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ABSTRACT

Densitylirnits and the evolution of disruptions were studied an TEXTOR for different wall

materiale facing the plasma surface . A systematic extension of the density limit was

found over a !arge current range when the metallic wall was first exchanged by a carbon

and leer by a boron-carbon coated wall . The maximum atteinable density nearly doubled

when metallic impurities were replaced by low Z-impurities as boron and carbon . With a

neutral beam additional heating power of P Ni = 3 .2 MW average densities exceeding

= 1020 m-3 were obtained . The maximum density observed scaleslike the square root

of the auxiliary heating power.

The sequence of processes leading to a density Helft disruption has been experimentally

analysed in detail for Ohmically heated plasmas. During the density increase in the gas

feeding phase a boundary cooling by radiation and a steepening of the electron

temperature gradiert was observed . The plasma detaches fror the lirniters and MHD-

activity is launched in the edge plasma . An m = 2 mode in the outer plasma regier) coupled

with an m = 1 mode deeper in the plasma . During a first mode Imking of the m = 2 mode

a streng hegt pulse is emitted and a sharp inereese of the impurity !Ines Cif and OVI is

found . The final energy queneh is believed to be triggered by the overlapping of two

coupled modes . The energy quench laste in TEXTOR approximately 1 romsec or lass . The

electron temperature profile evolution shows then a structure which could be interpreted

as a Namentation of the plasma current . The decay of the plasma current after the energy

quench is governed either by the resistanee of the cold plasma or by the electrie time

constant of the TEXTOR liner .





1 .!0TRODUCT!ON

The density Umnit disruption !m one of the crhical proeaoseam/hioh msstriotthe tokamak

operation to a certain parameter range . Qther\Ünnits are {he q-!irnit or the e!eotron run-

avvay phenomenon ot!ovv ebctron densities . !nthe past a nurnber of physical prooeoseu

which influence the density hrnit/1'8/wvere studied und donerih*d in the literature . More

recently the ITER study group haabrouQht nevvattenti gnto This ou[j*v1 bocausenf its

importance fortha future tokamak fusion programme . A coUeotion of recent data appeared

in !TER-phymica R & [) reports 14/.

In [hm TEXTOR prognornnne

	

the imf!uamoe of wa}l materiale and vvaU conditioning

techniques for plasma haoing components onthe1ohmrnak performance is investigated . In

the first partof this paper we rapm/tmevvexperimental data ondenyityMrnitS obtained for

different exposed wall materiale . A comparison for Ohmmio and neutral beam heated

p!uarnas is made and the dependence of the maximum density on auxiliary heating povver

is evo!uated . !mthe second partvveytudy ph9aioal processeo!nadingto the rmu'o, p!usrnn

disruption and show itotirne evolution.

Thephemorneno!ogica! 'otunaof a densitv!irnit disnypdonforan OhnoicaUyheatedp!asrna

ioshovxn in Fig . l . Thoevarage density n ° increases until a sudden brnshoocVrs. The

oemtral electron temperature on sxiaT,(Ro) osciUaten because of normal savvtnoth andvity

and fo!!snn theeverage . !mthe very last phase the sawteeth otO0and a tennpenatucedip

insaan before the fina!dixruption takes place . The tota!nydiation P Rad shovvoan unumua!

behaviour. The radiative lose imereoeeo xwith denoity but suddenly the radiation power

increases non!inoady . At this time vve observe in the plasma edge a !urninous radiating

ring and 8sepGnstion of the edge plasma frorntheUrnitern.

