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AEST€?ACT 

The paper summarizes the main results ob'ahed during the f i r s t  six mnths of experimental 
work on TEXMR w i t h  ohnically heated plasmas. The machine(R = 175 cm; a = 45-50 an) was  
operated a t  wall temperatures up t o  303 '%2 w i t h  hydrcgen gas, a toroidal f ie ld  of 2 T and 
a maximm plasma current of 503 kA, yielding central electron temperatures of 1 .2  keV, 
mximm line-averaged densities of 4 x 1013 an-3 and discharqe durations of up t o  2 . 7  sec 
(for Ip$ 340 kA). Besides providing long-lasting reproducible plasmas for forthcoming plasma- 

wall interaction research, the following tasks were acccanplished: (1) control of low Z im- 
psrities by effective wall cleaning and conditioninq; (2) accurate plasma positioninq for 
extended pulse durations; (3) determination of the current density distribution by way of 
Faraday rotation masurments; ( 4 )  investigation of plasma limiter interaction including 
spectroscopic de tmina t ion  of released neutral particle fluxes and measaement of the 
power density distribution in the scrape-off layer by infrared-thermography. 
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Tok& p e r f o m c e ,  plasm position control, wall cleaning and conditioning, impurities, 
scrape-off layer, current density distribution, Faraday rotation, infrared-themqraphy. 

I .  I"FODUCT1ON 

TMTOR - a medium size sokamak 
constructed primarily t o  investigate the various and largely in t e rdepden t  prccesses which 
make up the ccmplex f ie ld  of plasm wall interaction (Corrads, 1978). This scope not only 
includes a detailed analysis of particle and energy exchange between the plasma and the sur- 
rounding ch&r but also involves active measures to  optimize the f i r s t w a l i  and the plasm 
boundary region in such a way that  wall erosion, particle release, and impurity influx t o  
the plasna core are reduced t o  tolerable levels. In order t o  comply with these objectives 
TMTOR has a number of special design features, such as 
- excellent access for diagnostics t o  dcanains near to  the w a l l ,  
- large portholes suitable for implaentinq m e t h c d s  t o  control the plasma boundary, 
- f ac i l i t i e s  t o  heat the vacum vessel ( < 3cO OC) and the liner ( ~ 6 0 3  %) , - provisions for  f a s t  exchanqe of the liner (by spl i t t ing the machine into t i io p r t s )  . 
Evidently, a pierequisite for  relevant plasma-wall interaction research is a sufficiently hot 
and dense plasma which can be maintained long enouqh t o  bring about stationary conditions 
w i t h  regard t o  wall t-ature, gas recyclinq, etc. Therefore the capability for long 
duration dischaqesis  another important characteristic of TEXIDR. 

A f t e r  ccanpletion of the technical cmmissioning in  January 1983 the f i r s t  six mnths of 
experimental m r k  were mainly devoted t o  the generation and control of reproducible long- 
pulse plasmas with ohiric heatinq. Besides exploring the accessible range of p l m  parameters 
and testing various diagnostic system under machine conditions, the efforts concentrated 
upon the followinq issues: 
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(1)  Cleaning and conditioning of the liner and of the limiters by different techniques in 

(2) Tokamak operation in a broad range of liner temperatures (between 20 OC and 3C0 OC). 
(3) Accurate positioning of the plasma inside the limiter aperture including pre-prograrronable 

rapid displacements during a discharge. 
(4) Determination of poloidal magnetic field distributions and current density profiles by 

Faraday rotation measurements using a multi-channel far-infrared interferometer/polarirne- 
ter. 

limiters and of the impurity concentrations in the plasma core. 

phy to determine the energy flux an? to characterize the scrape-off layer. 

order to reduce substantially the release of low Z impmities and to control the hydrogen 
recycling; in situ measurement of the recycling constant for different wall conditions. 

( 5 )  Spectroscopic evaluation of neutral hydrqen and metal bnpmity fluxes emitted from the 

(6) Measurement of the temperature distribution on the limiter surface by infrared-thema3gra- 

This paper summarizes the main results of these investigations starting with a brief presen- 
tation of the Tokamak performance and the plasma properties of " I D R .  

