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ARMOR PLATE PROTECTION OF THE DOUBLET I11 
VACUUM VESSEL FOR NEUTRAL BEAM HEATING 

A. P. C o l l e r a i n e ,  J.  H. Kamperschroer and J. F. P ipk ins  
Genera l  Atomic Company 

San Diego, C a l i f o r n i a  92138 

Doublet  I11 is a  l a r g e  non-c i r cu l a r  tokamak 
(R = 1.4 m ,  a  = 0.45 m ,  plasma e longa t ion  3 : l )  t h a t  
i s  now ope ra t ing  a t  General  Atomic Company i n  San 
Diego. I t  has  a  t o r o i d a l  magnetic f i e l d  of 2.6 T, 
an  ohmic hea t ing  f l u x  swing of 5 V-sec and has  
de l ive red  plasma c u r r e n t s  i n  exces s  of 2  MA wi th  a  
f l a t  t op  of  % 300 msec. The machine can be  upgraded 
t o  BT 4  T. A+ ' 10 V-sec, Ip = 5  MA w i t h  a  mu l t i -  
second f l a t  t op  a s  phys i c s  exper iments  deem necessary .  

An 80 keV n e u t r a l  beam i n j e c t o r  system has  been 
designed1 and is now i n  t h e  f i n a l  c o n s t r u c t i o n  phase.  
The f i r s t  two beamlines ,  which w i l l  be  capab le  of 
d e l i v e r y  % 7 MW of e n e r g e t i c  hydrogen n e u t r a l s  t o  t h e  
plasma, w i l l  be  coupled t o  t h e  t o r u s  i n  1980. Addi- 
t i o n a l  p a i r s  of beamlines w i l l  be  procured a s  qu ick ly  
a s  p o s s i b l e  t o  i n c r e a s e  t h e  i n j e c t e d  power t o  % 20 MW. 
Th i s  should  enable  11s t o  a t t a i n  s imul taed r c o c t o r  con- 
d i  t i .ons (nr ?, 1014 cm-3 eec ,  T s 5-1 0  keV) i n  a  
hydrogen plasma. 

We expect  t h a t  a t  t h e  t ime t h a t  t h e  n e u t r a l  beam 
system comes on l i n e ,  Doublet I11 w i l l  r o u t i n e l y  oper- 
a t e  w i th  plasma d e n s i t i e s  of about  1  x 1014 c~u-3. 
Beam p e n e t r a t i o n  s t u d i e s  show t h a t  an  80 keV i n j e c t i o n  
system w i t h  ion  sou rces  c o n s e r v a t i v e l y  r a t e d  t o  
d e l i v e r  a  s p e c i e s  mix of  60% H ~ + ,  30% Hz+ and 10% H ~ +  
can provide  s i g n i f i c a n t  hea t ing  of t h e  c e n t r a l  plasma 
r eg ion  when i n j e c t i o n  a t  140 t o  t h e  p e r p e r ~ d i c u l a r  is 
used a s  shown i n  Fig.  1 .  I n i t i a l l y  we expect  t o  l i m i t  
t h e  beam hea t ing  p u l s e  l e n g t h  t o  0 .5  seconds.  However, 
a s  t h e  machine upgrade proceeds  we a n t i c i p a t e  t h a t  
t h i s  h e a t i n g  p u l s e  w i l l  be  s t r e t c h e d  s i g n i f i c a n t l y  and 
a c c e l e r a t i o n  of o t h e r  i o n s  ( f o r  example, deu te rons )  
w i l l  b e  employed. 
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bombarded by t h e  beams. S i m i l a r  p r o t e c t i v e  p l a t e s  a r e  
t o  be used a t  P r ince ton  f o r  che PDX and TFTR expe r i -  
ments. 

