 o r  29 

10  o r  28 

1 1  o r  27 

12 o r  26 

13  o r  25 

1 4  o r  24 

15 o r  23 

16 o r  2 2  

1 7  o r  21 

18 o r  20 

19 

1 o r  72 

2 o r  71  

3 o r  70 

4 o r  69 

Mi r ro r  cu i  1 s 

0 

ail. 3 

17.6 

5.76 

2.53 

1 . 3 2  

0 .77 

0.49 

0.33 

0 . 2 4  

0 .18  

0.14 

0.11 

0.09 

0 . 0 8  

O.O! 
0.06 

0.06 

0.06 

104.5 

4.37 

10.88 

2.04 

0 

1026 

1100 

i21 .6  

~ 6 . 9 7  

t2 .84 

t1.34 

+O. 71 

' 0 . 4 0  

0 .24  

+0.15 
+0.10 

t0 .06 

20.04 
t 0 .03  

10.02 

io .01 

-0.01 

0 

342.6 

76.16 

211.4 

14.37 

0.63 30.22 

6 or 67 ARE c o i l s  1 .13 3.98 

0.52 6.95 

0.60 1.45 

0.39 2.26 

0.34 0.63 

6.80 5.20 

5 o r  68 

7 o r  66 

8 o r  65 

9 o r  64 

10 o r  63 

Remaining ARE c o i l s  
1 

combined 

'Forces i n  ki lonewtons;  
__ ~ __.-.___ ~ ~ __ 

= 2.325 x l o 6  Ai  I T R I M  = 1.005 x l o b ;  ?",' ! A R E  = 0.?16 x l o 6 .  See 

Table  A.1 .5  f o r  t o t a l  fo rces .  



Table A.1.5. Total forces  ,n iriirror and trim c o i l s  
_.._._..._.I__ --.. __ ____ 

Maximum center ing force Maximuin l a t e r a l  force 
(ki  1 onewtons 1 (ki 1 onewtons ) --- ~ ..1__-....- __I I__ ~ .... I_.-_ --._I__ 

Case 1 ( I M r R R o R  = 2.356 x l o 6  A, 
ITRIM = 1.005 x lo6 ,  IARi = 0)  

Mirror c o i l  

Trim c o i l  

Cotiibi ned 

Cdse 2 ( IMrRRoR = 2.356 x l o 6  A, 
ITRIM = 1.005 x lo6,  

IAKE = 0.216 x l o 6 )  

Mirror and trim c o i l s  
combined 

with half  of mirror-  
t r im coils 

1134 (255,000 l b )  I deenergired 

144.4 642 

88.3 492 

232.7 (53,000 l h )  

486 (110,000 l b )  1826 (410,000 I b )  with h a l f  o f  mirror- 
t r im and ARE c o i l s  deenergized 

Case 3 (IMIRKoR = 2.356 x lo6  A ,  
ITRIM = 1.005 x 106, 
IARE -- 0.216 x l o G )  

Mirror and trim c o i l s  
cornbi ned -21 (-4,000 l b )  1826 (410,000 l b )  wi th  h a l f  of mirror- 

triin and ARE coi 1 s deenerqized 

O R N L -  D W G  79-3421 FED 

ARE COIL DESIGNATIONS 

M I R R O R - T R I M  COIL  
DESIGNATIONS 

D I M E N S I O N S  M A J O R  R A D I U S - 5 . 6  
IN METERS 

F i g .  A . l . l O .  EBT-T’ geometry. 



88 

9.0 1- 
E 
W 
1- 
W 
z 
\ v, 8.5 -------------*L 
z 
0 
t- 3 -----__-.--.+_ 
w 
z RADIAL LOADS ARE IN 
2 8 . 0  - - -  R DIRECTION 

r 
LIJ 

TOWARDTORUS 

7.0 - 

MIRROR-TRIM COll. ---.. 

6 .5  .... -]~.. ~ ..IL.- I ~ ..... 

ORNL-DWG 79-3122 FLU 

1 



89 

O R N L - D W G  79-3120 F E U  

0.4  

e 0.3 
W + 
W 

P 
m 
z 
0 0.2 

0 

0 0.1 0.2 0.3 0.4 0.5 
FRACTION AROI'ND C O I L  PERIMETER 

F i g .  A.1.12. Lateral  load d i s t r i b u t i o n  around 
mirror-trim coils due t o  10:s of curren t  i n  nearby 
c o i l s .  
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A.1.4 STRAY MAGNETIC FIELDS 

F igu re  A.1.13 summarizes t h e  t o r u s  geometry. F igures  A.1.14, A.1.15, and A.1.16 summarize t h e  
magnitudes o f  t h e  s t r a y  magnet ic f i e l d s  i n  va r ious  reg ions  around EBT-P. 
f i g u r e s  a r e  t o t a l  f i e l d  magnitudes. l h e  f i e l d s  have been c a l c u l a t e d  f o r  t h e  case where each m i r r o r  c o i l  
c a r r i e s  a t o t a l  o f  4.06 x l o 6  A. The computer program RARC13 was used t o  c a l c u l a t e  t h e  magnet ic f i e l d s .  
For t h e  purposes o f  these c a l c u l a t i o n s ,  each m i r r o r - t r i m  c o i l  p a i r  was cons idered as a s i n g l e  c o i l .  

The va lues  shown i n  t h e  

A.1.5 CRYOGENIC SYSTEM HEAT LOAD ESTIMATE 

The f o l l o w i n g  es t imates  a r e  based on expansion t o  a 48-sec tor  t o r u s  

R e f r i g e r a t i o n  loads  
M i r r o r  c o i l  hea t  l o a d  

I n t e r n a l  d i s s i p a t i o n  p l u s  gama h e a t i n g  
'T herma 1 r a d  i a t  i on 
G r a v i t y  suppor t  
Out -o f -p lane suppor t  
Cen te r ing  supports 

T o t a l  
T o t a l  f o r  48 c o i l s  

Gyro t ron  focus ing  s o l e n o i d  heat  l e a k  

S a t e l l i t e  and s to rage  dewars (1% p e r  day) 
Trans fer  l i n e  losses  

T o t a l  f o r  12 c o i l s  

Valves 
Bayonets 
L i n e  

T o t a l  l i n e  l o s s  
Sub to ta l  r e f r i g e r a t i o n  l o a d  

Add 50% cont ingencya 
TdTAL r e f r i g e r a t i o n  l o a d  @4.2K 

L i q u e f a c t i o n  1 oads 
M i r r o r  c o i l  l eads  (2 .8  l i t e r / h r / k A  x 2 kA x 48 c o i l s )  
Gy ro t ron  focus ing  s o l e n o i d  leads  (2.8 l i t e r / h r / k A  x 

Sub to ta l  l i q u e f a c t i o n  l o a d  
6 

TOTAL l i q u e f a c t i o n  l o a d  

0.2 kA x 12 c o i l s )  

Add 0% cont ingency  

9.0 W/co i l  
0.05 W/coi l  
0.34 W/coi l  

10.0 W/co i l  
5.5 W/co i l  

22.3 W/co i l  
1100 w 

3.0 W/coi l  
36 W 
6 W  

800 W 
440 W 

48 W 
1300 W 
2440 W 
1220 w 
3660 W 

540 l i t e r / h r  

7 l i t e r / h r  
547 l i t e r / h r  

547 l i t e r / h r  
0 

Based on pas t  exper ience w i t h  c ryogen ic  systems p l u s  cont ingency  f o r  cooldown 
l i n e  and v a l v i n g ,  b u r s t  d i s k s  and r e l i e f  va lves ,  and t h e  eventua l  a d d i t i o n  o f  
cryopumping f o r  n e u t r a l  beam hea t ing .  

a 

'Conservat ive numbers used f o r  c u r r e n t  i n  leads .  
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plane midway between mirror  co i l s  Mirror c o i l  cur ren t  = 
4.06 x l o 6  A f o r  both sec t ions .  
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A.1.6 MICROWAVE/CRYOPUMP ISOLATION SYSTEM CALCULATIONS 

Microwave at tenuat ion 

The perforated copper p l a t e  design shown in Drawins X2E-14270-0001 i s  proposed f o r  use a t  110 Gtlr. 

I t s  pardmeters a r e  given below: 

Ma t e r i a 1. 

Thickness ( 1 )  0.0625 in .  

Hole diameter ( 2 a )  0.045 in .  
tiole spacing on  t r iangular  

p i tch  ( d )  0.055 i n .  

_. Copper . _. ._. 

Using Chen's theory the at tenuat ion f o r  normal incidence i s  given bye leakage ( d 8 )  = 20 l o g  111 

0 = 0.33 (i)' [(T) 0.293X - l ] l /z  , and 

f o r  a 

60 GHz. 

O.78d and d < 0 . 5 7 ~ .  For the given dimensions the at tenuat ion is 34 dB a t  110 GHz and 50 dB a t  

The porosi ty  P f o r  a t r iangular  a r ray  o f  holes i s  given by 

where 

a = 22.5 mil (hole  r a d i u s ) ,  

d = 55 mi1 ( t r i a n g u l a r  p i tch  hole spacing) ,  and 

P = 0.6071. 
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For t / 2a  = 1.39, t h e  C laus ing  f a c t o r  K '  i s  equal t o  0.4359. The n e t  conductance o f  t h e  p l a t e  
normal ized  t o  a c i r c u l a r  ape r tu re  o f  t h e  p l a t e  s i zes  i s  then C* = K ' P  = 0.2546.  

A.1.6.2 Absorbent Sec t i on  

I n  t h e  proposed design a 10- in .  s e c t i o n  o f  s t r a i g h t  p i p e  coated  w i t h  a microwave-absorbent m a t e r i a l  
i s  added beh ind  t h e  p l a t e .  Th is  p revents  t h e  r e g i o n  beh ind  t h e  p l a t e  i n c l u d i n g  t h e  pump f rom be ing  a 
h igh -Q resona to r .  The exac t  type  o f  c o a t i n g  w i l l  have t o  be determined froin t e s t i n g  a t  110 GHz. 

t f f e c t  on.conductance 

For  the  above s e c t i o n  w i t h  a 6 . 5 - i n . - t h i c k ,  11 .5 - in . - ID  ga te  va l ve  i n  s e r i e s ,  o v e r a l l  normal ized  
conductance i s  g i ven  by 

wherr: 

F ,  = 0.2646 f o r  t h e  p l a t e ,  

F 2  = 0.4252 ( C l a u s i n g ' s  f a c t o r  f o r  L/D = 1.43) 

The n e t  normal ized  conductance t o  the  pump i s  thus  F = 0.195. 

Microwave abso rp t i on  ___.~ 

Because o f  t h e  complex geometry, t h e  a c t u a l  abso rp t i on  shou ld  be found exper imen ta l l y .  A rough 
conserva t i ve  es t i i na te  was iiiade by t r e a t i n g  t h e  lii icrowave r a d i a t i o n  l e a v i n g  t h e  p l a t e  as i s o t r o p i c  
thermal r a d i a t i o n ,  f i n d i n g  t h e  view f a c t o r  f o r  t ransmiss ion ,  and assuming t h a t  e v e r y t h i n g  s t r i k i n g  thP 
w a l l s  i s  absorbed. Th is  g i ves  an a d d i t i o n a l  6.8 dB o f  a t t e n u a t i o n  f o r  a t o t a l  o f  40.8 dB. 

A.l.G.3 Microwave Power inJo Crjopump 

T e s t i n g  i s  r e q u i r e d  t o  det-ermine t h e  e f f e c t  o f  l ow  iaicrowave power i n p u t  on a cryopump's pumping 
a b i l i t y .  The most conserva t i ve  assumption i s  p robab ly  t h a t  a l l  power i n c i d e n t  i s  absorbed on the  
c o l d e s t  sec t i on .  
1.5-2 W r e f r i g e r a t i o n  c a p a c i t y  o f  t h e  CRYO-TORR 10 pump a t  t h e  c o l d e s t  stage. 

t h e  aper tu res .  A fo rmal  t heo ry  f o r  t h i s  i s  n o t  a v a i l a b l e .  F o r  t h e  purpose o f  t h i s  r e p o r t ,  a c rude 
model was taken. 

It was assumed t h a t  t h e  i n c i d e n t  power shou ld  be l e s s  than 1 W, which i s  below t h e  

The nex t  ques t i on  i s  t h e  manner i n  which power i n p u t  t o  t h e  t o r u s  d i v i d e s  between t h e  plasma and 

I t was assumed t h a t  power leakage o u t  o f  an a p e r t u r e  was g i ven  by 

pout = ...Tc.Ac.- 'i nTaAa 
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where 

Aa = aperture  a rea ,  

Ta = aper ture  average microwave power transmission c o e f f i c i e n t ,  

A = area of plasma cutoff  surface,  

Tc = cutoff  sur face  average microwave power traqsmission c o e f f i c i e n t ,  

C 

Pout = power out of aper ture ,  and 

P i n  = power i n t o  mirror cavi ty .  

I t  was f u r t h e r  assumed t h a t  Tc = 0.5 (crudely assuming 0.5 extraordinary wave power t ransmit ted and 

For cotnpdrison i n  EBT-I a 3-in. hole had a measu-ed Pout/Pin = 4.8%, and the above model with Ta = 

For EBT-P we assume t h a t  the  cu tof f  sur face  i s  a lG-in.-long r i g h t  cyl inder  with a 10-in. radius .  

0.5 ordinary re f lec ted  from the s u r f a c e ) .  

1 gives Pou t /P in  = 3 .8%.  

The power incident  on the cryopump with s i x  200-kW tubes i s  then 

A t  GO GHz, Pout i s  an order  of magnitude down. 

t h e  overal l  system response t o  microwave power. 

I t  would be highly des i rab le  t o  t e s t  the proposed pump and microwave i so la t ion  system t o  determine 
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A.2.  E8T-P THEORY AND OPERATION 

A.2.1 EBT-P T H E O R Y  AND SCALING 

For several years  EBT scal ing has been a fundaii1en';al ingredient  in  design s tudies  of fu ture  LET 
devices.'y2 

the coef f ic ien ts  determined from experimental measureiritints from EST-I/S. 

scal ing i s  n T  % A ? - T i I 2 ,  which follows from neoclassic&.' t ranspor t  considerat ions.  

ca lcu la t ions ,  which agree reasonably well with experirnents, confirm t h i s  scal ing and strengthen the 

evidence t h a t  the  T-mode of operation in EBT i s  governed by neoclassical  behavior. 

The most recent  ca lcu la t ions3  d i f f e r  -From e a r l i e r  ones4 in t h a t  they use purely neoclassical 

t ranspor t .  I n  e a r l i e r  ca lcu la t ions4  i t  was n(2cessar.y t o  introduce an a r t i f i c i a l  s tab i  I i z a L i o r i  fac tor  

t o  prevent thermal runaway f o r  low e lec t ron  co l l i s iona l  i ty .  However., changing the boundary  conditions 

f o r  the neutral hydrogen made i t  possible  t o  e l iminate  the a r t i f ic - la1  s t a b i l i z a t i o n  The newer 

boundary conditioris correspond more nearly to the experimental observation o f  the behaviGr o f  rieutral 

hydrogen i n  EBT than d i d  the e a r l i e r  treatment (which i s  more appropridtti f o r  a pulsed device such ds 

tokamak). 

This sca l ing  o f  the toroidal  core plasma 's based upon basic  theoret icdl  scal ing laws w i t h  

Rec.ent 1-D t ranspor t  

A major component of this 

Because of the  ro le  pldyed by the ambipolar e l e c t r i c  f i e l d  in EBT, the  ca lcu la t ion  of c o l l i s i o n l e s s  

e lec t ron  behavior with a se l f -cons is ten t  e l e c t r i c  f i e l d  is  nont r iv ia l .  The ke,y element has been t o  use 

a resonant fonii f o r  the neoclassical  ion Lransport, coef f ic ien ts  and nonrei;oiiiint. e lectron transport 

coef f ic ien ts .  In the ca lcu la t ions  o f  Ref. 3 ana ly t ica l  ap~roxirriations f o r  the ion t ransport  c o e f f i -  

c i e n t s  in the platedu regime and the standard nonresonant approxirnation f o r  e lec t rons  were used. 

Calculat ions using a l t e r n a t e  forins f o r  the resonant inn t ra t isport  coef f ic ien ts  ind ica te  tihat the r e s u l t s  

a re  near ly  invar ian t  because of adjustrrients of the ambipolar e l e c t r i c  f i e l d .  

to ro ida l  core  plasma densi ty  and temperatures i s  dominated by t he  electron t ransport  co t? f f ic ien ts ,  

leading t o  nT ?i A2T3j2. 

The purely neoclassical  t ra t isport  ca lcu la t ions  should be compdred only t o  experirnerital reriults 

obtained during T-mode operation in EBT. 

c o l l i s i o n a l  i t y  and/or neutral  hydrogen d e n s i t y ) ,  the  plasma i s  noisy (unstable)  and nonclassical losses  

doni inate  the  t ranspor t  processes. 

e lectron r ings  have s u f f i c i e n t  beta t o  produce a d i s t i n i t  local  minimuiii i n  B. "  
miniinurn r iny beta required t o  s t a b i l i z e  the  toroidal  core  plasma i s  

The yrwss behavior o f  t i12 

e 

I n  the  C-mode of operation (character ized by high e lec t ron  

Entry from the C-mode i n t o  the  macrostable T-lliode .)f operation in EBT requires  t h a t  the h o t  

A crude est imate  of the 

where 

N -  

R =  
M =  
w -  

a =  
P 

number o f  s e c t o r s ,  

major rad ius ,  

mirror r a t i o ,  

ring width, and  

plasma radius in  the midplane 
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No t i ce  t h a t  by reduc ing  the  m i r r o r  r a t i o ,  t h e  c r i t i c a l  be ta  r e q u i r e d  i s  reduced (because t h e  
r a d i a l  g r a d i e n t  i n  t h e  vacuum B t o  be overcome by t h e  h o t  e l e c t r o n  r i n g  i s  reduced) .  
t he  m i r r o r  r a t i o ,  t h e  c r i t i c a l  be ta  r e q u i r e d  f o r  e n t r y  i n t o  t h e  T-mode and hence t h e  microwave power 
r e q u i r e d  f o r  t h e  r i n g s  can be reduced. On the  o t h e r  hand, t h e  neoc lass i ca l  t r a n s p o r t  r a t e s  f o r  t he  
t o r o i d a l  core  plasma decrease w i t h  i n c r e a s i n g  i n i r r o r  r a t i o  and r i n g  be ta .  Thus, t h e  power r e q u i r e d  t o  
achieve a g i v e n  s e t  o f  plasma parameters decreases w i t h  i n c r e a s i n g  m i r r o r  r a t i o  and r i n g  be ta  w h i l e  the  
power t o  s u s t a i n  t h e  r i n g s  i s  inc reased.  The optimum core  plasma performance f o r  f i x e d  microwave power 
i s  thus  a f u n c t i o n  o f  m i r r o r  r a t i o .  
s u b j e c t  o f  ongoing research ,  i t  i s  n o t  p r s s e n t l y  p o s s i b l e  t o  p r e d i c t  an exac t  optimum f o r  t h e  m i r r o r  
r a t i o .  Accord ing ly ,  t h e  i n c l u s i o n  o f  t r i m  c o i l s  t h a t  pe rm i t  v a r i a b l e  m i r r o r  r a t i o  i s  adv i sab le  because 
they  a l l o w  e m p i r i c a l  de te rm ina t ion  o f  t h p  optitnuin. 

Thus by reduc ing  

Because t h e  d e t a i l e d  i n t e r a c t i o n  o f  t he  c o w  and r i n g  plasma i s  a 

A.2.2 EBT-P OPERATION 

The purpose o f  o p e r a t i n g  EBT-P i s  t o  measure those p r o p e r t i e s  t h a t  w i l l  a l l o w  a d e f i n i t i v e  e v a l -  
These p r o p e r t i e s  i n c l u d e  those o f  t h e  plasma and o f  t he  machine and u a t i o n  o f  t h e  bumpy t o r u s  concept.  

o f  t h e i r  mutual  i n t e r a c t i o n s .  
I n  p r i n c i p l e ,  t h e  p r imary  i n t e r e s t  i s  i n  measuring those plasma p r o p e r t i e s  hav ing  t h e  g r e a t e s t  

impact  on EBT s c a l i n g  - d e n s i t y ,  temperature,  and conf inement t ime.  I n  p r a c t i c e ,  however, many more 
plasma parameters a re  measured because o f  the g r e a t  impact t hey  have on s c a l i n g .  These measurements 
a re  made w i t h  ins t ru inents  t h a t  a re ,  i n  generd l ,  remote f rom the  e x p e r i m e n t a l i s t ' s  l o c a t i o n .  

One o f  t he  un ique fea tu res  o f  EBT dev ices  i s  t h e  s teady -s ta te  na tu re .  The s i g n i f i c a n c e  o f  t h e  
s teady -s ta te  o p e r a t i o n  i s  t h a t  a g i ven  s e t  o f  o p e r a t i n g  c o n d i t i o n s  can be i i ia in ta ined f o r  an extended 
pe r iod .  I n  p r a c t i c e  t h i s  means t h a t  t he  o p e r a t i n g  c o n d i t i o n s  a re  h e l d  cons tan t  l ong  enough t o  acqu i re  
the  da ta  r e q u i r e d  t o  c h a r a c t e r i z e  t h a t  s e t  o f  c o n d i t i o n s  and then the  s e t  o f  c o n d i t i o n s  i s  changed. 
The t i t l ie needed t o  acqu i re  t h i s  da ta  depends on t h e  p a r t i c u l a r  d i a g n o s t i c  dev ices .  
such as t h e  microwave in te r fe romet .e r  nieasurement o f  d e n s i t y ,  g i v e  r e s u l t s  v e r y  q u i c k l y .  Among the  
s lowest  a r e  those r e q u i r i n g  pu lse -coun t ing  techniques, such as n e u t r a l  charge exchange o r  x - ray  measure- 
ments. I n  E B T - I  these measurements have r e q u i r e d  as l o n g  as 30 i i i in f o r  a s i n g l e  d a t a  p o i n t .  However, 
because o f  t h e  h i g h o r  temperatures and d e n s i t i e s  expected, t h i s  t i m e  w i l l  be much s h o r t e r  i n  EBT-P, 
a l l o w i n g  a more r a p i d  change o f  o p e r a t i n g  c o n d i t i o n s .  There i s ,  however, one o p e r a t i n g  parameter t h a t  
cannot be r a p i d l y  va r ied .  The magnet ic f i e l d ,  which i s  produced by superconduct ing c o i l s ,  has a cha r -  
a c t e r i s t i c a l l y  l ong  t i m e  cons tan t .  
t h e  c o i l s .  Thus, changing t h e  c u r r e n t  th rough those c o i l s  w i l l  r e q u i r e  a s i g n i f i c a n t  f r a c t i o n  o f  t he  
charg ing  t irile . 

I n  a d d i t i o n  t o  t h e  e q u i l i b r i u m  p r o p e r t i e s ,  which w i l l  be measured i n  t h e  manner descr ibed above, 
i t  w i l l  be necessary t o  make time-dependent measiireiitents i n  o rde r  t o  determine t h e  t i m e  needed t o  reach 
a new e q u i l i b r i u m  as c o n d i t i o n s  a re  changed. 
long,  depending on t h e  processes. Among the  s h o r t e s t  t i m e  sca les  a re  those cor respond ing  t o  a s tep  
change i n  t h e  h e a t i n g  power whereas t h e  l o n g e s t  t imes a r e  those f o r  e s t a b l i s h i n g  t h e  w a l l  cond i t i ons .  
The former,  f i x e d  by t h e  f l i g h t  t imes of  t h e  p a r t i c l e s ,  may be as s h o r t  as niicroseconds; t h e  l a t t e r  may 
range up t o  hours o r  even days. 

an op t im ized  environment f o r  making t h e  measurements p r e v i o u s l y  d iscussed w h i l e  a l s o  m a i n t a i n i n g  t h e  
f l e x i b i l i t y  t o  change t h e  machine c o n f i g u r a t i o n .  
EBT-P, i s  t o  be used t o  i n v e s t i g a t e  a range o f  conf inement and h e a t i n g  concepts.  

Some d iagnos t i cs ,  

It i s  es t imated  t h a t  about one -ha l f  hour w i l l  be r e q u i r e d  t o  charge 

The t i m e  sca les  i n v o l v e d  range from ve ry  s h o r t  t o  ve ry  

The cha l lenge i n v o l v e d  i n  runn ing  EBT w i l l  be t o  e s t a b l i s h  o p e r a t i n g  procedures t h a t  w i l l  p r o v i d e  

Such f l e x i b i l i t y  i s  e s s e n t i a l  i f  t h e  s i n g l e  dev ice ,  



A.2.3 Summary 

The above sect ion ind ica tes  b r i e f l y  EBT theory and operat ing experience as  applied t o  the design of 

EBT-P. 

t o  include i n  t h i s  docunient. A summary o f  theory a s  i t  stood in 1978 was included in  the EBT-I1 proposal, 

0RP~L/lM-5955,~ 

 publication^.^^^^^^*^^ 

ava i lab le ,  i s  on rad ia l  t ranspor t  calcula- t ions and a comparison with t h e  exprrirwnt. This TK i s  re- 

pr inted here i n  i t s  e n t i r e t y ,  following the  references fo r  t h i s  sec t ion ,  t o  ensure timely a v a i l a b i l i t y .  

The d e t a i l e d  work supporting this i s  covered in a l a r g e  number o f  publicat ions and i s  too lengthy 

D u r i n g  1978 and 1979 f u r t h e r  work has been undertaken t h a t  has been pub1 ished i r i  various 

One paper t h a t  i s  soon t o  be published as ORNL/'TM-6806,q b u t  i s  not y e t  general ly  
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R A D I A L  TRANSPORI' IN THE ELMO BUMPY TORUS IN COLLISIONLESS ELECTRON REGIMES 

E. F. Jaeger ,  C .  L .  Hcdrick, a n d  D. A .  Spong 

Oak Ridge National Laboratory 

ABSTRACT 

One important area of disagreement between radial  t ranspor t  theory a n d  the ELMO Bumpy Torus ( E B T )  

experiment has been the  degree of c o l l i s i o n a l i t y  of the  toroidal  plasma e lec t rons .  

r e l a t i v e l y  warm e lec t rons  ( k T e  '-u 300-600 eV) and c o l l i s i o n l e s s  sca l ing ,  t h a t  i s ,  energy confinement 

increasing w i t h  temperature. B u t  r e s u l t s  of e a r l y  one-dimensional ( 1 - D ) ,  neoclassical  t ransport  models 

with r a d i a l l y  inward pointing e l e c t r i c  f i e l d s  a re  l imited t o  r e l a t i v e l y  cool e lec t rons  ( k T e  % 100-200 eV) 

a n d  co l l i s iona l  scal ing.  In  t h i s  paper these ear ly  resiults a re  extended t o  include lowest order  e f f e c t s  

of ion diffusion in regions where poloidal d r i f t  frequencies a r e  small. The e f f e c t s  of d i r e c t ,  or 

nondiffusive, losses  in such regions a re  neglected along with the e f f e c t s  of f i n i t e  radial  e l e c t r i c  

f i e l d s  on electron t ranspor t  coef f ic ien ts  and of se l f -cons is ten t  poloidal e l e c t r i c  f i e l d s  on ion t rans-  

p o r t  coef f ic ien ts .  Results show t h a t  solut ions in  the c o l l i s i o n l e s s  e lectron regime do e x i s t .  Further- 

more, when the  e f f e c t s  of f i n i t e  e lectron r i n g  beta on magnetic f i e l d s  near the plasma edge a r e  included, 

these solut ions occur a t  power leve ls  cons is ten t  w i t h  experiment. 

Experiment shows 

[Reprint of ORNL/TM--6806 ( t o  be pub1 i shcd) ;  
a1 so subni t t e d  t o  liuclear Fusion] 

*- 
Research sponsored by the  Off ice  of Fusion Energy, U.S. Department of Energy under contract  
W-7405-eng-26 with t h e  Union Carbide Corporation. 
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1 .  INTRO3UCTION 

Mhen neoclass 

[ l ]  arid applied in 

cal t ranspor t  ra 
a one-dimensiona 

e s  a r e  calculated i n  the  la rge  e l e c t r i c  f i e l d  l i m i t  of Kovrizhnykh 

( 1 - O ) ,  radial  t r m s p o r t  ca lcu la t ion  [2,3] for  the  ELMO Bumpy 1-orus 

However, e lectron temperatures, a s  well a s  the  mag- 
(EBT)  [4], therinally s t a b l e ,  s teady-s ta te  so lu t ions  w i t h  r a d i a l l y  inward  pointicig ambipolar e l e c t r i c  

f i e l d s  a re  found, a s  observed in  experiments [4].  
nitude of rad ia l  e l e c t r i c  f i e l d s  in these so lu t ions  [:!], a r e  cons is ten t ly  lower than those observed 

experimentally [4]. Increasing the  microwave power l?ads t o  warmer e lec t rons ;  b u t  i n  these cases ,  

negative e l e c t r i c  f i e l d  so lu t ions  vanish, giving way t o  pos i t ive  e l e c t r i c  f i e l d s  t h a t  do not agree with 

experimental observations a 

fusion f o r  f i n i t e  radial  e l e c t r i c  f i e l d s  in  regions o x  phase space where poloidal d r i f t  frequencies a re  

small [3,5,6,7]. 

they occur f a r  out  on the t a i l  of the  d i s t r i b u t i o n  function a n d  a re  thus o f  l i t t l e  consequence [ 8 ] .  

Although the  e f f e c t s  o f  modest ( a s  opposed t o  large)  rad ia l  e l e c t r i c  f i e l d s  on electron t ransport  coe-f- 
f i c i e n t s  and o f  s e l f - c o n s i s t e n t  poloidal e l e c t r i c  f i e " d s  on  ion t ranspor t  coef f ic ien ts  appear t o  be 

important, f o r  the  sake of s impl ic i ty  they a r e  not included in t h i s  i n i t i a l  invest igat ion.  

consider increases  i n  t h e  r a d i a l l y  inward pointing e l e c t r i c  f i e l d  resu l t ing  from conservdtion of charge 

and enhanced ion d i f fus ion  -in regions of sinal1 poloidal d r i f t  frequency. Thus, our r e s i l t s  show negative 

e l e c t r i c  f i e l d  so lu t ions  over a much broader range o f  electron temperatures t h a n  those o f  Ref. [%I, 
p a r t i c u l a r l y  i n  t h e  col l  i s i o n l e s s  e lectron regime of tixperinents [4]. 

modest rad ia l  e l e c t r i c  f i e l d s  on e lec t ron  t ranspor t  c o e f f i c i e n t s  and o f  self-consis tewt  poloidal e l e c t r i c  

f i e l d s  on ion t ranspor t  c o e f f i c i e n t s  have not y e t  been considered, the  r e s u l t s  given here will not 

accurately model rea l  EBT plasmas. Instead,  t h i s  work should be regarded as  an addit.iona1 s tep  toward a 

complete neoclassical  treatment of EBT plasmas. 

In t h i s  paper we extend t h e  ca lcu la t ions  of Ref. [e] t o  include lowest order' e f f e c t s  of ion d i f -  

Direct ,  o r  nondiffusive, losses  [ 8 ]  in  these regions a r e  neglected on the grounds t h a t  

Rather, we 

However, because the  e f f e c t s  of 

In Section 2 we discuss  the  d i f f e r i n g  diffusion rriodels f o r  ions and  e lec t rons .  i o r  e lec t rons  the  

assumption i s  t h a t  there  a r e  very few slowly orb i t ing  p a r t i c l e s  f o r  negative e l e c t r i c  f i e l d s  and t h a t  

t h e  f lux  i s  given approximately by the  strong e l e c t r i c  f i e l d  r e s u l t  of Kovrizhnykh [ I ] .  

on the o ther  hand, i s  assumed t o  be dominated by slowly or!,iting p a r t i c l e s  f o r  negative e l e c t r i c  f i e l d s .  

