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ABSTRACT

Density Hmits and the evolution of disruptions waere studied on TEXTOR for different wall
materiais facing the plasma surface. A systematic extension of the density limit was
found over a large current range when the metallic wall was first exchanged by a carbon
and later by a boron-carbon coated wail. The maximum attainable density nearly doubled
when metallic impurities were replaced by low Z-impurities as boron and carbon. With a
neutral beam additional heating power of Py, = 3.2 MW average densities exceeding
n, = 102° m™ were obtained. The maximum density observed scaies like the square root

of the auxiliary heating sower.

The sequence of processes leading to a density limit 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 gradient was cbserved. The plasma detaches from the limiters and MHD-
activity is launched in the edge plasma. An m = 2 mode in the outer plasma region coupled
with an m =1 mode deeper in the plasma. During a first mods locking of the m =2 mode
a strong heat pulse is emitted and a sharp increase of the impurity lines CV and OVl s
found. The final energy guench is believed to be triggered by the overlapping of two
coupled modes. The energy quench lasts in TEXTOR approximately 1 msec or less. The
electron temperature profile eveolution shows then a structure which could be interpreted
as g filamentation of the plasma current. The decay of the plasma current after the energy
quench is governed sither by the resistance of the cold plasma or by the electric time

constant of the TEXTOR liner.







1. INTROCDUCTION

The density limit disruption is one of the critical processes which restrict the tokamak
operation to a certain parameter range. Other limits are the g-limit or the slectron run-

away phenomenon at low electron densities. In the past a number of physical processes
which influence the density imit /1-3/ were studied and described in the literature. More
recently the {TER study group has brought new attention fo this subject because of its
importanca for the future tokamak fusion programme. A coflection of recent data appeared

in ITER-physics R & D reports /4/.

in the TEXTOR programme /B/ the influence of wall materials and walil conditioning
techniques for plasma facing components on the tokamak performance is investigated. In
the first part of this paper we report new experimental data on density limits obtained for
different exposed wall materials. A comparison for Chmic and neutrai beam heated
plasmas is made and the dependence of the maximum density on auxiliary heating power
is evaluated. in the second part we study physical processes leading to the major plasma

disruption and show its time svolution.

The phenomenclogical picture of a density limit disruption for an Ohmically heated plasma
is shown in Fig. 1. The average density ?\79 increases until a sudden break occurs. The
central electron temperature on axis T _{(Ro) oscillates because of normal sawtooth activity
and falls on the average. In the very last phase the sawteeth stop and a temperature dip
is seen before the final disruption takes place. The total radiation P, shows an unusual
behaviour. The radiative loss increases with density but suddenly the radiation power
increases nonlinearly. At this time we observe in the plasma edge a luminous radiating

ring and a separaticn of the edge plasma from the limiters.
2. THE OPERATIONAL REGIME OF TEXTOR

During the past years of operation different wall and limiter materials were exposed to the
TEXTOR plasma. The maximum density obtainable in Ohmic discharges was found by
continuous gas feeding. For a given plasma cross section the maximum density increased

linearly with the plasma current up to a limiting current. The results are compiled in a







Hugill-diagram where the inverse safety factor UqLCV' is plotted against the normalized line
averaged density "ﬁ'e +R/B+. For metallic walls {inconell-liner; stainless steel limiters) a linear
relation between ‘i/q;f’"‘ « I, and ng*R/B was found only up to a value g = 3. The
lowest g-value that could bs reached under these conditions was g, = 2.3 /6/. The
plasma was dominated by metallic impurities. A good progress was made by the
carbonization technigue /7/. The inner surface of TEXTOR was coated with an amorphous
layer of carbon. The metal impurities were nearly completely excluded from the plasma
now. The metal limiters were exchanged later against graphite limiters and the inner part
of the liner was protected with graphite tiles {bumper limiter}. A toroidal graphite belt
imiter was installed in addition (ALT-pumping limiter). For the first time the theoreticsl
limit g, = 2 was reached. Over the whole current range the density limit was displaced
to higher densities. The scatter of data indicates the different conditioning states
ancountered during various experimental phases. The main impurities found now were the
low Z elements carbon and oxygen. The oxygen level was drastically lowered by the
advent of the boronization technique /8/. Now the plasma facing components wers
covered with an amorphous film of boron plus carbon. A new impurity now was boron but
the carbon content was reduced in addition by this new conditioning procedure. Again a
clear shift of the density iimit curve to higher values was found over the whaole current
range investigated. Z .-values around 1.1 were detected, but a plasma boundary cooling

