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ABSTRACT 

The ISX-A was a tokamak designed for studying plasma-wall inter- 

actions and plasma impurities. It fulfilled this role quite well, 

producing reliable and reproducible plasmas which had currents up to 

175 kA and energy containment times up to 30 msec. With discharge pre- 

cleaning, Zeff was as low as 1.6; with titanium evaporation, 'eff 
approached 1.0. Values of Z > 2.0 were found to be'proportional to ef f 
residual impurity gases in the vacuum system immediately following a 

discharge. However, there was no clear dependence of Z on base eff 
pressure. Stainless steel limiters were used in most of the ISX-A 

experiments. When carbon limiters were introduced into the vacuum 

system, 'eff increased to 5.6. After twelve days of cleanup with tokamak 

discharges, during which time Z steadily decreased, the carbon 
eff 

limiters tended to give slightly higher values of Z than stainless eff 
steel limiters. Injection of <1016 atoms of tungsten into discharges 

caused the power incident on the wall to double and the electron temper- 

ature profile to become hollow. 



. 1. INTRODUCTION 

ISX-A (Impurity Study E~periment)~ was an iron core tokamak with a 

major radius of 92 cm and a minor radius of 26 cm. This machine was 

designed for the study of plasma-wall interactions and plasma impurities. 

The bulk of the data taken from ISX-A was recorded during a 12-week 

period between December 12, 1977 and March 5, 1978. Stainless steel 

limiters were used except during the last two weeks of operation, when 

rctractable molybdenum and carboll limiters were added. Upon completion 

of the experimental program, ISX-A was converted to ISX-B with the 

addition of neutral beams, a new vacuum vessel, and a new poloidal field 

system. 

The principal experiments carried out during the lifetime of ISX-A 

can be broadly classified as the impurity flow reversal experiment, 

con£ inement studies, and surf ace physics studies. The confinement 

studies were conducted under a broad range of impurity and limiter 

conditions. In addition, tungsten limiters were simulated by using a 

laser blowoff system to puff tungsten into the plasma. The results of 

the confinement experiments, which are described in Sects. 3 and 4, are 

related to studies in several other tokamaks. 4-9 

Typical values of several plasma parameters are listed in Table 1 

for sequences employing stainless steel and carbon limiters. The optimum 

plasma parameters achieved are given in the last column of Table 1, but 

these parameters were not all achieved during the same discharge sequence. 

Table 1 .  ISX-A plasma parameters 

S t a i n l e s s  s t e e l  
l i m i t e r  Carbon l i m i t e r  Optimum 

BT (kG) 1 3 . 2  1 3 . 2  1 4 . 8  

I CkA) 
P  

120 1 1 6  1 7  5  

q (a,) 4  4 2 . 5  

ne (0 )  ( 1 0 ~ 3  5 . 2  4 .O 9  

v (v) 1 . 5  1 . 5  0 . 9  

Te(0)  (keV) 0 . 6 9  0 . 8 2  1 . 5  

Ti (0)  & d l  0 . h 2  0 . 3 9  3 . 5 5  

T~ (msec) 2  2  2 0  3  0  

'eff 1 . 8  3  1  



2. DESCRIPTION OF EXPERIMENTAL CONDITIONS 

: The.vacuum vessel of ISX-A was constructed of'welded 304L stainless 

stee1,with no insulating break. Metal vacuum seals were used through- .. 

out, except for Viton seals in several gate valves and on.severa1 laser 

windows.. .All Viton seals were prebaked in.a vacuum oven. The vacuum. 

vessel consisted of nine rectangular box-shaped sections connected by. 

circular bellows. .Each of the box (or diagnostic) sections contained : 

diagnostic, ports onc the. top, bottom, and outside. . Figure 1 .shows the. 