As f i r s t  shown numerically in Ref. [3], t h i s  leads  to transport. r a t e s  t h a t  a r e  approximately independent 

of c o l l i s i o n a l i t y  i n  the  moderate c o l l i s i o n a l i t y  reg i re .  The f i r s t  ana ly t ic  treatment of t h i s  "plateau" 

regime f o r  ERT has been given by Hazeltine [ 6 ] ;  the treatment. o f  ions in  Section 2 i s  e s s e n t i a l l y  thi: 

same a s  i,hat in Ref. [6] with modifications regarding the  bounce-averaged p a r t i c l e  o r b i t s  and the  ctioict? 
of t h e  ad hoc poloidal e l e c t r i c  f i e l d .  In Section 3 be discuss  solut ions of the radial  t ransport  probleiii 

with a se l f -cons is ten t  rad ia l  e l e c t r i c  f i e l d  and t ransport  c o e f f i c i e n t s  a s  given in  Section 2 .  

l h e  ion f l u x ,  

2. DIFFUSION MDDEL 

Consider t h e  s teady-s ta te ,  bounce-averaged d r i f t  k ine t ic  equation [2] 

where the  s p a t i a l  gradients  a r e  taken with the  energy E and the inaynetic moment held f ixed.  For la rge  

aspect  r a t i o s  (RT /Rc  k l ) ,  t h e  components of the  bouncs-averaged d r i f t  ve loc i ty  vOr and v D B  i n  the 

radial  and poloidal d i r e c t i o n s ,  respect ively,  can be expanded as  
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vDr = v Y 
s in  e .t . . . 

vDe = r ( i  + v cos 6 -* . . 
Y 

where v denotes t h e  v e r t i c a l  d r i f t  veloci ty  due t o  toroidal  curvature and n denotes the  poloidal d r i f t  

frequency due t o  inagnetic gradients  and curvature and to  the  ambipolar e l e c t r i c  f i e l d .  Typical thermal 

values f o r  these d r i f t s  a r e  

Y 

k T  y = -  
yo eBRT 

where kT i s  the thermal energy, e is  the e lec t ron  charge, B i s  the  magnetic f i e l d ,  R;l - - v r B / B  i s  the  

i n v c r w  magnetic radius  of curvatiire, and RT i s  the  inajor radius  of the  torus .  

Following Hazeltine [6 ] ,  E q .  ( 1 )  can be l inear ized  by expanding in the  inverse aspect r a t i o  

6 = r / R T  = v /(noRc). 

where il 21 0 ( 6 ) ,  we f ind  t h a t  f o  = f M ,  where f M  i s  a Maxwellian d i s t r i b u t i o n  

Noting t h a t  vDr mu O ( 6 )  and t h a t  vDe % 0 ( 1 )  and wri t ing f = f o ( r )  + f l ( r , e ) ,  
YO 

f W  = 
n . __ exp [ 3 ~ 1 - 1  

.3/2( 2 kT/n,) 3 /  

and t h a t  the  perturbed d i s t r i b u t i o n  function f l  

a f ~  s i n  e 
a f 1  

a e  Y ar 
R ~ - C ( f l )  = -v 

In Eq. ( 3 )  m i s  the  mass, n i s  the  dens i ty ,  and 

( 3 )  

s a t i s f i e s  the  l i n e a r  equation 

(4) 

4 i s  t h e  e lec t r i r :  po ten t ia l .  P a r t i c l e  and energy f luxes  

a r e  now expressed a s  i n t e g r a l s  of the  solut ion t o  E q .  ( 4 ) :  

r," = 12- /d3; flvD, = -Dn g- - DT -ir a T  + u n n E r  

where Er i s  t h e  radial  e l e c t r i c  f i e l d .  

d d W d c ,  where W = ( 1 / 2 m v 2 ) / k T  i s  the normalized energy and 5 = v , , / v  i s  t h e  cosine o f  the  p i tch  angle. 

r e s u l t  [ l ]  in  the  large e l e c t r i c  f i e l d ,  l a rge  n l in i i t :  

The voluliie element in ve loc i ty  space i s  d3$ = - n ( 2 k T / 1 n ) ~ / ~  

For a p a r t i c l e -  and energy-conserving BGK c o l l i s i o n  operator  [ 7 ] ,  Eqs ( 4 )  and ( 5 )  y ie ld  Kovrizhnykh's 

7 
Kn = - kT Dn 

2 
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where pn = (e/kT)Dn and vT = (e/kT)Kn. 
a p p l i e d  t o  b o t h  ior is  and e l e c t r o n s .  

I n  t h e  r a d i a l  t r a n s p o r t  c a l c u l a t i o n s  o f  Ref. [Z], Eq. (6 )  i s  

I n  t h e  c o l l i s i o n l e s s  l i m i t ,  E q .  ( 4 )  y i e l d s  

which i s  s i n g u l a r  when B 

d r i f t  mo t ion  ( s m a l l  n) c o n t r i b u t e  g r e a t l y  t o  t h e  pe r tu rbed  d i s t r i b u t i o n  f u n c t i o n  f l  and, hr?nce, t o  
t r a n s p o r t  losses. We c a l l  these p a r t i c l e s  “ resonan t . ”  

The resonance i n  Eq. ( 7 )  i s ,  depending on t h e  d e g r i e  of c o l l i s i o n a l i t y ,  l i m i t e d  or broadened by one 
o f  two mechanisms [SI. Wi th  a model c o l l i s i o n  o p e r a t o r  C( f l )  ‘~r .Ja2tl-l/ao,2, where 0) = ~ / i ) ~ ,  t h e  c o l l i s i o n  
t e r m  i n  Eq .  ( 4 )  becomes impor tan t  f o r  w 5 w ~ ~ ~ , ~ ~  where w 

i s  broadened by c o l l i s i o n s .  
these p a r t i c l e s  can exper ience l a r g e  d r i f t  o r b i t s  and, ience,  l a r g e  s tep  s i z e s  f o r  d i f f u s i o n  under the  
i n f l u e n c e  o f  t h e  v e r t i c a l  t o r o i d a l  c u r v a t u r e  d r i f t  v Because o f  t h e  r a d i a l  v a r i a t i o n  i n  Q, t h e  d r i f t  
su r faces  a r e  n o t  p u r e l y  v e r t i c a l  b u t  r a t h e r  a re  crescen: shaped i n  c ross  sec t i on .  
o r b i t s  become impor tan t  f o r  w 5 w ~ ~ ~ , ~ ,  where [5] 

0. Th is  means t h a t  p a r t i c l e s  which exper ience a sinal1 average n e t  p o l o i d a l  

Q (u/i? ) l l 3 .  I n  t h i s  case t h e  resonance 
0 e f f  ,c 

If c o l l i s i o n s  do n o t  s c a t t 2 r  p a r t i c l e s  o u t  o f  t h e  smal l  61 r e g i o n  f i r s t ,  

Y ’  
Phese crescent-shaped 

i s  the norn ia l ized d r i f t  f requency around such an o r b i t .  Were Wo = nE/no >d O(e@/kT),  pE = Er / (Br) ,  and 
rD = 1 /2nE/ (an /3 r ) ,  where rD i s  t h e  sca le  l e n g t h  f o r  r a d i a l  v a r i a t i o n  i n  t h e  p o l o i d a l  d r i f t  f requency. 
I n  t h i s  case t h e  resonance i s  broadened by t h e  enhanced r a d i a l  excu rs ion  o c c u r r i n g  d u r i n g  a c rescen t  
o r b i t .  

c rescen ts  dominates resonance brodden ing  by c o l l i s i o n s  vhen w e f f , c  \“eff,b or when u/n0 < e 3 / )  [ f o r  
Wo 2. v / v  

b e f o r e  crescent-shaped o r b i t s  a re  completed. 
c o l l i s i o n  t ime t o  t h e  p e r i o d  o f  a c rescen t  o r b i t .  
-vfl, Eq. ( 4 )  g i ves  

Comparing L U ~ ~ ~ , ~  i n  E q .  (8)  w i t h  ueff % ( v / ~ , ) ~ / ~ ,  we f i n d  t h a t  resonance broadening by 
YC 

FL R c / r D  FL O ( l ) ] .  Y Y O  
I n  t h e  r e g i o n  6 3 / 2  < v/no < 1, c o l l i s i o n s  e f f e c t i v e l y  s c a t t e r  p a r t i c l e s  o u t  o f  t he  sinal l  n r e g i o n  

The s tep s i z e  i s  then reduced by t h e  r a t i o  o f  t he  e f f e c t i v e  
Assur ing  a s imple Krook c o l l i s i o n  opera to r  C(fl) 2 

S u b s t i t u t i n g  i n t o  Eq. (4)  v e r i f i e s  t h a t  Eq. ( 9 )  is  indeed a s o l u t i o n .  
s o l u t i o n  i s  s i n g u l a r  i n  t h e  c o l l i s i o n l e s s  l i m i t  when R = 0. 
space t o  o b t a i n  t r a n s p o r t  r a t e s  when R = n ( v )  by us ing  t i e  P leme l j  r e l a t i o n  [5,6] 

However, a s  a l r e a d y  noted, t h i s  
We can s t i l l  i n t e g r a t e  Eq. (9 )  over  v e l o c i t y  

’ 
n - i u  = P (k) + nia(n) 1 i m  

v + o  

S u b s t i t u t i n g  Eq. (10)  i n t o  Eq. (9)  g i v e s  
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where P represents  the Cauchy pr incipal  value i n t e g r a l .  

dent o f  c o l l i s i o n a l i t y ;  thus, one might expect the B G K  c o l l i s i o n  model t o  be more adequate f o r  t h i s  

regime t h a n  f o r  the low c o l l i s i o n a l i t y  crescent  regime. 

in  the small $ 2 ,  c o l l i s i o n l e s s  l i m i t ,  

As noted by Hazeltine [ 6 ] ,  Eq. (11) i s  indepcn- 

Subs t i tu t ing  Eq. (11) in to  E q .  ( 5 )  now gives,  

KT = k n  & I d 3 ;  f M Y  v2s(il)(N - s) W 

K = kT ( D n  + 76 2T DT) n 2  

Evaluating the in tegra ls  i n  E q .  ( 1 2 )  requires  a model f o r  the  bounce-averaged p a r t i c l e  orbits i n  

E B T .  For c 2  5 1/2, we use the approximate r e s u l t  of Hedrick [5]: 

V V 1 
-y % $ - w (1 + 2 <2) 

YO Y O  
V 

where a = 2.1  and v 

cons is ten t ly  in the t ransport  solut ion from quasi-charge neut ra l i ty  rer T. r i r .  
component E, should be computed sc l f -cons is ten t ly  from the  addi t ional  condition ne(r ,6)  "u n i ( r , 6 ) .  

s impl ic i ty ,  howcver, we choose an ad hoc value f o r  E, such t h a t  v This makes the d is -  

placement of the equipotent ia l  surfaces in  the midplane the same a s  t h a t  o f  the  contours of constant B 

[ S I ,  as  approximately observed experimentally, and causes the i x d and v B  d r i f t s  in  Eq.  (13)  t o  be 

coincident a t  r, = 0.  Hazeltine [6] chooses E, = 0,  hence finding la rger  t ransport  r a t e s  t h a n  those 

given here. 

mations i s  va l id .  

plateau regime 6 3 / 2  < v/fi0 < 1 ,  

= E , / ( B  s i n  e ) .  The radial  component of e l e c t r i c  f i e l d  E, i s  determined s e l f -  
YE 

Likewise, the poloidal 

For 

/ v  = Wo [ 5 ] .  Y E  YO 

Only a se l f -cons is ten t  ca lcu la t ion  of E, can c l a r i f y  which, i f  e i t h e r ,  of these approxi- 

A t  present ,  E, must be regarded as  a f r e e  paraineter. 

Using Eq. (13) with v / v  = W, f o r  t h e  bounce-averaged d r i f t  o r b i t s ,  E q .  ( 1 2 )  y i e l d s ,  f o r  the  
Y E  Y O  
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Kn = k T D n ( g  + No) 

where p 

v and sca les  a s  67. 

small E,- and a r b i t r a r y  E o .  

ve loc i ty  space near where n = 0. 
near such regions,  i t  i s  important t o  include the d i f f e r e n t i a l  nature of t h e  c o l l i s i o n  operator [ 6 , 9 ] .  

Also, the ordering which leads to  E q .  ( 4 )  [ i . e . ,  v /Q Q, O ( S ) ]  does not apply [SI because v ~ / Q ~ ~ ~ , ~  % 
Y 

0 ( f i1 i2 ) .  Derivations of neoclassical  t ranspor t  c o e f f i c i e n t s  in t h e  crescent  regime a r e  current ly  i n  

progress [Y]. 

mentally [ lo]  t h a t  t h e  ambipolar e l e c t r i c  f i e l d  points  rad ia l ly  inward in the bulk o f  the  toroidal  

plasma. T h u s ,  ions with thermal energies on the order  of t h e  e l e c t r i c  potent ia l  energy can experience a 

cancel la t ion of e l e c t r i c  and magnetic d r i f t s  in  the  poloidal d i rec t ion  while e lec t rons  o f  comparable 

energy cannot. 

of veloci ty  space and occurs a t  higher energies than i t  does f o r  ions. 

ference t o  siiiiplify the t ranspor t  model and assume t h a t  e lectron t ranspor t  i s  dominated by p a r t i c l e s  

w i t h  l a rge  R and nearly c i r c u l a r  o r b i t s .  For convenieice, we use the l a r g e  e l e c t r i c  f i e l d  assumption of 

Kovrizhnykh [ l ]  where n * fiE ; o0 and hence r e t a i n  f o r  e lec t rons  the t ranspor t  r a t e s  given by E q .  ( 6 )  

and used in  Ref. [2]. Although t h i s  assumption i s  c le3r ly  not ac-curate f o r  e lec t rons ,  i t  has been 

widely used [2,11] i n  the absence o f  more accurate  non-esonant t ranspor t  coef f ic ien ts .  

ions,  on the o ther  hand ,  we make the opposite assumption, t h a t  t ranspor t  i s  dominated by resondnt 

p a r t i c l e s  with small o ,  and thus we use the resonant t ranspor t  r a t e s  given in E q .  ( 1 4 ) .  In the  present 

radial  t ranspor t  ca lcu la t ions  f o r  the  toroidal  core p1,tsnia in  EBT, ion temperatures vary between 40 and 

80 eV and t h u s  lead t o  c o l l i s i o n  frequencies 0 .3  < v/:$ c: 1 .  These correspond t o  the plateau regime o f  

E q .  (14)  ra ther  than the  crescent  regime. Nevertheless, t ransport  r a t e s  in  the crescent  regime may 

s t i l l  be useful f o r  ions in the region of the  hot e lecwon r ings  where magnetic f i e l d  gradients  a r e  

enhanced by t h e  diamagnetic plasma cur ren t  i n  t h e  ring 

and pT a r e  given by t h e  r e l a t i o n s  following 1.q. ( 6 ) .  The r e s u l t  i n  E q .  (14) i s  independent of n 
Kovrizhnykh [7]  obtained a s i m i l r r  r e s u l t  i n  1970 f o r  weakly ionized plasmas with 

I n  the crescent  regime (u/no Q s3/?), t h e  doininart t ranspor t  losses  come from a sinal1 region o f  

Because o f  the  structure which may develop in  the  d i s t r i b u t i o n  f u n c t i m  

A t  t h i s  p o i n t  we d i f f e r e n t i a t e  between electron and ion t ransport  in  C B T .  I t  has been noted experi- 

The resu l t ing  resonant ( o r  small n) region f o r  e lectrons occupies a much smaller f rac t ion  

We take advantage of t h i s  d i f -  

In the  case of 

To compare resonant and nonresonant t ranspor t  r a t e s ,  we p l o t ,  in  Fig. 1 ,  the  radial  p a r t i c l e  f lux  

r 
T . ,  and 4 where E = -v$ = 2r@,/a2. 

re r ,  respec t ive ly ,  calculated a t  r /a  = 1 / 2 .  
2 x 10 l2  c1ni3, kTi - 55 eV, and kTe 'L 150 eV a t  r = 0 with ( v / n  ) 
approximately to  the co l l i s iona l  e lectron regime i n  Ref. [2], where t ranspor t  so lu t ions  w i t h  negative 

e l e c t r i c  f i e l d s  dre  found. 

f o r  negative e l e c t r i c  f i e l d s  (+o 
t ranspor t  c o e f f i c i e n t s  in  Eq. ( 1 4 )  a r e  used f o r  the ions. 

a r e  enhanced when Eq.  (14 )  i s  used. 

( v / $ ? ~ ) ~  Q, 0.52. 

no negative f i e l d  so lu t ions  a r e  found. 

from Eq. (5) vs ambipolar po ten t ia l  well depth 40. Ad hoc parabolic p r o f i l e s  a re  assuiried f o r  n ,  T,, r 
Solid and dashed l i n e s  represent  ion and e lec t ron  f luxes r i r  and 

Assumed d r n s i t i e s  and temperatures in  Fig. I (a )  a r e  n 2, 

1 

2, 2.76. These values correspond o e  

Quasi-charge n e u t r a l i t y  i s  achieved a t  po ten t ia l s  f o r  which rer ,I. r i r .  I n  Fig. l ( a ) ,  this occurs 

0 )  when e i t h e r  Kovrizhnykh's coef f ic ien ts  in Eq. ( 6 )  o r  the resonant 

However, the  f luxes and potent ia l  well depth 

In F i g .  l ( b ) ,  t h e  e lec t ron  temperature on a x i s  is increased t o  kTe * 300 eV, corresponding t o  

This corresponds approximately t o  the c o l l i s i o n l e s s  e lectron regime in  Ref. [2], where 

In t h i s  case,  Fig. l ( b )  shows t h a t  no negative f i e l d  solut ions 
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a r e  p o s s i b l e  when Kovr izhnykh 's  t r a n s p o r t  r a t e s  a r e  used f o r  t h e  i ons .  
s t i l l  p e r s i s t  w i t h  0, < 0 f o r  i o n  f l u x e s  c a l c u l a t e d  f rom Eq. (14 ) .  
premise on which t h e  t r a n s p o r t  c a l c u l a t i o n s  i n  t h i s  paper a re  based. That  i s ,  enhanced i o n  t r a n s p o r t  

due t o  c a n c e l l a t i o n  o f  p o l o i d a l  d r i f t s  can enhance t h e  r a d i a l l y  inward  p o i n t i n g  e l e c t r i c  f i e l d  i n  t h e  
t o r o i d a l  core  plasma i n  ERT. 
t i o n s  e x i s t  t o  i n c l u d e  t h e  c o l l i s i o n l e s s  regime f o r  e l e c t r o n  t r a n s p o r t ,  as observed i n  t h e  exper iment [4]. 

However, s o l u t i o n s  w i t h  rer Q rir 
F igu re  1 i l l u s t r a t e s  t h e  bas i c  

Th is ,  i n  t u r n ,  extends t h e  r e g i o n  i n  which nega t i ve  e l e c t r i c  f i e l d  so lu -  

3. SOLU'IION OF THE RADIAL TRANSPORT PROBLEM 

I n  t h i s  sec t i on ,  we ex tend t h e  r a d i a l  t r a n s p o r t  c a l c u l a t i o n s  o f  Ref. [ 2 ]  t o  i n c l u d e  e f f e c t s  of  
enhanced i o n  d i f f u s i o n  as discussed i n  Sec t i on  2.  

s e r i e s  o f  moments o f  Eq. (1 ) .  
angle,  we have [ 2 ]  

The t r a n s p o r t  equat ions  can be d e r i v e d  [Z] as a 

I n c l u d i n g  t h e  r a d i a l  component o f  Ampere's law averaged ove r  p o l o i d a l  

a n  = l a  
at 

n <ov>.n - .-- - ( r r  ) o 1 rar r 

3 3 & ($- nkTi) = Qei - $ (rQir)  - no<av>cx nk(Ti - T 0 ) + e r .  i r  E r + no<awi 7 nkTo 

5 (23- nkT,) = 2men<D > - 1.- ar ( rQer )  - Qei  - n 0 1  <ov>. nEI - er e r  E r 
v 

where I' i s  t h e  r a d i a l  c o o r d i n a t e  iiieasured i n  a m i r r o r  midplane, t i s  t ime, n 5 ne % ni, rr E rer Q rir, 
k i s  Bol tzmann's cons tan t ,  EI i s  t h e  i o n i z a t i o n  energy o f  a tomic  hydrogen, 
plasma d i e l e c t r i c ,  and Qei i s  t h e  energy exchange r a t e  between e l e c t r o n s  and ions .  
charge exchange r a t e s  a r e  nO<cmi and n <UV> 

a t  t h e  r a t e  [12]  2men<Dv>. 
changes i n  plasma parameters, a l l o w i n g  a conven t iona l  s o l u t i o n  o f  a s t a t i o n a r y  k i n e t i c  equat ion  f o r  t he  
n e u t r a l  v e l o c i t y  d i s t r i b u t i o n  [13]. 

For two d i f f e r e n t  n e u t r a l  boundary c o n d i t i o n s ,  F ig .  2 shows time-dependent s o l u t i o n s  t o  Eq. (15)  
w i th  t h e  p l a t e a u  t r a n s p o r t  r a t e s  o f  Eq. (14)  a p p l i e d  t o  i o n s  and Kov r i zhnykh ' s  t r a n s p o r t  r a t e s  [ E q .  (6)] 
a p p l i e d  t o  e l e c t r o n s .  
r a d i u s  RT = 150 cm, bounce-averaged magnet ic  f i e l d  on a x i s  Bo = 6.4 kG, and t o t a l  microwave power 
absorbed i n  t h e  t o r o i d a l  plasma P = 6.0 kW, w i t h  a t ime- independent,  s p a t i a l l y  u n i f o r m  power d e p o s i t i o n  
p r o f i l e .  A t  t h e  edge, r = a, plasma d e n s i t y  and tempera- 

t u r e  a r e  f i x e d  a t  n = 3 x 10'0 cm-3, Te = Ti = 13.5 eV, and t h e  magnet ic f i e l d  g r a d i e n t  corresponds t o  
an e l e c t r o n  r i n g  be ta  6, = 37% {see Eq. (21),  Ref. [2]}. P l o t t e d  i n  F ig .  2 a r e  r a d i a l  p r o f i l e s  o f  
plasma d e n s i t y  n, a inbipolar p o t e n t i a l  4 ,  and i o n  and e l e c t r o n  temperature kTi and kTe, r e s p e c t i v e l y ,  a t  
t i m e  i n t e r v a l s  of  4 msec as t h e  t ime-dependent c a l c u l a t i o n  proceeds f rom t h e  i n i t i a l  p a r a b o l i c  p r o f i l e s  
a t  t = 0 sec. 
t r a t e  deep ly  i n t o  t h e  c o l l i s i o n l e s s  regime. Th is  con f i rms  ou r  hypothes is  f rom F ig .  1 t h a t  enhanced i o n  
l osses  do, i n  f a c t ,  a l l o w  nega t i ve  e l e c t r i c  f i e l d s  i n  t h e  presence o f  c o l l i s i o n l e s s  e l e c t r o n s .  

i s  t h e  pe rpend icu la r  
I o n i z a t i o n  and 

r e s p e c t i v e l y .  Resonant e l e c t r o n s  absorb microwave power 
0 cx '  

We assume t h a t  n e u t r a l  d e n s i t y  no and tempera ture  To a d j u s t  i n s t a n t l y  t o  

The case shown i s  f o r  24 m i r r o r  sec to rs  w i t h  plasma r a d i u s  a = 10 cm, major  

!J 
The energy of c o l d  n e u t r a l s  i s  Eo = 0.5 eV. 

Here, t h e  nega t i ve  e l e c t r i c  f i e l d  ( p o t e n t i a l  w e l l )  i s  ma in ta ined  as t h e  e l e c t r o n s  pene- 
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In F ig .  2 ( a )  the  f lux  of cold neut ra l s  a t  the  plasiiia edge i s  assumed t o  be detcrmined by the  

toroidal  pldsiiia through instantaneous re f lux  of  plasma p a r t i c l e s  a t  the  wall. In t h i s  approximdt ion the 

t o t a l  nmber  of plasma p a r t i c l e s  remains constant in t i n e .  In the  c o l l i s i o n l e s s  e lectron regime, energy 

containment time increases  w i t h  e lec t ron  temperature, ard f o r  a constant  t o t a l  number of p a r t i c l e s ,  

there  i s  a ne t  posir ive feedback, causing e lec t ron  tempcrature t o  become a r b i t r a r i l y  la rge .  

s t a t e  so lu t ions  do not e x i s t .  

Steady- 

In F i g .  2 ( b )  t h e  f l u x  of cold neut rd ls  a t  the  plasrra edge i s  assumed constcint independent o f  

toroidal  plasma paranieters. Such a boundary condition i s  dppropriate  i f  re f lux  from the wall occurs on 

a time s c a l e  t h a t  i s  slow compared t o  the  energy contairiiient time. 

increase,  so does the t o t a l  number of p a r t i c l e s ,  thus reducing the  power deposited per p a r t i c l e .  This 

provides a negdtive feedback mechanism t h a t  l i m i t s  the thermal excursion and y i e l d s  thermally s tab le  

r e s u l t s  in t h e  regime of t h e  experiment, i .e . ,  c o l l i s i o n l e s s  e lec t rons  with negative e l e c t r i c  f i e l d [ >  

C141. 

reach equilibrium w i t h  t h e  wa l l .  

experiinerits, suggests t h a t  t h e  boundary condition used in  Fig. 2 ( b )  i s  the  one appropriate  f o r  comparison 

with experimerit. 

t i a l l y  uniforun microwave heating p r o f i l e .  

proportional t o  dens i ty  i n  both space and titne. Also, s imi la r  s t a b l e ,  s teady-s ta te  so lu t ions  have been 

obtained f o r  high dens i ty ,  h i g h  power plasnias a s  required in  proof-of-pr inciple  experiments. 

Next we consider scal ing of the numerical r e s u l t s  with microwave power and edge neutral pressure. 

In F i g .  3 t h e  s teady-s ta te  product of e lectron temperature Te and energy confinement t i m e  T~ i s  plot ted 

vs electron c o l l i s i o n a l i t y  ( V / Q ~ ) ~  a t  r = 0.  Open circ1.s represent  s t a b l e ,  s teady-stdte  so lu t ions  t o  

Eq. (15)  w i t h  constant  edge neutral f lux as  i n  F i g .  2 (b) .  Ion t ranspor t  r a t e s  frotn the  plateau r e s u l t  

of i q .  (14) and e lec t ron  transport, r a t e s  frorn the l a r g e  n l e c t r i c  f i e l d  r e s u l t  o f  Eq. ( 6 )  a r e  assumed. 

Resul ts  shown a r e  obtained by varying the absorbed microwave power between 6 and 10 kbl and t h e  edge 

neutral  pressure between 3 x loc7 and 1.8 x 
i s  such ds t o  produce a negative o r  r a d i a l l y  inwdrd poin3ng e l e c t r i c  f i e l d .  In the  f i g u r e ,  thermally 

s t a b l e ,  s teady-s ta te  so lu t tons  occur with T e ~ E  = (v/n0);l o r  T~ = T3/2,  which i s  c h a r a c t e r i s t i c  of the 

c o l l i s i o n l e s s  e lectron regime in EBT. A s imi la r  result i s  shown i n  Fig. 34 of Ref. [4]  f o r  the  EBT 
experiment. 

c o l l i s i o n a l i t y  (u/n,), and nearly the  same absolute  magnitude o f  the  product T e ~ E .  A l s o ,  in the co l -  

l i s i o n l e s s  e lec t ron  regime of Fig. 3 ,  densi ty ,  temperature, p o t e n t i a l ,  and l i fe t ime a l l  incredse with 

decreasing neutral  pressure [143, a s  observed experinientlil l y  [4]. 

As  t h e  terript'rature and lifetiiiirl 

Experiments [4] ind ica te  t h a t  a time on the  order  of tens  of minutes i s  required for the  plasma t o  

This ,  along with the  f a c t  t h a t  neutral pressure i s  held f ixed during 

The s t a b i l i t y  r e s u l t  ' in  F i g .  2(b)  i s  n o t  dependent on the  assumption of a time-independent, spa- 

Similar  r e s u l t s  have been obtained with heating p r o f i l e s  

Torr. I n  a l l  cases i n  Fig. 3 t h e  shdpe o f  the potent ia l  

e 

Coniparison between theory and experiment shows very nearly the sanie range of e lectron 

4. CONCLUSlON 

Radial t ranspor t  ca lcu la t ions  reported here extend vesul t s  of e a r l i e r  models [ Z ]  t o  include resonant 

d i f fus ion  of ions i n  regions where poloidal d r i f t  frequencies a r e  small [3,5,6,7]. 
resonant ion t ranspor t  i s  t o  broaden the region in  which negative e l e c t r i c  f i e l d  so lu t ions  a r e  possible  

and t o  make the c o l l i s i o n l e s s  e lec t ron  regime T~ Q T;I2 c f  the experiment access ib le ,  f o r  t h e  f i r s t  

time, t o  1 - D  rad ia l  t ranspor t  ca lcu la t ions .  

a r e  thermally s t a b l e  when the  edge neutral  pressure i s  f ixed as i n  experiments. These ca lcu la t ions  

represent  an addi t ional  s t e p  in  a coiiiplete neoclassical  descr ipt ion of radial  t ranspor t  i n  EBT. A more 

accurate  descr ip t ion  iilust include the e f f e c t s  o f  f i n i t e  radial  e l e c t r i c  f i e l d s  ( i iE  ?r no) on e lec t ron  

t ranspor t  c o e f f i c i e n t s  and the e f f e c t s  o f  se l f -cons is ten t  poloidal e l e c t r i c  f i e l d s  (Eg) on ion t rdnsport  

coef f ic ier i ts .  

The e f f e c t  o f  

Transport sc lu t ions  in  t h i s  c o l l i s i o n l e s s  e lec t ron  regime 
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FIGURE CAPTIONS 

1. E l e c t r o n  (dashed) and i o n  ( s o l i d )  p a r t i c l e  f l u x  r vs p o t e n t i a l  w e l l  depth  $o f o r  resonant  and 
nonresonant d i f f u s i o n  c o e f f i c i e n t s .  
1 ess regimes. 
F I G .  2. 
t o t a l  number of plasma p a r t i c l e s ;  ( b )  cons tan t  f l u x  o f  c o l d  n e u t r a l s  a t  t h e  plasma edge. 
FIG. 3. Confinement s c a l i n g  w i t h  c o l l i s i o n a l i t y .  The p o i n t s  rep resen t  t h e r m a l l y  s t a b l e ,  s teady -s ta te  
s o l u t i o n s  t o  Eq. (15)  f o r  resonant  i o n  d i f f u s i o n  broadened by c o l l i s i o n s  [(Eq. (14) ] .  

E l e c t r o n  temperatures a r e  i n  t h e  ( a )  c o l l i s i o n a l  and (b )  c o l l i s i o n -  

Plasma p r o f i l e s  a t  t i m e  i n t e r v a l s  A t  = 4 msec f o r  two n e u t r a l  boundary c o n d i t i o n s :  ( a )  cons tan t  
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A.3 RELATIVISTIC ELECTRON RINGS 

An essent ia l  f e a t u r e  of EBT i s  the  presence of a r e l a t i v i s t i c  e lec t ron  annulus i n  each of t h e  

toroidal  mirror s e c t o r s .  These h i g h  beta annuli a r e  formed and sustained by microwave heating and a r e  

of s u f f i c i e n t  densi ty  and temperature f o r  diamagnetic cur ren ts  t o  produce the necessary minimum i n  the 

magnetic f i e l d  required f o r  the  MHD s t a b i l i t y  of t h e  toroidal core  plasma. The s t a b i l i t y  of the e lec-  

tron ring i t s e l f  requires  the presence of an appreciable  cold electron densi ty  coniponent, ncold /nhot  > 1 . l  

Because electron r ings play an important r o l e  i n  the confineiiient. c h a r a c t e r i s t i c s  and perforinanct> of 

EBT, the  t radeoff  between the qua l i ty  of the confinement afforded by the r ings and the power required t o  

sus ta in  them represents  an important physics question f a r  EBT-P. 

A.3.1 DRAG C O O L I N G  OF THE RELATIVISTIC ELECTRON A N N U L U i  

Recent s tud ies  of t h e  r ing power balance2 in  EBT-I  have indicated t h a t  the  energy t r a n s f e r  between 

the  r e l a t i v i s t i c  annulus e lec t rons  and the  core e lec t rons  via Coulomb c o l l i s i o n s  (drag cool ing)  i s  the  

dominant loss rriechanism. 

o f  the  theore t ica l  drag time, indicat ing t h e  importance of t h i s  loss  mechanism i n  f u t u r e  EBT devices. 