2 .THE[)PERAT!(}N#LREGIME [)F TEXTOR

[}urin0the past years of Operation different vveUand HrniterrnaterieUnvveneexpoeedto the

TEXTOR o!amnne . 7
-
he maximum density obtainable in Ohrnio discharges was found by

continuous gas feeding . ~or a given plasma cross eeotiom tbennazirnurn dunaityincreosad

Unaady m/i1h the plasma current up to a !irn|1ing current . The results a,$ compiled in a





HugiU'diaQrorn vvhena the inverse safety factor 1/q L
nv1 is o!otted against the norrna{ized !ine

uvarageddemshtyR/B T .Formetallic walle (}nnnneH'!iner ; stain!esset*e[!irni1ern)a linear

relation between 1/q LnY1 | n mnU -ne `R/BT wcas found onlyup to ovalue qL = 3 . The

!Vm/est q-va(ue thVtnom!d be reached under these conditions was q L = 2.3 /6/. The

plasma was dominated by metallic impurities . A good progress was rnodo by the

carbonizotiontechniqum/7/ .Theinneraurface of TEXTOR was cmatedvvithan snmorphouu

|ayor0fcarb0n. The rn8tal irnpuötieovv*ro near!yoonnp!ete!y*xu!udnd from the plasma

now . The metal limiters were exchanged (at8ragainst graphite Urnitoro@nd the inner part

of the Üner was protected with graphite tiles (bumper !irniter) . A toroidal graphite beit

!irnitervvas inmtaUad inoddition (ALT-pumping !irnitor) . For the firattime Thatheoretioal

Ünnitq L = 2w/aoreachad . Over the ovhn!e current range the density !innit was dispUocsd

to higher dmnsitiee. The scatter of data indicates the different conditioning stetes

encountered during various expehnlg ntel phaseo . Thernain impurities found now were the

!nvv Z atern*nto carbon and oxygen . The oxygen !evel was drastically lowered by the

advent of the boronization teehnigum /8/ . Now the plasma faoÜng components were

covered w/ithonarnorphouafilm nfborVnplus oarbp o ./\monvirnpuritynovvvvms bnronbut

the carbon content*vam reduced ineddidon by this nevvcomdiöoninQ prncedure . Again a

cioarshift of the density !irnit ourvm to higher values was found over the whole current

range investigated . Z°"-ve|uemaround 1 .1 vweredetected,buta p!anrnab gundarycoo!ing

atthn highest densities could not be avoided (Fig . 2).

VVithadditional neutral beannheadng thiaboundar9heat!oes oanbe smpo!ernentudandthe

density range can be expanded /8/ . The density Urnitam/era studied with one i
'
eC10r

delivering PCo = 1 .7 MW and with two injectors P, o + = 3.2 MW. Average

densities as h!ghaS
--
n e = 1 .lx1020 nn'3 were nneasured.7

-
hi$corr$spomds to onornna!ized

denoby
--

e ~R/BT ^qL = 24.5. The gas feeding was impeded by the foronationof nmarfys en

the high field side . The density limit was found to inorease proportionaUy to the square

root of the addi1ional heating 00vverde!iverod by the nautral beams but not Ukethetotal

heating pow/Hc

The JET 9zperirnHnt obtained the highest densities aftg ra beryUiurn coating of the inner

surface vvith additional beam heating up to Pm! = 20 MW. For comparision, the highest
-

densities theyobtainmdoarnoup ton e = 1 .4x1020 nn'3 /10/.
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S . EVOLUTION OF A DENSITY LIMIT DISRUPTION

	

3 .1

	

The T e-profile contraction

With increasing average plasma density characteristic changes in the profile of electron

density and temperature were observed . The radiative power lose mainly from impurities

became always enhanced . At the time when the radiative lass PRed equals the Ohrnic

power Input P 0H a typical change of the Te-profile is observed . The edge temperature falls

and the gradient of the electron temperature in the wings of the profile goes up (Fig . 3).

The plasma detaches from the Iimitersi Such profile effects can be demonstrated by T e -

conteur plots . Fig . 4 gives an examplei Two time vvindows are shown for a discharge

which ended with a density Limit disruptioni The 400 and 800 eV temperature lines have

corne closer to each other in the second, later contour plot . The T3-profile has contracted

and the plasma current density has changed its gradient with it . The plasma reacts with

an instability as indicated by the Te-oscillation visible in the second contour plot . Fig . 5

shows an ECE-signal from the temperature gradient regime of the plasma which contains

infornaation of active and passive MHD-phases in the forefrortt of a disruption . For our

later diseussion we have divided the time from the beginning of the first oscillation to the

start of the major disruption into phasesl, 11 and III.