location of a titanium evaporator, gas puffer,.and bottom.movable toroidal 

limiter, ,which were located in each of the nine diagnostic sections. .Note 

that the titanium evaporators were shielded so that titanium was deposited 

mainly on the top of the vessel, as required by the impurity flow reversal 

experiment. Except f o ~ t h e  last two weeks of.operation, a1l:nine bottom 

limiters were made of stainless steel and.were uriented.along the.toroida1 

magnetic field. In addition to the bottom limiters,.three 1-in.-diam 

poloidal~.stainless steel bar limiters, insulated from the vacuum liner, 

were located in one diagnostic section. 
. .  Among the diagnostics1 O on ISX-A were a scanable Thomson scattering 

system, a single-channel-microwave interferometer, a:multichord visual 

spectrometer, both normal- and grazing-incidence ultraviolet spectrometers, 

soft. x-ray detecrors, PIN diude x-ray luolliLors, a mass-selectable chnrgc 

exchange analyzer, and a Langmuir probe.: A.quadrupole mass analyzer, :. 

operated by a small computer..via CAMAC, was used for gas analysis. A 

sample transfer system was also attached, which allowed small specimens to 

be positioned inside ISX-A and withdrawn under vacuum for Auger analysis. 
. . 

3 .  VACUUM CONDITIONS, Zeff, AND RECYCLING 

Residual gas analysis (RGA) scans of particles with charge-to-mass 

ratios of 1-50 were routinely made several times.each day using a quad- 

rupole mass analyzer. These scans were taken starting 15 sec after a 

shot. The data were processed in a small computer and' plotted on a 

logarithmic scale in units of partial pressure above background. After 

several weeks of operation, it became evident from viewing these scans 
. . 



1 
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Fig. 1. Cross section of the ISX-A vacuum chamber showing the posi- 
tion of several limiters. 



t h a t  t h e  measured v a l u e s  of  Z were p ropor t iona l  t o  t h e  t o t a l  p a r t i a l  e  f  f  
p r e s s u r e  of contaminant gases .  This  r e l a t i o n s h i p  i s  shown q u a n t i t a t i v e l y  

i n  F ig .  2 ,  where Z 
e f f  

va lues ,  a s  determined by t h e  plasma conduc t iv i ty  and 

T ( r )  p r o f i l e s ,  a r e  p l o t t e d  a g a i n s t  N / N  (N i s  t h e  number of impuri ty  e  I H  I 
atoms i n  t h e  r e s i d u a l  gas  scan ,  and NH i s  t h e  number of hydrogen atoms).  

It i s  n o t  c l e a r ,  a p r i o r i ,  t h a t  such a  p r o p o r t i o n a l i t y  should e x i s t .  

However, because t h e  low Z i m p u r i t i e s  carbon, oxygen, and n i t rogen  were 

t h e  p r i n c i p a l  c o n t r i b u t o r s  t o  Z i n  ISX-A, and because t h e s e  i m p u r i t i e s  e f f  
formed gases  (such a s  CH4 ,  C2H,+, C O Y  H20) which remained a£t 'er each 

. . 
d i scha rge ,  t h i s  r e s u l t  i s  perhaps n o t  too  su rpk i s ing .  For Z < 2 ,  eif 
t h e  r e l a t i o n s h i p '  between KGA scans  and 2 is  n o t  t o t a l l j  c lear .  Th i s  

e f  f  

F ig .  2 .  A comparison of 2 
e f f '  a s  determined from conduc t iv i ty  and 

; T ( r )  p r o f i l e s , ,  w i t h  NI/Nr The Z e f f  v a lues  i n  t h e  lower t h r e e . p o i n t s  e 
have an  i n d i c a t e d  range  a s  a  r e s u l t  of Z va r i a " t ions  dur ing  a  d ischarge .  

e f f  



may be  because heavy.metals. .  o r  plasma turbupence played a  r o l e  i n  determin- 

i ng  Z a t  low l e v e l s .  L i t t l e  c o r r e l a t i o n  between Z a i d  base  p r e s s u r e  
e f f  e.f f  

was observed. 