E\ lower liiiiit  of the iiiicrowave power required t o  sus ta in  the  annulus against  drag cooling can be 

obtained from the  binary c o l l i s i o n  model of Karninash and Galbrai t h , ' + y S  which descr ibes  t h e  slowing down 

of r e l a t i v i s t i c  e lec t rons  i n  a Maxwellian plasma. The vate  of energjl l o s s  f o r  r e l a t i v i s t i c  t e s t  e lec-  

t rons of energy E in  a plasma i s  given by the following equation i n  cgs uni t s :  

Experimental measurements of .::he arinulus decay time3 a r e  within a f a c t o r  of , ~ 2  

(A.3.1) 

where me i s  the electron r e s t  mass and y = l / m  is  the r e l a t i v i s t i c  mass r a t i o .  

the logarithmic term d i f f e r s  from the  usual Coulomb logarithm ( m  A )  and can be obtained by using the  

quantum-mechanical minimum .impact paraineter f o r  e lec t rons  incident  on e lec t rons .G 

and Tep represent  the densi ty  and temperature o f  the  toroidal  core e lec t rons ,  and  use i s  the core  elec-  

The argunierlt of 

The parameters n 

tron plasma frequency. In mks un i t s  with 

2 - w- .- 4 x 10-32  
d t  d E (  e lectron > -  @-Ti- "ep 

Here the  value o f  the  natural  logarithmic 

in keV, E q .  ( A . 3 . 1 )  can be wri t ten as 

(A.3.2) 

ern] has been fixed a t  32.5, which i s  c h a r a c t e r i s t i c  of 

an t ic ipa ted  EBT-P parameters. 

level required t o  compensate f o r  drag losses  is  given by 

I f  there  i s  a t o t a l  of nA'IAN r e l a t i v i s t i c  e l e c t r o n s ,  the  inicrowave power 

(A.3.3) 

The dependence of the drag losses  on both the core  and annulus dens i t ies  and the  ring plasma volume and 

the  importance of  the r e l a t i v i s t i c  term y 2 / m  a r e  apparent. 

nation of the annulus s t a b i l i t y  boundaries i s  planned f o r  EBT-S and wil l  help t o  e s t a b l i s h  the  acceptable 

range f o r  the r a t i o  of  cold-to-hot plasma densi ty  required f o r  rinq s t a b i l i z a t i o n .  

s t a b i l i t y  r a t i o  a s  

A comprehensive experimental exami- 

By defining a r ing 

113 



114 

one can wr i te  the following compact expression for  the d r a g  power l o s s :  

2 
pd rag (w)  = 4 10-32 f --L- ~ n a )  V ~ N  . ( J y 2  - 1 

( A . 3 . 4 )  

Projected values of f R  f o r  Ptidses I and 11 are  i n  the range of 5-1O.l 

A .3 .2  ANNULUS MICROWAVE POWER S C A L I N G  

Because the core-s tab i l iz ing  electron annulus iilust be continuously driven by the  microwave sources 

during s teady-state  operation, the question of power drain from the annulus i s  extremely important in 

scal ing the microwave.power requirements. I n  i t s  iiiost basic  foriii the  annulus power balance i s  given by 

'UA = 'synch ' 'brems '' ' scat t  ' 'drag ' (A.3.5) 

represent power lost  by synchrotron and bremsstrahlung rad ia t ion ,  PScatt i s  the where PSyrlch a n d  Pbreims 
sca t te r ing  loss  due t o  annulus e lectron-electron Coulomb c o l l i s i o n s ,  Pdrag represents  the power- l o s t  

from the r e l a t i v i s t i c  e lectrons due to  drag on  the toroidal  core e lec t rons ,  and P,,A i s  the  iiiicrowave 

powcr required t o  sustain the annulus. 

expressed i n  rnks u n i t s  a s  follows: 

I n  terms of plasma and machine parameters, E q .  (A.3.5) can be 

6 .2  x 10-17BinATA x 10-37n2T1/2 A A  
L- ...- i_ ...... y..---) 

'synch 'brems 

L---..-y___-..J 

' scat t  'drag 

where T (e 0-6n /103TA),  y = 1 + TA/511, and VAN i s  the t o t a l  annulus volume (where N i s  the t o t a l  nurnber o f  
mirror s e c t o r s ) .  

annulus volume VAN, which a t  present i s  s t i l l  a vague quant i ty .  

and theore t ica l  es t imates ,  i t  appears tha t  a range e x i s t s  f o r  the  annulus thickness 6 A ,  which var ies  

between a minimuiii of the r e l a t i v i s t i c  e lectron gyrodiameter and a maximum value o f  %3-4 cm a s  measured 

on ELMO.9 

i s  the keV, BA i s  the magnetic f i e l d  s t rength i n  the  v i c i n i t y  of the annulus, en A e e  = 24 - en 

Confidence in the predicted value of P,,A depends, however, on an accurate  measurement of the t o t a l  

Based on experimental measurements7~* 

A general expression f o r  the annulus volume per sector  i s  given by 



1. 5 

where f E  i s  a thickness enhanceinent f a c t o r ,  which allows for annuli thicknesses la rger  than the diametei- 

0-F a r e l a t i v i s t i c  e lectron o r b i t .  

three-gyrodiameter annulus thickness a l s o  appears t o  provide good agreement with ELMO annulus ineasure- 

iiien t r ;  . 

For EBT-I, f E  * 3.0 ,  giving a n  annulus thickness 2.5 cm. A 

A.3.3 SCALING PROJECTIONS FOR EBT-P 

Reasonably good agreement between the experimental and theore t ica l  e s t i a a t e s  o f  P. for  EET-I 

provides a level  o f  confidence i n  the predicted annulus power requirements f o r  EBT-P. 
ment i s  necessary f o r  EBI-P arid fu ture  machines. In the  near tenii, i t  can provide valuable s iz ing  

information per ta ining t o  the f rac t ion  o f  the system power necessary to  dr ive  the microwave sources. 

Such inforination wil l  benef i t  the  ongoing development program f o r  iri i  I 1  iirieter wavelength, cw microwave 

sources by ensuring tube prociirement at. s u f f i c i e n t l y  h i g h  poier leve ls .  

envisioned f o r  a reac tor  (EBTR),  the  continuous microyiave power required t o  sus ta in  the  annulus during 

s teady-s ta te  operation may becoirie the determining fac tor  f o r  overal l  reac tor  e f f ic iency .  T h i s  i s  to  be 

expected because following igni t ion ,  .the bulk heating ( e i t h e r  ECH or neutral beanis) wil l  be terminated 

and the plasma teniperature maintained by alpha p a r t i c l e  heating and co l l  isiona'l energy gains frcin the  

annulus. 

Anticipat ing enhanced drag cooling .in EBT-P, scal ing curves have been devised f o r  both the  Phase I 

These curves enable us to determine the  microwave power required t o  

Figures A.3.1 

W = 48 (Phase I I ) ,  

d. 
Such a n  assess- 

On t h e  longer- time sca les  

and Phase I1  operating iiiodes. 

sus ta in  the r ings  a t  a given anniular betla f o r  increas.ing leve ls  o f  core plasma densi ty .  

and A.3.2 a r e  based on t h e  annulus power balance giveii by E q .  (A.3.E) and assume the  following Faram- 

e t e r s :  n A  = 0.2 n = 2 x 1OI8 m - 3 ,  N = 36 (Phase I ) ,  nA = 0.1 n 
eP ep 

and EA = 1 . 9 7  T f o r  f = 55 GHz. 
v 

Figure A.3.1 i l l u s t r a t e s  the scal ing project ions f o r  Phase I operat.ion with the variou:; loss  mech- 

anism:; appropriately i d e n t i f i e d .  For each f igure  two s e t s  of t o t a l  loss  curves a re  showri f o r  comparison, 

one iut i l iz ing the binary c o l l i s i o n  [model f o r  drag arid the o ther  u s i n g  t h e  c lass ica l  expression 

f o r  c o l l i s i o n a l  losses .6  

b e t t e r  than two orders  of magnitude and i s  therefore  neglected. 

T h e  t o t a l  loss r a t e  i s  found t o  have a iiiinimum t h a t  i s  bounded by col l is ior ia l  drag and synchrotron 

rad ia t ion  losses .  Drag dominates over a s ign iFicant  portion of  the energy range and i s  la rge  f o r  small 

v e l o c i t i e s ,  decreasing a s  ~ ~ l / v  unt i l  v i s  comparable t o  c. A t  these high energies  the binary c o l l i s i o n  

model shows a s t rong dependence on  the  r e l a t i v i s t i c  term y 2 / & F ,  which sca les  l i k e  y for very r e l a -  

t i v i s t i c  e lec t rons .  

e lec t ron  i s  o f  the order  of i t s  r e s t  mass. 

= 5 x lo1* 

Bremsstrahlung radiat ion i s  smaller than the l e a s t  of the above losses  hy 

In comparison, c l a s s i c a l  drag 'loss reaches a min.iinum when the k ine t ic  energy of the  

I t  then increases logari thmical ly .  

Accelerated r ing  cooling occurs a t  high energies  due t o  synchrotron rad ia t ion .  l o  This nitxhanism 

can produce losses  comparable t o  drag,  provided the  magnetic f i e l d s  a r e  large and annulus taiiperatures 

a r e  1 1  MeV. 

ment time can f u r t h e r  liiriit the maximuni core densi ty ,  which can be maintained without causing excessive 

cooling and possible  d is rupt ions  o f  the  annulus. 

operation observed in t h e  EBT device. 

corresponds t o  the cold,  noisy C-mode o f  operation observed when i n s u f f i c i e n t  microwave power i s  supplied 

to  produce subs tan t ia l  annular beta. 

C-mode t o  the q u i e t ,  macrostable T-mode, which possessm an appreciable  core plasma. 

unfavorable modes of operation from t h e  desired T-mode, F i g .  A.3.1 can be used to  pred ic t  the microwave 

power level required f o r  c red ib le  regions of  annulgs prrameter space and a desired s e t  o f  core param- 

e t e r s .  

For a f ixed i n p u t  power l e v e l ,  t h i s  addi t ional  de te r iora t ion  in the  annulus energy confine- 

Also shown i n  Fig. A.3.1 i s  the cor re la t ion  between values o f  annular beta and the various modes o f  
The region t o  the l e f t  of the  cross-hatched portion of the curve 

A 
A t  fiA b c r i t  (%-lKL in  ERT- I ) ,  t h e r e  i s  a t r a n s i t i o n  f rom t h i s  

Ey del ineat ing the 
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I n  the t r a n s i t i o n  frotn Phase I t o  Phase I1 operat ion,  iniproved core performance and machine charac- 

t e r i s t i c s  a r e  expected t o  lead t o  f u r t h e r  growth in  the annulus power requirements. 

the  r e s u l t  o f  the  l i n e a r  dependence o f  the  drag losscs  on the core densi ty  a n d  the l a r g e r  number of 

s e c t o r s .  A comparison o f  Figs.  A.3.1 and A.3.2 a l s o  ind ica tes  t h a t  the var ia t ion  between the t o t a l  loss  

and drag cooling curves becomes l e s s  pronounced i n  going t o  Phase I I .  

a t  high core d e n s i t i e s ,  drag losses  completely dorninite the annulus power balance over the energy range 

of i n t e r e s t  and  the two curves begin t o  coalesce. 

15-30% i s  achievable f o r  projected EBT-P core plasma parameters. 

volume per s e c t o r ,  the  required microwave power l e v e l s  a r e  in  the  range o f  .~300-650 kW f o r  the specif ied 

Phase I parameters and -1.6-2.2 MW f o r  the  Phase I I  Farameter range. The  s e n s i t i v i t y  of these r e s u l t s  

t o  the uncer ta in t ies  and l imi ta t ions  o f  the  models used here i s  present ly  under inves t iga t ion .  

This increase i s  

This is  expected, however, because 

The r e s u l t s  shown in  Figs. A.3.1 and A.3.2 indicate  t h a t  a range of annular beta values between 

Using C q .  (A.3.7) f o r  the annulus 
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A.4. !4AGNETICS DESIGN 

T h i s  s e c t i o n  i nc ludes  a d e t a i l e d  d i scuss ion  o f  t h?  theo ry  suppor t i ng  t h e  des ign  o f  t h e  m i r r o r  c o i l s ,  
t h e  g l o b a l  f i e l d  e r r o r  c o r r e c t i o n  c o i l s ,  and des ign  co , i s ide ra t i ons  f o r  superconduct ing  c o i l s .  

A.4.1 MIRROR COILS 

A ma jo r  goal  o f  t h e  EBT-P exper iment i s  t o  s tudy  conf inement and s c a l i n g  i n  r e a c t o r - l i k e  plasmas. 
P r o o f - o f - p r i n c i p l e  (PUP) r e q u i r e s  t h a t  EBT-P a t t a i n  an o rde r  o f  magnitude o r  r w r e  i nc rease  i n  d e n s i t y ,  
temperature,  and confinernerit t i m e  over  EBT-S. T h i s  goli l can be r e a l i z e d  o n l y  i f  the  magnet ics system i s  
designed f o r  t h e  r e q u i r e d  plasma s i z e  and magnet ic f i e i d  s t r e n g t h  9. 
heated E5T plasma, d e n s i t y  sca les  as B ? ;  t h e r e f o r e ,  an o r d e r  o f  magnitude inc rease  in d e n s i t y  r e q u i r e s  a 
f a c t o r  o f  3-4 i nc rease  i n  E. I n  o r d e r  t h a t  d i r e c t  p a r t i c l e  losses  n o t  exceed those i n  EN-S,  t h e  vacuum 
f i e l d  s i n g l e - p a r t i c l e  conf inement  p r o p e r t i e s  o f  EBT-P t;hould compare f a v o r a b l y  w i t h  EBT-S. 
exchange losses  s c a l e  as a-1 ( a  i s  t h e  plasma minor  r a d i u s ) ,  so t h e  plasma r a d i u s  i n  t h e  c o i l  t h r o a t  
shou ld  be g r e a t e r  than o r  equal  t o  t h e  r a d i u s  i n  EBT-S. In a d d i t i o n ,  because neoc lass i ca l  d i f f u s i v e  
l osses  s c a l e  as A-* ( A  i s  t h e  aspec t  r a t i o ) ,  a s i g n i f i c : a n t  aspec t  r a t i o  s c a l i n g  t e s t  require:; that: A f o r  
EST-P be l a r g e r  than t h a t  f o r  EBT-S. C l e a r l y ,  POP reqLi i res an EBT-P magnet ics des ign  t h a t  i s  a s i g n i f -  
i c a n t  sca le -up  f rom EBT-S. 

The f i r s t  q u e s t i o n  t o  be addressed concerns t h e  use o f  copper o r  superconduct ing  m i r r o r  c o i l s .  An 
o r d e r  o f  magnitude inc rease  i n  B can he ob ta ined  w i t h  a "photograph ic  enlargement' '  o f  EBT-S by a f a c t o r  
o f  v'?%-, g i v i n g  a 24 -sec to r  dev i ce  w i t h  a ma jo r  r a d i u s  c f  4.74 m and a resonant  magnet ic f i e l d  o f  3.16 T. 
S i n g l e - p a r t i c l e  conf inement and aspect r a t i o  a r e  t h e  s3me as f o r  E5T-S. However, t h e  power d i s s i p a t e d  
i n  t h e  magnets P i s  p r o p o r t i o n a l  t o  t h e  volume ( o r  B3) f o r  f i x e d  c u r r e n t  d e n s i t y ,  g i v i n g  P = lo3/ '  x 

C C 
10 MW = 316 MW. 
l a r g e r  and decreas ing  t h e  c u r r e n t  dens i t y ,  b u t  o n l y  a t  t h e  expense o f  degrad ing  s i n g l e - p a r t i c l e  con f ine -  
ment. 
t h e  number o f  c o i l s  ( o r  aspec t  r a t i o )  t o  m a i n t a i n  p a r t i c l e  con-Finement. 
200-300 MU o f  s teady -s ta te  power, l e a d i n g  t o  the  conc lus ion  t h a t  PUP i s  d i f f i c u l t  w i t h o u t  superconduct ing 
c o i l s .  

st i rdy, l  wh ich  was in tended  as a p reproposa l  des ign  g u i d i .  A dev i ce  hav ing  48 superconduct ing  c o i l s ,  a 

ma jo r  r a d i u s  o f  5.2 m, a resonant  magnet ic f i e l d  o f  4.2 T, and A = 20 r e s u l t e d  f rom t h a t  s tudy .  Wi thout  
ARE c o i l s ,  t h e  conf inement o f  h i g h  energy pass ing  p a r t i c l e s  was poore r  than t h a t  i n  EBT-S. I n  a d d i t i o n ,  
any s i g n i f i c a n t  i nc rease  i n  t h e  th i ckness  o f  t h e  dewar o r  x - ray  s h i e l d  n e c e s s i t a t e d  by eng ineer ing  
des ign  c o n s i d e r a t i o n s  would have s e r i o u s l y  deyraded even f u r t h e r  t h e  Confinement o f  t r a n s i t i o n a l  and 
pass ing  p a r t i c l e s .  These i ssues  have l e d  us t o  focus  in t h e  p resen t  des ign  on devices w i t h  somewhat 
l a r g e r  m i r r o r  c o i l s  and fewer sec to rs .  The inc reased  c o i l  r a d i u s  makes t h e  des ign  l e s s  s e n s i t i v e  t o  
changes i n  t h e  dewar and s h i e l d  th i ckness  and reduces charge exchange losses  by p e r m i t t i n g  a l a r g e r  
plasma r a d i u s .  To keep t h e  c o s t  down, t h e  number of sec to rs  i n  t h e  bas i c  machine i s  reduced t o  36. The 
eng ineer ing  des ign  p e r m i t s  t h e  f l e x i b i l i t y  o f  upgrad ing  t o  48 sec to rs  and add ing  ARE c o i l s  t o  g i v e  
b e t t e r  performance. The Confinement of t r a n s i t i o n a l  and pass ing  p a r t i c l e s  i n  t h e  b a s i c  36-sec tor  EBT-P 
i s  d i s t i n c t l y  s u p e r i o r  t o  t h a t  i n  t h e  EBT-I1 des ign .  

P a r t i c l e  d r i f t  o r b i t  c a l c u l a t i o n s  show t h a t  s i n g l e - p a r t i c l e  conf inement i n  EB'T i s  s e n s i t i v e  t o  t h e  
m i r r o r  r a t i o  M o f  t h e  dev ice .  
(and resonant )  magnet ic f i e l d  decreases f o r  f i x e d  c u r r e r t  d e n s i t y  i n  t h e  m i r r o r  c o i l s .  
shows t h e  maximum a t t a i n a b l e  magnet ic f i e l d  on a x i s  i n  t h e  rnidplane as a f u n c t i o n  o f  m i r r o r  r a t i o  For 
NbTi superconduct ing  magnets. 

S p e c i f i c a l l y ,  i n  t,he microwave- 

Charge 

T h i s  s teady -s ta te  power requ i rement  c:culd be reduced somewhat by making t h e  c o i l s  

On t h e  o t h e r  hand, t h e  c o i l  r a d i u s  and t h e r e f o r e  t h e  volume c o u l d  he made sma l le r  by i n c r e a s i n g  
E i t h e r  a l t e r n a t i v e  r e q u i r e s  

The des ign  o f  t h e  n e x t  s tep  i n  t h e  EBT dev ice  sequznce began w i t h  the  EBT-I1 conceptual  des ign  

As M i s  inc reased,  s i n g l t s - p a r t i c l e  conf inement improves, b u t  t h e  rnidplane 
F igu re  A.4.1 

An upper l i m i t  o f  8 T a t  t h e  w ind ings  pe rm i t s  a niaximum f i e l d  on a x i s  i n  
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F i g .  A.4.1. Maximrim magnet ic f i e l d  on a x i s  i n  t h e  

An upper l i m i t  o f  8 T a t  t h e  w ind ings  
midplane as a f u n c t i o n  o f  m i r r o r  r a t i o  f o r  NbTi supercon- 
d u c t i n g  magnets. 
pe rm i t s  a maximum f i e l d  on a x i s  i n  t h e  c o i l  t h r o a t  o f  
about 6 T. 
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t h e  c o i l  t h r o a t  o f  %6 T; t h i s  i s  h e l d  f i x e d  as t h e  i n i r r o r  r a t i o  i s  changed. 
P1-l v a r i a t i o n  o f  t h e  f i e l d  i n  t h e  midplane, i s  a lmost  independent o f  the  method by which t h e  m i r r o r  
r a t i o  i s  v a r i e d .  

Th is  curve ,  showing the 

The f l e x i b i l i t y  o f  s t u d y i n g  conf inement  f o r  d i f f e r e n t  m i r r o r  r a t i o s  i n  EBT-P is p e r m i t t e d  by adding 
a t r i m  c o i l  j u s t  o u t s i d e  o f  and c o n c e n t r i c  wi th each na in  m i r r o r  c o i l  (see F i g .  A.7.1 o f  Sect. A .7 .1 ) .  
The m i r r o r  r a t i o  o f  EBT-P w i t h  no c u r r e n t  i n  t h e  trim c o i l s  i s  M = 2.28. 
o r  oppose t h a t  i n  t h e  main m i r r o r  c o i l s ,  making i t  p o s s i b l e  t o  span a broad range o f  m i r r o r  r a t i o  
( l i m i t e d  o n l y  by a v a i l a b l e  microwave f requenc ies) .  
f o r m a t i o n  i n  h i g h  m i r r o r  r a t i o  f i e l d s .  
v a r y i n g  t h e  magnet ic  aspec t  r a t i o  RT/RB. where RT i s  khe major  r a d i u s  and RB = ( d  l o g  B / d r ) - l ,  can be 
s t u d i e d  by changing t h e  m i r r o r  r a t i o  and hence RB. 

The t o r o i d a l  c u r v a t u r e  o f  t h e  magnet ic  f i e l d  i n  EBT r e s u l t s  i n  an inward  s h i f t  o f  p a r t i c l e  d r i f t  
o r b i t s  f rom t h e  minor  a x i s  toward t h e  major  a x i s  o f  t h e  t o r u s .  T h i s  s h i f t  i s  l a r g e s t  f o r  t h e  t r a n s i -  
t i o n a l  and pass ing  p a r t i c l e s ,  i .e . ,  those hav ing  a l avge component o f  v e l o c i t y  p a r a l l e l  t o  t h e  magnet ic  
f i e l d .  T h i s  d i s p e r s i o n  o f  p a r t i c l e  d r i f t  o r b i t s  play: a ma jor  r o l e  i n  d i f f u s i v e  and d i r e c t  p a r t i c l e  
losses  i n  EBT. The EBT-P ir iagnetics des ign  presented  t lere i s  based on o p t i i n i z i n q  s i n g l e - p a r t i c l e  con- 
f inement  i n  t h e  vacuum magnetic f i e l d  s u b j e c t  t o  t h e  c o n s t r a i n t s  on c o s t ,  NbTi superconduct ing niagnet 
technology,  and e n g i n e e r i n g  des ign  c o n s i d e r a t i o n s .  
m a j o r  r o l e  i n  p a r t i c l e  and energy conf inement  i n  EBT, b u t  i t  i s  n o t  p r a c t i c a l  o r  necessary t o  i n c l u d e  
these e f f e c t s  a t  t h e  machine des ign  l e v e l .  The r o l e  F layed by these plasma-induced f i e l d s  i n  s i n g l e -  
p a r t i c l e  conf inement  i s  w e l l  known,2 and t h e r e  i s  no reason t o  b e l i e v e  t h a t  t h i s  w i l l  chdnge a p p r e c i a b l y  
i n  LBT-P. 

To c a r r y  o u t  a d e t a i l e d  e v a l u a t i o n  o f  p a r t i c l e  d r i f t  o r b i t s ,  i t  i s  conven ien t  t o  i n t r o d u c e  t h e  

The t r i m  c o i l  c u r r e n t  can a i d  

Wi th EBT-P i t  w i l l  be p o s s i b l e  t o  s tudy  annulus 
I n  a d d i t i o n ,  :he e f f e c t s  on p a r t i c l e  and energy conf inement  o f  

F i n i t e  b e t a  and ambipolar  e l e c t r i c  f i e l d s  p l a y  a 

l o n g i t u d i n a l  i n v a r i a n t  J 

J = 4 V,, di? , 

where 1/2 mV,? = t - pB i n  t h e  absence o f  e l e c t r i c  f i e l d s .  
moment, and da. i s  t h e  a r c  l e n g t h  a long t h e  f i e l d  l i n e .  
p a r t i c l e  mot ion .  
a s u r f a c e  o f  c o n s t a n t  J f o r  f i x e d  E and p. P a r t i c l e  d - i f t  sur faces  may be determined by c a l c u l a t i n g  J 

on a g r i d  i n  t h e  midplane f o r  f i x e d  E and p and p l o t t i n g  contours  o f  c o n s t a n t  J. 
can de termine j u s t  t h e  r a d i a l  e x t e n t  o f  t h e  d r i f t  o r b i :  a long t h e  l i n e  o f  i n t e r s e c t i o n  o f  t h e  midplane 
and e q u a t o r i a l  p lane by  p l o t t i n g  J as a f u n c t i o n  o f  r a d i u s  a long t h i s  l i n e .  
i l l u s t r a t e d  i n  F i g .  A.4.2. 
f u n c t i o n  o f  r can be a s c e r t a i n e d  by super imposing leve '  l i n e s  on t h e  J ( r )  curve.  
o r b i t  hav ing  t h e  maximum inward  s h i f t  f o r  a g i v e n  E and 
minimum i n  J. 
p a r t i c l e s  ( V , , / V  = 1.0). 
m i r r o r  c o i l  w ind ings.  
r a t i o  i s  increased;  s i m i l a r  improvements o b t a i n  f o r  o t t -e r  p i t c h  angles.  

F i g .  A.4.3. 
t h e  " l i m i t e r , "  taken t o  be a c i r c l e  i n  t h e  midplane centered  on t h e  minor  a x i s .  
c i r c l e  i s  t h e  m i n o r  r a d i u s  i n  t h e  midplane of t h a t  e q u a t o r i a l  p lane f l u x  l i n e  t h a t  j u s t  grazes the dewar 
t h r o a t  on t h e  i n s i d e  of  t h e  t o r u s .  
inward  s h i f t  o f  t h e  l a s t  c l o s e d  d r i f t  o r b i t  i n  t h e  chamber b u t  a l s o  o f  t h e  l i m i t e r  r d d i u s .  

E: i s  t h e  t o t a l  energy, u i s  t h e  magnet ic  
The i n t e g r a t i o n  i s  over  a complete p e r i o d  of  t h e  

Because E, u ,  and J a r e  conserved q u i n t i t i e s  ( a d i a b a t i c a l l y ) ,  t h e  p a r t i c l e  must l i e  on 

On t h e  o t h e r  hand, one 

A t y p i c a l  J ( r )  curve  i s  
The r a d i a l  e x t e n t  o f  p a r t i c l e  d r i f t  o r b i t s  i n  t h e  e q u a t o r i a l  p lane as a 

The p a r t i c u l a r  d r i f t  
i s  determined by t h e  p o s i t i o n  R(JrdrN) o f  t h e  

I n  F ig .  A.4.2 t h i s  maximum s h i f t  i s  p l o t t e d  as a f u n c t i o n  o f  m i r r o r  r a t i o  f o r  pass ing  
The i i i i r r o r  r a t i o  i s  v a r i e d  by changing t h e  c u r r e n t s  i n  t h e  i n n e r  and o u t e r  

Improved c e n t e r i n g  o f  t h e  p a s s i r g  p a r t i c l e  d r i f t  o r b i t s  i s  e v i d e n t  as t h e  m i r r o r  

A s e n s i t i v e  measure o f  d i r e c t  p a r t i c l e  losses  i s  a f f o r d e d  by  t h e  v o l u m e t r i c  e f f i c i e n c y ,  d e f i n e d  i n  
The l a s t  c l o s e d  d r i f t  o r b i t  i s  t h e  l a r g e s t  s u r f a c e  o f  c o n s t a n t  J t h d t  i s  con ta ined w i t h i n  

The r a d i u s  o f  t h e  

The v o l u m e t r i c  e f f i c i e n c y  i s  a s e n s i t i v e  f u n c t i o n  n o t  o n l y  o f  t h e  
The J( r )  
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2.0 2.1 2.2 2.3 2.4 2.5 2.6 
MIRROR RATIO 

F i g .  A.4.2. The maximum inward  s h i f t  of  
pass ing  p a r t i c l e  ( V I I / V  = 1.0) d r i f t  o r b i t s  f rom 
the  minor  a x i s  o f  t h e  t o r u s  i s  p l o t t e d  as a 
f u n c t i o n  o f  m i r r o r  r a t i o ,  which i s  v a r i e d  by 
changing t h e  c u r r e n t s  i n  t h e  i n n e r  and o u t e r  
m i r r o r  c o i l  w ind ings .  

(2.0 

9.6 

7.2 

N 4.8 

2 .4  

0 

- 2 . 4  I U L - I  i i l  
-9 6 -4 .8  0 4 8  9 6  
DISTANCF FROM THE MINOR AXIS  ( i n  ) 

F ig .  A.4.3. L a s t  c losed  d r i f t  o r b i t  i n  t h e  
midplane ( so l  i d  cu rve )  t h a t  does n o t  i n t e r c e p t  
t h e  l i m i t e r  (dashed cu rve ) .  
f i n e d  by p r o j e c t i n g  t h e  i n s i d e  o f  t h e  dewar 
t h r o a t  a long f l u x  l i n e s  t o  t h e  midplane. 

The l i m i t e r  i s  de- 
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cu rve  i n  F ig .  A.4.2 i l l u s t r a t e s  t h i s  p o i n t .  The t o r o i d t l l  c u r v a t u r e  of t he  magnetiic f i e l d  causes t h e  
s lope  o f  t h e  J ( r )  cu rve  t o  be s teeper  on t h e  i n s i d e  of ?.he t o r u s  t h a r ~  on t h e  ou ts ide ;  hence, a small 

change i n  t h e  c l e a r  bore  o r  l i m i t e r  r a d i u s  can r e s u l t  in a l a r g e  change i n  v o l u n w t r i c  e f f i c i e n c y .  
I n  F ig .  A.4.4 t h e  v o l u m e t r i c  e f f i c i e n c y  f o r  t h e  36 -sec to r  EB-I'-? i s  p l o t t e d  as a f u n c t i o n  o f  t h e  

cos ine  of  t h e  p - i t ch  ang le  f o r  t h r e e  va lues  of t i i i r r o r  r a t i o .  
i1ien.t i n  v o l u m e t r i c  e f f i c i e n c y  as M i s  inc reased:  
r a d i u s  t h a t  r e s u l t s  f rom inc reased  f i e l d  l i n e  cu rva tu re .  Note t h a t  as t h e  m i r r o r  r a t i o  inc reases ,  t h e r e  
i s  a marked improvement i n  pass ing  p a r t i c l e  conf inement,  a s i g n i f i c a n t  decrease i n  t h e  w i d t h  o f  t h e  
v e l o c i t y  space loss cone near  U,,/V = 0.8, and a b e t t e r  c e n t e r i n g  o f  t h e  mod B su r faces  near  t h e  midp lane 
( V  /U = 0),  where t h e  a n n u l i  fonn. 

c u r r e n t  i n  t h e  o u t e r  t r i m  c o i l s .  
decreased so as n o t  t o  exceed t h e  8-T l i m i t  on t h e  f i e l d  s t r e n g t h  a t  t he  i n n e r  conductor  w ind ings .  

Vo lumet r i c  e f f i c i e n c y  curves  f o r  t h e  48-sec tor  upgrade o f  EBT-P a r e  shown i n  F i g .  A.4.5. 
dev.ice w i t h  no c u r r e n t  i n  t h e  t r i t r i  c o i l s ,  t h e  m i r r o r  r a t i o  i s  2.14. 
t h e  c u r r e n t  i n  t h e  t r i m  c o i l s  i n  t h e  same d i r e c t i o n  as t i a t  i n  t h e  i n n e r  c o i l s ,  and t h e  M = 2.42 curve  
i s  ob ta ined  w i t h  t h e  triiii c o i l  c u r r e n t  opposing, o r  i n  t h e  oppos i te  d i r e c t i o n  t o ,  t h a t  i n  t h e  main 
m i r r o r  c o i l s .  

