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GENERAL PLASMA PROPERTIES AND CARBONIZATION 

The TEXTOR research programne / I /  focusses on the systematic analysis of plasma wall inter- 
action, the development of a suitable wall system and the production of quasi-stationary 
long-pulse high-temperature plasmas with tolerable impurity concentrations, with well-defined 
boundary layer and with relevant particle and power fluxes through the boundary. 

First, the present paper describes the method of wall carbonization developed in Jiilich / 2 - 5 /  
and some characteristic features of the TEXTOR plasma /6/ obtained with this method for both, 
metal limiters and graphite limiters. Moreover, the effect of ICRH heating (2W, I sec) / 7 , 8 /  
on plasma parameters and on the boundary layer /9,10/ is discussed, together with the appli- 
cation of the single head pump liniter ALT-I /11-13/ and of the localized set of magnetic 
perturbation coils for boundary "ergodization" / 14- 16/. 

Originally, TEXTOR had been operated rrith an inconel liner and with a system of stainless 
steel limiters / 1 7 / .  Under these conditions, the plasma discharges were characterized by 
concentrations of metallic impurities - depending on ne - of up to several IOm4 and of a 
disruption limited tolerable ICRH power limit of only 100 to 200 kW / 1 8 / .  The plasma-chemi- 
cal deposition of carbon on the first wall has been developed for TEXTOR in order to sup- 
press the production of metallic impurities and to achieve a satisfactory susceptibility of 
the plasma to powerful long-pulse ICRH heating. It may be recalled that until recently the 
method of impurity control - in limiter Tokamaks - generally consisted of the use of (i) 
graphite liniters (and protection plates), 
in particular in order to reduce the oxygen concentration. This procedure had the disadvantage 
that in the course of Tokamak operation the graphite limiters became increasingly contaminated 
by the redeposition of 
metal impurity concentration in the plasma core. 

Carbonization suppresses this mechanism. Carbonization is the plasma-chemical coating of the 
rsnole ria11 system with a sufficiently thick (i.e. several hundred monolayers) amorphous car- 
bon layer of a relative hydrogen (deuterium) content of about 0 . 4 .  
This layer can be applied by a specific radio-frequency assisted glow discharge in an adjust- 
able mixture of e.g. D2/CD4. Any desired ratio between the H and D composition of the plasma 
can be obtained. The method i s  well-defined and reproducible. By means of appropriate glow- 
discharge cleaning the coating can also be completely removed. 

First, carbonization has been applied upon the above nentioned all metal wall system. The 
success of this-method led to a reduction of the metal concentration in the plasma core 
tor.rards the IO-' regime and to the possibility of coupling ICRH porrer (with the same anten- 
na system) in the "-regime. Erosion of the carbonization layer on the exposed parts of the 
liniters, however, led to the need for soine recarbonization after about 100 discharges. 
Noreover, stainless sree! as the bulk material of the limiters is not considered suitable 
to xcept high power fluxes, e.g. on the leading edges. 

Therefore, the material of the limiter system, i.e. of the movable main limiters, of the 
antenna protection liniters and of the inboard limiter (mainly for protection against dis- 
ruptions), has been changed over iron srainless steel to graphite during the last summer 
break. Initially, this led to a pronounced prolongation of the operational period until re- 
carbonization is required. However, as coripared to the carbonized metal system, there is now 
an even more apparent source-sink behaviour of the limiter system with respect to the hydro- 
gen balance, and the C and/or 0 concentration is roughly twice that as obtained before: the 
latter depends strongly on the application of intense baking after which a significant re- 
duction of the C and/or 0 content can be achieved. A comparison between these cases is given 
in Table I tihich, among others, shows Zeff from soft X-ray measurements (under the assunp- 
tion of equal C and 0 concentration). Since in the course of TEXTOR operation some metal 
erosion has occurred e.g. from diagnostic probes, we observed also some netallic contamina- 
tion of the graphite limiters: this led to recarbonization requirements which are comparable 
to the situation with carbonized metal limiters. 
From a systematic study of pararretric dependences, a further comparison is comprised by the 
"Hueill-Diagramme" for these three cases which essentially shows that both, the q-lisit and 
the density limit could be significantly shifted after carbonization had been applied: chis 
holds for both limiter materials, stainless steel and graphite. The present density limit 
with OH-discharRes at 2.0 T lies at re = 5 . 3 ~ 1 0 ' ~ c m - ~  (with ICRH it could be shifted to 

(ii) metal walls and (iii) Ti- or Cr-gettering 

metallic rial1 material which also led to a steady increase of the 
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5.7~10'~cm-~). The corresponding Murakami parameter which has now been achieved under OH- 
conditions is 

RO M = = 4.gx1019 [T-I m-2]. 

The above mentioned parameter scans permitted to establish - for re between lxi0l3 and 
5x10l3 cm-3 and for Ip between 340 kA and 500 kA - a scaling of ppOl: 

= 4.8 x ?ie/Ip with Ip[A], r~,[cm-~], 

which is shown in Fig. 2 .  The overall pulse duration of the discharges in this density range 
could be extended to 3.8 sec; for BT = 2.0 T the value of Ip could be increased to 540 kA 
and C'E reached 100 ms. Upgrading of the TEXTOR machine permits now to extend BT up to 2 . 6  T 
or even slightly beyond. 

At higher densities, a broadening of the boundary layer, accompanied by increased luminosity, 
could be visually observed by use of a (tangentially viewing) TV-camera. Detailed measure- 
ments in the boundary have shown that, for Fe ? 3 ~ 1 0 I ~ c m - ~ ,  the plasma starts to become de- 
tached from the limiter resulting in reduced fluxes, density and heat loads there /IO/ as 
can be seen in Fig. 3. 

TABLE 1. Typical composition of a deuterium plasma for various wall conditions. 
Best values ever achieved for b )  in brackets. 
Impurity figures are relative concentratious on the axis. 
The carbon and oxygen values in b) and c) are evaluated under the 
assumption of equal concentration. 