Discharge .. . clekn'ing - .  i n  hydrogen gas was r o u t i n e l y  p rac t i ced  p r i o r  t o  

December 1 2 ,  1977 and f o r  f i v e  weeks t h e r e a f t e r .  The c l ean ing  d i scha rges  

cons i s t ed  of 0.5-msec-long pu l se s ,  app l i ed  a t  t h e  r a t e  of 120/sec  i n  a  

t o r o i d a l  f i e l d  of 200 G.  Breakdown was a s s i s t e d  by a  1-GHz low power 

( ~ 5 0  W) microwave source.  This  procedure produced a  co ld  plasma wi th  

e l e c t r o n  temperatures  es t imated  spec t roscop ica l ly  t o  b e  from 9 t o  18 eV. 

This  c l ean ing  procedure was sometimes v a r i e d  t o  a l low 1-sec o r  s h o r t e r  

b u r s t s  followed by 1-5 s e c  of pumping. A s  a  by-product of d i scharge  

c leaning ,  t h e  bel lows s e c t i o n s  were heated t o  160°C by c u r r e n t s  running 

through t h e  l i n e r  whi le  t h e  box s e c t i o n s  remained cool .  

.The u l t i m a t e  vacuum a t t a i n e d  a f t e r  hydrogen d ischarge  c leaning  was 

8 x lo-* t o r r  (gage p re s su re ) ,  and hydrogen was t h e  p r i n c i p a l  r e s i d u a l  

gas .  The pumping speed of t h e  system was r e s t r i c t e d  by conductance 

l i m i t s  t o  about  250 l i t e r s / s ' e c .  Values o f . Z e f f  s t e a d i l y  decreased dur ing  

t h e  f i v e  weeks of d i scharge  c leaning  a f t e r  December 12 ,  1977, reaching 

'eff = 1 .6 .  The p r i n c i p a l  contaminant gases  were CH4,  CO, and H20, each 

c o n t r i b u t i n g  l e s s  than  t o r r  t o  t h e  background p a r t i a l  p re s su re .  The 

r e s u l t i n g  tokamak d i scha rges  exh ib i t ed  r e l a t i v e l y  low impur i ty  r a d i a t i o n  

l e v e l s .  Table 2  l i s ts  pre l iminary  d a t a  f o r  t h e  f r a c t i o n  of t h e  ohmic 

inpu t  power r a d i a t e d  by t h e  most abundant plasma impur i t i e s .  Present  

u n c e r t a i n t i e s  i n  a n a l y s i s  of t h e s e  d a t a  imply a  50% p o s s i b l e  e r r o r  i n  t h e  

r e s u l t s .  

Titanium g e t t e r i n g  was t h e  p r i n c i p a l  method o f  w a l l  condi t ion ing  used 

dur ing  t h e  l a s t  seven weeks of ISX-A experiments.  'The  i n i t i a l  e f f e c t  of 

t i t an ium evapora t ion  was t h a t  t h e  u l t i m a t e  base  p re s su re  decreased by a  

f acco r  of t e n ,  and t h e  carbon and oxygen r a d i a t i o n  l e v e l s  decreased by a 

f a c t o r  of t h r e e .  A t  f i r s t  t i t an ium was evaporated a f t e r  each s h o t .  While 

t h i s  &itanium decreased t h e  base  p re s su re ,  RGA scans  1 5  s e c  a f t e r  t h e  next  

d i scharge  showed t h a t  t h e  CH3 and CH4 peaks increased  by an o rde r  of 

magnitude, 'but  t h a t  o t h e r  impur l ty  gases  remained unchanged. Without 

f u r t h e r  t i t an ium evapora t ion  t h e s e  contaminat ion l e v e l s  and t h e  va lue  of 



,Table 2 .  ISX.: power, r a d i a t e d  t o  t h e  w a l l  . .: 

Spect roscopic  measurements: = 2.1 
'eff 

Percent  of ohmic hea t ing  input  power 

Source 50  msec 100 msec 150 msec 

Hydrogen (Ly-a) 1.7 4 . 1  1 . 6  

Carbon 

Oxygen 

Nitrogen'  

l r o n  

Nickel  

Chromium 

. . .  