Phys i c s  Design Parameters  

Each beamline u t i l i z e s  two LBL-type r e c t a n g u l a r  
i on  sou rces  and t h e  d ivergence  of t h e  beams produced 
is  approximate ly  21.5O x '0.5O ( l / e  p o i n t s ) .  For 
hydrogen o p e r a t i o n ,  t h e  nominal n e u t r a l  power d e l i v e r e d  
by one i o n  sou rce  t o  t h e  plasma is expected t o  b e  
1 .8  MW f o r  0 .5  s e c  eve ry  300 seconds.  I n  t h e  absence  
of a  plasma, when no a t t e n u a t i o n  of t h e  i n j e c t e d  beam 
t akes  p l a c e ,  we t h e r e f o r e  c a l c u l a t e  t h a t  t h e  power 
d e n s i t y  a t  t h e  i n n e r  w a l l  of Doublet  111, when measured 
normal t o  t h e  beam through t h e  h o t t e s t  s p o t ,  w i l l  be  
a s  shown i n  Fig .  2. The peak power d e n s i t y  is  s e e n  
to be  % 5  kw/cm2 normal t o  t h e  beam. I f  deuter ium 
a c c e l e r a t i o n  is used i n s t e a d ,  t h e  e x t r a c t e d  beam 
c u r r e n t  d rops  by % G b u t  t h i s  is o f f s e t  by t h e  
i nc reased  n e u t r a l i z a t i o n  e f f i c i e n c y  (80 keV D+ i o n s  
have t h e  same v e l o c i t y  a s  40 keV H+ i o n s ) .  I n  t h i s  
ca se ,  t h e  corresponding peak power d e n s i t y  is  % 5.8 
kw/cm2. These peak power d e n s i t i e s  (when c o r r e c t e d  
f o r  a n g l e  of i nc idence  on t h e  w a l l )  would have t o  be  
s u s t a i n e d  by t h e  proposed armor p l a t e  du r ing  a  plasma 
d i s r u p t i o n .  A f a s t  i n t e r l o c k  cha in  w i l l  be i nco rpo r -  
a t e d  i n t o  t h e  beam system c o n t r o l s  t o  s h u t  down t h e  
i o n  sou rces  w i t h i n  10 msec i f  such a  l o s s  of plasma 
occu r s .  I t  i s  a l s o  d e s i r a b l e  t o  be  a b l e  t o  u se  t h e  
a.i-mor p l a t e  a s  a  t o r u s  c a l o r i m e t e r  s o  t h a t  a  measure- 
ment of t h e  beam power t r a n s m i t t e d  through t h e  beamline  
d r i f t  t ube  i n t o  t h e  plasma can be  made. Beam l o s s  i n  
t h i s  r eg ion  wi th  t h e  i n j e c t o r s  on PLT was found t o  be  
a  non-neg l ig ib l e  e f f e c t ,  and s t u d i e s  of t h e  Doublet  I11 
and o t h e r  beam sys tems have pa id  p a r t i c u l a r  a t t e n t i o n  
t o  t h i s  p o i n t . 2  To make such a  measurement r e q u i r e s  
t h a t  t h e  armor p l a t e  system be  a b l e  t o  w i ths t and  t h e  
f u l l  power d e n s i t y  f o r  some s i g n i f i c a n t  f r a c t i o n  of 
~ l ~ u  p u l s e  l e n g t h  and be s u i t a b l y  ins t rumented.  

Fig.  1 .  P l an  and e l e v a t i o n  views of t h e  Doublet I11 
Neu t r a l  I n j e c t i o n  Beamlines 

One consequence of t h e  u s e  of near-perpendicular  
i n j e c t i o n ,  a s  shown i n  Fig .  1 ,  is t h a t  s i g n i f i c a n t  
"shine  through1' of t h e  n e u t r a l  beam t o  t h e  i n n e r  w a l l  
of t h e  t o r u s  can occur  a t  low plasma d e n s i t i e s .  
Because t h e  v a c u m  v e s s e l  w a l l  itna1.Q cannot  w i ths t and  
any s u b s t a n t i a l  power f l u x  2 100 watt/cm2),  we pro- 
pose  t o  p l a c e  armor p l a t e s  on t h e  w a l l  i n  t h e  r eg ion  

Fig.  2. V e r t i c a l  power d e n s i t y  p r o f i l e  (normal t o  t h e  
beam) f o r  one beamline (two i o n  sou rces )  a t  
t h e  l o c a t i o n  where t h e  c e n t r a l  t r a j e c t o r y  
i n t e r s e c t s  t h e  vacuum v e s s e l  i n n e r  w a l l .  