Two e f f e c t s  l e a d  t o  the  observed improve- 
b e t t e r  c e n t e r i n g  o f  d r i f t  o r b i t s  and t h e  l a r g e r  l i m i t e r  

The m i r r o r  r a t i o  v a r i a t i o n  i n  t h i s  case i s  ob ta ined  by an a i d i n g  
As t h i s  c u r r e n t  i s  increased, t h e  c u r r e n t  i n  t h e  i n n e r  w ind ings  i s  

II 

I n  t h i s  
The M = 1.98 curve  i s  ob ta ined  w i t h  

The EBT-P magnet ics des ign  presented  here  has good : ; i r ig le -par t - i c le  conf inement,  w i l l  s a t i s f y  proof-  

o f - p r i n c i p l e  requ i rements ,  has a h i g h  degree o f  f l e x i b i l i t y  f o r  plasma phys i cs  expt i r iments and f o r  l a t e r  
upgrad ing  t o  a l a r g e r  dev i ce  w i t h  ARE c o i l s ,  and w i l l  be a s i g n i f i c a n t  t e s t  o f  t h e  techno logy  t h a t  w i l l  
be r e q u i r e d  i n  t h e  magnet ics system o f  an EBT r e a c t o r .  

A.4.2 GLOBAL FIELO ERROR CORRECTION COILS 

As a r e s u l t  o f  c losed  f i e l d  l i n e s  and t h e  l a c k  o f  r c t a t i o n a l  t rans fo rm i n  CRT, a t o r o i d a l  c u r r e n t -  
f r e e  plasma e q u i l i b r i u i r i  i s  p o s s i b l e ,  
( A B / B  = cause t h e  f i e l d  l i n e s  t o  s p i r a l  o u t  and a l s o  g i v e  r i s e  to a t o r o i d a l  c u r r e n t  a long t h p  
f i e l d  l i n e s ,  wh ich  niay be g i v e n  by3 

However, i n e v i t a b l e  magnet ic f i e l d  asymmetries i n  t h e  system 

where E, i s  t h e  ambipo la r  e l e c t r i c  f i e l d ,  o i s  t h e  S p i t z e r  c o n d u c t i v i t y ,  and A i s  t h e  aspec t  r a t i o ,  R/a. 
I h e  presence o f  a t o r o i d a l  c u r r e n t  has a d e t r i m e n t a l  e f f e c t  on t h e  plasma, e s p e c i a l l y  on t h e  fo rma t ion  
o f  a n e g a t i v e  ambipo la r  p o t e n t i a l  w e l l ,  wh ich  i s  necessarq f o r  s t a b l t i  ope ra t i on .  

E x t e r n a l l y  i n t roduced  t ra r isverse  g l o b a l  c o r r e c t i o n  f i e l d s  may be used t o  cancpl  t h e  t o r o i d a l  
c u r r e n t .  I t  was observed i n  EBT-I t h a t  t h e  plasma was e s ; e n t i a l l y  f r e e  f rom t o r o i d a l  c u r r e n t  and 
i n s t a b i l i t i e s  up t o  some c r i t i c a l  va lue  o f  f i e l d  e r ro r , "  ( l i ven  by 

( g)cr oi/R 6 x , 

where pi i s  t h e  i o n  Larmor r a d i u s  and R i s  t h e  ma jo r  r a d i u s  o f  t h e  dev ice .  
f i e l d  es t ima te  a l s o  ho lds  f o r  EBI -P,  then we f i n d  t h a t  AB,, = 5 G ,  
R = 5.6 m. 
F i g .  A.4.6 t h e r e  a re  f o u r  c o r r e c t i o n  c o i l s  e q u a l l y  spaced arcjund t h e  m ino r  c ross  sec t i on .  
a r e  opera ted  i n  p a i r s  t o  p r o v i d e  a c o r r e c t i o n  f i e l d  a t  any ang le  i n  t h e  p lane.  

Assuming t h a t  t h i s  c r i t i c a l  
Here we have used T. 2 300 eV and 

1 
The c o r r e c t i o n  c o i l s  must be a b l e  t o  p r o v i d e  z;t l e a s t  t h i s  amount o f  f i e l d .  As shown i n  

Opposi te c o i l s  

There fore ,  t h e  r e q u i r e d  
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Fig. A.4.4. Effects  on confinement of varying the  
mirror r a t i o  and magnetic f i e l d  s t rength i n  EBT-P. The 
r a t i o  of the  current  i n  the  outer  t r im c o i l  t o  t h a t  in  
the  inner co i l  i s  3 7 . 2 % ,  18.6%, and 0 f o r  mirror r a t i o s  
of 1.98, 2.10, and 2.28, respect ively.  



125 

I MAJOR RADIUS = 7.2 rn 
0.9 L- -1 48 SECTORS I 

0.8 

0.7 

Fig. A.4.5. Effects  on confinement o f  varying the 
mirror r a t i o  and magnetic f i e l d  s t rength f o r  48 sec tors .  
The r a t i o  of the  cur ren t  i n  the  outer  t r im c o i l  t o  t h a t  
i n  the inner c o i l  i s  +18.6%, 0, and -18.61 f o r  mirror  
r a t i o s  of 1.98, 2.14, and 2.42, respect ively.  ( A  nega- 
t i v e  r a t i o  means t h a t  t h e  cur ren ts  i n  the two c o i l s  a r e  
i n  opposi te  d i r e c t i o n s . )  
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F i g .  A.4.6. The locat ions of  the correct ion c o i l s  a re  shown. The co i l  posi t ions a re  determined by 
the  need t o  leave horizontal and ver t ica l  access t o  the plasiiia and by the  locat ion o f  fu ture  ARE c o i l s .  
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number of ampere-turns f o r  one correct ion co i l  i s  

where rc i s  the c o i l  d i s tance  from the plasma center  (see Table A.4.1) and v = 4a x 
r = 1 m ,  one g e t s  NI 2 1250 ampere-turns. 

w/m. Taking 0 

C c r  

Table 11.4.1. Radius and locat ion of the EBT-P global f i e l d  correct ion c o i l s  
( a l s o  see Fiq. A.4.6) 
.~-..-.I_ _I x_ l_l 

Coil Coil posi t ion Coil posi t ion 
radius  R radius rc angle 

Coi  1 (cm)' (C.) (degrees) 
- 

1 602.7 78.4 57 

2 479.5 88.8 155 

3 522.0 78.4 241 

4 631.0 7%. 4 335 
I_- ._ll_-___-.-_l ---..___I.-_I_ -.--I __ .-I__._.- __ II_- 

' R ~  = R + rc cos tA. 

External f i e l d s  are a l s o  u t i l i z e d ,  as i n  EBT-I ,  t o  study plasma parameter's such as dens i ty ,  densi ty  

f l u c t u a t i o n s ,  to ro ida l  cur ren t ,  and poten t ia l .  

more than the 1250 ampere-turns estimated above. 

ion beam probe in  EBT-I), the posi t ion of the correct ion c o i l s  may have to  be adjusted l o c a l l y  i n  order  

t o  accommodate these special  c a v i t i e s .  This s l i g h t  perturbation on the shape o f  the c o i l  wil l  be of no 
consequence t o  the plasma. I n  Fig. A.4.6 the  co i l  posi t ions a r e  shown. 

procedure was used. 

area i s  Seff = 1.142 cm2. 

a t  50" C ,  and Rc = 631 cm, then R, = x / S e f f  = 1.9 x 
I n i t i a l l y  assuming nine turns per c o i l  (see Fig. A.4.8,, then R c o i l  = 9 x R, = 9 x 0.67 x 
0.0603 n / c o i l .  

d i c u l a r  correct ion f i e l d  on the  toroidal  a x i s  of the tc rus ,  Rtota ,  = 2 R c o i l  = 0.1206 Q .  

cool ing,  the allowable maximum curren t  f o r  t h i s  conductor i s  I 

Vdc = 60.3 V ,  PmaX = Vdc  x Icmax, and  Pmax ?- 30 kW. Therefore, two programable b ipolar  30-kW power 

suppl ies  wi l l  be required t o  power the c o i l s .  In Fig. A.4.9 the  connections f o r  one s e t  of  global f i e l d  

correct ion c o i l s  a r e  shown. 

W i t h  the  use of water cooling, the maximum current  i n  the c o i l  can be increased considerably. The 

cooling water passages f o r  the  nine turns in  each c o i l  can be connected i n  para l le l  so t h a t  the maximum 

cooliny path i s  the  circumference of the c o i l .  

i s  given by 

Therefore, the correct ion c o i l s  must be able  t o  provide 

Because of the  exis tence of special ized cavi ty  designs f o r  various diagnost ics  ( e . y . ,  the  heavy 

In developing the design parameters f o r  the  correct ion c o i l s  and the  dc power supply, the following 

First, the  conductor, shown in Fig. A.4.7, was se lec ted .  The e f f e c t i v e  conduction 

I f  e = 27Rc i s  the length os the  outermost correct ion c o i l ,  p = 1.9 x cm 

(3964.6/1.142) or R, f 0.67 x lo-* n / t u r n .  

o r  R c o i l  = 
Because two opposite c o i l s  wi l l  be confected i n  s e r i e s  in order  t o  produce a perpen- 

Without any 

= 500 A. Thus, Vdc = Rtotal x I , 
'max c t E I X  

The f l o w  r a t e  Q f o r  a c i r c u l a r  pipe w i t h  smooth wal ls  
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F i g .  A.4.7.  Se lec ted  conductor  f o r  t h i s  des ign  concept.  
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F i g .  A.4.8. The c ross  s e c t i o n  of t h e  c o i l  
conductor  w i t h  n i n e  t u r n s  i s  shown. The dirnen- 
s ions  a r e  d = 0.217 i n . ,  a = 1.446 i n . ,  and b = 
1.332 i n .  
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1 %  

.- Pm,,=30 k W  

I 
F i g .  A.4.9. The c o i l  con rec t i ons  f o r  one Fe t  o f  

f i e l d  c o r r e c t i o n s  at-e shown. b o t e  t h a t  N = 9 t u r n s  and 

3.6 t imes t h e  es t ima ted  c r i t i c a l  va lue  o f  f i e l d  e r r o r  
and w i l l  a l l o w  f i e l d  e r r o r  e f f e c t s  on t h e  plasma t r z n s -  
p o r t  t o  be s tud ied .  

= 500 A ( w i t h o u t  wa te r  c o o l i n g ) ,  which g i v e s  
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where Q = f l o w  r a t e  (cm3/sec) ,  AP = p ressure  drop  (atm),  a. = passage l e n g t h  (cm), and d = d iameter  o f  

t h e  p ipe  (cm). For t h i s  case d = 0.551 cm, AP = 10.2 atm, and Q = 2nR = 3966.68 cm. Thus, 4 = 73.2 
cm3/sec = 1.16 gal/rnin. 
f o r  t u r b u l e n t  f l ow ,  ensures good hea t  t r a n s f e r  t o  the  c o o l i n g  water  i n  t h e  c o i l .  Wi th  t h i s  f l o w  r a t e  
t h e  maximum heat  t h a t  can be reinrived i s  Wmax = 4.186 x AT x Q, where AT i s  t h e  temperature d i f f e r e n c e  
due t o  Jou le  hea t ing .  
be removed w i t h  water  c o o l i n g .  

C 
The Reynolds number NR = 1.18 x l o 4 ,  wh ich  i s  g r e a t e r  than the  va lue  r e q u i r e d  

I f  one takes  = 50" C, then  Wmax = 4.186 x 50 x 73.2 = 15.32 kW, which can 
Thus, 

6.7 x 10-3 I ma x 

Ilnax = 1.512 x l o 3  A. 
t o  overcome t h e  f i e l d  e r r o r s  t h a t  may a r i s e  d u r i n g  l a t e r  phases o f  EBT-P ( f o r  example, w i t h  ARE c o i l s  
and d i v e r t o r s ,  which may i n t r o d u c e  some a d d i t i o n a l  f i e l d  e r r o r s  i n t o  t h e  system).  

There fore ,  f o r  t h e  n i n e - t u r n  c o i l s ,  13,500 ampere-turns a r e  a v a i l a b l e ,  if needed, 

A.4.3 MIRROR COIL DESIGN CONSIDERATIONS 

A.4.3.1 I n t r o d i c t &  

A t  t h e  o u t s e t  o f  any magnet des ign  p r o j e c t ,  t h e  most impor tan t  t h i n g s  t o  e s t a b l i s h  a r e  thP r e a l  
c o n s t r a i n t s  and t h e  s i g n i f i c a n c e  o f  smal l  d e v i a t i o n s  f ro in t h e  d e s i r e d  o b j e c t i v e s .  Only i n  t h i s  manner 
can one e s t a b l i s h  t h e  des ign  parameters w i t h  t h e  conf idence t h a t  unnecessary advances i n  t h e  s t a t e  o f  
t h e  a c t  and development have been avoided. 
p h y s i c i s t s  who e s t a b l i s h  t h e  EBT-P machine goa ls  and parameters and t h e  lliagnet t e c h n o l o g i s t s  who must 
assess what can be accompl ished w i t h i n  a r e a l i s t i c  t ime  schedule i s  necessary t o  e s t a b l i s h  t h e  con- 
s t r a i n t s .  Our unders tand ing  o f  t h e  c o n s t r a i n t s  i s  a d i r e c t  r e s u l t  of work ing  on va r ious  EBT designs and 
c a r r y i n g  o u t  t h i s  cons tan t  d ia logue  over  a number o f  yea rs .  

In o t h e r  sec t i ons  t h e  j u s t i f i c a t i o n  and va lue  o f  t h e  d e s i r e d  magnet f i e l d ,  t h e  minimum work ing  bore  
(warn bore  i n  t h e  case o f  superconduct ing magnets), and t h e  m i r r o r  r a t i o  a r e  g iven.  Taken toge the r ,  
these t h r e e  c o n s t r a i n t s  i n  e f f e c t  s p e c i f y  t h e  average c u r r e n t  d e n s i t y  o f  t h e  magnet. 
d u c t i n g  liiagnet i t  can be shown t h a t  t h e  maximum f i e l d  (which i s  r e l a t e d  t o  t h e  c e n t r a l  f i e l d  by geometry 
f a c t o r s  and i s  an impor tan t  parameter in t he  s e l e c t i o n  o f  conductor  and magnet t ype )  i s  g i ven  by t h e  
p roduc t  o f  w ind ing  c u r r e n t  d e n s i t y  <j>; i n n e r  r a d i u s  t o  the wind ings  r; and F, ;I f a c t o r  c o n t a i n i n g  a 
numer ica l  cons tan t  and a l l  t h e  r e l a t e d  non i ia l i zed  geometry v a r i a b l e s :  

O f  course, cons tan t  communication between t h e  plasma 

For  a supercon- 

Bmax = < j > r F  . (A.4.1) 

Because t h e  magnitude o f  f i e l d ,  t h e  rad ius ,  t h e  m i r r o r  r a t i o ,  and t h e  q u a l i t y  o f  f i e l d  d i s t r i b u t i o n  
e s t a b l i s h  t h e  c o i l  geometry w i t h i n  a smal l  range o f  v a r i a b l e s ,  t h e  c u r r e n t  d e n s i t y  i s  n o t  a f r e e  cho ice  
as i t  i s  i n  most magnet des ign  p r o j e c t s .  The f i n a l  des ign  values chosen i n  o r d e r  t o  meet a l l  o f  t h e  
d e s i r e d  goa ls  f o r  t h e  i n n e r  magnet a r e  (1 )  B 
(4 )  <j> = 6600 A/cm7. 

magnet type, conductor,  o r  c o o l i n g  mode. Our- d e s i r e  i s  t o  s e l e c t  t h e  cho ice  t h a t  p rov ides  t h e  inost 

assurance o f  success w i t h i n  a reasonable t ime  schedule. 

= 80 kG, ( 2 )  2 r  = 40 cm, ( 3 )  m i r r o r  r a t i o  = 2, and max 

With these parameters we e s t a b l i s h e d  t h e  magnet des ign  w i t h o u t  any preconce ived pre ferences  f o r  

Tab le  A.4.2 shows t h e  m a t r i x  o f  p o s s i b i l i t i e s .  
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Table A.4.2. Type of s t a b i l i z a t i o n  and cooling mode 
.... __ ____ ......... - ~. --._l...l.-_.l__. 

3 4 
Forced- f'1 ow, Pool-boil ing, 

1 2 

Pool -bo i 1 ing , 1 -atm, Forced-f1 ow, pressurized,  pressurized,  
Materi a1 4.2-K he1 ium 4.2-K helium subcooled helium superf luid helium 

A MbTi Metastable ( c r y o s t a b i l i t y  Cryostabi l i t ) ,  not Cryos tab i l i ty  may be Cryostabi l i ty  may he 
not possible)  possible  possible  possible  

B Nb3Sn I4etastable ( c r y o s t a b i l i  ty  Cryostable Not needed Cryostable 
not possible)  

_I ....---l_l_........... I_..~ -_.I-_ ~ __ ~ _._........ .______.__...___._...___I. 

.-....-.-. - ---.-..----_l__..l_ -.-........I ...................................................... 

Before discussing the p o s s i b i l i t i e s  l i s t e d  in Table A.4.2, we should point out that. in  the p a s t ,  

We have made 
W e  have made cryostable ,  inetastable, and ad iaba t ica l ly  s t a b i l i z e d  

ORNL has had extensive experience in t e s t i n g  both superconducting material and magnets. 

magnets using both NbTi and Nb2Sn. 

magnets. We have not made any forced-flow magnets using the cable-in-conduit conductor, not- have we 

designed magnets s p e c i f i c a l l y  f o r  superf luid operat ion,  although we have some t e s t i n g  experience. 

experience w i t h  Nb3Sn tape conductor i s  extensive; in f a c t ,  the  l a r g e s t  and most complicated Nb,]Sn 

magnet ever  b u i l t  was done by the  Magnetics Section a t  O R N L .  

O u r  

In Table A.4.2 a l l  of the f e a s i b l e  superconductiig mater ia ls  ( V 3 h  i s  too expensive and presents  no 
advantage over NbsSn un t i l  f i e l d s  o f  13 T a r e  exceeded) and cooling schemes (subcooled pool-boiling He I 

i s  no advantage over 4.2-K helium because cryostabi1it.y canriot be accomplished unless one uses the  

superf luid s t a t e )  f o r  construct ing EBT-P superconducting mdgnets a re  tabulated.  

discounted because c r y o s t a b i l i t y  can be achieved by orher  means a n d  because there  i s  no experience wi t.h 

the use of l a r g e  amounts o f  superf luid helium cooling in  the U.S. Indeed, one system, the Pion magnet 

pro jec t  a t  Stanford University, had t o  abandon the superf luid cooling mode a f t e r  p e r s i s t e n t l y  f a i l i n g  t o  

reach the low temperature necessary t o  e s t a b l i s h  the  He I1 phase t r a n s i t i o n .  Superfluid temperatures do 

have grea t  advantages for  e i t h e r  extending the operating f i e l d  range of NbTi and Nb3Sn o r  ra i s ing  the 

cur ren t  densi ty  of a completely c ryos tab i l ized  design. 

systems, these advantages may be rea l ized  sometime in the  fu ture .  Me are  watching the  French TORE I1 

Project  w i t h  g r e a t  i n t e r e s t .  

colu~iin 2 ,  a Nb3Sn forced-flow conductor operated a t  4 . 2  K. We fee l  t h i s  chciice of a forced-flow con- 

ductor  u t i1  izes  the high c r i t i c a l  temperature o f  Nb3Sn while avoiding the ext ra  re f r igera t ion  complexity 

of a pressurized,  subcooled, forced-flow system for which no experience e x i s t s .  Furthemiore, !:he choice 

attempts t o  c a p i t a l i z e  o n  the Westinghouse Large Coil Program experience and conductor development. 

Final ly ,  i n  coluirin 1 the c l e a r  choice i s  row A because the advantage of working w i t h  a d u c t i l e  a l l o y ,  

PlbTi, outweighs the  higher c r i t i c a l  temperature Tc and hence higher current-sharing temperature T of a 

b r i t t l e  mater ia l ,  Nb,Sn, p a r t i c u l a r l y  in  the  case wher.2 c r y o s t a b i l i t y  cannot be achieved by the material 

subs t i tu t ion .  Perhaps a f u r t h e r  word on the c ryos tab i l iza t ion  o f  a conductor in pool-boiling helium i s  

in  order  here. To a f i r s t  approximation the type of superconducting material does not influence the 

overal l  current  densi ty  t h a t  can be c ryos tab i l ized  a t  a p a r t i c u l a r  f i e l d .  F u l l  c r y o s t a b i l i t y  i s  deter -  

mined by assuming t h a t  a length of conductor in the  high f i e l d  zone has gone normal and that  the Joule 

heating i n  the copper s t a b i l i z e r  (sometimes alumintim i s  used) i s  smaller than the helium heat t r a n s f e r  

t o  the helium a t  the t r a n s i t i o n  from fila1 boi l ing back t o  nucleate boi l ing.  Therefore, t o  s t a b i l i z e  a t  

a high cur ren t  dens i ty ,  the  cont ro l lab le  var iables  a re  a high conductivity matrix and a conductor of 

small dimension, which r e s u l t  in  a large cooling surface.  tiowever, a small conductor i s  not compatible 

with a high value of  cur ren t ,  which i s  needed f o r  the  [roper  protect ion o f  magnets w i t h  high s tored  

energy ( i n  the present  case Es Q 3 MJ/coil). 

Column 4 niay be quickly 

With tilore knowledge of the behavior of superf luid 

Columns 2 and 3 taken tcgether  provide one good choice, namely, row B in 

S 

In  addi t ion ,  t h e  conductivity of copper decreases as  the 
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f i e l d  increases  (magnetoresis tance) ,  making i t  harder t o  s t a b i l i z e  a conductor a t  high f i e l d s .  

f o r e ,  pool-boiling s t a b i l i z a t i o n  a t  high winding cur ren t  dens i t ies  can be achieved only in r e l a t i v e l y  

sinal1 magnets a t  low f i e l d .  

have overall winding current  dens i t ies  inuch l e s s  than the needed 6600 A/m2, with most having values 

below 2500 A/cm2. In summary, we conclude t h a t  the best choices f o r  an EBT-P iiiagnet l i e  in e i t h e r  a 

metastable ,  pool-boiling NbTi design or  a c ryos tab i l ized ,  forced-flow Nb3Sn design. 

nominal 4.2-K helium. 

and operat ion,  we prefer  the pool-boiling NbTi design. 

filamentary Nb3Sn t o  s e l e c t  i t  f o r  the iiiain approach f o r  a major f a c i l i t y ,  espec ia l ly  because the 

maximum required f i e l d  i s  80 k G ,  which i s  in the  acceptable range f o r  NbTi ( see  Table A.4.3 for prac t ica l  

f i e l d  l imi ta t ions  on  commercial superconducting m a t e r i a l ) .  

magnet has ye t  been fabr ica ted  with a cabled conductor t h a t  i s  the configuration f o r  the forced-cooled 

Nb,Sn conductor. 

of the  la rge  surface areas  avai lable  f o r  cool ing,  even cables of NbTi have n o t  been used in any la rge  

magnets pr inc ipa l ly  because of t h e i r  inherent s t ruc tura l  def ic ienc ies .  

configurat ion,  i t  i s  d i f f i c u l t  t o  envision a scheme f o r  containing the movement o f  cables while simul- 

taneously providing s u f f i c i e n t  space f o r  helium cooling. 

There- 

As seen in another sect ion of t h i s  repor t ,  ex is t ing  cryostabi l ized magnets 

Both systems use 

Considering c o s t ,  schedule, miniinum development, and s impl ic i ty  of fabr ica t ion  

There i s  s t i l l  too l i t t l e  experience with multi- 

\de should a l so  point  out t h a t  n o  la rge  

Although cables a r e  e a s i e r  t o  s t a b i l i z e  than monolithic o r  bui l t -up conductors because 

Outside of the cable-in-conduit 

Table A.4.3. Comnercial superconducting inaterial 

Pract ical  maximuiii 
T c ( K )  Hc2( kG) f i e l d  ( k G )  a t  4.2K 

Alloy ( d u c t i l e )  NbTi 8-1 0 100-120 

Compound ( b r i t t l e )  Nb,Sn 18 220-250 

85 

150 

A.4.3.2 Examples of Metastable Magnets 

Although high energy phys ic i s t s  have had grea.t d i f f i c u l t y  with low copper-to-superconductor volume 

r a t i o  (Cu:SC of 1 :1-2 : l )  ad iaba t ic  conductor ( a l s o  incor rec t ly  known as  i n t r i n s i c ) ,  there  has been 

considerable S I ~ C C ~ S S  with metastable nagnets wound with an intermediate range of  Cu :SC r a t i o  (3-8) 

conductor. 

operated as  r e l i a b l y  a s  iilost metastable magnets. A metastable design i s  therefore  proposed f o r  the  

EBT-P p ro jec t ,  b u t  we r e i t e r a t e  t h a t  i t  i s  only because the cons t ra in ts  do not permit us t o  achieve a 

pool -bo i 1 i n g  cryos tab1 e design. 

I t  i s  important t o  consider the experience t o  date  of a l l  l a rge  metastable magnets o r  magnets wound 

from conductors with intermediate values of Cu:SC r a t i o .  By intermediate values de l ibera te  avoidance i s  

implied o f  t h e  low values (Cu:SC < 3) associated with the ad iaba t ica l ly  s t a b i l i z e d  conductors used i n  

h i g h  energy physics experiments and known f o r  t h e i r  unpredictable behavior ( t r a i n i n g )  and f a i l u r e  t o  

make design values (degradat ion) .  

c o i l s ,  which a r e  more d i f f i c u l t  t o  develop. 

s tored energy o f  a t  l e a s t  1 MJ. 

damage on a quench. Often the i n t r i n s i c  s t rength of the composite conductor i s  not s u f f i c i e n t  a t  s tored  

energies  of many megajoules t o  contain the magnetic forces ,  and some means of s t ruc tura l  reinforcement 

i s  required f o r  s a f e ,  r e l i a b l e  operation. Generally, magnets i n  t h i s  range a r e  not completely cryo- 

s t a b i l i z e d  ( i . e . ,  a normal zone col lapses  and the cur ren t  re turns  completely t o  the superconductor). 

Some magnets in  this range can t o l e r a t e  normal zones i f  they a r e  s u f f i c i e n t l y  local ized.  

In f a c t ,  one could survey the l i t e r a t u r e  and conclude t h a t  few cryos tab i l ized  magnets have 

Most of the magnets being developed in the  high energy labs  a r e  pulse 

By d e f i n i t i o n ,  a la rge  magnet o r  magnet system i s  one with 

A t  this level some means of protect ion i s  general ly  necessary t o  avoid 
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All of the magnets i n  Table A.4.4 operated without t r a i n i n g  or degradation. Also, i n  each case the 

design value was met.5 

even i n  in t imate  contact  with helium. 

expect i t  t o  perform in a cryostable  o r  p a r t i a l l y  c r j o s t a b l e  mode. 

magnets have average cur ren t  d e n s i t i e s  over the windings (excludinq structure and bobbin) of between 1.3 

arid 2.5 kA/cm2. 

Stanford. 

Dynamics, Convair Division. 

I n  some of the  cases  shown, ?.he conductor was cooled by conduction and wds n o t  

Therefore, if such a conductor were a150 well cooled, one would 

Large pool-boiling c ryos tab i l ized  

One iiiaynet not l i s t e d  i n  Table A.4.4 but present ly  under design is the MHD irtagnet f o r  

T h e  pro jec t  i s  being managed by N I T  and the co i l  i s  being designed and fabr ica ted  by General 

I t  wi l l  a l s o  be a metastable design and not a cryostable  design. 

c 

Table A.4.4. Parameters of la rge  metas%able magnets 
(Cu:ST, > 3 and Fs > 1 MJ) 

Mag net  
s i z e  ( m )  Cj > 

E, ( M J )  (bore x length)  Billax (kG) ( k,A/cm2) CLJ:SC r a t i o  
~ -. - ~~~ .~.. ~~ 

Muon channel 2 0.13 x 8 50 17.6 3.5 

HYBUC 1 .7  0.18 x 0.6 123 10 3 

BIM 10.5 1 x 1  55 5 .3  8 

Rutherford >1 %0.5 x 0.5 75 > 5  6 

w7 1.6 0.85 x 0.2 60 %12 2.5 

CG E 2 0.4 x 0.3 78 e.4 215 

U25 M H D  34 0.68 x 2.6 60 2.8 15 
_II _I_ ..---...-..-p __^_. _I_ l____._._l_ __ 

Although &e cannot achieve c r y o s t a b i l i t y  i n  a pool-boiling design,  we should point out  t h a t  cryo- 

s t a b i l i z a t i o n  i t s e l f  does not ensure success f o r  a magnet pro jec t .  T h e  perfonnance record of magnets 

made from "conventional" f u l l y  cryostabi l ized conductor is not a l l  t h a t  good. 

CERN and one a t  DESY) s u f f e r e d  in te rna l  arciny ( w i t h  tdo o f  these  the conductor burned o u t  in  a small 

s e c t i o n ) ,  and four  o t h e r s  ( a t  B N L ,  MIT, LLL, and J u l i c i )  suffered premature quenches and did not achieve 

t h e i r  design point .  Cryostabilized magnets a r e  not 

supposed t o  quench, and t h e i r  performance i s  supposed 'lo be predictable .  

magnet design i s  two-fold. 

a l l  the  heat  i n p u t s ,  and what a r e  t h e i r  magnitudes? 

conduLtor, we do not know enough about the heat t r a n s f e r  mechanism i n  r e s t r i c t e d  spaces. 

t o  helium bubbles t h a t  a r e  formed, and what par t  does the hydrodynamics of the  helium f l u i d  play? There 

answers wil l  come only from a wel l -directed research e f f o r t  on the performance of various types of 

superconducting magnets. More discussions on magnet d i f f i c u l t i e s  can be found $ n  Refs. 6 and 7. 

f a i r l y  la rge  region without undergoing a quench is advantageous and important. 

EBT-P magnet i s  a Nb,Sn cable-in-conduit forced-cooled conductor t h a t  can be cryos tab i l ized  a t  8 T a t  

high cur ren t  d e n s i t i e s  ( ~ 7  kA/cin2 overal l  i s  e a s i l y  obtainable) .  The conductor i s  mdde by put t ing a 

cable  i n t o  a tube t h a t  i s  swaged down and compacted b u t  has a d e l i b e r a t e  void f rac t ion  of  u p  to  40%. 
helium i s  forced under pressure t o  flow through the  t u b 2  where the conductor i s  placed. 

while the helium c i r c u l a t i o n  i s  s imi la r  t o  the known an1 used hollow conductor conccpt, the conductor 

i t s e l f  i s  not i n  the  wal l s  o r  on the outs ide  of the tube as in  previous exaniples invest igated iriainly in 

Europe; the conductor i s  i n  a l l  o ther  respec ts ,  however, standard superconducting cable  t h a t  comer i n  

many v a r i e t i e s .  

of pressurized helium, the conductor is  s t a b l e  and wi l l  recover from a normalcy by deposi t ing the  Joule  

Three la rge  ones (two a t  

These l a t t e r  cases a r e  p a r t i c u l a r l y  dis turbing.  

The real  d i f f i c u l t y  with any 

Whdt a r e  On the one hand, l i t t l e  i s  known about the disturbance spectrum. 

E\ren i f  we pos tu la te  various heat i n p u t s  to the  

What happens 

T h e  concept of  a magnet designed i n  such a way t h a t  i t  can recover from a normalcy induced over a 
Our second choice f o r  an 

The 

Therefore, 

Because of  the la rye  cooled surface area and the reasonable heat t r a n s f e r  c o e f f i c i e n t  
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heating in to  a large-heat-capacity reservoi r  supplied by the helium. 

and i s  

bubbles which in  the p a s t  has of ten caused vapor lock leading to  thermal runaway. 

ra t ion  

cable o r  braid. 

With cables or  braids  a l a r g e r  conductor can in pr inc ip le  be fabr ica ted  from just  a la rger  number of 

ident ica l  s t rands already used in a smaller device. 