'eff 
remained f a i r l y  c o n s t a n t ,  r e g a r d l e s s  of t h e  number of sho t s .  Because 

. . 
of t h i s  constancy,  i t  became common p r a c t i c e  t o  evapora te  t i t an ium only  

i n f r e q u e n t l y  between s h o t s  and a t  t h e  end of a  day ' s  run .  The lowest  

v a l u e s  o f  Z achieved w i t h  t i tar i ium evapOra~10n approached 1.0,  aud w l L 1 1  
e f  f  

deuter ium puf f ing ,  energy cancainmenr: t 11ys reached 30 lusrc. 

Table  3 l is ts  0 V I ,  H ,  and C I11 r a d i a t i o n  f o r  s e v e r a l  d i f f e r e n t  

d i scha rge  sequences.  The plasma d e n s i t y  was n o t  cons t an t  dur ing  t h e s e  

experiments ,  s o  d i f f e r e n t  s h o t  sequences cannot be  d i r e c t l y  compared. 

However, t h e  gene ra l  t r end  i s  c l e a r ;  lower Z va lues  imply more hydrogen 
e f f  

r a d i a t i o n  and r e l a t i v e l y  l e s s  emission from C 111 and 0 V I .  The inc rease  

i n  t h e  emission of hydrogen l i g h t  i s  p a r t i c u l a r l y  s t r i k i n g  f o r  Z = 1.1. 
ef  f  

The f r a c t i o n  of t h e  t o t a l  i npu t  power reaching  t h e  w a l l s  f o r  d i s -  

. cha rges  w i t h  d i f f e r e n t  Z va lues  -is shown i n  Fig.  3 .  These d a t a  were 
e f f  

de r ived  from a p y r o e l e c t r i c  d e t e c t o r ,  and each t r a c e  r e p r e s e n t s  an  average 

over  s e v e r a l  s h o t s .  I n  comparison w i t h  spectroscopy d a t a ,  . the radiometer  . . 

measurements show a l a r g e r  f r a c t i o n  of t h e  ohmic hea t ing  power reaching  

t h e  w a l l  t han  was i n d i c a t e d  by t h e  i n t e n s i t i e s  of impuri ty  l i n e s ,  a s  given 
. I 

i n  Table 2 .  Typ ica l ly ,  h a l f  a s  much power was r a d i a t e d  t o  t h e  w a l l s  a s  

compared t o  s i m i l a r  ORMAK d i scha rges .  
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Tab le  3 .  Impur i ty  emiss ion r a t e s  

l o 1  photons  

, cm2-sec-s teradian  

t = 100 msec i n t o  t h e  d i s c h a r g e  

Ohmic 
h e a t i n g  

L i m i t e r  H  C I11 0  V I  power 
Cleaning technique  m a t e r i a l  

'eff 
1216 A 977 A 1032 A (kW) 

T i  evapora t ion  S t a i n l e s s  1.1 23.2 0.13 1 .05  225 
s t e e l  . 

T i  evapora t ion  S t a i n l e s s  1 .7  7.02 0.11 . 1 .79  210 
(D2 puff i n t o  H2) s t e e l  

Discharge  c l e a n i n g  S ta in l e ' s s  2 . 1  8.06 0.36 4 .21 213 - 
s t e e l  

Discharge  c l e a n i n g  S t a i n l e s s  2.8 4 .2  0.37 2.25 162 
(carbon l i m i t e r  s t e e l  
i n s t a l l e d )  

T i  evapora t ion  Carbon 2.8 0 .88  0.36 3.38 203 

. ORNL / DWG/  F E D - 7 8 -  273 

1.2 

TUNGSTEN PUFF\  

0 
0 25 50 7 5 100 125 150 

TIME (msec 1 

Fig .  3 .  F r a c t i o n  of t h e  i n p u t  power which was r a d i a t e d  t o  t h e  w a l l ,  
a s  observed by a p y r o e l e c t r i c  d e t e c t o r .  The middle t r a c e  shows t h e  r e s u l t  
of p u f f i i ~ g  t u n g s t s i ~  a t u u ~ ~ :  iuLu Llie d i s c h a r g e  a t  t = 100 msec. 