CURREST DESSITY PROFILES 

The poloidal magnetic field distribution in TEXTOR has been determined by probing the plasma 
with an array or' HCS laser beams measuring the Faraday rotation of their planes of polariza- 
tion and the phase shifts caused by the electron density / 1 9 / .  The data analysis i s  based on 
the assumption of eccentric circular f!ux surfaces in accordance with numerical equiiibriux 
calculations. The total error of the resulting current density profile is estinated to be 
about 25 X to +IO 2 at half the plasma radius. For the central current density an accuracy 
of + I 5  2 to 520 % is achieved by slowly moving the plasma across the probe beans and thereby 
virtually multipiying the number of chords / 2 0 / .  The agreement between the positions of the 
q=l surface as determined by the Faraday rotation measurements and by temperature and density 
sawteeth confirms the absence of systematic errors. Temporal evolutions of the current den- 
sity profiles have been determined for discharges with various magnitude and time dependen- 
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ces of plasma current and toroidal field, and these have been compared with linear tearing 
mode stability theory using a cylindrical delta prime programme (kindly provided by 
K. Lackner, Garchine). 

In all cases marginally stable profiles could be generated for all modes with m=l which co- 
incide with the measured profiles within the experimental accuracy. The m = I  case is predicted 
unstable for all conditions with q on axis less  than I .  It is thus surprising to observe that 
(as seen in Fig. 4 )  the current distribution develops in time with q(0) going from 1.4 at 
200 msec down to 0 . 6 4  at I000 msec without leading (necessarily) to a large m=I internal kink 
instability, which would depress the current density profile by reconnection to q ( o ) = l .  
Sawtooth activity is nevertheles observed in such cases (Fig. 5)  flattening the temperature 
and density profiles, but apparently not the current density profile. 

For this situation we conclude that the sawtooth activity, especially under the persistent 
condition of q(0) significantly less than I ,  cannot be the result of a complete reconnection 
process involving the m = l  internal kink mode, because of the impossibility of recovery of 
low q on axis between sawtooth relaxations / 2 1 / .  

However, the generally predicted rapid growth of the m=I internal kink for the case of q(0) 
about 0.6 has also been observed (Fig. 6 ) .  After more than 0.5 sec during which the current 
distribution has shown a fairly stationary behaviour with only small density sawteeth (Fig.7), 
a large m = I  mode develops, and the observed negative voltage spike indicates a large poloidal 
flux change. Eventually, this leads to a termination of the discharge. These phenomena would 
be difficult to understand with the assumption of q(0) near I .  

Conditions under which the resistive m=I mode may be marginally stable are not known theore- 
tically for q on axis significantly less  than I and are now being investigated / 2 2 / .  

10s CYCLOTROK HEATIKG AND RESULTING EFFECTS 

Introduction 

The principal features of the previous ICRE results on TEXTOR have been reported in / 2 3 /  and 
/7/. The aost important changes for the conditions of the ICRH operation reported here are: 
1 )  the use of main and antenna limiters made of graphite to replace the previous stainless 
steel ones; 2 )  the use of identical top and bottom antennae / 2 4 /  with central conductors of 
the broad type (mean width: 
plasma (NH/ND C 

With these changes the general characteristics of the results remain the same as those re- 
ported in ! i / .  Long pulse ( & I s ) ,  low impurity ICRH with stationary plasrra parameters has 
been obtained but now with an RF power fed to the antenna PA which has reached 2 . 3  Mw. Given 
an antenna loss of 180 KW, about 92 Z of this value contributes to PRF, the power effectiveiy 
radiated into the machine, yielding a total power coupled to the plasma Ptot = P ~ F  + P'OH of 
2 . 5  ?lX, which is 6 . 3  tines the remaining OH power P'OH at a plasma current Ip = 500 k A ,  which 
causes also a lengthening o f  the current flat-top by aeans of the rescltiq Vs saving. An 
adequate wall carbonization is also mandatory to bring up the power at the Mk' level without 
plasma disruption or antenna breakdown. This consists of glow discharge in a mixture of D, 
and CD4, in order to reach the low H isotopic content in the tokamak discharge, and is 
followed by a baking of the C-limiters to avoid a large gas release during ICRH. The results 
reported here correspond to I 

1 7  cm); 3 )  the u s e  of low minority concentrations in 2 D-(E) 
1 % ) ,  instead of the previous mode conversion regime. 

= 0.48 - 0.50 MA, Bo = 1.9 - 2.0 T and a main liniter radius 
of 0.46 m. P 

Results pertaining io a typical 2 W4 shot are shown in Fig. 8 :  a) Temporal evolution of the 
total plasma energy content. Edia is measured (dotted line curve) 
i s  computed from an eqailibrium code using the measbred vertical fiefluand the current density 
profile as input data. The kinetic energy content E, . 
and temperature profiles, the central ion temperatu52"T. , and assuming the same ion tempe:a- 
ture profile 2s for the electrons leads to a value - 26 % lower. 
the total number of eiectrons N in the discharge as obtained from HCN interferometry. c )  The 
central electron energy densityeE = 3 / 2  neoTeo computed from the ECE signal from T and 

eo eo 
the Abel inverted HCN data for the central density ne0. d) The central ion temperature T. 

by diamagnetism and E 

as computed from the electron density 

b) Temporal behaviour of 

10' 
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i n  a s o l i d  l i n e ,  as o b t a i n e d  from t h e  n e u t r o n  y i e l d .  The d o t t e d  l i n e  shows f o r  compar i son  
T. as computed  f rom e q u i p a r t i t i o n  a l o n e  ( A r t s i m o v i t c h  law)  u s i n g  n and  T as i n p u t  
di?a! The l a r g e r  v a l u e  o f  T io ,neu t ron  w i t h  r e s p e c t  t o  t h e  e q u i p a r t i t %  valug'in t h e  ICRH 
p a r t  of t h e  s h o t  i s  a t t r i b u t e d  t o  d i r e c t  RF h e a t i n g  o f  t h e  i o n s .  e )  The c u r r e n t  p r o f i l e  
p a r a m e t e r  a. / 2 5 /  o b t a i n e d  from t h e  HCN 
r e l a t i o n  f o r ' t h e  c u r r e n t  d e n s i t y  p r o f i l e  j = j o  R O / X  [ ( I - rZ/a2)'~ - &(r) (R-&,)/dwith 

A l a r g e  b r o a d e n i n g  o f  t h e  d e n s i t y  p r o f i l e  o c c u r s  d u r i n g  I C R H  ( s e e  F i g .  g c ) ,  whereas  no 
change  o r ,  a t  m o s t ,  a s l i ~ h t  f l a t t e n i n g  o f  t h e  j - p r o f i l e  i s  o b s e r v e d .  

p o l a r i m e t r i c  d a t a  u s i n g  the f o l l o w i n g  approx ima te  

I & ( r ) l  C 0.5.  