2. PERFORMANCE 

For the majority of discharges the machine was operated with hydrogen gas, a toroidal field 
of 2 T and a maxi" plasma current of 330 kA, yielding pulse lengths of up to 2.7 sec. The 
four ploidal limiters (Inconel 6CO, later replaced by stainless steel) were usually set at 
a radius of 4 5 - 5 0 3 .  Typical waveforms for loop voltage UL, plasm current Ip, line-averaged 
electron density Ne and central electron temperature T a  are shown in Fig. la. For this par--, 
ticular dischnrge - as for most of the run time during the first exprimental phase - the 
vacuum vessel was heated to 150 % and the ljner to 303 %. It was found that after proper 
conditioning of the liner (cf. chapter 3) its tempratwe had practically no effect on the 
Tokamak performance (at least within the explored range from 20 OC to 303 OC) . 

a b 

Fig. 1. Waveforms of loop voltage (UL) , plasma currert (Ip) , line-averaged density (Re) and 
central electron temperature (T,) for (a) a representative 3C0 kA discharge, and (b) 
a 5C0 k?-i discharge with additional gas injection at constant rate during the cmrent 
flat-top time. 

Recently, the plasma current was increased to its lay-out value of 503 kA (corresponding to 
a safety factor of q(a) = 2.3 with a = 45 cm) and kept at this level for mre than 603 mec. 
Fig. Ib gives an example of such a discharge with additional gas injection at constant rate 
during the current flat-top time. The discharge was terminated by a violent disruption when 
the line-averaged density reached a value of 4.2 x 101 3 cm-3. This limit is in agreement with 
an empirical scaling law derived by w i p e  TFR (1980) if Zeff is taken to be 1.2.  By properly 
shuttingoffthe gas feed and ramping down the current, severe disruptions were prevented and 
the plasmas could be preserved for total  durations of up to 2.2 sec. 
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P l a s m  cureent (kA) 

Table I: TEXTOR Performance data 

333 Y x  Rcgauski coils 
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Lmp v o l t a g e  (V) 1.7 1.8 f l u x  1" 

safety f a c t o r  q(a1 1 4.8 2.3 

Pulse  dura t ion  (sec) 52.7  5 2 . 2  

(a=50 cm1 (a=45 cm1 

-Line-avera?d e l e c t r o n  dens i ty  an-3) 5 2 . 1  5 4 . 2  i n t e r f e r m t e r  (2 m ard 337 p )  

Centra l  e l e c t r o n  d e n s i t y  5 3 . 0  55 .5  9-chamel i n t e r f e r m t e r  (337 pn) 

Centra l  e l e c t r o n  temperature (keV) 1 .3  

Central i o n  t v a t u r e  (keV) 0.8 

Central current d e n s i t y  (km-'I 203 

Central Zeff 1.7 

hha icaner , t  o f  r e s i s t i v i t y  4 . 4  
on the riametic axis 

mjor radius 175 an; rrunor rahus 45-50 ox m r k m g  gas  hydrqen:  data r e f a m ?  to 1 sec after s t a r t - u p  

1.2 " s o n  scattering 
s o f t  x-ray emission 
e l e c t r o n  cyc lo t ron  emission 

0.7 n e u t r a l  particle ana lys is  

203 9-diaMel p l a r i m e t e r  (337 pn) 

1.7 s o f t  x-ray sp&roscopy 

4.2 

The main characteristics of both the 3C0 kA discharges and the recent XX, k?i shots are 
summarized in Table 1 toyether with the diagnostics employed to evaluate the basic plasma 
parameters. Space and time resolved information on the electron density was obtained froin a 
nine-chamel far-infrared interferometer. The 3CO 'kA discharges usually shmed almost para- 
bolic profiles with flattened centres (r/aaO.2), and the 503 kA shots yielded rather broad 
distributions - r.1 - (r/a) 41during the flat-top time with strong gas injection (cf. Fig. 5a) 
The tempral developent of the Te-profiles was determined - besides by Tnmon scattering 
on a shot to shot basis - by observing the soft x-ray continuum radiation along five differi 
chords and by scanning the electron cyclotron emission along the major radius (Waid", th: 
conference) with time resolutions of 503 mec and 103 mec, respectively. In general, the 
electron temperature was quite sharply peaked on axis even for the 500 kA discharges, where? 
here the current density distribution (determined from far-infrared plarimetq; cf. chapte: 
5 and Fig. 5b) showed a flat of about 2 0 3  corresponding to a safety factor of 
q(0) = 0.9. Fs a consequence, the plasm resistivity on the magnetic axis was enhanced by a 
factor of 4 relative to the Spitzer value for a pure hydrqen plasma with a central electra 
temperature of 1.15 keV. on the other hand, spectroscopic measurements of the impurity 
concentrations in the plasma centre yielded an effective ion charge of Zeff (0) 51.7 (cf. c: 
ter 6). The enhancement of resistivity rapidly decreased towards larger radii. 