Although hydrogen was u s u a l l y  t h e  working gas ,  deuterium was i n t r o -  

duced du r ing  t h r e e  d i f f e r e n t  pe r iods  of ISX-A ope ra t ion .  F igure  4 g ives  

d a t a  from RGA scans  of H z ,  HD, and D2 t aken  15  s e c  a f t e r  a number of 

s h o t s .  S t a r t i n g  j u s t  a f t e r  a  deuterium run t h e  D 2  p a r t i a l  p re s su re  

decayed over  s e v e r a l  hundred s h o t s ,  reaching  a  p a r t i a l  p re s su re  of <2% of 

t h e  t o t a l .  Much more deuter ium was contained i n  t h e  HD molecule,  which 

never  f e l l  below 20% of t h e  t o t a l  p ressure .  This  implied a  cons ide rab le  

w a l l  holdup and r e c y c l i n g  of deuterium. A l a r g e  amount of deuterium was 

p r e s e n t  i n  t h e  evaparaced t i t a ~ i l u l r ~  l a y a s ,  a s  i nd i ca t ed  by a r i o c  i n  t h e  

D, mass peak wi th  each  h e a t i n g  of t h e  box s e c t i o n s  dur ing  tiraniurn evapura- 
L 

t i o n .  Th i s  accounts  f o r  t h e  s c a t t e r  i n  t h e  d a t a  between s h o t s  4UU and 

700. S i m i l a r l y ,  w i t h  t h e  r e i n t r o d u c t i o n  of deuterium a f t e r  s e v e r a l  hundred 

hydrogen s h o t s ,  a  cons ide rab le  amount of hydrogen remained i n  t h e  vacuum 

system. 

Fig.  4 .  V a r i a t i o n  of t h e  f r a c t i o n a l  p a r t i a l  p re s su re s  of masses '2, 
3 ,  and 4 w i th  H2 and D 2  a s  t h e  working gases .  Titanium evapora t ion  was 
used du r ing  t h e  t ime per iod  i n  which t h e s e  s h o t s  were taken. Data.were 
taken  s t a r t i n g  1 5  s e c  a f t e r  t h e  completion of tokamak d i s c h a r g e s . '  



py;.: J; 
4 .  LIMITER EXPERIME T 

For a l l  except t h e  l a s t  two weeks of operat ion,  s t a i n l e s s  steel 

l i m i t e r s  w e r e  used exclus ively  i n  ISX-A. With two weeks of experiments 

remaining, carbon l i m i t e r s  were inse r t ed  i n  a top,  bottom, and outs ide  

por t  of one diagnost ic  sec t ion.  (Two of these  limiters a r e  shown i n  

Fig. 1; a t h i r d  l i m i t e r  located  i n  a bottom por t  i s  not  shown.) A l l  

t h r e e  limiters were ad jus tab le  from a d i s t ance  of 2.5 c m  i n  t h e  shadow of 

t h e  s t a i n l e s s  steel l i m i t e r  t o  5 cm i n t o  t h e  plasma. A l l  t h r e e  carbon 

l i m i t e r s  were made of ATJ-S graphi te  and contained tungsten hea te r s  

wrapped on alumina spools which w e r e  i n  tu rn  inse r t ed  i n s i d e  t h e  graphi te .  

I n  addi t ion ,  a molybdenum l i m i t e r  was s u b s t i t u t e d  f o r  one of t h e  bottom 

r e t r a c t a b l e  s t a i n l e s s  steel l i m i t e r s .  