Energy  and  G l o b a l  Energy  Conf inement  Time S c a l i n g  

The e n e r g v  i n c r e a s e  a p p e a r i n g  d u r i n g  ICRH i s  a lways  p a r t l y  due  t o  an  i n c r e a s e  i n  d e n s i t y  
( a s  r e f l e c t e d  by N on F i g .  8b)  and  changes  i n  i:s p r o f i l e .  I n  o r d e r  t o  d e c o u p l e  t h e  e f f e c t  
o f  d e n s i t y  i n c r e a s ;  from t h e  e f f e c t  o f  t h e  t o t a l  power coup led  t o  t h e  p l a s n a  P to t  on t h e  
e n e r g y  c o n t e n t  E and  r e s u l t i n g  g l o b a l  e n e r g y  c o n f i n e a e n t  t ime  Z- - E / P t o t , ,  - a c a r e f u l  s e l e c -  
t i o n  o f  s h o t s  has  been  made w i t h  t h e  s a n e  c e n t r a l  c h o r d  d e n s i t y  ne  Tor v a r i o u s  v a l u e s  o f  P to t  
(power  s c a n )  or t h e  same P 
e x p e r i m e n t a l  p o i n t s  t h e s e  k%e been  chosen  From the  s a n e  ser ies  o f  s h o t s .  The r e s u l t s  a r e  
shown i n  F i g .  9 a  f o r  t h e  power s c a n  and  i n  F i g .  IO f o r  t h e  d e n s i t y  s c a n .  Tbe c o n s e r v a t i v e  
v a l u e  o f  E = E 11.2 = E . i s  t a k e n .  As f o r  t h e  mode c o n v e r s i o n  r e g i i e  a n a l y s i s  1 2 1 ,  t h e  
r e s u l t s  p e r t a i t i e o  a n  L - m b ;  t y p e  s c a l i n g  which i s  found i n  a g r e e n e n t  w i t h  e i t h e r :  

and  v a r i o u s  n ( d e n s i t y  s c a n ) .  To m i n i z i z e  t h e  s c a t t e r  i n  :he 

( i )  t h e  

Kaye-Golds ton  s c a l i n g  / 2 6 /  e x p r e s s e d  as EK-G(kJ)  = 0 .02  ?io.26 O"' I '"' ( 1 0  l 3  c 3  -3 , 
pm p7 MW,kA) and  v a l i d  f o r  P to t  > 3 PIoH;  t h i s  h a s  a v a n i s h i n g  va lue  o f  '=E f o r  -arge P t o t ,  o r :  

( i i )  a Less  p e s s i m i s t i c  s c a l i n g  law u s i n g  a n  a s y x p t o t i c ,  non-zero  a u x i l i a r y  h e a c i n g  c o n f i n e z e n t  
t ime  

As i n  R e f .  1 7 1  we t a k e  

ZAUX = ( *E)RF /PRF t o  which '77 r e d u c e s  when PRF s* P'O:i. 
E 

E =  OH "OR 'XJX 'RF 

as suming  t h a t  To, i s  t h e  OH conf inemen t  t ime  t a k e n  a t  t h e  ( c o n s t a n t )  ?. 

and f o r  t h e  g i v e n  machine  p a r a m e t e r s  (B , I , R , a ) .  For t h e  power r a n g e  and :he p l a s n a  
p a r a m e t e r s  c o n s i d e r e d  i n  F i g .  9 ,  
P I O H  = P 6 i s  a l so  rough ly  i n  a g r e e z e n t  si:h t h e  
e x p e c t a t i o n  from S p i t z e r  r e s i s t i v i t y  and  t h e  obse rved  nean T i - c r e a s e  shown :n r i g .  1 : .  
I n t r o d u c i n g  
pendenc r  o f  B on ZAuX Is e x p r e s s e d  by B 

d e r i v e d  f r o m  Eq.  ( I !  f o r  e a c h  e x p e r i m e n t a i  p o i n t  a r e  a : s o  i n d i c a t e d  in F i g .  95. 