'the peak h e a t  l oad  on t h e  armor p l a t e  when cor-  
r e c t e d  f o r  a n g l e  o f  i n c i d e n c e  is shown a s  a  f u n c t i o n  
of c e n t r a l  hydrogen plasma d e n s i t i e s  i n  Fig .  3. With 



. 
no plasma p r e s e n t  i n  t h e  vacuum v e s s e l ,  t h e  power 
d e n s i t i e s  a r e  seen t o  b e  % 3.5 kw/cmZ and % 4.1 kw/cm2 
f o r  hydrogen and deuterium beams re spec t ive ly .  For a 
hydrogen plasma of nominal c e n t r a l  d e n s i t y  n(o) = 
1 x 1014 cm-3 t h e  peak hea t  l oads  have dropped t o  
490 watt/cm2 and 160 watt/cm2 f o r  t h e  two i so topes .  
For des ign  s p e c i f i c a t i o n  purposes we a r e  a l lowing a 
c 35% i n c r e a s e  i n  t h e  peak power d e n s i t i e s  t o  account 

D f o r  any near-term improvement i n  t h e  performance of 
t h e  i o n  sources .  Our requirements  a r e  summarized i n  
Table  1 and r ep resen t  t h e  worst  cases  of  combining 
hydrogen and deuterium ope ra t ion .  A p lan  view of a 
1 . 8  IlW hydrogen beam from one of t h e  two ion  sources  
i n  each beamline impinging on t h e  armor p l a t e  is shown 
i n  Fig .  4 .  The v a r i a t i o n  i n  power d e n s i t y  a c r o s s  t h e  
p l a t e  is c l e a r l y  seen i n  t h i s  example i n  which no 
plasma a t t e n u a t i o n  is assumed. A & a l l  f r a c t i o n  of t h e  
beam is  no t  i n t e r c e p t e d  on t h e  inne r  w a l l  of t h e  t o r u s  
bu t  t r a v e r s e s  t h e  vacuum v e s s e l  and s t r i k e s  t h e  f a r  
w a l l  some 8 meters  from i t s  po in t  of o r i g i n  a t  t he  i o n  
source .  The power d e n s i t y  a t  t h i s  f a r  w a l l  is  ve ry  
low even wi th  an  80 keV hydrogen beam i n  t h e  absence 
of a plasma, being approximately 76 w/cmZ normal t o  t h e  
beam. The hea t  f l u x  on t h e  a c t u a l  Inconel  w a l l  is 
f u r t h e r  reduced t o  c 54 w/cm2 because of t h e  % 45O 
ang le  of incidcnce.  The primary reason f u r  thi6- low 
f l u x  is  t h a t  only  about one- th i rd  of t h e  source  can 
i l l u m i n a t e  t h i s  region of  t h e  to rus .  

HYDROGEN SOURCE\ 
DELIVERS 1.8 MW H' ' 

DEUTERIUM SOURCE 
DELIVERS 2.1 MW Do 

ln-4 

Fig .  3. Peak hea t  load on t h e  armor p l a t e  a s  a 
func t ion  of c e n t r a l  hydrogen plasma dens i ty  

Table  1 
S p e c i f i c a t i o n s  f o r  t h e  Armor P l a t e  Power D e n s i t i e s  
f o r  a Doublet I11 Repe t i t i on  Per iod of 300 Seconds 