The s t a i n l e s s  s t e e l  l i m i t e r s  performed remarkably w e l l  throughout t h e  

l i f e  of ISX-A. A s  may be noted from Table 2, metal contamination was no t  

a se r ious  problem. Upon removal of t h e  s t a i n l e s s  s t e e l  bars ,  t h r e e  d i s t i n c t  

types of l i m i t e r  damage were noted (as  shown i n  Fig. 5).  The ou t s ide  

l i m i t e r  experienced some melting a t  t h e  center .  P i t t i n g  and melting due 

t o  runaway e l e c t r o n s  w e r e  mainly observed on t h e  s i d e s  of t h e  top limiter. 

Arc t r acks  w e r e  observed on a l l  l i m i t e r s ,  p a r t i c u l a r l y  the  i n s i d e  l i m i t e r .  

There w a s  ample evidence of a rc ing  near t h e  i n s u l a t o r s  a t  t h e  ends of each 

rod. 

The carbon l i m i t e r s  were baked t o  above 400°C upon i n s t a l l a t i o n  i n  

ISX-A, having a l s o  been previously vacuum baked. Immediately a f t e r  i n s t a l -  

l a t i o n  t h e  carbon contaminatinn l e v e l s  and Zrff increased, and plasma 

discharges were i r reproducible .  Values of Zeff  slowly decreased wi th  

tokamak operat ion,  as shown i n  Fig. 6. However, plasmas bounded by t h e  

carbon l i m i t e r  never exhibited Zeff  below 2.8. A de ta i l ed  comparison of 

plasma parameters on t h e  l a s t  day of opera t ion (see Table 1 )  shows only 

small d i f fe rences  between s t a i n l e s s  steel and carbon limiter shivLs, 

a l t l~ough  t h e  e l e c t r o n  temperature and dens i ty  p r o f i l e s  were somewhat 

broader using t h e  carbon l i m i t e r s .  Table 3 shows t h a t  t h e  emission of 

hydrogen l i g h t  was considerably reduced when t h e  carbon l i m i t e r  w a s  

inser ted .  RGA scans showed an enhancement i n  hydrocarbon contaminants 

t h r ~ u g h o u t  t h e  t i m e  t h e  carbon l i m i t e r s  w e r e  i n  ISX-A. rFe*,$he L -  b,o,ttom_. ' 

@ : ,:- ';, r t L y  * '. 

t . '  



Fig. 5. Three types of l lm i t e r  damage t o  t he  s t a i n l e s s  s t e e l  bars.  
(a) Surface melting a t  t h e  center of t he  ~utside bar. (b) Arc tracks, 
observed generally and pa r t i cu l a r l y  on the  inner bar.  (c) Limiter damage 
t o  t h e  s i d e  of t h e  top bar  caused by runaway elect rons  melting t he  sur- 
f ace  a t  local ized points.  The r e l a t i v e  magnifications of (a) t o  (b) and 
(c) a r e  1:4.1:1.7. 
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Fig.  6. 'eff a s  a  func t ion  of days' befor& and af  t e r  i n s t a l l a t i o n  of 

t h e '  carbon and molybdenum l i m i t e r s .  
. 

'eff 
va lues  a r e  given f o r  s t a i n l e s s  

s t e e l ,  molybdenum, and carbon l i m i t e r s .  
I . .  . . 

carbon l i m i t e r  was heated t o  620% i n  t h e . p r e s e n c e  of plasma d i scha rges ,  

no i n c r e a s e  i n  t h e  r e s i d u a l  methane gas p r c i s ~ u r e  of 9 x t o k r  was 

observed. cons iderable  evidence of h rc ing  was found o n  t h e  g r a p h i t e  

a f t e r  removal of ' t h e  l i m i t e r s .  ' - 

With t h e  molybdenum l i m i t e r  extended i n t o  t h e  plasma, d i scharges  ' 

could n o t  reproducib ly  be ' r un  wi th  d e n s i t i e s  above 1.5. x 1013 ~ m - ~ ,  

and so  comparisons wi th  o t h e r  l i m i t e r s  were inconclus ive .  Tungsten 