at the highest densities could not be avoided {Fig. 2}.

With additional neutral beam heating this boundary heat loss can be supplemented and the
density range can be expanded /9/. The density limits were studied with one injector
delivering P, = 1.7 MW and with two injectors Pr, + Pg, = 3.2 MW. Average
densities as high as n, = 1.1x10%% m"3 were measured. This corresponds to a normatized
density Fa *R/By g = 24.5. The gas feeding was impeded by the formation of marfes on
the high field side. The density limit was found to increase proportionally to the square
root of the additional heating power delivered by the neutral beams but not like the total
heating power.

The JET experiment obtained the highest densities after a beryllium coating of the inner
surface with additional beam heating up to Py, = 20 MW. For comparision, the highest

densities they obtained came up ton, = 1.4x10%° m™2 /10/.




3. EVOLUTION OF A DENSITY LIMIT DISRUPTION
3.1 The T,-profile contraction

With increasing average plasma density characteristic changes in the profile of slectron
density and temperature were observed. The radiative power loss mainly from impurities
became always enhanced. At the time when the radiative loss P, equals the Ohmic
power input Py, a typical change of the T,-profile is observed. The edge temperature falls
and the gradient of the electron temperature in the wings of the profile goes up {Fig. 31
The plasma detaches from the limiters. Such profile effects can be demonstrated by T,-
contour plots. Fig. 4 gives an example. Two time windows are shown for a discharge
which ended with a density limit disruption. The 400 and 800 eV temperature lines have
come closer to each other in the second, later contour piot. The To-profile has contracted
and the plasma current density has changed its gradient with it. The plasma reacts with
an instability as indicated by the T_-oscillation visible in the second contour plot. Fig. B
shows an ECE-signal from the temperature gradient regime of the plasma which contains
information of active and passive MHD-phases in the forefront of a disruption. For our
later discussion we have divided the time from the beginning of the first oscillation to the

start of the major disruption into phases |, Ii and Ili.
3.2 MHD-activities

The ECE-diagnostics detect 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 same growing oscillation at a radial position which is close to the expected g=2
surface of this current profile. The oscillation amplitude saturates and the oscillation
suddenly stops (Fig. 6a). A mode locking process is seen here. The important role of mode
focking on density limit disruptions was discussed in the literature /12-14/. After mode
focking the amplituede of the detected mode signal decays slowly. A growth time
constant for ?e of the m=2 mode was evaluated here by the ECE-measurement to
ym‘}2 = 1.b msec. A steep heat pulse was observed in the outermost ECE-channels after

the locking occurred (Fig. 7} and the globai plasma energy began to drop. One source




region for the emitted heat pulse was found as a deep dip in two ECE-channels on the
high field side in the steep T,-gradient region. This event is accompanied by a sharp

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

Deeper in the plasma another oscillation begins to grow (Fig. 8b). its amplitude reaches
farge 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 locking the m=2
even mode, i.e. on the q=2 surface. A mode coupling is recognized here by this
observation /22/. The electron temperature ?If@ of the inner mode grows with a time
constant yr;£1 = 3-4 msec. The frequency spectra of the two modes obhserved are not
identical but show the same fundamental freguency (Fig. 8). Fig. 9 gives an example of
mode coupling during the svolution towards a major density limit disruption. The
oscillating 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 from ECE clearly reflect a dynamic behaviour introduced by
the MHD activity. Two shoulders are seen in the edge plasma after m = 2 mode locking.
The locked mode flattens over a certain radial range the T -gradient in the T -profile. In
the central plasma, close to the sawiooth inversion radius, a relative T, -minimum
developed later as a consequence of the inner mode coupling with the m=2 mode.
Fig. 10 shows for a comparison the T -profile at a time before the MHD-mode activity

began and at the end of phase I.