Conceptual Design 

Operat ing Mode 

Routine Plasma 
Oprracion 

Plasma Dis- 
r u p t  i o n s  

The proposed des ign  f o r  t h e  armor p l a t e  t o  be  
a t t ached  t o  t h e  inne r  w a l l  of t h e  t o r u s  is desc r ibed  
i n  d e t a i l  elsewhere i n  t h e s e  proceedings.3 B r i e f l y ,  a 
r eg ion  about 115 cm long by 60 cm h igh  of t h e  i n n e r  
w a l l  o p p o s i t e  each L a ~ u u l i l ~ e  lllusL be covered wich pro- 
t e c t i v e  p l a t e .  V e r t i c a l  s l a t s  of Inconel  about 6 0  cm 

t a l l ,  8 cm wide and 0.6 cm t h i c k ,  w i th  water  coo l ing  
p ipes  on t h e i r  r e a r  s u r f a c e s  w i l l  be  a t t a c h e d  t o  t h e  
t o r u s  w a l l  w i th  welded s t u d s  (Fig. 5 ) .  The f r o n t .  
s u r f a c e  of  t h e s e  s l a t s  w i l l  be  covered by c 8 x c 8 cm 
carbon t i l e s  about  1 cm t h i c k  he ld  i n  p l a c e  wi th  s p r i n g  
c l i p s .  The g r a p h i t e  b locks  (Poco AXF 5Q) w i l l  b e  
coated wi th  t i t a n i u m  c a r b i d e  t o  minimize hydrocarbon 
product ion.  Pre l iminary  da ta4  i n d i c a t e s  t h a t  t h e s e  
s u r f a c e s  can wi ths t and  h e a t  pu l ses  of 4.5 kw/cm2 f o r  
g r e a t e r  than 0.5 second wi thout  being damaged. S i x -  
t een  thermocouples w i l l  be  embedded i n t o  t h e  c r i t i c a l  
a r e a s  of each armor p l a t e  t o  d e t e c t  abnormal temper- 
a t u r e  r i s e s ,  and t h e  flow and temperature  r i s e  of t h e  
water  co'olant i n  t h e  Inconel  backing p l a t e s  w i l l  b e  
monitored f o r  ca lo r ime t ry  purposes.  

. - 

Max Power 
Densi ty  

Normal t o  
Wall 

(kw/cm2) 

0 . 8  

5.5 

INCIDENT 
NEUTRAL 
BEAM 

POWER DENSITIES POWER DENSITIESSHOWN ARE 
NORM LTO WALL FOR AN 80 keV, 1.8 MW 5 
KW/CM \ \  

HYDROGEN BEAM (SINGLE 
SOURCE) WITH DIVERGENCE 

Max Pul se  
Length 

( sec )  

1 .0 

0.01 

21.5' x ~ 0 . 5 '  (lie) ho,20 (NO PLASMA PRESENT) 

Required Number 
of P u l s e s  Before  

F a i l u r e  

20,000 

1,000 

0.20 \/ 2.33 DISTANCE FROM ION CENTRAL 
BEAM RAY 0.10 , 3.56 

SOURCE GRIDS - 
(X = 0) 

Z 
/- 2.89- t 6.8 2 03 7.2 7.4 

-n i n  \</1,19. - -- METERS 

POWER DENSITY AT 
FAR WALL (Z 2.8.35 m) 
= 76 W / C M ~  NORMAL 
TO BEAM 

Fig. 4. Plan view of t h e  power d e n s i t i e s  (normal t o  
t h e  w a l l )  t o  be expected a t  va r ious  l o c a t i o n s  
a c r o s s  t h e  armor p l a t e  due t o  an  i n c i d e n t  
1 . 8  IW HO beam wi th  divergence f1.5O x +0.5O. 
No plasma is  p resen t  t o  a t t e n u a t e  t h e  beam. 