'atoms were puffed i n t o  t h e  plasma via's l a s e r  blowoff system t o  s imu la t e  

t h e  e f f e c t  of t h e  tungsten l i m i t e r  i n  ORMAK.ll With t h e  i n t r o d u c t i o n  of 

<1016 tungs ten  atoms (o r  l e s s  than  0.1% of t h e  t o t a l  number of e l e c t r o n s ) ,  - 
t h e  e l e c t r o n  temperature prof i le .became hollow,, t h e  v o l t a g e  increased ,  

and t h e  r a d i a t i o n  t o  t h e  w a l l  increased  by 100%. This  l a t t e r  e f f e c t  i s  

i l l u s t r a t e d  i n  Fig.  3 .  . .  , . . . 



5. CONCLUSIONS 

ISX-A proved t o  be a very  r e l i a b l e  and reproducib le  tokamak. Using 

s t a i n l e s s  s t e e l  l i m i t e r s ,  low va lues  of Z were achieved both wi th  
e f f  

d i s c h a r g e  c l ean ing  (Z = 1.6)  and'  t i t an ium evapora t ion  ( Z  S 1 .0 ) .  e f f e f f  
L ine  r a d i a t i o n  and radiometer  measurements confirmed t h a t  t h e  l e v e l  of 

impur i ty  contaminat ion was low. The p r i n c i p a l  contaminants were carbon, 

n i t r o g e n ,  and oxygen, w i t h  me ta l s  c o n t r i b u t i n g  r e l a t i v e l y  l i t t l e  t o  t h e  

r a d i a t e d  power. Energy containment t imes were exceptional1.y I,nng, 

r each ing  T = 30 msec a t  a t o r o i d a l  f i e l d  of 1 3  kG: 
E 

, Discharge c l ean ing  was t h e  p r e f e r r e d  mode u f  wal l  condi t ion ing .  

Using t i t a n i u m  evapora t ion  a long  wi th  s t a i n l e s s  s t e e l  l i m i t e r s ,  i t  was 

p o s s i b l e  t o  open t h e  vacuum system t o  a ir  one day and t o  have reproducib le  

d i scha rges  t h e  nex t  day. However, t h e r e  was much hydrogen and deuterium 

holdup i n  t h e  t i t an ium,  a s  evidenced by t h e  s l b w  changeover i n  t h e  

r e s i d u a l  gases  when H 2  w a s  s u b s t i t u t e d  f o r  D 2 .  A s  t i t an ium l a y e r s  

became t h i c k e r  over  a s e v e r a l  week pe r iod ,  ou tgass ing  wi th  t i t an ium 

evapora t ion  became more and more of a problem. 

The i n t r o d u c t i o n  of t h e  carbon l i m i t e r s  i n t o  ISX-A and t h e i r  sub- 

sequent  bake-out caused Z t o  r i s e  t o  t h e  h ighes t  va lues  observed, 
ef f 

'eff 
= 5.6. During t h e  twelve days of ope ra t ion  a f t e r  t h e i r  i n t roduc t ion ,  

zc f f  
s t e a d i l y  dropped, b u t  Z va lues  w i th  carbon l i m i t e r s  were s l i g h t l y  e f f  

h ighe r  t han  comparable d i scha rges  w i t h  s t a i n l e s s  s t e e l  l i m i t e r s .  Con- 

s i d e r a b l e  evidence of a r c i n g  was observed on bo th  t h e  carbon and t h e  

s t a i n l e s s  s t e e l  l i m i t e r s .  When small amounts of tungsten were puffed i n t o  

t h e  plasma, t h e  r a d i a t e d  power doubled and t h e  temperature p r o f i l e  became 

hollow. 

Values of Z e f f  2 2.0 wore found t o  bo p ropor t iona l  t o  t h c  amount of 

contaminants  i n  r e s i d u a l  gases  immediately a f t e r  a d i scharge ,  a s  observed 

by RGA scans .  There was l i t t l e  c o r r e l a t i o n  between Z and base  p re s su re .  
e f f  
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