Because thLo helium i s  pressurized 

n the single-phase regime, the increase in bath temperature does no t  r e s u l t  in the formation of 

The tube 'configu- 

s advantageous in  providing a good s t ruc tura l  containinent f o r  a f l e x i b l e  conductor such as a 

This i s  an iriiportant f a c t o r  f o r  s c a l a b i l i t y  t o  higher currents  and  to  higher f i e l d s .  

The ciain d i f f i c u l t y  in u t i l i z i n g  Nb3Sn and a l l  the o ther  potent ia l  high f i e l d  compounds i s  t h e i r  

inherent b r i t t l e n e s s .  

i s  n o t  in t imately bound t o  the  s t ruc ture  and does not undergo a large s t r a i n  in order t o  operate t h e  

s t ruct i r re  a t  the maxiilium pcrmissible s t r e s s  l e v e l .  

However, the tube configuration may remove t h i s  disadvantage because the conductor 

Forced-cooled conductors o f f e r  many advantages such as  those l i s t e d  below: 

( 1 )  low l i q u i d  helium inventory, 

( 2 )  mechanical i n t e g r i t y ,  

(3) e l e c t r i c a l  i n t e g r i t y  a t  high discharge vol tages ,  

( 4 )  e a s i e r  control o f  cooldown thermal s t r e s s ,  and 

( 5 )  

For l a rger  systems the p o s s i b i l i t y  of high discharge voltages wil l  l i k e l y  prove t o  be the most important 

advantage t o  forced-cooled systems. On the other  hand, i t  i s  only f a i r  t o  point out t h a t  there  a r e  a l so  

some disadvantages t o  forced-cooled systems: 

(1 ) g r e a t e r  complexity of cryogenic system, 

( 2 )  addi t ional  losses  due t o  pumping introduced, 

( 3 )  para l le l  cooling c i r c u i t s  and coiiiplicated plumbing, and 

( 4 )  more d i f f i c u l t  protect ion.  

The l a s t  two items are  o f  most concern. 

t o  arrange in small systems where space i s  not ava i lab le .  

cooling of NbTi conductor b u t  without the cable-in-conduit configuration have been b u i l t ;  a coi:iplete 

l i s t  of a l l  the  la rge  magnets follows: 

(1 ) Omega, CERN - -  compressed he1 iurn, hollow conductor; 

(2) Muon channel, SIN - compressed he1 ium, external tubes; 

( 3 )  Pion Toroids, Stanford - -  two.-phase helium, external tubes; 

(4) 
( 5 )  

Nith the above considerat ions,  why i s  the forced-flow Nb3Sn not our f i r s t  choice? 

general l i s t i n g  of the disadvantages t o  forced-cooled schemes, there  a r e  s p e c i f i c  concerns t h a t  we have 

re la ted  t o  the cable-in-conduit conductor. Basical ly ,  they a l l  stem from a lack of experimental expe- 

r ience.  What i s  the e f f e c t  0.f the external 

heating? We know t h a t  even small teiriperature differences can produce sudden discontinuous la rge  thermal 

inputs t h a t  can r a i s e  the local in te rna l  pressure q u i t e  high in  a very nonuniform manner. 

cat ions m u s t  be b e t t e r  understood. 

ease of extrapolat ion t o  la rge  s i z e  and high f i e l d s .  

The complicated hydraulics may prove t o  be extremely d i f f i c u l t  

A few magnet systems t h a t  employ forced-flow 

Long Solenoid, Kapitza -- two-phase he1 ium, close-coupled tubes; and 

T-7  Toroid, Kurchatov -~ two-phase helium, close-coupled tubes. 

In addi t ion t o  the 

What a re  the hydraulic path lengths t h a t  can be t o l e r a t e d ?  

These impli- 

A.4.3.3 Design Considerations f o r  the..EBT-P M9lnr1 

In the previous sect ions we establ ished the conductor mater ia l ,  NbTi, and the s t a b i l i z a t i o n  tech- 

nique, inetastable, which a re  our f i r s t  choices t o  s a t i s f y  the design parameters because a pool-boiling 
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c r y o s t a b l e  des ign  i s  p rec luded.  
a t i o n  o f  s t r u c t u r a l  requ i rements .  
reasonab le  s t r e s s  l i m i t s ,  one has t o  make a ca re fu l  assessment on whether SOIW s t r u c t u r e  i s  r e q u i r e d  i n  
t h e  fo rm o f  banding on t h e  o u t e r  t u r n s .  
care  o f  n o t  o n l y  t h e  w ind ing  s t resses  b u t  a l s o  t h e  l oads  a r i s i n g  under f u l l  f i e l d  and p o s s i b l e  f a u l t  
cond i t i ons .  A t  t h i s  p o i n t  i n  t h e  des ign  we a r e  ready  t o  dec ide  on t h e  conductor  and w ind ing  d e t a i l s .  
Is t h e  c o i l  t o  be p o t t e d  o r  v e n t i l a t e d ?  What, is t h e  ccnductor  c o n f i g u r a t i o n  - - - - m o n o l i t h i c ,  b u i l t  up, o r  
cab le?  
s i o n a l  shape i s  p r e f e r r e d ?  
pancake, l a y e r ,  o r  hyb r id .  
I n  genera l ,  t h e r e  i s  no one cho ice  among these a l t e r n a t i v e s .  
and as ment ioned i n  t h e  i n t r o d u c t i o n  t o  t h i s  summary o f  magnet des ign  cons ide ra t i ons  f o r  EBT--P, t h e  
c o n s t r a i n t s  must be c a r e f u l l y  cons idered and f u l l y  understood. 
s p e c i f i c s  o f  t h e  w ind ing  i s  t o  make t h e  cho ices  compat i3 le  and a r r i v e  a t  a s e l f - c o n s i s t e n t  design. 

The a c t u a l  d imensions f o r  t he  w ind ing  a r e  e s t a b l i s h e d  a f t e r  cons ider -  
A l though no s t r u c t u r e  i s  r e q u i r e d  i n  t h e  w ind ings  t o  keep w i t h i n  

The bobb in  th 'ckness arid end f langes  rnust be c a l c u l a t e d  t o  t a k e  

What i s  t h e  a p p r o p r i a t e  Cu:SC r a t i o  f o r  maximun s t a b i l i t y  a g a i n s t  p e r t u r b a t i o n s ,  and what dimen- 
Th is  l a t t e r  p o i n t  must go a long  w i t h  cons ide ra t i ons  on t h e  w ind ing  mode - 
One must dec ide  t h e  i n s u l a t i o n  scheme i n  c o n j u n c t i o n  w i t h  t h e  w ind ing  mode, 

Each s p e c i f i c  a p p l i c a t i o n  must  be analyzed, 

The impor tan t  aspect i n  s e l e c t i n g  t h e  

Cool i n 2  d e s i x  
I_ --I- 

Our c l e a r  p re fe rence  i n  magnet designs t h a t  a r e  sub jec ted  t o  e x t e r n a l  heat ,  i n  t h i s  case r d d i a t i o n ,  
i s  a v e n t i l a t e d  des ign  r a t h e r  than p o t t e d  w ind ings  i n  an epoxy. 
i f  o n l y  20% of  t h e  w ind ing  volume i s  a c c e s s i b l e  f o r  he l rum compared t o  t h e  meta ls  NbTi and copper, which 
comprise t h e  superconductor.  It i s  p r e f e r a b l e  t o  have hea t  t r a n s f e r  d i r e c t l y  f rom the  su r face  o f  Lhe 
conductor  t o  l i q u i d  h e l i u m  r a t h e r  than v i a  conduct ion  t t r o u g h  a poor  thermal conductor  as i s  t h e  case 
f o r  a l l  p o t t i n g  compounds. 

Hel ium h e a t  c a p a c i t y  i s  enurmGus even 

-- Conductor and f i l a m e n t  G g i f i g u r a t i E  

I n  t h e  s p e c i f i c a t i o n  f o r  t h e  purchase o f  t h e  conductor ,  t h e  cho ice  o f  e i t h e r  m o n o l i t h i c  o r  b u i l t - u p  
conductor  remained open. 
T h i s  i s  because t h e r e  a r e  no ac l osses  a n t i c i p a t e d  and t i e  need t o  have accura te  f i e l d  q u a l i t y  t r a n s l a t e s  
i n t o  t h e  need f o r  c l o s e  dimensional  t o le rance ,  which i s  d i f f i c u l t  t o  ach ieve  r e l i a b l y  i n  a Ruther fo rd  
cab le .  
commercial vendors t o  decide. 

On ly  t h e  cab le  c o n f i g u r a t i o n  w3s s p e c i f i c a l l y  e l i m i n a t e d  from cons ide ra t i on .  

Whether a s t r a i g h t  m o n o l i t h i c  conductor  i s  cheaper than  a b u i l t - u p  conductor  remains f o r  t h e  

It i s  necessary t o  
have t h e  f i l a m e n t s  much l e s s  than about e 0 0  um t o  ensurcl t h a t  each f i l a m e n t  i t s e l f  i s  a d i a b a t i c a l l y  
s t a b i l i z e d .  
done f o r  a p p l i c a t i o n s  i n  pu l se  f i e l d  magnets. A s i z e  o f  ~ 5 0  pm i n  d iameter  i s  e a s i l y  o b t a i n a b l e  and 
avo ids  t h e  problems assoc ia ted  w i t h  t h e  de fec ts  i n h e r e n t  i n  much s m a l l e r  s i zes .  

The s i z e  of t h e  f i l a m e n t s  i s  n o t  p a r t i c u l a r l y  c r i t i c a l  i n  t h i s  a p p l i c a t i o n .  

I t  i s  n o t  necessary t o  reduce t h e  f i l a m e n t s  down t o  t h e  s t a t e - o f - t h e - a r t  l i m i t  as i s  o f ten  

Optimum cop2gr t o  superconductor r a t i o  

When we b u i l d  a superconduct ing  magnet, we want i t  t o  work; t h a t  i s ,  we want i t  t o  reach design 
We t r y  t o  b u i l d  s t rony ,  r i g i d  magnets t h a t  do n o t  exper ience p e r t u r b a t i o n s  f i e l d  w i t h o u t  quenching. 

s u b s t a n t i a l  enough t o  quench them when they  a re  energ ized.  
o f  knowledge o f  t he  p e r t u r b a t i o n s  t h a t  quench magnets. 
i n  t h e  me tas tab le  regime, meaning a l a r g e  enough p e r t u r b a t i o n  w i l l  quench them. 
c l e a r  knowledge about  t h e  p e r t u r b a t i o n s  they  w i l l  s u f f e r  'dur ing opera t i on ,  we must p r e f e r  conductors  
t h a t  r e q u i r e  l a r g e  p e r t u r b a t i o n s  t o  quench them t o  conduc:ors t h a t  can be quenched by  smal l  p e r t u r -  
ba t i ons .  

Th is  task  i s  rendered d i f f i c u l t  by ou r  l a c k  
The magnets o f  EBT cannot be c r y o s t a b l e  and a r e  

I n  the  dbsence o f  any 

Comparison b y  the  s i z e  of  t he  p e r t u r b a t i o n  r e q u i r e d  t o  quench t h e  conductor  g i ves  us t h e  
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opportunity t o  s e l e c t  the best conductor of a c lass  of conductors. 

o ther  things being held constant ,  there  i s  a best Cu:SC r a t i o  t h a t  maximizes the per turbat ion from which 

the  conductor can just recover. Using t h i s  best  conductor should afford us the grea tes t  chance tha t  the 

magnet will work. 

A straightforward approach t o  determine the  best Cu:SC r a t i o  would be t o  assume some canonical form 

of Perturbation and  ca lcu la te  the Cu:SC r a t i o  t h a t  inakes the s i z e  of the per turbat ion g r e a t e s t .  

na t ive ly ,  we can say, following Wilson and Iwasa,* t h a t  the  more s tab le  of two conductors d i f fe r ing  only 

in  Cu:SC r a t i o  i s  the one with the  l a r g e r  minimum propagating zone. Another p o s s i b i l i t y  i s  t o  def ine as  

the  more s t a b l e  of the  two conductors the one with the smaller normal-zone propagation ve loc i ty .  

Implici t  in  the  use of these a l t e r n a t i v e s  i s  the assumption t h a t  the more s t a b l e  conductor they def ine 

will t r u l y  have the l a r g e r  maxiinuni pcrinissible per turbat ion.  

These a l t e r n a t i v e s  can be s tudies  with a minimum of labor  i f  we make the assumption of constant 

thermophysical propert ies .  F i r s t  we consider canonical per turbat ions consis t ing of an instantaneous 

deposition of energy E a t  a point in the conductor. 

How does E vary with the Cu:SC r a t i o ?  

For  example, we may ask i f ,  a l l  

Alter- 

The la rger  E i s ,  the  inore s t a b l e  the  conductor i s .  

Shown i n  Fig. A.Q.10 are  curves of  constant  dimensionless energy c6 i n  the plane of the Stekly 

parameter C( and the  dimensionless current  i .  Consider a candidate EBT conductor intended f o r  service a t  

8 ' r ,  4.2 K ,  and 9000 A We asstile t h a t  the  conductor i s  a composite of NbTi, whose c r i t i c a l  cur ren t  

densi ty  i s  5.6 x l o 4  A cm-2 a t  8 i and 4.2 K ,  and copper, whose residual  r e s i s t i v i t y  ra- t io  i s  160. With 

these data  f i x e d ,  we f ind t h a t  

(A.4.2) 

, . = 0.16 
1 - f  

where f i s  the  volume f rac t ion  o f  copper in the composite. 

The quant i ty  Ph/A i s  not very well known in the  e a r l y  s tages  of desiyn, b u t  the  values occurring 

in  prac t ice  range from % ?  x 1 0 5 - ~ 5  x l o G .  

conclusions about the Cu:SC r a t i o .  

As we shal l  see, the uncertainty i n  P h / A  wil l  not a f f e c t  our 

Figure A.4.11 shows curves obtained from Eq. (A.4.2) by f ix ing  Ph/A and l e t t i n g  f vary ( f - l o c i ) .  

I f  WE superillipose one of these f - l o c i  on the  curves o f  Fig. A.4.10, the  in te rsec t ions  wil l  give E& as  a 

function of f .  

Fig. A.4.10). When f = 0.84, the  operating cur ren t  equals the c r i t i c a l  current  and = 0. Near the 

Let us consider the  f- locus f o r  which Ph/A = 1 x lo6  W m-3  K - l  (shotvn dotted i n  

right-hand s ide of the graph, the f-locus cu ts  t h e  curves of 

s t a r t  o u t  laoving rapidly from curve t o  curve a s  f decreases. 

f - locus becomes near ly  para l le l  t o  the curves of constant E& 

f u r t h e r  reduction of f brings l i t t l e  increase i n  s t a b i l i t y .  

of diminishing re turns  occurs a t  i md 0.6, f o r  which f = 0.73 

and E ~ ,  which measures s t a b i l i t y ,  i s  about s i x  times smaller 

Cu:SC r a t i o  i s  c l e a r l y  preferable .  

constant a t  a steep angle so t h a t  we 

However, as  f continues t o  decrease, the 

so t h a t  a point i s  quickly reached a t  which 

In the example under discussion,  the point 

and Cu:SC = 2.75 .  When Cu:SC = 5 ,  i = 0.96, 

than f o r  Cu:SC = 2.75. T h u s ,  t h e  lower 

We get  the same conclusion no matter which of the f - l o c i  we consider up  t o  values o f  Ph/A = 5 x lo6 

W r ~ i - ~  K - l .  

s t a b i l i t y  and f u l l  s t a b i l i t y ,  depending on the choice of f ) .  

when Ph/A i s  l a r g e ,  we need la rge  Cu:SC r a t i o s .  

W m-3 K - l  so t h a t  c r y o s t a b i l i t y  i s  unat ta inable  f o r  any choice of f .  

p refer  low Cu:SC r a t i o s .  

For t h i s  value of P h / A ,  we see t h a t  i t  i s  possible t o  achieve c r y o s t a b i l i t y  (both cold-end 

Paradoxically, t o  achieve c r y o s t a b i l i t y  

B u t  f o r  EBT, P h / A  wil l  probably be in  the  range 2-5 x lo5 

This being the case,  we must 
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F i g .  A.4.10. In the plane o f  the Stekly param- 
eter cx and the dimensionless current i are shown 
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F i g .  A.4.11. I n  t h e  a - i  p lane t h e  va lue  o f  
f, t h e  volume f r a c t i o n  of  copper i n  t h e  conductor ,  
has been a l l owed  t o  va ry  f o r  a s p e c i f i c  va lue  o f  
Ph/A. 
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F igu res  A.4.12 and A.4.13 show curves o f  cons tan t  d imens ion less  minimum-propagation-zone energy 

and d imens ion less  normal-zone p ropaga t ion  v e l o c i t y  n, r e s p e c t i v e l y ,  i n  t h e  a- i  plane. 1-hese 
f a m i l i e s  o f  curves  s t r o n g l y  resemble t h e  curves o f  cons tan t  
f - l o c i  on them r a t h e r  than on t h e  curves  o f  F ig .  A.4.10, WE g e t  t h e  same conc lus ion  as be fore ,  namely, 
t h a t  f o r  cand ida te  EBT conductors,  a Cu:SC r a t i o  of %3 i s  p r e f e r a b l e  t o  one o f  ~ 5 .  

i n  F ig .  A.4.10. I f  we superimpose the  

There a r e  advantages and disadvantages t o  b o t h  l a y e r  and pancake w ind ing .  5elow i s  a t a b u l a t i o n  o f  
the p r i n c i p a l  advantages o f f e r e d  by e i t h e r  scheme: 

( 1 )  Pancake 

(a )  

(b )  
( c )  b e t t e r  pack ing  f a c t o r ,  

( d )  
(e )  

good su r face  f o r  t r a n s m i t t i n g  l a r g e  r a d i a l  compressive f o r c e s  ( e a s i e r  t o  p reven t  conductor 
mo t ion ) ,  
s o l  i d  i n s u l a t i o n  between pancakes, 

g rad ing  o f  conductor  t h a t  can be op t im ized,  and 
good bubb le  c lea rance  and he1 ium rep len ishment  between pancakes. 

( 2 )  Layer  

(a )  
(b )  
( c )  

( d )  b e t t e r  w ind ing  t i g h t n e s s  i n  a x i a l  d i r e c t i o n  f a r  U-shaped bobbin.  

For  t h e  EBT-P a p p l i c a t i o n  t h e  need f o r  minir : i iz ing e r r o r s  i n t roduced  by j o i n t s  and t h e  s h o r t e r  

j o i n t s  t h a t  a r e  k e p t  t o  a minimum, 
g rad ing  j o i n t s  t h a t  can be kep t  o u t  o f  t h e  w ind ing  pack, 
e a s i e r  l a y e r  w ind ing  f o r  edge w ind ing  o f  l a r g e  aspec t  conductor  (no saucer o r  t r a p e z o i d  
e f f e c t s ) ,  and 

w ind ing  t ime  o f f e r e d  by l a y e r  w ind ing  bo th  l e a d  t o  t h e  cho ice  o f  a layer-wound c o i l .  
c a l l  i t  a h y b r i d  ( o r  " l aye rcake" )  because one pancake w i l l  be wound on t h e  end and t h e  remainder o f  t h e  
c o i l  w i l l  be l a y e r  wound. 
Furthern;ore, t h e  i n p u t  and o u t p u t  leads  can be p laced  i r  c l o s e  p r o x i m i t y ,  making t h e  c a n c e l l a t i o n  o f  
f i e l d  e r r o r s  due t o  t h e  c u r r e n t  l eads  a r e l a t i v e l y  easy task .  

A c t u a l l y  we should  

I n  t h i s  manner t h e r e  i s  no need t o  niake an en t rance th rough t h e  end f l ange ;  

Because t h e  c o n s t r a i n t s  on the magnet des ign  (8.0 1 and 6600 A/cm2) p rec lude  t h e  p o s s i b i l i t y  o f  a 
c r y o s t a b i l i z e d  p o o l - b o i l  i n g  magnet, we have s e l e c t e d  a FlbTi p o o l - b o i l i n g  me tas tab le  des ign  as ou r  p re -  
f e rence  over  a fo rced -coo led  Nb3Sn c r y o s t a b i l i z e d  des ig r  , A c r i t i c a l  rev iew o f  t h e  e x i c , t i n g  l i t e r a t u r e  
shows t h a t  magnets o f  t h e  t y p e  we a r e  propos ing  have a l l  worked t o  f u l l  o p e r a t i n g  des ign  va lue  w i t h o u t  
t r a i n i n g .  
t h a t  t h e  conductor  w i l l  be more s t a b l e  a g a i n s t  energy p w t u r b a t i o n s  i f  %he Cu:SC r a t i o  i s  c l o s e r  t o  3 : l  

r a t h e r  than 5 : l .  The conductor  w i l l  be r e c t a n g u l a r  and F l a t  wound i n  a hyb r id - t ype  w ind ing  t h a t  c o n s i s t s  
o f  one pancake wound n e x t  t o  t h e  end f l a n g e  wi th t h e  remainder o f  t h e  c o i l  wound i n  l a y e r s .  

No degrada t ion  has been observed i n  t h i s  c l a r s  o f  maqnet. A s t a b i l i t y  a n a l y s i s  has shown 
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A.5 MICROWAVE HEATING 

A.5.1 INTRODUCTION 

The Microwave Development and Technology Program i s  an ou tgrowth  o f  suppor t  a c t i v i t i e s  conducted 
f o r  many yea rs  as an i n t e g r a l  p a r t  o f  t h e  ORNL High Beta Plasma Program. 
development o f  microwave and m i l l i m e t e r  wave methods, techniques, components, and systems f o r  plasma 
h e a t i n g  r e l e v a n t  t o  the  c o n t r o l l e d  f u s i o n  e f f o r t .  Emphasis upon the  development o f  h i g h  power, h i g h  
f requency  ( s h o r t  wavelength) systems i s  thus i m p l i c i t .  
c o l l a b o r a t i o n  w i t h  the  EBT e f f o r t  i s  cons idered essen- ia l  because o f  t h e  i n h e r e n t  " a p p l i e d "  na tu re  o f  
technology programs and t h e  r e s u l t i n g  aspects o f  mutual dependence. 

p l i f i e d  by t h e  microwave power systems p r e s e n t l y  used on EBT. 
p r a c t i c a l i t y  o f  t he  assembly, management, and c o n t r o l  o f  l a r g e  microwave power sources employing mul-  
t i p l e  plasma dev ice  i n p u t s  us ing  bo th  conven t iona l  and ove rs i zed  waveguide t ransmiss ion  l i n e s ;  ( 2 )  t h e  
e f f i c i e n t  c o u p l i n g  and match ing  o f  these t ransmiss ion  l i n e s  t o  plasma devices;  ( 3 )  compat ib le  des ign 
c r i t e r i a  f o r  t he  u t i l i z a t i o n  o f  l a r g e  power microwave i n p u t s  i n  plasma devices;  ( 4 )  t h e  advance i n  the  
s t a t e  o f  t h e  a r t  o f  conven t iona l  microwave tubes; and ( 5 )  c o n t r o l  and m o n i t o r i n g  systems i n t e g r a t e d  
i n t o  t h e  exper imenta l  f a c i l i t y  t o  p r o v i d e  f o r  o p e r a t i o n a l  s i m p l i c i t y  and f l e x i b i l i t y ,  equipment s a f e t y ,  
and personnel  s a f e t y .  These systems t h e r e f o r e  model the areas o f  e f f o r t  r e q u i r e d  i n  the  comprehensive 
f u t u r e  program. 

By 1984 the  m i l l i m e t e r  wave power requi rements f a r  EBT-P a re  expected t o  be o f  t h e  o rde r  o f  
severa l  megawatts i n  t h e  general  f requency  range o f  63-110 GHz. 
c y c l o t r o n  resonances o f  app rox ima te l y  20-40 kG and i s  c o n s i s t e n t  w i t h  e x i s t i n g  superconduct ing magnet 
development. 

I t s  broad purpose i s  t he  

The c o n t i n u a t i o n  o f  t h i s  program i n  c l o s e  

S i g n i f i c a n t  p a s t  accomplishments o f  t h e  Microwave Development and Technology Program a re  exem- 
These systems demonstrate ( 1 )  t he  

Th is  f requency corresponds t o  e l e c t r o n  

High power microwave systems f o r  EBT-P a r e  compojed o f  t h r e e  b a s i c  elements:  

a m u l t i p l e  a r r a y  o f  a c t i v e  dev ices f o r  c o n v e r s i o i  o f  dc power t o  microwave power; 
microwave t ransmiss ion  networks f o r  e f f i c i e n t  t r a n s f e r  and c o u p l i n g  o f  energy t o  the  f u s i o n  device;  
suppor t i ng  e l e c t r i c a l  and e l e c t r o n i c  subsystems For o v e r a l l  system c o n t r o l  and mon i to r i ng ,  oper- 
a t i o n  o f  a c t i v e  dev ices,  and s a f e t y .  

Fo r  r e a l i z a t i o n  o f  mu l t imegawat t  c a p a b i l i t y  a t  110 GHz, an i n t e n s i v e  complementary development 

( 1 )  
(2 )  
(3)  

e f f o r t  i s  r e q u i r e d  i n  each o f  these ca tegor ies .  
whereas t h e  microwave t ransmiss ion  networks and suppor t i ng  subsystems i n v o l v e  t h e  c h a r a c t e r i s t i c s  o f  
b o t h  t h e  a c t i v e  dev ices and t h e  plasma conf inement exser iment .  

The key element i s  t h e  development o f  a c t i v e  devices,  

A.5.2 DEVELOPMENT OF MICROWAVE ACTIVE DEVICES 

Mult imegawatt ,  cont inuous wave (cw) e l e c t r o n  c y c l o t r o n  h e a t i n g  (ECH) systems o p e r a t i n g  a t  60-110 GHz 

a r e  r e q u i r e d  by t h e  EBT-P program and by subsequent programs. 
i s  beyond t h e  p resen t  s t a t e  o f  t h e  a r t  f o r  microwave l i n e a r  beam.tubes. 
ment program has been undertaken through subcon t rac t  w i t h  p r i v a t e  i n d u s t r y .  
began i n  1974 when Var ian  Associates was commissioned by means o f  an ORNL subcon t rac t  t o  pe r fo rm a 
study f o r  t h e  purpose o f  de te rm in ing  t h e  bes t  approach f o r  r e a l i z a t i o n  o f  a microwave power dev i ce  
capable o f  producing 200 kW o f  cw power a t  120 GHz. Th i s  s tudy i d e n t i f i e d  the  gy ro t ron ,  a form o f  
c y c l o t r o n  resonance maser, as t h e  most p romis ing  dev i ce  f o r  development toward t h i s  o b j e c t i v e .  
A p r i l  1976 ORNL i n i t i a t e d  a development subcon t rac t  w i t h  Var ian  w i t h  t h e  o b j e c t i v e  o f  develop ing a 
200-kW, cw 28-GHz dev ice  f o r  use on EBT-S. 

C l e a r l y ,  t h i s  power genera t i on  c a p a b i l i t y  
Hence, an i n t e n s i v e  develop- 

Th is  development e f f o r t  

Then i n  

A f u r t h e r  s t i p u l a t i o n  i n  t h e  subcon t rac t  was t h a t  t h e  

143 
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dev ice  be s c a l a b l e  t o  120 GHz. 
g y r o t r o n  was opera ted  a t  105 kW o f  cw power, and i n  September 1978 a 28-GHz g y r o t r o n  was opera ted  i n t o  
t h e  EBT-S dev ice  a t  t h e  50-kW l e v e l  w i t h  encouraging plasma phys ics  r e s u l t s .  
expected t h a t  t h e  28-GHz, ZOO-kW, cw development program w i l l  be s u c c e s s f u l l y  completed by September 
1980. A l though severa l  c h a l l e n g i n g  des ign  problems reiriain i n  t h i s  development program, t h e  progress  
made t o  da te  i n  t h e  28-GI-lz program i n d i c a t e s  t h a t  t h e  g y r o t r u n  i s  t h e  c o r r e c t  cho ice  f o r  t h i s  a p p l i c a -  
t i o n  a t  h i g h e r  f requenc ies .  

Progress t o  da te  on t h i s  program has been s i g n i f i c a n t .  I n  May 1978 a 

A t  t h i s  t ime  i t  i s  

I n  v iew o f  t h e  encouraging r e s u l t s  f rom t h e  28-GHz developinent program and t h e  a n t i c i p a t e d  need 
f o r  h i g h e r  f requency  dev ices  a t  t h e  e a r l i e s t  p o s s i b l e  da te  f o r  EBT-P opera t i on ,  ORNL awarded two 
i n d u s t r y  subcont rac ts  i n  mid-1979. Success fu l  comp le t i on  o f  these development c o n t r a c t s  i s  expected by 
1983. Both subcon t rac to rs  w i l l  pursue the  g y r o t r o n  as t h e  a c t i v e  dev i ce  most l i k e l y  t o  ach ieve  t h e  
goa ls  o f  200 kW o f  cw power a t  110 GHz. 

EBT-P, namely, t h a t  each g y r o t r o n  produce about 200 kW o f  cw power a t  m i l l i m e t e r  wavelengths. Th is  
h i g h  power l e v e l  r e q u i r e s  good tube e f f i c i e n c y  t o  keep power supp ly  cos ts  reasonable.  The g y r o t r o n  
r e a l i z e s  h i g h  e f f i c i e n c y  and h i g h  power by ( 1 )  hav ing  an i n t e r a c t i o n  r e g i o n  many wavelengths long,  
( 2 )  u t i l i z i n g  t h e  e n t i r e  e l e c t r o n  beam cross  s e c t i o n  i n  the  i n t e r a c t i o n  reg ion ,  and ( 3 )  keeping t h e  
microwave power d i s s i p a t e d  i n  t h e  i n t e r a c t i o n  r e g i o n  low by use o f  c i r c u l a r  e l e c t r i c  c a v i t y  modes. 

T h i s  dev i ce  employs a c l o u d  o f  monoenerget ic e l e c t r o n s  i n  a fast-wave s t r u c t u r e .  
p r i m a r i l y  t ransve rse  t o  t h e  a p p l i e d  a x i a l  magnet ic f i e l d .  
because o f  t h e  r e l a t i v i s t i c  mas5 change o f  t h e  e l e c t r o n s .  
coheren t l y ,  energy i s  t r a n s f e r r e d  t o  t h e  e lec t ro rndgnet ic  wave. 
c ip le :  have been l i m i t e d  by t h e  techno log ies  and des ign  d e t a i l  necessary t o  i n c o r p o r a t e  t h e  theo ry  i n t o  
u s e f u l  dev ices .  Key elements o f  t h e  g y r o t r o n  i n c l u d e  t h e  e l e c t r o n  gun, i n t e r a c t i o n  c a v i t y ,  c o l l e c t o r  
and o u t p u t  system, window, and magnet system. 
subcon t rac t  developers.  

The c h a r a c t e r i s t i c s  o f  these gy ro t rons  r e s u l t  f rom the  un ique plasma h e a t i n g  a p p l i c a t i o n  f o r  

The t h e o r e t i c a l  bas i s  f o r  o p e r a t i o n  o f  t h e  gy ro t ron ,  o r  e l e c t r o n  c y c l o t r o n  maser, i s  w e l l  known. 
E l e c t r o n  v e l o c i t y  i s  

Phase bunching o f  t he  e l e c t r o n s  occurs 
As these phase-bunched e l e c t r o n s  r a d i a t e  

To date,  a p p l i c a t i o n s  o f  these p r i n -  

A l l  o f  these des ign  i ssues  a re  be ing  addressed by t h e  

A.5.3 AUXILIARY SYSTEMS 

The g y r o t r o n  power supply,  c o n t r o l  systems, and i n s t r u m e n t a t i o n  c u r r e n t l y  i n  o p e r a t i o n  on EBT-S 
a r e  cons idered p r o t o t y p i c a l  f o r  t h e  EBT-P g y r o t r o n  system. 
EBT-P w i l l  r e q u i r e  an ex tens ion  o f  t h i s  e f f o r t  i n  terms o f  c o n t r o l ,  s u i t a b l e  o p e r a t i o n  f o r  t h e  a p p l i -  
c a t i o n ,  o v e r a l l  performance, r e l i a b i l i t y ,  and economics. S p e c i f i c a l l y ,  i t  i s  expected t h a t  t h e  oper -  
a t i n g  parameters o f  these gy ro t rons  w i l l  be n o n i d e n t i c a l  and w i l l  thus  r e q u i r e  a s o p h i s t i c a t e d  super-  
v i s o r y  c o n t r o l  system f o r  u n i f o r m  o u t p u t  c o n t r o l  as w e l l  as c a r e f u l  m o n i t o r i n g  f o r  abnormal c o n d i t i o n s .  
I n  a d d i t i o n ,  t h e r e  i s  t h e  p o s s i b i l i t y  o f  l o c k i n g  and/or b e a t i n g  problems assoc ia ted  w i t h  o s c i l l a t o r  
ope ra t i on .  
g y r o t r o n  o p e r a t i o n  w i l l  be demonstrated on EBT-S. 