COOLING TUBES 

INCONEL BACKING 
SLAT 

GRAPHITE TILE 

Fig. 5. I somet r i c  view of a segment of t h e  proposed 
armor p l a t e  

Plasrna Contamination 

A g r a p h i t e  f r o n t  s u r f a c e  was chosen i n  o rde r  
t o  minimize contaminat ion of t h e  plasma by high Z 



I m p u r i t i e s .  A b a r e  g r a p k i t e  s u r f a c e  appea r s  t o  have 
t h e  u n d e s i r a b l e  p r o p e r t y  t h a t ,  upon h e a t i n g  t o  % 600°C 
by hydrogen beams i n  t h e  p r e sence  of background hydrogen 
gas ,  methane p roduc t ion  occu r s .  F u r t h e r ,  a c e t y l e n e  pro- 
d u c t i o n  becomes Impor tant  when t h e  tempera ture  rises t o  
% 1 5 0 0 ° ~ .  With o n l y  r a d i a t i v e  coo l ing  t o  t h e  t o r u s  
w a l l s ,  t h e  maximum t empera tu re  of  t h e  g r a p h i t e  t i les  
would r a t c h e t  up t o  % 1450°C under t h e  i n f l u e n c e  of  10% 
beam s h i n e  through w i t h  a  p u l s e  of  1  second d u r a t i o n  
every  300 seconds.  Because of ou r  d e s i r e  t o  supp re s s  
hydrocarbon e v o l u t i o n  we have t h e r e f o r e  dec ided t o  u s e  
a c t i v e  wa te r  c o o l i n g  and t o  c o a t  t h e  t i l e s  wit11 a  
t i t a n i u m  c a r b i d e  l a y e r .  Th i s  l a t t e r  f e a t u r e  ha s  been 
found t o  v e r y  s i g n i f i c a n t l y  d e p r e s s  t h e  hydrocarbon 
format ion  p roces se s .4  

P h y s i c a l  s p u t t e r i n g  of  t h e  g r a p h i t e  p l a t e s  may 
still  g i v e  r i s e  t o  plasma contaminat ion  b u t ,  a s  we 
s h a l l  s e e ,  t h i s  is  n o t  a  d i s a s t r o u s  s i t u a t i o n .  I n  
t r a v e r s i n ~  a  nominal d e n s i t y  Z = 1 .0  plasma of  n(o) 
% 1 x 101 cm-3, an  80  keV hydrogen beam is  a t t e n u a t e d  
t o  % 10% of  i t s  i n i t i a l  va lue .  Fo r  ou r  two-beamline 
(four-source) system, t h e  i n p u t  power of  hydrogen 
n e u t r a l s  would b e  ?. 7 MW. The p a r t i c l e  f l u x  s u r v i v i n g  
t o  bombard t h e  f a r  w a l l  d u r i n g  a  0.5 s e c  d u r a t i o n  hea t -  
i n g  p u l s e  would t h e r e f o r e  be  % 3 x 1 0 ' ~  Ho/polse.  The 
s p u t t e r i n g  r a t e 5  f o r  hydrogen i o n s  a t  t h i s  energy 
i n c i d e n t  on g r a p h i t e  could  be  a s  h i g h  a s  1 0 ' ~  atoms/ 
ion .  I f  t h e s e  s p u t t e r e d  atoms a r e  uni formly  d i s t r i -  
buted  throughout  t h e  Doublet  I11 plasma of  volume 
17 m3, t h e  carbon impur i t y  c o n c e n t r a t i o n  w i l l  be: 

1 9  l o  
1 1 .8  x 10" atom ~ m - ~ / ~ u l s e  

7 

The corresponding Zeff of  t h e  plasma would b e  
% 1.01 which would be  q u i t e  a c c e p t a b l e .  

Fo rces  on  t h e  P l a t e s  d u r i n g  a  Plasma Di s rup t ion  

During a  plasma d i s r u p t i o n  f o r c e s  w i l l  b e  e x e r t e d  
upon t h e  armor p l a t e  segments ( s l a t s )  due t o  1 )  induc- 
t i o n  c u r r e n t  f low from t h e  d i s r u p t i o n ,  and 2) c u r r e n t  
f low due  t o  t h e  e l e c t r o n s  impact ing  t h e  t iles f a s t e r  
t han  t h e  plasma ions .  It is  impor t an t  i n  de s ign ing  t h e  
mechanica l  s u p p o r t s  f o r  t h e  armor t h a t  t hey  be  c a p a b l e  
of  w i th s t and ing  t h e s e  f o r c e s  and of  conduct ing  t h e  
r e s u l t a n t  c u r r e n t s  t o  t h e  body of  t h e  Doublet 111 
machinc w i thou t  me l t i ng .  