3. WJL CLEANING AND CONDITIONING 

Stainless steel and Inconel, cormonly used as wall mterials in Tokarrak devices, are prone 
forming thin but resistant films of oxides, carbides and hyc?rocarbons on their surface, whi 
can be an abundant source of low Z inpurities for the plasma. Wall conditioning is therefor 
required to remove these layers and to restore clean metallic surfaces. For TEXIOR a method 
has been develop3 which utilizes a radiofrequency assisted glow discharge in hydrcgen (RG 
discharge; Waelbroeck et.al., 1980). Atmic hydrogen created in this discharge readily reac 
with -he impurity layer and forms volatile products (H20, CH4, C2H6, etc.) which can be 
pumped out of the torus, unless the electron tampratwe is high enough to cause substantia 
re-dissociation (the latter is probably the min obstacle to cleaning the walls efficiently 
by m i n g  Tokarrak discharges). The tec'mical equipnent for producing RG discharges essen- 
tially consists of three mvable antennas and a catbind rf/dc power supply and is fairly 
simple compared to the microwave instrumentation reqired for elec'iron cyclotror, resonance 
( E R )  discharges, which act in a similar way and have also been employed in TE3(ToR. Norave 
the wall is at ground potential, thus permitting arbitrary access to +he machine during t h e  
cleaning process. 

POlOldal beta 

Elec t ron  en- m.fmement  tm (mecl 

0.2  0.2 mrpznsa ted  cape t ic  Imp 

20 25 ' ) ca lcu la td  f Km 
?I -and T -prof i les  e e  
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The effectiveness of RG discharges was demonstraced by purposely introducing a know amount 
of oxygen into the thoroughly pre-cleaned TEXTOR vessel a t  a l iner t w r a t u r e  of 210 % 
(Waelbrceck et .a l . ,  1983). According t o  residual gas analysis, 90 % was gettered correspon- 
ding t o  7 .2  equivalent mnolayers of oxygenabsorbedby the h e r  liner surface (Inconel 625). 
Subsequently the to t a l  munt could be remved w i t h i n  sane 20 minutes. After a major opening 
of the vacuum vessel, TEXTORwas restored t o  good operation within a few days by an appropri- 
ate carbination of baking and RG conditioning. 

A sensitive indicator for the wall condition is the hydrogen recycling constant R, =dq*rR 
where uip is the flux density of atomic hydrogen penetrating into the w a l l  and TR is the 
characteristic release the of hydrogen molecules. Hign values of R, b p l y  strong absorption 
of hydrogen during Tokamak discharges ( w a l l  punping), which would be disastrous for the large 
devices aimed a t  tritim operation. In TEXTOR the recycling constant of the l iner  was 
measured in s i t u  by observing the w a l l  pumping and release effect  a f t e r  start-up or sudden 
termination of RG discharges (Wienhold e t . a l . ,  t h i s  conference). It was  found that  wall 
contamination by oxygen raised % by two orders of magnitude over the value for  a cleaned 
liner ( - 1 .5 x 101 5 an-2) , whereas a coverage with a thin film of carbidic carbon reduced it 
by a factor of IO. 

By adding-I % of CH4 t o  the working gas of an RG discharge it was expected, i n  the f i r s t  
place, t o  further deplete strongly bonded surface oxides (e.g. Cr203) by the formation of 
volati le CO molecules and, secondly, t o  deposit a thin layer of carbidic carbon on the liner 
and the limiters in order t o  replace the sputtering of metal a t m  during Tokamak discharges 
partly by that  of carbri. A corresponding experiment in  TEXTDR (Winter e t .a l . ,  t h i s  conferen- 
ce) confirmed the depletion of surface oxides and indicated a reduction of LLie l ine radiation 
from metal impurities and oxygen (0 VI) but increased C V radiation. The information obtained 
so far  is, however, still  incmplete t o  permit a f ina l  valuation of the benefits of carbidic 
layers on the f i r s t  wall. 

4. PissMA POSITION COWROL 

In order t o  achieve and maintain an accurate p s i t i o n  of the plasmarelative t o  the surroun- 
ding walls, TEXTOR is equipped w i t h  an elaborate pre-programable and feedback control system 
for independent adjustmats of the plasma current and of the vertical  and horizontal plasma 
p s i t i o n  (Gerhawer, 1978; Brmcke aqd Waidnmx, 1982) . The system also a l l m  defined plasma 
shif ts  w i t ?  a velocity of about 1 an/rrsec, which can be used t o  vary the particle and energy 
flux on t o  specific limiter sections during a discharge and, by that  means, derive informa: 
t ion on the inpurity release rates (cf. chapter 6 )  and on the energy flux and t?e scrape-off 
layer (cf.  chapter 7) .  Furthermore, well-defined plasma displacements w i l l  be of great impor- 
tance for forthcoming pmp limiter experiments on 'IFXIOR (Bieger e t . a l . ,  1976; Conn et.al.,  
1982). 