The r e s u l t s  p e r t a i n i n g  t o  t h e  d e n s i t y  s c a n  a r e  shown i n  F i g .  I O .  %e OH c c r v e  = Po2 = 
0 . 6  a') r e f l e c t s  t h e  n e o - h l c a t o r  b e h a v i o u r  of iESi0.S a s  e x p r e s s e d  by E q .  ( 7 )  zf Re:. i i l .  i: 
appe;:s :hat  :he i n c r e a s e  o f  TE w i t h  ye b e c o a e s  l e s s  and : e s s  p r snocnced  as  P t o c  i n c r e a s e s  
2nd t h a t  t h e  a s y m p t o t i c  v a l u e  f o r  P R F ~  P ' O H  e x p r e s s e d  j y  r x ; ~ ,  c m p c t e d  frcr: E q .  i I), h a s  
p r a c t i c a l l y  no l o n g e r  a dependence  on d e n s i t y .  T h i s  behaviour :s s i i i l a r  :c t?.a: c b s e r v e d  w i t h  
SBI i n  ASDEX / 2 7 / .  We a l s o  n o t e :  ( 1 )  t h a t  t h e  change  3 f  T E  f r o 3  t h e  OH t c  t h e  ICRS phase sf 
a s h o t  depends  on t h e  c h o r d  d e n s i t i e s  < a c h i e v e d  i n  OE and  Cxr ing  IC 
; O  show t y p i c a l  t r a j e c t o r i e s  d u r i n g  s i n g l e  s h o t s  s t a r t i n g  f r o -  t h e  OH and e n d i z g  a t  t h e  IC?J 
r e p r e s e n t a t i ~ e  p o i n t .  The ~ T E  d e g r a d a t i o n  obse rved  d u r i n g  2 sho: i s  t h u s  p a r t i c u : a r i y  s e n s i -  
t i v e  t o  t h e  n e - e v o l u t i o n ;  ( i i )  F i ? .  10 suggests tha :  no T E  d e g r a d a t i o n  o c c u r s  a t  r e l a t i v e -  
l y  !ow d e n s i t i e s  < 
p o s s i b l e  due  t o  t h e  l a c k  o f  s u f f i c i e n t  c o n t r o l  o f  t h e  d e n s i t y  r i s e  dur i ? .g  h i g h  pcwer :CRB. As 
show.  i n  F i g .  
d e g r a d a t i o n  t o  t h a t  o f  TE as  Pto: i s  i n c r e a s e d .  
We may c o n c l u d e  t h a t ,  a l t h o u g h  t h e  t o t a l  power h a s  been  ex tended  UD t o  2 . 5  W ,  i . e .  6.3xP'0fi. 
i t  i s  s t i l l  n o t  y e t  p o s s i b l e  t o  r u l e  o u t  a Rays-Golds ton  7~ s c a l i n g  b u t ,  on :he o t h e r  hand .  
t h e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  a non v a n i s h i n g r . 4 v X .  Conpar ing  t h e  r e s c l c s  o f  R e f .  1 7 ;  wits  
t h e s e ,  i t  a p p e a r s  t h a t  t h e  v a l u e  o f  T E  o b t a i n e d  with lo i .  c i n o r i t v  concen : r a t i cn  is s i= . i la :  
or  s l i g h t l y  lower  t h a n  obse rved  w i t h  mode c c n v e r s i c n .  A l l  t h e  r e s u l c s  a r e  c o z p a t i b l e  w i t h  t h e  
s c a l i n g  law o f  Eq .  ( 1 )  c h o o s i n g  7 > j f i x ( r L s )  = (6O+i5) Ip (pU) .  

r e a c h e d  d u r i n g  XF e o  

a goo5 f i e  fo? t h e  dependence  o f  P I O H  on PRF i s  g i v e n  by 
- d P R F  w i t h  6 = 0. I .  T h i s  v a l u e  o f  

O H  . - .  

1 
s h o m  i n  F i g .  9 2 .  The de-- 

. 
= c+ 3 s  t o g e t h e r  wi:h t h e  v a l u e s  o f  7 4 ~ ~  

i n  E q  ( 1 )  one o b t a i n s  :he l i n e a r  law E = A+$? 
dE!dPtot = ( TOE d P c ~ ~ , d P x 7  + T b Z x ) ( d P t o t / d P R F )  

^I, The c o r r e s p o n d i n g  a e a n  v a l u e  of  t .xx 

. - .  t h e  a r r o w s  :n ::g. 

= I . 5 ~ ! 0 ~ ~ c n - ~ .  The d i r e c t  c m f i r - a t i o i  o f  such  a b e h a v i o u r  was n o t  

I ? a  and d i s c u s s e d  be low t h e  particle c a n f i n e z e n t  t i z e  Cp c n d e r g c e s  a sizilar . .  
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F i g .  5. Time e v o l u t i o n  of  v a r i o u s  plasma para-  
meters  d u r i n g  a n  ICRH h e a t e d  s h o t ( ~ 1 9 1 6 1 ) .  
a )  E i s  t h e  plasma energy c o n t e n t  ( s o l i d  l i n e  
Edia ,  d o t t e d  l i n e  E e q u  ) , b) N e  ; C )  
E,, = 1 . 5  neoTe0 i s  t h e  c e n t r a l  e l e c t r o n  ener-  
gy d e n s i t y  ; d )  C e n t r a l  i o n  tempera ture  ( i ) T i o  
measured from n e u t r o n  emiss ion  ( i i )  T i o r A  com- 
puted from e q u i p a r t i t i o n  ; e )  Curren t  p r o f i l e  
parameter  a j .  

- 50 

- 2 5  

a) I 

Id, 8 
8 8  0 

0 
0 

e 
1.6) 

I 

3 Pm 
0 1 MW 2 

F i g .  3. Power s c a n  r e s u l t s  ( a t  c o n s t a n t  = 
3.95 x 1013cm-3; s h o t s  # 19513-19537). a )  
Plasma energy c o n t e n t  a s  compared v i t h  t h e  
Kaye-Coldston s c a l i n g ( d o t t e d  l i n e )  and t h e  
s c a l i n g  of Eq. (1) ( s o l i d  l i n e )  ; b) Global 
confinement  time v i t h  t h e  cor responding  
v a l u e s  of T A ~  c a l c u l a t e d  from Eq. (1) ; c )  
Corresponding v a r i a t i o n  of t h e  c u r r e n t  
p r o f i l e  parameter  a j  and the  d e n s i t y  p r o f i l e  
parameter  a,. 