The o p e r a t i o n  o f  m u l t i p l e  g y r o t r o n s  on 

These probleins a r e  be ing  addressed i n  t h e  EBT-P design, and i t  i s  expected t h a t  m u l t i p l e  

A.5.4 COMPONENTS AND TRANSMISSION 

As a d i r e c t  consequence o f  u s i n g  a c i r c u l a r  e l e c t r i c  c a v i t y  niode i n  t h e  i n t e r a c t i o n  reg ion ,  t h e  

A l though these modes have t h e  advantages o f  v e r y  l ow  t ransmiss ion  l osses  and s u p e r i o r  power- 
ax isymmet r ic  g y r o t r o n  produces most o f  i t s  o u t p u t  power i n  a few TE& c i r c u l a r  e l e c t r i c  waveguide 
modes. 
hand l i ng  c a p a b i l i t y  compared t o  most o t h e r  waveguide modes, they  s u f f e r  f rom t h e  f a c t  t h a t  t h e y  a r e  n o t  
t h e  niodes w i t h  t h e  l owes t  c u t o f f  f requency; t he re fo re ,  t hey  inust always be used i n  a waveguide capable 



145 

of propagating a number of modes. 

c a p a b i l i t y ,  t h e  operating frequency must  be well above 'cutoff so t h a t  many more modes a r e  in the 

propagating range. 

The prac t ica l  problems ra i sed  by the multimode cha-acter  a r e  several .  

spurious modes from being excited in  the waveguide s y s t m  by i r r e g u l a r i t i e s .  

i s  caused by e i t h e r  mechanical o r  e l e c t r i c a l  imperfect ims in  the waveguide, such as  cross-section d is -  

t o r t i o n ,  departure  from axia l  s t r a i g h t n e s s ,  sur face  roughness, and changes in surface conduct ivi ty .  

Once exci ted,  these modes may become cut  of f  somewhere e l s e  in the system a t  o ther  i r r e g u l a r i t i e s .  

These spurious modes can then become trapped between i r r e g u l a r i t i e s ,  and a t  d p a r t i c u l a r  frequency, one 

of  the spurious modes can absorb a la rge  f rdc t ion  of poder from the  main mode, causing loca l ized  wdve- 

guide heating or  even breakdown. 

exc i t ing  the spurious modes i n  the  f i r s t  place by carefu l ly  cont ro l l ing  t h e  waveguide shape. 

spurious mode exc i ta t ion  cannot be avoided, as in  the case of a waveguide bend, then loss  must be pro- 

vided f o r  the  trapped (spurious)  modes by t h e  use o f  mode f i l t e r s  in order  t o  reduce the s tored energy 

(4) of these modes. 

s t e e l  have proved t o  be r e l i a b l e  high power mode f i l t e r s .  They work on the  pr inc ip le  t h a t  the lower 

order  c i r c u l a r  e l e c t r i c  modes (TE:l, TE;?, T E i 3 )  have lower losses  than most o ther  modes in the system 

so t h a t  i f  a c e r t a i n  amount of l o s s  f o r  t h e  c i r c u l a r  e l e c t r i c  modes can be t o l e r a t e d ,  then the other  

spurious modes will have even higher f rac t iondl  power losses  i n  the s t a i n l e s s  s t e e l  waveguide. 

consis t ing of a l t e r n a t i n g  r ings  of conducting and loss) material sandwiched together  in  a waveguide 

sec t ion  can be u t i l i z e d .  This f i l t e r  has very low loss f o r  t h e  c i r c u l a r  e l e c t r i c  modes because the  

modes produce only circumferent ia l  wall cur ren ts  t h a t  t rave l  around the  conductinq r ings .  All other  

modes, however, have ax ia l  components t o  t h e i r  wall cur ren ts  t h a t  s u f f e r  a t tenuat ion through the lossy 

r ings .  

mater ia l ,  such a s  ceramic loaded with carbon. 

prevent mode conversions of t h e i r  own. 

sect ing a t  90" w i t h  a r e f l e c t i n g ,  e l l i p t i c a l  miter surface a t  45" to  both waveguides. 

re fe r red  to  a s  a miter  bend and t o  a f i r s t  approximation behaves a s  an opt icdl  mirror  i f  the waveguide 

diameter i s  much g r e a t e r  t h a n  a wavelength. Some mode conversion wil l  invariably be present ;  there-  

f o r e ,  mode f i l t e r s  wil l  be required on e i t h e r  s ide  of the bend t o  absorb spurious modes. 

power measured by d i rec t iona l  couplers. 

waveguide system. 

placed back t o  back on t h e  mitered plane, forming a wa\ieguide cross  with a 45" junct ion.  

junct ion cons is t s  of a metal p l a t e  perforated w i t h  a lnrge number of very small holes i n  cu tof f  a t  the 
design frequency. 

power s ide  of t h e  p l a t e  t o  the  forward power arm on t h e  low power s ide  o f  the  p la te .  

mode pa t te rn  on the high power side i s  s i m i l a r l y  coupled to  the low power re f lec ted  arm of the coupler. 

Both low power sampling arms a r e  terminated in matched ca lor imet r ic  loads f o r  to td l  mode power measure- 

ments. 

To achieve t h e  very low transmission losses  and high power-handling 

F i r s t ,  one m u s t  prevent 

Spurious mode conversion 

This s i t u a t i o n  can be prevented i n  two ways. The f i r s t  i s  t o  avoid 

Second, i f  

In the p a s t ,  node f i l t e r s  consis t ing of waveguide sect ions of lossy material such a s  s t d i n l e s s  

To achieve higher spurious mode losses  r e l a t i v e  t c  the c i r c u l a r  e l e c t r i c  modes, a mode f i l t e r  

To handle the  high average power, these lossy r ings must be cooled and made of high temperature 

The r ings  rriust be l e s s  than one-half wavelength th ick  t o  

An abrupt quasi-opt ical  bend for% the waveguide sy:&?+n cons is t s  of two c i r c u l a r  waveguides i n t e r -  

Such a bend i s  

One of the  most important measurements i n  the microwave heating system i s  the  forward and re f lec ted  

Two general types of  couplers can be used i n  the  oversized 

The f i r s t  i s  a "cross-guide" d i rec t iona l  coupler consis t ing o f  two 90" miter  bends 

The 45" 

The  holes t ransmit  an at tenuated sarqple of the  incident  mode pat tern on the high 

The  re f lec ted  

Another approach f o r  forward and re f lec ted  power rnonitoring i s  a coupled mode transducer consis t ing 

of a low power dominant mode waveguide t h a t  i s  phase m?tched t o  the desired c i r c u l a r  e l e c t r i c  mode in  

the  high power oversized waveguide. The coupling between waveguides i s  achieved by an array o f  small 

aper tures  in  cutoff  spaced by a one-quarter guide wavelength and tapered in s i z e  so a s  t o  p r e f e r e n t i a l l y  

couple t o  the desired mode pat tern in  the oversized wageguide. 
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A.5.5 MICROWAVE-PLASMA COUPLING 

ECH power f e d  i n t o  t h e  plasma chamber undergoes m u l t i p l e  low l o s s  r e f l e c t i o n s  w i t h  accompanying 
change: i n  p o l a r i z a t i o n  and d i r e c t i o n .  There fore ,  t h e  Q o f  t h e  plasnid chamber w i t h o u t  t h e  plasma 
p resen t  i s  v e r y  l a r g e .  However, w i t h  magnet ic f i e l d  sur faces  a t  e l e c t r o n  c y c l o t r o n  resonance p re -  
sent  i n  t h e  chainber, t h e  e x t r a o r d i n a r y  wave i s  h e a v i l y  damped by abso rp t i on  d u r i n g  i t s  t r a n s i t  th rough 
a resonance reg ion .  Because p o l a r i z a t i o n  and d i r e c t i o n a l  changes accompany success ive  r e f l e c t i o n s  

( r e s u l t i n g  i n  r e f l e c t e d  waves compr is ing  bo th  o r d i n a r y  and e x t r a o r d i n a r y  waves), t h e  t o t a l  i n p u t  wave 
i s  soon conver ted  t o  e x t r a o r d i n a r y  waves and i s  r a p i d l y  damped by c o u p l i n g  t o  t h e  plasma. The r e s u l t i n g  
loaded Q o f  t h e  chamber i s  then ve ry  low.  

where (0 > o t h e  impedance presented  t o  t h e  i n p u t  wave i s  n e a r l y  equal t o  t h e  impedance o f  f r e e  
space. 
thase f o r  a r a d i a t i n g  antenna. 
waveguide t e r m i n a t i n g  f l u s h  w i t h  t h e  i n t e r i o r  w a l l  o f  t h e  c a v i t y .  The complex e lec t romagne t i c  f i e l d  
p a t t e r n s  assoc ia ted  w i t h  h i g h e r  mode p ropaga t ion  i n  such mult imode t ransmiss ion  l i n e s  obv ious l y  do n o t  
p e r m i t  t h e  l aunch ing  o f  a l i n e a r l y  p o l a r i z e d  wave w i t h  h i g h  p u r i t y .  

Because o f  e f f i c i e n t  abso rp t i on  and plasma s h i e l d i n g  e f f e c t s ,  microwave power f e d  i n t o  one m i r r o r  
conf inement r e g i o n  o f  EBT-P does n o t  r e a d i l y  propagate i n t o  ad jacen t  reg ions .  Accord ing ly ,  i t  has been 
necessary t o  p r o v i d e  a d i s c r e t e  ECH i n p u t  t o  each o f  t h e  35 l a i r r o r  conf inement reg ions  i n  o rde r  t o  forin 
and m a i n t a i n  t h e  h i g h  beta,  h o t  e l e c t r o n  a n n u l i  upon which s t a b i l i t y  depends, as w e l l  as t o  p rov ide  
un i fo rm hea t ing  o f  t h e  e n t i r e  volume. 
t h e  bumpy t o r u s  i n t o  a s i n g l e  mult imode c a v i t y  by connect ing  t h e  d e s i r e d  number of  confinement reg ions  
t o  a l a rge ,  e x t e r n a l  r e f l e c t i n g  m a n i f o l d  v i a  i d e n t i c a l  ove rs i zed  waveguides e n t e r i n g  a long t h e  minor  
r a d i u s .  No spur ious  c y c l o t r o n  resonant  reg ions  a r e  i n v o l v e d  w i t h  t h i s  arrangement o f  e n t r y ,  and no 
such reg ions  a r e  l i k e l y  t o  i n t e r f e r e  w i t h  t h e  e x t e r n a l  r e f l e c t i n g  m a n i f o l d  because t h e  magnet ic f i e l d s  
everywhere o u t s i d e  t h e  t o r u s  a re  q u i t e  sma l l .  
e x t e r n a l  r e f l e c t i n g  m a n i f o l d  v i a  ove rs i zed  waveguides i s  coup led  i n t o  seve ra l  reg ions  s imu l taneous ly .  
Soine degree o f  ba lance among power i n p u t s  t o  i n d i v i d u a l  reg ions  i s  p rov ided  by t h e  l a r g e  Q o f  the  
r e f l e c t i n g  m a n i f o l d  and by symmetry i n  t h e  connect ions.  An a d d i t i o n a l  degree o f  ba lance and an i nc rease  
i n  o v e r a l l  e f f i c i e n c y  r e s u l t  because power r e f l e c t e d  f rom one r e g i o n  i s  a v a i l a b l e  f o r  abso rp t i on  i n  
another .  A d d i t i o n a l  c o n t r o l  o f  power d i s t r i b u t i o n  may be ob ta ined  by t h e  use o f  i r i s e s ,  o r  "stops,"  t o  
l i t n i t  t h e  power f e d  t o  a s e l e c t e d  r e g i o n  o r  t o  remove i t  e n t i r e l y .  

Because t-he e f f e c t i v e  loaded Q o f  t h e  ECH mult imode c a v i t y  i s  ve ry  l ow  under normal  c o n d i t i o n s  

Pe' 
Impedance-matching cons ide ra t i ons  f o r  t h e  des ign  o f  t h e  coup1 i n g  a p e r t u r e  a r e  then s i m i l a r  t o  

The s i i i i p l es t  such a p e r t u r e  s u i t a b l e  f o r  h i g h  power use i s  an ove rs i zed  

The approach i s  t o  combine severa l  m i r r o r  conf inement reg ions  of 

I n  t h i s  way ECH power f e d  f rom t h e  source i n t o  t h e  



A.6  DIAGNOSTICS/D4TA ACQUISITION 

Convenient and r e l i a b l e  measurement o f  plasma proper t ies  as well as  o f  machine parameters i s  

imperative. In addi t ion t o  standard diagnost ic  tools, s ta te -of - the  a r t  equipment wil l  be  necessary t o  

document EBT-P performance. 

des i rab le .  

o f  the data  i s  required both f o r  s torage  arid f o r  preliminary ana lys i s .  

t i a l ,  f i e l d s ,  plasma l i f e t i m e s ,  and impurity behavior. Table A.6.1 l i s t s  ava i lab le  diaynost ics  and the 

plasma paraiiieters t h a t  can t h u s  be measured. Besides the s teady-s ta te  plasma, i t  i s  important t o  

inves t iga te  plasma s t a r t u p ,  the  e f f e c t s  o f  plasiiia fueling and of auxi l ia ry  heating, and s t a b i l i t y  

considerat ions.  

Wherever possible ,  corroboration of t h e  experieiental evidence i s  hiyhly 

Because of the amount of data  corning from the experiment, sophist.icated computer handling 

Essent ia l  measurements include s p a t i a l  e l e i t r o n  and ion d e n s i t i e s  and temperatures, space poten- 

The requirements of the data  acquis i t ion  system can be categorized as data  capture and data 

processing. 

both high and low r a t e s .  Data processiny 

funct ions include varying amounts o f  data  reductfon, ca lcu la t ion ,  p lo t t ing ,  CTR display,  and archiving.  

A hierarchy of computers log ica l ly  connected by cominLnications l inks wil l  meet a l l  requirements. The 

computational power and iiiass s torage devices wil l  be d i s t r ibu ted  i n  such a way a s  t o  increase the 

a c c e s s i b i l i t y  of processed da ta ,  t o  minimize data flow over cormiiunications l i n e s ,  arid t o  ensure backup 

systems f o r  basic  data capture. Figure A.6.1 shows i. general computer f a c i l i t y  o f  the  type required f o r  

The system m u s t  be capable o f  the  capture o f  both la rge  and small q u a n t i t i e s  o f  data a t  

Various CAMAC modules t h a t  meet these needs are ava i lab le .  

EBT-P. 

Table A.6.1. Planned diagnost ics  and ihe re la ted  plasma parameters 
t h a t  can be measured 

Diagnostic Pa raiiie t er s 

Laser interferometer  

Laser Faraday ro ta t ion  

Thonison s c a t t e r i n g  

Charge exchange ana lys i s  

Hard x-ray 

S o f t  x-ray 

Heavy ion beams (Cs+, T+)  

Bar i um beam 

Spectroscopy 

Toroidal cur ren t  loops 

dg/dt co i l s  

Skimmer probe w i t h  d$/dt c o i l s  

Ioni zat ion probes 

Surface ana lys i s  

- n c p ,  n e ( r ) ,  a (a l so  f luc tua t ions  o f )  

Biring) 

ne(r ) ,  Te(r ) ,  k 

Ti  ( r ) ,  n ino( r )  , sput te r ing ,  L 

Te(r inq) ,  ne(r.ing) 

Te( r ) ,  n ( r ) ,  a ,  impuri t ies  e 

$!r), n e ( r ) ,  T e ( r ) ,  

B:r), neT;1/2(r), O(r) ,  

no(r’* ‘ 0 7  ~ p *  ‘impurity’ ‘impurity 

‘toroidal 

WJ 

f i e l d  e r r o r  

R i n g  posi t ion 

R i n g  posi t ion,  energe t ic  toroidal  e lec t ron  

Sput ter ing 
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F i g .  A.6.1.  Gener ic h i e r a r c h y  o f  computers f o r  EBT-P da ta  hand l ing .  



A.7 FUTURE OPTIONS 

The EBT-P dev i ce  i s  designed t o  a l l o w  f o r  f u t u r e  upgrades t h a t  w i l l  handle exper imenta l  v e r i f i -  
c a t i o n  o f  t h e o r e t i c a l  concepts n o t  t o  be i n v e s t i g a t e d  on t h e  f i r s t  EBT-P. 
be ing  cons idered f o r  f u t u r e  s tudy on an upgraded EBT-P a r e  i n c l u d e d  here.  

Several  o f  t h e  proposals  

A.7.1 ASPECT RATIO ENHANCEMENT COILS 

Vacuum f i e l d  p a r t i c l e  conf inement i n  EBT-P can be s i g n i f i c a n t l y  improved through t h e  a d d i t i o n  of 
low c u r r e n t  supplementary t o r o i d a l  f i e l d  c o i l s  c a l l e d  aspect  r a t i o  enhancement (ARE) c o i l s .  
t he  c u r r e n t  i n  these c o i l s ,  t h e  plasma geometry and e f f e c t i v e  aspect  r a t i o  can be changed w i t h  the  
r e s u l t  o f  e i t h e r  s p o i l i n g  o r  enhancing plasiiia confinerr*ent. 
d e n t l y  o r  w i t h  t h e  o u t e r  trim c o i l s  t o  i n v e s t i g a t e  co r f i nemen t  i n  a broad range o f  f i e l d  geometry. 

F i g u r e  A.7.1 shows t h e  p o s i t i o n  i n  the e q u a t o r i a l  p lane o f  t h e  ARE c o i l s  ( two pe r  s e c t o r ) .  

p o s i t i o n  i s  optimum f o r  conf inement enhancement and a t  t he  same t ime  has t h e  l e a s t  impact on vacuum 
chamber access. The c o i l s  a re  0-shaped t o  min imize  t k e i r  c i rcumference i n  t h e  canted c o n f i g u r a t i o n  

shown i n  F i g .  A.7.1. 
where mod B con tou rs  and f i e l d  l i n e s  i n  t h e  e q u a t o r i a l  p lane  a re  p l o t t e d  f o r  IARE ( c u r r e n t  i n  the  ARE 
c o i l s / c u r r e n t  i n  t h e  m i r r o r  c o i l s )  = 0 and 5%. 
m i r r o r  r a t i o  change f rom 2.28 t o  2.55 w i t h  an accomparying decrease o f  about 10% i n  the geometr ic mean 
f i e l d .  Note t h a t  t h e  ARE c o i l s  ve ry  n e a r l y  symmetrizc t h e  mod B contours aboi i t  t he  minor  a x i s  i n  t h e  
midplane, p a r t i c u l a r l y  i n  t h e  r e g i o n  o f  t h e  h o t  e l e c t r o n  r i n g s .  
o f  15% i n  t h e  r a d i u s  o f  t h e  r i n g s  and a corresponding i nc rease  o f  about 30% i n  the  volume o f  plasma 
c o n f i n e d  w i t h i n  t h e  r i n g s .  
i n  a s i g n i f i c a n t  decrease i n  t h e  amount o f  microwave power depos i ted  i n  t h e  coo l  plasma o u t s i d e  t h e  
e l e c t r o n  r i n g s .  
t he  i n s i d e  o f  t he  t o r u s  r e l a t i v e  t o  those on t h e  o u t s i d e ,  r e s u l t i n g  i n  s i g n i f i c a n t  improvement i n  the  
conf inement o f  t r a n s i t i o n a l  and pass ing p a r t i c l e s .  

By v a r y i n g  

The ARE c o i l s  can be used e i t h e r  indepen- 

T h i s  

The e f f e c t s  o f  ARE c o i l s  on vacLum f i e l d  geometry a re  i l l u s t r a t e d  i n  F iq .  A.7.2, 

The c i r r r e n t  i n  t h e  o u t e r  t r i m  c o i l s  i s  0, q i v i n g  a 

T h i s  symmetr izat ion pe rm i t s  an i nc rease  

I n  a d d i t i o n ,  more e f f i c i e r i t  u t i l i z a t i o n  o f  t he  plasma volume should r e s u l t  

An e q u a l l y  impor tan t  e f f e c t  o f  ARE c c i i l s  i s  t o  lengthen t h e  magnet ic f i e l d  l i n e s  on 

One method o f  d e f i n i n g  an ARE f a c t o r  f o r  ARE c o i f s  i s  a f f o r d e d  by the  v o l u m e t r i c  e f f i c i e n c y ,  
d iscussed i n  Sect. A.4 o f  t h i s  appendix.  If, f o r  example, e n e r g i z i n g  t h e  ARE c o i l s  w i t h  a g i ven  c u r r e n t  
y i e l d s  a v o l u m e t r i c  e f f i c i e n c y  curve t h a t  compares f a t f o r a b l y  w i t h  t h e  curve f o r  a t o r u s  hav ing t w i c e  
t h e  major  r a d i u s  and number o f  sec to rs ,  i . e . ,  t w i c e  t h e  mechanical aspect  r a t i o ,  t hen  t h i s  d e f i n i t i o n  
would g i v e  an ARE f a c t o r  of  2 f o r  t h a t  p a r t i c u l a r  ARE c o i l  c o r r e n t .  

i n  F ig .  A.7.3 and F i g .  A.7.4 f o r  36 and 48 sec to rs ,  r e s p e c t i v e l y .  
o r b i t s  o f  m i r r o r - t r a p p e d  p a r t i c l e s  and a r a t h e r  dramat ic  decrease i n  t h e  w i d t h  o f  t h e  v e l o c i t y  space 
l o s s  cone near VI I /V = 0.8 a r e  seen i n  both cases. 
e f f i c i e n c y ,  t h e  ARE f a c t o r  i s  a t  l e a s t  2 f o r  IARE = 5:;. 

observed e f f e c t  i s  t h e  r e s u l t  o f  t h e  l a r g e r  plasma mi t ior  r a d i u s  i n  the  midplane. 
l o n g i t u d i n a l  i n v a r i a n t  J as a f u n c t i o n  o f  r a d i u s  i n  the  midplane (see F ig .  A.4.2 o f  Sect.  A.4.1 o f  t h i s  
appendix)  i s  such t h a t  a smal l  i nc rease  i n  t h e  r a d i u s  o f  t h e  l i m i t i n g  f l u x  l i n e  on t h e  i n s i d e  o f  t h e  
t o r u s  can y i e l d  a l a r g e  i nc rease  i n  v o l u m e t r i c  e f f i c i e n c y ,  
t h e  l i m i t i n g  f l u x  l i n e  i s  t o  t h e  ARE c o i l s .  Th i s  suggests an a l t e r n a t e  d e f i n i t i o n  o f  t he  ARE f a c t o r  
based on conf inement i n  the  i n t e r i o r  o f  t h e  plasma ral.her than near  t h e  edge. 

Vo lumet r i c  e f f i c i e n c y  curves f o r  IARE = 0 (no aspect  r a t i o  enhancement) and IARE = 5% a re  presented 
Improved c e n t e r i n g  o f  the d r i f t  

Based on the  pass ing p a r t i c l e  (Vi,/V = 1.0) v o l u m e t r i c  
It should be noted, however, t h a t  much o f  t he  

The s lope  o f  t h e  

Th is  e f f e c t  i s  more pronounced t h e  c l o s e r  

I n  F i g .  A.4.2 o f  Sect.  A.4.1 o f  t h i s  appendix,  t he  maximum inward s h i f t  o f  pass ing p a r t i c l e  d r i f t  
o r b i t s  from t h e  minor  a x i s  o f  t h e  t o r u s  ( t h e  r a d i a l  p o s i t i o n  o f  t h e  minimum o f  J )  i s  p l o t t e d  as a 
f u n c t i o n  of  m i r r o r  r a t i o .  A s i m i l a r  cu rve  f o r  R(Jminl can be p l o t t e d  as a f u n c t i o n  o f  aspect  r a t i o  o r  
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F i g .  A . 7 . 1 .  Sec tor  o f  EBT-P i n  t h e  
e q u a t o r i a l  p lane d i s p l a y i n g  p o s i t i o n  o f  the  
superconduct ing m i r r o r  c o i l s  and ARE c o i l s .  
Dots  and crosses i n d i c a t e  p o l a r i t y  o f  c u r r e n t s  
when i n  t h e  enhancement mode. 

OR NL / DWG / i ED 78 - 435 

F ig .  A .7 .2 .  E f f e c t  of  ARE c o i l s  on f i e l d  
geometry. Mod B contours  ( s o l i d  lines) and 
f i e l d  l i n e s  (dashed l i n e s )  i n  t h e  e q u a t o r i a l  
p lane are p l o t t e d  f o r  ARE c o i l  c u r r e n t s  IARE 
o f  0 ( t o p )  and 5% (bo t tom) .  The c u r r e n t  i n  
t h e  o u t e r  t r i m  co i l s  i s  0. 
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Vo lumet r i c  e f f i c i e n c y  curves  f inement  f o r  36 sec to rs .  
a re  p l o t t e d  as a f u n c t i o n  o f  t h e  cos ine  o f  t h e  p i t c h  
ang le  f o r  ARF c o i l  c u r r e n t s  IARE o f  0 ( s o l i d  curve) and 
5% (dashed cu rve ) .  



152 

ORNL-OWG 79-3i34 FED 
~ . ... . 

EHI - P  / 4 8  

f .O 

0.9 

0.8 

0.7 
2- 
V 
z 
W - 0.6 v 
LL 
LL 
W 

0.5 
u 
oc 
I- 
W 

3 
J 
0 > 

0.4 

0.3 

0.2 

O.' I 

W I T H  " A R E "  COILS 

4 8  SECTORS 
MAJOR R A D I U S -  7. 

__ 

0 
0 0.2 0.4 0.6 

2 m  

,c- I,,, = 5 46 
t 
I 

I 
I 
I 
I 
I 

' I  

0.8 1.0 1.2 4.4 

F ig .  A.7.4. E f f e c t  o f  ARE c o i l s  on p a r t i c l e  con- 
Vo lumet r ic  e f f i c i e n c y  curves f inement  f o r  48 sec to rs .  
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ang le  f o r  ARE c o i l  c u r r e n t s  IARE of 0 ( s o l i d  cu rve )  and 
5% (dashed cu rve ) .  
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number o f  sec to rs .  
a much more p r e c i s e  d e f i n i t i o n  o f  aspec t  r a t i o  enhancement. 
f u n c t i o n  o f  ARE c o i l  c u r r e n t  based on t h i s  d e f i n i t i o r .  
p o s i t i o n  i n d i c a t e d  i n  F i g .  A.7.1, t h i s  cu rve  i s  a lmost  independent o f  machine s i ze ,  r rechanical  aspect 
r a t i o ,  e t c .  Fo r  t h e  ARE c o i l  c u r r e n t  o f  5% used i n  F igs .  A.7.3 and A.7.4, t h e  enhancement f a c t o r  i s  
seen t o  be approx ima te l y  1.3. These two d e f i n i t i o n s  o f  ARE f a c t o r  p robab ly  b racke t  t h p  e f f e c t  of ARk 
c o i l s  on t h e  o v e r a l l  con f inement  p r o p e r t i e s  o f  t h e  s js tem.  

f l e x i b i l i t y  f o r  plasma exper iments w i t h  a broad range o f  f i e l d  geometry, and p o t e n t i a l  impact on 
r e a c t o r  s i ze .  
s c a l i n g  laws and t h e  e f f e c t s  o f  changes i n  t h e  vacuum f i e l d  conf inenient c h a r a c t e r i s t i c s  w i t h o u t  changing 
t h e  mechanical  aspec t  r a t i o .  

Us ing  t h i s  curve  and R(JInin) f o r  V /V = 1.0 w i t h  d i f f e r e n t  ARE c o i l  c u r r e n t s  pe rm i t s  II 
F i g u r e  A.7.5 shows t h e  ARE f a c t o r  as a 

For ARE c o i l s  p laced  a t  o r  near  t h e  r e l a t i v e  

I n  summary, ARE c o i l s  h o l d  t h e  promise o f  improved p a r t i c l e  and energy conf inement ,  inc reased 

The a d d i t i o n  o f  ARE c o i l s  t o  EBT-P rep resen ts  a r e l a t i v e l y  inexpens ive  method o f  t e s t i n g  

A.7.2 ION CYCLOTRON HEATING EXPERIMENTS I N  EBT-P 

A.7.2.1 I n t r o d u c t i o n  

A u x i l i a r y  i o n  h e a t i n g  i n  an EBT dev ice  i s  e s s e n t i a l  i n  o r d e r  t o  ach ieve  f u s i o n - r e l e v a n t  i o n  temper- 
a tu res .  W i thou t  3 u x i l i a r y  hea t ing ,  t h e  o n l y  source  o f  energy f o r  plasma i o n s  i s  c o l l i s i o n a l  t r a n s f e r  
f rom e l e c t r o n  cyc lo t ron -hea ted  e l e c t r o n s .  The r a t e  o f  c o l l i s i o n a l  i o n  h e a t i n g  decreases w i t h  plasma 
temperature,  and a l though  i t  inc reases  w i t h  dens i t y ,  t h e  plasma d e n s i t y  i n  EBT dev ices  i s  l i m i t e d  by 
t h e  o r d i n d r y  mode microwave c u t o f f  ( f o r  EBT-P w i t h  f = 110 GHz, ne(max) y 2 x 101L/cm3). 
r e s u l t s  w i t h  i o n  c y c l o t r o n  h e d t i n g  i n  o t h e r  dev ices ,  a l t hough  perhaps n o t  as d e f i n i t i v e  as w i t h  n e u t r a l  
beam i n j e c t i o n ,  a r e  c e r t a i n l y  p romis ing .  
and EBT-P), i o n  c y c l o t r o n  resonance h e a t i n g  (ICRH) appears t o  have a number o f  advmtages ove r  n e u t r a l  
beam i n j e c t i o n .  

Exper imental  

I n  a d d i t i o n ,  f o r  t h e  n e x t  genera t ions  o f  EBT dev ices  (EBT-S 

(1 )  The techno logy  o f  rf power sources i n  t h e  i o n  c y c l o t r o n  range o f  f requenc ies  i s  w e l l  estab- 
l i s h e d  so t h a t  no a d d i t i o n a l  development program i s  r e q u i r e d  and l o n g  l e a d  t imes a r e  n o t  r e q u i r e d  f o r  
procurement.  

R e a l i s t i c  es t imates  o f  t h e  c o s t  o f  t h e  
e n t i r e  r f  system a r e  50-75$/W f o r  a t o t a l  power i n  t h e  range of  hundreds o f  k i l o w a t t s .  

by  t h e  p a r t i c l e  removal speed o f  t h e  vacuum system. 

exper ience w i t h  h e a t i n g  s t r a t e g i e s ,  d iagnos t i cs ,  and CCRH/ ICRH system c o m p a t i b i l i t y  can  be ob ta ined  on 
EBT-S u s i n g  t h e  s low wave. 

I n  v iew o f  t hese  c o n s i d e r a t i o n s  we recommend t h a t  I C R H  be adopted as an a u x i l i a r y  h e a t i n g  techn ique i n  
EBT-P and t h a t  a v igo rous  program be c a r r i e d  o u t  on antenna development, p r e l i m i n a r y  exper iments on 
EBT-S, and t h e o r e t i c a l  work. 

wave (compressional  A l f v 6 n  wave o r  magnetosonic wave), wh ich  i s  o n l y  weakly c y c l o t r o n  damped a t  w = wCi; 

( 2 )  t he  s low wave (shear A l f v g n  wave o r  i o n  c y c l o t r o i  wave), wh ich  i s  resonant  and h e a v i l y  damped a t  
u = wCi. I n  Sects.  A.7.2 and A.7.3 o f  t h i s  appendix,  we g i v e  a b r i e f  overv iew o f  t h e  phys i cs  i n v o l v e d  
i n  t h e  p ropaga t ion  and a b s o r p t i o n  o f  these waves, tht: r e s u l t s  o f  h e a t i n g  exper iments  on o t h e r  devices,  
and t h e  a p p l i c a b i l i t y  t o  EBT. 
placement, and i n  Sect. A.7.5 we o u t l i n e  t h e  requ i rements  f o r  an I C R H  system f o r  EBT-P. 