The plasma position, which is required as control signal for the feedback system, is usually 
defined w i t h  respect t o  the poloidal flux p t t e r n .  In TEXTOR the centre of the o u t m s t  
flux surface is determined by magnetic sensor coi ls  munted outside the liner. Signals induced 
by plasma motions are actively integrated and fed into an a n a l q e  ccpnputer t o  yield the 
vertical  and horizon"d1 sh i f t s  A V  andAh. A drawback of t h i s  teokmique is its sensit ivity 
t o  plasm motions rather than t o  displacements, which makes it diff icul t  t o  control VerY slow 
driftsof the plasra column. For prolonged discharge tines these m y  eventually lead to  
undetected displacements. 

To overcome this problem two altemative methods of position detection w e r e  studied using a 
multi-chmel far-infrared interferameter/plarimeter (Soltwisch, 1983) . The f i r s t  approach, 
following a p ropsa l  of Waidmnn (1979), was a i i i  a t  centering the density profile inside 
the limiter aperture. Its basic idea was t o  sense horizontal displacements by measuring the 
phase difference between two vertical  probing beams located s p e t r i c a l l y  t o  the vessel 
centre (x/a = 2 0.6:  see Fig. 2 . ) .  ?"ne experimental accuracy of phase sh i f t  detection 
(50.02 x 2 n  during the flat-top time of plasm current) allowed t o  control the horizontal 
zero p s i t i o n  of the density profile t o  within a few millimeters for  arbitrary discharge 
durations. The stationary positioning w a s  confirmed by a W camera system observing either 
the corona of H, radiation emitted frcm the plasma edge or the thermal load on the limiter 
(by viewing through ar~  infrared f i l t e r ) .  
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Fig.2 Priiiciple of interferometric p l a m  position detection 

This s@le interferometric techique was later iqroved  by normalizing the phase difference 
t o  "&e slope of the phase s h i f t  profile as detected by two adjacent probing beams. Thus a 
direct  reaswe of the horizontal displacement was obtained which mde it possible to  lock 
the plasm position on t o  set values different from zero. Fig. 3a shows an example for  a dis- 
charge w i t h  pre-programmed outward s h i f t  of a few m during the flat-top tiiie. The p s i t i o n  
signalA+ derived from the magnetic diap-ostic confimed t h i s  displacement but also indi- 
cated so& slow rotion which was, however, not observed. by the TV camera system (the of fse t  
irJ&, is  due t o  an eccentric installation of the sensor co i l s  re la t ive  t o  the p lasm zero 
p s i t i o n ) .  

c! b 

Fig.3 Horizontal position signals ( k h i , A q ,  current i n  the verical  correction f i e l d  

khi, and (I=) a discharge controlled b y  rr~ans of the Faraday rotation signal no. 

co i l s  (Ikz) I line-averaged uensity (Tu,) and p l a m  current (Ip) for (a) a d i s c k g e  
with pre-pr0gramt-d outwxd s h i f t  controlled by means of the ln te r fe romtr ic  signal 

P? 2b:lA-C 
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The second approach t o  position detection mde use of the Faraday effect  experience6 by a 
linehrly polarized probing wave pzssing vertically through the vessel centre. Only in case 
of well-centred flux surfaces there muld be no parsllel magnetic f ie ld  component along 
the beam path aid hence no Faraday rotation of the plane of polarization. Polar imtr ic  
measurerrents of the rotation angle yielded. a resolution of 0.15 deg (limited by detector 
noise),  which was sufficient t o  f ix  the horizontsl plasma position t o  about & 1 cm (Fig. 3b) .  
Both the interferometric and polarimetric technique were eiiloyed in  several hundred shots 
under a variety of discharge conditions. The vertical  plasma position was Lhereby detected 
and controlled by means of the iso-flux method. 