	

3 .2

	

MHD-activities

The ECE-diagnostics deteet now in the edge plasma a periodic oscillation which was also

magnetically observed by a resonant m = 2 coil System /11/ . Two conjugate ECE-channels

show the saure growing oscillation at a radial Position vvhich is close to the expected -- .=i 2

surface of this current profile . The oscillation amplitude saturates and the oscillation

suddenly stups (Fig . 6a) . A mode locking process is seen here . The important rote of mode

locking an density limit disruptions was discussed in the literature /12-14/ . After mode

locking the amplituede of the detected mode signal decays slowfy . A growth time

constant for Te of the m =2 mode was evaluated here by the ECE-measurement to

ym-,2i2 = 1 .5 mseei A steep heat pulse was observed in the outermost ECE-channels after

the locking occurred (Fig . 7) and the global plasma energy begeh to drei:) . One source
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region for the emitted he gt pulse was found as a deep dip in two ECE-channels on the

high field side in the steep Te-gradient region . This event is accompanied by a sharp

increase of the impurity line radiation of CV and OVl (Fig . 14).

Deeper in the plasma another oseillation begins to grow (Fig . 6W . Its amplitude reaches

(arge values only later when the outer mode has locked already . A cross-correlation

analysis determines this mode as an m = 1 mode . The signature of the inner m = 1 mode

is later sometimes found on those ECE-signals which showed before laeking the m 2

essen mode, i .e. on the q =2 surface . A mode coupling is recognized fiere by this

Observation /22/ . The electron temperature T e of the inner mode graus with a time
1constant ymI = 3-4 mseci The frequency spectra of the two modes observed are not

identical but show the saure fundamental frequency (Fig . Fig . 9 gives an example of

mode coupling during the evolution towards a major density Limit disruption . The

oseillating motion of the inner mode disappears abruptly after a few periods on the high

field side of the plasma and a rapid temperature drop is observed . The electron

temperature profiles obtained fror ECE clearly reflect a dynarnic behaviour introduced by

the MHD activityi Two shoulders are seen in the edge plasma after m =2 mode laeking.

The Ioeked mode flattens over a certain radial range the T e-gradient in the T e-profi!ei In

the central plasma, close to the sawtooth inversion radius, a relative Te -minimum

developed later as a consequence of the inner mode coupling with the m = 2 mode.

Fig . 10 shows for a comparison the Te-profile at a time before the N1HD-mode activity

began and at the end of phase

This situation now could lead to the final energy quench . this shot (#431 21) however

a delay was brought about by the unlocking of the modes . Both modes begin to rotate

again . The distorted Te-profile partially reeoversi The m =2 shoulders disappear and the

T e-dip is reduced for a transient time span (Fig . 1 1) . The modes however show a very

nonsinusoidal oseiltetim now until a second mode laeking occurs.

3 .3 The energy quench

At the end of phase 11 the m=2 mode has reached a !arge amplitude again but stups

rotating sonn . The oscillation of the inner mode shovvs a more complicated structure . The
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oroao-ccxre!atinnenalynk*euggeatoa3/2-modenovv .A troadamjngoftheoentra!T .prnfiio

is observed vvhenthe {nnerrn0d8 stops (phase H!) . The Te-profile is shown in Fig ^ 12 . A

stight temperature trough develops then . From the T-10 experiment /1 5/ a hollow sott x '

ray emissivity profile was reported et the start of the energy quench. This can be

understood by the radiative loss from the cantral plasma . A boiornetric rnoonarernant

dornonstnatms in1his phase a developing strong radiation peak in the plasma cemter . On

the high fieldoidenftheT*-profi(evve observe againthemn=2 nhou!derandd8eperin 1he