(2)  The c o s t  o f  rf power i n  t h i s  f requency  rang12 i s  low.  

( 3 )  A rf system can be opera ted  i n  s teady  s t a t e  w i t h o u t  d i f f i c u l t y  and i s  n o t  i n  any way l i m i t e d  

(4) Much o f  t h e  antenna development and o p t i m i m t i o n  work can be done on EBT-S. I n  a d d i t i o n ,  

Two t ypes  o f  c o l d  plasma waves propagate i n  t h e  i o n  c y c l o t r o n  range o f  f requenc ies :  (1 )  t he  f a s t  

I n  Sect.  A.7.4 we d i s i u s s  some c o n s i d e r a t i o n s  o f  antenna des ign  and 
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A.7.2.2 E a s t  Wave 

Most r e c e n t  exper imenta l  and theo re t ' i ca l  work has concen t ra ted  on t h e  f a s t ,  o r  maqnetosonic, wave,' 

I n  a vacuum c a v i t y  t h e  s low wave corresponds t o  t h e  TE mode, w i t h  t ransve rse  e l e c t r i c  f i e l d s  and 
The d i s p e r s i o n  r e l a t i o n  i s 1  

i n c l u d i n g  success fu l  h e a t i n g  exper iments on ST,2 TFR,3 ATC,'+ and PI.T,5 a l l  tokamaks. 

a wave magnet ic f i e l d  a long  the a x i s .  

N = c /VA( l  + cos2 , (A.7 .1)  

where N = kc/,J i s  t h e  i ndex  o f  r e f r a c t i o n ,  V A  i s  t h e  Al'vGn v e l o c i t y  w i t h  c/VA = f ./fci, and 0 i s  t he  
ang le  between t h e  wave v e c t o r  and t h e  s t a t i c  magnet ic f i e l d .  
t h e  e n t i r e  f requency range o f  i n t e r e s t .  
( A  = c.fci/ff . ) ,  i n  a c a v i t y  o f  f i x e d  s i z e  t h e r e  e x i s t s  a mininium d e n s i t y  below which t h e  f a s t  wave 
cannot  be e x c i t e d .  The f o l l o w i n g  t a b l e  shows t h e  i ndex  o f  r e f r a c t i o n  and wavelength f o r  t h e  ranqe o f  
d e n s i t i e s  expec ted  i n  EBT-P. The f requency  i s  taken t o  be f = 60 MHz ( t h e  p r o t o n  c y c l o t r o n  f requency  
f o r  B = 40 kG), and t h e  ang le  o f  p ropaga t ion  i s  e = 90". 

p ? T h i s  d i s p e r s i o n  r e l a t i o n  i s  v a l i d  over 

Because t h e  wa./el ength  inc reases  as t h e  d e n s i t y  decreases 

P1 

i . 0 ( 1 0 ) 1 3  10.7 46.7 3.1 

2 .5 (10)13 16.9 29.0 5.0 

7 .0 (10)13  28.3 17.4 8.3 

Here t h e  m ino r  r a d i u s  o f  t h e  c a v i t y  f o r  FBT-P i s  t2ken t o  be a = 40 cni w i t h  a plasma r a d i u s  I' = 
P 

23 cm. The expec ted  d e n s i t i e s  a r e  l a r g e  enough f o r  e x c i t a t i o n  o f  t h e  l ower  c a v i t y  modes. 
d r i c a l  c a v i t y  t h e  modes have t h e  fo rm 8, 'L Jm(kL r )  ime+ilg-iwt, where we have approximated d t o r u s  of 
major  r a d i u s  R by i n t r o d u c i n g  a t o r o i d a l  mode number n = kZR (kz i s  t h e  wave v e c t o r  i n  t h e  a x i a l  
d i r e c t i o n ) .  

In a c y l i n -  

I n  t h i s  case t h e  c r i t e r i o n  f o r  t h e  ex i s tenze  o f  c a v i t y  modes1 i s  

Jlh( kl r p )  Jh (2 l i r  / A )  = 0 . (A.7.2)  
P 

The f i r s t  few r o o t s  o f  Jd a r e  3.83, 7.02, and 10.2, and t h e  r o o t s  o f  J i  a r e  1.84, 5.33, 8.54. . . .. 
One sees t h a t  t h e  m = ?1 mode i s  t h e  o n l y  one wh ich  w i l l  propagate a t  t h e  l owes t  dens i t y ,  b u t  a t  h i g h e r  
d e n s i t i e s  seve ra l  modes a r e  p o s s i b l e .  This, o f  course, n e g l e c t s  such f e a t u r e s  as t h e  t o r o i d a l  curva-  
t u r e ,  t h e  segmentat ion o f  t h e  c a v i t y ,  and t h e  magnet ic f i e l d  v a r i a t i o n .  
nea r  t h e  w a l l ,  one f i n d s  t h a t  t h i s  rough c r i t e r i o n  i s  m o d i f i e d  somewhat,lsb b u t  t h e  conc lus ion  i s  t h e  
same: 
t h e  m a j o r i t y  spec ies  w i t h  hydrogen as a m i n o r i t y  species would i nc rease  N by a f a c t o r  o f  1 . 4  f o r  t h e  
same e l e c t r o n  d e n s i t y .  

a t e  ions ,  i t s  damping a t  c y c l o t r o n  resonance i s  weak. 
t h e  e l e c t r i c  f i e l d  combina t ion  t h a t  acce le ra tes  i o n s  i s  E+ = E, f i E  
However, because t h e  pe rpend icu la r  d i e l e c t r i c  cons tan t  i s  s i n g l u l a r  a t  w = wci, t h i s  component vanishes 
a t  res0nance. l  The f a s t  mode does e x h i b i t  weak a b s o r p t i o n  i n  a s i n g l e  i o n  spec ies  plasma a t  t h e  funda- 
mental o f  t h e  i o n  c y c l o t r o n  frequency because o f  t h e  Ooppler s h i f t  o f  i o n s  s t reaming a long  f i e l d  l i n e s ,  

By i n c l u d i n g  a vacuum l a y e r  

t h e  e x c i t a t i o n  o f  t h e  f a s t  wave depends c r i t i c a l l y  upon t h e  d e n s i t y .  However, t h e  use o f  HeQ as 

Because t h e  e l e c t r i c  f i e l d  o f  t h e  f a s t  wave i s  p o l a r i z e d  such t h a t  i t  does n o t  e f f e c t i v e l y  a c c e l e r -  
W i th  t h e  l o c a l  magnet ic f i e l d  i n  t h e  L d- i rec t i on ,  

( l e f t - c i r c u l a r  p o l a r i z a t i o n ) .  
Y 
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AU = k,,vI, = kllqm. 
t r o n s  and i s  p r o p o r t i o n a l  t o  RT / iMc2 ,  where R = B / l B l  and A i s  t h e  f ree  space wavelength. 
wavelength and l a r g e  i o n  mass make t h e  h e a t i n g  r a t e  sma l l .  
A = nAvlr/Mc?, where n i s  t h e  t o r o i d a l  mode number. 
t h a t  A = 1.63 mm. There i s ,  however, l i t t l e  exper imenta l  ev idence f o r  fast-wave h e a t i n g  a t  t h e  i o n  
c y c l o t r o n  frequency w i t h  a s i n g l e  species plasma. 

t h e  i ons  i s  l a r g e r .  
NfI/Mc2. 

The t h e o r e t i c a l  h e a t i n g  r a t e  i s  s i m i l a r  i n  fo rm t o  t h e  r a t e  c a l c u l a t e d  f o r  e l e c -  
The l o n g  

The s p a t i a l  w i d t h  o f  t h e  resonance i s  
For  f = 60 MHz, T = 100 eV, and n = 1, one f i n d s  

Heat ing  a t  t h e  second i o n  gyroharimonic i s  a l s o  smal l ,  a l t hough  t h e  e l e c t r i c  f i e l d  r o t a t i n g  w i t h  
The hea t ing  i s  a f i n i t e  c y c l o t r o n  r a d i u s  e f f e c t  and i s  p r o p o r t i o n a l  t o  kfT/MoE = 

I on m i  x t u r e s . . . a ~ i ~ . . t h e . . i ~ n ~ ~  o n hy b r i d resonance 

If two i o n  spec ies  a r e  present ,  t h e  abso rp t i on  o f  t h e  f a s t  mode i s  cons ide rab ly  mod i f i ed .  When 
t h e  plasma has two i o n  species,  a plasina h y b r i d  resonance occurs  between t h e  two c y c l o t r o n  f requenc ies .  
For  f i x e d  NII t h e  pe rpend icu la r  index  o f  r e f r a c t i o n  i s  s i n g u l a r  f o r  a c o l d  plasma, j u s t  as i t  i s  f o r  t h e  
lower  h y b r i d  and upper h y b r i d  resonances. A l though h e a t i n g  a t  t h i s  resonance was f i r s t  r e p o r t e d  f o r  
t h e  TFR3 exper iment,  i t  probab ly  occu r red  i n  e a r l i e r  exper iments i n  which smal l  amounts o f  o t h e r  gases 
were always present .  

A t  t h e  h y b r i d  resonance t h e  component o f  t h e  e l e c t r i c  f i e l d  pe rpend icu la r  t o  t h e  resonant  su r face  
becomes very  l a r g e ,  b u t  t h e  p a r a l l e l  components do n o t .  The e l e c t r i c  f i e l d  has equal  amounts o f  t h e  
components E 
ampl i tude opens t h e  p o s s i b i l i t y  o f  va r ious  n o n l i n e a r  h e a t i n g   mechanism^.^ 

mental c y c l o t r o n  resonance. I f  t h e  plasma c o n s i s t s  o f  a heavy m a j o r i t y  spec ies  (such as D o r  He3) as 
w e l l  as a l i g h t  i m p u r i t y  spec ies  (such as H t ) ,  t h e  wave p o l a r i z a t i o n  i s  l a r g e l y  determined by t h e  
m a j o r i t y  so t h a t  t h e  l e f t - c i r c u l a r - p o l a r i z e d  e l e c t r i c  f i e l d  component remains f i n i t e  a t  t h e  fundamental 
c y c l o t r o n  f requency  o f  t h e  m i n o r i t y  species.  
e r a b l y  enhanced. 

shown s t r o n g  m i n o r i t y  h e a t i n g  w i t h  some e l e c t r o n  hea t ing .  
harmonic o f  deuter ium w i t h  t h e  fundamental o f  hydrogen i s  apparen t l y  n o t  impor tan t .  A m i n o r i t y  hydrogen 
plasma i n  a background of He3 i s  a l s o  s t r o n g l y  heated. T h i s  h e a t i n g  seems t o  be t h e  r e s u l t  o f  c y c l o t r o n  
damping, t h e  s i m p l e s t  o f  t h e  h e a t i n g  mechanisms. 
e x p l a i n  t h e  exper i rcent and seems t o  f i t  f a i r l y  w e l l .  

t 
and E -  and i s  f a r  more e f f e c t i v e  f o r  a c c e l e r a t i n g  i ons .  I n  a d d i t i o n ,  t he  l a r g e  f i e l d  

The presence o f  two plasina components a l s o  tends t o  mod i f y  t h e  l i n e a r  abso rp t i on  a t  the  funda- + 

I n  t h i s  case h e a t i n g  o f  t h e  m i n o r i t y  spec ies  i s  cons id -  

Recent exper iments on PLT5 w i t h  hydrogen as a m i n o r i t y  spec ies  i n  a background o f  deuter ium have 
The co inc idence  o f  t h e  second c y c l o t r o n  

The q u a s i - l i n e a r  theo ry  o f  S t i x 7  has been a p p l i e d  t o  

To ro ida l  e i  gen!nwies 

As a consequence o f  t h e  weak damping o f  t h e  f a s t  mode i n  a s i n g l e  spec ies  plasma, i t  i s  p o s s i b l e  
By p r o p e r l y  s e l e c t i n g  t h e  modes, i t  may be p o s s i b l e  

To ro ida l  
t o  e x c i t e  and i d e n t i f y  h igh -Q t o r o i d a l  eigenmodes. 
t o  peak t h e  wave f i e l d s  i n  t h e  c e n t e r  o f  t h e  dev ice ,  t he reby  t a i l o r i n g  t h e  h e a t i n g  p r o f i l e .  
modes have been seen i n  t h e  ST2 and PLTS tokamaks b u t  were n o t  n e a r l y  so prominent  i n  ATC4 and TFR.3 
The probab le  reason i s  t h a t  t h e  i o n - i o n  h y b r i d  resonance i n  these tokamaks was p resen t  w i t h  damping 
s u f f i c i e n t  t o  wash o u t  t h e  t o r o i d a l  eigenmodes. 

Conclusions 

The plasma d e n s i t y  i n  EBT-S i s  n o t  a n t i c i p a t e d  t o  be h i g h  enough t o  p e r m i t  fast-mode h e a t i n g  
whereas i n  EBT-P t h e  f a s t  inode shou ld  propagate.  The techn ique o f  h e a t i n g  a m i n o r i t y  hydrogen spec ies  
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i n  a deuter ium plasma t h a t  has been employed s u c c e s s f u l l y  i n  tokamaks may n o t  be p o s s i b l e  i n  EBT-P 
because o f  neu t ron  a c t i v a t i o n  problems i n  t h e  uranium s h i e l d i n g ,  However, t h e  c y c l o t r o n  h e a t i n g  o f  a 
moderate f r a c t i o n  o f  hydrogen i n  a h e l i u m  plasma i n  EBT-P i s  an a t t r a c t i v e  p o s s i b i l i t y .  

where t h e o r e t i c a l  work i s  necessdry t o  assess t h e  p o t e n t i a l  o f  fast-wave h e a t i n g  i n  EBT-P. 

shou ld  be done t o  p r e d i c t  t h e  s t r u c t u r e  o f  t o r o i d a l  modes i n  a segmented c a v i t y  w i t h  a s t r o n g  v a r i a t i o n  
i n  t h e  magnet ic f i e l d .  
f i e l d  geometry. 
t u r n i n g  p o i n t  occurs  on t h e  l ow  magnet ic f i e l d  s i d e  o f  t h e  i o n - i o n  resonance. 
plasma modes occurs  w i t h  bo th  i o n  and e l e c t r o n  damping.* 
i s  n o t  understood. 

In a d d i t i o n  t o  t h e  t e c h n o l o g i c a l  and exper imenta l  ques t i ons  t o  be so lved,  t h e r e  a r e  seve ra l  areas 
C a l c u l a t i o n s  

The q u a s i - l i n e a r  c a l c u l a t i o n  o f  S t i x 7  shou ld  be extended t o  i n c l u d e  t h e  m i r r o r  
Also,  f o r  f i n i t e  i o n  tempera ture  (and a l a r g e  m i n o r i t y  spec ies  f r a c t i o n ) ,  a l i n e a r  

L i n e a r  convers ion  t o  h o t  
A t  t h i s  t i m e  t h e  importance o f  these processes 

A.7.2.3 The Slow Wave 

The slow wave i s  e s s e n t i a l l y  a shear A l f v e n  wave a t  l ow  f requenc ies  t h a t  changes i n t o  an i o n  
c y c l o t r o n  wave near  t h e  c y c l o t r o n  frequency. 
i s 1  

The d i s p e r s i o n  r e l a t i o n  for a s i n g l e  spec ies  c o l d  plasma 

( 8 . 7 . 3 )  

I n  c o n t r a s t  t o  t h e  f a s t  wave, t h e  s low wave has n o t  r e c e i v e d  much a t t e n t i o n  r e c e n t l y .  
than t e n  yea rs  ago f o r  e a r l y  exper iments on t h e  B-6fj9 s t e l l a r a t o r  and t h e  8-661° m i r r o r .  
mode f o r  wh ich  t h e  concept o f  i o n  h e a t i n g  by waves b reak ing  on a magnet ic beach was developed. 

h i g h e r  f requenc ies .  
t h e  f i e l d  l i n e s ,  t h e  wave propagates on t h e  h i g h  f i e l d  s i d e  o f  resonance ( i . e . ,  nea r  t h e  m i r r o r  c o i l s )  
and i s  c u t  o f f  on t h e  l ow  f i e l d  s i d e  ( i . e . ,  near  t h e  m icp lane ) .  
c y c l o t r o n  resonant  su r face  f rom t h e  h i g h  f i e l d  s ide ,  N,, becomes v e r y  l a rge ,  t h e  group v e l o c i t y  t u r n s  
p a r a l l e l  t o  t h e  resonant  sur face ,  and t h e  wave i s  s t r o n g l y  damped. 

It was used more 
Th is  i s  t h e  

The s low wave propagates a t  f requenc ies  below t h e  i o n  c y c l o t r o n  f requency  and i s  c u t  o f f  a t  
I n  geometry such as t h a t  o f  EBT, w te re  t h e  magnet ic f i e l d  s t r e n g t h  v a r i e s  a long  

As a slow-mode wave approaches t h e  

The p o l a r i z a t i o n  i s  g i ven  by1 

w .  E /E = i - c1 (1  + k,”/k;) . 
X Y  

( A .  7.4) 

There fore ,  t h e  wave i s  p redominant ly  l e f t - c i r c u l a r  p o l a r i z e d .  
Because t h e  r e f r a c t i v e  i ndex  o f  t h e  s low mode i s  q u i t e  l a r g e  (Nrf ’L c 7 / V i  = mi/meng/wie), a h i g h  

d e n s i t y  i s  n o t  r e q u i r e d  t o  “ f i t ”  t h e  waves i n t o  t h e  EBT c a v i t y .  
on EBT-S as w e l l  as on EBT-P. 

( l a r g e  NII). 
c o i l s  as antennas. 
exper iment  t h e  s low wave ha5 been launched near  t h e  edge o f  a plasma column i n  a r e g i o n  o f  low magnet ic 
f i e l d .  Coup l ing  t o  t h e  h i g h  f i e l d  r e g i o n  p robab ly  occurOed i n  t h e  boundary l a y e r  between t h e  plasma 
and t h e  w a l l . l l  
t o  launch t h e  s low wave w i t h  two c o i l s  i n  t h e  midp lane O F  ad jacen t  c a v i t i e s ,  a d j u s t i n g  N,, by v a r y i n g  
t h e  phase o f  t h e  two c o i l s .  

Indeed, t h e  s low mode shou ld  be usab le  

The boundary c o n d i t i o n s  f o r  t h e  wave f i e l d s  can e a s i l y  be s a t i s f i e d  f o r  s h o r t  p a r a l l e l  wavelengths 
Several  techn iques  e x i s t  f o r  e x c i t i n g  waves w i t h  l a r g e  NII, f o r  example t h e  use o f  S t i x  

A l though t h e  s low wave i s  evanescent i n  t h e  l ow  f i e l d  reg ion ,  i n  one r e l e v a n t  

Fo r  EBT-P i t  i s  d i f f i c u l t  t o  p u t  an antenna i n  t h e  m i r r o r  t h r o a t .  I t  may be p o s s i b l e  

Th is  p o s s i b i l i t y  can be teszed on EBT-S. 
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Because of the s t rong damping, slow-.wave toroidal  eigeniilodes do not e x i s t ,  a n d  one can expect 

appreciable ion heating even with weak coupling between the antenna and the  region ivhere the slow wave 

can propagate. 

e f f i c i e n t  than the f a s t  wave f o r  E B T - P .  

Because of s t rong f i e l d  gradients  and r e l a t i v e l y  low dens i ty ,  the  slow wave can be more 

Multiple ion species  

With two ion species  the cold plasina dispers ion re la t ion  i s  

(A.7.5) 

where the subscr ipts  1 and 2 r e f e r  t o  the two ion species .  

f = 60 GHz. 
Concentration. Cyclotron resonance occurs a t  B = 40 k G  f o r  hydrogen and a t  80 kG f o r  doubly ionized 

helium. The cutoff  region extends over the e n t i r e  center  portion of the plasma. Two antennas i n  phase 

with a spacing of 30 ciii would exc i te  waves with N , ,  = 17 by coupling t o  the  plasma on the  surface where 

B = 43 kG. 

This dispers ion re la t ion  i s  plot ted in Fig. A.7.6 f o r  varying magnetic f i e l d  and constant frequency 

The electron density i s  1 .0  x 1013 ~ m - ~ ,  and  the two species  a r e  H and He4 in  equal 

The second cutoff  a t  B = 48 k G  i s  caused by the  admixture of helium. The region where the slow 

mode can propagate becomes narrower with increasing heliuiri concentrat ion.  As a consequence, the 

contr ibut ion of the slow wave t o  ion heating i s  expected t o  be negl ig ib le  when attempting the funda- 

mental resonant heating of a small f rac t ion  of a minority species .  

Conclusion 

The slow wave should be more important f o r  e a r l y  ICRH experiments than i t  i s  f o r  EBT-P .  The 

propagation o f  t h i s  wave and i t s  e f f ic iency  f o r  ion heating should be carefu l ly  studied a s  a n  a l t e r n a -  

t i v e  t o  fast-wave heating because the densi ty  of the plasma i s  r e l a t i v e l y  low and the la rge  var ia t ion  

in  iriagnetic f i e l d  i s  well sui ted f o r  damping on a magnetic beach. 

A.7.2.4 Ante- 

Osci l la tors  in  t h i s  frequency range a r e  readi ly  ava i lab le  and r e l a t i v e l y  inexpensive. They may be 

located some tens  of meters away from the machine, with the rf  power car r ied  in coaxial cables .  A 
matching network i s  required f o r  each antenna f o r  a radiat ion res i s tance  of the order R 2. 0.1-0.5 Q and 

an inductive reactance XL 2. 100-200 n. 
The fast-wave antennas cur ren t ly  used in  tokamaks should be readi ly  adaptable f o r  use in  EBT. 

Because the fast-wave antennas need not be located in  the high f i e l d  region, a simple water-cooled 

half- turn loop, located c lose  t o  t h e  wall a t  a cav i ty  midplarie, may s u f f i c e .  There a r e  a number of 

design problenis associated with the antenna feedthrough insu la tors .  F i r s t ,  the  insu la tors  must be 

shielded from d i r e c t  exposure t o  plasina u l t r a v i o l e t  rad ia t ion .  Second, careful  placement wil l  be 

required so t h a t  a cyclotron resonant surface of the 110-GHz microwave power does not come in  contact  

with the insu la tor  mater ia l .  

prevented e i t h e r  by a microwave choke s t r u c t u r e  o r  by a jacke t  of deionized water. 

sh ie lds  may be necessary, bare antennas should be carefu l ly  considered because they a r e  e a s i e r  t o  

fabr ica te  and much l e s s  vulnerable t o  the plasma environment. 

Final ly ,  leakage of the microwave power through the insu la tor  must be 

Although Faraday 
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Fig. A.7.6.  A plo t  o f  the dispers ion r e l a t i o n  f o r  a 
varying magnetic f i e l d  a t  a frequency o f  f = 60 GHz.  
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I n  tokamaks these antennas a r e  sorcetiipes used i n  p a i r s ,  w i t h  a p a i r  l o c a t e d  i n  t h e  same p lane o r  
spaced a long  t h e  t o r o i d a l  a x i s .  For EBT-P a p a i r  o f  antennas i n  ad jacen t  c a v i t i e s  w i l l  p rov ide  some 
c o n t r o l  on t h e  spectrum i n  NII. 

The broad-band antennas f o r  t h e  f a s t  wave may r a d i a t e  u s e f u l  amounts o f  t h e  s low wave i n  EBT-P, 
w i t h  a s t r o n g  magnet ic f i e l d  v a r i a t i o n  and r e l a t i v e l y  low d e n s i t y .  
a p a i r  o f  s i n g l e - l o o p  antennas may be l o c a t e d  i n  e i t h e r  end o f  a s i n g l e  c a v i t y ,  where the  i i iagnet ic 
f i e l d  i s  l a r g e .  I t  i s  p robab ly  n o t  d e s i r a b l e  t o  l o c a t e  t h e  antennas i n  t h e  m i r r o r  t h r o a t  b u t  i n  a 
l o c a t i o n  where t h e  m e t a l l i c  w a l l  would s h i e l d  t h e  antenna f rom d i r e c t  exposure t o  the  h o t  plasma. 
seems d e s i r a b l e  t o  use a phased p a i r  o f  s i n g l e  conductors r a t h e r  than a S t i x  c o i l  because ex t remely  
h i g h  N,, i s  n o t  requ i red .  
c r i t i c a l .  

The h a l f - t u r n  l oop  w i l l  launch a wide spectrum o f  az imutha l  modes. 

To p r e f e r a b l y  e x c i t e  t h e  s low wave, 

I t  

lhese c o i l s  can e n c i r c l e  t h e  plasma because t h e  az imutha l  mode number i s  n o t  

It i s  v e r y  impor tan t  t h a t  antennas be f a b r i c a t e d  and t e s t e d  on EBT-I/S be fo re  t h e  f i n a l  design f o r  
EBT-P. More exper imenta l  i n f o r m a t i o n  i s  c r i t i c a l l y  needed, p a r t i c u l a r l y  da ta  on t h e  mode s t r u c t u r e  and 
hea t ing  mechanisms w i t h  r e l a t i v e l y  l ow  d e n s i t y  p l a s m .  
w i t h  r e l a t i v e l y  s imp le  antenna s t r u c t u r e s  and a r rays  o f  rf probes. 

Th is  t e s t i n g  can be done a t  l ow  power l e v e l s ,  

A. 7.2.5 I s R 9 s t e m  S p e c i f i c a t i o n s  

The I C R H  system f o r  LBT-P w i l l  evo l ve  f rom t h e  r e s u l t s  o f  p r e l i m i n a r y  fast-wave exper iments 
performed on EBT-P and f rom exper iments on slow-wave hea t ing  on EBT-S. I n i t i a l  exper iments w i l l  be 
aimed a t  de termin ing  t h e  optimum I C R H  scheme and dntenna design f o r  plasma i o n  hea t ing .  One c o n s t r a i n t  
rega rd ing  fast-wave i n i n o r i t y  spec ies  hea t ing  i s  t h a t  deuter ium may n o t  be usab le  i n  EBT-P. 

a1 SEC, 300 kW o f  h e a t i n g  power i s  needed. 
h e a t i n g  under these c o n d i t i o n s  would approach 75%, accord ing  t o  ATC r e s u l t s 1 2 )  an I C R H  system d e l i v e r i n g  
1.5 MW and d r i v i n g  s i x  antennas would be requ i red .  Because t h e  techno logy  o f  rf genera t i on  i s  w e l l  
developed, l e a d  t i i l i es  f o r  procurement o f  t h e  h i g h  power supp l i es  a re  r e l a t i v e l y  sho r t ;  t h e r e f o r e ,  t h e  
a c t u a l  s p e c i f i c a t i o n  o f  power can a w a i t  t h e  i n i t i a l  r e s u l t s  o f  hea t ing  e f f i c i e n c y  measurements. 

exper iments on EBT-S. 
n e x t  t o  t h e  m i r r o r  c o i l  dewar. 
e f f i c i e n t l y  i n  t h e  l ow  f i e l d  reg ion ,  then antennas can be p laced  i n  t h e  c e n t e r  o f  c a v i t y  sec t i ons ,  
where access i s  p l e n t i f u l .  Should t h e  amount o f  power coupled t o  t h e  plasma f rom one antenna be 
l i m i t e d ,  up t o  36 antennas (one p e r  s e c t o r )  c o u l d  be used. 

hydrogen w i l l  be cons idered.  Because o f  t h e  h i g h e r  d e n s i t y  o f  EBT-P, severa l  t o r o i d a l  eigenmodes w i l l  
f i t  i n  t h e  machine whereas on EBT-S d e f i n i t i v e  fast-wave exper iments a re  n o t  poss ib le .  

beam systeil is may be opera ted  s imu l ta r ieous ly  i n  a steady s t a t e .  I n  p a r t i c u l a r ,  t h e  i n t e r p l a y  between 
ECH and I C R H  systems i s  impor tan t .  The ECIi system w i l l  be used f o r  plasma s t a r t u p ,  and as t h e  plasina 
d e n s i t y  b u i l d s  up, t h e  ICRH system can be t u r n e d  up. As t h e  ion d e n s i t y  and conf inement t i m e  become 
longer ,  t h e  ECH system niay be tu rned  down o r  ad jus ted  so as t o  m a i n t a i n  o n l y  t h e  h o t  e l e c t r o n  r i n g .  
The r e l a t i v e  amounts of  t h e  two t ypes  o f  hea t ing  w i l l  a l l o w  c o n t r o l  o f  t h e  plasma p o t e n t i a l  and, thus,  
of plasma Confinement. Neu t ra l  beams and p e l l e t s  may be used f o r  f u e l i n g  o f  t h e  plasma i n  l a t e r  phases 
o f  t h e  EBT-P program; the re fo re ,  t h e  I C R H  system shou ld  be capable o f  f a i r l y  f a s t  t ime reponsc i n  o r d e r  
t o  m a i n t a i n  a s teady -s ta te  e q u i l i b r i u m .  

I n  o rde r  t o  i na in ta in  a plasma e q u i l i b r i u m  w i t h  an nT Q s e c / ~ m - ~  and a conf inement t ime  o f  
Assuming a hea t ing  e f f i c i e n c y  o f  o n l y  20% ( fas t -wave 

I n i t i a l  exper iments on slow-wave hea t ing  i n  a hydrogen plasnia w i l l  be modeled a f t e r  s i m i l a r  
Access t o  t h e  h i g h  f i e l d  r e g i o n  i s  v e r y  l i m i t e d ,  b u t  antennas cou ld  be p laced 

I f  exper iments on EBT-S show t h a t  t h e  s low wave can be launched 

Fast-wave m i n o r i t y  spec ies  h e a t i n g  exper iments i n  a he l ium plasma w i t h  a m i n o r i t y  c o n c e n t r a t i o n  o f  

The I C R H  c o n t r o l  system must be capable o f  dynamic feedback c o n t r o l  because I C R H ,  ECII, and n e u t r a l  

Neu t ra l  beams may a l s o  be used f o r  hea t ing  i ons ,  so some 
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combinat ion o f  I C R H  m i n o r i t y  spec ies h e a t i n g  and n e u t r a l  beam m a j o r i t y  spec ies h e a t i n g  may be used on 

gas i n i x t u r e s .  

A.7.3 NEUTRAL BEAMS FOR EBT 

A. 7.3.1 I n  t roduc-tjol 

Th is  s e c t i o n  o f  t h e  appendix i s  a b r i e f  progress r e p o r t  o f  a r e c e n t l y  begun, long- te rm s tudy  t o  

This s e c t i o n  w i l l  i n c l u d e  a r a t i o n a l e  f o r  t h e  cho ice  o f  n e u t r a l  
determine t h e  c o m p a t i b i l i t y  and p o s s i b l e  c o n f i g u r a t i o n  o f  p a r t i c l e  beam h e a t i n g  i n  a s teady-s ta te ,  
microwave-heated (ECH) EBT plasma. 
beam h e a t i n g ,  a b r i e f  rev iew o f  t h e  accomplishments o f  a p r e v i o u s  s tudy ,  and t h e  goa ls  and s t a t u s  o f  
t h e  ongoing work. Because t h i s  e f f o r t  i s  i n  i t s  i n f a n c y ,  o n l y  p r e l i m i n a r y  r e s u l t s  a r e  a v a i l a b l e .  

A .  7.3.2 R a t i o n a l  e 

The r a t i o n a l e  f o r  a t t e m p t i n g  t o  use p a r t i c l e  beam heat ing ,  i n  p a r t i c u l a r  n e u t r a l  beam heat ing ,  i s  
s imple:  
tokamaks. 
geomet r ica l  p o i n t  o f  v iew i n d i c a t e s  t h a t  t h e  EBT beam l i i i e  energy can be s i g n i f i c a n t l y  lower  than t h a t  
f o r  a tokamak, and, consequent ly ,  technology a l r e a d y  e x i s t s  f o r  pu lsed i n j e c t o r s .  
a t  a l l  c l e a r  t h a t  such i n j e c t o r s  a r e  compat ib le  with t h e  EBT plasma. 
n e u t r a l  beam i n j e c t i o n  system can e f f e c t i v e l y  d e l i v e r  t h e  massive h e a t  f l u x  t o  t h e  plasma i n  t h e  
microwave ECH env i ronment  o f  EBT. 
f o r  t h e  same power. 
when l o n g  p u l s e  o r  s t e a d y - s t a t e  i n j e c t i o n  i s  c a l l e d  f o r .  

