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Vacuum and Wall Problems in Precursor Reactor Tokamaks* 

S. A. Cohen 
Plasma Physics Laboratory, Princeton University 

Princeton, New Jersey 08540 

ABSTRACT 

NOTICE 

spowmd by the United S U t a  G o m m n t .  Neither 
the United S u t s  nor the United SUtu  EMBY 
R-ch and Drrrlopmcnt Adminislmtion, nor any of 
theb amploy.u, nor m y  of t k i r  mntractors. 
submnmE(~n. or thrlr cmplayea, maku any 
wnnnty.  exprm or implied, or anumcl any Legal 
liability or rrrpondbility for the a~umcy.completencn 
or uafulnm of any information. a p p m l u ,  product or 
pmau d M o u d ,  or represents that it% uw would not 

The Princeton Large Torus (PLT) will be com- 

pleted in 1975 and two other CTR oriented toroidal 

plasma devices, the Poloidal Divertor Experiment 

(PDX) and the Tokamak Fusion Test Reactor (TFTR), 

are planned to be completed in 1977 and 1981. The 

vacuum systems of these machines must satisfy strin- 

gent requirements because of unusual operating con- 

ditions, such as, magnetic field induced strains 

and eddy currents, energetic particle and photon bom- 

bardment, large transient gas loads, and the use of 

100 Curie quantities of tritium. In addition, novel 

vacuum wall surfaces and fast moving mechanical or 

magnetic plasma limiters will be required to minimize 

the influx of impuriti.es during discharges. 

*This paper was presented at the 22nd National Vacuum 
Symposium, Philadelphia, Pa., Oct. 28-31, 1975. 
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I. INTRODUCTION 

Every discussion of the feasibility of a particular method 

to achieve thermonuclear fusion starts with the Lawson criterion 1 

and a diagram of nr versus T, the density-energy confinement time 

product versus the' temperature. Fig. 1 shows the expected regions 

of operation for several different fusion breakeven schemes. As 0 

one can see, the shortest distance from the origin to the break- 

even line occurs at nr = 7 x 1 0 ~ ~  sec and T = 10 keV. Though the 
-3 cm 

shortest distance may not be representative of the easiest or 

most economical method to achieve breakeven, it is the route 

chosen by the proponents of tokamaks and Q - pinches. At this 

point much of the similarity between these methods ends as heat- 

ing and containment techniques vary considerably in time scale 

and geometry. 0-pinches reactors, for example, wo11J.d work optimal- 

3 ly at high densities (1018/cm ) in a short time scale sec) 

14 3 pulsed mode. Tokamaks would operate at lower densities(jx10 /cm ) . .,. -. 

.nd longer confinement times(0.3 sec). Because. of this long time 
C .  . .. . .-- . -  

scale tokamaks may suffer from certain problems not symptomatic 

to the other technique. One major,problem may be the accumulation 

of impurity ions in the plaSma. Other problems would be caused 
. .- . . 

by the need to. vary some of the applied magnetic fields in times 
. 

as short as a few milleseconds. A feature commonto both the mag- 

netic field and impurity problems is the structure of the vacuum . ,-, 

vessel wall. Throughout this discussion the poi-nt of view 1s how 

will the wall affect the plasma, not how will the plasma affect the 

wall. 

' These problems are repeatedly encountered in present day 

tokamaks. If 'the particle confinement time in larger tokamaks 



i n c r e a s e s  as  i t  i s  hoped,  t h e s e  problems may be e x a c e r b a t e d .  

Remedies t o  t h e s e  problems must  i n v o l v e  advances  i n  t h e  under-  

s t a n d i n g  and m a n i p u l a t i o n  o f  plasma b e h a v i o r ,  vacuum t e c h n o l o g y  

and s u r f a c e  phenomena. 
. - .  - 

I n  t h i s  paper  I w i l l  d e s c r i b e  t h e  w a l l  and vacuum problems 

expec ted  i n  t h e  P r i n c e t o n  Large Torus ( P L T ) ,  t h e  P o l o i d a l  

D i v e r t o r  Experiment ( P D X )  and t h e  Tokamak Fus ion  T e s t  Reactor  

(TFTR), and what s o l u t i o n s  a r e  be ing  i n v e s t i g a t e d .  
- . -  

11. THE TOKAMAX 

A tokamak is a t o r o i d a l ,  ax i symrne t r ic ,  low BT ( BT 2 plasma 

e n e r g y / t o r o i d a l  m a g n e t i c  f i e l d  e n e r g y )  plasma c o n t a i n m e n t  d e v i c e  

t h a t  r e l i e s  on a s t r o n g  t o r o i d a l  plasma c u r r e n t  t o  r e d u c e  v e r t i c a l  

p , a r t i c l e  d r i f t  mo t ions  c a u s e d  by t h e  c u r v e d  inhomogeneous t o r o i d a l  

f i e l d .  I n  F i g .  2 one  can see p i c t o r i a l l y  how t h e  n e t  h e l i c a l  mag- - 
n e t i c  f i e l d  produced by t h e  a d d i t i o n  o f  a t o r o i d a l  c u r r e n t  c a u s e s  

i o n s  t o  d r i f t  back i n t o  t h e  tokamak d u r i n g  t h e i r  t r a n s i t  a l o n g  

t h e  f i e l d  l i n e s  i n  upper  h a l f  o f  t h e  t o r u s .  The t o r o i d a l  c u r r e n t  

k l s o  e f f i c i e n t l y  h e a t s  t h e  plasma a t  low e l e c t r o n  t e m p e r a t u r e s  

i (Te< 5 k e v ) .  A f l u x  change  i n s i d e  t h e  t o r u s  o f  a b o u t  1 0  v o l t  s e c o n d s  

i s  r e q u i r e d  t o  d r i v e  t h i s  ohmic h e a t i n g  c u r r e n t .  So a s  n o t  t o  

" s h o r t  o u t n  t h e  ' no nea rby  c o n t i n u o u s  c o n d u c t i n g  p a t h  may 

e n c i r c l e  t h e  t o r u s .  F o r  t h e s e  r e a s o n s  b o t h  t h e  vacuum v e s s e l  con- 

t a i n i n g  t h e  plasma and  t h e  s t r u c t u r e  s u p p o r t i n g  t h e  t o r o i d a l .  

f i e l d  c o i l s  must  be s u f f i c i e n t l y  non-conduc t ing  o r  t h e y  m u s t , c o n -  . .  . 

taip insulating s e c t i o n s .  



other time-varying magnetic fields' are required in tokamaks. 

A.vertica1 field must be applied to balance the. well-known toroidal 

hoop forces. Complex fields may be used to divert outer field 

lines from the main plasma volume into a separate volume. The 

purpose of these diverted field lines (commonly called a "diver- 

tor") is to control the species and time behavior of particles 

that enter the main plasma body. In particular, diverturs W i , , l . l .  

be used to remove impurity ions from the plasma edge. 

One o t l l r r  important component of a tokamak is its aperture 

limiter. This is usually a setof refractory metal arms that 

encircle the plasma and prevent it from expanding out to the 

vacuum vessel wall. The limiter ..plays a dominant role in de- 

termining the boundary conditions of the plasma. It absorbs 

the power outflux due to electron and ion thermal conductivity 

and also neutralizes the ions that impact on it. 
8 .  

A. CHARACTERISTICS OF TOKAMAK DISCHARGES. 

Computer calculationsof "sta.ndardM tokamaks discharge 

characteristics were carried out to unravel the details of wall 

associated problems. These calculations wore performed with 

2 the,Princeton Transport Code whose p r e d i c t . i n n s  are in good 

agreement with measurements on existing tokamaks. Table I is 

a list ofrelevant parameters for the PLT and TFTR devices. 

The TFTR parameters are for two different times in the same ' 

discharge - one prior to, the other immediately after a strong 



adiabatic compression. ThePLT parameters are £or the kime . . - . ...I.. 

in the discharge.when the ion temperature is at its peak 

central value. The influx of impurities due to various 

machanisms has been set to an arbitrarily low value; thus 

the plasma temperatures shown in Table I are overly optimistic. 

Of course, if the plasma is cooler the particle transported energy 

flux to the wall may be overestimated. In Fig. 3, the radial 

profiles of the electron and ion density and temperacures are 

shown for the precompression TFTR calculation. These profiles. 

all have negative gradients; i.e., the density and temperature 

both decrease monoto'nically as r increases. Reversed gradient 

plasmas will be discussed later in this paper. In Table I w e  

see that charge exchange hydrogen. ion thermal conductivity 

and electron thermal conductivity contribute equally to the energy 
. , 

loss. The energy distributions of charge exchange. hydrogen, 

atoms that leave PLT'and..TFTR are shown i'n Figures 4 and 5. 

In contrast with the 5 keV central ion temperatures. the most 

probable energy of the escaping charge exchange particles 
. . 

is only 300 eV. ' 

It is improbable for impurity atoms to leave the plasma by 

multiple charge exchange. In quiescent discharges they may either 

diffuse out or be resonantly pumped out by some rf wave. Those 

impurities that diffuse out will have an energy equal to the edge ion 

temperature. (They may gain up to 4 times that energy if there is an 

. . electron sheath). Impurities that leave by a resonant process 

may have several hundred eV of energy. 



From examin ing  T a b l e  I w e  can  enumera te  s e v e r a l  mechan- 

i s m s  , t h a t . c o u l d  c a u s e  i m p u r i t y  i n f l u x  i n t o  t h e  tokamaks dur'ing 

s t e a d y  s t a t e . o p e r a t i o n .  These  mechanisms i n c l u d e :  

1) P h o t o - d e s o r p t i o n  o f  atoms a d s o r b e d  on t h e  

f i r s t  w a l l .  . . .  . 

2 )  P h y s i c a l  s p u t t e r i n g  o f  w a l l  m a t e r i a l  o r  chemi- 

s o r b e d  atoms by e s c a p i n g  c h a r g e  exchange n e u t r a l s .  

3 )  . S p u t t e r i n g  o f  w a l l  m a t e r i a l  by non-11ydrugeni.e i o n s  

4 )  S p u t t e r i n g  o f  w a l l  m a t e r i a l  by 1 4  MeV n e u t r o n s .  

5 )  Chemical  s p u t t e r i n g  of wal,l. m a t e r i a l s  by hydrogen.  

6 )  B l i s t e r i n g  o f  w a l l  m a t e r i a l  by e s c a p i n g  hydrogen 

or, h'c? 1 i 'um atomc , 

7 )  E v a p o r a t i o n  o r  f r a g m e n t a t i o n  o f  l i m i t e r  m a t e r i a l  

. by t h e  l a r g e  e n e r g y  f l u x .  . . .  

8 )  p l a s m a  c o n t a c t  w i t h  w a l l  i d e s o r b i n g  l o o s e l y  bound 'gases). 