This situation now could lead to the final energy quench. in this shot {(#43121} however
a delay was brought about by the unlocking of the modes. Both modes begin to rotate
again. The distorted T -profile partially recovers. The m =2 shoulders disappear and the
T,-dip is reduced for a transient time span (Fig. 11). The modes however show a very

nonsinusoidal oscillation now until 2 second mode locking occurs.
3.3 The energy guench

At the end of phase I the m=2 mode has reached a large amplitude again but stops

rotating soon. The oscillation of the inner mode shows a more complicated structure. The




cross-correlation analysis suggests a 3/2-mode now. A broadaning of the central T,profile
is observed when the inner mode stops {phase [Il). The T,-profile is shown in Fig, 12. A
slight temperature trough develops then. From the T-10 experiment /15/ a hollow soft x-
ray emissivity profile was reported at the start of the energy quench. This can be
understood by the radiative loss from the central plasma. A bolometric measurement
demonstrates in this phase a developing strong radiation peak in the plasma center. On
the high field side of the T -profile we observe again the m = 2 shoulder and deeper in the

plasma a temperature step approximately at the g = 1.5 rational surface.

We believe the overlap of two magnetic islands leads now to a stochastisation of the
magnetic field lines. Already in the vear 1966 Rosenbluth et al. /18/ pointed nut the
possibility of a destruction of flux surfaces when resonances overlap. Later numerical
simulations /17-19/ of the nonlinear interaction of tearing modes demonstrated that the
m=2, n=1 mode destabilizes other modes on a rapid time scale. Because of the
development of magnetic islands which overiap after an evolution time magnetic field lines
become stochastic in a sizable part of the plasma cross section. In TEXTOR the decay of
the kinetic plasma energy then occurs in 1 msec or somnetimes even in a shorter time. The
energy loss is fastest on the low field side of the plasma. Fig. 13 shows the T,-profile
development during the energy quench. A structure is seen during the energy decay
process which could be interpreted as a current filament formation. In a numerical MHD
modelling of the density limit disruption by Bondeson et al. /18/ such a filamentation
process was indeed observed. The m =2 pedestal on the high field side of the profile was
observable up to the latest phase of the energy quench. Fig. 14 shows the appearance of

impurity lines with respect to the m =2 mode locking and the final energy quench.

3.4 The current decay phase

After the energy quench a last phase of the discharge is indicated in Fig. 14 by the
enhanced emission of carbon and oxygen impurity lines. A small positive pip on the
current curve signals the begin of the current decay. A negative voltage spike is ochserved
during the final energy quench. The negative voltage spike has negative precursors which
show up already during the growth of the MHD-modes. These voitage signals (Fig. 15) are

interpreted as changes of the current profile. The observed deformations of the T-profile




suggest this interpretation. During the current decay however a positive loop veltage was
registered which led to a transient megawatt heating of the polluted cold plasma. A proper
shutdewn of the primary currents in the rectifier circuit prevents the formation of

a lasting run-away current. Different current decay times were found. An exponential
decay with a time constant Tip = 14 msec was recorded when the plasma current
decavyed in the bulk plasma {Fig. 15). From this time constant one estimates an average
electron temperature in the early decay of T, = 20 eV. The time constant gets shortened
if one adds intentionally gas impurities. The temperature then comes down to T, = 10
eV. A short time constant 1, = 3 msec was sometimes observed. It was found when the
plasma position was lost by the position fesdback system and the plasma current was

transferred into the liner of TEXTOR. The liner L/R-time was calculated to n, = 3 msec.
4. SUMMARY