N e u t r a l  beam h e a t i n g  i s  an e f f e c t i v e ,  modest ly  e f f i c i e n t  method f o r  massive i o n  h e a t i n g  i n  
The success i n  PLT is  t h e  obv ious example. I3  A c u r s o r y  comparison o f  tokamaks and EBT f rom a 

However, i t  i s  n o t  
I t  must be demonstrated t h a t  a 

Furthermore, a l o w e r  beam energy i m p l i e s  a l a r g e r  p a r t i c l e  f l u e n c e  
Again, i t  i s  n o t  c l e a r  t h a t  t h i s  i s  compat ib le  w i th  t h e  CBT plasma, p a r t i c u l a r l y  

A . 7 . 3 . 3  Prev ious  )hhA 

An e a r l i e r  s tudy,  completed f o r  t h e  EBT-I1 Conceptu i l  Design Study,14 was an a t tempt  t o  i d e n t i f y  
A t a r g e t  plasma conce ivab ly  a t t a i n a b l e  (5 x l O I 3  c ~ n - ~ )  and a moderate beam energy t h e  problem areas.  

(20 keV) were chosen ' to  see what beam power was necessar j  t o  b r i n g  t h e  plasma t o  a r e a c t o r - r e l e v a n t  
regime. 
Problems o f  microwave i s o l a t i o n ,  p a r t i c l e  c o n t r o l ,  r e a l i s t i c  energy d e p o s i t i o n  and losses,  and t h e  
s t e a d y - s t a t e  n a t u r e  o f f  EBT were ignored,  however. 

I t  was determined t h a t  1 MW e x t r a c t e d  and approx imate ly  300 kW t rapped would s a t i s f y  t h e  g o a l .  

A.7.3.4 Goal o f  t h e  Present  S t u d y  

The u l t i m a t e  goal  i s  an o p e r a t i o n a l  p a r t i c l e  beam i n j e c t i o n  system on an EBT dev ice  compat ib le  
w i t h  a l l  t h e  nuances o f  an EBT plasma. The beam sources must e i t h e r  work i n  a microwave environment o r  
be i s o l a t e d  f rom t h e  microwave energy. 
system; t h e r e f o r e ,  p a r t i c l e  c o n t r o l ,  p o s s i b l y  th rough a d i v e r t o r ,  must be considered.  
term,  these systems a r e  t o  be i n s t a l l e d  on EBT-I/S u s i n g  ELMO a$ a t e s t  s tand.  I n f o r m a t i o n  l e a r n e d  i n  
t h e  s h o r t  t e r m  shou ld  be a p p l i c a b l e  t o  l a t e r  s tages o f  EBT, e.g., EBT-P, a l though t h e r e  i s  a danger in 
s imp ly  e x t r a p o l a t i n g  because t h e  microwave f requency inc reases  d r a m a t i c a l l y  f r o m  EBT-S (28 GHz) t o  
EBT-P (110 GHz).  A s o l u t i o n  a t  28 GHz may n o t  work a t  113 GHz. 

reached o n l y  w i t h  a w e l l - c o o r d i n a t e d  mix o f  theory ,  exper iment ,  and development. 

Low energy, h i g h  f l u e n c e  beams can e a s i l y  swamp t h e  vacuum 
I n  t h e  s h o r t  

I n  any event ,  any s o l u t i o n  w i l l  be 
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A.7.3.5 S t a t u s  

Theory. 

Present  t h e o r e t i c a l  e f f o r t  i s  d i r e c t e d  toward de te rm in ing  t h e  i n j e c t i o n  geometry, t h e  bear energy 
and power, and t h e  beam d e p o s i t i o n  p r o f i l e  f o r  an E B I - P  dev ice .  
proven t o  be an e f f e c t i v e  method f o r  a u x i l i a r y  hea t ing .  

process$s, and a lmost  a l l  o f  t h e  depos i ted  n f i i t r a l  beam power i s  a c t u a l l y  absorbed by the  plasma. 
Acco rd ing l y ,  we inust cons ide r  n e u t r a l  beam i n j e c t i o n  as a pr i i i ie cand ida te  f o r  h e a t i n g  EBT-P. 

The phys i cs  o f  an EBT i s ,  o f  course, d i f f e r e n t  from t h a t  o f  a tokamak, caus ing  t h e  regime o f  
i n j e c t i o n  parameters t o  be d i f f e r e n t .  Confinement i n  an EBT improves w i t h  aspec t  r a t i o  i n s t e a d  o f  w i t h  
in inor  r a d i u s  as i t  does i n  a tokamak. rhus, f o r  a g i ven  c l a s s  o f  dev ice ,  t he  m ino r  r a d i u s  i n  an EBT 
tends  t o  be much sma l le r  than i n  a tokaiiiak. Furthermore, t h e r e  i s  l i t t l e  t a n g e n t i a l  i n j e c t i o n  access 
i n  a l a r g ?  aspect r a t i o  EBT because o f  t he  m i r r o r  c o i l s .  These two f a c t s  make the  p a t h  l e n g t h  f o r  beam 
absorp t i nn  much l e s s  i n  an EBT than i n  a tokamak. 

To a l l e v i a t e  t h i s  probleii i , t h e r e  a r e  severa l  t h i n g s  t h a t  may be done i n  t h e  des ign  o f  an op t ima l  

( 1 )  Lo-wer the  beam- - -en ,y :  

For  tokamaks, n e u t r a l  beam h e a t i n g  has 
I t  i s  descr ibed w e l l  by c l a s s i c a l  phys i cs  

i n j e c t i o n  system. 

be lowered from %he 40 keV t y p i c a l  o f  PLT and ISX t o  20 keV. Th is  i s  o n l y  o f  l i m i t e d  e f f e c t i v e n e s s ,  
however, because i n  t h i s  energy range the  tot .a l  c ross  s e c t i o n  f o r  beam t r a p p i n g  goes rough ly  as 
Lowering t h e  energy a l s o  g i v e s  a modest g a i n  i n  t h e  n e u t r a l i z a t i o n  e f f i c i e n c y  o f  t h e  beam l i n e .  

d e p o s i t i o n  goes as exp( -neaTt ) .  
1013 ~ m - ~ ,  wh ich  l eads  t o  a r e l a t i v e l y  t h i n  t a r g e t ,  

15-cm beaiii g i v e s  a v e r y  f l a t  beam d e p o s i t i o n  p r o f i l e .  Reducing t h e  r a d i u s  t o  10 cm increases  t h e  
normal ized  c e n t r a l  f a s t  i o n  d e n s i t y  by 50%. However, t h i s  a l s o  reduces the  power p e r  source. I f  we 

assume t h a t  ( 1 )  %0.3 A/w2 i s  e x t r a c t e d  from t h e  source, ( 2 )  t h e  g r i d  t ransparency  i s  50%, ( 3 )  t h e  beam 
l i n e  t ransmiss ion  e f f i c i e n c y  i s  7 0 1 ,  and (4) t h e  n e u t r a l i z a t i o n  e f f i c i e n c y  i s  80%, then we may a l s o  
assume t h a t  a 20-keV beam w i l l  d e l i v e r  about  530 kN t o  t h e  plasma, assuming 100% beam absorp t i on .  
15-cm source w i l l  d e l i v e r  about 2.25 t in ies t h e  power o f  a 10-cm source, thus  d e l i v e r i n g  more power on 
a x i s ,  b u t  i t  a l s o  w i l l  d e l i v e r  much more power t o  t h e  edge. 

To t r y  t o  r e s o l v e  these t r a d e o f f s ,  we developed a new beam d e p o s i t i o n  code f o r  v e r t i c a l  i n j e c t i o n  
i n t o  EBT a long t h e  l i n e s  o f  Ref.  1 5 .  Because t h e  i n j e c t i o n  d i r e c t i o n  is perpend icu la r  t o  t h e  B f i e l d ,  
t h e  f a s t  i o n  o r b i t s  a re  al i i iost  c i r c l e s  c h a r a c t e r i z e d  by t h e i r  r a d i u s  z. 
nes ted  inward so t h a t  t h e  major  r a d i u s  o f  t h e  c e n t e r  i s  a f u n c t i o n  o f  p ,  RC(p).  
can be  used, b u t  i n  t h i s  case we assumed t h a t  t h e  mod B contours  were s u b j e c t  t o  a 1/R s h i f t  so t h a t  

RC(p) = 

Also, i t  was assumed t h a t ,  i n  good agreeiirent w i t h  t h e  EBT-S exper imenta l  da ta ,  t h e  d e n s i t y  and tempera- 
t u r e  p r o f i l e s  were f l a t .  

v e r t i c a l l y  down. The f a s t  i o n  d e n s i t y  i s  represented  by a f u n c t i o n  H ( p ) ,  which i s  normal ized  so t h a t  
t h e  f r a c t i o n  absorbed = I H ( p )  d(vo1uiiie). Each d e p o s i t i o n  cu rve  p l o t s  bo th  H ( p )  (squares) 
toge the r  w i t h  t h e  above i n t e g r a l  ( c i r c l e s )  taken f rom t h e  c e n t e r  t o  ~ ( 0 ) .  

5.0 x 1013 cn r3 .  
and y i e l d s  o n l y  70% beani abso rp t i on .  

To i nc rease  the  beam-trapping c ross  sec t i on ,  t h e  i n j e c t i o n  energy can 

( 2 )  . Increase . . . . . . . . the-g lasma density.: An inc reased d e n s i t y  leads  t o  iiriproved t r a p p i n g  because t h e  beam 
For Stage I o f  EBT-P the  d e n s i t y  w i l l  p robab ly  be r e s t r i c t e d  t o  5 3  x 

5 cm-2. 
( 3 )  Dscrease t h e - b g n i  r a d i u s :  A l though t h e  access p o r t  on EBT-P can be up t o  15 cm i n  rad ius ,  a 

A 

The c i r c l e s  a r e  s l i g h t l y  
Any f u n c t i o n  RC(p) 

where Ro and a a r e  t h e  ma jo r  and minor  r a d i i  o f  t h e  plasma i n  t h e  midplane. 

For t h e  3 6 - c o i l  EBT-P c o n f i g u r a t i o n ,  we used Ro = 560 cm and a = 23.2 cm and i n j e c t e d  t h e  beam 

F igu res  A.7.7.-A.7.10 show H ( p )  f o r  a lO-cm, 20-keV beam f o r  plasma d e n s i t i e s  o f  1.7, 2.4, 3.0, and 
The ne = 3 x 1013 d e n s i t y  i s  t h e  h i g h e s t  expected i n  t h e  f i r s t  s tage o f  EBT-P 

The problem w i t h  t h i s  case i s  t h a t  30% o f  t h e  beam power i s  



163 

0RNL.-OWG 79-3065 FED -~~ I--] 

1 .o 

0.5 

c) 
0 0.2 0.4 0.6 0 8  1.0 

p ( c m )  

F ig .  A.7.7. H ( p )  and v;lume-integrated efficiency 
vs o for ne = 1.7 x l O I 3  cm- , Eg = 20 keV, r3 - 1 0  cm, 
and T, = 3.5 key; total absorbed = 494.  
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F i g .  A.7.8. H ( p )  dnd volume-integrated efficiency 
E5 = 20 key, t-g = 10 cm, vs o for ne = 2.4 x 1013 

and I, = 4.1 keV; total absorbed = 61%. 
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F i g .  A.7.9.  H ( p )  and volume-integrated efficiency 
vs 0 for ne = 3 x 1013 cm-3, EB = 20 keV, rg = 10 cm, 
and Te = 4.4 keV; total absorbed = 69%. 
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Fig. A.7.10. H ( p )  and volume-integrated efficiency 
vs p for ne = 5 x 1013 c ~ n - ~ ,  EB = 20 keV, rg = 10 cm, 
and T, = 4.4 keV; total absorbed = 86%. 



wasted and t h a t  i t  must be handled by a beam dump, a severe and p o s s i b l y  c o s t l y  eng inee r ing  problem. 
d e n s i t y  o f  lo1 ’+  cm-3 i s  needed t o  comp le te l y  absorb the  beam. 

As a genera l  r u l e ,  t h e  d e p o s i t i o n  p r o f i l e  i s  f l a t  fronl t he  cen te r  o u t  t o  the  beam rad ius ,  a s  can be 
seen c l e a r l y  i n  t h i s  p l o t .  The d e p o s i t i o n  p r o f i l e  i s  q u i t e  broad, and s l i g h t l y  l e s s  o f  t h e  beam i s  
absorbed than f o r  t h e  10-cm case. 

A 

F i g u r e  A.7.11 shows the e f f e c t  of a l a r g e r  beam r a d i u s  (15 cm) on H ( p )  f o r  t he  3 x 1013 CIII-~ case. 

F i n a l l y ,  we examined t h e  e f f e c t  o f  l ower ing  the  beam energy t o  15 keV and 10 keV, as seen i n  F igs .  
A.7.12 and A.7.13. 
so t h a t  t h i s  i s  n o t  a good course t o  take.  

H a l v i n g  t h e  beam energy g i ves  o n l y  a 10% inc rease  i n  beam absorp t i on ,  as expected, 

I f  the  low beam a b s o r p t i o n  problem can be solved, a p roper  Fokker-Planck c a l c u l a t i o n  f o r  EBT t h a t  
i n c l u d e s  t h e  f a s t  p a r t i c l e  l o s s  reg ions  must a l s o  be d w e .  
i n e f f i c i e n c y ,  i t  w i l l  p robab ly  n o t  be i n t o l e r a b l e .  

A l though t h i s  can l e a d  t o  f u r t h e r  h e a t i n g  

Exper iment  

Exper imenta l  work w i t h  microwave c o m p a t i b i l i t y  and p a r t i c l e  c o n t r o l  can p r e s e n t l y  be done on two 
machines, ELMO and EBT-I/S. 
t o  t e s t  t h e  EBT plasma t o l e r a n c e  t o  massive, pu l sed  c o - d  qas f l uences  and t h e  d i s r u p t i v e  i n f l u e n c e  such 
pulses have on microwave power f l o w .  
p r e l i m i n a r y  i n d i c a t i o n s  o f  the p a r t i c l e - h a n d l i n g  c a p a b i l i t i e s  o f  t h e  EBT- I  ioachine ($100 mA under 
t y p i c a l  T-mode c o n d i t i o n s ) .  
l e n t  f o r  0.5 sec a r e  t o l e r a t e d  by t h e  EBT plasma. To Ce sure,  plasma parameters do degrade because the  
7-A p u l s e  pushed the  plasiiia i n t o  C-mode. However, when t h e  p u l s e  ended, t h e  p l a s m  recovered and t h e r e  
were no massive d i s r u p t i o n s  d u r i n g  the  exper iment.  
f l u e n c e ,  20-keV d i a g n o s t i c  n e u t r a l  beam w i t h  the  i n t e n t i o n  o f  o b t a i n i n g  s p a t i a l l y  r e s o l v e d  i o n  tempera- 
t u r e s .  Microwave c o m p a t i b i l i t y  w i l l  app ly  o n l y  t o  EBT-I/S, however, F i n a l l y ,  a l ower  energy (4 keV), 
modest f l u e n c e  ($1 A)  beam w i l l  be i n s t a l l e d  on ELMO an3 then on EBT-I/S t o  t e s t  bo th  microwave compat- 
i b i l i t y  and u t i l i t y  of  p a r t i c l e  c o n t r o l .  Again, m ic roa ive  c o m p a t i b i l i t y  can be demonstrated for t h e  
h i g h e s t  f requency a v a i l a b l e ,  which i n  t h i s  case i s  28 Gllz. P a r t i c l e  c o n t r o l  w i l l  be achieved i n i t i a l l y  
through p u l s e  l eng th ;  however, as t h e  p u l s e  l e n g t h  becories longer ,  a d i v e r t o r  w i l l  be requ i red .  

A gas p u f f i n g  and a gas-f ’ow match ing  exper iment16 has been done on C B T - I  

Flow-mdtching experiment-s w i t h  and w i t h o u t  plasma have g i ven  

The gas p u f f i n g  exper iment i n d i c a t e d  t h a t  c o l d  gas pu lses  up t o  7 A equ iva -  

The n e x t  s tep  w i l l  be t h e  i n s t a l l a t i o n  o f  a low 

Development 

Massive, pu l sed  h e a t i n g  beams e x i s t ;  however, p r o v i d i n g  s teady -s ta te  n e u t r a l  beam h e a t i n g  power i n  
a microwave ECH environment i s  another  ques t i on .  
EBT- I /S  (1.5 kV, 1 A )  and sca led  up t o  EBT-P (G!O k V ,  10 A )  and beyond. 
s t e a d y - s t a t e  ope ra t i on ,  t he  ques t i on  o f  pumping and p a r t i c l e  c o n t r o l  a r i s e s .  
t he  s t a b l e  o p e r a t i o n  o f  EBT i s  ve ry  s e n s i t i v e  t o  t h e  p a r t i c l e  i n v e n t o r y .  
cryopumps (where c o m p a t i b i l i t y  w i t h  h i g h  power microwave f l u e n c e  i s  p r e s e n t l y  unknown), a conceivable 
method o f  p a r t i c l e  c o n t r o l  i s  through a d i v e r t o r .  
o n l y  beg inn ing  t o  examine d i v e r t o r s  on tokamaks, and t h e i r  u t i l i t y  on an EBT dev ice  must a l s o  be examined, 
Plans c a l l  f o r  t h i s  t o  be done i n i t i a l l y  on EBT-I/S and l a t e r  on an upgraded v e r s i o n  o f  EBT-P. 

I n i t i a l l y  such beams w i l l  have t o  be developed f o r  
A t  these power l e v e l s  and 

It must be remembered t h a t  
Aside f rom adding massive 

DITE and t h e  P o l o i d a l  D i v e r t o r  Exper iment (PDX) a re  

A.7.4 FORCED-FLOW CRYOGENIC SYSTEM 

. 

An a l t e r n a t e  concept  f o r  t h e  m i r r o r  c o i l s  i s  t o  use a fo rced - f l ow  r a t h e r  than a p o o l - b o i l i n g - t y p e  
A conductor .  

schematic t h a t  i l l u s t r a t e s  t h i s  system i s  shown i n  F ig .  k.7.14. 
T h i s  has an impact  on the  r e f r i g e r a t o r  des ign and on the cr,yogenic d i s t r i b u t i o n  system. 
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p ( cm)  

F ig .  A.7.12. H ( p )  and vo lu i i ie - in tegra ted  F i g .  A.7.11. I i ( p )  and vo lu i i ie - in tegra ted  e f f i c i e n c y  vs p f o r  ne = 3 x l O I 3  
15 keV, rg = 10 cm, and Te = 4.4 keV; t o t a l  
absorbed = 75%. 

Eg = e f f i c i e n c y  vs p f o r  ne = 3 x l O I 3  ~ m - ~ ,  Eg = 
20 keV, rg = 15 ciil, and Te = 4 .4  keV; t o t a l  
absorbed = 68%. 

ORNL DWG 79 3074 FED 

1 -  
I 

F i g .  A.7.13. H ( p )  and vo lume- in tegra ted  
e f f i c i e n c y  v s  p f o r  ne = 3 x 1013  in-^, EB = 
10 keV, r g  = 10 cm, and T, = 4.4 keV; t o t a l  
absorbed = 80%. 
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F i g .  A.7.14. ERT-P forced-flow helium schematic. 
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The fundamental d i f f e r e n c e  between a p o o l - b o i l i n g  magnet system and a f o r c e d - f l o w  magnet system i s  
the a d d i t i o n  o f  h i g h  pressure  f l o w  l i n e s .  
pe r  pa th  (see schematic)  w i t h  a f l o w  r a t e  o f  5 q/sec i n  each o f  t h e  12 paths.  
a d d i t i o n  t o  t h e  h i g h  pressure  supp ly  (15 atm) and r e t u r n  (9  atm) headers, e x t r a  plumbing i s  r e q u i r e d  t o  
connect t h e  4 s e r i e s  c o i l s .  
c o l d  he l ium i s  p rov ided  t o  each c o i l .  

A11 o f  t h e  components d iscussed i n  Sect. 11.4.5.3 a r e  s t i l l  r e q u i r e d  i n  a f o r c e d - f l o w  system. 

The c o i l s  a r e  s e t  up t o  r u n  i n  12 p a r a l l e l  pa ths  o f  4 c o i l s  
T h i s  means t h a t  i n  

Also,  a s imp le  hea t  exchanger i s  r e q u i r e d  i n  each l e a d  dewar t o  ensure t h a t  

One-atm l i q u i d  i s  r e q u i r e d  t o  p rov ide  c o o l i n g  f o r  t h e  leads  and heat  exchanger; s t r u c t u r a l  suppor ts  and 
plasma r a d i a t i o n  hea t ing  loads  a r e  a l s o  removed by t h e  1-atm f l u i d .  
t h e  same s e t  o f  requ i rements  as i n  t h e  p o o l - b o i l i n g  des ign .  

It a l s o  c o w  
p l i c a t e s  t h e  thermodynamic c y c l e  o f  t h e  r e f r i g e r a t o r  because t h e  r e f r i g e r a t o r  must s t i l l  p r o v i d e  l i q u i d  
he l ium a t  1 atm as w e l l  as p r o v i d i n g  15-atm s u p e r c r i t i c a l  he l ium.  These a d d i t i o n s  r e s u l t  i n  inc reased 
c a p i t a l  cos ts  and o p e r a t i n g  cos ts  as w e l l  as inc reased comp lex i t y  o f  o p e r a t i o n  t h a t  reduces t h e  r e l i -  
a b i l i t y  o f  t h e  c ryogen ic  system. 

The g y r o t r o n  magnets s t i l l  have 

The e x t r a  plumbing adds an a d d i t i o n a l  675 W t o  t h e  r e q u i r e d  r e f r i g e r a t o r  capac i t y .  
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A.8 TEN-YEAR EBT PROGRAI.1 - FY 1980-89 

A.8.1 EBT HIERARCHY 

S tud ies  have con t inued  on t h e  l ong - te rm EBT p rog ren  t o  de f i ne  more c l e a r l y  a l o g i c a l  sequence of 

dev ices  t h a t  would p r o v i d e  t h e  i n fo rma t ion  base f o r  a Lemonst ra t ion  EBT r e a c t o r .  
program i s  based upon a sequence of  dev ices  o p e r a t i n g  cne a t  a t i m e  w i t h  upgrades t o  enab le  them t o  
t e s t  t h e  c r i t i c d l  i s s u e s  i n  a sys temat i c  fashion. 
Tab le  A.8.1. 

A t  t h e  moment, t h e  

The dev ices  and t h e i r  bas i c  parameters a r e  g i v e n  i n  
There are, i n  essence, t h r e e  dev ices ,  each of wh ich  i s  upgraded. 

( 1 )  
( 2 )  EBT-PI + EBT-PU 
(3 )  EBT-Q(tl) + EBT-Q(DT) 

EBT-1 + EBT-S + EBT-SA1 -P EBT-SA2 

The c o n t r i b u t i o n s  expected o f  EBT-S and EBT-P and t h e  t i m e  frame a r e  i n d i c a t e d ,  f o r  t he  p resen t  
l o g i c ,  i n  Tab le  A.8.2. 
dev i ce .  

The v e r t i c a l  arrows i n d i c a t e  whm i n f o r m a t i o n  shou ld  be a v a i l a b l e  f o r  a f u t u r e  
The main f e a t u r e s  o f  each upgrade a r e  d iscussed below. 

(1) EBT-1 -f EBT-S ( R  = 1.5 m) 
Raise f requency  from 18 GHz + 28 GHz 
Raise power f rom 60 kW + 5200 kW 
Add i o n  c y c l o t r o n  h e a t i n g  ( I C H )  

Add aspec t  r a t i o  enhancement (ARE) c o i l s  

Add a d i v e r t o r  
Add l o n g  p u l s e  n e u t r a l  i n j e c t i o n  
Add more ECH power, 2200 kW 

(4)  EBT-SA2 -& EBT-P1 ( R  = 5.6 m) 
Cons t ruc t  a l a r g e r  d e v i c e  
Ra ise  f requency  t o  110 GHz 
Raise power t o  1.8 MW 
Raise I C H  power 

Add ARE c o i l s  
Add a d i v e r t o r  
Add l o n g  p u l s e  n e u t r a l  beam 
Inc rease  number of  c a v i t i e s ,  36 -+ 48 (R = 7.4 m) 

Cons t ruc t  a l a r g e r  dev i ce  o p e r a t i n g  i n  hydrogen 

Operate i n  D-T w i t h  Q 'L. 4 

(2 )  EBT-S -? EBT-SA1 ( R  = 1.5 m) 

(3) EBT-SA1 + EBT-SA2 (R = 1.5 111) 

(5) EBT-P1 + EBT-PU ( v a r i o u s  upgrades a r e  p o s s i b l e )  

(6 )  EBT-PU + EBT-Q(H) (R = 16.8 m) 

(7) EBT-Q(H) + EBT-Q(D-T) (R = 16.8 m) 

EBT-Q(D-T) i s  a dev i ce  s i m i l a r  t o  t h e  Tokamak Fus ion  Tes t  Reactor (TFTR) o p e r a t i n g  i n  D-T w i th  
f u s i o n  ower 

Q = power 
s t a t e  ope ra t i on ,  w i th  an i m p u r i t y  c o n t r o l  system, a t  an zverage neu t ron  f l u x  ~ 2 0  W cm-2. 

s t r a t e g y  appears p o s s i b l e  because of t h e  modular n a t u r e  c f  t h e  EBT. 

% 4. T h i s  dev i ce  i s ,  however, c l o s e r  t o  an ETF by v i r t u e  o f  i t s  a n t i c i p a t e d  steady- 

It i s  i n tended  t h a t  each dev i ce  use  i n  upgrades t h e  advances made i n  t h e  p rev ious  dev ice .  T h i s  

169 
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Tab le  A.8.1 H ierarchy  o f  EBT’s 

EBT-1 EBT-S EBT-SA EBT-P1 EBT-PU 
.... .._____..~___..___.__ ...-. 

6.4 10.0 10.0 G39.3 G39.3 

1.5 1.5 1 .5  5.6 7.4 

1 . o  1 . o  1.3  1.2 2.0 

8 8 8 16 21 

10 10 10 16 16 

1 4  14 14 22 22 

24 24 24 36 48 

2 x 1Ol2 6 x 1Ol2 6 x 1 0 l 2  1.6 x l O I 3  6.6 x 1013 

0.3 0.6 0.8 1.9 3.3 

1 x 10IC 3 x 1O1O 8 x 1O1O 9 x 1011 1 x 1013 

EBT - Q 

39.3 

17.0 

3.0 

14 

45 

66 

36 

7.8 x 1013 

15.3 

1 x 1014 

ORNL-DVJG 79~3155 FED 

Table A.8.2. EBT schedule - FY 1980/89. 

..... -. ..... STUDY 

EBT-S, EBT-SA1 EBT-SA2 

FIELO 
0 PTI M IZATl ON --- ARE 

VARIABLE 
1\11 R R 0 R 

NUMEER OF 24 
CAVITIES 

C 0 N F I N E  M CNT 

R I N G S  
ECH POWER 

NEUTRAL BEAMS ____ - 
DIAGNOSTICS 

SHORT PULSE 
(HEATING) 

LONG PULSE 

DIVERTOR 

EBT-PI EBT-PU 

48 -- 36 

>1.8 MW 
<1.6 MW - - 

E6i.U FIRST DEFINITION STUDIES F::F:r+ DESIGN ---+ CONSTRUCT 
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A.8.2 SCHEDULE 

The devices discussed above a r e  intended t o  tack le  in  a systematic way the c r i t i c a l  issues  of the 

EBT program. 

each area t o  complete t h e  research and i n  p a r t  by budget r e s t r i c t i o n s  t h a t  w i l l  delay the appl icat ion 

of possible  upgrades. 

The schedule indicated in  Table A.8.2 i s  deteriiiined t o  sonii? extent  by the time required in 

( 1 )  The confinement s tud ies  in  EBT-l/S/SA a r e  intended t o  ver i fy  the theore t ica l  models used in  

es tab l i sh ing  the EBT program f o r  EOT-P. This work will be continued in  EBT-P, which wil l  demonstrate 

under proof-of-pr inciple  condi t ions (n > C T I - ~ ,  T. > 1 key) t.he v a l i d i t y  of the theory. In a d d i -  
t i o n ,  EBT-P wil l  study optimization quest ions r e l a t i n g  t o  the magnetic configurat ion,  mirror r a t i o ,  A R C  

c o i l s ,  and number of c a v i t i e s .  

EBT-Q and foT making a decision t o  proceed on deta i led  design. 

provide conf i r m 2  t i  on of design judgrnen ts  = 

frequency in EBT-l/S should e s t a b l i s h  the basis  f o r  assessing r ing power needs i n  fritiire devices .  

the  end of FY 1985, EBT-P wi l l  provide confirmation 0-F these assessnients f o r  the design of EBT-0. 

appl icat ion in EBT-P. 

power in jec t ion  i s  not possible  without a d i v e r t a r  because o f  excessive densi ty  buildup. 

neutral in jec t ion  has l imited appl ica t ion  in EBT-S because of it:; low l i n e  densi ty .  Information for  

EBT-Q design i n  the  a reas  of ECIi and ICH can be expected by the end of FY 1985, b u t  d e f i n i t i v e  infor -  

mation on neutral  beam heating should n o t  be expected unt i l  a t  l e a s t  F Y  1986/87. 

(4 )  
could be s t a r t e d  e a r l i e r ;  however, confirmation o f  the  effect-iveness of the design cannot be expected 

u n t i l  FY 1983. 

unl i kely before FY 1986. 

1 

By the end of FY 1985, this work should provide the basis  f o r  s iz ing  

The upgrades t h r o q h  FY 1987 should 

( 2 )  Studies  of the  production and physics o f  the  h o t  e lec t ron  r ing  using increased power and 

By 

( 3 )  S.tudies o f  ECH, ICH, and neutral beam heating in  EBT-S should l a y  the groundwork for t h e i r  

I t  should be understood t h a t  i n  the case o f  neutral  beams, long pulse, h i g h  

Further ,  

Divwtor  s t u d i e s  on EBT-S a r e  expected i n  FY 1992.. The design o f  the d iver tor  f o r  EST-P 

T h u s ,  operation of  a d iver tor ,  given t h 3 t  i t  could n o t  be i n s t a l l e d  in  EBT-P1,  i s  

T h u s ,  the  program represen-ts a prudently staged apsroach t o  tackl ing the centriil i s sues ;  only in 

t e n s  of upgrading EBT-P i s  there  a budgeting problan t h a t  could lead t o  delays o f  valuable s tud ies .  

A.8.3 THE 48 CAVITIES - EBT-PU 

The f u l l  upgraded version of EBT-PU i s  proposed t o  have 48 c a v i t i e s ,  A R E  co i l s ,  and  substant ia l  

addi t ional  heat ing.  

be capable of achieving T 2 3 keV and n T  

On %he basis  of t h e  present  theore t ica l  models and sca l ing  frcm EBT-1, i t  should 

1 x lOI3 

The layout  of the  EBT-P area i s  planned t o  accommodate t h i s  upgrade, as  i l l u s t r a t e d  in Fig. A.8.1. 
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F i g .  A.8.1. EBT-P acconiinodations f o r  expansion 



A.9 DRAWINGS 

Engineering drawings prepared f o r  EBT-P a r e  inclLded in this sec t ion .  A drawing l i s t  follows: 

Drawing number 

C i v i l  

S2 E-894% -SK1 

S2E-8945A-SK4 

SZE-8945A-SK5 

SZE-8945A-SK6 

52E-8945A-SK7 

S2E-8945A-SK9 

S2E-8945A-SK2 

S2E-8945A-SK3 

S2E-8945A-SK8 

S2E-8945A-SK10 

Mechanical 

X2E-14270-0003 

X2D-14270-0001 

X2E-14270-0004 

X2E-14270-0005 

XZE-14270-0006 

X2E-14270-0007 

X2E-14270-0010 

X2E-14270-0011 
(1 of  2 )  

( 2  o f  2) 
X2E-14270-0011 
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