More d e t a i l e d  d e s c r i p t i o n s  o f  some o f  t h e s e  mechanisms c a n  b e  

found  i n . R e f e r e n c e s  3 ,  4 ,  and  5 .  The i lr~pact o f  runaway e l e c t r o n s  

on the w a l l c  ,and limi,ters is'an a d d f t i o n a l  mechanism. However, 

t h i s  s h o u l d  n o t  o c c u r  i n  h i g h  d e n s i t y  d i s c h a r g e s .  

T h e  r e l a t i v e  c o n t r i b i t i o n  o f  e a c h  o f  t h e s e  t o  t h e  i m p u r i t y  
. 

p r o b l e m  i n  TFTR is, summarized in Tabla. XI. Thc t w o  valites slivwri 

f o r  n e u t r o n  s p u t t e r i n g  c o r r e s p o n d  t o  t h e  cascs "chunk ernissiurl" 6 

and  " i ~ o  chunk e m i s s i o n " .  ' The p h o t o d e s o r p t i o n  e f f i c i e n c y  used 

i n  T a b l e  1.1 i s  a p p r o x i m a t e l y  f o r  pho ton  e n e r g i e s  between 

3  1 and.  1 0  e V ,  8 f  S p u t t e r i n g  y i e l d s  f o r  s t a i n l e s s  s t e e l  were 

t a k e n  f rom R e f e r e n c e s  1 ' 0 , a n d  11. ( T h i s  e s t i m a t e  i n c l u d e s  t h e  

a n g u l a r  d i s t r i b u t i o n  o f  t h e  c h a r g e  exchange p a r t i c l e s ) .  i2 B l i s t e r  

f o r m a t i o n  may , b e  less i m p o r t a n t  t h a n  shown. (Recrrr t  0bser;ation.s 

h a v e  s h o w n . t h a t  1) . b l i s t e r s  do  n o t  form when t h e  i m p a c t i n g  beam 

h a s  a wide  e n e r g y  s p r e a d ,  13' l4 and  2 )  b l i s t e r s  do n o t  r e fo rm on 
# 



previously blistered regions. )15 However, the blister formation 

rates used are from Verbeek and ~ckstein?~ Since all plasma heat- 

ing in these calculations was "causedW.by Ohmic heating and neutral 
_ - L . L  

beams., the escaping impurities should leave the plasma at approxi- 

mately 40 eV, 4x the edge temperature. At this energy, the sput- 

tering yield of Fe on Fe is taken to be -.05,the same as for Ar im- 

pact on Cu. " The impurity confinement time was assumed to equal the 

calculated ion confinement time. Chemical sputtering does not 

appear to be relevant to stainless steel walled machines. (It 

may not be relevant to carbon walled devices either, if the car- 

bon temperature is sufficiently low.) The extent of limiter 

evaporation and fragmentation was calculated using the results 

18 . of Schivell and Grove. 

In addition to the impurity influx during steady state 

operation, there might be a large influx during the plasma 

start up. One reason for this is that the helical field is 

not properly formed at the beginning of the discharge. Con- 

sequently particle containment is poor and the wall would 

experience severe particle bombardment. 

The Princetpn Transport Code shows that this influx of 

impurities into the plasma causes the peak ion and electron 
. i .  

temperature to drop.by about 60%.. Considering the impressive 
. .  . 

predictions in Table I, a 2 keV ion temperature is very disap- 

pointing. However, it is not neces.sary to operate a tokamak 

in.a manner that makes it susceptible to these problems. 
. . 

specific plans for constructing and operating PLT, PDX and TFTR to 

avoid the sputtering and desorption problems as well as the afore- 

mentioned magnetic field problems will be presented in Section 111. 



B. THE EFFECTS OF 1 M P U R I . T I E S  I N  TOKAMAKS 

B e f o r e  p r e s e n t i n g . t h e  d e t a i l s  of  t . he .p roposed  methods f o r  

i m p u r i t y  c o n t r o l ,  I w i l l  d e s c r i b e  t h e  e f f e c t s  i m p u r i t i e s  have 

i n  tokamaks and.why t h e i r  p r e s e n c e  i s  u s u a l l y  u n d e s i r a b l e .  Con- 

s i d e r a t i o n s  o f  t h e s e  e f f e c t s  have  g r e a t l y  h e l p e d  i n  f o r m u l a t i n g  

s o l u t i o n s .  Throughou t  t h i s  d i s c u s s i o n ,  t h e  i m p u r i t i e s  a r e  

d e s c r i b e d  by t h e i r  mass m c h a r g e  s t a t e  ZI, k i n e t i c  tempera-  
1. , 

t u r e  TI, convective mot ion  <vlz, and l o c a l  d e n s i t y  nI. 

T h e r e  a r e  . t h r e e  f a v o r a b l e  e f f e c t s  t h a t  would o c c u r  f o r  a  

s m a l l  a c c u m u l a t i o n  o f  i m p u r i t i e s  i n  t h e  p lasma c o r e :  The f i r s t  

i s  an enhancement ,  o f  t h e  Ohmic heallil-19. e f f i c i e n c y  . I m p u r i t i e s .  

- i n c r e a s e  t h e  r e s i s t i v i t y  o f  t h e  p lasma by . t h e  f a c t o r ,  1 9  

where  i r e p r e s e n t s  t h e  sum o v e r  a l l  i o n  s p e c i e s  p r e s e n t  i n  t h e  
. . 

t h  p l a s m a ,  Z . i s  t h e  c h a r g e  o f  t h e  i.- s p e c i e s ,  n  i s  t h e  d e n s i t y  i . i 
t h  s f  t h e  i- species and ' n  i s  t h e  d e n s i t y  o f  e l e c t r o n s .  e ,. ' e f f '  

as a  f u n c t i o n  o f  i m p u r i t y  c o n t e n t ,  f o r  C ,  A l ,  T i  and Mo i s  shown 

i n  ~ i , g .  6 .  ~ h i s ' i n c r e a s e .  of  r e s i s t i v i t y  i n  t h e  plasma c o r e  would 

t e n d  t o  s p r e a d , t h e  Ohmic h e a t i n g  current n v r r  a l a r g o r  chall. 
. . .  

n e l ,  t h e r e b y  i m p r o v i n g  t h ' e  p l a s m a ' s  magnetohydrodynamic s t a L i l i L y .  

. Also w l l e n  i m p u r i t y  i o n s  have  a  g r a d i e n t  i n  t h e  same d i r e c t i o n  a s  t h e  

hydrogen  i o n s . c e r t a i n  t r a p p e d .  p a r t i c l e  modes t h a t  would o t h e r w i s e  
. . 

2 0  c a u s e  d e t r i m e n t a l  p lasma l o s s e s  become s t a b i l i z e d .  

These  s a l u t a r y  e f f e c t s  o f  i m p u r i t i e s  a r e  n o t  c o m p e l l i n g  

r e a s o n s  t o . t o l e r a t e  a  c o n t a m i n a t e d  p lasma.  Even w i t h  i m p u r i t i e s  

p r e s e n t  ohmic h e a t i n g  by i t s e l f  c o u l d  n o t  b r i n g  a  t r i t i u m  - 



deuterium plasma to ignition. Other techniques:' such as the 

23' 
injection of energetic neutral .beams, 22 lower hybrid waves 

24 
or ion cyclotron resonance.waves are necessary heating sup- 

plements. There may be other ways to change the current profile - 
. .. 

- .  
such as the injection of frozen hydrogen pellets - that may not 
have the detrimental effects of impurities. Similarly, trapped 

particle effects could be relieved by pellet injection or changes 

in the plasma cross section. 2 5  Furthermore, before accumulating 

in the core, the impurities must be transported across the outer 

regions of the plasma. Here their effects are completely un- 

favorable. They cause the current profile to shrink and the 

trapped particle modes.to become unstable. , The time scale for 

a Z = 20 impurity to be transported through a "clean' quiescent 

plasma into the core is approximately 

where a - 5 0  cm, 

and D is the neoclassical diffusion coefficient26 at 5 0  kGauss 

magnetic f ie'ld and 2 keV ion temperature. (This assumes negative 

gradients for the temperature and density. ) 

Further anticipated disadvantages of impurity ions in tokamaks 

include: 

. , 1. ~nhanced power loss by radiation. Fully stripped ions 

cause an enhancement of bremsstrahlung by'the factor 

... . 

.Z e if 
1/2 . This factor in'creases as T . For incompletely 

stripped ions the problem is more complicated. Recombin- 

ation losses are a function of ion charge state and 



e l e c t r o n  t e m p e r a t u r e .  The enhancement  f a c t o r  y f o r  

d i f  f e r e n ' t  oxygen and i r o n  i o n s ,  a r e  shown i n  F i g .  

Y i s  p r o p o r t i o n a l  L i n e .  r a d i a t i o n  from i o n s  

. w i t h  a t  l e a s t  3 r e m a i n i n g  e l e c t r o n s  i s  g i v e n  by 2 8 

P - 1 . 5 ~ 1 0  -26 
3 n  

2  
"I - e ' 

n  e - 
F i g .  8 shows t h e  c a l c u l a t e d  power l o s s  s p e c t r u m  f o r  1% 

. . - 3  
F r  c o n t a m i n a t i o n  o f  a  1014  e l e c t r o n  c m  , 1 k e ~  hydrogen . 

T h i s  power l o s s .  e x c e e d s  p lanned  ohmic h e a t i n g  i n p u t  

power i n  PLT by a f a c t o r  6f '9, It. i . s  notabl ie  t h a t  l i n e  

r a d i a t i o n  i s  t h e  dominant  l o s s  t e r m  f o r  Fe i m p u r i t i e s  

a t  t h i s  t e m p e r a t u r e .  For  f u l l y  s t r i p p e d  i o n s ,  recombin-  

a t i o n  r a d i a t i o n  i s  t h e  1 , a r g e s t  l o s s  mechanism. 

2.  R e d u c t i o n  o f  t h e  r e a c t i v i t y  o f  a  D-T plasma.  The r e -  

a c t i v i t y  o f  a  D-T plasma i s  p r o p o r t i o n a l  t o  the p r o d u c t  

"D "T' 
A 1% c o n t a m i n a t i o n  by 26 times i o n i z e d  Fe l o w e r s  

. . 

the r e a c t i n g  p a r t i c l e  d e n s i t i e s  by 1 3 %  each, hence  t h e  

' r e a c t i v i t y  by - 24%.  

3.  Enhancement o f  n e o c l a s s i . c a 1  p a r t i c l e  t r a n s p o r t ,  and hence  enerl. 

t r a n s p o r t .  P a r t i c l e  t r a n s p o r t  i s  a p p r o x i m a t e l y  p ropor -  

t i o n a l  t o  (z1)  i / 2  a t  c o n s t a n t  Z e f f  

4 .  S h a j  ].ow sncr.py d e p o s i t i o l ~ '  p t o f i l e s  f o r  i n j e c t e d  e n e r g e t i c  

n e u t r a l  beams o r  rf waves. High Z i m p u r i t i e s  may be 
3 .  . . . .  

q u i t e .  e f f i c i e n t  i n  i o n i z i n g  i n c o m i n g  n e u t r a l  beam atoms by 
. . .  

c h a r g e  exchange30  o r  i o n  i m p a c t  i o n i z a t i o n .  
. . 