5. ME?s- OF THE CUFFWKC DENSITY DIS-TION 

There is as yet no well-established method for measuring the current density distribution (or 
equivalently the distribution of the poloidal mgnetic f ie ld)  i n  T o k d  plasmas. On TUTOR 
we have tried t o  derive the currerlt density profile from simultaneous measurements of phase 
sh i f t s  (w/Nedz) and Faraday rotation angles (.v/N+,dz) using a nine-channel ha! laser inter- 
feromter/plarimeter ( N e  is  the electron density and 
parallel to  the probing beam; the integrals are taken a ? ong the ver t ica l  beam paths i n  the 
plasma coross section). The general lay-out. of the instrument is similar t o  +he multi-channel 
interferometer on the TTR Tokamajc (Veron e t . a l . ,  1977) w i t h  some additions for  shultaneous 
Faraday rotation measurements (Soltwisch and Equip  WR, 1981) .  The number of channels and 
the i r  distribution across the plasma (cf.  Figs. 4a,c) are sufficient t o  allow &el inversion 
of the experimentdl data and thereby evaluate the electron density profile ana the poloidal 
magnetic field distribution (Soltwisch, this conference). As a f i r s t  step, the analysis c d e  
has been limited t o  circular plasmas with concentric flux surfaces $(r) .  According t o  Callen 
and Dory (1972) this condition applies t o  plasmas w i t h  pp<<l (as was the case in  U X O R ) .  In 
addition, it i s  supposed that Ne is  constant on a given flux surface and i s  t h u s  only a func- 
tion of the minor radius r.  By contrast, the poloidal fielci % varies l i ke  1 / R  on a given 
surface (R being the major raciius),cailsi3g the sane I/R-depndence for  the Faraday rotation 
a g l e s .  The resulting relation betwen rotation angles t o  be measured iii the inner ana outer 
half of the plasm cross section provides a useful cri terion t o  check the validity of the 
assumptions for practical applications. As a consequence of concentric flux surfaces, the 
current density distribution i n  the equatorial plane i s  asymmetric with i ts  centre shifted 
towarus the inner edge of the torus. 

Figs. 4a-f give examples of phase sh i f t  and Faraday rotation measurements together with the 
resu l t s  of +be aata analysis for a representative 300 kA discharge a t  1 sec a f t e r  start-up. 
In Fig. 4a the phase sh i f t s  are plotted versus the beam positions. The aots represent actual 
data points, whereas the crosses mark the i r  mirror images relative t o  <ne plasma centre in 
order to amns7;rate the symetry of tile phase sh i f t  profile.  The curve is a spline f i t  t o  
the data with some modification near the plasm edge. 3y inverting this profile the electron 
density distriaution of Fig. 4~ is obtained. The Fareday rotation anqles are displayed i n  
Fig. 4c together with a set of curves representing posslble profiles compatible w i t h  the 
measurements. Each of them sa t i s f ies  the assumption of concentric flux surfaces. Finally, 
Fig. 4d-f show &&e resulting horizontal distributions of poloidal f ie ld ,  safety factor,  
m d  mrPjlt density. The spread of the curves gives an inaication of the accuracy which 
rapidly decreases beyond r / a  = 0 . 7 .  The edge values narked by dots in Figs. 4d,e are calcula- 
ted from to t a l  plasma currerlt ana toroidal f ield and serve as an independent check on these 
results.  

For the 500 kA discharges the observed Faraday rotation angler; increased by about a factor of 
.tlzree, thus reducing the re la t ive  experimental errors. Figs. Sa,b shm the t i m e  evoiutj-on of 
'&e electron and m r e n t  density profiles for a shot w i t h  additional gas injection a t  c0nstm.t 
rate as described i n  chapter 2 ( i n  contrast t o  Fig. 4f, the current density d i s t rku t ions  bjere 
calculated for a ver t ica l  plasma diameter t o  achieve symmetry with respect t o  r = 0 ) .  The 
sudden broadening of the electron density pimfilP a t  500 wec  was probably aue to  the onset 
of strong gas injection. It  was accompanied by a peaked current density distrYDution w i t h  a 
central value of about 250 Am-2 corresponding t o  a safety factor of q (0 )  = 0.73. A t  the 
same time the h e r  interferometer chanels  detected d is t inc t  oscil lations of the line-ave- 
raged electron density a t  a frequency of about 1.8 kHz. These oscil lations were too f a s t  t o  
be observed in  the  Faraday rotskion signals which had a time resolution of 3 mec. Su2jse- 
guently the current density profile f la t temd ana the oscil lations disappeared. ho ef for t s  
have been mde so far t o  analyse the start-up phase of the discharge because of experLTm..tal 

is  the poloidal f i e ld  component 
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Fig. 4. Results of combined interferometric and polarimetric measurements obtainea from a 
representative 303 kA discharge at 1 sec after start-up. 
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Fig. 5. Evolution of (a) the electron density profile and (b) the  current density distribution 
for a 503 kA discharge with additional gas injection a t  constant r a t e  during the 
current flat-top time. 

d i f f icu l t ies  during tkhe f a s t  a x r e n t  rise (mainly due t o  &dy current forces acting on some 
irinormounts of the optical system). 