Fig. 13. Densi ty  s c a n  e v o l u t i o n  o f  tL a t  con- 
s t a n t  v a l u e s  of P t o t  - 0.6  MW (OH o n l y ) ,  
P to t  1 .6  MW, 2 .4  W(OH + ICRH) and de- 
r i v e d  v a l u e s  of T A U X .  The ar rows  i n d i c a t e  
the  e v o l u t i o n  from t h e  OH t o  the  ICRH phases  
i n  p a r t i c u l a r  s h o t s  ( #  18940-18947, 19161, 
20349, 20351). 
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Heat inR R e s u l t s  and P r o f i l e  C o n s i s t e n c y  

The obse rved  i n c r e a s e s  i n  c e n t r a l  t e n p e r a t u r e s  T (ECE) and T. ( n e u t r o n s )  d u r i n g  t h e  power 
s c a n  expe r imen t  o f  F i g .  9 a r e  shown, v e r s u s  PRF, i n  F i g .  1 1 .  due o n l y  t o  
e n e r g y  e q u i p a r t i t i o n ,  a s  p r e d i c t e d  from t h e  above-mentioned A r t s i m o v i t c h  law, i s  a l s o  i n d i -  
c a t e d .  When comparing t h e s e  r e s u l t s  w i t h  t h e  c o r r e s p o n d i n g  mode c o n v e r s i o n  c a s e  ( s e e  F i g .  6 
o f  Re f .  / 7 / ) ,  it  is s e e n  t h a t  t h e r e  i s  less  e l e c t r o n  h e a t i n g  and  more i o n  h e a t i n g  f o r  t h e  
p r e s e n t  low m i n o r i t y  c o n c e n t r a t i o n  e x p e r i m e n t s .  A s u m a r y  o f  t h e  comparison i s  g i v e n  i n  
T a b l e  2 .  The c e n t r a l  RF Dover d e n s i t i e s  coup led  t o  t h e  e l e c t r o n s  P R F , ~  and t o  t h e  i o n s  p R F , i ,  
as o b t a i n e d  f r o n  t h e  c e n t r a l  power d e n s i t y  b a l a n c e  ( s e e  5 4 . 2  o f  Ref .  / 7 / ) ,  h a s  a s i n i l a r  
i n c r e a s e  o f  pRF,i w i t h  r e s p e c t  t o  pRF,e i n  t h e  p r e s e n t  e x p e r i m e n t s ,  a s  a l s o  shown i n  T a b l e  2 .  
From F i g .  1 1 ,  i t  a p p e a r s  a l s o  t h a t  t h e  e l e c t r o n s  loose  l e s s  power and t h e  i o n s  g a i n  less  by 
e q u i p a r t i t i o n  i n  t h i s  r e g i n e .  The s n a l l e r  r e l a t i v e  i n c r e a s e  o f  t h e  c e n t r a l  e l e c t r o n  e n e r g y  
d e n s i t y  E a s  compared t o  t h e  t o t a l  ene rgy  i n c r e a s e  (compare OH and ICRH c h a s e s  on F i g .  Sa 
and c )  i s  a t t r i b u t a b l e  p a r t l y  t o  t h e  f a c t  t h a t  i o n s  a r e ,  r e l a t i v e l y  s p e a k i n g ,  h e a t e d  a o r e  t h a n  
e l e c t r o n s  and p a r t l y  t o  t h e  b r o a d e n i n g  o f  t h e  d e n s i t y  p r o f i l e .  

As shown on F i g s .  Se and 9c and a l r e a d y  s t a t e d  a t  lower P R F , i n  Ref .  / 7 /  t h e r e  e x i s t s  o n l y  a 
s l i g h t  t endency  towards  b roaden ing  o f  t h e  c u r r e n t  p r o f i l e  w i t h  RF pove r  even i f  t h e  t o t a l  
power f ed  t o  t h e  plasma changes  by a f a c t o r  5 .  On t h e  c o n t r a r y ,  t h e  d e n s i t y  p r o f i l e  s i g n i -  
f i c a n t l y  b roadens  when P i n c r e a s e s .  T h i s  a p p e a r s  on F i g .  I0c where t h e  e v o l u t i o n  o f  t h e  

d e n s i t y  p r o f i l e  p a r a m e t e r  o( 

On c(n by t h e  r e l a t i o n  N = ( I - ( r / a ) & n ) .  

eo i o  The v a l u e  o f  T .  
10 

e o  

t o t  
i s  shown v e r s u s  P t o t .  (The a p p r o x i a a t e  d e n s i t y  p r o f i l e  depends  

e o  

P a r t i c l e  Confinement  T i n e ,  I m p u r i t i e s  and Edge P a r a a e t e r s  

F i g .  12 shows, as a f u n c t i o n  o f  P 
i c l e  conf inemen t  t i n e  , d e u t e r i u n  r l u x ,  i m p u r i t i e s  b r i l l i a n c e  and c o n c e n t r a t i o n ,  2 _ _  
and t h e  edge  Te and Ne d g r i n g  t h e  power s c a n  expe r imen t  of F i g .  9 .  The f o l l o w i n g  o b s e % i t i o n s  
and c o n c l u s i o n s  can  b e  nade :  

12g) ,  i . e .  an  i n c r e a s e  o f  o n l y  - 7 % .  As t h e  r e l a t i v e  i n c r e a s e  o f  t h e  d e u t e r i u z  f l u x e s  a: 
l i m i t e r  r,,,, a n t e n n a  rD,A ( F i g .  12b) and a t  t h e  wal l  i s  zuch  i a r g e r ,  t h e  p a r t i c l e  

conf inemen t  t ime  r = N e / ( < , L  + r D , A  + fD,,,) d e g r a d e s  i n  a s i n i l a r  f a s h i o n  t o  