31  S i m i l a r l y  

i m p u r i t i e s  may be r e s o n a n t  a t  low harmonics  o f  i o n  C Y -  - 

c l o t r o n  waves.  
32 

I f  i m p u r i t i e s  a r e  n e a r  t h e  edge  o f  t h e  
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Of course, the design and construction of each device aiso 

depends on economic factors. 
. . 

. . : I .  

A .  The princeton Large Torus. (PLT) 

Fig. 9 shows a sketch of PLT. Its main components 

include the toroidal field (T?) coils, vacuum vessel, 
. , 

pumping system, ceramic sections, Ohmic heatinq (OH) coils 

and shaping field (SF) cbils. Not Shown are the. -30 

aidgnostic'  device^ that will be attached to PLT to measure 
the electron density and temperature, ion temperature and 

density, impurity content, wall conditions, et cetera. 

Economy in construction and magnetic field energy were 

the reasons that the SF and OH coils are compactly nested 

inside the TF coils. This allows the OH field to use space 

occupied by the TF coils. In this awkward location their 

installation was time consuminq and tedious. 

Thc vacuum vessel is 130 c1[1 in major radius and aboilt 

50 cm in minor radius. It contains two ceramic sections 

SO that the Ohmic heating current- will not be shunted through 

the vacuum vessel. Their dimrnsio~rs and composition are listed 

in Table TII. The construction of this component was 

performed in conjunction with the Rutgers' University, 

Department of Ceramics. Smaller ceramic secitons had been 

made at Princeton 15years ago,35, but the possibility that 

40 inch diameter sections could not be made, prompted that 

the resistance of the vacuum vessel be increased. This was 

accomplished by fabricating it in alternating sections of 
. . 

. . a .  . . . 



1/4" thick 305 SS cylinders and multicorrugatedbellows . 

sections.. Each of"the 18 pie shaped bellows section contains 

approximately 25 1" deep corrugations of stainless steel,. ; 

each 0.022 inches in thickness. With this construction the 

resistance of the vacuum vessel alone (.01 Ohms) is LO times 

'greater than the plasma resistance at a 5 eV temperature. 

This construction of the ,vacuum vessel also satisfied the 

time scale requirement ( r  - .003 ms) for the penetration of 
the SF field. In TFTR the vessel is substantially thicker to 

support larger atmosphere forces Here the field penetration time 

may be too long for feedback stabilization of the plasma., 

It was decided not to attempt novel construction techniques 

in PLT. In addition, high temperature bakeouts such as were 

successful at  ern^^ will not be used because of the great 
expense. It was estimated that the changes required to heat 

the vacuum vessel to 350' C would increase the construction 

costs by 25%. In contrast, Russian tokamaks are baked. 

The firs ' t  line for attacking the impurity problem was 

t o  get' the lowest base pressure possible. For this reason all 

seals on the vacuum chamber are either gold or copper. Only 

UHV compatible materials are used. Four of the largest ports on 

the vacuum vesselareused for connections to the vacuum Dumps. 
.. 

These are 10" diameter stainless steel Hg diffusion pumps 

. with multicoolant baffles. Hg pumps were chosen over oil 



pumps because o f  t h e  r e l a t i v p  e a s e  and speed f o r  d e t e c t i n g  

and removing Hg from t h e  vacullrn v e s s e l  i n  t h e  c a s e  o f  an 

a c c i d e n t .  The t o t a l  pumping sp'eed i s  conductance l i m i t e d  t o  . .  

a b o u t  4000 l i t e . r / s e c o n d .  A l l  s e c t i o n s  of t h e  vacuum ves.se1 

have been vacuum baked. i n  . a  s e p a r a t e  vacuum oven t o  about  

400° C.  T h i s  i s  known 3 7 f  38 t o  r educe  t h e  o u t g a s s i n g  r a t e  from 
- 1 4  lo-' -'to a b o u t  1 0  Tor r  l i t e r / s e c - c m 2 .  However, f r e q u e n t  

device opening  w i l l  p robably  cause  Chs rrrt u u t g a s s i n g  r a t e  

2 
t o  be abou t  3x10 Tor r  l i t e r / s e c - c m  . Due t o  t h e  1ar.ge' 

5 2 
s u r f a c e  a r e a  o f  t h e  t o r u s ,  5 x 1 0  cm , t h i s  o u t g a s s i n g  r a t e  

. . 

w i l l  c a u s e  a bake p r e s s u r e  of 4 x 10;' To r r .  I t  i s  expec ted  

t h a t  t h i s  w i l l  be comprised most ly  of  H 0 ,  CO, and H 2 2 ' Under 

t h e s e  c o n d i t i o n s  multi-monolay.er f i l m s  of  absorbed g a s e s  w i l l  

c e r t a i n l y  form. . Hence d e s o r p t i o n  d u r i n g  a  d i s c h a r g e  could  be 
~. . 

a  s e r i o u s  problem. 

F i v e  methods f o r  i n  s i t u  sur fa .ce  c l e a n i n g  a r e  planned 
8 . ,: I I 

t o  e l i m i n a t e  t h e . a d s o r b e d - g a s e s .  The f i r s t  method i s  d i s -  . . 

c h a r g e  c l e a n i n g .  T r a d i t i o n a l l y , . t h i s  i s  t h e  main method used.  

Var ious  g a s e s  h a v e t b e e n  used i n  d i s c h a r g e  ciea..ning tokamaks 

w i t h  t h e  best  r e s u l t s  a t  P r i n c e t o n  being o b t a i n e d  wi th  oxygen 3 9  

4 0 
o r  a 30% neon - 70% hydrogen mix ture .  Discharge c l e a n i n g  i n  

tokamaks i s  performed by r a p i d  p u l s i n g  t h e  machine a t  l o w  t o r n i d a l  

magnet ic  f i e l d s .  T h i s  produces  copious  photons  and 10-50 eV 

i o n s  which a r e  p o o r l y  conf ined  and r e p e a t e d l y  bombard t h e  w a l l .  

(The w a l l  t empera tu re  may r i s e  t o  ove r  100' C.) The major 

f a u l t  w i th  t h i s  p r o c e s s  i s  i t s  low d u t y  c y c l e  . Also 

s p u t t e r  c l e a n i n g  of s u r f a c e s  i s  known t o  i n c r e a s e  t h e  

2 3  amount of CO a d s o r p t i o n  by 10 -10 over  annea led  s u r f a c e s .  4 1  



The second  method t o  r a d u c e  l o o s e l y  bound g a s e s  on t h e  

w a l l  ,is t o ,  g e t t e r  w i t h  t i t a n i u i n .  T h i s  h a s  been used  on t h e  

A T C ~ ~ ,  tokamak t o  change hydrogen r e c y c l i n g .  Measurements o f  

t h e  v a c u y  u l t r a v i o l e t  s p e c t r u m  a f t e r  g e t t e r i n g  have  shown t h a t  

t h e  oxygen i m p u r i t y  , . c o n t e n t  d e c r e a s e d  by a  f a c t o r  of 1 0 .  (Subl im-  

a t i o n  was done i n  o n l y  1 /2  t h e  t o r u s ) .  T h i s  t e c h n i q u e  may have  
. . 

a  few drawbacks .  I t  i s  w e l l  known t h a t . t h i c k  t i t a n i u m  f i l m s  

have  a t e n d e n c y  t o  p e e l .  . W e  have n o t  y e t  e x p e r i e n c e d  problems 

from t h i s .  A l s o ,  s h u t t e r s  a r e  r e q u i r e d  o v e r  a l i  windows and 

c e r a m i c  s e c t i o n s  d u r i n g  t h e  s u b l i m a t i o n  - it may b e  n e c e s s a r y  t o  

s u b l i m a t e  between e v e r y  d i s c h a r g e .  The l o n g  t e r m  e f f e c t s  o f  tit- 

anium s u b l i m a t i o n s  i n  t h e  main p lasma chamber a r e  n o t  known, however,  

it i s  d i s c o n c e r t i n g . t o  b e  t r a p p i n g  l a r g e  q u a n t i t i e s  o f  g a s  i n  a r e a s  

t h a t  a r e  s u b j e c t  t o  i n t e n s e  p a r t i c l e  and e n e r g y  bombardment. 

T h i r d l y ,  w e  have i n s t a l l e d  t h e  f a c i l i t y  t o  e v a p o r a t e  

t h i n  f i l m s  o f  o t h e r  m e t a l s  i n  s i t u .  Exper iments  a t  PPPL 

h a v e  ,shown t h a t  f r e s h l y  e v a p o r a t e d  Au f i l m s  do n b t  a d s o r b  

a p p r e ~ i a b l e ~ a m o u n t s  o f  hydrocarbons  o r  CO f o r  week l o n g  e x p o s u r e s  

t o  vacuum c o n d i t i o n s  s i m i l a r  t o  PLT. 4 3 I n  compar ison f r e s h l y  

e v a p o r a t e d  A 1  f i l m s  r a p i d l y  o x i d i z e ,  b u t  t h e n  do n o t  a d s o r b  

hydroc ,ar ,b~,n ,s . , ,or  CO,. :Bo th  a r e  p o s s i b l e  c h o i c e s .  ~ l u m i n u m  

o x i d e  . .  h a s  . t h e  a d d i t i o n a l  a d v a n t a g e s  o f  h a v i n g  b o t h  a  lower  Z 

4 4 and  a lower  s p u t t e r i n g  y i e l d  t h a n  g o l d .  . . 