6. NEUTRAL, PARTICLE F'LmS FRQV THE L I M I m  AND DiPDlUTY COhCEcjTRATIONS 
IN ThE PLASMA CORE 

Most of the information on inpurity concentrations was obtain& from sof t  x-ray spectroscopy 
in the range from 0.8 to 8 keV. The irstrument used was a pulse-height analyzer system com- 
rising five spa t ia l  channels with 256 energy channels each. The spectra were registered in 
consecutive time intervals of 5CO mSec duration. Frm. the l ine  in tens i t ies  the densit ies of 
the various impurity species were derived. The spectral shape of the continum, was  usedl t o  de- 
termine the electron temperature. By norrealizing the rreasured continum to the bremsstrahlung 
continum of hydrogen the enhancemerit factor was calculated to yield an estimte for  the 
concentration of fu l ly  ionized low Z impurities (oxygen and c a r h n ) .  

As a result  for  a w e l l  cleaned w a l l  structure, the t o t a l  concentration of metal bpurities 
i n  the p l a m  centre was found t o  be 3 x 10-4 with an additional chlorine concentration of 
b u t  6 x 10-5. The relative contributions of the metal species t o  this value roughly reflec- 
ted the percentage cornpsiton of the limiter material, thus proving the l imiters t o  be the  
dominant source of heavy inpaities. The concentration of l igh t  impurities, inferred from the  
mhancemnt factor of the c o n t i n " ,  was less tkvl 10-2 in satisfactory agreenient w i t h  c .VI 
and C V line in tens i t ies  measured by VW spectroscopy. W i t 5  an upper l i m i t  of 
oxygen concentration, the effective ion charge Zeff in the plasma centre was less than 1.7 .  
NO impurity accumulation during prolonged discharge times was observed as derronstrated i n  
Fig. 6 ,  which shows a superposition of t h e e  sof t  x-ray spectra recorded i n  consecutive time 
intervals of 5C0 mec duration. 

for  the 

Neutral chrorrim ana hydrogen fluxes from the limiters and ionization lengths of the released 
species were determined spectroscopically by observing the atonic l i ne  radiance near the limi- 
ter surface (Pospieszczyk et.al., this conference). The measurements took a6vantaqe of the 
fac t  that for typical densities N e g 1 0 I 2  an-3 and temperatures Tealo eV the number of ioni- 
zation processes and the atom fluxes are proportional t o  the nmbsr of photons emitted by the 
atom (Equip TFR, 1975). The layer surrounding the upper l imiter was observedl by mans of a 
F a t i n g  spectroineter whose entrance s l i t  imge  touched the edge of &e limiter and pointed 
towards the plasma centre (the main l imiter configuration is schematically shown in Fig. 2 ) .  
T h i s  p s i t i on ing  allowed t o  make spatially resolved measurements of the neutral par t ic le  
distribution i n  the direction perpendicular t o  the l i i i ter  surface. In adfiition, the whole 
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p l o i d a l  cross section including the main limiters was observed in the l i gh t  of neutral 
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Fig. 6 .  Superpsiton of three soft  x-ray spectra recorded in the time intervals 0.5-1.0 sec, 
1.0-1.5 sec, 1.5-2.0 sec of a 3CQ M discharge, showing no accmla t ion  of C r  mu Fe 
ions. 

chromim or  hydrogen by a CCD-camera system (charge coupled device with 488 x 380 picture 
elements; time resolution 20 msec) looking through appropriate interference f i l t e r s .  

The ionization length of metal irrp3urities was es th ted  from the intensity decay away from 
the limiter surface. During the plateau phase of the discharges a typical length of 1 cm 
was found. W i t h  an electron temperature of 30 e L 7 ( c o n f i d  b Thomson scattering) . 

valerecpired m electron density of about 1 x 1012 a t  the limiter. The spat ia l  
eistribution of the H, intensity was d i f f i cu l t  t o  interpret due t o  a n d r  of processes 
involved i n  its formation. From the spectral l ine shape it was concluded that  the energy 
of hydrogen indee5 rapidly values of mre than 30 eV. 