rihen P 
r e l a t i v e  i n c r e a s e s  in & , L ~ ~ , A  and 6 , ~  a l l  around t h e  z a c h i n e  a r e  rough ly  t h e  sa 'ce.  T k i s  
i n c r e a s e  i n  D f l u x  h a s  been conf i rmed  by a p e r o e a t i o n  p rcbe  -ethod i ? 8 i .  The d y n a z i c  :ize 
e v o l u t i o n  a t  t h e  RF swi t ch -on  o r  - o f f  o f  t h e s e  f l u x e s  i s  d i s c u s s e d  i n  d e t a i l  i n  R e f .  i s , ' .  
( i i )  The oxygen f l u x  i n c r e a s e s  l e s s  s:rc3g!y than :hat cf d e u r e r i u l  w i t h  P i 9 1 .  T h i s  ex-  
p l a i n e s  t h e  s l i g h t  d e c r e a s e  i n  t h e  oxygen c o n c e n t r a t i o n  CO obse rved  f r c c  s o f t  X-rays i n  
r i g .  12d ( a s suming  t h a t  t h e  s o f t  X-ray enhanceaen t  i s  c n l y  due t o  o::ygen). The r e l a t i v e  i n -  
c r e a s e s  i n  t h e  b r i l l i a n c e  o f  O V I  and CV, no r r i a l i zed  wi th  r e s ? e c t  :o t h e  edge chord  d e n s i r v  
a t  r = 4 0 ,  a r e  a l s o  s l i g h t  and show rough ly  t h e  s a z e  b e h a v i c u r  f o r  C a s  f o r  0 .  There i s  
no low-Z i m p u r i t y  problem i n  t h e  h i g h  power I C R H  d i s c h a r e e s  5:i:h c a r b c n i z e d  r a l i s  and C 
t e r s .  ( i i i )  The m e t a l l i c  i n p u r i t y  b e h a v i o u r ,  shown i n  F i g .  I ?e ,  i s  s c z e v h a t  a :ypical  i3 
t h a t  t h e  c o n c e n t r a t i o n  C ( s u a  o f  Cr + Fe + S i  ave raged  a t  r=5 arid 15 cz ! )  :?.creases n o r e  
and i s  a l s o  l a r g e r  t h a n  i n  o t h e r  r u n s  o r  e a r i i e r  e x p e r i z e n t s  /i,?3! doe :c sonewha: d i f f e r e n t  
w a l l  c o n d i t i o n s .  The p r o d u c t i o n  aechan i sm o f  t h e s e  l r p u r i t i e s  i s  d i s c c s s e d  i n  !9/. ( i v )  The 
v a l u e  o f  Z e f f  as g i v e n  by t h e  s o f t  X-ray s ig r . a l  r ema ins  r c c g h l y  c c n s t a n t  a s  a f u n c t i c n  o f  
P t o c ;  t h i s  i s  a t t r i b u t a b l e  t o  t h e  combined e f f e c t  c f  t h e  i n c r e a s e  in C+: azd Cec rease  in 
CO and C c .  ( v )  The e v o l u t i o n  o f  t h e  mean chord d e - s i t y  a t  r = LG c x  (HCX i n t e r f e r o m e t e r )  
and t h e  d e n s i t y  and e l e c t r o n  t e m p e r a t u r e  x e s s u r e d  by Lcngnuir  p robes  a t  r=5? cz! i n  t h e  
s c r a p e - o f f  l a y e r  (SOL) a r e  shorm i n  F i g s .  322, l?h 2 n d  I?i. The i n c r e a s e s  in  ne,+^ and n e , j ?  
a r e  " h a r a c t e r i s t i c  o f  t h e  obse rved  d e n s i t y  p r o f i l e  b r o a d e n i n g .  The e i e c t r o n  t e - p e r a t u r e  :n 
t h e  SOL undergoes  a mi ld  i n c r e a s e  d u r i n g  I C R H .  I t s  p c s s i b l e  i n f l u e n c e  cn  t h e  i n c r e a s e  c f  t h e  
s h e a t h  p o t e n t i a l  and r e s u l t i n g  r i s e  i n  t h e  f l u s  o f  d e u t e r i u c  f r o 3  t h e  ual!  i s  d i s c o s s e d  i n  

and a t  c o n s t a n t  d e n s i t y  neo,  he behav iour  o f  t h e  p a r t -  t o t  ~ 

( i )  d u r i n g  t h i s  power scan t h e  t o t a l  nuabe r  of e l e c t r o n s  Se 

i n c r e a s e s  from 2 . 4 5  t o  2 . 6 2 ~ 1 0 ~ ~  p a r t i c l e s  due t o  p r o f i l e  b roaden ing  ( s e e  F i g s .  9c and 

r, P 
i s  i n c r e a s e d .  T h i s  can  be s e e n  from F i g .  I?a where t p , o a  = i j  2 35 'cs. Tne t o t  

KOt 

". 

l i e  t 

IS/ .  



1422 G. H. Wolf U. 

F i g .  12. Evolu t ion  of d i s c h a r g e  parameters  
v e r s u s  PtEt f o r  the  power scan  experiment  a t  
c o n s t a n t  ne 
confinement  time T~ ; b)  Deuterium f l u x  from 
main l i m i t e r s  and an tenna  l i m i t e r s  ; c )  Impu- 
r i t y  l i n e  b r i l l i a n c e  normalized wi th  r e s p e c t  
t o  t h e  edge chord d e n s i t y  ne40 a t  r = 40 cm ; 
d )  Oxygen c o n c e n t r a t i o n  from s o f t  X r a y  d a t a  ; 
e )  M e t a l l i c  i m p u r i t i e s  c o n c e n t r a t i o n  from s o f t  
X-rays; f )  Corresponding Z e f f  v a l u e  ; g) ne,bO; 
h )  and i )  Langmuir probe measurement of  Ne 
and T, a t  r = 5 2  cm i n  t h e  SOL. 

v a l u e  of F i g .  9 : a )  P a r t i c l e  

F i g .  1 7 .  C e n t r a l  e l e c t r o n  and i o n  tempera ture  
behaviour  v e r s u s  PRF d u r i n g  the  pover  scan  of 
F i g .  9. The d o t t e d  l i n e  g i v e s  t h e  v a l u e s  of 
T i o , ~  computed from e q u i p a r t i t i o n .  