F o u r t h ,  :w,e have  i n s t a l l e d  8 moveable f i . l a m e n t s  i n  

PLT., These c a n . b e , p o s i t i o n e d  on t h e  a x i s  o f  PLT and used  t o  

g e n e r a t e  1.6 A ,  o f  :5 keV e l e c t r o n s  f o r  e l e c t r o n  s t i m u l a t e d  

d e s o r p t i o n  of. g a s e s  a d s o r b e d  on the v e s s e l  w a l l .  h i g h  



g a s  c o v e r a g e s ,  t h e s e  e l e c t r o n s  have  a  d e s o r p t i o n  c r o s s  s e c t i o n  

o f  a b o u t  10-17.  T h i s  f a l l s ,  t o  a t  p a r t i a l  monolayer  cover -  

a g e s .  4 5 t  4 6 '  4 7  4 8  A t  t h e s e  e f f i c i e n c i e s  t h e  ESD t e c h n i q u e  c o u l d .  

c l e a n  t h e  w a l l s  i .n  t i m e s  v a r y i n g  from 1 m i n u t e  t o  10  h o ~ r s .  The 

c l e a n i n g  t i m e  w i l l  p r o b a b l y  b e ' s h o r t e r  t h a n  1 0  h o u r s  by a f a c t o r  

o f  a t  l e a s t  3 b e c a u s e  o f  t h e  h i g h  p r o b a b i l i t y  o f  e l a s t i c  e l e c t r o n  

b a c k s c a , t t e r i n g  f rom t h e  s u r f  a c e .  4 9  I n  a d d i t i o n  ESD e f f i c i e n c y  

i s  h i g h  down t o  100  e V ,  h e n c e  e a c h  e l e c t r o n  c a n  interact numer- 

o u s  t i m e s .  ESD h a s  a l r e a d y  shown i t s e l f  t o  be  a  v i a b l e  c l e a n i n g  

t e c h n i q u e  i n  t h e  D C X - 1  m i r r o r  machine.  50 

R e c e n t . a d v a n c e s  ' i n  ESD e x p e r i m e n t s  p o i n t  a way t o  modify 

t h e . s u r f a c e  i n t o ,  p e r h a p s ,  a more d e s i r a b l e  form. I t  h a s  been 

o b s e r v e d  t h a t  e l e c t r o n  bombardment ,of a  CO c o v e r e d  P t  (1'11) s u r -  
' .. 

f a c e  c a u s e s  d e s o r p t i o n  o f  more t h a n  9 5 %  o f  t h e  0 b u t  o n l y  50% 

o f  t h e  C .  51 Recen t  e x p e r i m e n t s  i n  o u r  l a b o r a t o r y  show e s s e n t i a l -  

l y  t h e  same r e s u l t s  f o r  C O  on s t a i n l e s s  ~ , t e e 1 . 4 ~  The c a r b o n  
.. . 

t h a t  i s  l e f t  b e h i n d  i s  i n  t h e  g r a p h i t i c  form a s  a s c e r t a i n e d  by 

Auger l i n e  s h a p e s .  ' 4 3 i 5 2  D i s c h a r g e  c l e a n i n g  o f  PLT f o l l o w e d  by 

CO a d s o r p t i o n  and. ESD' c o u l d  c o a t  t h e  e n t i r e .  i n n e r  s u r f a c e  w i t h  
. . 

a  monolayer  f i l m  o f  g r a p h i t e .  T h i s . c o a t i n g  d o e s  n o t  r e a d i l y  

r e a d s o r b  CO. ~ e t a i i e d  measurementss3 have  shown t h a t  t h e  

s t i c k i n g  c o e f f i c i e n t , o f  CU and H on b u l k  g r a p h i t e  i s  iess 2 
t h a n  I n  a d d i t i o n  t o  t h i s  b e n e f i t  i t  i s  p o s s i b l e  t h a t  

a g r a p h i t e  . c o a t i n g  may r e d u c e  t h e  s p u t t e r i n g  o f  Fe.  c a l c u i -  

a t i o n s  on ' t h i s  a r e  i n '  p r o g r e s s .  
. . 

'* I f  t h e  s p u t t e r i n g  y i e l d  o f  

t h i s  f i l m  is t h e  same a s  f o r  b u l k  t h e n  under  s t a n d a r d  



. . 

.PLT o p e r a t i n g  c o n d i t i o n s  t h e  g r a p h l t e  f i l m  would l a s t  f o r  

s e v e r a l  days  b e f o r e  n e e d i n g  t o  be r e p l e n i s h e d .  T h i s  method 

h a s  t h e  a d v a n t a g e  t h a t  i f  t h e  f i l m  i s  h a r d y  i t  w i l l  c o n t i n u e  . 
t o  p r o t e c t  t h e  s u r f a c e  £ o r  a  l o n g  p e r i o d ; . o n  t h e  o t h e r  hand,  

- .  . 
. i f  it i s  r e a d i l y  s p u t t e r e d  ( w h e t h e r  c h e m i c a l l y  o r  p h y s i c a l l y )  

it w i l l  be  e r o d e d  i n  a  s h o r t  p e r i o d  and no t r a c e  b e  l e f t .  

T h i s  i s  a n  i m p o r t a n t  r e a s o n  t o  t r y  t h i s  a p p r o a c h  p r i o r  t o  

t i t a n i u m  g e t t e r i n g  or A 1  o r  Au e v a p o r a t i o n s .  

I n  T a b l e  11, it i s  n o t e d  t h a t  l i t t l e  i m p u r i t y  i n f l u x  

i s  e x p e c t e d  from l i m i t e r  e v a p o r a t i o n  o r  f r a g m e n t a t i o n .  T h i s  

i s  b a s e d  on t h e  assumpt ion  t h a t  t h e  l i m i t e r  a r e a  exposed  t o  

t h e  p lasma i s  s u f f i c i e n t l y  l a r g e  t h a t  t h e  power f l u x  t o  i t  

n e v e r  e x c e e d s  1 kW/cm . 5 6 ' 5 7 f 5 8  To s a t i s f y  t h i s  c o n d i t i o n  t h e  

l imi ters  must b e  l a r g e  and t h e  p.lasma must  be we l l -behaved .  

T h e . f o u r  l imi te r s  w i l l  e a c h  weigh 2 6  l b s .  For  a we l l -behaved  

p lasma t h e  s t e a d y  s t a t e  o p e r a t i n g  t e m p e r a t u r e  ( 0 . 5  sec o f  born- 

bardment  f o l l o w e d  by 120 sec o f  no p lasma)  o f  t h e  4 l imi te r s  

i s  e x p e c t e d  t o  be  a b o u t  , 8 0 0 ~  C and t h e  peak s u r f a c e  temper-.  
. . 

a t u r e  a b o u t  1 2 0 ~ 0 ~  C. 

P l a s m a s  w i t h  s k i n - c u r r e n t s '  would p l a c e  a n .  u n a c c e p t -  

a b l y  l a r g e  t h e r m a l  l o a d  on t h e  l imi te r s .  The f o r m a t i o n  o f  a  

s , k i n  c u r r e r i t  may be  p r e x e n t e d  by i n i t i a t i n g  t h e  d i s c h a r g e  a s  

a  v e r y  t h i n  t o r o i d  ( s a y  1 0  cm minor d i a m e t e r )  and a l l o w i n g  

- .  it t o  expand  o u t  t o ' 4 5  c m  i n  50 msec. T h i s  would f o r c e  t h e  

c u r r e n t  t o  f l o w  i n  t h e  c o r e .  To c a r r y  o u t  t h i s  p l a n  one  

t e c h n i q u e  wpuld be , to  have. t h e  l i m i t e r s  form a  1 0  c m  d i a m e t e r  



. c o n s t r i c t i o n  i n  t h e  vacuum v e s s e l  and t o  t h e n  wi thdraw them 

as t h e  r a te  40'  cm/50 msec (abi-ut  1 8  mph).  Such a n  expand ing  

l i m i t e r  i s  b e i n g  d e s i g n e d .  

Hydrogen g a s . w i l 1  b e  i n t r o d u c e d  i n t o .  t h e  tokamak 

i n  p u l s e s  u s i n g  v a l v e s  c a p a b l e  o f  5  msec o p e n i n g  and c l o s i n g  

t i m e .  The hydrogen  u s e d  i n  o u r  e x p e r i m e n t s  i s  p u r i f i e d  by 

. p a s s a g e  t h r o u g h  p a l l a d i u m .  - 
 e elated t o  t h i s  i s  how t o  r e d u c e ' t h e  a d d i t i o n a l  

amounts  o f  c o l d  n e u t r a l  hydrogen t h a t  accompany t h e  use  o f - .  

t h e  h i g h  power n e u t r a l  beam i n j e c t o r s  . The l i m i t e d  s p a c e  

a r o u n d  t h e  n e u t r a l  beam i n j e c t o r s - d o e s  n o t  a l l o w  ample room 

f o r  c o n v e n t i o n a l  d i f f u s i o n  o r  t u r b o m o l e c u l a r  pumps. B a f f l e d  

c r y o s o r p t i o n  and  s u b l i m a t i o n . p u m p s  a r e  b e i n g  c o n s i d e r e d .  
. . 

I n  t h e  p r e v i o u s d i s c u s s i o n  I d e s c r i b e d  p l a n s  t o  lower  

t h e  i n f l u x  o f  d e s o r b e d  i m p u r i t i e s  and s p u t t e r e d  i m p u r i t i e s  

by m o d i f y i n g  t h e  w a l l  c o n d i t i o n s .  The q u e s t i o n  r e m a i n s :  I f  

o u r  e f f o r t s  a r e  n o t  s u c c e s s f u l  can  w e  a l t e r  t h e  plasma s o  t h a t  
. . 

t h e  i m p u r i t i e s  w i l l  n o t  be  a s  d e t r i m e n t a l  a s  e x p e c t e d ?  One 
. . 

s o l k t i o n  i s  : .' I f  i m p u r i t i e s  w o u l d  n 6 t  r a p i d l y  d i f f u s e  i n  from 

t h e  edg.e i t  m a y b e  t o  " s c r a p e  them off! '  w i t h  t h e  . . 

' l i m i t e r .  A t  t h e  p r e s e n t  t i m e  two d i f f e r e n t  modes o f  o p e r a t i o n  

are b e i n g  c o n s i d e r e d  t o  reverse t h e  n e o c l a s s i c a l  inward  i m p u r i t y  

5 9 ' f 6 0  The f i r s t  method (see F i g .  1 0 )  u s e &  a n  axisyrnmetr ic  t r a n s p o r t .  

. , n e u t r a l  g a s  i n f l u x  t o  ' c o o l  t h e  edge  and c a u s e  a  n e g a t i v e  d e n s i t y  

. ' g r a d i e n t  . 6 1 ~ e v e r s i n g ,  t h e  d e n s i t y  ' g r a d i e n t  r e v e r s e s  t h e  d i r e c t . i  o n  

o f  t h e  i m p u r i t y  d r i f t  
. . 

v e l o c i t y .  2 , 5 1 , 6 2  T h i s  w o u l d , k e e p  t h e  impur-  

i t i e s  o u t  of  t h e  h o t  c o r e  a n d p o s s i b l y  a l l o w  them t o  be s c r a p e d  

o f f .  A t  t h e  l e a s t  it  would d e i a y  t h e  p e n e t r a t i o n  of i m p u r i t i e s  

i n t o  t h e  c o r e .  



A d d i t i o n a l '  a d v a n t a g e s  o f  t h i s  t y p e  o f  o p e r a t i o n  i n c l u d e :  

1 t h e  r e d u c t i o n  o f  e n e r g y  f l u x  t o  t h e  l i m i t e r  s i n c e  t h e  

e n e r g y  t r a n s p o r t e d  from t h e .  h o t  c o r e  w i l l  go t o  h e a t i n g  up 

t h e  c o o l  b l a n k e t ,  2 )  t h e  c o o l  b l a n k e t  may r e d u c e  t h e  e n e r g y  

o f  c h a r g e  exchange  p a r t i c l e s  t o  n e a r  t h e  s p u t t e r i n g  t h r e s h o l d ,  

3)  t h e  n e u t r a l  d e n s i t y  . . i n  t h e  plasma c o r e  i s  a c t u a l l y  r e d u c e d  

b e c a u s e  n e u t r a l s  a r e ' r e a d i l y  i o n i z e d  i n  t h e  c o o l  d e n s e  b l a n k e t ,  

and 4 )  r e v e r s e d  g r a d i e n t  p r o f i l e s  c a n  s t a b i l i z e  t r a p p e d  

. p a r t i c l e  modes. 61 A problem t o  t h i s  app,roech i s  t h a t  t h e  

p lasma b l a n k e t  i s  o n l y  t r a n s i e n t  s t r u c t u r e  w i t h  p e r h a p s  a  

5 0  msec l i f e t i m e .  