Fig. 7 .  Neutral chromium and hydrogen fluxes from the limiters (between 600 and 960 msec 
the plasma was shifted upards)  . 
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Total particle fluxes f r m  the Inconel limiters were derived f r m  +he absolute intensit ies 
of the spectral lines. The four segments of the main limiter gave a chroniun flux of 6 x IOl7  
a t m / s e c .  Assuring equal sputtering yields for a l l  constituents of Inconel and taking an 
impurity confiiiement time of 20 msec, th i s  flux translates into an average metal concentra- 
tion of 7 x 10-4, which is in  reasonable agrement w i t h  the so f t  x-ray measurements i n  the 
plasrra core. The hydrqen atom flux from the limiters into the plasma, calculated from the 
H a  l ine  intensity, was 6 x 1019 atoms/sec and thus only by a factor of 1 0 3  higher than the 
C r  flux. However, measurements of the hydrcgen flux from the l iner ,  taken a t  a toroidal 
position of 180 0 re lat ive t o  the limiters, yielded a flux density of 2 x 1015 an-2 sec-1 
and thus a to t a l  flux from the liner of 7 x 1020 a t m / s e c .  This value is a lower 1ivi.t 
s i rce  the hyckcqen flux densivy from liner areas near the limiter i s  usually enhanced. 
Wnen the plasma was shifted towards the upper limiter, both the C r  &?d H fluxes increased 
up t o  a factor of four, whereas the fluxes from the other limiters decreased by a factor 
of about three (cf.  Fig. 7 ) .  Obviously, the to t a l  released impurity flux remained about con- 
stant. Finally, it should be noted that  the observed C r  flux cannot be explained by hydrogen 
sputtering but is most likely due t o  impurity ion sputtering. 

Recently, the very sensitive technique of laser induced fluorescence (kqen and Hintz, 1978) 
was applied t o  measure the iron density (and hence the flux) near the surface of a stainless 
steel t e s t  limiter psi t ioned 1 cm outside the main l imiter radius. Fig. 8 shows, as a preli- 
minary result ,  the time evolution of the iron density detected with a t m p r a l  resolution 
of 10 msec. (Schweer and Bay, 1983) 

Fig. 8. Neutral iron density near the surface of a stainless steel test limiter psi t ioned 
1 cm outside the main limiter radius as detected by laser induced fluorescence. 

7. L m T E R  OBSERVATION BY PITA" OF INFIiARD - m M "  

In order t o  evaluate the energy flux on t o  the limiters and t o  derive information on the 
scrape-off layer, the t a p r a t w e  distribction on the limiter surface was determined by in- 
fra-rd-thermgaphy (Sam, this conference). For these measurements an additional half- 
sphere t e s t  l i m i t e r  made of stainless s t ee l  was moved from below t o  the plasma b u n d a y ,  and 
the main limiters w e r e  partly withdrawn.  The thermal radiation emitted from '&e test limiter 
surface w a s  observed simultaneously by a CCD-canera system (already mentioned i n  the pre- 
vious chapter! and by a single PbSe element. T'ne camera took a close-up view with a spatial 
resolution of 0.5 rmn i n  both directions. It allowed t o  detect t m p r a t u r e s  above 4 0 3  OC w i t h  
a dynamic range of 203 and an accuracy of 3 OC. For that  reason the test limiter was pre- 
heated homgeneously t o  403 OC. The PbSe element could sense t e i i r a t u r e  excursions of more 
than 503 OC w i t h  an error of 1 9 and a time resolution of 1 0 3  psec. 

Fig. 9 is a typical infrared image of the test limiter with two clearly separated bright 
zones along the toroidal direction. Accordingly, a l ine scan of the corresponding video 
frame ( Fig. 9c) showed alwst; no temperature rise on top of t k  lirdcer but t ~ o  dizt-hct 
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mima on those parts of the surface which faced the plasma particle flow. Obviously, the 
heat flux was closely bound t o  tLe  mgnetic f i e ld  lines. A detailed analysis of the tempra- 
ture distribution, taking into account the s p h a i c a l  lMter geometry, yielded an W n e n -  
t i a l  decay of the  energy flux density i n  the limiter shadow w i t h  about the same energy 
scrape-off thickness of 1 cm for  both the ion and electron sides (Fig. 9d).  Care was taken t o  
exclude the influence of the main l imiters on the scrape-off layer by gradually withdrawing 
them M i n d  the test limiter radius i n  a series of consecutive discharges. In  addition, &he 
plasmawas sh i f t ed  towards the test l i m i t e r  fo r  0.8 sec during the flat-top time. 

C f A 

Fig. 9. (a) Typical infrared irrage of the test l imiter,  (b) side view of the test l imiter,  
(c) l i ne  scan of the  infrared signal, and (d) radial  heat flux profile.  