0 1 t (sec!  7 

b) a) 

F i g . ] > .  Evolu t ion  of  the  s a v t e e t h  p e r i o d  and e l e c t r o n  energy  s l o p e  dEeo/dt d u r i n g  2 Mu 
ICRH heated  s h o t s  : a )  F o r  t h e  s h o t  of  F i g .  6 ; b) For the  s h o t  # 20351 ; the  c o r r e s -  
ponding curve  of E,, i s  a l s o  g i v e n .  The d o t t e d  l i n e  g i v e s  t h e  r e s u l t s  of  the  McGuire- 
Robinson s c a l i n g  f o r  t h e  p e r i o d .  
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Fig. 15 shows the response to a given ICRH pulse (of 1.3 MW and 0.5 sec) of three different 
ne(r) signals, of the deuterium fluxes from liniter, antenna and liner and of the oxygen 
flux. These signals shou as a particular feature the existence of pronounced sawteeih 
with amplitudes - for higher power levels - of up to 50 %. Signal b) of the lowest figure 
oresents the local density of iron atoms in front of a non-carbonized metallic target plate 
which is exposed to the plasma at a radial position of r = 5 2 . 2  cm, i.e. in a position which 
is more than 6 cm inside the limiter shadow. The increase of the sputtered iron density there 
by more than one order of magnitude suggests that sufficiently energetic ions are present in 
this deep-shadow region. From this observation, together with the immediate onset of the 
effect synchroniously with the onset of ICRH, two alternative conclusions may be drawn. 
Either, there occurs some direct energy transfer to the ions in this region, which is not 
caused by the energv losses from the heated toroidal tokamak olasma flowing into the scrape- 
off layer: the energy decay length of about I cm would be too short as compared to 6 cm, the 
ion temperature would be too low for the measured sputtering yield and the onset of the 
sputtering signal would show a delay of the order ZE. Or alternatively, the observed sput- 
tering may be caused by high energetic trapped ions with orbits extending into this region. 

Fig. 16 shows the steep increase of the density profile in the scrape-off layer (liaiter 
radius at 4 6  cm) as a result of ICRH: this increase, however, is insufficient t o  explain the 
above mentioned rise of the (sputtered) iroa density. 

Sawtooth Behaviour during ICRH 

The observation made in TEXTOR concerning the sawtooth behaviour, can be summarized as 
f o l l o w s :  
large tokaaaks (e .g .  /29/): single sawteeth, multiple sawteeth (up to 4 partial reconnec- 
tions), sawteeth with precursors or not, sawteeth with successors or not. 2 )  Sawteeth on 
both Teo and neo are contributing to the strong sawteeth on the central electron energy 
density E,, ( s e e  e.g. Fig. 10 of / 2 i ) .  Tne density 
readjustment since the total number of particles Se (see Fig. Sb) is o n l y  slightly affected 
by sawtooth behaviour at the largest ICRH power levels achieved. 3) Tne savtooth period can 
be influenced by ICRH in different ways for roughly the saxe operating conditions and plassa 
uaraneters: two examples of the evolution of the period and of the xean slope dEeo/dt are 
given in Fig. 13a (same shot as Fig. 8) and Fig. 13b. At the beginning of the RF pulse the 
period continues its regular iacrease, already started in the OF phase in Fig. !3a, L-hereas 
the period decreases strong?y in Fig. 13b. At the end of the ICKY pulse, as seen in Figs. 
13a and 13b, another regime of oscillation with coopound savteeth is often triggered. 4 )  The 
w a n  electron energy slope, during the sawtooth rise phase, decreases during the ICW pulse. 
The effect of this decrease on the savtooth amplitude is partially compensated for by a 
simultaneous increase in the sawtooth period ( s e e  Figs. Sc and i3b fcr t up to 1.4 s 
corresponding to the plasma current flat top). 5 )  The sautooth period has been cozpared uith 
the empirical scaling of HcGuire and Robinson / 3 0 / .  The resuit of this scaring is shoi.7 by 
the dotted line in Fig. 13a. We take a as the characteristic length and vs = ( P I O H  ; 
pRF,e)/(3/2 neo Tea) as heating time, where P'OH + p R F , e  is :he total power density red to 
the ?lasna. Azreement for the order of aagnitude of the period is cbtai2ed but n o t  for the 
detailed behaviour. 
6 )  Large sawteeth are also observed on the neutron yield and :hus on the va:ue o f  T i c  de- 
rived frolr it. Fie. 
value after each internel disruption. Another case shcviae o 
is given in Fig. 
been deduced so far. 

I) We observe all the varietv of sawtooth behaviour already observed oa other 

sawteeth are zainly due to a density 

. .  

l4n shous a case where the value of T i o  jugps back to the equipartition 
n slight saurocth behcviccr 

14b. So general rules for the cccurrence ( c z  no:) o f  large savteeth heve 
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A Teo/PRF 

A Tio/PRF 
n eo 

I 
P 

'RF ,e 

'RF,i 

Previous Results 
XH Z' 5-10 % 

300 eV/MW 

180 eV/MW 

13 -3 3.65~10 cm 

340 kA 

mW 150-170 - cm3 Hw 

mW 
cm'MW 60-95 - 

Present Results 
XH 4 1 %  

160 e V / W  

250 e V / W  

3.95x I O  13cm-3 

4 8 0  kA 

mW 50-60 - cm3 M w  

mW 90-130 - ca'.%' 

TABLE 2 Observed central temperature increases and 
central power densities coupled to the 
electrons and ions per MW applied ICRH in 
the present experiments (vith low isotope 
ratio XH = NH/(NH + KL-,) as compared with 
the previous mode conversion experiments 

SOME RESULTS OF THE PLiMP LIHITER ASD OF THE "ERGODIC LMITER" 

One of the focal points of the TEXTOR experimental programne is the chacacterizaticn of pump 
limiter capabilities for particle removal as an alternative t o  magnetic divertors. A schesa- 
tic of the modular ALT-I (Advanced Limiter Test) pump liziter 
Fig. 17 with one of the exchangeable limiter heads, t h e  vacuuz chamber ( V  = 700 1) and the 
pumping system (S C, 1.jx104 1/s). 