A second  method t o  r e v e r s e  t h e  n o r m a l l y  inward  i m -  

p u r i t y  t r a n s p o r t  was p roposed  by ~ h k a w a . ~ ~  H e  p o i n t e d  o u t  

t h a t  a  p o l o i d a l l y  asymmetr ic  s o u r c e  f o r  t h e  r e c y c l i n g  hy- 

d rogen  c o u l d  r e v e r s e  t h e  d i r e c t i o n  o f  i m p u r i t y  t r a n s p o r t .  

T h i s  c o u l d  be  t e s t e d  i n  PLT by g e t t e r i n g  o n l y  t h e  t o p  h a l f  

o f  t h e  vacuum v e s s e l  and i n j e c t i n g  hydrogen i n  from t h e  

bot tom.  I n  0hkawa ' s scheme a n  axisymmet ' r ic  . . l i m i t e r  a l o n g  

t h e  t o p  o f  t h e  t o r u s  i s  used .  I n i t i a l  p l a n s  o n  PLT do n o t  

i n c l u d e  t h i s  l i m i t e r  d e s i g n .  

As a  f i n a l  n o t e  on vacuum prob lems  w e  r e c a l l  t h e  

c a t a s t r o p h i c  vacuum f a i l u r e  t h a t  o c c u r r e d  i n  t h e  TFR 

tokamak i n  Fon teney  aux-Roses.  6 4  Numerous h o l e s  were 

' b u r n e d  t h r o u g h  t h e  b e l l o w s  s e c t i o n  o f  t h e  vacuum v e s s e l .  

. I t  h a s  been s h o w n . t h a t  t h e s e  were c a u s e d  by 50  keV e l e c t r o n s  

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

.. . 



d r i f t  o u t  o f  t h e  p lasma  i n  superbanana  o r b i t s .  A s  p r o t e c t i o n  

a g a i n s t  t h i s  o c c u r r i n g  i n .  PL'L: 1/8" t h i c k .  s h e e t s  o f  s t a i n l e s s  
I i ! , . .  '.. i . . . 

s tee l  w i l l  b e  p l a c e d  i n  f r o n t  o f . a l l  t h e  bel . lows s e c t i o n s .  

I n  summary,, t h e  vacuum v e s s e l  w a l l  h a s  been made. t h i n  and 

w i t h  i n s u l a t i n g  s e c t i o n s  b e c a u s e  o f  m a g n e t i c  f i e l d  r e q u i r e m e n t s .  

I t  i s  made o f  UHV m a t e r i a l s  and  w i l l  p r o b a b l y  have  a  b a s e  

s u r e  o f  4x10-' T o r r .  I n  s p i t e  o f  t h i s  t h e  w a l l  may be  t h e  s o u r c e  
. . 

o f  s p u t t e r e d  a n d  d e s o r b e d  i m p u r i t y  a toms.  I f  a t t e m p t s  t o  r e d u c e  

t h e  g e n e r a t i o n  o f  i m p . u r i t i e s  by a l t e r i n g  s u r f a c e  c o n d i t i o n s  a r e  

n o t  s u c c e s s f u l ,  a t t e m p t s  w i l l  b e  made t o  modify  p lasma b e h a v i o r  
. . 

t o  f l u s h  o u t  i m p u r ' i t y  i o n s .  I f  t h i s ,  t o o ,  i s  u n s u c c e s s f u l ,  t h e  
. . .. . 

o n l y  r e c o u r s e  i n  PLT may be  t o  do t h e  h e a t i n g  e x p e r i m e n t s  b e f o r e  

i m p u r i t y  i o n s  c a n  p e n e t r a t e . i n t o  t h e  h o t  r e a c t i v e . c o r e .  
. . . .  . . .  



B. The P o l o i d a l  ~ i v e r t o r  E x p e r i m e n t  P D X  

The m o t i v a t i o n  t o  c o n s t r u c t  PDX i s  t o  t e s t .  i m p u r i t y  con-  

t r o l  schemes  i n  a PLT s i z e d  p la sma .  The main i m p u r i t y  c o n t r o l  

scheme,  t h e  d i v e r t o r ,  r e q u i r e s  a d d i t i o n a l . l a r g e  volumes  i n  

t h e  t o r o i d a l  f i e l d .  For  t h e  s.ame m o t o r - g e n e r a t o r  se ts  u s e d  

f o r  t h e  smal ler  volumed PLT, P D X  c a n  o n l y  a t t a i n  a t o r o i d a l  

f i e l d  o f  25kT. T h e r e  a r e  'numerous b e n e f i t s  f rom o p e r a t i n g  a t  

l o w e r  f i e l d s .  The s e v e r e  s t r u c t u r a l  p r o b l e m s  e n c o u n t e r e d  i n  

t h e  d e s i g n  o f  P L T . w i l 1  b e  a v o i d e d .  F o r  example ,  t h e  TF c o i l s  

c a n  b e  c o n s t r u c t e d . i n  a  less  r i g i d , .  demoun tab le  f a s h i o n .  ( S e e  

F i g .  11.) Hence,  t h e  SF,  OH a n d  d i v e r t o r  f i e l d  (DF) c o i l s  c a n  

b e  prewound and i n s e r t e d  i n t o  t h e  demounted TF s t r u c t u r e . .  ' T h e  

vacuum v e s s e l , - s h o w n  i n  F i g .  1 2 ,  i s  c o n s t q u c t e d  i n  a s imi l a r  man- 

n e r .  I t  i s  p l a n n e d  t h a t  t h e  s e a l s  b e t w e e n  t h e  v a r i o u s  p a r t s  

o f  t h e  vacuum v e s s e l  b e  o f  d o u b l e  v i t o n  O - r i n g  c o n s t r u c t i o n .  

, A t r imetr ic  v iew o f  t h e  a s s e m b l e d . m a c h i n e  i s  shown i n  F i g .  1 3 ,  

and  a c r o s s  s e c t i o n a l  v i ew i n  F i g .  1 4 .  Here t h e  n o v e l  f e a t u r e s  

o f  P D X  are  s e e n  e a s i l y .  The p la sma  c a n  b e  f o r c e d  t o  assume a  non- 

c i r c u l a r  c r o s s - s e c t i o n  by t h e  d i v e r t o r  f i e l d .  The DF m i l s  a l s o  

d i v e r t  o u t  f i e l d  l i n e s  t h r o u g h  a  " t h r o a t "  o n t o  a n e u t r a l i z e r  p l a t e  

i n  t h e  g e t t e r e d  " b u r i a l  chamber" .  A s e p a r a t e  vacuum v e s s e l  l i n e r  

s u r r o u n d s  t h e  p la sma  r e g i o n .  A l s o  t h e  DF a n d  e q u i l i b r i u m  f i e l d  

(EF) c o i l s  a r e  mounted i n s i d e  t h e  vacuum v e s s e l .  

Ten 1 0 "  Hg d i f f u s i o n  pumps and.  80 t i t a n i u m  g e t t e r s  w i l l  be  

u s e d  f o r  p u m p i n g .  The d i f f u s i o n  'pumps w i l l  have  a  pumping s p e e d  
. . 



o f  l o 4  l i t e r s / s e c  f o r  a i r .   his s h o u l d  g i v e  a  b a s e  p r e s s u r e  

i n  PDX of less  t h a n  2x10-' T o r r .  

The u s e  o f  e l a s t o m e r  s e a l s  i n  P D X  . is  , n e c e s s i t a t e d  by 

b o t h  i t s  e l l i p t i c a l  c r o s s  s e c t i o n  and i t s  demountable  d e s i g n .  

Double e l a s t o m e r  s e a l s  w i t h  a  forepumped i n n e r  s p a c e  s h o u l d  

a l L e v i a t e  t h e  p e r m e a t i o n  problem. 

I t  may b e  p o s s i b l e  t o  bake  t h e  e l a s t o m e r  s e a l s  i n  s i t u  

2 t o  r e d u c e  t h e i r  o u t g o i n g  r a t e 6 '  t o  1 . 3  x lo- '  T o r r . l i t e r s / c m .  

3 2 sec. The exposed  e l a s t o m e r  s u r f a c e  a r e a  i s  4 .5  x  1 0  c m  . I n  

compar ison, ,  t h e  o u t g a s s i n g  r a t e  and  s u r f a c e '  a r e a  o f  t h e  s t a i n -  

less  s t e e l  vacuum v e s s e l  ' a r e  3x10. 
2 T o r r .  l i t e r s / c r n .  sec and 4 .0  

x l o 5  c m 2  r e s p e c t i v e l y . .  Thus t h e  e l a s t o m e r  s e a l s  w i l i  c o n t r i b u t e  

a b o u t  h a l f  t h e  g a s  l o a d  a s  t h e  w a l l s .  ( I f  n e c e s s a r y ,  t h e  e l a s t o m e r  

seal  c o u l d  b e ' c o o l e d  t o  lower  i t s  o u t g a s s i n g  r a t e . )  A d o u b l e  

e l a s t o m e r  s e a l  an.d a lumina  s p a c e r s  w i l l '  be  used  as .  t h e  " b r e a k "  '. . 

i n  t h e  vacuum v e s s e l .    he desigG c a l l s  f o r  a n  e l a s t o m e r  approx-  
. . 

i m a t e l y  1 "  t h i c k ,  c a p a b l e  o f  'ho;lding o f f  500 v o l t s .  Because  
. . 

e l - a s t o m e r  t e c h n o l o g y  i s c e r t a i n l y  c a p a b l e .  o f  p r o d u c i n g  s u c h  a 

s e a l ,  t h e  vacuum v e s s e l  w i l l  n o t  : c o n t a i n  b e l l o w s  s e c t i o n s .  I n  

f a c t ,  t h e  w a l l s  w i l l  b e  1/2": 305 s t a i n l e s s  s t e e l . .  The p rob lem o f  

f i e l d  p e n e t r a t i o n  t i m e  i s  a v o i d e d  by p l a c i n g  some o f  t h e  c o i l s  
. . 

i n s i d e  t h e  vacuum v e s s e l .  , . 

Having a , d i v e r t o r  n e c e s s i t a t e s  t h a t .  c e r t a i n  c o i l s  be  i n s i d e  
. . . . 