To e v a l u a t e  t h e  f i r s t  c l a s s  of f o r c e s  due  t o  t h e  
i n d u c t i o n  c u r r e n t s ,  we assume t h a t  t h e  s l a t s  a r e  
i s o l a t e d  from t h e  vacuum v e s s e l  w a l l  ( e l e c t r i c a l  
connec t ions  a t  t h e  t o p  and bottom do  no t  a l t e r  t h i s  
c a l c u l a t i o n ) .  The f o r c e s  and t o r q u e s  on a magnet ic  
d i p o l e  i n  an  e x t e r n a l  f i e l d  d a r e  g iven  by 

ex  t 

The c u r r e n t  I f l owing  i n  t h e  s l a t s  of  c r o s s  
s e c t i o n a l  a r e a  a  (= SlS2 i n  Fig .  5) 

where t h e  s l a t  i nduc t ance  

and t h e  p o l o i d a l  magnet ic  f i e l d  a t  t h e  w a l l  (r = 0.45 m) 
i a  

is  t h e  e f f e c t i v e  l e n g t h  of  t h e  g r a p h i t e  t i l e  i n  t h e  
d i r e c t i o n  of  B (% 8 cm) . Hence 

P  

and 

i n  t h e  d i r e c t i o n  o f  B where V i s  t h e  volume of  one  
t i l e .  P! 

The f o r c e  a c t i n g  t o  p u l l  a  s i n g l e  t i l e  o f f  t h e  
w a l l  d u r i n g  a  d i s r u p t i o n  of d u r a t i o n  td is  

The maximum f o r c e  occu r s  a t  0.5 t d  (% 5 msec) when 
6 = 0.5. For  a  plasma c u r r e n t  Ip = 2 MA and t i l e  p l u s  
back in  p l a t e  volume ( 8  cm x 8 cm x % 2.4 a) V = 1 .5  x 

m5, t h e  magnitude o f  t h i s  f o r c e  is 

po 
I 

F = 2P . V 54 Newton 
max 16  n r 

which is  modest .  

The t o r q u e  on a  s i n g l e  t i l e  due  t o  t h e  t o r o i d a l  
f i e l d  is  e a s i l y  s een  t o  be o f  magnitude 

f o r  BT = 2.5  T. 

The f o r c e  due t o  t h e  i n t e r a c t i o n  of c u r r e n t s  flow- 
i n g  i n  a d j a c e n t  p l a t e s  is  a l s o  v e r y  modest and is c a l -  
c u l a t e d  t o  be  % 47 newtons. 

Because of  t h e  two-component n a t u r e  of  t h e  armor 
p l a t e ,  g r a p h i t e  t i l e s  on t op  o f  an  I n c o n e l  s l a t ,  t h e  
t r apped  magnet ic  f l u x  du r ing  a  d i s r u p t i o n  a c t s  t o  cause  
t h e  p l a t e s  t o  de l amina t e .  The s e l f  energy of t h e  p l a t e  
is  W = ~ 1 ~ 1 2  and t h e  r e s u l t i n g  f o r c e  on a  s i n g l e  t i l e  is 

B ~ V  
F ; . L 1 2 a L  = L I 2 4 = r ,  

d  2  as, 2  s1 2 ~ ~ s ~  

% 1200 Newtons 

The s p r i n g s  ho ld ing  t h e  g r a p h i t e  on  t o  t h e  I n c n n e l  
must t h e r e f o r e  w i t h s t a n d  t h i s  f o r c e .  The f o r c e s  d i s -  
cussed  above a l l  appear  t o  b e  e n t i r e l y  t r a c t a b l e  w i t h  
t h e  armor p l a t e  de s ign  proposed.  