The absolute energy flux onto the l imiter was determined from the temperature rise on the 
surface by adopting the simple model of constant heat flux t o  a semi-infinite uniform solid. 
This assumption was jus t i f ied  since the radius of curvature of the surface was  large c m p r e d  
to the depth of temperature penetration. Furthermore, during the interval of plasma displace- 
m e n t  the temperature was found t o  increase i n  proportion t o  the squhre root of time as 
expected for  a ccnstant heat flux. The power densit ies were measured a t  Lle p i n t  of maximmL 
temperature and recalculated for  ‘he limiter top under consi6eratim of the exponential 
decay. De-qding on the position of the main limiters and on plasma shifts,values between 
303 and 35co Wcm-2 were derived. For standard discharges with well-centred plasmas and with 
t e s t  and main limiters set a t  the same radius, the average power density was 303 WQn2 
yielding a t o t a l  power load on t o  a l l  l imiter of 70 kW or  about 15 % of the Ohmic heating 
power input. This resu l t  was confirmed by calorimetric measuremats obtained from t h e m -  
maples implemented i n  a l l  liniter segments. 

8 .  StJkWXY 

The f i r s t  six months of experimental work on m R  were ahrac te r ized  by continuous progress 
in  the generatioi and control of reproducible long-pulse plasmas as a prerequisite for 
forthcoming plasma-wall irkeraction research. The machine p e r f o m c e  was steadily improved 
until it f ina l ly  m e t  the design goals fo r  ohmic heating operation. The result ing plasmas 
(for a maximum plasma current of 520 kA, a toroidal f i e ld  of 2 T and a liner temperature of 
3CO OC) had a l i f e  time of up t o  2.2 sec, a maximm line-averaged density of 4 x 10l3 
and a central  electron temperatme of about 1 . 2  keV. The metal impurities in the plasma centre 
had a concentration of only 3 x 
charges were maintained a t  a safety factor of q (a )  = 2.3 for  a flat-top time of 603 msec. 
TETKlR provided high ava i lab i l i ty  and. dependable operation even a t  the lay-out l imits.  

Efficient control of the low Z impurities, as demonstrated by typical oxygen concentrations 
of less than 1 %, certainly had a substantial share i n  this p e r f o m c e .  After a major opening 
of the vacuum vessel, a ccanbination of RG discharge cleaning and baking brought the machine 
back t o  satisfactory operation i n  only a few days. Preliminary experiments with a thin car- 
bon film on the f i r s t  wall demonstrated the feas ib i l i ty  of simple plasma-chemical surface 

and showed no acmula t ion  during the pulse times. D i s -  
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rd i f i ca t ions  although their  potential for the control of high 2 impurities needs further 
verification. 

Accurate centering of the plasma inside t le  limiter aperture was  achieved by different tech- 
niques of position detection. In addition t o  standard magnetic diagnostics outside the liner, 
interfermetr ic  and polarimetric methcds were em$oyed. The latter are sensitive t o  plasma 
displacements rather than to  mtions and prevent even very slow d r i f t s  of the p l m  colwol. 
BoL& techniques also proved t o  be f a s t  enough t o  allow rapid pre-prcgrmned sh i f t s  of the 
plasm and to  handle sudden displacwLents caused by developing disruptions. 

The pendinq task of measuring the current density distribution i n  Tokamak devices was tackled 
by uti l izing the Faraday effect upon linearly polarized far-infrared radiation. An interpre- 
tation of "he experiiiental results on the basis of concentric flux surfaces (which seemed 
iustif ied by G 1 and by experimental evidence) yielded reasonably accurate cwrent density 
profiles for p 9 asm radi i  r/aiO.7. Refined n?ethcds of data analysis w i l l  be required for  
p l m s  with strong additional heating and, consequently, eccentric flux surfaces. 

Firs t  investigations i n  the field of plasma wall interaction - besides, of course, w a l l  
cleaning and conditioning - concentrated upon the limiters. By changing the material from 
Inconel t o  stainless steel, the limiters could be identified as the dominant source of m e t a l  
i i i u r i t i e s .  Spectroscopic measurements of the neutral cI-m.arLum flux strongly indicated tha t  
the metal atom w e r e  mainly releas& by imptrity ion sputterinq. Concerning the neutral 
hydrcgen flux f r m  the l iner and limiters, it was found that  the liner gave the major 
contribution. For the electron density near the limiter surface a typical value of 
1 x 1012 m-3 was obtained. The to t a l  p e r  load on TO a l l  limiters was determined by time 
resolved infrared-thermography, resulting in about 70 kW or 15 % of the o h i c  heating input. 
Measuraients of the temperature distribution on a test limiter surface showed an exponential 
decay of the pwer density in the limiter shadow with a scrape-off thickness of about 1 m 
for both the ion and electron sides. 
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