. t h e x  vacuum v e s s e l .  These  w i l l  be  w a t e r  c o o l e d  and. mounted i n  

epoxy f i l l e d .  s t a ' i n l e s s  s tee l  j a c k e t s .  T h i s  t y p e  o f  c o i l  a r r a n g e -  

ment  h a s  been p r e v i o u s l y  used  on FM-1,. a  m u l t i p o l e  p lasma d e v i c e  

. a t  P r i n c e t o n .  Eddy c u r r e n t s  i n  t h e ' v a c u u m  v e s s e l  and c o i l  j a c k e t s  

a p p e a r  t o  be  o f . a  manageable  l e y c l .  The n e t  f o r c e  on e a c h  c o i l  

t u r n  c a u s e d  by t h e  p o l o i d a l  m a g ~ ~ e t i c  f i e l d  i s  i n  t h e . v e r t i c a 1  



d i r e c t i o n  and o f  o r d e r  5 x 1 0 ~  Newtons. S u p p o r t s  f o r  the '  c o i l s  

w i l l ' b e  r i g i d  s t e e l  b a r s  t h a ' t  a t t a c h  t o  t h e  vacuum chamber. 

The l i n e r  t o  t h e  vacuum v e s s e l  w i l l  b e  h e a t e d  t o  300-400' C 

by e i t h e r  e l e c t r o n  bomljardment, ohmic h e a t i n g ,  o r  t h e  p a s s a g e ' o f  

h o t  g a s  t h r o u g h  embedded t u b u l a t i o n .  Dur ing o p e r a t i o n  it i s  p l a n n e d  

t o  c o o l  t h e  s u r f a c e s  on which t h e  t i t a n i u m  s u b l i m a t e s .  However, t h e  
. .-- 

1 i n e ' : r  w i l l  p r o b a b l y  b e  k e p t  a t  a n  e l e v a t e d  t e m p e r a t u r e  t o  r e d u c e  ad-  
'-' 

s o r b e d  g a s e s .  The c h o i c e  o f  m a t e r i a l s  f o r  t h e  l i n . e r  i s  s t i l l  

open.  P o s s i b l e  a l t e r n a t i v e s  i n c l u d e  t i t a n i u m ,  aluminum, b e r y l i u m -  

6 6  The c o p p e r ,  o r  g r a p h i t e ,  p o s s i b l y  i n  t h e '  form o f  a  c u r t a i n .  

o r i g i n a l  l i n e r  c o u l d ,  o f  c o u r s e ,  b e . r e p l a c e d .  

The same c l e a n i n g  modes p roposed  f o r  PLT c a n  b e  u s e d  i n  P D X .  

I t  i s  p o k s i b l e ,  howeve2, t h a t  b a k i n g  t h e  l i n e r  t o  4 0 0 ~ ~  w i l l  

e l i m i n a t e  t h e  need f o r  ESD, d i s c h a r g e  c l e a n i n g ,  e t  c e t e r a .  

The most  c o n s p i c u o u s  f e a t u r e  i n - t h i s  a t t e m p t  t o  .form and  main- 

t a i n  a p u r e  .plasma i s  t h e  d i v e r t o r .  Though a  t o r o i d a l  d i v e r t o r  

was u s e d  w i t h  g r e a t . s u c c e s s  o n  t h e  C - S t e l l a r a t o r  i n  1963 ,  6 7  it h a s  

o n l y  been recent1 .y  t h a t  v i g o r o u s  a t t e m p t s ' h a v e  been .  made b o t h  

e x p e r i m e h t a l l y  6 8  and t h e o r e t i c a l l y 6 9  t o  u n d e r s t a n d  t h e  o p e r a t i o n  
I ..' 

o f  a  d i v e r t o r .  
. . 

The d i v e r t o r  s e p a r a t r i x  d e f i n e s  t h e . p l a s m a  s i z e . a n d  s h a p e  

w i t h o u t . t h e  need f o r  a  m e c h a n i c a l  l i m i t e r .  The d i v e r t e d  f i e l d  

l i n e s  c a r r y  t h e  e s c a p i n g  p lasma from t h e  p lasma e d g e  t o  a  

s e p a r a t e  b u r i a l  chamber from which o n l y  a  s m a l l  p e r c e n t a g e  o f  

n e u t r a l i z e d  i o n s  and s p u t t e r e d  i m p u r i t i e s  c a n  r e t u r n .  T h i s  

f u n c t i o n  o f  t h e  d i v e r t b r  i , s  t o  " u n l o a d "  t h e  edge  p lasma .  ' The 

d i v e r t o r  i s  a l s o  u s e d  t o . s h i e l d  t h e  p lasma .  I n  t h i s  f u n c t i o n  



t h e  d i v e r t o r  s e r v e s  a s  a n . i o 1 1 i z a t i o n  and t r a n s p o r t  r e g i o n  
. . 

t h a t  p r e v e n t s  e n e r g e t i c  s p u t t e r e d  o r  d e s o r b e d  n e u t r a l s  from 

7 0  e n t e r i n g  t h e  main p lasma  body. To o p e r a t e  a t  9 0 %  i o n i z a -  

t i o n  e f f i c i e n c y  t h e  d e n s i t y - t h i c k n e s s  p r o d u c t s  o f  t h e  

d i v e r t o r .  r e g i o n  mus t  b e  a p p r o x i m a t e l y  1 x 1 0 ~ ~  cm2. For  

o b v i o u s  r e a s o n s  t h e  more . t h e  d i v e r t o r  i s  i n  t h e  " u n l o a d "  mode, 

t h e  less e f f i c i e n t l y  w i l l  i t  b e  o p e r a t i n g  i n  t h e  " s h i e l d "  mode. 

. An i d e a l i z e d  model f o r  d i v e r t o r  a c t i o n  i s  shown s c h e m a t i c a l l y  

The w i d t h  o f  t h e  d i v e r t o r  t h r o a t  must  be s u f f i c i e n t  t o  

c a p t u r e  t h e  p lasma t h a t  e s c a p e s  a c r o s s  t h e  s e p a r a t r i x .  The w i d t h  

o f  t h e  e s c a p i n g  p lasma  c h a n n e l  i s  d e t e r m i n e d  by t h e  c r o s s  f i e l d  

d i f f u s i o n  o f  t h e  p lasma  a s  it f l o w s  p a r a l l e l  t o  t h e  f i e l d  l i n e s  

i n t o  t h e  d i v e r t o r .  E s t i m a t e s  o f  t h i s  w i d t h  b a s e d  on c l a s s i c a l  

t h e o r y  may n o t  b e  a c c u r a t e ;  a l s o  it may b e  d i f f i c u l t  t o  form and 
. . 

m a i n t a i n  t h e  s e p a r a t r i x  i n  t h e  p r e c i s e l y  needed p o s i t i o n .  Hence 

t h e  d i v e r t o r  t h r o a t  w i l l  b e  a s  l a r g e  a s  p o s s i b l e  ( -5  c m )  c p n s i s t e n t  
0 .  

w i t h  n e g l i g i b . l e  c o l d  hydrogen r e f ' l u x .  

The f u n c t i o n  of t h e  n e u t r a l i z e r  p l a t e  i s  a s  i t s  name i m p l i e s .  

I t  b e a r s  t h e  same - t h e r m a l  l o a d  a s  t h e  l i m i t e r  d o e s  i n  PLT. How- 

e v e r ,  ' t h e  n e u t r a l i z e r  p l a t e  h a s  more t h a n  6 t i m e s  t h e  a r e a  o f  t h e  

l i m i t e ' r ,  hence  it s h o u l d  n o t  s u f f e r  from t h e r m a l  stress o r  evapor -  
.. . - . . - 

t i o n . ' p r o b l e m s .  ' W o r  ~ . i  a p p e a r  t o  b e  t h e  l e a d i n g  c h o i c e s  f o r  

t h e  n e u t r a l i z e r  m a t e r i a l .  
.. . ... 

The N e u t r a l i z e r  p l a t e s  s i t  i n  t h e  b u r i a l  chamber. Here 

80 t i t a n i u m  s u b l i m a t i o n  b a l l s  w i l l  b e  c o n t i n u o u s l y  d e p o s i t i n g  

( e x c e p t  d u r i n g  t h e  t i m e  when t h e  t o r o i d a l  f i e l d  i s  o n )  
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e x p e c t e d  t h a t  TFTR.wi l1  b e g i n  o p e r a t i o n s  i n  t h e  f u l l  power 

D-T mode i n  l a t e  1982.  D-T e x p e r i m e n t s  would c o n t i n u e  f o r  4 y e a r s ,  

a n d  a t o t a l  o f  400.0 D-T p u l s e s .  The p u l s e  r e p e t i t i o n  p e r i o d  would 

b e  3 5 0  sec. w i t h  a  s i n g l e  d i s c h a r g e  p e r s i s t i n g  f o r  .6 t o  1 . 0  

s e c o n d s  ." A s c h e m a t i c  o f  T ~ T R  . ' is shown i n  F i g .  1 6 .  Though i t s  

a p p e a r a n c e  i n  t h i s  d rawing  i s  q u i t e  s i m i l a r , t o  PLT t h e r e  a r e  

numerous d i f f e r e n c e s  which  r e s u l t  from t h e  u s e  o f  tritium and  

h i g h  power n e u t r a l  beams. 
. i 

The b a s i c  vacuum v e s s e l  i s  s i m i l a r  i n  c o n s t r u c t i o n  t o  PLT. 

I t  would c o n s i s t  o f  a l t e r n a t i n g  sect ions  of expanded b e l l o w s  and 

c y l i n d r i c a l  s h e l l s .  I n i t i a l  p l a n s  c a l l  f o r  1 6  be ' l lows s e c t i o n s  

e a c h  c o n s i s t i n g  o f  35 c o n v o l n t i o n s  o f  .040"  t h i c k  f u s i o n  welded 

r i n g s .  T h e  c y l i n d r i c a l  s h e l l s  a r e  a p p r o x i m a t e l y  98" I.D. and . 

. 287  t h i c k .  ' The c o n n e c t i o n s  between t h e  s h e l l s  and t h e  b e l l o w s  

a r e  98" I D ,  101"  OD c y l i n d r i . c a l ~ ' r i n g s  t h a t  l i e  i n  t h e  v e r t i c a l  
. . 

p l a n e . ,  These  r i n g s  b e a r  t h e  m a j o r p o r t i o n o f  t h e  a t m o s p h e r i c  

p r e s s u r e  on t h e  v e s s e l .  The b e l l o w s  a r e  s h i e l d e d ,  b o t h  i n s i d e  
.. . 

and  o u t s i d e ,  t h e  vacuum v e s s e l .  The i n n e r  s h i e l d  i s  t o  p r o t e c t  

. t h e  b e l l o w s  f r o m  r a d i a t i o n  and p a r t i c l e  f l u x e s  from t h e  p lasma.  

I t . ~ w o u l d ~ a l s o  e l iminate  c h r o n i c  t r i t i u m  e s c a p e  c a u s e d  by t h e  

d i f f u s i o n  o,f i m p l a n t e d  c h a r g e  exchange t r i t i u m .  7 6  The o u t e r  

L e l l u w s '  s h i e l d  w i l l  be a v a c u u m  t i g h t  ssaembly. '  T h e  t r a p p e d  

volume c o u l d  t h e n  b e  forepumped i n  synchron i sm w i t h  t h e  evacua-  

t i o n  o f  t h e  main chamber.  T h i s  would r e d u c e  b u c k l i n g  s t r a i n s  

on t h e  b e l l o w s .  