The second type  of  f o r c e  mentioned above a r i s e s  
because  of a  d i sp l acemen t  c u r r e n t  f low due  t o  t h e  
e l e c t r o n  v e l o c i t y  be ing  much g r e a t e r  t h a n  t h e  i o n  
v e l o c i t y  i n  t h e  plasma. For a  d i s r u p t i o n  t i m e  t d  t h i s  
d i sp l acemen t  c u r r e n t  is  . 

For  a  plasma of  ave rage  d e n s i t y  n % 5 x 1 0  l 9  m-3 w i t h  
a  t o t a l  volume of 17  rn3, N = 8.5 x 1020 e l e c t r o n s  and 
we may assume t h a t  h a l f  of  t h e s e  a r e  i n  each  l o b e  of  
t h e  Doublet  111 plasma. For a  d i s r u p t i o n  t ime  of 10  
msec we t h e r e f o r e  have i d  % 7 kA. The assumpt ion  
i n  t h e  above i s  t h a t  t h e  e l e c t r o n  t empera tu re  p r o f i l e  
is q u i t c  peaked su L l ~ a t ,  as t h e  plasma s t r i k e s  the 
w a l l ,  ehe  s h e a t h  formed by t h e  p r eced ing  flux s u r f a c e  



* . is n e g l i g i b l e  compared t o  t h e  e l e c t r o n  temperature  on 
t h e  succeeding f l u x  su r face .  The f o r c e  and to rque  on 
a  s i n g l e  armor p l a t e  s l a t  is  computed from 

and 

For a  c u r r e n t  flowing i n t o  t h e  p l a t e  and d i v i d i n g  
e q u a l l y  t o  flow t o  t h e  top and bottom w a l l  s t u d s  
t h e r e  w i l l  be no n e t  f o r c e .  However, a  t o rque  w i l l  
e x i s t  t o  push t h e  top of t h e  s l a t  i n t o  t h e  w a l l  and 
p u l l  t h e  bottom o u t .  This  to rque  has  an  approximate 
magnitude of 

where h  % 0.6 m is t h e  d i s t a n c e  a p a r t  of t h e  s t u d s  
suppor t ing  an Inconel  s l a t ,  and BT Q, 2.6 T. Hence 
T 2 2 7 3 0  N-m. I f  one end of t h e  s l a t  is e l e c t r i c a l l y  
connected t o  t h e  t o r u s  w a l l  b e t t e r  than t h e  o t h e r  end 
( fo r  example, t o  a l low f o r  thermal expansion),  then 
a l l  t h e  c u r r e n t  scraped o f f  on t h e  armor s l a t  f lows 
one way. The f o r c e  res~ll . t , tng from t h i s  would be  of 
magnitude 

which is s i g n i f i c a n t .  I f  a  uniformly d i s t r i b u t e d  
t c u r r e n t  scrape-off were assumed, t h i s  f o r c e  would be 

reduced by a  f a c t o r  of 2. 

P r o t e c t i v e  I n t e r l o c k s  

21 For normal plasma o p e r a t i o n s ,  i n  which hydrogen 
beam pu l ses  of d u r a t i o n  0.5 seconds a r e  f i r e d  every  
300 seconds,  t h e  s u r f a c e  temperature  of t h e  g r a p h i t e  
p l a t e s  should reach Q 670°C a t  t h e  peak power d e n s i t y  
po in t  dur ing t h e  sho t .  I f  a  d i s r u p t i o n  were t o  occur,  
however, t h e  temperature  of t h i s  ho t  spo t  would r i s e  
r ap id ly .  We propose t o  use  a  f a s t  i n f r a - r ed  o p t i c a l  
pyrometer t o  view each of t h e  two ho t  s p o t s  (due t o  
t h e  upper and lower i o n  source)  on each of  t h e  armor 
p l a t e  assembl ies .  These d e t e c t o r s  a r e  a c t i v e  i n  t h e  
range around 1 micron and appear  t o  be  r e l a t i v e l y  
i n s e n s i t i v e  t o  plasma l i g h t .  They w i l l  b e  s e t  t o  
t r i g g e r  a power system a b o r t  t o  t h e  beamlines i n  t h e  
event  t h a t  t h e  ho t  spo t  temperature  is  seen  t o  exceed 
a  predetermined l i m i t .  The response  t ime f o r  t h i s  
a b o r t  1s expecced t o  be l e s s  than  % 10 msec. Thermo- 
couples  w i l l  be  used t o  moni tor  c r i t i c a l  p o i n t s  on t h e  
armor inrmediately a f t e r  a  plasma s h o t  ( e l e c t r i c a l  
i s o l a t i o n  problems and t h e  r e l a t i v e l y  long r e a c t i o n  
t ime of t h e  thermocouples p rec ludes  t h e i r  u s e  a s  
real-t ime moni tors)  t o  determine i f  any abnormal 
temperature  d i s t r i b u t i o n  I s  developing. Thc most 