We beUkavethe overhap oftvvo magnetic hdands |oads now to a stochastisation of the

magnetic 'Held !ines . Already in the year 1966 Rosenbluth et ai /16/ pointed out the

pnSsibi!Üty of a destruction of flux surfaces when resonances ov9r/ap . Later ournericel

sinmo(e1ions /1 7-19/ of the n0n!inear interaction of tearing modes dernonotra1ed that the

nm =2, n=1 mode dGotabUiz ga other modes on a rapid time scale . Because of the

dema!oprnentof nnagne1iois1ands vvhiuhovor!ap afteran evo(utÜontime rnogmaticfie!d ![mes

become stochastic in a sizable part of the plasnnaoroosoec1inn . In TEXTOR the deuaynf

the kinetic plasma enorgythen occurs in 1 msec or sometimes even in a shorter time . The

energy loss is fastest 0n the!om/ field side of the plasma . Fig . 13 shows the T e-profile

developrnent during the energy quemuh . A structu/e is seen during the energy decay

pruoeoovvhich onuld be interpreted as a current filament formation . In a nurne/iua! K8H[>

modelling o7tha density !irnit disruption by Bondeson et a(. /19/ such a filamentation

process was indeed observed . The rn=2 pedestal on the high field side of the profile was

observab[eup to the!atest phase of the anergyquenoh .Fig . 14shovuntheappeorancaof

inmpurity!in8s with respect to the rm=2 mode iooking and the final energy quench.

After the energy qwsmCh a last phase of the discharge is indicated in Fig . 14 by the

enhanced emission of carbon anal oxygen impurity !ines . A small positive pip on the

current ourvasiQna!sthe begin of thocurnynt decay . A nogot!v0vn!tege spikaioobaerved

duringthafinal energyquench.The negative v0)tag8apikehms negative precursors vvhieh

show up already during the growth ofth9 MH[}-rnod gm. These voltage signals (Fig . 15) are

interpreted as ohanggm nfthe current profile . The observed deforrnadonwof thg T-profiie
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suggest this interpretation . During the current dec g yhowemer a positive ioop voltage was

nagistamsdwvhiCh<odto a transient nnegmvvV1t heating of the pu|}utodcn[dplasrna .A proper

shutdown of the primary currents in the rectifier oircuitprev*mtozhe formation of

a lasting run-away omrrent. Different current deeaytirnes were found . An exponendal

dwca9 with a time constant r
lp

= 14 rnseo was recorded evhen the plasma current

decayed in the bulk plasma (Fig . 15) . From this time constant one estimmGtgo an average

e!ertrontenmperaturain theear[ydecayof T e == 2O&\/.Thetime constant getonhortened

if one adds htentiomaHygasirnpurbies . Thoternpgrature thenenrnosdown to 7[ = 10

eV. /\ei-sott time constant r!p = 3nnmeowas sometimes observed . lt wvaofeund vvh gnthe

plasma position was lest by the position feedback systern and thep!anroa current was

transferred intotha Uner mfTEXT[)R . The hner L/R-time was t8!ou!ated to /L

	

3 rnseo.

4.SUMMARY

The accessible density range h)r the operation of TEXTOR was steadily enlarged by

reduning the impurity content of the plasma, i .e . by !ovvering of the effective Z . The

q=2 Unnit was reached after rernovel of the metallic impurities . The density Urn(t inereeses

Ungadyvviththa p!aenmaourrent .[Joviahonovvermobuervedvvhen0ppruacb!ng th0q-Urnit.

Auxiliary heatÜng by neutnnl beams increaeedthedansity!irnitproportional to the square

reut of tMoneutra! bearnpovwe[ . Average densities above 1O 2» rn-3 vvenm obtained . The

noCVrn*noe of nnnrhamobserved onthe high fio!dmide of thop!aonmmboundaryiropededthe

gaafeeding of the discharge during beam heating . !tpnaxented the Operation at poasib/y

still higher densities.