The p e n e t r a t i o n  t i m e  ( r i  ! . O l  sec) f o r '  t h e  OH and E F  f i e l d s  . 

, . i n t o  t h i s  vacuum v e s s e l  i s  n o t  n e g l i g i b l e  from t h e  s t a n d p o i n t  o f  th- 

dynamic f e e d b a c k  s t a h i l i z a t i o n o f  t h e  p lasma column o r  m a g n e t i c  



magnetic loop diagnostics. 

TFTR will be constructed'so that it can be divided into 

halv&s 'with the separation being along a vertical, plane. T o  

accommodate this, the vacuum vessel will have two diametrically 
. .  . 

opposed locations where it can be cut completely through by 

grinding. It would be rejoined by welding. 

The liner concept that is being tested on PDX will have a 

rebirth in TFTR. In addition to the first use it will 

be fabricated and installed in such a manner as to protect the 

bellows sections from accidental deposition of neutral beam 

energy. This might happen if the plasma position changed 

dramatically during beam .injection. The intense beam pawer, 

6 kw/cm2, would melt all but the most refractory materials. 

For.this 'reason W plates mounted on'~o,substrates are chosen 

as the liner material. 
* .  : " . u;* 

In the initiai p'lans,' limiters will be installed at two 

locations 180' apart. The limiters will be curved W bars 

(IR = 100 cm) of 5.1 cm radial thickness, 14.5 cm width and 

143 cm arc length, weighing 204 kg. These limiters may bear 

the greater part of the plasma thermal energy at the termination 

of the discharge. If 508 of the thermal energy were deposited 

uniformly in one such limiter its temperature would rise by 

a h n n t  1 0 0 ~ ~ .  A u n i f o r ~ u  energy deposition profile is far too 

optimistic an assumption. Other methods of terminating the 
4 

discharge withbut the energy going into the limiter are being 

considered.'. One such technique would be to in~ect in impurities 
. . . : . :  1 L . .  



b y e i t h e r  a  p u l s e d  g a s  o r  a l a s e r .  produced m e t a l  j e t 7 7  t e c h -  

nique..:. . I m p u r i . t i e s  would c a u s e  t h e  p lasma t o  c o o l  by r a d i a t i o n '  

i n s t e a d  o f  c o n d u c t i o n .  

. D u r i n g . t h e  f i r s t  y e a r . o f ' T F T R  o p e r a t i o n  u n l i m i t e d  a c c e s s  
. . 

t o  t h e  machine  w i l 1 , b e  p o s s i b l e .  Removal and r e p l . a c e m e n t . o f  
.:,-. ' 

v a r i o u s ' d i a g n o s t i c s  c a n  be  c a r r i e d  o u t  i n '  t h e  t r a d i t i o n a l  

f a s h i o n  - by a  man w i t h  a wrench.  However, a f t e r  t h e  commence- 

ment  h f  D-D or. D-T o p e r a t i o n  remote h a n d l i n g  w i l l  b e  t h e  o n l y  
. . 

. . way to remoT.rg ny iqseit d i a g n o s t i c  equipmerlt  i r l k ~ ' t h e  t o r u s *  

The .pumping  s y s t e m  i s  d e s i g n e d  t o  h a n d l e  e i t h e r  r a d i a c t i v e  

o r  s t a b l e  w0rkin.g gases , .  E i g h t  16"  Hg d i f f u s i o n  pumps,. mounted 
. . 

i n  t h e  n e u t r a 1 , b e a m  i n j e c t i o n  l i n e s ,  w i l l  p r o v i d e  a pumping 

s p e e d  o f  a b o u t . ' , l ~ ~ ,  l i t e r  L sec ( f o r  a i r )  . Hg d i f f u s i o n  pumps 

w e r e  c h o s e n  o v e r  o i 1 , p u m p s  b e c a u s e  o f  t r i t i u m - h y d r o c a r b o n  

exchange  r e a c t i o n s ,  . . ( O t h e r  r e a s o n s  can h e  fourlil i n  r e f e r e n c e  

7 5 .  ) The. p r o p o s e d ,  u p p e r  1 i G ; i . t  b a s e  p r e s s u r s  f o r  TFTR i s  4x10-' 

Torr.  Wall  t r e a t m e n . t  by one  of. many methods ,  s h o u l d  c a u s e  t h i s  

, s p e c i f i c a t i o n  . t o  b e  e a s i l y  .exceeded.  

. .The .neut ra l+ . ,  beam l i . n e s  w i l l  be '  a b o u t  9 meters l o n g  w i t h  a  - 
24"  Hg d , i f , f u s i o n  p!urnp a t t a c h e d  n e a r ,  t h e  s o u r c e .  Again a  s e v e r e  

p rob lem i s ' 2 e x p e c t e d  f rom t h e  c o l d  n e u t r a l  e f f l u x  from t h e  guns .  

.The . .problem. i s  sqmewhat ' a l l e v i a t e d  . . by. t h e  l o n g  c o n d u c t a n c e  

t i m e  c o n s t a n t , :  - -9:O.O. m s ,  t h r o u g h  t h e  n e u t r a l i z e r  t u b e .   his 
. . 

m i g h t  a l l o w .  a n  exp ,e r imen t  t o  b e  conc luded  b e f o r e  c o l d  n e u t r a l s  

f l o o d  the . ,d i scha . rge . .  As a s a f e g u a r d ,  a program i s  p l a n n e d  

. . 
t o  d e v e l o p . t h e  . I  n e c e s s a r y  _. . . .  cryopumps o r  s u b l i m a t i o n  pumps t o  . . 

. . 
e l i m i n a t e  t h i s  problem.  



B a c k i n g  t h e  t o r u s  d i f f u s i o n  pumps w i l l  b e  a n  e l a b o r a t e  

. s y s t e m  t o  p r e v e n t  t r i t i u m  c o n t a m i n a t i o n  o f  t h e  l a b o r a t o r y  a n d  

e n v i r o n s .  T h e , m a i n  componen t s  a r e  shown i n  F i g .  , 17 ,  a l o n g  

w i t h  t h e  . t r i t i u m  g e n e r a t o r  a n d  d i s p e n s e r .  The s p e n t  t r i t i u m  

w i l l .  n o t  b e  r e c y c l e d . .  I n s t e a d  i t  w i l l  b e  t r a p p e d  i n  z i r c o n i u m  

aluminum g e t t e r  c a n n i s t e r s .  The z e o l i t e  t r a p  - m e c h a n i c a l  pump 

a r r a n g e m e n t  w i l l  b e  u s e d  f o r  n o n - r a d i o a c t i v e  g a s e s .  A se r ies  
. . 

o f  b a l l a s t  t a n k s  w i l l  a l l o w ' t e s t i n g  o f  a l l  e v a c u a t e d  g a s e s  f o r  

r a d i o a c t i v i t y  b e f o r e  r e l e a s e  t o  t h . e  a t m o s p h e r e  i s  made. 

The t r i t i u m  g e n e r a t o r  a n d  d i s p e n s i n g  e q u i p m e n t  w i l l  b e  

e n c l o s e d  i n  a n  i n e r t  g a s  f i l l e d  e n c l o s u r e .  C o n n e c t i o n s  t o  TFTR 

w i l l  b e  made t h r o u g h  d o u b l e  vacuum j a c k e t e d  t u b u l a t i o n .  The 

method c h o s e n f o r  t r i t i u m  s t o r a g e  i s  a s o l i d  t r i h y d r i d e  UT3, 
. . 

i n  f o i l  f o rm.  A p a l l a d i u m  d i f f u s e r  c a p a b i l i t y  ' i s  a v a i l a b l e  

f o r  a d d i t i o n a l  p u r i f i c a t i o n .  A t o t a l  o f  2 4 , 0 0 0  c u r i e s  w i l l  b e  

s t o r e d  i n  e a c h  o f  : t w o  s e p a r a t e  t r i t i u m  g e n e r a t o r s .  A p p r o x i m a t e l y  

100  C u r i e s  o f  t r i t i u m  i s  n e e d e d  f o r  e a c h  D-T " b u r n " .  

The p l a n n e d  o p e r a t i n p  mode f o r  TFTR. i s  t d  e v a c u a t e  t h e  

t o r u s  t o  .its: b a s e . , p r e s s u r e ,  close o f f  t h e .  g a t e  v a l v e s  t o  t h e  

d i f f u s i o n  pumps a n d  i n j e c t  s u f f i c i e n t  t r i t i u m - t o  f i l l  t h e  

- 4  t o r u s  t o  i t s  o p e r a t i n g  p r e s s u r e ,  - 3x10 T o r r .  The d i s c h a r g e  

w i l l  t h e n .  b e ,  s t r u c k ,  t h e  p l a s m a  O h m i c a l l y  h e a t e d  a n d  t h e  g u n s  

f i r e d  i n t o  t h e  p l a s m a  Hte r  t h e  d i s c h a r g e  t h e  g a t e  v a l v e s  w i l l  

.be opened. .  a n d  . t h e ,  t o r u s  e v a c u a t e d .  The pump down t i m e  c o n s t a n t  

i s  e s t i m a t e . d  t o  b e .  4 s e c o n d s .  ' 

N o t '  t h e  l e a s t  p r o b l e m a t i c a l  i n  t h i s  s c e n a r i o  i s  t h e  re- 

cyc1 in .g  o f .  t h e  t r i t i u m .  d u r i n g  t h e  i n i t i a l  p a r t  o f  t h e  d i s c h a r g e .  



T r i t i u m  t h a t  l e a v e s  t h e  p lasma w i l l  p r o b a b l y  b u r y  i t s e l f  a  

. . f e w  Angstroms d e e p  i n  t h e  l i n e r .  Hydrogen and d.eutr ium imbedded 

d u r i n g  p r e v i o u s  d i s c h a r g e s m a y  be  knocked o u t .  The e x a c t  un- : 

. . . . 

f o l d i n g  o f  t h e  r e c y c l i n g  p r o c e s s  w i l l  t h o r o u g h l y  depend on t h e '  

p a s t  h i s t o r y  o f  t h e t o k a m a k .  R e s u l t s  on ATC have  i n d i c a t e d  

t h a t  i t  m a y .  t a k e  a b o u t  1000 s h o t s  i n  a  s i n g l e  working g a s  f o r  

78  
t h e  memory e f f e c t s  ' f r o m  e a r l i e r  d i s c h a r g e s  t o  be  wiped o u t .  

TFTR i s  s t i l l .  i n  i t s  e a r l y  p l a n n i n g  s t a g e .  I ts  f i n a l  

dcsign, even i L s  f i ~ ~ a l  a p p r o v a l ,  w i l l  depend on t h e  d'egree 

w i t h  which t h e  o b j e c t i v e  o f  PLT and POX a r e  f u l f i l l e d .  
. . . . .  