d i f f i c u l t  t a s k  l i e s  i n  ensur ing t h a t  t h e  g r a p h i t e  
t i l e s  ma in ta in  t h e i r  i n t e g r i t y .  It is p o s s i b l e  t h a t ,  
because of mechanical s t r e s s e s ,  a  t i l e  could f r a c t u r e  
and f a l l  o f f ,  thereby exposing t h e  under lying Incone l  
backing p l a t e .  The fol lowing beam p u l s e  would r e s u l t  
i n  a  r a p i d  e l e v a t i o n  of t h e  exposed me ta l  s u r f a c e  tem- 
p e r a t u r e  r e s u l t i n g  i n  me l t ing  of  t h e  s u r f a c e  and, 
u l t i m a t e l y ,  i n  f a i l u r e  of  t h e  p l a t e .  We a r e  p r e s e n t l y  
exp lo r ing  t h e  p o s s i b i l i t y  of u s ing  a  scanning i n f r a  
r ed  camera t o  view each armor p l a t e  assembly a f t e r  a  
sho t .  Anomalies i n  t h e  thermogram ob ta ined  would 
s i g n a l  t h e  need f o r  c l o s e r  i n s p e c t i o n  of  t h e  t i l e  
su r face .  , 

The des ign  of vacuum v e s s e l  armor p l a t e  f o r  
neu t r a l . beam systems p r e s e n t s  a number of cha l l enges  
t o  t h e  engineer .  Heat f l u x e s  of s e v e r a l  hundred 
watts/cm2 must be handled on a  r o u t i n e  b a s i s  du r ing  
normal plasma ope ra t ions ,  and a  f a c t o r  of t e n  i n c r e a s e  
i n  these  f l u x e s  can occur  du r ing  plasma d i s r u p t i o n s .  
At t h e  p resen t  t ime,  a  g r a p h i t e  t i l e  system appea r s  
t o  be t h e  b e s t  cand ida te  f o r  such a  s i t u a t i o n .  Heat 
f l u x e s  i n  excess  of 4  k ~ l c r n ~  can be r o u t i n e l y  s u s t a i n e d  
and t h e  m a t e r i a l  s p u t t e r e d  o r  evaporated from t h e  
s u r f a c e  has  a  low atomic  number. The system proposed 
f o r  Doublet 111 w i l l  provi.de v a l u a b l e  d a t a  f o r  t h e  
des igne r s  of  f u t u r e  f u s i o n  r e a c t o r s  and w i l l  a l s o  pro- 
v i d e  proof-of-pr inciple  demonstra t ions  f o r  such 
machines a s  TFTR and JET. Ins t rumen ta t ion  t o  moni tor  . 
t h e  cond i t ion  and i n t e g r i t y  of t h e  armor i n  r e a l  t ime  
does not  p r e s e n t l y  e x i s t  and w i l l  r e q u i r e  development. 
Th i s ,  however, should  be ext remely u s e f u l  f o r  s tudy ing  
f i r s t  w a l l  c o n d i t i o n s  i n  f u t u r e  machines. 
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