Maximum particle removal rates of 6 ~ 1 0 ~ ~  particles/s, corresponding to PxS about 10 Torr l/s 
(P: pressure, S: pumping speed) were achieved, enough to allow an actIve densi:y control. Ts,is 
can be nade clear by the "effective" particle confinezent time T: which is the average life- 
time of a particle before being either buried i n  the wa!! e r  puaped away. In TESTOR,  pu'p 
limiter action reduces this tine from typically 2-3 seconds to 1-1 .5  seconds. 
The removal efficiency PxS/Qin (?in: particle flux at the throat entrance) Is found in the 

in values of up to 15 % .  Please note, hosever, that the above nen:ioned rraxinm values of 
pump limiter performance were achieved by using a graphite iiaiter head covered w i t h  Tic- 
coating. The perfornance values of graphice liniter heads viihou: such a coating were found 
to be typically a factor of 2 lower. This influence of -aterials on the perfcrnance nay be 
explained by different radiation cooling layers leading to different electron temperature 
profiles in the boundary. 

The removal efficiency can be affected by the e1ec:ron temperature in the edge, wi:h lower 
tenperatures corresponding to higher removal rates. This observation is supported by Yonte 
Carlo simulations of the neutral gas !ransport in the p m p  lizi:er /33,13/ shich for an elec- 
tron temperature increasing fro3 5 t o  30 eV show a steep increase in the production rate for 
ion-electron pairs in the throat. In the calculations, this led :o a significant attenuation 
of those neutrals which had a velocity component perpendicular to the magnetic field lines, 
and which otherwise would be carried into the pumping duct. 
Three different types of pump limiter heads have been used by now. They allowed t o  study the 
effect of different geonetries concerning chroat iengtbs and both open and closed configura- 
tions /!2,31,32/. From these experiments results a guiding rule for pump liniter design: :he 

/ii,!2,31,32/ is S ~ O E Y I  in 

range of 0.5-1.0. Assuming rp = rE, :he estimated exhaust efficiency ? x S l ( S e / r D )  results 
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effective pumping speed at the neutralizer plate, Seff, has to be large compared to the con- 
ductance L for backstreaming of neutral gas from that region to the main plasma. 

ALT-I has also been studied together with ICR heating. The power flux onto the limiter sur- 
face facing the plasma was found (infrared thermography) to increase at least as fast as the 
heating power P transferred to the plasma. This is a further result indicating that the ICRH 
power is deposited, as desired, sufficiently beyond the scrape-off layer. On the other hand, 
these increased power fluxes in principle have the potential to seriously affect the design 
and the performance of pump limiters with respect to the required shape of the leading edge 
in view of the tolerable heat load. However, the increase of particle fluxes and of the re- 
sulting pressure in the ALT-I chamber, which has been observed simultaneously, alleviates 
the above mentioned difficulty. Higher fluxes and the corresponding degradation of particle 
confinement time Tp are consistent with the observations made at the main limiters mentioned 
earlier. 
Experiments have been started to systematically evaluate the influence of the pump limiter 
on ICR heating ( P  > 1.5 MT), especially on energy confinement and ICRH coupling. Preliainary 
results indicate no improvement, but also no degradation caused by ALT-I to ICR heated 
discharges; within the experimental error margins both, energy confinement time and ICRH 
coupling remain unchanged. 

"Ergodic liniters" have been proposed /lL,15,34,35/ as an instrument to further reduce 
the particle confinement in the boundary layer, in particular to achieve some cooling 
effect, to enhance the fluxes into the pump limiter, and, perhaps, to obtain some impurity 
shielding. In sumary, this method might help to approach the favourable regime of high 
local recycling in the boundary under non-divertor conditions. 
For first experinents on this subject /l6/, a localized multipolar perturbation coil has 
been applied on TEXTOR, acceutinp the disadvantage of an increased mametic perturbation of 
the plasna core region as compared to large-area helical coil systems. When perturbation 
fields with a strength - averaged over the whole magnetic surface - of the order of 
to of the main field were applied, distinct helical structures of the boundary layer 
have been observed from the D, eaission :here (Fig. 19). The observations confirm previous 
results 1361 and the explanation given there. These "optical islands" persisted also in cases 
where stronger perturbation fields have been applied (and a higher degree of "stochasticity" 
could have been expected). 

Applying ergodization to pur.? iioiter experiments, under certain conditions (island location 
o: reduction in TP) the particle flux into the punp liniter throat is significantly increased, 
whereas also reductions 'nave been observed in other cases. 

S o t  only for the boundary layer bat also for the core plasma rather intrisuinp but yet no 
clearcut results have bee2 obtained at this early stage. 3epending on discharge conditions 
in 2 ratner subtle way, both deterioration and improvement of core confinement and of ?IHD 
zode activity cou:d be fcund. In particu:ar, in scze cases a ?rcnounceC z=2 333 node has 
been observed which could Se instantaneously blocked by the onset of the external perturba- 
tion fields (Fig. 2 0 ) ;  alternatively. wher. the external Derturbation fieid was rasued down, 
the develoanenc of such 2 -ode has been observed. 

The first experisents on the "ergodization" effects clearly demons:rated the uo:entiai of 
this concept to influence tokamak discharnes in 3ans resuects; further investioations are 
necessary to obtain a nore svstenatic picture of the induced effects in order t o  learn 
Se:ter whether or how to profit from these capabilities. 
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FiK. 17. Schematic view of  t h e  s i n g l e  Fig. 18. Comparison of two discharges 
head pump l i m i t e r  ALT-I showing one 
of t h e  var ious limiter heads and t h r o a t  
geometries. Upper s u r f a c e  a e a  of 
l i m i t e r  head ca. 30 x 30 cm . 

with i d e n t i c a l  gas feed, one with 
entrance throa t  closed (normal l imi te r  
opera t ion) ,  one with throa t  open (pump 
l i m i t e r  mode). 5 

Fig. 19. Photograph i n  D, l i g h t  
( t p n g e n t i a l  view i n t o  t h e  t o r u s )  of 
the  i s l a n d  p a t t e r n  caused by t h e  
e x t e r n a l  per turba t ion  f i e l d ,  

Fig. 20. Blocking of t h e  otherwise 
p e r s i s t i n g  intern& m = 2 modes by 
the  ex terna l  perturbation f ie ld .  
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