The accessible density range for the operation of TEXTOR was steadily enlarged by
reducing the impurity content of the plasma, i.e. by lowering of the effective Z. The
g =2 limit was reached after removal of the metallic impurities. The density limit increases
linearly with the plasma current. Deviations were ohserved when approaching the g-limit.
Auxiliary heating by neutral beams increased the density limit proportional to the square
root of the neutral beam power. Average densities above 102° m™ were obtsined. The
occurrance of marfes observed on the high field side of the plasma boundary impeded the
gas feeding of the discharge during beam hesting. It prevented the operation at possibly

still higher densities.

The time evolution of the density limit disruption was studied in detail for Ohmic
discharges. Radiative boundary cooling /20-21/ steepened the slectron temperature
gradient of the T -profile and destabilized MHD-modes primarily in the edge plasma. The
locking of an m =2 mode resulted in the emission of a steep heat pulse and in the influx
of light impurities as carbon, oxygen and boron. A mode coupling of m =2 with an inner
mode m=1 or m=3/2 was observed. The overlap of inner and outer magnetic islands is
believed to bring about the rapid energy quench which takes place in TEXTOR in
approximately 1 msec. The unlocking of modes can delay the final energy quench for a

short time. A strong radiative power loss from light impurities was observed during the




engrgy quench phase and during the current decay. The long 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 here will be continued by a

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

. e
additional heating.
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6. FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3a-b

Typical signals of the line averaged electron density n,. the electron
temperature on axis T,{R} and the total radiated power Py, from an Ohmic

discharge which disrupted at the density limit at the time t = 1.418 sec.

The operational regime of TEXTOR for different wall conditions. The curves

labelled OH represent Ghmic discharges; NBl indicates neutral beam heated

plasmas.

ptasma detachment from the limiters became visible then in a CCD-camera

recording.

Begin of an electron density- (a) and temperature-profile (b} contraction. A




Fig.

1

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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7a-b

Za-b

10

17

Tq-contour plot for two time windows in a discharge which disrupted at
t = 1.837 sec at the density imit. The 400 eV and 800 eV contour lines
come closer to each other in the later time window, demonstrating an
increase in the T,-gradient. The late temperature oscillation in the edge

plasma signals MHD-activity.

An ECE-signal from the T,-gradient region which exhibits a sudden burst of
MHD-activity. The different rotating and locked mode sequences are

labelled phase |, H, and i

Two ECE-signals from the edge plasma show a growing m=2 mode in
phase |. (EC1 from LFS; EC10 from HFS). The mode locking phase is

marked. A growth tims constant is found jfn;f;Z = 1.5 msec.

In the lower part of the figure an inner mode m =1 develops slower and
reaches its full amplitude when the m =2 mode has stopped alrsady. The
two conjugate signals EC7 and EC8 have now a phase shift of Ap = 180°¢.
Heat pulses leaving the piasma after m =2 mode locking. They are detected
here in the radially outermost ECE-channels on high (HFS) and low field side

{LFS) of the plasma profile.

Frequency spectra of the m =2 mode {upper curve} and of the m=1 mods

{lower curve).

Example of a mode coupling between m = 2 {signals ECY, EC10} and m =1
mode (signals EC7, EC8).

Comparison of the T -profile before the onset of MHD-activity t, and at the

end t, of the phase | mode locking.

T,-profiles during mode unfocking in phase |l.
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Fig.

Fig.

Fig.

Fig.

12

i3

14

15

T,-profile at the end of phase Il. The m=2 mode has locked again. The

central T -profile has broadened and a slight trough is observed,

T.-profile evolution during the energy quench. A radial structure is always

observed during the fast energy decay.

The sudden increase of impurity lines as CV and OVl is shown at the svents

of mode locking, energy quench and during the current decay.
Time dependence of current |, and loop voltage U, during the current

decay phase. The first observation of MHD-modes, the svent of a first

mode locking and the energy guench time are marked.
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