The time evolution of the density hrnit disruption was studied in detail fol . Ohmie

dieohorgao . Radiative boundary cooling /2{)-21/ steepened the electron temperature

gradient of1haT. prn5As and dentabi!bwd MHD-nnudes phrnari!yin the edge pfaerna . The

locking of an nm=2 mode resulted in the emission of a3teop heat pulse and in the influx

of Ught impurities em carbon, oxygen and boron . A mode noup!ing of rn=2 vvith an inner

mode rn = 1 0r m = 3/2 was observed . The ove#ap of inner and outer rnagmetic iaiando is

believed to bring about the rapid energy quench which takes p!ece in TEXTOR in

approxinmat*!y 1 nnaec . The unlocking of modes Candeloythe final energy quench fnr a
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energy quench phase and during the current decay. The Iong time constant of the

bolometric detection System did not allow a quantitative measurement during the rapid

energy decay. The current decays in the last phase of the discharge with a time constant

which is either determined by the resistance of the cold, polluted Plasma or by the electric

time constant of the TEXTOR liner. The study described fiere will be continued by a

systernatic investigation of the disruption phenomena in plasmas with high power of

additionai heatingi
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5 .F1GURECÄPT1(]NS

Fig . 1 lFypica! signals of the line averaged eh*cton density )i * , the electron

temperature on axioT e (Ro ) and the total radiated povver Rad from an Ohmic

discharge which disrupted at the density [irnit at the time t = 1 .418 sec.

Fig . 2 Thaoponationa!naQirneof TEXTOR fordifferent wall oondbiorm .Thmcurvas

!abeU8d OH represent Ohmic discharges ; NB( [ndicatneneutna| beam heated

cdaarnas.

Fig . 3a-b Begin of an @!ectnzn density- (a) and ternperaturerprofi}e (b) contraction . A

p!asnmadetachnnemt frnrnthe!in7iternbecarnonisib!ethanin a CC[)-oannero

recording .
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Fig . 4

	

Te-contour plot for two time windows in a discharge which disrupted at

t = 1 .837 sec at the density limit . The 400 eV and 800 eV rohtour lines

come closer to each other in the Iater time window, dernonstrating an

increase in the T e-gradient, The lato temperature oscillation in the edge

plasma signals MHD-activity.

Fig . 5 An ECE-signal hon) ehe T e-gradient region which exhibits a sud€den hurst of

MHD-activity . The different rotating and locked mode sequences are

Iabelled phase 1, 11, and 111.

Fig . 6a

	

Two ECE-signals from the edge plasma show a growing m

	

mode in

phase 1 . (EC1 from LFS ; ECIO from EWS) . The mode locking phase is

rnarked . A growth time constant is found yji 1 2

	

1 .5 umsec.

Fig . 6b

	

In the lower Part of the figure an inner mode m= 1 develops slower and

resches its full amplitude vvhen the m=2 mode has stopped aiready . The

two conjugate signals EC7 and EC8 haare now a phase steift of

	

= 180 0 .

Fig . 7a-b Heat pulses leaving the plasma after m = 2 mode locking . They are detected

fiere in the radially outermost ECE-channels an high (FIES) and Iow Field side

(LFS) of the plasma profile.

Fig . 8a-b

	

Frequency spectra of the m = 2 mode (upper curve) and of the m = 1 mode

(lower curve).

Fig. 9

	

Exampfe of a mode coupling between m= 2 (signals EC9, ECIO) and m =1

mode (signals EC7, EC8).

Fig . 10

	

Comparison of the T e-profile before the onset of MHD-activity tb and at the

end t e of the phase 1 mode locking.

Fig . 11

	

Te-profifes during mode unfocking in phase 11.
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Fig . 12

	

Te-profile at the end of phase 11 . The m=2 mode has iocked again . The

central Te-profile has broadened and a sfight trough is observed.

Fig . 1

	

Te-profile evolution during the energy quench . A radial structure is aiways

observed during the fast energy decay.

Fig . 14

	

The sudden increase of impurity lines es CV and OVi is shown at the events

of mode locking, energy quench and during the current decay.

Fig . 15

	

Time dependence of current i p and loop voitage UL00p during the current

decay phase . The first Observation of MI-iD-rnodes, the event of a first

mode locking and the energy quench time are marked.
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