SUMMARY 

The 'construction of PLT has been along traditional lines: 
t : : : .  . ! ,  

lIg.dif~u;ion pumps and stainless steel vacuum vessel. The long 

duration of PLT discharges may necessitate unconventional modes 

of wail cleaning or plasma behavior.. These include ESD' of 

adsorbed gases or the formation of a cold, transient plasma 
I 

blanket. 

Addition.al approaches to impurity control will be possible 

on PDX. An axisymmetric divertor is the most important option. 

This will require having high current carrying coils inside 

the vacuum.vesse1. Developmental programs in surface science 
. . 

and vacuum technology will contribute to PDX through the design 

of liners, neutralizer plates and a burial chamber . 
Experiments performed on PI;T and PDX.wil1 gre'atly affect 

the design ot TFTR. However, numerous problems in TFTR.wil1 

have no counterparts in any earlier tokamaks. These include 

the handling of large quantities of tritium and the injection of 

tens of megawatts of neutral beam power. We will be relying on 

many laboratories for the technology to handle t h e s e .  
. . 
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TABLE CAPTIONS 

Table I. Parameters of PLT and TFTR 

*For a deuterium discharge and deuterium beams 

9 2 the flux of neutrons to the wall would be 4x10 n/cm .sec 

and the power outflux due to fusion reactions would be 2.8 kW. 

**The reason that compression TFTR does not 

increase the power output due to fusion reactions is that 

the background plasma is 100% deuterium and the beam is 100% 

tritium. The beam energy (154 keV) is already at the peak 

of the fusion cross section. Background plasma comparison 

with beam - plasma (T-D) fusions. This is the two component 

concept in action. 



TABLE I 

P a r a m e t e r s  o f  PLT a n d  TFTR TFTR 

M a g n e t i c  F i e l d  o n  A x i s  
P l a s m a  C u r r e n t  
M a j o r  R a d i u s .  o f  D i s c h a r g e  
M i n o r  . R a d i u s  of D i s c h a r g e  . 

P u l s e  L e n g t h  
H y d r o g e n  I s o t o p e s  i n  P l a s m a  
Z e f f  
T i m e  of t h e s e  parameters 
N e u t r a l  d e n s i t y  o n  a x i s  
N e u t r a l  d e n s i t y  a t  e d g e  
E l e c t r o n  d e n s i t y  on, a x i s  
E l e c t r o n  T e m p e r a t u r e  o n  a x i s  
H y d r o g e n  ~ e m ~ e r a t u r e  o n  a x i s  

U n i t s  ' PLT, ~ e f o r e  C o m p r e s s i o n  A f t e r  C o m p r e s s i o n  

( k r )  50  
(MA)  1 . 0  
( c m )  1 3 0  
( c m )  4 5 
(sec! 1 

H in p l a s m a  
2  

(secl: . 3  
( ~ m - ~ )  8 . 3 ~ 1 0 7 '  
( ~ r n - ~ j  3 x 1 0 l o  

(~n1-3) 6 ~ 1 0 ~ ~  
(ev) 5 2 6 0  
(ev)  6420  

& beam T  p l a s m a ;  D beam 
2  2  

- 1 2 0  - 1 3 0  ' 

1 . 6 x 1 0 7  8 . 4 x 1 0 6  
1 . 3 ~ 1 0 ~ ~  1 . 3 ~ 1 0  1 0  

4 . 7 ~ 1 0 ~ ~  1 . , 0 5 x 1 0 ~ ~  
6040  i 1 , 2 0 0  
5160  9 , 9 6 0  

I o n  C o n f i n e m e n t  T ime  (sec) .. . 0 4  - 0 6  - 1  
- : . .nergy C o n f i n e m e n t  T i n e  ' (set) . 0 9  
3 h m i c  ~ e a t i n g '  Power  (k'W) + 62  

W 
N e u t r a l '  B e a m  P a r a m e t e r s :  ~ e a m  1 Beam 2  w 

Beain o n  I 
( s ~ c )  . 2  .05  - .  . 0 9  None 

Beam o f f  (set) - 3  . 0 9  .' . 1 2 5  
Beam C u r r e n t  ( A )  1 0 0  480  . 155 
Beam V o l t a g e  (keV)  40 ' 8 3  1 2 4  

Power  o u t f l u x . d u e  t.0: , (kW) . . 

F u s i o n  R e a c t i o n s  0  * 
R a d i a t i o n  , 1 5 1  
C h a r g e  Exch'ange . , 9 3 4  
E l e c t r o n  T h e r m a l  C o n d u c t i v i t y  400 
I o n  T h e r m a l  C o n d u c t i v i t y  5 1 0  
E l e c t r o n  Mass T r a n s p o r t .  70  
I o n   ass T r a n s p o r t  1 0 7  . 

F l u x  of N e u t r o n s  t o  W a l l  ' ( ~ m - ~ s e c - l )  0  *' 



TABLE I1 

Approximate Impurity Concentrations in TFTR 

at the End of a "Standard" Discharge 

Particle Induced Desorption 

Impurity Concentration(NI/Ne). 

( 01)  Blistering 

Physical Sputtering' 

Neutron Sputtering 

Photodesorption 

Limiter Evaporation : 

~ i m i t e r  Fragmentation 

Chemical Sputtering . ? 

Impurity .Induced Sputtering ? 

Impurity 



TABLE I11 

Ceramic Sections in PLT Vacuum.Vesse1 

Composition 

ID 

Length 3" 

1' Connection to 430 stainless.stee1 flange attached to 
vacuum vessel ce.ramic using Ti H brazing with 

. . 2 Silver Copper Eutectic BT 
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DlRECTlOFi 

\ 
POLOIDAL F I E L D  

7 5 3 6 6 3  
Fig. 1. The Lawson breakeven 

criterion for fusion devices with 40% 
efficiency in energy recycling. Each 
scheme for reaching breakeven (the 
solid line) aims for a different region 
in the nT vs. T plane. They are con- 
strained to these regions by as diverse 
reasons as heating technique, collision '- 

frequency and economics. 

753666 
Fig. 2. Schematic of a tokamak 

showing the main fields and currents. 
The addition oi a poloidal field fa che 
toroidal field produces a net helical 
field. This causes ions on the upper 
half plane of the torus to drift hc l .  
into the main body of the plasma. 

MAJOR RAOIUS MINOR 
RADIUS 



753703  
.Fig. 3. Calculated radial dis- 

tributions of electron density and 
temperature, and ion temperature for 
a precompression TFTR plasma. (Other 
parameters are listed in Table I). 
Plasmas with up to 8 5  cm minor radius 
can be formed. Tokamak discharges with 
profiles that are peaked on axis are 
termed "standard". Profiles w'ith den- 
sity or temperature minima on axis 
are discussed in the text. 

753664  
Fig. 4. Flux to the wall of charge exhange neutrals that escape 

from PLT at the time of its peak central ion temperature. Though the 
central ion temperature is over 5 keV the majority of escaping neutrals 
have a much lower energy. The flux unit is (per eV). 
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TFTR 214 

7 5 3 6 6 5  
Fig. 5. Flux to the wall.of charge exchange neutrals that 

escape f r o m  TFTR immediately after neutral beam heating. The lower 
neutral density in TFTR compared t o  PLT (see 'i'able 1) causes Iewei 
energetic neutrals to bombard the wall. The flux unit is (per eV). 

7 5 3 6 6 8  
Fig. 6. Zeff as a f u n c k i o n  of 

impurity ioll ccri~zcntration in ;I 
hydrogen  plasm,^. Thc four curves 
are for fully stripped C, Al, Ti 
and Mo ions. 
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7 5 3.6 6 7 

Fig. 7. Enhancement factor y for recombination radia- 
tion from oxygen and iron ionsin a hydrogen plasma. y is 
the factor by which the power emitted by recombination radia- 
tion exceeds the bremsstrahlung losses. ( R e f .  27)  



. . 753702 
F.ig. 8. Power loss spectrum from a 1% Fe contamination 

in a 1 keV hydrogen plasma. The scale of the abscissa is 
in units of 10 keV. (Ref. 29) 
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SHAPING FIELD 
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PORTS FOR NEUTRAL "MANHOLE" FOR 
iNJECTION ACCESS TO VACUUM 

FIELD COILS PLASMA VESSEL 

723111 
Fig. 9. A schematic drawing of the Princeton barge Torus. A massive torque frame 

(not shown) holds the toroidal field coils in position. The O h m i c  heating and shaping 
field coils are nested inside the taraidal field coils. One port on the vacuum vessel 
is large enough for a man to crawl through. This manhole should greatly facilitate mount- 
i ng  d&agnostic equipment inside the tak i~pak .  

L 



COLD - PLASMA BLANKET 
753103 

Fig. 1 0 .  Radial d i s t r i b u t i o n  
of dens i ty  and temperature f o r  a  d i s -  

Axis Limiter charge with a cold gas blanket on i t s  
edge. It i s  thought t h a t  such a  densi ty  
p r o f i l e  w i l l  i n h i b i t  impurity t rans-  
por t  i n t o  the  plasma core and a l s o  
s t a b i l i z e  c e r t a i n  trapped p a r t i c l e  
modes. 

743315 
Fig. 11. Sketch of a to ro ida l  

field caik, fo r  PDX. The c o i l  Can be 
separated a t  t h e  top and bottom t o  
allow for  inso r t ion  of the vacuum 
vesse l  and Ohmic heating csiLs. Large - 
pressds (not shown) w i l l  be used t o  
clamp t h e  c o i l  sec t ions  together.  



Fig. 12. Sketch of the  PDX vacuum v e s s e l .  The vessel 
c o n s i s t s  of four major part s :  t h e  top ,  bottom, ins ide  c y l i n -  
der and o u t s i d e  cylinder. These w i l l  be connected to each 
other with double v i t o n  s e a l s .  The inner space between seals 
w i l l  be forepumped to  e l iminate  gas permeation i n t o  PDX. 
The azimuthal insulat ing brake w i l l  be formed by th ick  v i t o n  
en31 e a-A am -%, . rn4  ns a n a m a v  
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753247  
F i g .  13. Trimetric view of PDX. 



RAOtUS (METERS] 7 5 3 7 0 0  
Fig. 14. Cross section 0% upper half plane of PDX. The DF coils divest magnetic 

field lines from the plasma edge onto neutralizer plates in both upper and lower (not 
shown) ."burial chamksrs". The magnetic fields can be programed for three different 
divertor configurations: Inner, outer, or b t h .  Getter balls sublimate titanium onto 
surfaces in the buri3l chamber for rapid pumping of neutralized hydrogeh ions. A 300°C 
'liner surrounds the xain plasma volume 
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733671 
Fig. 15. Idealized model of a divertor. 
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Fig. 17. T r i t i u m  generator and dispenser and TFTR pumping system. 

(Prepared by H .  Garber) 
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